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The Vapor Pressure of Deuterium Water from 20 to 230°

By Francis T. M iles and Alan W. C. M enzies

Comparative measurements of the vapor pres- 
sures of ordinary water and deuterium water were 
undertaken in this extended range because similar 
comparative measurements were contemplated 
on the vapor pressures of saturated Solutions and 
on the dissociation pressures of salt hydrates con- 
taining these two varieties of water.

The Material Used.—The deuterium water 
was prepared in this Laboratory in the manner 
previously reported.1 After electrolysis the resi- 
due, which contained NaOD, was distilled three 
times as foliows: first, after passing carbon diox­
ide in excess; second, after adding barium oxide 
to precipitate carbonate; > and third, without 
addition of any reagent. This yielded a product of 
d2h25 1.1079 as compared with 1.1074 as reported 
by others.2 Each of the two experimental runs, 
A and B, utilized a different sample of deuterium 
water. The degree of dilution of these by ordi­
nary water was estimated from melting point de- 
terminations performed upon the water after 
sealing it within the completed apparatus, yield- 
ing, for sample A, 3.76 =J= 0.02° and, for sample B, 
3.73 =*= 0.03°, as tneasured by a Beckmann ther­
mometer calibrated agäilist a platintim resistance 
thermometer whose readings were good to 0 .01°. 
Linear interpolation between 3.802 and 0 .00°, 
taken as melting points3 of deuterium and com-

(1) H. S. Taylor, H. Eyring arid A. A. Frost, J. Chem. Phys., 1, 
823 (1933).

(2) Tronstäd, Nordhagen and Brun, Nature, 136, 515 (1935).
(3) V. K. La Mer and W. N. Baker, T h is  J o ur n a l , 56, 2641 

(1934).

mon water, respectively, indicated concentrations 
of D20  of 98.9 and 98.1% for samples A and B, 
respectively. The observed values of vapor pres­
sure difference were accordingfy corrected by 
multiplying them by the ratios of 100 to these per­
centages.

Pressure.— Differential tensimeters of Pyrex glass were 
used, with mercury as manometric liquid. For tempera- 
tures up to 100°, where small differences of pressure were of 
greater importance, the manometer bore (apparatus A) 
was 12 mm., and readings were made with a cathetometer. 
For the higher temperatures, the manometer bore (appa­
ratus B) was 8 mm., and readings were made against a 
millimeter scale without use of a telescope. Permanent 
gases were eliminated from the water in A by distilling the 
water to a portion .of the apparatus cooled by solid carbon 
dioxide while the vacuum pump was in Operation; and in B 
by the customary technique of boiling out. Permanent 
gas was likewise expelled from glass and from mercury by 
the customary techniques of heating, boiling and evacua- 
tion. After sealing off, when both sides of apparatus A 
were cooled by solid carbon dioxide, the pressure difference 
found was 0.02 mm. This was attributed to permanent 
gas, and the appropriate correction applied to the differen­
tial pressure readings. Essential absence of permanent 
gas from apparatus B was shown by the agreement of the 
differential pressure values near 100° with those yielded by 
apparatus A, both before and after heating to 228°. This 
also showed that the results were not affected to more than 
=*=0.1% by the solution of substances from the glass which 
might lower the vapor pressure more on one side than on 
the other. Mercury pressures were redueed to 0° by use of 
the densities of mercury found in “International Critical 
Tables.”4 For the purposes of comparative study, we 
used the values of the vapor pressure of H20  up to  100°

(4) “International Gritical Tables,” Vol. II, p. 457.
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as given in “International Critical Tables”5 and above 
100° as given by Smith, Keyes and Gerry.6

Temperature.— Up to 50° a water thermostat of 320 
liters capacity was used, held constant to =±=0.03°. Tem- 
peratures were measured to =*=0.02° by use of a Reichsan­
stalt certificated thermometer after redetermination of the 
zero point. Near 100°, four measurements were made in 
apparatus A immersed in a thermostat of 11 liters water 
content. Temperatures were read on a Beckmann ther­
mometer whose scale was known to 0.02° by measurement 
of the boiling point of water at different barometric pres­
sures. Above 100°, the tensimeter B was immersed in an 
oil-bath of 4 liters capacity. Temperatures were measured 
to =»=0.1° by means of completely immersed Anschütz 
thermometers whose readings were converted to the scale 
of the Bureau of Standards by comparison with dertificated 
Allihn thermometers, whose zero points were determined 
after preheating. To secure uniformity of temperature, 
violent stirring was especially necessary at the higher tem­
peratures. Identical pressure values were obtained upon 
doubling the speed of the stirrer, and also upon reversing 
its direction. Inspection of Table II will show that error 
in pressure measurement was throughout several fold more 
important than that due to the uncertainty of absolute 
temperature reported above.

Results.—The experimental results are tabu- 
lated in the first three columns of Table I. In 
order to obtain a smooth curve for purposes of 
interpolation, we were reluctantly obliged to em- 
ploy a five-constant equation

log £2*2 =  -16.998671 +  268^426 +  7.4971604 log T -
P H2O I

9.761107 X 10”3 X T +  4.4288 X 10~6 X T2 (1)

Simpler equations gave values falling outside our 
estimated experimental error. Column 4, Table 
I, gives the differences of pressure at the tempera­
tures of experiment as derived from this equation 
and column 5 shows the closeness of fit.

T a b l e  I
V a l u e s  o f  pn2o-pu2o D e t e r m in e d  E x per im e n ta l l y

P D20 — PDtO ~ Apobsd. —
Observation Ĥ'iOobsd.» ĤaOcalcd.* A/>c»led.

number T, °C. mm. mm. mm.
A l 25.0 - 3 . 1 3 -  3.18 + 0 .05
A2 30.0 — 3.97 -  4 .Of +  .04
A3 50.0 -  9 .I4 -  9.14 .00
A4 100.0 - 3 7 .7 -3 7 .7 .0
B l 122.7 - 5 5 .5 -5 6 .4 +  .9
B2 143.2 - 7 3 .4 -7 2 .7 -  .7
B3 166.7 - 8 7 .0 -8 4 .9 - 2 . i
B4 181.9 - 8 3 .9 -8 4 .5 + 0 .6
B5 204.2 - 6 1 .0 - 6 I .3 +  -3
B6 228.7 + 2 2 .4 + 22 .0 +  -4

The values tabulated in Table II for each 10° 
interval are derived from this equation, with ex-

(5) “International Critical Tables/' Vol. III, p. 210.
(6) L. B. Smith, F. G. Keyes and H. T. Gerry, Proc. Am. Acad. 

Arts Sei., 69,137(1934).

trapolated values in italics. For purposes of in- 
terpolation, log pi^o and 1 /T A should be used as 
variables. Column 5 of this table shows the 
values of Lewis and Macdonald.7 These authors 
give the normal boiling point of deuterium water 
as 101.42° while our equation yields 101.40 =*=
0.016°. We find the temperature at which the 
vapor pressure of these two varieties of water is 
identical as 224.3°, which may be within 0.5° of 
the trüth. Urey and Teal8 estimated this tem­
perature as about 160° using the data of Lewis 
and Macdonald;7 while Riesenfeld and Chang’s9 
estimate was about 200°.

T a b l e  II
V apor  P r e s s u r e s  of  D 20  Ca l c u la ted  from  E quation  1 
a n d  Com pared  w it h  th e  R e su l t s  of  L e w is  a n d  M ac­

d onald

P D20 — Pmo Pt> 20
Estimated 

limit of Pt̂ o — Pmo

O p

(M. & M.), (M. & M.),, exptl. (L.&M.),
mm. mm. error, mm. mm.

10 -  1 .4 ß 7 + 5 ± 0 .1
20 ~  2 .4 8 1 5 .0 6 ±  .1 -  2 .3
30 — 4 . Ol 27 .81 ±  .1 -  3 .9
40 -  6 .I 9 49.1.3 ±  .1 -  6 .1
50 -  9 + 4 8 3 .3 7 ±  .1 -  9 +
60 - 1 2 .9 7 136.41 ±  .2 - 1 3 .1
70 - 1 7 . 8 2 1 5 .9 ±  .3 - 1 8 . 0
80 - 2 3 . 5 3 3 1 .6 ±  .3 - 2 3 .9
90 - 3 0 . 2 4 9 5 .6 ±  .4 - 3 0 .7

100. - 3 7 . 7 722 .3 ±  .4 - 3 8 . 4
110 - 4 5 .7 1028.9 ±  .7 - 4 7 . 0
120 -5 4 .1 . 1435.1 ± 1 .0
130 - 6 2 . 5 1963.8 ± 1 .0
140 - 7 0 . 4 2640 .4 ± 1 .5
150 - 7 7 .3 3493 .4 ± 2
160 - 8 2 . 6 4553 .9 ± 2
170 - 8 5 . 6 5856.1 ± 2

T80 —85.1 7436 .9 ± 2
190 - 8 0 .1 9336 .3 ± 2
200 - 6 8 . 9 11596.3 ± 2
210 -4 9 .1 14262.5 ± 2
220 -1 7 .9 17384.0 =s=2
230 + 28. s 21014.6 ±2
240 + 9 6 .2 25207.3 ± 5

Latent Heat of Vaporization.—From the 
simplified approximate form of the Clapeyron- 
Clausius equation and equation (1) we can calcu- 
late the difference between the latent heats of 
vaporization of D2O and H20  as follows

LW) -  LSio = 2.303 X RT* d log =

-1230 +  14.90 X T -0.04466 X P  +
__  4.052 X 10-* X r a (2)

(7) G. N. Lewis and R. T. Macdonald, This Journal, 55, 3057 
(1933).

(8) H. C. Urey and G. K. Teal, Rev. Mod. Phys., 7, 34 (1935).
(9) E. H. Riesenfeld and T. L. Chang, Z. Physik. Chem., B28, 408 

(1935).
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Values for LDa0 — XH2o calculated from this equa­
tion are given in Table III. The estimated 
limits of error given in Table III are derived from 
the estimated limits of error of the vapor pressure 
results. Since the necessary simplifying assump- 
tions depart further from the facts with rising 

T able III
Values for the D ifference  of the Latent H eats of 
Vaporization of H eavy and L ight Water , Z,d2o —X h2o, 

Calculated from E quation 2

T, °C.
Ld2o — Lmo> 
g. cal. per mole

Estimated limit 
of exptl. error, 
g. cal. per mole

40 300 ± 2 0
60 275 ± 1 0
80 246 ± 1 0

100 216 ± 1 0
120 186 ± 1 5
140 159 ± 1 6
160 137 ± 1 0
180 121 ± 1 0
200 113 ±  5
220 115 rfc 4

temperature, the degree of trust we can place 
upon these latent heat diff erences is measured by 
the degree of similarity of behavior of the two 
forms of water.

The value for this difference reported by Lewis 
and Macdonald7 was based on assumed recti- 
linearity of the log p^/pi against 1 /T  graph be- 
tween 20 and 90°, and their value agrees with ours 
for a temperature near 70°.

Summary
The vapor pressures of deuterium water have 

been compared with those of ordinary water in 
the range 20 to 230°. The vapor pressures are 
identical at about 224°.

The diff erences of the latent heats of vaporiza­
tion are evaluated approximately from the changes 
of vapor pressure over the same temperature 
range.
P rinceton , N . J. R eceived A pril 11, 1936

[Contribution  from the D epartments of B acteriology, P ediatrics, P hysiological Chemistry , and the J ohnson  
F oundation for M edical P hysics, T he School of M ed ic ine , U niversity  of P ennsylvania]

Sonic Activation in Chemical Systems: Oxidations at Audible Frequencies

By Earl W. Flosdorf, Leslie A. Chambers and Wm. M. M alisoff1

During the past few years there have appeared 
numerous reports of oxidations, as well as other 
types of Chemical reactions, induced or accelerated 
by intense ultrasonic vibrations.2-4

Schmitt, Johnson and Olson3 observed the 
liberation of iodine from potassium iodide solu- 
tion. They further reported that ‘ ‘upon the addi- 
tion of radiated potassium bromide or chloride 
solution to starch-iodide reagent, a blue color de- 
veloped which indicated either the oxidation of 
the bromide and chloride ions or that some other 
substance is produced in the presence of these 
salts which oxidizes the iodide ion instantane- 
ously. Radiated distilled water produced the 
effect to a less marked degree.” Hydrogen per­
oxide was found in small amount, insufficiënt to 
account for the observed rate of oxidation of halo­
gen or of sulfide. Ozone production, if any, was 
in amounts too small to be detectable and conse- 
quently could not be considered as the oxidizing

(1) Fellow of the Josiah Macy, Jr., Foundation. Now at the 
Montefiore Hospital, New York City.

(2) Richards and Loomis, This Journal, 49, 3086-3100 (1927).
(3) Schmitt, Johnson and Olson, ibid., 51, 370 (1929).
(4) Szu-Chik Liu and Hsien Wu, ibid., 56, 1005 (1934).

agent. I t was further found that dissolved oxy- 
gen gas was essential to the oxidations and it was 
suggested that the gas was activated in associa- 
tion with ultrasonic cavitation. Direct absorp- 
tion of energy by the molecules in solution was 
believed to be inconsistent with results that were 
obtained under pressures sufficiënt to inhibit 
visible cavitation.

Liu and Wu4 confirmed the findings of Schmitt, 
Johnson and Olson, in the case of potassium iodide 
oxidation by ultrasonic radiation, with respect to 
the essential presence of dissolved oxygen gas and 
to the insufficiënt production of hydrogen per­
oxide or ozone to account for the observed effects. 
Liu and Wu presented experimental evidence in 
favor of the view that activation of oxygen gas is 
associated with cavitation. It is questionable, 
however, whether the conditions of radiation in a 
gel, whereby cavitation is suppressed and no oxi­
dation is observed, are otherwise sufficiently 
comparable to justify without further evidence 
their conclusion concerning the influence of cavi­
tation.
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Beuthe5 also has suggested that the primary 
effeet of ultrasonic radiation is upon the dissolved 
gases. He concluded, however, from his study of 
the ultrasonic oxidation of certain halides, that 
the intermediate formation of hydrogen peroxide 
and possibly of ozone is a t least partially respons- 
ible for the liberation of the free halogen. Oyatna6 
has likewise reported the oxidation of pure water 
by ultrasonic action.

n

CLOS EID END

—  G LA SS  VESSEL

------- N ICKEL TUBE

)\ -RUBBER CONNECTION
C ƒ

Fig. 1.—Reaction vessel, os­
cillator MS.

It should be emphasized that the experiments 
in which the above observations were made, in 
each case, were carried out through the use of 
ultrasonic vibrations (105 to 1.5 X 106 cycles/ 
second). Apparatus for investigating the effects 
of intense sounds in the audible range (12 to 1.8 
X 105 cycles/second) has been developed by 
Gaines7 and used by Chambers and Gaines8 and 
their collaborators, in various studies of the bio- 
logical and physical actions of such audible vi­
brations. With this audible sound source we have 
extended the survey of the Chemical effects of in­
tense sound into the audible range (Flosdorf and 
Chambers9). Qualitatively, the effects produced

(5) H. Beuthe, Z. Physik, Chem., A163, 161-171 (1933).
(6) H. Oyama, Radio Research Japan , 4, 41—55 (1935).
(7) Newton Gaines, Physics, 3, 209-229 (1932).
(8) Chambers and Gaines, J. Cell, Comp. Physiol., 1, 465 (1932).
(9) Earl W. Flosdorf and L. A. Chambers, This Journal, 55, 

3051 (1933); 56, 2795 (1934).
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at 9000 cycles/second seem to be similar to those 
previously reported for ultrasonic frequencies. 
Since the available sound densities are greater 
within the audible band the effects are greater in 
degree making quantitative studies less tedious 
and difficult and consequently more accurate.

In this paper we shall present some results of a 
quantitative study of certain oxidation reactions 
sonically activated in the audible range. We 
have undertaken to determine the eónditions un- 
der which these sonic oxidation reactions take 
place in an aqueous medium, the reactants in- 
volved, the rates of reaction, and the sound in- 
tensities required. Particular attention is de- 
voted to the question of the possible intermediate 
roles of hydrogen peroxide and of sonically ac­
tivated oxygen. Although technical limitations 
have restricted the accuracy of our data, the re­
sults are instructive in a consideration of the in- 
termediary mechanism involved not only in oxi­
dative activation but in sonic reactions generally.

Experimental
Two types of apparatus were used, (1) the magnetostric- 

tion oscillator described by Gaines7 and by Chambers and 
Gaines8 (hereafter referred to as oscillator MS) and (2) an 
electromagnetic oscillator (oscillator EM).9 ~n

In oscillator MS, a cold-drawn, unannealed nickel tube, 
20 mm. in diameter, vibrates in a strong electromagnetic 
field in resonance with a 2000 volt oscillating power circuit 
to which the tube imparts approximately its own natural 
frequency. The tubes used in these experiments, 250 
mm. long, produce a frequency of about 8900 cycles per 
second with an acoustic output of about +5 watts (esti­
mated) under full load. A rubber connection supports a 
glass vessel on the metal tube (Fig. 1). In each experi­
ment 17-20 ml. were treated. The entire quantity was re­
quired for a single test sample which necessitated a fresh 
start for each time interval studied.

The diaphragm of oscillator EM is 33 cm. in diameter. 
The oscillator produces a frequency of about 1200 cycles 
per second with a maximum output of about 175 watts 
(Submarine Signal Co. estimate) under full load. It is of a 
type used in under-water signalling and depth-finding and 
is manufactured by the Submarine Signal Company of 
Boston. An iron cylinder 20 cm. deep is bolted to the 
periphery of the stainless steel diaphragm forming the 
bottom of the treatment vessel. Up to four liters of solu­
tion can be treated at one time and test samples can be re- 
moved at intervals from the same initial solution leaving 
sufficiënt for further treatment,

It has not been possible to eliminate all rubber and metal 
parts from contact with the reacting mixtures in either 
oscillator without serious impairment of intensity. Until 10 11

(10) Earl W. Flosdorf and L. A. Chambers, J. Immunol., 28, 297- 
310(1935),

(11) L. A. Chambers and Earl W, Flosdorf, J. Bjol. Chem., 114, 
75-83 (1936),
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this is accomplished the extent of catalytic action of tracés 
of foreign substances cannot be ascertained.

It has been found that none of the sonic oxidations pre- 
viously reported9 occur in water boiled free of oxygen and 
accordingly all the experiments in this study, unless other- 
wise stated, have been carried out with free access of air 
to the liquid. With the energy intensities we used, cavi- 
tation is suppressed with hydrostatic pressures over six 
atmospheres. Since we have found the oxidations to prog- 
ress only with sonic cavitation, the experiments were car­
ried out in the presence of air at atmospheric pressure. 
All the results included in this report were obtained with 
the Solutions at a temperature of 20 to 30°.

The analytical results were obtained by the following 
methods. Hydrogen peroxide was titrated in sulfuric acid 
solution with 0.002 M  potassium permanganate. Results 
were accurate to within ±20%. Sodium bisulfite was de­
termined by titration with potassium permanganate to an 
estimated accuracy of ±5%. Free chlorine (or hypo- 
chlorite) was determined colorimetrically with o-tolidine 
in hydrochloric acid solution.12 The readings were made 
sevèn minutes after addition of the test reagent. These 
determinations were accurate to within ±10%. Chlorate 
was qualitatively detected after removal of chloride and 
hypochlorite by reduction with sodium nitrite and subse- 
quent precipitation with silver nitrate.

Quantitative Results
(1) Hydrogen Peroxide Formation.—With

either oscillator hydrogen peroxide has been found 
to be produced from water and oxygen in quanti- 
ties that are of the same order of magnitude as 
those reported for ultrasonic frequencies.3,4 These 
quantities approach 300 micro-equivalents per 
liter in periods under an hour; the amounts are 
measurably increased by Vibration in acid solu­
tion such as in 0.01 M  sodium bisulfate. Under 
the latter condition the reaction is interfered 
with, however, by the sonically accelerated side 
reaction of the metal of the vibrator with the 
acid.9

The rate at which the production of hydrogen 
peroxide takes place in pure water is illustrated in 
Fig. 2. Under the conditions of these experi­
ments the estimated power output of oscillator 
EM was approximately ten times that of MS, 
whereas for EM there was twenty times the vol­
ume of water to vibrate. The amounts of Chemi­
cal change per unit of energy output from the two 
sources of sound therefore appear to be about the 
same, in spite of the frequency difference. The 
spray produced as a result of the vigorous cavita­
tion apparently is sufficiënt to keep the solution 
adequately saturated with oxygen inasmuch as the 
concentration of hydrogen peroxide does not reach

(12) J. W. Elims and S. J. Hauser, J. Ind. Eng. Chem., 5, 915, 1030
(1913).

a constant value up to the maximum duration of 
treatment studied. Furthermore, a stream of air 
bubbling through the solution during treatment 
produced no detectable increase in the rate.

Iodine liberation, titrated by sodium thiosul- 
fate as used by Liu and Wu,4 did not yield any 
indication of measurable production of ozone. 
Hydrogen peroxide, determined by permanganate 
titration, was produced in sufficiënt quantity 
within the limits of experimental error to account 
for all the iodine liberated.

100 200 300
Microequivalents of H20 2 per liter.

Fig. 2.—Treatment of pure water; Curve I, oscil­
lator MS; Curve II, oscillator EM.

In alkaline solution, 0.002 M  potassium per­
manganate is rapidly reduced to manganese di­
oxide as is to be expected on the basis of hydrogen 
peroxide formation. Reduction reactions of hy­
drogen peroxide do not lend themselves to quan­
titative study in the oscillators, however, because 
of the complicating factor introduced by the ac­
celerated reduction reactions of the metal of the 
vibrators.9 Oxidation reactions in vol ving direct 
addition of oxygen therefore would seem to be 
simpler for study. Furthermore, in order to 
avoid any possible sonic action directly on a test 
reagent itself, analytical reagents in general
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should not be added to test samples until after 
they are removed from sonic apparatus. We 
shall now proceed to the results obtained from 
oxidation reactions involving the addition of 
oxygen.

(2) Sodium Bisulfite Oxidation.—Sodium bi- 
sulfite oxidation has not been studied in the ultra­
sonic range. We have found it to be oxidized 
relatively rapidly in the audible range in either 
oscillator, the rate being dependen t upon the 
molarity of the bisulfite. A typical result ob­
tained in oscillator EM is illustrated in Fig. 3. In

0.001 0.003 0.005
Molarity.

Fig. 3.—Oxidation of sodium bisulfite in os­
cillator EM.

Table I it will be noted that with 0.04 molar bi­
sulfite as much as 19.2 milli-equivalents per liter 
have been oxidized in sixty minutes which is 
about seventy times as fast as hydrogen peroxide 
has been shown to accumulate. Upon completion 
of the oxidation of the sodium bisulfite we have 
found hydrogen peroxide is produced at about 
the same rate as in sodium bisulfate solution.

T a b l e  I
T r e a t m e n t  o f  S o d ium  B is u l f it e  S o l u tio n , O scillator 

MS
Molarity
(approx.)

Duration,
min.

Milli-equivalents 
oxidized per liter

0.0007 5 0.2
15 .5
60 1.4

.04 10 13.1
60 19.2

Contrasted with the production of hydrogen 
peroxide in the two oscillators where the amounts 
of Chemical change per unit of energy are approxi- 
mately equal, the oxidation of bisulfite proceeds 
only about one-fifth as fast in oscillator MS as in 
EM. In oscillator EM there is much more vigor-

ous spraying into the air. Because of the more 
rapid rate of the bisulfite reaction, this condition 
which Controls the dissolution of oxygen to main- 
tain the supply of gas in solution may be critical. 
Otherwise, we must assume that the difference in 
frequency is a factor in the oxidation of bisulfite 
and not of water.

(3) Oxidation of Chlorides.—In order to 
avail ourselves of the advantages of a system 
not sensitive to light, chloride was the halogen 
ion chosen for quantitative study. The rate of 
chlorine production (the test samples are acidified 
with the hydrochloric acid of the test reagent 
which completely liberates the chlorine from hypo- 
chlorite)9 has been found to be dependent upon 
the concentration of chloride, Fig. 4, but not in as

1.5 4.5 7.5
Microequivalents of chlorine per fiter. 
Fig. 4.—Oxidation of sodium chloride.

Chlorine determinations made after ten minutes of 
standing following Vibration.

Gseillaior MS, curve I, 0.5 Molar 
Oscillator MS, curve II, 2.0 Molar 
Oscillator EM, curve III, 0.5 Molar 
Oscillator EM, curve IV, 2.0 Molar 
Oscillator EM, curve V, 5.0 Molar

great degree as the bisulfite reaction. The 
amounts of chlorine found in solution increase 
with duration of treatment but reach a limiting 
concentration of the order of 7 to 8 microequivä-
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lents per liter. This is probably a result of the 
loss of chlorine gas from solution. In Solutions of 
high pH, oxidation of chloride is very slow. In 
neutral solution the pH increases slightly during 
treatment because of hypochlorite formation.9

The quantity of chlorine found in solution is in 
part dependent upon the length of time of stand­
ing bef ore the test reagents are added, subsequent 
to treatment. With quantities produced under
0.3 micro-equivalent per liter, the amount is 
doubled after standing for ten minutes. With 
larger quantities the amount may be increased by 
as much as one micro-equivalent. This suggests 
that accumulated hydrogen peroxide may be 
responsible for at least thé continued effect sub­
sequent to removal of the Solutions from the os­
cillator s. In Fig. 5 the quantities of chlorine pro­
duced by known amounts of hydrogen peroxide 
and sodium chloride are given. Up to 100 micro- 
equivalents of hydrogen peroxide per liter would 
be required to produce the additional chlorine 
found in ten minutes of standing, which is con­
sistent with the known rate of production of per­
oxide. That the rate of reaction of hydrogen per­
oxide with chloride is slow is evident from the fact 
that with 2 M  sodium chloride and 1200 micro- 
equivalents of peroxide per liter, the amount of 
chlorine produced in ten minutes is 3.7 micro- 
equivalents per liter and in twenty minutes is
4.5. The effect of the concentration of chloride 
and of peroxide is shown in Table II.

T a b l e  I I

E ffect  of D il u t e  H y d r o g en  P e r o x id e  So lu tio n  on 
S odium  Ch lo r id e

Concentration after mixing 
Hydrogen peroxide, Sodium 
micro-equivalents chloride, 

per liter molarity

Time of 
standing be- 
fore testing, 

min.

Chlorine 
produced, 

micro-equivalents 
per liter

6000 0 10 0.0
6000 2 10 6.5
1200 2 10 3.7
1200 1 20 2.5
1200 2 20 4.5
1200 5 20 7.9

It is further apparent, however, that the known
rate of production of peroxide cannot account for 
all the chlorine formed. In ten minutes in oscilla­
tor EM, three micro-equivalents of chlorine per 
liter are produced from 2 M  sodium chloride, 
which, on the basis of Fig. 5, would require 700 
micro-equivalents of peroxide per liter for the 
intermediate step mechanism. We have never 
found in either oscillator more than 200 micro- 
equivalents of peroxide in ten minutes. Likewise,

with oscillator EM, in thirty minutes 6000 micro- 
equivalents of peroxide per liter would be re­
quired to yield the observed amount of chlorine, 
yet there never were indications of more than 
300. Furthermore, peroxide is produced at a 
higher rate per liter in oscillator MS and we 
should expect, accordingly, a greater production 
of chlorine in this oscillator were the intermediate 
peroxide step essential for the production of all 
the observed chlorine; but more chlorine is found 
in oscillator EM.

2.0 4.0 5 6.0
Microequivalents of chlorine produced per liter in 

ten minutes.
Fig. 5.—Reaction of dilute hydrogen peroxide solu­

tion with sodium chloride: curve I, 2 M  sodium chlo­
ride; curve II, 1 M  sodium chloride.

That sonically produced very dilute hydrogen 
peroxide solution can cause the production of 
chlorine is further evident from the data in Table
III.

Water was treated by sound, removed from the 
apparatus after varying durations of treatment, 
and added to sodium chloride solution. As much 
as two micro-equivalents of chlorine per liter were 
produced. Sufficiently large samples can be ob-
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T a b l e  XII
E ffe c t  of A d d it io n  of S o u n d  Ca vitated  W a t er  to S odium  Ch lo r id e  S o lu tio n

Volume Duration of Conen, of H2O2 Conen, of NaCl
Time of 
Standing Chlorine produced,

treated, treatment, micro-equiv. per liter after mixing, before testing, micro-equiv.
Oscillator ml. min. Produced After mixing M min. per liter

MS 17 10 Insufficiënt sample 2 8 1.1
20 60 Insufficiënt sample . 2 20 2 .0

EM 500 1 12 7 2 10 0.0
450 10 106 65 2 10 0 .6
400 20 147 88 2 10 1.0
350 37 194 124 2 10 1.1

tained from oscillator EM to permit the deter- 
mination of hydrogen peroxide as well as of chlo- 
rine and, within the limits of experimental error, 
the quantities of both which have been found 
agree with the values to be expected on the basis 
of Table II. It is again evident, however, that 
the hydrogen peroxide is produced in insufficiënt 
quantity to account for all the chloride that was 
found to be oxidized sonically.

The possibility has not been ruled out, however, 
that under the influence of sound, the reaction of 
sonically produced hydrogen peroxide with chlo­
ride is accelerated sufficiently to account for the 
twenty-fold increase in the rate of production of 
chlorine that takes place in the oscillators. On 
the basis of this mechanism, however, it is difficult 
to account for the more rapid production of chlo­
rine in oscillator EM which takes place in spite of 
a lower rate öf formation of peroxide. It would 
be difficult to understand how there could be a 
difference in degree of acceleration of peroxide 
reaction in the two oscillators because of the fre- 
quencies when there is apparently little or no 
frequency effect on the production of the peroxide.

The possibility that chloride-ion catalytically 
increases the production of peroxide to such an 
extent that the latter would oxidize chloride-ion 
at the observed rate does not seem to be tenable. 
This mechanism also would involve a frequency 
effect.

To us it seems rather that the twenty-fold in­
crease in rate of chlorine production, and particu- 
larly the seventy-fold increase in rate of bisul­
fite oxidation, suggest the possibility of a chain 
reaction similar to that in the thermal and in 
the photochemical bisulfite reactions.13 If so, 
this suggests the activation of oxygen and the 
chains should be breakable by the usual alcohol 
inhibitors. These possibilities are to be investi- 
gated further.

(13) H. N. A lyea  and H. L. J. Bäckström, T h is  J o ur n a l , 51, 90 
(1929).

It would seem, therefore, that there are two 
concurrent reactions taking place in which chlo­
ride is oxidized, viz., the direct oxidation with ac- 
tivated oxygen and secondary oxidation with 
sonically produced hydrogen peroxide. On this 
basis the curves in Fig. 4 would represent the 
total effect of the two reactions. The net result 
would seem to be that maintenance of an adequate 
supply of oxygen in solution becomes the critical 
factor which explains the difference in rates in the 
two oscillators, or eise there is a frequency differ­
ence responsible for more rapid oxidation of chlo­
ride in oscillator EM. More probably it is a 
question of oxygen supply. The sonic spray is so 
effective in exposing solution surface to the air for 
dissolution of oxygen, however, that bubbling air 
through the solution produces no detectable ef­
fect.

(4) Chlorate Production.—After standing 
overnight, test samples of sonically cavitated 
chloride Solutions continue to show the presence 
of one to two micro-equivalents of chlorine per 
fiter, provided they have been stored in the pres­
ence of hydrochloric acid of the concentration 
used in the o-tolidine test. Solutions of chloride 
to which sonically cavitated water or hydrogen 
peroxide solution (up to 1000 micro-equivalents 
per fiter) has been added do not continue to show 
chlorine after standing overnight, the gas having 
been completely lost. The gas remaining in solu­
tion the next day has been attributed to the slow 
production of chlorine from the hydrochloric acid 
and sonically produced chlorate. This has been 
confirmed qualitatively by the detection of minute 
amounts of chlorate in sonically treated chloride 
solution by reduction with sodium nitrite after 
removal of chloride and hypochlorite and subse- 
quent precipitation of the reduced chlorate with 
silver nitrate.

(5) Oxidation of Organic Compounds of 
Chlorine.—We have determined also that or­
ganic chlorine compounds, such as chloroform and
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carbon tetrachloride, are oxidized as a result of 
sonic cavitatiou. Free chlorine and chloride ion 
are produced. Schmitt, Johnson and Olson3 and 
Liu and Wu4 have reported that a similar effect is 
obtained by ultrasonic Vibration.

Sonic Chemiluminescence
The reaction by which light is produced as a 

result of the oxidation of “hrniinor’ (3-arnino- 
phthalhydrazide) we have found to be interesting 
because it affords a visual confirmation of the 
importance of cavitation in sonic oxidation. We 
have determined that this reaction can be carried 
out sonically with dissolved oxygen gas as the only 
source of oxidant.

Harris and Parker14 have shown that in the 
luminol reaction with hydrogen peroxide and 
another oxidant “the light-emitting molecule is a 
compound of sodium luminol and hydrogen per­
oxide, or this compound is the parent of the light- 
emitting molecule. The light-emitting molecule 
is brought to its energized state by reactions of the 
parent with some oxidizing molecule.” We have 
found that as little as 50 micro-equivalents of 
hydrogen peroxide per liter is sufficiënt concen­
tration to make the reaction visible in the dark 
without dark adaptation upon the part of the ob- 
server, I t seemed reasonable, therefore, to expect 
luminescence by the sonic reaction in which the 
sound would be the sole energy source of hydro­
gen peroxide and oxidant. Two-tenths gram of 
luminol was dissolved in 20 ml. of 5% sodium hy- 
droxide and 0.1 ml. of this stock solution in 10 ml. 
of distilled water was used for sonic Vibration.

Upon Vibration of such a solution either in 
oscillator MS or EM luminescence is easily visible. 
After allowing the observer’s eyes to become dark- 
adapted for ten minutes the distribution of the 
light production becomes distinguishable. In 
addition to the bright glow to be seen at the top 
of the nickel tube (oscillator MS) streamers of 
light are observed to rise in spirals from the tube 
just as the cavitation vacuoles rise. Throughout 
the solution, points of light may be noticed and 
if these points of maximum intensity be marked 
and the electric lights switched on, it is seen that 
the spirals and the points of maximum light in­
tensity correspond exactly with the positions of 
maximum cavitation. The light of greatest in­
tensity apparently is produced in association with 
cavitation vacuoles.

(14) Louis Harris and A. S. Parker, T h is  J o urn al , 57, 1939 
(1935),

The maximum luminescence is produced imme- 
diately or is made to vanish immediately with the 
turning on or off of the oscillator. After more 
prolonged and continuous Vibration (five to ten 
minutes), however, a faint and homogeneous after- 
glow persists for five or ten minutes after the Vi­
bration ceases and it appears throughout the en- 
tire solution.

With the use of the vacuum vessel previously 
described in connection with the investigation of 
egg albumin,11 luminescence is observed as de­
scribed above. If after such Vibration in which 
luminescence is produced, the solution in this 
vessel is boiled under vacuum (60 mm.) and 
thoroughly swept with nitrogen and finally left 
under one atmosphere of nitrogen, no lumines­
cence can be observed upon subsequent sonic 
Vibration although cavitation occurs as usual. 
If then this same solution is saturated once more 
with oxygen by bubbling air through it, lumines­
cence is again visible as bef ore upon sonic Vibration.

I t seems definitely established, therefore, that 
hydrogen peroxide is produced from dissolved 
oxygen and water upon sonic Vibration and that 
this reacts with sodium luminol to form the light- 
emitting molecule or its parent substance. This 
parent is then brought to its energized state by 
reaction with some oxidizing substance. The 
much greater intensity of luminescence which 
occurs at the cavitation surf ace than that found 
existing as a faint afterglow throughout the body 
of the solution after more prolonged Vibration 
(the latter presumably being entirely due to ac- 
cumulated hydrogen peroxide) indicates that the 
oxidizing substance which brings the parent mole­
cule to its energized state is being produced in 
these regions. The substance may be either ac- 
tivated oxygen or newly formed hydrogen per­
oxide in high concentrations in thin layers, as yet 
unmixed, or both. By analogy with the oxidation 
of chloride, we could expect reaction of the parent 
substance with both activated oxygen and with 
hydrogen peroxide. This greater intensity of 
luminescence at the cavitation surfaces by re­
action with activated oxygen is analogous to that 
produced by potassium ferricyanide (without 
sonic Vibration), in which case the parent sub­
stance is produced with as little as 50 micro- 
equivalents of hydrogen peroxide per liter.

Discussion
It is obvious from theoretical considerations
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that the activation of dissolved oxygen may not 
be attributed to sound waves per se in the fluid. 
Furthermore, the experimentally established fact 
that such activation occurs only during sonic 
cavitation of the liquid and only in the im- 
mediate vicinity of such disruptive disturbances, 
indicates that we must be dealing with a phe- 
nomenon not easily amenable to theoretical treat­
ment. From the evidence at hand we may con- 
clude that oxygen is brought into a reactive state 
during some phase of cavitation through a process 
not understood at present. The activated oxy­
gen is then free to react with either solute or sol­
vent molecules. A similar conclusion was drawn 
by Schmitt, Johnson and Olson,3 and by Liu and 
Wu4 from experimental data relative to oxida­
tions promoted by ultrasonic cavitation.

That oxygen is not the only gas capable of ac­
tivation during cavitation of its solvent has been 
demonstrated in previous papers. For example 
it already has been shown10,11 that egg albumin 
is denatured by sonic cavitation in the presence 
of carbon dioxide as well as oxygen, while in the 
presence of nitrogen or hydrogen, or in gas free 
solution, no denaturation occurs even during vig- 
orous cavitation.

One may assume perhaps that molecules of the 
high energy necessary to permit the formation of 
hydrogen peroxide from molecular oxygen and 
water are created during sonic cavitation through 
a process of ionization or excitation. While no 
theoretical justification for such an hypothesis 
can be drawn from acoustical theory it should be 
remembered that, in the events accompanying 
cavitation, we are not dealing with acoustical 
phenomena per se. As a matter of fact the recent 
observation by Chambers15 that visible light is 
emitted from pure polar liquids during cavitation 
by sound waves of the same amplitude as those

(15) L. A. Chambers, Bull. Am. Phys. Soc., 11, No. 2, 30 (1936) 
(Abst. 114).

used in our experiments lends credibility to the 
supposition that excitation or ionization may ac~ 
tually be occurring.

Whatever the mechanism it would appear from 
the evidence in hand that activation of oxygen 
during cavitation offers the best explanation for 
the Chemical changes recorded in our experiments. 
With improvements in apparatus it should be 
possible to obtain further data which will permit 
calculation of the reaction orders and to carry out 
experiments of greater theoretical significance. 
Some means of estimating quantitatively the rela­
tive degrees of sonic cavitation produced in liquids 
and means for experimental Variation of this fac­
tor will ultimately be necessary.

Acknowledgment.—We wish to express our 
appreciation to Mr. David Lackman for the 
assistance he has given in the chlorine deter- 
minations.

Summary
Quantitative studies of the oxidation of water 

and of sodium bisulfite and sodium chloride in 
aqueous solution by cavitation produced at au­
dible frequencies have been carried out. The 
data indicate that the oxidations are accomplished 
through the production of activated oxygen in 
association with cavitation. I t  was determined 
that a compound of sodium luminol and sonically 
produced peroxide may be energized to produce 
chemiluminescence in the absence of the usual 
secondary oxidants, the reaction giving visual 
confirmation that Chemical activation occurs 
during sonic cavitation. The results represent 
an elaboration of earlier work in the audible range 
and an extension to the audible of effects pre­
viously observed in the ultrasonic range. Some 
effects new at either range have been reported and 
certain theoretical conclusions have been drawn 
which probably are general for all frequencies. 
P h il a d e l ph ia , P e n n a . R e c e iv e d  M arch  21, 1936
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The Ternary Systems KI-K2S 0 4-H 20  and NaI-Na2S 0 4-H 20

The T ernary Systems K I-K 2SO4-H 2O and NaI-Na,2S0 4 -H 20

By John

In addition to the purpose of obtaining solu- 
bility data for the salt pairs KI-K 2SO4 and NaT- 
Na2S0 4 in water, this brief investigation also had 
as its object the question of the formation of solid 
Solutions of the alkali iodides in the corresponding 
sulfates. The crystals of sodium sulfate offer a 
considerable number of instances of the forma­
tion of solid Solutions with other salts (as, with 
Na2C0.3, Na2Cr04, Na2S, Na2S03, Na2S203, Ag2-
S04,1 and NaBr032). As to the iodides in particu- 
lar, sodium sulfate has been reported3 to form 
crystals of Na2SO4'10H2O containing varying 
quantities of Nal, KI, NH4I and Lil, held in the 
form of solid solution; these results, however, 
are based on non-equilibrium studies, in which 
the decahydrate was allowed to crystallize slowly 
from Solutions of varying concentrations of the 
iodides, at a roughly constant temperature near 
room temperature. Although the fact that such 
crystals contain iodide (from 0.4% in the case of 
Nal, to 0.65% for Lil) may well be the result of 
simple occlusion due to lack of equilibrium, the 
crystals are reported to be solid Solutions (“mixed 
crystals”) on the strength of their clearness and 
transparency. Since on the basis of such work 
there seemed to be some doubt as to the actual 
existence of such solid Solutions as stable phases 
in the Systems, it was thought desirable to make 
an equilibrium study of the particular System 
NaI-Na2S04-H 20.

In the present work both the System K I- 
K2S04-H 20  and the System NaI-Na2S04-H 20  
were studied, from the point of view of the phase 
rule, the first at 25°, the second at 15, 25 and 45°. 
The results, which represent equilibrium in the 
Systems, show no solid Solutions to be formed in 
either case, within the limits of the rather small 
experimental error of this type of work. The 
only solid phases encountered are the pure an- 
hydrous or hydrated salts themselves.

Experimental Method
The experimental procedure for the solubility 

measurements has already been described in pre-
(1) “International Critical Tables,” Vol. IV» 1928.
(2) R,icci, T h is  J o u r n a l , 57, 805 (1935).
(3) Fabris, Ann. chim. applicata, 17, 321 (1927); 18, 115, 326

(1928).

E. Ricci

vious similar publications.4 The temperature 
was maintained constant to within ±0.02°. The 
time allowed for the attainment of equilibrium 
varied from three days in the case of the potas­
sium salts, to as long as fourteen days in the case 
of the sodium salts; the latter System was found 
by experiment to require from ten to fourteen 
days to reach equilibrium in all complexes which 
involved the formation of Na2SO4T0H2O as solid 
phase. The densities reported for the potassium 
salt system and for some Solutions of the sodium 
salt System, were obtained by means of Volumetrie 
pipets calibrated for delivery. For the analysis 
of the Solutions, the iodide was determined volu- 
metrically by titration with 0.2 N  silver nitrate 
using dichlorofluorescein as indicator, the total 
solid was determined by evaporation to dryness, 
and the sulfate was then calculated by difference. 
In some cases of the KI“K2S04-H 20  System the 
sulfate was determined directly by the gravi- 
metric method, and the iodide then calculated by 
difference. The results of the two methods being 
in sufficiently close agreement, the more rapid 
method (titration of the iodide) was used in gen­
eral. The solid phases were in each case veri- 
fied by the method of algebraic extrapolation of 
tie-lines,5 the average error of the extrapolations, 
for both Systems, being 0.18%.

Results
The experimental data for the system K I- 

K2S04-H 20  at 25° are given in Table I and Fig. 1;
T a b l e  I

KI-K2S04-H20  at  25°
Original complex, Saturated solution,

wt.
k 2s o 4

%
KI K2SO4

wt. % 
KI Density Solid phase

0.00 10.76 0.00 1.083 k 2so4
23.01 7.53 6.57 9.13 1.127 k 2so 4
22.02 15.01 3.57 18.57 1.185 k 2so4
21.47 23.02 1.70 28.81 1.273 k 2so4
21.01 31.49 0.69 39.57 1.399 K2S04
20.74 40.04 .25 50.35 1.553 k 2so4
19.99 47.03 .10 58.70 1.701 K2S04
19.98 48.19 .08 59.69 1.724 K2S04 +  KI
12.05 57.91 .08 59.70 1.724 K2S04 +  KI
3.00 66.05 .08 59.67 1.720 K jSO* +  KI
0.59 67.98 .08 59.68 1.721 K 2S0 4 - f  KI

Av. (of 4) .08 59.69 1.722 K2SO4 +  KI
0.00 .00 59.76 1.718 KI

(4) Ricci This Jo u r n a l , 56, 290 (1934).
(5) Hill and Ricci, ibid., 53, 4305 (1931).
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the solubility cutve consists of two simple 
branches, one for Solutions in equilibrium with 
potassium sulfate, the other, extremely short, for 
Solutions saturated with KI.

The results for the system NaI-Na2S04~H20 , 
at 15, 25 and 45°, are presented in Table II, the

T a b l e  II 
N al-N  a2S04-H 20  

. 15°
Original complex, Saturated solution, 

wt. % wt. %
Na2S04 Nal Na2S 0 4 Nal Density Solid phase

0.00 11.60 0.00 1.106 Na2SO4T0H2O
9.01 27.98 2.51 33.16 1.367 Na2SO4 10H2O
5.95 36.09 2.15 39.67 1.460 Na2SO4-10H2O
8.00 35.95 2.10 41.78 1.490 Na2SO4-10H2O
8.01 37.99 2.18 44.07 1.532 Na2SO4-10H2O

13.05 33.57 2.23 44.79 1.543 Na2SO4 10Il2O +  
N a2S04

5.97 41.85 2.19 44.85 1.543 Na2SO4 10H2O +  
Na2SO,

15.02 37.41 2.22 44.84 1.540 Na2SO4 10H2O +  
Na2S04

Av. (of 3) 2.21 ' 44.83 1 * 542 Na2SO410H2O +  
Na2S04

15.09 42.99 0.93 50.15 1.613 Na2S 04
15.04 48.43 .15 56.92 1.733 Na2S04
15.00 53.52 .02 62.89 1.875 Na2S04
15.08 54.59 .01 63.33 1.881 Na2S04 -f Nal 

2H20
4.99 64.90 .05 63.31 1.882 Na2S 04 +  " Nal 

2H20
Av. (of o\ • . 03 63.32 1.881 Na2$ 0 4 -f Nal- 

2H20
0.00 .00 63.35

25

1.881 NaI*2H20
o a

0.00 21.78 0.00 Na2SO4T0H2O
23.91 5.16 17.54 6.77 Na2SO4T0H2O
23.58 8.10 14.87 11.50 Na2SO4T0H2O
20.09 13.94 11.83 18.46 Na^SO4T0H2O
15.52 17.42 10.81 20.30 Na2SO4 10H2O

Ricci

13.11 22.20 9.37 24.81

Vol. {

Na2SO4-10H2O
13.05 23.56 8.70 26.84 Na2SO4;10H2O
14.03 25.00 7.94 30.05 Na2SO4 10H2O
13.49 27.02 7.61 31.77 Na2SO4-10H2O +  Na2S04
18.05 26.02 7.66 31.74 Na2SO410H2O +  Na2S04
12.48 29.31 7.64 31.76 Na2SO4-10H2O +  Na2S04
Av. (of 5) 7.63 31.77 Na2SO410H2O + Na2S04

0.00 33.97 0.00 Na2S04 (m)5
36.74 6.57 26.65 7.60 Na2S04 (in)
20.01 19.97 14.91 21.22 Na2S04 (m)
20.13 27.11 7.97 31.21 Na2S04 (m)
20.00 32.16 4.09 38.58 Na2SO<
20.16 36.77 2.06 45.01 Na2S 04
20.27 41.72 0.70 51.91 Na2S04
19.94 45.45 .30 56.54 Na2S04
20.06 49.73 .14 62.05 Na2S04
19.96 54.55 .02 64.76 Na2S04 + NaI-2H20
4.02 64.97 .07 64.76 Na2S04 + NaI-2H20
2.98 72.00 .07 64.75 Na2SÖ4 + NaI-2H20

Av. (of 4) .06 64.75 Na2S04 + NaI-2H20
0.00 .00 64.79 NaI-2H20

0.00 32.09
45

0.00

OO

Na2S04
35.01 12.98 17.19 16.52 Na2S04
29.87 23.88 6.73 31.73 Na2S04
25.01 32.89 2.22 42.85 Na2S04
20.07 41.98 0.51 52.27 Na2SÖ4
17.78 43.54 .43 52.75 Na2S04
20.16 54.22 .04 67.85 Na2S04

6.02 64.78 .04 68.29 Na2S04 +  NaI-2H20
6.00 67.92 .02 68.22 Na2S04 +  NaI;2H20
2.04 70.48 .06 68.25 Na2S04 +  NaI*2H20

Av. (of 3) .04 68.25 Na2S04 +  NaT2H20
0.00 .00 68.32 NaI*2H20
“ The data for the 45°, and for part of the 25°, isotherms 

were obtained by Dr. Nicholas S. Yanick, förmerly of this 
Department. h m = metastable solid phase.

three isotherms being shown graphically in Figs. 
2, 3 and 4. As may be seen from the diagrams the

only stable phases existing in the system at 45° 
are anhydrous Na2SC>4 and NaT2H20, while at
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15 and 25°, Na2SO4T0H2O appears, giving three 
stable phases. In Fig. 3, for the 25° isotherm, 
the curve a-b represents the solubility of Na2S04- 
10H2O as stable phase in the ternary system;

Fig. 3.—25° Isotherm: NaI-Na2S04-H 20.

point b, an isothermally invariant solution in 
equilibrium with both hydrated and anhydrous 
Na2S04; the curve b-c, Solutions in equilibrium 
with anhydrous Na2S04 as solid phase; point c, 
the isothermally invariant solution for the two 
solid phases Na2S04 and NaT2H20; and the 
very short curve c-d, the solubility curve of Nal- 
2H20. The curve b-e is the metastable extension 
of the solubility curve b-c, of Na2S04, point e being

the metastable solubility of anhydrous Na2S04 in 
water at 25°.

Acknowledgment.—The author wishes to ex­
press his thanks to Dr. Nicholas S. Yanick, for- 
merly of this Department, for his help in some of 
the experimental work of this paper.

Summary
Solubility measurements are given for the Sys­

tems K I-K 2S04-H 20  (at 25°) and NaI-Na2S04~ 
H20  (at 15, 25 and 45°); these salt pairs form 
neither double salts nor solid Solutions at the tem­
peratures reported.
N e w  Y o r k , N. Y. R e c e iv e d  A p r il  21, 1936
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Phenyl Urethan Anesthetics, II
By E. S. Cook and T. H. R ider

The value of phenyl urethans as local anesthet­
ics has been pointed out by Rider.1 The present 
paper continues work in this field and deals 
largely with phenyl urethans of y-dialkylamino- 
propanols (R2NCH2CH2CH2OH). Two esters of 
dialkylaminoisopropyl alcohols (R2N CH2CH- 
OHCH3) and the phenyl urethan of ß-diethyl- 
aminoethanol are included.

These compounds are of particular interest be- 
cause they are isomeric with the ^-aminobenzo- 
ates, several of which have found considerable use 
as local anesthetics. The ^-aminobenzoate homo- 
logs of compounds 4 and 9 (see Table I) are

(1) T. H. Rider, (a) T h is  J o u r n a l , 52, 2115 (1930); (b) ibid., 
62, 2583 (1930); (c) J. Pharmacol, 39, 457 (1930); (d) ibid., 47, 255 
(1933).

marketed as butyn and procaine, respectively, and 
the ^-aminobenzoate homologs of compounds 2,
3,2 and 63 have been prepared and found to pos- 
sess local anesthetic activity.

Experimental Part
Amino Alcohols.—Beta-diethylaminoethanol, 7-diethyl- 

aminopropanol, and 7-di-w-butylaminopropanol were ob­
tained from the Eastman Kodak Company and redistilled. 
The other 7-dialkylaminopropanols (dimethylamino-, di- 
w-propylamino-, piperidino- and methylphenethylamino-) 
were prepared by condensing the proper secondary amine 
with trimethylene bromohydrin in the absence of a solvent;

(2) O. Kamm, R. Adams and E. H. Volwiler, U. S. Patents 1,358,- 
750 and 1,358,751; E. H. Volwiler, Science, 53, 145 (1921); H. L. 
Schmitz and A. S. Loevenhart, J. Pharmacol., 24, 159 (1924).

(3) A. C. Cope and S. M. McElvain, T h is  J o u r n a l , 53, 1587 
(1931).
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T a b l e  I

P h e n y l  U r e t h a n  H ydrochlo rides of  A m in o  A lcohols

Chlorine, % M. p., °C.
Compound, urethan hydrochloride Formula Calcd. Found (corr.)

1 y-Dimethylaminopropylphenyl CiaHwO^Cl 13.71 13.89 13.80 131-132.5
2 7-Diethylaminopropylphenyl ChH230 2N2C1 12.37 12.57 12.55 140.5-142.5
3 7-Di-w-propylamiuopropylphenyl C16H27O2N2CI 11.27 11.33 11.31 159.5-160.5
4 7-Di-w-butylaminopropylphenyF C18H31O2N2CI 10.35 10.48 10.43 123-124
5 7 -Piperidinopropylphenyl c16h 23o2n 2ci 11.87 11.81 169-169.5
6 7-(MethylphenethyI)-aminopropylphenyl Ci9H250 2N2C1 10.17 10.23 10.20 192.5-193.5
7 1-Diethylaminopropanol-2-phenyl U14H2302N 2C1 12.37 12.52 12.55 137.5-138.5
8 1 -Piperidinopropanol-2-phenyl C15H2302N2C1 11.87 11.23 11.17* 88-89.5
9 /3-DiethylaminoethylphenyP Ct3H210 2N2C1 13.00 13.04 13.05 142.5-143.5

a Previously prepared by Rider, ref. lb. h Difficult completely to free from solvent. c Previously prepared by Ri­
der® and reported by Fromherz [Arch. Exptl. Path. PharmakoL, 76, 257 (1914)]; m. p. given as 138-139°.

All were heated under reflux except dimethylamine (used 
as the 33% aqueous solution) which required a sealed tube. 
Usually no condensing agent was employed, but potas­
sium carbonate was used successfully in several cases. 
The reaction mixtures were treated with potassium hy- 
droxide solution, extracted repeatedly with ether, dried 
over potassium hydroxide, and the ether was removed. 
The alcohols were distilled either in vacuo or at atmospheric 
pressure. All of these alcohols are recorded in the litera- 
ture with the exception of y-(methylphenethyl)-aminopro- 
panol. For this alcohol the methylphenethylamine was 
prepared from ß-phenylethylamine, benzaldehyde, and 
methyl iodide by the method of Decker and Becker4 with 
modifications suggested by Buck.5 The amine was Con­
densed with trimethylene bromohydrin as above. y- 
(Methylphenethyl)-aminopropanol is a rather viscous, 
water-white liquid with a very slight violet fluorescence. 
It distils at 155-157° at 12 mm.

Anal. Calcd. for Ci2Hi9ON: N, 7.25. Found: N, 7.01.
1-Diethylamino- and l-piperidinopropanol-2 were pre­

pared by condensing the amines with propylene oxide. A 
sealed tube was necessary for the diethylamine but not for 
the piperidine. This method, which apparently has not 
been applied before to the preparation of these two com­
pounds, gave 80% yields of amino alcohols, identical in all 
properties with those obtained from the corresponding 
chloro- or bromohydrin.

Phenyl Urethan Hydrochlorides.—Equimolar quantities 
of the amino alcohol and phenyl isocyanate were refluxed 
in absolute ether until disappearance of the odor of phenyl 
isocyanate. After cooling the reaction mixture, the hy- 
drochloride was precipitated by adding a solution of hy­
drogen chloride in dry ether. The hydrochloride usually 
precipitated as a solid but l-piperidinopropanol-2-phenyl 
urethan hydrochloride came down as an oil and consider- 
able difficulty was encountered in crystallizing it. All the 
hydrochlorides were crystallized from a mixture of ethyl 
acetate and acetone except the y-(methylphenethyi)- 
amino compound which was purified from absolute alcohol. 
The melting points and analyses of the compounds are 
given in Table I.

Pharmacological Properties.—In Table II 
data relative to the local anesthetic activity and

(4) H. Decker and P. Becker, Ann.t 395, 362 (1913).
(5) J. S. Buck, This Journal, 52, 4119 (1930); 54, 3661 (1932).

toxicity of these compounds are given. All tests 
were made with 1% Solutions of the hydrochlo­
rides in distilled water. The third and fourth 
columns give the time in minutes required for the 
production of sensory and motor anesthesia in the 
exposed sciatic nerve of the frog.6 The fifth 
column gives the duration of anesthesia after a 
one-minute application of the solution to the 
cornea of the rabbit.6 Column six gives the ap- 
proximate minimum lethal dose in milligrams per 
kilo by subcutaneous injection into guinea pigs.

T a b l e  II
P harm acological  P r o pe r t ie s

pTA, 1% Time of Duration of
Solution onset of anesthesia,

Compound
(quinhydrone

electrode)
anesthesia, min. 

Sensory Motor
min.

Cornea
Toxicity 
mg. /kg.

Cocaine 5.10 4 14 30 60
Procaine 5.50 6 18.5 Incomplete 400

1 5.82 6 36.5 Incomplete
2 5.98 3.5 27 14 150
3 6.46 2.75 21.75 24.5 150
4 5.93 2 10.5 65.5 150
5 5.88 3 16.5 17 150
6 5.40 3 28.75 91.5 75
7 6.48 3.25 16.5 16 150
8 5.47 3 25.5 35 200
9 6.25 3.75 14 11 150

It will be observed that the two derivatives of 
isopropyl alcohol (7 and 8) show some superiority 
over their primary alcohol isomers (2 and 5) in 
anesthetic activity and are less toxic as well. The 
one compound here reported with two dissimilar 
alkyl groups on nitrogen (6) has the highest anes­
thetic activity of the compounds tested but is 
extremely toxic. An increase in anesthetic power 
is found as the size of the nitrogen alkyls increases 
behavior which is duplicated in other series of 
anesthetics, but no progressive increase in toxicity 
is observed. The surprising similarity in toxici-

(6) T. H. Rider, J. P harm acol39, 329 (1930).
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ties of these compounds is worthy of comment. 
The results were checked several times and are 
believed to be accurate within 30%. The di- 
ethylaminoethylphenyl urethan is less active 
than either of the propanol homologs, which, 
again, is in accord with previous observations on 
the influence of the length of the alcohol chain, 
but it is no less toxic. The propanol compounds 
are more effective on the exposed nerve, by the 
test which measures onset time rather than dura­
tion, than the corresponding mono- and diphenyl 
urethans of dialkylamino propanediolsla but the 
reverse is usually true with respect to corneal anes­
thesia. Other comparative tests indicate that 
the diphenyl urethans of propanediols (such as 
diothane) are more effective as topical anesthet­
ics, and while giving a slower onset time likewise 
give considerably more prolonged duration of 
anesthesia following intradermal injection.

The phenyl urethans here reported are more 
active on the rabbit's cornea than such of the iso- 
meric ^-aminobenzoates as have been prepared

and tested.2,3 This same behavior has been ob­
served for the corresponding esters of piperidino- 
propanediol7 as well as for the phenyl urethan and 
^-aminobenzoate of 2-diethylamino-3-hydroxy-
1,2,3,4-tetrahydronaphthalene.8 These facts 
prompt the Suggestion that the phenyl urethan 
configuration confers more topical anesthetic 
activity upon a molecule than does the isomeric 
^-aminobenzoate group.

Acknowledgment.—We wish to thank Dr. R. S. 
Shelton for assisting in the pharmacological work 
and Mr. Karl Bambach for the analyses.

Summary
The phenyl urethans of a number of dialkyl- 

aminopropanols have been prepared and shown 
to have local anesthetic properties. I t is sug- 
gested that the phenyl urethan group is more ac­
tive in causing anesthesia of the mucous surfaces 
than the isomeric ̂ -aminobenzoate group.

(7) E. W. Scott and T. H. Rider, This Journal, 55, 804 (1933).
(8) E. S. Cook and A. J. Hill, to be published.
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[ CONTRIBUTION FROM THE CONVERSE MEMORIAL LABORATORY OF HARVARD UNIVERSITY]

Studies in the Pyrrole Series. I. The Preparation of Certain N-Methyl Pyrroles1
By Alsoph H. Corwin2 and Wm. M. Quattlebaum, Jr .3

If we accept Küster’s formulation of the por- 
phyrin nucleus as proved and exclude “resonance 
isomers,M the following isomeric forms should be 
possible

These will be referred to as N-isómers.
Fischer4 has suggested the simpler possibility 

of N-isomerism in di-pyrryl methenes but has not 
demonstrated its existence. Since N-isomers of 
the salts of methenes with mineral acids would

(1) From the doctoral dissertations of Alsoph H. Corwin, Harvard 
University, 1932, and Wm. M. Quattlebaum, Jr., Harvard Uni- 
versity, 1934. The authors wish to acknowledge their indebtedness 
to Dr. James B. Conant for suggesting this field of research and their 
appreciation of his advice and guidance in the direction of the work.

(2) Present address, Department of Chemistry, The Johns Hop­
kins University, Baltimore, Md.

(3) Present address, Carbide and Carbon Chemicals Corp., South 
Charleston, W. Va.

(4) Fischer, Z. physiol. Chem., 128, 63 (1923).

be “resonance isomers,” a Separation should be 
achieved only by fractionation of the free bases. 
Likewise with the porphyrins, the salts with acids 
would be “resonance isomers.” As a result we 
should not expect to find examples of N-isomer- 
ism among the synthetic porphyrins made by 
acid melts unless the free bases had been frac- 
tionated subsequently by a procedure not in­
volving the use of acid. Conant and Bailey5 have 
pointed out that diff erences between N-isomers 
should be destroyed by conversion into metallic 
complexes but found no porphyrins which ex- 
hibited this phenomenon.

(5) Conant and Bailey, This Journal, 55, 796 (1933).
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An examination of a space model of a porphyrin 
suggests the possibility that the adjacent second­
ary and tertiary nitrogens might be joined by a 
hydrogen bridge.

In such a case the predicated N-isomerism 
would not appear but might give way to another 
type in which the H bridges exchanged their part­
ners.6 Substitution of a functional group for 
hydrogen would destroy the latter isomerism and 
create the appearance that the original porphy­
rins were N-isomers.

To test the theoretical considerations presented, 
the question of N-isomerism is being submitted 
to experimental examination. I t is proposed to 
synthesize porphyrins from compounds suited to 
the determination of the positions of the methyl- 
ated nitrogens with reference to the unmethylated 
nitrogens. It is then proposed to N-methylate 
porphyrins and to compare the products with 
those prepared by synthesis. The first phase of 
this problem is the preparation and proofs of the 
structures of certain N-methyl pyrroles. Start- 
ing with Knorr’s pyrrole (2,4-dimethyl-3,5-di- 
carbethoxypyrrole) the following interrelation- 
ships have been established

the fact that methylamine free from ammonia is 
obtained by the hydrolysis of N-methylmethyl- 
ethylmaleic imide. The di-N-methyldipyrryl- 
methane indicated is the first completely alkyl- 
ated dipyrrylmethane to be obtained by conden- 
sation with formaldehyde, despi te many at- 
tempts.7

The second phase of the problem was the syn­
thesis of N-methyl methenes. Since the simplest 
unsymmetrical methene containing carbethoxy 
groups rather than ethyl was unknown, it was pre­
pared by the condensation

CH3|]— nCOOC2H5 CH,.,— MCOOC2H5
+  +  HC1 — >

C2H6OOd llCHO Hl> llCHs
NH NH

CH3——-COOC2H5 CH3=C O O C aH 6

; C2H5O O c(M l------c h — J c h 3

NH NH+C1-

In this instance it was necessary to modify the 
usual methods for the preparation of methenes 
which failed due to the instability of this methene 
in solution.

The three possible combinations of the N- 
methyl homologs of the pyrroles in this condensa-

jCOOL^Hö N a• ------- —>• II Ij
!c h 3 (c h 3)2so 4 C2H5OOCII !Jc h 3

c h 3 

c 2h 5o o c !
NH

CH3|1— ||COOC2H5

C2H5OOCII IIcho  1c h 3)2sö 4 c 2Höo o d  
n c h 3

KOH
NCH3

CH3,i—7(COOC2H5

C2H6OOCl|^/jlCHCl2
n c h 3

1CHO 
NH

CH3i

C2H5OÓO

tiCOCHa

CHajj jjCOOC2H 5 H2S0 4 CH 

C2H6OOcll J c h 3 c 2h 6o o c

n c h 3
H2NNH2 CH8||— ||C2Hö c h 2o c2h 5| 

QH^DNT  h |  IcHa ~ >

|COOH heat CHa,— ,H

CH3 CaHaOOC
NCH3

Tic h 3 c h 31

CH

NH
N aj(C H 3)2SQ4

CHaCOCl

Ic h 3 aici3 c2h 5o o c!|^JJc h  
n c h 3

ICOCH3

NCHs

n c h 3
|C2H5 Cr03 C2H6C=--CCH3 KOH
1 I Io=c c=o

\ /
n c h 3

f Na

^  NH2CH3

c2h 5c= c c h 3
I I

(CH3)2S04 o= c 0 = 0

CH

CaHaOOC

jCOCHa H2 CHa. 

iCH3 Ni C2H5OOC!
n c h 3

|C*Ha NaOCH(CH3)2C2H5
NH
CH3i

fCH3 
NCH3

(CH3)2vS0 4 CsHaOOClf
NH

That the methyl group remains attached to 
nitrogen through all these reactions is shown by

(6) The authors are indebted to Dr. Maurice L. Huggins for sug- 
gesting and critically examining the possibility of the existence of H 
bridges.

tion failed to yield methenes. That this failure
(7) Fischer and Bartholomäus, Z. physiol. Chem., 83, 50 (1913); 

Fischer and Eismayer, Ber., 47, 2021 (1914); Fischer and Nenitzescu, 
Ann., 443, 123 (1925); Fischer, Halbig and Walach, ibid., 452, 287 
(1927).
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was due to a different type of reaction than that 
usually formulated will be showii in a separate 
communication.

To take advantage of the greater tendency to- 
ward methene formation exhibited by pyrroles 
containing only alkyl gröups in the ß-positions, 
the following coinbinations were tried

CHii
c 2h 5ö o c |

NH

|C2h 5 c h 3,

CHO HOOC

G2H5
and

with
CH*Ü ÏCHO 

NH

CH3||--- |.C2H5

hINIch,
NCHS

None of these yielded N-methyl methenes.
The failure of the aldehyde cöndensation led to 

an examination of the other general methods for 
methene synthesis. A di-N-methyldipyrryl- 
methane was prepared by the reactions

CH3m----nCOOC2H5 KOH

c2h 5ooc |  J c h 3 HOOCl

CH3|1— T.COOCÄ heat

n c h 3
CH;

HJ

c h 3
NCHa 

COOC2H5 c h 2o

/C H 3 
NCH3

C2H5OOC|

CHj

CH3 CH3j

- c h 2— I
n c h 3

— TjCOOCsHs

J c m
n c h 3

Neither the oxidation of this methane nor that 
of the hexamethyldiethylmethane mentioned 
earlier yielded a methene, The reactions of
l,2,4-trimethyl-3-carbethoxy and 1,2,4-trimethyl-
3-ethylpyrroles with bromine and with formic 
acid again failed to yield methenes. Finally, 
attempts to methylate 3,5,3'>5'-tetramethyl-4,4'- 
dicarbethoxydipyrrylmethene were unsuccessful.

Our failure to obtain N-methylitiethënes sug­
gests the desirability of subjecting the various 
methene syntheses to careful scrutiny and com- 
mends to attention the possibilities of the syn­
thesis of N-methylporphyrins by methods not 
involving the use of dipyrrylmethenes.

The authors are indebted to Mrs. G. Ware 
Wellwood for performing many of the micro- 
analyses reported in this paper.

Experimental Part
2,4-Dimethyl-3,5-dicarbethoxypyrrole.8—The yield may 

be improved by adding sodium acetate to the zinc dust 
reduction to form a complex with zinc acetate and thus in-

(8) H ans Fischer, “ Organic S yn theses,” Vol. XV, 1935, p. 17;
W inans and Adkins, T h is  J o u r n a l , 55, 4167 (1933).
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crease its solubility,9 and by adding the solution of the ni- 
troso compound to the mixture öf zinc düst, sodiuni ace­
tate, ethyl acetöacetate and glacial acetic acid instead of 
adding zinc düst to the other compounds; yield 75%.

1.2.4 - Trimethyl - 3,5 - dicarbethoxypyrröle.—Twenty- 
eight grams of sodium wire, 200 g. of 2,4-dimethyl-3, 5-di- 
carbethoxypyirole and two liters of toluene were heated 
with stirring for four hours on a steam-bath. The sodium 
salt of the pyrrole separated as a white curdy precipitate. 
Ninéty cc. of freshly distilled dimethyl sulfate was then 
added dropwise and stirring and heating continued for 
another houn The sodiuni methyl sulfate was filtèréd 
off and washéd with toluene. Thé toluene was removed 
from the filtrate by steam distillation. On cöoling the 
pyrrole crystallized out; yield 85-90%. The product 
may be recrystallized from methanol and water or from 
methanol alone by cooling with dry ice; m. p. 113-114°.

Anal. Calcd. for C18H19O4N: C, 61.62; H, 7.56; Nj 
5.53. Found: C, 61.84; H, 7.95; N, 5.74.

As an alternative the sodium salt may be formed by the 
action of sodium tertiary afnylate in tertiary amyl alcohol 
and subsequently methylated with dimethyl sulfate. 
The yield by this method was the same.

1.4 - Dimethyl - 2 - formyl - 3,5 - dicarbethoxypyrröle.—
(a) Five grams of 2-formyl-3,5-dicarbethoxy-4-methylpyr- 
role was dissolved in a solution of 1.1 g. of potassium hy- 
droxide in 11 cc. of methyl alcohol. Two and one-half 
cc. of dimethyl sulfate was added slowly below 50°. The 
mixture was allowed to stand for half an hour and cooled 
to crystallize the N-methyl aldehyde. The aldehyde was 
filtered ofï, washed with water and crystallized from 
methanol, m. p. 94°. This is the procedure of choice in 
quantity preparations.

(b) Twenty-five and three-tenths grams of 1,2,4-tri- 
methyl-3,5-dicarbethoxypyrrole was dissolved in 127 g. of 
glacial acetic acid and 27 g. of sulfuryl chloride added 
slowly at 60°. The temperature was maintained for half 
an hour and the flask then cooled to 20° to permit crystal- 
lization of the aldehyde. Less pure product may be ob­
tained by precipitating the mother liquor with water; 
m. p. 93°; mixed m. p. with aldehyde obtained in (a) 
93°.

Anal. Caled. for Ci3Hi7G5N: C, 58.39; H, 6.41.
Found: C, 58.34; H, 6.44.

1.2.4 - Trimethyl - 3 - carboxyl - 5 - carbethoxypyrrole.—
The procedure was essentially that of Fischer and Walach10 
for the lower homolog. Twenty-five grams of 1,2,4-tri- 
methyl-3,5-dicarbethoxypyrrole was added to 100 cc. öf 
concd. sulfuric acid and the temperature kept below 30°: 
recovery 3 g.; yield 60% of the remainder; decomposition 
point 192°.

Anal. Calcd. for CnH^ChN: C, 58.63; H, 6.71.
Found: C, 58.99; H, 6.91.

1.2.4 - Trimethyl - 5 - carbethoxypyrrole.—The deCar- 
boxylation of the preceding compound was carried out as 
rapidly as possible in three times its weight of anhydrous 
glycerine;11 yield 75%; m. p. 47°. The substance häs a 
peculiar, sickening, sweetish odor.

(9) Davidson and McAllister, ibid., 52, 507 (1930).
(10) Fischer and Walach, Ber., 6$, 2820 (1925).
(11) F'ischer, Berg and Schormüller. Arin., 480, 114 (1930).
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Anal. Calcd. for C10Hi6O2N: C, 66.25; H, 8.34.
Found: C, 65.92; H, 8.34.

1,2,4 - Trimethyl -  3 - acetyl - 5 - carbethoxypyrrole.—
(a) The best method for the preparation of this compound 
is the methylation of 2,4-dimethyl-3-acetyl -5-carbethoxy- 
pyrrole by the method given for l,2,4-trimethyl~3,5-dicar- 
bethoxypyrrole; yield 80%; m. p. 62° after recrystalliza- 
tion from ligroin.

(b) The preparation from l,2,4-trimethyl-5-carbethoxy- 
pyrrole by the Friedel-Crafts reaction follows that of the 
lower homolog;12 yield 25% after recrystallization; m. p. 
60-61 ° ; mixed m. p̂  with product from (a) 61 °.

Anal. Calcd. for Ci2Hi70 3N: C, 64.53; H, 7.67.
Found: C, 64.46; H, 7.54.

l,2,4-Trimethyl-3-ethylpyrrole.—The procedure for pre­
paring this from l,2,4-trimethyl-3-acetyl-5-carbethoxy- 
pyrrole follows essentially that of Fischer, Baumann and 
Riedl.13 The substance is sensitive to oxidation and 
should be protected by nitrogen; yield 55%; b. p. 93° at 
23 mm.

Anal. Calcd. for C9Hi5N: C, 78.75; H, 11.02. Found: 
C, 77.85; H, 10.45.

(It appeared that this analytical discrepancy was due to 
the rapidity with which the substance oxidized during the 
weighing process.)

1,3,5,1',3',5' - Hexamethyl - 4,4' - diethyl - 2,2' - di- 
pyrrylmethane.—Success in preparing this compound de- 
pends upon the absence of mineral acid. The acid neces­
sary for condensation was supplied by using old formalin 
which had accumulated enough formic acid to give an acid 
reaction to litmus.

One gram of N-methylcryptopyrrole, 2 cc. of 95% ethyl 
alcohol and 0.5 cc. of 40% formalin solution were stirred 
together without warming. The methane separated in 
colorless crystals. The precipitate was filtered off, washed 
and crystallized from methanol. It was very sensitive to 
air and was dried in a vacuum and stored under nitrogen; 
m. p. 106°.

Anal. Calcd. for Ci9H3oN2: C, 79.65; H, 10.56.
Found: C, 79.80; H, 10.67.

N-Methylmethylethylmaleic Imide.—(a) Two grams of
l,2,4-trimethyl-3-ethylpyrrole was suspended in a satu­
rated aqueous solution of 8 g. of Cr03 and 50 cc. of 20% 
sulfuric acid added drop by drop at 60°. The flask was 
kept at 70° for several hours with occasional stirring and 
rubbing of the resinous precipitate. The solution was 
cooled, extracted five times with ether, the extract washed 
with water, dilute soda solution and again with water, 
dried and distilled. The imide was a colorless oil; b. p. 
215-220°.

(b) 1,3,5,1',3',5' - Hexamethyl - 4,4' - diethyl - 2,2' - di- 
pyrrylmethane was oxidized according to the above proce­
dure. N-methylmethylethylmaleic imide was isolated. 
When saponified according to the directions below and 
tested for ammonia the latter was found to be absent. 
CH3NH3C1 was isolated; m. p. 226-227°; mixed tn. p. 
with CHsNHsCl, 227°.

(c) One and four-tenths grams of methylethylmaleic 
imide was dissolved in 20 cc. of toluene and treated with

(12) Fischer and Schubert, Z. physiol. Chem., 165, 102 (1926).
(13) Fischer, Baumann and Riedl, Ann., 475, 239 (1929).

0.46 g. of sodium and then 2.52 g. of dimethyl sulfate ac­
cording to the procedure for l,2,4-trimethyl-3,5-dicar- 
bethoxypyrrole. The toluene was removed by vacuum 
fractionation. The imide boiled at 215-221°.

Hydrolysis Procedure.—Two 50-cc. distilling flasks were 
connected through their side-arms with a small condènser. 
The first flask was provided with an ebullition tube, the 
second with a stopper containing a 12 in. length of 12 mm. 
glass tubing which dipped below a few cc. of distilled water 
in the flask. The imide was plaeed in the first flask with 
20 cc. of normal sodium hydroxide solution and the 
apparatus tilted so that the condenser acted as a reflux 
during the hydrolysis. The solution was boiled for an 
hour, the apparatus tilted toward the second flask and the 
amine distilled slowly until most of the water had passed 
over. The liquid in the receiver was then tested for am­
monia and methylamine by Thatchers test.14 15 No ammo­
nia was found. A portion of the distillate was neutralized 
with hydrochloric acid and evaporated to dryness. A test 
portion of the residue was found to be completely soluble 
in absolute alcohol previously saturated with ammonium 
chloride. The residue was crystallized from hot absolute 
alcohol and ether; m. p. 227°; mixed m. p. with CH3- 
NH.3CI, 227°.

1,2,4 - Trimethyl - 3 - ethyl - 5 - carbethoxypyrrole.—(a)
This product may be prepared by the catalytic hydrogena- 
tion of l,2,4-trimethyl-3-acetyl-5-carbethoxypyrrole in al- 
coholic solution with Raney’s catalyst,16 at 2500 pounds 
per sq. in. pressure and 150°. The pyrrole distilled at 
124° at 2 mm. This is the method of choice in the prepa­
ration.

(b) The substance may be prepared by methylation of
2,4-dimethyl-3-ethyl-5-carbethoxypyrrole by the tertiary 
amylate method mentioned for l,2,4-trimethyl-3,5-dicar- 
bethoxypyrrole, b. p. 120-125° at 2 mm. Comparison of 
b. p. with product from (a) in the same apparatus shows 
them to be identical.

Anal. Calcd. for Ci2Hi90 2N: C, 68.90; H, 9.09.
Found: C, 68.65; H, 9.04.

3,5,4' - Tricarbethoxy - 4,3',5' - trimethyl - 2,2' - di- 
pyrrylmethene.—Attempts to prepare this compound by 
any of the methods employed by Fischer for methene syn­
theses were unsuccessful. It was finally prepared by using 
cold ether as a solvent for the reaction and dry hydrogen 
chloride gas as a catalyst. The methene was so insoluble 
in ether that it crystallized out as rapidly as formed. It 
was then found that the earlier failures to obtain this 
methene were due to the fact that it decomposed when 
dissolved in alcohol or glacial acetic acid. In fact, this 
methene was not stable in any solvent which was investi- 
gated.

Two and five-tenths grams of 2-formyl-3,5-dicarbethoxy- 
4-methylpyrrole and 1.67 g. of 2,4-dimethyl-3-carbethoxy- 
pyrrole were dissolved with warming in 175 cc. of dry 
ether. The mixture was cooled to 10° and dry gaseous 
hydrogen chloride passed in for fifteen to twenty minutes. 
The solution was allowed to stand at 0° for several hours, 
the methene filtered off and washed with ether. Brilliant

(14) Mulliken, "Identification of Pure Organic Compounds,” 
John Wiley & Sons, Inc., 1916, Vol.' II, p. 20.

(15) Raney, T h is  J o u r n a l , 54, 4116 (1932); Signaigo and Adkins,
ibid., 58, 710 (1936).
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yellow needles were obtained. The crystals changed color 
at 120° and sintered gradually as the temperature was 
raised. The substance could not be recrystallized satis- 
factorily. When dissolved in cold toluene and plunged 
quickly into dry ice, crystals separated which were less 
pure than the starting product. When this methene was 
boiled in alcohol it decomposed to give 2-formyl-3,5-di- 
carbethoxy-4-methylpyrrole, m. p. 124°, and a residue 
which has not been identified.

Anal. Calcd. for QaHarOsNaCI: C, 57.44; H, 6.20.
Found: C, 58.01, 57.95; H, 6.20, 6.65.

The analytical discrepancy indicates an impurity which 
differs from the aldehyde used, because this has less C and 
H than the methene, and which probably is not 2,4-di- 
methyl-3-carbethoxypyrrole since this should have been 
removed by the ether wash used. Hence we feel that the 
discrepancy needs further investigation.

The attempted condensations of aldehydes and a-unsub- 
stituted pyrroles to give N-methylmethenes followed the 
directions given above. The combinations tried were 2- 
formyl-3,5-dicarbethoxy-4-methylpyrrole with 1,2,4-tri- 
methyl-3-carbethoxypyrrole; l,4-dimethyl-2-formyl-3,5- 
dicarbethoxypyrrole with 2,4-diniethyl-3-carbethoxypyr- 
role and with l,2,4-trimethyl-3-carbethoxypyrrole; 1,2,4- 
trimethyl-3-ethylpyrrole with 2-formyl-3-ethyl-4-methyl- 
5-carbethoxypyrrole, with 2-formyl-3-ethyl-4-methyl-5- 
carboxylpyrrole, and with 2-formyl-3,5-dimethyl-4-ethyl- 
pyrrole. These condensations led to reddish or purple oils.

1.2.4 - Trimethyl - 3 - carbethoxy - 5 - carboxylpyrrole.— 
Twenty-six grams of potassium hydroxide was dissolved 
in 300 cc. of 95% alcohol and 105 g. of l,2,4-trimethyl-3,5- 
dicarbethoxypyrrole added and refluxed for two and one- 
half hours. The solution was poured into cold water, 
talc added and filtered. The pyrrole acid was precipi­
tated with hydrochloric acid, filtered off and dried, yield 
90%.

Anal. Calcd. for CnHi50 4N: C, 58.63; H, 6.71.
Found: C, 58.93; H, 7.18.

1.2.4 - Trimethyl - 3 - carbethoxypyrrole.—The prepara­
tion was similar to that of l,2,4-trimethyl-5-carbethoxy- 
pyrrole; yield 75%; m. p. 57°; mixed m. p. with the 5- 
carbethoxy isomer, 39°. The substance has nearly the 
same sickening sweet odor as its isomer. Repeated re- 
crystallizations raised the m. p. to 62°.

Anal. Calcd. for Ci0H15O2N: C, 66.25; H, 8.34.
Found: C, 66.40; H, 8.59.

1,3,5,1',3',5' - Hexamethyl - 4,4' - dicarbethoxy - 2,2' - 
dipyrrylmethane.—The procedure was similar to that of the 
corresponding 4,4 '-diethylmethane except that hydrogen 
chloride catalyst was used and the mixture warmed. The 
yield was nearly quantitative, m. p. 151-152°.

Anal. Calcd. for C21H30O4N2: C, 67.33; H, 8.08.
Found: C, 67.43; H, 8.45.

The preceding compound and its 4,4'-diethyl analog 
were treated with bromine in the usual manner for the 
preparation of methenes. Purple oils resulted from which 
no crystalline material could be isolated.

The method tried for the bromination of N-methyl pyr­
roles was essentially that of Fischer.16 1,2,4-Trimethyl-3- 
carbethoxypyrrole and l,2,4-trimethyl-3-ethylpyrrole were 
tried and the products were purple oils.

The method tried for the condensation with formic acid 
was essentially that of Fischer and Zerweck.17 The pyr­
roles used in the bromination were used in this condensa­
tion and again purple oils resulted.

3,5,3',5' - Tetramethyl - 4,4' - dicarbethoxydipyrryl- 
methene, obtained by the formic acid condensation of 
Fischer and Zerweck was treated with sodium in the same 
manner as with Knorr’s pyrrole. A bright red precipi­
tate separated. When dimethyl sulfate was added to this 
the precipitate dissolved and the toluene solution tumed 
green. When a toluene solution of the methene was 
treated with a small amount of mineral acid and warmed a 
similar green color appeared. This decomposition was 
even more marked in glacial acetic acid. Every attempt 
to recrystallize a mineral acid salt of this compound led to 
more or less extensive decomposition. A few minutes’ 
boiling in glacial acetic acid was sufficiënt to complete this 
decomposition. We intend to submit this reaction to 
further investigation tö determine whether or not this be- 
havior is typical of dipyrrylmethenes.

Summary
1. The theoretical limits of a new type of isom- 

erism have been discussed.
2. A program has been outlined which is de- 

signed to test the possibility of the existence of 
this type of isomerism.

3. The preparation of a group of N-methyl- 
pyrroles to fit into this program has been reported.

4. The formaldehyde synthesis of dipyrryl- 
methanes has been modified to permit the prepa­
ration of a completely alkylated dipyrrylmethane.

5. A method has been described for obtaining 
a dipyrryImethene not available by older meth­
ods.

6. Attempts to prepare N-methyldipyrry 1 
methenes have been described.

7. Certain decompositions of dipyrrylmeth­
enes have been reported.
B altimore, M d . R eceived  M arch 4, 1936

(16) Fischer, Sitz. ber. math. physik. Klasse Bayer. Akad. Wiss. 
München, 410 (1915).

(17) Fischer and Zerweck, Ber., 66, 526 (1923).
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Studies in the Pyrrole Series. II. The Mechanism of the Aldehyde Synthesis of
Dipyrrylmethenes1

By Alsoph H. Corwin and John S. Andrews

In the preceding paper2 it was shown that the 
introduction of N-methyl groups into the pyrrole 
nucleus causes the aldehyde synthesis of methenes 
to follow a course different from that usually 
postulated. Fischer and Ernst3 have also re­
ported an anomalous aldehyde condensation

c h 8|1— ncoQCaHß
+ + HCl—>

CsHöOOC^CHO H ï^tC H s
NH NH

C^HsOOC,— j-CHs CH3p=COOC2H5

----C H = lx yCH3
NH NH+C1-

In order to account for the product obtained 
they assumed that the aldehyde was first hy- 
drolyzed to yield formic acid which subsequently 
reacted with the 2,4-dimethyl-3-carbethoxypyr- 
role. This mechanism does not agree, however, 
with their observation that the best yield of 
methene resulted when two mols of the pyrrole 
were used for each mol of the aldehyde. These 
proportions suggest a tripyrrylmethane inter­
mediate.

The Suggestion of a tripyrrylmethane interme­
diate in the formation of methenes was unwit- 
tingly made by Piloty, Krannich and Will4 who 
obtained a colorless compound as an intermediate 
in the synthesis of a methene and assigned to it 
the formula of a dipyrryl carbinol. Fischer and 
Ammann5 proved this substance to be a tripyrryl­
methane, substantiated Piloty’s observation that 
hydrochloric acid would convert it into a methene

but ignored his intuition that it was truly an in­
termediate in the reaction. If we assume a tri­
pyrrylmethane as the intermediate in the reaction 
reported by Fischer and Ernst we have a complete 
explanation of the “abnormal” reaction by as- 
suming cleavage at the bond which gives the sym- 
metrical methene.

It becomes of interest, therefore, to determine 
whether or not tripyrryl methanes are actually inter- 
mediates in the methene syntheses. To this end we 
are reporting herewith a study of three reactions
(1) C2H5OOCj 

CH3<

CHS
+

CH; 7ïCOOC2H6 HBr

■CHO H l^ C H s
NH NH

C2H500Cn— nCH3 CH3:

CH;

=COOC2H5

-CH=

(2) C2H5OOC||— nCHji 

CH3I J cH O
n c h 3

+

NH
CH;

H

V CH*
NH +Br ~ 

COOC2H5 HBr

C2H5OOC-

CH3 
NH

CH3 CH3:

c h J I

(3) CaHeOOCij— jiCH,

CHal^JJcHO +
NH

C2HóOOC,

CH-

— CH:
NH

CHinhüx/ !1ch3
n c h 3

CH3 CH;

----CH:
NH

COOC2H5

c h 3
NH+Br- 

COOC2H5 HBr

=COOC2H5

Ich,
NH+Br-

CH3i

c2h 5oocI
C2H5 c h ,

+ 2
CHO H'

NH

T|COQC2H5

c h 3
NH

CH3_— rC*HB

CH3it

c2h 5q o c |

ijC Ä i CH; 

!)-— 'CH----

T.COOCaHß

CaHgOOClI J H  

NH

C2H6OOCT

CH;

NH 1 

HN4__
caï

c h 3 c h 3=

1-----C H = 1
NH

- V C « -
NH

=,CHa

='COOC2H6

==COOC2Hs

J c H a
NH+C1-

(1) From the doctoral dissertation of John S. Andrews, The Johns 
Hopkins University, 1935.

(2) Corwin and Quattlebaum, T h is  J o u r n a l , 58, 1081 (1936).
(3) Fischer and Ernst, Ann., 447, 146, 162 (1926).
(4) Piloty, Krannich and Will, Ber., 47, 2535 (1914).
(5) F isch t and Ammann, ibid., 56, 2319 (1923),

The first of these is well known. The latter 
two are new examples of anomalous aldehyde 
syntheses.

The possibility of the existence of a tripyrryl-



July, 1936 M echanism of the Aldehyde Synthesis of D ipyrrylmethenes 1087

methane intermediate in the first reaction was 
tested by preparing the tripyrrylmethane and 
comparing its rate of cleavage with the rate of 
condensation of the aldehyde and the pyrrole. 
The fact that no appreciable difference in either 
velocity or yield could be found indicates that the 
tripyrrylmethane is a possible intermediate in the 
reaction.

In the second reaction a quantitative yield of 
methene was obtained when two mols of the pyr­
role were used with one mol of the N-methyl alde­
hyde. In addition, l,2,4-trimethyl-3-carbethoxy- 
pyrrole, predicted on the assumption of the tri­
pyrrylmethane mechanism, was isolated in good 
yield. With equimolecular proportions the same 
products were formed but approximately half of 
the original aldehyde was recovered unchanged, 
indicating that it was not hydrolyzed to give 
formic acid under the conditions of the experi­
ment. The tripyrrylmethane postulated as an 
intermediate was prepared and cleaved with acid 
under the conditions of the condensation. The 
same methene and N-methylpyrrole were ob­
tained. We present these three facts as positive 
evidence of the existence of a tripyrrylmethane 
intermediate in this reaction as formulated in the 
following scheme

of this material by acid led to the same yield of 
the methene as was produced in the same time by 
the condensation. We believe that these facts 
justify the formulation of the condensation given 
on the following page.

The three reactions which we have studied 
represent increasing degrees of complexity in the 
mechanism of the methene synthesis. They em- 
phasize that the structures of the methenes ob­
tained in the aldehyde condensation cannot in all 
cases be predicted from the starting products by 
the formulations previously used. The carbinol 
which is assumed to be formed first may undergo 
further condensation to give a tripyrrylmethane. 
This may cleave to form a second carbinol which 
may give either a methene or a second tripyrryl­
methane. The latter may then yield a third carbi­
nol and a third methene. The number of possible 
methenes resulting from the aldehyde condensa­
tion must be increased from one to three and we 
envisage the possibility that mixtures of these may 
occasionally result. The factors which influence 
the formation and cleavage of tripyrrylmethanes 
will be the subject of a later communication.

Experimental Part
Identification of 3,5,3',5' - Tetramethyl - 4,4' - dicar- 

bethoxydipyrrylmethene (Piloty’s Methene).—The re-

C2H6OOC.t

CH;

CH3 CHsïi— 11COOC2H5
+ 2 ----- >

CHO Hl^ JCH 3 HBr
NCH3 JNH

C2H5OOC||— f|CH3 CHaij— ijCOOCzH,

C H s l ^ ----- CH
NCH;

HBr

jiCHa 
N H

11CH3
HN<

CHa 'COOC2H5

C>H500C^—tCH3 C2H5OOC, pCHa CHai
+

CHali^H 
TTCHs

CH;
N H

-CH=

=COOC2H5

'CHa 
N H +Br-

On the basis of this evidence we should predict 
that the condensation of the unmethylated alde­
hyde with the methylated pyrrole, the third re­
action, should lead to an N-methyl methene. 
Actually, however, a new complication appears 
which upsets this prediction. The third reaction 
differs from the first two in that it is slow and does 
not give quantitative yields of the methene. 
That the postulated tripyrrylmethane is an in­
termediate in this reaction was proved by its ac- 
tual isolation from the reaction mixture. Identi­
fication was made by comparison with a sample 
prepared by the Feist fusion method.6 Cleavage

(6) Feist. Ber., 35, 1647 (1902).

corded melting point of the hydrochloride7 is not a true 
melting point but an irreversible decomposition point as 
noted by Fischer and Schubert.8 Likewise the “melting 
point” of the free base, 190°, is the point of an irreversible 
decomposition. Thus the identification of the methene 
with unknown samples by the method of mixed melting 
points is theoretically unjustifiable. The method of mixed 
solubilities cannot be used on Solutions of the methene 
hydrochloride for these darken and decompose on stand­
ing even at room temperature, thus precluding long con­
tact of a solution with crystals to obtain a saturated solu­
tion. While a solution of the free base in methyl alcohol

(7) (a) Ref. 4, p. 2545; (b) Fischer and Zerweck, ibid., 55, 1947 
(1922); (c) ibid., 56, 526 (1923); (d) Fischer and Heyse, Ann., 439, 
255 (1924); (e) Fischer, Schormüller and Windecker, ibid., 498, 289 
(1932).

(8) Fischer and Schubert, Ber., 56, 1209-1210 (1923).
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NH NCH3
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HBr HN-

CH3 CH; 

CH-
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CH;
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appears to be stable so that the method of mixed solu- 
bilities might be used for a comparison of the bases, it 
was found more convenient to resort to catalytic reduction 
to the methane. By this method a substance with a true 
melting point was obtained which was suitable for purposes 
of identification. The method of Fischer and Ammann5 
(p. 2324) was modified by the Substitution of alcohol for 
glacial acetic acid as a solvent, under which conditions no 
green by-product was formed. Adams catalyst was used; 
yield of the methane, 85%; m. p. 230°.

3,5,3 ',5 ',3",5" - Hexamethyl - 4,4',4" - tricarbethoxy- 
tripyrrylmethane.—The method of Fischer and Heyse7d 
(p. 246) was used. Repeated recrystallizations from alco- 
hol-water altemated with methanol increased the purity 
of the compound. The substance sintered at 195° and 
melted with decomposition at 220-225°.

Anal. Calcd. for CjÄ tObN«: C, 65.71; H, 7.29.
Found: C, 65.70; H, 7.28.

Parallel Cleavage of Tripyrrylmethane and Aldehyde 
Condensation.—0.197 g. of hexamethyltricarbethoxytri- 
pyrrylmethane and 0.075 g. of 2,4-dimethyl-3-carbethoxy- 
5-formylpyrrole were dissolved in 20 cc. of methanol. 
Another solution was prepared by dissolving 0.15 g. of 
the aldehyde and 0.13 g. of 2,4-dimethyl-3-carbethoxy- 
pyrrole in the same amount of methanol. One cc. of 
hydrobromic acid solution, prepared by adding 3 cc. of 
saturated aqueous hydrobromic acid to 10 cc. of methanol, 
was added to each solution. Almost simultaneously and 
in less than one minute precipitates of the methene were 
formed in each tube. Filtration and washing with metha­
nol yielded 0.27 g. of the hydrobromide of Piloty’s methene 
in each case.

2,4-Dimethyl-3-carbethoxy-5-formylpyrrole.—The mod- 
ification of the Gattermann synthesis introduced by Adams9 
is advantageous in this preparation. Fifty grams of 2,4-

(9) Adams and Levine, This Journal, 45, 2373 (1923); Adams
and Montgomery, ibid . ,  46, 1518 (1924).

dimethyl-3-carbethoxypyrrole was dissolved in 500 cc. of 
anhydrous ether. Seventy-five grams of zinc cyanide was 
added, the mixture cooled to 10° and dry hydrogen chlo­
ride passed in rapidly until the solution was saturated 
(about three hours). The solution was allowed to warm 
to room temperature and to remain at this temperature 
for at least three hours. The supernatant liquid should 
be only slightly yellow colored. The imide hydrochloride 
was filtered off and washed with dry ether. It was then 
dissolved in 3.5 liters of cold water and filtered. Upon 
heating to 40° the solution deposited 53-54 g. of crys- 
talline aldehyde. This was recrystallized from ethanol; 
m. p. 164°. Repeated recrystallizations raised the m. p. 
to 167°.

1,2,4 - Trimethyl - 3 - carbethoxy - 5 - formylpyrrole.—
Twenty grams of 2,4-dimethyl-3-carbethoxy-5-formyl- 
pyrrole was dissolved in 200 cc. of dry commercial benzene, 
7 g. of sodium monoxide was added and the suspension re- 
fluxed for one hour. Twelve cc. of freshly distilled di­
methyl sulfate was added dropwise with vigorous mechani- 
cal stirring. The gelatinous mixture was refluxed for one 
hour, the sodium sulfate filtered off and washed with ben­
zene and the filtrate allowed to stand overnight. About 3 
g. of starting product crystallized out. The filtrate was 
steam distilled and the residual oil cooled until it solidified, 
filtered off and recrystallized from 80 cc. of methanol; 
yield, first erop, 8.5 g .; m. p. 97°. The mother liquor was 
cooled in dry ice and 6 g. of additional yield obtained.

Anal Calcd. for CnHi60»N: C, 63.18; H, 7.23.
Found: C, 63.19; H, 7.28.

Condensations of l,2,4-Trimethyl-3-carbethoxy-5-for- 
mylpyrrole with 2,4-Dimethy 1-3-carbethoxypyrrole.—First 
experiment, 1:2 ratio: 1 g. of the N-methyl aldehyde and 
1.65 g. of 2,4-dimethyl-3-carbethoxypyrrole were dissolved 
in 100 cc. of warm hexane. After cooling to room tem­
perature dry hydrogen chloride gas was passed in for fifteen 
seconds and the resulting methene hydrochloride filtered
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off and washed with a little hexane; yield, 1.90 g. or 100%; 
identified by reduction to the methane, m. p. 230°. The 
faintly yellow filtrate was evaporated on the steam-bath 
to about 20 cc. Chifling in dry ice-ethanol mixture 
yielded 0.6 g. of a nearly colorless crystalline solid, m. p. 
57°. A mixed m. p. with l,2,4-trimethyl-3-carbethoxy- 
pyrrole, m. p. 57°, gave no depression.

Second experiment, 1:1 ratio: 1 g. of the N-methyl alde­
hyde and 0.8 g. of the pyrrole were dissolved in 100 cc. of 
hexane and treated with dry hydrogen chloride for about 
thirty seconds. The methene was filtered off after five 
minutes and washed with hexane until the washings were 
nearly colorless; 0.9 g. of Piloty methene salt was obtained 
and identified by reduction to the methane. The filtrate 
was chilled in dry ice-ethanol mixture and 0.6 g. of color­
less needles were obtained, m. p. 65-80°. This product 
was recrystallized by dissolving in ether at room tempera­
ture and cooling in dry ice mixture; 0.3 g. of colorless 
crystals was obtained, m. p. 94°, mixed m. p. with 1,2,- 
4-trimethyl-3-carbethoxy~5-formylpyrrole, no depression. 
By evaporation of the hexane filtrate from which the crude 
N-methyl aldehyde had been removed a nearly colorless 
residue was obtained. Recrystallization from 3-4 cc. of 
hexane by chilling in dry ice yielded 0.1 g. of material, 
m. p. 57°, mixed m. p. with l,2,4-trimethyl-3-carbethoxy- 
pyrrole, no depression.

1,2,4,2',4',2",4" - Heptamethyl - 3,3',3" - tricarbethoxy- 
tripyrrylmethane.—'The preparation was analogous to that 
of the hexamethyltricarbethoxytripyrrylmethane above. 
A preliminary purification was obtained by dissolving the 
product in chloroform and precipitating with petroleum 
ether. Crystallization from methanol yielded 1.6 g. of 
the methane and 0.3 g. additional was obtained from the 
mother liquor. Three recrystallizations from ethanol- 
water gave a colorless product, m. p. 177°.

Anal. Calcd. for C29H3906N3: C, 66.24; H, 7.48.
Found: C, 66.25, 66.29; H, 7.44, 7.44.

Cleavage.—Two-tenths gram of the heptamethyltri- 
carbethoxytripyrrylmethane was dissolved in 50 cc. of 
hot methanol, cooled to 40°, and to it added 1 cc. of satu­
rated aqueous hydrobromic acid. Within one minute the 
formation of a red precipitate was observed. This was 
filtered off after five minutes and washed with methanol; 
yield 0.16 g. or 95%. The product was identified by re­
duction to the methane, m. p. 230°.

Condensations of 2,4-Dimethyl-3-carbethoxy-5-formyl 
Pyrrole with l,2,4-Trimethyl~3-carbethoxypyrrole.—Five 
grams of the aldehyde and 4.6 g. of the N-methylpyrrole 
were dissolved in 150 cc. of hot methanol and 0.5 cc. of 
saturated aqueous hydrobromic acid was added and the 
mixture allowed to stand at 70°. The precipitate which 
formed was reddish-purple even after washing with ether; 
yield 4.05 g. of methene hydrobromide, melting with de­
composition at 213-215°. This was identified as Piloty 
methene by catalytic reduction to the methane, m. p. 
230°, mixed m. p. with an authentic sample, 230°. The 
yield of methane from the discolored methene was iden­
tical with that from pure methene.

Parallel Test of Aldehyde with the N-Methylpyrrole and 
Aldehyde without the N-Methylpyrrole.—To test the 
possibility that the formation of Piloty’s methene might 
be due to the cleavage of the aldehyde discovered by

Fischer and Zerweck7d the course of the reaction of the al­
dehyde with and without the N-methylpyrrole was studied. 
Formation of the methene in the presence of the N-methyl­
pyrrole takes place at a lower temperature than the cleav­
age of the aldehyde in the absence of the pyrrole. At 
a higher temperature, where both reactions proceed, the 
methene is formed more rapidly and in greater yield in the 
presence of the N-methylpyrrole than in its absence. A 
typical experiment follows.

Two-tenths gram of 2,4-dimethyl-3-carbethoxy-5-for- 
mylpyrrole and 10 cc. of methanol were mixed in each of 
two flasks. To the first, 0.185 g. of l,2,4-trimethyl-3- 
carbethoxypyrrole was added. Both flasks were warmed 
until all the aldehyde dissolved and then held at about 
50°; 0.1 cc. of 48% hydrobromic acid was added to each. 
The flask containing the N-methylpyrrole assumed a deep 
red color immediately. After about ten minutes it began 
to deposit colored crystals. A few minutes later the flask 
containing the aldehyde alone started to deposit similar 
crystals. After half an hour the crystals from both flasks 
were filtered off and weighed. From the flask containing 
aldehyde and pyrrole, 0.075 g. of the methene was obtained. 
From the flask containing the aldehyde alone, 0.040 g. of 
the methene was obtained.

Isolation of Tripyrrylmethane Intermediate in the Re­
action.—If the flask containing the mixed aldehyde and 
N-methylpyrrole be cooled soon after the appearance of the 
deep red color mentioned above, tripyrrylmethane can be 
isolated as an intermediate. To favor this reaction, how­
ever, three mols of N-methylpyrrole was used to one mol 
of the aldehyde: 1 g. of the aldehyde and 2.75 g. of the N- 
methylpyrrole were dissolved in 35 cc. of hot methanol and 
0.5 cc. of saturated aqueous hydrobromic acid added. The 
solution instantly became intensely red and, upon chilling 
in dry-ice and alcohol, deposited a large amount of a color­
less precipitate. Upon warming to room temperature this 
deposit did not dissolve; yield, 2.5 g.; m. p. 146°. This 
was identified as 2,4,1 ',2',4', 1 ",2",4"-octamethyl-3,3 ',3 "- 
tricarbethoxy tripyrrylmethane by a mixed m. p. with 
material made by the Feist fusion method given below. 
The yield was thus 88%.

2,4,1',2',4',I",2",4" - Octamethyl - 3,3',3" - tricar- 
bethoxytripyrrylmethane.—One gram of 2,4-dimethyl-3- 
carbethoxy-5-formylpyrrole and 1.85 g. of 1,2,4-trimethyl- 
3-carbethoxypyrrole were fused at a temperature not ex- 
ceeding 150° with about 0.1 g. of potassium bisulfate as 
a catalyst according to Feist’s method. The product was 
purified by dissolving in methanol, adding ether and chilling 
in dry ice; yield, 1.5 g.; m. p. after several recrystallizations 
from C2H50H -H 20 , 147-148°; mixed m. p. with substance 
from hydrobromic acid condensation above, no depression.

Anal. Calcd. for C30H4iO6N3: C, 66.75; H, 7.66.
Found: C, 66.67; H, 7.61.

Cleavage.—One and forty-five-hundredths grams of the 
di-N-methyltripyrrylmethane was dissolved in 25 cc. of 
hot methanol and when cool this solution was diluted with 
50 cc. of ether. Five-tenths cc. of saturated aqueous hy­
drobromic acid was added and the solution allowed to 
stand at room temperature. A red coloration appeared 
very slowly and after one hour purple needles began to be 
deposited. After twenty hours these were filtered off and 
washed with ether yielding 0.3 g. of red-purple needles.
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The material was identified as Piloty’s methene salt by 
catalytic reduction to the methane, m. p. 230°. The yield 
was therefore 53%; mixed in. p. with 3,5,3',5'-tetramethyl- 
4,4'-dicarbethoxydipyrrylmet liane, 230°. A parallel test 
using 1 g. of aldehyde and 1.85 g. of N-methylpyrrole under 
these conditions yielded 0.57 g. of methene or 52%.

Condensation of l,2,4-Trimethyl-3-carbethoxy-5-for- 
mylpyrrole with l,2,4-Trimethyl-3-carbethoxypyrrole.— 
When this condensation was carried out in acid media, 
highly colored tars resulted from which no crystalline com­
pound could be isolated.

Ssummary
1. It. has been demonstrated that tripyrryl-

methanes can be and in two cases are interme- 
diates in the formation of dipyrrylmethenes by 
Piloty’s aldehyde synthesis.

2. As a result of the three possibilities for 
cleavage of a tripyrrylmethane of this type, the 
number of normally expected methenes from this 
reaction must be increased from one to three.

3. Experiments have been performed in which 
the Substituent groups were so modified as to give 
each of the three possibilities.
B altimore, M d . R eceived M arch 4, 1936

[ CONTRIBTJTION FROM THE TECHNICAL DlVISION OF vSHARP AND DOHME, INC.]

Thiobarbiturates, II
By Ellis Miller, James C. Munch, Frank S. Crossley and Walter H. Hartung

In an earlier communication1 it was pointed 
out that in spite of the unfavorable indications 
obtained with diethyl thiobarbituric acid,2-4 the 
sulfur analogs of the well-known barbituric acids 
gave promise of therapeutic value and merited

a few thiobarbituric acid derivatives were de- 
scribed in the literature, namely, the unsubsti- 
tuted acid itself,6,7 5-methyl,9 5-ethyl,8,9 5-tri- 
methylene,10 5,5-diethyl,11,12 and 5,5-dipropyl 
thiobarbituric acids.13

T able I
CO—NH
I I

5 ,5-D isijbstituted T hiobarbituric Acids >C CS
R ' /  | |

CO—NH

No. R = R' = M. p., °C.
Empirical
formula

Nitrogen, % 
Found (Kjeldahl) Calcd.

1 CH3CH2- CH3CH2- 174.5 c 8h 12o2n 2s 13.48 13.53 14.0
2 c h 3c h 2- c h 3c h 2c h 2- 174.5 CgHi40 2N2S 13.01 13.08
3 c h 3c h 2- (CH3)2CHCH2- 170.5 Ci oHi e02N 2S 12.42 12.48 12.28
4 c h 3c h 2c h 2- (CH3)2CH- 168.5 CioHi60 2N 2S 12.19 12.30 12.28
5 c h 3c h 2c h 2- c h 2= c h c h 2- 138 C10Hi4O2N2S 12.26 12.44 12.39
6 c h 3c h 2c h 2- c h 3c h 2c h 2c h 2- 135.5 CnH180 2N2S 11.20 10.92 11.57
7 c h 3c h 2c h 2- (CH3)2CHCH2- 132 ChH180 2N2S 11.50 11.43 11.57
8 c h 3c h 2c h 2- CH3CH2CH- 165 CuHi80 2N2S 11.30 11.57

9 c h 3c h 2c h 2-

j
CHs

CHs(CH2)4CH2- 114.4 c13h 22o2n 2s 10.76 10.40
10 (CH3)2CH- CH2=CHCHr 176.5 C10Hi4O2N2S 12.28 12.30 12.39
11 (CH3)2CH- (CH3)2CHCH2- 115-117 ChH180 2N 2S 10.71 11.67
12 (CH3)2CH- CH8(CH2)3CH2- 98.5 c12h 20o2n 2s 11.08 10.90 10.93
13 c h 2= c h c h 2- CHs(CH2)2CH2- 120-121 ChHi60 2N 2S 11.87 11.90 11.66

\ 14 c h 2= c h c h 2- (CH3)2CHCH2- 147 ChH160 2N 2S 11.61 11.62 11.66
15 c h 2= c h c h 2- CH3(CH2)3CH2- 112.5 Ci2H180 2N 2S 11.15 11.09 11.02

further investigation. This is confirmed by a 
subsequent report of Taberri and Volwiler.5

Prior to the publication of their paper, only
(1) Miller, Munch and Crossley, Science, 81, 615 (1935).
(2) Fischer and v. Mering, Therapie der Gegenwart, 101, 97 (1903).
(3) Fraenkel, “Die Arzneimittelsynthese,” 6th ed., 1927, p. 510.
(4) Ostwald, “Chemische Konstitution und pharmakologischer 

Wirkung,“ Gebrüder Borntraeger, Berlin, 1924, p. 130.
(5) Tabern and Volwiler, T h is  J o u r n a l , 57,1961 (1935).

Twenty new thio analogs of known barbituric
(6) Johnson and Johns, ibid., 36, 973 (1914).
(7) Dox and Plaisance, ibid., 38, 2156, 2164 (1916).
(8) Wheeler and Jamieson, Am. Chem. J., 32, 352 (1904).
(9) Einhorn, Ann., 359, 171 (1908).
(10) Dox and Voder, T h is  J o u r n a l , 43, 683 (1921).
(11) Fischer and Dilthey, Ann., 335, 350 (1904); Chem. Centr., 

75, II, 1381 (1904).
(12) German Patents 162,219, 171,292, 182,764, 234,012, 235,801.
(13) German Patents 182,764, 234,012, 235,801; ref. 9, p. 177.
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acid derivatives have been prepared in our labo- 
ratories. Six of these (the ethyl isopropyl, ethyl 
allyl, ethyl w-butyl, ethyl isoamyl, ethyl phenyl 
and allyl 5-butyl thiobarbituric acids) are in- 
cluded in the list given by Tabern and Volwiler, 
and since their propèrties agree substantially with 
those already described, they need not be re­
peated here.

The synthesis of these compounds follows a 
single pattem, and one example will illustrate the 
method.

Ethyl w-Propyl Thiobarbituric Acid.—In a 1-liter, 3- 
necked round-bottomed flask, equipped with a mechanical 
stirrer and reflux condenser, is placed 276 ml, of anhydrous 
ethanol, and in it is dissolved 13.8 g. (0.6 mole) of metallic 
sodium. 24 3 g. (0.32 mole) of thiourea is added, while 
stirring. With continued stirring, 46 g. (0.2 mole) of ethyl 
w-propyl malonic ester is added quickly. Stirring is con­
tinued and the mixture is gently heated to incipient re- 
fluxing over a period of six to seven hours. After standing 
overnight the reaction mixture is concentrated on a steam- 
bath to about 150 ml. and diluted with 75 ml. of water. 
Concentrated hydrochloric acid is now added until the 
mixture is strongly acid to litmus paper, whereupon the 
desired ethyl w-propyl thiobarbituric acid precipitates out.

The crystals, after drying and recrystallizing from toluene, 
melt at 174-174.5° (uncorr.).

By substituting an equimolar amount of the appropriate 
malonic ester in the above reaction, other desired 5,5-di- 
substituted thiobarbituric acids have been obtained. In 
general the yield is somewhat higher than that obtained for 
the oxygen analogs.

The thiobarbituric acid derivatives are listed in Table I.
The intermediate dialkyl malonic esters have all been 

described in the literature. They were purchased where 
possible, or synthesized by well-known procedures. Of the 
esters synthesized, it may be said that in general the yields 
are satisfactory, except when a second alkyl group is being 
introduced into secondary-alkylmalonic ester.

Summary
Twenty 5,5-disubstituted thiobarbituric acids 

have been prepared and their Chemical charac- 
teristics determined. Of these, six have recently 
been described by others. The method of prepa­
ration corresponds to that used for the oxygen 
analogs, but the yields are generally somewhat 
higher. A pharmacological study of these com­
pounds has been completed and will be presented 
elsewhere.
Glenolden , P e n n a . R eceived  M arch  7, 1936

[CONTRIBUTION FROM THE DEPARTMENT OF CHEMISTRY, Y aLE UNIVERSITY]

The Molecular Rearrangement of Sulfenanilides.1 III
By Maurice L. Moore2 and Treat B. Johnson

In previous Communications3 from this Labo­
ratory, the authors have discussed the rearrange­
ment of certain aromatic sulfenanilide compounds 
of Type I. They have shown that on heating 
these alone or in the presence of an excess of the 
corresponding amine, they undergo rearrangement 
to ^-aminophenyl Sulfides II, whereas by diges- 
tion in alcoholic sodium hydroxide solution they 
give the corresponding p-mercaptodiphenylam- 
ines III. We have now extended the study of 
these molecular rearrangements to other com­
pounds of similar structure, and in this paper 
we shall discuss the results of some new experi-

(1) In our previous papers we have observed the nomenclature of 
the earlier workers in related fields in naming these sulfur compounds, 
but we have uoticed that the abstractors for the Chemical Abstracts 
prefer and have applied another nomenclature. In order to be con­
sistent and to maintain uniformity of spelling, in our Journals, we 
are, therefore, now following their system, as indicated in the Ab­
stracts of our previous papers, and also in the last edition of “ Organ ic 
Syntheses,” Vol. XV, 1935, p. 45.

(2) A. Homer Smith Research Fellow in Organic Chemistry, 1935- 
1936.

(3) Moore and Johnson, T h is  J o u r n a l , 57, 1517, 2234 (1935); see 
ŝ lso Science, 81, 643 (1935).

ments in which we have accomplished molecular 
rearrangements under the influence of heat.

n o 2
-SNH

no2
--S-— n h 2

In addition to the compounds of Type I, pre­
viously studied by the authors, many others ex- 
amined give the same type of change upon heating. 
Thus, 2,4-nitrochlorobenzene-sulfenanilide, pre­
pared by the action of 2,4-nitrochlorobenzene- 
sulfenyl chloride upon aniline, gave 2,4-nitro- 
chlorophenyl-4'-aminophenyl sulfide when heated 
at a temperature of 150-160° or when heated 
with an excess of aniline at a temperature of 180- 
190°, The corresponding ö-toluidide underwent
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a similar rearrangement, giving the isomeric p- 
aminophenyl sulfide. 2-Nitrobenzene-sulf en-0-
chloroanilide and 4-nitrobenzene-sulfen-0~chloro- 
anilide were prepared by the action of the nitro- 
benzene-sulfenyl chloride on 0-chloroaniline and 
both have been rearranged successfully to the 
corresponding Sulfides by heating.

It is now quite apparent from our studies that 
the -S-NH- linkage between aromatic nuclei is 
very susceptible to a change of structure by appli- 
cation of heat, forming aminophenyl sulfides II 
and that the transformation involved is universal 
to compounds of Type I. Substituents in either 
benzene nucleus of the sulfenanilide I do not seem 
to have any influence in affecting a successful 
molecular rearrangement as long as there is at 
least a para or an ortho position open in the aro­
matic nucleus. Rearrangement, however, to the 
para position predominates. If this position is 
occupied then an ortho substituted sulfide is 
formed.

In the case of the methylene type of rearrange­
ment studied by Cohn and Fischer4 it has been 
shown that the anilide group in the molecule can 
be displaced by another aromatic amine which 
will then undergo rearrangement when digested 
in an acid solution of the amine hydrochloride. 
For example, when p-aminobenzyl-anilide IV is 
digested on the steam-bath with a hydrochloric 
acid solution of 0-toluidine, diamino-phenyl- 
tolyl-methane V is formed in excellent yield. 
This displacement of amine and subsequent re­
arrangement is explained upon the basis of the 
following intermediate reactions

Acid
NH 2C6H4—CH2—NHCeHß------------- >

hydrolysis
NH2C6H4CH2OH +  C6H6NH2 

IV
Acid

NH 2C6H*CH2OH +  NH 2C6H4CH3(o) ------>-
NH2C6H4CH2C6H3(CH3)NH2

V

In continuing the study of the rearrangement 
of sulfenanilides I, it was our prediction that these 
compounds would likewise suffer displacement of 
the anilide group in the molecule with subsequent 
rearrangement when heated in the presence of an 
excess of certain amines. This assumption has 
been confirmed. For example, when 2-nitro- 
benzene-sulfenanilide I was heated at a tempera­
ture of 180-190° with an excess of 0-toluidine, 2-

(4) Cohn and Fischer, Ber., 33, 2586 (1900).

nitrophenyl-3'-methyl-4'-aminophenyl sulfide was 
formed. 2-Nitrobenzene-sulf en-0~toluidide and
the corresponding ^-toluidide also responded to 
similar reactions when treated with different 
aromatic amines. Aniline, 0-toluidine and p- 
toluidine are able to displace each other from the 
respective sulfenanilide molecule.

Notwithstanding this similarity in Chemical be- 
havior of the two different types of compounds 
when they interact with amines, it does not seem 
plausible to explain our sulfenanilide reactions 
upon the theoretical basis of the mechanism sug- 
gested above and involving first an hydrolysis. 
When compounds of Type I are heated in acid 
solution the amine radical is removed and a di- 
sulfide is formed smoothly. No rearrangement 
takes place in an acidic, aqueous or alcoholic me­
dium. Heating with an amine alone leads to a 
normal rearrangement forming a sulfide in good 
yield. In an alkaline solution the sulfenanilide 
I is unstable and undergoes a diphenylamine re­
arrangement III. These results seem to preclude 
any initial hydrolysis of I taking place in the dis­
placement and subsequent rearrangement reac­
tion although there must be some dissociation of 
the sulfenanilide molecule I before an intramo- 
lecular change can take place.

We have also found that the amine, 0-chloro- 
aniline, will not displace the anilide group in sul­
fenanilide compounds I although a normal rear­
rangement does take place upon heating. Thus, 
if 2-nitrobenzene-sulfenanilide I is heated at 180- 
190° with an excess of 0-chloroaniline rearrange­
ment takes place with formation of the sulfide II. 
Under similar conditions the corresponding sul- 
fen-ö- and ^-toluidides undergo a similar rear­
rangement without being displaced from the 
molecule by the 0-chloroaniline. It was found, 
however, that the 0-chloroanilide group, when 
present in the sulfenanilide molecule, is easily dis­
placed by other amines. For example, 2-nitro- 
benzene-sulfen-0-chloroanilide gave the sulfide II 
when heated at a temperature of 180-190° in the 
presence of an excess of aniline. Similar trans- 
formations were accomplished by heating the 0- 
chloroanilide with 0- and ^-toluidine. In all 
three cases the 0-chloroaniline group was dis­
placed smoothly. These results indicate that the 
reactivity of the aromatic amines used determines 
whether there is a displacement of the group al- 
ready present in the sulfenanilide molecule before 
a rearrangement takes place.
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An attempt was made to prepare directly aro­
matic sulfide phenols VI by heating compounds of 
the sulfenanilide type I with an excess of a phenol
' n o 2

<Z>snh<Z> + c,;Hs0H =

but without success. The phenol served merely 
as a solvent and the final result under such ex­
perimental conditions is a normal rearrangement 
of the sulfenanilide I to its isomeric aminophenyl 
sulfide II.

Experimental Part
2.4- Nitrochlorobenzene-sulfenanilide.—The 2,4-nitro- 

chlorobenzene-sulfenyl chloride used here was prepared by 
allowing chlorine gas to react with di- (2,4-nitrochloro- 
phenyl) disulfide5 according to the method of Zincke.6
2,4-Nitrochlorobenzene-sulfenyl chloride (25 g.) dissolved 
in anhydrous ether (500 ml.) was allowed to react with 
aniline (23 g.) dissolved in ether (50 ml.). The aniline 
solution was added slowly through a reflux condenser to 
the 2,4-nitrochlorobenzene-sulfenyl chloride solution. A 
precipitate of aniline hydrochloride immediately formed 
and sufficiënt heat was evolved to boil the ether. After 
standing for one hour the aniline hydrochloride was then 
removed by filtration and the ether expelled by distilla- 
tion when the sulfenanilide crystallized as an orange-yellow 
solid; yield 33 g. It crystallized from alcohol, m. p. 102° 
and was soluble in the ordinary organic solvents but in- 
soluble in dilute hydrochloric acid.

■Anal. Calcd. for Ci2H90 2N2SC1: N, 9.98; S, 11.41; Cl,
12.66. Found: N, 9.82, 9.97; S, 11.15, 11.25; Cl, 12.46, 
12.63.

2.4- Nitrochlorobenzene-sulfen-ö-toluidide.—From 2,4- 
nitrochlorobenzene-sulfenyl chloride (25 g.) and o-toluidine 
(24 g.); yield 28 g. It crystallized from alcohol as bright 
glistening orange-red platelets; m. p. 127°.

Anal. Calcd. for C13Hn0 2N2SCl: N,9.51; S, 10.87; Cl, 
12.06. Found: N, 9.54, 9.67; S, 10.47, 10.70; Cl, 12.02, 
12.14.

2-Nitrobenzene-sulfen-o-chloroanilide.—From 2-nitro- 
benzene-sulfenyl chloride (25 g.) as previously prepared7 
and d-chloroaniline (32 g.). This reaction proceeded 
much slower than expected and the ö-chloroaniline hydro­
chloride did not settle out completely until after the ether 
solution had stood for at least two hours; yield 33 g. It 
crystallized from alcohol in bright yellow crystals melting 
at 130°. The compound is only slightly soluble in alcohol 
but is easily soluble in the ordinary organic solvents.

(5) This compound was prepared by the procedure given for o,o'~ 
dinitrodiphenyl disulfide as described by Bogert and Stull, “Organic 
Syntheses/' John Wiley & Sons, Ine., New York, 1928, Vol. VIII, 
p. 64.

(6) Zincke, Ann., 416, 111 (1918).
(7) Moore and Johnson, T h is  J ournal ,, 57, 1517 (1935).

Anal. Calcd. for C12Hö0 2N 2SC1: N, 9.98; S, 11.41; Cl,
12.66. Found: N, 10.11,10.14; S, 11.62,11.48; Cl, 12.95, 
12.80.

4-Nitrobenzene-sulfen-o-chloröaiiilide.—p,p' - Dinitrodi­
phenyl disulfide8 (25 g.) was suspended in ice-cold anhy­
drous chloroform (250 ml.) and treated with chlorine gas 
until all the solid was dissolved. The excess of chlorine 
gas was then removed by distillation of the chloroform 
under reduced pressure to a volume of 150 ml. and then 
made up to a volume of 400 ml. with anhydrous ether. 
This solution of 2-nitrobenzene-sulfenyl chloride was sub- 
sequently treated with 0-chloroaniline (32 g.) dissolved in 
ether (100 ml.) when the sulfenanilide above was obtained 
in a yield of 23 g. of crude material. This was contami- 
nated with 4,4'-dinitrodiphenyl disulfide and after final 
purification by washing with ether the yield was reduced to 
8 g. This was recrystallized from alcohol, m. p. 99-101°. 
It is immediately converted to 4,4'-dinitrodiphenyl di­
sulfide by treatment with dilute hydrochloric acid.

Anal. Calcd. for Ci2H90 2N2SC1: N, 9.98; S, 11.41; Cl,
12.66. Found: N, 9.84, 10.06; S, 11.20, 11.31; Cl, 12.51, 
12.40.

Rearrangements by Heating. 2,4-Nitrochlorophenyl- 
4 '-aminophenyl Sulfide.—From 2,4-nitrochlorobenzene 
sulfenanilide (10 g.) when heated for six hours at 150-160°, 
according to our previous procedure.6 Recrystallization 
from alcohol gave a product crystallizing as bright, glisten­
ing yellow plates, m. p. 127-129°. The sulfide was easily 
soluble in the ordinary organic solvents, and the hydro­
chloride was difficultly soluble in water. The hydro­
chloride was obtained in crystalline form by dissolving the 
free base in ether solution and slowly adding concentrated 
hydrochloric acid, m. p. 215-225°.

Anal. Calcd. for Ci2H90 2N2SC1: N, 9.98; S, 11.41; Cl,
12.66. Found: N, 9.96, 9.89; S, 11.30, 11.14; Cl, 12.90, 
12.79.

The sulfide was obtained with better results by heatmg 
the sulfenanilide (10 g.) with an excess of aniline (20 ml.) 
at 180-190° for six hours. The mixture was worked up 
according to the previous procedure and 5 g. of material 
obtained. It was purified by crystallizing from alcohol 
after decolorizing with norite, m. p. 129°.

(8) This compound was prepared by the procedure given for 
o,o'-dinitrodiphenyl disulfide4 as used by Foss, Dunning and Jenkins 
[Th is  J o u r n a l , 56, 1978 (1934)]. The results of this procedure are 
very unsatisfactory due to the formation of many by-products during 
the reaction. Fromm and Wittmann [Ber., 41,, 2264 (1908)] have 
studied the conditions of this reaction in some detail. They have 
reported the isolation of 4,4'-dinitrodiphenyl sulfide, m. p. 154°, 
4,4'-nitroaminodiphenyl sulfide, m. p. 142°, and the dinitrophenyl 
ether of azophenyl-^-dimercaptan, m. p. 164°, as well as the desired 
compound, 4,4'-dinitrodiphenyl disulfide, m. p. 181°. The Russian 
workers Voraghtzow and Krihov [J. Gen. Chem. (U. S. S. R.), 2939 
(1932)] have isolated and identified two isomers of the disulfide pres­
ent in the mixture, i. e., (NO2C6H02S:S, m. p. 134° and the sym- 
metrical compound, m. p. 181°. In our results following the above 
procedure we have isolated all of the above substances in varying 
quantities but have found the largest quantify present to be the d i­
nitrodiphenyl sulfide. We have separated 60-75 g. of the desired 
disulfide, m. p. 181°, from 200 g. of the reaction product (m. p. 120— 
130°) by treatment with boiling benzene. AU of the above materials 
will dissolve in the benzene except the symmetrical disulfide. This ïs 
obtained in fair purity, m. p. 172-179°, in this one step but the yield 
is relatively low. Further Separation of the desired material from 
the soluble piixture involves considerable time and effort.
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T a b le  I
In these first eight experiments it is shown that the excess of amine present could displace the anilide group in the 

sulfenanilide molecule followed by rearrangement to give an * ‘aminophenyl sulfide” when heated at 180-190°. In 
experiments 9, 10 and 11 it is shown that o-chloroaniline is not äble to displace the anilide group in the sulfenanilide 
but that a normal rearrangement takes place without the d-chloroaniline taking part in the change.

Sulfenanilide Amine Sulfide M. p., °C. Yield, %
1 2-NitrobenZene-sulfenaüilide6 d-Toluidine 2-Nitrophenyl-3 '-methyl-4 '- 101-103 60
2 2-Nitrobenzene-sulfenanilide ^-Toluidine 2-Nitrophenyl-5'-methyl-2'- 105-107 55
3 2-Nitrobenzene-sulfen~0-toluidide Aniline 2-Nitrophenyl-3 103-105 65
4 2-Nitrobenzene-sulfen-ö-toluidide ^-Toluidine 2-NitrophenyI-5'-methyl-2'- 105-107 60
5 2-Nitrobenzene-sulfen-£-toluidide Aniline 2-Nitrophenyl-4 103-105 70
6 2-Nitrobenzene-sulfen-p-töluidide 0-Toluidine 2-Nitrophenyl-3 '-methyl-4 '- 101-103 60
7 2-Nitrobenzene-sülfen-d-chlofoauilide d-Toluidine 2-Nitrophenyl-3 '-methyl-4'- 101-103 40
8 2-Nitrobenzene-sulfen-d-chloroanilide />-Toluidine 2-Nitrophenyl-5'-methyl-2'- 105-107 35
9 2-Nitrobenzène-sulfenanilide o-Chloroaniline 2-Nitrophenyl-4'- 105-106 70

10 2-Nitrobenzene-sulfen-ö-toluidide o-Chloroaniline 2-Nitrophenyl-3 '-methyl-4'- 101-103 70
11 2-Nitrobenzene-sulfen-^-toluidide 0-Chloroaniline 2-Nitrophenyl-5 '-methyl-2'- 105-107 60

2,4 - Nitrochlorophenyl- 3' - methyl - 4' - aminophenyl Sul­
fide.—From 2,4-nitrochlorobenzene-sulfen-tf-toluidide (10 
g.) when heated with ö-toluidine (15 ml.) in a yield of 6 g. 
Purification from alcohol after digesting with notite gave 
bright yellow prisms, m. p. 113-115°. A portion of the 
aminophenyl sulfide readily dissolved in ether and upon the 
addition of concentrated hydrochloric acid, gave a colorless 
precipitate of the hydrochloride, m. p. 216-220°.

Anal Calcd. for C ^ O ^ S C l : N, 9.51; S, 10.87; CI, 
12.06. Found: N, 9.41, 9.36; S, 10.94, 10.80; CI, 12.06, 
12.20,

4-Nitrophenyl-3 '-chloro-4 '-aminophenyl Sulfide.—From 
the 4-nitrobenzene-sulfen-o-chloroaniiide (m. p. 99-101°) 
when heated with boiling ö-chloroaniline. The material 
was purified by dissolving in a mixture of ether-petroleum 
ether, boiling with norite and slowly evaporating. Yellow 
crystals were obtained, m. p. 127-129°. The free base Was 
readily soluble in ether and gave a colorless crystalline 
hydrochloride.

Anal Calcd. for Ci2H90 2N2SC1 : N, 9.98. Found: N, 
10.37,10.11.

Rearrangement of Sulfenanilides by Heating in the 
Presence of an Excess of Aromatic Amines.—Our general 
procedure Was to place 5 g. of the sulfenanilide in 10 ml. 
of the aromatic amine and heat ön an oil-bath at a tem­
perature of 180-190° for four hours. The reaction fluid 
was then poured into dilute hydrochloric acid solution 
with Vigorous stirring and cooled in an ice-bath. The solid 
hydrochloride of the rearrangement product was filtered 
off and dissolved in alcohol. This solution was then neu- 
tralized with 5% sodium hydroxide solution, decOlorized 
by boiling several times with norite, and the free amino­
phenyl sulfide separated by crystallization after cooling in 
an ice-bath. The reaction product in each case was iden­

tified by mixed melting points with the known amino Sul­
fides. The results are tabulated in Table I.

Reaction in Acidic Alcoholic Solution.—2-Nitrobenzene- 
sulfenaniÜde I (5 g.) was dissolved in alcohol (25 ml.) and 
gently reflüxed after concentrated hydrochloric acid (3 
ml.) was added. If the refluxing was discontinued at the 
end of fifteen minutes the sulfenanilide was recovered 
whereas if the refluxing was continued for some time, 
o,o '-dinitrodiphenyl disulfide began to be formed and at the 
end of about two hours all the sulfenanilide had been con- 
verted intö the insoluble disulfide, m. p. 193-195°.

Summary
1. A study of the rearrangement of the sulfen­

anilide type of compounds to their isomeric amino­
phenyl sulfides has been continued, and several 
new applications have been made of the rear­
rangement.

2. These rearrangements are infhienced by the 
presence of other aromatic amines. The anilide 
group is replaceable when the sulfenanilide is 
warmed with another amine giving the corre­
sponding aminophenyl sulfide.

3. The amine, o-chloroaniline, fails to respond 
in this replacement reaction. On the other hand 
its rearrangement is possible when it occurs in 
sulfenanilide combinations.

4. All sulfenanilides are decomposed by action 
of acids with formation of organic disulfides and 
an amine.
N e w  H a v e n , C o n n . R e c e iv e d  M arch  20, 1936
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The Effect of Oxygen on the Reaction between Bromine and Butadiene

By G. B. Heisig and H. M. D avis

July, 1936 Effect of Oxygen on the Reaction of B romine and B utadiene

That oxygen influences the rate of the addition 
of bromine to unsaturated hydrocarbons was 
shown by the work of EL S. Davis1 on the deter- 
mination of acetylenes by titration with bromine. 
Schultze2 also showed the disturbing infiuence of 
oxygen in the titration of cyclopeütadiene with 
bromine. More recently, Bauer and Daniels3 re­
ported that the rate of the reaction between Solu­
tions of bromine and cinnamic acid in carbon 
tetrachloride was rapid, even in the dark, in the 
absence of oxygen, but slow in its presence. These 
observations, together with the remarkable effects 
produced by the presence of oxygen and peroxides 
noted by Kharasch and his collaborators,4 serve 
to emphasize the importance of the presence of 
oxygen on the rates of reactions. That this effect 
may not be general is suggested in the note of 
Deanesly,5 which States that oxygen fails to pro- 
duce any inhibitory effect on the addition of 
chlorine to olefinic hydrocarbons such as beta- 
butylene, although he admits that the reaction 
may be so fast that a retardation by oxygen may 
be difficult to detect. Since there were no quan­
titative data available to show whether oxygen 
affects the rate of addition of a halogen to an un­
saturated hydrocarbon in the gas phase, it seemed 
desirable to investigate the problem. The reac­
tion between gaseous bromine and butadiene in 
the presence of nitrogen containing about 0.3% 
of oxygen, studied by Heisig and Wilson,6 was 
chosen for the investigation. The reaction be­
tween equal numbers of molecules of bromine and 
butadiene is bimolecular and occurs largely on the 
surf ace of the reaction vessel. The product is
1,4-dibromobutene. This study is of more than 
usual interest since it involves the effect of oxy­
gen on the addition of bromine to a conjugated 
system.

The apparatus used in the previous investiga­
tion was altered to permit the preparation of gase­
ous reaction mixtures with increased oxygen con­
tent or with oxygen completely absent. In the

(1) H. S. Davis, et al., Ind. Eng. Chem., Anal. Ed., 3, 108 (1931).
(2) Schultze, T h is  J o u r n a l , 56, 1552-56 (1934).
(3) Bauer and Daniels, ibid., BS, 2014 (1934).
(4) Kharasch and Potts, ibid., 58, 57 (1936). This is the last pub- 

lished article.
(5) Deanesly, ibid., 56, 2501 (1934).
(6) Heisig and Wilson, ibid., 57, 859-63 (1935).

first runs of the present study, the oxygen content 
óf the reaction mixtures was increased from a 
partial pressure of 2 mm. of mercury to 375 mm. 
by using purified, dry, tank oxygen instead of ni­
trogen as the diluting gas employed to bring the 
initial pressure in the reaction sphere up to that 
of the atmosphere. The product under these 
conditions had a melting point of 46-47° instead 
of the 51-52° found for the product obtained from 
mixtures containing 0.3% of oxygen or from mix­
tures from which oxygen was excluded. Also, 
the rate of the reaction was somewhat slower than 
that observed when the partial pressure of the 
oxygen was 0.3%, as can be seen in Tables I and
II.

T a b l e  I

T y pic a l  R u n s . R e a c t io n  b e t w e e n  B r o m in e  a n d  B u ­
t a d ie n e  w it h  V a r io u s  C o n c e n t r a t io n s  of  O x y g e n

Press. O2 mm. . . . 375 2 Tracé S mail tracé 0
R u n . . . ................... 8 10 11 12 13

Min. Sec. Pressure drop of alpha-bromonaphthalene, mm.
0 5 1.8 3.5 3.5 7 .8 12.0

10 3.5 6.2 6.2 11.4 15.0
20 6.6 9.9 11.0 14.6 18.0
30 9.3 12.4 14.5 16.7 19.8
40 11.4 14.3 16.8 18.1 20.9
50 12.9 15.8 18.5 18.8 21.6

1 0 14.2 17.1 19.8 19.4 22.1
1 30 16.8 20.1 22.5 20.6 22.8
2 18.6 21.9 24.3 21.4 23.3
2 30 19.8 23.1 25.6 21.9 23.5
3 20.8 24.0 26.5 22.2 23.7
4 21.9 25.2 27.6 22.6 23.9
5 22.9 25.9 28.2 22.8 24.5
7 24.1 26.8 29.0 22.9 24.6

10 25.0 27.3 29.7 23.3 24.7
15 26.0 27.9 30.1 23.6 25.0
20 .26.2 28.3 30.3 23.9 25.3
30 27 28.6 30.8 24.4 25.7
00 28.7 29.6 31.5 25.3 27.0

The apparatus was then modified so that the 
tank nitrogen was passed over hot, freshly re- 
duced copper ganze. All parts of the apparatus 
were evacuated and then thoroughly flushed with 
the oxygen-free nitrogen, When nitrogen so 
treated was the only diluent used, the reaction 
rate was greater than that obtained when (un~ 
treated) tank nitrogen was the diluent. More- 
over, the rate increased with subsequent runs, aS 
Would be expected with the progressive retnoval 
of the last tracés of oxygen from the purifying



T a b l e  II
COMPARISON OF THE CURVES. TYPICAL DATA

1096 G. B. H eisig and H. M. D avis Vol. 58

P02
Total -  

exptl.,
AP, At to ini­

tial reading,

Slope when reaction is 80% completed 
— AP of At since start 
slope, of reactn., Slope of

Slope when reaction is 67% completed 
— AP Ai since start 

of slope, of reactn., Slope of
Run mm.0 mm b sec. mm.& sec. tangt. mm. 6 sec. tangt.

8 375 28.7 25 17.2 120 17°55' 9 .7 57 48° 6'
10 2 29.6 30 18.3 101 27° 8' 10.8 53 52°46'
11 0 (tracé) 31.5 25 20.2 88 27°38/ 12.7 49 59°59'
12 0 (small tracé) 25.3 20 14.0 38 53°17' 6. ß 24 80°30'
13 0 27.0 20 15.7 32 60°28' 8.2 22 84°12'

a Pressure given in mm. of mercury. b Pressure given in mm. of alpha-bromonaphthalene.

train. The product had the same appearance 
and melting point as that obtained when tank ni­
trogen (0.3% oxygen) was used.

The reaction was fast in all cases; in fact, 
somewhat more than half of the reaction took 
place in the twenty to thirty seconds required to 
mix the gases before the first reading could be 
made. The vapor pressure of the product is 
about 13 mm. of alpha-bromonaphthalene. When 
the first reading is made the gases in the reaction 
sphere are already saturated with product and a 
sufficiënt amount has been formed to cover the 
surface with a monomolecular layer.

It will be noted in Table II that the total ob­
served pressure drop is somewhat smaller in the 
runs in which no oxygen was present, although 
the time required to make the first reading is less. 
This is in agreement with the other evidence that 
the reaction is faster in the absence of oxygen, 
since it indicates that a greater part of the reac­
tion occurs before the first reading can be taken.

For ready comparison of the rates of the reac­
tions, a curve for each experiment was prepared 
by plotting observed pressure drop against time. 
The slopes of the tangents to the curves when 80% 
of the calculated pressure drop has occurred, in­
crease as the proportion of oxygen in the mix­
ture decreases, as can be seen from column 7 
in Table II. The greater the angle, the more 
rapidly is the reaction taking place. This is not a 
fortuitous coincidence, for the slopes determined 
when 66.7% of the reaction is completed increase 
in the same order. Furthermore, the time re­
quired for 80 and 66.7% of the reaction to take 
place decreases with the amount of oxygen pres­
ent, as can be seen in columns 6 and 9 of Table II.

Since the rate of the reaction is sensitive tö a 
small concentration of oxygen, and since the 
earlier work showed that the reaction occurred 
largely on the surface, a reasonable mechanism is 
that chains are initiated at the wall of the reac­
tion vessel, and are broken by the oxygen. The

data however do not exclude a mechanism in 
which the reaction occurs wholly on the surface 
and the rate of the reaction is decreased because 
of the occupation of the “active spots’ * on the sur­
face by oxygen.

Experimental.—The apparatus was that de­
scribed by Heisig and Wilson.6 It was modified 
by the introduction of an electrically heated roll 
of copper screen to remove the 0.3% of oxygen in 
the tank nitrogen before it passed into the purify- 
ing and drying train. Before each run, the hot 
copper gauze was subjected to a long treatment 
with a stream of hydrogen under a pressure of one 
atmosphere, thus ensuring an active surface. A 
Connection was also provided to permit purified 
oxygen to be mixed with the butadiene used in the 
experiment. This was a metal-to-glass connec- 
tion. The oxygen was scrubbed by passage 
through three double wash bottles filled with a 
40% solution of potassium hydroxide, and was 
dried by passage through calcium chloride and 
then through resublimed phosphorus pentoxide. 
The butadiene and bromine were portions of prep- 
arations of these substances used in the previous 
investigation. The reaction vessel had a volume 
of 53.8 cc. The slopes of the tangents to the 
curves were determined by a Variation of the 
method described by Lipka.7

A grant was received from the Research Funds 
of the Graduate School to aid in carrying out this 
work.

Summary
The reaction between equimolar mixtures of 

bromine and butadiene has been studied in the 
presence of a partial pressure of oxygen at 375 
mm., 2 mm. (Hg), and in the absence of oxygen, 
the total pressure of the reaction mixture being 
equal to that of the atmosphere.

The rate of the reaction as measured by the
(7) Joseph Lipka, “Graphical and Mechanical Computation,” 

John Wiley and Sons, Ine., New York (ca. 1919): Part II, Article 
110, page 255.
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slopes of the tangents to the curves (of. pressure- 
drop against time) when 80 and 67% of the gases 
have reacted, increases with the decrease of oxy­
gen in the mixture. The increase in the rate is 
especially noticeable when the partial pressure of 
oxygen is well below 2 mm.

The sensitivity of the rate of the reaction to 
small amounts of oxygen, together with the evi­
dence that the reaction occurs largely at the sur­
face, suggests a chain mechanism with short 
chains initiated at the surface.
M i n n e APOLis, M i n n . R e c e iv e d  A p r il  30, 1936

[CONTRIBUTION FROM THE UNIVERSITY OF TEXAS]

Organic Nitrogen Bases from Pyrolysis of Cottonseed Meal1
By Ivy Parker, C. L. Gutzeit, A. C. B ratton and J. R. B ailey

Introduction
Research on the bases in petroleum distillates2 

has shown a preponderance of non-aromatic types, 
not previously obtained from any other natural 
source. On the assumption that petroleum is of 
vegetable or animal origin, it may be assumed that 
carbohydrates and fats, as well as proteins, con- 
tributed to the formation of nitrogen compounds; 
in any event an explanation of the genesis of non- 
aromatic petroleum bases, among which are prob- 
ably compounds of cyclopentane structure, might 
have an important hearing on the origin of petro­
leum itself.

In an attempt to determine whether similar 
non-aromatic bases would result from pyrolysis 
of a material containing proteins, carbohydrates 
and fats, the present investigation was under- 
taken. The Union Oil Company of California 
contributed 337 pounds of crude bases obtained 
from the distillation of 23 tons of cottonseed meal 
with nitrogen-free lubricating oil as a liquid me­
dium, through which low temperature pyrolysis 
could be controlled.2a

Previous work by other investigators on bases 
formed in protein pyrolysis are of little interest as 
concerns the present investigation, because in 
these studies pure proteins were employed.3

(1) In part from dissertations submitted by Ivy May Parker and 
C. L. Gutzeit to the Faculty of the Graduate School of the Univer­
sity of Texas in partial fulfilment of the requireroents for the degree 
of Doctor of Philosophy, June, 1935.

(2) (a) E. J. Poth, W. D. Armstrong, C. C. Cogburn and J. R. 
Bailey, Ind. Eng. Chem., 20, 83 (1928); (b) E. J. Poth, W. A. Schulze, 
W. A. King, W. C. Thompson, W. W. Floyd and J. R. Bailey, T h is  
Jo u r n a l , 52, 1239 (1930); (c) W. C. Thompson and J. R. Bailey, 
ibid., 53, 1002 (1931); (d) B. F. Armendt and J. R,. Bailey, ibid., 
55, 4145 (1933); (e) G. R. Lake and J. R. Bailey, ibid., 55, 4143 
(1933); (f) T. S. Perrin and J. R. Bailey, ibid., 55, 4136 (1933); (g) 
B. S. Biggs and J. R. Bailey, ibid., SE, 4141 (1933); (h) R. W. Lackey 
and J. R. Bailey, ibid., 66, 2741 (1934).

(2a) The preliminary work in this eonnection was earried out in the 
Texas Laboratory by Ivy Parker.

(3) Pictet and Cramer, ïïelv. Chim. Acta, 2, 188 (1919); T. B. 
Tohnson and Daschavsky, J. Biol. Chem., 62, 197 (1924).

The complexity of the cottonseed meal bases is 
comparable with that of petroleum bases. An 
unexpected difference is that, unlike bases from 
other important natural products, those from pro­
tein material are at least 50% petroleum ether in- 
soluble and, besides, the higher boiling fractions 
have a much greater nitrogen content than can 
be accounted for on the assumption of a single 
nitrogen in the molecule. Furthermore, there is 
no evidence of naphthenic structure, such as is 
highly probable for certain petroleum bases. From 
the kmer boiling fractions there have been isolated 
pyridine, and a number of its homologs, identical 
with products from coal, shale or bones.

The coal tar bases, quinoline, isoquinoline, 
quinaldine and lepidine, along with the kero 
base, 2,3,8-trimethylquinoline2b (p. 1245), have 
been found. A beautifuliy crystallizing diazine, 
C11H14N2, of undetennined structure is probably a 
dihydroquinazoline, as indicated by its ampho- 
teric character.

Upon vacuum distillation of the high boiling 
protein bases in an atmosphere of nitrogen, color­
less distillates are obtained which, unlike corre­
sponding petroleum base cuts, soon darken and 
precipitate tar. This instability renders difficult 
the isolation of individual products. So far the 
petroleum ether insoluble bases have been only 
superficially studied.

In the boiling range of 135 to 172° a total of 
876 cc. (14 fractions) of petroleum ether soluble 
material was available with d2b4 values between
0.9418 and 0.9652 and n2bD values between 1.4947 
and 1.4992. These physical constants clearly in- 
dicate a preponderance of pyridines. From the 
high nitrogen content of these fractions pyrazines 
and pyrimidines were suspeeted but a search for 
diazines was fruitless. The comparatively small 
volume of material in this range can be attributed
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21 22 23 . 24 25 26 27 28
January.

Fig. 1. Distillation of cottonseed meal.

to the fact that no attempt was made at the Union 
Oil Company plant to isolate water soluble bases.

In the 172 to 215° range 2468 cc. of material 
(17 fractions) was available. Here there exists 
a progressive exaltation of the J 254 values from
0.9514 to 1.0189 and of the n2br> values from 1.5010 
to 1.5375. These constants, taken with an ab- 
normally high nitrogen content, exclude the 
presence in quantity of pyridines, as well as quino- 
lines.

The results of this investigation should not be 
accepted as proof that so-called petroleum bases 
are not of vegetable or animal origin. From the 
assumption that the complex nitrogen compounds 
in crude oil came from protein material, it does 
not follow that a high temperature was involved 
in their formation; it is more probable that they 
resulted from bacteriological decay at ordinary 
temperature;4 at least, so far as California pe­
troleum is concerned, the nitrogen does not exist 
in preformed basic compounds beyond a negli- 
gible amount and, therefore, the bases first en- 
countered in distillates, are products of pyroly- 
Sis.6-2a'b

A recentiy developed practical method of in­
direct micro distillation, termed Amplified Dis­
tillation,0 has proved of indispensable service in

(4) Cf. McKensie Taylor, J. Inst. Petr. Tech., 14, 825 (1928); 
B. T. Brooks, ibid., 20, 177 (1934).

(5) D. T. Day, “Handbook of the Petroleum Industry,” Vol. I, 
1922, p. 530.

(6) A. C. Bratton, W. A. Felsing and J. R. Bailey, Ind. Eng. Chem., 
28,424 (1936).

processing the cottonseed meal bases. In this 
process, which is even more effective than straight 
distillation, a fraction of bases is added to petro­
leum hydrocarbon oil boiling evenly over a some­
what broader range than the bases. After frac- 
tional distillation, the bases are withdrawn from 
the hydrocarbon fractions with sulfurous acid 
and then precipitated in the form of picrates or 
other suitable salts. In this way the compo- 
nents of a complex mixture, even where the total 
volume is only a fraction of a cubic centimeter, 
can be segregated in the order of their boiling 
points.

Another general method employed in resolving 
mixtures of protein bases, termed Cumulative Ex­
traction,26 depends on the relative distribution 
ratio of base hydrochlorides between chloroform 
and water. This process enables a very satisfac- 
tory Separation into aromatic and non-aromatic 
types.

The improved laboratory technique now avail­
able in this line of research, coupled with the ad- 
vances made in our knowledge of the types and 
properties of the bases to be expected, should at- 
tract the attention of other. mvestigators to the 
study of protein pyrolysis, especially the bio- 
chemist, whose interest in this practically unex- 
plored domairi of organic chemistry need not be 
emphasized.

To chemists who may become interested in 
protein pyrolysis as an attractive field for re-
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20,680 kg. cottonseed meal (6.45% N, 6.4% oil) -f- 15,140 L. lubricating oil (0.023% N). Dis­
tilled to red heat

18.440 liters of distillate

4614 liters, H2Ó layer discarded

6057 liters of acid extract. Neutralized to 
slight alkalinity with 1950 kg. 44.4% NaOH

283.5 kg. of crude bases containing 12.5% 
H2O and 10.3% N. Sp. gr. 15.6/15.6 = 
1.102. Solubility in petroleum ether (sp. gr. 
15.6/15.6) 13 cc./lOO cc.

13,030 liters, oil layer (11,790 kg.). Ex- 
tracted with four 159.4-liter (total 6511 
liters) portions 16.9% H 2SO1

318 liters of sludge, discarded

48.5 kg. H2O Fraction T-I.
discarded Up to 177° (at

50 mm.) 15.4 
kg. 12% soluble 
in petroleum 
ether

795 liters of tar layer (816.4 kg.). Ex- 
tracted with 1107 kg. of 16% H 2SÖ4 in four 
portions. Extract neutralized with 224.5 

kg. 44.4% NaOH

140.6 kg. crude bases containing 29.0% H2O 
and 10.9% N. Sp. gr. 15.6/15.6 =  1.117. 
Solubility in petroleum ether (sp. gr. 15.6/
15.6 =  0.651) 0.6 cc./lOO cc.

Distilled at 50 mm. pressure through a 2.75 
meter packed column

Fraction T-III. Bottoms 34.0 kg. 
200-230° (at 50 discarded 
mm.) 15.4 kg.
3.9% soluble in 
petroleum ether

Fraction T-II. 
177-200® (at 50 
mm.) 11.8 kg. 
4.5% soluble in 
petroleum ether

89.8 kg. H2O discarded Fraction O-I. Up to Fraction O-II. Fraction O-III. Bottoms 60.8 kg.
160° (at 50 mm.) 37.2 160-214° (at 50 214-239° (at 50 discarded
kg. 98% soluble in pe- mm.) 36.38 kg. mm.) 27.7 kg. 
troleum ether 79% soluble in 18% soluble in

petroleum ether petroleum ether

Fig. 2.

Fraction O-I

Dissolved in slight excess of (37 liters) 6 N HC1

Acid soln. extracted with Acid insoluble, 2 liters 
23 liters of CHCls. Each 
layer washed with 8 li­
ters other solvent

Fraction O-II 

Extracted with gasoline

I i
Soluble, 21 liters Insoluble, 10 liters

Fraction O-I II
I

Extracted with gasoline

Soluble, 4 liters Insoluble, 23 liters
___ I

25 liters dissolved in 6 N  HC1I
Aromatic, 14.5 liters (H2O layer)

12.5 liters distilled at 75 mm. Re­
covery, 6880 cc. or 55.0%. 16.5%
boiled at 123-174°. Total b. p. 
range 123-239°. w30d 1.4933- 
1.5768. O-I-A

Non-aromatic, 14 liters (CHCI3 Acid soln. extracted with 16 liters Acid insoluble, 1 liter
layer); b. p. 174-235°, w30d of CHCI3. Each layer washed with 
1.5068-1.5210 8 liters other solvent

I
Aromatic, 10.5 1. (H2O layer) Non-aromatic, 11 liters (CHCI3 

layer)

Alkaline slops from recovery of 
bases neutralized w i t h  H 2SO 4. 
Phenolic and inert material ex­
tracted with ether

O-III and III-A
6.5 liters

2.5 liters distilled yielded 1575 cc. 
of distillates, or 63%; b. p. 211-288°.

w3°d 1.5176-1.5762

14.7 g. C11H14N2 picrate 1260 cc.— Combine

Extracted with petroleum ether

2.7 1. soluble, of which 1200 g. 4.13 liters insoluble
yielded 14 g. C11H14N 2 picrate

1375 cc. distilled yielded 164 cc., b. p. 230—250°, which yielded quino- 
line picrate, isoquinoline picrate, and quinaldine phthalone. 27 cc., 
b. p. 256-266°, after amplified distillation, yielded lepidine picrate 
and 2,3,8-trimethylquinoline picrate

Fig. 3.

search, it may be emphasized that the cost of 
neither material nor equipment is prohibitive. 
In our preliminary investigation, an insulated 
iron still 3 feet (94 cm.) in height, 2 feet (61 cm.) 
in diameter and provided with a stirrer was used. 
For each of the six runs made, the charge consisted. 
of 100 pounds (45 kg.) of cottonseed meal ($25- 
35 per ton (910 kg.)) and 8 gallons (30 liters) of 
lubricating oil. The distillates from 600 pounds

(272 kg.) of meal processed in the usual way 
yielded a total of 5.5 liters of crude bases.

One of the most important considerations, es- 
pecially where the distillation is carried out in the 
laboratory, is the obnoxious mercaptan odor de- 
veloped. This nuisance can be suppressed con 
veniently by the use of two filter flasks connected 
separately with water pumps and serving inter- 
changeably as receivers.
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T a b l e  I

D istillation  of O -I-A  B a se s

No.
Temp. 

range, °C.
Press,,
mm.

Vol.,
cc.

1 100-135 750 1

2 135-140 750 8
3 140-142.5 751 10

4 142.5-145 751 16
5 145-147.5 752 25
6 147.5-150 752 20
7 150-152.5 753 37
8 152.5-155 753 45
9 155-157.5 754 38

10 157.5-160 754 44
11 160-162.5 755 59
12 162.5-165 755 119
13 165-167.5 756 130
14 167.5-170 756 189

15 170-172.5 756 136
16 172.5-175 758 157
17 175-177.5 758 170
18 177.5-180 758 120
19 180-182.5 758 133
20 182.5-185 757 160
21 185-187.5 757 200
22 187.5-190 757 99
23 190-192.5 756 191
24 192.5-195 756 140
25 195-197.5 756 183
26 197.5-200 756 162
27 200-202.5 757 221
28 202.5-205 757 130
29 205-207.5 757 92
30 207.5-210 758 144
31 210-212.5 758 106
32 212.5-215 758 60
33 Residue 758 20

d*h W25 D N, %

0.9522 1.4968 17.41
.9503 1.4978 17.36

.9511 1.4989 15.65

.9652 1.4968 16.03

.9652 1.4968 16.34

.9507 1.4990 15.84

.9522 1.4947 17.66

.9418 1.4990 17.71

.9442 1.4990 16.92

.9556 1.4968 15.22

.9480 1.4962 15.24

.9531 1.4988 15.96

.9491 1.4990 15.98

.9504 1.4992 14.77

.9514 1.5010 13.93

.9559 1.5025 13.65

.9594 1.5055 13.36

.9598 1.5090 13.85

.9612 1.5119 13.86

.9631 1.5140 14.71

.9677 1.5160 14.66

.9716 1.5170 13.31

.9781 1.5199 13.34

.9820 1.5212 13.25

.9882 1.5260 12.84

.9917 1.5270 12.89

.9971 1.5303 12.53
1.0026 1.5328 12.14
1.0093 1.5342 13.23
1.0165 1.5363
1.0189 1.5375

Bases isolated
Pyridine
2-Methylpyridinc 
4-Methylpyridine 
3 -Me thylp y r i dine 
2,6-Dimethylpyridine

2,4-■Diinethylpyridine

3-Ethylpyridine
3,5-Dimethylpyridine
2,4,6-Trimethyipyridine

Experimental
In the production of nitrogen bases from cottonseed meal 

at the Oleum Plant of the Union Oil Company,7 a shell 
still, 8 by 29 feet (2.5 X 8.8 meters) was used in distillation 
of the cottonseed meal-lubricating oil mixture, air from the 
Spider of the still being used for agitation. The still run 
occupied seven days; however, most of the distillate was 
collected in four days. After complet ion of the distilla­
tion, the still was allowed to cool for four days and even 
then difficulty was experienced in handling the coke,8 due 
to a tendency to spontaneous combustion. Distillation 
temperature and rate are summarized in Fig. 1. Acid ex­
traction and distillation data, along with yields of base 
fractions are compiled in Fig. 2.

Fractions O-I, O-II and O-III, Fig. 2, were processed 
through petroleum ether extraction, cumulative extraction 
and fractional distillation, as shown in Fig. 3.9 The mate-

(7) The data in this Connection were furnished by Mr. T. F. Ott, 
Assistant Manager of Research at Oleum, California.

(8) This proved a very effective decolorant.
(9) This work was carried out by Ivy Parker.

rial O-I-A, Fig. 3, boiling below 215° was carried through 
exhaustive fractionation by three separate distillations in 
a carbon dioxide atmosphere under reflux through a spirally 
indented column, 1 X 105 cm.

Volumes, boiling points, nitrogen content, d254 values and 
w25d values of the 33 fractions obtained are collected in 
Table I.10

Investigation of O-I-A Forerun
B y  A. C. B r a tto n

The small volume of forerun (1 cc. of bases in 9 cc. of 
water) precluded direct fractional distillation under re- 
fitix. Amplified distillation was conceived to obviate the 
difficulty, and this first experiment in its use as an indirect 
method of microdistillation was carried out successfully 
as follows: to the 1 cc. of bases, 25 cc. of acid-and-caustic- 
washed hydrocarbon oil, b. p. 80-140°, was added and the 
mixture was distilled through a 0.5 X 100 cm. column 
packed with a copper spiral. The rate of distillation was

(10) This work was carried out by A. C. Bratton and C, L. Gut- 
zeit.
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0.6 cc. per hour, and nine 2.5-cc. cuts and a 3-cc. residue 
were collected in the ranges shown in Table II,

T a b l e  II
A m pl ifie d  D ist il l a t io n  of  t h e  B a se s  in  O-I-A F o r e r u n

Cut
no.

B. p. base- 
hydrocarbon 

fractions, 
°C. Products isolated, mg.

1 55-85 30 Pyridine picrate
2 85-95
3 95-100
4 100-107 300 2-Methylpyridine picrate
5 107-109
6 109-115 450 Mixed picrates
7 115-122
8 122-124
9 124-138 10 2,6-Dimethylpyridine picrate
Residue

Each fraction was extracted twice with an equal volume 
of 6 N  sulfuric acid, the bases were liberated from the ex­
tract s with sodium hydroxide and steam distilled, and 
finally precipitated with aqueous picric acid.

Pyridine.—The combined picrates from cuts 1 and 2 
were recrystallized from water, ethyl acetate and isopropyl 
alcohol. The product, m. p. 167.7-168°, proved to be py- 
ridine picrate through a mixed melting point with an au- 
thentic sample.

Anal. Calcd. for CnHgC^N*: N, 18.19. Found: N, 
18.30.

2- Methylpyridine.—After similar treatment of the pic­
rates from cuts 4 and 5, a salt melting at 166° was identified 
as 2-methylpyridine through a mixed melting point.

Anal. Calcd. for Ci2H10O7N4: N, 17.40. Found: N,
17.62.

2,6-Dimethylpyridine.—Fraction 9 yielded a picrate 
melting at 163° after recrystallization from water and iso­
propyl alcohol. It was identified as 2,6-dimethylpyridine 
by a mixed melting point.

Investigation of O-I-A Fractions 135-170°
B y  C. L. G u tzeit

3- Methyl-, 4-Methyl- and 2,6-Dimethylpyridine.—
These bases boiling at 144, 145.3 and 144.6°, respectively, 
were suspected in the 140-145° fractions, and, after their 
Separation through picrates proved tedious and unsatis- 
factory, the following procedure was employed: a solution 
of 10 cc. of crude bases in 500 cc. of saturated mercurie 
chloride and 10 cc. of concentrated hydrochloric acid was 
evaporated to 150 cc. The precipitate was recrystallized 
from alcohol and then dissolved in 1000 cc. of a hot satu­
rated solution of mercuric chloride containing 100 cc. of 
concentrated hydrochloric acid. On cooling, the 2,6-di­
methylpyridine double salt of the composition C7H9N - 
HCl-2HgCl2 separated in granulär crystals melting at 
167°.11 The picrate prepared from this salt melted at 
1620 as reported by Eguchi. In final identification of these 
salts, they were prepared from 2,6-dimethylpyridine, syn-

(11) Cf. Takashi Eguchi, Bull. Chem. S o c . Japan,  3, 181, 241
(1928) ; C h e m . Z e n t r . ,  100, 331 (1929).

thesized from 2-methylpyridine methiodide according to 
the general method of Ladenburg.12 Mixed melting points 
carried out in the usual way showed no depression.

A nal:of picrate. Calcd. for C13H12O7N4: C, 46.42; H, 
3.57; N, 16.67. Found: C, 46.35; H,3.58; N, 16.52.

Anal, of base. Calcd. for C7H9N: C, 78.50; H, 8.41; N, 
13.08. Found: C, 78.42; H, 8.43; N, 13.29.

For the Separation of 4-methylpyridine, the filtrate from 
the mercuric chloride salt of 2,6-dimethylpyridine was 
neutralized with sodium hydroxide and then made just 
acid to methyl orange. After twelve hours, a salt sepa­
rated which was recrystallized from water in long slender 
needles melting at 128-129°, as found by Ladenburg for 
the mercuric chloride salt, CöILNHCl^HgCL» of 4- 
methylpyridine12 (p. 13). Final identification was ef- 
fected through a mixed melting point with a sample of 
picrate made from 4-methylpyridine synthesized from pyri- 
dine methiodide.13

Anal. Calcd. for C12IL0O7N4: C, 44.72; H, 3,11; N,
17.39. Found: C, 44.66; H, 3.15; N, 17.49.

Anal, of base. Calcd. for C6H7N: C, 77.42; H, 7.53; 
N, 15.09. Found: C, 77.36; H, 7.51; N, 15.12.

In isolation of 3-methylpyridine, the low melting pic­
rates from purification of 4-methyl- and 2,6-dimethyl­
pyridine were used. After it was found impractical to 
segregate this picoline through the picrate, mercuric 
chloride salt12 (p. 8) or the zinc chloride salt,14 advantage 
was taken of the non-reactivity of 3-methylpyridine with 
benzaldehyde in contrast to the ease with which conden­
sation takes place with the associated pyridine homologs.15

The bases recovered from the low melting picrates were 
mixed with twice their volume of benzaldehyde, a small 
piece of zinc chloride was added and the mixture was heated 
at 225° for six hours. The unchanged 3-methylpyridine 
was extracted with benzene from the reaction mixture made 
alkaline with sodium hydroxide. The dried extract was 
distilled and the 140-145° fraction was treated with a 
benzene solution of picric acid. The third recrystalliza­
tion from alcohol gave a pure product in the form of lpng 
glistening needles melting at 149°, as reported for 3- 
methylpyridine picrate11 (pp. 229, 241).

Anal. Calcd. for C12HioC>7N4: C, 44.72; H, 3.11; N,
17.39. Found: C, 44.64; H, 2.93; N, 17.50.

Identification was further confirmed by a mixed melting
point with the picrate prepared from the synthetic base.16

The 135-140° fraction of bases was investigated in a 
fruitless search for methylpyrazine. Since only 8 cc. of 
material was available, amplified distillation was resorted 
to in fractionation. A small amount of 3-methyl- and 2,6- 
dimethylpyridine was isolated, but none of the 4-methyl­
pyridine.

3,5-Dimethylpyridine.—This base is easy to isolate and 
identify because of the difficult solubility and high melting 
point of its picrate. Three fractions of bases in the 165- 
170° range were picrated in two volumes of alcohol to one

(12) A. Ladenburg, Ann., 247, 2 (1888).
(13) Otto Lange, Ber., 18, 3439 (1885); ref. 12, p. 12.
(14) J. G. Heap, W. J. Jones and J. B. Speakman, T h is  J o u r n a l , 

43, 1936 (1921).
(15) Paul Schwarz, Ber., 24, 1676 (1891); Fr. Schuster, ibid., 25, 

2398 (1892); A. Marcuse and R. Wolffenstein, ibid., 32, 2526 (1899).
(16) Ludwig Storch, ibid., 19, 2456 (1866).
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volume of bases, picric acid solution being added to where 
no further Separation of picrates resulted. The crude 
material melted at 234-236°. After two recrystalliza­
tions from acetone, the most satisfactory solvent for this 
salt, the melting point was raised to 242.5-243.5°.17

Anal, of picrate. Calcd. for C13H12O7N4: C, 46.43;
H, 3.57; N, 16.67. Found: C, 46.61; H, 3.59; N, 16.54.

Anal, of base. Calcd. for C7H9N: C, 78.50; H,8.41; N, 
13.08. Found: C, 78.44; H, 8.36; N, 13.35.

The identity of the picrate was confirmed further by a 
mixed melting point with a sample made from synthetic
3,5-dimethylpyridine.18

3-Ethylpyridine.—From the 165-167.5° fraction of bases 
oily picrates admixed with crystalline 3,5-dimethylpyridine 
picrate were obtained. After removal of the latter, long 
yellow needles followed in about two weeks and, after 
several recrystallizations from alcohol, the melting point 
129 0 agreed with that of 3-ethylpyridine picrate.19

Anal. Calcd. for Ci3H120 7N4: C, 46.43; H, 3.57; N, 
16.67. Found: C, 46.32; H, 3.54; N, 16.56.

In further structural proof, 0.3 g. of the base in 100 cc. 
of water containing 2 g. of potassium permanganate was 
allowed to stand three days when the colorless solution was 
filtered hot and neutralized with acetic acid. On addition 
of copper acetate, followed by concentration of the solu­
tion to a small volume, a deep blue copper salt precipi­
tated. After removal of the copper with hydrogen sulfide 
and evaporation of the filtered solution, the residue, re­
crystallized several times from alcohol, melted at 229° in 
agreement with nicotinic acid.20

2,4,6-Trimethylpyridine.—This pyridine was isolated 
from the 167.5-170° fraction of bases through the follow­
ing procedure. The mixed bases (20 cc.) in 100 cc. of a 
saturated alcoholic solution of mercuric chloride containing 
10 cc. of concentrated hydrochloric acid were allowed to 
stand for twelve hours, oily impurities were removed and 
the residue was dissolved in a small volume of hot alcohol. 
After twenty-four hours a dense crystalline precipitate 
separated. On one recrystallization from a saturated 
solution of mercuric chloride containing 5% hydrochloric 
acid,21 and three recrystallizations from very dilute acid, 
the characteristic needles of the double salt of 2,4,6-tri- 
methylpyridine, C8HnN*HCl*2HgCl, melting at 156° were 
obtained.

The picrate melting at 155° was prepared and compared 
in the usual way with a sample made from the synthetic 
base.22

Anal. Calcd. for C14H14O7N4: N, 16.00. Found: N, 
15.89.

(17) This determination is in agreement with 244° reported by 
Eguchi, ref. 11, pp. 231, 241. Beilstein, 4th ed., Vol. XX, p. 246, 
gives 228-230°.

(18) E. Durkoff and H. Göttsch, Ber., 23, 685, 1113 (1890).
(19) C. Stoehr, J. prakt. Chem., [2] 45, 38 (1892).
(20) A. Ladenburg, Ann., 301, 152 (1898).
(21) With water the solvent at this stage, an amorphous insoluble 

salt with an indeterminate decomposition point around 200° also 
separates and interferes with further purification. This type of salt, 
encountered in connection with all fractions of bases investigated, is 
very soluble in dilute acid, even with a high concentration of mercuric 
chloride, and cannot be converted to a crystalline picrate.

(22) Gattermann, “ Die Praxis des organischen Chemikers,” 1927,
p. 332.

2,4-Dimethylpyridine.—The 155-157.5° fraction of 
bases was treated with mercuric chloride in the way de­
scribed under 2,4,6-trimethylpyridine. The more soluble 
mercuric chloride salts thus obtained were recrystallized 
three times from a mercuric chloride solution containing 
5% hydrochloric acid. Since a pure product was not ob­
tained, the bases were liberated in the usual way and 
converted to picrates. After four recrystallizations, a 
pure product melting at 182° in agreement with 2,4-di- 
methylpyridine picrate11 (pp. 232, 241) was obtained. A 
mixed melting point with the picrate of the synthetic 
base23’12 showed no depression.

Anal. Calcd. for C13H120 7N4: N, 16.67. Found: N, 
16.56.

Investigation of Base Fractions in the 236-280° 
Boiling Range of O-II and III-A

B y  I vy  P a r k e r

Quinoline and Isoquinoline.—The combined 236, 238 
and 240° fractions (50 cc.) were dissolved in 75 cc. of 6 N  
hydrochloric acid and extracted with eight successive por­
tions of Chloroform. From the aqueous layer 27 cc. of 
bases was recovered. This material, extracted with 10 
cc. of 3.5 N  sulfuric acid, left undissolved 19 cc., which 
was treated with an excess of picric acid in alcoholic solu­
tion. The precipitate, after extraction with boiling ben­
zene and next with boiling alcohol, was recrystallized from 
glacial acetic acid, yielding 2.5 g. of a picrate in the form of 
needles melting at 203°. Identification of this product 
was effected by a mixed melting point with an authentic 
sample of quinoline picrate.

Anal. Calcd. for CisFhoOy^: C, 50.28; H, 2.79; N, 
15.64. Found: C, 50.21; H, 2.68; N, 15.74.

For the isolation of isoquinoline, 3 cc. of bases, recovered 
from the quinoline picrate washings above, was dissolved 
in 3 cc. of alcohol and fractionally precipitated in 11 stages 
with successive 3-cc. portions of a saturated solution of 
picric acid in alcohol. To induce crystallization, it was 
necessary to seed with a small crystal of isoquinoline 
picrate. The first eight isoquinoline picrate precipitates, 
leached out with boiling alcohol, yielded on recrystalliza­
tion from glacial acetic acid 0.25 g. of light yellow needles 
melting at 221-222°. The identity of the product was 
established by a mixed melting point with an authentic 
sample of isoquinoline picrate.

Anal. Calcd. for C15H10O7N4: N, 15.64. Found: N, 
15.92.

Quinaldine.—After it was found that the 246° fraction, 
unlike the lower boiling bases, showed phthalone formation, 
5 cc. was heated for four hours at 200° with 2 g. of phthalic 
anhydride and the reaction mixture, after being dissolved 
in 17 cc. of concentrated sulfuric acid, was poured into 400 
cc. of water. From the crude phthalone, admixed phthalic 
anhydride was sublimed at reduced pressure and the resi­
due, after a leaching out with boiling alcohol, was dissolved 
in glacial acetic acid and poured into a large volume of 
water. From the impure product (0.22 g.) which precipi­
tated, a pure phthalone was sublimed24 in the form of

(23) The 2,4-dimethylpyridine used here was obtained as a by- 
product in the synthesis of 2,6-dimethylpyridine.

(24) E. Jacobson and C. L. Reimer, Ber., 16, 1082 (1883).
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glistening yellow needles melting at 235°. A mixed melt­
ing point with an authentic sample of quinphthalone (m. p. 
234-235°) showed no depression.

For hydrolysis of the phthalone a 0.5-g. sample was 
heated in a sealed tube for twenty-four hours with 2 cc. 
of concentrated hydrochloric acid and from the solution, 
made alkaline with caustic, an oil was distilled in steam. 
From the base a picrate was prepared which crystallized 
from alcohol in rosets of short slender needles melting at 
189°. A mixed melting point of 190-191° was obtained 
with an authentic sample of quinaldine picrate (m. p. 
190-192°).

Anal. Calcd. for Ci6H120 7N4: N, 15.05. Found: N, 
15.18.

Lepidine.—Four fractions of bases (190 cc.) of b. p. 
260-270° and with w30d  1.5770-1.5817, were separately 
fractionated through a Podbielniak column, 4-cc. cuts 
being collected. The fractions (50 cc.) of b. p. 257-262° 
and with w25d 1.5785-1.5806 were combined in 68 cc. of 6 AT 
hydrochloric acid and carried through cumulative extrac­
tion by four successive extractions with 50-cc. portions of 
chloroform. The bases (32 cc.) from the acid layer were 
fractionated under reflux at 25 mm. pressure into nine 
3-cc. cuts, with a 5-cc. residue. Cuts 1 and 2 were com­
bined, as were also cuts 7, 8 and 9.

Amplified distillation of these fractions with 10 volumes 
of hydrocarbon oil was carried out under reflux at 20 mm. 
pressure, a total of 61 4-cc. fractions being collected. 
The bases were extracted from the hydrocarbon oil with 
sulfurous acid and directly converted to picrates. Where 
smears appeared, they were leached out with cold acetic 
ether. Then the crystalline material was recrystallized 
successively from alcohol, glacial acetic acid and 50% acetic 
acid. Nine of the 32 cuts from original fractions 1-2, 3 and 
4 yielded a total of only 0.2 g. of a pure picrate melting at 
212-213°. This product was identified as lepidine picrate 
in the usual way by a mixed melting point determination. 
Lepidine (b. p. 263°) appeared only in the 225-242° (at- 
mospheric pressure) fractions of hydrocarbon fractions 
from amplified distillation.

Anal. Calcd. for C:eHi20 7N4: N, 15.05. Found: N, 
15.25.

2,3,8-Trimethylquinoline.25—Here a procedure, involv­
ing cumulative extraction and amplified distillation, and 
similar to that employed in search of lepidine was employed 
on six fractions of bases (45 cc., b. p. 274-279°, n30d 
1.5815). In the hydrocarbon fractions of b. p. 259-283°, 
2,3,8-trimethylquinoline (b. p. 280°) was suspected. The 
mixture of picrates obtained was leached out with boil­
ing alcohol and recrystallized from glacial acetic acid. 
In this way there resulted an apparently pure product 
crystallizing in characteristic short rods and melting with 
decomposition at 242-243°. A mixed melting point with 
an authentic sample of 2,3,8-trimethylquinoline picrate 
showed no depression.

Anal. Calcd. for CiSHi60 7N4: N, 14.00. Found: N, 
13.81, 13.98.

Isolation of C11H14N2 Base.—In processing Fractions 
O-II and O-III, there was encountered in very small

(25) Originally obtained from California asphalt base petroleum,
W. A. King and J. R. Bailey, T h is  J o u r n a l , 52, 1245 (1930).

amount among the aromatic, petroleum ether soluble bases 
a product easy to isolate through its difficultly soluble 
picrate. This picrate of the composition CUH14N2 C9H3- 
0 7N3 (cf. Fig. 3) remained in the residue, after leaching out 
with benzene, alcohol and glacial acetic acid the complex 
mixture of picrates obtained in this boiling range. In final 
purification, it was recrystallized from diacetone alcohol in 
characteristic glistening plates which darkened at 259° 
and melted with decomposition at 261-263°.

Anal. Calcd. for Ci7Hi70 7N 5: C, 50.62; H, 4.22; N, 
17.37. Found: C, 50.38; H,4.05; N, 17.60.

The base was liberated from the picrate with ammonium 
hydroxide and extracted with ether. For purification, it 
was distilled between 187-192° at 34 mm. pressure. It 
boils at 283° (750 mm.) and has an n30d value of 1.5790. 
The free base has an unpleasant odor, and on standing in 
contact with air is converted in part to a white solid which 
dissolves in potassium hydroxide but is insoluble in ether. 
Nitrous acid and both alkaline and acid permanganate re­
act with the base in the cold. The analysis along with the 
decided amphoteric character of this substance is in agree­
ment with an alkylated dihydroquinazoline. The small 
amount of material available precluded its further study.

Anal. Calcd. for CnHi4N 2: C, 75.86; H , 8.05; N,
16.09; mol. wt., 174. Found: C, 75.5; H, 7.66; N , 16.33; 
mol. wt. 167.

Mercuric Chloride Salt.—The base in a slight excess of 
dilute hydrochloric acid gave with a saturated solution of 
mercuric chloride a precipitate which was recrystallized 
from water in rosets of. needles. This salt sintered at 
153° and melted at 173-174°.

Anal. Calcd. for CnHi4N2HClHgCl2: N, 5.81.
Found: N, 5.84.

Summary
The present investigation was undertaken in 

order to determine whether in low temperature 
pyrolysis of a natural product, containing pro­
teins, carbohydrates and fats, products of the same 
structural types as the non-aromatic bases from 
petroleum distillates would be encountered. Al­
though only negative results, so far as the main 
objective of this research is concerned, were ob­
tained, it was found that cottonseed meal, in con­
trast to pure proteins, like egg albumin, casein and 
serine, yields on destructive distillation basic ni­
trogen compounds in preponderant amount which 
are different in three main respects from bases 
previously obtained from a natural source: these 
properties are petroleum ether insolubility, an ex- 
ceptional tendency to tar formation and an abnor- 
mally high nitrogen content.

From the low boiling fractions pyridine, and 
seven pyridine homologs, identical with coal tar 
for shale oil bases, were isolated and in the higher 
fractions quinoline, isoquinoline, quinaldine, lepi­
dine, the kero base, 2,3,8-trimethylquinoline and



a diazine, C11H14N2, of undetermined structure 
were isolated.

This research will be concluded with an inves­
tigation now in progress on 18 fractions in the boil­
ing range of 172.5-215°, in an effort to explain the
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abnormally high nitrogen content of these bases, 
coupled with a progressive exaltation of densities 
and refractivities from d?\ 0.9514 and rin d 1.5025 
to d2\  1.0189 and n25D 1.5375, respectively.
A u s t in , T exas R e c e iv e d  A pr il  13, 1936
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A Phase Rule Study of

By G. W. Pearce

Calcium arsenate is a product of uncertain com- 
position and variable properties, both in the form 
of the commercial insecticide and of the so-called 
pure salt. Although commercial preparations 
are generally assumed to consist essentially of 
tricalcium arsenate and an excess of hydrated 
lime, recent work2,3,4 has shown that this assump­
tion is inadequate to account for the variations in 
properties among products of similar gross com- 
position. These variations suggest that other 
arsenates of calcium are probably present in the 
products prepared by the usual methods. Since 
data concerning the identity and the ranges of 
stability of the calcium arsenates are at present 
incomplete, a study of the equilibrium conditions 
in the system Ca0 -As205-H 20  has been carried 
out.

A number of calcium arsenates have been re­
ported in the literature. Smith,5 in a study of 
the equilibrium conditions in the more soluble 
portion of the system, established the existence of 
two acid salts: monocalcium arsenate, CaH4- 
(As04)2, and dicalcium arsenate, CaHAsCh. The 
dicalcium salt has also been prepared and studied 
by a number of other workers, and is known in 
the form of the minerals Haidingerite and Pharma- 
colite. Robinson6 has reported the preparation 
of pure tricalcium arsenate, Ca3(As04)2j from cal­
cium chloride and sodium arsenate. Tartar 
et al? obtained a basic product having the com- 
position [Cas(AsC>4)2]3*Ca(OH)2, by the repeated

(1) Approved by the Director of the New York State Agricultural 
Experiment Station for publication as Journal Paper No. 136, April 
8, 1936.

(2) Pearce, Norton and Chapman, N. Y. Agr. Expt. Sta. Tech. 
Buil. 234 (1935).

(3) Chapman, Pearce, Dean and Hammer, J. Econ. Entomol., 27, 
N o. 2, 421 (1934).

(4) Howard and Fletcher, U. S. Bur. Entomol. Paper E-304, 
mimeographed (1933).

(5) Smith, T h is  J o u r n a l , 42, 259 (1920).
(6) Robinson, J. Agr. Research, 13, 281 (1918).
(7) Tartar, Wood and Hiner, T h is  J o u r n a l , 46, 809 (1924).

the Calcium Arsenates1
and L. B. N orton

hydrolysis of calcium ammonium arsenate and of 
tricalcium arsenate prepared by Robinson’s 
method.6 Smith and Murray8 concluded from 
complete analyses of a number of commercial 
preparations, that these products consist mostly 
of a compound more basic than tricalcium arse­
nate. Clifford and Cameron,9 however, consid- 
ered that some of the calcium arsenates reported 
were merely solid Solutions of calcium oxide and 
arsenic oxide incidentally having the composition 
of possible compounds.

Experimental
The experiments were confined to the ranges of 

compounds more basic than dicalcium arsenate, 
since the work of Smith5 on the acid compounds 
appears quite conclusive. Smith was unable to 
reach complete equilibrium in a reasonable time 
in the more basic region of the system at 35°, so a 
higher temperature was chosen for the present 
work. Preliminary experiments showed that 
changes in the system tend to occur more rapidly 
at higher temperatures, in spite of the decreased 
solubility of most of the compounds involved. 
Accordingly, a bath of petroleum oil maintained 
at 90 =±= 0.1° was used for all of the work.

The calcium oxide was prepared by precipitating cal­
cium carbonate from calcium chloride with ammonium 
carbonate, and igniting the product in an electric muffle 
furnace. It was found to be free from appreciable amounts 
of magnesium. Baker c. p. arsenic acid was used without 
further purification.

All analyses for calcium were made by the precipitation 
of calcium oxalate and titration with permanganate. 
Arsenic was determined by distillation as the trichloride 
and titration with bromate solution.10 Application of 
these procedures to samples of pure calcite and of Bureau

(8) Smith and Murray, Ind. Eng. Chem., 23, 207 (1931).
(9) Clifford and Cameron, ibid., 21, 69 (1929).
(10) The bromate method for arsenic in foods [J. Assoc. Official 

Agr. Chem., 16, 75 (1933)] was modified by using hydrazine sulfate 
instead of the ferrous sulfate-sodium bromide mixture as reducing 
agent.
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of Standards arsenious oxide, respectively, showed that 
the maximum errors of the analysis were less than 0.1 mg. 
of calcium oxide and 0.05 mg. of arsenic oxide. In the 
analyses of the unknown samples, such quantities were 
taken that the analytical error was less than 1% except 
for the four most dilute Solutions, in which it rose to about 
3%.

Preliininary experiments, in which solid lime was shaken 
with arsenic acid of various concentrations, showed that 
equilibrium was not attained in six weeks, even at 90°. 
It appeared that penetration of the particles of lime by the 
dilute arsenic acid and the subsequent conversion to the 
proper compound is a process difficult to complete in a 
reasonable length of time. Further experiments in which 
the lime was added in solution showed more promise, but 
the solid in all cases showed a great reluctance to change, 
after once being precipitated, in contact with the extremely 
dilute Solutions which characterize this portion of the Sys­
tem. These difficulties were finally avoided by precipi­
tating the solid under such conditions that it had practi- 
cally its final composition when it was first deposited. 
Both solution and solid then reached a constant and repro- 
ducible composition very quickly.

The procedure by which the final data were obtained 
was as follows. The Solutions were made up in such 
proportions that small amounts of solid would precipitate 
at 90°, but the Solutions would remain perfectly clear at 
room temperature. Such conditions were obtained when 
calculations from the preliminary data indicated that 
amounts of solid ranging from 50 mg. in the basic region to

500 mg. in the acid region should be deposited from 600 cc. 
of solution. Six himdred-cc. portions of the Solutions 
were made up at room temperature in 1-liter wide-mouthed 
Pyrex Erlenmeyer flasks, using recently boiled distilled 
water and carefully standardized Solutions of lime and of 
arsenic acid nearly saturated with lime. Each flask was 
closed with a rubber stopper through which extended a 
glass stirrer fitted with a mercury seal to protect the solu­
tion from evaporation and from contact with atmospheric 
carbon dioxide. The stopper also carried a small stoppered 
tube for withdrawal of samples for analysis during the 
course of the run. The flasks were immersed to the neck 
in the 90° bath, clamped in place, and the stirrers con­
nected to a multiple stirring device which permitted the 
running of eight samples at one time. Most of the solids 
began to deposit only after the Solutions had been held for 
some time at 90°. Under these conditions, equilibrium 
was established very quickly. Analyses of the Solutions 
showed that no detectable changes occurred after the 
first few hours, but the samples were run for two to ten 
days before the final analysis. At the end of this period, 
most of the solids had begun to show a definite crystalline 
structure.

When the mixtures had reached a constant composition, 
they were removed from the bath and filtered rapidly by 
suction through a Büchner funnel. The filtration re­
quired about one minute, during which time the tempera­
ture of the solution dropped not more than 15-20°. No 
appreciable error was introduced by this procedure, since 
the composition of the filtered Solutions checked within the

Composition of solns.
T able I

Composition of solids Max. Compounds® Mol. ratio
% by wt. Mol. ratio ratio Ca0/As205 solid in solid CaO/AsaOe,

Expt. AS2O5 CaO CaO/AsäOs Wt. Mol. pptd., mg. phases calcd.
6 0 .001 0 .001 4 .1 2 0.843 3 .4 6 50 Basic -f- lime
6 .003 .002 2 .7 4 .814 3 .3 4 50 Basic 3 .3 3
5 .004 .002 2 .0 5 .802 3 .2 9 50 Basic
6 .007 .003 1.76 .794 3 .2 6 50 Basic
2 .008 .004 2 .0 5 .804 3 .3 0 50 Basic
4 .008 .003 1.54 .768 3 .1 6 50 Basic +  Tri
6 .010 .004 1.64 .751 3 .0 8 50 Tri 3 .0 0
5 .012 .005 1.71 .746 3 .0 6 50 Tri
6 .013 .006 1.89 .743 3 .0 5 50 Tri
6 .018 .007 1.60 .731 3 .0 0 100 Tri
4 .021 .007 1.37 .717 2 .9 4 100 Tri
6 .025 .010 1 .65 .731 3 .0 0 100 Tri
4 .031 .010 1 .33 .729 2 .9 9 100 Tri
4 .038 .013 1.41 .704 2 .8 9 100 Tri -f- Penta
4 .042 .015 1 .47 .604 2 .4 8 100 Penta 2 .5 0
3 .050 .018 1 .48 .597 2 .4 5 100 Penta
4 .055 .018 1 .34 .595 2 .4 4 100 Penta
4 .068 .022 1.33 .597 2 .4 5 100 Penta
3 .069 .022 1.31 .597 2 .4 5 100 Penta
3 .073 .023 1 .29 .607 2 .4 9 100 Penta
1 .082 .026 1 .30 .614 2 .5 2 500 Penta
1 .115 .034 1 .22 .619 2 .5 4 500 Penta
1 .134 .038 1 .17 .604 2 .4 8 500 Penta
1 .153 .044 1 .18 .561 2 .3 0 500 Penta +  Di
1 .156 .046 1.21 .497 2 .0 4 500 Di 2 .0 0
1 .177 .050 1 .16 .492 2 .0 2 500 Di
1 .241 .065 1.11 .500 2 .0 5 500 Di

a Empirical formulas: basic =  [Ca3(As04)2]3*Ca(OH)2; tri — Ca3(As04)2; penta — CastECAsO*)*; di = CaHAs04.
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analytical error with samples of the same Solutions pre- 
viously pipetted directly from the flasks during the course 
of the run. Following the iiltration, portions of the solu­
tion were cooled, weighed, and analyzed for calcium and 
arsenic. The solid was washed on the filter paper with 
small amounts of hot water, dissolved in 1:1 hydrochloric 
acid, made to volume, and suitable aliquots of this solution 
analyzed for calcium and arsenic. Because of the small 
quantity of the solid, no attempt was made to ’weigh it be­
fore analysis, but only the ratio of calcium oxide to arsenic 
oxide was determined.

Results and Discussion
The data obtained by the final procedure are 

presented in Table I, and plotted in Figs. 1 and 2.
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Fig. 1.

As shown in the table, the data are taken from 
the results of six different runs, only those samples 
being selected from each run which fulfilled the 
conditions of precipitating at 
90° and not at room tempera­
ture. The reproducibility of 
the results is shown by the 
fact that the ranges of each of 
the three more basic com­
pounds contain points from 
three different experiments.

The method of plotting 
used in Fig. 1 was employed 
for the identification of the 
compounds because the high 
dilution of all of the Solutions 
made it impossible to plot the 
compositions of both solids 
and Solutions to the same 
scale on a diagram such as 
that of Fig. 2.

The flat portion of the 
curve in Fig. 1 from the extreme right to the point 
A shows the existence of a compound 2CaO: AS2O5.

Although the data do not show the amount of 
water associated with any of the solid compounds, 
this composition corresponds to the dicalcium 
arsenate, CaHAsCV The curve as plotted shows 
only the extreme lower end of the range of this 
compound, which is stable in contact with Solu­
tions containing up to 27.5% arsenic oxide at 35°, 
according to Smith.5 All of the solids in this group 
showed a definitely crystalline structure under the 
microscope.

The flat portion AB corresponds to a penta- 
calcium compound 5CaO: 2As20 ö, which is another 
acid compound, the simplest empirical formula 

for which would be Ca&H2- 
(As04)4. S o far as the writers 
are aware, this compound has 
not previously been reported. 
An analogous compound is 
known among the calcium phos- 
phates, however, in the form of 
the mineral Martinite, Ca5H2- 
(PO/O4. The arsenate came out 
readily in the form of long, 
pointed needles, quite different 
in form from the crystals of di­
calcium arsenate. The solid 
obtained in the sample, which 
falls on the vertical portion of 

the curve at A (Fig. 1), showed distinct crystals 
of both types.

The flat portion BG indicates the compound

0.20 0.25

Fig. 2.

3CaO:As2Oö, or tricalcium arsenate, Cas(As0 4)2. 
The very narrow range of this compound accounts
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for the difficulty experienced by other workers in 
preparing pure samples. The solids in this group 
were largely amorphous, although several showed 
a few crystals which were quite definitely not 
similar to those of either of the acid compounds.

The portion CD is somewhat more uncertain 
than the other three, being extremely short. 
There is very little question, however, from these 
results and from the results of preparations which 
are discussed later, that this portion represents a 
definite basic compound, lOCaO: 3As20 5, which 
is the same as the compound [Ca3(As0 4)2]3-Ca- 
(OH)2 reported by Tartar et al.7 These solids ap­
peared almost entirely amorphous, with a slight 
indication in one or two cases of the incipient for­
mation of crystals.

The curve becomes vertical again at the point 
D, representing most probably a mixture of the 
basic compound with free lime. The points were 
not carried any farther up this curve, because the 
limitations of the analysis would not permit the 
identification of any further compounds if they 
existed, and because the etching of the flasks, 
which occurred in this region, would in any case 
make the results uncertain.

Figure 2 shows in more detail the general equi­
librium conditions in the system. The curve 
AB CD represents the compositions of Solutions 
in equilibrium with the various solid compounds. 
The letters A, B, C, and D represent the same 
points as in Fig. 1.

The diagram in Fig. 2 was used as the basis 
for a number of preparations of the different com­
pounds, which were made in order to check the 
validity of the curve, and to furnish larger quan­
tities of the pure compounds for a study of their 
properties. Small amounts of each of these 
preparations were made at 90°, but it was found 
more convenient for the larger amounts to be pre­
pared at 100°, assuming that the curve would not 
be widely different at that temperature. Samples 
of two or three grams were prepared by making 
up Solutions having a composition on the curve 
AB CD at about the center of the range of the 
compound sought, heating to boiling, and simul- 
taneously adding lime and arsenic acid Solutions 
in the proper proportions to form the compound, 
regulating the boiling and the rate of addition of 
the Solutions so that the total volume of the mix­
ture was kept constant. Little difficulty was ex­
perienced in obtaining products having the proper 
CaO/As20.5 ratios, Products were obtained hav­

ing the following molecular ratios: basic, 3.30, 
3.26; tri, 3.01, 3.00; penta, 2.49, 2.52; di, 2.00,
1.98. The actual percentages of the constituents 
varied somewhat, due to the fact that the prod­
ucts were rather amorphous in most cases, making 
it difficult to remove all of the mechanically com- 
bined water. Further attempts are being made 
to prepare completely crystalline samples of the 
compounds, on which accurate Chemical and 
physical data can be obtained.

Figure 2 also furnishes an explanation of the 
fact that preparations made by adding concen­
trated arsenic acid to a suspension of lime are not 
consistent in properties. Even though the final 
composition of the mixture may lie in the region 
corresponding to a mixture of the basic compound 
with free lime, temporary local concentrations of 
the acid may make possible the formation of ap- 
preciable amounts of the other compounds. The 
conversion of these compounds being very slow, 
considerable amounts of them may be left un- 
changed in the final product. Thus commercial 
calcium arsenates probably contain a mixture of 
several compounds depending on the conditions 
of precipitation.

It is apparent from the fourth column in Table 
I that the basic compound is the only one which 
can dissolve in water at 90° without hydrolysis. 
All of the Solutions in equilibrium with the other 
compounds have a lower ratio of lime to arsenic 
than the compounds themselves, as was noted by 
Smith5 in the case of dicalcium arsenate. The 
data are in agreement with Tartar’s7 observation 
that the basic salt is formed by hydrolysis of the 
tricalcium salt, but is unchanged by further treat­
ment with water. The di and penta salt should 
also be convertible to the basic by the same treat­
ment.

Acknowledgment.—The authors wish to ex­
press their appreciation to Dr. A. W. Avens for 
his assistance in much of the analytical work.

Summary
1. A study of the system Ca0 -As205-H 20  at 

90° has been carried out.
2. A technique has been developed which per- 

mitted rapid attainment of equilibrium in the 
system.

3. Four compounds have been identified: di­
calcium arsenate CaHAs04, pentacalcium arse­
nate CaöH2(As04)4, tricalcium arsenate Ca3(As04)2, 
basic calcium arsenate [Ca3(As04)2]3*Ca(0H)2.
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4. Application of the data to the prepara- has been discussed. 
tion of pure and commercial calcium arsenates G e n e v a , N . Y . R e c e iv e d  A pr il  11, 1936

[ CONTRIBUTION FROM THE CHEMICAL LABORATORY OF B aRNARD COLLEGE]

The Action of Light on Beta-Bromobenzalpyruvic Acid
B y M arie R eimer

The action of sunlight on the methyl ester of 
benzalpyruvic acid results in polymerization of 
the ester to cyclobutane derivatives1 as is the case 
with the cinnamic acids and many other ethylenic 
compounds. In a study of other unsaturated a~ 
ketonic acids, in this Laboratory, it has been 
found2 that benzalpyruvic acids in 
which methoxyl groups are substi- 
tuted in the nucleus are less affected 
by light than the unsubstituted ester.
The most active substance encountered is ß- 
bromobenzalpyruvic acid which is extraordinarily 
sensitive to light. The present paper describes 
results so far obtained in the study of this light 
reaction.

When a colorless solution of ß-bromobenzal- 
pyruvic acid in benzene is allowed to stand in the 
diffused light of the laboratory it takes on a yellow 
color and, after two to three days, has become a 
brilliant lemon yellow. This color change does 
not take place in the dark.

On exposure of this yellow solution in thin 
layers to the direct sunlight the color fades 
quickly and the solution remains colorless for 
hours if kept in the direct rays of the sun. As 
soon as it is removed from the sunlight the yellow 
color reappears. The change from a yellow to a 
colorless solution in direct sunlight and from 
colorless to yellow in diffused light is rapid and can 
be repeated many times. The solution is so sen­
sitive to the difference in intensity of the light 
that moving it a few cm. out of the direct rays is 
sufficiënt to bring back the yellow color and even 
the passing of a cloud over the sun has the same 
effect. After several hours of exposure a white 
crystalline substance begins to separate on the 
walls of the containing vessel. This is a dimeric 
form of ß-bromobenzalpyruvic acid. The filtered 
solution, colorless after a day of exposure to the 
sunlight, becomes brilliantly yellow overnight.

(1) Reimer, T h is  J o u r n a l , 46, 783 (1924).
(2) Reimer and Kamerling, ibid., 65, 4643 (1933); Reimer, Tob in 

and Schaffner, ibid., 57, 211 (1935).

This yellow intermediate compound is, in all 
probability, a geometrical isomer of the original 
acid which fornis an equilibrium mixture with that 
acid in diffused light. The effect of light on ß- 
bromobenzalpyruvic acid is then, in part, as 
follows

The cause of the rapid change in color of the 
solution as it is moved into and out of the direct 
rays of the sun is evidently the difference in rate 
of polymerization in bright and in diffused light, 
the speed of polymerization outstripping that of 
isomerization in bright light but falling far be- 
hind it in diffused light, a sensitivity to difference 
of light intensity recalling that of lactoflavine, 
recently described.3

If the tubes used for exposure are tightly stop- 
pered another effect of light becomes apparent in 
the formation of a volatile substance which, as 
soon as it has saturated the benzene solution, 
changes the course of the reaction. This sub­
stance was found to be hydrogen bromide formed 
evidently by photodecomposition of some of the 
bromine compounds present. In its presence 
there is no appearance of the yellow compound, 
the polymer is formed in but small quantity, much 
of the original acid being recovered unchanged. 
The solution slowly takes on a brown color due to 
formation of decomposition products. When the 
tubes are-left  open to the air, so that the hydrogen 
bromide escapes, there is no evidence of such 
products until the solution has been exposed for 
severai wcck». m c luxuciiuciö uöcu were at tirst 
loosely stoppered to allow the escape of this gas 
but, as it was found that the Solutions were sensi­
tive to the oxygen of the air, later experiments 
were conducted in an atmosphere of nitrogen. The 
best yields of polymer were obtained in this way.

(3) Karrer, Köbner, Salomon and Zeherider, Helv, Chini. Acta, 
18, 270 (1935),

-------- ----------- ----- In diffused light-----------------------—,
CeHßCH—CBrCOCOOH intermediate compound < > polymer 

(colorless) (yellow) (colorless)
'-------------------------------------In bright light------------------------------- ——
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The yellow Solutions, saturated with nitrogen 
and exposed to bright sunlight with a stream of 
nitrogen running through, rapidly lost their 
yellow color. The polymeric compound was de­
posited in yields of 75 to 80%. The characteris- 
tics of this compound are like those of the sub­
stance formed from the unsubstituted benzalpy­
ruvic ester in the sunlight1 which has been proved 
to be a cyclobutane derivative. If these two re­
actions are, indeed, analogous, exposure to the 
light of the unsaturated bromo acid without a sol­
vent would be expected to give directly a poly­
meric product, without the intermediate forma­
tion of an isomer, which should then be different 
from the polymer obtained from benzene solution. 
This has been found to be the case. On exposure 
of bromobenzalpyruvic acid to the sunlight with­
out solvent, there is no change in color. The 
crystalline acid slowly crumbles to a fine powder 
from which there can be separated, in small quan- 
tity, a crystalline dimeric compound isomeric with 
the one obtained in benzene solution. The space 
relation of these isomeric polymers is still under 
investigation.

When freshly prepared, colorless Solutions of 
ß-bromobenzalpyruvic acid were exposed to 
bright sunlight with a stream of dry oxygen run­
ning through the solution, they took on a brown- 
ish-yellow color almost at once, a color which did 
not fade at all in the light, and a pale brownish 
solid was deposited slowly. This is a mixture, 
the chief components of which are the dimer, ob­
tained previously from benzene solution, melt­
ing at 201°, and a bromo acid melting at 109°. 
This acid has the formula CioH804Br2, differing 
from the original unsaturated bromo acid, Ci0H7- 
OgBr, by the elements of hypobromous acid. It 
is evidently formed in the oxidizing mixture by the 
addition of hypobromous acid to the unsaturated 
acid as it can be readily obtained by suspending 
^-bromobenzalpyruvic acid in water and drawing 
bromine vapor through the liquid. It is the pres­
ence of this bromo acid (109°) that gives the 
brownish-yellow color to the solution.

The most interesting product of the action of 
light on ß-bromobenzalpyruvic acid appeared 
after the experiments had been in progress for 
some time when the solvent was benzene from 
another source than that previously used. The 
yellow Solutions, in tubes open to the air, began 
to deposit colorless crystals with a brilliant pearly 
luster almost immediately on exposure to the sun­

light. After several hours the solution became 
slightly cloudy and the polymeric compound 
(201°) was slowly deposited. In many repeti- 
tions of this experiment the Separation of the 
shining solid began within a few seconds of expo­
sure to the sunlight and stopped abruptly after 
several hours. The fact that this compound had 
not been obtained when benzene from another 
source was used as a solvent and that its forma­
tion stopped completely after a limited time sug- 
gested that it was a product of reaction of the 
unsaturated acid with some foreign substance in 
the benzene. On investigation the benzene was 
found to contain moisture; after its removal the 
reaction proceeded as previously described. The 
new compound is, therefore, a hydrolytic product. 
It is a saturated acid free from bromine, fairly 
soluble in cold water, melting with vigorous de­
composition at 134°. It has the formula CioH iqOö. 
Oxidation of a dilute solution of the sodium salt 
of the acid with hydrogen peroxide gave two 
soluble products which were proved to be man- 
delic and oxalic acids. The properties of the 
substance and these two products of oxidation 
suggest that the compound CioHioOe is an hy- 
droxy acid, C6H5CH0HC0C0C00H-H20. The 
acid, however, is colorless and it does not lose 
water on standing for many weeks over sulfuric 
acid. Because of these facts and because the 
ketone groups in such a compound would be 
highly activated, more probable structures would 
be C6HöCHOHCOC(OH)2COOH or C6H5CHOHC- 
(OH)2COCOOH. That there are two hydroxyl 
groups attached to neighboring carbon atoms and 
the second of these formulas therefore correct is 
shown by the behavior of the acid toward the 
Criegee4 reagent; when treated with lead tetra- 
acetate, benzaldehyde is formed immediately.

It is to be expected that an acid of this Constitu­
tion could be obtained from ß-bromobenzalpyruvic 
acid by oxidation and hydrolysis at the double link- 
age and subsequent hydrolysis of the bromine atom 
and it has, in fact, been found possible to repro- 
duce the light reaction by use of potassium per­
manganate under carefully controlled conditions. 
The products of this reaction were the bromo acid 
(109°), mandelic and oxalic acids and a 35 to 40% 
yield of the hydroxy acid. The possibility of pre­
paring from this acid compounds with several 
highly activat ed groups makes it of more than usual 
interest. These experiments are now in progress.

(4) Criegee, Ber., 64, 260 (1931).
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It is evident, from the foregoing account, that 
the products formed by action of light on ß- 
bromobenzalpyruvic acid are determined by the 
conditions of the reaction. The acid, exposed to 
light in the solid condition, is very slowly poly- 
merized to a dimeric form. In benzene solution 
it changes fairly rapidly to a yellow compound, 
probably a geometrical isomer, which in bright 
sunlight is transformed into a colorless, isomeric 
diamer. In the presence of oxygen the chief prod­
ucts obtained from the benzene solution are this 
same diamer and a bromo acid formed by addi­
tion of hypobromous acid to the original unsatu­
rated acid. If moisture as well as oxygen is 
present, an hydroxy acid, C6H5CHOHC(OH)2- 
COCOOH, separates rapidly from the benzene 
solution on exposure to the light. Such a light 
reaction, resulting in the addition of two hydroxyl 
groups to an ethylenic linkage, was postulated 
by Ciamician5 to account for the final products 
obtained by him from the mixture of substances 
formed by action of light on methylheptenone 
but the compound was not isolated. A parallel 
behavior, “hydroxylation” at the double linkage, 
has recently been suggested6 to account for the 
formation of azafrin in the escobedia plant and 
mentioned as a possible first step in the change of 
ß-carotene to vitamin A. Certainly the com­
pound here described is the result of photochemi- 
cal “hydroxylation” in the presence of moisture 
and oxygen of the air.

Experimental Part
Beta-bromobenzalpyruvic acid was obtained as pre­

viously described1 from benzalpyruvic acid prepared by a 
later method.7 The pure bromo acid in saturated benzene 
solution was exposed to bright sunlight in quartz test-tubes 
or flasks fitted with grooved stoppers so that the hydrogen 
bromide, that had been found to block the reaction, could 
escape. The intermediate yellow compound, under these 
conditions, changed to the polymer as fast as it was formed. 
On moving the solution out of the direct rays of the sun, 
the yellow color became apparent. After several hours of 
exposure, fine crystals of the polymeric compound began to 
separate. These were filtered out at frequent intervals. 
After about two weeks of exposure there was no further 
Separation of this compound. The benzene filtrates, now 
of a pale browiiish color, contain a complex mixture of 
material from which benzoic and oxalic acids, an uniden- 
tified bromo acid and a tarry residue have been obtained. 
When dry nitrogen was passed through the Solutions during 
exposure the yield of polymeric compound was increased 
from about 50 to nearly 80%.

(5) Ciamician and Silber, Ber., 46, 3077 (1913).
(6) Kuhn and Brockmann, Ann., 516, 111 (1935).
(7) Reimer, T h is  J o u r n a l , 53, 3147 (1931).

The solid polymer, washed with benzene, separates 
slowly from methyl alcohol in large, brilliant, clear, rhom- 
bic crystals which rapidly become opaque on exposure to 
the air. The pure substance melts with vigorous decom­
position at 201°. It is readily soluble in acetone, fairly 
soluble in ether and in boiling methyl alcohol, insoluble in 
benzene, chloroform and ligroin.

Anal. Clear crystals: Calcd. for C2oHi40eBr2-2CH3OH: 
C, 45.99; H, 3.83. Found: C, 45.51; H, 3.66. Opaque 
crystals: Calcd. for C2oHi406Br2: C, 47.06; H, 2.74.
Found: C, 47.03; H, 2.56.

The compound decomposes to give yellow Solutions on 
long heating in organic solvents and, in the dry condition in 
the light, it takes on also a yellow color.

All attempts to replace the bromine atoms with hydrogen 
or to eliminate the bromine atoms so that the compound 
could then be reduced in the hope of obtaining one of the 
unsubstituted cyclobutane acids formerly prepared1 have 
been unsuccessful. The acid is either not attacked at 
all by the reagents used or suffers deep-seated decompo­
sition. It is interesting to find that Stoermer in his latest 
work on cyclobutane acids8 has met with the same diffi­
culty in the case of a brominated y-truxillic acid.

The methyl ester of the acid could not be prepared by 
the action of methyl alcohol, saturated with hydrogen 
chloride, but was readily formed by action of diazo­
methane. The ester is very slightly soluble in ether and 
alcohols, more readily in acetone and benzene. It sepa­
rates from boiling methyl alcohol in colorless prisms melt­
ing at 212° with slow decomposition above the melting 
point.

Anal. Calcd. for C22Hi806Br2: C, 49.07; H, 3.34; mol. 
wt., 538. Found: C, 49.08; H, 3.29; mol. wt. (Rast), 526.

The ester does not decompose on long boiling with 
methyl alcohol nor in the light but Solutions in benzene turn 
yellow slowly on heating. It is extremely resistant to 
saponification. This same ester can be prepared by ex- 
posing methyl ß-bromobenzalpyruvate to sunlight in ben­
zene solution.9

When finely ground crystals of /3-bromobenzalpyruvic 
acid were exposed to the sunlight without solvent they 
crumbled slowly to a fine powder, strongly triboelectric. 
After two to three months’ exposure, the mass was ex­
tracted repeatedly with small quantities of boiling benzene 
from which the original unsaturated acid crystallized on 
cooling. The small amount of residue, not soluble in ben­
zene, was a colorless acid which separated from boiling 
methyl alcohol in stocky needles melting with decompo­
sition at 285°. The acid does not crystallize with methyl 
alcohol. It is readily soluble in boiling benzene and in 
ether.

Anal. Calcd. for C2oHi406Br2: C, 47.06; H, 2.74; mol. 
wt., 510. Found: C, 47.47; FI, 3.17; mol. wt. (Rast), 468.

The methyl ester was prepared with diazomethane in the

(8) Stoermer and Stroh, Ber., 68, 2102 (1935).
(9) The methyl ester of bromobenzalpyruvic acid previously pre­

pared10 was described as an oil. The oil is evidently a mixture of iso- 
mers as the ester obtained by action of diazomethane on the mono- 
bromo acid crystallizes from diluted methyl alcohol in shining plates 
melting at 62°. Anal. Calcd. for CuHgOsBr: C, 49.07; H, 3.34. 
Found: C, 49.05; H, 3.19.

(10) Reimer, T h is  J o u r n a l , 48, 2454 (1926).



July, 1936 The Action of Light on ^-Bromobenzalpyruvic Acid 1 1 1 1

usual manner. It crystallizes from methyl alcohol in fine, 
shining colorless needles melting at 233-234°.

Anal. Calcd. for C22Hi80 6Br2: . C, 49.06; H, 3.34. 
Found: C, 48.95; H, 3.60.

a-Keto-/?,ß,7-trihydroxy-Y-phenylbutyric Acid, C6H5- 
CHOHC(OH)2COCOOH.—This acid, obtained when ben­
zene containing a tracé of moisture was used as solvent in 
the light reactions, separated from solution in small plate- 
like crystals which are conspicuous because of their bril- 
liant pearly luster. It was purified by repeated extrac­
tion with boiling benzene, the residue then dissolved in the 
smallest possible quantity of dioxane, in which it is readily 
soluble, and double the volume of benzene added. The 
acid separates in fine needles melting with vigorous de­
composition at 134°. It is readily soluble in alcohols and 
acetone, fairly soluble in water.

Anal. Calcd. for CioHio0 6: C, 53.09; H, 4.42; mol. wt., 
226. Found: C, 53.26; 53.38; H, 4.47; 4.42; mol. wt., 
232.

Proof of Structure.—To one-half gram of the acid in the 
calculated quantity of dilute sodium carbonate solution, 10 
cc. of hydrogen peroxide (13 vol.) was added. After 
twenty-four hours the solution was acidified, extracted 
with ether, the ether evaporated and the residue crystal­
lized repeatedly from boiling benzene. Clear needles 
separated which rapidly became opaque in the air and then 
melted at 118°. These properties indicated mandelic acid 
and this was confirmed by a mixed melting point with an 
authentic sample. The crystals left from evaporation of 
the residual aqueous solution were identified as oxalic acid.

These two products proved that the groups C6H6CH- 
OHC— and —COCOOH were present in the molecule. The 
proof that there are two hydroxyl groups attached to neigh- 
boring carbon atoms and that the formula of the acid is, 
therefore, C6H5CHOHC(OH)2COCOOH, was obtained by 
oxidation with lead tetraacetate prepared according to the 
directions of Dimroth.11 After half an hour, steam was 
passed through the reaction mixture which smelled 
strongly of benzaldehyde. p-Nitrophenylhydrazine added 
to the distillate gave a brick red solid which, after crystal- 
lization from glacial acetic acid, melted at 192-194° alone 
and when mixed with a sample of the ^-nitrophenylhydra- 
zone prepared from pure benzaldehyde.

As the yields of the hydroxy acid were small, rarely 
more than 5%, attempts were made to obtain it in larger 
quantity. The obvious procedure of adding more water 
to the benzene before exposure was not satisfactory; if 
but a small excess of water was added, the hydrate of bro­
mobenzalpyruvic acid crystallized out and the reaction 
stopped. By passing moist oxygen through the benzene 
solution, however, the yields of hydroxy acid were increased 
to 10 to 12%. After this acid had crystallized out, a mixture 
of solids slowly formed from which have been separated 
the dimeric compound (201°), unchanged /3-bromobenzal­
pyruvic acid, mandelic acid and the bromo acid (109°).

Synthesis.—Four grams of /3-bromobenzalpyruvic acid 
was dissolved in a mixture of 130 cc. of acetone and 30 cc.

(11) Dimroth, Friedemann and Kämmerer, Ber., 53, 485 (1920).

of water and a few drops of sulfuric acid. A solution of 
1 g. of potassium permanganate in 200 cc. of acetone was 
added slowly, the mixture mechanically stirred, and kept at 
a temperature of 0 to —3°. Small amounts of dilute 
sulfuric acid were added as needed to keep the solution 
faintly acid. The oxidation required two and one-hälf 
hours. After spontaneous evaporation of the acetone 
there remained about 12 cc. of water and a mixture of 
crystalline solids, which were washed with a very little 
cold water and driéd over sulfuric acid for forty-eight hours. 
The mixture, 3,5 g., was then repeatedly extracted with 
5-cc. portions of hot benzene. The shining residue, not 
soluble in benzene, was the pure hydroxy acid (134 °). A 
further small amount was deposited from the benzene ex- 
tracts as they cooled. The yield in all was 1.3 g. (36%). 
Ön standing the yellow benzene Solutions deposited slowly 
clear shining crystals of the bromo acid, melting at 109°, 
described below. From the aqueous filtrate 0.34 g. of 
mandelic acid and 0.2 g. of oxalic acid were obtained, 
showing that about one-half of the unsaturated acid was 
oxidized and hydrolyzed to the hydroxy acid and that 
about one-fourth of this product was oxidized further to 
mandelic and oxalic acids.

The hydrogen bromide formed by the hydrolysis was 
evidently oxidized in the permanganate solution to hypo­
bromous acid which formed an addition product with part 
of the unsaturated acid.

Hydrated Dibromohydroxybenzylpyruvic Acid, C6H5CH- 
BrCBr0HC0C00H H20  or C6H5CHOHCBr2COCOOH- 
H20 .—This acid was synthesized in quantitative yield 
as follows: 5 g. of /3-bromobenzalpyruvic acid was sus- 
pended in 400 cc. of water, the mixture cooled with ice 
and 3 g. of bromine vapor drawn through slowly with a 
current of air. The bromine was at first rapidly decolor- 
ized, then more slowly, and a pure white granulär solid 
separated. The compound can also be prepared by drop­
ping bromine into a cooled, aqueous suspension of the un­
saturated acid. The substance crystallizes from benzene 
in clear fine needles melting to an opaque liquid at about 
107°, to a clear liquid at 109°. It is readily dehydrated 
over sulfuric acid.

Anal. Calcd. for CioHsOiBra-HaO: C, 32.43; H, 2.70. 
Found: C, 32.58, 32.73; H, 2.78, 2.63. Calcd. for
CioH80 4Br2: C, 34.09; H, 2.27. Found: C, 34.18; H, 
2.61.

When benzene Solutions of the acid are heated or left 
standing in the air they take on the deep brownish-yellow 
color characteristic of benzene Solutions of /3-bromobenzal­
pyruvic acid exposed to light in the presence of oxygen.

Summary
The action of light on ß-bromobenzalpyruvie 

acid results in products difïering according to the 
conditions of the reaction. Two isomeric diamers, 
a hydrated bromo acid and a trihydroxy ketonie 
acid are here described.
N ew York, N. Y. R eceived April 21, 1936
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Exhaustive Chlorination of a Bituminous Coal
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Further support of the concept that coal is es­
sentially benzenoid1 in character was sought by 
subjecting a bituminous coal from the Pittsburgh 
seam, Edenborn Mine, to exhaustive chlorination 
in antimony pentachloride, this reaction couvert- 
ing aliphatic substances to carbon tetrachloride 
and hexachloroethane while removing only the 
side chains of benzenoid substances, leaving the 
ring structures intact.2

The coal, suspended in carbon tetrachloride at 
76°, in phosphorus oxychloride at 107°, stannic 
chloride at 114°, and antimony pentachloride at 
100, 150, 200 and 400°, was treated with chlorine. 
The reaction in the first three media did not pro- 
ceed so far as in the antimony pentachloride. and 
the data obtained are not reported herein. About 
10% of the reaction product in antimony penta­
chloride at 200° was volatilized easily and con- 
sisted of carbon tetrachloride, hexachloroethane 
and hexachlorobenzene. The non-volatile resi­
due was too complex for identification. Elemen- 
tary balances were made of both the volatile and 
non-volatile products.

Experimental
A sample of 200 mesh coal, dried in vacuo at 105° to 

constant weight and weighing about 7 g., was placed in a 
reaction flask connected with a trap cooled with dry ice and 
50 cc. of antimony pentachloride added. Chlorine was led 
through the apparatus at the rate of about 3 cc. per minute 
while the temperature was maintained at the desired point 
by a furnace with automatic temperature control. As the 
chlorination proceeded volatile products were Condensed 
in the trap.

At the conclusion of the chlorination the apparatus was 
disconnected and the trap allowed to warm up to 10° so as 
to evaporate the chlorine that had Condensed there. 
Water was then added slowly and with good cooling to 
hydrolyze the antimony pentachloride that had Condensed 
in the trap.

The volatile contents of the trap were then swept 
through a combustion train by means of a current of oxy­
gen. Cerium dioxide on silica gel served as the combus- 
tion catalyst; it was followed by a layer of silver wool to 
remove halogens.

The non-volatile portion of the reaction product was 
treated in a Soxhlet extractor with 20% hydrochloric acid

(1) W. A. Bone, L. Horton and A. Ward, Proc. Roy. Soc. (Lon­
don), 127A, 508 (1930).

(2) G. Ruoiï, Ber., 9, 1483 (1876); V. Merz and W. Weilli, ibid.,
16, 2870 (1883) ; F. Hartmann, ibid., 24, 1025 (1891); A. Eckert and
K. Steiner, Monatsh., 36, 175 (1915).

for six days in order to remove antimony, and then dried 
in vacuo over phosphorus pentoxide at room temperature.

Microelementary analyses of these non-volatile residues 
were made. The samples still contained enough antimony 
to vitiate the carbon-hydrogen determinations when the 
usual combustion tube filling was used. It was found 
possible, however, to adapt the red lead filling used to re- 
tain arsenic in macrocombustions3 so that correct analyses 
were obtained on organic compounds containing antimony.4

Results and Discussion
Data are summarized in Table I in the form of 

elementary balances for the various experiments 
performed.

The criteria for following the extent of chlorina­
tion with time and temperature were the values 
for non-volatile chlorinated residue, for the car­
bon content of the volatile products, and the chlo­
rine and hydrogen contents of the residue. The 
amount of non-volatile residue showed no signifi­
cant change in the various experiments but the 
carbon in the volatile products increased greatly 
as the temperature rose from 100 to 150 to 
200°, then increased but slightly as the time at 
200° increased from one to four to six days. The 
rate of increase of chlorine content and decrease 
of hydrogen content with time and temperature 
feil off abruptly at the four-day 200° chlorina­
tion. Apparently the coal was exhaustively 
chlorinated after four to six days' chlorination at 
200° .

As a further test of the extent of the chlorina­
tion one-half of a sample of coal chlorinated for 
six days at 200° without driving off the volatile re­
action products was reheated with antimony 
pentachloride in a sealed tube at 400° for four 
days. Both halves of the sample were then ex­
tracted for twelve hours each, successively, with 
ether, chloroform and chlorobenzene, in a Soxhlet. 
Both products showed practically the same solu­
bility, indicating that the chlorination at 200° had 
been nearly complete. The ether removed 21%, 
the chloroform 22% and the chlorobenzene 18%, 
leaving an insoluble residue of 89%. Analyses 
and empirical formulas for the fractions from the 
material chlorinated at 200° only are given in 
Table II. The empirical formulas are calculated

(3) M. Falkov and G. W. Raiziss, T h is  J o u r n a l , 45, 998 (1923).
(4) F. C. Silbert, unpublished.
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T a b l e  I
E l em en ta r y  B a l a n c e s  of C h l o r in a t e d  P r o d u c ts  

Grams per 100 Grams of Coal
Non-volatile
chlorinated -------------------C

In product from 
chlorination for

residue per 
100 g. coal, g.

In
residue

In
volatile Total H O N S Cl Ash

(Original coal) 77.4 5.32 6.95 1.36 0.87 8.12
4 days—100° (2)“ 176 71.2 0.86 72.1 2.92 21.1 1.48 1.02 71.9 6 .44
4 days—150° (2) 185 71.6 2.1 73.7 2.32 19.7 1.70 0.87 81.2 6 .98
1 day—200° (1) 172 69.6 3.6 73.2 2.08 13.1 1.60 0.29 78.8 6.55
4 days—200° (3) 177 66.3 3.8 70.1 1.86 15.6 1.65 0.64 86.1 4.96
6 days—200° (2) 181 67.2 4.0 71.2 2.54 11.1 2.00 1.05 88.7 6.29

Figures in parentheses refer to number of experiments; the values given in the table are averages.

T a b le  II
S o l v en t  F r a c tio n a tio n  of C oal Ch l o r in a t e d  a t  200° fo r  S i x  D a y s

C H Cl N s O
(ash free) Empirical formula

Ether soluble 38.97 1.89 48.20 0.64 0.39 9.91 CÄ^CU.sCOH),.,
CHCls soluble 38.76 0.89 50.94 .94 .37 8.10 CoHo.yCls^OH)» 9
CeHßCl soluble 44.66 1.11 44.68 1.14 .63 7.78 CeHi.oCl2.i(OH)0.8
Residue 43.65 1.46 36.61 1.10 .36 16.82 C.Ho.sClj^OH),.,

arbitrarily on the basis of six carbon atoms and 
the oxygen is assumed to be hydroxyl oxygen.

The mean molecular weights of these fractions 
were determined cryoscopically in catechol by 
the method of Smith and Howard5 but the re­
sults were not sufficiently reproducible to indicate 
more than the order of magnitude. The three 
soluble fractions gave values from 130 to 190; 
the insoluble residue gave values from 230 to 270. 
These values were too low to be consistent with 
the physical behavior of the substances and it 
may have been that the substances underwent a 
dissociation similar to that reported by the above 
authors for humic acids.

The ether soluble fraction was light brown in 
color. When heated considerable amounts of 
hexachlorobenzene sublimed off and then the 
material charred with evolution of hydrogen chlo­
ride. The ratio of carbon to attached substitu- 
ents was nearly one to one, indicating the ab­
sence of appreciable amounts of Condensed ring 
structure in this fraction.

The chloroform and chlorobenzene soluble frac­
tions and the residue were black and infusible, 
losing hydrogen chloride on heating. The ratio 
of carbon to attached substituents was approxi- 
mately 6 to 4 in each fraction, indicating the pres­
ence of a preponderance of Condensed ring struc­
ture.

The fraction of each of the constituent de­
ments of the coal which make up the stable ring 
structures as represented by the non-volatile

residues from the 200° chlorinations may be ob­
tained from the elementary balances in Table I.

The carbon balances show that the non-vola­
tile residue accounted for 85% of the carbon of 
the original coal. Approximately 5% was ac­
counted for in the volatile reaction products which 
consisted wholly of carbon tetrachloride, hexa­
chloroethane and hexachlorobenzene, while 10% 
was unaccounted for. The 10% was probably 
lost as carbon dioxide. The results indicate that 
approximately 85% of the carbon of this coal is 
present in a large, Condensed ring structure not 
destroyed by chlorination, the other 15% being 
present in side chains or ring structures broken by 
chlorination.

The values for hydrogen were erratic; the non- 
volatile residue contained approximately 35-50% 
of the hydrogen present in the original coal. As- 
suming that the increase in the oxygen content of 
the residue was due to replacement of chlorine by 
hydroxyl during the hydrochloric acid extraction 
and correcting for the hydrogen thus introduced, 
the hydrogen content of the residue before ex­
traction was approximately 25-40% of that of 
the original coal. The 60-75% hydrogen not ac­
counted for in the non-volatile residue is probably 
not entirely peripheral hydrogen6 but includes such 
nuclear hydrogen as has undergone reaction.

The nitrogen balances show that the chlori­
nated residues contained more nitrogen than the 
original coal, the excess having increased with in­
creased chlorination until it amounted to 50%.

(5) R. C. Smith and H. C. Howard, This Journal, 57, 512 (1935). (6) A. Eccles, G. H. Kenyon and A. McCulloch, F u e l ,  10, 6 (1931).
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The nitrogen could not be traced to the reagents 
or to the small amount (<0.5%) of antimony in 
the residue. It is possible that the chlorination 
alters the nature of the nitrogen bonds in the coal 
so that nitrogen, previously inert to the Kjeldahl 
reagents, becomes susceptible to conversion to 
ammonium sulfate. It was observed that the 
chlorinated residue went into solution during the 
Kjeldahl digestion much more readily than the 
original coal. The presence of the total original 
nitrogen of the coal in the non-volatile chlorinated 
residue is in agreement with the findings of Heath- 
coat and Wheeler7 and would indicate that the 
nitrogen is an integral part of the stable ring struc­
ture of coal.

Thé sulfur balances, although the values are 
erratic, show a trend toward less sulfur in the 
more highly chlorinated residues. It is possible 
that the antimony in the residue caused some 
error in the microanalyses, which were done by 
combustion in oxygen.

The oxygen balances show that the residues 
from the mildest chlorinations contained three- 
fold the amount of oxygen contained in the origi­
nal coal. The oxygen content decreased uni- 
formly as the time and temperature of chlorina­
tion increased, until it was only 1.5 times that of 
the original coal. The increase in oxygen is prob­
ably due to hydrolysis during the hydrochloric 
acid extraction. In the earlier stages of chlorina­
tion the amount of chlorine susceptible to hydroly­
sis would be greatest, diminishing with increased 
temperature and time of chlorination due to 
Splitting out as hydrogen chloride.

The chlorine balances show that the non-volatile 
residues from the four- and six-day chlorinations 
at 200° contained approximately 50% chlorine.

The ash content of the coal has been lowered 
somewhat, probably as much the result of the hy­
drochloric acid extraction as of the chlorination.

(7) F. Hcathcoat and R. V. Wheeler, J. Chem. Soc., 2839 (1932).
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Summary
Coal has been chlorinated exhaustively with 

chlorine and antimony pentachloride for six days 
at 200°. Additional chlorination at 400° for 
four days did not materially increase the break­
down of the coal substance. The volatile reac­
tion products obtained at 200° consisted of car­
bon tetrachloride, hexachloroethane and hexa­
chlorobenzene, and contained only about 5% of 
the carbon of the original coal. This 5% and 
an additional 10% unaecounted for were prob­
ably formed from the peripheral material of the 
coal substance.

The non-volatile residue is considered to origi­
nale from the stable nuclei of the coal substance. 
Elementary balances showed that the residue con­
tained: (1) 85% of the carbon of the original coal,
(2) 40% of the hydrogen of the original coal, (3) 
an excess of 50% nitrogen over that of the original 
eoal, (4) approximately double the oxygen of the 
original coal due to hydrolysis of the more active 
chlorine atoms, and (5) a ratio of carbon to at­
tached substituents that indicates a Condensed 
ring structure.

The residue was separated into ether, chloro­
form and chlorobenzene soluble fractions; each 
showed a mean molecular weight (cryoscopic in 
catechol) of approximately 160; the insoluble 
residue which remained had a mean molecular 
weight of about 250.

From these data it may be concluded that ap­
proximately 85% of the carbon of a bituminous 
coal from the Pittsburgh seam is part of a large 
Condensed ring system of which the nitrogen in 
the coal is probably an integral part.
P it t sb u r g h , P a . R e c e iv e d  F e b r u a r y  12, 1936
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[CONTRIBUTION FROM THE CHEMISTRY DEPARTMENT, S t . P e TER’S COLLEGE]

The Catalytic Properties of Charcoal. I. “Peroxidase” Activity

B y  Claude S chwob

Active charcoal has been found to influence the 
oxidation of uracil by hydrogen peroxide in a pe- 
culiar way. In the absence of charcoal this py- 
rimidine is completely oxidized at 95°, in its pres­
ence the isolation of several intermediate products 
of biological importance is possible.1 This action 
is not strictly analogous to the catalysis of some 
oxidative reactions by peroxidases, but it sug- 
gested an investigation of the behavior of active 
charcoal in some reactions commonly used to 
evaluate the activity of peroxidases.

The charcoal used in this investigation was one 
known to modify the uracil oxidation as above.2 
Although all charcoals tested in this Laboratory 
gave the usual qualitative tests for peroxidases, 
this one was chosen because of its neutrality, that 
is, it did not change the pH of buffer Solutions in 
several hours, thus permitting work at constant 
£H.2 However, there is no reason to suspect 
that, in other respects, the other charcoals would 
not behave very much as this one.

The first test used was the indophenol reaction, 
recently applied to peroxidases.3 The indophenol 
produced was found to be strongly adsorbed by 
the charcoal, so that the latter and the filtrate 
were analyzed separately. Figure 1 shows the 
amount of indophenol formed in various times. 
For the present, we have no explanation to offer 
for the shape of the curves. The oxygen evolved 
during the reaction, due to the “catalase” action 
of the charcoal, was measured and gave a perfectly 
smooth curve when plotted against time. The be­
havior of the curve showing the amount of indo­
phenol in the filtrate leads to interesting specula- 
tion. One of the hypotheses still under consid- 
eration, but still to receive experimental support, 
is that some of the charcoal had been reduced to 
colloidal size, and that, under the conditions of the 
experiments, this colloidal part underwent oxida­
tion by the peroxide after one-half minute. We 
have observed the destruction of charcoal in colloi­
dal solution at 60°, but not at room temperature 
with sufficiënt velocity to account for the rapidity 
of the disappearance of the indophenol from the

(1) Schwob and Cerecedo, T h is  J o u r n a l , 56, 2771 (1934).
(2) Schwob, Dissertation, Fordham University, 1933.
(3) Guthrie, T h is  J o u r n a l , 53, 242 (1931); Pack, Ind. Eng. 

Chem., Anal. Ed., 6, 170 (1934).

filtrate. It may be, however, that the other com- 
ponents of the reaction mixture are a factor af- 
fecting this speed. The oxidation by hydrogen 
peroxide of indophenol adsorbed on charcoal has 
never been observed by us. I t seems possible 
that the colloidal charcoal is destroyed and that 
the indophenol thus liberated by loss of its adsorb- 
ent is then adsorbed by the “massive’’ particles 
of charcoal. This transfer of indophenol would 
explain the fact that the additive curve shows no 
discontinuity at this point (curve 3, Fig. 1).

Minutes.
Fig. 1.—Curve 1, indophenol in the fil­

trate; curve 2, indophenol obtained from 
the charcoal. The amount remains con­
stant at 0.20 =*= 0.02 mg. from seven to at 
least forty minutes. Curve 3, total 
amount of indophenol obtained.

Colloidal charcoal was next tested by means of 
this same reaction. In the literature we were 
unable to find a method for the preparation of a 
colloidal solution of active charcoal. Von Wei- 
marn’s procedure4 for obtaining sols of various 
substances by means of hand grinding with solid 
diluents was adapted to the problem in hand. 
We were aided in this preparation by the fact 
that charcoal sols, like some sulfur sols, seem to 
belong to the intermediate dass of hydrosols, and 
are somewhat reversible. In fact, although the

(4) Alexander, "Colloid C h e m istr y ,The Chemical Catalog Co., 
New York City, 1926, Vol. I, p. 660.
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colloidal properties of the charcoal sols so ob­
tained have not as yet been fully ascertained, they 
are apparently similar to those of sulfur sols.

The behavior of this charcoal sol in catalyzing 
the formation of indophenol is shown in Fig. 2.

Minutes.
Fig. 2.—Curve 1, amount of indophenol obtained 

with charcoal hydrosol. For portion in dotted line 
see text. Curve 2, result obtained when the sol is re- 
placed by distilled water.

No break in the curve, due perhaps to the de- 
struction of the charcoal micelles, is apparent. 
A slight irregularity did show up in three of the 
five runs, the results of which have been averaged 
to give Fig. 2. These irregulärities, however, 
were apt to cancel out in averaging, although if 
the average curve is redrawn as shown by the 
dotted line it assumes a form similar to, but less 
extreme than, each of the three “abnormal” 
curves. The point is still to be settled, however, 
since destruction of the charcoal would not neces- 
sarily lead to a great diminution in the indophenol 
yield.

An interesting fact observed was that the char­
coal sol liberated no appreciable volume of oxygen 
from peroxide of the concentration used in these 
experiments over a period of several hours. Not 
only is this an added similarity of charcoal to 
natural purified peroxidase, since, until now, char­
coal has been considered as having inherent 
“catalase” properties, but it tends to show that the 
suggested “peroxidase” activity is not due to a 
combined “catalase-oxidase” action. Accord- 
ingly, it seems untenable that the “catalase” ac­
tivity serves to decoinpose the hydrogen peroxide 
to give oxygen which then forms indophenol under 
the influence of the “charcoal -oxidase.”5

(5) In fact, we were unable to oxidize uracil in the presence of char­
coal with either air or oxygen, although this pyrimidine is strongly 
adsorbed by charcoal.2

Hence, it is probable that the charcoal activates 
the peroxide in some way. Ort and Bollman6 
have shown by electrometric means that some 
amino acids promote the oxidation of glucose by 
hydrogen peroxide. The effect of the charcoal 
sol on the voltage produced by hydrogen peroxide 
between a bright platinum electrode and an 0.1 N  
calomel electrode was therefore determined. 
While in the work of Ort and Bollman the acti- 
vating effect of the amino acids may have been 
exercised on either the peroxide or the glucose, it 
seems that, in this case, it is the hydrogen per­
oxide that is activated. Figure 3 gives the curve 
obtained when there were added varying amounts 
of charcoal sol to peroxide Solutions of fixed con­
centration (approximately 0.5%). By means of

Cc. Cc.
Fig. 3.—Curve 1, voltage obtained with 

hydrogen peroxide and varying amounts of 
charcoal hydrosol. Curve 2, result when 
diluted potato extract replaces the charcoal 
sol.

a blank run the effect of the small amount of gela- 
tin used to stabilize the sol was found to be negli- 
gible for these rather qualitative results. It was 
thought interesting to find out whether a natural 
peroxidase gives a similar curve. The result for 
aqueous filtered potato extract (Fig. 3, curve 2) 
was found to have much in common with that 
obtained with charcoal, although the peroxide 
used in this case was not only from a different

(6) Ort and Bollman, T h is  J o u r n a l , 49, 805 (1927).
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batch, but was not of the same strength (about
0.6%). No at tempt was made to obtain any but 
relative values, and no corrections have been ap­
plied to the voltages as read on the potentiometer. 
It is projected to elaborate on this method in order 
to attempt applying it to the determination of 
peroxidase activity.

Experimental
The charcoal was a commercial animal charcoal purified 

by refluxing with four times its weight of constant boiling 
hydrochloric acid for twenty hours. It was then washed 
with distilled water until free of chlorides. Twice its 
weight of hot 95% alcohol was then used to extract further 
impurities (mostly consisting of a greenish gum), followed 
by treatment with the same amount of ether. This process 
reduced the ash content from 45 to 1.67%, although the ash 
still gave a positive test for iron with thioglycolic acid.

Peroxidase Activity of “Massive” Charcoal.—A com- 
bination of the methods of Guthrie and of Pack3 was 
used. A 0.500-g. sample of the charcoal was suspended in 
10 cc. of distilled water, and 5.75 cc. of a solution of p- 
phenylenediamine hydrochloride containing 0.5265 g. per 
100 cc. was added. To 8.75 cc. of citrate buffer of pH
4.5 in a 10-cc. graduate, 0.6 cc. of 4% alpha-naphthol in 
50% alcohol was added carefully so as to float on top of the 
buffer. The contents of this cylinder were added to the 
flask containing the charcoal simultaneously with 10 cc. of 
1% hydrogen peroxide (commercial, containing acetani- 
lide). All Chemicals were at about 25°. The flask was 
then shaken by hand or machine and, at the end of the re­
quired time, 2 cc. of a 2% potassium cyanide solution was 
added to slow up the reaction. The suspension was then 
filtered through a fluted filter paper and the charcoal 
washed with three 10-cc. portions of water, the last portion 
being used to force the charcoal to the bottom part of the 
filter. The wash-water was added to the filtrate and it 
was immediately extracted with 25 cc. of toluene in a sepa- 
ratory funnel for thirty seconds. The toluene layer was 
then compared with a Standard indophenol solution in a 
Colorimeter. The charcoal was dried on the filter paper in 
the funnel at 100° (higher temperatures tended to destroy 
part of the indophenol). Four 6-cc. portions of toluene 
were poured over the charcoal. The last drops filtering 
through were quite colorless. This solution was also ana­
lyzed colorimetrically. A concordance of results of 5 to 
8% was usually obtained. Figure 1 represents the average 
of six such trials.

Preparation of the Charcoal Hydrosol.—One gram of the 
charcoal was ground by hand in a glass mortar with 9 g. of 
pure sodium chloride for twenty minutes. Two grams of

the resulting mixture was ground with 18 g. of sodium 
chloride for a further twenty minutes. This was then dis­
solved in 500 cc. of distilled water. The high salt concen­
tration precipitated the charcoal. This suspension was 
then filtered through asbestos in a Gooch crucible and 
washed with one liter of distilled water. The entire con­
tents of the Gooch were then suspended in 500 cc. of water 
and, for the sol used in this investigation, 4 cc. of a 1% 
gelatin sol was added. The suspension was then filtered 
through ordinary filter paper after “aging” six to ten days 
at room temperature. A fine deposit formed overnight 
and was filtered off, after which the sol is stable for more 
than three months. The resulting sol contained approxi­
mately 0.003 mg. of charcoal per cc. and was brownish by 
transmitted light and grayish-black by reflected light. A 
sol of lesser concentration may be obtained without the use 
of gelatin.

“Peroxidase” Activity of the Charcoal Hydrosol.—
These experiments were performed as with the “massive” 
charcoal, except that 15 cc. of the sol was used instead of 
the charcoal suspension. Of course, the resulting solution 
was extracted with toluene directly. For the blank 15 cc. 
of distilled water was used instead of the sol.

Electrometric Measurements.—A 15-cc. weighing bottle 
was used as the cell. The voltage was measured between 
an uncoiled bright platinum wire immersed 2 cm. and an 
0.1 N  calomel electrode. In order to obtain reproducible 
results, the wire was heated in a Bunsen flame before each 
reading. Equilibrium seemed to be reached in five to ten 
minutes, the calomel electrode being negative. A total 
volume of 10 cc. was used in each case. Five cc. of 1% 
hydrogen peroxide was placed in the bottle and, if neces­
sary, water so that when either the charcoal sol or the po­
tato extract was added the resulting solution had a volume 
of 10 cc. The results were duplicable to 2-3 millivolts.

Summary
1. The “peroxidase” activity of charcoal in 

the indophenol reaction has been measured at 
room temperature and pH 4.5. The yield of in­
dophenol is at a maximum at one-half minute.

2. A hydrosol of charcoal has been prepared.
3. This charcoal sol has been found to exhibit 

“peroxidase” activity in the formation of indo­
phenol. No “catalase” activity has been ob­
served.

4. The charcoal sol affects the voltage of the 
Pt, H20 2 II KC1 (0.1 N), Hg2Cl2, Hg cell in a man- 
ner similar to that of potato peroxidase.
Jersey Cit y , N . J. R ecrivkp M arch 20 , 1936
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The Pinacol-Pinacolone Rearrangement. VIII. The Rearrangement of 7,8-Di-
arylacenaphthenediols

B y W. E. Bachmann and Edith Ju-Hwa Ch u1

Recently2 we reported the results obtained on 
the rearrangement of a number of 9,10-diaryldi- 
hydrophenanthrenediols; in these compounds 
the simple aryl groups migrated exclusively and
9,9-diarylphenanthrones were formed. We have 
now turned our attention to the rearrangement of 
another dass of cyclic pinacols, the 7,8-diaryl- 
acenaphthenediols (I).

R R

R
I II

Acree3 prepared 7,8-diphenylacenaphthenediol (I, 
R = phenyl) and reported that the compound re- 
mained unchanged when it was heated with acetyl 
chloride. Later, Beschke4 obtained 7,7-diphenyl- 
acenaphthenone (II, R =  phenyl) by heating the 
pinacol with acetic acid containing a small amount 
of hydrochloric acid.

We have now prepared seven new pinacols of 
this type in which the aryl groups, R, are m-tolyl, 
^>-tolyl, ^-biphenyl, ^-anisyl, p-phenetyl, ^-chloro- 
phenyl and fluor ophenyl. All of these pinacols 
were obtained from acenaphthenequinone through 
the Grignard reaction.

Since reduction of 2,2'-diacylbiphenyls by so­
dium amalgam gave 9,10-diaryldihydrophenan- 
threnediols which are diastereoisomers of the pina­
cols obtained by the Grignard reaction from 
phenanthrenequinone,2 we have prepared several 
7,8-diarylacenaphthenediols (I, R = phenyl, p- 
tolyl, ^-chlorophenyl and ^»-fluorophenyl) by a 
similar reduction of 1,8-diacylnaphthalenes (III). 
Here, too, the pinacols prepared by reduction 
were diastereoisomers of those prepared by the 
Grignard reaction. I t is of interest that Solutions 
of the disodium salts of the diarylacenaphthene- 
diols, like those of the diaryldihydrophenanthrene- 
diols, are colorless, an indication that no appre- 
ciable dissociation into ketyl radicals takes place.5

(1) From part of the Ph. D. dissertation of Edith Ju-Hwa Chu.
(2) Bachmann and Chu, T h is  J o u r n a l , 57, 1095 (1935).
(3) Acree, Am. Chem. J.,  33, 186 (1905).
(4) Beschke, Ann., 369, 200 (1909).
(5) Compare Bachtn^nn, T h is  J o u r n a l , 55, 1179 (1933);

The yields and properties of the pinacols are 
shown in Table I.

Rearrangement of the Pinacols.—All of the
pinacols were found to rearrange when they were 
heated with a solution of iodine in acetic acid. In. 
every case the simple aryl group R was found to 
migrate exclusively with the formation of 7,7- 
diarylacenaphthenones (II). In the reaction the 
five-membered ring of the acenaphthene deriva­
tive was retained; no evidence of any tendency 
to form a four-membered ring was found. The 
stereoisomeric pinacols gave the same diarylace- 
naphthenone. The yields and the properties of 
the pinacolones are presented in Table II.

Two of the pinacolones, 7,7-diphenylacenaph- 
thenone and 7,7 - di - - biphenylacenaphthenone, 
were synthesized by ring closure of diphenyl-a- 
naphthylacetyl chloride (IV, R = phenyl) and 
di-^-biphenyl- a-naphthylacetyl chloride (IV, R 
= ^-biphenyl), respectively, by means of stannic 
chloride.

7,8-Diarylacenaphthylenes.—The low yields of 
diarylacenaphthenones from the ^-chlorophenyl 
and ^-fluorophenjd pinacols were due to the for­
mation of diarylacenaphthylenes (VI) through a 
side reaction. These compounds probably re­
sulted through the action of hydrogen iodide pres­
ent in the mixture of iodine and acetic acid; the 
pinacol is converted to the intermediate iodide
(V) which yields the acenaphthylene (VI) by loss 
of a molecule of iodide,



T a b l e  I
7,8-D iarylacenaphthenediols (I)
All of the compounds are colorless

Yields, % ,----------- -Analyses, %-------------
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Recryst. Grignard NaHgx Calcd. Found
-Acenaphthenediol solvent Cryst. form reaction reduction M. p., °C. C H C H

Diphenyl Acet. +  alc. Fine needles 43 154.3-155.3 a

Diphenyl Alcohol Needles 10 173.5-175.6 : h

Di-/>-biphenyl Acetone Fine needles 49 220 88.2 5.3 87.7 5.4
Di-/>-tolyl Acet. +  alc. Prisms 45 182-182.5 85.2 6.0 85.1 6,0
Di-/>-tolyl Acetone Fine needles 52 154.3-155.3 85.2 6.0 84.6 5.8
Di-m-tolyl Acet. +  bz. Fine needles 36.5 152.3-153.3 85.2 6.0 85 4 5.8
Dianisyl Acetone Prisms 34 168-169 78.4 5.5 77.8 5.2
Diphenetyl Acetone Needles 24 144.5-145.5 78.9 6 .1 78.5 6.1
Di-/)-chlorophenyl Bz. -j- acet. Plates 29 222-223 Cl 17.4 16.9
Di-/)-chlorophenyl Acetone Hexagonal plates 37 78-79.5 17.5
Di-/)-fluorophenyl Acet. +  bz. Prisms 38 220-221 F 10.2 10.0
Di-/?-fluorophenyl Acet. +  alc. Tetragonal plates 86 153.5-154.5 10.4

a Acree, Am. Chem. J ., 33, 186 (1905). b Wittig, Leo and Wiemer [Ber., 64, 2405 (1931)] reported 171-173° for the 
melting point of 7,8-diphenylacenaphthenediol which they obtained by interaction of 1,8-dibenzoylnaphthalene and 
phenylmagnesium bromide.

T a ble  II
7,7-Diarylacenaphthenones (II) 
All of the compounds are colorless

Analyses, %
Recryst. Yield, Calcd. Found

-Acenaphthenone solvent Cryst. form % M. p., °C. C H C H
Diphenyl Acet. +  alc. Needles 94 171.3-172.4 a

Di-/>-biphenyl Acet. -F bz. Prisms 99 248-249 91. 5.15 91.0 5 .2
Di-/>-tolyl Acetone Plates 99 128.5-129.5 89.7 5 .7 89.9 5 .8
Di-ra-tolyl Acetone Tetragonal plates 100 147.5-148.5 89.7 5 .7 89.5 5.7
Dianisyl Acetone Needles 100 151.5-152.5 82.1 5.3 81.5 4 .9
Diphenetyl Acet. H- alc. Prisms 100 122.8-123 OC2H5 22.1 22.0
Di-/>-chlorophenyl Acetone Prisms 62 145.5 Cl 18.2 18.1
Di-/>-fluorophenyl Acetone Prisms 68 127.5-128.5 F 10.7 10.7

a Beschke, Ann., 369, 200 (1909).

V VI

The structures of the acenaphthylenes were es- 
tablished by synthesis. The pinacols were con­
verted to the corresponding dichlorides by reac­
tion with hydrogen chloride; when the dichlorides 
were heated with an acetone solution of sodium 
iodide the diarylacenaphthylenes were formed. 
In this manner we prepared five diarylacenaph­
thylenes (R = phenyl, />-biphenyl, p-tolyl, p~ 
chlorophenyl and ^-fluorophenyl) as shown in 
Table III. Usually some pinacolone as well as 
the dichloride was formed by interaction of the 
pinacol with hydrogen chloride and in the case of

dianisylacenaphthenediol and diphenetylacenaph- 
thenediol the pinacolones were the sole products.

Scission of 7,7-Diarylacenaphthenones to 8- 
(Diarylmethyl)-l-naphthoic Acids.—The 7,7-di- 
arylacenaphthenones were transformed into 8- 
(diarylmethyl)-l-naphthoic acids (VII) either by 
fusion with potassium hydroxide or by refluxing 
with 25% potassium hydroxide solution in meth­
anol. Their yields and properties are listed in 
Table IV.

-c r 2

-Ao
KOH CHR2

COOH

VII
Oxidation of 7,8-Diarylacenaphthenediols to 

1,8 - Diacylnaphthalenes.—The 7,8 - diarylace- 
naphthenediols were oxidized to 1,8-diacylace- 
naphthalenes (III) by a hot solution of chromic 
acid in acetic acid. The yields and the properties 
of these diketones are presented in Table V.
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Table III
7,8- DIARYLACENAPHTHYLBNES (VI)

All of these hydrocarbons are deep-orange in color

-Acenaphthylene
Recryst.
solvent Cryst. form

Yield,
% M. p., °C.

--------- ------ Analyses, %----------------- .
Calcd. Found 

C H c  H
Diphenyl Acetone Needles or prisms 95 161.3 °
Di-p-biphenyl Benzene Needles 45 189.5-190.5 94.7 5.3 94.3 5.2
Di-p-tolyl Acet. +  alc. Prisms 44 137.2-137.7 94.0 6.0 93.8 5.9
Di-£-chlorophenyl Acetone Needles 29 204.5-205.5 CI, 19.0 18.8
Di-/>-fluorophenyl Acetone Needles 36 153.5-154.5 F, 11.2 11.1

° See reference b under Table I.

T able IV
8 -(D iarylmethyl)-1-naphthoic Acids (VII) 

All of the compounds are colorless

- Methyl-naphthoic 
acid

Recryst.
solvent Cryst. form

Fusion
temp.,

°C.
Time,
min.

Yield;

Fusion
3’ % 25% 

KOH M. p., °C.
------ ---- Analyses, %---------- *

Calcd. Found 
C H C H

Diphenyl Bz. -f- acet. Needles 250 10 74 74 226 o
Di-£-biphenyl Bz. -j- acet. Needles 320 10 ; 52 59 247-248 88.2 5.3 87.7 5.1
Di-/>-tolyl Acetone Prisms 250 20 15 45 159.3-160.3 85.2 6.0 85.1 5.8
Di-w-tolyl Acetone Reet, prisms 250 20 30 65 189.5-190.5 85.2 6.0 84.9 6.0
Dianisyl Acetone Prisms 250 10 39 56 173.5-174.5 78.4 5.5 78.3 5.2
Diphenetyl Acetone Needles 250 10 34 54 170-171 OC2H6 21.1 20.9
Di-/>-chlorophenyl Acetone Hex. heavy plates 250 20 10 3.5 225-226 CI 17.4 17.2
Di-p-fluorophenyl Acet. -f- alc. Hex. plates 250 10 16 23 221-222 F 10.2 10.2

a See reference a under Table II.

T able V
1,8-D iacylnaphthalenes (III)
All of the diketones are colorless

-Naphthalene
Recryst.
solvent Cryst. form

Yield,
% M. p., °C.

------------------Analyses, %-----------------■*
Calcd. Found 

C H C H
Dibenzoyl Acet. +  alc. Heavy plates 72 186.5 a

Di- (£-phenylbenzoyl) Acetic acid Fine needles 75 219-220 88.5 4.9 88.1 5.0
Di-£-toluyl Acet. -f- bz. Plates 64 181.5-182.5 85.7 5.5 85.3 5.5
Di-m-toluyl Acetic acid Feather-like crys. 57 157.3-158.3 85.7 5.5 85.3 5.5
Dianisoyl Acetone Prisms 65 215-216 o c h 3 15.4 15.6
Diphenetoyl Bz. +  acet. Plates 75 197-197.5 79.3 5.7 79.2 5.8
Di-£-chlorobenzoyl Acetone Prisms 54 188 CI 17.5 17.4
Di-p-fluorobenzoyl Acet. +  alc. Diamonds 64 166.5-167.5 F 10.2 1 0 .2

° See reference a under Table II.

Experimental
Preparation of 7,8-Diarylacenaphthenediols. (a) Grig­

nard Reaction.—To the Grignard reagent prepared from 
0.14 mole of aryl bromide (bromobenzene, p-bromobi- 
phenyl, p-bromotoluene, etc.) in 50 cc. of anhydrous ether 
was added a benzene solution of 10 g. of acenaphthene- 
quinone. The mixture was refluxed on a steam-bath for 
twenty-four hours except in the case of diphenylacenaph- 
thenediol for which only four hours were allowed. By 
hydrolysis of the reaction mixture with diiute acetic acid 
and recrystallization of the product, the pinacols were ob­
tained as colorless crystals.

(b) Reduction by Sodium Amalgam.—One gram of 1,8- 
diacylnaphthalene (obtained by oxidation of the pinacols 
prepared by the Grignard reaction) in a mixture of ether 
and benzene was shaken with 114 g. of 1% sodium amalgam 
at room temperature for twenty days, the mixture was 
filtered and the filtrate was treated with dilute acetic acid

in order to hydrolyze the disodium salts of the pinacols. 
The product was a mixture of the pinacol and some un- 
reacted diacylnaphthalene from which the pinacol was 
obtained by repeated recrystallization.

Rearrangement of the Pinacols.—A mixture of 0.0045 
mole of pinacol, 1 g. of iodine and 100 cc. of acetic acid 
was refluxed for thirty minutes. The diarylacenaphthe- 
nones, which were precipitated by pouring the solution into 
an aqueous solution of sulfur dioxide, were purified by re­
crystallization, forming colorless crystals.

In order to detect if any of the isomeric pinacolone, 
C10H6C(R)COR was formed, l g .  of the crude pinacolone 
was refluxed with a solution of 25 g. of potassium hydroxide 
in 100 cc. of methanol for three days. After removal of the 
solvent by distillation under reduced pressure, the residue 
was stirred with cold water and filtered. In the filtrate 
no trace of acids (benzoic, £-toluic, etc.) could be detected. 
By washing with dilute hydrochloric acid, purification 
through the ammonium salts and then recrystallization
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the residue gave colorless crystals of 8- (diarylmethyl)-1 - 
naphthoic acids.

Synthesis of 7,7-Diphenylacenaphthenone.—A mixture 
of 0.50 g. of diphenyl-oj-naphthylacetic acid6 and 1 g. of 
thionyl chloride was refluxed for an hour. After removal 
of the excess of thionyl chloride, the acid chloride was dis­
solved in carbon disulfide and treated with 5 cc. of stannic 
chloride and heated on a steam-bath. From the products 
of hydrolysis there was isolated a solid which after repeated 
recrystallization from benzene and acetone gave crystals 
of 7,7-diphenylacenaphthenone, which proved to be iden­
tical with the pinacolone obtained by rearrangement.

Di-£-biphenyl-a-naphthyl-acetic Acid.—A mixture of
1.5 g. of di-£-biphenyl-«-naphthylchloromethane7 and 5.1 
g. of 45% sodium amalgam was shaken in 20 cc. of ether 
and 30 cc. of benzene for two hours. A stream of dry car­
bon dioxide was passed through the intensely colored solu­
tion of the triarylmethylsodium compound until the color 
disappeared completely. The di-^-biphenyl-a-naphthyl- 
acetic acid crystallized from benzene in colorless prisms; 
yield, 66%; m. p. 216-217° with decomposition.

Anal. Calcd. for C36H2602: C, 88.2; H, 5.3. Found: 
C, 88.1; H, 5.0.

Synthesis of 7,7-Di-^-biphenylacenaphthenone.—This 
compound was obtained by cyclization of di-^)-biphenyl-a- 
naphthylacetyl chloride (prepared by means of thionyl 
chloride) in the same method that was used for the phenyl 
analog. The 7,7-di-/>-biphenylacenaphthenone was iden­
tical with the pinacolone obtained by rearrangement.

Scission of 7,7-Diarylacenaphthenones by Potassium 
Hydroxide.—-One-tenth gram of pinacolone was fused with 
1 g. of potassium hydroxide in a metal bath at the tem­
perature shown in Table V. After the mass had been dis­
solved in acetone and water, the 8-(diarylmethyl)-1-naph­
thoic acid was precipitated by dilute hydrochloric acid. 
For purification the acid was dissolved in ammonium hy­
droxide, precipitated again by dilute hydrochloric acid and 
then recrystallized.

Oxidation of the Pinacols.—A mixture of 0.003 mole of 
pinacol, 0.25 g. of chromic acid anhydride in 12 cc. of acetic 
acid was heated on a steam-bath for thirty minutes. The 
1,8-diacylnaphthalene was precipitated by addition of cold 
water and then purified by recrystallization.

Synthesis of 7,8-Diarylacenaphthylenes.—A stream of 
dry hydrogen chloride was passed through an ice-cold

(6) Conant and Wheland, Tras J o u r n a l , 64, 1219 (1932).
(7) Schlenk and Bomhardt, Ber., 46, 1482 (1913).

solution of 0.001 mole of pinacol in chloroform for thirty 
minutes. After the solvent had been removed, the dichlo- 
ride crystallized when it was stirred with a little acetone 
and petroleum ether.

A mixture of 0.0003 mole of the dichloride and 0.12 g. of 
sodium iodide in a few cc. of acetone was refluxed for thirty 
minutes. The solution became yellow and then dark red 
due to the liberation of iodine during the reaction. The 
mixture was poured into an aqueous solution of sulfur di­
oxide and the orange-colored solid was refluxed with 25% 
potassium hydroxide solution in methanol for two days in 
order to destroy the pinacolone which was present. The 
product after this treatment was digested with dilute 
ammonium hydroxide in order to dissolve the diaryl- 
methylnaphthoic acid and the residue of diarylacenaph- 
thylene was filtered, washed with water and recrystallized.

By treating 7,8-di-^-chlorophenylacenaphthylene di­
chloride with sodium iodide, 1,8-di-^-chlorobenzoylnaph- 
thalene was formed instead of 7,8-di-/>-chlorophenylace- 
naphthylene. However, by refluxing a mixture of 0.001 
mole of the dichloride, 10 cc. of hydrogen iodide (d. 1.7) 
and 20 cc. of acetic acid for two hours the acenaphthylene 
was obtained mixed with a small amount of pinacolone. 
The compound was also obtained in 27% yield by refluxing 
an ether solution of the dichloride with zinc dust.

Summary
Seven new 7,8-diarylacenaphthenediols have 

been synthesized and subjected to rearrangement. 
I t  was found that in each case the simple aryl 
group migrates exclusively with respect to the 
acenaphthyl group; the products of the rearrange­
ment are 7,7-diarylacenaphthenones.

The 7,7-diarylacenaphthenones are cleaved 
into 8-(diarylmethyl)-1-naphthoic acids either by 
treatment with 25% potassium hydroxide solu­
tion in methanol or by fusion with potassium 
hydroxide.

The 7,8-diarylacenaphthenediols are oxidized 
to 1,8-diacylnaphthalenes by chromic acid.

Four new 7,8-diarylacenaphthylenes have been 
synthesized from the 7,8-diarylacenaphthene­
diols.
A n n  A r b o r , M ic h . R e c e iv e d  A p r il  25, 1936
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A Synthesis of r/Z-Proline from Pyrrole1
By F rank K. vSignaigo and Homer Adkins

Several syntheses of dl-proline have been re­
ported but none of them is very satisfactory from 
a preparational standpoint. The best methods 
are apparently those of Heymons,2 who obtained 
the copper salt of dZ-proline in three operations 
from piperidone-2, and that of S0rensen and 
Andersen,3 who prepared the copper salt in five 
operations from malonic ester. The first method 
is said to give an over-all yield of 28%. The yield 
by the second method is not given, but is ap­
parently somewhat greater. Several authors 
have suggested the desirability of developing a 
synthesis of proline from pyrrole through 2- 
carbethoxypyrrole as by Putokhin.4 A difficulty 
in this process lies in the hydrogenation of the 
pyrrole ring in a carboxy- or carbethoxypyrrole. 
Putokhin used a high ratio of Adams platinum 
catalyst with 1 g. of pyrrole-2-carboxylic acid 
and as a result of repeated treatments with hydro­
gen and catalyst and change of solvent, obtained 
a 23% yield of the copper salt of dl-proline from 
the pyrrole acid.

While the hydrogenation of a 2-carboxy- or 
carbethoxypyrrole seems an impractical process 
with the catalysts now available, it appeared 
feasible to prepare dZ-proline through the forma­
tion of 1,2-dicarbethoxypyrrole and the hydrogen­
ation of the latter, i. e.

CH—CH CH— CH
II II EtMgBr || ||
CH CH - — — — CH CCOOEt

CICOOEt
NH N — COOEt 

Nij,H2
c h 2— c h 2 c h 2— c h 2
I I h 2o I I

CH2 CHCOOH ------CH2 CHCOOEt
\  /  \  /

NH N— COOEt

The hydrogenation may be carried out easily and 
almost quantitatively as a result of work recently 
reported.5 The hydrolysis step is also a simple 
process but the preparation of the 1,2-dicarbeth­
oxypyrrole in a good yield required study.

(1) The Wisconsin Alumni Research Foundation allotted funds 
for a research assistantship held by F. K. S. in the period Sept., 1933 
to Sept., 1935.

(2) Heymons, Ber., 66, 846 (1933).
(3) S0rensen and Andersen, Z. physiol. Chem., 56, 240 (1908).
(4) N. Putokhin, J. Russ. Phys.-Chem. Soc., 62, 2216 (1930); 

C. A., 25, 3995 (1931).
(5) Signaigo and Adkins, T h is  J o u r n a l , 58, 709 (1936).

However, by this process crystalline dl-proline 
has been obtained in an over-all yield of 57% 
from pyrrole.

Oddo6 prepared 2-carbethoxypyrrole in over 
90% yield from pyrrylmagnesium bromide and 
ethyl chlorocarbonate. In attempting to follow his 
method, but on a larger scale, we recovered 42% 
of the pyrrole and obtained 7% of 1-carbethoxy­
pyrrole, 22% of 2-carbethoxypyrrole and 2% of 
1,2-dicarbethoxypyrrole. When the conditions 
were modified by heating the reaction mixture for 
four hours at 35° before hydrolysis, instead of 
keeping it near 0°, then the yield of 1,2-dicarbeth­
oxypyrrole was much greater, i. e.t 26%, accom- 
panied by 13% of 1-carbethoxypyrrole and 3% 
of 2-carbethoxypyrrole. However, 50% of the 
pyrrole was recovered. These results suggested 
that pyrrylmagnesium bromide reacts with ethyl 
chlorocarbonate to give both 1- and 2-carbethoxy- 
pyrrole and that the latter but not the former 
reacts with pyrrylmagnesium bromide to give 
pyrrole and 2-carbethoxypyrrylmagnesium bro­
mide. The last mentioned compound may then 
react, especially at higher temperatures, with 
ethyl chlorocarbonate to give 1,2-dicarbethoxy­
pyrrole. These transformations are indicated 
below.

P y r r y lm a g n e siu m  B r o m id e

HC—CH
II II «-

HC CH

N
H

CICOOC2H5

HC—CH
II II +  MgBrCl

HC CCOOC2H 5

N
COOC2H5

HC— CH 

HC CCOOC2H5

N
H

0° Pyrrylmagnesium
bromide

H2O HC— CH
■<— — II II +  Pyrrole

0 ° HC CCOOCsH d

N
IvIgBr

ClCOOC2H5j 350 
HC— CH

HC CCOOC2H6

N
COOC2H5

(6) Oddo, Gazs. chim. ital., 39, I, 649 (1909); 42, II, 252 (1912).
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Upon the basis of this scheme it seemed desir- 
able to treat one mole of ethylmagnesium bro­
mide with one mole of pyrrole and then to add 
alternately in portions, one mole each of ethyl 
chlorocarbonate and ethylmagnesium bromide 
and finally a second mole of ethyl chlorocarbonate. 
By such a process the reaction of all of the pyrrole 
was brought about and at the same time excessive 
reaction between the ethyl chlorocarbonate and 
the ethylmagnesium bromide was avoided. Such 
a procedure as described in the experimental part 
gave a 65% yield of 1,2-dicarbethoxypyrrole.

There seem to be two rather reasonable explana- 
tions of the fact that 1- and 2-carbethoxypyrroles 
are formed simultaneously. Tschelinzew and 
Karmanov7 suggested that the isomerism of the 
pyrrole nucleus makes possible the formation of 
two “pyrrylmagnesium bromides,” i. e.

HC—CH
II II •

HC CH
\ /

NH

+  C2H5MgBr •

HC—CH
I I

HC CH2

\ /
N

+  C2H5MgBr •

HC—CH
II H + C 2H6 

HC CH 
\ /

N—MgBr 
HC—CH

• I I  +  C2H6
HC CHMgBr

\ /
N

The formation of a Grignard reagent in the second 
case would be analogous to the behavior of a 
methylene group in cyclopentadiene, indene and 
fluorene. The formulation is in accord with the 
fact that only pyrroles which may tautomerize 
form Grignard reagents.8 If the above is accepted 
then the relative proportions of 1- and 2-carbeth­
oxypyrroles formed are a function of the Propor­
tion of the tautomers and (or) of the relative 
rates of reaction of ethyl chlorocarbonate with 
the two Grignard reagents.

HC—CH
II II +  ClCOOC2H5 

HC CH
\ /

N—MgBr

HC—CH 

HC CCOOC2Hj
+ HC1

N—MgBr

HC—CH

H& ScOOEt
\ /

NH

+  MgClBr

.(7) (a) Tschelinzew and Karmanov, J. Russ. Phys.-Chem. Soc., 
47, 161 (1915); (b) cf. Oddo, Gazz. chim. Hal., 64, 584 (1934).

(8) Oddo, ibid., 44, I, 706 (1914).

However, it is not necessary to assume the 
existence of tautomeric pyrroles in order to explain 
the formation of 2-carbethoxypyrrole, for the 
ethyl chlorocarbonate may condense with the 
hydrogen on the 2-carbon atom.

Such a scheme finds support in the fact that 1- 
methylpyrrole does not form a Grignard reagent 
yet condenses with acid Chlorides in the presence 
of an alkylmagnesium halide to yield l-methyl-2- 
acylpyrroles.8 However 1-carbethoxypyrrole ap- 
parently did not react with ethyl chlorocarbonate 
in the presence of a Grignard reagent.

Experimental Part
The apparatus for the preparation of 1,2-dicarbethoxy­

pyrrole consisted of a 1-liter, 4-necked flask fitted with a 
mercury-sealed stirrer, a reflux condenser, the upper end of 
which was connected to a drying tube containing calcium 
chloride, and two dropping funnels. One of these dropping 
funnels was of the usual type, and the other was a 500-cc. 
flask with a stopcock sealed on the bottom and . so fitted 
that a Grignard reagent could be prepared in it. Both of 
the funnels were graduated.

Ethylmagnesium bromide (approximately 0.25 mole) 
was prepared in the reaction flask from 32.7 g. (0.30 mole) of 
ethyl bromide, 7.2 g. (0.30 mole) of magnesium turnings 
and 150 cc. of ether. A like amount also was prepared in 
the 500-cc. dropping funnel. The reaction flask was cooled 
with a mixture of ice and salt to below 0° and 17 g. (0.25 
mole) of pyrrole in 35 cc. of ether was added dropwise 
through the smaller dropping funnel. The reaction mix­
ture was stirred during this and subsequent operations.

Into the smaller dropping funnel was placed 75 cc. of an 
ether solution containing 28 g. (0.25 mole) of ethyl chloro­
carbonate. The Grignard reagent in the larger dropping 
funnel was diluted with ether to a volume of 200 cc. These 
two reagents were then added to the reaction flask drop 
by drop in the following fashion. One-half of the ethyl 
chlorocarbonate solution (37 cc.) was first added. This 
was followed by one-half of the Grignard solution (100 
cc.). Again half of the remaining ethyl chlorocarbonate 
solution (19 cc.) was added and followed by half of the re­
maining Grignard solution (50 cc.). This process was re­
peated, each time adding one-half of the solution remain­
ing in the dropping funnel until only 5-10 cc. of each re­
agent remained. This last small amount of each solution 
was then added and 37 g. (0.35 mole) of ethyl chlorocar­
bonate was poured into the reaction mixture through the 
smaller dropping funnel. These addition processes were 
completed in two hours. The reaction mixture was al­
lowed to warm up to room temperature and then refluxed 
on a steam-bath for four hours. The contents of the reac­
tion flask were then poured onto ice and the mixture made 
slightly acid by the addition of dilute sulfuric acid. The 
ether layer was separated and the aqueous layer was ex­
tracted twice with ether. The combined ether Solutions 
were then washed once with a small quantity of sodium 
bicarbonate solution and dried for eight hours over anhy­
drous sodium sulfate. The ether was distilled off and the 
liquid residue was fractionated at reduced pressure as indi-
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cated in the table. The recovery of ethyl chlorocarbonate 
as well as the amount of 1 -carbethoxypyrrole obtained, 
indicate that 1.75 mole each of the Grignard reagent and 
the ethyl chlorocarbonate per mole of pyrrole would give 
as good a yield as did the proportion of reactants used 
above.

T a b l e  I

P r o d u c ts  o f  R e a c t io n
Frac- Weight, Yield,
tion Compound Boiling range, °C. g. %

1 Ethyl chlorocar­
bonate Up to 55° (65 mm.)

2 1-Carbethoxy-
pyrrole 60- 65° (7 mm.)

3 2-Carbethoxy-
pyrrole 100-110° (7 mm.)

4 1,2-Dicarbethoxy-
pyrrole 125-135° (7 mm.)

Residue

10

9.2 26.4

0.5 1.5

34.2 65.0 
1.8
Total 92.9

The fourth fraction was found to be nearly pure 1,2- 
dicarbethoxypyrrole5 since on refractionation 98% of the 
material distilled at 132-134° at 8 mm. The 1-carbethoxy- 
pyrrole had a b. p. of 57-58° at 7 mm., and 178-180° at 
740 mm., and d25 1.037, w25D 1.4698. The boiling point 
of this compoünd checks with that reported by other inves- 
tigators. Only one author has reported the density and re- 
fractive index of this compound and these values do not 
check with those given above. However, the compound 
seems to be sufficiently characterized by the fact that it 
takes up 4 atoms of hydrogen to give a non-basic com­
pound having the correct analysis for a carbethoxypyrroli- 
dine, indicating that the carbethoxy group is on the nitro­
gen atom. The 1-carbethoxypyrrole is better prepared 
from potassium pyrrole and ethyl chlorocarbonate.7a’9 

The 2-carbethoxypyrrole had a m. p. of 41-42° when

(9) Ciamician and Dennstedt, Ber., 15, 2579 (1882); Ber., 60, 
196 (1927).

crystallized from low-boiling petroleum ether and a b. p. 
of 102-104° at 7 min.

The 1,2-dicarbethoxypyrrole so obtained was hydro- 
genated rapidly and quantitatively over Raney nickel.5 
In a typical experiment 1,2-dicarbethoxypyrrolidine b. p. 
133-134° (8 mm.) was obtained in 98% yield by the hydro­
genation of 0.2 mole of the pyrrole ester over 5 g. of Raney 
nickel under 100 to 200 atm. of hydrogen at 50 to 85° in 
less than one hour.

The 1,2-dicarbethoxypyrrolidine (10.6 g. or 0.05 mole), 
was refluxed with 25 cc. of concentrated hydrochloric acid 
for three hours; 10 cc. more of hydrochloric acid was then 
added and the refluxing continued for two hours. The 
mixture was then evaporated on a steam-bath. The par- 
tially crystallized residue was dissolved in 100 cc. of water 
and treated with 0.10 mole of freshly precipitated silver 
carbonate. After filtration, the filtrate was treated with 
hydrogen sulfide. The solution was heated with 1 g. of 
activated charcoal and this together with the silver sulfide 
was removed by filtration. Upon evaporation of the fil­
trate on a steam-bath, there was obtained 5.7 g. of a 
gummy crystalline mass. This was dissolved in 25 cc. of 
hot ethanol and 50 cc. of hot dioxane was added. After 
cooling the solution with ice, the crystalline proline was 
filtered off and dried in a desiccator. The yield was 5.2 g. 
(90%), m. p. 204°. The picrate was prepared by dis­
solving 1 g. of proline and 2 g. of picric acid in 2 cc. of hot 
acetic acid, followed by addition of 7 cc. of ether and cool­
ing. The picrate was recrystallized from ethanol and 
showed a m. p. of 136°.

Summary
Crystalline ^/-proline may be prepared in yields 

of 55 to 60% from pyrrole through the intermedi­
ate formation of 1,2-dicarbethoxypyrrole and 1,2- 
dicarbethoxypyrrolidine. A method for the syn­
thesis of 1,2-dicarbethoxypyrrole has been devised 
and developed.
M a d iso n , W isc o n sin  R e c e iv e d  M arch  13, 1936

[ CONTRIBUTION FROM THE CONVERSE MEMORIAL LABORATORY OF HARVARD UNIVERSITY]

A Further Study of Extremely Weak Acids

B y  W . K .

The purpose of this paper is to report the new 
methods used and the results obtained in the study 
of extremely weak acids.

It has been shown by Conant and Wheland1 
tha t reactions of the type

R iH  +  R 2-  +  R 2H

may be used to determine the relative acid 
strength of very weak acids such as the aromatic 
and aliphatic derivatives of water, ammonia and 
methane. The determination of the relative

(1) Conant and Wheland, T h is  J o u r n a l , 54, 1212 (1932).

M c E w e n

amounts of the different substances present at the 
point of equilibrium is a measure of the relative 
strength of the two acids. This can be deter­
mined in either of two ways.

The first method used was to observe the change 
in color. Since many compounds of the type R “ 
are colored, it is only necessary to mix the reac- 
tants and observe whether or not a change in 
color results. As a check the products of the re­
action are also mixed. From such observations 
the compounds can be arranged in a series of de-



July, 1936 A Further Study of Extremely Weak Acids 1125

creasing acid strength. Using equivalent quan­
tities, and assuming that apparent complete reac­
tion corresponds to at least 90% reaction, a mini­
mum difference in pK  for the acids may be taken 
as 2 pK  units.

A second method used by Conant and Wheland 
was to introducé carbon dioxide into the equilib­
rium mixture, isolate the acids and from their 
analysis draw similar conclusions regarding the 
equilibrium and the relative strengths of the 
acids.

Three methods have been used in the present 
paper to extend the series of weak acids.

I. Colorimetric Method
Essentially the same method as devised by 

Conant and Wheland was used to measure acids 
having colored sodium or potassium salts. 
Twenty-five acids were investigated by this 
method. These results, with the results of the 
two following methods, are summarized in Table
II.

Each compound that has a colorless metallic 
salt was measured against the nearest colored 
compound appearing in the table, and was found 
1 o differ from it in acidity by at least 2 pK  units. 
Every compound having a colored metallic salt 
was measured against as many compounds as 
necessary to determine its position in the table. 
However, alpha-naphthylfluorene could not be 
measured against phenylfluorene as the metallic 
salts of both compounds have approximately the 
same color. For this same reason, phenylxanthane 
could not be measured against xanthane. The 
last four compounds in Table II had been meas­
ured by Conant and Wheland using a five-fold 
quantity of the hydrocarbon, so that they were 
found to differ by only a minimum of 0.4 pK  unit. 
By using equivalent quantities, the minimum 
difference was extended. It was found that etio- 
porphyrin I2 had an acidity approximately that 
of the alcohols. The formation of the sodium 
salt of the porphyrin is accompanied by a striking 
spectroscopie change. Etioporphyrin I forms a 
disodium salt3,4 but no difference in acidity could 
be found between its first and second dissociation 
constant.

Other compounds were measured colorimetri- 
cally but the data obtained were insufficiënt to 
warrant placing them definitely in Table II. Di-

(2) Fischer, Baumann and Riedl, Ann., 475, 205 (1929).
(3) Fischer and Neumann, ibid., 494, 225 (1932).
(4) Work to be published.

ethylcarbinol, diphenyl-alpha-naphthylcarbinol, 
phenylxanthydrol, acetanilide, tricarbomethoxy- 
methane, 2,4-dimethylpyrrole and pyrrole were 
found to be 2 pK  units strenger than phenyl­
fluorene, while tertiary butylfluorene seemed to be 
weaker than triphenylmethane.

II. Spectroscopie Method
This method is strictly analogous to the ordi­

nary water system of acid-base titration. That is, 
the acid to be measured is titrated with sodium 
triphenylmethyl, a strong base, in the presence of 
a minute amount of etioporphyrin I as an indica­
tor, in an inert atmosphere. The change in the 
indicator is apparent when the shift in the absorp- 
tion bands is observed with a small hand spectro- 
scope. If the porphyrin is at least 2 pK  units 
stronger than the acid, it will take the sodium 
from the first few drops of sodium triphenyl­
methyl. Likewise, if both the acid and the por­
phyrin are the same strength, the porphyrin will 
be partially converted into its basic form at the 
start, but will not be completely converted until 
the end of the titration. The results of this 
method are also summarized in Table II. This 
method was useful in showing that of the alcohols 
measured, all were at least 2 pK  units weaker than 
etioporphyrin except methyl alcohol which has an 
acidity very close to that of etioporphyrin. 
Standard pyrrole (2,4-dimethyl-3,5-dicarbethoxy- 
pyrrole) was only slightly weaker. Experiments 
with other porphyrins and porphyrin-like com­
pounds showed that they were at least 2 pK  
units stronger than etioporphyrin I. However, 
N-methyletioporphyrin I 4 is only about 1 pK  unit 
stronger than etioporphyrin itself. This com­
pound is interesting in that one of the imino hy- 
drogens of the porphyrin ring is replaced with a 
methyl group, making the compound a mono- 
basic acid. According to Hammett and Deyrup,5 
it is thus better suited for an indicator.

III. Polarimetrie Method
The third method is useful in dealing with 

colorless compounds and permits in some cases 
more exact values for the relative acid strength 
of the compounds studied. In this method an 
optically active acid is used and the position of 
equilibrium determined with the aid of a polarime- 
ter. The optical activity of the equilibrium mix­
ture together with the values for the optical ac­
tivity of the acid and salt allow one to calculate

(5) Hammett and Deyrup, T h is  J o u r n a l , 54, 2721 (1932).
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T a b l e  I

Acid
Cc. of Total concn. 
soln. moles/liter

Menthyl- 
ate, %

Moles of 
acid Of pK

CH,OH 43 0..119 27 0.0002 -1 .4 1 — 1.0 (min.)
43 .119 27 .0004 - 1 .4 4 —0.2 (min.)

(C6H6)CH2OH 7 10
\  34.1

.100

.119
95.3
9

.000385 - 1 .4 0 - 1 .4

(C6H6)2CHOH 43 .071 88 .00286 - 0 .8 4 -0 .8 6
43 .071 88 .00298 -  .86 -  .92

( 30 .100 95.3 -  .80 -  .86
(14 .215 M

1 CeH6 soln.)
43.0 .119 27 .0006 — 1.47 - 1 .2

(CH3)2CHOH j 10
\  33.4

. 100 

.119
95.3
9

.00092 - 1 .4 7 — 1.1 (max.)

43.1 .119 27 .00053 - 1 .4 5 - 0 .9
43.1 .119 27 .00053 - 1 .4 4 -  .7

(CH3)3COH f 17.5 
1 25.3 C6H6

.100 95.3 .0010 -0 .3 6 -  .31

f 18.5
\  24.6 C6H6

.100 95.3 .0010 -  .38 -  .43

(C2H6)(CH3)2COH f 23.9
\  19.3 C6H6

.100 95.3 .00203 -  .50 +  .12

f 24.4  
\  19.3 C6H6

.100 95.3 .00184 -  .51 -  .12

(C6H6)COCH3 43.6 119 27 .0006 -1 .3 9 +  .2
Phenylfluorene 43 .100 95.3 .00186 - 0 .5 3 + 1.8  (max.)

43 .100 95.3 .00130 -  .54 + 1 .5  (max.)
[<x ] 23d  sodium /-menthylate -12.2°. [<x]23d /-menthol -45 .6°.

the extent to which the reaction has gone. Thus, 
if a weak acid is allowed to react with sodium 
menthylate,6,7 the amount of free menthol pro­
duced can be measured and the strength of the 
weak acid, relative to menthol, can be calculated. 
This was done with six alcohols, one enol and one 
hydrocarbon. The data are shown in Table I.

It should be noted that the pK  values, given in 
the table above, are relative to menthol, a negative 
value indicating that an acid is stronger than 
menthol. A precipitate formed in the reaction 
with those acids whose value is followed by the 
abbreviation “max.” The consequent shift in 
the point of equilibrium results in a maximum 
value. That is, the acid is no stronger than the 
value given, and may be weaker In attempting 
to measure the acidity of methyl alcohol, it was 
found that the reaction went substantially to com- 
pletion with the formation of a precipitate. It 
was then necessary to determine the solubility of 
sodium methylate in benzene in order to obtain

(6) F. H. Yorston of the Forest Products Laboratories of Canada 
stated that 'T obtained a definite though small positive rotation in a 
toluene solution of the laevo alcohol [octenol-2] on adding potas- 
sium.” (Private communication to J. B. Conant.)

(7) Professor E. P. Kohier suggested optically active menthol.

the minimum value given in the table above. 
The order of magnitude of the solubility was nec­
essary, rather than its precise value.

There are too few alcohols from which to draw 
definite conclusions, but it is apparent that the 
addities fall into three groups corresponding to 
the primary, secondary and tertiary structures of 
the alcohols, with the acidity decreasing in that 
order. Evidently the determining factor in the 
acid strength of the alcohols resides in the 
functional group being of primary, secondary 
or tertiary character, and the substituents 
whether aliphatic or aromatic are of secondary 
influence.

From the position of acetophenone in the table, 
one can make a rough calculation of the fraction 
of the material which is present as enol. This is 
so small as not to be measurable by analytical 
means. The structure of the enolic form (a 
double bond alpha-beta to an hydroxyl group) is 
similar to phenol, and should have an approximate 
pK  value of 10. This is probably fairly close, as 
the value for ethylacetoacetic ester has been 
found to be 12. Assuming the pK  value of the 
pure enolic form of acetophenone is 10, the equilib-
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rium constant for the reaction keto enol would 
have to be 10 ~9.

IV. Summary
In order to relate all the acids, it is necessary to 

choose some arbitrary Standard to which to relate 
them. The Standard chosen in this work is 
methyl alcohol whose acidic dissociation constant 
has been measured accurately by A. Unmack8 and 
found to be 10“16, giving it therefore a pK  value 
of 16.

Since the values obtained by the three methods 
are transferred directly to Table II with no correc- 
tion for solvent effects, or for changes of solvent 
or of concentration, the values should be consid- 
ered as accurate to about one power of ten.

pK
14-15
16
16
16.5
183

19

21

23
25
27

29

31
33
34
35
36
37

Compound
Method

used
N-Methyletioporphyrin1 s2
Etioporphyrin I s
Methyl alcohol (Standard) c s p
Standard pyrrole C s
Benzyl alcohol C S p
Ethyl alcohol C s
Benzhydrol C s p
Isopropyl alcohol C p
T riphenylcarbinol c s
Tertiary butyl alcohol c p
Tertiary amyl alcohol c s p
Menthol p
Acetophenone c s p
Phenylfluorene (C) c p
a-Naphthylfluorene (C) 
Phenylacetylene 
Indene (C)

c

Diphenylamine4 c
Fluorene (C) c
Aniline5 c
p-Toluidine c
/>-Anisidine c
Xanthane (C) c
Phenylxanthane (C) c
Diphenylbiphenylmethane (C) c
Triphenylmethane (C) c
Diphenyl-alpha-naphthyhnethane (C) 
Diphenylmethane (C) 
Diphenylmethylethylene (C)

c

Cumene (C) c
Compounds italicized appeared in the table of Conant and 

Wheland.
(C) = compounds having colored metallic salts

s = measured spectroscopically, using etioporphyrin as 
an indicator

c — measured colorimetrically 
p = measured polarimetrically

(8) A. Unmack, Z . Physik. Chem,, 133, 45 (192ÄJ,

1 =  work to be published concerning this compound
2 = measured spectroscopically against methyl alcohol
3 = pK  values 18-37 are minimum pK  values
4 = equilibrium approached from both ends when

measuring against fluorene and phenylfluorene
5 = acidity determined by Conant and Wheland, but

not included in their table
Where feasible compounds were measured by two or 

more methods in order to check their positions in the table.

The author wishes to express his gratitude and 
appreciation to both former Professor James 
Bryant Conant who directed the research on the 
colorimetric and spectroscopie methods and 
Professor Henry Edward Bent who directed the 
research on the polarimetric method.

Experimental Part
Treatment of Compounds.—All liquid alcohols were 

carefully fractionated from their sodium salts and kept in 
sealed bottles in a desiccator over phosphorus pentoxide. 
Different samples of the same alcohol were used in various 
runs to guard against any one sample being contaminated.

The liquid amines were distilled from potassium hydrox­
ide and kept in sealed bottles in a desiccator over potas­
sium hydroxide.

All solids were recrystallized until pure by melting point 
and other tests, and dried in a drying pistol.

The nitrogen was passed through Fieser’s solution, lead 
acetate solution, sulfuric acid, phosphorus pentoxide 
towers and finally through a xylene solution of sodium 
benzophenone ketyl. When a piece of apparatus is filled 
with nitrogen, it is done so by evacuating with an oil 
pump and then filling with nitrogen, the apparatus being 
flamed over with a micro-burner during the process. This 
procedure is carried out three times. The apparatus is of 
course allowed to cool before a solution is added so as not to 
evaporate any solvent. When the apparatus is cleaned, 
cleaning solution, soap and water, distilled water, alcohol, 
ether and dry, distilled ether are used in the order named.

Colorimetric Method.—The storage flask for the metal- 
alkyl solution was similar to that used by Conant and Whe­
land1 for the storage of their metal-alkyl Solutions, except 
that a calibrated Pyrex buret of 25-cc. capacity was used 
in place of the roughly calibrated side-arm, and two slant- 
bore stopcocks in series were used instead of the mercury 
seal stopcock. The lower stopcock bears the brunt of the 
frequent evacuations and fillings of the reaction flask, and 
thus protects the upper stopcock. As there is little or no 
difference in pressure on either side of it, there is no tend- 
ency for the ether to make channelings in the ether-sol- 
uble grease. The lower stopcock can be regreased, with­
out danger of changing the titer of the solution, if the key 
is only taken from the socket when there is a strong posi­
tive pressure of nitrogen so as to prevent back diffusion. 
The upper stopcock need only be regreased at very infre- 
quent intervals, and this is done in the same manner 
as the lower stopcock, except that the solution is again 
standardized to be sure that there has been no change.

A different reaction flask was developed. This was a 
small flask of 100 cc. capacity which was joined to the
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lower terminal of the stopcocks on the storage flask by 
means of a ground glass joint. The nitrogen train was also 
attached to this flask with a ground glass joint. The sub­
stance to be measured, if a solid, is weighed into a short 
length of glass tubing which is then capped on each end 
with two pieces of glass tubing sealed at one end and 
fitting smoothly over the tube, forming a capsule. This 
capsule is then placed in a short length of 15-mm. tubing 
bent at an angle of 45°, sealed off at one end and carrying 
at the other end a 15-mtn. male Standard taper ground glass 
joint, which in turn fits into the female joint attached to 
the reaction flask. The tube containing the capsule is 
turned downward while the system is being filled with 
nitrogen. To introducé the compound, the tube is ro- 
tated, allowing the capsule to descend. Usually the cap­
sule slips apart on hitting the bottom of the flask, but if 
this does not happen the apparatus is either gently shaken 
to break it open, or the capsule is covered with a layer of 
solution, and a vacuum is applied. The gas inside the cap­
sule bursts it apart on expanding. The -compound may 
then be measured directly against the metal-alkyl solution 
in the reservoir, by adding an equivalent amount and ob- 
serving the color change. When the solution is Standard- 
ized against benzoic acid, this method is used.

If the substance to be measured is a liquid, a somewhat 
different procedure is used. The entire apparatus is con­
nected using, however, a little longer crooked tube. The 
system is evacuated and filled with nitrogen several times. 
The liquid is pipetted into one of the caps of the capsule, 
the crooked tube is disconnected from the apparatus, the 
cap is placed in it and it is filled with benzene, and recon- 
nected to the reaction flask. The benzene is then frozen 
with a salt and ice mixture placed around the outside of the 
tube. When the benzene has frozen, the system is evacu­
ated and again filled with nitrogen in order to get rid of any 
air that may have entered the apparatus when the crooked 
tube was temporarily removed. When it is desired to in­
troducé the sample, the benzene is melted, the tube ro- 
tated and the contents run into the flask.

There was a certain amount of difficulty involved in the 
handling of volatile amines like w-butylamine and di-n- 
butylamine. For this reason, an attempt was made to 
use the amine hydrochlorides, and to treat them with 
one equivalent of sodium triphenylmethyl in order to lib- 
erate the free amine directly in the reaction flask. The 
amine hydrochlorides were so insoluble in ether that the 
reaction took place too slowly and did not seem to go to 
completion within a reasonable length of time. Although 
aniline hydrochloride worked fairly satisfactorily, and gave 
the same results as with aniline itself, the method was 
abandoned as it was too slow with the other amines.

Tertiary Butylfluorene.—2.38 grams (0.01 mole) of ter­
tiary butylfluorenol,9 10 cc. of glacial acetic acid, 2 cc. of 
hydrogen iodide (sp. gr. 1.7) and 1. g. of red phosphorus 
were refluxed for four hours in a 50-cc. Erlenmeyer flask 
under a return condenser. The solution was filtered while 
hot and water added to precipitate the hydrocarbon, which 
was slightly pinkish. It was recrystallized from methyl 
alcohol to a melting point of 98-99° and a yield of 1.6 g. 
(73%) of fine white needles that gave no color in sulfuric

(9) H . W. Scherp, “ R ate of Autoxidation of Di-aryl-di-fluoryls,”
Thesis, Harvard U niversity, 1931, p. 105.

acid. This product was further dried in a drying pistol at 
61°.

Anal. Calcd. for Ci7H18: C, 91.89; H, 8.11. Found: 
C, 91.68; H, 8.11.

Spectroscopie Method.—When using this method, the 
same apparatus is used as in the colorimetric method. 
The acid to be measured and a few specks of etioporphyrin 
were frozen in benzene in the long crooked tube of the ap­
paratus. When the flask is ready, the benzene is melted, 
providing a homogeneous solution on which the effect of 
the sodium triphenylmethyl readily may be determined by 
viewing the solution through a small hand spectroscope. 
As to the efficiency of the indicator, dilution experiments 
showed that the basic form in the presence of the acidic 
form could be detected if 50% or greater. The acidic 
form could be detected in the presence of its basic form in 
as low an amount as 10%. This range, 50-90%, compares 
favorably with the range of the usual color indicators.

Polarimetrie Method.—The storage flask for the sodium 
menthylate Solutions was the same as used in the other 
methods for the storage of metal-alkyl Solutions. The 
polarimeter cell was made from approximately 21-mm. 
Pyrex tubing with Pyrex Windo ws sealed on the ends, and a 
slant-bore stopcock sealed to the middle of the tube. The 
length of the cell was 1.995 dec., and it had a capacity of 
about 43 cc. There was little or no strain noticeable in 
the Windows. This cell was connected to the storage 
flask by a ground glass joint. The nitrogen train was at­
tached between the junction of the cell and the storage 
flask. All the ground glass joints were Standard taper.

Experiments were tried with fusel oil as a possible alco­
hol for the polarimetric method, but the difficulty of sepa- 
rating the active component and the inadvisability of 
using a mixture made its usefulness doubtful.

Difficulties arose in the preparation of pure sodium 
menthylate. It had been found in previous work on the 
preparation of alcoholates that they of ten turned yellow 
This yellow coloration was thought to be due to side reac­
tions caused by the relatively high reaction temperatures. 
To prevent this, 40% sodium amalgam was used instead of 
sodium wire, and the mixture of amalgam, alcohol and 
benzene was shaken at room temperature under nitrogen 
until no more hydrogen was given off. This procedure 
formed a colorless solution of sodium /-menthylate. How­
ever, if air is present, the yellow color develops. Benzene 
was used as a solvent because it would dissolve sodium 
/-menthylate at least up to concentrations of 0.1 mole per 
liter. The sodium /-menthylate appeared very insoluble 
in ether. All polarimetric reactions were carried out using 
benzene (dried over sodium) as the solvent, under an at­
mosphere of dry, oxygen-free nitrogen. The polarimeter 
was readable to 0.01°. The light source was a General 
Electric sodium vapor lamp. The light from this lamp 
was about 99% monochromatic, by spectroscopie examina­
tion.

In order to obtain the specific rotation of pure sodium 
/-menthylate, the solution of menthylate, obtained by shak- 
ing with 40% sodium amalgam, was titrated with sodium 
triphenylmethyl just until the formation of a permanent 
end-point. The reaction between /-menthol and 40% 
sodium amalgam did not go to completion, so to be sure 
that all the /-menthol was finally converted to sodiuni



July, 1936 X-R ay D iffraction of Polyethylene Glycols and Ethylene Oxides 1129

/-menthylate, it was titrated with sodium triphenylmethyl. 
This solution was then measured in the polarimeter and 
the specific rotation for sodium /-menthylate was found 
to be [oj]23d  "“ 12.2 =•= 0.6. Patterson and Taylor10 give 
the specific rotation of menthol as [ck]23d —45.57.

An ethereal solution of menthol was successively diluted 
from 1 to 0.0125 M, and no change was observable in the 
specific rotation.

Patterson and Taylor10 have shown that l-menthol in 
benzene is “practically insensitive to temperature change.” 
With the menthylate solution, a 0.003° change in rotation 
was observed for every degree change in temperature. In 
the same way, the temperature effect on the equilibrium of 
a reaction is from 0.001 to 0.003° change in rotation per 
degree temperature change. Since the polarimetric room 
was themiostatted to 24.5 =■= 1.5°, the maximum change in 
rotation due to temperature change is less than the experi­
mental error.

Since the specific rotation of both pure menthylate and 
menthol is known, it is only necessary to know, in a given 
solution, the total concentration of menthol, either as 
menthol or menthylate, and a measurement of the rotation 
gives the concentrations of both. The total concentration 
was found by weighing the amount of pure menthol used 
and measuring the benzene volumetrically.

The rates of these metathetical reactions were all prac­
tically instantaneous. In the measurement of benzhydrol, 
three to five minutes after adding the benzhydrol, the reac­
tion had reached a value that did not change after one and 
one-half hours. A second reading after at least one-half 
hour had elapsed was taken on tertiary amyl alcohol, 
tertiary butyl alcohol, isopropyl alcohol and acetophenone, 
and no change was observed. Of the remaining com­
pounds, precipitates appeared with methyl alcohol and 
phenylfluorene which took quite a while to settle (one to 
two hours) and only on benzyl alcohol was no second read­
ing taken after some time had elapsed. So with no alcohol 
was a shift in the rotation observed. The rate of the reac­
tion was faster than could be detected.

(10) Patterson and Taylor, J. Chem. Soc., 87, 122 (1905).

Since most of the sodium salts of the alcohols are fairly 
insoluble in benzene, it was necessary to prevent their 
formation as much as possible. This was done by using 
smaller and smaller amounts of alcohol and menthylate 
and larger and larger quantities of menthol, until no pre­
cipitate formed. This was not always successful, and the 
accuracy of the readings was reduced. When the menthol 
was used in solution to partially block the reaction, a small 
amount of menthylate was also present in the solution in 
order to be sure that there was no contaminating substance 
present.

Solubility of Sodium Methylate in Benzene.—A 100-cc. 
flask was filled with benzene under nitrogen and a large 
amount of sodium wire was added. One-half cc. of methyl 
alcohol was added against a current of nitrogen. A rapid 
reaction occurred. The flask was left for two days, after 
which three samples were removed and titrated with 0.01 N  
hydrochloric acid, using phenolphthalein as an indicator. 
The value for the solubility was found to be 0.3 to 0.9 of a 
millimole per liter. A correction was then made for the 
dissolved sodium hydroxide. The solubility was deter­
mined by sealing sodium hydroxide, sodium and benzene in 
a small flask and shaking overnight. The solution was 
titrated and found to contain 0.1 millimole of sodium 
hydroxide per liter of benzene.

Summary
1. Fifteen weak acids have been measured 

colorimetrically and inserted in a table of acids of 
decreasing strength. Eight other weak acids 
have been investigated by this method.

2. Ten weak acids have been measured spec­
troscopically by an indicator method that is de­
scribed.

3. The acidity of six alcohols, one enol and 
one hydrocarbon have been determined by a po­
larimetric method that is described.
C a m b r id g e , M a s s . R e c e iv e d  P'e b r u a r y  25, 1936

[ CONTRIBUTION FROM THE DEPARTMENT OF CHEMISTRY, M cG iLL UNIVERSITY]

The Diffraction of X-Rays by the Higher Polyethylene Glycols and by Polymerized
Ethylene Oxides1

By W. H. Barnes and Sydney R oss

In recent studies2 Hibbert, Perry and Pullman 
have obtained very strong evidence in support 
of the Suggestion3 that polymerized ethylene

(1) This paper constitutes No. LI in the series of “Studies on 
Reactions Relating to Carbohydrates and Polysaccharides,“ by 
Dr. Harold Hibbert and co-workers.

(2) Hibbert and Perry, Can. J. Research, 8, 102 (1933); Perry and 
Hibbert, ibid., B14, 77 (1936). The method of preparation, the Con­
stitution and the physical and Chemical properties of the higher 
polyethylene glycols and polymerized ethylene oxides will be dis- 
cussed in forthcoming articles by Pullman and Hibbert.

(3) (a) Staudinger and Schweitzer, Ber., 62, 2395 (1929); (b)
Carothers, Chem. Rev., 8 , 391 (1931); (c) Staudinger, “Die hoch­
molekularen organischen Verbindungen,“ Julius Springer, Berlin, 
1932, p. 287.

oxides probably have the same composition as 
the polyethylene glycols {i. e.f H0CH2CH2(0- 
CH2CH2)*OCH2CH2OH). Since the former al- 
ready have been subjected to x-ray examination,4 
and since specimens of polymerized ethylene 
oxides and polyethylene glycols of comparable 
molecular weights5 were available, an opportunity 
was presented for a comparison of the diffraction

(4) Sauter, Z. physik. Chem., B21, 161-185 (1933).
(5) Molecular weights stated throughout this paper refer to values 

in solution as determined by Staudinger's viscosity methods,30 p. 56 
et seq.
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of x-rays by the polymerized ethylene oxides and 
polyethylene glycols prepared by Pullman and 
Hibbert2 and a comparison of these data with 
those for the polymerized ethylene oxides ex- 
amined by Sauter.4

Sauter4,6 has studied polymerized ethylene 
oxides of molecular weights 2400, 3100, 8000,
13,000, 16,000, 33,000, 55,000 and 100,000, 
respectively. The last, which is reported4 to be 
a rubber-like substance, enäbled him to obtain 
fiber diagrams by stretching the specimen, so 
that most of his work was confined to this polymer. 
Powder diagrams of all specimens, however, were 
identical (at least without photometric or ioniza­
tion measurements) both as to positions of haloes 
and relative intensities.

A | B
Fig. 1.—A, Polymerized ethylene oxide; B, poly­

ethylene glycol.

As none of the polymers available for the present 
investigation were high enough to possess any 
appreciable elasticity the present paper is con- 
cerned solely with powder diagrams. Copper 
radiation (X = 1.54 Ä.), filtered through nickel 
foil to remove the line, was employed with a 
crystal-to-plate distance of 2.25 cm.

The specimens of Pullman and Hibbert2 se- 
lected for study were the 54 and 162-membered 
polyethylene glycols and the corresponding poly­
merized ethylene oxides (mol. wts. 3000 and 6500). 
Preliminary photographs having given essentially 
identical diagrams for all four specimens, and 
shown that very long exposure times would be 
necessary for accurate Identification and measure- 

nt of the weaker haloes, a detailed examination
(6) vSee S taudinK er,30 p. 294 .

of the 162-membered polyethylene glycol and 
the polymerized ethylene oxide of molecular 
weight 3000 (corresponding to the 54-membered 
polyethylene glycol) was undertaken.

A typical composite negative for these two speci­
mens is reproduced in Fig, 1. Due to the pro- 
nounced background fogging (particularly in the 
case of the glycol) and to the excessive range of 
densities in the original negatives some difficulty 
was experienced in obtaining reproducible prints. 
The authors are indebted to Mr. H. Rudoff, 
graduate student in the Department of Chemistry, 
McGill University, for technical assistance in 
this connection.

The detailed results of the x-ray examination 
are summarized in Table I. The first and second 
columns give the numbers of the diffraction ef­
fects and the corresponding values of sin 0, 
respectively, from Table I of Sauter’s paper.4 
Corresponding values of sin 6 for the polymerized 
ethylene oxide of molecular weight 3000 and for

T a b l e  I
S u MMAKY OF RESULTS

No. .----- sin 0 (X = 1.54 Ä.)—— n ------ ----------- 1------------------ -
(vS)‘ (S) (O) (G) (S) (O) (G)
1 0.106 v .w .
2 .117 w . . .
3 .121 v .w . . .
4 .133 0.131 0 .131 w . w. w.
5 .138 .. v .w . . . .
6 .163 '

\ .166 .166 v .w . )
V.S. V.S.7 .169 ,I V.S. J

8 . 196 ' w. ]
9 .205 \ .20 2 .202 lil. 1 v ,s . V.S.

10 .208 , V.S. J
11 .221 w .
12 .229 m.
13 .234 ► .231 .233 m. ’ s. s.
14 .237 w .m .
15 .243 , w.
16 .270 .270 .270 w .m . w. w.
17 .283 .284 .284 m . v .w . v .w .
18 .308 1 m .
19 .308 • . 309 .309 m .

f s- s.20 .308 m .
21 .316 , m .w , j
22 .344 .342 .340 m. m. w.
23 .358 .355 w. v.w.
24 272 1 .369 w. \ 

w. ƒ25 .372 jj> . 369 w. w.

26 .390 .388 .388 w. w. w.
27 .407 ] v .w . ]
28 .418 • 417 .418 v.w. } w. w.
29 .428 y v.w. J
30 .460 N| .454 .454 v.w. \ 

v.w. ƒ v.w. v.w
31 .460
32 .482 ' .483 v.w. v.v.w.
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the 162-membered polyethylene glycol are shown 
in columns three and four, respectively. Visually 
estimated intensities7 are recorded in columns 
five (from Sauter’s paper4), six (for the oxide), 
and seven (for the glycol), respectively.

In connection with the foregoing table the fol­
lowing remarks may be noted. Sauter’s lines 1 
and 2 apparently are present in tracés on the best 
negatives for the oxide and glycol obtained in the 
present study but are too weak in intensity for 
measurement. Lines 3 and 5 would fall within 
about 0.2 mm. of the inner and outer edges of line 
4 so that they would practically be unresolvable 
for the crystal-to-plate distance employed. The 
remainder of the data, however, appeared to be 
conclusive enough not to warrant the long exposure 
times necessary to bring out lines 1, 2, 3 and 5 at 
a longer crystal-to-plate distance. Certain groups 
of diffraction effects in Sauter’s table appear as 
bands in the powder diagrams. In Table I 
these have been bracketed and the mean position 
of the observed band is given in columns 3 and 4. 
For example, Sauter’s numbers 11, 12, 13, 14, 15 
have sin 6 values which would result in haloes 
falling within the inner and outer edges of the 
band on the present oxide negative whose mean 
position is given by a sin d value of 0.231. Finally 
the very weak halo at sin 6 = 0.482 (Sauter’s 
No. 32) is present in the best negative for the 
glycol but is not included in Table I because it is 
too weak in intensity for accurate measurement.

The general agreement among Sauter’s data 
for polymerized ethylene oxides, and the present

(7) m. = medium; s. = strong; v. = very; w. == weak.

data for the polymerized ethylene oxides and 
polyethylene glycols prepared by Pullman and 
Hibbert is very satisfactory. The only anomal­
ous features are the absence of line 23 from the 
present polymerized ethylene oxide negatives, and 
the definitely stronger relative intensity of line 22 
in the oxide compared with the glycol photographs. 
In this connection, however, it should be noted 
that line 23 is of weak intensity and is, moreover, 
clearly present on the glycol negatives. These 
features may be purely fortuitous or may have 
something to do with the relative physical char- 
acteristics of the samples. In general the glycols 
are more hygroscopic than the corresponding 
oxides, probably because the former comprise 
only one polymeric species while the latter prob­
ably contain appreciable fractions of higher (less 
hygroscopic) polymers. In comparing the rela­
tive intensities of Sauter with those observed 
in the present investigation it must also be borne 
in mind that the former were estimated on fiber 
diagrams whereas the latter were obtained from 
powder diagrams.

A consideration of the data presented in Table I, 
and a comparison between Fig. 1 of this paper 
and Fig. 2 of that of Sauter,4 leads to the conclu- 
sion that, in so far as the diffraction of x-rays is 
concerned, there is no essential difference either 
between the polymerized ethylene oxides and 
the polyethylene glycols prepared by Pullman 
and Hibbert or between these and the poly­
merized ethylene oxides prepared by Lohmann 
for Sauter’s investigation.
M o n t r e a l , C a n a d a  R e c e iv e d  A p r il  25, 1936

[CONTRIBUTION FROM THE BAKER LABORATORY OF CHEMISTRY AT CORNELL UNIVERSITY]

A New Reagent for Structure Determination
By Ralph Connor1 and John H. Van Campen

In the identification of organic compounds 
those tests are especially valuable which can be 
carried out quickly on small amounts of material 
and which show, by the production of a color or 
precipitate, the presence of a specific group or 
structure. In work with active methylene com­
pounds it has often been desirable to have a re- 
liable general test for such substances. The 
production of colors with ferric chloride solution

(1) Present address, John  H arrisoh  L aborato ry  of Chem istry,
University of P ennsylvania, Philadelphia, Pa.

is limited in usefulness because many active 
methylene compounds (for example, the malonic 
esters) do not react with this reagent. The pres­
ent paper describes a test which has frequently 
been of value and which, under the conditions 
specified later, is general for substances which 
contain hydrogen on a carbon atom bearing at 
least one acyl group or two other activating groups.

The test consists of the addition of an alcoholic 
solution of mercuric chloride to a solution of the 
unknown in alcohol containing sodium ethoxide.
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The formation of a white (or occasionally, cream- 
colored) precipitate is a positive test. The nega­
tive test is the formation of a deep yellow pre­
cipitate similar to that obtained when the sodium 
ethoxide and mercuric chloride Solutions are mixed 
in the absence of an additional reactant.

Over two hundred organic compounds have been 
tested with this reagent and it seems advisable to 
limit the test to neutral compounds which do not 
contain elements other than carbon, hydrogen and 
oxygen. Considering this limitation, the classes 
of compounds with which the test will be concerned 
include ketones, aldehydes, esters, hydrocarbons, 
ethers, acetals, alcohols, quinones and anhydrides. 
Of these, the last five types fail to give a positive 
test. Aldehydes and ketones with hydrogen on 
the carbon atom bearing the carbonyl group give 
a positive test. The only esters which give a 
positive test are those which have both hydrogen 
and a labilizing group on the carbon bearing the 
carboxyl group. While acetylenes have not been 
investigated thoroughly, they apparently give a 
positive test and are certainly the only hydro­
carbons to do so,

A few substances (such as anthrone) give colors 
with sodium ethoxide solution and others (such 
as ethyl formate) give white precipitates with 
sodium ethoxide; in such cases the results of the 
test are not significant. Likewise, the formation 
of reduction products of mercuric chloride should 
not be considered as either positive or negative, 
but merely as indicating the presence of a struc­
ture susceptible to oxidation.

The limitation of this test to neutral com­
pounds containing no elements other than car­
bon, hydrogen and oxygen is imposed because the 
results of the test are anomalous when it is applied 
to other compounds. This is not a serious limita­
tion, however, since many tests are available for 
acidic and basic compounds and for those con­
taining elements in addition to carbon, hydrogen 
and oxygen. The test in its present form is specific

O R O
for the structures HC—C—R and Y—CH(I—OR'

I .
(where Y is a labilizing group and R may be 
hydrogen, alkyl or aryl); few tests are available 
for such structures. This is a quick and satis- 
factory method, for example, of distinguishing 
between mono- and di-substituted malonic esters 
and for detecting the presence of a monosub- 
stituted product in a disubstituted malonic ester.

From the types of compounds which undergo 
the reaction and from the efficiency of sodium 
ethoxide as a catalyst, it seems probable that the 
reaction is one of the enol form. The mechanism 
of the mercuration may then involve addition to 
the double bond of the enol2 or the formation of 
intramolecular chelation products similar to 
those proposed by Johnson3 and by Carothers4 
for other reactions of similar Systems.

The reaction upon which this test is based is 
probably similar to that obtained by other 
workers5 with mercuric compounds, but ap­
parently sodium ethoxide is a more efficiënt 
catalyst and permits the omission of the periods of 
reflux previously used. As applied in this test, the 
reaction usually occurs instantly and always 
within a few minutes.

The compounds obtained from these reactions 
have been assigned various structures.6 With 
malonic ester and mercuric chloride or mercuric 
acetate the possibilities suggested include the fol­
lowing

H g = C (C 0 2C2H 5) 2 H 0H gC H (C 0 2C2H 6) 2

(C2H502C)2CHHgCH(C02C2H6)2 
O

(ClHg)2C (C 0 2 C2H 5) 2 CH3 COHgCH(C02 C2HE) 2

For the present purpose a discussion of the struc­
tures of the products is not pertinent. However, 
the possibility of the formation of structures 
similar to the following should be pointed out

co2 c2h 5 co2 c2h 5 co2 c2h 5 co2 c2hö

I ~ I ” 1 ~ I
co2 c2h 5 co2 c2h 5 co2 c2h 5 co2c2 h 5

Although we have no definite evidence for such 
structures, the intractable nature of the products 
leads us to believe that linear polymers of this 
type may be formed.

Experimental Part
Procedure.—The mercuric chloride solution was pre­

pared by dissolving 10 g. of mercuric chloride in 100 ml. of 
commercial absolute ethanol. The sodium ethoxide solu­
tion was prepared by dissolving 1.0 g. of sodium in 100 ml. 
of commercial absolute ethanol. For use by students it 
has been convenient to keep these Solutions in indicator

(2) Sandborn and Marvel, T h is  Jo u r n a l , 48, 1409 (1926); Grif- 
fith and Marvel, ibid., 53, 789 (1931); Wright, ibid., 57, 1993 (1935).

(3) Jolinson, ibid., 55, 3Ó29 (1933).
(4) Carothers and Berchet, ibid., 55, 2807 (1933).
(5) Hoffmann, Ber., 31, 2215 (1898); Biilmann, ibid., 35, 2571

(1902); Schoeller and Schrauth, ibid., 42, 777 (1909); Schrauth and 
Schoeller, ibid., 41, 2087 (1908); Naik and Patel, J. Indian Chem. 
Soc., 9, 185 (1932); ibid., 9, 533 (1932).
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bottles fitted with medicine droppers. To 1 ml. of sodium 
ethoxide solution was added 2 drops of the unknown, fol­
lowed by 5 drops of the mercuric chloride solution. The 
mixture was shaken vigorously and the result observed 
after one minute.

Influence of Conditions upon the Reaction.—The rela­
tive amounts of reactants indicated above were selected 
after a series of tests with acetophenone, using varying 
amounts of the mercuric chloride and sodium ethoxide 
Solutions. An excess of mercuric chloride over that neces­
sary for reaction with acetophenone gave a yellow-orange 
precipitate which masked the white. Mercuric acetate 
seemed to be fully as satisfactory as the chloride and gave 
the same type of products. Mercuric nitrate, however, 
was reduced by sodium ethoxide and was unsatisfactory. 
Mercuric sulfate was too insoluble for use in alcohol 
solution. Dilute aqueous potassium hydroxide solution 
could be used to replace the sodium ethoxide but the forma­
tion of the white product was very slow and it was neces­
sary to allow the test to stand for some time before judging 
the results.

The results are summarized below. In the lists of com­
pounds tested, compounds with more than one functional 
group are given with the last-discussed series; thus, ke- 
tonic esters are given with the esters, cyano esters with the 
nitriles, etc. In each series the compounds giving a white 
precipitate are listed under “positive,” those giving a yel­
low or orange precipitate under “negative,” and com­
pounds which give other results are listed under “special 
reactions.”

Neutral Compounds Containing no Elements Other than 
Carbon, Hydrogen and Oxygen

H ydrocarbons 
Positive—Phenylacetylene.
Negative—Benzene, 2-pentene.

Alcohols

Negative—Allyl alcohol, ethyl alcohol, ethylene glycol, 
isoamyl alcohol, triphenylcarbinol.

E th er s

Negative—Acetal, anisole, ^-butyl ether, ethyl ether. 

Ald eh y d es

Positive—Acetaldehyde, heptaldehyde.
Negative—Anisaldehyde, benzaldehyde, piperonal, p- 

tolualdehyde.
Spécial Reactions—Formaldehyde reduced the mercuric 

chloride and paraldehyde first gave a yellow precipi­
tate which turned lighter on standing.

A n h y d rid es

Negative—Acetic, benzoic, «-butyric, cinnamic and isobu- 
tyric anhydrides.

K et o n es

Positive—Acetone, acetophenone, benzalacetophenone, 
benzylacetophenone, 2-butanone, ^-butyrophenone, 
desoxybenzoin, dibenzoylmethane, 2-heptanone, p- 
methylacetophenone, 2-octanone, a, Y-dibenzoyl-/3- 
phenylpropane, pinacolone, propiophenone, 2-undeca- 
none.

Negative—Benzalpinacolone, benzophenone, xanthone.

Special Reactions—Anthrone, benzoin, furfuralacetophe- 
none, mesityl oxide and phenanthraquinone gave such 
deep colors with sodium ethoxide solution that the 
color of the precipitate was obscured. Some of these 
also apparently caused reduction of the mercuric 
chloride. Carvone, cyclohexanone and 1,1-diben- 
zoylethane also gave slight colors with the sodium 
ethoxide solution but the precipitate formed when the 
mercuric chloride was added was distinctly white.

E st e r s

Positive—Ethyl acetoacetate, ethyl a-benzoylisovalerate, 
ethyl a-benzylacetoacetate, ethyl benzylmalonate, 
ethyl w-butylmalonate, ethyl a., y-dibenzoyl- /3-phen yl- 
butyrate, ethyl a-ethylacetoacetate, ethyl ethylmalo- 
nate, ethyl malonate, ethyl «-methylacetoacetate, 
ethyl methylmalonate, ethyl phenylacetate, ethyl 
phenylmalonate, methyl phenylacetate.

Negative—Benzyl acetate, benzyl propionate, w-butyl ace­
tate, ethyl acetate, ethyl benzoate, ethyl a-benzoyl- 
cinnamate, ethyl w-butyrate, ethyl cinnamate, ethyl 
crotonate, ethyl diethylmalonate, ethyl ar-ethyl-ß- 
hydroxybutyrate, ethyl isobutyrate, ethyl isovalerate, 
ethyl myristate, ethyl /3-phenylpropionate, ethyl pro­
pionate, ethyl sebacate, ethyl succinate, isoamyl ace­
tate, isoamyl benzoate, methyl benzoate, methyl cin­
namate, methyl oxalate, phenyl acetate, triacetin.

Special Reactions—Ethyl a-acety 1- ß -phenyl-y  -benzoy 1- 
butyrate and ethyl o'-benzalacetoacetate gave colors 
with sodium ethoxide solution and the color of the 
precipitate formed when mercuric chloride was added 
could not be determined. Ethyl benzalmalonate and 
ethyl formate gave white precipitates with sodium 
ethoxide solution; however, the final reaction prod­
ucts were yellow.

Compounds Acidic or Basic or/and Containing Elements 
Other than Carbon, Hydrogen and Oxygen

Many phenols gave bright colors with sodium ethoxide 
solution and some reduced the mercuric chloride; only 
guaiacol gave a positive test. Nitro compounds gave nega­
tive tests in which the colors varied, depending upon the 
influence of sodium ethoxide on the nitro compound. N i­
tromethane, the only aliphatic nitro compound tested, 
gave a white precipitate with sodium ethoxide solution, but 
this became yellow when the mercuric chloride solution was 
added. No generalizations can be made concerning the be- 
havior of amines—some gave positive tests, some negative 
tests and some reduced the mercuric chloride. The test 
may prove of some value with amides. It was found that

the grouping —C/>
\ nh2

gave a positive test. The only

exceptions were ö-acetotoluide, which gave a positive test, 
and thiourea, which gave a black precipitate (mercuric 
sulfide). Sulfonamides (—S02NH2), gave a negative test. 
All the nitriles tested (except ethyl cyanoacetate) gave a 
negative test. Acids, salts of acids and quaternary ammo­
nium salts formed the yellow precipitate only. The spe­
cific compounds tested are listed below.

P h en o l s
Positive—Guaiacol.
Negative—ö-Chlorophenol, w-cresol, o-cr&sol, />-cresol,



1134 R alph Connor and John II. Van Campen VoL 58

n a p h th o l, phenol, ph en y l sa licy late, phloroglucinol, 
Vanillin.

Special Reactions—Catechol, hydroquinone, orcinol and re- 
sorcinol monomethyl ether all gave colored Solutions 
with sodium ethoxide. The first three of these also re­
duced the mercuric chloride. A color was also formed 
with sodium ethoxide and «-naphthol, but the pre­
cipitate formed with mercuric chloride was distinctly 
yellow. Resorcinol gave a negative test but the pre­
cipitate darkened on standing. Salicylaldehyde gave 
a white precipitate with sodium ethoxide; the addition 
of mercuric chloride solution gave a yellow solution 
but the white precipitate apparently remained.

Am in e s

Positive—w-Butylethylamine, diethylamine, isoamylam- 
ine, methyl anthranilate, o-toluidine.

Negative— l-Amino-2,4-dimethylaniline, aniline, o-anisi- 
dine, m-bromoaniline, 0-bromoaniline, ^-bromoani- 
line, di-w-butylamine, tri-w-butylamine, ^-chloroani- 
line, N,N-diethylaniline, diphenylamine, N-ethylani- 
line, ethyl ^-aminobenzoate, ethyl anthranilate, a- 
naphthylamine, nicotine, m-toluidine, ^-toluidine.

Special Reactions—/3-Naphthylamine and benzidine re­
duced the mercuric chloride. />-Aminoazobenzene, p- 
aminophenol and ^-anisidine gave colors with sodium 
ethoxide solution and apparently reduced the mercuric 
chloride as well.

N it r il e s

Positive—Ethyl cyanoacetate.
Negative—Acetonitrile, benzonitrile, isocapronitrile,

phenylacetonitrile, 0-tolunitrile, ^-tolunitrile, n- 
valeronitrile.

A cids

Negative—Acetic acid, w-aminobenzoic acid, anthranilic 
acid, ^-hydroxybenzoic acid, salicylic acid.

Special Reactions—Malonic acid formed a white precipi­
tate when treated with the sodium ethoxide solution. 
Acids will give only a clear solution when the test is 
applied to them, unless an excess of sodium ethoxide is 
present. In the case of acetic acid, for example, it was 
necessary to add an additional portion of sodium 
ethoxide in order to obtain a precipitate.

N itro  C om pounds

Negative—o-Bromonitrobenzene, ^-bromonitrobenzene, p- 
chloronitrobenzene, m-dinitrobenzene, o-dinitroben- 
zene, methyl m -n itrobenzoate, m-nitroaniline, p-nitro- 
aniline, o-nitroanisole, ^-nitroanisole, ra-nitrobenzal- 
dehyde, ö-nitrobenzaldehyde, nitrobenzene, w-nitro-

benzoic acid, 0-nitrobenzoic acid, p -nitrobenzoic acid, 
^-nitrobenzyl acetate, ^-nitrophenol, ra-nitrotoluene, 
0-nitrotoluene, ^-nitrotoluene.

Special Reactions—2,4-Dinitrobenzaldehyde, 0-nitroani- 
line, 0-nitrophenol, picric acid and 1,3,5-trinitroben- 
zene gave colors with sodium ethoxide solution. Ni­
tromethane gave a white precipitate with the sodium 
ethoxide solution but when a mercuric chloride solu­
tion was added, a yellow precipitate, characteristic of 
the negative test, was obtained.

A m ides

Positive—Acetamide, o-acetotoluide, benzamide, a-bromo- 
propionamide, urethan.

Negative—Acetanilide, /3-acetonaphthalide, ^-acetotolu- 
ide, benzanilide, N-methylacetanilide, phenacetin, 
phthalimide.

Special Reactions—^-Nitroacetanilide gave a colored solu­
tion with sodium ethoxide solution, but a typical nega­
tive test was obtained when the mercuric chloride solu­
tion was added. Succinamide was apparently quite 
insoluble in the sodium ethoxide solution and the addi­
tion of mercuric chloride solution gave a yellow pre­
cipitate; upon standing, however, a white precipitate 
was formed. Thiourea gave a negative test but the 
precipitate quickly became dark.

Salts

Negative—Ammonium benzoate, tetraethylammonium 
bromide, tetramethylammonium chloride, tetra- 
methylammonium iodide.

M iscella n eo u s

Positive—B enzal-£-br omoacet ophenone.
Negative—Benzenesulfonamide, ^-bromobenzaldehyde,

carbazole, o-chlorobenzaldehyde, ^-chlorobenzyl 
acetate, dicresyl-ö-sulf obenzoate.

Summary
A mercuric chloride test for structure determina- 

tion has been described. I t is recommended for 
use with neutral compounds which contain no 
elements other than carbon, hydrogen and oxygen; 
it gives a positive test with ketones and aldehydes 
which have hydrogen on the alpha carbon atom 
and with esters having at least one hydrogen and 
pne labilizing group on the alpha carbon atom. 
The behaviors of over two hundred organic com­
pounds with this reagent have been described. 
I thaca , N e w  Y o rk  R eceiv ed  M ay 14, 1936
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[CONTRIBUTION FROM THE P hYSICAL CHEMICAL LABORATORY OF THE UNIVERSITY OF WiSCONSIN]

The Nature of the Hydrogen Bond. I. Association in Carboxylic Acids

By R. H. Gillette and Albert Sherman

Introduction
It has long been known that many organic com­

pounds, especially those containing hydroxyl 
groups, are associated at ordinary temperatures, 
both in the gaseous state and in solution in non- 
polar solvents.1 The equilibrium was investi- 
gated by Auwers,2 who was able to distinguish 
two classes of associating substances, those in 
which the molecular weight increases in propor- 
tion to the concentration and those in which the 
molecular weight approaches a limiting value cor­
responding to dimer formation. Examples of the 
former dass are alcohols, phenols and amides; of 
the latter dass the carboxylic acids constitute the 
best example. Much later work using many 
different methods has yielded discordant results 
but has largely verified the above conclusions. 
The present work is concerned with assuming a 
structure for the dimeric carboxylic acid, and cal- 
culating its energy with respect to unaêsociated 
molecules. It is mainly for these substances that 
experimental values for the heat of the association 
reaction are available. For formic acid Coolidge3a 
obtained the value 14,125 cal., and Fenton and 
Garner3b found 13,790 cal. for acetic acids. The 
fact that consistent values for the heat of associa­
tion over a considerable range of temperature and 
pressure were obtained lends considerable cre- 
dence to the view that these acids are associated 
only to dimers, as does also the work of Smyth 
and Rogers,4 who showed that associated mole­
cules of acetic acid and butyric acid have an elec- 
tric moment of zero in benzene solution.

Several mechanisms have been postulated to 
explain this association, the simplest being that 
the interaction between two juxtaposed dipoles is 
responsible for the reaction. This, however, is 
unimportant in this case, and in general this in­
teraction is insufficiënt to deal with polar mole­
cules, as has been pointed out by Hildebrand.5 
Williams6 remarks that the presence of a dipole

(1) W. E. S. Turner, “Molecular Association," Longmans, Green & 
Co., N. Y., 1915, p. 33.

(2) Auwers, Z. physik. Chem., 12, 689 (1893); 23, 449 (1897).
(3) (a) Coolidge, T h is  J o u r n a l , 50, 2166 (1928); (b) Fenton and 

Garner, J. Chem. Soc., 694 (1930).
(4) Smyth and Rogers, T h is  J o u r n a l , 52, 1824 (1930).
(5) Hildebrand, Science, 83, 21 (1936).
(6) Williams, Proc. Nat. Acad. Sei., 14, 932 (1928).

movement rnay be a necessary condition for asso­
ciation in general, but it is not sufficiënt. Phenol 
and benzoic acid are generally regarded as asso­
ciated, yet over a considerable range of concentra­
tion (benzene solution) these substances show no 
change in their molar polarizations.

Moore and Winmill7 were probably the first to 
postulate a hydrogen bond, i. e., two atoms or 
groups held together by a hydrogen atom or nu­
cleus between them. Pfeiffer8 used the idëa to 
explain the weakness of -hydroxy an thraquinone 
and Huggins9 used the concept as a theory in re- 
gard to certain organic compounds. Latimer and 
Rodebush10 were the first to recognize the hydro­
gen bond as a general phenomenon.

Pauling11 has considered a hydrogen bond to be 
polar in nature while Sidgwick12 as a result of his 
theory of the coördinate covalent link, postulated 
that organic acids would associate since an inner 
coördination would lead to a four-membered ring, 
which is unstable, whereas two molecules could 
join together, forming a stable configuration, 
with carboxyl groups facing one another, the hy­
droxyl hydrogens acting as acceptors for the for­
mation of coördinate links. This view is, how­
ever, untenable, as Sidgwick himself has since 
stated,13 since hydrogen cannot be divalent unless 
some of the electrons are promoted to the 2s 
state, which is unstable. This argument for the 
instability of divalent hydrogen assumes tha t the 
atomic quantum numbers for hydrogen essen­
tially retain their significance in the molecule.

Sidgwick now regards the hydrogen as first a t­
tached to one atom and then to the other, this 
electronic resonance on a time average amount- 
ing to making hydrogen divalent, i. e., the reso­
nance phenomena of wave mechanics. Bell and 
Arnold14 come to the same conclusion for dimer 
formation in the case of trichloro acetic acid mole­
cules.

(7) Moore and Winmill, J. Chem. Soc., 101, 1675 (1912).
(8) Pfeiffer, Ann., 398, 137 (1913).
(9) Huggins, Undergraduate Thesis, Univ. of California, 1919.
(10) Latimer and Rodebush, T h is  J o u r n a l , 42, 1419 (1920).
(11) Pauling, Proc. Nat. Acad. Sei., 13, 359 (1928).
(12) Sidgwick, “The Electronic Theory of Valence,” Oxford 

University Press, 1929; Chem. Soc. Ann. Rep., 30, 115 (1934).
(13) Sidgwick, ibid., 31, 34 (1935).
(14) Bell and Arnold, J. Chem. Soc., 1432 (1935),
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W. D. Kumler14a discusses the hydrogen bond in 
relation to dielectric constants and boiling points 
of organic liquids.

Fig. 1.—The model obtained from electron diffraction 
experiments for associated dimeric formic acid. The two 
carboxyl groups form an eight-membered plane ring.

In view of the above facts it is of interest to cal- 
culate the energy of the carboxylic acid complex 
with the aid of wave mechanics in order to throw 
some light upon the nature of the hydrogen bond,
i. e., to determine whether it is polar, homopolar 
or both.

We shall restrict our considerations for the pres­
ent to formic acid, partly because it is the simplest 
acid and partly because accurate experimental 
data for the substance are available. In order to 
calculate the energy of the dimer we must assume 
some particular spacial configuration. The one 
chosen was that suggested by Latimer and Rode- 
bush10 and verified experimentally by Pauling and 
Brockway15 by electron diffraction measurements. 
This structure places all the atoms in a plane with 
carboxyl groups opposite one another, as shown in 
Fig. 1. Zahn16 has suggested an alternative 
model as a result of electric moment investiga- 
tions, and based on the results of electron diffrac­
tion measurements by Hengstenberg and Brü.17 
However, Pauling and Brockway state the model 
postulated by the latter authors is not in agree­
ment with their electron diffraction pattern and 
hence can be definitely excluded.

Procedure
AH the electrons are considered uniqueiy paired 

except those in the ring and the problem is treated 
in the ordinary way as one of 8 electrons with spin 
degeneracy. There are in general 14 linearly in-

(14a) W. D. Kumler, T h is  J o u r n a l , 57, 600 (1935).
(15) Pauling and Brockway, Proc. Nat. Acad. Sei.. 20, 336 (1934).
(16) Zahn, Phys. Rev., 37, 1516 (1931); 35,1047 (1930).
(17) Hengstenberg and Brü, Anal. soc. espan. fis. qutm., 30, 341 

(1932).

dependent bond wave functions for 8 electrons, 
a convenient set being the so-called canonical 
set18 given below.

The energy of the complex is calculated as a 
function of the distance between carboxyl groups,
i. e.y between atoms b and d. For every distance 
rhd two cases were considered. In one case the 
hydrogen atoms are placed midway between the 
oxygen atoms, as shown in Fig. 1. In the other 
case the hydrogen atoms are at the normal O-H 
distance (0.97 Ä.) from diagonally opposite oxy­
gen atoms. It is of course immaterial where the 
hydrogen atoms are located as far as the 14 bond 
wave functions in Fig. 2 are concerned.

Fig. 2.—Fourteen linearly independent bond wave func­
tions for eight electrons in the ring of dimeric acetic acid.

For the second case we give and \p4. the same 
coëfficiënt in the wave function for the system, 
and similarly for and and ^8, ^9 and ^i0. 
The functions \f/n, ipu, 1̂3 and \pu are neglected. 
They are what Pauling and Wheland19 have called 
second excited structures, and it is evident that 
they will contribute little to the energy of the 
system and may be neglected in an approximate 
calculation. Thus, we define
01 =* Vb, 02 =  02, 03 — 03 +  04, 04 = 06 +  06,

06 — 07 +  08 +  09 +  010
The matrix components between the <fi’s were 

computed by first calculating the components in 
terms of the ^ ’s, by either Pauling’s18 or Eyring 
and Kimball’s method,20 and then using the defi- 
nition of the 0’s.

In this case ab = ah — de ~ ef; ac = eg; ad = 
af = be — eh; ag — ce; bc = fg; bd = fh; bf = 
dh; bg — df; cd — gh; dg == ch and bh = df.

(18) Pauling, J. Chem. Phys., 1, 280 (1933).
(19) Pauling and Wheland, ibid., 1, 362 (1933).
(20) Eyring and Kimball, ibid., 1, 626 (1933).
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The components in terms of the <f>’s are given Results
below. For every distance between oxygen atoms b and

Hu = Q 4~ {ab — ac — ag — bc — bd — bf — bg — bh — dg) 4* 2{cd — ad) — x/ 2{ac +  cg)
H22 — Q 4" (ab — ac — ag — bd — bf — cd — bg — bh — dg) T  — ad) — x/ 2{ac 4~ ag)
H33 = 2V2Q +  Mab — ag — bh) — 2x/ 2{ac +  bc +  bd bf +  dg) 4 -2 {bg +  cd) — IV4(ac 4- cg) — bad
H44 = 7VsÖ +  3(aZ> +  dd) +  6{cd +  bc -  bg -  dg) -  41/** -  7x/ 2ac -  10y2(ac +  «£) “  12(W +  &Ä) ~  $bf
H55 = 2V2C +  4{ab -  ac -  bh) -  21/ i (ag +  bd +  bf +  bg +  cd) -f 2(bc +  dg) -  1 l/*(ae +  cg) -  bad
H12 = VsQ 4~ l/z{ab +  ad — ac — bd — ag — bh — bf) 4“ *A(fc 4“ cd -f bg 4~ dg — ae — cg)
Hi3 = Q -f- 2l/ 2{ab — ag — bh) +  2{cd — ad) — {ac +  bc 4~ bd -j- bf +  dg) +  l/ 2{bg — ae — cg)
H14 = IV2Ö T 2X!fab — ag — bf — bh) 4" 3A{ad +  bc — cg — bg) -f- 3cd — 1 x/ 2{ae T  dg) — l5A(d£ 4~ bd)
H15 = XUQ +  \ xU{ab — ac — bd — bf — bh — ag) -f lU(bc -f bg — ad — ac) +  cd +  dg. — cg 
H23 = X/ 2Q +  l x/i(ab — ac — bd — bf — bh — ag) +  x/i{cd +  dg — ad — ae) +  bc 4* bg — cg 
H24 = IV2Q 4" 2x/±{ab — ac — bf — bh) 4" 3A{ad 4* cd — dg — cg) — x*U(bd 4- ag) 4“ 3öc — V / 2{ae 4~ bg)
H25 — Q 4- 2V2{ab — bh — ac) 4“ 2{bc — ad) +  x/ 2{dg — ae — cg) — ag — bd — bf — bg — cd
H34 — 2xAQ 4- 4XA{ab — bd — ag — bh) 4* l x/ 2{ad 4- bc 4- bg) — 6{bf 4* ac) 4~ 3cd — 2xU{ae 4- cg)
H3ö = HAQ 4" 2{ab — ac — ag — bh — bf) — ad 4~ bc 4- cd 4- bg 4~ dg — ae — 2 l/ 2cg — Sx/ 2bd
H46 = 2X/^Q 4- 4:x/ 2{ab — ac — bd — bh) 4* 1 x/ 2{ad 4- cd 4“ dg) — 6(bf 4* ag) 4- 3bc — 2x/*{ae 4“ cg)

Here Q is the Coulombic energy of the s} ŝtem, 
ab the exchange energy between electrons a and 
b, and similarly for ac, ad, etc.

The Coulombic and ex­
change energies were evalu- 
ated from the various Morse 
potential energy curves in 
question, and an approximate 
formula was used for correct- 
ing the Morse values for di­
rected valence. I t was as- 
sumed that K fab — K 'ab cos2« 
holds for a bond formed from 
one s and one p electron, 
where K ah is the exchange 
energy of a bond determined 
from a Morse curve, a the 
angle through which the bond 
is distorted from its normal 
value (A e from the angle for 
which the bond energy is a 
maximum), and K rah the directed valence ex­
change energy. The carbon wave functions were 
considered to be tetrahedral and orthogonal. The 
Coulombic energy was assumed to be 14% of the 
total bond value.21

The constants used for constructing Morse 
curves are given in Table I.

T a b le  I
Bond ro(h.) co (cm.- 9 D(kcal.)
0 - 0 1.32 1304 34.3
C -H 1.12 2930 92.3
C-O 1.43 1030 81.8
H -H 0.74 4375 102.4
C-C 1.54 990 83.0
O-H 0.97 3660 113.1

(21) This percentage is taken over from activation energy calcula-
tions. See Van Vieck and Sherman, Rev. Modern Phys., 1, 168 (1935) .

c or h and ƒ the configuration where the hydrogen 
atoms are placed a t the normal distance from

diagonally opposite oxygen atoms turned out to 
be more stable than when they were placed mid- 
way between the oxygens. Hence only the ma­
trix component for the more stable configuration 
was given in the preceding section, since it is the 
only one of interest for our present problem.22

The results of the calculation are shown in 
Fig. 3.

AJS is the heat of the association reaction 2R— 
COOH — >

yOHOv
R--C<A /C--R, i. e., AE = iSdimer — 22£monomer

X )H O /
(22) The secular equation for the more unstable configuration was 

taken as a cubic, defined by the wave functions di ipi ~\r fa, Ö2 =
f a  +  ^ 5  +  ^ 6 ,  0 2  *= ^ 7  ~f- 4 f *  “f  T  f a * ‘

1.8 2.0 2.2 2.4 2.6 2.8 3.0
n>d.

Fig. 3.—The heat of the association reaction of two carboxyl groups as a function 
of the distance between them. The minimum corresponds to the formation of a 
stable dimer.
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Discussion
It is seen from Fig. 2 that the curve has the form 

to be expected and that for the reaction 2HCOOH 
— > (HCOOH)2 we calculate an activation energy 
of 4.8 kcal., a minimum at rbd = 1.94 Ä., and a heat 
of reaction of 23.8 kcal. This is to be compared 
with the experimental values r = 2.67 Ä., and AE 
a t the minimum equal to 14.1 kcal.

From theoretical considerations we know that a 
complete wave function for a system should in-  ̂
clude terms to allow for both polar and homopolar 
States. I t is exceedingly difficult, however, to 
include polar States in the calculation in any prac­
tical way, but it was considered of interest to see 
to what extent homopolar states alone could ac­
count for the results in order to determine, if pos­
sible, the relative importance of each. The exist- 
ence of such states as

/ 0 “ H +0-x
H— C+< >C+—H,

x 0 “ H + 0-/
/ 0 ~  H + CL

>C—H, etc.H—C X O H +O -

are possible, and the most important cause of the 
discrepancy between calculated and experimental 
quantities is undoubtedly to be sought in the 
neglect of them. Pauling and J. Sherman23 cal­
culate from thermochemical data that the reso­
nance energy of a carboxyl group is 1.2 v. e. rela-

tive to the structure R—Cf . We have
x O—H

made additional calculations and find the reso­
nance energy to be 0.8 v. e. if it arises from the two

states R— and R—c /  \  . Accord- 
x O—H

ingly other states must be involved, such as 
/O - /yO /O-

R ~C+< , R— c r  and R—C+<
x O—H X ) - H + X )-H  +

To the extent that polar states are important 
directed valence is unimportant. Since we neg­
lected polar terms we consequently over-cor- 
rected for directed valence. This is the main 
reason why the calculated AE was not in nu- 
merical agreement with experiment.

Polar terms will come in to the energy expres- 
sion in an additive way. Although it is not quite 
correct to infer that they will therefore effectively 
increase the Coulombic percentage above 14, 
nevertheless it is interesting to remark that if the 
importance of directed valence is decreased and the 
percentage of Coulombic energy slightly increased

(23) Pauling and J. Sherman, J. Chem. Phys., 1, 606 (1936).

agreement with experiment is obtained. Thus 
if directed valence be decreased by 25% and the 
Coulombic percentage increased from 14 to 17.5 
the calculated value of AE agrees with experi­
ment.

Resonance between bond wave functions \pi 
and fa may be considered to be the resonating 
hydrogen bond of Sidgwick, mentioned in the in- 
troduction. It is to be noticed, however, that if 
the functions vb and alone were involved AE 
would be + 5  kcal. rather than —23.8 kcal. 
Thus we see that states \pz through vbo, although 
not as important as ^i, and ^2, must also be con­
sidered since they contribute considerable energy 
to the complex. If all excited states19 be neg­
lected, both for the dimer and the monomers, 
the heat of the association reaction turns out to be 
approximately equal to that found by taking all 
states into account.24 Hence it turns out that 
the ordinary Chemical formulation of the reaction

2R C f
X)H

R—C
O—H—O 
O—H—C

■C—R happens to

be fortuitously correct if the bonds drawn in the 
complex are interpreted to represent the functions 
ypi and fa.

Various assumptions concerning the value of a 
in the expression K ' = aK  cos2 a, together with 
various choices of the Coulombic percentage all 
affect the value of AE and the activation energy 
of the association, but many detailed calculations 
show that the position of maximum stability al- 
ways occurs at rhd = 1 .94  Ä. The fact that rhd 
(exptl.) = 2.67 Ä. indicates polar states are im­
portant, but the discussion above indicates that 
homopolar states are also important.

Pauling,11 after remarking that the hydrogen 
bond in HF2“ is polar, i. e., F “H+F~, says the 
polar concept of the hydrogen bond explains why 
only atoms of high electron affinity such as fluo- 
rine, oxygen and nitrogen form such bonds. It 
is not clear, however, why from this viewpoint 
chlorine which is at least as electronegative as 
nitrogen25 forms at best only very weak hydrogen 
bonds.26

We wish to thank Professor Farrington Daniels 
for his constant interest in this problem. One of 
us (A. S.) also acknowledges a profitable talk with 
Professor L. Pauling. He also wishes to thank

(24) Pauling and Wheland19 used this general assumption.
(25) Pauling [T h is  J o u r n a l , 54, 3570 (1932)] gives for the Co­

ordinates of these elements on his electronegativity scale Cl =  
0.94, N  =  0.95, O =  1.40, F = 2.00.

(26) Pauling, ibid., 58, 92 (1936).
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the Wisconsin Alumni Research Foundation for 
financial support.

Conclusions

From the preceding discussion we conclude that 
the wave function for a hydrogen bond should in­
clude both polar and homopolar terms.

Although we are not able to decide quantita- 
tively the relative importance of each it seems safe 
to conclude that both are important. Most 
simply, therefore, the hydrogen bond must be 
considered as consisting of at least the three 
states X -H  +X“, X—H X and X H—X.
M a d is o n , W isc o n sin  R e c e iv e d  A p r il  14, 1936

[CONTRIBUTION FROM THE LABORATORY OF PHYSICAL CHEMISTRY, UNIVERSITY OF WISCONSIN]

The Effect of Association on the Infra-red Absorption Spectrum of Acetic Acid
By R. H. Gillette and Farrington D aniels

The effect of interactions between various 
groups on the infra-red absorption of organic 
molecules has been investigated recently by a 
number of workers.1 The work, however, has 
been confined chiefly to the study of the intensi­
ties of overtones of vibrations involving hydrogen 
linked to carbon, nitrogen or oxygen. Acetic 
acid is particularly interesting in this connection 
because one can observe the effect of association 
on the spectrum of the carboxyl group. It has, 
in fact, proved possible to measure a considerable 
portion of the spectrum of both the monomeric 
and dimeric acid and to interpret it so as to bring 
it into accord with the results of electron diffrac­
tion measurements and, perhaps less certainly, of 
electric moment measurements.

Several investigators have used Raman data to 
obtain such information.2 Dadieu and Kohl- 
rausch3 have determined the Raman spectra of 
several binary liquid mixtures of acetic acid in 
different solvents and have found that only the 
lines associated with the C = 0  group are affected 
by the solvent. Leitman and Ukholin4 have 
shown that the Raman line at 623 cm._1 in acetic 
acid becomes much weaker when the acid is dis­
solved in water, and finally, as the concentration 
is decreased, fades out entirely. They interpret 
this to mean that the association of acetic acid 
leads to molecules of quite definite configuration.

Experimental
The spectrometer of the Wadsworth type using 

a rock salt prism, Nerst glow lamp, and Paschen
(1) Errera and Mollet, J. Phys. Radium, 6 , 281 (1935); Liddel and 

Wulf, T h is  J o u r n a l , 55, 3574 (1933); 57, 1464 (1935); Hilbert, 
Wulf, Hendricks and Liddel, Nature, 135, 147 (1935); Pauling, 
T h is  J o u r n a l , 58, 94 (1936).

(2) Mayer, Physik. Z., 30, 170 (1929); 32, 293 (1931); Pringsheim 
and Schlivich, Z. Physik, 60, 582 (1931).

(3) Dadieu and Kohlrausch, Physik. Z., 31, 514 (1930).
(4) Leitman and Ukholin, J. Chem. Phys., 2, 825 (1934),

galvanometer has been described before.5 The 
absorption cells were made by cementing polished 
rock salt Windows onto both ends of Pyrex tubes 
8 cm. long. Glyptol cement was found to be ex­
cellent for attaching the Windows to the glass— 
much better than fish glue. The cells were heated 
electrically with a constancy of ±1°.

The acetic acid, obtained from the Niacet 
Chemical Company, was carefully purified by 
distillation in vacuo. Different samples always 
gave the same absorption spectrum.

Results
The vapor of acetic acid was studied at room 

temperature and at 172° from 1100 to 10,000 
cm.-1, the results being shown in Table I and 
Fig. 1 (to conserve space the high frequency re­
gion containing only the band v\ was omitted in 
Fig. 1). In both cases the acid was present at a 
partial pressure of 19 mm. in an atmosphere of 
air.

T a b l e  I
Band 25° C. 172° C.

Pi 2985 cm."1 2985 cm.-1
v2 1740 cm.“1 1786 cm.“1
vz 1435 cm.“1 1398 cm.“1
P4 1296 cm.*“1 1288 cm.“1
p& 1190 cm.“1 1185 cm."1

Five sharply defined bands occur in the region 
studied, their shape suggesting that the rotational 
fine structure is completely blotted out, as might 
be expected at the high pressure of foreign gas. 
Of these, three are not shifted by the increase in 
temperature although the band at 1190 cm.“ 1 
(p5) is greatly intensified. The remaining two 
bands, at 1740 cm.“1 (v2) and 1435 cm.“ 1 (v3) at 
room temperature, are shifted considerably für-

(5) Cross and Daniels, ibid., 2, 6 (1934).
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ther apart at 172°—occuring at this temperature 
at 1786 and 1398 cm.™1, respectively.

vSince the temperature shifts are appreciably 
larger than the shifts produced by substitutions 
in the acetic acid molecule itself,6 it was feit that 
some type of Chemical reaction must be involved 
which changes bonds between atoms. It is well 
known from the work of Ramsay and Young7 and 
Fenton and Garner8 that acetic acid is almost 
completely associated into double molecules even 
at the boiling point, and at 183° and 400 mm.

pressure is still 9% associated. If this associa­
tion is responsible for the observed shifts, it would 
be expected that at intermediate temperatures 
where both monomeric and dimeric forms are 
present both bands should appear. This is strik- 
ingly borne out in Fig. 2 where the absorption of 
the C = 0  group is shown at various temperatures. 
As is to be expected the weaker band drifts to- 
ward the stronger one due to the fact that the 
width of the spectrometer slit is finite and some 
overlapping occurs.

Discussion
In order to assign the bands to definite vibra- 

tions within the molecule, it is necessary first to 
consider the nature of the single and double mole-

(6) Bennett and Daniels, This Journal, 49, 50 (1927); Gillette, 
58, 1143 (1936).

(7) Ramsay and Young, Sei. Proc. Roy. Dublin Soc., 12, 374 
(1910); see also Drucker and Ullman, Z. Physik. Chem., 74, 604 
(1910).

(8) Fenton and Garner, J. Chem. Soc., 694 (1930).

cules. The former cannot vary greatly from the 
planar model assumed by Mecke9 for formalde­
hyde. There is some arbitrariness in the choice 
of fundamental modes of Vibration for this mole­
cule, but since the molecule is completely unsym- 
metrical a possible set is shown in Fig. 3, where 
w’s are used to indicate modes of Vibration of the 
model to be associated with the fundamental fre­
quencies in the absorption spectrum (v’s) having 
the same subscript. The usual assumptions that 
interactions between bonds can be neglected and 

that only the valence vibra- 
tions will lie in this region are 
made.10 It is apparent that 
these modes correspond es­
sentially to the Vibration of 
a C = 0 , a -C-O-, and a C-C 
bond. At 172° under the 
conditions of our experi­
ments acetic acid is almost 
completely dissociated into 
single molecules and hence 
the spectrum at this tem­
perature should correspond 
to that of the model of Fig. 3.

One of the most firmly es- 
tablished frequencies in infra- 
red spectroscopy is that of 
the C—O group which oc­
curs in the same region in 
aldehydes, ketones, acyl hal- 
ides, amides, esters and acids 

and has been investigated extensively11 by both 
Raman and infra-red measurements. This is 
clearly to be associated with the v% and o>2 de­
scribed here.

Bands occurring in the vicinity of 2960 cm.“1 
are well known to be produced principally by a 
valence Vibration of the C~H bond.12 In this 
region occur also bands due to overtone and com- 
bination vibrations of the carboxyl group as well 
as the fundamental of the O-H Vibration. I t is 
also well established that a deformation Vibra­
tion of the C-H group occurs in the vicinity of 
1300 cm.“ 1. To these two vibrations we assign 
our vx and /'4, respectively.

(9) Mecke, “Leipziger Vorträge” (English Edition. Debye, 
“Structure of Molecules,” Blackie and Son, London, 1932, p. 47.

(10) Bartholomé and Teller, Z. physik. Chem., B19, 367 (1933).
(11) Roth, Z. Physik., 87, 192 (1934); Weniger, Phys. Rev., 31, 

388 (1910); Kohlrausch and Pongratz, Z. Physik. Chem., B27, 176 
(1935).

(12) Ref. 11; also Easly, Fenton and Spence, Astrophys. J ., 67, 
185 (1928); Morton, Z. physik. Chem., U I t 97 (1925).

1000 1200 1400 1600 1800 2000 2200
Wave number cm.“1.

Fig. 1.—The infra-red absorption spectrum ol acetic acid vapor. Curve 1 at 
25°; Curve 2 at 172°.
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The remaining two vibrations are assigned as 
shown in Fig. 3. This assignment is in qualita­
tive agreement with the fact that the frequency of 
a C-O Vibration is in general higher than that of 
a C-C frequency, and will be further justified by 
a consideration of the double molecule.

Fig. 2.—The infra-red absorption spectrum of the 
carbonyl group of acetic acid.

/ O —H—TX
CH3— C< /C — CH3

X 0 —H—CK

We shall assume that this same structure is also 
found in acetic acid.

Fig. 3. —Fundamental modes of Vibration of the single 
molecule of acetic acid. (The deformation vibrations have 
been omitted.)

In formulating the fundamental modes of Vi­
bration the hydrogen in the ring is neglected 
since the electric moment changes associated with 
its Vibration are undoubtedly small as shown by 
the fact that the formation of hydrogen bonds blots 
out the characteristic O-H absorption. Again 
making the assumption that interaction between 
bonds is negligible we are able to separate the 
two vibrations of the methyl groups against the 
ring from vibrations of atoms in the ring itself.

The usual requirement that vibrations be sym­
metrie or antisymmetric with respect to the sym- 
metry elements present leads to the formulation 
for the double molecule shown in Fig. 4, where the

Inactive Active

That the association of acetic acid involves 
hydrogen bonds was first suggested by Latimer 
and Rodebush.13 This view was later verified 
by Pauling and Brockway14 who determined the 
configuration of the double molecule of formic acid 
by electron diffraction measurements. It was 
found to be a monoplanar ring, the two molecules 
being joined by two hydrogen bonds

(13) Latimer and Rodebush, T h is  J o u r n a l , 42, 1419 (1920).
(14) Pauling and Brockway, Proc. Nat. Acad. Sei., 20, 336 (1934).

Fig. 4.—The fundamental valence vibrations of dimeric 
acetic acid.

primes are used to distinguish the vibrations of 
the dimer from those of the monomer. It may be 
seen that the frequencies in the first column are
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inactive since they produce no change in the elec- 
tric moment of the molecule.

It will now be shown that the active frequency
0)5 of the dimer should be the same as 0)5 of the 
single molecule. Denote by M  the mass of the 
ring exclusive of the methyl groups and by m the 
mass of a methyl group. Then the reduced mass 
for the Vibration 0 ) 5  is

_  2 m i M  _ 2 m  
ß  ~  2 m  +  M  “  1 +  ( 2 m / M )

while that for o) 5  is
_  m(M/2) _ m

^  “  m +  (M/2) "  1 +  (2m/M)
But since there are two methyl groups involved in 
the Vibration C05 the force constant f l  will be 
twice as large as / 5. Thus the frequency of Vibra­
tion calculated from the relation v =  1/ 2tt VIT, 
will be the same in both cases. This indicates 
that it is justifiable to assign the frequency at 
1190 cm . - 1  to this Vibration. The greater inten­
sity of absorption in the single molecule may be 
correlated with the Splitting of the band upon 
association into an active and an inactive Vibration.

The frequencies vx and va associated with car­
bon to hydrogen vibrations should not, of course, 
be affected by the increase in temperature. This 
is, in fact, found to be the case, although the band 
va is slightly displaced at 172°, probably because 
of overlapping with p5 which becomes much more 
intense.

The remaining two frequencies V2 and v% are 
more difficult to attribute to the definite modes of 
Vibration of the associated molecule. Qualita- 
tively they should be closer together in this case 
than in the single molecules since their Separa­
tion is merely the result of similar modes of Vibra­
tion of the ring which cannot have greatly different 
force constants. Since it appears plausible that 
a greater electric moment change is to be asso­
ciated with the active Vibration 002 than with 0 ) 3  

(Fig. 4) it may be tentatively assigned to the 
more intense band at 1740 cm . - 1  (v2).

The Raman spectrum of acetic acid has been 
examined most accurately by Kohlrausch, Köppl 
and Pongratz.15 The Raman lines occurring in

(15) Kohlrausch, Köppl and Pongratz, Z. Physik. Chem., B21, 
242 (1933).

this region are 1275, 1363,1429, 1663 =*= 7.5 cm. ”1. 
These are to be compared with the maxima of the 
infra-red absorption bands recorded here at room 
temperature: 1205, 1296, 1435, 1740 cm.“1.

The findings of this investigation suggest that 
in the single molecule it is safe, at least as a good 
approximation, to assign a definite band in the 
spectrum to a definite bond in the molecule. In 
the double molecule, on the other hand, because 
of the highly symmetrical structure this approxi­
mation fails completely. A similar case is dis- 
cussed by Cross and Van Vleck, 16 who show that 
because of mass symmetry in ethyl alcohol it is no 
longer possible to apply the approximation which 
was found to hold well for the ethyl halides.

In all the above reasoning it has been assumed 
that the association of acetic acid, and undoubt- 
edly of carboxylic acids in general, takes place 
through the formation of hydrogen bonds. The 
fact that it has been possible to interpret the spec­
tra on this assumption yields additional evidence 
that this is the actual mechanism of association. 
The fundamental nature of this hydrogen bond is 
discussed by Gillette and A. Sherman.17

Summary
1. The infra-red absorption spectrum of acetic 

acid has been obtained at 25 and at 172°—corre­
sponding to the single and the associated mole­
cule. At intermediate temperatures both spectra 
appear.

2. Three of the fundamental frequencies are 
the same in both molecules and two are shifted. 
These two must be intimately connected with the 
association process.

3. Modes of Vibration of the two molecules 
are suggested, corresponding to the fundamental 
frequencies.

4. The results of this investigation suggest 
that the association of carboxylic acids to give 
dimers occurs through the formation of hydrogen 
bonds leading to ring structure which gives rise to 
different absorption frequencies.
M a d iso n , W isc o n sin  R e c e iv e d  A pr il  14, 1936

(16) Cross and Van Vleck, J. Chem.. Phys., 1, 350 (1933).
(17) Gillette and A. Sherman, T h is  J o u r n a l , 53, 1135 (1936).
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In an earlier publication1 from this Laboratory 
it was shown that the Substitution of hydrogen 
atoms by chlorine in acetic acid giving progres- 
sively stronger acids is reflected also in a corre­
sponding shift of the infra-red absorption band 
at 1721 cm.“ 1. A more recent interpretation2 
of the infra-red absorption spectrum of the single 
and double molecules of acetic acid made it seem 
useful to investigate this Substitution more 
thoroughly.

Experimental
The apparatus and method were the same as 

used in the investigation reported in the preced- 
ing paper.2 The absorption cells were made by 
cementing rock salt Windows onto both sides of 
holes drilled in plate glass about 4 mm. thick. 
They were filled through narrow grooves sawed 
in the window and sealed with partially dried 
Glyptal cement. One cell was filled with the 
pure solvent and the others with Solutions of the 
acids being investigated.

The absorption spectra of acetic acid and eight 
substituted acids are shown in Fig. 1 and Table
I. In all cases the acids were dissolved in carbon 
tetrachloride to give 0.025 M  Solutions and the 
measurements were taken at 25°. It had been 
found previously that the change in the position 
of absorption bands with concentration was very 
small. In the last column of Table I are recorded 
the dissociation constants of the acids at 25° 
when dissolved in water.

T a b l e  I
S h ift s  in  th e  A b so r pt io n  B a n d s  of the  S u b st it u te d  
A cetic A c id s  in  0.025 M olar  S o lu tions of Carbon  

T etrachloride

No. in
Fig. 1 Acid

4 Acetic
9 Monochloroacetic 
8 Dichloroacetic 
7 Trichloroacetic 
6 Monobromoacetic
5 Monoiodoacetic 
3 Dimethylacetic 
2 Trimethylacetic 
1 Diethylacetic

vx, V2, vz, Dissociation
cm.-1 c m .'1 cm.-1 constant
2941 1721 1435 1.86 X 10 ~5 
2950 1736 1433 155 X 10-ö 
3049 1751 1428 5000 X 10-5 
3030 1764 1416 30,000 X 10-5 
2976 1730 1447 138 X 10 ~5 
2992 1721 1441 74 X 10“5 
2907 1715 1433 1.4 X 10 ~5 
2907 1704 1433 0.98 X 10~5 
2910 1706 1433 1.89 X 10

Discussion
Before it is possible to make any interpretation 

of these results it is necessary to investigate the 
degree of association of the acids under the con­
ditions of measurement. A search of cryoscopic 
measurements in the older literature3 suggested 
that down to small concentrations (about 0.01 M )

1200 1400 1600 1800 2000
Wave number cm.-1.

Fig. 1.—Displacements in the infra-red absorption 
spectrum produced by substituting various groups for 
hydrogen in acetic acid: 1, diethylacetic acid; 2, tri­
methylacetic acid; 3, isobutyric acid (dimethyl);
4, acetic acid; 5, iodoacetic acid; 6, bromoacetic acid;
7, chloroacetic acid; 8, dichloroacetic acid; 9, tri­
chloroacetic acid.

all carboxylic acids are nearly completely associ­
ated in non-polar solvents. This is confirmed by 
the recent accurate measurements of Bury and

(3) Auw ers, Z .  p h y s i k .  C h e m . ,  12, 689 (1893); R ao u lt, A n n .  c h i m . ,
[4] 2, 66 (1884); R ozsa, Z. E l e k t r o c h e m . ,  109, 685 (1911); P edd le  and
T u rner, J .  C h e m .  S o c . , 109, 685 (1911.).

(1) Bennet! and Daniels, T h is  Jo u r n a l , 49, 50 (1927).
(2) Gillette and Daniels, ibid., 58, 1139 (1956).
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Jenkins4 and Bell and Arnold.6 The latter 
authors have shown in benzene Solutions of con- 
centrations from M  =  0.01 to M  = 1 .5  trichloro- 
acetic acid is completely associated. We assume, 
therefore, that under the conditions of our 
measurements all the acids were entirely present 
as dimers.

The three infra-red absorption bands which 
can be investigated in this solvent correspond to 
the frequencies vx, V2 and v3 of the previous paper. 
The first of these (vx) (which has been omitted in 
Fig. 1 to conserve space) is mainly due to the C-H 
valence Vibration, but is also in part made up of 
o vertone and combination vibrations from other 
parts of the molecule. Thus it occurs even in 
trichloroacetic acid, but considerably displaced 
and much weaker. The remaining two bands are 
to be attributed to vibrations within the ring 
formed by the union of the two single molecules. 
Attempts to measure some of these bands in the 
single molecules a t high temperatures were un~ 
successful on account of decomposition.

I t may be seen by reference to Table I that the 
band f2 is shifted toward higher frequencies by 
groups recognized by the organic chemist as 
electronegative, while it is shifted to lower fre­
quencies by groups electropositive in the same 
sense. The uniform shift in the chloroacetic 
acids discovered by Bennett and Daniels is con- 
firmed. The effect of the weight of the groups 
may be seen by considering the monohalogen acids.

(4) B u ry  an d  Jen k in s, J .  C h e m .  S o c . ,  688  (1 9 3 4 ).
(5) B ell an d  A rnold , i b i d . ,  1432 (1935 ).

Here the shift in the band decreases as the weight 
of the halogen increases until in iodoacetic acid 
it occurs in the same position as acetic. This 
suggests that there may be two opposing factors 
operative, one a weight factor and the other per- 
haps connected with the electron affinity or polari- 
zability of the substituted group. I t is noticeable 
that there is a correlation between the strength 
of the acid in aqueous solution and the position 
of this band. This is perhaps to be associated 
with changes in the contribution of ionic states 
to the energy of the molecule.

The remaining band, v3l is shifted in each case 
in the opposite direction, but the displacement is 
smaller. This behavior was observed also in the 
investigation on the effect of association.2 It 
does not seem possible in the light of our present 
knowledge to give an exact interpretation of these 
band shifts although they seem too uniform to be 
fortuitous.

The author is grateful to Dr. Farrington Daniels 
for helpful suggestions and for continued interest 
in this problem.

Summary

1. The infra-red absorption spectra of acetic 
acid and eight substituted acetic acids have been 
measured in carbon tetrachloride solution. Cer­
tain uniform shifts in the absorption bands have 
been observed and correlated with other measure­
ments.
M a d i s o n , W i s c o n s i n  R e c e i v e d  M a y  5, 1936

[ C o n t r i b u t i o n  f r o m  t h e  C h e m i c a l  L a b o r a t o r y  o f  t h e  U n i v e r s i t y  o f  C a l i f o r n i a ]

The Entropy of Water and the Third Law of Thermodynamics. The Heat Capacity
of Ice from 15 to 273°K.

B y W. F. Giauque and J. W. Stout

It has long been known to those interested in 
the accurate application of the third law of ther­
modynamics that measured entropy changes in 
reactions involving water did not agree with 
those calculated from low temperature heat ca­
pacity data. In early comparisons the inaccuracy 
of the available data seemed sufficiënt to explain 
the disagreement, but even after more accurate 
experiments were performed discrepancies still 
remained. The investigations of Wiebe, Johns-

ton, Overstreet, and one of usl on the entropies 
of hydrogen chloride, hydrogen, oxygen and chlo­
rine, combined with very accurate determinations 
of the heats of reactions

H2 T  5=5 H2O 
and 2HC1 +  V2O2 =  H20  +  Cl2

(1) (a) G iauque and  W ieb e , (H C l), T h is  J o ur n a l , 50, 101 
(1928); (b) G iauque an d  Joh n ston , (H 2) ,  i b i d . ,  60, 3221 (1928);
(c) G iauque and Joh nston , (O 2) , i b i d . ,  61, 2300 (1929); (d ) G iauque, 
(Ha), ib id . ,  52, 4816 (1930 ); (e) G iauque and O verstreet, (H C 1,
Cl2) ,  ib id . ,  54, 1731 (1932).
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made by Rossini2 and various equilibrium data, 
including those relating to the reactions3

HgO +  H2 -  Hg +  H20  
Hg +  V2O2 -  HgO

X T
Cpd ln T  for water did not

give the correct entropy. That this was so be- 
came a certainty when Giauque and Ashley4 calcu­
lated the entropy of gaseous water from its band 
spectrum and showed that an entropy discrep­
ancy of about one calorie per degree per mole 
existed. They presumed this to be due to false 
equilibrium in ice at low temperatures.

Water is a substance of such importance that 
we considered further experimental investigation 
to be desirable not only to check the above dis­
crepancy but especially to see whether slow cool- 
ing or other conditions favorable to the attain- 
ment of equilibrium could alter the experimental 
result.

Apparatus.—In order to prevent strains in the resistance 
thermometer when the water was frozen a double-walled 
calorimeter, Fig. 1, was constructed. The outside wall 
was of copper, 0.5 mm. thick, 4.4 cm. o. d., and 9 cm. long. 
The inside copper wall, 0.5 mm. thick, was tapered, being 
3.8 cm. o. d. at the bottom and 4.0 cm. o. d. at the upper 
end. The top of the inner container was made from a thin 
copper sheet, 0.2 mm. thick, which prevented the trans- 
mission of strains to the resistance thermometer. The 
neck for filling the calorimeter was in the center of this 
sheet. A series of thin circular slotted vanes of copper 
were soldered to the inner container, and the assembly 
forced inside the outer tube. A heavy copper plate, 1 
mm. thick inside the inner wall, and 2 mm. thick between 
the walls, served as the bottom of both tubes. The ther- 
mocouple was soldered into tube D by means of Rose’s 
metal.

A resistance thermometer-heater of No. 40 double silk 
covered gold wire containing about 0.1% silver was wound 
on the outside of the calorimeter. The resistance was 310 
ohms at 290°K. and dropped to about 17 ohms at 15°K. 
The resistance thermometer was calibrated during the 
measurements by means of copper-constantan thermo- 
couple No. 16 which had been compared with a hydrogen 
gas thermometer.5 * However one of the five parallel con- 
stantan wires in the thermocouple had accidentally been 
broken since the original calibration. This wire was dis­
carded and after the completion of the measurements the 
thermocouple was compared with the oxygen and hydro­
gen vapor pressure thermometers.&b The thermocouple 
was also checked against the melting point, 54.39°K. 
and higher transition point, 43.76°K., of oxygen.10 On

(2) (a) (H 2O ), B u r .  S t a n d a r d s  J .  R e s e a r c h , 6 , 1 (1931); (b) (HC1), 
i b id . ,  9, 583 (1932).

(3) S ee sum m ary b y  E astm an, C ircular 6125, U. S. D ep t. of 
C om m ., Bur. of M in es  (1929).

(4) G iauque and  A sh ley , P h y s .  R e v . ,  43, 81 (1933).
(5) (a) G iauque, B uffington  and Sch ulze, T h is  J o u r n a l , 49, 2343

(1927); (b) G iauque, Joh nston  and K elley , ib i d . ,  49, 2367 (1927).

the basis of these comparisons a small correction to the 
original calibration was readily made.

Helium gas was introduced into the space between the 
two walls by means of a German silver tube, A. A similar 
German silver tube was soldered by means of Wood’s 
metal into the cap, B. The sample, C, was transferred 
through this tube into the calorimeter, and helium gas at 
one atmosphere pressure admitted. The German silver 
tube was then heated and removed from the cap, leaving 
the hole sealed with Wood’s metal. After the measure­
ments on the füll calorimeter had been completed, the 
calorimeter was heated to the melting point of the Wood’s 
metal (72°C.) and the water completely pumped out with­
out dismantling the apparatus. The heat capacity of the 
empty calorimeter was then measured.

The remainder of the 
heat capacity apparatus, 
the method of making the 
measurements and calcula­
tions, and accuracy consid- 
erations were similar to 
those previously de­
scribed. la’°

Purification of Water.—
Distilled water from the 
laboratory still was trans- 
ferred into the vacuum- 
tight purification apparatus 
constructed from Pyrex 
glass. The apparatus was 
evacuated to remove dis­
solved gases, and flushed 
out several times with he­
lium gas. The water was 
distilled into a receiving 
bulb, the first fraction being 
discarded. The calorimeter 
had previously been at­
tached to the purification 
system and evacuated. —%%%%&
When sufficiënt water had D
collected in the receiving pig. j __Calorimeter, 
bulb, it was transferred into
the calorimeter. Helium gas at one atmosphere pressure 
was admitted to the calorimeter which was then sealed ofï 
as described above.

A series of short heat capacity measurements were made 
in the temperature region immediately below the melting 
point in order to determine the pre-melting effect due to 
liquid-soluble solid-insoluble impurity. From these meas­
urements it was calculated that the mole fraction of im­
purity was three parts in a million.

The Heat Capacity of Ice.—The results of the 
heat capacity measurements are given in Table I. 

The data are shown in Fig. 2.
In the calculations one 15° calorie was taken 

as equal to 4.1832 international joules. The 
calorimeter contained 72.348 g. of ice.

In order to allow time for the establishment of 
an equilibrium state in the solid, the ice was cooled
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very slowly. The following are temperatures 
reached at various times after the ice was frozen: 
0 hours, 273.1°; 12 hours, 246°; 37 hours, 203°; 
60 hours, 180°; 84 hours, 168°; 92 hours, 156°; 
108 hours, 105°; 120 hours, 91°; 156 hours, 90°. 
The sample was then cooled from 90 to 68° in 
about three hours and the heat capacity measure­
ments of series I taken. Next the calorimeter 
was cooled to the temperatures of liquid hydrogen 
at the following rate: 0 hours, 85°; 1.5 hours, 
72°; 2 hours, 60°; 2.5 hours, 56°; 7 hours, 39°; 
(liquid hydrogen evaporated) 17.5 hours, 49°; 
22 hours, 50° (more liquid hydrogen added); 23 
hours, 41°; 27 hours, 13°. The measurements of 
series II were then made.

Fig. 2.—Heat capacity in calories per degree per mole 
of ice.

During this series of measurements which ex- 
tended from 15°K. to the melting point, and 
covered a period of eighty hours, the calorimeter 
was under constant observation. To make cer­
tain that no unusual thermal Situation was pres­
ent in the solid near the melting point, the heat 
of fusion was determined at the end of the above 
series of measurements. The value obtained, 
1436 cal./mole, agrees well with that which has 
been chosen for the entropy calculation.

T a b le  I
H ea t  C a pa city  of I ce

(Molecular weight, 18.0156) 0°C. = 273.10°]
r,°K . A r  Cp cai./deg./moie Series
16.43 1.403 0.303 II
18.37 1.729 .410 II
20.78 2.964 .528 II
24.20 3.815 .700 II
28.05 3.596 .883 II
31.64 3.578 1.065 II
35.46 4.073 1.251 II
39.62 4 242 1.449 II

43.96 4.469 1.641 II
48.52 4.571 1.837 II
52.98 4.361 2.014 II
57.66 5.041 2.203 II
62.63 5.228 2.418 II
67.83 4.910 2.612 II
70.61 5.403 2.723 I
73.01 5.737 2.821 II
75.60 4.638 2.922 I
78.51 4.991 3.016 II
79.98 4.133 3.070 1
81.44 5.538 3.115 III
82.42 4.860 3.163 IV
83.72 5.438 3.191 II
83.94 3.765 3.199 I
86.66 4.893 3.286 III
87.25 4.756 3.336 IV
89.20 5.557 3.389 II
91.32 4.394 3.488 III
91.93 4.651 3.532 IV
94.93 5.233 3.649 II
95.85 4.649 3.660 III
97.37 6.234 3.724 IV
99.57 4.778 3.814 II

100.69 4.980 3.832 III
104.69 5.497 3.985 II
110.13 5.373 4.136 II
115.84 6.031 4.315 II
121.74 5.908 4.489 II
127.54 5.813 4.655 II
133.50 6.005 4.808 II
139.48 5.952 4.978 II
145.43 5.928 5.135 II
151.43 6.240 5.306 II
157.48 5.837 5.466 II
163.52 5.851 5.683 II
169.42 5.908 5.842 II
175.36 5.996 6.007 II
181.25 5.678 6.185 II
187.20 5.983 6.359 II
192.96 5.658 6.530 II
199.11 6.133 6.710 II
205.32 6.309 6.935 II
211.56 6.554 7.119 II
217.97 6.200 7.326 II
224.36 5.935 7.519 II
230.08 6.068 7.711 II
236.19 6.101 7.887 II
242.40 6.795 8.048 II
249.31 6.903 8.295 II
256.17 6.591 8.526 II
262.81 6.303 8.732 II
267.77 4.465 8.909 II

In the heat capacity measurements between 
85 and 100°K., the attainment of temperature 
equilibrium in the solid was much less rapid than 
at other temperatures. This observation is of 
considerable interest and some of its implications 
will be discussed below.

To study possible effects due to rapid cooling
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the sample was cooled from 273.1 to 90° in four 
hours. The heat capacities in series III were 
then measured. Slow equilibrium was again en­
countered, and the heat capacities were not sig- 
nificantly different from those previously ob­
tained.

To determine whether the ice was being trans- 
formed from an unstable to an equilibrium condi­
tion at an appreciable rate, measurements ex- 
tending over several hours each were made of the 
rate of temperature drift at 60, 72, 78 and 85°K. 
After correcting for the known heat interchange 
with the surroundings, the rate of evolution of 
heat due to internal changes was zero within 
the limits of experimental error. An amount 
of 0.0008 calorie per mole per minute could 
have been detected.

The calorimeter was allowed to stand for four 
days at temperatures between 60 and 80° before 
taking the measurements in series IV. Again 
the measurements were not significantly different 
from those previously obtained.

In Table II are listed the values of the heat ca­
pacity at even temperatures as read off a smooth 
curve through the observations. These values 
are compared with those of previous investigators. 
A re view of the measurements prior to 1913 has 
been given by Dickinson and Osborne.6 Of these 
the measurements of Nernst and co-workers are 
most important. The values used for comparison 
in Table II are calculated from an equation pro­
posed by Nernst, Koref and Lindemann7 as repre- 
senting these data. Pollitzer8 made measure­
ments between 20 and 90°K. His measurements 
were plotted and a smooth curve drawn through 
them to give the values compared in Table II. 
The very accurate work of Dickinson and Os­
borne6 between 0 and — 40°C. has been calculated 
from an equation proposed by these authors. 
Maass and Waldbauer9 and Barnes and Maass10 
have measured the total change in heat content 
from various low temperatures to 25°C., and 
from the results have proposed equations for the 
specific heat of ice. Simon11 lists values for the 
heat capacity of ice from 10°K. to the melting 
point.

(6) Dickinson and Osborne, Bull. U. S. Bur. Standards, 12, 49 
(1915).

(7) Nernst, Koref and Lindemann, Sitzber. Berlin Akad. Wiss., 
247 (1910).

(8) Pollitzer, Z. Elektrochem., 19, 513 (1913).
(9) Maass and Waldbauer, T h is  J o u r n a l , 47, 1 (1925).
(10) Barnes and Maass, Can. J. Research, 3, 205 (1930).
(I I) Simon, “Handbuch der Physik,” Vol. X, 1926, p. 363.

Professor Simon12 informs us that, of the values 
listed in the “Handbuch der Physik/’ only the 
one at 10°K. is based on the results of his own 
measurements. The heat capacities at higher 
temperatures were calculated from the work of 
earlier observers. The experimental results of 
Simon12 are in excellent agreement with the con- 
tinuation of the curve drawn through our measure­
ments. We have included in Table II a value for 
the heat capacity of ice at 10°K. picked from a 
smooth curve through Simon’s data.

T a ble  II
H ea t  C a pa city  of I ce

(Molecular Weight, 18.0156) 0°C. = 27340°K.
Values taken from smooth curve through'observations

r,°K.

Cp,
cal./
deg./
mole

Deviations previous results-—This research, % 
Nernst Pollitzer D. and M. and B. and 

1910 1913 O. 1915 W. 1925 M. 1930
1013 0.066
20 .490 - 1 3 .3
30 .984 -  0 .8
40 1.466 +  13.1
50 1.896 +  4.1
60 2.304 +  2 .8
70 2.701 +  8.5
80 3.075 +  4.4 +  6.6
90 3.448 -f 1.3 -  0.4 - 2 9 .6

100 3.796 -  0.6 - 2 2 .4
110 4.130 -  1.9 - 1 6 .8
120 4.434 -  2.3 - 1 1 . 8
130 4.728 -  2 .4 -  7 .6
140 4.993 -  1 .8 -  3 .8
150 5.265 -  1.5 -  0 .8
160 5.550 -  1.4 +  1.3
170 5.845 -  1.5 +  2.5
180 6.142 -  1.5 +  3 .4
190 6.438 -  1.5 +  3.9
200 6.744 -  1.5 +  3.9 - 2 .1
210 7.073 -  1.7 +  3.3 - 0 .9
220 7.391 -  1.7 +  2.6 -  .1
230 7.701 -  1.3 - 0 .5 +  1.9 +  .3
240 8.013 -  0 .4 -  .2 +  0.9 +  .2
250 8.326 +  1.3 +  .1 -  0.3 -  .4
260 8.642 -f 6.1 +  .3 -  1.6 - 1 . 3
270 8.960 + 43 .8 +  .5 -  3 .2 - 2 . 6

The Entropy of Water.—Values of the heat 
of fusion, heat capacity of the liquid and heat of

(12) Simon, personal communication. Measurements of the heat 
capacity of ice between 9 and 13°K. were made in 1923 by Simon, 
but the results have not as yet been published. Since these values 
are of considerable interest in connection with the present investiga­
tion, we are, with Professor Simon’s kind permission, presenting them 
here.
H e a t  C a pac ity  o f  I ce B e t w e e n  9 a n d  13°K . M e a s u r e m e n t s  

of F. S im o n

T, °K. 9 .47 9 .88a 10.46 11.35 11.55a 12.10 12.85
Cp cal./deg./

mole 0 .0 5 6 0 .0 6 3  0.075 0.096 0.102 0.118 0.141
a Obtained in an independent second experiment.
(13) Calculated from data of Simon, see Ref. 12.
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vaporization of water are so accurately known that 
further investigation was unnecessary.

The heat of fusion of ice has been accurately 
determined by a number of workers. The meas­
urements prior to 1913 have been critically sum­
marized by Dickinson, Harper and Osborne,14 who 
also made a number of measurements of the heat 
of fusion both by an electrical method and by the 
method of mixtures. Dickinson and Osborne6 
measured the heat of fusion in an aneroid calo­
rimeter, using electrical heating. The measure­
ments in which energy was introduced electrically 
were recalculated by us on the basis of 1 int. 
joule = 4.1832 calories (15°). A weighted aver­
age of all the reported values yields 1435.7 cal./ 
mole with an estimated accuracy of =*=0.9 cal,/ 
mole, for the heat of fusion.

Fiock15 has reviewed the measurements of the 
heat of vaporization of water and compared them 
with the results of determinations at the Bureau 
of Standards16 extending down to 50°. All meas­
urements were converted into international joules. 
Of the data considered by Fiock, those of Grif- 
fiths, of Smith and of Henning contained meas­
urements in the neighborhood of 25°C. Giving 
equal weight to the result of each of the above 
three observers and to the value extrapolated 
from the Bureau of Standards measurements, 
and taking 1 calorie (15°) = 4.1832 int. joules, 
we obtained an average value of 10,499 =*= 3 
(av. dev.) calories/mole for the heat of vaporiza­
tion of water at 25°.

The “I.C.T.” values for the heat capacity of 
liquid water17 were plotted against the logarithm 
of the absolute temperature and integrated 
graphically to obtain the entropy between 0 and 
25°. The value for the vapor pressure at 25° was 
also obtained from the “I.C .TT18 Using Berthe­
lot \s equation of state and thermodynamics it 
can be shown that the entropy correctionia to the 
ideal gas state is almost negligible in this case 
The critical constants19 used were Tc = 647.1°K. 
and Pc — 217.7 atm.

The entropy between 10 and 273.10°K. was 
obtained by graphical integration of the measured 
heat capacities. The entropy between 0 and

(14) Dickinson, Harper and Osborne, Bull. U. S. Bur. Standards, 
10,235 (1914).

(15) Fiock, Bur. Standards J. Research, 6, 481 (1930).
(16) (a) Osborne, Stimson and Fiock, ibid., 5, 411 (1930); (b)

Fiock and Ginnings, ibid., 8, 321 (1932).
(17) “International Critical Tables," McGraw-Hill Book Co., 

New York, Vol. V, 1926, p. 113.
(18) “I. C. T . / ’ Vol. III, p. 211.
(19) “I. C. T . / ’ Vol. III, p. 248.

10°K. was calculated by means of the Debye 
equation, using hv/k = 192. A summary of the 
entropy calculation is given in Table III.

T a b l e  III
Ca l c u l a t io n  of E n t r o py  of W a t er

0-10°K., Debye function hv/k = 192 0 ..022
10-273.10°K., graphical 9.. 081
Fusion 1435.7/273.10 5..257
273.10-298.10°K., graphical 1. 580
Vaporization 10499/298.10 35. 220
Correction for gas imperfection 0 . 002
Compression R ln 2.3756/760 - 6 . 886

Cal. / deg. /mole 44.28 =*= 0.05

The value of the entropy given in Table III 
may be compared with that calculated from 
spectroscopie data. Giauque and Ashley4 util- 
ized the preliminary molecular constants of water 
as given by Mecke and Baumann20 to determine 
the entropy of water. Later Gordon21 recalcu­
lated the thermodynamic quantities for water 
using the revised moments of inertia of Freuden­
berg and Mecke.22 He obtained S°293-1 = 45.10 
cal./deg./mole. The difference between the 
spectroscopie and calorimetric values is 0.82 
cal./deg./mole.

The Problem of the False Equilibrium in
Ice.—To account for the discrepancy between 
the calorimetric and spectroscopie values for the 
entropy of water Giauque and Ashley4 offered an 
explanation based on the assumption that the 
ortho and para molecular states, which are known 
to exist in gaseous water, had persisted in the 
crystalline state at low temperatures. The Situa­
tion was assumed to be similar to that which ac­
counts for the entropy discrepancy in the case of 
solid hydrogen.lb,d The ortho water was as­
sumed to have non-polar clockwise and counter 
clockwise rotations in ice, since the dielectric con­
stant of ice at low temperatures corresponds to 
that of non-polar substances. This leads to a 
calculated discrepancy of 3/ 4R  ln 2 = 1.03 cal./ 
deg./mole.

We have had many interesting private discus- 
sions with Professor Linus Pauling who has con- 
sistently objected to the ortho-para explanation. 
During the course of the present investigation 
Pauling23 offered an alternative explanation based

(20) Mecke and Baumann, (a) Naturwiss., 20, 657 (1932) ; (b)
Phys. Z., 33, 833 (1932).

(21) Gordon, J. Chem. Phys., 2, 65 (1934).
(22) Freudenberg and Mecke, Z. Physik, 81, 465 (1933;.
(23) P au lin g , (a) personal co m m u n ica tio n ; (b) T h is  Jo u r n a l , 57, 

2680 (1935).
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on the random Orientation of hydrogen bonds in 
ice. Cryst al structure investigations have shown 
that each oxygen atom is surrounded by four 
equivalent oxygen atoms. Although the posi- 
tions of the hydrogen atoms have not been de­
termined experimentally it seems reasonable to 
assume that they are located on lines joining ad- 
jacent oxygens. Since the oxygen-oxygen dis­
tance is considerably greater than twice the Sepa­
ration which is characteristic of an oxygen-hydro- 
gen linkage, it has been assumed by Bernal and 
Fowler24 that each oxygen is joined to two close 
and two distant hydrogen atoms. At higher tem­
peratures the bond directions of the close or dis­
tant hydrogen atoms of a given oxygen are a mat­
ter of chance. We quote from the paper of Ber­
nal and Fowler. ‘ ‘Therefore it is quite conceivable 
and even likely that at temperatures just below 
the melting point the molecular arrangement is 
still partially or even largely irregulär, though pre­
serving at every point tetrahedral coördination 
and balanced dipoles. In that case ice would be 
crystalline only in the position of its molecules but 
glass-like in their orientation. Such a hypothesis 
may be still necessary to explain the dielectric 
constant and the absence of pyroelectricity.”

Pauling assumes further that when ice is cooled 
to low temperatures, it fails to attain the ordered 
arrangement which would correspond to zero en­
tropy. He shows that the discrepancy corre­
sponding to the above lack of order would be R 
ln 6/4 — 0.806 cal./deg./mole. This is in very 
close agreement with the experimentally deter­
mined discrepancy of 0.82 =*= 0.05 cal./deg./mole.

However, it should be pointed out that in two 
previous cases, carbon monoxide25 and NNO26 
where random molecular orientations led to en­
tropy discrepancies, the experimental discrep­
ancy was a few tenths of a unit lower than the 
calculated value due to partial attainment of an 
ordered state. If this were the case in ice, the 
ortho-para explanation might be correct. How­
ever, we consider that the explanation advanced 
by Pauling is the more plausible as well as being 
in better agreement with the experimental re­
sults.

It is of interest to note that MacDougall and 
Giauque27 investigated ice from 0.2 to 4°K.

(24) Bernal and Fowler, J. Chem. Phys., 1, 515 (1933).
(25) Clayton and Giauque, T h is  J o u r n a l , 54, 2610 (1932).
(26) (a) Clusius, Z. Elektrochem., 40, 99 (1934); (b) Blue and

Giauque, T h is  J o u r n a l , 57, 991 (1935).
(27) MacDougall and Giauque, ibid., 58, 1032 (1936).

and found no appreciable heat capacity in this 
region.

One of the purposes of the present work was to 
investigate the possibility of more complete at­
tainment of equilibrium. We have mentioned 
above that various experiments, in which ice was 
cooled slowly or rapidly to low temperatures, or 
was allowed to stand for long periods of time at 
low temperatures, resulted in heat capacities 
which were not appreciably different in the vari­
ous series of measurements. At temperatures 
between 85 and 100°K. the attainment of thermal 
equilibrium in the solid was very much less rapid 
than at other temperatures. For this reason the 
heat capacity measurements in this region are 
somewhat less accurate than the others. This 
slow equilibrium presumably is due to the initial 
stages of excitation of some new degrees of free- 
dom. From the value of the heat capacity this 
evidently is connected with motion of the hydro­
gen atoms. At temperatures below the region 
of slow equilibrium the dielectric constant28 is of 
the order of magnitude characteristic of a non- 
polar substance. At higher temperatures the 
dielectric constant rises rapidly and the orienta­
tion time of the dipole decreases. From this it 
would appear that the new degrees of freedom re- 
ferred to above are associated with the dipole ori­
entation mechanism.

From the temperature drift experiments at 
60, 72, 78 and 85°K. it appears that no great 
change in the heat content would be expected if 
ice were kept at these temperatures for a con­
siderable period of time.

We may mention in passing that low tempera­
ture heat capacity measurements on some of the 
high pressure forms of ice would undoubtedly lead 
to correct values for the entropy of water.

It is perhaps worth noting that while the theory 
of random bond orientation would lead to the 
same discrepancy, R  ln 3/2 = 0.806 cal./deg./ 
mole in both hydrogen and deuterium oxides, the 
theory of molecular rotation in ortho states of 
water would lead to different values for the cal­
culated discrepancy. For hydrogen oxide the 
value is 3/4 R  ln 2 = 1.033, for deuterium oxide, 
1/3 R ln 2 = 0.459 cal./deg./mole. Although 
we believe the latter theory to be less plausible it 
will be of interest to make the comparison when 
measurements on deuterium oxide become avail­
able.

(28) “I. C. T .,” Vol. VI, page 78.
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We wish to thank Mr. C. C. Stephenson for 
assisting with the experimental work.

Summary
The heat capacity of ice has been measured be­

tween 15 and 273°K.
It has previously been shown by Giauque and 

Ashley that a discrepancy exists between the 
spectroscopie value of the entropy and the

r C . d l n T  for water.
The purpose of the present investigation was to 

make an accurate determination of the discrepancy.
With the assistance of the well-known values 

for the heats of fusion and vaporization of water

we find that the J  Cp d ln T = 44.28 =*= 0.05
cal./deg./mole for H20  (g.) at one atmosphere 
and 298.1°K. The spectroscopie value is 45.10 
leading to a discrepancy of 0.82 cal./deg./mole. 
This is in excellent agreement with the theoretical 
discrepancy 0.806 calculated by Pauling on the 
assumption of random orientation of hydrogen 
bond directions in ice.

Experiments have been described in which ice 
was cooled slowly or rapidly to low temperatures or 
was allowed to stand for long periods of time at low 
temperatures. No difference in the thermal proper­
ties of ice was observed in these experiments. 
B e r k e l e y , Ca l if . R ec e iv e d  M arch 30, 1936

[ C o n t r ib u t io n  from  t h e  N ational R esea rch  I n st itu te  o f  Ch em ist r y , A cademia  S in ic a ]

Pyrimidine Research. Synthesis of 4-Methyl-5-«-butylcytosine
B y  Y uoh-F ong C h i

In this paper is described a method of syn- 
thesizing 4-methyl-5-w-butylcytosine (VII), which 
is prepared as its hydrobromide from 2-ethyl- 
mercapto-4-methyl-5-^-butylcytosine (VI) by hy­
drolysis with concentrated hydrobromic acid. 
The free base (VII) is liberated from its hydro­
bromide by neutralizing with ammonia. For the 
preparation of 2-ethylmercapto -4-methyl- 5-w-bu- 
tylcytosine (VI), the starting point is the cor­
responding 6-oxypyrimidine, 2-ethylmercapto-4- 
methyl-5-n-butyl-6-oxypyrimidine (II). This is 
treated with phosphorus oxychloride to form the 
corresponding 6-chloropyrimidine (V), and the 
latter then heated with alcoholic ammonia at 
170-180° to give the desired 2 mercapto-6-amino 
derivative (VI).

2 - Ethylmercapto - 4 - methyl - 5 - n - butyl-
6-oxypyrimidine was prepared according to the 
general method of Wheeler and Liddle.1 Ethyl 
w-butylacetoacetate is first Condensed with 
thiourea in the presence of sodium ethylate to 
give 2-thio-4-methyl-5-w-butyl-6-oxypyrimidine
(I), which is then treated in the presence of 
sodium ethylate with ethyl bromide to give
2-ethylmercaptopyrimidine (II). Alkylation of 
the latter with methyl iodide gives the corres­
ponding 2-methylmercapto compound (III), and 
with ethyl chloroacetate to give ethyl 4-methyl-
5-^-butyl-6-oxypyrimidine-2-thioglycolate (IV).

(1) W t a t e r  aad  L id d le , A m . C h e m .  J .,40 , 547 (1908).

HNCSNHC(CH3)= C (w-C4H9)CO
I

hnc(sc2H5)==n c (chs)==c(«-C4H9)c:o
II

HNC(SCH 3)=NC(CH*)=C(n-C4H9)C:0
III

HNC(SCH 2COOC»Hfi)=NC(CHi)===C(«-C4H9)C:0
IV

NC(SCsH s)= N C (C H 8)===C(«-C4H9) cci
V

NC(SC2H5)=NC(CH3)=C(#-C4H9)éN H 2
VI

n c o n h c (c h 3) = c (»-c4h 9)c:n h 2
VII

Experimental Part
2 - Thio - 4 - methyl - 5 - n - butyl - 6 - oxypyrimidine I.—

Twenty-six grams of sodium was dissolved in 500 cc. of 
absolute alcohol and 210 g. of ethyl w-butylacetoacetate 
and 94 g. of thiourea added to the solution. This was then 
heated on a water-bath for ten hours and the excess of al­
cohol removed by heating under diminished pressure. 
The crude sodium salt of the desired pyrimidine was 
dissolved in water and the solution acidified with acetic 
acid, when the thiopyrimidine separated. It crystallized 
from hot water in needles, melting at 197-198°. The 
yield was 144 g.

Anal Calcd. for C9Hi4ON9lS: N, 14.14. Found: N, 
14.03, 13.98, 14.00.
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2 - Ethylmercapto - 4 - methyl - 5 - n  - butyl - 6 - oxy- 
pyrimidine II.—Eight and one-tenth grams of sodium was 
dissolved in 200 cc. of absolute alcohol and 70 g. of the 
above thiopyrimidine and 42.5 g. of ethyl bromide were 
added to the solution. This was then heated on a water- 
bath until the solution became neutral. The excess alcohol 
was then distilled off under diminished pressure, and the 
mercaptopyrimidine washed with water and recrystallized 
from dilute alcohol. It separated in long needles, melting 
at 92-93° to a clear oil.

A n al. Calcd. for CnHi8ON2S: N, 12.39. Found: N, 
12.8, 12.6, 12.5.

4-Methyl-5-w-butyluracil. A.—This is easily prepared 
by digestion of the above 2-thiopyrimidine with chloro- 
acetic acid in aqueous solution. This pyrimidine separated 
in the form of needles and was purified by recrystalliza­
tion from hot water. It melted at 245°.

A n al. Calcd. for C9Hi402N2: N, 15.38. Found: N, 
15.22, 15.10.

B.—This same pyrimidine is also formed from 2-ethyl- 
mercapto-4-methyl-5-w-butyl-6-oxypyrimidine by digestion 
with concentrated hydrobromic acid for several hours. It 
melted at 245°.

2 - Methylmercapto - 4 - methyl - 5 - n  - butyl - 6 - oxy- 
pyrimidine III.—This is formed by alkylation of the 2- 
thiopyrimidine with methyl iodide. It was purified by 
crystallization from alcohol and it separated as needles, 
melting at 158-159° to a clear oil.

A n a l. Calcd. for Ci0Hi6ON2S: C, 56.55; H, 7.60; N, 
13.20. Found: C, 56.33; H, 7.94; N, 13.0, 13.1.

Ethyl - 4 - methyl - 5 - n  - butyl - 6 - oxypyrimidine - 2 - 
thioglycolate IV.—This was prepared by the action of 
ethyl chloroacetate on the sodium salt of the 2-thiopyrim­
idine. The ester was purified by crystallization from di­
lute alcohol, whereupon it separated in needles, melting at 
110- 111° .

A n a l. Calcd. for C13H20O3N2S: N, 9.86. Found: N,
9.94, 10.00.

4 - Methyl - 5 - n  - butyluracil - 2 - thioglycolic Acid.—
Two grams of the thioglycolate was warmed with aqueous 
potassium hydroxide on a water-bath for half an hour. 
After cooling, the solution was acidified with dilute hydro­
chloric acid, when the thioglycolic acid separated in a crys­
talline condition. The yield was nearly quantitative. It 
was purified by recrystallizing from dilute alcohol, and 
melted at 117-118°.

A n a l. Calcd. for CiiH160 3N2S: C, 51.52; H, 6.29; N,
10.94. Found: C, 51.55; H, 6.63; N, 11.3, 11.5.

2 - Ethylmercapto - 4 - methyl - 5 - n - butyl - 6 - chloro- 
pyrimidine V.—Twenty-two and six-tenths grams of the 
oxypyrimidine was dissolved in 80 cc. of cold phosphorus 
oxychloride and the solution heated on an oil-bath at 110- 
120° for seven hours. The excess of phosphorus oxy­
chloride was then removed under diminished pressure. A 
sirup was obtained which was treated with cold water to 
decompose phosphorus compounds and then extracted 
with ether. The ethereal solution was separated and dried, 
and the solvent removed, leaving behind the desired pyrimi­
dine as an oil. It was distilled under diminished pressure 
and boiled at 160° at 2 mm. The yield was 19 g.

A n a l. Calcd. for CnHi7N2ClS: C, 53.95; H, 7.00.
Found: C, 54.11; H, 7.33.

2 - Ethylmercapto - 4 - methyl - 5 -  n -  butyl - 6 - amino- 
pyrimidine. VL—The corresponding 6-chloropyrimidine 
was heated with alcoholic ammonia under pressure for three 
hours at 170-180°. The solution was filtered from the in­
soluble ammonium chloride, and then evaporated to dry- 
ness on a water-bath, yielding the desired compound. The 
aminopyridine crystallized from a benzene-petroleum ether 
mixture and melted at 104-105°. The yield was 1.7 g. 
from 5 g. of the chloropyrimidine.

A n a l. Calcd. for ChHi9N3S: C, 58.60; H, 8.50. Found: 
C, 59.06, 59.15; H, 8.87, 8.90.

4-Methyl-5-w-butylcytosine Hydrobromide.—The above 
2 - ethylmercapto - 4 - methyl - 5 - n  - butyl - 6 - aminopyrimi- 
dine was boiled with concentrated hydrobromic acid 
(48%) for sixteen hours. On evaporating this solution to 
dryness, cytosine hydrobromide was obtained and crys­
tallized in prisms from hot water, melting at 222° with de­
composition.

A n a l. Calcd. for C9Hi5ON3-HBr: C, 41.21; H, 6.15. 
Found: C, 41.15; H, 6.06.

4-Methyl-5-w-butylcytosine VII.—An aqueous solution 
of the above cytosine hydrobromide was treated with am­
monia. The free base separated and after purification by 
recrystallizing from very dilute alcohol (about 10%) it 
separated in prisms, melting at 299-300° with decompo­
sition.

A n a l. Calcd. for CgH^ONs V^HgO): C, 55.48; H,
8.55; N, 21.59. Found: C, 55.97, 55.88; H, 8.03, 8.37; 
N, 21.20, 21.42.

Hydrochloride.—-The cytosine was treated with a small 
quantity of hydrochloric acid, when the cytosine hydro­
chloride separated in prisms, melting at 235° to a clear oil. 
It was purified by recrystallizing from hot water.

A n a l. Calcd. for C9H15ON3 HCl: C, 49.63; H, 7.41. 
Found: C, 49.41; H, 7.36.

Summary

1. Ethyl ^-butylacetoacetate condenses with 
thiourea in the presence of sodium ethylate to 
form 2-thio-4-methyl-5-w-butyl-6-oxypyrimidine.

2. This 2-thiopyrimidine reacts in presence of 
sodium ethylate with ethyl bromide and methyl 
iodide to give 2-ethylmercapto-4-methyl-5-/z- 
butyl-6-oxypyrimidine and 2-methylmercapto-4- 
methyl-5-w-butyl-6-oxypyrimidine, respectively.

3. Ethylmercapto - 4 - methyl - 5 - n - butyl - 6- 
oxypyrimidine when treated with phosphorus oxy­
chloride gives the corresponding chloropyrimidine 
which reacts with ammonia to form 2-ethylmer- 
capto - 4 - methyl - 5 - n - butyl - 6 - aminopyrimidine. 
This pyrimidine is converted by boiling with con­
centrated hydrobromic acid into 4-methyl ~ o-n- 
butylcytosine.
Sh a n g h a i, Ch in a  R ecu iv ed  F e b r u a r y 26, 1936
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[C o n t r ib u t io n  fr o m  t h e  N a tio n a l  R esea rc h  In st it u t e  of Ch e m ist r y , A cadem ia  S in ic a ]

Synthesis of l-Phenyl~2-methyl-4-ethylpyrazol-5-one

B y  Y uo h -F ong  C h i1 and  M argaret C h u n -H w a  Y ang

This short paper describes a method for syn- 
thesizing 1 -phenyl-2-methyl-4-ethylpyrazol-5-one, 
a compound similar in Constitution to the well- 
known antipyretic, antipyrine, and which may 
prove to have similar physiological action. Start- 
ing with ethyl formylbutyrate, the sodium salt 
of which was prepared by Johnson and Menge2 
and Chi and Tien,3 the writers were able to syn- 
thesize this pyrazolone in a good yield by reaction 
of the aldo-ester with phenylhydrazine to form
l-phenyl-4-ethylpyrazol-5-one, followed by treat­
ment of the latter with methyl iodide in methyl 
alcoholic solution.

Experimental Part
Ethyl Formylbutyrate.—Twenty-three grams of sodium 

(1 mole) in wire form was suspended in anhydrous ether, 
and a mixture of 127.6 g. of ethyl butyrate (1.1 mole) and 
81.4 g. of ethyl formate (1.1 mole) dissolved in anhydrous 
ether were added slowly. For the completion of the reac­
tion, it required about forty hours at ordinary temperature. 
The mixture was then shaken with ice water, to dissolve the 
sodium salt of ethyl formylbutyrate. The ethereal solu­
tion containing the unreacted esters assumed a red color, 
and was separated from the aqueous solution containing 
the sodium salt of the required aldo-ester. This aqueous 
solution, cooled in ice mixture, was acidified with the cal­
culated amount of acetic acid, whereupon the free aldo- 
ester separated as a brownish-yellow oil. It was then ex­
tracted with ether, washed with sodium carbonate solu­
tion, and with water and lastly dried over sodium sulfate. 
After the solvent had been removed, it was fractionated 
under vacuum several times. The ester boiled at 37-38° at 
2 mm. pressure, and the yield was 16 g.

Anal  Calcd. for C7H120 3: C, 58.29; H, 8.39. Found: 
C, 57.90, 58.01; H, 8.35, 8.55.

Semicarbazone.—-The aldo-ester and semicarbazide in- 
teracted normally in alcohol solution at ordinary tempera­
ture to give the semicarbazone. This was recrystallized 
from boiling water and melted at 108-108.5°.

Anal  Calcd. for C8Hi50 3N3: C, 47.73; H, 7.52; N 
20.89. Found: C, 47.75; H, 7.63; N, 21.22, 21.08.

4-Ethylisoxazol-5-one.—Five grams of ethyl formyl- 
butyrate was added to an aqueous solution of hydroxyl- 
amine prepared by treating 7.4 g. of hydroxylamine hydro­
chloride dissolved in water with 3.25 g. of aniline. After 
heating on a water-bath for two hours water was added and

(1) The writers wish to thank Mr. Yao-Tseng Huang for his as- 
sistance in making the miero-analyses. They also desire to express 
appreciation of the help given by Professor Treat B. Johnson of Yale 
University in organizing this paper for publication.

(2) Johnson and Menge, J, BioL Chem., 2, 105 (1906).
(3) Chi and Tien, T«X9 J o u r n a l , 57 , 215 (1935).

the isoxazol extracted with ether and the solution dried 
with sodium sulfate. The isoxazol boiled at 113-114° at 2 
mm. pressure. The yield was 2.1 g.

Anal  Calcd. for C6H70 2N: N, 12.39. Found: N,
12.1, 12.11.

l-Phenyl-4-ethylpyrazol-5-one. Method A.—One gram 
of the aldo-ester was treated with 0.75 g. of phenylhydra­
zine, and the mixture heated on a water-bath for about two 
hours. After cooling, the reaction mixture solidified to a 
crystalline mass of the required pyrazol. This crystallized 
from 95% alcohol or from benzene-petroleum ether in 
colorless prisms, melting at 99-99.5°. The yield was 70%.

Anal Calcd. for CnHi2ON2: C, 70.17; H, 6.43; N, 
14.90. Found: C, 69.76; H, 6.52; N, 15.3, 15.07.

Method B.—Ethyl formylbutyrate was treated with an 
aqueous solution of the required amount of phenylhydra­
zine hydrochloride, and then acidified with a few drops of 
concentrated hydrochloric acid. The mixture was shaken 
occasionally, and allowed to stand for about eight to nine 
days. The ester gradually dissolved and finally a yellow- 
ish oil appeared suspended in the solution. This was sepa­
rated and the filtrate was exactly neutralized with 25% 
ammonia, when the pyrazolone separated. On account 
of its amphoteric character an excess of ammonia was 
avoided. It was recrystallized from benzene-petroleum 
ether in prisms and melted at 99.5°. The yield was poor.

Anal  Calcd. for CnHi2ON2: N, 14.90. Found: N,
14.94, 15.13.

l-£-Nitrophenyl-4-ethylpyrazol-5-one.—One gram of 
the aldo-ester interacted at water-bath temperature with 
£-nitrophenylhydrazine to form this pyrazole compound. 
It was purified by recrystallization from 95% alcohol, and 
melted at 212-214° with slight decomposition.

Anal. Calcd. for CnHn03N3: N, 18.03. Found: N, 
18.15,18.33.

l-£-Bromophenyl-4-ethylpyrazol-5-one.—By action of 
the aldo-ester on ^-bromophenylhydrazine for one and one- 
half hours. After purification by recrystallization from 
benzene-petroleum ether, it melted at 170-171°.

Anal  Calcd. for CnHnON2Br: Br, 29.93. Found:
Br, 29.81.

1 - Phenyl - 2 - methyl - 4 - ethylpyrazol - 5 - one.—Five- 
tenths gram of l-phenyl-4-ethylpyrazol-5-one and 0.38 g. 
of methyl iodide were dissolved in a small quantity of 
methyl alcohol and heated at 100-110° in a bomb tube for 
aoout eight liours. After the completion of the reaction 
the solvent was removed and the residue, after decoloriz- 
ing with sulfurous acid, was treated with dilute sodium 
hydroxide solution to dissolve unchanged pyrazolone. 
The fraction insoluble in alkali solution was extracted 
with benzene. From the benzene solution the above 
pyrazole separated in crystalline form. The yield was 0.2 
g. It was purified by recrystallization from benzene- 
petroleum ether, and melted at 121-121.5°.
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Anal. Calcd. lor C12Hi4ON2: C, 71.25; H, 6.98; N, 
13.86. Found: C, 70.96; H, 6.99; N, 13.84.

Summary

1. The preparation of pure ethyl formyl­
butyrate is described.

2. This aldo-ester reacted with phenylhydra­
zine, nitrophenylhydrazine and bromophenylhy-

drazine to give the corresponding pyrazolone 
compounds.

3. The aldo-ester reacted with hydroxylamine 
to give 4-ethylisoxazol-5-one.

4. The methylation of l-phenyl-4-ethylpyra- 
zol-5-one gave l-phenyl-2-methyl-4-ethylpyrazol-
5-one.
S h a n g h a i , Ch in a  R e c e iv e d  F e b r u a r y  26, 1936

[C o n t r ib u t io n  from  t h e  Chem ical  L aboratory  of t h e  U n iv e r s it y  o f  C a l if o r n ia  at  L os A n g e l e s ]

Kinetics of the Trivalent Vanadium-Iodine Reaction
By,J. B. Ramsey and M. J. Heldman

In oxidations by iodine in aqueous Solutions, 
usually containing iodide, several possible oxidiz- 
ing molecular species exist: namely, iodine mole­
cules, triiodide ions, hypoiodite ions and hypoiod- 
ous acid molecules. That iodine atoms may be 
involved under ordinary conditions in the dark 
seems improbable, although such an interpretation 
is warranted in the photochemical oxidation of 
oxalate.1 Iodine molecules have been shown to 
be a reacting species in several oxidations, among 
them, that of phosphorous acid,2 of trivalent ti­
tanium3 and of ferrous iron.4 The oxidation of 
arsenious acid by iodine5 is an outstanding his- 
torical example of those reactions in which 
hypoiodous acid molecules are involved in the 
rate determining step. Triiodide ion is at least 
one of the reacting molecular species in the oxi­
dations of phosphorous acid,2 of ferrous iron,4 and 
of hypophosphorous acid.6 I t seems probable 
that some relation may be found between the 
molecular species of iodine invol ved and the nature 
of the reducing species or of its transformation, 
after a larger number of kinetic studies has been 
made.

The more immediate interest in this reaction is 
due to its possible importance in the interpretation 
of the induced catalysis of the autoxidation of 
hydriodic acid by vanadic acid.7 In a general 
qualitative survey of the reactions of vanadium in 
its different valence states Rutter8 observed that

(1) Griffith and McKeown, Trans. Faraday Soc., 28, 752 (1932).
(2) Mitchell, J. Chem. Soc., 123, 2241 (1923).
(3) Yost and Zabaro, T h is  J o u r n a l , 48, 1181 (1926).
(4) Unpublished work of Bray and Hershey, presented at the San 

Francisco meeting of the American Chemical Society, Aug. 20, 1935.
(5) (a) Roebuck, J. Phys. Chem., 6, 365 (1902); 9,727 (1905); (b) 

Liebhafsky, ibid., 35, 1648 (1931).
(6) Mitchell, J. Chem. Soc., 117, 1322 (1920).
(7) Bray and Ramsey, Th;is Jo u r n a l , 55, 2279 (1933).
(8) Rutter, Z. anorg. Chem., 52, 368 (1907).

the trivalent vanadium-iodine reaction pröceeded 
at a moderate rate. The stoichiometry of the 
reaction may be represented by the following 
equation.

2V + + + +  i 3-  +  2H20  =  2VO++ -f 31- +  4H +

Preparation and Standardization of Stock So­
lutions.—All Chemicals were of c. p . grade. The 
sodium perchlorate and sodium iodide were shown 
free from possible impurities by methods recom- 
mended by Murray.9 Sodium oxalate from the 
Bureau of Standards was the primary Standard. 
Known Solutions of each of the following sub­
stances were obtained as indicated: potassium
permanganate, with sodium oxalate; sodium 
thiosulfate, by the Volhard method, under condi­
tions recommended by Bray and Miller;10 sodium 
triiodide and potassium iodate, with the sodium 
thiosulfate; perchloric acid, with potassium iodate 
by the method of Kolthoff;11 sodium iodide and 
sodium perchlorate, from accurately weighed 
quantities which had been dried carefully (the 
former checked by the method of Andrews12); 
ammonium vanadate, iodometrically.13

The stock Solutions of vanadic perchlorate, 
V(0 1 0 ^ 3, were prepared by electrolytic reduction 
of vanadyl perchlorate, VO2CIO4. The latter was 
formed by mixing vanadium pentoxide, from ther­
mal decomposition of pure ammonium vanadate, 
with perchloric acid. The oxide dissolved as the 
reduction progressed. A platinized platinum 
cathode and a platinum anode were used. The 
reduction was followed analytically (by a method

(9) Murray, “Standards and Tests for Reagents and c. p. Chemi­
ca ls /’ D. Van Nostrand Co., N. Y., 1927.

(10) Bray and Miller, This J o u r n a l , 46, 2204 (1924).
(11) Kolthoff, ibid., 48, 1447 (1926).
(12) Andrews, ibid., 25, 756 (1903).
(13) Ramsey, ibid., 49, 1138 (1927).
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to be described later) and stopped with a small 
quantity of vanadium still remaining in the tetra­
valent state. Washed carbon dioxide from a 
cylinder passed through the solution during the 
electrolysis and was kept over it during use. The 
resulting Solutions were usually about 0.5 normal 
in perchloric acid.

The combined equivalent concentration of the 
tri- and tetravalent vanadium in this solution 
was obtained by adding a pipetted aliquot to an 
ammonium vanadate solution containing slightly 
more than enough vanadate to oxidize the tri­
valent vanadium, heating almost to boiling, and 
titrating with permanganate, thus oxidizing the 
tetravalent vanadium to the pentavalent state. 
That no oxygen error was involved during the 
oxidation of trivalent vanadium by the vanadate 
(which occurred instantaneously in these Solu­
tions) was shown by previously freeing the vana­
date solution from air before adding the aliquot.

The concentration of the trivalent vanadium 
alone was found by adding a known volume of the 
solution to a measured quantity of known vana­
date in excess, then determining the vanadate 
remaining by the iodometric method.18

Finally the concentration of the perchloric acid 
was found by adding a Standard base in slight 
excess to a measured volume of the solution, filter­
ing off the two hydroxides formed, and titrating 
with Standard acid. The perchloric acid con­
centration may be calculated knowing that the 
trivalent and tetravalent vanadium are present 
as V+++ and VO++, respectively.

These stock Solutions of vanadic perchlorate 
were quite stable. Over a period of some three 
weeks the trivalent vanadium was converted to 
the tetravalent state to a slight extent, both by 
oxygen and by perchlorate. The extreme slowness 
of the latter oxidation was shown by tests for 
chloride during the period of use.

Rate Measurements.—The reaction was fol­
lowed by determining the iodine present in meas­
ured aliquots (10 to 25 ml.), removed from the 
reacting mixture at suitable intervals. The fol­
lowing possible sources of error were considered:
(1) loss of iodine by volatilization; (2) oxidation 
of trivalent vanadium by oxygen and perchlorate ; 
and (3) oxidation of iodide by oxygen. Also the 
possibility of induction of one of these reactions 
by another or by the reaction being considered was 
not overlooked.

Experiments were carried out in the same man­

ner and under the same conditions as those finally 
adopted in the rate measurements but with 
vanadium absent. With the concentrations of 
iodine and iodide such as to give the maximum 
volatility existing in any experiment, the loss of 
iodine was found negligible. That none of the 
reactions listed under (2) and (3) above occurred 
to a measurable extent under the conditions 
adopted was proven by the fact that during several 
of the experiments the equivalents of trivalent 
vanadium oxidized were determined at intervals 
and found at all times to be precisely equivalent 
to the iodine reduced.

Prior to the addition of the triiodide solution, 
the last reagent added, the solution of the other 
reagents was freed from oxygen with carbon di­
oxide. In those runs requiring more than two or 
three hours, it was found necessary to maintain 
an atmosphere of carbon dioxide in the reaction 
flask. This was accomplished by providing that 
carbon dioxide passed through the flask above the 
solution only during the removal of aliquots, since 
a continuous stream of carbon dioxide caused an 
appreciable loss of iodine. In experiments re­
quiring less time the maintenance of an atmosphere 
of carbon dioxide was found unnecessary. The 
initial time was taken as that at which one-half 
of the triiodide solution had been added.

Preliminary experiments had shown that the 
reaction rate decreased with increasing concen­
tration of acid. I t  was found that adequate 
quenching was provided if the 10- to 25-ml. 
aliquots were added to approximately 100 ml. of 
ice-cooled 0.5 N  sulfuric acid. The 0.01 N  
sodium thiosulfate was freshly prepared from the 
stock 0.1 N  solution. A 10-ml. buret was used 
for the titrations; the end-point was determinable 
within 0.02 ml.

Order of the Reaction.—The ionic strength of 
the reaction mixture was maintained substantially 
constant at 1.00 by means of sodium perchlorate. 
At the same initial total iodide and iodine con­
centrations, Variation in the quantity of the stock 
vanadic perchlorate-perchloric acid solution in a 
given volume of the reacting mixture caused no 
Variation in the initial rate as determined by 
slopes. This shows the net order with respect to 
trivalent vanadium and acid to be zero. Other 
experiments in which the initial concentration of 
the acid alone was varied showed definitely that 
the rate was inversely proportional to the acid 
concentration. From these preliminary results



July, 1936 Kinetics of the Trivalent Vanadium Iodine Reaction 1155

it followed that the reaction is first order with 
respect to trivalent vanadium. These conclusions 
were confirmed throughout the range of concern 
trations of vanadium and acid used. It is ap­
parent from these results that the hydrolysis of 
both tri- and tetravalent vanadium must be 
negligible.

Results obtained by varying the triiodide and 
iodide concentrations indicated that iodine mole­
cules might be the only oxidizing species; if 
this were the case, the rate equation would be

-d [s(l2)]
d t

_  h  (V+++) ,  ,  

~ k (H+) (Is) (1)

in which S(I2) represents the total iodine concen­
tration. On account of the known equilibrium 
between triiodide, iodine and iodide this equation 
may be written

- d [ S ( l2)] _  (V  + + +) ( I j - )
d t  (H+XI-) (2)

The results obtained by use of equation (2) 
are given in Table I. In experiments 1-9 and

T a b l e  I

K in e t ic  R e su l t s  a t  /x = 1.00 a n d  T = 24.95 =±= 0.02° 
Initial concentrations in moles/liter

Expt.« (V+++) (H+) 2(1")
2(It) 
X 103

(VO+++) 
X 103 k' X 103

1 0.0241 0.107 0.256 2.52 2.50 1.14
2 .0476 .214 .132 2.52 5.60 1.32
3 .0241 .107 .132 2.52 2.50 1.28
4 .0180 .0869 .501 2.50 3.40 1.04
5 .0658 .333 .105 2.00 19.4 1.30
6 .0217 .0590 .508 2.50 1.75 1.12
7 .0217 .0590 .258 2.50 1.75 1.14
8 .0217 .559 .158 2.56 1.75 1.20
9 .0217 .0590 .108 2.58 1.75 1.34

10 .00433 .0118 .158 2.52 0.350 1.25
11 .0362 .125 .00827 2.47 10.9 0.91
12 .0362 .125 .0283 2.48 10.9 1.07
13 .0347 .127 .0133 2.57 12.8 0.98
14 .0347 .127 .0337 2.57 12.8 .97
15 .0347 .127 .0483 2.47 12.8 1.15
16 .0347 .127 .208 2.63 12.8 1.14
17 .0317 .132 .0583 2.54 15.8 1.34
a Numbered chronologically.

16-17, inclusive, the iodine and vanadic ion were 
the only substances involved whose concentrations 
changed appreciably during the experiment. 
Also the (I2) was negligible relative to the (I3~), 
which in turn was negligible relative to the (I~). 
In these experiments it was therefore convenient 
to determine k f from an integrated expression. 
In these cases equation (2) can be written

=  k '  [(V+++)„ -  2{(I3-)o -  (I .- )} ]
(3)

in which the subscript 0 indicates initial concen­
tration. Letting c = (I3~) == (I3~) +  (I2), and 
b — (V+++)0 — 2(I8“)0, equation (3) becomes

— d c
d t

k'
(H+)(!-) X c(2c  +  b) (4)

which on integration gives

k 2.303 (H +)(I~) (2c +  b)(c0)
b(t -  to) gl° (2c0 +  b)(c) (5)

The values of k r given for each of these experi­
ments are averages of those determined from at 
least five well distributed points on the best 
concentration-time curve.

Since in experiments 10-15 inclusive the con­
centrations of the acid and/or iodide, as well as 
those of the vanadium and iodine, were so low 
that their concentrations changed appreciably 
during a run, the graphical slope method was 
employed to evaluate k f from equation (2). In 
each experiment slopes were obtained a t not 
less than five well distributed points by use of 
both the Latshaw tangentimeter14 and the 
Richards-Roope Tangent Meter.15 Application 
of this method to a few of the experiments in which 
the “integration” method had been used, gave in 
each case satisfactory agreement in the values of 
k'. The value 0.00140 for the triiodide equilib­
rium constant at 25° was considered sufliciently 
accurate for the purpose of calculating the ratios 
of (I ,- ) /( I- ) .«

In none of the experiments was the average 
deviation of the values of k' from that given 
greater than 5%, and in most, less than 3%. Also 
there was no trend in the values of k' in any 
particular experiment. Several of the experi­
ments were run in duplicate, and such pairs gave 
values of k' agreeing within these limits. The 
small Variation in the values of k' over the wide 
range of concentrations used establishes equation
(2) as the rate law.

Among the factors which may be effective in 
producing the small Variation in the values of k' 
obtained are (1) the possibility of formation of 
vanadic-iodide complexes, and (2) the inadequacy 
of “ionic strength” alone as a criterion of constant 
ionic environment in Solutions of such high con­
centrations of mixed electrolytes.

That the presence of tetravalent vanadium 
had no effect on the rate is shown by the results 
of experiment 5, in which the vanadyl perchlorate

(14) Latshaw, T h is  J o u r n a l , 47, 793 (1925).
(15) Richards and Roope, Science, 71, 290 (1930).
(16) (a) Jones and Kaplan, Thjis J o u r n a l , 50, 1845 (1928); (b)

La Mer and Lewinsohn, J. Phys. Chem., 38, 171 (1934).
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was purposely made initially greater than that 
finally produced in any other experiment.

The Salt Effect.—Several experiments were 
carried out at various ionic strengths between 0.31 
and 1.76, and at a constant iodide concentration 
of 0.108 mol al. The large negative non-linear 
salt effect is shown in Fig. 1.

Fig. 1.—The salt effect.

Discussion.—The rate law established at con­
stant ionic strength may be interpreted as meaning 
that the sole rate-determining step is a bimolecu- 
lar one between iodine molecules and hydrolyzed 
vanadium ions, VOH++ (VOH++) = K 2(y+++)/ 
(H +) = K 2 (total trivalent vanadium)/(H+),
since the (VOH++) is negligible compared to the 
(V+++).

If a slow reaction between HIO and V+++ oc­
curs to any measurable extent, a second term, 
k " (V+++) (I3"") /  (H +) (I “ ) 2 (considering the mass- 
action expression for the small hydrolysis of 
iodine, I2 +  H20  = H+ +  I~ +  HIO), would 
have appeared in the rate equation. The con- 
stancy of k' over the eighty-fold range of iodide 
concentration is conclusive evidence that this 
reaction is not measurably involved.

Several rapid follow-up reaction mechanisms 
are possible. (1) The VOHT2++ critical complex17 
may break down directly to vanadyl vanadium 
and I2~, the latter immediately oxidizing trivalent 
vanadium or reacting with another of its own kind 
to form iodine and iodide ions. Diiodide ion has 
been previously assumed as an intermediate by

(17) B rön sted , Z. p h y s i k .  C h e m . ,  102, 169 (1922).

Wagner.18 (2) The complex may decompose 
into iodide and pentavalent vanadium, the latter 
immediately reacting with trivalent vanadium.
(3) VOH++ may react rapidly with the complex 
to form vanadyl vanadium and iodide. This last 
mechanism is similar to that proposed by Yost 
and Zabaro3 in their kinetic study of the entirely 
analogous trivalent titanium-iodine reaction.

Application of Brönsted’s theory17 to this re­
action results in the expression

rate = f a Ä  ^  K ,  (6)

in which kB is the Brönsted specific reaction rate, 
Ki and K 2 are the mass action ‘‘constants’’ for 
the triiodide equilibrium and the vanadium 
hydrolysis, respectively, and the y's are activity 
coefficients. I t is evident that at constant ionic 
strength the above equation reduces to the ex­
perimentally found rate law.

It is possible to draw certain rather qualitative 
conclusions regarding K 2 if the assumption is 
made that the large negative salt effect found is 
principally due to changes in the activity coeffi­
cients of the Chemical species as the ionic strength 
is varied, rather than to a solvent effect brought 
about by this Variation. The ratio Yvoh++/  
Y v o h  i 2++ may be assumed not to change to any 
great extent over the range of salt concentrations 
considered; both Ki and Yi2 are known to be sub- 
stantially constant over the range of ionic strength 
of 0.0 to 2.0.16b According to this theory, the 
assumptions made, and the facts stated, it fol­
lows that this large negative salt effect is due to a 
rapid decrease of K 2 as the salt concentration is 
increased. This is equivalent to stating that the 
quotiënt, yv +++ /Yh+Yvoh ++, decreases rapidly as 
the ionic strength increases. That this be so 
does not require that these ion activity coeffi­
cients individually decrease over the range of 
ionic strength used. In fact, from the well known 
Variation in the activity coefficients of the uni­
univalent strong acids over this range of ionic 
strength, it seems probable that the activity coëf­
ficiënt of the hydrogen ion does pass through a 
minimum at some ionic strength between 0.3 
and 1.8 .

Summary
The rate of the reaction at 24.95° between iodine 

and trivalent vanadium in perchloric acid Solu­
tions has been measured, and found to be, at 
constant ionic strength, directly proportional to

(18) W agner, i b i d . ,  113, 261 (1924).
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the concentrations of triiodide and vanadic ions, 
and inversely proportional to the concentrations 
of the hydrogen and iodide ions. This result is 
in agreement with the postulation that the single 
rate determining step is one between hydrolyzed 
vanadic ions, VOH++, and iodine molecules.

Several possible rapid follow-up mechanisms have 
been suggested. The salt effect has been measured 
over the range of ionic strengths from 0.31 to 1.76, 
and a possible explanation for its large negative 
magnitude has been advanced.
Los A n g e l e s , C a l if . R e c e iv e d  A pr il  23, 1936

[ C o n t r ib u t io n  from  t h e  Chem ical  La b o r ato r y  of  t h e  U n iv e r s it y  of Ca l if o r n ia ]

The Mechanism of Substitution Reactions. Substitution of Bromine and Chlorine 
in Phenylbromo and Phenylchloroacetic Acids by Chloride and Bromide Ions in

Aqueous Solution
By M. J. Y oung a n d  A. R. Olson

When an optically active bromo compound is 
treated with chloride ion, a whole system of reac­
tions is initiated. By making a kinetic study of 
the system of reactions which occurs when l- 
bromosuccinic acid is treated with chloride ion 
in aqueous solution, Olson and Long1 were able 
to prove the correctness of the theory of the 
mechanism of Substitution reactions advanced by 
Olson,2 and by Bergmann, Polanyi and Szabo,3 
according to which configurational inversion ac- 
companies every single-step Substitution.

The present study deals with the kinetics of the 
corresponding system of reactions produced by 
treating /-phenylbromoacetic acid with chloride 
ion in aqueous solution. The results pro vide 
additional confirmation of the above-mentioned 
theory.

The relations between the heats of activation 
of the various reactions in the succinic system, 
studied by Olson and Long,4 are again apparent 
in this system. The same is true of the tempera­
ture independent factors.

Preparation of Materials

Phenylbromoacetic acid and phenylchloroacetic acid 
were prepared from mandelic acid (phenylhydroxyacetic 
acid) by treatment with the corresponding phosphorus 
pentahalides, following the procedure given by Walden 
and Bischofï.5 The acids were resolved by fractional 
crystallization of their morphine salts from methyl al­
cohol, following the procedure of McKenzie and Clough.6 
The products were shown to be chemically pure by the 
usual analyses. Complete resolution was not obtained in all

(1) A. R. Olson and F. A. Long, Tifis J o ur n a l , 56, 1294 (1934).
(2) A. R. Olson, J. Chem. Phys., 1, 418 (1933).
(3) Bergmann, Polanyi and Szabo, Z. physik. Chem., B20, 161 

(1933).
(4) A. R. Olson and F. A. Long, T h is  J o ur n a l , 58, 393 (1936).
(5) Walden and Bischofï, Ann., 279, 122 (1894).
(6) McKenzie and Clough, J. Chem. Soc., 93, 818 (1908).

cases but as is shown by the rate laws, optical purity is in 
no way essential. It is essential that the assumption that 
/-phenylchloroacetic acid and /-phenylbromoacetic acid 
have the same configuration be correct. This assumption 
is in accord with the opinion of those who have worked 
with such compounds.

Apparatus
For all measurements of optical activity a laboratory 

constructed polarimeter of the Lippich type was used, 
with monochromatic light (X 5461) obtained from a mer­
cury are and suitable filters. The angle of rotation was 
determined from the defiection of the image of an illu- 
minated scale, four meters distant, produced in a small 
plane mirror mounted nearly on the axis of the analyser, 
and reflected into a telescope parallel to the optie axis by 
means of a periscope arrangement. This de vice enabled 
rotations to be read directly to 0.007° (1 mm. of scale) and 
estimated to 0.001°. A given setting can be duplicated to 
0.005°. A thermostat provided with glass Windows was 
mounted directly on the polarimeter so that tubes did not 
have to be removed for observation.

Experimental Procedure
Due to the slowness with which the phenylhalogenoacetic 

acids dissolve in water, the following procedure was 
adopted. A weighed amount of the active acid was dis­
solved in 0.4 cc. of methyl alcohol. To this solution was 
added the required amount of 2.00 N  perchloric acid (about 
10 cc.) followed, after re-solution had occurred, by the re­
quired amount of 2.00 N  halogen acid (about 10 cc.). 
The addition of so small an amount of methvl alcohol 
has no observable effect on the reaction rates. All Solu­
tions were prepared at the temperature of the experiment. 
After the solution process, the material was transferred 
rapidly to a 30-cm. polarimeter tube and placed in the 
thermostat. Zero time was taken as the moment of addi­
tion of halide ion. The time interval between this addi­
tion and the first reading was never more than four min­
utes. In all experiments the concentrations are: active 
acid 0.015 M, halide ion 1.00 M, hydrogen ion 2.00 M , 
unless otherwise specified.

The Formation of Mandelic Acid from Phenyl­
halogenoacetic Acids.—The detailed mechanism
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k f> ( l —  <x)

kb« /-C«H6CHBrCOOH(x) ^  
A

->  a'-C6H6CHOHCOOH(s) <-

k , ( C i )

kb«

üü(Br-)

/-C6H6CHOHCOOH(r)

kb{\ — a)

ki(Bi)
'

rf-C6H6CHBrCOOH(y') ^

kb«

A9(Br_)

É4(C1~)

fes(Br-)

±. rf-C6H6ClCOOH(z) —M L ~  g)__ ^

fe(Cl-)

/- CeHsCHOHCOOH (r)

fe(ci-)

f
=>: Z-C6H5CHC1COOH(w) kßOf.

>  J-C6H5CHOHCOOH(s) <- w i -  «)
Fig. 1.— System of reactions occurring when /-phenylbromoacetic acid is treated with chloride ion in aqueous 

solution, assuming complete inversion accompanies each single-step Substitution.

of the reactions between phenylbromoacetic acid 
or phenylchloroacetic acid and water, by which 
mandelic acid, hydrogen ion and halide ion are 
produced, is not completely understood in spite 
of the amount of investigation to which it has 
been subjected.7,8,9 The specific rate, measured 
by the rate of formation of hydrogen ion, is in ac- 
cord with the assumption that the undissociated 
acid reacts more slowly than its ion. Measure­
ment of the decrease of optical activity with time 
makes it necessary to suppose that the ion can re­
act with water in either of two different ways, one 
reaction producing a d-mandelie acid, and the 
other an /-mandelic acid. The following mecha­
nism can account for this effect and is at the 
same time in accord with the theory that inversion 
in configuration accompanies each single-step 
Substitution.

( 1)  (2 )  k i
(1) ééns—CHX—COOH -f H20  —

C6H6CH0HC00H +  H + +  X -  (inversion at C(l))

(1) (2) k2
( 2 )  CeHö— CHX— COO“ +  H20  ---- ■>

C6H5CHOHCOOH +  X -  (inversion at C(l))

( 1)  (2 )  k 3
(3) C6H5— CHXCOO- — >  CeHg— CH— C = 0  +  X “

\ /O
(inversion at C(l))

(1) (2) fasl
(4) C6H6—CH—C = 0  +  H20* — >  C6H5—CH—COOH*

O OH
(inversion at C(2))

(7) (a) Senter and Tucker, J. Chem. Soc., 109, 690 (1916); (b) 
Sent er, ibid., 107, 908 (1915); (c) Senter and Drew, ibid., 107, 638 
(1915).

(8) A. McKenzie and N. Walker, ibid., 107, 1685 (1915).
(9) A. M. Ward, ibid., 1184 (1926).

*OH
(1) (2) fast ]

(5) C6H5—CH— C = 0  +  H20 * --->  C6H5—CH—COOH
\ /O

(inversion at C(l))

Reactions (1), (2) and the sequence (3), (4) lead 
to a mandelic acid of configuration opposite to 
that of the C6H5CHXCOOH. The sequence (3), 
(5), involving a double inversion at C(l), leads 
to a mandelic acid of the same configuration 
as that of the CöHöCHXCOOH. The relative 
amounts of levo and dextro mandelic acids de- 
pend on the relation between the specific rates 
of the various reactions under the conditions of 
the experiment.

Although we failed to isolate the postulated lac- 
tone, a similar compound is known to be formed 
in the hydrolysis of bromosuccinic acid.

When the hydrogen-ion concentration is large, 
this mechanism predicts that /-CeHsCHXCOOH 
will disappear at a specific rate k\ +  {(fe +  h) 
&a/(H +)}, where ka is the dissociation constant 
of CeHsCHXCOOH, and that d and l mandelic 
acids will appear at specific rates k\ +  {(fe +  
h ß ) k j ( t t +)) and h{l  -  ß)kJ(K+), respec­
tively, where ß is the fraction of the lactone hy- 
drolyzing by reaction (4) and (1 — ß) the fraction 
hydrolyzing by reaction (5). If the specific rate 
of disappearance of Z-C6H5CHXCOOH is repre- 
sented by K, the specific rates of production of 
l and d mandelic acid can be represented by K(a), 
andX (l — ai), respectively, where a — l — {k%ßkj
[ W + « a +  fe U |.

Rate Laws
Following the system of reactions and the no- 

tation shown in Fig. 1, we can write the diff eren.
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tial equations for the rate of change of the con­
centration of each substance.

(1) dx/dt — — &i(Br~)x +  &i(Br-)y -j-
fa(Br~)z — &4(Cl~)x — fax

(2) dy/dt  =  —ki(Bx~)y +  fa(Br~)x +
&3(Br-)w -  fa(C\~)y -  fay

(3) dw/dt = -fa(Cl~)w  +  fa(Cl~)z -
fa(Br~)w -f- fa{Cl~)y — faw

(4) dz/dt = -fa (C l~)z +  fa(C\~)w -
&3(Br~)s &4(C1~)x — faz

(5) dr/dt — faoLX +  fa(l — ot)y 4“ faaw 4~ faO- — a)z
(6) ds/dt = faay 4“ &>(1 — a)x 4" faolz 4~ fa(l — <x)w
(7) d (B r)/ck  -  fa(C\~)(x +  y) -

fa(Br-)(w 4- z) 4- fa(x +  y)
(8) d(Cl")/d* -  ~fa(C\~)(x 4- y) 4-

&3(Br') (w 4- z) 4- fa(w 4- z)

For the determination of the angle of rotation 
only the quantities (x — y), (w — z) and (r — s) 
need be calculated, for 6 =*= Ci(x — y) 4~ Q(w — 
z) +  Cs(r — s). For the evaluation of the six 
specific rates, a series of experiments was devised 
each in vol ving only one unknown specific rate. 
This series, and the corresponding integrated 
rate laws, are shown in Table I.

Table I
(1) Initial conditions: (x — y) = (x — y)o, (w — z) —

0, (r -  s) =  0, (C1-) = 0, (Br~) = 1 M, (H+) = 
2 M

Additional assumption: fa > > fa so that fa can be 
neglected. (Br- ) = constant 

Rate law: e / 0 o =
(2) Initial conditions: (x — y) = 0, (w — z) — (w — z)o,

(r -  s) = 0, (Cl~) = 0, (Br") = 0, (H+) = 2 M  
Additional assumption: Since (Cl- ) remains small,

fa (Cl- ) can be neglected compared to fa 
Ratelaw: (0 — ö oo)/(O0 — 0 OT) -  ©«> = Cs

(w — z)o (2a — 1)
(3) Initial conditions: (x — y) = 0, (w ~  z) — (w — z)o,

(r — 's) =  0, (C1-) = 1 M, (Br") = 0, (H+) = 
2 M

Additional assumption: (Cl- ) = constant
Rate law: (0 -  0 J / ( 0 O -  0» ) = e“ p MCr-)+fo|/,

1 = Cs{w — z)o&e(2 a — l)/{2fe(G l- ) kt, {
(4) Initial conditions: A = (x — y) — (x — y)0, (w — z)

-  0, (r -  s) = 0, (Cl') = 0, (Br") = 0, (H+) =
2 M

Additional assumptions: none
Ratelaw: (0 — öco)/(0o — 0oo) =

e— (2k\A + kh)t + {2kiA(l-e-k̂ )/k6} == C3(x — y)o
(2a -  l)fa/(2faA 4- fa)

(5) Initial conditions: (x —  y) =  0, (w — z) — (w —  z)0,
(r -  s) =  0, (Cl') -  0, (B i-) = 1 M, (H+) = 
2 M

Additional assumptions: (1) fa >  >  fa so that </>CHBr- 
COOH is racemized as fast as it is formed; i.
(x — y) — 0; fa makes no contribution to (r — s).
(2) (CI“) is so small that 2̂(C1') and 4̂(Cl') 

are negligible.
(3) (Br') = constant

Ratelaw: (6 -  0 j / ( 0 »  -  0 „ ) = e „
= h(v) -  z)oC3(2« -  l)/(fe3(Br-) +  h)

(6) Initial conditions: (x — y) = (x — y)o = A , (w — z) 
= 0, (r -  s) =  0, (Cl- ) =  1 M, (Br- ) = 0, 
(H+) = 2  M

Additional assumptions: (1) &3(Br") can be neglected,
(2) fa<<fa,
(3) (Cl') = constant,
(4) Om — 0 (experimentally true)

Rate law: $/d0 = ( 1 4 -  R ) e - Q(t) -  Re~ [2k(Cifc)+kB  
R = {C2ICl \fa(QX~)/{2faA 4- 4̂(Cl —) 4- fa -  

2^2(Cl') -  fa]
Q(t) =  [2faA 4- ^ (C l-) -f fa\t -  2faA[( 1 -  

e - [ki(Cl~)+k^)/(fa(Cl-)  4- fa)].

The rate laws for experiment series (1), (2), (3) 
and (5) follow in a perfectly straightforward 
manner from the differential equations; those 
for experiment series (4) and (6) involve an inte­
gral of the form

I  = J * e ~ (a  +  b ) t + [ a a - e - M ) / l > ] d t

We have been unable to evaluate this integral 
exactly in terms of elementary functions. Olson 
and Long handled it by means of a series expan- 
sion and term by term Integration. We have 
found the following procedure more convenient 
in this case. Integration by parts gives

ƒ =  |  (1 -  (a +  b)t +  [ a { l - e - M ) / b i  j  j ( d  +  b)

4 “ |  d j *  e - (a - { -2 b ) t+ [a ( l - - e -b t ) /b ]  j  j ' (a  4 “ b)

The second integral can be neglected for two rea- 
sons. The integrand is smaller by a factor eh\  
and the coëfficiënt a is small compared to 1, in 
the time units employed. The error introduced 
by this neglect is never more than 0.3%.

The constants appearing in expressions (1),
(2), (3) and (5) can be evaluated by calculating 
one value from each observation and averaging 
the results in the usual manner, or by obtaining 
a value of the slope of the line

ln (0 -  000)7(00 -  0co) =  - k t  

using the method of least squares, The expres­
sions (4) and (6) cannot be solved explicitly for 
the unknown specific rates fa and £4, respectively. 
In these cases a value of the specific rate was de­
termined by a trial and error process to fit 011e
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observation; the remaining observations were 
plotted on a curve calculated using this constant, 
and agreement was found satisfactory in all cases, 
The results obtained are given in Tables II-  
VIII. The values of k(calcd.) are those ob­
tained from the activation energies and tempera­
ture independent factors shown in Table VIII. 
All times are in minutes unless otherwise specified.

Results
T a b l e  II 

ki
U C6H6CHBrCOOH +  Br“* = d-C6HöCHBr COOII +  Br“

T, °K.
No. of 
runs

(Br")
moles/

liter &

Mean
deviation,

% fei calcd.
288.1 2 0.984 0.004358 0.5 0.004363
298.1 2 .208 .01198 .1
298.1 3 .965 .01268 .3 .01251
303.23 2 .965 .01984 .3 .0209
307.02 2 .964 .02974 1 .03020
310.70 1 .960 .04294 .04294

T a b l e  III
h

/-CÄCHCICOOH +  H20 ---->  C6H6CHOHCOOH +
H+ +  C1-

r, °K. No. of 
runs kt

Mean
deviation, %

323.1 2 2.20 X 10"* 2
308.1 2 3.65 X 10"5 2
298.1 2 1.03 X 10"5 2

T a b l e  IV

/-CeHsCHClCOOH +  C1“ «  ó-CöHbCHCICOOH +  C1“
No. Mean
of feobsd. — deviation,

T, °K. runs 2kt{Q\~)+k% (Cl~) fea %
308.1 2 5.067 X 10"1 2.00 1.178 X 10"* 1.6
323.1 2 2.660 X 10"* 2.00 6.100 X 10"* 1.5

T a b l e  V 
fa

/-CsHsCHCICOOH +  B r " ---->  d-C«H5CHBrCOOH
+  Cl"

No. of feobsd.
T, °K. runs (Br )

322.54 6 3.260 X 10~3 0.980
308.05 5 7.326 X 10~4 -980
298.1 2 2.457 X 10”4 -980

k% Mean
deviation, % ks, calcd.

3.114 X 10~3 1.5 3.104 X 10“ 3
7.104 X 10~4 1.9 7.141 X 10~4
2.402 X 10~4 2 .0 2.397 X 10~-

T a b l e  VI 
kt

-CeHsCHBrCOOH +  H .,0----> i-CeHöCHOHCOOH

T,° K.
4- H + 4- Br

No. of 
runs feö

324.0 2 0.00174
307.92 2 0.000318

T a b l e  VII

ÄCHBrCOOH +  C l" ----^ <TC6H6CHClCOOH

Tf °K.
No. of 
runs

4- Br ~

fe4 ki, calcd.
322.54 3 0.01582 0.01576
307.92 2 .003610 .003632
298.1 2 .001253 .001250

T a b l e  VIII

Reaction
/-CgHöCHBrCOOH +  Br“
/~c6h 5c h c ic o o h  4- e i -
/-CßHsCHClCOOH -j- Br~ 
/-CöHgCHBrCOOH +  CI“

. A X 1.0 ”9 (see.~
£cal./mole moles-1 liters)

17,971 ± 150 3.13
21,683 4.74
20,016 ± 8 7  1.90
19,805 ±  100 6.93

No values of E and A for the hydrolysis reac­
tions (Tables III  and VI) were calculated for they 
would be of doubtful significance since the specific 
rates are complex averages over several reactions. 
The listed probable errors are mean deviations 
from the average of the values of E  calculated for 
each temperature interval.

It can be shown that the introduction of the
assumption of incomplete inversion in configura­
tion, giving rise to the system of reactions appear- 
ing in Fig. 2, where the Greek letters represent in 
each case the fraction of the reaction occurring 
without inversion, results in an alteration of the 
rate laws which is not detectable except in the 
case of expression 6. In this case the new rate 
law is

e /0 o = (1 +  R)e-Q (*) -  j&-[2fc(Ci-)+*•]/ 
where R = C2Jfe4(Cl“)(l -  2e)/C i[2M  -f

<WC1“)(1 -  2e) -f  h  -  2fe2(Cl~) -  jfe,] 
<2(0 *  [2klA +  4̂(Cl )(1 -  2e) +  h]t  -

|2 M (1  -  e-[k(Ci-)+fe]0/[jfe4(Cl-) +  h}\

The effect which this modification has on the 
calculated value of 6 for various times and for 
various values of e is shown in Table IX for the

T a b l e  IX
Time 0 cm. A0 A0 A0
min. € = 0 e «= 0.03 e = 0.05 e = 0.07

0 — 15.76 0 0 0
10 11.18 0 4-0.01 4-0.01
20 7.27 4-0.01 4- .02 4- .03
30 3.98 -  . 02 — .03 .00
40 1.21 — . 03 — .04 — . 05
50 4-1.09 -  .03 — .06 -  .07
60 2.45 -  .03 — .06 -  .08
70 4.52 -  .03 — .05 -  .09
80 5.75 -  .03 — .05 -  .08
90 6.75 -  .03 — .04 -  .08

100 7.54 -  .02 — .03 -  .07
150 9.48 -  .01 ~ .02 -  .03
200 9.72 -  .01 .01 -  .01
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kfiCK

U l  -  a)

/-CeHiCHBrCOOH(x) 4

•) CHOH COOH (s) 4 -

fa(Br-)(l -  6)

kéOt

/-CeHßCHOHCOOH (r)

(i-CjHtCHBrCOOH(y)

fafci-m -«)
«J-CeHjCHClCOOH(z) *,(1 ~

0
3

1
/-CiHéCHOHCOOH(r)

/-C«H*CHClCOOH(w) - fa«
fa(Br-)(l -  i )

■ t e ------- >  d-CeHiCHOHCOOH (s) <- *»0—~

Fig. 2.—System of reactions occurring when /-phenylbromoacetic acid is treated with chloride ion in aqueous solu­
tion, assuming some Substitution without inversion can occur.

experiments at 322.54°K. The curve calculated 
for e = 0 on which the experimental points have 
been superimposed is shown in Fig. 3. (Ad is 
taken positive when the value for e = 0 is larger 
in absolute magnitude than that for e ^  0.)

Since the average deviation of the experimental 
points from the calculated curve is 0.06 cm. with 
no trend, one can conclude that inversion is com­
plete within the limits of detectability (5%). 
The rather large limits on e are a result of the small 
value of A , the initial concentration of bromo 
acid, made necessary by its slow solubility. Ad 
is directly proportional to A.

Discussion of Results
The results obtained are compared with those 

of Olson and Long* in Table X.

T a b l e  X
Activation energy 

cal./mole 
Phenyl-
acetic Succinic 

Reaction system system
1 BrA +  Br” 17,971 21,800
2 CIA-f Cl” 21,683 24,770
3 CIA +  Br” 20,016 23,540
4 BrA +  Cl” 19,805 23,650

Collision number X 10-fl 
sec.-1 moles-1 liters 

Phenyl-
acetic Succinic 

A system system Ratio
3829 3.13 14.9 4.76
3087 4.74 8.42 1.78
3524 1.90 6.24 3.28
3845 6.93 39.5 5.71

(2) The fact that the activation energy of the 
exchange reactions (the same for both within ex­
perimental error) is closer to that of CIA +  Cl~ 
than to that of BrA +  Br“ may mean that the 
unstable intermediate (BrAC1) where A is the
rest of the molecule resembles (C1AC1) ~ more 
closely than (BrABr)

Fig. 3.—Angle of rotation plotted against time for 
the reaction between /-phenylbromoacetic acid and 
chloride ion in aqueous solution at 322.54°K.

(1) The difference between the activation 
energies of the two series is nearly the same for 
all reactions, although it is somewhat larger for the 
bromo acids than for the chloro acids. This 3600 
calories is a composite of the alterations in bond 
strength and resistance to inversion brought 
about by substituting — CH2COOH for C6H5 in 
the reacting molecule. Nothing quantitative 
can be said about the relative contributions of 
the two factors.

(3) The collision numbers of reactions involv­
ing Cl~ are larger than those in vol ving Br", 
while those involving bromo acids are larger than 
those in vol ving chloro acids, and the collision 
number of the exchange reaction BrA +  Cl~ is 
larger than that of CIA +  Br" in the ratio one 
would expect from the two tendencies in combina- 
tion.

A calculation of the total number of collisions 
for comparison with the observed collision number
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is somewhat arbitrary because of the uncertainty 
in collision diameter. The arbitrary selection of 
a value 1.75 times the length of the bond to be 
formed, leads to a steric factor of from V40 to Vio* 
The face centered addition of X “ at CßHsCHY- 
COOH leads to an orientation factor of less 
than Va for C0H5CHYCOOH; solvation of X “ 
may introducé an additional orientation factor. 
Furthermore, one must take into account the 
efficiency of transfer between translational and 
vibrational energy which Rice10 has found to vary 
widely from case to case. The most that one can 
say is, that there is nothing in the collision num- 
bers to invalidate the given picture of the reaction.

The correlation between the kinetic and ther- 
modynamic interpretations of a Chemical equilib­
rium leads to a relation between the ratio of the 
collision numbers of the forward and reverse re­
action and the Standard entropy change. For 
reactions (3) and (4) this relation is 
R  ln (4 4/ 4 3) -  5°(Br~) +  5°(C14) -  S0(C1") -  5°(Br4)

where 5° is the molal entropy of the given sub­
stance when its concentration is 1 M  in an ideal 
aqueous solution, based on 5°(H+) = 0  for com­
parison. Latimer, Schutz and Hicks11 give 5.9 
e. u. as the difference between 5°(Br~) and 5° 
(C1“). Using this value, and the experimental 
values of A 4 and A 3 we calculate that the differ­
ence in entropy between Solutions of /-BrA and Z- 
CL4 is 2.7 =±= 1 e. u., a not unreasonable result.

Rice and Gershinowitz12 have made use of the 
relation between entropy and collision number to 
develop a method for calculating the collision 
numbers of bimolecular associations. The re­
actions studied can be looked upon as being of this 
type followed by the almost instantaneous de­
composition of the associated pentavalent carbon 
"complex.” We have applied this method in 
calculating the collision numbers of the four re­
actions, omitting consideration of vibrational

(10) O. K. Rice, T h is  J o u r n a l , 54, 4558 (1932).
(11) W. M. Latimer, P. W. Schutz and J. F . G. Hicks, J. Chem. 

Phys., 2 , 82 (1934).
(12) O. K. Rice and H. Gershinowitz, i b i d . ,  2, 853 (1934).

entropy, and calculating moments of inertia from 
rough geometrical models of the reactants. The 
results are shown in Table XI.

T a b le  XI
R eaction

A  X 10-9  
calcd.

A  X IO"« 
obsd.

(1) Z-C6H6CHBrCOOH +  B r ~ 3.22 3.13
(2) l-C6H6CHClCOOH +  C1“ 6.43 4.74
(3) /-C«H6CHClCOOH +  Br~ 3.54 1.90
(4) /-CeHsCHBrCOOH +  Cl~ 6.33 6.93

Considering the nature of the calculation the 
agreement is striking. All of the features of the 
general reaction picture (inversion, face centered 
addition) have been included in the calculation 
and no additional ones.

Summary
The specific rates in aqueous solution of the 

following four reactions, at several temperatures 
in the interval 15-50°, have been determined.
(1) Z-CcHßCHBrCOOH +  B r- =

(Z-CeHsCHBrCOOH +  Br“
(2) /-c6h 5c h c ic o o h  +  Cl“ =

rf-CeHßCHClCOOH +  CL
(3) /-CeHßCHClCOOH +  B r " ----

d-CeHßCHBrCOOH +  Cl~
(4) /-CeHßCHBrCOOH +  01“ ---->-

^CÄCHCICOOH +  Br­

i t  was shown that reaction 4, which alone provides 
Information on this point, is accompanied by com­
plete inversion in configuration, in accord with 
the theory.

The activation energies of the four reactions 
bear relations to each other similar to those in the 
corresponding reactions of the halogenosuccinic 
acids.

The collision numbers of the four reactions, con­
sidered from a kinetic viewpoint, are not in dis- 
agreement with what might have been predicted 
from the theory. They are in close agreement 
with values calculated by a Statistical mechanical 
method embodying the essential features of the 
theory.
B e r k e l e y , C a l if . R eceiv ed  A p r il  4, 1936
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Condensation of Aldehydes with ß-Hydroxy-oH&aphthoquinone. Synthesis of
Hydrolapachol1*2

By Samuel C, Hooker

July, 1936 Condensation of Aldehydes with ß-HYDROXY-a-NAPHTHOQuiNONE

In the course of m y researches on the Constitu­
tion of lapachol and in hope of synthesizing this 
substance I studied in 1896 the interaction of 
iso valeraldehyde and 2-hy droxy-1,4-naphtho-

(1) This is the first of a group of eleven papers reporting the results 
of investigations carried out by the late Dr. Samuel Cox Hooker 
(1864-1935) in coutinuation of his studies of lapachol, lomatiol, and 
related compounds as described for the most part in papers published 
in 1889-1896 in the Journal of the Chemical Society. The early in­
vestigations were resumed shortly after Dr. Hooker’s retirement from 
the board of directors of the American Sugar Refining Company in 
1915 and the work was continued to the time of his death on October 
12, 1935 (see obituary sketch by Dr. C. A, Browne, J, Chem. Soc., 
550 (1936)). The papers have been assembled and prepared for purifi­
cation by Dr. L. F. Fieser, of Harvard University, in whose care Dr. 
Hooker left the samples from all of his investigations. Dr. Fieser 
states that the collection includes a large supply of lapachol and a 
moderate amount of lomatiol, and that it was Dr. Hooker’s intention 
that these be made available to other interested investigators.—T he 
E ditor .

(2) Dr. Hooker had no intention of withholding the results ac- 
cumulating in the course of twenty years of research, but he was re- 
luctant to publish work on any one of the closely related problems 
until quite satisfied that all phases of the different investigations 
had been adequately explored. With one or two minor exeeptions, 
this point had been reached at the time of his death and he had al- 
ready prepared the manuscript for the theoretical part of several of 
the papers. Frequent periods of ill health and eventually death 
prevented him from completing the writing, but fortunately his ob­
servations had been recorded with such fluent expression and his 
records kept with such meticulous care that the experiments can 
be reported with complete accuracy, if not always in Dr. Hooker’s 
own clear style.

The theoretical part of the present paper, with the exception of 
the last paragraph, is taken from an original draft written by Dr, 
Hooker in 1934 and the second section of the experimental part, ex- 
cepting the last paragraph, is likewise compiled almost entirely from 
original summaries. Dr. Hooker was assisted in the experiments by 
Dr. G. H. Connitt (1926-1927), Dr. C. A. Lear (1932-1933), and 
Dr. A. Steyermark (1934-1935). Four of the analyses were carried 
out by Dr. Connitt and the remainder were done by Dr. D, Price of 
Columbia University. Dr. Steyermark has been very helpful in 
collecting the notes.

Certain statements in these papers cannot be properly appreciated 
without some explanation of the special and perhaps unique methods 
of identification and characterization which Dr. Hooker developed 
and on which he placed great reliance. Most of these involved the 
microscopie examination of crystals obtained in different ways, using 
merely a simple, low-powered instrument. In his “fusion test” a 
few granules of material are spread on a cover glass and barely fused 
over a small flame, giving characteristic crystalline patterns. An 
acidic substance is dissolved in 1% sodium hydroxide or other alkali 
and a drop of the solution allowed to evaporate on a slide and de­
posit crystals of the salt, or acidified under microscopie observation. 
A drop of a solution of the substance in concentrated sulfuric acid 
on being exposed on a slide absorbs moisture and deposits character­
istic crystals, at first at the edges and then in the body of the solution. 
In Dr. Hooker’s skilled hands these tests provided a means of making 
a positive identification which he feit was at least as reliable as a 
mixed melting point determination. Such microscopie examination 
proved to be of invaluable service in working with substances which 
when heated decorapose rather than melt. The tests were also em­
ployed to advantage in following the progress of a reaction and in 
working out methods of purification and Separation. In purifying 
small amounts of material, Dr. Hooker made much use of the “dry 
crystallization method.’’ A dilute solution of the substance is al­
lowed to go to dryness in an Erlenmeyer flask set in an inclined posi­
tion with the liquid covering less than half of the bottom. Often 
the impurities are deposited in an outer ring while uncontaminated

quinone,3 and was thus led to a compound iso­
meric with lapachol which I was able to convert 
into several substances which I had previously ob­
tained from lapachol itself, and which contained 
the füll complement of carbon atoms. With 
these facts in mind the condensation was inter- 
preted as follows;
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I t was originally thought that this condensation 
compound owing to its red color must be consid­
ered a derivative of ß-naphthoquinone and it was 
referred to as iso-ß-lapachol in consequence. 
Fieser,4 who has examined many of the com­
pounds obtained in my laboratory, has shown 
however that the reduction potential of iso-ß- 
lapachol agrees very closely with that of deriva­
tives of 2-hy droxy-1,4-naphthoquinone having
crystals of the substance appear at the lowest part of the vessel and 
can be detached and caught on the clean part of the flask after this 
has been rotated to the proper position. Very sensitive substances 
frequently can be crystallized satisfactorily by this method, the solu­
tion being prepared at room temperature. The homogeneity of a 
colored, acidic substance was tested to advantage by dusting a small 
amount of the powdered material onto the surface of 1% sodium 
hydroxide, when the presence of more than one compound often 
could be detected by a differential coloration of the solution, Df» 
Hooker took füll advantage of the beautiful color phenomeua pecu- 
liar.to the group of compounds under investigation, but many of his 
methods of experimentation can be applied quite generally. Of eon- 
siderable importance in paving the way to discoveries was his habit 
of looking for any changes which might oecur in Solutions of his 
compounds or even in the solid state, often over long periods of time, 
and his practice of conducting reactions under the mildest conditions 
sufficiënt to effect a change.—L. F . F ie s e r .

(3) Hooker, J. Chem. Soc., 69, 1356 (1896).
(4) Fieser, T h i s  J o u r n a l , 50, 439 (1928).
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similarly located side chains, and further that it 
agrees almost exactly with the values of lapachol 
and hydrolapachol, both of which are yellow. The 
reduction potential of iso-ß-lapachol also agrees 
far better with the values determined for com­
pounds of the general formula (a) derived from 
lapachol than it does with those obtained for sub­
stances of the general formula (b), having the 
ortho quinone group.

O

Yellow Red

It would seem necessary therefore to accept for 
iso-0 -lapachol the paraquinone structure as sug­
gested by Fieser and the compound will in future 
be referred to as isolapachol. The red color of 
isolapachol, however, is not without significance 
and I shall return to its consideration later in an­
other paper.

The study of the above condensation has been 
extended to a number of other aldehydes as the 
resulting compounds were required for an investi­
gation on the oxidation of derivatives of 2-hy- 
droxy-l,4-naphthoquinone. In most cases fairly 
uniform results have been obtained and the reac­
tion has thus proved to be a general one.

Hydrocinnamaldehyde, phenylacetaldehyde, oe- 
nanthol, ^-valeraldehyde, w-butyraldehyde, and 
propionaldehyde have all yielded compounds 
corresponding to isolapachol, which like it are 
much deeper in color than the previously known 
derivatives of 2 -hy droxy-1,4 -naphthoquinone. 
They vary from a deep orange qr orange-red to a 
deep red in color, and all give intensely violet Solu­
tions with 1% alkali from which the sodium salts

O

|CH—

loH

/CH*,
CHCH

N^H*
h 2

O
Isolapachol

O O

Lapachol

can be readily obtained in crystalline form. Hy­
drogen addition is easily effected by Roger Adams’ 
method with platinum oxide-platinum black, the 
resulting substances affording ample proof of the 
structure assigned to the condensation products, 
as the latter are thus converted into compounds 
identical with the hydrogenation products of simi­
lar substances of known structure differing only 
from the condensation products in having the 
double bond in the chain located other than in the 
a,ß-position. Thus isolapachol and lapachol 
yield the same compound, namely, hydrolapachol. 
Incidentally it may be noted that this step com- 
pletes the synthesis of hydrolapachol.

The other 2-hy droxy-1,4-naphthoquinone de­
rivatives examined which have yielded identical 
compounds on hydrogenation are shown side by 
side in the following columns, the chains only be­
ing given.

—c h = c h c h 2c h 3 — c h 2c h ==c h c h 3
—c h = c h c h 3 —CH2CH=CH2
—c h ==c h c h 2c6h 5 — c h 2c h = c h c 6h 5

The first column contains the chains of the al­
dehyde condensation compounds; the second 
those of compounds obtained by Fieser5 in part by 
the Claisen rearrangement and in part by direct 
carbon alkylation. The identity of the hydrogena­
tion products of the two sets of compounds leaves 
no doubt, therefore, as to the correctness of the in­
terpretation of the aldehyde condensation. I am 
greatly indebted to Dr. Fieser for the substances 
represented in the second column which were hy- 
drogenated in my laboratory.

In the earlier work3 attention was called to the 
striking difference in color between the orange­
red isolapachol and its yellow acetyl derivative. 
I t was suggested at the time that acetylation may 
be attended with a change from a ß- to an «- 
quinone group, but it is now recognized that both 
compounds very probably are a-quinones and 
that the difference in color is attributable to the 
effect of masking the free hydroxyl group. In 
order to extend the observations two additional 
acetyl derivatives were prepared. The first of 
these. 2- a-butenyl-3-acetoxy-1,4-naphthoquinone,

[CH=CHC6H6

lOH

O
(5) Fieser, T h is  Jo u r n a i., 48, 3201 (1926); 49, 857 (1927).
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is similarly yellow, in comparison with the red hy­
droxy compound from which it is derived. 2-/3- 
Phenylvinyl - 3 - hydroxy - 1, 4 - naphthoquinone 
is deeper in color (deep red) than the condensation 
products having completely aliphatic side chains 
(orange-red) or the chain -CH=CHCH2C6H5 
(orange), an effect doubtless attributable to the 
conjugation of the phenyl group with the chromo- 
phoric system. Acetylation in this case also was 
found to lighten the color, and the interesting ob- 
servation was made that the acetyl derivative is 
capable of existing in two distinct modifications. 
The two forms are orange-yellow and bright red 
and they separate from the same solvents under 
similar conditions. The latter substance changes 
to the former on heating, and only one melting 
point is observed.

Experimental Part
I. Condensation of Aldehydes with 2-Hydroxy- 1,4-naph­

thoquinone
Following a number of trials, 2-a-butenyl-3-hydroxy- 1,4- 

naphthoquinone was most satisfactorily obtained by the 
following procedure, which served with minor changes for 
the other condensations investigated. Two grams of 2- 
hydroxy-1,4-naphthoquinone was dissolved in 35 cc. of 
hot glacial acetic acid, the temperature was brought to 
80° and concentrated hydrochloric acid (2 cc.) was added, 
followed at once by w-butyraldehyde (5 cc.). The mix­
ture was digested at 75-80° for one and one-half hours and

poured into 200—300 cc. of water. After allowing several 
hours for the dark, resinous, partly crystalline material to 
collect, the aqueous solution was decanted through a filter, 
the oily residue was dissolved in 100 cc. of ether (or in 
benzene or ether-benzene) and the solution was extracted 
with 200 cc. of aqueous 1% sodium hydroxide solution. 
On acidifying the intensely violet alkaline extract ä deep 
orange oil precipitated and gradually became crystalline. 
After washing and drying, the crude material (1.5 g.) 
was extracted with petroleum ether (b. p. 35-55°) in the 
Soxhlet apparatus. This left a brown, earthy residue and 
gave 1.1 g. of purified material as orange-red plates. The 
sample for analysis was recrystallized from alcohol.

In the condensation of hydroxynaphthoquinone with 
other aldehydes some variations in the proportions of the 
reagents and in the time of heating were found advisäble, as 
indicated in Table I. The reaction can be followed readily 
by removing from the mixture during digestion a fraction 
of a drop, evaporating this to dryness, dissolving the resi­
due in a drop of alcohol, and adding a drop of 1 % alkali. 
As the condensation progresses the test solution becomes 
increasingly violet, and when the color ceases to increase in 
intensity the reaction may be assumed to be reasonably 
complete. The digestion is then stopped. The time va- 
ries with the different aldehydes from about fifteen min­
utes to one and one-half hours, and can be shortened and 
the yield slightly increased by using larger quantities of 
the aldehyde. As a general rule about frve molecules of 
the aldehyde to one of the hydroxynaphthoquinone give 
satisfactory results.

Attempts to prepare condensation products under similar 
conditions from acetaldehyde and from isobutyraldehyde 
were unsuccessful. In the case of the latter aldehyde the 
reaction mixture was heated for a total of five hours, but

T a b le  I

P r epa r a tio n  a n d  P r o pe r t ie s  o f  t h e  C o n d e n sa t io n  P r o d ucts

For 2 g. hydroxy- Time 
naphthoquine of

Alde- Concd. heat- ✓------------------------2-«-Alkenyl-3-hydroxy-l,4-naphthoquinones
hyde, HC1, ing, Yield in g., Alkenyl

M. p., °C.
Calcd., % F oun d ,%

Aldehyde cc. cc. min. Crude Pure group Crystalline form C H C H

Propionalde- 5 
hyde

2 75 1.22“ 0.56 öf-Propenyl 135.2-
135.7

Orange-red 72.87 
plates6

4.71 72.79 4.85

w-Butyralde- 5 
hyde

2 90 1.5 1.1 «-Butenyl 107.5 Orange-red 73.68 
plates6

5.26 73.66
73.61

5.36
5.43

w-Valer alde- 6 .4  
hyde

6 37 1.2 a-Pentenyl OS­
OS. 5

Orange-red 74.35 
needles

5.83 74.53 6.03

Heptalde- 12 
hyde

10 25 1.6 1.1 a-Heptenyl 86.5 Orange-red 75.30 
needles, voluminously 
grouped; also as plates

6.69 75.28
75.55

6.68
6.66

Phenylacetal- 13.6 
dehyde (50% 
alcoholic 
solution)

6 20 1.94 1.3 jS-Phenyl-
vinyl

166.5-
167.5

Red scales, or 78.23 
small, heavy 
needles, or volu- 
minous branches

4.38 77.99 4.56

Hydrocinnam- 7 
aldehyde

10 90 1.6 y-Phenyl- 
propenyl

140.5-
141.5,

Orange-red 78.59 
needles6

4.86 78.62 4.86

dec.
a By concentrating the benzene solution after extraction with alkali, brown, sword-shaped crystals of a by-product 

(0.2 g.) were obtained. Recrystallized from alcohol, the substance formed light yellow, arrowhead-shaped crystals, m. p. 
160-160.5°. (Found: C, 84,87; H, 5.24; mol. wt., 241.4.)

h Best crystallized from petroleum ether; the material decomposes badly when crystallized in large lots from alcohol. 
c The substance undergoes far-reaching changes when the crude material is crystallized from alcohol or benzene. 

Acetic acid gave better results but the recovery was less than 50%.
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color tests made throughout this period failed to give any 
indication of the formation of a compound of the desired 
type. With acetaldehyde it appeared that a condensation 
product if formed is rapidly destroyed in the acid mixture.

The condensation products having aliphatic side chains 
are very soluble in benzene or acetone and somewhat less 
soluble in alcohol. A phenyl group decreases the solu­
bility. Characteristic of all of the compounds is the in­
tense violet color of their sodium salts, and distinctive 
patterns often can be observed by allowing a drop of the 
alkaline solution to evaporate under the microscope. 
Some decomposition usually occurs at the melting point.

The crystallization of the crude condensation products 
presents some difficulties for the quinones are subject to 
decomposition in solution, particularly in the presence of 
impurities. The crude materials may suffer extensive de- 
struction when crystallized directly from alcohol or ben­
zene, and it is best first to extract the products with petro­
leum ether. The purified substances then can be crystal­
lized successfully from alcohol or benzene if care is taken 
to avoid undue heating or prolonged exposure of the Solu­
tions to the air. Even the most highly purified samples in 
time undergo far-reaching changes in contact with these 
solvents, and in a preliminary study of these changes car­
ried out in conjunction with Dr. Steyermark it was found 
possible in some cases to isolate crystalline transformation 
products. Thus a solution of 1 g. of 2-7-phenyl-a-pro- 
penyl-3-hydroxy-1,4-naphthoquinone in 45 cc. of benzene 
after standing with free access to the air for about four 
days deposited 0.04 g. of yellow needles which after re­
crystallization from benzene (sparingly soluble) melted 
at 227-228°, dec. The analyses are suggestive of a for­
mula having one atom of oxygen more than the starting 
material (calcd. for C19H14O4: C, 74.51; H, 4.57. Found: 
C, 73.95, 74.10; H, 4.61, 4.51) and it is perhaps safe to 
conclude that in this case an oxidation is involved. The 
substance is neutral, but it dissolves in boiling alkali and 
the yellow material is precipitated unchanged on acidifying 
the red, alkaline solution.

Yellow, neutral decomposition products were obtained 
from some of the unsaturated quinones in alcoholic solu­
tion but the substances have not been characterized. The 
propenyl compound, refluxed in alcoholic solution for about 
ten hours in the course of three days, gave in 10% yield a 
substance forming yellow prisms from benzene, m. p. 
197-198°, dec., insoluble in cold alkali (found: C, 73.16, 
73.20; H, 4.69, 4.81; mol. wt., 364). A solution of the 
btitenyl compound in alcohol on standing for four months 
at room temperature deposited in 11% yield a yellow sub­
stance which formed yellow plates from dilute acetic acid, 
m. p. 207-208°, dec. (found: C, 70.63; H, 5.05). Like 
the other substances it is insoluble in cold alkali and dis­
solves on boiling to give a crimson solution.

2-a-5utenyi-3-aCetoxy-1,4-naphthoquinone.—A mixture 
of 1 g. of 2-a-butenyl-3-hydroxy-l,4-naphthoquinone, 2 g. 
of fused sodium acetate and 20 cc. of acetic anhydride was 
boiled for three minutes, when the initially red solution 
had become brownish-yellow in color. The mixture was 
poured into water and the green oil which separated crys­
tallized on standing overnight. The yield was quantita­
tive. On crystallization from alcohol the substance 
formed bright yellow needles, m. p. 83.5-84.0°. The

compound is insoluble in dilute alkali in the cold but it 
dissolves readily on boiling and the original hydroxyqui- 
none is obtained on acidifying the solution.

Anal. Calcd. for Ci6Hi40 4: C, 71.08; H, 5.22. Found: 
C, 71.28; H, 5.55.

2 - ß  - Phenylvinyl - 3 - acetoxy - 1,4 - naphthoquinone.—
This compound was prepared in good yield by the above 
procedure and crystallized from alcohol or from acetic acid. 
The substance crystallizes from these solvents either as 
orange-yellow needles or as bright red needles, the orange- 
yellow form being the more common. Both forms melt 
sharply at 138.7-139.2°, and it appears that the red form 
changes into the other modification before this tempera­
ture is reached, for on gentle heating the red needles be­
come coated with small yellowish needles, making them 
appear opaque. Neither form contains solvent of crystal­
lization, for a mixture of the two lost no weight on being 
heated at 130° for one-half hour. Both forms yield the 
original hydroxy quinone on alkaline hydrolysis and they 
impart a purple coloration to concentrated sulfuric acid. 
Both varieties become resinous on rubbing.

Anal. Calcd. for C2 0H 1 4 O4 : C, 75.45; H, 4.44. Found: 
C, 75.60; H, 4.56.

2. Hydrogenations
f 0 2

The condensation products are of the type Ci0H4 « C H =
( OH

CHCH2X are deep orange in color and they dissolve in 
dilute alkalies to intensely violet Solutions varying but lit­
tle in tone. In these respects they differ materially from

f 0 2
the compounds of the general type C10H4 s CH2CH2CH2X

[OH
into which they are readily converted by hydrogenation. 
These are yellow (occasionally golden brown when in 
fair sized crystals) and give Solutions with alkalies of a 
claret red shade. These differences between the two 
classes of compounds enable the hydrogenation of very 
small quantities to be satisfactorily followed. The cata­
lyst was prepared in accordance with the directions of 
Roger Adams and the hydrogenations were carried out in 
the cold, mostly in alcoholic solution at a pressure of 38- 
40 lb. (2.53-2.66 atm.). The time necessary varies from a 
few minutes to several hours, depending on the quantity 
and condition of the catalyst. To ascertain when the 
hydrogenation is complete, it is simply necessary to remove 
a trace of the solution from the pressure flask, allow it to 
evaporate to dryness, and redissolve the residue in a drop 
of 1% sodium hydroxide solution. If the oxidation of the 
hydroquinone group resulting from the action of the hydro­
gen has not already taken place by atmospheric oxygen 
during evaporation, it will be almost instantly effected in 
contact with the alkali. The hydrogenation may be con­
sidered complete as soon as the alkaline solution obtained 
is red without any trace of violet. A drop of dilute hydro­
chloric acid added to the alkaline solution also should yield 
a yellow precipitate instead of the orange one given by the 
substance before hydrogenation.

Hydrolapachol was first prepared by Monti6 by the 
action of hydrogen in the presence of palladium black on 
the acetyl derivative of lapachol, followed by hydrolysis

(6) Monti, Gazz. chim. ital., 45, II, 52 (1915).
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Substances 
hydrogenated, 

side chains
- c h = c h c h 3 
- c h 2c h = c h 2
-CH=CHCH2CHj 
-CH2CH==CHCH; 
-CH==CH(CH2)2CH3 
-CH=CHCH(CH3)2 
-CH2CH=C(CH3)2 
-CH=CH(CH2)4CH3
- c h = c h c 6h 6
- c h = c h c h 2c 6h 5
-CH2CH=CHC6Hb

Alkyl group

T able  II
H y d r o g enation  P ro d u c ts  

---------------- 2-Alkyl-3-hydroxy-l,4-naphthoquinones-

M. p., °C. Crystalline form
Calcd., % 
C H

F o u n d ,% 
C H

n-Propyl 100.5-101.5 Bright yellow, prismatic needles 72.19 5.60 72.11 5.80

w-Butyl 101-101.5 Radiating clusters of yellow 
needles

73.04 6.08 72.85 6.16

w-Amyl 104-104.3 Long, yellow needles 73.73 6.61 73.69 6.72

fc-Amyl 93.5-94.5 Fine, silky needles 73.73 6.61 73.90 6.72

w-Heptyl 82.7-83.3 Bright yellow plates 74.96 7.41 74.96 7.56
/3-Phenylethyl 171.5-172.5 Orange-yellow prismatic plates 77.67 5.07 77.56 5.26

Hydrocinnamyl 131.7-132.2 Golden-yellow plates 78.05 5.52 78.17 5.48

and exposure of the solution to the oxidizing action of the 
air. Fieser and Brodie7 obtained hydrolapachol from 
lapachol itself by employing the method of hydrogenation 
of Roger Adams. A more detailed study of hydrolapachol 
has been undertaken here in order that the identity of the 
substance obtained by the hydrogenation of isolapachol 
might be established without doubt. Several lots of 
hydrolapachol have been prepared in my laboratory from 
lapachol with very satisfactory results by Adams* method, 
a yield of fully 97% being obtained. The reaction was 
carried out at room temperature, using 6 g. of lapachol in 
100 cc. of alcohol and 0.2 g. of catalyst. The progress of 
the absorption may be followed and its end determined by 
removing a drop of the solution from time to time and al- 
lowing it to evaporate completely on a watch glass. As 
evaporation proceeds the hydroquinone is again oxidized 
and the residue on solution in concentrated sulfuric acid 
and subsequent dilution gives a yellow suspension when the 
hydrogenation is complete, in place of the orange ß-lapa- 
chone which would be obtained from lapachol under like 
circumstances.

In preparing moderately large lots of hydrolapachol the 
oxidation of the hydroquinone may be advantageously 
hastened by drawing air through the alcoholic solution. 
After oxidation the solution was evaporated to about 50 
cc. and cautiously diluted with water, the dilution being 
increased from time to time as crystallization proceeded. 
The fine, silky needles obtained were washed with 50% 
alcohol. Recrystallized, the substance melted constantly 
at 93.5-94.5°, a temperature considerably higher than that 
reported by Monti (87-89°) and by Fieser and Brodie 
(88-89 °). Isolapachol, hydrogenated in the same manner, 
gave a substance identified by melting point, mixed melt­
ing point and all other properties, as hydrolapachol. In 
hydrogenating the synthetic compounds of the type

(7) Fieser and Brodie, T h is  J o u r n a l , 50, 449 (1928).

fo 2
C10H41 CH2CH==CHX the progress of the reaction was 

(OH
followed by the color test with sulfuric acid, as in the case 
of lapachol,

The yields in the hydrogenation experiments were uni- 
formly good and the quinones with reduced side chains were 
easily obtained in a pure condition, usually by crystalliza­
tion from alcohol. 2-w-Propyl-3-hydroxy- 1,4-naphthoqui­
none crystallized well from petroleum ether. The proper­
ties and analyses of the compounds are recorded in Table
II. In those cases in which it is indicated that the same 
hydrogenation product was obtained from two different 
quinones, the identity was established by melting point 
and mixed melting point determinations and by a careful 
comparison of the crystalline forms and color reactions of 
the two substances.

Summary
1. The condensation of aldehydes with 2- 

hydroxy-1,4-naphthoquinone, which in the case of 
isovaleraldehyde resulted in the formation of iso­
lapachol, is shown to be generally applicable to 
the preparation of corresponding alkenyl deriva­
tives of hydroxynaphthoquinone, the alkenyl 
group being situated in the quinone ring adjoin- 
ing the hydroxyl, and the double bond occupying 
the a,ß-position in the chain.

2. I t is shown that by the addition of hydro­
gen to the synthetic isolapachol the same product, 
namely, hydrolapachol, is formed as is obtained 
from the natural product, lapachol, under similar 
circumstances.
82 R emsen Street R ecéived  M arch 11, 1936
B rooklyn, N ew  Y ork
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The Constitution of Lapachol and its Derivatives. Part IV.1 Oxidation with Potas­
sium Permanganate23
B y Samuel C. Hooker

In the course of my researches on the Constitu­
tion of lapachol, oxidation with alkaline perman­
ganate was studied in anticipation of additional 
confirmation regarding the structure of the amyl- 
ene chain in this compound. The results ob- 

O

CH2CH =C
/CHa
\ ch3

lOH

O
Lapachol

tained were, however, entirely unexpected. In­
stead of helping substantiate in a simple way the 
conclusions I had reached, they themselves gave 
rise to a major problem, the solution of which has 
led to the discovery of a most interesting general 
reaction by means of which substances of the gen­
eral formula (a) can be readily converted in good 
yield into others of the formula (b) with the elimi- 

O O

/ \ / S c h 2r

ü J OH
IIo

(a)

OH

R

O
(b)

nation of CH2 from the body of the chain, a con- 
clusion which would be difficult to accept but for 
the very conclusive evidence I shall give in this 
and succeeding papers. In this way as a result of 
the action of alkaline permanganate on lapachol 
one carbon and two hydrogen atoms are removed, 
as indicated in the formulas:

O O

1C5H9

•OH

jOH

Ic 4h 7

o o
___________  I II

(1) Previous papers: Hooker, (a) J. Chem. Soc., 61, 6Ü (i892);
(b) 63, 1376 (1893); (c) 69, 1356 (1896).

(2) See Editor’s note (1) to the preceding paper.
(3) The theoretical part of this paper was written by Dr. Hooker 

in 1934 and only one or two minor changes have been made. The 
experimental part has been constructed from notes assembled by 
Dr. A. Steyermark. In the experimental work Dr. Hooker was in 
part assisted by Mr. J. G. Walsh, Jun., in the period 1893-1894, 
and by Dr. G. H. Connitt in 1927-1928. Isolated experiments were 
made by Mr. L. D. Gibson and Dr. A. Steyermark and certain of the 
analyses are by Dr. D. Price.—L. F . F ie s e r .

That the oxidation product is still a derivative of 
hydroxynaphthoquinone can be demonstrated by 
the formation of hydroxynaphthoquinone itself 
therefrom by further oxidation. Moreover, in 
many of its reactions it parallels lapachol itself, 
including its ability to add on hydrogen. This 
unmistakably demonstrates the presence of a 
double bond in the side chain, as the resulting hy­
drogenated compound still shows the essential 
characteristics of a hydroxynaphthoquinone de­
rivative. Now a chain C4H7 must have one of the 
following skeleton structures:

C
I /C

(a) —C—C—C—C (b) — C—C—C (c) —C—C<

and I shall show that the last of these (c) is that 
present in the oxidation product.

Of eight possible derivatives of hydroxynaph­
thoquinone having the unsaturated chain C 4 H 7  in 
the ß-position of the ring, three are known in addi­
tion to the lapachol oxidation product, namely, 
III, IV and V. Of these III has been prepared by

the condensation of %-butyraldehyde with hy­
droxynaphthoquinone,4 and IV and V were ob­
tained by Dr. Louis F. Fieser in the course of his 
researches on the alkylation of hydroxynaphtho­
quinone,5 to whom I am greatly indebted for 
samples of these substances which have consid- 
erably facilitated my work. By the hydrogena­
tion of the above hydroxynaphthoquinone deriva­
tives it is possible to determine the structure of 
the lapachol oxidation product. Thus, as I have

(4) Hooker, T h is  J o u r n a l , 58, 1163 (1936).
(5) Fieser, ibid., 49, 458 (1927).
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previously shown,4 III and IV give the same com­
pound, namely, VI, and as this differs from that

O

f^/ScHaCHaCHaCHa

o

obtained by the addition of hydrogen to the lapa­
chol oxidation product the latter cannot have the 
chain — CH2CH2CH=CH 2.

To V, I have likewise added hydrogen and the 
product also differs from that arising from the

The position of the double bond is confirmed by 
the red color of the substance, as I have recently 
shown4 that all 2 -alkenyl derivatives of hydroxy­
naphthoquinone having the double bond in the 
Opposition are deep orange to red, and that if 
the double bond is otherwise situated they are 
yellow. The formula thus assigned to the oxida­
tion product necessitates the conclusion that CH2 
has disappeared from the body of the chain and 
has not been removed by oxidation from its ex- 
tremity.

The following series of changes show the rela­
tions existing between lapachol (1) and its oxida­
tion product (II). Substances can be produced

Series A
O

O

VII

N aO H jjH C l H2S 04J fN a 0 H

O

KM n04 
NaOH >

Series B 
O

O

KM n04 
NaOH >

11 j h 2s o 4,
jNaO H

O

VIII

N aO H jjH B r H2S 04j jN a 0 H  

O O

lapachol compound. There remains therefore 
for the chain of the latter only one possible skele-

ton, namely—C / c
;- < c ' and as the double bond has

taken no part in the oxidation it may be most rea- 
sonably assumed that no change has occurred in 
its position relative to the methyl groups. The 
oxidation product must therefore have the formula:

O
/V Jl yCHs

XCH3

from II having their exact counterpart in sub­
stances obtained under similar circumstances 
from I. The preparation, Constitution and rela- 
tionship to each other of the compounds in Series 
A were discussed by me many years ago;la,c the 
compounds of Series B are now described for the 
first time.6 (Among other transformations re-

(6) Dr. Hooker did not assign natnes to compounds XI and XII 
or to a host of other ring compounds to be described in subsequent 
papers. On considering all of the various types of side rings, in- 
cluding variously substituted 5- and 6-membered saturated and un­
saturated structures, and taking account of the desirability of corre- 
lating both ot- and /S-quinones with open-chain compounds such as 
VIII, I have decided to adopt the following nomenclature, which I 
believe would conform with Dr. Hooker’s taste for simplicity and 
clarity (see next page).O
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ported in the experimental part is the formation 
from the substance II  of a condensation product 
with 0-phenylenediamine. The yield is not as 
good as in the case of lapachol,lb büt it is of inter­
est that some reaction occurs for under the same 
conditions the similarly constituted aldehyde 
condensation prpducts4 do not form azines.—L. 
F. F.)

Inasmuch as the attack of alkaline permanga­
nate might be expected to occur at the double bond 
of the side chain of lapachol, it should again be 
emphasized that this bond takes no part whatever 
in the change. By reference to the above dia- 
grammatic table it will be seen that VIII, which 
is formed by the action of alkali on X I and XII, 
also results from VII by oxidation with alkaline 
permanganate. Another example of this remark- 
able change is thus afforded and, as there is no 
double bond in the chain of VII, this is further 
evidence that the oxidation of I also occurs with­
out reference to the double bond. Still another 
example is shown below.

O
/C H ,

[2CH KM n04 

XsCH3 NaÖl?"

O

iOH
/

c h 2c h

c h 3

II x c h 3
o

XIV

h <
II

The above considerations and a study of the 
tables seem to leave no doubt as to the correctness 
of the formulas attributed to the alkaline perman­
ganate oxidation products of lapachol and its de­
rivatives. I t remains therefore to attempt to 
explain how these compounds have been formed

O

A / S , ------CHa

% / \ / \ 0 / C H '3

c h 2T

C^CHß
I III CHa

^ A A o
6  o

Furano-1,4-naphthoquinone Pyrano-1,2-naphthoquinone
Compound XI is thus /3,/S-dimethyldihydrofurano-l,4-naphthoqui- 
none; /Mapachone (X) is 7 >'y-dimethyldihydropyrano-l,2-naphtha- 
quinone.—L. F. F.

and to show how the carbon and hydrogen have 
been removed. I believe the following theory 
satisfactorily explains these changes.

Briefly, it may be assumed that in the course of 
the oxidation the first step is the Splitting of the 
quinone ring, following which the ring is again 
formed. In the process of the new ring formation 
the carbon atom of the original ring attached to 
hydroxyl is eliminated as carbon dioxide, a carbon 
atom of the side chain takes its place and a new 
hydroxynaphthoquinone derivative is generated 
with the relative positions of hydroxyl and side 
chain reversed.

In a paper I hope to publish shortly I shall fully 
discuss the theory of this change and show that the 
reaction is applicable generally to derivatives of 
hydroxynaphthoquinone.

Addendum7
Lapachol Peroxide.—In connection with the 

above observations some study was made of the 
action of other oxidizing agents on lapachol. It 
was found that in acetic acid solution the hydroxy - 
quinone is converted by lead peroxide into a neu­
tral, sparingly soluble, yellow compound having 
the composition and molecular weight of a per­
oxide, XV. The peroxide is slowly attacked by 

O O

,CH2CH=C(CH3)2 (CH3)20=C H C H 2

------------------ 0I

o o
XV

boiling alkali and is in large part reconverted by 
the reagent into lapachol. 2-w-Amyl-3-hydroxy-
1,4-naphthoquinone forms a peroxide on similar 
treatment with lead peroxide, while hydroxy­
naphthoquinone is converted only into a lead salt.

Experimental Part
The lapachol required for this and other investigations 

was obtained largely from logs of Surinam Greenheart ap­
parently very rieh in the pigment and known in the trade 
as Bethabarra wood. The wood was reduced by various 
mills in turn to planks, to chips, and to a powder, but, as 
the fine sawdust did not allow the free passage of extract- 
ing solution, a mixture of 1140 lb. (518 kg.) of the ground 
wood with 614 lb. (279 kg.) of coarser planings of similar 
wood was used. This was charged in portions into a 
stoneware percolator and extracted with warm 1 % sodium 
carbonate solution. The crude material which precipi­
tated on acidification was collected and washed in a filter

(7) Dr. Hooker left no instructions regarding the publication of 
this material. The work was carried out with the experimental 
assistance of Dr. A. Steyermark.—L. F. F.
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press. The dried solid contained 60-70% of lapachol, 
which was easily extracted with benzene from an insoluble 
resin.

Permanganate Oxidations8
(a) Lapachol.—Ten grams of lapachol was dissolved in 1 

liter of 1% sodium hydroxide solution and the red solution 
was cooled to about 0 °. A solution of 10 g. of potassium 
permanganate in 1 liter of water was cooled to about 0° 
and added quickly in one portion to the lapachol solution. 
The mixture immediately became green and then changed 
to olive-green and to brown, and finally manganese dioxide 
separated leaving the solution almost colorless. The 
faintly pink supernatant solution became more strongly 
red on standing. After three to four hours the solution 
was filtered from the manganese dioxide and the now red 
solution was acidified. Orange-red needles separated 
slowly and after several hours the collected material 
amounted to 4-4.5 g. This material was found to consist 
largely of 2-/3,/3-dimethylvinyl-3-hydroxy-l,4-naphthoqui- 
none, contaminated with some unchanged lapachol and 
with small amounts of other oxidation products. A Separa­
tion was accomplished by fractional precipitation from 
0.25-1% alkali. The lapachol was precipitated first, 
followed by the main reaction product. The mother 
liquor, after further acidification, yielded a small amount 
of an orange substance, and on concentrating the solution 
a colorless compound and some phthalic acid were ob­
tained. The by-products were not further investigated.

2 - ß,ß - Dimethylvinyl - 3 - hydroxy - 1,4 - naphtho- 
quinone (II) was obtained in yield of about 3.3 g. Crystal­
lized from alcohol, in which it is readily soluble, the sub­
stance forms red needles melting at 119-120°. The qui­
none also dissolves readily in benzene or glacial acetic acid. 
It dissolves in cold dilute alkali to form a reddish-purple 
solution from which the material may be recovered un­
changed on acidification.

Anal. Calcd. for C14H12O3: C, 73.67; H, 5.26. Found 
(Hooker): C, 73.60; H, 5.28.

The acetyl derivative was prepared by boiling for one 
to two minutes a mixture of the hydroxyquinone (10 g.), 
fused sodium acetate (10 g.), and acetic anhydride (25 cc.) 
and pouring it into 700 cc. of cold water. The crude prod­
uct was digested for a few minutes with cold 0.25% alkali 
in order to extract some unacetylated material (0.92 g.) 
and the residue was dried and crystallized from benzene- 
petroleum ether and finally from alcohol. The substance 
forms yellow prisms, m. p. 85.5-86°. It can be hydro- 
lyzed with boiling alkali and yields the original quinone. 
The solution in concentrated sulfuric acid is at first crim- 
son, but changes almost instantly to purple, violet and 
finally a rich blue.

Anal. Calcd. for C16H14O4: C, 71.11; H, 5.18. Found 
(Walsh, Hooker): C, 70.67, 71.15; H, 5.35, 5.23.

The eurhodol (eurhodone?) derivative of II was prepared 
as follows. A mixture of 1 g. of the oxidation product, 
0.86 g. of 0-phenylenediamine hydrochloride, 3 g. of crystal­
line sodium acetate, and 20 cc. of glacial acetic acid was

(8) Quinones having saturated side chains are best oxidized in a 
strongly alkaline solution, while dilute alkali gives better results with 
the unsaturated compounds. Further observations regarding the 
optimum conditions are given in later papers.—L. F. F.

heated on the steam-bath for one and one-quarter hours, 
during which time the color of the solution changed from 
red to brown and orange-brown prisms were deposited. 
After cooling, the solid was collected and washed with 50% 
acetic acid, with water, with cold 0.25% alkali to remove 
unchanged material, and with water ; yield, 0.6 g. Dilu­
tion of the mother liquor gave chiefly the starting material, 
mixed with some condensation product. The reaction prod­
uct crystallized from alcohol (200 cc. per g.) in the form 
of amber prisms melting at 226-227° with decomposition.

Anal. Calcd. for C2oH16ON2: C, 79.96; H, 5.37. 
Found (Price): C, 80.39; H, 5.16.

The experiment was repeated several times using up to 
25% excess of the diamine, but without material increase 
in the yield. In the case of lapachol the condensation 
product is formed in practically quantitative yield. On 
the other hand 2-a-butenyl- and 2-/3-phenylvinyl-3-hy- 
droxy-1,4-naphthoquinone4 did not condense with o- 
phenylenediamine after several hours of heating. It would 
seem that a double bond in the a,ß-position of the side chain 
inhibits or even prevents this type of reaction. Another 
difference is that the azine derivative of lapachol is dark 
red, and perhaps is to be regarded as a eurhodone;lb the 
condensation product from the oxidation product II is 
amber-yellow, a possible indication that it has the alter- 
nate structure of a eurhodol.

(b) Hydroxyhydrolapachol (VII).—A solution of 1 g. of 
hydroxyhydrolapacholla,c in 100 cc. of 15% sodium hydrox­
ide solution was cooled under the tap and treated as quickly 
as possible in one Operation with a solution of 1 g. of 
potassium permanganate in 100 cc. of water. The color 
changes were as described above, and after three hours the 
filtered, red solution was acidified. The material first 
formed an emulsion and then became crystalline. The 
yield of nearly pure material was 0.71-0.73 g. 2-/3-Hy- 
droxyisobutyl-3-hy droxy-1,4-naphthoquinone (VIII) dis­
solves readily in alcohol or benzene and crystallizes from 
these solvents in the form of silky, yellow needles, m. p. 
121- 122° .

Anal. Calcd. for C14H14O4: C, 68.29; H, 5.69; mol. 
wt., 246.1. Found (Hooker, Connitt): C, 68.24; H,
5.70; mol. wt., 257.6 (av. of 6 determinations).

(c) Hydrolapachol (XIII).—One-half gram of hydro­
lapachol4 was immersed in 50 cc. of 10% alkali, stirred, 
broken up and shaken until the whole appeared to be con­
verted into the sodium salt which however did not all dis­
solve. The solution containing suspended matter was 
cooled in ice and 0.5 g. of potassium permanganate dis­
solved in 50 cc. of water, also ice cold, was quickly added. 
After standing about half an hour the manganese dioxide 
was filtered off and the deep claret red solution was rend- 
ered slightly acidic. This caused the Separation of a 
bright yellow emulsion which soon gave way to microscopie 
needles; yield 0.34 g.

By one crystallization from alcohol the 2-isobutyl-3- 
hydroxy-l,4-naphthoquinone (XIV) was obtained in bright 
yellow needles melting at 132-133 °.

Anal. Calcd. for Ci4H140 3: C, 73.04; H, 6.08. Found 
(Connitt): C, 72.73; H, 5.98.

In another experiment hydrolapachol was dissolved in 
1% alkali and oxidized under conditions otherwise similar
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to those above. Only a very small yield of isobutyl- 
hydroxynaphthoquinone was obtained and an odor strongly 
suggestive of butyric acid was noticed.

It was afterward found that in oxidations of this type 
necessitating the use of strongly alkaline Solutions it is 
best to dissolve the substance to be oxidized in dilute alkali, 
adding the remaining alkali required to the permanganate 
solution. In this way substances usually are readily dis­
solved.

Structure of the Lapachol Oxidation Product (II)
Hydrogenation.—The oxidation product, 2-/?,/4-dimeth- 

ylvinyl-3-hydroxy-1,4-naphthoquinone (5 g.) was hydro­
genated in alcoholic solution (100 cc.) in the presence of 
Adams catalyst (0.2 g.). The filtered solution was allowed 
to stand overnight with access of air and on concentration 
it yielded yellow needles of 2-isobutyl-3-hydroxy-1,4- 
naphthoquinone (XIV); total yield, 4.25 g. Recrystal­
lized from alcohol it formed yellow needles, m. p. 132.5- 
133.5°.

Anal. Calcd. for C14H14O3: C, 73.04; H, 6.08; mol. 
wt., 230.1. Found (Connitt): C, 72.72; H, 6.07; mol. 
wt., 226.2, 227.4, 226.1.

The substance gave no depression in melting point when 
mixed with the oxidation product obtained from hydro­
lapachol, but a considerable depression of the melting 
points of 2-w-butyl-3-hydroxy-1,4-naphthoquinone4 and 
of 2-s-butyl-3-hydroxy-l,4-naphthoquinone (see below) 
was noted.

2"S“Butyl-3-hydroxy-1,4-naphthoquinone.— 2-a-Methyl- 
allyl-3-hydroxy-1,4-naphthoquinone5 on hydrogenation as 
above gave in good yield a substance which crystallized 
from dilute alcohol in the form of yellow needles melting 
at 92.5-93°.

Anal. Calcd. for C14H14O3: C, 73.04; H, 6.08. Found 
(Connitt): C, 72.93; H, 6.06.

Oxidation.—A solution of 2 g. of 2-ß,/^dimethyl vinyl-
3-hydroxy-l,4-naphthoquinone in 200 cc. of 1% sodium 
hydroxide solution was cooled to 3° and treated quickly 
with 2 g. of potassium permanganate in 200 cc. of cold 
water (1 °). After one and one-half hours the filtered, red- 
brown solution was acidified to faint turbidity, when 0.1 
g. of unchanged starting material separated. On adding 
an excess of hydrochloric acid the filtrate soon became 
cloudy and after standing deposited a dark brown precipi­
tate which was discarded. The filtrate was made faintly 
alkaline with sodium carbonate and evaporated to a vol­
ume of 212 cc. A brown scum, which increased in amount 
on standing, was removed after two days and the solution 
on being acidified then yielded 0.42 g. of 2-hydroxy-1,4- 
naphthoquinone. On further evaporation as before an 
additional amount (0.16 g.) was obtained. Recrystal­
lized from alcohol the product was obtained in the form of 
light brownish-yellow plates melting at 189.5-19ö.5°> dec. 
The substance showed no depression when mixed with an 
authentic sample of the quinone, m. p. 190-191°, dec.

Ring Compounds from 2-ß, ß-Dimethylvinyl-3-hydroxy-
1,4-naphthoquinone (II)

The following is an account of the transformations sum­
marized in part by the formulas in Series B in the above 
chart. The correctness of the 5-membered ring formulas,

as in XII, is established by observations which will be 
presented in a later paper. A substance of the same carbon 
skeleton as XII but having a 6-membered oxide ring has 
been prepared in my laboratory and it is not identical with 
XII but is an isomer of this substance.

ß,ß - Dimethyldihydrofurano - 1,2 - naphthoquinone 
(XII).—Five grams of the unsaturated oxidation product
(II) was dissolved in 25 cc. of cold, concentrated sulfuric 
acid, and after standing for a few minutes the brownish- 
red solution was poured into 600 cc. of cold water. The 
cyclic compound separated as a red, crystalline precipitate 
in quantitative yield. Crystallized from alcohol the com­
pound formed deep red needles melting at 186.5-187°. 
An identical product was obtained from 2-ß-hydroxyiso- 
butyl-3-hydroxy-1,4-naphthoquinone (VIII) by allowing a 
solution of 10 g. of the quinone in 25 cc. of concentrated 
sulfuric acid to stand at room temperature for one-half 
hour and pouring the solution into water; yield, 9.3 g. 
(deep red needles from benzene, m. p. 187-188°).

Anal. Calcd. for C14H12O3: C, 73.67; H, 5.26. Found 
(Walsh, Hooker): C, 73.12, 73.55; H, 5.39, 5.28.

The oxide ring of the ortho quinone is easily cleaved by 
alkali. On boiling a mixture of 0.24 g. of the substance XII 
with 18 cc. of 1% sodium hydroxide solution the material 
nearly all dissolved. The red solution was cooled, filtered, 
and acidified with acetic acid, giving a yellow oil which soon 
gave rise to yellow crystals. After reprecipitation from 
dilute alkali the material melted at 118.5-120° and proved 
to be identical with the dihydroxyisobutylnaphthoquinone 
(VIII) obtained by other methods.

The azine of XII was prepared (a) by heating the com­
ponents in glacial acetic acid for one and one-quarter 
hours on the steam-bath (0.1 g. yielded the same weight of 
product), and (b) by dissolving 0.3 g. of the eurhodol of II 
in concentrated sulfuric acid and pouring the yellow-green 
solution into water. In the latter case the azine precipi­
tated in the form of an orange-red sulfate, from which the 
free base was recovered by rendering the suspension alka­
line and warming it on the steam-bath (yield, 0.3 g.). 
The azine dissolves in alcohol to give an orange solution 
with a green fluorescence, and the compound crystallizes 
as golden yellow needles, m. p. 154-155°.

Anal. Calcd. for C2oH16ON2: C, 79.96; H, 5.37. 
Found (Price): C, 79.88; H, 5.42.

2 - ß - Chloroisobutyl- 3 - hydroxy -1,4- naphthoquinone.—
The oxide ring of the red ortho quinone XII can be 
opened by the action of hydrochloric acid in such a way 
as to give the chloro compound. Thus 1.4 g. of the com­
pound was dissolved in 42 cc. of a mixture of equal vol­
umes of concentrated hydrochloric acid and water and the 
deep red solution was heated at 50-55° for one hour and 
then at 60-65° for an additional half-hour. Yellow crys­
tals were deposited during the heating, and after cooling 
the mixture these were collected on glass wool and washed 
with dilute hydrochloric acid followed by water. The 
chloro compound was crystallized from alcohol, forming 
bright yellow scales melting at 147-1480 with decomposi­
tion. Prolonged heating of the alcoholic solution de- 
composes the substance. The compound dissolves readily 
in cold dilute alkali, giving a red solution. With concen 
trated sulfuric acid it slowly evolves hydrogen chloride.
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Anal Calcd. for C14Hi30 3C1: C, 63.51; H, 4.91; 
Cl, 13.42. Found (Walsh): C, 63.00; H, 4.79; Cl, 12.83.

ßfß - Dimethyldihydrofurano - 1,4 - naphthoquinone
(XI) .—By the action of hydrogen bromide the red ortho 
quinone XII can be isomerized to the yellow para quinone 
XI. Probably the oxide ring first opens to give the 
hydroxy compound VIII, with subsequent ring closure in 
a different direction. To bring about the transformation
l. 87 g. of jS,/3-dimethyldihydrofurano-l,2-naphthoquinone
(XII) was dissolved in 18.7 cc. of hydrobromic acid (sp. 
gr. 1.49) and the red solution was heated at 65-69° for 
thirty-five minutes. On cooling, the reaction product was 
deposited in the form of greenish-yellow crystals which, 
when washed with concentrated hydrochloric acid and with 
water and dried, weighed 1.38 g. An additional 0.21 g. 
was obtained on diluting the mother liquor with water 
after it had stood for two weeks. The compound formed 
light yellow scales from alcohol, m. p. 183-184°.

The yellow quinone was also obtained as follows from 
2 - ß - hydroxyisobutyl - 3 - hydroxy - 1,4 - naphthoqui - 
none (VIII). One gram of the material was made into a 
paste with a mixture of 15 cc. of concentrated sulfuric acid 
and 85 cc. of water and this was refluxed for one-half hour. 
The substance was first converted into red crystals of the 
ortho quinone (XII), which were slowly converted into 
yellow masses of the para quinone (XI). The yield was 
0.88-0.89 g. and on crystallization from benzene the sub­
stance formed heavy yellow crystalline masses, m. p. 
183-184°.

Anal. Calcd. for C14H120 3: C, 73.67; H, 5.26. Found
(Walsh, Hooker): C, 73.17, 73.69; H, 5.42, 5.31.

The substance was also prepared by refluxing the di- 
hydroxy compound VIII with equal volumes of concen­
trated hydrochloric acid and water.

/3,/3-Dimethyldihydrofurano-l,4-naphthoquinone (XI) 
can be converted into the dihydroxy compound VIII 
by short boiling with 1% alkali, followed by acidification 
with acetic acid. The yield of reprecipitated material,
m. p. 118.5-120° was 0.72 g. from 0.75 g. A conversion 
of the para quinone into the ortho quinone XII was ac- 
eornplished by allowing a solution of the material in con­
centrated sulfuric acid to stand for one hour at room tem­
perature and pouring the solution into water. The prod­
uct, obtained in quantitative yield, melted at 186-187°.

Lapachol Peroxide
A solution of 10 g. of lapachol in 100 cc. of glacial acetic 

acid was heated to boiling, the source of heat was removed, 
and 10 g. of lead peroxide was added. The hot mixture 
was shaken for a minute or two and filtered to remove 
oxides of lead, and the filtrate on cooling very slowly de­

posited large yellow crystals of the peroxide. Collected 
after six days this amounted to 2.7 g., and an additional 
0.6 g. of crystalline material separated after diluting the 
mother liquor with 40 cc. of water. Lapachol peroxide 
crystallizes from glacial acetic acid as heavy, orange-yel- 
low prisms melting at 154-155°. Some decomposition 
occurs on crystallization from alcohol or benzene.

A nal Calcd. for C3oH260 6: C, 74.68; H , 5.39; mol.
wt., 482.0. Found (Price): C, 74.33; H, 5.38; mol. wt., 
467.0,470.6.

When a suspension of 0.5 g. of the finely powdered perox­
ide was boiled with 50-60 cc. of 1% sodium hydroxide 
solution the material dissolved completely in about five 
minutes. On acidifying the red solution a crystalline 
yellow precipitate consisting of nearly pure lapachol (0.4 
g.) was obtained. Extraction of the mother liquor with 
ether gave only resinous material.

Treated with lead peroxide in the same manner, 2-n- 
amyl-3-hydroxy-1,4-naphthoquinone (1 g.) gave a crystal­
line yellow product (0.6 g.) closely resembling lapachol 
peroxide. The crude material melted at 113-114° and 
one crystallization from dilute acetic acid gave crystals 
melting at 117-118 °. The substance partially decomposed 
on further crystallization and it was not analyzed.

Summary
Lapachol has been found to undergo a remark- 

able change when submitted to reaction with cold 
alkaline permanganate. The double bond in the 
side chain —CH2CH=C(CH 3)2 remains undis- 
turbed and a hydroxyquinone is formed which 
differs from the starting material only in that CH2 
has been removed from the body of the side chain, 
which has become —CH=C(CH3)2. The struc­
ture of the oxidation product is fully established 
by comparison of its hydro derivative with known 
compounds and by a number of transformations 
parallel to those of lapachol. The observation 
that hydrolapachol and hydroxyhydrolapachol 
similarly lose CH2 from the side chain on oxida­
tion shows that the double bond plays no part in 
the transformation and indicates that the reac­
tion is a general one. I t is suggested that the 
quinone ring opens in the course of the reaction 
and closes in a different position.
82 R e m se n  St r e e t  R e c e iv e d  M a r c h  11, 1936
B r o o k l y n , N e w  Y or k
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On the Oxidation of 2-Hydroxy- 1,4-naphthoquinone Derivatives with Alkaline Potas­
sium Permanganate12

By Samuel C. Hooker

I have shown in a recent paper3 on the Constitu­
tion of lapachol that the following extraordinary 
changes are brought about by oxidation with alk­
aline potassium permanganate:

(1) Cl0HtO,

(2) Cl0H4O2

(3) C10H4O2

CH2CH2CH(CH3)2

OH
becomes

C10H4O2
OH

CH2CH(CH3)2
CH2CH==C(CH3)2

OH
becomes

Q0H4O2
OH

CH==C(CH3)s
CH2CH2COH(CH3)5

OH
becomes

fOH 
C10H4O2 •!

l CH2COH(CH3)2

The füll discussion of the mechanism involved I 
have reserved for the present paper.

In view of the varied chains from which CH2 
was eliminated as shown in the above examples, 
the conclusion seemed inevitable that the reaction 
would prove to be a general one, and further study 
has fully confirmed this anticipation. Thus 
through successive oxidations the following com­
pounds have been prepared from 2-y-phenyl- 
propyl-3-hy droxy-1,4-naphthoquinone:

O O

O o
III IV

(1) See Editor’s note (1), T h is  Jo u r n a l , 58, 1163 (1936).
(2) The theoretical part of this paper, the summary, and the last 

section of the experimental part are reproduced essentially as they 
were written by Dr. Hooker in 1934, although it has seemed expedient 
to rearrange some of the material. The experiments were carried 
out largely by Dr. A. Steyermark, who has been of great assistance 
in collecting the data. Dr. C. A. Lear also contributed to the ex­
perimental work, and the analyses were all done by Dr. D. Price of 
Columbia University.—L. F . F ie s e r .

(3) Hooker, Tuis J o u r n a l , 58, 1168 (1936).

The starting material (I) was prepared by the hy­
drogenation of the condensation product of hydro- 
cinnamaldehyde with hydroxynaphthoquinone, 
and the first oxidation product (II) proved to be 
identical with the quinone similarly obtained4 
from the condensation product from phenylacet- 
aldehyde. The product of the second oxidation 
(III) was compared directly and found to be 
identical with 2-benzyl-3-hydroxy-l,4-naphtho- 
quinone,5 kindly sent to me by Dr. L. F. Fieser. 
The final product (IV) is undoubtedly identical 
with ‘ ‘ /Tphenylhydroxynaphthoquinone’ ’ of
Zincke.6

In another series of experiments starting with 
#-heptylhydroxynaphthoquinone (V) CH2 has 
been removed step by step passing through hexyl-, 
pentyl-, butyl-, propyl-, ethyl-, and methyl-hy- 
droxynaphthoquinone until finally hydroxynaph­
thoquinone itself has been reached. This series 
of oxidations has yielded substances which with

0
1 1

0

Pf
AsCH2(CH2)6CH3 6 steps O

K
Y

Jo h — —

Yi i

O 0
V VI

O

iOH

O
VII

the exception of the hexyl and ethyl compounds 
have been compared with those having the same 
number of carbon atoms, prepared4 by the alde­
hyde synthesis and hydrogenation. They proved 
to be identical in every instance. Comparison 
was not made in the case of the hexyl compound 
because hexyl aldehyde was not commercially 
available, aiid, as it was not possible to obtain a 
condensation product of the required type with 
acetaldehyde, comparison was made with the 
ethyl product prepared by the hydrogenation of

(4) Hooker, ibid., 58, 1163 (1936).
(5) Fieser, ibid., 48, 3201 (1926).
(6) Zincke and Breuer, Ann., 226, 32 (1884); Zincke, ibid., 

240, 140 (1887).
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the vinyl compound7 resulting from the oxidation 
of 2-allyl-3-hydroxy-1,4-naphthoquinone. The
next to last oxidation product, 2-methyl-3-hy- 
droxy-1,4-naphthoquinone (VI), was compared 
directly and found to be identical with synthetic 
phthiocol,8 kindly sent to me by Professor R. J. 
Anderson. The final product of the reaction was 
fully identified as 2-hydroxy- 1,4-naphthoquinone, 
a result which shows clearly that the new reaction 
can be extended for the purpose of eliminating 
completely a saturated radical attached to the 
quinone group.

Stated generally, by suitable oxidation with 
alkaline potassium permanganate

O O

,CH2R

OH
becomes r

o o
The conditions most suitable for bringing about 
the transformation are more clearly defined in the 
experimental part of the present paper. For the 
oxidation of quinones having saturated side chains 
a rather strongly alkaline solution is required and 
the reaction is conducted at 0-5°. The quantity 
of permanganate used is sufficiënt to supply two 
atoms of oxygen to the molecule of the hydroxy- 
quinone plus 5%. In carrying out the reaction, 
Solutions of the hydroxy quinone in 1% alkali and 
of the permanganate in 10% alkali are cooled in 
ice and quickly mixed. In the course of the reac­
tion the crimson solution of the sodium salt of the 
hydroxynaphthoquinone derivative becomes al­
most colorless as manganese dioxide is being de­
posited. In a short time, varying somewhat with 
the substance oxidized, sometimes very rapidly, 
the solution again becomes more or less intensely 
crimson. On acidification of the filtered solution 
the oxidation product is obtained in a crystalline, 
usually yellow condition. The purity of the oxi­
dation product is excellent and the yield generally 
ranges from 70 to over 80% of the weight of the 
material taken. It has been found in some cases 
that still better yields may be obtained by increas- 
ing the concentration of alkali, and conversely a 
decrease in the alkalinity may result in diminished 
yields.

(7) Details of experiments conducted in conjunction with Dr. Al 
Steyermark will be recorded in another paper describing the forma­
tion of this compound by permanganate oxidation of the allyl deriva­
tive.

(8) Anderson and Newman, J. Biól. Chem., 103, 197, 405 (1983); 
Ander,sou, Crowder and Newman, ibid., 105, 279 (1934).

The above remarks and method of procedure 
apply to derivatives with saturated chains. In 
oxidizing those with a double bond in the chain it 
has proved desirable to use a much less strongly 
alkaline medium. In this case the permanganate 
is dissolved in water containing no alkali and in 
other respects the procedure is the same. The 
yields are considerably less, ranging from 35-40% 
of the material oxidized as a maximum in the sub­
stances examined, and may be much smaller. If 
the double bond now occupies the Opposition the 
substance obtained varies in color from deep 
orange to red instead of being yellow.

The oxidation appears to take place in at least 
three stages, as follows: (1) The hydroxyquinone 
ring probably is split thus:

CH2R

'OH

CO
^V^COCHzR 

COOH

(2) A six-membered ring is again formed, the 
carbon originally attached to hydroxyl, however, 
being eliminated as carbon dioxide and the car­
bon in the a-position in the chain entering into 
the ring:

CO
/ \ /X CO

1Uk CH*R
COCOOH

■> +  c o 2

The ring as first formed probably has no double 
bonds, as the compound appears to be colorless, 
or nearly so. Whether the carbon dioxide is 
eliminated at the time of the formation of the ring 
or before or subsequent to its formation can only 
be surmised, as it has not yet been possible to iso- 
late the intermediate compound or compounds.

(3) By tautomeric change the colorless com­
pound becomes a hydroxynaphthoquinone deriva­
tive:

c o c o

n / \ c o ~ fï /VxCOH
II1 __

^ C H R
II

/CR
(X) CO

As the oxygen supplied by the permanganate 
up to the formation of manganese dioxide is suffi­
ciënt only for the opening of the ring, it was origi­
nally thought that the oxidation is effected first 
by the oxygen derived from the permanganate 
and then, corresponding-to the reddening of the
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colorless solution, by oxygen of the air. This 
view was found to be incorrect, as the same 
changes occurred in an atmosphere of nitrogen. 
I t  was also shown that the reddening of the solu­
tion takes place equally readily after removal of 
the manganese dioxide by filtration, and oxidation 
by the dioxide at this stage was thus eliminated 
as a possibility.

Ring closure without oxidation was also con­
sidered for the second stage, but a careful search 
for formic acid failed to yield any evidence of its

CO CO

' COCOOH CO

presence, both when reddening of the solution 
occurred in contact with the precipitated man­
ganese dioxide and also after filtration from it.

In view of all the above considerations it became 
evident that the final change probably is a tauto- 
meric one only, since it involves no oxidation, as 
the ring formation does. Further, as the oxygen 
derived from the permanganate up to the forma­
tion of the manganese dioxide is sufficiënt for only 
about two-thirds of that required for the complete 
change, the remaining oxygen most probably is 
supplied by the manganese dioxide itself previous 
to the reddening of the solution.

In the attempts to isolate the intermediate com­
pound previous to the reddening of the solution, 
it was found that the final change could be ar- 
rested by the addition of acid. The substance in 
acid solution gave evidence of only partial change 
after a number of days, for the reddening was re- 
sumed on the addition of alkali, but not to the 
same extent as if the change had been allowed to 
proceed uninterruptedly. I t  was also found that 
by using weaker alkali for the oxidation the red­
dening was retarded, and thus it was possible to 
filter off the manganese dioxide and acidify the 
solution before the final change had proceeded too 
far; but this did not facilitate obtaining the in­
termediate compound, as a much smaller yield 
of the desired substance and an increased quan­
tity  of other products probably made its isolation 
more difficult.

I t is seen that while the hydroxynaphthoqui­
none ring is broken and then regenerated in the 
course of such oxidations, an essential change has 
occurred which however may be masked by the 
symmetry of the compounds involved. The hy-

CO
Jl CH2R

'CO
I

/CHR
+  HCOOH

droxyl and the side chain no longer occupy the 
same positions as formerly. They are reversed 
as the result of the oxidation. The experiments 
recorded in this paper offer sufficiënt evidence of 
this fact, but still more positive proof could be 
furnished by oxidizing derivatives in which one 
hydrogen atom has been replaced by some other 
group or element in the ring adjoining the quinone 
ring and in this way breaking the symmetry. As 
owing to advancing age and uncertain health the 
work I am able to do is unfortunately quite 
limited, I am glad that Dr. Louis F. Fieser, who 
has been much interested in ring formation and 
to whom I have from time to time communicated 
my results, has undertaken at his own Suggestion 
some experiments in this direction. The results 
obtained, Dr. Fieser has kindly informed me, sup­
port the theoretical conclusions I have reached.

As the oxidation generally is easily effected and 
the resulting product is obtained in excellent yield 
and high purity, it will undoubtedly prove valu- 
able not only in the preparation of substances 
which might be otherwise difficult to make, but 
also as an aid in determining the structure of the 
side chain in the quinone ring of 2-hy droxy-1,4- 
naphthoquinone derivatives. For instance, let 
us suppose it is necessary to determine the struc­
ture of a chain —C3H7, which could be either

/CHs
(1) —CH2CH2CH3 or (2) — CH . If on oxidation

X'CH3

CH2 were removed and the resulting compound 
remained a hydroxynaphthoquinone derivative 
the chain would have the structure (1); if no hy­
droxynaphthoquinone resulted with loss of CH2 
the structure (2) would be probable. Similarly 
the reaction undoubtedly could at times be used 
for the determination of the position of a double 
bond in the chain. I have shown that in 2-hy- 
droxy-1,4-naphthoquinone derivatives a double 
bond between the a and ß carbon atoms of the 
chain invariably results in a much more highly 
colored compound than if located elsewhere. This 
may be brick red, deep red or deep orange, but it 
is always very different from the yellow or orange- 
yellow of the compounds with the double bond 
elsewhere in the chain.

Lapachol may be taken as an example. As the 
result of many experiments I showed in 1896 that 
lapachol had probably the structure VIII9 in­
stead of IX, that assigned to it by Paternö. This

(9) H ooker, J .  C h em . S o c ., 69, 1355 (1896).
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formula (VIII) was confirmed by Fieser by syn­
thesis many years later.10 Now in view of my

O

o
|CH2CH=C<^

c h 8

CHs
ion

VIII o

o

/ \ /

ÜCH=CHCH
CH3

OH ^CHa

IX O

more recent experiments, as lapachol is yellow it 
could not have the formula IX for the position of 
the double bond in this case would require the sub­
stance to be red or orange-red. Synthesis of IX 
has substantiated this; it is red.9 On oxidation 
lapachol loses CH2 and the resulting hydroxy­
naphthoquinone derivative is red. The bond 
therefore has moved one step to the left as the re­
sult of the removal of CH2 and lapachol therefore

/CHa
has the side chain —CH2CH=C<( and not

XCHa
. ch2

—CH2CH2CC . I have proved independently3
^CHg

that the substance resulting from the oxidation 
actually has the chain —CH=C(CH3)2 which the 
above considerations would require.

As Fieser has shown11 that the chemistry of 
polycyclic ß-hydroxy- a-quinones closely follows 
in a number of respects that of 2-hy droxy-1,4- 
naphthoquinone, it is not unreasonable to expect 
that they too would be subject to the aldehyde 
synthesis and their derivatives to the perman­
ganate oxidation described in this and preceding 
papers.

Experimental Part
Potassium Permanganate Oxidations

The amounts of materials oxidized in the different experi­
ments and the quantities of potassium permanganate and 
of alkali employed are indicated in Table I, which records 
also the yields, properties and analyses of the oxidation 
products. It is evident from the results that the yield is 
improved by using a rather strongly alkaline solution. 
The alkali is added to the permanganate solution rather 
than to the solution containing the hydroxynaphthoqui­
none because the troublesome Separation of the sodium 
salt is in this way avoided. Generally very satisfactory 
results are obtained by operating in the following manner.

General Procedure.—For the oxidation of an alkyl- 
hydroxynaphthoquinone, for example of the molecular 
weight 230, 1 g. of the material is dissolved in 100 cc. of 
0.5% sodium hydroxide solution and the crimson solution 
is cooled in ice water. The second solution is prepared 
by dissolving 0.96 g. of potassium permanganate, an 
amount sufficiënt to furnish two atoms of oxygen plus 
5% in excess, in 100 cc. of 10% sodium hydroxide, and

(10) Fieser, T h is  J o urn ai,, 49, 857 (1927).
(11) Fieser, ibid., 50, 465 (1928); 51, 940, 1896 (1929).

this is likewise cooled in ice water. The two Solutions are 
mixed rapidly in one Operation and kept in ice water until 
manganese dioxide separates, the crimson solution of the 
hydroxynaphthoquinone derivative on the addition of the 
permanganate usually becoming successively bright green, 
olive green, brown, and as the manganese dioxide separates 
almost colorless. In order that the manganese dioxide 
may be completely deposited it is well to allow the solution 
to stand for several hours at room temperature, during 
which time a crimson color develops at a rate varying 
with the substance oxidized.12 The manganese dioxide 
is filtered off and thoroughly washed so as to redissolve 
any sodium salt of the new product which may have 
crystallized from the alkaline solution. The addition of 
dilute hydrochloric acid precipitates the new substance, 
which may separate as an emulsion but is soon obtained 
well crystallized, usually in small, bright yellow needles. 
The products usually crystallize well from either alcohol 
or petroleum ether.

Of the entire list of products, only two are described for 
the first time, namely, 2-w-hexyl- and 2-ethyl-3-hydroxy-
1.4- naphthoquinone. Samples of all of the other com­
pounds, with the exception of 2-phenyl-3-hydroxy-l,4- 
naphthoquinone, were available for comparison and mixed 
melting point determinations with the substances pre­
pared by other methods showed no depressions. Micro­
scopie examinations further established the identity of the 
oxidation products.

The Effect of Oxygen.—In special experiments the oxida­
tion of 2-w-butyl-, 2-^-heptyl- and 2-«-hexyl-3-hydroxy-
1.4- naphthoquinone was conducted in the absence of 
oxygen. The Solutions of the quinone and of the perman­
ganate were boiled to expel air and placed in vessels con­
nected in a train whereby the system could be evacuated 
thoroughly and filled with nitrogen. The cooled Solutions 
were mixed by forcing the permanganate solution into 
the quinone solution under nitrogen pressure. The oxida­
tions proceeded exactly as when carried out with free access 
of air and no significant differences were noted.

Attempts to Arrest the Reaction.—Noting that the 
changes occur more slowly in a weakly alkaline medium, 
some attempts were made to isolate intermediate com­
pounds under these conditions. 2-/3-Phenylethyl-3-hy- 
droxy-1,4-naphthoquinone was dissolved in 0.5% alkali 
and treated with a solution of potassium permanganate in 
water. The Separation of manganese dioxide was com­
plete only in one and one-quarter hours and when this was 
removed a pale red filtrate was obtained. On acidifica­
tion there was obtained only a small amount of the normal 
oxidation product, 2-benzyl-3-hydroxy-1,4-naphthoqui­
none. On making the filtrate alkaline the solution gradu- 
ally acquired a deeper crimson color, and more of the above 
compound separated on acidification. It was observed 
that the darkening of the solution occurred at the same 
rate whether the alkaline solution was allowed to remain 
undisturbed or was shaken vigorously with air.

2-Methyl-3-hydroxy-1,4-naphthoquinone seemed well 
adapted to a study of the intermediate stages of the reac­
tion because the changes occur somewhat more slowly with

(12) The final result is the same if the manganese dioxide is re­
moved at once and the filtrate is allowed to stand for several hours 
before acidifying.
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T a ble  I
P e r m a n g a n a t e  O x id a t io n  of 2-Alkyl-3-hydroxy-1,4-naphtho(_>uinones 

O O

r'OH
KM11O4 C

O o
Solution of substance

Subst.’ Volume, concn. ----- Solution of KMnÜ4--------  Oxidation
oxidized, 

R «
Subst.,

g-
of NaOH soln.,

CC. %
KMnOd,

g-
2[0] + 
-%

Vol.,
cc.

NaOH,
%

product, 
R =

Yield
W t.,g. %

1 — (CH2)3C6H6 0.5 125 2 0.4 11 40 0 — (CH2)2C6H6 0.37 78
2 — (CH2)2C6H6 2 400 5 2 32 200 0 —c h 2c6h 6 1.49 78
3 —c h 2c 6h 6 1 200 5 1 25 100 0 —C gH s 0.66 70
4 —(CH2)6CH3 6 600 1 5.1 10 600 4 — (CH2)6CH3 4.86 85

"5 —(CH2)6CH3 3 300 0.5 2.7 10 300 15 — (CH2)4CHs 2.72 96
6 — (CH2)4CH3 3 300 .5 2.85 10 300 10 — (CH2)3CH3 2.57 91
7 —(CH2)3CH3 6.27 630 .5 6.05 5 630 10 — (CH2)2CH3 5 .2 2 89
8 —(CH2)2CH3 3.43 350 .5 3.51 5 350 10 —c h 2c h 3 2.80 88
9 —c h 2c h 3 1.72 175 .5 1 .8 8 5 175 10 —c h 3 1.28 80

10 —CHs 0 . 1 10 .5 0 .1 2 5 10 10 —H (0.04) (43)

Solvent Crystalline form
---------------M. p.,

Found
°c.------------ »

Recorded

,---------- ---- Analyses— ------------
% C %  H 

Calcd. Found Calcd. Found
1 Alcohol Orange-yellow prisms 171.5-172.5 171.5-172.54 77.67 77.46 5.07 5.02
2 Alcohol Golden-yellow plates 176.2-177.2 175-1765 77.25 77.48 4.58 4.42
3 Alcohol Orange-yellow plates 142.6-143.6 143.5-144.56-13 76.77 77.02 4.03 4.12
4 Alc., pet. ether Yellow needles 98-98.5 74.38 74.70 7.03 6.93
5 Alc., pet. ether Orange-yellow needles 103.2-103.7 104-104.34 73.73 73.92 6.61 6.57
6 Alc., pet. ether Orange-yellow needles 99.2-99.7 100.3-100.74 73.01 73.20 6.13 6.23
7 Pet. ether Orange-yellow plates 100-101 100.5-101.54 72.19 72.36 5.60 5.71
8 Pet. ether Yellow plates 138.2-138.7 71.26 71.37 4.99 4.84
9 Pet. ether, alco­

hol, ether Yellow needles 172-173 173-174814 70.19 70.14 4.29 4.20
10 Alcohol Yellow needles, scales 187-188, dec. About 192, dec.15

this compound than in other cases. Under the conditions 
outlined in Table I the solution could be filtered from the 
manganese dioxide without acquiring more than a light 
brownish-red color. The acidified solution was yellow and 
it was kept in the dark for several weeks without under- 
going any apparent change. A small amount of hydroxy­
naphthoquinone separated, but no intermediate product 
could be obtained. From time to time portions of the 
solution were made alkaline, which caused the gradual 
appearance of a dark red-brown color. Hydroxynaphtho­
quinone was then obtained on acidification.

Test for Formic Acid.—-In the attempt to establish the 
manner in which a single carbon atom is eliminated in the 
oxidation, the mother liquor remaining after acidifying 
the alkaline solution with sulfuric acid and collecting the 
reaction product was investigated for the presence of formic 
acid. The solution was distilled and the nearly colorless, 
faintly acidic distillate was heated with 5% mercuric chlo­
ride solution. There was no precipitate, although incon- 
trol experiments it was found that an amount of formic acid 
equivalent to the quinone employed can be detected easily 
by this method.

Further Observation.—A number of attempts were made 
to obtain an oxidation product similar to those described

(13) Volhard, Ann., 296, 18 (1897), gives 146-147°.
(14) J. Madinaveitia, Anales soc. espaü. fts. quhn., 31, 750 (1933); 

Rev. acad. cienc. Madrid, 31, 617 (1934).
(15) Fieser, Tm s Journal, 48, 2930 (1926).

above from 2-|8-hydroxyisobutyl-3-hydroxy-1,4-naphtho­
quinone,3 but the experiments were not successful. The 
alkalinity and the temperature were varied over a wide 
range, but a large part of the material was invariably con­
verted into resinous products and 35-50% of the starting 
substance was recovered unchanged. There were some 
indications of the formation of 2-hy droxy-1,4-naphtho­
quinone, but the substance was not completely identi­
fied.

Color Test for Hydroxynaphthoquinones.—Volhard13 
has recorded that 2-phenyl-3-hydroxy-1,4-naphthoqui­
none gives with concentrated sulfuric acid and benzene 
containing thiophene a dark blue color. I have found that 
this reaction is a general one. Hydroxynaphthoquinone 
itself and those of its derivatives having saturated carbon 
chains in the quinone ring, with or without phenyl groups, 
respond to it.

The test can be made conveniently by dissolving a small 
quantity of the substance to be examined in two drops of 
concentrated sulfuric acid on a watch glass and adding to 
this 2 drops of benzene containing one drop of thiophene 
in 5 cc. As the sulfuric acid containing the hydroxynaph­
thoquinone or its derivative is thoroughly mixed with the 
benzene, a brown color usually first develops which passes 
slowly on standing through an olive green to a deep blue, 
the color being first observed at the edges of the solution 
as moisture is absorbed, Finally a blue precipitate is
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formed. All of the substances listed in Table I gave the 
test, and this was true also of hydrolapachol and of 2-iso  
butyl-3-hydroxy-1,4-naphthoquinone.3

Summary
It is shown how alkaline potassium perman­

ganate oxidation of hydroxynaphthoquinone de­
rivatives can result in a genera! reaction involving 
the following change:

O O

Thus it is possible to eliminate CH2 adjoining

the quinone ring without otherwise disturbing the 
structure of the chain. In the course of the oxi­
dation the quinone ring is split and then reformed. 
One carbon atom of the original ring is eliminated, 
another from the side chain taking its place, with 
the result that the chain is shortened by one car­
bon atom and the positions of the hydroxyl and 
the side chain are reversed in the new ring. The 
steps involved are fully discussed and many ex- 
amples of the reaction are given. I t  is also shown 
how the oxidation can be of assistance in deter­
mining the structure of the side chain and, if un­
saturated, the position of the double bond.
82 R emsen Street  R eceived  M arch 25, 1936
B rooklyn , N ew  Y ork

On the Oxidation of 2-Hydroxy- 1,4-naphthoquinone Derivatives with Alkaline Potas­
sium Permanganate. Part II. Compounds with Unsaturated Side Chains12

By Samuel C. H ooker a n d  Al Stey er m ark

It has been shown that the novel oxidation re­
action described recently by one3 of us is appli­
cable to a large number of hydroxynaphthoquL 
nones with saturated side chains in the quinone 
ring, but only one example of a substance contain­
ing a double bond in the side chain was included 
in the previous studies, namely, lapachol.33 
Lapachol (I, R and R ' = CH3) is converted by 
alkaline permanganate in the cold into the next 
lower homolog of the type II, in which CH2 has 
been eliminated and the double bond shifted from 
the ß,y- to the a,ß-position. In order to extend 
this observation the following additional com-

O O

I (Yellow) II (Orange or red)

pounds have been examined: the 2-allyl, 2 -y- 
methylallyl, and 2-cinnamyl derivatives of 3- 
hydroxy -1,4 - naphthoquinone. The materials 
were in part kindly supplied by Dr. L. F. Fieser, 
who has described the preparation of all three of 
these quinones.4

(1) See Editor’s note (1), T h is  J o u r n a l , 58, 1163 (1936).
(2) Dr. Hooker left no manuscript for the first part of this paper 

but wrote the description of the three oxidations recorded in the 
experimental part.—L. F. F ie s e r .

(3) H o ok er , T h is  Jo u r n a l , (a) 58, 1168 (1936); (b) 58, 1174
(1936).

(4) Fieser, (a) ib id , 48, 3201 (1926); (b) 49, 857 (1927).

The three compounds of the type I are yellow, 
like lapachol, and on oxidation with permanga­
nate they behave in an entirely similar manner 
yielding orange or red quinones of the type II. 
The product resulting from the oxidation of 2 -7 - 
methylallyl - 3 - hydroxy -1,4 - naphthoquinone (I, 
R = CH3, R ' = H) proved to be identical with 
the substance prepared5 by the condensation of 
propionaldehyde with hydroxynaphthoquinone, 
namely, 2-a -  propenyl - 3 - hydroxy -1,4- naphtho­
quinone. The oxidation product of the cinnamyl 
compound similarly was identified by direct com­
parison with the compound II (R = CßHö, R ' = 
H) prepared5 by the aldehyde synthesis.

The oxidation of the allyl compound presented 
some difficulties but conditions eventually were 
defined permitting the isolation of the sensitive 
reaction product, 2-vinyl-3-hydroxy-1,4-naphtho­
quinone (III). This compound, which is de­
scribed for the first time, was fully identified by 
its conversion on catalytic hydrogenation into 2 - 
ethyl-3-hydroxy-1,4-naphthoquinone (IV), a sub­
stance previously prepared3*5 in this Laboratory by 
the oxidation of the propyl compound (V).

These results fully confirm and extend the ob­
servations made in the case of lapachol. In all 
four of the examples investigated it has been 
found that the oxidation of a yellow alkyl hy- 
droxynaphthoquinone having a doublé bond in 
the d,7 -position in the side chain leads to the re-

(5) Hooker, ibid., 58, 1163 (1936).
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moval of CH2 adjacent to the quinone ring with 
the formation of an orange or red quinone with 
the double bond in the a,ß-position. I t appears 
that the reaction is a very general one and that 
the relationship between lapachol and its product 
of oxidation extends to other cases and can be 
used with assurance in the determination of the 
position of a double bond in the side chain.

Experimental Part
Conversion of 2-Allyl-3-hydroxy-l,4-naphthoquinone 

into 2”Vinyl-3-hydroxy-l,4-naphthoquii)one.—The re­
quired starting material was prepared by the method of 
Fieser.4a In carrying out the allylation of the silver salt of 
hydroxynaphthoquinone considerably more benzene was 
employed (2.6 times that specified) and the mixture was 
not heated but was allowed to stand in the dark in a stop- 
pered flask with occasional shaking for two days. The 
yields of the <9-quinone ether and allylhydroxynaphtho- 
quinone were 54 and 18%, respectively. The fraction con­
taining the p-quinone ether was discarded. The o-quinone 
ether was rearranged at a temperature lower than that 
specified by Fieser, the material being heated in an oil- 
bath at 125-127° for one and one-half hours (5-g. lots). 
The mass was soaked with cold 0.25% alkali for two days 
and the solution was filtered from an undissolved resin. 
The precipitated material was extracted with petroleum 
ether in the Soxhlet apparatus (yield 61-68%), and crystal­
lized from glacial acetic acid, m. p. 116-117°.

2-Vinyl-3-hydroxy-l,4-naphthoquinone is difficult to 
obtain in a pure condition. As the result of many experi­
ments it was found that it could be best prepared as fol­
lows. To 1 g. of 2-allyl-3-hydroxy-1,4-naphthoquinone 
dissolved in 100 cc. of 1% sodium hydroxide solution an 
aqueous solution of potassium permanganate containing 
1.085 g, (10% in excess of the theoretical amount for two 
atoms of oxygen) in 100 cc. was added quickly, both Solu­
tions previously having been cooled in ice water. The 
oxidation occurred rapidly. The manganese dioxide 
separated in one to two minutes and was filtered off im­
mediately, this Operation taking about ten minutes. The 
filtrate was quickly diluted with 800 cc. of water and at 
once poured into 100 cc. of dilute hydrochloric acid (1:3). 
After standing for about eight minutes, during which micro­
scopie orange needles formed from the emulsion produced

by the addition to the acid, the oxidation product was col­
lected as quickly as possible by suction filtration. Any 
delay in conducting these operations resulted unsatisfac- 
torily, as the substance was found to change rapidly in 
the alkaline solution, and as an additional compound 
commenced to separate from the acid solution soon after 
the precipitation of the oxidation product. Although 
somewhat impure the substance as thus obtained is prob­
ably suitable for most purposes. The yield was about 40% 
of the weight of the allyl compound oxidized. Complete 
purification for analysis presented considerable difficulty 
as the substance underwent partial change in all the sol­
vents used. Crystallization from methyl or ethyl alcohol, 
chloroform, acetic acid, benzene, ether, ethyl acetate or 
acetone decreased rather than increased the purity of the 
substance. Purification was finally accomplished by dis­
solving 0.94 g. in 50 cc. of ether at the laboratory tempera­
ture and gradually adding at intervals of some hours a 
total of 145 cc. of petroleum ether (b. p. 35-55°). When 
the cloud had cleared sufficiently the deposit was filtered 
off and discarded. The solution was then allowed to go 
to dryness in an Erlenmeyer flask tilted so as to promote 
more rapid evaporation. The residue consisted of small, 
red-brown crystalline masses scattered here and there over 
the surface of the flask surrounded by a finely divided yel­
low substance undoubtedly resulting from one or other of 
the changes above referred to. The brown-red crystalline 
masses were mechanically removed and after being washed 
with a few drops of ether melted at 121.5-123.5 °. Analysis 
gave figures agreeing sufficiently well with those required 
by 2-vinyl-3-hydroxy-l,4-naphthoquinone.

Anal. Calcd. for Ci2H80 3: C, 71.96; H, 4.05.
Found:6 C, 71.79; H, 4.54.

The conclusion drawn from the analysis was confirmed 
by conversion of the substance into ethylhydroxynaphtho- 
quinone by hydrogenation, the identity being established 
beyond question by direct comparison with the product 
previously obtained3b as described above and substanti- 
ated further by a mixed melting point determination.

Conversion of 2-Cinnamyl-3-hy droxy-1,4-naphthoqui­
none into 2-ß-Phenylvinyl-3-hydroxy-1,4-naphthoqui­
none.—The permanganate oxidation of cinnamylhydroxy- 
naphthoquinone occurs most satisfactorily in a very dilute 
alkaline solution and even then the yield of the desired 
substance does not much exceed 9% of the weight of the 
material oxidized. As the result of a number of trials 
the following method was adopted. The cinnamyl com­
pound, 0.5 g., was dissolved in 100 cc. of 0.1% alkali, and 
potassium permanganate, 0.4 g., in 50 cc. of water. Both 
Solutions were cooled to about 1° and quickly mixed as 
above. The manganese dioxide was filtered off promptly 
after Separation, washing of the precipitate being avoided 
to prevent unnecessary dilution. About 140 cc. of a 25% 
alkali, a volume equal to that of the filtrate, was then added 
and the whole set aside for five days during which the so­
dium salt of the oxidation product crystallized in the form 
of dark violet needles. These were collected on glass wool 
and washed with 10% alkali. The alkaline mother liquor 
now brown in color was discarded. The violet needles 
were dissolved in 40 cc. of warm water and the deep violet 
solution after filtration acidified with dilute hydrochloric

(6) Microanalysns by Dr. D. Price of Columbia University.
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acid. The resulting dark red precipitate consisting of 
microscopie needles was collected, washed with water and 
air dried, yielding approximately 0.045 g. The substance 
when crystallized from alcohol melted at 166-167°. It 
was compared directly with 2-/3-pheny 1 vinyl-3 -h y dr oxy-
1,4-naphthoquinone, prepared by the aldehyde condensa­
tion,5 with which it is undoubtedly identical, the various 
points of similarity being further confirmed by a mixed 
melting point determination.

Conversion of 2-7-M ethylallyl-3-hydroxy-1,4-naphtho- 
quinone into 2-ar-Propenyl-3-hydroxy- 1,4-naphthoqui­
none.—A solution of 0.1 g. of potassium permanganate in 
10 cc. of water was cooled in an ice-bath and quickly added 
to a similarly cooled solution of 0.1 g, of the crotyl com­
pound in 10 cc. of 1% alkali. Manganese dioxide sepa­
rated in a few minutes leaving an almost colorless solution 
which rapidly became purple. After two hours the filtered 
solution was partially precipitated by cautiously adding 
dilute hydrochloric acid until the mother liquor, still 
alkaline, had become red. The orange, crystalline precipi­
tate was collected, washed and air dried. The yield was 
0.03 g. For purification it was dissolved in 6 cc. of a 0.5% 
solution of sodium hydroxide and then nearly but not com­

pletely reprecipitated with dilute acid. Washed and air 
dried it melted at 134-135° and gave a dark crystalline 
sodium salt which dissolved in water to an intensely violet 
solution. Comparison of its properties and a mixed melt­
ing point established its identity with the compound pre­
pared from propionaldehyde by condensation with hy­
droxynaphthoquinone.5 Oxidation in more strongly alka­
line solution gave less satisfactory results.

Summary
Extending an observation regarding the oxida­

tion of lapachol with potassium permanganate, 
three similarly constituted derivatives of 3-hy- 
droxy- 1,4-naphthoquinone having in the 2-posi- 
tion side chains of the type —CH2CH =CH R have 
been converted into the corresponding compounds 
of the side chain —CH=CHR. The hitherto un- 
known vinyl derivative of hydroxynaphthoqui­
none has in this way been isolated.
82 R e m se n  S t r e e t  R e c e iv e d  M a r c h  25, 1936
B r o o k l y n , N e w  Y ork

Lomatiol. Part II. Its Occurrence, Constitution, Relation to and Conversion into
Lapachol. Also a Synthesis of Lapachol.12

By Samuel C. H ooker

In a paper published in 1895 the late Dr. Ed­
ward H. Rennie3 showed that the yellow coloring 
matter with which the seeds of Lomatia ilicifolia 
and Lomatia longifolia are more or less surrounded 
is closely related to lapachol; and he succeeded 
in Converting the lomatia coloring matter into the 
hydroxy-ß-lapachone which I had previously pre­
pared indirectly from lapachol.4 The results of 
Dr. Rennie’s work together with the study of nu- 
merous compounds which I had obtained from 
lapachol led me to assign to the lomatia coloring 
matter the Constitution of an hydroxyisolapachol, 
instead of that of hydroxylapachol proposed by 
Dr. Rennie, and as at least one other hydroxyiso­
lapachol had been isolated, the name lomatiol 
was suggested for the lomatia coloring matter.5

At the time of this later publication Dr. Rennie
(1) See Editor’s note (1), T h is  J o u r n a l , 58, 1163 (1936).
(2) The theoretical part of this paper is from an original manu­

script written by Dr. Hooker and modified only to the extent of 
numbering the formulas and notes and making minor editorial 
changes. The experimental part has been constructed by consolidat- 
ing, with some abridgment, descriptions of the experiments written 
by Dr. Hooker. The summary was supplied by the undersigned. 
In the experiments Dr. Hooker was assisted by Dr. G. H. Connitt.— 
L. F . F ie s e r .

(3) Rennie, J. Chem. Soc., 67, 784 (1895).
(4) Hooker, ibid., 61, 611 (1892).
(5) Hooker, ibid., 69, 1381 (1896).

had already courteously announced the determi­
nation of leaving the further study of the col- 
loring matter to me, and it was my intention to 
pursue the work as soon as a sufficiënt supply of 
raw material had been secured in hope of eliminat- 
ing all doubts regarding the structure of lomatiol. 
Conditions arose subsequently which made it im- 
possible to carry out my intentions and it was not 
until after an interval of many years that I was 
able to resume the investigation.

Occurrence of Lomatiol.—In addition to the 
seeds of the two species above referred to, L . 
ilicifolia and L. longifolia, I have also examined 
the seeds of L. silaifolia from the Sydney district, 
New South Wales, and of L. tinctoria and L. 
polymorpha from Tasmania.6 The seeds of all

(6) The seeds of L. silaifolia were kindly sent to me by the late 
Mr. J. H. Maiden, Director of the Botanical Gardens, Sydney. 
For one sample of L. tinctoria I have to thank Dr. J. K. Small, of the 
New York Botanical Gardens, New York City; and for another, and 
also for the seeds of L. polymorpha, I am indebted to Mr. L. Rodway, 
then the Government Botanist, Hobart, Tasmania. Of the seeds 
forwarded by Mr. Rodway, those of L. polymorpha were collected 
near Macquarie Harbour, on the west coast of Tasmania; and those 
of L. tinctoria, principally near Eaglehawk Neck, about 50 miles from 
Hobart. For the several specimens from Chile I am indebted to 
Prof. Charles Sprague Sargent of the Arnold Arboretum of Harvard 
University; to Lt.-Col. Sir D. Prain, F. R. S., Director of the Royal 
Botanical Gardens, Kew; and to Dr. J. K. Small of the New York 
Botanical Gardens.
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the varieties mentioned were surrounded with a 
yellow coloring matter which was positively iden­
tified as lomatiol in every case. The seeds of 
three varieties of Lomatia growing in Chile were 
also examined, namely, L. dentataf L. ferruginea 
and L. obliqua, but they failed to give any indica- 
tion of the presence of lomatiol, two different 
specimens of L. dentata being tested, three of L. 
ferruginea and two of L. obliqua. Thus all the 
species from Australia were found to be asso­
ciated with lomatiol; whereas the coloring mat­
ter was absent in the seeds of the several species 
examined growing in Chile.

The greater part of the substance accumulatedfor 
investigation was extracted from seeds of L. longi- 
folia, obtained near Clarence in the upper parts of 
the Blue Mountains, about 85 miles from Sydney. 
For this material I am very much indebted to 
the late Mr. J. H. Maiden, who, through several 
seasons, and in the face of a number of difficul- 
ties, most courteously arranged for its collection.

The Lomatia longifolia fruits when quite ripe, 
the follicles being open and the seeds exposed, were 
found when air dried to yield rather more than 
3.5% of lomatiol; and the seeds when detached 
from the follicles slightly over 12%. Fruits sub- 
sequently received which were not quite ripe and 
which had not opened yielded rather less than 
1.5%, the amount actually present being slightly 
greater as the process of extraction in the case of 
the unripe material was not without waste.

Extraction of Lomatiol.—Lomatiol was ex­
tracted by Rennie by boiling the seeds with water 
slightly acidified with acetic acid, and subse- 
quently purifying the material by recrystalliza­
tion several times from hot water also acidified. 
The disadvantage of this method in handling con­
siderable quantities of seeds lies in the large vol­
ume of boiling water which must be used inasmuch 
as each gram of lomatiol extracted requires nearly 
300 cc. for its solution; and further in the decom­
position which lomatiol slowly undergoes on pro­
longed heating with water.

The following method of extraction will be 
found to give very satisfactory results: 250 g. of 
the seeds removed from the follicles are immersed 
in 3000 cc. of 0.75% sodium carbonate solution at 
the prevailing laboratory temperature. After 
digestion for about two hours, during which time 
the mixture is stirred frequently, the whole is 
transferred to a percolator and the alkaline solu­
tion drawn down to the level of the seeds and then

completely displaced by cold water. Lomatiol, 
accompanied by a brown amorphous substance, is 
precipitated from the crimson alkaline extract by 
the gradual addition of dilute hydrochloric acid, 
it being desirable to add the acid at short inter­
vals and to avoid at first a material excess, in or­
der that a granulär precipitate may be obtained 
which can be readily decanted, filtered off and 
washed with water. The mother liquor, rendered 
very slightly alkaline by the addition of sodium 
carbonate, may be concentrated in small portions 
at a time by evaporation on a water-bath avoiding 
in this way unnecessary exposure to heat. Upon 
the addition of hydrochloric acid to the concen­
trated solution a further quantity of lomatiol may 
be obtained in a less pure condition; the amount 
however is small and unless material is scarce per- 
haps hardly justifies the time and eff ort to obtain it.

Lomatiol dissolves freely in boiling benzene 
and being but slightly soluble in this solvent in 
the cold can be very satisfactorily purified by 
means of it, as the accompanying brown substance 
above referred to, which may be present in con­
siderable quantity in the crude material, is prac- 
tically insoluble in benzene and therefore readily 
separated. The dried crude lomatiol should be 
finely pulverized and refluxed for a few minutes 
with about 20 cc. of benzene per gram. The addi­
tion of a small quantity of blood charcoal previous 
to filtration gives a brilliancy to the lomatiol 
which cannot be readily obtained without it. If 
the above directions are followed the one crystal­
lization suffices to yield a very pure material.

It was found necessary to modify the process of 
extraction in the case of unripe fruits as the open- 
ing of the follicles and the removal of the seeds 
proved to be a difficult matter. The air dried 
fruits after being ground in a pebble mill were im­
mersed for a short time in a cold 1% solution of 
sodium carbonate. The solution when filtered 
was exposed to the air and allowed to ferment. 
After two weeks it was decanted off and filtered 
from the deposit which had formed; the deposit 
was discarded and the solution containing loma­
tiol oxidized by drawing through air, as the crim­
son color had been partly discharged below the 
surface. Lomatiol was then precipitated by the 
addition of hydrochloric acid at intervals, col­
lected after several days and purified by crystal­
lization from benzene. Whenever possible, loma­
tiol should be obtained from thoroughly ripe 
seeds, partly because. of much better yields, and
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further because the extraction from the unripe 
material was found to be tedious and otherwise not 
fully satisfactory.

Chemical Investigations.—Since the appear- 
ance of my paper5 in 1896 the chemistry of loma­
tiol and its derivatives has remained without fur­
ther development. No additional facts whatever 
have been published regarding this coloring mat­
ter and no light has been thrown on its structure. 
The formula which I then suggested and indeed 
regarded as reasonably well fortified by experi­
mental evidence was largely based upon the ac­
tion of concentrated sulfuric acid in giving rise 
to hydroxy-ß-lapachone. This change however, 
was thought to be far simpler than is actually the 
case for it involves a shift in the position of the 
double bond and also of the hydroxyl in the chain. 
Consequently deductions made in ignorance of this 
were erroneous.

I shall show in this communication that the 
formula I for lomatiol as accepted in the literature 
must be changed to II. In the light of our pres­
ent knowledge the position of the double bond in 
I would alone condemn the structure of the chain 
in this formula, as lomatiol is yellow and I would 
undoubtedly be deep orange to red.7 Moreover

rivative but also that it has the same skeleton struc-
/ C

ture as that of lapachol, namely, —C—C—C<^.

The ready absorption of hydrogen moreover 
proves the presence of a double bond in the loma­
tiol chain as the resulting hydrolapachol retains 
all the characteristics of a hydroxynaphthoqui­
none derivative.

The formation of the second compound, hvdro- 
lomatiol (III), is of importance because it locates 
the position of the hydroxyl group in lomatiol. 
Of the three other possible isomeric substances in 
which hydroxyl is situated in the side chain two 
have been isolated in my laboratory and their 
structure determined with reasonable certainty. 
The location of hydroxyl in these compounds is as 
follows:

—CH„CH(OH)dH
CH; /CHa

—CH,CH,COH
XCHS \C H S

(a) (b)

The compound containing the chain (a) will be de­
scribed in this paper. It is formed by the hydro­
genation of hydroxyisolapachol, V, and also of 
isolomatiol VI, formerly regarded as a stereoiso­
mer of lomatiol.

/C IL
iCH=CHCOH 

«OH XCH’

,CH2CH =G

'o h
\

/CH2OH

c h 3

'OH xch3

ö (III) 
Hydrolomatiol

;oh

Ö (IV) 
Hydrolapachol

^CH3

ĉh 3
C H =C  (OH) CH

a compound of this formula has been obtained in 
my laboratory in alkaline solution.8 On libera- 
tion by acids it forms an internal anhydride and 
its possible existence in a free condition is doubt- 
ful. These are in themselves sufficiënt reasons 
for abandoning the formula I.

The hydrogenation of lomatiol gives rise to two 
substances (III and IV). Of these hydrolapa-

O O
/̂CHssOH || ^/CH3

Y~H2CH,CH , ^ r \ C H 2CH2dH

OH

(Va) (Vb)
Tautomeric forms of hydroxyisolapachol 

O
*CH2

ĉh 3

iCH2CH(OH)C 
'OH

ĉh3

chol (IV) is also obtained by the hydrogenation 
of lapachol. This demonstrates not only that 
lomatiol is a 3-hydroxy- 1,4-naphthoquinone de-

(7) Hooker, T h is  Jo u r n a l , 58, 1163 (1936).
(8) The results will be communicated in a later paper.

O (VI)
Isolomatiol

This conversion of isolomatiol and hydroxyiso­
lapachol into the same hydrogenated compound 
determines the position of hydroxyl in isolomatiol, 
as the structure of hydroxyisolapachol is definitely 
known.9 I t is thus clear that the hydroxyl groups 
in lomatiol and isolomatiol are attached to differ­
ent carbon atoms and that these substances can­
not therefore be stereoisomers, as I previously 
suggested.

The chain (b) is contained in hydroxyhydrolap- 
achol, a substance which results from the action

(9) Hooker, J. Chem. Soc., 69, 1355 (1896).
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of alkalies on both a- and ß-lapachone. The 
structure of this compound is also well estab­
lished.9 The third isomer in which hydroxyl oc- 
cupies the a-position in the chain, though not iso­
lated, is satisfactorily accounted for as it un­
doubtedly occurs as an intermediate product in 
the formation of isolapachol by the condensation 
of isovaleraldehyde and hydroxynaphthoqui­
none.7,9 There is therefore only the 6-position 
available for the hydroxyl group in hydrolomatiol 
and consequently in lomatiol itself.

With the skeleton of the chain known, the hy­
droxyl located, and the existence of a double bond 
demonstrated, there remains only the position of 
the double bond to be determined in order that the 
Constitution of lomatiol may be regarded as set- 
tled. There are four possible formulas which 
meet the requirements of an isoamyl skeleton and 
the hydroxyl in the 5-position. They are:

/C H 20H
-CH=CHCH

xCH2OH
—c h 2c h = c

\C H , ^CH,
(1) (2)

.CHOH
-CH2CH2C<

XCH,

/CHjOH
—c h 2c h 2c<

\ h ,
(3) (4)

Of the above chains (1) is at once eliminated be­
cause lomatiol is yellow. Of the remainder (2) 
alone explains the behavior of lomatiol. The ac­
tion of sulfuric acid is particularly illuminating, 
and is described by Rennie3 in some detail. While 
recording the facts his theory fails to account sat­
isfactorily for them. The discovery, however, 
that the hydroxyl group is attached to the ß-car- 
bon of the chain in isolomatiol and to the 5-car­
bon in lomatiol enables the reaction to be readily 
understood. Thus:

The intermediate compounds shown, while not 
isolated in the progress of the change, never- 
theless can be obtained by the action of dilute 
alkalies on the closed ring substances and again 
reconverted into them by moderately concen­
trated sulfuric acid.

The action of concentrated sulfuric acid on 
lomatiol has thus brought about a change in the 
location of the hydroxyl group and, simultane- 
ously, the double bond has necessarily shifted. 
Similar changes are already well known in com­
pounds having like groupings (allylic rearrange­
ment) :10 >C=CCH 2OH — >  >C(OH)C=CH2< xhus

these formulas for lomatiol and isolomatiol are 
in perfect harmony with all the experimental 
facts and enable satisfactory explanations to be 
advanced not only of the changes which these sub­
stances themselves undergo, but also of their rela­
tion to the very numerous compounds in this 
group which have been prepared in my labora­
tory.

The oxidation of lomatiol with alkaline per­
manganate following the general method given in 
recent papers11 yields, with the elimination of 
CH2, a deep orange compound12 having the char­
acteristic properties of a hydroxynaphthoquinone 
derivative. It can be safely inferred therefore 
from the color of this oxidation product that it has 
a double bond in the a,ß-position in the chain and 
consequently the formula X, confirming the struc­
ture of chain (2) as that of the lomatiol chain. 
Chains (3) and (4) under similar circumstances, 
that is, with the elimination of CH2, would have

(10) Compare for instance, Burton and Ingold, J. Chem. Soc., 904 
(1928); Burton, ibid., 759 (1931).

(11) Hooker, T h is  J o u r n a l , 58, 1168, 1174, 1179 (1936).
(12) The substance formed by the oxidation of lomatiol has been 

studied in my laboratory in conjunction with Dr. Al Steyermark. 
The results obtained will be recorded in another paper.

|CH2C H = c/  

OH

c h 2o h

xCH3

o  (II)
Lomatiol

H2SO4
/ v

V /"

.CIL 
'iCH2CH(OH)Cf

XCHS
H2S04

o-
I

JOH _  m
NaOH V \ X 0

.CH,
iCH2C H C f

\ ch3

O (VI) 
Isolomatiol

H2SO4 j,
O

/
iCH2CH(OH)COH

c h 3
NaOH

OH sCH3 H2SO4

O (VIII) 
Dihydroxyhydrolapachol

O (VII)
Dehydroiso-ß-lapachone

/C H 3 
CH2CH(OH)C<

^CHs

O (IX) 
Hydroxy-/3-lapachone
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O (X)

the yellow color of their respective compounds left 
unchanged owing to the double bónds in the oxi-

O (IV) 
Hydrolapachol

Having converted lomatiol following hydrogen-

/ C  H 3 
CH2CH(OH)CH

IOH X c H °

/C H *
1CH2CH2COH 
l0H XCHa

O

(  Y  Y'HïCHaCH
'XCH3

CHjOH

'OH

o  (XI) 
Hydroisolomatiol

h 2s o 4

O- 1 /CHa 
I^V/NcHaCHCH

I \ \ c h 3VyN)
O (X III)

Iso-j3-lapachone

O (XII)
Hydroxyhydrolapachol 

H2SO44

X  I /CHa
Y  \ c h 2c h 2c <

U . CHl
O (XIV) 

/3-Lapachone

o  (III)
Hydrolomatiol

H2SO4

dation products being otherwise situated than in 
the a,0 -position.

The action of concentrated sulfuric acid on the 
three known hydroxy-amyl derivatives of hydroxy 
naphthoquinone is interesting because all give as 
the principal product or one of the principal prod­
ucts the same substance, /3-lapachone, thus in­
volving a migration of the hydroxyl group in two 
cases and indicating a general tendency toward 
the formation of a six-membéred ring. Simul- 
taneously, iso-/3-lapachone is also formed from 
hydroisolomatiol and like ß-lapachone is red and 
undoubtedly a ß-quinone derivative. Iso-ß-lapa- 
chone (XIII) is closely related to the red com­
pound first obtained by Rennie3 by the action of 
sulfuric acid on lomatiol. Rennie’s compound is 
now recognized as dehydroiso-ß-lapachone (VII), 
for on hydrogenation it yields iso-ß-lapachone 
along with hydrolapachol, the latter substance 
arising from the cleavage of the oxide ring adja- 
cent to the unsaturated carbon atom:

1 . ch2
^HaCHCf

xCH3
4H

Iso-ß-lapachone Dehydroiso-0-lapachone

ation into ß-lapachone it is a simple matter to 
continue through to lapachol, 4 thus:

O

HC1 ------ >.

/ C H 3
CH2CH2CC1 KOH 

'OH Vsch3

O (XV)
Chlorohydrolapachol

O

Lapachol
Also the conversion of hydroxyisolapachol, 

which has been obtained by synthesis as well as 
from lapachol,9 into hydroisolomatiol by hydro­
genation and then into /3-lapachone completes the 
steps necessary for a synthesis of lapachol. A 
much more direct synthesis has been recorded al- 
ready by Fieser.13

(13) Fieser, T h is  J o u r n a l , 49, 857 (1927).
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The formation of isolomatiol from lomatiol and 
of ß-lapachone from hydrolomatiol, as well as 
from the two isomeric compounds in which the 
hydroxyl occupies the ß- and 7 -positions in the 
chain, indicates the difficulties and dangers which 
exist in drawing conclusions as to the structure of 
the compounds of this group from a single reac­
tion. Moreover, my experiments demonstrate 
that the shifting of the double bond in lapachol 
and lomatiol and their derivatives must be also 
recognized as an ever present possibility, and, 
therefore, that great caution must be exercised in 
attributing formulas to these substances.

Still another fact must be constantly borne in 
mind, namely, that changes from the para to the 
ortho quinone grouping occur frequently and in- 
sidiously in the conversion of open to closed ring 
compounds and vice versa in opening the ring. 
Also similar changes from ortho to para and from 
para to ortho quinones may take place in the case 
of the closed ring compounds themselves.

In the course of my investigations, however, I 
have been fortunate in being able to prepare a 
large number of substances in the formation of 
which many interesting and unexpected changes 
have been developed and studied, and as the for­
mulas adopted are able to explain satisfactorily 
the relation of these numerous compounds to each 
other as well as to account for all observations so 
far made, they may be accepted, I believe, as 
representing with reasonable certainty the cor­
rect structure of the compounds to which they 
have been assigned. The very number of these 
compounds and the necessity of fitting each one 
into the complex whole, has prevented errors 
which might otherwise have occurred, as with 
fewer substances the number of available formu­
las would have been greater and the chances of 
wrong interpretation thus increased.

Experimental Part
Identification of Lomatiol.—Lomatiol may be positively 

and comparatively easily identified even in very small 
quantity owing to its striking characteristics admirably 
adapted for microscopie tests. Crude lomatiol is best 
purified by crystallization from benzene as above described, 
and if only a small quantity is available for identification 
the benzene can be allowed to evaporate almost to dryness 
on a watch glass and the resulting crystals may then be 
washed freely with the cold solvent. The substance is 
thus obtained matted in fine needles often accompanied by 
a few microscopie groups of heavier crystals of the same 
compound. It melts quite sharply at 127° and may be 
further identified by crystallization from water in which it 
is but sparingly soluble and in which it fuses at the boiling

temperature. If the hot aqueous solution be allowed to 
cool gradually it becomes somewhat turbid and yellow 
needles separate which are visible to the naked eye. If the 
solution be quickly cooled, the emulsion which first results 
gives rise to minute spherical clusters of very fine needles 
together with irregulär groups of crystals with thorn-like 
projections. These two forms appear to be invariably 
present and can be recognized with the help of the micro­
scope. Thus examined the crystals are strikingly beautiful 
and characteristic.

Lomatiol may be further identified by the crimson color 
of its solution in alkalies and particularly by means of its 
barium salts3 which are extremely typical, the one orange 
and the other dark claret red. The test may be made by 
moistening a very small quantity of lomatiol in contact 
with an excess of barium carbonate with a few drops of 
cold water, and filtering off the excess barium carbonate 
after an hour or so. If a very small quantity of the crim­
son filtrate be allowed to evaporate spontaneously on a 
glass slide, needles of the orange salt form readily, and a 
careful microscopie examination will reveal in addition 
minute masses of the dark claret colored salt, sometimes 
recognizable as consisting of thread-like forms suggesting 
cobwebs. If the solution be very dilute microscopie clus­
ters of needles of lomatiol may also separate. The orange 
salt when vigorously rubbed on a hard surface yields a 
dark claret red, resin-like substance, the color change being 
quite striking.14

For further identification a trace of lomatiol may be 
moistened with an extremely small quantity of concen­
trated sulfuric acid. A bromine-colored solution is ob­
tained, and if to this a drop or two of water be immedi­
ately added an orange-red emulsion forms from which 
microscopie ribbon-like orange-red crystals slowly sepa­
rate, many grouped in characteristic root-like forms. 
After standing exposed to the air in contact with the 
acid solution the crystals completely disappear in the 
course of two to three days, an orange resin remain­
ing in their place.14

Conversion of Lomatiol (II) into Hydrolomatiol (III) 
and Hydrolapachol (IV).—Several experiments in which 
from 1 to 5 g. of lomatiol dissolved in alcohol (50-100 cc.) 
was hydrogenated in the presence of reduced platinum 
oxide catalyst (Adams) at ordinary pressure or at a pres­
sure of 38 lb. (2.53 atm.) at the laboratory temperature 
failed to give entirely concordant results. At times mostly 
hydrolapachol was obtained, at others mostly hydrolo­
matiol, a difference presumably due to variations in the 
condition of the catalyst. The hydrogenation was con­
tinued in each case until a drop of the solution, evaporated 
to dryness, gave with concentrated sulfuric acid a some­
what bromine-colored solution yielding a yellow emulsion 
on dilution. This indicates the absence of lomatiol, as 
the latter dissolves more to a brown and gives an orange 
emulsion when similarly treated.

In one experiment two 1-g. lots of lomatiol were hydro­
genated with the same catalyst derived from 0.2 g. of 
platinum oxide and the combined, filtered Solutions were 
allowed to stand overnight for oxidation. After evapora­
tion to about 25 cc. the solution was diluted with about an 
equal volume of bot water. After standing for several

(14) Cf. Rennie, ref. 3.
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hours the long needles which had formed were filtered off 
after chilling, washed with 30% alcohol, and dried, giving 
1.14 g. of material melting at 92.5-93°. Recrystallized 
from dilute alcohol the substance melted at 93.5-94° and 
was identified as hydrolapachol by all the characteristics 
and properties previously described.7 The melting point 
was not lowered by admixture with hydrolapachol from 
lapachol.

Anal Calcd. for C15Hi60 3: C, 73.77; H, 6.55.
Found: C, 73.76; H, 6.64.

Hydrolomatiol was obtained in another experiment in 
which 5 g. of material was hydrogenated in the presence of 
the catalyst derived from slightly less than 0.3 g. of plati­
num oxide, about one-third having been used previously 
once and one-third twice. As attempts to obtain the 
substance well crystallized directly from the alcohol proved 
unsuccessful, the solution was allowed to go to dryness. 
After efforts to obtain from the residue satisfaetory crys­
tals from several solvents had failed, the larger part was 
dissolved in 500 cc. of 1% alkali and the substance was 
reprecipitated from the filtered solution by hydrochloric 
acid in three fractions (0.97, 1.92 and 1.08 g.), thus finally 
completely discharging the crimson color of the alkaline 
solution. In each case an emulsion was first formed and 
became crystalline on standing, an interval of an hour or 
more being allowed between the precipitations. The 
first fraction contained some hydrolapachol while the 
second and third were almost pure hydrolomatiol. The 
second fraction was dissolved in 14 cc. of hot benzene, 
filtered and allowed to stand overnight. The prismatic 
yellow needles of hydrolomatiol which separated weighed 
1.75 g. and melted at 101-102°.

Anal Calcd. for CisH^Ch: C, 69.23; H, 6.15.
Found: C, 68.99, 69.2315; H, 6.07.

In other experiments fractional precipitation as above 
described proved generally a satisfaetory method of sepa- 
rating the two compounds.

Hydrogenation of Hydroxyisolapachol (V).—The hydro­
genation of hydroxyisolapachol has proved more uncertain 
than that of the other substances of this group. In two 
experiments the hydrogen was added readily, in others 
under apparently essentially similar conditions the start­
ing material was recovered unchanged. Possibly a slight 
difference may have existed in the condition of the cata­
lyst, platinum oxide-platinum black, and perhaps the 
fact that the stable form of hydroxyisolapachol is that 
having the chain —CH2COCH( CH8)2 (since it is yellow) 
increases the difficulties of hydrogenation and renders 
the success of the Operation dependent upon very exact 
conditions which have not been determined with sufficiënt 
precision. However this may be, the addition of hydrogen 
gives rise to hydroisolomatiol (XI), which was positively 
identified by direct comparison with the compound ob­
tained from isolomatiol as described below.

In the successful experiments, using 0.1 g. of substance 
in 15 cc. of alcohol and 0.1 g. of catalyst, hydrogenation 
was complete in ten minutes. A drop of the solution, al­
lowed to evaporate (and oxidize) on a watch glass, when 
tested with concentrated sulfuric acid no longer gave the 
dark brown almost immediately produced by hydroxyiso­

lapachol, but an orange-red solution which held its color. 
The residue from another drop gave with 1 % alkali a more 
crimson solution than hydroxyisolapachol, and on acidi­
fication the deep yellow cloud which formed gave way rap­
idly to characteristic needles, a behavior entirely different 
from hydroxyisolapachol, which under similar circum­
stances gives a light yellow jelly-like mass which soon be­
comes permeated with extremely minute bacillus-like, 
short crystals. These tests, which must of course be made 
with the help of a microscope, may be of assistance in 
following the progress of the hydrogenation.

After standing exposed for about forty-eight hours to 
ensure complete oxidation of the hydroquinone, the alco­
holic solution was evaporated to about 5 cc. and an equal 
quantity of water was added. The yellow crystalline 
scales which had formed in the course of a few days 
weighed 0.055 g. Recrystallized first from alcohol and 
then from benzene the substance was obtained in fine, 
orange-yellow needles, m. p. 120-120.5°, identical in all 
properties with hydroisolomatiol described below. The 
melting point of the mixed substances from both sources 
remained the same as for the individual compounds.

Hydrogenation of Isolomatiol (VI): Hydroisolomatiol 
or j3-Hydroxyhydrolapachol (XI).—No difficulty was found 
in readily obtaining hydroisolomatiol by this method. 
Several lots were prepared with slight variations, but the 
irregularities noticed in the hydrogenation of hydroxyiso­
lapachol were not experienced. The catalyst differed 
slightly in amount in the several lots and possibly also in 
its condition, as varying amounts had been used previously. 
The results, however, were essentially the same. Isolo­
matiol (2 g.) was dissolved in alcohol (50 cc.), platinum 
oxide (0.4 g.) added and the whole agitated under pressure 
of 37-38 lb. (2.46-2.53 atm.) at laboratory temperatures. 
The progress of the hydrogenation can be followed by test- 
ing an evaporated drop of the solution, concentrated sul­
furic acid giving, when the hydrogen absorption is com­
plete, an orange-red solution which does not change to the 
brown characteristic of isolomatiol. The addition of water 
to the acid solution gives a yellow cloud which shortly 
crystallizes, whereas in the case of isolomatiol an orange- 
red precipitate is obtained. Ten minutes of contact with 
hydrogen under the above conditions was found to be suf­
ficiënt.

Hydroisolomatiol was isolated from the solution essenti­
ally as described in the preceding section, 6.1 g. of material 
hydrogenated in four lots giving 5 g. of product. Re­
crystallized from alcohol the substance melted constantly 
at 120.5-121.5°.

Anal Calcd. for C15Hi60 4: C, 69.23; H, 6.15. Found: 
C, 69.26; H, 6.17.

Conversion of Lomatiol (II) into Dehydroiso-/3-lapa- 
chone (VII).—It was found that the red compound ob­
tained by Rennie3 by the action of concentrated sulfuric 
acid on lomatiol can be prepared more satisfactorily by 
using acid of more moderate concentration, for further 
change is thus prevented. After various trials the fol­
lowing method was adopted.

A flask containing 10 g. of pulverized lomatiol is im­
mersed in ice water and thoroughly cooled; 100 cc. of ice- 
cold acid prepared by mixing five volumes of concentrated 
sulfuric acid with three volumes of water is then added(15) In this analysis the hydrogen was lost.
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and well stirred for a few minutes until the lomatiol has 
dissolved completely, the flask being kept throughout in 
ice water. The bromine-colored solution is then immedi­
ately poured into water (750 cc.). The new substance 
separates as an orange-red emulsion which soon crystal­
lizes, forming a voluminous precipitate. After standing 
until crystallization is complete (usually thirty minutes), 
the material is filtered off with the aid of suction, washed, 
broken up under water tö facilitate the complete removal 
of acid, and again washed on the filter. The air-dried 
material (8.74 g.) is crystallized from 50 cc. of alcohol. As 
the solution cools dehydroiso-/?-lapachone sometimes forms 
silky, radiating, red needles and sometimes heavier pris­
matic crystals. If the needles are allowed to stand in con­
tact with the mother liquor they disappear in the course of 
a few days and the prismatic crystals take their place. 
Rennie analyzed the needles and reported the melting 
point 110-111°. The prisms were used for the analysis 
reported below and the melting point found was 116- 
116.5°. Dehydroiso-ß-lapachone appears to be some­
what sensitive to light and unnecessary exposure should 
be avoided in its preparation. It dissolves in concentrated 
sulfuric acid to an orange-red solution.

Anal. Calcd. for C15Hi20 3: C, 75.00; H, 5.00. Found: 
C, 74.96; H, 5.00.

The azine of dehydroiso-ß-lapachone (VII) was easily 
formed by heating the red compound with ö-phenylene- 
diamine in glacial acetic acid solution for a minute or two. 
Crystallized from alcohol the substance formed yellow 
needles, m. p. 157.5-158°. It dissolves in concentrated 
sulfuric acid with a deep green color and gives a salmon- 
colored sulfate.

Anal. Calcd. for C*iHi6ON*: C, 80.74; H, 5.17.
Found: C, 80.45; H, 5.09.

Conversion of Dehydroiso-ß-lapachone (VII) into Iso­
lomatiol (VI).—Isolomatiol was first obtained by Rennie3 
by boiling dehydroiso-/3-lapachone with strong potassium 
hydroxide solution, but the crude material precipitated on 
acidification had to be crystallized four or five times before 
it was obtained pure. Better results are possible by im­
mersing 1 g. of the finely ground red compound in 75 cc. 
of 1% sodium hydroxide solution at the laboratory tem­
perature. In the course of some hours solution is essenti­
ally complete, and after filtering to remove any possible 
trace of the unaltered substance dilute hydrochloric acid 
is added in slight excess to the intensely crimson solution. 
Isolomatiol is thus precipitated as a yellow oil which slowly 
crystallizes in groups of branch-like flattened needles with 
scales attached. Rosets of scales are also sometimes ob­
tained. After washing with water and drying, the crude 
substance (1 g.) is dissolved in 10 cc. of alcohol, the solu­
tion filtered, warmed and gradually diluted with 10 cc. of 
water. Isolomatiol usually separates in clusters of scales 
melting at 109-110°. It appears to be sensitive to light.

Anal. Calcd. for Ci5H i40 4: C, 69.77; H, 5.42. Found: 
C, 69.71; H, 5.39.

Action of Sulfuric Acid on Isolomatiol (VI). (a) Dilute 
Acid.—Finely ground isolomatiol (0.25 g.) was quickly 
dissolved in 7.5 cc. of dilute sulfuric acid (5 vol. concen­
trated acid to 3 vol. water) by stirring for about two min­
utes and the solution was immediately poured into 75 cc.

of cold water. The resulting red emulsion slowly be­
came crystalline and the product (0.12 g.) after crystalli­
zation from alcohol was obtained as red needles, m. p. 
116-116.5°, and fully identified as dehydroiso-ß-lapa- 
chone.

(b) Concentrated Acid.—Isolomatiol (0.25 g.) was dis­
solved in concentrated sulfuric acid (5 cc.) and after four 
minutes the dark red-brown solution was poured into 65 
cc. of cold water. The turbid solution after standing 
overnight was filtered from a small amount of resinous ma­
terial and after standing four to five days the filtrate de­
posited orange-red prisms of hydroxy-ß-lapachone (0.04 
g.). After recrystallization from alcohol the product 
melted at 203-205°. The resinous material on further 
treatment with concentrated acid yielded a trace of yellow 
needles of what, most probably, was isopropylfurano-1,4- 
naphthoquinone,9 but it was not fully identified.

Hydrogenation of Dehydroiso-/3-lapachone (VII) and 
its Conversion into Iso-ß-lapachone (XIII).—A solution 
of 1 g. of dehydroiso-ß-lapachone in 100 cc. of alcohol 
containing 10 drops of acetic acid was agitated with 0.2 
g. of platinum oxide catalyst at 38 lb. pressure of hydrogen 
for twenty minutes at 18°. Dehydroiso-/3-lapachone dis­
solves in concentrated sulfuric acid to an orange-red solu­
tion which rapidly darkens on slight warming, and this 
property enables the end of the hydrogenation to be satis- 
factorily determined, as the new compound under similar 
circumstances gives an apricot color which is not darkened 
by slight heat. In preliminary experiments a drop or two 
of the solution was removed from time to time, evaporated 
and tested, and thus the time required was determined. 
When completely hydrogenated the colorless solution was 
filtered and exposed to the air until oxidation was com­
plete, as indicated by no further increase in color. The 
solution was evaporated to 20 cc. and diluted with 10 cc. 
of water. Slight turbidity ensued and the following morn- 
ing a red crystalline crust had formed on the bottom of the 
flask, and after another day the crystals of iso-ß-lapachone 
were filtered off and washed with 50% alcohol; yield, 0.44 
g. The mother liquor and washings were further diluted 
with 2.5 cc. of water and after standing overnight yellow 
crystals of hydrolapachol were found to have separated; 
yield 0.13 g. On further dilution a small additional 
amount of iso-/3-lapachone was obtained in a somewhat 
resinous condition. This was digested with 1% alkali 
to remove resin and hydrolapachol and crystallized from 
alcohol.

Iso- /3-lapaehone crystallizes in dark orange-red plates 
or scales and melts at 124.5-125.5°. It has also been ob­
tained in voluminous masses of tufts of needles materially 
lighter in color. The sample for analysis was recrystal­
lized from dilute alcohol without unnecessary exposure to 
light.

Anal. Calcd. for ClöHi4Oa: C, 74.38; H, 5.78. Found: 
C, 74.32; H, 5.81.

I have not been successful in attempts to transform iso­
propylfurano-1,2-naphthoquinone9 directly into iso-ß-lapa- 
chone by hydrogenation. Using alcohol as the solvent the 
starting material was recovered unchanged; in ethyl ace­
tate only a red oil was obtained.

Conversion of Iso-ß-lapachone (XIII) into Hydroisolo­
matiol (XI).—This change was quantitatively effected by
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boiling powdered iso-/3-lapachone (0.1 g.) for a minute or 
two with 1% sodium hydroxide solution (20 cc.). The 
deep crimson solution was filtered to remove possible tracés 
of the unchanged substance, cooled and acidified with 
dilute hydrochloric acid, avoiding an undue excess. The 
oily, yellow suspension soon gave place to fine yellow 
needles which were filtered off on the following day. Crys­
tallized from benzene the substance separated as needles 
and prisms melting at 121-122°.

Action of Concentrated Sulfuric Acid on Hydroisolo­
matiol (XI).—A solution of 0.5 g. of hydroisolomatiol in 
10 cc. of concentrated sulfuric acid was allowed to stand 
for one hour in a corked vessel and poured into water (500 
cc.). The emulsion first formed soon gave place to fine 
orange-red needles which were filtered off on the following 
morning and recrystallized a number of times from 50% 
alcohol (3 cc. at first and finally 2 cc.). Although the 
substance appeared to be pure under the microscope, the 
rise of the melting point with each crystallization from an 
initial 135-142° to eventually 153-154° clearly suggested 
the presence of more than one compound.

The crystals finally obtained pure were identified as ß- 
lapachone by a mixed melting point and by conversion 
into Y-hydroxyhydrolapachol and its characteristic barium 
salt. The second substance, which proved to be iso-ß- 
lapachone, was not itself isolated but its presence was 
proved by reconversion into hydroisolomatiol. In order 
to demonstrate the presence of iso-/3-lapachone in the 
mixture another lot was prepared from 0.1 g. of hydroiso­
lomatiol as before and collected one and one-half hours 
after pouring the acid solution into water. Microscopie 
examination of the material both while still wet and after 
being air dried definitely established the absence of yellow 
crystals of unchanged hydroisolomatiol. The material 
(0.07 g.) was immersed in cold 1% alkali which in the 
course of two hours had dissolved the greater part of the 
iso-ß-lapachone, leaving 0.02 g. of ß-lapachone unat- 
tacked. To the filtered crimson solution an excess (2.5 
cc.) of dilute (1:3) hydrochloric acid was added. This 
gave a yellow suspension which soon crystallized in spher- 
ical groups of light needles characteristic of hydroisolo­
matiol. The crystals were allowed to stand in contact with 
the acid liquor so that any hydroxyhydrolapachol derived 
from the action of alkali on /3-lapachone might be recon- 
verted into /3-lapachone. After a day or so microscopie 
examination revealed a very small quantity of orange- 
red crystals (assumed to be /3-lapachone) which did not 
appear to increase on further standing (fifteen days). The 
mixture of crystals was then filtered off and immersed in 
a very dilute solution of sodium hydroxide to dissolve and 
thus separate the hydroisolomatiol from the orange crys­
tals. Hydrochloric acid reprecipitated the yellow sub­
stance from the filtered solution and this was twice crystal­
lized from benzene and identified by direct comparison 
with hydroisolomatiol by melting point (120—121°) and 
other characteristics.

Conversion of Hydrolomatiol (III) into jÖ-Lapachone 
(XIV).—A small quantity of hydrolomatiol (0.1 g.) was 
dissolved in concentrated sulfuric acid (3 cc.) in a test- 
tube which was then corked to prevent the absorption of 
water and allowed to stand at the laboratory temperature. 
Action was slow. A drop of the solution was diluted

from time to time and the color of the resulting emulsion 
taken as indicating the progress of the change. After one 
hour this was still yellow; subsequent tests tended more 
and more toward orange, and on the following morning the 
acid solution was poured into water (75 cc.). The result­
ing deep orange-red emulsion soon crystallized into root- 
like forms, which were thoroughly washed, dried (yield, 
0.07 g.) and crystallized four times from alcohol, as, al­
though the brilliant orange-red needles obtained appeared 
to be pure from the first, each crystallization resulted in a 
higher melting point. Identification was made as /3-lapa- 
chone by direct comparison with this substance, by melt- 
ing point (153-154°), mixed melting point and by con­
version into hydroxyhydrolapachol and the characteristic 
barium salt of the latter. Owing to the repeated crystal- 
lizations necessary to obtain /3-lapachone melting cor- 
rectly, the presence of a second substance as the result of 
the action of concentrated sulfuric acid would seem to be 
indicated.

Summary
Various species of Lomatia from Australia have 

been found to be associated with lomatiol, 
whereas the coloring matter was absent in the 
seeds of several species examined growing in 
Chile. Methods of extracting lomatiol from 
both ripe and unripe fruits are described.

Lomatiol was found by Rennie to have the same 
skeletal structure as lapachol, from which it differs 
only in the character of the side chain. In the 
present investigation it is shown that the alcoholic 
hydroxyl group of hydrolomatiol is located in the 
5-position in the chain (—CH2CH2CH(CH3)CH2 
OH) because substances having the other three 
possible structures have been obtained or char- 
acterized by synthesis or from lapachol. The 
double bond present in the lomatiol side chain is 
recognized as occupying the c^ß-position with re­
spect to the primary alcoholic group (-—CH2C H =  
C(CH3)CH2OH) by the observation that an ally- 
lic shift occurs in the conversion of lomatiol into 
isolomatiol, a substance having the chain 
—CH2CH(OH)C(CH3)= C H 2. It is thus proved 
that lomatiol has the Constitution of 2 - [5-hy- 
droxy - ß - isopentenyl] - 3 - hydroxy - 1,4 - naph­
thoquinone :

O

/ Y \ ch2CH====C<

UJ°h
c h 2o h

■c h 3

o

The formula is in perfect harmony with all the 
experimental facts and enables satisfaetory ex- 
planations to be advanced of many changes which
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the compounds of the lomatiol series undergo and 
of their relationship to substances of the lapachol 
series. The transformations described in this 
paper include the conversion of lomatiol into 
lapachol through a series of intermediate sub­

stances, and since one of these can be prepared 
also from synthetic isolapachol, the work re­
ported constitutes a synthesis of lapachol.
82 R emsen Street R eceived  April 3, 1936
B rooklyn, N. Y;

The Constitution of Lapachol and its Derivatives. Part V. The Structure of
Paternö VTsolapachone”12

B y Samuel C. H ooker

“Isolapachone” was first referred to by Paternö3 
in 1882 in his “Ricerche sull’acido lapacico” 
(lapachol). I t was obtained by the removal of 
two acetyl groups, followed by spontaneous oxi­
dation, from a compound formed by the action of 
acetic anhydride and sodium acetate upon lapa­
chol. Seven years later the compound was 
studied by Paternö and Minunni4 and the con- 
clusion reached that the substance is similar to 
and isomeric with lapachone (ß), the compound 
resulting from the action of concentrated sulfuric 
acid on lapachol. This view was shown by me to 
be untenable,5 for in investigations published in 
1892 it was found that the so-called “isolapa- 
chone,, and also the diacetyl compound from which 
it had been obtained had each two atoms of hy­
drogen less than required by the formulas assigned 
by Paternö and Minunni. At that time I sug­
gested a structural formula for the diacetyl com­
pound which twenty-three years later received 
additional support from the experiments of L. 
Monti.6 The matter was discussed by Monti 
apparently in ignorance of the revised and now 
generally accepted formula7 for lapachol which 
necessitated a corresponding modification in “iso- 
lapachone'’ and all the compounds derived from 
lapachol studied previous to 1896.

(1) See Editor’s note (1), T h is  J o u r n a l , 58, 1163 (1636).
(2) Dr. Hooker wrote a preliminary version of the introduetory 

part of this paper in April, 1931, but he did not find time subsequently 
to incorporate in the manuscript certain modified views and new in- 
terpretations growing out of his more recent work on this and re­
lated Problems. I was informed of his views throughout this period, 
however, through correspondence and conversations, and from the 
letters and from the notes of his assistant Dr. A. Steyermark, I have 
been able to revise the paper in accordance with Dr. Hooker’s 
wishes and in large part in his own words. The experiments re- 
corded were carried out with the collaboration of Mr. H. W. Shepard 
and Mr. J. G. Walsh, Jr., in 1891-1896, and of Dr. G. H. Connitt 
and Dr. A. Steyermark in the more recent period.—L. F . F ie s e r .

(3) Paterno, Gazz. chini. ital., 12, 337 (1882).
(4) Paternö and Minunni, ibid., 19, 607 (1889).
(5) Hooker, J. Chem. Soc., 61, 611 (1892).
(6) Monti, Gazz. chim. ital., 45, II, 58 (1915).
(7) Hooker, J. Chem. Soc., 69, 1355 <1896).

In the course of the study of the action of con­
centrated sulfuric acid upon lomatiol, the dis- 
covery by Rennie8 of a compound isomeric with 
and in some respects similar to Paternö’s “iso- 
lapachone” gave rise to uncertainties and errors 
of interpretation both as to its own structure and 
that of “isolapachone.”9 This was mainly due to 
misconceptions regarding the structure of loma­
tiol. In a recent paper10 evidence has been pre- 
sented which fully establishes the structure of 
lomatiol, and in the course of this work it was 
shown that Rennie's compound has the formula 
I and can be regarded as a dehydroiso-ß-lapa- 
chone. An isomeric dehydro derivative of iso-ß- 
lapachone was obtained in an earlier investiga­
tion7 both from lapachol and by synthesis and

Rennie’s Compound Isopropylfurano-l,2-naph-
thoquinone

it was assigned the structure II. The correspond­
ing para quinone was also fully characterized. In 
this paper it will be shown that the preponder­
ance of the facts now known favors formula III, 
or possibly IV, for “isolapachone.” The equiva­
lent of formula IV, based upon what was then

O

believed to be the structure of lapachol, was pre­
viously suggested by me5 but afterward aban-

(8) Rennie, ibid., 67, 786, 792 (1895).
(9) Hooker, ibid., 69, 1362, 1370, 1377, 1382 (1896).
(10) Hooker, Tins Jo u r n a l , 68, 1181 (1936).
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doned9 for the reasons stated above, the com­
pound thereafter being referred to as pseudode- 
hydrolapachone. On the basis of the present 
work the name dehydrolapachone may be as­
signed to the compound.

When lapachol is submitted to the action of 
mineral acids it can be converted quantitatively 
into either ce-lapachone or /3-lapachone according

O

O (V)
cl Lapachone 

O

O (VI)
Lapachol

/3-Lapachone

to the conditions under which the experiment is 
made.5,7,11 By the action of acetic anhydride in 
the presence of zinc dust and sodium acetate the 
lapachones yield the diacetyl derivatives of their 
hydroquinones, VIII and IX .4,6 I shall show that 
no fundamental change has occurred under the in-

/ N cHjCHjC
L JoCOCHs 

OCOCH3 (IX)

fluence of acetic anhydride, as the removal of the 
acetyl groups followed by spontaneous oxidation 
enables the respective lapachones to be again ob­
tained. Now Monti has found6 that the diacetyl 
compound from which dehydrolapachone (“iso­
lapachone”) was obtained by Paternö can be con­
verted by hydrogenation into VIII, thus substan- 
tiating the theory advanced by me.5 Similarly

(11) Monti8 states that when lapachol is treated with either con­
centrated sulfuric or hydrochloric acid in the cold 0-Iapachone is 
formed, while at higher temperatures «-lapachone is the product, it 
being entirely a matter of temperature and not of the acid used as 
was recorded by me.5 Monti’s statements are totally incorrect. On 
repeating the experiments with lapachol hydrochloric acid was found 
to give «-lapachone both at room temperature and at 55-60°, while 
with sulfuric acid /3-lapaclioue was obtained at either 25 or 100°.

OCOCH3 
Y^\CH2CH2C</

■CH,

CH,
V *

OCOCH, (VIII)

I have since converted into IX  the isomeric di­
acetyl compound which H. W. Shepard working 
in my laboratory observed was simultaneously 
formed when following Paterno’s directions for the 
preparation of the diacetyl compound which he 
described. Shepard’s experiments, mentioned 
briefly in an earlier communication,5 are recorded 
in detail in the experimental part of the present 
paper. The second diacetyl compound was pos­
sibly overlooked by Paternö and by Monti on ac­
count of the melting points of both derivatives 
being almost identical. These compounds can, 
however, be readily distinguished by their color 
reactions with concentrated sulfuric acid.

I t is evident from the results of the hydrogena­
tions that the isomeric diacetyl compounds must 
bear the relations to a- and /3-lapachone, respec­
tively, which the formulas X  and X I indicate.

OCOCH3

OCOCH3

CH, ° ------ -------- 1
/ \ / \ c H = = C H C <

/C H ,

CH,
l ^ s i o C O C H a

XCH,

(X) OCOCH3 (XI)
Paternö’s diacetyl 

compound
Shepard’s isomeric 

compound
The double bond must occupy the a,/3-position in 
the chain, since no other location is available. I t 
would be natural to expect that these diacetyl de­
rivatives would yield in weak acid solution, fol­
lowed by spontaneous oxidation, the a- and ß- 
quinones III and IV, respectively, but this is not 
the case. Only one and the same substance, 
namely, dehydrolapachone (Paternö’s “isolapa­
chone”), has been obtained from each, notwith- 
standing that the conditions of the experiment 
have been varied materially. This change, how­
ever, is not entirely without precedent as a-lapa- 
chone can be converted by the action of sulfuric 
acid into /3-lapachone, and the reverse action can 
be readily effected with hydrochloric acid.5 The 
changes involve the conversion of the a-quinone 
into the /3-quinone group as well as the opening and 
closing of the side ring. Similarly isopropylfurano-
1,2-naphthoquinone (II) can be converted into the 
corresponding 1,4-naphthoquinone derivative by 
the action of hydrochloric or sulfuric acid,7 and 
still other examples could be cited from my work. 
Since isomers of this type are not infrequently in- 
terconvertible by acids it is not possible to deduce 
from the above recorded experiments whether de­
hydrolapachone is a derivative of a~ or /3-naphtho- 
quinone. Neither does hydrolysis of the diacetyl 
derivatives in alkaline solution lead to any definite
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conclusion, as the side ring of compounds of the 
lapachone type is invariably more or less readily 
opened by alkalies, leading to the same hydroxy­
naphthoquinone derivative in both cases.5

Since Paternö has showed that dehydrolapa­
chone can be reconverted into the diacetyl com­
pound X from which it was obtained, it is clear 
that in the removal of the acetyl groups no funda­
mental change has occurred. This is further dem- 
onstrated by the ready conversion, described in 
the present paper, of dehydrolapachone into a- 
lapachone by hydrogenation. The following 
facts therefore would seem to furnish very strong 
arguments in favor of dehydrolapachone being an 
a-quinone derivative with the formula III: 1. 
The diacetyl derivative X can be again obtained 
from dehydrolapachone. 2. The derivative X 
can be readily converted by hydrogenation into 
the diacetyl compound VIII derived from a- 
lapachone. 3. Dehydrolapachone can be con­
verted directly into a-lapachone (V).

The evidence however is subject to some un- 
certainty because experiments can be advanced 
apparently pro ving almost equally satisfactorily 
that we are dealing with a derivative of ß-naptho- 
quinone. For instance dehydrolapachone gives 
with ö-phenylenediamine in good yield an azine 
(XIII) which can be converted by hydrogenation 
into the azine of ß-lapachone. Also, from lapa­
chol and ö-phenylenediamine a dark red com­
pound with a metallic reflex can be obtained which 
has most probably the structure X II , 12 and this

0
1  / CHs/  ^C H 2CH=C<

- N H  V c H ' [ O ]

N---- C6H4 (XII)
Lapeurhodone

compound, which when treated with concentrated 
sulfuric acid yields the azine of ß-lapachone, is 
converted into the azine of dehydrolapachone 
(X III) by spontaneous oxidation when its ethereal 
solution is allowed to remain some days in con­
tact with a moderately strong alkaline solution.

(12) Hooker, J. Chem. Soc., 63, 1376 (1893).

/CH3
,CH===CHC<

xCH3

N— C6H4 (XIII) 
Dehydrolapazine

The change is practically quantitative under 
proper conditions.

The formation of dehydrolapachone in small 
quantity in addition to dihydroxyhydrolapachol by 
the action of dilute sodium hydroxide solution on 
bromo-ß-lapachone (XIV) has already been re­
corded.0 At first sight this last method of forma­
tion also would seem to suggest the presence of

CH2CHBrC<'
CHa

CH*

v>
O (XIV)

Bromo-/3-lapachone

the ß-quinone group, but as the transformation 
occurred in alkaline solution it is probable that 
the side ring was opened and again closed on 
acidifying, but possibly in a different direction.

The several reactions by which dehydrolapa­
chone itself or its derivatives have been obtained 
lead either to uncertain conclusions or to positively 
contradictory ones, and the question of whether 
the compound is an a- or a ß-quinone must per- 
haps remain somewhat uncertain until the iso­
meric compound has been discovered. The very 
smooth conversion of dehydrolapachone directly 
into a-lapachone and also indirectly into the di­
acetyl derivative of a-lapachone, however, seem 
to outweigh its conversion into the azine of ß- 
lapachone, as the yield of the intermediate azine 
of dehydrolapachone, notwithstanding that it is 
good, nevertheless falls materially below that ob­
tained from other ß-quinones in this group. This 
lower yield may perhaps be due to a preliminary 
and more or less imperfect change of the a- into 
the ß-quinone before the azine formation occurs.

Perhaps slightly in favor of the a-group, but 
certainly not at all conclusively so, may also be 
mentioned the reduction potential determined by 
Fieser.13 While this figure varies materially from 
that of more or less similar heterocyclic a-naph- 
thoquinone substances examined, it falls on the 
whole better in line with the a-quinones than the 
ß-quinones. The difference, however, is not con- 
viücmg. The comparison was made by separately 
averaging the figures given by Fieser for a- and ß- 
naphthocjuinone derivatives containing an hetero­
cyclic rihg, omitting however the furan deriva­
tives which vary considerably from the other.

It was formerly thought5 that the orange-red 
color of dehydrolapachone distinctly favored its

(13) Fieser, T h is  J o u r n a l , 50, 450 (1928).
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Classification as a ß-quinone, but in view of the re­
cent recognition that hydroxy-«-naphthoquinone 
derivatives are usually red or orange-red when 
they contain a double bond in the Opposition in 
the side chain,14 as is the case with the compound 
in question, this argument is no longer valid. It 
would seem, therefore, that the most reliable evi­
dence favors the «-quinone structure III for 
Patemö’s compound and that all of the other ob­
servations are capable of being reconciled with 
this formula.15

In regard to the formation of the diacetyl de­
rivatives from which dehydrolapachone is ob­
tained, I am inclined to believe that the first step 
involved is the closing of the ring through oxida­
tion, the quinone group itself acting as the oxidiz­
ing agent. There seems to be a pronounced ten- 
dency to form the six-membered ring10 present 
in dehydrolapachone, and this can occur only by 
a shifting of the double bond. The actual mecha­
nism involved must remain in doubt.

Lapachol itself on long standing appears to 
undergo a corresponding change by spontaneous 
oxidation and without help from the acetic anhy­
dride. Crude lapachol which had been precipi­
tated from an alkaline extract of Surinam green- 
heart in 1894 and kept in a wooden box was found 
after thirty years to be more or less covered with 
well-formed orange crystals of dehydrolapachone. 
The crude lapachol after drying had been broken 
up in moderate sized lumps, and it was in the cavi- 
ties of these that the crystals had principally 
formed. In this case there is no positive proof 
that the dehydrolapachone was really produced 
directly from lapachol, as it may have had its 
origin in some other substance present in the 
crude material, or, as samples of pure lapachol 
have not been observed to undergo this change, it 
is also possible that the reaction may have been 
brought about through the agency of some im- 
purity present. However, in view of the fact

(14) Hooker, T h is  J o u r n a l , 58, 1163 (1936).
(15) At Dr. Hooker’s request in 1931 I tested dehydrolapachone 

for its ability to form an addition product with sodium bisulfite, a 
property characteristic of most, if not all, ß-quinones. In recently 
repeated tests it was found that ß-lapachone, bromo-ß-lapachone 
and iso-ß-lapachone dissolve easily in cold, saturated sodium bisul­
fite solution when the crystals are crqshed to a powder. A colorless, 
crystalline addition product subsequently separates in each case, 
and when a dilute solution of the addition product is^treated with 
sodium carbonate the original ß-quinone is reprecipitated. Rennie’s 
compound also dissolves in cold bisulfite solution but on adding soda 
a red solution is obtained, indicating hydrolysis of the side ring. 
Treated with bisulfite under similar conditions, dehydrolapachone 
remains undissolved after several hours. The Observation supports 
Dr. Hooker’s most recent conclusion (1934) that the substance “al­
most undoubtedly“ is an «-quinone.—L. F. F.

that oxidation also occurs in the compound ob­
tained from lapachol and ö-phenylenediamine 
(XII) when dissolved in ether and exposed to the 
air in contact with an alkaline solution, resulting 
in the azine of dehydrolapachone (XIII), it would 
seem likely that the orange crystals on the crude 
lapachol were really derived from lapachol itself.

In addition to this type of oxidation, it has been 
shown in another paper16 that lapachol is con­
verted by alkaline permanganate in the cold into 
2 - ß,ß - dimethylvinyl - 3 - hydroxy - 1 , 4 -  
naphthoquinone (XVI, below), a compound hav­
ing one less methylene group in the side chain. In 
the course of the present studies this same sub­
stance has been encountered as a product of the 
oxidation of dehydrolapachone by the air in alka­
line solution. As mentioned above, it was found 
in the earlier work5 that bromo-ß-lapachone is 
converted by very dilute alkali in part into de­
hydrolapachone. In repeating the experiment it 
has now been found that with more concentrated 
alkali there is formed in place of dehydrolapachone 
a small amount of the orange-red compound re­
sulting from the permanganate oxidation of lapa­
chol. I t seemed likely that dehydrolapachone is 
formed in all cases along with the main product, 
dihydroxyhydrolapachol, but that in the more 
strongly alkaline solution it undergoes further 
change and is converted by oxidation into the di­
methylvinyl compound, and this was established 
by treating dehydrolapachone directly. When 
this substance is allowed to stand in contact with 
cold 10% sodium hydroxide it slowly dissolves to 
a dark red solution containing the salt of the acidic 
substance XV. The material which precipitates 
on acidification consists chiefly of the original sub­
stance III in an unchanged condition, but there 
is present a small percentage of the dimethyl- 
vinylhydroxynaphthoquinone XVI. When de­
hydrolapachone is treated with sodium hydroxide 

O

01  /C H ,
/  \C H = C H C <

o___ - j  CHa Na°H

Ó (III)
o

(16) Hooker, T h is  J o u r n a l , 58, 1168 (1936).
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in the presence of zinc dust, followed by air oxida­
tion of the filtered solution, its conversion into 
XVI is completed within one hour and a yield of 
more than 80% can be obtained. The rapidity 
of the reaction may be due to the fact that the 
closed ring compound easily passes into solution 
in the form of the hydroquinone whereas it dis­
solves very slowly in the absence of the zinc dust.

In the course of this remarkable reaction the 
double bond migrates to a new position in the 
chain and a carbon atom is eliminated in the oxi­
dation. In analogy with the recently describedla 
conversion of lomatiol into isolomatiol, it appears 
possible that the migration of the double bond is 
due to an isomerization of the acidic substance 
XV to an intermediate of the structure (a). The 
remaining stages may be accomplished through 
the opening of the quinone ring (b) and its subse­
quent closing by oxidation (c), as in the formation 
of the final product (XVI) in the permanganate 
oxidation of lapachol.16,17

Experimental Part
Preparation of the Diacetyl Compounds X and XI from 

Lapachol.—A mixture of 40 g. of lapachol, 40 g. of an­
hydrous sodium acetate and 125 cc. of acetic anhydride 
was refluxed for fifteen minutes and the resulting green 
solution was poured into about 1 liter of water. A green 
oil separated and in the course of a few days it had solidi- 
fied. After being thoroughly washed and dried, the crude 
material was fractionally crystallized from alcohol, using 17

(17) Hooker, T h is  J o u r n a l , 58, 1174 (1936).

5-6 cc. per gram and employing a liberal quantity of ani­
mal charcoal. Needles of Paternö’s compound (X) sepa­
rated first, followed by small crystalline balls of Shepard’s 
compound (XI), the pure, colorless materials being ob­
tained in the following amounts: 20 g. of X and 14 g. of 
XI. Paternö’s compound melted at 131-132°, Shepard’s 
at 128-129°. The first substance (X) dissolves in con­
centrated sulfuric acid to a light yellowish-green solution 
which immediately darkens to a deep green with a brownish 
tinge, while XI gives a garnet color on first contact with 
the acid and this changes to indigo, or to a very dark green, 
and finally becomes brown.

Anal. Calcd. for CigHisOg: C, 69.93; H, 5.52. Found: 
(X)C, 69.55; H, 5.71; (XI) C, 69.74, 69.73; H, 5.53,5.57.

Conversion of the Diacetyl Compounds X and XI into 
öl-  and jS-Lapachone.—Monti8 hydrogenated Paternö’s 
diacetyl derivative (X) in the presence of palladium and 
found the product identical with the diacetyl compound 
VIII, which she prepared by the reductive acetylation of 
a-lapachone. In the present work Adams catalyst was 
used for the hydrogenation and the product, obtained in 
quantitative yield, melted at 169.8-170° and was fully 
identified by comparison with a sample of VIII prepared 
according to Monti. Shepard’s compound (0.25 g.), XI, 
hydrogenated in alcoholic solution (35 cc.) using Adams 
catalyst (thirty minutes), gave colorless crystals (0.21 g.), 
m. p. at 162-162.6°, which did not depress the melting 
point of the diacetyl compound IX from /3-lapachone pre­
pared according to Monti.

The hydrolysis and oxidation of the saturated diacetyl 
derivatives VIII and IX was accomplished by dissolving 
0.1 g. of the material in 8 cc. of glacial acetic acid, adding 
to the cooled solution 15 drops of a mixture of 1 cc. of 
sulfuric acid and 2 cc. of glacial acetic acid, and allowing 
the solution to stand in an open flask at room tempera­
ture for about ten days. On adding 25-60 cc. of water the 
product was precipitated as an emulsion which became 
crystalline on Standing. The substance obtained from 
VIII, after recrystallization, melted at 117°, that from IX  
at 153.5-154°, and these compounds were found identical, 
by mixed melting point determinations, with a-lapachone 
and /3-lapachone, respectively.

Conversion of the Diacetyl Compounds X and XI into 
Dehydrolapachone (III).—The hydrolysis and spontaneous 
oxidation of the unsaturated diacetyl compounds was stud­
ied under three sets of conditions, the first of which is the 
most satisfaetory for preparative purposes.

(a) Sulfuric and Acetic Acids.—A solution of 2 g. of 
Shepard’s compound (XI) in 25 cc. of warm glacial acetic 
acid was transferred to a flat dish so as to expose a large 
surface to the air and 5 cc. of a mixture of one volume of 
concentrated sulfuric acid with two volumes of water was 
added to the cooled solution. The solution was allowed 
to stand uncovered for five days, 40 cc. of glacial acetic 
acid being added to replace that which evaporated. A 
small amount of the starting material crystallized at first 
and later dissolved. Dehydrolapachone was slowly de­
posited and at the end of the period specified this was 
collected and purified by crystallization from 80% alco­
hol, giving 0.44 g. of orange prisms, m. p. 142.5-143°. 
An additional 0.13 g. of the product was obtained on di­
luting the acid liquor. The above crystallization of the
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crude material removed a dark brown, granulär substance 
which is insoluble in alcohol and very sparingly soluble 
in glacial acetic acid. It appears to form a yellow azine 
with o-toluylenediamine.

Treated in the same way, 2 g. of Paternö’s diacetyl 
derivative (X) gave 0.6 g. of dehydrolapachone and none 
of the brown by-product.

(b) Aqueous Sodium Hydroxide.—One gram of either 
X or XI was finely ground and boiled for about fifteen 
minutes with 200 cc. of 0.5% sodium hydroxide solution. 
The solution was filtered from an oily residue (0.23 g.) and 
on cooling it deposited a reddish oil which soon formed a 
resinous solid. This was dissolved in hot alcohol and on 
the addition of water dehydrolapachone was deposited 
as orange needles. The yields were poor.

(c) Alcoholic Potassium Hydroxide.—-Ten grams of
Shepard’s compound (XI) was dissolved in 60 cc. of hot 
alcohol and the solution was cooled under the tap while 7 
g. of solid potassium hydroxide was slowly added and dis­
solved. A current of air was drawn through the solution 
for fifteen minutes to ensure complete oxidation to the 
quinone and the alkali was neutralized with dilute hydro­
chloric acid (150 cc.). A red oil separated and after several 
hours it had partially crystallized. The material was re­
moved and allowed tó soak with 50 cc. of 1% alkali at 
room temperature for two days and the solution was 
poured off and replaced by a fresh portion. The crude 
residue (4.7 g.) was thoroughly washed with water and 
crystallized from alcohol, yielding 2.3 g. of pure dehydro­
lapachone. The combined alkaline extra ets on acidifica­
tion yielded a small amount of 2-ß,ß-dimethylvinyl-3 - 
hydroxy-1,4-naphthoquinone, which formed orange
needles, m. p. 119-120°, from alcohol.

The hydrolysis of Paternö’s diacetyl compound (5 g.) 
by this method proceeded in much the same way, yielding 
2.3 g. of crude dehydrolapachone. In the purification 
small amounts of a colorless and a yellow by-product were 
observed, but these were not investigated.

Reduction and Hydrogenation of Dehydrolapachone.— 
Paternö reported3,4 the conversion of dehydrolapachone 
by reductive acetylation into the diacetyl derivative X  
from which he had obtained it, but since he was unaware 
of the existence of the isomeric compound of Shepard of 
essentially the same melting point it appeared advisable 
to repeat the experiment. On boiling for ten minutes a 
mixture of 0.25 g. of dehydrolapachone, 2.5 g. of zinc dust 
and 5 cc. of acetic anhydride and pouring the filtered, color­
less solution into 30 cc. of water, there was obtained 0.33 
g. of product which formed colorless needles, m. p. 130- 
130.5°, from alcohol. It was found by mixed melting 
point determination and by the color reaction with sulfuric 
acid to be identical with Paternö’s diacetyl compound X, 
and there was no indication of the presence of Shepard’s 
compound.

The hydrogenation of dehydrolapachone was conducted 
in alcoholic solution with Adams catalyst at room tem­
perature for thirty minutes. The filtered solution after 
exposure to the air was concentrated and the product al­
lowed to crystallize. The material, obtained in 73-80% 
yield, formed yellow needles, m. p. 117.5-118°, and it was 
identified as a-lapachone by direct comparison with a 
known sample. In one experiment the purified product

melted at 124.5-125.5° but gave no depression when 
mixed with a known sample, m. p. 117°, the highest melt­
ing point recorded in the literature.

Reductive Acetylation of Isopropylfurano-1,2- and 1,4- 
naphthoquinone.—Since the isopropylfurano-naphthoqui- 
nones7 such as II are isomeric with dehydrolapachone, 
they were converted into the diacetyl derivatives of their 
hydroquinones for comparison with the diacetyl compounds 
of Paternö and of Shepard. In each case 1 g. of the qui­
none was refluxed with 20 cc. of acetic anhydride and 10 
g. of zinc dust for thirty minutes and the filtered solution 
was poured into 125 cc. of water. The product crystal­
lized after a few hours and was obtained in each case in 
quantitative yield. Diacetyl isopropylfurano-l,4-naph- 
thohydroquinone (a) formed colorless needles, m. p. 167- 
168° from alcohol. It also crystallizes well from glacial 
acetic acid or benzene. The solution in concentrated sul- 
füric acid is at first brown, then orange-red and finally a 
greenish precipitate forms as moisture is absorbed from 
the atmosphere. Diacetyl isopropylfurano-1,2-naphtho- 
hydroquinone (b) crystallizes from alcohol as colorless 
plates, m. p. 135.5-136.5°. In concentrated sulfuric acid 
it gives a greenish brown solution changing to dull red on 
exposure to the air.

Anal. Calcd. for Ci9Hi80 5: C, 69.94; H, 5.52. Found. 
(a) C, 70.03; H, 5.49; (b) C, 69.34, 69.91; H, 5.37, 5.53:

Dehydrolapazine (XIII).—A mixture of 2 g. of dehydro­
lapachone, 1.8 g. of tf-phenylenediamine hydrochloride, 
5.4 g. of crystalline sodium acetate and 40 cc. of glacial 
acetic acid was brought to the boiling point, the solution 
was filtered to remove salt, and allowed to cool. Dark, 
shield-shaped crystals of the reaction product separated 
and were collected after twenty-four hours and washed with 
alcohol and water and again with alcohol; yield 1.03 g. 
As examination of the mother liquor showed that it con­
tained unchanged dehydrolapachone it was treated with 
more of the diamine, yielding an additional 0.4 g. of the 
azine. The product was purified by crystallization from 
alcohol and was obtained as brownish yellow scales, m. p.
156.5-157°. The substance imparts to concentrated sul­
furic acid a green color which changes to cerise on slight 
dilution. lts  ethereal solution has a strong green fluores­
cence.

Anal. Calcd. for C2iH16ON2: C, 80.76; H, 5.12; N, 
8.97. Found (Hooker): C, 80.73; H, 5.43; N, 8.98.

Lapeurhodone (XII).—This was prepared from lapachol 
(20 g.) by essentially the method described above except 
that less solvent was employed (200 cc.) and the mixture 
was heated for two hours on the steam-bath. To this 
was then added 100 cc. of hot water and on cooling the 
solution deposited dark prisms of the reaction product. 
The collected material was washed successively with 50% 
acetic acid, with water, with 150 cc. of cold 1% alkali to 
remove unchanged lapachol and with water. The yield 
was 25.6 g. (97%). The substance crystallized from alco­
hol in the form of small, diamond-shaped scales with a 
metallic dark green reflex, m. p. 161.5-162.5°. From 
acetic acid it crystallizes both in the above form and as 
wooly, dark magenta colored needles. Cold 1% alkali 
dissolves the diamond-shaped crystals slowly and the 
needles more rapidly, giving a bright crimson colored 
solution. The solution in concentrated sulfuric acid is
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bright green, and water precipitates orange crystals of 
the sulfate.

Anal. Calcd. for C2iHi8ON2: C, 80.25; H, 5.73; 
8.91. Found (Hooker): C, 79.86; H, 5.80; N, 9.09.

Lapazine.—
O-

A c a :Ch A<CH

CH

3

2

'N

N,

N---- C6H4
The azine was prepared by each of the following methods 
and the samples were all compared and found to be iden­
tical.

(a) From /3-Lapachone.—A mixture of 5 g. of the qui­
none, 13 g. of crystalline sodium acetate, 5 g. of o-phenyl- 
enediamine hydrochloride and 90 cc. of glacial acetic acid 
was heated on the steam-bath for two hours and the red- 
brown solution was diluted with water and allowed to 
stand overnight, the resulting oil slowly crystallizing dur­
ing this time. The yellow globular masses of micro scales 
were washed with 50% acetic acid and with water; yield, 
quantitative. Crystallized from alcohol, lapazine was 
obtained either as yellow scales melting at 130.5-131.5°, 
or as yellow needles which melt at 121.5-122.5° to a clear 
liquid which then becomes opaque as the temperature 
rises and finally clears again at 130.5-131.5°. Either vari- 
ety can be obtained by merely dissolving the crystals in 
hot alcohol and seeding with the type desired. No differ­
ence could be detected in the action of concentrated sul­
furic acid on the two varieties, both dissolving to a deep 
green solution which became orange on slight dilution.

Anal. Calcd. for C2iHi8ON2: N, 8.91. Found: N,
8.94.

(b) From Lapeurhodone (XII).—A solution of 0.1 g. of
lapeurhodone in 5 cc. of cold concentrated sulfuric acid was 
allowed to stand at room temperature for ten minutes and 
poured into 100 cc. of cold water. A brownish-red, floc- 
culent precipitate formed and on being washed with water 
it became more crystalline and changed to a yellow color. 
The yield of lapazine was quantitative.

(c) From Dehydrolapazine (XIH).—Dehydrolapazine 
(0.05 g.) was hydrogenated in alcoholic solution (35 cc.) 
with Adams catalyst (forty-five minutes) and the filtered 
solution after exposure to the air was concentrated to a 
volume of 10 cc. The product, identified as lapazine, was 
deposited as extremely fine yellow needles mixed with yel­
low scales, the two forms having the properties recorded 
above.

Oxidation of Lapeurhodone (XII) to Dehydrolapazine
(XIII).—A solution of 5 g. of lapeurhodone in 600 cc. of 
ether was transferred to a separatory funnel containing 
250 cc. of 5% sodium hydroxide. The funnel was piugged 
with cotton and the mixture let stand at room temperature 
for eight days. The aqueous layer at the outset gradually 
turned red in color due to the presence of dissolved lapeur­
hodone. At the end of the period both layers had become 
lighter in color, the ether layer developing a strong green 
fluorescence and depositing some yellow crystals. The 
aqueous layer was discarded and the ethereal solution on 
evaporation yielded 3.4 g. of dehydrolapazine. The sub­

stance crystallized from alcohol in the form of brownish- 
yellow scales melting at 156.5-157°. It gave no depres­
sion when mixed with the azine from Paterno’s dehydro­
lapachone and gave the same color reactions.

The above change also occurred when a solution of 0.1 g. 
of lapeurhodone in 20 cc. of 1% sodium hydroxide solution 
was refluxed for about twenty-four hours, the dehydro­
lapazine depositing from the alkaline solution as a yellow 
oil which solidified on cooling. The yield was good but 
the product was less satisfaetory than that obtained by 
the other method.

Oxidation of Methyllapeurhodone.—Six grams of 
methyllapeurhodone (from lapachol and o-toluylenedi- 
amine)12 was dissolved in 500 cc. of ether, 500 cc. of 5%

O

sodium hydroxide solution was added and the mixture was 
allowed to stand in a loosely stoppered flask for two days. 
Evaporation of the ether layer yielded 4.5 g. of a mixture 
of yellow needles and yellow scales. The two substances, 
which appear to be isomers differing in the location of the 
methyl group, were separated by fractional crystallization 
from alcohol, the needle-form separating first. The 
needles melted at 149-151.5°, the scales at 169.5-171.5°. 
Both substances give a green solution in concentrated 
sulfuric acid, the solution becoming carmine on dilution 
and depositing red needles of a salt.

Anal. Calcd. for C22Hi8ON2: C, 80.98; H, 5.52; N, 
8.59. Found: (needles) C, 80.74; H, 5.45; N, 8.55; 
(scales) C, 81.12; H, 5.60; N, 8.56.

By condensing dehydrolapachone with o-toluylenedi- 
amine in the usual way and fractionally crystallizing the 
product from alcohol, two methyldehydrolapazines were 
obtained having properties identical with those of the 
compounds described above and giving no depression in 
melting point when mixed with these substances.

Action of Sodium Hydroxide on Bromo-/3-lapachone 
(XIV). (a) 1% Alkali.—Finely ground bromo-ß-lapa- 
chone was allowed to stand at room temperature with 1% 
sodium hydroxide solution for ten days and the crimson 
colored solution was filtered from unattacked material 
and acidified. Orange-yellow crystals of dihydroxyhydro- 
lapachol,5 m. p. 184-185°, were deposited, and the aqueous 
mother liquor slowly yielded an additional crop of crystals 
which were found to consist chiefly of dihydroxyhydro- 
lapachol and an extremely small amount of material in­
soluble in cold dilute alkali and identified as dehydrolapa­
chone.

(b) 5% Alkali.—-Treated as above, but with stronger 
alkali, the substance was attacked more rapidly. After 
one week the alkaline solution was filtered from unchanged 
material and acidified. The crystalline product consisted 
of a mixture of dihydroxyhydrolapachol (60-65% by 
weight) and the lapachol oxidation product XVI (5% by 
weight), m. p. 119-120°. A Separation was accomplished 
by reprecipitation from an alkaline solution, the oxidation
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product separating rapidly while dihydroxyhydrolapachol 
is deposited slowly.

Conversion of Dehydrolapachone (Hl) into 2-/S,0-Di- 
methylvinyl-3-hydroxy-1,4-naphthoquinone (XVI). — (a)
Finely ground dehydrolapachone was allowed to stand in 
contact with 10% sodium hydroxide solution at room tem­
perature and after one day the alkaline solution was filtered 
from unattacked material and acidified. The precipitate 
consisted largely of dehydrolapachone, but a small amount 
of an acidic substance was isolated by soaking the crude 
material with dilute alkali, which leaves the dehydro­
lapachone largely, if not entirely, undissolved, and repre- 
cipitating with acid. The dimethylvinyl compound XVI 
was identified by melting point (119 —120°), mixed melting 
point, and by its reaction with concentrated sulfuric acid.

(b) Ten grams of dehydrolapachone was ground to a 
paste with 200 cc. of water, this was treated with a solution 
of 50 g. of sodium hydroxide in 300 cc. of water, 50 g. of 
zinc dust was added and the container was stoppered and 
shaken at intervals. The substance dissolved within a 
few minutes owing to its rapid conversion to the hydro­
quinone, as indicated by the change in the color of the solu­
tion from crimson to yellow. After one hour the mixture 
was poured into 2.5 liters of water, the color changing at 
once to red and the dilute alkaline solution was filtered to 
remove the zinc. Air was drawn through the solution for 
a few minutes to ensure complete oxidation and the solu­
tion was then acidified by pouring it into dilute hydro­
chloric acid (a better product was obtained than when the 
acid was added to the alkaline solution). The crude ma­
terial contained some unchanged dehydrolapachone, but 
this was largely left as a residue on extracting the product 
with 700 cc. of 0.5% alkali and filtering immediately. On 
acidification the reddish-purple filtrate yielded 6.7 g. of
2-/3, ß-dimethylvinyl-3-hydroxy-l ,4-naphthoquinone in the 
form of red prismatic needles. Extraction of the mother 
liquor gave 1.3 g. more of the material. The purified prod­
uct melted at 119-120° and was identical with that ob­
tained by the permanganate oxidation of lapachol.

Anal. Calcd. for C14H12O3: C, 73.67; H, 5.26. Found: 
C, 73.49; H, 5.54.

Action of Acetic Anhydride and Sodium Acetate on 2- 
Allyl-3 -hydroxy-1,4-naphthoquinon e.—It was observed by 
Fieser18 that the allyl compound behaves in the acetyla­
tion reaction like lapachol, and he reported the isolation of 
a substance of m. p. 220-221°, dec., analogous to Patemó’s 
diacetyl compound X. A further investigation of the reac­
tion was undertaken with Dr. Steyermark in the hope of 
obtaining the parent quinone of which dehydrolapachone

(18) Fieser, T h is  Jo u r n a l , 48, 3201 (1926).

(III) is the dimethyl derivative, but the work was not 
completed. A second isomer, probably corresponding to 
Shepard’s compound XI, was isolated from the reaction 
mixture by fractional crystallization from alcohol. From 
1 g. of the allyl compound there was obtained 0.5 g. of 
Fieser’s diacetyl compound, which after recrystallization 
melted at 223.5-224.5°, dec., and 0.4 g. of the new com­
pound. The latter formed feather-shaped needles, m. p.
178.5-179.5°.

Anal. Calcd. for C17H14O5: C, 68.43; H, 4.73. Found: 
C, 68.71; H, 4.70.

Fieser’s compound on acid hydrolysis and exposure to 
the air gave a red quinone resembling dehydrolapachone, 
but the substance was not fully characterized.

Summary
It is shown in this paper that Paternö’s “iso- 

lapachone” is in reality a dehydro derivative of 
a-lapachone in which the double bond occupies the 
a,j0-position in the chain. Under certain condi­
tions lapachol (a) or its derivatives can be trans- 
formed both directly and indirectly into Paternö’s 
compound (b), or the corresponding derivatives 
of this substance. The actual mechanism of the

change is still in doubt. Conditions also have 
been defined under which dehydro-a-lapachone
(b) can be transformed by air oxidation in the 
presence of alkali into a substance (c) previously 
obtained by the oxidation of lapachol with alka­
line potassium permanganate.
82 R e m s e n  S t r e e t  R e c e iv e d  A p r il  3, 1936
B r o o k l y n , N e w  Y ork
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Lomatiol. Part III. Oxidation with Alkaline Potassium Permanganate15
By Samuel C. Hooker and Al Steyermark

In a previous paper3 evidence was presented 
indicating that lomatiol has the Constitution repre- 
sented by formula I, and it was reported that on 
oxidation with alkaline potassium permanganate 
the yellow substance yields an orange compound 
of the formula II, a change of the type observed4

a |OH

Jc h 2c h = o
CHjOH

\ C H S

KM nO
= c /iC H = G  

OH

CH 2OH

''CH3

(I)Lomatiol
en)

Orange oxidation product

C H 2OH

c h 3

(yellow)
A

/  
,c h 2c h

CH;

OH \C H ;

(yellow)

NaOH

,c h 2c h c h 2

(V)
/3-Methyldihydropyrano- 

1,2-naphthoquinone

HCl iCH2CHCH;

(VI)
ß-Methyldihydropyrano- 

1,4-naphthoquinone

in the case of lapachol and related hydroxynaph­
thoquinone derivatives. The present paper in- 
cludes a full account of the reaction and a descrip- 
tion of a second substance which is formed in 
small amounts in the course of the oxidation.

(1) See Editor’s note (1), T h is  J o u r n a l , 58, 1163 (1936).
(2) The orange oxidation product from lomatiol and the interesting 

red closed ring compound obtained from it were isolated by Dr. 
Hooker as early as 1917, but as the nature of the oxidation was not 
at the time understood the matter was dropped for the time being. 
After the course of the reaction of lapachol with alkaline permanga­
nate had been established, work on the present problem was later 
resumed in conjunction with Dr. Steyermark. Dr. Hooker wrote no 
manuscript describing the investigation and the paper has been con­
structed from his notes and from the notes and reports of his assist- 
ant.—L. F . F ie s e r .

(3) Hooker, This Journal, 58, 1181 (1936).
(4) Hooker, ibid., 58, ,(a) 1168; (b) Hooker and Steyermark, ibid., 

58, 1174; (c) 1179 (1936).

The structure of the orange compound (II) is 
established by the following observations. On 
hydrogenation two substances are formed con- 
currently, one by the Saturation of the double 
bond in the side chain (III), the other by the si- 
multaneous replacement of hydroxyl by hydrogen 

and the addition of hydrogen to the 
double bond (IV). As such a reaction is 
characteristic of an allylic system, the 
original hydroxyl group must occupy a 
position adjacent to the double bond. 
The compound in which the hydroxyl has 
been removed from the side chain was 
found to be identical with a quinone previ­
ously described4a and known to have the 
structure of IV, and consequently the 
allylic system must be arranged either in 
the manner indicated in II or with the 
hydroxyl group in the a-position and the 
double bond at the end of the chain. A 
choice between the two possibilities is 
easily made, for it can be inferred from 
other observations5 that if the latter struc­
ture were correct the alcoholic hydrogena­
tion product (III) would readily lose water 
to form a substance with an unsaturated 
side chain. Instead it is converted by 
sulfuric acid into an orange closed-ring 
compound (V) very similar in properties 
to ß-lapachone. That this is a ß-quinone 
is shown by its ability to form an azine 
and by its conversion by means of hydro­
chloric acid into a yellow a-quinone, VI. 
Consequently the hydroxyl group must 

be at the end of the chain in the saturated alcohol 
III and in the oxidation product (II) itself.

The observations thus lend further support to 
the structure assigned to lomatiol and the oxida­
tion is shown to proceed, as in the examples al- 
ready studied, by the removal of CH2 from the po­
sition adjacent to the quinone group. The 
change is all the more remarkable because both 
the primary alcoholic group and the double bond 
remain unattacked. Comparing the orange oxi­
dation product II with the compounds which it 
yields on hydrogenation (III and IV) and with 
lomatiol, all of which are yellow, it is seen that

(5) Hooker, T h is  Jo u r n a l , 58, 1163 (1936),
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the presence of a double bond in II in the Op­
position of the chain could be safely inferred from 
the orange color.

The orange compound II easily loses a molecule 
of water under various conditions, for example 
when it is gently heated, or when the aqueous 
solution is boiled. The anhydride, which forms 
dark red needles, has been recognized as a para 
quinone of the structure VII by its conversion on 
hydrogenation into the yellow a-quinone VI.

/3-Methylpyrano-1,4- 
naphthoquinone

,CH=CHC(CH3)2

lo____ J
O VIII

Dehydrolapachone

The compound has the type of unsaturated, six- 
membered ring characteristic of Paternö’s de­
hydrolapachone,6 VIII, and it closely resembles 
this substance in its red color, which no doubt is 
due to the conjugation of the double bond with 
the quinone ring, in its behavior when treated 
with sulfuric acid, and its ready formation from 
the open chain compound. The substance has 
been found to undergo a number of additional 
changes, which will be described in a later paper.

As in the oxidation of other quinones having 
unsaturated side chains,4a,c the action of alkaline 
potassium permanganate is not limited to a single 
reaction and the quantity of the orange compound 
II produced amounts to no more than about one- 
third of the lomatiol used. As another product 
of oxidation there was isolated a small quantity 
of a yellow substance which was fully identified, 
by direct comparison with a sample prepared by 
a method which will be described in a later paper, 
as jö-methylfurano- 1,4-naphthoquinone, IX. On 
treatment with alkali the substance is converted

O O

into the salt of the ketonic compound X. Two of 
the original carbon atoms of lomatiol are lost in 
the formation of this oxidation product, one prob­
ably being that next to the quinone ring and the 
other the carbon atom carrying the hydroxyl

(6) H ooker, T h is  J o u r n a l , 58, 1190 (1936).

group a t the end of the chain. The course of the 
reaction is not known.

Experimental Part7
Orange Oxidation Product, II (2-/3-M ethyl-y-hy droxy-«- 

propenyl-3-hydroxy-1,4-naphthoquinone).—Four grams of 
lomatiol was dissolved in 400 cc. of 1% sodium hydroxide 
solution and this was cooled in ice water and treated 
quickly with a similarly cooled solution of 4 g. of potassium 
permanganate in 400 cc. of water. The solution turned 
green, then brown, and the manganese dioxide had largely 
separated within a minute or two. The solution was 
filtered at once from the precipitate and very carefully 
neutralized with dilute hydrochloric acid, avoiding an 
excess as this promotes the conversion of the material into 
the red anhydride (VII). The resulting orange solution 
was transferred to four flat dishes and evaporated at room 
temperature with the aid of electric fans to a volume of 45“ 
140 cc. (four and one-half hours to five and one-half hours). 
By this time a considerable amount of crystalline, orange 
material had separated and this was collected and washed 
with a small volume of cold water. A small quantity of 
the red anhydride can be obtained by boiling the mother 
liquor.

The crude product (1.2-1.4 g.) was contaminated with 
a small amount of the red anhydride, but it was easily 
separated from this material by extraction with cold 1% 
sodium carbonate solution (33 cc. per g.), which does not 
attack the red compound on short contact. The orange 
material reprecipitated from the soda solution was crystal­
line and nearly pure (recovery, 86%). The substance 
separates from benzene or from benzene-ligroin as orange, 
crystalline masses, while from petroleum ether it forms 
woolly orange needles. It has no true melting point for it 
is rapidly converted into the red anhydride on being heated. 
Loss of water also occurs on boiling the aqueous solution 
for a few minutes or treating the compound with sulfuric 
or hydrochloric acid at room temperature. The change 
occurs on prolonged boiling of the solution in alcohol, in 
which the orange compound is very soluble, and even in the 
solid state the hydroxy compound undergoes slow, spon­
taneous cyclization.

A n a l. Calcd. for C14H12O4: C, 68.82; H, 4.96. Found: 
C, 68.79; H, 5.37.

The Red Anhydride, VII (ß-Methylpyrano- 1,4-naphtho­
quinone).—For the preparation of this substance in 
quantity it is convenient to effect the dehydration of the 
oxidation product II directly in the reaction mixture, rather 
than to first isolate it. In a typical experiment 10 g. of 
lomatiol was oxidized exactly as described above and the 
filtered alkaline solution was neutralized with dilute (1:3) 
hydrochloric acid and treated with an additional 50 cc. of 
the dilute acid. The orange solution was boiled gently for 
twenty minutes, avoiding any appreciable decrease in the 
volume, as the product is then contaminated with other 
substances. During this time the solution became red 
and crystals of the red anhydride were deposited from the 
hot solution. After cooling to room temperature, the prod­
uct was collected and washed with water; yield 3 g. The 
crude material usually contains a small amount (2-3%)

(7) Analyses by Dr. D. Price, Columbia University.
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of the second oxidation product, ^-methylfurano-1,4- 
naphthoquinone, IX, which was recognized in separate 
experiments by its greater resistance to alkaline hydrolysis. 
The substance is eliminated in the course of the crystalliza­
tion.

The anhydride VII is sparingly soluble in alcohol and 
crystallizes from this solvent as fiery red, prismatic needles 
melting at 196.5-197.5°. It dissolves readily in benzene 
or glacial acetic acid and is very sparingly soluble in water, 
from which it is deposited as very fine, bright red needles.

Anal. Calcd. for Ci4Hio0 3: C, 74.30; H, 4.45. Found: 
C, 73.93; H, 4.45.

Very characteristic of the red anhydride, as well as of 
Paternö’s dehydrolapachone, is the following color reac­
tion. The compound dissolves in concentrated sulfuric 
acid to give a clear, deep green solution and if this is ex­
posed on a watch glass it gradually absorbs moisture from 
the atmosphere, acquires a plum pink color, and finally 
deposits the unchanged substance in the form of red 
needles, sometimes curved, leaving the solution colorless. 
The same changes are noted with Paternö’s compound.

Heated for six hours with o-phenylenediamine in glacial 
acetic acid solution, the red anhydride was in part resini- 
fied and in part recovered unchanged. There was no 
evidence of azine formation.8

ß-M ethyldihy dropyran o-1,4-naphthoquinone (VI).—A
suspension of 4 g. of the red anhydride (VII) in 200 cc. of 
alcohol was agitated with hydrogen at 40 lb. (2.66 atm.) 
pressure in the presence of Adams catalyst. The red 
compound soon went into solution in the form of the hydro­
quinone and this gradually added hydrogen to the double 
bond. The course of the reaction was followed by remov- 
ing a drop of the solution, allowing it to evaporate and 
oxidize on a watch glass, and adding a drop of concen­
trated sulfuric acid. The starting material gives a green 
color with the acid while the dihydro derivative gives a 
red color. The hydrogenation was found to be complete 
in forty-five minutes. After filtering and allowing time 
for oxidation, a part of the reaction product crystallized 
from the solution and further crops were obtained after 
concentration of the mother liquor; yield, 3.8 g. The 
product was purified by crystallization from alcohol, 
using animal charcoal, and it was obtained as bright 
yellow, elongated plates, m. p. 170.5-171°.

Anal. Calcd. for CmHi20 3: C, 73.65; H, 5.30. Found: 
C, 73.74; H, 5.74.

The red solution of the quinone in concentrated sulfuric 
acid on exposure to the air deposits long yellow needles of 
the unchanged compound on absorption of moisture. The 
action of boiling alkali on the substance and its formation 
from the isomeric ortho quinone are described below.

2 - y  - Hydroxyisobutyl -  3 - hydroxy - 1,4 - naphtho­
quinone (III).—This compound is most conveniently pre­
pared by the saponification of the dihydropyrano-/>- 
quinone VI, described immediately above. This material 
(2.9 g.) was finely ground and boiled with 1% sodium hy­
droxide solution (400 cc.) for about ten minutes, when it 
had completely dissolved. The resulting crimson colored 
solution was carefully treated with dilute hydrochloric

(8) Similarly, the quinone does not dissolve in cold sodium bisul­
fite solution.—L. F. F.

acid and left faintly alkaline, as in the presence of excess 
acid the product is readily dehydrated to the dihydro- 
pyrano-0-quinone V. The crude product which precipi­
tated (2.8 g.) contained in addition to the desired acidic 
compound a small amount of a neutral, yellow substance 
not identical with the starting material. The two were 
easily separated by extraction with cold 1% alkali, the 
hydroxy quinone III being recovered from the filtered 
solution by careful neutralization; yield, 2.6 g. The sub­
stance crystallizes from benzene or from benzene-ligroin in 
the form of yellow needles, m. p. 147.5-148.5°. It is very 
soluble in alcohol, but crystallizes well from dilute alcohol 
as needles.

Anal. Calcd. for C14H14O4: C, 68.26; H, 5.73. Found: 
C, 68.25; H, 5.99.

The compound was obtained by the action of alkali on 
the isomeric o-quinone V in exactly the same manner.

ß-M ethyldihy dropyrano-1,2-naphthoquinone (V).—A
solution of 1.6 g. of the hydroxyquinone III in 20 cc. of 
concentrated sulfuric acid was prepared at room tempera­
ture and after standing for forty-five minutes the red solu­
tion was poured into 100 cc. of water. The reaction prod­
uct separated in the form of orange needles and in a very 
pure condition; yield 1.5 g. The product, purified by 
crystallization from alcohol, was obtained either as orange 
prismatic needles or as elongated orange plates, m. p. 148- 
148.5°.

Anal. Calcd. for C14H12O3: C, 73.65; H, 5.30. Found: 
C, 73.32; H, 5.37.

The compound is also formed when the hydroxyquinone 
III is allowed to stand for one to two days in contact with 
dilute hydrochloric acid. It is insoluble in cold dilute 
alkali, but on boiling it soon dissolves with opening of the 
oxide ring. The conversion of the substance into the 
isomeric para quinone VI was accomplished by heating a 
solution of 0.1 g. of the material in 3 cc. of concentrated 
hydrochloric acid at 55-65° for one and a half hours. The 
red solution on cooling deposited yellow needles (0.09 g.) 
of the para quinone in a very pure condition.

The azine of the ortho quinone V was prepared by heating 
a solution of the substance and ö-phenylenediamine in 
glacial acetic acid at the boiling point for a few minutes. 
The yellow product separated in part from the boiling 
solution. Recrystallized from alcohol (fluorescent solu­
tion), it formed yellow needles, m. p. 160-161°. The 
solution in concentrated sulfuric acid is deep green and de­
posits an orange sulfate on dilution.

Anal. Calcd. for C20H16ON2: C, 79.97; H, 5.37.
Found: C, 80.11; H, 5.25.

Hydrogenation of the Orange Oxidation Product II.—
The two compounds III and IV, which are formed simul- 
taneously in the hydrogenation of the unsaturated alcohol
T T  ä  m m  «>• x».4- x-v4-L  x-vX-* l«w  « /> ♦ > n  4-x-v xl a  xt ^.1» JC .̂ _ JL.h —» M A A X ! •. __
XX, C txc  JAUL u u L A I c a o X iy  O C p m a L C U  <Xä  ÜUCAL l l K J U l  LALC X C c tC U U ll

mixture, but on treatment with acids the saturated alcohol 
III is converted into its ortho quinone anhydride and IV 
can then be removed from it by extraction with alkali. 
The following procedure gave satisfaetory results. A solu­
tion of 0.2 g. of the oxidation product II in 4 cc. of alcohol 
was submitted to hydrogenation (Adams catalyst) for 
forty-five minutes and on filtering and concentrating the 
solution to ä small volume a small crop (0.06 g.) of 2-iso-
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butyl-3-hy droxy-1,4-naphthoquinone (IV) was deposited. 
After allowing the mother liquor to evaporate to dryness 
the residue was dissolved in 0.25% alkali and the solution 
was filtered from a small amount of resin and acidified with 
dilute (1:3) hydrochloric acid, adding 5 cc. excess. The 
crystalline yellow precipitate, consisting of a mixture of the 
two products of hydrogenation, was allowed to stand in 
contact with the acid liquor for two days, during which time 
the alcohol III was converted into its ortho quinone anhy­
dride. The collected material was then shaken with cold 
0.25% alkali for one to two minutes and the solution was 
quickly filtered from unchanged orange needles of V 
(0.03 g.) and acidified, giving 0.04 g. of the yellow iso- 
butyl compound IV. After recrystallization the orange 
substance melted at 148-148.5° and the yellow one at
132.5-133.5°. Identifications with known samples were 
made by mixed melting point determinations and by micro­
scopie examination of the character of the precipitates re­
sulting on the acidification of the Solutions in alkali»

The Second Oxidation Product, IX (jS-Methylfurano-1,4- 
naphthoquinone).—This compound is produced only in 
small quantities in the oxidation of lomatiol, but by the 
following procedure it is possible to free the substance from 
other products of the reaction and to obtain it in a very 
pure condition. The new compound was isolated from the 
acid mother liquor remaining from the oxidation of 10 g. 
of lomatiol, after removing the orange product in the form 
of its red anhydride as described above for the preparation 
of the latter substance. The acid filtrate was boiled down 
to a volume of about one liter and allowed to cool to room 
temperature, when about 0.6 g. of crude material was de­
posited. This contained, in addition to the new com­
pound, some material easily soluble in alkali and some of 
the red anhydride, VII. It was first ground with 40 cc. 
of cold 0.25% alkali, and after standing for three hours the 
undissolved material was collected and boiled for about 
three minutes with 20 cc. of 1% alkali. This treatment 
left the new compound largely unattacked, but a small 
amount of the red anhydride also escaped the action of the 
alkali, and the orange residue (0.2 g.) was still impure. 
In order to remove the red anhydride, the crude product 
was submitted to hydrogenation in alcoholic solution, it 
having been established that the new compound is con­
verted only into its hydroquinone under these conditions.

This procedure removed the red color due to anhydride 
(VII), for the latter was converted into its yellow dihydro 
derivative VI, which is more soluble in alcohol and which 
can be removed by crystallization. After agitation with 
hydrogen the filtered alcoholic solution was exposed to the 
air and on standing it slowly deposited yellow needles 
of the purified product (IX). On further crystallization 
the substance was obtained as yellow needles or prisms, 
m. p. 246-247°.

Anal. Calcd. for Ci3H80 3: C, 73.58; H, 3.57. Found; 
C, 73.75; H, 3.73.

The substance did not depress the melting point of a 
sample prepared by a method which will be described in a 
fortheoming paper. Both samples were converted into 
the same acidic substance X  (m. p. 176.5-177.5°) by boil­
ing sodium hydroxide solution.

Summary
The oxidation of lomatiol with alkaline potas­

sium permanganate proceeds exactly as in the 
case of other examples studied in this Laboratory:

(OH
C10H4O2 /C H 2OH becoming

CH2CH=C<
\ c h 3

C10H4O2

/C H 2OH 
r CH =C<

X CH3
OH

There is formed in addition a very small amount 
of a substance having one less carbon atom, but 
although the structure of the compound has been 
established the manner in which it is formed is 
still obscure. The principal product of the oxida­
tion yields two substances simultaneously on 
hydrogenation, and it gives rise to an interesting 
red ring compound which has been recognized as 
an a-quinone of a type analogous to Paternö’s de­
hydrolapachone .
82 R emsen  S treet R eceived  A pril  7, 1936
B ro oklyn , N e w  Y o rk
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Conversion of Ortho into Para, and of Para into Ortho Quinone Derivatives. Part 
IV.1 Synthesis of Furan Derivatives of and ß-Naphthoquinones2’3

By Samuel C. Hooker and Al Steyermark

The ready conversion of isolapachol into iso- 
propylfurano-1,4- and 1,2-naphthoquinone was 
described many years ago in connection with ex­
periments on the structure of lapachol,4 and the

VII VIII

belief was then expressed that the reaction would 
prove to be a general one. This is abundantly 
substantiated by the experiments recorded in this

(1) Previous papers: (a) Hooker and Carneil, J. Chem. Soc., 65,
76 (1894); (b) Hooker and Walsh, ibid., 65, 321 (1894); (c) Hooker 
and Wilson, ibid., 65, 717 (1894).

(2) See Editor’s note (1), T h is  J o u r n a l , 58, 1163 (1936).
(3) Dr. Hooker wrote the first three paragraphs of this paper and 

the remainder has been constructed from the notes and reports of 
the junior author.—L. F . F ie s e r .

(4) Hooker, J. Chem. Soc., 69, 1355 (1896).

paper. The accompanying table shows graphically 
the formation of the furan derivatives and some 
of the important reactions studied involving 
changes from para to ortho quinones and vice 

versa. In some instances the changes take 
place practically quantitatively, in others 
modifications occur with the formation of 
additional substances, but in general the 
table records the reactions common to the 
substances examined.

The parent compound of this group of 
furanonaphthoquinones, IX, was first ob­
tained by Scholl and Zincke5 from X by a 
series of changes following the formation of X 
by alkaline ferricyanide oxidation of alizarin. 
The furan compound was described as crystal­
lizing in red needles, but in spite of this very 
characteristic property of ortho naphtho- 
quinones of this type, to which attention has 
been called repeatedly in former papers,la,lb 6 
Scholl and Zincke preferred to assign to their 
compound the formula XI which would be 
yellow. We shall show that they erred in 
this respect and that the substance is not a 
para quinone. In dealing with this subject 
of quinone change, it may again be empha- 
sized that many compounds are now known 
of the general formulas XII, XIII and XIV, 
and that in the course of minor Chemical 
changes of naphthoquinone derivatives of 
this type whenever a red compound passes 
into a yellow one or vice versa it may almost 
be taken for granted that a change corre­
sponding to this change of color has occurred 
in the quinone groups.

Errors in the Chemical literature have al- 
ready been correctedla,b where this change 
in color has been disregarded. There are, 
however, some known exceptions to the gen­

eral rule, the causes of which have been fully dis- 
cussed and explained in recent papers.7 For in- 
stance, in compounds of the type I we have one of 
these exceptions. These substances, which served 
as the starting materials for the present syntheses,

(5) R. Scholl and A. Zincke, Ber., 52, 1142 (1919).
(6) Hooker, / .  Chem. Soc., 61, 611 (1892); 63, 1376 (1893); 65, 

15 (1894); 69, 1355 (1896); Hooker and Gray, ibid,, 63, 424 (1893).
(7) (a) Hooker, T h is  J o u r n a l , 58, 1163; (b) 1168; (c) 1181; (d) 

Hooker and Steyermark, 1179; (e) 1198 (1936).

o  o
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O o  o
(XII) (XIII) (XIV)

Red or deep orange Yellow Yellow

were prepared for the most part by the condensa­
tion of aldehydes with hydroxynaphthoquinone.7a 
The simplest member of the series, 2-vinyl-3- 
hydroxy-1,4-naphthoquinone, has not been ob­
tained by this method, possibly because of its un- 
usually sensitive nature, but it has been prepared 
by the oxidation of the allyl compound.7d The 
compounds in question (I) are not yellow as the 
para naphthoquinone grouping ordinarily requires, 
but are deeply colored, usually orange or brick 
red, This is due to the presence of a double bond 
in the a,ß-position of the side chain. They add 
bromine readily in chloroform solution forming 
compounds of the general formula II which with 
the elimination of the double bond become yellow.

The bromine addition compounds (II) are com- 
paratively unstable, being readily converted into 
furano-1,2-naphthoquinone derivatives, III, which 
are red. This change takes place gradually with 
loss of hydrogen bromide even in the dry, purified 
substances. The bromine compounds can be puri­
fied by crystallization from benzene or chloroform 
but even at ordinary temperatures there is usually 
slight decomposition. Solution in alcohol con­
taining small amounts of water, sometimes even 
in the cold, brings about almost quantitative con­
version into the corresponding deep red III, due 
to the passage of the para quinone group of the 
yellow dibromide into the ortho quinone group of 
the furan derivative.

In the case of the methyl, ethyl and phenyl de­
rivatives, the red ortho quinones (III) can be

isomerized to the yellow para quinones (IV) by 
the action of sulfuric acid. By boiling the qui­
nones of either type with alkali the furan ring is 
opened and the same acidic substance is obtained 
from the two isomers III and IV. Since the re­
sulting compound invariably is yellow, the struc­
ture must be that of VI, for the unsaturated com­
pound of formula V would be orange or red. The 
ketonic compounds of the type VI on direct 
cyclization give mixtures of the ortho and para 
quinones, but after reduction to the hydroqui- 
nones (VIII) ring closure occurs selectively in a 
single direction and on oxidation the ortho qui­
nones (III) can be obtained in a pure condition.

While the methyl and ethyl substituted com­
pounds of the type IV are pure yellow in color and 
stand in marked contrast to the corresponding red 
quinones (III) of the ortho series, ß-phenylfurano-
1,4-naphthoquinone can be obtained both as golden 
yellow plates and as bright red needles. The red 
form is the less stable modification and changes into 
the yellow form when heated. Although it is un- 
usual that a para quinone of this type should exist 
in any but a yellow condition, even as a metastable 
form, there is still a considerable contrast between 
the bright red color of this modification and the 
dark, purplish-red of the ortho isomer. The latter 
substance combines with o-phenylenediamine to 
form an azine, and the same characteristic prop- 
erty of an ortho quinone is shared by the methyl 
and ethyl derivatives, which from their red color 
alone would be regarded as ortho quinones.

The preparation and characterization of the 
parent quinone of the furan group presented some 
difficulties, probably because the general insta- 
bility of the vinyl derivative of hydroxynaphtho­
quinone is shared by the other open-chain com­
pounds resulting from it. Only one of the two 
possible furanonaphthoquinones was isolated, 
namely, a deep red compound corresponding to 
the description of Scholl and Zincke. From its 
color and from the fact that it was obtained by 
the general method which in other cases leads to 
the formation of ortho quinones, it can be inferred 
that the substance is an ortho quinone of the 
formula IX, a conclusion which is convincingly 
established by the formation of a characteristic 
azine in good yield.8 The quinone is unusually

(8) A further confirmation of the structure is that the substance 
dissolves in cold sodium bisulfite solution. The action is slower than 
in the case of the methyl and ethyl derivatives, as might be expected 
from the much higher melting point of the parent substance, but as 
with these compounds the quinone is precipitated unchanged on the 
addition of sodium carbonate.—L. F. F.
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stable in concentrated sulfuric acid solution and, 
although some change occurs after the solution 
has stood for several weeks, no substance corre­
sponding to a para quinone has been isolated. 
Attempts to open the furan ring by alkaline hy­
drolysis indicated that the aldehydic substance 
first formed undergoes further change in the 
course of the reaction.

The substituted furanonaphthoquinones of 
both the ortho and para series are converted by 
alkalies in good yield into the ketonic compounds 
of the formula VI. Although the properties of 
these substances have not been investigated ex- 
tensively it has been found in one case that the 
carbonyl group of the side chain is easily reduced 
by hydrogen in the presence of platinum catalyst, 
and probably the reaction is a general one. The 
compound studied was 2-acetonyl-3-hydroxy-1,4- 
naphthoquinone (R = CH3), and the alcoholic 
reduction product (XVII) proved to be identical 
with a substance obtained by Fieser9 10 by cyclizing
2-allyl-3-hydroxy-l,4-naphthoquinone. (XV) with 
sulfuric acid and opening the ring by treatment 
with alkali. The identity of the products verifies

O

XV XVI
O

^ x/ \ cH2CH(OH) c h ,

U y oh
o

XVII

the structures assumed by Fieser for XVI and 
XVII on the basis of the known rule of addition, 
and it is of interest that the rule holds for the 
allyl compound as well as for lapachol4 although 
the former substance gives rise to the formation 
of a five-membered ring while with the latter a 
six-membered internal anhydride is produced.

i __1 T > ____x, m
J J / A p C l i l i l C I l L c l I  J T f c U L ^

Reaction of the Unsaturated Compounds (I) with Bromine 
The bromine addition products were prepared by dis­

solving the unsaturated compound in chloroform (10-20 
cc. per gram of material) at room temperature and either 
quickly treating this with, or adding it to, a solution of

(9) Fieser, T h is  J o u r n a l , 48, 3201 (1926).
(10) Microanalyses by Dr. D. Price of Columbia University.

somewhat more than one equivalent of bromine in the same 
solvent (5 cc. per gram). The bromine was absorbed at 
once, following which the solvent was removed completely, 
except in the case of the less soluble phenyl compound, by 
distillation from a water-bath, avoiding unnecessary heat­
ing. The residual oil usually crystallized after standing for 
several hours, and this crude material was quite suitable 
for use in the next step in the synthesis. The substances 
were not all obtained in a completely pure condition.

In the case of 2-vinyl-3-hydroxy-l,4-naphthoquinone 
the chloroform solution of the crude material was filtered 
from some insoluble residue, cooled to 0°, and poured into 
the bromine solution. The crude reaction product was 
very unstable and it was converted at once into the furano-
l, 2-naphthoquinone. From 1 g. of the 2-a-propenyl 
compound and 0.65 g. of bromine there was obtained, 
after washing the crystalline reaction mass with 1 cc. of 
cold benzene to remove adhering resin, 1.5 g. of crude di- 
bromo compound. It crystallized from benzene (5 cc. 
per gram) as yellow plates, m. p. 156-157°, dec., but the 
sample decomposed before an analysis could be made.

2 - a,ß - Dibromo - w - butyl - 3 - hydroxy - 1,4 - naphtho- 
quincne (II, R = C2H6) was prepared from 2 g. of the un­
saturated compound and 1.3 g. of bromine. Recrystallized 
from 5 cc. of benzene, the substance formed yellow prisms,
m. p. 133-134°; yield, 2.5 g.

Anal. Calcd. for C, 43.31; H, 3.11;
Br, 41.19. Found; C, 43.60; H, 3.00; Br, 40.51.

2 - a ,ß  - Dibromo - ß  - phenylethyl - 3 - hydroxy - 1,4 - 
naphthoquinone (II, R =  CeHg).—A solution of 2 g. of 
2 - ß  -phenylvinyl - 3-hydroxy -1,4 - naphthoquinone in 25 
cc. of chloroform was treated gradually at room tempera­
ture with 1.6 g. of bromine in 6 cc. of chloroform. After 
standing one to four days the solution deposited 1.1-1.4 
g. of yellow prisms of the addition product, and after con- 
centrating the mother liquor to one-half its volume an 
additional erop amounting to 0.3-0.4 g. was obtained. A 
second substance was obtained from the mother liquor as 
described below. The dibromide was crystallized from 
Chloroform, taking care to avoid undue heating as this re­
sults in cyclization to the ortho quinone with the elimina­
tion of hydrogen bromide, and the compound was obtained 
as yellow prisms, m. p. 172.5-173.5°, dec.

Anal. Calcd. for Ci8Hi203Br2; C, 49.55; H, 2.78; Br, 
36.66. Found: C, 49.84; H, 2.92; Br, 37.79, 35.99.

The substance is slowly attacked by concentrated sul­
furic acid giving a bluish-green solution; hydrogen bromide 
is evolved and there is some sulfonation. Cold 1% 
alkali converts the compound into 2-benzoylmethyl-3- 
hydroxy-l,4-naphthoquinone, but this is contaminated 
with other products.

cl - Bromo - ß  - phenyl - dihydrofurano - 1,2 - naphtho­
quinone was obtained from the mother liquor remaining
after the removal of two crops of the 
dibromide as described above. The 
substance separated in admixture 
with some dibromide after further 
concentration of the chloroform solu­
tion. The dibromide was removed 
by immersion in cold 1 % sodium hy­
droxide solution, and the undissolved 
material (0.3 g.) was crystallized from alcohol, in which

0  ------------ CHC6Hb
1 I
1 CHBr

O
O
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it is sparingly soluble. The compound first separates as 
voluminous red needles, which change, on standing in 
contact with the mother liquor, into dark red plates, m. p. 
218-219°. It is readily soluble in benzene or chloroform, 
it forms an emerald-green solution in concentrated sulfuric 
acid, and on prolonged boiling with 1% sodium hydroxide 
it is converted into benzoyhnethylhydroxynaphthoquinone, 
identified by melting point and mixed melting point deter­
minations. During the latter process a part of the mate­
rial is converted into a greenish-black, alkali-insoluble sub­
stance which is oxidized to the starting material by air 
when in a moist condition.

Anal. Calcd. for CisHiiOaBr: Br, 22.50. Found: Br, 
22.48,21.80.

Preparation and Properties of the Ortho Quinones (III)
Furano-1,2-naphthoquinone (IX).—The crude dibromide 

from 0.4 g. of 2-vinyl-3-hydroxy-l,4-naphthoquinone was 
dissolved in 25 cc. of cold alcohol and the solution was 
allowed to stand in the dark in a loosely stoppered flask 
for one to two months, during which time the solution 
had evaporated to a volume of about 8 cc. and dark red 
masses of the reaction product had been deposited. After 
being washed well with alcohol and dried, the crude ma­
terial (0.17 g.) was crystallized from alcohol, giving 0.08 
g. of product melting at 207°. After two more recrystal­
lizations it was obtained as deep red needles, m. p. 209.5- 
210°. There was no depression in the melting point when 
the substance was mixed with a sample prepared by the 
method of Scholl and Zincke,8 and both samples gave the 
identical azine and showed the same behavior in the follow­
ing test: the solution in concentrated sulfuric acid is
blackish-green; on the absorption of moisture from the 
atmosphere it becomes blue, then purple and finally red 
needles of the unchanged material are deposited. The sub­
stance is more stable in sulfuric acid solution than its 
homologs, and although some change occurs after the solu­
tion has stood for several weeks, a pure transformation 
product has not been isolated. No change occurred when 
a solution of the compound in glacial acetic acid was 
treated with a few drops of concentrated sulfuric acid and 
boiled for several hours.

The above method of preparation gave better yields than 
more rapid processes. Thus on boiling the same amount of 
dibromide with 50 cc. of water for five minutes, filtering the 
hot solution from resinous material and allowing it to cool, 
there was deposited 0.015 g. of the quinone, m. p. 206°. 
The yield was about the same when the dibromide was 
allowed to stand in contact with water for ten days at 
room temperature.

ß-Methylf urano-1,2-naphthoquinone (III, R = CH3) 
was prepared by refluxing for one-half hour a solution of 
1.4 g. of the dibromopropyl derivative in 25 cc. of alcohol. 
The solution became deep red and on cooling deposited 
0.5 g. of red needles of the reaction product. Recrystal­
lized from alcohol the substance formed small red needles 
melting at 164-164.5°.

Anal. Calcd. for Ci3H80 3: C, 73.58; H, 3.57. Found:
C, 73.44; H, 3.71.

On concentrating the mother liquor remaining after col- 
lecting the ortho quinone there was obtained 0.1 g. of the 
isomeric para quinone. This probably arises from the

action of the hydrogen bromide liberated in the reaction 
on the ortho compound, for the latter substance can be con­
verted in part into the yellow isomer by the action of boil­
ing alcoholic hydrochloric acid.

/3-Ethylfurano-1,2-naphthoquinone (III, R =  C2HÖ) 
was obtained by allowing a solution of 2 g. of the dibromide 
in 10 cc. of alcohol to stand at room temperature for two 
days; 0.6 g. of the product crystallized from the solution 
and 0.8 g. more was obtained on concentration of the 
mother liquor. The compound forms red needles, m. p.
143.5-144°, from alcohol.

Anal. Calcd. for C14H10O3: C,74.31; H, 4.46. Found: 
C, 73.97; H, 4.75.

The mother liquor was found to contain a mixture of sub­
stances from which cold 1% alkali extracted an acidic 
compound probably having before hydrolysis the side chain 
—CH=CBrCH2CH3, for on acidifying the solution the 
ketonic compound of the type VI was obtained.

/3-Phenylf urano-1,2-naphthoquinone (III, R = C6H6). 
—A solution of 2 g. of the dibromide in 100 cc. of 
alcohol was refluxed for one and one-half hours, during 
which time dark red plates of the ortho quinone separated 
from the boiling solution. After cooling, this material 
was collected (1.1 g.) and recrystallized from alcohol, in 
which it is sparingly soluble; dark red plates or needles, 
m. p. 219.5-220.5°.

Anal. Calcd. for Ci8Hio0 3: C, 78.81; H, 3.68. Found: 
C, 78.87; H, 3.74.

The mother liquor yielded a mixture (0.1 g.) of the qui­
nones III and IV with a small amount (0.02 g.) of a sub­
stance which could be extracted with cold alkali. The ma­
terial recovered on acidifying the deep blue filtrate crystal­
lized from alcohol in the form of purple-bronze needles 
melting with decomposition at about 275°. The sub­
stance forms a crystalline, blue sodium salt and gives a 
purple solution in concentrated sulfuric acid. From the 
analysis it appears to be a hydroxyphenylfurano-1,2-naph- 
thoquinone.

Anal. Calcd. for Ci8Hio0 4: C, 74.49; H, 3.45. Found: 
C, 74.04; H, 3.80.

Azines of the Ortho Quinones.—These derivatives were 
obtained in nearly quantitative yield by heating a mixture 
of the quinone, o-phenylenediamine hydrochloride, crystal­
line sodium acetate and glacial acetic acid at the boiling 
point for a few minutes. Most of the material separated 
in a crystalline condition on cooling and the remainder was 
obtained on dilution. The melting points and analyses of 
the compounds are recorded in Table I. These azines are 
all yellow and they crystallize well from alcohol or glacial 
acetic acid, usually as needles.

T a b l e  I
A z in e s  of  F u r a n o -1 ,2 -n a p h t h o q u in o n e s

Substituents

None
jS-Methyl
ß-Ethyl
/3-Phenyl

M. p., °C. 
195-196 

209.5-210.5  
159-160 
237-238

Calcd. Found

79.97 79.14 
80.25 80.26 
80.51 80.65 
83.21 83.06

a-Bromo-jß-phenyl-
G'.ß-dihydro- 237-238 67.44 67.36

%H
Calcd. Found

3.73 4.01 
4.26 4.19
4.73 4.64  
4.08 3.96

3.54 3.29
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The Para Quinones (IV)
The methyl and ethyl derivatives were obtained in 

quantitative yield by dissolving one part of the ortho 
quinone in 50 parts by volume of eold concentrated sulfuric 
acid and allowing the solution to stand at room tempera­
ture for twenty-four hours, during which time the init- 
ially blue-green solution after passing through intermedi­
ate stages became crimson. On pouring the solution into 
water the yellow product separated in a microcrystalline 
condition. The compounds crystallize well from alcohol, 
acetic acid, or benzene. The properties are given in Table
II.

T able  II
F urano-1,4-naphthoquinones

Substitu- % C % H
ents M. p., °C. Description Calcd. Found Calcd. Found

iS-Methyl 246-247 Yellow needles 73.58 73.64 3.57 3.79
/5-Ethyl 145-145.5 Yellow needles 74.31 74.46 4.46 5.03

f 246.5-247.5 Yellow plates 78.81 78.40 3.68 3.90
/3-Phenylf ...........  Bright red

[ needles 78.81 79.02 3.68 3.97

Since the phenyl derivative of the ortho series is rather 
easily sulfonated the procedure was in this case modified 
as follows: 1 g. of the quinone was dissolved in 200 cc. of
a mixture of 5 volumes of concentrated sulfuric acid with 1 
volume of water, and the solution was heated in a boiling 
water-bath for one hour. The initially deep blue-green 
solution gradually became deep violet in color and on pour­
ing the solution into water the product was obtained as 
a flocculent orange precipitate in about 80% yield. Crys­
tallized from benzene, alcohol, glacial acetic acid or chloro­
form, the compound separated either as slender, bright 
red needles or as golden-yellow plates. On standing in 
contact with the mother liquor for a few days the red vari- 
ety usually changes into the yellow form. Both forms 
show the same melting point, for when the red needles are 
heated at about 195° they soon become yellow while re- 
taining the original form of crystal, and the melting point 
is that of the yellow modification.

The isomerization of the phenylated ortho quinone can 
be accomplished also by boiling an acetic acid solution of 
the substance containing a very small amount of sulfuric 
acid. The phenylated para quinone dissolves in concen­
trated sulfuric acid with an intense blue color which slowly 
changes; the methyl and ethyl compounds give crimson 
Solutions which are more stable. The para quinones sub­
lime readily without charring, while the ortho isomers 
undergo some decomposition.

The para quinones were obtained in small amounts by 
allowing Solutions of the unsaturated compounds of the 
type I in concentrated sulfuric acid to stand at room tem­
perature for twenty-four hours, but the yields were poor. 
No pure product was obtained from the vinyl compound 
by this method.

The Ketonic Compounds (VI)
The cleavage of the furan ring of the quinones of both 

the ortho and para series usually was effected by boiling 
under the reflux a suspension of one part of the finely 
powdered material in 100 parts of 1% sodium hydroxide 
solution until the material had completely dissolved. 
The phenylfurano-1,2-naphthoquinone is very resistant 
to attack and in this case the heating was interrupted at

two-hour intervals, the solution was filtered, and the re­
sidual material, which had become blue as the result of a 
reduction process, was exposed to the air for re-oxidation 
and then boiled with a fresh portion of alkali. The iso­
meric phenylf urano-1,4-naphthoquinone was attacked 
with still greater difficulty and successive fresh portions of 
alkali were used; in this case, however, no insoluble blue 
substance was noticed. The alkaline Solutions were 
orange-brown, and on acidification the reaction product 
separated as a buff-colored, crystalline precipitate. The 
pure substances were obtained by crystallization from alco­
hol or benzene, using animal charcoal. They are all yel­
low and usually crystallize in the form of needles. The 
yields, properties and analyses are given in Table III.

T a b l e  III
K etonic D erivatives of 3-H ydroxy-1,4-naphtho- 

q u in o n e

Time and yield from . %
£-Qui- o-Qui- ^ ö S
none none ^ g % g

Substituent M. p., °C. Hrs. % Hrs. % Ü fe Ü
2-Acetony1 176.5-177.5 5 71 0 .5  75 67.87 67.89 4.35 4.47
2-y-Methyl-

acetonyl 165-165.5 3 70 0.25 80 68.83 68.94 4.96 5.19
2-Benzoyl-

methyl 182.5-183.5 10-12 15 6 70 73.94 73.73 4.14 4.32

Concentrated sulfuric acid converts these substances 
first into the ortho furano-1,2-naphthoquinones which 
then undergo rather rapid transformation into the para 
isomers. Consequently mixtures of the two compounds 
are usually obtained on pouring the Solutions into water. 
The orthoquinone can be obtained as the sole product by 
the method previously4 used in the lapachol series and indi- 
cated in the chart. Thus one part of either of the three 
compounds listed in Table III was dissolved in 70-100 
parts of warm, dilute (55-80%) acetic acid, depending on 
the solubility, one part of zinc dust was added followed by 
16-20 parts of dilute (1:3) hydrochloric acid, and the solu­
tion was refluxed for five minutes. Reduction occurred 
rapidly and the solution of the hydroquinone was filtered to 
remove the zinc dust, reheated if necessary to bring all of 
the material into solution, and treated with a solution of 
0.25 part of chromic anhydride in 10 parts of water. Red 
needles of the orthö quinone began to deposit almost im­
mediately, and the material which did not separate on cool­
ing was obtained by diluting the mother liquor. The 
substances were obtained in practically quantitative yield 
and in a very pure condition.

2 - ß - Hydroxypropyl - 3 - hydroxy - 1,4 - naphthoqui­
none (XVII).—2- Acetonyl-3-hydroxy-1,4-naphthoquinone 
(0.05 g.) was hydrogenated in alcoholic solution using 
Adams catalyst, and the solvent was removed from the 
filtered solution by distillation and evaporation in warm 
air. The oily residue was taken up in 1% alkali and on 
acidifying the crimson solution the product separated as 
a yellow oil which slowly solidified (0.Ö4 g.). Crystallized 
from benzene or benzene-ligroin the substance melted at
115.5-116.5° and gave no depression when mixed with a 
sample prepared according to the method of Fieser,9 
although Fieser gave the melting point as 108-110°. In 
a number of determinations with highly purified samples 
from both sources the melting point 108-110° was some­
times observed, and after allowing the melt to resolidify
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it then melted sharply at 115.5-116.5°. At other times 
the higher melting point was reached without previous 
melting. Microscopie examination of the samples pre­
pared by the two methods also indicated their identity. 
The oil which first separates on acidifying the alkaline 
solution rapidly crystallizes in the form of very character­
istic clusters of yellow needles.

Summary
The methods developed in 1896 for the syn­

thesis of furan derivatives of ^-naphthoquinone, 
and for the conversion of these substances into

the corresponding a-naphthoquinones and open- 
chain compounds, have been studied in additional 
cases and found capable of rather general appli- 
cation. The parent compound of this group of 
furanonaphthoquinones has the ortho quinone 
structure and is not a para compound as assumed 
in the literature. The usual relationship between 
the color and the structure of the quinone group is 
maintained among the compounds investigated.
82 R e m sen  S t r e e t  R e c e iv e d  A p r il  7, 1936
B r o o k l y n , N e w  Y ork

LomatioL Part IV. A Violet Quinone from the Oxidation Product12
By Samuel C. Hooker and Al Steyermark

It has been shown3 that the quinone I resulting 
from the oxidation of lomatiol easily loses water 
with the formation of a red ring compound of the 
formula II. When this is boiled with alkali the 
pyran ring opens and there is produced a deep 
crimson solution resembling that formed by the 
oxidation product I. While I can be recovered 
without great difficulty by the careful neutraliza- 
tion of its alkaline Solutions, the solution prepared 
from II contains a very unstable hydroxy com­
pound (III) which when in the free condition 
undergoes cyclization so readily that it has not 
been possible to isolate the substance. Evidently 
some change occurs in the side chain of I when the 
pyran ring is closed and subsequently opened, but 
it is not known whether the difference is in the 
spatial arrangement of the groups attached to the 
double bond, in the respective positions of the 
hydroxyl group and the double bond in the allylic 
system, or in other modifications of the original 
structure. The unstable substance III on libera- 
tion from its salts changes into a beautiful, deep 
violet quinone isomeric with the red anhydride II.

(1) See Editor’s note (1), T h is  J o u r n a l , 58, 1163 (1936).
(2) Although the violet compound was discovered by Dr. Hooker 

in 1917, most of the experiments described in this paper are of recent 
date (1934-1935) and no manuscript was left for the paper. At the 
time of his death Dr. Hooker was undecided as to the exact nature of 
the key compound and he was uncertain regarding the interpretation 
to be placed on its various transformations. He thought that a 
potentiometric analysis might settle the major point of uncertainty, 
and in a recently completed experiment I have found this to be the 
case (see footnote 4), although the result is the opposite of that which 
Dr. Hooker was inclined to anticipate. Seen from this fresh point 
of view the observations become less puzzling than before, and since 
I am sure that Dr. Hooker would have modified his early and in­
complete views in the light of the later evidence, I have decided to 
present the theoretical interpretation which appears to be indicated 
by the facts now available and for which I assume füll responsibility. 
— L. F. F ie s e r .

(3) Hooker and Steyermark, T h is  J o u r n a l , 58, 1198 (1936).

The violet compound forms a characteristic azine, 
indicating the presence of an ortho quinone group, 
and on catalytic hydrogenation two atoms of 
hydrogen are added to the unsaturated ring with 
the formation of the known3 ß-methyldihydro- 
pyrano derivative V, and on the basis of these ob­
servations the violet substance is assigned the 
structure of /5-methylpyrano-l,2-naphthoquinone, 
IV.4

The new compound differs from the red anhy­
dride II only in the nature of the quinone group, 
and it is interesting that with this pair of isomers 
the ortho compound has the deeper color, as in 
other cases, although on account of the presence 
of an active doublé bond in the side ring both 
quinones are deeper in color than the correspond­
ing naphthoquinones more commonly encoun­
tered. The violet ortho quinone (IV) is a highly 
reactive substance and in aqueous or alcoholic 
solution it is unstable, particularly in the presence 
of hydrochloric acid, and undergoes isomerization 
to the red quinone II. Perhaps it is because of a

(4) Because of the unusual color of the substance and the peculiar 
changes occurring in its Solutions in acids and bases, and in considera- 
tion of early analyses with material later found to be impure, Dr. 
Hooker at the time of his death was inclined to regard the violet 
compound as a quinhydrone. He recognized, however, that further 
evidence was required to settle the matter, and I believe that the 
following experiment, carried out in my laboratory after his death, 
provides a sound basis for decision. In an electrode vessel connected 
to a hydrogen half-cell containing 50% alcoholic 0.1 N  hydrochloric 
acid a sample of the substance was introduced to a portion of the 
same buffer which had been swept free from oxygen by a stream of 
nitrogen, and the potential was followed from the start. A fairly 
steady value (0.480 v.) was soon reached and after the material had 
dissolved a titration with titanous chloride gave a curve of the usual 
form for a quinone in the completely oxidized condition. The 
normal potential, Eo =  0.435 v., is consistent with the ortho quinone 
structure, for it is 70 mv. higher than that of Paternö’s dehydrolapa­
chone, a similarly constituted pyrano compound of the para quinone 
series.—L. F. F.
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similar instability that the ortho isomer of Pa- 
terno’s dehydrolapachone5 has eluded isolation.

The violet quinone dissolves easily in concen­
trated sulfuric acid and if the solution is promptly 
diluted with water the compound is precipitated 
in an unchanged condition. Likewise, after the 
quinone has been brought into solution by the ac­
tion of boiling alkali, the original compound can 
be recovered if the solution of the hydroxy qui­
none III  is at once acidified. If, however, either 
solution is allowed to stand for several hours a 
series of rather remarkable changes occurs which 
can be summarized briefiy as follows. When 
exposed to the air in an open dish the alkaline 
solution in a few days deposits red needles of the 
para quinone II, and the sulfuric acid solution 
slowly deposits the same substance as it absorbs 
moisture from the atmosphere. When the freshly 
prepared Solutions are placed in an evacuated 
system and allowed to stand for some time in the 
absence of air no red needles are deposited. 
Changes nevertheless occur under these condi­
tions, for on subsequently exposing the alkaline 
solution to the air the red compound soon begins 
to separate and after this material has been re­
moved the alkaline filtrate is found to contain 2- 
hydroxy-1,4-naphthoquinone, an oxidation prod-

(5) Hooker, T h is  J o u r n a l , 58, 1190 (1936).

uct. Under more drastic 
conditions, as when the al­
kaline solution is refluxed 
for several hours, or when 
air is passed through the 
solution for a prolonged 
period, there is produced as 
a second product of oxida­
tion an orange substance 
which appears to be an alde­
hyde of the formula VI. 
When the sulfuric acid solu­
tion of the violet quinone is 
allowed to stand in vacuo 
for several days and then 
poured into water, the pre­
cipitated material seems to 
consist largely of the hydro- 

.. A .CHO quinone of the orange alde-
I I I H==C N2HS hyde> ôr w^en fr dissolved 
l 1 Joh in alkali or in ether in the

II presence of air there is a
°  rapid color change and the
VI (Orange) solution is found to contain 

the aldehydic quinone VI.
The following interpretation of the changes 

seems to accord with all of the observations. It 
may be assumed that the pyran ring is opened by 
sulfuric acid as it is by alkali, and that in any case 
it is the unknown hydroxy compound III, in the 
form of the sodium salt or the sulfuric acid ester, 
which undergoes reaction. The essential change 
appears to consist in a disproportionation in- 
volving the reduction of the quinone group and the 
oxidation of the side chain. In the early stages 
of the process the solution contains a considerable 
amount of the hydroquinone of the hydroxy com­
pound III and this undergoes partial, reversible 
cyclization to the hydroquinone of the red anhy­
dride II, ring closure occurring more readily with 
the phenolic reduction product than with the 
more strongly acidic hydroxy quinone. In the 
presence of air the hydroquinone is oxidized and 
the red anhydride is deposited, even from the 
alkaline solution. In the absence of air the reac­
tion proceeds in the same way at the outset, but 
when hydroxynaphthoquinone and the aldehyde 
VI tend to accumulate as oxidation products they 
are largely reduced by the hydroquinone of the 
starting material and the latter substance (III) 
eventually is completely consumed.

The orange aldehyde VI can be obtained in 40-



July, 1936 A Violet Quinone from the Lomatiol Oxidation Product 1209

45% yield by boiling a solution of the violet com­
pound in alkali for several hours, and in this case 
it is considered that the hydrogen atoms removed 
from the side chain reduce the quinone group and 
that the hydroquinone produced throughout the 
reaction is reoxidized by the air. The structure 
of the aldehydic substance has not been estab­
lished rigidly, but the formula suggested accords 
with the analysis, with the acidic nature of the 
compound, with evidence indicating the presence 
of a double bond in the side chain, and with the 
observation that the substance easily forms de­
rivatives resembling hemiacetals on reaction with 
various alcohols. In attempting to crystallize the 
orange compound from methyl, ethyl or butyl 
alcohol it was found that on mere boiling of the 
solution a reaction with the alcohol occurs and a 
yellow, non-acidic product separates on cooling. 
The reaction products can be reconverted into the 
starting material by dissolving them in concen­
trated sulfuric acid or by the action of boiling al­
kali. The hemiacetal structure VII would ac­
count well for the formation of such a compound 
from VI, for its neutral character, and for its con­
version into a dihydro derivative (VIII) on hydro­
genation. There is some further support for the 
hemiacetal structure in the qualitative observa­
tion that while the orange compound yields a 
crystalline, yellow derivative on reaction with 
aqueous ammonia the alkylated compounds re­
main unchanged on similar treatment. The

CV C H ,

lxv / x/ l\ v /CHOC2H1>

c 2h 6o h  ----------->

h 2
'Cxc h c h 3

, c h o c 2h 5

VII (Yellow) VIII (Yellow)

yellow color is not easily explained on the basis of 
this formula, however, for in analogy with the red 
anhydride II, for which the structure of a pyrano-
1,4-naphthoquinone is well established, a com­
pound of the formula VII would be expected to 
be orange or red, unless the ethoxyl group has an 
effect opposite to that of the double bond in the 
side ring. On the other hand, it seems very un-

likely that a compound of the formula VI could 
yield a normal hydroxy quinone ether under the 
conditions of the experiments or even in the pres­
ence of an esterification catalyst. Thus alkyl 
substituents in the quinone ring of 2-hy droxy-1,4- 
naphthoquinone effectively hinder a reaction with 
alcohol and hydrogen chloride, hydrolapachol, for 
example, being unaffected by such treatment. 
The hemiacetal formula appears to be the more 
probable, but further evidence will be required 
before a final decision can be reached.

For the orange compound the open-chain struc­
ture VI is indicated by the fact that the substance 
dissolves easily in cold alkalies, and the formula 
is consistent with its color. In organic solvents 
such as benzene or petroleum ether there may be 
an equilibrium with a cyclic form. In boiling 
glacial acetic acid the compound is partially con­
verted into a non-acidic substance having the com­
position of a bimolecular anhydride. Since such 
a reaction has not been encountered with other
2-alkyl-3-hydroxy-l,4-naphthoquinones, it seems 
likely that the elimination of water occurs be­
tween two molecules of the cyclic form of the 
orange compound.

Experimental Part6
The Violet Compound: ß-Methylpyrano-1,2-naphtho­

quinone (IV).—It was found conveüient to use for the 
preparation of this compound the crude ß-methylpyrano-
1,4-naphthoquinone (II) resulting from the oxidation of 
lomatiol.3 Five grams of this material was finely ground 
and boiled with 500 cc. of 1% sodium hydroxide solution 
for two to four minutes, which sufficed to dissolve the red 
compound, and the bluish-crimson solution wäs quickly 
cooled to room temperature and filtered from about 0.1 
g. of the yellow by-product3 (0-methylfurano-1,4-naphtho­
quinone). On carefully acidifying the alkaline filtrate 
there was obtained a yellow emulsion which immediately 
darkened to violet and began to deposit brownish-violet 
needles of IV in a fairly pure condition; yield 4-4.5 g. 
On evaporating the mother liquor to one-tenth its vol­
ume, extracting the material which then separated with 
cold 1%  alkali, and crystallizing the extracted substance 
from alcohol there was obtained about 0.015 g. of a by- 
product which forms red needles, m. p. 239-240°, dec. 
(Found: C, 70.52; H, 4.56.)

The violet compound is best purified by crystallization 
from alcohol, avoiding undue heating of the solution, and 
it separates either as needles or as diamond-shaped plates 
of an intense violet color with a somewhat brownish metal­
lic luster, m. p. 156-158°, dec. The substance is also sol­
uble in benzene and in glacial acetic acid, but changes ap~ 
pear to occur when the Solutions are boiled.

Anal. Calcd. for Ci4Hio0 3: C, 74.31; H, 4.46; mol.
(6) Microanalyses and molecular weight determinations by Dr. 

D. Price of Columbia University.
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wt., 226.1. Found: C, 74.62; H, 4.62; mol. wt., 238.0,
236.5.

The azine, prepared in good yield by heating a solution 
of the components in glacial acetic acid for a short time, 
forms gold-yellow needles melting at 163-163.5°. It forms 
a yellow-green solution in concentrated sulfuric acid and 
bronze-purple needles of the sulfate separate on dilu­
tion.

Anal. Calcd. for C2oHi4ON2: C, 80.51; H, 4.73.
Found: C, 80.34; H, 4.87.

On applying the method7 found useful for the prepara­
tion of other ortho quinones, which in this case consisted in 
heating the lomatiol oxidation product I with a mixture of 
zinc dust, hydrochloric and acetic acids, followed by oxida­
tion with chromic acid, there was obtained a mixture of the 
isomeric violet and red compounds IV and II.

The violet quinone can be converted quantitatively into 
the red isomer by boiling a solution of the substance in 
95% alcohol for four hours, by boiling the material with 
water for about one hour, or by boiling it with very dilute 
hydrochloric acid for ten to fifteen minutes. (The violet 
quinone dissolves easily in cold sodium bisulfite solution, 
but no precipitate appears when the reagent is neutralized 
with soda solution.—L. F. F.)

For hydrogenation 0.1 g. of the violet quinone was dis­
solved in 20 cc. of warm (not boiling) ethyl alcohol and 
agitated with hydrogen and Adams catalyst for forty-five 
minutes. The end of the reaction was determined by evapo- 
rating a drop of the solution and adding a drop of concen­
trated sulfuric acid: initial color, blue; final color, red.
There was obtained in all 0.07 g. of product which, when 
recrystallized, was identified by melting point and mixed 
melting point determinations as ß-methyl-dihydropyran o- 
1,2-naphthoquinone, V.3

Action of Alkali on the Violet Compound.—By the action 
of boiling alkali the violet quinone is soon dissolved, giving 
a deep red solution. When the solution was at once cooled 
and neutralized with either hydrochloric acid or carbon 
dioxide the violet compound was reprecipitated. Al­
lowed to stand exposed at room temperature, the alkaline 
solution began to deposit red needles of II within two to 
three days and the amount continued to increase for ten 
to fourteen days, the total conversion being about 55% 
of the starting material. During this period a test por­
tion of the alkaline filtrate remaining after the removal of 
the red needles was shaken with ether, but no color was im- 
parted to the ether layer and consequently the red anhy­
dride was not simply present in solution. The alkaline 
mother liquor remaining after the final collection of the 
separated product gave a precipitate of impure 2-hydroxy-
1,4-naphthoquinone on acidification. In another experi­
ment the freshly prepared alkaline solution was allowed to 
stand in a vacuum desiccator, and no red needles appeared 
after seven days. On then exposing the solution to the air 
the red anhydride soon separated in 20% yield and the 
mother liquor yielded a quantity of hydroxynaphthoqui­
none amounting to about 20% of the weight of the start­
ing material. When air was bubbled through a freshly 
prepared alkaline solution for fifteen hours and the solu­
tion was then allowed to stand in a loosely stoppered flask

(7) Hooker, J. Chem. Soc., 69, 1376 (1896).

for three months, none of the red compound was observed 
but on fractionally precipitating the material in the alka­
line solution with dilute acid there was obtained about 15% 
by weight of the orange compound VI, followed by 65% 
by weight of hydroxynaphthoquinone, the substances being 
fully identified by comparison with known samples.

The Orange Compound (VI).—This substance is best 
prepared by the action of alkali and air on the red anhy­
dride II, the crude material being conveniently employed. 
A suspension of 1 g. of the powdered substance in 200 cc. 
of 0.25% sodium hydroxide solution was boiled under the 
reflux for fifteen minutes and the resulting deep red solu­
tion was cooled and filtered to remove the yellow by- 
product. The refluxing was then continued for a total 
of seven hours. The brownish-red solution was cooled, 
filtered from some mineral matter, and acidified. The 
crude product separated as a buff-colored precipitate which 
soon became crystalline and from which the sometimes 
cloudy mother liquor was best removed by decantation. 
After thorough washing, the crude product was shaken with 
100 cc. of cold 0.25% alkali and the resulting solution was 
quickly filtered and acidified, the material separating as 
a brownish-orange microcrystalline mass; yield 0.4-0.45 g.

For analysis the substance was crystallized from benzene, 
in which it is sparingly soluble, and it was obtained in the 
form of bright orange needles, m. p 229-230°, dec.

Anal. Calcd. for Ci4Hi0O4: C, 69.42; H, 4.13. Found: 
C, 69.44, 69.24; H, 4.42, 4.06.

The compound gives an orange solution in concentrated 
sulfuric acid. It dissolves readily in cold dilute alkali 
giving a crimson solution. When this evaporates on a 
watch glass the dark red sodium salt is deposited in branch- 
like forms or as interlacing hair-like needles which begin 
at the edges of the solution and grow inward. Attempts 
to obtain an acetate by the action of acetic anhydride or 
acetyl chloride on the orange compound were unsuccessful. 
A reaction with ammonia was observed as follows: the 
orange compound was obtained in a fine suspension by re- 
precipitation from dilute alkali and in this condition it 
dissolved at once on adding concentrated ammonium 
hydroxide solution, giving a deep red solution which soon 
became yellow and deposited bright yellow needles of a 
substance melting at 136-137°. Having used filtered 
Solutions, the material was analyzed without further puri­
fication with the following results: C, 76.11; H, 4.42;
N, 13.02. The compound can be crystallized from benzene 
or alcohol; it is not soluble in cold alkali but on boiling it 
yields a light brown-red solution which on cooling deposits 
nearly colorless needles. The study of the compound was 
not completed.

Hemiacetals (or Ethers?) of the Orange Compound.— 
The ethyl derivative of the probable formula VII was pre­
pared by refluxing for one and one-half hours a solution of 
1 g. of the orange compound in 50 cc. of ethyl alcohol. On 
cooling about 0.7 g. of the ethyl hemiacetal was deposited 
in the form of yellow prisms and a further 0.3 g. was ob­
tained on concentrating the solution. The substance is 
somewhat sparingly soluble in ethyl alcohol and melts at
184.5-185.5°.

Anal. Calcd. for Ci6Hi40 4: C, 71.11; H, 5.18; mol.
wt., 270.1. Found: C, 70.72, 70.70; H, 5.09, 5.19; mol. 
wt., 268.3.
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The compound appears to be partially converted into 
the methyl derivative on crystallization from methyl alco­
hol. It is insoluble in dilute alkali in the cold but dissolves 
slowly on boiling and the orange compound is precipitated 
when the red alkaline solution is acidified. The hydrolysis 
is more easily accomplished with the use of alcoholic alkali, 
followed by dilution with water and acidification. The 
substance dissolves easily in cold concentrated sulfuric acid 
and the orange compound precipitates wheu the solution 
is poured into water.

The dihydro derivative (VIII) of the ethyl hemiacetal was 
obtained by hydrogenation of the substance (0.5 g.) in ethyl 
alcoholic solution (125 cc.) in the usual way; yield, 0.4 g. 
The reaction product crystallizes slowly but very well from 
ethyl alcohol, forming yellow crystals melting at 185-186°.

Anal. Calcd. for C^HieCh: C, 70.59; H, 5.88; mol. 
w t . ,  272.1. Found: C, 70.57; H, 5.35; mol. Wt.* 279.2.

Although the melting point is nearly the same as that 
of the unhydrogenated substance, a mixture of the two 
compounds melted about 20° lower. The dihydro deriva­
tive gives a red solution in concentrated sulfuric acid, but 
in contrast to the starting material water precipitates a 
mixture of alkali-soluble and alkali-insoluble material.

The n-butyl hemiacetal was prepared by refluxing for 
thirty minutes a solution of 0.2 g. of orange compound in 
20 cc. of ft-butyl alcohol; yield 0.18 g. The substance 
forms yellow rectangular plates, m. p. 121.5-122°.

Anal. Calcd. for CisHisOu C, 72.48; H, 6.04; mol. 
wt., 298.1. Found: C, 72.21; H, 6.31; möl. wt., 292.8.

The methyl hemiacetal is similar in properties and 
melts at 160-161°.

Anhydride of the Orange Compound.—This was ob­
tained by dissolving 1 g. of the material in 70 cc. of glacial 
acetic acid and refluxing the solution for one-half hour. 
The reaction proceeds only to the point of an equilibrium, 
and on cooling the solution deposited 0.7 g. of a mixture of 
orange needles of the starting material and yellow plates 
of the anhydride. (A mixture was also obtained on adding 
water to the mother liquor.) A Separation of the two 
compounds was easily efïected by treatment with 70 cc. 
of cold 0.25% alkali, which rapidly dissolved the orange 
needles. The solution was quickly filtered and the undis- 
solved yellow plates were washed well with water. By 
using filtered Solutions the anhydride was in this Way ob­
tained in a form suitable for analysis, the yield being about 
0.1 g. The substance melts with decomposition at 243-244°.

Anal. Calcd. for C28H180 7: C, 72.10; H, 3.86. 
Found: C, 72.21, 71.79; H, 4.05, 4.11.

The anhydride can be obtained equally well by using pro- 
pionic or ft-butyric acid. That an equilibrium is estab­
lished is shown by the fact that on redissolving the anhy­
dride in any of the solvent acids it is converted into a mix­
ture of the two compounds. The orange compound can 
be obtained by boiling the anhydride with dilute alkali or 
by dissolving it in concentrated sulfüric acid and pouring 
the solution into water.

Action of Sulfuric Acid on the Violet Compound.—The
violet quinone gives a deep, rich blue solution in concen­
trated sulfuric acid, but the color changes to red in one to 
two hours. When the solution was exposed to the air in 
an open dish it began to deposit red needles of II within 
two to three days. The changes occurring in the absence 
of air are illustrated by the following experiment.

A solutiön of 1 g. of the violet compound in 100 cc. of 
concentrated sulfuric acid was allowed to stand in a 
stoppered flask for two days at room temperature and the 
solution, which had become red after the first two hours 
but which deposited no red needles, was poured into 1500 
cc. of cold water. The resulting blue-red solution de­
posited a brown flocculent precipitate which was collected 
after twenty-four hours and set aside (Ö.46 g.). On ex- 
tracting the winè-red filtrate with ether it was noted that 
on contact with the solvent the aqueous layer generally 
changed in color from red to yellow and at times orange- 
yellow microcrystals separated and then dissolved in the 
ether. It appeared that an oxidation was involved. 
Evaporation of the ether extract left a residue of yellow 
crystals mixed with brown resin. On digesting this with 
100 cc. of cold 0,25% alkali most of the material quickly 
dissolved and usually the solution was initially yellow and 
then rapidly darkened to a crimson color, evidently as the 
result of the oxidation of a hydroquinone. Öii filtering 
the alkaline solution there was a slight residue consisting 
of yellow plates (0.02 g.) identified as the ethyl hemiacetal 
of the orange compound, which probably had arisen from 
reaction with ethyl alcohol present in small amounts in 
the ether used. After allowing time for oxidation to pro- 
ceed to completion, the alkaline filtrate on acidification 
gave a precipitate which was no longer resinous but which 
consisted of crystalline groups of the orange compound 
in a nearly pure condition; yield, 0.26 g. Somewhat 
better yields were obtained in further experiments using 
less material.

Summary
/3-Methylpyrano-l,2-naphthoquinone, a violet 

colored quinone of a hitherto unknown structural 
type, has been obtained from the substance re­
sulting from the oxidation of lomatiol. The most 
interesting and unusual properties of the com­
pound, aside from the striking color, are its ready 
isomerization to the corresponding para quinone 
and its conversion, probably through a dispro- 
portionation mechanism, into a quinone having 
an aldehydic side chain. The latter substance 
also displays novel properties, combining readily 
with alcohols without the assistance öf catalystS, 
and yielding a bimolecülar anhydride,
82 R e m s e n  S t r e e t  R e c e ï Vé d  A p r i l  7, 1936
B r o o k l y n , N e w  Y o r k
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The Action of Light on jS-Hydroxy-a-naphthoquinone1’2

B y  Sam uel C. H ooker

In this paper an account will be given of an in­
teresting substance (I) which was first obtained 
in the author’s laboratory by Mr. J. T. Walsh, 
Jr., in 1893-1894 from mother liquors in the prepa­
ration of 2-hy droxy-1,4-naphthoquinone. It was

O O

subsequently established that neutral and acid 
aqueous Solutions in which small quantities of 
pure hydroxynaphthoquinone are dissolved de­
posit on standing minute globular masses (dots) 
of a compound readily distinguished from hy­
droxynaphthoquinone by the much more crimson 
color of its solution in alkalies. The substance 
may be observed floating on the surface of the 
solution in the course of a few days, or it may not 
separate for two or three weeks. After standing 
a number of months, however, unchanged hy­
droxynaphthoquinone is still present in the solu­
tion. The substance is also formed when a small 
quantity of hydroxynaphthoquinone is dissolved 
in concentrated sulfuric acid and the acid solution 
allowed to stand exposed. As water is absorbed 
crystals of hydroxynaphthoquinone first separate 
and then eventually give way in part to micro­
scopie globular masses of the condensation prod­
uct. After observing the phenomenon many 
times under various conditions it was concluded 
that the (“dot”) compound is formed by the ac­
tion of light, and as a result of a number of experi­
ments a satisfaetory method of preparation was 
found in exposing an aqueous solution of hydroxy­
naphthoquinone to ultraviolet light at 70°. The 
reaction product was obtained in a very good con-

(1) See Editor’s note (1), T h is J o u r n a l , 58, 1263 (1936).
(2) Following the initial Observation of 1893-1894 (see text), Dr. 

Hooker devoted considerable time in the period 1918-1926 to a study 
of the formation and properties of the “dot” compound, assisted in 
part by Dr. G. H. Connitt and by Mr. A. F. Sullivan. Apparently 
the work was interrupted before it was quite complete, and the ob­
servations had been summarized only partially. In repeating some 
of the experiments in order to comprehend fully the original notes, 
I was fortunate enough to find a method of preparing in a pure condi­
tion the third (red) anhydride, which Dr. Hooker had observed only 
as an unpurified by-product. The substance was identified by com­
parison with Dr. Hooker’s original, well-preservëd slides, and it was 
thus possible to supply the completing details of the investigation.— 
L. F. F ie s e r .

dition in yields of over 40%. When pure it con- 
sists of orange-yellow microcrystals melting at 
270-275°, dec. I t displays various characteristic 
color reactions and gives a very distinctive pattern 
when fused on a cover glass and examined under 
the microscope. Considering the source and 
acidic character of the material, the composition 
found for the compound and the observation that 
it is sparingly soluble in most organic solvents 
strongly suggested the formula of di-0-hydroxy- 
ct-naphthoquinone, I. A substance regarded as 
having this structure was prepared many years 
ago by Chattaway3 and described as a dark red 
powder melting at about 215°. Some of the origi­
nal sample was kindly supplied to the author by 
Dr. Chattaway in 1922 for purposes of compari­
son, and it was examined carefully and tested by 
a number of methods. The material did not ap- 
pear to be homogeneous, however, and although 
in some respects it behaved as though it contained 
the compound described in the present work, a t­
tempts to purify the small sample to an extent 
sufficiënt to permit a positive identification were 
not successful.

Independent evidence that the oxidation prod­
uct of hydroxynaphthoquinone has the structure 
I was found in its behavior under the influence of 
dehydrating agents. Theoretically a substance 
of this formula should be capable of yielding in 
addition to the normal internal anhydride (II) 
two isomeric anhydrides, III and IV, correspond- 

O O O O

(3) Chattaway, / .  Chem, Soc.t 67, 662 (1895).
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ing to the conversion of one or both para quinone 
groups into ortho quinone groups in the course of 
the dehydration. Analogous changes have been 
abundantly illustrated in previous work in this 
Laboratory. Actually it was possible to obtain 
three such anhydrides, using sulfuric acid as the 
active dehydrating agent in each case but operat- 
ing under different conditions. The pure, crystal­
line compounds are, respectively, orange-yellow, 
orange and red in color, and although the distinc- 
tion between the first two is but slight the rela- 
tionship, in analogy with known cases, is such as 
to suggest that they have the a,a-, the a,ßr- and 
the ß,ß'-structures, in the order named. This 
was fully confirmed by the behavior of the com­
pounds when boiled with ö-phenylenediamine in 
glacial acetic acid solution or suspension. The 
orange-yellow anhydride, although its solubility 
in the medium is more than adequate to permit a 
reaction, was recovered unchanged, as would be 
expected for the a,a'-quinone II. A mono-azine 
was obtained from the orange anhydride (III), 
and the red isomer, in spite of its extremely slight 
solubility, yielded a diazine (m. p. 409-410°), 
corresponding to the two ß-quinone groups of IV. 
These observations establish with certainty the 
structure of the substance formed from 2-hy- 
droxy- 1,4-naphthoquinone by the action of light, 
and it appears that the process involves the oxi­
dative coupling of two molecules at the 3-position.

The occurrence of a second reaction was re- 
vealed on investigating the aqueous liquor re­
maining after removing the main product from 
the hot solution. This usually deposited in the 
course of twenty-four hours a brick red crystalline 
substance amounting to about 15% of the starting 
material. The material dissolved in 1% alkali 
to a browner solution than pure hydroxynaphtho­
quinone, but on exposure on a watch glass the 
solution soon became lighter in color and even- 
tually corresponded in shade to that of the sodium 
salt of hydroxynaphthoquinone and on evapora­
tion yielded crystals of this salt. The red color 
of the substance suggested a ß-quinone structure, 
and its behavior the possibility that the hitherto 
unknown a-hydroxy-ß-naphthoquinone had been 
discovered. For this reason considerable study 
was devoted to the matter. By varying the con­
ditions under which the brick red substance was 
obtained, however, it was found that the color of 
its alkaline solution was not constant and in some 
lots this even approached a dark olive green. As

the individual crystals of each lot when dusted on 
the surface of the alkaline solution gave a per- 
fectly uniform color, it seemed probable that the 
red substance consisted mainly of ordinary hy­
droxynaphthoquinone modified in its properties 
by another substance which crystallized with it 
in varying proportions. This was found to be the 
case. Starting with 5 g. of the red substance re­
peated crystallizations from benzene eventually 
yielded as the less soluble fraction crystals which 
gave a dark blue solution in alkali. Further puri­
fication of these crystals from acetone resulted 
in their resolution into two substances. The one 
present in by far the larger quantity dissolved in 
alkali to a bright blue solution and the other, ob­
tained in exceedingly small amount, gave a dull 
cherry red solution. The former substance 
melted at 280°, its blue solution in sodium hy­
droxide became colorless on exposure, with dilute 
sodium carbonate a violet solution was obtained, 
and with concentrated ammonia the substance 
gave a sparingly soluble, dark violet salt. These 
properties correspond with those of isonaphtha- 
zarin,4 and a direct comparison with a known 
sample of this quinone fully established the iden­
tity.

Under the influence of light and air in aqueous 
solution, hydroxynaphthoquinone is partly de- 
hydrogenated and partly hydroxylated, the at- 
tack in each case occurring at the free position in 
the quinone ring.

Experimental Part
Preparation of 2-Hydroxy-1,4-naphthoquinone.—In pre­

paring large quantities of 1,2,4-triacetoxynaphthalene from 
samples of ß-naphthoquinone of various degrees of purity 
by the method of Thiele and Winter,5 the crude material 
precipitated by water was invariably found to contain a by- 
product which was separated by the following method. 
The crude material, which varied from orange to brown in 
color, was boiled with alcohol (10 cc. per gram) until the 
bulk of the solid had dissolved and the solution was filtered 
from a small amount of the less soluble by-product. The 
solution on cooling at first remained clear and deposited 
heavy crystals of the triacetate. After an hour or so, si- 
multaneously with the commencement of the Separation of 
the by-product, the solution became cloudy and at or be­
fore this point the mother liquor was quickly poured off 
from the heavy crystals. After allowing time for a mix­
ture of the two substances to crystallize from the decanted 
solution, this was heated to boiling. The triacetate largely 
dissolved while the second substance passed into solution 
so slowly that a considerable amount of the material could 
be collected on filtration. By continuing this process a

(4) Zincke and Ossenbeck, Ann., 307, 11 (1899).
(5) Thiele and Winter, ibid., 311, 345 (1900).
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fairly complete Separation was possible and the pure tri­
acetate was obtained in about 46% yield from a mixed lot 
of ß-naphthoquinone.

The by-product, which amounted to about one-tenth 
part of the quinone used, was identified as the tetraacetyl 
derivative of dinaphthyldihydroquinone by analysis and 
by direct comparison with a known sample of this sub­
stance.6

Anal. Calcd. for C28H22O8: C, 69.14; H, 4.56. Found:
C, 69.07, 68.92; H, 4.62, 4.80.

On being heated in the capillary tube both samples, as 
well as the mixture, exhibited the peculiar behavior essen­
tially as described by Straus, Bernoully and Mautner.7

For the hydrolysis of the triacetate and oxidation to hy­
droxynaphthoquinone the following method was found 
more satisfaetory than any described in the literature. A 
10-g. portion of the triacetate was immersed in 200 cc. of 
5% sodium hydroxide solution in a flat dish and allowed 
to stand at the laboratory temperature. The solution 
darkened considerably as the triacetate gradually dissolved 
and in three to four hours the red sodium salt of hydroxy­
naphthoquinone commenced to separate. In four to five 
days the solution became much lighter and cleaner and 
ultimately approximated in shade that of the sodium salt 
of pure hydroxynaphthoquinone, indicating that the oxida­
tion was complete. The salt was collected, washed with 5 
cc. of water, dissolved in 600 cc. of water at the laboratory 
temperature, and the filtered solution was acidified, giv­
ing a pale yellow crystalline precipitate of hydroxynaphtho­
quinone in a very pure form and in over 90% of the theo­
retical yield.

Identification of 2-Hydroxy-1,4-naphthoquinone.—This 
can be very satisfactorily accomplished with an exceedingly 
small quantity of the substance even when it is compara- 
tively impure, by first subliming it in a test-tube or on a 
cover slip. Irregulär microscopie yellow crystals are 
formed, sometimes also needles easily visible to the naked 
eye. A drop or two of 1% sodium hydroxide is used for 
dissolving the sublimed crystals and a small portion of the 
solution allowed to evaporate spontaneously readily yields 
characteristic red crystals of the sodium salt. To the 
remainder of the alkaline solution one or more drops of 
0.25% hydrochloric acid is added, when with aid of the 
microscope characteristic needles changing in the course of 
a few hours to irregulär crystals can be observed. The 
pyridine compound is also characteristic for on evapora­
tion of a drop of the solution in pyridine clusters of bright 
red needles of the salt are deposited and then the pyridine 
is spontaneously lost and the crystals lose their red color 
and their luster but retain their form.

Di-ß-hydroxy-o'-naphthoquinone (I).—-Pulverized hy­
droxynaphthoquinone (4 g.) was dissolved in 3 liters of 
boiling tap water and the hot solution was transferred to 
a 28-cm. crystallizing dish set on a slab of copper heated 
by a jet burner adjusted to maintain a temperature of 
about 70°. A Uviarc lamp was so placed that the center 
of radiation was about 29.2 cm. above the surface of the 
solution and the exposure was continued for two hours 
in all. At intervals of thirty minutes three successive

(6) The identification was made by Mr. J. T. Dunn in my labora­
tory. Microanalyses by Mrs. G. M. Wellwood.—L. F. F.

(7) Straus, Bernoully and Mautner, Ann., 444, 188 (1925).

0.5-g. portions of hydroxynaphthoquinone, each dissolved 
in 400 cc. of boiling water, were added to the main solution, 
the last addition thus being made thirty minutes before the 
conclusion of the exposure. Shortly after the commence- 
ment of the experiment the compound began to separate 
on the surface of the solution as a yellow-brown, micro- 
crystalline powder, and at the close of the exposure the 
substance was immediately filtered ofï and washed with 
water. By carefully following the above directions 2.4 
g. of di-ß-hydroxy-«-naphthoquinone will be obtained in a 
condition of satisfaetory purity. By allowing the tem­
perature to drop materially not only is the action retarded 
but the compound may be mixed with crystals of hydroxy 
naphthoquinone. Should this be the case the hydroxy­
naphthoquinone may be removed by extracting the sub ­
stance with boiling water (500 cc. per gram).

Di-ß-hy droxy-«-naphth oquinone does not dissolve to 
any appreciable extent in boiling benzene and it is only 
sparingly soluble in alcohol. The substance dissolves 
slowly in glacial acetic acid (100 cc. per g.) at the boiling 
point and the solution on cooling deposits an orange-yellow 
sandy powder consisting of small crystalline tablets which 
appear under the microscope to be almost rectangular. 
The presence of a persistent impurity often gives a brown 
appearance to the crystals, but this can be removed with 
the use of blood charcoal. The compound is fairly soluble 
in nitrobenzene and crystallizes well from this solvent. It 
is readily soluble in cold pyridine, and it also dissolves in 
cold dilute alkali and imparts a characteristic, bright crim­
son color to the solution.

Anal. Calcd. for C20H10O6: C, 69.35; H, 2.91. Found: 
C, 69.16; H, 3.00.

When heated in a melting point capillary the compound 
begins to sublime at about 250° and melts with decomposi­
tion at about 270-275°. When heated on a cover glass it 
fuses, simultaneously giving a faint sublimate. When 
withdrawn from the source of heat the fused material 
crystallizes to a highly characteristic striated mass of yel­
low needles frequently suggestive of a map of city streets. 
The fused material appears to be an anhydride, as it is 
insoluble in dilute alkali but dissolves slowly on boiling.

«,«'-Anhydride (II).—This compound is the chief prod­
uct resulting from the action of a mixture of acetic acid 
and dilute sulfuric acid on di-ß~hy droxy-«-naphthoqui- 
none, but it is invariably accompanied by a small amount 
of the «,ß'-anhydride. In preparing the compound the 
heating should not be prolonged beyond the time necessary 
to effect the dehydration, as this results in a darker, less 
pure product. The following method was found most 
satisfaetory. One-half gram of finely powdered di-ß- 
hydroxy-«-naphthoquinone was suspended in 40 cc. of 
glacial acetic acid and 5 cc. of a solution of equal parts by 
volume of concentrated sulfuric acid and water, and the 
mixture was rapidly brought to the boiling point. within 
five minutes the starting material had completely passed 
into solution and in another five minutes the anhydride 
began to separate. After continuing the boiling for a 
total of fifteen minutes the mixture was cooled and the 
crystalline product collected and washed; yield 0.39 g. 
The material so obtained varies in color from deep golden 
yellow to dark brown, and it sometimes contains tracés 
of unchanged starting materiaal which can be remoyed by
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digestion with cold 1% alkali. The product was purified 
by crystallization from glacial acetic acid, using about 230 
cc. to the gram and clarifying the solution with animal 
charcoal. The originally yellow or brown material then 
acquires a definitely orange cast, the substance separating 
as well-formed, detached needles of a clear orange-yellow 
color. The recovery amounted to about 60%, and the 
mother liquor on spontaneous evaporation deposited first 
yellowish needles of the same substance, followed by orange 
tufts of the «,ß'-anhydride. After further recrystalliza­
tion the «, «'-anhydride melted at 349-350°8 with some 
decomposition.

Anal. Calcd. for C2oH80 6: C, 73.16; H, 2.46. Found: 
C, 73.06; H, 2.50.

The substance gives an orange-red solution in concen­
trated sulfuric acid and the reprecipitated material is pure 
yellow. The compound was recovered unchanged after 
being heated for one hour with o-phenylenediamine and 
glacial acetic acid. The anhydride gives a very character­
istic fusion test (microscope) strongly resembling that ob­
tained from di-ß-hydroxy-«-naphthoquinone. On hy­
drolysis with boiling alkali the compound is converted into 
di-ß-hy droxy- «-nap thoquinone.

«,ß'-Anhydride (III).—Five grams of di-ß-hydroxy-a- 
naphthoquinone was dissolved in 250 cc. of cold concen­
trated sulfuric acid and after standing at room tempera­
ture for thirty minutes the deep red solution was poured 
into 3 liters of water. The flocculent orange-red precipi­
tate was washed and dried; yield 4.35 g. This material 
proved to consist largely of the «,ß'-anhydride mixed with 
a small amount of the red ß,ß'-isomer. The latter is 
much the less soluble in organic solvents and its complete 
removal is not easily accomplished. The «,ß'-anhydride 
can be obtained in a pure condition by repeated crystalli­
zation from glacial acetic acid, using each time a quantity 
of solvent insufficiënt to dissolve all of the material (250 cc. 
per gram), but the process is tedious for the ß,ß'-anhydride 
dissolves to a very slight but definite extent in acetic acid. 
A better method was found in the use of dilute (2:1) nitric 
acid. It was found that the «,ß'-anhydride crystallizes 
very well from the acid while the ß,ß'-isomer does not ap- 
pear to dissolve at all in acid of this concentration. When 
boiled with stronger acid it slowly passes into solution but 
it apparently is oxidized, for the colorless solution on spon­
taneous evaporation leaves a residue of colorless crystals. 
As a result of these tests the following method was adopted. 
One-tenth gram of the anhydride mixture was added to a 
mixture of 50 cc. of concentrated nitric acid and 25 cc. of 
water, heated just below the boiling point. There was a 
lively evolution of gas and a large part of the material 
rapidly dissolved. The solution was cooled slightly, 
filtered through a suitable paper supported by a platinum 
cone from some undissolved, crimson red material (largely 
ß,ß'-anhydride), reheated, and allowed to cool. The «,ß'- 
anhydride crystallized in fine hair-like needles forming a 
bright orange silky feit. This material was very pure, and 
the mother liquor yielded a further quantity of equally 
pure «,ß'-anhydride and there was no indication of the 
presence of the isomer. About half of the weight of the 
mixture was recovered as pure «,ß'-anhydride. Material

(8) Determined with a Berl-Kullm ann copper block (uncorr.) by
L. F. F.

which had been crystallized twice from glacial acetic acid 
dissolved nearly completely in the nitric acid solution.

The pure «,ß'-anhydride closely resembles the «,«'- 
isomer in appearance except that it has a brilliant, pure 
orange color with no Suggestion of yellow. It is fairly 
readily soluble in boiling nitrobenzene and crystallizes as 
short orange needles. It is more soluble in glacial acetic 
acid than the « ,« '-isomer. The solution in concentrated 
sulfuric acid is deep red and the reprecipitated material is 
orange-yellow. The anhydride is slowly attacked by 
boiling alkali to give a red solution from which di-ß-hy - 
droxy-«-naphthoquinone is precipitated on acidification. 
The «,ß'-anhydride melts at 317-318°8 with some de­
composition. It gives a good fusion test.

Anal. Calcd. for C20H8O5: C, 73.17; H, 2.44. Found:
C, 73.28; H, 2.64.

Azine of the «,ß'-Anhydride.—One-half gram of the 
anhydride was dissolved in 200 cc. of glacial acetic acid by 
boiling and to this was added a filtered solution prepared 
from 0.6 g. of o-phenylenediamine hydrochloride, 2.5 g. 
of crystalline sodium acetate, and 50 cc. of glacial acetic 
acid. Heated on the water-bath for forty-five minutes 
the hot solution deposited yellow crystals of the azine in 
a good condition, the yield of the washed and dried material 
being 0.44 g. Crystallized from glacial acetic acid (500 cc.) 
the substance formed golden yellow plates melting at 329- 
330°.8

Anal.9 Calcd. for C26H12O3N2: N, 7.00. Found: N,
6 .86.

ß,ß'-Anhydride (IV).10—This bright red, sparingly sol­
uble quinone appears to be the sole anhydride formed when 
di-ß-hy droxy-«-naphthoquinone is treated with acetic 
anhydride in combination with either sulfuric acid or 
sodium acetate. The substance was satisfactorily pre­
pared by dissolving 0.5 g. of the dihydroxy quinone in 50 
cc. of nitrobenzene, cooling the solution to 50°, and adding 
a solution prepared by dissolving 5 cc. of concentrated 
sulfuric acid in 20 cc. of acetic anhydride with cooling. 
The solution became cherry red and almost immediately 
began to deposit glistening, bright red plates of the ß,ß'- 
anhydride. After cooling the material was collected and 
washed thoroughly with alcohol and benzene; yield 0.43 
g. The substance thus obtained was entirely homogeneous 
and appeared to be directly pure. Recrystallized from 
nitrobenzene (about 200 cc.) it formed fiery red plates of 
great beauty.

Anal.9 Calcd. for C20H8O5: C, 73.16; H, 2.46.
Found: C, 72.68; H, 2.46.

The exceedingly slight solubility of the compound in 
glacial acetic acid and the action of nitric acid on the sub­
stance have been mentioned above. In a capillary tube the 
anhydride decomposes at about 335-345° without showing 
signs of melting. When heated on a cover glass and ex­
amined microscopically the compound does not seem to 
melt but strikingly beautiful, deep red scales having a high 
luster collect on top of the substance heated. When boiled 
with dilute alkali it becomes green at first, due to a reduc­
tion, and then it dissolves to a red solution of the salt of di- 
ß-hydroxy-«-naphthoquinone.

(9) Analysis by Mrs. G. M. Wellwood.
(10) Preparative experiments by L. F. F,
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Di-azine of the ß, ß '-Anhydride.10—The anhydride 
(0.2 g.) was suspended in glacial acetic acid (200 cc.) and 
refluxed with a solution of o-phenylenediamine prepared as 
above. The red plates were rapidly replaced by liair-like 
yellow needles of the reaction product, and after refluxing 
the mixture for two hours the conversion was nearly com­
plete. As microscopie examination revealed the presence 
of a few unchanged plates of the anhydride, the material 
was digested for a short time with alkaline hydrosulfite 
solution containing some alcohol. The unattacked ma­
terial was crystallized twice from nitrobenzene, in which it 
is only moderately soluble, clarifying the solution with 
animal charcoal. The compound was obtained as small, 
somewhat dull yellow needles, m. p. 4 0 9 -4 1 0 ° .8

Anal.9 Calcd. for C32H16ON4: N, 11.86. Found: N, 
11.70.

Summary
Exposed to the light in aqueous solution, 

hydroxynaphthoquinone is largely converted into 
a diquinone by a process of dehydrogenation, 
and to a lesser extent it is hydroxylated in the 
quinone ring. A method is described for the 
preparation of the main reaction product in 
quantity, and by the isolation of three isomeric 
internal anhydrides it is established that the 
substance has the structure of di-ß-hydroxy-a- 
naphthoquinone.
82 R emsen Street R eceived  M ay 1, 1936
B rooklyn, N ew  Y ork

Concerning Wichelhaus’ “ Di-ß-naphthoquinone Oxide”1,2
B y  S am uel  C. H ooker a n d  Louis F . F ie se r

In 1897 Wichelhaus3 discovered that ß-naphtho- 
quinone is converted by warm aqueous ferric 
chloride solution into a substance which evidently 
is formed from two molecules of the starting mate­
rial and which Wichelhaus regarded as having the 
structure of an oxide, I. Although this formula

o 0

° v k

r V -
- °  V ''!

seems inconsistent with Wichelhaus * own Obser­
vation that the substance dissolves in cold alkali 
or even soda solution and may be recovered un­
changed from the red Solutions, the matter does 
not appear to have received any further attention. 
On repeating the preparation it was found in the 
present work that the reaction is very smooth and

(1) See Editor’s note (1), T h is  J o u r n a l , 58, 1163 (1936).
(2) In a letter written to me a few weeks before his death Dr.

Hooker commented as follows on a prospective extension of experi­
ments which he had started in 1926-1927 and continued with Dr. 
G. H. Connitt in 1927-1928 on the structure of the so-called di-0- 
naphthoquinone oxide: “A number of interesting compounds and
reactions resulted from my work with this substance which I shall 
be glad to see satisfactorily explained.“ Kis hope to resume work 
on the problem was not realized, and the notes which subsequently 
came to my hand included a formula for the “oxide” which was re­
garded as purely provisional. The acetyl derivative was described 
and methods were given for the preparation of the “oxide” and of 
compounds A, B (first method), C (first method), and D, for the 
oxidation of A, and for the conversion of D into B, but no formula- 
tion was suggested for the new compounds. Following a course 
which I believe to be in accordance with Dr. Hooker’s wishes, I have 
attempted to carry the work to completion.—L. F. F ie s e r .

(3) Wichelhaus, Ber., 30, 2199 (1897).

that the oxidation product can be obtained in a 
good condition in nearly quantitative yield. The 
precipitated material first obtained is pure yellow, 
but it forms orange-red needles when crystallized 
from acetic acid. That it contains a free hy­
droxyl group, as suggested by the marked acidic 
properties, was established by the formation of a 
monoacetyl derivative. Clearly the oxide struc­
ture is inadmissible, and the substance is more 
properly regarded as a hydroxy dinaphthyldi- 
quinone.

The yellow color of the precipitated compound 
at first suggested the structure of an a-naphtho- 
quinone, and it seemed that the substance could 
possibly be accounted for by assuming the forma­
tion of hydroxynaphthoquinone by oxidation and 
the condensation of two molecules of this oxida­
tion product with the elimination of water, giving

O O

II. This might have been confirmed by the for­
mation of the compound from hydroxynaphtho­
quinone, but under the above experimental con­
ditions the hydroxyquinone was largely un­
changed and yielded none of the condensation 
product. I t  was thought also that if the Wichel­
haus compound has the structure II it might be 
expected to yield di-ß-hy droxy-cx-naphthoqui-
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none4 on oxidation in alkaline solution. This does 
not seem to be the case, for although oxidation 
occurs on exposing the alkaline solution to the air 
the product has quite different properties, as will 
be described below.

Another hypothesis regarding the formation of 
the “oxide” was suggested by the observation that 
on crystallization of the crude product there was 
isolated a small quantity of the dinaphthyldi- 
quinone III. Although this may arise merely by

O O

III

the oxidation of a trace of dinaphthyldiquinhy- 
drone present in the starting material, it seemed 
possible that III is an intermediate in the reaction. 
Experiment showed, however, that the diquinone 
is practically unchanged even when boiled with 
aqueous ferric chloride solution. The possibility 
of the formation of hydroxynaphthoq uinone and 
its immediate condensation with unchanged ß- 
naphthoquinone was similarly eliminated in test 
experiments, and the problem was then attacked 
by degradation.

On submitting the Wichelhaus compound to 
zinc dust distillation there was obtained a hydro­
carbon which was fully identified as ß,ß-dinaph- 
thyl by comparison with samples prepared by 
the zinc dust distillation of di-oj-naphthoquinone6 
and by synthesis. Since there is considerable un- 
certainty in the literature as to the identity of a 
substance described by Watson Smith6 as &>ß- 
dinaphthyl, this hydrocarbon was prepared for 
comparison by synthesis from a-tetralone and 
/5-naphthylmagnesium bromide. The properties 
of the compound are precisely those reported by 
Smith and the hydrocarbon is quite different from 
the above degradation product. The isolation of 
the 0 ,0 -compound provides a significant clue to 
the structure of the hydroxy dinaphthyldiquinone. 
Since there is no reason to believe that four of the 
oxygen atoms do not occupy their original posi- 
tions in the naphthalene rings, as for example in 
formula II, and since the pronounced acidity of 
the compound indicates that the hydroxyl group

(4) H ooker, T h is  J o u r n a l , 58, 1212 (1936).
(5) W itt and D ed ich en , B e r .,  30, 2663 (1897).
(6) Sm ith , J .  C h em . S o c ., 32, 560 (1877); 35, 227 (1879).

O

O IV

is situated in a quinone ring, the substance very 
probably has the structure IV. The presence of 
a 0 -quinone group accounts for the orange-red 
color of the crystalline material, while the color 
of the alkaline solution is that expected for a 
ß - hydroxy-a -naphthoquinone derivative. The 
mechanism of the remarkable oxidation reaction 
is still obscure.

As mentioned above the hydroxy dinaphthyl­
diquinone is easily oxidized by air in alkaline solu­
tion, and an investigation of the reaction product 
has furnished additional support for the formula
IV. The oxidation was accomplished by allowing 
an alkaline solution of Wichelhaus' compound to 
go to dryness in an open dish at room temperature, 
and there was obtained from the residue in over 
50% yield a yellow compound (C20H12O7) which 
gives an orange solution in alkali. This substance, 
which will be designated A, is quite susceptible 
to other changes in the presence of acids and bases 
and even in neutral solvents. In the course of 
purifying the yellow substance it was discovered 
that in boiling acetic acid a rather rapid isomeri- 
zation takes place giving a more stable, yellow 
compound B which dissolves in alkali with a crim­
son color. When A is boiled for some time with 
alcohol it also yields some of the isomer B, but 
there is formed in addition another yellow com­
pound, C, which differs in composition from the 
starting material by the elements of carbon diox­
ide. Compound C can be obtained in good yield 
by heating A in pyridine with a small amount of 
copper powder. This decarboxylation clearly 
shows that the oxidation of the hydroxy dinaph­
thyldiquinone in alkaline solution involves the 
opening of one of the rings. A similar oxidation 
can be accomplished with the use of hydrogen 
peroxide in glacial acetic acid solution, but in this 
case isomerization also occurs and the product is B.

There are definite indications that the hydroxy­
naphthoquinone grouping of IV remains intact in 
the course of the oxidation, one being that on ex-
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posing an alkaline solution of A to the air the sub­
stance is converted in part into hydroxynaphtho­
quinone. The yellow color of compounds A, B 
and C also suggests the a-quinone structure. By 
the action of cold, concentrated sulfuric acid A, 
however, is converted into a red anhydro com­
pound D which appears to be a quinone of the
0 -series, for it forms a bisulfite addition compound. 
Dilute alkali converts the substance into B. This 
interconversion of ortho and para quinone deriva­
tives is likewise indicative of the structure of a 
hydroxynaphthoquinone.

co 2h
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c o 2h
I

I
I ,

C02

- c h 2-
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011
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The facts at present available concerning these 
and other transformation products suggest a pro- 
visional interpretation which is believed to be 
fundamentally sound if still uncertain in some de­
tails. The composition of the oxidation product 
A is such as to indicate that the reaction involves 
the rupture of the molecule between two singly 
linked carbon atoms with the acquisition of two

hydroxyl groups. A normal ex-diketone oxidation 
would yield a substance of the formula shown in 
brackets, but there is evidence that this cannot 
represent the structure of A. Such a substance 
probably would be orange or red, because of the 
unsaturated character of the side chain, and it 
would surely react with three moles of diazometh­
ane; but A is yellow and yields a dimethyl deriva­
tive on treatment with this reagent. The pres­
ence in A of but one acidic group in addition to the 
original hydroxyl group of the quinone ring sug­
gests that the dicarboxylic acid initially formed 

undergoes lactonization, and 
for reasons which will be 
given below compound A is 
regarded as a 5-lactone of 
the formula shown. That 
A is not the primary product 
is indeed clearly indicated 
by the color changes ob­
served in carrying out the 
oxidation. On exposing the 
alkaline solution of IV to 
the air it acquires an in- 
tensely crimson color as the 
oxidation proceeds to com­
pletion, but the substance
(A) which slowly separates 
after the solution has been 
acidified dissolves in alkali 
to an orange, and not a 
crimson, solution. A satis- 
factory explanation seems 
to be that the dibasic acid 
responsible for the crimson 
color isomerizes in the acidic 
solution to the less soluble 
lactone A. The change 
seems to be reversible, for 
on warming the orange alka­
line solution of A it acquires 
a crimson color which per- 
sists on cooling.

I t seems necessary to as- 
sume that A contains a 8- rather than a 7 -lactone 
ring in order to account for the properties of the 
still more stable isomer B. Only one acidic group 
is present in B for the substance yields a mono- 
methyl ester on reaction with diazomethane. The 
ester gives some methane on treatment with 
methylmagnesium iodide, but apparently other 
changes obscure the full reaction expected for an

~CH2CH-
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alcoholic hydroxyl group. This group seems to be 
in tertiary combination, for the ester is not acetyl- 
ated in the presence of either acidic or basic Cata­
lysts. This is the chief reason for believing that in 
the formation of A the lactone ring does not close 
in the 7 -position, for then B would contain a 
secondary alcoholic group amenable to acetyla­
tion. The properties of B, moreover, are sugges­
tive of a 8- rather than a 7 -hydroxy acid, for it is 
not very prone to form a dilactone. On boiling a 
xylene solution of the substance water is easily 
eliminated giving a yellow anhydro compound (E) 
which is regarded as a dilactone, but on simply 
crystallizing the compound from dilute acetic acid 
it reverts to B with the opening of the second lac­
tone ring. The red compound D is regarded as a 
dilactone differing from E only in the character of 
the quinone group, and its ready formation di­
rectly from A is understandable in terms of the 
formulas suggested. According to the above inter­
pretation the isomerization of A to B in acetic acid 
solution involves the opening of a 8-lactone ring 
and the closing of a more stable 7 -lactone ring 
incorporating the acidic hydroxyl group of the 
quinone.

The ready formation of C in the decarboxyla- 
tion reaction suggests that the carboxyl group is 
eliminated not directly from the lactone A but 
from the unsaturated acid with which A appears 
to be in equilibrium, particularly in pyridine solu­
tion. If an unsaturated hydroxyquinone acid is 
the immediate product of the decarboxylation it 
apparently lactonizes at once, for C is yellow, 
rather than orange-red, and has but one acidic 
group. The formula suggested for the compound 
is preferred to that of a dihydrofurano-a-naphtho- 
quinone with a free carboxyl group because like 
other 2-hydroxy-3-alkyl-l,4-naphthoquinones, the 
compound can be methylated with diazomethane 
but not with methyl alcohol and a mineral acid. 
It seems likely that the substance is a 7 -rather 
than a 5-lactone because it is quite stable and 
shows no tendency to revert to a hydroxy acid 
similar to B in aqueous solvents. In cold concen­
trated sulfuric acid solution C is slowly converted 
in part into a red anhydro compound F. This 
was obtained in only very small amounts and it 
has not been fully characterized, but it does not 
appear to be an ortho quinone. It is conceivable 
that the substance is the lactone (e) of an un­
saturated hydroxy-a-quinone acid, but there is as 
yet no evidence on this point.

With the possible exception of F the various 
compounds seem to be satisfactorily accounted 
for by the formulas suggested and on the basis of 
the structure IV for the substance resulting from 
the oxidation of ß-naphthoquinone with ferric 
chloride. A rigid proof of the individual struc­
tures, however, is not available, and the above 
formulation may require some revision with re­
spect to the exact character of the lactone rings.

Experimental Part
2 - Hydroxy - 3,3' - dinaphthyl - 1,4,1',2' - diquinone

(IV).—For the best results in the oxidation the conditions 
should be controlled more carefully than indicated by 
Wichelhaus.3 /^-Naphthoquinone of good quality (10 g.) 
was finely ground, made into a paste with a part of 400 cc. 
of water, rinsed into a flask, and treated with 40 g. of ferric 
chloride crystals dissolved in the rest of the water. The 
mixture is heated in a water-bath kept at 65-70° and the 
flask is constantly agitated. The quinone darkens and 
partly dissolves, and in about one hour the product sud- 
denly becomes uniform brownish-yellow and settles, leav­
ing a clear supernatant solution; the oxidation is then com­
plete. Ordinarily the material is obtained in very satis- 
factory condition; yield 10.2 g. When the very pure, 
crystalline ß-naphthoquinone described by Fieser and 
Fieser7 is used the grinding of the sample is unnecessary 
and it is convenient simply to introducé the reagents and 
provide mechanical stirring. The yield is the same but the 
product is pure yellow.

For purification the amorphous brown or yellow material 
was crystallized from glacial acetic acid, using 45 cc. per 
gram. The first erop (7.7 g.) separated as deep orange- 
red needles of the best quality. The mother liquor from 
the crystallization of the brownish-yellow crude material 
was allowed to stand overnight and a compact orange- 
red deposit separated. This proved to be almost certainly 
the dinaphthyldiquinone (III) studied with Walsh,8 identi­
fication being made by means of the color reactions with 
1% sodium hydroxide solution.

The pure hydroxydiquinone when introduced to a bath 
at 230° darkens at about 240° and melts at 253-254° with 
decomposition. It imparts a bromine color to concen­
trated sulfuric acid and on absorption of moisture the solu­
tion deposits clusters of microcrystals. Water precipi­
tates the unchanged compound as amorphous flocks chang- 
ing to microcrystalline dots of very characteristic appear- 
ance. The compound dissolves easily in dilute alkali in 
the cold, as well as in sodium carbonate or bicarbonate 
solution. The Solutions are orange-red and became darker 
when heated. On spontaneous evaporation of a drop of 
the alkaline solution there appears around it a very charac­
teristic, almost black ring of microcrystals of the sodium 
salt.

In investigating the formation of the oxidation product 
the dinaphthyldiquinone III was boiled with strong ferric 
chloride solution, but it remained unchanged. At 65-70° 
hydroxynaphthoquinone was attacked to only a minor ex-

(7) Fieser and Fieser, T h is  J o u r n a l , 57, 491 (1935).
(8) Hooker and Walsh, J.  Chem. Soc., 65, 321 (1894).
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tent by aqueous ferric chloride. A mixture of equimolecu- 
lar amounts of /3-naphthoquinone and hydroxynaphtho­
quinone gave, after recrystallization, no more of the 
hydroxydiquinone than could be obtained from the ß- 
naphthoquinone used.

The acetyl derivative of IV was prepared by slowly stir­
ring 1 g. of the hydroxy compound into a solution of 0.2 cc. 
of concentrated sulfuric acid in 7 cc. of acetic anhydride 
at 30-40° for about one hour, a part of the acetate crystal­
lizing during this period. The mixture was poured into 
water and after several hours the crystalline product (1.1 
g.) was collected. The compound is readily soluble in 
benzene or glacial acetic acid, moderately soluble in alcohol. 
It crystallizes from methyl alcohol as orange-red prisms or 
tablets, m. p. 205-205.5°. It is slowly hydrolyzed by 1% 
sodium hydroxide to the starting material.

Anal. Calcd. for C22H12O6: C,70.96; H, 3.25. Found: 
C, 70.99, 70.97; H, 2.96, 3.39.

It may be noted that the analysis reported by Wichel­
haus3 for a compound, m. p. 164-165°, which he obtained 
by reductive acetylation and regarded as a tetraacetyl deriv­
ative agrees equally well with the percentages calculated 
for a pentaacetyl compound.

Conversion to ß, ß-Dinaphthyl.—A finely ground mixture 
of 2 g. of the hydroxy dinaphthyldiquinone (IV) and 80 
g. of zinc dust was placed in a flask, covered with 60 g; of 
zinc dust, and heated to redness. The distillate, which 
amounted to about three drops, promptly solidified. The 
material from three runs was clarified and dried in ether 
solution, and after taking off most of the ether there was 
obtained a good yellow solid which was collected and 
washed with a little ether. After two crystallizations from 
alcohol it was obtained as thin, iridescent, faintly yellow- 
green plates, m. p. 180-181°; picrate, m. p. 182-183°.

The zinc dust distillation of di-«-naphthoquinone in the 
same way gave in similar yield a substance of identical ap- 
pearance and properties and showing no depression in the 
melting point. A sample of ß,/3-dinaphthyl was also pre­
pared by Dr. E. B. Hershberg from ß-naphthylmagnesium 
bromide and /3-bromonaphthalene and crystallized from 
benzene-ligroin. This material was almost colorless (but 
fluorescent) and melted 1.5-2° higher than the above 
samples but mixtures of the hydrocarbons and the picrates 
showed no depression. The synthetic hydrocarbon melted 
at 185-186°, corr.; picrate, orange-yellow needles from 
benzene, m. p. 186-187°, corr.

Synthesis of «,/3-Dinaphthyl.9—A solution of 8.8 g. of 
«-tetralone in absolute ether was slowly added to a solu­
tion of the Grignard reagent prepared from 15 g. of ß- 
bromonaphthalene and after refluxing the resulting clear 
solution for one hour the mixture was worked up in the 
usual way and the product distilled in vacuum. Vigorous 
elimination of water occurred at 170-200°, 1-2 g. of naph- 
thalene came over in the fore-run, and the main fraction 
of unsaturated hydrocarbon distilled at 217-219° (3 mm.) 
as a yellowish oil; yield 11.3 g. (74%). This material 
(10.5 g.) was dehydrogenated by heating it with sulfur 
(1.35 g.) at 230-250° for forty-five minutes and the product 
was distilled at 2 mm. pressure. The resulting viscous oil 
slowly solidified and on crystallization there was obtained

(9) This experiment was kindly carried out by Dr. E. B. Hersh­
berg.

9.1 g. of material, m. p. 72-73°. After two recrystalliza­
tions the hydrocarbon melted constantly at 74.5—75°, 
and a sample recovered from the purified picrate melted 
at the same temperature.

Anal.™ Calcd. for C20H14: C, 94.44; H, 5.55. Found: 
C, 94.52; H, 5.72.

The hydrocarbon crystallizes from petroleum ether in 
small, ball-like clusters of microcrystals, and the molten 
material is very slow to solidify. In all of its properties the 
substance corresponds closely with the compound re­
garded by Watson Smith6 as «,ß-dinaphthyl (m. p. 76°), 
and the present results indicate that, contrary to the con- 
clusions of Meyer and Hofmann,10 11 Smith was completely 
successful in isolating the pure hydrocarbon from a mix­
ture consisting chiefly of the two isomers.

The dipicrate was best prepared by using two equivalents 
of picric acid: 4.5 g. of the acid was dissolved in a hot solu­
tion of 2.54 g. of a,/5-dinaphthyl in 40 cc. of absolute alco­
hol. The dipicrate which separated on cooling was dis­
solved with 2 g. of picric acid in 40 cc. of absolute alcohol, 
and on cooling there was obtained 5.4 g. of heavy, bright 
orange needles, m. p. 127-127.5°, corr. The melting point 
was not changed by further crystallization.

Anal™ Calcd. for CaoHi^CeHgOrNs: N, 11.80.
Found: N, 11.57.

A monopicrate does not appear to be stable, for a solu­
tion of equivalent quantities of the components deposited 
almost exactly the theoretical quantity of the dipicrate and 
the pure hydrocarbon was recovered from the mother 
liquor. These observations clearly support the conclu- 
sion of Gump12 that the compound which Wegscheider13 
had in hand was not «,/3-dinaphthyl.

Compound A.—A solution of 18 g. of 2-hydroxy-3,3'- 
dinaphthyl-l,4,l',2'-diquinone in 3600 cc. of 6% sodium 
hydroxide was distributed amongst six shallow trays of 
about 645 sq. cm. surface and allowed to evaporate spon- 
taneously in a light room. The at first orange-red solution 
slowly changed to a permanent crimson. After two weeks 
the Solutions had gone to dryness, and the residues were 
combined and dissolved in 13.2 liters of water. The in- 
tensely crimson alkaline solution was acidified with 480 
cc. of concentrated hydrochloric acid made up to a volume 
of 1200 cc. with water, and the flocculent precipitate which 
separated immediately was filtered off without delay and 
discarded (as attempts to purify the material were not 
successful). The yellow acid filtrate, which should be re- 
filtered quickly in case it is not perfectly clear, was allowed 
to stand at room temperature for five days, during which 
time the oxidation product (A) slowly separated as a dull 
brown-yellow microcrystalline deposit; yield 10.7 g. 
(54%).

In purifying the crude product care must be taken to 
avoid prolonged heating of the material in contact with 
solvents in which it is appreciably soluble (acetic acid or 
alcohol). One gram of the substance will dissolve in 74 
cc. of glacial acetic acid if refluxing is continued for fifteen 
minutes, but by this time the compound is in part isomer- 
ized to B and only 0.22 g. of A separates on cooling. Very

(10) Analysis by Mrs. G. M. Wellwood.
(11) Meyer and Hofmann, Monatsh., 37, 710 (1916).
(12) Gump, T h is  J o u r n a l , 53, 380 (1931).
(13) Wegscheider, Monatsh., 5, 238 (1884); Ber., 23, 3199 (1890).
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satisfaetory material was obtained by refluxing for two 
minutes a suspension of 10 g. of the crude oxidation prod­
uct with 100 cc. of glacial acetic acid, filtering the solu­
tion, and washing the undissolved substance with cold 
glacial acetic acid. The washed material was pure, bright 
yellow in color and weighed 8.6 g. The wash liquor de­
posited a crust of brown crystals which can be used for 
the preparation of B. In recrystallizing A it is not ad- 
visable to allow time for complete Saturation of the solu­
tion. Thus 1 g. of the washed product was added to 75 
cc. of boiling glacial acetic acid and after refluxing for 
three minutes the solution was filtered, leaving a residue 
of 0.56 g. of undissolved substance. The filtrate was re- 
heated until clear (one minute) and on cooling it deposited 
0.20 g. of bright yellow, diamond-shaped plates. Heated 
in a capillary tube the substance softens at about 201°, 
runs up the tube with gassing at 203-205°, and then gives 
a clear yellow liquid. It dissolves in dilute alkali or soda 
solution in the cold, giving orange Solutions which become 
crimson on warming.

Anal. Calcd. for C20H12O7: C, 65.93; H, 3.29.
Found: C, 65.50, 65.71; H, 3.53, 3.50.

The dimethyl derivative of A was obtained by allowing 
the substance to stand in contact with an ethereal solution 
of diazomethane, taken in large excess, for several hours. 
The acid is sparingly soluble in the medium and it is 
converted only slowly into the ester, which appears as 
a less highly colored yellow solid. When nitrogen was no 
longer evolved the solvent was removed and the residue 
taken up in glacial acetic acid, in which it is moderately 
soluble. The solution was diluted at the boiling point with 
an equal volume of water and after standing at room tem­
perature for several hours it deposited heavy, yellow, pris­
matic needles. The substance softens at about 220° and 
melts at 225—226°. It is insoluble in dilute alkali in 
the cold and hydrolysis occurs slowly at the boiling point, 
giving a red solution. In the Zerewitinofï test the com­
pound liberated no gas from a Grignard reagent in di­
phenyl ether-xylene on being heated at 100° for ten min­
utes.

Anal.™ Calcd. for C2oH100 6(OCH3)2: OCH3, 15.82. 
Found: OCH3, 15.74.

Oxidation of A.—While compound A can be recovered 
unchanged from its orange solution in cold 1% alkali if 
precipitated at once, the solution becomes much darker 
on standing, and on investigating the material recovered 
from such a solution after it had been exposed for two days 
it appeared to contain small amounts of A and B and a 
positive identification of hydroxynaphthoquinone was 
made by microscopie tests of the sodium and pyridine 
salts, the material precipitated from alkaline solution, and 
the color in sulfuric acid solution.

Compound B.—-One gram of the substance A was re­
fluxed with 100 cc. of glacial acetic for one and three-quar- 
ters hours and the resulting yellow solution was diluted 
with 100 cc. of hot water. On cooling the pure product 
slowly separated in the form of rather heavy, flat, yellow 
needles; yield 0.85 g. The behavior of the substance when 
heated in a capillary tube is quite characteristic. When 
introduced to a bath at 200° the material froths vigorously 
with the liberation of water and then subsides to a dry 
solid, but when heated gradually in a bath initially at

room temperature no change can be detected in the appear- 
ance of the crystals as the material is more gently de- 
hydrated. At about 247° minute droplets are formed at 
the surface of the glass, giving the appearance of orange 
lines across the tube, and at 264° the substance completely 
melts to a clear liquid showing some signs of decomposi­
tion.

Anal. Calcd. for C20H12O7: C, 65.93; H, 3.29. Found: 
C, 65.85, 66.02; H, 3.48, 3.50.

The compound is stable to the prolonged action of hot 
glacial acetic acid with or without added hydrochloric acid. 
It dissolves in cold concentrated sulfuric acid to a light 
orange-yellow solution from which water precipitates the 
unchanged compound in an amorphous form rapidly crys­
tallizing to branching curved needles. A drop of the 
solution exposed on a slide deposits characteristic frond- 
like clusters and circular groups of crystals. The sulfuric 
acid solution reddens on warming and then becomes dull 
brown-red. Compound B dissolves readily in cold 1% 
sodium hydroxide yielding a crimson solution. On attempt- 
ing to acetylate B in pyridine solution the material was re­
covered, after crystallization, in an unchanged condition.

Compound B was also obtained by warming a suspen­
sion of 1 g. of the finely powdered hydroxy dinaphthyl- 
diquinone IV in 30 cc. of glacial acetic acid with 1.5 cc. 
of 30% hydrogen peroxide. After about thirty minutes 
the material had dissolved to an orange-yellow solution, 
and this became pure yellow at the end of one hour. The 
solution was treated with 20 cc. of hot water and on cool­
ing it slowly deposited 0.4 g. of orange-yellow needles. 
This material was boiled with 15 cc. of glacial acetic acid 
for one hour, and after adding 7 cc. of water and cooling 
there was obtained 0.3 g. of yellow needles of B. The 
substance was identified by the usual tests and by con­
version to the ester and the anhydride.

The methyl ester of B, prepared as above with diazo­
methane, crystallized very slowly from a solution in glacial 
acetic acid which had been diluted at the boiling point with 
an equal volume of water. It forms flat, pale yellow 
needles melting at 249-250°, with some previous softening.

Anal.™ Calcd. for C21H14O7: OCH3, 8.20. Found:
OCHs, 8.38.

The ester is moderately soluble in glacial acetic acid, 
sparingly soluble in alcohol or benzene. It is not affected 
by boiling xylene and crystallizes from this solvent in one 
or two large, compact clusters of needles. The substance 
is insoluble in cold alkali but it is hydrolyzed rather readily 
at the boiling point. It was recovered unchanged after 
being heated at 100° with acetic anhydride in pyridine 
solution or in the presence of sulfuric acid. In the Zere­
witinofï test 0.1 mole of methane was liberated in the cold 
and a total of 0.3 mole was evolved after heating at 100° 
for five minutes.

Compound E («-Anhydride of B).—One-tenth gram of B 
was brought into solution in 15 cc. of xylene by gentle 
heating and shaking and the clear yellow solution was 
boiled for a minute or two on the hot-plate. A ring of 
moisture appeared and was allowed to escape, and soon the 
anhydride began to crystallize from the boiling solution 
as clusters of fine yellow needles. The material collected 
after cooling amounted to 0.08 g. and it was analyzed with­
out further purification.
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Anal.10 Calcd. for C20Hi0O6: C, 69.36; H, 2.91.
Found: C, 69.62; H, 2.95.

Introduced in a capillary tube to a bath at 220° the 
substance shows no signs of frothing or other change, 
orange lines appear across the sample at about 249° and 
melting is complete at 264°. Except for any indication of 
loss of water, the behavior is identical with that of B, and 
it is inferred that the latter yields E on being heated with­
out solvent. The anhydro compound is readily soluble in 
dioxane or tetrachloroethane but does not crystallize well 
even on the addition of benzene, in which it is sparingly 
soluble. It dissolves easily in glacial acetic acid and after 
dilution with hot water the solution deposits needles of
B, easily distinguished from the anhydride by the froth­
ing at 200° in a melting point capillary. Compound E dis­
solves easily in cold alkali or soda solution with a crimson 
color. On acidifying the cold alkaline solution this turns 
yellow and cloudy and a small amount of yellow material 
slowly separates. On boiling this at first dissolves to a 
clear solution which then deposits a yellow, granulär prod­
uct having the properties of E rather than B (no frothing 
at 200°). Compounds B and E behave exactly the same 
in this test and in the tests with sulfuric acid.

Compound D (ß-Anhydride of B).—One gram of A was 
dissolved in 50 cc. of concentrated sulfuric acid at room 
temperature and after standing for one hour the red solu­
tion was poured into 1 liter of water. The flocculent 
orange-red precipitate was washed and dried (0.98 g.) 
and crystallized from 25 cc. of glacial acetic acid. The 
substance forms clusters of red, prismatic blades, m. p. 
248-249.5°.

Anal. Calcd. for C2oH io0 6: C, 69.36; H, 2.91. Found:
C, 69.10; H, 3.09.

It dissolves slowly in cold sodium bisulfite solution and 
a colorless addition product separates. Addition of hy­
drochloric acid to a solution of the colorless material pre­
cipitates D. The compound dissolves rapidly in cold 1% 
sodium hydroxide solution and the yellow material which 
precipitates on acidification was identified, after crystal­
lization, as B. Reaction occurred on treatment of D with 
diazomethane and the substance rapidly dissolved in the 
ether. A glass-like resin was left on evaporating the sol­
vent and it could not be crystallized.

Compounds C.—One gram of A was refluxed with 50 cc. 
of alcohol for five and one-half hours and the resulting so­
lution was allowed to cool and seeded with a crystal of B. 
After standing overnight 0.16 g. of needles of B deposited. 
The mother liquor was then evaporated to a volume of 25 
cc. and on standing overnight a small additional quantity 
of B separated. After about ten days a mixture of B and 
C had crystallized and on warming the solvent in contact 
with this material the crystals of C dissolved and those of B 
were filtered off. On standing the mother liquor deposited 
0.26 g. of plates of C in a nearly pure condition, m. p. 174- 
175°.

The substance was obtained in better yield as follows. 
A solution of 1 g. of A in 15 cc. of pyridine was heated with 
0.05 g. of copper powder just at the boiling point for fifteen 
minutes, when carbon dioxide was no longer evolved, and 
the red solution was diluted with 100 cc. of water, filtered 
through a pad of Norite and treated with an excess of 
hydrochloric acid. The precipitate often carries down

some of the pyridine salt, which gives it an orange color, 
but this can be decomposed by vigorous shaking, giving 
pure yellow material; yield 0.9 g. Recrystallized from 
alcohol or alcohol-water the substance formed lustrous 
yellow plates (0.7 g.) melting at 177.5-178° and giving no 
depression when mixed with the above sample. It is read­
ily soluble in benzene, alcohol or ether.

Anal. Calcd. for C19H12O5: C, 71.24; H, 3.77. Found: 
C, 71.12; H, 3.93.

The compound dissolves easily in cold dilute alkali (or 
soda) to a light cherry red solution which does not darken 
on warming, and the unchanged material is precipitated on 
acidification. It is not altered by prolonged heating at 
100° with a mixture of equal parts of glacial acetic acid 
and concentrated hydrochloric acid, or by boiling the 
solution in xylene, or by refluxing for three hours a solution 
in methyl alcohol containing sulfuric acid.

Ester of C.—The reaction with diazomethane proceeds 
very rapidly and the material all passes into solution. The 
ester crystallizes very slowly from alcohol, in which it is 
readily soluble, forming bright yellow, elongated prisms, 
m. p. 165-166°. It is hydrolyzed slowly by hot 1% so­
dium hydroxide.

Anal.™ Calcd. for C2oH140 5: C, 71.84; H, 4.22;
OCH3, 9.28. Found: C, 72.11; H, 4.41; OCH3, 8.85.

Compound F (Anhydride of C).—The substance C (0.2 
g.) gives a light orange-yellow solution in cold concentrated 
sulfuric acid (5 cc.) and if the fresh solution is poured into 
water the unchanged starting material is precipitated. 
The acid solution darkens on standing and after fifteen 
hours only a small amount of brown material is precipi­
tated. At intermediate periods C is converted in part into 
F, as can be seen clearly by observing under the micro­
scope the crystals deposited when a drop of the solution 
is exposed on a slide, the anhydride forming small rosets 
of orange-red needles. After three and one-half hours 
there seemed to be no further increase in the amount of 
this material and the orange product obtained on precipita- 
tion at this point consisted chiefly of unchanged C mixed 
with about 0.02 g. of the new substance. Being much less 
soluble in dilute alcohol than C, compound F was easily 
separated by dissolving the mixture in alcohol and adding 
water at the boiling point. The substance separated as 
bundles of hair-like, red needles. It decomposes at about 
220-225° and does not dissolve appreciably in cold sodium 
bisulfite solution.

Anal™ Calcd. for C19H10O4: C, 75.49; H, 3.34. Found: 
C, 75.45; H, 3.81.

Summary
It is shown that the substance obtained by 

Wichelhaus by the action of ferric chloride on ß- 
naphthoquinone has the structure of 2 -hydroxy-
3,3 '-dinaphthyl-1,4,1', 2 '-diquinone. On exposure 
of the alkaline solution of the compound to the 
air for several days a smooth oxidation takes place 
with the cleavage of the 0-quinone ring and the 
formation of an unsaturated hydroxynaphtho­
quinone dicarboxylic acid derivative which sub- 
sequently lactonizes. The resulting substance
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has given rise to a number of interesting lactones 
and dilactones of both the a- and the ß-naphtho- 
quinone series and reminiscent of some of the com­
pounds of the lapachol and lomatiol group. These 
compounds have been investigated and the

changes have been for the most part satisfactorily 
explained.
82 R e m s e n  S t r e e t  R e c e iv e d  M a y  25, 1936
B r o o k l y n , N e w  Y ork
C h e m ic a l  L a bo r a t o r y  of  H a r v a r d  U n iv e r s it y  
C a m b r id g e , M a ssa c h u se t t s

[ C o n t r ib u t io n  from  th e  Chem ical  La b o r a t o r y  of  H a r v a r d  U n iv e r s it y ]

Concerning the Mechanism of the Hooker Oxidation

B y L. F. F ie se r , J. L. H artw ell1 a n d  A . M . S e l ig m a n1

In the course of his investigations of the oxida­
tion of alkyl and alkenyl derivatives of hydroxy­
naphthoquinone,2 the late Dr. Samuel C. Hooker 
came to the conclusion that the essential step in the 
remarkable reaction discovered by him consists in 
the opening of the quinone ring and its subsequent 
closing in a different manner, and consequently 
that the alkyl and hydroxyl groups exchange 
places as a result of the oxidation. In understand- 
ing with Dr. Hooker, and as already mentioned in 
one of his papers,2b we undertook to provide a rigid 
test of this part of the mechanism by studying the 
oxidation of naphthoquinones marked with a dis- 
tinguishing substituent in the aromatic ring.

and hydrogenation of the unsaturated side chain 
of the condensation products, following the gen­
eral synthetic method of Hooker.4 Submitted to 
the Hooker oxidation with alkaline permanganate, 
the hydrocinnamyl derivative IV yielded a lower 
homolog isomeric with the synthetic ß-phenyl- 
ethyl compound II but not identical with this sub­
stance. The oxidation product therefore has the 
alternate structure V and the hydroxyl and alkyl 
groups have assumed new positions with respect to 
the bromine atom, in accordance with the theory 
of Hooker. A second oxidation should result in 
a reversion to the original positions, with the hy­
droxyl and bromine located at 2 and 6 , respec-
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2-Hydroxy-6-bromo-1,4-naphthoquinone,3 I,
served as a convenient starting material for the 
preparation of compounds of the type desired, and 
it was converted into the derivatives II and IV 
by condensation with the appropriate aldehydes

(1) The work on the bromonaphthoquinones and the experiments 
in the lapachol series were completed by J. L. Hartwell in 1933; the 
experiments with the alkylnaphthoquinones were carried out by 
A. M. Seligman in 1934.

(2) Hooker, T h is  J o u r n a l , 58 (a) 1168; (b) 1174; Hooker and 
Steyermark, (c) 1179; (d) 1198 (1936).

(3) Fries and Schimmelschmidt, Ann., 484, 245 (1930).

tively. That the second oxidation product in­
deed has the structure VI was established by the 
independent synthesis of this compound from the 
silver salt of I by the method of Fieser.5 Accord­
ing to the theory an isomer of this benzyl deriva­
tive should result from the oxidation of the syn­
thetic ß-phenylethyl compound II, and this pre- 
diction also was verified.

(4) Hooker, T h is  J o u r n a l , 58, 1163 (1936).
(5) Fieser, ibid., 48, 3201 (1926).
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While these experiments adequately establish 
the point at issue it seemed desirable to include 
in the study a case in which the structure of the 
product of a single oxidation, rather than of two 
successive oxidations, could be proved by direct 
synthesis. 2,6-Dimethyl-3-hy droxy- 1,4-naphtho­
quinone6 (VII) was investigated for the purpose 
and when oxidized by the Hooker method it was 
found to give in good yield a hydroxynaphtho­

quinone having one less methyl group. That it 
is the methyl group of the quinone ring which has 
been eliminated is shown very clearly by the Ob­
servation that the oxidation product easily yields 
an ether on reaction with methyl alcohol in the 
presence of a trace of mineral acid, whereas under 
similar conditions the starting material (VII) is 
unchanged.6 As in other cases7 a substituent in 
the hydroxyquinone ring efïectively blocks the 
addition reaction. That the hydroxyl group as- 
sumes a new position with respect to the remain­
ing methyl group as a result of the oxidation was 
established by the synthesis of a compound of the 
structure VIII from 6-methyl-2-naphthol,8 IX, 
as indicated. The compound proved to be iden­
tical with the oxidation product from VII. Re­
garding the structure of the starting material IX, 
obtained from ß-methylnaphthalene by sulfona- 
tion and fusion, it was found that the substance 
forms a characteristic 1,8-phthaloyl derivative 
which can be rearranged with concentrated sul­
furic acid to a methylhydroxybenzanthraquinone, 
showing that the 7(ß)-position of the methyl- 
naphthol is unoccupied. This provides an inde­
pendent proof in confirmation of other, less di­
rect, evidence8,9 that the substituents are located 
in the 2- and 6-positions as in formula IX.

(6) Fieser and Seligman, T h is  J o u r n a l , 56, 2690 (1934).
(7) F ieser,ibid., 48, 2922 (1926).
(8) Dziewoóski, Schoenówna and Waldmann, Ber., 58 1212

(1925).
(9) Haworth, Letsky and Mavin, <ƒ. Chem. Soc., 1784 (1932).

It may be concluded from these results that the 
hydroxyl group and the modified alkyl substituent 
exchange places as a result of the oxidation, ex- 
actly as predicted on the theory that the quinone 
ring opens in the course of the reaction. In the 
hope of securing still more direct evidence on this 
point we undertook to investigate the oxidation of 
a compound of such a structure that the quinone 
ring, once opened, could not subsequently be re- 
established. A compound suitable for the pur­
pose was obtained by submitting hydrolapachol4 
to two successive oxidations with alkaline per­
manganate, 2-isopropyl~3-hydroxy-1,4-naphtho­
quinone (XI) being easily obtained in this way in 
good yield. When this was treated with alkaline 
permanganate in the regulär manner oxidation 
proceeded to the colorless stage as usual, but no 
pink or red color subsequently developed, even on

U\
: /C H 3

c o !c o c h <
! X CHs

COCOOH

X II

. ^ \ / COOH

^C O C O O H

+  HOOCCH
/C H j

\ c h 3

long standing. According to the theory the oxida­
tion should lead to the formation of the triketo 
acid XII which, lacking a methylene group in the 
proper position of the side chain, cannot undergo 
cyclization to a hydroxynaphthoquinone. On 
working up the acidified, colorless solution there 
was isolated in place of this substance phthalonic 
acid and isobutyric acid, which very probably 
arise from the oxidative cleavage of X II between 
the two adjacent carbonyl groups.

These observations lend considerable support 
to the view that the quinone ring opens in the first 
step of the Hooker oxidation, but our work casts 
no further light on the exact mechanism of the sub­
sequent ring closure. There is perhaps a rough 
analogy in the conversion of 2-aceto-1 -naphthyl- 
glyoxylic acid into 1,2-naphthindanedione,10 but 
the reaction occurs in an acidic rather than an al­
kaline medium and the process definitely is one of 
oxidation, a point not yet clearly established in 
the case at hand.

In conclusion the senior author wishes to ac- 
knowledge his indebtedness to the late Dr. Hooker

(10) Fieser, T h is  J o u r n a l , 51, 940 (1929).
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both for the permission to collaborate on this 
problem and for the useful and inspiring advice of 
his esteemed friend.

Experimental Part
Condensation of Aldehydes with 2-Hydroxy-6-bromo-l ,4- 

naphthoquinone, Hydrogenation
The starting material, previously mentioned only inci- 

dentally in the literature,3 was prepared conveniently from
6-bromo-l,2-naphthoquinone3,u as follows. On reaction 
with acetic anhydride-sulfuric acid by the usual proced­
ure11 12 this gave l,2,4-triacetoxy-6-bromonaphthalene in 
62% yield, the purified material forming colorless needles, 
m. p. 162°, from alcohol.

Anal. Calcd. for CieHisOßBr: C, 50.4; H, 3.44. 
Found: C, 50.6; H, 3.69.

On adding 145 g. of the powdered triacetate to a cold 
solution of 160 g. of potassium hydroxide in 730 cc. of 
95% alcohol the temperature soon rose nearly to the boil­
ing point and the solid dissolved to give a solution which 
rapidly turned dark brown. Oxidation to the quinone 
was completed by bubbling in air for one-half hour, after 
which the potassium salt of the product soon separated 
completely as small red crystals. Washed with alcohol, 
then with ether, the material was obtained in a very pure 
condition and in quantitative yield. As the potassium 
salt is sparingly soluble in water it was merely suspended 
in hot water and treated with dilute acid. The hydroxy­
quinone was obtained as a lemon-yellow, crystalline pre­
cipitate. It formed beautiful yellow needles, m. p. 204- 
205°, from alcohol containing a trace of acetic acid.

2 - Hydroxy - 3 - ß - phenylvinyl - 5 - bromo - 1,4 - naph­
thoquinone was prepared by Hooker’s method4 but using 
more solvent. A solution of 10 g. of the hydroxybromo- 
quinone in 225 cc. of glacial acetic acid was treated at 
93° with 30 cc. of previously warmed concentrated hydro­
chloric acid, followed immediately by 22 cc. of phenylacet- 
aldehyde. After digestion at 80° for one hour a large 
erop of red, crystalline material had separated and this 
was collected while the solution was still hot, as on cool­
ing a brown substance separated. The collected material, 
after being washed with acetic acid, was obtained in a 
good condition; yield 56%. Crystallized from benzene it 
formed glistening, deep red needles, m. p. 243-244°, 
violet solution in alkali.

Anal. Calcd. for CisHnOgBr: C, 60.9; H, 3.12.
Found: C, 60.8; H, 3.32.

Reductive acetylation with zinc dust, acetic anhydride, 
and sodium acetate gave the hydroquinone triacetate in 
86% yield, the compound forming colorless needles, m. p. 
197-198°, from benzene-absolute alcohol.

Anal. Calcd. for C24Hi906Br: C, 59.6; H, 3.96.
Found: C, 59.8; H, 4.12.

Hydrogenation of the hydroxyquinone proceeded 
smoothly in alcoholic solution using Adams catalyst, 
giving 2-hydroxy-3-j8-phenylethyl-6-bromo-1,4-naphtho­
quinone (II), which crystallizes from alcohol containing a 
little acetic acid as flat, golden-yellow needles, m. p. 180- 
181°; red color in alkali.

(11) Fieser and Hartwell, T h is  J o u r n a l , 57, 1479 (1935).
(12) Thiele and Winter, 4« « ., 311, 345 (1900).

Anal. Calcd. for Ci8Hi30 3Br: C, 60.5; H, 3.67. 
Found: C, 60.3; H, 3.81.

The hydroquinone triacetate of II formed fine, colorless 
needles from alcohol-benzene, m. p. 188-189°.

Anal. Calcd. for Q ÄiO eBr: C, 59.4; H, 4.36. 
Found: C, 59.3; H, 4.49.

2 - Hydroxy - 3 -  y  - phenyl - a  - propenyl - 6 - bromo -
1.4- naphthoquinone was prepared as above, using hydro- 
cinnamaldehyde, but the product did not separate from the 
hot reaction mixture. On pouring this into water there 
was obtained a brown precipitate mixed with black tar. 
After decanting the aqueous liquor the material was 
warmed with two portions of alcohol, for although this ex­
tracted some of the product it effectively removed the tar 
and left a fairly clean, crystalline yellowish residue (40% 
yield). For further purification the product was dissolved 
in 2% alcoholic potassium hydroxide and the violet solution 
was filtered from some dark residue and acidified. The 
precipitated material then crystallized well from benzene- 
petroleum ether to which a small amount of acetic acid 
was added, finally forming bright orange needles, m. p. 
177-178°.

Anal. Calcd. for Ci9Hi30 3Br: C, 61.8; H, 3.55.
Found: C, 61.8; H, 3.85.

The hydroquinone triacetate formed colorless needles, 
m. p. 170-171°, from alcohol, benzene, or glacial acetic 
acid.

Anal. Calcd. for C25H2iOeBr: C, 60.4; H, 4.26.
Found: C, 60.4; H, 4.31.

This triacetate slowly absorbed hydrogen in the presence 
of Adams catalyst giving the corresponding saturated com­
pound, l,2,4-triacetoxy-3-hydrocinnamyl-6-bromonaph- 
thalene, which formed needles, m. p. 170-172° (depresses 
the m. p. of the starting material).

Anal. Calcd. for C25H230 6Br: C, 60.1; H, 4.64.
Found: C, 60.1; H, 4.80.

The saturated triacetate was dissolved in hot acetone 
and hydrolyzed with alcoholic alkali, the solution being ex­
posed to the air until quite red, diluted, and acidified. The 
yellow precipitate of 2-hydroxy-3-hydrocinnamyl-6-bromo-
1.4- naphthoquinone, IV, (92% yield) crystallized from 
alcohol-benzene containing a trace of acetic acid as golden- 
yellow scales melting at 170-171°.

Anal. Calcd. for Ci9Hi&0 3Br: C, 61.5; H, 4.08.
Found: C, 61.4; H, 4.35.
Benzylation of 2-Hydroxy-6-bromo-1,4-naphthoquinone

A suspension of 6.2 g. of the silver salt of the hydroxy­
quinone with 3 g. of benzyl bromide in 70 cc. of absolute 
ether was allowed to stand in a stoppered flask overnight, 
when the red salt had been replaced by silver bromide. 
Three products were obtained, namely, 4-benzyloxy-6- 
bromo-1,2-naphthoquinone (a), 2-hydroxy-3-benzyl-6- 
bromo-1,4-naphthoquinone (b), and 2-benzyloxy-6-bromo-
1.4- naphthoquinone (c), and they were separated in this 
order as follows. The ethereal solution was filtered and set 
aside, while the residue was extracted with 100 cc. of hot 
benzene. On cooling the benzene solution the o-quinone 
ether (a) separated in a nearly pure condition; yield 0.6 
g. (10%); crystallized from benzene it formed orange- 
yellow needles, m. p. 227-228°. The benzene mother
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liquor and the ethereal solution were combined and ex­
tracted with 2% alkali and the red alkaline solution on 
acidification gave 1.4 g. (24%) of the acidic isomer (b), 
which crystallized from absolute alcohol-benzene, with a 
trace of acetic acid, as golden-yellow plates, m. p. 192°. 
On drying and concentrating the benzene-ether mother 
liquor 0.6 g. (10%) of the ^-quinone ether was obtained. 
It formed pale yellow needles from benzene, m. p. 201- 
202° .

Anal. Calcd. for Ci7Hn0 3Br: C, 59.5; H, 3.23.
Found: (a) C, 59.5; H, 3.59; (b) C, 59.5; H, 3.63; (c)
C, 59.5; H, 3.49.

The structures of the non-acidic isomers (a) and (c) are 
inferred from the colors of the compounds, in analogy with 
known cases. It was noted that on the addition of a drop 
or two of sodium or potassium hydroxide to a solution of 
the />-quinone ether in acetone the solution became deep 
purplish-blue, the color changing after a few minutes to 
dull green with loss of strength. Both the alkali and the 
solvent acetone appear to be necessary for the production 
of the blue color, as other bases and other solvents were in- 
effective. The o-quinone ether gave only a faint pink 
coloration, and the test was negative with a-naphthoqui- 
none and several of its simple derivatives. 2-Methoxy-
l ,  4-naphthoquinone gave an exactly similar coloration.

Reductive acetylation of the acidic isomer gave 1,2,4-
triacetoxy-3-benzyl-6-bromonaphthalene; fine needles,
m. p. 202-203°.

Anal. Calcd. for C23Hi90 6Br: C, 58.6; H, 4.06.
Found: C, 58.6; H, 4.29.

Oxidation of the Bromo Compounds
The Hydrocinnamyl Compound IV.—On account of the 

sparing solubility of the brominated quinones, the pro­
cedure was slightly modified as follows. A solution of 3 
g. of IV in the required amount of hot benzene was stirred 
into 600 cc. of hot 1% sodium hydroxide solution and the 
red solution was cooled to 0° and treated with 189 cc. of 
1% potassium permanganate solution, also at 0°. The 
color changes were as described by Hooker, the solution 
becoming practically colorless (spot test) and then reach- 
ing a maximum intensity of red in one to two hours. The 
yield of precipitated, nearly pure, material was 36%.13 * * 
Crystallized from alcohol containing acetic acid the 3- 
hydroxy-2-j3-phenylethvl-6-bromo-l ,4-naphthoquinone (V) 
formed golden-yellow needles, m. p. 173-175°. A mixture 
with the isomer II melted at 148-153°.

A nal Calcd. for Ci8H130 3Br: C, 60.5; H, 3.67.
Found: C, 60.5; H, 3.93.

Further Oxidation of V.—From 0.9 g. of the above com­
pound (V), oxidized in the same way, there was obtained in 
54% yield a substance crystallizing as golden-yellow plates, 
m. p. 188-189°, and giving no depression with synthetic

U l U A j f  u  *. \ j  w i  u m v /  o- j j_ i i u p i i  v A .

Oxidation of the Synthetic /3-Phenylethyl Compound,
II.—The oxidation product, obtained in 43% yield, crystal­
lized from alcohol with a trace of acetic acid as golden- 
yellow needles, m. p. 158-159°. The melting point of the 
3 -hydroxy-2-benzyl-6-bromo-1,4-naphthoquinone (III)

(13) At the time of the experiment it was not recognized in Dr.
Hooker’s laboratory or in our own that the yield is generally im-
proved by employing a higher concentration of alkali.

was depressed about 10° by admixture with the isomeric 3- 
benzyl compound.

Anal. Calcd. for Ci7Hn03Br: C, 59.5; H, 3.23.
Found: C, 59.2; H, 3.43.

The hydroquinone triacetate, which formed colorless 
needles, m. p. 196-197°, also gave a depression with the iso­
meric 3-benzyl compound.

Anal. Calcd. for C23Hi90 6Br: C, 58.6; H, 4.06.
Found: C, 58.5; H, 4.34.

2-Isopropyl-3-hydroxy-1,4-naphthoquinone
Preparation.—Lapachol kindly supplied for the purpose 

by Dr. Hooker was converted into the hydro derivative4 
and this was oxidized2a to 2-isobutyl-3-hydroxy- 1,4- 
naphthoquinone. The acetate of this substance formed 
pale yellow needles, m. p. 53.5-54° (Calcd.: C, 70.6;
H, 5.93. Found: C, 70.6; H, 5.40). Oxidation of the 
hydroxy compound in 1 % sodium hydroxide solution with 
1% aqueous potassium permanganate gave 2-isopropyl-3- 
hydroxy-1,4-naphthoquinone (XI) in 52% yield. The 
compound gave bright yellow needles, m. p. 92-93° from 
alcohol-acetic acid.

Anal. Calcd. for Ci3Hi20 3: C, 72.2; H, 5.60. Found: 
C, 72.4; H, 5.76.

Oxidation.—When a solution of 1 g. of the quinone in 
1% alkali was treated with an aqueous solution of 1.08 g. 
of potassium permanganate according to Hooker’s pro­
cedure the oxidation was somewhat slower than usual and 
the supernatant liquor became colorless only after about 
two hours. Air was bubbled through the solution for two 
hours, but no reddening occurred. After removing the 
manganese dioxide and acidifying the colorless solution a 
strong odor of isobutyric acid was noted and the substance 
was expelled by distilling the solution to a smal! volume, 
adding water and repeating the process. The acid dis- 
tillate neutralized 42 cc. of 0.1038 N  alkali, corresponding 
to a yield of 61% of isobutyric acid. In another experi­
ment 5 g. of the starting material gave an acid distillate 
containing isobutyric acid equivalent to a 65% yield, on 
the basis of titration. The neutral solution of the salt on 
evaporation left a residue (1.25 g.) which was treated 
with hydrogen chloride in the presence of ether. After 
filtering, and removing the solvent, the free acid (0.91 g.) 
was refluxed with ^-toluidine (3.2 g.), and after extracting 
the unused reagent with dilute hydrochloric acid the resi­
due was dried and crystallized from ligroin. Colorless 
plates, m. p. 104-105°, were obtained and a mixed melting 
point with a known sample of the p-toluide of isobutyric 
acid, m. p. 106-106.5°, established the identity of the sub­
stance.

The residue from the steam distillation in the first ex­
periment (1 g. of starting material) was made faintly 
alkaline and treated with 0.4 g. of phenylhydrazine hydro­
chloride and a few drops of acetic acid. After heating the 
mixture for four hours on the steam-bath and cooling, a 
pale yellow solid separated mixed with resinous matter. 
The yellow substance was extracted with soda solution, 
leaving the resin undissolved, and on acidifying the filtrate 
a pale yellow crystalline precipitate separated (0.25 g.). 
The substance melted at 215° with gas evolution and it was 
identified as 3-phenyl-4-phthalazone-l-carboxylic acid by 
a mixed melting point determination with a sample of the
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substance, m. p. 216-217°, dec., prepared from phthalonic 
acid and phenylhydrazine.14
Oxidation of 2,6-Dimethyl-3-hydroxy-1,4-naphthoquinone

Conversion to 2 - Hydroxy - 6 - methyl - 1,4 - naphthoqui­
none.—In trial experiments it was found, in conformity 
with Hooker’s observations,2b that the reaction proceeds 
best in a strongly alkaline medium, and the following 
method was adopted as the most satisfaetory. A solution 
of 1.13 g. of the dimethylhydroxynaphthoquinone (VII) 
in 100 cc. of 6% sodium hydroxide was chilled in ice and 
treated all at once with a solution of 1.26 g. of potassium 
permanganate and 6 g. of sodium hydroxide in 126 cc. of 
water, also at 0°. After standing for two hours at room 
temperature, the manganese dioxide was removed and the 
filtered solution, which had become quite red, was acidi­
fied. Small yellow plates of the oxidation product sepa­
rated in a good condition (0.78 g.) and a further amount 
(0.05 g.) was obtained by extracting the filtrate with ether; 
yield, 75%. The substance crystallized from benzene- 
ligroin as golden-yellow plates and from acetic acid as stout 
yellow needles; m. p. 199°, dec. It is sparingly soluble 
in water, moderately soluble in benzene, readily soluble in 
alcohol. The Solutions in both alkali and sulfuric acid 
are red.

Anal. Calcd. for CiiHsOs: C, 70.19; H, 4.29. Found: 
C, 70.20; H, 4.30.

The methyl ether was obtained in good yield by reflux­
ing for one and one-half hours a solution of 0.5 g. of the 
hydroxyquinone and 0.5 cc. of concentrated sulfuric acid 
in 25 cc, of methyl alcohol. The ether separated on cooling 
as fine, pale yellow needles, and after recrystallization it 
melted at 167-167.5°.

Anal. Calcd. for C12H10O3: C, 71.25; H, 4.99. Found: 
C, 71.31; H, 5.01.

The hydroquinone triacetate formed small, colorless 
needles from benzene-ligroin, m. p. 157-158°.

Anal. Calcd. for CiyHieOe: C, 64.53; H, 5.10. Found: 
C, 64.34; H, 5.04.

Synthetic Preparation of 2-Hydroxy-d-methyl- 1,4-naph­
thoquinone.—ß - Methylnaphthalene (100 g.) was sulfo- 
nated according to Dziewonski, Schoenówna and Wald- 
mann8 but the filtered solution of the reaction product in 
water (1 liter) was neutralized with concentrated alkali. 
The sodium salt which separated was obtained in a pure 
condition after one recrystallization; yield, 80%; p- 
toluidine salt, flat needles from dilute alcohol, m. p. 250- 
251°. For conversion to 6-methyl-2-naphthol8 140 g. of 
the sodium salt was fused with a melt from 460 g. of potas­
sium hydroxide and 7 cc. of water and the crude, precipi­
tated material was coagulated by boiling, dried, and vac­
uum distilled, giving 50 g. (55%) of slightly pink material 
melting at 123° and suitable for further use. The methyl- 
naphthol was coupled with diazotized sulfanilic acid and 
the dye was reduced with hydrosulfite essentially as de­
scribed for the case of ß-naphthol,15 with allowance for a 
lower solubility in the present series, tlie yield of very 
nearly colorless l-amino-6-methyl-2-naphthol hydrochlo­
ride being 50%. The oxidation to 6-met:hyl-l,2-naphtho- 
quinone presented some difficulties and ferric chloride

(14) Henriques, B er ., 21, 1610 (1888).
(15) Fieser and Fieser, T his Joijknal, 87, 491 (1935).

gave only what appeared to be a dimolecular product. 
The following details can be supplemented to the brief 
statement in the literature.8 A suspension of 7 g. of the 
amine hydrochloride in 200 cc. of water was neutralized 
with 14 g. of sodium acetate crystals, 10 cc. of concentrated 
sulfuric acid was added and the mixture was poured into 
3 liters of water. After adding an additional 30 cc. of the 
acid the solution on filtration was water-clear, and it was 
stirred well and treated all at once with a cold solution of 
7 g. of potassium dichromate and 30 cc. of concentrated 
sulfuric acid in 150 cc. of water. The quinone separated 
as orange micro-crystals, m. p. 126°, in 60% yield.

Potassium 6-Methyl-l,2-naphthoquinone-4-sulfonate.—  
Attempts to introducé an hydroxyl group by the Thiele 
reaction were unsuccessful; a colorless product, m. p. 
156-158°, slowly separated from the mixture but it did 
not have the properties of a hydroquinone triacetate. The 
addition of bisulfite, on the other hand, proceeded nor- 
mally. The quinone (3.5 g.) was added very slowly with 
stirring to a solution at 25° of 3.6 g. of sodium bisulfite in 
40 cc. of water and after one-half hour the resulting solution 
was filtered, treated with 0.4 cc. of concentrated sulfuric 
acid, boiled, cooled to 25°, and treated with 2.4 g. of potas­
sium dichromate and 1.8 cc. of concentrated sulfuric acid 
in 7 cc. of water, followed by 40 cc. of saturated potassium 
chloride solution, added in portions as crystallization of 
the quinone sulfonate proceeded. On dissolving the com­
pound in water containing a trace of bromine at 60°, 
clarifying the solution and adding potassium chloride,16 
the quinone sulfonate separated as fine orange needles of 
a monohydrate; yield 50%.

Anal. Calcd. for C11H7O5SK H2O: S, 10.40. Found: 
S, 10.48.

2-Methoxy-6-methyl-1,4-naphthoquinone was obtained 
by mixing 0.8 g. of the above sulfonate with a solution of 
0.5 cc. of concentrated sulfuric acid in 5 cc. of methyl 
alcohol at 0°, gradually warming the mixture on the steam- 
bath, adding 5 cc. more methyl alcohol, and refluxing until 
the salt had disappeared. On cooling the methoxy com­
pound separated as very fine, pale yellow needles (70% 
yield). On recrystallization the substance melted at 167- 
167.5° and gave no depression when mixed with the ether 
of the quinone obtained above as an oxidation product. 
The hydroxy compound was obtained on hydrolysis of the 
synthetic ether and both this substance and its hydroqui­
none triacetate were compared with the above samples and 
the identity fully established.

1,8 - Phthaloyl - 6 - methyl - 2 - naphthol (1 - Hydroxy - 
5 - methylpleiadenedione).—On condensing 6 - methyl - 
2-naphthol (10 g.) with phthalic anhydride in the presence 
of aluminum chloride at 200° by the previously described 
procedure,17 the reaction product was obtained in a pure 
condition after one crystallization from glacial acetic acid; 
yield, 14.7 g. (81%), It forms bright yellow needles, m. p. 
194-194.5°.

A n a l. Calcd. for CiflH l20 3: C, 79.14; H, 4.20. Found: 
C, 79.47; H, 4.44.

2 '-Hydroxy-4-methyl-l ,2-benzanthraquinone.—As with 
the parent compound,18 the rearrangement proceeded

(16) See Martin's method for the parent compound, ref, 15.
(17) Fieser, T h is  Jo u r n a l , 55, 4977 (1933).
(18) Fieser and Fieser, ibid., 55, 3342 (,1933).
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poorly and much material was lost through sulfonation. 
Three grams of the pleiadenedione was quickly stirred 
into a solution of 160 cc. of concentrated sulfuric acid and 
80 cc. of water preheated to 170°. The initially yellow- 
red solution soon turned brown and after three minutes 
it was poured into boiling water, and after boiling the mix­
ture to coagulate the red precipitated material this was 
collected and washed; yield 0.9 g. The material was puri­
fied through the acetate which crystallizes from glacial 
acetic in cottony clusters of canary-yellow needles, m. p. 
218-219°. This was hydrolyzed with alcoholic alkali 
giving, after dilution, an intensely blue solution of the 
sparingly soluble sodium salt from which the hydroxyqui­
none separated on acidification as a fiery red precipitate of 
hair-like micro-needles. From alcohol the substance 
crystallized as orange-red plates, m. p. 256-258°, dec. 
Treated with sodium hydrosulfite, the blue alkaline solu­
tion gives a transient red color and then an orange-yellow 
vat.

Anal. Calcd. for Ci9H120 3: C, 79.14; H, 4.20. Found: 
C, 78.84; H, 4.66. Acetate, calcd. for 0 2iHi4O4: C,
76.34; H, 4.27. Found: C, 76.42; H, 4.39.

Summary
By using 2 - alkyl - 3 - hydroxy -1,4 - naphthoqui- 

nones having reference groups in the aromatic ring 
it has been possible to prove that the substituents 
in the 2- and 3-positions exchange places in the 
course of the Hooker oxidation in exactly the 
manner predicted by the discoverer of the reaction. 
Hooker’s view that the quinone ring is opened in 
the first step of the process has been substantiated 
by the isolation of products evidently arising from 
the type of intermediate postulated.
C o n v e r se  M em o ria l  L a b o r ato r y
Ca m br id g e , M a ssa c h u se t t s  R e c eiv ed  A pr il  16, 1936

[ C o n t r ib u t io n  fr o m  t h e  Chem ical  L aboratory  o f  H a r v a rd  U n iv e r s it y ]

The Electron Affinity of Free Radicals, X. A Potentiometrie Method for Deter­
mining aF for the Addition of Sodium to an Organic Compound1

B y  H . E. B e n t  and  N . B . K e e v il

Most compounds containing sodium are very 
stable. A reaction leading to the formation of a 
compound invol ving the pure metal goes so nearly 
to completion that it is not possible to obtain an 
equilibrium constant from the concentration of 
unreacting material. Such reactions can be 
studied, however, with the aid of mercury.2 
Sodium forms compounds with mercury which are 
so stable that it is possible to remove sodium from 
other compounds by shaking them with mercury 
or a dilute amalgam. By choosing an amalgam 
of the proper concentration an equilibrium can be 
established favorable for analysis and the com- 
putation of an equilibrium constant. At equilib­
rium the reaction may be considered as a distri- 
bution experiment, the sodium in the mercury 
being in equilibrium with the sodium in the 
solution of the compound being studied. Since 
the thermodynamic properties of amalgams have 
been rather thoroughly studied, it is possible to 
calculate the free energy change which would 
have accompanied the reaction if solid sodium had 
been used.

The method is capable of quite general applica- 
tion but has certain disadvantages. In the first

(1) Presented before the Division of Physical and Inorganic Chem­
istry at the 9 Ist meeting of the American Chemical Society, Kansas 
City, Mo., April 13-17, 1936.

(2) Bent, T h is  J o u r n a l , 52, 1498 (1930).

place the range of concentration of sodium amal­
gams which are liquid at room temperature is 
small. The increase in temperature necessary to 
extend the range of concentration appreciably 
would be so great as to decompose many organic 
compounds. The consequence of this rather nar- 
row range of liquid amalgam is that only com­
pounds which have a correspondingly narrow range 
of stäbility can be studied by this method. A 
second difficulty was encountered when studying 
reactions characterized by a large activation en­
ergy. Sometimes many months were required for 
the establishment of substantially equilibrium con­
centrations. The potentiometric method to be de­
scribed seems likely to be free from these objections.

Both difficulties are inherently absent in a 
potentiometric method since a reaction does not 
need to proceed to the equilibrium point. The 
potential is a measure of the distance the system 
is from equilibrium and hence one might expect 
to be able to study with the aid of liquid amalgams 
reactions which would require solid amalgams by 
the analytical method. Furthermore, a reaction 
which proceeds very slowly might be expected to 
supply sufficiënt energy for a delicate electrical 
measurement while requiring years for substantial 
completion. Preliminary calculations indicated 
this to be the case.
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The very delicacy of a potentiometric method, 
however, introducés new difficulties. The amounts 
of materials necessary to give a detectable e. m. f. 
are so small that tracés of impurities are capa- 
ble of producing side reactions which may be 
confused with the reaction being studied. Fur­
thermore, the course of the reaction cannot be 
determined by an analysis of the products of the 
reaction. These difficulties may be overcome to a 
great extent by varying the concentrations of the 
substances involved in the reaction and noting 
the corresponding Variation in the e. m. f. of the 
cell. As a further check on the reliability of the 
potentiometric method we have studied certain 
reactions by both methods. The compounds 
which have been studied in the greatest detail 
by the analytical method are organic free radicals. 
We have chosen three free radicals to study by 
the potentiometric method.

A cell is constructed in which the over-all reac­
tion is the addition of sodium to an ethane to give 
two molecules of the sodium derivative of a free 
radical. These cells are constructed with one 
electrode of liquid sodium amalgam and the other 
of bright platinum. The electrolyte is an ether 
solution of the product of the reaction, that is, 
the sodium addition compound, NaR, R represent- 
ing a free radical. The ethane is enclosed in a 
small glass capsule directly over the bright 
platinum electrode. When the cell has been 
brought to constant temperature in a thermostat 
and is ready for measurement the capsule is 
broken, thus saturating the electrolyte in the 
neighborhood of the platinum electrode with the 
ethane. A sintered Pyrex disk prevents the 
amalgam and solution in contact with the amalgam 
from coming in contact with the platinum. After 
some time the ethane diffuses through the ether 
to the amalgam but this is a process which is 
sufficiently slow to give no trouble. The over-all 
cell reaction may be considered as involving two 
primary reactions. At the amalgam electrode 
the reaction is Na — >■ Na+ +  0 while at the 
platinum electrode the reaction is R2 +  20 — >  
2R~. These reactions are followed by the com- 
bination of the ions to form ion pairs.

An unexpected difficulty arose from certain 
fluctuating potentials which were observed before 
the capsule containing the free radical was broken. 
These potentials and the methods of eliminating 
them are discussed in the experimental section 
of thé paper.

Materials
Details of the preparation of materials have been given 

in previous papers. The appropriate carbinol is first con­
verted by hydrochloric acid into the chloride and this then 
converted either into the free radical or the sodium deriva­
tive of the free radical. All preparations were carried out 
in closed glass Systems in the final stages. A slight im- 
provement in technique has been developed. The sodium 
derivatives are prepared by shaking chloride with dilute 
sodium amalgam and then decanting the solution into a 
second tube and from there into small capsules, which are 
finally sealed off. In order to calculate the concentration 
of the resulting solution from the original amount of 
chloride introduced and the volume of ether it is necessary 
to avoid distillation during the final step of sealing off the 
capsules. In order to prevent decomposition of ether in 
contact with the hot glass it is also necessary to cool the 
capsules in liquid air or dry ice. This cooling may be ac­
complished quite readily without distillation by closing 
each tube leading to the capsule with a steel ball bearing 
which fits a seat previously ground in the glass by the same 
size ball bearing. These ball hearings may conveniently 
be moved around in the apparatus by means of a horseshoe 
magnet.

The apparatus shown in Fig. 1 was used in the prepara­
tion of the free radical. The Operation of the apparatus is 
almost self-evident. The bulb containing the ring seal is 
used for the initial preparation of the free radical from 
the chloride and lead amalgam. By Controlling the pres­
sure, using nitrogen where necessary, the solution may be 
decanted over into the second tube without tipping or 
disturbing the precipitate of metallic chloride. This first 
tube may then be cleaned and refilled with suitable sol­
vents for recrystallizing and washing, always flushing the 
tube with nitrogen. The capsules above the second tube 
are for three purposes. In two capsules solution saturated 
with free radical is removed for the purpose of determining 
the solubility and in another a sample is removed for deter­
mining the purity by oxygen absorption. After these sam­
ples have been removed the solvent is removed and the dry 
material loosened if necessary from the sides of the con-



1230 H. E. Bent and N. B. Keevil Vol. 58

tainer by removing the ground joint and scraping with a 
steel wire, again using a counter stream of nitrogen. Fi­
nally the top of the apparatus is again attached and the 
solid free radical distributed between the small round- 
bottomed capsules. The ends of these capsules are sufïï- 
ciently thin to allow crushing with a magnetic hammer 
in the final cell.

The apparatus for determining the purity of the free 
radical by oxygen absorption has been previously de­
scribed.3

Experimental Procedure
The design of the cell was changed frequently in the 

course of the research. The last type to be used is illus- 
trated in Fig. 2. A sintered glass disk4 prevents rapid 
diffusion of the free radical from the platinum electrode 
to the amalgam where it would react. The disk also per- 
mits construction of a cell with relatively small resistance 
as the amalgam can flow against the disk without danger of 
passing through. It is important to have a notch filed in 
the top of the disk two or three millimeters in diameter in 
order to have a vapor connection between the two sides of 
the cell. If this is not done slight changes in temperature 
will cause surging of the liquid and consequent stirring.

The sodium addition compound dissolved in ether, and 
free radical, are contained in capsules so arranged as to be 
broken by magnetic hammers. The cell is first baked and 
sparked as much as is possible without warming the or­
ganic materials. The amalgam is then introduced and 
then the electrolyte. The cell is placed in a thermostat 
and kept dark in order to avoid any possible effect of light 
on the free radical. Next tests are made for any potential 
which may be present before the capsule of the free radical 
is broken, and finally the free radical is introduced. A 
Wolf Potentiometer reading directly to 10 ~5 v. was used 
with a L and N type HS galvanometer sensitive to 10 "n 
amp. The resistance of the cells was of the order of 106 
ohms although in some of the earlier cells it was as high as 
1012 ohms, thus making measurement difficult.

An unexpected difficulty was encountered in determining 
the potentials of the cells. The cells were found to possess 
a potential of the order of magnitude of 0.1 v. before the 
free radical had been introduced. This potential could not 
be eliminated and was difficult to explain. A great many 
experiments were performed to discover the cause of the 
potential but no theory was formulated which could 
account for all of the experiments. Assuming that the

(3) Bent, Gresham and Keevil, T h is  J o u r n a l , 58, 1307 (1936).
(4) Bruce and Bent, ib id ., 53, 990 (1931).

solution was not at equilibrium with the amalgam, cells 
were constructed which would allow further shaking of the 
solution and amalgam in the cell. This procedure altered 
the magnitude of the potential but did not eliminate it.- A 
cell was constructed with gold, platinum and amalgam elec- 
trodes all in the same cell. No potential was obtained 
between two amalgam electrodes, and none between two 
platinum or between a gold and a platinum electrode. 
However, a very persistent potential was present between 
the gold or platinum and the amalgam electrode. This 
experiment seems to eliminate surface effects in the plati­
num as the sole cause of the potential as it would be im- 
probable that the gold would behave in exactly the same 
manner. It seems very likely that the potential is due at 
least in part to the electrolyte as in some cells which had 
stood so long as to give very low potentials an addition of 
more electrolyte would give a larger voltage. This is 
rather hard to understand in the light of the fact that the 
reaction of amalgam with triphenylchloromethane is so 
rapid as to appear to be complete in ten or fifteen minutes. 
The cells had often been shaken for several days. The 
potential would persist for weeks in spite of all attempts to 
destroy it by short-circuiting the cell or even applying an 
external potential to the cell. After several weeks the 
value was usually reduced to a few millivolts. Under the 
circumstances the difficulty could be handled in two ways. 
In the first place it would be possible to wait until this ini­
tial e. m. f. had disappeared or become too small to be of 
importance. This would have involved a great delay in 
making measurements and introduced an additional uncer­
tain ty due to possible decomposition of the free radical. 
Furthermore it would seem entirely possible that the addi­
tion of the free radical might be a disturbing factor which 
would again give rise to the mysterious e. m. f. A better 
method seemed to be to assume that the mechanism giving 
rise to the initial e. m. f. involves such small amounts of 
material as to have but a very small capacity factor and 
that the addition of the large amount of free radical would 
mask completely any potential due to a side reaction. To 
test this assumption cells were constructed and measure­
ments taken without delay when the initial e. m. f. was near 
its highest value. These cells seem to justify the assump­
tion that the e. m. f. may be neglected.

Discussion of Results
The e. m. f. of a cell in which the over-all cell 

reaction is the addition of sodium to an ethane 
(2Na +  R2 — >  2NaR) may be most conveniently 
considered in terms of the addition of sodium to 
the free radical (Na +  R —> NaR). The e. m. f. 
of the cell is then given by the equation

77 = RT  ^  (NaR) 
nF *n (Na) (R)

71 \ v-*-/

in which E 0 equals (R T /n F )  ln K  and “K ” is 
the equilibrium constant for the reaction. The 
reason for treating the cell reaction in this fashion 
is that in earlier papers we have determined the 
free energy change accompanying the addition of 
sodium to various free radicals and from these



July, 1936 A Potentiometric Measurement of AF for Sodium Addition 1231

T a b l e  I
E x p e r im e n t a l  C o n c e n t r a t io n s  a n d  V a l u e s  o f  E0

Calculated from the equation E = E0 — lnnF (Na)(R)
m

Free radical

N  of NaR  
in ether 

X 103

satd. soln. 
in ether 

X 103

Triphenylmethyl 1.11 0.519
1.11 .519
4.90 .519
3.14 .519
6.906 .519
5.71 .519
3.01 .519
3.01 .519

Diphenyl- a-napht hyl f 3.51  
\  2.96

3.62
3.62

Phenylbiphenyl-«-naphthy 1 ƒ 2.48  
\  1.04

1.41
1.41

N  of R 2 in 
satd. soln. 

in ether 
X 108

Dibiphenylene diphenylethane f2 .5 8  
1 2.57

0.106
.106

data can calculate the value of E q . The values of 
E q s o  calculated have been found to be remarkably 
constant. We may summarize the results by 
saying that in twenty cases in which a group 
attached to the central carbon has been changed 
the average of the effects on the free energy change 
for the reaction is about one kilogram calorie and 
the maximum effect is three. These substitutions 
involve groups which are aliphatic, aromatic, 
polynuclear and heterocyclic. The small differ- 
ences observed in passing from one free radical to 
another may be predicted roughly from the series 
to which the compound belongs and the number 
of benzene rings in the compound. The average 
value for E q is 1.08 v.

We have determined the value of E 0 of equation
(1) for triphenylmethyl, diphenyl- a-naphthyl- 
methyl and phenyl - diphenyl - a -  naphthy lmethyl 
by the potentiometric method. The purpose of 
these experiments was to test the method and in 
particular to discover whether or not we are 
justified in ignoring the initial potential which was 
observed before the introduction of the free radical. 
The results of these experiments are reported in 
Table I.

The concentration of NaR is determined at 
both the beginning and the end of the experiment. 
The activity of the sodium referred to pure metal 
as the Standard state is calculated from the con­
centration of the amalgam with the aid of the

N  of Na 
in Hg 
X 10»

Eo, calcd. 
from E

E q calcd.
from 

previous 
analyt. data

Spurious e. m. f.
Last values 

Max. before run

0.903 0.999 1.01
.903 .989
.903 1.018 0.09 0.0078
.903 1.016 .065 .0070

5.04 ■ 1.015 .093 .0071
5.04 1.008 .064 .0011
5.04 1.011 .143 .01
5.04 1.001 .104 .079
5.04 1.10 1.04 . 070 --  .014
4.91 1.02 .085 --  .012
5.04 1.211 1.08 .195 .122
5.04 1.038 .194 .145

E , exptl.

5.13 0.599 0.565 0.515
5.04 .602 .639 .524

equation of Bent and Hildebrand.5 The first 
two runs reported on hexaphenylethane are not 
considered as good as the latter runs due to the 
unusually high resistance of the cell. Some of the 
cells could be measured to hundredths of a millivolt 
but it is doubtful if the results are significant to 
more than a few millivolts. The average of the 
last four cells on hexaphenylethane is in very good 
agreement with the average of the analytical 
measurements previously reported and recorded 
in the third from the last column of the table.

The results for the next two compounds are 
much less satisfaetory. These compounds have 
not been studied as thoroughly by either the 
analytical or potentiometric method so that agree­
ment as good as in the case of hexaphenylethane 
is hardly to be expected. We have no explana­
tion, however, for such a large discrepancy as is 
shown by the next to the last value recorded in the 
table.

Table I leads to the conclusion that the poten­
tiometric method measures the free energy of 
addition of sodium to the compound being studied. 
The evidence is particularly good in the case of 
hexaphenylethane. The Variation in concentra­
tion of sodium in the amalgam and also of the 
product of the reaction in solution result in the 
expected effect on the potential of the cell. The 
results of the potentiometric method agree with

(5) Bent and Hildebrand, T his J o u r n a l , 49, 3011 (1927).
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the analytical results at least as well as the re­
sults by the first method agree with each other.

We hoped to study by the method just described 
compounds which react too slowly to be measured 
by a direct analytical method. In particular we 
wished to study ethanes which dissociate into free 
radicals to such a slight extent that the reaction 
cannot be detected by ordinary means. If one 
knows E 0 in equation (1), the activity of the 
sodium in the amalgam used as an electrode and 
the concentration of the product of the reaction, 
then one has a method of calculating the concen­
tration of free radical from the observed e. m. f. 
This concentration would then allow one to cal- 
culate the equilibrium constant for the dissociation 
of the ethane into the free radical and hence the 
strength of the C-C bond, providing certain as­
sumptions are made regarding A S  for the reaction.

The compound chosen was dibiphenylene-di- 
phenylethane. This compound was prepared and 
studied in exactly the same kind of cell discussed 
above. The extent to which the ethane is dis- 
sociated is not definitely known but it has been 
estimated that A F  for the process is greater than 7 
kcal. This would mean that the observed e. m. f. 
should be small on account of the small concentra­
tion of free radical present. To our surprise we 
obtained a much larger value. This can only 
mean that our original assumption that E q is 
the same for all free radicals breaks down in the 
case of the first compound to which we attempt to 
apply it. If we reverse our procedure and at­
tempt to calculate E 0 by assuming A F  for the 
dissociation of the free radical to be at least 7 
kcal. we obtain a value of at least 1.5 v. This 
result makes it seem very unlikely that the ex- 
tension of the potentiometric method to the cal­
culating of the strength of C-C bonds in this 
manner can be justified. It also indicates that 
one must be very cautious in drawing conclusions 
from experiments using* sodium amalgam or so­
dium potassium alloy to cleave organic com­
pounds. Since the stability of the sodium com­
pound can vary by as much as 0.4 v. (9 kcal.) 
the reaction cannot be considered solely in the 
ïight of the breaking of a C-C bond.

It is interesting to discover that the large dif­
ference between the value of E q for triphenyl­
methyl and dibiphenylene-diphenylethane is quite 
in harmony with the relative strength of the cor­
responding hydrogen compounds as acids.6 The

(6) Conant and Wheland, T h is  J o u r n a l , 54, 1212 (1932).

following equations indicate the close connection 
between these two reactions.

NaR +  HR' = NaR' -f HR O)
N a+ -f  R - =  NaR (2)

NaR' -  Na+ +  R' ~ (8)
H +  R'* =  HR' (4)

HR = H +  R* (5)
R -  +  R'* =  R'~ +  R* (6)
2Na +  R, =  2NaR (7)

In these equations R and R' are taken to represent 
triphenylmethyl and biphenylenephenylmethyl. 
Reaction (1) represents the action of a weak acid 
on the salt of a still weaker acid. The fact that 
the reaction takes place indicates that HR' is a 
stronger acid than HR. In order to discover the 
fundamental property of the molecule which 
determines its acid strength we have written 
equations (2) to (5). According to Kraus and 
Fuoss the dissociation constant of a salt in a given 
solvent of low dielectric constant is determined 
primarily by the size of the ion. Since the two 
anions under consideration each contain just 
three benzene rings it seems very probable that 
the value of A F  for reactions (2) and (3) will 
cancel as they are written. We next make the 
very plausible assumption that the strength of 
the hydrogen-carbon bond is the same in these 
two molecules. This is implied when we write 
reactions (4) and (5) and assume that AF  for 
these two reactions will cancel. The asterisk 
on the free radical implies that only the hydrogen 
bond has been broken and that the free radical 
so formed is not stabilized by resonance energy. 
The free radical under discussion is therefore 
purely hypothetical and is introduced for con- 
venience in discussing the significance of the 
resonance energy. The sum of reactions (1) 
to (5) is given in equation (6). This equation 
shows that two factors are involved in determining 
the strength of an acid. The first of these is the 
destruction of the charge on one ion and the crea- 
tion of a charge on the other, that is, the transfer 
of an electron. The second is the destruction of 
the resonance energy present in one ion and the 
creation of resonance energy in the other anion. 
These two factors are also involved in the ad­
dition of sodium to an ethane as illustrated by 
equation (7). If we consider NaR to be an ion 
pair7 then the addition of sodium to an ethane 
involves the creation of a negative ion with its 
accompanying resonance energy. We therefore 
come to the conclusion that the ease with which

(7) Fuoss and Kraus, T h is  J o u r n a l , 55, 1019 (1933).
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sodium will add to an ethane is determined not 
only by the strength of the carbon-carbon bond 
but also by those factors which determine the 
strength of the corresponding methane as an acid. 
According to McEwen8 the difference in acid 
strength for these two methanes is about 16 
kcal. The difference in the free energy of ad­
dition of sodium to the free radicals is found tö 
be greater than 12 kcal. These results give a 
consistent explanation of the behavior of phenyl­
fluorene as an acid and the stability of the sodium 
salt.

The results of the measurements on dibiphenyl- 
ene-diphenylethane may be expressed in terms of 
the reaction 2Na +  R2 — > 2NaR without any

(8) McEwen, T h is  J o u r n a l , 58, 1124 (1936).

assumptions regarding the dissociation of the 
ethane into a free radical. AF so calculated is 
-61 .9  kcal.

Summary
1. A potentiometric method is described for 

determining the free energy of addition of sodium 
to an organic compound.

2. An e. m. f. is reported which is not accounted 
for by accepted ideas of the nature of the com­
pounds studied.

3. Dibiphenylene-diphenylethane is reported 
to have an abnormally large electron affinity 
which is directly related to the strength of phenyl­
fluorene as an acid.
C a m b r id g e , M a s s . R e c e iv e d  A p r il  29, 1936

[C o n t r ib u t io n  from  the  Chem ical  L a boratory  of  t h e  U n iv e r sit y  of I l l in o is ]

Mesityl Phenyl Diketone

By H. H. Weinstock, Jr., and Reynold C. Fuson

Mesityl phenyl diketone (I) was selected for 
study because it appeared to afford an opportunity 
of determining the behavior of one of the carbonyl 
groups of an alpha diketone without interference 
from the other. I t was supposed that the car­
bonyl group adjacent to the mesityl radical would 
be unaffected by most reagents, and that the 
diketone would, in fact, behave as a monoketone, 
in which, however, the carbonyl group would be 
unusually reactive. In general, this expectation 
has been supported by the experimental evidence; 
however, in certain reactions, both carbonyl 
groups seem to be directly involved.

The diketone behaves as a monoketone toward 
phenylmagnesium bromide, which converts it 
into the carbinol (II). Likewise the diketone
(CHs^CelLCOCOCeHs

I

(CH3)3C6H2C0C(C6H5)2

OH
II

gave a monoxime, a monosemicarbazone and a 
mono-2,4-dinitrophenylhydrazone. Also, it could 
not be induced to react with o-phenylenediamine. 
On the other hand, toward hydrogen peroxide 
the diketone behaves normally. Reduction with 
zinc and acetic acid gave a mixture of the two 
isomeric benzoins (III and IV).1

(I) Fuson, Weinstock and UUyot, T h is  J o urn al , 57, 1803 (1935).

OH OH

(CHs^CeHaCHCOCsH, (CH3)3C6H2COCHC6H5
III IV

Vigoröus reduction of the diketone yields the 
desoxybenzoin, V.
(CH3)3C6H2CH2COC6H5 (CH3)3C6H2C0CH2C6H5

V VI

This compound formed a phenylhydrazone and a 
dinitrophenylhydrazone, and with isopropylmag- 
nesium bromide or ethylmagnesium bromide it 
was reduced to the pinacol (VII).

c 6h 5

( CH3) 3 C6H2 CH2 C—OH
| VII

(CH3)3C6H2CH2C—OH
I

c«h 6

The structure of V was proved by synthesizing it 
from mesitylacetyl chloride and benzene. The 
isomeric desoxy compound (VI) is known. Both 
of these desoxybenzoins yield the benzil (I) when 
oxidized with selenium dioxide. Here it  would 
appear that reduction had taken place preferenti- 
ally at the hindered carbonyl group. However, 
the explanation is evidently not so simple as 
this, because when either of the benzoins (III and 
IV) is reduced the product is invariably V, no 
trace of VI being produced. This is especially
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notable in the case of IV; here the yield of V 
is 78% of the theoretical amount.

The action of alkali brought about the benzilic 
acid rearrangement, yielding mesitylphenylgly- 
colie acid (VIII).

(CH3)3C6H2x /C 0 2H
>C< VIII

c6h 6/  XOH

The structure of this acid was proved by reducing 
it to mesitylphenylacetic acid.

Experimental
Mesityl Phenyl Diketone (I).—This compound was first 

obtained by the action of phenylmagnesium bromide on 
mesitylglyoxal,2 but is more conveniently made by oxida­
tion of benzyl mesityl ketone. The following procedure 
gave the diketone in yields of 83%.3 A mixture of 80 g. 
of benzyl mesityl ketone,4 42 g. of selenium dioxide, 1200 
cc. of dioxane, and 5 cc. of water was heated under reflux, 
with stirring, for three hours. The solution was decanted 
from the precipitated selenium and concentrated to a 
volume of 200 cc. When this solution was allowed to cool, 
the diketone separated in the form of yellow crystals, 
melting at 136-137°. A mixture with a specimen prepared 
by the method of Gray and Fuson showed no lowering of 
the melting point.

The monoxime of mesityl phenyl diketone was colorless, 
and melted at 155°.

Anal. Calcd. for C17H17N 0 2: N, 5.24. Found: N, 
5.43.

The monoxime was recovered unchanged when heated 
for forty-eight hours with an excess of hydroxylamine.

The mono 2,4-dinitrophenylhydrazohe of mesityl phenyl 
diketone was orange in color, and melted at 232-232.5°.

Anal. Calcd. for C23H20N4O6: N, 12.96. Found: N, 
12.72.

This compound was also obtained when 0.5 g. of IV was 
boiled for two minutes with 0.4 g. of 2,4-dinitrophenylhy- 
drazine and 2 cc. of concentrated hydrochloric acid in a 
solution of 50 cc. of ethyl alcohol. The melting point was 
230-231°. A mixed melting point with a sample of the 
mono-2,4-dinitrophenylhydrazone of mesityl phenyl di­
ketone showed no depression.

Attempted Reaction with c-Phenylenediamine.—The 
starting material was quantitatively recovered in a high 
state of purity after treatment of I with the calculated 
amount of o-phenylenediamine in boiling Solutions of abso­
lute alcohol or glacial acetic acid.

Reaction with Hydrogen Peroxide.—Two grams of I, 
25 cc. of 30% hydrogen peroxide, and 50 cc. of dioxane 
were boiled under reflux for two hours. There was ob­
tained 1.85 g. of alkali-soluble material. Treatment with 
boiling water gave 0.95 g. of an insoluble substance; m. p. 
152°. A mixed melting point with an authentic sample of

(2) Gray and Fuson, T h is  J o u r n a l , 56, 739 (1934).
(3) Hatt, Pilgrim and Hurran [J . Chem. Soc., 93 (1936)] have re- 

cently prepared the diketone by a similar method.
(4) This compound was made by the method of Klages and Lick-

roth [Ber., 32, 1564 (1899)] who described it as a solid melting
below 30°. i t  has been found to melt (from alcohol) at 32-32.50,

2,4,6-trimethylbenzoic acid was 152°. On cooling of the 
water solution, there was obtained a white product which 
melted at 121° after several recrystallizations from water. 
A mixed melting point determination proved the substance 
to be benzoic acid.5

Reaction with Phenylmagnesium Bromide.—To a solu­
tion of phenylmagnesium bromide prepared from 0.5 g. of 
magnesium, 4 g. of bromobenzene and 100 cc. of dry ether 
was added 1 g. of mesityl phenyl diketone. The mixture 
was stirred for three hours, and then decomposed with di­
lute hydrochloric acid. The carbinol (II) crystallized from 
alcohol in the form of colorless needles melting at 169.5- 
170°.

Anal. Calcd. for C23H22O2: C, 83.63; H, 6.69. Found: 
C, 83.67; H, 6.85.

Reduction to the Benzoins.—A solution of 2 g. of mesityl 
phenyl diketone in 75 cc. of glacial acetic acid was heated to 
boiling and 10 g. of powdered zinc was added cautiously. 
The mixture was heated under reflux for five minutes, par- 
tially cooled and filtered. The filtrate was diluted with 
water until turbidity ensued. There resulted a precipitate 
of 0.65 g. of crystals melting at 94-98°. Recrystallization 
from alcohol gave the pure 2,4,6-trimethylbenzoin (IV). 
The product alone or when mixed with an authentic speci­
men of the compound melted at 101-102°.

To 0.2 g. of the benzoin in 30 cc. of dry, high-boiling pe­
troleum ether was added 1 cc. of phenyl isocyanate. The 
solution was heated under reflux for four hours and allowed 
to cool. The urethan formed colorless crystals melting at 
160-161°. A mixed melting point with a sample of the 
urethan of 2,4,6-trimethylbenzoin was 160-161°.

When the filtrate from which the 2,4,6-trimethylbenzoin 
was obtained was further diluted, there was obtained the 
2',4',6'-trimethylbenzoin (III); after recrystallization from 
alcohol, it melted at 93.5-94°.

Anal. Calcd. for Ci7Hi80 2: C, 80.31; H, 7.14. Found: 
C, 80.15; H, 7.04.

The urethan melted at 141-142°.
Anal. Calcd. for C24H230 3N: N, 3.76. Found: N, 

3.89.
The 2,4-dinitrophenylhydrazone melted at 211.5-212°.
Anal. Calcd. for C23H22O6N4: N, 12.90. Found: N, 

12.72.
Oxidation converted 2',4',6'-trimethylbenzoin into mesi­

tyl phenyl diketone. The structure of this benzoin has 
been established by synthesizing it from mesitylene and 
phenylglyoxal.6

Phenyl 2,4,6-Trimethylbenzyl Ketone (V)

(а) From I by Reduction with Zinc and Acetic Acid.—A
mixture of 7 g. of the diketone, 100 cc. of glacial acetic acid 
and 15 g. of zinc dust was boiled under reflux for ten hours, 
filtered, diluted with water and allowed to cool. The des- 
oxybenzoin melted (from alcohol) at 163.5-164°; yield, 
45%.

Anal. Calcd. for Ci7H1sO: C, 85.7; H, 7.56; mol. wt., 
238. Found: C, 85.4; H, 7.63; mol. wt., 228.

(5) A similar result has been reported by Hatt, Pilgrim and Hur“ 
ran, reh 3.

(б) Arnold and Fuson, T h is  J o u r n a l , 58, 1295 (1936).
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(b) From I by Reduction with Zinc and Alkali.—A mix­
ture of 10 g. of I, 35 g. of zinc dust, 35 g. of potassium hy- 
droxide (in 25 cc. of water) and 250 cc. of alcohol was 
boiled under reflux for four hours and allowed to stand 
overnight. The yield of V was 33% of the theoretical 
amount.

(c) From I by Reduction with Tin and Hydrochloric 
Acid.—A mixture of 3.0 g. of I, 5 g. of granulated tin, 20 
cc. of concentrated hydrochloric acid and 100 cc. of ethyl 
alcohol was boiled under reflux for twelve hours. The 
yield of V was 76%.

(d) From the Benzoins.—The ketone (V) results when
either III or IV is heated with zinc and acetic acid. A 
typical procedure is the following: a mixture of 1 g. of
2,4,6-trimethylbenzoin, 50 cc. of glacial acetic acid and 6 
g. of zinc dust was boiled under reflux for twelve hours. A 
yield of 0.3 g. of V was obtained; m. p. 162-163°.

(e) From IV by Reduction with Tin and Hydrochloric 
Acid.—A mixture of 2.0 g. of IV, 5 g. of granulated tin, 20 
cc. of concentrated hydrochloric acid and 100 cc. of ethyl 
alcohol was boiled under reflux for twenty hours. The 
yield of V was 78% of the theoretical amount. The 
melting point of the crude material was 161-164°.

(f) From Mesitylacetic Acid.—To 7.2 g. of mesitylacetic 
acid was added 25 cc. of thionyl chloride; the solution was 
allowed to stand for two hours, then it was heated for 
thirty minutes at 60°. The mixture was distilled under 
diminished pressure, the mesitylacetyl chloride being col­
lected at 126-130° (10 mm.). The-acid chloride was dis­
solved in 50 cc. of dry benzene and this solution was added 
dropwise to a mixture of 10 g. of aluminum chloride and 50 
cc. of benzene. The mixture was allowed to stand at 
room temperature for five hours. There was obtained
2.5 g. of product melting at 145-152°. Recrystallization 
from alcohol gave the pure ketone (V), melting at 163.5- 
164°. Mixtures with samples prepared under (a) and (b) 
showed no depression of the melting point.

The phenylhydrazone of phenyl 2,4,6-trimethylbenzyl ke­
tone had an orange color, and melted (from alcohol) at 
104-105°.

Anal. Calcd. for C23H24N2: N, 8.54. Found: N, 8.63.
The 2,4-dinitrophenylhydrazone of phenyl 2,4,6-tri­

methylbenzyl ketone was orange in color and melted at 
163°.

Anal. Calcd. for C23H22O4N4: N, 13.39. Found: N, 
13.41.

A second compound was isolated from the mixture re­
sulting from the action of 2,4-dinitrophenylhydrazine and 
the ketone. It had an orange color, melted at 190° and 
appeared to be a second 2,4-dinitrophenylhydrazone.

Anal. Calcd. for C23H2204N4: N, 13.39. Found: N, 
13.21.

The pinacol (VII) was produced when phenyl 2,4,6- 
trimethylbenzyl ketone was treated with an excess of 
ethylmagnesium bromide or isopropylmagnesium bromide. 
The pinacol is very insoluble in alcohol, but can be recrys­
tallized from glacial acetic acid. It melts at 241-242°.

Anal. Calcd. for C34H38O2: C, 85.35; H, 7.95; mol. wt., 
478. Found: C, 85.40; H, 7.96; mol. wt. (Rast), 437.

Oxidation of 1 g. of V with 0.5 g. of selenium dioxide in 
25 cc. of dioxane and 0.5 cc. of water gave 0.6 g. of the di­

ketone (I). The reaction was carried out by heating the 
mixture for ten hours at 80°.

The p-Chlorobenzal Derivative of Benzyl Mesityl Ke­
tone.—A mixture of 1 g. of ^-chlorobenzaldehyde, 10 cc. of 
10% sodium hydroxide solution, 0.66 g. of benzyl mesityl 
ketone and 50 cc. of alcohol was allowed to stand overnight. 
A precipitate formed. The solution was diluted with an 
equal volume of water, and the product removed on a filter. 
There resulted 0.89 g. of product melting at 135-137°. 
Recrystallization from alcohol raised the melting point to 
141°.

Anal. Calcd. for C24H2iOCl: C, 79.85; H, 5.83.
Found: C, 79.96; H, 6.08.

It was found that the foregoing procedure could be used 
for the detection of small amounts of benzyl mesityl ketone.

Mesitylacetic acid was prepared by reduction of mesityl- 
glycolic acid with iodine and phosphorus, as reported by 
Claus.7 A mixture of 3.0 g. of red phosphorus, 1.0 g. of 
iodine and 100 cc. of glacial acetic acid was allowed to 
stand at room temperature for fifteen minutes. There was 
added 5 cc. of water and 8.8 g. of mesitylglycolic acid. The 
mixture was boiled under reflux for four hours, and filtered 
while hot into 100 cc. of a saturated solution of sodium 
bisulfite. The yield of the acid (m. p. 166°) was 90%.

Mesitylphenylglycolic acid was not obtained as the free 
acid! It crystallized with one molecule of alcohol of solva- 
tion.

A mixture of 5.0 g. of mesityl phenyl diketone, 10 g. of 
potassium hydroxide in 20 cc. of water, and 250 cc. of 
methyl alcohol was boiled under reflux for ten hours. The 
solvent was removed at 60°, water was added and the al- 
kali-insoluble material removed by filtration. The aque­
ous solution was poured into a mixture of ice and concen­
trated hydrochloric acid. The gum which separated was 
recrystallized from methyl alcohol. The yield of the 
colorless compound, melting at 87-89°, was 62%.

Anal. Calcd. for C18H22O4: C, 71.52; H, 7.28; neut. 
equiv., 302. Found: C, 71.55; H, 7.24; neut. equiv., 300.

The methyl ester was obtained in good yields when the 
acid was treated with methyl sulfate in alkaline solution. 
It separated from alcohol Solutions as colorless crystals, 
melting at 111-111.5°.

Anal. Calcd. for CisHgoOs: C, 76.06; H, 7.05. Found: 
C, 76.38; H, 7.04.

A second acid was obtained when the above acid was re­
crystallized several times from ethyl alcohol. It appeared 
to have one molecule of ethyl alcohol of solvation; it 
melted at 84-85°.

Anal. Calcd. for C19H24O4: C, 72.15; H, 7.59; neut. 
equiv., 316. Found: C, 72.03, 72.36; H, 7.74, 7.80; neut. 
equiv., 313.

This compound was also isolated from the acidified 
mother liquor when I was treated with zinc and potassium 
hydroxide in ethyl alcohol solution in the preparation of V.

Mesitylphenylacetic acid was prepared from mesityl­
phenylglycolic acid by reduction with iodine and phos­
phorus by the procedure analogous to that utilized for the 
preparation of diphenylacetic acid.8 The melting point

(7) Claus, J. prakt. Chem., 41, 508 (1890).
(8) "Organic Syntheses," John Wiley and Sons, Ine., New York 

N. Y., Coli, Vol. I, p. 82.
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of the colorless compound was 173-173.5°, which agrees 
with that given by Maxwell and Adams.9

Anal. Calcd. for CnHisCV C, 80.31; H, 7.09; neut. 
equiv., 254. Found: C, 80.29; H, 7.39; neut. equiv., 256.

Mesitylphenylacetic acid was also synthesized by boiling 
a mixture of 1 g. of mesitylphenylglycolic acid, 30 cc. of 
glacial acetic acid and 6 g. of zinc under reflux for eighteen 
hours. There was obtained 0.5 g. of product which, on 
recrystallization, melted at 173°. A mixed melting point 
with the product obtained in the iodine and phosphorus 
reduction of mesitylphenylglycolic acid showed no depres­
sion.

(9) Maxwell and Adams, T h is  J o u r n a l , 52, 2959 (1930).

Summary
Mesityl phenyl diketone reacts as a monoketone 

toward the Grignard reagent, semicarbazide, 2,4- 
dinitrophenylhydrazine and hydroxylamine. To­
ward hydrogen peroxide, as well as in the benzilic 
acid rearrangement, the diketone behaves nor- 
mally.

Reducing agents convert the diketone to a mix­
ture of the two isomeric benzoins. Drastic reduc­
tion affects only the hindered carbonyl group and 
gives phenyl 2,4,6-trimethylbenzyl ketone. 
U rbana , I l l in o is  R eceiv ed  Apr il  13, 1936

[C o n t r ib u t io n  from  N ichols L aboratory  o f  N e w  Y ork  U n iv e r sit y ]

Oxindole Amines from Isatin1
B y  William R. Co n n2 and H . G. Lindwall

I t  has been reported previously3 that nitro- 
methane will condense with beta-naphthisatin 
to yield 3-hydroxy-3- (nitromethyl) -ß-naphthox- 
indole. I t  has now been found that a similar 
reaction with nitromethane occurs in the case of 
isatin, and of certain substituted isatins in the 
presence of diethylamine, with the formation of 
the corresponding aldol-like condensation prod­
ucts. Isatin and nitromethane yield 3-hydroxy- 
3-(nitromethyl)-oxindole (I); substituted deriva­
tives of I (II, III  and IV) result from the con­
densations employing, respectively, N-ethylisatin, 
5-bromo-N-ethylisatin and N-methylisatin. Ni- 
troethane and isatin yield an analogous product 
(V).

OH

—c — CH2NO<

CO I 
NH

OH CH3

i— c —c h n o 2

\ /
NH

CO V

At room temperature or for short periods of 
heating, these five nitro compounds exhibit un- 
expected resistance toward dehydrating agents 
such as acetic anhydride, acetyl chloride or 
hydrochloric acid. When heated with neutral 
solvents gradual decomposition takes place with 
the formation of the original isatin and the nitro- 
alkane. The extent of this decomposition can 
be greatly decreased by the presence of a small

(1) From the dissertation presented by William R. Conn to the 
Faculty of the Graduate School of New York University in candidacy 
for the degree df Doctor of Philosophy.

(2) University Fellow in Chemistry.
(3) Zrike and Lindwall, T h is  J o u r n a l , 57, 207—8 (1935).

amount of glacial acetic acid in the solvent. 
Heated alone, these nitro compounds again de- 
compose through reversal of the aldol condensa­
tion; examination of the melts shows the pres­
ence of the isatin and the nitro-alkane. Heating 
in water containing even small amounts of organic 
or inorganic base causes speedy reversal of the 
condensation.

For purposes of generalization, a straight-chain 
alpha-keto-amide, benzoylformanilide, was Con­
densed with nitromethane. The product, VI, 
has properties similar to those described above 
for compounds I-V.

OH

— c —c h 2n o 2 VI

CO—NH—CoHs

Reduction of 3-hydroxy-3-(nitromethyl)-oxin­
dole (I) catalytically with Adams platinic oxide 
catalyst4 or by treatment with concentrated hy­
drochloric acid and mossy tin, gave the hydro­
chloride of 3-hydroxy-3- (aminomethyl) -oxindole 
(VII). Similar treatment of II and III with tin 
and hydrochloric acid yielded in the same manner 
the hydrochlorides of the aminomethyloxindoles, 
respectively, IX  and X.

In one of several runs of the reduction of I to 
form VII by the tin-hydrochloric acid method, 
VII was obtained contaminated with a compound 
which was found to be the intermediate reduction

(4; “Organic Syntheses,” Coli. Vol. I, John Wiley and Sons, Inc., 
1932, p. 452.
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OH

\ /
NH

CH2NH2HCI

CO VII

OH

( B r ) / \ ----- C—CH2NH2-HC1

IX (X)
N — C2H5

(XVIII). Methylation of VII with methyl iodide 
gives the quaternary ammonium salt (XIX).

OH

C— CH2NHCOOC2H5 

XVIII

C— CH2— N(CHa)8

product (VIII) 3-hydroxy-3- (hydroxylamino-
methyl) -oxindole hydrochloride. Compound VIII 
was not encountered in the other runs of this 
reaction.

Reduction of VI (the product of condensation 
of nitromethane with benzoylformanilide) with 
tin and hydrochloric acid did not follow the normal 
course; the reduction product was not investi- 
gated.

Compounds VII, IX and X were found to ex- 
hibit several of the properties common to primary 
amines. With potassium cyanate the correspond­
ing substituted ureas, the uramidomethyloxin- 
doles, XII, X III and XIV, respectively, are 
formed.

OH

CH2NHCONH2

XII

(Br),

OH

I---- C— CH2NHCONH2

l ^ C O  XIII (XIV) 
N—C2H5

Treatment of VII with benzoyl chloride brings 
about benzoylation of the amino group and yields 
3 - hydroxy - 3 - (benzoylaminomethyl) - oxindole
(XV). For compounds IX and X the hydroxy 
group, as well as the primary amino group, is ben- 
zoylated, yielding XVI and XVII, respectively.

OH

Furthermore, treatment of IX with ethyl 
chloroformate causes the formation of the urethan

\ / \ y £ 0  XIX
N — CHs

It is planned to continue this work on the syn­
thesis of oxindole-amine derivatives. Certain of 
these products will be studied physiologically.

Experimental Part
3-Hydroxy-3-(nitromethyl)-oxindole (I).—Isatin (44.1 

g.) was suspended in a solution of nitromethane (36.6 g.) 
and 40 cc. of absolute ethyl alcohol. After cooling in ice, 
3 cc. of diethylamine was added. In one day at ice-box 
temperature 71% of crude product separated. Crystal­
lization from glacial acetic acid yielded hexagonal color­
less crystals, m. p. 135-140°, dec., soluble in alcohol, 
acetone, benzene. Compounds II, III and IV were pre­
pared by the same general method, and have solubilities 
similar to those of I.

Anal. Calcd. for C9H*04N2: C, 51.90; H, 3.88; N, 
13.46. Found: C, 52.24; H, 3.82; N, 13.24.

3 - Hydroxy - 3 - (nitromethyl) - 1 - ethyloxindole (II) 
from N-ethylisatin and nitromethane; yield, crude, 60% 
after two days; colorless prisms from carbon tetrachloride; 
m. p. 84-85°, dec.

Anal. Calcd. for C11H12O4N2: N, 11.86. Found: N, 
11.91.

3 - Hydroxy - 3 - (nitromethyl) - 5 - bromo - 1 - ethyl­
oxindole (III) from 5-bromo-N-ethylisatin and nitro­
methane; yield, crude, 93% after overnight; small color­
less plates from ethyl alcohol containing a trace of glacial 
acetic acid; m. p. 123-125°, dec.

Anal. Calcd. for CnHnCX^Br: N, 8.89. Found: N,
8.65.

3 - Hydroxy - 3 - (nitromethyl) - 1 - methyloxindole
(IV) from N-methylisatin and nitromethane; yield, crude, 
70% after two days; large needles from hot benzene con­
taining a trace of glacial acetic acid; m. p. 98-99°, dec.

Anal. Calcd. for CioH io0 4N 2: C, 54.03; H, 4.54; N,
12.61. Found: C, 54.42; H, 4.70; N, 12.55, 12.42.

3-Hydroxy-3-(«-nitr o ethyl) oxindole (V) from isatin and 
nitroethane; yield, crude, 80% after two days; hexagonal 
crystals from glacial acetic acid; m. p. 145-150° with red­
dening at 140°.

Anal. Calcd. for Ci0Hi0O4N2: N, 12.61. Found: N, 
12.20, 12.40.

Properties of I, II, HI, IV, V. (A) Dehydrating Agents.
—Compound I, boiled in acetic anhydride for one minute, 
was unchanged; prolonged refluxing caused decomposition 
with evolution of red fumes. Short boiling of I with acetyl
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chloride, or long standing at room temperature with that 
reagent, had no effect. Four hours in acetic anhydride at 
100° caused no change in IV. Three minutes of boiling in 
concentrated hydrochloric acid had no effect upon II and 
IV. Compound IV was unchanged after standing for one 
week at room temperature in absolute alcohol saturated 
with dry hydrogen chloride.

(B) Alkali.—All five of these nitro compounds were de- 
composed, through reversal of the condensation reaction, to 
form the original reactants when heated in water or organic 
solvents containing tracés of organic or inorganic bases. 
Isatin, or the respective isatin derivative, was identified in 
each case. Compound IV, dissolved in potassium hydrox­
ide solution, imparted a yellow color to the solution; 
acidification with hydrochloric, acetic or carbonic acids 
yielded a red gum which became colorless and crystalline 
upon standing for a few minutes; the product was the 
original IV.

(C) Heat.—-All five nitro compounds decomposed into 
the original reactants when melted; this was shown by 
examination of the melts. Slow decomposition, quantita­
tive in a few hours, takes place when these compounds are 
heated in neutral organic solvents or in water; this decom­
position is effectively avoided when a small amount of 
acetic acid is present in the solvent.

2 - Phenyl - 2 - hydroxy - 3 - nitropropaneanilide (VI).— 
Diethylamine (10 drops) was added to the cooled mixture 
of benzoylformanilide (13.5 g.), nitromethane (4.1 g.), and 
10 cc. of absolute alcohol. Crystals began to form after 
five minutes; after overnight a 96% yield of crude product 
resulted; colorless needles after crystallization from gla­
cial acetic acid; m. p. 143-144°, dec.; soluble in alcohol, 
acetone. Boiling in concentrated hydrochloric acid, or in 
acetic anhydride, for two hours produced no change; two 
minutes of boiling in water containing a small amount of 
diethylamine caused decomposition as shown by the iden­
tification of benzoylformanilide.

Anal. Calcd. for CisHuChN?: N, 9.79. Found: N, 
9.67.

3 - Hydroxy - 3 - (aminomethyl) - oxindole Hydrochloride 
(VII). (A) Catalytic Reduction of I.—Compound I (20.8 g.) 
was dissolved in 240 cc. of absolute alcohol containing 11 
cc. of glacial acetic acid. To the clear solution was added 
0.2 g, of Adams platinic oxide catalyst4 and the mixture 
was subjected to the action of hydrogen under 3 atm. pres­
sure at room temperature with mechanical agitation. In 
two hours the pressure dropped the calculated amount for 
absorption of three moles of hydrogen; the time varied 
somewhat with different runs. The catalyst was removed, 
12 cc. of concentrated hydrochloric acid was added, and 
the solution was evaporated to half its original volume 
at room temperature under diminished pressure. Crys­
tals separated as needles, the yield being augmented to 
62% upon further concentration. Acetic acid was nec­
essary in the reduction; without it a non-crystalline sub­
stance, not identified, separated before the calculated 
amount of hydrogen had been used. Compound VII is 
soluble in alcohol, glacial acetic acid; crystallized from 
the latter, it is obtained as colorless leaflets, m. p. 195- 
197°, dec.

Anal. Calcd. for C9H11O2N2CI: N, 13.05; Cl, 16.52;

active hydrogen atoms, 5. Found: N, 12.92, 12.86; Cl, 
16.41,16.34; active hydrogen atoms,5 5.

Picrate of VII.—Soluble in alcohol, acetic acid, acetone, 
benzene; long needles from 50% alcohol, which become 
powdered upon desiccation; m. p. 165-166°, dec.

Anal. Calcd. for C]5Hi30 9Nß: N, 17.20. Found: N,
16.40.

(B) Reduction of I by Tin and Hydrochloric Acid.
(VII) .—A sample of I was warmed at 45° with twice the 
theoretical amount of mossy tin and concentrated hydro­
chloric acid until most of the tin had been used. The 
mixture was then diluted and tin removed as the sulfide. 
Concentration of the solution at room temperature yielded 
VII. (In one run of several, VIII, described below, was 
obtained.) The yield of VII after repeated crystalliza- 
tions from glacial acetic acid was 10%.

3 - Hydroxy - 3 - (hydroxylaminomethyl) - oxindole
(VIII) was obtained in one run of Method B (VII, above); 
insoluble in the more common organic solvents; crystal­
lized from dilute hydrochloric acid as colorless needles, 
m. p. 194°.

Anal. Calcd. for C9Hu0 3N2C1: Cl, 15.39. Found: Cl,
15.40.

Picrate of VIII.—Fine needles from acetic acid; m. p. 
174°.

3 - Hydroxy - 3 - (aminomethyl) - 1 - ethyloxindole Hy­
drochloride (IX) from IL— Compound II (23.6 g.) was 
suspended in 87 cc. of concentrated hydrochloric acid and 
heated on a steam-bath while 47.6 g. of mossy tin was 
added gradually. The mixture was then held at its boil­
ing point for three hours with the gradual addition of more 
tin (23.8 g.) and more hydrochloric acid (45 cc.). The tin 
was finally removed as the sulfide, and the solution was 
evaporated to dryness at room temperature; leaflets from 
isoamyl alcohol; m. p. 180-182°, dec.; yield, 50%; soluble 
in alcohol, glacial acetic acid.

Anal. Calcd. for ChHi$02N2C1: C, 54.41; H, 6.23; N, 
11.54; Cl, 14.63; active hydrogen atoms, 4. Found: C, 
54.17; H, 6.55; N, 11.54; Cl, 14.46, 14.57; active hydro­
gen atoms, 4.

Picrate of IX. Yellow flakes from ethyl alcohol; m. p. 
168-169°.

Anal. Calcd. for Ci7H170 9N6: N, 16.10. Found: N, 
16.42.

3 - Hydroxy - 3 - (aminomethyl) - 5 - bromo - 1 - ethyl­
oxindole Hydrochloride (X) from III.—This was prepared 
by the same method as that used above for the preparation 
of IX; small needles from isoamyl alcohol; m. p. 192-194°, 
dec.; yield 27%.

Anal. Calcd. for CnHi402N2ClBr: Cl, 11.03. Found: 
Cl, 11.02, 11.16.

Picrate of X.—Small yellow leaflets from ethyl alcohol: 
m. p. 182-183°.

Anal. Calcd. for Ci7Hi60 9N5Br; N, 13.62. Found: N, 
13.39.

Compound XI by the Reduction of VI.—Reduction of VI, 
by means of tin and concentrated hydrochloric acid, yielded 
XI which crystallizes as colorless prisms from glacial acetic

(5) Zerewitinoff, Ber., 40, 2028 (1907); 41, 2239 (1908).
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acid; yield 8 g. from 14 g. of VI; m. p. 208-210°. Analy­
ses for C, H, N  did not agree with the formula for the 
simple primary amine; the compound has not been in- 
vestigated further.

3 - Hydroxy - 3 - (uramidomethyl) - oxindole (XII) from 
VII; 3-Hydroxy-3- (uramidomethyl) - 1 - ethyloxindole 
(XIII) from IX; 3-Hydroxy-3-(uramidomethyl)-5-bromo- 
1-ethyloxindole (XIV) from X.—Compounds XII, XIII 
and XIV were prepared by treatment of the respective 
amine hydrochlorides in water solution with potassium 
cyanate. In each case the product was recrystallized 
from hot water; yields, 90% approx.

Compound XII.—M. p. 208-209°, dec.
Anal. Calcd. for CioHn03N3: N, 19.00. Found: N,

18.65.
Compound XIII.—M. p. 216-217°, dec.
Anal. Calcd. for Ci2Hiö0 3N3: C, 57.81; H, 6.07; N, 

16.86. Found: C, 57.81; H, 6.35, 6.13; N, 16.21.
Compound XIV.—M. p. 218-220°, dec.
Anal. Calcd. for Ci2Hi40 3N3Br: N, 12.82. Found: N, 

12.84.
3-Hydroxy-3-(benzoylaminomethyl)-oxindole (XV) from 

VII.—One gram of VII was dissolved in 10 cc. of water 
containing 3 g. of sodium carbonate; benzoyl chloride 
(slightly more than two moles) was added with shak- 
ing. The product separated over a period of several 
hours. It was washed with sodium carbonate solution; 
flat colorless rods from acetone; m. p. 177°; soluble in 
alcohol, acetic acid; yield 75%.

Anal. Calcd. for Ci6Hi40 3N2: C, 68.07; H, 5.01; N, 
10.08. Found: C, 68.45; H, 5.65; N, 10.07.

3 - (Benzoylhydroxy - 3 - (benzoylaminomethyl) - 1 - 
ethyloxindole (XVI) from IX; 3 - (Benzoylhydroxy) - 3 - 
(benzoylaminomethyl) - 5 - bromo - 1 - ethyloxindole 
(XVII) from X.—Compound IX, or X, was dissolved in 
10% sodium hydroxide solution, or in sodium carbonate 
solution, and an excess of benzoyl chloride was added with 
shaking. Compounds XVI and XVII, respectively, re­
sulted; each was recrystallized from ethyl alcohol. Yields, 
90% approx.

Compound XVI.—Hexagonal crystals; m. p. 191°, with 
dec.

Anal. Calcd. for C26H220 4N2: C, 72.43; H, 5.35; N, 
6.76. Found: C, 72.02; H,5.31; N, 6.80.

Compound XVII.—Prisms; m. p. 204°.
Anal. Calcd. for C25H2i0 4N2Br: C, 60.85; H, 4.30; N, 

5.68. Found: C, 60.68; H, 4.70; N, 5.71.
3 - Hydroxy - 3 - (ethylcarbamidomethyl) - 1 - ethyl­

oxindole (XVIII) from IX.—Compound IX (1.2 g.) was 
dissolved in 6 cc. of water containing 2.1 g. of potassium 
carbonate. The solution was cooled, and an excess of ethyl 
chloroformate was added. A quantitative yield of product 
separated; colorless prisms from ethyl alcohol; tn. p. 166°.

Anal. Calcd. for Ci4H180 4N2: C, 60.41; H, 6.52; N, 
10.07. Found: C, 60.12; H,6.59; N, 10.32.

(3 - Hydroxy - 1 - methyloxindolyl -  3) - methyltri- 
methylammonium Iodide (XIX) from VII.—Compound VII 
(1.1 g.) dissolved in 28 cc. of absolute alcohol was treated 
with 2.5 g. of barium hydroxide hydrate and 2.6 g. of 
methyl iodide. After standing at room temperature for 
two days, the mixture was heated at 40° for two days, and 
finally was heated on the steam-bath for three hours, with 
addition of 0.5 g. more of methyl iodide. After cooling, 1 
cc. of concentrated hydrochloric acid was added, and the 
solution was dried. To isolate the product, ether was 
added dropwise; yield 43%; feather-like clusters from 
ethyl alcohol; m. p. 227°, dec.

Anal. Calcd. for Ci3H190 2N2I: C, 43.08; H, 5.29; N, 
7.73. Found: C, 42.64; H,5.41; N, 7.50.

Summary
Isatin, N - ethylisatin, 5 - bromo - N - ethylisatin 

and N-methylisatin react with nitromethane to 
yield aldol-like nitro condensation products. 
Isatin and nitroethane react similarly, as does 
benzoylformanilide with nitromethane.

The products derived thus from isatin, N-ethyl­
isatin, and 5-bromo-N-ethylisatin were reduced to 
the corresponding primary amine hydrochlorides. 
These amines yield urea derivatives and benzoyl - 
ated products. Certain urethan and quaternary 
ammonium salt formations are described.
N ew  Y ork , N . Y. R e c e iv e d  A p r il  6, 1936
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[ C o n t r ib u t io n  from  t h e  C h em ic a l  L a b o r ato r y  of N o r t h w e st er n  U n iv e r s it y  a n d  t h e  R e sea rc h  L a bo ratory  of
t h e  U n iv e r sa l  Oil  P r oducts C o m pa n y ]

Preparation of Dibenzyl Ketone and Phenylacetone

B y  C h a r l e s  D . H urd  a n d  Ch arles  L. T homas

Recently there was described1 the preparation 
of dibenzyl ketone by heating a mixture of acetic 
anhydride and phenylacetic acid. Additional 
experience with this synthesis has shown that the 
method as originally published is not given in 
sufficiënt detail to ensure infallible results. These 
details are supplied in the present paper. I t has 
been found also that potassium acetate is a help- 
ful ingrediënt in the reaction mixture. With it, 
the product seems to be more easily purified than 
otherwise.

In addition to dibenzyl ketone it has been found 
that phenylacetone is also a product of the reac­
tion. These steps account for the changes which 
occur
CeHßCHaCOOH +  (CH 3C 0 )20  — >

C6H 5CH2COOCOCH3 +  CHsCOOH (1) 
C6H 6CH 2COOCOCH3 — >  CeHgCHoCOCHg +  C 02 (2) 
CeHöCHaCOOCOCHa — >

(C6H 6CH 2C 0 )20  +  (CH 3CO)20  (3) 
(C 6H 5C H 2CO)20  — ^  CßHßCHaCOCELAHs +  C 02 (4)

Phenylacetone and dibenzyl ketone evidently are 
pyrolytic products of phenylacetic acetic anhy­
dride and phenylacetic anhydride, respectively. 
That dibenzyl ketone is formed in greater yields 
than phenylacetone is evidence that reaction 3 
has a greater reaction rate than reaction 2. Or, 
if reaction 3 is an equilibrium reaction the evidence 
would indicate that phenylacetic acetic anhydride 
disappears more rapidly through reactions 3 and 
4 than through reaction 2. Indirectly this may 
indicate that reaction 4 is faster, under the condi­
tions obtaining in the experiment, than reaction 2.

Experimental Part
Fifty grams of phenylacetic acid was weighed into a 250- 

cc. three-necked flask. Then 50 g. of redistilled acetic 
anhydride and 2.5 g. of fused, anhydrous potassium ace­
tate were added. A thermometer was placed in the

(1) Hurd. Christ and Thomas. T h is  J ournal-, 55, 2589 (1933).

liquid and the mixture refluxed for two hours, during which 
time the thermometer m the liquid registered 149-150°. 
A good fractionating column was inserted in place of the 
reflux condenser and the mixture distilled. The distilla­
tion was carried out very slowly so that the distillate was 
mainly acetic acid. The following table gives a typical
distillation.

Time,
min.

Temp., °C. 
Vapor Liquid

Time,
min.

Temp., °C. 
Vapor Liquid

0 119 150 78 118 182
45 121 154 80 115 193
57 122 160 81 114 199
70 122.5 165 83 113 204
74 120 171

After forty-five minutes carbon dioxide was evolved 
slowly. The rate increased to a maximum at about 
seventy-five minutes, but carbon dioxide was still being 
evolved slowly when the distillation was stopped. A total 
of 4 liters of gas was collected which was pure carbon di­
oxide (over 99.3% C02). Heating the liquid above 200- 
205° produced resinification with a decreased yield of 
ketones.

The residue was placed in a 50-cc. Claisen flask. Acetic 
anhydride (5 cc.) was used as a rinse. The mixture was 
distilled at 3 mm.: 30-75°, chiefly acetic anhydride; 75- 
160°, a 26-g. fraction; residue, 16 g. Redistillation (755 
mm.) of the 26-g. fraction gave 8 g. (16% yield) of phenyl­
acetone, b. p. 215-220°, and 16 g. (41% yield) of dibenzyl 
ketone, b. p. 317-320° (m. p. 30°). The phenylacetone 
was identified äs the phenylhydrazone,2 m. p. 84.5-85°.

Dibenzyl ketone may be prepared in almost the theo­
retical yields from phenylacetic acid by passing it over a 
special thoria catalyst3 at 345°. The present method, 
however, possesses the advantage of simplicity and con- 
venience which might in many instances more than make 
up for the lower yield.

Summary
A detailed technique is given for producing 

dibenzyl ketone from phenylacetic acid and acetic 
anhydride. Phenylacetone is formed concur- 
rently.
E v a n st o n , I l l in o is
R iv e r sid e , I l l in o is  R e c e iv e d  M a y  8 , 1936

(2) Beckh [Ber., 31, 3163 (1898)] lists the m. p. as 85°.
(3) Kistler, Swann and Appel, Ind. Eng. Chem., 2G, 388 (1934).
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[C o n t r ib u t io n  from  t h e  Ch e m ist r y  D e p a r t m e n t  o f  Y a l e  U n iv e r s it y ]

The Dielectric Constant of Dioxane-Water Mixtures between 0 and 80°
B y G östa Ä kerlöf and  Ol iv e r  A. S hort

Dioxane is in many respects a remarkable sub­
stance. In accordance with its symmetrical 
structure dioxane has a very small dipole moment, 
which possibly even may be equal to zero. Yet 
dioxane is completely miscible in all proportions 
with such a highly polar compound as water and 
quite large quantities of strong electrolytes are 
needed to salt it out. However, this particular 
property, combined with a very low dielectric 
constant, makes dioxane-water mixtures highly 
suitable as solvents for the study of the behavior 
of electrolytes in media of continuously and 
rapidly varying dielectric constant. This has 
been pointed out and made use of already by
Kraus and Fuoss,1 who studied the conductance 
of certain strong electrolytes in dioxane-water 
mixtures. The values they used for the dielectric 

constants of these mixtures 
1 were obtained by G. S. Hooper

and our results to be presented 
below are in good agreement 
with his, but since the meas­
urements were carried out 
only at a single temperature 
and principally confined to 
mixtures containing small 
quantities of water, a more 
complete study was deemed 
desirable.

Apparatus and Materials.—The
experimental method employed was 
practically identical with the pro­
cedure previously given2 and there­
fore a repetition is unnecessary. 
The wave length used was, also as 
before, 150 meters. Due to the 
relatively great length of the leads 
to the test cell in the present case 

Fig. 1.—Cell. they were twisted together and the
readings of the resonance circuit 

were calibrated at a large number of points against a con­
tinuously variable precision condenser calibrated by the 
Naval Research Laboratory and kindly loaned to us by 
Professor Norman I. Adams of the Sloane Physics Labora­
tory. The design of the test cells is given by Fig. 1. The 
electrodes were made of platinum and firmly held in place, 
the outer grounded one by a number of short wires, one end 
of which was welded to the electrode and the other end

fused into the wall of the glass vessel. The inner electrode 
was held by an upper and a lower cross welded to a center 
tube, also of platinum. Two cells were employed, one with 
a capacity of about 13.70 and the other of 55.0 jujuF. For 
the calibration of the smaller cell water was used employing 
the value obtained by Wyman* for its dielectric constant at

Fig. 2.—Curves for the logarithm of the dielectric constant 
of dioxane-water mixtures of constant composition and vary­
ing temperature.

20°. The large cell was calibrated by readings at several 
temperatures with a 70 wt. % dioxane-water mixture, the 
dielectric constant of which previously had been measured 
at the same temperatures with the small cell. The use of 
platinum electrodes was resorted to after a f utile attempt

(3) Wyman, P h y s .  R e v . ,  35, 623 (1930); cf.  Drake, Pierce and Dow,
i b i d . ,  3 5 ,  613 (1930).

(1) Kraus and Fuoss, This Journal, 55, 21 (1933)
(2) G. Äkerlöf, ibid., 54, 4125 (1932).
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T a b l e  I
I n t e r p o l a t e d  V a l u e s  fo r  t h e  D ie l e c t r ic  Co n sta n t  of a  S e r ie s  of D io x a n e - W a t e r  M ix t u r e s  at V a r io u s  R ou n d

T e m pe r a t u r es
Dioxane, Temperature, °C.------------

wt. % 0 10 20 30 40 50 60 70 80 90 95 98 100
0 88.31 78.86 69.16 59.34 49.37 39.50 29.84 20.37 12.19 6.16 3.91 2.73 2.109

10 84.25 75.06 65.68 56.24 46.71 37.31 28.17 19.25 11.58 5.93 3.82 2.70 2.104
20 80.37 71.43 62.38 53.30 44.19 35.25 26.60 18.20 10.99 5.71 3.74 2.68 2.102
30 76.73 67.98 59.24 50.52 41.80 33.30 25.12 17.20 10.44 5.50 3.65 2.65 2.100
40 73.12 64.70 56.26 47.88 39.54 31.46 23.72 16.26 9.91 5.30 3.57 2.62 2.098
50 69.85 61.57 53.43 45.38 37.41 29.72 22.40 15.37 9.41 5.10 3.49 2.60 2.096
60 66.62 68.60 50.75 43.01 35.39 28.08 21.15 14.52 8.93 4.91 3.41 2.57 2.094
70 63.50 55.77 48.20 40.76 33.48 26.52 19.97 13.73 8.48 4.73 3.33 2.55 2.092
80 60.58 53.07 45.77 38.63 31.67 25.05 18.86 12.97 8.05 4.56 3.25 2.52 2.090

to use cells with silver films for the same purpose.4 The 
results obtained with the silver films were erroneous but

Percentage dioxane by weight.
Fig. 3.—Curves for the isotherms of the dielectric con­

stant of dioxane-water mixtures of varying composition: 
top curve 0° isotherm, then follow in order those for 10, 
20, 30, 40, 50, 60, 70 and 80°.

(4) The design of the cells was practically identical with that of the 
cells used by Sugden, J. Chem. Soc., 768 (1933); cf. Sayce and 
Briscoe, ibid., 315 (1925); Ball, ibid., 570 (1930).

the dosest approach to the true values for the dielectric 
constant was found in the case of mixtures containing a 
high percentage of dioxane.

The raw material for the dioxane employed was a com­
mercial varnish remover from the Carbide and Carbon 
Chemicals Corporation and it consisted apparently of prac­
tically pure dioxane. The raw dioxane was first refluxed 
in an all-glass apparatus with sodium metal for several 
hours. The distilled product was then subjected to a frac­
tional crystallization in an apparatus with a mercury- 
sealed stirrer. After four recrystallizations the freezing 
point had gone up to 11.78°, which value did not show any 
further visible changes upon repeating the freezing process. 
Water was obtained from a Barnstead still for conductivity 
water.

Experimental Results.—The dielectric con­
stant data obtained have been plotted in Fig. 2 
using the equation employed by Äkerlöf

log D — log a — bt (1)
where D is the observed dielectric constant of the 
solvent mixture, a and b are empirical constants 
and t  is the temperature. As previously had been 
found in numerous other cases this equation was 
also in the case of dioxane-water mixtures able 
to express the experimental data well within their 
estimated accuracy. Using equation (1) the 
original measurements have been interpolated 
to round temperatures and weight per cent. of 
dioxane and a summary of the result is given in 
Table I. For interpolation to odd temperatures 
the following table may be used:

Dioxane, wt. % Log a b
0 1.9461 0 .00205

10 1.8969 .00215
20 1.8398 .00224
30 1.7734 .00233
40 1.6935 .00241
50 1.5965 .00247
60 1.4747 .00249
70 1.3090 .00245
80 1 .0860 .00225
90 0.7896 .00164
95 . 5923 .00100

100 .3234 .00004
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A graphical representation of the isotherms for 
the Variation of the dielectric constant of the 
dioxane-water mixtures with ehanging composi­
tion is shown in Fig. 3.

T a b l e  I I

T h e  D ie l e c t r ic  P o l a r iz a tio n  of  D io x a n e - W a t e r  
M ix t u r e s  a t  20 a n d  70°

40

35
0
•§30cö
. N

j$25
fS

20

15

/ \ \vN

/
/

/
/

/7//

0 0.80.2 0.4 0.6
Mole fraction of dioxane.

Fig. 4.—Curves for the dielectric polarization of dioxane- 
water mixtures at 20 and 70°; dotted curve 70° isotherm.

The curve for the molar dielectric polarization of 
dioxane-water mixtures is considerably different 
from that of a number of other organic solvent- 
water mixtures. In the case of methyl and ethyl 
alcohol-, ethylene glycol- and glycerol-water 
mixtures, a practically linear Variation of the 
polarization over the entire mixture range is ob­
tained when it is plotted against the mole frac­
tion of one of the components. The polariza­
tion of a mixture Pu is given by the equation 

D — 1 fiM \ -j- fzMz
~ r

1.0

Dioxane, 
wt. %

Dioxane 
mole fr. P i2 at 20° P i2 at 70'

0 0 17.39 17.59
10 0.0222 18.66 18.82
20 .0487 20.10 20.31
30 .0806 21.83 22.11
40 .1200 23.94 24.26
50 . 1699 26.54 26.84
60 .2349 29.69 29.83
70 .3232 33.21 33.00
80 .4501 36.65 35.78
90 .6481 37.47 35.78
95 .7954 34.06 32.92
98 .9093 28.35 28.40

100 1.0000 22.90 24.06

lated values vary approximately linearly when 
plotted against the dioxane mole fraction as 
shown in Fig. 5 for the 20° isotherm, but the 
theoretical significance of this result is difficult to

üioo

P 12 *  flPl +  f%P2 — (2)D +  2

where fi and f 2 denote mole fractions, M\ and M2 
molecular weights and d is the density of the mix­
ture. In Table II is given the calculated values 
for 20 and 70° and the corresponding curves are 
shown in Fig. 4. Data used for the density of 
dioxane-water mixtures were those of Herz and 
Lorenz.5

According to present theory, if a substance is 
non-polar its polarization is constant and inde­
pendent of the concentration. Thus since dioxane 
as already mentioned probably is non-polar we 
might calculate the variations of the polarization 
of water in dioxane-water mixtures. The calcu-

(5) Herz and Lorenz, Z, physik. Chem., A140, 406 (1929).

Fig. 5,-

0.2 0.4 0.6 0.8 1.0
Dioxane mole fraction.

-Curve for the dielectric polarization of water in 
dioxane-water mixtures at 20°,

understand. The polarization of water in pure 
dioxane at 20° extrapolates to 88.0, while the cor­
responding value in pure water is only 17.4.

The authors wish to express their appreciation 
of the help given them by Professor Norman I. 
Adams.

Summary
The dielectric constant of a series of dioxane- 

water mixtures has been measured over the 
temperature range 0 to 80° for a wave length of 
150 meters and using a resonance method.
N e w  H a v e n , C o n n . R e c e iv e d  M a y  8, 1936
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[C o n t r ib u t io n  fr o m  t h e  S chool of  Ch e m ist r y  of t h e  I n st it u t e  o f  T ec h n o lo g y , U n iv e r sit y  of M in n e so t a ]

The Catalytic Decomposition of Hydrogen Peroxide in a Bromine-Bromide Solution.
Effect of Light on the Steady-state Rate

By Robert Livingston and E. A. Schoeld

That exposure to diffuse daylight produces a 
pronounced decrease in the steady-state concen­
tration of bromine in a hydrogen peroxide-bro- 
mine-bromide mixture was remarked in 1923 by 
Bray and Livingston.1 On the basis of the mecha­
nism which they adopted for the catalytic decom­
position of hydrogen peroxide occurring in these 
Solutions, they predicted that the irradiation of 
the reaction mixtures with light of constant in­
tensity would not affect the steady-state rate of 
the decomposition. However, this prediction was 
not tested experimentally.

More recently2 it has been suggested that the 
decomposition of hydrogen peroxide may be a 
chain reaction in acid as well as in basic Solutions. 
In so far as the halogen-halide catalyzed reactions 
are concerned, this Suggestion appears to be based 
entirely upon analogy, and is in contradiction to 
several experimental observations of these reac­
tions.3

The measurements presented here substantially 
check the predictions of Bray and Livingston,1 and 
afford definite evidence that the bromine sensi- 
tized photochemical decomposition of hydrogen 
peroxide is not a  chain reaction.

Experimental Methods.—The analytical meth­
ods for the determination of hydrogen peroxide 
and bromine in the reacting mixtures were similar 
to those of Bray and Livingston.1 The “dark re­
action” mixture was kept in a black-coated flask, 
which was immersed in a large water thermostat, 
maintained at 35°.4 The “light-reaction” vessel 
was a short Pyrex cylinder, with sealed on plane 
ends. I t was provided with a water-sealed glass 
stirrer, to prevent the development of concentra-

(1) Bray and Livingston, T h is  J o u r n a l , 45, 1264 (1923).
(2) See for example, Moelwyn-Hughes, “Kinetics of Reactions in 

Solution,” Oxford Univ. Press, New York, 1933, p. 211.
(3) If these processes were chain reactions it should be expected 

that they would be sensitive to the presence of inhibitors, including 
those substances which are eommonly used as hydrogen peroxide 
preservatives. That this is not the case for the iodine-iodide cataly- 
sis was shown by Bohnson, J. Phys. Chem., 25, 19 (1925); for the 
bromine-bromide catalysis by Bray and Livingston, reference 1, 
p. 1260; and for the chlorine-chloride catalysis by Livingston and 
Bray, T h is  J o u r n a l , 47, 2069 (1925).

(4) A lower temperature would have been preferable, but would 
have required somewhat more elaborate equipment, since these ex­
periments were performed during the summer months, when the 
average temperature of both air and cooling water was above 25° 
and the relative humidity was high.

tion gradients due to the photochemical action. 
The oxygen, evolved during the reaction, escaped 
through the water seal of the stirrer. This reac­
tion vessel and a similar vessel, which was kept 
filled with distilled water, were sealed into a flat 
metal box, which was provided with openings 
into which the ends of the cylinders fitted. Water 
from the large thermostat was circulated through 
this box. Although the ends of the reaction ves­
sel were not jacketed, tests showed that the tem­
perature of the reaction mixture was not more 
than 0.1° below that of the large thermostat.

In beginning an experiment, a volume of reac­
tion mixture was prepared from stock Solutions of 
hydrogen peroxide and hydrogen bromide, suffi­
ciënt to fill both the “dark” and “light-reaction” 
vessels. Both vessels were filled, and the cylin- 
drical cell was irradiated with light of constant in­
tensity. After sufficiënt time (about three hours) 
was allowed for steady-state conditions to be at- 
tained, samples were removed from each of the re­
action mixtures and were analyzed for hydrogen 
peroxide. After a measured lapse of time, of from 
one to four hours, samples were again removed 
from each of the vessels and were analyzed both 
for peroxide and for bromine.

These measurements made possible the com- 
putation of the first order rate constant k of equa­
tion 1

-d (H 20 2)/(L = &(H20 2) (1)
and the termolecular catalytic rate constant, K  of 
equation 2

~d(H 20 2)Ak -  X(H20 2)(H +)(Br-) (2)
In the computation of K , correction was made for 
tribromide formation1 (p. 1262). However, no 
correction was made for the kinetic salt effect,5 
since in these experiments we were interested pri- 
marily in the comparison of the “light” and 
“dark” rates of initially identical Solutions.

The light source used in these experiments was 
a 500-watt “stereopticon” tungsten-filament lamp 
provided with a system of condensing lenses and 
a Corning heat-absorbing neutral-green filter. 
The light intensity was measured with a galvan­
ometer—surface thermopile system, which was

(5) See Livingston, T h is  Jo u r n a l , 48, 53 (1926).
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T able I
S ummary of M easurements and  Computatxons

Initial '----------------- Dark reaction-------------- —-n «----------------------
concn. kd Kd

Expt. (HBr)o (H 20 2)o S(Brs) X 10« X 102 Rd (H20 2)o S(Br2)
1 0.330 0.1517 0.0174 5.71 6.90 0.42 0 .1675 0.0172
2 .165 .1206 .0008 1.90 7.15 .03 .1272 .0005
3 .322 .0601 .0165 5.59 7.02 .44 ,.0537 .0154
4 .248 .0829 .0063 3.62 6.70 .42 .0921 .0051
5 .320 .1020 .0167 6.02 7.70 .47 ,.1244 .0158
6 .320 .1112 .0157 5.49 6.90 .43 ..1216 .0136
7 .248 .1000 .0061 3.62 6.68 .37 ,.0981 .0046
8 .320 .1287 .0163 6.16 7.83 .45 .1459 .0151
9 .322 .0265 .0176 5.04 6.45 .49 ..0243 .0155

10 .248 .0832 .0066 3.92 7.29 .46 .0881 .0044
11 .330 .0734 .0167 5.72 6.82 .43 .0781 .0147
12 .280 .0869 .0115 4.92 7.70 .52 ,.0988 .0096
13 .330 .1582 .0187 6.05 7.46 .48 ,.1714 .0157
14 .332 .1210 .0160 5.79 7.22 .40 .. 1314 .0135
15 .332 .1019 .0171 5.72 6.94 .45 ..0910 .0154
16 .322 .1005 .0158 5.78 7.18 .43 ,.1110 .0137

Comparison of dark and 
-Light reaction--------------------------- > light reactions
h

X 103
Ki

X 102 R\ labs. M /Q k\/kd K i/K d
(Br2)d
(Br2)!

5.68 6.83 0.41 0 0.99 0.99 1.01
1.95 7.26 .02 8.7 0.68 1.02 1.01 1.60
5.61 6.91 .42 15.1 .08 1.00 0.98 1.07
3.69 6.66 .28 17.7 .34 1.02 .99 1.24
6.12 7.71 .43 25.3 .50 1.02 1.00 1.06
5.77 7.00 .34 25.9 .91 1.05 1.01 1.15
3.77 6.74 .30 27.0 .48 1.04 1.01 1.32
6.23 7.75 .43 30.0 .34 1.01 0.99 1.08
5.17 6.35 .45 32.4 .08 1.03 .98 1.14
4.03 7.18 .29 32.9 .26 1.03 .99 1.50
5.88 6.78 .33 35.0 .33 1.03 .99 1.14
4.90 7.45 .41 38.6 .04 1.00 .97 1.20
6.25 7.33 .36 39.2 .70 1.03 .98 1.19
6.39 7.63 .33 74.7 1.28 1.10 1.05 1.18
6.19 7.63 .44 114.2 0.40 1.10 1.09 1.11
6.20 7.43 .33 129.7 .34 1.07 1.04 1.15

calibrated against a U. S. Bureau of Standards 
Standard lamp, in the usual manner. The water 
jacket, which surrounded both the “light reaction” 
cell and the similar vessel filled with water, was 
so arranged that it could be slid along a track to 
place either cell in the path of the beam of light. 
The intensity of the light absorbed by the reaction 
mixture was obtained by comparing the energy 
transmitted through the two cells, taking into 
account the difference in transmission of the cells 
when they were both filled with water, and the 
effect of the second window of the reaction cell.

Measurements and Computations.—The re­
sults of the experiments are summarized in Table
I. All concentrations are expressed as moles per 
liter. In computing the rate constants, k and K f 
natural logarithms were used and time was ex­
pressed in minutes. The symbol S(Br2) repre­
sents the molar concentration of the total titrat- 
able bromine, expressed as Br2. R is the steady- 
state function1, and is defined by the equation 
R = (Br2)/(H +)2(Br“)2. / abS. is the intensity of 
the light absorbed expressed in deflection of the 
galvanometer in centimeters.

The last three columns compare the results of 
corresponding measurements in the dark and in 
the light. Experiment 1 was a “blank,” in that 
the light reaction cell was not illuminated.

In thirteen of the fifteen experiments performed 
the first order reaction constant, k, was greater 
for the “light reaction” than for the “dark;” in 
no case was it less. However, it is noteworthy 
that this increase in k is about six-fold less than 
the corresponding change (which is in the oppo­

site direction) in the steady-state concentration 
of the bromine. The values of the third order 
rate constant, K , do not exhibit any consistent 
effect of light. The average value of K \/K d is
1.005 =*= 0.008, where the error is the average 
error of the averaged value.6 These results may 
be taken as evidence that the only effect of visible 
light on this system is to increase the specific 
reaction rate of the reduction of bromine by hy­
drogen peroxide. To a first approximation equa­
tion 2 represents the rate of the light reaction as 
well as the dark reaction, the increase in the ab­
solute rate being completely accounted for by the 
increase in the steady-state concentration of the 
hydrobromic acid.

The quantum yield, M/Q, was computed with 
the aid of the following assumptions. The aver­
age wave length of the absorbed light was as­
sumed to be 5300 Ä. This value was chosen 
upon the basis of a qualitative consideration of 
the energy distribution of the light from a tung- 
sten filament and of the absorption curve for 
bromine. Although the average wave length of the 
absorbed light is undoubtedly a function of the 
concentration of bromine, it is quite probable 
that the present assumption does not introducé 
an error of more than 20%. The rate of the 
purely photochemical reaction was assumed to be 
equal to (k\ — &d)(H20 2). The quantum yield 
was computed by means of the expression 

(h  -  £d)(H202) VNhp/S-I&ha.
Where (H20 2) is the average concentration of hy-

(6) The corresponding average of ki/kd is 1.037 =** 0.006. This 
value is given only for purposes of comparison, since the ratio k i/k d 
is undoubtedly a function of the intensity of the absorbed light.



1246 Francis H. Case Vol. 58

drogen peroxide during an experiment, V is the 
volume of the “light reaction” vessel, N  is Avo- 
gadro’s number, / abs. is the average intensity of 
the absorbed light expressed as galvanometer de- 
flection in centimeters, hv is the energy of a photon 
of X 5300 Ä., and S  is the sensitivity of the gal­
vanometer thermopile system in ergs per minute 
per cm. deflection. This expression will give the 
true value of the quantum yield only if it is di­
rectly proportional to the concentration of the 
hydrogen peroxide.7 However, if the quantum 
yield were independent of the concentration of 
hydrogen peroxide, the error introduced by the 
use of this approximate relation would be less than 
the average error of the experimental determina- 
tion of the quantum yield. The average value of 
the quantum yield (so computed) is O.4.8 I t  is 
noteworthy that this value is less than unity, and

(7) Even for this case the method is an approximate one, since 
fed (H2O2) does not proper ly represent the rate of the thermal reaction 
which is taking place in the illuminated solution. Although this 
quantity may be readily corrected for the differences in the steady- 
state concentrations of H +, Br- and Br2 in the “light” and “dark” 
reacting mixtures, the corrected values of the quantum yield do not 
differ greatly from the approximate values given in Table I. There­
fore, for the saké of simplicity and brevity only the approximate 
method is presented here.

(8) The value of M /Q for experiment 14 appears to be out of the 
range of the random distribution of errors and has been excluded from 
the average.

is therefore not in agreement with any chain 
mechanism of the reaction. More exact meas­
urements of the effect of light on the steady- 
state rate and function (preferably at a lower 
temperature and at lower concentrations of per­
oxide) must be available before a detailed discus­
sion of the mechanism of the photochemical proc­
ess will be justifiable.

Summary
1. The steady-rate of the decomposition of 

hydrogen peroxide in bromine-bromide Solutions 
has been measured in the dark and in the light, 
under otherwise comparable conditions. Al­
though light increases the absolute rate of the re­
action, within the limits of experimental error the 
rate for either the dark or light reaction may be 
represented by the equation V — i£(H202)(H+) 
(Br- ). The increase in the absolute rate is sat- 
isfactorily accounted for by the increase in the 
steady-state concentration of hydrobromic acid.

2. The quantum yield for the bromo sensitized 
decomposition of hydrogen peroxide has been 
computed (with the aid of certain simplifying as­
sumptions), and has been shown to have an aver­
age value less than unity.
M in n e a p o l is , M i n n . R ec eiv ed  M ay 6, 1936

[C o n t r ib u t io n  from  t h e  Ch e m ist r y  D e pa r t m e n t  of T e m pl e  U n iv e r s it y ]

The Action of Magnesium on Homonuclear Dibromodiphenyls
By Francis H. Case

The study of the action of magnesium on homo­
nuclear dibromo aromatic hydrocarbons has thus 
far been confined to the compounds m- and 
p-dibromobenzene,1 3,4-dibromotoluene, sym-tri- 
bromotoluene, 1,3-dimethyl-4,6-dibromobenzene,2 
and 1,2 and 1,4-dibromonaphthalenes.3 In the 
case of ^-dibromobenzene, which has been rather 
extensively investigated, it was first believed that 
in the presence of two atoms of magnesium4 only 
one atom of bromine is capable of reacting. Later 
investigations, however, showed that in an inert 
atmosphere a part of the second atom6 of magne­
sium will react to form a di-Grignard, but this re-

(1) Salkind and Rogovina, J. Russ. Phys.-Chem. Soc., 59, 1013 
(1927).

(2) Salkind, J. Gen. Chem. (U. S. S. R.), 1, 193 (1931).
(3) Salkind, Ber., 67, 1031 (1934).
(4) Pink, J. Chem. Soc., 123, 3418 (1923).
(5) (a) Quelet, Buil. soc. chim., 41, 933 (1927); (b) Gilman,

Beaber and Jones, Ree. trav. chim., 48, 597 (1929).

action never reaches completion. Thus it has 
been found that with both p- and w-dibromoben- 
zene, 87% of the original two atoms of magnesium 
enters the reaction; 3,4-dibromotoluene, 83%;
1.3- dimethyl-4,6-dibromobenzene, 49.6% of the 
total bromine; sym-tribromotoluene, no reaction;
1.4- dibromonaphthalene, 72% magnesium; 1,2- 
dibromonaphthalene, 75.5% magnesium. It is 
worthy of note that in the few cases where unsym- 
metrical dibromides have been investigated, in 
only one instance (1.2-dibromonaphthalene) have 
results been obtained that would indicate which 
of the bromine atoms is more readily attacked by 
the magnesium.

The obiect of the present investigation has been 
to determine the extent to which certain homonu­
clear dibromodiphenyls react with two atoms of 
magnesium, and in the case of unsymmetrical de-
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rivatives, which bromine atom is preferentially 
attacked. The compounds chosen for this study 
were 2,5, 3,5, 2,4 and 3,4-dibromodiphenyls. 
The preparation of the first three of these dibro- 
mides was according to the directions of Scar- 
borough.6 It should be noted however that 2,4- 
dibromodiphenyl, which was not obtained in a 
state of purity by this author, has now been iso­
lated. The preparation of the 3,4-isomer is de­
scribed in another paper from this Laboratory.7

In the experiments to be described, the amount 
of di-Grignard formation in each case was esti­
mated by weighing the amount of diphenyl solidi- 
fying in the receiver after fractional distillation of 
the hydrolytic products. This method cannot be 
regarded as strictly accurate as the diphenyl ob­
tained in this way is not entirely pure, yet it gives 
a better idea of the amount of di-Grignard forma­
tion than if the diphenyl obtained were recrystal­
lized, since losses involved in crystallization are 
large. The nature of the mono-Grignard reagent 
simultaneously formed was established by oxi- 
dizing the monobromodiphenyl resulting from 
hydrolysis and identifying the corresponding 
bromobenzoic acid. The unused magnesium was 
determined by measuring the hydrogen evolved on 
treatment of the mixture after completion of the 
reaction with dilute sulfuric acid. The bromine 
going into water solution was determined gravi- 
metrically.

The results of the experiments in which each of 
the four isomeric dibromodiphenyls mentioned 
above was treated with two atoms of magnesium 
show that the isomers, arranged in the order of de- 
creasing extent of reaction with magnesium, are 
2,4, 2,5, 3,5, 3,4. In fact the last-mentioned com­
pound could not be made to react when treated 
with the activated copper-magnesium alloy of Gil­
man.8 From the hydrolytic products of the re­
actions involving the 2,4- and 2,5-isomers, liquids 
were obtained which both yielded on oxidation 
with chromic anhydride, o-bromobenzoic acid, 
thus indicating that in each case the bromine in
2-position was the one less readily attacked. A 
similar process yielded in the case of 3,5-dibromo- 
diphenyl, w-bromobenzoic acid. The close check 
between the amount of magnesium consumed and 
the amount of bromine in water solution (indicat­
ing a ratio of one atom of each) and the small 
amount of high boiling residue obtained indicate

(6) Scarborough, J. Chem. Soc., 557 (1926); 89. 3000 (1927).
(7) Case, T h is  J o u r n a l , 88, 1249 (1936).
(8) Gilman, Peterson and Schulze, Ree. trav. chim., 47, 19 (1928).

the absence of any considerable amount of coup- 
ling.

The activated copper-magnesium alloy was also 
used with each of the isomeric dibromodiphenyls, 
increasing the yield of di-Grignard in the cases of 
those which reacted with ordinary magnesium.

By treating the 2,5 and 3,5-isomers, respec­
tively, with one atom of magnesium, followed by 
carbon dioxide, the acids 2-bromodiphenyl-5- 
carboxylic acid, prepared by Cook and Cook9 by 
the oxidation of 2-bromo-5-methyldiphenyl, and
3-bromodiphenyl-5-carboxylic acid, heretofore un- 
known, were obtained.

In only one case (the 2,5-isomer) was the di- 
carboxylic acid resulting from the action of car­
bon dioxide on the di-Grignard formed by the ac­
tion of 2 atoms of copper-magnesium alloy on the 
corresponding dibromide, isolated in a state of 
purity. The 3,5-isomer yielded an acid which 
could not be freed entirely from bromine even by 
repeated crystallization. This recalls the difficul­
ties experienced by Gilman5b in attempts to obtain 
pure terephthalic acid from ^-dibromobenzene. 
In the case of the 2,4-dibromide, no dicarboxylic 
acid was found. In the cases of the 2,5, 3,5, and
2,4-isomers, relatively large amounts of mono- 
bromocarboxylic acid were isolated. One must 
therefore conclude that although, as shown by 
previous experiments, the di-Grignard is formed 
to a large extent, yet on treatment with carbon 
dioxide it is partly unaffected as shown by the 
presence of a certain amount of diphenyl after hy­
drolysis, and is subject to side reactions leading to 
the formation of acidic resins obtained as by- 
products.

Experimental
Preparation of Dibromodiphenyls.—These compounds 

were tested for absence of nitrogen, and gave a correct 
bromine analysis.

Preparation of 2,4-Dibromodiphenyl.—By the hydroly­
sis of 78.5 g. of 4,6-dibromo-3-acetaminodiphenyl with 
alcoholic hydrobromic acid was obtained 69.2 g, of crude 
base. The base, dissolved in alcohol, and treated with 
excess of 1-1 sulfuric acid, was deaminized by means of 
sodium nitrite. In order to remove from the final product 
all tracés of nitrogenous matter, it was dissolved in abso­
lute ether and filtered from a white precipitate which 
formed, then washed successively with aqueous hydrobro­
mic acid, and sodium bicarbonate solution. On redistil- 
lation, 28 g. was obtained, b. p. 174-176° (7 mm.).

Anal. Calcd. for CigHgB^: Br, 51.25. Found; Br, 
51.11,

(9) Cook and Cook, T h is  J o u r n a l , 86, 1217 (1933).
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Action of Dibromodiphenyls on Two Atoms of Magne­
sium.—Fifteen and six-tenths grams (0.05 mol) of dibromo- 
diphenyl dissolved in absolute ether was refluxed not less 
than fifteen hours with 2.4 g. of magnesium in the presence 
of a trace of iodine. With the 3,5 and 2,5 isomers and 
plain magnesium, an atmosphere of nitrogen was main- 
tained, but in all other experiments hydrogen was the 
inert gas used. On completion of the reactions, hydrolysis 
was effected by dilute sulfuric acid, the evolved hydrogen 
being collected over water. Ether vapors were removed by 
absorption in concentrated sulfuric acid. The ether layer 
was carefully separated from the water layer, the latter 
being analyzed for bromine, after removal of the iodine 
by means of sodium nitrite. The ether layer was evapo­
rated, and the residue fractionated in a vacuum, the amount 
of solid collecting in the receiver being weighed as di­
phenyl. The higher boiling liquid was oxidized by means 
of chromic anhydride in glacial acetic acid, and the result­
ing bromobenzoic acid identified by a mixed melting point 
with an authentic specimen. The results are shown in 
Table I.

T a b l e  I
A c t io n  o f  D ib r o m o d ip h e n y l s  o n  T w o  A tom s of M ag­

n e s iu m

Isomer (0.05 mole) 3,5 2,5 2,4
Mg unused, g. 0.83 0.83 0.73

Bromine in solution |  ^ 4.86 5.29 5.59
61 66 70

Diphenyl j  ^ 2 .0
26

3 .0
39

4.3
56

Mono-Br-diphenyl, g. 7 4 .5 3.9
Benzoic acid from oxidation of

mono-Br-diphenyl m-Br- o-Br- o-Br-

Action of the Dibromodiphenyls on Two Atoms of Cop- 
per-Magnesium Alloy.—Fifteen and six-tenths grams of 
dibromodiphenyl, dissolved in absolute ether, was refluxed 
for not less than fifteen hours with approximately 3 g. of 
activated copper-magnesium alloy prepared according to 
the directions of Gilman, Peterson and Schulze.8 The 
results are shown in Table II.

T a b l e  II
A c t io n  of  D ib r o m o d ip h e n y l s  o n  T w o  A tom s of Cu-Mg 

A lloy

Isomer (ü.05 mole) 3,5 2,5 2,4 3,4
_ . . ƒ g. 5.57 6.44 6.56 ƒ No re-Bromme reacting j  ^  gg ö 80.5 82.0 \ action
Yield of diphenyl, g. 2.7 5.3 6.0
Diphenyl, % 35.1 68.8 77.9

The 3,4-dibromodiphenyl would not react even though 
a small amount of the activated magnesium of Gilman and 
Kirby was added to the reaction mixture.10

Action of 3,5-Dibromodiphenyl on 1 Atom of Mg -f-
CO2.—One-twentieth mole of 3,5-dibromodiphenyl was 
treated with 1.2 g. of magnesium as before. After com­
plete solution of the magnesium, carbon dioxide was passed 
into the mixture, cooled by ice and salt, for two hours. 
Decomposition was then effected by dilute hydrochloric 
acid. The ether solution was washed with alkali, the acid 
reprecipitated with concd. hydrochloric acid and extracted

(10) Gilman and Kirby, Rec, trav. ckim.% 54, 577 (1935).

with ether. After removal of the ether the acid was crys­
tallized from benzene and petroleum ether; yield 3.5 g .; 
m. p. 177-178°.

Anal. Calcd. for Ci3H90 2Br: Br, 28.85. Found:
Br, 29.21.

Action of 2,5-Dibromodiphenyl on 1 Atom of Mg +
CO2.—The procedure was the same as with the 3,5-isomer. 
Two grams of a monobromodiphenyl carboxylic acid was 
obtained, m. p. 247-248°. The 2-bromodiphenyl-5-car- 
boxylic acid of Cook and Cook melted at 242-243°. The 
identity of the acid obtained above was further confirmed 
by the fact that the mono-Grignard reagent on hydrolysis 
yields only ö-bromodiphenyl.

Anal. Calcd. for CwHaC^Br: Br, 28.85. Found:
Br, 28.72.

Action of the Dibromodiphenyls on 2 Atoms of Cu-Mg 
alloy +  CO2.—The quantities used were the same as when 
the Grignard was directly hydrolyzed. The results are 
shown in Table III.

Table III
A ction  of C a r b o n  D io x id e  o n  D ip h e n y l  D i -G r ig na r d  

R e a g e n t s

Dibromodiphenyl (15.6 g. used)

Yield of bromocarboxylic acid <

/ g.Yield of dicarboxylic acid < ^

Diphenyl isolated, g.

3,5 2,5 2,4
5.7 1.9 2.0
41 14 15

1.3 2.2 0
11 18 0

0.2 1.0 0.6

Action of 3,5-Dibromodiphenyl.—After the decomposi­
tion of the carbon dioxide-Grignard complex with hydro­
chloric acid, the precipitated acids were extracted with 
ether, and removed from the ether by extraction with 
potassium hydroxide. After reprecipitation with concd. 
hydrochloric acid, 10 g. of crude acid was obtained. This 
was separated by means of hot benzene into a soluble frac­
tion which on recrystallization from a methyl alcohol-water 
mixture yielded 5.7 g. of crude 3-bromodiphenyl-5-car- 
boxylic acid, m. p. 168-170°. The benzene-insoluble por­
tion, weighing 1.9 g. was recrystallized four times from 
glacial acetic acid, yielding 0.6 g. of an acid melting at 
330-334° but still containing 1.19% bromine. Equivalent 
weight: calcd. for C14H10O4: 121. Found: 126.

Action of 2,5-Dibromodiphenyl.—The mixed acids (12.5 
g.) obtained by adding hydrochloric acid to the alkaline 
extract of the original ether solution, and again extracting 
with ether, were extracted with hot benzene, yielding 4.5 
g. of benzene insoluble material, which after repeated 
crystallization from a benzene-ether mixture yielded 0.5 
g. of pure diphenyl-2,5-dicarboxylic acid, m. p. 274-275°.

Anal. Calcd. for C14H10O4: C, 69.40; H, 4.16. Found: 
C, 69.62; H, 4.35.

The benzene soluble portion of the above extraction. 
after several crystallizations from a benzene-petroleum 
ether mixture, yielded 1.9 g. of 2-bromodiphenyl-5-car- 
boxylic acid, m. p. 247-248°, previously described. The 
original ether solution, after extraction with sodium hy­
droxide solution, yielded after evaporation 1 g. of diphenyl.

Action of 2,4-Dibromodiphenyl.—The original ether 
solution, after extraction with sodium hydroxide solution, 
acidification of the alkaline solution with hydrochloric
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acid, and extraction with ether yielded 10 g. of crude acid, 
which dissolved in hot benzene. After several crystalliza- 
tions from methyl alcohol, 2 g. of an acid was obtained, 
melting at 213-214°, yielding finally an acid of m. p. 218- 
219°, which melted unchanged with 2-bromodiphenyl-
4-carboxylic acid, prepared from 4-methyl-2-bromoaniline 
by the method of Gomberg and Pemert.11

The original ether solution, after extraction with sodium 
hydroxide, yielded 0.6 g. of diphenyl.

The author acknowledges the assistance of Mr. 
Henry Sloviter in connection with a portion of 
the analytical work in this paper.

(11) Gomberg and Pernert, This J o u r n a l , 48, 1372 (1926).

Summary
1. A study has been made of the extent of the 

reaction of 3,5, 2,5, 2,4 and 3,4-dibromodiphenyls, 
respectively, with (a) one and two atoms of mag­
nesium; (b) two atomic proportions of activated 
copper-magnesium alloy.

2. The nature of the resulting products has 
been determined when the Grignard reagent is
(a) directly hydrolyzed; (b) first treated with 
carbon dioxide and then hydrolyzed.
P h il a d e l p h ia , P a . R e c e iv e d  M a y  18, 1936

[C o n t r ib u t io n  from  t h e  C h em istr y  D e p a r t m e n t  o f  T e m p l e  U n iv e r s it y ]

The Preparation of 3,4-Dibromodiphenyl

B y  F rancis H. C a se

The preparation of 3,4-dibromodiphenyl has 
previously been reported by Scarborough,1 who 
stated that it could be obtained by the replace- 
ment by bromine of the amino group in the bromo 
amine resulting from the hydrolysis of what he 
believed to be 4-bromo-3-acetaminodiphenyl. 
Scarborough’s evidence for the structure of the 
dibromodiphenyl is based on its oxidation by chro­
mic anhydride to 3,4-dibromobenzoic acid. Rea- 
soning back he therefore concluded that on mono- 
bromination 3-acetaminodiphenyl is substituted 
in the 4-position rather than in the more to be ex­
pected 6-position.

In a study of the action of magnesium on vari­
ous homonuclear dibromodiphenyls,2 the so-called
3.4- dibromodiphenyl of Scarborough was sub- 
jected to the action of two atoms of magnesium- 
copper alloy, followed by carbon dioxide. The 
two acids resulting were identified as 2-bromodi- 
phenyl-5-carboxylic acid, and diphenyl-2,5-dicar- 
boxylic acid. This suggested the possibility that 
Scarborough’s dibromodiphenyl was derived from
2-bromo-5-acetaminodiphenyl, the normal bromi­
nation product. On repeating the oxidation of 
the dibromodiphenyl, however, a small amount of
3.4- dibromobenzoic acid was obtained, in addi­
tion to the expected 2,5-dibromobenzoic acid 
(also in small quantity). The amounts of the two 
dibromo acids isolated after oxidation do not, 
however, give a satisfaetory idea of the amounts 
of dibromides present in the original mixture, as

(1) Scarborough, J. Chem. Soc., 3000 (1927).
(2) Case, T h is  Jo u r n a l , 58, 1246 (1936).

experiments with the pure dibromides indicate 
that the 2,5-isomer is much more easily destroyed 
by oxidation than the 3,4.

2~Bromo-5-acetaminodiphenyl was next syn­
thesized by the reaction of Gomberg and Pernert,3 
as follows:

Br

4-Bromo-3-acetaminodiphenyl was prepared by 
the following series of reactions

NHCOCHs

This latter product melted at 127°, whereas 2- 
bromo-5-acetaminodiphenyl prepared by Gom- 
berg’s method melts at 162-163°, and Scar­
borough’s bromo-3-acetaminodiphenyl a t 163- 
164°. The latter two products when mixed 
showed no change in melting point. Since the 
dibromodiphenyl obtained from Scarborough’s

(3) Gomberg and Pernert, ibid., 48, 1372 (1926).
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product by hydrolysis and use of the Gattermann 
reaction yields on oxidation both 3,4- and 2,5- 
dibromobenzoic acid, and gives with magnesium 
the mono and dicarboxylic acids related to 2,5- 
dibromodiphenyl, it seems evident that Scar­
borough’s bromoacetaminodiphenyl is a mixture 
of two isomers, having a constant melting point. 
This type of mixture is not unfamiliar in the di­
phenyl series, as a similar one is obtained by 
brominating />-acetaminodiphenyl.4

3,4-Dibromodiphenyl was prepared in this 
Laboratory by hydrolyzing 4-bromo-3-acetamino- 
diphenyl to the free base and applying the Gatter­
mann reaction. This product, on oxidation, 
yielded exclusively 3,4-dibromobenzoic acid.

In the process of identification of the acids re­
sulting from the action of magnesium on Scar­
borough’s dibromodiphenyl, two hitherto unde- 
scribed bromo acids were prepared: namely, 3- 
bromodiphenyl-4-carboxylic acid and 4-bromodi- 
phenyl-3-carboxylic acid.

Experimental Part
3-Nitro-4-bromodiphenyl.—This was prepared in quan­

tity by eombining the reaction mixtures from unit batches 
of 50 g. of 3-nitro-4-aminodiphenyl and working them up 
together. For a unit batch 50 g. of finely powdered nitro 
amine was warmed on the steam-bath with 300 cc. of 40% 
hydrobromic acid. When the mixture had turned to a 
light brown color, it was cooled to 10°, and diazotized by 
slowly adding 23 g. of powdered sodium nitrite and shaking 
the stoppered flask. After standing for a half-hour the 
mixture was treated with 7 g. of copper powder and heated 
with a low flame for about half an hour after all apparent 
reaction had ceased. At this point all the batches were 
combined, the 3-nitro-4-bromodiphenyl extracted with 
ether, and twice distilled; yield from 294 g. of 3-nitro-4- 
aminodiphenyl, 249 g. of 3-nitro-4-bromodiphenyl, b. p. 
210-220° (5 mm.). The pure product boils at 210-215° 
(6 mm.).

Anal. Calcd, for Ci2H8N 0 2Br: Br, 28.75. Found: 
28.86.

3-Amino-4-bromodiphenyl.—To 307 g. of SnCl2*2H20  
dissolved in 900 cc. of absolute alcohol was added 126 g. 
of 3-nitro-4-bromodiphenyl, the reaction mixture being 
cooled at first with ice, and then refluxed overnight. After 
removal of the alcohol the residue was treated with con­
centrated sodium hydroxide to dissolve the tin salts, and 
the base was then extracted with ether. On removal of 
the ether, the 3-amino-4-bromodiphenyl was crystallized 
from a mixture of benzene and petroleum ether. It was 
found that the bromine atom was removed either by cata­
lytic reduction or by reduction with tin and hydrochloric 
acid; yield 74 g.; m. p. 97-98°.

Anal. Calcd. for C12Hi0NBr: Br, 32.22. Found:
Br, 32.44.

(4) Kenyon and Robinson, J Chem. Soc., 3050 (1926); Scar­
borough, ibid., 560 (1926),

3-Acetamino-4-bromodiphenyl.—This was prepared by 
the action of acetic anhydride on the base. It crystallizes 
from methyl alcohol, m. p. 127°.

Anal. Calcd. for Ci4Hi2NOBr: Br, 27.56. Found: 
Br, 27.50.

3,4-Dibromodiphenyl.—A mixture of 37.2 g. of 3- 
amino-4-bromodiphenyl and 192 cc. of 40% hydrobromic 
acid cooled to 10° was diazotized by the slow addition of 
13 g. of sodium nitrite, the flask being repeatedly stoppered 
and shaken. After standing a half-hour, the mixture was 
heated with copper powder, the heating being continued 
for a half hour after the reaction subsided. The dibromo­
diphenyl was extracted with ether and distilled in vacuo. 
The crude liquid was washed with aqueous hydrobromic 
acid to remove unchanged base, then dried, dissolved in 
absolute ether and saturated with dry hydrogen bromide. 
The precipitated hydrobromide was filtered off, the ether 
solution washed with sodium bicarbonate, dried and the 
process repeated. The yield of nitrogen-free base was 
33 g., b. p. 192-195° (5 mm.).

Anal. Calcd. for Ci2H8Br2: Br, 51.25. Found: Br, 
51.23.

2-Bromo-5-nitroaniline.—This was prepared by the 
bromination of m-nitroaniline according to the directions 
of Wheeler.6 That it was this isomer was proven by the 
isolation of £-nitrobromobenzene from the deaminized 
product.

2-Bromo-5-nitrodiphenyl.—The cooled paste made by 
heating 90 g. of 2-bromo~5-nitroaniline with 100 cc. of 
concd. hydrochloric acid and 40 cc. of water was diazotized 
with a saturated solution of 36 g. of sodium nitrite. To 
the diazonium salt solution was added 300 cc. of benzene 
and then 128 cc. of 5 N  sodium hydroxide, keeping the 
temperature below 5°. After standing overnight, the 
benzene was removed, yielding 36 g. of a product boiling 
at 190-215° (10 mm.), and solid at room temperature. 
On recrystallization from benzene-petroleum ether it 
melted at 80-81°.

Anal. Calcd. for Ci2H8N 0 2Br: Br, 28.75. Found: 
28.36.

2-Bromo-5-acetaminodiphenyl.—The 2-bromo-5-nitro- 
diphenyl was reduced by the theoretical quantity of stan- 
nous chloride in absolute alcohol to the amine, and this was 
acetylated by means of acetic anhydride. The 2-bromo-5- 
acetaminodiphenyl thus obtained was recrystallized from 
methyl alcohol, melting at 162-163°, and unchanged when 
mixed with the product resulting from the bromination of
3-acetaminodiphenyl.

Anal. Calcd. for Ci4Hi2NOBr: Br, 27.56. Found: 
Br, 27.51.

The 2-bromo-5-acetaminodiphenyl was converted to the 
corresponding dibromodiphenyl which yielded on oxida­
tion 2,5-dibromobenzoic acid, m. p. 153-154°.

Action of Magnesium on Scarborough’s Dibromodi­
phenyl.—The complex prepared by passing carbon dioxide 
into the Grignard reagent from 15.6 g. of the above di­
bromodiphenyl was decomposed with hydrochloric acid,2 
the acid solution extracted with ether and the organic acids 
removed by extraction of the ether solution with sodium 
hydroxide solution. After reprecipitation with hydro-

(5) Wheeler, Am. Chem. J ., 17, 699 (1895).
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chloric acid, reëxtraction with ether, and removal of the 
ether, a gummy solid was obtained weighing 9 g. This 
was extracted with benzene. The benzene insoluble part, 
after several crystallizations from a benzene-methyl alco­
hol mixture, melted at 276-277°, and unchanged when 
mixed with a sample of diphenyl-2,5-dicarboxylic acid.2 
The benzene-soluble part after several crystallizations 
from benzene-petroleum ether, melted at 248-249°, and 
unchanged when mixed with a sample of 2-bromodiphenyl-
5-carboxylic acid.2 From the ether solution extracted by 
alkali, 1.1 g. of diphenyl was isolated.

4 - Bromodiphenyl - 3 - carboxylic Acid.—Seventy - one 
grams of 4-bromo-3-methylaniline, obtained by bro- 
minating 3-acettoluide, was treated with 110 cc. of water 
and 76 cc. of concd. hydrochloric acid. The suspension 
was then diazotized with 27.5 g. of sodium nitrite in 
saturated solution, treated with 300 cc. of benzene and 
gradually with 110 cc. of 5 N  sodium hydroxide keeping 
the temperature below 5°. After standing overnight the 
benzene was removed, yielding 18 g. of a liquid boiling 
at 165-170° (3 mm.). On oxidation with aqueous per­
manganate and crystallization from benzene, 4-bromodi- 
phenyl-3-carboxylic acid was obtained, m. p. 194-195°.

Anal. Calcd. for C13H9O2B3*: Br, 28.85. Found: 
Br, 28.70.

3-Broinodiphenyl-4-carboxylic Acid.—4-Nitro-2-amino- 
toluene was prepared by the nitration6 of o-toluidine. It 
was converted to 4-nitro-2-bromotoluene by the Gatter­
mann reaction. From this, by reduction with stannous 
chloride in hydrochloric acid, was prepared 2-bromo-4- 
aminotoluene (acetyl derivative, m. p. 111-112°. Beil­
stein gives 113°). Sixty-five grams of 2-bromo-4-aminotol- 
uene was treated with 70 cc. of concd. hydrochloric acid

(6) Schiff and Vanni, Ann., 268, 322 (1892).
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and 60 cc. of water, and diazotized with 26 g. of sodium 
nitrite in 50 cc. of water. The resulting solution was 
treated with 300 cc. of benzene and gradually with 100 
cc. of 5 N  sodium hydroxide solution. After standing 
overnight, the benzene solution was separated and the ben­
zene removed by distillation, yielding 19.5 g. of an oil 
boiling at 165-170° (7 mm.). On oxidation with aqueous 
potassium permanganate solution and crystallization 
from methyl alcohol-petroleum ether, 3-bromodiphenyl-4- 
carboxylic acid, m. p. 179-180° was obtained.

Anal. Calcd. for Ci3H90 2Br: Br, 28.85. Found:
Br, 29.05.

The author acknowledges the assistance of 
Mr. Max Gabis in the preparation of certain in- 
termediates involved in this work.

Summary
1. The “3,4-dibromodiphenyr’ of Scarborough 

has been shown to be a mixture containing largely 
the 2,5-isomer, and some of the 3,4.

2. 3,4-Dibromodiphenyl has been synthesized.
3. The bromination product of 3-acetamino- 

diphenyl is believed to be a constant melting mix­
ture of 4-bromo-3-acetamino- and 2-bromo-5- 
acetaminodiphenyls.

4. Both of these pure products have been syn­
thesized.

5. The syntheses of 4-bromodiphenyl-3-car- 
boxylic acid and of 3-bromo-diphenyl-4-carbox- 
ylic acid are described.
P h il a d e l p h ia , P e n n a . R e c e iv e d  M a y  18, 1936

[Co n t r ib u t io n  from  t h e  D epa r t m e n t  o f  C h e m ist r y  of S t a n f o r d  U n iv e r s it y ]

Saponins and Sapogenins. IV. The Isolation of Amolonin and Determination of
the Products of Hydrolysis

B y  P. C. Jurs  and  C. R. N oller

The hydrolysis of crude methyl alcoholic ex- 
tracts of the bulbs of Chlorogalum pomeridianum, 
Kunth, commonly known as California soap plant 
or amole, has been shown to yield two crystalline 
sapogenins.1 One of these was assigned the for­
mula C26H4o0 2(OH)2 and the name chlorogenin, it 
being isomeric with but different than gitogenin, 
while the other was found to be identical with 
tigogenin, then believed to have the formula 
C26H4i02(OH). Recent work2 indicates that gito­
genin and tigogenin have the formulas C^H^CV 
(OH)2 and C27H4302(0 H), respectively, and chlo-

(1) L iang and N oller, T h is  J o u r n a l , 57, 525 (1935).
(2) Simpson and Jacobs, J. Biol. Chem., 109, 573 (1935); 

Tschesche and Hagedorn, Ber., 68, 1412 (1935).

rogenin is now known to have the formula 
C27H420 2(0H)2.3

The isolation of two sapogenins indicated that 
at least two saponins were present and early at­
tempts by Liang to isolate the saponins proved 
this to be the case.4 On cooling hot aqueous Solu­
tions of the mixed saponins or hot methyl alco­
holic extracts of the roots, a product deposited 
that on hydrolysis yielded pure tigogenin, while 
hydrolysis of the more soluble fractions in the 
filtrates yielded largely chlorogenin. I t  appeared

(3) Private communication from Dr. L. F. Fieser. The results
of extremely accurate combustions on chlorogenin at the Chemical 
Laboratory of Harvard University gave C, 74.956, 74.982; H, 10.249, 
10.253. Calcd. for C 2 7 H 4 4 O 4 :  C, 74.955; H, 10.251.

(4) Liang, Thesis, Stanford University, 1934.
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that it should be possible to isolate the less soluble 
saponin in a pure state and the present paper deals 
with the isolation of a pure crystalline saponin and 
with the quantitative determination of the prod­
ucts formed on hydrolysis.

At first an attempt was made to purify the less 
soluble saponin fraction by a triangulär fractional 
crystallization from methyl and ethyl alcohol. 
This was partially successful and resulted in 
the isolation of two saponins, one of which was 
crystalline and the other amorphous, and which 
differed in specific rotation and solubility in 
methyl and ethyl alcohols. Both of these sapon­
ins yielded tigogenin on hydrolysis, a fact that 
increases the minimum number of saponins pres­
ent in the plant.

Fractional crystallization was tedious but it 
was found that these two saponins possessed a 
marked difference in solubility in /-butyl alcohol 
and this gave a rapid method for obtaining the 
less soluble fraction in a pure form and in quan­
tity. The mixed saponins were repeatedly ex­
tracted with hot /-butyl alcohol to remove most 
of the amorphous saponin, and the insoluble por­
tion repeatedly crystallized from ethyl and methyl 
alcohol until the product was crystalline (Fig. 1)

Fig. 1.—Photomicrograph of crystalline 
amolonin.

and had a constant rotation. These crystals ap­
parently contain alcohol of crystallization since 
on drying they fall to an amorphous powder. Al­
though this saponin is only slightly soluble in cold 
water, its aqueous Solutions show all the typical 
properties of a saponin such as the formation of a 
stable foam on shaking, toxicity to fish and he- 
molysis of red blood corpuscles.

The pure crystalline saponin, which has been 
named “amolonin” was hydrolyzed and the 
sugars identified by the usual procedures. Posi­

tive tests were obtained for d-glucose, d-galactose,
l-rhamnose and ketoses. Tests for pentoses, man- 
nose and uronic acids were negative. Quantita­
tive estimations showed that the hydrolysis could 
be represented by the equation
CeiHwOi^OH)!» +  6H2O---->

amolonin
C27H4302(0H ) +  3C6Hi20 6 -f C6H120 6 +  2C6H120 6 

tigogenin (/-glucose (/-galactose /-rhamnose
The ketoses are present only in small amounts in 
the hydrolytic products and probably arise from 
the aldohexoses by a Lobry de Bruyn-van Eken- 
stein5 intercqnversion.

The formula C63H87Oi4(OH)i7 was confirmed by 
the preparation of a septadeca-acetyl derivative.

Experimental
Isolation of Saponins by Fractional Crystallization.—

The bulbs were collected in March, the hairy covering and 
leaves discarded and the remainder ground in a food chop­
per. The liquid portion of the ground pulp was removed 
by a cider press and the press cake washed twice with cold 
water and twice with methyl alcohol, pressing each time to 
remove the liquid. The damp press cake was repeatedly 
extracted with boiling methyl alcohol until the extract no 
longer gave a precipitate on cooling. The gelatijious 
brown precipitates were filtered and evaporated to dryness 
under a vacuum. Further crops were obtained by concen- 
trating the alcoholic filtrates.

When the crude saponin obtained in this way was sub- 
jected to a fractional crystallization with sufficiënt treat- 
ments with Norite to remove the color completely, two 
main fractions were obtained. The less soluble fraction 
consisted of definitely crystalline needles, [a]646 —74.2 °, in 
pyridine. One gram on hydrolysis in 50% aqueous methyl 
alcohol containing 5% hydrogen chloride gave 0.304 g. of 
tigogenin, m. p. 197-201° (corr.); after crystallization 
from isopropyl alcohol and then from benzene it melted at 
200-207°. This saponin fraction had a solubility in 
methyl alcohol of 0.36 g. and in ethyl alcohol of 0.24 g. per 
100 g. of solvent at 25° and was practically insoluble in hot 
/-butyl alcohol. The more soluble fraction was usually 
amorphous although sometimes hair-like crystals were ob­
served under the microscope. The specific rotation in 
pyridine varied from —68.7 to —63.8° and apparently 
became less as purification proceeded. One gram on 
hydrolysis gave 0.411 g. of sapogenin, m. p. 189-204° (corr.) 
which after crystallization from isopropyl alcohol and from 
benzene melted at 197-202°. A mixed melting point de­
termination with the sapogenin from the needles showed 
no depression. The amorphous saponin had a solubility in 
methyl alcohol of 1.62 g. and in ethyl alcohol of 2.45 g. 
per 100 g. of solvent at 25 ° and was quite soluble in hot t- 
butyl alcohol. Both saponins had a low solubility in ben­
zene, acetone, carbon tetrachloride and ether and a high 
solubility in pyridine, dioxane and glacial acetic acid.

Isolation of Amolonin by Extraction.—The crude dried 
saponin obtained as above was ground to a powder and

(5) Lobry de Bruyn and van Ekenstein, Ree. trav. chim., 14, 156, 
204 (1895); Spoehr and Wilbur, J. Biol. Chem., 69, 421 (1926).
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extracted with ten times its weight of boiling /-butyl alco­
hol. The drying, grinding and extraction of the insoluble 
portion was repeated three or four times until the loss in 
weight on an extraction was less than 2%. The light 
brown dried powder was recrystallized from ethyl alcohol 
and then repeatedly from methyl alcohol until the product 
was colorless, completely crystalline under the microscope 
and had a constant rotation. The recrystallizations from 
methyl alcohol were best performed by dissolving in a 
minimum of boiling solvent and then concentrating to 
from one-half to one-fifth of the original volume and cooling 
rapidly. The product was deposited as amorphous spheres 
which on standing for some time changed into microscopie 
needles (Fig. 1). During the first crystallization the crys­
tals appeared to be mixed with small, spherical, gelatinous 
globules when examined under the microscope but these 
disappeared as the purification proceeded.

The crystals obtained in this way feil to an amorphous 
powder on drying. This product gave no perceptible ash 
on ignition; [a]23«« -"75.5° in pyridine, —67.5° in diox­
ane.

Qualitative Detection of Hydrolytic Products.—Pure 
amolonin was hydrolyzed completely by heating with 
twenty times its weight of 50% aqueous methyl alcohol 
containing 5% sulfuric acid. The mixture was heated in a 
pressure bottle at 100-110° with shaking for two days. 
The tigogenin was filtered and the filtrate analyzed quali- 
tatively by a procedure essentially as recommended by van 
der Haar6 unless otherwise noted.

The usual naphthoresorcinol color reaction for uronic 
acids, when applied to both the original saponin and to the 
barium uronate fraction7 of the sugars, gave doubtful 
positive tests. Spectrographic examination of benzene 
extracts compared with Controls, especially after the ex- 
tracts had stood for several hours, showed definitely the 
absence of uronic acids.

Both types of reactions recommended by van der Haar6 
for the detection of ketoses gave positive tests. Later 
quantitative work, however, showed that the ketoses were 
present in such small amount that their presence may be 
explained by a Lobry de Bruyn-van Ekenstein intercon- 
version8 during the preparation of the sugar solution. It 
is possible that fructose does not occur in other saponins 
where it has been reported as a hydrolytic product.8

Nitric acid oxidation of the mixed sugars gave mucic 
acid, identified by its melting point (209-210 °) and mixed 
melting point, crystal form and the crystal form of its 
insoluble thallous salt, and saccharic acid identified by the 
crystal form of its acid potassium salt and by the prepara­
tion and analysis of the silver salt. This indicates the 
presence of galactose and of glucose in the saponin mole­
cule. That these sugars are the J-forms is shown by the 
fact that they are fermented by the yeasts, Torula lactosa 
and Torula alactosa, which do not ferment the /-forms. 
The non-formation of a phenyl-hydrazone was taken to in­
dicate the absence of mannose.

(6) Van der Haar, "Anleitung zum Nachweis, zur Trennung und 
Bestimmung der Monosaccharide und Aldehydsaüren,’* Gebrüder 
Borntraeger, Berlin, 1920.

(7) Link and Dickson, J. B io l . Chem., 86, 491 (1930); Link and 
Nedden, ib id . ,  94, 307 (1932); Hopkins, Peterson and Fred, T h is  
Jo urnal , 53, 306 (1931).

(8) Kotier, "Die Saponine,” Julius Springer, Vienna, 1927, p. 96.

For the detection of pentoses and methyl pentoses the 
tests depending on their conversion to furfural and methyl- 
furfural and on the color reactions for these compounds 
were used. Both visual and spectroscopie examination of 
the color reactions showed the absence of pentoses and the 
presence of methyl pentoses. To identify the methylpen- 
tose, the glucose was removed by fermentation with baker’s 
yeast and the solution of galactose and methyl pentose 
treated with a-methylphenylhy drazine. The formation 
and identification of the methylphenylhydrazone of galac­
tose, m. p. 187.8° (corr.) further proved the presence of this 
sugar. After the removal of galactose as the hydrazone, 
the methylpentose was regenerated and the solution freed 
of methylphenylhydrazine by treatment with formalde­
hyde as recommended by van der Haar.6 On subsequent 
reaction with ^>-bromophenylhydrazine an osazone formed 
which appeared to be identical with ^-bromophenyl- 
rhamnosazone as determined by melting point (213-214° 
corr.) and mixed melting point with an authentic specimen. 
This identification was not considered entirely satisfaetory 
because the product could not be recrystallized, and the 
melting points were really decomposition points. Ex­
amination under the polarizing microscope did not yield 
further Information since p -bromophenylrhamnosazone 
needles show parallel extinction. The ß-naphthylhydra- 
zone was a much more satisfaetory derivative and proved 
to be identical (m. p. 190-191°, [a]54e —12.6° in pyridine) 
with the /3-naphthylhydrazone of /-rhamnose. The ex­
tinction angle of the crystals is 42.3°.

No other products of hydrolysis were detected and the 
following quantitative work shows that no other compo­
nents can be present in the saponin molecule.

Estimation of Tigogenin.—Samples of pure amolonin 
weighing from 0.3 to 3.0 g. were hydrolyzed under different 
conditions and the amount of tigogenin formed was deter­
mined by filtering, washing and drying to constant weight 
at 100°. Hydrolyses in 50% aqueous methyl alcohol con­
taining 5% hydrogen chloride at the boiling point for 
seventy hours gave 30.4 and 29.4% tigogenin. Using 5% 
sulfuric acid and shaking in a sealed tube at 90° for sixty- 
five hours gave 28.4 and 28.0% tigogenin. Using water 
containing 4% sulfuric acid and shaking in a sealed tube 
at 90° for five days gave 30.4%. The average of these 
five determinations is 29.3%.

Preparation of Sugar Solutions for Analysis.—The fil- 
trates after removal of tigogenin were treated with freshly 
prepared pure barium carbonate, made from barium hy­
droxide and carbon dioxide, care being taken to avoid an 
excess of barium carbonate and to maintain the pH at 
6.0 =*= 0.5. In this way appreciable conversion of the 
aldohexoses to ketoses is avoided. The Solutions were 
evaporated in a vacuum desiccator at 40-50° until a thick 
sirup was obtained. Any precipitate that formed during 
the evaporation was filtered and the pH of the filtrate ad- 
justed before further evaporation. Solutions of this sirup 
failed to ferment and it was thought at first that this might 
be due to the tracés of barium salts that always remained. 
Solutions neutralized with sodium bicarbonate, however, 
behaved in the same way. It was found that non-fermen- 
tation was due to the presence of barium or of sodium 
methyl sulfate, an appreciable amount of methyl hydrogen 
sulfate having been formed during the hydrolysis in 50%
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methyl alcohol. These salts were removed either by re­
peated extraction of the sugars with absolute alcohol and 
evaporation to dryness, or by boiling the sirup with dilute 
sulfuric acid for several hours and precipitating the sulfuric 
acid with barium carbonate. The sugar sirups prepared in 
this way were diluted to a known volume and aliquot por­
tions analyzed according to procedures recommended by 
van der Haar.6

Rhamnose.—-In order to avoid undue decomposition of 
the rhamnose the determinations were made on sugar Solu­
tions from which barium methyl sulfate had not been re­
moved completely. The sugars from 1.8835 g. of amolonin 
were diluted to 10 cc. and 3.67 cc. of this solution yielded 
0.1204 g. of methylfurfural phloroglucide. From Ellet’s 
tables as given by van der Haar this corresponds to 0.1826 
g. (0.00100 mole) of rhamnose hydrate. The correspond­
ing amount of amolonin would have yielded 0.00048 mole 
of tigogenin so that the molecular ratio is 2 to 1.

Fig. 2.—Polaxigram of sugar solution from the hydrolysis 
of amolonin.

Ketoses.-—The simplest procedure for the estimation of 
ketoses in the presence of aldoses is by means of the polari- 
graph since ketoses are reduced at the dropping mercury 
cathode whereas aldoses are not.9 If a polarigram is made 
of a solution of a ketose, the potential at which the wave 
develops depends on the sugar, the temperature and some­
what on the concentration, while the height of the wave,

(9) Heyrovsky and Smolef, Coll. Czechoslov. Chem. Comm., 4, 
521 (1932); C. A., 27, 1828 (1933). We are indebted to Dr. O. H. 
Mueller of the Physiology Department for the use of his polarigraph 
and for his assistance in this investigation.

that is, the vertical distance between two lines tangential 
to the curve at the points of inflection, is directly propor­
tional to the concentration. The test solution was made 
by diluting the sugars from 2.9081 g. of amolonin to 25 cc. 
Figure 2 shows four curves: (a) 5 cc. of 0.2 M  calcium 
chloride in the cell, hydrogen bubbled through for twenty 
minutes and the curve taken at s = 0.1 (s — sensitivity of 
the galvanometer); (b) 0.1 cc. of test solution added to the 
cell, hydrogen passed through for ten minutes and the curve 
taken at s — 0.1; (c) repeat of (b) at s = 0.05; (d) repeat 
of (b) at s =  0.02. Figure 3 gives curves for a solution of 
fructose of known concentration which gave curves similar 
to the unknown when run under the same conditions. The 
correct concentration to accomplish this was arrived at 
by trial and was 0.0111 mg. of fructose per cc. in approxi­
mately 0.2 M  calcium chloride solution. The letters have 
the same significance as in Fig. 2. It is seen that the fruc­
tose wave occurs at approximately the same voltage as the 
unknown. Height bb in Fig. 3 is 3.16 cm. while height cc 
at half the sensitivity is 1.51 cm., which checks the repro- 
ducibility of separate runs. Taking the height of 1.51 cm. 
as corresponding to a concentration of 0.0111 mg. of fruc­
tose per cc., the height cc in Fig. 2 of 1,01 cm. corresponds 
to 0.00743 mg. per cc. of calcium chloride solution or 0.379 
mg. (0.0000021 mole) per cc. of original sugar solution. 
The corresponding amount of amolonin would have yielded 
0.000081 mole of tigogenin, or one mole of fructose for 38 
moles of tigogenin, an impossible ratio.

It should be noted that two minor waves occur in Fig, 2 
beginning at approximately 1.1 and 1.8 volts that do not
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occur in Fig. 3. The wave at 1.8 v. is due to tracés of 
barium ion but the impurity causing that at 1.1 v. is un­
known.

Glucose and Galactose.—These sugars were determined 
by fermentation in van Iterson-Kluyver tubes according 
to the general procedure given by van der Haar. Special 
yeasts, different from those recommended by van der 
Haar, were obtained in pure culture through the courtesy 
of Professor T. Skogsberg of the Hopkins Marine Station. 
These yeasts were Torula lactosa and Torula alactosa, both 
of which ferment d-glucose and J-galactose, and Torula 
datilla and Torula monosa, which ferment glucose but not 
galactose. None of these yeasts ferments Lrhamnose.10 
Controls were run on 1, 2 and 4% Solutions of glucose and 
galactose with each yeast in order to determine the carbon 
dioxide evolved and the amount of carbon dioxide remain­
ing in solution. The latter volume depended on the type 
of yeast and the sugar, and for the mixture of sugars a 
weighted average was used and added to the volume read. 
Table I gives the average values for the data obtained on 
the Controls. The gas volumes are for 0° and 760 mm.

T a b l e  I
C o n t r o l  F e r m e n t a t i o n s  o f  G l u c o s e  a n d  G a l a c t o s e

V ol. o f CO 2 d isso lv ed  M g. of hexose per cc. 
per cc. o f so lu tio n  o f CO2 form ed

Sugar G lucose G alactose G lucose G alactose

T. datilla 0.51 4.65
T. monosa .42 4.75
T, alactosa .51 0.48 4.70 4.61
T, lactosa .65 .14 4.37 5.10

In a typical run the purified sugars from 2.9081 g. of 
amolonin were diluted to 25 cc. and 3 cc. of this solution 
mixed with 6 cc. of nutriënt broth. The solution was 
passed through a Chamberland filter and 1 cc. placed in 
each of four fermentation tubes and inoculated under ster­
ile conditions with the four yeasts. The volumes of car­
bon dioxide evolved after three days at 32° were corrected 
to 0° and 760 mm. and the estimated amount of dissolved 
carbon dioxide added. This gave for T. datilla, 3.28 cc., 
T. monosa, 3.24 cc.; T. alactosa, 4.22 cc., T. lactosa, 4.12 
cc. The first two volumes can be converted to glucose di­
rectly and correspond to 15.3 and 15.4 mg. per cc. The 
volumes of carbon dioxide from galactose can be obtained 
by subtracting each of the volumes from T. datilla and T.

(10) H arrison, T r a n s . R o y , S o c . C a n ., 21, Sec. 5, 341 (1927); 22, 
Sec. 5, 187 (1928).

monosa from each of the volumes from T. alactosa and T. 
lactosa, giving, respectively, 0.94, 0.98, 0.84, and 0.88 cc. 
When the first two volumes are multiplied by 4.61 and the 
last two by 5.1, one obtains 4.3, 4.5, 4.3 and 4.5 mg. of 
galactose per cc. Multiplying by the aliquot factor, 75, 
one obtains 1.1512 g. (0.00639 mole) of glucose and 0.330 
g. (0.00183 mole) of galactose from 2.9081 g. of amolonin 
which yields 0.00203 mole of tigogenin. The ratio of tigo­
genin to glucose to galactose is therefore 1 to 3 to 1.

The results of the determinations of rhamnose, glucose 
and galactose were checked by comparison with total 
aldoses by iodine oxidation.11 Thus a solution of the 
mixed sugars gave rhamnose 12.6 mg. per cc. and total 
hexoses by fermentation 29.5 mg. per cc. or a total of 42.0 
mg. per cc. The average aldose content found by iodine 
oxidation on the assumption of 2 moles of methylpentose to 
4 moles of hexose was 40.1 mg. per cc.

Septadeca-acetylamolonin.—Amolonin was fully acetyl- 
ated by dissolving 0.970 g. in 5.4 cc. of pyridine and 4,9 
cc. of acetic anhydride. After standing for one day at 
room temperature, the solution was poured into water 
and filtered. The precipitate was crystallized from dilute 
methyl alcohol and dried in vacuum at 100°; [a]20546
—33.65° in pyridine; recrystallized and dried, [«]20646 
—33.53°. Analysis for acetyl:12 Calcd. for C63H87O14- 
(OCOCH3)17: % acetyl, 35.32. Found: 35.67,35.14.

Combustion Analyses.—Amolonin Calcd. for C63H104O31: 
C, 55.71; H, 7.74. Found: C, 55.39, 55.38, 55.56, 55.32; 
H, 7.99, 7.98, 8.02, 7.94. Amolonin Septadeca-acetate. 
Calcd. for C97H138H48: C, 56.23; H, 6.71. Found: C,
55.85 55.78; H, 6.90, 6.82.

Summary
Amolonin, a crystalline saponin obtained from 

Chlorogalum pomeridianum has the formula 
C63H870 i4(OH)i7. On hydrolysis it yields for each 
mole of tigogenin, one mole of (/-galactose, two 
moles of l-rhamnose and three moles of (/-glucose. 
The septadeca-acetyl derivative of amolonin has 
been prepared.
S t a n f o r d  U n i v e r s i t y , C a l i f . R e c e i v e d  A p r i l  27, 1936

(11) C ajori, J .  B io l .  C h em ., 54, 617 (1922); M acleod  an d  R ob ison , 
B io c h e m . J . ,  23, 517 (1929).

(12) Ga tterm an n -W ielan d , "L aboratory  M eth od s o f O rganic  
C h em istry ,” M acm illan  C o., N ew  Y ork , 1932, p. 70.
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Mechanism of Symbiotic Nitrogen Fixation. I. The Influence of

By P. W. Wilson

Research on fixation of elemental nitrogen 
through association of leguminous plant and 
bacteria (Rhizohia sp.) has been conducted for al­
most a Century, but the Chemical mechanism of 
the process has remained practically unattacked. 
The scanty nature of our knowledge of this aspect 
of the problem arises mainly from lack of suitable 
techniques to carry on the research; the isolation 
of intermediates, which has been so successful in 
elucidating the mechanism of a fermentation reac­
tion, is not readily applied because of difficulties in 
separating from the plant cells products which 
may be definitely ascribed to the fixation process.

Application of physical chemistry techniques 
to the problem hitherto has not been attempted.1 2 
Even without definite knowledge of the exact 
nature of the key-reactions, many of their proper­
ties may be ascertained by determining the effect 
of controlled changes in the physical and Chemical 
environment, e. g., temperature, pH, oxidation- 
reduction potentials, and pressure of gases (nitro­
gen, oxygen, carbon dioxide). In this paper are 
discussed the effects of changes in the pN2 of the 
atmosphere supplied inoculated dover plants on 
the fixation reaction.

Experimental and Results
Technique.—Red dover ( Trifolium pratense) was used 

as the host plant and inoculated with an efficiënt strain of 
the proper organism, Rhizobium trifolii. Twenty plants 
were grown in a 10-liter Pyrex pressure bottle on a nitro- 
gen-poor sand substrate to which was added the required 
plant nutrients. An atmosphere of any desired composi­
tion was maintained in these bottles by evacuation followed 
by addition of the required gases. Cylinder gases, passed 
through a purifying chain of sodium hydroxide, sulfuric 
acid, alkaline potassium permanganate, distilled water, 
and finally a sterile cotton filter were used in all the ex­
periments. The atmospheres were renewed twice a week; 
the pCOz was maintained inside the bottles at 0.1 to 0.5% 
by the method described by Smyth.3 In a few experiments 
64-oz. (2-liter) flint glass bottles were used as the plant 
container, but these were not so satisfaetory because of

(1) Herman Frasch Foundation in Agricultural Chemistry, Paper 
No. 119.

(2) Burk and collaborators have been very successful in studying 
the mechanism of fixation by Azotóbacter through the physical Chemi­
cal approach; [Ergebnisse Enzymforsch, 3, 23 (1934)]. The War­
burg technique used by Burk would not be applicable to the symbiotic 
process so long as fixation must be accomplished with the association 
of bacteria and plants.

(3) Smyth, Science, 80, 294 (1934).

difficulty in maintaining uniform pC 02 and of the restric- 
tion on the growth of the plant. The experiments were 
conducted in a greenhouse equipped with artificial light- 
ing and other means for Controlling light and temperature.4 
At the start of each experiment the plants were supplied 
with air containing 0.1% carbon dioxide until fixation was 
well under way and the period of nitrogen hunger was 
passed. They were then transferred to the various atmos­
pheres and allowed to grow for fifteen to fifty-five days 
before harvest. No combined forms of nitrogen were 
furnished the inoculated plants, but a sufficiënt quantity 
of all other plant nutrients was available; hence the limit- 
ing factor for growth was primarily rate of fixation of 
free nitrogen. Plants given combined nitrogen were sup­
plied with 3 to 5 mg. of NH4NO3-N per bottle at the start 
which enabled them to be at the same stage of develop­
ment as the inoculated plants at the time atmospheres were 
first changed. Five to 10 mg. of NH4N 03-N  was then 
added weekly to all cultures of the combined nitrogen 
series depending on the rate of growth maintained by the 
plants; this addition of NH4N 0 3-N  was uniform to all 
plants in the combined nitrogen series in a given experi­
ment, i. e., each culture received the same quantity at each 
time of addition.

In the first experiments it was found that replicates of 
the same treatment might vary 10 to 20% in total nitro­
gen per 10 plants at time of harvest. In an effort to re- 
duce the Variation, plant cultures in a given experiment 
were selected for uniformity at time they were placed under 
the different atmospheres and various technical devices 
employed, e. g., rotation of cultures on the benches in 
the green house, in an effort to eliminate the non-uniform- 
ity of environmental factors. In spite of these precau- 
tions variations of 5 to 10% frequently were observed in 
duplicates. Since plant growth tends to be logarithmic 
in the early stages of development, initial small differences 
may be increased considerably unless the experiments are 
extremely short-time in nature. The best solution of this 
technical difficulty appears to be to draw conclusions only 
after numerous replications of the experiments have been 
made under conditions which will vary the rate and extent 
of growth together with a Statistical analysis of the data. 
In this report data are considered from a total of 20 ex­
periments covering a time period of two years. The ex­
periments were made during all seasons with consequent 
differences in (1) rate of growth (average daily gain per 
10 inoculated plants has varied from 0.2 to 1.0 mg.);
(2) extent of growth (from 5 to 35 mg. total nitrogen per 
10 plants); (3) length of experiment (from 15 to 57 days); 
and (4) initial size of plant (initial nitrogen content from
1.05 to 3.50 mg.).

Preliminary experiments were made as follows: 
one series of clover plants was grown under a 
vacuum of 0.5 atm., a second at atmospheric pres-

(4) Wilson and Georgi, Bót. Gaz., 94, 346 (1932).
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sure and a third at a pressure of 1.8 atm. main­
tained by added nitrogen gas. In this manner 
plants developed under >̂N2 of 0.39, 0.78 and
1.56 atmospheres; under these conditions it was 
found that the fixation of nitrogen is independent

T a b l e  I
E ffect  of £ N 2 o n  N it r o g e n  F ix a t io n  of R ed  Clover  

in  A b se n c e  of I n e r t  G as

i>N2,
atm.

Total pres­
sure, atm.

Dry weight, 
mg.

Total N, 
mg. % N

Expt. I
0.39 0.50 760 21.42 2.82

.78 1.00 877 24.10 2.75
1.56 1.76 805 21.50 2.67

Expt. II
0.39 0.50 1045 26.75 2.56

.78 1.00 1032 26.40 2.56
1.56 1.76 1174 29.50 2.51

Expt. III
0.75 1.00 366 7.65 2.09

.20 0.45 323 6.55 2.03

.11 .36 359 7.25 2.02

.06 .31 274 4.83 1.76

Expt. IV
0.80 1.00 1600 28.0 1.75

.20 0.40 1555 26.9 1.73

.11 .31 1635 29.0 1.77
.06 .26 1083 17.0 1.57

Expt. V
0.25 0.45 1265 30.7 2.43

.12 .32 1190 25.7 2.16

.06 .26 546 9.55 1.75

Expt. VI
0.25 0.45 1590 35.7 2.25

.12 .32 1620 34.0 2.10

.06 .26 682 10.3 1.51

Expt. Dates
Days at 

shown in
N at

start, mg.
I 6/16/33-8/6/33 30 2.06

II 8/14/33-10/14/33 51 2.38
III 2/1/35-3/7/35 15 1.50
IV 3/11/35-5/27/35 43 2.20
V 9/23/35-12/2/35 32 2.45

VI 10/16/35-12/28/35 40 2.50

T a b l e  II
C om parison  of £ N 2 o n  A ssim il a t io n  of F r ee  a n d  Com­

b in e d  N itr o g e n  b y  R ed  Clover
£N2, Total pres­ Dry Total N,

% Natm. sure, atm. weight, mg. mg.
Expt. VII, Inoculated

0.90 1 .0 0 732 19.4 2.65
816 22.7 2.79

. 40 0.50 958 25.1 2.62
1002 27.1 2.71

.20 .30 578 15.2 2.64
774 20.4 2.64

07 .17 394 8.9 2.26

NH4NO;
0.40 0.50 1025 29.0 2.83

.20 .30 889 26.6 2.99

.07 .17 906 32.0 3.53

Expt. VIII, Inoculated
0.90 1.00 1110 24.3 2.19

930 20.8 2.24
.'40 0.50 700 14.7 2.10

760 16.4 2.16
.20 .30 860 18.3 2.13

770 17.0 2.20
.07 .17 490 9.3 1.90

NH4NO3
0.90 1.00 850 26.6 3.13

.40 0.50 1220 30.0 2.46
1130 30.6 2.71

.20 .30 1020 32.3 3.16
690 23.0 3.33

.07 .17 820 27.0 3.29
1020 31.7 3.11

Expt. IX, Inoculated
0.80 1.00 860 18.3 2.13

.70 1.00 880 20.3 2.31

.20 0.50 930 21.7 2.33

.08 .38 610 10.8 1.77

.04 .34 620 7.2 1.16
NH4NO3

0.70 1.00 720 29.7 4.12
.20 0.50 830 31.5 3.80
.08 .38 895 33.6 3.75
.04 .34 860 34.6 4.02

Expt. X, Inoculated
0.80 1.00 572 15.1 2.64

.15 0.35 550 13.75 2.50

.10 .30 581 16.50 2.74

.07 .27 497 10.35 2.08

.04 .24 289 5.00 1.73
NH4NO3

0.80 1.00 810 24.0 2.96
.15 0.35 920 23.6 2.57
.10 .30 820 24.1 2.95
.07 .27 840 25.0 2.99

. • ° 4 .24 830 24.2 2.91

Expt. Dates
Days at 

£N2 shown
N  at

start, mg.
VII 7/5/34-9/3/34 38 1.55

VIII 9/12/34-11/2/34 25 3.50
IX 11/9/34-1/2/35 27 2.50
X 12/9/35-2/4/36 29 2.05

of the pN -2 used as is indicated by the data in 
Table I, experiments I and II.

These observations were confirmed and ex- 
tended by experiments in which the pN 2 was 
varied from 0.06 to 0.80 atm., the p02 being kept 
constant in a given experiment, and no inert gas 
being added, i. e., the plants were grown under dif­
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ferent total pressures. The results of experiments 
III and IV show (Table I) that the nitrogen fixa­
tion by red clover is independent of the pN2 above
0.11 atm. but if the pN2 is decreased to 0.06 atm. 
a definite inhibition of fixation occurs. This de­
crease of fixation with pN2 at pressures below
0.11 atm. was further confirmed in experiments 
V and VI in which only the lower pressures were 
included. As shown by the data at the bottom of 
the table the response is independent of the length 
of time of experiment (time varied three-fold) or 
the development of plant at time placed under 
different pN2 (initial nitrogen content varied two- 
fold).

In order to demonstrate that the response to 
£N2 is concerned with the nitrogen fixation process 
in the plant and not with the general develop­
ment, it is necessary to demonstrate that growth 
of uninoculated plants receiving combined nitro­
gen is completely independent of the £N2. This 
was done in a series of experiments whose results 
are summarized in Table II.

Duplicate determinations are given for experi­
ments VII and VIII in order to illustrate the Varia­
tion found. Because of the limited number of 
bottles available not all the cultures were made in 
duplicate in these first experiments, but in later 
work this was always done, and by improvements 
in the technique already described, the Variation 
was somewhat reduced. The values given in 
tables for experiments III to VI and IX to XV 
are averages of duplicates whose total nitrogen 
content difïered by 10% or less. The data pre- 
sented in Table II indicate that fixation of nitro­
gen by clover is essentially independent of the 
pN2 of the atmosphere until the latter is decreased 
to a pressure below 0.10 atm. The effect of the 
£N2 in this lower range is clearly on the fixation 
process and not on the general development of the 
plant since the nitrogen content of plants supplied 
combined nitrogen is independent of the />N2 over 
the entire range studied.

That the characteristics of the pN2 function do 
not arise because of growing the plants under 
reduced pressures was demonstrated in further 
experiments in which the nitrogen removed was 
replaced by the inert gases, helium and argon. 
Since the argon used contained 16% nitrogen, it 
was not feasible to use partial pressures of nitro­
gen below 0.16 atm. when this gas was added. 
Experiments XI, XII and XV were made in 64- 
oz. bottles, the others in 10-liter bottles. The

data in Table III indicate that fixation of ele- 
mental nitrogen by inoculated clover plants 
grown in the presence of helium, argon, or no 
added inert gas is independent of the >̂N2 as this 
is varied from about 0.10 to 0.80 atm. Below a 
pN2 of 0.10 atm. fixation decreases rapidly with 
the nitrogen content of the atmosphere. As ob­
served in the other experiments this effect of the 
pN2 is on the fixation process since plants sup­
plied combined forms of nitrogen assimilate these 
independent of the pN2 in the atmosphere.

From the data of Table III certain generaliza- 
tions concerning the symbiotic nitrogen-fixing en- 
zyme system in red clover may be formulated, but 
before this is done, it is necessary that the essen­
tial characteristics of the p~N2 function be estab­
lished definitely. In addition to the experiments 
reported in the tables, 5 other experiments have 
been made with essentially the same results. The 
data from these 20 experiments, 11 of which in­
cluded combined nitrogen series, were placed on 
a comparable basis by calculating the relative 
total nitrogen and % N in the plants using the air 
Controls (£N2 = 0.80 atm.) as the base, 100. The 
plot of the data in Fig. 1 shows that in a given ex­
periment inoculated plants grown under a pN2 
greater than 0.10 atm. may contain more or less 
nitrogen than the air Controls, the relative values 
varying from 80 to 120; the mean value for all the 
experiments was 90 to 100 for these pressures. 
On the other hand for pN2 less than 0.10 atm. the 
relative values range from 35 to 65 with a mean 
value of 45. Final total nitrogen content of the 
plants supplied with combined nitrogen exhibited 
the same type of Variation about the 100% value 
but the mean values were 98 to 104% and appar­
ently independent of the pN2 throughout the range 
under investigation.

It was noted in the course of these and other 
experiments that one of the best indicators of in­
hibition of the fixation process was a decline in 
the % N in the plant. In some respects this 
datum is more sensitive to factors which affect the 
nitrogen fixation system than is total nitrogen. 
For example, two plant cultures which differ by a 
comparatively small amount at the start of an 
experiment are given different treatments. At 
the end of the test the difference in total nitrogen 
content appears to be significant, and this would 
be interpreted as arising from treatment, when 
actually it is only an expression of the difference 
in the original cultures. This is a source of error
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T a b l e  III
I n fl u e n c e of £ N 2 on  N it r o g e n  F ix a t io n b y  Clover

in  t h e  P r e se n c e  of H e  a n d  A
£N2,
atm.

Gas
added

Dry weight, 
mg.

Total 
N, mg. % N

Expt. XI, Inoculated
0.80 570 13.4 2.35

.40 He 430 8.9 2.05

.20 He 560 13.7 2.49

.10 He 500 11.7 2.33

n h 4n o 3
0.80 580 19.2 3.31

.40 He 710 25.4 3.58

.20 He 600 18.3 3.05

.10 He 620 17.2 2.77

Expt. XII, Inoculated
0.80 424 8.90 2.10

.20 He 379 8.13 2.15

.11 He 300 5.64 1.89

.06 He 268 4.32 1.61

Expt. XIII, Inoculated
0.80 1455 25.15 1.73

.25 1818 26.90 1.48

.12 1840 32.40 1.76

.06 923 13.20 1.43

.25 He 1780 29.80 1.67

.12 He 1530 30.00 1.96

.06 He 1010 16.15 1.60

.32 A 1465 25.9 1.77

.16 A 1430 26.4 1.85

Expt. XIV, Inoculated

0.80 ƒ 310 f 4.94 f 1.59
\ 330 \  5.78 \  1.75

.40 He 202 4.10 2.04

.20 He 200 4.00 2.00

.11 He 200 4.20 2.10

.40 A 300 4.89 1.63

.20 A 375 6.10 1.62

n h 4n o 3
0.80 245 13.45 5.50

.20 He 260 14.15 5.43

.11 He 210 12.95 6.17

.40 A 220 10.26 4.67

.20 A 385 17.35 4.50

Expt. XV, Inoculated
0.80 510 15.1 2.96

.15 He 558 14.1 2.52

.10 He 490 12.1 2.46

.07 He 412 9.3 2.26

.04 He 320 7.50 2.36

NH4NO3
0.80 573 19.2 3.35

.15 He 590 19.5 3.30

.10 He 600 20.2 3.37

.07 He 520 18.7 3.60

.04 He 610 18.0 2.93

E xp t. D a te
D a y s  a t 

£ N j show n
N  at

s ta r t, m g.

XI 12/ 22/ 34- 2/ 11/35 24 1.05
XII 2/ 1/ 35- 3/ 7/35 15 1.50

XIII 6/17/35-9/12/35 57 3.50
XIV 4/17/35-6/11/35 32 1.10
XV 12/9/35-2/4/36 29 2.05

that must be constantly guarded against in ex­
periments in which final total growths are taken 
rather than growth rates. However, in these 
experiments it was noted that even though repli- 
cates might vary considerably in total nitrogen 
(final growth) the percentage nitrogen was much

Fig. 1.—-Comparison between the £N2 functions of clover 
plants using free and combined nitrogen. Value for air 
Controls (£N2 = 0.80 atm.) taken as 100 in each case. 
• ,  No added gas; A ,  helium; -ó-, argon; O, mean of all 
points in each pressure group.

more stable; frequently the duplicate with the 
lower total nitrogen had the higher % N, i. e 
there is no correlation between total nitrogen and 
% N if replicates only are considered. On the 
other hand, under circumstances in which fixation 
is obviously restricted, e. g., very low £N2, the 
percentage nitrogen in the plant is definitely de­
creased. This suggests an additional criterion 
for distinguishing between those factors which 
affect the total nitrogen content through specific 
effect on the fixation system and those which af­
fect the total nitrogen only through effects on the
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general growth of the plant. Thus a partial con- 
trol is available for experiments in which for tech­
nical reasons growth rate studies are not particu- 
larly suitable.

Plot of the % N in the plants from 20 experi­
ments on a relative basis confirmed the conclusions 
drawn from the total nitrogen data. As can be 
seen in Fig. 1 no consistent change in the % N oc­
curs in inoculated plants until the pN2 of the a t­
mosphere is decreased to less than 0.10 atm., 
then a significant decline is observed. The scat- 
ter of the points for pressures greater than 0.10 
atm. is usually within =*= 10% of the 100% line. 
With plants furnished combined nitrogen, % N 
in the plants did not appear to change signifi- 
cantly with pN2 over the entire range, although 
the scatter of the points was greater.

Discussion
The qualitative observations made from a study 

of the figures were verified by a Statistical analysis 
of the data from the pooled experiments. The 
different pressures used were grouped as follows: 
group 1, 0.04 to 0.07 atm.; 2, 0.10 to 0.12 atm.; 
3, 0.20 to 0.40 atm.; 4, 0.80 atm .; and the data 
from the several experiments subjected to analy­
sis of variance.5 In the inoculated series 11 ex­
periments were available in which all four pres­
sure groups were represented; in the combined 
nitrogen series groups 1, 2 and 3 (6 experiments) 
and groups 2, 3 and 4 (7 experiments) were an­
alyzed separately since all four groups were not 
represented in all experiments. The analyses 
show: (1) in the inoculated series the observed 
differences in total nitrogen and in % N among 
pressure groups 2, 3 and 4 are not statistically 
significant, but the differences between group 1 
and the remainder are highly significant; (2) in 
the combined nitrogen series all the observed 
differences could have arisen from random samp­
ling. The principal Statistical constants given 
in Table IV likewise point to this conclusion.

In consideration of the following Statistical an­
alysis of the data, it appears that at pressures of 
nitrogen greater than 0.10 atm. most of the active 
points of the enzyme system concerned with the 
fixation are saturated so that the fixation is inde­
pendent of the p N 2; below this pressure the 
quantity of nitrogen adsorbed, and hence fixed, 
is dependent on theT>N2.

(5) Fisher, “Statistical Methods for Research Workers,” third 
edition, Oliver and Boyd, London, 1930.

T a b l e  IV
Com parison  of M e a n s  o f  D if f e r e n t  £N 2 G r o u ps  

Inoculated

Function
No. of 
expts. 1«

— Pressure, mg.-— 
2 3

---------- . Standard
4 error,& mg.

Total N 11 10.99 20.60 22.32 22.52 1.615
% N 11 1.61 1.90 1.88 1.94 0.038

Total N 6
NH4NO3 

31.32 33.02 32.93 2.770
7 20.80 22.38 20.73 1.315

% N 6 3.28 3.03 2.85 0.158
7 3.42 3.33 3.69 . 183

a Pressures: 1, 0.05-0.07 atm.; 2, 0.10-0.12 atm.; 3,
0.20-0.40 atm.; 4, 0.80 atm.

b Of difference between two means, i. e., difference be­
tween two means must be twice this before it can be re­
garded as significant.

Because of Variation in the plants it is not pos­
sible to characterize definitely the exact nature of 
the curve in the region in which complete Satura­
tion is replaced by partial Saturation since rela- 
tively large differences are necessary in order that 
they fall outside the limits of experimental error. 
Likewise, control of the >̂N2 under the experimen­
tal conditions described is probably restricted to 
about ±0.01 to 0.02 atm. In spite of the limi- 
tations the data in Table IV show that it is im- 
probable (38:1 odds): (1) that the true mean of 
the 0.10-0.12 atm. series is less than 18.32 mg. 
(observed mean minus twice Standard deviation) 
and (2) that the true mean of the air control 
groups is greater than 24.80 mg. This means 
that under the most unfavorable assumptions, a 
75% Saturation at pN2 of 0.10 to 0.12 atm. is in­
dicated. Considerably higher Saturation, (up to 
100%) is more probable; this is borne out by con­
sideration of the % N data. The curves for the 
inoculated series in Fig. 1 were drawn through 
the mean values for each pressure group with the 
result that the transition regions are not well de- 
fined; it is not improbable that the true curve of 
the pN2 function approximates a typical Lang- 
muir adsorption isotherm.

Burk2,6 on the basis of both total growth (res- 
piration) and rate of respiration has shown that 
fixation of nitrogen by the azotase complex in the 
free living nitrogen-fixing bacteria Azotobacter is a 
function of the pN2 until the latter becomes rela- 
tively large—up to 5 to 10 atmospheres—and that 
the rate is almost directly proportional to the £>N2 
up to 0.5 atm. The dissociation constant (K.N?, 
equivalent to Substrate concentration at which 
rate is 50% of maximum) of the enzyme-nitrogen

(6) Burk, J. Phys. Chem., 34, 1195 (1930).
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complex was found to be 0.215 ± 0.002 atm., a 
value which Burk states is somewhat high in com­
parison with other gases for different enzyme Sys­
tems. In our own work the data observed were 
total growth and not growth rates, hence K N2 can­
not be precisely determined from these values. 
However, since under the experimental conditions 
used, the rate will roughly follow the final observed 
total growth, an approximation of K N<2 is possible. 
It would appear that K N2 for the symbiotic system 
is below 0.10 atm. possibly in the neighborhood of
0.05 atm. Whether this difference between the 
dissociation constants represents a real difference 
in these two biological nitrogen-fixing Systems is 
still open to question, but further experiments 
concerned with the character of the enzyme com­
plex should be able to supply an answer.

Summary
The relation of the partial pressure of nitrogen 

to fixation of the free element by the symbiotic 
system in red clover has been studied over the 
range of pN2 from 0.04 to 1.56 atm. in the pres­
ence of no added gas, helium and argon. Statis­
tical analyses of data from 11 experiments indi­
cate that the fixation of nitrogen is essentially 
independent of >̂N2 when the latter exceeds 0.10 
to 0.20 atm. but decreases rapidly with >̂N2 as the 
latter is diminished below 0.10 atm. This >̂N2 
function is characteristic of the nitrogen fixing 
process since it is not observed in plants supplied 
with combined nitrogen. The implications of 
these observations for the mechanism of the sym­
biotic fixation process are discussed.
M a d iso n , W isc o n s in  R e c e iv e d  J anu aRy 29, 1936

[C o n t r ib u t io n  from  th e  D epa rtm en t  o f  C h e m ist r y , t h e  R ic e  I n s t it u t e ]

The Mechanism of the Dehydration of Calcium Sulfate Hemihydrate
By Harry B. Weiser, W. O. Milligan and W. C. Ekholm

During the past few years several papers have 
appeared which reopen the question of the 
Chemical individuality of the so-called calcium sul­
fate hemihydrate or piaster of Paris and the 
mechanism of its dehydration. Linck and Jung1 
deduced from dehydration data that piaster of 
Paris loses its water after the manner of zeolites. 
Balarew2 at different times has been on all sides 
of the question. At first2a he claimed that the 
dehydration isobar would indicate that the water 
is present in the form of a true hydrate; later2b 
he stated that the dehydration curves show the 
water to be held in a new way ‘ ‘half-hydratic and 
half-zeolitic” ; finally,20 he concluded that the 
water is lost in the manner of zeolites. Gibson 
and Holt3 concluded from pressure-temperature 
curves that the water is lost continuously as in a 
zeolite. Parsons4 claimed that all the water in 
gypsum may be lost by heating without the inter­
mediate formation of a hemihydrate.

Jung,5 Ramsdell and Partridge6 and Caspari7 
reported that the x-ray diffraction pattern of cal-

(1) Linck and Jung, Z. anorg. allgem. Chem., 137, 407 (1924).
(2) (a) Balarew, ibid., 156, 258 (1926); (b) Kolloid.-Z., 48, 63

(1929); (c) Balarew and Köluschewa, ibid., 70, 288 (1935).
(3) Gibson and Holt, J. Chem. Soc., 638 (1933).
(4) Parsons, Univ. Toronto Studies, Geol. Ser., No. 24,1927, p. 24.
(5) Jung, Z. anorg. allgem. Chem., 142, 73 (1925).
(6) Ramsdell and Partridge, Am. Mineral., 14, 59 (1929).
(7) Caspari, Nature, 133, 648 (1934).

cium sulfate hemihydrate and its dehydration 
product8 are identical, in agreement with the 
view that the hemihydrate is a zeolite. Onorato9 
and Gallitelli10 found the hemihydrate and de- 
hydrated hemihydrate to have the same type of 
structure but recognized minor differences in the 
powder x-radiograms. Feitknecht11 likewise ob­
served differences in the two patterns provided 
care was taken to prevent rehydration of the de- 
hydrated hemihydrate. Feitknecht believed that 
Jung’s dehydrated sample must have rehydrated 
before x-ray examination was made.

From the above survey it appears to be an open 
question whether “calcium sulfate hemihydrate’' 
is a true Chemical hydrate which gives a definite 
x-radiogram and decomposes to “dehydrated 
hemihydrate” which gives a different x-radiogram

(8) It should be pointed out that van’t Hoff, Henrichsen and 
Weigert [Site. akad. Wiss., 570 (1901)] prepared a “soluble“ form of 
calcium sulfate by treating gypsum with nitric acid containing 2.38 
moles of water per mole of nitric acid, above 50°. This material was 
named “soluble anhydrite” to distinguish it from the ordinary “in­
soluble” anhydrite. Although the term “soluble anhydrite” is usu­
ally applied to the product formed by the dehydration of calcium sul­
fate hemihydrate below 200°, Balarew2*5 believes this to be distinct 
from the “soluble anhydrite” of van’t Hoff. Both Balarew and 
Ramsdell and Partridge6 prefer to apply the term “dehydrated hemi­
hydrate” to the dehydration product, and this terminology is used in 
this paper.

(9) Onorato, Periodico M in., 3, 138 (1932).
(10) Gallitelli, ibid., 4, 1, 132 (1933).
(11) F e itk n ech t, Hclv. Chim. Acta, 14, 85 (1931).
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or whether the system is zeolitic, yielding upon 
dehydration a product identical in structure with 
the hydrated material. In the experimental por­
tion of this paper there will be given the results of

Fig. 1.

isobaric dehydration and x-ray diffraction studies 
which indicate that calcium sulfate hemihydrate 
is not a zeolite but behaves in all 
essential respeets like a true Chemical 
hydrate.

Experimental
Isobaric Dehydration.—The source 

of the calcium sulfate used in the ex­
periments was clear, transparent se- 
lenite. Five samples of this material 
were dehydrated by raising the tem­
perature progressively in an appa­
ratus already described12 at a con­
stant aqueous vapor pressure of 23.6 
mm. (water at 25 °). One dehydrated 
sample was rehydrated by the reverse 
procedure, The temperature of the 
oven was maintained constant within =*=1° for 
short periods of time and to within =*=2° for 
longer periods. The samples were held at the 
various temperatures for days or weeks, weighing 
at intervals until equilibrium was attained. ln

(12) Welser and Milligan, J .  P h y s .  C h e m ., 38, 513 (1934).

some cases, the samples were held as long as five 
hundred hours at a given temperature. Figure 1 
shows the complete dehydration-rehydration iso- 
bar for one sample. Figure 2 shows the hemi­
hydrate portion of the dehydration for four 
samples. The points on the curve represent the 
average of values which differ by not more than 
±0.006 mole of water per mole of calcium sulfate.

X-Ray Diffraction Examination.—A prelimi­
nary study was made of the x-ray diffraction pat- 
terns for («a) CaS04-2H20  (selenite); (b) hemi­
hydrate prepared by heating (a) to 95°; (c) de­
hydrated hemihydrate obtained by heating (<a) 
to 145°, in a vacuum; and (d) anhydrite. Since 
the dehydrated hemihydrate is highly hygro­
scopic,13 great care must be taken in preparing 
the samples for x-ray analysis. While still hot 
the samples were placed in thin tubes of Linde­
mann glass which were subsequently heated over­
night in a vacuum and sealed. The sealed tubes 
were examined microscopically for possible leaks 
before placing in the diffraction apparatus. For 
the preliminary work the General Electric outfit 
(Ko: Mo radiation) was employed. The films 
were standardized with sodium chloride in the 
usual way. The results are given in the form 
of diagrams in Fig. 3. I t is apparent that each 
sample gives a different x-radiogram but the pat- 
terns for the hemihydrate and the dehydrated 
hemihydrate resemble each other rather closely.

In order to make a quantitative study of the 
differences between the similar patterns of the 
hemihydrate and dehydrated hemihydrate, dif­
fraction patterns were obtained with a Seemann

(13) (a) Bower, Bur. Standards J. Research, 12, 241 (1934); (b) 
Hammond and Withrow, Ind. Eng. Chem., 25, 653 (1933).
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crystal analysis apparatus using Ka Cu radiation 
filtered through nickel foil. A precision Debye- 
Scherrer camera, 115.3 mm. in diameter, was em­
ployed. For purposes of calibration, pure nickel- 
ous oxide14 prepared by igniting nickel nitrate in 
a current of nitrogen was mixed with the samples.

Fairly long exposures were required because of the 
low symmetry of the material, the small primary 
partiele size, the large size and small aperture of 
the camera, and the need for obtaining a large 
number of lines. The usual exposure time was

in Ä. are denoted by dhki and the visually esti­
mated, relative intensities by 1.

Additional samples for x-ray examination were 
prepared by dehydrating selenite for twenty-four 
hours in a vacuum at 134, 159, 180 and 219°. 
The average composition of these samples was 

found to be CaSCh* =±=0.01^0. 
To avoid any possibility of rehy- 
dration, the same procedure for 
filling and sealing the sample 
tubes was used as described 
above. All the patterns, using 
molybdenum radiation, were 
identical with those for dehy­
drated hemihydrate. This indi­
cates the absence of any detect- 
able amount of undecomposed 
hemihydrate or anhydrite. The 
samples dehydrated at 159 and 
219° were allowed to rehydrate 
in air for several days. The com- 

positions became, respectively, 0.63 and 0.60 mole 
of water per mole of calcium sulfate. After rehy- 
drating the sample dehydrated to 134°, it was ex­
amined by x-rays, giving a pattern identical with 
that of hemihydrate.
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Fig. 4.—A, NiO; B, CaSO40.5H2O; C, CaS04 (Dehydrated hemihydrate).

thirty to thirty-five hours at 60 m. a. and 40 k. v. Discussion of Results
Some typical negatives are reproduced in Fig. 4 The dehydration isobars for calcium sulfate
and the data are shown diagrammatically in Fig. 5. hemihydrate are typical of those for a definite
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For purposes of comparison the corrected data hydrate which adsorbs a small amount of water 
are given in Table I. The interplanar spacings and gives a dehydration product which likewise

(14) Cairns and ott, this Journal, 55, 527 (1933). adsorbs water. Since the hemihydrate and es-
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T a b l e  I
x -R ay D iffr a c t io n  D ata

Hemihydrate Dehydrated hemihydrate
CaSO40.5H2O CaSO*

dh k l 1 d h k l I

6.000 10 6.000 10
3.468 9 3.468 7
3.002 10 3.012 10
2.898 1
2.797 10 2.793 10
2.703 3 2.711 3

(NiO) 2.407 7 (NiO) 2.407 7
2.337 2 2.335 3
2.272 1
2.131 2 2.138 1

(NiO) 2.084 9 (NiO) 2.084 9
2.002 1 1.995 1
1.905 3 1.870 4
1.848 10 1.844 7
1.792 1
1.732 3 1.741 3
1.692 7 1.692 5
1.662 4
1.602 1
1.527 1 1.506 1

(NiO) 1.474 10 (NiO) 1.474 10
1.441 1 1.432 1
1.394 1
1.353 1 1.349 1
1.296 4 1.292 4

(NiO) 1.257 5 (NiO) 1.257 5
1.238 4 1.237 4

(NiO) 1.203 5 (NiO) 1.203 5
1.167 1 1.161 1
1.153 2 1.142 3
1.122 1
1.079 1 1.090 1
1.068 2 1.065 1
1.056 2

(NiO) 1.042 3 (NiO) 1.042 3
1.026 2

1.011 1 1.009 2
0.9969 1 0.9918 2

(NiO) .9563 4 (NiO) .9563 4
.9418 1 .9441 1

(NiO) .9321 4 (NiO) .9321 4

pecially the dehydrated hemihydrate are known 
to adsorb water, the evidence seems conclusive 
that when CaS04*2H20  is dehydrated isobarically, 
a definite hydrate CaSO4*0.5H2O which adsorbs 
a small amount of water is first formed and this 
in turn dehydrates in stepwise fashion to give 
dehydrated hemihydrate, calcium sulfate, which 
adsorbs water that is not removed completely at a 
vapor pressure of 23.6 mm. until well above the de­
composition temperature. There is no indication 
that the water is present in the zeolitic form unless 
one wishes to apply the term “zeolitic” to the very 
small amount of water adsorbed first by the very

finely divided hemihydrate and later by the result­
ing dehydrated hemihydrate. The failure of 
some investigators to obtain a clearly defined 
reversible step-curve for the decomposition of 
the hemihydrate is probably due to their failure 
to wait until equilibrium was established at each 
temperature.

The conclusions drawn from the dehydration 
data are supported by the x-ray diffraction studies. 
Since distinct characteristic differences exist be­
tween the x-ray patterns of hemihydrate and de­
hydrated hemihydrate, it would follow that the 
two are definite Chemical individuals. The close 
agreement between many strong reflections shows 
that the type of lattice and the size of the unit 
cell are similar and that the hemihydrate lattice 
does not rearrange very much upon loss of the 
one-half molecule of water. This is the only way 
in which the hemihydrate resembles a zeolite. 
The characteristic changes in the pattern which 
take place on dehydration and rehydration show, 
however, that the water molecules in the hemi­
hydrate are in a fixed position in the lattice and 
that the compound is not a zeolite.

The x-ray observations confirm qualitatively 
those of Feitknecht11 but since the latter reported 
his data only in rough graphical form it is impos- 
sible to make a quantitative comparison. Since 
Jung,5 Ramsdell and Partridge6 and Caspari7 be­
lieved the patterns of hemihydrate and dehydrated 
hemihydrate to be the same and Gallitelli10 and 
Onorato9 state that the structures are the same 
but recognize minor differences in the powder 
photographs, it would appear that these investi­
gators failed to recognize the existence or the 
significance of the small but characteristic dif­
ferences upon dehydration. This may be due to 
the small size of the cameras employed, the use of 
molybdenum radiation in some cases, and the 
failure to use a reference material for standardiz- 
ing the films. However, there can be no doubt 
that significant differences exist between the x- 
radiograms of the two substances when use is 
made of a relatively large camera, copper radia­
tion, and a standardizing material, and when 
special care is taken to avoid rehydration of the 
dehydrated hemihydrate.

Summary
1. Contrary to the conclusions of Linck and 

Jung, Balarew, Gibson and Holt, and others, 
the dehydration curve of calcium sulfate hemi-
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h y d r a te  g iv e s  a d e f in it e  s t e p  in d ic a t in g  t h a t  th e  
c o m p o u n d  is a  true C h em ica l h y d r a te  a n d  n o t  

a z e o lite .
2. Contrary to the conclusions of Jung, 

Ramsdell and Partridge, Caspari, Gallitelli, 
Onorato and others, calcium sulfate hemihydrate 
and ‘ ‘dehydrated hemihydrate” do not have 
identical structures. The x-radiograms of the 
two substances are similar, showing that the

structures are similar; but the existence of defi­
nite characteristic differences between the two 
patterns indicates that the water molecules in 
the hemihydrate occupy fixed position in the 
lattice. These observations likewise support the 
view that calcium sulfate hemihydrate is a Chem­
ical individual and that the process of dehydration 
is not zeolitic in character.
H o u st o n , T e x a s  R e c e iv e d  A p r il  27, 1936

[Co n t r ib u t io n  from  t h e  G a t e s  a n d  Cr e ll in  Ch em ical  La b o r a t o r ies  of th e  Ca l if o r n ia  I n s t it u t e  of  T e c h n o l o g y ,
N o. 546]

Strong Oxidizing Agents in Nitric Acid Solution. I. Oxidation Potential of Cerous-
Ceric Salts

By Arthur A. N oyes and Clifford S. Garner

Plan of these Investigations
In connection with the recent investigations 

made by Noyes, Hoard, Pitzer and Dunn1,2 of 
argentic salts in nitric acid solution, electromo- 
tive force measurements were made by Noyes and 
Kossiakofï3 to determine the oxidation potential 
of argentous-argentic salts (Ag1, Ag11); and the 
result (1.914 volts) was compared with those of 
other strong oxidizing agents for which reliable 
data exist. As these data are rather limited, it 
seemed desirable to carry out researches on the 
oxidation potential of other powerful oxidizing 
substances; and it is the purpose of this series of 
papers to present the results obtained with cerous- 
ceric salts (Ce111, CeIV), with thallous-thallic salts 
(Tl1, Tl111), and with cobaltous-cobaltic salts 
(Co11, Co111) in nitric acid solution.

The method of measurement was much the 
same as that used for argentous-argentic salts by 
Noyes and Kossiakofï, to whose article reference 
should be made för certain details of procedure. 
The conditions are simpler, however, in the case of 
ceric nitrate or thallic nitrate, in that these sub­
stances, unlike argentic nitrate, do not undergo at 
room temperature spontaneous reduction to ce­
rous or thallous salt.

In this first paper are presented the results of 
measurements on cerous-ceric cells. Such cells 
were first measured by Baur and Glaessner.4 
They used cells containing cerous and ceric salts

(1) Noyes, Hoard and Pitzer, T h is  J o urn al , 57, 1221-1229 
(1935).

(2) Noyes, Pitzer and Dunn, ibid., 57, 1229-1237 (1935).
(3) Noyes and Kossiakofï, ibid., 57, 1238-1242 (1935).
(4) Baur and Glaessner, Z. Elektrochem., 9, 534 (1903).

in nitric and sulfuric acid Solutions; but carried 
out the work at “room temperature,” and elimi­
nated the liquid potential only to the extent that 
this is accomplished by inserting a saturated solu­
tion of potassium chloride between the cerium 
and the calomel electrodes. A satisfaetory value 
therefore cannot be calculated for the oxidation 
potential from their data.

More recently, Kunz5 studied the formal po­
tential of cerous-ceric salts in 0.5 and 1.0 formal 
sulfuric acid Solutions.

In order to determine the value in nitrate solu­
tion, which is likely to form complexes to a less ex­
tent, and to eliminate largely the liquid potential, 
we measured at 25 and at 0° cells of the type

Pt +  H2 (1 atm.), HCIO4 (V), { HNO, (c) +  ^  ]  , Pt

These experiments will now be described.

Apparatus and Materials

Preparation and Analysis of Solutions.—In preparing 
the stock Solutions of cerous and ceric nitrate, c. p . hy­
drated cerous nitrate was used to make up a solution ap­
proximately 0.1 ƒ in cerous nitrate and 1 ƒ in nitric acid 
(to prevent subsequent hydrolysis). A 17-cm. layer of 
this solution gave no absorption spectrum, showing the 
absence of other rare-earth elements. The solution was 
then divided into two nearly equal portions.

A solution of ceric nitrate was prepared by electrolytic 
oxidation of one of these portions with a current of 2 am­
pères at 6-8 volts, till samples removed and titrated with 
ferrous sulfate solution showed that the oxidation was 
nearly complete.

The ceric nitrate solution thus prepared was analyzed as

(5) K u nz, T h is  J o u r n a l , 53, 98 (1931).



1266 Arthur A. N oyes and Clifford S. Garner Vol. 58

follows. Samples were weighed out, and, after adding the 
proper amount of water and sulfuric acid, the Solutions 
were titrated with Standard ferrous sulfate solution poten- 
tiometrically, using a vacuum-tube Voltmeter. The 
amount of ceric cerium was thus obtained. The total 
cerium was determined by titration after oxidation of the 
cerium with ammonium peroxysulfate, using silver nitrate 
as a catalyst.6 The nitric acid content was determined, 
after removing the cerium, by titration with Standard so­
dium hydroxide solution, using phenolphthalein as indica­
tor. To remove the cerium, the sample was shaken with 
mercury and a little potassium chloride tili all the cerium 
was reduced to the cerous state; then sodium oxalate was 
added, the mixture was filtered, and the acid determined 
in the filtrate, tests having shown that no appreciable

amount of nitric acid was 
adsorbed on the precipitate. 
The solution was diluted by 
weight to give a stock solu­
tion exact ly 1.000 ƒ in nitric 
acid, and check analyses 
were made. The ceric ni­
trate stock solution pre­
pared in this manner was 
0.1057 ƒ in ceric nitrate and 
0.004181 ƒ in cerous nitrate.

The other portion of the 
original cerous nitrate solu­
tion was analyzed in much 
the same way. It was di­
luted by weight so as to be 
exactly 1.000 ƒ in nitric 
acid, and then again ana­
lyzed. The resulting stock 
Solution of cerous nitrate 
was 0.08292 ƒ in cerous 
nitrate and contained no 
ceric nitrate.

The Solutions of per­
chloric acid were prepared 
by dilution of c. p. 60% 
perchloric acid, and were 

standardized against a sodium hydroxide solution.
Tank hydrogen was purified by passing it successively 

through concentrated potassium hydroxide solution and 
concentrated sulfuric acid, and over solid potassium hy­
droxide and an electrically heated platinum wire.

The Electrolytic Cell.—The assembled electrolytic cell 
is shown in Fig. 1. A large test-tube served as a container 
A for the cerous-ceric mixture, in which was immersed the 
hydrogen half-cell and a platinum wire electrode B. 
Measurements were made with the platinum wire bright 
and with it platinum-blacked; there was no difference in 
potential, although the latter electrode came to equilib­
rium with the solution much more rapidly. The hydrogen 
half-cell vessel contained the perchloric acid solution into 
which dipped a platinized platinum foil electrode C and a 
tube D through which the hydrogen was bubbled in; the 
vessel was also equipped with a short vertical capillary 
side-arm provided with a ground glass cap E which pre­
vent ed liquid diffusion while allowing electrolytic contact.

(6) W illard  and  Young, T h is  J o ur n a l , 50, 1322, 1379 (1928).

Before entering the half-cell the hydrogen passed through 
a glass coil and a vessel containing perchloric acid of the 
same concentration as that used in the half-cell. In addi­
tion a small “bubbler” was provided at the hydrogen outlet 
F to ensure a hydrogen atmosphere in the half-cell. The 
apparatus was immersed in a thermostat maintained at 
25.00 =*= 0.01°, or in one kept at 0°.

Method of Potential Measurements.—A Leeds and 
Northrup Type K Potentiometer was used in conjunction 
with a high-sensitivity galvanometer for the measurements 
of the electromotive force. The Weston Standard cell 
used was carefully checked at 25° against a new laboratory 
Standard.

Cerous-ceric mixtures containing varying amounts of 
nitric acid were prepared from the stock Solutions and a 
Standard nitric acid solution by weighing. While each 
mixture was attaining thermal equilibrium in the cell, the 
hydrogen electrode was checked at 25° against a 1 N  hy­
drochloric acid calomel electrode which had been prepared 
with purified Chemicals in the presence of air.7 The hydro­
gen half-cell was then placed in the electrolytic cell, and the 
potential observed over a period of one to fifty hours. In 
all cases equilibrium was attained within one hour, and 
readings were constant thereafter to 0.3 mv. or better; 
stirring had no effect on the potential. The hydrogen 
half-cell was checked against the calomel electrode after 
each run; the calculated value being always obtained to 
within 0.1 mv.

Calibrated Volumetrie apparatus, thermometers and 
weights were employed in this research, and all weigh- 
ings were corrected to vacuum.

Measurements at 0°.—-One of the cells which had been 
measured at 25° was placed in a 0° thermostat, and meas­
urements of the electromotive force were made over a 
period of several days. The readings were constant to 
0.2 mv., and upon returning the cell to the 25° thermostat, 
it gave a value for the potential within 0.1 mv. of that pre­
viously determined.

The Observed and Computed Electromotive 
Forces

In Table I are recorded the electromotive forces 
observed at various concentrations of the sub­
stances involved, the corrections computed for re- 
ducing these to Standard concentrations and elimi- 
nating the liquid potential, and the final formal 
electrode potential thereby obtained.

The first column of the table shows the tem­
perature, 25 or 0°. In the next five columns are 
given the weight formalities ƒ (the concentrations 
in formula weights per kilogram of water) of the 
substances in the cells. In the next two columns 
are the mean ionic strength ß of the cerous-ceric 
mixtures, and the observed electromotive forces 
E o b s d . The activity coefficients a of the two

(7) The value —0.2689 volt is the molal electrode potential of 
the hydrochloric acid calomel electrode for the case in which oxygen 
is not excluded. See Randall and Young, T h is Jo ur n a l , 50, 989 
(1928). The activity coefficients of hydrochloric acid Solutions were 
taken from this same source.

-  +

Hz

Fig. 1.
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T a ble  I
Ob se r v e d  a n d  C om puted  E lectrom otive  F orces at  25 a n d  0°

HNOa
c

HC1Ü4 C e(N 03)s
c' Cl

Ce(N03)4
cz

Cen i /C eIV
C1/C2

Mean
ionic

strength, n E obsd . EC EL eh E°
2.000 2.000 0.03284 0.03932 0.8350 2.59 1.6001 -0 .0046 -0 .0 0 9 6 +0.0244 1.6103

(a, 0.759) .03284 .03932 0.8350 1.6002 -  .0046 -  .0096 + .0244 1.6104
(«', 1.295)

Mean 1.6104
1.000 1.000 .06513 .02387 2.728 1.82 1.5915 +  .0258 -  .0023 — .0047 1.6103

(a, 0.706) .06016 .03055 1.969 1.5997 +  .0174 -  .0023 — .0047 1.6101
(«', 0.803) .04504 .05083 0.8861 1.6197 -  .0031 -  .0023 — .0047 1.6096

.04468 .05133 .8705 1.6202 -  .0036 -  .0023 — .0043 1.6100

.02768 .07413 .3734 1.6412 -  .0253 -  .0023 — .0047 1.6089

.02288 .08146 .2809 0.6488 -  .0326 -  .0023 — .0051 1.6088

.01808 .08703 .2077 1.6569 -  .0403 -  .0023 - .0051 1.6092

Mean 1.6096
0.5000 1.000 .02191 .02624 .8351 0,89 1.6330 -  .0046 -  .0147 — .0051 1.6086

(a, 0.708) .02191 
(«', 0.803)

.02624 .8351 1.6328 -  .0046 -  .0147 - .0051 1.6084

Mean 1.6085
General Mean 1.6095

1.000 1.000 .04468 .05133 .8705 1.83 1.6106 -  .0033 -  .0021 — .0040 1.6012
(a, 0.706) («', 0.803)

acids are given below their concentrations, the 
coefficients being interpolated from the data of 
Pearce and Nelson8 for perchloric acid at 25° and 
from those of Abel, Redlich and v. Lengyel9 for 
nitric acid at 25°. In the next three columns are 
the values of the electromotive force corrections 
computed as described below, and in the last 
column are the values of the formal oxidation po­
tential e ° referred to the Standard molal hydrogen 
electrode H2 (1 atm.), H+ (activity 1 m.); by for­
mal oxidation potential being meant the oxidation 
potential when the total concentrations, repre­
sented by CeIV and Ce111, of the oxidized and re­
duced cerium (without reference to their ioniza­
tion) are both 1.0 ƒ.

This formal oxidation potential e °  (for the re­
action CeIV +  E “ 1 = Ce111) has been derived by 
adding to the observed electromotive force E ob sd>  

(which is that of the cell formulated in the first 
section of this paper) the three following quantities:

( 1 )  e c  =  (RT / 2 f )  ln (ci/c2), in order to provide 
for equiformal concentrations of cerous and ceric 
cerium, their total concentrations and c2 being 
used in this Nernst equation in place of the ion ac- 
tivities.

(2) e l  = ( 2 t h  -  1) (R T /f) ln {ac/a'c'), in or­
der to eliminate the small liquid potential arising 
from the different ion activities ac and a c r of the 
nitric and perchloric acids; it being assumed that

(8) Pearce and Nelson, T h is  J o u r n a l , 55, 3080 (1933).
(9) Abel, Redlich and v. Lengyel, Z .  p h y s i k .  C h e m . ,  132, 204 

(1928),

the ion mobilities of the two acids are equal in the 
given concentration range. The mean transfer- 
ence number t h  of the cation of the two acids has 
been estimated10 to have the value 0.85 at 25° and 
the value of 0.86 at 0°.

(3) e h  = (R T /f) ln (a'c'/V/>h8), in order to 
refer the value to the molal hydrogen electrode 
Standard at 25°, being the partial pressure 
of the hydrogen gas in atmospheres.

Discussion and Summary
I t  is seen from Table I that the formal cerous- 

ceric oxidation potential e °  changes only slightly 
(at most by 1.5 mv.) on varying the ratio Ce111/  
CeIV over ten-fold at constant ionic strength. 
Moreover, varying the acid concentration from
0.5 to 2.0 ƒ and the ionic strength correspondingly 
has only a small effect on the value of e ° .  This 
shows that nitrate complexes are formed only 
slightly, if at all, and that a hydrolytic reaction 
such as Ce++++ +  H20  = CeOH+++ +  H+ does 
not occur appreciably at these concentrations. 
Hence the value 1.6095 =*= 0.0007 volt may be 
regarded as the cerous-ceric oxidation potential 
in nitric acid at 25°, independent of the concen­
tration of that acid between 0.5 and 2.0 formal.

(10) This estimate at 25° is based on the considerations that the 
two acids have equal conductances at 2 .0 /, that the nitric acid solu­
tion contains less than 10% as much cerium as acid, so that its con- 
ductance does not differ greatly from that of pure nitric acid, and 
that the latter has the values recorded in "International Critical 
Tables” (Vol. VI, pp. 241, 310 (1929)). For the 0° measurement, the 
same activity values were used as at 25°, since none are available 
at 0°.
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The value of this potential at 0° was found to be 
1.601 volts (in 1.0 ƒ HNOs).

It is interesting to note that in sulfate solution 
Kunz4 5 obtained much smaller values, namely, 
1.461 and 1.443 volts at 25° in 0.5 ƒ and in 1.0 ƒ 
H2SO4, respectively. This indicates that complex 
formation between the ceric ion and sulfate ion 
(or hydrosulfate ion) takes place to a large extent. 
I t  is probable therefore that the value obtained in 
nitric acid represents much more nearly the molal 
oxidation potential of cerous-ceric ions.

It may also be noted that the cerous-ceric po­
tential in nitrate solution is of the same order as 
that (1.59 volts)11 for the reaction MtiCb" +  4H + 
'+ 3E- = M n02(s) +  2H20(1). Correspond- 
ingly, on adding permanganate solution to a nitric 
acid solution of cerous nitrate, manganese dioxide 
was found to form; and on adding ceric nitrate 
solution to freshly precipitated manganese di­
oxide, the color of permanganate was developed.

(11) Brown and Teilt, T h is  J o u r n a l , 48, 1128 (1926). 

P a sa d e n a , Ca l if o r n ia  R e c eiv ed  M ay  12,1936

[Co n t r ib u t io n  fr o m  th e  G a t e s  a n d  C r e l l in  Chem ical L abor ato r ies  of t h e  Ca l if o r n ia  I n st it u t e  of T echnolo gy ,
No. 547]

Strong Oxidizing Agents in Nitric Acid Solution. II. Oxidation Potential of Thal-
lous-Thallic Salts

B y  A r t h u r  A. N oyes and  Clifford S. G a r n er

Previous and Proposed Investigations
The thallous-thallic oxidation potential has 

been studied by several investigators. Its deter- 
mination was first undertaken by Spencer and 
Abegg1 who studied the potential in nitric, hydro­
chloric and sulfuric acids, and in the presence of 
various salts with the view of investigating com- 
plex-ion formation. Their measurements were 
made at 25° against a 0.1 N  calomel half-cell as a 
reference electrode, and their potentials were not 
corrected for liquid-junction potentials. Grubb 
and Hermann2 later obtained values for the thal­
lous-thallic potential in sulfuric acid Solutions. 
Measurements by them were made at 18° against 
either a normal calomel electrode or a mercurous 
sulfate electrode, and liquid-junction corrections 
were not applied. Partington and Stonehill3 re­
cent ly measured at 25° cells of two types

Pt, { H,SO, ( , )  +  } . HSO. M .
H2 (1 atm.) +  Pt

and
Pt, { O S O ,  M  +  } . Hg,SO. (satd.), Hg,

Hg2S 04 (satd.), H2SO4 (c), H2( l atm.) -f- Pt

These investigations showed that the oxidation 
potential of thallous-thallic salts varies greatly 
with the nature of the anion present, doubtless 
owing to the formation of anion complexes; and 
as these complexes are probably produced in

(1) Spencer and Abegg, Z .  a n o r g .  C h e m . ,  44, 379 (1905).
(2) Grubb and Hermann, Z .  E l e k t r o c h e m . ,  26, 291 (1920).
(3) Partington and Stonehill, T r a n s .  F a r a d a y  S o c . ,  31, 1357 (1935).

minimum quantity with monobasic oxyacids, such 
as nitric acid and perchloric acid, thereby yielding 
a molal potential approximating most closely that 
of the simple thallous and thallic ions, we have 
measured and describe in this paper cells of the 
type
Pt +  H2 (1 atm.), HCl O, (cr), { HNO, (c) +  } ,  Pt

During the progress of our investigation an article 
upon the thallous-thallic potential in perchloric 
acid solution has been published by Sherrill and 
Haas,4 thereby making possible a comparison of 
the potential in the two monobasic oxyacids.

Apparatus and Materials
Preparation and Analysis of the Solutions.—A weighed 

quantity of c. p. thallous nitrate, dried in an oven at 140°, 
was dissolved in a definite weight of distilled water, and the 
resulting solution was divided into two nearly equal por­
tions.

(1) From one of these portions a thallic nitrate solution 
was prepared by oxidation with a gas mixture containing 
5% by volume of ozone (Noyes, Hoard and Pitzer5), 
thereby avoiding the introduction of foreign substances 
into the solution. To it had previously been added the 
amount of strong nitric acid (freed from nitrogen dioxide by 
bubbling air through it) required to leave the oxidized 
solution 0.5 ƒ in nitric acid. It was thought that this acid 
would suffice to prevent the hydrolysis of the thallic ni­
trate formed, but during the oxidation dark-brown thallic 
hydroxide precipitated, and it was necessary to add more 
nitric acid to the oxidized mixture. The excess of ozone 
was blown out with oxygen, and the thallic nitrate solu­
tion was analyzed in the following way.

(4) Sherrill and Haas, This J o u r n a l , 58, 952 (1936).
(5) Noyes, Hoard and Pitzer, i b i d . ,  57, 1223 (1935)



July, 1936 Oxidation Potential of Thallous-T hallic Salts 1269

T able I
Observed  and Computed E lectromotive F orces at 25 and  0°

Temp., HNOs HClOi TINOs 
°C. c c' ci

Tl (NOs) 3
C2

t H/t i111
C i /C i

Mean
ionic

strength, /* Eobsd. EQ el eh E»

25 2.000 2.000 0.07264 0.04720 1.5392 2.17 1.2096 +0.0055 -0 .0 0 9 6 +0.0244 1.2299
( a ,  0.759) ( « ' ,  1.295) .06499 .05819 1.1194 1.2138 +  .0014 -  .0096 +  .0244 1.2300

Mean 1.2300
25 1.000 1.000 .04999 .00406 12.314 1.09 1.2048 +  .0323 -  .0023 -  .0056 1.2292

(a, 0.706) (<*', 0.803) .04133 .01643 2.5148 1.2273 -f .0119 -  .0023 -  .0056 1.2313
.03574 .02445 1.4617 1.2346 +  .0049 -  .0023 -  .0056 1.2316
.02874 .03442 0.8351 1.2407 -  .0023 -  .0023 -  .0056 1.2305
.02146 .04484 0.4786 1.2489 -  .0095 -  .0023 -  .0056 1.2315
.00514 .06817 0.0754 1.2708 -  .0332 -  .0023 -  .0056 1.2297

Mean 1.2306
25 0.5000 1.000 .01624 .01455 1.1155 0.55 1.2499 +  .0014 -  .0147 -  .0056 1.2310

(a, 0.708) (<*', 0.803) .00691 .02788 0.2479 1.2677 -  .0179 -  .0147 -  .0056 1.2295

Mean 1.2303
General Mean 1.2303

0 1.000 1.000 .02874 .03442 0.8351 1.09 1.203 -  .0021 -  .0021 -  .0051 1.193
, (a, 0.706) (<*', 0.803)

To a weighed sample solid potassium chloride and nier- preceding paper. The platinum wire electrode gave the
cury were added, the mixture was shaken for two minutes 
and filtered through a Jena glass filter. The filtrate with 
washings was then titrated with Standard sodium hydrox­
ide solution to determine the nitric acid content. It was 
necessary to reduce the thallic salt in this way, since other- 
wise it separated out as the hydroxide and obscured the 
end-point. The content in thallic nitrate was determined 
on separate samples by reducing the thallic thallium to 
thallous thallium with sulfur dioxide, blowing out the ex­
cess of sulfur dioxide with carbon dioxide, and determining 
the thallium by two independent methods. However, it 
was found that the large amount of nitrate present inter- 
fered with these determinations; so the samples were first 
fumed with concentrated sulfuric acid to convert the ni­
trate to sulfate. Two determinations were made by the 
iodate method using the iodine monochloride end-point,6 
and these agreed to better than 0.1% with two determina­
tions by the bromate method using methyl orange as an 
oxidation indicator.7 The absence of thallous thallium 
in the thallic nitrate solution was proved by making a 
sample 5 ƒ in hydrochloric acid, adding a small amount of 
iodine monochloride solution and shaking with carbon 
tetrachloride; no iodine color was perceptible. The thallic 
nitrate stock solution thus prepared was 0.1835 ƒ in thallic 
nitrate and 2.430 ƒ in nitric acid.

(2) To the other portion of the thallous nitrate solution 
was added enough nitric acid to make the resulting solu­
tion of the same acidity as the thallic nitrate stock solu­
tion. Analyses for. both thallium and acid checked the 
values obtained by the direct synthesis of the solution. 
The thallous nitrate stock solution was 0.1284 ƒ in thallous 
nitrate and 2.430 ƒ in nitric acid.

The Electrolytic Cell.-—The electrolytic cell used for the 
electromotive f ore e measurements was that described in the

(6) Swift and Garner, Tm s J o u r n a l , 58, 118 (1936).
(7) Kolthoff, Ree. trav. chim., 41, 172 (1932); Zintl and Rienäcker,

Z. anorg. allgem. Chem., 153, 278 (1926); see also Noyes, Pitzer and
Dunn, T h is  J o u r n a l , 57, 1231 (1935).

same potential whether it was bright or platinum-blacked; 
however, equilibrium was more rapidly attained in the 
latter case.

Method of Potential Measurements.—The equipment 
used and the method of making the electromotive force 
measurements were those previously described in detail. 
The potential of a given cell was observed over a period of 
one to seventy hours. Equilibrium was reached within 
an hour, and subsequent readings were constant to 0.1 
mv., stirring having no effect on the potential.

Measurements at 0°. One of the cells which had been 
measured at 25 ° was transferred to a 0 ° thermostat, and its 
potential observed over a period of three days. Equi­
librium was much more slowly attained than at 25°, and 
the readings were sensitive only to about 0.5 mv. The 
cell was afterward returned to the 25 ° thermostat, and 
gave substantially the same electromotive force as before. 
The probable error of the formal potential at 0° is about 
one millivolt.

The Observed and Computed Electromotive 
Forces

In Table I are shown the concentration data, 
the observed electromotive forces, E o b s d , the cor- 
rections applied to these, and the computed for­
mal oxidation potentials e ° resulting thereby, all 
in just the same form in which these quantities 
are presented in Table I of the preceding article. 
The activity coefficients a and a ' of the two acids 
are as before taken from the data of Pearce and 
Nelson8 and of Abel, Redlich and v. Lengyel,9 the 
same values being used at 0° (where data are lack- 
ing) as at 25°.

(8) Pearce and Nelson, ibid., 55, 3080 (1933).
(9) Abel, Redlich and v. Lengyel, Z. physik. Chem., 132, 204 

(1928).
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Summary and Discussion
Measurements have been described above of 

the electromotive forces at 25 and 0° of cells of the 
type
Pt +  H2 (1 atm.), HCIO4 (c'j, IHNO, (c) +  } , Pt

From these measurements presented in Table I 
the formal oxidation potential e° of the reaction 
Tl111 +  2E“ 1 = Tl1 has been computed to have 
the value 1.2303 =*= 0.0007 volt at 25° and the 
value 1.193 =*= 0.001 volt at 0° in nitric acid solu­
tion. This value is shown to remain substan- 
tially constant when the ratio TlVTl111 is varied 
one hundred-fold and when the concentration of 
nitric acid is varied from 0.5 to 2 ƒ. This con- 
stancy of the potential shows that neither hy­
drolysis of the thallic nitrate (by a reaction like 
T1+++ +  H20  = TIOH++ +  H+), nor formation

of nitrate complexes occurs to a considerable ex­
tent with thallic salts in nitric acid Solutions be­
tween 0.5 and 2.0 formal.

This value, 1.230 volts, of the formal potential 
is slightly lower than those found by Sherrill and 
Haas4 for the thallous-thallic potential in per­
chloric acid solution, who obtained at 25° 1.260 
volts for the formal potential in 1.0 ƒ perchloric 
acid and 1.247 volts for the extrapolated molal 
potential for thallous-thallic ions.

Noteworthy is the fact that the thallous-thallic 
potential in sulfuric acid solution, determined by 
Partington and Stonehill3 to be 1.20 to 1.22 volts, 
is of about the same magnitude as the potentials 
in nitric and perchloric acids indicating that the 
formation of sulfate complexes by thallic sulfate 
is not very extensive.
P a sa d e n a , Ca l if . R e c eiv ed  M ay  12, 1936

[C o n t r ib u t io n  fr o m  t h e  G a t e s  Ch em ic a l  L aboratory , Ca l ifo r n ia  I n s t it u t e  o f  T ec h n o lo g y , a n d  the  P h y sic o - 
C h em ic a l  L a b o r ato r y  of th e  N e w  Y ork  S tate  E x p e r im e n t  S t a t io n ] 1

The Electron Diffraction Study of Paraldehyde
B y  D . C. C a r pen t e r  and  L. O. B rockw ay

Paraldehyde has been shown2 to exist as the 
trimer (CH3CHO)3 in the gaseous state and in 
solution in phenol, and metaldehyde as the tetra- 
mer (CH3CHO) 4  in phenol solution. In the pres­
ent work the configuration of paraldehyde has 
been established by electron diffraction methods 
as a staggered six-membered ring of altemate 
carbon and oxygen atoms with a hydrogen atom 
and a methyl group attached to each of the ring 
carbon atoms, the methyl carbon atoms being 
approximately coplanar with the ring oxygen. 
The technique of the electron diffraction method 
of determining the structure of molecules has been 
described,3 and the method now represents one 
of the most direct and feasible means of determin­
ing bond angles and distances.

Experimental
The sample of paraldehyde used in this study 

was purified by repeated fractional distillation 
and boiled at 124.0 =*= 0.2°. Smits and deLeeuw4 
record the boiling point as 123.7°.

(1) Published as paper No. 542 from the Gates Chemical Labora­
tory and approved by the Director of the New York State Experi­
ment Station for publication as Journal Article No. 141.

(2) W. Burstyn, Sitzber. Wiener Akad., 511 (1902).
(3) L. Pauling and L. O. Brockway, J. Chem. Phys., 2, 867 (1934).
(4) A. Smits and H. L. deLeeuw, Z. physik. Chem., 77, 269 (1911).

The low vapor pressure of paraldehyde at room 
temperature prevented the use of the ordinary un- 
heated gas nozzle. In this investigation the sam­
ple was placed in a small glass bulb which was 
sealed to a copper tube leading through an all- 
metal high vacuum valve and up into the appara­
tus where it terminated in a nozzle just below the 
electron beam. The sample bulb, connecting 
tubes, valve and nozzle were all heated by spirals of 
resistance wire enclosing the entire path of the 
vapor. The valve was constructed so that a stiff 
spring pressing on the valve stem compensated 
for relative expansion of the valve parts and the 
valve was vacuum tight both at ordinary and 
elevated temperatures. Four thermocouples were 
used to follow the temperatures of the various 
parts of the assembly. This arrangement for 
handling vapors at high temperatures differs from 
those used by other investigators in which the gas 
stream fiows continuously and is regulated by 
changes of the temperature of the sample holder. 
Here the gas flow is controlled by a quick-acting 
valve.

Fifteen photographs of paraldehyde were ob­
tained in three sets with the temperature of the 
sample ranging from 103 to 115°. The exposure
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times were adjusted so that the inner rings could 
be measured on some photographs and the outer 
rings on others. The de Broglie wave length of 
the electrons was 0.0606 Ä. as determined by cali­
bration with gold foil. The distance from gas 
orifice to photographic film was 10.43 cm.

The photographs show seven rings of which the 
second and fifth are very strong. The fourth is 
close to the third and weaker than the third and 
fifth rings. The sixth ring is weaker than the 
fifth and seventh. Measurements of the diame­
ters were made by two observers and the corre­
sponding values of 5 (equal to (4tt sin 6/2)/X) are 
given in Table I.

T a b l e  I
No. of Visual

readings Max. Min. intensity vS (obsd.) S (calcd.) ĉ-o
12 1 20 3.73 3.50 (1.342)
9 2 4.68 4.40 (1.333)

15 2 30 6.13 5.65 (1.315)
15 3 7.70 7.40 (1.375)
15 3 10 9.05 9.12 1.440
15 4 10.14 10.10 1.425
15 4 5 11.27 10.75 (1.364)
15 5 12.71 12.60 1.418
15 5 10 14.07 14.00 1.423
3 6 15.45 15.35 1.416
3 6 1 16.62 17.00 (1.463)
6 7 1 18.82 18.90 1.436

Weighted mean 1.427
C-O = 1.43 ±  0.02 Ä.

Discussion
The estimated intensities of the visual maxima 

and the corresponding s values were used in the 
calculation of a radial distribution curve.5 The 
data of Table I lead to the curve shown in Fig. 1. 
This curve shows two pronounced peaks corre­
sponding to the most important interatomic dis- 
tances in the molecule. The first peak occurs at 
1.47 Ä., exactly the value which would be pre­
dicted for models of the ring type shown in Fig. 2, 
in which there are six C-O and three C-C single 
bonds. The covalent radii lead to the values 
1.43 and 1.54 Ä., respectively. If these values 
are weighted according to the number and Scat­
tering power of the atoms involved, the single 
peak corresponding to the two unresolved dis- 
tances should occur at 1.47 Ä. the observed value. 
Accordingly, the single bonded ring structure is 
very probable.

A determination of the bond angle can be made 
by use of the second peak which occurs at 2.36 Ä.

(5) L. Pauling and L. O. Brockway, T his Jo u rn al , 57, 2684
(1935).

This peak corresponds to the interaction of atoms 
bonded to the same atom. The ratio 2.36 to 1.47 
is 1.61, which leads to the bond angle of 108° in 
close approximation to the tetrahedral angle of 
109°28'. Similar values of the bond angle be­
tween carbon and oxygen have been found in 
other compounds, such as dimethyl ether and 
dioxane, and we accept the tetrahedral angle as 
being correct in the calculation of theoretical in­
tensity curves.

1 2  o 3
Bond distance in Ä.

Fig. 1.—Radial distribution curves for paralde­
hyde.

Four ring models of the paraldehyde molecule 
are possible, corresponding to elevating the methyl 
groups successively above the plane of the -C -O - 
C-ring as shown in Fig. 2. Calculations of the 
theoretical intensity of Scattering, I  = 2 ^ ^ ^  
(sin skj/slii) where s =* (4w sin d /2 ) / \  were made for 
each of the four models for  ̂ values up to 20. 
The distances between bonded atoms were taken 
as follows: C-O, 1.43 A.; C-C, 1.54 Ä.; C-H,
1.06 Ä.; and the bond angles were taken as 109° 
28'. The calculated curves are shown in Fig. 3. 
The observed positions of the maxima and min­
ima are indicated at the bottom of the figure. 
The s values for the maxima and minima of the 
first theoretical curve (all methyl groups in the 
plane of the ring) are listed in the sixth column of 
Table I. The four curves all show the qualitative 
intensity features observed in the photographs. 
Particularly characteristic is the strong fifth maxi­



1272 D. C. Carpenter and L. O. Brockway Vol. 58

mum. Differences in the four models are evident 
in the fourth and sixth rings. The fourth ring is 
displaced ontward in going from model 1 to model 
4, and models 3 and 4 are in definite disagreement 
with the photographs on this account. Similarly 
these last two models show an inward displace­
ment of the sixth ring which is not observed.

Fig. 2.—Models of paraldehyde molecule.

The values for the C-O distances in the last 
column of Table I are derived by multiplying the 
ratio of 5 (calcd.) to ^(obsd.) by the assumed 
value for the distance. In arriving at the weighted 
mean value we reject the values from the two 
innermost rings and from the fourth and sixth

maxima. In the former case the contrast effect of 
the dense central image leads to interatomic dis­
tance values which are too small and in the latter 
case the notable asymmetry of maxima results in 
the expected shift explained by the St. John ef­
fect. 3 While these rings are not suitable for exact 
determination of the interatomic distances, they 
are valuable in confirming the ring structure of

paraldehyde models.

the molecule since the corresponding theoretical 
curve and the photographs show the same asym­
metrie features. The dimensions of the molecule 
are determined as 1.43 =*= 0.02 Ä. for the C-O 
bond distance and 1.54 =±= 0.02 Ä. for the C-C 
bond distance with the staggered ring arrange­
ment of six alternating carbon and oxygen atoms 
well established.
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The close similarity in the theoretical intensity 
curves corresponding to models 1 and 2 makes it 
impossible to distinguish on the basis of our data 
between the model with all of the methyl groups 
nearly in the plane of the ring and the model hav­
ing one methyl group above the ring. A com­
parison can be made with the structure of met- 
aldehyde determined by x-ray crystal studies.6 
Metaldehyde, which is the tetramer of acetalde- 
hyde, has an eight-membered ring of alternating 
carbon and oxygen atoms with four methyl groups 
attached to the four carbon atoms and all four of 
the methyl groups lie in the plane of the carbon 
atoms in the ring. The molecules are packed to­
gether in such a way that the closest approach of 
methyl carbon atoms on adjacent molecules is
3.90 Ä. with an average Separation for the inter- 
molecular methyl groups of 4.02 Ä. Hydrogen 
atoms on these methyl groups are separated by 
2.14 Ä. In models 3 and 4 of paraldehyde which 
have two and three methyl groups above the ring 
the calculated Separation of methyl carbons is 
2.33 Ä. and of the methyl hydrogens is 1.85 Ä.; 
comparison of these distances with those observed 
in the metaldehyde crystals again eliminates these 
two models of paraldehyde. The observed con­
figuration of the metaldehyde molecules makes 
model 1 of paraldehyde (all methyl groups nearly 
in the plane of the ring) seem most probable.

Electron diffraction pictures were taken of the 
vapor of metaldehyde and the photographs show 
that the gaseous molecule cannot be represented 
by any single configuration. This is to be ex- 
plained by the ease with which the eight-mem­
bered ring can be distorted from the configuration 
found in the crystalline form of metaldehyde 
without Stretching or bending the bonds between

(6) L. Pauling and D. C. Carpenter, T h is  Jo ur n a l , 58, 1274 
(1936).

adjacent atoms. This labile nature of the ring 
is not found in the crystal because the interactions 
between molecules in the Condensed state are 
strong enough to hold the molecules in a single 
equilibrium configuration. The six-membered 
ring of paraldehyde does not exhibit any such 
labile character because of the strains set up in 
any distortion of the smaller ring.7

We are indebted to Professor Linus Pauling for 
proposing the investigation and for many valuable 
suggestions and criticisms.

Summary
Paraldehyde has been studied by the electron 

diffraction method and found to consist of a stag- 
gered six-membered ring of alternate carbon and 
oxygen atoms having a C-O distance of 1.43 =*=
0.02 Ä. The bond angles are all tetrahedral and 
the three methyl groups are placed symmetri- 
cally about the molecule in nearly the same plane 
as the ring (i.e., as fixed by the tetrahedral angles) 
with the possibility that only one of the methyl 
groups may be elevated above the plane of the 
ring. The methyl carbon atoms are attached to 
the carbon atoms of the ring by bonds having a 
length of 1.54 ±  0.02 Ä.
G e n e v a , N. Y. R e c e iv e d  M ay  11, 1936
P a s a d e n a , C a l .

(7) An electron diffraction study of paraldehyde vapor has been 
reported by Ackermann and Mayer ( / .  Chem. Phys., 4, 377 (1936)). 
These authors used electrons of only 6400 volts energy corresponding 
to a wave length of 0.15 Ä. and obtained three maxima. While their 
observed s valves for the first and second maxima and minima are 
from 3 to 10% lower than those reported in this paper the discrep­
ancy may well be due to the differences in technique. As reported 
above, when the shorter wave-length (0.06 Ä.) is used the apparent 
positions of the innermost rings is affected by the very dense central 
spot and they lead to unreliable interatomic distance values. This 
effect is evidently less serious when the inner rings occur at greater 
angles. The conclusions of Ackermann and Mayer are in fair agree­
ment with the present results based on photographs showing seven 
maxima.
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The Crystal Structure of Metaldehyde

B y L in u s  Pauling  and  D . C. C a r p e n t e r

Metaldehyde is described by Groth2 as crystal­
lizing in tetragonal needles with the axial ratio 
a:c = 1:0.2761. A preliminary x-ray investiga­
tion of the crystal was carried out by Hassel 
and Mark,3 who determined the size of the unit 
of structure and reported the space group to be 
either C4V or Cf, the location of the atoms in the 
unit not being found. We have reinvestigated 
this crystal, finding the space group to be Cf—14, 
and making a complete determination of the 
atomic arrangement. The unit of structure con- 
tains two molecules of the tetramer, (CH3CHO)4, 
each molecule consisting of an eight-membered 
-O -C-O -C- ring with H and CH3 attached to 
each carbon atom of the ring. The interatomic 
distances and bond angles were found to be the 
same as in paraldehyde,4 (CH3CHO)3.

The Unit of Structure and Space-Group Sym­
metry

Metaldehyde was recrystallized from absolute 
alcohol by the method of slow cooling, and dried 
on a Büchner funnel. The crystals were in the 
form of needles with dimensions about 0.5 X
0.5 X 20 mm. Laue photographs taken with 
crystal orientations differing only by rotation 
through a multiple of 90° about the needle axis 
were found to be identical, verifying the tetrago­
nal symmetry of the crystal. Several Laue 
photographs were prepared with the incident 
beam in the plane normal to the c-axis. Each 
of these photographs showed a horizontal plane 
of symmetry, but none showed a vertical plane 
of symmetry (photographs with the incident beam 
parallel to [100] and [1101 of the unit of structure, 
among others, were prepared). Consequently the 
point-group symmetry of the crystal cannot be 
that of D4h, D4, C4v, or D2d, but must be instead 
that of C4h, C4, or S4. Of these C4h and S4 are 
eliminated by our observation of a strong pyro- 
electric effect along the needle axis, the liquid-air

(1) Published as paper No. 543 from the Gates Chemical Labora­
tory and approved by the Director of the New York State Experi­
ment Station for publication as Journal Article No. 142.

(2) P. Groth, “ Chemische Krystallographie,” Vol. III, p. 47.
(3) O. Hassel and H. Mark, Z. physik. Chem., 111, 357 (1924).
(4) D. C. Carpenter and L. O. Brockway, T h is J o u r n a l , 58, 1270 

(1936).

method5 being used. The crystal is thus definitely 
allocated6 to the point group C4.

The pronounced prismatic cleavage of the crys­
tal was strikingly shown by its behavior on cool­
ing with liquid air, the strains resulting from 
temperature gradients during cooling causing each 
crystal to separate into a large number of fibers.

Oscillation and rotation photographs were 
prepared with [001] as axis of rotation, Mo Ka  
radiation filtered through zirconia being used. 
These led to the values a0 = 10.40 Ä. and c0 =
4.11 Ä. for the edges of the unit of structure, in 
approximate agreement with the values of Hassel 
and Mark, a0 = 10.34 Ä., c0 = 4.10 Ä. All of the 
reflections on a complete set of oscillation photo­
graphs about [001] and on a completely-indexed 
Laue photograph were found to be compatible 
with this unit (the axes of which are 45° from 
those used by Groth). No reflections (hkl) 
with h +  k +  / odd were observed; the lattice is 
accordingly body-centered. Of the body-cen- 
tered space groups isomorphous with C4 all but 
Cf are eliminated by the observation that all 
types of prism planes give reflections; Cf—14 is 
accordingly the space group of the crystal.

The Atomic Arrangement
There are 8 CH3CHO in the unit of structure 

(density calculated, 1.31; observed, 1.27). As 
poiiited out by Hassel and Mark, these are 
formally combined by the four-fold axes into 
polymers (CH3CHO)4. It seems highly probable 
that these groups have a structure closely similar 
to that of paraldehyde, each oxygen atom being 
attached to two carbon atoms by single bonds. 
We made the preliminary assumptions that the 
interatomic distances have the values C—C =
1.54 Ä. and C—O = 1.43 Ä. and the bond angles 
all have the tetrahedral value 109° 28', as in 
paraldehyde. There are only two configurations 
of the molecule compatible with these assump­
tions. In one of these the four methyl groups are 
directed along the c-axis, and in the other they

(5) A. J. P. Martin, Mineral. Mag., 22, 519 (1931).
(6) Hassel and Mark prepared only complete rotation photo­

graphs, and so were unable to d.istinguish between the point groups 
C4 and C4V and the space groups C4 and C4V
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are directed outward from the center of the ring. 
(The four-fold axis eliminates intermediate con- 
figurations.) The first of these is at once ruled 
out by the consideration of interatomic distances 
in the c direction, in which molecules are only
4.11 Ä. apart. The metaldehyde molecule ac­
cordingly has the configuration shown in Fig. 1. 
The atomic arrangement is then completely deter­
mined by one additional parameter <p, correspond­
ing to rotation of the molecule about the four-fold 
axis through its center (see Fig. 6).

The intensity data used in evaluating this 
parameter and in verifying the assumed values for 
the others were obtained in the following way. 
Using the same crystal and the same exposure, 
oscillation photographs about [0011 were prepared 
with the incident beam covering the ranges 0- 
15, 15-30, 30-45, 45-60, 60-75, 75-90 and 90- 
105° with the axis [100] (the first and last 
photographs being identical). Microphotometer 
records of the equatorial reflections were then 
prepared with a Krüss microphotometer, and in- 
terpreted in terms of intensities with the aid of

T a b le  I

E quatorial  R e fl e c t io n s  fo r  M e ta ld eh y de  
Intensity of reflection

hkl Obsd. Calcd. F, obsd.
110 275 230 5.0
200 33 18 2.1
220 78 62 - 3 .8
130 60 74 - 4 .1
310 13 0 1.6
400 51 63 - 3 .8
330 36 32 - 3 .2
240 11 9 1.9
420 46 57 - 3 .8
150 19 8 - 2 .7
510 25 18 - 3 .0
350 13 8 2.4
600 9 3 - 2 .0
260 8 9 1.9
620 20 21 3.0
550 9 11 2.2
710 10 7 2.3
170 9 6 2.2
460 8 5 - 2 .0
370 5.6 5 1.8
730 7 7 2.0
800 4 2 - 1 .6
820 8 10 2.2
750 7 6 - 2 .2
480 10 14 2.6
190 9 10 - 2 .6
930 8 14 2.5
680 8 1 - 2 .5
860 3.6 3 - 1 .7

2.10.0 9 13 - 2 .8

similar records of a set of 0-15° photographs 
taken with different exposure times. The in­
tensity values so obtained for thirty prismatic 
forms are given in Table I, together with relative 
values of F calculated from them by use of the 
equation

/  2Ihki sin 2$ V/g 
\ l  +  cos2 2ê ) (1)

in which l hki is the observed intensity and d the 
angle of reflection.

Fig. 1.—Configuration of metaldehyde molecule.

The observed intensity values were compared 
with intensity values calculated by replacing 
Fhkt in Equation 1 by

Fhki — 2/ fj eZiriihxi + toi +  lziï (2)
Pauling-Sherman /-values7 being used for f jy 
and the coördinates Xj yj Zj being calculated as 
a function of <p for the molecular model described 
above.

The observed approximate equality in intensity 
of reflection from {130} and {220} limits to 
values in the neighborhood of 16° (Fig. 2). The 
comparisons of {150} with {540} (Fm/F^o = 0.87) 
and {260} with {620} (FW/F^o ==: 0.63) shown in 
Fig. 3, as well as other similar comparisons, lead to 
values near 16° 40' for <p.

In order to investigate the possibility that the 
molecular parameter values differ slightly from 
those assumed, a two-dimensional Fourier analy­
sis of the distribution of scattering power in the 
crystal projected on the plane (001) was made, 
using the equation

p(x,y) — constant 2 /Ä  Fhko cos 2ir(hx +  ky) (3)
(7) X . Pauling and J. Sherman, Z. Krist., 81, 1 (1932).
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the sum being extended over all planes (hk0) for 
which reflections were observed. The experi­
mental F-values for the corresponding forms are

Fig. 2.—Preliminary determination of 
parameter <j> with use of observed e quality 
of intensity for (130) and (220).

16°

given in Table I, together with their assumed 
algebraic signs, these being as calculated for <p 

40' and the original molecular model.
The resultant distribu­
tion function p(x,y) is 
shown in Fig. 4. I t is 
seen that the function 
corresponds to well-de- 
fined molecules of the 
type described. In order 
to obtain some Informa­
tion as to the reliability 
of the distribution func­
tion and especially as to 
the effect of breaking off 
the Fourier series, the 
calculations were re­
peated three times: first, 
with use of the F values 
of Table I except for 
omission of the form 
{2.10.0}; second, the 
same except for omission 

also of the forms {860} and {680}; and third, with 
inclusion of all forms, the F-values of Table I being

2016 18 
<f> in degrees.

Fig. 3.—Determination of 
parameter <f>.

multiplied by a factor decreasing from 1 for forms 
with sin ê / \  less than 0.7-5 to 0.20 for the forms 
with largest sin $/A, in order to force a gradual 
termination of the series. The atomic coör- 
dinates given by the four treatments deviate 
from their average values by a mean of 0.002, 
or 0.02 Ä. The average values of the atomic 
coördinates given by the four treatments are

O : x = 0.074, y =  0.143
Ci: x, = 0.149, yi =  0.050
C2: x, ■= 0.291, y2 =  0.091

These correspond to the projected interatomic
distances C-O = 1.24 Ä. and 1.28 Ä. and C-C 
= 1.53 A. (all ±0.03 Ä.), in excellent agreement 
with the originally assumed values C-O = 
1.27 Ä. and C-C = 1.54 Ä.

Fig. 4.—Distribution function p(x,y) 
for metaldehyde (projection on (100)).

The value of <p given by the distribution func­
tion is about 17° 30', and that given by our original 
treatment is 16° 40'. Inasmuch as the projected 
interatomic distances agree with those .originally 
assumed to within 0.02 Ä., we shall accept the 
original molecular model as verified by experi­
ment, and take for cp the average of the two deter­
mined values, 17° 0 ' =*= 30'. The atomic ar­
rangement of the crystal is then described by the 
parameters

O : x = 0.074, y = 0.140,2 = -0 .1 6 3
Cu xi = 0.151, yi = 0.047, 2l = 0.000
C2: x2 = 0.293, y% = 0.090, s2 = 0.000

The values of the z parameters are those cor­
responding to the original model. Verification of 
these values is provided by the general agreement 
of calculated and visually estimated observed 
intensities of layer-line reflections (Table II),
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T a b l e  II
L a y er -L in e  R e fl e c t io n s  fo r  M e t a l d e h y d e

First layer line Second layer line
Intensity Intensity

Jlkl Obsd. Calcd. hkl Obsd. Calcd.

121 40 71 222 10 10
211 10 10 312 60 50
301 9 8 402 15 17
231 18 17 142 25 27
321 18 32 332 7 5
141 10 12 242 8 5
411 40 55 422 27 24
341 18 8 512 20 22
431 40 55 152 6 8
501 46 39 352 15 18
251 20 15 532 8 4
521 15 17 602 4 1
161 0 2 622 8 17
611 9 10 262 9 8
451 9 13 552 3 2
361 6 15 192 4 1
631 5 7 772 3 1
701 0 1
271 6 8
721 15 23
471 5 9
901 6 9
921 9 7
491 2 4

1.10.1 3 6

Description and Discussion of the Structure
The crystal of metaldehyde is found to consist 

of molecules with the configuration shown in Fig. 
1 arranged as shown in Fig. 5. The single-bond

Fig. 5.—Arrangement of metaldehyde molecules in the 
unit cell.

distances 1.43 Ä. (C-O) and 1.54 Ä. (C-C) and 
the tetrahedral bond angle 109° 28' for both 
carbon and oxygen are verified within the ac- 
curacy of the investigation (^O.OS Ä. and =*=3°, 
respectively). The molecules are piled in columns 
along the £-axis. We expect the forces between 
adjacent molecules in a column to be large, be­
cause of the apposition of the negatively charged 
face of each molecule (formed by the four oxygen 
atoms of the staggered ring) to the positively 
charged face of the next molecule (formed by the

hydrogen atoms attached to the ring carbon 
atoms).8 On the other hand, the forces between 
columns are small, the molecules in one column 
presenting their relatively inactive methyl groups 
to those of the surrounding columns. In conse- 
quence the crystal cleaves easily into fibers.

I t  is interesting that the translation by Co/2 
of each column relative to its four nearest neigh- 
bors brings the molecule dipole into an electro- 
statically stabilized configuration

in which the positive poles of one column are 
closer to the negative poles of neighboring columns 
than to their positive poles.

Fig. 6.—Packing diagram of metalde­
hyde molecules in the unit cell.

The packing of the molecules is shown in Fig. 6, 
drawn with packing radii of 1.0 Ä. for hydrogen 
and 1.5 A. for oxygen, the C-H distance being 
taken as 1.06 Ä. and the methyl groups being 
assumed to rotate about the C-C bonds. Each 
methyl group is approximately equidistant from 
eight methyl groups of surrounding molecules, 
there being two at a distance of 3.90 Ä., four at
4.03 Ä., and two at 4.11 Ä. (directly above and 
below), corresponding to a packing radius for 
the methyl group of 2.01 =*= 0.06 Ä. The Varia­
tion observed in the methyl-methyl distances is 
not accidental; it is clearly the result of the shape 
of the methyl group. Interatomic distances be­
tween hydrogen atoms are found to be very closely 
equal, showing that a hydrogen atom attached to 
carbon can be assigned a packing radius and con-

(8) The parallel dipole moments of the molecules give rise to the 
observed pyroelectric effect.
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sidered to behave as a sphere (so far as contacts 
in directions away from the carbon atom are con- 
cerned). This point of view has been especially 
emphasized by Mack9 in connection with his 
interesting work on the packing of organic mole­
cules. In metaldehyde, assuming rotation of 
methyl groups, the hydrogen-hydrogen distances 
corresponding to the methyl-methyl contacts men- 
tio.ned above are 2.16 Ä. (two), 2,15 Ä. (four), 
and 2.11 Ä. (two), giving for hydrogen the packing 
radius 1.07 =*= 0.01 Ä.

There may also be contact between oxygen and 
hydrogen atoms. Each oxygen atom is 2.68 Ä. 
from two hydrogen atoms attached to ring car- 
bons of the molecule below, and 2.70 Ä. from a 
hydrogen atom in an adjacent column. These 
distances correspond to a packing radius for 
oxygen of 1.6 A., which is somewhat larger than 
the ionic crystal radius 1.40 Ä.

It is interesting to note that metaldehyde, like 
paraldehyde, contains no aldehyde groups, the 
oxygen atoms being ethereal in type.

(9) E. Mack, Jr., T h is  J o u r n a l , 54, 2141 (1932).

We are indebted to Dr. S. Weinbaum for much 
assistance in the course of this investigation.

Summary
The tetragonal crystal metaldehyde is shown by 

x-ray examination to have a body-centered unit 
of structure with a0 = 10.40 Ä. and c0 = 4.11 Ä., 
containing two molecules of the tetramer, (CH3- 
CHO)4. The atomic arrangement involves all 
atoms in general positions of the space group C4-I4, 
with the following parameter values: oxygen,
x = 0.074, y = 0.140, s = —0.163; ring carbon,
xi = 0.151, yi = 0.047, Si = 0.000; methyl carbon, 
x2 = 0.293, y2 = 0.090, S2 — 0.000. The molecule 
contains an eight-membered -C -O -C - ring, with 
the carbon-oxygen distance 1.43 =*= 0.03 Ä,, and 
methyl groups attached to ring carbon atoms, with 
the carbon-carbon distance 1.54 =*= 0.03 Ä. The 
bond angles of oxygen and carbon have the value
109.5 =*= 3°. A discussion of the packing of the 
molecules and of the packing radii of the methyl 
group and hydrogen atom is given.
P a sa d e n a , Ca l if .
G e n e v a , N. Y. R e c e iv e d  M a y  11, 1936

[C o n t r ib u t io n  fr o m  t h e  C hem ical  L aboratory  of T h e  B. F. G oodrich  C o m p a n y ]

The Preparation of Acridanes by the Grignard Reaction
B y  W. L. Semon and  D avid  Craig

In previous publicationsla o-/-butyldiphenyl- 
amine (III) has been identified as one of the two 
main products from the reaction of methylmag- 
nesium iodide with methyl N-phenylanthranilate
(I) . The other productlb is shown here to be
5,5-dimethylacridane (IV) formed as indicated in 
reactions 1 and 3 by the dehydration of ö-anilino- 
phenyidimethylcarbinol (II).
CeHè—N H — CeHr0— CO— OCH3 (I) +  CH3MgI — ■> 

CeHö— N H — CeH4-ö— C( OH)(CH3)2 (II) ( 1)
(II) +  CH3MgI — >►

CeH5—N H — C6H 4-o— C( CH3)3 (III) (2)
/N H v

(II) -H 2 O ----- ^  C6h /  10 ">C6H4 (IV) (3)

Ch /  XHï,
The acridane (IV) has not previously been de­

scribed and identified although some may have 
been contained in the material isolated following 
the action of sodium on commercial acridine.2

(1) (a) Craig, T h is  Jo u r n a l , 57, 195 (1935); (b) Semon, British 
Patent 405,797, Jan. 30, 1933, and French Patent 750,474, May 29, 
1933.

(2) Bergmann ajid Blum-Bergm^nn, Ber., 63, 759 (1930).

The 5,5-diphenylacridane3 and certain amino de­
rivatives of acridane4 have been prepared by re­
actions similar to the ones used here. While this 
method of formation is strong evidence for the 
accuracy of the formula assigned to IV, it is not 
beyond the realm of possibility that the product 
might have been ö-isopropenyldiphenylamine. A 
more conclusive proof for the presence of an o,o'- 
carbon bridge was found in the synthesis of IV 
from compounds such as acridone or 5-methyl- 
acridine already containing the heterocyclic nu­
cleus. This was accomplished by reactions 4 
and 6

/NHv
C6H <  _ _ >C6H4 +  CH3MgI ■

L U '

V -1- CHsMgI

CeH4</NH ^CeH,

C H / x o h
(V) (4)

► IV

(3) (a) Baeyer and Villiger, ibid., 37, 3191 (1904); (b) Gilman,
T h is  Jo urn al , 51, 2260 (1929); (c) Kehrmann, and Tschui, Helv. 
Chim. Acta, 8, 28 (1925).

(4) Goldstein and others, ibid., 11, 486 (1928), and previous papers 
especially ibid., 11, 478 (1928).



July, 1936 Preparation of Acridanes ry the Grignard Reaction 1279

V -  H20 ----^  C6H4< J C 6H4 (VI) (5)> c x
C H /

VI +  CH3MgI --- >  IV (6)

In some respects reaction 4 is similar to reaction 
2 and might indicate the direct replacement of 
oxygen by Grignard reagent;5 however, a two- 
stage reaction such as the 1,4-addition of methyl- 
magnesium iodide to an unsaturated intermediate 
is not precluded6 as a means for explaining the 
formation of III, or of IV from reaction 6.

Higher homologs of IV have been prepared by 
these same reactions. Thus ethylmagnesium 
bromide reacts with I to yield an oil analyzing 
satisfactorily for o-anilinophenyldiethylcarbinol. 
On dehydration there is obtained 5,5-diethylacri- 
dane and an isomer, possibly 0-pentenyldiphenyl- 
amine. The formation of 0-/-heptyldiphenyl- 
amine was not observed. The isolation of the 
two isomers emphasized the desirability for pre­
paring the acridane by a reaction similar to reac­
tion 4. Both the 5,5-diethylacridane and the
5,5-di-^-butylacridane were thus prepared from 
caridone and the appropriate alkylmagnesium 
halides.

In all of the cases discussed 
so far the alkylmagnesium hal­
ide has reacted with = N H  or 
- N =  to form N-magnesium 
halides. These have been hy­
drolyzed to the corresponding 
NH compounds as is usual in 
the process of working up such 
reaction mixtures.7 3

Where the nitrogen has an al- -f- <
kyl group attached as in the 5- 2
alkylacridinium salts, the reac­
tion with alkylmagnesium halide becomes more 
complex. Freund and Bode8 reported 5,5-diethyl- 
10-methylacridane formed by the reaction of 5- 
ethylacridine methiodide with ethylmagnesium 
bromide and of 5,10-di-methylacridane by a simi­
lar reaction. Further, Stevens, et al.,9 reported

(5) (a) See footnote 11, Ref. 1; (b) Maxim and Mavrodineanu,
Buil. soc. chim., [5] 2, 591 (1935); (c) Aston, Ailman, Scheuermann 
and Koch, T h is  J o u r n a l , 56, 1164 (1934); (d) Robinson and Robin­
son, / .  Chem. Soc., 123, 532 (1923).

(6) Gilman, Kirby and Kinney, T h is  Journal  51, 2252 (1929); 
Hoffman, Farlow and Fuson, ibid., 55, 2000 (1933).

(7) For the formation of additive compounds of Grignard reagents 
with acridines, see Senier, Austin and Clarke, J. Chem. Soc., 87, 1469 
(1905).

(8) (a) Freund and Bode, Ber., 42, 1746-1766 (1909); (b) see also 
Richter-Anschütz, “Chemie der Kohlenstoffverbindungen,“ Akad­
emische Verlagsgesellschaft, Leipzig, 1931, Vol. III, p. 262.

(9) Stevens, et al., J. Chem, Soc., 2568-2572 (1931).

5,5,10-trimethylacridane as a product from the 
reaction of methylmagnesium iodide with 5- 
methylacridine methiodide or with 5-cyano-5,10- 
dimethylacridane. However, the compounds re­
ported were not well characterized and that de­
scribed as trimethylacridane is probably, in the 
light of the present work, a mixture of this com­
pound (m. p. 100-102°) and of 5,10-dimethylacri- 
dane (m. p. 140-141 °). Freund and Bode8a failed 
to mention the formation of acridine from the re­
action of methylmagnesium iodide and acridine 
methiodide and did not record the isolation of any 
high melting compound. We have subsequently 
isolated such a material and assigned formula VIII 
as it is probably the N,N '-dimethyl homolog of di- 
acridane. The melting point of this compound, 
due to decomposition, varied with the rate of heat­
ing and the product of pyrolysis contained acridine 
and 10-methylacridane, thus behaving in a man­
ner quite similar to the unsubstituted diacridane.10

Reaction 7 accounts for the products obtained 
when acridine methiodide and 5-methylacridine 
methiodide were treated with methylmagnesium 
iodide.

The further observation that the original acridine 
is reformed when the corresponding methiodide 
is treated with Grignard reagent indicates the re­
versible character of the formation of acridinium 
salts; thus the consumption of alkyl halide by 
some reagent such as the Grignard favors the de­
composition and explains the formation of the 
ethane which is evolved as a gas in the course of 
the reaction.

The low yields and many products observed 
from the reaction of acridinium salts and Grig­
nard reagent indicate that the products may not 
be formed in a single reaction but rather in a se­
ries of concurrent ones. If we generalize in re-

(10) Lehmstedt and Hundertmark, Ber., 63, 1239 (1930).
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gard to a reaction such as reaction 8, it may be 
seen that the Grignard reagent may add in two

X ~  +  R " M g X ----->  (8)
(X )

different ways in a 1,4-manner and in a larger 
number of ways if the less likely 1,2-addition is to 
be considered. The MgX portion may therefore 
be attached through N or through C. Where the 
attachment is to N there should be formed 5,5,10- 
trisubstituted acridane; where the attachment is 
to C there is formation of a new more complex 
Grignard reagent along with generation of alkyl 
halide which may occur in at least two ways. 
Further, the various Grignards now present may 
react with the alkyl halides and unsaturates to 
give a multiplicity of products which may ac­
count for the evolution of hydrocarbon noted. 
Specifically if the C attached MgX derivative re­
acts with X there is formed a complex salt which 
gives rise to a diacridane derivative of the type 
VIII already mentioned. Further, since acridines 
may be liberated from the acridinium salts by 
Grignard reagents as previously mentioned the 
possibility of these reacting further shoulä not be 
overlooked. Pseudo-salt formation as an alter- 
nate for reaction 8 explains all of the products so 
far isolated but does not predict quite as many 
products in the case of higher homologs. The 
extent to which the formation of reduction prod­
ucts was due to unreacted magnesium was not 
determined.

Properties of 5,5-Dimethylacridane.—5,5-Di- 
methylacridane (IV) shows the typical reactions 
of a diarylamine. I t dissolves readily in concen­
trated sulfuric acid and less readily in concen­
trated hydrochloric acid to form colorless Solu­
tions from which the free base precipitates on di­
lution with water. It forms N-acetyl, N-phenyl, 
N-methyl and N-metallic derivatives, showing the 
presence of a secondary amino group. One in­
teresting reaction that indicates its similarity to 
many other hydrocarbon substituted diaryl- 
amines is the formation of 5-methylacridine by 
heating with hydrochloric acid, an essential re­
versal of the reaction by which it is formed from 
methylmagnesium iodide and 5-methylacridine. 
This reaction also occurs on refluxing IV with its 
N-sodium salt. The absence of an unsaturated 
side chain in the molecule is shown by the re­
mark able stability of IV on prolonged refluxing

R \XN
C6H4/ ^ C 6H4 

R—C

with aqueous potassium permanganate. 5,5- 
Dimethylacridane in a manner entirely similar to 
other diarylamines readily forms fairly stable 
yellow double compounds with acridine and 5- 
methylacridine.11

Experimental Part
5.5- Dimethylacridane (IV).—This compound prepared 

as previously describedla was reported as melting at 122- 
124°. After further recrystallization it was found to melt 
at 125-126°. Addition of 17 g. (0.088 mole) of 5-methyl­
acridine to a solution of 0.3 mole of methylmagnesium io­
dide in 100 cc. of w-butyl ether at 100° produced no ap­
parent reaction. When the mixture was heated to boiling, 
a vigorous reaction set in. After refluxing for thirty min­
utes the mixture was poured into ice water containing 30 
cc. of glacial acetic acid. A solid precipitated which 
proved to be 5-methylacridine hydroiodide, yield 11.5 g. 
The butyl ether layer was separated, dried and upon dis­
tillation gave 3.5 g. of a product boiling at 155° at 1 mm. 
Recrystallization gave 2.5 g. of pure 5,5-dimethylacridane 
of the same melting point as the material prepared from 
methyl N-phenylanthranilate. This compound was also 
prepared by adding 18 g. (0.092 mole) of acridone to 0.3 
mole of methylmagnesium iodide in di-^-butyl ether.. Re­
action began at 80° but, due to the insolubility of the acri­
done, it was not complete even after refluxing for thirty 
minutes. There were isolated from the crude reaction 
product, 6 g. of 5-methylacridine and 2.5 g. of 5,5-dimethyl­
acridane or yields of 44 and 17%, respectively, of these 
compounds based upon the unrecovered acridone (14 g.).

Anal. Calcd. for C15H15N: C, 86.07; H, 7.23; N,
6.70. Found: C, 86.0, 86.3; H, 7.28, 7.29; N, 6.96, 
6.80.

The acetyl derivative was prepared by reaction of IV 
with acetyl chloride and crystallization from hexane. 
It melted at 153-154°. The benzoyl derivative was pre­
pared by reaction with benzoyl chloride and, when crystal­
lized from ö-dichlorobenzene, melted at 294-297°.

5.5- Dimethylacridane is easily soluble in concentrated 
sulfuric acid from which it is precipitated by the addition 
of water. This property is useful for separating IV from 
other compounds which may be either less soluble in con­
centrated acid, or soluble and more strongly basic so that 
soluble, stable salts remain unhydrolyzed on dilution.
5,5-Dimethylacridane dissolves less readily in concentrated 
hydrochloric acid. A solid hydrochloride is not formed 
under these conditions. The free base precipitates on the 
addition of water. The Solutions both in sulfuric and in 
hydrochloric acid are colorless, thereby distinguishing the 
compound from an acridine. The reaction of IV with 
iodobenzene according to Goldberg’s12 method gave an 
N-phenyl derivative, m. p. 123°, after crystallization from 
alcohol. The mixed melting point of this derivative and of 
the parent compound was lower than either. 5,5-Di- 
methylacridane reacted with sodium or sodamide much 
like diphenylamine and formed the N-sodium derivative.

(11) Blum, B e r . ,  62, 891 (1929), described the corresponding 
double compounds of diphenylamine with these acridines as well as 
the double compound of 5-methylacridine with 5-methylacridane.

(12) Goldberg, ibid., 40, 4541 (1907).
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Forty grams of 5,5-dimethylacridane and 0.5 g. of sodamide 
were heated gently until the evolution of ammonia was 
complete. The temperature was then raised to the reflux­
ing point and maintained for forty-five minutes. A com- 
bustible gas was evolved slowly. The product was cooled 
and shaken with 100 cc. of benzene and the mixture ex­
tracted with three 50-cc. portions of 5% sulfuric acid. 
On making the extracts alkaline 2 g. of 5-methylacridine 
separated. After crystallizing from a mixture of benzene 
and hexane it melted at 117-119°. Heating a mixture of
5.5- dimethylacridane (0.3 mole), hydrogen chloride (0.15 
mole) and diphenylamine (0.45 mole) in an autoclave for 
three hours at 250° gave 5-methylacridine and a combusti- 
ble gas, presumably methane. The acid was neutralized 
and the non-aqueous portion distilled. The bright yellow 
double compound of 5-methylacridine with 5,5-dimethyl­
acridane separated on crystallization from hexane. The 
melting point, 124°, was depressed not at all or only a few 
degrees by the addition of varying quantities of 5,5- 
dimethylacridane.

Anal. Calcd. for CisH1#N-Ci4HuN: C, 86.52; H, 6.52; 
N, 6.96. Found: C, 86.65; H, 6.51; N, 7.04.

The same compound was also prepared by mixing equi- 
molecular quantities of the components dissolved in hot 
hexane or alcohol solution and cooling. Plates were se- 
cured from alcohol and needles from hexane. The corre­
sponding double compound of 5,5-dimethylacridane with 
acridine melted at 135-136° when crystallized from hex­
ane. The acridine components can be separated readily 
from these double compounds by repeated extraction with 
dilute sulfuric or nitric acid. Hydrochloric acid is less 
suitable because of the low solubility of the acridine hydro­
chlorides in water.

5,5-Dimethylacridane showed no signs of reaction with 
boiling aqueous potassium permanganate during four 
hours, the starting material being recovered unchanged.

During some experiments on the melting and freezing of
5.5- dimethylacridane it was found that a low melting (m. p. 
92-93°) form could be obtained by careful cooling. It was 
unstable in the presence of the high melting form.

5,5,10-Trimethylacridane, 5,10-Dimethylacridane and 
Related Compounds.—-The trimethyl derivative was pre­
pared by treating the sodium salt of IV with methyl iodide 
in refluxing toluene. The sodium iodide was washed out 
with water and the oil fractionally distilled. Unreacted 
IV was then separated from its N-methyl derivative by 
crystallizing from a mixture of hexane and benzene. The 
N-methyl derivative melted at 100-102°.

Anal. Calcd. for Ci6Hi7N: C, 86.04; H, 7.68; N, 
6.28. Found: C, 85.88; H, 7.64; N, 6.49.

In order to repeat the work of Stevens, et al.,9 0.072 mole 
of finely powdered 5-methylacridine methiodide13 (m. p. 
265-267°) was added to 0.30 mole of methylmagnesium 
iodide in 100 cc. of ether during five minutes. Reaction 
took place rapidly with the disappearance of the red color 
of the methiodide and with the evolution of a gas. The 
mixture was refluxed for forty minutes and then hydrolyzed 
with dilute acetic acid. Benzene (100 cc.) was added 
and the ether distilled. The residue was filtered, yielding
4.5 g. of solid material that was not identified. The ben-

(13) Hamer, J. Chem. Soc., 1002 (1930).

zene layer was distilled and yielded 10.5 g. of material at 
160-170° (1.5 mm.). This on crystallization from a mix­
ture of benzene and hexane gave 1.5 g. of crystals of m. p. 
140-141° and 1.5 g. of less pure product of m. p. 138-140°. 
This product is 5,10-dimethylacridane.

Anal. Calcd. for Ci5Hi5N: C, 86.07; H, 7.23; N,
6.70. Found: C, 86.05; H, 7.13; N, 6.99.

The mother liquor was extracted with dilute hydrochloric 
acid to remove colored by-products and on evaporation 
yielded 1 g. of crystals melting at 92-98°. These on 
crystallization from hexane melted at 100-102°, alone or 
mixed with the above described 5,5,10-trimethylacridane.

The 5,10-dimethylacridane just described was identified 
by mixed melting point with the compound prepared from 
the addition of 0.1 mole (32.1 g.) of acridine methiodide 
(m. p. 206-209°, dec.) to a well-cooled solution of 0.3 mole 
of methylmagnesium iodide in 100 cc. of ether. Reaction 
occurred with the evolution of a gas, presumably ethane, 
and precipitation of a solid. The mixture was hydrolyzed 
with ice and dilute acetic acid in the usual way. A con­
siderable amount of solid (12 g.) was filtered ofl. From the 
filtrate there were obtained acridine and 5,10-dimethyl­
acridane; yield 8.5 g. A small amount of impurity in 
the latter compound may have been 10-methylacridane.14

The solid after crystallizing twice from toluene melted 
with decomposition at about 280°.

Anal. Calcd. for C28H24N2: C, 86.55; H, 6.23; N,
7.21. Found: C, 86.87; H, 6.08; N, 7.43.

Three grams of this solid was heated to reflux for three 
minutes, during which time the temperature reached 350°. 
The product was treated with 50 cc. of concentrated hydro­
chloric acid and filtered to remove a small amount of in­
soluble matter. Several volumes of water were added. 
The oil thus precipitated soon crystallized and was then 
filtered off. Four tenths gram of acridine was recovered 
from the filtrate by distilling the organic bases precipitated 
by the addition of sodium hydroxide. The product that 
was filtered off was dissolved in benzene. In order to re­
move tracés of acridine the benzene solution was extracted 
repeatedly with dilute hydrochloric acid and finally with 
water. Distillation of the benzene solution produced 0.7 
g. of crude 10-methylacridane. It melted at 91-93° after 
recrystallizing twice from petroleum ether.

Anal. Calcd. for Ci4Hi3N: C, 86.11; H, 6.72; N, 
7.17. Found: C, 86.10; H, 6.82; N, 7.31.

A reaction of methylmagnesium iodide with acridine 
hydroiodide under the conditions used for acridine methio­
dide gave approximately a 15% yield of acridane along 
with some unreacted acridine. Attempts to isolate fi­
rne thylacridine from the products were not successful.

5,5-Diethylacridane.—Thirty grams (0.132 mole) of 
methyl N-phenylanthranilate in 150 cc. of ether was added 
to 0.6 mole of ethylmagnesium iodide in 150 cc. of ether 
during twenty-five minutes. The heat of reaction caused 
the mixture to boil. A greenish-yellow color developed 
and a small amount of precipitate appeared. Stirring was 
continued for forty minutes during which time more of the 
precipitate formed. The mixture was allowed to stand at 
room temperature for three days, hydrolyzed with dilute

(14) Bergmann, Blum-Bergmann and Christiani, Ann., 483, 80 
(1930).
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acetic acid in the usual way and distilled. The product 
boiled at 175° (2 mm.); yield 27 g. (79%).

Anal. Calcd. for CT7H2,NO: C, 79.94; H, 8.30; N,
5.49. Found: C, 79.76; H, 8.39; N, 5.66.

These values are in agreement with the empirical formula 
of <9-anilinophenyldiethylcarbinol.

The product was dehydrated by dissolving in concen­
trated sulfuric acid and pouring into water. Distillation 
of the oil obtained and crystallization from hexane sepa­
rated it into a white solid, m. p. 90-91°, and an oil, b. p. 
150-155° (2 mm.).

Anal. Calcd. for Ci7Hi9N: C, 86.02; H, 8.07; N,
5.91. Found for the solid: C, 85.99; H, 8.19; N, 6.08.
Found for the oil: C, 86.01; H, 8.10; N, 5.89. .

The oil contained a small amount of the solid and was 
probably largely an o-pentenyldiphenylamine. The solid 
was shown to be 5,5-diethylacridane by its synthesis as 
follows: 18 g. (0.092 mole) of acridone was added rapidly
to 0.3 mole of ethylmagnesium bromide in 150 cc. of «- 
butyl ether at 100°. A vigorous reaction ensued causing 
the temperature to rise to 120°. The mixture was re­
fluxed and stirred for two hours. When this was poured 
into water a greenish precipitate separated which was 
filtered off after the addition of 25 cc. of acetic acid and 
standing overnight; yield 7 g.; m. p. 250-270°. The 
ether layer was separated and distilled. A fraction, b. p. 
150°(2 mm.)-165° (3 mm.), weighing 11 g. and a residue 
of 5 g. was obtained. The fraction, b. p. 150°(2 mm.)- 
165° (3 mm.) gave 7 g. (34% yield) of 5,5-diethylacridane 
which when recrystallized from hexane melted at 90-92°

alone or mixed with the solid product obtained from methyl 
N-phenylanthranilate.

5,5-Di-w-butylacridane.—This compound was prepared 
in refluxing ethyl ether from 13 g. (0.067 mole) of acridone 
and 0.4 mole of «-butylrnagnesium bromide. The initial 
reaction took place rapidly. After thirty minutes the ethyl 
ether was distilled off and the mixture refluxed in «-butyl 
ether for thirty minutes. The mixture was hydrolyzed in 
the usual manner with acetic acid and the product distilled 
and crystallized from hexane; m. p. 87-88°, b. p. 173-183° 
(2 mm.). The yield of pure product was 4 g. (24%).

Anal Calcd. for C21H27N: C, 85.94; H, 9.28; N, 4.78.
Found: C, 85.96; H, 9.16; N, 4.86.

Summary
1. The preparation of 5,5-dialkylacridanes by 

the reaction of acridines, acridinium iodides, acri­
done and methyl N-phenylanthranilate with Grig­
nard reagents is described.

2. The following new compounds were pre­
pared: 5,5-dimethylacridane, 5,5,10-trimethyl-
acridane, 5,5-diethylacridane, ö-anilinophenyldi- 
ethylcarbinol, 5,5-di-n-butylacridane and the 
double compounds of acridine and 5-methylacri­
dine with 5,5-dimethylacridane.

3. The properties of 5,5-dimethylacridane are 
described in considerable detail.
A k r o n , Ohio  R e c e iv e d  F e b r u a r y  28, 1936

[C o n t r ib u t io n  from  th e  L abo r ato r ies of T he  W m . S. M e r r e l l  C o m pa n y ]

The Synthesis of Dibenzoyl Disulfide
By R. S. Shelton

Amberg and Brunsting1 recently investigated 
the use of dibenzoyl disulfide,2 and found it of con­
siderable value as an antipruritic. Their favor- 
able preliminary clinical report suggested that a 
detailed study of the properties and methods of 
preparing dibenzoyl disulfide might be of interest 
and value, especially as applied to the commercial 
production of a medicinally pure product.

A check of the previous literature3 on this prod-
(1) S. Amberg and L. A. Brunsting, Proc. Staff Meet. Mayo Clinic,

8, 443 (1933).
(2) Dibenzoyl disulfide was referred to in the original clinical 

report1 as “benzoyl persulphide,” an inaccurate nomenclature since 
it does not distinguish between the di-, tri- or tetra-sulfides, all 
of which are known [I. Block and M. Bergmann, Ber., 53, 961 
(1920)].

(3) E. Fromm, Ann., 348, 144 (1906); A. Weddige, J. prakt. Chem.,
2, 459 (1871); E. Moness, W. A. Lott, F. F. Berg and W. G. Chris­
tiansen, Portland Meeting, American Pharmaceutical Association, 
August, 1935; Wöhler and Liebig, Ann., 3, 267 (1832); A. Engel­
hardt, P. Latschinoff and S. Malyscheff, Z. chem., 11, 353 (1868);
I. Block and M Bergmann, Ber., 53, 961 (1920); J. v. Braun, ibid., 
36, 2259 (1903); A. Binz and Th. Marx, ibid., 40, 3855 (1907); S. 
Mosling, Ann., 118, 305 (1861); L. Szperl, Roczniki Chemji, 10, 510 
(1930); C. A., 25, 503 (1931).

and T. H. R ider

uct failed to give a method of preparation which 
was economically feasible.

It was found early in this investigation that so­
dium thiobenzoate is easily formed by the reac­
tion of benzoyl chloride with 35% aqueous so­
dium hydrosulfide. The thiobenzoate was not, 
however, oxidized to any great extent in the reac­
tion mixture to the desired disulfide. The reac­
tion was tried in alcoholic solution, but without 
much better result, due to the reaction of the al­
cohol with the acid chloride.

A further investigation of the oxidation of the 
thiobenzoate yielded satisfaetory results. Engel­
hardt, Latschinoff and Malyscheff4 had previ­
ously studied the oxidation of thiobenzoic acid by 
the action of air, cupric sulfate, ferric chloride, 
potassium triiodide and potassium ferricyanide. 
These and other oxidation agents were investi-

(4) A. Engelhardt, P. Latschinoff and S. Malyscheff, Z. chem., 11, 
353 (1868).
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gated and concentrated hydrogen peroxide was 
found to give the best results. It was found also 
that thiobenzoic acid is oxidized more smoothly 
than the sodium salt, and that oxygen was very 
useful in aiding the oxidation of the thiobenzoate 
as it was formed in the reaction mixture. From 
these preliminary findings, a method was de- 
veloped,5 easily applicable to large-scale produc­
tion, in which thiobenzoic acid is oxidized as com­
pletely as possible by air and oxygen at the time of 
its formation in the reaction mixture, and after 
acidification the oxidation of the filtrate is com­
pleted with concentrated hydrogen peroxide.
C6H6C0C1 +  2NaH S---->■ C6H5SÖSNa +  NaCl -f- H2S

[O ]
2C6H5COSNa (also C6H5COSH) -f H20 2 — >

C6H6COSSCOC6H5 +  H20

Experimental
A 22-liter flask is fitted with a motor stirrer, inlet tubes 

for oxygen, a tube connected to the water pump to aid in 
the removal of hydrogen sulfide and a dropping funnel. 
The flask is placed in an ice-bath, and to it is added 10.6 
liters of commercial 35% sodium hydrosulfide solution. 
The stirrer and suction pump are adjusted, the flow of 
oxygen started, and through the dropping funnel 7.4 liters 
of benzoyl chloride are added slowly over a period of five 
or six hours. The first 500 cc. of benzoyl chloride must be 
added slowly, allowing sufficiënt intervals of time for the 
materials to react completely. Failure to observe these 
precautions results in a violent reaction which is difficult 
to control. After the addition of the benzoyl chloride has 
been completed, an excess of sodium hydrosulfide solution 
is added to make sure that the reaction has gone to com­
pletion. A completed reaction is evidenced by the cessa- 
tion of hydrogen sulfide evolution. The reaction mixture 
is then allowed to stand overnight.

The following day the precipitate (about 4700 g.) is 
filtered, washed thoroughly with water to remove adher- 
ing Chlorides and dried in a stream of air. Any thioben­
zoic acid which has escaped oxidation and which may have 
adhered to the precipitate is oxidized completely by this 
process. The filtrate and washings are cooled in an ice- 
bath, then acidified with concentrated sulfuric acid. Air 
or oxygen is bubbled through the cool solution, and 1200 cc. 
of 30% hydrogen peroxide added in 25-cc. portions over 
a period of three or four days.

It is important that during this time the solution be kept 
acid, and that the oxidation by means of air and oxygen 
be continued until no more precipitate is formed. The 
precipitate is then filtered, washed with about 5 liters of 
water and added to the original erop of dibenzoyl disul­
fide. The crude'material is then broken up in small por­
tions and air dried for several days.

Many solvents were investigated in a study of the puri­
fication of the crude dibenzoyl disulfide, but none was 
found to give a pure white material from one recrystalliza-

(5) T. H. R ider and R . S. Shelton, U. S. P a ten t 2,028,246, January
21, 1936.

tion. Purification is best accomplished as follows. The 
crude dibenzoyl disulfide is dissolved in ethylene dichloride 
at 60° in the ratio of 3 kg. to 6 liters of solvent. The re­
sulting solution is faintly pink. It is important that the 
temperature of the solvent at the time of solution be 60° or 
less since the disulfide assumes a decided permanent pink 
color above that temperature. One liter of saturated 
sodium bicarbonate solution is added, and the mixture 
stirred vigorously for an hour. This is done in the ab­
sence of heat, as the prolonged heating of benzoyl disul­
fide in the presence of alkalies results in its decomposition,
i. e.
CeHfiCOSSCOCeHß +  2N aO H  ---- >•

C6H5COSNa -f- C6H5COONa -}- S +  H20

The alkali purification removes the benzoic acid which is 
present as an impurity. It was found that sodium bicar­
bonate gave less decomposition than dilute sodium hydrox­
ide.6 The layers are allowed to separate, and the ethylene 
dichloride layer is filtered. Two liters of alcohol (special 
denatured formula 3A is satisfaetory) are added to the 
filtrate which is then cooled overnight at a temperature of 
from 0 to 5°. The precipitate is filtered and washed with 
about 300 cc. of ether. The filtrate is then cooled to —15° 
and a second erop is obtained, generally of sufficiënt purity 
to be added to the first erop. The total yield of purified 
dibenzoyl disulfide, after air drying, is about 5.5 kg. (yields 
of 5.9 kg. were obtained on some runs). Yields of about 
80% of crude material were obtained; yields of purified 
material were about 65 to 70% of the theoretical.

Dibenzoyl disulfide is reported in the literature as a 
white to faintly pink crystalline solid, but there is lack of 
agreement as to its melting point. Dibenzoyl disulfide, 
purified by the method described, is a faintly pink (Norite 
did not remove this coloration) crystalline solid, melting 
with decomposition to a pink liquid between 128 and 129°, 
in a capillary tube preheated to 100°. Further recrystalli­
zation from ethylene dichloride or carbon disulfide gave 
beautiful colorless plates melting at 129-130° in the pre­
heated capillary tube or at 132° on the bar.7

Anal. Calcd. for Ci4Hi0O2S2: C, 61.27; H, 3.67; S, 
23.38. Found: C, 60.68; H, 4.21; S, 23.55.

Analytical Degradations of Dibenzoyl Disulfide8
In an effort to establish beyond doubt the structure of 

the product prepared by the above method, we have found 
that in addition to the routine sulfur analysis, it was ad- 
visable to work out a method of analytical degradation 
by which the benzoic acid could be recovered. While it 
was found possible to prepare benzanilide quantitatively 
by simple refluxing with aniline, it was impossible to free 
the benzanilide completely from sulfur without loss of 
the benzanilide. Dibenzoyl disulfide was found to be 
quite resistant to hydrolysis under most conditions, but 
the following method gave yields of from 98 to 99.2% 
of benzoic acid.

(6) Grateful acknowledgment is made to Dr. E. S. Cook for sug- 
gesting the use of sodium bicarbonate and for checking the method of 
preparation and purification.

(7) L. M. Dennis and R. S. Shelton, T h is  Jo u r n a l , 52, 3128 
(1930).

(8) The method described was worked out by E. S. Cook and Karl 
Bambach.
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Procedure for Analytical Degradation of Dibenzoyl Di­
sulfide to Benzoic Acid.—Reflux 1 g. of dibenzoyl disulfide 
with 30 ec. of 40% w /v potassium hydroxide solution 
in a 100-cc. round-bottomed flask for three hours. Cool, 
transfer to a separatory funnel (rinsing out flask with 
water), acidify with concentrated hydrochloric acid, and 
allow to cool. Shake the benzoic acid into ether, using 
five portions (total of 120 cc.) and collect the ether extracts 
in another separatory funnel. Wash the ether with 25 
cc. of approximately 0.1 N  hydrochloric acid, and then 
wash this aqueous portion with 15 cc. of ether. Combine 
the ether extracts and filter through cotton into a beaker, 
washing the cotton with fresh ether. Evaporate the ether 
with the aid of a stream of air. (Evaporation may be 
hastened by placing the beaker in a water-bath at not 
over 40° until 30 cc. remains; then remove from water- 
bath and complete removal with air.) Treat the residue 
with a solution of 1.5 g. of sodium bicarbonate in 50 cc. of 
water. Warm the mixture and allow it to stand until all 
the benzoic acid has dissolved; the sulfur will be practically

insoluble. Filter the liquid through a coatse filter paper 
into a separatory funnel and wash the paper thoroughly 
with water. Acidify the sodium benzoate solution with 
10% hydrochloric acid, allow it to cool, and shake out the 
benzoic acid with chloroform, using five portions (total 
of 100 cc.). Collect the chloroform extracts in another 
separatory funnel. Wash the chloroform with 20 cc. of 
approximately 0.1 N  hydrochloric acid, and then wash this 
aqueous portion with 10 cc. of chloroform. Filter the 
combined chloroform extracts through cotton into a tared 
beaker and evaporate the chloroform with the aid of a 
stream of air, placing the beaker in a water-bath at a 
temperature of not over 40° as before. Dry the benzoic 
acid overnight in a vacuum desiccator over sulfuric acid 
and weigh.

Summary
A new practical method for preparing medici- 

nally pure dibenzoyl disulfide is described. 
C in c in n a t i , Ohio  R e c eiv ed  A pr il  6, 1936

[C o n t r ib u t io n  from  T h e  B u r r o u g h s  W ellcome a n d  Co., U. S. A ., E x p e r im e n t a l  R e sea rc h  L a b o r a t o r ies]

Some N-Aryl Barbituric Acids

B y J oh annes S. B uck

In connection with a study of the hypnotic ac­
tion of certain unsymmetrical alkylaryl ureas,1 
it was desirable to obtain a series of 1-aryl barbi­
turic acids, having the aryl group the same both 
for the ureas and for the barbituric acids. Two 
series were therefore prepared, one having 5,5- 
diethyl groups and the other 5,5-ethyl-w-butyl 
groups, the N-aryl groups in both series being 
phenyl, o-, m- and ^-tolyl, o-, m- and ^>-anisyl,
o-, M- and ^-phenetyl, and a- and ß-naphthyl.

Hjort and Dox2 have previously described 
briefly four of the diethyl compounds, but they 
failed to crystallize the 1-phenyl-5,5-ethyl-^- 
butyl compound, and to obtain the l-£-ethoxy- 
phenyl-5,5-ethyl-/z-butyl derivative. The com­
plete series (24) is here described. The pharma­
cological examination will be published in another 
place.

Experimental
The ethyl diethylmalonate used was purchased. Ethyl 

w-butylethyhnalonate was prepared in good yield by butyl- 
ating ethyl ethylmalonate, in the usual way by means of 
sodium ethylate and ra-butyl iodide. The ester boiled 
sharply at 109° (1.4 mm.) or 125-126° (11 mm.). When 
prepared by ethylating ethyl w-butylmalonate, no sharp 
boiling point could be obtained.

(1) Hjort, deBeer, Buck and Ide, J. Pharmacol., 55, 152 (1935).
(2) Hjort and Dox, ibid., 35, 155 (1929).

The barbituric acids were all prepared by the usual reac­
tion. 0.05 mole (10.8 g. and 12.2 g.) of the dialkylmalon- 
ate was added to 0.2 atom (4.6 g.) of sodium dissolved in 
the minimum amount of absolute alcohol; 0.05 mole of 
the requisite urea was added and the mixture refluxed for 
four to five hours. The solution was then cooled, diluted 
with water, made just acid to Congo red, and most of the 
alcohol removed, by a current of air, on the steam-bath. 
The residue was extracted with ether and the ether washed 
three times with saturated sodium bicarbonate solution, 
to remove hydrolysis products (very little of the barbituric 
acid was lost). The washed ether was then extracted with 
80 cc. of 10% sodium hydroxide solution, water being added 
if necessary. On acidification of the alkaline solution the 
barbituric acid separated, usually as an oil, and was ex­
tracted with ether or filtered off and recrystallized until 
pure, alcohol or slightly aqueous alcohol being the solvent, 
unless otherwise noted. A few of the ethyl-w-butyl com­
pounds were very difficult to purify and required elaborate 
treatment.

The bicarbonate washings contain uncyclized com­
pounds, which are usually small in amount. They can 
be isolated by acidifying the solution. Some were ex­
amined but are not recorded here. The residual ether con­
tains unchanged urea, ester and decomposition products.

The barbituric acids are tabulated below. Variations in 
the foregoing procedure are indicated in footnotes. The 
compounds are all white, crystalline and tasteless. They 
are soluble in cold 5% sodium hydroxide solution, practi­
cally insoluble in water, slightly soluble to insoluble in 
petroleum ether (the low-melting ones are more soluble), 
moderately to readily soluble in ether, readily soluble to 
very soluble in alcohol, and from moderately soluble to
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T a b le  I
1-Aryl-5,5-diethyl B arbituric  A cids

Analyses, % N
Aryl radical Appearance ei0Äi Formula Calcd. Found

Phenyl** Small thick glittering plates 178 C14Hi603N2 10.76 10.83
0-Tolyl Small glittering reet. plates 182 c 15h 18o 3n 2 1 0 .2 2 10.13
w-Tolyl Small striated prisms 133 CiöHi803N2 1 0 .2 2 10.09
£-Tolyl6 Glittering prisms 155.5 Ci5H i80 3N 2 1 0 .2 2 10.28
d-Anisyl Nodules of small reet. plates 176.5 C15H1804N2 9.65 9.66
m-Anisyl Masses of fragmentary prisms 115-116 C15H1804N2 9.65 9.73
/>-Anisylc Thin flat prisms 129 c 18h 18o4n 2 9.65 9.66
o-Phenetyl Small flat reet. prisms 159 C16H20O4N2 9.21 9.18
m-Phenetyl Small nodules of prisms 114 C16H20O4N2 9.21 9.08
£-Phenetylrf Glittering small octahedra 160 C16H20O4N2 9.21 9.24
a-Naphthyl Aggregates of small flat prisms 207 Ci8H is0 3N2 9.03 9.01
jÖ-Naphthyl Nodules of tiny prisms 146 Ci8Hi80 3N2 9.03 8.97

° Hjort and Dox2 give m .p. 177°. feM .p. given as 152-153 °. c M. p. given as 126-127°. d M. p. given as 152-
153°.

T able II
1-Aryl-5,5-ethyl-w-butyl B arbituric  A cids

Aryl radical Appearance M. p., °C. Formula
Analyses, % N  

Calcd. F'ound

Phenyl“’6 Powder of minute nodules ca. 70 Ci6H2o0 3N2 9.72 9.83
o-Tolyl“ Small stout rhombs 135 Ci7H2203N2 9.27 9.33
m-To\y\i,b Powder of minute nodules ca. 89 Cl7H220 3N2 9.27 9.28
p-Tolyl' Small stout rounded prisms 142 Ci7H220 3N2 9.27 9.33
o-AnisyP Slightly glittering small prism. nodules 139.5 Ci7H220 4N2 8.80 8.82
m-Anisyl Chalky small nodules 102.5 C17H2204N2 8.80 8.82
^-Anisyl Bulky obscure prism aggregates 124 Ci7H2204N 2 8.80 8.84
ö-Phenetyl Granulär tiny prisms 131 C18H2404N2 8.43 8.48
m-PhenetyP,& Chalky bulky tiny nodules 84-85 Ci8H2404N2 8.43 8.36
^-Phenetyl*1 Granulär small stout prisms 100 C18H2404N2 8.43 8.39
a-Naphthyl4 Glittering stout prisms 182 c20h 22o3n 2 8.28 8.42
ß-Naphthyl Dull white crusts 126 C2oH220 3N2 8.28 8.32

° Not obtained crystalline by Hjort and Dox.2 Reaction product was distilled (b. p. 203° at 0.5 mm.), rejecting the 
white Sublimate first over. The distillate (stiff resin) was repeatedly recrystallized from carbon disulfide-heptane at 0°, 
a very tedious Operation. The melting point is unsharp. The compound is very soluble in the usual solvents.

b These three compounds have recently been obtained crystalline, without the use of distillation, but distillation is 
preferable, and is essential in order to obtain seeding crystals. 

c Repeatedly recrystallized from ether. 
d As footnote a. B. p. 212° (0.6 mm.).
* After three recrystallizations from aq. alcohol, the product was partly dissolved in ether and the residue recrystal­

lized from ether.
f Benzene used for extractions in place of ether.
3 The reaction product was distilled (b. p. 225-230° at 1.2 mm.) rejecting the white Sublimate first over. The dis­

tillate was dissolved in carbon disulfide, precipitated with petroleum ether, and kept at the b. p. (216° at 0.5 mm.) until 
about one-third had distilled over. The residue was crystallized from carbon disulfide-heptane and recrystallized from 
heptane, then ether, all at 0°. Many months were needed to obtain crystals. 

h Hjort and Dox2 obtained only an uncyclized product.
1 After three recrystallizations from alcohol, the product was again extracted with ether and the ether ext racted with 

another portion of sodium hydroxide solution. After acidification, the precipitate was recrystallized from alcohol, partly 
dissolved in ether, and the residue recrystallized from alcohol.

very soluble in benzene. The average yield, after drastic 
purification, is about one-half the weight of ester used, but 
considerable additional amounts may be recovered from the 
crystallization liquors. In general, the w-aryl compounds 
show greatly increased solubility and lower melting points, 
than the ortho and para isomers. The ethyl-w-butyl homo- 
logs melt lower than the corresponding diethyl compounds.

The ureas used are mostly described, with appropriate

references, by Buck, Hjort and deBeer.3 ^-Phenetyl 
urea was purchased from the Eastman Kodak Co, a- 
Naphthyl urea4 and ß-naphthyl urea4a were made by the 
nitrourea-alcohol method.ö

(3) Buck, Hjort aud deBeer, J. Pharmacol., 54, 188 (1935).
(4) Beilsteins "Handbuch der organ. Chem.,” 4 Auf!., XII, p. 

1238; (4a) ibid., p. 1292.
(5) Buck and Ferry, T h is  J o u r n a l , 58, 854 (1936).
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The analyses (micro-Dumas) were carried out by Mr. 
W. S. Ide. The melting points are corrected.

Summary

A series of l-aryl-5,5-diethyl barbituric acids, 
and a series of l-aryl-5,5-ethyl-^-butyl barbituric 
acids, have been prepared, the substituent N-aryl

groups in both series being phenyl, o-, m- and p- 
tolyl, o m -  and ^-anisyl, o-, m- and ^-phenetyl, 
and a- and ß-naphthyl. The aryl radicals were 
selected in order that comparisons might be made, 
pharmacologically, with a series of alkylaryl ureas 
having these radicals.
T uckahoe, N ew  Y ork R eceived  April 23, 1936

[261 st C o n t r ib u t io n  fr o m  t h e  I n d u st r ia l  F arm  P ro d u c ts R e se a r c h  D iv is io n , B u r e  au  of Ch em ist r y  a n d  S o il s ,
U n it e d  S t a tes  D e pa r t m e n t  of A g r ic u l t u r e ]

Biochemical Studies in the Genus Rhizopus. I. The Production of Dextro-Lactic
Acid1

By G. E. W a r d , L. B. Lockwood, O. E. M ay  a n d  H. T. H errick

Introduction
The production of lactic acid by microörgan- 

isms has, in general, been regarded heretofore as 
an attribute of bacteria, and not characteristic of 
the fungi. The prevailing conceptions regarding 
the relation of lactic acid to microbiological me- 
tabolism were summarized by Raistrick2 in 1932: 
‘ Tt is a striking fact that lactic acid has never been 
reported as a mould metabolic product, although 
it is produced in larger or smaller quantities by 
many bacteria.” Raistrick and other authors 
who have made similar statements have prob­
ably had in mind the biochemical activities of or- 
ganisms of genera such as Aspergillus, Penicillium 
and Fusarium, which, indeed, have never been 
known to yield lactic acid. However, several in- 
vestigators have reported lactic acid production 
in varying quantities by certain organisms of the 
genera Rhizopus and Mucor.

Since an accurate summary of the literature has 
never before appeared, and since some of the work 
is not conveniently reached or translated, it is 
briefly summarized here. In 1894, Eijkmann3 
suggested that the small quantity of acid produced 
by Mucor rouxii (rouxianus) was probably lactic 
acid, and .Chrzaszcz4 later confirmed this view. 
Shortly thereafter there were issued patents5 
which described the production of lactic acid by a 
mold termed “Lactomyces.” The culture was of 
doubtful authenticity, but was probably a Rhizo-

(1) Presen ted in part before the Section of Biological Chemistry 
of the American Chemical Society, April, 1935, New York City, 
N. Y.

(2) Raistrick, Ergebnisse Enzymforsch., 1, 362 (1932).
(3) Eijkmann, Zentr. Bakt. Parasitenk., 16, 97 (1894).
(4) Chrzaszcz, ibid. II, 7, 326 (1901).
(5) Boullanger, British Patent 13,439 (1899); German Patent 

118,063 (1901).

pus. In 1911, Saito6 reported that Rhizopus 
chinensis produced l-lactic acid when cultivated 
on glucose Solutions, and in 1919, Ehrlich7 stated 
that in cultures of certain Rhizopus species which 
produced principally fumaric acid, there occurred 
small quantities of d-lactic acid, succinic acid, and 
/-malie acid.

Takahashi and co-workers8 showed that up to 
38% of the fermented glucose was converted to 
/-lactic acid by certain species of Rhizopus. Vary­
ing quantities of fumaric acid, succinic acid, Z- 
malic acid, formic acid, acetic acid and ethyl 
alcohol were also found in these cultures. In 
1933, Takahashi and Asai9 found that four spe­
cies of Mucor produced tracés of lactic acid, in 
addition to acetaldehyde, ethyl alcohol, pyruvic 
acid and succinic acid. Ethyl alcohol was the 
principal product of these fermentations.

In 1930, Kenji Miyaji10 reported that a new 
Monilia species isolated from commercial cultures 
of soy sauce produced d-lactic acid and succinic 
acid when cultured on artificial media containing 
glucose.

The highest yields of J-lactic acid from carbo- 
hydrates by fungi heretofore obtained were re- 
cently reported by Kanel,11 who found that a fun­
gus resembling Rhizopus japonicus converted 38 
to 40% of the consumed invert sugar or starch to 
this acid. Fumaric acid accumulated in older

(6) Saito, Zentr. Bakt. Parasitenk. II, 29, 289 (1911).
(7) Ehrlich, Ber., 52, 63 (1919).
(8) Takahashi and Sakaguchi, J. Agr. Chem. Soc .{Japan) ,1, 46 

(1925); Takahashi, Sakaguchi and Asai, Buil. Agr. Chem. Soc. 
(Japan), 2, No. 5, 61 (1926).

(9) Takahashi and Asai, Zentr. Bakt. Parasitenk. II, 89, 81 (1933).
(10) Kenji Miyaji, G ifulm p. Coll. of Agr. (Japan) Research Buil., 

10 (1930).
(11) Känel, Microbiology (U . 5. 5. R.), 3, 259 (1934).
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Table I

Summary of M etabolic Activities of Acid-Producing R hizopi

Organism....................................'---- Rhizopus oryzae 394 , .---------R. oryzae 395----- —s ,— ------ R. arrhizus 519--------
Nitrogen source NH4NO3 (NH4)2S04 Urea NH 4NO3 (NH4)2S04 Urea NH4NO3 (NH4)2S04 Urea

Age at harvest, days 16 16 16 16 16 16 21 21 21
Weight of mycelium, g. 0.35 0.64 0,87 0.32 0.59 0.80 0.09 0.08 0.14
Glucose consumed, g.12 8.3 10.2 10.8 8.3 9.7 10.6 8.8 9.9 9.9
Lactic acid found, g.13 4.90 5.51 4.58 5.11 5.25 4.98 3.34 4.08 3.19
Fumaric acid found, g.14 None None None None None None None None 0.017
Calcium in solution, g. 1.25 1.46 1.29 1.29 1.40 1.31 0.86 0.96 0.71

practically
Calcium as lactate, % 87 84 . 79 88 84 85 86 95 100
Calcium as fumarate, % None None None None None None None None Trace

Yield of lactic acid based on glucose con­
sumed, % 59 54 42 62 54 47 38 41 32

Water of crystn. of desiccated zinc lactate, % 13.05 13.00 12.91
Sp. rot. of anhyd. zinc lactate, 4% soln. -8 .4 ° —8.3° - 8 .2 °

O r  jr a n  t «j t î ,____ R _ _E> ST O KOK
Nitrogen source NH4NO3 (NH4)2S04  Urea NH4NO3 (NH4)2S0 4 Urea

<-------------av* Uf tJOfJ------ ----—
NH4NO3 (NH4)2S04 Urea

Age at harvest, days 21 21 21 20 20 20 21 21 21
Weight of mycelium, g. 0.73 0.91 1.20 Lost Lost Lost 0.46 0.78 1.12
Glucose consumed, g.12 7.3 10.4 10.6 7.0 9 .0 9.0 6.2 9.0 10.5
Lactic acid found, g.13 2.97 4.32 4.22 1.74 3.90 2.96 a 2.05 2.00
Fumaric acid found, g.14 0.28 0.34 0.46 0.74 0.89 0.41 a 1.03 1.28
Calcium in solution, g. 0.98 1.25 1.26 0.77 1.17 0.87 a 1.08 1.12

Calcium as lactate, % 67 77 75 . 51 74 76 a 43 39
Calcium as fumarate, % 10 9 13 33 26 16 a 33 34

Yield of lactic acid based on glucose con­
sumed, % 41 41 40 25 43 33 a 23 19

Water of crystn. of desiccated zinc lactate, % 13.28 12.81 Zinc lactate not isolated
Sp. rot. of anhyd. zinc lactate, 4% soln. —7.1° - 7 . 3 °

a Relatively poor development. Complete analysis not made.

cultures, in addition to small quantities of other 
unidentified acids.

Discussion
In the course of a survey of the biochemical ac­

tivities of fungi of the genus Rhizopus conducted 
in this Division, it was found that certain organ- 
isms, when cultivated on a glucose-nutrient me­
dium in the presence of calcium carbonate, in- 
duced a vigorous fermentation, with the forma­
tion of soluble calcium salts, which were found to 
consist principally of calcium d-lactate, with vary­
ing quantities of calcium fumarate. Two of the 
organisms (.Rhizopus oryzae 394 and R. oryzae 395) 
were outstanding in their ability to convert glu­
cose to d-lactic acid, the yields of up to 62% far 
exceeding those previously reported for fungi.

Ammonium nitrate, ammonium sulfate, and 
urea were satisfaetory nitrogen sources, but none 
of the organisms developed well or utilized the 
glucose to an appreciable extent when sodium ni­
trate was supplied. When cultivated in the ab-

(12) Shaffer and Hartmann, J. Biol. Chem,., 45, 365 (1921).
(13) Friedmann and Graeser, ibid., 100, 291 (1933).
(14) Hahn and Haarmann, Z. Biol., 87, 107 (1927).

sence of calcium carbonate, the organisms gen­
erally utilized only a small quantity of the glucose, 
and developed in the medium only a slight acidity, 
usually equivalent to not more than 30 cc. of 0.1 
N  potassium hydroxide per flask (75 cc. of culture 
solution).

Certain strains (two strains of Rhizopus sp., 
four strains of R. nigricans, one of R. microsporus 
and one of R. chinensis) produced very little acid 
under any of the conditions studied. Some 
strains, particularly one R. nigricans and the R. 
chinensis, formed appreciable quantities of ethyl 
alcohol when urea was used as the nitrogen source 
and calcium carbonate was absent.

A summary of the activities of organisms which 
were noteworthy in acid production is presented 
in Table I. Calcium carbonate was present in all 
these cases.

From the data presented, it is evident that sev­
eral Rhizopi are able to convert the major portion 
of the glucose substrate to ^-lactic acid, and that 
two organisms, R. oryzae 394 and R. oryzae 395, 
are outstanding in this respect. Fumaric acid is 
often formed in small quantities by the good lactic
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acid producers, and is formed in considerable 
amounts by certain other species, especially by 
R. oryzae 585. I t should be mentioned that sub­
sequent work has shown that fumaric acid pro­
duction by R. oryzae 394 and R. oryzae 395 is a 
variable function, and small amounts may or may 
not be present, dependent upon such factors as 
temperature, age of the cultures, variations in the 
components of the medium, etc. Data involving 
this phenomenon and further physiological studies 
will be presented in a later communication.

All the products of the fermentation have not 
been identified. The species listed in Table I 
develop some acidity due to compounds other than 
lactic and fumaric acids. Many of the Solutions 
give a positive Denigès test for .malie acid, and 
occasionally there have been obtained tracés of an 
acid melting at 177-180°, which suggests the 
presence of succinic acid. The acidity due to 
volatile acids is exceedingly small. I t is conceiv- 
able that there might exist in these biological 
Systems an equilibrium between succinic acid, 
fumaric acid, malie acid, and perhaps oxalacetic 
acid, such as has been the subject of recent inten­
sive investigations of tissue metabolism. The 
authors are studying this question more fully 
from the standpoint of fungus metabolism.

The 62% yields of d-lactic acid given by R. 
oryzae 395 are ngt only reproducible, but the au­
thors have occasionally attained a yield of 65 to 
67% based on the glucose consumed.

Experimental Part
All the cultures were grown at 30° on approxi­

mately 15% Solutions of commercial hydrated 
glucose (91.5% d-glucose, 8% moisture, 0.4% 
dextrins), with other nutriënt constituents as 
MgS04-7H20, 0.25 g. per liter; KH2P 0 4, 0.30 g. 
per liter; NH4N 03, (NH4)2S04, N aN 03 or urea 
as nitrogen sources, to yield 0.5 g. of nitrogen per 
liter.

Each Variation was studied in triplicate using 
75 cc. of nutriënt solution in 200-cc. Pyrex Er-

lenmeyer flasks. Each Variation of nitrogen 
source was studied with and without the addition 
of calcium carbonate at the rate of 4 g. per flask. 
The calcium carbonate was sterilized separately, 
and added to the sterile nutriënt solution at the 
time of inoculation.

At the conclusion of the incubation period, the 
culture liquors were analyzed for residual glucose, 
calcium ion, lactic acid and fumaric acid, as indi­
cated in Table I.

In addition to the examination of its zinc salt, 
the lactic acid was also identified by the prepara­
tion of ethyl lactate (b. p. 154°) and the vacuum 
distillation of the acid itself (b. p. 119° at 12 mm.).

By virtue of its favorable partition coëfficiënt, 
the fumaric acid could be separated qualitative^ 
from lactic acid in the first ether extracts of the 
acidified culture solution, and could then be puri­
fied by recrystallization from water. The melt­
ing point (285° dec.), neutralization equivalent 
(58), and melting point of the ^-nitrobenzyl ester 
(150°) proved its identity.

In conclusion, the authors wish to mention that 
the study of the 14 species of Rhizopus reported 
here represents only the beginning of an investi­
gation of the biochemical activities of the entire 
genus. About eighty species of the authors' col- 
lection have not yet been investigated, it having 
been considered desirable to study in more detail 
the production of d-lactic acid by the vigorous or­
ganisms already encountered.

Summary
Several species of Rhizopus are able to convert 

glucose to d-lactic acid when cultivated in the 
presence of calcium carbonate. The yields of 
62%, based on glucose consumed, are noteworthy 
in view of the 40% yields which are the highest 
previously reported. The lactic acid is accom- 
panied by variable quantities of unidentified acids, 
and may or may not be associated with variable 
quantities of fumaric acid.
W a sh in g t o n , D . C. R e c eiv ed  A pr il  23, 1936
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Tetrachloroethane-1,2-4 (jjy^-Dideuteriotetrachloroethane)

By Fritz W. Breuer
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Studies on organic compounds of deuterium, in 
progress in this Laboratory,1 have been extended 
to the chlorination of acetylene-^ to give sym- 
dideuteriotetrachloroethane. A well controlled 
combination of the gases was effected by a nega­
tive catalyst. In common with other deuterium 
compounds the difference in density (d204) 1.6118 
as compared with 1.5943 for ordinary yym-tetra­
chloroethane, prepared in precisely the same way 
in the same apparatus, is most pronounced. As­
suming the same molecular volume for the “light" 
and “heavy” compound the calculated density is 
1.6136. The boiling point is about 0.5° higher 
than that of the ordinary compound, and it was 
found that the vapor pressures differ consider- 
ably.2 Refractive indices (w20d) of the deuterio 
and known compounds are 1.4824 and 1.4940, re­
spectively. In the Raman spectrum3 all lines pre­
dicted for the new substance are actually observed. 
The observation of Urey and Price4 of the slow 
interaction of aluminum Carbide and deuterium 
oxide finds its analog in the low rate of evolu­
tion of “heavy” acetylene from calcium Carbide. 
In the catalyzed reaction of ordinary and deuterio- 
acetylene with chlorine no appreciable difference in 
rates was noticed.

Experimental Part
Most of the methods described for the synthe­

sis of sym-tetrachloroethane were tested for their 
suitability to small scale preparations involving 
the least risk of explosions. Finally the indus- 
trially used procedure utilizing the combination 
of acetylene and chlorine on a freshly prepared 
deposit of certain metal chlorides on a carrier was 
chosen. It was worked out carefully using or­
dinary water first.

Apparatus and Procedure.—The general assembly of the 
apparatus is shown diagrammatically in Fig. 1. The prin­
cipal parts are an acetylene generating flask (a) with 
dropping funnel (&'), a storage system of four 500-ml. 
bulbs (b, b', b", b'") interconnected by three-way

(1) (a) Whitmore and co-workers, T h is  Jo u r n a l , 56, 749 (1934); 
(b) Breuer, i b i d . ,  57, 2236 (1935).

(2) Cf. Lewis and MacDonald, i b i d . ,  55, 3057 (1933), and Taylor 
and Junger, i b i d . ,  55, 5057 (1933), for an explanation of vapor pres­
sure differences of protium and deuterium compounds.

(3) To be published elsewhere by D. H. Rank of the Physics De­
partment of the Pennsylvania State College.

(4) Urey and Price, J. Chem. Phys., 2, 300 (1934).

stopcocks, and using redistilled mercury as a confining 
liquid, a leveling bulb with customary air trap; two reac­
tion tubes (c, c') made of heavy-walled (bomb) tubing, 
diameter 15 mm, length 15 and 30 cm., respectively, with 
cap joint for the gas inlets and Standard tapered5 glass 
joint for the attachment of receivers (d, d') of the conven- 
tional type for the immersion in a cooling bath, and a ter­
minal bubble counter (e). The all-glass chlorine purify- 
ing train consisted of a platinized asbestos-manganese 
dioxide catalyzer tube, heated electrically to 450°, gas 
wash bottles containing saturated potassium perman­
ganate solution and concd. sulfuric acid, a pressure regu­
lator (f) for the adjustment of the gas velocity and a capil­
lary flow control with bubble counter (g). The catalyst, 
a mixture of 7.5 parts of ferric oxide, 7.5 parts of reduced 
iron, 15 parts of aluminum oxide, 5.5 parts of antimony 
metal (powdered) and 15 parts of clean quartz sand, which 
components had been either ignited or dried in vacuo at 
110°, was suspended on ignited asbestos and packed rather 
loosely in the reaction tubes. They were wrapped with 
wire gauze and after attaching to the assembly the forma­
tion of the metal chlorides was started by a slow stream of 
chlorine. Part of the more volatile chlorides was ex- 
pelled.

A constant and controllable rate of acetylene from the 
storage flasks to the reaction tubes was secured by a device 
consisting of a 12-liter carboy, filled with a 7-crn. layer of 
redistilled clean mercury and a heavy walled siphon tube 
with a set of two capillary stopcocks for the adjustment 
and shutting of the mercury flow.

Especially pure calcium Carbide lrindly supplied by Car­
bide and Carbon Chemicals Corporation, a light brown 
material, was crushed with exclusion of moisture and the 
inner cores powdered in an atmosphere of dry nitrogen. 
Generator (a) was charged with 8 g. (0.13 mole) of Carbide 
and covered with a 3-mm. layer of ignited quartz sand. In 
the side-arm a layer of powdered calcium Carbide was se-

(5) See I n d .  E n g .  C h e m . ,  N e w s  E d i t i o n ,  10, 268 (1932).
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cured between plugs of glass wool. The thoroughly dried 
acetylene generating and storage part of the system was 
outgassed most carefully through three-way stopcoek
(u), heating the carbide to 250°. Four cc. (0.22 mole) of 
deuterium oxide (d204) 1.1071 was placed in dropping 
funnel (a') and permitted to react slowly with the carbide. 
Formation of “heavy” acetylene and the simultaneous re­
moval of mercury from the storage bulbs were controlled 
so that the gas pressure was kept close to atmospheric, as 
indicated by manometer (m). Deuterium oxide was 
added in small portions whenever no change in pressure 
was noted during one-half hour. After sixty hours all of 
the “heavy” water had reacted, while the same volume of 
ordinary water had been used up in very considerably less 
time. Unreacted deuterium oxide was expelled by heating 
the generator to an oil-bath temperature of 170°, and 
brought into reaction with fresh carbide in the side arm. 
By simultaneously cooling the bulbs (b, etc.) with dry ice 
and keeping the generator at 170° most of the gas was 
transferred in the storage system and a nearly theoretical 
yield of acetylene-d2 was obtained.

For the chlorination process a 100-watt incandescent 
bulb with metal reflector was placed at a distance of ap­
proximately 40 cm. from the reaction tube (c) and 16 cc. 
of chlorine per minute passed through the tubes prior to 
admitting the acetylene at a rate of 4 cc. per minute. 
Combination of the gases started immediately as indicated 
by the warming of tube (c) and the formation of a liquid 
reaction product. As a matter of precaution tube (c') 
was heated slightly by the flame of a wmg-top bumer. 
Very little gas passed through the terminal bubble counter 
(e), until the acetylene storage flasks were emptied (fifteen 
hours). The reaction products were expelled completely 
in receiver (d), which was kept at —10°, by repeated heat­
ing of tube (c) in a stream of chlorine, finally to the Sub­
limation temperature of ferric chloride. No material had 
formed in reaction tube (c'). A yield of 14.5 g. of tetra- 
chloroethane-1,2-^2 (78% of the theoretical amount, based 
on deuterium oxide) was obtained.

Purification and Physical Constants.—-Re­
ceiver (d) was attached by Standard tapered glass 
joint to the pot of a partial reflux type fraction- 
ating column (length of packed6 section 37 cm., 
inner diameter 0.7 cm.) with sealed on pot and

(6) Wilson and others, T h is  J o u r n a l , 55, 2795 (1933).

multiple receiver, and transferred at 60 mm. 
pressure. Using a reflux ratio of 10:1 two frac­
tions boiling at 68.8-70.7°, and 70.7° were col­
lected, and the latter refractionated at 89 mm. 
to give three cuts with boiling ranges of 77.5- 
79.5°, 79.5-80° and 80°. From the middle frac­
tion (8.5 g.) the density, boiling point, melting 
range and refractive index were determined by 
a technique described in an earlier paper.lb

CDCbCDCb CHCI2CHCI2

d™ 4 1.6118
n 20D 1.4924
B. p., °C.(737 mm.) 145.7 ± 0 .0 5

1.5943
1.4940

145.2 ±  0.05

The melting curves of both deuteric and ordinary 
compounds indicate that these substances are not 
quite pure; nevertheless it was found that the 
“heavy” compound melts 0.2-0.5° higher than its 
protio analog. Preliminary measurements of 
vapor pressure differences of the “light” and 
“heavy” compound, taken at 5° intervals over 
the range +20-80° indicate that the vapor pres­
sure of the deuteric compound is from 9-6% 
lower.

Grateful acknowledgment is made to the Car­
bide and Carbon Chemicals Corporation for the 
very pure sample of calcium carbide and to Dr.
D. H. Rank of the Physics Department of The 
Pennsylvania State College for the permission to 
mention some of his as yet unpublished results. 
Particular thanks are due Dean Frank C. Whit- 
more of the School of Chemistry and Physics who 
made possible and greatly encouraged the present 
work.

Summary
Tetrachloroethane-l,2-d2 has been prepared 

and some of its physical constants have been de­
termined.
State C o lleg e , Pa. R e c e iv e d  M ay  4, 1936
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[C o n t r ib u t io n  from  B r o oklyn  P oly tec h n ic  I n s t it u t e , B r o o k l y n , N. Y.]

Vapor Pressures of Saturated Aqueous Solutions. Monoammonium a n d
Diammonium Acid Phosphates

By Edward J. Roehl

In connection with other current research work, 
the author has determined the vapor pressure 
curves for saturated aqueous Solutions of mono- 
ammonium and diammonium acid phosphates over 
a temperature range.

A search of the literature failed to reveal data 
for the diammonium salt, and the only record for 
the monoammonium salt seems to be that of Ed­
gar and Swan1 over the limited temperature range 
of from 19 to 30°.

Experimental Method
The isoteniscope of Smith and Menzies2 was 

employed. The bulb of the isoteniscope had a 
capacity of about 15 ml., and was connected to a 
10-liter bottle as reservoir. The manometer was 
of the closed end type described by Roehl3 and 
was read by means of a cathetometer. The usual 
precautions as to temperature control, stirring, 
etc., were employed. A saturated solution of the 
salt was used as the confining liquid. The two 
ammonium phosphates were prepared by crystal­
lizing commercial c. p . Chemicals repeatedly from 
water. In all cases, duplicate determinations 
were made upon separate samples, and in several 
cases other duplicate determinations were made 
on samples which had been still further purified 
by recrystallization. The curves were checked 
for both falling and rising temperatures.

The experimental data for the monoammonium 
salt were found to fit the equation given over a 
range of temperature from 19-90°

log P  = -2 2 4 0 / T +  8.862

with a mean deviation of 0.8% in pressure. The 
data for the diammonium salt can be represented 
by the equation given from 19-55°

lo g P  = -2 2 4 0 /T  +  8.807

with a mean deviation of 0.4% in pressure.
The only available data, those of Warren,4 give 

the following values for the ammonia pressure of 
the solid salts, and which would correspond to the 
ammonia pressures for the saturated Solutions.

(1) Edgar and Swan, T h is  J o u r n a l , 44, 570 (1922).
(2) Smith and Menzies, i b i d . ,  32, 1412 (1910).
(3) Roehl, i b i d . ,  52, 1020 (1932).
(4) W arren, i b i d . ,  49, 1904 (1927).

P r e s s u r e s  in  m m . of M er cu r y

80.24° 100° 125°
n h ,h 2p o ( 0.00 0.05
(NH4)2H P04 1.36 5.0 30.0

This indicates that the ammonia pressure over 
the saturated solution has not reached an appre­
ciable value for the monoammonium salt at 100° 
and for the diammonium salt at 55°.

I t was found that the data for the two salts gave 
parallel straight lines when plotted as log P  
against l /T ,  and that the two lines were parallel 
to the vapor pressure curve for water. Ä search 
of the literature was made and all the data pos­
sible to locate for saturated aqueous Solutions 
plotted as log F  against l/T .  I t was found that 
all the curves were straight lines and all parallel 
to the water curve. Thus the data can be repre­
sented by the equation

logP = —2240/7' +  B
and in Table I there are given the material, the 
temperature range, and the values for the con­
stant B.

T a b l e  I
Temperature

Material range, °C. Constant B
h 2o 6 20-100 8.895
Na2C036 30-100 8.800
NaCl6'7 20-95 8.760
Na2S 046’7 20-100 8.835
KC11,7 20-45 8.812
KCIOb6 55-100 8.864
k 2sc v 20-55 8.880
K2 Cr2 077 20-50 8.885

The values obtained from the equations check 
the observed data with a mean deviation of 1%.

Summary
The vapor pressures for the saturated aqueous 

Solutions of monoammonium acid phosphate have 
been determined over a temperature range of 
from 19 to 90°; and for the diammonium acid 
phosphate from 19 to 55°. Empirical equations 
were derived to express the data.

On plotting the data and all the data possible to 
locate in the literature for saturated aqueous solu-

(5) “ Int. Crit. Tables,” Vol. III, p. 212.
(6) Landolt- Börnstein, Vol. II, p. 1392.
(7) Leopold and Joimstou, T h i s  Journal, 49, 1974 (1927).
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tions, as log P  against 1/7", it was found that 
the curves were all straight lines and all parallel 
to the curve for water. At present there seems

to be no explanation for this unexpected result.
26 W oodruff A v e ., R eceived  M ay 6, 1936
B rooklyn, N. Y.

[ C o n t r ib u t io n  f r o m  t h e  R e s e a r c h  L a b o r a t o r ie s  o f  M e r c k  a n d  C o ., I n c .]

The Synthesis of 3-Hydroxy-2-(3)-benzofuranone and of 4-Hydroxymandelic Acid

B y  K urt  L a d e n b u r g , K arl F olkers a n d  R andolph  T . M ajor

A number of hydroxy acids were recently in­
vestigated in regard to the treatment of urinary 
infections. Mandelic acid was the most effective 
of these,1 and this was due in part to the fact that 
it was excreted unchanged in the urine. It 
seemed quite possible that the introduction of a 
phenolic hydroxyl group into this acid might in­
crease its antiseptic action. 2-Hydroxymandelic 
acid appeared promising, since salicylic acid has 
been found to pass through the body into the urine 
largely unchanged,2 and because it seemed pos­
sible that this hydroxymandelic acid might also 
be excreted partly unchanged. I t was of further 
interest to determine the influence of the 4-hy- 
droxy group in the bactericidal efficiency of the 
mandelic acid molecule.

There is but little Information on 2-hydroxy- 
mandelic acid in the Chemical literature. Plöschl3 
treated salicylaldehyde with hydrocyanic acid in 
solution. The crude 2-hydroxymandelonitrile 
was then treated with concentrated hydrochloric 
acid for hydrolysis to 2-hydroxymandelic acid. 
The acid product was a sirup, which like the ni- 
trile was neither purified, nor analyzed. Later 
Baeyer and Fritsch4 obtained crude 2-hydroxy- 
mandelic acid by reduction of 2-hydroxyphenyl- 
glyoxylic acid with sodium amalgam. They were 
unable to crystallize the crude sirupy acid, and 
finally converted it to the crystalline 2-hydroxy- 
phenylacetic acid by further reduction with hy- 
driodic acid. Rosenmund and Schindler5 men­
tioned the reaction of 2-hydroxymandelic acid 
with acetyl chloride to give a diacetyl derivative 
of m. p. 68°, but gave neither the source nor a 
description of their 2-hydroxymandeïic acid.

(1) Rosenheim, Lancet, 228, 1032 (1935). See also, Lyon and
Dunlop, jBrit. M ed. J., No.. 3909, 1096 (1935); Holling and Platt, 
Lancet, 230, 769 (1936); Cubitt, ib id ., 230, 922 (1936); Proc.
S ta ff  M eetings o f the M a yo  C lin ic, 11, 231 (1936).

(2) Sollmann, "Manual of Pharmacology,” 4th ed., W. B. Saun- 
ders and Co., 1932, p. 626.

(3) Plöschl, Ber., 14, 1316 (1881).
(4) Baeyer and Fritsch, ib id ., 17, 974 (1884).
(5) Rosenmund and Schindler, A rch. pharm ., 266, 282 (1928).

PlöschFs preparation of 2-hydroxymandelic acid 
was repeated carefully several times. The result 
was always a very small yield of a colored sirup, 
which would not crystallize. According to Plöschl, 
the aqueous solution of the acid on evaporation 
yielded an oil which crystallized, but a descrip­
tion of the solid was not given. This solid, sup- 
posed to be the lactone of 2-hydroxymandelic 
acid (3-hydroxy-2-(3)-benzofuranone),6 was ob­
tained in these experiments, but in all cases, the 
products were so impure and unsatisfactory that 
a more detailed examination of the reactions was 
made.

2-Hydroxymandelonitrile was found to be an 
oil, which was stable for only about twelve hours 
at about 0°. Its distillation under high vacuum 
was hardly satisfaetory due to decomposition. 
To convert certain nitriles to the acids, it has fre- 
quently been advantageous to proceed first to the 
imino ether hydrochloride, then to the ethyl ester 
and finally to the acid. Consequently, three 
experiments were made in which the nitrile was 
treated with dry hydrogen chloride and ethanol. 
At the ester stage, only one of the three products 
could be induced to crystallize partially. The 
analytical data indicated that the crystals were
3-hydroxy-2-(3)-benzofuranone, the lactone of
2-hydroxymandelic acid.

These results suggested that in the one case the 
reaction designated as A had proceeded to a 
greater extent than reaction B so that there was 
sufficiënt lactone present to crystallize and be 
isolated.

If this were true, then the lactone should be iso­
lated without difficulty when ethanol was omitted 
from the reaction. This contention was verified 
by experiment, and this reaction has provided an 
excellent method of preparing the pure 3-hydroxy-
2-(3)-benzofuranone.

(6) The International Rules numbering has been used for the 
benzofuran nomenclature.
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Certain properties of 3-hydroxy-2-(3)-benzo- 
furanone are described in the experimental sec- 
tion. In particular, and as might be expected, 
the pure lactone partially hydrolyzed to 2-hy­
droxymandelic acid when dissolved in water; 
and when an alkaline solution of the acid was 
acidified, the lactone was partially formed from 
the liberated acid.

The isomeric 4-hydroxymandelic acid has been 
described in the literature, but each of the four 
methods,7 by which it was obtained have certain 
disadvantages. For this research, 4-hydroxy­
mandelic acid was synthesized from 4-hydroxy- 
benzaldehyde through the intermediates: nitrile, 
imino ether hydrochloride and ethyl ester. This 
method was found to be quite satisfaetory.

Aqueous Solutions of 2-hydroxymandelic acid 
(and its lactone) and 4-hydroxymandelic acid 
have been tested in vitro against E. Typhi and 
Staphylococcus aureus by Dr. W. L. Sampson of the 
Merck Institute for Therapeutic Research. By 
comparing these two acids with mandelic acid, 
it was found that the phenolic hydroxyl group did 
not augment the bactericidal power of the acid.

Experimental
All analyses were micro determinations carried out by 

Mr. D. Hayman and Mr. S. Adler.
For satisfaetory results, the details of the following prepa­

rations must be carefully observed.
2-Hydroxymandelonitrile.—Ten grams of pure saliejd- 

aldehyde was dissolved in a 10% aqueous solution of 8.6 g. 
of sodium bisulfite. To this was added 50 ml. of ether, 
and the liquids were cooled to 0-5° and stirred mechanic- 
ally. A 20% aqueous solution of 4.1 g. of sodium cyanide 
was added from a dropping funnel, after which the stirring * 409

(7) (1) The direct hydrolysis of ^-hydroxymandelonitrile to the 
acid [Henry, Chem. News, 85, 301 (1902)]. (2) The reduction of fi-
hydroxyglyoxylic acid [Ellinger and Kotake, Z. physiol. Chem., 65,
409 (1910)]. (3) The reaction of nitrous acid on ^-hydroxyphenyl-
aminoacetic acid [Fromherz, ibid., 70, 356 (1910)]. (4) The hydroly­
sis of 4-a-dibenzoyloxyphenylacetamide [Alay and Rabout, Buil. 
soc. chim., [4] U , 392 (1912)].

was continued for one hour. The layers were separated, 
and the aqueous layer extracted with ether. The com­
bined ethereal Solutions were washed twice with 30 ml. 
of 10% sodium bisulfite solution each time. After removal 
of the ether in vacuo at 20°, ca. 35 ml. of dry benzene 
was added, and then removed in vacuo at 20-25°. The 
residue was pumped out for two to three hours at 1 mm. 
pressure. The yield of nitrile was 10 to 11 g. (82-90%). 
It was a light green tinted viscous oil. The yield was in­
creased by further extraction of the aqueous layer.

All efforts to crystallize this oil were unsuccessful. It 
could be kept only about twelve hours at temperatures of 
0 to 10° or lower, and after this the slow decomposition and 
resinification increased until the oil had become a deep red 
thick resin. The odor of hydrocyanic acid was noticeable.

A carefully pumped out (1 mm. pressure or lower) ana­
lytical specimen of the freshly prepared nitrile gave, on 
immediate analysis: found, C, 63.71, 63.57; H, 5.01, 
5.10; N, 9.0. Calcd. for C8H7N 0 2: C, 64.40; H, 4.73;
N, 9.40.

When a sample of the freshly prepared nitrile was placed 
in a still of the alembic type at a pressure of 10 “3 to 10 ~b 
mm., a few drops distilled on warming the flask to about 
50°. However, this slight warming caused a marked in­
crease in the pressure of the system. Hydrocyanic acid 
was detected and vapors (probably salicylaldehyde) were 
Condensed in the trap. This warming also increased the 
resinification of the sample. The few drops of distillate 
on immediate analysis gave, found: C, 64.31; H, 5.28.

3-Hydroxy-2 - (3) -benzofuranone (Lactone of 2-Hydroxy- 
mandelic Acid).—Ten grams of freshly prepared nitrile 
that had been well pumped out at 1 mm. was dissolved in 
50 ml. of anhydrous ether. This solution was cooled in an 
ice-bath, and dry hydrogen chloride bubbled through until 
a little over the theoretical amount was absorbed. The 
red solution was kept at 10° overnight, and then the ether 
was decanted from the salt. The flask was placed in a 
desiccator over sodium hydroxide and evacuated to 5 mm. 
for four hours. To the imino ether hydrochloride was 
added 400 ml. of water, and the flask was shaken me- 
chanically until the solution was almost clear. A red 
lump of tar remained. The solution was filtered and al­
lowed to stand at 25° for five hours. It was again filtered 
to remove flocculent material, and then extracted with 
ether five times. The residue that remained after removal 
of the ether by distillation was pumped out until it crystal­
lized. The lactone was recrystallized from dry benzene 
until the constant value, m. p. 107-108°, was reached. 
The yield was 30% (based on salicylaldehyde).

Anal. Calcd. for C8H60 3: C, 64.00; H, 4.03. Found:
C, 64.23, 64.32; H, 4.27, 4.29.

Titration experiments indicated that 3-hydroxy-2-(3)- 
benzofuranone partially hydrolyzed when dissolved in 
warm water. When an aqueous solution of the lactone 
was treated with the required amount of calcium hydroxide 
dissolved in a large amount of water, an insoluble calcium 
salt formed. Anal. Calcd. for CiöHuOsCa: Ca, 10.71.
Found: Ca, 10.18, 9.97.

When the lactone was dissolved in 0.5% sodium hydrox­
ide solution, and allowed to stand at 25°, a brown insol­
uble precipitate formed. This precipitate contained only 
a trace (0.14%) of sodium.
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Anal. Found: C, 64.17; H, 5.00. The filtrate on 
acidification, extraction, etc., yielded a red oil.

Anal. Found: C, 60.21; H, 4.23.
When the lactone was dissolved in a 1 % sodium carbon­

ate solution and refluxed one hour, hydrolysis was com­
plete, as was evidenced by a lack of extractable material. 
The alkaline solution, after acidification, extraction, etc., 
yielded a partially crystalline residue.

Anal. Found: C, 59.48; H, 4.83. Calcd. for the
lactone: C, 64.00; for the acid, C, 57.12. Thus, these
residues were mixtures of the lactone and the acid.

Obviously, the lactone partially hydrolyzed to the 
acid in water solution and, conversely, the acid, liberated 
in solution from its salt, partially formed the lactone.

4-Hydroxymandelonitrile.—Ten grams (0.082 mole) of
4-hydroxybenzaldehyde was dissolved in a warm 10% 
solution of 10 g. of sodium bisulfite, and cooled to 0°. The 
solution was covered with 50 ml. of ether, and with me- 
chanical stirring, a 20% solution of 4.2 g. (0.086 mole) of 
sodium cyanide was added over a period of thirty minutes. 
After stirring thirty minutes longer at 0°, the layers were 
separated, and the aqueous one extracted further with 
ether. The combined extracts were washed with a 10% 
sodium bisulfite solution, dried over calcium chloride and 
then distilled at 25° or lower in vacuo. The nitrile was 
dried at 1 mm. for one to two hours. This yield of nitrile 
was 90%; m. p. 99-102°.8

Ethyl 4-Hydroxymandelate.—-Eleven grams of the nitrile 
was dissolved in 50 ml. of anhydrous ether, and 4.6 ml. of 
absolute ethanol was added. Dry hydrogen chloride was 
bubbled through the solution at 0-5° until a little over the 
theoretical amount had been absorbed. After standing 
overnight at 10°, the ether was decanted from the imino 
ether hydrochloride. The salt was dried and freed of ex­
cess hydrogen chloride in a vacuum desiccator. The yield 
of the salt was 11.5 g.

The crude imino ether hydrochloride was shaken me- 
chanically with 300 ml. of water until the solution was al­
most clear. The insoluble material was filtered, and the 
solution was allowed to stand at 25° for five hours. The

(8) Buck, T h is  J o u r n a l , 55, 3388 (1933), described analytically 
pure 4-hydroxymandelonitrile of m. p. 98°, which was obtained in 
38% yield (pure) by a technique differing in detail from this proce­
dure.

solution was then extracted with ether, and on solvent re­
moval, there remained 5.5 g. (34.2% as based on 4-hydroxy­
benzaldehyde) of ethyl 4-hydroxymandelate of m. p. 124- 
126°. On recrystallization (with norite) from dry benzene 
the constant value of m. p. 128.5-129° was obtained.

Anal. Calcd. for C19Hi20 4: C, 61.19; H, 6.17. Found:
C, 61.09; H, 6.25.

4-Hydroxymandelic Acid (Monohydrate and Anhy­
drous).—-Three and one-half grams of the pure ethyl ester 
was dissolved in 110 ml. of 2% sodium hydroxide solu­
tion, and the mixture refluxed for one hour. The light 
brown solution was cooled and acidified with hydrochloric 
acid. The first ether extract removed all the colored im- 
purities and about 0.1 g. of the acid (m. p. 79-82°). After 
twenty more ether extractions, and distillation of the sol­
vent, there remained 2.4 g. (72%) of 4-hydroxymandelic 
acid monohydrate of m. p. 82-84°. On dissolving in ben­
zene, and reprecipitating with petroleum ether, it melted 
at 83-84°,

Anal. Calcd. for CgHsO^KfeO: H20 , 9.67. Found: 
H20 , 9.66.

Anhydrous 4-hydroxymandelic acid (from the monohy­
drate by warming in vacuo at 60°) melted at 109.5-110.5°.9

Anal. Calcd. for CsH80 4: C, 57.12; H, 4.80. Found:
C, 57.42; H, 5.08.

Summary
Pure 3-hydroxy-2-(3)-benzofuranone has been 

made from salicylaldehyde. When this lactone 
was dissolved in water, it hydrolyzed partially to
2-hydroxymandelic acid. 4-Hydroxymandelic 
acid has been synthesized from 4-hydroxybenz­
aldehyde through the intermediate nitrile, imino 
ether hydrochloride and ethyl ester.

2- and 4-hydroxymandelic acids were not more 
bactericidal against E. Typhi and Staphylococcus 
aureus in vitro than mandelic acid.
R a h w a y , N. J. R e c eiv ed  M ay 27, 1936

(9) By other methods, Fromherz7 found m. p. 83-84° for the mono­
hydrate and m. p. 107-108° (Ellinger and Kotake 7 m. p. 105-106°) 
for the anhydrous acid.
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[ C o n t r ib u t io n  f r o m  t h e  C h e m ic a l  L a b o r a t o r y  o f  t h e  U n i v e r s i t y  o f  I l l i n o i s ]

A New Synthesis of Mixed Benzoins. Second Paper
B y  R ichard T. A rno ld1 a n d  R eyno ld  C. F uso n

The new synthesis of mixed benzoins by the 
condensation of suitable aromatic compounds 
with arylglyoxals2 has been extended to a number 
of new cases, and has been found to be generally 
useful in the preparation of this type of substance. 
In Table I are listed the various benzoins which 
have been made, together with indications as to 
the conditions employed.

Preparation of the Arylglyoxals
The glyoxals were prepared in good yields by 

the method of Riley and Gray,3 with an added 
modification as follows.

After the oxidation with selenium dioxide, the 
dioxane solution is decanted from the precipitated 
selenium and distilled under atmospheric pressure

to a Claisen flask, and the distillation completed 
under diminished pressure. This modification 
was employed to prevent the formation of the 
glyoxal hydrate which normally contaminates the 
distillate. By use of this method with commer­
cial xylene (b. p. 137-140°), ^>-bromophenylgly- 
oxal (b. p. 115° (7 mm.); m. p. 51-52°), and p- 
chlorophenylglyoxal (b. p. 123-125° (17 mm.); 
m. p. 40-42°) were prepared in 64 and 55% yields, 
respectively. These compounds were identified 
by conversion into their hydrates which melted at 
132°13 and 121°, respectively.

Preparation of the Benzoins
The optimum conditions for this reaction are 

typified in the synthesis of p-bromobenzoin.

T a b le  I

Benzoin M. p., °C.
Yield,

%
Time,
hrs.

C,H6COC(OH)HC6H6 133 90 20
(CH3)3CeH2COC(OH)HC6H2(CH3)36 59- 60 48 15
CeH6COC(OH)HC9H4OCH3 1007 48 5
C3H6COC(OH)HC10H7 128 42 15
C6H6COC(OH)HC6H4Cl 11611 84 15
ClC6H4COC(OH)HC6H6 90-9111 35 15
C6H3COC(OH)HC«H2(CH3)3 93.5-9412 62 5
(CH.,)3C6H2COC(OH)HC6H6 102-1032 63 7
BrCeH4COC(OH)HC6H6 108-109 70 15
C6H6COC(OH)HC6H4Br 125-126 57 15
C6H6COC(OH)HC6H4CH3 11611 50 15
CH3CtH4COC(OH)HC6H6 11011 42 15

---------- Analyses, %----------
Calcd. Found

Solvent c H c H Diketone
c 6h 6 95°
CS2 81.08 8.18 80.84 8.051 118-1196
CS2 62- 637
CS2 82.4 5.4 82.3 5.7 878
CS2 7310
c 6h 6 7310
CS2 80.3 7.14 80.0 7.4 134-1362
c 6h 6 134-1362
c 6h 6 57.73 3.78 57.62 3.81 84- 8510
CeHjjBr 57.73 3.78 57.93 3.94 84- 8510
CS2 3110
CS2 3110

until nearly all of the dioxane has passed over. 
At this point, 100 cc. of a suitable hydrocarbon4 
is added, and the solution again distilled at a t­
mospheric pressure until the distillate is no longer 
turbid. At this stage, the solution is transferred

(1) Chemical Foundation Fellow in Organic Chemistry, 1935- 
1936.

(2) Fuson, Weinstock and Ullyot, T h is  Jo u r n a l , 57, 1803 (1935).
(3) Riley and Gray, “Organic Syntheses,” Vol. XV, John Wiley 

and Sons, New York, 1935, p. 67.
(4) For this purpose, the hydrocarbon should have a boiling point 

about 10-15° above the melting point of the glyoxal hydrate.
(5) Zinc chloride was used instead of aluminum chloride for a 

catalyst.
(6) Kohier and Baltzly, T h is  J o ur n a l , 54, 4015 (1932).
(7) McKenzie and Luis, Ber., 65B, 794 (1932).
(8) This benzil is new. Anal. Calcd. for C18H12O2: C, 83.09;

H, 4.63. Found: C, 82.93, 82.87; H, 4.73, 4.74.
(9) Jenkins, T h is  J o u r n a l , 56, 682 (1934).
(10) Hatt, Pilgrim and Hurran, J. Chem. Soc., 93 (1936).
(11) Weissberger, Ann., 478, 112 (1934).
(12) Weinstock and Fuson, T h is  J o u rn al , 58, 1233 (1936).

Ten and sixty-five hundredths grams of p- 
bromophenylglyoxal was dissolved in 50 cc. of 
benzene and placed in a 125-cc. separatory funnel.

In a 500-cc., three-necked, round-bottomed 
flask surrounded with ice and equipped with a 
mercury-sealed stirrer were placed 200 cc. of dry 
benzene and 13.3 g. of aluminum chloride. The 
glyoxal solution was added dropwise to the ben- 
zene-aluminum chloride solution. The addition 
took approximately thirty minutes. The reaction 
was allowed to run at 0° for fifteen hours. The 
reaction mixture was then decomposed by adding 
slowly ice-cold 20% hydrochloric acid solution. 
The benzene solution was concentrated by re­
moval of the solvent under diminished pressure. 
The process was performed in the absence of air,

(13) Söderbaum, Ber., 26, R el, 1015 (1893).
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and was continued until the residual solution was 
reduced to a volume of 30 cc. To this was added 
30 cc. of low-boiling petroleum ether, and the 
solution kept cold overnight. The precipitate 
was separated by filtration with suction and 
washed with four 25-cc. portions of cold, low- 
boiling petroleum ether. The material weighed 
10.2 g. (70.2% of the theoretical amount), and 
melted at 105-106°. After one recrystallization 
from ethyl alcohol, the benzoin melted at 108- 
109°.

The general procedure involves the use of the 
hydrocarbon reactant as the solvent; in some 
cases, however, carbon disulfide has been found 
to give very satisfaetory results.

The Structure of the Benzoin
In every case where the resulting benzoin is 

known, our product showed perfect agreement 
with the published descriptions of the compound 
anticipated. In cases where both benzoin isomers

were prepared, both were oxidized by iodine14 to 
give identical diketones. Most of these dike- 
tones are known substances. 10 I t is important 
to note that in each instance only one benzoin 
was obtained, and that in every case the structure 
of the benzoin corresponded to that to be expected 
on the basis of the general equation

O O

R— C— CHO +  R ' H  ^  R —-C— CH— R '
I

OH

Summary
Twelve benzoins have been prepared by con­

densation of arylglyoxals with aromatic hydro­
carbons or their derivatives. The structures of 
the mixed benzoins have been shown to be those 
which would be predicted on the basis of the gen­
eral equation as indicated above.

(14) Carson and McAllister, T h is  J o u r n a l , 51, 2822 (1929). 
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[C o n t r ib u t io n  fr o m  t h e  P athological D iv is io n , B u r e a u  of  A n im a l  I n d u st r y ]

Lupine Studies. XI. The Alkaloids of L u p in u s  B arbiger S. Wats.

B y  J a m e s  F it t o n  C o u c h

In a previous communication1 the occurrence 
of sparteine in Lupinus barbiger was announced. 
At that time the presence of two other alkaloids 
of undetermined identity was indicated. This 
paper describes the isolation and identification of 
these alkaloids. L. barbiger is a perennial species 
ranging from Colorado, Utah, Arizona, and Cali­
fornia.2 Two lots of material, one from northern 
Arizona and one from Utah were examined in the 
course of this study and no significant differences 
between them were found.

Three well-defined alkaloids were isolated from 
this species: sparteine and two hitherto unde- 
scribed bases which have been named dilupine and 
trilupine. Lupinine and lupanine were sought for 
and found not to be present. The new alkaloids 
are of unusual interest. Trilupine, C15H24O3N2, 
proved to be an amine oxide derived from d- 
lupanine of which it is the di-N-oxide correspond­
ing to the structure

(1) J. F. Couch, T h is  J o u r n a l , 54, 1691 (1932).
(2) W. W. Eggleston, in I. Tidestrom, “Flora of Utah and Ne­

vada,” Contr. U. S. Nat. Herbarium, 25, 297 (1925), Govt. Printing 
Office, Washington.

CH2— CH2—-CH— CH— CHj
\

c h 2

CH2— C------ N — CH2—U H —

o o

o

-N— CH2------CH2

■CH— CH2— CH2

By the action of hydrogen dioxide on sparteine 
the di-N-oxide of that base has been prepared3 by 
a number of workers. Polonovski4 has shown 
that geneserine is the amine oxide of eserine and 
analogous compounds have been prepared syn- 
thetically from other bases.5 This is, however, 
the first instance in which amine oxides have been 
discovered in a lupine species. I t was found that 
while gold chloride and platinum chloride would 
yield the corresponding double salts of trilupine 
if the mixtures were not heated for more than a 
short time, other acids and longer heating resulted

(3) F. B. Ahrens, Ber., 20, 2218 (1887); Wackernagel and W olffen­
stein, ibid., 37, 2220 (1904); A. Valeur and E. Luce, Compt. rend., 
168, 1276 (1919).

(4) Max Polonovski, Bull. soc. chim., 21, 191 (1917).
(5) (a) Max and Michel Polonovski, Compt. rend. 180, 1755 

(1925); (b) M. Freund and E. Speyer, Ber., 43, 3310 (1910); (c) 
R. Wolff enstein, ibid., 25, 2777 (1892).
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in the formation of salts of d-lupanine, the reac­
tion involving removal of the oxide oxygen atoms. 
Freund and Speyer5b were able to prepare crystal­
line salts of the oxides of morphine, thebaine, co- 
deine and ethylmorphine with mineral acids. 
When trilupine reacted with methyl iodide in the 
cold a compound was obtained that contains one 
oxygen atom less than is required from trilupine 
methiodide and which appears to be the methio­
dide of J-lupanine mono-N-oxide of the probable 
structure

N / *CH2—CH2—CH—CH—CH2—N—CH2-----CH2
\

c h 2

CH2—C---- N- —CHr^CH ----- CH—CH2— CH2

O O

Trilupine was converted into d-lupanine by treat- 
ing the dihydrochloride, which is identical with 
d-lupanine dihydrochloride, with alkali, and shak­
ing out the liberated base with chloroform, which 
yielded an alkaloid identical with ^-lupanine. 
The latter was converted into trilupine by the ac­
tion of calcium dioxide on ^-lupanine dihydrochlo­
ride and the synthetic base agreed with the natu­
ral alkaloid in all respects.

The optical activity of trilupine might be ex­
pected to throw some light on the problem of the 
possible asymmetry of the nitrogen atoms in 
lupanine. The crystallized base had a specific 
rotation of 63.76° as compared with 84.35° for 
d-lupanine. Correcting for the content of water 
of crystallization and for the difference in molecu­
lar weight the comparable figure for trilupine is 
83.12° or sufficiently close to the figure for d- 
lupanine to furnish no support for the view that 
the nitrogen atoms are asymmetrical.

Dilupine was not obtained in sufficiënt quanti­
ties to permit a thorough study. The analytical 
figures agree with the formula Ci6H2602N2 for the 
free base while the analyses of the methiodide and 
the hydrobromide require a base of the formula 
CieH26ON2, suggesting that dilupine may be the 
amine oxide of a C-methyl-lupanine. The base 
recovered from the hydrobromide was not identi­
cal with dilupine but had the nitrogen content re­
quired by a methyl-lupanine which supports this 
view. The question, however, must await fur­
ther study for complete clarification.

The presence of the di-amine oxide of lupanine 
in the plant suggested that lupanine should also 
have been found if only as a decomposition prod­

uct of trilupine. Careful search failed to reveal 
that alkaloid even in the residues from vacuum 
distillations.

Experimental
Material.—The plant material consisted of two lots of 

plants, one collected on the Kaibab Forest, Arizona, and 
the second at Hilltop, 10 miles north of Fairview, Utah. 
The first collection was made during the summer of 1928 
and the second on July 11 and August 11, 1931. The 
plants had not formed seeds at the time of collection. The 
material was dried, shipped to Washington and ground to a 
coarse powder for use. The air-dried plant had moisture 
contents of 8.47 and 7.62% for the two collections. It was 
identified by W. W. Eggleston as Lupinus barbiger S. 
Wats.

Isolation of the Alkaloids.—The method used in extract- 
ing the alkaloids has previously been described;6 16.45 kg. 
of the first collection yielded 1.67% of alkaloid, freed from 
resinous impurities and calculated to moisture-free plant; 
58.09 kg. of the second yielded 1.86%. The alkaloids were 
treated with an equal volume of ether which dissolved 
nearly half. The dissolved alkaloids, freed from ether, 
were then dissolved in petroleum ether, which took up all 
but a trace of resinous matter. The alkaloidal residue 
obtained by distilling off the solvent will be referred to as 
fraction A. The material not dissolved by ether was ex­
tracted with benzene which dissolved the larger portion of 
it. On distilling off the solvent fraction B was obtained. 
The material not dissolved by benzene was extracted with 
boiling ethyl acetate and, freed from solvent, the extract 
furnished fraction C. The undissolved matter was in­
soluble in a mixture of boiling acetone and 10% alcohol 
and consisted of resinous substances.

Fraction A was a brownish sirup of strong burnt-wool 
odor. It weighed 441 g. and gave a strong reaction for 
sparteine in the modified Grant test. It was submitted 
to distillation under reduced pressure but could not be 
separated into its constituents by that method. Frac­
tions were obtained that had nearly the correct index of 
refraction and optical activity for sparteine, but were 
evidently contaminated with some other base. Separa­
tion was effected by dissolving the fractions that distilled 
below 195° at 1 mm. in dilute hydrochloric acid and adding 
aqueous mercuric chloride when the double chloride of 
sparteine and mercury crystallized and could be purified 
by recrystallization from hot 20% hydrochloric acid. The 
alkaloid was recovered from this compound by treating 
it with ammonia and extracting with chloroform. On dis­
tilling off the solvent the base remained as a light yellow 
sirup which distilled at 185° and 7 mm. with a small resi­
due. It had n 27D 1.5256, ( a ) 30D 5.95°, and depressed the 
freezing point of benzene conformably to the molecular 
weights 241, 244 and 240. The substance was positive 
to the Jorissen7 and modified Grant8 tests for sparteine.

Anal. Calcd. for C22H26N2: C, 76.86; H, 11.19. Found: 
C, 76.51; H, 11.40.

Salts of Sparteine.—Picrate, m. p. 205-206°, did not 
depress the melting point of authentic sparteine picrate.

(6) J. F. Couch, This Journal, 56, 2434 (1934).
(7) Jorissen, A n n . ch im . a n a l., 16, 412 (1911).
(8) Couch, Am. J .  Pharm., 97, 38 (1925).
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Calcd.: N, 16.18. Found: N, 16.00. The platinum 
chloride melted at 248° (dec.) and did not depress the melt­
ing point of authentic sparteine platinum chloride.

The Dihydrobromide.—Five grams of the base, dis­
solved in 100 cc. of acetone, was treated with an excess of 
hydrobromide acid solution. Two layers formed and 1 
volume of alcohol was added which produced a homo- 
geneous solution. On Standing overnight in an ice box the 
solution deposited a mass of colorless prisms. Recrystal­
lized from alcohol these melted at 197°.

Anal. Calcd. for Ci6H26N2-2HBr-H20; Br, 38.63; 
H20, 4.35. Found: Br, 38.51, 38.50; H20, 4.40, 4.54. 
( a ) 29D -18.33° in water, c =  1.2770, l = 4, a = 0.93°. 
The free alkaloid regenerated from this salt showed n 27D 
1.5259 and formed a picrate that melted at 206°. The 
methiodide readily separated from a mixture of the base 
with methyl iodide without warming. Recrystallized 
from alcohol it melted at 239-240°.

Anal. Calcd. for B,CH3I: I, 33.75; N, 7.45. Found: 
I, 33.72, 33.63; N, 7.51.

The Zinc Chloride.—Sparteine dissolved in 10% hydro­
chloric acid (2 moles) treated with excess of saturated zinc 
chloride solution within a few minutes begins to deposit 
crystals of the double chloride with zinc.9 Recrystallized 
from water and dried in a desiccator these were free from 
water of crystallization and melted at 316-317°.

Anal. Calcd. for B2HCl-ZnCl2: CI, 32.09. Found: 
CI, 32.01, 31.84. (cc) 30d -19 .57  in water; c =  0.9912,
l = 1, a =  0.194°.

Isolation of a New Lupine Alkaloid, Dilupine.—The
highest boiling fraction of the original fraction A distilled 
at 190-222° and 1 mm. It consisted of a thick reddish 
oil of strong burnt-wool odor, (ck)25d 69.50°, w24d 1.5395. 
It contained some sparteine which was removed by distil­
lation with steam. The non-volatile alkaloid was re­
covered by shaking the water solution with chloroform 
and on distilling the chloroform a sirup was obtained that 
did not react to the modified Grant test for sparteine. On 
Standing the sirup deposited a small quantity of needles 
which were filtered off and proved to be a third alkaloid 
which is described in detail below. The sirupy alkaloid 
was redistilled under reduced pressure several times until 
it was obtained as light yellow, very thick sirup. It has 
not been crystallized. The analytical figures agree best 
with a formula for a C-methyl-lupanine oxide and this is 
tentatively accepted. Further study of the base is in 
progress.

Anal. Calcd. for Ci6H2602N2: C, 69.01; H, 9.41; 
N, 10.07. Found: C, 69.38, 69.31, 69.45; H, 9.81, 9.66, 
9.75; N, 10.05,10.08. (qt)26d 65.59°, in water, c = 6.5028,
/ =  1, a =  4.26°, n27d 1.5440.

The Methiodide.—A mixture of equal volumes of the 
alkaloid and methyl iodide began to deposit crystals within 
thirty minutes and in twenty hours the mixture had solidi­
fied. Recrystallized from boiling alcohol several times 
the m. p. was 253°. The analytical figures for this com­
pound do not agree with those calculated for a methiodide 
of a base of the composition assigned to the free alkaloid 
but require a base with one less oxygen atom. This would 
indicate that dilupine is an amine oxide.

(9) E. J. Mills, J. Chem. Soc., 15, 1-8 (1862).

Anal. Calcd. for Ci6H26ON2*CH3I: C, 50.47; H, 7.17; 
N, 6.94; I, 31.40. Found: C, 50.47; H, 7.19; N, 6.80, 
6.94; I, 31.32, 31.13. ( a ) 32D 51.10°, in water, c -  1.409,
l = 1, a = 0.72°.

The Hydrobromide.—-The base, dissolved in alcohol and 
treated with a slight excess of hydrobromic acid, deposited 
cubical crystals after several days* Standing in an ice box. 
Recrystallized from alcohol and dried at 115° these crys­
tals melted at 233-234°. As in the case of the methio­
dide the analytical figures agree better for a less oxygenated 
base.

Anal. Calcd. for Ci6H260N2HBr; Br, 23.31. Found: 
Br, 23.86, 23.83.

Three grams of the hydrobromide was dissolved in water, 
alkalized with sodium hydroxide, and the liberated base 
shaken out with chloroform. The solvent was removed 
and the residual sirup was dissolved in methanol and the 
solvent boiled off three times to remove chloroform. The 
base was a reddish sirup.

Anal. Calcd. for Ci6H260N2: N, 10.68. Found: N, 10.62. 
( « ) 25d  49.78°, in water, c =  1.832, / =  1, a *  0.91. w25d 
1.5454.

Isolation of a New Lupine Alkaloid, Trilupine.—Frac­
tion B was freed from benzene by warming on the water- 
bath. An attempt to separate the constituents of this 
fraction by distillation under reduced pressure resulted in 
considerable decomposition. On standing several weeks 
the fraction deposited a mass of prismatic crystals em- 
bedded in thick sirup. The crystals were collected by 
filtering the mass through a porous plate under suction. 
The sirupy filtrate proved to consist of a small quantity of 
sparteine, much dilupine, and some of the crystalline 
alkaloid. The crystals were washed with small quantities 
of cold acetone in which they were slowly soluble and then 
were recrystallized from boiling ethyl acetate several times, 
finally with addition of charcoal. By this means the melt­
ing point was raised from 112 to 127° where it was constant. 
The product was colorless efflorescent needles, soluble in 
water, alcohol, and chloroform, less soluble in cold acetone 
and ethyl acetate, and nearly insoluble in ether. They 
contained 2 moles of crystal water and, when anhydrous, 
melted at 252°. The aqueous Solutions are neutral to 
litmus.

Anal. Calcd. for Ci5H240 3N2-2H20 : C, 56.93; H,
8.92; N, 8.85; 2H20, 11.38. Found: C, 56.71, 56.85, 
56.42; H, 9.02, 9.05, 9.15; N, 8.88, 8.79; H20  11.07, 11.25. 
(or)3°D 63.76°, in water, c = 1.7252, l «  1, a = 1.10°.

Certain salts could be prepared from trilupine if the 
reaction mixtures were not heated for more than a very 
short time. Heating mixtures of trilupine and acids re­
sulted in salts of d-lupanine.

Trilupine Platinum Chloride.—A solution of trilupine 
(lg .) and a few drops of dilute hydrochloric add in 5 cc. of 
water was treated with platinum chloride solution. No 
precipitation occurred. The solution was evaporated to 
dryness in a desiccator over concentrated sulfuric acid. 
The dried mass was freed from excess platinum chloride 
by extraction with alcohol and the residue was dried. It 
melted at 224° (dec.).

Anal. Calcd. for Ci5H260 3N2 H2PtCl6-4H20 : Pt, 25.61; 
CI, 27.95. Found: Pt, 25.66, 25.66; CI, 27.78, 27.86.
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Trilupine Gold Chloride.—A solution of the alkaloid 
in dilute hydrochloric acid treated with gold chloride solu­
tion yielded a yellow flocculent precipitate which was re- 
dissolved in the mother liquor by gentle warming and set 
aside. Golden needles were deposited on standing which 
were collected, washed and dried. The melting point was 
188-189° (dec.). The mother liquors on standing de­
posited much metallic gold.

Anal Calcd for C15H240 3N2-2HAuClc4H20 : Au, 
38.19; H20 , 6.97. Found: Au, 38.18; H20 , 6.91.

Trilupine Methiodide.—To a cold solution of trilupine 
(1 g.) in ethyl acetate (5 cc.) was added 2 cc. of methyl 
iodide. On standing octahedral crystals slowly separated. 
These were collected and dried, m. p. 127°. Analysis indi­
cated that this substance contains one atom of iodine and 
that one oxide oxygen had been replaced by methyl iodide. 
The substance is, therefore, the methiodide of the mono- 
N-oxide of d-lupanine.

Anal. Calcd. for Ci5H2402N2.CH3I: I, 31.25. Found:
I, 31.47, 31.50.

Conversion of Trilupine into d-Lupanine.—Five grams 
of trilupine dissolved in acetone (100 cc.) and treated with 
4 cc. of hydrochloric acid in 4 cc. of alcohol evolved heat. 
On cooling there was a scanty deposition of colorless crys­
tals. These were collected, washed with acetone and dried. 
They melted at 163-164°. When mixed with d-lupanine 
dihydrochloride there was no depression of the melting 
point. This substance lost 16.32% in weight when dried 
at 120° corresponding to one mole each of hydrochloric 
acid and water of crystallization. The anhydrous mono- 
hydrochloride melted at 252-254° as does anhydrous d- 
lupanine hydrochloride.

Anal. Calcd. for Ci5H240 N 2-2HCl'.H20: 2C1, 20.95; 
1 HCl and 1 HaO, 16.06, 1 Cl, 10.47. Found: Cl2, 20.46; 
“moisture” 16.30, 16.34; Cli, 10.43.

Recovery of d-Lupanine from (Trilupine) Dihydrochlo­
ride.—Four grams of dihydrochloride prepared from tri­
lupine was dissolved in 25 cc. of water and alkalized with 
sodium hydroxide. The precipitated oil was shaken out 
with chloroform which was separated, evaporated off and 
the residue was three times treated with methanol and 
evaporated to remove tracés of chloroform. The alkaloid 
so obtained was a light brown oil with the characters of 
d-lupanine.

Anal. Calcd. for Ci5H24ON2: N, 11.28. Found: N>
II. 27. (« )26d 79.20°, in alcohol, c = 5.404, / *  1, a =
4.28°; n23d 1.5470. Dextro-lupanine prepared from L.
albus had ( q:)25d 84.35 in alcohol and n2id 1.5444.

d-Lupanine Gold Chloride.—Trilupine in dilute hydro­
chloric acid treated with excess of gold chloride solution 
gave a heavy flocculent precipitate which was redissolved 
in boiling dilute hydrochloric acid and crystallized on cool­
ing; yellow needles, m. p. 206°. Anal Calcd. for CißH24- 
ON2*HAuC14: Au, 33.52. Found: Au, 33.33, 33.25.

d-Lupanine Perchlorate.—The dihydrochloride pre­
pared from trilupine (1 g.) dissolved in 5 cc. of water, was 
treated with 0.5 cc. of perchloric acid and 2 cc. of saturated 
sodium acetate solution. An immediate crystalline pre­

cipitate feil which was recrystallized twice from water, 
dried, and then melted at 207-209° and did not depress 
the melting point of d-lupanine perchlorate.

d-Lupanine Dihydrochloride.—Since this compound 
had not been reported it was necessary to prepare it from 
authentic d-lupanine for comparison with the salt derived 
from trilupine. Seven grams of d-lupanine hydrochloride 
from L. albus was dissolved in 30 cc. of alcohol, 3 cc. of 
hydrochloric acid was added and then enough acetone to 
produce a slight cloud. The mixture was filtered and set 
in an ice box. Crystallization began within an hour. 
After twenty-four hours the crystals were collected, 
washed, redissolved in 10 cc. of alcohol and treated with 30 
cc. of acetone. On standing the substance crystallized. 
Washed and dried the crystals melted at 161-162° and 
did not depress the melting point of the dihydrochloride 
obtained from trilupine. On drying at 120° their be­
havior was similar to the trilupine derivative.

Anal. Calcd. for C15H240 N 2-2HC1-H20: 2C1, 20.95; 
1 HCl and 1 H20, 16.06; 1 Cl, 10.47. Found: Cl2, 20.72; 
“moisture” 16.05, 16.12; Clx, 10.50, 10.44.

Conversion of d-Lupanine into Trilupine.—To 10 g. of 
d-lupanine dihydrochloride dissolved in 50 cc. of water 
was added in small portions 4 moles of calcium dioxide 
(8.4 g.) with frequent shaking. When the calcium diox­
ide had all been added hydrochloric acid was added a few 
drops at a time until the calcium dioxide was nearly all 
dissolved. The solution was then alkaline to litmus. It 
was warmed for four hours on the water-bath, let cool 
and shaken out with chloroform. On distilling off the 
chloroform after separating it from the aqueous layer there 
remained a light brown sirup that soon crystallized to a 
mass of needles embedded in a dark sirup. The mixture 
was treated with ether, which dissolved the sirup, and the 
crystals were recrystallized from hot ethyl acetate with a 
little charcoal; colorless needles, m. p. 125-126°. Mixed 
with trilupine, m. p. 127°, the mixture melted at 126-127°.

Examination of Fraction C.—The portion of the original 
crude alkaloid that was not dissolved in ether or benzene 
proved to contain small amounts of sparteine, some dilu­
pine which was recovered and added to fraction B, tri­
lupine worked up with that alkaloid, much resinous mat­
ter, and a quantity of basic matter from which nothing 
definite has yet been obtained.

Summary
L u p in u s barbiger S. Wats. from Arizona and 

Utah contains three alkaloids, sparteine, dilu­
pine and trilupine, the last two of which were 
previously undescribed. Dilupine, provisionally 
C16H26O2N2, appears to be the amine oxide of a 
C-methyl-lupanine. Trilupine, C15H24O3N2, is the 
di-amine oxide of d-lupanine into which it may be 
converted by the action of acids and heat. It may 
be prepared by oxidizing d-lupanine with calcium 
dioxide.
W ashington , D. C. R eceived M ay  1, 1936
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[Contribution  from the Chemical Laboratory of H oward U n iversity]

Preparation and Properties of o-Bromophenylbenzylglyoxal—Methylation of Alpha
Diketones

By R. P. B arnes a nd  N oble F. P a y t o n1

In continuation of the study of the properties of 
alpha diketones,2,3,4 it was thought wise to pre­
pare a substituted phenylbenzylglyoxal and study 
its reactions, since we believe that the glyoxylic 
acid residue present in the enolic modification of 
every alpha diketone is intimately related to the 
methylation reaction. Thus 0 -bromophenylben­
zylglyoxal (III) was obtained by the following 
series of reactions 
CeHfiCH^CHCOCe^Br-o---->

Br2j  I | h + +  I 1

C6H6CHBrCHBrCOC6H4Br-o 
IV

rC«H6CHCHCOC«H4Br-o'l---->[ Y J
C6H6CH2COCOC6H4Br-o

H 11
C6HECH=C— COC6H4Br-o 

l i l

0 -Bromoacetophenone was prepared accord­
ing to the method given by Thorp and Brunskill5 
for 0 -chloroacetophenone. The o-bromoaceto- 
phenone was Condensed with benzaldehyde to 
benzal-0-bromoacetophenone (I), whose Constitu­
tion was established by converting it into the 
dibromide (IV) with subsequent reduction to (I). 
This a,ß-unsaturated ketone was in turn oxidized 
and isomerized to 0 -bromophenylbenzylglyoxal
(II). By means of alkali the diketone (II) was 
converted into the enolic modification (III).

As is the case with the other diketones of this 
series, 0-bromophenylbenzylglyoxal differs very 
markedly from the isomeric series of bèta dike­
tones with reference to the extent of O- and C- 
compound formation.

0 -Bromophenylbenzylglyoxal gives a cherry 
red color with alcoholic ferric chloride, and is 
100% enolic in the solid state. It yields a quin- 
oxaline (V) with 0 -phenylenediamine and is 
quantitatively cleaved to phenylacetic and 0 -

(1) In part this paper represents a summary of the dissertation 
presented by Noble F. Payton in partial fulfilment of the require- 
ments for the degree of Master of Arts in 1934.

(2) Kohier and Barnes, T h is  J o u r n a l , 56, 211 (1934).
(3) Kohier and Weiner, i b i d . ,  56, 434 (1934).
(4) R. p. Barnes, i b i d . ,  57, 937 (1935).
(5) Thorp and Brunskill, i b i d . ,  37, 1258 (1915).

bromobenzoic acids by alkaline hydrogen perox­
ide. Methylation with dimethyl sulfate gives 
84.1% of the O-methyl compound (VI), and suffi­
ciënt unchanged material to indicate that the O- 
compound is formed exclusively.

C6H6CH2C ^ N\

ö-BrCö^C^ y \

V

C6H6CH=CCOC6H4Br-tf
I
OCH*
VI

vSince there was no available information in the 
literature on the physical constants of 0 -bromo- 
phenylglyoxylic acid, it was prepared after the 
manner described by Russanow,6 and its ioniza­
tion constant determined by conductivity meas­
urements. The concentration at which these 
measurements were made is approximately the 
same as the upper limit of the range of concentra­
tions on the basis of which the ionization constant 
for 0 -bromobenzoic acid was determined. There­
fore the two ionization constants are excellent 
criteria for judging the relative strength of the two 
acids.

The activating effect of carbonyl groups upon 
alpha hydrogen atoms is common knowledge. A 
similar effect is observed when one compares the 
ionization constants7 of two series of organic acids 
such as the following.

Acid K  ( 2 5 ° )  Acid K  (25°)
C6H6C02H 5.86 X 10-4 CèlLCOCOOH 6.00 X 10“2
0-BrCeH4CO2H 1.42 X 10'* o-BrCeEUCOCOOH 8.60 X KT2* 
(CH3)sC6H2C02H 3.70 X KT* (CH3)*C6H2COCOOH 5.27 X KT26

a Experimentally determined value reported in this paper. 
6 Breed, Bryn Mawr College Monographs, Vol. I, No. 1, 

p. 15.

Thus the introduction of the carbonyl tends to in­
crease the extent of ionization.

It is the opinion of the writer that the amount 
of O-compound formed upon methylation of an 
alpha diketone in alkaline solution depends very 
directly upon the acidity of the enol. Every 
enolic modification of an alpha diketone of the 
type RCOCOCH2R R—CC—CHR may easily be

O OH
considered as a glyoxylic acid in which the double

(6) Russanow, B e r . ,  25, 3298 (1892).
(7) “International Critical Tables," Vol. VI, pp. 278, 279, 284.
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bonded oxygen has been substituted by a radical. 
If on the other hand one considers the enolic modi­
fication of the isomeric bèta diketone of the type 
RCOCH2COR RC~CHCORj jt is obvious that

OH
the acid of which the enol may well be considered 
a derivative is not a glyoxylic acid. With few ex­
ceptions8 the bèta diketones, as well as the bèta 
ketonic esters, yield largely C-methylation prod­
ucts with either methyl iodide or dimethyl sulfate.

Obviously, there are two competing reactions 
which take place, the relative rates of which deter­
mine the extent of O- and C-methylation. One 
of these reactions is a direct metathesis between 
the alkali salt of the enol and the alkylating agent, 
which gives rise to the O-compound—the stronger 
the acid of which the enol is a conceivable deriva­
tive, the greater the amount of O-compound. 
Whatever the other reaction may involve, it 
seems to be hindered by Substitution on the alpha 
carbon atom.

The methylation of phenylbenzylglyoxal2 yields 
a mixture of O- and C-compounds. Benzhy- 
drylphenyl diketone3 yields 100% O-compound. 
Thus it seems that the phenyl group substituted 
for a hydrogen of phenylbenzylglyoxal offers 
hindrance to one of the competing reactions with 
the result that the other reaction preponderates. 
Mesitylbenzylglyoxal4 and 0-bromophenylbenzyl- 
glyoxal each yields exclusively the O-compound. 
As further support of this idea, the alpha ketonic 
esters of which oxalacetic ester is a good example 
produce mixtures of O- and C-methylation prod­
ucts.

Experimental Part
Preparation of Benzal-o-bromoacetophenone (I).—A

solution of 8.4 g. of sodium hydroxide in 65 cc. of water, 
together with 50 cc. of alcohol, was placed in a 500-cc. 
wide-mouthed bottle equipped with a stirrer and cooled by 
an ice-bath. To the reaction chamber was added 30.5 g. 
of 0-bromoacetophenone after which stirring was begun. 
The calculated quantity (17 g.) of benzaldehyde was then 
introduced. The temperature was maintained between 15 
and 20° during three hours of constant stirring. The 
product was 12.5 g. of a yellow oil distilling at 183-T850 
(2 mm.).

Anal. Calcd. for CiöHnOBr: C, 62.7; H, 3.9. Found:
C, 62.9; H, 4.0.

Bromination: Dibromobenzal-o-bromoacetophenone
(IV).—-An ethereal solution of 2.0 g. of the <x,/3-unsaturated 
ketone was brominated in the usual way, resulting in a 
quantitative yield of the dibromo product which after 
crystallization from methyl alcohol melted at 86°.

(8) Von Auwers, Ber., 45, 096 (1912).

Anal. Calcd. for CißHnOBr*: C, 40.3; H, 2.5.
Found: C, 40.6; H, 2.6.

Reduction: Benzal-o-bromoacetophenone (I).—When
1 g. of the dibromoketone was dissolved in 20 cc. of acetone 
and treated with 10% potassium iodide, a pale yellow color 
developed. Upon acidification a deep reddish-brown color 
was produced. Upon dilution a yellow oil separated out. 
Distillation and analysis of this oil proved that it was iden­
tical with the a,ß-unsaturated ketone.

Preparation of o-Bromophenylbenzylgly oxal (II).—A 
solution of 7.5 g. of benzal-ö-bromoacetophenone in 100 cc. 
of alcohol was treated with 3.5 cc. of 6 N  sodium hydroxide 
with stirring. To this mixture was added 7 cc. of 30% 
hydrogen peroxide. A colorless oil separated out. This 
oil could not be crystallized. On distilling at 155° (2 
mm.) a pale yellow oil was obtained which gave a deep 
cherry-red color with alcoholic ferric chloride.

Anal. Calcd. for C15Hn0 2Br: C, 59.4; H, 3.7. 
Found: C, 59.8; H, 3.6.

Preparation of the Enol of ö-Bromophenylbenzylglyoxal
(III).—To 25 g. of the diketone (II) dissolved in 90 cc. of 
alcohol, there was added a solution of 14.4 g. of sodium 
hydroxide dissolved in 30 cc. of water. The mixture gen- 
erated much heat and boiled on the addition of the sodium 
hydroxide. The mixture separated into a red upper layer 
and a colorless alkaline botton layer. The two layers were 
separated and the red solution was acidified with hydro­
chloric acid. The solution was largely diluted with water 
and extracted with ether. The ethereal solution was 
washed with water, dried over anhydrous sodium sulfate 
and concentrated. There was obtained a yield of 8 g. of 
colorless needle-like crystals melting at 107°.

Anal. Calcd. for Ci6Hn02Br: C, 59.4; H, 3.7. Found: 
C, 59.2; H, 3.8.

Oxidation.—When 1.0 g. of the alpha diketone was dis­
solved in 50 cc. of methyl alcohol and treated with an ex­
cess of alkaline hydrogen peroxide, cleavage resulted in the 
production of phenylacetic and o-bromobenzoic acids. 
These products were identified by their melting points and 
mixed melting points with known pure samples.

Reaction with o-Phenylene diamine (V).-—A solution of 
1.0 g. of the diketone and 1.0 g. of a-phenylenediamine in 
25 cc. of methyl alcohol was boiled for one hour and allowed 
to cool. The solution was poured into water, extracted 
with ether, washed with dilute hydrochloric acid, dried 
and concentrated. A practically quantitative yield of 
colorless needles melting sharply at 110° was obtained.

Anal. Calcd. for C2iH16N2Br: C, 67.2; H, 4.0. 
Found: C, 67.5; H, 4.2.

Methylation: Methyl Ether of a-Hydroxybenzal-o-
bromoacetophenone (VI).—A suspension of 5.0 g. of the 
powdered enol in 20 cc. of water was treated with 4:2 g. 
of dimethyl sulfate. To this mixture a 20% solution of 
potassium hydroxide was added dropwise with vigorous 
shaking until permanent alkalinity was effected. After 
extraction with ether, an equal volume of petroleum ether 
was added to the ethereal layer. This solution was then 
shaken with successive small portions of 10% potassium 
hydroxide until the alkaline layer was colorless. The 
alkaline washings upon acidification gave 0.5 g. of un­
changed material. The ethereal solution was dried, filtered
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and concentrated. There resulted a viscous yellow oil 
boiling at 280-285° (2 mm.). The yield was 4.4 g. or 
84.1%.

Anal. Calcd. for C16H1302Br: C, 60.5; H, 4.1; 
—OCH3, 9.8. Found: C, 60.8; H, 4.0; —OCH3, 10.0.

0-Bromophenylglyoxylic Acid.—This acid was purified 
by several crystallizations from methyl alcohol and water. 
The thin colorless needles melted over a range with de­
composition as reported by Russanow. For a concentra­

tion of 0.03449, molecular conductivity 266.21, and con- 
ductivity at infinite dilution 348, the ionization constant 
at 25° was calculated to be 8.6 X 10~2.

Summary
The preparation and properties of a new dike­

tone are herein reported in connection with a dis­
cussion of the methylation of alpha diketones. 
W a sh in g t o n , D. C. R e c e iv e d  A pr il  24, 1936

[C o n t r ib u t io n  fr o m  t h e  R e se a r c h  L a b o r ato r y  of Or g a n ic  Ch e m ist r y , M a ssa c h u se t t s  I n st it u t e  óf T echnolo gy ,
No. 140]

The Hydroxylation of the Double Bond1

B y  N icholas A. M ilas  and  Sid n e y  S u ssm a n

The use of osmium tetroxide and chlorates for 
the addition of hydroxyl groups to the double 
bond2 is limited to aqueous Solutions, and, at 
times, to specialized conditions. Similarly, or­
ganic peracids which have been used for this pur- 
pose are not of general applicability.3 During 
the past year and a half we have been engaged in 
the preparation of tertiary alkyl peroxides and 
hydroperoxides, and found that anhydrous Solu­
tions of hydrogen peroxide and tertiary butyl alco­
hol are stable at room temperature for long pe­
riods of time. Such Solutions, however, are per- 
fectly inert toward olefinic double bonds, but in 
the presence of a small amount of osmium tetrox­
ide, likewise dissolved in anhydrous tertiary butyl 
alcohol, a reaction proceeds smoothly to yield al­
most invariably a glycol. For example, from 
ethylene we obtained ethylene glycol; from tetra- 
methylethylene, pinacol; from cyclohexene, adi- 
pic acid; from the ethyl esters of crotonic, maleic 
and fumaric acids, the corresponding dihydroxy 
esters. Table I shows some of the quantitative
results obtained.

T a b l e  I
Olefinic substance Main product % yield

Isobutylene Isobutylene glycol 37.6
Trimethylethylene Trimethylethylene glycol 37.8
Allyl alcohol Glycerol 60.2
Cinmamic acid * Phenylglyeeric acid 56.2
Crotonic acid Dihydroxybutyric acid 53,8
Maleic acid Mesotartarie acid 30.3
Fumaric acid Racemic acid 48.3
(1) A preliminary report of this work was presented before the 

research conference, M. I. T., December 13, 193'5.
(2> (a> Milas and Terry, T h is  J o u r n a l , 4T, 1412 (1925);- (b) 

Terry and Milas, ibid., 46, 2647 (1926):; (c> Milas, ibid., 49,, 2005 
(1927).

(3) (a). Milas and Cliff, ibid., 55, 352 (1933); (b) Milas atul Mc- 
Alevy, ibid., 56, 1219 (1934).

While our work was under way Criegee4 pub- 
lished recently some preliminary results using os­
mium tetroxide and hydrogen peroxide in ethyl 
ether, and obtained aldehydes as his main prod­
ucts. In the present research, however, all of the 
unsaturated substances tried yielded glycols, al­
though in certain cases the latter oxidized further 
to yield small amounts of by-products. We are 
now actively engaged in this field and hope to pub- 
lish in the near future a more extended investiga­
tion.

Experimental
Preparation of the Reagent.—To 100 cc. of 30% hydro­

gen peroxide (Albone G) was added 400 cc. of pure tertiary 
butyl alcohol and the solution treated with small portions 
of anhydrous sodium sulfate whereby two layers sepa­
rated out. The alcohol layer, which contained most of 
the hydrogen peroxide, was removed and dried with anhy­
drous sodium sulfate and finally with anhydrous calcium 
sulfate (Drierite). A solution of 6.32% hydrogen perox­
ide in tertiary butyl alcohol was obtained, giving a re­
covery of 93.8%. This solution can easily be concentrated 
by vacuum distillation of the alcohol at room tempera­
ture to any desired concentration without any loss of the 
peroxide provided an all-glass apparatus is employed. 
When hydrogen peroxide Solutions of this sort were al­
lowed to stand at room temperature for over six months, 
only a small decrease in hydrogen peroxide concentration 
was noticed.

The Catalyst.—Osmium tetroxide (Merck osmic acid) 
dissolves readily in tertiary butyl alcohol and the solution 
is perfectly stable provided no isobutylene is present, 
otherwise most of the osmium tetroxide is readily reduced 
into an insoluble black colloidal oxide which is a very ac­
tive catalyst for the decomposition of hydrogen peroxide. 
In aqueous Solutions osmium tetroxide destroys hydrogen 
peroxide in a very short time, whereas in anhydrous ter­
tiary butyl alcohol it decomposes; the latter to the extent 
of 20% in one month’s time.

(4) Criegee, Ann., 522, 75 (1936),
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Isobutylene Glycol from Isobutylene.—The isobutylene 
was prepared by the dehydration of tertiary butyl alcohol 
with oxalic acid. To 4.3 g. (0.0768 mole) of isobutylene 
dissolved in 36.3 g. of tertiary butyl alcohol was added 
39.3 cc. (0.0768 mole) of 6.62% hydrogen peroxide reagent. 
The mixture was cooled in an ice-bath and to it added 0.75 
cc. of a 0.5% solution of osmium tetroxide in tertiary butyl 
alcohol, and allowed to stand overnight at 0°. The reac­
tion was complete on the following day when the mixture 
was fractionated and the fraction boiling at 176-178° 
collected; yield, 2.6 g. or 37.6% of the theoretical. This 
had a density of 0.999 at 25°. The boiling point and den­
sity of isobutylene glycol are recorded in the literature5 
as 176-178° and 1.003 at 20°, respectively,

Trimethylethylene Glycol from Trimethylethylene.—To 
7 g. (0.1 mole) of trimethylethylene6 (b. p. 38,3-38,4°) 
were added 48.4 cc. (0.1 mole) of 7.03% hydrogen peroxide 
reagent and 1 cc. of the osmium tetroxide solution cata­
lyst, and the mixture allowed to stand at room tempera­
ture for twenty-four hours. At the end of this time the 
reaction was complete; the mixture was then fraction­
ated whereby 2,9 g. of trimethylethylene was recovered 
and a fraction boiling at 175° collected; yield, 2.3 g. or 
37.8% of the theoretical. This had a density of 0.992 at 
25°. The boiling point and density of trimethylethylene 
glycol are recorded in the literature7 as 176-178° and 0.989 
at 25°, respectively.

Glycerol from Allyl Alcohol,—To 6.1 g. (0.105 mole) of 
allyl alcohol (Eastman Kodak Company) were added 
54.6 cc. (0.1 mole) of 6.3% hydrogen peroxide reagent and 
1 cc. of the osmium tetroxide solution catalyst. The reac­
tion mixture warmed up considerably and had to be cooled 
under running water. At the end of three hours the per­
oxide was completely consumed and the reaction mixture 
subjected to fractionation to remove the solvent, the cata­
lyst and the unreacted allyl alcohol (1.7 g.). The glycerol 
obtained amounted to 4.2 g. or 60.2% of the theoretical. 
The glycerol was definitely identified as the tribenzoyl 
ester which was prepared in pyridine from benzoyl chloride 
and the product obtained. It had a m. p. of 69°. Balbi- 
ano8 gives the m. p. of this derivative as 71-72°.

Phenylglyceric Acid from Cinnamic Acid.—To 3.7 g. 
(0.025 mole) of cinnamic acid (Eastman Kodak Company) 
were added 13.6 cc. (0.025 mole) of 6.3% hydrogen peroxide 
reagent and an equal volume of tertiary butyl alcohol. 
The mixture was cooled in an ice-bath, to it added 2 cc. 
of the osmium tetroxide solution catalyst, and allowed to 
stand overnight at 0°. The reaction was complete on the 
following day when the solvent was removed by vacuum 
distillation and the residue taken up with water. The 
unchanged cinnamic acid (2.4 g.) was removed by filtra­
tion and the filtrate distilled under reduced pressure when 
a semi-solid residue separated out; yield 0.9 g. or 56.2% 
of the amount of cinnamic acid consumed. The semi-solid 
phenylglyceric acid was not crystallized, but was found to 
have a neutralization equivalent of 190 which is in close 
agreement with the theoretical value of 182 for phenyl­
glyceric acid.

(5) Nevole, Buil. soc. chim., [2] 27, 63 (1877).
(6) FurnisJied through the courtesy of Dr. George Thomson.
(7) Krassuski, Chem. C e n tr 73, I, 628 (1902).
(8) Balbiano, Ber^ 36, 1573 (1903),

Dihydroxybutyric Acid from Crotonic Acid.—To 4.3 g.
(0.05 mole) of crotonic acid (Eastman Kodak Company) 
was added 27.2 cc. (0.05 mole) of 6.3% hydrogen peroxide 
reagent. The mixture was cooled in an ice-bath and to 
it added 1 cc. of the osmium tetroxide solution catalyst, 
and allowed to stand overnight at 0°. The reaction was 
complete on the following day when the solvent was re­
moved by distillation under reduced pressure, and the 
residue taken up with water. The unchanged crotonic 
acid was then extracted with chloroform following the 
method of Braun.9 When the chloroform was evaporated 
2.7 g. of unchanged crotonic acid was recovered. The 
aqueous portion was evaporated under reduced pressure 
and yielded 1.2 g. of a thick sirup; yield, 53.8% of the 
amount of crotonic acid consumed. This had a neutraliza­
tion equivalent of 122, which is in close agreement with the 
calculated value of 120 for dihydroxybutyric acid.

Mesotartaric Acid from Maleic Acid.—To 2.9 g. (0.025 
mole) of maleic acid (Eastman Kodak Company) were 
added 27.2 cc. (0.05 mole) of 6.3% hydrogen peroxide re­
agent, 2 cc. of the osmium tetroxide solution catalyst, and 
the mixture was allowed to stand overnight at room tem­
perature. The reaction was complete on the following 
day when the solvent was removed under reduced pressure 
and the residue dissolved in water. The solution was then 
made ammoniacal, heated to boiling and treated with ex­
cess 10% calcium chloride solution, whereby the calcium 
oxalate and mesotartrate precipitated out. This precipi­
tate was removed, dried and weighed; yield, 1.9 g. To re­
move the calcium mesotartrate, the precipitate was ex­
tracted with 20% sodium hydroxide solution. This Sepa­
ration yielded 1.2 g. of calcium mesotartrate and 0.7 g. 
of calcium oxalate. The calcium mesotartrate was fur­
ther purified by reprecipitation and analyzed.

Anal. Calcd. for C4H406Ca-3H20: Ca, 16.53. Found:
Ca, 16.28.

The filtrate from the calcium preeipitation was treated 
with three volumes of 95% alcohol, and the calcium male- 
ate, which precipitated out, collected, dried and weighed;
2.1 g., equivalent to 1 g. of unreacted maleic acid. From 
these results the yield of mesotartaric acid was calculated 
to be 30.3% and that of oxalic acid 14.6% of the maleic 
acid consumed in the reaction. Obviously the mesotar­
taric acid formed from maleic acid oxidizes further to 
oxalic acid.

Racemic Acid from Fumaric Acid.—To 2.9 g. (0.025 
mole) of fumaric acid prepared from furfural2c were added 
27.2 cc. (0.05 mole) of 6.3% hydrogen peroxide reagent, 
2 cc. of the osmium tetroxide solution catalyst, and the 
mixture was allowed to stand for two days at 0°. The sol­
vent was then removed under reduced pressure, the residue 
taken up with a small volume of water and the unreacted 
fumaric acid (1.7 g.) removed by filtration. The filtrate 
yielded 0.3 g. of calcium oxalate precipitated in acetic acid 
solution, and 1.3 g. of calcium racemate precipitated in 
ammoniacal solution. These correspond to 9.9% yield 
of oxalic acid and 48.3% yield of racemic acid. The cal­
cium racemate was then analyzed for calcium.

Anal. Calcd. for C4H40 6Ca-4H20: Ca, 15.38. Found:
Ca, 15.26.

(9) Braun, T h is  J o u r n a l ,, 61, 328 (1929).
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Summary
1. I t has been found that hydrogen peroxide 

in anhydrous tertiary butyl alcohol and in the 
presence of osmium tetroxide reacts with ole­
finic substances to yield glycols as the main 
products.

2. Ethylene glycol, isobutylene glycol, tri­
methylethylene glycol, pinacol, glycerol, phenyl- 
glyceric acid, dihydroxybutyric acid, mesotartaric 
acid and racemic acids have been obtained from 
their corresponding olefinic substances.
Ca m br id g e , M a ssa c h u se t t s  R e c e iv e d  M a y  27, 1936

[ C o n t r ib u t io n  from  t h e  Chem ical  L aboratory  of  D u k e  U n iv e r s it y ]

Conversion of Aldoximes to Carboxylic Acids by Means of Hot Alkali. The Elimina­
tion of Water from Aldoximes

B y  E arl  Jo rdan1 and  Charles R . H a u se r

The common statement that a ß-aldoxime 
loses water to form a nitrile more readily than its 
«-isomer has been based presumably on the well- 
known fact that, in the presence of certain re­
agents, as for example acetic anhydride followed 
by alkali, the ß-aldoxime forms nitrile, whereas 
the a-isomer usually gives only negligible amounts 
of this product. Under these conditions, how­
ever, the nitrile is not formed by the elimination 
of water from the ß-aldoxime; the latter is first 
converted to its acetyl derivative which elimi- 
nates acetic acid to form nitrile.2 Apparently 
there has been no direct evidence that in general, 
a /3-aldoxime loses water more easily than its a- 
isomer.3

In this paper it is shown that certain ß-aldox- 
imes in 2 N  sodium hydroxide solution4 at 97-100° 
are slowly converted into mixtures of the corre­
sponding carboxylic acids, ammonia and the a- 
aldoximes ;5 the latter are more slowly converted 
into carboxylic acids. The yields of acid and

(1) This paper is from a portion of a thesis presented by Earl 
Jordan in partial fulfilment of the requirements for the Ph.D. degree 
at Duke University.

(2) For a recent discussion of this reaction see Hauser and Jordan, 
T h is  J o u r n a l , 57, 2450 (1935); Hauser and Sullivan, ibid., 55, 4611 
(1933).

(3) This has been pointed out by Brady, Science Progress, 29, 
485 (1935). In this connection it should be mentioned that Hantzsch 
and Lucus [Ber., 28, 748 (1895)] have reported that ß-mesitylaldox- 
ime with hot alkali gives nitrile whereas the «-isomer is stable under 
similar conditions; also, Hantzsch [ibid., 24, 47 (1891)] has reported 
that jß-thiophenaldoxime with hot sodium carbonate gives nitrile. 
For references to the thermal decomposition of aldoximes see Hurd, 
‘‘The Pyrolysis of Carbon Compounds,” Chemical Catalog Co., 
N. Y., 1929, p. 659.

(4) Aldoximes in alkaline Solutions are quite stable at room tem­
peratures. See Freudenberg, “Stereochemie,” Vol. VII, 1933, p. 
987. In this Laboratory |Ö-3,4-methylenedioxybenzaldoxime (m. p., 
146°), after being kept in 2 N  sodium hydroxide solution at 30° for 
thirty-six hours was recovered in a yield of 93% melting at 133-135°; 
the «-isomer melts at 110°.

(5) It is well known that there is a tendency for the jÖ-benzaldox- 
imes to revert to the «-isomers. See Freudenberg, “Stereochemie,” 
Vol. VII, 1935, p. 988.

oxime isolated after certain periods of time are 
given in Table I. I t  can be seen that after the 
same periods of time the yields of acid obtained 
from ß-aldoximes are higher than those from the 
a-isomers. Since these carboxylic acids6 are 
probably formed by the hydrolysis of intermedi­
ate nitriles produced from the aldoximes by 
elimination of water, ß-aldoximes apparently do 
lose water more readily than their a-isomers; 
however, this reaction is not recommended for 
distinguishing a pair of geometrically isomeric 
aldoximes7 because, under the conditions used to 
effect the elimination of water, a considerable 
portion of the ß-aldoxime is converted into the a- 
isomer.5

The rate of conversion5 of /3-3,4-methylenedi- 
oxybenzaldoxime into the ct-isomer under these 
conditions is roughly indicated by the melting 
points of the products recovered after various 
periods of time. Evidently, complete conversion 
of the ß-aldoxime to the a-isomer requires from 
sixty to ninety minutes. Likewise, ß-4-methoxy- 
benzaldoxime apparently is converted into the 
a-isomer within four hours. Since practically 
pure a-benzaldoxime is often obtained as an oil, 
the products recovered after four hours from both 
öl- and ß-benzaldoximes are probably almost pure 
a'-aldoxime. On the other hand, both a- and ß- 
furfuraldoxime apparently are converted into a 
mixture of the two isomers.8

The changes occurring when bcnzaldoximes in
(6) It does not seem possible that the carboxylic acids could have 

been produced by a Cannizzaro reaction since no benzyl alcohol 
has been found; moreover, in certain cases, the total yields of car­
boxylic acid and aldoxime recovered amounts to over 90% of the 
theoretical quantitatives.

(7) These isomers are more readily distinguished by the reactions 
of their acetyl derivatives with bases; see references 2 and 3.

(8) This is in agreement with the. results reported by Brady and 
Goldstein, J. Chem. Soc., 1959 (1927).
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T a b l e  I

P e r c e n t a g e  Y ie l d s  of P roducts from  B en za l d o x im e s  a n d  2  N  So d iu m  H y d r o x id e  at  97-100°

Oxime M. p., °c. Time

Reco
%lUyield

vered oxime 
M. p., °C. 

crude prod.
%,

yield

---------Acid —
M. p., °C. 
crude prod.

Authentic 
m. p., °C.

Total
yield,

%
«-3,4-Met hylenedioxy- 110 15 min. 84 110 Trace 84
a-3,4-Methylenedioxy- 110 90 min. 90 108-110 3 224 228 93
os-3,4-Methylenedioxy- 110 4 hrs. 78 109-110 5 225 228 83
«-3,4-Methylenedioxy- 110 12 hrs. 74 110 21 220-222 228 95
/3-3,4-Methylenedioxy- 146 15 min. 87 124-127 5 224-225 228 92
/3-3,4-Methylenedioxy- 146 60 min. 68 100-102 16 227-228 228 84
jff-3,4-Methylenedioxy- 146 90 min. 62 110° 31 225 228 93
/?-3,4-Methylenedioxy- 146 4 hrs. 53 110° 37 225 228 90
/3-3,4-Methylenedioxy- 146 12 hrs. 41 110° 58 224-226 228 99
<y-Benzal- 35 4 hrs. 87 Oil 10 121 121 97
jS-Benzal- 132 4 hrs. 52 Oil 38 121 121 90
a-4-Methoxy- 64 4 hrs. 89 64 8 179-180 184 97
ß-4-Methoxy- 133 4 hrs. 59 64a 39 182 184 98
a-3-Nitro- 123 90 min. 96 123 Trace 96
jft-3-Nitro- 123 90 min. 26 116 62 137-139 140 88
a-Furfuraldoxime 75-76 90 min. 67 47-50 18 115-118 132-134 85
ß-F urf uraldoxime 89-91 90 min. 38 48-50 49 132-133 132-134 87

a Melting point of a-isomer.

2 N  sodium hydroxide solution are heated at 97- 
100° may be represented by the scheme9 
ß- R—C—H
or || ------------------- j

anti H—O—N slow
(NaOH |

at (R C N )---->  RCOOH +  NH3
|  97-100°) A

a- R—C—H very slow
or || -------------------1

syn N—O—H

In order to show that the formation of carboxy­
lic acid is brought about by the presence of alkali, 
/3-3,4-methylenedioxybenzaldoxime was heated 
at 97-100° with water alone for four hours, and in 
a solution of dioxane and water for ninety minutes. 
No nitrile or carboxylic acid could be isolated in 
either case; the only change observed was the 
conversion of a portion of the ß-aldoxime to the 
a-isomer.

Experimental
Approximately 2 g. of aldoxime was dissolved in 50 cc. 

of 2 N  sodium hydroxide and heated on a boiling water- 
bath (97-100°). In cases in which considerable acid was 
produced, ammonia was readily detected in the vapors.

(9) For references to the evidence supporting these configura- 
tions of aldoximes, see note 2.

After a designated time the solution was cooled and satu­
rated with carbon dioxide. The oxime which precipitated 
was filtered through a sintered glass crucible. The filtrate 
was extracted with ether to remove the oxime in solution. 
The filtrate was then acidified with hydrochloric acid and 
the precipitated carboxylic acid filtered off; the filtrate 
was extracted with ether. The products were dried and 
weighed; they were identified by the mixed melting point 
method. No other products were found.

Blanks were run with /3-3,4-methylenedioxybenzaldox- 
ime at 97-100°: (a), after four hours with water, 99%
oxime (m. p. 138-140°) was recovered; (b), after ninety 
minutes in water-dioxane solution, 95% oxime (m. p. 
99-101°) was recovered.

Summary
1. Certain ß-aldoximes with 2 N  sodium hy­

droxide at 97-100° are slowly converted into 
mixtures of carboxylic acids and the corresponding 
a-aldoximes. The latter are more slowly changed 
to carboxylic acids.

2. These results indicate that a ß-aldoxime
eliminates water to form nitrile more readily than 
its a-isomer; presumably, the nitrile undergoes 
hydrolysis in the presence of hot alkali to form 
the corresponding carboxylic acid and ammonia. 
D u r h a m , N . C. R e c e iv e d  M a y  1, 1936
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[ C o n t r ib u t io n  from  t h e  N a t io n a l  R e sea rc h  I n st it u t e  of C h e m ist r y , A cadem ia  S in ic a ]

The Alkaloids of Fritillaria Roylei. I. Isolation of Peimine1

B y Y u o h -F ong C h i , Y e e  Sheng  K ao and  K ou  J e n  Chang

Y uoh-Fong Chi, Yee Sheng Kao and Kou Jen Chang

Previous contributions on the alkaloidal con­
tent of the plant Fritillaria Roylei (Pei-Mu) by 
Fukuda2 and Chou3,4 have shown that it contains 
the following alkaloids: (A) verticin, C18H33O2N 
or C19H3o02N; (B) verticilin, C19H33O2N; (C)
peimine, C19H30O2N; (D) peiminine, CisEW^N; 
(E) fritimine, C38H62O3N2; and (F) fritillarin, 
C19H33O2N. The properties of these alkaloids are 
recorded in Table I.

Name Formula M. p., °C. Rotation
Pei-Mu
source

Peimine, Q 9H 30O2N 223 0° Chekiang
Peiminine C18H2802N 135 -6 2 .5 ° Chekiang
Fritimine C38H6203N 167 -5 0 ° Szechuen
Verticin C18H3302N 224-224.5 .—10.66° Japanese

Verticillin
C19H3602N
CX9H3302N Sinters at 130, melts 

at 148-150, reso- 
lidifies at 157-159, 
decomposes at 212- 
213 Japanese

Fritillarin C19H33O2N 130-131 Japanese

This interesting drug (Pei-Mu) finds wide ap- 
plication in medicine and is prescribed in f evers, 
coughs, dysuria, hemorrhages, deficiency of milk, 
threatened mammary abscess, lingering labor, 
rheumatism and diseases of the eye. This plant 
was identified as Fritillaria Roylei by Stuart5 or 
Fritillaria verticillata by Read and Liu.6 The 
part of the plant used in medicine is the starchy 
corm of this liliaceous plant growing in different 
parts of China, especially in Chekiang and Sze- 
chuen. The material used for this investigation 
was a Chekiang variety known by the commercial 
name “Ta Pei,” and was obtained from a local 
drug store or pharmacy. The pharmacological 
properties of peimine, peiminine and fritimine 
have been described by Chen.

The alkaloid A, (verticin) recently isolated by
(1) The authors wish to express their sincere thanks to Mr. Yao 

Tseng Iluang for his assistance in running the microanalyses re­
corded in this paper, and to Professor Treat B. Johnson of the Sterling 
Chemistry Laboratory of Yale University for his aid in the arrange­
ment of this paper for publication.

(2) Fukuda, Science Reports, Töhoku Imp. Univ., Japan, 1, 18, 
323 (1929). Also Chem. Zentr., 1, 988 (1930).

(3) Chou and Chen, Chinese J. Phy^iol., 6, 265 (1932).
(4) Chou and Chen, ibid., 7, 41 (1933).
(5) Stuart, Chinese Materia Medica, 178 (1911).
(6) Read and Liu, "Plantae Medicinalis Sinensis,” No. 630, 

1927, pp. A I, 51.

us, had the same melting point as C (peimine); 
but the results of our analyses of the free bases 
and its salts proved it to have the formula 
C26H43O3N, instead of C19H30O2N assigned to pei­
mine by Chou. Judging from the analytical data 
already known, we conclude this was probably the 
same alkaloid as peimine, to which the present 
authors have assigned a different formula.

Experimental Part
Ninety-eight kilograms of the starch corms of Fritillaria 

Roylei, known under the commercial name “Ta Pei” was 
powdered, and percolated with 95% alcohol. When the 
solvent had been removed from the alcoholic extract under 
diminished pressure at 40-45°, the residue was dissolved 
in 2% hydrochloric acid, and the solution filtered. The 
crude alkaloid was then liberated from the acid extract 
with sodium carbonate, and extracted with ether and then 
with chloroform. After distilling the solvent from the 
ethereal solution, the ether-soluble alkaloid weighed 48 
g., which represented about 0.05% of the total quantity 
of the crude drug. This crude alkaloid dissolved in ben­
zene, to which some petroleum ether was added just to 
turbidity, whereupon peimine separated as an amorphous 
powder. It was then purified by recrystallization from 
an alcohol-petroleum ether mixture, from which peimine 
separated in needles, melting at 223-224°.

In some cases, it was better to convert the ether-soluble 
alkaloids, after solution in dry ether, into their hydrochlo­
rides by passing in dry hydrogen chloride. The mixed 
hydrochlorides were then separated into peimine hydro­
chloride and peiminine hydrochloride (to be described in 
our next paper) by fractional crystallization from an alco- 
hol-ether mixture.

Pure peimine was recovered from its hydrochloride by 
action of sodium carbonate. It was recrystallized from a 
mixture of alcohol-petroleum ether, and separated in 
needles melting at 224°. The yield of pure peimine was 3 
g. For analysis, the alkaloid was dried over phosphorus 
pentoxide at 80° in a vacuum, [o:]13d 0 ° .

The hydrochloride and hydrobromide of peimine were 
prepared by dissolving in each case 100 mg. of the pure 
alkaloid in ether, passing in hydrogen chloride or bromide 
and recrystallizing from an alcohol-ether mixture. The 
acid sulfate was prepared in similar fashion except that 
dilute sulfuric acid was employed. The different products 
were dried for analysis over phosphorus pentoxide at 80° 
in a vacuum.

The platinichloride and aurichloride were prepared by 
precipitation in aqueous solution. The former salt was 
recrystallized from water and the latter from dilute hydro­
chloric acid. The products were dried for analysis over 
phosphorus pentoxide at 110° in a vacuum. The results 
of analyses of the alkaloid and its different salts are re­
corded in Table II.
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Cöffipöünd

M. p„ °C. 
Formula

Carbon, %

T able II
Feiriiiiié (F) Hydrochlo­

ride
Hydrobromide Acid

su lfa te
Platiüchlo- Auriehlö- 

ride ride
224 295, dec. 293.5-294 278-280 233-235, dec. 164-165
C26H43O3N P-HC1 P-HBr PH2SÖ4 f>2HE2FtÓÏ6 FH AüCf

Calcd. 74.75 68.74 62.61 60.53
F o u iid * 6 74.65° 69.07, 68.77 62.92, 62.88, 63.13° 60.28,

60.27

Hydrogen, % Calcd.
Found°’6

10.38 
10.42'

9.77 8.90 8.80
9 .84 ,9 .85  9.04,8.86*8:77° 8.81, 8.64

Nitrogen, %

%

j  Calcd.
\  Found0’6 
f Calcd.
\  Found

3.35
3 .56e

2.81
2.72°

Br 16.04
15.55'

( 15.68 
Pt j 15.45 

15.36

[ 26.03 
Aü \ 24.9  

25.09
Moiecular weight determination (Rast); 0.288 mg. in 3.520 mg. Camphör.
AT, 9.2°. Ö. 268 mg. in 3 .8lÖ mg. cämphör; At, 7.7°. Cètlcd. for C26H43O3N, 417.8. Fétirid: 336,° 365.2 
0 Analyses made by Dr. Itïg. A. Schoeller, Toelzestrasse 19, Berlin-Schmäfgendörf, Germany. 6 Analyses made by 

Dr. Carl Tiedcke, Bismarckstrasse, HaihbUrg 19, Gerinany. c Average: 74.75, 74.85,° 74.67,° 74.76, 74.58,6 74.39,6
74.53.6 d Average: 10,30, 10,15, 10.49,° 10.54,° 10.43,6 10.53,6 10.51.6 e Average: 3.52, 3.60, 3.7?, 3.38,° 3.36,° 3.72.6

Summary

Peimine, melting at 224°, has been obtained in 
a more pure condition. ïts formula is C2SH43O3K, 
instead of C i9H 3oÖ 2N ,  which was assigned to it by

Chou. The present förmula ië substäntiated by 
the results of analysis of several salts; namely, 
the hydrochloride, bromide, ac’id stilfaté, platini- 
chloride and aurichloride.
S h a n g h a i , Ch in a  R ë c e iv e d  M a y  7, 1936

NOTES

An Apparatus for the Determination óf thé Ab­
sorption of Small Quantities of Gas by Solutions

B y  H. E. B e n t , W. F. G r e sh a m  a n d  N. B. K e ev il

The apparatus illustrated in the figure is de- 
signed to measUre the absorption of small amounts 
of gas by Solutions contained in sealed glass 
capsules. The apparatus allows one to break and 
empty the capsule, measure the amount of 
oxygen absorbed and make a correction for the 
amount of oxygen dissolved in the solvent. The 
sample is contained in a capsule “G” and the 
oxygen to bé introduced is measured in a capillary 
by means of the scale “B,” a small slug of mercury 
in the capillary serving to confine the gas.

The particular problem: which necessitated the 
construction of this apparatus was the determina­
tion of the purity of small quantities of organic 
free radicals by meäsuring the quantity of oxygen 
absorbed. Samples of a half gram or larger may 
conveniently be studied in the apparatus de­

veloped for meäsuring the heat öf the reaction. 1 
Frequently, however, it is desirable to analyze 
with a precision of about 1% a dilute solution of 
a free radical Which will not absorb more than 
about 1 cc. of Oxygen. The details of breaking 
the capsule and meäsuring the absorption of 
oxygen together with typical experimental results 
are given in the following paragraphs.

The manipulation öf the apparatus will be 
evident from the figure and the following de- 
scription. “A” is a stopcock through which the 
apparatus may be evacuated after the capsule 
containing thé sölutiofi of the ffeé radical has been 
pïaéëd in the äpparätUs. “B;”' is a Scale plaiééd 
behlnd the capillary (diameter 4 mm.) in order 
that thé volume of oxygen introduced into thé 
absorption bulb may be accurately measured. 
“C” is a three-way stopcock which cönnects the 
capillary tube to the supply of oxygen and to the

( i )  Bent, Cuthbertson, Dorftnan and Leary, T h is  J o u r n a l , 58, 
165 (1936); Bent and’ CuUtbtfrtsou, i b i d 58, 170 (1936).
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absorption bulb. “Dv> leads to the Oxygen supply 
and has a blow-off tube below it to permit better 
control of the pressure. By properly adjusting 
the pressure a small volume of mercury is intro­
duced into the capillary through “C” before it is 
filled with oxygen. This slug is blown by oxygen 
to the top of the capillary. When the cock “C” 
is carefully turned to introducé oxygen into the 
absorption bulb which is a t a slightly lower pres­
sure the slug of mercury descends and gives a 
measure of the amount of gas which has been 
introduced. Provided the tube is clean no diffi­
culty is encountered from the slug’s dropping in 
the capillary. “E” is a thermometer which 
measures the temperature in the jacket around 
the absorption bulb. The absorption bulb is just

above “F ” and at “F ” is a reference mark to 
which the bulb is calibrated. “G” is the capsule 
which is of rather peculiar design. At the top the 
capsule is sufficiently blunt to prevent its wedging 
in the constriction. At the bottom there is a 
little bulge which permits the glass rod “H” to 
hold the capsule submerged after it has been 
emptied. The capsule below the lower bulge is 
constricted for a short length before drawing down

to a capillary. The reason för this is that thè 
capsule cannot easily be emptied unless there is 
sufficiënt volume between the lower part of the 
capsule and the outside tube to hold all of the 
solution. The contents of the capsule are expelled 
below the surface of the mercury by warming. If 
the capsule had not been constricted at the bot­
tom the solution would have come out of the cap­
sule and surrounded the latter, thus making it 
difficult to expel the contents, as the solution 
around the outside would have warmed up first 
and been pushed back into the capsule. The 
glass rod “H ” is connected by a fresh piece of 
gum rubber tubing. The rubber is connected to 
a glass tube at such an angle that it is always 
covered by mercury and does not come in con­
tact with the solution. At the beginning of a 
run the mercury is lowered and the capsule held 
by the rod “H.” After evacuation the mercury 
is raised around the capsule and the tip of capsule 
broken by means of this rod. After emptying 
the capsule the rod holds the glass down out of 
the way of the solution while it is absorbing 
oxygen. “I ” is a rubber stopper which is held 
up by a steel washer which in turn is held securely 
in place by wires which are not shown. “J ” is 
a pinchcock which permits the mercury to be held 
at a fixed height in the absorption bulb. “K” is 
a reservoir of mercury which can be evacuated 
for removal of mercury from the absorption bulb 
or may be open to the atmosphere or maintained 
at any desired intermediate pressure. The pres­
sure in the absorption bulb is measured by means 
of the mercury column in the tube which is open 
at the top, a small cathetometer and steel scale, 
not shown.

In carrying out a run the capsule is first intro­
duced by removing the rubber stopper “T.” 
The pinchcock is closed and the space surrounding 
the capsule evacuated. Mercury is then allowed 
to rise, floating the capsule above the rod “H.” 
A correction is made for any trace of residual gas 
by meäsuring it before adding the oxygen. The 
quantity amounted usually to one or two tenths 
of a cubic centimeter. The pressure is then ad- 
justed, the tip broken and the contents expelled 
by gentle warming, the broken tip being kept 
slightly below the surface of the mercury. The 
pressure is then adjusted to a little less than one 
atmosphere and an excess of oxygen introduced. 
The volume of the gas phase is increased to three 
times that of the calibrated bulb (9.9 cc.), an
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auxiliary calibration fixing this point, and the 
solution allowed to stand with occasional shaking 
in order to come to equilibrium. The ether 
meniscus is then raised to the graduation on the 
constriction at “F ” and the amount of residual 
oxygen computed from the total pressure and 
the vapor pressure ot the solvent. A correction 
is applied for the amount of oxygen dissolved in 
the solvent at the partial pressure of the oxygen 
existing at the time equilibrium is being estab­
lished. The compression of the oxygen, as the 
solution is raised, increases its solubility. How­
ever, the surface of contact is so small at the con­
striction that the new equilibrium is approached 
very slowly. Since this is a correction to a cor­
rection it is not of importance. When ether is 
used as a solvent the largest error is due to the 
changing vapor pressure of ether with slight change 
in temperature. The table illustrates the ac- 
curacy which may be obtained without thermo- 
stating the water jacket. Doubtless a more 
accurate control of the temperature by circulat- 
ing water at constant temperature through the 
jacket would still further improve the results. 
The apparatus was checked by determining the 
solubility of oxygen in ether using a sample of 
ether about three times as large as that required 
in the determination of the purity of a free radical. 
An error of 10% in determining the solubility of 
oxygen in ether amounts to about 0.5% in the 
correction to be applied to a run on a free radi­
cal. The data on diphenyl a-naphthylmethyl 
in the table give an idea of the accuracy of the 
method.

A b so r ptio n  of  Ox y g e n  b y  D ip h e n y l  « -N a ph th y l-
METHYL

Conen, of cpd. from soly., wt. %
Ether soln., g.
0 2 (N. T. P.) added, cc.
Inert gas in capsule, cc.
Gas after run, cc.
0 2 abs. by cpd. X 103, g.
Conen, cpd. in wt. %
Purity, %
M a llinckrodt  C hem ic a l  L aboratory  
H arvard  U n iv e r sit y  
Ca m br id g e , M a s s . R e c e iv e d  A pr il  28, 1936

The Catalytic Oxidation of Carbon
B y H ans  M . C assel

The activating effect of sodium chloride on the 
combustion of soot in contact with it, described

by R. K. Taylor,1 has recently been the object of 
further interesting experiments by Day, Robey 
and Dauben,2 using other salts as activating sub­
stances. In explaining their observations these 
authors refer to a theory proposed by H. S. Tay­
lor and H. A. Neville3 for the heterogeneous re­
action of steam with carbon.

It should be taken into consideration, however, 
that the topochemical relations in the two cases 
are distinctly different: in the steam experiments 
the salt particles are imbedded in the carbon 
surface; in the combustion experiments, on the 
other hand, the oxygen molecules have to pene- 
trate the soot layer before they can possibly reach 
the salt surface.4 I t is difficult to see how the con­
tact of the soot with the salt is maintained and 
continues to be effective once the reaction has 
started in the interface.

On the basis of the earlier work of Eucken5 two 
observations made by me may offer a more satis- 
factory explanation. Eucken, studying the com­
bustion of graphite under low pressures, observed 
a rather low rate on smooth surfaces. But after 
a longer attack by oxygen the carbon surface 
takes on a velvet-like appearance, accompanied 
by an acceleration of the reaction. The condi­
tion of the surface may, however, be “ironed out” 
again by a process which Eucken calls “healing.” 
Probably this is due to the reaction 2CO = C +  
C02 which takes place in the range of not too high 
temperatures, the formation of CO being the first 
step of oxidation. According to R. K. Taylor, 
this process of regeneration seems to occur also 
in the case of burning soot, for he observed a slow- 
ing down of the reaction “presumably because of 
the more rapid oxidation at first of smaller par­
ticles or more active patches on the carbon sur­
face.”

I deposited a layer of soot on Pyrex glass by 
cracking CH2C12 at about 450°. In burning this 
by exposing it to a current of oxygen at about 
600° the reaction once started generally spreads 
parallel to the surface, the soot being removed as 
if swept out by a piston. The fact that the reac­
tion does not visibly proceed perpendicularly to 
the surface indicates that the carbon deposit is 
more easily attacked from the sides than from the

(1) R. K. Taylor, T h is  J o u r n a l , 52, 3025 (1930).
(2) J. E. Day, R. F . Robey an d  H. J. D aub en , ibid., 57, 2725 

(1935).
(3) H. S. Taylor and H. A. Neville, ibid., 43, 2055 (1921).
(4) The impermeability of thin layers of soot is evident in the 

case where it acts as an emulsifier.
(5) A. Eucken, Z. angew. Chem., 43, 986 (1930).

1.427 1.427 
3.074 3.279 
2.535 3.065 
0.165 0.119 

.982 1.275
2.34 2.55
1.395 1.426 

98.7 100.0
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surface. This should be expected if the soot par­
tieles, as hexagonal crystals,6 have grown orien- 
tated with their cleavage planes lying parallel to 
the glass surface.7

This view is in agreement with the theory of 
Eucken, which assumes that the adsorption of gas 
molecules or atoms by graphite takes place pref- 
erentially in the planes perpendicular to the cleav­
age planes of the crystal lattice.8 The reaction, 
therefore, should be facilitated wherever two ad­
jacent crystals touch each other or project into 
the gas phase.

If this is true, and if the soot deposits are al- 
ways orientated, the combustion of soot deposits 
should be accelerated when the underlying glass 
surface is etched or ground. In order to check 
this the externally ground part of a Jena glass 
ground joint and the adjacent smooth surface 
were coated with soot from a natural gas flame 
and exposed to oxygen at about 600° for a few 
seconds. This treatment cleaned the ground part 
perfectly of carbon, while no visible attack took 
place on the smooth glass surface, a sharp line di- 
viding the two.

Considering that the deposits in the salt ex­
periments naturally have a very coarse structure, 
it may be concluded that the function of the salts 
in the case of soot combustion is quite the same 
as that of the ground glass, in the above described 
experiment, namely, interrupting the primary 
growth of large crystals and preventing a second­
ary regeneration.

From the same point of view the theory of the 
mechanism of the steam-carbon reaction should 
be revised. I t is known from the experiments of 
Frankenburger9 that sodium chloride inserted 
into iron deposits causes a highly dispersed struc­
ture by inhibiting the growth of coherent crystals. 
Such iron appears remarkably activated. Ac­
cordingly the increased activity of the impreg- 
nated graphite seems to be due to the opening of 
the prismatic planes6 of the crystal lattice com­
bined with the hygroscopic action of the salt 
ions.
C o n t r ib u t io n  from  th e
G r e a t  W e s t e r n  E lectro-C hem ic a l  C om pany  
P it t sb u r g , C a l if . R e c e iv e d  A p r il  13, 1936

(6) U. Hofmann, Z. angew. Chem., 44, 841 (1931).
(7) The orien tation  of soot particles is also very probable in its  

Operation a s  em u lsify in g  agent.
(8) The findings of L. Meyer [Z. physik. Chem., B17, 385 (1932)] 

and U. Hofmann [Ber., 65, 1821 (1932)] who describe the basal 
planes of graphite as being attacked pref erentially are related to 
temperatures above 750°.

(9) W. Frankenburger, Elektrochem., 37, 473 (1931).

Resin Studies. IV. Sublimed Z-Abietic Acid
B y  D a v id  L ip k in  a n d  W. A. L a L a n d e , J r .

Z-Abietic acid (and rosin) have been observed 
to give a “Sublimate” when heated under a variety 
of conditions at a temperature below the distilla­
tion point of the acid.1 We have studied this Sub­
limate carefully and find that it shows certain 
marked differences from the products obtained 
by Shaw and Sebrell and by Labatut and Duf- 
four. Dupont2 considered the Sublimate ob­
tained by the latter investigators to be identical 
with Z-abietic acid.

To obtain a sufficiënt quantity of the Sublimate 
the previously described procedure of La Lande1 
was used, except that stirring was eliminated and 
a large glass tube substituted for the reaction ves­
sel. The yield of dry and colorless product was 
highest in the range 175-275°; at 330-385° the 
yield was negligible and the product quite impure 
due to the rapid decomposition. About 0.5 g. of 
Sublimate was collected during an eight-hour pe­
riod from a 14-g. charge; none was obtained from 
various rosins, and air or oxygen could not be sub­
stituted for the pure nitrogen.

Fig. 1.—“Sublimed” Z-abietic acid 
(X  100).

The product, which is illustrated in the accom- 
panying figure, showed the following properties as 
compared with a sample of Z-abietic acid prepared 
according to Steele.3

The rotary power of the Sublimate was practi- 
cally constant regardless of the temperature and 
its rate of formation. I t  underwent no change on 
exposure to the light (including occasional sun­
light) and air of the laboratory for a few months,

(1) Labatut and Dufifour, Soc. des Sc. de Bordeaux, 31 (1919); 
Shaw and Sebrell, Ind. Eng. Chem., 18, 612 (1926); La Lande, ibid., 
26, 678 (1934).

(2) Dupont, Bull. soc. chim., [4] 35, 1209 (1924),
(3) Steele, T hxs Jo ur n a i», 44, 1333 (1922).
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T a b l e  I
P r o pe r t ie s  of S t e e l e ’s  /-A b ie t ic  A cid a n d  “S u b l im e d ” 

/-A b ie t ic  A cid

K p o p
Steel’s 

/-abietic acid
158

“Sublimed” 
/-abietic acid

150
M. p. after 1 recrystn. from 

EtOH, °C. 158 150
[aJ26D (5% in EtOH) -7 5 .5 -3 5 .1
Acid no. 185.4 185.3
Sapn. no. 185.4 185.3
Calcd. acid no. 185.5
% c 79.24 79.32
% H 9.86 9.90
Calcd. % C 79.40
Calcd. % H 10.00
C6H6COCl color reaction Indigo-blue Indigo-blue

in marked contrast to the original acid which 
turned brown and opaque under these conditions. 
In xylene Solutions, however, this difference was 
not apparent. Using the technique of Dupont 
and Lévy4 it was found that both acids absorbed 
oxygen at practically the same rate and to the 
same degree.

(4) Dupont and Lévy, Buil. soc. chim., 47, 60 (1930).

J ohn H a r r iso n  L abor ato r y  
U n iv e r sit y  of P e n n s y l v a n ia
P h il a d e l ph ia , P a . R e c eiv ed  A pr il  15, 1936

Studies in the Phenanthrene Series. X.
N aphthoquinolines1

By E r ic h  M o settig  a n d  J o h n  W. K r u eg er

The skeleton of morphine consists of a phenan­
threne nucleus and a nitrogen-containing ring. 
Neither in natural nor synthetic products is any 
other example known of such a Condensed ring 
system as is found in the morphine group. As 
an approach to the preparation of compounds con­
taining similar ring Systems, which might exhibit 
morphine-like action, we have considered it ad- 
visable to include the synthesis of several naph- 
thoquinolines and naphthoisoquinolines.2

This communication deals with the synthesis 
of a naphthoquinoline derived from 3-aminophe- 
nanthrene. Since the latter compound has been 
hitherto prepared practically only through a very 
tedious detour (phenanthrene sulfonic acid to 
hydroxyphenanthrene to aminophenanthrene),3

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

(2) See also Benzofuroquinolines, Mosettig and Robinson, This 
Jo ur n a l , 57, 902 (1935).

(3) Werner and co-workers, Ann., 321, 248 (1902).

we sought for a more feasible preparative method. 
Very recently Bachmann and Boatner4 described 
in a preliminary form the preparation of 1-, 2-, 
and 3-aminophenanthrenes by the Beckmann re­
arrangement of the oximes of 1-, 2-, and 3-acetyl- 
phenanthrenes, emphasizing the practical useful- 
ness of this procedure. We have, independently 
of these authors, prepared 2- and 3-aminophen­
anthrenes in the same way. We are withhold- 
ing the preparative details until comparison with 
Bachmann and Boatner’s procedure can be made.

By application of Skraup’s synthesis to 3-amino- 
phenanthrene, a naphthoquinoline of m. p. 106- 
107° was obtained. In spite of careful search, no 
other isomer could be found, which indicates that 
ring closure took place in only one direction. A 
tetrahydro derivative, obviously hydrogenated 
in the nitrogen-containing ring, was readily ob­
tained by high pressure reduction, employing 
Chromite catalyst. By catalytic reduction under 
ordinary conditions, using platinum oxide cata­
lyst, the same py-tetrahydronaphthoquinoline 
was formed together with a more highly hydro­
genated compound which is most probably an 
octahydronaphthoquinoline. Since there is still 
some uncertainty in our minds as to the nature of 
the substance obtained by the Emde degradation 
of the methochloride of N-methyltetrahydro- 
naphthoquinoline, the comparison of the degrada­
tion product with 2- [3- (dimethylamino) -jz-propyl ] - 
phenanthrene does not permit any conclusions as 
to whether the nitrogen-containing ring is a t­
tached in the 3,4- or 3,2-positions of the phenan­
threne nucleus.

We intend to present this final structural proof 
together with analogous experiments on the 2- 
and 9-aminophenanthrenes respectively, in a 
following communication.

Experimental
N aphtho- (1,2-f) -quinoline or Naphtho- (2,1-g)-quino­

line.—For the saké of simplicity we shall refer to this 
compound as “naphthoquinoline.” It was prepared by 
Cohn’s modified method of Skraup.5 Thirty grams of 3~ 
aminophenanthrene was added to a suspension of 4.5 g. 
of ferrous sulfate in 30 cc. of nitrobenzene, which was sub­
sequently mixed with a solution of 9.1 g. of boric acid in 
46 cc. of glycerol. Finally, 25 cc. of concentrated sulfuric 
acid was introduced in small portions to the thoroughly 
stirred mixture. The gray pasty mass was then trans­
ferred to an Erlenmeyer flask, kept in a water-bath for three 
hours, and finally heated on a hot-plate until it turned to

(4) Bachmann and Boatner, T h is  Jo u r n a l , 58, 857 (1936).
(5) Cohn, ibid., 52, 3685 (1930).
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P r o pe r t ie s  a n d  A nalytical  D ata

M. p., (corr.) Carbon, % Hydrogen, % %Compound Solvent °C. Formula Calcd. Found Calcd. Found Calcd. Found

Oxime of 2-acetylphenanthrene“ EtOH 196-198 CieHisON N 5.95 5.93
3- (Methylamino) -phenanthrene6 Pet. ether

(70-90°) 69-70 C15H 13N 86.91 86.97 6.32 6.33
Hydrochloride EtOH- 190-200

ether dec. C15H14NC1 CI 14.55 14.63
3-(Dimethylamino)-phenan­ Pet. ether

threne6 (70-90°) 75-76 c16h 15n 86.84 86.80 6.83 7.04
Hydrochloride EtOH 210-213

dec. Ci6H16NC1 CI 13.76 13.96
3- (1-Aminoethyl) -phenanthrene-

HC1C EtOH 265-266 C16H16NC1 74.52 74.45 6.25 6.40 CI 13.76 13.59
“Naphthoquinoline” Bz pet.

ether 106-107 CwHuN 89.04 89.11 4.84 4.95 N 6.11 6.09
Hydrochloride EtOH 239-243 C17H12NC1 N 5.27 5.17
Tetrahydro-‘‘naphthoquinoline”‘* EtOH 72-74 c17h 15n 87.51 87.78 6.49 6.63 N 6.01 6.16
Hydrochloride EtOH 255-260 Ci7H16NC1 N 5.19 5.19
Octahydro-'‘naphthoquinoline Pet. ether 111-112 c17h 19n 86.02 86.04 8.07 8.16 N 5.91 5.95

86.14 8.20
Hydrochloride EtOH 305-307 Ci7H2oNC1 N 5.12 5.15
2- (3- (Dimethylamino) -1 -chloro-

w-propyl)-phenanthrene hydro­ 248-252
chloride® EtOH dec. C19H21NC12 CI 21.22 20.57

2- (3- (Dimethylamino)-w-propyl) - EtOH 222-227 Ci9H22NC1 76.07 76.01 7.41 7.25 CI 11.83 11.79
phenanthrene hydrochloride/ N 4.67 4.59

a Five grams of finely divided 2-acetylphenanthrene 
(m. p. 143-144°), 4 g. of hydroxylamine hydrochloride, 80 
cc. of alcohol and 2 cc. of pyridine were heated in a pressure 
bottle for three and one-half hours at 100°. Practically 
pure oxime crystallized from the cooled reaction mixture; 
yield, 90%.

6 The methylation of 3-aminophenanthrene was carried 
out in 10-g. batches using dimethyl sulfate and potassium 
hydroxide. The Separation of the tertiary and secondary 
bases was effected by Hinsberg’s method with benzene 
sulfonyl chloride. The quaternary compound was isolated 
as the methiodide. This, on thermal decomposition, 
yielded another batch of tertiary amine. The average 
yield of tertiary amine was 40-50%, of secondary amine, 
10%.

c Obtained in yields of 60-70% by reduction of the oxime 
with 2.5% sodium amalgam in alcohol-acetic acid solution.

d Ten grams of “naphthoquinoline” suspended in 15 
cc. of absolute alcohol with 1 g. of Chromite catalyst was 
heated to 135° during one hour, and kept at this tempera­
ture for one and one-half hours under a hydrogen pressure 
of 133-144 atm. (apparatus, Adkins and Cramer, T h is  
J o u r n a l , 52, 4349 (1930), catalyst, 37 KAF, ib id., 54, 1138 
(1932)). The catalyst, together with the crystallized reduc­
tion product was filtered, the base (7.5 g., m. p. 70-74°) 
was separated from the catalyst by extraction with ether 
in a Soxhlet apparatus. From the alcoholic filtrate 1.5 
g. of tetrahydronaphthoquinoline hydrochloride was ob­
tained. No other substances could be obtained. Five 
grams of naphthoquinoline, dissolved in 125 cc. of glacial 
acetic acid, was reduced catalytically under ordinary con­
ditions, using 0.25 g. of platinum oxide. Within ten days 
1700 cc. of hydrogen was taken up (calcd. for 2 moles, 
1100). Three and one-half grams of the octahydro com­
pound was obtained by the aid of its difficultly soluble

hydrochloride. When the hydrogenation was interrupted 
after about two and a quarter moles of hydrogen had been 
taken up, octahydro- and tetrahydronaphthoquinoline 
and a considerable amount of oily, undefined products were 
obtained. The octahydronaphthoquinoline may be pre­
pared more conveniently by catalytic reduction (platinum 
oxide and glacial acetic acid) of the tetrahydro compound. 
The tetrahydronaphthoquinoline is rather unstable and 
becomes dark in solution.

e To a suspension of 1 g. of phosphorus pentachloride in 
2 cc. of chloroform, 1 g. of finely powdered 2-(3-(dimethyl- 
amino)-l-hydroxy- n - propyl)-phenanthrene hydrochloride 
(Mosettig and van de Kamp, unpublished results) was 
added in small portions, and the mixture was shaken for 
several minutes. The hydrochloride was precipitated with 
ether and recrystallized from alcohol; yield, 0.7 g. Its 
m. p. depends greatly on the speed of heating.

f  A suspension of 0.075 g. of palladous hydroxide-cal- 
cium carbonate catalyst (Pd content 1%), and 0.5 g. of 
2 - (3 - (dimethylamino) - 1 - chloro - n - propyl) - phenan­
threne hydrochloride in 10  cc. of alcohol was shaken in 
a hydrogen atmosphere. The hydrogen absorption was 
completed in two hours. The catalyst was filtered off, the 
alcohol was evaporated in  vacuo, and the residue treated 
with ether and 10% potassium hydroxide. The brown 
oily base obtained from the ether layer was distilled in an 
oil pump vacuum, and converted into the hydrochloride: 
yield, 30-50%; mol. wt. of free base by micro Rast, calcd. 
263; found, 278. In this reduction a white amorphous 
solid, insoluble in ether and water, was formed, probably 
according to the equation: 2 C19H20NCI — >  C38H40N2 +
2HC1.

a homogeneous liquid which was kept at a gentle boil for 
nineteen hours. The reaction mixture was steam distilled.
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On addition of saturated sodium chloride solution, the 
naphthoquinoline hydrochloride precipitated in the form 
of light brown needles. For further purification the base 
was liberated and taken up in ether. If necessary, a 
Separation from unchanged aminophenanthrene can be 
effected through the difficultly soluble sulfate of the latter 
compound. The naphthoquinoline can be purified by high 
vacuum distillation or by crystallization, and is obtained 
in the form of long, flat, nearly colorless needles or pale 
yellow prisms; average yield, 45% of the amount calcu­
lated from the aminophenanthrene. The hydrochloride 
crystallizes in lemon-yellow felt-like needles.
Co bb  Ch em ic a l  L a boratory  
U n iv e r sit y  of V ir g in ia
U n iv e r sit y , V ir g in ia  R e c eiv ed  J u n e  1, 1936

An Improveinent on the Quantitative Determina­
tion of Radioactivity

B y A. R. O l so n , W. F. L ib b y , F. A. L ong  a n d  R. S. 
H alfo r d

In an investigation of the mechanism by which 
acetylchloroaminobenzene rearranges into p-ohlo- 
roacetanilide, which is to be published soon, Olson,

Porter, Long and Halford used radioactive chlo­
ride ion in order to get one datum in addition to

the usual kinetic data. I t was necessary to de­
termine the radioactivity of the chloride ion re­
maining in solution at various times as the reac­
tion progressed. The methods which previously 
have been used for this purpose have utilized solid 
materials and because of this have had the follow­
ing defects in common: (a) lack of reproduci- 
bility of the sample due to variations in partiele 
size, crystal structure, thickness of the layer, etc.,
(b) the activity of the sample is at an optimum 
for a Geiger counter for a time approximately 
equal to the half-life of the active material.

By dissolving the solid material and introduc- 
ing the solution into a counter of the type shown 
in Fig. 1, the errors mentioned in (a) can be elimi­
nated. Then, if the original material is suffi­
ciently radioactive, the time during which the 
counting can be done in the optimum range can 
be increased many-fold by utilizing a method of 
dilution of the original solution.

Fig. 2.—Logarithms of the last column of Table I 
plotted against the time of counting. The circles are 
these experimental results. The straight lines are cal­
culated under the assumption that the half-life of 
radioactive chlorine is 37.0 minutes.

Thus in the investigation referred to above, the 
chloride ion was precipitated as silver chloride, 
washed and dried. Four-tenth granFof this was 
dissolved in 15 cc. of five molar ammonium hy­
droxide and made up to 150 cc. in a Volumetrie 
flask with distilled water. This original solution, 
however, was much too active to be accommo- 
dated by the counting apparatus and so 5 cc. of it 
was used to determine what dilution was neces­
sary to give the optimum counting. The diluent 
was an ammoniacal solution of silver chloride 
that differed from the original solution only in
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that the silver chloride was non-radioactive. 
From this preliminary experiment and the half- 
life of radioactive chlorine, i t  was possible to cal- 
culate the most advantageous dilution for any 
subsequent time. With the strength of the sam­
ple of radioactive chlorine that was available to 
us, it was possible to remain in the optimum 
counting range for six hours even though the first 
count was not made until two hours after irradia- 
tion of the sample.

In Table I and Fig. 2 we show the data for 
typical determinations.

T a b l e  I
Results from two experiments. For both, the Solutions 

were 0.0187 molar silver chloride and 0.5 molar ammon­
ium hydroxide. Each count is the result of a ten minute 
period of counting.

mple
Time,
min. Dil.

Net count 
per minute

Net count times 
the dil.

la 0 200 158.8 =h 4.5 31760 =i= 900
lb 125 20 147.2 dt 4.4 2944 =t: 88
lc 280.5 2 81.2 dr 3.6 162.4 =b 7.2
2a 0 80 134.0 dr 4.0 10520 =t 320
2b 82 20 101.3 dr 3.7 2026 =fc 74
2c 193 2 134.0 dr 4.0 268.0 dr 8
2 241 1 102.5 dr 3.7 102.5 dr 3.7
2 305.5 1 41.9 dr 2.8 41.9 dr 2.8

The use of this method for any material that 
can be brought into solution is obvious. It may 
be worthwhile to point out that the diluent should 
be chemically identical with the stock radioactive 
solution in order to eliminate any errors due to 
differential absorption.
C h em ic a l  L abo r ato r y  
U n iv e r sit y  of C a l if o r n ia
B e r k e l e y , C a l if . R e c e iv e d  M ay  18, 1936

5,7-D iio do-8-hy droxy quinoline
B y  V ik to r  P a pe sc h  a n d  R obert  R . B u r tn e r

5,7-Diiodo-8-hy droxy quinoline, which is of 
therapeutic interest, has been prepared previously 
by the interaction of iodine and sodium iodide 
with 8 -hydroxyquinoline in alkaline solution. 1 
Although the yield is satisfaetory, the procedure 
requires working in rather dilute solution, thus 
involving the use of large-scale equipment even 
for semi-commercial production« A different 
procedure was therefore developed which is dis- 
tinctly more economical with respect to ease of 
manipulation and materials required.

A solution of 2105 g. (14.5 moles) of 8-hydroxy­
quinoline in 5800 cc. of 15% (by weight) hydro­
chloric acid is added in a slow stream with stirring

(1) British Patent 351,605.

at laboratory temperature to 4872 g. (30.0 moles) 
of iodine monochloride dissolved in 6000 cc. of 
15% hydrochloric acid. Stirring is continued for 
four hours longer and the mixture then allowed to 
stand for twelve hours. The product is washed 
by decantation with 5% hydrochloric acid to re­
move excess iodine monochloride, followed by a 
washing with water and finally with a 2% solu­
tion of sodium hydrosulfite to reduce tracés of 
free iodine. An additional amount of product 
may be recovered by combining the liquors of the 
first two washings and allowing them to stand for 
several days. The total yield of product melting 
at 198-200° is 4900-5300 g. or 83.5-92.5% of 
the theoretical, the purity of which is approxi­
mately 98.5% as determined by iodine analysis.
R e sea rc h  L aboratory  
G. D. Se a rle  & Co.
Chicago , I l lin o is  R e c e iv e d  A pr il  23, 1936

On a Relation between the Dissociation Con­
stants of Substituted Aliphatic Acids and the 
Distance between the Dissociating and the Sub­

stituted Groups
By J e s s e  P. G r e e n s t e in

A relationship between the dissociation of a 
substituted acid and the distance between the 
carboxyl and substituted groups was suggested by 
Maclnnes1 in 1928 in which pK m represents the 

pR  =  p K m +  S(l /d)  (1)

value of the dissociation constant for an acid 
whose substituent is rèmoved an infinite length 
along the chain, and d has the value 1 for an a-, 2 
for a ß- and 3 for a 7 -substitution. This inverse 
linear relationship held for the hydroxy and the 
chloro substituted acids, and was extended by 
subsequent authors2"“4 to the variously substituted 
amino acids, diamines, dicarboxylic acids and 
amino acid esters.

In the endeavor to introducé physical quanti­
ties into equation (1), an interesting relation de­
veloped. If in place of d in the equation there is 
substituted the square of the distance, /2, in 
Ängströms, from the center of the group dipole to 
the carboxyl center on the assumption of an ex­
tended chain, there is found for the substituted 
aliphatic acids an inverse linear relationship be­
tween pK  and /2.

(1) Maclnnes, T h is  J o u r n a l , 50, 2587 (1928).
(2) Edsall and Blanchard, ibid., 55, 2337 (1933).
(3) Greenstein, J . Biol. Chem., 96, 499 (1932).
(4) Schmidt, Appleman and Kirk, ibid., 81, 723 (1929).
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In applying this consideration to substituted 
aliphatic acids, we may assume tetrahedral sym­
metry for the carbon atoms, and the estimates of 
Pauling and Sherman5 that the interatomic dis­
tance from the carboxyl carbon to the two oxy- 
gens is 1.29 Ä. and the bond angle 124°. The 
linear component of the carboxyl group will be, 
therefore, 0.6 Ä. In the case of the amino and 
hydroxyl substituents the mid-point of the dipole 
may be located in the center of the nitrogen and 
oxygen atoms, respectively. On the other hand, 
for the halogen substituents the dipole will lie 
somewhere along the halogen-carbon bond and 
we may for all purposes designate its center as 
midway along this bond. Using the value of the 
half tetrahedral angle and Pauling’s single bond 
distances,6 and expressing the straight line dis­
tance Z from the dipole center to the carboxyl 
center in terms of Ängströms, there is found for 
the variously substituted molecules the following 
data for Z2:

T a b l e  I
-Substituted groups-

Posi­ OH n h 2 Cl Br I COOH
tion P p p P P P
a 9 .1 8 9.36 6 .6 6 6.97 7.34 13.84
ß 18 .40 18.66 14.75 15.21 15.76 24.80
7 30.80 31.14 26.01 26.63 27.35 38.94
8 46.79 40.45 4 1 .2 2 42.12 56.25
e 65.61 76.74
r 100.4
V 127.2
e 157.8

Substitution of the above values in the formu- 
lation

pK = pKm +  5(1//*) (2)
leads to an excellent linear agreement between 
pK  and 1/Z2 (Fig. 1), where the values of pK  have 
been derived from Cohn7 and from Simms.8

Examination of the values in Table I suggests 
the linear integer relation of Maclnnes, Z2 for a ß- 
substitution appears to be about twice that for 
the a-substitution, for a 7 -substitution Z2 is about 
three times that for the a-value, etc. Similar to 
Maclnnes’ findings, the lines for the chloro, 
bromo and iodo acids are identical. Further­
more, within the limits of accuracy of this type of 
calculation the pK^ values derived from either 
equation (1) or (2) are identical. For the dicar- 
boxylic acids only the value for malonic acid, 
where both carboxyls are attached to the a-

(5) Pauling and Sherman, Proc. Nat. Acad. Sei., 20, 340 (1934).
(6) Pauling, ibid., 18, 293 (1932).
(7) Cohn, Ergebnisse Physiol., 33, 781 (1931).
(8) Simms, T h is  Jo u r n a l , 48, 1251 (1926).

carbon falls widely off the curve and has been 
omitted from the graph. The inability to fit this 
acid into any relation involving its higher isomers 
has been discussed by Gane and Ingold.9

Fig. 1.—Amino acids, pK\ O, pK2 • ;  hy­
droxy acids, ©; chloro acids, 3; bromo 
acids, C; iodo acids, Q; dicarboxylic acids, ©.

The constants in equation (2) for the variously 
substituted acids are gathered in Table I I .10

T a b l e  II
Substituent Ionizing group pK  OO - 5
OH COOH 5.2 0.085
COOH COOH 4.7 .081
COOH n h 2 10.9 .089
Halogens COOH 5.1 .067
n h 2 COOH 4.8 .040

Equation (2) recalls the formulation of the field 
due to a dipole at a distance from its center large 
in comparison to the distance of Separation of the 
two charges: V — (fx/do2) cos 0, where ß is the

(9) Gane and Ingold, J. <$hem. Soc., 1594 (1928).
(10) If the interatomic zigzag distance in Ängströms through the 

chain from the center of the substituent to the center of one of the 
oxygens of the carboxyl group be considered, an analogous inverse 
square relation between dissociation constant and distance is re- 
vealed in all the cases discussed above. Only malonic acid agaia 
pro vides an exception.
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electric moment and 6 the angle between do and 
the dipole axis. I t  would be difficult, in view 
of the changes in orientation of the dipole along 
the chain to derive at present any closer basis of 
relation other than analogy between the two for- 
mulations. I t is interesting to note, however, 
that the value for the slope constant S  in equation
(2) is practically identical for the three halogen 
acids. The electric moments of the C-halogen 
bond for the three halogens are likewise very 
nearly equal. The relative magnitude of the 
slope constants, however, bears no obvious rela­
tion to that of the electric moments of the sub­
stituents.
D e pa r t m e n t  of  P h y sic a l  C h e m ist r y  
H a r v a r d  M e d ic a l  S chool ,
B o st o n , M a s s . R e c e iv e d  M a r c h  16, 1936

The Mechanism of the Diene Synthesis
B y E d w in  R. L it t m a n n

The observation of Diels and Alder1 that a 
yellow color appears during the synthesis of the

Minutes.
Fig. 1.—Reaction rate constants of a-phellandrene- 

maleic anhydride.

(I) Diels and Alder, Ann., 460, 98 (1927).

colorless a-phellandrene-maleic anhydride sug- 
gests that the reaction mechanism involves a 
colored intermediate compound. Such a mecha­
nism would imply a second order followed by a 
first order process, and in the absence of side re­
actions the observed reaction rate constants should 
approach those for a first order reaction as the 
concentration increases.

To test this matter measurements of the rate of 
reaction between a-phellandrene and maleic anhy­
dride in acetone Solutions have now been carried 
out at 0.25,0.50 and 1.0 molality.

The a-phellandrene (Schimmel and Company) had the 
following properties: specific rotation (sodium light), 
— 110.7°; refractive index (white light), 1.4775, and den­
sity, both at 20°, 0.856. The maleic anhydride (Eastman 
Kodak Company) was completely soluble in benzene and 
was used without further purification. The Solutions, 
cooled to 25°, after thoroughly mixing were transferred to
2- dm. polarimeter tubes and observations of the rotation 
taken at definite intervals. The temperature of the polarime­
ter tube was maintained at 25 =±=0.5° by means of an 
air jet directed on the tube.

The results obtained are given in Fig. 1 in 
which the rate constants were calculated from the 
integrated forms of the Standard rate equations. 
The values of the computed constants indicate 
that the reaction is more nearly unimolecular in 
the dilute than in the concentrated Solutions and 
therefore it appears either that some other reac­
tion mechanism is involved or that side reactions 
take place.

In order if possible to isolate the hypothetical 
polymer formed in the reaction, 6.8 g. of a- 
phellandrene and 4.9 g. of maleic anhydride were 
mixed without the use of any solvent and heated 
to 55-65° whereupon a violent reaction ensued 
which subsided in a few minutes. After standing 
for fifteen minutes the mixture was distilled at
3- 5 mm. from an oil-bath at 250° until no more 
distillate was formed. The non-volatile residue 
was extracted repeatedly with ether, but only a 
small portion dissolved. The residual white 
powder when washed with methanol and dried 
gave, on analysis, 68.7% carbon and 7.27% hy­
drogen. Its molecular weight by the Rast 
method was found to be approximately 1220. 
These data agree with an empirical formula ap- 
proximating either C46H56O12 or C6oH740i6, giving
69.0 or 69.6% carbon, 7.00 or 7.17% hydrogen, 
and a molecular weight of 800 or 1034, respectively.

Since a-phellandrene and maleic anhydride 
were the only substances present, and since the
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analysis precluded either terpene or maleic anhy­
dride polymers, it seemed highly probable that a 
polymeric addition product had been obtained in 
which the average ratio of maleic anhydride to 
terpene was 4:3 or 5:4. Polymers of probable 
similar type have been reported by Wagner-Jau- 
regg.2

The size of the polymeric a-phellandrene- 
maleic anhydride molecule and probable excess 
of anhydride over terpene would seem to exclude 
any but linear type polymers and would indicate 
a bifunctional character of the intermediate. An 
intermediate of the type

(2) Wagner-Jauregg, B e r ., 63, 3213 (1930).

CHS

CO CO
\ o /

would satisfy the requirements of both polyfunc- 
tionality and color and would explain the forma­
tion of a polymeric material of the type C4H2O3 
(CioHj 6 “  C4H2O3—) C4H2O3 in which there is an 
alternation of terpene and maleic anhydride mole­
cules.
Hercules Powder Co.
Wilmington, Delaware Received December 10, 1935

COMMUNICATION TO TH E EDITOR

THE DECOMPOSITION OF GASEOUS PARAFFINS 
INDUCED BY ETHYLENE OXIDE

Sir:
Heckert and Mack [This J ournal , 51, 2706 

(1929)] obtained evidence that w-butane and n- 
pentane were “cracked” in presence of decompos- 
ing ethylene oxide at temperatures (—400°) at 
which the normal rate of decomposition of these 
paraffins is negligible. We have confirmed this 
observation in the case of ^-butane, and have in 
addition shown that isobutane and propane, but 
not ethane, also undergo appreciable decomposi­
tion under like conditions.

Our method consisted in analyzing the gases, 
pumped from the reaction vessel, for carbon 
monoxide (acid Cu2Cl2) and for total olefins (bro­
mine water). At a total pressure of about 500 
mm. and a temperature of 425°, the following re­
sults were obtained.

It will be noted that the relative amount of 
olefin increases with the complexity of the par- 
affin; and also (in the case of w-butane at least) 
with the relative amount of paraffin initially pres­
ent. Since the CnH2w/CÖ ratio can exceed unity,

H C .

In itia l
ra tio

H C ./C 2H 4O

R a tio  
C »H 2»/C O  

b y  anal.

c 2h 6 1 . 6 < 0 .0 5
c 3h 8 1 . 6 . 5 5
^ -C 4 H io 1 . 7 . 7 5
W-C4 H 1 0 1 . 6 1 . 2
W-C4 H 1 0 4 .1 4 .5
71-  C4H 1 0 8 .0 1 2 .

it is evident tha t reaction chains may be set off in 
the paraffin.

The rate of pressure increase falls off rapidly as 
reaction proceeds, which may indicate that the 
products of the paraffin decomposition are in- 
hibiting reaction. A similar result is obtained in 
the uninduced decomposition of paraffins [e. g., 
Pease and Durgan, ibid., 52, 1262 (1930)].

The effect of temperature on the CmH2m: CO 
ratio is not great.

The accelerated decomposition of acetaldehyde 
in presence of ethylene oxide noted by Fletcher 
[ibid., 58, 534 (1936)] has been confirmed.

This work is being continued.
Princeton University L. S. E chols, Jr .
Princeton, N. J. R. N. Pease

R eceived June 24, 1936
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NEW BOOKS

Grundlagen der Quantenmechanik. (Fundamentals of 
Quantum Mechanics.) By D r . H. D ä n z e r , Assistant 
at the Physics Institute of the University of Frankfort 
A.M. Verlag von Theodor Steinkopff, Residenzstrasse 
32, Dresden-Blasewitz, Germany, 1935. xi -f- 163 pp. 
11 figs. 15.5 X 22.5 cm. Price, RM. 12; bound, RM. 
13.
T he a u th o r  aim s to  p re sen t co m p actly  a n d  logically the  

fu n d am en ta l co n te n t of q u an tu m -m ech an ica l theory, in 
th e  form s w hich m ay  now  b e  reg ard ed  as S tandard , E m - 
phasis is p laced  u p o n  c lear exposition  of principles, ra th e r 
th a n  exhaustive  rigor o r com pleteness, so t h a t  the  book 
m ay  b e  useful to  th o se  w hose spec ia lties lie in  o ther direc- 
tions, b u t  w ho req u ire  a  w ork ing  know ledge of th e  sub ­
jec t. T h e  S ta tistica l in te rp re ta tio n  of w ave-m echanics is 
stressed , an d  freq u en t analogies from  opties a re  adduced. 
T h e  purpose of th e  book  does n o t include app lications to  
concrete  Problem s, w hich  a re  discussed on ly  sparing ly  and  
b y  w ay  of illu stra tio n .

In the reviewer’s opinion, the author has succeeded in 
accomplishing his aim.

A. S . C oolidge

Molekülspektren und ihre Anwendung auf Chemische 
Probleme. II. Text. (Molecular Spectra and Their 
Application to Chemical Problems.) By H . Spo n er . 
Verlag von Julius Springer, Linkstrasse 23-24, Berlin 
W 9, Germany, 1936. xii +  506 pp. 87 figs. 14.5 X 
22 cm. Price, RM. 36; bound, RM. 37.80.
The first volume of this work has already been reviewed 

in T h is  J o urn a l , 58, .861 (1936). The present and final 
volume contains the theory of molecular spectra with many 
excursions into allied fields and also additional tables of 
molecular constants, bringing these up to date.

After a brief introduction into atomic spectra and the 
structure of atoms, the author takes up the theory of 
quantization of diatomic molecules, with many examples 
taken from analyzed spectra. Chapters on polyatomic 
molecules and on the determination from spectroscopie 
data of such chemically important molecular properties as 
internuclear distances, heats of dissociation, heat capaci­
ties, entropies, etc., follow. Some seventy pages are 
devoted to the Problems of Chemical binding and valence, 
the theories of the homopolar and the ionic bond being dis­
cussed in detail. The next chapter deals with different 
types of inelastic collisions, while the last sixty pages con­
tain remarks on a variety of Problems of interest to many 
chemists, such as photochemical processes, chemilumines- 
cence, etc.

The discussion is carried on in a rather elementary man­
ner and, considering the subject, very few equations will be 
found in the book. Results and conclusions of various 
theories are stated without attempts to derive them, but 
with extensive explanations and illustrations which are 
well chosen and give the reader some idea of the present 
Status of the theoretical development in this field.

Perhaps if the subject matter were more restricted and 
instead more details were given occasionally, the book 
would have been even more useful. It can be recom­
mended, however, as a reference source and should thus 
find extended use in conjunction with the first volume 
containing numerical data.

G. B. K istiakow sky

Über katalytische Verursachung im biologischen Ges­
chehen. (On Catalytic Causation in Biological 
Processes.) By Al w in  M itta sch . Verlag von Julius 
Springer, Linkstrasse 23-24, Berlin W 9, Germany, 1935. 
x +  126 pp. 14.5 X 22 cm. Price, RM. 5.70.
This small book represents the reflections of a distin- 

guished chemist, long deeply concerned with catalysis and 
its industrial applications, on catalytic phenomena in 
biology. After a brief but penetrating discussion of cata- 
lysts in general and of enzymes, the author turns his at­
tention to hormones, vitamines, genes and other constitu- 
ents of the living organism, and inquires how far their basis 
of Operation may also be catalytic. Finally there is an 
extensive discussion of the possible relation of such 
processes to the higher Integration of the living organism.

The book beärs witness, not only to the author’s deep 
knowledge of his own field, but to a wide acquaintance 
with many aspects of current philosophical thought. 
Many of the problems raised lie far beyond the present 
scope of experimental Science, but others have much more 
immediate application. In the author’s words, the book is 
“a question to the biologist”; it avoids dogmatic pro- 
nouncements, and its aim is to stimulate inquiry into re- 
gions still unexplored.

J ohn T . E dsall

Collected Scientific Papers of Sir William Bate Hardy.
Published under the Auspices of the Colloid Committee 
of the Faraday Society. Cambridge University Press, 
The Macmillan Company, 60 Fifth Avenue, New York, 
N. Y., 1936. 922 pp. 18 X 26 cm. Price, $18.00.
This collection is of value for at least two reasons; it 

makes readily available the many scattered contributions 
of an unusually stimulating and suggestive investigator; 
also, by virtue of the chronological arrangement that has 
been adopted, it discloses the genetic relationships among 
Hardy’s researches and the progressive development of 
his ideas.

Hardy’s initial researches were concerned ehiefiy wi tb 
problems of morphology, particularly the morphology of 
blood corpuscles and other wandering cells in both verte- 
brate and invertebrate organisms. These researches led 
him naturally, at about the beginning of the present Cen­
tury, to the study of colloidal Solutions and colloidal phe­
nomena in general, and it was in this field that the largest 
number and perhaps the most important of his investiga 
I ions were conducted. Although some of these dealt with
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such inanimate phenomena as adhesion and lubrication, 
most of them were fundamentally concerned with the physi­
cal and Chemical processes taking place in the living cell.

Interspersed among the accounts of his experimental 
investigations and his theoretical speculations are a num­
ber of noteworthy summaries and recapitulations, some 
of them constituting important occasional leetures, 
namely, the Croonian, the Guthrie and the Bakerian Lec- 
tures.

The collection as a whole an d  these  special leetures in 
p a rticu la r afïo rd  a v eritab le  m ine of Inform ation, en te rta in ­
ment and  Stim ulation.

Arth u r  B. L amb

Poggendorffs biographisch-literarisches Handwörterbuch
für Mathematik, Astronomie, Physik mit Geophysik, 
Chemie, Kristallographie und verwandte Wissens­
gebiete. (Poggendorffs Biographical and Bibliographie 
Encyclopedia for Mathematics, Astronomy, Physics, 
Geophysics, Chemistry, Crystallography and Related 
Sciences.) Vol. VI, 1923-1931, Part I. A-E. Edited 
by Dr. H ans  Sto b b e . Verlag Chemie, G. m. b. H ., 
Corneliusstrasse 3, Berlin W 35, Germany, 1936. 
lxxii +  696 pp. 16 X 25.5 cm. Price, RM. 63.75.
This is the first part of the sixth Volume of this very use­

ful and unique Encyclopedia. The first Volume appeared 
in 1863 and the following Volumes, II to V, contain the 
scientific biographies of workers in the field of the exact Sci­
ences throughout the whole world during the intervening 
period.

Volume VI when completed will cover the year 1923 to 
1931 and will give biographical data for some eight thou- 
sand scientists, together with information as to the books, 
Pamphlets and articles which they have published. The 
second part is already in print and will be published during 
the current year; Parts III and IV are to be published in 
the summer of 1937 and the spring of 1938, respectively.

This Encyclopedia is not only of great current Utility but 
it will also be of permanent value as well, and the scientific 
community certainly owes a debt of gratitude to the several 
German Academies of Science who are sponsoring its pub- 
lication. However, it is unfortunate that in this as in simi­
lar monumental bibliographic undertakings, more prompt 
publication cannot be attained. A delay of five years, 
such as obtains in this instalment, detracts perceptibly 
from its current usefulness.

Arthur  B. L amb

Annual Tables of Constants (A.T.C.) and Numerical Data,
Chemical, Physical, Biological and Technological. Pub­
lished under the Patronage of the International Union of 
Chemistry. Volume X (1930), Part II. McGraw-Hill 
Book Co., Inc., 330 West 42d St., New York, N. Y., 
1936. Two parts, about 1800 pages. Price (for sub- 
scribers), cloth, $20.00.

This instalment completes VoJume X and with it the 
Second Series of the Tables, except for the Index to Vol­
umes VI-X, inclusive, which is soon to appear.

As the years elapse since the appearance of the Inter­
national Critical Tables, the continued publication of these

Annual Tables becomes even more essential. It is de- 
voutly to be hoped that the gallant efforts of Dr. Marie 
and the Editors of the Annual Tables receive that inter­
national support which is absolutely necessary for their 
existence.

It should be pointed out that all the texts in the Tables 
are given in both English and French; also that the full 
Tables of Contents in each Volume make it easy to locate 
the information desired.

A r th u r  B . L amb

Gmelins Handbuch der anorganischen Chemie. (Gme- 
lin’s Handbook of Inorganic Chemistry.) Edited by 
R. J. M e y e r . Eighth edition. System-Number 55, 
Uranium and its Isotopes, with an Appendix on Trans­
urania. Issued by the Deutsche Chemische Gesell­
schaft. Verlag Chemie, G. m. b. H., Corneliusstrasse 3, 
Berlin W 35, Germany, 1936. 278 pp. 17 X 25 cm. 
Price, RM. 34.50.
The publication of this instalment of the Gmelin Hand­

book is opportune particularly in view of the current inter­
est in the radioactive phenomena connected with uranium; 
for instance, the new radioactive elements recently discov- 
ered by Fermi during the bombardment of uranyl salts 
with neutrons. Although the nature of these truly syn­
thetic elements is still somewhat obscure, it is certain that 
they are intimately related to uranium, the element of 
highest atomic number and atomic weight known to occur 
in Nature. For this reason it is appropriate that the in­
formation relative to these elements should be presented in 
an Appendix to this volume under the caption “Transur­
ania.” It is also appropriate and a striking coincidence 
that this name should be so similar to that assigned to the 
planet Neptune after its existence had been deduced but 
before it had actually been discovered.

The literature on uranium has been covered to the end 
of 1935 and with this instalment the volume on molyb- 
denum, tungsten and uranium is now completed.

Ar t h u r  B . L amb

Mikroskopische Methoden in der Mikrochemie. (Micro­
scopie Methods in Microchemistry.) By Prof. Dr. 
L u d w ig  K o fl e r  and Dr. A d e lh eid  K o f l e r , with the 
collaboration of Prof. Dr. A dolf M a y r h o fe r . Emil 
Haim and Co., Maria-Theresien-Strasse 10, Vienna I, 
Austria, 1936. vi +  134 pp. 21 figs. +  12 plates.
17.5 X 25 cm. Price, RM. 9; bound, RM. 10.80.
One of a series of monographs in the general field of 

microchemistry by Austrian writers, this book is intended 
to acquaint chemists with the extraordinary advantages of 
applying the microscope to everyday work. It is illus- 
trated by examples of the isolation and identification of a 
number of organic compounds of pharmacological interest. 
The first two sections, by L. K., describe the use of a hot 
stage microscope in the determination of melting points, and 
in the purification by Sublimation, of small amounts of ma­
terial. The third section, by A. K., deals with the more 
formidable technique of the measurement of optical con­
stants of crystals by the immersion method; it is ad- 
dressed to readers without special training in cryst allogru-
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phy. The concluding brief section by A. M. treats liquids 
used with the immersion method.

The subject with which this book is concerned deserves 
consideration by the generality of chemists such as it has, 
not heretofore received here or abroad. In the examina­
tion of any sort of transparent solid material the micro­
scope should be as a matter of practice the first, not the 
last, resort of the chemist. The limitations of the methods 
are discussed by the present writers; in section 3 they 
are overstressed. In the same section reference to some 
useful American work is absent. An obvious error occurs 
in the description of potassium nitrate on p. 114.

C. D. W est

BOOKS RECEIVED
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1 ̂ -Diketo-S-phenylhydrindene1
B y  C . F r e d e r ic k  K o e l s c h

Few o'-diketones derived from hydrindene have 
been studied and some phenomena observed in 
connection with these compounds have been in- 
correctly interpreted. These a-diketones may 
be conveniently divided into three classes corre­
sponding to the number of activated hydrogen 
atoms they contain: dass A having none, B one 
and C two.

Representatives of dass C have been prepared 
by Perkin and co-workers.2 No compounds of 
dass A have been described. Since representa­
tives of these two classes do not enolize and since 
enolization is the main topic investigated in the 
present research, a discussion of these types will 
be deferred for later papers.

In dass B, the compounds represented in the 
accompanying formulas (I, II, III, IV) have been

CH R

I, R  =  CH3, X  =  H
II, R  =  CH 3, X  -  N 0 2
III, R  =  CH 3, X  =  NHCOCeHö
IV, R  =  CH 2COOH, X  =  H

investigated by v. Braun and co-workers.3 These 
substances, themselves red, are easily soluble in 
aqueous alkalies, the Solutions so obtained being

(1) Presented at the Cleveland meeting of the American Chemical 
Society, September, 1934.

(2) Perkin, Roberts and Robinson, J. Chem. Soc., 101, 232 (1912); 
ibid., 105, 2405 (1914).

deep blue or green. Now l,3-diketo-2-methyl- 
hydrindene, a colorless substance, dissolves in 
aqueous alkalies to give a deep red solution, and 
this solution has been shown by Hantzsch4 to 
contain a salt of the formula (V). Primarily on 
the basis of this difference in color between (V) 
and the enolates of his diketones5 v. Braun postu­
lated the formula (VI) for the latter.

C—OM C— R
/ ■ \ / \ f Y \
j ij /C  - c h 3 > c o

CO C— O M
V VI

Since the o-quinoid structure is generally un­
stable,6 it was decided to investigate this enolate 
formula more thoroughly. Because of the un- 
attractive physical properties of (I), an undistill- 
able oil, and because of the complications intro­
duced along with the functional groups in the 
crystalline compounds (II), (III) and (IV), a 
search was made, ending with l ,2 -diketo-3 - 
phenylhydrindene (VII), for a compound not 
possessing these disadvantages.7

(4) Hantzsch, Ann., 392, 286 (1912).
(5) Secondary considerations were the observation that (I) reacted 

with neither bromine nor ferric chloride. These observations are 
probably erroneous, the physical character of (I) making visual deter­
mination of reaction difficult.

(6) Especially unstable is the o-quinomethylene grouping, repre­
sented with certainty only by 3,4-benzofuran; cf. Koelsch, T h is  
J o u r n a l , 58, 1331 (1936).

(7) After the present work had been completed, the preparation 
of diketophenylhydrindene by a different method was carried out by 
Pfeiffer and de Waal [Ann., 520, 185 (1935)]. Since a different 
aspect of the chemistry of the diketone was studied by these investi- 
gators, little duplication has taken place. Descriptions of the few 
similar compounds involved in the two researches check closely.

(3) V. Braun and Kirschbaum, Ber., 46, 304 (1913); v. Braun 
and Heider, ibid., 49, 1268 (1916); v„ Braun and Fischer, ibid., 64,
1790 (1931).
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C H C 6H 5

VII

C—C6h 5
r \ /

V co
VIII

C— OH(M )

C—  C6H 5

I I CO

C—OH(M) 
IX

This substance in the crystalline state closely 
resembles potassium permanganate; like (I) its 
Solutions in organic solvents are red, those in 
aqueous alkalies deep blue. However, it enolizes 
to give (VIII) and not (IX). This is clearly 
shown by the following evidence: the diketone in 
carbon tetrachloride combines instantly with the 
calculated amount of bromine; it is mono-phenyl- 
ated by phenylmagnesium bromide, and the prod­
uct of this reaction must be (X) and not (XI) 
since it yields o-dibenzoylbenzene on oxidation. 
To be noted also is the fact that the blue enolate 
gives a red O-methyl derivative with dimethyl 
sulfate.8

C H C 6H Ö CH C6H 5

HCK X C6H5
X  XI

The diketone apparently exists completely in 
the enolic form: on quantitative treatment with 
methylmagnesium iodide it reacts with two equiva­
lents of the reagent, liberating one equivalent of 
gas; and furthermore, as stated above, it com­
bines instantly with the calculated amount of 
bromine. Also the color of the substance, solid 
or in solution, indicates that its chromophore is 
not the a-diketone group (orange) but is the in- 
done nucleus (red). Although the compound 
gives no color reaction with ferric chloride, this is 
not evidence against its enolic nature, since it is 
oxidized immediately by this reagent.

Comparison of l,2-diketo-3-phenylhydrindene, 
more prop er ly 2 -hydroxy-3-phenylindone, with its 
d-diketonic isomer and of these with their open 
chained analogs (Table I) indicates that in the 
cases of both a and jö-diketones of dass B, a greater

(8) It is also of interest in this connection that the red 2-£-hydroxy- 
phenyl-3-plieuylindone forms a deep purple sodium salt. Postula­
tion of o-quinoidation in this case necessitates the assumption of a 
considerable, and therefore improbable, shifting of the aromatic 
double bonds.

tendency toward enolization is found in the cyclic 
compounds. That the reverse is true for dike­
tones of dass C will be shown in a later paper.

Certain derivatives of l,2 -diketo-3 -phenylhy- 
drindene obtained through the replacement of the 
enolizable hydrogen indicate a considerable reac- 
tivity of one of the carbonyl groups. The bromo 
compound (XII) reacts readily with alcohols giv­
ing colorless ether-acetals of the probable struc­
tures (XIII).

CBrC6H 5 C (O R )C 6H 5 C(OR)C6H 5

XII XIII XIV

By appropriate treatment, these compounds can 
be converted into the alkoxy diketones (XIV), 
whose colors are strikingly different from those of 
open chain diketones and also from that of the 
enol (VIII).

Experimental
2-Isonitroso-3-phenyUiydrindone.—To a solution of 75 

g. of 3-phenylhydrindone in 450 ml. of 95% alcohol is added 
75 ml. of butyl nitrite and 10 ml. of concd. hydrochloric 
acid. The mixture is warmed to 55° for one hour, and 
after twelve hours at room temperature, the isonitroso 
compound is removed. The product so obtained (55 
g.) is quite pure; crystallization from ethyl acetate-pe- 
troleum ether yields faintly yellow prisms that melt at 
198-203° with decomposition. The compound gives a 
yellow-orange solution in aqueous sodium hydroxide.

A nal. Calcd. for Ci5Hn02N: C, 76.0; H, 4.64.
Found: C, 75.8; H, 4.73.

In alkaline solution with methyl sulfate the above oxime 
yields its methyl ether, which forms pale tan plates that 
melt at 148-149° after crystallization from alcohol.

A nal. Calcd. for Ci6Hi30 2N: C, 76,4; H, 5.18.
Found: C, 76.4; H, 5.26.

l,2-Diketo-3“phenylhydrindene (VII).—The maximum 
yield of the diketone if its monoxime is hydrolyzed in the 
presence of the usual formaldehyde is 20%, and the prod­
uct so obtained is difficult to purify. (Optimum condi­
tions developed from many experiments: a mixture of 1
g. of oxime, 10 ml. of 40% formaldehyde, 5 ml. of acetic 
acid, 5 ml. of water, and 1 ml. of concd. hydrochloric acid 
is heated at 80-85° for ten minutes.)

The use of pyruvic acid as a hydroxylamine acceptor9 
is very advantageous. A mixture of 50 g. of the oxime, 50 
ml. of pyruvic acid, 300 ml. of water, 300 ml. of acetic acid 
and 50 ml. of concd. hydrochloric acid is boiled for thirty 
minutes. On standing the solution deposits 29 g. of dike­
tone, and an additional 2.5 g. may be obtained from the 
mother liquors. In larger runs one-half the proportional 
amount of pyruvic acid may be used with only a slight 
reduction in yield. Crystallized from benzene-petroleum

(9) Suggested by Dr. P. D. Bartlett.
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Compound Bn
c h c 6h 5 Reacts

rapidly

CHC6H5

Reacts
slowly

CO

(C6H5)2CH Reacts-

i o
I

C6H6CO

T a b le  I
—A ction with------------:------------ •.

FeCls NaOH aq.
Oxidized Stable salt

formed

No color Stable salt

Transient 
color; oxi­
dized-

Unstable salt 
formed; ben- 
zilic rear­
rangement-

Grignard prod.
C— C6H5

CeHsCO
and

(C6H5)2CH

C6HöCO
I

c h c 6h 6

CöHöCO

Reacts (?)rf- No color (?)
forms no 
Cu deriva­
tive0

Unstable salt 
formed; 
cleavage-

CO
I / R

C6H5C<
x OMgX-

Cleavage or addition ;< 
no gas with CH3 
MgD

Colcr
(solid) Structure

Red-violet Enolic

White Ketonic;
some enol 
in polar 
solvents6

Yellow- 16% enol
in CH 3O H - .

Colorless** Ketonic® 
yellow*

a Unpublished data. Compare ref. 7. b Ref. 5. c Kohier and Weiner, T h is  J o u r n a l , 56, 434 (1934); corrected 
in accordance with a private communication from Professor Kohier. d Marshall, J . Chem. Soc., 107, 520 (1915). 
* Kohier and Erickson, T h is  J o u r n a l , 53, 2301 (1931). 1 Kohier, Stone and Fuson, ib id ., 49, 3181 (1927). a De 
Neufville and v. Pechmann, B er., 23, 3377 (1890).

ether, the diketone forms violet black needles; from dilute 
acetic acid, red violet plates. Both forms melt at 140- 
147°. The diketone decomposes and liquefies on standing 
in air; the decomposition is complete after about three 
months.

Anal. Calcd. for Ci5Hio0 2: C, 81.0; H, 4.51. Found:
C, 81.0; H, 4.58.

Solutions of the compound in organic solvents, polar or 
non-polar, are dark red. It is readily soluble in cold aque­
ous sodium hydroxide or in warm carbonate, giving deep 
blue Solutions from which the diketone is precipitated by 
acids. The Solutions in alkali lose their color on long 
(ca. ten minutes) boiling, acidification then giving a small 
amount of diphenylmethane-ö,a-dicarboxylic acid together 
with unworkable oils.

Oxidation.—To a solution of 0.5 g. of the diketone in 
10 ml. of 0.5 N  sodium hydroxide is added 5 ml. of 3% 
hydrogen peroxide. After the mixture has become color­
less (two minutes) it is acidified. The product, diphenyl- 
methane-<?,o!-dicarboxylic acid, forms fine white needles 
from ethyl acetate-benzene that melt at 171-172° with gas 
evolution.

A nal. Calcd. for Ci5Hi20 4: C, 70.3; H, 4.7. Found:
C, 70.1; H, 4.8.

Quinoxaline Formation.—T h e  diketone is Condensed 
w ith  0-phenylenediam ine in  alcohol in  the usual way. 
The product form s colorless needles that melt to a blue 
liquid at 169-172°,

A n a l. Calcd. for C21H14N 2: C, 85.6; H, 4.76. Found:
C, 85.3; H, 4.82.

Reaction with Ferric Chloride.—The color of an alco­
holic solution of the diketone (0.5 g.) rapidly fades when 
ferric chloride (0.8 g. of FeCb +  6H20) in alcohol is added. 
The orange-pink crystalline precipitate (0.45 g.) contains 
only a trace of iron, and is insoluble in all solvents other 
than hot nitrobenzene, by which it is altered. It darkens 
at 180° and melts at 200-205° with gas evolution.

A n a l. Calcd. for C3oHi80 4: C, 81.4; H, 4.1. Found:
C, 80.9; H, 4.36.

Bromination.—The diketone (5 g.) in chloroform (30 
ml.) is treated with 3.75 g. of bromine in carbon tetrachlo­
ride. The halogen is absorbed immediately and hydrogen 
bromide is given off. The solvents are removed under re­
duced pressure, and the residue is crystallized from ether- 
petroleum ether. There is obtained 4.9 g. of l,2-diketo-3- 
bromo-3-phenylhydrindone (XII) which forms orange- 
brown prisms that melt at 77-79°.

A n a l. Calcd. for CiöH90 2Br: C, 59.9; H, 3.0. Found:
C, 60.1; H, 3.0.

Methylation.—A solution of 28 g. of the diketone in 150 
ml. of N  sodium hydroxide is treated with 15 ml. of methyl 
sulfate, and the mixture is stirred vigorously for thirty 
minutes. The solid is filtered and crystallized from 
methanol, when it is obtained in the form of red prisms and 
needles (18 g.) that melt at 67-68°. Although it can be 
distilled without decomposition at 20 mm., the 2-methoxy-
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3-phenylindone rapidly (three days) decomposes on stand­
ing in air, giving ofï an odor of formaldehyde and leaving a 
red resin.

A n al. Calcd. for C16n 120 2: C, 81.2; H, 5.1. Found:
C, 80.6; H, 5.1.

The oxime of the methyl ether, obtained with hydroxyl- 
amine hydrochloride and sodium acetate in alcohol, forms 
orange prisms tha t melt to a red liquid at 184-186° and are 
stable in air.

A n a l. Calcd. for Ci6H i30 2N: C, 76.4; H, 5.2. Found:
C, 76.0; H, 5.2.

With phenylmagnesium bromide, the methyl ether gives 
a colorless carbinol which could not be obtained crystal­
line and could not be converted into a solid methyl ether, 
but whose solution in acetic acid is colored red-violet by 
'a trace of sulfuric acid.

2-Methoxy-3-phenylindone (15 g.) is reduced when its 
solution in acetic acid (150 ml.) is treated with zinc dust 
(15 g.). The solution becomes warm and its color rapidly 
disappears. The product, 2-methoxy-3-phenylhydrin- 
done, is precipitated by water, distilled at 20 mm. and 
crystallized from methanol, when it forms colorless prisms 
that melt at 96-98°.

A n al. Calcd. for Ci6Hi40 2: C, 80.7; H, 5.9. Found:
C, 80.7; H, 6.0.

Reaction with Grignard Reagents.—Quantitative ex­
amination of its behavior in the Grignard machine10 shows 
that l,2-diketo-3-phenylhydrindene reacts with two 
equivalents of methylmagnesium iodide, liberating one 
equivalent of gas.

With an excess of phenylmagnesium bromide, the dike­
tone yields l,3-diphenyl-l-hydroxy-2-ketohydrindene (X), 
which from ethanol forms white plates tha t melt at 195- 
200° with decomposition.

A n a l. Calcd. for C2iHi602: C, 83.9; H, 5.3. Found:
C, 83.1; H, 5.3.

Oxidized with chromic acid in acetic acid, this hydroxy 
ketone yields o-dibenzoylbenzene (mixed m. p.) nearly 
quantitatively.

Reduced with hydriodic acid in acetic acid, the hydroxy 
ketone is converted into l,3-diphenyl-2-ketohydrindene, 
which, from acetic acid, forms white needles tha t melt with 
decomposition at 169°.

A n al. Calcd. for C2iHi60 : C, 88.6; H, 5.6. Found: 
C, 88.0; H, 5.7.

With benzylmagnesium chloride, diketophenylhydrin- 
dene yields l-benzyl-l-hydroxy-2-keto-3-phenylhydrin- 
dene, white needles tha t melt a t 155-157°.

A n al. Calcd. for C22Hi802: C, 84.1; H, 5.7. Found: 
C, 84.1; H, 6.1.

Reactions of the Bromo Compound (XII) with Alco­
hols.—A solution of the crude bromo compound from 5 g. 
of diketophenylhydrindene in methanol is distilled to a

(10) Kohier, Stone and Fuson, T h is  J o u r n a l , 49, 3181 (1927).

small volume, the methanol is replaced, and the resulting 
solution is cooled. There is deposited 5 g. of 2,2,3-tri- 
methoxy-3-phenylhy drindone (XIII, R = CH3), which 
forms colorless prisms that melt a t 102-103°.

A n al. Calcd. for CisHisCh: C, 72.4; H, 6.0. Found:
C, 71.9; H, 6.0.

The trimethoxy compound does not react with o-phenyl- 
enediamine in alcohol even on warming, but the addition of 
a trace of hydrochloric acid to the mixture causes the im­
mediate precipitation of the quinoxaline of l,2-diketo-3- 
me t hoxy-3 -phenylhy drindene.

A n al. Calcd. for C22H 16ON2: C, 81.4; H, 4.94; OCH3, 
9.6. Found: C, 81.3; H, 4.96; OCH3, 9.3.

The trimethoxy compound (0.5 g.) forms a faintly pink 
solution in acetic acid (8 ml.) which becomes deep crimson 
on the addition of a drop of sulfuric acid. Dilution with 
water causes the Separation of a crystalline precipitate 
which can be separated by extraction with cold benzene 
into a soluble orange compound and a colorless insoluble 
substance. The orange compound melts at 86-87° and is 
the methoxy diketone (XIV, R =  CH3).

A n al. Calcd. for Ci6Hi20 3: C, 76.2; H, 4.8. Found:
C, 76.3; H, 4.8.

The colorless substance is a hydrate of the methoxy dike­
tone, since at its melting point (115-120°, gas evolution) 
it is converted into the latter.

A n al. Calcd. for Ci6H i40 4: C, 71.2; H, 5.2. Found:
C, 71.2; H, 5.3.

With ethanol, the bromo compound (XII) yields 2,2,3- 
tri-ethoxy-3-phenylhydrindone (XIII, R =  C2H5), which 
forms white plates tha t melt a t 89-90°. This compound 
is much more easily soluble than its trimethoxy analog, and 
its quantitative isolation is more difficult.

A n al. Calcd. for C21H240 4: C, 74.0; H, 7.06. Found:
C, 74.0; H, 7.09.

Treatment of the triethoxy compound with acetic acid- 
sulfuric acid converts it into the ethoxy diketone (XIV, 
R = C2H5), which from benzene forms cerise plates that 
melt at 102-103°. No benzene insoluble substance 
(hydrate) is formed.

A n a l. Calcd. for Ci7Hi40 3: C, 76.6; H, 5.26. Found:
C, 76.4; H, 5.28.

Summary

It is shown that 1,2-diketo-3-phenylhy drindene 
exists in the enolic form, and that this enolization 
does not involve 0-quinoidation. When enoliza­
tion is prevented by the replacement of the enoliz- 
able hydrogen by alkoxyl, one of the diketonic 
carbonyl groups becomes active enough to form 
an ace tal.
M in n eAPOLis, M in n . R eceiv ed  May 19, 1936
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Benzo-semiflavanthrene. I. Reduction

By C. Frederick Koelsch

The researches of Scholl and his collaborators1 
have cleared up to a large extent the constitutions 
of the vat dye flavanthrene (I) and of its reduction 
products. The chemistry of these substances is, 
however, quite involved. For example Scholl 
has obtained from flavanthrene nine different re­
duction products, of which six exist in two forms: 
one form non-hydrated, the other containing a 
molecule of water “in a very firm atomically bound 
condition.' '

^ \ / c o \ / \  
i li 11 1

li 11

I i i

Doubtless still more can be learned about this 
type of quinone imine by a study of related sub­
stances whose structures are less complex. To 
this end, the substance (II) has been prepared; 
the name benzo-semiflavanthrene is proposed for 
this compound to indicate its relation to flavan­
threne. Incidentally, benzo-semiflavanthrene ap­
pears to hold little promise as a dye, since the 
color it imparts to fabrics is a very pale yellow.

The preparation of benzo-semiflavanthrene, 
illustrated by the accompanying formulas, is 
easily carried out. Each reaction gives a single 
product in a good yield.
o-C6H6C6H 4NH2 +  C6H4(CO)20  — >-

ö-C6H5C6H4N(CO)2C6H4

Two reduction products have been obtained 
from benzo-semiflavanthrene: the dihydro com­
pound (III), and a desoxy compound, probably 
(IV).

(1) Scholl and Mansfield, Ber., 43, 1734 (1910), and previous
papers.

OH1 h2/\/\/Y
W x/NH 1 N/ \ /  ,fY

KJ ni KJ iv
The reduction product (III), a violet-black sub­
stance, separates directly in a crystalline condi­
tion when benzo-semiflavanthrene is boiled with 
alkaline hydrosulfite. I t is only weakly acidic 
and is little soluble in aqueous sodium hydroxide. 
In such a solution, or dissolved in organic solvents, 
it is readily oxidized to benzo-semiflavanthrene by 
air; however, it is quite stable in the solid state. 
I t cannot be acylated, for when it is boiled with 
acetic anhydride or treated with benzoyl chloride 
in pyridine, or even when it is boiled with aqueous 
hydrochloric acid it undergoes disproportionation 
to benzo-semiflavanthrene and the desoxy com­
pound (IV).

This desoxy compound, a deep red-brown sub­
stance, is most readily obtained by the acid reduc­
tion of benzo-semiflavanthrene. It, too, is sensi­
tive to air even when dissolved in dilute aqueous 
hydrochloric acid. Nitrous acid also reconverts 
it into benzo-semiflavanthrene.

None of the reduction products so far isolated 
has shown any tendency to form a stable hydrate.

The investigation is being continued.

Experimental
o-Xenylphthalimide.—A mixture of 100 g. of o-amino- 

biphenyl with 88 g. of phthalic anhydride is heated a t 200° 
for ten minutes. The product (175 g.), crystallized from 
acetic acid, forms colorless prisms that melt at 165-166°.

A n a l . Calcd. for C2 0 H 1 5O2 N: C, 80.3; H, 4.35.
Found: C, 80.3; H, 4.41.

ö-(9-Phenanthridyl)-benzoic Acid.—An intimate mix­
ture of 175 g. of 0 -xenylphthalimide with 350 g. of zinc 
chloride is heated rapidly to 275° and kept a t this tem pera­
ture for one m inute; no reaction takes place at lower tem ­
peratures and longer heating results in considerable de­
composition. The melt is stirred into much water, and the 
insoluble product is purified by dissolving in 5% aqueous 
soda and treatment with charcoal. The acid is precipi­
tated by dilute hydrochloric acid as a fine powder which is 
pure enough for most purposes; yield, 135 g. Recrystal-
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lized from ethyl acetate, in which it is very difficultly sol­
uble, it forms colorless prisms that melt at 268-270° with 
decomposition.

Anal. Calcd. for C20H13O2N: C, 80.3; H, 4.35. 
Found: C, 80.3; H, 4.38.

The methyl ester obtained from the acid with methanol 
and sulfuric acid forms prisms from benzene that melt 
at 150-151°.

Anal. Calcd. for C2iHi60 2N: C,80.5; H, 4.8. Found: 
C, 80.0; H, 4.77.

Distilled with copper acetate (1 g.) ö-(9-phenanthridyl)- 
benzoic acid (5 g.) gives 9-phenylphenanthridene (3.5 g.) 
which melts at 104-106° alone or mixed with a sample of 
the substance preparecf according to the method of Pictet 
and Hubert.2

Benzo-semiflavanthrene.—Ninety grams of o-(9-phenan- 
thridyl)-benzoic acid is stirred into 450 ml. of concd. sul­
furic acid and the solution is heated for two hours at 160°. 
The product is isolated by pouring into water. After dry­
ing and crystallizing from xylene there is obtained 45 g. 
of pure benzo-semiflavanthrene which melts at 221-223°.

Anal. Calcd. for C20HnON: C, 85.4; H, 3.96.
Found: C, 85.3; H, 3.96.

The Reduction Product (III).—A suspension of 2 g. of
benzo-semiflavanthrene in 50 ml. of N  sodium hydroxide is 
treated with 4 g. of sodium hydrosulfite, and the mixture 
is boiled in an inert atmosphere for thirty minutes. Fif­
teen ml. of acetic acid is added, the precipitate is filtered, 
washed well with water and dried for a short time at 100°. 
The product forms black-violet needles that melt at 197°.

Anal. Calcd. for C20H13ON: C, 84.7; H, 4.6. Found:
C, 84.8; H, 4.46.

The hydroxyamine is little soluble in boiling N  sodium 
hydroxide and is completely extracted from the violet solu­
tion thus formed by toluene. This solution and the deep

(2) Pictet and Hubert, B er., 29, 1183 (1896).

red solution in alcohol rapidly become yellow on exposure 
to air, and deposit yellow needles of benzo-semiflavan­
threne. With an excess of acetic anhydride, the reduction 
product dissolves to give a red solution which becomes deep 
brown on boiling and deposits benzo-semiflavanthrene, 
even when air is excluded. From the brown solution, the 
desoxy compound can be precipitated by dilution with 
water. A similar result is obtained when the deep red 
solution of the hydroxyamine in pyridine is treated with 
benzoyl chloride.

The Desoxy Compound (IV).—A mixture of 1.5 g. of
benzo-semiflavanthrene, 5 ml. of hydrochloric acid and 35 
ml. of acetic acid is boiled until all of the solid is dissolved. 
A solution of 3.5 g. of stannous chloride in 5 ml. of hydro­
chloric acid and 10 ml. of acetic acid is added in one por­
tion, and the boiling is continued until the yellow-green 
precipitate has become black (thirty minutes to one hour). 
This black tin double salt is filtered, washed weil with ace­
tic acid and water, and boiled for five minutes with 50 ml. 
of 0.5 N  sodium hydroxide, excluding air. The red-brown 
desoxy compound is quite readily attacked by air, even 
when dry, and in a capillary tube has the same melting 
point as benzo-semiflavanthrene. Freshly prepared, it is 
completely soluble in 10% hydrochloric acid; on keeping, 
even in an evacuated desiccator, it is oxidized, becoming 
yellow and insoluble in dilute acid. Concordant analytical 
results could not be obtained. Found: C, 87.5 to 88.2;
H, 4.5 to 4.7. C20H13N requires: C, 89.8; H, 4.87.

Summary
This paper reports the preparation of benzo- 

semiflavanthrene, a quinone imine related in struc­
ture to the vat dye flavanthrene. Some experi­
ments on the reduction of the substance are de­
scribed.
M i n n e a p o l is , M i n n . R e c e iv e d  M a y  19, 1936

[ C o n t r ib u t io n  f r o m  t h e  S c h o o l  o f  C h e m is t r y  o f  t h e  U n iv e r s it y  o f  M i n n e s o t a ]

Studies in the p e rf-Naphthindene Series. I. The Condensation of ß-Naphthol
with Cinnamic Acid

By C. Frederick Koelsch

Comparatively few derivatives of peri-naphth- 
indene have been investigated, but the reactions 
of these few indicate that the chemistry of this 
system is quite different from that of the at first 
sight related indene system.1 In the present se­
ries of papers, the syntheses and reactions of peri-

(1) Compare, e. g., the ease of formation, stability and basicity 
of ££r»-naphthindone [Cook and Hewett, J . Chem. Soc., 368 (1934)] 
with the unknown, presumably easily polymerizable indone, whose 
derivatives are not basic; the tendency to enolize of 8-phenyl-£m- 
naphthindandione-7,9 [Cesaris, Gazz. chim. ita l., 42, II, 453 (1912)] 
with the tendency to ketonize of 2-phenylindandione-l,3 [Hantzsch, 
Ann., 392, 286 (1912)]; the action of phenylmagnesium bromide on 
benzanthrone [Allen and Overbaugh, T h is  Jo u r n a l , 57, 740 (1935)] 
with its action on fluorenone [Ullmann and v. Wurstemberger, Ber., 
37,73 (1904)].

naphthindene derivatives will be examined with 
special reference to the analogous procedures in 
the indene series.

Phenol reacts with cinnamic acid in the pres­
ence of sulfuric acid to give 3,4-dihydro-4-phenyl- 
coumarin.2 It is now shown that 0-naphthol and 
cinnamic acid behave similarly forming 3,4-dihy- 
dro-4-phenyl-5,6-benzocoumarin (I).3 This lac­
tone is easily hydrolyzed and methylated to give

(2) Liebermann and Hartmann, B er., 24, 2586 (1891).
(3) The present paper is published in its incomplete form to avoid 

duplication, a recent article by Miller and Robinson [J . Chem. Soc., 
1535 (1934)] having announced a projected investigation of the 
condensation of «,/3-unsaturated carbonyl compounds with phenols.
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ß-phenyl-ß-(2 -methoxynaphthyl-l)-propionic acid
(II), whose chloride, treated with aluminum chlo­
ride, is cyclized to 6-methoxy-7-phenyl-7,8-dihy- 
dro-9-keto-^fi-naphthindene (III).

C6H5CHCH2CO

I
CH2

c6h 5c h c h 2c o o h

o
II

o = c  c h c 6h 5

- o c h 3

i i i

In view of the results of Cook and Hewett, 1 
who obtained 9-keto-^m-naphthindene and not 
the corresponding 7,8-dihydro compound by the 
cyclization of ß-(naphthyl-l)-propionic acid, it was 
at first believed that in the present cyclization 
also hydrogen had been lost. This belief was 
strengthened by: (a) the yellow color of the
product (III), (b) the non-reactivity of it toward 
phenylmagnesium bromide4 and (c) the non-for- 
mation of a benzal derivative. However, analy­
ses of the ketone (III), its oxime, its demethyla- 
tion product and its oxidation product indicate 
that these substances are all dihydro compounds.5

The most remarkable reaction of the ketone III 
is its behavior on oxidation with chromic acid. It 
is thus converted into a compound which must be
6,9-diketo-7-phenyl - 6a - hydroxy - 6,6a,7,8-tetra- 
hydro-^m-naphthindene (IV) since this oxidation 
product is easily reduced by alkaline hydrosulfite 
to (V), the demethylation product of (III) .6

CH2

0 = C  CHC6H5
I l / ° H

A / V o

IV

OH

Experimental
3,4-Dihydro-4-phenyl-5,6-benzocoumarin.—A mixture 

of 250 g. of /3-naphthol, 250 g. of cinnamic acid, 700 ml. of 
acetic acid and 300 ml. of sulfuric acid is boiled for one

(4) T he forced reaction  w ill be described in  a later paper.
(5) C om pare th e cyc liza tion  of /3-(2-m ethoxynaphthyl-l)-propionic  

acid, Barger and Starling, J .  Chem. S oc . ,  99, 2033 (1911).
(6) Com pare th e  ox id ation  of l-m eth y ln ap h th o l-2 . B argellini 

and S ilvestr i, G a zz .  ch im . i t a l . ,  37, II, 412 (1907).

hour and then poured into water. The resinous precipi­
tate is washed with hot water and boiled with dilute sodium 
carbonate, enough of the salt being added to cause the red 
substance to become green. The insoluble material is 
washed, distilled under reduced pressure and crystallized 
from alcohol. There is obtained 125-130 g. of the lactone 
which forms colorless prisms that melt at 115-116°.

Anal. Calcd. for Ci9H140 2: C, 83.1; H, 5.1. Found:
C, 83.2; H, 5.3.

/3-Phenyl-/3-(2-methoxynaphthyl-l-)-propionic Acid (II).
—The lactone (120 g.) is dissolved in 400 ml. of 10% sodium 
hydroxide by boiling. The solution is cooled and 40 ml. of 
methyl sulfate is added slowly with stirring. The methyla­
tion is completed by boiling for two minutes, cooling, ad­
ding more sodium hydroxide (20 g.) and methyl sulfate 
(20 ml.). The solution is boiled a short time and cooled; 
the difficultly soluble sodium salt is filtered and decomposed 
with hydrochloric acid. The precipitate is crystallized from 
acetic acid, giving 95-100 g. of the methoxylated acid which 
forms colorless prisms that melt at 168-170°.

Anal. Calcd. for C2oHi80 3: C, 78,4; H, 5.9. Found:
C, 77.9; H, 6.0.

6 - Methoxy - 7 - phenyl - 7,8 - dihydro - 9 - keto -  p ? H -  
naphthindene (III).—-The methoxylated acid (80 g.) and
phosphorus pentachloride (60 g.) are added to 280 ml. of 
benzene and boiled for five minutes. The solution is 
cooled and 45 g. of aluminum chloride is added in por­
tions. After boiling a few minutes, the mixture is hydro­
lyzed and the benzene is removed with steam. The resi­
due is crystallized from acetic acid, giving 66 g. of pale 
yellow needles that melt at 144-145°. The compound is 
insoluble in hot sodium hydroxide, and gives a bright red 
color with sulfuric acid.

Anal. Calcd. for C20H16O2: C, 83.3; H, 5.55. Found:
C, 83.1; H, 5.65.

The oxime, obtained by boiling the ketone with hydroxyl- 
amine hydrochloride in alcohol for two hours, melts at 
207-211°.

Anal. Calcd. for C2oHi702N: C, 79.2; H, 5.6. Found:
C, 79.4; H, 5.7.

6 - Hydroxy - 7 - phenyl - 7,8 - dihydro - 9 - keto - peri - 
naphthindene (V).—A mixture of 2 g. of the methoxy 
ketone, 15 ml. of acetic acid and 5 ml. of 40% hydrobromic 
acid is boiled for three hours. Ether and water are added, 
the phenol is extracted from the ether with dilute sodium 
hydroxide, distilled at 20 mm. and crystallized from dilute 
acetic acid. The compound forms bright yellow needles 
that sinter at 185° and melt at 191—193°. Its solution in 
dilute caustic soda is orange-brown.

Anal. Calcd. for Ci9Hi40 2: C, 83.2; H, 5.1. Found: 
C, 83.3; H, 5.1.

6,9 - Diketo - 7 - phenyl - 6a - hydroxy - 6,6a,7,8 - tetra- 
hydro-£m-naphthindene (IV).—The methoxy ketone (10 
g.) in acetic acid (75 ml.) is treated with 20 g. of chromic 
acid in dilute acetic acid. When the vigorous reaction is 
over, the mixture is poured into water and extracted with 
ether. Sodium carbonate removes very little acidic prod­
uct; the neutral product is crystallized from dilute eth­
anol, when it forms bright yellow needles (3.6 g.) that 
melt with gas evolution at 105-110°.
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Anal. Calcd. for C19H14O3 +  H20: C, 74.0; H, 5.2.
Found: C, 73.7; H, 5.4.

The quinol also separates from dilute methanol or dilute 
acetic acid in needles that contain water. From toluene 
it is obtained in the form of pale tan prisms which are sol­
vent free and melt at 160-163° with darkening.

Anal. Calcd. for C19H14O3: C, 78.6; H, 4.,8. Found:
C, 78.4; H, 4.7.

Boiling with sodium hydroxide transforms the quinol 
into an amorphous brown substance. On boiling with 
alkaline sodium hydrosulfite it gives a clear orange-brown 
solution from which acids precipitate the hydroxy com­

pound (V), identified by mixed melting point and by its 
conversion to the methoxy ketone (III) on methylation 
with methyl sulfate and alkali.

Summary
The condensation of ß-naphthol with cinnamic 

acid yields a dihydrocoumarin which has been 
converted into a £m*-naphthindene derivative. 
Some reactions of this latter substance are de­
scribed.
M in n e a p o l is , M i n n . R e c e iv e d  M ay  19, 1936

[Co n t r ib u t io n  from  t h e  S chool of C h em istry  of t h e  U n iv e r sit y  o f  M in n e s o t a ]

Some Applications of the Rosenmund-v. Braun Nitrile Synthesis
B y  C. F rederick  K oelsch

When an aromatic bromide is heated in a sealed 
tube with water, sodium cyanide and cuprous 
cyanide, the halogen is replaced by carboxyl.1 
Hydrolysis of the intermediate nitrile may be 
avoided by omitting the water and sodium cya­
nide, this procedure making the use of a sealed tube 
or an autoclave unnecessary.2 The importance 
of this reaction has been demonstrated in a recent 
synthesis of phenanthrene-9 -carboxylic acid.3

In the present research the reaction has been 
applied to the preparation of some derivatives of
2,3-diphenylindone, and the cyano group has been 
introduced into each of the three benzenoid rings 
of this compound. Likewise it has been found 
that ß, Y, 7 -triphenylacrylonitrile and ß-phenyl- 
Y-diphenyleneacrylonitrile are readily obtainable 
from the corresponding vinyl bromides. How­
ever, when a-^-bromophenyl-ß, ß-diphenyl vinyl 
bromide is heated with cuprous cyanide under the 
usual conditions, it is completely resinified; at 
lower temperatures it is recovered unchanged.

The halogenated indones were prepared by the 
following series of reactions, the last step of the se- 

/CO /v /CO

O +  RCH2C 02H ■

CO

NaOCH3

/> °c

CHR
/CO

CHR R 'MSX

'CO'

CR'

co
CR

(1) Rosenmund and Struck, Ber., 52, 1749 (1919).
(2) Von Braun and Manz, Ann., 488, 111 (1931).
(3) Mosettig and van de Kamp, Tm s Jo u r n a l , 54, 3334 (1932).

ries constituting a hitherto undescribed diarylin- 
done synthesis.

When 4-bromophthalic anhydride was used, a 
mixture of benzalbromophthalides was obtained 
which was converted quantitatively into 1,3- 
diketo - 2 - phenyl - 5 - bromoindane. This with 
phenylmagnesium bromide gave an easily sepa- 
rable mixture of the isomeric 5- and 6-bromodi- 
phenylindones; thus enolization of this unsym- 
metrical ß-di ketone involves either of the car­
bonyl groups.

It is noteworthy that although solid 2-phenyl- 
indandione is obtainable in only the white keto 
form,4 the halogenated derivatives of this sub­
stance prepared in this research were each easily 
obtainable in two forms: by crystallization from 
non-polar solvents in a white modification (keto), 
and from polar solvents in a violet-black modifi­
cation (enol).

The structure of 5-bromo-2,3-diphenylindone 
was proved by oxidation to the known 4 -bromo-2 - 
benzoylbenzoic acid, and that of 2-£-iodophenyl-
3-phenylindone by a separate synthesis according 
to the scheme5

CeHöCHsMgCl
£-IC6H4C02C2H5 —--------- —— IC6H4C(CH2C6H5)20H

----C6K6CH=C(C6H4l)CH2CeH5 - X

(dibromide)
-H B r CC6H4I

(4) Hantzsch, Ann., 392, 286 (1912).
(5) Compare Orechoff, Ber., 47, 89 (1914); Ruggli, Ann., 414, 

125 (1917).
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Experimental
Substitution in the 2-Phenyl of 2,3 -Diphenylin don e
^-lodobenzalphthalide.—^-Iodophenylacetic acid was 

prepared from phenylacetic acid by direct iodination,6 
from ^-aminophenylacetic acid by diazotization, and from 
/>-iodotoluene through ^-iodobenzyl bromide and cyanide.7 
The last method is much the better.

A mixture of 80 g. of ^-iodophenylacetic acid, 46 g. of 
phthalic anhydride and 1 g. of sodium acetate is heated 
for two hours at 225-235°. The melt is dissolved in hot 
acetic acid and cooled. The product (70 g.) is deposited in 
the form of yellow needles. Recrystallized from acetic 
acid, the compound melts at 172-173°.

A n al. Calcd. for C1 5H 9 O2 I: C, 51.7; H, 2.62. Found:
C, 51.7; H, 2.58.

2-£-Iodophenylindandione-l,3.—A solution of 4.7 g. of
sodium in 100 ml. of methanol is added to a suspension of 
68 g. of ^-iodobenzalphthalide in 300 ml. of methanol. 
After the mixture has been boiled for five minutes, water 
is added, the diketone is precipitated with hydrochloric 
acid, dried and recrystallized (64 g.). From acetic acid 
it separates in red-violet prisms, and from non-polar sol­
vents in colorless needles. Both of these forms melt at 
145-146° to a red liquid.

A n a l. Calcd. for C1 5H 9O2 I: C, 51.7; H, 2.62. Found: 
C, 51.9; H, 2.61.

2-£-Iodophenyl-3-phenylindone.—A solution of 100 g. 
of iodophenylindandione in hot benzene is added to a 
phenylmagnesium bromide solution containing 17 g. of 
magnesium. The mixture is boiled for one hour and de- 
composed with iced sulfuric acid. Washing the organic 
solution with dilute sodium carbonate removes unchanged 
diketone (17 g.). The neutral product is distilled under 
reduced pressure and crystallized from acetic acid. There 
is obtained 61 g. of bright orange-red needles that melt at 
141-143°.

A n a l. Calcd. fo r  C22H13ON: C, 86.0; H, 4 .23 .
Found: C, 86.1; H, 4.35.

2-^-Cyanophenyl-3-phenylindone.—lododiphenylindone 
(20 g.) and cuprous cyanide (10 g.) are mixed and heated 
for three hours at 240°. The melt is pulverized and ex­
tracted in a Soxhlet with acetone. The product, obtained 
in a nearly quantitative yield, is distilled at 15 mm. and 
crystallized from acetic acid, when it forms orange plates 
that melt a t 142-144°.

A n a l. Calcd. for C2 2 H 1 3 ON: C, 86.0; H, 4.23. Found: 
C, 86.1; H, 4.35.

a,7-Diphenyl-/3-£-iodophenylpropanol-ß.—This carbinol, 
obtained from ethyl ^-iodobenzoate and benzylmagnesium 
chloride in a yield of about 75%, after crystallization 
from ether-petroleum ether and then from ethanol, forms 
white needles tha t melt at 117-117.5°.

A n a l. Calcd. for C2 1 H 1 9 OI: C, 60.9; H, 4.61. Found:
C, 60.9; H, 4.54.

a,7-Diphenyl-/3-£-iodoph.enylpropene.—This hydrocar­
bon is obtained in a good yield by boiling a solution of the 
above carbinol in acetic acid containing a little sulfuric 
acid. I t forms colorless prisms from a mixture of ethanol 
and ethyl acetate that melt a t 92-92,5°.

A n a l. Calcd. for C2 1 H 1 7 I: C, 63.6; H, 4.32. Found:
C, 63.7; H, 4.25.

l-Phenyl-2-£-iodophenylindene.—The above iodotri- 
phenylpropene dissolved in 2.5 times its weight of acetic 
acid is treated with the calculated amount of bromine, and 
the solution is boiled for twenty minutes. The product 
can be separated by crystallization from ligroin into nearly 
equal amounts of a yellow substance that melts a t 165- 
168° with decomposition (probably a-bromo-c^Y-di- 
phenyl-iÖ-^-iodophenylpropene; C2 iHi6BrI requires: C,
53.1; H, 3.4. Found: C, 54.2; H, 3.02) and the indene,
which forms microscopie white needles that melt a t 184- 
185°.

A n a l. Calcd. for C2 1H 1 5I: C, 63.9; H, 3.83. Found: 
C, 63.5; H, 3.82.

1- Benzal-2-£-iodophenyl-3-phenylindene.—To a sus­
pension of 7 g. of l-phenyl-2-£-iodophenylindene in 70 
ml. of absolute ethanol is added 3 ml. of benzaldehyde and 
a solution of 0.3 g. of sodium in 5 ml. of ethanol. The 
mixture is boiled for five minutes and cooled, giving 6 g. 
of the ben zal compound. The substance separates from 
acetic acid in the form of yellow needles th a t melt a t 
173-174°.

A n a l. Calcd. for C2SH19I: C, 69.7; H, 3.98. Found: 
C, 69.9; H, 3.91.

This benzal compound is oxidized by the calculated 
amount of chromic acid in acetic acid to 2-£-iodophenyl-3- 
phenylindone, which melts a t 141-143° alone or mixed with 
the same substance prepared from iodophenylindandione.

Substitution in the 3-Phenyl of 2,3-Diphenylindone

2- Phen yl-3 -^-bromophenylindone.—A benzene solution 
of 2-phenylindandione-l,3 is added to a solution of p -  
bromophenylmagnesium bromide containing 7 g. of mag­
nesium. After boiling for one hour, the mixture is hydro­
lyzed with iced acid, and the unchanged diketone (20 g.) 
is extracted with sodium carbonate. The neutral product 
is distilled under reduced pressure and crystallized from 
acetic acid and then from toluene. There is obtained 9 
g. of the bromodiphenylindone which forms orange prisms 
tha t melt a t 172-174°.

A n a l. Calcd. for C2iHi3OBr: C, 69.8; H, 3.6. Found:
C, 69.9; H, 3.82.

2-Phenyl-3-£-cyanophenylindone.—The preceding bro­
modiphenylindone is heated with half its weight of cu­
prous cyanide at 250° for four hours, the melt is powdered 
and extracted with acetone, and the product is distilled 
under reduced pressure and crystallized from acetic acid. 
The cyano compound forms bright red prisms th a t melt 
at 184-187°.

A n a l. Calcd. for C22H i3ON: C, 86.0; H, 4.23,
Found: C, 85.6; H, 4.34.

V-,c 6h 4i

(6) Datta and Chatterjee, This J o u r n a l , 41, 292 (1919).
(7) Wheeler and Clapp, Am. Chem. J., 40, 460 (1908).
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Substitution in the Indene Nucleus of 2,3-Diphenylindone
2 - Phenyl - 5 - bromoindandion e - 1,3.—4 - Brotno- 

phthalic anhydride8 (29 g.) is mixed with phenylacetic acid 
(17.5 g.) and sodium acetate (1 g.) and heated at 220- 
240° for three hours. The product (23 g.), a mixture of 
the two possible benzal bromophthalides, is crystallized 
from acetic acid, when it melts at 145-170°. This mixture 
is suspended in methanol and treated with a solution of 2 
g. of sodium in the same solvent. The solution is boiled 
for five minutes, water is added, and the diketone is pre­
cipitated with hydrochloric acid. From acetic acid, the 
product (20 g.) is deposited in the form of violet-black 
needles, and from benzene in the form of white needles. 
Both of these forms melt to a red liquid at 166-167°.

Anal. Calcd. for C15H90 2Br: C, 59.8; H, 2.99.
Found: C, 59.4; H, 2.84.

5- and 6-Bromo-2,3-diphenylindones.—-The above dike­
tone (19 g.) suspended in benzene is added to a solution of 
phenylmagnesium bromide containing 4 g. of magnesium. 
The mixture is boiled for one hour, hydrolyzed, and the 
unchanged diketone (3 g.) is removed with sodium carbon­
ate. The neutral product is distilled under reduced pres­
sure and fractionally crystallized from ether-petroleum 
ether. The less soluble part (8.5 g.) is 6-bromo-2,3- 
diphenylindone, which forms orange-red plates from acetic 
acid that melt at 192-194°.

Anal. Calcd. for C2iH13OBr: C, 69.8; H, 3.6. Found:
C, 69.7; H, 3.4.

The more soluble part is 5-bromo-2,3-diphenylindone, 
which forms orange needles from acetic acid that melt at 
167-168°.

Anal. Calcd. for C2iHi3OBr: C, 69.8; H, 3.6. Found:
C, 69.8; H, 3.4.

The structure of the latter 5-bromodiphenylindone is 
indicated by its oxidation by chromic acid in acetic acid 
to 2-benzoyl-4-bromobenzoic acid which melts at 189- 
191° alone or mixed with a known sample of this same 
melting point, kindly furnished by Dr. Stephens.

6 - Cyano - 2,3 - diphenylindone.—6 - Bromodiphenylin- 
done is treated with cuprous cyanide and the product is 
worked up as described for 2-phenyl-3-£-cyanophenylin- 
done. The product forms orange red plates that melt at 
209-211°.

(8) Stephens, T h is  J o u r n a l , 43, 1953 (1921).

A nal. Calcd. for CaaHwON: C, 86.0; H, 4.23. Found: 
C, 85.6; H, 4.2.

The Vinyl Compounds
öl - p -  Bromophenyl - ß,ß - diphenylvinyl Bromide.—An

ether solution of benzophenone (28 g.) is added to a solu­
tion of ^>-bromobenzylmagnesium bromide containing 7.3 
g. of magnesium. The solution is hydrolyzed with iced 
ammonium chloride, and the product is crystallized from 
ether-petroleum ether. There is obtained 35 g. of p- 
bromobenzyldiphenylcarbinol, which forms white needles 
that melt at 124-126°. (Found: C, 68.4; H, 5.0.
C2oHnOBr requires: C, 68.0; H, 4.7.) This carbinol
(7 g.) is dissolved in acetic acid (30 ml.) and treated with 
bromine (3.2 g.). The bromine is rapidly absorbed, and 
the solution soon deposits crystals of the vinyl bromide. 
The product is best purified by distillation under reduced 
pressure followed by crystallization from acetic acid. It 
forms colorless needles that melt at 109-110°.

A nal. Calcd. for C2oHi4Br2: C, 58.0; H, 3.4. Found:
C, 57.8; H, 3.4.

Under the usual conditions for the replacement of bro­
mine by cyanogen (240°) this dibromo compound is con­
verted into a black resin. At lower temperatures it is 
partly resinified and partly recovered unchanged.

Triphenylacrylonitrile.—Triphenylvinyl bromide heated 
with cuprous cyanide in the usual way gives a quantitative 
yield of triphenylacrylonitrile which melts at 163-165°.9

a - Phenyl - ß - diphenyleneacrylonitrile.—a. - Phenyl - 
j3-diphenylenevinyl bromide10 and cuprous cyanide at 
240° give a good yield of the corresponding nitrile which 
forms yellow needles that melt at 188-189°.

A nal. Calcd. for C2iHi3N : C, 90.2; H, 4.66. Found:
C, 90.1; H, 4.68.

Summary
The synthesis of some halogenated diphenylin- 

dones is described, and it is shown that the Rosen­
mund-v. Braun method for the replacement of 
halogen by cyanogen is applicable to these com­
pounds and to certain triarylvinyl bromides. 
M in n e a p o l is , M i n n . R e c e iv e d  M a y  19, 1936

(9) Hobbe and Feitschel, Ber., 34, 1967 (1901).
(10) Koelsch, T h is  Jo u r n a l , 54, 3387 (1932).
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The Attempted Synthesis of Some Compounds Containing the /so-indene Nucleus

By C. Frederick Koelsch

a,a-Diphenyl-ß,ß-benzoima,n (I) is the only 
compound known definitely to contain an o- 
quinoid structure similar to that formerly postu­
lated for rubrene (II).1 That this type of struc­
ture is formed with difficulty or once formed is not

/ \ / ' c\  GeH5

I 1 / °
/ ■ / ' / c —c6h 5 _ \ / \ ĉ c6h 5_

I II
stable is indicated by the relative ease of oxidation 
of anthracene as compared with phenanthrene, 
the radical nature of 2,3,6,7-dibenzanthracene, the 
immediate rearrangement of 0-quinone-bisdiphen- 
ylmethide and other similar phenomena.

The present investigation was undertaken with 
the object of throwing some light on the structure 
and possible tautomeric nature of rubrene through 
a study of the reactions of the compounds (III) 
and (IV).

ceH51 \  „ / —-- \  ^
/ c “ \ — 

Z / V —C6H6
_> = °

III
f Y
\ / %

C—C6H5

C—CaHi

=C (C 6H5)2

IV
Although these substances could not be prepared, 
it is believed that the syntheses themselves and 
what few conclusions may be drawn from such 
negative results warrant publication.

2-(£-Quino-)-l,3-diphenyksoindene (III).—
The synthesis of this compound was attempted 
through the following reactions

/ V CH2

\ / \
•O +  £-CH3OC6H4CHO NaOE*

c o

(1) Since th is  work was com pleted D ufraisse and Velluz [C o m p l .
r e n d . ,  201, 1394 (1935)] have suggested and proved th a t  rubrene has
an entirely different s tructu re .

/ v t ™
i y - < _

^ / / \ c o  VII
/C—c 6h 6V

■ V

c
HO/

*C-

xc 6h 5

OH ----►

^ —OH ---->  III

VIII

The substance (VIII) could not be dehydrated 
either by heat alone or by hot acetic acid; when 
boiled with acetic acid containing a trace of sul­
furic acid, it was converted into a white amor­
phous substance, the reaction being apparently 
similar to the condensation undergone by 1,2,3- 
triphenylindenol and 9-phenylfluorenol under like 
conditions. Similar to Gomberg’s easily dehy­
drated hydroxytriaryl carbinols in that a com­
pletely conjugated system connects the phenolic 
and the alcoholic hydroxyl groups, the compound 
(VIII) probably owes its resistance to dehydra­
tion to the difficulty of forming the necessary o- 
quinoid structure.

2- (^-Diphenylmethylenequino) -1,3 - diphenyl- 
isoindene (IV).—The synthesis of this substance 
was attempted by the reactions

C6H6MgBr

GO
IX (X -  COOH)
X  (X -  COOR)
XI (X = COC6H6)

■ A / '
c —c 6h 5

V
% / V
H C )/ ''Cells

c —c 6h 5

■ N = / '
-C(C,H*)2OH

XII

XII 'Z.r—^

Gv
h / Z C cH

c —^  ^ —CH (C6H6) s

XIII

Neither the glycol (XII), its dimethyl ether, nor 
its dichloride could be obtained crystalline. The 
action of metals on the crude dichloride gave in- 
tractable orange gums whose Solutions were not 
affected by air.
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Experimental
2-£-Anisylindandione-l,3 (V).—A mixture of 110 g. of

phthalide and 110 g. of anisaldehyde is added to a solution 
of 20.5 g. of sodium in 400 ml. of absolute ethanol. After 
boiling for fifteen minutes, the deep red solution is poured 
into water, the alcohol is distilled and the product is pre­
cipitated with hydrochloric acid. After crystallization 
from acetic acid the diketone forms colorless needles that 
melt at 152-154°; yield 68 g. The remainder of the anis­
aldehyde is converted into anisyl alcohol and anisic acid.

Anal. Calcd. for Ci6Hi20 3: C, 76.2; H, 4.8. Found: 
C, 75.52; H, 4.70.

2-£-Anisyl-3-phenylindone (VI).—A solution of 65 g. 
of anisylindandione in hot toluene is added to phenyl­
magnesium bromide containing 15 g. of magnesium. The 
mixture is boiled for one hour and decomposed with iced 
sulfuric acid. After the unchanged diketone (7 g.) has 
been extracted with sodium carbonate, the product is dis­
tilled at 15 mm. and crystallized from acetic acid. There 
is obtained 43 g. of red needles that melt at 117-118°.

Anal. Calcd. for C22Hi60 2: C, 84.6; H, 5.1. Found: 
C, 85.01; H, 5.21.

2-/?-Hydroxyphenyl-3-phenylindone (VII).—The meth­
oxy ketone (VI) (30 g.) is hydrolyzed by boiling for six 
hours with a mixture of 120 ml. of acetic acid and 30 ml. 
of 40% hydrobromic acid. The product, purified by solu­
tion in sodium hydroxide and reprecipitation, separates 
from acetic acid in red plates that contain acetic acid; m. p. 
163-165°.

Anal. Calcd. for C2iHi4O20.5C2H4O2: C, 80.4; H,
4.9. Found: C, 80.3; H, 4.9.

Dilute aqueous sodium hydroxide dissolves the phenol, 
giving a purple solution.

The benzoate, prepared with aqueous alkali and benzoyl 
chloride, forms red prisms that melt at 145°.

Anal. Calcd. for C28Hi80 3: C, 83.5; H, 4.5. Found: 
C, 83.5; H, 4.4.

l,3-Diphenyl-2-£-hydroxyphenylindenol (VIII).—A ben­
zene solution of the hydroxydiphenylindone is added to an 
excess of phenylmagnesium bromide. The mixture is 
worked up in the usual way, and the product, which like 
all triarylated indenols shows a tendency to supercool, is 
purified by recrystallization of its sodium salt. The pure 
phenol-alcohol crystallizes from ether-ligroin as a color­
less powder that melts at 196-197°.

Anal. Calcd. for C27H20O2: C, 86.1; H, 5.3. Found: 
C, 85.9; H, 5.3.

It is readily soluble in acetic acid and can be recovered 
unchanged after boiling with this solvent. The acetic 
acid solution becomes red on the addition of a trace of sul­
furic acid and now, on boiling, a white amorphous sub­
stance is deposited, which is insoluble in the common sol­
vents.

Hydrolysis of Cyanodiphenylindone.—The cyano com­
pound (0.5 g.)2 is boiled with a mixture of 5 ml. of sulfuric 
acid and 5 ml. of water until the originally melted sub­
stance has resolidified. The mixture is poured into water; 
the solid is powdered and extracted with hot sodium car­
bonate solution. The neutral product, 2-^-carbamido-

(2) K oelsch , T h is  J o u r n a l , 58, 1328 (1936).

phenyl-3-phenylindone, crystallizes from acetic acid in 
orange needles (0.15 g.) that melt at 248-254° with de­
composition.

Anal. Calcd. for C22Hi60 2N: C, 81.2; H, 4.6. Found:
C, 80.5; H, 4.6.

The acidic product (IX) is precipitated with hydrochloric 
acid and crystallized from acetic acid, when it forms orange 
plates (0.35 g.) that melt at 212-214° and can be distilled 
without decomposition at 15 mm. The acid may also be 
obtained by boiling the amide with 1:1 sulfuric acid and 
water.

Anal. Calcd. for C22H14O3: C, 80.8; H, 4.3. Found: 
C, 80.31; H, 4.3.

On boiling with the appropriate alcohol containing a 
little sulfuric acid, 2-/>-carboxyphenyl-3-phenylindone is 
esterified. The esters (X), obtained in yields of about 80 %, 
are best purified by distillation at 15 mm. followed by 
crystallization.

The methyl ester, from toluene, forms orange plates that 
melt at 167-168°.

Anal. Calcd. for C23Hi60 3: C, 81.2; H, 4.7. Found: 
C, 81.3; H, 4.8.

The ethyl ester, from ethanol, forms orange needles 
that melt at 120-121 °.

Anal. Calcd. for C24Hi803: C, 81.4; H, 5.1. Found: 
C, 81.4; H, 5.3.

2-£-Benzoylphenyl-3-phenylindone (XI).—The acid
(IX) dissolved in benzene is treated with a slight excess of 
phosphorus pentachloride, and after short boiling, with 2.2 
equivalents of aluminum chloride. The solution is boiled 
for fifteen minutes, decomposed with iced acid and washed 
with sodium carbonate. The product crystallizes from 
acetic acid in red-orange prisms that melt at 169-171°. 
This diketone may be distilled at 15 mm. without decom­
position.

Anal. Calcd. for C28Hi802: C, 87.0; H, 4.69. Found:
C, 86.6; H, 4.55.

2 - (p - a - Oxybenzohydrylphenyl) - 1,3 - diphenyl- 
indenol-I (XII).—The methyl ester, the ethyl ester or the 
phenyl ketone derived from 2-£>-carboxyphenyl-3-phenyl- 
indone dissolve easily in an excess of phenylmagnesium 
bromide. Decomposition of these Solutions with iced 
acid followed by steam distillation gives in each case a pale 
orange glassy substance, easily soluble in acetic acid or 
in methanol. The solution in acetic acid becomes deep 
green with a trace of sulfuric acid. The methanol solution, 
on the addition of a little sulfuric acid, deposits an orange 
gum easily soluble in ether and nearly insoluble in meth­
anol, but this dimethyl ether (?) cannot be crystallized. 
The chloride (?) obtained from the glycol with hydrogen 
chloride in benzene or with acetyl chloride also forms an 
uncrystallizable oil.

2-£-Benzohydrylphenyl-l ,3-diphenylindene (XIII) .—
This hydrocarbon can be obtained from the glycol, the 
dimethyl ether or the chloride as follows. One gram of 
granulated zinc is added to a solution of one gram of any 
of the substances mentioned in 20 ml. of acetic acid. The 
solution is boiled and a drop of concd. hydrochloric acid 
is added; boiling is continued until the deep green solu­
tion is colorless, when more hydrochloric acid is added.
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This treatment is continued until the green color is no 
longer restored by hydrochloric acid. Water and ether 
are added, the ether solution is freed of acetic acid, dried 
and evaporated. The product is crystallized from ether- 
petroleum ether and then from acetic acid, when it forms 
small colorless flat needles that melt at 173-175°. It may 
be distilled without decomposition at 15 mm., and this is 
the most convenient way to purify large quantities (15 g.) 
of the substance.

Anal. Calcd. for C4oH3o: C, 94,1; H, 5.9. Found: 
C, 94.4; H, 6.3.

On treating the hydrocarbon in acetic acid with chromic 
acid, it is oxidized to o-dibenzoylbenzene and p-carboxy- 
triphenylcarbinol, identified in each case by comparison 
with an authentic sample.

A Check on the Structure of 2-£-Anisyl-3-phenylin- 
done.—In order to make certain of the structure of this 
compound, the following reactions were carried out

Anal. Calcd. for C22H220 2: C, 83.0; H, 6.9. Found: 
C, 83.4; H, 7.0.

o^y-Diphenyl-jS-^-anisylpropene (XV).—This substance 
is obtained in a quantitative yield by boiling the above 
carbinol in acetic acid containing a little sulfuric acid.

It forms white plates that melt at 82-83° from ethanol.
Anal. Calcd. for C22H20O: C, 88.0; H, 6.7. Found: 

C, 87.7; H, 6.7.
2-£-Anisyl-l-phenylindene (XVII).—The propene dis­

solved in 2.5 times its weight of acetic acid is treated with 
the calculated amount of bromine, and the solution is 
boiled for twenty minutes.

The product is distilled under reduced pressure (de­
composition of the bromopropene) and crystallized from 
acetic acid and then from ligroin, when it forms pale orange 
plates that melt at 120-122°; yield about 35%.

Anal. Calcd. for C22H180 : C, 88.5; H, 6.0. Found: 
C, 87.8; H, 6.0.

COOCHa (C6H 5CH2) 2C— OH C6H5CH2C = C H C 6Hi

C6H5CH2MgCl

o c h 3

C6H6CH2CBr—CHBrC6H6

J \

XVI
o c h 3

c — c 6h 5

V "V

V
Br2

OCHs
XIV

O C H 3
X V

c h c 6h ö

— 2HBr \ c _ s — ^

CH

XVII
C6H 5CHO

-o c h 3

/U-—U6rl5

f | |  X w *  \ - O C H .

^ / \ c o
- h 2o I

V I
c h c 6h 6

XVIII

1 -Benzal-2-£-anisyl-3-phenyl- 
indene (XVIII).— (a) To a solu­
tion of 0.5 ml. of benzaldehyde 
and 1 g. of the indene (XVII) 
in 10 ml. of hot w-propyl alcohol 
is added a solution of 0.1 g. of 
sodium in 2 ml. of ethanol. The 
benzal compound is rapidly de­
posited, and on recrystallization 
from acetic acid forms yellow 
needles that melt at 188-190° 
(1.2 g.).

Anal. Calcd. for C29H22O: 
C, 90.1; H, 5.7. Found: C,
90.0; H, 5.6.

(b) A benzene solution of the 
indone (VI) is added to an ex­
cess of benzylmagnesium chlo­
ride. Since the resulting car­
binol is an oil, it is dehydrated 
by boiling in acetic acid with a 
trace of sulfuric acid. The prod­
uct is identical with that ob­
tained in (a).

Two products are obtained from the dibromide (XVI), 
but only the indene (XVII) has been isolated in a pure 
state.

a:,Y-Diphenyl-/3-£-anisyl-propanol-/3 (XIV).—This car­
binol, obtained in a yield of about 75%, is crystallized from 
ether-petroleum ether and then from ethanol. It forms 
white plates that melt at 93-94°.

Summary
Some unsuccessful attempts to obtain com­

pounds containing the 2*sö-indene nucleus are re­
corded. These failures lend support to the suppo- 
sition that this nucleus is unstable.
M in n e a p o l is , M i n n . R e c e iv e d  M a y  19, 1936
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[C o n tr ib u tio n  from  th e  C h em istry  L aboratory  of th e  U n iv e r sit y  o f  K a nsas]

On the Reactions of Certain Methylene Hydrogen Derivatives Containing Cyanide,
Thiocyanate or Sulfinate Radicals

B y  Clarence E. Grothaus and F. B . D ains

It has been shown previously in a series of 
papers1 that compounds containing the methylene 
hydrogen grouping exhibit the characteristic 
property of reacting with disubstituted formami- 
dines, forming a carbon to carbon linking and 
yielding an aminomethylene derivative which 
may be represented as follows
x \  X \>CH2 -f R N =C H —NHR — ^  )>C—CH—NHR +
Y /  Y /

r n h 2

These reactions occur in the case of open-chain 
compounds as acetoacetic ester, benzoylacetic 
ester, cyanoacetic ester, malonic ester and de- 
soxybenzoin; also heterocyclic compounds as thi- 
azolidones, pyrazolones, isoxazolones and imida- 
zolones are similarly reactive.

The present investigation was carried out with 
methylene derivatives in which one group was 
a benzoyl or substituted benzoyl grouping and 
the other the CN, SCN or ^>-CH3CeH4S02 radical, 
(XC6H4COCH2Y), in order to ascërtain the effect 
of the latter groups on the reactivit}^ of the meth­
ylene hydrogen with the formamidines and in a 
few cases with benzaldehyde and ^-nitrosodi- 
methylaniline.

The aminomethylene derivatives obtained in 
this study were found usually to react with 
hydrazine, phenylhydrazine and hydroxylamine 
yielding pyrazole or isoxazole derivatives. How­
ever, ^-phenylanilinomethylenebenzoylacetoni - 
trile failed to give such pyrazole or isoxazole com­
pounds.

Experimental
I. Derivatives of Phenacyl Cyanide

Anilinomethylenebenzoylacetonitrile (III) C6H6COC- 
(CHNHC6H5) CN.—Phenacyl cyanide (6 g.) and diphenyl- 
formamidine (8 g.) were heated in xylene solution at 120° 
for two hours. Anilinomethylenebenzoylacetonitrile (m. p. 
159°) and aniline were formed.

Reactions of Anilinomethylenebenzoylacetonitrile with 
Hydroxylamine.—The nitrile (III) was refluxed in alcohol 
solution with hydroxylamine hydrochloride, either by it­
self, in pyridine solution or after neutralization with 
sodium carbonate. In all cases the same products were

(1) F. B. Dains, et al., Ber., 35, 2496 (1902); T h is  J o u rn al , 31, 
1148 (1909); 35, 959, 970 (1913) ; 38, 1510, 1841 (1916); 40, 562 
(1918); 43, 613, 1200 (1921); 44, 2310 (1922); K. U. Sc. Buil.,
15, 265 (1924); 18, 627 (1928).

obtained, aniline and a compound (XI) melting at 154°, 
which was insoluble in hydrochloric acid and was recovered 
unchanged after solution in alkali. It cannot be the ex­
pected 2-phenyl-3-cyanoisoxazole which should in the pres­
ence of alkali rearrange to benzoylmalonic dinitrile.* 15 2 The 
compound failed to react with phenylhydrazine, benzoyl 
chloride, and ethyl iodide and was hydrolyzed only after 
long boiling with 40% sodium hydroxide. These properties 
and its inertness point to the probable structure of 4-ben- 
zoyl-5-iminoisoxazole (XI) ON=CHCH(CO'C«Hs)C=NH.

With hydrazine.—When this nitrile (III) was refluxed 
with hydrazine in'alcoholic solution, 3-phenyl-4~cyanopvra- 
zole (XII) (m. p. 134°) and aniline were formed.

With Phenylhydrazine.—The anilinomethylene deriva­
tive (III) reacted with phenylhydrazine in an analogous 
manner and gave aniline and l,5-diphenyl-4-cyanopyra- 
zole (XIII) (m. p. 182°). This product is soluble in most 
organic solvents but is practically insoluble in either acid 
or alkali.

Proof of Structure of l,5-Diphenyl-4-cyanopyrazolé.—
This was accomplished by hydrolyzing the cyano group 
to a carboxylic group. Refluxing with 75% sulfuric 
acid, concentrated hydrochloric acid or sodium hydroxide 
failed to effect hydrolysis. Concentrated sulfuric acid at 
130° hydrolyzed the compound to benzoic acid. The de­
sired carboxylic acid was obtained by heating the pyra­
zole in a sealed tube with concentrated alcoholic potassium 
hydroxide at 160 to 170° for three hours, yielding 1,5- 
diphenyl-4-pyrazolecarboxylic acid (XIV) (m. p. 173°) 
and ammonia. This acid was found to be identical with 
that obtained by hydrolyzing the anilide of l,5-diphenyl-4- 
pyrazolecarboxylic acid.

The fact that the phenylhydrazone of the phenacyl cya­
nide failed to react on heating with diphenylformamidine 
(two hours at 120°) points to this same structure.

4-Dimethylaminoanilinobenzoylacetonitrile (I) C6H5-
COC (= N  C6H4N (CH3)2) CN. —N itrosodim eth jdan iline  Con­
densed readily with phenacyl cyanide in boiling alkaline 
alcoholic solution. The blood-red crystals from dioxane 
melted at 128°.3

II. ^-Bromophenacyl Cyanide and Derivatives
^-Bromophenacyl Cyanide (XV).—^-Bromophenacyl 

chloride (60 g.) was partially dissolved in alcohol (200 cc.). 
A solution of sodium cyanide (28 g.) was slowly added with 
continuous stirring, the mixture being cooled with ice. 
The mixture was then warmed to 60° and the stirring con­
tinued for one hour, the color changing from brown to 
reddish-violet. The cyanide was precipitated by acidify­
ing and was deposited as slightly colored small thick plates 
(m. p. 159°).

Anilinomethylene-/>-bromobenzoylacetonitrile (XVI) p-
Br C6H4COC (—CHNHCöHö) CN.—This resulted when

(2) F. B. Dains and E. L. Griffin, T h is  J o u r n a l , 35, 959 (1913).
(3) Lippmann, Diss., Berlin, 1905.
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T able I
Text
no. Compound Formula M. p., °C.

Nitrogen, % 
Calcd. Found

I 4-Dimethylaminoanilinobenzoylacetonitrile CwHuON., 128 15.16 15.05
II Benzalphenacyl cyanide CieHnON 85 6.01 5.83
III Anilinomethylenebenzoylacetonitrile C16Hi,ON2 159 11.29 11.23
IV ^-Bromoanilinomethylenebenzoylacetonitrile® Ci6H„ON2Br 205 8.56 8.38
V />-Chloroanilinomethylenebenzoylacetonitrile6 Cif,HnON2Cl 185 9.91 9.91
VI tf-Chloroanilinomethylenebenzoylacetonitrilec Ci6HuON2C1 167 9.91 9.96
VII 0-Ethoxyanilinomethylenebenzoylacetonitriled C18H16O2N2 138 9.59 9.64
VIII £-Phenoxyanilinomethylenebenzoylacetonitrilee C22H16O2N2 135 8.24 8.38
IX ^-Phenylanilinomethylenebenzoylacetonitrile f C22H16ON2 161 8.64 8.53
X l,3-Diphenyl-4-(£-bromoanilinomethylene-5-pyrazoloneff C22Hi6ON3Br 184 Br, 19.14 19.14
XI 4-Benzoyl-5-iminoisoxazoleA C ioH sOüN j 154 14.89 14.87
XII 3-Phenyl-4-cyanopyrazole" C10H7N 3 134 24.84 24.41
XIII 1,5-Diphenyl-4-cyanopyrazole3 C16H„N5 182 17.14 16.78
XIV 1,5-Diphenyl-4-pyrazolecarboxylic acid Ci6H120 2N.2 173 10.60 10.39
XV ^-Bromophenacyl cyanide CoHeONBr • 159 6.25 6.27

Br, 35.71 35.85
XVI Anilinomethylene-£-bromobenzoylacetonitrile C16HuON2Br 143 Br, 24.54 24.58
XVII £-Bromoanilinomethylene-/>-bromobenzoylacetonitrile C,6HioON2Br 209 Br, 39.41 39.26
XVIII 4- (4-Bromobenzoyl)-5-iminoisoxazole CioH702N2Br 195 10.48 10.12
XIX 3-(4-Bromobenzoyl)-4-cyanopyrazole CioH6N3Br 195 Br, 32.26 32.11
XX 1 -Phenyl-5- (4-bromophenyl) -4-cya.nopyrazole Ci6HioN3Br 212 Br, 24.69 24.40
XXI 2-Imino-3-phenyl-5-benzoylthiazole Ci6H12ON2S 257 1 0 .0 0 10.07
XXII 2-Imino-3- (4-bromophenyl)-5-benzoylthiazolefc C16HnON2SBr 214 7.80 7.97

Br, 22.28 22.19
XXIII 2-Imino-3-(4-chlorophenyl)-5-benzoylthiazolei C16H1iON2SC1 204 8.90 8.89
XXIV co-Benzalphenacyl-^>-tolyl sulfinate c22h 1so3s 142 S, 8.86 9.18
XXV Phenylhydrazone of phenacyl-/>-tolyl sulfinate C2iH2o02N2S 188 7.69 8.06

S, 8.81 8.66
XXVI Anilinomethylenephenacyl-/>-tolyl sulfinate C22H190 3NS 208 3.71 3.75
XXVII £-Bromoanilinomethylenephenacyl-£-tolyl sulfinate7” C22His03NSBr 210 3.07 3.05

Br, 17.55 17.65
XXVIII 1,5-Diphenyl-4-(^-tolylsulfonyl)-pyrazole C22H180 2N2S 164 7.49 7.93
XXIX £-Chloroanilinomethylenephenacyl-£-tolyl sulfinate7" c22h 18o3n s c i 217 3.40 3.53
XXX o-Chloroanilinomethylenephenacyl-/>-t olyl sulfinate0 c22h 18o3n s c i 187 3.40 3.40
XXXI Anilinomethylene-£-nitrobenzyl cyanide CióHh0 2N3 Above 260 15.85 15.63
XXXII Anilin omethylene-p-nitrophenylacetic ethyl ester C17H160 4N2 114-115 8.97 8.82

a Fusion of phenacyl cyanide with di-£-bromophenylformamidine. 
h Fusion of phenacyl cyanide with di-^-chlorophenylformamidine. 
c Fusion of phenacyl cyanide with di-o-chlorophenylformamidine. 
d Fusion of phenacyl cyanide with di-o-ethoxyphenylformamidine. 
c Fusion of phenacyl cyanide with di-/>-phenoxyphenylf ormamidine. 
f Fusion of phenacyl cyanide with di-£-xenylphenylformamidine.
0 Fusion of 1,3-diphenyl-5-pyrazolone with di-/>-bromophenylformamidine. 
h From action of hydroxylamine on III, IV, V, VI, VII, VIII.
1 From action of hydrazine on III, IV, V, VI, VII.
3 From action of phenylhydrazine on III, IV, V, VI, VII, VIII. 
k Fusion of phenacyl thiocyanate and di-£-bromophenylformamidine.
I Fusion of phenacyl thiocyanate and di-£-chlorophenylformamidine.
m Fusion of phenacyl-£-tolyl sulfinate and di-^-bromophenylformamidine.
II Fusion of phenacyl-£-tolyl sulfinate and di-^-chlorophenylformamidine.
° Fusion of phenacyl-/>-tolyl sulfinate and di-o-chlorophenylformamidine.

(XV) and diphenylformamidine were fused at 150° and 
crystallized from benzene in white needles (m. p. 143°).

Reactions of Anilinomethylene-^-bromobenzoylacetO“ 
nitrile.—This compound (and also ^-bromoanilinomethyl- 
enebenzoylacetonitrile) reacted with hydroxylamine to give 
an isoxazole (XVIII) (m. p. 195°); with hydrazine to give 
a phenyl pyrazole (XIX) (m. p. 195°); and with phenyl­
hydrazine to give a diphenyl pyrazole (XX) (m. p. 212°).

Aniline (^-bromoaniline in the case of the bromine deriva­
tive) was the other product of these reactions.

III. Derivatives of Phenacyl Thiocyanate 

2-IminO“3-phenyl-5-benzoylthiazole (XXI) SC(NH)-

NCeHöCHCCOCeHs.—Phenacyl thiocyanate (3.5 g.) and
diphenylformamidine (4 g.) were heated at 160° in xylene



1336 Clarence Ë. Grothaus and F. B. D ains Vol. 58

for one hour. The product was washed with dilute acid 
and was crystallized from dioxane in fine light yellow crys­
tals (m. p. 257°). Aniline was formed also in the reac­
tion. Anilinomethylenephenacyl thiocyanate was doubtless 
formed first, but this evidently rearranged to a thiazole. 
It was not hydrolyzed with concentrated hydrochloric 
acid, sulfuric acid or alcoholic potassium hydroxide. No 
hydrolyzable sulfur was indicated by tests with lead plum- 
bite. This derivative gave negative results for the pres­
ence of a free thiocyanate grouping in tests using alkaline 
lead tar träte.4 It was unreactive to phenylhydrazine. 
These properties and the work of Kaufmann on thiocya­
nate derivatives5 indicate such rearrangement.

Phenacyl thiocyanate was found to react also with di-p- 
bromophenylformamidine and di-£~chlorophenylformami- 
dine to give analogous derivatives (XXII and XXIII).

IV. Derivatives of Phenacyl-^-tólyl Sulfinate
oj-Benzalphenacyl-^-tolyl Sulfinate (XXIV) C6H5COC- 

(CHC6H5)S02C7H7.—Phenacyl-£-tolyl sulfinate and benz­
aldehyde (excess) were boiled in alcoholic solution to which 
had been added a few drops of piperidine. On cooling, 
small white crystals were deposited (m. p. 142°).

Phenacyl-£-tolyl sulfinate failed to react with ^-nitroso- 
dimethylaniline in an analogous manner.

Phenylhydrazone of Phenacyl-^-tolyl Sulfinate (XXV) 
C6HbC(NNHC6H6)CH2S02C7H7.—Phenylhydrazine read­
ily reacted with phenacyl-£-tolyl sulfinate to form the 
phenylhydrazone crystallizing in pale yellow short thick 
plates (m. p. 188°) from dioxane.

Anilinomethylenephenacyl -£-tolyl Sulfinate (XXVI) 
CflH5G0C(CHNHC6HB)S02C7H7.—Phenacyl-/)-tolylsulfin- 
ate (5 g.) and diphenylformamidine (5 g.) were heated to­
gether at 180 to 190° for one hour in xylene. The reac­
tion product was washed with dilute acid to remove the 
aniline formed, and crystallized from dioxane in fine needles 
(m. p. 208°).
. Di-^-bromophenylformamidine, di-£>-chlorophenylform- 

amidine and di-o-chlorophenylformamidine were found to 
react similarly with the sulfinate (derivatives XXVII, 
XXIX and XXX).

Reaction with Phenylhydrazine.—The anilinomethylene 
(XXVI) derivative reacted with phenylhydrazine when 
refluxed in alcoholic solution to give in small yield 1,5- 
diphenyl-4-(/>-tolylsulfonyl)-pyrazole (XXVIII) (m. p. 
164° from a mixture of alcohol and dioxane). This same 
pyrazole was obtained from ^-bromoanilinomethylene- 
phenacyl-£-tolyl sulfinate (XXVII) and phenylhydrazine.

Attempted Reactions with Hydrazine and Hydroxyl­
amine.—-The anilinomethylene (XXVI) and the p-hromo- 
anilinomethylene (XXVII) derivatives failed to react with 
hydrazine or with hydroxylamine on refluxing in alcoholic 
solution.

(4) See Söderbäck, Ann., 443, 156 (1925).
(5) Kaufmann, Arch. Pharm., 266, 197 (1928).

V. Derivatives of ^-Nitrobenzyl Cyanide and £-Nitro- 
phenylacetic Ester

Anilinomethylene-^-nitrobenzyl Cyanide (XXXI) p-
N 02C6H4C(CHNHC6H5)CN.—This was prepared by fus- 
ing /»-nitrobenzyl cyanide and diphenylformamidine. It 
formed fine orange-red needles from dioxane (m. p. above 
260°). Aniline was split off in the reaction.

/»-Nitrobenzyl cyanide was compared with benzyl cya­
nide in the ease of reaction with formamidines. The former 
derivative is much more reactive than benzyl cyanide, react­
ing readily and approaching phenacyl cyanide in reactivity.

The anilinomethylene derivative (XXXI) failed to react 
with hydroxylamine.

Anilinomethylene-/>-nitrophenylacetic Ethyl Ester 
(XXXII) p - N 0 2C6H4C(CHNHC6H5)C00C2H5.—P - Nitro 
phenylacetic ethyl ester and diphenylformamidine were 
fused together to yield this derivative. It was deposited 
from alcohol in long yellow needles (m. p. 114-115°). 
Aniline was split ofï in this reaction.

/»-Nitrophenylacetic ethyl ester failed to react with p- 
ni trosodimet hylaniline.

Summary
The methylene hydrogen reactions of phenacyl 

cyanide, ^-bromophenacyl cyanide, p-nitrobenzyl 
cyanide, p-nitrophenylacetic ester, phenacyl thio­
cyanate and phenacyl-/>-tolyl sulfinate with cer­
tain disubstituted formamidines have been studied 
and a number of new derivatives have been syn­
thesized.

Phenacyl cyanide approaches benzoylacetic 
ester in methylene hydrogen reactivity as does 
also p-bromophenacyl cyanide and p-nitrobenzyl 
cyanide, while phenacyl thiocyanate is less reac­
tive and phenacyl-/>-tolyl sulfinate reacts with still 
more difficulty.

The anilinomethylene derivatives studied con- 
dense in nearly all the instances tried with hy­
droxylamine and the hydrazines to form isoxa- 
zoles and pyrazoles, respectively. Failures noted: 
p-phenylanilinomethylenebenzoylacetonitrile (no 
reaction with phenylhydrazine, hydrazine or hy­
droxylamine) ; anilinomethylenephenacyl-p -tolyl 
sulfinate (reacted with phenylhydrazine but not 
with hydrazine or hydroxylamine); p-bromo- 
anilinomethylenephenacyl-p-tolyl sulfinate (re­
acted with phenylhydrazine but not with hydrazine 
or hydroxylamine); anilinomethylene-^-nitro- 
benzyi cyanide (no reaction with hydroxylamine). 
L a w r en c e , K a n sa s  R e c eiv ed  M a y  28, 1936
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[C o n t r ib u t io n  from  th e  Ch em istr y  La b o r a t o r y , N o r t h w e st e r n  U n iv e r s it y ]

Physical Studies of Non-Aqueous Solvates. I. The Solubility of Magnesium
Bromide in Ethyl Ether1

B y H. H. R ow ley

The figures on the solubility of magnesium 
bromide in ethyl ether as given in the “Interna­
tional Critical Tables’"2 are based on the work of 
Menschutkin.3 Recently, Evans and Rowley4 
studying the vapor pressures of the ethyl ether- 
ates of magnesium bromide demonstrated the 
existence of a trietherate, stable below +12-13°, 
that was unknown to Menschutkin. In view of 
this fact, it was decided to repeat the work of 
Menschutkin over a temperature range from —20 
to +30° and see if the solubility curve also gave 
indications of a change of phase. At the same 
time, the preparation of magnesium bromide in 
ethyl ether solution was studied.

Experimental
Method of Preparation.—The magnesium bromide was 

prepared according to Zelinsky5 by treating pure magne­
sium turnings in ethyl ether with liquid bromine and agi- 
tating until the solution was colorless, cooling the flask 
when necessary to avoid too violent a reaction. As was 
previously known,3-5 when the concentration of magne­
sium bromide reached a value of about 3.5%, an oily, im- 
miscible liquid separated out and, as the reaction pro­
ceeded, increased in amount. This immiscible layer was 
often brown in color, but when properly prepared was al­
most colorless. When precipitated from a solution of 
magnesium bromide, saturated at a higher temperature, by 
cooling, this oily liquid was absolutely colorless. When 
pure, it crystallized under ether at about +22-23 ° but was 
capable of being supercooled 20 to 30° for several hours. 
However, agitation or seeding with a crystal of magnesium 
bromide etherate caused it to solidify into a white crystal­
line mass, which melted under ether above +23° re-form- 
ing the heavy layer.

The magnesium turnings were of reagent quality used in 
the preparation of Grignard reagents. The bromine was 
taken from a freshly opened bottle of c. p. grade, transferred 
to a dropping bottle and kept in a desiccator over phos­
phorus pentoxide. The ethyl ether was kept over calcium 
chloride for several days, filtered onto freshly cut sodium 
and kept in a subdued light for at least three or four days. 
It was then filtered onto fresh sodium and if no reaction 
occurred was distilled and kept over sodium in subdued 
light. The first and last fractions of the distillate were dis-

(1) Presented before the Inorganic Division of the American 
Chemical Society at Kansas City, Mo., April, 1936.

(2) "International Critical Tables/’ New York, Vol. IV, 1928, p 
203.

(3) B. N. Menschutkin, Z. anorg. Chem., 49, 34 (1906).
(4) W. V. Evans and H. H. Rowley, T h is  J o urn al , 52, 3523 

(1930).
(5) N. Zelinsky, Chem. Zentr., 74, II, 277 (1903).

carded and the freshly distilled middle portion used in less 
than a week. In this way the amount of degradation prod­
ucts present was kept at a minimum.

Determination of Solubility.—The samples were pre­
pared in 150-250-cc. Erlenmeyer flasks as described above 
and either used directly or recrystallized, depending upon 
the purity as shown by the first analysis. The flasks, pro- 
tected with calcium chloride tubes throughout the prepara­
tion and analysis, were immersed in a thermostat at the 
proper temperature held to less than 0.1°. For the deter­
mination at 0°, the melting point of ice was used, while at 
— 10 and —20° an acetone-bath cooled with solid carbon 
dioxide was maintained at the proper temperature with the 
aid of an iron-constantan thermo element. In most cases, 
whenever feasible, the Solutions were saturated a few de­
grees above the bath temperature in order that the equi­
librium might be reached from supersaturation rather than 
unsattiration. After placing the samples in the bath, the 
flasks were agitated at intervals for at least an hour to en- 
sure equilibrium. When the solid phase was crystalline, 
the oily immiscible layer was first solidified in ice and then 
melted before placing in the thermostat. After the im­
miscible layer had once been solidified and then remelted, 
the amount of supercooling, so characteristic of this sub­
stance, was greatly decreased and crystallization occurred 
rather quickly at temperatures where the crystal phase 
was stable.

After the solution had come to equilibrium, the flask 
was removed from the bath and a sample of the clear solu­
tion quickly poured into a tared flask and weighed. The 
weighed solution was then poured into water acidified with 
dilute nitric acid, the ether removed by evaporation and 
boiling, and the total bromide concentration determined 
as silver bromide. All of the solubility measurements 
were determined by this method and reported in grams of 
magnesium bromide dissolved in 100 g. of ethyl ether. In 
a series of experiments, a second sample was weighed in a 
tared crucible, the ether removed by evaporation on a 
steam-bath and the residue treated with concentrated sul­
furic acid which was later removed by heating on a hot- 
plate and finally the magnesium sulfate was heated to red- 
ness and weighed as such. The determination of magne­
sium by this method was well suited to the conditions, since 
the concentrated sulfuric acid destroyed all the organic 
matter which might interfere with other methods. Thé 
disadvantage, aside from the hygroscopic character of an- 
hydróus magnesium sulfate, was that considerable loss of 
ether from the open crucible occurred before weighing 
which would lead to higher results than by the bromide 
method. This was consistently shown in the determina­
tions but, even so, the agreement was quite good.

The results of the analyses are shown in Table I and 
Fig. 1. The solubility of magnesium bromide at each tem­
perature is the average of at least two individual samples 
taken from separate preparations. The more important
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T able I
Solubility  of MgBr2 in  E thyl E ther

Temp.,
°C.

Solubility, 
g. MgBr2/100 

g. EtaO
Temp.,

°C.

Solubility, 
g. MgBr2/100 

g. Et20
Equilibrium Phase: Crystalline

—20 0.27 + 1 3 .0 1.47
- 1 0 .40 + 1 5 .0 1.76

0 .70 + 16 .5 1.99
+ 3 .0 .84 +  18.0 2.14
+ 7 .8 1.05 + 2 0 . 0 2.52

+  1 0 .1 1.19

Equilibrium Phase: Immiscible Liquid
0 2.16 + 2 4 .9 3.20

+  13.1 2.62 + 27 .5 3.33
+ 20 .0 2.95 + 32 .0 3.63

points such as at 0, +16 and +25° were checked by analy­
sis of five or more samples. During the course of the in­
vestigation, well over 150 separate preparations were made. 
The accuracy of the points is ±0.05 g. of magnesium bro­
mide per 100 g. of ether.

Temp., °C.
Fig. 1.—Solubility of MgBr2 in ethyl ether.

Factors Influencing Purity
It was found during the investigation that high and in­

consistent results were frequently encountered. The pos­
sibility of impure reagents was eliminated inasmuch as 
inconsistent results were often obtained using identically 
the same materials in successive runs. Since moisture 
was known to decompose the etherates,46 this was one of 
the first factors to be investigated.

Effect of Moisture during the Preparation.—Dry, 
freshly distilled ether was mixed with a known quantity 
of water and this moist ether was then used in preparing 
the magnesium bromide Solutions in the usual manner. 
The reaction of bromine on the magnesium was always 
immediate with moist ether, whereas dry ether required a 
minute or more before a reaction was visible. With wet 
ether there appeared to be a gas given off even when the 
solution was cold. The results of a series of analyses at 
+24.9° are given in Table II. Small amounts of moisture 
in the ether during the preparation do not appear to affect 
the apparent solubility.

Effect of Moisture after the Preparation.—The magne­
sium bromide was prepared in the usual manner using dry 
ether. The immiscible layer was crystallized by cooling 6

(6) B. N. Menschutkin, Chem. Zentr., 77, I, 646 (1906).

T able II
E ffect of M oisture during  P reparation 

Analysis at + 2 4 .9 °

Sample
no.

Mols.
H20/liter

Et20

Solubility, 
g. MgBr2/

100 g.
Et20 Remarks

55 0 .0 0 0 1 3.34 Prepd. in day light
58 .0005 3.36 Prepd. in daylight
60 .0 1 3.36 Prepd. in daylight
73 .0 1 3.20 Prepd. in semi-darkness

and the original solution decanted. Ether with a known 
moisture content was added, the crystals melted and the 
solution saturated at +24.9°. The amount of magnesium 
bromide in solution was determined both by the magne­
sium sulfate and the silver bromide methods. The results 
of the series are given in Table III and show that the pres­
ence of moisture, after the Solutions are prepared, definitely 
raises the apparent solubility of the magnesium bromide.

T able III
E ffect of M oisture after  the Preparation

Analysis at + 2 4 .9 °
Moles

H20/liter MgBr2/100 g. Et20
Sample Et20 Mg analysis Br analysis
' 75 0.001 3.43 3.42

74 .005 3.51 3.45
71 .01 3.59 3.52
59 .02 3.68 3.57

To overcome this source of error, the apparatus and re­
agents were carefully dried and the reaction flasks fitted 
with calcium chloride tubes. During the preparation and 
recrystallization, the flasks were never opened except in 
an atmosphere of air dried by calcium chloride and con­
centrated sulfuric acid.

Effect of Light during the Preparation.—The fact that 
the solubility of the magnesium bromide could be lowered 
to a constant value by careful recrystallization from fresh 
ether, indicated that the apparent high solubilities fre­
quently obtained were due to certain conditions existing 
during the preparation. There seemed to be good indica- 
tions that ether, not freshly distilled, caused high results 
but frequently freshly distilled ether also gave somewhat 
high values not traceable to moisture. In practically all 
these cases, when the sample was poured into water and 
the ether boiled off, there was a more or less strong odor 
of some organic compound or compounds, frequently 
lachrymatory in nature, that was difficult to boil out of 
solution. This organic material caused the silver bromide 
precipitate to be oily and to stick to the side of the beaker. 
That the high results were not due exclusively to inclusion 
of this organic material in the silver bromide, is shown by 
parallel magnesium determinations which also were high. 
Since the magnesium sample was evaporated to dryness 
(residue dark when organic matter is present, white when 
not) then treated with concentrated sulfuric acid and 
heated to redness, all the organic matter including the 
combined ether was destroyed.

Believing that this organic matter might be formed by 
the action of bromine on ethyl ether in the presence of 
light, a series of runs was made to test this. The room was 
partially darkened and the sample exposed to strong light
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for definite intervals during the preparations. A 200- 
watt daylight gas-filled lamp set in a 30-cm. silver reflector 
was used as a light source and the sample flask held 15 cm. 
from the bulb. It was not iced that, during the exposure 
to a strong light, a gas was given off even though the solu­
tion was below room temperature.

During several runs when the concentration of bromine 
was rather high and the reaction was vigorous, the two- 
layer system would appear normal after the free bromine 
color had disappeared but almost immediately the heavy 
immiscible layer would begin to darken. In ten or fifteen 
minutes it would be a deep purple and the upper ether layer 
would acquire a light purple color. On further standing 
for an hour or so, this would fade to a green and finally the 
immiscible layer would become clear yellow and the ether 
layer colorless. During these color changes, the liberation 
of a gas frequently was observed. In all such cases, the 
analyses were very high and showed the presence of a large 
amount of high-boiling organic material. The results of 
the experiments with light are shown in Table IV. When 
the strong light was not in use, the samples were not in 
total darkness but were not exposed to any direct daylight.

T a b l e  IV
E ff e c t  of L ight  d u r in g  the  P repa r a tio n  

A n a l y sis  at +24.9°
G. MgBn/lOO 

g. Et2Ó 
Mg Br

analysis analysis Remarks
3.38 3.34 Reaction violent; no

color changes
3.41 3.29
3.37 3.23
3.28 3.18
3.34 3.30
3.34 3.30
3.22 3.20
3.36 3.34
3.32 3.29
3.53 3.51 Reaction violent;

color changes
76 3 min. 3.42 3.43 Slight color changes.
77 3 min. 3.29 3.24 Less Br2 concn. than 

No. 76
61 15-20 min. 3.59 3.61 Color changes

A few rough experiments were performed to determine 
whether ethyl ether did react with liquid bromine to a 
certain extent in the presence of light. Ether that had 
been distilled about six days previously and kept over 
sodium in semi-darkness was used. In total darkness 50 
cc. of this ether and 1.8 g. of bromine still showed a strong 
bromine color after five days. However, exposure of this 
sample to a strong light caused the color to disappear in 
less than two hours. Another 75-cc. portion took up about 
0.9 g. of bromine in a few hours in daylight giving a color­
less solution and another gram of bromine more slowly on 
exposure to the 200-watt lamp. When colorless, this 
sample reacted vigorously with magnesium giving a homo- 
geneous solution. Analysis of this solution showed a con­
centration of 0.0125 mole of magnesium and 0.0135 mole 
of bromine per 100 g. of solution. There was considerable 
organic material in both samples.

Discussion
Examination of Fig. 1 shows two discontinuities 

in the solubility curve of magnesium bromide, one 
at about +22.5° the other, less distinct, at about 
12°. If it is assumed that the heat of solution re- 
mains constant over this temperature range, a 
plot of the logarithm of the solubility against the 
inverse absolute temperature should give a 
straight line as long as the phase in equilibrium 
with the solution does not change. Plotting in 
this manner, in Fig. 2, straight lines are obtained 
and show very distinctly a change of crystal 
phase between +11 and +12°. The solid phase 
in equilibrium with the ether solution along the 
line AB is magnesium bromide triethyl etherate.4

Fig. 2.—Solubility of MgBr2 in ethyl ether.

At approximately +12° (B) the trietherate de- 
composes to form magnesium bromide diethyl 
etherate which is the solid phase in equilibrium 
along BC. The dietherate, which in the absence 
of excess ether exists to +28°,3,4 reacts with ex­
cess ether at +22.6° (C) and forms an immiscible 
liquid layer which is the phase in equilibrium along 
CD. As noted previously, this liquid can be greatly 
supercooled and the solubility in the metastable 
state below +22.6° follows along CE.

Though Menschutkin3 made only a few meas­
urements below +10°, when his data are plotted 
in the same manner as Fig. 2, a break is also ob­
tained at about +12°. The transition tempera­
ture of magnesium bromide triethyl etherate at 
+  12 ± 0.5° as determined from the solubility 
data agrees very well with the value of +13 =*=
0.5° found by Evans and Rowley4 from vapor 
pressure measurements. Likewise, the change to 
a liquid phase of the diethyl etherate of magne­

Sample

Exposure
to

strong
light

62 None

63 None
65 None
66 None
71 None
74 None
64 1 min.
67 1 min.
70 1 min.
69 2 min.
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sium bromide under ether, as determined in this 
work, checks Menschutkin’s value to within a 
few tenths of a degree.

From the slope of the lines AB and BC (Fig. 2), 
the heat of solution of one mole of the crystal 
phase in an almost saturated ethyl ether solution 
can be calculated. Thus, the average differential 
heat of solution is —4.03 kcal. for magnesium bro­
mide triethyl etherate over the temperature range 
— 20 to +10°, while the average differential heat 
of solution is —6.47 kcal. for the diethyl etherate 
from +12 to +22°.

The determination at 0° when the immiscible 
layer is in equilibrium with the solution is known 
to be somewhat high. It was frequently difficult 
to obtain absolutely pure samples without re­
crystallizing the magnesium bromide and since 
there is little supercooling in a sample that has 
once been crystallized, the metastable points be­
low +22.6° had to be obtained with fresh samples. 
Quite a number of samples had to be prepared be­
fore the points at +13 and +20° were obtained. 
Even so, all the values obtained were consider- 
ably lower than those found by Menschutkin and 
reported in the “International Critical Tables”2 
amounting to an average difference of 0.1 g. 
MgBr2/100 g. E t20  for the trietherate; 0.2-0.3 g. 
MgBr2/100 g. E t20  for the dietherate; and 0.4-
0.5 g. MgBr2/100 g. Et20  for the immiscible layer. 
Experimental values taken from the smooth curve 
and compared to the literature values are given 
in Table V.

T a b le  V

S o l u b il it y  of MgBr2 in  E thyl  E t h e r
Temp., G. MgBn/lOO Moles % MgBr2

°C. g. Et2Ü Experimental “I. C. T.
Solid Phase: MgBr2-3 (C2H5)20

—20 0.22 0 = 09
-1 0 .40 . 16 0.24

0 .70 .28 .32
+10 1.18 .47 .52

Solid Phase: MgBr2-2(C2H6)20
+14 1.58 0.65 0.67
+16 1.84 .74 .79
+18 2.14 .85 .94
+20 2.50 .99 1.10
+22 2.91 1.16 1.32

Immiscible Liquid Phase
0(m) 2.04 0.82 0.94

+  10(m) 2.47 0.98 1.14
+20(m) 2.95 1.17 1.36
+30 3.49 1.38 1.56

The effect of moisture on the purity of the sam­
ple shows, in Table II, that the presence of a slight

amount of moisture during the preparation does 
not materially affect the result. This might be ex­
pected since the free bromine would probably com­
bine with the water to give hydrobromic acid which 
would react immediately with the magnesium, 
forming magnesium bromide and free hydrogen.

However, the presence of tracés of moisture 
after the magnesium bromide is prepared affects 
the apparent solubility as shown in Table III. 
It is well known that water will displace com­
pletely the ethyl ether from etherates.4,6 Pos­
sibly small amounts of water would displace only 
part of the solvated ether, giving rise to mixed 
solvates. These mixed solvates might be ex­
pected to be somewhat soluble in ether and in 
turn have little effect on the solubility of un­
changed magnesium bromide etherate so that the 
net result would be an increase of magnesium 
and bromide in the solution. The analysis of 
magnesium by magnesium sulfate and of bromide 
by silver bromide would not distinguish between 
these two compounds in solution. In all cases 
when moist ether was used to crystallize the mag­
nesium bromide, there appeared to be a white 
solid mixed with the immiscible layer. Mens­
chutkin6 claimed that small amounts of water 
give Mg(0H)Br-MgBr2-2(C2H5)20 which is prac­
tically insoluble in ethyl ether. Possibly this 
compound is more soluble than he thought.

Summary
1. The solubility of magnesium bromide in 

ethyl ether was measured from — 20 to +30°.
2. Two discontinuities in the solubility curve 

were found: one at +12 ± 0.5° where MgBr2-3- 
(C2H5)20  decomposes to form MgBr2-2(C2H5)20; 
the other at +22.5 =»= 0.5° where MgBr2-2(C2H5)20 
melts under ether to form an immiscible liquid 
layer.

3. The average differential heat of solution for 
MgBr2*3(C2H5)20  over the temperature range 
— 20 to +10° was calculated to be —4.03 kcal. 
The average differential heat of solution for 
MgBr2-2 (C2H5)20  from +12 to +22° was cal­
culated to be —6.47 kcal.

4. The values of the solubility of magnesium 
bromide were found to be consistently lower than 
those reported in the “International Critical 
Tables.”

5. The purity of the magnesium bromide pre­
pared in ethyl ether Solutions was studied and it 
was found that tracés of moisture during the prepa-
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ration had little effect on the solubility values, 
whereas the presence of very small amounts of 
water after the preparation was complete caused 
an increase in the apparent solubility.

6. .The effect of light during the preparation

1341

was studied and the conclusion reached that bro­
mine reacted to a certain extent with recently dis­
tilled ethyl ether in the presence of light giving 
rise to side reactions and impurities.
E v a n s t o n , I l l in o is  R e c e iv e d  A pr il  13, 1936

A Study of Some Reactions between D ry Inorganic Salts

[ C o n t r ib u t io n  from  t h e  Chem ical  L a b o r a t o r y  of S t . L o u is  U n iv e r s it y ]

A Study of Some Reactions between Dry Inorganic Salts. Hl*

By E. B. Thomas with Lyman J. Wood

In two previous papers1,2 the authors have re­
ported results obtained from a study of a few of 
the possible reactions occurring between the dry 
alkali halides in the fused state. The remaining 
42 of the 60 possible reactions have now been 
studied and some of the previously reported reac­
tions have been studied in greater detail. Also 12 
new salt pairs having a common ion have been ex­
amined in order to determine in which cases solid 
Solutions can be formed. These solid solubility 
relationships as well as the course of the reactions 
mentioned above have been determined by the 
method of x-ray crystal analysis.

The general plan of the work was very similar 
to that followed in the previous work. The ma­
terial to be examined was melted and held in the 
molten condition for a short time, after which it 
was quenched and quickly placed in a desiccator 
to avoid the possible absorption of water. The 
mixture was then ground to a fine powder (ap­
proximately 200-mesh) and placed in a small, 
thin-walled glass tube of 0.6-0.7 mm. inside di­
ameter, in which container it was exposed to the 
x-ray beam. The molybdenum K a doublet, 
filtered through zirconia, was used for all expo- 
sures, the scattered rays being photographed ac­
cording to the well-known powder method of De­
bye, Scherrer and Huil.

Those mixtures which showed a tendency to ab- 
sorb water were handled in a “Dry Box” to which 
rubber sleeves were attached, or were ground in a 
mortar on a hot-plate from which the small tubes 
were filled. The chloride, bromide and iodide of 
lithium and the fluorides of rubidium and cesium 
were found to be extremely hygroscopic, and the 
fluoride of potassium moderately so.

(*) Read at the Kansas City Meeting of the American Chemical 
Society.

(1) E. B . Thomas and Lyman J. Wood, T h is Jo ur n a l , 56, 92 
(1934).

(2) E. B, Thomas with Lyman J. Wood, ibid., 57, 822 (1935),

Results
In order to supplement the table of miscibili- 

ties previously published,2 all the binary mixtures 
of salts having a common ion, in which the per­
centage deviation from the mean cube edge is 
less than 10, have been examined in order to de­
termine in which cases solid Solutions are formed. 
The results obtained are shown in Table I. As is 
to be seen, no solid Solutions have been observed 
in any case in which the per cent. deviation from 
the mean cube edge is greater than 8.20.

In Table II are assembled the results for the 42 
new reactions not reported in the previous papers. 
These results were found to be in excellent agree­
ment with the former findings. In each case the 
reaction goes to completion in such a direction 
that the average cube edge of the stable pair is 
less than that of the reciprocal pair. In each case 
the stable pair has the cation of smaller atomic 
weight united with the anion of smaller atomic 
weight, and the cation of larger atomic weight 
united with the anion of larger atomic weight. 
In each case the sum of the heats of formation of 
the stable pair is greater than that of the recipro­
cal pair. With the exception of the lithium salts 
one member of the stable pair al ways has the high- 
est melting point of the four compounds involved.

It should be mentioned that the value for the 
cube edge of sodium bromide used in this paper is 
a little larger than the previously used value of 
5.940 Ä. which is listed by Wyckoff3 as the favored 
value. A survey of the literature showed that 
Davey4 reported a value of 5.936 Ä. for the cube 
edge of sodium bromide, that Wyckoff5 reported a 
value of 5.95 Ä., while Ewald’s “Structurbericht” 
lists the value of 5.962 Ä. A very careful com-

(3) Wyckoff, ‘‘The Structure of Crystals,” Second edition, The 
Chemical Catalog Co., New York, 1931.

(4) W. P. D a v ey , Phys. Rev., 21, 143 (1923).
(5) R. W. G. Wyckoff, J, Wash. Acad. Sei., 11, 429 (1921),
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T able  I

S h o w in g  R e su l t s  of X -R ay  A n a ly sis  of B in a r y  M ix t u r e s  H a v in g  a  C ommon I on

Comp. in 
mol, %

Cube 
edges, A. a Phase A Phase B

Cube edge 
50% solid 

soln., calcd. Remarks
50LiCl 5.140 9.10 5.149 5.384 Completely immiscible
50NaCl 5.628 5.628
50LiBr 5.489 8.20 5.489 5.724 Completely immiscible
50NaBr 5.959 5.948
50LiI 6.000 7.41 6.049 6.231 Limited miscibility
50NaI 6.462 6.415
50NaI 6.462 8.74 6.462 6.757 Completely immiscible
50KI 7.052. 7.048
50KF 5.328 5.51 5.469 Only one phase 5.479 Completely miscible
50RbF 5.630
50KI 7.052 3.80 7.185 Only one phase 7.188 Completely miscible
50RbI 7.325
50LiCl 5.140 6.57 5.310 Only one phase 5.315 Completely miscible
50LiBr 5.489
50LiBr 5.489 8.90 5.491 5.745 Completely immiscible
50LiI 6.000 5.999
50KBr 6.570 7.07 6.962 6.811 Limited miscibility
50KI 7.052 6.641
öORbBr 6.868 6.45 7.092 Only one phase 7.091 Completely miscible
50RbI 7.325
50CsBr 4.290 6.15 4.425 Only one phase 4.426 Completely miscible
50CsI 4.562

‘ Wi - Ä 2) X 100/0.5(4! ~f~ 4 2).

parison of sodium bromide with sodium chloride 
in our laboratory gave a value very near to 5.951 
Ä. Because of the greater density of the sodium 
bromide this value must be smaller than the value 
that would have been obtained by mixing the 
sodium chloride directly with the sodium bromide, 
which of course could not be done since the two 
salts are known to form solid Solutions with each 
other. Some electrolytic copper was filed to a 
fine powder and mixed directly with the sodium 
bromide. Using a value of 3.605 Ä. for the cube 
edge of copper, a value of 5.959 Ä. was obtained 
for the cube edge of sodium bromide. This latter 
value has been substituted for the previously used 
value of 5.940 Ä.

For reactions 31, 32, 33, 34, 39, 40, 41, 42, 52, 
54 and 56, two interference patterns were ob­
tained in each case which corresponded, respec­
tively, to the pure components of the stable pair. 
In each of these cases it is known that at least one 
solid solution is formed between one of the com­
ponents of the stable pair and one of the compo­
nents of the reciprocal pair. I t may be concluded 
that all of these reactions go to completion, since 
if such were not the case interference patterns 
corresponding to solid Solutions would have been 
obtained, rather than the patterns corresponding 
to the pure components of the stable pair. In

this way quite small amounts of unchanged com­
ponents of reciprocal pairs could have been de­
tected since very small changes in cube edges are 
easily measured.

The fact that reaction mixtures 19, 20, 21, 22, 
23, 24, 25, 26, 27, 28, 29, 30, 43, 44, 45, 46, 47, 48, 
49, 50 and 51 gave no evidence of becoming moist 
after fusion, despite the fact that at least one 
member of the reciprocal pair is definitely hygro­
scopic, may be regarded as an indication that re­
action has proceeded to completion, although such 
evidence is not nearly as conclusive as that pre­
sented above.

No solid Solutions are formed between the com­
pounds involved in reactions 35, 36, 37, 38, 53, 55, 
57, 58, 59 and 60. However, had reaction not 
gone to completion in these cases, four patterns 
should have been obtained instead of only the two 
which were observed. Although the mere ab­
sence of two patterns is not to be regarded as. such 
satisfaetory evidence for completeness of reaction 
as that described in the foregoing cases, it is very 
unlikely that both patterns (for the reciprocal 
pair) would be missed if present in even small 
quantities, since the scattering power of one mem­
ber of the reactant pair compares favorably in 
each of these cases with that of one of the mem- 
bers of the stable pair.
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T a b l e  II
R e s u l t s  of D o u b l e  D ecom po sitio n s

Accepted Change Diff. in
cube Observed cube in mean sum s of

Reac­ Stable edge, edges, Ä. cube hts. of
tion ' pairs A. Phase I Phase XI edge formation

19 LiF 4.014 4.015 -0 .0 5 9
NaCl 5.628 5.627 +  10.18

20 LiF 4.014 4.014 -  .087
KC1 6.280 6.281 +  18.32

21 LiF 4.014 4.010 -  .093
RbCl 6.570 6.571 +  19.79

22 LiF 4.014 4.012 -1 .5 1 2
CsCl 4.110 4.111 +22.53

23 LiF 4.014 4.018 -0 .0 6 8
NaBr 5.959 5.943 +  11.85

24 LiF 4.014 4.011 -  .117
KBr 6.570 6.573 +21.74

25 LiF 4.014 4.014 -  .118
RbBr 6.868 6.860 +24.56

26 LiF 4.014 4.016 -1 .5 9 6
CsBr 4.290 4.292 +  27.31

27 LiF 4.014 4.018 -0 .0 7 2
N al 6.462 6.461 +  13.71

28 LiF 4.014 4.005 -  .131
KI 7.052 7.052 +25.20

29 LiF 4.014 4.012 -  .146
Rbl 7.325 7 325 +  18.01

30 LiF 4.014 4.018 -1 .7 1 6
Csl 4.562 4.562 +32.33

31 LiCl 5.140 5.137 -0 .0 0 9
NaBr 5.959 5.943 +  1.67

32 LiCl 5.140 5.142 -  .035
KBr 6.570 6.565 + 3.42

33 LiCl 5.140 5.148 -  .025
RbBr 6.868 6.860 + 4.78

34 LiCl 5.140 5.138 -  .084
CsBr 4.290 4.290 + 4.68

35 LiCl 5.140 5.144 -  .013
N al 6.462 6.460 + 3.33

36 LiCl 5.140 5.138 -  .044
KI 7.052 7.050 + 6.88

37 LiCl 5.140 5.136 -  .553
Rbl 7.325 7.320 + 8.23

38 LiCl 5.140 5.140 -  .204
Csl 4.562 4.562 + 9.70

39 LiBr 5.489 5.486 -  .004
N al 6.462 6.456 + 1.86

40 LiBr 5.489 5.488 -  .014
KI 7.052 7.047 + 3.47

41 LiBr 5.489 5.496 -  .027
Rbl 7.325 7.315 + 3.47

42 LiBr 5.489 5.492 -  .119
Csl 4.562 4.560 + 5.02

43 NaF 4.620 4.618 -  .028
KC1 6.280 6.268 + 8.13

44 NaF 4.620 4.621 -  .034
RbCl 6.570 6.565 + 9.60

45 NaF 4.620 4.616 - 1.453
CsCl 4.110 4.112 +  12.45

46 NaF 4.620 4.621 -0 .0 4 8
KBr 6.570 6.567 + 9.89

47 NaF 4.620 4.620 -0 .0 5 0
RbBr 6.868 6.858 +  12.72

48 NaF 4.620 4.619 -1 .5 2 8
CsBr 4.290 4.289 +  15.46

49 NaF 4.620 4.626 -0 .0 5 9
KI 7.052 7.048 +  11.50

50 NaF 4.620 4.615 -0 .0 7 3
Rbl 7.325 7.317 +  14 .30

51 NaF 4.620 4.622 - 1 . 6 4 4
Csl 4.562 4.562 +  18.62

52 KF 5.328 5.330 -0 .0 0 6
RbCl 6.570 6.561 + 1 .46

53 KF 5.328 5.330 -1 .4 2 5
CsCl 4.110 4 .1 1 1 + 4 .31

54 KF 5.328 5.331 - 0 . 0 0 2
RbBr 6.868 6.859 + 2.82

55 KF 5.328 5.322
CsBr 4.290

56 KF 5.328 5.331
Rbl 7.325

57 KF 5.328 5.334
Csl 4.562

58 RbF 5.630 5.629
CsCl 4.110

59 RbF 5.630 5.630
CsBr 4.290

60 RbF 5.630 5.632
Csl 4.562

-1 .4 8 0
4.289 +  5.57

-0 .0 1 5
7.322 +  2.80

-1 .5 8 5
4.561 +  7.12

-1 .4 1 9
4.110 4- 2.85

-1 .4 7 6
4.288 + 2 . 7 5

-1 .5 7 0
4.560 +  4.32

Of the eighteen reactions previously reported2 
three reactions (Nos. 10, 14 and 16) were found 
not to go to completion in the direction of the 
minimum average cube edge as did the other 15 
reactions and as the 42 additional reactions, which 
have now been studied, have been found to go. 
Reaction No. 10

RbBr +  KC1 KBr +  RbCl

has not been further investigated since the data 
and discussion previously given appeared to be 
adequate. In the case of reaction No. 14 

KBr +  Rbl "7"^ KI +- RbBr

the interference lines were found to correspond to 
two phases of which the cube edge of phase I was 
6.710 Ä. and the cube edge of phase II was 7.165 
Ä. It has been found possible to calculate the 
composition of the equilibrium mixture by as­
suming that 6.710 Ä. is the cubic edge of a binary 
solid solution of potassium bromide and rubidium 
bromide and 7.165 Ä. is the cube edge of a ternary 
solid solution of potassium iodide, rubidium io­
dide and rubidium bromide. The calculations 
were carried out by solving the simultaneous 
equations

6.570 +  6.868 * - .? =  6.710
1 ~ y 1 -  y

7.325 +  7.052 . +  6.8681 -T y 1 +  y 1 +  y
7.165

where x is the moles of potassium bromide in the 
binary solid solution and y is the moles of rubid­
ium bromide in the ternary solid solution and the 
numbers 6.570, 6.868, 7.325 and 7.052 are the re- 
spective cube edges of potassium bromide, rubid­
ium bromide, rubidium iodide and potassium io­
dide.

The results of the calculations are shown in 
Table III. The hypothesis upon which these 
calculations rest was tested in the laboratory by 
preparing and melting a mixture having the com­
position of 47.48 mol % potassium iodide, 45.80 
mol % rubidium iodide and 6.72 mol % rubidium 
bromide. Upon analyzing this mixture the inter­
ference pattern indicated the presence of only one
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Table III
S h o w in g  t h e  R e su l t s  a n d  C a l c u l a t io n s  for  th e  R ea ction  KBr -f- Rbl ..> KI +  RbBr (R ea ction  N o. 14)

Cube edge, Ä. Calculated molecular ratio Composition in mol, %
Phase I 6.710

P h asell 7.165

Ternary mix having comp. of Phase II 7.172

0.491:0.437 = KBrrRbBr

0.509:0.491:0.072 -  
KI: Rbl: RbBr

KBr 51.00 
RbBr 49.00 
KI 47.48 
Rbl 45.80 
RbBr 6.72

component having a cube edge of 7.172 Ä., which 
is to be compared with the value 7.165 A. which 
has been assumed to be the cube edge for a 
ternary solid solution of potassium iodide, ru­
bidium iodide and rubidium bromide (Table III). 
The composition calculated for the equilibrium 
mixture is represented by the equation

0.491 KBr +  0.491 Rbl 7-»» 0.509 KI +  0.509 RbBr

It is quite interesting to note that the equilibrium 
mixture is very close to an equimolecular mixture 
of the four kinds of molecules and that there is 
only 0.02 kcal./mole difference in the sums of the 
heats of formation of the two reciprocal pairs.

The equilibrium mixture for reaction 16 was 
previously reported as being approximately

0.64 RbCl +  0.64 CsBr 7 - ^  0.36 RbBr +  0.36 CsCl

although the agreement between the equilibrium 
composition whèn calculated from phase I and 
when calculated from phase II was not very close. 
The average cube edge of phase I and phase II is 
smaller than the average cube edge of the pair 
RbBr-CsCl and greater than that of the pair 
RbCl-CsBr indicating that the reaction should 
probably go to completion in the direction of 
RbCl-CsBr. Several new laboratory determina­
tions have been made but thus far the results ob­
tained do not deviate from the values previously 
reported.

At the present time reactions occurring between 
the dry alkali halides below the fusion point are 
being studied. The free energy change has been 
calculated for one such reaction, viz.

NaBr +  KC1---->- KBr +  NaCl

and has been found to be
AF — AH — TAS =  —1.93 kcal./mole at 25°

This calculation is in agreement with the x-ray 
evidence previously reported2 for the reaction oc­
curring between sodium bromide and potassium 
chloride below the fusion point.

The reaction
T1C1 +  KI ----^  TU +  KC1

has been examined by Chernomordik,6 using ther­
mal methods and has been found to be irreversible 
in the direction indicated. The average cube edge 
of the pair T1C1-KI is 5.446 Ä. and that of the pair 
T1I-KC1 is 5.239 Ä. Furthermore, the large cat­
ion is united with the large anion and the small 
cation with the small anion. This fact as well as 
the decrease in average cube edge is in agreement 
with the generalizations described above for 57 of 
the 60 reactions studied.

Summary
Reactions occurring between the dry halides of 

lithium, sodium, potassium, rubidium and cesium 
in the fused state have been studied.

1. Of the 60 possible reactions, 57 have been 
found to go completely in such a direction that 
the average cube edge of the stable pair is less than 
that of the reciprocal pair.

2. In each of these 57 cases the sum of the 
heats of formation of the stable pair is greater 
than the sum of the heats of formation of the re­
ciprocal pair.

3. In each case the stable pair has the cation 
of larger atomic weight united with the anion of 
larger atomic weight, and the cation of smaller 
atomic weight united with the anion of smaller 
atomic weight.

4. In the case of the other three reactions in 
which there is either no difference in the average 
cube edge or no difference in the sum of the heats 
of formation of the stable and reciprocal pairs, 
equilibrium has been found to be established. In 
two of the three cases the equilibrium mixture 
was composed of very nearly equimolecular quan­
tities of the four kinds of molecules involved in the 
reaction.
S t . L o u is , M isso u r i R e c e iv e d  A pr il  21, 1936

(6) Chernomordik, J. Gen. Chem. (U. S. S. R.), 4, 456-465 (1934).
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An Azeotropic Mixture of Acetylene and Ethane at Atmospheric Pressure
By W allace A. M cM illa n
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During work on the development of precision 
methods for the analysis of complex hydrocarbon 
gases, considerable difficulty was encountered oc­
casionally in the Separation of ethylene from 
ethane by ordinary low temperature fractional 
distillation methods. Continued work on such 
separations resulted in the isolation of an azeo­
tropic mixture of acetylene and ethane of mini­
mum boiling point. The existence of such a mix­
ture has been established previously1 for high but 
not for low pressures. With the increasing use of 
low temperature fractionation as an analytical 
method it was feit that constants for the mixture, 
at atmospheric pressure and low temperature, 
should be established.

Experimental
Acetylene.—Commercial acetylene was washed succes- 

sively with distilled water, 40% potassium hydroxide, and 
30% sulfuric acid, then passed through soda-lime and 
dried with anhydrous magnesium perchlorate. The dried 
gas was Condensed by liquid air in the kettle of a special 
low temperature fractionating column,2 the fixed gases 
pumped off, and the acetylene distilled at 1.5 atmospheres, 
discarding both end fractions. Two subsequent distilla- 
tions, discarding heads and tails, were made before use. 
Hydrogenation of the pure material gave a value of 100% 
for the unsaturation.

Ethane.—Commercial ethylene-free ethane was purified 
by successive washings through 30% fuming sulfuric acid, 
and 98 and 79% sulfuric acid, followed by two washings 
with 43% potassium hydroxide, a soda-lime tower, and 
dried by anhydrous magnesium perchlorate. It was like­
wise distilled through a special low temperature column, 
retaining only the middle portion each time. After four 
redistillations, the purified material showed a constant 
boiling point ( —88.3°) and the end fractions showed con­
stant vapor pressures when tested in a Shepherd differen­
tial manometer.3 Hydrogenation of the pure material 
showed no unsaturation.

Mixtures.—Mixtures of the two components were made 
by blending in the gas phase in an evacuated all-glass Sys­
tem. They were then Condensed into the kettle of a spe­
cial low temperature fractionating column2 and distilled. 
The first mixture, containing 70% ethane and 30% acety­
lene, distilled at —94.5° until 73.5% had come over, at

(1) Kuenan, Phil. Mag., 40, 173 (1895); 44, 174 (1897); Z. physik. 
Chem., 24, 667 (1897).

(2) McMillan, U. S. Patent 2,005,323.
(3) Martin Shepherd, B u y . Standards J. Research, 2, 1156 (1929).

which point the temperature broke sharply to —88.3° 
and the remainder of the ethane came over at that tem­
perature. In the case of a 70% acetylene-30% ethane 
mixture, 50.2% distilled at —94.5° at which point the 
column froze solid with acetylene and it was necessary to 
go to 1.5 atmospheres to continue the distillation.

When analyzed by catalytic hydrogenation of the acety­
lene over a reduced nickel catalyst,4 each of the azeotropic 
mixtures boiling at —94.5° gave 40.8% acetylene and 
59.2% ethane. Check determinations on five additional 
samples distilled at pressures from 752 to 766 mm. gave 
a boiling range of —94.5 ± 0 .1 °  and a composition range 
of: acetylene, 40.75 =*= 0.25%; ethane, 59.25 =±= 0.25%.

Redistillations of the constant boiling mixtures did not 
change either the boiling points or compositions.

An azeotropic mixture isolated from reformed refinery 
gases gave, after redistillation, a boiling point of —94.4° 
and a composition of: acetylene, 40.7%; ethane, 59.3%; 
thus checking the existence and identity of the mixture.

Discussion
The isolation and identification of this mixture 

is of interest inasmuch as reports in the technical 
literature show acetylene determined by auxiliary 
reagent methods even though no acetylene had 
been observed on fractional distillation of the 
sample.5 This phenomenon can be accounted for 
by the analysts disregarding irregularities usually 
found in Podbielniak distillations, especially when 
run at accelerated rates. It also explains, at least 
in part, the appearance of so-called “carbon di­
oxide plugs” which develop from time to time 
during ethane separations even though the original 
gases have been scrubbed with fresh caustic. The 
white solid which separates in such cases is usually 
not carbon dioxide but acetylene and can be identi­
fied by Ilosvay solution6 or some other acetylene 
reagent.

Summary
The existence and composition of an azeotropic 

mixture of acetylene and ethane at atmospheric 
pressure have been determined.
B e a c o n , N. Y. R e c e iv e d  M a y  12, 1936

(4) McMillan, Cole and Ritchie, Ind. Eng. Chem., Anal. Ed., 8, 
105 (1936).

(5) Groll, Ind. Eng. Chem., 25, 784 (1933); Frey and Hepp, ibid., 
25, 441 (1933); et al.

(6) Pietsch and Kotowski, Z. angew. Chem., 44, 509 (1931).
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Reaction of Esters with Ammonia1
B y  H. E. F r e n c h , 0. H. J ohnson  and  E u l a  R a t e k in 2
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Numerous reports appear in the literature on 
the effect of structural variations on the reactivi- 
ties of esters. In this connection it seemed of in­
terest to determine the effect on the ease of reac­
tion with ammonia caused by varying the struc­
ture of the alcohol radical of the ester. Prelimi­
nary experiments showed no reaction between the 
esters and gaseous ammonia at 100° and under 
pressures up to 8 atmospheres. Somewhat milder 
conditions with small amounts of water also pres­
ent, likewise failed to cause reaction. It was 
therefore decided to use an aqueous alcohol solu­
tion of ammonia as the reagent, although the 
presence of the water would undoubtedly cause 
a certain amount of hydrolysis as a side reaction.

Reagents.—The reagent used was a forty per 
cent. solution (by weight) of alcohol in water, 
saturated at 25-30° with ammonia.

The n- and f-butyl acetates were prepared by 
refluxing one mole of the alcohol with one and one- 
half moles of the acid. Six cc. of concentrated 
sulfuric acid per 100 cc. of the mixture was also 
present. After six to eight hours of refluxing, the 
esters were washed with water, dried over anhy­
drous calcium chloride, over potassium carbonate, 
then fractionated through a 90-cm. column filled 
with glass rings.

The s-butyl acetate was prepared by refluxing 
a mixture of acetic anhydride and acetic acid with
0.6 cc. of concentrated sulfuric acid per 100 cc. 
of the mixture. The ester was purified by the 
process used with the normal ester.

The tertiary butyl acetate was prepared by re­
fluxing equal volumes of the alcohol and acetic 
anhydride with one gram of zinc dust for a period 
of ten to twelve hours. The ester was purified in 
the manner described above. The boiling points 
and densities at 25° for the esters were as follows: 
w-butyl acetate, 123.7-123.8° at 737 mm., 0.8734;
i-butyl acetate, 116.1-116.3° at 741 mm., 0.8683; 
s-butyl acetate, 110.4-111.2° at 740 mm., 0.8627; 
/-butyl acetate, 95.3-95.7° at 737 mm., 0.8654.

Procedure;—Two Volumetrie flasks of 250-cc. 
capacity were used for each ester. Twenty-five

(1) Presenter! at the Kansas City meeting of the American Chem­
ical Society, April, 1936.

(2) This paper is an abstract of the theses submitted by Mr. John­
son and Miss Ratekin in partial fulfilment of the requiiements for 
the degree of Master of Arts at the University of Missouri.

cc. of ester, measured with a pipet, was placed in 
each flask, which was then filled to the mark with 
the aqueous ethyl alcohol solution of ammonia. 
The reaction mixtures were kept at 25°, and at 
twenty-four-hour intervals, 50-cc. portions were 
removed by means of a pipet and diluted with 
70 cc. of water. This usually caused the Separa­
tion of unused ester. In order to remove the ex­
cess of ammonia, the Solutions were heated to 65- 
70° on a water-bath and a rapid stream of puri­
fied air was bubbled through them till there was 
no further test with litmus.

The Solutions were then diluted to 100 cc. in 
Volumetrie flasks and 25-cc. portions were an­
alyzed for ammonium acetate and acetamide in 
the following manner. Each sample was placed 
in a Kjeldahl flask, diluted to a volume of 300 cc., 
and a paste consisting of 2 g. of magnesium oxide 
in 20 cc. of water was added. The ammonia 
liberated from the ammonium acetate was distilled 
into Standard acid and the excess acid titrated 
with 0.1 i ï  base. The contents of the Kjeldahl 
flask were then cooled, again diluted to 300 cc., 
and 20 cc. of 40% sodium hydroxide solution was 
added and the solution was boiled. The am­
monia liberated by the hydrolysis of the acet­
amide was distilled into Standard acid and deter­
mined in the usual manner. This analytical pro­
cedure3 gave results on known Solutions of acet­
amide of less than 0.2% error, indicating but little 
hydrolysis during the distillation with the mag­
nesium oxide. Each determination was made in 
duplicate from different original reaction mix­
tures.

When the samples for analysis were diluted with 
water, unused ester usually separated. As would 
be expected, the heating to 65° to remove the am­
monia caused additional reaction. In order to 
correct for this, blank determinations were run. 
Each sample analyzed contained 5 cc. of ester or 
the reaction products from that amount. There­
fore, samples of 5, 3 and 1 cc. would represent 
the amounts of ester remaining when reaction 
had proceded 0, 40 and 80% toward completion. 
In making the blank determinations, these quan­
tities, 5, 3 and 1 cc. of each ester were dissolved in

(3) Pucher, Vickery and Leavenworth, Ind. Eng. Chem., Anal. 
Ed., 7, 152 (1935).



Aug., 1936 Reaction of E sters with Ammonia 1347

enough of the original aqueous ethyl alcohol solu­
tion of ammonia to make a volume of 50 cc. (the 
amount always taken for analysis), then diluted 
with 70 cc. of water, aerated at 65° and analyzed 
for acetamide and ammonium acetate. The 
blanks were run in duplicate, and the averages 
of the results were plotted. The analysis of any 
sample from a run indicated the extent of reaction 
and by reference to the graph the necessary cor­
rection could be made. Acceptable results could 
be obtained from this part of the procedure only 
by a careful control of conditions, such as the size 
of the openings in the water-bath, rate of the air 
current, etc.

The results are summarized in the accompany- 
ing graphs. With the exception of the /-butyl 
acetate, the reactions of each ester are represented 
by two pairs of curves. The lower pair represents

Fig. la .—S, s-butyl acetate; N, w-butyl 
acetate.

the hydrolysis reaction in each case, and the up­
per pair the ammonolysis reaction. In any pair 
of curves, the upper curve corresponds to the 
total reaction as determined by the analyses. 
The lower curve is obtained by subtracting the 
corrections as described above, and represents the 
reaction taking place at 25°. With the /-butyl 
acetate, the corrections, which are not shown on 
the graph, were of the same order of magnitude as 
those for the s-butyl ester. Each point on each 
curve is an average of two determinations made

from different reaction mixtures, rather than from 
two samples of the same reaction mixture. The 
agreement among the check determinations was 
good, showing a Variation in two-thirds of the 
cases of less than 0.5%. The products from the re­
actions at 25° from the different esters were dis­
tributed as indicated in the table.

T a b l e  I
R ea c t io n  P r o d u c ts  F orm ed  at  25°

Ester Hours
% yield 
amide

% yield 
salt

Ratio
amide : salt°

w-Butyl acetate 120 69.7 6.1 11.4:1
Isobutyl acetate 120 68.8 7.7 8.9:1
s-Butyl acetate 120 18.6 4 .8 3.8:1
/-Butyl acetate 360 2.9 2.1 1.4:1

° These were the ratios at the end of the reaction period. 

24 72 120 216 288 360

Fig. lb .—T, /-butyl acetate; I, /-butyl 
acetate.

Summary
1. The action of aqueous ethyl alcohol Solu­

tions of ammonia on the four butyl acetates was 
studied.

2. The relative reactivities of the primary, 
secondary and tertiary butyl acetates toward 
ammonia was found to be of the order of 24:6:1.

3. A certain amount of hydrolysis took place
in each reaction, and increased in importance with 
the secondary and tertiary butyl acetates. 
C o l u m b ia , M isso u r i R e c e iv e d  A p r il  30, 1936
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[C o n t r ib u t io n  from  t h e  D e pa r t m e n t  of  Ch e m ist r y , Y a l e  U n iv e r s it y ]

A New Method for the Preparation of Alkyl Sulfonyl Chlorides

By Treat B. Johnson and James M. Sprague1

2-Imido-4,5-dihydrothiazoles I (X = H, CH3, 
etc.) and 2-mercaptopyrimidines II (R = CH3, 
C2H5, etc., X = H, CH3, C2H5) are characterized 
by their Chemical behavior when subjected to the 
action of chlorine and bromine in aqueous solu­
tion. The thiazoles2 I undergo complete degra­
dation by the action of either of these halogens 
with formation of an amine, carbon dioxide, and a 
taurine derivative III. A mercaptopyrimidine II 
interacts with chlorine under the same experi­
mental conditions to give the corresponding sul- 
fone derivative IV without degradation of the 
pyrimidine ring. This reaction with chlorine 
proceeds still further in the case of certain mercap- 
topyrimidines leading to replacement of the sul- 
fone grouping by halogen V and formation of an 
alkyl sulfonyl chloride VI. Furthermore, it has 
been shown that this oxidation reaction is appli­
cable to both 2- and 6-mercaptopyrimidines3 yield­
ing the corresponding sulfones, respectively.

NX
II Cl2

c h 2—s —c  ------ >  x n h 2 +  c o 2 +  x n h c h 2c h 2so 3h
1 I h 20

CH2------- NX
I III

N = C X
I I C12

RSC C H ------ ►
II II H2°

N—CH 
II

N—CX
I I

r s o 2c  c h  -------
II II

N—CH 
IV

N-=CX

CIC CH +  RS02C1

N—CH
V VI

Because of the similarity in constitution of the 
imido-4,5-dihydrothiazoles I and the 2-mercapto­
pyrimidines II, respectively, and the accepted 
ammonium structure of the S-alkyl-isothiourea 
salts4 VII, the behavior of these latter acyclic sub­
stances toward chlorine has now been investi-

(1) Sterling Professorship of Chemistry Research Assistant, 
1935-1936.

(2) (a) Gabriel, Ber., 22, 1142 (1889); (b) Avenarius, ibid., 24,
266 (1891); (c) Andreasch, Monatsh., 8, 411 (1888); see also Ber., 
23, 158 (1890).

(3) Sprague and Johnson, T h is J o u r n a l , 57, 2252 (1935); 58,
423 (1936).

(4) (a) Taylor, J. Chem. Soc., 111, 650 (1917); (b) Werner, ibid.,
57, 283 (1890); (c) Wheeler and Merriam, Am. Chem. J ., 29, 482
(1903); (d) Wheeler and Bristol, ibid., 33, 440 (1905); (e) Lecher 
et al., Ann., 438, 169 (1924); 445, 35, 77 (1925).

gated. We find, when chlorine gas is passed into 
a cold aqueous solution of these S-alkyl-isothio­
urea salts VII, that the corresponding alkyl sul­
fonyl chlorides VI are formed in good yields. In 
fact, this method of synthesis opens up a new and 
practical procedure for the replacement of a halo-

NH
II Cl2

RSC H h a l ------ >  RS02C1
II h 2o

n h 2
VII VI

gen atom in an aliphatic halide by the sulfonyl 
chloride grouping (-S02C1). If bromine is used 
instead of chlorine the corresponding sulfonyl 
bromide (-S02Br) is formed. This process intro­
ducés thiourea in place of phosphorus halide as 
the key reagent for the preparation of aliphatic 
sulfonyl chlorides, and also furnishes an interesting 
and instructive field for further study, which 
hitherto has received little notice. This pro­
gram will receive further attention in this Lab­
oratory.5

Rathke6 observed the formation of ethylsul- 
fonic acid from S-ethyl-N,N-diphenyl-isothiourea 
salts by the action of chlorine or bromine. The 
formation of sulfonic acids from S-alkyl-isothio- 
ureas by oxidation with potassium chlorate is also 
reported in the literature.7 The direct formation 
of alkyl sulfonyl halides by the action of halogen 
on S-alkyl-isothiourea salts has not, however, been 
previously reported. The cleavage of a carbon- 
sulfur linkage by chlorine with the formation of 
an alkyl sulfonyl chloride or sulfonic acid has been 
observed with other types of sulfur compounds.8

The yields of alkyl sulfonyl chlorides obtained 
from the various alkyl-isothiourea salts are given 
in Table I. Since bromine also reacts with these 
salts to form alkyl sulfonyl bromides, it was neces­
sary first to remove the hydrobromic acid when 
using the hydrobromide salts for preparation of 
sulfonyl chlorides by treatment with chlorine gas.

(5) United States patent application, Serial No. 72983, filed 
April 6, 1936.

(6) Rathke, Ber., 14, 1774 (1881).
(7) (a) Andreaseh, Monatsh., 1, 446 (1880); 4, 131, 142 (1883);

(b) Kucera, ibid., 35, 145 (1914).
(8) (a) Spring and Winssinger, Buil. soc. chim., [2] 49, 72 (1888); 

Ber., 15, 447 (1882); (b) Gabriel and Heymann, ibid., 23, 158 (1890);
(c) Gabriel, ibid., 22, 1154 (1889).



Aug., 1936 A N ew M ethod for the Preparation of Alkyl Sulfonyl Chlorides 1349

T a b l e  I
/NH2

R Hal R SC / -H hal, S 04, etc. ---->  R S02C1
^N H

R = Salt Acid = Yield, % B. p. or m. p., °C. Mm. w25d
c h 3— s o 4 76 B. 60.5-61.5 21 1.4490
c 2h 5— Cl 66

Br“ 82 B. 77-77.5 26 1.4506
s o 4 78

/-c 3h 7— Cl 40 B. 74-75 19 1.4525
Bra 54

/-C4H9— Br“ 53 B. 73-75 11 1.4520
W-C7H15—- Br“ 50 B. 124-126 9 1.4564

Acetate 80
1,2-C2H4— Br“ 63 M. 91-92

Cl 74
Acetate 72

c 6h 5c h 2— Cl 92 M. 91-92
S04 96
N 0 3 91

c 6h 6c h 2c h 2— Cl 89-95 B. 121-123 3 1 .539036
M. 32-33

“ The bromine was removed with an equivalent of silver nitrate before treatment with chlorine.

for the preparation of S-ethyl-isothiourea hydro­
chloride. This investigator found tha t this salt 
could be obtained by heating thiourea hydrochlo­
ride with ethyl alcohol. We have now found that 
this procedure may be applied with success to the 
higher aliphatic alcohols.

ROH +  HC1 -f- NH2CSNH2 = R SC (=N H )N H 2 • HC1
VII

The S-alkyl-isothiourea hydrochlorides VII were 
not isolated from this reaction but were treated 
directly with chlorine in aqueous solution. The 
maximum yields of sulfonyl chlorides were ob­
tained after heating the above reaction mixture 
for three or four days on a steam-bath. The 
lower yields of ethyl, isopropyl and isobutyl com­
pounds may be attributed to several factors, such 
as temperature of the reaction, boiling point of 
the alcohol, volatility of the alkyl chloride and the 
effect of a branched chain (compare Table I). 
The results of this method are summarized in 
Table II. The yields are based on the amount of 
thiourea used.

Methyl, ethyl and rz-heptyl sulfonyl bromides 
were prepared by the action of bromine on the 
corresponding S-alkyl-isothiourea salts in yields 
of 43.5, 64.8 and 36%, respectively.

The identity of the nitrogenous product result­
ing from the preparation of the alkyl sulfonyl hal­
ides from S-alkyl-isothioureas, and the mechanism 
of these transformations, are being studied fur­
ther and will be discussed in a future paper from 
this Laboratory.

Otherwise a mixture of sulfonyl chloride and bro­
mine was obtained.9

With branched alkyl groups, as isopropyl and 
isobutyl, lower yields of sulfonyl halides were ob­
tained. Both the low (148°) and the high melt­
ing (174°) forms of S-benzyl-isothiourea hydro­
chloride4̂ 6 behaved identically on chlorination.

Although the S-alkyl-isothiourea4 hydrobro- 
mides are easily prepared from the alkyl bromides 
and thiourea, the simple alkyl chlorides react very 
slowly with thiourea under similar conditions.10 
Since the practicability of the method here de­
scribed for the preparation of alkyl sulfonyl 
chlorides depends on the ease of preparation of the 
S-alkyl-isothiourea salts, an attempt was made to 
improve the preparation of the hydrochlorides. 
This may be accomplished by heating the respec- 
tive alkyl chloride with thiourea in an autoclave 
(see ethyl and isopropyl, Table II). However, a 
more convenient process is that used by Stevens10

(9) In our first experiments silver nitrate was employed to replace 
the bromine ion, thereby forming the corresponding i so thiourea 
nitrate which reacted smoothly with chlorine. This method of pre- 
cipitation, however, cannot be recommended for practical synthesis 
and we have found that organic acid salts of isothiourea serve our 
purpose well when bromine is a conflicting reagent. Very little at­
tention has been paid to the study of this dass of salts but we have 
found in this Laboratory that they can perform a practical service 
in many operations. Treatment of an alkyl-isothiourea hydrobro­
mide, for example, with potassium acetate leads to the quantitative 
formation of the acetate of the alkylisothiourea which interacts 
smoothly with chlorine to give the desired alkyl sulfonyl chloride. 
Other organic acid salts react in a similar manner and with production 
of the sulfonyl chlorides in excellent yields. The description of a 
series of these characteristic organic acid salts is given in a paper from 
This Laboratory by Dr. John J. Donleavy (T h is  Jo u rn al , 58, 1004 
(1936)).

(10) Stevens, J. Chem. Soc., 81, 79 (1902).
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ROH

T a b l e  I I  

^ NHR S O f • HCl ■
n h 2

Ethyl chloride and isopropyl chloride in several volumes 
of alcohol were refluxed for weeks with thiourea without 

R S02C1 complete transformation to the corresponding S-alkyl-
isothioureas. On heating at 110-120° for six to ten hours

R = Hours % B. p., °C. Mm. t t 25 D in an autoclave there was still unchanged thiourea. How­
C2PI5- 72 30 70-71 20 1.4508 ever, these crude reaction products were chlorinated and

120 61 with successful formation of the corresponding alkyl sul­
n-C3H7— 24 50 6 6 -6 8 9 1.4518 fonyl chlorides (Table I). The analytical data on new

48 72 compounds prepared in this research are recorded in
120 82 Table III.

i-CsHr— 120 15. 5 61-62 9 1.4522 Alkyl Sulfonyl Chlorides.— (A) The S-alkyl-isothiourea
n-C4H9—■ 120 47 73-75 10 1.4517 salts (0.05-1.0 mole) were dissolved in water (50-135 cc.)
**-CbHu— 24 54 87-88.5 9 1.4530 and the solution cooled to 10°, or below, in an ice-bath.

48 76 Chlorine gas was conducted into this aqueous solution at
72 81 such a rate that the temperature did not rise above 15°

120 83 in order to avoid hydrolysis of the sulfonyl chloride with

Experimental Part
S - Alkyl - isothiourea Salts, RSC(NH2)=NHH C1.— 

The following salts which were used in this investigation 
have been prepared previously: S-methyl-isothiourea
sulfate,4a S-ethyl-isothiourea sulfate,4a S-ethyl-isothiourea 
hydrobromide,40 S-isobutyl-isothiourea hydrobromide,4d
5.5- ethylenedi-isothiourea hydrobromide,7 S-benzyl-iso- 
thiourea hydrochloride,4® nitrate4® and sulfate.4®

The general procedure for the preparation of the S- 
alkyl-isothiourea hydrohalide salts is that described by 
Wheeler and Bristol.4d A volume of alcohol equal to the 
volume of alkyl halide was used, except in the cases of 
ethylene dibromide and ethylene dichloride. In these 
cases 3 or 4 volumes of alcohol was used and the insoluble
5.5- ethylenedi-isothiourea salts were filtered off. After 
the thiourea had dissolved completely, the alcohol Solu­
tions were heated at water-bath temperature until a 
sample gave no silver sulfide precipitate with ammoniacal 
silver nitrate. S,S-Ethylenediisothiourea hydrochloride 
has been prepared previously from the hydrobromide.7®

S-rc-Heptyl-isothjpurea hydrobromide was obtained in 
a crystalline fora* by shaking a concentrated alcohol solu­
tion of the salt With ether. S-w-Heptyl-isothiourea acetate 
was prepared by treating a concentrated aqueous solution 
of the hydrobromide with a saturated solution of potassium 
acetate. The precipitated acetate was recrystallized from 
water. S,S-Ethylenedi-isothiourea acetate was prepared 
and purified in an analogous manner. vS-/3-Phenylethyl- 
isothiourea hydrochloride was recrystallized from con­
centrated hydrochloric acid.

formation of a sulfonic acid. An occasional rise of tem­
perature to 20° did not seriously lower the yields. The 
treatment with chlorine was continued until the oil (sul­
fonyl chloride) had completely settled out and the aqueous 
layer was distinctly green due to the excess of chlorine. 
This Operation usually required about twenty to thirty 
minutes. The oil (sulfonyl chloride) was then extracted 
with ether and the excess of chlorine removed by washing 
several times with small portions of dilute sodium bisul­
fite solution (5%). After washing with water the ether 
extract was dried over calcium chloride and distilled.

Benzyl sulfonyl chloride, CeHsCEkSOaCl, and ethane- 
1,2-disulfonyl chloride precipitated as solids directly dur­
ing the chlorine treatment. They were dried over sulfuric 
acid and purified by crystallization from chloroform or 
benzene. However, the melting points of the crude ma­
terial were only a degree or two lower than those of the 
purified substances.

The low melting jö-phenylethyl sulfonyl chloride (C6H6- 
CH2CH2SO2CI, m. p. 32-33°) was occasionally obtained as 
a solid directly, but usually it was necessary to extract with 
ether as directed above. On removing the ether a solid 
was always obtained. This sulfonyl chloride also may be 
purified by distillation.

The bromine of the S-alkyl-isothiourea hydrobromides 
was removed by adding an equivalent of silver nitrate and 
the resulting solution concentrated to the desired volume. 
Chlorination and ether extraction were carried out as pre­
viously described. However, with S-w-heptyl-isothiourea 
hydrobromide and S,S'-ethylenedi-isothiourea hydro­
bromide this procedure was unsatisfactory because of the

Compound
S-Isopropyl-isothiourea hydrobromide
S-w-Heptyl-isothiourea hydrobromide
S-w-Hepfyl-isothiourea acetate 
jtf-Phenylethyl-isothiourea hydrochloride
5.5- Ethylenedi-isothiourea hydrochloride
5.5- Ethylenedi-isothiourea acetate 
w-Heptylsulfonyl chloride 
w-Heptylsulfonamide 
/3-Phenethylsulfonyl chloride

ß-Phenethyl sulfonamide

T a b le  III
A n a ly ses  of N e w  C om pounds

Nitrogen, %
p. or m. p., °G. Mm. Calcd. Found
M. 76-78 14.07 14.10
M. 92-94 10.97 10.90
M. 136-137 11.95 11.80
M. 113-114 12.92 13.03
M .247-248 22.30 22.18
M. 157-158 18.78 18.81
B. 124-126 9
M. 74-75 7.81 7.66
B. 121-123 3
M. 32-33
M .121.5-122.5 7.56 7.44

Sulfur, % Halogen, %
Calcd. Found Calcd. Found

40.16 40.42
31.33 31.62

16.36 16.57
28.23 28.33

17.85 17.62
17,90 18.21

17 31 17 55
17.32 17.38
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sparing solubility of the resulting nitrates. The use of a 
large volume of solution to dissolve the nitrate at the low 
temperature (10-15°) resulted in a low yield of the sulfonyl 
chloride. Consequently, in these two cases the acetates 
were used. These organic salts are more soluble in water 
than the nitrates. The addition of a small volume of 
strong hydrochloric acid aids the solution of these salts, 
(see Table I).

Alkyl Sulfonyl Chlorides.— (B) Seventy-five cubic centi­
meters of the alcohol containing 4.5-5.0 g. of hydrogen 
chloride and 7.6 g. (0.1 mole) of finely powdered thiourea 
were heated on a steam-bath under a reflux condenser for 
various lengths of time as recorded in the second column 
of Table II. With frequent vigorous shaking the thiourea 
dissolved within a few minutes after heat was applied. 
Some hydrogen sulfide is evolved during the reaction. At 
the end of the heating period the excess of alcohol was re- 
moved under diminished pressure and the viscous residue 
dissolved in warm water (75-100 cc.). Tests applied to 
these aqueous Solutions with alkaline lead acetate or am­
moniacal silver nitrate showed that the thiourea had dis- 
appeared completely after seventy-two to ninety-six hours 
in the case of w-propyl-, w-butyl and isoamyl alcohol. 
With ethyl, isopropyl and isobutyl alcohols unchanged 
thiourea was present after five days of digestion. No 
attempt was made to isolate the respective S-alkyl-iso­
thiourea hydrochlorides from these reactions. The solu­
tion was cooled to the desired temperature and the chlori­
nation Operation applied as directed under (A).

That concentrated aqueous hydrochloric acid solution 
may be used instead of dry hydrochloric acid gas was shown 
in one experiment: 75 cc. of n-butyl alcohol, 10 cc. of
concentrated hydrochloric acid and 7.6 g. of thiourea were 
heated together for forty-eight hours. A yield of 72% of 
w-butyl sulfonyl chloride was obtained as compared to 76% 
with hydrochloric acid gas. These results are recorded in 
Table II. The yields given are based on the quantity of 
thiourea used.

The alkyl sulfonyl chlorides described in (A) and (B) 
were characterized by chlorine analyses and by melting 
points of their corresponding acid arnides or anilides.11

w-Heptyl sulfonamide was prepared by shaking the 
corresponding sulfonyl chloride with concentrated am­
monia. The amide separated in crystalline form and was 
purified by crystallization from an ether-petroleum ether 
mixture. ß-Phenylethyl sulfonamide was prepared in a 
similar manner and recrystallized either from dilute alco­
hol or an ether-petr oleum ether mixture.

Ethyl Sulfonyl Bromide, C2H6S02Br.12—S-Ethyl-iso~ 
thiourea hydrobromide (18.5 g.) or sulfate (15.3 g.) was 
dissolved in 200 cc. of water and the solution cooled to 
0-5°. During vigorous stirring 125 g. (0.78 mole) of bro­
mine was added from a dropping funnel during one hour. 
The temperature was not allowed to rise above 5°, and 
the solution was stirred for two to three hours at this tem­
perature after the final addition of the bromine. The oil 
(sulfonyl bromide) was extracted with ether and the excess 
of bromine removed by washing with 5% sodium bisulfite 
solution. After washing with water the ether extract 
was dried over calcium chloride and distilled. The yield

(11) Dugeut, Ree. trav. chim., 21, 76 (1002); 25, 215 (1906).
(12) Cherlmliez and Schnauder, fleh. Chim. Acta, 6, 249 (1923).

w as 11.21 g. (64.8%); b . p . 85-86° (18mm.); w25d  1.5010. 
Anal. Calcd. for C2H602SBr: Br, 46.19. Found: Br, 
45.93.

The use of a larger amount of bromine did not greatly 
increase the yield. For example, 150 g. (0.94 mole) gave 
a yield of 67.6%. However, the use of less than 125 g. 
of bromine gave lower yields: 108 g. gave a yield of 60%
of the sulfonyl bromide. Higher reaction temperatures 
also reduced the yield. Ethyl sulfonyl bromide decom- 
poses with evolution of sulfur dioxide when distillation is 
applied at ordinary pressure.

Methyl Sulfonyl Bromide, CH3S 0 2Br.12—S-Methyl-iso- 
thiourea sulfate (13.9 g.) was treated with 125 g. of bro­
mine as described above except that the stirring period 
after final addition of bromine was increased to five hours. 
A short er period of stirring gave a lower yield. The yield 
was 6.92 g. (43.5%); b. p. 80-80.5° (22 mm.); » 25d  1.5080. 
Anal. Calcd. for CH30 2SBr: Br, 50.27. Found: Br,
50.25.

w-Heptyl Sulfonyl Bromide.—S-w-Heptyl-isothiourea 
hydrobromide (25.5 g.) under the above conditions gave a 
36% yield of this sulfonyl bromide of b. p. 135-137° at 
9 mm. There was some decomposition on distillation. 
The sulfonamide melted at 74-75°.

Action of Chlorine on Hydrobromidés of 
S-Alkyl-isothioureas

An aqueous solution of S-ethyl-isothiourea hydrobro­
mide (18.5 g.) was treated with chlorine as described for 
the preparation of alkyl sulfonyl chlorides. The chlorina­
tion was continued until the bromine color had completely 
disappeared. The resulting oil was then extracted with 
ether, washed and dried as previously described. There 
was obtained 14-16 g. of material of b. p. 90-92° at 23 
mm., n2bd 1.4960-1.4970. This product contained bro­
mine and a comparison of the refractive index and results 
of sulfur and halogen analyses indicated a mixture of ethyl 
sulfonyl chloride (8-12%) and ethyl sulfonyl bromide (88- 
92%). Ethyl sulfonamide was prepared from the mixture 
melting at 59°. An aqueous solution of S,S-ethylenedi- 
isothiourea hydrobromide on chlorination gave a solid 
product containing bromine melting at 95-96° after crys­
tallization from chloroform.

Summary
1. S-Alkyl-isothiourea salts interact in aque­

ous solution at low temperature with chlorine and 
bromine to form the corresponding alkyl sulfonyl 
chlorides and sulfonyl bromides, respectively, in 
good yields.

2. An alkyl halide and thiourea serve as key 
reagents in this reaction.

3. A method has been developed for prepar­
ing alkyl sulfonyl chlorides directly from an 
aliphatic alcohol and thiourea as key reagents. 
Advantage is taken here of an old observation 
made by Stevens for the preparation of pseudo- 
thioureas.

4. The new method of synthesis is superior to
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any technique involving the use of phosphorus 5. This investigation is to be continued in this 
halides for conversion of sulfonic acids to their Laboratory.
sulfonyl halides. N ew  H a v e n , C o n n . R e c eiv ed  A pr il  13, 1936

[C o n t r ib u t io n  from  t h e  A bbott  L a b o r a t o r ie s]

Some Alkyl and Aryl Amides and Ureides as Hypnotics1

B y E. H. Volwiler and D. L. T abern

A considerable number of simple and substi­
tuted acetamides and acetyl ureas have been pre­
pared from time to time and subjected to phar- 
macologic study. Many have been found to pos- 
sess distinct hypnotic activity, and at least five, 
Adalin (bromodiethylacetyl urea), Neodorm (iso- 
propylethylacetamide), Bromural (bromo-iso- 
valeryl urea), Sedormid (allylisopropylacetyl 
urea), and Novonal (diethylallyl acetamide), are 
employed in medical practice. In their proper­
ties, these compounds appear to stand intermedi­
ate between the comparatively powerful barbi- 
turates and the milder bromides, being chiefly 
used as sedatives in neuropsychic disorders.

Recent studies in the field of barbiturate hyp­
notics have demonstrated that certain members, 
particularly those containing secondary amyl 
groups in addition to ethyl or allyl, possess 
unique properties. The member most exten- 
sively investigated clinically, ethyl - 1 - methyl- 
butylbarbituric acid, has been found to be 
characterized by its unusual rapidity of action, 
and by the fact that while its hypnotic action is 
intense, it disappears quite rapidly. As has been 
repeatedly pointed out,2 this rapidity of recovery 
from depressant effects, is a valuable property 
when the drug is to be used as a preanesthetic 
sedative. Again, clinical reports indicate that 
in certain of these higher members, the seda­
tive as contrasted to the true hypnotic proper­
ties seem to be accentuated.

I t seems desirable, therefore, to prepare a se­
ries of acetyl ureas and acetamides, and the 
bromo analogs, containing the 1-methylbutyl and 
other similar secondary alkyl groups, in order to 
see whether the typical properties just enumer- 
ated are retained.

(1) The material covered in this paper was presented in part at 
the Cleveland meeting of the American Chemical Society, September, 
1934, and in part at the New York meeting, April, 1935.

(2) (a) Barlow, Arch. Surg., 29, 527 (1934); (b) Waddy, “The
Fear of Anaesthesia,” Thesis, University of Manchester, 1934.

Experimental
The requisite malonic esters were prepared in the usual 

way, in absolute alcohol, employing the respective alkyl 
bromides (in the case of the diethylcarbinyl derivatives the 
^-toluene sulfonyl ester was utilized), and purified by frac- 
tionation.

Certain of the higher esters were very difficult to hydro- 
lyze, prolonged refluxing with 40% potassium hydroxide 
in dilute alcohol being necessary. After removing the 
alcohol in vacuo, the solid mass was dissolved in cold water 
and carefully neutralized with hydrochloric acid until 
permanently acid to congo, the organic acids extracted 
with ether, heated to eliminate carbon dioxide, and dis­
tilled in vacuo. Bromo acids were synthesized essentially 
according to the method of “Organic Syntheses.”3

The acetic acids were then converted to the acid chlo­
rides by a 10% excess of thionyl chloride at room tempera­
ture and purified by fractionation in vacuo. No attempt 
was made to secure highest purity.

For the preparation of the amides, a solution of ammo­
nium hydroxide saturated at 10° was prepared and the acid 
chlorides gradually dropped in at this temperature, or 
below, ammonia concentration being maintained by pas­
sage of a slow stream of ammonia gas. After several hours 
of stirring, the solid was filtered off, dried and recrystal­
lized either from dilute alcohol, or a mixture of ether and 
petroleum ether, or in most cases both.

A generally more satisfaetory method of preparing the 
amides lies in the use of the cyanoacetic esters.4 For 
example: ethyl cyanoacetate was Condensed by sodium
ethylate in absolute alcohol by adding somewhat more 
than one mole of 1-ethylpropyl bromide ( a 20D 1.4440) 
at below 60°. The Separation of sodium bromide was 
rapid. Next morning the mass was heated to boiling and 
allowed to stand overnight. The ester boiled at 150-160° 
at 35 mm. This was ethylated by ethyl bromide and 
sodium ethylate, the reaction again proceeding readily. 
The ethyl-1-ethylpropylcyanoacetic ethyl ester boiled at 
150-155° at 32 mm.

One hundred grams of this ester was refluxed with 100 
g. of potassium hydroxide and 200 cc. water for twelve 
hours or longer. The solvent was distilled in vacuo, the 
cyanoacetic acid liberated by an excess of hydrochloric 
acid and extracted with benzene. On distillation through 
a tall column, carbon dioxide was evolved and the redis­
tilled nitrile boiled at 190-200°.

(3) “Organic Syntheses,” Coli. Vol. I, 1932, p. 108.
(4) See U. S. Patent 1,482,343 (1934).
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Sixty grams of the nitrile was refluxed for ten to fifteen 
hours with 120 g. of potassium hydroxide in 600 cc. of 95% 
alcohol. The solvent was removed in vacuo and ice added. 
The separated and washed solid was redissolved in meth­
anol. This ethyl-1-ethylpropylacetonitrile hydrolyzed with 
much more difficulty than most of the cyanides and liquid 
residues were therefore subjected to further hydrolytic 
treatment.

All halogen-free amides were colorless solids quite sol­
uble in organic solvents, but relatively insoluble in water. 
«-Bromoethyl-l-methylbutylacetamide was an oil at room 
temperature.

We have found that sodamide or finely divided sodium in 
boiling benzene converts the halogen-free amides quanti- 
tatively into sodium salts which are soluble in the solvent 
and react readily with alkyl halides. The structure of the 
resultant amides was established by their synthesis from 
the acid chlorides and the requisite alkylamine.

These N-substituted amides are oils or low melting solids 
which may be distilled at 15 to 20 mm. They are quite 
insoluble in water but in the presence of starch or acacia 
are readily emulsified.

The acetyl ureas were prepared by heating the acid 
chlorides with a large excess (2.5 moles) of dry urea to 
110-135°. After the main reaction, two layers were 
formed, the lower soon turning solid. After several addi­
tional hours of heating, the powdered mass was broken up 
under dilute alkali and finally recrystallized from dilute 
alcohol or another appropriate solvent. Another conven- 
ient method is to extract with boiling alcohol and pour into 
cold water kept permanently alkaline by sodium hydroxide. 
In several instances, appreciable quantities of higher melt­
ing substances, insoluble in cold ether, were formed.

A simpler but in general less satisfaetory method for the 
preparation of the acetyl ureas is to heat a solution of the 
sodium salt of the appropriate barbituric acid in a sealed 
tube at 100° for several days, filter off the precipitated 
acetyl urea, and repeat the process.

T able I
B. p. of B. p. of
acetic acetyl
acids, Press., chlorides, Press.,

Acetic acids °C. mm. °C. mm.
Mono-1-methylbutyl 208-210 755 83-85 60
E thyl-1-methylbutyl 225-230 755 103-108 45

190 755
Allyl-1 -methylbutyl 195-200 755 190-195 755
w-Butyl-l-methylbutyl 185-190 55 140 55
Ethyl-w-amyl 232-238 750 195-200 750
a-Bromo-1 -methylbutyl 110-120 40
Ethyl- «-bromo-1 -methyl

butyl 138-150 50
Ethyl- «-bromo-s-butyl 130-135 50
Ethyl-2-ethylpropyl

4 Ethyl-«-bromo, 1-methyl- 
butylacetyl urea 10.0 7.56 Oil

5 Ethyl-s-butylacetyl urea 14.9 14.74 172
6 Isoamylethylacetyl urea 13.9 14.07 130
7 Allyl- 1-methylbutylacetyl 

urea 13.1 13.20 123
8 B utyl-1 -methylbutylacetyl 

urea 12.2 12.0 123
9 w-Butyl-ethylacetyl ureaa 15.0 14.76 157

10 Phenyl-ethylacetyl ureaa 13.5 13.69 137
11 Phenyl-allylacetyl urea 12.6 12.73 133-134
12 Ethyl-1-ethylpropylacetyl 

urea 14.0 13.98 148-150
13 Ethyl-1 -methylbutylacet- 

amide 8.91 9.12 97-98
14 «-Bromo-1 -methylbutyl- 

acetamide 6.74 7.03 112-114
15 Allyl-1 -methylbutylacet- 

amide 8.2 8.35 90-91
16 Ethyl- «-bromo-1 -methyl- 

butylacetamide 5.95 6.2 Oil
17 B utyl-1 -methylbutylacet- 

amide 7.5 7.75 97-98
18 w-Amyl-ethylacetamide 8.91 8.9 96
19 Isoamyl-ethylacetamide® 8.91 9.0 106-108
20 Phenyl-ethylacetamide 8.6 8.7 85-87
21 Phenylallylacetamide 8.0 8.10 63
22 Ethyl-1 -ethylpropylacet- 

amide 8.91 8.89 123-125
23 Ethyl-1 -methylbutyldi- 

ethylamide 6.56 6.31 Oil
24 «-Bromo- 1-methylbutyl- 

methylacetamide 6.27 6.44 90
25 Diethylmalonic acid mono- 

allylamide 7.05 6.92 105
26 Ethyl-1 -methylbutyl-N - 

methylacetamide 8.2 8.5 Oil
27 Ethyl-isopropyl-N -methyl­

acetamide 9.8 10.0 72-75
28 Ethyl-1-methylbutyl-N- 

allylacetamide 7.1 7.3 Oil
29 Ethyl-isopropyl-N-allyl­

acetamide 8.3 8.1 58-60
30 Ethyl-s-butyl-N-allylacet­

amide 7.65 7.4 Oil
31 Ethyl-isopropyl-N-ethyl - 

acetamide 8.9 9.0 Oil
a Described previously.

The distribution coefficients of three therapeu- 
tically promising members of the series were de­
termined as previously described.5

T able  III
Barbiturate Distrib. coeff.

T able II

No. Compound
Nitrogen, % 

Calcd. Found M.p.,

1 1-Methylbutylacetyl urea 16.3 16.48 180
2 E thyl-1. -m ethylbu tylacetyl 

urea 14.0 13.70 133
o «-B romo-1 -m e t h y lb u 1 y 1-

acetyl urea 11.2 11.48 108-

Ethyl-1 -methylbuty lacetamide 1.6
Ethyl-s-butylacetyl urea 1.1
Ethyl-isopropylacetyl urea 1.1

For the pharmacological studies of these com­
pounds, we are indebted to Prof. A. L. Taturn of 
the University of Wisconsin. While he will re

(5) Tabern and Siielberg, T his Journal, 55, 328 (1933).
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port the results in detail elsewhere, a few general 
observations may be indicated here.

The efficiencies of the compounds vary among 
themselves as much as five-fold, and the toxicities 
even more widely. Of those active in moderate 
dosage, particular interest would seem to attach, 
as had been anticipated, to ethyl 1-methylbutyl­
acetyl urea and the corresponding amide. These 
have respectively safety margins of 18 and 11, as 
compared with a range from 2 to 5 for known bar- 
biturates, and 6 for the commercial analog tested 
allyl isopropylacetyl urea (Sedormid).

In the N-alkyl series it was observed that when 
the N-substituent group was methyl, prolonged 
mild sedation was secured. When it was larger, 
excitement rather than sedation resulted.

A very interesting point is the relatively great 
analgesic action shown by certain of the amides, 
this being produced without a correspondingly 
deep hypnotic effect as in the barbiturates. There

are also definite variations among individual mem­
bers of the series.

Two chemically related substances, diethyl 
malonic mono-allyl amide and the bis (diethyl - 
amide) of ethyl-1-methylbutylmalonic acid, 
showed no true hypnotic action; the second pro­
duced local anesthesia and on oral administration 
clonic convulsions.

Conclusions
An extended series of simple and substituted 

alkyl amides and ureas has been synthesized in 
connection with a study of their use as sedatives 
and hypnotics. Considered in connection with 
the N-aryl and N-alkyl barbiturates described in 
a companion paper the results indicate the wide 
value of secondary butyl, amyl and hexyl groups 
in conferring to such compounds valuable thera- 
peutic properties.
N orth  C hic ag o , III. R e c eiv ed  M ay  8, 1936

[C o n t r ib u t io n  from  the  A bbott  L a b o r ato r ies , N orth  Chicag o , I I I . ]

N-Alkyl and N-Aryl Substituted Barbituric Acids1
By D. L. T abern  and  E. H. V o lw iler

Although Fischer and Dilthey described several 
simple N-substituted barbituric acids as long ago 
as 1904,2 until recently little systematic study has 
been made of higher homologs. Dox and his 
group3 reported upon certain intermediate mem­
bers of the series, but did not prepare compounds 
containing certain secondary butyl, amyl and 
hexyl groups, which in the simple barbiturates4 
and thiobarbiturates8 have been found frequently 
to confer valuable therapeutic properties. Such 
compounds are among the most effective yet pro­
duced and are characterized by a prompt and in­
tense action of short duration.

Apparently the early N-alkyl and aryl barbi­
turates did not attract attention because pre­
liminary studies failed to reveal anything of espe- 
cial interest; they are in general but little more ac­
tive than the analogs derived from urea itself, and 
in certain members tend to produce pre-anesthetic

(1) Presented at the Kansas City Meeting of the American Chemi­
cal Society, April 16, 1936.

(2) Fischer and Dilthey, Ann., 335, 334 (1904).
(3) (a) Dox and Hjort, J. Pharmac., 31, 455 (1927); (b) Hjort and 

Dox, ibid., 35, 155 (1929); (c) Dox and Jones, T h is  Jo u r n a l , 51, 
316 (1929).

(4) Volwiler and Tabern, Und., 52, 1676 (1930).
(5) Tabern and Volwiler, ibid., 57, 1961 (1935).

excitement, paraplegia and convulsions rather 
than hypnosis.

More recently, however, 5,5-ethylphenyl-N- 
methylbarbituric acid has been reported to pos- 
sess a somewhat specific action in epilepsy with­
out the production of pronounced hypnosis, and 
another, 5,5-methylcyclohexenyl-N-methylbarbi- 
turic acid, has been found to have an extremely 
short but intense period of hypnotic activity. 
These interesting facts pointed to the need for a 
more careful study of promising compounds con­
taining one or more secondary alkyl groups in the 
5-position with particular reference to rapidity of 
onset, duration of action, degree of sedation or 
hypnosis, route and rapidity of elimination, etc. 
It also seemed of interest to prepare certain mem­
bers containing secondary and tertiary groups 
attached to the nitrogen in position “1,” none of 
these ever having been described.

Chemical
The thirty-five barbiturates of this series were prepared 

by one or more of the following methods: (1) reaction of
the dialkylmalonic esters with the appropriate substituted 
urea in the presence of sodium ethylate at 100-110°; (2) 
reaction of the dialkyl cyanoacetic esters with a substituted
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urea followed by hydrolysis with 15-20% sulfuric acid for 
ten hours; or (3) the action of allyl bromide on the sodium 
salt of the simple barbituric acid in water at 100°.3c The 
presence of copper sulfate as a catalyst seems greatly to 
increase the speed of the latter alkylation. The alkali 
soluble fraction in each case was extracted and distilled at 
2 to 5 mm., passing over below 200°. In the case of reac­
tion 3, there was always a small amount of unchanged di- 
alkyl acid which boiled over 210° under the same condi­
tions and could thus be separated with reasonable accuracy.

The intermediate primary alkyl ureas were best pre­
pared by the action of the corresponding amines upon 
nitroürêa in water or in alcohol at about 80°. After the 
evolution of nitrogen was at an end, the solvent was re­
moved in vacuo and the urea dried and used directly or 
recrystallized from a suitable solvent, such as acetone or 
ethyl acetate. Tertiary butyl urea was synthesized by

in alkalies, and solid alkali metal salts may be prepared by 
evaporation in vacuo of an absolute alcohol solution. 
Aqueous Solutions of such salts are strongly hydrolyzed 
and have a pH of approximately 10 to 10.5.

Most of the malonic esters have been described previ­
ously. The purified barbiturates were analyzed for nitro­
gen and values obtained agreeing closely with the calcu­
lated.

Pharmacologic7
While the more promising of the N-substituted 

derivatives have been studied upon several species 
and on man, for sake of brevity and uniformity 
only the results of intravenous injections in rab~ 
bits will be indicated here. The figures given 
represent milligrams per kilogram body weight.

Barbituric acid derivatives M. p„ °C.
Minimum 

effective dose
Minimum  

lethal dose
Methyl 1-methylbutyl N-methyl 105-108 15 90
Methyl 1-methylbutyl N-ethyl Oil 30 >100
Methyl 1-methylbutyl N-allyl Oil 30 >160
Ethyl 1-methylbutyl N-methyl Oil 15 30
Ethyl 1-methylbutyl N-phenyl Oil 200
Methyl 1-ethylpropyl N-methyl 20 130
Ethyl 1-ethylpropyl N-methyl Oil 8 80
Methyl Cyclohexenyl N-methyla e 10 110
Methyl 5-butyl N-methyl 81-83 20 200
Methyl s-butyl N-ethyl e 40 >180
Methyl 5-butyl N-2-methy lallyl 130 30
Ethyl ó-butyl N-methyl Oil 20 85
Allyl s-butyl N-methyl Oil 20 35
Methyl Isopropyl N-methyl 113-114 50 250-300
Methyl Isopropyl N-ethyl 106-107 60 100&
Ethyl Isopropyl N-methyl 124-125 30 135
Ethyl Isopropyl N-ethyl e 30 >  80
Methyl 2-ethylbutyl N-methyl 98-100 15 >120
Ethyl 2-ethylbutyl N-methyl 63-65 106
Methyl 1-methylamyl N-methyl Oil 20 70
Ethyl Ethyl N-s-butyl 83-85 >200 >200
Ethyl Ethyl N-/-butyl 98 >200 >200
s-Butyl N-w-butyl Oil 80 . 1506
Methyl 1-methylbutyl N-/-butyl Ineffective
Methyl 1-methylbutyl N-w-butyl Oil Inefïective
Mono 1,3-dimethylbutyl 235 >165
Methyl 1,3-dimethylbut3d 205 45 170
Ethyl 1,3-dimethylbutyl 175 1~3C 7&
Methyl 1,3-dimethylbutyl N-methyl* Oil 12-16?>

° Evipal. b Convulsions. c Stimulation. d vSee Shonle, T h is  J o u r n a l , 58, 585 (1936). * Partially crystallized
material.

the action of tertiary butyl chloride on urea in the pres­
ence of lead carbonate.6 It was found desirable to carry 
out the reaction with good stirring, adding the white lead 
slowly.

Many of the barbituric acids studied were very viscous 
liquids, insoluble in water but soluble in organic solvents, 
including petroleum ether; even after long standing, they 
could not be induced to crystallize and indeed prevented 
the crystallization of intentionally added portions of the 
corresponding dialkylbarbituric acids. They are soluble

(6) Schneegans, Arch. Pharm., 231, 677 (1893).

The hypnotic effect comes on very rapidly, with 
deep hypnotic doses the animal being asleep by 
the time of completion of the injection. Re­
covery is likewise rapid, the animal awakening in 
from fifteen minutes to two hours. Sufficiënt 
depth of hypnosis and analgesia may be secured 
to permit surgical procedures but in this re­
spect the best members of the series seem in-

(7) For the tests here described we are indebted to Mr. H. C. 
Spruth of the Pharmacologic Department of the Abbott Laboratories,
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ferior to the secondary substituted thiobarbi- 
turates previously reported by us.5 Given orally 
they are relatively ineffective in animals and in 
man.

In general, most satisfaetory compounds are se- 
cured where one group attached to the 5-carbon is 
secondary, the other is methyl, and the N-sub- 
stituent also methyl. The attachment of large 
primary or of secondary and tertiary groups on the 
nitrogen leads to compounds of low hypnotic 
power. There is some indication that the N- 
alkyl acts additively in the production of the con­
vulsions characteristic of barbiturates containing 
certain 6- and 7-carbon atom groups (benzyl, etc.).

For instance, methyl-(1,3-dimethylbutyl)-barbi­
turic acid could be given in a dosage of 170 mg./ 
kg. without producing convulsions while both 
its N-methyl derivative and ethyl (1,3-dimethyl- 
butyl)-barbituric acid produced convulsions in the 
range of 7 to 15 mg.

Conclusion
A series of N-alkyl and N-aryl barbiturates con­

taining secondary and tertiary groups has been 
prepared. Pharmacologically, certain members 
offer some promise as short acting intravenous 
hypnotics and anesthetics.
N orth Chicago, I I I .  R eceived M ay 8, 1936

[Contribution  from the Department of Chemistry, I owa State College]

The Effect of the Composition of the Medium upon the Growth of Yeast in the 
Presence of Bios Preparations. I. The Effect of Magnesium Salts1

By E llis I. F u l m e r , L. A. U nderk o fler  a n d  Jam es B. Le sh

Schopmeyer and Fulmer2 found that the 
growth of certain molds on synthetic media, with 
glycerol or sucrose as Substrates, formed materials 
which accelerated the growth of yeast. Recently, 
in the study of the growth accelerants produced 
by Aspergillus niger upon sucrose media, attempts 
were made to separate the active substances into 
the Bios I and Bios II of Miller and co-workers3“5 
who identified Bios I as i-inositol.

The properties of the fractions obtained were 
determined by their effect upon the growth of 
yeast in Medium C developed by Fulmer, Nelson 
and Sherwood.6 When the activity of the Bios 
II fraction in Medium C was compared with its 
activity in Clark’s medium, which was used by 
Miller, it was found that the same amount of 
stimulant gave a much larger growth in the latter 
medium. Medium C contains, per 100 cc.: 0.188 
g. ammonium chloride, 0.100 g. dipotassium phos­
phate, and 10 g. of sucrose. Clark’s medium 
contains, per 100 cc.: 0.834 g. of ammonium 
nitrate, 0.417 g. of potassium dihydrogen phos-

(1) This research was supported in part from a grant received from 
the Rockefeller Fluid Research Funds administered by the Iowa 
State College.

(2) H. Schopmeyer and E. I. Fulmer, J. Bact., 22, 23 (1931).
(3) G. H. W. Lucas, J. Phys. Chem., 28, 1180 (1924).
(4) Edna V. Eastcott, ibid., 32, 1094 (1928).
(5) W. L. Miller, Edna V. Eastcott and J. E. Maconachie, T h is 

J o u r n a l , 55, 1502 (1933).
(6) E. I. Fulmer, V. E. Nelson and F. F. Sherwood, ibid., 43, 191 

(1921).

phate, 0.071 g. of calcium chloride, 0.208 g. of 
magnesium sulfate and 10 g. of sucrose.

Preliminary results showed that the addition of 
magnesium sulfate to Medium C had a marked 
effect upon the growth of yeast in the presence of 
the bios preparation. The addition of calcium 
chloride, or the replacement of ammonium chlo­
ride by ammonium nitrate had no influence upon 
the bios activity. The effect of magnesium salts 
was then further investigated.

The yeast employed was a strain of Saccharo­
myces cerevisiae isolated several years ago from a 
cake of Fleischmann yeast, and deposited with 
the American Type Culture Collection as No. 
4226. The numbers of cells were determined by 
means of the Thoma-Zeiss counting chamber. 
The initial inoculation was made to a count of one 
(250,000 cells per cubic centimeter) from an ac- 
tively growing culture. The final counts were 
made after twenty-four hour incubation at 30°. 
The Bios II added was equivalent to 2.0 cc. of the 
original extract per 100 cc. of medium. Inositol, 
where added, was used in concentration of 3.2 
mg. per 100 cc. of medium.

In Table I are given data showing the effect of 
magnesium sulfate upon the growth of the yeast 
in several media. The inositol was Eastman’s 
ash-free ^-inositol. The Bios II preparations were 
made according to the procedure given by Lucas.3
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Series A involved Bios II prepared from malt 
sprouts and in series B the Bios II was prepared 
from a synthetic medium which had supported 
the growth of Aspergillus niger on sucrose as Sub­
strate. I t  is evident that the addition of mag­
nesium sulfate to Medium C, in the same concen­
tration as that in Clark’s medium, very markedly 
increases the growth of the yeast in the presence 
of Bios II. The addition of the salt to Medium 
C, without the bios, does not increase the growth, 
a result in harmony with previous reports from 
this Laboratory.6,7

T a b le  I
The effect of Bios II and of inositol upon the growth of 

yeast in several media. Series A involves Bios II from 
malt sprouts; in series B the Bios II was prepared from a 
medium which supported the growth of Aspergillus niger. 
The control contained neither Bios II nor inositol.

Count 
Medium 

C +
Medium C 0.20%

M gS04
7H20

Clark’s
medium

A B A B A B
Control 9 7 9 5 1 6

Control +  inositol 8 9 1

Control +  Bios II 52 71 191 194 248 255
Control -f- Bios II +  

inositol 54 74 284 215 256 311

The data of Table II show that the salt is ef­
fective in very low concentrations. The addition 
of inositol alone does not increase the growth of 
the yeast, but the growth is increased by the addi­
tion of inositol to the medium containing Bios II. 
This result agrees with the findings of Miller and 
co-workers.3-5

T a b le  II
The effect of varying concentrations of magnesium sul­

fate upon the growth of yeast in Medium C in the presence 
of Bios II from malt sprouts.

Count
Molarity of 

M gS0c7H 20
Inositol
absent

Inositol
present

0 29 34
8 X KT6 44 53
8 X 10~5 150 157
8 X 10 ~4 142 147
8 X 10“3 172 215
8 X 10“2 192 313

The question at once arises as to whether the
above phenomenon is common to all magnesium 
salts or whether the sulfate radical is involved. 
Data in Table III show that magnesium chloride 
and magnesium nitrate are practically without 
effect, while potassium sulfate gives some increase 
in growth. The combination of the potassium 
sulfate with magnesium sulfate is no more effec­
tive than is the latter salt alone. In adding the

(7) F. F. Sherwood and E. I. Fulmer, J. Phys. Chem., 30, 738 
(1926).

potassium sulfate the concentration of potassium 
is likewise increased. When ammonium sulfate 
is substituted for the ammonium chloride, the 
former salt gives about the same increase in 
growth as was evidenced by the potassium sulfate. 
Addition of magnesium chloride or of magnesium 
nitrate to the medium containing ammonium 
sulfate gives the same increase in activity of the 
bios as that shown by magnesium sulfate alone. 
The above data show that both magnesium and 
sulfate are involved in the phenomenon.

T a b l e  III
The effect of several salts upon the growth of yeast in 

Medium C in the presence of Bios II from malt sprouts.
Count

Salt added 
(0.017 molar)

Medium C 
Inositol Inositol 
absent present

N H 4CI re- 
Me- placed by 

dium C (NH4)2S0 4 
Inositol Inositol 
absent present

Control 28 34 47 89
MgSO, 161 257 163 228
MgCl2 30 34 146 204
M g(N03)2 27 31 155 210
K2S 04 68 80
MgS04 +  K2S 04 153 228

Miller and co-workers state that neither Bios I 
(inositol) nor Bios II produce much increase in 
the growth of their yeast when used alone, but 
that the combination gives greatly enhanced 
growth. I t is evident that Bios II alone increases 
the growth of the yeast employed by us although 
the effect is further enhanced by the addition of i- 
inositol (Bios I). Lucas,3 Williams, Warner and 
Roehm,8 Stantial,9 Williams and Saunders10 and 
Farrell11 have called attention to great differences 
in the response of various strains of yeast toward 
bios preparations. Preliminary experiments in 
our laboratory with various strains of yeasts, 
show that with some yeasts the addition of mag­
nesium sulfate does not increase the activity of 
the Bios II but actually decreases the growth. 
However, if inositol be added in the presence of 
the Bios I l a  marked increase in growth is evident 
with all the strains tested. Füll details will be 
published in a later communication.

Summary
For the strain of yeast employed, the presence of 

magnesium sulfate markedly increases the growth 
of the yeast in the presence of a bios preparation

(8) R. J. Williams, M. E. Warner and R. R. Roehm, T h is  J o u r ­
n a l , 51, 2764 (1929).

(9) Helen Stantial, Trans. Roy. Soc. Can., 28, Sec. III, 163 (1932).
(10) R . J. Williams and D. H. Saunders, Biochem. J 28, 1887

(1934) .
(11) Leone N. Farrell, Trans. Roy. Soc. Can., 29, Sec. III, 167

(1935) .
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(Bios II) . Magnesium chloride or nitrate does not 
show the above phenomenon while potassium or 
ammonium sulfate gives some increase in activity. 
Combinations of magnesium chloride or nitrate

with potassium or ammonium sulfate give about 
the same increase in growth in the presence of the 
bios preparation as does magnesium sulfate.
A m e s , I owa R e c e iv e d  A pr il  27, 1936

[C o n t r ib u t io n  from  the  L illy  R ese a rc h  L a b o r a t o r ie s]

Di- and Trialkyl Barbituric Acids

B y  H . A. S honle a

During the past several years, a number of new 
dialkyl substituted barbituric acids have been pre­
pared in this Laboratory for the purpose of study- 
ing the relationship of the pharmacological action 
to the Chemical structure.1 Since the interme­
diate malonic esters were available, it seemed ad- 
vantageous to extend this study to include certain 
trialkyl substituted barbituric acids. During the 
course of the preparation of the trialkyl barbituric 
acids, several utidescribed dialkyl barbituric acids 
were prepared.

A considerable number of l-alkyl-5,5-dialkyl 
barbituric acids have been described since Fischer 
and Dilthey2 prepared N-methyldiethylbarbituric 
acid.3

The various malonic esters were made in the 
usual manner by adding the alkyl halide, usually 
the bromide, to an absolute alcoholic solution of 
sodiomalonic ester or sodioalkylmalonic ester, re­
fluxing until the reaction was completed and puri- 
fying the malonic ester by fractional distillation 
in vacuo. Table I summarizes some of the physi­
cal properties of the malonic esters.

Most of the barbituric acids were prepared by 
condensing the di-substituted malonic ester with 
urea, methyl urea, or ethyl urea, in the presence 
of an alcoholic solution of sodium ethoxide, 
after which they were precipitated and purified, 
usually by recrystallization from dilute alcohol. 
In some instances, however, the barbituric acid 
was an oil which would not readily crystallize, 
so that its purification had to be effected by frac-

(1) Swanson, Proc. Soc. Exptl. Biol. Med., 31, 961 (1934); U. S. 
Patent, 1,996,627; Shonle, Waldo, Keltch and Coles, T h is  Jo u r n a l , 
58,585 (1936).

(2) Fischer and Dilthey, Ann., 335, 334 (1904); U. S. Patent, 
782,742.

(3) Among the various investigators who have reported in this 
field are: Dox and Hjort, J. Pharmacol., 31, 455 (1927); Hjort and 
Dox, ibid., 35, 155 (1929); Dox and Jones, T h is  J o u r n a l , 51, 316 
(1929); Kleiderer and Shonle, ibid., 56, 1772 (1934); Tabern and 
Volwiler, Kansas City Meeting, American Chemical Society, April 
16,1936.

W ilbu r  J. D oran

T a b l e  I
Ethyl malonate B. P„ °c. Mm. m26d

1 3-Methylbutylmethyla 103-104 3 1.4248
2 tt-Hexylmethyl 125 3.5 1.4280
3 1 -Methylpent y lmethyl 126 6 1.4323
4 1 -Methylpentylallyl 139 5 1.4442
5 2-Ethylhexylmethyl 126 1.5 1.4353
6 w-Pentylm ethyl 99 8 1.4254
7 1-Methylbutylmethyl 124 10 1.4288
8 w-Propyl-2-methylbutyl 100 1 1.4319
a Sommaire [Buil. soc. chim., 33, 189-95 (1923) ] de- 

scribes this ester as boiling at 242-247°.

tional distillation in vacuo. Table II summarizes 
the properties of the various barbituric acids 
prepared.

The di- and trialkyl barbituric acids were con­
verted into their sodium salts by the addition of 
a 50% solution of sodium hydroxide to an alcoholic 
solution of the barbituric acid, followed by the 
removal of the alcohol by vacuum distillation. 
Solutions of the sodium salts of these barbituric 
acids were studied pharmacologically on several 
varieties of laboratory animals. The results ob­
tained by the intraperitoneal injection into white 
rats are summarized in Table II, wherein the 
minimum anesthetic dose (M. A. D.) and the 
minimum lethal dose (M. L. D.) are reported. 
The detailed pharmacological study will be re­
ported elsewhere.4 From the pharmacological 
data, it appears, in general, that the introduc- 
tion of a third alkyl group lessens the duration 
of the action. In some instances, alkylating the 
nitrogen group made the barbituric acids less ef­
fective.

We wish to thank Mr. E. E. Swanson and Mr. 
W. E. Fry for the pharmacological assays, and 
Mr. John H. Waldo, Miss Anna K. Keltch and 
Dr. E. C. Kleiderer for assistance in the prepara­
tion of several of these barbituric acids.

(4) Swanson, in press.
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T a b l e  I I

Compounds numbers 9, 14, 15 and 18 were reported by Tabem and Volwiler, Kansas City Meeting, American 
Chemical Society, April 16, 1936. The nitrogen determinations were obtained by the micro-Dumas method.

B arb itu ric acid M . p ., °C .
% ,  N itro g en  

C alcd. F ou n d
M . A .  D . 
m g./k g .

M . L. D .
m g ./k g .

A v . d u ra tion  
o f S ym p tom s  
o f su r v iv in g  

rats, m in .

1 3-MethylbutylmethyP 124.5-125:2 13.20 12.96 12.76 1000 1500 447
2 w-Hexylmethyl 168-169 12.38 12.57 12.58 150 450 260
3 1-Methylpentylmethyl 173-174 12.38 12,50 12.41 150 400 227
4 1 -Methylpentylallyl6 Oil 11.11 11.47 11.41 60 150 108
5 2-Ethylhexylmethyl 132-132.5 11.02 11.14 11.06 125 250 223
6 w-Propyl-2-methylbutyl 129-130.5 11.67 11.58 11.55 110 220 165
7 N-methyl w-propylethyl 94.5-95.0 13.20 13.03 13.02 140 200 570
8 N-methyl 2-methylpropylethyl 90-91 12.38 12.48 12.24 140 200 228
9 N-methyl l-methylpropylethylc 94-95 12.38 12.44 12.44 90 120 764

10 N-methyl n-pentylmethyl 108-109 12.38 11.82 11.69 1000 None
11 N-methyl w-pentylethyld Oil 11.67 11.40 11.42 90 190 191
12 N-methyl 3-methylbutylmethyl 106-107 12.38 12.01 12.03 None 2000
13 N-ethyl 3-methylbutylethyP’f Oil 11.02 11.33 11.45 150 300 68
14 N-methyl 1-methylbutylmethyl 116-117 12.38 12.58 12.55 150 350 240
15 N -methyl 1 -methylbutylethyr,a Oil 11.67 11.75 11.87 70 140 205
16 N-methyl 1 -methylbutylallyl* Oil 11.11 11.08 11.15 60 120 133
17 N-ethyl 1 -methylbutylethyF’6 Oil 11.02 10.87 10.88 150 340 224
18 N-methyl 1-methylpentylmethyP Oil 11.67 11.75 11.61 150 400 152
19 N-methyl 1-methylpentylallyl Oil 10.53 10.18 10.13 80 170 313
20 N-methyl w-hexylmethyl7 Oil
21 N-methyl 2-ethylhexylmethyl* Oil
22 N-methyl 2-ethylhexylethylc Oil

° Sommaire [Bull. soc. chim., 33, 189--195 (1923)] gives the m. p. of this barbiturate as 108°. 6 B. p. 218-220° at
7 mm. c Prepared by the action of dimethyl sulfate on the sodium salt of the corresponding 5,5-dialkylbarbituric acid. 
All of the other N-methylbarbiturates were prepared by condensation of the dialkylmalonic esters and methyl urea. 
d B. p. 155-156° at 1 mm. e Prepared from ethyl urea and the dialkylmalonic ester and also by the action of diethyl 
sulfate on the sodium salt of the corresponding 5,5-dialkylbarbituric acid. * B. p. 192-194° at 13 mm. 0 B. p. 188-190° 
at 7 mm. h B. p. 148-150° at 1 mm. 4 B. p. 180° at 3 mm. 3 The barbituric acid was obtained as an oil which decom­
posed on distillation with the formation of the acetyl urea, b. p. 189° at 3 mm., m. p. 63-64°. Kropp and Taub (German 
patent 606,499, Dec. 4, 1934) give 183-185° at 1.5 mm. as the b. p. of the barbituric acid. % nitrogen for »-hexylmethyl- 
acetylmethyl urea, calcd., 13.08, found, 13.24 and 13.18. The acetyl urea exhibited no demonstrable hypnotic action. 
k The barbituric acid was obtained as an oil which on standing at room temperature decomposed into 2-ethylhexylmethyl- 
acetylmethyl urea, m. p. 65-70°. % nitrogen, calcd., 11.57, found, 11.63 and 11.89. 750 mg. per kg. produces ataxia
only in rats. Kropp and Taub (German patent 606,499) report the preparation of this barbituric acid.

Summary has been described, and the pharmacological ac-
The preparation of a number of new dialkyl tion of the latter summarized. 

malonic esters and di- and trialkyl barbituric acids I n d i a n a p o l i s , I n d .  R e c e i v e d  M a y  2 5 ,  1 9 3 6
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Some New Local Anesthetics Containing the Morpholine Ring. III. Esters of 2-
Alkoxycinchoninic Acids

By John H. Gardner and Warren M. Hammel
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Extending the investigation of esters of morpho­
line alcohols as local anesthetics,1 a series of esters 
of 2-alkoxycinchoninic acids has been prepared. 
These compounds are analogs of the series of 
alkamine esters prepared from diethylaminoethyl 
alcohol and 2-alkoxycinchoninic acids by Wojahn.2

In this investigation, ß-4-morpholineethanol 
and Y-4-morpholinepropanol were prepared by 
the method of Gardner and Haenni.1 2-Chloro- 
cinchoninic acid was prepared by the method of 
Camps3 and this was converted into a series of 2- 
alkoxycinchoninic acids by reaction with Solu­
tions of sodium alcoholates in the corresponding 
alcohol.3 From these, the acid chlorides, esters 
and finally the ester hydrochlorides were pre­
pared.

These ester hydrochlorides have been found to 
show local anesthetic action when tested on the 
tongue, but no pharmacological measurements 
have been made.

Experimental
2-Alkoxycinchoninic Acids.—Methoxy, ethoxy, n-pro- 

poxy and w-butoxycinchoninic acids were prepared. To a 
solution of sodium in the alcohol, using 40 cc. of alcohol 
per gram of sodium there was added twice the weight of 
sodium of 2-chlorocinchoninic acid. The solution was 
boiled a half hour. The alcohol was evaporated and the 
residue dissolved in water. Dilute hydrochloric acid was 
added to the filtered solution to precipitate the 2-alkoxy­
cinchoninic acid. This was filtered out, dried and crystal­
lized from benzene. Yields and properties of the indi­
vidual acids are given in Table I.

T a ble  I
C in ch onin ic acid Y ie ld , %

M . p.
M . p .,4 °C . (L iterature), °C.

2-Methoxy 77 177-178 178-179®
2-Ethoxy 82 142.2-143.8 145-1466
2-w-Propoxy 63 138-139.4 1366
2-w-Butoxy 60 96.6-97.6 l l l 4'“

° Mulert, Ber., 39, 1901 (1906). 6 Ref. 2. c Anal.
Calcd. for Ci4Hi50 2N: C, 68.54; H, 6.17. Found: C, 
68.35; H, 6.27.

2-Alkoxycinchoninyl Chlorides.—To Solutions of th e  
a lkoxycinchoninic acids in  benzene, using  abou t 7 cc. of 
benzene p e r g ram  of th e  acid, th e re  w as ad d ed  4 to  5 g. of

(1) G ardner and H aen n i, T h is  J o u r n a l , 53, 2763 (1931); Gard­
ner, C larke and S em b, ibid., 55, 2999 (1933).

(2) W ojahn, A r  ch. P h a r m . ,  269, 422 (1931 ).
(3) C am ps, i b id . ,  237, 659 (1899).
(4) A ll m eltin g  p o in ts  in  th is  paper are corrected .

thionyl chloride per gram of the acid. The mixture was 
heated at 55-60° for ten minutes. After cooling, the 
benzene solution was filtered and the insoluble portion, 
which was largely 2-alkoxycinchoninic acid hydrochloride, 
washed well with benzene. The benzene solution was 
evaporated to dryness in a vacuum desiccator, the residue 
extracted with ligroin and the filtered ligroin solution 
evaporated to dryness in a vacuum desiccator. Yields, 
melting points and analyses of the individual acid chlo­
rides are given in Table II.

T a b l e  II
-----------------A nalyses, % ----------------»

C inchoninyl Y ie ld , C alcd. Found
chloride % M . p ., °C ., C H  C H

2-Methoxy 43 45.6-6 .5  59.59 3.64 59.79 3.65
2-Ethoxy 41 86-86.5 61.14 4 .2 8 -6 1 .4 7  4.46
2-w-Propoxy 51 54-55 62.51 4.85 62.38 4.77
2-rc-Butoxy 37 35 .5-7 .5  63.74 5.35 64.95 5.57*

* Probably not obtained entirely pure.

Morpholinealkyl 2-Alkoxycinchoninates.—-To a solution 
of the alkoxycinchoninyl chloride in about eight times its 
weight of benzene there was added, with stirring, a slight 
excess of the morpholine alcohol dissolved in a small vol­
ume of benzene. The mixture was heated to 60° for one 
and a half hours, cooled and filtered. The benzene solu­
tion was extracted with dilute hydrochloric acid. The

T a b l e  III
E ster —A nalyses, % —

j8-4-M orpholine- M . p ., C alcd. F ound
eth y l ( )-c in ch on ate °C . C H C H

2-Methoxy Oil 64.52 6.38 64.39 6.49
2-Ethoxy 44-6 65.42 6.72 65.69 6.93
2-w-Propoxy Oil 66.24 7.03 66.26 7.11
2-w-Butoxy Oil 67.00 7.32 66.91 7.30
7-4-M orpholine-

propyl ( )-cin ch on ate

2-Methoxy Oil 65.42 6.72 65.50 6.77
2-Ethoxy 57-8 66.24 7.03 66.85 7.08
2-w-Propoxy Oil 67.00 7.32 66.72 7.27
2-w-Butoxy Oil 67.70 7.58 67.73 7.53

T a ble  IV
H ydrochloride  

0-4-M orpholine- 
eth y l ( )-cin- 
ch on in ate

Y ield ,
% M . p ., °C .

Cl A nalyses, % 
C alcd. . Found

2-Methoxy 54 198-9 10.05 9.70
2-Ethoxy 27 147.0-6 9.67 10.35
2-w-Propoxy 54 150.6-1.2 9.31 9.19
2-«-Butoxy 45 150.5-1.4 8.98 9.25
-> -4-M orpholine- 
propyl ( )-cin- 

choninate

2-Methoxy 81 155-60 9.67 9.91
2-Ethoxy 90 157 9.31 9.31
2-w-Propoxy 55 174.7-5.6 8.98 9.24
2-w-Butoxy 73 149.2-6 8.68 8.54



Aug., 1936 Synthesis of Colored Derivatives of Phenobarbital 1361

solid precipitate which had collected on the filter was dis­
solved in a small amount of water and this solution was 
added to the hydrochloric acid extract. The ester was 
precipitated by the addition of sodium carbonate. Melt­
ing points and analyses of the individual esters are given 
in Table III.

Morpholinealkyl 2-Alkoxycinchoninate Hydrochlorides.
-—Solutions of the esters in benzene were treated with the 
calculated quantity of a benzene solution of hydrogen chlo­
ride. The mixture was allowed to stand for several hours 
and the precipitated hydrochloride was filtered out, washed

with benzene and dried in a desiccator. Yields, melting 
points and analyses of the individual compounds are given 
in Table IV.

Summary
1. Eight new morpholinealkyl esters of 2-al- 

koxycinchoninic acids and their hydrochlorides 
have been prepared.

2. The hydrochlorides are local anesthetics.
S t . L o u i s ,  M o . R e c e iv e d  A p r il  1 0 ,  1 9 3 6

[C o n tribu tio n  from  th e  Geo rg e  H er b e r t  J ones L aboratory  of t h e  U n iv e r sit y  o f  C h ic a g o ]

Chemical Studies of the Mechanism of the Narcosis Xnduced by Hypnotics* II. 
The Synthesis of Colored Derivatives of Phenobarbital1

By Alan E. Pierce and M ary M. R ising

The pharmacological and histological study of 
of a hypnotic which shows the property of selec- 
tively staining nerve cells may be found to give 
insight into the mechanism of hypnosis. With 
the synthesis of such a dye-hypnotic as an object, 
the work described in this paper consisted of the 
preparation of several colored derivatives of 
phenobarbital, or 5-phenyl-5-ethylbarbituric acid, 
(eens)(C2H6) CCONHCONHCO, Which is itself a

white compound. Several investigators2 have at­
tempted the preparation of physiologically active, 
colored derivatives of cocaine or procaine with 
varying degrees of success. It was hoped that 
phenobarbital would also be suitable for such a 
study.

In the first paper of this series,3 the syntheses 
of four dye derivatives of phenobarbital by means 
of coupling diazotized 5-m-aminophenyl-5-ethyl- 
barbituric acid with various phenolic compounds 
separately were described. Not one of these 
products, however, exhibited satisfaetory hyp­
notic properties.

In the present investigation two colored deriva­
tives of phenobarbital were prepared by the coup­
ling of diazotized 5 -m -aminophenyl-5-ethylbarbi- 
turic acid with m-phenylenediamine to form 5-m~ 
(2,4 - diaminophenylazo) - phenyl - 5 - ethylbarbituric 
acid, (NH2)2C6H3N=N C6H4( C2H5) CCONHCONHCO,

and with 5-m-hydroxyphenyl-5-ethylbarbituric
(1) T his article is  abstracted  from  th e d issertation  presented by  

A lan E. P ierce in  partia l fu lfilm ent of th e  requirem ents for the de­
gree of D octor o f P h ilosop h y  a t th e  U n iversity  of C hicago.

(2) (a) E hrlich  and Einhorn, B e r . ,  27, 1872 (1894); (b) F u lton , 
A m .  J .  P h y s io l . ,  57, 158 (1921); (c) G ardner and Joseph, T h is  Jo ur­
n a l , 57, 901 (1935).

(3) R isin g, Shroyer and S tieglitz , ib id . ,  55, 2818 (1933).

acid to form x-hydroxyazobenzene-x,3'-bis-(5- 
ethylbarbituric acid), CONHCONHCOC(C2H5)C6H4-

N = N —(OH) C6H3( C2H5) CCONHCONHCO. A third
i______:_______ i

colored derivative is m-diazoamino-5-phenyl-5- 
ethylbarbituric acid, CONHCONHCOC(C2H5) C6H4-

N = N —NHC6H4( C2H5) CCONHCONHCO. In this

synthesis it was hoped by means of linking two 
ureide nuclei to ensure the preservation of the 
physiological effect of phenobarbital.

In addition to 5-m-nitrophenyl-5-ethylbarbi- 
turic acid, obtained by the nitration of phenobar­
bital, the para nitro compound was isolated in 
small quantity and identified, but was not used in 
the syntheses.

For the pharmacological study of the com­
pounds prepared in this work the writers are in­
debted to several investigators. The work was 
done in part by Dr. A. L. Tatum, Professor of 
Pharmacology, University of Wisconsin, and in 
part by Dr. H. A. Shonle and Mr. E. E. Swanson of 
the Eli Lilly Company, Indianapolis. Intraperi­
toneal administration of the sodium salts of the 
various compounds to rabbits and white mice pro­
duced no sedative action without undesirable ef­
fects. Neither the three colored compounds nor 
5-m-hydroxyphenyl-5-ethylbarbituric acid were ef­
fective in sub-lethal doses. The 5-^-nitrophenyl-5- 
ethylbarbituric acid was not tested, since the meta 
isomer has been found to be physiologically inert.4

Experimental
5-w-Nitrophenyl-5-ethylbarbituric Acid.— The method 

of Bousquet and Adams4 was followed in the nitration of
(4) B ou sq u et and  A dam s, i b id . ,  52, 224 (1930).
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phenobarbital. Several recrystallizations of the crude 
nitrated material from 95% alcohol gave a 60% yield of 5- 
m-nitrophenyl-5-ethylbarbituric acid, in. p. 283-284°. 
The position of the nitro group in this product has been 
previously proved.5

5-/>-Nitrophenyl-5-ethylbarbituric Acid.—The alcoholic 
mother liquors from the recrystallizations of 5-m-nitro- 
phenyl-5-ethylbarbituric acid were evaporated to dryness. 
The residue (7.0 g. from 20 g. crude nitro-ureide) was dis­
solved in the least possible amount of dilute sodium hydrox- 
ide solution, and, with rapid stirring of this solution, enough 
dilute hydrochloric acid to neutralize three-fourths the 
alkali used was slowly added to the solution. The white 
precipitate which formed was brought upon a filter, washed 
with water, and recrystallized several times, from either 
95% alcohol or water, until a product of m. p. 216-217° 
was obtained. Further crystallization from alcohol, water 
or toluene did not change this melting point; yield 1.2 g. 
Anal. Calcd. for C12HnN30 5: C, 51.96; H, 4.00; N,
15.17. Found: C, 52.12, 51.93; H, 4.08, 3.99; N, 15.17,
15.22.

The position of the nitro group in the substance just de­
scribed was determined through alkaline permanganate 
oxidation of the material. The pure product (5.0 g.) 
was dissolved in 300 cc. of 1% potassium hydroxide solu­
tion. This solution was refluxed for twelve hours, as 25.0 
g. of potassium permanganate was added in portions. 
When all permanganate color of the reaction mixture had 
disappeared, the solution was filtered from the manganese 
dioxide, evaporated to 40 cc., strongly acidified with con­
centrated hydrochloric acid and chilled. The product 
which separated was brought upon a filter, washed with 
water, and recrystallized from hot water with Norite added, 
yielding 1.2 g. of white crystals, m. p. 239-239.5°. The 
yield was 40% of the theoretical amount of nitrobenzoic 
acid. A mixture of the oxidation product and pure p- 
nitrobenzoic acid melted at 239-240°. The oxidation 
product was reduced with ammonium sulfide, yielding a 
white crystalline substance, m. p. 186-187°. A mixture 
of the reduction product and pure ^-aminobenzoic acid 
melted at 186-187°.

5-w-Aminophenyl-5-ethylbarbituric Acid.—This was 
prepared by the catalytic reduction of 5-m-nitrophenyl-5- 
ethylbarbituric acid according to the directions of Bous­
quet and Adams4; yield 90%, m. p. 208-209°.

5-w-Hydroxyphenyl-5-ethylbarbituric Acid.—Bousquet 
and Adams4 attempted to prepare this substance. Our 
procedure follows. 5-m-Aminophenyl-5-ethylbarbituric 
acid (2.47 g.) was diazotized at 5° in a solution of 5 cc. of 
concentrated hydrochloric acid in 50 cc. of water, a 10% 
sodium nitrite solution being used. At the end of the di- 
azotization the excess nitrous acid present was destroyed 
by the addition of urea. The solution was now heated 
rapidly and boiled as long as nitrogen was evolved. Dur­
ing this heating the solution assumed a red color. The 
beaker containing the reaction mixture was vigorously 
shaken in an ice-bath until a red gummy substance gath- 
ered on the sides of the vessel and the liquid itself was prac­
tically colorless. At this point the mixture was filtered

(5 ) (a) B u sh  an d  Johnson , T h is  J o u r n a l , 55, 3894 (1933). (b) R is­
in g  an d  P ierce , ibid., 55, 3895 (1 9 3 3 ); th e  m eltin g  p o in t of the n itro -  
u reid e  w as erroneously  s ta ted  in  th is  com m u n ication  to  b e 279 -280°.

quickly, and pink crystals soon formed in the filtrate. 
This product was brought on a filter, washed with water, 
and recrystallized from hot water with Norite added. 
The white crystalline material so obtained was a dihydrate, 
but was easily dehydrated at 110°; yield 77%, m. p. 199.5- 
200° (anhydrous product). Anal, (anhydrous product). 
Calcd. for C12H12N20 4: C, 58.04; H, 4.88; N, 11.29. 
Found: C, 57.96, 58.06; H, 4.93, 4.88; N, 11.27, 11.48. 
Hydrate, calcd. for 2H20, 12.68. Loss of weight at 110°, 
12.68.

5 - m - (2,4 - Diaminophenylazo) - phenyl - 5 - ethyl­
barbituric Acid.—5~m-Aminophenyl-5-ethylbarbituric acid 
(2.47 g.) was diazotized in the manner described in the 
preparation of 5-m-hydroxyphenyl-5-ethylbarbituric acid, 
only 2.5 cc. of concentrated hydrochloric acid being used. 
To the solution of the diazonium salt was added a cold 
solution of 1.9 g. of m-phenylenediamine dihydrochloride in 
20 cc. of water. After this solution was stirred for fifteen 
minutes a solution of 6.9 g. of sodium acetate in 50 cc. 
of water was added slowly, the reaction mixture being kept 
well cooled. After it was stirred for another half hour, 
the mixture was heated to boiling and filtered. The orange 
crystals remaining on the filter were purified by solution 
in hot dilute hydrochloric acid, followed by the addition 
of sodium acetate to this solution. The tarry material 
which first formed was separated by quick filtration of the 
solution. The addition of more sodium acetate to the 
filtrate caused the Separation of the desired product. After 
a second solution and precipitation in this manner the final 
product was crystallized from hot water, in which it is 
slightly soluble. The pure compound consisted of orange 
crystals, m. p. 221-222°, yield 70%. Anal. Calcd. for 
C18H 1SN 603: C, 58.98; H, 4.96; N, 22.95. Found: C,
58.77, 58.88; H, 5.00, 4.99; N, 22.89, 23.00.

Coupling of Diazotized 5-m-Aminophenyl-5-ethylbarbi- 
turic Acid with 5-w-Hydroxyphenyl-5-ethylbarbituric 
Acid.—5-m-Aminophenyl-5-ethylbarbituric acid (1.0 g.) 
was suspended in 50 cc. of water and diazotized as pre­
viously described, 2.0 cc. of concentrated hydrochloric 
acid being used. To the solution of the diazonium salt, 
made just alkaline to litmus with dilute sodium hydroxide 
solution, was added dropwise with stirring a cold solution 
of 1.1 g. of 5-w-hydroxyphenyl-5-ethylbarbituric acid 
dihydrate in 25 cc. of water to which just enough alkali 
had been added to dissolve the nreide. After fifteen min­
utes, a dye was precipitated from solution by the gradual 
acidification with normal hydrochloric acid, stirring being 
continued. The yellow solid was brought upon a filter, 
washed with water, and purified by solution in dilute so­
dium hydroxide, and reprecipitation with hydrochloric 
acid; yield 92%, dec. approx. 280°.

Anal. Calcd. for Q ^ N eO ?: C, 56.89; H, 4.38;
N, 16.60. Found: C, 56.70, 56.89; H, 4.54, 4.42; N,
16.10,16.05.

m-Diazoamino-5~phenyl-5-ethylbarbituric Acid.—5-m -
Aminophenyl-5-ethylbarbituric acid (2.0 g.) was suspended 
in 100 cc. of water and diazotized as previously described, 
using 2.0 cc. of concentrated hydrochloric acid. To the 
solution of the diazotized amine was added a cold solution 
of 1.9 g. of 5-m-aminophenyl-5-ethylbarbituric acid in 75 
cc. of water containing 1 cc. of concentrated hydrochloric 
acid. A solution of 4.9 g. of sodium acetate in 25 ce. of
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water was added dropwise with stirring. The yellow pre­
cipitate which separated was brought upon a filter, washed 
with water, and purified by solution in dilute alkali and 
reprecipitation by the slow addition of dilute hydrochloric 
acid to a point faintly acid to litmus. The solid was col­
lected, washed and dried at 110°; yield 75%, dec. 210°.

Anal. Calcd. for C24H23N706: C, 57.00; H, 4.59; N 
(total), 19.41; N (diazoamino), 5.55. Found: C, 56.80, 
56.98; H, 4.57, 4.60; N (total), 19.32, 19.33; N (diazo­
amino, according to procedure to be described), 5.47, 5.44.

The Microdetermination of Diazoamino Nitrogen
The method of Houben-Weyl6 for analyzing diazoamino 

compounds was modified and adapted to the micro scale. 
The modified method should be applicable to substances 
which evolve nitrogen when heated with hydrochloric acid.

The apparatus (Fig. 1) was constructed from a piece of 
10-mm. Pyrex glass tubing 15 cm. long. When in use, it 
was connected to the carbon dioxide generator, at the end 
near A, and to the azotometer, at the end near B, by flexible 
connections, each made by joining together several short 
pieces of 1-mm. capillary tubing with clean rubber connec­
tions. A precision microazotometer, described by Pregl,7 
was used.

The sample to be analyzed was deposited in the bulb A 
and 0.5 cc. of freshly boiled concentrated hydrochloric acid 
in the bend of the tube at B. The tube was supported in 
the position shown, connected with generator and azo­
tometer, and thoroughly flushed with a stream of pure 
carbon dioxide, until the bubble residues in the azotometer 
were no longer of significant size.7 The gas stream was ad- 
justed to the rate of one bubble per second, and the ap­
paratus tilted so that the acid in B ran down upon the 
sample in A. By heating the chamber A, the acid was 
boiled for a few minutes, decomposing the diazoamino 
compound with the liberation of nitrogen. The source of 
heat was withdrawn and the tube swept out with carbon 
dioxide. The collection and measurement of nitrogen and 
the subsequent calculation were made according to Pregl’s 
directions.

(6) H ou b en -W eyl, “ D ie  M eth od en  der organischen C hem ie,” 
Second ed ition , L eipzig , V ol. IV , 1924, p. 668.

(7) Pregl, “ Q u an tita tive  O rganic M icroan alysis ,” second ed.
(F y lem an ), P . B la k is to n ’s Son, P h iladelp h ia , 1930.

This micro method was tested by analyzing four diazo­
amino compounds, whose purity was initially established 
by duplicate total nitrogen determinations. In the analy­
ses for diazoamino nitrogen the sample size varied between
2.5 and 6 mg. The results are shown in Table I.

T a ble  I
-A zoam in o  T o ta l N , % D iazoam in o  N , %

b e n z e n e s 8 C alcd. F ou n d C alcd. F ou n d

Di- 2 1 . 3 2 2 1 . 3 6  2 1 . 2 3 1 4 . 2 1 1 4 . 2 6 1 4 . 3 8

^-Methyldi- 1 9 . 9 0 1 9 . 0 0  1 9 . 8 4 1 3 . 2 5 1 3 . 2 6 1 3 . 3 5

/>-Nitrodi- 2 3 . 1 4 2 3 . 0 3  2 3 . 0 9 1 1 . 5 7 1 1 . 4 7 1 1 . 5 5

/b^'-Dichlo-
rodi- 1 5 . 8 0 1 5 . 7 7  1 5 . 9 0 1 0 . 5 3 1 0 . 6 0 1 0 . 5 1

Summary
1. In a further attempt to prepare a nerve-

eell staining hypnotic derivative of 5-phenyl-5- 
ethylbarbituric acid, three new colored deriva­
tives of the ureide have been synthesized. These 
products did not exhibit the desired physiological 
action. 5-ra-Hy droxyphenyl-5-ethylbarbituric
acid, a white substance used as an intermediate, 
also was shown to be devoid of hypnotic activity.

2. A method for the microdetermination of
diazoamino nitrogen has been devised and tested.
B ound  B r o o k , N. J .  R e c e iv e d  M ay  1 8 ,  1 9 3 6

(8) T h e  pure d iazoam in o  com p ou nd s w ere k in d ly  prep ared  b y  
M r. W . A . E rick son .
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R. Q. Brewster and F. B. D ains Vol. 58

Studies on the Thiazoles Obtained by Direct Thiocyanogenation1

B y R. Q. Brewster and F. B. D ains

Considerable interest has been shown recently 
in the direct thiocyanogenation of aromatic 
amines. In the procedure2 followed by most in­
vestigators the amine (1 mole) and ammonium 
thiocyanate (2 moles) were dissolved in glacial 
acetic acid and bromine or a chloramide was 
slowly added. The liberated thiocyanogen sub­
stituted in the position para to the amino group 
or, if that were occupied, in the ortho position. 
Such ortho thiocyanogenated products were of 
special interest to us because they automatically 
rearrange to substituted iminobenzthiazoles simi­
lar to others which have been studied previously 
in this Laboratory.

Our experiments dealing with the extension of 
this type of reaction and a study of the thiazoles 
thus produced may be described under four head- 
ings as follows:

(A) General Application of the Method.—
Previous investigators have shown (1) that in the 
reaction indicated above the group R may be of 
almost any character (alkyl, halogen, carboxyl, 
nitro, etc.) but (2) that the reaction fails entirely 
if the amino group is acetylated or converted to a 
urethan. Both of these observations have been 
verified in our experiments. In addition we have 
found (1) that monoalkylated amines (ethyl-p- 
toluidine, benzyl-^-toluidine, etc.) undergo thio­
cyanogenation smoothly with rearrangement to 
the alkylated benzthiazoles, (2) that the reaction 
may also be applied to many disubstituted amino- 
benzenes such as 3-nitro-4-methylaminobenzene,
2,4-dimethylaminobènzene, 2-bromo-4-methyl-

(1) P resen ted  a t th e  S an  F rancisco  M e etin g  o f th e  S ocie ty , 
A ugu st, 1935.

(2) D yson , H u n ter  and M orris, J .  C h em . S o c . ,  130, 1186 (1927); 
K aufm ann, A r c h .  P h a r m . ,  266, 197 (1928); L ik h osherstov  and Pe- 
trov, J .  Gen. C h em .  (U . S. S . R..), 3, 183 (1933); K aufm ann and  
K uchler, B er .,  67, 944 (1934).

aminobenzene, and 2-methyl-4-nitroaminoben- 
zene but (3) that the process fails in the case of 2- 
chloro-4-nitroaminobenzene and 2-nitro-4-methy1- 
aminobenzene where “steric hindrance” forces are 
quite large.

(B) Alkylation.—The imino-benzthiazoles 
undergo alkylation at position 2 upon boiling with 
alkyl halides for six to eight hours giving products 
identical with those obtained by direct thiocyano­
genation of mono-N-alkylanilines.

(C) Condensation with Loss of Ammonia.— 
Fusion of the iminobenzthiazoles with aniline (or 
other primary aromatic amines) resulted in evolu­
tion of ammonia and production of 1-arylimino- 
benzothiazoles.

(D) Formation of Thiazoles from Aryl Thio- 
ureas.—Disubstituted thioureas of the type 
RNHCSNHR' react with bromine in chloroform 
solution giving 1-aryliminobenzthiazoles which in 
many cases are identical with those obtained by 
condensation with loss of ammonia as mentioned 
in the preceding paragraph.

Experimental
A typical procedure for the preparation of one 

of those iminobenzthiazoles by direct thiocyano­
genation is described as follows.

2,4-Dimethylaminobenzene (12.1 g., 0.1 mole) 
and 16.2 g. (0.2 mole) of sodium thiocyanate were 
dissolved in 150 cc. of glacial acetic acid, cooled in 
ice and stirred mechanically while a solution of 
16 g. of bromine in 25 cc. of acetic acid was slowly 
added drop by drop. External cooling was ap­
plied throughout the process to keep the tempera­
ture below 10° and the stirring was continued for 
thirty minutes after all of the bromine had been 
added. The precipitate of l-imino-3,5-dimethyl- 
benzthiazole hydrobromide3 was removed by 
filtration at the pump, dissolved in warm water 
and the base precipitated with alkali. For puri­
fication it was recrystallized from alcohol or lig­
roin, yield 13 g. The melting points and analy­
ses of this and other benzthiazoles not recorded in 
the literature which have been prepared by this 
method are shown in Table I.

(3) In  som e in stan ces th e  p rec ip ita te is  a th io cy a n a te  or a m ixture  
of th iocyan ate and hydrobrom ide.



Aug.., 1936 Studies on the Thiazoles Obtained by  D irect T hiocyanogenation 1365

T able I

No. Benzthiazole Source M. p., °C. Calcd. Found
I l-Imino-5-nitro ^-Nitraniline 252 21.54 21.20 21.35
II 1 -Imino-4-nitro-5-methyl 3-Nitro-4-methylaniline 257 20.10 19.95
III 1 -Imino-3,5-dimethyl 2,4-Dimethylaniline 140 15.93 15.74 15.81
IV l-Imino-3-bromo-5-methyl 2-Bromo-4-methylaniline 211 11.52 11.50 11.44
V 1 -Imino-3-methyl-5 -nitro 2-Methyl-4-nitroaniline 280 20.10 20.04
VI l-Imino-2-ethy 1-5-methyl Ethyl-£-toluidine 106 14.58 14.53 14.60
VII 1-Imino-2-benzyl-5-methyl Benzyl-£-toluidine 80 11.02 11.24 11.14
VIII l-Imino-2,5-dimethyl Methyl-£-toluidine 51 15.73 15.70 15.81

Alkylation of the Benzthiazoles
For these experiments l-imino-5-methylbenzthiazole 

was used since it is easily obtained in quantity by thio­
cyanogenation of ^-toluidine. l-Imino-5-methylbenz- 
thiazole (16.4 g., 0.1 mole) when boiled with 10 cc. of 
ethyl iodide and 50 cc. of ethyl alcohol on the water-bath 
for ten hours gave 17 g. of the slightly soluble hydriodic 
acid salt of l-imino-2-ethyl-5-methylbenzthiazole. Solu­
tion of this salt in hot water and addition of alkali gave 
the free base, m. p. 106°. The location of the ethyl radical 
at position 2 was established by the fact that a mixture of 
this substance and compound VI, Table I, showed no de­
pression of the melting point. Analysis of the hydriodic 
acid salt gave I, 39.50, 39.40. Calculated for Ci0Hi3NSI: 
I, 39.68.

Methylation of the l-imino-5-methylbenzthiazole by the 
above method using either methyl iodide or methyl sulfate 
likewise gave a 2-methyl derivative identical with com­
pound VIII. Its hydriodic acid salt is quite insoluble in 
cold water and analysis showed 41.35% I. Calculated 
for CgHnNSI: I, 41.53.

Benzylation of the l-imino-5-methylbenzthiazole by 
eight hours of boiling with benzyl chloride in ethyl alco­
holic solution gave the 2-benzyl derivative identical with 
compound VII. In none of the alkylations did the alkyl 
group unite with the nitrogen atom at position 1. Such 
benzthiazoles (with substituents at position 1) were made 
by another method shown in a following section. If the 
hydrogen at either position 1 or position 2 has been re- 
placed by one radical, no further alkylation occurs even 
upon long heating. Thus l-ö-chlorophenylimino-5-meth- 
ylbenzthiazole (XV) was not ethylated by ethyl iodide 
either by boiling for several days or by heating in a sealed 
tube at 150° for six hours. Other compounds in this 
series behaved similarly. In each case the original benz- 
thiazole (XV) was recovered unchanged. Such difficulty 
of alkylation is analogous to the behavior of the 2-aryl- 
imino-5-alkylthiazolines as observed by Dains and Eberly.4

/ \ Y
►NH HaC-pNH

\  C =N R
»»

H -tC l  C =N R  
R ' '

Condensations with Loss of Ammonia.—Fusion of 1- 
imino-5-methylbenzthiazole (8.2 g., 0.05 mole) with 8 g. 
(excess of 0.05 mole) of aniline5 at 220° for thirty minutes

(4) Dains and Eberly, not yet published.
(5) If monomethylaniline is substituted for aniline no reaction 

occurs.

resulted in the evolution of ammonia and the production 
of 11 g. of l-phenylimino-5-methylbenzthiazole6 which 
after crystallization from alcohol melted at 167°. Such 
condensations are typical of these substances and the fol­
lowing compounds which were prepared by this method 
and which are not listed in the literature are here re­
ported.

Reduction of l-^-nitrophenylimino-5-methylbenzthia- 
zole (XIII) with tin and hydrochloric acid gave the amino

/ N\
compound CH3C6H3 C—NHC6H4NH2 which was puri-

\ s /
fied by crystallization from ligroin; m. p. 147°; N, 16.47. 
Found: N, 16.40, 16.25. It was more conveniently
prepared by boiling its acetyl derivative (XIV) with 15% 
hydrochloric acid for one hour and precipitation of the 
base with alkali. This compound has a close relation in 
structure to primuline and its diazotized solution was found 
to be substantive to cotton cloth and couples on the 
fiber with phenol or naphthol to give colors of almost the 
same shade as with primuline.

Formation of Benzthiazoles from Substituted Thio- 
ureas and Bromine.—Hugerschofï7 has shown that thio- 
carbanilide reacts with bromine in chloroform solution to 
give the hydrobromide salt of 1-phenyliminobenzthiazole.

| / \ —NHCSNHR'

This process has heretofore been used only to prepare 
thiazoles from symmetrical thioureas. We have used 
unsymmetrical thioureas in order to obtain a check on the 
constitution of the benzthiazoles shown in Table II. Our 
observations show that in the conversion of a thiourea of 
the type RNHCSNHR' to the substituted benzthiazoles 
the more positive of the two groups (R and R') takes the

(6) On heating alone to 270° for thirty minutes, l-imino-5- 
methylbenzthiazole evolves 1 mole of ammonia from 2 moles of the

/ N\
benzthiazole giving ö-CHsCcHa C—NH —C CeH3CH3-5/ ; m. p.

278°; N, 13.50. Found: N, 13.30, 13.36. This compound is very 
slightly soluble in the usual solvents and is often a by-product in the 
formation of the substances shown in Table II.

(7) Hugerschofï, Ber., 36, 3121 (1903).
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Benzthiazole

T a b le  II
M. p., ----------------%, N--------------- .No. Source °C. Calcd. Found

IX l-Phenylimino-5-methyl 5-Me-benzthiazole +  aniline 167 11.66 11.55
X l-Phenylimino-5-bromo 5-Br-benzthiazole -f aniline 188 9.18 9.10 9.24
x r 1 -p -  Anisylimino-5-methy 1 5-Methylbenzthiazole +  p-anisidine 160 10.36 10.41 10.54
x i r l-£-Tolylimino-5-methoxy 5-Methoxybenzthiazole +  ^-toluidine 160 10.36 10.30 10.68
X III
XIV

l-/>-Nitrophenylimino-5-methyl 
1 ~p~ Acetaminophenylimino-5-

5-Methylbenzthiazole +  £-nitraniline 
5-Methylbenzthiazole +  ^-aminoacet-

272 14.63 14.50

methyl anilide 220 14.12 13.92 14.02
XV

o
1 -/>-Chlorophenylimino-5-methyl 5-Methylbenzthiazole +  />-chloroanilin 

A mixed melting point shows that XI and XII are not identical.

T a b l e  I I I

197 10.20 10.10 9.98 

M. p., Nitrogen, %
No. 1 hiazole Source °C. Calcd. Found

XVI« 5-CH3CeH3—N—CNHC2H5

N b/
5-CH3C6H3—N=CN (C2H5) 2

N s /
C6H4—N=CNHC6H4Br-£

N b/

i>-CH8C6H4NHCSNHC2H5 133 14.58 14.38 14.49

XVI V> £-CH3C6H4NHCS(C2H5)2 Oil

XVIII C6H5NHCSNHC6H4Br-i> 210 9.12 8.98 9 .04

XIX 5-BrCeHs—N=CNHC6H4Br-i>
N b/

-̂BrCeïLNHCSNHCsILBr-i? 256 7.25 7.41 7.21

X X  c 5- CH3C6H3—N — CNHCeKUCl-£
N a /

-̂CH3C6H4NHCSNHC6H4C1-̂

X XI d ö-CHaCeHs—N=CNHC6H4NHCOCH3-£
N b/

^CHsCeHiNHCSNHCelLNHCOCHa-:*»

XXII ö-CHsCsHs—N=CNHCH2C6H6
N s / -

-̂CHsCeHiNHCSNHCHaCcHs 159 11.02 11.17 11.10

a Isomeric but not identical with VI. b Picrate, m. p. 174°. Platinum salt (C24H34N4S2PtCl5) : Pt, 22.92. Found: 
Pt, 22.72. c Identical with XV by mixed melting point test. d Identical with XIV. Preparation of this compound 
from the £-tolyl-£-acetaminophenylthiourea is the most convenient method.

position l 8 and the more negative forms the ring closure 
with the sulfur atom. The results of several experiments 
are shown in Table III.

Summary
New methods for the preparation of the benz-

(8) See table by Kharasch and Flenner, T h is  Jo u r n a l , 54, 678 
(1932). If the two groups (R and R') are close together in the table, 
such as phenyl and £-tolyl, a mixture of both possible isomeric benz­
thiazoles results which is practically impossible of Separation.

It was also found in this Laboratory that disubstituted thioureas 
react with ethylene dibromide giving thiazoles in accordance with the 
same principle as above; vis., the ring closure forming with the more 
electronegative group. Dains et al., ibid., 47, 1987 (1925).

thiazoles and their derivatives have been de­
veloped and the properties of these compounds 
have been studied. In several cases substituted 
benzthiazoles have been obtained both by the 
direct thiocyanogenation of aromatic amino 
compounds and also by the action of bromine 
upon disubstituted thioureas. The behavior 
of these substances upon alkylation is also re­
ported.
La w r e n c e , K a n s a s  R e c eiv ed  A pr il  10, 1936
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The previous paper of this series1 describes a 
potentiometric method for determining the free 
energy change associated with the addition of so­
dium to an organic compound. The method has 
been tested on reactions involving the addition of 
sodium to several free radicals by comparing the 
value obtained by the potentiometric method with 
the value obtained by an analysis of the equilib­
rium mixture. In order to determine whether or 
not the potentiometric method may be used in 
studying other types of compounds, namely, ke­
tones and unsaturated hydrocarbons, the investi­
gation of these reactions by a direct analysis of the 
equilibrium mixture has been undertaken. In a 
later paper we hope to compare these results with 
the results by the potentiometric method. The 
data are interesting in themselves and shed light 
on the structure of ketyls.

The experimental procedure is essentially that 
described in earlier papers of this series.2 The 
equilibrium is approached from both sides and the 
concentrations of the reactants and products de­
termined by analysis. The activity of sodium 
in the amalgam is adjusted to give a reaction 
which is approximately 50% complete.

Purification of Materials
Benzophenone was purified by fractional distillation 

under reduced pressure. The product was recrystallized 
twice from absolute methyl alcohol, giving large white 
crystals which melted at 47.7°.

Fluorenone obtained from Eastman Kodak Company 
was recrystallized from 95% alcohol and stored in a desic­
cator. The melting point was raised from 180-182 to 183°.

Dibiphenyl ketone, synthesized from phosgene and p- 
bromobiphenyl, melted at 229°.

Tetraphenylcyclopentadienone was prepared in connec­
tion with work reported in the fourth paper of this series.

Tetraphenylethylene was very kindly supplied by Mr. 
E. L. Martin. After recrystallization it melted at 220- 
221 ° .

Stilbene and anthracene were used as supplied by 
Eastman Kodak Company.

Ether was stored either over sodium benzophenone pre­
pared from sodium-potassium alloy, or over sodium fluore­
none prepared from dilute amalgam. The latter method 
of drying the ether does away with the hazard associated 
with the use of sodium-potassium alloy.

(1) Bent and Keevil, T h is  Jo u r n a l , 58, 1228 (1936).
(2) Dorfman, ibid., 57, 1455 (1935).

Experimental Results
Benzophenone.—The experimental results are 

recorded in Table I. Some difficulty was en­
countered due to the fact that the ketyl sometimes 
precipitated and was not easily dissolved by re­
peated washing with solvent. In the latter runs 
the volume of the solution was considerably in­
creased in order to avoid this precipitation. The 
equilibrium constant refers to the reaction 
(C6H5)2CO +  Na =  (C6H5)2CONa. (When we 
have information on the amount of pinacolate 
present we will recalculate our results if this be­
comes necessary.) The concentrations of the 
ketone and ketyl may be expressed in any units. 
The activity of the sodium is referred to the pure 
metal as the Standard state. In runs 11 to 15 the 
ketyl was prepared by shaking benzophenone 
with 40% amalgam. This leads to the formation 
of the disodium derivative which was then 
poured onto a slight excess of ketone, forming the 
monosodium derivative.3 This change is accom- 
panied by a change in color from the clear purple 
of the disodium derivative to the blue of the mono­
sodium derivative. The solution of the monoso­
dium derivative was then poured onto mercury 
and shaken until equilibrium was established. In 
run 18 the ketyl was prepared by shaking the ke­
tone with a saturated amalgam (about 1%). 
Run 13 was carried out at 0° and the rest a t 25°. 
In run 16 benzene was the solvent. The solu­
bility of ketyl in ether seems to be about 10 ~5 
moles per liter and in benzene about 5 X 10“3 
moles per liter. Exact values cannot be given due 
to the tendency of the solution to supersaturate, 
and the slowness with which the precipitate dis­
solves. The last four runs are probably the best. 
In approaching the equilibrium by adding sodium 
directly to the ketone an amalgam was used in 
which the mole fraction of sodium was 0.0008.

Fluorenone forms a monosodium derivative. 
The insolubility of the ketyl again introduced 
some experimental difficulties. In order to avoid 
error from possible precipitation during the reac-

(3) When the monosodium derivative was prepared by this in­
direct method the amount of ketone at equilibrium was obtained by 
evaporation of the solution to dryness and correcting for the amount 
of ketyl determined by titration.
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T a b le  I
E q u il ib r iu m  D ata  on  B e n z o p h e n o n e -S odium

No.
Direction of ap- 

proaching equilibrium
Moles N  

mercui
11 Removal of Na 6.72 X
12 Removal of Na 4.08 X
13a Removal of Na 1.83 X
14 Removal of Na 8.54 X
15 Removal of Na 6.59 X
16 Removal of Na 1.79 X
22 Addition of Na 1.27 X
23 Addition of Na 7.33 X
24 Addition of Na 2.172 X
18 Removal of Na 5.34 X

17 Addition of E 4.17 x  :

i in Moles of Na Moles of
y in ether mercury
IO"5 6.08 X IO“4 0.2561
10”8 1.708 X 10 ”4 .2088
IO"5 2.296 X IO“4 .2531
10"7 2.81 X IO“8 .1977
IO“6 1.30 X IO“4 .2557
IO”4 1.23 X 10”3& .3560
10”8 9.02 X 10“8 .1153
KT4 2.265 X IO“4 1.3181
10~5 1.38 X IO”4 0.229
IO“5 5.33 X 10~5 2.066

Data on Benzophenone-Potassium 
2.80 X IO“4 0.7515

Moles of 
ether

Moles of ketone ' 
at equilibrium - AF

0.3399 8.08 X 10~4 22.3
.3964 5.17 X IO“4 22.0
.4609 7.20 X IO”4 20.7
.4671 2.64 X 10 ~4 23.6
.3854 2.64 X 10~4 23.4
. 26356 1.79 X IO"4 23.2

2.275 3.40 X IO“4 22.2
2.135 2.170 X IO“4 22.1
1.067 3.36 X IO"4 22.5
2.104 3.70 X IO”4 22.7

Average of all results at 25° 22.7
Average of last four 22.4

0.880 2.80 X IO“4 27.8
a Temp. = 0 ° .  6 Benzene as solvent.

T a b l e  II
E q u il ib r iu m  D ata on  F l u o r e n o n e -S odium

Direction of ap- Moles Na Moles Na Moles of Moles of Moles of ketone
No. proaching equilibrium in mercury in ether mercury ether at equilibrium — AF
11 Removal of Na 2.81 X 10”6 6.71 X 10”4 0.4308 0.4659 5.07 X 10”4 24.9
12 Removal of Na 4.27 X 10”6 6.64 X IO”4 .3906 .4202 6.13 X 10”4 24.4
13 Removal of Na 3.05 X IO”6 3.40 X IO”4 .6767 .2544 4.83 X IO”4 24.7
14 Removal of Na 2.22 X IO”4 3.59 X IO”4 2.8344 2.0708 1.0 X 10~8 25.3
21 Addition of Na 1.34 X IO”5 5.60 X 10”5 .6600 2.448 1.0 X 10~8 25.0
23 Addition of Na 3.17 X IO”6 2.54 X 10”4 .2973 2.281 1.77 X IO”4 24.6
24 Addition of Na 4.88 X 10”7 1.41 X IO”4 .2550 1.684 2.80 X 10~4 25.0

Average 24.8

T a b le  III
E q u il ib r iu m  D ata  on  D ib ip h e n y l  K e to n e

22 Addition of Na 3.78 X IO”4 1.99 X IO”4 0.7043 2.175 1.14 X 10”8 23.8
23 Addition of Na 3.44 X IO”4 1.86 X IO"4 . 6784 1.659 2.0 X 10”6 24.8
24 Addition of Na 6.40 X IO”5 1.64 X IO”4 .3368 2.078 3.0 X 10”8 23.7
25 Addition of Na 2.99 X IO”5 1.51 X IO”4 . 6760 1.882 3.47 X 10~8 24.4
17 Removal of Na 3.71 X IO”5 4.30 X IO”5 3.103 1.756 6.59 X IO”8 24.0
18 Removal of Na 7.45 X IO”5 7.23 X IO”8 3.1518 2.073 1.04 X IO”4 23.7

. Average 24.1

tion the concentration of ketone was determined 
by evaporation of the solution to dryness after 
titration of the sodium as in the case of benzo­
phenone. The various runs are of unequal im­
portance due to the fact that in some cases the 
concentration of one of the reactants was very 
low. The large negative value for AF for the re­
action of addition of sodium to these ketones ne- 
cessitates working with very dilute amalgams. 
These ketones exhibit about the greatest stability 
which can be studied by this method.

Dibiphenyl Ketone.—This ketone behaved in 
much the same way as the two discussed above, 
forming a monosodium derivative. In preparing 
the ketyl for removal of sodium with dilute amal­
gam a saturated amalgam was used.

Tetraphenylcyclopentadienone.—This ketone 
is remarkable in that it adds more than one equiva­
lent of sodium even when shaken with very dilute 
amalgam. The rate of addition of sodium, how­
ever, is very slow and we were not able to add as 
much as two equivalents of sodium even after shak­
ing the ketone with 40% amalgam for fifteen days.

Tetraphenylethylene.—This unsaturated hy­
drocarbon and the two following compounds ex­
hibit a much smaller tendency to add sodium than 
any compounds which we have studied hitherto. 
The sodium derivatives are so unstable as to be 
completely decomposed by a saturated sodium 
amalgam. They might be studied by means of 
solid sodium amalgams but probably better still 
by means of the potentiometric method. We will
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T able  IV
P r e lim in a r y  D ata  on  U n sa t u r a t e d  C o m po u n d s

Compound No. Procedure
Moles Na 
in mercury

Moles Na  
in ether

Moles of 
mercury

Moles of 
ether

Moles of ketone 
at equilibrium -A F

Tetraphenylethylene 1 Out with mercury 2.15 X IO“4 2.80 X 10~6 0.3645 0.4413 1.48 X IO"4 30.2
Tetraphenylethylene 2 Out with mercury 2.49 X IO“4 3.42 X IO’ 6 .6258 .5903 1.77 X IO“4 30.5
Tetraphenylethylene 3 Out with 1 % amalgam 6.61 X 1Ö-*. 1.15 X 10"5 .7553 .5913 1.96 X ÏO“4 28.0
Tetraphenylethylene 4 Out with 1 % amalgam 7.72 X IO“3 6.1 X 10"6 .1471 .8 8 6 2.60 X ÏO"4 24.3
Stilbene 1 Out with 1 % amalgam 3.29 X 10“3 2.80 X 10"5 .0552 .2793 1.66 X ÏO"4 24.8
Stilbene 2 Out with 1 % amalgam 4.28 X IO"3 2.84 X 10“5 .0801 .6572 6 .9  X 10 25.5
Anthracene 1 Out with mercury 3.35 X IO“4 6.10 X 10-® .3513 .6134 9.21 X ÏO“4 13.7
Anthracene 2 Out with 1% amalgam 8.96 X IO“3 7.12 X 10-*- .1787 .9397 4.55 X ÏO-4 12.4

reserve comment on these compounds until we 
have more exact quantitative data. The results 
reported in Table IV are of interest in indicating 
the most negative value which AF can assume. 
These are minimum values only, the true value 
lying nearer to zero. The reaction to which 
AF refers is 2Na +  ( C ^ ) 2C = C (Q B b)2 = 
(C6H5)2CNaCNa(C6H5)2.

Stilb ene.—Saturated amalgam did not remove 
as much of the sodium in the case of stilbene as it 
did with tetraphenylethylene. It is possible, 
therefore, that the value in the last column of the 
table is the correct value for this compound. 
Since we have not approached the equilibrium 
from both sides, however, it is safer to consider 
this a maximum value for — AF.

Anthracene.—This compound is remarkable 
in that it is an unsaturated hydrocarbon and yet 
differs from the two just discussed in that it will 
combine with one atom of sodium. This reaction 
we hope to investigate further and until we have 
quantitative data will reserve further comment. 
The values given in the last column of the table 
are again maximum values for — AF. They are 
approximately half of those given for the two pre­
vious compounds since only one atom of sodium is 
involved and the reaction is written Na +  
C14H10 — NaCi4Hi0.

Discussion of Results
The free energy data reported indicate that 

fluorenone combines with sodium more readily 
than dibiphenyl ketone, which in turn combines 
with sodium more readily than benzophenone. 
This is not the order in which the groups attached 
to the carbonyl group are effective in promoting 
dissociation of ethanes but is the order in which 
free radicals containing these groups combine 
with sodium. It therefore appears that the prob­
lem is not a simple one and that there must be at 
least two factors involved. I t is doubtless too 
early to state these factors with certainty but

since the facts can readily be explained by two 
factors which must be of importance one is 
tempted to suggest an explanation. In the first 
place we will assume that the addition of sodium 
first forms a free radical, the sodium being a t­
tached to the oxygen to give a molecule of the 
formula R2CONa Such a molecule will have
a stability which is determined partly by reso­
nance.4 We would, therefore, expect dibiphenyl 
ketone to combine more readily with sodium on 
account of the greater resonance energy of the bi- 
phenyl group. In the case of fluorenone, how­
ever, we must look for another explanation. 
Bachman has presented evidence to show that 
these free radicals double up to form pinacolates 

R2CONa
of the formula I . This reaction will 

R2CONa
not affect the above argument involving resonance 
if the sodium addition compound is largely in 
the form of the pinacolate. In the case of fluo­
renone, however, another factor must be con­
sidered. The data on the heat of oxidation and 
hydrogenation of hexaphenylethane5 indicate that 
steric hindrance is an important factor in deter­
mining the stability of free radicals. The large 
association of phenylfluoryl may therefore be due 
to the fact that the tying together of the two ben­
zene rings decreases the steric hindrance and gives 
rise to a more stable bond. If this be assumed then 
it is easy to see why fluorenone combines more 
readily with sodium than the other ketones. The 
decreased steric hindrance results in the formation 
of more pinacolate which removes the product of 
the reaction and therefore shifts the equilibrium 
in the direction of formation of the ketyl.

The next point to be discussed is the location of 
the sodium atom in the ketyl molecule. Re­
cently Wooster6 has considered the possibility of

(4) Pauling and Wheland, J. Chem. Phys., 1, 362 (1933).
(5) Bent, Dorfman, Cuthbertson and Leary, T h is  J o u r n a l , 58, 

165 (1936); ibid., 58, 170 (1936).
(6) Wooster, ibid., 57, 112 (1935).
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the sodium being attached to the carbon, forming
r 2co—

an oxygen free radical of the formula I
Na

Our experimental results lead us to the conclusion 
that the sodium is attached to oxygen and not to 
carbon. If we compare the free energy of addi­
tion of sodium to carbon and to oxygen we find 
that there is a large difference which is in favor of 
sodium being attached to oxygen. Thus sodium 
may be readily removed when attached to carbon 
free radicals by dilute sodium amalgam while we 
were not able to remove even a trace of sodium 
from the oxygen free radical derived from 9- 
chloro-lO-phenanthrol with the aid of mercury.7 
This indicates that the free energy of addition of 
sodium to a free radical is at least 5 kcal, more 
negative in the case of the oxygen free radical. 
Hence we conclude that sodium is much more 
firmly attached to oxygen than to carbon and 
that therefore the ketyl should be represented as 
a carbon free radical with the sodium on the oxy­
gen (C6H5)2C—O—Na.

Another entirely different approach to the 
problem leads to the same conclusion. Thus 
the negative ion formed from the ketyl can be 
represented by the structures (C6H5)2C : O: and 
(C6Hb)2C:0* in which the odd electron may be 
either on the carbon or the oxygen. Many other 
structures would have to be included to form the 
complete wave equation, these structures involv- 
ing quinonoid rings. The ion must be considered 
to be the sum of all of these structures with, how­
ever, a preponderance of the structure of lowest 
energy. Since the electron affinity of oxygen is 
greater than that of carbon,8 we may expect the 
first structure given above to be that of greatest 
importance. This corresponds to the negative 
charge being localized on the oxygen and hence 
would lead to an ion pair in which the sodium is 
attached to oxygen. Finally, a third factor which 
promotes the addition of sodium to oxygen is to 
be found in the Coulomb interaction of the sodium 
ion and the electrons which may be considered to 
give rise to resonance in the molecule as a result of 
their wandering around in the benzene rings. 
This coulomb interaction will tend to localize an 
electron pair in the vicinity of the sodium atom.9 
Here we find a pronounced difference in the effect

(7) Bent, D orfm an and Bruce, T h is  J o u r n a l , 54, 3250 (1932).
(8) Glöckler, Phys. Rev., 46, 111 (1934).
(9) There seems to be no way at present of estimating the magni­

tude of this effect. We hope to study this problem in more detail 
experimentally.

of such a pair being localized on the carbon or on 
the oxygen. If the pair is localized on the oxygen 
the odd electron on the carbon is still free to wan- 
der. On the other hand, if the pair is localized on 
the carbon the free electron on the oxygen is not 
free to wander and hence this structure would be 
less stable on account of the smaller amount of 
resonance energy in the molecule.

The above three lines of evidence lead us to the 
conclusion that the sodium is attached to oxygen 
in the ketyl. No shift of the sodium is then re­
quired in forming the double molecule.10

If our point of view is correct the question arises 
as to what is the probable ans wer to each of the 
lines of evidence which Wooster brings out, lead- 
ing to the opposite conclusion.

Wooster’s first evidence arises from the 
(C6H5)2COC2H5

fact that | does not rearrange to
Na

(C6H5)2CONa
give the compound I and he there-

C2H5
fore concludes that the initial product of the 
reaction of sodium-benzophenone with ethyl

(C6H5)2CO—
bromide is the free radical | and that

C2H5
this reacts with a second molecule of ketyl to give 
(C6H5)2CONa

I . We agree that a reaction of the
C2H5

oxygen free radical with sodium benzophenone 
would be expected as our experiments have 
shown that sodium cannot be removed from an 
oxygen free radical by mercury while it can be re­
moved very readily from sodium benzophenone. 
This difference is due in large measure to the fact 
that when the sodium is removed from the ketone 
a single bond between oxygen and carbon is 
changed into a double bond and it is this process 
which permits the sodium to be removed so readily 
from the ketone. Wooster’s Suggestion that be­
cause the ethyl group adds to carbon the sodium 
must originally have been on the carbon does not 
seem conclusive in the absence of other evidence. 
We quite agree with Wooster, however, that the 
course of the alkylation may be determined by a 
configuration which is not that of the normal 
molecule and in this case may be that in which the 
charge is on the carbon.

The second evidence presented by Wooster has 
to do with the relative ionization of sodium benz- 
hydrylate, sodium benzophenone and sodium 
triphenylmethyl. Wooster informs us that he

(10) Bachtnan, T h is  J o u r n a l , 55, 1179 (1933).
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expects in the near future to give a different inter­
pretation of these data so that this argument no 
longer concerns us here. Recent correspondence 
indicates that Wooster’s views and ours are not 
in complete accord. The question of the degree 
of localization of the sodium ion in the ion pair is 
answered by the data of Kraus and Fuoss on the 
compounds C6H5ONa (2.70), CeH5SNa (4.95) 
and CioH7ONa (2.9-3.1). The values given in 
parentheses are for the distance “a,” multiplied 
by lö8, which is characteristic of the distance of 
closest approach of the two ions. It is apparent 
that the change from an oxygen to a sulfur atom 
produces a much greater change in “a,” than the 
addition of several carbon and hydrogen atoms. 
We therefore conclude that in such an unsyïii- 
metrical anion the sodium is localized, in this case 
near the oxygen or sulfur and the anion cannot be 
treated as spherically symmetrical. This is the 
justification for the formulation of the ion pair 
with the sodium attached to oxygen rather than 
a more general formula which does not localize it 
at any point in the molecule.

The third line of evidence suggested by Wooster 
has to do with the ease with which sodium may be 
removed from sodium benzophenone and from 
sodium triphenylmethyl. Wooster gives data to 
show that these two compounds are about equally 
stable, the free energy change for the process of 
transferring the sodium from ketone to the free 
radical being within 0.5 kcal. of zero. Our data 
also indicate the free energy change for this reac­
tion is small, from 0.7 to 1.0 kcal. Wooster finds 
that the sodium is held slightly more firmly by 
benzophenone while we find that triphenylmethyl 
has a slightly greater affinity for sodium. The 
difference is not significant, however, and we may 
consider the two sets of data in substantial agree­

ment. Wooster concludes from these data that 
the sodium is attached to carbon in both cases. 
As we have pointed out above, however, the loss 
of sodium from the ketone leads to the formation 
of a double bond between the carbon and oxygen 
and therefore contributes nearly 100 kcal. to the 
process. If sodium were attached to carbon in 
both compounds we would expect (from this fac­
tor alone neglecting resonance energy) that it 
would be liberated from the ketone more easily by 
100 kcal. This would mean that the ketyl would 
not be formed at all. We have calculated the 
heat of formation of the ketyl assuming the so­
dium to bé on the oxygen, adding up single bond 
energies and estimating the magnitude of the res­
onance energies involved. We do not wish to 
present these figures in detail owing to their very 
rough qualitative nature, but they give the right 
order of magnitude for the experimental energy. 
When one assumes that the sodium is attached 
to carbon the agreement with the experimental 
value is very poor, as is indicated above. We, 
therefore, are led to the conclusion that sodium 
adds to the benzophenone forming a ketyl with 
sodium attached to oxygen which then forms a 
pinacolate.

Summary

1. Data are given for AF for the reaction of 
addition of sodium to benzophenone, dibiphenyl 
ketone, fluorenone, tetraphenylcyclopentadienone, 
tetraphenylethane, stilbene and anthracene.

2. The data are correlated with previous ex­
periments which indicate the significance of reso­
nance energy and steric hindrance.

3. Evidence is presented to show that sodium
is attached to oxygen in sodium-benzophenone. 
C a m b r id g e , M a s s . R e c e iv e d  M a y  23, 1936
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Radioactive Manganese as an Indicator in Testing for Possible Equilibria between
Several Valences of Manganese1
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Equilibria Assumed to Exist in a Permanga- 
nate-Manganic Oxalate Mixture.—The kinetics 
of the reaction between permanganate and oxalate 
ions was studied by Harcourt and Esson,2 and 
later by Schilow3 and Skrabal.4 Recently Launer5 
has shown that Skrabaks mechanism for the re­
duction of manganic ion by oxalate ion is not in 
complete accord with experimental facts. Launer 
and Yost6 have proved conclusively that the 
earlier mechanism for the reactions taking place 
in a permanganate-manganic oxalate complex 
mixture is incorrect.

Launer and Yost proposed another mechanism, 
based on the very plausible assumption that the 
following equilibria exist in a solution containing 
permanganate ion and manganic oxalate complex 
ion
2M n04~ +  3Mn++(always present in KM n04) +  16H+ *=

5Mn++++ +  8H20  (rapid equilibrium or sum of
equilibria) (1)

Mn + + + + -f- Mn + + = 2Mn+++ (rapid, reversible) (2) 
M n+++ +  2C20 4 = Mn(C20 4)2~ (rapid, reversible)

(3)
A little later, Polissar7,8 has shown that the im- 

measurably fast reaction taking place on mixing 
permanganate, oxalate and manganous ions is in 
need of a new interpretation. He showed that 
the mechanism of this reaction may be explained 
with the use of the equilibria assumed by Launer 
and Yost.

Üntil very recently there was no other evidence 
as to the reversibility of reaction (1) in acid Solu ­
tions. With the discovery of radioactive man­
ganese,9 it became possible to test for the existence 
of such equilibria, using marked manganese atoms. 
The present paper deals with the method of attack 
used by the writer in carrying out such tests.

The Use of Marked Atoms in Testing for 
Equilibria.—The method of attack will be illus-

(1) This work is part of a project supported by a grant from the 
National Research Council.

(2) Harcourt and Esson, Phil. Trans. Roy. Soc. (London), 156, 
193 (1866).

(3) Schilow, Ber., 36, 2735 (1903).
(4) Skrabal, Z. anorg. Chem., 42, 1 (1904).
(5) Launer, T h is  Jo u r n a l , 54, 2597 (1932).
(6) Launer and Yost, ibid., 56, 2571 (1934).
(7) Polissar, J. Chem. Ed., 13, 40 (1936).
(8) Polissar, J. Phys. Chem., 39, 1057 (1935).
(9) Amaldi et al., Proci. Royi Soc. (London), A149, 522 (1935);

trated by means of a concrete example. Assum­
ing that it is possible to trace the identity of 
atoms, one can rewrite equation (1) as follows
2M n04~ 4- 3*Mn + + = 2MnIV 4- 3*MnIV (rapid, re­

versible) (4)

The marked substances are contaminated with 
radioactive substances chemically identical with 
them. For the saké of simplicity, the equation 
is not completely balanced. In this and in the 
following equations the substances whose exact 
formulas are not known will be indicated simply 
by the valence number of the manganese in them. 
Precipitated manganese dioxide will be repre­
sented by the formula M n02, even though it is 
known that the latter is hydrated.

If we start with ordinary permanganate and 
marked manganous ion, then, provided equilib­
rium (4) actually exists, the radioactivity should 
spread into the permanganate, through the Opera­
tion of the re verse of reaction (4). Thus, we have 
a means of carrying out a crucial test for the exis­
tence of this equilibrium. (1) Mix a small amount 
of marked manganous ion with a large amount of 
ordinary permanganate ion in acid solution. (2) 
After allowing the mixture to stand for the de­
sired length of time, add enough sodium hydrox­
ide to make the mixture neutral or slightly basic. 
Filter off the manganese dioxide from the large 
excess of permanganate ion. If there is a rapid 
equilibrium, then most of the radioactivity should 
be found in the filtrate. On the other hand, if 
there is no exchange, then none of the activity 
should be found in the filtrate.

All the experiments in this investigation were 
carried out in the same manner: a highly radio­
active filtrate indicates an exchange reaction; an 
inactive filtrate indicates the absence of an ex­
change reaction.

Experimental Procedure and Results
The Preparation of Marked Manganous Ion. 

Analysis for Radioactivity.—Radioactive man­
ganese was prepared by bombarding metallic 
manganese for about forty-five minutes with a
4-microampere beam of 5.8 m. v. deuterons

25M a55 _j_ JH 2  _  25Mn56 q .  JH 1 (5)
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The radioactive layer was dissolved in a solu­
tion containing perchloric acid and ordinary man- 
ganous sulfate. The solution so obtained was an­
alyzed for its total content of manganous ion. 
Enough sodium hydroxide, ordinary manganous 
sulfate, and water was added to give 50 cc. of 0.01 
M  *MnS04.

The preparation of the various reaction mix­
tures and the methods of precipitating out one of 
the valences will be described in connection with 
the respective experiments. The precipitated 
manganese dioxide was in each case filtered off 
rapidly through asbestos, in a Gooch crucible. 
After Separation, the solid phase and the filtrate 
were each treated with 25 cc. of buffered hydro­
gen peroxide (approx. 4 M  NaAc +  2 M  HAc +
0.25 M  H20 2) . The resulting Solutions were accu­
rately diluted to 100 cc., a 20.0-cc. portion was re­
moved, and a 20.0-cc. portion of 1 M  MnS04 was 
added. Thus, all Solutions to be tested for radio­
activity had approximately the same concentra­
tions of manganous ion, sodium acetate, acetic 
acid and hydrogen peroxide; they difïered only 
in the concentration of radioactive manganous 
ion.

The Solutions were tested for radioactivity in a 
special apparatus.10 If the solution to be tested 
was found to be too active for measurement, it 
was diluted with another one containing the 
proper concentrations of manganous sulfate, so­
dium acetate, acetic acid and hydrogen peroxide. 
Frequent measurements were made to check the 
“background” count of the apparatus.

The experimental results are shown in Fig. 1. 
The ordinates in the diagram show the number of 
counts per minute given by each individual solu­
tion, corrected for the “background” of the Gei­
ger counter, and for dilution. The abscissas give 
the time of day at which the respective measure­
ments were made. The four circles marked with 
short arrows give the measurements on a control 
solution containing as much marked manganous 
sulfate as was used in every experiment. The 
heavy line is the best semi-logarithmic line drawn 
through these four points, with a slope correspond­
ing to the half-life of radioactive manganese (two 
hours and forty min.). The lines running parallel 
to it across the diagram correspond to 80%, down 
to 0.1% of the activity of the control solution. 
They make it possible to estimate directly the

(10) Olson, L ibby, Long and Halford, T h is  J o u r n a l , 58, 1313
1936).

fraction of the original activity present in a given 
solution.

The tie lines each connect the two points ob­
tained from a single experiment. In each case the 
circle corresponding to the filtrate is plain. The 
circle corresponding to the precipitate is black- 
ened. The radius of each circle is drawn approxi­
mately to scale, to indicate the maximum error 
in the measurement of the radioactivity.

Shortly before 10 p . m. the amplifying circuit 
of the counter stopped functioning. The last 
five measurements were made by placing each 
solution, in an Erlenmeyer flask, over the alumi­
num window of an electroscope. All five values 
of the activity, expressed in divisions per minute, 
were multiplied by a constant factor, selected in 
such a way as to bring the third control point 
(11:05 p. m.) on the 100% line.

Fig. 1.—Complete record of radioactive measure­
ments. The activities of the Solutions obtained from 
the precipitates (blackened circles) and from the fil- 
trates (plain circles). A very active filtrate indicates 
an exchange reaction. An inactive filtrate indicates 
the absence of exchange. Exchange reactions evident 
in Experiments E and G. In all other experiments 
no exchange took place. In experiment I the filtrate 
contained 6.7% of the original activity because of the 
use of an excess of marked manganous ion in the 
preparation of the manganese dioxide. The small ac­
tivity of the filtrates in A, B, C, D, F, H, J and K 
was due to imperfect filtration.

I t  will be seen that in all experiments, but J, 
the sum of the activities of the filtrate and the 
precipitate was equal to the activity of the con­
trol solution, within the experimental accuracy of 
meäsuring the activity. In experiment J  the de- 
ficiency was large, for some unexplained reason. 
Inspection of the results in experiment K and of 
Fig. 2 will show, however, that this slight uncer-
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tainty does not invalidate the conclusions to be 
drawn from experiment J.

Fig. 2 .—Observed activities of the precipitates (black 
bars) compared with the theoretical values for complete 
absence of exchange (shaded bars) and for complete ex­
change (cross-hatched bars). This diagram exhibits more 
clearly the complete exchange in a solution containing 
manganic complex and manganous ions (Experiments E 
and G) and the absence of exchange in the other nine 
mixtures.

Description of Individual Experiments

Experiments C, F, A, D, B. Marked Manganous 
and Permanganate Ions.—Experiment C.— (10.0 cc. of 
0.02 M  KM n04 +  1.0 cc. 1 M  HC104) was added to (2.0 cc. 
0.01 M  MnSCh +  10 cc. H20). Three seconds later, 
with the solution still clear and violet, 10.0 cc. of 0.1 M  
NaOH was added. The manganese dioxide precipitated 
at once. Filtration started about two minutes later. 
100% (=*=6%) of the original activity was found in the 
precipitate; 0.3% (±0.05% ) in the filtrate. (The small 
amount of radioactivity found in this and in some of the 
other filtrates is probably not due to a slow exchange. 
The weight of the precipitated manganese dioxide did not 
exceed 4.4 mg. in any of the experiments. From visual 
observations, the writer is inclined to ascribe small activi­
ties of the filtrates to imperfect filtration.)

Experiment F.—-The same mixture as in C quenched 
forty seconds after mixing. Just before quenching, the 
solution was still clear, but definitely reddish, because of 
the small amount of manganese dioxide formed; 100% 
( ±8.5%) of the original activity found in the precipitate; 
0.2% (±0.1% ) in the filtrate.

Experiment A.—The same mixture as in C allowed to 
stand for fifteen minutes. By this time the spontaneous 
formation of manganese dioxide was practically complete, 
and it was unnecessary to add sodium hydroxide: 100% 
(±8% ) of the original activity in the precipitate; 1% 
(±0.05%) in the filtrate.

Experiment D.—(10.0 cc. of 0.02 M  KMnC>4 +  0.1 cc. 1 
M  HCIO4) was added to (2.0 cc. 0.01 M  MnSCh +  10 
cc. H2O). In this experiment the initial acid concentra­
tion was one-tenth as large as in experiment C. The 
spontaneous formation of manganese dioxide was much 
faster. In three to four seconds the mixture was definitely 
red, and in a few more seconds it was opaque. No sodium 
hydroxide was necessary. Filtered five minutes after 
mixing: 100% ( ±6.5%) of the original activity in the pre­
cipitate; 3% (±0.18% ) in the filtrate.

Experiment B.—The perchloric acid was omitted. The 
precipitation of manganese dioxide took place on mixing; 
filtered two minutes later. In this experiment the activi­
ties of the two Solutions were measured twice: 95% ( =1=6%) 
of the original activity in the precipitate; 3% (±0.3% ) 
in the filtrate.

Experiments J and K Marked Manganic Oxalate 
Complex Ion and Permanganate Ion.—Experiment J .— 
Ten cc. of 0.002 M  potassium permanganate was added 
to (2.0 cc. 0.01 M  *MnSO* 4- 10.0 cc. 0.5 M  H2C20 4). 
Manganic oxalate complex formed on mixing. The solu­
tion contained a slight excess of permanganate ion. Two 
seconds after mixing, 25.0 cc. of 0.02 M  potassium per­
manganate was added. Five seconds later the following 
quenching mixture was added: (5 cc. 3 M  NH4OH +  10 
cc. 0.5 M  CaCl2). (The calcium chloride was added to 
facilitate the decomposition of the manganic oxalate com­
plex into manganese dioxide and manganous ion.) Fil­
tered about two minutes later. In this experiment, and 
in experiment K, after treating the precipitate with the 
buffered hydrogen peroxide, it was necessary to carry out a 
second filtration, since calcium oxalate does not dissolve 
in the acetic acid buffer solution: 75% (±10% ) of the 
original activity found in the precipitate; 1% (±1% ) 
in the filtrate.

Experiment K .—The same as in J, except that the man­
ganic complex-permanganate mixture was allowed to stand 
for thirty seconds before adding the quenching mixture: 
80% (±24% ) of the original activity found in the pre­
cipitate; 1% (±1% ) in the filtrate.

Experiments E and G. Marked Manganic Oxalate 
Complex and Manganous Ions.—Experiment E — (2.4 
cc. 0.002 M  KMn04 +  10 cc. H20) was added to (2.0 cc. 
0.01 Af*MnS04 +  10.0 cc. 0.5 M  H2C20 4). Marked 
manganic oxalate complex formed on mixing. Two 
seconds later 25.0 cc. 0.01 M  MnS04 was added. Five 
seconds later (5 cc. 3 M  NH4OH +  5 cc. 2.5 M  (NH4)2S04) 
was added. Manganese dioxide precipitated at once; the 
manganous ion remained in solution. The mixture was fil­
tered two minutes later: 105% ( ±8%) of the original activ­
ity found in the filtrate; 4.5% (±0.5% ) in the precipitate.

Experiment G.—Procedure the same as in E, except 
that the quenching mixture was added thirty seconds, 
instead of five seconds, after the addition of the manga­
nous sulfate: 95% (=*=7%) of the original.activity was 
found in the filtrate; 5% (±0.25% ) in the precipitate.
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Experiments H and I. Marked Manganese Dioxide 
and Permanganate Ion. Marked Manganese Dioxide 
and Manganous Ion.—Experiment H.— (7.0 cc. 0.002 
M  KM11O4 +  10 cc. H20) was added to 2.0 cc. 0.01 
M  *MnS04. Manganese dioxide formed at once. In this 
case the excess of permanganate was used advisedly. 
Two minutes later 25.0 cc. of 0.02 M  KMn04 was added. 
The mixture was shaken and filtered two minutes later: 
100% ( ± 6%) of the original activity was found in the 
precipitate; 3.3% (=*=0.6%) in the filtrate.

Experiment (6.25 cc. 0.002 M  KMn04 +  10 cc. 
H20) was added to 2.0 cc. 0.01 M  *MnS04. Manganese 
dioxide formed at once. Two minutes later 10.0 cc. 0.1 M 
MnS04 was added. The mixture was shaken and filtered 
two minutes later: 95% (=*=7%) of the original activity 
was found in the precipitate; 6.7% (±0.35%) in the fil­
trate.

Attention should be called to the fact that in the prepara­
tion of the manganese dioxide a slight excess of the marked 
manganous ion was used. This accounts for practically 
the entire activity of the filtrate. Assuming that there is 
no exchange, the theoretical distribution would be 93.76% 
in the precipitate and 6.24% in the filtrate.

Sample Calculations

In the following calculations all the amounts have been 
multiplied for thé saké of convenience by the factor 106.

Experiments C, F, A, D, B.—The original solution con­
tained 20 moles of marked manganous ion and 200 moles 
of permanganate ion. The final mixture contained 33.33 
moles of manganese dioxide and 186.67 moles of per­
manganate ion in solution. If there were a rapid exchange 
between the manganous and permanganate states in the 
original solution, then the radioactivity of the two ultimate 
phases would have been proportional to the manganese 
content of each, namely, 15.1% in the precipitate and 
84.9% in the filtrate. In the absence of any interchange, 
the precipitate should contain all the radioactive man­
ganese.

Experiments E and G. Marked Manganic Oxalate 
Complex and Manganous Ions.—Subsequent experiments 
with ordinary manganese yielded the following informa­
tion, essential for the calculation of the theoretical dis­
tribution of radioactivity. (a) In the instantaneous 
reaction in which manganic oxalate complex was formed, 
10% of the oxidizing titer was lost through oxidation of 
oxalic acid. (b) After this initial reduction, the further 
reduction of manganic ion was extremely slow, both be­
fore and after the addition of the large amount of manga­
nous ion.

The mechanism of the initial 10% reduction is not suf­
ficiently well understood. For this reason it is impossible 
at present to decide whether the manganous ion formed in 
this process originated from the marked manganous ion, 
from the permanganate ion, or from both. The last 
assumption was made in carrying out the calculation of 
the theoretical distribution of activity. In other words, 
it was assumed that the oxidation of the oxalic acid took 
place after the instantaneous formation of trivalent 
manganese. It should be emphasized, however, that this 
uncertainty is only of secondary importance. It does not 
in any way invalidate the conclusions to be drawn from

the experimental results, namely, that there is a rapid 
exchange between the bivalent and trivalent states. On 
the contrary, if it is assumed that the oxalic acid was 
oxidized by the permanganate only, the evidence for rapid 
exchange is strengthened, but only to a small extent.

The mixture was prepared from
4.8 moles MnO^ -f-20 moles *Mn++

On mixing, the solution contained the following sub­
stances

4.8 Mnm  +  19.2 *Mnm  +  0.8 *Mn + +
After the 10% reduction, the mixture contained 

4.32 Mn111 +  17.28 *Mnm +  2.72 *Mn + + +  0.48 Mn + +
To this was added 250 moles of ordinary manganous 

ion. After precipitation, the mixture contained
2.16 M n02 +  8.64 *Mn02 +  11.36 *Mn++ +

252.64 Mn
The preceding material balance was carried out on the 

assumption that there was no exchange between the bi­
valent and trivalent states. Under such conditions, the 
precipitate should contain 8.64/20.0, or 43.2% of the 
original activity.

On the other hand, if there is a complete exchange be­
tween the two valence states, the precipitate must con­
tain only 10.80/274.8, or 3.93% of the original activity.

Discussion of the Experimental Results
The experimentally observed activities are 

shown in Fig. 1. The fraction of the original ac­
tivity present in the precipitate and in the filtrate, 
respectively, can be read directly, with the use of 
the reference semi-logarithmic lines.

In Fig. 2 the same data are presented in the 
form of a bar diagram. Before plotting, each 
pair of activities was multiplied by the same fac­
tor, to normalize the total activity to 100%. In 
each case the observed value of the activity of the 
precipitate is flanked on both sides by the two 
theoretical values corresponding to complete ex­
change and to complete absence of exchange, re­
spectively.

An inspection of the diagram will show that 
there was no exchange between the two valence 
states in the first nine experiments. In the last 
two experiments there was a complete exchange 
between the two valence states.

The evidence seems to be conclusive that the 
equilibrium postulated in equation (1) does not 
actually exist. It does not follow, however, that 
no other equilibrium exists between permanga­
nate and manganous ions in the same solution. It 
is possible to postulate other equilibria which 
would not be in disagreement with the experi­
mental results obtained in the present investiga­
tion. The following two will serve as illustrations
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M n04~ +  *Mn + + = MnVI +  *Mnm (rapid, reversible)
(6)

or 2M n04“ +  *Mn + + = 2MnVI +  *MnIV (rapid, re­
versible) (7)

An inspection of the two equations will show 
that the radioactivity cannot spread from the 
bivalent to the permanganate state, provided 
there is no exchange between MnVI and Mnm , 
or between MnVI and MnIV, respectively.

The rapid exchange between the manganous 
and manganic states can be explained easily with 
the use of the well-known equilibrium shown in 
equation (2). However, the observed exchange 
cannot be considered as additional evidence for 
such an equilibrium. The exchange may have 
been taking place through the Operation of an en­
tirely different reversible reaction, involving no 
quadrivalent manganese, but involving a direct 
transfer of an electron from one ion to another

*Mnm +  Mn + + = *Mn++ +  Mnm (8) 
The absence of exchange in experiment I (man­

ganese dioxide and manganous ion) is probably due 
to the fact that only the surface atoms of the pre­
cipitate can be affected by the exchange reaction.
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Summary
1. Radioactive manganese was used as a 

1 Tracer” in a search for possible equilibria exist-

ing in Solutions containing manganese in two 
valence states.

2. It was found that no exchange takes place 
in the following pair-systems: (a) permanganate 
ion-manganous ion; (b) permanganate ion-man- 
ganic oxalate ion; (c) permanganate ion-solid 
manganese dioxide; (d) solid manganese dioxide- 
manganous ion.

3. A rapid and complete exchange was found 
to take place in the system (e) manganic oxalate 
ion-manganous ion.

4. The absence of exchange in System (a) 
offers conclusive evidence against the existence of 
a rapidly established equilibrium between per­
manganate and manganous ions on one hand and 
some one substance of intermediate valence on 
the other.

5. The absence of exchange in system (a) can­
not be taken as evidence against the existence of a 
rapidly established equilibrium between perman­
ganate and manganous ion on one hand and two 
substances of intermediate valence on the other, 
provided there is no exchange between the latter 
two substances.

6. The rapid exchange in System (e) is in agree­
ment with the known existence of an equilibrium 
between manganic oxalate ion, manganous ion 
and quadrivalent manganese. However, it may 
be due to yet another rapid reversible reaction in­
volving the transfer of an electron from a man­
ganous to a manganic ion.

7. The apparent absence of exchange in Sys­
tem (d) is probably due to the fact that only the 
surface atoms on the solid manganese dioxide can 
be affected by such an exchange.

8. Work on the mechanism of reduction of 
permanganate ion is to be continued.
Sa n  F r a n c isc o , C a l if . R e c eiv ed  M ay 25, 1936
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1. Introduction
Monomolecular films of certain compounds 

whose molecules contain five benzene rings have 
been found to exhibit a remarkable phenomenon. 
That is, a rapid rearrangement of the molecules 
occurs in the film in such a way that the pressure 
at the initial area almost disappears. Thus with 
betuline the initial or immediate pressure at a mo­
lecular area of 34.5 sq. Ä. is 17 dynes per cm. 
while after this there is at this area an almost ex- 
ponential fall of pressure with time to a practi­
cally constant value of 1.0 dyne. Nevertheless, 
a rapid compression to 33.5 sq. Ä., or by about 
V34 of the area, increases the pressure by 21 times 
to 21 dynes, or to 4 dynes more than the previous 
initial compression. At an area of 28 sq. Ä. the 
initial pressure of 40 dynes falls to 5.5 dynes in 
thirty seconds, but on rapid compression to 26.2 
sq. Ä. rises to 50 dynes per cm.

The set of six polycyclic compounds was made 
available through the kindness of Professor 
Ruzicka. The molecules of these compounds con­
tain a phenanthrene residue (Figs. 1 and 2) as did 
the d-pimaric acids (Fig. 3) investigated in this 
Laboratory by Harkins, Ries and Carman.1 A 
comparison of the surface potentials and force- 
area relations of the monomolecular films formed 
by this series (Figs. 4, 5, 6) is of considerable 
value, since the compounds (supposedly) differ 
only in their polar substituents.

The writers had the privilege of discussing the 
proposed structures with Professor Ruzicka (Au­
gust, 1935), who tentatively assigned the polar 
groups to the.locations suggested in Fig. 1. These 
proposed structures have not been definitely es­
tablished, as yet, particularly with reference to 
the location of some of the polar groups. This 
fact must be borne in mind throughout the follow­
ing discussion, as to eite all the possibilities at each 
reference to structure is not practicable.

2. Apparatus and Procedure
The apparatus is essentially the same as that 

described by Harkins and Fischer2 and modified
(1) Harkins, Ries and Carman, T h is  J o urn al , 57, 2224 (1935).
(2) Harkins and Fischer, J. Chem. Phys., 1, 852 (1933).

by Harkins, Carman and Ries.3 The improved 
method of determining “zero” or clean surface 
potentials as described by Harkins, Ries and 
Carman1 has been used throughout these experi­
ments.

CH3 CH3

Y
Fig. 1.—General structure of the five-ring compounds.

A modification in the older technique was made 
to obtain certain effects important in this investi­
gation. As the area of the film was decreased, 
the torsion wire was turned simultaneously with 
the movement of the compression barrier. The 
pressure thus remained balanced during compres­
sion and instantaneous pressure readings were ob­
tained. The compression barrier was moved at 
intervals of one minute and pressure readings 
taken immediately (unbroken lines) and then 
thirty seconds later (dotted lines; Figs. 4-6).

The compounds were dissolved in twice dis­
tilled chloroform and the films spread on 0.01 
molal aqueous hydrochloric acid. The experi­
ments were conducted at room temperature (24- 
29°) in a metal box covered with a thermal insu- 
lation.

3. Pressure-Area Relations
The pressure-area relations for these com­

pounds are shown in Figs. 3-9 and Table I. The 
Condensed films of these sübstances are of the 
solid type similar to those of stearic acid. This 
was demonstrated by the immobility of particles 
of lycopodium powder on their surface under a 
jet of air.

(3) Harkins, Carman and Ries, ibid., 3, 692 (1935).
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ß-Amyrine, 5

OH
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Betuiine, 7 

CH, CH,
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O HCH
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0==CCHs

Betuline diacetate, 2
CH, CH,

H,C
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H,C

'^COOH

OH
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/^ C O O H
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\

h 3c 2 > — /
\

- / \ /
\ c h 3 / I^CH,

c h 3 OH c h 2o h
Sumaresinolic acid, 4, or siaresinolic acid, 1

Fig. 2.—Structure of the five-ring compounds (the numbers ref er to numbers on the figures).
H,C

H,C/ |
Co
o
H

d I'iinaric acid
H3C

H , c / |
Co
o
H

Tetrahydro-^-pimaric acid 
Fig. 3.—Structure of the pimaric acids.

The compressibility coefficients .>
given in Table I are calculated from the slopes of 
the curves at pressures just below those of col- 
lapse. These coefficients range from 0.0033 to
0.0103 (stearic acid = 0.00763), and are normal 
for solid Condensed films with perpendicular ori­
entation of the molecules. The compressibility 
coëfficiënt for tetrahydro d -pimaric acid, which 
has a three-ring structure, is greater than for any 
of the five-ring compounds, except betuline diace­
tate. This was to be expected, as pointed out by 
Harkins, Carman and Ries,3 since the compressi­
bility of films of vertically oriented molecules de­
creases with increasing length while that of hori- 
zontally oriented molecules is independent of the 
length. In betuline diacetate the high compressi­
bility is related to the presence of the ester groups.

It may be noted here that at the lower portion 
of the curves, especially in the case of oleanolic, 
sumaresinolic and siaresinolic acids, each of which 
is supposed to contain a carboxyl group at Z in 
the upper part of the molecule (Fig. 1), the com­
pressibility coefficients are very much larger.
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T a b le  I

P r e s s u r e - A r e a  R e l a t io n s  of M onom olecular  F ilm s of P olycyclic C o m po u n d s  of t h e  F i v e -R in g  S e r ie s

I n it ia l  N o n -contracted  F ilm s

Vol.
of mol­ Area per molecule Max. t — Film thickness of film Compressi­

Den- ecule, at a film pressure press. at a film pressure bility at
Compounds Mol. wt. sity CU. Ä. ƒ=» ƒ =10 / —max. fm ƒ=o ƒ = 10  f — max. ƒ - o

ß-Amyrine 426.4 0.92 765 46.8 45.2 43.4 22.0 16.3 16.9 17 6 0.0033
Betuline 442.4 .92 792 37.2 37.4 26.4 49.8 21.3 21.2 (30.0) . 0059
Betuline diacetate 526.4 1.0 868 52.6 Collapse 47.6 9.2 16.5 Collapse 18.2 .0103
Oleanolic acid 456.4 0.94 801 55.4 56.6 43.0 47.8 14.5 14.1 18.6 .0047
Sumaresinolic acid 472.4 .92 846 51.0 51.0 43.0 44.8 16.6 16.6 19.7 . 0035
Siaresinolic acid 472.4 .94 828 49.0 49.4 37.5 48.0 16.9 16.8 22.8 .0049
Tetrahydro-J-pimaric acid 306.3 1.0 506 52.3 48.8 47.1 14.7 9.70 10.4 10.7 .0068

C ontracted  F ilm s
Contracted curve

ß-Amyrine See initial values
Betuline 24.1 26.2 22.0 44.0 32.8 30.2 36.0 0.00198
Betuline diacetate See initial values
Oleanolic acid 47.2 47.0 43.0 29.6 17.0 17.1 18.6 .0030
Sumaresinolic acid 51.8 47.8 39.8 24.0 16.3 17.7 21.2 .00965
Siaresinolic acid 42.2 42.6 35.8 33.6 19.6 19.4 23.1 .0045
Tetrahydro-d-pimaric acid See initial values

It is interesting to compare the extrapolated 
areas per molecule at the collapse pressure. The 
areas for ß-amyrine, oleanolic acid and sumaresin­
olic acid are approximately 43 sq. Ä. Betuline 
gives a much smaller area of about 
26 sq. Ä. while tetrahydrod- 
pimaric acid and betuline diacetate 
give larger areas of about 47 and 
48 sq. Ä., respectively.

There seems to be some relation 
between collapse pressure and the 
number and kind of polar groups 
in the molecule. Tetrahydro-d- 
pimaric acid with three rings and 
one carboxyl group has a collapse 
pressure of about 15.0 dynes per 
cm.; ß-amyrine, which contains 
one hydroxyl group at X and a 
double bond in ring E has a higher 
collapse pressure of about 22 dynes 
per cm. Betuline, oleanolic acid 
and siaresinolic acid have collapse 
pressures of about 48 dynes per cm. 
while that of sumaresinolic acid is 
about 45 dynes per cm. All of 
these compounds which exhibit collapse pressures 
on.y slightly below 50 dynes, have either two or 
t h polar groups beside the double bond in ring 
E (Fig. 1). The fact that the adhesion of the film 
for the substratum is greatly increased in these 
latter compounds is undoubtedly related to the 
addition of polar groups to the molecule. By com-

paring betuline with betuline diacetate the effect 
of changing from two hydroxyl to two acetyl groups 
is very clearly shown in their collapse pressures. 
Betuline has a collapse pressure of about 48 dynes
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per cm. while that of betuline diacetate is only 
9 dynes per cm. This illustrates the effect of 
changing from a strongly to a weakly polar group.

4. Molecular Rearrangement in the Films
It has been pointed out in the introduction that 

films of betuline exhibit a rapid rearrangement of
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the molecules such that the initial pressure, de­
veloped during a compression, almost entirely 
disappears at lower pressures, and largely dis- 
appears at higher pressures.
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After a compression, the film shrinks for about 
thirty seconds, but the total decrease in area is 
small. If now the area is restored 
to its former larger value by the 
extremely small expansion neces­
sary, the pressure is greatly re­
duced, as from 30 dynes to 1 dyne, 
or from 40 dynes to 5.5 dynes.
The film is now under a lower pres­
sure, and does not under this lower 
pressure undergo any further con- 
traction in five minutes. However, 
if the pressure is kept at the higher 
value (as 40 dynes) for five min­
utes, and the area restored to the 
initial value at the end of five min­
utes, the pressure is found to be 
slightly lower than if the pressure 
had been reduced by adjusting the 
area at the end of thirty seconds.

Thus the rate of contraction of 
the film is higher at high than at 
low pressures. The shrinkage of 
the film produces a lowering of pres­
sure, when the area is enlarged to the initial value, 
which is most extreme for betuline, is also great for 
oleanolic and siaresinolic acids, is large for suma­

resinolic acid at high but not at low pressures, and 
appears with films of ß-amyrine and of betuline 
diacetate only at the higher pressures (Figs.
4-6).

Thus the phenomenon of mo­
lecular read justment and the re- 
sultant shrinkage of the film is very 
pronounced for those molecules of 
the five-ring type which have two 
highly polar groups attached to 
a single ring. These should be 
oriented toward the water. The 
removal of one of these groups, as 
in ß-amyrine, or a change from 
hydroxyl to acetate groups, as in 
betuline diacetate, causes the phe­
nomenon nearly to disappear. 
However, with ß-amyrine on 0.02 
molar hydrochloric acid Askew4 
found a marked contraction of the 
film up to an initial pressure of 
15 dynes per cm.

When the pressure of a film of 
betuline was adjusted to 16 dynes 
every five minutes the area de­

creased in an hour by 18%, but at 1.0 dyne the 
decrease in area was only 4.5%. If the pressure
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is kept constant at 16 dynes, the decrease in area 
occurs more rapidly.

(4) Askew, Biochem. J., 29, 472 (1935).
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5. Molecular Dimensions and Orientation
Models of the five-ring compounds give a value 

of about 15 Ä. as the length of the molecule, and 
indicate that the molecular area in a tightly 
packed film, without water present, should be of 
the order of 50 sq. Ä. The values found at 8 
dynes per cm. pressure are of this general order 
(Table I), with the exception of those for betuline, 
which seems to give a thickness of film which is 
anomalous, especially at the highest pressure (48.8 
dynes/cm.). This indicates either that the film 
of this particular substance is not truly mono- 
molecular, or that a part of the betuline has dis­
solved.

For the three-ring compound the model gives 
a molecular length of 10 Ä., while the apparent 
film thicknesses are 9.7, 10.2 and 10.7; at zero 
(extrapolated), 8, and 14.7 dynes/cm., respec­
tively.

These compounds are apparently oriented with 
the XY ring toward the water, and the presence of 
a carboxyl group at Z seems to increase the cohe- 
sion in the film.

6. Surface Potential Relations
The surface potential (AF) of a film composed 

of molecules of an organic substance is the differ­
ence between the contact potential of the aqueous 
surface and that of the surface when covered by 
the film. This is defined as positive when of the 
usual sign.

The data for the contact potentials of the six 
five-ring compounds are represented by the points 
of Figs. 4-6. As usual, the spread of the points 
at low pressures is due to non-homogeneity of the 
film: that is, islands of Condensed film and the 
adjacent gaseous film are represented. In this 
region the highest values give the surface poten­
tial for the islands.

The shrinkage of the film produces very little 
effect upon the surface potential, so the data refer 
to either state.

The mean values for the surface potentials of 
the Condensed films are given in Fig. 7. The sur­
face potentials increase as the concentration in 
the film increases, that is, as the molecular area 
decreases, and most rapidly in the case of siaresin­
olic acid, though almost as rapidly for oleanolic 
acid.

The values of A V per molecule are represented 
by the values of m, where

m  =  A V / n

in Fig. 8. Here n is the number of molecules in 
one sq. cm. of film. The values of m — w/47r 
are also given in order to simplify a comparison 
with the results expressed by English workers. 
They assume that ß is the dipole moment of the 
molecules in the film, even although its values are 
commonly only one-tenth as large as the true di­
pole moments. I t is recommended tha t the use 
of ß be discontinued, since it is the Standard 
Symbol for the dipole moment. The equation 
which has been used for the calculation of ß, is 

/JL = AF/4 TTfl

This equation represents a parallel plate condenser 
with metallic plates, but with the dielectric con­
stant (.K ) omitted. Even for this simple case the 
correct equation is AF = 47rad/K which they

Fig. 7.

If an equation for a condenser could be applied 
to the case of a film, which is somewhat improb- 
able, the value of ß would depend upon at least 
three dielectric constants, and the correct con­
stant would not be 47r. I t is preferable to use the 
value of m, which does not assume tha t the rela­
tion to the molecular dipole moments is known.

However, as a preliminary assumption it may 
be considered that the dipole moments of the 
molecules of the film contribute to the surface po
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tential, although other factors are involved. It 
is apparent that the surface potential divided by 
the number of molecules (m) usually decreases 
slightly as the number of molecules per unit area 
increases. That is, though the surface potential
(AF) increases with the concentration in the 
film, usually the contribution of each molecule to

A V decreases with the concentration. With sia­
resinolic and oleanolic acids the variations are 
more complicated.

These relations are presented in a slightly dif­
ferent way in Table II, which gives the percentage 
increase in surface density and the corresponding 
percentage increase of surface potential for a speci­
fied range of surface density for the Condensed 
film.

In general, the increase of surface density is 
more than sufficiënt to account for the increase of 
surface potential, but with oleanolic and siaresin­
olic acid the percentage increase of density is less 
than that of the potential.

Oleanolic acid is ß-amyrine in which a hydrogen 
atom at Z is replaced by a carboxyl group. While 
with both compounds the surface potential for the 
Condensed film is about 250 mv., the values for 
oleanolic acid rise to 415 mv. at 39 A., while at 
the same molecular area for amyrine the surface

potential is only 280 mv. Thus, when the mole­
cules are closely packed the carboxyl group at Z 
increases the surface potential by 135 mv. or by 
about 50%.

The Substitution of a hydroxyl group in one of 
the lower methyl groups (Y) of oleanolic acid to 
give siaresinolic acid increases the surface poten­

tial at low areas from 415 to 625 mv. However, 
a Substitution of a hydroxyl group in the same 
position in ß-amyrine to give betuline lowers the 
potential by 100 mv. Thus, exactly the same 
Substitution at Y increases the potential by 200 
mv. if the carboxyl group is present at Z, and 
lowers it by 100 mv. if it is not present.

Sumaresinolic acid, which is a stereoisomer of 
siaresinolic acid, shows widely different surface 
potential effects. Its potential range, 290 to 400 
mv., is considerably lower than that of its isomer 
(400 to 625 mv.), and is fairly close to that of 
oleanolic acid, 280 to 430 mv. There is obviously 
a compensation of the polar groups in the suma­
resinolic acid molecule, practically amounting to 
the complete neutralization of the hydroxyl (Y) 
group. The striking feature of its potential 
curve, however, is that the percentage increase 
of the potential is only 6.67% as compared with 
its surface density increase of 16.8%. The cöm- 
pensating effect of the dipoles evidently increases 
rapidly on compression.

The most pronounced compensating effect of 
the type discussed for sumaresinolic acid was ob­
served for d-pimaric acid, by Harkins, Ries and 

Carman.1 As shown in Table II, the surface 
density increases 16.8% while the surface poten-

T a b l e  I I
T h e  V a r ia t io n  of S ur fa c e  P otentia l  w ith  S u r face

D e n sit y
Surface Increase of Increase

potential surface of surface
range, density, potential,

Compound total % %
ß- Amyrine 260-285 16.8 7.44
Betuline 130-190 16.-8 14.7
Betuline diacetate 410-440 16.8 8 .0 o
Oleanolic acid 280-430 16.8 21.3
Sumaresinolic acid 290-400 16.8 6.67
Siaresinolic acid 400-625 16.8 19.5
T etrahy dro-^-pimaric acid 205-225 16.8 8 .8
(/-Pimaric acid 110-80 16.8 -1 4 .1
The percentage changes are calculated from the straight 

portions of the AV—A curves, not over the total range, 
thus the change of surface density of 16.8% corresponds to 
a decrease of area from 56 to 48 sq. Ä. for each compound, 
except for betuline (40 to 34.3) and ß-amyrine (48 to 41.1), 
since for these two compounds the A V —A curves were not 
linear in the region between 56 and 48 sq. A.
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tial decreases 14.1% though the saturated com­
pound, tetrahydro-d-pimaric acid (one polar 
group), exhibits normal potential relations.

As mentioned above the magnitude of the po­
tentials of ß-amyrine and betuline indicates an 
electrically oppositional alignment of the two 
hydroxyl groups in the latter molecule. It is not 
uncommon for a second polar group to cause a 
lowering of the surface potential. Similar results 
were found by us for d-pimaric acid as mentioned 
above and by others for certain sterols.5 How­
ever, too much weight should not be placed on this 
relationship in the particular case of betuline, 
since both its F ~ A  and V —A  curves are some­
what anomalous.

The high potential, 410-440 mv., of the com- 
paratively weak film of betuline diacetate is of 
interest. The addition of the two acetate groups 
to the betuline molecule has apparently produced 
marked changes in the film.

The surface potentials of the Condensed films 
vary over a large range, from 130 mv. for betuline 
to 630 mv. as the maximum for siaresinolic acid.

Summary
The solid monomolecular films of four of the 

six five-ring compounds considered in this paper 
have been found to give a behavior not previously 
exhibited, at least not in anything like this high 
degree. That is, if kept at constant area the 
pressure almost entirely disappears due to a 
shrinkage of the film. The behavior is more 
nearly analogous to that of a wax than to a crys­
talline solid. Thus for these films the initial pres­
sure seems to be of much more significance than

(5) Adam, Askew and Danielli, Biochem. J., 29, 1786 (1935).

the final pressure. The initial pressures of all of 
the films and the surface potentials, are exhibited 
in Fig. 7, while the final pressures and the poten­
tials are given in Fig. 9.

Fig. 9.

At film pressures of eight dynes per cm. the ap­
parent thickness of the film varies from 14 to 17 
Ä. for the various compounds, which is about the 
thickness to be expected if molecules with five 
rings stand on end.
Ch ic ag o , I l l in o is  R e c e iv e d  M a y  12, 1936
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[C o n t r ib u t io n  from  t h e  C hem ical L aboratory  of t h e  U n iv e r sit y  of I l l in o is ]

Derivatives of Tertiary Alcohols. Acid Phthalic Esters

By W. A. F e ssl er1 and  R. L. Sh r in e r

Many reagents are available for the preparation 
of derivatives of primary and secondary alcohols, 
but very few of these are applicable to tertiary 
alcohols. A few urethans and 3,5-dinitroben- 
zoates of /-butyl and /-amyl alcohols are reported.2 
The difficulties in obtaining derivatives of tertiary 
alcohols are due not only to the slowness with 
which they react, but also to the ease with which 
replacement of the hydroxyl or elimination of 
water takes place.

The preparation of solid esters of tertiary alco­
hols by using the tertiary alkoxymagnesium halide 
as one reactant seemed to offer a procedure which 
would avoid the dehydration reaction, since mild 
conditions could be used. The reaction of alkoxy­
magnesium halides with acid chlorides was first 
observed by Grignard3 as a secondary reaction 
taking place when ethyl oxalyl chloride was 
treated with methylmagnesium iodide. Houben4 
later used the reaction with acid chlorides and 
anhydrides as a general method of esterification 
for primary and secondary alcohols. Recently 
Yabrofï and Porter5 prepared /-butyl phenyl­
acetate by the action of /-butoxymagnesium 
bromide on phenylacetyl chloride.

In the present work, a study was made of the 
reaction between /-alkoxymagnesium halides and 
phthalic anhydride and three readily available 
substituted phthalic anhydrides. In order to 
determine the best conditions for the reaction and 
the most suitable anhydride, a series of prelimi­
nary experiments were carried out, using /- 
butoxymagnesium bromide prepared from /-butyl 
alcohol and ethylmagnesium bromide. Some of 
the runs are summarized in Table I .

The addition of dioxane increased the yield of 
the ester since it is a better solvent for the an­
hydrides than ether alone. Higher yields of the 
/-butyl ester were obtained at 50-55° than at 
lower or higher temperatures. The phthalic acid 
ester melts rather low and the esters of higher 
alcohols crystallized with difficulty. 3-Nitro-

(1) Chemical Foundation Fellow in Organic Chemistry.
(2) Knoevenagel, Ann., 297, 148 (1897); Neuberg and Kansky, 

Biochem. Z., 20, 448 (1909); Reichstein, Helv. Chim. Acta, 9, 799 
(1926); Hoeke, Thesis, Leyden, 1934.

(3) Grignard, Compt. rend., 136, 1200 (1903).
(4) Houben, Ber., 39, 1736 (1906).
(5) Yabrofï and Porter, T h is  Jo u r n a l , 54, 2453 (1932).

phthalic anhydride gave crystalline esters, but 
the use of this anhydride may give rise to isomeric 
esters. I t was found that ethoxymagnesium 
bromide reacted with 3-nitrophthalic anhydride 
to produce the 2-ethyl-3-nitro acid phthalate 
which melted at 156-158°, and was identical with 
that previously prepared by direct esterification.6 
It may, therefore, be assumed tentatively that the 
/-butoxymagnesium bromide produces the 2-/- 
butyl-3-nitro acid phthalate. No isomeric ester 
could be isolated, but it may have been lost dur­
ing purification.

On the basis of the preliminary experiments, 
tetrachlorophthalic anhydride (I) seemed to be 
the most suitable since no isomeric esters are 
possible and the products crystallized more 
readily. Accordingly, it was used to prepare the 
tetrachlorophthalic acid esters (II) of the tertiary 
alcohols listed in Table II. This table also shows 
the best time and temperature for the reaction and 
indicates the best procedure for isolation.

Cl
Cl

/\_ -CO

Cl
O

Cl
-c o

RaCOMgBr 

Then HC1

Cl
Cl/ \ —COOH

Cl
Cl
II

—COOCRa

Examination of the data in Table II shows that 
the tetrachlorophthalic acid esters of tertiary 
alcohols are satisfaetory solid derivatives which 
may be characterized by their decomposition 
points and neutral equivalents. Although the 
yields are not high, the reaction can be used 
satisfactorily when sufficiënt amounts of material 
are available.

The experimental conditions and method of 
isolation must be varied according to the molec­
ular weight of the tertiary alcohol. For alcohols 
of low molecular weight a short reaction period at 
50° is preferable, whereas the higher alcohols re­
quire a long time at a low temperature. The tetra­
chlorophthalic acid esters of alcohols below tri-n- 
propylcarbinol were soluble in aqueous alkalies, 
whereas the higher esters were insoluble. The neu­
tral equivalents of these higher esters hence must 
be determined by titration in acetone solution.

(6) Nicolet and Sacks, ibid., 47, 2348 (1925).
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T a b le  I
R ea ctio n  of /-B u to x ym a g n esiu m  B rom ide  a n d  V a r io u s  P h th a lic  A n h y d r id e s

Anhydride Reaction solvent
Reaction

Temp., °C. Time, hr. Dec. point
Yield of 
ester, %

Neut
Calcd.

. equiv. 
Found

Phthalic Ether 36 1 85.0-86.0 (melts) 17.5 222 220
Phthalic Ether-dioxane 50-55 1 85.5-86.5 (melts) 42.8 222 221
3-Nitrophthalic Ether-dioxane 50-55 1 145 dec. 54.3 267 267 -
Tetrabromophthalic Ether 50-55 1 147 dec. 4.1 538 531
Tetrachlorophthalic Ether-dioxane 50-55 1 142 dec. 54.2 360 360
Tetrachlorophthalic Ether-dioxane 0 20 142 dec. 15.4 360 358

T a b le  II
R ea ctio n  of V a r io u s  /-A l k o x y m a g n esiu m  B ro m id es  w it h  T etr a c h l o r o ph th a l ic  A n h y d r id e

Alcohol
Reaetion

Temp., °C. Time, hrs. Yield, %
Dec. point, 

°C.
Neut. equiv. 

Calcd. Found Procedure7
/-Butyl 50-55 1 54.2 142 360 360 A
/-Amyl 50-55 1 38.4 126 374 372 A
Triethylcarbinol 25 2 66.0 145 402 398 A
Tri-w-propylcarbinol 0 10 54.3 138 444 443 B
Tri-w-butylcarbinol 0 10 36.2 112 486 482 B
Tri-«-am ylcarbinol 0 20 47.0 102 528 529 B

The reaction with aryl carbinols was also 
studied. Diphenylcarbinol can be converted into 
the acid phthalate in 74% yields by use of the 
alkoxymagnesium bromide, whereas the direct 
reaction of diphenylcarbinol with phthalic an­
hydride gave only 18% yields of the ester.

All attempts to prepare acid phthalates of tri- 
phenylcarbinol (by varying the experimental 
conditions) have failed up to the present time.

Experimental
Tertiary Alkoxymagnesium Bromides.—A solution of 

0.1 mole of the tertiary alcohol in 50 cc. of anhydrous ether 
was added dropwise to a vigorously stirred solution of 0.1 
mole of ethylmagnesium bromide in 150 cc. of absolute 
ether in a flask equipped with a reflux condenser.

In the case of /-butyl alcohol a white precipitate ap­
peared. With the higher alcohols no precipitate formed. 
The resulting solution or suspension was used in the fol­
lowing procedure.

In one run with /-butyl alcohol the precipitate was 
filtered, dried in vacuo and analyzed. The analysis showed 
that the precipitate was /-butoxymagnesium bromide con­
taining some ether.

Anal. Calcd. for C^gOMgBr-O.ö^Hö^O: Mg, 11.35; 
Br, 37.30. Found: Mg, 10.47, 10.57; Br, 35.81, 35.19. 
Atomic ratio: Mg:Br::1.00:1.02.

Phthalic Acid Esters.—To a vigorously stirred solution 
of 0.1 mole of the tertiary alkoxymagnesium bromide in 
175 cc. of ether was slowly added 175 cc. of anhydrous di­
oxane (175 cc. of anhydrous ether was substituted on two 
occasions as noted in Table I). One-tenth mole of phthalic 
or the substituted phthalic anhydride was then introduced 
and the reaction flask surrounded by a bath to maintain 
a constant temperature. After the reaction mixture had 
been stirred at the temperature and for the time indicated 
in the tables, the contents of the flask was poured on 500 
g. of ice and acidified with 125 cc. of 2 AT hydrochloric acid.

(7) See Experimental Part.

The unreacted anhydride was then filtered, after which the 
ether layer of the filtrate was separated and the water 
layer extracted once with a 75-cc. portion of ether. The 
combined ether layers were then washed with two 50-cc. 
portions of ice-cold water. Isolation of the acid ester was 
accomplished by one of two methods, depending upon 
whether or not it was soluble in a 5% solution of sodium 
hydroxide. It was found that the tetrachlorophthalic 
acid esters of the aliphatic alcohols above triethylcarbinol 
were insoluble in this solution.

Procedure A.—The ether layer was extracted with ice- 
cold, 5% sodium hydroxide, using a 100-cc. portion fol­
lowed by a 25-cc. portion. The combined sodium hydrox­
ide layers containing the sodium salt of the acid ester were 
acidified by slowly stirring in 6 N  hydrochloric acid until 
addition of the acid caused no further precipitation. Acid 
esters separated by procedure A were, in each case, purified 
by recrystallization from a mixture of ether and low-boiling 
petroleum ether.

Procedure B.—The ether was evaporated from the 
ethereal solution of the acid ester by heating on a steam 
eone. The resultant mass was then placed in a vacuum 
desiccator over concentrated sulfuric acid for three days. 
At the end of this time most of the unreacted alcohol had 
been removed. Purification was completed by dissolving 
in acetone and precipitating by the addition of water. 
This was repeated three times, and the product washed 
with two 50-cc. portions of low-boiling petroleum ether 
chilled in solid carbon dioxide and acetone.

In each instance, a white amorphous precipitate was 
formed when dioxane was added to the solution of tertiary 
alkoxymagnesium bromide in the preparation of the acid 
ester. In one run with triethylcarbinol this precipitate 
was separated and found to contain a large and somewhat 
variable amount of MgBr2 obtained by the effect of dioxane 
on the probable equilibrium in solution, 2ROMgBr 
(RO)2Mg -f MgBr2.

The properties and neutral equivalents of the esters are 
recorded in Table II and the analyses in Table III.

Diphenylcarbinyl Acid Phthalate.—Treatment of di­
phenylcarbinol with ethylmagnesium bromide and sub­
sequent reaction with phthalic anhydride produced this
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Molecular Calcd., % Found, %
Compounds formula C H C H

/-Butyl acid phthalate Q2H14O4 64.83 6.35 64.60 6.30
/-Butyl acid 3-nitrophthalate C^HisOeN 53.91 4.90 53.88 4.88
/-Amyl acid 3-nitrophthalate C 13H i606N 55.49 5.38 55.22 5.06
/-Butyl acid tetrachlorophthalate U 1 2 H 1 0 O 4 C I4 39.98 2.80 39.65 3.05
/-Amyl acid tetrachlorophthalate C13H12O4CI4 41.69 3.23 41.58 3.12
Triethylcarbinyl acid tetrachlorophthalate CißHieChCh 44.75 4.01 44.47 3.95
T r i -propylcarbinyl acid tetrachlorophthalate C18H22O4CI4 48.62 4.99 48.49 5.03
Tri-w-butylcarbinyl acid tetrachlorophthalate C 21H 280 4Cl4 51.82 5.67 51.64 5.60
Tri-w-amylcarbinyl acid tetrachlorophthalate C 2 4 H 3 404C14 54.54 6.49 54.41 6.85

ester in 74% yield. The reaction mixture was kept at 0° 
for twenty hours, and the acid ester separated by procedure 
A. The product melted at 164-165° and possessed a neu­
tral equivalent of 333. Calcd. for C2iHt604, 332.

By heating equimolar amounts of diphenylcarbinol with 
phthalic anhydride at 110° for fifteen hours, a yield of 18% 
of the diphenylcarbinyl acid phthalate resulted.

Summary
The reaction between /-alkoxymagnesium bro­

mides and tetrachlorophthalic anhydride produces

the /-alkyl acid tetrachlorophthalates in 36-66% 
yields. These solid esters may be characterized 
by their neutral equivalents and decomposition 
points.

The acid phthalate of diphenylcarbinol may be 
prepared in 74% yield by the reaction between 
phthalic anhydride and the alkoxymagnesium 
bromide.
U r b a n a , I l l in o is  R e c eiv ed  M ay  14, 1936

[C o n t r ib u t io n  from  t h e  Ch em ic a l  Laboratory  of th e  U n iv e r sit y  of  I l l in o is  a n d  t h e  J o h n  H a r r iso n  L aboratory
of  Ch e m ist r y  at  t h e  U n iv e r sit y  o f  P e n n s y l v a n ia ]

The Michael Condensation. IV. The Active Methylene Group in Sulfones

By R alph  Co nno r , C. L. F lem ing , Jr ., and  T em ple C layton

Sulfones having the structure RCH2S02R r (in 
which R is either aryl or another sulfone group­
ing) are of interest because the methylene group 
is attached to two activating groups, yet enol- 
ization is not possible unless sulfur expands its 
valence Shell. Previous investigators1 have shown 
that methylene disulfones form sodio derivatives 
and may be alkylated by methods similar to 
those used for the alkylation of 1,3-diketones 
and that benzyl phenyl sulfone forms a sodio 
derivative (but may not be alkylated). These 
are apparently the only characteristic reactions 
of the active methylene group which have pre­
viously been shown to apply to sulfones of this 
type.2 This paper demonstrates the ability of 
benzyl ^-tolyl sulfone to undergo the Michael 
condensation.

(1) Shriner, Struck and Jorison, T h is  J o u r n a l , 52, 2060 (1930).
(2) Aside from active methylene compounds, three other points

of similarity may be noted3 in the behavior of sulfones and their 
ketonic analogs: (1) the addition reactions of «,/3-unsaturated
sulfones, (2) the condensation of benzaldehyde with methyl #-tolyl 
sulfone and (3) the reaction of the Grignard reagent with sulfones 
to give magnesium derivatives similar to those obtained with certain 
ketones.

(3) Kohier and Potter, T h is  J o u r n a l , 67, 1316 (1935).

The product (I) obtained from the condensation 
of benzyl £-tolyl sulfone with benzalacetophenone 

CeHöCHCHaCOCeHß
I (I)

CeHßCHSOaCeH^Hs-^

was present in two stereoisomeric forms, m. p. 
139-141° and 197-197.5°. The total yield of the 
pure products was 26%; this does not represent 
the actual extent of the reaction, however, be­
cause of the losses encountered in the difficult 
Separation of the isomers from each other and 
from unreacted benzyl p-to\y\ sulfone.

The addition of benzyl £-tolyl sulfone to ben- 
zalacetophenöne is similar to the behavior of the 
ketonic analog of the former4 (desoxybenzoin). 
The analogy between the reactions of ketones 
and sulfones in the Michael condensation may be 
carried still further. Both dibenzoylmethane5 
and bis-(phenylsulfonyl)-methane do not con- 
dense with benzalacetophenone and both benzyl 
^-tolyl sulfone and desoxybenzoin fail to react 
with methyl cinnamate. However, the failure of

(4) Knoevenagel and Schmidt, Ann., 281, 53 (1894).
(5) Connor and Andrews, This Journal, 66, 2713 (1934).
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methyl ^-tolyl sulfone to react with benzalaceto­
phenone is in contrast to the behavior of aceto­
phenone.6

Other typical reactions of the active methylene 
group were tested with these sulfones. The mer­
curic chloride test7 for enolic substances was posi­
tive with bis-(phenylsulfonyl)-methane and nega­
tive with benzyl ^-tolyl sulfone. All of the other 
reactions attempted (bis-(phenylsulfonyl)-meth­
ane and benzyl p-tolyl sulfone with benzaldehyde, 
^-chlorobenzaldehyde, selenium dioxide, nitrous 
acid and isoamyl nitrite in the presence of sodium 
ethoxide) were unsuccessful. In all cases the sul- 
fones were recovered unchanged. While the 
usual caution in interpreting negative results 
must be observed, these data definitely form 
grounds for assuming a profound difference in the 
reactivity (if not in the nature of the reactions) of 
the methylene group in sulfones and in their ke­
tonic analogs.

As regards the reactivity of benzyl p-tolyl sul­
fone in the Michael condensation and the reac­
tivity of the disulfone with mercuric chloride, the 
choice between explanations assuming that the 
enol forms of the sulfones need not be involved or 
that sulfur may expand its valence shell,8 is not 
clear. The former explanation agrees with the 
fact that it has been shown5 that the reactivity 
of an addendum in the Michael condensation is 
not related to its tendency to enolize. However, 
the recognized ability of elements other than those 
of the first period to give transitory reaction inter- 
mediates and in some cases stable compounds with 
expanded valence shells, makes the latter explana­
tion plausible.

Experimental Part
Condensation óf Benzyl £-TolyI Sulfone with Benzal­

acetophenone.—To a solution of 49.2 g. (0.2 mole) of 
benzyl £-tolyl sulfone1 and 41.6 g. (0.2 mole) of benzal­
acetophenone in 1700 ml. of dry thiophene-free benzene 
was added a sodium methoxide solution prepared by dis 
solving 4.6 g. (0.2 gram atom) of sodium in 60 ml. of ab­
solute methanol. Because of the formation of two liquid 
phases, the mixture was stirred with a mechanical stirrer. 
After a reaction period9 of one week at room temperature 
15 ml. of glacial acetic acid was added and the mixture 
washed with water to remove sodium acetate. The aque­
ous layer contained an emulsion; this layer, upon separa-

(6) Andrews and Connor, T h is  Jo ur n a l , 67, 895 (1935).
(7) Connor and Van Campen, ibid., 68, 1131 (1936).
(8) The consideration of the electronic structure of sulfones has 

been adequately discussed by othersi»3 in relationship to similar 
questions.

(9) Another run in which the reaction period was twenty-four
hours gave similar results, but slightly lower yields of condensation
products.

tion from the benzene gave, upon standing, 4.8 g. of 
product which upon recrystallization from benzene gave
2.2 g., m. p. 194-195° (corr.).

The benzene extracts were distilled until 1300 ml. of 
benzene had been removed. Upon cooling, 16.4 g. (m. p. 
164-170°) of solid was obtained, which after recrystalliza­
tion from benzene gave 9.8 g. melting at 197-197.5° 
(corr.).

Further concentration of the benzene extracts gave 14.1 
g. (m. p. 134-136°) which, upon recrystallization from 
alcohol gave 11.3 g. of benzyl p -tolyl sulfone, m. p. 141- 
142° (corr.), which sufïered no depression of the melting 
point when mixed with an authentic sample of benzyl p- 
tolyl sulfone.

All of the solvent was removed from the benzene ex­
tracts and ether added. The sulfones, which are quite 
insoluble in ether, are readily separated from benzalaceto­
phenone in this manner. The ethér-insoluble residue was 
washed with ethèr, giving 29.0 g., m. p. 104-111°, which, 
after seven recrystallizations from alcohol, gave 7.0 g., 
m. p. 139-141° (corr.), This product, when mixed with 
benzyl p -tolyl sulfone, gave a mixture melting at 111-113 °.

The mother liquors from all the above recrystallizations 
were combined, concentrated and recrystallized many 
times from alcohol. The total yields of pure substances, 
including those mentioned above, finally isolated from 
the reaction were as follows. There was obtained 13.4 g. 
(14.7%) of the higher melting condensation product, 
m. p. 197-197.5° (corr.).

Anal. Calcd. for C2ÖH2603S: S, 7.0. Found: S, 
7.2, 7.2.

In addition to 11.3 g. (23%) of unreacted benzyl p- 
tolyl sulfone (m. p. 141-142°, corr.) there was obtained
10.3 g. (11.4%) of the lower melting isomer of the conden­
sation product, m. p. 139-141° (corr.).

Anal. Calcd. for C29H2603S: S, 7.0. Found: S, 6.6.
The mother liquors from the crystallizations contained

10.4 g. of a mixture, m. p. 96-118°.
Other Reactions.—Under conditions similar to those 

described above, the reactions of benzyl £-tolyl sulfone 
and desoxybenzoin with methyl cinnamate, and of bis- 
(phenylsulfonyl)-methane10 and methyl ^-tolyl sulfone with 
benzalacetophenone were unsuccessful. Using conventional 
methods, the reactions of bis-(phenylsulfonyl)-methane 
and benzyl p-tolyl sulfone with benzaldehyde,11 p-chloro- 
benzaldehyde,11 selenium dioxide,12 nitrous acid,13 and 
isoamyl nitrite14 (in the presence of sodium ethoxide) 
were tested. The recovery of unchanged sulfone was 
above 90% in the majority of the cases and was never 
below 75%.

Application of the mercuric chloride test7 gave a positive 
result with bis-(phenylsulfonyl)-methane but was nega­
tive with benzyl p-tolyl sulfone.

Summary
The addition of benzyl p - t  o ly l  su lfo n e  to  b e n ­

zalacetophenone has been d e sc r ib e d  and c e r ta in
(10) Kohier and Tishler, T h is  J o u r n a l , 57, 223 (1935).
(11) Tröger and Nolte, J. prakt. Chem., 101, 136 (1920).
(12) “Organic Syntheses,” John Wiley and Sons, New York, 1935, 

Vol. XV, p. 67.
(13) Ibid., p. 17.
(14) Tröger and Lux, Arch. Pharm., 247, 618 (1909),
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similarities in the behavior of sulfones and ke­
tones in the Michael condensation pointed out. 
The mercuric chloride test was positive with bis- 
(phenylsulfonyl)-methane but negative with ben­

zyl />-tolyl sulfone. The other reactions of active 
methylene compounds tested were not successful 
with these sulfones.
Philadelphia, Penna. Received June 3, 1936

[C o n t r ib u t io n  from  t h e  S chool of Chem istry  of t h e  U n iv e r sit y  o f  M in n e s o t a ]

The Rearrangement of Phenyl Allyl Ethers1
B y  W alter  M. La u e r  and  W illiam  F . F il be r t

The results of Claisen’s investigations dealing 
with the rearrangement of phenyl allyl ethers are 
well known. I t is sufficiënt for our present pur- 
pose to recall that the migrating allyl group shows 
a preference for the ortho position and that the 
point of attachment of the allyl group in the cases 
hitherto investigated is shifted from the alpha to 
the gamma carbon atom. The rearrangement of 
a number of substituted phenyl allyl ethers has 
been examined,2 but no study has been made of 
an isomeric pair of the type, CöHöOCH (R) C H =  
CH2 and C6H5OCH2CH=CHR. This omission 
presumably is due to the difficulty of obtaining 
the isomeric halides necessary for the usual syn­
thesis of these ethers. Fortunately, however, 
Meisenheimer and Link3 have shown that the 
action of hydrogen chloride on ethylvinylcarbinol 
leads to a mixture of CH3CH2CHC1CH=CH2 and 
CH3CH2CH=CHCH2C1, which may be sepa­
rated by means of a careful fractional distillation. 
It was therefore considered not without interest 
to prepare such a pair of isomeric ethers and to 
study their rearrangement.

The ether I yielded the expected rearrangement 
product, II, but its isomer, III, quite unexpect- 
edly, yielded IV.

CHaCHs

III IV
(1) Abstract of a thesis submitted to the Graduate Faculty of the 

University of Minnesota by William F. Filbert for the degree of 
Doctor of Philosophy, August, 1934.

(2) For an excellent discussion see Hurd, “The Pyrolysis of Carbon 
Compounds,” Chemical Catalog Co., Inc., N. Y., 1929, p. 214 et 
seq.; also Hurd et al., T h is  Jo u r n a l , 52, 1700, 3356 (1930); 53, 1068, 
1917(1931); 54,1648 (1932).

(3) Meisenheimeir and Link, Ann., 479, 211 (1930).

The Isomeric Ethers
The two isomeric chlorides, 3-chloro-l-pentene 

and l-chloro-2-pentene, were prepared by the ac­
tion of gaseous hydrogen chloride upon ethyl­
vinylcarbinol.

C2Hö—c h c h ==c h 2
I

OH
HC1

~^C2H8CHCH=CH2

Cl
-^C2H6CH==CHCH2C1 VI

The two isomeric ethers, I and II, were obtained 
from these chloropentenes by treatment with 
phenol and potassium carbonate in the presence 
of acetone. Ön account of the possibility of an 
alpha-gamma transposition, it was especially im­
portant to establish the structures of these ethers. 
This was accomplished by oxidation: I yielded 
a-phenoxybutyric acid, C6H5OCH(C2H5)COOH, 
whereas III under similar conditions gave phen- 
oxyacetic acid, C6H5OCH2COOH.

The preparation of l-chloro-2-pentene (VI) and 3-chloro- 
l-pentene (V) was carried out as follows. Ninety-nine 
grams (1.15 moles) of freshly distilled ethylvinylcarbinol 
was saturated with dry hydrogen chloride at 0°. After 
standing for three hours in an ice box, the reaction mixture 
was again saturated at 0°. This process Was then repeated 
after standing overnight. The total gain in weight was 62 
g. Finally after standing for twenty-four hours in an ice 
box, the lower aqueous layer was separated and the mixed 
chlorides were placed over anhydrous potassium carbonate 
for two weeks.- The mixture was filtered and then frac- 
tionally distilled using a 60-cm. Widmer column. Refräc- 
tionation gave the following results: (1) C2H6CHC1CH= 
CH2, b. p. 50-50.2° (150 mm.), 42.1 g.; (2) intermediate,
b. p. 50.2-62° (149 mm.), 2.1 g.; (3) C2H6CH=CHCH2C1, 
b. p. 62° (149 mm.) to 63.2° (146 mm.), 43.5 g.; (4) residue 
3.7 g.

y-Ethylallyl Phenyl Ether (III).—A mixture of 18.8 g. 
of phenol (0.2 mole), 20.9 g. of l-chloro-2-pentene (0.2 
mole), 29.0 g. (0.21 mole) of anhydrous potassium carbon­
ate and 20 cc. of acetone, combined in the order named, was 
placed in a 200-cc. round-bottomed flask. The reaction 
mixture was refluxed on the steam-bath for eighteen hours, 
cooled, taken up in water and 25 cc. of ether added. After 
separating the aqueous layer, it was again extracted with 
ether. The combined ether extract was then shaken twice 
with 15-20 cc. of 20% sodium hydroxide. After drying
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the ether solution over magnesium sulfate, it was concen­
trated and then subjected to distillation at reduced pressure; 
yield 18.6 g. (57%); b. p. 118.6° (20 mm.); d2% 0.9566. 
Analysis by use of the Grignard machine showed the pres­
ence of a negligibly small amount of active hydrogen.

a-Ethylallyl Phenyl Ether (I).—In a 500-cc. flask fitted 
with a condenser the reagents were placed in the following 
order and amounts: 28.2 g. of phenol (0.3 mole), 43.5 g. 
of anhydrous potassium carbonate (0.31 mole), 40 cc. of 
acetone, and 31.4 g. of 3-chloro-l-pentene (0.3 mole). 
After standing at room temperature for eighteen hours, 
the mixture was heated for nine hours and then allowed to 
stand overnight. Sufficiënt water to dissolve the precipi­
tate was added and the solution was then extracted several 
times with ether. The combined ether extracts, after 
washing with two 25-cc. portions of 20% sodium hydroxide 
followed by 25 cc. of water, were dried over anhydrous 
magnesium sulfate. Distillation under reduced pressure 
using a Widmer column gave the following fractions: (1)
chloropentene; (2) b. p. 103-115° (18.5 mm.); (3) b. p. 
115-118° (18 mm.). Fraction 2 redistilled yielded 5.6 g. 
of «-ethylallyl phenyl ether, b. p. 92-93° (15 mm.); d2% 
0.9465. Likewise fraction 3 gave 9.9 g. of the isomer 
y-ethylallyl phenyl ether; b. p. 116-117° (17 mm.); 
d2020 0.9567.

Oxidation of the isomeric ethers was accomplished by 
means of potassium permanganate in aqueous acetone 
solution.

(a) y-Ethylallyl Phenyl Ether.—One and two-tenths 
grams of III, dissolved in aqueous acetone, was treated with
3.2 g. of potassium permanganate dissolved in a small 
amount of water. After standing overnight, the solution 
became almost colorless. The reaction mixture was filtered 
and the solution acidified. About one-half of the solvent 
was then distilled off to remove most of the acetone. The 
solution was extracted twice with ether. The ether ex­
tract, washed with a small amount of water, then was ex­
tracted twice with a 5% solution of sodium carbonate. 
Acidification of the carbonate solution with dilute sulfuric 
acid precipitated 0.32 g. of phenoxyacetic acid; melting 
point and mixed melting point with an authentic specimen 
of phenoxyacetic acid 98-99.5°.

(b) a-Ethylallyl Phenyl Ether.—A 1-g. sample of (I) 
oxidized in the manner described in (a) yielded an oil which 
finally crystallized; melting point after two crystalliza­
tions from water 80-82°. o'-Phenoxybutyric acid pre­
pared according to the directions of Bischofï4 did not cause 
any lowering of the melting point when mixed with this 
oxidation product.

The Rearrangement Products.—The conven- 
ient technique of Claisen, which involves heating 
of the ether in diethylaniline, was adopted after it 
had been shown that the same rearrangement 
products were obtained in the absence of diethyl­
aniline. That a-ethylallyl phenyl ether (I) gave
o -  (7-ethylallyl) -phenol (II) upon rearrangement is 
indicated by the fact that ozonolysis of the methyl 
ether of II led to the formation of propionalde-

(4) B ischofï, B e r ., 33, 931 (1900); see a lso  L uchm ann, ib id .,  29, 
14.21 (1896).

hyde. The direct nuclear alkenylatiön of phenol 
with l-chloro-2-pentene, VI, also gave a product 
which was identical with that obtained by the re­
arrangement of I. Apparently, this a-monosub- 
stituted allyl phenyl ether follows the rearrange­
ment pattern outlined by Claisen.

The rearrangement of 3-phenoxy-l-pentene (I) was
carried out by boiling 5.6 g. of this ether with one-half its 
weight of diethylaniline in an atmosphere of carbon diox­
ide. The temperature of the boiling mixture rose from 201 
to 225° in three and one-half hours. After cooling, the 
reaction mixture was taken up in ether and petroleum 
ether, extracted twice with dilute sulfuric acid to remove 
the amine, and then three times with 20% sodium hydrox­
ide to remove the phenol. The alkaline solution was acidi­
fied with hydrochloric acid and extracted with three 15- 
cc. portions of ether. After drying with anhydrous mag­
nesium sulfate, the ether solution was concentrated and the 
residue distilled at reduced pressure. About 1 cc. of 
higher boiling material remained; yield 4.7 g. (83%); 
b p. 131-132.5° (16 mm.); d2020 0 988.

The phenylurethan was prepared by the action of phenyl 
isocyanate on the phenol dissolved in petroleum ether, in 
the presence of potassium carbonate. After crystalliza­
tion from petroleum ether and dilute methyl alcohol, it 
melted at 67-68°.

Anal. Calcd. for C18HJ90 2N: C, 76.85; H, 6.81. 
Found: C, 76.65; H, 6.61.

The aryloxyacetic acid was prepared from 1 g. of the
phenol by the method of Koelsch5 6 giving 0.78 g. of o-(2- 
pentenyl)-phenoxyacetic acid. After crystallization from 
dilute methyl alcohol, it melted at 108.5-110°.

The methyl ether of the rearrangement product (II) 
was obtained in 88% yield by treating the phenol with 
methyl iodide in the presence of a methyl alcohol solution 
of sodium methoxide; b. p. 143-145° (35 mm.); d2020 
0.9586. Ozonolysis of this methyl ether was carried out 
using ethyl bromide as solvent. Decomposition of the 
ozonide was accomplished in a manner similar to that used 
by Whitmore.6 The steam distillate contained some 
brown oil, which was probably a polymer of homoanisalde- 
hyde; it failed to give a semicarbazone. The remainder 
of the steam distillate was treated with methone (di- 
methylhydroresorcinol).7 The precipitated derivative, 
recrystallized once from alcohol, had a melting point of 
120-165°. By washing with cold acetone, a small residue 
of formaldimethone was obtained. This could have re­
sulted only by deep-seated decomposition of the molecule. 
The solution from which this mixture of derivatives had 
been filtered was treated with more methone. The precipi­
tate was crystallized from alcohol, then carbon tetrachlo­
ride and finally from dilute acetone; colorless plates, m. p.
152.5-153°. A mixed melting point with propionaldi- 
methone showed no depression.

Anal. Calcd. for C19H28O4 (propionaldimethone): C,
71.2; H, 8.81. Found: C, 71.1; H, 8.62.

The residue from the steam distillation of the ozonide

(5) K oelsch , T h is  Jo u r n a l , 53, 304 (1931).
(6) W hitm ore et a l., ib id .,  54, 3711 (1932); 56, 180 (1 9 3 4 ).
(7) K lein  and L inser, M ik ro c h e m ie , Pregl F estsch rift, 204 (1929).
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rvoH
—CHCH='c h 2

XIII
C H 2C H 3

was made alkaline, the precipitated 
zinc hydroxide filtered off, the fil­
trate acidified and then extracted 
with ether. Evaporation of the 
ether left an oil which finally solidi­
fied. This was dissolved in dilute 
sodium hydroxide and treated with 
charcoal. By acidification, extrac­
tion with ether and evaporation, 
there was obtained a solid, which 
when twice crystallized from water 
showed a melting point of 121-123°.
This corresponds to the melting 
point of ö-methoxyphenylacetic 
acid.

Direct nuclear alkylation of 
phenol with 1 -chloro-2-pentene (VI) 
yielded a product which was identi­
cal with that obtained by the rearrangement of I. Sodium 
(4.6 g.) was dissolved in a solution of phenol (18.8 g.) in ben­
zene (75 cc.). l-Chloro-2-pentene (20.9 g.) in 25 cc. of ben­
zene was then added and the mixture refluxed on the steam- 
bath for twelve hours. After standing for twenty-four 
hours the sodium chloride was dissolved in water, petro­
leum ether was added and the layers w.ere separated. The 
petroleum ether-benzene solution was extracted with five 
portions of Claisen’s alkali and then with one portion of 
water. The alkaline solution was then acidified and ex­
tracted with ether. After drying with magnesium sulfate, 
the ether solution was concentrated and the residue dis­
tilled at reduced pressure. A liquid (13.5 g.) boiling at 
146°(29)-145° (21 mm.) was obtained. This gave an 
aryloxyacetic acid that was identical with the one al- 
ready described.

The rearrangement of Y-ethylallyl phenyl 
ether (III) led to a product which is identical with 
that produced by the rearrangement of a,y-di- 
methylallyl phenyl ether (VII).

CHa

C H —C H = C H C H 3

—0CH2C00H

l  J— c h c h = c h c h 3

CHa
VIII

r v O C H 3

VII
The structures of these isomeric ethers were also 
established by means of oxidation; VII yielded 
Q'-phenoxypropionic add whereas III gave phen­
oxyacetic acid. That the rearrangement prod­
ucts of these isomeric ethers are identical is shown 
by the fact that they gave identical phenylure- 
thans. Structure IV is assigned to this rearrange­
ment product. The transformations outlined in 
the following diagram will make the reason for 
this choice clear.

The alternative structure XIII leads to IXa and 
XHa, compounds differing in composition from 
IX and XII.

The rearrangement of 7-ethylallyl phenyl ether (III)
was carried out in a small flask fitted with an air condenser.

I J—CHCHO
V  i

CH3

CH2COOH

CHCOOH
I

C H 2C H 3
IXa

C H 2COOH  

C H C O O H
I

C H 3

/ V - O C H 3 

— C H C O O H

c h 3
XII

/ V - o c h 3

I J — C H C O O H  

C H 2C H 3
XHa

Eight and eight-tenths grams of the ether and one-half its 
weight of diethylaniline were heated to the boiling point in 
an atmosphere of carbon dioxide. The temperature rose 
from 220 to 235° in a period of one and three-quarter hours. 
after which no further increase of the boiling temperature 
was noted. After cooling the reaction mixture was taken 
up in petroleum ether and ether, the solution extracted 
twice with dilute sulfuric acid to remove the diethylaniline, 
then three times with 20% sodium hydroxide to remove the 
phenol. The alkaline solution was acidified with hydro­
chloric acid and extracted with ether. The ether solu­
tion, after drying over magnesium sulfate, was concen­
trated on the steam-bath and the residual oil distilled at 
reduced pressure; b. p. 125-127° (16 mm.); 0 0.9915;
yield 7.8 g. (88%).

The phenylurethan, recrystallized three times from 
petroleum ether and twice from dilute methyl alcohol, 
melted at 108.5-109.5°.

Anal. Calcd. for Ci8H190 2N: C, 76.85; H, 6.81. 
Found: C, 76.80; H, 6.66.

The aryloxyacetic acid (VIII), crystallized from a ben­
zene-petroleum ether mixture and twice from dilute methyl 
alcohol, melted at 128-130°.

Anal. Calcd. for Ci3H160 3: C, 70.87; H, 7.33. Found: 
C, 70.84; H, 7.44.

Oxidation of the Aryloxyacetic Acid (VIII — >  IX).— 
One gram of the aryloxyacetic acid was dissolved in 50 cc. 
of water containing enough acetone to form a homogeneous 
solution. To it was added, dropwise and with shaking, a 
solution of 2.7 g. of potassium permanganate in 100 cc. 
of water. It was necessary to cool the reaction mixture 
during the reaction. After standing overnight, the reac­
tion mixture was filtered. The filtrate acidified with di­
lute sulfuric acid, was extracted with ether. The ether 
solution, dried over magnesium sulfate, was evaporated 
slowly. The residual oil was dissolved in benzene and 
crystallized from this solvent, m. p. 170-171°.

Anal. Calcd. for Ci2Hi40 6(IXa): C, 60.5; H, 5.88. 
Calcd. for CiiH120 5(IX): C, 58.9; H, 5.38. Found: C,
59.02; H, 5.39.

Methylation of the Rearrangement Product (IV----->•
X).—This conversion was brought about by means of (a) 
methyl iodide and sodium methoxide or (b) dimethyl sul-
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fate. A typical experiment using methyl iodide will be 
described. To a cooled solution of sodium methoxide pre­
pared in a 200-cc. round-bottomed flask from 0.96 g. of 
sodium and 30 cc. of methanol there was added 6.8 g. of 
the o-(a,7-dimethylallyl)-phenol, IV, followed by 5.95 
g. of methyl iodide. The reaction mixture was heated for 
four hours on the steam-bath and then allowed to stand 
overnight. The alcohol was removed by distillation. 
Enough water was added to dissolve the sodium iodide, and 
the oily layer was extracted with ether. The ethereal 
solution, after washing with dilute sodium hydroxide and 
drying over anhydrous sodium sulfate, was concentrated 
on the steam-bath. The residual oil was distilled at re­
duced pressure collecting the fraction boiling at 134-137° 
(35 mm.); practically all of it distilled in the range 135- 
136° (35 mm.) and almost no residue was left; yield 6.5 
g. (88%); d2°20 0.9633.

Ozonolysis of o -  (c^y-Dimethylallyl) -anisole (X).—
Two different procedures were used. (a) The anisole 
(6.2 g.) was dissolved in 50 cc. of ethyl bromide and ozon- 
ized by passing a stream of ozonized oxygen (7.5% by 
weight of ozone) at the rate of 10.6 liters per hour, 
through the solution in a suitable absorption bottle im­
mersed in an iee-salt mixture. After two and one-half 
hours (65% excess) the ozonization was discontinued and 
the solution allowed to stand overnight.

Decomposition was accomplished in a manner similar 
to that used by Whitmore.6 The apparatus consisted of 
a 100-cc. separatory funnel attached by a rubber stopper 
to a small Claisen flask which contained 60 cc. of water,
2.3 g. of zinc dust, a trace of silver from silver nitrate and 
a few milligrams of hydroquinone. The distilling flask 
was attached to a condenser connected by an adapter to a 
suction flask which, in turn, was connected to a tube reach- 
ing to the bottom of a 50-cc. distilling flask containing 45 
cc. of methone reagent. The solution of the ozonide was 
transferred to the separatory funnel and the ethyl bromide 
was removed as completely as possible by applying suc­
tion. A viscous yellow oil remained, which was dropped 
into the boiling water contained in the distilling flask. 
Slow distillation took place and a white precipitate ap­
peared in the methone reagent After all of the ozonide 
had been added, water was slowly dropped in while the 
distillation continued until about 75 cc. of distillate had 
been collected.

There separated, as the bottom layer of the distillate, 
an oil weighing 2.9 g. This was treated with semicarba- 
zide hydrochloride in the usual way. After twenty-four 
hours the precipitate was filtered off, crystallized twice 
from 95% ethyl alcohol and once from 60% alcohol as 
white needles of m. p. 162.2-162.6°.

Anal Calcd. for C11H15O2N3: C, 59.70; H, 6.84. 
C12H17O2N3: C, 61.28; H, 7.23. Found: C, 59.91, 
60.19; H, 6.79, 6.85.

A mixed melting point with o-methoxypropiophenone 
semicarbazone (m. p. 154-156°) gave a lowering of 
25°.

The semicarbazone isolated as a product of ozonolysis 
was heated on the steam-bath with a small amount of 
aqueous oxalic acid. The droplet of oil which separated 
after a few minutes, was washed by decantation with water. 
It was then treated with 2,4-dinitrophenylhydrazine ac­

cording to the directions of Allen.8 The precipitate, after 
crystallizing from 95% alcohol, melted at 123-125°.

A nal Calcd. for CieHieO^: C, 55.79; H, 4.69. 
C17H18O5N4: C, 56.96; H, 5.07. Found: C, 55.9; H, 
4.80.

The distillate was treated with methone solution after 
Separation of the above-mentioned oil. The ether extract 
left an oil which partially crystallized on standing. The 
crystals, washed once with cold alcohol, melted at 184- 
186 °. Mixed melting point with formaldimethone showed 
no depression. The solution in the methone trap after de­
composition of the ozonide was filtered. The precipitate 
melted at 136-137.5°. When mixed with a sample of 
acetaldimethone of m. p. 139-140°, the melting point was 
137-139°,

Decomposition of the ozonide therefore furnished evi­
dence of the formation of formaldehyde, acetaldehyde and 
a carbonyl compound of composition C10H12O2. The oc­
currence of formaldehyde along with acetaldehyde is per­
haps indicative of deep-seated changes.9

(b) The procedure similar to that of Hahn and Wass- 
muth10 was also used. The anisole (4.8 g.) was dissolved 
in 60 cc. of ethyl acetate and the ozonolysis was carried 
out at a temperature of —10 to —15° using a mixture of 
air and oxygen containing 1.4% ozone by weight. A 25% 
excess of ozone was used. After standing overnight, the 
ozonide solution was subjected to catalytic hydrogenation 
using 0.2 g. of a 5% palladium-calcium carbonate catalyst 
which had been reduced in 20 cc. of ethyl acetate. After 
no further pressure drop, it was assumed that the reduction 
of the ozonide had been accomplished, and the catalyst 
was removed by filtration. Water was then added and the 
ethyl acetate was removed under reduced pressure. Since 
we were not successful in obtaining satisfaetory aldehyde 
derivatives at this stage, the small amount of oil which 
separated out was brought into solution with acetone and 
the solution was subjected to oxidation by the addition 
of an acetone solution of potassium permanganate. The 
precipitated manganese dioxide was separated by filtra­
tion, the filtrate concentrated to a volume of 15 cc., cooled, 
acidified with hydrochloric acid and extracted with ether. 
The ether extract yielded an oil which solidified on cooling. 
After crystallization with the addition of norite it melted 
at 100-101°.

Anal. Calcd. for G10H12O3 (XII): C, 66.6; H, 6.72; 
OCH3, 17.2. CnRuOs (XHa): C,68.0; H, 7.27; OCH3, 
16.0. Found: C, 66.7; H, 6.71; OCH3, 17.45.

öc,7-Dimethylallyl phenyl ether (VII) was prepared in 
accordance with the directions of Claisen.11 The structure 
of this compound was established by oxidation as follows. 
A 2-g. sample was dissolved in ä small amount of aqueous 
acetone and to the solution was added a saturated potas­
sium permanganate solution in 2% excess. The reaction 
mixture was cooled during the addition. After standing 
overnight, the manganese dioxide was filtered off and 
washed with water and acetone. The alkaline filtrate

(8) C . F . H . A llen , T h is  J o u r n a l , 52, 2955 (1930).
(9) See for exam ple, C lem o and M acD on a ld , J .  C h em . S o c ., 1294  

(1935).
(10) H ah n  and  W assm u th , B e r .,  6T, 696 (1934).
(11) L. C laisen  et al., Z . angew. Chem., 36, 478 (1923); Ann., 

4 4 2 f 230 (1925).



1392 Walter M. Lauer and Herbert E. Ungnade Vol. 58

was concentrated to about 25 cc., cooled, extracted with 
ether, acidified with dilute sulfuric acid and allowed to 
stand. The solid obtained in this way was crystallized 
twice from water containing about 5% alcohol, using de- 
colorizing carbon; m. p. 113-114°; yield 0.5 g. A sample 
of a-phenoxypropionic acid prepared from a-bromopro- 
pionic ester and sodium phenoxide according to the direc­
tions of Bischofï4 melted at 114-115°. (Bischofï gives 
115-116°, Saarbach 112-113°.) A mixed melting point 
with the acid obtained by the oxidation of the ether 
showed no depression.

The rearrangement of this ether was carried out by 
boiling in diethylaniline in an atmosphere of carbon di­
oxide. The product (28% yield) boiled at 141-145° at 
31 mm.

The phenylurethan of the rearrangement product was 
crystallized from petroleum ether, dilute methyl alcohol, 
petroleum ether and finally from dilute methyl alcohol, 
as colorless needles melting at 107-108.5° (Claisen gives 
107-109°). The mixed melting point with the urethan 
of the phenol obtained by rearranging Y-ethylallyl phenyl 
ether was 108-109.5°.

The relation of the present results to the mech- 
anism of the phenyl allyl ether rearrangement 
is not clear. It is evident, however, that the 
widely held formulation of Claisen must be modi­
fied. The view that rearrangement is preceded by 
dissociation

/ N —OCH2CH=CHC2H5

Y -O - CH2CH=CHQ>H5 (A)
+  I

C2H5

+
CH2=CHCHC2H6 (B)

to yield fragments A and B, one of which isomer-
O

Hizes to the other before combination with / -

or its benzenoid isomer, leads to the prediction 
that the two isomeric ethers should give the same 
rearrangement product. The results of the pres­
ent study, designed to test this hypothesis, are 
not in agreement with this prediction. Further 
work which is in progress has as its aim the accu- 
mulation of pertinent facts.

Summary
The three isomeric ethers, a-ethylallyl phenyl 

ether, 7 -ethylallyl phenyl ether and a,7 -dimethyl- 
allyl phenyl ether have been rearranged and the 
structures of their rearrangement products were 
investigated. The first and third-named ethers 
rearrange in accordance with the pattern outlined 
by Claisen, but 7 -ethylallyl phenyl ether does not, 
since it yields a rearrangement product identical 
with that obtained from <y, 7 -dimethylallyl phenyl 
ether.
M in n e a p o l is , M i n n . R e c e iv e d  M arch  27, 1936

[Co n t r ib u t io n  from  t h e  S chool of C hem istry  o f  th e  U n iv e r sit y  o f  M in n e s o t a ]

The Rearrangement of Phenyl Allyl Ethers. II. Phenyl Crotyl Ether
By Walter M. Lauer and Herbert E. Ungnade

A recent study1 of 7 -ethylallyl phenyl ether (I) 
led to the conclusion that its rearrangement prod­
uct was not the expected o-(a-ethylallyl) -phenol
(II) but o-(a,7 -dimethylallyl)-phenol (III)

/ N —OCH2CH=CHCH2CH3

r p
c h c h = c h 2

c h 2c h 3
II

The present study was carried out in order to ob-
(1) Lauer and Filbert, T h is  J o u r n a l , 58, 1388 (1936).

tain further evidence for the structure assigned to 
this rearrangement product.

According to Claisen and Tietze2 phenyl crotyl 
ether, C6H50 —CH2—CH=CHCH3, when rear­
ranged by heat yields o- (a-methylallyl) -phenol 
(IV).

(  V -O H

I J —c h c h = c h 2 

c h 3
IV

o c h 2c o o h

I— QHCOOH

-OCH2COOH

-CHCOOH

CH3
V

CH2CH3
VI

(2) Claisen and Tietze, Ber., 59, 2344 (1926).
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Consequently, oxidation of the aryloxyacetic acid 
derived from the rearrangement product of phenyl 
crotyl ether should yield the dibasic acid V. Such 
a series of transformations has already been de­
scribed for the rearrangement product of 7 -ethyl­
allyl phenyl ether (I) and on the basis of its com- 
position it was concluded that the structure of the 
dibasic aeid was V rather than VI. The present 
work deseribes the rearrangement of phenyl crotyl 
ether and the conversion of its rearrangement 
product to the dibasic acid and demonstrates the 
fact that it is identical with the one previously 
obtained. This supplies additional evidence that 
III rather than II represents the correct structure 
for the rearrangement product of 7 -ethylallyl 
phenyl ether.

The work of Claisen and Tietze2 has shown that 
direct alkenylation of phenol with crotyl bromide 
leads to a product differing from that obtained by 
the indirect method which involves ether forma- 
tioft with subsequent rearrangement. The lor- 
mation of the dibasic acid V here described itici- 
dentally furnishes independent confirmatory evi­
dence pointing to IV, the accepted structure of the 
rearrangement product of phenyl crotyl ether.

Experimental
M ethylvinylcarbinol was prepared by the action of 

methylmagnesium iodide on acrolein.
Crotyl bromide was obtained from methylvinylcarbinol 

by treatment with 45% hydrobromic acid according to 
the procedure of Claisen.2'3 The directions of Claisen were 
followed for the preparation and rearrangement of phenyl 
crotyl ether. The rearrangement product Wa9 converted 
to the phenylurethan which melted at 88.5-89° (Claisen 
gives 89.5-90.5° as the melting point of this compound). 
The phenylurethan of the rearrangement product was 
analyzed.

Anal. Calcd. for Ci7Hi70 2N: C, 76.38; H, 6.40. 
Found: C, 76.29; H, 6.45.

Oxidation of Phenyl Crotyl Ether.—Phenyl crotyl ether 
(1.2 g.) was dissolved in aqueous acetone. A concentrated 
aqueous solution containing 3.2 g. of potassium permanga­
nate was added and the mixture allowed to stand overnight. 
The manganese dioxide was filtered off and the filtrate 
was then acidified with dilute sulfuric acid. The solution

was concentrated to one-half its original volume and then 
subjected to extraction with ether. The ether extract was 
washed with water and then extracted with 5% sodium 
carbonate. Acidification of the carbonate solution fol­
lowed by cooling yielded 0.32 g. of phenoxyacetic acid. 
The melting point and mixed melting point with an 
authentic sample of phenoxyacetic acid was 97-98°.

The aryloxyacetic acid of the rearrangement product 
was prepared in accordance with the method of Koelsch.4 
One gram of the 0- (a-methylallyl)-phenol (IV) was mixed 
with 3.5 cc. of 33% sodium hydroxide. To this mixture
2.5 cc. of 50% monochloroaeetic acid was added slowly 
with shaking. After heating in a test-tube on the steam- 
bath for one hour, the solution was acidified with dilute 
sulfuric acid. The mixture was then extracted With 
ether and the ether extract washed with water. The prod­
uct was then extracted with dilute sodium carbonate and 
after acidification was crystallized from water; m. p. 
120-120.5°.

Anal. Calcd. for Ci2Hi40 3: C, 69.87; H, 6.84.
Found: C, 69.66; H, 6.74.

Oxidation of 0-  (ce-M ethylallyl)-phenoxyacetic Acid.—
The oxidation was accomplished by dissolving the o-(ct- 
methylallyl)-phenoxyacetic acid (1.033 g.) in 50 cc. of 
water containing sufficiënt acetone to form a homoge- 
neous solution. Potassium permanganate (2.7 g. in 
100 cc. water, ca. 8% excess) was added dropwise to 
the cooled solution and the reaction mixture allowed 
to stand overnight. After filtration, the filtrate was 
acidified with dilute sulfuric acid and extracted with 
one 50-cc. and two 25-cc. portions of ether. The com­
bined ether extracts were dried over magnesium sulfate 
and then allowed to evaporate spontaneously. The re­
sidual oil insoluble in petroleum ether did not solidify 
at —15°. The oil, dissolved in benzene, was heated on 
the steam-bath for several hours. After standing over- 
liight, the white crystalline product was collected; m. p. 
170-171°; mixed with a sample of the product obtained1 
by the oxidation of o-(a,7-dimethylallyl)-phenoxyacetic 
acid it melted at 170-171°.

Anal. Calcd. for CnH120 6: C, 58.90; H. 5.40.
Found: C, 59.16; H, 5.56.

Summary
Evidence is presented which confirms o~(a, 7 - 

dimethylallyl) -phenol and 0 - (a-methylallyl) -
phenol as the structures of the rearrangement 
products of 7 -ethylallyl phenyl ether and 7 - 
methylallyl phenyl ether, respectively. 
M in n e a p o l is , M i n n . R e c e iv e d  M arch  27, 1936

(3) Young and Winstein, T h is  J o u r n a l , 57, 2013 (1935). (4) Koelsch, ib id . , 53, 304 (1933).
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Sugar Alcohols. V. Chemical Constitution and Sweet Taste1

By C. Jelleff Carr, Frances F. Beck and John C. Krantz, Jr.
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The relationship between Chemical Constitution 
and sweet taste has not been elucidated satis- 
factorily. In a series of investigations2“5. on the 
metabolism of sugar alcohols and their anhydrides 
a large number of these substances were prepared 
and the authors decided to study the relationship 
between their Chemical Constitution and sweet 
taste. The relative sweet tastes of the simple 
sugars have been investigated repeatedly, al­
though comparative studies of the sugar alcohols 
and their anhydrides have not been reported. 
McGuigan6 suggests a relationship between in­
tensity of sweet taste and the number of hydroxyl 
groups in the molecule. This series affords an 
excellent opportunity to test this hypothesis. In 
addition, the response of animals and micro- 
organisms to the sugar alcohols is so strikingly 
different from their response to their anhydrides 
that this investigation was initiated.

Experimental
Substances of c. p . quality were employed. 

The mannitol and sorbitol were supplied by the 
Atlas Powder Co. of Wilmington, Del. The 
anhydrides were prepared in this Laboratory and 
their purity and identity established as has been 
described previously.2“5,7

The polygalitol was extracted from Polygala 
Amara by the method of Picard8 and occurred as 
colorless crystals, m. p. 142°; [«]16d +  47.5. All 
of the substances were dried in a desiccator for a 
period of several months and the threshold quanti­
ties represent anhydrous material.

Six carefully standardized individuals were used 
for the determinations and not more than three or 
four substances were tested on any one day* The 
threshold quantity of sucrose was determined 
before each test. After rinsing the mouth with

(1) The expense of this investigation was defrayed in part by a 
grant from the Committee on Therapeutics of the Council of Phar- 
macy and Chemistry of the American Medical Association.

(2) Carr, Musser, Schmidt and Krantz, J. Biol. Chem.,102» 721 
(1933).

(3) Carr and Krantz, ibid., 107, 371 (1934).
(4) Krantz, Carr and Evans, J. Pharmacy and Pharmacol., 8, 213 

(1935).
(5) Dozois, Hachtel, Carr and Krantz, J . B act,, 30, 189 (1935).
(6) McGuigan, “ An Introduction to Chemical Pharmacology,” 

P. Blakiston Sons, Philadelphia, Pa., 1921, pp. 28, 30.
(7) Dozois, Hachtel, Carr and Krantz, in press.
(8) Picard, Bull. soc. chim . b io l., 9, 692 (1927).

water, 5 cc. of the Standard solution was placed on 
the tongue which was brought in contact with the 
roof of the mouth and the Sensation noted within 
half a minute. The minimal concentration just 
producing a sweet taste within one-half to one 
minute was considered the threshold quantity. 
Freshly distilled water was used in preparing all 
Solutions. The average of the results for the 
sugar alcohols is shown in Table I and is compared 
with sucrose as a Standard.

T a ble  I
R elative  Sw e etn ess  of t h e  Sugar Alcohols, Sucrose 

T a k e n  as 100

Product
Carbon
atoms

number
OH

groups
number Mol. wt. Ratio

Sucrose 100
Ethylene glycol 2 2 62 130
Glycerol 3 3 92 108
t-Erythritol 4 4 122 238
Pentaerythritol 5 4 136 110
/-Arabitol 5 5 152 100
(/-Mannitol 6 6 182 57
(/»/-Sorbitol 6 6 182 54
/-Dulcitol 6 6 182 74
Inositol 6 6 180 50

Discussion
The results show no significant relationship 

between the number of carbon atoms or hydroxyl 
groups in the molecule and sweet taste. The 
anhydrides of several of these sugar alcohols, 
namely, ethylene oxide, epihydrin alcohol, manni- 
tan, mannide, isomannide and dulcitan were de- 
void of a sweet taste and in most instances ex- 
hibited a decidedly bitter taste. It is of interest 
that these sugar alcohols are metabolized and 
produce gas with many members of the colon 
aerogenes group and their anhydrides do not.

Erythritan and polygalitol are the 1,4- and 1,5- 
anhydrides, respectively, of erythritol and manni­
tol. These substances possess a sweet taste and 
polygalitol produces gas and acid with many 
members of the colon aerogenes group of organ­
isms.

There appears to be no relationship between 
spatial structure and sweet or bitter taste in this 
dass of compounds. While a- and ß-glucose have 
exactly the same degree of sweetness (ratio öf 75), 
the derivatives of ß-glucose are reported to be
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uniformly more bitter than those of a-glucose.9 
The isomeric substances mannitol, sorbitol and 
dulcitol have approximately the same degree of 
sweetness while the two anhydrides mannide and 
isomannide are also of about the same degree of 
bittemess.

Summary
1. The removal of water from a sugar alcohol 

with the formation of the anhydride as a rule 
destroys the sweet taste of the former.

(9) Brigl and Scheyer, Z. physiol. Chem., 160, 214 (1926); C. A., 
21, 418 (1927).

2. Erythritan, the first anhydride of ery- 
thritol, possesses a bitter taste in high concentra­
tions but a sweet taste in threshold quantities.

3. Polygalitol, the 1,5-anhydride of mannitol, 
possesses a sweet taste in high concentration and 
an astringency in high dilution.

4. No relationship between the number of 
carbon atoms or hydroxyl groups in the molecule 
or the molecular weight or spatial configuration 
and sweet taste has been observed in this dass of 
compounds.
B a l t im o r e , M d . R e c e iv e d  J u n e  9, 1936

[C o n t r ib u t io n  from  t h e  S chool of Ch e m ist r y , U n iv e r sit y  of  M in n e so t a ]

Some Derivatives of

By W. H. Hunter

Degradation of 2-acyl-l,3-diketohydrindenes by 
hydrolysis cannot be carried out successfully, and 
although these substances are converted by oxi­
dation into a monocarboxylic acid and phthalic 
acid, the reaction does not always proceed 
smoothly. In connection with studies on the ni­
tration of acyl diketohydrindenes we have found 
that bromination in acetic acid offers a superior 
method of degradation, the triketone being 
cleaved into 2,2-dibromo-l,3-diketohydrindene 
and a monocarboxylic acid. For example, 2- 
benzoyl-1,3-diketohydrindene yields dibromodi- 
ketohydrindene and benzoic acid. It is note- 
worthy that this cleavage, otherwise quite similar 
to the haloform reaction,2 takes place in the ab­
sence of alkalies.

By means of this reaction it has been found that 
the nitration of 2-benzoyl-l, 3-diketohy drindene 
yields 2 - m - nitrobenzoyl -1,3- diketohydrindene, 
since bromination of the product yields dibromo- 
diketohydrindene and w-nitrobenzoic acid.

Although the products obtained are too un­
stable to withstand the hydrolyzing action of the 
nitrating mixture, it is noteworthy that the O- 
acetate of 2 -carbethoxy-l, 3-diketohy drindene may 
be obtained by the action of acetyl chloride on 
either the sodium or the silver salt of the diketo 
ester* while the O-benzoate may be obtained only

(1) The work presented in this paper is taken from a thesis by E. 
C. Yackel presented to the Graduate Faculty of the University of 
Minnesota in partial fulfilment of the requirements for the degree of 
Master of Science, October, 1929.—C. F. K oelsch .

(2) Cf. Fuson, Chem. Rev., 16, 299 (1934).

1,3-Diketohydrindene

and E. C. Yackel1

from benzoyl chloride and the silver salt. 3 The 
use of the sodium salt in the latter instance gives 
rise to an as yet unidentified substance, which is 
not the isomeric C-benzoate.

Experimental
Cleavage of 2-Benzoyl-l, 3-diketohy drindene.—A solu­

tion of the triketone4 (3 g.) and bromine (6 g.) in acetic 
acid (60 ml.) is warmed on a water-bath for two hours. 
After the bromine color has disappeared the mixture is 
cooled and diluted. The crystalline product separating 
melts at 178-179° and is 2,2-dibromo-l,3-diketohydrin- 
dene.5

Anal. Calcd. for C9H402Br2: Br, 52.7. Found: Br, 
52.3, 52.7.

Evaporation of the mother liquor yields benzoic acid, 
purified by Sublimation and identified by nitration.

Nitration of 2-Benzoyl-l,3-diketohy drindene.—The tri­
ketone (5 g.) is dissolved in sulfuric acid (40 ml.) at —5°, 
and treated at this temperature with a mixture of fuming 
nitric acid (1.5 g.) in sulfuric acid. After thirty minutes 
the solution is poured onto ice. The solid is washed with 
water and with much hot alcohol and crystallized from 
chloroform. The product forms microscopie needles that 
melt with decomposition at 228-229 0; yield 70%.

Anal. Calcd. for C ieH ^N : N, 4.74. Found: N,
4.73, 4.65.

On bromination in acetic acid, the nitrotriketone yields 
dibrpmodiketohydrindene and w-nitrobenzoic acid, iden­
tified by mixed melting points.

Acetylation of Ethyl l,3-Diketohydrindene-2-carboxyl- 
ate.—The sodium salt of the diketo ester6 may be purified 
by crystallization from water with the aid of charcoal, and

(3) Hantzsch and Gajewski, A nn., 392, 306 (1912).
(4) Schwerin, Ber., 27, 106 (1894).
(5) Kronfeld, ibid., 17, 720 (1884).
(6) Wislicenus, ibid., 20, 594 (1887).
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freed of water of hydration by drying at 170° for three 
hours. The silver salt, obtained by treatment of the 
sodium salt in aqueous solution with silver nitrate, sepa­
rates directly without water of crystallization.

The reaction between the sodium salt (10 g.) and acetyl 
chloride (50 ml.) is completed by boiling the mixture for 
one hour. The sodium chloride is filtered off, the acetyl 
chloride is evaporated, and the residue (3.4 g.) is crystal­
lized from ether. Similar treatment of the silver salt 
yields the same compound (mixed melting point) which 
forms yellow needles that melt at 77-78°.

Anal. Calcd. for C14H12O5: C, 64.6; H, 4.6. Found: 
C, 64.7; H, 4.8.

Ethyl 3-acetOxyindone-2-carboxylate is readily hydro­
lyzed, even on exposure to atmospheric moisture, to 1,3- 
diketohydrindene.

Benzoylation of Ethyl l,3-Diketohydrindene-2-carboxyl- 
ate.—The reaction of the silver salt of the diketo ester 
with benzoyl chloride in benzene is completed by warming 
for one hour, and the product is crystallized from benzene 
and ether. In agreement with the description of Hantzsch 
and Gajewski,3 the benzoate forms yellow crystals that 
melt at 146-148°.

The sodium salt of the diketo ester does not react with 
benzoyl chloride in boiling benzene. However, if the 
sodium salt (54 g.) is stirred with benzoyl chloride (60 g.) 
at 80° for five hours, a reaction takes place. Separated 
from the sodium chloride with ether and crystallized from 
benzene, the organic product forms large yellow prisms that 
melt at 140-141 °.

Anal. Calcd. for C14H10O4: C, 69.3; H, 4.1. Found: 
C, 69.4; H, 4.4.

The substance depresses the melting point of the benzo­
ate. Treated with sodium ethoxide in alcohol it gives a 
red solution which becomes yellow on acidification. Ben­
zoic acid may be sublimed from the tarry residue obtained 
by evaporating this solution.

Summary
Bromination is suggested as a method for cleav- 

ing 2-acyl derivatives of 1,3-diketohy drindene. 
Some reactions of 2-benzoyl diketohydrindene and 
of ethyl 1,3-diketohydrindene-2-carboxylate are 
described.
M in n e a p o l is , M i n n . R e c eiv ed  J u n e  8 , 1936

[C o n t r ib u t io n  from  t h e  D epa r tm en t  of C h e m ist r y , C o l u m b ia  U n iv e r s it y ]

Deuterium Exchange Equilibria in Solution and the Quinhydrone Electrode1

B y  S am uel  K orman and  V ictor K . La M er

Introduction
For the elucidation of the isotopic influence of 

deuterium upon various phenomena in heavy 
water (deuterium oxide), it is important to know 
with some degree of precision the magnitude of the 
equilibrium constants of the exchange processes 
set up between the protons and deutons in the 
solvent and solute molecules. For example, the 
interpretation of acid and base catalysis in D20 -  
H20  mixtures requires a knowledge of the distri­
bution of deuterium and protium between the 
various Substrate, catalyst (e. g., H30 + and 
D 3O +) and solvent molecules.2

The measurement of the e. m. f. of galvanic 
cells involving D20  furnishes a precise means of 
determining these exchange constants. To ex- 
clude the experimental complications and the 
theoretical uncertainties inherent in galvanic cells 
with liquid junction potentials, we have restricted 
our investigation to cells without transference.

(1) From a thesis submitted by Samuel Korman in partial fulfil- 
ment of the requirements for the degree of Doctor of Philosophy in 
the Faculty of Pure Science of Columbia University.

(2) Hamill and La Mer, J .  C h e m . P h y s . ,  4, 294 (1936); 4, 395 
(1936); Urey and Teal, R e v .  M o d e r n  P h y s . ,  7, 34 (1935). For a 
discussion of the importance of exchange reactions see pp. 52, 
59, 60.

The experimental difficulties attendant upon the 
use of the deuterium gas electrode with small 
quantities of solution make an appropriate Sub­
stitute highly desirable.

We have found that the quinhydrone electrode3 
establishes equilibrium quickly and is particu- 
larly well adapted for the micro technique neces­
sary for heavy water studies. To this end, the 
following cells were investigated
(I) Pt, Q-QHj/HCl (0.01 M) in H20/AgCl, Ag
(II) Pt, {Q*QH2 +  Q-QD2}/HC1-DC1 (0.01 M)

in H20-D 20/AgCl, Ag
(III) Pt, Q-QH2/{HA(mi) +  NaA(m2) +  NaCl(m3)}

in HaO/AgCl, Ag
(IV) Pt, Q-QD2/{DA(mi) +  NaA(m2) +N aC l(w 3)}

in D20/AgCl, Ag

where Q-QH2 and Q-QD2 represent light and 
heavy quinhydrone, and HA and DA are the light 
and heavy varieties of a weak acid.

For (I) and (II) the cell reactions may be writ­
ten

&) 2HC1 (0.01 M) +  Q(H20) +  2Ag(s) =
2AgCl(s) 4- QH2(H20 ) ; Eh

B) 2DC1 (0.01 M) F  QCD2O) 4- 2Ag(s) =
2AgCl(s) +  QD2(D20); E d

(3) La Mer and Korman, T h is  Jo u r n a l , 57, 1510 (1935).
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Subtracting (A) from (B)
(C) 2DC1 (0.01 M) +  QH2(H20) +  Q(D20) -

2HC1 (0,01 M) +  QD2(D20) - f  Q(H20); (E d -  E h)

Measurements of the solubility of quinone in 
light and heavy water given below, permit (C) 
to be rewritten as
(D) 2DC1 (0.01 M) +  QH2(H20) -

2HC1 (0.01 M) +  QD2(D20); (Ed -  £ H)
Then

(1) (Ed -  Eh) = ~  !n K ,  where K (QD2) (HC1)2 
(QH,) (DC1)2

From this fundamental exchange constant, by 
appropriate combination with values obtained 
from other sources, a number of important ex­
change equilibrium constants will be derived.

Furthermore, the data on cells (III) and (IV) 
can be used to obtain the ratio of dissociation con­
stants of weak acids following the method of Har- 
ned and co-workers4 who used the hydrogen elec­
trode. To maintain precision using a micro 
method, we again substitute the quinhydrone 
electrode for the gas electrode. The cell reaction 
then becomes
(E) 2AgCl(s) +  QH2 +  2NaA(m2) =

2Ag(s) +  2HA(wi) .+ 2NaCl(m3) +  Q
for which

(2) E — Eq = —(RT/F) in /h/ cî hWci

where E0 is the normal electrode potential of cell
(I). Since

A ha =  / h / aWhWa / / haWha

we substitute for in equation (2) and rewrite 
the expression
(3) E — E„ +  ^ l n ^ ü ^ > =  _ ^ i n / s M ? A _

r  M a  r  JB .J A

RT K-= r  m A ha

and a similar expression involving D20, QD2, 
etc., for the deutero acid. The logarithm of the 
ratio of the activity coëfficiënt products is zero at 
infinite dilution and varies but little from zero 
at low ionic strengths. The extrapolation of the 
right side of equation (3) plotted against ionic 
strength is linear at temperatures over 15° for 
ordinary water.4 Since the dielectric constants of 
H20  and D20  are almost identical,5 the same ex­
trapolation will be valid in heavy water. Thus 
the values of i£HA and i£DA may differ, but their 
ratio will certainly remain constant to a very 
good approximation in the dilute range ( ~  p =

(4) Harned and Ehlers, T h is  Jo u r n a l , 54, 1350 (1932); 55, 2179 
(1933).

(5) Lewis, Olson and Maroney, ibid., 55, 4731 (1933); Müller, 
Physik. Z., 35, 1009-11 (1935); P. Abadie and G. Champetier, 
Compt. rend., 200, 1387 (1935).

0.05). We thus have a method for obtaining the 
ratios of dissociation constants of weak acids in 
heavy and light water, which have proved to be 
valuable in the interpretation of acid catalyzed 
reactions in heavy water.2

Experimental
Materials.—Quinhydrone,6 constant boiling hydrochloric 

acid solution,7 heavy water8 and silver oxide9 were pre­
pared according to directions given previously. Acetic 
anhydride was purified by fractional distillation, while 
sodium acetate, sodium salicylate and sodium chloride 
were recrystallized from conductivity water. Salicylic 
acid was recrystallized from chloroform. Quinone was re- 
sublimed twice.

Apparatus.—The micro cell has been described by La 
Mer and Armbruster.6 Their preliminary measurements 
established the reliability of the method as applied to the 
silver chloride electrode in heavy water, where the quan­
tities of solution available for rinsing are severely limited. 
The vacuum technique for removing oxygen from the 
final cell solution, for rinsing the silver chloride electrodes. 
and for filling the cell, follows closely the method given by 
Harned and Wright.10 The cell shown in Fig. 1 was of 4- 
cc. capacity. Space is provided for duplicate electrodes of 
each kind, and stopcocks arranged to separate the com-, 
partments for rinsing of the silver chloride electrodes.

Electrodes.—Reproducible quinhydrone electrodes were 
prepared by immersing several platinum spiral wires, 
carefully sealed in separate glass tubes filled with mercury 
contacts, in 0.01 N  hydrochloric acid solution saturated 
with quinhydrone, and “short circuiting” them together 
for about a half hour.11 They then agreed to within 0.03 
millivolt. The electrodes were kept in cleaning solution12 
until another pair was required, whereupon they were 
rinsed thoroughly with distilled water.

The silver-silver chloride electrodes were the Type 2 
described by Harned.13 Several electrodes made simul- 
taneously were washed repeatedly with distilled water, 
immersed in 0.01 N  hydrochloric acid solution, and 
“shorted” together for twenty-four to thirty hours. They 
agreed to within 0.05 millivolt. The electrodes so pre­
pared were protected against light.

(6) La Mer and Armbruster, T h is J o u r n a l , 57, 1510 (1935).
(7) Bonner and Titus, ibid., 52, 633 (1930).
(8) W. N. Baker and La Mer, J . Chem. Phys., 3, 406 (1935).
(9) Helferich and Klein, Ann., 450, 225 (1926).
(10) Harned and Wright, This Jo u r n a l , 55, 4849 (1933).
(11) L. E. Baker, Thesis, Columbia University, 1922.
(12) Morgan, Lammert and Campbell, T h is  J o u r n a l , 53 , 454 

(1931).
(13) Harned, ibid., 51, 416 (1929); Güntelberg, Z. physik. Chem., 

123, 199 (1926).



1398 Samuel Korman and Victor K. La M er Vol. 58

Preparation of Cell Solutions.—The limiting factor in 
the precision of the measurements is the accuracy with 
which the composition of the cell solution is known. In 
the preparation of the buffer Solutions, the equivalent 
amounts of sodium chloride and the sodium salt of the 
weak acid were transferred from weighing bottles to a 
50-cc. ground glass-stoppered flask containing the water 
sample.14 The final concentration of the cell solution was 
corrected for the water lost in the evacuation process.

Characteristics of the Micro Cell.—Equilibrium was 
attained within from twenty to forty-five minutes at 25°, 
and was maintained to within 0.05 millivolt for two to four 
hours, followed by a slow drift to higher values, due prob­
ably to the formation of chlorohydroquinone. There is a 
definite lag in attainment of equilibrium when the tempera­
ture is raised, while equilibrium is reached almost immedi­
ately in proceeding from a higher to a lower temperature.

Results and Precision of the Measurements
Hydrochloric Acid Solutions.— E  (0.01) in 

Table I is calculated on the basis of mols/55.3 
inols D20-H 20. Figure 2 is E (0.01) plotted

Fig. 2.—Quinhydrone electrode in heavy water.

against N Di0 = 9.377 AS — 1.01 (AS)2, where AS 
is the excess specific gravity of the solvent over 
ordinary water. The fourth column gives the 
average deviation from the mean, and the fifth 
column gives the precision measure for each ex­
periment. This takes into account the deviation 
of the mean, the weighing error and the difference 
in electrodes. I t will be seen that the average d 
for this set of results does not exceed 0.06 milli­
volt, while the average deviation does not exceed
0.03 millivolt, a result which is about twice as pre- 
cise as has been obtained with the hydrogen gas 
electrode, and ten times as precise as has been ob­
tained with the deuterium gas electrode.15 The

(14) For further details in the preparation of cell Solutions, see 
W. N. Baker and V. K. La Mer, J. Chem. Phys., 3, 406 (1935).

(15) Abel, Bratu and Redlich, Z. physik. Chem., A173, 353 (1935).

precision with the weak acid Solutions is about the 
same, and corresponds to that reported by Harned 
and Ehlers.4

T a b l e  I
D a ta  fo r  Ce l l s  (I) a n d  (II)

N d2o
Molality HCl A. d., s
(M /55.3 mols) — Eobsd. mv. mv. — Eo.oi

0 .0 0.011182 0.24122 0.01 0.05 0.23548
.010855 .23963 .03 .08 .23541

.0515 .011263 .23960 .03 .07 .23349

. 1030"
.013103
.01010
.01010

.24738

.23605
.23602

.02 .05 .23350
.23555
.23552

.3454 .014100 .26175 .01 .05 .24409
.009139 .23957 .02 .06 .24419

.5109 .011913 .25915 .02 .06 .25016
.010762 .25398 .02 .07 .25021

.6925 .009528 .25543 .05 .05 .25770
.010470 .26022 .02 .06 .25766

.9240 .011524 .27414 .05 .02 .26685
.011022 .27190 .04 .04 .26690

.9640 .011870 .27687 .03 .05 .26807

(1.0000)
.011878 .27694 .02 .07 .26812 

( .2700)
a The results, for IVD2o = 0.1030, were obtained in 1934 

by Dr. M. H. Armbruster in a preliminary investigation.

The curve in Fig. 2 has an unexpected but defi­
nite minimum at iVD20 = 0.05, corresponding qual- 
itatively to the flat minimum at iVD20 = 0.6 for 
the cell Pt,H2-D2/HCl-DCl in H20-D20/AgCl,Ag, 
studied by Abel, Bratu and Redlich.15 These 
data appeared during the progress of our investi­
gation. No discussion or claim was given con­
cerning the presence of a minimum in the curve 
for the gas electrode. The experimental difficul­
ties inherent in the deuterium gas electrode pre- 
vented these authors from obtaining the precision 
which we have obtained with the quinhydrone 
electrode. They mention, however, that as a re­
sult of the large value of the constant for the ex­
change reaction (No. V, Table II below), the con­
centration of deuterium gas at the electrode was 
greater than they had supposed at the time the 
measurements were made. I t is likely that their 
data for mixtures of H20  and D20  represent 
steady state values rather than true equilibrium 
values with the bulk of the solution since the 
exchange reaction occurs only on the platinum 
black at the surface of the electrode. This sur­
face equilibrum will determine the e. m. f., but 
the e. m. f. will be disturbed depending upon the 
rate of convection and diffusion of acid and water 
from the bulk of'the solution in H20-D 20  mix-
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T a ble  II
E x c hange  E q u ilib r ia  i n  S o lution

D euterium Exchange Equilibria 1399

Process -  (0.059/w) log K K Observer
2DC1 +  QH„ =  2HC1 +  QDa 0.0345 14.64 L. and K.
QHü +  D20  =  QDü +  H20 0.96 H .and L.
2DC1 +  H20  =  2HC1 +  D20 15.30 I-II
2DC1 +  H2(g) = 2HC1 +  D2(g) .0034 1.30 A., B. and R.
D2(g) +  H20  =  H2(g) +  D20 11.80 III-IV
QH2 +  D2(g) -  QD2 +  H2(g) 11.26 I-IV
2H20  +  D2(g) +  2NaOD =  2D20  +  H2(g) +  2NaOH .0431 28.58 A., B. and R.
H20  +  2NaOD =  D20  +  2NaOH 2.42 VII-V
HCl +  NaOD = DC1 +  NaOH 0.40 72 (VIII-III)
2NaOD +  H2(g) =  2NaOH +  D2(g) 21 VII-2V
D+ +  ÖD" +  H20  =  H+ +  OH" +  D20 .0233 6.13 72 (VII +  IV)

No.
I

II
III
IV
V

VI
VII 

VIII
IX
X

XI

tures. The deuterium content of the gas phase 
was always greater than that determined by the 
exchange equilibrium set up on the surface of the 
electrode between the gaseous H2-D 2 mixture and 
the HC1-DC1 and the H2O-D20. Since an excess 
of hydrogen in the cell solution occurred in all the 
intermediate mixtures which were used, Abel, 
Bratu and Redlich’s measurements can be con­
sidered only as indicative of the presence and 
position of a minimum. Their value for pure 
D20  and the pure deuterium gas electrode ob­
tained by short extrapolation, however, should not 
be affected appreciably by any disturbance of the 
equilibrium mixtures.

The Substitution of the quinhydrone electrode 
results not only in greater precision, but in con­
trast to the two-phase gas electrode, the exchange 
equilibria in cell (II), since they occur entirely in 
the cell solution, are homogeneous. This cir- 
cumstance establishes our measurements in mix­
tures as true equilibrium values. Our results 
show conclusively that the e. m. f. curve of the 
quinhydrone electrode, when plotted against the 
D20  content of the solvent, has a minimum value, 
which we may reasonably suppose will be true 
for the analogous deuterium electrode, although 
the position of the minima will be different.

Exchange Equilibrium Constants
K  of equation (I) may now be evaluated, and 

may be combined with constants derived in a 
similar way from the data on the deuterium elec­
trode, 16 and from the exchange reaction

(F) QH2 +  D20  -  QD2 +  H20  
studied by Hamill and La Mer.16 Table II lists 
the values of the constants obtained in this way.

The value of the constant for No. V is in excel­
lent agreement with the values which have been

(16) Hamill and La Mer, unpublished results; for an outline of 
the experimental method, see Hamill and Freudenberg, T h is  Jo ur­
n a l , 57, 1427 (1935).

calculated from other data by use of the follow­
ing equations17

(G) H2 +  D2 = 2HD; Xi =  (HD)2/(H 2)(02) =  3.27
(H) H20  +  D20  -  2HDO;

K 2 = (H D 0)7(H 20)(D 20 ) =  3.27 
(J) H20  +  HD(g) -  HDO(l) +  H2(g); K t '

(L) H20(1) +  D2(g) = 0 2O(1) +  H2(g);
R S  =  (D 2 0 )(H 2) / ( H 20 ) ( D 2) 

tW R i/R i  -  (A s ')2
From Table II, K\ = 11.8; therefore our value 
of Ks' = (11.8 )1/2 = 3.44. The values of K$ ob­
tained from other sources are as follows.

T a b l e  III
V a l u e s  of K 3' a t  2 5 °

K 3' Catalyst Observer
3.8 Pt black Bonhoeffer and Rummel18 

Horiuti and Polanyi19
2.95 Pd black Farkas and Farkas20
3.24 B. coli Farkas, Farkas and Yudkin21
3.44  

Av. 3.36

(e. m. f.) La Mer and Korman

The exchange constants listed in Table II may 
also be interpreted as ratios of dissociation con­
stants. For example, process VI is the ratio for 
the dissociation equilibria

(M) QH2(s) = Q(s) + H 2(g); £ QH2
(N) QD2(s) = Q(s) +  D2(g) K qdz

K Qm has the value 10~23-66.22 Since K Qm/K QJ>2 
= 11.26, then iTQD2 = 10~24-70. Processes I and 
XI, Table II, can be treated as ratios of dissocia­
tion constants for weak acids. If we assume that 
the activity of the chloride ion is the same in both

(17) A. Farkas, “Light and Heavy Hydrogen,” Cambridge Univ. 
Press, Cambridge, England, 1935, p. 182 ff.

(18) Bonhoeffer and Rummel, Naturwiss., 22, 45 (1934).
(19) Horiuti and Polanyi, Nature, 132, 819 (1933); 133, 142

(1934); 134,377 (1934).
(20) Farkas and Farkas, Trans. Faraday Soc., 30, 1071 (1934).
(21) Farkas, Farkas and Yudkin, Proc. Roy. Soc. (London), B115, 

373 (1934).
(22) V. K. La Mer and L. E. Baker, T h is  J o u r n a l . 44, 1954 

(1922).
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T a b l e  IV
D isso c ia tio n  C o n sta n ts  o f  A cetic  a n d  S alic y lic  A c id s 

(m £* 0.05)
Salicylic Acid

Molality Molality Molality
t, °c. Eobs J. — Eo acid Na salt NaCl K

Â djo =  0
25.0 0.17189 0.47745 0.008304 0.021811 0.019379 0.98 X 10-?

.17222 .008321 .021855 .019416 0.96

.18381 .010504 .019770 .021610 1.01

1VD!o = 0.917
25.0 0.17095 0.50885 0.008748 0.023766 0.020657 0.26

.16871 .008664 .021751 .021002 0.214
K b a / K da = 4.09

Acetic Acid
A ’djo “  0

12.5 0.07773 0.47906 0.008682 0.035988 0.0189991 1.79 X IO"6
25,0 .05945 .47745 .008682 .035988 .0189991 1.85
37.5 .04020 .47679 .008682 .035988 .0189991 1.80
12.5 .09425 .017179 .036280 .019488 1.74
25.0 .07658 .017179 .036280 .019488 1.79
37.5 .05807 .017179 .036280 .019488 1.73
12.5 .08365 .010568 .035661 .019864 1.77
25.0 .06507 .010568 .035661 .019864 1.80
37.5 .04585 .010568 .035661 .019864 1.71

■NW) =  0.917
12.5 0.11661 0.51046 0.027605 0.043260 0.023060 0.754
25.0 .09242 .50885 .027605 .043260 .023060 .613
37.5 .07520 .50819 .027605 .043260 .023060 .634
12.5 .11301 .025765 .043571 .021463 .756
25.0 .08856 .025765 .043571 .021463 .611
37.5 .07125 .025765 .043571 .021463 .634

t, °c. ä h a / A da

12.5 2.34
25.0 2.96
37.5 2,75

aters, No. I may be considered as the difference and 37.5°, we employ the equation of Harned and
r the dibasic acid dissociations W right10

(O) QH2 =  Q- +  2H+ (in H20); X h (4) Eo =  -0.47745 +  (91.02 X 10~6)( -  25) -
(P) QD2 = Q“ +  2D + (in D20); X d (3.008 X 10-6)(/ — 25):

where K H, the average dissociation constant, 
equals (K 'K ")l/l = [(1.75 X 10~“) (4 X 
10 12) = 2.64 X 10~u for ordinary water.23
Log (Ka/K ó) = 0.0345/0.05911 = 0.5837, or 
(Kn/Kr,) — 3.84. No. XI is the ratio of the acid 
dissociations

(Q) H 20  =  H+ +  OH-; ä w(H20 )
(R) D 20  =  D+ +  OD~; Ä w(D20 )

and equals 6.13 at 25°.
Salicylic and Acetic Acid Solutions.—The data 

for cells (III) and (IV) for salicylic and acetic 
acids are given in Table IV, with the ratios Kha/  
X DA. T o obtain this ratio for acetic acid at 12.5

(23) S. E. Sheppard, Trans. Am. Electrochem, Soc., Preprint 39 
(1921); La Mer and Parsons, J. Biol. Chem., 57, 613 (1923).

In the absence of a similar equation for the corre­
sponding heavy water cell, we have assumed that 
the coefficients for the temperature terms are the 
same for both waters. The E0 values are given in 
Table IV. Figure 3 shows R  log (AHac/ ^ dac) 
plotted against (l/T ). The slope of the curve is 
a measure of the difference (AHn — AHD) of the 
heats of dissociation between proto- and deutero- 
acetic acids. From these preliminary measure­
ments, there appears to be a maximum in the 
curve. The indication that this quantity changes 
sign, as a function of temperature, suggests that 
the temperature coëfficiënt of the dissociation con­
stant of deutero-acetic acid be subjected to a more 
detailed investigation to eliminate the assump-
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tion of equality of the temperature coefficients of 
the D O  and HC1 cells.

p
M

w

3.900

e

&0.800

0.700 e

3.5

Fig.

3.2 3.3 3.4
( l /T )  X 10*.

3.—Dissociation constant of 
HAc and DAc.

The Solubility of Quinone, Hydroquinone and 
Deuteroquinone in H2Ö and D20 .—The errors in 
the determination of solubility in heavy water by 
ordinary analytical methods, viz.9 titration, be­
come greatly magnified when the quantity of sol­
vent is severely limited, so it is scarcely feasible 
when dilution with ordinary water is undesirable. 
Furthermore, distillation of the solvent and 
weighing of the residue is not permissible with 
volatile substances like quinone.

Although the Zeiss interferometer has long been 
used for the accurate determination of the concen­
tration of dilute Solutions encountered in precision 
cryoscopic work, the capabilities of the instru­
ment apparently have never been exploited for the 
precise determination of solubility on small sam­
ples. We present some illustrative data neces­
sary for the interpretation of the e. m. f. results 
upon the quinhydrone electrode in heavy water.

Thé Method.—A Zeiss-Löwe-Haber portable 
liquid interferometer was employed. The de- 
scription of this instrument and the principle upon 
which its use in determining concentrations of 
binary mixtures is based is given by Adams,24 

Deuteroquinone was prepared by dissolving an 
excess of hydroquinone in 92% D20  and separat- 
ing by a vacuum distillation. The dry sample was 
kept in a vacuum desiccator.

About 5 g. of heavy water is weighed into a 
glass-stoppered 25-cc. flask and a quantity of 
solute just insufficiënt for Saturation is added. 
About 0.15 cc. of the solution is sufficiënt for a 
reading in the interferometer when a special 10- 
mm. cell containing a 9-mm. glass block, produc- 
ing a film of solution 1 mm. thick, is employed. 
Pure solvent is placed in the comparison chamber. 
For Solutions more colored than saturated benzo-

(24) L. H. Adams, T h is  Jo u r n a l , 37, 1181 (1915).

quiiiotie, 1 mm. is about the maximum thickness 
which will pass sufficiënt light.

If desired the aliquot may be returned to the 
flask with a micro-pipet. In any case the flask 
and solution remaining are reweighed, a small but 
accurately Weighed additional quantity of solute 
dissolved and a new reading made with the inter­
ferometer. Finally, when a saturated solution 
has been produced, a considerable excess of solute 
is added. The solution is momentarily heated 
several degrees above 25°, and returned to the 
thermostat with constant swirling. Aliquots are 
removed at convenieilt (ten-miïlute) intervals, 
until an almost constant reading with the inter­
ferometer is obtained indicating an equilibrium 
state. The solution is then momentarily cooled 
below 25° and the procedure is repeated at conven- 
ient intervals. The average of the asymptotes 
of the two converging time-concentration curves 
is taken as the interferometer reading for the satu­
rated solution. Obviously these observations can 
be repeated very readily upon the same sample if 
satisfaetory results are not obtained at first.

Fig. 4.—Solubility of quinone in H20  and
d 2o .

The tables and figures show that the interfer 
ometer readings are linearly proportional to the 
concentration at least near the Saturation point, 
and that the intersection of the time-concentra­
tion asymptotes and the concentration calibra­
tion curve yield a value for the concentration of 
the saturated solution which is precise to about
0.1 mg. per g. of solvent. For a 5-g. sample this
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is approximately the error produced by evapora­
tion during transfer of solute. Figure 4 shows 
the curves for quinone in light and heavy water;

G. hydroquinone/g. solvent.
Fig. 5.—Solubility of hydroquinone in H20  

and D20.

Fig. 5 those for hydroquinone in H20  and for deu­
teroquinone in 99.8% D20.

T able VII
Solubility of Qu in o n e , H ydroquinone and 

D euteroquinone at 25°
Mole
ratio

Mole/ Mole/ of soly.
G./g. G./g. mole mole H2O/
H2O D2O H2O D2O D2O

Quinone 0.0151 0.0151 0.0025 0.0028 0.900
Hydroquinone .0802 . . . .  .0131 .....................
Deuteroquinone . . . .  .0611 ............... 0109 1.204

Dissociation Constants of Weak Acids in 
H20 -D 20  Mixtures.—The preliminary experi­
ments with acetic and salicylic acids in 91.7% 
D20  have established the feasibility of the micro- 
technique and the quinhydrone electrode in heavy 
water, as a method for determining dissociation 
constants of light and heavy acid mixtures. To 
extrapolate the dissociation constant obtained 
in H20-D 20  mixtures to pure D20, we define a 
constant for weak acid Solutions in H20-D 20  
mixtures by summing the various activities stoi- 
chiometrically25

K - K H +) +  (D +)] (A~)
H'D~  [(HA) +  (DA)]

The fractions of deuterium ion and undissociated
deutero-acid are

* -  (D+) . * _  (DA)
D (H+) +  (D +) * DA ~  (HA) +  (DA)

Then
T able  V

S olubility of Qu in o n e  in  H 20  and 99.8% D 20
io* io8

G. Q/g. 
H2O

Reading,
corr.

concn./
reading

G. Q/g. 
D2O

Reading,
corr.

, concn./ 
reading

0 .0 0774 9 4 .0 823 0 .00646 6 4 .2
.01003 120 .0 836 .00707 7 1 .9
.01099 130 .0 845 .00865 8 8 .4
.01189 141 .0 844 .01103 133.3 8275
.01298 155 .7 834 .01191 143.9 8278

.01282 166.3 7710

.01353 176.4 7664
Av. for satd. soln. .01451 189.7 7646

.0151 178 .5 .0151 196.5 Av. s.
soln.

T able  VI
Solubility  of H ydroquinone in  H 20  and 

D euteroquinone  in  99.8%  D 20
G. QH2/g. Reading, 108 concn./ G. QD2/g. Reading, 108 concn.,

H2O corr. reading D2O corr. reading
0.06583 765.3 8601 0.05336 661.7 8064

.06592 765.4 8613 .05696 699.9 8139

.06959 809.1 8597 .05861 721.0 8128

.07261 840.0 8644 .05861 735.8 7965

.07589 885.2 8573 .05991 752.1 7967

.07649 892.1 8574

.07793 908.9 8574 Av. for satd. soln.

.0802 934.0 Av. satd. .0611 765.9
soln.

-Kh,d [(D +)/Fd+] (A-) _  w Fda 
Kd a ) /F da] da f d+

To evaluate the fractions at various values of 
N D2q, we utilize the constants for the exchange 
equilibria

(S) HA +  HDO =  DA +  H20; K  = X ~
A da /.I

(T) D + +  H20  = H+ +  HDO;
K  =  (15.3 X 3.27) V» =  7.1

By so doing, we take account of the essential ex- 
changes which must be postulated for H20-D 20, 
HA-DA mixtures. Then

(5) •^h,d _  A da 
-Kha K ka

1 +  7.1 (H20) ~]
(HDO)

i _4_ 7 i ^ pa(H2Q)
^  A ha(HDO)J

The water ratios may be calculated from the 
equilibrium

(U) H20  +  D20  = 2HDO; K  = 3.27

If, then, we stipulate a value for KHa/ ^ da» we 
may determine the behavior of the constant Kh,d 
over the range of H20-D 20  concentrations. The 
values for K h,d/ ^ ha given in equation (5) are

(25) Abel, Bratu and Redlich (ref. 15) have employed a similar 
definition for the ion product of water in mixtures.
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plotted in Fig. 6 as a function of -STda/ ^ ha* It 
will be noted that the extrapolation is practically 
linear above 90% D20  for most ratios. Since 
measurements must frequently be made in D20 
concentrations less than 100%, a reasonably ac­
curate value for pure D20  should be obtained by 
a method of successive approximations. Thus 
J W ^ h.d = 2.96 for acetic acid in 92% D20 
becomes K ĵ a/K dA = 3.3 for pure D20. Since 
for most acids so far investigated this ratio lies 
between 3 and 6 , the above method justiües our 
belief that extrapolations of ATH(d from measure­
ments over 90% D20  are fairly reliable.

Fig. 6*—Dissociation constant, ratios in 
H2O-D2O mixtures.

Halpern26 has predicted that J^ha/ ^ da» the 
ratio of the dissociation constants of a weak acid 
in pure H20  and pure D20, should increase as 
K& decreases. Our studies upon hydroquinone 
and acetic acid, together with the ratio of the 
water constants, indicate that this prediction is 
probably correct. The somewhat anomalous 
ratio for salicylic acid will serve to indicate that 
certain conditions must be satisfied before a rigor- 
ous comparison of weak acids can be attempted. 
The constitution of the anion must not be affected 
by the change of solvent medium for H20  to D20. 
A complicating factor may be introduced by the 
exchange of protium and deuterium atoms at

(26) Halpern, J. Chem. Phys., 3, 456 (1935). Halpern’s treat­
ment can have the status only of an approximate theory, since he 
consciously omits a detailed consideration of the .specific contribu- 
tions of moments of inertia, mass ratios and interaction effects, 
leaving the contribution of the vibrational frequencies of the proton 
and deuton bonds as the only significant factor in determining the 
ratio.

points in the acid molecule other than those corre­
sponding to the measured ionization. Thus, the 
exchange which occurs in the hydroxyl group of 
the salicylate ion may effectively alter the char­
acter of the ion, depending upon the isotopic com­
position of the medium.

Summary
The free energy changes for a number of im­

portant deuterium exchange reactions in aqueous 
solution have been investigated, using the quin­
hydrone, silver chloride-silver electrodes and a 
semi-microtechnique on hydrochloric acid and 
weak acid buffer Systems. The dissociation con­
stants of the weak acids salicylic, acetic, hydro­
quinone and water in light and 92% heavy water 
have been measured. With the exception of 
salicylic acid, the ratio of these dissociation con­
stants in light and heavy water decreases as the 
constant increases. An equation has been de­
veloped which affords a controlled extrapolation 
of this ratio to 100% D20  from a single measure­
ment above 90% D20.

The quinhydrone electrode yields reliable re­
sults of greater precision than have been obtained 
with the deuterium gas electrode. The superior- 
ity of the quinhydrone electrode is due not only to 
the simplicity of manipulation, but to the fact 
that the equilibrium between the proto- and deu- 
tero-forms of quinhydrone, of water and of acid 
is established promptly in a homogeneous solution. 
With the gas electrode the exchange reactions are 
established only at the surface of the electrode, 
which equilibrium can be disturbed by convec- 
tion and diffusion from the bulk of the solution, 
if the gas has been generated by the complete 
decomposition of a portion of the water employed.

The temperature coefficients of the e. m. f. indi­
cate that the difference in the heats of ionization 
of the proto- and deutero-acetic acids may change 
sign in the neighborhood of 25°.

The solubilities of quinone, hydroquinone and 
deuteroquinone in small quantities of light and 
heavy water, necessary for the interpretation of 
the e. m. f. data, have been determined precisely 
by an interferometer method. Hydroquinone is 
2 0% more soluble on a mole ratio basis than deu­
teroquinone at 25°, whereas quinone suffers no 
change in solubility.
N ew York, N. Y. R eceiv ed  J u n e  6, 1936
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Photochemical Studies. XXIÏÏ. The Photochemical Decomposition of Acetone
O

Vapor near 1900 A. A Comparison with the Decomposition at Longer Wave Lengths

B y J o h n  P. H ow e1 a nd  W. A lbe r t  N o yes, J r .

1404 John P. H owe and W. Albert N oyes, Jr .

Acetone, in common with other ketones and alde­
hydes, exhibits an absorption region beginning at 
wave lengths somewhat longer than 3000 Ä. and ex- 
tending down to about 2200  Ä. Ön the long wave 
end some structure has been notedä and fluores­
cence has been observed in this region.3 Whether 
or not fluorescence is excited by wave lengths be­
low those for which discrete structure is obtained 
seems to be the object of some disagreement.4

It seems generally agreed that the main prod­
ucts of photochemical decomposition in this near 
ultraviolet region of the spectrum are carbon 
monoxide and ethane, although small amounts 
of other substances may be formed.43*5 The 
quantum yield is a function of wave length, in- 
creasing slightly as the wave length is decreased. 
While the general aspects of the photochemical 
decomposition of acetone in this region of the 
spectrum seem quite well established, experiments 
have not been carried out over a sufficiënt range of 
intensities, pressures of acetone and pressures of 
foreign gas to make it possible to present a mecha­
nism free from criticism.

Recently the ultraviolet absorption spectrum 
of acetone has been investigated.20 In addition 
to the absorption region near 3000 Ä., one addi­
tional region is susceptible of investigation with 
apparatus made of quartz. This region consists 
of discrete bands extending from about 1995 to 
about 1820 Ä., probably overlaid with a faint con­
tinuüm. Manning8 has developed a method of

(1) Jesse Metcalf Fellöw, 1935-1936.
(2) This structure sèems to have been observed first by Éterzberg, 

see (a) Scheibe, Pcfvehz arid Linström, Z. physik. Chem., S2Ö* 297 
(1933), for mention. It has bfeen confirmed subsequently by other 
workers: (b) Crone and Norrish, Nature, 132, 241 (1033); (c) Noyes, 
Duncaü and Matthing, / .  Chem. Phys., 2, 717 (1934).

(3) Norrish, Nature, 133, 837 (1934).
(4) (a) Dämon and Daniels, This Jo u r n a l , 55, 2363 (1933); (b) 

Fisk ähd Noyes [j. Chem. Phys., 2, 654 (1934)] have studied the 
fluorescence excited by monochromatic 3130 Ä. radiation of mercury. 
They found the fluorescence to folio w a Stern—Volmer mechanism at 
the ptèssütes used (50 to 190 mrti.). They did hot investigate the 
effect of wave length. Recently Mr. Fisk and one of us (J. P. H.) 
using a crystal quartz monochromator and a quartz capillary are 
have observed flüorescënce tö be produced by all of thé tnerctiry 
lines from 3130 to 2536 Ä., but apparently Hot by the weak lines 
at still shorter wave lengths. These results are in agreement with 
those df Damon and Daniels.

(5) Norrish, Crone and Saltmarsh, J. Chem. Soc., 1456 (1934).
(6) Manning, T h is  Jo u r n a l , 56, 2589 (1934). Monochromatic 

radiation was not used in Mannmg’s experiments and moreover no

gas analysis applicable to the products of acetone 
decomposition and studied the gases produced 
upon illuminating acetone vapor with polychro- 
matic radiation transmitted by fluorite.

A complete understanding of the photochemis- 
try of acetone can be based only on a thorough 
study of as many different excited states as pos­
sible over a wide range of experimental conditions. 
It is for this reasott that the present investigation 
at wave lengths near 1900 Ä. was carried out. A 
consistent picture of the results is possible.

I. Experimental Procedure and Results
The following prifnary processes and subsequent 

steps are possible in afiy dissociation such as that 
of acetoiie (J represents quanta absorbed per 
second, Ä represents an acetone molecule, Ai 
represents an excited acetone molecule, D repre­
sents dissociation products, M represents a mole­
cule of foreign gas):

Reaction Rate
A + hv — D ; h co
A + hv = Ai; I2 (2)

Ai = A + hv i ; ki (Ai) (3)
Ai = A2; &2 (Ai) (4)
Ai = D; h  (Ai) (5)

Ai + A = 2A; h  (Ai) (A) (6)
Ai + A = D .+ A; h  (Ai) (A) (7)
A 1+ M - A  + M1; M AiKM ) (8)
Ai + M = D + M; &7 (Ai)(M) (9)
If it can be shown that the dissociation products, 
D, do not react with each other to reform acetone, 
the quantum yield, <£, is found to be
<t> =  ( h / d i + W )  +  ( W i  +  I d K h  -f k*(A) +  k7( M ) ) /  

(ki +  h  +  h  +  (& +  h )(A) +  (h  +-fe)(M )) (10)

providing the molecule A2 either does not dissoci- 
ate or has a very long life. The quantities in 
parentheses may be expressed either in pressure 
units or in numbers of molecules per cubic centi­
meter.
attempt was made to remove mefcury resonaüce radiation. In the 
present artiële it is shown that thé effect of the latte* is quite appre­
ciable, patticularly at low acetone pressürë; Also Duncan [J. 
Chem. Phys., 3, 131 (1935)] has shown that acetoiie absorbs strongly 
still shorter wave lengths whifch would be transmitted by fluorite. 
In view of these facts the results of Manning, which generally showed 
relatively large amounts of hydrogen to be produced, should not be 
viewed as being in disagreement with the results reported in the pres­
ent article.
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The detailed description of the effect of radia­
tion on the acetone molecule involves, therefore, 
the proof that the dissociation products do not 
reunite to give acetone, decision as to whether 
step (1) or step (2) or both must be considered, 
the evaluation of the constants &1-&7 and deci­
sion as to the nature of the molecule, A2.

(a) The Nature of the Absorption Process.— 
The source of radiation used in these experiments 
was a spark between slowly revolving aluminum 
disks excited by two 1-kva. 25,000-volt trans- 
formers connected in parallel. The method of 
focal isolation was used to obtain monochromatic 
radiation and the purity of the radiation was 
tested spectroscopically using a small fluorite 
prism spectrograph. The following lines were 
transmitted with sufficiënt intensity to be photo- 
graphed: 1854.7, 1858.2, 1862.5, 1862.9, 1930.3,
1935.2, 1989.8. The following bands lie near 
these exciting lines (intensities in parentheses) :20
1866.7 (3), 1868.9 (6), 1870.3 (3), 1872.4 (6),
1921.1 (4), 1923.0 (3), 1925.3 (3), 1926.4 (3),
1927.2 (4), 1938.9 (6), 1939.8 (6), 1941.1 (6),
1942.1 (6), 1943.9 (6). Only bands lying within 
10 A. of an exciting line have been listed. These 
bands have quite sharp edges, indicating the pos­
sibility that rotational structure might be ob­
served with sufficiënt resolution. No bands lie 
very close to the group of lines 1854.7-1862.9; 
moreover these lines are relatively weak from the 
source due to the absorption by quartz and by the 
relatively long air path. The 1989.9 line falls in 
a region in which acetone is quite transparent. 
Most of the absorption must be due to the two 
lines at 1930.3 and 1935.2 Ä.

In addition to the above lines this type of spark 
emits a faint continuüm which cannot be ignored 
since it leads to some excitation of mercury vapor 
to the 2lPi state through absorption of the 1849 Ä. 
line. After this effect was discovered a chamber 
practically free from air circulation and contain­
ing mercury vapor was inserted between the 
second lens and the reaction vessel. This pro­
duced a noticeable decrease in the amount of de­
composition at low acetone pressures and the 
evidence indicated convincingly that this error 
was removed in this way. The absorption coëffi­
ciënt of the 1849 line by mercury vapor is exceed- 
ingly high and even a temperature of —77° does 
not remove mercury vapor well enough to prevent 
practically complete absorption in the path 
length used.

Since absorption takes place in a banded region 
overlaid with a faint continuüm, the spectroscopie 
evidence might indicate that both equations (1) 
and (2) should be considered. However, as will 
be shown, the data indicate that a molecule with 
a relatively long life is produced and that hence 
equation (1) may be omitted from consideration.

The fraction of the radiation absorbed by the 
acetone was determined by means of a photoelec- 
tric cell with quartz envelope. The following 
equation using two absorption coefficients was 
found to be obeyed (see Table I).
I/Io =  0.868 exp. ( - 0 .9 7 5 P )  +  0.132(1 — 0.0114P) (11)

(.I  = transmitted intensity, J0 = incident inten­
sity, P  is pressure in millimeters. The path 
length was 7.5 cm.)

T a b l e  I
A b so r pt io n  o f  R a d ia t io n  b y  A c e to n e  V a p o r

Pressure,
mm I / I o

calcd.
« I / I o  

obsd.

0 .2 9 5 0 .7 8 6 0 .791
.583 .627 .642

1 .1 4 .422 .434
1 .8 2 .281 .255
3 .8 0 .149 .160
5 .0 0 .132 .137
8 .6 0 .122 .117

12 .8 .113 .115
19.3 .103 .103

(b) Fluorescence.-—A fluorescence c
constructed with a window so placed that any 
fluorescence could be observed at right angles 
to the incident beam. Scattered and reflected 
radiation was reduced by tapering the ends of the 
tube and painting the entire cell except the W in ­

dows with black paint. No visible fluorescence 
could be observed and attempts to produce black- 
ening of ultraviolet sensitive plates gave negative 
results.4b If fluorescence exists it must either be 
very weak or the emitted radiation must lie in a 
region of the spectrum which- could not be de­
tected by the methods used.

(c) The Determination of Quantum Yields.— 
As shown by Manning6 at low acetone pressures 
(below 0.03 mm.) approximately one molecule of 
carbon monoxide is produced per molecule of ace­
tone disappearing (the average ratio was 1.03). 
In the present experiments no hydrogen was 
found and at low acetone pressures, as shown in 
Table II, carbon monoxide constituted very 
nearly 50% of the gases produced during decom­
position. There seems to be no doubt, therefore.
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that the decomposition proceeds almost solely by 
the reaction

(CH3)2CO -  C2H* +  CO (12)
At higher acetone pressures some of the ethane 
seems to dissolve in the acetone upon condensa­
tion with liquid air, as found by Norrish and co- 
workers.5 The number of molecules of acetone 
disappearing is based, therefore, on an analysis 
for carbon monoxide.6

T a b l e  II
P e r c e n t a g e  of Ca r b o n  M o n o x id e  i n  R eaction  

P ro d u c ts

Pressure of 
acetone, 

mm.

Total 
pressure 

of products, 
mm.

Carbon
monoxide
pressure,

mm.

Carbon 
monoxide 

in products,
%

1.80 0.0223 0.0110 49.8
1.78 .0210 .0102 48.7
8.35 .0191 .0098 51.3

Average 49.9

For determinations of the absolute values of the 
quantum yield a hydrogen bromide actinometer 
was used. For this the production of one mole­
cule of hydrogen (uncondensed by liquid air) per 
absorbed quantum was assumed.7 The hydrogen 
bromide cell was about 15 cm. in length and pres­
sures of hydrogen bromide of 10 to 15 mm. were 
employed. Under these conditions over 99% of 
the radiation was absorbed by the actinometer.

The hydrogen bromide cell was placed directly 
iii back of the cell containing the acetone vapor, 
one window (of fused quartz sealed to the acti­
nometer vessel) being in common between the two 
cells. The transmission of this window was meas­
ured subsequently after cutting off the end of the 
cell. The hydrogen bromide cell was made en­
tirely of quartz and no wax was present in this 
system. The crystal quartz front window of the 
acetone cell was attached with picein wax.

In making a run the acetone was frozen with 
liquid air and the hydrogen bromide decomposi­
tion determined, ä photoelectric cell being used to 
detect any variations in the over-all intensity of 
the spark. The acetone was then vaporized and 
the decomposition of the hydrogen bromide again 
determined. Corrections were made for Varia­
tion in intensity between the two parts of the ex­
periment. For this purpose the ultraviolet inten­
sity was assumed to vary directly with the over­
all intensity of the spark. This is not strictly 
true, but since intensity variations were al ways 
small the error introduced by the assumption 
would be negligible.

(7) Warburg, Sitzber. preuss. Akqd. 314 (1916).

Table III presents the absolute values of the 
quantum yield as determined with the hydrogen 
bromide actinometer.

T a b l e  III
A b so lu te  Q u a n t u m  Y ie l d s  o f  A cetone  D ecom position

Quan-
Molecules Incident Quan- tum 

Acetone Quanta of CO quanta tum yield,
pressure, Time, absorbed produced per sec. yield, calcd.

mm. min. X 10"» X 10-« X 10-« <t> eq. (15)
6 .0 0 120 2.19 1.163 4.19 0.53 0.57
2 .2 0 38 0.605 0.361 4.87 .60 .61
2 .2 0 60 1.57 .873 7.51 .56 .61
3.2 60 2 .1 1 1.28 8.93 .61 .60

1 1 .1 60 2.60 1.44 9.39 .56 .54
25.1 30 2.45 1.25 15.9 .51 .52

The complete determination of the mechanism 
of the decomposition involves the evaluation of 
the constants Quantum yields must be
determined, therefore, with some precisión over a 
wide range of experimental conditions and for this 
purpose the hydrogen bromide actinometer is not 
suitable. In particular the actinometer method 
lacks accuracy when the pressure of acetone is low 
and the percentage of the radiation absorbed small.

Relative quantum yields were obtained using a 
photoelectric cell to measure the incident inten­
sity and calculating the amount of absorbed radia­
tion from equation (11). A quantum yield of 0.55 
at a pressure of 9.32 mm. (the average value at 
the average pressure in Table III) was assumed for 
the purpose of Converting the relative quantum 
yields into absolute values. Table IV gives the 
values of the quantum yield obtained in this way.

T a b l e  IV
R e la tive  Qu a n t u m  Y ie l d s  o f  A cetone  D ecom position

Acetone
pressure,

mm.

Intensity
(arbi­
trary
units)

Frac­
tion ab­
sorbed

Pressure 
of CO, 

mm.
Time,
min.

Quan­
tum

yield,

Quan­
tum 
yield, 
calcd. 

eq. (15)
0.210 8.69 0.160 0.0072 180 0.66 0.64

.224 11.63 .169 .0094 180 .61 .64

.445 9.14 .296 .0092 120 .64 .64
1.07 10.19 .545 .0120 80 .62 .62
2.27 8.12 .784 .0102 60 .61 .61
4.20 1.59 .848 .00783 224 .59 .59
4.71 6.62 .858 .0086 60 .58 .58
4.73 8.85 .858 .0113 60 .57 .58
8.35 7.86 .873 .0097 60 .54 .56
8.35 7.70 .873 .0099 60 .56 .56

16.5 6.96 .894 .0088 60 .54 .53
20.4 11.38 .898 .0141 60 .53 .52
20.4 9.19 .898 .0115 60 .53 .52
52.3 9.35 .947 .0144 75 .50 .50
52.3 10.02 .947 .0159 90 .46 .50

(d) The Effects of Added Gases.—The con­
stants k% and will be expected to vary from one
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added gas to another. Three different gases were 
used: carbon dioxide, nitrogen and ethane. The 
experimental difficulties were least with the car­
bon dioxide which could be Condensed with liquid 
air completely enough to permit easy removal of 
the decomposition products of acetone. This 
difficulty was particularly great with nitrogen and 
frequent circulation of the gases through the 
liquid air trap was necessary to remove all of the 
acetone vapor. Within experimental error none 
of these gases absorbed the radiation used. There 
is some slight possibility of decomposition of the 
ethane and carbon dioxide sensitized in some way 
by the acetone.

Table V shows the results obtained with added 
gases.

T a b l e  V

E ffect  of A d d e d  G a se s  o n  Qu a n t u m  Y ie l d  of A cetone  
D ecom position

Acetone
pressure,

mm.

Foreign - 
gas

pressure,
mm.

Quan­
tum
yield

Quantum 
yield 

without 
added gas Added gas

1.82 9 .8 0 .81 0 .61 Carbon dioxide
1.81 9 .8 .85 .61
1.72 1 8 .4 .88 .62

2 .1 2 2 .2 3 .69 .61 Nitrogen
2 .1 2 3 .7 8 .81 .61

2 .3 4 7 .3 8 .74 .61 Ethane
2 .3 2 7 .1 3 .75 .61
2 .3 0 12 .3 0 .80 .61

(e) The Effect of Excited Mercury.—The
presence of excited mercury raised the apparent 
quantum yield as shown in Table VI. It is evi­
dent from the results that solid carbon dioxide- 
chloroform mixtures do not remove mercury vapor 
completely enough to prevent this effect.

T a b l e  VI
E ffect  of  E x c it e d  M er c u r y  o n  A p p a r e n t  Qu a n tu m  

Y ie l d

Acetone
pressure,

mm.

Apparent
quantum

yield

Quantum 
yield, 
calcd. 

eq. (15) Remarks
1.51 0 .7 3 0 .6 2 Resonance radiation present
0.155 .72 .65 ]

.124 .88 . 65 \ Trap in C02-CHC13

. 134 .81 .65 j
2 0 .4 .53 Resonance radiation present
2 0 .4 .53 Resonance radiation removed

9 ,9 .55 .55 Resonance radiation present

Tt is quite obvious from the results in Table VI 
that at high acetone pressures the fraction of the 
reaction due to excited mercury is too small to be 
significant. This is nöt true, as would be ex­
pected, at low pressures.

II. Discussion of Results
I t is important first to show that the dissocia­

tion products do not react with each other to re­
form acetone. Two lines of evidence may be 
brought to bear on this point. (1) In Table III 
it is seen that the incident intensity was varied 
by a factor of nearly four and in Table IV 
the maximum Variation is somewhat over 
seven-fold. In neither table is any significant 
Variation of quantum yield with intensity appar­
ent, whereas if a homogeneous gas phase recom- 
bination reaction were taking place the quantum 
yield should decrease as the intensity increases.
(2) Methyl groups do not react with carbon mon­
oxide, at least with any rapidity, when the carbon 
monoxide pressure is low and the temperature 
about 25°.8 This means that if two methyl 
groups and normal carbon monoxide are produced 
almost simultaneously, as Norrish suggests at 
longer wave lengths,5 the reverse reaction maybe 
neglected. There still remains some slight possi­
bility of a wall recombination between free radi­
cals of the type of CH3CO and CH3. However, 
CH3CO is probably not very stable and in the 
thermal decomposition of acetone its recombina­
tion with methyl groups does not seem to be im­
portant.9 The evidence against free radical re­
combination is, therefore, not conclusive but is 
about as good as one can ever obtain in a photo­
chemical reaction.

In arriving at an equation which will express 
the quantum yield as a function of the various 
variables, it is necessary to decide whether the 
quantum yield approaches unity at zero pressure. 
Experiments were carried out at pressures down to
0.2  mm. and at this pressure the yield is far from 
one. Experimental difficulties prevented the exe- 
cution of precise experiments at still lower pres­
sures. However, it may be stated definitely that 
the mechanism outlined in equations (2) to (9) in­
clusive will lead to a quantum yield of unity at 
zero pressure only if equations (3) and (4) are 
omitted. The omission of both of these equations 
results in disagreement between the quantum 
yield expression and the data, whereas the inclu-

(8) Some experiments were carried out by one of us (W. A. N., 
Jr.) in which lead tetramethyl was illuminated by radiation from a 
zinc spark in the presence of carbon monoxide. A two per cent. 
acetone solution used as a color filter efifectively removed any radia­
tion which would be absorbed by acetone vapor. Leighton and 
Mortensen [T h is  J o u r n a l , 58, 448 (1936)] have shown that methyl 
groups are produced when lead tetramethyl is illuminated. No sig­
nificant reaction between methyl groups and carbon monoxide could 
be detected.

(9) Rice and Herzfeld, ibid., 56, 286 (1934).
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sion of either one or both makes an agreement pos­
sible providing the molecule A2 is of such a nature 
that it is always deactivated before dissociating.

We seem forced to one of the following conclu­
sions : (1) fluorescence is emitted; (2) the primarily 
excited state Ai changes into another state (or 
states) without collision, this reaction being neces- 
sarily reversible by the principle of microscopie 
reversibility; (3) the reaction products (espe­
cially CO) exert an unexpectedly large effect in 
deactivating excited acetone molecules; (4) the 
molecule A2, for some reason, is stable or is always 
deactivated without dissociating.

These possibilities will be discussed in order.
(1) Omitting equation (4) and in the absence of 

foreign gases the quantum yield becomes
<*> -  (fa +  fa(A))/(fa +  *, +  (fa +  fa)(A)) (13)

If it is assumed that collisions must produce 
either deactivation or dissociation, (fa -f- fa) must 
represent the total number of collisions per ex­
cited acetone molecule per second at unit pres­
sure (1 mm.). This number of collisions at 25° is 

2 =  4.78 X 102V? =  1.2 X 107 (14)

if <ti (the distance between centers at closest ap- 
proach) is taken as 5 X 10~8 cm.10 If the quan­
tum yield is 0.65 at zero pressure, the following 
values of the constants in equation (13) are ob­
tained: fa = 2.56 X 107; fa = 4.74 X 107; &4 =
0.59 X 107; fa = 0.61 X 107. With these values 
equation (13) fits the quantum yield well within 
experimental error.

It is now possible to show that 27% of the ab­
sorbed quanta should be reëmitted as fluorescence 
at 1 mm. pressure and about 8 % at 10 mm. 
Since the fraction of the radiation reëmitted de­
creases with pressure whereas the amount of radia­
tion absorbed per unit path length increases there 
will be an optimum pressure for observing the 
phenomenon. With the incident intensities avail­
able the intensity of the fluorescent radiation 
would not exceed the limit of visibility by a wide 
margin even if all of the fluorescence occurred in 
the visible spectrum. A lack of visual observa­
tion is not adequate proof of the absence of fluor­
escence. However, the intensity should be high 
enough to affect a photographic plate with expo-

(10) The various radii used in this discussion are as follows: 
acetone 2.5 X 10~8 cm., carbon dioxide 1.83 X 10~8 cm., nitro­
gen 1.58 X 10 ~8 cm., ethane 2.0 X 10~8 cm. These are esti­
mated from tables and from interatomic distances and are admit- 
tedly very crude values. The results should be taken as verifying 
one of the general pictures presented to explain the experimental 
facts rather than as signifying an exact numerical agreement.

sures of thirty to sixty minutes providing the 
plate is sensitive to the wave lengths reëmitted. 
If fluorescence exists the failure to observe it must 
be ascribed to this cause, although the plates used 
should be sensitive to the region from 6000 to
1800 Ä.

The question of the existence of fluorescence 
therefore must be left open.

(2) The introduction of two or more states 
which may change into each other reversibly 
without loss of energy makes it possible to derive 
an equation which will fit the data and still give 
a quantum yield of unity at zero pressure. The 
complete evaluation of all of the constants in such 
an equation is impossible from any experimental 
data, although conclusions may be drawn with 
regard to the values of certain ones. The rate of 
change of Ai into A2 and vice versa must proceed 
much more rapidly (at least 100 times) than the 
spontaneous dissociation of either one and the 
constant for spontaneous dissociation of the one 
of longest mean life must be twenty to one hun- 
dred times smaller than the number of collisions 
per second at unit pressure. This means that the 
mean life must be of the order of 10 “ 5 to 10~6 
sec., although this figure could be reduced some­
what by using a different collision diameter. Ob- 
viously any mechanism which will fit the experi­
mental data and still permit the quantum yield to 
be unity at zero pressure must involve states with 
long lives.

(3) The reaction products may exert a deac­
tivating effect on excited acetone molecules. 
However, ethane raises the quantum yield, so 
that the responsibility would have to be placed 
on the carbon monoxide. The decomposition 
was never allowed to proceed very far and the 
carbon monoxide pressure was usually not greater 
than 0.01 mm. at the end of an experiment. 
While fairly good resonance might be expected 
with carbon monoxide, here again either a long 
mean life for excited acetone or unreasonably 
large collision diameters would have to be used to 
fit the facts.

(4) If the molecule A2 is stable and does not 
change back into Ai, the following equation (simi­
lar to (13)) is obtained

^ = (£3 "f* fa(A))/(fa ~b kz -f- ki(A) -f- kz(A)) (15) 
The numerical values of the constänts will be the 
same as for equation (13) except that fa will re- 
place fa. The calculated values in Tables III 
and IV were obtained from equation (15).
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From the constants for either equation (13) or 
equation (15) the mean life of the excited acetone 
molecule is found to be 1.4 X 10 “8 second, which 
is large enough so that a discrete spectrum should 
be observed.

The theoretical difficulties involved in intro- 
ducing a metastable molecule of long life will be 
considered in the next section. However, since 
either equation (13) or equation (15) fits the ex­
perimental data over the range of observations, 
they will be used in discussing the effects of added 
gases.

One observes that the effect of added gases is 
in each case to cause an increase in the quantum 
yield. By taking into account the constants al- 
ready evaluated one finds for the ratio of quantum 
yield with added gas to that without

0/0 o = 1 +  k7 P 2/ +  Pi))
1 +  (h  +  k7)P2/(kt +  £5) (6.1 +  Pi) (16)

where 0  is the quantum yield at foreign gas pres­
sure of P 2 mm. and acetone pressure of P x mm., 
while 0O is the quantum yield when P 2 = 0 . 
(&e +  ki) will be the number of collisions per ex­
cited acetone molecule per second at unit pressure 
of added gas. An examination of the data in 
Table V reveals the fact that &6 seems to be small 
compared to k7. If one assumes h  = 0, the fol­
lowing equations are obtained (radii are given in 
Ref. 10): for carbon dioxide 
<f>/4>0 =  (1 +  1.62/y (8.13 +  Pi))/(1 -f- 0.79P2/(6.1 +  P{ ) )

(17)
For nitrogen
0 /0 o =  (1 + ' 1.68P2/(8.13 +  Pi))/(1 +  0.82P2/(6.1 +  P i))

(18)
For ethane
0/0o = (1 +  2.00P2/(8.13 +  Pi))/(1 +0.98P2/(6.1 + Pi))

(19)
Table VII shows the applicability of equations 

(17), (18) and (19) to the data of Table V.

Table VII
Com parison  of Ob se r v e d  w it h  C a lculated  E ffects  of 

F o r e ig n  G a se s
Acetone

pressure,
mm.

Foreign gas 
pressure, 

mm.
<ß/<f> 0 

obsd.
<f>/<f>0

calcd. Foreign gas
1.82 9.8 1.33 1.31 c o 2
1.81 9.8 1.39 1.31
1.75 18.4 1.42 1.41
2.12 2.23 1.13 1.12 n 2
2.12 3.78 1.33 1.18
2.34 7.38 1.21 1.30 c2h 6
2.32 7.18 1,23 1.30
2.30 12.30 1.31 1.39

With the exeeption of one run the agreement 
between observed and calculated values is satis- 
factory in the cases of carbon dioxide and nitrogen, 
thüs indicating that practically every collision be­
tween an excited acetone molecule and a molecule 
of these gases leads to dissociation. For ethane 
the observed values are always lower than the 
calculated values. Agreement may either be ob­
tained by using 3.4 X 10-8  cm. as the value of <r 
or by assuming that approximately 10% of the 
collisions lead to deactivation. In reality the 
two points of view do not differ materially, since 
the efficiency factor and the radius cannot be 
calculated separately. Ethane does possess some 
bonds similar to those in acetone and hence one 
should expect a better chance of resonance upon 
collision than with the other two gases. The 
fact that ethane is less efficiënt in producing dis­
sociation than either carbon dioxide or nitrogen 
agrees with prediction.

III. Theoretical Discussion
As has been shown in the preceding section, 

many of the aspects of the photochemical decom­
position of acetone in the neighborhood of 1900 Ä. 
may be explained on the basis of a simple kinetic 
picture. The chief difficulty is connected with the 
fact that the quantum yield, in the apparent ab­
sence of fluorescence, does not rise to unity a t 
zero pressure. Several explanations of this fact 
are possible. There remains the problem of 
correlating the spectroscopie and photochemical 
data for the two regions so far investigated.

Mulliken11 has studied the various electronic 
states of ketones and aldehydes. The symmetry 
of the acetone molecule may be taken as C2v, the 
same as formaldehyde, if the rotation of the 
methyls is considered. The normal state cannot 
be formed from two methyl groups and carbon 
monoxide in its ground (12J) state. There are 
several reasons for believing that this is so: (1) 
the value of o?e for normal carbon monoxide12 is
2167.4 cm. “ 1 which does not correspond to the 
frequency of about 1700 cm . “ 1 observed for all 
molecules containing the carbonyl group;13 (2 ) 
the carbon-oxygen distance in carbon monoxide 
corresponds most nearly to that of a triple bond 
and the electronic configuration of this molecule 
may best be described in this way. 14 One would

(11) Mulliken, J .  C h e m . P h y s . ,  3, 564 (1935).
(12) Jevons, "Report on Band Spectra of Diatomic Molecules,” 

The Physical Society, London, 1932, p. 286.
(13) See Hibben, C h e m . R e v . ,  18, 41 (1936).
(14) See Mulliken, ibid., 9, 373 (1931).
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expect a system of two methyl groups and normal 
carbon monoxide to be repulsive.

The only state of carbon monoxide which has a 
value of toe approximately corresponding to that 
of the Raman frequency of the carbonyl group is 
a3II with a frequency of 1739.3.12 If this state 
is split into C2v symmetry by bringing up two 
methyl groups one can arrivé at Mulliken’s con­
figuration for the acetone molecule.

Fig. 1.

Excited states of the acetone molecule must 
exist which would separate adiabatically into 
other states of carbon monoxide and normal 
methyl groups, since the absorption is concerned 
mainly with electrons in the carbonyl group. 
Thus there is an excited electronic state of carbon 
monoxide with coe = 1182,15 which lies 7.13 electron 
volts above the ground state. Several observers 
have found upper state frequency differences in 
aldehyde and ketone absorption corresponding to 
1180 to 1200 cm.“ l2c in the absorption region 
around 3000 Ä. In the bands between 1800 and 
2000 Ä., strong bands separated by 1049 and 1194 
cm ."”1 were found and one of these frequencies is 
probably a carbon-oxygen frequency. The corre­
sponding state of carbon monoxide is less definite 
here because no o>e value is given for the d3n  
state.

There are too many degrees of freedom in the 
acetone molecule to permit a diagram in two di- 
mensions to represent them all. However, one 
may, for purposes of discussion, hold the energies 
in the carbonyl group and in the methyl groups 
constant and furthermore keep the angle between 
the carbon-carbon bonds constant. With these

(15) Cf. Ref. 12. Henri [Compt. rend., 199, 849 (1934)] has as­
signed the states of the carbonyl group in much the same way as that 
indicated here.

restrictions it is possible to represent the acetone 
molecule by a contour map after the method of 
Eyring16 (Fig. 1). The two carbon-carbon dis­
tances are represented by ordinates and ab- 
scissas and energy differences are represented by 
contours. These diagrams may be made only 
semi-quantitatively since all of the necessary 
facts for the complete description of the acetone 
molecule are not known. The stable configura­
tion of acetone will be represented by a point at 
the bottom of the valley and on the line bisecting 
the angle between the x and y axes. If Fig. 1 
represents the surface for the first excited state of 
acetone, then the dotted lines may be taken to 
represent the repulsive state formed from normal 

carbon monoxide and two normal methyl 
groups. Since this state is assumed to be repul­
sive the surface representing it must be rising 
fairly steeply and will touch the surface for the 
upper state (at about 4.1 electron volts) at a 
point lying on the line bisecting the angle be­
tween the x and y axes. From the upper state, 
therefore, the easiest way of egress would lead to 
the simultaneous Splitting off of two methyl 
groups as postulated by Norrish.6 However, 
since the * ‘point’ ’ of intersection is in reality a 
“surface” when one considers all degrees of free­
dom, there should be some chance of Splitting off 
one methyl group alone, although the “pass” over 
which the molecule would have to go would be 
somewhat higher than for the other process. It is 
easily seen that thermal dissociation should occur 
with the Splitting off of one methyl group as pos­
tulated by Rice and Herzfeld.9 The heat of ac­
tivation for this process should be the heat of dis­
sociation of the carbon-carbon bond less the 
energy contained in the various degrees of freedom 
of the molecule; 70,000 calories is the value 
chosen by Rice and Herzfeld.9

Figure 2 is a vertical cross section cutting across 
all of the energy leveis, keeping both the angle be­
tween the carbon-carbon bonds constant and the 
two carbon-carbon distances equal to each other. 
This diagram resembles that of a diatomic mole­
cule, but it should be kept in mind that many 
more degrees of freedom are involved. From 
spectroscopie information, known heats of disso­
ciation and the photochemical facts one can de- 
duce the vertical distances quite accurately. 
The manners in which the various curves inter-

(16) Eyring, Naturwissenschaften, 18, 914 (1930); Eyring and 
Polanyi, Z. physik. Chem,, 12B, 279 (1931).
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sect are in agreement with these facts, but the 
horizontal distances are schematic.

I represents the normal state of acetone and II 
the upper state for the bands near 3000 Ä. Fluor­
escence should be most strong on the long wave 
end of this band system. There are two reasons 
for drawing the upper curve displaced horizon- 
tally with respect to the curve of the ground 
state : (1) the maximum intensity of absorption 
is displaced toward short wave lengths from the 
band chosen as the (0,0) band.2c (2) The maxi­
mum intensity of fluorescence is in the green. 
The curves are drawn to account semi-quanti- 
tatively for these facts. Dissociation takes place 
by a transition from II to the repulsive state IV, 
but there should be some chance of fluorescence 
in the entire region.

In discussing the near ultraviolet region of the 
spectrum it must be emphasized that a consistent 
explanation of the published results is impossible. 
It has been shown that practically all of the ab­
sorbed energy may be accounted for4b by (1) 
fluorescence, (2) dissociation, (3) deactivation by 
collision. In order to arrivé at this bälance it was 
assumed that the dissociation followed equation
(5). However, it has been shown that the quan­
tum yield probably decreases with pressure at 
3130 Ä.4a A mechanism fitting these facts may 
be derived by assuming that k$ =  0 and that dis­
sociation of an activated molecule occurs only 
upon collision. Thus it is seen that the rela­
tively small amount of fluorescence is incompat- 
ible with a quantum yield approaching zero at zero 
pressure. To explain some of the facts in this 
region Norrish5 has introduced the idea of ‘ ‘degra­
dation to heat,” which is equivalent to postulating 
a molecule formed spontaneously from the origi­
nally activated molecule, but incapable of dis­
sociation in a time even considerably greater than 
the time between collisions. I t  is seen that a 
difficulty seems to exist in the near ultraviolet 
similar to that encountered at 1900 Ä., but the 
experimental data, particularly in the former re­
gion, are not accurate enough at present so that 
one is justified in stating whether the difficulties 
are apparent or real.

Curve III represents the upper state for the 
spectral region discussed in the present article. 
Curve IV must lie fairly close to curve III so that 
there is a fairly high probability of transition to 
the repulsive state. In general the transition 
must occur after a period of time longer than that

required for one rotation (between 10“ 10 and 1 0 “ 11 
sec.) or the bands would not appear to have sharp 
edges at low pressures. The mean life of about 
10 “ 8 second is not in disagreement with this state­
ment. I t  may be pointed out that the perturba- 
tion caused by a collision would be of the right 
nature to cause a transition to the repulsive level.

Fig. 2.

Since many of the photochemical facts seem to 
require the assumption of a state of long life 
formed spontaneously from the initially excited 
state, some speculation concerning this matter is 
in order.

At a first glance one might expect that once a 
molecule had transferred to the repulsive state IV 
its lifetime would be less than one period of Vibra­
tion, about 10“ 13 sec. However, curve IV will 
not be continuous, but both I and IV will be 
broken at their intersection, the two upper parts 
and the two lower parts joining, respectively, to 
form two new continuous curves.17 The prob­
ability of transition from the upper to the lower 
of these two new curves may be small enough to 
increase the mean life of the excited molecules by 
a large factor. Of course the proper selection 
rules must be obeyed for a perturbation of this 
type to occur. Whether or not the mean life 
would be long enough to account for the photo­
chemical results is au open question, although so 
many different configurations may be assumed by 
the molecule that this is not impossible.

Once the molecule is on curve I there will be the
0.7) Cf. Eyring and Steam, J. Chem. Phys., 3, 778 (1935).



1412 John P. Howe and W. Albert N oyes, Jr . Vol. 58

possibility of dissociation into CH3CO and CH«. 
Damon and Daniels4a do note a decrease in quan­
tum yield at high intensities. Most of the known 
facts for the 3000 A. region may be explained by 
assuming a recombination reaction between 
CH3CO and CH3 which takes place largely on the 
walls but partially in the gas phase. Thus the 
yieldmaybemade to approach zero at zero pressure 
even though the fluorescence is small. Dissociation 
would foliow collision, supporting the increase in 
yield with pressure,4a and might be partially into 
2 CH3 and CO and partially into CH3CO and CH3. 
The chief arguments against this explanation are:
(1) the supposed instability of the CH3CO radi­
cal ;9 (2) the fact that the photochemical forma­
tion of diketones has not been observed.

Any CH3CO radical produced by the dissocia­
tion of a molecule excited in the 1900 Ä. region 
would possess so much energy that it should spon­
taneously dissociate. I t seems very unlikely, 
therefore, that a recombination reaction can be 
responsible for the low yield in this part of the 
spectrum.

At least one other repulsive surface must exist, 
namely, that between normal carbon monoxide 
and normal ethane. However, ethane can be 
produced in one step only if the angle between the 
carbon-carbon bonds is varied and hence this 
surface cannot be represented on the diagrams. 
Moreover, there will be steric effects which will 
prevent transitions to this state from being very 
probable.

Certain relationships to the pictures for for­
maldehyde, acetaldehyde and methyl ethyl ketone 
may be stated. In formaldehyde there will be no 
steric effect to prevent transition to the repulsive 
surface formed by normal hydrogen and normal 
carbon monoxide and the observed quantum 
yield is unity .18 A molecule with sufficiënt energy

(18) Norrish and Kirkbride, J. Chem. Soc., 1518 (1932).

might dissociate in other ways. The methane- 
carbon monoxide surface must be important in 
acetaldehyde, since the steric effect would be con- 
siderably less than in acetone.19 However, 
some decomposition in this case must be by way 
of the methyl-carbon monoxide-hydrogen atom 
surface since free radicals have been detected to 
some extent in this case. In methyl ethyl ketone 
several other repulsive surfaces must intervene 
and several products are observed upon illumina- 
tion.

In conclusion the authors wish to express their 
appreciation to the Chemistry Department of the 
Johns Hopkins University for the loan of the ro- 
tating spark gap.

Summary
1. The quantum yield of acetone decomposi­

tion with approximately monochromatic radiation 
from the aluminum spark about 1900 Ä. has been 
investigated. I t  is (a) independent of intensity 
over quite wide limits; (b) dependent upon ace­
tone pressure, inereasing a t low pressures, the 
limiting value appearing to be about 0.65; (c) in­
creases with the addition of nitrogen and carbon 
dioxide and to a lesser extent with the addition of 
ethane ; (d) is apparently increased by the action 
of excited mercury unless precautions are taken to 
avoid this error.

2. No fluorescence could be detected.
3. Some difficulty is encountered in explain- 

ing the low quantum yield at low pressures, but 
otherwise the facts fit a simple kinetic picture.

4. The photochemical decomposition of ace­
tone near 3000 Ä., the decomposition near 1900 
Ä. and the various facts of spectroscopy and 
fluorescence may mostly be correlated with the 
use of potential energy surfaces.
P r o v id e n c e , R. I. R e c eiv ed  J u n e  1, 1936

(19) See Norrish, Trans. Faraday Soc., 30, 107 (1934).
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The Solubility of Thorium in Mercury1

B y  W . G eorge P ark s  a n d  George  E . P rim e

Very few alloys of thorium have been prepared. 
The only reference in the literature to a thorium 
amalgam is the work of Kettembeil,2 who was un- 
able to prepare an amalgam by the electrolysis of 
an aqueous solution of a thorium salt using a mer­
cury cathode. Insoluble basic compounds were 
always formed during the electrolysis. This in­
vestigation was undertaken to see whether an 
amalgam could be prepared and, if so, what its 
possibilities are for use in galvanic cells to deter­
mine the thermodynamic properties of tetravalent 
thorium salts.

Experimental
Mercury.—Redistilled mercury was stirred under a di­

lute nitric acid-mercurous nitrate solution for three days. 
It was then redistilled three times in a slow current of air 
(15 mm.) by the Hulett3 method, and finally under high 
vacuum.

Thorium.—Crystalline thorium prepared by the elec­
trolysis of fused thorium chloride was kindly supplied by 
the Kemet Laboratories, Cleveland, Ohio. This metal 
analyzed 99.75%  Th, by the oxalate method.4 It con­
tained small amounts of thorium oxide, Silicon, iron and 
chromium due to the method of preparation. However, 
the amounts present are negligible for our purpose. It 
should be pointed out that very pure metallic thorium 
entirely free from thorium oxide has never been prepared; 
commercial samples rarely analyze better than 98.50% .5 
The samples for analysis were first fused with potassium 
bisulfate because when the metal is treated with acids, 
either singly or in combination, considerable oxide is 
formed which does not dissolve even in concentrated acids.6

Thorium Salts.—The best grade of c. p. thorium chlo­
ride, nitrate and sulfate were seeured from Kahlbaum and 
were not further purified.

The preparation of a thorium amalgam was attempted 
by two methods. (1) Weighed quantities of thorium and 
mercury were heated together at 400 ° in small transparent 
fused quartz tubes for approximately eight hours. A 
higher temperature, although desirable, could not be em­
ployed due to shattering of the tubes. Furthermore, at 
elevated temperatures the thorium attacked the quartz 
badly. (2) An extensive series of experiments was carried 
out to determine the conditions under which an amalgam 
could be prepared electrolytically. These experiments in-

(1) Abstracted from a thesis submitted by George E. Prime to the 
faculty of Rhode Island State College in partial fulfilment of the re­
quire ments for the degree of Master of Science.

(2) Kettembeil, Z. anorg. Chem., 38, 217 (1903).
(3) Hulett, Phys. Rev., 21, 388 (1905); ^ . , 3 3 ,3 0 7  (1911).
(4) Scott, “Standard Methods of Chemical Analysis,“ D. Van 

Nostrand Co., New York City, Vol. I, 1925, p. 524.
(5) Marsden and Rentschler, Ind. Eng. Chem., 19, 97 (1927).
(6) Driggs and Lilliendahl, ibid., 22, 1302 (1930).

cluded: electrolysis of thorium nitrate, sulfate and chloride 
in aqueous solution; Th(N03)4 and ThCl4 in 95% ethyl 
alcohol, and ThCl4 in 12 N  hydrochloric acid. Both the 
test-tube and H-type cell vessel were employed using a 
mercury cathode. The mercury was stirred slowly during 
all experiments. The concentration of salts, current den­
sity, length of time electrolyzed, temperature and acidity 
were varied over a wide range. The results may be sum­
marized as follows: in all aqueous Solutions insoluble basic 
salts were formed causing the current to decrease gradually 
with no detectable amalgam formation. In  the alcoholic 
Solutions, th e  purpose  of which w as a n  a t te m p t  to  p re v e n t 
the formation of the basic compounds, no amalgam could 
be formed. The basic compounds still precipitated. 
The only electrolysis which appeared to have some degree 
of success was carried out in a saturated solution of 
thorium tetrachloride in 12 N  hydrochloric acid. A 
current of 0.5-1.0 amp. sq. cm. was passed through the 
solution for twenty-four hours. The H-cell was cooled 
continuously by running water.

The amalgams prepared by either method were placed in 
an oil-bath at 25 =*= 0.01° and shaken for several days. 
The liquid mercury saturated with thorium was then sepa­
rated for analysis by means of the special filter pipet pre­
viously described.7 The analysis of mercury saturated 
with thorium offers very serious difficulties on account 
of the large quantity of mercury and relatively small 
quantity of thorium present. None of the ordinary 
methods of Separation were found applicable. For ex­
ample, no reagent could be found that would precipitate 
one without precipitating the other. It was found that 
hydrochloric acid would not react completely with the 
amalgam in the ordinary manner. The potassium per­
manganate oxidation method of Irvin and Rüssel8 did not 
give satisfaetory results. The distillation method also 
proved useless for quantitative work. The method finally 
adopted, although not entirely satisfaetory, at least gives 
the order of magnitude of the solubility. For a more exact 
value an electrometrïc instead of a Chemical method will 
have to be employed.

The samples to be analyzed were weighed carefully and 
then exposed to the atmosphere for at least two weeks in 
order that the thorium might separate from the mercury. 
This procedure has been found to be satisfaetory for the 
Separation of lanthanum and aluminum amalgams.9 
After standing the two weeks an excess of Standard 0.5 N  
hydrochloric acid was added and after shaking well the 
excess acid was determined by titration with Standard 
carbonate-free sodium hydroxide using phenol red as an 
indicator. The sodium hydroxide was standardized 
against Bureau of Standards potassium acid phthalate. 
The analytical weights and burets employed were cali­
brated and corrections applied where necessary.

(7) W. G. Parks and Campanella, J. Phys. Chem., 40, 333 (1936).
(8) Irvin and Rüssel, J. Chem. Soc., 30, 891 (1932).
(9) Müller, Monatsh., 53, 215 (1929); Audrieth, Jukkola, Meints 

and Hopkins, T h is  Journal, 53, 1805 (1931).
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Results and Discussion
The solubility of thorium in mercury at 25° 

is summarized in Table I. The data given rep­
resent the average of three determinations on five 
different amalgams. The second and fourth amal­
gams were prepared by method (1) while the others 
were prepared by method (2). The atomic per 
cent. was calculated from the weight per cent. by 
the graphical method of Ölander. 10

T able I
T he S olubility  of T horium in  M ercury at 25 0

Weight, % Atomic, %

0 .0 1 5 8 0 .0140
.0157 .0139
.0156 .0138
.0145 .0128
.0154 ±  0 .0 0 0 5 .0136

There are many factors which must be consid­
ered in the determination of the solubility of a 
sparingly soluble metal in mercury. The solu­
bility may or may not be a definite quantity. 
Some metals like copper and zinc or lead11 are 
known to form aggregates not only with them- 
selves but also with mercury. This means that 
until the partiele size in the amalgam has been 
determined the term solubility must be a loose 
one. A method other than filtration must be 
found for determining a homogeneous phase. 
Furthermore, we are not absolutely certain that 
all the thorium separates from the mercury on 
standing two weeks in contact with the atmos­
phere. The reproducibility of our results, how­
ever, leads us to place confidence in them. The 
amount of mercury that dissolves when the hydro-

(10) ölander, Ind. Eng. Chem., Anal. Ed., 4, 438 (1932).
(11) Chuiko, Ukrain. Khem. Zhur., 6, No. 5-6, Sei. Part, 229 

(1931).

chloric acid is added was found to be negligible at 
the concentration employed.

These data may be interpreted in terms of in­
ternal pressures and the metallic solution theory 
of Hildebrand. 12 The mutual solubility of tho­
rium and mercury should follow from their posi­
tion in the table of internal pressures provided 
that there is no compound formation. The physi­
cal constants necessary for calculating the inter­
nal pressure of thorium are not accurately known. 
However, if we adopt the method of Gilfillan and 
Bent13 thorium is placed next to tin in the table 
given by Hildebrand, Hogness and Taylor.14 
This position indicates a large difference in the 
internal pressure of thorium and mercury and is in 
fair accord with the solubility found in this investi­
gation. Joyner15 found the solubility of tin in 
mercury to be 1.24 atomic per cent. at 25.4°. 
The mutual solubility of thorium and tin has not 
been determined.

According to the relationship between the melt­
ing point of a metal and its solubility in mercury 
as developed by Tammann and Hinntiber16 our re­
sults are too high. However, this relationship is 
only an approximation. Considering all factors- 
which enter into a problem such as this, we feel 
that our results indicate a very low solubility with 
our value as a maximum. This low solubility to­
gether with the difficulty of preparation leads to 
the conclusion that this amalgam is unsatisfactory 
for precise e. m. f. measurements. Further work 
on the amalgamation of thorium is in progress. 
K ingston, R. I. R eceived Ju ne  9, 1936

(12) Hildebrand, “Solubility,” The Chemical Catalog Co., Inc., 
New York, 1936, p. 174 et seq.

(13) Gilfillan and Bent, T h is  J o u r n a l , 56, 1661 (1934).
(14) Hildebrand, Hogness and Taylor, ibid., 45, 2830 (1923).
(15) Joyner, J. Chem. Soc., 99, 195 (1911).
(16) Tammann and Hinnüber, Z. anorg. allgem. Chem., 160, 249 

(1927).
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Identification of Phenolic Ethers as Picrates

B y O. L. B aril and  G. A. M eg r dich ian

Aug., 1936 Identification of Phenolic Ethers as Picrates 1415

The derivatives most frequently employed in 
the identification of phenolic ethers are those ob­
tained by bromination, nitration and oxidation. 
The instructions for the preparation of these de­
rivatives are variable, and the original article 
must be consulted for each individual ether. The 
products obtained vary from a mono- to a trinitro 
derivative, and from a mono- to a pentabromo de­
rivative. In many cases, mixtures are obtained. 
The oxidation of ethers is limited to those con­
taining a side-chain, and the length of the side- 
chain cannot be determined by this method.

The picrates of phenolic ethers have never been

fully studied as a means of identification. In our 
study of the picrates of phenolic ethers, we ar- 
rived at a uniform method of procedure, whereby 
any phenolic ether can be identified from its pic­
rate. These picrates can be precipitated conven- 
iently, their forms are quite diverse and charac­
teristic and were found to be constant after re- 
peating the crystallization.

Experimental
All phenolic ethers used were Eastman pure, ex- 

cepting the ^-nitrophenyl benzyl ether which was 
prepared in our laboratory. Chemically pure

P icr a tes of Ce r ta in  P h en o lic  E t h e r s
Nitrogen, %

Ether Color Crystalline structure M. p., °c. Calcd. Found
Anethole®’6 Orange-red Long needles 69-70 11 .14 11 .6 0
Anisole® Bright yellow Tabular crystals 79-81 12 .46 12.62
Benzyl Orange-yellow Prism clusters 77-78 9 .8 3 9 .9 1
Benzyl methyl Cream Square plates 115-116 11.96 11 .99
«-Butyl phenyl® Light yellow Hexagonal plates 110-112 1 1 .08 11.79
Catechol diethyl® Red-brown Rhombic crystals 69-71 10.63 10 .76
o-Tolyl methyl Light yellow Short prisms 1 1 8 -1 1 9 .5 11.96 11 .82
w-Tolyl methyl Orange-yellow Medium prisms 113-114 11 .96 11 .44
^-Tolyl methyl Yellow-orange Long prisms 88-89 11 .96 12 .32
o-Tolyl ethyl Light yellow Short prisms 1 1 7 .5 -1 1 8 .5 11 .57 11 .23
m-Tolyl ethyl Orange-yellow Medium prisms 114-115 11 .57 11 .44

Tolyl ethyl Yellow-orange Long prisms 110-111 11 .57 11 .90
Eugenol Brown-red Long blades 62-63 10 .68 10 .45
Eugenol methyl Red-brown Rhombic crystals 114-115 10 .32 10 .97
Iso-eugenol® Dark red Silky needle clusters 4 6 -4 7 .5 10 .68 10.71
Iso-eugenol methyl® Very dark red Slender rods 42-45 10 .32 10 .82
Guaiacol® Orange-red Short stout needles 88-89 11.89 11 .42
Hydroquinone monomethyl Orange-yellow Long flat needles 43-44 11.89 11.96
Hydroquinone dimethyl® Orange-red Long blades 47-48 11 .44 11 .50
a-Naphthyl methyl Yellow-orange Silky needle clusters 12 7 -1 2 7 .5 10.85 10 .25
ß-Naphthyl methyl Yellow Fine needle clusters 113-1 1 3 .5 10.85 10 .48
a-Naphthyl ethyl Yellow-orange Fine needle clusters 107-108 10.47 10.63
ß-Naphthyl ethyl Orange-yellow Fine needle clusters 9 9 -1 0 0 .5 10 .47 10 .5 8
^-Nitrophenyl benzyl Very light yellow Thin rectangular plates 8 4 -8 4 .5 12.23 12.16
Phenetole® Very light yellow Square plates 91-92 11 .96 12.01
Phenyl Yellow Prisms 108-110 10.52 10 .70
Pyrogallol trimethyl Yellow Thin rhombic plates 7 8 .5 -8 0 10 .57 10 .34
Resorcinol monomethyl® Orange Long blades 6 8 -6 9 .5 11.89 12 .28
Resorcinol dimethyl® Yellow-orange Tetragonal needles 5 6-58 11 .44 11 .86
Resorcinol monoethyl Red Rhombic needles 105-106 11 .44 10 .98
Resorcinol diethyl Brown-yellow Long slender rods 108-109 10.63 10 .94
Safrole Orange-red Long blades 1 0 4 -1 0 5 .5 10 .74 10 .62
Iso-safrole Dark red Thick needle clusters 74-75 30 .74 10 .89
Triphenylcarbinol methyl Light yellow Cubes 90-91 8 .3 5 8 .7 0
Veratrole* Red-orange Six-sided prisms 5 6 -5 7 .5 1 1 .4 4 11.13

p. 771.
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picric acid was dried in an oven at 100° for six 
hours. One millimole of the phenolic ether was 
dissolved in 10 cc. of warm chloroform. One 
millimole of picric acid plus 5% in excess (0.241 
g.) was dissolved in 10 cc. of warm chloroform. 
The chloroform solution of the phenolic ether was 
then poured into the picric acid solution while 
stirring the mixture. This mixture was then set 
aside and allowed to crystallize in a 100-cc. 
beaker. The picrate was recrystallized from the 
smallest amount of warm chloroform. The form 
or habit of the crystals was then determined by 
means of a binocular microscope using a magnifi- 
catiön of about seven.

The picrates of the four phenolic ethers found 
in the literature were reported by the investiga­
tors as being equimolecular addition products. 
Melting points were determined by the method of 
Mulliken1 in which a thermometer calibrated by 
the Bureau of Standards was employed. AU tem­
peratures given are uncorreeted. In the deter­
mination of nitrogen, Campbell and Gray’s2 mod­
ification of the Dumas method was used.

Discussion of Results
The molecular composition of all the picrates 

was found to be of the general type 1:1. AU the 
stable picrates of the phenolic ethers can be pre­
pared and recrystallized from 95% ethyl alcohol. 
The melting points of the picrates thus prepared 
correspond exactly to the melting points of the 
picrates prepared from chloroform. The insta- 
bility of the unstable picrates is manifested by a 
loss of color upon exposure to air, a rise in melting 
point, and the amorphous form of the residual 
picric acid. The melting points of all the un­
stable picrates must be taken as soon after crys-

(1) Ivluiiiken, ‘Tdentification ol Pure Organic Compounds,” 
Vol. I, John Wiley & Sons, Inc., New York City, 1904, p. 21S.

(2) Campbell and Gray, J. Soc. Chem. Ind., 49, 447 (1930).

tallization as possible, unless kept in a sealed 
container.

Anethole picrate is decomposed by ethyl alco­
hol, and the anethole polymerizes to di-anethole 
in the hot alcohol. The picrates of eugenol, 
iso-eugenol, eugenol methyl ether and iso-eugenol 
methyl ether form astatic liquid crystals from 
ethyl alcohol. The use of methyl alcohol as a 
solvent prevents this, but several days are re­
quired for crystallization. The picrates of ani­
sole, phenetole and %-butyl phenyl ether are all 
decomposed by ethyl alcohol. Methyl alcohol 
prevents this to a certain extent. The picrates of 
the isomeric ethers are all darker, and possess 
lower melting points than the picrates of the nor­
mal ethers. The picrates of the a-naphthyl 
ethers are darker and possess higher melting 
points than the picrates of the 0-naphthyl ethers.

The preparation and recrystallization of all the 
unstable picrates of phenolic ethers is possible 
through the use of chloroform as a solvent, thereby 
affording a general and uniform method of proce­
dure in the preparation of all the picrates of the 
phenolic ethers. As optical crystallographic data 
are very important in the final identification of an 
organic compound, it is hoped to be able to report 
on the refractive indices of these picrates in a 
future communication.

Summary
1. The picrates of thirty-five phenolic ethers 

have been prepared and were found to be suitable 
derivatives for identification purposes.

2. The procedure is uniform and requires no 
special degree of skill.

3. The picrates are highly crystalline solids, 
easily purified and possessing sharp melting 
points.
W  or c e st er , M a s s . R e c e iv e d  M a y  15, 1936
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Introduction
While investigating the effect of small amounts 

of impurities on the activity of the Raney nickel 
catalyst for the hydrogenation of nitroguanidine, 1 
the further results of which will be reported in an­
other paper, it was found that platinic chloride 
had a very marked enhancing action.

Nickel catalysts have been rather extensively 
studied with respect to the promotèr action ob­
tained when foreign substances are introduced into 
the catalyst mass and are summarized by Ellis.2 
Combinations of the platinum and nickel group 
catalysts have received attention as well as plati­
num and palladium deposited on other metals.3 
Öf these Ginsberg and Ivanov3e have prepared ac­
tive catalysts by adding in situ Solutions of plati­
num or palladium chloride (the latter as Na2- 
PdCh) to powdered non-catalytically active 
metals. More recently, Delépine and Horeau4 
have described the enhancement of the activity 
of Raney nickel catalyst by platinum deposited 
from a solution of “alkaline platino-chloride” on 
the Raney nickel. The enhanced activity was 
manifested (for the reduction of ethyl acetoace- 
tate) only after the addition of alkali.

In the hydrogenation of nitroguanidine it was 
observed that the addition of small quantities of 
platinic chloride very greatly increased the rate of 
reduction. It was in genera! found that this effect 
could be extended with even more marked results

T able I
Addition of Platinic Chloride to Raney N ickel

Absorption rate, ml. m/min.
Hydrogen acceptor Raney N i Raney Ni +  PtCk
Nitroguanidine 28.4 51.4
Castor oil 35.8 125.8
Linseed oil 24.4 67.0
Nitrobenzene 18.4 165.6
Benzaldehyde 10.2 67.6

(1) Lieber and S m ith , T h is  Jo u r n a l , 57, 2479 (1935).
(2) E llis, " H yd rogen ation  of Organic S ub stances,"  3d ed., D. Van  

N ostrand  Co., N ew  Y ork , 1930.
(3) (a) D ew ar and L iebm ann, U . S. P a te n t 1,268,692 (1918) ; (b)

U eno, J .  Chem. I n d .  { T o k y o ) ,  21, 898 (1918); (c) Paal and W endisch, 
B er .,  56, 4011 (1913); (d) P aa l and K arl, ib id . ,  56, 3069 (1913);
(e) Ginsberg and Iv a n o v , J . R u s s .  P h y s . - C h e m .  Soc . ,  62, 1991 (1930).

(4) D elépine and H oreau, C o m p t .  r en d .,  201, 1301 (1935); see 
C. A .,-3 0 , 1776 (1936). T h is  paper cam e to  th e  a tten tio n  of the  
authors after th is  artic le  w as prepared for publication  b ut before 
Submission to th e E ditor.

to other organic types. Table I summarizes 
these results, the details of which are given in the 
experimental section.

Experimental
Method*—The catalytic hydrogenations were carried 

out at one atmosphere pressure and at room temperature; 
the general procedure was the same as used previously.1 
The test mixtures were as follows: 5.2 g. (0.05 mole) of 
nitroguanidine, suspended in water as a solvent, 2.5 g. (or 
multiple of that quantity) of Raney nickel catalyst or non- 
catalytie metal powder. Just prior to the beginning of the 
hydrogenations, varying volumes of an aqueous solution of 
platinic chloride were added. The hydrogen adsorption 
rates were followed for a period of thirty minutes.

Concentration of Platinic Chloride.—Keeping the ratio 
of catalyst to hydrogen acceptor constant, the concentra­
tion of platinic chloride was varied from 0.034 to 0.680 
g. (0.1 to 2.0 millimoles) per 100 ml. of solvent. The re­
sults are summarized graphically in Fig. 1.

Fig. 1.—Variation in Pt Cl4 concentration: 9  Raney;
O Raney 2 millimoles PtCl4; d Raney +  1 milli­
mole Pt Cl4; ö  Raney +  0.25 millimole PtCl4; €> Raney 
+  0.13 millimole PtCl4.

Variation in Catalyst Mass.—In this series of experiments 
the concentration of platinic chloride was maintained at 
0.075 g. (0.25 millimole) per 100 ml. of solvent and the 
ratio of catalyst to nitroguanidine was varied from 0.25 to 
1.0. It was found here that the greatest effect was with 
the smallest ratio of catalyst to nitroguanidine. The 
effect of adding 0.25 millimole of platinic chloride (48 mg. 
of platinum) to 0.50 g. of Raney nickel catalyst per gram 
of nitroguanidine gives a rate of hydrogenation equal to 
that obtained when the ratio of catalyst to nitroguanidine 
is 1.12.

The Reaction between Raney Nickel Catalyst and Pla­
tinic Chloride.—Certain facts concerning the promotèr 
action of platinic chloride on Raney nickel catalyst are
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revealed in the following experiments. Absorption of hy­
drogen in ml. of hydrogen in thirty minutes by 5.2 g. of 
nitroguanidine in 100 ml. of water and the catalyst (a) 1 
millimole (0.337 g.) of platinic chloride alone, (b) an 
amount of Adams platinum oxide catalyst equal to 0.337 g. 
of platinic chloride, (c) a mixture of 2.5 g. of Raney nickel 
and platinum oxide equal to 0.337 g. of platinic chloride, 
(d) 2.5 g. of Raney nickel catalyst and (e) 2.5 g. of Raney 
nickel and 0.337 g. of platinic chloride, are (a) 0, (b) 537, 
(c) 796, (d) 851 and (e) 1222. These data indicate that 
platinic chloride is without activity and that the addition of 
Adams catalyst in an amount equal to the platinic chloride 
does not increase the activity of Raney nickel.

Thirty-four hundredths gram of platinic chloride was 
added to a suspension of 2.5 g. of Raney nickel catalyst 
in 100 ml. of water and the mixture was allowed to stand 
with occasional shaking for forty-five minutes. The mix­
ture became opalescent during the first few minutes of con­
tact but on standing the colloidal material settled and a 
clear green supernatant solution resulted. The clear solu­
tion was decanted, the remaining "catalyst” mass was 
washed several times by decantation, and the combined 
Solutions were diluted to a volume of 200 ml. The nickel 
was determined in aliquot portions by weighing as nickel 
d im ethy lg lyox im e: found 0.23, 0.25 g.; calcd. on the basis 
of equation
3Ni +  PtCle" +  2H + ----

Pt +  3Ni + + +  H2 +  6Q - (I)
0.20 g. The solution was strongly acid and contained no 
platinum. The catalyst mass treated as described above 
had an activity no greater than the ordinary Raney nickel 
catalyst without platinum.

Elapsed time X 100 seconds.
Fig. 2.-—Promoted hydrogenations: O Raney nickel;

Q promoted Raney nickel.

In order to determine the possible effect of the several 
components present the following experiments were per- 
formed. In each case 5.2 g. of nitroguanidine was sus­
pended in 100 ml. of water.

Adsorption
Catalyst ml. Kb/min.

1 2.5 g. Raney nickel 28.4
2 2.5 g. Raney nickel and 0.34 g. PtCfi

added just before start of reduction 51.4
3 0.34 g. of PtCl4 deposited as Pt on 2.5 g.

Raney nickel and catalyst mass washed
free of ions 29.0

4 As (3) with addition of 3 millimoles of
nickel as N i++ 22.7

5 As (3) with addition of 2 millimoles of HCl 26.6
6 2.5 g. of Raney nickel with 2 millimoles of

HCl 5.4
7 2.5 g. of Raney nickel with 1 millimole of

N i++ 9.1

The addition of alkali (potassium hydroxide) sufficiënt 
to neutralize the acidity, produced in catalyst (2) above, 
decreased its activity 50-60%.

The nickel catalyst, which consists of nickel dispersed on 
kieselguhr, was prepared according to the method of Ad­
kins and Gramer5 and was tested for its catalytic activity 
with and without the addition of platinic chloride. There 
was no promotor action due to platinic chloride.

Platinic Chloride and Non-Catalytic Metal Powders.— 
The non-catalytic metal powders tested comprised Raney 
alloy (50% nickel), iron, aluminum and tungsten, using 
0.337 g. (1 millimole) of platinic chloride the absorption 
rates obtained in ml. of H2 per minute were 15.4, 8.0, 13.9 
and 0.0, respectively. Using 0.075 g. (0.25 millimole) of 
platinic chloride with non-catalytic Raney alloy and cata­
lytic Raney nickel the hydrogen absorption rates were 3.0 
and 51.4 ml. of H2 per minute, respectively.

Platinic Chloride Promotor Action on the Hydrogenation 
of Castor Oil, Nitrobenzene, Benzaldehyde and Linseed 
Oil.—In this series of experiments the solvent was 100 
ml. of 95% ethanol; 0.25 g. of Raney nickel per gram of 
hydrogen acceptor (except for raw linseed oil where 0.1 g. 
of Raney nickel per gram of material was used) and 0.075 
g. (0.25 millimole) of platinic chloride added just prior to 
the start of the reduction. The quantities of substances 
hydrogenated were 25 g. of castor oil, 25 g. of linseed oil,
12.5 g. of nitrobenzene and 10.5 g. of benzaldehyde. The 
reductions were carried out first with Raney nickel alone 
and then Raney nickel with platinic chloride. The data 
are summarized in Fig. 2 and Table I.

Discussion of Results
The action of platinic chloride on Raney nickel 

catalyst is open to several interpretations. I t 
may be defined as a promotèr action based upon 
the definition of Pease and Taylor6 as the “acti­
vation of a catalyst by a small quantity of a rela­
tively active substance/ 5 The examination of 
the reaction between platinic chloride and Raney 
nickel shows that we are dealing with reaction (I) 
and it is possible that the observed rates of hydro­
genation are the result of the simultaneous ac­
tivity of nickel and platinum. However, this re-

(5) Adkins and Gramer, T h is  J o ur n a l , 52, 4349 (1930).
(6) Pease and Taylor, J .  P h y s .  C h e m .,  24, 241 (1920).
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action apparently must take place during the re­
duction with hydrogen, i. e., the promotor effect 
is manifested when platinic chloride is added just 
before the hydrogenation is started. The inter­
pretation of the results is further complicated by 
the fact that in adding platinic chloride, poisons for 
the nickel catalyst are added, although it should 
be pointed out that using non-catalytically active 
metals, or completely plating out the platinum and 
removing the poisons resulted in completely re­
duced activity. Further, the type of catalytically 
active nickel appears to be a factor. On a weight 
basis, reduced nickel on kieselguhr is hundreds of 
times as active as is Raney nickel,7 however, addi­
tion of platinic chloride to such a catalyst under 
the same conditions as Raney catalyst (tempera­
ture, pressure of hydrogen and ratio of catalyst to 
hydrogen acceptor) had no effect on its activity.

On the other hand, however, the effect is not 
limited to the hydrogenation of a single substance

(7) Covert and Adkins, T h is  J o u r n a l , 54, 4116 (1932).

(nitroguanidine), as is often the case in promotèr 
catalysis. I t  has, indeed, been applied even more 
successfully to the hydrogenation of castor oil, 
linseed oil, nitrobenzene and benzaldehyde.

The application of the Raney nickel-platinic 
chloride catalyst to the hydrogenation of various 
types of organic compounds, as well as a more 
detailed investigation of the effects involved par- 
ticularly with respect to other noble metal salts, is 
in progress in this Laboratory and will be reported 
in a subsequent paper.

Summary
Small amounts of platinic chloride added to 

Raney nickel catalyst immediately before the be- 
ginning of the hydrogenation have a definite and 
pronounced enhancing action which is not limited 
to the hydrogenation of nitroguanidine but is ap­
parently applicable to the reduction of many 
types of organic compounds.
Brooklyn, N ew Y ork Received March 26, 1936

[Contribution from the Chemical Laboratory of Duke University]

The Reactions of Aldoxime Derivatives with Bases. III. The Reactions of Geo- 
metrically Isomeric Acetyl-3,4-m.ethylenedioxybenzaldoximes with Certain Amines

By Charles R. H auser  a n d  E arl  J o r d a n1

In continuation of our investigations2 of the re­
actions of acyl-aldoximes with bases, a study has 
been made of the reactions of the two isomers of 
acetyl - 3,4 - methylenedi- 
oxybenzaldoxime with 
certain primary, second­
ary and tertiary amines.

It has been found that

No Pyridine CH202C<iH3~ 
reaction < ---------- -

The reaction of acetyl- a-3,4-methylenedioxy- 
benzaldoxime with a primary or secondary amine 
may be represented as an aminolysis,3 thus4

-C —H O v CH20 2C«H3— C— H

N — O—C— CH3 - f  /  NOH
+

( c h ,c o n < Q

when the a-isomer is dissolved in w-butylamine, 
aniline, piperidine or diethylamine, and allowed 
to stand for a short time, it is converted into the 
corresponding a-aldoxime in yields of 90-99%; 
apparently these reactions are quantitative. On 
the other hand, the acetyl-a-aldoxime may be 
heated in pyridine solution at 97-100° for an hour 
and then recovered practically unchanged; also, 
it is relatively stable in triethylamine solution. 
The yields of aldoxime and recovered acetyl- a- 
aldoxime are given in Table I.

(1) This is from a portion of a thesis presented by Earl Jordan in 
partial fulfilment of the requirements for the Ph.D. degree at Duke 
University.

(2) See (a) Hauser and Sullivan, T h is  J o ur n a l , 55, 4611 (1933);  
(b) Hauser and Jordan, ib id . , 57, 2450  (1 9 3 5 ); (c) Hauser, Jordan 
and O’Conner, ib id . , 57, 2456 (1935).

The tertiary amines have no hydrogen atom 
attached to nitrogen and consequently are not 
capable of bringing about this reaction. The 
other possible decomposition, the elimination 
of acetic acid from the acetyl-ct-aldoxime to 
form nitrile,5 might occur very slowly in tri­
ethylamine solution at the boiling point of the

(3) This reaction is analogous to an ammonolysis of an ester; it is 
possible that the primary or secondary amine attacks the carbonyl 
group of the acetate, perhaps forming an intermediate addition com­
pound which decomposes to form aldoxime and amide; the latter, 
however, has not been isolated.

(4) For references to evidence that «-aldoximes have the s y n  
configuration, see note 2b.

(5) Although the acetyl-/3-aldoxime in the presence of a base elimi- 
nates acetic acid to form nitrile much more readily than the a-isomer, 
it is possible for the latter, under certain conditions, to form nitrile 
ör the corresponding acid; see reference 2b.
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amine,6 but this reaction does not occur in pyrh 
dine solution, at least not to an appreciable extent 
within an hour even at 97-100°.

The reactions of acetyl-ß-3,4-methylenedioxy- 
benzaldoxime with amines have been carried out 
under several different sets of conditions. In gen­
eral, with primary or secondary amines this isomer 
gives partly nitrile by elimination of acetic acid, 
and partly the corresponding ß-aldoxime pre­
sumably by aminolysis;3 but with tertiary 
amines it gives only nitrile. These reactions may 
be represented as follows

high yields of nitrile and no appreciable amounts 
of oxime; however, when the relatively weak 
base, aniline, is added to the acetyl-ß-aldoxime in 
a similar manner, the latter dissolves without a 
noticeable rise of temperature, giving a high yield 
of oxime and no appreciable amount of nitrile. 
The yields of products obtained with these pri­
mary and secondary amines under these condi­
tions are given in Table III. In this table are in- 
cluded also the yields of nitrile obtained with the 
tertiary amines, pyridine and triethylamine ; 
with the latter the reaction mixture becomes

Tert. CH20 2C6H3—C—H v
CH20 2C6H3C N < ---------  |[ +  >N—!

+  amines CH3—C—O—N x
H

/C H 3COONH2\  
1 / \  ; O

c h 2o2c 6h 3c n  +  /C H 3COONH2\
V / \  )

->  CHs.O2C.H3—C—H +  ( cH,CON<Q

HO—N

The yields of nitrile and aldoxime obtained 
from the acetyl-ß-aldoxime with a primary or 
secondary amine depend upon the relative rates 
of the two competing reactions. Similar to the 
reactions with alkali,2b an elevation of tempera­
ture accelerates the elimination of acetic acid to 
form nitrile more than the aminolysis to form ox­
ime ; also, these reactions are apparently depend- 
ent upon the basic strength of the amine used. 
In Table II are given the yields of products ob­
tained by adding the acetyl-ß-aldoxime in small 
portions to ^-butylamine and to the much weaker 
base, aniline, at various temperatures. It can be 
seen that with n-butylamine the acetyl-ß-aldox- 
ime gives, below 0 °, practically only oxime, be­
tween 20 and 45°, both oxime and nitrile; but 
at 78°, apparently only nitrile, no oxime being iso­
lated at this temperature. With aniline at 25- 
30°, the acetyl-ß-aldoxime gives apparently only 
oxime, and even at 97-100° this is the main prod­
uct, the yield of nitrile being only 11%.

The difference in degree of reactivity of acetyl- 
a-, and acetyl-ß-3 ,4 -methylenedioxybenzaldox- 
imes with various amines should be pointed out. 
Whereas the a-isomer merely dissolves in the 
amines listed in Table I without generating a 
noticeable amount of heat, the acetyl-ß-aldoxime 
reacts vigorously with w-butylamine, piperidine, 
and diethylamine* When a few cubic centimeters 
of these amines are added, in 1-cc. portions, to 
gram samples of the acetyl-ß-aldoxime, the reac­
tion mixtures become hot immediately, producing

(6) It can be seen from Table I that the melting point of the re­
covered product is somewhat lower than that of the pure acetyl-a- 
aldoxime.

warm. The formation of nitrile from the acetyl- 
ß-aldoxime and these tertiary amines is presum­
ably quantitative over a considerable range of 
temperatures.

The yields of products obtained from the reac­
tions of the acetyl-ß-aldoxime with 1 M  Solutions 
of certain amines in water and in dioxane and 
with ammonia Solutions, at 0 or 30°, are given in 
Table IV. It can be seen that with ^-butyl- 
amine or piperidine both nitrile and oxime are ob­
tained; in the reaction with aqueous piperidine 
the yield of nitrile is greater, and that of oxime 
correspondingly smaller at 30°, than at 0°.

It should be noted that with pyridine even in 
the presence of water the acetyl-ß-aldoxime ap­
parently gives only nitrile, whereas with triethyl­
amine and water a small yield of oxime is ob­
tained in addition to nitrile. In the latter case 
the formation of oxime presumably is due to the 
presence of hydroxyl ions since no oxime is found 
when the reaction is carried out in anhydrous di­
oxane solution; the concentration of hydroxyl 
ions in aqueous pyridine is apparently too small 
to produce an appreciable amount of hydrolysis 
before the acetyl-ß-aldoxime is completely con­
verted to nitrile.

Hantzsch7 has previously reported that acetyl- 
ß-aldoximes were decomposed by ammonium hy­
droxide to form ß-aldoximes. We have found that 
with aqueous or alcoholic ammonia both nitrile 
and oxime are obtained except when the reaction 
is carried out at 0 °; at this temperature with con­
centrated ammonia only oxime has been isolated.

(7) Hantzsch, B e r . ,  24, 20 (1891).
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T able I
P ercentage Y ields of P roducts from A cetyl-a-3,4-
METHYLENEDIOXYBENZALDOXIME AND CERTAIN PRIMARY,

S econdary and  T ertiary  Amines
Recovered acetyl 

Oxime deriv.
% M. p., % M. p.,

Amine yield °c.® yield °C."
Primary

w-Butylamine 91 108-110
Aniline 98 108-110

Secondary
Piperidine 90 110
Diethylamine 99 110

Tertiary

Pyridine jAt 25° 92 105
At 97-100 oh 96 104-105

Triethylamine < At 25° 
At 89 06

96
99

104-105 
95- 97

a The melting points of these products were raised by re­
crystallization to those reported in the literature: for the 
a-aldoxime, 110°; for the acetyl-a-aldoxime, 105°. 6 This
solution was heated for one hour.

T able II
P ercentage  Y ie l d s  of P roducts from A cetyl-jS-3,4- 
m eth y len ed io x y ben zAldoxim e  w it h  w-B utylamine and 

w ith  An il in e  at Va rio u s  T emperatures
Nitrile Oxime

% M. p., % M. p.,
Amine Temp., °C. yield °c.° yield °C.a

w-Butylamine - 1 0 -  - 5 5 92-93 90 144
20-30 15 92-93 81 140-141
25-4Ö6 29 93-94 59 142-143
78 (b. p.) 94 93-94

Aniline 25-30 92 145-146
97-100 l l c 93-94 82 109-110d

° The melting points of these products were raised by re­
crystallization to those reported in the literature: for ni­
trile, 94-95°; for ß-aldoxime, 146°. 6 In this case 5 cc. of
w-butylamine was added all at one time to 1 g. of the ace- 
tyl-ß-aldoxime; the heat of the reaction caused the tem­
perature of the solution to rise from 25 to 45°. c In this 
case the nitrile might have been produced by a thermal de­
composition of the acetyl-jS-aldoxime. d In this case the 
ß -a ld o x im e  had changed to the a-isomer (m. p. 110°).

Experimental
Acetyl - a - and acetyl - ß - 3,4 - methylenedioxybenzaldox- 

imes were prepared according to methods previously de­
scribed.2a,b Samples (1-2 g.) of these compounds were 
dissolved in 4-6 cc. of amine, the relative yields of oxime 
and nitrile produced fröm the jS-isomer with certain pri­
mary and secondary amines being dependent upon the 
method of treatment. The Solutions of ^-butylamine, 
piperidine, diethylamine, pyridine and triethylamine, 
after standing at least an hour, were shaken with several 
volumes of crushed ice, and the mixtures filtered through 
sintered glass crucibles of the Gooch type.2b The pre­
cipitates were washed with water until free of amines, and 
then treated with cold 2 N  sodium hydroxide to dissolve 
out oxime. The solid remaining in the crucible was identi-

T able  III
Percentage Y ields of P roducts Obtained  by  A dding  
a F ew  Cubic  Centim eters of Various A m ines in On e - 
Cubic  Centim eter  P ortions to Gram Sam ples of 

A cetyl- ß-S ,4-methylenedioxybenzaldoxime
Nitrile Oxime

% M. p., % M. P-,
Amine yield °c.<* yield °C.a

Primary
«-Butylamine6
Aniline

99 91-93
92 145-146

Secondary
Piperidine6 99 92-94
Diethylamine6 92 93-94

Tertiary
Pyridine 99 92-94
Triethylamine 95 94-95
a The melting points of these products were raised by re­

crystallization to those reported in the literature: for ni­
trile 94-95°; for ß-aldoxime 146°. 6 The reactions with
these amines were vigorous, generating considerable heat.

T able IV
P ercentage Y ields of P roducts from A cetyl-/3-3,4-
METHYLENEDIOXYB ENZ ALDOXIME WITH 1 M  SOLUTIONS OF
Certain  A mines in  W ater , D ioxane  and  A mmonia

Nitrile Oxime
Temp., % M. p., % M. p.,

Amine Solvent °c. yield °C.° yield °c.°
^-Butyl-

amine Water 30 46 90-92 48 105-1076
w-Butyl-

amine Dioxane 30 42 93-95 56 143-144
Piperidine Water 0 32 89-91 65 138-140
Piperidine Water 30 63 92-94 28 1106
Piperidine Dioxane 30 73 93-95 17 143-144
Pyridine Water 30 99 94-95
Triethyl­

amine Water 30 72 92-94 16 120-123
Triethyl­

amine Dioxane 30 97 93-95
Ammonia Water 30 36 93-95 55 144-145
Ammonia Alcohol 30 39 93-95 60 143-144

(95%)
Ammonia

(14 M) Water 0 95 146
Ammonia

(14 M) Water 30 28 92-93 65 123-125
° The melting points of these products were raised by re­

crystallization to those reported in the literature: for ni­
trile, 94-95°; for ß-aldoxime, 146°. 6 On standing this
oxime had changed to the a-isomer (m. p. 110°).

fied as nitrile or in certain cases as unchanged acetyl-a- 
aldoxime. The oxime was precipitated from the alkaline 
solution with carbon dioxide in the usual manner. In 
certain cases additional oxime was obtained from the amine 
filtrates by treatment with carbon dioxide.

The reaction solution obtained from aniline was dis­
solved in ether and extracted several times with small por­
tions of cold 2 N  sodium hydroxide. Oxime was precipi­
tated from the alkaline solution by means of carbon diox­
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ide. After drying with “Drierite,” the ether solution was 
saturated with dry hydrogen chloride, the aniline salt 
filtered off, and the ether evaporated. A small amount of 
nitrile was obtained in this manner when the reaction had 
been carried out at 97-100°.

Blanks were run with /5-3,4-methylenedioxybenzaldoxime 
in Solutions of w-butylamine and pyridine; the oxime was 
recovered unchanged from these Solutions.

The products from the reactions of acetyl- 0-aldoxime 
(1-2 g. samples) with 50 cc. of 1 Af Solutions of amine in 
water and in dry dioxane were isolated as follows: after 
standing several days at 0 or 30°, the solids were filtered 
off from the aqueous mixtures, and the oxime separated 
from nitrile by means of alkali; in certain cases additional 
oxime was obtained from the aqueous amine filtrate. The 
dioxane Solutions were evaporated to dryness in an air- 
draft, and the residue treated with alkali. In the reactions 
with aqueous and alcoholic ammonia, oxime and nitrile 
were isolated in a similar manner.

It has been found also that certain other acetyl-/3-al- 
doximes with aniline give only the corresponding oxime; 
the yields of this product from acetyl-0-benzaldoxime and 
acetyl-0-3-nitrobenzaldoxi me were 85 and 99%, respec­
tively.

Summary
1. A study has been made of the reactions of 

acetyl-a- and acetyl-/3-3,4-methylenedioxybenzal- 
doximes with certain primary, secondary and ter­
tiary amines.

2. It has been found that when the acetyl-a- 
aldoxime is dissolved in the primary or secondary 
amines it is converted to the corresponding al­
doxime; this reaction appears to be quantitative. 
The acetyl-a-aldoxime, however, is stable in the 
presence of the tertiary amines under ordinary 
conditions.

3. The acetyl-0 -aldoxime reacts with the ter­
tiary amines to form only nitrile, but, in general, 
with primary and secondary amines to form both 
nitrile and ß-aldoxime, the yields of these prod­
ucts depending upon the temperature of reaction 
and apparently upon the basic strength of the 
amine used.
D urham , N. C. R e c e iv e d  J u n e  10, 1936

[C o m m u n ic a tio n  N o. 591 from  t h e  K odak  R e se a r c h  L a b o r a t o r ie s ]

The Alkaline Decomposition of Cellulose Nitrate. 
I. Quantitative Studies1

B y  W. O. K enyo n  and  H . Le B . G ray

Previous workers have shown that the action of 
alkalies, especially potassium or sodium hydrox- 
ides, on aliphatic nitrates is not one of simple 
saponification regenerating the alcohol and form­
ing sodium nitrate, but is a profound decomposi­
tion yielding also sodium nitrite and oxidation 
products of the aliphatic group. Thus, alkyl 
nitrates2“5 give rise to ethers, alcohols, inorganic 
nitrates and nitrites, aldehydes and resinous 
bodies when treated with alkalies. Ethylene 
dinitrate3,4,6 is stated to yield carbon dioxide, 
oxalic acid and glycol. The products of the alka­
line decomposition of glycerol trinitrate8,7“ 13 are

(1) The material contained in this paper comprises a portion of a 
thesis presented by William O. Kenyon to the University of Rochester 
in partial fulfilment of the degree of Doctor of Philosophy, 1935.

(2) Berthelot, Ann. chim. phys., 53, 447 (1860).
(3) Mixter, Am. Chem. J., 13, 507 (1891).
(4) Millon, Ann. chim. phys., [3] 8, 233 (1845).
(5) Nef, Ann., 309, 126 (1899).
(6) Henry, Ann. chim. phys., [4] 27, 243 (1872).
(7) Hay, Moni. Sei., 13] 27, 424 (1885).
(8) Hay, Trans. Roy. Soc. Edinburgh, 32, 67 (1885).
(9) Berthelot, Compt. rend., 131, 519 (1900).
(10) Berthelot, Chem. Ind., 19, 1038 (1900).
(11) Klason and Carlson, Ber., 39, 2752 (1906).
(12) Berl and Delpy, ibid., A3, 1421 (1910).
(13) Railton, J. Chem. Soc., 7, 222 (1855).

stated to include: ammonia, carbon dioxide, for­
mic acid, acetic acid, oxalic acid, mesoxalic acid, 
alkali cyanides, alkali nitrates, alkali nitrites and 
intermediate peroxides. The presence of glycerol 
is affirmed13 and denied.7 From nitrated man- 
nose,3 the formation of nitrates, nitrites, oxalic 
acid and unidentified organic acids is reported. 
Glucose, 14“ 16 levulose and starch trinitrates are 
said to yield products from which the osazones of 
oxypyruvic acid or its homologs may be isolated. 
Partially denitrated carbohydrates were also 
found.

The products reported by various authors as 
formed by the alkaline decomposition of cellulose 
nitrate are naturally greater in number and more 
complex. These include inorganic nitrates and 
nitrites, 17,18 ammonia, 18 cyanide, 19 carbon di­
oxide,20 oxalic, 17,21,3 malie,21 glycolic,21 trioxy-

(14) Berl and Smith, Ber., 41, 1837 (1908).
(15) Berl and Smith, J. Soc. Chem. Ind., 27, 534 (1908).
(16) Berl and Smith, Moni. Sei., [4] 23, 51 (1909).
(17) Hadow, J. Chem. Soc., 7, 201 (1855).
(18) Béchamp, Compt. rend., 41, 817 (1855).
(19) Will, Ber., 24, 400 (1891).
(20) Vohl, Dinglers polytech. J., 112, 236 (1849).
(21) Berl and Fodor, Z. ges. Schiess- Sprengstoffwi, 5f 296 (1910).
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glutaric,21 dioxybutyric,21 malonic,21 and tartronic 
acids,21 sugars, 18,22 modified celluloses18 and their 
nitrates,23 and partially denitrated cellulose 
nitrates.24,22,25 Unidentified complex acids are 
described.17,26

From the products of alkaline decomposition an 
osazone has been isolated which corresponds to the 
osazone of oxypyruvic acid.14,15,16’19,21 Since this 
osazone may arise from several organic acids, 
attempts have been made to identify the acid 
present. One author27 presents evidence for the 
presence of oxypyruvic acid (so-called keto form) 
while others believe the acid to be the semialde- 
hyde of tartronic acid (aldehyde form) .28

Quantitative studies of this reaction are more or 
less fragmentary. The formation of nitrites by 
the action of alkali on alkyl nitrates and the 
nitrates of ethylene glycol, glycerol, erythritol, 
mannitol, duïcitol and cellulose has been quanti- 
tatively measured.29-31 Measurements of de­
composition of various cellulose nitrates have been 
made by determination of the alkali consumed.32,33

Since no extended studies of the quantitative 
decomposition of cellulose nitrate could be found, 
we have studied in a quantitative manner the 
effect of certain variables: alkali concentration,

(22) Béchamp, Buil. soc. chim., 3, 289 (1863).
(23) Berl and Fodor, Z. ges. Schiess- Sprengstoffw., 5, 254 (1910).
(24) Béchamp, Ann. chim. phys., 46, 338 (1856).
(25) E der, Ber., 13, 169 (1880).
(26) Schönbein, Ann. chim. phys., 62, 290 (1833).
(27) Aberson, Z. physik. Chem., 31, 17 (1899).
(28) Neuberg and Silbermann, Z. physiol. Chem., 44, 134 (1905).
(29) Vignon and Bay, Compt. rend., 135, 507 (1902).
(30) Carlson, Arkiv. Kemi. Mineral. GeoL, 3, Art. 8, 1-15.
(31) Carlson, Ber., 40, 4191 (1907).
(32) Silberrad and Farmer, J. Chem. Soè., 89, 1759 (1906).
(33) Piest, Z. angew. Chem„ 23, 1009 (1910).

ratio of alkali to ester, time, temperature and 
degree of nitration of the cellulose.

Experimental
A. General Procedures.—The cellulose nitrate was 

dried and 10-g. samples weighed to the nearest centigram 
(=•=0.1%). These were placed in flasks of suitable size 
with the amount of water which would yield the desired 
final concentration of alkali when the calculated amount of 
Standard alkali was added. The water used in all of these 
experiments was freshly boiled, distilled water containing 
no amount of carbon dioxide capable of affecting the subse­
quent analyses.

The Standard alkali used in all of these determinations 
possessed the following analysis: 0.77724 g. of .sodium
hydroxide per cc. at 25° ; 0.007738 g. of sodium carbonate 
per cc. at 25°. The alkali concentrations given in this 
paper are expressed as grams of alkali per 100 cc. of water, 
i. e., 20% =  20 g. per 100 cc. of water.

The aqueous suspensions of the cellulose nitrate were 
placed in a large water-bath and allowed to come to equi­
librium with the temperature of the bath. The alkali 
was then quickly added with shaking to ensure complete 
mixing. The flasks were closed with rubber stoppers and 
placed in the bath until the decomposition was complete 
as evidenced by the disappearance of the suspended cellu­
lose nitrate. During the reaction, the color of the liquid 
became reddish-brown. The temperature and total volume 
of the Solutions were measured and the volume calculated 
to 25°, which was the temperature used for measurements 
of aliquots for analyses. Portions of the Solutions were re­
moved at various intervals, cooled to 25° and aliquots taken 
for the following measurements: (1) carbon dioxide, (2)
optical rotation, (3) nitrites, (4) reducing power. The meth­
ods used for making these measurements were as follows.

(1) Carbon Dioxide.—Since we have been unable to find 
volatile organic acids other than carbon dioxide in the prod­
ucts of decomposition, the following method was adopted.

The apparatus used, Fig. 1, is an adaptation of that 
described by Kemmerer and Hallett.84 It consists of a

(34) Kemmerer and H allett, Ind. Eng. ChemH 19, 1352 (1927).
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bulb A containing sulfuric acid which acts as a drying 
chamber for the incoming air as well as a bubble counter. 
The tube B contains Ascarite to remove carbon dioxide 
from the air. C is a 100-cc. Pyrex extraction flask in which 
the sample is placed and D is a dropping funnel to intro­
ducé the acid. This is closed by a stopper carrying another 
Ascarite tube. The evolved gases pass through the con­
denser E, the bubble counter F containing sulfuric acid 
and the drying tower G containing Dehydrite. The silica 
tube H is 35.5 cm. long, the portion within the furnace I 
being filled with a mixture of lead dioxide and shredded 
asbestos maintained at 180°. After the gases have passed 
through this tube, water is absorbed in the phosphorus 
pentoxide tube J and the dry carbon dioxide absorbed in 
the tube K, Ascarite being the absorbing medium.

The determination is made by connecting the source 
of vacuum to the drying tube J by means of the stopcock 
which serves to regulate the flow of gas through the 
apparatus. The carefully measured sample is placed in C 
and enough carbon dioxide-free distilled water added to 
bring the volume to 10 cc. The flask is replaced and the 
outfit swept out by passing air through it for one-half 
hour at a rate of about 100 bubbles per minute. The 
Ascarite tube K is then placed in the train and the rate of 
bubbling reduced to about 20-30 per minute. An excess 
of 5% sulfuric acid solution (boiled to expel carbon diox­
ide) is added from the dropping funnel (50-100 drops). 
The contents of the evolution flask are then heated to 
boiling with a micro burner and boiled for two minutes. 
The burner is removed and the apparatus swept out at the 
same rate for one-half hour. The tube K is removed and 
weighed.

In order to test the accuracy of the method, a series of 
determinations was made using varying amounts of a 
Standard sodium carbonate solution (4.385 mg. of carbon 
dioxide per cc. by titration) and a solution containing so­
dium nitrate and sodium nitrite made up by accurately 
weighing the pure sodium salts. This latter solution con­
tained 0.075 mole of sodium nitrite per liter and 0.025 mole 
of sodium nitrate per liter, this composition being approxi­
mately that shown by nitrite analyses to be present in the 
alkaline decomposition mixture. The results are tabulated 
in Table I.

T a b le  I
NaäCOa N it r a te -  N a 2COa

soln., Na2CC>3, nitrite NaNOa, NaNOa, found,
cc. mg. soln., cc. mg. mg. mg.
1 4 .3 8 5 4 .397
1 4 .385 4.391
2 8 .7 7 0 8 .775
4 17.540 . . . . 17.602
1 4 .385 2 10.351 4 .2 5 0 4 .368
1 4 .385 4 2 0 .7 0 2 8 .5 0 0 4 .396
1 4 .385 4 2 0 .7 0 2 8 .5 0 0 4.3875
1 4 .385 8 4 1 .4 0 4 1 7 .000 4 .374
1 4 .385 12 62 .1 0 6 2 5 .5 0 0 4 .4 2 8

It will be seen that good agreement was obtained in all 
cases. The runs containing 4 cc. of the nitrate-nitrite 
Solutions correspond closely to the greatest nitrate-nitrite 
concentration encountered in the experiments and even a 
three-fold excess (12 cc.) had little effect o n  the determina­
tions.

The carbonate determinations on the decomposition 
Solutions are corrected for the amount of carbonate pres­
ent in the alkali used.

(2) Nitrite Determinations.—The method employed 
was an adaptation of the procedure of Green and Rideal35 
in which the aniline solution used by them was replaced 
by a solution of sodium sulfanilate.

(3) Reducing Power.—The procedure used in these 
determinations was the modified method of Bertrand.36 
Using the relationships established experimentally by 
Bertrand for the reducing power of glucose, we have ex­
pressed the total reducing power of the alkaline decomposi­
tion solution in terms of glucose. This will be a fairly ac­
curate measure of the moles of reducing substance present 
assuming one actual or potential aldehyde group for each 
molecule of reducing substance present.

(4) Optical Rotation.—Due to the brown color of the 
Solutions, they were diluted before meäsuring the rotatory 
power. The desired amount of the alkaline solution was 
measured from a buret into a 10-cc. Volumetrie flask and 
diluted to 10 cc. The rotation was measured in a Hilger- 
Lippich half-shade polarimeter using light from a mercury 
are lamp which was filtered to give a wave length of 546.1 
mp,. A tube length of 0.5 dm. was used in each case. The 
measurements with this instrument are accurate to 
=*=0.01°.

In each of the various determinations, the results are 
calculated on the basis of the total amount of solution 
produced in each experiment. Since the same amount of 
cellulose nitrate was used in each case, the results are, 
therefore, expressed on the basis of the same weight of 
cellulose nitrate.

B. Decomposition at 30°. Constant Ratio of Alkali to 
Cellulose Nitrate (12.2% N). Varying Alkali Concentra­
tions.—The data for the Solutions used in this series of 
experiments are given in Table II. Under the heading 
“Time of Decomposition’’ are given the times required 
for disappearance of the cellulose nitrate, The exact 
time of disappearance is difficult to judge but the values 
given represent, at least, the relative order of magnitude.

Table II

N o.
C ellulose  

n itra te , g.
N a O H  

so ln ., cc.
N a O H  

con cn ., %
T im e of 

d ec., hrs.

1 1 0 1 0 0 2 0 2.58
2 1 0 2 0 0 1 0 11.13
3 1 0 400 5 23.33
4 1 0 800 2.5 170.9
5 1 0 2 0 0 0 1.0 245.0

Samples were withdrawn from the Solutions at various 
times and analyzed. Samples from solution 1 are desig- 
nated as IA to ID inclusive, those from solution 2 as 2A 
to 2D inclusive, etc. The results are tabulated in Table
III.

Under the heading “Time of Sampling” are given the 
intervals elapsed between the addition of the alkali and the 
withdrawal of samples for analyses.

C. Decomposition at 60°. Constant Ratio of Alkali to 
Cellulose Nitrate (12.2% N). Varying Alkali Concentra­
tions.—This set of experiments was run at 60°, all other 
conditions as shown in Table IV being the same as in B,.

(35) G reen an d  R id ea l, C h e m .  N e w s ,  4 9 , 173 (1884).
(36) Bertrand, Buil, soc. chim., 39» 1285 (1906).
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T able III

No.
Time of 

sampling, 
hrs.

C02 
moles 

(X ÏO"»)

Moles CO2 
pér mole 
cellulose 
nitrate

Nitrite 
moles 

(X 10-2)
Conversion 
to nitrite, 

%

Glucose 
equiv. 
moles 

(X ÏO"®)

Glucose equiv. 
moles per mole 

cellulose 
nitrate

Optical
rotation
degrees

IA 2.57 7.17 . 0.191 5.75 66.05 5.95 0.159 - 1 . 2
1B 14.40 8 .012 .214 5.58 64.20 4.41 .118 - 1 . 6
IC 30.73 8.877 .237 5.75 66.05 3.43 .092 - 1 .5
1D 292.0 . 10.639 .284 5.75 66.05 1.82 .049 - 1 . 6
2A 12.97 . 8.987 .239 5.89 67.70 6.39 .170 - 0 .5
2B 28.80 9.472 .252 6.05 69.55 6 .11 .163 -  .5
2C 51.30 9.818 .262 5.80 66.65 4.40 .114 -  .75
2D 603.3 10.918 .291 5.97 68.80 3.65 .097 -  .75
3A 23.33 8.420 .225 5.39 61.95 6.05 .162 -  .30
3B 48.33 8.956 .239 5.68 65.25 5.61 .150 -  .375
3C 196.83 10.087 .269 5.86 67.35 5.32 .142 -  .375
3D 609.83 12.384 .330 5.84 67.10 2.67 .071 -  .375
4A 170.88 11.594 .309 5.96 68.50 3.48 .093 -  .18
4B 218.88 12.065 .322 5.96 68.50 3.48 .093 -  .18
4C 360,88 13.119 .349 5.98 68.80 2.44 .065 -  .19
4D 627.4 14.868 .397 6.00 68.95 2.22 .059 -  .18
5A 245.0 10.491 .279 5.60 64.40 5.37 .143 -  .06
5B 315.5 10.911 .291 5.66 65.00 4.40 .117 -  .06
5C 585.0 13.388 .357 5.66 65.00 3.31 .088 -  .06
5D 651.0 14.254 .380 5.65 64.95 3.02 .081 -  .06

No.
Cellulose 

nitrate, g.

T able
NaOH 

soln., cc;

IV
NaOH 

concn., %
Time of 

dec., hrs.
6 10 100 20 0 .0 5
7 10 200 10 0 .23
8 10 400 5 0.83
9 10 800 2 .5 8 .0

The results are tabulated in Table V.

D. Decomposition at 60°. Constant Concentration. 
Varying Ratio of Alkali to Cellulose Nitrate (12.2% iV).—  
The data for the Solutions used in this series of experiments 
are given in Table VI. The time of decomposition of the 
cellulose nitrate was about one hour in each case.

Samples were removed from each solution after 1104 
hours (forty-six days) and analyzed. The results are 
tabulated in Table VII.

T able V

Time of CO2
Moles CO2 
per mole Nitrite Conversion

Glucose
equiv.

Glucose equiv. 
moles per mole Optical

rotationsampling, moles cellulose moles to nitrite moles cellulose
No. hrs. (X ÏO"®) nitrate (X 10-2) % (X ÏO"») nitrate degrees
6A 19.70 11.246 0.300 6.17 70.92 1.18 0.0315 - 1 .1 0
6B 67.53 11.718 .312 6.17 70.92 1.05 .028 - 1 .1 0
6C 117.2 12.200 .326 6.09 70.00 0.76 .0203 - 1 .1 0
6D 1053.2 16.749 .447 6.02 69.19 .28 .0074 - 1 .1 0
7A 21.37 13.599 .362 6.22 71.50 1.43 .0381 - 0 .9 0
7B 70.62 14.630 .390 6.32 72.64 1.24 .0331 -  .60
7C 144.13 15.699 .418 6.32 72.64 0.73 .0194 -  .60
7D 1080.13 19.906 .531 6.32 72.64 .52 .0138 -  .60
8A 23.33 15.456 .412 6.10 70.12 1.64 .0437 -  .30
8B 72.92 15.977 .426 6.10 70.12 1.22 . 0325 -  .325
8C 145.83 17.448 .465 6.25 71.84 1.13 .0301 -  .30
8D 1151.10 19.964 .532 6.22 71.50 1.03 .0275 -  .275
9A 25.25 14.492 .386 6.16 70.80 1.96 .0523 -  .175
9B 78.33 15.904 .424 6.14 70.57 1.73 .0461 -  .15
9C 150.42 16.656 .444 6.14 70.57 1.68 .0448 -  .15
9D 1153.16 18.537 .494 6.02 69.19 1.27 .0339 -  .1375

T able V I Sample 10 was acid to litmus after decomposition and
Cellulose
nitrate,

NaOH
soln.,

NaOH
concn., ^o^eiïulose1 °dor of oxides of nitrogen.

No. g* cc. % nitrate (mole) E. Decomposition at 60°. Constant Ratio of Alkali to
10 10 100 5.0 3,33 Cellulose Nitrate (9.34% N ). Varying Alkali Concentra-
11 10 200 5.0 6.66 tions.-—As shown in Table VIII this series of experiments
12 10 400 5.0 13.32 was run under the same conditions as C except that a cellu­
13 10 800 5.0 26.64 lose nitrate of lower nitrogen content was used. The times
14 10 1600 5.0 53.28 of decomposition were approximately the same as in C.
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T able VII

No.
CO2 

moles 
(X 10-3)

Moles COj 
per mole 
cellulose 
nitrate

Nitrite 
moles 

(X 10-2)
Conversion 
to nitrite.

%

Glucose 
equiv. 
moles 

(X ÏO’ *)

Glucose equiv. 
moles per mole 

cellulose 
nitrate

Optical
rotation
degrees

10 18.70 0.499 4.94 56.82 2.43 0.0648 - 8.0
11 18.05 .481 6.26 71.95 1.10 .0293 -0.90
12 20.54 .548 7.16 82.26 1.01 .0269 -  .375
13 15.65 .417 6.22 71.77 0.94 .0251 -  .20
14 13.12 .350 6.28 72.24 0.85 .0226 -  .00

T able VIII

No.
Cellulose 
nitrate, g.

NaOH 
soln., cc.

NaOH 
concn., %

15 10 100 20.0
16 10 200 10.0
17 10 400 5.0
18 10 800 2.5
19 10 2000 1.0

Samples were removed from each solution after 116 
hours and analyzed. The results are tabulated in Table IX.

were allowed to stand, the amount of carbon di­
oxide increased and the reducing power decreased.

At 60°, the same cellulose nitrate (Table V) 
yielded larger amounts of carbon dioxide at the 
same alkali concentrations, the values increasing 
with time. The conversion of nitrate to nitrite 
was about 70 to 72%. The reducing powers of 
the Solutions produced at 60° were decidedly 
lower than those formed at 30°. The initial

T able IX
Moles COa

No.
COs 

moles 
(X ÏO"«)

per mole 
cellulose 
nitrate

Nitrite 
moles 

(X 10-2)
15 9.15 0.213 3.33
16 9.24 .215 2.63
17 9.41 .219 3.18
18 9.68 .225 3.15
19 10.14 .236 3.02

Conversion 
to nitrite 

%

Glucose
equiv.
moles(x 10-»)

Glucose equiv. 
moles per mole 

cellulose 
nitrate

Optical
rotation
degrees

49.93 0.561 0.0131 - 2.20
39.43 .742 .0173 -1.45
47.68 .967 .0225 -0.60
47.21 2.100 .0489 — .35
45.28 4.250 .0990 -  .14

Attempts were made to investigate quantitatively the 
alkaline decomposition of cellulose nitrates containing 5.0 
and 1.2% of nitrogen. Neither of these decomposed to 
yield completely water soluble products even when 
heated for twenty-four hours on the steam-bath in the 
presence of 20% alkali.

Discussion
Cellulose nitrate, when decomposed by aqueous 

sodium hydroxide Solutions, yields alkali soluble 
products among which are carbon dioxide and 
substances capable of reducing alkaline copper 
Solutions. This oxidative decomposition of the 
cellulose molecule is accompanied by reduction of 
the nitrate groups to nitrite groups. The time 
required to decompose a given weight of cellulose 
nitrate decreases with increasing temperature and 
alkali concentration but appears independent of 
the alkali-cellulose nitrate ratio at constant con­
centration.

reducing powers of the solution were greater 
when lower concentrations of alkali were used but 
in each case decreased with increasing reaction 
time.

The values for carbon dioxide and nitrite con­
version, at constant concentration and varying 
alkali/cellulose nitrate ratio (Table VII), appear 
to pass through a maximum. The reducing 
powers of the Solutions decreased with increasing 
alkali ratio.

Experiments at 60° with cellulose nitrate con­
taining 9.34% nitrogen (Table IX) indicated that 
the amount of carbon dioxide produced increased 
with decreasing alkali concentration. The con­
version of nitrate to nitrite (39-50%) was less 
than when cellulose nitrate containing 12.2% 
nitrogen was used. The reducing power of the 
Solutions increased with decreasing concentrations 
of alkali.

The amount of carbon dioxide formed at 30° 
from cellulose nitrate containing 12.2% N  (Table 
III) varied between 0.191 and 0.397 mole per mole 
of cellulose nitrate, which is equivalent to about 3 
to 6% by weight of the cellulose nitrate used. 
About 60 to 70% of the nitrate groups present 
were reduced to nitrite. When the Solutions

Summary

The decomposition of cellulose nitrates in 
aqueous sodium hydroxide has been studied in a 
quantitative manner.

A relatively small amount of carbon di­
oxide is produced and a relatively large per-
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centage of the nitrate groups is reduced to nitrite, centration of alkali, ratio of alkali to cellulose 
The production of carbon dioxide and of reduc- nitrate and the temperature. 

ing substances appears to be related to time, con- R o c h e s t e r , N. Y .  R e c e i v e d  M a y  6, 1936

[ C o n t r i b u t i o n  N o. 265 f r o m  t h e  I n d u s t r i a l  F a r m  P r o d u c t s  R e s e a r c h  D i v i s i o n , B u r e a u  o f  C h e m i s t r y  a n d  S o i l s ,
U n i t e d  S t a t e s  D e p a r t m e n t  o f  A g r i c u l t u r e ]

The Magenta Series. II. Some Higher Basic Members

B y J ohn  T . S canlan

In a  previous publication1 the results of an in­
vestigation of the ' ‘nitrobenzene process” and the 
“formaldehyde process” for the preparation of 
Magenta (Fuchsine) were given. In the latter 
process 4,4 '-diaminodiphenylmethane, or one of 
its homologs, reacts with aniline or its homologs, 
and it was shown that the reaction involves a 
scission of the diphenylmethane. This report 
covers an extension of the same investigation to 
three of the higher members of the series in which 
the methyl groups are ortho to the amino groups 
and not more than two occur in any benzene nu­
cleus. The simplified system of nomenclature ex- 
plained in the previous publication is used (see 
Table I).

N am e used ia  
th is  paper

Magenta IV 

Magenta V 

Magenta VI

T a b l e  I  

N o m e n c l a t u r e

S cien tific  nam e

3.3 ',3 ",5-Tetramethyl-4,4'-diaminofuch- 
sonimonium chloride

3.3 ',3 "5,5 '-Pentamethyl-4,4 '-diamino- 
fuchsonimonium chloride

3,3',3",5,5',5"-Hexamethyl-4,4'-diamino~ 
fuchsonimonium chloride

The results are even more clean-cut than those 
obtained with the lower homologs and confirm the 
conclusions previously stated. As shown by the 
data in Table II and the corresponding absorp­
tion curves in Fig. 1, when 4,4'-diamino-3,3'-di- 
methyldiphenylmethane reacts with tt-m-xylidine 
(Experiments 5Fa and 5Fb) the product is not 
Magenta IV but Magenta V and when 4,4'-di- 
amino-3,3',5,5'-tetramethyldiphenylmethane re­
acts with o-toluidine (Experiment 6F) the product 
is not Magenta V, but Magenta IV. This con­
clusion is readily arrived at by comparing the 
products of the above two reactions with that 
of the reaction between as-m-xylidine and 
y-m-xylidine (Experiment 6N, “nitrobenzene 
process”) which must obviously be Magenta V.

(1) Scanlan, T h is  J o u r n a l , 57, 887 (1935).

No attempt was made to prepare Magenta IV and 
Magenta VI by the “nitrobenzene process” be­
cause a necessary intermediate, mesidine, was not 
readily available and it was thought that further 
evidence was not required.

Fig. 1,—Absorption curves of the products 
obtained in the experiments indicated by the 
numbers. Solvent, 50% alcohol. The dyes cor­
responding to the curves are as follows: 4N, 
magenta III (repeated from previous paper for 
comparison); 6F, magentaIV; 5Fa,5Fband6N, 
magenta V; 7F, magenta VI. Further data are 
given in Table II.

As in the case of the lower homologs, the solu­
bility of these dyes (hydrochlorides) in alcohol de­
creases with increasing molecular weight. How-
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Experi­
ment®
5Fa

5Fb

6F

6N
7F

T able II
Comparison of P roducts O btained by D ifferent M ethods of P reparation 

(See absorption curves in Fig. 1)
Analysis of 

carbinol base Ratio E at 545 m/i& 
E at 565 tan

Magenta %, N Original Dye from
Intermediates used obtained Calcd. Found dye base

4,4'-Diamino-3,3'-dimethyldiphenylmethane, ^-ra-xylidine,
nitro-ra-xylene V 11.20 11.04 0.93 0.92

4,4'-Diamino-3,3'-dimethyldiphenylmethane, z/-ra-xylidine,
o-nitrotoluene V 11.20 11.19 .92 .92

4,4'-Diamino-3,3',5,5'-tetramethyldiphenylmethane, o-tol­
uidine, o-nitrotoluene IV 11.63 11.68 1.06 1.05

as-ra-Xylidine, fl-ra-xylidine, nitro-ra-xylene V 11.20 11.08 0.92 0.91
4,4'-Diamino-3,3',5,5'-tetramethyldiphenylmethane, v-m-

xylidine, o-nitrotoluene VI 10.80 10.89 .87 .88
a Letter indicates method used: N, nitrobenzene process; F, formaldehyde process. 6 Solvent, 50% alcohol.

ever, while Magenta IV and Magenta V are quite 
soluble in water, Magenta VI is much less so. All 
three are easily salted out. The carbinol bases 
show decreasing solubility in hot, aqueous alka­
line Solutions with increasing molecular weight. 
The absorption bands, of course, show progres­
sive shifting toward the red end of the spectrum.

Experimental
Method of Identification.—These higher homologs were 

identified by the method described in the previous paper; 
namely, spectrophotometric examination and analysis of 
their carbinol bases. The absorption ratios2 are given in 
Table III.

T able III
A bsorption  R atios for Identification  

Solvent, 50% Alcohol
The ratios for Magenta III are repeated from the pre­

vious paper for comparison. The others represent only 
one batch in each case.

Absorption ratios
E, m̂ u. . .520 530 540 545 540 550

Dye E, m/j. . .560 560 560 565 570 570
Magenta III 0.68 0.77 0.93 1.19 1.49 1.75
Magenta IV .63 .70 .84 1.07 1.23 1.48
Magenta V .58 .66 .78 0.92 1.02 1.23
Magenta VI .75 .87 0.92 1.12

Preparation of Intermediates
4,4' - Diamino - 3,3' - dimethyldiphenylmethane.—The

method of preparing this compound was described in the 
previous publication.

Nitro-ra-xylene.—Prepared by nitration of ra-xylene3 
and purified by fractional distillation. The fraction boil­
ing at 243-252° was used.

z/-ra-XyIidine.—Technical xylidine4 from which as-m- 
xylidine had been removed was freed from ^-xylidine5 and

(2) Holmes, Ind. Eng. Chem., 17, 918 (1925); Holmes and Peter- 
son, Stain Tech., 5, 65 (1930).

(3) Noelting and Forel, Ber., 18, 2674 (1885).
(4) Obtained through the courtesy of Dr. E. K. Bolton of E. I.

du Pont de Nemours & Co.
.(5) Hodgkinson and Limpach, J. Chem. Soc., 77, 65 (1900);

German Patent 39,947; Friedländer, 1, 19 (1888).

treated according to the method of Winkelhausen6 to ob­
tain fl-ra-xylidine sulfate. Part of this was converted to 
the chloride by treatment with barium chloride and the 
balance to the base by treatment with sodium hydroxide. 
Two kilograms of the technical xylidine yielded 130 g. 
of z/-ra-xylidine base and 189 g. of v-ra-xylidine hydro­
chloride.

4,4' - Diamino - 3,3',5,5' - tetramethyldiphenylmethane.
—Fifty-seven grams of ^-ra-xylidine hydrochloride, 2 cc. 
of concentrated hydrochloric acid and 14 g. of 40% for­
maldehyde solution were dissolved in 150 cc. of water and 
heated at 70-75° for four hours. Near the end of the reac­
tion time sufficiënt warm water was added to dissolve the 
precipitated hydrochloride. The mixture was then made 
alkaline with potassium hydroxide and steam distilled. 
The residual material was redissolved by the addition of 
hydrochloric acid and fractionally precipitated with ammo­
nium hydroxide as described in the previous paper.1 The 
first of the two fractions thus obtained was rejected and the 
second recrystallized from alcohol; yield 32 g.; m. p.
122.5-123.5°.

Friedländer and Brand7 give the melting point as 126°.

Preparation of the Dyes
Experiment 5Fa (Magenta V, Formaldehyde Process).—

The intermediates used were 40 g. of 4,4'-diamino-3,3'- 
dimethyldiphenylmethane, 25 g. of v-ra-xylidine hydro­
chloride, 60 g. of u-ra-xylidine (base), 25 g. of nitro-ra- 
xylene and 16 g. of FeCl2-4H20 . The procedure was 
the same as described for this process in the previous pub­
lication. The product was salted out and recrystallized 
from alcohol. It separates from this solvent in feathery 
clusters of very fine needles whieh form a felt-like mass on 
the filter. When thoroughly dried and ground it has a dull, 
gray-green color; yield 46 g .; 65% of the theoretical.

The carbinol base was prepared by mixing a hot solution 
of 4 g. of the dye in 1000 cc. of water with a hot solution of 
5 g. of sodium hydroxide in 800 cc. of water. The base 
precipitated immediately and after boiling the mixture 
for about an hour, it was allowed to cool, the base was fil­
tered off, washed with dilute ammonium hydroxide and 
dried over phosphorus pentoxide; yield 2.5 g.; small, ir-

(6) Winkelhausen, German Patent 251,334; Friedländer, 11, 153 
(1915).

(7) Friedländer and Brand, Monatsh., 19, 640 (1898).
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regulär prisms, buff-colored and showing only a. very slight 
tendency to become red on standing.

Anal. Calcd. for C24H29N3O: N, 11.20, Found; N, 
11.04.

Experiment 5Fb (Magenta V, Formaldehyde Process).—
The intermediates used were 26 g. of 4,4'-diamino-3,3'-di­
methyldiphenylmethane, 14.5 g. of fl-ra-xylidine hydro­
chloride, 68 g. of fl-ra-xylidine (base), 12.6 g. of o-nitro- 
toluene and 9.1 g. of FeCUéïUO; procedure as above. The 
product separated from alcohol in feathery clusters of very 
fine needles. When thoroughly dried and ground it was 
duU, gray-green in color; yield 13.5 g.; 30% of theoretical.

The carbinol base was prepared as above using 3.5 g. of 
the dye; yield IA g.; small, irregulär prisms, hufi-eolored 
and showing only o very slight tendency to become red on 
standing.

A n a l. Calcd. for Ĉ ÄaNaO; N* 1120. Found: N,
11.19.

Experiment dF (Magenta IV» Formaldehyde Process) — 
The intermediates used were 25 g, af 44^dkmina-3,3V 
5k5A-tetramethyldiphenylmethane, 12 g. of a-toluidine 
hydrc¥?hloride» 57 g. of 0-toluidine (base), 12 g. of e -m ir c *  
toluene and 8 g. of FeCb-4HsO; procedure as above. 
The product separated from alcohol as very bright green, 
rather coarse needles; yield 13.5 g.» 36% of theoretical.

Using 3 g. of dye the carbinol base was prepared as above 
except that in this case it was sufficiently soluble in hot 
aqueous alkali to permit filtration before it separated; 
yield 1-3 g,; small, irregulär prisms, faintly pink when first 
precipitated* but acquiring an intense purple coloration on 
standing.

Anal. Calcd. for Ĉ FLrNaQ; N* 11.63. Found: N,
11.68.

Experiment 6N (Magenta V, Nitrobenzene Process).—
The intermediates used were 36 g. of as-ra-xylidine, 83 g. 
of y-w-xylidine hydrochloride, 64 g. of ^ra-xylidine (base), 
91 g. of nitro-ra-xylene and 12 g. of FeCl2’4H20. The pro­
cedure was the same as described for the nitrobenzene 
process in the previous publication. The product was 
salted out and recrystallized from alcohol. It separated as 
feathery clusters of very fine needles. When dried and 
ground it was duU, gray-green in color; yield 32 g., 27% of 
theoretical.

The carbinol base was prepared from 4 g. of the dye as 
described under Experiment 5Fa; yield 3.2 g .; small irregu­
lär prisms with only a very slight tendency to become red 
on standing.

Anal. Calcd. for C24H29N3O: N, 11.20. Found: N,
11.08.

Experiment 7F (Magenta VI, Formaldehyde Process).—
The intermediates used were 25 g. of 4,4'-diamino-3,3'- 
5,5'-tetramethyldiphenylmethane, 13 g. of ^-ra-xylidine 
hydrochloride, 65 g, of y-m-xylidine (base), 12 g. of 0- 
nitrotoluene and 8 g. of FeCl2-4H20.

The procedure was the same as that previously described 
for the formaldehyde process except that, because of the 
low solubility of this homolog, it could be separated by fil­
tration from the hot solution immediately after the steam 
distillation. Some large, fused lumps of tarry material 
were removed manually and the balance was recrystallized 
from alcohol. A voluminous precipitate of feathery clus­
ters of very fine needles was obtained which, when dried 
and ground, had a dark gray-blue color; yield 25 g., 60% 
of theoretical.

The carbinol base was prepared from 4 g. of the dye 
as described under Experiment 5Fa; yield 3.6 g.; small, 
irregulär prisms, golden-yellow with practically no color 
change on standing,

Anah Calcd. for C25H31N3O: N, 10.80. Found: N,
10.89.

Summary
1. Three new homologs of Magenta were pre­

pared, and their identity was established by spec- 
trophotometric examination of the dyes and anal­
ysis of their carbinol bases. Absorption curves 
and absorption ratios suitable for their future 
identification are given.

2 . Examination of these data confirms the 
conclusion* previously published, that in the “for­
maldehyde process” for the preparation of M a­
genta, scission of the diaminodiphenylmethane 
nucleus occurs.
W a sh in g t o n , D. C. R e c e iv e d  J u n e  1, 1936
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In a previous investigation for the development 
of new bactericides the preparation of some sym- 
metrical diamino dyes related to auramine O (the 
hydrochloride of 4,4'-tetramethyldiaminobenzo- 
phenonimine) and their salts was described. * 1 
This report concerns the preparation of the mono- 
amino ketonimines which correspond to the 
diamino dyes previously reported, as well as 
several other new compounds prepared during the 
course of the investigation.

Experimental
Alkylated DiaminodiphenyImethanes.—The following 

new propyl and butyl derivatives of 4,4 '-diaminodiphenyl- 
methane were prepared with a view to converting them to 
the corresponding ketones by oxidation with chloranil as 
was done by Kliegl2 with the tetramethyl derivative. 
However, this method of oxidation was not found appli­
cable.

4,4' - Tetra- n  -  propyldiaminodiphenylmethane.—This
compound was prepared according to the method used by 
Biehringer3 for the methyl homolog.

35.9 g. of di-w-propylaniline was dissolved in 22 g. of 
36% hydrochloric acid and diluted with 14 cc. of water. 
vSix grams of 40% formaldehyde was added, and the mix­
ture was held under reflux at 90° for six hours. The mix­
ture was made alkaline with sodium carbonate and ex­
tracted with ether. The ether was dried and evaporated. 
The residual oil was distilled in vacuo, and 7 g. of di-w- 
propylaniline was recovered at 105° at 7 mm. pressure. 
The methane distilled as a heavy oil at 260° at 7 mm.; 
yield 70%; sp.gr., 0.971$.

Anal. Calcd. for CaHwNj: N, 7.65. Found: N, 7.50, 
7.76.

Dipicrate of 4,4' - Tetra - n - propyldiaminodiphenyl­
methane.—The dipicrate was prepared as a solid deriva­
tive by dissolving 0.6 g. of the methane base and 0.82 g. of 
picric acid separately in 10-cc. portions of hot alcohol and 
mixing the two Solutions. A gummy mass separated which 
solidified on cooling. It was crystallized from 40 cc. of 
alcohol as bright yellow needles; m. p. sinters 165°, de- 
composes 175°.

Anal. Calcd. for C37H44N8O14: N, 13.59. Found: N,
13.69,13.74.

4,4' - Tetra - n - butyldiaminodiphenylmethane.—To
10.5 g. of di-w-butylaniline in 5.5 cc. of 36% hydrochloric

(*) This work has been submitted by J. David Reid in partial ful- 
filment of the requirements for the degree of Doctor of Philosophy 
at The American University, Washington, D. C.

(1) D. F. J. Lynch and J. David Reid, T h is  J o u r n a l , 55, 2515 
(1933).

(2) A. Kliegl, Ber., 39, 1274 (1906).
(3) J. Biehringer, J. prakt. Chem., [2] 54, 240 (1896).

acid plus 4 cc. of water, was added 1.5 g. of 40% formalde­
hyde. The mixture was treated as described above. 
The methane distilled as an oily liquid at 270-280° at 6 
mm. pressure; yield, about 70%; sp. gr., 0.95320*

Anal. Calcd. for C29H46N2: N, 6.63. Found: N, 6.26, 
6.29.

Dipicrate of 4,4'-Tetra-»-butyldiaminodiphenylmethane.
—This was prepared as described above for the correspond­
ing propyl compound; m. p. 156°, corr.

Anal. Calcd. for C4iH520 hN 8: N, 12.72. Found: N, 
12.60, 12.41.

sym - 4,4' - Di - n - butyldiaminodiphenylmethane.—To
6 g. of 40% formaldehyde were added 31 g. of w-butylani- 
line in 22 g. of 36% hydrochloric acid and 14 cc. of water. 
It was treated as above. Four grams of bütylaniline was 
recovered at 100° at 10 mm., and the methane distilled at 
260-270° at 8 mm. After standing for one week it crys­
tallized as colorless flat plates; m. p. 45°, corr.; yield, 
about 80%.

Anal. Calcd. for C21H30N2: N, 9.03. Found: N, 8.76, 
8.80.

4-Di-w-propylaminobenzoic Acid.—In the attempted 
preparation of 4,4'-tetrapropyldiaminobenzophenone by 
the method Michler4 used to make first 4-dimethylamino- 
benzoic acid and then his ketone, the corresponding di- 
propyl acid was synthesized.

Four grams of phosgene was absorbed in 15 g. of di-«~ 
propylaniline and allowed to stand overnight. The mass 
was dissolved in dilute hydrochloric acid, filtered and made 
alkaline with sodium hydroxide. The dipropylaniline 
was recovered in ether. The solution was made slightly 
acidic and allowed to stand overnight. The acid crystal­
lized out. It may be extracted also with ether. It was re­
crystallized as long tetragonal prisms from 50% alcohol; 
m. p. 142°, corr.; yield, about 80% based on dipropyl­
aniline used up.

Anal. Calcd. for C13H19NO2: N, 6.33. Found: N,
6.14,6.22.

4-Di-tt-propylammobenzophenone.—The 4-dimethy 1
and 4-diethylaminobenzophenones used below as well as 
the new 4-di-w-propylaminobenzophenone were prepared 
by the method of Meister, Lucius and Brüning, as modified 
by C. D. Hurd and C. N. Webb.6

In the preparation of the propyl ketone, 13 g. of phos­
phorus oxychloride was added to a mixture of 25 g. of di-n~ 
propylaniline and 10 g. of benzanilide. The mixture was 
heated cautiously to 105-125°, at which point the tempera­
ture rose very suddenly to about 200°. It was cooled in 
ice water in time to keep the temperature below 200° and 
then heated under reflux in a boiling water-bath for four 
hours. It was then poured into 250 cc. of 10-15% hydro-

(4) W. Michler, B e r ., 9, 401 (1876).
(5) “Organic Syntheses,” Coli. Vol. I, John Wiley and Sons, Ine., 

New York, 1928, p. 211.
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chloric acid and warmed until solution took place. The 
intermediate hydrolyzed overnight to the ketone. The 
solution was filtered and diluted to 1.5 liters to get the 
crystalline ketone. It was recrystallized from petroleum 
ether (b. p. 30-65°) as hexagonal colorless prisms; yield, 
about 25%; m. p. 100°, corr.

Anal. Calcd. for CwH28NO: N, 4.98. Found: N,
5.00,5.02.

4-Di-w-butylaminobenzophenone apparently cannot be 
prepared by the above method. In several trials only two 
had the characteristic exothermic reaction. In each case a 
thick resinous material insoluble in acid was obtained, 
which was not hydrolyzed by water or alcohol.

Hydrochloride of 4-Aminobenzophenonephenylimide.— 
The method devised by Madelung6 to make 4,4'-diamino- 
benzophenonimine was applied to the preparation of 4- 
aminobenzophenonimine. The phenylimide intermediate 
was made by heating 13 g. (0.1 mole) of aniline hydro­
chloride and 19.7 g. (0.1 mole) of 4-aminobenzophenone in 
50 cc. of aniline at 160-180° with occasional stirring for 
about an hour, or until the mass solidified. After cooling, 
the aniline was removed by extraction with ether, and the 
intermediate, 4-aminobenzophenonephenylimide hydro­
chloride, crystallized from alcohol; yield, about 95%; 
sinters about 275-280 °; no melting point to 400 °.

Anal. Calcd. for Ci9H17N2Cl: N, 9.08. Found: N, 
8.97, 8.93.

The phenylimide hydrochloride dyes silk and tannin- 
mordanted cotton a light yellow but is not fast to light or 
washing.

The base was liberated from the aqueous solution of the 
hydrochloride by precipitating with alkali. It was crystal­
lized from benzene after treatment with charcoal; m. p. 
154°, corr.

Anal. Calcd. for Ci2HißN2: N, 10.30. Found: N,
10.22, 9.96.

3,5-Dinitrobenzoate of 4-Aminobenzophenonimine
Method I. From 4-Aminobenzophenonephenylimide 

Hydrochloride.—Ten grams of the phenylimide hydro­
chloride was suspended in 100 cc. of alcohol, and ammonia 
gas was bubbled into the solution until it was saturated and 
then the liquid was brought to boiling. As done by Made­
lung, this step was repeated three times to split off the ani­
line more effectively. The resulting liquor was cooled and 
the precipitate filtered off and dissolved in about 400 cc. of 
water, which was just faintly acid with hydrochloric acid. 
The solution was made alkaline and the imine base ex­
tracted with ether. The ether solution was dried over 
sodium sulfate, and the imine was precipitated as the 3,5- 
dinitrobenzoic acid salt; yield about 5%; m. p. 198°, 
corr. A mixed melting point taken with a sample of the 
same salt prepared by Method II as described below was 
198°.

Method II. From 4-Aminobenzophenone.—Ten grams 
of 4-aminobenzophenone and 10 g. of phosphorus penta­
chloride, each dissolved in 30 cc. of hot toluene, were cau- 
tiously mixed in a steel bomb (100-cc. capacity), and cooled 
in ice, and liquid ammonia was added cautiously until the 
weight increased 15 g. The bomb was capped and heated

for twelve hours at 100-105°. It was then cooled and 
opened and the solution evaporated to dryness with an air 
blast. The mixture of ketone and imine was dissolved in 
ether and the imine precipitated as a yellow salt by the 
slow addition of an ether solution of 3,5-dinitrobenzoic 
acid. The pure base was not obtained, due to the diffi­
culty of separating the imine and the ketone by crystalliza­
tion. The imine rapidly hydrolyzed to the ketone on 
treating the salt with alkali. Crystallized from alcohol, 
the salt had a melting point of 198°, corr. When it was 
mixed with an equal quantity of 3,5-dinitrobenzoic acid 
(m. p. 204°) the melting point was depressed to about 
110°; yield, about 50%.

Anal. Calcd. for C20H16N4O6: N, 13.73. Found: N, 
13.69, 13.58.

3.5- Dinitrobenzoate of 4-Dimethylaminobenzophenon-
imine.—Ten grams of 4-dimethylaminobenzophenone4 was 
dissolved in 40 cc. of hot toluene, and 10 cc. of phosphorus 
oxychloride was added. It was cooled and treated with 
ammonia as in Method II for the preparation of 4-amino- 
benzophenonimine. Evaporation of the filtered toluene 
gave an oil from which only the ketone could be crystal­
lized. Distillation of the oily residue in vacuo gave a 
liquid which apparently was about equal parts of ketone 
and ketonimine. (Calcd.: N, 12.5. Found: N, 9.5.)
This material, dissolved in ether and precipitated by 3,5- 
dinitrobenzoic acid, crystallized from alcohol as yellow 
needles; yield, about 30%; in. p. 214°, corr.

Anal. Calcd. for C22H2oN406: N, 12.84. Found: N, 
12.67, 12.68. (Phosphorus pentachloride gave a negligible 
yield when used in place of the oxychloride. Phosphorus 
trichloride (b. p. 77°) gave a yield of 5%.)

3.5- Dinitrobenzoate of 4-Diethylaminobenzophenon- 
imine.—This salt was prepared as above, from the 4- 
diethylaminobenzophenone. However, the precipitate 
first obtained had to be treated with very dilute alkali, 
shaken out with ether and reprecipitated in order to free 
it of ammonium 3,5-dinitrobenzoate. It crystallized from 
alcohol as yellow needles; yield, about 30%; m. p. 141°, 
corr.

Anal. Calcd. for C24H24N4O6: N, 12.07. Found: N,
12.22, 12.11.

An effort was made to prepare 4-di-w-propylaminobenzo- 
phenonimine from the corresponding ketone by the above 
method, but no solid product could be isolated. The only 
action noted was that a yellow color was produced when 
acid was added to the ether solution of the product.

Benzoyl - 4,4' - tetraethyldiaminobenzophenonimine. 
(Benzoyl Ethyl Auramine.)—The benzoyl derivative of 
4,4'-tetraethyldiaminobenzophenonimine was made by 
the method used by Finckh and Schwimmer7 in pre­
paring the benzoyl derivative of the corresponding methyl 
compound.

Four grams of 4,4'-tetraethyldiaminobenzophenonimine1 
was refluxed in 20 cc. of benzene with 2.9 g. of benzoic an­
hydride for five hours. The solution was then diluted to 
80 cc. with petroleum ether (b. p. 30-65°). The thick red 
liquid resulting was separated, and crystallized on standing. 
It was recrystallized from methyl alcohol as long yellow 
needles; m. p. 165°, corr.; yield, about 60%.

(7) J. Finckh and M. Schwimmer, ibid., [2] 50, 434 (1894).(6) W. Madelung, J. prakt. Chem., 114, 42 (1926).
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Although this compound is an indicator similar to Ben­
zoyl Auramine G,8 the color change from yehow to blue is 
not so sharp. The pB  range is 4.0-5.2.

Anal. Calcd. for C28H33N3O: N, 10.12. Found: N«. 
10.01, 9.95.

Solid Salts of Amines.—In working with the alkyl ani- 
lines used, it was found convenient to prepare solid deriva­
tives by the use of 3,5-dinitrobenzoic acid. The salt of 
dimethylaniline has been prepared previously by the same 
method.9

0.002 mole of the dialkylaniline and 0.004 mole of the
3,5-dinitrobenzoic acid (0.002 niole with monobutylani- 
line) were dissolved in a few cc. of absolute alcohol and ab 
lowed to crystallize overnight- The salt was then reerys-

T ablb  I
3,5-Dinitro- 

benzoic 
acid salt of

M. p-, 
°C., 
corr.

Nitrogen, % 
Calcd. Found

Neut-
equivalent 

Calcd. Found
Diethylani­

line
Di-w-pro-

120 12.22 12.33 12.41 286.6 280

pylaniline 118 11.65 11.84 11.90 300.5 294
Di-w-butyl-

aniline 104 11.14 11.14 11.34 314.5 308
w-Butylani-

line 98.5 11.63 11.40 11.49 361.3 352

(8) J. T. Scarilan and J. D. Reid, Ind, En%. Chem., Ami- Ed-, 
125 (1935).

(9) C. A. Buehler, E. J. Currier and R. Lawrence, ibid., 5, 277 
(1933).

tallized from absolute alcohol with char treatment. All 
the four salts crystallized as hexagonal prisms (see Table I).

Summary
In a study of the ketonimine dyes:
1. Di-w-butyldiaminodiphenylmethane, tetra- 

w-butyldiaminodiphenylmethane and tetra-n- 
propyldiaminodiphenylmethane have been syn­
thesized, The picrates of the latter two are also 
g i  YCtU

2. 4-Di-w-propylaminobenzoic acid has been 
made.

3. 4-Aniinobenzophenonephenylimide and its 
hydrochloride have been prepared.

4. 4-Aminobenzophenonimine, 4-dimethyl- 
aminobenzophenonimine and 4-diethylamino- 
benzophenonimine have been made and charac- 
terized as their solid 3,5-dinitrobenzoic acid salts.

5. Benzoyl ethyl auramine was made, and its 
properties m  an indicator are described,

6 . The solid derivatives of diethyl-, 6i-n- 
propyl-, di-^-butyl- and ^-butyl-aniline with 3,5- 
dinitrobenzoic acid have been prepared and char- 
acterized.
WASIUNaTON, rn. C. R e c e iv e b  J u n e  2, 1936

[C o n t r ib u t io n  from  t h e  P ed ia tric  R esearch  L aboratory of t h e  J e w ish  H o spita l  of B rooklyn]

Synthesis of Derivatives of Symmetrical Diphenylethane Related to Materials 
Occurring Naturally, I, Synthesis of the Ring System Proposed for Calciferol

B y  Sam uel  N atelson  a nd  S id n e y  p . G ottfried

A general and flexible method for the synthesis 
of compounds related to the naturally occurring 
derivatives of diphenylethane, which include com­
pounds as widely distributed in nature as alkaloids, 
sterols, bile acids, sex hormones, toad poisons and 
cardiac aglycones1 should he of value for the syn­
thesis of degradation producta and ultimately for 
the synthesis of some of the naturally ©ceumng 
materials themselves.

This report offers a new route to this biologi- 
cally important series which is capable of wide 
Variation. As an example of its appJieatiom a 
compound having the ring system proposed for 
calciferol was synthesized in good yield. The

(1) L. F. Fieser, "Chemistry of Natural Products Related to 
Phenanthrene,” Reinhold Publishing Co., New York City, 1936; 
L. F. Small, "Chemistry of the Opium Alkaloids,” U. S. Treasury 
Dept., Supplement No. 103, 1932. These two monographs offer an 
inspiring and complete review of the literature on this subject.

formulas proposed by Windaus,2 Heilbron, 3 Let- 
tré4 and Müller5 assume that the phenanthrene 
ring is open to give a hydrogenated diphenyleth­
ane structure to calciferol and tachysterol.

As ean he seen from the accompanying flow 
sheet, the starting materials for this synthesis are 
the readily available phthalic anhydride and 
phenylacetic acid.

Fhthahc anhydride and phenylacetic acid eon- 
dense in good yield to form heniabphthaKde (I).6 
The relationship of benzal-phthalide to the natu­
rally occurring materials was recognized and this 
material and its derivatives were then huilt up to

(2) , attd Thiele, A nn., $$*, 160 (1935).
(3) HeUbma aiia Spring, Chßm. Ind,, 54, 795. (1935).
(4) Lettré* Ann., 511, 280 (1934).
(5) Müller, Z. physiol. Chem., 233, 223 (1935).
(6) ‘-Organic Syntheses,” Vol. XIII, 1933, p. 10; Gabriel, Ber., 

18, 3470 (1885).
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form 4-ß-phenethylindane (VIII), the structure 
proposed for the calciferol nucleus. This was 
accomplished by converting benzal-phthalide to 
ö-ß-phenethylbenzoie acid (II) by a reduction, 
dehydration and further reduction applying and 
improving the method of Gabriel.7 The acid was 
then reduced to the corresponding aldehyde (IV) 
applying the general procedure of Sonn and Mül­
ler. Before this procedure was resorted to, sev-

(7) Gabriel and Posner, Ber., 27, 2506 (1894).

eraf different methods of reduction had been tried, 
but all had been abandoned either because of poor 
yield or inability to be applied to large quantities. 
The following procedures were found to be inap- 
plicable for preparing the aldehyde from the aeid: 
catalytic reduction of the acid chloride, distilla­
tion of the calcium salt of the acid with calcium 
formate, reduction of the ester with sodium and 
butyl alcohol followed by chromate oxidation, re­
duction of the amide electrolytically and with so-
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dium amalgam, reduction of the anhydride 
(mixed) of this acid (II) and acetic acid.

When the Perkin reaction was applied to ortho- 
ß-phenethylbenzaldehyde to form the substituted 
cinnamic acid, the main product of the reaction 
was found to be the substituted benzylidine di­
acetate, although some 0-ß-phenethylcinnamic 
acid was formed.

O

\  (Ac)2o
c = o ---- -> c

/  NaAc / \ 0CCHj
II
O

o-ß-Phenethylbenzylidine diacetate when heated 
with sodium acetate in the presence of glacial acetic 
acid yielded the 0-ß-phenethylcinnamic acid. This 
would seem to be in line with the old Nef theory 
as to the mechanism of the Perkin reaction.8

O

X / öAgk» HAc x
C ---- — >  C—CHCOOH

/ \ o c c h 3 NaAc /
IIo

Because of the poor yields obtained from the 
Perkin reaction when applied to 0-ß-phenethyl- 
benzaldehyde (IV), this aldehyde was Condensed 
quantitatively with malonic acid in the presence of 
small amounts of pyridine as a sort of modified 
Knoevenagel reaction. The reaction between 
malonic acid and the aldehyde in the presence of 
tracés of pyridine is so satisfaetory that it could 
be used to determine the percentage of aldehyde 
in a sample, by titrating the water-insoluble acid 
produced.

The 0-ß-phenethylcinnamic acid was then re­
duced to 0-ß-phenethylhydrocinnamic acid (V). 
This acid was then cyclized by treatment of its 
acid chloride (VI) with aluminum chloride in the 
presence of petroleum ether. The 4-ß-phen- 
ethylindanone-1 formed was then reduced by the 
Clemmensen reduction to 4-ß-phenethylindane, 
the ring system for the proposed structure for 
calciferol (vitamin D2) and tachysterol. The 
formula of (VIII) is written in such a way as to 
indicate the close relationship to the cholane nu­
cleus.

The over-all yield was good, 230 g. of benzal- 
phthalide yielding from 34-45 g. of the final prod­
uct. As can be seen from the experimental part

(8 ) N e f , A n n . ,  298, 277 (1897).

of this paper, the yields can be almost doubled if
0- ß-phenethylbenzoic acid is converted to its ani­
lide (III) from its acid chloride by the action of 
thionyl chloride. The danger of using this method 
is that the whole yield can be ruined if tracés of 
mercury, from earlier treatment, are present.

I t  is noteworthy that the ketone group in 4-ß- 
phenethylindanone-1 is in the same position as 
the ketone group in androsterone and is in a favor- 
able position for the addition of side chains in the 
synthesis of compounds related to sterols and bile 
acids.

I t is apparent that by the use of substituted de­
rivatives of phenylacetic acid and phthalic an­
hydride, various derivatives may be prepared. 
For example, 6-nitro-3-methoxyphenylacetic acid 
is being employed in an attempt to bring about a 
phenanthrene ring closure by the Pschorr method 
and at the same time prepare a cyclopenteno- 
phenanthrene derivative with an hydroxyl group 
in the same position as for cholesterol or andro­
sterone. The close relationship between the al­
kaloids and sterols can be emphasized in that 
benzal-phthalide is closely related to benzyliso- 
quinoline. This observation has suggested an 
attempt at a new method for the synthesis of 
benzyl isoquinoline alkaloids.

At the present time a mild reduction of calcif­
erol and its degradation to a product which might 
be synthesized by this method has been under- 
taken to test the structure proposed for the anti- 
rachitic irradiation product produced from ergos- 
t e r o l .

Experimental
Benzal-phthalide.—Benzal-phthalide was prepared by 

the method of Weiss6 using double the quantities specified. 
The yield of once crystallized material, m. p. 98-99°, is 
77-84%. Care should be taken not to allow the tempera­
ture to rise above 240° for any length of time, for the yield 
may be completely destroyed.

Benzyl-phthalide.—Two hundred and thirty grams of 
benzal-phthalide is dissolved by heating with a solution of 
60 g. of potassium hydroxide in 100 cc. of water. Benzal- 
phthalide is insoluble in hot dilute alkali. The dark red 
solution is then diluted to 1.5 liters with water and poured 
onto sodium amalgam, prepared by adding 2100 g. pf mer­
cury to 70 g. of molten sodium under mineral oil, with 
stirring. The solution is vigorously stirred until the color 
completely disappears, about four to six hours, depending 
upon the efficiency of the stirrer. The material is then 
transferred to a large separatory funnel and the mercury is 
drawn off. Ether is added and the mixture is shaken to 
remove tracés of mineral oil. The lower layër is removed 
and acidified. The benzyl-phthalide comes down as an oil 
and then crystallizes in heavy colorless crystals which are
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filtered off, m. p. 61° (recrystallized from dilute alcohol); 
b. p. 190-200° (5 mm.); yield quantitative.

tf-Carboxystilbene.—The still moist benzyl-phthalide, 
from the above preparation, is dissolved in 400 cc. of 95% 
alcohol with warming; 60 g. of potassium hydroxide is 
added and the whole is gradually heated in a sand-bath, in 
a liter flask, until all the alcohol is removed and the light 
brown residue begins to foam, the temperature is raised to 
180° and kept there until the foaming ceases and the whole 
material solidifies (two to four hours). The solid while 
still warm is dissolved in 1.5 liters of water. If this acid is 
desired, the solution is washed with ether, acidified, filtered 
and dried to give o-carboxystilbene. The yield is almost 
quantitative (210 g.); m. p. 160° (recrystallized from dilute 
alcohol).

o-j8-Phenethylbenzoic Acid.—The 1.5 liters of solution 
containing the dissolved sodium salt of 0-carboxystilbene is 
added to an amalgam of 70 g. of sodium in 2100 g. of mer­
cury. The mixture is stirred vigorously until a large part 
of the amalgam reacts. As the reaction proceeds, the solu­
tion becomes warm and remains warm until reduction is 
complete when it goes back to room temperature (four to 
six hours). The solution is transferred to a separatory 
funnel, the mercury separated and then washed with 
ether. All tracés of colloidally suspended mercury must 
be removed if the acid is to be converted to the acid chlo­
ride. The solution is therefore filtered through two thick- 
nesses of filter paper with suction, acidified and then either 
allowed to stand overnight or cooled with crushed ice to 
complete the crystallization of the acid. The acid is fil­
tered off and dried at 60°; yield 210-211 g .; m. p. 130° 
(recrystallized from alcohol).

Anal. Calcd. for C15II14O2: C, 79.64; H, 6.19. Found: 
C, 79.30; H, 6.27.

Acid Chloride of o-0-Phenethylbenzoic Acid.—Two hun- 
dred and ten grams of dried, mercury-free ö-ß-phenethyl- 
benzoic acid is placed in a flask fitted with a reflux con­
denser; 400 cc. of thionyl chloride is slowly added through 
the top of the condenser. This large excess of thionyl chlo­
ride is necessary before the reaction will proceed to com­
pletion . The excess over the amount consumed is recovered 
on distillation at the end of the reaction. The acid slowly 
reacts and dissolves. When addition is complete a calcium 
chloride tube is placed on top of the condenser and reflux­
ing is continued for one hour on a water-bath. The excess 
thionyl chloride is recovered under mild vacuum on a 
water-bath and the residue is distilled, preferably for 
so large a volume at less than 10 mm. The pale yel­
low distillate crystallizes when scratched after cooling; 
yield 190 g.; m. p. 50-55°; b. p. 202° (20 mm.), 180° 
(5 mm.).

Anal. Calcd. for Ci6Hi30 2C1; Cl, 14.52. Found: Cl, 
14.39.

If tracés of mercury are present, large amounts of hydro­
gen chloride are given off and the material turns black and 
resinifies on attempted distillation. The ability of the 
smallest tracés of mercury to split out large amounts of 
hydrogen chloride has been pointed out already.8

Ethyl Ester of o-ß-Phenethylbenzoic Acid.—Two hun- 
dred and ten grams of ö-0-phenethylbenzoic acid was added 9

(9) NatelsoxJ, Ind. Eng» C h e m ,t £5, 1391 (1933)«

tö 500 cc. of absolute alcohol which had been saturated 
with dry hydrogen chloride. Dry hydrogen chloride was 
passed through the cooled mixture for one hour when a 
large part of the acid dissolves. The mixture is then re­
fluxed gently, in the hood, for two hours wben a heavy pale 
yellow oily lower layer is formed. The alcohol is distilled 
off and the residue is vacuum distilled on a glycerol bath. 
The yield of pure ester, pale yellow oil, which slowly hydro- 
lyzes in air, is 210-220 g .; b. p. 205° (18 mm.); sp. gr. 
1.063 (25°); w29d 1.5528.

Anal. Calcd. for CnHisOi: C, 80.31; H, 7.09. Found: 
C, 79.99; H, 7.01.

When 64 g. of this ester is reduced with 40 g. of sodium in 
400 cc. of anhydrous normal butyl alcohol with 150 cc. of 
toluene, 30 g. of a pale yellow liquid of b. p. 170-195° (20 
mm.) is obtained. On fractional distillation this is sepa­
rated into two fractions b. p. 177° (20 mm.) and 195° (20 
mm.). On careful study neither of these seemed to be the 
alcohol. It is intended to make a detailed study of this 
reduction.

Mixed Anhydride of 0-/3-Phenethylbenzoic Acid and 
Acetic Acid.—Ten grams of ö-0-phenethylbenzoyl chloride, 
3 g. of sodium acetate and 8 g. of acetic anhydride are 
heated together for six hours at 180°. Water is added and 
the solution is neutralized with dilute sodium carbonate. 
The precipitate was filtered off and recrystallized from alco­
hol in which it is very soluble hot and insoluble cold; 
heavy colorless prisms which are rather inert but hydrolyze 
slowly on boiling in water. On hydrolysis by boiling in 
alkali and then acidification, o-ß-phenethylbenzoic acid 
and acetic acid are obtained; m. p. 95°.

Anal. Calcd. for Ci7Hi60 3: C, 76.12; H, 5.97. Found: 
C, 76.21; H, 6.03.

ö-0-Phenethylbenzanilide. Method 1.—Two hundred 
and ten grams of dry o-ß-phenethylbenzoic acid is placed 
in a liter, three-necked flask, fitted with thermometer, 
dropping funnel and bent tube leading to a receiver; 96 g. 
of aniline is added and the material is slowly heated in a 
sand-bath to 250° when about one-half the aniline distils 
over with some water. The melt is kept at 250° while 
125 g. of aniline is added through the dropping funnel at 
such a rate that the temperature never drops below 240°. 
Aniline continues to distil through the bent tube into the 
receiver carrying the water formed in the reaction with it. 
After all the aniline has been added (three to four hours) 
the temperature is kept at 240° until all the aniline distils 
off. The melt is poured into an aluminum dish and al­
lowed to solidify. The solid is ground to a fine powder in a 
mortar, washed with dilute hydrochloric acid, transferred 
back to the original flask and extracted with two hot 400-cc. 
portions of sodium carbonate solution containing 50 g. of 
sodium carbonate in each portion. The residue is filtered 
off, washed with water and recrystallized from hot alcohol, 
in which it is very soluble hot and difficultly soluble cold. 
On acidification, the combined sodium carbonate washings 
yielded 75 g. of the original acid. Hence the percentage 
yield should be based on 135 g. of the acid; yield 125 g. of 
the anilide, needle-like crystals slightly colored by this 
method; m. p. 137°.

Anal. Calcd. for C21Hi9ON: C, 83.72; H, 6,31; N, 
4.64. Found: €>84.22; H, 6,18; N, 4.58*
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Method 2.—One hundred and ninety grams of the pure 
crystalline acid chloride is ground in a porcelain dish with 
180 g. of aniline. The mixture becomes warm and forms a 
homogeneous melt. When the reaction has ceased the 
mixture is heated further on a water-bath for thirty min­
utes at 90°. On cooling the mass solidifies and is washed 
with dilute hydrochloric acid and then warm dilute sodium 
carbonate. On recrystallization from alcohol colorless 
needles are obtained, m. p. 137°, yield 200 g.

tf-ß-Phenethylbenzaldehyde.—Three hundred grams of 
anhydrous stannous chloride, prepared by heating the hy­
drate over a small flame in a porcelain dish in the hood until 
all water has been removed and the material solidifies, is 
dissolved in one liter of anhydrous ether by passing a rapid 
stream of dry hydrogen chloride through the ether. Two 
layers form, the heavy oily lower layer contains the dis­
solved tin. Sonn and Müller in the preparation of this 
complex for reduction purposes dried their tin salt in a 
desiccator.10 This does not dry the tin completely and 
accounts for inconsistent yields as reported by subsequent 
investigators. Evidence that their tin was never dry is 
evinced by the fact that their tin solution was homogene­
ous. This happens every time moisture gets into the reac­
tion. If dry, the tin solution always separates into twö 
layers before addition of the material to be reduced.

One hundred and twenty grams of recrystallized and 
dried ö-ß-phenethylbenzanilide is mixed with 110 g. of 
phosphorus pentachloride in a 500-cc. Claisen flask. The 
mixture is warmed in a water-bath until the mixture begins 
to liquefy. The flask is removed from the water-bath and 
shaken as the reaction proceeds slowly, until the mixture is 
all liquid except for the lumps of excess phosphorus penta­
chloride. The phosphorus oxychloride is removed under 
vacuum over a water-bath and the residue is dissolved 
from the excess phosphorus pentachloride by two 200-cc. 
portions of anhydrous ether. The ether washings are 
added to the stannous chloride solution and allowed to 
stand overnight. A vigorous reaction immediately ensues 
and the lower layer turns red, the tin complex of the alde­
hyde anil crystallizing out in yellow plates. The complex 
is filtered off from the heavy oily mixture and washed with 
ether, until the red color has been washed out; yield 138 
g., yellow crystals, dec. 213°.

Anal Calcd. for C2iH20NCl3Sn: N, 2.77, Found: N, 
3.00.

To the crystals of the tin complex is added 50 cc. of 10% 
hydrochloric acid and steam is passed through the mixture 
in a steam distillation outfit. A pale yellow oil separates at 
the top of the solution and a small amount of the material 
steam distils over. The distillate and residue are combined 
and extracted with ether. The ether is dried over anhy­
drous sodium sulfate, filtered and the ether is evaporated off; 
yield 60 g. of a pale yellow oil; sp. gr. 1.089; w29d 1.5827.

Anal. Calcd. for Ci6H140 : C, 85.71; H, 6.67. Found: 
C, 86.00; H, 6.51.

Phenylhydrazone of o-ß-phenethylbenzaldehyde was pre­
pared by heating 1 g. of the aldehyde with a few drops of 
phenylhydrazine in 5 cc. of alcohol, adding water and re­
crystallizing from 80% alcohol; colorless feathery needles 
which turn brown on standing, m. p. 95°.

(10) Sonn and Müller, Ber., 52* 1927 (1919,)'.

Anal. Calcd. for C2iH20N2: N, 9.33. Found: N, 9.02.
This aldehyde forms a sodium bisulfite derivative on 

long shaking with a saturated solution of sodium bisulfite.
ö-ß-Phenethylcinnamic Acid.—Sixty grams of o-ß- 

phenethylbenzaldehyde is added to 35 g. of malonic acid in 
a 600-cc. flask fitted with a calcium chloride tube; 6 g. of 
pyridine is added and the mixture is warmed on a water- 
bath at 90° for two hours. The material separates into 
two layers and the lower layer slowly dissolves as carbon 
dioxide slowly is given off. At the end of two hours the 
material crystallizes on shaking or cooling. The material 
is dissolved in 40 g. of sodium carbonate dissolved in 500 
cc. of warm water. If ö-ß-phenethylhydrocinnamic acid is 
desired the solution is reduced directly. If ö-ß-phenethyl- 
cinnamic acid is desired the solution is extracted with ether, 
to remove pyridine and impurities, acidified, filtered and 
dried. Drying has to be finished in a desiccator for this 
acid holds the last tracés of water tenaciously; yield 71- 
72 g.; m. p. 149-150° (from dilute alcohol).

Anal. Calcd. for Ci7H160 2: C, 80.95; H, 6.34. Found: 
C, 80.31; H, 6.47.

o-jS-Phenethylhydrocinnamic Acid.—The solution in 
sodium carbonate of o-/3-phenethylcinnamic acid is poured 
directly onto sodium amalgam, prepared by dissolving 24 
g. of sodium in 620 g. of mercury, and vigorously stirred 
until the solution has come back to room temperature and 
most of the amalgam has been decomposed (four to six 
hours). The mixture is transferred to a separatory funnel, 
the mercury separated, and the solution washed with ether. 
The aqueous layer is separated and filtered through a 
double suction filter. Since the next step is the conversion 
to the acid chloride, every trace of suspended mercury must 
be scrupulously removed even if it is necessary to filter 
several times. The solution is acidified, allowed to stand 
for several hours, filtered, washed with water and dried; 
yield 72 g.; colorless thick crystals; m. p. 110-111° (re­
crystallized from dilute alcohol).

Anal. Calcd. for Ci7Hi80 2: C, 80.30; H, 7.08. Found: 
C, 80.11; H, 7.20.

Perkin Reaction on ö-ß-Phenethylbenzaldehyde
1. With Sodium Acetate.—Ten grams of the aldehyde,

2.5 g. of sodium acetate and 8 g. of acetic anhydride heated 
together for sixteen hours at 180-200° yields on extraction 
with sodium carbonate solution and acidification, 0.5 g. of 
ö-jS-phenethylcinnamic acid, m. p. 149-150° (from dilute 
alcohol), 1.0 g. of ö-/3-phenethylbenzylidine diacetate and 
8 g. of unchanged aldehyde (average of several experi­
ments).

2. With Potassium Acetate.—Ten grams of the alde­
hyde, 3 g. of potassium acetate and 8 g. of acetic anhydride 
heated together for six hours yield 1 g. of ö-jS-phenethyl- 
cinnamic acid, m. p. 149-150°, 8.6 g. of ö-ß-phenethyl- 
benzylidine diacetate and practically no aldehyde, o-ß- 
Phenethylbenzylidine diacetate melts at 85°.

Anal. Calcd. for Ci9H20O4: C, 73.08; H, 6.41. Found: 
C, 73.51; H, 6.24.

3. Conversion of the Diacetate to ö-ß-Phenethylcin- 
namic Acid.—Eighteen grams of ö-ß-phenethylbenzylidine 
diacetate, 33 g. of acetic acid and 28 g. of sodium acetate 
heated at 200° for ten hours yields 10 g. of 0-ß-phenethyl-
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cinnamic acid, m. p. 149-150° (from dilute alcohol). The 
acids obtained from the Perkin reaction all reduced quan- 
titatively to ö-ß-phenethylhydrocinnamic acid, m. p. 
110- 111° .

ö-ß-Phenethylhydrocinnamoyl Chloride.—To 70 g. of
o-ß-phenethylhydrocinnamic acid is added 140 cc. of 
thionyl chloride. The mixture is refluxed for one hour and 
the excess thionyl chloride is removed on a water-bath. 
Vacuum is applied and everything that can be removed up 
to 100° at 10 mm. is removed. The material is transferred 
quantitatively with the aid of a small amount of ether to a 
300-cc. distilling flask, which is sealed off at the top and 
connected by means of a wide side-arm to an inner seal in a 
125-cc. receiving flask. The ether is evaporated off from 
the outfit under vacuum on a water-bath and the receiver 
is connected to a high vacuum produced by a mercury va­
por pump backed by an oil pump. The traps are cooled 
with alcohol-solid carbon dioxide mixture while the re­
ceiver is cooled by an ordinary ice and salt-bath. The 
pressure is measured on a McLeod gage. The distilling 
flask is heated in a dibutyl phthalate bath, The tempera­
ture was determined by placing a thermometer in the bath. 
The acid chloride comes over as an almost colorless, pale 
yellow, mobile liquid at a bath temperature of 155-165° 
(slow heating) at a pressure of 0.002-0.004 mm.; yield 57 
g. On heating with sodium hydroxide solution the acid 
chloride dissolves and on precipitation regenerates o-ß- 
phenethylhydrocinnamic acid; m. p. 110°; b. p. 155-165° 
(0.002-4mm.); sp.gr. 1.015; w29d 1.5664.

Anal. Calcd. for C1 7H 1 7 OCI: Cl, 13.27. Found: Cl, 
13.20.

4-/3~Phenethylindanone~ 1.—Fifty-seven grams of o~ 
ß-phenethylhydrocinnamoyl chloride is dissolved in 200 cc. 
of redistilled, over sulfuric acid, anhydrous petroleum 
ether, b. p. 45-65°, 57 g. of fresh anhydrous aluminum 
chloride is covered with 50 cc. of petroleum ether and the 
petroleum ether solution of the acid chloride is added, re­
fluxing the solution on the water-bath. Refluxing is 
continued for one-half hour after the final addition. Al­
most all the color goes from the petroleum ether layer to 
the aluminum chloride which now becomes a deep brown. 
The mixture is cooled, decomposed with crushed ice and 
dilute hydrochloric acid and extracted with two 250-ec. 
portions of ether. The combined extracts are dried with 
anhydrous sodium sulfate, and the mixture of petroleum 
ether and diethyl ether is evaporated off. The residue is 
extracted with hot sodium carbonate solution to recover 
unchanged acid, dissolved in ether, washed with water, 
dried with anhydrous sodium sulfate and evaporated. 
The residue is then distilled under high vacuum as for the 
acid chloride. A pale yellow viscous oil comes over up to 
160° at 0.0003 mm. A better vacuum could be maintained 
in the absence of the acid fumes; yield 42 g. of a viscous 
oil which geiled at room temperature but would not crys­
tallize. It softens to a mobile liquid just below 38° and its 
melting point is probably in that vicinity. On standing 
for several months, during which time this compound was 
prepared numerous times in order to attempt to obtain it 
crystalline, the material partly resinified. The material 
as first obtained is of a high degree of purity as shown by 
analysis and in that it gave an 88% yield of oxime and a 
92% yield of hydrocarbon on reduction.

Anal. Calcd. for Ci7H160 : C, 86.40; H, 6.80. Found: 
C, 86.08; H, 6.98.

4-ß-Phenethylindanoxime-1.—Four grams of 4-/3-phen- 
ethylindanone-1 is dissolved in 50 cc. of alcohol. To this 
mixture is added 1.6 g. of hydroxylamine sulfate dissolved 
in 6 cc. of water. Two drops of phenolphthalein solution 
are added and 10% potassium hydroxide solution is added 
drop by drop from a pipet until the solution is just alka­
line. The mixture is refluxed and drops of alkali are added 
from time to time to keep the solution just alkaline. At 
the end of one hour the barely alkaline solution is allowed 
to cool, when flat glistening plates of the oxime crystallize 
out. If rapidly cooled the oxime comes out as needles, 
m. p. 135° (from alcohol in which it is very soluble hot and 
insoluble cold).

Anal. Calcd. for Ci7H17ON: N, 5.56; C, 81.31; H, 
6.77. Found; N, 5.49; C, 81.40; H, 6.44.

4-ß-Phenethylindanamine-l.—Three grams of 4-/3- 
phenethylindanoxime-1 is dissolved in 100 cc. of absolute 
alcohol, 3 g. of sodium is added in small bits and the solu­
tion is refluxed under a condenser with a calcium chloride 
tube for one hour, the sodium dissolving. The solution is 
cooled and neutralized with concd. hydrochloric acid, 50 
cc. of water is added and the alcohol is evaporated off. 
Some of the hydrochloride of the amine crystallizes from 
the aqueous solution at this point. The whole mixture is 
made alkaline with 10% sodium hydroxide and the amine is 
extracted with 50 cc. of benzene in two portions. The 
benzene solution is dried with anhydrous sodium sulfate 
and filtered. The dry benzene solution is saturated with 
dry hydrogen chloride and then evaporated to 10 cc. on a 
steam-bath; 75 cc. of anhydrous petroleum ether is added 
and the hydrochloride of the amine comes out in fine crys­
tals. The crystals are filtered and washed with a 3 to 1 
mixture of petroleum ether and benzene; yield 2.8 g.; 
m. p, 192°.

Anal. Calcd, for C17H31NC1: N, 5.12; Cl, 12.98.
Found: N, 5.16; Cl, 12.96.

4-ß-Phenethylindane.—Into a two-liter flask fitted with 
a reflux condenser, 300 g. of zinc dust is added and 4 g. of 
mercuric chloride dissolved in 25 cc. of hot water. The 
solution is slowly added to the zinc dust and thoroughly 
shaken and warmed.

Forty grams of 4-/3-phenethylindanone-l is dissolved in 
500 cc. of alcohol which is added to the zinc dust from 
the top of the condenser; 400 cc. of concd. hydrochloric 
acid is added from the top of the condenser drop by drop 
refluxing the alcohol until all the hydrochloric acid has 
been added and a large amount of the zinc has dissolved 
(four hours). The condenser is turned down and the alco­
hol is distilled off. Care must be taken not to go too far, 
for the hydrocarbon which comes out as a colorless oil has 
a tendency to steam distil to some extent. The oil which 
separates at the surface of the residue is taken up in ether, 
dried with anhydrous sodium sulfate, filtered and the 
ether is evaporated off. The oil which remains is dis­
tilled under high vacuum to a colorless mobile liquid, b. p. 
115-120° (0,0001 mm.); sp. gr. 1.020 (25°); w29p 1.5640; 
yield 34 g.

Anal. Calcd. for C Cf 91,89; H, 8.11. Found: 
C, 91.31; H, 8.10,
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The authors are indebted to Dr. B. Kramer and ethane related to materials occurring naturally is 
Albert E. Sobel for their advice and encourage- demonstrated.
ment during the course of this investigation. 2. 4-ß-Phenethylindane is synthesized as rep-

resenting the ring system for the proposed struc- 
Summary ture for calciferol and tachysterol.

1. A new route to derivatives of diphenyl- B rooklyn , N. Y . R e c eiv ed  May 11, 1936

[C o n t r ib u t io n  from  t h e  Chem ical  L aboratory  o f  H a r v a r d  U n iv e r sit y ]

A Modification of the Clemmensen Method of Reduction1

B y  E lmore L, M artin

While a great many compounds containing the 
carbonyl group can be reduced by the method of 
Clemmensen,2 the results sometimes leave much 
to be desired. Substances which neither dissolve 
appreciably in the acid mixture nor melt at the 
boiling temperature usually present difficulties 
and a number of readily available ß-aroylpro- 
pionic acids which are of use in the synthesis of 
polynuclear hydrocarbons are of this type. Thus 
Fieser and Peters3 observed that ß-3-acenaph- 
thoylpropionic acid is but little affected by pro­
longed boiling with hydrochloric acid and amal- 
gamated zinc, Haworth and Mavin4 found ß-1- 
methyl-4-naphthoylpropionic acid to be unusually 
resistant to reduction, and Cook and Hewett5 
were unable to reduce ß-1-pyrenoylpropionic acid 
by any of the usual modifications in the original 
procedure of Clemmensen. Although the addi­
tion of a miscible solvent such as alcohol, acetic 
acid, or dioxane facilitates the reduction of certain 
ketonic compounds (ketocholanic acids, hydrin- 
dones), this leads in the above cases only to resini­
fication. The keto acid appears to undergo 
polymolecular reduction or condensation at the 
surface of the metal with the formation of a 
gummy, insoluble coating which obstructs the 
normal functioning of the zinc.

It was found by Fieser and Peters3 and by 
Haworth and Mavin4 that the reduction of the 
above two keto acids can be accomplished by the 
use of the lower-melting esters, but the yield in 
the first case was only 40% and the process was te- 
dious. After repeating Fieser and Peters' experi­
ments with the same results it was found that

(1) Paper prepared by L. F. Fieser.
(2) Clemmensen, (a) Ber., 46, 1838 (1913); (b) 47, SI, 681

(1914).
(3) Fieser and  Peters, T h is  J o u r n a l , 64, 4374 (1932).
(4) Haworth and Mavin, J. Chem. Soc., 2720 (1932).
(5) Cook and Hewett» ibid, t 398 (1933).

when toluene was added in quantity sufficiënt to 
retain the ester in a clear surface layer the yield 
of the pure reduction product rose to 60% and 
the process was greatly simplified. The surface 
of the metal remained clean and bright through­
out the reaction and the product was easily iso­
lated from the toluene layer. Attempts to reduce 
free ß-3-acenaphthoylpropionic acid in the pres­
ence of toluene were successful only when a small 
amount of acetic acid was used to provide the 
required, slight concentration of the keto acid in 
the aqueous layer. The toluene probably is bene- 
ficial partly because it keeps the otherwise undis­
solved material out of contact with the metal and 
partly because in the two-phase system the reduc­
tion occurs at such a high dilution that polymo­
lecular reactions are largely inhibited.6

Various fellow workers engaged in synthetic 
experiments in this Laboratory kindly coöperated 
in testing the toluene method, and the yields of 
purified products, usually checked in two or more 
experiments, are summarized in Table I. The 
author is indebted to Mr. C. K. Bradsher, Mr. J. 
T. Dünn, Mrs. L. F. Fieser, Dr. E. B. Hershberg, 
Mr. H. L. Holmes, Mr. W. C. Lothrop, Dr. M. S. 
Newman and Mr. C. C. Price for permission to 
report their results. The ß-aroylpropionic acids 
investigated were invariably reduced more satis- 
factorily in the presence of toluene than without 
it, and two acids could be reduced in this way but 
not by the usual procedure. With ß-1-pyrenoyl- 
propionic acid, however, the results were nega­
tive both with and without toluene. The modifi­
cation seems definitely advantageous with com­
pounds containing methoxyl groups, for the diffi­
culties frequently experienced are at least mini-

(6) Lewis, Ramage and Robinson [ibid., 1414 (1935)] used anisole 
in two Ciemmensen reductions but gave no results by the tiataal pro* 
cedure lor comparison;
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Table I
C om parison  o f  Y ie l d s

Clemmensen’s procedure Modified procedure
Reduction of Yield, % Experimenter Yield, % M.p., 6 C. Experimenter

jS-Benzoylpröpionic acid 72-78° E.L.M. 90 46-48 E.L.M.
ß -p -T oluylpropionic acid . 88° J.T.D. 92 61-62 J.T.D.
ß -m -T oluylpropionic acid 84 35-36 J.T.D.
/3-£-/-Butylbenzoylpropionic acid . . . 72 57-60 C.C.P.
ß -1 -Naph thoylpr opionic acid 86 109 M.F.
ß-2-Naphthoylpr opionic acid 91 94-96 E.L.M.
/3-3-Acenaphthoylpropionic acid 0 Ref. 3 50b 147-148 E.L.M.
Methyl ester 36-47 Ref. 3 60 147-148 E.L.M.
/34-Butylnaphthoylpropionic acid 786,c C.C.P.
ß-3-Methoxybenzoylpropionic acid 15 Ref. 7 25-60 45-47 E.L.M.
0-4-Methoxybenzoylpropionic acid ? Ref. 8 85 60-61 E.B.H.
ß-3-Methoxy-4-methylbenzoylpropionic acid 86 70-71 E.L.M.
ß-S ,4-Dimethoxybenzoylpropionic acid ? Ref. 9 80m 61-62 H.L.H.
ß-4-Methoxy-l-naphthoylpr op ionic acid 43 E.B.H. 53* 129-130 E.L.M.
/3-2,5-Dimetliyl-4-methoxybenzoylpropionic acid 92 Ref. 10 97 98 W.C.L.
5-Methoxy-6-methylhydrindone-l 85* W.C.L.
1-Benzoylnaphthalene 63 C.K.B. 70 58-59 C.K.B,
0-Naphthyl methyl ketone 52f M.S.N.
I-Benzoyl-4-methoxynaphthalene 0 C.K.B. 30b 82-83 E.L.M.
7-Phenylbutyrolactohe . . . 81 46-48 E.L.M.

“ Following the procedure of “Organic Syntheses,” Vol. XV, 1935, p. 64. 6 Acetic acid was added to thé reaction
mixture. c Isolated as the ester* b. p. 185-187° at 6 mm. d Four 100-g. portions were reduced and the products 
combined for purification. The heating was continued in this case for forty-one hours; in earlier reductions continued 
for only twenty to twenty-two hours the yield was poorer by 10-15%. * To complete the reduction it was necessary
to submit the crude product to further reaction with no added toluene. f B. p. 122-125° at 14 mm.

mized. With neutral ketones of very slight 
water-solubility it is sometimes difficult to effect 
complete reduction using toluene, and in the case 
of hydrindones it probably is better to use a water- 
miseible solvent.

7 -m-Methoxyphenylbutyric acid, a useful in­
termediate in synthesis, has been prepared from 
w-methoxybenzoyl chloride in about 2% yield in 
a two-step process involving a Clemmensen re­
duction7 and from m-methoxybenzaldehyde in 
eight steps in about 35% yield.11 A third method 
was tried in the present work but found unsatis- 
factory. ß-m-Methoxybenzoylpropionic acid was 
obtained fairly satisfactorily from ß-benzoylpro- 
pionic acid through the w-nitro compound, but, 
although on a small scale the Clemmensen re­
duction in the presence of toluene seemed prom- 
ising (60% yield) in comparison with Thompson's 
results,7 on a larger scale a resinous oil sepa­
rated from the toluene layer, the product was 
difficult to purify, and the yield was poor.lla In

(7) Thompson, J. Chem. Soc., 2314 (1932).
(8) Krollpfeiffer and Schäfer, Ber., 56, 630 (1923).
(9) Haworth and Mavin, J. Chem. Soc., 1486 (1932).
(10) Clemo, Haworth and Walton, ibid., 2381 (1929).
(11) Robinson and Schüttler, ibid., 1288 (1935).
(Ha) In a paper which has come to our hands as the present com­

munication is going tó press, Chuang and Huang, Ber., 69, 1505 
(1936), have described the same process for the preparation of y-m- 
methoxyphenylbutyric acid. The procedures for carrying out the

contrast to this experience ß-3-methoxy-4-methyl- 
benzoylpropionic acid was prepared easily from 
ß-/>-toluylpropionic acid through the nitro com­
pound and there was no difficulty in effecting the 
reduction on either a small or large scale, 7 -3- 
methoxy-4-methylphenylbutyric acid being ob­
tained in an over-all yield of 35%. The 3,4-di- 
methoxy compound (Table I) is also reduced 
smoothly, and it appears that the abnormal side 
reaction noted in one case is inhibited by a sub­
stituent in the position ortho to the methoxyl and 
para to the group undergoing reduction.

Turning to another type of reaction, it was 
found that anthracene and ß-methylanthracene 
can be obtained in excellent yield and high purity 
by the reduction of the anthrones with zinc dust
various steps differ in some details but the results are much the 
same up to the Clemmensen reduction. Regarding the final step we 
feel that Chuang and Huang have not adequately demonstrated that 
the reaction proceeds as well as their statements itnply, for they re­
port a yield (67%) only for the crude, alkäli-solüble fraction remain­
ing after evaporation of the ether (14-g. run). Martin’s yield 
(60%) for 3-5 g. runs refers to material that had been re-methylated, 
distilled and obtained as a solid, m. p. 45-47°. It is the general 
experience in this Laboratory that methoxy compounds invariably 
are demethylated to some extent even when using toluene, and we 
found that the resinous material which appeared when operating 
with moderately large amounts is alkali-soluble and cannot be re­
moved effectively except by distillation. In view of the irregulär 
and generally unsatisfactory results obtained repeatedly by both 
Martin and Hershberg, we do not share the favorable opinion of the 
method expressed b y  the Chinese investigators.—L. F . F xjssbm,
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and sodium hydroxide in the presence of toluene. 
The process is simpler and more convenient than 
the usual one.

An incidental observation having some bearing 
on the mechanism of the Clemmensen reaction is 
that Y-phenylbutyrolactone gives about as good 
a yield of 7 -phenylbutyric acid as does ß-benzoyl- 
propionic acid. Clearly it is not the lactone itself 
which combines with hydrogen, for the carboxyl 
group could not then appear in unmodified form, 
and it may be inferred that the lactone ring first 
opens with the formation of either the Y-hydroxy 
acid or the Y-chloro acid and that it is one or the 
other of these substances which suffers reduction. 
The chloro compound probably is formed in pre- 
ponderant amount:

HCl 2H
G6H6CHCH2CH2CO — >  C6H6CHCH2CH2COOH— >

1------ o ------ 1 Cl
C6H5CH2CH2COOH 

Possibly the reduction of a carbonyl compound 
with zinc and hydrochloric acid normally pro- 
ceeds through the alcohol and the chloride. The 
idea is supported to some extent by the observa­
tion that both benzyl alcohol and benzyl chloride, 
like benzaldehyde,2*’12 yield a certain amount of 
toluene on reduction with zinc and hydrochloric 
acid. Benzhydrol, 12 triphenylcarbinol13 and tri- 
phenylbromomethane13 have been similarly re­
duced to the hydrocarbons, but these perhaps are 
special cases. On the other hand, there have been 
some reports of the failure to reduce primary2b and 
secondary alcohols, the móst striking example be­
ing in the bile acid series. For the conversion of a 
hydroxycholanic acid into a cholanic acid the 
Standard method is to oxidize the substance to a 
ketone and then apply the Clemmensen reaction, 
for the hydroxy acid usually is converted only 
into resinous products when treated directly with 
zinc and acid.14 Although this would seem to in­
dicate that the alcoholic compound is not an in­
termediate in the reduction of the ketone, the di­
rect replacement of a hydroxyl group by hydro­
gen, however rare, has been observed in at least 
one case (3-hydroxy-12-ketocholanic acid) .14 Pos­
sibly the poor result obtained with a hydroxycho­
lanic acid is due not to the failure of the substance 
to undergo reduction but to the occurrence of side 
reactions, such as dehydration, when the alcoholic 
compound is present from the start in high concen-

(12) Steinkopf and Wolfram, Ann., 430, 113 (1923).
(13) Acree, Ber., 31, 616 (1898).
(14) Borsche and Hallwass, ibid., 53, 3325 (1922).

tration. That the carbonyl compound gives a 
better result may be because the alcohol is never 
present in large amounts but is rapidly removed 
from the destructive influence of the acid by re­
duction, either as such or through the chloride. 
Possibly it is merely because the di- and tri-aryl 
carbinols are not subject to dehydration that the 
direct reduction presents no difficulties.

Experimental Part
Modified Clemmensen Method

General Procedure.—It was found that the time al­
lowed for amalgamating the zinc can be shortened and 
equally active material obtained by shaking for five min­
utes a mixture of 100 g. of mossy zinc, 10 g. of mercuric 
chloride, 5 cc. of concentrated hydrochloric acid and 150 
cc. of water. The solution was decanted and the other 
reagents were added in order as follows: 75 cc. of water, 
175 cc. of concentrated hydrochloric acid, 100 cc. of tolu­
ene and 50 g. of the carbonyl compound to be reduced. 
In the case of substances very sparingly soluble in water 
a small amount (3-5 cc.) of glacial acetic acid was added. 
The mixture was refluxed briskly for twenty-four hours, 
three 50-cc. portions of concentrated hydrochloric acid 
being added at intervals of about six hours. Although 
this treatment usually is sufficiënt to complete the reduc­
tion, further heating of the reaction mixture with the addi­
tion of fresh acid does no harm and in some of the experi­
ments there were indications that the yield is increased 
slightly by extending the refluxing period.

In the preparation of 7-phenylbutyric acid, its homologs, 
and other low-melting substances readily soluble in tolu­
ene the reaction mixture was cooled to room temperature, 
the toluene layer was separated and the aqueous layer was 
diluted and extracted with ether. After removing the 
solvent from the combined extracts the product was dis­
tilled in vacuum, giving material which ordinarily re­
quired no further purification. In working up the reac­
tion mixtures from methoxylated keto acids the proce­
dure was modified as follows to provide for the recovery of 
demethylated material. The combined solution in toluene 
and ether was mixed with an excess of dilute alkali, the 
solvent was removed by steam distillation, and after cool­
ing the alkaline solution to about 80° an excess of dimethyl 
sulfate (20-25 cc.) was added, keeping the solution alkaline. 
In case the solution tended to darken, sodium hydrosulfite 
was added. Any ester which may be formed is saponified 
in the hot alkaline medium. The solution was clarified if 
necessary, after neutralizing the excess alkali, cooled and 
acidified. The product usually was dried in ether and 
purified by vacuum distillation. In preparing higher- 
melting, less soluble compounds such as the 7-naphthyl- 
butyric acids the toluene layer was separated after allow­
ing the solution to cool to 50-60°, benzene being used if 
necessary to keep the material in solution and for extrac­
tion of the water layer. In case the combined extracts 
contained coloring matter arising from the presence of 
impurities in the starting material, it was found most ef­
fective to clarify the solution with active carbon while still 
wet. A part of the solvent was removed by distillation 
along with any residual water, and on cooling the product
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crystallized, usually in a very pure condition. To recover 
the material retained in the mother liquor it was sometimes 
convenient to steam distil the solvent from a mixture with 
soda solution, clarify the cooled aqueous solution, and pre­
cipitate the product.

In several cases the quantity of the carbonyl compound 
was increased to 100-150 g. without any essential change 
in the procedure or in the yield.

Special Cases.—In the reduction of 7-phenylbutyrolac- 
tone (Table I), 5 g. of material was used and the mixture 
was refluxed for thirteen hours. In attempting to reduce 
jS-pyrenoylpropionic acid it was found that both the acid 
and the ester remained unchanged after long boiling and 
that the addition of acetic acid led only to the resinifica­
tion of the product. o-Benzoylbenzoic acid was reduced 
successfully by the modified procedure but the process was 
less convenient than reduction with zinc dust and alkali 
and the yield was not as good. Benzyl alcohol was reduced 
by heating for nine hours a mixture of 25 g. of the material, 
50 g. of amalgamated zinc, 90 cc. of concentrated hydro­
chloric acid and 40 cc. of water, adding 50 cc. more acid 
from time to time. Fractionation of the mixture yielded 
4 g. (19%) of toluene, b. p. 110-113°, and there was con­
siderable high-boiling material. Reduced in the same 
manner 25 g. of benzyl chloride gave 5 g. (27%) of toluene.

Reduction with Zinc Dust and Alkali
Anthracene from Anthrone.—Twenty-five grams of zinc 

dust was allowed to stand for a few minutes with an aque­
ous solution of 0.1 g. of copper sulfate crystals, the solution 
was poured off and to the activated metal were added 400 
cc. of 2 N  sodium hydroxide, 100 cc. of toluene, and lastly 
10 g. of anthrone. The mixture was heated under reflux 
in an oil-bath and kept boiling gently for twelve hours. 
The aqueous layer at first assumed a bright red color, after 
about three hours it turned to a light yellow, and finally 
both layers became colorless. The mixture was allowed to 
cool slightly, 100 cc. of benzene was added, and the liquid 
mixture was transferred to a separatory funnel, using 100 
cc. more benzene to wash the zinc residue. The hydrocar­
bon solution was treated with active carbon while still 
wet, concentrated to a volume of 50-60 cc., and allowed to 
cool. The anthracene separated in the form of thin, color­
less, highly fluorescent plates, m. p. 216-216.5°, corr.; 
yield 8.6 g. (93%).

Anthracene from Anthraquinone.—Following the same 
procedure as above but starting with the quinone it was 
necessary to continue the refluxing for forty-eight hours 
and the anthracene, obtained in 80% yield, did not exhibit 
the beautiful fluorescence of the product from anthrone 
and melted about one degree lower.

ß-Methylanthracene was prepared as above from 2- 
methylanthrone-9, the yield of once recrystallized material 
being 86%; m. p. 209-209.5° corr. The yield from ß- 
methylanthraquinone was 80% and the reduction was 
complete only after four days.

7-m-Methoxyphenylbutyric Acid
ß-w-Nitrobenzoylpropionic Acid.—To a mechanically 

stirred mixture of 60 cc. of nitric acid (sp. gr. 1.5) and 6 
cc. of concentrated sulfuric acid 30 g. of 0-benzoylpropionic 
acid was added in portions while keeping the mixture at 
—10 to 0° by efficiënt cooling. This required twenty to

twenty-five minutes. The temperature was then allowed 
to rise to 15° in the course of thirty minutes and the solu­
tion was slowly stirred into ice and water. The precipi­
tated material was washed free of acid and crystallized 
from methyl alcohol, giving nearly colorless needles, m. p. 
162-164°, corr., of the meta isomer; yield, 21-23 g. (57- 
62%). The substance crystallizes from water as long, 
faintly yellow needles.

Anal. Calcd. for Ci0H9O5N: C, 53.79; H, 4.07.
Found: C, 53.90; H, 4.05.

The methyl ester crystallized from ether-petroleum 
ether as colorless needles, m. p. 68-69°, corr.

Anal. Calcd. for C11H11O5N: C, 55.67; H, 4.68.
Found: C, 55.84; H, 4.63.

/3-ra-Aminobenzoylpropionic Acid.—A solution of 44.6 
g. of the nitro compound in 125 cc. of ammonium hydroxide 
(sp. gr. 0.90) and 75 cc. of water was saturated with hydro­
gen sulfide, keeping the temperature from rising above 50° 
by good cooling. The ammonium salt of the starting ma­
terial at first separated but later redissolved as the exo- 
thermic reaction proceeded. The resulting solution was 
allowed to stand at room temperature for one hour and 
boiled gently to expel excess gases, the color changing from 
dark orange-red to yellow-green. The addition of 1-2 
g. of sodium hydrosulfite produced a pale yellow solution, 
and after removing the precipitated sulfur by filtration the 
solution was boiled with 50 cc. of concentrated hydrochloric 
acid to coagulate tracés of sulfur, it was clarified with active 
carbon, treated with 50 cc. more of the concentrated acid, 
and evaporated under vacuum until crystals of the amine 
hydrochloride began to separate. After thorough cooling 
the slightly yellow hydrochloride which crystallized was 
collected and washed with a small amount of cold concen­
trated hydrochloric acid; yield, 35-40 g. (77-87%). The 
salt is readily soluble in water and is only partially precipi­
tated by the addition of concentrated hydrochloric acid, 
giving colorless needles, m. p. above 250° with decomposi­
tion.

Anal. Calcd. for Ci0Hi2O3NC1: C, 52.27; H, 5.27. 
Found: C, 52.52; H, 5.30.

The free amine was obtained by adding slightly less than 
one equivalent of alkali to a solution of the hydrochloride. 
Thin, colorless plates, m. p. 131-132°, corr., were obtained 
by crystallization from water (80% conversion).

Anal. Calcd. for C1 0 H 1 1 O3 N : C, 62.14; H, 5.74. 
Found: C, 61.95; H, 5.68.

Reduction of the nitro compound with sodium hydrosul­
fite or stannous chloride was less satisfaetory. Dr. E. B. 
Hershberg employed the method of catalytic hydrogena­
tion with success and obtained about the same yield as 
above.

0-m-Hydroxybenzoylpropionic Acid.—A solution of 7.7 
g. of the amine in 35 cc. of water containing 5.5 cc. of con­
centrated sulfuric acid was cooled to 0° and the paste of the 
sulfate was treated with a solution of 2.7 g. of sodium ni­
trite in 10 cc. of water. To the clear solution of the diazon­
ium salt was added 5 cc. of concentrated sulfuric acid and 
3.7 g. of boric acid and the mixture was slowly heated to 
gentle boiling. The evolution of nitrogen was complete 
soon after the mixture had reached the boiling point. 
Enough water was added to dissolve the hydroxy com-



1442 Elmore L. M artin Vol. 58

Crystal Yield,

T a b l e  I I  

M.p., °C.,
Analyses, %

Calcd. Found
Substance form % corr. Formula C H c H

/3-3-Nitro-4-methylbenzoyl- 
propionic acid Needles 78 148-150 CnHnOfiN 55.67 4.68 55.75 4.60

Methyl /3-3-nitro-4-methyl- 
benzoylpropionate Needles 90 50-51 C12H13O6N 57.35 5.22 57.49 5.17

/3-3-Amino-4-methylbenzoyl- 
propionic acid hydrochlor­
ide Needles 90 144-146 CuH140 3NC1H20 50.46 6.16 50.56 6.12

jÖ-3-Amino-4-methylbenzoyl- 
propionic acid Fine needles 85 148-149 CuH180 3N 63.74 6.33 63.93 6.22

jö-3-Hydroxy-4-methylben- 
zoylpropionic acid Plates 80 172-173 C11H1204 63.43 5.81 63.40 5.83

ß-3-Hy droxy-4-methy lben- 
zoylpropionic acid semi­
carbazone Needles 188-190 Ci2Hifi0 4N3 54.32 5.70 54.13 5.41

ß-3-Methoxy-4-methylben- 
zoylpropionic acid Fine needles 85 120-121 Ci2Hi40 4 64.83 6.35 64.92 6.49

jS-3-Methoxy-4-methylben- 
zoylpropionic acid semi­
carbazone Needles 172-173 C1Ä7O4NS 55.87 6.14 56.06 5.96

y-3-Methoxy-4-methyl- 
phenylbutyric acid Thin plates 86 70-71 C12H16O3 69.20 7.75 69.20 7.64

pound and the solution was clarified with charcoal and the 
slightly yellow filtrate cooled in salt-ice. The product 
separated as nearly colorless crystals, m. p. 137-140°, yield 
7 g. (90%). Crystallization from water (charcoal) gave 
colorless plates, m. p. 144-145°, corr.; yield 6.2 g. (80%).

Anal. Calcd. for C10H10O4: C, 61.82; H, 5.19.
Found: C, 61.63; H, 5.33.

The semicarbazone crystallized frorn alcohol as colorless 
needles, m. p. 198-200°, corr.

Anal. Calcd. for CnHi30 4N3: C, 52.57; H, 5.32.
Found: C, 52.55; H, 5.46.

jS-w-Methoxybenzoylpropionic Acid.—A solution of 6.2 
g. of the hydroxy compound in 40 cc. of a 10% solution of 
sodium hydroxide was treated with 6 cc. of dimethyl sul­
fate at 40-50° and the ester produced was saponified by 
boiling in alkaline solution. Excess alkali was neutralized 
and the solution was treated with charcoal. The nearly 
colorless filtrate was cooled to 40° and acidified, and after 
thorough cooling the colorless, crystalline product was 
collected and washed; m. p. 102-104°, yield 6.1 g. (92%). 
Crystallization from methyl alcohol gave fine, colorless 
needles, m. p. 107-108°, corr.; yield 5.7 g. (86%). 
Thompson7 reports the melting point of the acid as 110- 
111 ° .

Anal. Calcd. for CnH120 4: C, 63.43; H, 5.81.
Found: C, 63.20; H, 5.76.

The semicarbazone melted at 177-178°, corr., in agree­
ment with the value given by Thompson.

When small amounts (3-5 g.) of the keto acid were re­
duced by the modified Clemmensen method the toluene 
layer remained clear and y-m-methoxyphenylbutyric acid 
of apparently good quality was obtained in the final dis­
tillation in 60% yield. With larger amounts (15-25 g.) 
oily resinous matter separated from the toluene as stated 
above whether the mixture was boiled from the start or 
allowed to stand for several hours at room temperature,

and also when the keto acid was added in small portions to 
the boiling mixture.

y-3-Methoxy-4-methylphenylbutyric Acid
This acid was prepared from /3-£-toluylpropionic acid in 

a series of processes entirely similar to those described 
above. The yields in the various reactions, given for 
purified products, and the physical constants and analyses 
of the compounds are given in Table II.

Summary
1. It is shown that in the reduction of car­

bonyl compounds by the Clemmensen method 
improved results are often obtained by adding a 
layer of toluene to the reaction mixture. The 
modification is particularly useful in the prepara­
tion of y-arylbutyric acids and in the reduction of 
compounds containing the methoxyl group. The 
immiscible solvent also can be used to advantage 
in the reduction of anthrones to anthracenes with 
zinc dust and alkali.

2. It is suggested that the Clemmensen reduc­
tion of a carbonyl compound proceeds through 
the alcohol and the chloride, and one or two ob­
servations ofïering some support for this view are 
recorded.

3. A new route to y-m-methoxyphenylbutyric 
acid has been investigated and found unsatisfac- 
tory in the final step, although by the same proc­
ess the m-methoxy-^-methyl derivative can be 
prepared in good yield.
M allinckrodt  C hem ical  L aboratory
C am bridge, M asq. R eceiv ed  A p r il  24, 1936
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Among other instances of the migration of 
methyl groups in the course of the Scholl reaction 
reported by Mayer, Fleckenstein and Günther,1 
it was stated that both o-tolyl «-naphthyl ketone
(I) and ra-tolyl «-naphthyl ketone (III) yield the 
same (6)-methylbenzanthrone (II) on being

CHs

A/00̂
A id ,------

O

AlClg
-<-------

HaC\^^\ /CO\

L/ n

H l

heated with aluminum chloride. Scholl and 
Seer2 had reported the reactions and established 
structure of the product from III by an independ­
ent synthesis of II, but had not recognized the 
identity of the substance obtained from the iso­
meric ketone, m. p. 64°, which they prepared 
from 0-toluyl chloride and naphthalene and for 
which they assumed the structure I. In prepar­
ing a quantity of o-tolyl «-naphthyl ketone for a 
proposed study of the Elbs reaction we employed 
«-naphthylmagnesium bromide and ö-tolunitrile 
and obtained a ketone, m. p. 52-53°, apparently 
different from that of Scholl and Seer, and since 
the observation cast some doubt on the reported 
rearrangement the matter was investigated fur­
ther. Since a ketone having the melting point of 
the Scholl and Seer compound was obtained from
0-tolylmagnesium bromide and ß-naphthonitrile, 
it is probable that the purified product isolated by 
these investigators was 0-tolyl ß-naphthyl ketone. 
From the ß-isomer we were unable to obtain a 
benzanthrone, while the pure «-isomer (I) was 
found to yield 6-methylbenzanthrone, II, which 
we also prepared from m-tolyl «-naphthyl ketone
(III), synthesized by a method which establishes

(1) Mayer, Fleckenstein and Günther, Ber., 63, 1464 (1930).
(2) Scholl and Seer, Ann., 394, 111 (1912).

its structure. Although the original evidence was 
unsound, the conclusion of Mayer and co-workers 
is thus shown to be valid. I t is probable that 
both earlier investigators employed the crude ke­
tone mixture from the Friedei and Crafts reaction 
and that this contains a considerable proportion of 
the «-isomer (I) along with the substance actually 
isolated.

Samples of pure w-tolyl- and p-toljl «-naphthyl 
ketone prepared by Grignard reactions eorre- 
sponded in melting point and in their behavior 
with aluminum chloride to the descriptions of 
Scholl and Seer and of Mayer and co-workers. 
The corresponding ß-isomers differ little in melt­
ing point but do not yield benzanthrones in the 
Scholl reaction.

The methylbenzanthrone obtained from pure p - 
tolyl «-naphthyl ketone (IV) corresponded to the 
earlier descriptions.1,2 To test the assumption1,2 
that this is the 7-methyl derivative (V) and that

O

O COOH(i) O COOH(i)
VI VII

no migration occurs in its formation, the substance 
was oxidized to a methylanthraquinone carbox­
ylic acid and then to an anthraquinone dicarbox- 
ylic acid. The former substance yielded ß-methyl- 
anthraquinone on decarboxylation, whence the 
original methyl group must be at the 2-, 3-, 6- or
7-position. Since 2- and 6-methylbenzanthrone 
are both known substances different from the com­
pound in question, these positions are eliminated. 
The dicarboxylic acid could only be the 1,3- or the
1,7-derivative and on preparing the former sub­
stance3 for comparison it was found to be different.

(3) Elbs and Günther, Ber., 20, 1364 (1887).
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Therefore the oxidation products are the 1,7-de- 
rivatives VI and VII and the product of the Scholl 
reaction is 7-methylbenzanthrone (V). 6-Methyl- 
anthraquinone-1-carboxylic acid and anthraqui- 
none-1,6-dicarboxylic acid were prepared for com- 
parison from II.

Experimental Part
Preparation of the Ketones.—The components em­

ployed are indicated in Table I. The Grignard reagent 
was prepared under nitrogen from 3 g. of magnesium, 0.1 
mole of the bromo compound and 120 cc. of dry ether, and 
to this was added a solution of 0.1 mole of the nitrile in 
125 cc. of dry, thiophene-free benzene. A crystalline 
solid usually separated but when the ether was removed by 
slow evaporation in the nitrogen stream this dissolved. 
The reddish-brown benzene solution was refluxed for 
twenty-four hours and poured onto a mixture of water (100 
cc.)» ice (100 g.) and concentrated hydrochloric acid (30 
cc.). The mixture was submitted to steam distillation 
for one hour both to remove the solvent and unreacted 
nitrile and to effect hydrolysis of the ketimine. The re­
sidual oil was taken up in ether, washed with sodium car­
bonate solution, and on vacuum distillation the ketone was 
obtained as a pale yellow oil which afïorded a colorless, 
crystalline product when a fairly dilute solution in methyl 
alcohol was allowed to stand for some time. Further 
crystallization did not alter the melting points of the first 
crystallizates and the yields are reported for these products.

T able  I
T olyl N aphthyl K etones

Y ield

K eton e P rep ared  from
o-T o ly l-« -n a p h th y l0  a -C ioH 7M gB r +  

o-C H sC etU C N
o-T  oly l-/3-naphthyl o-CHaCeFUM gBr +

0-C ioH 7CN
m -T o ly l-a -n a p h th y l w -C H sC elU M gB r +

« -C 10H 7COCI
ra-T olyl-/3-napttthyl& ra-CHaCeEUMgBr +

/S-C10H 7C N
^-Tolvl-ce-naphthyl a-CioH^MgBr +

^-CHsCeHaCN
£ -T o ly l-/8 -n a p h tliy lc ^-CH sC oK bM gBr +

/S-C10H 7C N

a,b,c j i nai Calcd. for CisH^O:
Found: (a) C, 87.97; H, 5.85; (b) G, 87.66; H, 5.56;
(e) C* 87.66; H, 5.75.

(pure)
%

M. p., 
Found

°C.
U t.

57 52-53

53 63-64 642

40 72-73 74-752

55 76-77

65 83-84 852

50 90-91

C, 87.77; H, 5.73

The mother liquor often yielded 10-15% more material 
melting 2-3° low. The procedure was varied in some 
experiments by shaking the benzene solution with aeetie 
acid (10 cc.)* water (100 cc.) and ice (100 g.)» discarding 
the water layer, and precipitating the ketimine hydrochlor­
ide as an oi! by the addition of 100cc. of concentrated hydro­
chloric acid. After deeanting the liquor the oil was boiled 
with 200 cc. of water for one hour to effect hydrolysis, and 
the ketone was purified as above. The product was ob­
tained in no better yield or purity than before and it 
seemed that the simpler procedure is preferable. In the 
experiment using ß-naphthoyl chloride the Grignard re­
agent was added inversely to a solution of the chloride (0.1 
mole) in 200 cc. of ether. The ketones were all obtained

completely colorless, usually as needles, from methyl alco­
hol.

6- Methylbenzanthrone (II).—No difference was noted 
in the yield or quality of the material obtained from either 
o-tolyl «-naphthyl ketone or m-tolyl «-naphthyl ketone. 
When either ketone (3 g.) was heated with aluminum 
chloride (15 g.) at 150° the yield of pure product isolated 
was 0.5 g. (17%), but the yields were much improved by 
employing sodium aluminum chloride. To a melt pre­
pared from 20 g. of aluminum chloride and 4 g. of sodium 
chloride 2.46 g. of either ketone was added and the tem­
perature was raised from 90 to 150° in one and one-half 
hours and maintained at 150° for two hours. The red 
melt was stirred into ice and hydrochloric acid and the 
tarry product was extracted with acetic acid and precipi­
tated with water and then crystallized to a constant melt­
ing point from alcohol; yield 1.4 g. (58%). The com­
pound formed fine, bright yellow needles, m. p. 167-168°, 
in agreement with the literature.1,2

7- Methylbenzanthrone (V) was obtained from £-tolyl 
«-naphthyl ketone in 16-20% yield (pure) using aluminum 
chloride and in 50% yield with sodium aluminum chloride; 
fine, bright yellow needles, m. p. 158-159°.

6-Methyl- and 7-Methylantbraquinone-1 -carboxylic 
Acid.—A solution of 1 g. of 6-methylbenzanthrone in 20 
cc. of glacial acetic acid was prepared at 70° and treated 
slowly with 4 g. of chromic anhydride in 2 cc. of water 
diluted with 20 cc. of acetic acid, keeping the temperature 
at 60-70° by occasional cooling. Soon after the addition 
was complete the product was precipitated by adding 
water. The crude acid was dissolved in dilute ammonia 
solution, and after clarifïcation with Norite the light yellow 
filtrate was acidified at the boiling point. On crystaBiza- 
tion from dilute alcohol 6-methylanthraquinone-l-car- 
boxylic acid (a) separated slowly as light yellow needles, 
m. p. 264-266°; yield 0.7 g. (64%). 7-Methylanthra- 
quinone-1-carboxylic acid (b), obtained similarly from V 
in 55% yield, formed stout yellow needles, m. p. 310-312° 
from acetic acid. Mayer, et al.,1 report 312-314°. The 
alkaline Solutions of the acids are pale yellow, the vats are 
deep red.

Anal. Calcd. for C16Hi0O4: C, 72.15; H, 3.79. Found: 
(a) 0 , 72.20; H» 3.75; (b) C, 72.01; H, 3.82.

Each acid was decarboxylated in quinoline solution at 
170° in the presence of Naturkupfer C, and the product 
was obtained by pouring the mixture onto water and add­
ing hydrochloric acid. Crystallized from alcohol, the 
product in each case melted at 173-174° alone or when 
mixed with authentic ß-methylanthraquinone; yield 90%.

Anthraquinone-1 »6- and 1,7-Dicarboxylic Acids—After 
heating 0.2 g. of 6-methylanthraquinone-l-carboxylic acid 
with 3 cc. of nitric acid, sp. gr. 1.1, in a sealed tube at 200- 
210° for five hours, there was obtained on cooling 0.21 
g. of bright yellow needles of the 1,6-aeid (a). This was 
purified by precipitation from a darified ammonium 
hydroxide solution, by refluxing with a concentrated nitric 
acid (6 cc.)-water (1 cc.) mixture, whieh left the substance 
undissolved but less highly colored, and finally by crystal­
lization from a large volume of alcohol; faintly yellow 
needles, m. p. 336-338°. Anthraquinone-1,7-dicarboxylie 
acid (b), similarly prepared and purified, formed light 
yellow, microscopie crystals, m. p. 346-348°. The alka­
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line Solutions of th e  acids a re  n early  colorless, th e  v a ts  are 
red.

Anal Calcd. for C16H80 6: C, 64.84; H, 2.72. Found: 
(a) C, 64.90; H, 2.90; (b) C, 64.64; H, 2.73.

Anthraquinone-1,3-dicarboxyIic Acid.—Phthalic anhy- 
hydride (7.4 g.) was Condensed with m-xylene (25 cc.) 
by the addition of aluminum chloride (15 g.), heating the 
mixture on the steam-bath for one-half hour to complete 
the reaction. The keto acid precipitated from soda solu­
tion, yield 11.5 g. (91%), m. p. 130-133°, was heated with 
55 cc. of concentrated sulfuric acid for one hour on the 
steam-bath, giving after one crystallization from alcohol
6.9 g. (63%) of 1,3-dimethylanthraquinone, m. p. 159-160°. 
For the oxidation 0.2 g. of material was heated with 3 cc. 
of nitric acid, sp. gr. 1.1, for six hours at 180-190°. The 
produet formed pale yellow needles from dilute alcohol 
(0.15 g.). The substance deeomposes at 320-325°.
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A nal Calcd. for C16H80 6: C, 64.84; H, 2.72. Found: 
C, 64.60; H, 2.89.

Summary
On preparing the six possible tolyl naphthyl 

ketones by methods leaving no doubt as to their 
structures it was found that two of the isomers 
had been conftised in the literature but that the 
previous conclusions regarding the formation of 
methylbenzanthrones by the action of aluminum 
chloride on the tolyl a-naphthyl ketones are sub- 
stantiated by the results of experiments with the 
pure ketones and by more rigid evidence of the 
structure of one of the reaction products.
Convexs® Memorial Laboratory
C a m b r id g e , Mass. R e c e iv e d  J u n e  26, 1936

[ Co n t r ib u t io n  from  th e  F r ic k  Chem ical L aboratory  of P r in c eto n  U n iv e r sit y ]

The Activation of Specific Bonds in Complex Molecules at Catalytic Surfaces. I. 
The Carbon-Hydrogen Bond in Methane and Methane-^

By Kiyqshi Morikawa,1 W. S. Benedict and Hugh S. T aylor

In a preliminary communication2 tö This Jour­
nal we have recorded the ready interaction of 
methane and deuterium at reduced nickel catalyst 
surfaces at temperatures of 184° and upward. 
At that time we suggested that the reaction must 
be determined in rate by the activated adsorption 
of methane and called attention to the fact that, 
if this were so, we have in the exchange reaction a 
more sensitive index of activated adsorption than 
is available in adsorption measurements of gases 
on catalytic surfaces. The evidence that we pre­
sent in the following pages confirms these views and 
lays the foundations for a comprehensive program 
of research upon the activation of specific bonds 
in complex molecules, a central problem in the field 
of contact catalysis, that of specific activity.

We have studied the interaction of methane and 
deuterium, of methane-^ and hydrogen, of meth­
ane and methane-^4 and of methane and deu­
terium oxide at surfaces of catalytic nickel through 
a range of temperatures. From the measure­
ments of reaction velocity and the derived energy 
of activation of the processes we are able to show 
that the rate-determining step is to be ascribed 
to the activation of the C-H bond of the methane 
molecule. These studies represent an extension

(1) Visiting Research Fellow of the South Manchuria Railway 
Co., Dairen, Japan.

(2) Morikawa, Benedict and Taylor, T h is  J o ur n a l , 57, 592 
(1935).

to saturated hydrocarbon molecules of the phe­
nomenon of isotope exchange already demon- 
strated to occur with unsaturated hydrocarbon 
molecules by the researches of Farkas, Farkas and 
Rideal3 and by Polanyi and his colïaborators.4 
We shall show that our results with the saturated 
hydrocarbons are of material importance in view 
of the theories of the exchange reaction developed 
by the latter group of authors.4**

Experimental Details
Materials.—The deuterium gas employed was obtained 

by electrolysis of our puresi heavy water d252& 1.1079 con­
taining 0.5 M  NaOD as electrolyte. It was freed from 
oxygen by passage over a glowing platinum wire and dried 
by passage through a dry-ice trap.

Methane was prepared catalytically from carbon monox­
ide and excess hydrogen over a nickel catalyst at 255°, 
the excess hydrogen being removed by passage repeatedly 
over granulär copper oxide at 300° after which carbon 
dioxide and water Vapor were removed by soda lime and 
a solid carbon dioxide trap. The product used was further 
purified by fractional condensation and evaporation.

Methane-^ was prepared in a similar manner from car­
bon monoxide and pure deuterium, care being exereised 
to remove all hydrogen from the reaction system by exhaus- 
tion and repeated flushing with deuterium gas. The prod­
uct was a very pure methane of which 98%, of the bonds 
were found by analysis to be C-D bonds.

(3) Farkas, Farkas and Rideal, Proc. Roy. Soc. (London), A l46, 
630 (1934).

(4) (a) Horiuti, Ogden and Polanyi, Trans. Faraday Soc., 30, 
663 (1934); (b) Horiuti and Polanyi, ibid., 30, 1164 (1934),
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The deuterium oxide vapor employed came from our 
heavy water supply, d 2h25 1.1079.

The nickel catalyst was a very active nickel-kieselguhr 
preparation made by precipitation of the carbonate on 
kieselguhr, ignition and reduction in hydrogen (or deu­
terium) at progressively increasing temperatures to 450°. 
It contained 15% nickel and 2 g. was employed. At all 
times care was exercised to ensure absence of hydrogen 
when deuterium was being studied and vice versa. In ex­
periments with the methanes alone residual adsorbed 
hydrogen or deuterium gas was removed by frequent 
evacuations and flushings with methane.

Analytical Procedure.—The progress of reaction was in 
every case followed by measurements of absorption in the 
infra-red region using a rock salt spectrometer system. 
The apparatus was calibrated by measurements of the 
absorption coefficients of the several deuteromethanes and 
of various mixtures of these gases as well as upon equilib­
rium mixtures of known H- and D-contents. Details of 
these measurements form the subject of a separate com­
munication by Benedict, Morikawa and Barnes.5 The 
absorption coefficients were measured on controlled pres­
sures of gas (^200 mm.) in cylindrical Pyrex vessels with 
rock salt Windows. The mixtures were analyzed in pres­
ence of the hydrogen and deuterium used in the experi­
ments, since special test showed these to be without in­
fluence on the absorption measurements.

The absorption coefficients (e) were normally measured 
at 3020 cm.-1 (eH) and 2250 cm.-1 (eD) to give check 
measurements on the percentages of C-H and C-D bonds, 
respectively. In general these measurements were con- 
cordant, though some deviations amounting to a 5% uncer- 
tainty in D-content have been observed. In the experi­
ments with methane and methane-^ as reactants, addi­
tional measurements of absorption were made at 1160 and 
1180 cm.-1 and the measurements combined in a coëf­
ficiënt (€3) which measures the concentration of CH3D, 
at 1090 cm.-1 (e4) which measures CH2D2, and at 1035 
cm.“1 (eg) which includes both CHD3 and CH2D2. The 
analytical results on these samples due to the more com­
plete analysis are more accurate and the errors should not 
exceed 2% on the D-content. The values of e given in 
the several tables are derived from the formula

e x  107

where I  and I q are the transmitted and incident intensities, 
l is the length of absorption path in cm. and P  is the gas 
pressure expressed in mm, at 25°.

Experimental Procedure.—Known amounts of the re­
acting gases were introduced into a cylindrical Pyrex vessel 
of 100 cc. volume at the bottom end of which the nickel 
catalyst was placed. The gases were introduced through a 
trap of small volume cooled continuously to —78° which 
itself formed 30 cc. of the reaction volume. This trap 
served to remove the quantity of mercury vapor introduced 
with the gases and also, acting as a thermo-siphon, pro- 
moted a circulation of gases over the catalyst heated to 
controlled temperatures. Tubes of large diameter (15 
mm.) were used for the connections between the vessel 
and trap to minimize resistance to this gas circulation.

(5) Benedict, Morikawa and Barnes, J. Chem. Phys., forthcoming 
publication.

The total volume was ^150 cc. From time to time the 
gases were momentarily withdrawn from the reaction space 
and re-introduced in order to minimize stratification of 
the reactants. After completion of a run the gases were 
withdrawn by a Töpler pump and transferred to the ana­
lytical vessel.

Experimental Results
Methane-Deuterium Reaction.—The data of 

Table I indicate that no appreciable reaction oc­
curs on our nickel preparation at 110°, but that 
from 184° upward an increasingly rapid exchange 
reaction can be measured. At the longer times of 
contact a t each temperature, since the percent­
age of C-D bond approximates to 35% for 
equimolecular mixtures of CH4 and D2 it is appar­
ent that the equilibrium state has been reached 
and that the equilibrium constant must be slightly 
greater than 1.

T a b l e  I
E x c hange  R e a ctio n  b e t w e e n  M e t h a n e  a n d  D e u t e r ­

iu m  on  N ic k e l  C a talyst
Cata-

lyst no., 
2 g. wt.

CEU,
cc.

d 2,
cc.

Temp.,
°C.

Time,
hrs. CH €d

% C-D  
bond

2 38.9 39.3 110 23 335 0 0
2 42.4 41.4 110 90 320 0 0
2 39.9 39.7 184 25.5 752 310 15
2 46.3 40.6 184 131.5 700 575 30
2 40.1 40.0 218 20 840 790 34
2 37.0 37.9 218 51 850 780 34
2 42.2 42.8 302 20 755 770 35
2 49.0 48.0 302 44 850 900 37
5 40.3 40.1 184 15 906 376 18
5 39.7 39.8 184 42 1056 816 32
5 39.7 39.7 218 1 0 .2 1080 828 32
5 39.7 40.0 218 20 1190 950 35

The equilibrium state can be established from 
the methane-<24-hydrogen side as well as from 
the methane-deuterium side as the data of Table 
II indicate.

T a b l e  II
E q u il ib r iu m  from  CH4-D 2 a n d  CD4-H2

Cata-
lyst Cc. Cc. Temp., Time, %
no. c h 4 c d 4 D2 H2 °C. hrs. €h ÉD C-D K
2 38.4 78.3 218 75.5 790 1320 61 2.3
4 49.2 99.3 218 213 849 1130 56 1.8
2 42.0 83.9 255 50 830 1190 57 1.8
4 49.2 99.3 255 95 53 1.4
4 49.2 99,3 302 101 972 1125 50 1.1

No great accuracy can be assigned to these de­
terminations since only the absorption coefficients 
eH and eD were determined. It is to be noted 
however that the mean values for the equilibrium 
constant K  *  [C—•D][H]/[C—H][D], at successive 
temperatures are: jK(20o> = 2.3; K(250) = 1.6;
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Table III
C om parative  Vel o c it ies  of R eaction  o f  CH4 -f- CD4 and  CH4 +  D2
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c h 4, CD4, d 2, Temp., Time,
cc. cc. cc. °C. hrs. ÉH eD Ha €4 Conversion^

39.2 218 50 512 108 4.5  C-D
20.5 20.6 218 20 928 984 100%
20.3 20.3 218 7 880 1010 960 993 90%
20.7 20.7 218 1 708 823 760/660 800 51%
20.8 20.7 184 1.5 535 570 363/250 320 16.8%
20.7 20.7 255 0.33 764 860 850/640 900 60%
20.8 20.7 138 10 445 510 295/190 250 10.6%
40.5 41.0 184 6 795 360 17.5 C-D
39.3 39.3 218 1 715 316 14.5 C-D
39.5 39.1 255 0.5 894 708 30 C-D
40.0 40.0 138 96 604 96 6.5  C-D

c The absorption coëfficiënt e3 refers to measurements at 1160 and 1180 cm.“1. b The conversions in the final col­
umn have the following meanings. In the first and last four experiments of the table, the data given indicate the per­
centage of C-H bonds changed to C-D bonds. The remaining data give the percentage conversion from the original 
CH4-CD4 mixture to the equilibrium mixture of the five methanes.

AT(3oo) = 1.2. The values calculated from theo­
retical grounds5 are 1.6, 1.5 and 1.4 at these 
temperatures. The agreement is within the 
rather large limits of experimental error in these 
analyses.

The Reaction between Methane and Meth­
ane-^.—A comparison of the velocities of re­
action of CH4 +  D2 and CH4 +  CD4 can be ob­
tained from the data of Table III. All of the ex­
periments were conducted on the same catalyst, 
No. 6, 2 g. weight. I t was reduced in deuterium 
for several hours at 450°, about 100 cc. of gas be­
ing consumed. The catalyst was evacuated for 
three and a half hours with a mercury vapor pump 
system but through 90 cm. of 3-mm. capillary tube 
and three stopcocks. The first experiment, with
39.2 cc. of methane alone, reacting at 218°, indi­
cates that 3.6 cc. of D2 (or D20) was still retained 
on the catalyst after evacuation and prior to the 
first experiment. Accordingly, before the next 
experiment, the catalyst was washed three times 
each with 14 cc. of methane, each washing being 
followed by evacuation at 218°. No deterioration 
of the catalyst occurred.

When the conversions recorded in the final 
column of Table III are recalq$ilated to give in­
itial rates of reaction at the several temperatures

T a ble  IV
R a tes  of R ea ctio n  of M eth a n e  w it h  M eth a n e-</4 and 

w it h  D e u te r iu m

Temp.,
°C.

c h 4 +  c d 4
% conversion 

per hr.

c h 4 h- p 2
% conversion 

per hr.
138 1.1 0.07
184 11.2 3.2
218 ~ 6 0 15.5
255 —240

the data of Table IV are obtained. From these 
values, which must, however, be regarded as of 
only an approximate nature, it can be seen that 
the rate of reaction of CH4 +  CD4 is several times 
faster at the lowest temperature, 138°, than that 
of methane-deuterium on the same surface at the 
same temperature. From a log rate vs. l / T  plot, 
straight lines result in each case giving activation 
energies, -ECh4 + c d 4 ~  19 kcal. and E cm  + Ü2 ~  
28 kcal.

The higher activation energy of the reaction 
involving deuterium may be attributed to the 
influence of temperature in removing the more 
strongly adsorbed deuterium from the surface, 
giving greater accessibility to the methane. We 
shall later confirm this interpretation by a report 
of experiments on the interaction of ethane and 
hydrogen on such nickel catalysts. The activa­
tion energy of the CH4 +  CD4 reaction, E  = 19 
kcal., is to be associated with the activation en­
ergy of desorption of the methane molecule, since, 
in these experiments, the processes occurring con­
sist only in the activated adsorption and desorp­
tion of one or other of the methanes.

The Reaction between Methane and Deu­
terium Oxide.—In these experiments the reac­
tion was conducted in a sealed vessel, 140 cc. in 
volume, to avoid difficulties due to stopcocks. 
The resultant gases were withdrawn for analysis 
through a connecting tube fitted with an internal 
capillary seal broken by a magnetically operated 
breaker on completion of an experiment. A 
slower reaction of methane occurs on the nickel 
catalyst with deuterium oxide than with deuter­
ium as shown by the results in Table V.



T a b l e  V
E x c h a n g e  R ea c t io n  b e t w e e n  M e t h a n e  a n d  D e u t e r iu m  Ox id e
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c h 4>
cc.

D 2O vap., 
cc.

Temp.,
°C.

Time,
hrs. €h

35 40 255 20 928
40.3 40 184 11 480
40.1 40 184 11 450

Analysis of the residual gas in the first two ex­
periments indicated a slight reaction of methane 
and water to yield hydrogen and carbon dioxide. 
At 255° the gas contained 5% carbon dioxide and 
8% H2(D2); at 184° 1.5% of each gas was found. 
During this analytical work it was established 
that the exchange reaction did not occur on the 
copper-copper oxide mass which was used to burn 
hydrogen in the presence of methane at a tempera­
ture of 302°. On a 15-g. sample of oxide approxi­
mately 10% reduced to metal no exchange was 
found between 39.8 cc. of CH* and 40.3 cc. of D2. 
The reaction time varied from one-half to one 
hour, during which the deuterium is rapidly 
burnt, but the water vapor formed remains in 
contact with the surface until Condensed in the 
adjacent carbon dioxide traps. We also estab­
lished the inertness of copper-copper oxide at this 
temperature with ethane-deuterium mixtures.

The slow reaction of methane and deuterium 
oxide is probably to be ascribed to the strong ad­
sorption of water vapor on the nickel leaving 
little free surface for the activated adsorption of 
the methane. In the actual experiments it was 
observed that the whole charge of water vapor, 
^ 4 0  cc., was adsorbed at room temperature. 
The strong adsorption of water vapor would also 
account for the distribution of methanes ob­
tained in the two last experiments which were as 
follows: CH4, 83 and 80%; CH3D, 8 and 12%; 
CH2D2, 4 and 5% ; CHD3, 3 and 2%; CD*, 2 and 
1%. The normal equilibrium distribution for a 
9% C-D methane would be CH4, 69; CH3D, 27; 
CH2D2, 4; CHD3, 0.5; CD4, 0%. Such a dis­
tribution, however, is for the mixture in the gase- 
ous phase and is evidently upset by the abnormal 
ratio of the two reactants on the surface. It 
would seem that an adsorbed methane molecule 
might suffer several substitutions with D atoms 
before escaping to the gas phase. The 27.5% 
C-D product, which we regard as close to the 
equilibrium point, was in fact a normal equilib­
rium distribution of the several methanes.

General Discussion
These exchange reactions between methane and

€d «3 «4 e6 % C-D
686 920/600 840 800 27.5
205 200/180 140 190 9
158 174/140 135 245 9

deuterium and its compounds indicate that the 
same possibilities of replacement of hydrogen by 
deuterium exist in the case of saturated hydro­
carbons as have hitherto been studied with un­
saturated aliphatic hydrocarbons and benzene. 
The differences are of a quantitative nature but 
not of principle. The exchanges are slower than 
those of the unsaturated hydrocarbons and, for 
this reason, Farkas, Farkas and Rideal observed 
that the atomic exchange between deuterium and 
ethane does not occur under the conditions where 
the exchange reaction between ethylene and deu­
terium takes place rapidly. Indeed, such a con­
clusion was indicated in the results of Turkevich 
and Taylor6 on the activated adsorption of hy­
drocarbons. The results now obtained indicate 
that the presence of a double bond in the reactant 
hydrocarbon is not an indispensable essential in 
such exchange processes, and that theories of 
mechanism, such as those of Horiuti and Pol­
anyi,413 based upon the double bond characteris­
tics can only be restricted considerations of the 
complete problem.

Unless one wishes to postulate the existence on 
the surface of associative complexes of the type 
CH4D as intermediates in the exchange process, 
which we regard as very improbable, the conclu­
sion is reached that the activated adsorption of 
the hydrocarbon is essentially a dissociative ad­
sorption. The interaction of the two methanes 
CH4 and CD4 enforces this conclusion. The 
first stage of the dissociative process with meth­
ane would be the formation of CH3 and H, en­
tirely analogous to the now generally accepted 
postulate of the dissociation of hydrogen into two 
atoms on hydrogenation surfaces. The extent 
to which such dissociative processes of adsorp­
tion occur will obviously depend on the tempera­
ture, pressure and surface characteristics of the 
catalyst. In the limit, the dissociative process 
will proceed to the state in which all carbon and 
hydrogen bonds are severed, a condition which 
must obtain when the catalytic reaction CH4 = 
C +  H2 occurs. All these dissociative processes

(6) Turkevich and Taylor, T h is  J o u r n a l , 66 , 2254 (1934).
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on the surface establish there an equilibrium con­
dition with the reverse processes, the association 
of adsorbed methyl radicals, or even more disso- 
ciated fragments with adsorbed hydrogen or deu­
terium atoms, yielding finally an equilibrium 
mixture of CHxJDy, where x +  y = 4. We see 
no reason why such dissociative processes of ad­
sorption should not also occur with the more 
readily adsorbed ethylenic hydrocarbons, and 
contribute thereby to the exchange process. 
Such processes would supplement the associative 
type of mechanism

C2H4 +  D — ^  C2H4D — ^  C2H3D +  H 

discussed in detail by Horiuti and Polanyi. 
These authors excluded the dissociative mecha­
nism from consideration because of their observa­
tion, which agrees with our results with methane, 
that the exchange reaction rate is so greatly re­
duced when heavy water is used in place of deu­
terium. In our case, where a dissociative adsorp­
tion of the methane seems unavoidable, we ascribe

this slower rate in presence of heavy water to the 
lower accessibility of the methane to the surface 
owing to the known stronger adsorption of the 
water relative to hydrogen.

Summary
1. The saturated hydrocarbon, methane, un­

dergoes exchange with deuterium, methane-^ 
and deuterium oxide on active nickel catalysts at 
temperatures of 138° and higher.

2 . At 184° the rate of reaction of methane 
with methane-^4, deuterium and deuterium oxide 
decreases in the order given.

3. The activation energies of reaction with 
methane-^4 and deuterium are ~ 19  and ~ 2 8  kcal., 
respectively.

4. The mechanism of reaction is associated 
with an activated, dissociative adsorption of 
methane on areas of surface unoccupied by hy- 
drogen-deuterium or deuterium oxide.
P r in c e t o n , N e w  J e r s e y  R e c e iv e d  J u n e  8 , 1936

[C o n t r ib u t io n  from  t h e  Ch em istr y  L a bo r atory  o f  t h e  U n iv e r s it y  of  M ic h ig a n ]

Wetting Characteristics of Solids of Low Surface Tension such as Tale, Waxes and
Resins

B y  F. E. B a r t e l l  a n d  H. H. Z u id e m a

The degree of wetting can most readily be 
determined by meäsuring the angle of contact 
formed with the liquid and solid in question. 
Degree of wetting is designated as the change in 
free surface energy, AFs, which occurs when a 
liquid is brought into contact with a solid (i. e., 
AFs = S1 - S ln).1 Since the free surface energy 
of a system is numerically equal to the surface 
tension, the energy change expressed in ergs per 
sq. cm. is numerically equal to the adhesion ten­
sion, A ln, expressed in dynes per cm.

Si — Sin — Aln (I)
The adhesion tension can be evaluated in terms 

of the surface tension of the liquid, Sn, and the 
contact angle, 0 ln, which the liquid forms with 
the solid, for, from the Young equation2

(1) The symbols used in this paper are essentially the same as 
have been used in recent publications from this Laboratory. Si =  
surface tension or free surface energy of a solid in air, Sn = surface 
tension or free surface energy of an organic liquid and 53, the surface 
tension or free surface energy of water. The subscripts 1, n and 3 
refer to solid, organic liquid and water phases, respectively. In this 
paper an interfacial contact angle between solid, organic liquid and 
water will be represented by 0 ln8.

(2) Young, Trans. Roy. Soc. (London), A95, 65 (1805).

or, for water 

and hence 

or

S i S in  — S a COS Oln 

«Si — *Sl3 ~  S s COS 013 

A in  =  Sn  COS 0 in 

A is  =  Ss COS 013

(II)

(UI)

(IV)

(V)
The adhesion tension and degree of wetting of a 

liquid against a solid cannot be measured directly 
if the contact angle is zero, but in such instances 
it can be determined by application of the Bartell- 
Osterhof3 equation

Ais — Aln — Sni COS ©ms (VI)

if the interfacial contact angle, 0 ln3, is finite and 
measurable (as it usually is), and if the solid- 
water-air contact angle, 0 i3, is finite, so that 
the adhesion tension, Au, can be calculated from 
equation (V). For solids on which water gives a 
zero angle, some organic liquid can usually be 
found which gives a finite contact angle, and 
equation (VI) can be used to calculate Au.

(3) Bartell and Osterhof, "Colloid Symposium Monograph,” 5, 
113 (1927).
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The Bartell-Osterhof equation (VI) can be 
derived mathematically by subtracting equation
(II) from equation (III) and substituting in the 
Young2 equation

»Sin — S u  =  <Sn3 COS Oln3 (VII)

We thus obtain the equation
Sz COS 013 — S n COS 0 in =  S n3 COS 0 m3 (VIII)

and hence from equations (IV) and (V)
.4.13 — 4 .in == S n3 COS 0 Jn3 (VI)

It has been impossible, heretofore, to test the 
B artell-Osterhof equation experimentally since 
for no solid examined could the value of each term 
be determined experimentally. In the present 
investigation, however, solids were studied which 
showed markedly different properties from those 
of solids previously studied and reported upon in 
papers from this Laboratory, and one of these 
solids, talc, has made possible the experimental 
testing of this equation.

The extent to which a liquid will spread over 
the surface of a solid is dependent upon the rela­
tive magnitudes of the three tensions involved, 
namely, Si, the surface tension of the solid, 5 ln or 
<S*i3, the interfacial tension solid-liquid and Sn or 
S3, the surface tension of the liquid. If Si is 
greater than the sum of the other two tensions, the 
liquid will spread over the surface of the solid 
forming a continuous film. If Si is less than the 
sum of the other two tensions, spreading will be 
limited, a drop of the liquid will be formed which 
will give a definite angle of contact with the sur­
face of the solid.

An indication of the relative surface tension 
values of solids is given by their relative hardness. 
In hard solids the atoms or ions are close to­
gether.4-8 The force of attraction between the 
elementary units comprising the solids is therefore 
large, and the work of cohesion, and hence the 
surface tension, is high. In soft solids the ele­
mentary units are farther apart, and the force of 
attraction is much less. The work of cohesion 
and surface tension of soft solids is therefore small 
in comparison with the values for harder solids. 
Waxes, some resins and certain solids such as talc, 
pyrophyllite, graphite, etc., are very soft. Their 
force of cohesion, work of cohesion and hence 
surface tension are very low. Tests made upon

(4) Friederich, F o r tsc h r . C h em . P h y s ik  p h y s ik .  C h em ., 18, 5 (1926).
(5) Kuznetzov and Lavrentieva, Z . K r i s t . ,  SO, 54 (1931).
(6) Reis and Zimmerman, Z . P h y s ik . C h e m ., 102, 298 (1922).
(7) Taylor, T r a n s . F a r a d a y  S o c ., 24, 157 (1928).
(8) McBain, “The Sorption of Gases by Solids,” George RoUtledge 

and Sons, Ltd., London, 1932, p. 295.

some of these low surface tension solids showed 
that water or any organic liquid of fairly high 
surface tension value formed a drop, and hence a 
measurable contact angle upon the solid.

Experimental
The wetting characteristics of the solids studied 

were determined by contact angle measurements 
using the sessile drop method. Mack9 has 
recently shown that the effect of gravity in de- 
forming the spherical outline of sessile drops is 
negligible for drops of 0.5 mm. or less in diameter, 
except for contact angles very near 180°, and that 
for angles under 90° the effect is negligible even 
for somewhat larger drops (Figs. la, b and c). 
For a drop whose outline is the segment of a 
sphere, the contact angle may be calculated from 
the equation

tan 0 /2  =  2 h /d  (IX)
where h is the height, and d the diameter of the 
drop. This equation holds for acute and obtuse 
angles alike, and is of simple geometrie derivation. 
Since all the drops used in this investigation were
0.5 mm. or less in diameter, equation (IX) could 
be used for calculating their angles of contact. 
Avoiding the effect of gravity by the use of small 
drops had the advantage that the dimensions of 
the drop in Standard units were not required. 
I t was necessary only to determine the ratio of h 
t o d / 2 .

All contact angle measurements were made on 
freshly cleaved or freshly solidified surfaces, 
depending upon whether the solid was crystalline 
or amorphous. The liquids used were all very 
carefully purified and their surface tension values 
were in good agreement with the generally ac- 
cepted values in the literature. Satisfaetory 
results were obtained by the method if sufficiënt 
care was taken in the preparation of the surface 
and in placing the drop on the surface. All inter­
facial contact angles were measured through the 
water phase.

In carrying out a determination, a freshly 
cleaved crystal or freshly solidified surface of the 
solid was placed in a cell about 3 X 3 X 3 cm. 
with plane plate-glass sides. The solid was 
mounted in air or in a liquid, depending upon 
whether measurement was to be made of a solid- 
liquid-air contact angle or an interfacial contact 
angle. A cover, ground to fit, and having a very 
small hole in the center for the introduction of a

(9) Mack, J .  P h y s .  C h e m ., 40, 159 (1936); Mack and Lee, ib id .,  
40, 169 (1936).
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capillary pipet, was fitted over the top of the cell. 
The capillary pipet containing the liquid was 
next lowered by means of a ratchet and pinion 
device until it almost touched the surface of the 
solid. By applying air pressure at the top of the 
pipet, a drop of liquid was forced out on the solid, 
and was allowed to advance until it had a diameter 
of about 0.5 mm., when the pipet was removed by 
carefully raising it. A light source was placed 
behind the cell and the drop was observed with a 
microscope mounted in a horizontal position. 
The height and diameter of the drop were meas­
ured by means of a graduated ocular. On occa­
sion, photographs were made of drops by means of 
a camera attached to the microscope.

Since individual drops show slight variations, 
a minimum of six individual determinations was 
made for each system investigated. If the angles 
of the individual drops varied by more than three 
or four degrees, eight or ten determinations were 
made.

Talc
The data obtained for talc are given in Table I. 

The data for contact angle in air, column 4, show 
that talc is neither strongly hydrophilic nor 10

T a b l e  I

Contact  A n g l e s  in  A ir  a n d  t h e  C alculated  a n d  Ob ­
se r v ed  In t er f a c ia l  A n g l e s  of a  S e r ie s  of L iq u id s  on  

T alc

t = 25 =*= 1°
•Sn öin 0ln3> 0in3,tt

(or Sa) Sma (or 0i3> calcd . obsd.

Water 72.1 86°
Methylene iodide 50.2 48 53° 122° 121°
Alpha-bromonaphthalene 44.0 41.6 34° 139° 141°
Brotnobenzene 35.9 39.6 12° 140° 142°
Acetylene tetrabromide 49,1 38.3 47° 138° 139°
Chlorobenzene 32.6 37.9 0° 140°
Toluene 28.1 36.1 0° 129°
Ethylene dibromide 38.1 36.0 26° 145° 145°
Benzene 28.2 34.6 0° 135°
Butyl acetate 24.1 13.2 0° 144°
Amyl alcohol 23.4 5.0 0° 100°
Benzyl alcohol 39.5 4.2C 32°

oOoc 122°
Water (satd. with benzyl

alc.) 41.86 42°
Benzyl alcohol (satd.

with water) 37.4b 4.2

oCO CD 00 o 122°
a Organic liquid “advancing.” 6 Determined by the 

capillary rise method. All the other surface tension values 
given are from the literature. c The interfacial tension 
of benzyl alcohol against water was determined by means of 
the double cylinder method.10 All the other interfacial 
tension values given are taken from the literature.

(10) Bartell and Miller, T h is  J o u r n a l , 50, 1961 (1928).

strongly organophilic since finite contact angles 
were measured on talc both with water and with a 
number of organic liquids. The data in column 6 
show that talc must be considered to be organo­
philic in nature, however, since all the interfacial 
contact angles measured upon it (i . e., measured 
through the water phase) were greater than 90°

Fig. lc.

The data in column 6 give the observed contact 
angles and the data in column 5 give the contact 
angles calculated from the Bartell-Osterhof equa­
tion (equation VIII). The observed interfacial 
angle values given in column 6 are all for organic 
liquid advancing angles. This does not mean 
that measurements were made on a dynamic 
advancing angle. The measurement was made 
on a static angle, but in each case the talc was first 
covered with water, the organic liquid was then 
introduced in the form of a drop which advanced 
over a surface previously wet by water. This 
method of procedure was considered best because
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talc has a lower adhesion tension against water 
than against organic liquids, hence water will be 
more easily displaced from it by the organic liquid 
than will the organic liquid be displaced by water.

The agreement between the observed and calcu­
lated interfacial angles is remarkably close for all 
of the Systems for which the calculation was 
possible with the single exception of the benzyl 
alcohol system. (Some of the organic liquids form 
zero contact angles with talc and the calculation 
could not be made.) The lack of agreement in 
the case of benzyl alcohol can be explained on the 
basis of the comparatively high solubility of the 
alcohol in water and its very low interfacial ten­
sion against water. In the development of the 
Bartell-Osterhof equation, the S ln and Su of 
equation VII are for organic liquid and water 
mutually saturated, for the two liquids are in 
contact with each other. The 5 ln of equation II 
is for pure organic liquid, however, and the Si2 of 
equation III is for pure water. The error thus 
introduced is apparently negligible for organic 
liquids of high interfacial tension against water 
and low solubility in water, but may become 
great when the interfacial tension is low and the 
mutual solubility appreciable. Benzyl alcohol 
has an interfacial tension value against water of 
only 4.2 dynes, as compared with values ranging 
from 34 to 48 dynes for the other five liquids for 
which the calculation was made.

As a check on this explanation for the dis­
crepancy in the case of benzyl alcohol-water 
system, contact angle measurements were made 
with each of the two liquids saturated with the 
other. The data are included in Table I. I t will 
be observed that the agreement between the 
observed and calculated interfacial angles is very 
much better than before, although not so close as 
was found for the other Systems. Experimental 
error in the determination of any one of the four 
quantities, 0 ln, 0 13, Sn or S3 introducés a large 
percentage error in the calculated 0 ln3, for the 
calculation involves the small difference between 
S3 cos 0 13 and Sn cos 0 ln.

I t seems justifiable to conclude that the Bartell- 
Osterhof equation is applicable to Systems of 
insoluble solids when used in conjunction with 
liquids of low mutual solubility and high inter­
facial tension. I t is probably applicable also to 
Systems involving liquids of low interfacial ten­
sion, provided the mutual solubility effects of the 
liquids are taken into account,

As has been pointed out above, talc shows a 
marked difference in behavior from the harder 
solids previously examined in that it forms contact 
angles with water and with organic liquids of high 
surface tension. Talc also shows another marked 
difference from the harder solids previously ex­
amined. The data in column 6, Table I, show 
that the interfacial angles formed on talc by differ­
ent organic liquids against water are different. 
The empirical equations of Bartell and Bartell10 do 
not therefore apply to talc. Talc has been shown 
to be organophilic in nature, but its relative degree 
of organophilic nature cannot be measured on the 
convenient Kn3 scale of Bartell and Bartell.11

Waxes and Resins
Many amorphous substances such as waxes and 

resins are soft and have low surface tension values. 
Their wetting characteristics would therefore be 
expected to be similar to those of the soft crystal­
line solid, talc.

A large number of substances, including paraf­
fin, Japan wax, beeswax, spermaceti, a number of 
synthetic waxes including halogenated naphtha- 
lenes and biphenyls, and many natural and syn­
thetic resins were investigated. Practically all of 
them were found to give large angles with water, 
and most of them gave fairly large angles with the 
organic liquids of high surface tension. Many of 
them were somewhat soluble in the organic 
liquids, however. Five substances in which the 
solubility effects were fairly low were chosen for 
detailed study, namely, Glyptal resin, 12 de Kho- 
tinsky cement (hard), carnauba wax, shellac and 
Opal wax 20.13

Fresh surfaces of these substances were ob­
tained by melting them and allowing them to 
solidify on clean glass plates. The data obtained 
for contact angles in air and for interfacial contact 
angles are given in Table II. The solid-liquid-air 
angles are easily reproducible, since for any solid 
with a low surface tension value (i. e., low free 
surface energy) there is very little tendency for 
the solid to be carried to a lower energy level by 
the adsorption of water vapor, atmospheric gases, 
etc. This fact is probably responsible for the 
good agreement found in the literature for the 
contact angle of water on paraffin as reported by 
different investigators. The interfacial angles 
were measured with organic liquid ‘‘advancing.’'

(11) Bartell and Bartell, T h is  Jo u r n a l , 56 , 2205 (1934).
(12) A commercial product known as Glyptal 1350.
(13) A commercial product.
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T able  II
Contact A n g l e s  in  A ir  a n d  I n t e r f a c ia l  C ontact A ng les  F or m ed  b y  a  S e r ie s  o f  L iq u id s  o n  W a x e s  a n d  R e s in s

Glyptal resin De Khotinsky cement Carnauba wax Shell ac Opal waxGin Ön3 0in 0n3 Om 0n3 0in 0n3 öin 0n3
Water 61° 106° 107° 107° 119°
Methylene iodide 25° 90° 69° 122° 70° 128° 70° 133° 77° 123°
Acetylene tetrabromide 5° 133° 62° 130° 65° 140° 64° 128° 72° 136°
a-Bromonaphthalene 0° 8 8 ° 55° 123° 57° 146° 58° 126° 65° 149°
Benzyl alcohol 0° 160° 56° 137° 58° 142° 59° 132° 67° 134°
Ethylene dibromide 0° 90° 49° 137° 49° 145° 48° 146° 50° 151°
Bromobenzene 0° 96° 33° 138° 45° 148° 44° 135° 35° 156°
Chlorobenzene 0° 99° 29° 147° 35° 153° 35° 146° 27° 159°
Toluene 0° 87° 27° 148° 26° 154° 28° 145° 26° 161°
Butyl acetate 0° 130° 22° 143° 0- 10° 166° 23° 156° 24° 153°
Amyl alcohol 0° 155° 19° 139° 0° 149° 20° 141° 25° 120°
Benzene 90° 136° 152° 144° 157°

The data obtained on waxes and resins cannot extrapolated to room temperature. They are

V 1
8«4-1

m

be considered as accurate data because of errors 
introduced by solubility effects. Measurements 
with the du Noüy Tensiometer showed that the 
surface tension of alpha-bromonaphthalene satu­
rated with carnauba wax was practically the same 
as that of the pure liquid. The surface tension of 
water saturated with the wax was slightly lower 
than that of pure water, however, and the inter­
facial tension of alpha-bromonaphthalene against 
water was also lowered to some extent 
by the presence of carnauba wax.

Another factor to be considered is 
that the solids, being appreciably solu­
ble in the organic liquids, are pitted 
when a drop of organic liquid is placed 
upon them. The surface under the 
drop is no longer plane. The measured 
angle is therefore not the true angle, 
for it is measured between the are of 
the drop and the plane of the surface 
of the solid. Angles thus measured are 
reproducible and give an indication of 
the wetting properties of the solid, but 
they cannot be used for checking the B artell- 
Osterhof equation. Since the interfacial angles 
measured on a given surface by water against 
different organic liquids were different, the indica­
tion is that the empirical equations of Bartell and 
Bartell11 do not apply in these soft solids.

As has been pointed out, the behavior of soft 
solids can be explained on the basis of their low 
surface tension values. Waxes have very low 
surface tension values, the value for paraffin being 
given in the literature as 40 dynes. Measure­
ments of the surface tension of molten waxes were 
made with the du Noüy Tensiometer. Tempera- 
ture~surface tension curves were drawn and

shown in Fig. 2. The extrapolated values, which 
lie between 33 and 38 dynes (at 25°), should give a 
fairly accurate indication of the surface tension of 
the solid, for the curves are straight lines down to 
the point of solidification.

Since the waxes have surface tension values 
which are, presumably, lower than that of talc, 
they should give angles with liquids of fairly low 
surface tension which form zero angles on talc.

1 '

2^
3^

1 CARNAUBA WAX
2 OPAL WAX 20
3 JAPAN WAX
4 SPERMACETI

-t*
__

__
L

50 100
Temperature, °C. 

Fig. 2.

150

This has been shown to be the case. Talc gave 
a small angle with bromobenzene (Sn = 3 5 .9 ) 
and larger angles with liquids with higher surface 
tension values, but gave zero angles with liquids 
of lower surface tension. The waxes and resins 
gave measurable angles with butyl acetate {Sn = 
24.1), and some of them gave measurable angles 
even with amyl alcohol (Sn = 23.4).

Summary and Conclusions
1. The wetting characteristics of talc and of a 

number of waxes and resins have been studied by 
measurements of the contact angles formed by 
small drops of liquid on these solids.
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2. Both water and organic liquids (of high sur­
face tension) form contact angles on these solids, 
thus indicating that the surface tension of these 
solids is low.

3. Soft solids of low surface tension are wetted 
less readily by liquids than are hard solids which 
possess a higher surface tension.

4. On talc, accurate measurements could

be made of interfacial contact angles as well 
as of contact angles in air both with water and 
with organic liquids. This made possible the 
experimental testing of the Bartell-Osterhof 
equation relating adhesion tension and interfacial 
contact angles. This equation was found to 
hold.
A n n  A r b o r , M ic h ig a n  R e c eiv ed  M ay  11, 1936

[C o n t r ib u t io n  fr o m  t h e  M etcalf Chem ical  L a bo r atory  o f  B r o w n  U n iv e r sit y ]

The Absorption Spectrum of Ethyl Methyl Ketone

By A. B. F. D u n c a n , V ic t o r  R.

The spectroscopy and photochemistry of ace­
tone have been the subjects of numerous investi­
gations. The spectrum consists of a broad ab­
sorption region extending from about 2200 to 
about 3200 Ä. with a definite fine structure on the 
long wave end, a series of discrete bands extend­
ing from 1995 to about 1820 Ä., and at shorter 
wave lengths other bands, some of which fitted 
a Rydberg formula predicting an ionization po­
tential of 10.2 volts.1 At still shorter wave 
lengths there is continuous absorption extending 
down to the limit of the observations made, about 
800 Ä. In the near ultraviolet fluorescence is ob­
served, although attempts to find this phenome­
non in the neighborhood of 1900 Ä. failed.2

The next higher ketone is ethyl methyl ketone. 
The electronic structure of the carbonyl group 
must be very similar to that in acetone. How­
ever, the symmetry operations which may be per- 
formed on the two molecules differ considerably. 
If the methyl group forming part of the ethyl 
group is considered to execute a perfectly sym- 
metrical rotation around the adjacent carbon- 
carbon bond, there will be only one symmetry 
Operation aside from the identity, namely, reflec­
tion in the plane containing the carbonyl group 
and the two adjacent carbon atoms. However, 
due to various types of interaction between the 
different parts of the molecule, this particular ro­
tation might not be expected to be completely 
symmetrical so that ethyl methyl ketone must be

(1) (a) Damon and Daniels, T h is  J o u r n a l , 55, 2363 (1933); 
(b) Scheibe, Povenz and Linstrom, Z. physik. C h e m B20, 297 
(1 9 3 3 ); (c) Crone and Norrish, Nature, 132, 241 (1 9 3 3 ); (d) Norrish, 
Crone and Saltmarsh, J. Chem. Soc., 1934, 1456; (e) Noyes, Duncan 
and Manning, / .  Chem. Phys., 2, 717 (1 9 3 4 ); (f) Duncan, ibid., 3, 
131 (1935).

(2) Howe and Noyes, T h is  J o u r n a l , 58 , 1404 (1936).

E lls  a n d  W. A l b e r t  N o y e s , J r .

considered to possess a very low order of sym- 
metry.

Experimental Procedure and Discussion of 
Results

The methyl ethyl ketone used in these experi­
ments was prepared by the acetoacetic ester syn­
thesis, using acetoacetic ethyl ester and methyl 
iodide. I t  was purified by formation of the so­
dium bisulfite compound, dried with potassium 
carbonate and fractionally distilled.3

For investigation of the near ultraviolet absorp­
tion a Hilger E3 spectrograph was used together 
with Eastman III-O and 33 plates.

The absorption spectrum of the liquid in this 
region has been investigated, but that of the vapor 
has not been reported. Two absorbing columns 
of 1 and 10 meters with pressures of 3 to 86 mm. 
(the vapor pressure at 25°) were used. At the 
highest pressure the absorption extended from 
approximately 3200 to 2400 Ä. No trace of vi­
brational fine structure was observed under any 
conditions.

Ethyl methyl ketone shows strong fluorescence 
when illuminated with approximately monochro­
matic 3130 Ä. radiation. The fluorescence 
viewed with a hand spectrograph appeared to con­
sist of a continuous band in the green. We were 
unable to obtain photographs of the fluorescence 
with the E3 spectrograph, but the matter is being 
pursued further.

In view of this fluorescence, particular care was 
used in making the absorption measurements to 
vary the pressures over a wide range, and at each

(3) The authors wish to express their appreciation to Professor 
C. B. Wooster fpr suggesting the method of synthesis and supervising 
its execution.
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pressure to make a number of exposures for differ­
ent lengths of time, in order to provide suitable 
contrast. I t is possible that the lowest pressure 
was still too high to permit the observation of struc­
ture and a still longer column may be necessary.

The near ultraviolet spectrum is followed by a 
region of almost complete transmission extending 
down to 1975 Ä. At this point a spectrum con- 
sisting of discrete bands begins, which continues, 
broken by short regions of high transmission, 
down to about 1550 Ä. At still shorter wave 
lengths there is strong continuous absorption ex­
tending down to about 780 Ä., the limit of the ob­
servations. No structure could be found in this 
continuüm even at low pressures where the con­
tinuous absorption was weak. Any discrete 
bands must be weaker than the continuous ab­
sorption below 1567 Ä.

A one-meter, normal incidence vacuum spec­
trograph with a 120,000 line glass grating was 
used to photograph this region. The modified 
Lyman continuüm served as the source.le,lf 
Eastman III-O plates sensitized with Nujol were 
used. The plates were measured and reduced in 
the usual way and emission lines in the source, 
chiefly due to carbon, were used as Standards. 
The dispersion was approximately 8.5 A./mm.

The frequencies of the bands are given in Table 
I with visually estimated intensities. The inten­
sity of the weakest band is arbitrarily placed as 1, 
which means that some rather high values must 
be given without implying, however, any greater 
accuracy in estimating intensities than was ob­
tained with acetone. The red edges of the bands 
are given.

T a b l e  I
U l tr a v io le t B a n d s o f  E thyl M eth yl  K e to ne

Frequency, Frequency,
cm. Intensity cm ._1 Intensity
50634 8 53119 2
50675 8 58110 12
50728 8 58662 20
50857 6 59102 1
50891 6 59360 1
50948 6 62283 16
51209 4 63523 200
51915 3 63817 250
52426 3

The edges of the first six bands are quite sharp 
and the accuracy should be five to ten wave num­
bers. For most of the other bands the edges 
were quite diffuse, but it is feit that in no case 
does the error exceed fifty wave numbers.

The first ten bands, 50,634 to 53,119 cm.“1, 
evidently involve one upper electronic state. 
The spectrum here is similar to that in acetone in 
the region 51,000 to 55,000 cm.” 1. There are 
three main bands forming an upper state progres- 
sion involving a frequency of 1281 cm ."1. Two 
other upper state frequencies appear, one about 
220 and the other 575. The origin of the system 
is the triple band (50,634, 50,675, 50,728), which 
corresponds to the (51,171, 51,226, 51,285) band 
in acetone which is also triple headed. Table II 
shows the arrangement of the bands.

T a b l e  II
A r r a n g e m e n t  of E t h y l  M e t h y l  K e t o n e  B a n d s  

(50,634 to 53,119)
(All transitions are considered to occur from the lowest 

level of the ground state)
v{tV2r etc. =  0 50634 50675 50728

223 216 220
vi = 1 50857 50891 50948

1281
»2 = 1 51915

1204
vi = 2 53119

575
» 3 = 1 51209

514

«S II t—i
 

&
 II H-i 52426

The second electronic state involving a transi­
tion below 1975 is evidenced by four bands, the 
two of shortest wave length being of extremely 
low intensity. Acetone has an analogous state 
giving transitions between 60,086 and 62,529 
cm."1. The two strongest bands are separated 
by 552 cm."1. It appears probable that this is 
an upper state difference and that the origin of 
this state lies at 58,110 cm ."1. One of the weak 
bands, 59,360, is separated from this by 1250 
cm.”1.

The differences between the remaining three 
bands are as follows: 63,523 to 62,283 =  1240; 
63,817 to 63,523 = 294. The two bands of high­
est frequency evidently belong to the same elec­
tronic transition; the first of the three may also 
belong to the same transition. If the three bands 
belong together, the intensity relationships are 
such that 62,283 cannot be the origin of the sys­
tem, in which case 1240 would have to be a 
ground state difference. This is unlikely due to 
the small Boltzmann factor (0.0015) for such a 
large frequency. I t  seems better, then, to put 
62,283 in a separate electronic transition. 
Whether the 294 difference for the remaining two
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bands is an upper or ground state difference can­
not be determined.

The significance of the various frequency dif­
ferences may be discussed briefly. i/2 is most 
probably a carbon-oxygen frequency which is 
1734 cm." 1 in the normal state. The correspond­
ing frequency in acetone for this state is about 
1200 cm . “ 1 (1712 in the normal state). v% is 
probably analogous to 321 found in acetone in 
this region. I t is probably associated with a si- 
multaneous bending of the methyl and ethyl 
groups with respect to the carbon-oxygen axis. 
Vs may possibly represent a motion in which the 
ethyl and methyl groups are stretched as units in 
reference to the carbonyl group.

The Electronic States of Ethyl Methyl Ketone
It is apparent from the above discussion that 

four, or more probably five, well separated ex­
cited electronic states of ethyl methyl ketone 
have been found here. The first excited state 
probably has unresolved fine structure, since 
fluorescence is caused by absorption in this region. 
The other states possess discrete vibrational 
levels as indicated. In addition there are other 
states, perhaps repulsive, which are necessary to 
account for the continuüm overlying the dis­
crete structure, particularly at short wave 
lengths.

Obviously no two of the origins of these states 
fit a Rydberg formula which would converge to a 
reasonable limit.4 The band in ethyl methyl ke­
tone most similar to a member of the acetone 
Rydberg serieslf is either 63,525 or 63,817 (de­
pending on which is considered to be the origin of 
this particular electron transition). One of these 
bands is believed to be the first member of a Ryd­
berg series whose other members are masked by 
continuous absorption. Accordingly the ioniza­
tion potential of the molecule could not be de­
termined by spectroscopie means.

The ionization potential was then determined
(4) Mulliken, J. Chem. Phys., 3, 564 (1935).

by the method of electron bombardment.5 The 
value obtained was 10.5 =±=0.5 volts, as compared 
to 10.1 volts (by electron impact) for acetone.

According to Mulliken4 a (2 pyb2) electron in 
formaldehyde should have a lower ionization po­
tential than any other and the agreement be­
tween the theoretically predicted value and that 
obtained by convergence of a Rydberg series 
lends support to this statement.6 In acetone a 
similar electron must be involved in the Rydberg 
series and this must be true for the hypothetical 
Rydberg series in ethyl methyl ketone. This 
electron is described as one occupying a non- 
bonding oxygen orbital and transitions involving 
it should change the fundamental frequency of the 
carbonyl group only slightly.

Since most of the discrete bands and the near 
ultraviolet continuüm do not fit a Rydberg series, 
it is probable that other electrons of the bonding 
or anti-bonding types are involved in these transi­
tions. Little of a definite nature can be said con­
cerning these electron states, although others 
have attempted to correlate frequencies of the 
various states of carbon monoxide with the fre­
quencies of the carbonyl group.

Summary
1. The absorption spectrum of ethyl methyl 

ketone has been investigated at room tempera­
ture from the visible down to about 780 Ä .

2. Four (possibly five) different excited elec­
tron states in addition to any which may be in­
volved in the short wave continuüm must be used 
to explain the different absorption regions.

3. The bands in the region from 1975 to 1883 
Ä . may be classified as belonging to a single elec­
tron transition, using three Vibration frequencies 
in the upper state.

4. A brief discussion, including a general com­
parison with the acetone bands, has been given. 
P r o v id e n c e , R h o d e  I sl a n d  R e c e iv e d  J u n e  10, 1936

(5) Noyes, ibid., 3, 430 (1935).
(6) Price, Phys. Rev., 46, 529 (1934).
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The Addition of Organomagnesium Halides to Pseudocodeine Types. II.
tion of Nuclear Alkylated Morphine Derivatives1

B y  Lyn d o n  S mall, H oward M. F itch2 a n d  W illiam  E. S mith

Prepara-
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the presence of the enol ether group. When dihy­
drothebaine is extracted from a Soxhlet apparatus 
into boiling ethereal methylmagnesium iodide an 
addition compound slowly separates, and at the 
end of five days no more dihydrothebaine can be 
detected. The product consists principally of a

N — CH3

o c h 3CH3O
I, Dihydrothebaine 

,N— CH3

j

. . . \  
CH3O OH H  CH3 O
II. 5-Methyldihydrothebainone

■N—•CH3

c h 3o  o h  o
III. 7-Methyldihydrothebainone

CHaO CHa O
IV. 5-Methyldihydrocodeinone

N — CH3

/ — V >

V. 7-Methyldihydrocodeinone 

/ N — CH3

j / — V
-0 - ^  I \

HO CHa O
VI. Methyldihydromorphinone (?)

V
o- l \

HO CHa H OH
VII. Methyldihydromorphine (?)

Derivatives of the morphine alkaloids having an 
alicycJic unsaturated linkage in the ß,7 -position 
to the 4,5-ether linked oxygen atom (i. e., allyl 
ether types) show a general tendency to undergo 
reduction or addition reactions in which both the 
ether oxygen and the double bond are involved.3 
In previous papers we have 
demonstrated that organomag­
nesium halides react with pseudo- 
codeinone and desoxycodeine-C 
to yield phenolic bases containing 
the organic radical of the Grig­
nard compound used, 4 probably 
at the 5- or 7-position in the 
nucleus. The present communi­
cation deals with the application 
of this reaction to dihydrotheba­
ine and with the transformation 
of the product into a series of 
nuclear alkylated dihydromor- 
phine derivatives.

The structure of dihydrotheba­
ine (I), at least as far as the 
position of the alicyclic unsatu­
ration is concerned, is amply 
demonstrated by the facile hy­
drolysis to dihydrocodeinone,5 
and by the behavior toward 
ozone.6 The doublé bond is lo­
cated as in pseudocodeine and 
desoxycodeine-C; nevertheless, 
under the ordinary conditions im- 
posed for reaction with Grignard’s 
reagent, dihydrothebaine is not appreciably af­
fected, a fact which may be attributed in part to 
its low solubility in ether, and perhaps in part to

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

(2) Squibb Fellow in Alkaloid Chemistry.
(3) (aj Schöpf and Winterhalder, Ann., 452, 237 (1927); (b)

Small and Cohen, T h is  J o u r n a l , 53, 2214 (1931); (c) L u tz and 
Small, ibid., 54, 4715 (1932); (d) Morris and Small, ibid., 56, 2159 
(1934).

(4) (a) Lutz and Small, ibid., 57, 2651 (1935); (b) Small and Yuen, 
ibid., 58, 192 (1936).

(5) Freund, Speyer and Guttmann, Ber., 53, 2250 (1920).
(6) Wieland and Small, Ann., 467, 17 (1928),

phenolic ketone, methyldihydrothebainone (tenta- 
tive formula II or III) and in small amount (10% 
yield), of an isomeric substance, isomethyldihydro- 
thebainone. The enol ether group present in the 
starting material has been hydrolyzed, either dur­
ing the reaction or more probably during the iso­
lation of the reaction products, which is neces- 
sarily accomplished with the use of acidic reagents. 
In this respect the dihydrothebaine reaction pre­
sents a striking contrast to that of thebaine, where 
the products (phenyldihydrothebaine or the 
methyldihydrothebaines) are extremely resistant 
to hydrolysis. An enol ether of instability corn
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parable to that of the hypothetical intermediate 
methyldihydrothebainone methyl enolate has, 
however, been isolated in this Laboratory during 
the reduction of thebaine by the Wieland and 
Kotake procedure.7

The presence of the ketone group at C- 6  in 
methyldihydrothebainone implies an active 
methylene group at C-5 (III) or at C-7 (II), de­
pending upon whether methylmagnesium iodide 
has added to dihydrothebaine in the 1,4- or 1,2- 
manner. Schöpf has demonstrated for dihydro- 
thebainone and for dihydrometathebainone the 
feasibility of reformiixg the 4,5-oxide bridge char­
acteristic of the naturally-occurring bases of the 
morphine series.8 The compound of formula III 
(and possibly II) should undergo ether ring clo­
sure under similar conditions. Methyldihydro­
thebainone reacts with two moles of bromine to 
form a dibromo derivative (not isolated), which 
on treatment with cold dilute sodium hydroxide is 
converted to the non-phenolic 1 (?) -bromomethyl- 
dihydrocodeinone. Elimination of bromine (cata­
lytic hydrogen) yields IV or V, methyldihydroco- 
deinone. By this series of reactions we arrivé at 
the first known nuclear alkylated derivative of the 
morphine group.

It has been found by repeated experiments in 
this Laboratory9 that dihydrocodeinone can be 
reduced at the carbonyl group by the catalytic 
method to give dihydrocodeine, with no detectable 
amount of the epimer, dihydroisocodeine. Methyl- 
dihydrocodeinone, under the same conditions, 
takes up one mole of hydrogen with formation of 
methyldihydrocodeine, in which the codeine con­
figuration. for the alcoholic hydroxyl group is 
assumed on the basis of the above cited evidence.

Like most saturated derivatives of the morphine 
series, the compounds of the group described in 
this communication are relatively stable toward 
rearrangement or decomposition in the presence 
of concentrated halogen acids, and methyldihy­
drocodeinone can be demethylated smoothly with 
48% hydrobromic acid. The product is methyl- 
dihydromorphinone (VI), a homolog of the well 
known drug dihydromorphinone (“Dilaudid”). 
Methyldihydromorphinone can be reduced at the 
ketone group, with formation of methyldihydro- 
morphine (VII) . 10 The relationship of the latter

(7) Small, Morris and Browning, unpublished results.
(8) Schöpf and Pfeifer, A n n . ,  483, 157 (1930); Schöpf and Perrey, 

ibid. ,  483, 169 (1930).
(9) David E. Morris, unpublished results.
(10) Formulas VI and VII are offered with reservation concerning 

th^ position of the methyl group.

to the aböve-mentioned methyldihydrocodeine was 
established by methylation with diazomethane.

Isomethyldihydrothebainone can be separated 
from the main reaction product through differ­
ences in solubility of the respective hydrochlorides 
and ultimately through its properties as a crypto- 
phenol. The presence of the phenolic hydroxyl 
is shown by the formation of an acetyl derivative 
and by the solubility in alkali, from which, how­
ever, in contrast to methyldihydrothebainone, the 
base can be extracted with ether. On treatment 
with two moles of bromine, and subsequently with 
dilute alkali, isomethyldihydrothebainone yields a 
non-phenolic product, bromoisomethyldihydroco- 
deinone (not crystalline), which can be debromi- 
nated to isomethyldihydrocodeinone (Formula IV 
or V ?). The demethylation and reduction reac­
tions which will lead to the isomethyldihydromor- 
phinone and isomethyldihydromorphine types have 
been postponed until more material is available.

Determination of the position of the new methyl 
group in methyldihydrocodeinone presents serious 
difficulty, and definite proof will probably be ob­
tained only by degradation. This is at present 
not practicable because of lack of material. It 
i s certain that in the bromination of methyldihy­
drothebainone and its isomer one bromine atom 
enters at C-5, eise the ether ring closure would not 
be possible. This fact may indicate that the 
methyl group occupies C-7, for it has been shown 
that in the bromination of 1 - methylcyclohexa- 
none, bromine substitutes at the methylene group 
adjacent to the carbonyl in preference to the 
methenyl group.11 Furthermore, the presence of 
a methyl group on C-5 might well be expected to 
offer some hindrance to closure of the ether ring. 
If this reasoning were valid, then isomethyldihy­
drothebainone would be easily accounted for as a 
diastereomer, the methyl group having added at 
C-7 in both possible configurations. The last 
hypothesis is susceptible of direct proof. If 
methyldihydrocodeinone and isomethyldihydro­
codeinone differ only in the configuration at C-7 , 
their enol acetates must be identical12 (V, V-a 
—> VIII).

Both methyldihydrocodeinone and isomethyl­
dihydrocodeinone can be acetylated under the 
conditions which are imposed to transform dihy­
drocodeinone to its enol acetate (“Acedicon”).

(11) Kötz and Steinhorst, A n n . ,  379, 10, 15 (1911).
(12) This reasoning does not take into account the possibility. 

of an enolization in which the hydrogen atom located on C-5 might 
participate,
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The ‘ ‘methylacedicons’ ’ which are obtained from 
the isomeric ketones can scarcely be other than 
enol acetates, as is indicated by the ease with 
which they can be hydrolyzed back to the starting 
ketones, but they are not identical, a fact which we 
regard as weighing in favor of the 5-position for 
the new methyl group.

We have not neglected the 
possibility that methyldihydro­
thebainone and isomethyldihy­
drothebainone might have been 
formed by competing 1,2- and 1,4- 
additions of methylmagnesium CH3Ö 
iodide to the ether oxygen, double 
bond system of dihydrothebaine.
The products in this case would 
o we their isomerism to the posi­
tion of the methyl group at C-5 
and C-7 (Formulas II and III), 
and, of the isomeric methyldihy- 
drocodeinones, the 5-methyldihy- 
drocodeinone (IV) should contain 
an active methylene group, in contrast to 7- 
methyldihydrocodeinone (V). An answer to this 
question was sought in the condensation reaction 
with ethyl oxalate according to Claisen, 13 a reac­
tion which proceeds with methylene, but not with 
methenyl, groups adjacent to a carbonyl. Both 
of the methyldihydrocodeinones reacted with 
ethyl oxalate in the presence of absolute alcoholic 
sodium ethylate (although they were not affected 
by sodium ethylate alone), which again points to 
a location of the methyl group in two configura- 
tions at C-5. Against any final conclusion to be 
drawn from the evidence here presented we wish 
to cite the rather convincing stereochemical specu- 
lations of Schöpf, 14 which make it seem doubtful 
whether a 4,5-ring closure in more than one con­
figuration would be possible.

The fact that one of the methyldihydrothe- 
bainones behaves as a cryptophenol while the 
other is normal in its phenolic nature suggests to 
us a greater structural difference than diastereo- 
isomerism at C-5. Furthermore, when methyl­
dihydrocodeinone is converted to its enol acetate, 
the specific rotation is changed only from —147 
to —143°, while in the case of isomethyldihydro- 
codeinone the change is from —179 to —250°, 
indicating that in the latter an asymmetrie cen­
ter (C-7) may have been disturbed.

(13) Claisen and Stylos, Ber., 20, 2188 (1887); ibid., 24, 111 
(1891); Willstätter, ibid., 30, 2684 (1897).

(14) Schöpf and Pfeifer, A n n . ,  483, 162-164 (1930).

Incidentally, if it can be proved that the methyl 
group in one of our methyldihydrothebainones is lo­
cated at C-5, the Knorr-Wieland formula for mor­
phine (which we do not regard as yet disproved) 
will be put out of all question, for a linkage of the 
ethanamine chain at C-5 would exclude bromina­
tion and subsequent ring closure at this point.

c h 3o  o c o c h 3
VIII

The pharmacological action of the dihydromor- 
phine and dihydrocodeine homologs described in 
this communication will be reported from the 
University of Michigan by N. B. Eddy and co- 
workers. The Chemical studies in the series will 
be extended to embrace further conversion prod­
ucts of these bases (especially the desoxylated de­
rivatives) and to include the introduction of 
groups other than methyl.

I t is a pleasüre to acknowledge our indebtedness 
to Merck and Co., Rahway, N. J., for the gift of 
the large amount of thebaine used in this re­
search, and to E. R. Squibb and Sons for the 
fellowship grant under which most of the work 
was carried out.

Experimental Part
Dihydrothebaine.—The conditions influencing the hy­

drogenation of thebaine in acid solution have been so 
thoroughly studied by Schöpf and W interhalder3a th a t we 
shall confine our description of the reduction to the con­
venient large scale preparation of dihydrothebaine with­
out regard to the by-products formed. To a solution of 
75 g. of thebaine (Merck and Co., Rahway, N. J.) in 
150 cc. of 3 N  acetic acid was added 4 cc. of concd. hydro­
chloric acid, 4 cc. of 1% palladous chloride solution and 
0.1 g. of gum arabic. The solution was hydrogenated on 
the Adams machine at an initial pressure of 46 lb. (3.1 
atm.); the pressure dropped 32 lb. (2.1 atm.) in twelve to 
twenty-four hours, corresponding to absorption of about 
1.7 moles of hydrogen. Reduction was found to proceed 
much faster and more smoothly if the process was made 
continuous, the next 75 g. batch being pu t immediately
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into the pressure bottle without removal of the residue of 
used catalyst.

Most of the colloidal palladium was removed by filtra­
tion through Norit, and the solution was treated slowly 
with an excess of dilute sodium hydroxide in the presence 
of a few cc. of ether. Dihydrothebaine separated crystal­
line, yield 30 to 40 g. (40-54%). It was recrystallized 
from alcohol, filtering to remove tracés of palladium; 25 
g. (33%) of pure white dihydrothebaine, m. p. 161-1636, 
was obtained, and from the mother liquors, 3 g. more of 
the same purity. Three kilos of thebaine yielded 1099 g. 
(36.4%) of dihydrothebaine. The alkaline mother liquors 
of a 75-g. run gave 15-20 g. of dihydrothebainone on treat­
ment with ammonium chloride. The accumulated oily 
residues will be examined for the presence of Schöpf’s epi- 
dihydrothebainone or other isomers.

The Grignard Reaction.—Forty grams of dihydrothe­
baine in a Soxhlet extractor, on a three-necked flask 
equipped with a mercury-sealed stirrer, was extracted into 
600 cc. (500% of the calculated amount) of molar methyl­
magnesium iodide in thirty-six hours. Heating and stir­
ring was continued for seventy-two hours longer, during 
which time the white precipitate increased notably. At­
tempts to shorten the reaction time by using isopropyl 
ether were unsatisfactory. The amorphous magnesium 
complex was decomposed with and dissolved in 800 cc. 
of 3 N  hydrochloric acid, and the solution was extracted 
with 1.5 liters of ether, which removed a little oily material. 
The aqueous layer, made alkaline with ammonia, was ex­
tracted with eight liters of ether, with occasional addition 
of a little sodium hydrosulfite to prevent oxidation (evi- 
denced by red coloration). Although further extraction 
with ether or chloroform removed no appreciable amount of 
material at this point, the aqueous layer gave a strong 
test with Mayer’s reagent, and addition of picric acid pre­
cipitated 26 g. (37%) of an amorphous picrate. From this 
picrate only 1 .6  g. of methyldihydrothebainone could be 
recovered, and the nature of the remaining (resinous) sub­
stance could not be ascertained. The ether extracts 
yielded 18 to 23 g. (45-58%) of oily crystals, which were 
recrystallized twice from absolute alcohol; yield of pure 
methyldihydrothebainone, 6 to 7 g. (15-17.5%). The 
alcohol mother liquors were concentrated and treated with 
alcoholic hydrogen chloride, giving 6 to 7  g. of hydrochlo­
ride, from which 4 to 6 g. of less pure methyldihydrothe­
bainone could be recovered.

The alcohol filtrate from precipitation of the hydrochlo­
ride was freed of alcohol, dissolved in water, and treated 
with excess of sodium hydroxide. The clear alkaline 
solution was extracted with ether, from which 3.5 to 4.5 
g. (9 - 1 1 %) of crude isomethyldihydrothebainone was ob­
tained. This was purified from acetone; yield 2 to 2.5 g.

Methyldihydrothebainone.—The base is very soluble in 
organic solvents, soluble in sodium hydroxide and precipi­
tated from the alkaline solution by carbon dioxide. It can 
be purified from acetone or alcohol. It crystallizes in 
short rods from absolute alcohol, in plates from 95% alco­
hol, and the two forms are interconvertible. It sublimes in 
an oil-pump vacuum at 130°. In alcohol, [«]25d —20.5° 
(c =  1.026) was found; the m. p. is 192-193°.

A n a l. Calcd. for C iA sO iN : C, 72.33; H, 7.99; OCH3, 
9.83. Found: C, 72.11; H, 7.96; OCH3, 10.13.

The hydrochloride was prepared in absolute alcohol and 
purified from this medium. It also crystallizes well from 
water, m. p. 283-285° (evac. tube) with decomp.; [«]25d 
—6 .8 ° (water, c = 1.025).

A n a l. Calcd. for Ci9H260 3NC1: CI, 10.08. Found:
CI, 10.18.

The methiodide was prepared by warming the base in 
methyl iodide, and was purified from acetone; m. p. 2 1 2 -  
216° (evac. tube); [ a ] 26D +3.9° (water, c = 1.030).

A n a l. Calcd. for C20H28O3NI: I, 27.88. Found: I,
27.63.

The oxime hydrochloride separates crystalline when an 
aqueous suspension of methyldihydrothebainone is warmed 
with the calculated amount of hydroxylamine hydrochlo­
ride. After two crystallizations from water the hydrochlo­
ride had the m. p. 244° (evac, tube, gas evolution) and [«]24d 
+ 38.9° (water, c = 0.514). Addition of sodium carbon­
ate to an aqueous solution of the oxime hydrochloride 
caused precipitation of the oxime, which crystallized from 
dilute alcohol in rosets of white needles; m. p. 244° (evac. 
tube, gas evolution), and [<x]24d +69.4° (alcohol, c =  
0.504).

A n a l. Calcd. for C19H26O3N 2: N, 8.48. Found: N, 
8.51.

Acetylmethyldihydrothebainone.—One gram of methyl­
dihydrothebainone in 15 cc. of acetic anhydride with 1.0 
g. of dry sodium acetate was heated under reflux for one 
hour. After removal of excess acetic anhydride under 
diminished pressure at 60°, the oily residue was treated 
with ice and dilute ammonia, and extracted with ether. 
The product was recrystallized twice from ethyl acetate 
and sublimed at 0.01 mm., yield 0.4 g., of m. p. 179-179.5°. 
Prolonged heating with acetic anhydride yielded no di­
acetyl derivative. The monoacetyl compound has [«]26d 
+ 13.1° (alcohol, c =  0.992).

A n a l. Calcd. for C2iH270 4N: C, 70.55; H, 7.62. 
Found: C, 70.87; H, 7.81.

Bromomethyldihydrocodeinone.—A solution of 20  g. 
of methyldihydrothebainone in 2 0 0  cc. of glacial acetic 
acid, mechanically stirred, was treated dropwise with 193 
cc. (2 moles) of a solution of bromine in glacial acetic acid 
(32 g. of bromine in 300 cc. of solution). The addition took 
about three hours, the bromine color being destroyed rap­
idly and hydrogen bromide evolved. The clear yellow 
solution was concentrated to a viscous mass at 70° under 
a water-pump vacuum, the oil was dissolved in water, 
treated with excess of 10 N  sodium hydroxide, and the 
precipitated base extracted into ether. The ether was 
washed with four 1 0 0 -cc. portions of normal sodium hy­
droxide and yielded 18.2 g. (73%) of slightly oily crystals of 
bromomethyldihydrocodeinone. The base is very soluble 
in organic media, but could be purified from ethyl acetate; 
white crystals of m. p. 143.5-145°; [«]24d —109.4° (alco­
hol, c =  1.024). It sublimed in a high vacuum with 
slight decomposition.

A n a l. Calcd. for Ci9H220 3NBr: Br, 20.33. Found: 
Br, 20.08.

Bromomethyldihydrothebainone.—The alkaline mother 
liquor and washings from the preparation of bromo­
methyldihydrocodeinone were treated with an excess of
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ammonium chloride and extracted with ether until the 
Mayer’s test was negative. The product was 4.1 g. of 
yellow powder which was obtained white by crystalliza­
tion from acetone or ethyl acetate; it sublimes with slight 
decomposition in a high vacuum. The m. p. is 207-208° 
(evac. tube) with dec., [ a ] 24D —33.2° (alcohol, c = 0.995). 
lts nature as bromomethyldihydrothebainone was shown 
not only by analysis, but by catalytic debromination to 
methyldihydrothebainone. It appears to result from in­
complete bromination of methyldihydrothebainone, but 
the use of correspondingly larger quantities of bromine did 
not increase the yield of the desired bromomethyldihydro­
codeinone.

A nal. Calcd. for Ci9H240 3NBr: Br, 20.23. Found: 
Br, 20.14.

Methyldihydrocodeinone.—A solution of 18.2 g. of crude 
bromodihydrocodeinone in 200 cc. of 2 N  acetic acid with 
5 g. of potassium acetate, a little gum arabic and 10 cc. of 
1% palladous chloride solution took up 1142 cc. (corr.) 
of hydrogen (calcd. for one mole, 1062 cc.). The solution 
was made alkaline with sodium hydroxide after removal of 
the catalyst, and extracted with 2 liters of ether. The 
ether, after thorough washing with dilute alkali, yielded 
12.0 g. (83%) of white crystalline methyldihydrocodeinone 
of m. p. 138-140°. The alkaline extracts gave 1.5 g. of 
a wax-like unidentified solid. Methyldihydrocodeinone 
is very soluble in organic media, but can be purified from 
ethyl acetate, acetone, or ether; long needles of m. p. 
144-144.5°, H 23d  -146.9° (alcohol, c = 0.994). It 
sublimes at 130° in a high vacuum.

A n a l. Calcd. for Ci9H230 3N: C, 72.80; H, 7.40. 
Found: C, 72.71; H, 7.41.

The methiodide was prepared by warming the base with 
methyl iodide, and crystallizing from alcohol. It melts 
at 246-248° (evac. tube) and has [ a ] 24D —74.2° (water, c 
= 1.024).

A n a l. Calcd. for C20H26O3NI: I, 27.88. Found: I, 
27.67.

The oxalate, sulfate and hydrochloride are also crystalline.
Ethyl Oxalate Condensation.—Before attempting to 

demonstrate the presence of an active methylene group in 
methyldihydrocodeinone through Claisen’s ethyl oxalate 
condensation, it was necessary to show that this condensa­
tion reaction proceeds with morphine bases which are 
known to contain an active methylene group, and does not 
take place with a typical base lacking such a group.16 
Two grams of dihydrocodeinone and 1.5 g. of ethyl oxalate 
were dissolved in 10 cc. of absolute alcohol containing 0.31 
g. of sodium. After two days the solution was fluorescent 
red; removal of the alcphol left an amorphous mass, 90% 
of which was soluble in water and could not be extracted 
into ether. It probably consisted of dihydrocodeinone-7- 
glyoxalic acid, or its internal salt. Treatment of 2.0 g. 
of dihydrocodeine with ethyl oxalate in exactly the same 
manner resulted in recovery of 1.9 g. of unchanged dihydro­
codeine. 15 * * * * *

(15) An erroneous structural concept of pseudocodeinone was
for many years based on the ability of this compound to condense
with benzaldehyde [Knorr and Hörlein, Ber., 40, 3341 (1907)];
it has only recently been shown that a benzaldehyde condensation
takes place with dihydrocodeine, and therefore is inacceptable as
evidence for the COCH2 group in the morphine series (ref. 4a).

Two grams of methyldihydrocodeinone, treated with 
ethyl oxalate as described above, gave a red fluorescent 
solution in two days. Alcohol was removed under di­
minished pressure, and the residue extracted with 500 cc. 
of ether, and 200 cc. of benzene; total extracted oily ma­
terial, 0.3 g. The undissolved product was taken up in 
a little water (readily soluble), and extracted with ether 
(0.2 g. of unreacted methyldihydrocodeinone), then with 
much benzene and chloroform, which removed a little 
red oil. The aqueous layer, made just acid, was treated 
with excess of picric acid; yield 0.7 g. of picrate. The pic­
rate was suspended in dilute hydrochloric acid, and ex­
tracted with isoamyl alcohol until all picric acid was re­
moved. Evaporation of the aqueous layer gave the crys­
talline hydrochloride of methyldihydrocodeinone glyoxalic 
acid, which could be purified by recrystallizing from 3 N  
hydrochloric acid.

A n a l. Calcd. for C2iH240 6NC1: C, 59.76; H, 5.73; 
Cl, 8.41. Found: C, 59.58; H, 5.81; Cl, 8.75.

Methyldihydrocodeinone in sodium ethylate solution 
without the ethyl oxalate was recovered unchanged.

Methyldihydrocodeinone Enol Acetate (Methyl Acedi- 
con).—A solution of 1 g. of methyldihydrocodeinone in 
15 cc. of acetic anhydride with 1 g. of anhydrous sodium 
acetate was heated under reflux for six hours. Acetic 
anhydride was removed under diminished pressure, and 
the oily residue was treated with ice and ammonia and ex­
tracted with ether. The crystals obtained from the ether 
(0.5 g.) were purified from ethyl acetate and sublimed in a 
high vacuum at 150 °. The pure product melted at 191.5- 
194.5° and had in alcohol [ a ] 23D —142.9° ( c =  0.980).

A n a l. Calcd. for C2iH250 4N: C, 70.95; H, 7.10. 
Found: C, 70.87; H, 7.17.

On boiling the enol acetate for three minutes with 3 N  
hydrochloric acid, methyldihydrocodeinone was obtained.

Methyldihydrocodeine.—A solution of 1.9 g. of methyl­
dihydrocodeinone in 30 cc. of alcohol with 0.1 g. of plati­
num oxide absorbed 183 cc. of hydrogen slowly (0.1 g. 
catalyst added during the reduction); calculated for one 
mole, 180 cc. The oil resulting from concentration of the 
solution crystallized when rubbed with ethyl acetate, yield 
1.1 g. Methyldihydrocodeine crystallizes as the mono- 
hydrate in 8-sided crystals from acetone, ethyl acetate, 
ether or 50% alcohol; m. p. 98-102°, [ « ] 24d  —84.8° 
(alcohol, c =  0.990).

A n a l. Calcd. for Ci9H250 3N +  H20: C, 68.42; H, 
8.17; H20 , 5.41. Found: C, 68.39; H, 8.05; H20 , 5.64.

By Sublimation in a high vacuum, a crystalline anhy­
drous form of m. p. 85-88° is obtained.

The hydrochloride, which may be used advantageously 
to purify methyldihydrocodeine, was prepared in and 
purified from absolute alcohol. It melts at 286-287° 
(evac. tube) and has [ « ] 23d  —64.5° (water, c — 0.992).

A n a l. Calcd. for Ci9H260 3NCl: Cl, 10.08. Found:
Cl, 10.28.

The methiodide, prepared in the usual way, was purified 
from alcohol. It melts at 269-271 ° (evac. tube) and has 
[ a ] 24D -4 7 .9 °  (water, c = 1.024).

A n a l. Calcd. for C20H28O3NI: I, 27.76. Found: I,
27.76.
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Methyldihydromorphinone.—-A solution of 2 g. of 
methyldihydrocodeinone in 10 cc. of 48% hydrobromic 
acid was boiled for twenty-five minutes (complete alkali 
solubility). The solution was diluted, made strongly 
alkaline, and extracted with ether (0.1 g. of unchanged 
material). Addition of ammonium chloride caused pre­
cipitation of the phenolic product, 1.7 g. of brown powder; 
yield after Sublimation in a high vacuum at 180°, 1.4 g. 
of white crystals. Methyldihydromorphinone is only 
sparingly soluble in organic media. It crystallizes from 
alcohol in long needles of m. p. 243-245° (evac. tube, 
sintering at 235°); [ a ] 24D —140.7° (alcohol, c — 1.009).

A n a l. Calcd. for C18H210 3N: C, 72.18; H, 7.05.
Found: C, 72.46; H, 7.10.

The hydrochloride was prepared in absolute alcohol and 
was recrystallized from alcohol. It melts with decomp. 
at 315-318° (evac. tube) and has [« ]24d —104.8° (water, 
c = 1.002).

A n a l. Calcd. for Ci8H220 3NC1: CI, 10.57. Found:
CI, 10.67.

Methyldihydromorphine.—Preparation of methyldihy- 
dromorphine by demethylation of methyldihydrocodeine 
was unsuccessful because of extensive decomposition. A 
suspension of 1.4 g. of methyldihydromorphinone in 30 
cc. of alcohol with 0.1 g. of platinum oxide absorbed one 
mole of hydrogen slowly (0.1 g. of catalyst added during 
the reduction). The product was isolated as in the case 
of methyldihydrocodeine, and was purified by crystalliza­
tion from ethyl acetate and Sublimation in a high vacuum 
at 180°; yield 1.2 g. The compound melts at 206-207° 
and has [<x]24d -9 2 .9 °  (alcohol, c =  1.017).

A n a l. Calcd. for C18H230 3N: C, 71.71; H, 7.70.
Found: C, 71.74; H, 7.72.

By methylation of methyldihydromorphine with diazo­
methane, the above-described methyldihydrocodeine was 
obtained.

Methyldihydromorphine hydrochloride was prepared in 
absolute alcohol and purified from alcohol. It melts at 
316-317° with dec. (evac. tube) and has 1«]23d —65.7° 
(water, c = 1.004).

A n a l. Calcd. for Ci8H24 0 3NC1 : CI, 10.50. Found:
CI, 10.40.

The hydriodide was prepared in the usual way and puri­
fied from absolute alcohol. It melts at 289-291° (evac. 
tube) and has [ a ] 23D —50.5° (water, c = 0.991).

A n a l. Calcd. for Ci8H240 3NI: I, 29.58. Found: I,
29.42.

Isomethyldihydrothebainone.—This compound, isolated 
as described above, crystallizes from acetone in white 
needles of m. p. 168-168.5°. It is soluble in dilute sodium 
hydroxide, and is precipitated from the alkaline solution 
by carbon dioxide. It can be sublimed in an oil-pump 
vacuum at 140°. In alcohol, [<*]24d -5 7 .0 °  (c -  1.023).

A n a l. Calcd. for Ci9H250 3N: C, 72.33; H, 7.99;.
OCH3, 9.83. Found: C, 72.66; H, 8.03; OCH3, 9.85.

The oxime was prepared by boiling an aqueous suspen­
sion of the base for several minutes with 2 moles of hy­
droxylamine hydrochloride. The oxime hydrochloride 
did not crystallize in this case, and the oxime was precipi­
tated with sodium carbonate and recrystallized from alco­

hol, long silky needles of m. p. 191-192° (evac. tube, gas 
evolution at 210°); in alcohol, [ö:]24d  — 82.4° (c = 0.498).

A n a l. Calcd. for Ci9H260 3N2: N, 8.48. Found: N, 
8.37.

Acetylisomethyldihydrothebainone.—The acetyl deriva­
tive was prepared exactly as described under methyldi­
hydrothebainone, and was purified by crystallization from 
acetone and Sublimation at 135° (0.01 mm.). It forms 
white crystals of m. p. 157-158°, [ a ] 24D —9.9° (alcohol, 
c = 0.452).

A n a l. Calcd. for C2iH270 4N: C, 70.55; H, 7.62. 
Found: C, 70.43; H, 7.63.

Isomethyldihydrocodeinone.— A solution of 10.2 g. of 
isomethyldihydrothebainone in 100 cc. of glacial acetic 
acid was treated with 2 moles of bromine as described for 
methyldihydrothebainone. Acetic acid was removed at 
60 °, the oily product dissolved in water, treated with ex­
cess sodium hydroxide, and extracted with 3 liters of ether. 
The oil obtained from the ether was dissolved in hydro­
chloric acid, and precipitated as an amorphous powder 
with sodium hydroxide; yield of crude bromoisomethyldi- 
hydrocodeinone, 9.5 g. (75%). It could not be induced to 
crystallize. The crude product was hydrogenated as de­
scribed under methyldihydrocodeinone (absorption, 1 
mole) and yielded from ether 6.9 g. of crude isomethyldi­
hydrocodeinone. It was dissolved in hydrochloric acid, 
and precipitated crystalline with excess of sodium hydrox­
ide (yield 5.0 g.). Pure white crystals were obtained after 
two crystallizations from ethyl acetate. The compound 
sublimes in a high vacuum at 130°; the melting point is 
144-145°. A depression of 25° is observed in the mixed 
melting point with methyldihydrocodeinone. In alcohol, 
isomethyldihydrocodeinone has [ck]24b —179.4° (c = 
0.995).

A n a l. Calcd. for Ci9H230 3N : C, 72.80; H, 7.40. 
Found: C, 72.57; H, 7.32.

Condensation of isomethyldihydrocodeinone with ethyl 
oxalate under the conditions described above gave a water- 
insoluble oil from which no crystalline derivatives could 
be obtained. None of the ketone could be recovered un­
changed from the reaction. While no analytical product 
could be isolated, it appears as though condensation with 
the ethyl oxalate must have taken place, for isomethyldi­
hydrocodeinone was found to be largely unaffected by 
sodium ethylate in the absence of ethyl oxalate.

Isomethyldihydrocodeinone Enol Acetate.—Acetylation 
of 1 g. of isomethyldihydrocodeinone under the conditions 
described for methyldihydrocodeinone gave 1.1 g. of oily 
crystals which were purified from ethyl acetate and 50% 
alcohol, 0.6 g., m. p. 123-124°. It sublimes in a high vac­
uum at 110°; [«]24d —250.3° (alcohol, c = 1.00).

A n a l. Calcd. for C2iH250 4N: C, 70.95; H, 7.10. 
Found: C, 70.90; H, 7.30.

Hydrolysis of the enol acetate with 3 N  hydrochloric 
acid gave isomethyldihydrocodeinone in poor yield.

Summary
1. Dihydrothebaine reacts with methylmag­

nesium iodide to yield two isomeric phenolic ke­
tones, methyldihydrothebainone and isomethyldi-
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hydrothebainone. In these the ether ring pres­
ent in dihydrothebaine has been opened, the enol 
ether group at position-6 has been hydrolyzed, 
and a methyl group has been added to the nucleus.

2 . Nuclear methylated analogs of dihydroco­
deinone, namely, methyldihydrocodeinone and 
isomethyldihydrocodeinone, can be prepared by 
closure of the 4,5-ether bridge.

3. By demethylation and reduction, methyl­

dihydrocodeinone can be converted to nuclear 
methylated analogs of dihydromorphinone, dihy- 
dromorphine and dihydrocodeine.

4. The nuclear position of the new methyl 
group is not certain, but the fact that the isomeric 
methyldihydrocodeinones yield isomeric enol ace­
tates suggests that in one isomer the methyl group 
may be at C-5, and in the other at C-7.
U n iv e r s it y , V ir g in ia  R e c e iv e d  J u n e  1, 1936

[ C o n t r ib u t io n  from  t h e  Co n v e r se  M em orial  L a b o r a t o r y  o f  H a r v a r d  U n iv e r sit y ]

The Synthesis of Phenanthrene and Hydrophenanthrene Derivatives. III. Hydro­
carbons of the Chrysene, Acechrysene, and 3,4-Benzphenanthrene Series; 1,2-

Benzpyrene Derivatives

By L. F. F ieser, M. Fieser and E. B. H ershberg

On investigating further applications of the 
hydrocarbon synthesis of Fieser and Hershberg1 
it has been found that chrysene and 2,3-dimethyl- 
chrysene can be obtained conveniently from 3,4- 
dihydrophenanthrene-1,2-dlcarboxylic anhydride2
(I) by the reactions indicated. The yields were 
very satisfaetory throughout and the two aromatic

KOH Se
------->  Hydrochrysenes----;

III

hydrocarbons were easily obtained in a highly 
pure condition. The synthetic chrysene agreed 
well in melting point (254.5-255°, corr.) with 
other synthetic preparations3 and it was indis- 
tinguishable from the purified material from coal 
tar employed in Baxter and Hale’s4 atomic weight 
work. Incidentally the synthetic phenanthrene 
previously described1 was found to be incom-

(1) Fieser and Hershberg, T h is  J o urn al , 57, 2192 (1935).
(2) Fieser and Hershberg, ibid., 57, 1851 (1935).
(3) Ruzicka and Hösli [Helv. Chim,. Acta, 17, 470 (1934)] record 

the value 255°, corr.
(4) Baxter and Hale, T h is  Jo u r n a l , 58, 510 (1936).

pletely dehydrogenated, and after suitable treat­
ment the material melted at 100.7-101°, corr., a 
temperature appreciably higher than most values 
reported for highly purified samples from coal ta r .5

The distillates obtained after fusing the diene 
addition products of the type II with alkali solidi­
fied easily but, as in the cases previously studied, 
they appeared to consist of mixtures of hydrocar­
bons in different stages of hydrogenation. The 
material from the butadiene product (R = H) 
seems to undergo disproportionation in solution, 
for after repeated crystallization some chrysene 
was obtained. The crude distillate gave with 
picric acid a stable compound having the compo­
sition of a dihydrochrysene picrate, and the re- 
generated hydrocarbon exhibited the same muta- 
tion in solution as the crude material.

In further extensions of the synthetic method 
little difficulty was experienced in obtaining the 
unsaturated anhydrides2 required for the Diels- 
Alder reaction or in effecting the diene addition 
with these substances. 3,4-Dihydronaphthalene-
1.2- dicarboxylic anhydride adds cyclopentadiene 
and cyclohexadiene about as readily as it does the 
open-chain dienes. The alkali fusion and the 
final step of dehydrogenation, however, are not 
always satisfaetory. Although compounds of the 
type IV were obtained in good yield (80%) from
1.2- dihydrophenanthrene-3,4-dicarboxylic anhy­
dride2 and butadiene or 2 ,3-dimethylbutadiene, 
difficulties were encountered in attempting to con-

(5) Unfortunately a typographical error was made in reporting 
Dr. R. D. Haworth’s melting point for 2,3-dimethylphenanthrene 
styphnate; this should read 147-148°.
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vert the substances into 3,4-benzphenanthrenes,
V. 6,7-Dimethyl-3,4-benzphenanthrene was ob-

R R

V (R =  CH3)

tained in this way in a satisfaetory condition of 
purity, but both the potassium hydroxide fusion 
and the dehydrogenation proceeded poorly and 
the yield was quite low. Attempts to prepare the 
parent hydrocarbon by the same method were un­
successful. An oil resulted in small amount from 
the fusion of IV (R = H) with alkali, but the 
material recovered after this had been heated with 
selenium or sulfur showed no difference in the 
boiling range or composition from the starting 
material. Hydrogenation of IV prior to the fu­
sion did not improve the results and only resulted 
in an increase in the temperature at which reac­
tion occurred.

A similar difficulty was experienced in attempt- 
ing to aromatize another hydrogenated 3,4-benz-

/ \  / X

I 1
c h 2- c h 2

VI

phenanthrene derivative (VI) investigated in con- 
junction with Mr. E. L. Martin. A quantity of 
the octahydro compound VI was prepared from a 
ketone previously synthesized6 in this Laboratory 
from tetrahydroacephenanthrene, but attempted 
dehydrogenations with selenium, sulfur or plati­
num black resulted only in the complete destruc­
tion of the material.

3,4-Benzphenanthrene derivatives are of in­
terest because of the discovery that the parent 
hydrocarbon7 has cancer-producing properties.8 
The aromatic compound corresponding to VI 
would have an additional structural feature of 
interest in the dimethylene bridge extending

(6) Fieser and Peters, T h is  J o u r n a l , 54, 4373 (1932).
(7) Cook, J. Chem. Soc., 2524 (1931).
(8) Barry, Cook, Haslewood, Hewett, Hieger and Kennaway, 

Proc. Roy. Soc. (London), B117, 318 (1935).

across peri-positions. While 1,2-benzanthracene 
has little if any carcinogenic properties,8 the addi­
tion of such a bridge in the 5,10-position leads to 
the pötently tumor-inducing hydrocarbon chol- 
anthrene (VII) .9,10 The isomeric 8 ,9-dimethylene 
derivative VIII (8 ,9-ace- 1,2-benzanthracene) is

CH2-CH2
VII VIII

less potent10 than cholanthrene, but nevertheless 
active. It is of interest to learn if similar di­
methylene derivatives of other hydrocarbons ex­
hibit an enhanced activity, and as one step in this 
direction the synthesis of 6 ,7-acechrysenes of the 
type X was investigated. The required anhy-

CO

IX (R = H, CH3)

✓ y y *

m a A r

J
CH2-CH 2 

X  (R =  CH3)

drides (IX) were obtained without difficulty by 
condensing the ethyl ester of 7 -(3-acenaphthyl)- 
butyric acid6 with oxalic ester, cyclizing the prod­
uct with 80% sulfuric acid to the unsaturated 
anhydride (a mixture of acetic and sulfuric acids 
gave the di-ester), and adding the appropriate 
diene. The remaining two steps presented the 
same difficulties as in the 3,4-benzphenanthrene 
series and again it was only in the case of the 
dimethyl derivative that the synthesis could be 
brought to a successful conclusion. 2,3-Dimethyl-
6,7-acechrysene (X) was obtained in quantity suf­
ficiënt for biological tests, if in poor yield, but the 
unsubstituted hydrocarbon could not be prepared. 
From the potassium hydroxide fusion of the an­
hydride IX (R = H) there was isolated an ap­
parently pure hydrocarbon having the cömposi- 
tion of a dihydro derivative, C2oHi6, but this was 
converted by sulfur or selenium treatment only 
into another substance of the same empirical for­
mula.

(9) Fieser and Seligman, T h is  J o u r n a l , 57, 2174 (1935).
(10) Shear, Sei. Proc. Soc. Biol. Chem., XXX, lxxxix, J. Biol. 

Chem., May, 1936.
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The cyclization of the condensation product XI 
from the methyl ester of 7 - (1 -acenaphthyl) - 
butyric acid6 and oxalic ester was much less satis-

COOR

XI

h 3c

ch2- c h 2
XII

factory than in other cases investigated. In 
view of the low yield (27.5%) and the inaccessibil- 
ity of the starting material the synthetic uses 
of the resulting unsaturated anhydride were not 
investigated. The unfavorable behavior of the
1-substituted acenaphthene derivative in con­
trast to the 3-isomer recalls the observation of 
Cook, Haslewood and Robinson11 that difficulty 
was experienced in effecting a normal cyclization 
of the similarly constituted hydrocarbon XJI. 
The fact that both reactions involve ring closure 
at a ß-position of the naphthalene nucleus may be 
partly responsible for the poor results.

I t was found that 1,2 -benzpyrene derivatives 
can be obtained readily by application of the 
Bougault reaction, for no difficulty was experi­
enced in preparing and cyclizing the diethyl ester 
of a-oxalyl-7 -(1-pyrenyl)-butyric acid, XIII. The

HAOOCCH I I
\ c o

COOC2H5
XIII XIV

resulting unsaturated anhydride was dehydro- 
genated with sulfur to the aromatic anhydride 
XIV, which has been examined by Dr. M. J. 
Shear for possible carcinogenic activity. The an­
hydride itself produced no tumors after seven 
months and the disodium and dipotassium salts of 
the corresponding acid proved to be toxic to mice 
and produced hemorrhages.

Experimental P art12

Preparation of the Anhydrides
3,4-Dihydro-8,9-acephenanthrene-l,2-dicarboxylic An­

hydride.—Ethyl 7-(3-acenaphthyl)-butyrate, b. p. 188-

(11) Cook, Haslewood and Robinson, J. Chem. Soc., 667 (1935).
(12) All melting points are corrected. Analyses by Mrs. G. M. 

Well wood.

191° at 0.5 mm., was Condensed with ethyl oxalate in the 
presence of potassium ethylate following the procedure out- 
lined for the similar reaction of ethyl y-phenylbutyr ate .2 

The greater part of the reaction product separated in the 
form of the potassium salt, but a further small quantity 
was recovered by extraction of the acidified mother liquor. 
For cyclization the combined crude material was heated 
with 80% sulfuric acid for one-half hour at 70-80°, and 
the unsaturated anhydride was obtained in a good condi­
tion in 60% yield. The substance dissolves slowly in 
benzene and separates, after the solution has been con­
centrated, in the form of lustrous, deep orange needles. 
The melting point is dependent upon the material from 
which the capillary tube is constructed and upon the tem­
perature at which the sample is introduced to the heating 
bath. When heated from 25° in a soft glass tube the melt­
ing occurs over the range 220-240°; in Pyrex the. sample 
softens at 220° and melts at 230-232°. Introduced to a 
bath preheated to 2 2 2 °, the sample melts completely at 
this temperature. In quartz the melting point is 229-232° 
with previous softening.

A n a l. Calcd. for Ci8Hi2Q3: C, 78.24; H, 4.38.
Found: C, 78.24; H, 4.63.

a-Oxalyl-7-(3-acenaphthyl)-butyric acid diethyl ester
was isolated as a solid in one experiment when the oily 
condensation product was allowed to stand until crystal­
lization occurred. The substance formed fine, colorless 
needles, m. p. 83-85°, from ether-petroleum ether.

A n a l. Calcd. for C22H240 5: C, 71.70; H, 6.57.
Found: C, 71.59; H, 6.42.

Diethyl 3,4-dihydro-8,9-acephenanthrene-l ,2-dicarbox- 
ylate was obtained, along with some of the above anhy­
dride, in an attempt to improve the yield in the Bougault 
ring closure by employing a mixture of equal parts of glacial 
acetic acid and 82% sulfuric acid (70-80°) in place of 
80% sulfuric acid. The diester is much more soluble than 
the anhydride and it was obtained as yellow plates, m. p. 
140.2-140.6°, by crystallization from benzene-ligroin.

A n a l. . Calcd. for C22H220 4: C, 75.40; H, 6.33.
Found: C, 75.49; H, 6.45.

For conversion to the anhydride the diester was hydro­
lyzed with alcoholic alkali and the free acid (2  g.) refluxed 
for a short time with a mixture of concentrated hydro­
chloric acid (20 cc.) and glacial acetic acid (125 cc.). The 
total yield of anhydride by this method was 50%.

3,4 - Dihydro - 5,10 - aceanthrene - 1,2 - dicarboxylic anhy­
dride was obtained in 27.5% yield by the Standard pro­
cedure from methyl 7 -(1 -acenaphthyl)-butyrate, b. p. 
223-226° at 8  mm. The Bougault reaction proceeded 
as above and the loss appeared to occur in the cyclization. 
The anhydride formed fine, orange-red needles from ben­
zene, m. p. 276-277°.

A n a l. Calcd. for C18H12O3: C, 78.24; H, 4.38.
Found: C, 77.75; H, 4.18,

1 ',2 '-Dihydro-1,2-benzpyrene - 3 ',4' - dicarboxylic Anhy­
dride.—The required starting material was obtained by 
suspending 7 - (1 -pyrenyl) -butyric acid, 13 prepared in the 
manner previously reported14 and with the same yields, in 
ethyl alcohol and passing in hydrogen chloride nearly to

(13) Cook and H ew ett, J. Chem. Soc., 398 (1933).
(14) Fieser and Fieser, T h is  J o u r n a l , 57, 782 (1935).
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Saturation. The acid soon gave way to the oily ester, and 
after distilling off most of the solvent this was dried in 
ether first with calcium chloride solution and then with 
sodium sulfate and distilled, b. p. 245-247°, uncorr., at 
1 mm.; yield 91%. The distillate solidified and was ob­
tained from ligroin as straw-colored prisms, m. p. 48.5- 
49°. The methyl ester was obtained as cottony clusters 
of colorless needles from hexane, m. p. 51.5-52°. Both 
preparations gave, on hydrolysis with alcoholic potassium 
hydroxide, followed by crystallization of the product from 
glacial acetic acid, completely colorless plates of 7 -(l- 
pyrenyl)-butyric acid, m. p. 190-190.5°, whereas the acid 
as originally prepared and crystallized from xylene was in- 
variably obtained as slightly brown or pink crystals.

The ester condensation of ethyl y -(1 -pyrenyl) -butyrate 
(10 g.) was carried out in the usual way,2 the potassium 
salt of the product separating completely from the car- 
mine-colored solution as a dark brown oil which slowly 
solidified. After decanting the mother liquor the salt was 
washed with dry ether and decomposed with an ice-cold 
mixture of 5 cc. of concentrated sulfuric acid and 100 cc. 
of water, when a solid oxalyl ester was obtained. This 
was taken up in benzene and the solution was washed with 
water and dried, and on adding ligroin a part of the oxalyl 
ester crystallized and a sample was purified as described 
below. The remainder of the material was recovered by 
evaporation under vacuum and treated with 80% sulfuric 
acid at 80-90° for one hour to effect cyclization. The 
orange anhydride soon separated and it was filtered off from 
the still warm solution and washed with 80% acid and 
then with alcohol; yield 7.5 g. The substance is very 
sparingly soluble in glacial acetic acid, acetic anhydride 
or toluene and moderately soluble in pyridine. After 
two crystallizations from tetrachloroethane (60 cc. per g.) 
it formed small rosets of feathery orange needles, m. p. 
338-340°, dec. Further crystallizations from pyridine 
gave short, dark orange needles of the same melting point.

A n a l. Calcd. for C22H 12O3: C, 81.46; H, 3.74. Found: 
C, 81.79; H, 4.13.

tt-Oxalyl-Y-( l-pyrenyl)-butyric Acid Diethyl Ester (XIII).
—The crude material on recrystallization from benzene- 
ligroin formed cream-colored needles, m. p. 106-107°.

A n a l. Calcd. for C26H24O5: C, 74.96; H, 5.81. Found: 
C, 74.62; H, 5.99.

l,2-Benzpyrene-3',4 '-dicarboxylic Anhydride (XIV).—
For the dehydrogenation 2.75 g. of the dihydro compound 
was dissolved in 20 cc. of quinoline, 0.287 g. of sulfur was 
added and the solution was refluxed for two hours, when 
the evolution of hydrogen sulfide had practically ceased. 
On allowing the solution to cool the product separated as 
permanganate-colored prisms, and after Sublimation in 
vacuum 2.4 g. of bright orange-red material, m. p. 378- 
380°, was obtained. The substance is practically insol­
uble in glacial acetic acid or dioxane. It is very soluble in 
quinoline and moderately so in pyridine, the latter solvent 
giving orange-brown prisms. After recrystallization from 
quinoline and from pyridine, followed by vacuum Sublima­
tion, the compound melted at 380-382°.

A n a l. Calcd. for C22H10O3: C, 81.96; H, 3.14. Found: 
C, 82.11; H, 3.66.

For conversion to the metal salts the anhydride was dis­
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solved in pyridine, strong potassium or sodium hydroxide 
solution was added and most of the pyridine was removed 
by distillation. Methyl alcohol was added and the yellow 
salt was collected and washed. Both salts are readily 
soluble in water and the aqueous Solutions show a strong 
blue fluorescence. In high dilution the potassium salt is 
hydrolyzed giving a colloidal solution of the acid.

The Diels-Alder Reaction
The previously reported preparation1 of the addition 

products of the types II and IV by heating the components 
in dioxane solution was improved by raising the tempera­
ture. A shorter time was required in this case and usually 
heating for twenty-four hours at 160-180° was sufficiënt. 
The dioxane solution was then transferred to an all-glass 
distilling apparatus and after removing the solvent the 
residual oil was distilled in high-vacuum (3 microns). 
The reaction product was in this way obtained as a clean 
solid distillate free from polymerized diene, which other- 
wise hinders the process of crystallization. In the course 
of the subsequent crystallizations the addition product 
sometimes was found to be contaminated with a small 
amount of the completely aromatic anhydride evidently 
arising from a partial dehydrogenation of the starting ma­
terial. This by-product can be removed easily by virtue 
of its sparing solubility in benzene, which easily dissolves 
the addition products. After filtration, partial evapora­
tion, and dilution with ligroin the addition products sepa­
rated as colorless crystals. By this modified procedure 5,6- 
benz-1,4,9 ,1 0 ,1 1 , 1 2  - hexahy drophenanthrene - 1 1 ,1 2 - dicar - 
boxylic anhydride1 and its 2,3-dimethyl derivative1 were 
obtained in 87 and 81% yield, respectively.

1.4.11.12.13.14 - Hexahydrochrysene - 13,14 - dicarbox­
ylic anhydride, II (R = H) was obtained as colorless micro­
crystals, m. p. 143.5-144° from benzene-ligroin, in 67% 
yield.

A n a l. Calcd. for C20H16O3: C, 78.92; H, 5.30. Found: 
C, 79.08; H, 5.62.

The yield of the 2,3-dimethyl derivative1 was 94%.
1.4.11.12.13.14 - Hexahydro - 6,7 - acechrysene - 13,14- 

dicarboxylic anhydride, IX (R = H) formed small colorless 
needles, m. p. 189-189.3°, from benzene-ligroin; yield 
81%.
. A n a l. Calcd. for C22H18O3: C, 79.97; H, 5.49. Found: 

C, 79.81; H, 5.49.
The 2,3-dimethyl derivative, IX (R = CH3) forms prisms, 

m. p. 187.5-188°; yield 67-73%.
A n a l. Calcd. for C24H22O3: C, 80.41; H, 6.19. Found: 

C, 80.41; H, 6.28.
1,4 - FMömethylene - 1,4,9,10,11,12 - hexahydro- 

phenanthrene-ll,12-dicarboxylic anhydride was prepared

by heating 5 g. of l,2-dihydronaphthalene-3,4-dicarboxylic 
anhydride with 10 g. of cyclopentadiene for twenty-four 
hours at 100° in a sealed tube. The excess diene and its
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dimer were removed by distillation in vacuum and the 
solid residue was crystallized from benzene-ligroin. The 
pure addition product collected amounted to 3.2 g. and 
the material from the mother liquor was contaminated 
with unchanged starting compound. The ewdamethylene 
compound melts at 158-159° with vigorous evolution of 
gas; this was found to be due to decomposition into the 
components by reversal of the Diels-Alder reaction.

A n a l. Calcd. for Ci7Hi40 3: C, 76.66; H, 5.30. Found: 
C, 76.55; H, 5.30.

The 2,3-dihydro derivative of the above compound, ob­
tained by hydrogenation in glacial acetic acid solution with 
Adams catalyst, formed colorless prisms from benzene- 
ligroin, m. p. 156-156.5° (no decomposition).

A n a l. Calcd. for Ci7Hi60 3: C, 76.09; H, 6.02. Found: 
C, 76.32; H, 6.20.

1,4 - E ndodimethylene - 1,4,9,10,11,12 - hexahydro- 
phenanthrene-ll,12-dicarboxylic anhydride was obtained 
in 70% yield by heating 2 g. of the unsaturated anhydride 
with 4 g. of cyclohexadiene for eight days at 100°. The ex­
cess liquid hydrocarbon was eliminated by distillation in 
vacuum and the residual solid crystallized from benzene- 
ligroin; colorless prisms, m. p. 137-138°.

A n a l. Calcd. for Ci8H160 3: C, 77.11; H, 5.75. Found: 
C, 77.27; H, 5.46.

The 2,3-dihydro derivative, prepared as above, formed 
colorless prisms melting at 135-135.5°.

A n a l. Calcd. for C18H180 3: C, 76.54; H, 6.45. Found: 
C, 76.42; H, 6.38.

5,6 - Benz - 1,2,3,4,9,10,11, 12 - octahydrophenanthrene- 
11,12-dicarboxylic anhydride, obtained by the hydrogena­
tion of the previously described addition product in glacial 
acetic acid, formed colorless needles, m. p. 182.8-183.2°.

A n a l. Calcd. for C2oHi80 3: C, 78.40; H, 5.92. Found: 
C, 78.26; H, 5.90.

Conversion to Hydrocarbons
Chrysene.—For the elimination of the anhydride group 

of the butadiene addition product II (R = H) 5 g. of the 
material was cautiously heated with 8 g. of potassium 
hydroxide and 8 cc. of water at about 150° in a distilling 
flask with sealed-on receiver until conversion to the solid 
potassium salt was complete and then until the water had 
been largely evaporated. The temperature of the bath 
was then increased and the flask was connected to a water 
pump through a trap to catch sublimed material. Decom­
position began at about 320-330° and a light yellow oil 
distilled and soon solidified. The temperature was gradu­
ally increased to 380-400°, when no more oil distilled and 
the residue in the flask carbonized. The yield of product 
melting over the range 198-204° was 2.6 g. (69%) and 
similar results were obtained in several other experiments. 
The crude solid is very readily soluble in benzene and spar­
ingly soluble in alcohol. After six crystallizations from 
alcohol and one from glacial acetic acid there was obtained 
0.2 g. of a constant melting fraction identified as chrysene. 
No other fractions of constant melting point were ob­
served, and the mother liquor on further working yielded 
additional small amounts of chrysene apparently arising 
in the process of crystallization. The picrate of the chief 
primary constituent was more stable. An alcoholic solu­

tion of 1.9 g. of the crude distillate from the alkali fusion 
on treatment with 2.5 g. of picric acid deposited 2.7 g. of 
orange needles melting at 142-144°, and the melting point 
was not altered by further recrystallization. The sub­
stance forms lustrous orange needles which become opaque 
on drying even at room temperature, and it has the com­
position of a dihydrochrysene picrate.

A n a l. Calcd. for C18Hi4 C6H30 7N3: C, 62.73; H, 3.73;
N, 9.15. Found: C, 62.42; H, 3.45; N, 9.06.

The hydrocarbon recovered from the purified picrate 
melted initially at 223-226°, but on repeated crystalliza­
tion from glacial acetic acid the melting point steadily 
rose and eventually pure chrysene was again obtained. 
Chrysene itself was not observed to form a picrate in alco­
holic solution, although in benzene clusters of small orange- 
red needles, m. p. 174-175°, were obtained.

For the production of chrysene 11.3 g. of the crude hy­
drocarbon from the alkali fusion was heated with 6 g. of 
selenium at 300-310° for fourteen hours and then, since 
the material isolated turned slightly purple and evidently 
was not completely dehydrogenated, 5 g. of selenium was 
added and the heating continued for forty-eight hours 
longer. The reaction product was extracted with benzene 
and the solution refluxed over fresh portions of sodium wire 
to remove tracés of selenium. The process was repeated 
with more effectiveness when the benzene was replaced by 
toluene so that the sodjium melted. The clarified solution 
on cooling deposited 7.6 g. of colorless crystals and 1 g. 
more was obtained from the mother liquor. The first erop 
was distilled at 2 mm. pressure and reserved for use in the 
atomic weight work of Professor G. P. Baxter. A sample 
crystallized from toluene formed colorless plates with a 
blue fluorescence, m. p. 254.5-255°.

2,3-Dimethylchrysene, III (R =  CH3).—The fusion of 
the addition product (5.5 g.) was conducted as above and 
the crude distillate (3.2 g.) was heated with a large excess 
of selenium for forty hours. The crystallized product 
(1.8 g.) was purified with sodium, distilled, and further 
crystallized from benzene, giving colorless plates, m. p. 
215-215.3°.

A n a l. Calcd. for C2oHi6: C, 93.70; H, 6.30. Found: 
C, 93.47; H, 6.33.

Oxidation of the hydrocarbon with chromic anhydride in 
acetic acid solution gave after crystallization a bright red 
product which appeared from microscopie examination and 
from the melting range (222-232°) to be a mixture of two 
ortho quinones.

6,7-Dimethyl-3,4-benzphenanthrene, V (R =  CH3).—  
On fusing 5 g. of the addition product IV with potassium 
hydroxide a reaction occurred at a bath temperature of 
330-340° but in a few minutes the residue turned black 
and the distillation of light yellow oil promptly stopped. 
In several experiments the oily product amounted to 0.5-
O. 8 g. The combined material from three runs was de­
hydrogenated as above and since the purified oil obtained 
did not solidify it was treated with picric acid in alcoholic 
solution. After removing a small amount of high-melting 
material which first separated there was obtained 2 g. 
of fine orange needles of the picrate. After further crystal­
lizations this melted at 143-144°.

A n a l. Calcd. for C2qH16-C6H30 7N3: N, 8,66. Found: 
N, 8.45,
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The hydrocarbon recovered by decomposition of the 
purified picrate with ammonia solution retained a slight 
yellow color after crystallization from benzene-petroleum 
ether. On passing a benzene-ligroin solution through a 
tower of activated alumina the first fraction was colorless 
and on partial evaporation deposited colorless plates hav­
ing a strong blue fluorescence, m. p. 94.5-95°.

A n a l. Calcd. for C2oH i6: C, 93.71; H, 6.30. Found:
C, 93.89; H, 5.94.

2,3-Dimethyl-6,7-acechrysene, X.—The fusion of 4 g. of
the anhydride IX  (R = CH3) with potassium hydroxide 
at 360-380° gave 0.65 g. of solid distillate from which 
after several crystallizations from glacial acetic acid there 
was obtained 0.25 g. of colorless plates, m. p. 193.5-194.5°. 
This appears to be a dihydro derivative.

A n a l. Calcd. for C22H20: C, 92.91; H, 7.09. Found: 
C, 92.88; H, 7.42.

The crude distillate served as well for the dehydrogena­
tion as the purified dihydro derivative. From 0.5 g. of the 
distillate there was obtained after purification as above and 
final crystallization from benzene-ligroin 0.07 g. of colorless 
needles of the aromatic hydrocarbon, m. p. 222.6-223.1°.

A n a l. Calcd. for C22Hi8: C, 93.57; H, 6.43. Found: 
C, 93.26; H, 6.52.

Attempts to Prepare 6,7-Acechrysene.—Two grams of 
the starting material (IX, R =  H) gave 0.2 g. of solid dis­
tillate about half of which was obtained on crystallization 
from benzene-ligroin as fine, colorless needles, m. p. 153.2- 
153.5°. The analysis corresponds most closely to a di- 
hydroacechrysene.

A n a l. Calcd. for C20Hi6: C, 93.70; H, 6.30. Found: 
C, 93.32; H, 6.52.

The crude hydrocarbon distillate (0.5 g.) on treatment 
with selenium at 300-310° for twenty-six hours gave after 
purification a substance separating from benzene-ligroin as 
faintly yellow needles, m. p. 181-182°, and having nearly 
the same composition as the starting material. The same 
hydrocarbon was obtained in smaller amount when sulfur 
was used in place of selenium.

A n a l. Calcd. fo r  C 2oH 16: C, 93.70; H , 6.30. Found: 
C, 93.99; H, 6.18.

5,6 - Tetramethylene - 1,2,3,4 - tetrahydro - 8,9- 
acephenanthrene, VI,15 was prepared in 77% yield (pure) 
by the high pressure (3000 lb.) hydrogenation of 5,6-tetra- 
methylene-l-keto-l,2,3,4-tetrahydro-8,9-acephenanthrene6 
with Adkins catalyst No. 37 KAF in alcohol at 200°. The 
same method gave 72-83% yields in the preparation of one 
of the intermediates, l,2,3,4-tetrahydro-8,9-acephenan- 
threne. The hydrocarbon VI was crystallized from alco­
hol in which it is sparingly soluble, forming long, stout, 
colorless needles, m. p. 148.6-149.0°.

A na l. Calcd. for C2oH22: C, 91.53; H, 8.46, Found: 
C, 91.48; H, 8.31.

A number of attempts were made to effect the dehydro­
genation of the hydrocarbon with selenium, sulfur, and 
platinum black under a variety of conditions, but the 
only action noticed was that of complete decomposition.

Summary

7 -Arylbutyric esters derived from naphthalene, 
acenaphthene, and pyrene can be converted by 
condensation with oxalic ester and cyclization 
into unsaturated dicarboxylic anhydrides of the 
phenanthrene, acephenanthrene, aceanthrene and
1,2-benzpyrene series. The yields usually are 
good and the products can be aromatized without 
difficulty, or they can be converted in excellent 
yield into diene addition products. The conver­
sion of the diene addition compounds into aro­
matic hydrocarbons is the least satisfaetory part of 
the synthesis, for the results are variable. While 
chrysene and 2 ,3-dimethylchrysene were ob­
tained easily by this method, attempts to prepare 
hydrocarbons of the 3,4-benzphenanthrene and 
6 ,7-acechrysene series were only in part successful 
and then the yields were poor.
Ca m br id g e , Mass. R e c e iv e d  J u n e  18, 1936

(15) Experiments of E. L. Martin.
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Phenyl Nitrogen Substitution and Reactivity in the Barbituric Acid Series1

B y D orothy N ightingale and Lloyd C. M orris

Dibromobarbituric acid reacts rapidly with 
primary and secondary amines to form the corre­
sponding amine salt of monobromobarbituric 
acid.2 As interpreted by Cope, the reaction may 
proceed as follows 
H—N —C = 0

I I
0 = C  C—Br2 4- 2 RNH2 -— >

I I
H—-N—-C = 0

H—*N—C = 0

It reacts with aniline or dimethylaniline to form 
monobromobarbituric acid and p-bromoaniline or 
^-bromodimethylaniline, respectively.3 With thio­
urea it forms thiopseudouric acid.4

When the halogen derivatives of phenyl nitro­
gen substituted barbituric acids were used, it was 
found that the Substitution of phenyl groups for 
hydrogen had a definite effect in the above types 
of reactions. On the other hand, these nitrogen 
substituted dibromobarbituric acids both reacted 
equally well with substituted hydrazines to form 
hydrazones of the corresponding alloxan, and 
Macbeth, Nunan and Traill5 report no difference 
in the rates of their rapid reaction with hydrazine 
hydrate.

In the condensation reactions of the methylene 
group of the barbituric acids with aromatic alde­
hydes such as cinnamaldehyde and with diphenyl­
formamidine, nitrogen Substitution seems to have 
little if any effect on the rate of the reaction.

Experimental
The 1-phenyl and 1,3-diphenylbarbituric acids and their 

halogen derivatives were prepared according to the direc­
tions of Whiteley6 and of Macbeth, Nunan and Traill,5 
with some necessary refinements in their procedures. The 
phosphorus oxychloride and malonyl chloride methods 
were both used. Even in the malonyl chloride method, 
by-products soluble in sodium carbonate solution are

(1) Abstract of a thesis subraitted by Lloyd Clayton Morris in 
partial fulfilment of the requirements for the degree of Master of 
Arts at the University of Missouri.

(2) Nightingale and Schaefer, T h is  J o u r n a l , 54, 236 (1932); 
Cope, ibid., 54, 1251 (1932).

(3) Conrad and Reinbach, Ber., 35, 522 (1902); Gupta and 
Thorpe, J. Chem. Soc., 121, 1896 (1922).

(4) Trzscinski, Ber., 16, 1057 (1883).
(5) Macbeth, Nunan and Traill, J. Chem. Soc., 1248 (1926).
(6) Whiteley, ibid., 91, 3135 (1907).

H—N—C—0( NH3R) 

0 = C  C—Br +  RNHBr

formed, which are not always completely removed from 
the barbituric acid by many recrystallizations. This is 
especially true with 1,3-diphenetylbarbituric acid.

In the preparation of the monohalogen derivatives of 
these barbituric acids, the acid is suspended in dry chloro­
form, and the 10% solution of bromine in chloroform must 
be added very slowly and with stirring. The same pre- 
cautions must be observed in the preparation of the di- 
halogen barbituric acids, using glacial acetic acid as the 
solvent. In either preparation, a gummy product results 
if the bromine is added too rapidly.

Halogen Barbituric Acids and Aliphatic Amines.— 
Dibromobarbituric acid reacts rapidly in warm alcohol 
solution with butylamine to give a 73% yield of the rela­
tively stable butylamine 5-bromobarbiturate. When 1- 
phenyl-5,5-dibromobarbituric acid was used in warm or 
cold absolute alcohol solution, a tar was obtained which 
would not yield crystals. Benzene was found to be a satis- 
factory solvent for the reaction. The l-phenyl-5,5- 
dibromobarbituric acid (3.6 g.) was dissolved in dry ben­
zene and the solution cooled to +10°. The butylamine 
(1.5 g.) in a little dry benzene was slowly added with stir­
ring. Some tar formed and adhered to the beaker, but 
when the benzene was poured off and allowed to stand in 
the cold for several hours, about 1.2 g. of a mixture of 
butylamine hydrobromide and the amine barbiturate sepa­
rated. Attempts to purify this mixture resulted in a tar. 
Decomposition with the formation of a tar took place when 
the product was heated above 100° or if it was allowed to 
come in contact with moist air. Kjeldahl analysis indi­
cated a nitrogen content of 10.97%. Butylamine hydro­
bromide and butylamine l-phenyl-5-bromobarbiturate 
contain 9.11 and 11.80% nitrogen, respectively.

The 5-bromo-l-phenylbarbituric acid and butylamine 
in benzene under the above conditions gave some tar and 
a 10 to 15% yield of pure butylamine 5-bromo-l-phenyl- 
barbiturate. The salt is unstable and decomposes to 
form a red tar at elevated temperatures or if exposed to 
moist air for any length of time. It melts with decomposi­
tion around 110-120°. Other aliphatic amines gave simi­
lar results.

A n a l. Butylamine l-phenyl-5-bromobarbiturate. Calcd. 
for Ci4Hi8N3 0 3Br: total N  (Kjeldahl), 11.80; amine N, 3.93. 
Found: N, 11.73; N, 3.91. The amine nitrogen was de­
termined by the procedure used by Cope.

The butylamine 5-bromo-l-phenylbarbiturate was 
treated with cold sodium carbonate solution in which it 
readily dissolved, liberating butylamine. The solution 
was filtered, acidified with hydrochloric acid, and the 
precipitate which formed collected on a Büchner funnel. 
This white solid melted at 213° and did not depress the 
melting point of a sample of 5-bromo-l-phenylbarbituric 
acid.

Both the mono and dibromo derivatives of 1,3-diphenyl­
barbituric acid and butylamine under the above conditions 
gave some tar on evaporation of the solvent but no crystals
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of amine barbiturate, even when heated in a sealed tube with 
or without a solvent. Solvents such as ethyl alcohol and 
ether as well as benzene were used but with no better results.

When dibenzylamine reacts with dibromobarbituric 
acid, the crystals which separate rapidly from the alcohol 
solution are a mixture of the moderately soluble dibenzyl­
amine hydrobromide and dibenzylamine 5-bromobarbi- 
turate. When l,3-diphenyl-5,5-dibromobarbituric acid 
was used, the solution turned a violet-red but no crystals 
separated. Concentration of the solution gave a small 
amount of colored crystals which on recrystallization were 
white and melted at 265°. The melting point of these 
crystals and dibenzylamine hydrobromide was also 265°. 
Some amine salt of monobromodiphenylbarbituric acid 
may be formed but is probably too unstable to isolate.

A comparison of rates of reaction of dibromobarbituric 
acid and l-phenyl-5,5-dibromobarbituric acid with butyl­
amine is difficult since they require different experimental 
conditions. Dibromobarbituric acid is only slightly sol­
uble in hot benzene.

Halogen Barbituric Acids and Aniline.—Aniline reacts 
immediately in warm alcohol solution with dibromobarbi­
turic acid to give an almost quantitative yield of />-bromo- 
aniline and bromobarbituric acid. The l-phenyl-5,5-di- 
bromobarbituric acid (3.6 g.) was dissolved in hot alcohol 
and aniline (1 g.) added. There was no immediate reac­
tion noticeable. After standing for several hours, the pre­
cipitate of l-phenyl-5-bromobarbituric acid (m. p. 213°) 
which gradually separated was collected on a filter. The 
^-bromoaniline (m. p. 6 6 °) was isolated from the filtrate. 
Yields were nearly quantitative.

The l,3-diphenyl-5,5-dibromobarbituric acid and aniline 
formed some tar, but none of the monohalogen acid sepa­
rated from the solution, even on long standing and evapo­
ration of the solvent.

Halogen Barbituric Acids and Thioureas.—The mono 
and dibromo derivatives of barbituric acid and of 1 -phenyl- 
barbituric acid react rapidly with the thioureas to form 
the 8-thio-9-R- and l-phenyl-8-thio-9-R-pseudouric acids, 
respectively. The halogen barbituric acid (1 mole) in 
alcohol solution is added to an alcohol solution of the 
thiourea (1 mole). Heat is evolved and the thiopseudouric 
acid precipitates rapidly. Yields are nearly quantitative. 
The thiopseudouric acids are soluble in hot water but in­
soluble in the common organic solvents, and decompose at 
their melting points.

8-T hio-9-R-pseudouric  A cids
Thiourea °c„ % nitrogen (Kjeldahl)

used Formula dec. Calcd. Found
Phenyl C11H10N4O3S 240 2 0 .1 4 19.90
A llyl C8H10N4O3S 270 2 3 .1 4 2 3 .1 6
ö-Tolyl C12H12N 403S 275 19 .1 8 19 .04

1-PHENYL-8-THIO-9-R-PSEUDOURIC ACIDS
Thiourea CnHioN40 3S > 3 0 0 2 0 .1 4 2 0 .1 6
Phenyl C17H 14N 4O3S 280 15 .82 15.94
Allyl C14H14N 4O3S > 3 0 0 17.61 17 .62

When alcohol Solutions of either 5-bromo- or 5,5-dibromo-
1 ,3 -diphenylbarbituric acid and the thioureas were mixed, 
no heat was evolved as with the other halogen barbituric 
acids, and no crystals separated even after long heating. 
Evaporation of the solvent gave some crude crystals which, 
from their nitrogen content and melting points, were 
apparently mixtures of some of the unchanged halogen 
barbituric acid and the thiourea. Recrystallization of 
this material gave the pure thioureas.

a-Naphthylhydrazine and the Dihalogen Barbituric 
Acids.—An alcohol solution of a-naphthylhydrazine 
hydrochloride ( 1  mole) was added to a hot alcohol solu­
tion of the nitrogen-substituted dibromobarbituric acid 
(1 mole). The brick-red hydrazone which separated 
rapidly was collected on a filter and washed with hot alco­
hol. These hydrazones are slightly soluble in hot alcohol 
and insoluble in the other common organic solvents.

1 - Phenylalloxan 
a  - naphthylhy-

Formula
% nitrogen (Dumas)

M. p., °C. Calcd. Found

drazone
1,3 - Diphenyl- 

alloxan a-naph-

C520H14N 4O3 292 15.64 15.49

thylhydrazone C26H18N 4O3 303 12.90 12.96

There was no observable difference in the rates of these 
reactions. e

Methylene Condensations.—When either cinnamalde- 
hyde or diphenylformamidine was added to a hot alcohol 
solution of either 1-phenyl- or 1,3-diphenylbarbituric acid, 
the slightly soluble cinnamylidene and anilinomethylene 
derivatives separated rapidly and quantitatively. There 
was no observable difference in the rate of reaction of a 
series of mono and diaryl nitrogen-substituted barbituric 
acids with these reagents. 7

Summary
The replacement of one hydrogen by a phenyl 

group in dibromobarbituric acid decreases the 
rate of reaction with aniline and possibly with ali­
phatic amines. The amine salts of l-phenyl-5- 
bromobarbituric acid are less stable than those of
5-bromobarbituric acid.

Amines and thioureas do not react appreciably 
with l,3-diphenyl-5,5-dibromobarbituric acid un­
der the conditions described.

Aryl nitrogen Substitution seems to have little 
if any effect on the reactivity of the methylene 
groups in the aryl nitrogen substituted barbituric 
acids.
C o lu m bia , M isso u r i R e c e iv e d  M a y  18, 1936

(7) Nightingale and Alexander, T h is  To u r n a l , 58, 794 (1936).
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In a recent paper, 1 Professor McBain considers 
the error due to solvation in molecular weights 
determined by means of the ultracentrifuge and 
concludes that the error may amount to “hun- 
dreds of per cent.” Although Professor McBain 
is not clear on this point, by emphasizing the de- 
pendence of Sedimentation on a difference in the 
partial specific volumes of solvated and unsol- 
vated molecules, he implies that solvation affects 
in a different manner molecular weights deter­
mined by means of the ultracentrifuge and by 
conventional methods such as osmotic pressure or 
change in freezing point, boiling point, or vapor 
pressure.

In contrast to this point of view, we shall show 
that the effect of solvation is the same for the 
ultracentrifuge as for conventional methods; 
that as a matter of fact, the error owing to solva­
tion in binary Systems is independent of the par­
tial specific volumes of the components; and that 
in no case can the error amount to “hundreds of 
per cent.” in a binary system for the reason that 
the apparent molecular weight, ignoring solvation, 
is always less than the true molecular weight of the 
unsolvated molecules, regardless of the values for 
the partial specific volumes. Furthermore, we 
shall show that whenever the molecular weight 
determinations are made in low concentrations, as 
is generally admitted to be necessary for valid re­
sults by any method, enormous solvations lead to 
a relatively small error. We therefore believe 
that, in practice, solvation very rarely, if ever, 
leads to any significant error in ultracentrifuge 
determinations of molecular weight on binary 
Solutions.

The effect of solvation in a multicomponent 
system may be considerably more complicated 
than for a binary solution. Since Professor Mc­
Bain discusses such Systems also, without how­
ever presenting any mathematical treatment, we 
add a brief quantitative discussion of ternary 
Systems in which combination occurs between the 
sedimenting component and one of the other two.

Solvation in Binary Systems.—Considering a 
binary solution, in which s grams of component 2

( D J .  W. McBain, This J o u r n a l , 58, 315 (1936).

(solvent) combines with one gram of component 
1 (solute), the following symbols and definitions 
may be setup

Xi, X2 =  number of grams of components 1 and 2 in solu­
tion.

y n  = (s +  l)#i = grams of compound (solvate) in solu­
tion.

y 2 — x2 — sxi — grams öf free solvent. 
v — volume of solution; V  — specific volume of solution 
_  =_y/(xi +_**),
Vu V 2 and V 12 — partial specific volumes of solute, sol­

vent and solvate respectively.

Remembering that v = f  (yi2, y2), one obtains 
by partial differentiation

and
5#i = Vi =

8v
5yi2 (j + 1)

8v— 5
öy2 ( 1)

*  = ü  -  *
ÖX2

Combining these, and replacing the differentials 
by the corresponding specific volume symbols, 
one finds that

(s +  l ) V u =  s V , +  V i (2 )

That is to say, the partial specific volume of the 
solvate can be calculated only if the degree of sol­
vation  ̂is known.

Turning now to the question of molecular 
weights, it is apparent that

M l2 =  (s +  l ) M i  (3)

where M i  is the molecular weight of the unsol­
vated solute and M n  is the molecular weight of 
the solvated solute. Since in calculating molecu­
lar weight by the usual equation for Sedimenta­
tion equilibrium, the partial specific volume of the 
unsolvated solute is used, an “apparent molecu­
lar weight” M '  is obtained, which is related to 
M n  and the partial specific volumes by the equa­
tion

M 12( l  -  V n /V )  =  M '(  1 -  V i /V )  (4)

Combining equation 4 with equations 2 and 3, and 
eliminating M n  and V12, we get

Mi = M' __(! -  V i /V )
(1 -  v j v )  -mTï  -  V2/V )

(5)

Introduction of the definitions for V\ and F2 ex-
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pressed in terms of weight fractions, cx and c2l for 
solute and solvent,2 namely

Fi = V  +  C2&V/ÓC 1 (6)
F2 = V  -  c id V /d c i

finally gives

« ' - " ' r -1; - »  <7>
It may readily be shown that the same equa­

tion describes the effect of solvation on molecular 
weights by osmotic pressure and other conven­
tional methods. This of course is to be expected 
in view of the thermodynamic equivalence of os­
motic pressure and Sedimentation equilibrium.3

From eq. 7 it is evident that the error due to 
solvation is independent of the partial specific 
volumes of the components for the ultracentrifuge 
method, as well as for osmotic pressure and re­
lated methods. Furthermore, inasmuch as the 
apparent molecular weight M ' is always smaller 
than the true molecular weight M x of the unsol­
vated solute, the error can never amount to “hun- 
dreds of per cent.” In fact, since low concentra­
tions should always be used for molecular weight 
determinations by means of the colligative prop­
erties of Solutions, quite enormous degrees of sol­
vation have an insignificant effect on molecular 
weight. For example, from eq. 7, if Ci is about
0 .001 , as it commonly has been in our ultracen­
trifuge work, the solvation would have to be 
about 990% to make an error of 1% in the molecu­
lar weight. We therefore believe that solvation 
needs never lead to any serious error in ultra­
centrifuge determinations of molecular weight 
for binary Solutions.

Three-Component Systems with Solvation or 
Compound Formation.—Three-component Sys­
tems containing but one sedimenting component 
and with no combination between the components 
may be considered as a binary system without 
solvation. If the sedimenting component com­
bines with the other two components in the same 
proportions as they exist in the solution, the solu­
tion is equivalent to a binary solution with solva­
tion, as treated above. If, however, combina­
tion occurs between the sedimenting component 
and one of the other components, or if the sedi­
menting component combines with both of the 
other components in proportions different from 
those in which they exist in the solution, a new 
case arises.

(2) Lewis and Randall, “Thermodynamics,” McGraw-Hill Book 
Co., New York City, 1923, p. 38.

(3) A. Tiselius, Z. physik. Chem., 124, 449 (1926).

Calling the sedimenting or colloidal solute com­
ponent 1, and considering the case where r grams 
of component 2 combines with one gram of com­
ponent 1, we may set up the following definitions

yn  -  ( r +  l )x t  
y 2 — x2 — rx i 
ys = x%

where yx2, y2f and y3 are the grams of compound, 
free component 2 , and component 3 in the solu­
tion.

By operations entirely similar to those used in 
the discussion of binary Solutions, we obtain an 
equation which is analogous to eq. 2 ; namely

(:r +  l)Fi2 = rV 2 +  Fi (8)
and an equation which is analogous to eq. 5, 
namely

M i =  M '
_ (1  -  Fx/F)

(1 -  F i/F ) + r ( l  -  F2/F ) (9)

In other words, the true molecular weight of 
component 1 in its uncombined state can be de­
termined only if the component with which the 
colloidal solute combines, the composition of the 
compound, and the partial specific volumes of 
both components of the compound, are known. 
It may be noted that for this case, as well as for 
the binary solution, the error in molecular weight 
is not dependent on the partial specific volume of 
the compound formed by the colloidal solute.

The partial specific volumes in question are de-
fined by a set of equations analogous to those of
eq. 6 and similarly derivable

Tz Tr , n5F 8VVi =  V +  ( 1  — Cr)

— SV SV
F2 = F — Ci r“ +  (1 ~~ C2) TT  (10)

Vs = F - S V  8V  
Cl Sci C2 Sc2

where the partial derivative with respect to cx is 
taken with c2 constant, and vice versa. Since cx 
+  C2 +  Cz =  1, changes in cs may be ignored. 
By substituting the values for Vi and V2 as given 
by eq. 10 into eq. 9, one may calculaté the error 
corresponding to various values of r.

Whereas for the binary case, as Professor Mc­
Bain points out, the partial specific volumes of the 
colloidal component and its compound with the 
solvent must necessarily differ if Sedimentation is 
to occur, the same is not in general true for multi- 
component Systems. Specifically, in a ternary 
system, it is possible for the colloidal solute and 
its compound with one of the components to have
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the same partial specific volume without eliminat- 
ing the difference between V12 and F, which is the 
condition for Sedimentation to occur. In such a 
case, as shown by eq. 8 , Fi =  V2 — V12, and as 
shown by eq. 9, the molecular weight calculated 
from ultracentrifugal data is then the true molecu­
lar weight of the cotiïpound. The relationship, 
under these conditions, between V12 and V  may 
be shown from eq. 10 to be

V 12 =  V  +  Cs(8V/Sd) (11)

The question regarding the formation of a com­
pound between the colloidal solute and another 
component of a solution has concerned us a good 
deal in connection with our ultracentrifugal 
studies of cellulose in cuprammonium.4 Al­
though these Solutions contain at least four com­
ponents, we have assumed that they could be con­
sidered as ternary Systems with combination oc­
curring between the cellulose and the copper. 
We know of no entirely satisfaetory way of deter­
mining directly the composition of the compound 
or its partial specific volume, so our conclusions 
concerning the molecular weight of cellulose in 
cuprammonium involve other considerations. 
As pointed out above, however, if the partial 
specific volumes of cellulose and of the com­
pound with copper happen to be the same, a true 
molecular weight of the compound is obtained. 
We attempted to give general expression to this 
thought in our previously cited paper, but unfor- 
tunately we did not limit our remark to ternary 
or more complicated Systems, and we are in com­
plete agreement with Professor McBain’s criti- 
cism of our statement, in so far as binary Systems 
are concerned.

From Professor McBain’s remarks concerning 
“bound water” and its determination in ternary 
Systems, it might be thought that his method 
offers a direct way of meäsuring at least the par­
tial specific volume of the cellulose-copper com­
pound. We fear, however, that such is not the 
case. The partial specific volume of the cellulose 
is considerably less than the specific volume of 
the solution. As a result, very considerable

(4) E. O. Kraemer and W. D. Lansing, J. Phys. Chem., 39, 165 
(1935).

amounts of an additional substance with a defi­
nitely lower partial specific volume than the cellu­
lose would have to be added to the solution in 
order to reduce the specific volume of the solution 
to equality with that of the cellulose-copper com­
pound and thus to prevent Sedimentation. 
Whether the elimination of Sedimentation could 
actually be accomplished in this way we do not 
know, but if it could be done, we feel that there 
would in general be very little chance that the 
partial specific volume of the colloidal solute 
would remain unchanged, especially if the colloidal 
component formed a compound with some other 
component of the system.

However, whenever the partial specific volume 
of the compound containing the colloidal solute 
can be determined by Professor McBain’s method, 
one may replace V12 of eq. 8 with the value of F, 
substitute the values of Fi and F2 as given by 
eq. 10, and calculate r. This assumes, of course, 
that Fi> F2 and F12 are not changed by the addi­
tional component required to bring F  and Vx2 
into equality, that one knows which component 
combines with the colloidal solute, and that V3 
and cs refer to the mixture of all components other 
than the colloidal solute and the component with 
which it combines.

Summary
For binary Solutions the change in partial speci­

fic volumes resulting from solvation or compound 
formation does not affect molecular weights deter­
mined by the Sedimentation equilibrium method 
in any way different from that for conventional 
methods, in spite of the fact that Sedimentation 
equilibrium is dependent on differences in partial 
specific volumes. Under normal conditions, with 
a binary solution, solvation is probably rarely if 
ever great enough to lead to an appreciable error 
in molecular weights. For ternary and higher 
order Systems, also, the error in molecular weight 
by the Sedimentation equilibrium method may be 
evaluated quantitatively without considering the 
partial specific volume of solvates or compounds 
formed by sedimenting component.
WiLMiNGTON, D e l . R e c e iv e d  M a r c h  14, 1936



1474 Vol. 58

[ C o n t r ib u t io n  from  t h e  C hem ical  L aboratory  of t h e  U n iv e r sit y  of  I l l in o is]

Some Chromous and Chromic Ammines
B y  J. H. B althis, J r. ,1 and  J ohn C. B ail a r , J r .

J. H. Balthis, Jr., and John C. Bailar, Jr.

In the course of some work on the stereochem- 
istry of chromium, it has been necessary to know 
something of the stability of chromous ammines 
toward water and air. Very few chromous am­
mines have been studied in this respect; appar­
ently no investigation has been made of the ones 
in which we are particularly interested—those 
containing ethylenediamine and its homologs.

Traube and Passarge2 prepared chromous am­
mines by the action of hydrazine and of hydrazine 
sulfate upon chromous salts. These compounds 
were so stable that they showed no change on 
standing in the air for several days. Traube, 
Burmeister and Stahn3 by treating chromous 
chloride and chromous formate with pyridine ob­
tained complexes which absorb oxygen from the 
air, but which are stable, even when wet, if pro- 
tected from the air. Barbieri and Tettamanzi4 
found that [Cr dip3] Br2*6H20  (dip = dipyridyl) 
oxidizes slowly in the air. The same investiga­
tors prepared chromous complexes containing 
hexamethylenetetramine, and found them to be 
readily oxidized when wet. Chromous ammonia 
complexes are stable when dry8 but when a solution 
of a chromous salt is treated with ammonium hy­
droxide and an ammonium salt, hydrogen is 
evolved and the chromic complex is formed.6 
We have found that ethylenediamine and its 
homologs behave in this same way, liberating hy­
drogen very rapidly.

When a solution of chromous chloride in an at­
mosphere of nitrogen was treated with a solution 
of ethylenediamine with or without the addition 
of ethylenediamine hydrochloride a transient 
blue precipitate formed. This was perhaps a 
chromous complex. Rapid oxidation to the chro­
mic state prevented its isolation, however. As 
soon as the Solutions were mixed, evolution of hy­
drogen began, and within an hour and a half the 
oxidation was practically complete.

The use of chromous acetate instead of the chlo-
(1) Abstracted from part of a thesis submitted for the degree of 

Doctor of Philosophy at the University of Illinois.
(2) Traube and Passarge, Ber., 46, 1505 (1913).
(3) Traube, Burmeister and Stahn, Z. anorg. allgem. Chem., 147, 

50 (1925).
(4) Barbieri and Tettamanzi, Atti Accad. Lincei, 15, 877 (1932).
(5) These compounds are discussed by Schlesinger and Hammond, 

T h is  Jo u r n a l , 65, 3971 (1933).
(6) Asmanow, Z. anorg. allgem. Chem., 160, 209 (1927).

ride gave essentially the same results. In this 
case an 80% yield of triethylenediamine chromic 
bromide [Cr en3] Br3*3H20  was obtained by con- 
centrating the solution and adding sodium bro­
mide. A small amount of hexaethylenediamine- 
hexol-tetrachromic bromide [Cr4 (OH) 6en6 ]Br6*- 
4H20 7 was formed, also.

An unstable chromous ammine must have been 
formed before the oxidation took place, for the 
chromic ion will not react with ethylenediamine 
under these conditions. Although the conditions 
of the experiment were varied in many ways, no 
chromous compound could be isolated. In the 
hope of obtaining more stable compounds 1,2- 
propylenediamine and 2,3-butylenediamine (for 
which an improved method of preparation was de­
veloped) were substituted for the ethylenediamine. 
Again, only chromic compounds were obtained. 
Chromous ammines containing bases of this se­
ries are apparently too readily oxidized by water 
to be isolated from aqueous solution. This fur- 
nishes a much easier method of preparing the tri­
ethylenediamine chromic salts than any which has 
previously been described. A simplified proce­
dure for this preparation is outlined in the Experi­
mental Part.

We were led by these observations to study 
briefly the stability of chromous ammines con­
taining bases with nitrogen in the ring. In agree­
ment with the results of Barbieri and Tettamanzi, 
we found the dipyridyl complex to be quite stable. 
In the case of the pyridine complex the nitrogen 
to chromium bond is evidently less stable for the 
compound which we prepared, [Cr py2]Cl2, lost 
pyridine gradually on standing. Quinoline com­
plexes are still less stable. Chromous chloride 
and acetate dissolved readily in quinoline to give 
deeply colored Solutions, but the addition of al­
cohol precipitated the original chromous salt. 
None of the complex ions containing ring bases 
were oxidized by water.

Experimental
Most of the experiments were carried out in the appa­

ratus shown in Fig. 1. A novel feature of this device is 
the combined stirrer-filter B. The shaft of this stirrer is a 
heavy-walled 8-mm. tube. The lower end is expanded to an

(7) Pfeiffer, ibid., 58, 272 (1908).
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internal diameter of 10 mm. and is packed with glass wool. 
A short piece of glass rod is sealed to the shaft just above 
the expanded portion. During filtration the upper end 
of the shaft is connected (at C) to the vacuum line by a 
piece of light rubber tubing; when the device is used for 
stirring the rubber is disconnected from the vacuum line 
and closed by a piece of glass rod. By placing B very close 
to the bottom of the flask, practically all of the liquid can 
be drawn off. Liquids for washing precipitates are intro­
duced through K and withdrawn through B. The appa­
ratus is convenient and has proved to be very efficiënt.

Preparation of Chromous Acetate.—Chromic chloride is 
reduced by zinc and hydrochloric acid in F, the excess 
hydrogen escäping through the small Erlenmeyer, which is 
partially filled with water. When the reduction is com­
plete, stopcock D is opened and rubber tube H is closed by 
a clamp. This forces the liquid in F through the glass 
wool filter A into the reaction flask G, through which a 
slow stream of oxygen-free nitrogen is passing. A con­
centrated solution of sodium acetate (excess) is added 
through K, and the precipitated chromous acetate is 
washed by stirring it with small portions of freshly boiled 
water. If it is to be removed from the apparatus it must 
be washed with alcohol and ether and dried by the stream 
of nitrogen. The yield is over 90%.

Chromous Chloride.—Eighteen grams of chromous 
acetate in the reaction chamber G is dissolved in 60 cc. of 
ice cold concentrated hydrochloric acid. With the flask 
immersed in an ice-bath, a steady stream of hydrogen 
chloride gas is passed into the flask with the nitrogen. 
(With undiluted hydrogen chloride, there is a tendency for 
water to be sucked in from flask L.) After about an hour, 
blue crystals of CrCl2-4H20  precipitate. The liquid is 
filtered off and the crystals washed with cold, concentrated 
hydrochloric acid. The yield is 90%, based on weight of 
chromous acetate, or 81% based on the weight of chromic 
chloride used.

Action of Ethylenediamine and its Homologs upon 
Chromous Chloride.—Solid chromous chloride tetrahy- 
drate (from 15 g. of CrCl3*6H20) was dissolved in 30 cc. of 
freshly boiled ice-cold water in an atmosphere of nitrogen, 
and 30 cc. of an ice-cold saturated solution of ethylene­
diamine hydrochloride was added. Thirty cubic centi­
meters of a 65% solution of ethylenediamine was then 
added gradually with stirring. During the addition a 
pale blue precipitate formed, but soon redissolved. Even 
though the solution was kept at 0°, oxidation began at 
once and was complete in a few hours. Addition of alco­
hol to the cherry red solution precipitated [Cr(NH2CH2- 
CH2NH2)3]Cl3*3.5H20  as orange crystals. A second erop 
was obtained by evaporation. The total yield was 16 g. 
Dehydration over phosphorus pentoxide showed the com­
pound to contain 15.65% water; (calcd., 15.69%). Analy­
sis of the anhydrous material by ignition to Cr2C>3 showed 
15.7% chromium; calcd., 15.4%.

The Substitution of 1,2-propylenediamine for ethylene­
diamine led to similar results, [Cr(NH2CH(CH3)CH2- 
NH2)3]Cl3-H20  being obtained. Analysis for chromium: 
Found, 13.12%. Calcd., 13.05%.

In another experiment, a slight excess of butylene- 
diamine was added to the solid chromous chloride, which 
had been freed from hydrochloric acid by washing with

acetone. The results were the same as with the other 
bases. After oxidation was complete, the solution was 
poured into 50 cc. of concentrated hydriodic acid. The 
iodide precipitated in beautiful orange needles, which are 
soluble in water, alcohol and acetone, and were recrystal­
lized from water. The loss in weight upon drying at 50 ° 
in a vacuum over phosphorus pentoxide was negligible. 
Analysis for iodide: Found, 54.85%. Calcd. for |Cr-
(CH3CH(NH2)CH(NH2)CH3)3]l3, 54.63%. This is the 
first member of the butylenediamine series to be described.

Action of Ethylenediamine upon Chromous Acetate.—
When chromous acetate was dissolved in 65% ethylene­
diamine oxidation took place as with the chloride. Addi­
tion of sodium bromide followed by evaporation gave tri- 
ethylenediamine chromic bromide and a small amount of 
hexaethylenediamine-hexol-tetrachromic bromide, [Cn- 
(0H)6en6]Br6‘4H20 . These were separated through the 
difference in solubility in water and the tetrachromic salt 
was identified by analysis. Calcd.: Cr, 16.20; N, 13.8. 
Found: Cr, 16.13,16.14; N, 13.7.

Action of Nitrogen Ring Bases upon Chromous Salts.— 
The directions of Barbieri and Tettamanzi4 were followed 
in the preparation of the dipyridyl complex [Cr dip3]Br2* 
6H20 . In agreement with their report, we find the com­
pound to be fairly stable toward water, and only slowly 
oxidized by exposure to the atmosphere.

An excess of pyridine was added to chromous chloride 
dissolved in water. The pale green precipitate which 
formed was filtered, washed successively with water, alco­
hol and ether, and dried by heating to 80 ° in a current of 
nitrogen. Analysis showed it to be ICr py2]Cl2. Calcd.: 
Cr, 18.5; Cl, 25.1. Found: Cr, 18.0; Cl, 25.3. The 
compound undergoes slow oxidation when exposed to air. 
It has a faint odor of pyridine and evidently loses pyridine 
continuously. Since the completion of this work Chatelet8 
has reported the preparation of this eompound from anhy­
drous chromous chloride and pyridine. Traube, Bur- 
meister and Stahn3 isolated this eompound as the dihy­
drate.

Chromous acetate and chloride were dissolved in wet 
quinoline in an atmosphere of nitrogen to give deep red 
Solutions. No oxidation was apparent after the Solutions 
had stood for several days. Addition of alcohol to the 
solution reprecipitated the original chromous salt.

(8) Chatelet, Compt. rend., 199, 290 (1934).
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Sitnplified Procedure for the Preparation of [Cr(NH2*- 
CH2-CH2-NH2)3 ]Br3-3H20 .—A one-liter flask is equipped 
with a mercury sealed stirrer, a dropping funnel, an inlet 
for nitrogen and an outlet for escäping gases. Twenty 
grams of chromium in small pieces and 400 cc. of water 
are placed in the flask and the water is boiled to expèl 
dissolved oxygen. Air is swept from the flask by a current 
of nitrogen. One hundred cubic centimeters of Concen­
trated hydrobromic acid is added over a period of five 
minutes, followed immediately by 70 cc. of ethylene­
diamine monohydrate. The solution is allowed to stand 
with occasional stirring until oxidation is complete (eight 
to ten hours), is filtered and evaporated. The bromide 
crystallizes as orange needles. The yield in a typical run 
was 47 g. or 81% based upon the fact that 5.8 g. of chro­
mium dissolved.

Preparation of 2,3-Butylenediamine.—Angeli9 has de­
scribed the preparation of 2,3-butylenediamine by reduc­
tion of an alcoholic solution of dimethylglyoxime. This 
method gives very poor yields, apparently because the 
sodium salt of dimethylgly oxime is insoluble in alcohol. 
The substance has been prepared also by the action of 
ammonia on 2,3-dibromobutane10 and by the catalytic 
reduction of dimethylgly oxime dissolved in alcohol.11 
The catalytic reduction gives excellent yields of the base 
when very dilute Solutions are used. Under these con­
ditions it is difficult to obtain the material in large amounts. 
We have found that it is possible to obtain 2,3-butylene­
diamine readily by the following modification of Angeli’s 
directions: dimethylglyoxime is acetylated by the method 
of Biltz.12 Seventy grams of the diacetate is dissolved in 
two liters of anhydrous alcohol in a flask fitted with a stirrer 
and an efficiënt reflux condenser. One hundred and sixty 
grams of sodium in lumps the size of marbles is introduced

(9) Angeli, Ber., 23, 1357 (1890).
(10) Morgan and Hickinbottom, J. Soc. Chem. Ind., 43, 307T

(1924).
(11) Frejka and Zahlova, Spisy vyddvanê Prtrodovedeckou Fakultou 

Masarykovy Univ., No. 73, 3 (1926); Strach and Schwaneberg, Ber., 
67, 1006 (1934).

(12) Biltz, Ber., 41, 1883 (1908).

rapidly. When the sodium has dissolved 200 cc. of water 
is added and the mixture is steam distilled. Most of the 
amine is obtained in the first three liters of distillate. 
Addition of a saturated solution of oxalic acid precipitates 
the oxalate. More of the oxalate can be obtained by con- 
centrating the solution and adding alcohol and ether. The 
total yield is 27 g. or 40% of the theoretical. This mate­
rial is pure enough for preparation of the free base. A 
sample, after recrystallization from water and drying over 
phosphorus pentoxide, melted at 235°. Angeli9 reported 
238°.

The base is liberated by mixing the oxalate with its own 
weight of sodium hydroxide in a small amount of water. 
Distillation gives a nearly quantitative yield of a fuming, 
somewhat viscous liquid with an odor similar to that of 
ethylenediamine. The hydrated base boils at 130 °.

The major portion of the dimethylglyoxime not ac­
counted for in the yield of diamine may be recovered from 
the original reaction mixture.

Summary
The stability of chromous ammines has been 

studied. Ammines containing ethylenediamine,
1,2-propylenediamine and 2,3-butylenediamine 
could not be isolated from water solution because 
of rapid oxidation to the chromic state by the 
water. On the other hand, when the chromous 
ion is coördinated with dipyridyl, pyridine or 
quinoline it is stable toward water, and in the case 
of the dipyridyl at least is somewhat stabilized to 
atmospheric oxidation.

A new and simple method for the preparation 
of triethylenediamino chromic salts and similar 
compounds has been presented.

An improved synthesis of 2,3-butylenediamine 
is described.
U rb  ANA, I l l in o is  R e c eiv ed  M ay  23, 1936

[ C o n t r ib u t io n  fr o m  t h e  M allinckrodt  L aboratory  of H a r v a r d  U n iv e r sit y ]

The Transference Number of Lanthanum Chloride as a Function of the Concentration
By Grinnell  Jones and Laurence T. Prendergast

Introduction
The purpose of this paper is to test the general 

validity of several equations which have been pro­
posed for the Variation of the transference num­
bers of electrolytes with the concentration by the 
use of new data on lanthanum chloride covering 
a wide range of concentration. Although the old 
classical theory predicts that transference num­
bers should be independent of the concentration, 
it has long been known that variations do occur, 
especially among salts of polyvalent ions.

In 1924 Drucker and Riethof1 found that the 
data for the transference numbers for the chloride 
ion in hydrochloric acid between 0.01 and 0.1 
normal, inclusive, could be expressed by the two 
parameter equation: t -  = 0.172(1 — l/A 0*51); 
where t -  is the transference number of the anion 
and N  is the moles of water per molfe of salt. The 
figures 0.172 and 0.51 were selected to fit the data, 
but the figure 0.172 obviously must be the limit- 
ing value of t as the concentration approaches

(1) C. Drucker and G. Riethof, Z. physik. Chem., 111, 20 (1924).



Aug., 1936 Transference N umber as a F unction of Concentration 1477

zero. No general validity for this form of 
equation was claimed and it aroused little interest 
but has been revived by Drucker2 in his recent 
book ‘'Elektrochemie” in the form 

t -  =  ti  (1 -  i/ V n )
which differs from the original only in the change 
of the exponent from 0.51 to 0.50. This change 
was perhaps influenced by the development of the 
Debye-Hückel theory in the meantime.

Soon after the original proposal of Drucker’s 
equation Scatchard3 used an equation for potas­
sium chloride which is readily transformable into 
the form, t+ = 0.4975 — 0.014-\/m, where m is 
the molality (moles of salt per 1000 grams of 
water) and the figure 0.4975 must be the limiting 
value at zero concentration if this equation is 
valid. This equation is of essentially the same 
form as Drucker’s revised equation, except that it 
contains one more arbitrary parameter, namely, 
the coëfficiënt of the last term. Scatchard re­
garded this equation as valid for potassium chlo­
ride up to 1.25 normal but makes no claim that it 
has general validity.

In 1929 Jones and Dole4 found that an equa­
tion of the form U = A /( l  +  By/c) — 1 (where 
c is moles of salt per liter and A and B are parame­
ters chosen to fit the data) held for barium chlo­
rides Solutions over the range of concentration 
from 0.001 to 1.0. I t is evident from the form 
that if this equation is valid for extrapolation 
down to zero concentration then /+ = A — 1.

In 1931 Jones and BradshäW5 found that this 
equation could be applied to lithium chloride from 
c = 0.001 to 3.0 normal.

Dole6 has pointed out that the Jones and Dole 
equation has the same form as the limiting law 
derivable from the Onsager conductance equation 
but that the numerical coefficients are different.

Longsworth7 has proposed and tested a two 
parameter equation for the Variation of the trans­
ference number of uni-univalent salts with the 
concentration

_  , (1 -  2t l )  ß V l
Ao -  («Ao + 2/3) Vc + ^ ( 1  +

________ 2 ß V c  >
Ao — (exAo -f- 2ß) \/c/

(2) C. Drucker in Teil IV of “Elektrochemie,” edited by K. 
Fajans and E. Schwarz, Akad. Verlagsgesellschaft, Leipzig, 1933, p. 
24.

(3) G. Scatchard, This Journal, 47, 705 (1925).
(4) Grinnell Jones and M. Dole, ibid., 61, 1073 (1929).
(5) Grinnell Jones and B. C. Bradshaw, ibid., 54, 138 (1932).
(6) M. Dole, J. Phys. Chem., 35, 3647 (1931).
(7) L. G. Longsworth, T h is  J o u r n a l , 54, 2741 (1932); B. B.

Owen, ibid., 57, 2441 (1935).

where a and ß have a definite known numerical 
value from the Onsager conductance theory and 
A0 must be estimated from the data on condüct- 
ance so that only the limiting value of the trans­
ference number and the constant A are selected to 
fit the data. This equation was shown to be 
valid for potassium chloride between 0.001  to 0.1  
normal and for sodium chloride and lithium chlo­
ride and hydrochloric acid between 0.01 and 0.1  
normal.

The interionic attraction theory predicts that 
the Variation of ionic mobilities with concentra­
tion should be greater for trivalent ions than for 
univalent or bivalent ions and therefore that the 
Variation of the transference numbers of the ions 
with the concentration should be larger for a tri­
univalent salt than for the simpler types of salts. 
This is supported by the fragmentary available 
data.

As Onsager8 has pointed out, a qualitative pre­
diction as to the sign of the change can be made 
from the Onsager theory beyond the range of con­
centration for which the conductance equation 
is valid. The interionic electric forces decrease 
the mobilities of the two ions in equal ratios and, 
therefore, do not affect the transference numbers. 
On the other hand, the absolute effect of electro- 
phoresis in diminishing the mobility of an ion is 
proportional to its yalence and independent of its 
mobility. For a 3-1 salt, this means that if the 
transference number of the trivalent ion at in­
finite dilution is more than 0.75, the theory pre­
dicts that it will increase with increasing con­
centration; and if it is less than 0.75 it will de­
crease with increasing concentration.

In order to test the various equations which 
have been proposed it seemed desirable to secure 
reliable data on some tri-univalent salt covering 
a wide range of concentration. Lanthanum chlo­
ride was selected because it is less hydrolyzed than 
any other chloride of a trivalent metal, is suffi­
ciently soluble, and so far as is known does not 
form complex ions in solution. Moreover, con­
ductance data on this salt have been obtained in 
this Laboratory.

The only published data known to us on the 
transference numbers of the ions of lanthanum 
chloride are by Proskauer.9 His results are only 
given to two significant figures and show varia­
tions between the results obtained at the anode

(8) L. Onsager, Physik. Z., 28, 277 (1927).
(9) E. Proskauer, Diss., Frankfort am Main, 1933.



1478 Grinnell Jones and Laurence T. Prendergast Vol. 58

and at the cathode of about 5% on the average. 
A few unpublished measurements have been made 
in this Laboratory by B. C. Bradshaw which 
agree well with the new data given below.

Experimental
The lanthanum chloride used in the early part of the 

work was originally separated from other rare earths by 
Professor Charles James and purified and dried by C. F. 
Bickford10 as described in an earlier paper from this Labora­
tory. After this supply was used up the material was re­
covered from the used Solutions by precipitation as the 
oxalate, ignition to the oxide and conversion into the 
chloride by the procedure used by Bickford. A concen­
trated solution of the salt gave a p H  of 6.2 as determined 
by Phenol Red indicator, showing that the hydrolysis was 
so slight that even for the most dilute solution investigated 
the correction to the transference number due to hydrolysis 
was less than the experimental error.

The transference numbers were determined by the 
analytical method using ati apparatus of the type devised 
by Washburn.11 The other details of the procedure were 
similar to those used by Jones and Dole, and Jones and 
Bradshaw with some modifications. The anode for Solu­
tions more concentrated than 0.01 normal was a roll of 
silver gauze, coated with spongy silver. This was made 
by covering the gauze with a paste of silver oxide in water, 
drying and heating to a low red heat. For very dilute 
Solutions (0.01 molar and below), a roll of silver gauze 
without the spongy silver was used. This type of anode

(10) Grinnell Jones and C. F. Bickford, T h is  J o urn al , 56, 604 
(1934).

(11) E. W. Washburn, ibid., 31, 322 (1909).

was more easily cleaned than the spongy silver type. Dur­
ing electrolysis these electrodes became covered with ad­
herent silver chloride which could be easily washed, dried 
and weighed without loss. There was no evolution of 
oxygen or formation of acid at the anode in any of the 
experiments reported. These electrodes gave entire satis- 
faction, except that with dilute Solutions there is a tend­
ency for the silver chloride to be formed in colloidal 
suspension instead of adhering to the anode. This limits 
the current density which can be used and the total per- 
missible transference. The formation of colloidal silver 
chloride in dilute solution is probably due to the fact that 
the chloride ions become depleted in the immediate vicin­
ity of the anode so that silver ions may be formed and 
migrate away from the electrode before they meet a chlo­
ride ion and are precipitated. If the potential gradiënt in 
the solution is too high (more than 1 volt per centimeter) 
there may be evolution of oxygen and formation of acid. 
The anodes after being used could be prepared for re- 
use by cathodic reduction, followed by washing and drying.

The cathodes were made similar to the anodes and then 
were thickly coated with silver chloride by electrolysis in 
hydrochloric acid, thoroughly washed and dried at 105°. 
The silver chloride and reduced silver formed therefrom 
by electrolysis were so adherent that there was no loss 
of weight in handling the electrodes. For the more con­
centrated Solutions, it was necessary to use very large elec­
trodes weighing 30 g.

In order to prevent the formation of hydroxyl ion at the 
cathode when using these electrodes, it is necessary to re­
move the oxygen dissolved in the solution. This was done 
by bubbling oxygen-free nitrogen through the solution 
before pumping it into the transference cell. Then the 
cell was sealed with paraffin to exclude oxygen.

The analysis was carried out by differential potentio­
metric titration, similar to the procedure used by Maclnnes 
and Dole. Our experience confirms the advantages of 
this method claimed by these authors. For the titration 
we have used the device shown in Fig. 1 which we have 
found to be more rapid and positive in its action than the 
air lift device used by Maclnnes and Dole. The solution 
to be analyzed was added from a weight buret to a beaker 
immersed in an ice-bath. The sharpness of the end-point 
is greatly increased by chilling. The electrodes were 
platinum wires covered with silver by electroplating from 
a cyanide-bath. One electrode was inside a tube con­
nected with the bäth by a narrow gooseneck. A Standard 
solution of silver nitrate was added from a weight buret 
until the end-point was near and then the titration com­
pleted by means of a very dilute solution added from a 
Volumetrie buret. After each addition of a drop of silver 
nitrate the solution in the beaker was thoroughly stirred 
and the change in potential was observed. The solution 
around the inner electrode was then mixed with the main 
body of the solution by making alternate connections with 
a pressure bottle and the outer air by means of a three-way 
cock as shown in the diagram. This method of electro- 
metric titration is far more rapid than the gravimetric 
method and is sufficiently accurate for the purpose. The 
error in the analysis is probably not more than 0.01% ex­
cept when applied to Solutions less than 0.01 molar when 
the error increases somewhat.
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T a b l e  I
T r a n sfe r e n c e  N u m b e r  of  t h e  L a n th an u m  I on  in  

L a n t h a n u m  Ch l o r id e  S o l u tio n s  at  25°
C, t+, from t+, from /+,

molar anode cathode ave.
0 .003814 0.4703 0 .4689 0.4696

.010407 .4587 .4582 .4585

.010414 .4587 .4581 .4584

.015614 .4514 .4513 .4514

.022803 .4438 .4428 .4433

.051602 .4266 .4262 .4264

.075659 .4181 .4173 .4177

.087366 .4142 .4139 .4140

.087387 .4141 .4132 .4137

.198411 .3873 .3866 .3869

.198441 .3869 .3863 .3866

.40426 .3580 .3571 .3575

.67725 .3268 .3263 .3266
1.01778 .3004 .2997 .3000

Discussion of the Data
The experimental data presented above show 

that the transference number of the lanthanum 
ion in lanthanum chloride Solutions decreases with 
the concentration from 0.4696 in 0.0038 molar 
solution to 0.3000 in 1 molar solution. This is a 
greater Variation than has been observed for any 
strong electrolyte of the uni-univalent or uni-bi- 
valent types.12 This case is, therefore, especially 
well suited to test the general validity of the vari­
ous proposals which have been made for the Varia­
tion of transference numbers with the concentra­
tion. An important part of the problem is the 
estimation of the limiting value of the transfer­
ence number at infinite dilution which requires 
that some law be assumed to be valid in the dilute 
range where reliable experimental data are not 
obtainable.

The results confirm the predictions of the On­
sager theory both in regard to the great variability 
of the transference number with the concentra­
tion and to the sign of this Variation.

Figure 2 shows a plot of the transference num­
bers of the lanthanum ion in lanthanum chloride 
against the square root of the concentration y/c. 
This curve, although approximately straight, 
shows unmistakable positive curvature which 
makes extrapolation to zero concentration hazard- 
ous. Therefore, an equation of the form t+ ~ 
t+ — A \/c  can only be a rough approximation over 
the entire range. This curvature is most pro-

(12) Although relatively greater changes in transference numbers 
have been observed for cadmium bromide and cadmium iodide, there 
is independent evidence that in the cases of these salts the cadmium 
is present partly in the form of a complex anion. Since the fraction 
of the cadmium present in the complex ion varies with the concentra­
tion, the decrease in the transference number of the cadmium is due 
to this cause.

nounced in the middle range and tends to disap- 
pear in the dilute range and also in the concen­
trated range (0.2 to 1 molar). The four lowest 
points (0.0038 to 0.022) are on a straight line 
within the experimental error. There is no rea- 
son, either experimental or theoretical, to suspect 
that the curve could become more nearly horizon­
tal as it approaches the axis which would require 
a change in the sign of the curvature at extreme 
dilution. Therefore, if we extrapolate the curve 
to zero concentration along the straight line de­
termined by the last four points the result, t \  =
0.4881, should be the minimum estimate of the 
transference number at zero concentration. The 
equation of this straight line is t+ = 0.4881 —
0.2946v^> which agrees with the data within the 
experimental error up to c = 0.022803 but fails 
badly at the higher concentrations. This is 
shown in column 4 of Table II, which gives the 
difference between the experimental values and 
the values computed by this equation.

If the curve depicted by Fig. 2 has an appre­
ciable curvature below the lowest concentration 
measured, then the limiting transference number 
would be higher than 0.4881.

We have tried the effect of adding a term 
proportional to the concentration, giving an equa­
tion of the form t+ = — A ^/c + Bc, but the re­
sult was not satisfaetory as it gives too great a 
curvature.

If we express the composition in terms of moles 
of salt per thousand grams of water (following 
Scatchard’s Suggestion) instead of concentrations,
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the curvature of this plot is increased rather than 
decreased, so that there is no advantage for this 
purpose in this method of expressing the compo­
sition.

The Jones and Dole equation has been shown to 
hold for barium chloride and for lithium chloride 
over a wide range of concentration. This equa­
tion may be written t+ = A/(l F  B \/c) — 1; or

1 1 F  B\/c 1 . JB\/c , . . .  , •_____ = --------- = j  i  — where it is obvious
that 4- = A — 1. Figure 3 shows a plot of

\/{ t +  1) against y / c  which should give a straight 
line if the equation is valid. An inspection of this 
curve shows that a good straight line can be put

through the points from c = 0.05 to 1.0, but that 
there appears to be a definite curvature in the 
more dilute range. The equation of this straight 
line is 1 /(*+ +  1) = 0.6815 +  0.08728y/c\ or

= 1.4673/(1 F 0.128VD -  1.
The differences between the experimental data 

and the figures computed by this equation are 
shown in column 5 of Table II. This is a good 
interpolation formula for the stronger Solutions 
between the limit c = 0.05-1.0, but this equation 
fails in the dilute range. This equation leads to a 
value of t \  = 0.4673, which is obviously too low 
since it is less than the observed transference 
number at c = 0.0038.

As is also shown in Fig. 3, we may put a straight 
line through the four lowest concentrations which

gives — I —  = 0.6717 +  0.1388-v/e, or t+ = 
t+ +  1

I. 4887/(1 +  0.2067Vc) -  1, and hence t\  =
0.4887. As will be seen from column 6 of Table
II, this equation agrees with the data over the 
lower range but fails badly in the upper range.

A modified form of the Jones and Dole equa­
tion containing one more parameter selected to 
fit the data would be t+ = ^4/(1 +  By/c) — D. 
For barium chloride and lithium chloride the con­
stant D was equal to 1, but this might not be 
generally true of all types of salts. We tried, 
therefore, evaluating the constant D by the 
method of least squares but the result was D —
0.9998 and there was no significant improvement

T a b l e  II
S um m ary  o f  D e v ia t io n s  b e t w e e n  E x p e r im e n t a l  D ata  fo r  T r a n sf e r e n c e  N u m b e r s  of  L a n th a n u m  C h lo r id e

a n d  R e su l t s  C om puted  b y  V a r io u s  E q u a t io n s
1 2

cVz
3

t+ obsd.
4 5 6

— ôbsd. “ ïcomp.
7 8

c ■ A/
0.003814 0.06176 0.4696 -0.0003 F0.0138 -0,0003 -0.0011 FO.0006

.010414 .10205 .4584 F .0003 F .0100 F  .0004 F  .0013 F  .0001

.015614 .12496 .4514 F .0001 F  .0072 F .0002 F  .0008 F .0000

.022803 .15101 .4433 -  .0003 F  -0038 -  .0003 -  .0009 -  .0016

.051602 .22716 .4264 + .0052 F  .0006 F  .0045 -  .0001 -  .0010

.075659 .2 7 5 0 6 .4177 F .0106 F  .0003 F  .0091 F  -0258 F  .0003

.087377 .29559 .4138 F .0128 .0000 F  .0108 F  .1331 F .0004

.19843 .44545 .3868 F .0298 -  . 0013 F .0236 -  .1304 F .0004

.40426 .63581 .3575 F .0567 F  .0007 F .0417 -  .2778 F .0011

.67725 .82295 .3266 F .0809 -  .0008 F .0543 -  .5047 -  .0016
1.01778 1.00885 .3000 F .1091 F  .0007 F .0682 -  .7261 -  .0014

Column 4: t = 0.4881 -  0.2946 V*
Column 5: t = 1,4673/(1 F 0.1281 VD -  1 (Jones and Dole)
Column 6: t =  1.4887/(1 +  0.2067V 9  -  1 (Jones and Dole)
^ t w , (0.4972 +  2.5702c) (A' +  880.24Vc) -  660.18-v/c „Column 7: t = ------------ ------------ —— ----- -—-------- —̂ (Longsworth)

1 _____ 1___
t -f 1 “ 0.4893 -F 1

Column 8: +  0.16563 sfc ~  0.06835c +  0.07457c log c
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‘n the agreement between the observed and com­
puted result by replacing the term — 1 by —0.9998.

Longsworth has recently proposed a method of 
extrapolating transference numbers to infinite 
dilution based on Onsager’s limiting law for 
the Variation of the conductance of ions with the 
concentration. Longsworth only claims that his 
method is valid for four univalent chlorides but 
it is of interest to test the method for salts of other 
valence types. Although Jones and Bickford 
have shown that Onsager’s limiting law is not 
valid for lanthanum chloride even up to 0 . 0 0 1  

molal, nevertheless if the influences which cause 
the failure of Onsager’s law should affect the two 
ions proportionally a transference equation based 
on Onsager’s law might be valid to much higher 
concentrations than Onsager’s conductance equa­
tion. Longsworth’s treatment may be readily 
generalized to apply to salts of any valence type. 
The mathematical details of this generalization 
are omitted to save space in printing. A plot pre­
pared according to Longsworth’s method was 
approximately straight up to 0.05 molar only. 
The corresponding equation is given in Table II 
and the difference between the experimental 
values and the values of t computed by this equa­
tion is given in column 7 of Table II. The devia­
tions between the observed and computed values 
are not much greater than the experimental error 
up to c = 0.051, but the equation fails utterly at 
higher concentrations which indicates that it does 
not have the proper mathematical form to be re­
garded as generally valid. The values of /+ are 
higher than those given by other methods of ex­
trapolation.

Onsager and Fuoss13 have suggested, without 
giving detailed mathematical proof, that any 
property of a solution of an electrolyte can be ex­
pressed as a function of the concentration by an 
equation of the form

F (c) =  F (o) +  A V c  +  Bc +  Dclog c +  . . .

We have attempted to fit this equation to our 
transference data but the result was disappoint- 
ing. The coëfficiënt D  of the c log c term came 
out nearly zero, thus reducing the equation to the 
form t = ft +  A ^ /c  +  B c which had already been 
found to be unsatisfactory. The next step was to 
try an equation of the form

— pj- = +  A V c  +  Bc +  Dc log c

which may be regarded as an extension of the 
Jones and Dole equation since it reduces to the 
Jones and Dole equation as c approaches zero or 
if B  and D  are placed equal to zero. The equation

r r i  = 0.4893 +  1 +  °'16563 v/c -  0.06835c +
0.07456c log c

agrees with our data over the entire range better 
than any other equation known to us. Since this 
equation contains four parameters, it is to be ex­
pected that it can be made to fit better than the 
simpler forms discussed above. The differences 
between the experimental values and the values 
computed from this equation are shown in column 
8  of Table II.

The data throw light on the difficult problem 
of the extrapolation of conductance data discussed 
by Jones and Bickford. The foregoing discus­
sion makes it seem probable that the limiting 
value of the transference number must be at 
least as high as 0.4881 and may be as high as
0.4893. If the limiting value of the conductance 
of the chloride ion is 76.34 and ftL = 0.4881, then 
the conductance of lanthanum chloride at in­
finite dilution would be 447.4, whereas if & —
0.4893 then A0 would be 448.4.

Jones and Bickford have found that if the con­
ductance data for lanthanum chloride are extra­
polated by the method of Shedlovsky the value 
for Ao obtained was 432.7, which is much below 
the estimates based on the transference numbers. 
If the value 432.7 is correct the value of ft would 
be 0.4707. It seems clear from Fig. 2 that the 
curve would have to take an extremely improb- 
able course to reach a value of /+ as low as this. 
The extrapolation of the conductance data by 
the Jones and Dole conductance equation gives 
A0 = 442.97 corresponding to a value of /+ of
0.483. It is evident that these figures agree 
much better with the estimates based on the 
transference numbers. This evidence, therefore, 
indicates that for this case at least the Jones and 
Dole conductance equation is better than the 
Onsager or Shedlovsky equations for finding the 
limiting value of the conductance.

Summary

1. The transference numbers of the lantha­
num ion in lanthanum chloride Solutions have 
been determined by the analytical method at 25 ° 
at eleven concentrations over a range of 0.0038(13) L. Onsager and R. M. Fuoss, J .  P h y s .  C h e m . , 36, 2689 (1932).
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to 1.0 molar. The transference number varies 
from about 0.47 to 0.30 over this range.

2 . Several equations purporting to express 
the transference number as a function of the con­

centration and the problem of extrapolation of 
transference numbers to infinite dilution are dis­
cussed.
Ca m br id g e , M a s s . R e c eiv ed  M arch  30,1936

[C o n t r ib u t io n  fr o m  t h e  B iological L a b o r a t o r ies , H a r v a rd  U n iv e r s it y ]

Polarization and Dielectric Constant of Liquids
B y Je ffr ie s

There is much evidence that the dielectric con­
stant is a linear function of the polarization per 
unit volume in the case of the more polar liquids 
for which the Clausius-Mosotti relationship ceases 
to hold. This appears to be almost the only con- 
ceivable interpretation of the strikingly simple 
behavior of a variety of strongly polar molecules 
in solvents of high dielectric constant. 1 It is in 
accord with the temperature Variation of the di­
electric constant of polar liquids, and the change 
of dielectric constant with density, under pressure, 
at constant temperature (see below). If we sup- 
pose the linear function to approximate direct 
proportionality, it offers a ready explanation of 
such a simple empirical relationship as that sub- 
mitted by Girard, 2 according to which for water 
and the aliphatic alcohols the product of molecular 
weight times the dielectric constant is nearly con­
stant; for in these cases the electric moments and 
consequently the molecular polarizations are all 
about the same, and therefore the polarizations 
per cc. should be inversely proportional to the 
molecular volumes or, roughly, to the molecular 
weights. 3 Onsager, in the following paper in 
T h is  Jo urna l , develops a theoretical argument for 
a linear relation between dielectric constant and 
polarization in strongly polar media.

The problem of determining the two constants 
of this inferred linear relationship between di­
electric constant and polarization is of course of 
great interest and the present paper is an attempt 
to deal with it from a purely empirical point of 
view. 4 There are of course no cases of polar

(1) See J. Wyman, This Journal, 56, 536 (1934).
(2 ) P. Girard, T r a n s .  F a r a d a y  So c .>  30, 763 (1934).
(3) As a matter of fact Cohn has pointed out that Girard’s re­

lationship is improved if we multiply the dielectric constant in each 
case not by the molecular weight but by the molecular volume. 
E. J. Cohn, “Annual Review of Biochemistry,” Annual Review of 
Biochemistry, Ltd., Stanford University P. O., California, Vol. IV, 
1935, p. 100.

(4) An attempted derivation of the relation based on a modifica­
tion of the underlying assumptions of the classical theory with re­
gard to the internal field has been suggested but appears far too 
special. 1

W ym an, Jr .

liquids in which we have exact independent 
knowledge of the polarization with which to cor- 
relate the dielectric constant. We may, however, 
calculate ideal or hypothetical values of the polari­
zations per unit volume for such liquids by making 
use of the values of the electric moments and molar 
polarizations obtained from measurements on the 
vapor or on dilute Solutions in non-polar solvents 
and by taking account of the density. Clearly, 
such ideal, calculated values of the polarization 
per unit volume cannot be supposed in general to 
be realized more than approximately, but, never- 
theless, apart from special cases of strongly as­
sociated liquids such as those forming hydrogen 
bonds, they may be expected to be fairly repre- 
sentative of the actual values. We may then try 
the effect of comparing these calculated values of 
the polarization with the observed values of the 
dielectric constant, to see whether or not the linear 
relation shows up. If it does, there is justification 
of our procedure of making use of the calculated 
values of the polarization and we may then proceed 
to determine the magnitude of the two constants. 
This in fact is what has been done.

By reference to the section of the “Inter­
national Critical Tables” (Vol. VI) devoted to the 
dielectric constant of liquids and to the recent 
extensive table of electric moments and polariza­
tions given in the Transactions of the Faraday 
Society,ö it was possible to pick out about 140 
cases of liquids with a dielectric constant greater 
than 5  and for which the electric moments and 
polarizations had been determined. In most of 
these the dielectric constant is pretty well known, 
although in some, accompanied in Table I below 
by a question mark, it has been measured only 
at very high frequencies, several times 1 0 8 cycles 
per second, and the values may be too low, the 
more so in the case of the larger molecules, owing 
to anomalous dispersion. On the other hand the

(5) T ra n s . F a r a d a y  S o c .t 30 (1934).
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values of the polarizations are much less certain, 
showing in some cases a twofold Variation or more. 
This appears to be due in part to differences in the 
conditions under which the measurements were 
made and in part to experimental discrepancies. 
From these data were calculated the ideal values 
of the polarization per cc. for the liquids for com­
parison with the dielectric constant.

T a b l e  I
Name € P € H- 1 / 8.

Water 78.54 4.24 9.34
Prussic acid 95 116 3.98 11.3
Formic acid 62 1.08 7.39
Acetic acid 7.1 0.43 0.96 0.96
Ethyl formate 8 .6 1 . 2 1 1.13
Propyl formate 9.1 1.05 1.19
Isobutyl formate 8 . 0.93 1.06
Amyl formate 7.7 .78 1 .0 2

Methyl acetate 7.3 1.03 0.98
Ethyl acetate 6 .4 0.78 1 . 1 1 .85
Propyl acetate 6.3 .82 0.94 .86

w-Butyl acetate 5.1 .80 .72
Isobutyl acetate 5.6 .81 .77
Phenyl acetate 5.3 .68 .77 .75
Benzyl acetate 5.1 .77 .71
Ethyl acetoacetate 15.9? 1.87 1.99
Methyl propionate 5.5? 0.84 .93 0.75
Ethyl propionate 5.7 .77 .87 .7,9
Methyl butyrate 5.6? .83 .78
Ethyl butyrate 5.2 .75 .73
Diethyl oxalate 8 . 2 ? 1.18 1.08
Diethyl malonate 7.9 8 .4 1 . 1 2 1.05
Methyl salicylate 9.0? 1.32 1.17
Ethyl salicylate 8 . 6 1.55 1.13
Ethyl cinnamate 6 .6 0.95 0.90
Methyl benzoate 6.9 .87 .93
Ethyl benzoate 6 . 2 1.03 .82 .85
Methyl nitrate 23.9 2.93 2.90
Ethyl nitrate 19.7 2.4 2.41
Propyl nitrate 14.2? 2 . 1 2 1.79
Acetonitrile 38.8 4.1 5.21 4.65
Propionitrile 27.7 3.54 4.37 3.37
Butyronitrile 20.7? 3.13 2.55
Benzonitrile 26.5 2.93 3.32 3.23
Benzyl cyanide 18.3 2.32 2.58 2.27
o-Tolunitrile 18.8? 2.94 2.23
Phenyl isocyanate 5.7? 8.9? 1.42 1.32 0.79
Methyl «-thiocyanate 35.9? 4.2 4.31
Methyl isothiocyanate 19.7? 3.24 2.42
Ethyl «-thiocyanate 29.6 3.48 3.59
Ethyl isothiocyanate 19.7 2.94 2.41
Allyl isothiocyanate 17.5? 2.65 2.16
Phenyl isothiocyanate 10.7? 1.77 2 . 0 2 1.37
Ethyl mercaptan 8 . 0? 0.81 1.04
Dimethyl sulfide 6.3? .83 0.85
Diethyl sulfide 7.2? .77 .99
Acetyl chloride 15.9 2.38 1.98
Ethylidine chloride 10.9 1.15 1.39
Ethylene chloride 10.5 0.63 1 . 1 2 1.34
Propyl chloride 7.7? 1 .0 2 1.18 1 .0 2

Allyl chloride 8 . 2 1.27 1.06
Isoamyl chloride 6.4? 0.91 0.87
/-Amyl chloride 9.5 1.04 1.24
Benzal chloride 6.9? 1 .0 2 0.93
Benzyl chloride 7.0 0.94 .94
Chloroacetone 29.8? 1.58 3.6
Ethylene chlorohydrin 25.8 1.42 1.63 3.14
Epichlorohydrin 22.9 1.14 2.79
Chlorobenzene 5.9 0.74 0.85 0.81
o-Chlorophenol 6.3 8 .2 . 69 0.86

m-Chloroaniline 13.3 2 .0 2 1.76 1.6 8

m-Chlorotoluene 5.4 0.81 0.96 0.75
j>-Chlorotoluene 6 . 2 .89 .97 .85

Dichloroethylene-cis 9.22 1.08 1.28 1.18
Chloroform 5.05 0.59 0.65 0.70
Benzotrichloride 7.4? 6.4? .98 .98
Ethyl bromide 9 .4 1.14 1.50 1 . 2

Allyl bromide 7.0 1.13 1 . 0 1 0.81
Propyl bromide 7.2 1 . 0 1.33 .95
/-Butyl bromide 8 . 6 ? 1 . 1 0 1.18 1 . 1 0

Isoamyl bromide 6 . 1 .90 0.83
Tertiary amyl bromide 9.1? 1 . 1 0 1.19
Bromobenzene 5.4 0.78 0.90 0.75
ra-Bromoaniline 13? .173 1.65
o-Bromotoluene 5.3? .69 0.74
1-Bromonaphthalene 5.1 .73 .73
Ethylene bromide 4 .8  6.3 .56 .88 .69
1,2,3-Tribromopropane 6.4? .74 .85
Methyl iodide 7.1 1 . 2 0 .95
Ethyl iodide 7.4 1 . 1 2 .99
/-Butyl iodide 6.3? 1 . 1 1 .85
Isoamyl iodide 5.6? 0.83 .78
/-Amyl iodide 6.9? 1 . 2 0 .93
Methylene iodide 5.5 0.73 1.55 .76
Nitromethane 39.4 3.82 5.81 4.73
Nitroethane 30.0? 3.26 4.76 3.63
Nitrobenzene 36.1 3.05 3.74 4.36
o-Nitrotoluene 27.4 2.78 3.34
ra-Nitrotoluene 23.8 3.43 2.92
Methylamine <10.5 0 . 6 8 1 . 0 2 < 1 ,3 5
Ethylamine 6.3? .75 0.51 0.85
Diethylamine 3 .7  5 .5 .40 .53 .55
Ethylenediamine 16? 1.49 2 . 0

N itrosodimethylamine 54 4.79 6.46
Formamide >84 5.84 > 1 0

Methyl alcohol 33.7 1.26 1.78 4 .07
Ethyl alcohol 25.07 1.28 1.49 3.05
Propyl alcohol 2 1 . 8 1.03 2 . 6 6

Isopropyl alcohol 26 1.15 0.98 3.15
«-Butyl alcohol 17.8 0.85 .99 2 . 2 0

s-Butyl alcohol 15.5 .95 1.93
/-Butyl alcohol 11.4 .87 1.45
Amyl alcohol 15.8 .81 1.97
Isoamyl alcohol 15.3 0.79 0.95 1.92
Dimethylethylcarbinol 11.7 .82 .94 1.49
Heptyl alcohol 6 .7 .69 0.91
Cyclohexanol 15 .88 1 . 0 1 1 . 8 8

Benzyl alcohol 13 .96 1.65
Glycol 41.2 1.17 2.29 4.95
Propionaldehyde 18.9 14.4 1.92 2.31
Butyraldehyde 13.4 1.69 1 . 68

Benzaldehyde 18 1.87 2.23
Furfuraldehyde 41.9 3.58 5.04
Paraldehyde 14.5 0.89 1.82
Acetone 21.5 2.32 2.62 2.60
Methyl ethyl ketone 18.5 2.06 2.25
Methyl propyl ketone 16.8 1.75 2 .09
Mesityl oxide 15.4 1.70 1.93
Cyclohexanone 18.2 1.75 2.15 2.26
Methyl /-butyl ketone 1 2 . 6 1.59 1.60
w-Dipropyl ketone 1 2 . 6 1.37 1.60
Methyl hexyl ketone 10.4 1 . 1 0 1.34
Acetophenone 18.6 1.83 2.42
Menthone 9.6? 1.30 1.37 1.24
Benzophenone 13.3 1.38 1.47 1 . 6 8

Acetyl acetone 23.1 25.9 2 . 1 2 1.87 2.83
Diethyl ketone 17.3 1.75 2.15
Acetic anhydride 20.5 1.59 1.99 2.50
o-Cresol 5 .8 0.74 0.80
m-Cresol 5 .84 .71
i>-Cresol 5 .6 .87 .78
Pyridine 12.5 1.46 1.64 1.59
Aniline 7.25 0.91 0.97
Methylaniline 6 .86 .82
o-Toluidine 6.4 .84 .87
m-Toluidine 6 .0 .75 .82
Quinoline 9. 1 . 2 0 1.17
Phenylhydrazine 7.2 1.04 0.96
Methyl phenylhydra

zine, a s y m . 7.3? 0.95 .98
Azoxyphenetole 6 . 8 0.84 ,92

0.67

.98

.76

1.81

3.16
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The results of the comparison are given in 
Table I and are shown graphically in Fig. 1, 
where the dielectric constant e is plotted against 
p , the ideal value of the polarization per cc. The 
full curve at the left, which corresponds to the 
Clausius-Mosotti relation p  =  (e ■— l)/(e +  2)

P-
Fig. 1.

and is asymptotic to p  = 1 , is included for refer­
ence. It may be seen from the figure that the 
majority of the points are consistent with a linear 
increase of the dielectric constant with p  described 
by the expression

£ =  ( , + 1)/8.5 (1)

corresponding to the full straight line. The 
figures 1 and 8.5 are of course only estimates 
(compare the dotted straight lines corresponding 
to a different choice of coördinates). The same 
thing is seen rather better by comparing columns 
3 and 4 in Table I. For the most part the agree­
ment between the two columns is fairly good.

On the other hand, hydrocyanic acid, formic 
acid, formamide, water, most of the alcohols, and 
a few other substances have dielectric constants 
much greater than corresponds to this empirical 
relation. Most of these will be recognized as 
liquids which are generally supposed to be strongly 
associated due to the formation of hydrogen bonds. 
Kumler has pointed out6 that such liquids show 
abnormalities in regard to boiling point and di- 
elctric constant, and it is not surprising that they 
should be exceptional in the present case. It 
would simply mean that the actual polarizations 
for the liquid state are quite different from the 
ideal values calculated from the moments taken 
from the literature.

In Fig. 2, values of the polarization per gram, 
calculated from the relation p f = (e +  1 ) /  
8.5p, p denoting density, are plotted against 
the reciprocal of the absolute temperature for a 
number of liquids for which data are available. 
The result should in each case be a straight line 
whose intercept on the axis of ordinates gives the 
sum of the atomic and electronic polarizations 
per cc. and whose slope gives the electric moment 
in accordance with the relation

M = 0.0127 M  X 10-18 e.s.u . (2)

where M  is the molecular weight. The straight 
lines of the figure are in each case so drawn as to 
fit the data and at the same time give the correct 
intercept on the axis of ordinates (in accordance 
with optical or other data). Except for acetone 
and nitrobenzene, the nine liquids are in moder­
ately good accordance with expectations. If we 
calculate the moments from the slopes of the lines 
as drawn we obtain the following values

Substance 11 cal. x 1 0 18 H literature X 101S
Chloroform 1.22 1.10-1.15
u-Toluidine 1.63 1.44-1.65
Ethylene chloride 1.96 1.12-1.75
Pyridine 2.24 2.11-2.21
Benzyl cyanide 3.27 3.47-3.56
Acetone 2.85 2.61-2.97
Nitrobenzene 4.29 3.66-4.08
Nitromethane 3.40 3.02-3.78
Water 2.77 1.88

The moments calculated in this way are in 
good agreement with the values from the litera­
ture, except for water, which, as was pointed out 
above, is in all probability much associated.

In the case of the ten liquids studied under
(6) Kumler, This Journal, 57, 600 (1935).
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pressure by Danforth, 7 the Variation of dielectric 
constant with density is very nearly linear and in 
accordance with the empirical relation presented 
above, except for the two non-polar liquids, pen- 
tane and carbon disulfide, and for ethyl ether and 
glycerol. For the others the quantity (e +  1)/
8.5 p varies over the whole range by no more than 
about 3% at most, in some cases much less. This 
is probably almost within the experimental error. 
For ether and glycerol the Variation is somewhat 
more than 1 0 %.

Fig. 2.—1, Water; 2, nitromethane; 3, nitroben­
zene; 4, acetone; 5, benzyl cyanide; 6, pyridine; 7, 
ethylene chloride; S, o-toluidine; 9, chloroform.

It is of interest to consider the meaning of the 
empirical relation just presented in terms of the 
internal field F. On the basis of the classical 
theory

F  =  E  +  (4/3)ttJ = E  +  p F  (3)

where E  is the electric intensity and I  the elec­
tric moment per unit volume. Hence

F/E = 1/(1 - p )  (4)

On the other hand, if the dielectric constant be 
linear in p

e =  ap +  b (5)

where a  and b are constants.
But from the fundamental theory

E (e  -  1) = 4x7 = 3p F  (6 )
whence

The graphs of these two expressions are shown in 
Fig. 3 (b is taken as — 1 and a  as 8.5 in accordance 
with what we have found). Both curves are

0 1 2 3
P-

Fig. 3.—F / E ,  the ratio of the internal field to the 
electric intensity, as a function of the polarization per 
cc. (a) in accordance with the Clausius-Mosotti re­
lation (left-hand füll curve), (b) on the basis of the 
empirical equation 1 (right-hand füll curve). The 
right-hand curve approaches F / E =2.83 asymptotically.

hyperbolas and we must suppose that the transi­
tion from one to the other occurs somewhat as 
shown by the dotted line, between p  = 0.3 and 
p =  1.3 or between e ^  3 and e ~  10. It is of 
course always possible to calculate p  from e if 
F /E  is known by means of the relation

(7) Danforth, P h y s . Rev., 38, 1224 (1931).
(8)
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which is general. 8

It is of interest also to consider the moment of 
glycine calculated from the relation given above. 
On the basis of the observations in water at 25° 
the polarization is 3060 cc. and the moment 1 2 . 2  

X 10" 18 e. s. u. This would correspond to a 
dipole distance of 2.55 Ä. Recent calculations

(8) It may also be worth mentioning the implication of a n y  linear 
relation between polarization and dielectric constant in the case of 
anomalous dispersion. According to the Debye treatment, based on 
the Clausius—Mosotti equation, the absorption index reaches a 
maximum at a frequency given by

where t is the relaxation time, co the dielectric constant at low fre­
quencies and ei the dielectric constant at frequencies above the re­
gion of dispersion. On the other hand, if the Clausius-Mosotti re­
lation be replaced by any linear relation, the same for both eo and ei, 
this expression reduces to

(see Debye, “ Polar Molecules,” Chemical Catalog Co., New York 
City, 1929).

based on a model proposed by Kirkwood9 give a 
value of 3.17 Ä. for this distance, or a moment of
15.2 X 10~ 18 e. s. u.

Summary
A correlation of the dielectric constant of a 

large number of polar liquids with assumed values 
of the polarization per cc. calculated by ascrib- 
ing to the molecules in the liquid state the electric 
moments obtained from measurements on the 
vapor and on dilute Solutions in non-polar solvents 
suggests an empirical relation between polariza­
tion and dielectric constant: p  — (e +  l)/8.5. 
This relation is fairly satisfaetory when applied to 
the Variation of dielectric constant with tempera­
ture and with pressure in the case of a number of 
polar liquids for which data are available. The 
meaning of such a relation in terms of the internal 
field in the liquid is discussed.

(9) J. G. Kirkwood, J .  C h e m . P h y s . ,  2, 351 (1934).
Ca m br id g e , M a s s . R e c e iv e d  J u n e  1, 1936

[C o n t r ib u t io n  fr o m  t h e  D e pa r t m e n t  of  Ch e m ist r y , Y a l e  U n iv e r s it y ]

Electric Moments of

B y  Lars

In its original, still generally accepted, form 
Debye’s dipole theory1 accounts quantitatively for 
the dielectric properties of gases, and qualitatively 
for those of liquids. In view of the extensive and 
consistent evidence the fundamental hypothesis 
of molecules possessing permanent electric mo­
ments is not in doubt.

When the theory is applied to liquids (and 
solids), the interaction of a molecule with its 
environment must be taken into account. For 
this purpose, Debye borrowed the theory of 
“internal field” which was developed by Clausius 
and Mosotti, one that has been applied universally 
and with remarkable success to aggregates of 
polarizable molecules. According to this theory, 
the “internal field” which polarizes a molecule in 
the dielectric equals the external field, augmented 
by (4 7t/ 3 ) times the electric moment induced in 
a unit volume of the dielectric. Debye’s implicit 
assumption is that the force-couple which tends 
to oriënt an electrically asymmetrie molecule in a 
polarized dielectric is proportional to the same 
“internal field.” This assumption leads to

(I) P. Debye, P h y s i k .  Z . t 13, 97 (1912).

Molecules in Liquids

Onsag er

Debye’s well-known formula for the dielectric 
constant (e)

r + 2  = "3 2 3  N  ( “ +  3I t )  (1)
where a  denotes the polarizability of the molecule, 
ft its permanent electric moment, k T  the energy 
of thermal agitation, and N  the concentration 
(molecules/cc.), and the summation is extended 
over all species of molecules present.

Formula (1) can be tested in a number of ways. 
When only a single species of molecules is present, 
one can compute the dipole moment jjl, with the 
aid of Eq. 1, from the observed dielectric constant, 
and,the test is whether the dipole moments com­
puted for the liquid state or in liquid mixtures 
with a non-polar component remain the same as 
that observed in the vapor state. A more thorough 
analysis of the problem shows that one should 
not expect the dipole moment to remain quite 
constant, because all real molecules have a posi­
tive polarizability a. The polarization of the 
dielectric in the electric field of the molecule 
itself gives rise to a reaction field , which tends to 
enhance the electrical asymmetry.
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When Eq. 1 is compared with experience, one 
finds in general that for dilute Solutions of polar 
substances in non-polar liquids the moments in- 
ferred with the aid of the formula come out ap­
proximately the same as in the vapor state, al­
though with a systematic tendency for p  to de­
crease with increasing dielectric constant of the 
environment. 2 For pure polar liquids one com- 
putes very small moments; the discrepancy is 
more pronounced the higher the dielectric constant 
of the liquid. The reason for this remarkable 
result is the nature of the function (e — l)/(e +  2 ), 
which cannot exceed unity. Accordingly, Eq. 1 
requires for any dielectric

(4x/3) ( «  +  gI t ) 2* molecular volume

The point of equality is known as the “Curie 
point”; it is characterized by an infinite dielec­
tric constant. Beyond the Curie point, the theory 
predicts a stable state of permanent electric 
polarization, like the familiar permanent magnetic 
polarization of iron. Some bodies are actually 
capable of existing in such a “ferroelectric” state; 
the best known example is perhaps that of Rochelle 
salt, a solid. Nevertheless, the phenomenon is 
quite rare and certainly not, as one should expect 
from Eq. 1, a common occurrence with polar 
substances.

According to Eq. 1, a polar liquid with a high 
dielectric constant should necessarily be close to 
its Curie point, and, in this region its dielectric 
constant should be very sensitive to variations of 
all pertinent factors (temperature, pressure, 
field intensity), as seen from the formula

Ae (* -f  2)2
3

Like the Curie point, this predicted instability al­
ways fails to materialize; the observed variations 
of the electric susceptibility with temperature, 
pressure, volume and field intensity are of a smaller 
order of magnitude than those predicted by the 
theory.

This rather brief outline may suffice for a per­
spective of the difficulties which the original theory 
has encountered. Many authors have resigned 
themselves to the view that the consistent dis- 
crepancies were due to “association” ; in other 
words, the forces between the polar molecules 
were so strong that their effects would not admit 
of any simple description.

(2) H, Mueller, P h ys ik . Z .t 34, 689 (1933).

J. Wyman3 has shown that certain simple, 
general relations are approximately fulfilled by 
a large dass of polar liquids, for example

(e — 1) T ~  constant (2)

Such a disco very belies the pessimistic expecta- 
tions of the “association theory,” and indicates 
that our theoretical understanding of polar liquids 
is capable of great advancement.

Without reference to any particular theory, by 
straightforward thermodynamic reasoning, Wy- 
man’s relation (2 ) implies quite simply that the 
polarization of the dielectric (by orientation) in­
volves practically no change of the intemal energy. 
According to Debye’s theory, the polarization 
should be greatly enhanced by the internal field, 
and the consequent reduction of the energy should 
often be much greater than the work required to 
accomplish the polarization.

Analysis of the Internal Field
We shall show presently that the original 

Mosotti theory of the internal field is not appli­
cable to permanent dipoles, in that only a certain 
part of it, which we might call the cavity  f ie ld , 
contributes to the orienting force-couple. The 
remaining part of the internal field, the reaction  
fie ld , is parallel to the dipole moment; it has there­
fore the very different effect of enhancing both the 
permanent and the induced dipole moments, in a 
ratio given by the polarizability of the molecule.

For cases where the electric polarization by 
orientation is but a small fraction of the whole, 
the modification of the theory involves the under- 
lying picture more than the predicted results. For 
cases where the polarization is mainly due to 
orientation, the predictions of the new theory are 
very different: for example, no Curie point is 
expected.

Our molecular model will be the same as that of 
the Debye theory. While the shape of the mole­
cules will affect the result, in the present article 
our concern shall be limited to spheres, whose 
radius will be denoted by a. Further pertinent 
characteristics of a molecule are its polarizability, 
a> related to an “internal refractive index” n  
as follows

n2 -  1 .at = —5—:—-  ad 
n 2 +  2 (3)

ld a permanent electric moment p0 {in  vacuo). 
an electric field, F, the total electric moment,

'31 W wm atl T m fi TflTTPxr.r
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is the vector sum of the permanent and the 
induced dipole moments

m = fx0VL +  a  F (4)
where u denotes a unit vector in the direction of 
the dipole axis. The Statistical a p rio ri expecta- 
tion of u is isotropic.

First, let us consider an unpolarized medium 
of dielectric constant, e, and introducé a rigid 
dipole of moment m  into a cavity of radius a. 
For simplicity, let the dipole be a point singularity 
of the electric field, situated in the center of the 
spherical cavity. The potential p  has to satisfy 
Laplace’s equation

= 0 (5a)

and the formulation of the boundary conditions in 
polar coördinates is

m c o s d
\p(r,d) — -----2—  =  continuous <  °°

( * £ }  " =  e
\ ö r )  r  — a — 0 \d r /  r  =  a  -f- 0

The solution of this problem is
, m  cos 6 „ a f ^  \\j/ =  — --------R r  cos 0, ( r  <  a)

, m *  cos 6 ,  ̂ \
t  ^ — . (* •> « )

(5b)

(5c)

(6)

whereby  ̂the coefficients m *  and R  must equal
* 3e

2e +  1
7? = 2(6 ~~ 1) HL 

2e T  1 a z

(7)

The former may be called the external moment of 
the immersed dipole; it determines the force 
(modified by the intervening medium), which the 
dipole will exert upon a distant charge in the di­
electric. The coëfficiënt R  measures the electric 
field which acts upon the dipole as a result of 
electric displacements induced by its own pres­
ence, we shall ref er to it as the reaction field,

For a neutral, spherical molecule with an arbi­
trary distribution of charges the above relations 
between m , m* and R  still maintain. In this more 
general case m  is the actual dipole moment of the 
molecule, while m* measures the dipole part of its 
external field, and R  the homogenepus part of the 
reaction field. This important rule, that m* and 
R  are determined by m  alone, independently of 
higher electric moments, admits of generalization 
to ellipsoidal molecules, whereby the coefficients 
naturally depend on the axes ( 2 a, 2b, 2c) of the 
ellipsoid.

As a complement to this consideration of an 
immersed dipole in the absence of an external

field, let us recall the familiar results for the 
modification of a homogeneous field E  by an 
empty spherical cavity. The mathematical prob­
lem is the same as before, except that (5b) is 
replaced by

\p (r, 6) -f  Er cos 6 — continuous <  o° (8b) 
and the solution is

^ =: —E r  cos 6 — (M / r 2) cos 0, ( r  >  a)  
\p — — Gr cos 6

with the coefficients 
M  =

G -

€ -  1 
2e T 1 

3e
2e +  1

Ea*

E

(9)

( 1 0 )

In passing, we observe a reciprocal relation be­
tween this case and Eq. 7, namely

G/E  =  m*/m = 3e/(2e +  1) (11)
By combining the results (7) and (10) we now find 
the total field F  which acts upon a spherical mole­
cule in a polarized dielectric

F G -}- R 3e
2e +  1 E + 2(6 -  1) m

(2e +  l)a 3 ( 12)

This equation formulates the conditions for 
equilibrium in  the environm ent of the molecule. 
The condition for internal equilibrium of the 
molecule is given by our model

m =  hqU +  «F (4)
Accordingly, for a given instantaneous direction 
u of the “permanent dipole” axis the total electric 
moment of the molecule is given by the formula

o 2(e — 1) ct \  
(26 +  1) a * J

m = ,uoU 3e
(2e +  1)

«E (13)

When we introducé the “internal dielectric con­
stant” n 2 according to Eq. 3, we obtain a con­
venient explicit formula as follows

(n2 +  2)(2e +  1) 
3(2e -f- w2)

e(tt2 +  2)
fxVL + (2e +  n*)

Po u T 

a  E

e(w2 -  1) 
(2e +  n2) a s E

(14)

In the same notation, the explicit formula for the 
internal field becomes

E +  I = F = W2(e — 1) 
(2e +  n 2)

2(e -  1) /i ti 
(2e +  1) asU (15)

As regards the induced moment in the E direction, 
this formula does not differ greatly from that of 
Clausius and Mosotti, which is

I = E(e -  l)/3
while with p  == 0, Eq. 15 gives

I =  E»2(e -  l)/(2e +  n*)

For a non-polar liquid we have e = n 2, and the two 
formulas are identical. In application to mix-
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tures of non-polar liquids, Eq. 15 yields slightly 
higher values of e.

Nevertheless, in applying the same formulas to 
polar liquids we shall presently derive results 
which are very different from those previously 
accepted. The problem before us is to compute 
the effective energy of interaction between the 
molecule and the field, and the consequent average 
orientation of the molecule.

For this purpose it is not admissible, as Debye 
did, to assume that the orienting force is propor­
tional to the time average of F. Since F depends 
on the orientation, we must compute the orienting 
force-couple for each individual direction of u; 
the work involved in the process of orientation 
is then the potential of this orienting force. 4 

The force-couple equals the vector product of F 
and m. We can use either of the expressions for 
F given by Eqs. 1 2  and 15; the former represents 
a more instructive decomposition of the vector 

F = G -f- R
G = E X 3e/(2€ +  1) 

a3R = m X 2(e -  l)(2e +  1)

The force-couple equals
M = F X m  =  G X m  =  (3e/(2e +  1)) E X m (16)

We observe that the reaction-field R, being parallel 
to the dipole m, does not contribute to the orienting 
force-couple. The calculation is easily completed 
with the aid of Eq. 14; this time only the part 
parallel to u matters, because G X E vanishes 

M = / t G X u  =  / i* E X u  (17)

Here, in accord with the notation of Eq. 7
= m 3€/(2e +  1) (18)

stands for the “ external'’ characteristic moment of 
the molecule, while the actual electric moment ju 
will depend on the dielectric constant of the en­
vironment according to Eq. 14

M =

* =

(»» +  2)(2« +  1) 
3(2« +  »*) Mo

e(»2 +  2)
(2e +  M2) W

(19)

Dropping the vector notation, Eq. 17 may be writ­
ten

M  =  ju* E  sin 0

then the work of orientation, w, is given by
öw/dd =  M;

w — — ju* E cos 0 (20)

(4) In a polar medium, the field fluctuates with the rotation of the
neighboring molecules. In such a case, the a v e ra g e  f o r c e  is the im­
portant quantity [(L. Onsager, C h e m . R e v . ,  13, 73 (1933))]. An 
alternative procedure is to compute the work of charging a dipole 
ia a given direction U.

This extremely simple result suggests the possi­
bility of an equally simple derivation; for this 
purpose, it is convenient to invert the problem. 
Let us keep the orientation of the molecule fixed, 
and find out how the work of creating a field of 
a certain intensity E in a given direction depends 
on the angle $ between this direction and the 
dipole axis of the molecule. The most elementary 
derivation is obtained if we assume that the ex­
ternal field is due to a charge of the magnitude 
-rx2E  at some point (rh 6, <p) on a large sphere of 
radius In order to change the direction of the 
field at constant intensity, we move the charge to 
another point on the sphere. The work involved 
is given by the potential

\j/ = p* cos 0/er2

(cf. Eq. 6 ), of the field due to the molecule, and 
Eq. 20 obviously results. This alternative com- 
putation of w  exhibits the reciprocal character of 
Eq. 11.

The mean orientation of the molecules in the 
field is given by Boltzmann’s formula

cos0 = j*cos0e~w/kT sin0d0d<p J £ e —w/kT

sin0d0d(p  =  L(n*E/kT) — coth(fj.*E/kT) —
(kT/n*E) =  (fjt*E/SkT) -  Ö(E3)

Thus, for low field intensities E , we have5

cos 0 =  n*E/ZkT (21)

and we can compute the polarization per unit 
volume from Eq. 14, as follows

P = e(»2 +  2) 
(2e -f n2) (22)

Dielectric Constants of Pure Polar Liquids
In computing the dielectric constant, we shall 

assume that the volume of the liquid equals the 
sum of the volumes of the molecules; accordingly 

N  X 47ra3/3  =  1 (23)

With the notation expressed by Eq. 3, we then 
obtain

4iriV(«2 +  2) « *  4ttN(n2 -  l)a 3 =  3(n2 -  1) (24)

Now the fundamental electrostatic formula
(c -  1) E =  4xP (25)

yields in combination with Eqs. 2 2  and 24 the 
following implicit formula for the dielectric con­
stant

€ 1 *  éirN 3 kT +
3e(n2 -  1) 

2 e  +  n2
(5) The given formula is not in general applicable to strong fields, 

i .  e . ,  Saturation; because its derivation involves the assumption of 
an isotropic environment.
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which may be written more compactly
(2e + 'l) ( e  -  n 2\  

(2e +  n 2) = 4lTtN pp
S k T

or in view of Eq. 18
3e(e — n 2) / ( 2 e  +  n 2) =  4 ‘i r N ( ß * ) 2/ 3 k T

(26)

(27)

Here, p  and /** still depend on e according to Eq. 
19. We obtain after elimination

(e -  n 2) ( 2e +  n 2) / e ( n 2 +  2 )2 = A ir N ß02/ 9  k T  (28)

When e is large, the left member is very nearly 
equal to

2 e / ( n 2 +  2 )2 — 4ir  N ß02/ 9 k T  (29)

One of the reasons for this simple limiting law is 
that ß and ju* approach limits as e increases. With 
the notation

Mco =  P o ( n 2 +  2 )/3  (30)

(cf . Eq. 19), we can write Eq. 28 in the alternative 
form

(2e -f- n 2) (e -  n 2) / e  =  4 i r N ßoo2/ k T  (31)

On the other hand, when only a small fraction of 
the electric susceptibility is due to orientation of 
the molecules, that is, whenever

e — n 2 < ^ n 2

Eq. 27 agrees in the first approximation with the 
formula of Clausius and Mosotti. We readily 
derive from Eq. 27
e — 1 n 2 -  1 3e { n 2 +  2) 4 i r N m 2 _
e +  2 n 2 +  2  ( 2 e  +  n 2) ( e  +  2) 9 k T

Fig. 1 indicates the range where the approximation 
of Clausius and Mosotti is good.

Dielectric Constants of Solutions
We shall consider a solution which contains 

in a unit volume iVi,. . .  N if . . .  spherical molecules 
of different species, with radii a h . . . . . .,
polarizabilities a lf . . .  a if . .  . and dipole moments 
Mi, . . .  Mi, , respectively. We introducé the 
individual refractive indices «i, . . . n b . . . by the 
relation

<* =  a ^ n - 2 -  1 ) / (n-2 +  2) (33)

and we shall denote the volume fractions by
éi  =  Ni X 4xai3/3  (34)

The dipole moments will depend on the dielectric 
constant of the environment according to Eq. 
19; the moments in  vacuo will be denoted by ûoi.

The fundamental electrostatic relation
(e -  1) E = 4tt P (25)

yields in conjunction with Eqs. 22, 24 and 34

i)
4- 2c

V '+  47r }  Ni P i P i

3 k T

(35)

Making use of the identity
3 e ( m 2 -  1) =  (2 e  +  n  2) (e  -  1) -  (2e  +  l)(e -  m 2)

we can rearrange Eq. 35 in the form
(1 -  X ê i) ( e  -  1) +  ( 2 e  +  1 ) X é i ( e - m 2) /

(2e +  n-2) =  4xS Nißlßi*/3kT

Now if we assume that the entire space is occupied 
by the molecules

Stfi =  1 (37)

the first term in the member of Eq. 36 vanishes. 
Then in view of Eq. 18, Eq. 36 may be written 

2#i(e -  m2)3e/(2e +  m 2) -  4 ttS Ni(ßi*)2/3kT  (38)

which fumishes the generalization of Eq. 27 to 
the case of several molecular species. The right 
member of Eq. 38 depends on the dielectric con­
stant according to Eq. 19:

<m2 +  2)
(2e +  rii2) MOi

2e
(2e -F n-x2) P *  coi —

3e
(2e -F tii2) Mcoi (39)

In the limit of high dielectric constants
e » tt i2, ( i = 1,2, . . .)

Eq. 38 becomes
e -  0(n2) -F 47rSWiMia>M*ioo/3 ^r =

°(nn + y ^ 2)~-4{N,gr
We observe that in this limit, the dielectric con­
stants of Solutions are nearly additive.

The opposite extreme is a dilute solution of polar 
molecules in a non-polar medium. In the follow-
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ing, the index m  will ref er to the non-polar solvent, 
the index 5  to a polar solute present in small con­
centration, so that

6m =  ftm2 € em / a i \
=■*. V '

Neglecting terms of higher order in the concen­
tration (iVs), we obtain for the dielectric con­
stant of the solution

e =  m  N .  (42)

here the “refractive index” of the solution differs 
from that of the solvent by the amount

Qyj 2
n 2 — n m2 — 2 W m 2 _j_ n % ~~ (43)

and the (external) dipole moment depends on the 
dielectric constant of the non-polar solvent ac­
cording to Eq. 19

* 3nm2 _  nm2(na2 -f- 2)
2nm2 +  1 M “  2nm2 +  n 2 m (44)

For comparison, the Clausius-Mosotti formula 
yields (on our restrictive assumption of additive 
volumes)
« — 1 _  .Q €m ~  1 , 0 nB‘
€ 4* 2 €m Hh 2 n a- +  2 -f

47T (45)
Ns 3 k T

and by neglecting terms of higher order we ob­
tain the analogs of Eqs. 42 and 43

é = + 4TNs((nm* + 2) mo/3 ) 2/3 kT (46)

« 2 - (« 92 -  nD>) (47){na2 +  2)

These formulas are seen to agree with Eqs. 42-44 
in two cases: when nm =  1 and when nm = ns. 
For values of nm between these limits, Eqs. 42-44 
predict larger increments of the “refractive index” 
and of the dielectric constant than does the clas- 
sical theory. On the other hand, for n m >  ns, the 
new formulas predict a sm aller decrement of the 
refractive index, n, and a smaller increment of 
e — n2, the susceptibility due to orientation. The 
quantitative relations between the two theories 
can be summarized as follows

( v i 2 ^ m ^ ) n e w / ( w ^  ~~ ^ m ^ )o ld  ^  f  

(e %2)new/(c 2̂)old ~ f 2 ~ (Mapp/Vo) 2 (48)
f  =  f ( e m,nB2) =  3em(>s2 -f  2 )/(2 em -f  n s2)(em +  2)

Here, juapp. denotes the “electric moment” com­
puted by means of the classical formula, Eq. 1, 
from the dielectric constant of a solution which 
conforms to the present theory. The function 
/(e, n 2) is represented in Fig. 1 . Some of its 
important properties are

/ ( e ,  »*)' -  1 =  2 (e  -  n 2) ( e  -  l ) / ( 2 e  - f  n 2) { e  -f- 2 )
f ( l , n 2) =  f (n 2,n 2) =  i  (49)

/ ( e ,  n2) ^  f(n, n 2) «  1 +  2((n -  1 )/(n  - f  2 ) ) 2 
ƒ(«, n2) = f((n2A), n2)

Discussion
The present development of the theory is by 

no means complete. One open question is the 
proper choice of the molecular “radius” a. The 
assumption that the molecules fill the whole 
volume of the liquid (Eqs. 23, 37), is a makeshift; 
and its application to the extreme case of a gas 
would be quite absurd. Assuming that our 
molecular model is adequate, it would appear bet­
ter to find a suitable basis for the determination of 
constant “a.” Then in order to allow for changes 
of volume due to thermal expansion or other causes 
it would only be necessary to consider the “void” 
as a constituent of a mixture. This point of view 
is in perfect accord with our Eq. 36, where the 
“void,” of dielectric constant unity, enters quite 
symmetrically with the other constituents. 
Nevertheless, it appears that the development of 
the theory along these lines will involve careful 
consideration of molecular arrangements, and 
probably some arbitrary exercise of judgment.

Similar questions would arise in a generaliza- 
tion of the present theory to molecules of shapes 
other than spherical, in which case the ratios 
m/ moj o and /x*/m will be greater the shorter 
the dipole axis compared to other dimensions of 
the molecule. As far as dilute Solutions in non- 
polar solvents are concerned, it is only necessary 
to compute the ratio as a function of em;
then ju* determines the increment of the dielectric 
constant according to Eq. 38. On the other hand, 
for an imaginary polar liquid of refractive index 
unity the electric susceptibility must be propor­
tional to the product j j l j j l * ,  rather than to ( m * ) 2- 

Fortunately, the difference between the two re­
sults is not in general very large. The paradox 
which it represents is capable of solution, but only 
by taking into account the reciprocity of neighbor- 
hood relations between non-spherical molecules!

The computation of the molecular radius (a) 
from the total volume of the liquid should lead to 
an underestimate of the dielectric constant for the 
given molecular model. The error ought not to be 
very large, except when a liquid is considered close 
to its critical point. The assumption of spherical 
molecules can cause positive or negative errors, 
perhaps about equally often. With this in mind 
we should inquire whether the present theory can
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furnish a reasonably good description for the 
average dielectric behavior of polar liquids and 
their Solutions.

As regards the former, we have available 
Wyman’s analysis3 of an extensive material which 
he has compiled without apparent prejudice and 
without any knowledge of the theory to be tested. 
Wyman has summarized his conclusions in the 
formula

P =  (* 4- D/A

where p  measures the total “polarization” per 
unit volume, in our notation

The value of the factor A  is derived from measure­
ments of e together with measurements of /*0 in 
the vapor in non-polar solvents. For a great 
number of liquids Wyman finds A  ~  8.5, with a 
certain spread given by the limits A  =6 . 2  and 11.

Wyman’s formula is practically the same as our 
Eq. 29

e/A = 2e/(n2 -f* 2)2 — 4.irNf«>2/9kT  (29)

We obtain A  = (n 2 +  2)2/2, and Wyman’s 
typical value A  = 8.5 corresponds to a refractive 
index

n  =  1.46

which is very reasonable indeed. The range 
6.2 <  A <  11

corresponds to
1.275 <  n  <  1.64

A comparison with individual refractive indices 
has not been attempted; it would hardly be signifi­
cant without allowance for molecular shape. 
Ineidentally, our “refractive index” should in­
clude the “atomic polarization” due to elastic 
displacement of the atomic nuclei by the electric 
field.

According to Wyman’s analysis, one group of 
liquid dieleetrics deviates very markedly from the 
rest, in that they exhibit much larger dielectric 
constants than they ought to have. This group 
includes water, alcohols and ammonia; on the 
whole, it coincides with the liquids which on the 
basis of unusual thermodynamic behavior have 
long been considered as “associated.”

There is good cause for the view that we are 
dealing here with a type of molecular interaction 
which does not admit of adequate description 
in terms of permanent and induced dipoles. A 
promising scheme for coördination of the phenom-

ena is the “proton bond” theory, 6 which has re­
cently been given considerable attention by 
Hildebrand7 and by Pauling.8

If the dielectric behavior of the substances in 
question is to be explained along these lines, then 
an important part of the present theory may still 
be applicable. As a starting point, Eq. 26 can 
hardly be far from the truth; its derivation is 
almost phenomenological. Moreover, it is not 
likely that in a liquid like water, the ratio ju*/ju 
will differ m u ch  from its normal value of 3/2; 
in order to account for the large anomalies in 
question, it would have to equal 3. Thus we are 
led to abandon Eq. 19, and that involves only a 
quite reasonable addition to the basic hypothesis 
of the proton bond theory: The form ation of a  
“hydrogen bond" increases the electric moment of the 
group which carries the hydrogen.

On the basis of this general picture, we can 
estimate that a water molecule in the liquid has 
a dipole moment of the order ji ~  3 X 10“ 18 

e. s. u., with ju*/ju ~  3/2. The increment from 
fiQ = 1*8 X 10~ 18 in the vapor could hardly be 
accounted for by ordinary homogeneous induetion. 
The properties of water as a solvent for electro­
lytes appear to harmonize well with our assump­
tion of a large electric moment.

This explanation for the anomaly of “proton 
bond” liquids differs from the “association theory” 
in the assumption of a large ratio /vW while the 
“association theory” would call for an anomalous 
ratio

For dilute Solutions of polar substances in non- 
polar solvents, the present theory expects in ac­
cordance with experience that the “apparent” 
dipole moments computed on the basis of the 
Clausius-Mosotti equation should not in general 
differ much from those found in vapors of the 
same substances.

An important theoretical advance is the recon- 
ciliation of this empirical rule with the expectation 
of increased dipole moments in Solutions; in our 
picture /iapp is only a fictitious quantity with a 
complicated meaning.

According to Eq. 18, the apparent electric mo­
ments of a given molecule should be somewhat 
dependent on the solvent, so as to decrease with 
increasing dielectric constant of the environment. 
The researches of H. Mueller2’9 have shown that

(6) L atim er and R od eb u sh , T h is  J o u r n a l , 42, 1419 (1920).
(7) H ildebrand, S c ie n c e , 83, 21 (1936).
(8) P au ling, T h is  J o u r n a l , 57, 2680 (1935); ib id . ,  58, 94 (1936).
(9) H . M ueller, P h y s ik .  Z ., 35, 346  (1934).
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in spite of occasional irregularities, a general 
effect of this type exists. The effect is of the 
expected order of magnitude. Mueller’s results9 

for the temperature dependence of /zapp. in Solu­
tions support the view that the “radius” a should 
be treated as a molecular constant. It is worth 
pointing out that the present theory gives a pre­
cise interpretation for the dielectric constants of 
dilute Solutions : except for the susceptibility due 
to elastic polarization (refractive index), the 
increment of the dielectric constant is a measure 
for O»*)2, as given by our Eq. 42. We should 
also mention that the recent calculations by R. M. 
Fuoss10 of the dielectric properties and of molecular 
interaction of salt molecules in non-polar solvents 
are in accord with the present theory, if only his 
electric moments, which he denotes by ß, are identi­
fied with our “external” electric moments ß*.

As regards the electrostatic interaction of 
polar molecules in dilute Solutions, Fuoss’ com- 
putations are carried to a higher degree of ap­
proximation. A comparison with his results 
shows that in cases of extremely strong molecular 
interaction, the predictions of the present, simpler 
theory are subject to considerable modification. 
This disagreement should be taken as a warning 
against uncritical application of the present theory, 
which purports to be no more than a first approaeh 
to the complete description of dielectrics.

In our computations, the neighborhood of a 
molecule is considered as a continuüm, thus 
neglecting its actual discrete structure. More­
over, the polarization of the neighboring liquid by 
a given molecule was considered as proportional 
to the field, while actually this relation might be 
modified by compression and by some sort of di­
electric Saturation. In spite of these shortcom- 
ings, the theory apparently accounts for a con­
siderable field of experience, and there is some in­
dication that an outstanding dass of discrepan- 
cies are due to the physical assumptions involved 
in the conventional molecular model, and not to 
the mathematical approximations.

Summary
1. The dipole theory of dielectrics, as origi­

nally developed with the aid of Mosotti’s formula
(10) R. M. Fuoss, This J o u r n a l , 56, 1027, 1031 (1934).

for the “internal field,” leads to the expectation 
of electrical Curie points, with attendant insta- 
bility for liquids of high dielectric constants. 
This prediction is not verified by experience.

2 . The field which acts upon a molecule in a 
polarized dielectric may be decomposed into a 
cavity field  G, given by the shape of the molecule 
and proportional to the external field intensity, 
an d a reaction fie ld  R, which is proportional to the 
total electric moment, and depends on the instan- 
taneous orientation of the molecule.

3. The mean orientation of a molecule is de­
termined by the orienting force-couple exerted by 
the cavity field G upon the electric moment of 
the molecule. The earlier naïve application of the 
Mosotti formula is equivalent to the assumption 
that the effective orienting field equals the aver­
age of (G +  R), and incorrect because R never 
exerts a torque upon the molecule.

4. Since all real molecules are electrically de- 
formable, the reaction field R will cause an en- 
hancement of the electric moment of any mole­
cule immersed in a dielectric. The induced 
moment due to the cavity field G will be similarly 
enhanced by the corresponding component of R.

5. The electric moment ju of a spherical mole­
cule is computed as a function of the dielectric 
constant e of the environment. In addition, it is 
convenient to consider an “external” electric 
moment ijl* ,  which determines the interaction of 
the molecule with all distant charges and long 
range fields in the dielectric. For spherical mole­
cules, the ratio ß * /ß  increases from unity to 3 / 2  

as the dielectric constant of the environment in­
creases from 1 to oo . Both ß  and ß*  approaeh 
limits, which depend on the deformability of the 
molecule, for € —> °o. Accordingly, no Curie 
point is expected.

6 . For simplicity, the computations are re-
stricted to spherical molecules. The resulting 
formulas for the dielectric constants of pure polar 
liquids are similar to those proposed on empirical 
grounds by Wyman. For Solutions of polar 
molecules in non-polar liquids the predictions of 
the earlier theory are largely upheld, but with cer­
tain minor modifications which are in qualitative 
agreement with the experiments of Horst Mueller. 
N e w  H a v e n , C o n n . R e c e iv e d  J u n e  1 , 1936
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[C o n t r ib u t io n  from  t h e  D epa r tm en t  of Ch e m ist r y , C o lu m bia  U n iv e r s it y ]

The Separation and Determination of Tungsten and Molybdenum

By Herman Yagoda1 and Harold A. Fales

The precise analysis of materials containing 
tungsten and molybdenum is complicated by the 
fact that in separating tungstic acid the precipi­
tate is always contaminated by appreciable quan­
tities of molybdenum,2 and that in the formation 
of molybdenum sulfide, a considerable amount of 
tungsten is precipitated with it. The problem of 
the Separation of molybdenum, both from tung­
sten and the other metals, is further complicated 
in that molybdenum sulfide is seldom precipitated 
quantitatively in one Operation, its complete re­
moval demanding two or more repetitions of the 
treatment with hydrogen sulfide.

A bibliography of the literature on the methods 
of analysis for tungsten and molybdenum up to 
the year 1923 is available in the bulletin by 
Moore. 3 Since that time, new methods for the 
determination of these elements have appeared 
making use of organic precipitants, but none of 
the reagents is suitable for separating the two 
metals. Among the organic compounds proposed 
for these determinations are, 8 -hydroxyquinoline4 

which forms stable compounds having the com­
position, W0 2(C9H6 0 N)25 and Mo02(C9H6ON)26; 
and a-benzoin oxime which is serviceable for the 
direct determination of molybdenum in steels.7

The methods for the Separation of tungsten 
and molybdenum come under two general head- 
ings. In the first grouping, one of the constitu- 
ents of the mixture is removed by extraction with 
a suitable solvent. In this dass come the meth­
ods of Ruegenberg and Smith, 8 who employed* 
concentrated sulfuric acid to separate the molyb­
denum from a mixture of hydrated tungstic and 
molybdic acids; also, the procedure of Merrill,9 

who effected a like Separation through the use of 
selenium oxychloride as the solvent. Under the

(1) J. T. Baker Chemical Co. Research Fellow in Analytical 
Chemistry, 1935-36.

(2) W. F. Hillebrand and G. E. F. Lundell, “Applied Inorganic 
Analysis,” John Wiley and Sons, Inc., New York, 1929, pp. 246-247.

(3) R. B. Moore and collaborators, “ Analytic Methods for Certain 
M etals,” B u r .  M i n e s  B u l l e t i n  212, Washington, D. C., 1923, pp. 
125 and 167.

(4) G. Banalescu, A n n .  c h im .  a n a l . ,  12, 259 (1930).
(5) S. Halberstadt, Z .  a n a l .  C h e m .,  92, 86 (1933).
(6) H. R. Fleck and A. M. Ward, A n a l y s t ,  58, 388 (1933).
(7) H. B. Knowles, B u r .  S t d s .  J .  R e s . ,  9, 1 (1932).
(8) M . J. R u egen b erg  and E . F . S m ith , T h is  J o u r n a l , 22, 772 

(1900).
C9) H. B. Merrill, i b i d . ,  43, 2383 (1921).

second Classification come precipitation reactions, 
the mechanism of which, in general, lends itself 
to more exact separations than are possible by ex­
traction methods. Unfortunately, the proper­
ties of the two ions in question are very similar, so 
that with the exception of the sulfides, salts of 
the two elements have not been discovered that 
have a sufficiënt difference in solubility to effect 
a quantitative Separation of one metal from the 
other.

The disadvantage of the Separation by means 
of hydrogen sulfide is that the precipitation of 
molybdenum sulfide is usually incomplete owing 
to the reduction of part of the molybdenum by 
the reagent to lower valency states in which the 
ions can no longer form insoluble sulfides.2 A 
further inconvenience of the method is that the 
subsequent removal of the large quantities of 
tartaric acid, whose presence is essential for a 
sharp Separation of the two elements, is a very 
difficult and time consuming Operation.

The present investigations were initiated in 
order to circumvent the described difficulties in 
the quantitative precipitation of pure molyb­
denum sulfide. Examination of the law of mass 
action for the reaction between the hexavalent 
molybdenum ion and the hydrogen sulfide in an 
acid medium, reveals that the complete precipi­
tation of the molybdenum sulfide is favored by a 
low hydrogen-ion concentration and a high con­
centration of hydrosulfide ion

Mo6+ +  3H S- MoS3 +  3H + (1)
[Mo6+] -  [MoSsHH+PAlHS-p (2)

The hydrogen-ion concentration can be re­
duced only over a narrow range as, in alkaline 
media, soluble sulfomolybdates are formed. The 
concentration of hydrogen sulfide can be increased 
by conducting the precipitation in a pressure 
bottle at an elevated temperature. The efficiency 
of this procedure is doubtful, for the pressure ef­
fect is probably nullified by the increased reduc­
ing action of the reagent at elevated tempera­
tures. 10

It occurred to the writers that another means 
of increasing the concentration of the hydrogen

(10) W. Werz, Z .  a n a l .  C h e m .,  100, 241 (1935);. “Applied In- 
organic Analysis,” p. 55.
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sulfide in the system is to take advantage of the 
increased solubility of the gas in water at low 
temperatures. At 0° the solubility of hydrogen 
sulfide is 7 . 1  g. per liter, which is more than twice 
that at 25°.11 As the concentration of the hy­
drosulfide ion enters as a cube in equation 2 , 
doubling the concentration of the hydrogen sul­
fide tends to make an eight-fold effect in diminish- 
ing the molybdenum-ion concentration. Also, as 
the reaction is conducted at a low temperature, 
the reducing action of the reagent is considerably 
diminished, a factor which favors the quantitative 
Separation of the sulfide. Experimental inves­
tigations revealed that this method was eminently 
suitable for the Separation of molybdenum from 
tungsten.

Purification of Standards
Na2WC>4*2H20.—The purification of sodium tungstate 

was effected by following the procedure developed by 
Folin.12 The final product was tested for tracés of molyb­
denum by means of potassium ethyl xanthate.13 By 
applying the spot test technique, described by Feigl14 to 
Solutions of the purified salt to which were added known 
quantities of sodium molybdate, it was found that the 
red coloration characteristic of the element was discernible 
in a mixture containing 0.005% of sodium molybdate. 
As the solution of the purified salt did not give any visible 
reaction, the sodium tungstate employed in these investi­
gations probably contained not more than 0:005% of so­
dium molybdate. Analysis of the product for water of 
crystallization15 and tungstic oxide16 showed that the 
salt contained 10.91 =*= 0.02% water and 70.27 =*= 0.02% 
WO3, which compares favorably with the theoretical 
amounts 10.92 and 70.30%, respectively.

Na2Mo04*2H20.-—This salt was purified by dissolving 
50 g. of the best obtainable sodium molybdate in 300 cc. 
of water; to the solution was added 600 cc. of 95% alcohol. 
A small crop of crystals separated at this point, these were 
filtered off after a period of one hour and discarded. The 
clear filtrate was again treated with 600 cc. of alcohol, the 
small crystals of sodium molybdate were filtered, washed 
with 100 cc. of 95% alcohol and permitted to dry at room 
temperature. The product, weighing 25 g., consists of 
small pearly-lustered crystals that are completely water 
soluble.

There is no Chemical test for tungsten sufficiently deli­
cate to establish the presence of tracés of the element as

(11) L. W. Winkler, M a t h . é s  T e r m e s z e t tu - d o m ä n y i  E r e s i t ö ,  25, 86 

(1907).
(12) Otto Folin, J .  B i o l . C h e m .,  106, 311 (1934).
(13) S. L. Malowan, Z .  a n a l .  C h e m .,  79, 201 (1929).
(14) F. Feigl, “Qualitative Analyse mit Hilfe von Tüpfelreak­

tionen,” Akademische Verlagsgesellschaft m. b. H., Leipzig, 1931, p. 
176.

(15) The water content was determined by drying 1-g. samples 
of the salt at 120° for several hours in a platinum crucible. To 
make sure of the complete removal of the water, the anhydrous salt 
was heated to the point of fusion.

(16) The tungstic oxide was determined by the Standard cin-
chonine-hydrochloric acid method.

an impurity in sodium molybdate. Spectrographic ex­
amination of the purified salt showed a very faint line in 
the position where the most persistent line of the arc 
spectrum of tungsten is located. But, as the other char­
acteristic lines of the optical spectrum of tungsten were 
not recorded on the plate, appreciable amounts of the 
element probably are not present in the sample. This is 
further evident from the Chemical analysis in which it 
was found that the salt contained 14.91 =*= 0.01% water15 
and 59.49 =*= 0.02% M o03,17 the values closely agreeing 
with the calculated percentages, 14.89 and 59.50, respec­
tively.

Preparation of Reagents

0° Hydrogen Sulfide Water.—This solution can be pre­
pared by bubbling a stream of the purified gas through a 
column of water that has been chilled in an ice-bath to 
0°. Several methods for preparing this solution were 
investigated with the object of obtaining rapid Saturation 
and economy in the use of the gas. It was found most 
convenient to pass the gas through a porous sphere of 
“Aloxite.”18 This produces an ascending stream of 
numerous minute bubbles that are almost entirely ab­
sorbed by the column of water before they reach the sur­
face. The Standard 61 cm. (2-ft.) Kipp gas generators 
do not supply sufficiënt pressure to overcome the internal 
resistance of the porous sphere and the hydrostatic pres­
sure of the column of water above it. The pressure can be 
augmented easily by compressing the air in the head of 
the Kipp with the help of an atomizer bulb. Small tanks 
of liquid hydrogen sulfide, substituted for the Kipp genera­
tor, serve the purpose admirably well.

The length of time required to reach the Saturation 
point depends upon the volume of water, its initial tem­
perature and the rate of influx of the gas. The relative 
rate of absorption, under constant gas pressure, by a 
column of water at the freezing point is recorded in Table I.

T a b l e  I
R a t e  o f  A b so r p t io n  of  H y d r o g e n  S u l f id e

Volume of water at 0°, 750 cc. Diameter of “Aloxite” 
sphere, 25 mm. Influx of gas, 150 bubbles per min., as 
counted in the wash bottle having a conducting tube of 
4 mm. inside bore.
Time,

min. 10 20 30 45 60 120
G. H2S /

l.sol.w  0.863 2.12 3.53 5.21 6.12 6.59
Molar­

ity 0.0253 0.062 0.104 0.153 0.180 0.193

The point of near Saturation can be ascertained visually 
when it is noted that large bubbles reach the surface of the 
solution. In one experiment on the absorption of hydro­
gen sulfide, the undissolved gas was collected, dried over 
calcium chloride, and its weight ascertained by meäsuring 
the increase in weight of a U-tube filled with sodium hy-

(17) The molybdic oxide content was determined by precipitating 
and weighing lead molybdate.

(18) These aerator stones are manufactured by the Carborundum 
Company, Niagara Falls.

(19) The concentration of the hydrogen sulfide was determined 
by transferring a 10-cc. sample to a solution of lead acetate and 
weighing the resultant lead sulfide.
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droxide pellets connected tó the train. It was found that 
in the process of saturating 750 cc. of water only 0.42% 
of the total hydrogen sulfide escaped absorption.

Formic Acid.—The acid employed in these investiga­
tions was a Standard product of analyzed purity, of 85-90% 
strength. Analysis of the material showed that its con­
centration was 23.7 molar. Dilute 2 M  formic acid was 
prepared by diluting 80 cc. of the concentrated acid to one 
liter.

Ammonium Formate.—A 50% solution of the salt was 
prepared by dissolving 250 g. of the J. T. Baker Chemical 
Co. analyzed product in 150 cc. of water, warming the 
mixture until the crystals dissolved, filtering and diluting 
to 500 cc. The solution should have a pK  of 6.7 using 
bromo cresol purple as the indicator.

Tartaric Acid.—A 50% solution of the acid was prepared 
from an analyzed grade product. After the procedure for 
the Separation of the two metals was developed, it was 
found more convenient to use a 30% solution of the acid.

Fig. 1.—Crucible furnace for igniting M0S3: a, porous 
clay cup 11 cm. high and 5.5 cm. diatn. (inside meas.); 
b, a 3-mm. layer of thin asbestos paper; c, a 5-mm. layer 
of heavy asbestos paper; d, protective nickel crucibles; 
e, connecting wires of Standard nichrome; f, 660-watt 
conical heating units.

Quantitative Precipitation of Molybdenum Sulfide

Molybdenum sulfide can be precipitated from Solutions 
acidified with hydrochloric, sulfuric or formic acid. If 
the filtrate is to be reserved for the analysis of tungsten, 
it is desirable that the acidifying agent be readily volatile. 
Complete precipitation in hydrochloric acid media is a 
difficult matter2; it was therefore decided to investigate 
the claims of Sterba-Böhm20 concerning the precipitation 
of molybdenum sulfide in Solutions acidified with formic 
acid, who concludes that the sulfide can be precipitated 
completely over a range of acidity varying from 5-20% 
of the acid. To check this, six samples of sodium molyb­
date were each dissolved in 125 cc. of 10% formic acid and 
the Solutions were saturated at room temperature with 
hydrogen sulfide. On examination of the filtrates, all

(20) Sterba-Böhm and J. Vostrebal, Z. a n o r g .  a l lg e m . C h e m .,  
110, 81 (1920).

were found to contain minute amounts of molybdenum, 
averaging 0.10 =*= 0.03 mg. of the metal.21

A series of analyses was then made using hydrogen 
sulfide water saturated at 0° as the precipitant. The 
sodium molybdate was dissolved in 10 cc. of water, 100 
cc. of the hydrogen sulfide reagent was added to each 
sample and the Solutions were acidified with measured 
volumes of 24 M  formic acid. The mixtures were heated 
on a hot-plate; when the temperature reached 36° the 
molybdenum sulfide coagulated, and settled to the bottom 
of the beakers in the form of bulky deep black precipitates. 
After digestion for thirty minutes at 40-50° the sulfides 
were filtered and washed with 5% formic acid. All the 
filtrates were colorless and perfectly clear22 and on analysis 
were found to contain only tracés of molybdenum. The 
results from twelve experiments showed that on the 
average only 0.04 to 0.01 mg. of the metal failed to be 
precipitated by following this procedure. This loss is 
entirely negligible in the gravimetric determination of the 
element.

Determination of Molybdenum as Molybdic Oxide
After the molybdenum is separated as the sulfide, it is 

convenient to convert the molybdic sulfide to molybdic 
oxide and weigh the element in that form. The early 
investigators of this process3 concluded that it was diffi­
cult to roast the sulfide to the oxide owing to the volatile 
nature of molybdic oxide. Recent work by Brinton,23 
Hartmann24 and Knowles7 proves that the moist sulfide can 
be converted to the oxide, at temperatures below 600°, 
without any appreciable loss; and that the process is 
quite rapid at temperatures above 500°. As the tempera­
tures must be carefully controlled, it is best to ignite the 
molybdenum sulfide in an electric furnace. The simple 
heating unit described in Fig. 1, which can be readily 
assembled from Standard laboratory stock, proved to be 
very useful in executing this process.

The improvised furnace reaches thermal equilibrium in 
about thirty minutes. With two 660-watt conical heating 
coils connected in series and insulated as shown in the 
diagram, the surfaces of the nickel crucibles reach a 
maximum temperature of 550°. At this temperature the 
furnace draws a current of 2.75 amp. at 120 volts. By 
removing part of the wiring from the heating coils, the 
temperature reaches 750° and the unit can then be em­
ployed for igniting precipitates of tungstic acid to the 
oxide. It is recommended that the crucible containing 
the precipitate be protected by a nickel crucible, as shown 
in the figure, in order to prevent its being scratched by 
the rough walls of the cone shaped heater.

During the progress of the work on the quantitative 
conversion of molybdenum sulfide to oxide, it was found

(21) The molybdenum content was determined colorimetrically 
by evaporating the solution to dryness and testing the residue by the 
thiocyanate reaction: L. C. Hurd and H. O. Allen, I n d .  E n g .  C h e m .,  
A n a l .  E d . ,  7, 396 (1935).

(22) As the Solutions warm up to room temperature, the excess 
hydrogen sulfide escapes from solution. The resultant gas bubbles 
probably play an important part in flocculating the molybdenum 
sulfide. See Henry Bassett, “Theory of Quantitative Analysis,” 
New York, 1925, p. 102.

(23) P. H. Brinton and A. E. Stoppel, T h is  Jo u r n a l , 46, 2454 
(1924).

(24) W. Hartmann, Z. a n a l .  C h e r n .,  m ,  152 (1926).
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that the most concordant results were obtained when the 
sulfide was filtered through Gooch or porous bottom por- 
celain crucibles. Under these conditions the sulfide is 
deposited in a layer that is quite uniform in depth, and 
this promotes rapid conversion to the oxide. It was also 
noted that during the roasting process there was at times 
mechanical loss of oxide due to the sputtering of the 
burning sulfur. It is possible to avoid this loss and make 
the oxidation process quiescent by mixing the precipitate 
with a small amount of ashless filter paper fibers before 
conducting the filtration. In general, it takes fifteen to 
twenty minutes to convert 150 mg. of molybdic sulfide to 
the oxide. It was found by experiment that a sample of 
the oxide weighing 120 mg. could be heated for one hour 
at 550° without any detectable loss in weight. When the 
temperature was increased to 750°, 0.0036 g. was vola- 
tilized during a period of thirty minutes.

The results recorded in Table II show that the oxidation 
process is suitable for the quantitative determination of 
molybdenum. The sulfide was precipitated from Solu­
tions containing weighed samples of sodium molybdate, 
by the method previously described, using 100 cc. of the 
hydrogen sulfide reagent and 10 cc. of 24 M  formic acid 
as the acidifying agent.

T a b l e  II
D e t e r m in a t io n  of M o l y bd e n u m  a s  M o0 3

Grams of -------- Weight of molybdic oxide
N a2Mo04-2H20 Recov. Calcd. Diff.

0.2547 0.1513 0.1515 -0 .0002
.2030 . 1203 . 1208 -  .0005
. 1543 .0920 .0918 -b .0002
.1515 .0899 .0901 -  .0002
.1208 .0721 .0719 +  .0002
.1021 .0605 .0608 -  .0003

If facilities are lacking for igniting the sulfide by the 
described method, then it is preferable to determine the 
element by precipitating and weighing lead molybdate.25 26 
Solution of molybdenum sulfide can be effected by the 
action of nitric acid and bromine,26 or a mixture of am­
monium hydroxide and hydrogen peroxide.27 These 
solvents oxidize the sulfide, producing appreciable amounts 
of sulfuric acid, so that it is necessary to separate the 
lead molybdate in the presence of ammonium acetate in 
order to prevent the precipitation of lead sulfate.2 The 
recent work by McCay28 shows that molybdates can be 
precipitated quantitatively by silver nitrate and the 
molybdenum determined by weighing the silver molyb­
date. The presence of sulfate ion does not interfere with 
this reaction and the method should prove useful under 
the present circumstances.

The Precipitation of Molybdenum Sulfide in the 
Presence of Tungsten

When a solution of sodium tungstate is treated with 
hydrogen sulfide and then acidified with dilute acid, no 
insoluble sulfide is formed. However, when molybdenum 
sulfide separates from a solution containing both metals

(25) T. M. Chatard, A m .  J .  S e i . ,  [3] 1 , 416 (1871).
(26) J. C. Evans, W e s te r n  C h e m is t  a n d  M e ta l lu r g i s t ,  3, 218 (1907).
(27) C. A. Mitchell, “Recent Advances in Analytical Chemistry,” 

Philadelphia, 1931, Vol. II, p. 287.
(28) LeRoy W. McCay, T h is  J o u r n a l , 56, 2548 (1934).

it carries down with it part of the tungsten. The degree 
of contamination varies with the amount of molybdic 
sulfide formed, the concentration of tungsten in the solu­
tion and with the acidity of the medium. Koppel29 claims 
that in the presence of formic acid the molybdenum sulfide 
separates free from tungsten.; the writers have not been 
able to duplicate these results.

Table III is a Compilation of analyses of sodium tung­
state and molybdate in which the sulfide was separated 
from Solutions containing different concentrations of formic 
acid. Experiments 2 and 3 correspond to the conditions 
recommended by Koppel for the Separation of the two 
elements. The results obtained show that the molyb­
denum sulfide carries down with it large quantities of 
tungsten, the degree of contamination increasing with 
the acidity of the solution.

The next matter investigated was whether the results 
obtained in dilute formic acid media could be improved 
upon by decreasing the hydrogen-ion concentration of the 
solution by means of the buffer action of ammonium 
formate. Under these conditions it was found that a 
brown colored variety of molybdenum sulfide separated 
from the solution in a finely divided granulär form. After 
digesting the mixture at 50-60° for one hour the brown 
sulfide darkens in color, and is then capable of being 
filtered and washed without encountering any difficulties.

The precipitation of molybdenum sulfide was studied in 
buffered Systems over a range of pH from 5.0 to 3.0. As 
the pH  increased, the sulfide precipitated in purer form, 
and it was found that tungsten did not co-precipitate when 
the pH  of the solution exceeded 4.5. Under these con­
ditions, however, the hydrogen-ion concentration of the 
solution is not sufficiënt to decompose all of the soluble 
sulfomolybdate, with the result that part of the molyb­
denum remains unprecipitated. The data obtained from 
these experiments are summarized in Table IV.

A further attempt was made to render the above proc­
esses quantitative by precipitating the molybdenum sul­
fide in two stages, the idea being to precipitate the bulk 
of the sulfide in a pure form at a pH  of 5.0, and then to 
complete the precipitation by a secondary addition of 
formic acid. Since the quantity of tungsten that co- 
precipitates is proportionate to the amount of molybdenum 
sulfide formed, the mechanism suggested that only a 
negligibly small amount of the metal would be carried 
down during the formation of the residual molybdic sul­
fide upon further acidification.

The experimental data assembled in Table V were 
obtained by dissolving the weighed salts in 10 cc. of water, 
10 cc. of 50% ammonium formate and 100 cc. of hydrogen 
sulfide water saturated at 0°. Preqipitation was initiated 
in Solutions 1-5 by the addition of 5 cc. of 2 M  formic acid 
and digesting the mixtures at 60° for one hour. The 
decomposition of the sulfomolybdate was completed by 
the further addition of 10 cc. of 2 M  formic acid. The 
treatment given to samples 6 and 7 differed from that 
received from the others only in that the dilute and con­
centrated formic acids were added at approximately the 
same time. Comparison of the results obtained in experi­
ments 4 and 5 with those from 6 and 7 shows that though 
the two-stage decomposition of the ammonium sulfo-

(29) I. Koppel, C h e m .- Z . ,  48, 801 (1924).
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T able III
Separation  of M olybdenum  Sulfide from T ungsten  in  F ormic A cid M edia

Expt.
no.

Mol. of 
soln.

Na2MoC)4-
2 H2O

NaiWOt-
2H2O Recov.

— Molybdic oxi 
Calcd.

ide--------------- -
Diff. Recov.

—Tungstic oxide 
Calcd. Diff.

1 0 .27 0.1003 0.1000 0.0749 0.0597 - f  0.0152 0.0528 0.0703 -0 .0 1 7 5
2 1.1 .1008 .1003 .0778 .0600 +  .0178 .0543 .0705 -  .0162
3 1.1 .1052 .1512 .0839 .0626 +  .0213 .0873 .1063 -  .0190
4 1.8 .1054 .1004 .1107 .0627 +  .0480 .0253 .0706 -  .0453
5 1.8 .0533 .3014 .0928 .0317 +  .0611 .1495 .2119 -  .0624

T able IV
Separation  of M olybdenum  Sulfide from T ungsten  in  B uffered  M edia  

System A: 25 cc. of 50% HCOONBU, 100 cc. H2S and 10 cc. of 2 M  formic acid.
System B : 10 cc. of 50% HCOONH4, 100 cc. H2S and 10 cc. of 2 M  formic acid.
System C: 5 cc. of 50% HCOONH4 , 100 cc. H2S and 10 cc. of 2 M  formic acid.
System D: 5 cc. of 50% HCOONH4 , 100 cc. H2S and 25 cc. of 2 M  formic acid.

.------------------------------------ Molybdic oxide----------- -
System i>H30 N a2Mo04-2H20 Na2W 04-2H20 Recov. Calcd. Diff. Color

A 5.0 0.2032 0.1087 0.1209 -0 .0 1 2 2 White
.3006 0.3020 .1677 .1789 -  .0112 White

B 4.5 .0524 .0272 .0312 -  .0040 White
.2029 .2040 .1272 .1207 +  .0065 Faint yellow
.2011 .2027 .1283 .1197 +  .0086 Faint yellow

C 3.9 .2030 .1203 .1208 -  .0005 White
.2008 .2022 .1324 .1195 +  .0129 Yellow
.1990 .1034 .1279 .1184 +  -0095 Yellow
.1012 .1030 .0621 .0602 +  .0019 Faint yellow

D 3.5 .2484 .1475 .1478 -  .0003 White
.2488 .3017 .1662 .1480 -b .0182 Yellow

T a ble  V
T wo-Stage S eparation  of M olybdenum  Sulfide

Expt.
Na2Mo04*

4H20
Na2W04-

2HaO Recov.
■Molybdic oxide —- 

Calcd. Diff.
1 0.1592 0.0947 0.0947 0.0000
2 .0558 .0330 .0332 -  .0002
3 .1252 .3086 .0906 .0745 +  .0161
4 .1700 .4000 .1198 .1012 +  .0186 1
5 .1694 .4000 .1193 .1008 +  .0185 ƒ
6 . 1710 .4000 .1376 .1017 +  .0359 \
7 .1703 .4000 .1398 .1013 +  .0385 J

molybdate produces a less contaminated sulfide than that 
precipitated from a solution whose pH . is adjusted to 3.0 
from the very beginning of the reaction, the mechanism is 
not able to produce a quantitative Separation of the two 
elements.

Since molybdenum sulfide can be precipitated free from 
tungsten in Solutions containing tartaric acid,31 experi­
ments were made to determine whether the amount of 
tartaric acid required for the quantitative Separation of 
the two metals could be diminished by conducting the 
reaction in Solutions buffered by ammonium formate.

Weighed samples of sodium molybdate, of approximately 
the same mass, were dissolved in 10 cc. of a standardized 
solution of sodium tungstate containing 4 g. of Na2W04 - 
2H20  per 100 cc. To these Solutions were added varying

(30) The p H  values of the Solutions were estim ated by the use 
of suitable indicators and Standard buffer m ixtures. Because of 
th e  bleaching action of the hydrogen sulfide, the measurements had 
to  be made on independent Systems in which an equal volume of 
w ater was substituted for the 100 cc. of the hydrogen sulfide reagent.

(31) Heinrich Rose, "Ausführliches Handbuch der analytischen 
C hem ie/’ Vol. I, Part 2 (1851), PP- 356-357.

volumes of 50% tartaric acid and 50% ammonium for­
mate, 100 cc. of hydrogen sulfide reagent and 10 cc. of 
24 M  formic acid, The mixtures were kept at 60° for 
ninety minutes, a small quantity of filter paper pulp was 
added, the precipitates were permitted to settle, and then 
filtered through porous bottom porcelain crucibles. The 
sulfides were washed with five 10-cc. portions of a solution 
consisting of 5 cc. of 50% ammonium formate, 5 cc. of 
24 M  formic acid and 100 cc. of water; then ignited to 
oxides at 550° and weighed. The difference between the 
weights of the recovered oxides and the theoretical weight 
of molybdic oxide equivalent to the sodium molybdate put 
into the solution is a measure of the amount of tungstic 
oxide carried down by the molybdenum sulfide. The 
degree of co-precipitation can also be judged from the 
color of the resultant oxide. Pure molybdic oxide is 
white, and when it is contaminated, it is colored yellow 
by the tungstic oxide. The yellow coloration becomes 
quite pronounced when the impure oxide contains more 
than 4% of tungsten.

The results obtained from these experiments, recorded 
graphically in Fig. 2 show that in the absence of am­
monium formate the molybdenum sulfide carries down with 
it appreciable amounts of tungsten even though the solu­
tion contains a high concentration of tartaric acid. The 
sulfide that separates under these conditions is black and 
non-crystalline, and filters and washes with great difficulty. 
Hence, part of the error observed in experiments 1-8 may 
be d,ue to the presence of sulfotungstate in the incom- 
pletely washed precipitate, as is also indicated by the 
erratic disposition of the points in curve A of Fig. 2. In 
Solutions buffered with ammonium formate, the tartaric 
acid is more effective in producing a complete Separation
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of the molybdenum sulfide from thé tungsten, as can be 
seen by comparing the curves in Fig. 2.

Tartaric acid in solution, g.
Fig. 2.—-Contamination of M0S3 by tungsten:

©, ammonium formate absent; 0 ,  2.5 g. of am­
monium formate; O, 5.0 g. of ammonium for­
mate.

On the basis of the evidence presented in Table V and 
Fig. 2 the following procedure was developed for the 
Separation and determination of molybdenum in the 
presence of tungsten.

Procedure A.—Dissolve the two salts in 10-15 cc. of 
water in a 250-cc. Erlenmeyer flask, add 10 cc. of 50% 
ammonium formate, 10 cc. of 30% tartaric acid, 100 cc. 
of hydrogen sulfide water saturated at 0° and 10 cc. of 
2 M  formic acid.82 Heat the mixture on a water-bath to 
60° and maintain the temperature for one hour. At the 
end of the digestion, add a small quantity of filter paper 
pulp, suspended in about 10 cc. of water, and complete 
the precipitation of the molybdenum sulfide by adding 
10 cc. of 24 M  formic acid. Keep the mixture in the water- 
bath for a period of thirty minutes, allow the precipitate 
to settle, and filter through a porous bottom or a Gooch 
crucible which has been heated to about 500°. Wash the 
precipitate with five 10-cc. portions of a solution made by 
diluting 5 cc. of 50% ammonium formate and 5 cc. of 
24 M  formic acid with 100 cc. of water. Ignite the pre­
cipitate in the oven described in Fig. 1 for twenty to 32

(32) A t this point the solution has a of 3.9; after the addition 
of the concentrated formic acid the p H  drops to 2.9. Crystals of 
ammonium hydrogen tartrate may separate on the addition of the 
cold hydrogen sulfide solution, but these redissolve during the 
subsequent warming of the mixture.

thirty minutes until conversion to the oxide is complete; 
cool and weigh. Reheat the crucible over fifteen-minute 
intervals until it attains constant weight. Usually the 
conversion is complete at the end of the first ignition.

T a b l e  VI
S e p a r a t io n  o f  MoS3 f r o m  T u n g s t e n

N a2Mo04* N ajW 04‘ --------W hite m olybdic oxidi
Expt. 2H 2O 2H 2o R ecov. Calcd. Diff.

1 0.0513 . . . . 0.0304 0.0305 - 0 . 0 0 0 1
2 .0516 0.0516 .0300 .0307 -  .0007
3 .0509 .5013 .0298 .0303 -  .0005
4 .0524 .5031 .0303 .0312 -  .0009
5 .1698 .1013 .1010 -F .0003
6 .1704 .2026 .1012 . 1014 -  .0002

The results obtained following this procedure are re­
corded in Table VI. The small differences between the 
calculated and the observed values, together with the 
white color of the oxides, indicates that a fairly sharp 
Separation of the two elements has been effected.

Fig. 3.—Safety pressure flask: a, large endless rubber
band 1.4 mm. thick, 1.6 mm. wide and 25 cm. peripheral 
length at rest; b, 1.3 cm. diam. hole in rubber band; c, 
1.6 cm. diam. sphere of glass or "marble” ; d, semi-hard 
rubber stopper with 3-mm. hole in center; e, rubber band 
6.4 mm. wide and 0.8 mm. thick; f, glass beads.

During the progress of this work recourse was made to 
the precipitation of molybdenum sulfide in pressure 
bottles. Difficulty was encountered in transferring the 
precipitate quantitatively from the pressure bottle of usual 
design owing to its narrow mouth and the dangling of the 
capping device when pouring the contents. Efforts were 
therefore made to convert Erlenmeyer flasks into pressure
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bottles by closing the neck with a rubber stopper, the 
latter being kept in place by stretching rubber bands 
around it and the base of the flask. On warming the 
hydrogen sulfide mixture to 60°, the pressure developed 
by the liberated gases usually popped the stopper and on 
two occasions broke the bottom out of the flask.

To prevent such accidents, the safety pressure flask 
illustrated in Fig. 3 was designed. When the pressure 
inside the flask becomes sufficiently high, the sphere 
covering the opening in the stopper loosens and permits 
some of the gas to escape until the restoring force of the 
rubber band that keeps it in position is sufficiënt to balance 
the internal pressure. The equilibrium pressure varies 
with the tension in the band supporting the sphere. By 
closing a suction flask with these valves, maximum pres­
sures above atmospheric of 46-80 cm. of mercury were 
recorded on a manometer attached to the side-arm.

The construction of the stoppering device is apparent 
from the figure. The accessory rubber bands are secured 
to the stopper by means of rubber cement. The band 
holding the sphere in place is best made by cutting the 
necessary length from a piece of 6-mm. rubber tubing. 
The semi-circular cross section of the tubing hugs the 
surface of the sphere and prevents side slippage.

T a b l e  VII
P r e c ip it a t io n  o f  M o l y b d ic  S u l f id e  u n d e r  P r e ssu r e
Pres­
sure, Na2Mo04* Na2WC>4* ------ White molybdic oxide--------
atm. 2H20 2H20 Recov. Calcd. Diff.
1 . 0 0.1693 0.1007 0.1007 0.0000
1. 533 . 1709 . 1017 .1017 .0000
1 . 0 .0534 .0314 .0318 -  .0004
1.5 .0498 .0295 .0296 -  .0001
1 . 0 .0498 .0290 .0296 -  .0006
1.5 .0498 .0295 .0296 -  .0001
1 . 0 .0523 0.5019 .0308 .0311 -  .0003
1.5 .0501 .5022 . 0296 .0298 -  .0002

The results obtained by conducting the precipitation of 
the molybdenum sulfide in the safety pressure flasks, 
recorded in Table VII, show that the negative errors in 
the determination of molybdenum are slightly decreased. 
In general, little advantage is gained by conducting the 
precipitation under pressure. The use of the pressure 
flasks is recommended when the sample of tungsten con­
tains only small amounts of molybdenum, or in the ab­
sence of adequate Ventilation, to minimize the odor of the 
gas in the laboratory during the long digestion period.

The Determination of Tungsten

The filtrate and washings resulting from the Separation 
of the molybdenum sulfide contains the tungsten in solu­
tion combined as a tartaro complex, together with the 
excess hydrogen sulfide, ammonium formate and formic 
acid. Evaporating the solution down to near dryness 
effects the removal of the hydrogen sulfide, formic acid 
and part of the ammonium formate. Treatment of the 
residue with 12 M  hydrochloric acid and cinchonine pre-

(33) This pressure is small compared with the total pressure 
obtainable by heating the mixture in a Standard pressure flask at
100°. The partial pressure of the hydrogen sulfide, however, is 
probably eoaapamble in both cases.

cipitates after prolonged boiling the greater part of the 
tungstic acid in the form of a hard crystalline mass that 
adheres tenaciously to the surface of the beaker. The 
yield is not quantitative, as shown by the figures below.

,-------------------Tungstic oxide---------------—
Na2W 04-2H20  Recov. Calcd. Diff.

0.2033 0.1385 0.1429 -0 .0044
.1013 .0488 .0712 -  .0224

Procedure B.—Treatment of the concentrated filtrate 
with 25 cc. of 16 M  nitric acid produces a much better 
recovery of the tungsten. The acid facilitates the com­
pletion of the reaction by the removal of the ammonium 
salts, the presence of which retards the precipitation of 
tungstic acid,2 (pp. 119 and 552), and also in that the 
simultaneous evolution of gases during the decomposition 
prevents the precipitate from adhering to the walls of the 
vessel. When the removal of the ammonium salts is com­
pleted the mixture is diluted with 100 cc. of water and 5 cc. 
of cinchonine reagent,34 digested on a hot-plate for two 
hours and then filtered through an ashless filter paper. 
The precipitate is washed, ignited at 750° and the tungstic 
oxide weighed. The results obtained by following this 
procedure are not strictly quantitative except when only 
a small quantity of tartaric acid is present. For a given 
amount of tartaric acid the amount of tungsten remaining 
unprecipitated is remarkably constant, and by applying 
the necessary correction factor, the method is recom­
mended for rapid routine analyses.

T a b l e  VIII
S e pa r a tio n  of T u n g st e n  i n  t h e  P r e se n c e  of T a r taric  

A cid u sin g  16 iW N itr ic  A cid
Tart. acid, 

g.
Na2W04-
2H20 34 Recov.

—Tungstic oxide- 
Calcd. Diff.

3.0 0.5046 0.3489 0.3547 -0 .0058
3.0 .2081 .1406 . 1463 -  .0057
3.0 .2026 .1366 .1424 -  .0058
3.0 .2004 .1352 .1409 -  .0057
3.0 .1032 .0668 .0726 -  .0058
3.0 .0559 .0334 .0393 -  .0059
1.0 .2033 .1418 .1429 -  .0011
1.0 .2014 .1403 .1416 -  .0013
0.52 .2137 .1497 . 1502 -  .0005

.51 .2031 .1425 .1428 -  .0003
.2020 .1417 . 1420 -  .0003

The precise determination of tungsten in the filtrate 
resulting from the Separation of the molybdenum sulfide

T a b l e  IX
S o lu bility  o f  A m m o nium  H y d r o g en  T a r trate  at  29°

Ratio
water: alcohol

95% alcohol 
by volume

NH4HC4H4O6 per cc. of 
solution, g.

Equiv. 
tart. acid, 
g. per cc.

1:0 0.0343 0.0308
1:1 50.0 .0048 .0043
1:2 66.7 .0018 .0016
0:1 100.0 .00005 .000045

(34) The samples were dissolved in 100 cc. of water, to  which 
was added the weighed quantities of tartaric acid, 10 cc. of 50% 
ammonium formate and 10 cc. of 24 M  formic acid. These Solutions 
were evaporated to 15 cc., and when cool, 25 cc. of 16 M  nitric acid 
was added. The precipitate was then further treated as described 
in procedure B.
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T a b le  X

S e pa r a t io n  a n d  D e te r m in a t io n  of T u n g s t e n  a n d  M o l y b d e n u m

Na2M o04-2H20  Na2W 04-2H20 Recov.
-Molybdic oxide 

Calcd.
0.1703 0.1010 0.1013

0.5018 .0002 .0000
.1725 .1718 . 1031 .1026
.0539 .0531 .0320 .0321
.0505 .3020 .0300 .0301

necessitates the removal öf the greater part of the tartaric 
acid contained in it. Treatment with oxidizing acids is 
not recommended, as the process requires many repetitions 
in order to complete the destruction of the organic matter, 
and is subject to loss of material due to spattering.

During the later stages of the evaporation of the filtrate, 
ammonium hydrogen tartrate crystallizes from the solu­
tion. The greater part of the organic matter can be 
removed by taking advantage of the small solubility of 
this salt in mixtures of alcohol and water.

The solubility of ammonium hydrogen tartrate in 
water-alcohol Systems was approximated by evaporating 
measured volumes of the saturated Solutions and weighing 
the dry residues. From the solubility data in Table IX 
it can be seen that by evaporating the filtrate down to 
a volume of about 25 cc. and adding 50 cc. of alcohol to 
the concentrate, only about 120 mg. of tartaric acid will 
remain in solution. This small amount of tartrate no 
longer interferes with the quantitative Separation of 
tungstic acid, as is demonstrated by the preceding experi­
ments in Table VIII. After being washed with 50% 
alcohol, the crystals still occlude small quantities of tung­
sten. This is readily recbvered by charring the filter 
paper containing the ammonium hydrogen tartrate in a 
platinum crucible containing about 500 mg. of sodium 
carbonate2 (p. 61), extracting the residue with water, 
filtering off any carbonaceous matter, and adding the 
filtrate to the solution containing the bulk of the tungsten. 
The resultant solution is evaporated to a small volume to 
effect the removal of the alcohol, and the tungstic acid is 
precipitated by the addition of 25 ec. of 16 M  nitric acid. 
From this point the precipitate is treated as described in 
procedure B.

In the table above are recorded the results of several 
analyses of mixtures of sodium tungstate and molybdate,

Diff. Recov.
Tungstic oxide— 

Calcd. Diff.
-0 .0003 0.0004 0.0000 +0.0004
+  .0002 .3522 .3528 -  .0006
+  .0005 .1210 .1207 +  .0003
-  .0001 .0365 .0373 -  .0008
-  .0001 .2118 .2123 -  .0005

arrived at by following procedure A for the Separation of 
the sulfides in the presence of ammonium formate, tartaric 
and formic acids. The close agreement between the re­
covered and theoretical weights of the oxides shows that 
the method is satisfaetory for the Separation of the two 
metals in the absence of interfering elements. The appli­
cation of these methods to the analysis of steels and miner- 
als containing tungsten and molybdenum is in the process 
of investigation.

Acknowledgment.—The writer wishes to ex­
press his gratitude to the J. T. Baker Chemical 
Company whose grant of the 1935-36 Eastern 
Research Fellowship made these studies possible.

Summary
A new technique is described for precipitating 

metallic sulfides, using a saturated solution of hy­
drogen sulfide in water at 0 ° as the reagent. 
Molybdenum sulfide can be precipitated quanti- 
tatively in formic acid media by initiating the 
reaction at a low temperature and maintaining a 
high concentration of hydrogen sulfide in the solu­
tion. A quantitative Separation of the sulfide 
in the presence of tungsten can be effected in a 
solution whose p H  is adjusted to 2.9 by a buffer 
mixture consisting of ammonium formate, tar­
taric and formic acids. The article contains de­
scriptions of a simple electric furnace for igniting 
precipitates at a constant temperature, and of an 
improved pressure bottle.
N e w  Y o r k , N .  Y . R e c e iv e d  J u n e  10, 1936
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NOTES

2-Bromo-£>-Nitrofluorene and l,l-Dinitro-3,3'- 
dibromo-bifluorenyl

By C. Dale1 a n d  R. L. S h r in e r

Recently a eompound melting at 170° was de­
scribed as being 2-bromo-9-nitrofluorene. 2 It is 
very unusual for a normal nitro eompound to melt 
higher than its aci-form (m. p. 132°). Moreover, 
the eompound decomposes on heating and liber- 
ates oxides of nitrogen and forms 2 -bromofluore- 
none. The alkali insolubility of the eompound and 
failure to form a salt of the aci-form, even with 
potassium methoxide, indicate that it is prob­
ably the bimolecular oxidation product with the 
structure (I) analogous to the product obtained 
by Nenitzescu3 in his study of aci-9-nitrofluorene.

C26Hi4 0 4N2Br2: C, 54.00; H, 2.42. Found: C, 
54.04; H, 2.51.

The molecular weight was determined by the 
micro boiling point method, using acetone and 
benzene as solvents. In acetone a molecular 
weight of 593 was obtained, and in benzene a 
value of 554 resulted. The calculated value for 
I, C26Hi4 0 4 N2Br2, is 578, whereas the molecular 
weight of Ci3H8BrN0 2 is 290. It is evident 
that the eompound is the bimolecular oxidation 
product with the structure I.
U n iv e r sit y  of I l l in o is  R e c eiv ed  M a y  14, 1936
U r b a n a , I l l in o is

£-Phenylphenacyl Esters of Organic Acids
Br Br

A reëxamination of this eompound has shown 
that it may be obtained in small amounts by boil­
ing an alcoholic solution of the aci-form, or in 
good yields by treating the potassium salt of 2 - 
bromo-9 -nitrofluorene with one mole of iodine. 
The product of this reaction is a yellow powder

C6H3Br
\  / -

2 C<
/  Xl 

c 6h 4

K

N 0 2
+  I2-

Q H s B r ^ O j  o 2NN^ /C‘H,Br

/  \
C6H4 C«H.

+  2KI

which shrinks and decomposes over a considerable 
range of temperature (130-140°). By careful 
fractionation from methyl acetate, colorless crys­
tals of the eompound were obtained. They 
melted at 172.5° (175° corr.).

The analyses for bromine and nitrogen previ­
ously given2 are correct, but, of course, would 
check very closely the theoretical values for either 
the monomolecular or bimolecular structure. A 
combustion gave the following results: Calcd. for 
Ci3H80 2NBr: C, 53.81; H, 2.76. Calcd. for

(1) University of Rochester, Rochester, New York.
(2) Thurston and Shriner, T his Journal, 67, 2163 (193ö).
(3) Nenitssescu, B e r , ,  62, 2669  (1929); 6 3 ,2 4 8 4 (1 9 3 0 ) .

B y  T. L e o n a r d  K ell y  a n d  E u g e n e  A. M o r isa n i

During the course of a research the following p-  
phenylphenacyl esters were prepared which do 
not appear in the literature. Since the melting 
points of these may be an aid in the identification 
of acids they are of value.

They were prepared according to the method of 
Drake and co-workers1 and were recrystallized 
to constant melting point. All melting points are

p-PHENYLPHENACYL ESTERS

Acid M. p., °C.
Halogen, % 

Calcd. Found
w-Bromobenzoic 155° 20.25 20.13
^-Bromobenzoic 160 20.25 20.16
o- Chlorobenzoic 123 10.12 10.09
m- Chlor obenzoic 154* 10.12 10.18
p- Chlorobenzoic 160 10.12 10.19
ö-Iodobenzoic 143 28.74 28.38
w-Iodobenzoic 147 28.74 29.21
^-Iodobenzoic 171 (Closed tube) 28.74 28.20

ö-Nitrobenzoic 140
Nitrogen, %

3.87 3.70
w-Nitrobenzoic 153 3.87 3.95
ö-Nitrocinnamic 146 3.61 3.72
ftt-Nitrocinnamic 193* 3.61 3.66
^-Nitrocinnamic 192 3.61 3.94
p- Cy anobenzoic 165 4.10 4.26
Diphenylacetic 111 c , 82.75 82.98

H, 5.41 5.66
° Mixed m. p. with w-bromobenzoic acid 127-128°,
6 Mixed m. p. with w-chlorobenzoic acid 130-132°. 
c Mixed m. p. with m-nitrocinnamic acid 180-183°.

(1) Drake and co-workers, This J o u r n a l , 62, 3715 (1930); ibid,, 
64, 2059 (1932).
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uncorrected but were taken in a Fisher melting 
point apparatus with a set of Anschütz ther­
mometers which gave correct melting points with

various pure reagents.
D e p a r t m e n t  o f  C h e m i s t r y  R e c e i v e d  J u n e  1, 1936 
H o l y  C r o s s  C o l l e g e  
W o r c e s t e r , M a s s a c h u s e t t s

COMMUNICATIONS TO THE EDITOR

SYNTHETIC SUBSTRATES FÜR PROTEIN-DIGEST- 
ING ENZYMES

S ir :
Knowledge regarding the specificity of those 

enzymes which hydrolyze intact proteins (peptic, 
tryptic and catheptic proteinases) is meager. In 
general it is assumed that these enzymes react ex­
clusively on high molecular Substrates.

Recently it has been possible to study the 
specificity of proteinases with the aid of synthetic 
Substrates. Such Substrates have been found in 
this Laboratory for the catheptic enzymes, papain, 
liver-cathepsin and bromelin. The authors have 
now observed the Splitting of a-hippuryl-lysine- 
amide by tryptic proteinase.

a-Hippuryl-e-carbobenzoxy-lysine methyl ester 
was converted into a-hippuryl-e-carbobenzoxy- 
lysine amide, m. p. 2 1 2 °, with the aid of metha- 
nolic ammonia. A n a l. Calcd. for C23H28N4O5 : C, 
62.7; H, 6.4; N, 12.7. Found: C, 62.6; H, 6.7; 
N, 12.8. This amide was hydrogenated catalyti- 
cally, yielding a-hippuryl-lysine-amide which was 
isolated as the strongly hygroscopic hydrochlo­
ride, m. p. 248°. A n a l. Calcd. for C15H23N4O3CI: 
C, 52.5; H, 6 .8 ; N, 16.3. Found: C, 52.0; H, 
7.0; N, 15.9.

The tryptic proteinase was prepared according 
to E. Waldschmidt-Leitz and A. Purr [Ber., 62, 
2217 (1929)]. The preparation contained no di- 
peptidase, aminopeptidase, and no carboxypepti- 
dase; however, protaminase probably was present 
(Table I).

In contrast to HCN-papain, which splits only 
one peptide bond, tryptic proteinase splits two. 
After a complete Splitting, hippuric acid was iso­
lated from the digest (over 70% of the theoretical 
amount). Therefore, the Splitting also must have 
liberated lysine and ammonia. That the free e- 
amino group is an essential condition for the en- 
zymic hydrolysis is shown by the fact that the

T a b l e  I

E n z y m i c  H y d r o l y s i s  of « - H i p p u r y l -l y s i n e - a m i d e  

a t  40°
(Titration of liberated carboxyl groups)

T im e ,
H y d r o ly s is  in  

% o f  on e
E n zy m e hrs. p e p tid e  b on d

Tryptic proteinase, p ü  8.8 22 123
72 200

Tryptic proteinase, pH  8.8 18 121
42 175

HCN-Papain, pH  5.0 5 58
24 80
49 85

above mentioned a-hippuryl-e-carbobenzoxy-ly- 
sine amide is not hydrolyzed under the conditions 
of our experiments. The hydrolysis of our Sub­
strate by tryptic proteinase is remarkable since 
tryptic proteinase is supposed to react exclusively 
on anionic Substrates.

It is intended to continue this research by study- 
ing the action of pure tryptic proteinases.
T h e  L a b o r a t o r i e s  o f  M a x  B e r g m a n n
T h e  R o c k e f e l l e r  I n s t i t u t e  W i l l i a m  F. R oss
f o r  M e d i c a l  R e s e a r c h  
N e w  Y o r k , N .  Y .

R e c e i v e d  J u l y  10, 1936

STEROLS. VI. SYNTHETIC PREPARATION OF 
OESTRONE (THEELIN)

S ir :

The evidence for the accepted structure of oes- 
trone has recently been reviewed [L. F. Fieser, 
“ Chemistry of Natural Products Related to 
Phenanthrene/’ A. C. S. Monograph Series, No. 
70]. We have been able to prepare a well crys­
tallized eompound from ergosterol which by analy­
sis, derivatives and mixed melting points, is iden­
tical with oestrone isolated from pregnancy ur­
ine. It has been previously shown that ergosterol 
may be converted into 3-hydroxy-nor-allo-cholanic 
acid [Chuang, A n n ., 500, 270 (1933); Fernholz
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and Chakravarty, B er., 67, 2021 (1934) ] which is 
also obtainable from dihydro-cholesterol. This 
acid can give rise to isoandrosterone which 
differs from androsterone only in configuration of 
the hydroxyl group in the 3-position. Therefore, 
with the preparation of oestrone from ergosterol, 
a complete connection between the hormones, 
male and female, has been established.

C9H18 c9h 18

I. Ergosterol

CjHig

Dehydro-neo-ergosterol

C9H is

IV. T etra-hydro-dehydro- 
neo-ergosterol

In the present work, dehydro-neo-ergosterol, 
III, was prepared from ergosterol by the method 
of Windaus [Windaus and Borgeaud, A n n ., 520, 
235, 460 (1928)], Inhoffen [Inhoffen, ib id ,, 497, 
130 (1932)], and Honigmann [Honigmann, ib id ., 
511, 292 (1934)]. Taking advantage of the fact 
that naphthalene derivatives may be reduced to 
tetrahydro derivatives with sodium and amyl 
alcohol, dehydro-neo-ergosterol, III, m. p. 
147-150°, was reduced to give tetrahydro- 
dehydro-neo-ergosterol, IV, m. p. 170.5-171.5°. 
This substance is phenolic and forms sodium 
salts.

A n a l. Calcd. for C27H4iO: C, 85.1; H, 10.8. 
Found: C, 85.7; H, 10.8.

The tetrahydro-dehydro-neo-ergosterol was 
then acetylated and this product oxidized with 
chromic acid. The total neutral oxidation prod­
uct was hydrolyzed with alcoholic sodium hy­
droxide and then treated with semicarbazide ace­
tate. The crude semicarbazone was hydrolyzed 
with alcoholic sulfuric acid to the free ketone, 
which was then distilled at 200° under high 
vacuum. The Sublimate was crystallized from

9 5 % alcohol to give a white crystalline compound 
m. p. 259-261.5° (uncorr.). This gave no de­
pression in melting point with a sample of natu­
ral oestrone of m. p. 255°. It is soluble in alkali. 
It gave a rotation of [ar]32D +159° in alcohol, 
c = 514 mg. per 100 cc.

A n a l. Calcd. for Ci8H22 0 2: C, 79.9; H, 8.3. 
Found: C, 79.4; H, 8.4.

The product gave a benzo­
ate by the Schotten-Bau­
mann reaction, m. p. 205- 
207° (uncorr.), which gave 
no depression to a sample 
of natural oestrone benzoate 
m. p. 205° (uncorr.).

A n a l . Calcd. for C25H26O3 : 
C, 80.2; H, 7.0. Found: 
C, 80.6; H, 7.2.

It gave a semicarbazone of 
m. p. 252-253° (uncorr.). 
From the analysis this semi­
carbazone calculates to have 
one-half molecule of water of 
crystallization. Butenandt 
[Z. ph ysio l. Chem., 208, 129 
(1932); 208, 149 (1932)] ob­
served the same thing on 
the preparation of the semi­

carbazone from natural oestrone.
A n al. Calcd. for (CiÄßC^Ns^-ftO: C, 67.9; 

H, 7.9. Found: C, 68.1; H, 8.2.
This synthesis was repeated independently by 

two of us. We wish to thank Dr. George H. 
Fleming of this Laboratory for the micro-analyses 
reported in this paper.

/ \ / \ /

V. Oestrone (Theelin)

S chool of Ch e m ist r y  a n d  
P hysics
T h e  P e n n sy l v a n ia  Sta te  
College
State  Colleg e , P a .
T h e  P a r k e , D a v is  & C o .
R e sea rc h  L a b o r a t o r ies  
D etroit , M ic h .

R e c e iv e d  J u l y  20, 1936

R u sse l l  E . M a r k er  
Ol iv e r  K amm 

T homas S. Oakw ood  
Jo seph  F . L a u c iu s

SYNTHESIS OF VITAMIN Bi
S ir:

As foreshadowed in a recent communication 
[This Journal, 58, 1063 (1936)] we have effected 
a synthesis of the vitamin by the following route.

EtOCOCH2CH2OEt
+HCOOEt

— --------------- --— >

EtOCOCHCH2OEt

0= C H

+ N H 2—C(CH3)= N H
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n ^ c—o h
I I POC13

CH|C C—CHaOEt-------->

u
N = C —Cl
I I Alc. NH3

CHsC C—CH2O E t------------>

U h
N = C —NH2
I I

c h 8c
HBr

C—CH2O E t----- >

N—CH
N = C —NH2*HBr 

CHjC i —CHtBr ■

U h

+ 4  Methyl 5-ß-hydroxy----- --------- :--->
ethyl thiazole (Buchman) 

CHa

N=C—NH2-HBr C = C —CH2
I I / I

CHsC C----- CH2----- N CH2
II II l \  I

N -C H  Br CH—S OH

The resulting bromide agreed in molecular ab­
sorption with the natural vitamin and when air 
dried analyzed for the composition C12H17N4- 
SOBr-HBr^H^O. The curative dose for poly- 
neuritic rats is 6  7  =*= 1 7 .

Converted into the chloride, it was found identi­
cal with the natural in composition (5 elements) 
ultraviolet absorption and antineuritic potency 
(5 7 ). Comparing melting points led us to observe 
two crystal forms in varying proportions in the 
natural chloride and especially in the picrolonate; 
the synthetic chloride and picrolonate respectively 
correspond in appearance to one of these forms. 
The synthetic chloride melts at 232-234°; our 
present specimen of natural at 246°; mixed melt­
ing point is 242-244°. Kinnersley, O’Brien and 
Peters have called attention to a variably low

melting antineuritic chloride [Biochem. J ., 27, 
232 (1933) ] and it seems probable that the natural 
as isolated is often a mixture of two stereoisomers 
[cis-trans on 5 C of pyrimidine? Nishikawa, 
T. M em . R yo ju n  Coll. E ng., 3, 277 (1931)] of 
equal potency and that in our synthetic material 
the low form predominates in higher degree.

The details of structural evidence and of the 
method of synthesis will appear in forthcoming 
papers.

In making this announcement the writers wish 
to express their indebtedness to all those who have 
participated in the work and whose names have 
appeared in the authorship of the current series 
of papers “Studies of Crystalline Vitamin Bi.” 
Mention should also be made of Mr. Jacob Finkel- 
stein, who has performed many syntheses of both 
known and new compounds.

The senior author is grateful to Dr. E. R. Buch­
man, who continued to participate in the work 
when financial support was lacking during the 
greater part of 1935 and to Mr. R. E. Waterman 
who joined the writer in meeting this emergency. 
Through the kindness of Dr. Walter H. Eddy, 
laboratory space was provided at Teachers College 
during this as well as earlier phases of the under- 
taking. More recently funds and facilities have 
been provided by Merck & Co., Inc., under the 
auspices of the Research Corporation of New 
York. Grateful acknowledgment is made to Dr. 
Eddy and to both of these corporations.
D e p a r t m e n t  o f  P h y sio lo g ica l  Ch e m ist r y  
T e a c h e r s  C o l l e g e , C o l u m b ia  U n iv e r sit y  
N e w  Y o r k , a n d
R e se a r c h  L a b o r a t o r y  R . R . W il l ia m s
M e r c k  & Co., I n c . J . K . C l in e
R a h w a y , N .  J .

R e c e iv e d  J u l y  23, 1936
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NEW BOOKS

Physical Chemistry for Colleges. A Course of Instruction 
Based upon the Fundamental Laws of Chemistry. By 
E . B. M ill a r d , Professor of Physical Chemistry, Massa­
chusetts Institute of Technology. Fourth edition. 
McGraw-Hill Book Company, Inc., 330 West 42d Street, 
New York, N. Y., 1936. ix +  524 pp. 73 figs. 14.5 
X 21 cm. Price, $3.75.

The present edition of this well-known text is a revision 
of the third edition with the size and character remaining 
virtually unchanged. The revision has involved greater 
clarity of presentation of certain topics, Substitution of 
new concepts for older ones, and Substitution of many new 
Problems for old problems. Portions of four or five of the 
chapters have been partially rewritten, notably the chap- 
ters on equilibrium, kinetics of reaction and atomic struc­
ture. The chapter on “Physical Properties and Molecular 
Structure” has been omitted and a new chapter on “Free 
Energy of Chemical Changes” has been added. The 
changes which have been made, while not extensive, serve 
to maintain the up-to-date character of this meritorious 
book.

F. E. Bartell

Textbook of Quantitative Inorganic Analysis. By I. M.
K o lth o ff  a n d  E. B. S a n d ell , University of Minnesota.
The Macmillan Company, 60 Fifth Avenue, New York,
N. Y., 1936. 749 pp.

It requires only a cursory examination of this book 
to dispel the feeling of satiety with which one is apt to 
greet the appearance of a new textbook of analytical chem­
istry. The reader soon realizes that this text enters a new 
field and satisfies a need which is not met by other English 
books. To the advanced student of quantitative analysis 
the book offers a thorough treatment of the fundamental 
principles upon which the subject rests, a comprehensive 
discussion of the apparatus, reagents and practical tech- 
nique employed in analysis and a valuable key to the litera­
ture of analytical chemistry. It should prove invaluable 
in the training of analytical chemists as contrasted with 
Chemical analysts.

Sections of the book are devoted to gravimetric analysis, 
Volumetrie analysis, physico-chemical methods, and analy­
ses of complex materials. In the first two of these sections 
theoretical parts precede parts given over to practical de­
tails and specific directions. The outstanding charac­
teristic of this book is the thoroughness with which the 
theoretical fundamentals of the subject are treated. The 
authors justify their remark, “The theory of analytical 
chemistry does not constitute a special branch of chemis­
try; rather it comprises the application of our entire scien­
tific knowledge to the particular purpose.” The phe- 
nomena of precipitation and coprecipitation are given par- 
ticularly extensive treatment.

In the practical and specific parts the same logical com- 
pleteness is maintained. Thus nine pages of small print

are devoted to the precipitation of barium sulfate. There 
is no falling away into the cookbook style sometimes found 
in elementary texts. Particularly pleasing are the ample 
references given to the original literature. These as well 
as the methods treated in the text are thoroughly up-to- 
date.

In the third section upon physico-chemical methods a 
wide variety of general methods are briefly explained. 
Colorimetry is treated in some detail. Here again the stu­
dent is given an excellent start in the literature. In the 
final section upon the analyses of complex materials, di­
rections are given for the analyses of brass, steel and Sili­
cate rocks.

The book is set in three sizes of type to facilitate its use 
in elementary courses, material of a more advanced nature 
being in small type. Problems with answers are given at 
the end of the chapters. It is a book to be recom­
mended for serious students.

C harles H . G r e e n e

Der Aufbau der Zweistofflegierungen. Eine kritische 
Zusammenfassung. (The Constitution of Binary Al­
loy Systems. A Critical Compilation.) By M. H an­
s e n . Verlag von Julius Springer, Linkstrasse 23-24, 
Berlin W 9, Germany, 1936. xv ff- 1100 pp. 456 figs. 
Price, RM. 87.
This book adequately fills a long feit need in metallurgi- 

cal research. The available data for each binary system are 
critically discussed and where possible a probable equilib­
rium diagram is chosen. An exhaustive bibliography fol­
lows each discussion, including most 1935 and even some 
1936 references. In all, 828 Systems are treated, although 
a few of these receive very brief notice indeed. The long- 
est is the 18-page discussion and 3-page bibliography de­
voted to the copper-zinc system.

The only comparable work is the set of diagrams in the 
“International Critical Tables.” But these deal with only 
200 odd Systems and omit discussion. Since there are 
points of doubt about nearly all the diagrams, discussion 
is a necessity.

Practically all the important facts one could glean from 
an extensive survey of the literature seem to be listed under 
each alloy system. The discussions might be improved by 
adopting a standardized order of presentation. Suitable 
subheadings such as liquidus, solidus, miscibility, inter­
mediate phases, etc., might well be common to all Systems 
extensively discussed.

Since experimental data on solid transformations are 
often meager, contradietory, or subject to varying inter- 
pretations, it is not to be expected that the author’s chosen 
equilibrium diagrams will be final or complete. But no gen­
eral criticism can be made of his selections.

Naturally it is possible to criticize details. For ex­
ample, the equilibrium diagrams of cobalt do not show the 
high temperature transformation to hexagonal cobalt dis- 
covered in 1930 by Hendricks, Jefferson and Shultz and
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since abundantly verified. In the Fe-Ni system the author 
states that it is impossible to detect superstructures by 
x-ray diffraction because of the nearly equal atomic num­
bers. However, Jette and Foote recently pointed out 
that in this and some other cases it is possible to take ad­
vantage of critical absorption limits. Nickel radiation is 
largely absorbed by Fe atoms, leaving the Ni atoms as the 
only effective scatterers, so that superstructures could be 
detected.

Such criticisms could be multiplied without altering the 
fact that the book contains an essentially complete sum­
mary of all the experimental data on binary metallic Sys­
tems. Alloys of nitrogen, sulfur, carbon, phosphorus, and 
other nonmetals which form metallic alloys are also in- 
cluded.

The Systems are printed in the order of the initial letter 
of the Chemical symbol and so can be found rapidly with­
out ref erring to the index. An anthor index is lacking. 
The book is beautifully printed and bound.

R a l ph  H ultg r en  
A l d e n  B. G r e n in g e r

Organic Chemistry. A Brief Introductory Course. By
Jam es B r y a n t  C o n a n t , President of Harvard Uni­
versity, Formerly Sheldon Emory Professor of Organic 
Chemistry, Harvard University. Revised, with the 
assistance of M a x  T ish l e r , Ph.D. The Macmillan 
Company, New York, 1936. ix +  293 pp. 27 figs. 
14.5 X 22 cm. Price, $2.60.

This brief text is intended primarily for students in 
pre-medical, biological, and general Science curricula. 
It gives an excellent presentation of the fundamental 
notions of organic chemistry and their relations to biology 
and to industry. The 1928 edition1 * 52 has been revised thor­
oughly—some changes have been made in the arrange­
ment of material and new sections have been added. The 
additions include a chapter on unsaturated alcohols and 
acids, and on compounds of biological interest. The 
subject of geometrical isomerism, which was not covered 
in the first edition, is given a brief but adequate discussion. 
The revision retains a novel feature of the first edition, 
namely, the introduction to the subject by way of the alco­
hols. This book is so arranged that a teacher who pref er s 
to start in the more orthodox fashion, with the hydro­
carbons, may do so with little difficulty.

The revision includes reference to newer industrial proc­
esses and products such as the synthesis of higher alcohols 
from olefins, w-butyl alcohol from acetaldehyde, chloro- 
prene from acetylene, and fluorine derivatives of methane. 
The traditional exposition of degradation through the 
series, R—CH2OH — >  R—C02H — >  RCONH2
— >  R—NH2 ---->* ROH, has been abandoned for rea-
sons of scientific integrity. In the last step rearrangements 
occur so frequently and are sometimes so complete as to 
render this method valueless in the determination of struc­
ture. Unfortunately no suitable substitute can be offered 
in a book of this scope.

It is pleasing to note that the idea of structural units 
lias been introduced in dealing with the natural polymers,

rubber and cellulose. It would have been possible to ex­
tend a similar treatment to the proteins.

The present volume differs from the author’s larger book2 
in the omission of mechanisms and theoretical interpreta- 
tions. The brief text is unusually adequate and differs 
from many similar books in that a sound exposition of the 
principles of organic chemistry has not been sacrificed for 
the saké of brevity, and no undue emphasis has been 
given to fields of the author’s special interests.

(2) J. B. Conant, “The Chemistry of Organic Compounds. A 
Year’s Course in Organic Chemistry,” The Macmillan Company, 
New York, 1933. x -f- 623 pp.

J o h n  R. J o h n so n

Invisible Radiations o f Organisms. By Otto  R a h n , 
Professor of Bacteriology, Cornell University. With an 
Introduction to the Physics of Radiation, by Sidney W. 
Barnes, Research Associate in Physics, University of 
Rochester. Verlag von Gebrüder Borntraeger, Koe- 
ster-Ufer 17, Berlin W 35, Germany, 1936. x +  215 pp.
52 figs. 15 X 22.5 cm. Price, RM. 13.20.

This book is a very clear and precise presentation of the 
problem of mitogenetic radiation. It is extremely well 
written and the subject matter is arranged in a logical 
order.

The work has been written primarily to awake the inter­
est of biologists. Hence, the introductory chapter (30 
pages) gives an elementary description of the physics of 
radiation. The results of the electromagnetic and quan­
tum theory of light are presented in a somewhat populär 
style and the various methods of intensity and frequency 
measurements are discussed with special emphasis on the 
limitations of the physical methods. The second and 
third chapters discuss the spectra of the light emitted by 
Chemical and biochemical reactions and the effects of radia­
tion on such reactions and on living cells.

Chapters IV, V and VI give a lucid account of the work 
on mitogenetic radiation and the proposed explanatiöns of 
the mitogenetic effect. The investigations of Gurwitsch 
and Reiter and Gabor on onion roots, of Baron, Siebert, 
Tuthill and Rahn on yeast cells, and the use of bacteria 
and larger organisms as detectors are discussed in consider­
able detail. Against the negative results of Moissejewa 
the author quotes the investigations of Paul. The work 
with physical and physico-chemical detectors is considered 
to be inconclusive. Chapter IV ends with a short account 
of other radiations of biological importance, injurious hu­
man radiations, necrobiotic rays, infra-red and bèta radia­
tions. The peculiar properties of mitogenetic radiations, 
the effect of intermittent irradiation, production of second­
ary radiation and retardation of mitosis by an overdose 
are discussed in Chapter V. In Chapter VI the various in- 
terpretations of the mitogenetic effects are compared with 
the experimental facts. The author concludes that a cell 
is susceptible to mitogenetic radiation only when it is in 
a particularly physiological state.

The concluding chapter, VII, deals with the radiation 
from nerves, tissues and blood and connects the problem of 
mitogenetic radiation with the problems of growth. healing 
of wounds and cancer.(1) Reviewed b y  W . H. Hunter, T h is  Jo ur n a l , 61, 1619 (1929).
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This monograph can be highly recommended to biolo- 
gists as well as to chemists and physicists. It is written 
with great ability and remarkable fairness. Dr. Rahn is 
convinced, from his own experiences, that mitogenetic 
radiations exist, but he very frankly admits the occasional 
failure of the experiments and the contradictory nature of 
some results. In pointing out the mistakes of the mito- 
geneticists and their opponents, he has succeeded in giving 
a valuable gnide for further research, which is needed be­
fore the proof of existence of the mitogenetic effect can be 
accepted.

H a n s  M u eller

Die Korrosion metallischer Werkstoffe. (The Corrosion 
of Metallic Materials.) Vol. I. Die Korrosion des 
Eisens und seiner Legierungen. (Corrosion of Iron 
and its Alloys.) By Osw a l d  B a u e r , Otto K röhnke  
and G eorg  M a s in g , Editors. Verlag von S. Hirzel, 
Königstrasse 2, Leipzig, Germany, 1936. 560 pp. 219
figs. Price, RM. 37.50; bound, RM. 39.

This, the first of a series of four volumes, deals only with 
iron and iron alloy corrosion. Three additional volumes 
are in preparation. The second will cover the corrosion 
of non-metals, the third corrosion prevention, and the 
fourth will discuss important technical corrosion problems.

The first chapter, theoretical (by G. Masing), pp. 31- 
126, discusses: A—Corrosion of metals in electrolytes,
under the headings, fundamental electrochemical phe- 
nomena, inhibited electrode phenomena, solution of metals 
accompanied by formation of hydrogen, corrosion accom- 
panied by electrochemical consumption of oxygen, pro- 
tective films, passivity, electrochemical behavior of alloys; 
B —Corrosion of metals by gases, under the headings, gen­
eral, optical determination of the thickness of films, oxida­
tion of metals, thick films. A short appendix on the be­
havior of metals with liquid non-electrolytes is included. 
The second chapter, the corrosion of iron (by C. Carius 
and E. H. Schulz), pp. 127-407, deals with corrosion 
as a physical Chemical phenomenon, formation of galvanic 
cells, formation of rust, corrosion in natural waters and 
aqueous salt Solutions, and atmospheric corrosion. In dis- 
cussing the corrosion of commercial irons they include the 
effect of composition, heat treatment, surface condition, 
method of working, corroding media including Chem­
icals, the effect of stresses, etc. There is a chapter on 
highly corrosive steels (by K. Daeves), pp. 408-429, and 
a chapter on acid and scale resistant iron alloys (by E. 
Houdremont and H. Schottky), pp. 430-529. This last 
chapter discusses: A—Iron-ehromium alloys under phase 
diagrams, heat treatment and strength, other physical 
qualities, corrosion resistance with extensive tables, com­
mercial requirements of heat resistant alloys, technical 
behavior, possibilities for utilization, and discussion; B— 
A short section on iron-nickel; and C—Iron-silicon alloys 
is included. Two pages of corrections and a well arranged 
name and subject index are included.

The present book is a Compilation of published and un­
published data. Most of the material is critically re- 
viewed. The authors are apparently unfamiliar with much 
of the literature, especially that outside of Germany.

They ref er to the first edition only of Speller’s “Corrosion, 
Causes and Prevention.” Of the four English and two 
German bibliographies mentioned by Speller they refer 
only to that of Rabald. The reviewer has checked many 
of the articles mentioned in Speller’s (second edition) 
selected bibliography and finds only a few of those dealing 
with the topics which one would expect to find mentioned 
by the authors in Volume I. One finds no mention of the 
extensive work on soil corrosion, very little mention of the 
principles and methods of corrosion testing. On the whole, 
however, the present work is a valuable, well-prepared ad­
dition to the literature on the important subject of cor­
rosion.

M e r l e  R a n d a l l

Introduction to Quantum Mechanics with Applications to 
Chemistry. By L in u s  P a u l in g , Ph.D., Sc.D., Profes­
sor of Chemistry, California Institute of Technology, 
and E. B r ig h t  W il s o n , J r ., Ph.D., Society of Fellows, 
Harvard University. McGraw-Hill Book Company, 
Inc., 330 West 42d Street, New York City, 1935. xiii +  
468 pp. 15.5 X 23.5 cm. Price, $5.00.

In spite of the many introductions to quantum mechan­
ics which have appeared in the last few years, there would 
still seem to be room for a book on this subject addressed 
to the ehemist and emphasizing the aspects of particular 
interest to him; this niche is admirably filled by the volume 
under review. It begins with a survey of classical mechan­
ics and the old quantum theory. Then the Schrödinger 
wave equation is introduced, and its properties and the 
physical significance of its Solutions are discussed. The 
hydrogen atom is discussed in great detail, and tables of 
eigenfunctions for a number of the lower energy levels 
are given; these should be convenient for reference for 
anyone who is making calculations with hydrogen-like 
functions. A great deal of the book is devoted to per- 
turbation theory and its application to the electronic struc­
ture of atoms and molecules and to the binding energies of 
molecules, topics of great importance to the chemist, pre­
sented in detail and in easily comprehensible form. An 
elementary account of electron spin, sufficiënt for the 
purposes of the book, is given in an early chapter. There 
are also chapters on the Variation method (with applica­
tion s also in later chapters), the rotation and Vibration of 
molecules, absorption and emission of radiation, some mis- 
cellaneous applications, and the general theory, including 
matrix mechanics and the uncertainty principle. Some 
useful mathematical material is given in appendices. 
Some topics usually treated in elementary books on wave 
mechanics are omitted as of little immediate use to the 
chemist. The reviewer cannot agree with the authors that 
this ground for omission holds in the case of aperiodic 
processes, but the inclusion of this subject would undoubt­
edly have required considerably more space, and in general 
the topics are well selected to fulfill the purposes for which 
the book is intended. Detailed application of the theo­
retical development to experimental material is confined for 
the most part to a few of the simplest cases, such as the 
hydrogen atom, the helium atom, the hydrogen molecule, 
and the hydrogen molecule-ion .(&& which eases great detail
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is given). Inclusion of more material of this sort prob­
ably would have been desirable, but again would have 
lengthened the book, and enough of the theory is given to 
make reference to the original literature sufficiently easy.

The wave equation is introduced in an early chapter as a 
fundamental hypothesis. This course is quite as satisfac- 
tory as any other from a purely logical point of view, 
though the reviewer believes that some preliminary dis­
cussion of the relation between wave and corpuscle aspeets 
of radiation and matter, designed to show the reasonable- 
ness of this hypothesis, would have made matters easier 
for the beginner. The first two chapters on classical 
mechanics and the old quantum theory do not quite seem 
to take the place of such a discussion. However, in 
general, the book is clearly and carefully written, so as to 
reduce the mathematical difficulties to a minimum. A 
reviewer’s opinion of the clarity of an exposition of a sub­
ject with which he is already acquainted is perhaps to be 
questioned; in this case the reviewer’s judgment on this 
matter has been corroborated by conversation with people 
who have been reading the volume with the purpose of 
learning the subject. He believes, therefore, that there is 
no doubt that this book will prove extremely valuable to 
those studying the subject for the first time. But, also, 
its later chapters constitute an excellent reference work for 
investigators doing research in this field, especially useful 
for the detailed accounts given of many important subjects.

O. K. R ic b

Die Thermodynamik einheitlicher Stoffe und binärer 
Gemische, mit Anwendungen auf Verschiedene physi­
kalisch-chemische Probleme. (The Thermodynamics 
of Simple Substances and Binary Mixtures, with 
Application to Various Physico-chemical Problems.) 
By Dr. J. J. v a n  L a a r . G. E. Stechert, New York, or
P. Noordhoff N. V., Groningen und Batavia, 1936. 
279 pp. Price, $8.00; bound, $9 00.
The first 145 pages are devoted to the chemical elements. 

Here the equation of state is developed in detail and the 
various constants entering into the thermodynamic equa­
tions are presented in tabular form. In the second part 
of the book there is a chapter on Gibbs’ thermodynamic 
potential and the application of the theorem of homogene- 
ous functions to the study of mixtures. The complexities 
of the equilibrium between phases of binary mixtures are 
treated in considerable detail. The book may find some 
use as a reference source for data and for the equations of 
classical thermodynamics, but it certainly will not prove 
of any value as a textbook in America. One looks in vain 
for the numerous experimental and theoretical advances 
which have been made in this country and abroad in re­
cent years. The reviewer could locate nothing on the third 
law or the modern applications of statistics. Two pages 
are devoted to Debye’s electrolyte theory which is followed 
by a page on Ghosh’s theory. Both presentations were 
very disappointing. The activity concept is dismissed as 
“ein leeres Wort.” There are very few data in the book 
which have been obtained since 1920. The entire presen­
tation is not only mathematically formidable, but appears 
to be unduly complicated and terrifying.

Victor K. La Mer

Gmelins Handbuch der anorgani sehen Chemie. (Gmelin’s 
Handbook of Inorganic Chemistry.) Edited by R. J. 
Meyer. Aluminium-legiertmgen. Patentsammlung 
geordnet nach Legierungs-systemen. (Aluminium Al­
loys. A Collection of Patents.) Parts I-II. By A. 
Grützner with the Collaboration of G. Apel. Verlag 
Chemie, G. m. b. H., Corneliusstrasse 3, Berlin W 
35, Germany, 1936. 342 -f- 526 pp. Price, RM. 35 
+  40.50.
This collection of patents on aluminum alloys is pub­

lished as an Appendix to the volumes on Aluminum (Part 
A) of Gmelin’s Handbook of Inorganic Chemistry, 8th 
Edition. The Introduction states that it covers com­
pletely the patent literature on these alloys from 1887 to 
May, 1935. The patents are arranged in a continuous 
table. The constituent elements of each alloy are listed 
serially in alphabetieal order and the alloys thus charac- 
terized are themselves also arranged in alphabetieal order. 
This makes it possible to find out quickly and easily 
whether an alloy of any given composition is protected 
by patents, and the very laborious and time-consuming 
search through the patent literature of all eountries which 
would otherwise be required, is thus avoided.

This volume does not attempt to cover at all the litera­
ture dealing with aluminum alloys published in scientific 
journals, etc., since this information is available in the 
volumes on Aluminum (Part A) of the Gtnelin Handbook.

A r t h u r  B . L am b

Dynamics of Rigid Bodies. By W ill ia m  D u n c a n  
M acM il l a n , A.M., Ph.D., Sc.D., Professor of Astron- 
omy, The University of Chicago. McGraw-Hill Book 
Company, Inc., 330 West 42d Street, New York, N. Y., 
1936. xiii -f- 478 pp. 80 figs. 16 X 23.5 cm. Price, 
$6 .00 .

This book is the third of a series on theoretical mechan­
ics by the same author, the first two being “Statics and 
the Dynamics of a Partiele” and “The Theory of the 
Potential.” The present volume is independent of the 
first two, however, and contains a good deal of general dy- 
namical theory besides the specialized applications to rigid 
bodies. Thus, the algebra of vectors, Systems of free par- 
ticles, impulsive forces, Lagrange’s and Hamilton’s equa­
tions are treated quite fully, in addition to a wide variety 
of problems involving rigid bodies.

Although this work covers a difficult field and will be 
especially useful to advanced students, the presentation 
is in general clear and complete, so that any reader with 
a knowledge of elementary physics and the usual under- 
graduate courses in differential equations should find it 
very profitable reading. A number of mathematical con- 
cepts are described in the text in connection with their 
application to dynamical problems; for example, the alge­
bra of matrices, which is used in the last chapter in the dis­
cussion of the method of periodic Solutions.

The index is satisfaetory, and in general the mechanical 
details, such as choice of type, page arrangement, printing 
and binding are of the usual high Standard maintained by 
the publisher. Very few misprints were noticed.

This reviewer regrets that the conventional method of 
defining the Eulerian angles was used, since it seems much
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simpler to call $ and <p the ordinary polar coördinates of 
the moving f-axis and then to define the third angle as 
usual (wave mechanicians would appreciate in addition 
the use of some other symbol besides \p).

Except for the above trilling criticism, this reviewer 
found considerable pleasure änd profit in reading the book 
and recommends it to anyone who is interested in dy- 
namics.

E. B r ig h t  W ilso n , J r .
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The Anthocyanin Pigment of the Winesap Apple1
B y  Ira J. D uncan  and  R. B. D ustm an

It is known that the coloration of fruits is af­
fected by a number of factors including light, 
temperature, supply of nitrogen and moisture 
from the soil, concentration of carbohydrates and 
organic acids in the cells and perhaps by other 
factors. Due to the commercial importance of 
apple-growing in West Virginia and due to the de- 
sirability of high color on apples in the market, it 
was deemed advisable to undertake an investiga­
tion of the red pigment of the apple at this station. 
The first logical step in an investigation of this 
type involves a determination of the nature of the 
substance in question. The present work deals 
with the isolation, purification, identification and 
determination of the Chemical nature of this pig­
ment.

Historical
During the past fifty years considerable work 

has been done on the chemistry of the natural 
coloring matter of flowers, fruits and berries. 
Willstätter and his co-workers were pioneers in 
these investigations. In their work on the corn- 
flower Willstätter and Everest13 cleared up many 
experimental difficulties encountered in the inves­
tigation of plant pigments. They also introduced 
a rapid test to distinguish glucoside from non- 
glucoside pigments. The work of Robinson,2

(1) Published with the approval of the Director of the West 
Virginia Agricultural Experiment Station as Scientific Paper No. 162.

(la) Willstätter and Everest, A n n . ,  401, 189 (1913).
(2) (a) MacDowell, Robinson, and Todd, J .  C h e m . S o c . , 806 

(1934) ; (b) Murakami, Robertson and Robinson, i b id . ,  2665 (1931) ; 
(c) Robinson, C h e m . &  I n d , ,  737 (1933); (d) Robinson and Robinson, 
B io c k e m . J 25, 1687 (1931).

Karrer,8 Anderson3 4 * and many others during re­
cent years has contributed much information to 
our knowledge of anthocyanin pigments.

These pigments occur in plants as glucosides, 
accompanied in a few instances by a small amount 
of sugar-free pigment. In the substances so far 
reported the sugar occurring in combination with 
the non-glucoside fraction is glucose, galactose 
or rhamnose, but by far the most common is 
glucose.

Robinson and Robinson2 developed a rapid 
method for testing qualitatively the anthocyanins 
occurring in leaves, flowers and fruits. In this 
method the pigments are characterized by observ- 
ing their color reactions with alkalies and ferric 
chloride, and considerable use is made of their dis­
tribution between immiscible solvents. The work 
of these investigators indicated that the skins of 
the Winesap and Jonathan apples contain the pig­
ment cyanidin 3-monoside. The work of these 
and other investigators indicates that in the mono- 
glucosides the sugar molecule is attached to the 
number three carbon atom.

Experimental
From time to time during the fall of 1933 and 1934 quan­

tities of Winesap apples ranging from 7 to 25 bushels were 
procured and efforts were made to isolate the red pigment

(3) (a) Klein, “Handbuch der Pflanzenanalyse” (Anthoeyane Von 
P. Karrer) 111/2, Julius Springer, Wien, 1932, p. 941; (b) Karrer 
and Meuron, H e lv .  C h im .  A c t a ,  15, 1212 (1932); rev. in C .  A .  27, 
302 (1933).

(4) (a) Anderson, New York Agr. Expt. Sta., Tech. Bull. 96; (b)
Anderson and Nebenhauer, i b i d . ,  Tech. Bull., 146; (c) Shriver and 
Anderson, i b i d ., Tech. Bull., 152.

1511



1512 Ira J. Duncan and R. B. D ustman Vol. 58

from the skins by using various methods4b’5 described for 
the preparation of the pigment of the grape, cranberry 
and certain flowers. These methods failed to give satis- 
factory yields of apple pigment. The difficulty was prob­
ably due to the relatively low percentage of red pigment in 
the skins as they were removed. Extracting a given 
weight of skins even when a minimum volume of extracting 
liquid is employed results in a relatively dilute solution of 
the pigment and a high concentration of sugars, waxes, 
gums and other impurities.

Finally, the method of Willstätter and Burdick6 used for 
the isolation of asterin and callistephin from the flowers of 
the purple-red aster, with some modifications, was found 
to give fair results. Consequently the skins from fifteen 
bushels of apples were placed in two-gallon, wide-mouthed 
jars, and the red pigment was extracted with ethyl alco­
hol containing 0.1% hydrochloric acid. After twenty- 
four hours the alcoholic solution was filtered and the color­
ing matter in the filtrate was precipitated with neutral 
lead acetate solution. After standing for twelve hours the 
green gelatinous precipitate of the lead salt was filtered, 
washed with cold water and allowed to remain on the 
filter until practically air-dry. The precipitate on the 
filter was then treated with glacial acetic acid. This dis­
solved the coloring matter completely and left many color­
less impurities undissolved. The pigment was precipi­
tated from the dark-red acetic acid filtrate with two vol­
umes of ether. The lead salt thus obtained was filtered 
and decomposed on the filter with a mixture of propyl 
alcohol and methyl alcohol containing 25% hydrochloric 
acid in the ratio of 10 to 1 by volume. This process left 
still other impurities undissolved. On treating the alco­
holic filtrate with 3 or 4 volumes of ether the coloring 
matter was precipitated as the chloride salt. This pre­
cipitate was filtered, washed with ether and then dissolved 
in ethyl alcohol containing 0.1% hydrochloric acid. The 
lead salt was again formed by treating the alcoholic solu­
tion with neutral lead acetate solution. After filtering, 
washing and drying the entire purification process was 
repeated by resolution in acetic acid, precipitation with 
ether, decomposition of this precipitate with the propyl 
alcohol-methyl alcoholic hydrochloric acid mixture, and 
precipitation finally of the chloride salt with ether. The 
chloride salt was converted to the picrate by dissolving in 
warm water and treating the solution with warm picric 
acid solution. The picrate was again converted to the 
chloride by solution in methyl alcohol containing 5% hy­
drochloric acid and treating the acid alcoholic solution with 
4 or 5 volumes of dry ether. The chloride precipitated as a 
red amorphous powder. Crystallization by slow evapora­
tion of the alcohol from a mixture of aqueous hydrochloric 
acid and ethyl alcohol yielded long needle crystals having 
a bronze metallic luster. Five additional crystallizations 
yielded a product free from amorphous material and ap­
parently pure.

A small amount of the chloride salt was again converted 
to the picrate and the picrate recrystallized from warm 
water. Fine brownish-red needles were formed. The 
picrate gave a cherry-red solution in ethyl alcohol and an

(5; (a) Willstätter and Mallison, A n n . ,  408, 15 (1915); (b) Will­
stätter and Miegs, i b i d . ,  408,  122 (1915).

(6) Willstätter and Burdick, i b i d . ,  412, 149 (1916).

orange-red solution in water. When a drop of the latter 
solution was placed on a filter paper it produced a spot with 
a violet center and yellow exterior. This is the result of 
hydrolytic dissociation according to Willstätter and Malli­
son.6 The picrate is partially decomposed when an aque­
ous solution is heated above 70°.

The anthocyanin chloride is very soluble in water 
giving a brownish-red solution which assumes a bluish 
tinge when greatly diluted. The color does not fade en­
tirely on standing, and a faint red color remains even after 
boiling. The salt is soluble in ethyl and methyl alcohols 
producing bluish-red Solutions; it is soluble also in very 
dilute hydrochloric acid but in 7% hydrochloric acid it is 
almost insoluble. A number of color reactions with inor­
ganic salts were observed. An aqueous solution of the 
glucoside, previously acidified slightly to prevent de- 
colorization, gave a purplish-red color with a solution of 
sodium acetate, while sodium carbonate gave a violet 
color. Sodium or potassium hydroxide gave at first a. 
blue color which changed to green and then to yellow. The 
red color was not restored on acidification, showing de­
composition had taken place with these alkalies. The 
pigment is precipitated by neutral lead acetate from both 
alcoholic and aqueous solution, giving blue and purple 
lead salts, respectively. One drop of very dilute ferric 
chloride solution gave a deep purple color when added to an 
aqueous solution of the pigment and a blue color when 
added to an alcoholic solution.

The bronze luster of the air-dried chloride salt changed to 
a green color when the salt was dried over sulfuric acid but 
the bronze color returned on exposure to the atmosphere for 
a short time. The dry salt melted with decomposition at 
210-212°. Apparently the glucoside loses all of its water 
of crystallization when dried over sulfuric acid at room 
temperature in a vacuum desiccator at one mm. pressure 
for forty-eight hours, since no further loss occurred when it 
was heated at 108° for an additional twenty-four hours in a 
vacuum of one to five mm. pressure.

Analyses of the air-dried chloride salt of the pigment 
gave C, 47.31; H, 4.88; Cl, 6.69; O, 41.12 (by difference); 
and H£0, 8.58, respectively. Calculation of the empiri­
cal formula gave C2iH2i0nCl-2.5H20 , which requires C, 
47.58; H, 4.95; Cl, 6.70; O, 40.78 and HzO, 8.51, respec­
tively. No methoxy groups are present in the molecule. 
C, H, Cl and methoxy groups were determined by Pregl’s 
micro methods.7 The analytical values given are averages 
of triplicate determinations throughout the paper.

Calculation of the percentage composition of the water- 
free glucoside from the experimental values gave: C, 51.75; 
H, 4.30; Cl, 7.33; and O, 36.62 (by difference). C2iH21- 
OnCl requires C, 52.01; H, 4.33; Cl, 7.32; and O, 36.44.

The analyses, the physical and Chemical properties and 
the color reactions of the pigment of the Winesap apple 
agree closely with those of idaein chloride isolated from the 
cranberry by Willstätter and Mallison.5

Quantitative Hydrolysis of the Glucoside
The glucoside pigment, presumably idaein chloride,

0.2591 g., was hydrolyzed by dissolving in 10 cc. of water, 
adding 10 cc. of concentrated hydrochloric acid and boiling

(7) (a) Pregl, “Quantitative Organic Microanalysis” (Translated 
by Ernest Fyleman from 2d ed., 1924), pp. 15-72, 102-127; (b)
i b id . ,  pp. 150-158.
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the acid solution for two and one-half minutes. Crystals 
of the anthocyanidin chloride began to separate after the 
solution had boiled for one minute. At the end of two and 
one-half minutes the solution was immediately cooled and 
placed in the refrigerator for several hours. The non- 
glucoside salt separated from the solution as long red- 
brown needles with a metallic luster. These were col­
lected in a weighed, fritted-glass bottom crucible, washed 
with a little cold 7% hydrochloric acid and dried over sul­
furic acid. Recovery of the air-dried anthocyanidin 
chloride amounted to 64.09% of the original weight. 
C2iH2iOnCl-2.5 H20  theoretically yields 64.24% of antho­
cyanidin chloride.

The sugar in the filtrate from the hydrolysis of the gluco­
side was identified in the following manner: the slightly red 
acid solution was neutralized with solid lead carbonate, 
the resulting lead chloride precipitate was filtered and the 
excess lead was removed from the filtrate by precipitation 
with hydrogen sulfide. The filtrate from the hydrogen 
sulfide precipitate was neutralized with solid sodium bi­
carbonate and the solution was concentrated to a small 
volume by evaporation at 40-45° before an electric fan. 
The yellow solution was decolorized with Norit and the 
colorless sugar solution in a test-tube was converted to the 
osazone by adding to it 0.160 g. of pure phenylhydrazine 
hydrochloride and 0.240 g. of sodium acetate and heating in 
a boiling water-bath. The osazone separated after several 
minutes as clusters of orange-yellow needles. After thirty 
minutes in the boiling water-bath the contents of the tube 
were allowed to cool. The osazone was then filtered, 
washed with cold water and twice recrystallized from hot 
10% aqueous pyridine solution. The purified osazone 
melted at 195-196° with decomposition. The melting 
point corresponds to that of galactosazone. A mixture of 
galactosazone, prepared from pure galactose, and the un­
known osazone mixed in about equal proportions also 
melted at 195-196° with decomposition. The identifica­
tion of the sugar as galactose was further confirmed by 
saccharimetric readings and copper oxide reduction values 
on a solution of the sugar. The specific rotation of the 
unknown sugar calculated from the Saccharimeter readings 
was 4-81.0° at 20°. The specific rotation of galactose is 
recorded as +80.2° at 20° when determined on a 1% solu­
tion.8 Likewise, the copper oxide values for the unknown 
sugar averaged 4.3% higher than the corresponding values 
for an equivalent weight of pure galactose wheii the latter 
was subjected to the same acid treatment as that used to 
hydrolyze the glucoside.

The anthocyanidin chloride obtained by the hydrolysis of 
the glucoside was recrystallized by dissolving in ethyl 
alcohol, adding one-half its volume of 7% hydrochloric 
acid, and allowing the alcohol to evaporate slowly from a 
loosely covered beaker. After twenty-four hours the 
crystals were filtered and three times recrystallized by the 
same procedure. The final crystallization yielded a 
product free from amorphous material and apparently 
pure. The anthocyanidin chloride is soluble in methyl 
and ethyl alcohols giving beautiful violet-red Solutions. 
It is much less soluble in water and only slightly soluble in 
dilute hydrochloric acid. The crystals failed to melt when 
heated to 350°. Dilute Solutions of inorganic reagents

(8' “International Critical Tables,” Vol. TI, p. 351.

gave the following results: ferric chloride changed the color 
of an aqueous solution of the pigment from red to violet; 
lead acetate gave a violet precipitate of the lead salt; so­
dium or potassium hydroxide gave a blue color which on 
standing turned green and then brown; sodium carbonate 
when added to an aqueous or alcoholic solution of the pig­
ment gave first a violet then a blue color; ferric chloride 
when added to an alcoholic solution gave a pure blue color.

The non-glucoside salt loses its water of crystallization 
when heated to 108° for twenty-four hours at one to five 
mm. pressure.

Analyses of the air-dried sample of the anthocyanidin 
chloride gave C, 52.64; H, 3.95; Cl, 10.43; O, 32.98 (by 
difference); and H20 , 5.55, respectively. Calculation of 
the empirical formula gave Ci5Hii06Cl H20 , which requires 
C, 52.85; H, 3.85; Cl, 10.41; O, 32.89; and H20 , 5.29, 
respectively. Calculation of the percentage composition 
of the water-free salt gave C, 55.73; H, 3.53; Cl, 11.04; 
O, 29.70 (by difference). Ci6HhO«C1 requires C, 55.80; 
H, 3.44; Cl, 10.99; 0,29.77.

Here also the analyses, the physical and Chemical proper­
ties and the color reactions of the unknown anthocyanidin 
chloride correspond very closély to cyanidin chloride. The 
identity with cyanidin chloride was further confirmed by 
the products formed when it was fused with alkali. The 
material was heated with potassium hydroxide and a small 
amount of water in a crucible at 210-220°. Decompo­
sition took place in about one minute. After five minutes 
the temperature was raised rapidly to 250° for just a mo­
ment. After the melt had cooled it was dissolved in water, 
the solution was neutralized with hydrochloric acid and the 
slightly acid solution was shaken out with ether. After 
evaporation of the ethereal solution the residue was dis­
solved in warm water, made slightly alkaline with sodium 
bicarbonate and again shaken with ether. The sodium bi­
carbonate solution, from which the phenol was removed, 
was then acidified weakly and shaken with ether to remove 
the acid portion. The two ether Solutions were evapo­
rated to dryness and the residues dissolved in warm water. 
The aqueous Solutions were decolorized with Norit, filtered 
and the filtrates were evaporated until crystals began to 
separate. Solid compounds separated on cooling. The 
phenolic constituent was shown to be phloroglucinol by the 
intense red color imparted to a pine shaving when im­
mersed in concentrated hydrochloric acid. Also, the crys­
talline form appeared identical with that of pure phloro­
glucinol when both were crystallized under similar con­
ditions. The acid constituent was probably protocate- 
chuic acid as characterized by the greenish color produced 
with ferric chloride and by the sublimate it formed when 
heated. The sublimate gave the green color test for cate- 
chol when treated with ferric chloride. The identity of 
the acid portion could not be fully confirmed because of the 
small amount of material available. No other constituents 
were found. Since the alkali decomposition products of 
cyanidin chloride are phloroglucinol and protocatechuic 
acid, the identity of the anthocyanidin chloride obtained 
from the apple is further confirmed as cyanidin chloride.

Summary
The anthocyanin pigment in the skins of Wine­

sap apples has been isolated in pure form and
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identified as idaein chloride, a pigment which picrate. The pigment was eventually obtained 
Willstätter and Mallison5 isolated from the cran- in pure form as the chloride salt. The antho- 
berry. The glucoside was isolated as the lead cyanin chloride on hydrolysis yields molecular 
salt. By the use of differential solvents it was proportions of cyanidin chloride and galactose. 
partially purified and was then converted to the M o r g a n to w n , W. V a . R e c eiv ed  M arch  16, 1936
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The Constitution of the Isomeric Dichlorofluorenone Carboxylic Acids Formed by 
the Action of Sulfuric Acid on 3,3'-Dichlorodiphenic Acid

By E r n e st  H. H un tr ess  and  E dw ard  R. A t k in so n

Earlier work in this Laboratory1 has shown that 
when 3,3'-dichlorodiphenic acid (I) is heated with 
concentrated sulfuric acid at 170° there is formed 
a ketocarboxylic acid isomeric with, but different 
from, the 1,6-dichlorofluorenone-5-carboxylic acid
(II) quantitatively obtained at 125°. This iso­
meric acid (designated in the cited reference as 
4‘Acid X ”) has now been identified as 1,6-dichloro- 
fluorenone-4-carboxylic acid (VII) and is identical

-CI

-COOH

acid (I), it is now evident that our previous isola­
tion of l,6-dichlorofluorenone-5-carboxylic acid
(II) after heating the 3,3'-dichlorodiphenic acid 
in sulfuric acid at 125° for one hour was fortuitous, 
since if the treatment be continued longer (e. g 
for five hours) the product is 1,6-dichlorofluore- 
none-4-carboxylic acid (VII) (“Acid X ”). A brief 
study of the temperature at which this isomeriza- 
tion occurs is given in the Experimental Part.

This change does not occur when phosphoric 
acid is used instead of sulfuric acid. With phos­
phoric acid at 215°, 3,3'-dichlorodiphenic acid 
yields only l,6-dichlorofluorenone-5-carboxylic 
acid (II); 5,5'-dichlorodiphenic acid (VI) simi­
larly treated gives only l,6-dichlorofluorenone-4- 
carboxylic acid (VII). Thus, although phos­
phoric acid does not effect rearrangement, it does 
cause ring closure.

VII XI XII XIII

with the product obtained by the action of sul­
furic acid upon 5,5 '-dichlorodiphenic acid (VI). 
Experiments undertaken to elucidate such an un- 
expected result have now led to the further dis- 
covery that 1,6-dichlorofiuorenone (XI) and 1,8- 
dichlorofluorenone (XII) are converted to 3,6- 
dichlorofluorenone (XIII) on heating in concen­
trated sulfuric acid. The rearrangement of 
fluorenones with other substituents is being ex­
amined further.

In carrying out the preparation of the isomeric 
ketocarboxylic acids from 3,3'-dichlorodiphenic

(1) Huntress, CJiff aqd Atkinson, T h is  Jo u r n a l , 55, 4262-4271 
(1983),

The Evidence for the Structure of 1,6-Dichloro- 
fluorenone-5-carboxylic Acid (II)

The original data on this acid2 have been con­
firmed and extended. The acid gives correct 
analysis for halogen and the expected neutraliza- 
tion equivalent. On treatment with thionyl chlo­
ride it yields the corresponding acid chloride 
(m. p. 180-181°, uncorr.) and this with ammonium 
hydroxide gives an amide (m. p. 281°, uncorr.). 
The latter yields1 (p. 4268) an amine (m. p. 257°, 
uncorr.). These three derivatives are all dis- 
tinctly different from the corresponding products 
of the “Acid X ” series, and the depression of corre­
sponding mixed melting points has been con­
firmed. Furthermore, this keto acid on heating 
gave 1,6-dichlorofluorenone (XI). In addition 
to the above results, we have also been able to 
effect the deamination of the aminodichloroflüo-

(2) Huntress and Cliff, ibid., 55, 2559-2567 (1933).
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renone obtained above from the keto acid chloride 
and have likewise obtained 1,6-dichlorofluorenone
(XI). Finally the keto acid has been oximated 
and the resultant derivative hydrolyzed back to 
the original eompound.

Characterization of “Acid X” as 1,6-Dichloro- 
fluorenone-4-carboxylic Acid (VII)

Improved Physical Constants of “Acid X” and 
its Derivatives.—As a result of much further 
experience in the preparation and purification of 
“Acid X ” and its derivatives, products with 
higher melting points than those reported in the 
earlier paper1 have been obtained. These are 
indicated in Chart I. The melting points of the 
acid, acid chloride, acid amide, amine, and corre­
sponding deaminated ketone of the “Acid X ” 
series, were found to be identical with those 
for the corresponding compounds of the 5,5'- 
dichlorodiphenic acid series. Furthermore, the 
melting points of mixtures of corresponding 
derivatives were not depressed. The structure 
of “Acid X ,” therefore, is that of 1,6-dichloro- 
fluorenone-4-carboxylic acid and the relations of 
the various series of derivatives are portrayed in 
Chart I.

Our previous difficulty in obtaining satisfaetory 
neutralization equivalents for “Acid X ” was at 
first again experienced in the present work and, as 
might be expected, since the two are identical, a 
similar difficulty in obtaining satisfaetory values 
for 1,6-dichlorofluorenone-4-carboxylic acid (VII) 
(in contrast to the satisfaetory value for the latter 
obtained in our last paper where impure material 
was used).

Many determinations of the neutralization 
equivalent of this acid (either as “Acid X ” or as
1,6-dichlorofluorenone-4-carboxylic acid) and also 
halogen analyses on various samples showed that 
it formed compounds with the solvents used for 
crystallization. The melting points of all samples, 
regardless of solvent present, was 248-249°. The 
samples were desolvated by methods described in 
the Experimental Part and then gave the theo­
retical values for the neutralization equivalent.

The Direct Decarboxylation of “Acid X.”— 
Earlier attempts to decarboxylate “Acid X ” by 
dry heating under reduced pressure had been un­
successful, due to its Sublimation in unchanged 
condition; 1, 6-dichlorofluorenone-5-carboxylic
acid, on the other hand, had readily lost carbon 
dioxide and given 1,6-dichlorofluorenone. Dur-

Chart 1 .—Relationships of 3,3'- and 5,5'-Dichlorodiphenic Acids and their Derivatives

h 2n -

3,3'-Dichloro- 
diphenic acid

VI
5,5'-Dichloro­
diphenic acid

II
M. p. 242.5

Acid X — >
M. p. 248-249°

III
M. p. 180-181°

Acid X chloride 
M. p. 185°

IV
M. p. 281°

Acid X  amide ——> Acid X  amine 
M. p. 299-300° M. p. 233-234°

HOOC-

c o

XI
M., p. 218-219°

H2N -

Cl-
VII

M. p. 248-249°
VIII

M. p. 185°
IX

M. p. 299-300°
X

M. p. 233-234°

The substances of the “Acid X" series are identical with the substances derived from VI and represented by VII to X, respec- 
'tively.
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ing this present work it was noticed that certain 
non-acidic substances were present in the crude 
product from the treatment of 3,3'-dichlorodi­
phenic acid (I) and 5,5'-dichlorodiphenic acid
(VI) with sulfuric acid a t the higher temperatures. 
This suggested that concentrated sulfuric acid 
might serve as an aid in the decarboxylation of 
"‘Acid X .” Such proved to be the case and ex­
periment showed that on heating in sulfuric acid 
at about 200° there was obtained 3,6-dichloro­
fluorenone (XIII) accompanied by small quanti­
ties of unidentified material. Identification of the
3,6-dichlorofluorenone was facilitated by the fact 
that it is the highest melting of the three dichloro- 
fluorenones involved in this work. That the sul­
furic acid was not merely serving as a medium for 
heat transfer is indicated by our observation that 
upon its replacement by phosphoric acid neither 
decarboxylation nor rearrangement occurred.

The Rearrangement of the Dichlorofluorenones
In the course of the work on the decarboxyla­

tion of “Acid X ” (l,6-dichlorofluorenone-4-car- 
boxylic acid) by heating in sulfuric acid, it was dis- 
covered that under the conditions employed 3,6- 
dichlorofluorenone (XIII) was obtained. Since 
the other evidence for the 1,6-position of the chlo­
rine atoms in the acid seemed entirely reliable, 
the observation suggested that 1,6-dichlorofluo­
renone itself (and perhaps also other dichlorofluo­
renones) might suffer rearrangement on heating 
with sulfuric acid. I t was then found that al­
though 3,6-dichlorofluorenone is stable in concen­
trated sulfuric acid at 185-200° for forty-five 
minutes, both 1,6- and 1,8-dichlorofluorenone 
undergo rearrangement to 3,6-dichlorofluorenone. 
This was identified by the failure of it and of the 
corresponding oxime to depress the melting point 
of authentic samples.

Additional Proof for the Structure of the Di­
chlorofluorenones.—The previous evidence for the 
structure of the dichlorofluorenones was as follows.

1,6-Dichlorofluorenone.—Obtained by direct 
heat decarboxylation of 1,6-dichlorofluorenone-5- 
carfcöxylic acid. The oxime of this fluorenone de­
scribed in an earlier paper2 (p. 2565) (m. p. 230°) 
appears to be that individual of two possible 
stereoisomers which is formed in preponderant 
amount. On hydrolysis with dilute sulfuric acid 
it yielded 1,6-dichlorofluorenone.

1,8-Diehlorofluorenone.—The previous work 
showed that this product was obtained by the ac­

tion of heat on 3,3'-dichlorodiphenic acid anhy­
dride and that it formed an oxime with great 
difficulty. Its structure has now been further 
supported by its preparation from distillation of 
calcium 3,3'-dichlorodiphenate.

3,6-Dichlorofluorenone.—The structure of this 
product was assigned because of its previous for­
mation by heating the anhydride of 5,5'-dichloro­
diphenic acid. I t has now been prepared by dis­
tillation of the calcium salt of that acid.

Experimental Part
All melting points reported in this paper were taken by 

the method described in Mulliken’s “Identification of Pure 
Organic Compounds,“ Vol. I, page 218, on a 360° rod form 
melting point thermometer immersed in the sulfuric acid 
to the 0° point. All melting points are un corrected.

Temperatures at which l,,6-Dichlorofluorenone-5-car- 
boxylic Acid (II) Isomerizes to l,6-Dichlorofluorenone-4- 
carboxylic Acid (“Acid X”) (VII).—As indicated in the 
following table, the isomerization has been found to occur 
at a temperature considerably lower than that previously 
described. Since “Acid X “ was much less soluble in sol­
vents than its isomer, its detection in mixtures of the two 
compounds (even when present in small Proportion) was 
readily effected. Such was not the case, however, with 
the isomeric acid.

The crude products were purified by the method pre­
viously described for the individual acids. Only those ex­
periments are here cited in which the product consisted 
mainly of one isomer. In general 3 cc. of c. p. concd. sul­
furic acid was used for every gram of original material. 
The identity of the purified substances was established by 
mixed melting points with authentic samples.

T a b l e  I

Original substance
Temp. of 

H 2 S O 4 , °C.

Time of 
heating, 

hr. Product
’ 150-160 1 “Acid X ”

135-145 4 “Acid X ”
125 1 1,6 - dichlorofluorenone-

3,3'- Dichlorodiphenic
acid

< 125
95-104

5
1

5-carboxylic acid 
“Acid X"
1,6 - dichlorofluorenone-

5-carboxylic acid
80-90 24 1,6 - dichlorofluorenone-

5-carboxylic acid
“Acid X “ 95-99 10 “Acid X ”

Phosphoric Acid as a Condensing Agent.—Sirupy phos­
phoric acid (85%) was heated at 160° for one hour until 
evolution of water ceased. One-tenth gram of 3,3'-di­
chlorodiphenic acid was heated in 2 cc. of this phosphoric 
acid at 200° but no solution occurred. At 215°, however, 
a brown solution formed after two hours and from this, 
by the purification used in the sulfuric acid condensations, 
there was obtained pure l,6-dichlorofluorenone-5-carbox- 
ylic acid, with no detectable amounts of “Acid X .“ A 
similar experiment with 5,5'-dichlorodiphenic acid gave 
l,6-dichlorofluorenone-4-carboxylic acid (“Acid X ”).

Oximation of l,6-Dichlorofluorenone-5-carboxylic Acid 
(II).—Three-tenths of a gram of the acid in 15 cc. of al­
cohol was refluxed for forty-five minutes with 0.43 g. of hy-
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droxylamine hydrochloride in 5 cc. of water. The oxime 
separated after further dilution. In some runs sodium 
bicarbonate solution was used and the oxime precipitated 
by acidification. The melting point of the resulting oxime 
varied irregularly on recrystallization from various sol­
vents, but the product from dilute acetone generally 
melted at 263°, dec. No attempt was made to separate 
the possible stereoisomeric forms. The oxime was not 
hydrolyzed by boiling 6 N  sodium hydroxide, nor by con­
centrated sulfuric acid, but when refluxed for two hours 
with 50% sulfuric acid, the original keto acid was regen- 
erated.

1,6-Dichlorofluorenone (XI) from l,6-Dichloro-5-amino- 
fluorenone (V).—In a typical run, 0.1 g. of amine was 
suspended in a mixture of 10 cc. of alcohol with 0.8 cc. of 
concentrated sulfuric acid. To the suspension at 0° a 
concentrated aqueous solution of sodium nitrite was added 
slowly until excess was present, motor stirring being used. 
After a heavy precipitate of diazonium salt formed 20 cc. 
of alcohol was added and the mixture stirred ten minutes 
at 0°. One-half gram of copper bronze was added and the 
mixture warmed until evolution of acetaldehyde ceased. 
After standing for twelve hours the pale yellow product was 
filtered off and sublimed at 150-190° under 18 mm. pres­
sure. The product weighed 0.05 g. and melted at 217- 
218°. It did not depress the melting point of an authentic 
sample of 1,6-dichlorofluorenone. It was converted to 
the oxime by the procedure previously described2 (p. 2565); 
the product so obtained melted at 230° dec. and did not 
depress the melting point of an authentic sample of the 
oxime.

The Neutralization Equivalent of 1,6-Dichlorofluore- 
none-4-carboxylic Acid (“Acid X”) (VII).—-The titrations 
were carried out in neutral alcohol using 0.1 N  sodium 
hydroxide with phenolphthalein as indicator. If a pure 
sample (m. p. 248-249°) was crystallized from glacial 
acetic acid and then titrated, values from 177.8 to 261.2 
were obtained (calcd. 293) . Either the material recovered 
from these determinations or fresh material again recrystal­
lized from dilute alcohol, gave neutralization equivalents 
varying from 296.8 to 301.4. Similar results were ob­
tained on products from aqueous dioxane.

Halogen analyses on the products from acetic acid or 
from dilute alcohol were always low: e. g., from acetic 
acid, Cl found, 21.67, 22A l; from dilute alcohol: Cl 
found, 23.32, 22.75; calculated for CuHieChOs: Cl, 
24.23%. This suggested possibility of solvation.

The product from acetic acid was desolvated by drying 
in a vacuum oven for five hours at 110°, during which time 
the needle-like crystals effloresced completely. In some 
cases samples were desolvated by solution in anhydrous 
benzene, boiling with decolorizing carbon, and adding lig­
roin, the precipitated solid being dried at 110°. In one 
instance no ligroin was added and on cooling, brilliant 
yellow needles formed which apparently consisted of an 
addition eompound with benzene since they effloresced 
rapidly at 110°.

All desolvated samples showed the same melting point 
as the solvates from which they were derived (248-249° 
in every case). Titration of the desolvated samples gave 
neutralization equivalents of 294.3, 291.6, 293.3, 291.6, 
calculated 293.

Direct Decarboxylation of 1,6-Dichlorofluorenone-4- 
carboxylic Acid (“Acid X”) (VII).—In a typical experi­
ment, 0.1 g. of the acid was heated in 1 cc. of e. p . concd. 
sulfuric acid at 200-215° for one hour. Gas evolution was 
noticed. The solution was poured on ice and the dark 
brown solid shaken with dilute sodium bicarbonate solu­
tion to remove acidic substances. The undissolved residue 
was then filtered off, dried and sublimed. At one atmos­
phere and 140-165° a light sublimate melting at 205- 
230° first formed which represented about 10% of the 
total product. The pressure was then reduced to 10 mm. 
and at 160-180° a bright yellow sublimate, melting at 299- 
300°, formed. There was also a non-sublimable sulfur- 
containing residue of high melting point. In other ex­
periments the crude product was recrystallized from dilute 
acetone before Sublimation. The low melting sublimate, 
obtained in all runs, was not identified.

The sublimate melting at 299-300° was shown to be
3.6- dichlorofluorenone. It did not depress the melting 
point of an authentic sample and it gave an oxime of m. p. 
246-247° which also did not depress the melting point of 
authentic 3,6-dichlorofluorenone oxime. This portion 
usually represented about 90% of total sublimate.

The same results were obtained when 3,3'-dichlorodi­
phenic acid, 5,5'-dichlorodiphenic acid and 1,6-dichloro- 
fluorenone-5-carboxylic acid, all of which are known to 
yield “Acid X “ at the temperatures used, were heated in 
sulfuric acid at about 200°. The non-acidic material 
obtained during preparative runs on “Acid X “ at 170° 
also consisted chiefly of 3,6-dichlorofluorenone.

The Rearrangement of the Dichlorofluorenones.—Fifty 
milligrams of pure 3,6-dichlorofluorenone (m. p. 300°) 
was heated in 1 cc. of c. p . concentrated sulfuric acid at 
185-200° for forty-five minutes. The color of this solu­
tion was deep violet. After pouring on ice, the resulting 
solid was dried and sublimed. At 140-165° and 1 atm: a 
small amount of light yellow sublimate formed, but at 180° 
and 10 mm. pure 3,6-dichlorofluorenone was recovered. 
There was also a small sulfur-contäining residue which did 
not sublime under these conditions.

Approximately 500 mg. of pure 1,8-dichlorofluorenone 
(m. p. 254°) was heated in 5 cc. of c. p . concd. sulfuric acid 
for forty-five minutes at 180-190°. The deep brown solu­
tion slowly changed to the violet color characteristic of
3.6- dichlorofluorenone. The product was separated in the 
usual way. At 140-160° and 1 atm., 20 mg. of a sublimate, 
m. p. 200-225°, was removed and at 180° and 10 mm. 70 
mg. of pure 3,6-dichlorofluorenone sublimed. There was 
also a residue which did not sublime. The product of 3,6- 
dichlorofluorenone was converted into the oxime (m. p. 
246-247°, dec.) and this oxime did not depress the melting 
point of an authentic sample.

Fifty milligrams of pure 1,6-dichlorofluorenone (m. p. 
218°) was heated at 150° in 2 cc. of c. p. concd. sulfuric 
acid for thirty minutes. The color change from brown to 
violet was again noted. On subliming the product there 
was obtained at 150° and 1 atm. a small amount of subli­
mate, m. p. 195-215°, and at 180° and 10 mm., pure 3,6- 
dichlorofluorenone. This experiment was repeated using 
70 mg. of 1,6-dichlorofluorenone and heating at 125° for 
forty minutes. The sublimate was separated into two 
fractions as before, which, however, were equal in amount.
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the one having m. p. 199-230°, the other m. p. 299-300° 
(3,6-dichlorofluorenone). There was no residue from 
these Sublimates. This experiment indicates that while 
the rearrangement occurred at 125° it was not complete in 
forty minutes. As before the product of 3,6-dichlorofluore­
none gave an oxime identical with authentic 3,6-dichloro­
fluorenone oxime.

l,6-Dichloro-4-aminofluorenone (X) and its Deamina- 
tion.—Both the preparation and deamination of this 
amine have been described previously1 (p. 4268) when the 
substance was derived from “Acid X .“ In this work the 
substance has been derived from l,6-dichlorofiuorenone-4- 
carboxylic acid which had been prepared from 5,5'-di- 
chlorodiphenic acid.

The preparation of the amine was carried out by a modi­
fied method which gave much better results. Potassium 
hydroxide was used; the ratio of excess alkali to hypo- 
bromite was 3/1; the amide-hypobromite ratio was 1/1.2; 
the concentration of the hypobromite was about 0.0002 
mole per cc. of solution; motor stirring was used. Re­
crystallization from benzene and ligroin gave the amine of 
m. p. 233-234°, dec. The deamination of this amine was 
carried out by the procedure previously described for the 
amine derived from “Acid X .“

Summary
1. “Acid X ,“ formed by the rearrangement of

l,6-dichlorofluorenone-5-carboxylic acid in sul­
furic acid, is identical with 1,6-dichlorofluorenone-

4-carboxylic acid formed when 5,5'-dichlorodi­
phenic acid is heated with sulfuric acid.

2. The temperatures at which the two isomeric 
dichlorofluorenone carboxylic acids (formed from 
3,3'-dichlorodiphenic acid) are stable have been 
examined.

3. Phosphoric acid has been found to condense 
both the 3,3'- and the 5,5'-dichlorodiphenic acids 
but not to effect the rearrangement by which 
“Acid X “ is produced.

4. Certain anomalous observations in the de­
termination of the neutralization equivalent of 
“Acid X ” appear to have been due to formation of 
solvates with the recrystallizing solvents.

5. “Acid X “ has been decarboxylated directly 
by heating in sulfuric acid to give 3,6-dichloro­
fluorenone.

6. 1,6-Dichlorofluorenone and 1,8-dichloro- 
fluorenone rearrange in hot concentrated sulfuric 
acid to give 3,6-dichlorofluorenone.

7. The condensations of other substituted di- 
phenic acids and the rearrangements of the fluo- 
renones and fluorenone carboxylic acids derived 
from them are being examined.
Ca m br id g e , M a ss . R e c eiv ed  A pr il  10, 1936

[Co n t r ib u t io n  from  t h e  C o n v erse  M em orial  L aboratory  of H a r v a rd  U n iv e r s it y ]

The Properties of Unsaturated Sulfur Compounds. Hl. Alpha Bèta Unsaturated
Ketosulfones

B y  E. P. K öhler  and  R. G. L a r se n

In continuation of our investigation of unsatu­
rated ketosulfones1 we have prepared a represen- 
tative in which one of the unsaturated carbon 
atoms holds both a phenyl and a phenylsulfonyl 
group, the relation between the present and the 
former sulfones being shown by the formulas 
C6H5C0CH==:C(C6H5)S02C6H5 C6H5C0CH=CHS02C6H5

The preparation of this substance enabled us to 
compare a number of similarly constituted com­
pounds with respect to their stereoisomerism, the 
facility with which they enter into addition reac­
tions and the mode of addition of unsymmetrical 
addenda.

The new ketosulfone, like the one described in 
the earlier paper, occurs in two forms of which one 
is yellow and the other colorless. From the anal- 
ogy with the most closely related compounds of

(1) Kohier and Larsen, T h is  J o u r n a l , 57, 1448 (1935).

which the configuration is known—dibenzoyl 
ethylene and phenyl-ß-benzoylpropionic ester— 
one would expect the polar groups to be in the 
trans position in the more stable yellow form. 
We therefore represent this form with I and desig- 
nate it the trans eompound.

CeHöCOCH C6H 6COCH

CeHscWceHs CeHßSO^CßHö
I Trans II Cis

The relative melting points and solubilities of 
the two forms are the reverse of those of the un- 
phenylated ketosulfones but the relative stabili- 
ties remain the same; a trace of base immediately 
produces a yellow color in Solutions of the cis com­
pound and in a short time converts it completely 
into t h e trans isomer. Owing to the reversal of 
the solubilities the effect of exposing concen­
trated Solutions of the unphenylated and phenyl-
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ated compounds to sunlight is quite different; in 
the case of the former the trans eompound is con­
verted practically completely into the cis while in 
the case of the latter both forms are converted 
into an equilibrium mixture containing but little 
of the cis eompound.

Nearly all methods of preparation yield only the 
trans eompound but when benzene sulfinic acid is 
added to benzoyl phenylaeetylene the cis com­
pound is formed exclusively. The two stereo- 
isomers add other substances with practically the 
same ease. Both are easily oxidized and reduced 
and both also add halogen acids rapidly. As this 
easy addition of halogen acids was rather surpris- 
ing it was important to establish the mode of addi­
tion with certainty. To this end we prepared one 
of the possible hydrogen bromide addition prod­
ucts by a method which was certain to give a com­
pound of known structure, namely, by the addi­
tion of benzene sulfinic acid to a-bromo benzal­
acetophenone. The two diastereomeric bromo 
compounds obtained by this reaction were quite 
different in Chemical and physical properties 
from the product obtained by 
adding hydrogen bromide to the (CeH6)2C(OH)CtI
unsaturated ketosulfone. The 
relations are shown by the fol­
lowing equations

The first of these substances is of special inter­
est in connection with the peculiar behavior of the 
corresponding unphenylated eompound (C6H5)2- 
C(0H )CH=CHS02C6Hö.2 The phenylated com­
pound does not exhibit these peculiarities. All 
samples melt at the same temperature and decom- 
pose at the same rate regardless of origin and sub­
sequent treatment. The substance not only does 
not itself undergo the allylic rearrangement but 
there also is no indication of rearrangement in 
metathetical reactions involving the hydroxyl 
group as, for example, when it is converted into its 
ethers, esters or chloride.

(C6H6)2C(OCH3)CH=C(C6H5)S02C6H5
VI

(C6H5)2C(0C0CH3)CH=C(C6H5)S02

c 6h 6
VII

(C6H6)2CC1CH=C( CdHOSOïCeH*
VIII

The structure of the products IV, VI and VII 
was established conclusively. Thus the carbinol 
IV on catalytic hydrogenation gives the same

=C( C6H5)S02C6H5 C6H5C0CH2CH( C6H5)S02C6H 6

\  /
(C6H5)2C(0H)CH2CH(C6H5)S02C6H5

IX

C6H 6C 0 C H = C (C 6 H 5)S02C6H b +  HBr — >
C6H6C0CH2CBr(C6H5)S02C6H6 III 

q 6H 6COCBr=CHC6H5 +  C6H 6S 0 2H  — >-
CÄC0CHBrCH(C6H5)S02C6H5

These results show that the additional phenyl 
group has but little effect on the ease and none at 
all on the mode of addition of hydrogen com­
pounds. In contrast it greatly affects both the 
facility and mode of addition of Grignard reagents. 
As a consequence of the accumulation of groups in 
the ß position the primary reaction between the 
phenylated ketosulfone and phenylmagnesium 
bromide is addition to carbonyl. By operating 
with excess of reagent and at a higher tempera­
ture it is possible to add a second molecule of the 
reagent but the mode of addition is the reverse of 
that which occurs with the unphenylated ketosul­
fone. The two compounds which can be obtained 
in this manner are represented by the formulas

(C 6H 5)2C (O H )C =(C 6H 5)S02C6H 6
IV

(C6H 6)2C----- C H — c h s o 2c 6h 6
I I  I

OH C6H b C6H 6
V

saturated eompound that is formed when the 
ketosulfone is first reduced and then treated with 
phenylmagnesium bromide.

The methyl ether VI can be oxidized to the 
corresponding ether of benzific acid and the ace­
tate VII reverts to the carbinol when it is hydro­
lyzed by weak acids—a process which is not ac- 
companied by rearrangement. The structure of 
the chloro eompound VIII was not established 
with the same certainty but its properties and its 
relations to other members of the series are in 
accord with the formula. Above its melting 
point it loses hydrogen chloride rapidly and passes 
into an indene derivative—presumably by way 
of an intermediate allene. 
(C6H5)2CC1CH=C(C6H5)S02C6H5 — ^

— - j(C6H6)S 0 2C6H5

V / H
c 6h 5

_ _ _ _ _ _  X
(2) In the earlier paper it was assumed that this eompound spon 

taneously undergoes an allylic rearrangement into an isomer which 
decomposes at a lower temperature. As a result of a physical in­
vestigation of the two products—which is described in the following 
paper by H. E. Bent and his collaborators—this interpretation is no 
longer tenable.
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While the mode of addition of the first molecule 
of the Grignard reagent is evidently due to the 
properties of the conjugated system C =C —C = 0, 
that of the second depends on the character of the 
system C = C —S02. The structure of the di-addi- 
tion product was established by converting it into 
a known triphenylindene

(C6H5)2C----- C H -

OH i 6H5

-CHS02C6Hb
I

c 6h 5

XI

I-----jCHCeHö

CeH5

The foregoing account shows that the introduc­
tion of a phenyl group in the ß  position of an a ,ß  
unsaturated ketosulfone does not greatly affect its 
Chemical properties. Except in the case of Grig­
nard reagents the mode of addition is dependent 
on the character of the conjugated system 
C = C —C = 0  and the properties of the addition 
products express the tendency to revert to this 
system.

Experimental
The unsaturated ketosulfone was made from benzalace­

tophenone in a series of steps which can be represented as 
follows
CACOCH^CHCeHß---->

C6H5C0CH2CH(C6H5)S02C6H5 —
A

C6H5COCHBrCH(C6H6)S02C6H5----
B

C6H6COCH=C(C6H6)S02C6H6
I

The saturated ketosulfone (A) had been made previously 
by Posner3 by adding thiophenol to benzalacetophenone 
and oxidizing the addition product to the sulfone but we 
found it simpler as well as more economical to form the 
sulfone in a single step by adding benzene sulfinic acid. 
The structure of the bromo eompound (B) was established 
definitely by a synthesis which gives a eompound of known 
structure, namely
C6HöCOCBr—C HC6H5 +  HS02C6H6 — >-

C6H6COCHBr—CH(C6Hb)S02C6H5
a-Phenyl-ß-benzoyl Ethyl Phenyl Sulfone (A).—Equi- 

molar quantities of ketone and pure sulfinic acid were 
brought together in concentrated alcoholic solution. The 
mixture evolved heat and soon solidified. One recrystal­
lization from alcohol gave a product which melted at 
159°. The yield was 93%.

a-Phenyl-ß-bromo-/3-benzoyl Ethyl Phenyl Sulfone
(B).—The bromination of the ketosulfone in chloroform 
presented no difficulty; once the reaction was started it 
proceeded smoothly at the ordinary temperature until 
one mole of bromine had disappeared. The crystalline 
product that remained after removing the chloroform was 
subjected to fractional crystallization from methyl alcohol, 
and was thus eventually separated into two diastereomeric

(3) Posner, B e r . ,  35, 810 (1902).

bromo compounds. The principal product, obtained in 
a yield of 90%, crystallized in coarse needles and melted 
at 189°. The second product, the yield of which was less 
than 3%, crystallized in very fine needles and melted at 
209°.

Anal. Calcd. for C2iHl70 3BrS: C, 58.8; H, 3.9. 
Found: (189°) C, 58.5; H, 4.0. (209°) C, 58.9; H, 4.2.

For the purpose of establishing the structure of these 
compounds concentrated Solutions of equimolar quantities 
of a-bromo benzalacetophenone and benzene sulfinic acid 
in ethyl alcohol were kept at the ordinary temperature. In 
the course of several days the bromo eompound melting 
at 209° crystallized from the solution.

o'-Phenyl-ß-benzoyl Vinyl Phenyl Sulfone I.—Both of 
the ß-brom o derivatives of the saturated sulfone lose hydro­
gen bromide slowly when boiled with excess of potassium 
acetate in methyl alcohol or in acetic acid. In methyl 
alcohol the reaction with the eompound melting at 189° 
was complete after the solution had been boiled for eighteen 
hours while that of the higher melting bromo eompound 
required three days. In both cases the product was the 
yellow trans eompound. It separated in yellow prisms 
which after recrystallization from methyl alcohol melted 
at 151 °. The yield was 72%.

Anal. Calcd. for C21H16O3S: C, 72.4; H, 4.6. Found: 
C, 72.0; H, 4.7.

The Cis Unsaturated Sulfone II.—To a solution of 2.75 g. 
of benzoyl phenyl acetylene in hot methyl alcohol was 
added 2.6 g. of benzene sulfinic acid. The mixture was 
boiled for a short time, then set aside. It yielded 2.8 g. 
of a colorless product a part of which crystallized from the 
solution while the remainder was obtained on evaporation. 
The cis eompound crystallizes from methyl alcohol in 
colorless prisms and it melts at 132°.

Anal. Calcd. for C2iHir>03S: C, 72.4; H, 4.6. Found: 
C, 72.0; H, 4.7.

Attempts to ozonize the unsaturated sulfones were un­
successful. Both forms reduce permanganate in acetone 
rapidly, being oxidized to two molecules of benzoic acid 
and one of benzene sulfonic acid. Both forms can also 
be reduced catalytically and with zinc and acid. Cata­
lytic reduction is extremely slow and incomplete, doubt- 
less because there is some elimination of benzene sulfinic 
acid which poisons the catalyst. Zinc and acetic acid, 
however, rapidly reduce the unsaturated sulfones to the 
same saturated eompound.

Interconversion of the Two Isomers by Light.—A solu­
tion of 6 g. of the trans eompound, and a little iodine, in 
chloroform was exposed to sunlight for three days in a 
quartz apparatus. At the end of the first day one-third of 
the solution was evaporated to dryness. The residue, 
separated by extraction and crystallization from methyl 
alcohol, was found to contain 0.2 g. of the cis eompound— 
indicating about 10% conversion. A similar procedure at 
the end of the second and third days, gave in each case 
nearly 0.3 g. of the cis eompound. In the reverse Opera­
tion, carried out in the same way but starting with one 
gram of the cis form, the residue after exposure for three 
days contained 0.85 g. of trans and 0.13 g. of cis.

Isomerization with Chemicals.—A small drop of sodium 
inetbylate was added to a warm solution of 0.5 g. of the
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cis eompound. The mixture was left to itself for ten hours, 
then evaporated in a current of air. It left 0.48 g. of 
trans eompound and a trace of oil. A similar solution 
when treated with a little methyl alcoholic solution of 
hydrogen chloride turned yellow and deposited some trans 
eompound but most of the acid was removed by addition.

Addition of Hydrogen Bromide: a-Bromo-«-phenyl-/3- 
benzoyl Ethyl Phenyl Sulfone, III.—A solution of the 
trans sulfone in glacial acetic acid was saturated with 
hydrogen bromide and left in an ice-box for thirty-six 
hours. As nothing separated from the solution it was 
diluted with ether, and freed from acid by washing with 
water and dilute bicarbonate. The dried ethereal solu­
tion, on concentration, deposited the bromide in large 
needles which, after recrystallization from methyl alcohol, 
melted with decomposition at 124°.

Anal. Calcd. for C2iH170 3BrS: C, 58.8; H, 8.9. 
Found: C, 59.0; H, 4.0.

The bromo eompound is much less stable than the iso­
meric 0-bromo derivative. At the melting point it rapidly 
loses hydrogen bromide and reverts to the trans unsatu­
rated sulfone and when its alcoholic Solutions are boiled 
they gradually turn yellow in color and become acidic.

The corresponding chloro eompound—prepared in the 
same way—is more stable. It crystallizes in colorless 
needles and melts at 175°.

Anal Calcd. for C21H170 3C1S: C, 65.5; H, 4.4; Cl, 
9.2. Found: C, 65.6; H ,4.6; Cl. 9.1.

Addition of Phenylmagnesium Bromide: the Mono- 
addition Product.—To an ethereal solution which con­
tained four times the calculated quantity of reagent and 
which was cooled in ice, was added 7 g. of finely powdered 
yellow sulfone. The mixture was stirred vigorously for 
several hours, then decomposed with iced ammonium 
chloride solution. The product crystallized with two 
molecules of methyl alcohol in large colorless prisms melt­
ing at about 107°. Heated to 100° under diminished 
pressure, the crystals lost methyl alcohol and passed into 
a powder melting at 133°.

Anal Calcd. for C27H220 3S-2CH30H: C, 71.0; H, 
6.1. Found: (Prisms) C, 71.2; H, 6.1. Calcd. for
C27H2203S: C, 76.2; H, 5.4. Found: (Powder) C, 76.0;
H, 5.1.

Reduction: a-Phenyl-7-hydroxy-Y,7-diphenyl Propyl
Phenyl Sulfone, IX.—Catalytic hydrogenation with plati­
num oxide was almost impossible because of the rapidity 
with which the catalyst was poisoned. With palladium 
on calcium carbonate, however, the hydrogenation was 
accomplished without much difficulty, the sparingly solu­
ble product separating from the ethyl acetate used as 
solvent as fast as it was formed. It crystallized in thin 
needles melting at 223°. The same eompound was ob­
tained, in a yield of 75%, when phenylmagnesium bromide 
was added to the saturated ketosulfone.

Anal Calcd. för C27H240 3S: C, 75.7; H, 5.6. Found:
C, 75.5; H, 5.6.

The Methyl Ether, VI .—A drop of acetyl chloride was 
added to a solution of the unsaturated carbinol in boiling 
methyl alcohol and the solution was then allowed to evapo­
rate in a current of air. It deposited the ether in hexagonal 
tables melting at 130°.

A nal Calcd. for C28H240 3S: C, 76.4; H, 5.5. Found:
C, 76.6; H, 5.6.

Oxidation.—A dilute solution of the ether in acetone 
was acidified with a little acetic acid, then treated with the 
calculated quantity of permanganate in acetone and set 
aside until completely decolorized. Among the neutral 
products isolated by the usual manipulations was a sub­
stance which crystallized in needles melting at 100° and 
which was identified as the methyl ether of benzilic acid 
by comparison with a sample prepared directly from ben­
zilic acid. The yield was 30%.

The Acetate, VII.—A solution of the mono-addition 
product in acetic anhydride was boiled for four hours, 
then cooled and poured into water. From the resulting 
suspension ether extracted a solid which recrystallized 
from absolute methyl alcohol in needles melting at 168°.

A nal Calcd. for C29H2404S: C, 73.7; H, 5.3. Found:
C, 73.7; H, 5.4.

The acetate was not affected by boiling water but when 
it was hydrolyzed with methyl alcoholic potassium hydrox­
ide it reverted to the carbinol and when it was boiled with 
methyl alcohol that contained a trace of acetic acid it was 
slowly converted into the methyl ether.

a-Phenyl-7-chloro-7,7-diphenyl Propyl Phenyl Sulfone, 
VIII.—Dry hydrogen chloride was passed through a solu­
tion of the carbinol in benzene until the turbidity, caused 
by the Separation of water, was removed. The solution 
was then allowed to evaporate spontaneously and the re­
sidual green oil was diluted with dry ether. It deposited 
the chloride in long colorless needles which after recrystal­
lization from dry ether melted with decomposition at 
about 142°. The yield was quantitative.

A nal Calcd. for C27H21OSCl: C, 72.9; H, 4.8. 
Found: C, 72.4; H, 5.0.

The chloro eompound is stable in the air. When it is 
boiled with methyl alcohol or with methyl alcoholic potas­
sium acetate it is converted into the ether. Potassium 
acetate in glacial acetic acid converts it into the acetate.

l,3-Diphenyl-3-phenylsulfonyl Indene, X.—The chloro 
eompound which has just been described loses hydrogen 
chloride rapidly at the melting point. The residue is an 
amber colored liquid that is readily soluble in ether. The 
ethereal solution gradually deposits colorless needles melt­
ing at 171°.

Anal. Calcd. for C27H2o02S: C, 79.4; H, 4.9. Found:
C, 79.2; H, 5.1.

In proof that the product is an indene derivative 1 g. 
was oxidized with 1.5 g. of sodium dichromate in glacial 
acetic acid. The product, isolated in the usual manner, 
was ortho dibenzoyl benzene—identified by comparison 
with an authentic sample. The yield was 70%.

«,/S,Y,Y-Tetraphenyl-Y-hydroxy Propyl Phenyl Sulfone, 
V.—To an ethereal solution of phenylmagnesium bromide 
prepared from 2.25 g. of magnesium was added 10 g. of 
finely powdered unsaturated ketosulfone. The mixture 
was boiled for two hours, then cooled and decomposed 
with iced acid. A part of the product was deposited 
during the acidification, the remainder being isolated by 
the usual manipulations of the solution. Three substances 
were obtained in this manner, namely: the mono-addition 
product (57%), a di-addition product melting at 178°
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(15%), and a stereoisomerie di-addition product melting 
at 223° (12%). In a similar experiment in which the 
reacting mixture was boiled for six hours the yields were 
22% of mono-addition product, 26% of product melting 
at 178° and 32% of product melting at 196°. Both of the 
di-addition products are sparingly soluble in common or­
ganic solvents. The lower melting—which is the less 
soluble—crystallizes from acetone in small prisms and the 
higher melting crystallizes in six-sided tables containing 
acetone of crystallization.

Anal. Calcd. for C33H280 3S: C, 78.6; H, 5.6. Found: 
C, 78.6; H, 6.0. Calcd. for C33H2803S C 3He0: C, 77.1; 
H, 6.0; C3H60 , 10.3. Found: C, 77.1; H, 5.7; C3HeO,
10.1 .

The structure of the di-addition products was established 
by converting them into triphenyl indene. To this end a

solution of each in glacial acetic acid containing a small 
quantity of sulfuric acid was heated on a steam-bath for 
half an hour, then diluted first with methyl alcohol and 
finally with water. In each case the product was identified 
by comparison with a sample on hand.

Summary
The paper contains a comparison of C6H6COCH 

=C(C6H5)S02C6Hb and CeHsCOCH^CHSCV 
C6H5 with respect to their stereoisomerism, the 
facility with which they enter into addition reac­
tions, the mode of addition of hydrogen com­
pounds and the mode of addition of Grignard re­
agents.
Ca m br id g e , M a s s . R e c eiv ed  J u n e  3, 1936

[C o n t r ib u t io n  fr o m  t h e  Chem ical L aboratory  of H a r v a rd  U n iv e r sit y ]

A Physical Investigation of ß-Hydroxy~ß,ß-diphenylvinyl Phenyl Sulfone

B y  H* E. B e n t , E. S. La rsen  and  H. B erm an

In a recent paper Kohier and Larsen1 described 
two compounds which “are interesting by reason 
of the very remarkable ease with which they 
undergo the allylic rearrangement----  Most Solu­
tions, on chilling, deposit a mixture of both iso­
mers but by slow crystallization from properly 
selected solvents it is possible to secure both iso­
mers in a pure condition—the tertiary alcohol 
VIII from benzene and the secondary alcohol X 
from methyl or ethyl alcohol.” The tertiary al­
cohol, ß-hydroxy-ß, ß-diphenyl vinyl phenyl sul­

fone, has the structure
(C6H5)2C— CH^CHSOaCeHs

OH
and the secondary alcohol, a-hy droxy-ß, ß-di- 
phenylpropenyl phenyl sulfone, X, has the struc- 

(C6H6)2C =CH — CHS02C6Hfi 
ture | . The melting point

OH
of the tertiary alcohol is given as 193° and of the 
secondary alcohol as 164 °. Both compounds crys­
tallize readily but differ greatly in appearance. 
This apparent reversal of the direction of trans­
formation by different solvents a t the same 
temperature is, however, thermodynamically im­
possible, and we have therefore reëxamined more 
carefully the physical properties of these two 
substances.

Crystallographic measurements were made as 
follows:

(1) Kohier and R. G. Larsen, T h is  J o u r n a l , 57, 1448 (1935).

O pt ic a l  Cr y st  allo  graph  v
Cpd. VIII Cpd. X

OL 1.608 1.607
ß 1.656 1.657
7 1.710 1.706

Opt. sign ( + )  2V  med. (-P) 2V  med.
Orientation Z ~  b Z «  b

XAC ~  23° XAC =  23°

Cr y sta llo g r a ph y

Measurements on X
Forms: (010)(100)(110)(011)(101) Monodinic-holohedral

a\b\c =  1,0597:1:0.3277 ß =  99° 05'
p o  =  0.30926 go =  0.32362 e =  0.15784

Observed (averages) Calculated Number of
Form <f> p P observations
(010) 0° 90° 00' 0° 90° 00' 4
(100) 90° 00' 90° 00' 90° 00' 90° 00' 1
(110) 43° 42'90° 00' 43° 42' 90° 00' 12
(011) 26° 00'20° 02' 26° 00' 20° 02' 6
(101) 90° 00'25° 17' 90° 00' 25° 19' 1
Ranges: for (110) 43° 32 'to 43° 55'

(011) 25° 4 0 'to 26° 41' 19° 47' to 20° 10'

Measurements on a single crystal of VIII
Form <i> p
(010) 0° 90° 00'
(110) 39° 49'90° 00'
(011) 25° 51'20° 09'

Crystals X are'much superior in quality and 
the angles of these are to be relied upon for a good 
axial ratio for the substance. Crystals VIII were 
difficult to measure since they were of the order 
of 0.1 mm. in maximum size. Several crystals
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yielded rather poor measurements, the best being 
given above. The data given above indicate that 
substances VIII and X are crystallographically 
identical and that although they do have a differ­
ent superficial appearance they are actually simi­
lar in habit as well as in the prevalence of particu­
lar forms.

The melting points were carefully re-deter- 
mined, first by conventional methods and second 
by the use of the copper block. The results ob­
tained with an ordinary melting point tube de­
pend upon the rate of heating, rapid heating giv­
ing much higher results. The following table 
gives typical results obtained with a copper block.

T, °C.
Time required for melting, in 

VIII X
159 180 60
165 120 30
170 120 30
178 75 22
188 50 15
193 50 12
195 25 12
199.5 2-3 2-3

It is clear from these results that the melting 
points as determined in tubes are really decompo­
sition or rearrangement points and as usual are 
greatly affected by variations in the rate of heat­
ing. Since decompositions are known to be very 
sensitive to the presence of impurities, the low 
apparent melting point of substance X may well 
be due to an impurity present in it when recrystal­
lized from methyl alcohol, but absent or present 
in smaller amounts when recrystallized from ben­
zene.

Finally, the solubilities of VIII and X were de­
termined in benzene and methyl alcohol at several 
temperatures. The Saturation was accomplished 
by shaking the Solutions in a small container of 
about 10-cc. capacity surrounded by a jacket con- 
taining a boiling liquid. This vessel was conven- 
iently made like a small Dewar flask with the boil­
ing liquid in the space usually evacuated, to which

a reflux condenser was sealed. To prevent evapo­
ration of the solvent there was a ground glass 
stopper half way down the neck of the flask. The 
whole apparatus was mounted on a shaker which 
not only served to agitate the solution but also to 
minimize superheating. The temperatures were 
read on a thermometer immersed in the solution 
itself and these remained constant to =±=0.1 °. One 
cubic centimeter samples were removed by means 
of a filter pipet and evaporated to constant weight 
on a steam-bath. Duplicate determinations usu­
ally agreed to about =±=1 mg. depending on the 
concentration of the solution. The results are 
given in Table I.

T a b l e  I

Temp.,
°C.

Time of 
shaking

Vol. of 
soln. 1 cc. 

CeHe

Wt. of 
solute 

VIII, g.
Wt. of 
solute 
X, g.

34.4 10 min. it 0.0054 0.0043
55.2 5 ii .0114 .0108
64.4 4 it .0167 .0163
80.3 5 .0303 .0293

0 12 hr. CH3OH .0030 .0027
0 12 C6H6 .0015 .0015
0 25 min. satd. CH3OH .0030 .0032

These results are not as precise as perhaps one 
might wish, and if it seemed worth while a some­
what greater expenditure of time would doubtless 
improve them considerably. However, the values 
given for the solubilities of the two materials agree 
as well as values obtained on successive runs on 
the same material. The time was intentionally 
made as short as five minutes for the shaking in 
order to diminish the chance of a rearrangement 
taking place in solution. Perhaps the last row in 
the table is the most significant. In this case a 
saturated solution of one compound in methyl al­
cohol was shaken with the other solid. Unless 
there is a rapid equilibrium established at 0° one 
would have expected the total amount of solute 
to be about twice that observed. The only al­
ternative is that both materials are the same. 
Ca m b r id g e , M a s s . R e c e iv e d  M a y  27, 1936
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The Accuracy of the Potentiometric Iodide-Silver Titration

B y I. M. K olthoff and J. J. Lingane
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This study of the potentiometric iodide-silver 
titration was undertaken with ä three-fold pur­
pose : (a) to determine the accuracy of the titra­
tion, (b) to locate the isoelectric point of freshly 
precipitated silver iodide, and (c) to study the ad­
sorption of silver and iodide ions by flocculated 
silver iodide, at extremely low concentrations. 
A knowledge of the accuracy of the iodide-silver 
titration was necessary before the required data 
for topics b and c could be obtained. The present 
paper contains the results of the experiments made 
to determine the accuracy of the titration, and 
subjects b and c will be discussed in a subsequent 
communication.

Although the precision of the potentiometric 
iodide-silver titration has been studied exhaus- 
tively by Lange and Berger,1 these authors did not 
establish the accuracy of the titration since they 
worked with Solutions of potassium iodide and 
silver nitrate whose concentrations were not ex- 
actly known. In lieu of direct experimental evi­
dence of the accuracy of the titration, they studied 
the adsorption of silver and iodide ions on silver 
iodide, and concluded from the data so obtained 
that the titration should give results accurate to at 
least =*=0.01%, when performed under the most 
favorable conditions. They found that titration 
at room temperature was impractical because of 
the strong adsorption of silver and iodide ions by 
the precipitate with consequent slow attainment 
of steady e. m. f. They found that the deleterious 
effects of adsorption were practically eliminated 
when the titration was performed at 90°, and they 
showed that the results were highly precise under 
these conditions.

Unfortunately, Lange and Berger did not pay 
particular attention to the purity of the materials 
which they used. Since commercial samples of 
potassium iodide almost invariably are contami­
nated by tracés of bromide and chloride, this neg- 
lect casts some doubt on their conclusions. In 
the present study we have taken special care to 
use materials of a high degree of purity. Instead 
of working in neutral solution, as Lange and Ber­
ger did, we performed all titrations in the presence 
of a small amount of nitric acid, since adsorption

(1) E. Lange and R. Berger, Z. Elektrochetn., 36,171, 980 (1930).«

of silver ions on the glass wall of the container is 
eliminated under such conditions.

Materials Used
Potassium Iodide.—Since potassium iodide is not easily 

purified by usual recrystallization methods, because of its 
great solubility in water and because of the doubtful re­
moval of possible tracés of chloride and bromide, we pre­
pared the salt from pure hydriodic acid and purified potas­
sium bicarbonate. Hydrogen iodide was synthesized di­
rectly from purified iodine and hydrogen by the classical 
method in which platinized asbestos is used as catalyst, 
and the gas was dissolved in water to give a concentrated 
solution.2 The solution of hydriodic acid was nearly 
neutralized with purified potassium bicarbonate, and 
evaporated in a hydrogen atmosphere until a considerable 
quantity of potassium iodide separated out, which was 
filtered off and dried.

Silver.—The preparation of the pure silver used in this 
study has been described in a previous paper from this 
Laboratory.3

Nitric Acid.—The nitric acid used in this work was ob­
tained by distilling c. p. concentrated acid in an all-glass 
still, the middle fraction only being collected.

Water.—C o n d u c tiv ity  w a ter w as used in  a ll p rep ara tiv e  
w ork an d  in  th e  p re p ara tio n  of a ll Solutions.

Apparatus.—A silver iodide electrode was used as indi­
cator electrode in the titrations, and a saturated calomel 
electrode was used as reference electrode. The silver io­
dide electrodes were prepared by plating platinum gauze 
electrodes (cylinders 1 cm. in diameter and 1 cm. long) 
with silver from a 10% potassium argentocyanide solu­
tion at low current density. The silver electrodes were 
then iodized by making them anodes in the electrolysis of 
a dilute potassium iodide solution for a few minutes at 
low current density, followed by thorough washing with 
water.

The titration vessel consisted of a one-liter beaker, 
painted black on the outside, and provided with a tightly 
fitting bakelite cover with suitable holes for the buret- 
tip, salt bridge, electrode, thermometer and stirrer. This 
arrangement provided efficiënt light protection. A satu­
rated solution of potassium nitrate, free from chloride, 
was used in the salt bridge, which was filled with fresh 
solution for each titration. For the hot titrations, the 
titration beaker was placed in an electrically heated water- 
bath whose temperature could be held constant to =*=0.5°.

Weights and Volumetrie apparatus were calibrated care­
fully by Standard methods. Weighings were corrected to 
vacuum on the following density basis, weights (brass) 8.4, 
silver 10.5, potassium iodide 3.12 and air 0.0012 g. per cc.

(2) We are indebted to E. R. Caley and M. G. Burford (private 
communication) for suggesting the apparatus for this synthesis. De­
tails of the methods of preparation are described by the authors in 
Volume I of “inorganic Syntheses.”

(3) I. M. Kolthoff and J. J. Lingane, T h is  J o u r n a l , 57, 2126 
(1935).
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Preparation of Potassium Iodide for Weighing.—Potas­
sium iodide decomposes slightly when fused in air or nitro­
gen,4 and the fused salt is strongly alkaline. We have 
found, however, that the salt may be melted in pure dry 
hydrogen with no trace of decomposition. Solutions of 
the salt which had been fused in hydrogen were always 
perfectly colorless, and showed no trace of alkalinity. 
Portions of the salt were prepared for weighing by melting 
for ten minutes at 700-725° in pure dry hydrogen in a 
platinum boat. The fused sample was allowed to cool to 
below 200° in hydrogen, and was then removed to a desic­
cator containing fused potassium hydroxide, where it re­
mained until weighed.

Technique of the Titrations

Separate samples of silver and potassium iodide were 
weighed out for each titration, the silver being in the form 
of buttons weighing from 1.0 to 1.5 g. each. A silver but­
ton was first carefully weighed and transferred to a small 
Kjeldahl flask in which it was dissolved in 3 cc. of concen­
trated nitric acid with gentle heating. The solution was 
then heated to remove oxides of nitrogen, the heating being 
continued for at least fifteen minutes after the disappear­
ance of brown fumes. The solution was cooled, transferred 
to the titration beaker, and diluted to approximately 500 
cc. The resulting solution was approximately 0.02 N  in 
silver and 0.04 N  in nitric acid.

The carefully weighed sample of potassium iodide was 
dissolved in approximately 100 cc. of water in a special 
dropping funnel previously described,3 and the solution 
was mixed thoroughly. The potassium iodide solution 
was run dropwise into the silver solution with constant 
mechanical stirring, from ten to fifteen minutes being re­
quired for the addition. The funnel and platinum boat 
were rinsed out with eight to ten portions of water, which 
brought the total volume of solution to between 750 and 
850 cc., after which the bakelite cover was placed on the 
beaker. The beaker was placed in the water-bath, the 
electrode, stirrer, thermometer and salt bridge were put in 
place, and after heating to the desired temperature, the 
titration was completed with 0.01 N  potassium iodide solu­
tion added from a microburet. Efficiënt mechanical stir­
ring was employed, and the titrations were carried out in 
very faint diffuse daylight in a room with closely drawn 
shades, although this latter precaution was probably un­
necessary because the titration vessel itself served as an 
efficiënt protection against light.

Titrations were made at room temperature, at 70 and at 
90°, and some experiments were also made in which the 
precipitate was digested for some time at 95 to 100° before 
finishing the titration. A reflux condenser was used in the 
long digestion experiments to prevent evaporation of the 
solution.

In the majority of the titrations the end-point was found 
in the classical way from the maximum in AE/ A V. How­
ever in the titrations at room temperature (without diges­
tion) the maximum in AE /AV  was not well defined, and 
in these titrations the end-point was found by titrating to 
the equivalence potential.5,3 The equivalence potential * 6

(4) G. P. Baxter and F. N. Brink, T h is  Jo u r n a l , 30, 46 (1908).
(6) I. M, Kolthoff and N. H. Furman, “Potentiometric Titra­

tions,” John Wiley and Sons, Inc., New York, 1932, p. 100.

was determined by titrating very small amounts of silver 
with the dilute potassium iodide solution under the same 
conditions of acidity, temperature, and volume as in the 
actual titrations. At room temperature the equivalence 
potential found in this way was +0.098 volt against the 
saturated calomel electrode, in a 0.035 N  nitric acid solu­
tion. The average solubility product of silver iodide in 
0.035 N  nitric acid, calculated from the data of several such 
“dilute” titrations, was 2.18 X 10~16 at 25°. Titration 
at room temperature is not practical because of the long 
time required for thé e. m. f. to reach steady values, and 
furthermore (Table II) the error of the titration is greatest 
at this temperature. As long as an hour is required to ob­
tain steady e. m. f. readings between each addition of re­
agent at 25°. The drift is particularly bad in the imme­
diate vicinity of the end-point, and the exact position of the 
maximum in A E /A V  is difficult to locate. Under the

0.3 0.5 0.7 0.9 1.1 1.3
0.01 N  KI, cc.

Fig. 1.—AE/AV  curves in region of equivalence 
point under various conditions: (1) digested 40 hours 
at 95°, titrated at room temp.; (2) direct titration at 
70°; (3) direct titration at room temperature; (4) direct 
titration at 90°.

conditions described, the end-point determined by titrat­
ing to the equivalence potential agreed within the limits 
of the experimental error with that determined from the 
maximum in AE/AV. This was no longer true when the 
titration was performed in the more usual manner, by 
taking e. m. f. readings five minutes after each addition of 
reagent without waiting until the potential had attained 
constant values. By titrating to the equivalence poten­
tial, exactly the same result was obtained as in the slow 
titration; however, the values of AE /AV  changed in an 
irregulär way in the neighborhood of the equivalence po­
tential and two maxima were found. For this reason, 
fast titration at room temperature is not recommendable.
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Constant e. m. f. readings can be obtained in a relatively 
short time at 70 or 90°, except in the immediate vicinity 
of the end-point where fifteen to thirty minutes are re­
quired. The same is true when the precipitate is digested 
previous to titration at room temperature. Under the 
latter conditions the most pronounced break in the poten­
tial is found, since the adsorptive properties of the precipi­
tate have become extremely small, and the solubility is 
much smaller than at higher temperatures (Curve 1, 
Fig. 1).

In Fig. 1 the change of A E /A V  in the region of the 
equivalence point is plotted against the volume of 0.01 N  
potassium iodide solution, under various conditions of ti­
tration. To simplify comparison the curves have been 
drawn so that the maximum value of A E /A V  came at the 
same point on the abscissa in each case. The numerical 
values of the volumes are thus without significance.

The final volume of the Solutions varied between 750 
and 850 cc., and the final concentration of nitric acid was 
0.03 to 0.04 N.

Data of the Titrations
The data of a typical titration at 90° are given 

in Table I, which is self-explanatory. Table II 
contains a summary of all the various titrations. 
The values of the atomic weights given at the 
head of Table II were taken from the Interna­
tional Table of Atomic Weights for 1935.

T able I
D ata of a T ypical T itration  at 90°

1.33153 g. of silver (vacuum) dissolved in 3 cc. of concd. 
nitric acid and diluted to 500 cc. 2.04659 g. potassium io­
dide (vacuum) dissolved in 100 cc. of water and added to 
silver solution at room temperature. Mixture heated to 
90 =*= 0.5°, and titrated at this temperature with 0.01036 N  
potassium iodide from microburet.

AE0.01036 N
KI, cc. E, volts

0 +0.2218
1.0 .1964
1.4 .1657
1.5 .1548
1.6 .1413
1.7 .1238
1.8 .1115
1.9 .1015

V =  1.6 + 8 x 0 1 -

A V

109
135
175
123
100

A2E  
AV*

+ 4 0
—52

Correction to KI = 
2.82 mg. Total KI =  2.04659 +  0.00282 =  2.04941 g
Ratio KI/Ag = 2.04941/1.33153 
1.53889, Error = +0.016%.

1.53913. Theory

Discussion of Results
A comparison of curves 2 and 4 in Fig. 1 shows 

that the magnitude of the break decreases with 
increasing temperature above about 70°, due to 
an increase in the solubility of silver iodide with 
increasing temperature. However, if the titra­
tion is made at a lower temperature, the magni­
tude of the break again decreases because of the

increased adsorptive power of the precipitate. 
Curve 3 was obtained by performing the entire 
titration at room temperature, and it furnishes 
a striking illustration of the way in which the 
maximum is depressed by adsorption effects. 
Comparison of curves 1 and 3 illustrates the dras­
tic decrease in the adsorptive power of silver io­
dide on aging. Although the solubility product 
of silver iodide at 70° is several hundred times 
greater than at room temperature, the adsorptive 
power of the precipitate as a result of aging is much 
less at the higher temperature, and hence the maxi­
mum is much more pronounced than that obtained 
in a titration carried out at room temperature in 
which the precipitate is not digested.

Although curves 3 and 4 of Fig. 1 indicate that 
the magnitude of the break is about the same at 
room temperature (without digestion) as at 90°, 
the e. m. f. readings obtained at the higher tem­
perature are much more reliable, and hence the 
end-point can be accurately found from the Ioca- 
tion of the maximum in A E /AV  (Table I). In 
the titration at room temperature without diges­
tion, the end-point can be found much more ac­
curately by titrating to the equivalence potential 
than from the maximum in AE/AV.

An inspection of the data of Table II shows that 
the precision (reproducibility) of the titrations is 
very good; the average deviation from the mean 
of all the experiments a t 70 and 90° is only 
±0.005%. Titration at 90° gives the most ac­
curate results, and the accuracy decreases in a 
very regulär manner as the temperature of titra­
tion decreases. Digestion of the precipitate at 
90°, and finally finishing the titration at room 
temperature, gives results almost as accurate as 
those at 90°. Furthermore, the e. m. f. in the 
final titration at room temperature after digestion, 
becomes steady more quickly than under any of 
the other conditions of titration.

A critical survey of the analytical data reported 
in Table II reveals that in the slow titration at 
room temperature the precipitate contains 0.1% 
of iodide in excess at the equivalence potential. 
In subsequent work it could be shown that this 
excess of iodide was present in the adsorbed state. 
On the basis of their study of electrodialyzed 
silver iodide sols, Verwey and Kruyt6 predicted 
that the potentiometric iodide-silver titration 
should be in error by some tenths of a p^r cent. at

(6) E. J. W. Verwey and H. R. Kruyt, Z. p h ys ik . Chem., A167, 
149 (1933); see also Verwey, K o llo id  Z ., 72, 187 (1935).
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T a b l e  II
R e s u l t s  o f  P o t e n t i o m e t r i c  C o m p a r i s o n  o f  P o t a s s i u m  I o d iu k  a n d  S i l v e r  

Ag =  107.880,1 = 126.92, K = 39.096. Theoretical Ratio KI/Ag =  1.53889

N o.
Ag

(vacu u m ), g.
K I

(vacu u m ), g.
A dd ition a l 

K I, g.
T o ta l 
K I, g.

R atio
K I/A g Error, %

C ond ition s of 
t itr a tio n , a t

1 1.19100 1.82934 0.00370 1.83304 1.53907 +0.012 90°
2 1.33153 2.04659 .00282 2.04941 1.53913 +  .016 90°
3 1.15309 1.76976 .00498 1.77474 1.53911 +  .014 90°
4 ■ 1.14648 1.76258 .00215 1.76473 1.53925 +  .023 90°
5 1.16336 1.78937 .00106 1.79043 1.53902 +  .008® 90°
6 1.01570 1.56214 .00135 1.56349 1.53932 +  .028® 90°
7 1.19303 1.83414 .00213 1.83627 1.53916 +  .018° 90°

Av. 1.53915 +  .017
Av. deviation from mean = =*=0.005%.

8 1.32755 2.03139 0.01260 2.04399 1.53967 +0.051 70°
9 1.41576 2.16939 .01040 2.17979 1.53966 +  .050 70°

10 1.23658 1.90227 .00144 1.90371 1.53950 +  .040 70°
11 1.13746 1.74996 .00139 1.75135 1.53970 +  .053 70°

Av. 1.53963 +  .048
Av. deviation from mean = ±0.005%.

12 1.18840 1.82652 0.00276 1.82928 1.53928 +0.025 Digested 30 hrs. at 95-100°. Final
13 1.21629 1.86862 .00370 1.87232 1.53937 +  .031 titration at room temp.

Av. 1.53933 +  .028
14 1.29978 1.99741 0.0046 2.0020 1.5402 + 0 .08 Slow titration at room temp.
15 1.05426 1.61901 .0051 1.6241 1.5404 +  .10
16 1.08617 1.66334 .0100 1.6733 1.5405 +  .10b Fast titration at room temp.

a Digested for twenty hours at 95 to 100° before finishing titration at 90°. 6 Waited only five minutes between each
addition of dilute potassium iodide solution.

room temperature, since they deduced from their 
data that aged silver iodide at the equivalence 
potential (CAg+ = Cj-) will contain ‘adsorbed io­
dide. Under the experimental conditions de­
scribed in this study it has been found that in the 
direct titration at room temperature the error due 
to the asymmetrie location of the isoelectric point 
amounts to 0.10 =*= 0.02%.

When the titration is carried out at 70° the 
precipitate is subjected to a fairly drastic aging 
process, consequently the error due to adsorp­
tion decreases to 0.05%. The error decreases to
0.017% when the titration is carried out at 90°. 
Under these conditions the aging is so drastic that 
the adsorptive power of the precipitate becomes 
virtually negligible. The error found at 90° is 
greater than the experimental error, and may be 
attributed to an extremely slight adsorption of io­
dide at the equivalence potential or to a slight 
error in the atomic weight of iodine, since the 
second decimal place in the latter is still somewhat 
uncertain.7

The fact that the error increases from 0.017 to
0.028% when the precipitate is titrated at room

(7) G. P. Baxter, O. Hönigschmid, P. LeBeau and R. J. Meyer,
T h is Jo ur n a l , 57, 787 (1935).

temperature after a drastic aging at 90°, lends 
support to the former assumption. Actually it 
could be shown that such a precipitate at room 
temperature exerted a slight adsorptive power to­
ward silver and iodide ions.

Acknowledgment.—We wish to express our ap- 
preciation to the Graduate School of the Uni­
versity of Minnesota for a grant which enabled 
us to pursue this study.

Summary
1. Pure potassium iodide has been synthesized 

from hydriodic acid and potassium bicarbonate. 
The salt can be melted in a hydrogen atmosphere 
without decomposition.

2. The accuracy of the potentiometric iodide- 
silver titration has been investigated in a precise 
manner. The results show that in the slow titra­
tion of silver with iodide, the error at room tem­
perature amounts to 0.1%, at 70 to 0.048% and 
at 90° to 0.017%. When the precipitate was di­
gested at 90° near the equivalence point, and the 
titration finished at room temperature, the error 
was 0.028%. In all cases the precipitate con­
tained an excess of iodide at the equivalence po­
tential.
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3. The errors found in the titration are 
caused by adsorption of iodide ions by the pre­
cipitate, and the error (adsorption) can be reduced 
to a very small value by titrating at 90°, or by

digesting the precipitate at 90ö in the presence of 
a slight excess of silver previous to finishing the 
titration at room temperature.
M i n n e a p o l i s , M i n n . R e c e i v e d  M a r c h  30, 1936

[ C o n t r i b u t i o n  f r o m  t h e  S c h o o l  o f  C h e m i s t r y , U n i v e r s i t y  o f  M i n n e s o t a ]

The Adsorption of Silver and Iodide Ions by Freshly Precipitated Silver Iodide. The
Isoelectric Point of the Fresh Precipitate

B y  I. M. K olthoff and  J. J. L in g a n e

In a previous communication,1 we described the 
results of an investigation of the accuracy of the 
potentiometric iodide-silver titration. It was 
found that when the titration was performed at 
room temperature, to the equivalence potential, 
approximately 0.10% too much potassium iodide 
was required. In this paper we present experi­
mental evidence which proves that the excess re- 
quirement of potassium iodide at room tempera­
ture is due to an adsorption of iodide ions by the 
fresh precipitate at the potentiometric end-point.

We have also directly determined the “isoelec­
tric point” of freshly precipitated silver iodide. 
The isoelectric point, or “zero-point charge,” is 
defined as the silver-ion concentration at which 
neither silver nor iodide ions are adsorbed by the 
precipitate.

In their study of the precision of the potentio­
metric iodide-silver titration, Lange and Berger2 
determined the adsorption of silver nitrate and 
potassium iodide on freshly precipitated silver 
iodide at various temperatures. They found 
that the adsorption of the “potential determining” 
silver and iodide ions agreed with the expression, 
AX  =  K  A log C; in which X  is the amount ad­
sorbed, K  is a constant and C is the equilibrium 
concentration of the ion being adsorbed. They 
found that this relation was valid at temperatures 
between 30 and 90°. It is very doubtful, how­
ever, whether the values of X  determined at the 
higher temperatures are really significant, because 
the fresh precipitate ages quite rapidly at higher 
temperatures, causing a continuous decrease in its 
adsorptive power with resultant continuous de- 
sorption of the ion initially adsorbed. We have 
found that this desorption process is very slow at 
room temperature in the presence of an excess of

(1) I. M. Kolthoff and J. J. Lingane, T h is  J o u r n a l , 58, 1524 
(1936).

(2) E. Lange and R. Berger, Z. EXektrochem., 36,171, 980 (1930).

silver, but is greatly accelerated at the higher 
temperatures.

Lange and Berger concluded from their experi­
ments that silver ions are adsorbed more strongly 
than iodide ions at equal equilibrium concentra­
tions. Their conclusion was based on the errone- 
ous assumption that neither adsorption of silver 
nor iodide ions occurs at the potentiometric end- 
point, or “equivalence potential,” where cAg+ 
in solution is equal to cl~. Actually, as will be 
shown in the present paper, the isoelectric point 
of freshly precipitated silver iodide at room tem­
perature is found at a silver ion concentration of 
approximately 10 ~6 molar, the silver ion concen­
tration thus being nearly 10,000 times as great as 
the iodide-ion concentration.

In agreemènt with Lange and Berger, Verwey 
and Kruyt3 found in their work with well aged 
electrodialyzed silver iodide sols that the adsorp­
tion of iodide ions follows the expression AX = 
K  A log C. They could not determine the location 
of the isoelectric point directly without flocculat- 
ing the sols, but with the aid of the foregoing ex­
pression they extrapolated to the point of zero ad­
sorption (isoelectric point), and found that this 
point corresponded to a silver-ion concentration of 
10”6 molar. This value agrees very well with the 
value we determined directly with a fresh precipi­
tate.

Gorochovsky4 found that the isoelectric point 
of silver iodide sols depended greatly on the silver 
iodide concentration of the sols. The results of 
his experimental work, however, are inconclusive 
since he did not correct for adsorbed silver or io­
dide ions on the surface of the silver iodide.

Lange and Berger mention the possibility of an
(3) E. J. W. Verwey and H. R. Kruyt, Z. physik. Chem., A 167,149 

(1933).
(4) G. N. Gorochovsky, J. Phys. Chem., 39, 465 (1935); see also 

G. N. Gorochovsky and J. R . Protass, Z. physik. Chem., A174, 122 
(1935).
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adsorption of silver ions from neutral solution on 
the glass walls of containing vessels, but they 
made no attempt to determine its extent. In
order to exclude such possible adsorption we 
worked in dilute nitric acid medium.

Experimental
The materials and apparatus used in this work have al- 

ready been described.1 In all experiments the iodide solu­
tion was added at room temperature to a slight excess of 
silver solution, slightly acidified with nitric acid, and the 
same titration technique was followed as in the paper al* 
ready referred to.1

In order to obtain quantitative information regarding 
the absorption of silver and iodide ions, it was necessary 
to know the relation between the measured e. m. f. of the 
titration cell and the silver-ion concentration of the Solu­
tions. As a result of many measurements of the e. m. f. 
obtained with Solutions of known and widely varied silver- 
ion concentration, in which the total ionic strength and the 
concentration of nitric acid were the same as in the titra­
tions, we found the following empirical relation: E29s — 
0.560 +  0.0591 log (Ag+). This equation holds at 25° 
for measurements in Solutions 0.035 N  in nitric acid, and 
0.01 N  in potassium nitrate, the potential of the silver io­
dide electrode being measured against the saturated calo­
mel electrode with saturated potassium nitrate in the salt 
bridge.

The interpretation of the experimental data also re­
quired a knowledge of the solubility of silver iodide under 
the conditions of the titrations. We determined the solu­
bility product by performing titrations with extremely 
dilute silver and iodide Solutions, and calculated the desired 
quantity from the data so obtained.5 6-® The average value 
of the solubility product of silver iodide determined in this 
way was 2.18 X 10 ”18 at 25° in 0.035 N  nitric acid ( \ /S asi 
= 1.48 X 10“8). Hence at the equivalence potential p i =  
pAg = 7.83, and E =  +0.098 v.

Adsorption of Iodide at the Equivalence Potential.—The 
amount of iodide adsorbed at the equivalence potential 
was first determined by meäsuring the amount of iodide 
desorbed when a fresh precipitate at the equivalence po­
tential was aged by digestion at 90°.

It was found that such a fresh precipitate aged only very 
slowly at room temperature. For example, in a typical 
experiment the titration was stopped when the e. m. f. 
reached 0.113 v. and had remained steady at this value 
for an hour. The mixture was allowed to age overnight 
at room temperature with constant stirring, during which 
time the e. tn. f. only decreased to 0.098 v .; in other words, 
the pAg only increased from 7.56 to 7.83. Therefore, only 
a very slight desorption of iodide takes place during the 
time required to reach steady e. m. f. at room temperature 
(ca. two hours), previous to digestion at 90°.

The amount of excess iodide retained by a fresh precipi­
tate at room temperature at the equivalence potential was 
then determined in the following way. A titration was 
carried out according to the careful technique described in

(5) I. M. Kolthoff, Ree. trav. chim., 47, 397 (1928).
(6) I. M. Kolthoff and J. J. Lingane, T h is  Jo u rn al , 57, 2126

(1935).

a previous paper,1 using exactly known amounts of silver 
and potassium iodide. The titration was stopped when 
the e. m. f. reached +0.091 v. (practically the equivalence 
potential), and had remained steady at this value for an 
hour. A slight excess of pure solid potassium bicarbonate 
was added to neutralize free nitric acid, and thus eliminate 
the possibility of oxidation of desorbed iodide by the acid 
during the digestion. The mixture was then heated to 
90-95°, and digested for twenty hours at this temperature 
under reflux. After cooling to room temperature, the 
mixture was again acidified to a concentration of 0.035 N  
in nitric acid, the e. m. f. Was measured and found to be 
—0.075 v., corresponding to a change in pAg from 7.94 
to 10.74, showing that much iodide was desorbed during 
the digestion. This desorbed iodide was titrated po- 
tentiometrically with 0.01 N  silver nitrate, and found to 
correspond to 1.39 mg. of potassium iodide. 1.6241 g. of 
potassium iodide was used in the preparation of the silver 
iodide, hence the error düe to adsorption of iodide amounts 
to 0.086%, whereas in the precise titrations1 an error of 
0.1 =±= 0.02% was found. Within the experimental error, 
therefore, this deviation can be attributed to iodide ad­
sorbed on the precipitate at the equivalence potential.

Although the precipitate was obtained by adding the 
iodide solution to the silver solution, the objection might be 
raised that the excess iodide in the precipitate at the 
equivalence potential is occluded within, and not ad­
sorbed on, the precipitate. In the following manner it 
was shown that the excess iodide was actually absorbed. 
If iodide ions are primarily adsorbed by silver iodide, then 
either hydrogen or potassium ions (or both) must be ad­
sorbed as counter ions, since these are the only cations 
present in the solution. The univalent counter ions may 
be replaced by a cation of higher valence. Thus, if a 
dilute solution of aluminum is added to the system, the 
following replacement reaction will take place
A g ll' K + +  1/3A1+++ - 

Counter Solution 
ion

AglI- 1/3A1+++ +  K + 
Counter Solution 

ion
The aluminum exchange experiments were carried out in 

the following way. Two fresh silver iodide precipitates 
were prepared by precipitating 0.01 mole of silver with 
slightly less than the equivalent amount of potassium io­
dide at room temperature, in a final volume of about 140 
cc. The first precipitate was adjusted to a pAg of 6.0 
(isoelectric point) by adding 0.01 N  potassium iodide solu­
tion, and after the e. m. f. had become steady at this point, 
the precipitate was washed eight to ten times by decanta- 
tion with 1.0 X 10 ~® N  neutral silver nitrate solution. 
The precipitate was then suspended in 50 cc. of a solution 
that was 6.0 X 10~5 molar in aluminum nitrate and 1.0 X 
10”® N  in silver nitrate (isoelectric solution), and the 
suspension was stirred mechanically at room temperature0 
for thirty minutes. The amount of aluminum in the solu­
tion was just sufficiënt to displace the adsorbed potassium 
or hydrogen ions equivalent to 0.1% adsorbed iodide, if 
iodide was adsorbed on the precipitate. The supernatant 
solution was poured off and tests for aluminum ion were 
made on 10-cc. portions, using 1,2,5,8-hydroxyanthra- 
quinone as reagent, according to the procedure given by 
Kolthoff.7 A pure water blank, and the original aluminum

(7) I. M. Kolthoff, C h em . W e e k b la d , 24, 544 (1927).
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solution, were used for comparison. The supernatant 
solution gave virtually as strong a reaction for aluminum as 
the original solution, showing that no aluminum ions were 
adsorbed or exchanged by the fresh silver iodide at the iso­
electric point. In other words, there was no iodide ad­
sorbed on the isoelectric precipitate.

The second fresh precipitate was adjusted to a pAg of 
7.8 (equivalence point) by the addition of dilute potassium 
iodide solution, and after the e. m. f. had become steady, 
the precipitate was washed by decantation with eight to 
ten portions of pure water. The washed precipitate was 
stirred with 50 cc. of 6.0 X 10“5 molar (18 X 10“5 N) alu­
minum nitrate solution for thirty minutes as in the case 
of the first precipitate, and the supernatant solution was 
tested for aluminum ion as before. The tests showed that 
practically all the aluminum (more than 80%) had dis- 
appeared from the solution on shaking with the equiva- 
lence-point precipitate. The amount of exchange found 
at this point corresponds to the presence of 0.08-0.09% 
adsorbed iodide.

The desorption and the exchange adsorption experi­
ments fumish conclusive confirmation of the fact that 
freshly precipitated silver iodide (at room temperature) 
contains between 0.08 and 0.10% excess iodide in the ad­
sorbed state at the equivalence potential. Incidentally it 
may be mentioned that from the change of the hydrogen- 
ion concentration of the supernatant liquid in the ex­
change experiments, it was found that potassium and not 
hydrogen ions were the counter ions originally adsorbed 
with the iodide.

Isoelectric Point of Freshly Precipitated Silver Iodide.—
The silver ion concentration corresponding to the iso­
electric point of silver iodide was determined in the follow­
ing way. A slight deficiency of a solution of potassium 
iodide was added at room temperature to a solution of sil­
ver nitrate slightly acidified with nitric acid. Dilute 
potassium iodide solution was added until the pAg indi­
cated in Table I was reached, after which the mixture was 
stirred at room temperature for two to three hours until 
the e. m. f. became practically constant. The mixture 
was digested overnight at 90 to 95 ° in a closed glass- 
stoppered flask, and then cooled to room temperature and 
the e. m. f . measured. The direction in which the e. m. f. 
(pAg) changed on digestion indicated whether silver or 
iodide ions had been desorbed, and the magnitude of the 
change was a measure of the amount desorbed. By repeat- 
ing the experiments at various silver-ion concentrations, it 
was possible to locate the point at which there was no 
change in the e. m. f. on digestion (no desorption) and this 
point was the isoelectric point of the precipitate.

In the experiments in which iodide was desorbed, the 
free nitric acid in the solution (0.035 N) was neutralized 
with a slight excess of pure potassium bicarbonate before 
digestion, in order to prevent oxidation of the iodide. The 
solution was again acidified, after it had been cooled to 
room temperature for the final e. m. f . measurement.

The amount of silver iodide was the same in all experi­
ments (0.01 of a mole), and the final volume of solution was 
135 to 145 cc.

The data of the desorption experiments are 
given in Table L The last column pf the table

gives the amount of silver or iodide desorbed, ex­
pressed in micro-equivalents (10~6 equivalents) 
per 0.01 mole of silver iodide.

T a b l e  I

R e su l t s  of  D e so r pt io n  E x p e r im e n t s . I soelectric  
P o in t  o f  S il v e r  I odide

0.01 mole of Agl in all experiments, in volume of 135 cc. 
to 145 cc.; 0.035 N  in nitric acid.

X

E,
Before

digestion

volts
After

digestion

pAg
Before After 

digestion digestion

Micro-equiv. 
desorbed per 

0.01 mole 
of Agl

1 0.3285 0 3441 3.92 3.66 12.6 Ag +
2 .2977 .3192 4.45 4.08 6.7 Ag +
3 .2673 .3002 4.96 4.41 4.1 Ag+
4 .2431 .2707 5.37 4.91 1.1 Ag +
5 .2061 .2265 6.00 5.65 0.18 Ag +
6 .1999 .171 6.12 6.60 .07 I -
7 .1974 .172 6.15 6.58 .09 I -
8 .1828 .077 6.40 8.19 ( .0 5 )1 -

The data of the experiments in which iodide was 
desorbed are less reliable quantitatively, than in 
the experiments in which silver was desorbed, 
because of difficulty in obtaining steady e. m. f. 
readings in the acid iodide Solutions. For this 
reason we have not extended the experiments very 
far to the iodide side.

An inspection of the data shows that the iso­
electric point lies at a pAg of about 6.05. This 
result is in excellent agreement with the value 
found by Verwey and Kruyt, who worked with 
well aged electrodialyzed silver iodide sols.

Adsorption of Silver and Iodide Ions by 
Freshly Precipitated Silver Iodide.—Precision 
titrations of silver with iodide were carried out at 
room temperature as described in a previous 
paper,1 and the amounts of silver and iodide ions 
adsorbed by the fresh precipitate were calculated 
by comparing the titration curve obtained in this 
way with the theoretical curve. The theoretical 
curve is based on the assumption that the precipi­
tate has no adsorptive properties.

The data obtained in a typical titration are 
given in Table II, and plotted in Fig. 1. The 
differences between points on the abscissas of the 
theoretical and experimentally observed titration 
curves at equal values of the e. m. f. are a direct 
measure of the amount of silver or iodide ions ad­
sorbed by the precipitate.

The following examples will illustrate the 
method used to calculate the theoretical curve, 
and the amounts of silver and iodide ions ad­
sorbed at various points on the experimental 
c u m ,
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The initial amounts of potassium iodide and 
silver taken for the experiment were 1.61901 and 
1.05426 g., respectively. Since the theoretical 
KI:Ag ratio is 1.53889, the theoretical amount of 
silver required to precipitate 1.61901 g. of potas­
sium iodide is 1.05206 g. Therefore, the total 
amount of excess silver distributed between the 
liquid and solid phases, at the zero point on the 
curve before any dilute potassium iodide solution 
was added, was 1.05426 — 1.05206 =  0.00220 g. 
in 750 cc. If we assume that this excess silver 
is entirely in the liquid phase (no adsorption), 
the silver-ion concentration of the solution should 
be 2.72 X 10~W. Hence ^Agcaicd. is 4.57, and 
Scaicd. is +0.290 volt (see Fig. 1). However, 
the observed e. m. f. at this point was 0.283 
volt, corresponding to a silver-ion concentration of
2.04 X 10-5 N  (i>Agobs(L = 4.69). The difference 
between the calculated and observed silver-ion 
concentrations is, therefore, 6.8 X IQ-6 equiv. per 
liter, corresponding to 5.1 X 10~6 equiv. per 750 
cc. (5.1 microequivalents) which is the amount of 
silver adsorbed (XAg).

The theoretical end-point of the titration, corre­
sponding to the original excess of 0.00220 g. of 
silver, is 1.96 cc. of 0.0104 N  potassium iodide. 
After the addition of 1.9 cc., the observed silver- 
ion concentration was greater than that calcu­
lated, the difference corresponding to an adsorp­
tion of 0.3 of a microequivalent of iodide. Upon 
addition of more than 1.96 cc. of dilute iodide 
solution, the calculated iodide-ion concentration 
is found from the difference between 1.96 cc. and 
the amount added. The difference between the 
calculated and observed iodide-ion concentrations 
(multiplied by 0.75) corresponds to the amount of 
iodide adsorbed, after allowance for the amount 
of silver in the solution (pAgobsd) . For example, 
after addition of 2.3 cc., the excess iodide in the 
system (actually in the precipitate) corresponded 
to 3.52 microequivalents per 750 cc. and the solu­
tion contained 0.25 microequivalents of silver. 
Therefore, X j = 3.52 +  0.25 = 3.77 microequiva­
lents.

By reference to Fig. 1, it will be observed that 
the experimental and theoretical curves intersect 
at E — +0.215 v., corresponding to a pAg of 5.85, 
and hence there is no adsorption of silver or iodide 
ions at this point (isoelectric point). This value 
for the isoelectric point is in very good agreement 
with the value 6.05 determined in the desorption 
experiments, It must be clearly understood that

T a b l e  II
D a ta  in  R e g io n  o p  E q u iv a l e n c e  P o in t  i n  T it r a t io n  a t  
R oom  T e m p e r a t u r e . A d so r ptio n  of  S il v e r  a n d  I o d id e

1.61901 g. of potassium iodide in 100 cc. of water added 
at room temperature to 500 cc. of solution containing 
1.05426 g. of silver. Titration finished slowly at room tem­
perature with 0.0104 N  potassium iodide solution. Final 
volume 750 cc.; 0.035 N  in nitric acid.

*Ag
Micro-

X i
Micro-

0.0104 N  
KI, cc. Volts

Mg»
obsd.

Mg*
calcd.

equiv. 
per 0.01 
mole AgI

equiv. 
per 0.01 
mole AgI

0 0.283 4.69 4.57 5.1
0.5 .274 4.84 4.69 4.3
1.0 .260 5.08 4.83 3 .8
1.5 .238 5.45 5.19 2.1
1.7 .225 5,66 5.44 1.1
1.9 .211 5.92 6.08 0.3
2.1 .195 6.18 9.95 2 .0
2.3 .177 6.48 10.33 3 .8
2 .5 .156 6.84 10.54 5 .7
2.6 .145 7.03 10.61 6 .7
2 .7 .133 7.23 10.67 7 .7
2 .8 .121 7.43 10.73 8 .7
2.9 .107 7.67 10.78 9 .8
3 .0 .090 7.96 10.83 10.8
3.1 .071 8.28 10.86 11.8
3.2 .049 8.64 10.90 12.8
3.3 +  .029 8.98 10.93 13.8
3.5 - .0 0 7 9.61 10.99 15.4
3 .7 .032 10.02 11.04 16.4
4 .0 .055 10.42 11.11 16.9

0.0104 N  KI, cc.
Fig. 1.—Titration curve at room temperature com­

pared with theoretical (dotted) curve, data from 
Table II.

the isoelectric point determined in this experiment 
and the method used to calculate the adsorption
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of silver and iodide ions by the precipitate, are en­
tirely independent of any deductions or assump- 
tions from the previous experiments. The calcu­
lations were based solely on the initial amounts of 
silver and potassium iodide taken and on the theo­
retical KI : Ag ratio.

Discussion
It is evident from Fig. 2, that the adsorption of 

silver ions by freshly precipitated silver iodide 
follows the expression AX = K A  log C. The 
same relation is found for the adsorption of iodide 
between pAg =  5.85 and pAg = 7.2, but at higher 
iodide-ion concentrations the values found for Xi 
are less than correspond to the foregoing equation.

Fig. 2.—Adsorption of silver and iodide ions by freshly 
precipitated silver iodide, data from Table II.

It should be mentioned that this deviation is prob­
ably connected in some way with the fact that the 
e. m. f. measurements in the acid iodide Solutions 
are somewhat unreliable. In addition, the pre­
cipitate ages more rapidly in the presence of ex­
cess iodide than when an excess of silver is present, 
and it is therefore to be expected that adsorption 
of iodide will become correspondingly less. I t is 
possible, therefore, that the foregoing relation ac- 
tually does hold over a wider range of iodide-ion 
concentrations, but it is very difficult to verify 
this possibility with a fresh precipitate. Working 
with an aged silver iodide sol, Verwey and Kruyt3 
found that the adsorption of iodide obeyed the 
foregoing relation over a much greater concentra­
tion range, than we have found with a fresh pre­
cipitate.

The K  value found for iodide is greater than 
that of silver, indicating a greater adsorption 
of iodide than of silver ions. This result is con-

trary to that of Lange and Berger,2 who failed 
to realize that over the region on their “silver 
adsorption' ’ line between pAg 6.0 and 7.8, there 
is actually an adsorption of iodide and not of 
silver ions.

If the foregoing deductions from the experimen­
tal data are correct, the precipitate should have 
the stoichiometric composition at the isoelectric 
point (pAg =  6.0). As a matter of fact, we have 
found in the precise titrations that the theoretical 
K I: Ag ratio is found at the isoelectric point, when 
the proper correction is made for the excess silver 
in the solution. For example, in the titration 
whose data are given in Table II, if the end-point 
is assumed to be at the equivalence potential 
(+0.098 v.) the corresponding volume of 0.0104 
N  potassium iodide solution is 2.95 cc., the correc­
tion to the initial amount of potassium iodide 
taken is +5.1 mg., and hence the total amount of 
potassium iodide required to react with 1.05426 g. 
of silver is 1.6190 +  0.0051 = 1.6241 g. There­
fore, the ratio K I: Ag calculated from these data is 
1.5404, compared to the theoretical value 1.53889, 
and hence 0.10% too much potassium iodide was 
required. However, if the end-point of the titra­
tion is taken at the isoelectric point (E = 0.202 v., 
pAg — 6.05), the corresponding volume of
0.0104 N  potassium iodide solution is 2.01 cc., the 
correction to the initial amount of potassium io­
dide taken is 3.46 mg., and hence the total amount 
of potassium iodide is 1.61901 +  0.00346 = 
1.62247 g. The amount of silver corresponding 
to pAg = 6.05 in a volume of 750 cc. is 0.08 mg,, 
and when this amount is subtracted from the in­
itial weight of silver taken (1.05426 g.) the net 
amount of silver required is 1.05418 g. There­
fore, the ratio KI:Ag is 1.62247 +  1.05418 = 
1.53908, which is only 0.006% larger than the 
theoretical ratio 1.53889. This result furnishes 
further striking confirmation of the deductions 
put forward in this paper.

Finally, this study shows that it is virtually im­
possible to obtain a true equivalent body of silver 
iodide by titration to the equivalence potential. 
Even if such a precipitate is washed repeatedly, 
it will be impossible to free it entirely of adsorbed 
iodide. A true equivalent body can be prepared 
by titration to the isolectric point (pAg = 6.0), 
but such a precipitate will remain a true equiva­
lent body only as long as it is kept in the isöelec- 
tric solution (pAg = 6.0), because on washing with 
water it will again adsorb an excess of iodide.
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Summary
1. The isoelectric point of freshly precipitated 

silver iodide has been found at a pAg of 6.0.
2. It has been shown that freshly precipitated 

silver iodide at the equivalence potential (pAg = 
pl — 7.83) retains an excess of iodide adsorbed, 
corresponding to 0.09% of the total amount of 
iodide in the precipitate.

3. The adsorption of silver and iodide ions by 
the fresh precipitate follows the expression AX = 
K A  log C in the pAg range between 4 and 7.2, 
iodide ions being more strongly adsorbed than 
silver ions.

4. The theoretical ratio K I: Ag is found in the 
potentiometric titration of silver with iodide at 
room temperature, if the end-point of the titra­
tion is taken at the isoelectric point (pAg — 6.0), 
instead of at the equivalence potential, and if a 
correction is applied for the excess silver ions in 
the solution.
M inn ea po lis , M in n . R eceived  M arch 30# 1936

[Contribution from the D epartment of Chemistry, Washington  Square College, N ew  Y ork U n iv er sity ]

The Catalytic Decomposition of Diazoacetate Ion in Aqueous Solution1

B y  Cecil V. K ing  and  Edgar  D are  B o linger

Solutions containing salts of diazoacetic acid 
were first prepared by Curtius,2 by alkaline hy­
drolysis of diazoacetic ethyl ester. The salts are, 
he found, stable in alkaline solution, but decom- 
pose with rapid evolution of nitrogen on neutrali­
zation with even carbonic acid, indicating that the 
acid is unstable

N\|| >CHCOOH -f- H20 ----N2 +  CH2OHCOOH
N '

Traube3 made the sodium salt both by alkaline 
hydrolysis of the ester and by reduction of isoni- 
troaminoacetic acid with sodium amalgam, and 
isolated the pure crystals from the solution. 
The preparation was further studied by Hantzsch 
and Lehmann4 and by Müller,5 who showed that 
the salts polymerize slowly in alkaline solution to 
the pseudo- or bi-diazoacetates

Nv
2 || >CHCOOK--- ^ KOOCHC< >CHCOOK
. n /  \ n = N ^

(or isomers)

Pure solid potassium diazoacetate is stable if kept 
dry, cool and in the dark. It explodes on heating 
or on shock.

In this research it was found possible to study 
the rate of nitrogen evolution when the potassium

(1) Condensed from Master’s and Doctor’s theses presented by 
Edgar Dare Bolinger in partial fulfilment of the requirements for 
these degrees at New York University, in 1934 and 1936.

(2) Curtius, Ber., 18, 1283 (1885).
(3) Traube, ibid., 29, 667 (1896).
(4) Hantzsch and Lehmann, ibid., 34, 2521 (1901).
(5) Müller, ibid., 41, 3136 (1908).

salt is dissolved in dilute alkali or in buffers of 
very weak acids and their salts. The reaction is 
exceedingly sensitive to general acid catalysis, and 
is of particular interest because the reaction of a 
negative ion with the acid catalyst is involved. 
So far as the authors are aware, no other case of 
this type has been studied. If it is assumed that 
the rate-controlling step in such a catalysis in­
volves the transfer of a proton from the acid to the 
reacting molecule, a negative ion should be much 
more sensitive to such catalysis than a neutral 
molecule. In accordance with this supposition it 
is found that the hydrogen-ion catalysis of this 
reaction is greater than the corresponding diazo­
acetic ester catalysis by some ten million-fold.

The reaction is of interest, too, because it shows 
abnormalities of a type first observed in the basic 
catalysis of nitramide decomposition in m-cresol 
solution.6 In that case catafysis by anion bases 
was found to vary inversely with the concentra­
tion of the corresponding acid so that it was neces­
sary to extrapolate the molar basic constants to 
1/Cacid = 0 to obtain comparable values. The 
catalysis by the anion of the solvent was variable 
and much lower than the value predicted from 
the catalysis by other bases. The latter abnor- 
mality was also found in the nitramide catalysis 
in water solution, i. e.f catalysis by the hydroxyl 
ion is lower than that predicted from the other

(6) Brönsted, Nicholson and Delbanco, Z. physik. Chem., A169, 
379 (1934).



1534 Cecil V. K ing and Edgar Dare B olinger Vol. 58

bases.7,8 In the diazoacetate decomposition it 
has been found possible to study these abnormali- 
ties in greater detail. The catalysis by an acid 
decreases with increasing acid concentration, with 
increasing base concentration, and on addition of 
other acids. While it is possible to systematize 
these irregularities, no explanation has been 
found; one similar to that offered by Brönsted, 
Nicholson and Delbanco6 is obviously inadequate.

In buffers of pH. 10 or higher, the diazoacetate 
decomposition is strictly unimolecular. In neu­
tral or slightly add Solutions, however, side reac­
tions take place which increase the pH. The 
most important of these is replacement of nitro­
gen by the glycolic acid formed instead of water. 
This is analogous to the acid catalysis of nitrogen 
replacement by acids in the diazoacetic ester de­
composition, which takes place to some extent in 
aqueous, but especially in non-aqueous Solutions.7 8 9

Materials, Apparatus and Procedure
Potassium Diazoacetate.—Diazoacetic ethyl ester was 

hydrolyzed as described by Müller6 by shaking with an 
equal weight of potassium hydroxide in 2 M  solution. 
When the ester phase had just disappeared (about four 
hours) the solution was evaporated, as rapidly as possible, 
almost to dryness (at 25 ° in vacuo with an oil pump and 
"dry-ice” trap). The desired salt is somewhat soluble in 
alcohol, practically insoluble in ether; the polymer (which 
is formed to some extent) is practically insoluble in alco­
hol. Consequently the residue was extracted with alco­
hol and the diazoacetate precipitated by adding about 5 
volumes of ether; potassium hydroxide remains in solu­
tion. This differs from Müller’s method in that he re­
covered the salt by evaporating the solution almost to 
dryness, sucking off the mother liquor and washing the 
crystals with alcohol. This procedure, we found, almost 
invariably leads to a product containing 10-20% of the 
polymer, which seems to be formed rather rapidly in the 
presence of alcohol. In one preparation 22  g. of crude 
salt was obtained from 57 g. of diazoacetic ester, and 12 g. 
of pure salt was obtained on recrystallization (solution in 
alcohol, precipitation by adding ether). The best salt' 
gave off 96-99% of the theoretical nitrogen on addition 
of acid; other samples containing 10-20% polymer were 
used in some of the experiments with no appreciable effect 
on the rate.

All water used was redistilled from acid permanganate 
in a quartz still. All alkaline Solutions were made up free 
from carbonate, protected from the air with soda lime 
tubes, and withdrawn through side-arm burets. Phenol 
Solutions were standardized by the bromate-bromide 
method10 and the buffers made by mixing portions with the 
necessary amount of sodium hydroxide. Redistilled

(7) Brönsted and Pedersen, Z .  physik. Chem., 108, 185 (1924).
(8) Marlies and La Mer, T h is  Journal, 67, 1812 (1935).
(9) Brönsted and Bell, ibid., 53, 2478 (1931).
(10) Treadwell and Hall, “Analytical Chemistry,“ 7th ed., Vol.

II, John Wiley and Sons, Inc., N. Y., 1930, p. 591.

piperidine of the correct boiling point was dissolved and 
the solution standardized against hydrochloric acid 
(methyl red). All other Solutions were made from c. p . 
or "Reagent” quality Chemicals and standardized when 
necessary.

Apparatus.—Nitrogen evolution was followed with an 
apparatus similar to that used previously by Brönsted 
and Duus.11 The reaction flasks were of 200-cc. capacity, 
and 100 ec. of solution was used in each run. The potas­
sium diazoacetate was usually made 0.005 M  (0.062-g. 
sample), although this was varied from 0.0025 to 0.01 M 
with not over 3% Variation in rate constants. In very 
slow experiments the diazoacetate sample was dissolved, 
and a glass capsule containing solid oxalic acid was sus­
pended in the flask neck; after sufficiënt pressure read­
ings were obtained this was dropped in to hasten attain­
ment of the final pressure. Since in this type of measure­
ment the final reading is of greater importance than any 
other single reading, care was taken to check the final 
pressure over a period of several hours.

The reaction flasks were immersed in a thermostat main­
tained at 25 =*= 0.01°. Since the manometers were not 
thermostated, care was taken to keep the room temperature 
constant to =*=0.5° while readings were being made.

In a number of experiments it was necessary, as noted 
later, to measure the pH of the Solutions after the decom­
position. This was done with hydrogen electrodes of the 
Hildebrand type, the potential against a calomel half-cell 
being measured with a Leeds and Northrup type K Poten­
tiometer. Duplicate electrodes checked to 0.1 millivolt 
or less.

Velocity constants were obtained by plotting log (a — x), 
or log (final pressure minus pressure at time t) against the 
time in minutes; the slope of the straight line obtained is 
—1/2.303. This method avoids qrrors due to lack of pres­
sure equilibrium at the beginning of the run and was espe­
cially useful when the acidity decreased at the start and 
the reaction became unimolecular only after the first few 
minutes of the run.

Preliminary Experiments
Several experiments were made to determine whether the 

diazo salt contained any potassium hydroxide (especially 
the less pure samples), or was appreciably hydrolyzed. A 
solution containing 0.01 M  phenol, 0.01 M  phenate and 
a few drops of thymolphthalein solution was divided into 
two portions. To one, enough potassium diazoacetate to 
make the solution 0.005 M  was added. No difference in 
color could be detected either immediately or after de­
composition of some or all of the salt. Similar results were 
obtained when the pH of phosphate buffers was found to 
change little on addition and decomposition of the salt. 
When a sample of the salt was dissolved in water the pH 
rose to about ten; the pH, as measured with a glass elec­
trode, did not change during the remainder of the decom­
position. This could not indicate simple hydrolysis of the 
salt since in that case the pH  should go back during the 
decomposition to that of potassium glycolate. It was 
caused by the initial formation of glycoylglycolate, to be 
described below. It can be concluded that the diazoacetic 
acid is at least as strong as glycolic acid, as would be ex-

(11) Brönsted and Duus, Z. physik. Chem., 117, 299 (1925).
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pected from its molecular structure. The experiments 
with buffers also showed that potassium hydroxide was 
negligible as an impurity in the samples of diazoacetate 
prepared.

Experimental Results
1. Hydrogen (Oxonium) Ion and Water 

Catalysis.—The rate in dilute sodium hydroxide 
was found to give a constant molar value for the 
hydrogen-ion catalysis between concentrations of
0.4 X 10-12 and 2.0 X 10 ~12 M. The Solutions 
were made up as indicated in Table I, the ionic

* T a b l e  I

Ca t a l y sis  b y  H y d r o g e n  I o n : 25°, 0.105 ^
Expt. CNaOH» M Chso+ X 1012 k X 104

31 0 .0 0 8 2 .1 4 7 .7 6
27 .010 1 .71 6 .6 7
30 .0133 1 .2 9 5126
28 .020 0 .8 5 3 .4 5
29 .040 .43 2 .0 8

32 .01 p> =  • . 055 6 .4 6
33 .01 M =  .015 6 ,2 2

strength being kept constant at 0.105 by additions 
of sodium chloride. The half-time of the reac­
tion varied from seven to fifty hours. The hy­
drogen-ion concentrations were 
calculated from the sodium hy­
droxide concentrations, using 
1.71 X ÏO-14 for the ion product 
constant of water in sodium 
chloride at 0.1 /x.12

The results are plotted in Fig.
1(A). The slope of the straight 
line, 3.57 X 108, is the molar 
catalytic constant for the hydro­
gen ion. The intercept, 5.5 X 
10 ~5, is the water constant, and 
when divided by the water con­
centration gives the molar water 
constant, 9.92 X 10“7.

As shown by expts. 27, 32 and 
33, catalysis in these Solutions 
has a small, probably linear, 
positive salt effect amounting 
to 7% between ^ = 0.015 and
0.105.

To obtain rates at higher hydrogen-ion con­
centrations, pure sodium chloride Solutions were 
used, with or without the addition of very small 
amounts of hydrochloric acid. In these Solutions 
a portion of the nitrogen was evolved very rapidly; 
the reaction then became slower and followed the

(12) Harned, T h is  Jo u r n a l , 47, 930 (1925).

unimolecular law for the remainder of the nitro­
gen evolution. The pR  rosé rapidly in this first 
period to the neighborhood of 10. A rate curve 
is shown in Fig. 2, compared with a normal rate 
curve in a phosphate buffer whose pH remains 
constant.

This abnormality was thought at first to be due 
to the formation of chloroacetic acid instead of 
glycolic acid, since a similar side reaction occurs 
with diazoacetic ester.13 However, titration of 
the resulting solution with silver nitrate (di- 
chlorofluoresoein as indicator) showed no loss of 
chloride ion. The side reaction was finally shown 
to be formation of glycoylglycolate ion according 
to the reaction

N \CHsOHCOOH +  || >CHCOO- ----
JSF

CH2OHCOOCH2COO” +  n 2

Glycoylglycolic acid has been prepared and 
studied by Wolff and Lüttringhaus.14 It is suffi­
ciently stable, in cold solution, to titrate quanti- 
tatively with strong bases: ^eating on a water- 
bath with excess base hydrolyzes it completely to 
glycolate.

The suspected formation of this ester was con­
firmed by experiments of the following type:
0.0005 mole of potassium diazoacetate was dis­
solved in 50 cc. of 0.2 M  sodium chloride contain­
ing 0.000463 mole of hydrochloric acid. After

(13) Bredig and R ip ley , Ber., 40, 4015 (1907).
(14) Wolff and Lüttringhaus, Ann., 312, 146 (1900).

Cmo+ X 1°10 (B)-
Fig. 1.—Catalysis by hydrogen ion.
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one hour titration with sodium hydroxide showed 
that 0.000142 mole of acid had disappeared. A 
slight excess of alkali was added and the solution 
was heated to 90° for forty-eight hours. Titra­
tion with acid showed that 0.000142 mole of base 
(within experimental error) had disappeared.

0.7

0.6

> 0.5

9

0.4

0.3

(0

11 ^ -
40

20

80

40

Fig. 2.-

120 160
(Expt. 150.)
60 80
(Expt. 141.)

Time, min.
-Typical time-rate curves: Expt. 150, phosphate 

141, NaCl +  a little HCl.

Heating for shorter periods (with these relatively 
low concentrations of reagents) showed partial 
return of the hydrogen ion which had disappeared 
initially.

In other Solutions it was found by titration that 
the acid disappearing corresponded roughly with 
the amount of nitrogen evolved in the initial rapid 
reaction. Consequently it seemed safe to assume 
that the unimolecular rate after this initial rapid 
reaction was a measure of the catalysis by the 
hydrogen ion in the final solution, as measured a 
few hours later with the hydrogen electrode.

These rate constants are given in Table II with

T a b l e  II
C a t a l y sis  b y  H y d r o g e n  I on  a t  H ig h er  

C o n c e n t r a t io n s

the corresponding hydrogen-ion concentrations, 
and are plotted in Fig. 1(B), the lowest point be­
ing the highest one of Fig. 1(A), expt. 29 (Table
I), Most of these experiments were carried out 
at an ionic strength of 0.205; the results are com- 
parable because of the low salt effect. The molar 

catalysis is constant only at very low 
values of the hydrogen ion concentra­
tion; however, it is still of the order 
of 107 at the highest concentration used.

2. Phenol Catalysis.—The experi­
ments in phenol-sodium phenate 
buffers are summarized in Table III; 
the phenol concentration is designated 
by Chp and the sodium phenate by 
Cp-, The ionic strength was made
0.105 in every case by suitable addi- 
tions of sodium chloride. The values 
of k are plotted in Fig. 3; the solid 
lines represent the effect of keeping the 
buffer ratio and consequently the pR  
constant. The phenol has a decided 
catalytic effect; but since the curves 
are not straight lines, are not parallel, 
and do not extrapolate satisfactorily 
to values to be ascribed to the hydro­
gen ion, it is evident that the catalysis 
is not öf a simple type. The molar 
phenol catalysis decreases with increas­

ing phenate concentration. Since the hydrogen 
ion catalytic constant in a one-to-one phenol- 
phenate buffer should be only about 0.005, this 
effect cannot be explained entirely by repression 
of the hydrogen-ion catalysis by the phenate.

200

100

buffer; Expt.

Expt.
CNaCL

M
ChcI added 

X 10^
CH30+ at end 

X 1012 k x io*
138 0.20 1.0 20.0 26.4
140 .20 2.0 25.1 32.6
141 .20 5.0 37.4 38.4
139 .20 5.0 37.4 39.6
137 .10 0 77.6 48.9
142 .20 10.0 302 67.0

C h p .

Fig. 3.—Catalysis by phenol: solid lines—constant 
phenol-phenate ratio; broken lines—constant phenate 
concentration.
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The broken lines of Fig. 3 show that the molar 
catalysis by phenol at constant phenate concen­
tration is approximately constant. Consequently, 
following the procedure of Brönsted, Nicholson 
and Delbanco,6 the slopes of these lines were 
taken as molar constants, and plotted against 
1/Cp-. The first three values (Fig. 5) lie on a 
straight line

k m = 0.45 +  0.0344/ t P-

The value 0.45 can be taken as the molar phenol 
constant at high base concentration,

T a b l e  l i l

C a t a l y sis  b y  P h e n o l : 25°, 0.105ß
Expt. Ch p , M- Cp- , M k

3 0.01 0.01 0.0325
4 .02 .02 .0456
5 .03 .03 .0515
6 .04 .04 .0570
7 .05 .05 .0604
8 .06 .06 .0631
9 .07 .07 .0660

10 .08 .08 .0664
11 .09 .09 .0675
2 .10 .10 .0690

13 .01 .015 .0264
14 .02 .030 .0332
15 04 060 .0420
16 .06 .090 .0451
17 .01 .005 .0371
18 .02 .010 .0600
19 .04 .020 .0872
20 .06 .030 . 1055
21 .08 .040 . 1202
25 .10 .050 .130
22 .01 .01 .0290

0* =  0.015)
24 .01 .01 .0306

(ju = 0.055)

Salt effect in the phenol buffers was found to 
be small and probably of the linear type. It is 
about 12% between p = 0.015 and 0.105, as shown 
by expts. 22, 24 and 3.

3. Ammonium-Ion Catalysis.—Concentra­
tions were planned for this system to define better 
the effect of varying the ammonium-ion concen­
tration at constant ammonia concentration. 
The details are given in Table IV and the values 
of k ate plotted in Fig. 4. The molar catalysis 
constants may be represented by 

km =  0 .5 7  +  0 .0 2 7 4 /C nh ,

which is the equation for the straight line of Fig. 5.
There is a pronounced negative salt effect on 

the rate in ammonia-ammonium chloride Solu­
tions at low ionic strengths, and a number of ex-

T a b l b  IV

C a t a l y sis  b y  A m m o nium  I o n : 25°, 0.105 ß
Expt. Cn h 4+, M Cnhs* M k

41 0.01 0.01 0.0163
57 .02 .02 .0260
50 .04 .04 .0420
51 .06 .06 .0593
53 .08 .08 .0766
52 .10 .10 .0833
55 .10 .10 .0813
36 .01 .02 .0154
37 .02 .04 .0243
38 .03 .06 .0297
39 .04 .08 .0363
34 .05 .10 .0422
56 .08 .16 .0597
35 .10 .20 .0658
54 .01 .03 .0137
58 .02 .06 .0214
59 .04 .12 . 0314
68 .04 .12 .0348
60 .06 .18 .0438
61 .08 .24 .0523
63 .01 .04 .0127
64 .02 .08 .0201
65 .04 • 16 .0303
66 .06 .24 .0411

periments were run to investigate this. Table V 
gives the results, and in Fig. 6 the values of log k 
are plotted against \/p . I t was necessary, of 
course, to use a constant ammonia concentration

Fig. 4.—Catalysis by ammonium ion: straight lines for 
constant ammonia concentration.

throughout; since the secondary salt effect is 
small this is approximated in the Solutions of 
Table V. At low ionic strengths the rates con­
form to the Brönsted requirement of a slope of 
- 1 .
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T a b l e  V

S alt  E ff e c t  in  A m m o niu m  I o n - A m m o n ia  B u f f e r s  
Cnh4+ — 0.005 M, Cnh3 — 0.005 M, Cchn2Cook = 0.005 M

Expt. CNaCl, M p k

69 0 0.010 0.0131
70 0 .010 .0134
85 0 .010 .0139
71 0.005 .015 .0126
86 .005 .015 .0131
73 .010 .020 .0122
75 .015 .025 .0118
87 .020 .030 .0117
77 .025 .035 .0110
78 .0 25 .035 .0114
79 .045 .055 .0110
80 .045 .055 .0111
81 .065 .075 .0107
82 .065 .075 .0106

159 .120 .130 .00965
157 .150 .160 .00934
160 .290 .300 .00953
158 .490 .500 .00940
155 .490 . 500 .00920

4. Piperidinium-Ion Catalysis.—The piperi- 
dinium ion is an acid of the same charge type as

T a b l e  VI
Ca t a l y sis  b y  P ip e r id in iu m  I o n : 25°, 0.105 ß
Expt. Cp h +, M Cp , M k  X ÏO»

96 0.030 0.010 2.64
95 .020 .010 2.10

114 .010 .010 1.56
116 .005 .010 1.41
108 .0125 .050 0.92
103 .025 .050 1.20
104 .050 .050 1.79
106 .100 .050 2.73
110 .025 . 100 0.88
112 .050 . 100 1.25
115 .100 .100 1.91
98 .050 .200 0.825

113 .075 .200 1.06
111 .100 .200 1.25

1); but the piperidinium-ion catalysis again de­
creases with increasing piperidine concentration. 
The slopes of the broken lines are taken as molar 
catalysis constants for the corresponding values 
of the piperidine concentration, and plotted in 
Fig. 9 against the reciprocal of the latter. The 
three lowest points lie approximately on the 

straight line
km =  0.0060 +  0.00086/Cp

5. Secondary Phosphate-Ion 
Catalysis.—Buffers of secondary 
and tertiary phosphate ions were 
made by adding sodium hydroxide 
to Solutions of pure disodium hy­
drogen phosphate. All the experi­
ments were carried out with the 
ionic strength 0.205 to make it 
possible to vary the ion concen­
trations sufficiently. Sodium sul­
fate was used as the inert salt to 
make up the ionic strength, in 
order to keep the valence types as 
nearly comparable as possible. 
The data are shown in Table VII 
and the values of k are plotted in 
Fig. 8. The solid curves are for 

constant ratios of HPCh“ and POr5 introduced 
into the solution rather than for the equilibrium 
mixtures, and this partly accounts for their 
slopes and lack of extrapolation to reasonable 
values for the hydrogen-ion catalysis. The 
points on the broken lines also do not represent 
quite the same base (PO*23) concentrations, but 
this is not of great importance in analyzing the 
results. The slopes of the broken lines are 
plotted against l/C Po43 in Fig. 9; the straight

Fig. 5.—Plot of km vs. reciprocal of ammonia and phenate concentration.

the ammonium ion, but is much weaker. The 
experiments of this series are summarized in 
Table VI, where the piperidine and piperidinium- 
ion concentrations are represented by Cp and 
CPH+, respectively. The rate constants are 
plotted in Fig. 7 where the solid and broken lines 
have the same significance as before. The lines 
for constant buffer ratios are apparently straight 
and extrapolate to approximately the values ex­
pected for the hydrogen-ion catalysis (see Fig.
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line is represented by the equation
km = 0.0050 +  0 .00079/C po4=

T a b l e  VII
Ca taly sis  b y  S e c o n da r y  P h o sph a t e  I o n : 25°, 0.205 n

Expt. Ch P04“> m Cpo4—» M k X 103

143 0 .0 1 0 0 .0 2 0 1.16
144 .0 2 0 .0 2 0 1.66
145 .030 .0 2 0 2.11
148 .005 .010 1.50
147 .010 .010 1.83
146 .015 .010 2.30
149 .005 .005 2.15
150 .0075 .005 2.56
151 .010 .010

(p

1.58
= 0.105)

152 .010 .010
(p

2.15 
=  0.305)

This system shows a decided positive salt effect, 
which is to be expected theoretically. No at­
tempt was made to study this at low 
ionic strengths, but expts. 151, 147 
and 152 of Table VII indicate its 
magnitude.

6. Acetic Acid Catalysis.—The
catalytic effect of acetic acid is far 
too great to be measured in ordinary 
buffers; the reaction proceeds at a 
measurable speed in pure sodium 
acetate Solutions. Consequently this 
series was made in 0.2 M  sodium 
acetate to which small amounts of 
acetic acid or sodium hydroxide were 
added; the pH of each solution was 
measured with the hydrogen elec­
trode after the run. The acetic acid 
concentration was then calculated, 
using K c for acetic acid = 2.18 X 10“5 in such 
Solutions.15 There was an initial rapid evolution 
of nitrogen as in the dilute hydrochloric acid Solu­
tions (Table II), though not as great; and this was 
accompanied by an initial rise in pH.. The rates 
again were unimolecular during the remainder of 
the reaction. Data are given in Table VIII. The 
rate constants are corrected by subtracting values 
for the hydrogen-ion catalysis, estimated from the 
curve of Fig. 1. The validity of this procedure is 
rather doubtful since addition of acetic acid prob­
ably represses the hydrogen-ion catalysis some­
what; however, the correction is only about 10% 
of the total rate. The values of k fall reasonably 
well on the straight line of Fig. 10, considering

(15) Cohn, Heyroth and Menkin, T h is  J ournal., 50, 696 (1928).

the difficulties of obtaining accurate results in 
such Solutions. The slope of this line, 1.20 X 
104, is taken as the molar catalytic constant of 
acetic acid. The value is probably somewhat 
higher, however, than would be obtained for in­
finite acetate-ion concentration.

T a b l e  VIII
C a t a l y s is  b y  A c e t ic  A c i d : 25°, 0.205 i*
CHAc(a) or

Expt.

CNaQH(b)
added 
X 10̂

CH3O+ 
X 10«

Ch Ac 
X 10® k &(corr.)

131 2.0a 6.17 5.66 0.0730 0.0650
130 1.0a 4.57 4.20 .0569 .0494
128 0.1a 3.47 3.18 .0428 .0358
132 1.0b 3.31 3.04 .0451 .0383
129 2.72 2.50 .0368 .0302
133 4b 1.92 1.75 .0266 .0205
134 10b 1.03 0.946 .0114 .0061
136 20b 0.776 .712 .0065 .0017
135 10b .234 .215 .00575 .0028

Correlation and Discussion of Results 
The molar catalytic constants conform well 

with the Brönsted expression for such catalysis.16 
km = GK*k

The necessary data for applying this relation are 
given in Table IX. The values of km are those 
extrapolated to infinite base concentration except 
for hydrogen ion and acetic acid. The values of 
p and q are taken as the number of atoms in the 
acid molecule from which a proton can be de- 
tached and the number of atoms in the base mole­
cule to which a proton can attach itself, as süg- 
gested by Pedersen.17 Acid dissociation con­
stants at infinite dilution are used in accordance

(16) Brönsted, Chem. Rev.% 6, 231 (1928).
(17) Pedersen, J. Phys. Chem., 38, 581 (1934).

Fig. 6.—Salt effect on catalysis by ammonium ion.
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with the Suggestion of Pedersen that these are a 
better measure of the “inner acid strength“ than 
values at finite ionic strength. Conformity to 
the equation is somewhat improved by these 
modifications.

T a b l e  IX
T h e  R e l a t io n  b e t w e e n  V elo city  C o n st a n ts  a n d

Acid P q
A cid  Strength

km <
h 2o 1 1 9.92 X 10"7 1.80 X IO“16
h p o  r 1 4 0.0050 4.90 X 10“13
c 6h 1()n h 2+ 1 1 .0060 8.00 X 10
CsHsOH 1 1 .45 1.06 X 10-10
N H ,+ 1 1 .57 5.52 X 10-10
h c 2h 3o 2 1 2 1.32 X 104 1.75 X 10~6
h 3o + 1 i 3.57 X 10* 55.5

The values of K°A in Table IX for water, phenol 
and acetic acid were taken directly from the litera­
ture.12,38’19 Those for piperidinium ion and am­
monium ion were calculated from values for the 
basic constants18 (pp. 273, 260) and Harned’s 
value for water.12 The value for the phosphate 
ion was determined from the data of Brönsted 
and King for the hydrolysis of the tertiary phos­
phate ion at 15°.20 Their values of K c were 
plotted against V m and extrapolated to zero ix by 
drawing a straight line with the theoretical slope

(18) “International Critical Tables,” Vol. VI, p. 271.
(19) Harned and Ehlers, T h is  J o u r n a l , 54, 1350 (1932); Mac­

lnnes and Shedlovsky, ibid., 54, 1429 (1932).
(20) Brönsted and King, ibid., 47, 2523 (1925).

( — 2) through the point of lowest concentration. 
The value obtained is probably not accurate, but 
seems more satisfaetory than any value found in 
the literature. The value for the piperidinium 
ion was checked satisfactorily from the data of 

Brönsted and King.
In Fig. 11 values of log k^/p  are 

plotted against log (q/pK \). The 
straight line corresponds to the equa­
tion

k m /p  = 1.90 X W (q/pK\y-*™
The excellent conformity to this rela­
tion over a range of velocity constants 
from 10“6 to 10+8 and of dissociation 
constants from 10 ~16 to 10+2, with such 
a variety of acid types, is rather re- 
markable. A detailed study would 
probably show some Variation of both 
G and x with acid type, as in the ni­
tramide decomposition. However, the 
effect of the charge type of the proton 
donor is small compared to that of the 
proton acceptor; the molar constant 
for hydrogen ion, 3.57 X 108, may be 
compared with that for hydrogen ion 
catalysis of diazoacetic ethyl ester de­
composition, 13.6 at zero ionic strength 
at 15°.21 This seems to indicate that 

formation of the true “critical complex“ is inti- 
mately connected with the proton transfer.

Fig. 8.—Catalysis by secondary phosphate ion.

Salt Effects and Mechanism.—It has been as­
sumed in the preceding sections that the rate- 
controlling step is

N2CHCOO- +  HAZ----> (N2CHCOO,HA)z~ 1
_______ Intermediate Complex

(21) Guggenheim, Phil. Mag., [7] 2, 538 (1926).

Fig. 7.—Catalysis by piperidinium ion: solid lines—constant buffer ratio; 
broken lines—constant piperidine concentration.
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This is in agreement with the salt effects found. 
With hydrogen ion as the catalyst there should 
be a negative primary salt effect of the exponen- 
tial type. In ordinary concentrations of a strong

0.0050
0

Fig. 9.—Plot of kn

net effect positive, although the hydrogen ion de­
creases in concentration simultaneously.

Other possible mechanisms for the reaction 
would be: (1) spontaneous reaction of the undis- 

sociated acid; (2) acid catalysis of the 
undissociated acid reaction; and (3) 
base catalysis of the undissociated acid 
reaction. The first is excluded by the 
general acid catalysis. The second 
would be compatible with the salt effect 
in some of the buffer Systems, but not 
in the sodium hydroxide Solutions. For 
if the rate equation were

dx/dt — &Cn2chcoohC’h30+ fofi/fi

the primary salt effect would be small; 
but since

Cn2CHCOO- fl i n
~~r------T t— and Gh3o+ =Loh^ jTo/ i

K i  1

Cn2Chcooh = K

80 120 160 200  
1 /Cpo -̂

20 40 60 80
1/Cp.

vs. reciprocal of tertiary phosphate and piperidine 
concentration.

acid secondary salt effect would be negligible; 
but in the Solutions used here (Tables I and II) 
the concentration of hydrogen ion is controlled 
through the equilibrium

2H20  H30 +  +  O H -

Since this has an exponential positive salt effect 
of the same magnitude as the primary salt effect, 
the net result is the small linear effect found.

In the phenol-phenate buffers both primary 
and secondary salt effects are small, the largest 
effect being an increase in the hydrogen-ion con­
centration on addition of salt. In the ammonium 
ion buffers, however, the primary effect is of the 
negative, exponential type, while the secondary 
effect is small. The net effect at low ionic 
strengths is represented by the equation 

log kc = log k& — V m (at 25°)

as shown in Fig. 6. This relation is valid over 
only a very limited range, however, because of the 
several salt effects involved.

In the secondary phosphate Solutions, the pri­
mary effect is of the negative exponential type, 
the secondary of the positive exponential type. 
The secondary phosphate ion increases in concen­
tration on addition of salt sufficiently to make the

Cotl-  f i 2

the rate would be proportional to the 
100 square of the hydrogen-ion concentra­

tion and have a large exponential salt 
effect. The third possibility would 
lead, in sodium hydroxide Solutions, 

to a rate independent of the hydroxyl-ion con­
centration.

£hcsh»os X 19*.
Fig. 10.—Catalysis by acetic acid.

Abnormalities.—The repressive effect of base 
on the acid catalysis was found in every system 
where the base concentration could conveniently 
be varied. The decreasing molar catalysis at 
higher acid concentration was most evident with 
the hydrogen ion, but sometimes appeared in the
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other Systems. In Fig. 7 especially, all the points 
for the highest piperidinium-ion concentration 
fall below the straight lines for rates at constant 
base concentration. The acetic acid catalysis 
seems to fall off at higher concentrations, though 
the experimental accuracy is not great enough to 
warrant definite conclusions.

These abnormalities are probably generally 
characteristic of extremely high acid or base ca­
talysis. In the nitramide decomposition in m- 
cresol6 where similar effects were first found, the 
value of G in the Brönsted expression (104 — 106) 
is far higher than in any other case studied except

the diazoacetate reaction described here. Even 
in the hydroxyl-ion catalysis of the nitramide de­
composition in water, molar constants calculated 
from the data of Brönsted, Pedersen and Duus7,11 
are variable and lower than predicted from cataly­
sis by other bases; and Marlies and La Mer8 
found, at an hydroxyl-ion concentration of 10 ~n 
in hydrochloric acid solution, a molar catalytic 
constant 0.8 X 106 while the Brönsted relation 
predicts a value close to 109. If it were possible 
to measure the hydroxyl ion effect at lower con­
centrations, higher values would probably be 
found.

It is of interest to note that the value of x for 
the diazoacetate reaction, 0.833, is practically 
the same as that for the nitramide decomposition 
with some base types, both in aqueous and non-

aqueous solution. This may be coincidence or 
may indicate a similar rate-controlling mecha­
nism. According to the Brönsted picture the ex- 
ponents for K& and K B should be the same for 
conjugate acids and bases when the rate-control- 
ling mechanisms are similar, but this has not been 
found to hold for any Systems studied previously.

Summary
The preparation of potassium diazoacetate, ob­

tained by hydrolyzing diazoacetic ethyl ester, 
has been improved; the salt can easily be pre­
pared free from alkali or polymerization products.

The reaction of the diazoacetate ion 
with water, giving nitrogen and gly- 
colate ion, has been found to be phe- 
nomenally sensitive to general acid 
catalysis. The molar catalytic con­
stant for the hydrion, 3.57 X 108 at 
25°, is the highest recorded for any 
reaction. It may be compared with 
the corresponding molar constant for 
the decomposition of the neutral di­
azoacetic ethyl ester molecule, which 
is 13.6 at zero ionic strength at 15°. 
The exceptionally high rate indicates 
that in such catalysis the electric 
charge of the proton acceptor is far 
more important than the charge of 
the proton donor.

The catalysis shows abnormalities 
of a type found previously for the de­
composition of nitramide in w-cresol 
solution. The molar catalysis con­
stants decrease with increasing base 

concentration, and also with increasing acid con­
centration. A linear relation is found between 
the molar constants and the reciprocal of the base 
concentration except at low values of the latter.

The molar acid constants at high base concentra­
tion show excellent conformity with the equation

h fa \  0.833
^  = 1.90 X 1 0 ^ | x q

and thus with the Brönsted theory. The value of 
G, 1.90 X 107 is the highest yet recorded; the value 
of x, 0.833, is practically the same as that found 
for basic catalysis of nitramide decomposition.

vSalt effects in several buffer Systems have been 
found to be in agreement with the general theory 
and with the mechanism postulated for this reac­
tion.
New Y o r k , N. Y.

Log (q/p Ki ) .
Fig. 11.—The relation between rate constants and acid dissociation con­

stants: PH+, piperidinium ion; HP, phenol; HAc acetic acid.

R ec eiv ed  M ay  28, 1936
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The Adsorption of Barium Salts on Barium Sulfate from Solutions in 50% Ethanol

By I. M. K olthoff and  Wm. M. M acN e v in
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In work previously reported in this Journal,1 it 
was mentioned that a considerable adsorption of 
barium nitrate on barium sulfate was found from a 
medium containing approximately 50 volume per 
cent. ethanol, whereas the adsorption from aque­
ous medium was negligibly small. This medium 
effect upon the adsorption of electrolytes on ionic 
lattices has not been studied in the literature. 
The results of the investigation described in this 
paper constitute a first approaeh to the problem. 
Moreover, they allow us to test the quantitative 
relation between the adsorption of potential de­
termining ions and the concentration of the latter 
under equilibrium conditions, and the relation 
between adsdrbability and solubility (Paneth- 
Fajansrule).

Materials Used
Barium Sulfate.—The preliminary experiments were 

carried out with a fine product of barium sulfate used in 
previous work,ia the average partiele size of which was 
about 0.14 micron. A large amount of a product pre­
pared in a similar way was used in the determination of the 
adsorption isotherm of various barium salts.

Salvent.—A mixture of equal volumes of 95% unde- 
natured ethanol and conductivity water was used as a 
solvent, and designated as 50% ethanol, although the 
alcohol content is slightly less.

Barium Nitrate.—A c. p . product was twice recrystal­
lized from water, dried at 110° and stored over anhydrous 
calcium chloride.

Barium Chloride and Barium Bromate.—C. p . products 
were twice recrystallized from water, dehydrated and re- 
hydrated over deliquescent sodium bromide. They were 
weighed as dihydrate and monohydrate, respectively, and 
dehydrated at 150° before dissolving in 50% ethanol. In 
the solubility experiments the anhydrous salts were used.

Barium Perchlorate.—This salt was prepared by neu- 
tralizing barium hydroxide with perchloric acid, and re­
crystallizing the salt from water. The monohydrate 
was dried at 150° before dissolving in 50% ethanol. In 
the solubility experiments Baker’s “Dessicchlora” was 
used.

Barium Iodide.—A c .p . p ro d u c t was used w ithout 
fu rth e r purification.

Barium Bromide and Barium Thiocyanate.—C. p . prod­
ucts were recrystallized three times from water and dried 
over fused sodium hydroxide.

Barium Formate.—This salt was prepared by neutralizing 
formic acid with barium hydroxide. The product was re­
crystallized three times and dehydrated over fused sodium 
hydroxide.

(1) I. M. Kolthoff and Wm. M . M acN evin (a) This J o ur n a l ,
58, 499 (1936); (b) 58, 725 (1936).

Calcium Bromate.—To a suspension of barium bromate 
in water an equivalent amount of sulfuric acid was added 
and the mixture shaken until the transformation was com­
plete (seventy-two hours). After shaking for five more 
days the barium sulfate was filtered off and the bromic acid 
in the filtrate neutralized with a calcium hydroxide suspen­
sion. The crystals separating out upon evaporation 
showed pronounced triboluminescence, either when dry 
or suspended in the mother liquor. The salt was re­
crystallized three times from water and dried at 120°.

Potassium Bromate.—A c. p. product was used.
Analytical.—The barium concentration was determined 

before and after adsorption by evaporating measured por­
tions to a small volume and adding an excess of 0.1 molar 
potassium chromate to the hot Solutions. The mixture 
was made alkaline with ammonia, digested for an hour 
and cooled. The barium chromate was filtered, washed, 
dissolved in 6 N  hydrochloric acid and the chromate de­
termined iodometrically after diluting with water.

Bromate was determined iodometrically. In order to 
get accurate results it was necessary to remove the alco­
hol by evaporation. The solution was made slightly alka­
line with sodium hydroxide to prevent reduction of bromate 
by the alcohol and evaporated to dryness. The residue 
was taken up in water and the bromate determined iodo­
metrically by the Standard procedure.

Nitrate was determined by reduction to ammonia with 
Devarda’s alloy.2 The ammonia was distilled into an ex­
cess of dilute hydrochloric acid and determined iodometri­
cally by the hypochlorite-bromide method.3 Calcium was 
determined after removal of the alcohol by precipitation 
as calcium oxalate and titrating the precipitate with per­
manganate.

Experimental Results
Solubility Determinations in 50% Ethanol
An excess of the anhydrous salt was shaken a t 

room temperature (25 =*= 1°) in the 50% ethanol 
for forty-eight hours. The solution was filtered 
and 25 ml. of the filtrate evaporated in a weighed 
platinum dish. The residue was weighed after 
drying to constant weight at 150°. The results 
are given in Table I.

T a b l e  I
S o l u b i l i t y  o f  B a r i u m  S a l t s  i n  5 0 %  E t h a n o l

For- Chlo-
Barium salt Bromate Nitrate mate ride

Solubility in mols
per liter 1.72 X 10~3 5.71 X IO"2 0.14 0.384

Bromide Iodide Perchlorate Thiocyanate
Solubility in mols

per liter 1.46 2.53 2.77 2 .89
(2) Cf. W. F. Hillebrand and G. E. F. Lundell, "Applied Inorganic 

Analysis,” John Wiley and Sons, Inc., 1929, p. 639.
(3) I. M. Kolthoff and V. A. Stenger, Ind. Eng. Chem., A nal. Ed., 

7, 79 (1935).



1544 I. M. Kolthoff and Wm. M. M acN evin Vol. 58

The solubility of potassium bromate was found to 
be 0.051 molar and that of calcium bromate 1.05 
molar.

Adsorption Experiments

Experiments were made in which samples of 
barium sulfate were shaken for half an hour, one 
hour and twenty-four hours with Solutions of the 
barium salts in 50% ethanol. It was found that 
after a period of one hour of shaking the amount of 
salt adsorbed remained constant. A shaking pe­
riod of one hour was adopted in the final experi­
ments. Working with the fine product of barium 
sulfate used in previous work1 it was ascertained 
first that an equivalent adsorption of barium ions 
and anions occurred. Experiments were carried 
out with barium nitrate and bromate at various 
concentrations and the amounts of barium and an­
ion adsorbed determined separately (for details 
see doctor’s thesis of junior author). Within the 
experimental error an equivalent adsorption of 
barium and anion was found. Thus, after shak­
ing. 0.6 g. of barium sulfate with 50 ml. of 0.0002 
molar barium bromate in 50% ethanol, 24.8% of 
barium and 24.0% of bromate were found to be 
adsorbed. In the case of barium nitrate 28.0 
(=*= 1)% of nitrate and 26.6( =*= 1)% of barium were 
found to be adsorbed from the 0.0002 molar solu­
tion. From the 0.001 molar solution 13.0% of 
nitrate and 12.4% of barium had disappeared.

The determination of the amount of salt ad­
sorbed was attempted in a direct way by making 
use of the washing process described and applied 
by Miss de Brouckère.4 This method did not 
yield useful results in our hands. After shaking, 
the suspensions were centrifuged, the supernatant 
liquid decanted and the precipitate shaken for one 
minute with 10 ml. of a saturated solution of 
barium sulfate in 50% ethanol. The mixture was 
centrifuged and the process repeated. After 
three such washings, 88% of the total amount of 
barium bromate originally adsorbed in a certain 
case was removed from the surface.

After the above results were obtained, it was de- 
cided to determine the amounts adsorbed in the 
following way. A given amount of the new sam­
ple of finely divided barium sulfate was shaken 
with 50 ml. of the barium salt solution in 50% 
ethanol for one hour, the suspension centrifuged 
and the barium or anion concentration deter­
mined in 25 ml. of the clear centrifugate.

(4) L. de Brouckère, Ann. chim., [X] 19, 92 (1933).

The results are given in the following tables. 
It was found that within the range of concentra­
tions studied, the adsorption was given quanti- 
tatively by the expression

x/m — acl/n (1)

in which x is the amount adsorbed expressed in 
moles, m the amount of adsorbent used in grams, 
c the final concentration in the solution, and a and 
\/n  constants.5 The values of the latter, com­
puted from the experimental results, and the 
values of x/tn calculated with the aid of the above 
equation are reported in the tables.

T a b l e  II
A d so r ptio n  of B a r iu m  B romate 

1 g. of BaS04; 50 ml. of solution; Br03" determined; a =
1.80 X 10 1 In = 0.40

Init. 
concen., 

molar X 10*

Final
concen., Absorbed 

molar X 103 in, %
* X 10® 
Found

* X 10» 
Calcd.

1.527 1.287 15.7 1.20 1.26
1.000 0.795 20.5 1.02 1.04
0.500 .348 30.4 0.76 0.76

.250 .146 41.7 .52 .52

.100 .039 61.2 .31 .32

T a b l e  III
A d so r ptio n  of  B a r iu m  N itr a t e  

5 g. of BaS04; 50 ml. of solution; Ba determined; a =  
0.69 X 10~4; 1 In =  0.32

Init. concn., molar X 103 9.48 3.79 1.90 0.948°
Final concn., molar X 103 8.01 2.74 1.14 .68
Adsorbed in % 15.4 27.8 40.0 28.3
x/m  X 105 found 1.46 1.05 0.76 0.67
x / m X  105 calcd. 1.50 1.12 .79 .68

* Barium sulfate used, 2 g.

The adsorption of barium nitrate increases upon 
addition of alkali nitrate to the solution. The 
first experiment in Table III was repeated, the 
solution also containing 0.1 mole of sodium ni­
trate per liter. In the latter case 21.6% of the 
barium nitrate was adsorbed, as compared with 
15.4% in the absence of sodium nitrate.

T a b l e  IV
A d so r ptio n  of B a r iu m  P erchlorate  

10 g. of BaS04; 50 ml. of solution; Ba determined; a =
0.59 X 10~4; 1/n —= 0.40

Init. concn., molar X 103 9.77 4.89 0.98°
Final concn., molar X 103 8.04 3.67 .65
Adsorbed in % 17.7 25.0 33.6
x/m X 105 found 0.86 0.61 0.33
x/m X 105 calcd. .85 .63 .31

ö Barium sulfate used, 2 g.

(5) In some preliminary work, P. P. von Weimarn, Repts. Itnp. 
Ind. Research Institute, Osaka, Japan, 12, 153 (1931), arrived at a 
similar conclusion.
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T a b l e  V

A d so r ptio n  of  B a r iu m  C hloride  

5 g. of BaSO*; 50 ml. of solution; Ba determined; a =  
0.54 X 10~4; 1 In -  0.38

Init. concn., molar X 103 10.1 5.05 1.01 0.505
Final concn., molar X 103 9.25 4.39 0.678 .260
Adsorbed in % 8.4 13.0 33.4 48.5
x/m X 106 found 0.85 0.66 0.34 0.24
x/m X 10ß calcd. .91 .68 .34 .23

The adsorption of the other salts was deter- 
mitied at one concentration only. The results 
are found in Table VI.

T a b l e  VI
A d so r ptio n  of  V a r io u s  B a r iu m  S alts 

50 ml. of solution
BaSOi, g. 10 10 10 2
Ba salt adsorbed Bro­ Io- Thio- For­

mide dide cyanate mate
Init. concn., molar X 103 1 1 1 1
Final concn., molar X 103 0.52 0.54 0.63 0.73
Adsorbed in % 48.0 45.9 36.8 27.0
x/m X 105 0.24 0.23 0.18 0.67

Discussion
1. One of the most interesting results of this 

study is that the Freundlich adsorption isotherm 
was found to hold for the adsorption of barium 
salts on barium sulfate from a medium of 50% 
ethanol. One certainly would expect to be deal­
ing here with the adsorption of a “potential de­
termining ion,”6 in which case it is claimed7 that 
the relation between the amount adsorbed x  and 
the concentration c is given by an expression

Ax = k Alog c (2)

and not by the expression
log x = k Alog c (3)

The only experimental proof of the validity of ex­
pression (2) has been found in the ease of silver 
iodide8 where the adsorption of silver and of io­
dide apparently occurs on the active surface. In 
our study we worked with well-aged barium sul­
fate. Although in none of the cases investigated 
(Tables II-VI) a saturated surface corresponding 
to a monomolecular layer of adsorbed barium 
salt was obtained, it is quite evident that in the 
present study we are mainly dealing with an ad­
sorption ön the normal surface and not on active 
surface. In the derivation of expression (2) as-

(6) E. Lange and R. Berger, Z. Elentrochem., 36, 171 (1930).
(7) (a) M. Andaner and E. Lange, Z. physik. Chem., A156, 241 

(1931); (b) E. J. W. Verwey, Chem. Rev., 16, 363 (1935).
(8) E. Lange and R. Berger, Z. Elektrochem., 36, 171, 980 (1930); 

E. J. W. Verwey and H. R. Kruyt, Z. p h y s ik .  C h em . ,  A167, 149 
(1933); I. M . Kolthoff and J. J. Lingane, T h is Jo u r n a l , 68, 1528 
0936).

sumptions have been made which, theoretically, 
are not entirely justified. On the basis of the 
present study it becomes doubtful whether equa­
tion (2) holds generally for the adsorption of po­
tential determining ions. That the barium ions 
actually behave as potential determining ions is 
evidenced by their peptizing effect upon the bari­
um sulfate. When the solid (average diameter 
about 0.14 micron) is shaken with aqueous Solu­
tions of barium nitrate or other barium salts a 
clear centrifugate is obtained readily. In 50% 
ethanol Solutions of barium salts, it is difficult to  
obtain a clear centrifugate after shaking with 
barium sulfate. As much as two hours of cen- 
trifuging at 3000 r. p. m. was required to obtain 
a clear supernatant liquid. A maximum peptiz­
ing effect was found at a certain concentration of 
the barium salt, in the case of barium bromate in
0.002 molar Solutions.

There is a possibility that only a small fraction 
of the adsorbed barium acts as potential deter­
mining ion and that we are dealing mainly with a 
“true adsorption” on the entire surface compar- 
able to the adsorption of salts having no ion in 
common with the lattice, for which expression
(3) holds within wide limits of concentration.713 
Actually it was found that salts such as potassium 
bromate and calcium bromate from Solutions in 
50% ethanol gave a pronounced adsorption on 
barium sulfate. Upon shaking 10 g. of barium 
sulfate with 50 ml. of 0.002 molar potassium 
bromate, 15.7% of the salt was found to be ad­
sorbed, corresponding to 1.6 X 10 ~ 6 mol per g. of 
barium sulfate. Equivalent amounts of cation 
and anion were adsorbed. The adsorption of 
calcium bromate was measured at different con­
centrations by determining the bromate content 
before and after adsorption. The results are 
given in Table V II; it is seen that the percentage 
of bromate adsorbed changes in an irregulär way 
with the concentration. In order to decide 
whether an equivalent adsorption of calcium and 
bromate occurred, it was decided to determine the 
amount of calcium adsorbed from the 0.001 molar 
solution (first solution in Table VII). I t  was 
found that 45.7% of the calcium was adsorbed, 
which is just double the amount of bromate ad­
sorbed (23.6%). This result indicates that a hy­
drolytic adsorption has taken place and th a t the 
salt is adsorbed in the form of Ca(OH)(Br03). 
In agreement with this conclusion it was found 
that the supernatant liquid after the adsorption
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showed a strongly acid reaction. The hydrolytic 
adsorption accounts for the irregulär change of the 
bromate adsorption at different salt concentra­
tions as it will be a function of the pH of the solu­
tion in equilibrium with the solid.

T a b l e  VII
A d so r p t io n  of  B rom ate  from  Ca lciu m  B romate 

10 g. of BaS04; 50 ml. of solution 
Init. concn., molar X 103 1 0.5 0.4  0.2
Final concn., molar X 103 0.764 0.358 0.303 0.169
Adsorbed BrOs“ in % 23.6 28.4 24.3 15.5
x /m  X  10* 0.12 0.071 0.049 0.015

2. In Table VIII the relation is given between 
adsorbability from and solubility of the barium 
salts in 50% ethanol. The value of the constant 
a in the expression for the adsorption isotherm 
(equation 1) is taken as a measure of the adsorb­
ability. From the experimental data, a and 1/n 
were calculated for four barium salts, an average 
value of 0.38 for 1/n being found. For the other

T a b l e  VIII
S o l u b il it y  a n d  A d so r b a b il it y

Relative
Order of absorb- solubility Order of

Barium salt
ability expressed 

in a X 104
in 50% 
ethanol

increasing
solubility

1 Bromate 1.80 1 1
2 Formate 0.91 81 3
3 Nitrate .69 33 2
4 Perchlorate .59 1610 7
5 Chloride .54 223 4
6 Bromide .37 848 5
7 Iodide .35 1477 6
8 Thiocyanate .26 1663 8

barium salts, the adsorption of which was deter­
mined at one concentration only, the value of 
1/n equal to 0.38 was used in the calculation of 
the ‘V ’ values.

It is seen that there is no close parallelism 
between adsorbability and solubility.9 Barium 
formate is adsorbed more strongly than the ni­
trate, although the latter is much less soluble. 
Particularly the perchlorate is out of place. Its 
adsorbability is of the same order as that of the 
chloride and much greater than that of the bro­
mide or iodide, although its solubility in 50% 
ethanol is greater than that of the halides.

Summary

1. The adsorption of barium salts on barium 
sulfate and of salts not having an ion in common 
with the lattice is much greater from 50% ethanol 
than from water.

2. Contrary to the expectation, the adsorption 
of barium salts from 50% ethanol on barium sul­
fate follows the Freundlich adsorption isotherm.

3. No close parallelism has been found be­
tween adsorbability and solubility.

4. Potassium bromate gives an equivalent ad­
sorption of cations and anions. Calcium bromate 
yields a hydrolytic adsorption and was found to 
be adsorbed in the form of Ca (OH) (BrCb).

(9) For a similar conclusion on the adsorption of silver salts on 
silver iodide compare the study of J. S. Beekley and H. S. Taylor, 
J. Phys. Chem., 29, 942 (1925).

M in n e a p o l is , M i n n . R e c eiv ed  M ay  25, 1936

[C o n t r ib u t io n  from  t h e  D epartm ent  of C h e m ist r y , W oolw ich  P o l y t e c h n ic ]

The Primary and Secondary Dissociation Constants of Malonic, Succinic and 
Glutaric Acids by Potentiometric Titration

By W illiam  L. G erman and  Arth ur  I. V ogel

The primary thermodynamic dissociation con­
stants at 25° of malonic, succinic and glutaric 
acids have been determined by conductivity 
methods by Jeffery and one of us1 but it has not 
yet been found possible to calculate the true 
secondary dissociation constants satisfactorily 
from conductivity data alone. Attention was 
therefore directed to the potentiometric method 
for the simultaneous evaluation of both constants. 
Previous electrometric titrations for these three

CD Jeffery and Vogel, J. Chem. Soc., 2J (1935).

acids have been carried out by Britton2 at 18°, 
Gane and Ingold3 at 25° for malonic acid; by 
Bjerrum4 at 18°, Auerbach and Smolczyk5 at 20°, 
Britton2 at 18°, Kolthoff and Bosch6 at 18°, Gane 
and Ingold3 at 25°, Ashton and Partington7 at 25° 
for succinic acid; and by Gane and Ingold3 at 25°

(2) Britton, ibid., 127, 1906 (1925).
(3) Gane and Xngold, (a) ibid., 1594 (1928); (b) 2158 (1931).
(4) Bjerrum, Z. physik. Chem., 106, 227 (1923); cf. Larsson, 

Z. anorg. allgem. Chem., 125, 291 (1925).
(5) Auerbach and Smolczyk, Z. physik. Chem., 110, 65 (1924).
(6) Kolthoff and Bosch, Rec. trav. chim., 47, 861 (1928).
(7) Ashton and Partington, Trans. Faraday Soc., 30, 598 (1934).
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for glutaric acid. The large differences between 
the results of the various investigators for suc­
cinic acid cannot be attributed solely to the vary­
ing concentration and temperatures at which the 
titrations were performed; a particularly large 
discrepancy is that for succinic acid obtained by 
Gane and Ingold with the hydrogen electrode and 
by Ashton and Partington with the quinhydrone 
electrode. Gane and Ingold3b (p. 2153) remark 
in connection with the correction of their data 
for interionic effects that “the application of the 
Debye and Hückel equation for activities of elec­
trolytes . . . involves practical difficulties” and 
they have accordingly employed an empirical 
method involving the determination of “K ” at a 
series of concentrations and extrapolating to zero 
concentration. We have carried out new poten­
tiometric titrations of malonic, succinic and glu­
taric acids against sodium hydroxide with the 
quinhydrone electrode at 25° and have calculated 
the thermodynamic dissociation constants by the 
method described recently by German, Jeffery and 
Vogel.8 Table I summarizes our results: the 
conductivity values of Jeffery and Vogel1 and 
Gane and Ingold’s figures calculated by their 
empirical method, are included for purposes of 
comparison.

T a b l e  I
Authors Gane and Ingold 

Ki therrn. Ki Ki Ki Kz
X 106 therm. therm. therm. therm

Acid (Cond.) X 105 X 10* X KF X 106

Malonic 139.7 143 2.20 149 2.03
Succinic 6.626 6.37 2.54 6.41 3.33
Glutaric 4.535 4.46 3.77 4.53 3.80

It will be noted that the agreement of our po­
tentiometric with the conductivity values for Ki 
is within 2.5, 4 and 2% for malonic, succinic and 
glutaric acids, respectively.

Calculation shows that an error of one millivolt 
will cause a Variation of ca. 5% in both Ki and K 2. 
Our measurements were in general reproducible 
to 0.2-0.3 millivolt so that no greater accuracy 
than 1-2% could be expected in the final figures 
for Ki and K 2. The somewhat greater difference 
for Ki actually found must be attributed to the 
inherent disadvantages of the method of calcula­
tion. It would appear therefore that no greater 
accuracy than 2-4% can be realized in the deter­
mination of Ki and K 2 by potentiometric titration 
with the quinhydrone electrode under the experi­
mental conditions that we have employed.

(8) Oerman, Jeffery and Vogel, J. Chem. Soc., 1624 (1935).

The mean values of the true dissociation con­
stants together with the intercarboxylic distances, 
expressed in Ä,, calculated after Bjerrum4 (A) 
and Gane and Ingold3b (p. 2161) (B) are collected 
in Table II. Gane and Ingold’s values30 (p. 
2153) (G. and I.) for these acids are added for 
comparison.

T a b l e  II

Acid
Ki therm.

X 105
Kz therm. 

X ÏO« r (A) r (B)
r (G. 

and I.)
Malonic 143 2.20 1.39 3.47 3.43
Succinic 6.37 2.54 3.89 5.13 5.58
Glutaric 4.46 3.77 6.60 7.15 7.11

Experimental
Preparation of Materials. Acids.—The details 

have been described by Vogel9 and by Jeffery 
and Vogel1 (p. 23). Kahlbaum pure malonic acid 
was recrystallized twice from benzene-ether-light 
petroleum (b. p. 60-80°) and melted at 136° 
(dec.). Kahlbaum pure succinic acid was re­
crystallized from acetone and melted at 185- 
185.5°. Glutaric acid was prepared from the 
nitrile, b. p. 149-150° (14 mm.), and after crys­
tallization from chloroform melted at 97.5-98°.

Sodium Hydroxide Solutions.—These were pre­
pared by the electrolysis of chemically pure sodium 
chloride solution with a mercury cathode as de­
scribed by Jeffery and Vogel10 and were standard­
ized immediately before use with constant b. p. 
hydrochloric acid.11 All dilutions were carried 
out with equilibrium water prepared in a “Vogel” 
still.12 The quinhydrone and calomel were pre­
pared as detailed by German and Vogel.13

Apparatus.—Füll details have been given by 
German and Vogel13 and by German, Jeffery and 
Vogel.8 An electrically-controlled oil thermostat 
maintained at 25 =*= 0.01° was used. Stirring was 
effected with purified nitrogen. All titrations 
are accurate to 0.01 cc. The cell employed was

Hg | Hg2Cl2, KC1 (satd.) || Solution, quinhydrone | Pt

The liquid junction potential was assumed to be 
negligible. Standardization was effected before 
and after each titration against at least two inde­
pendent 0.1 iV calomel cells14 for which a value of
0.3376 volt was assumed,15,16 and also against
0.05 M  potassium hydrogen phthalate (chemically

(9) Vogel, ibid., 336 (1934).
(10) Jeffery and Vogel, Phil. Mag., 15, 400 (1932).
(11) Jeffery and Vogel, J. Chem. Soc., 409 (1932).
(12) Vogel, ibid., 1201 (1931).
(13) German and Vogel, ibid., 913 (1935).
(14) Clark and Lubs, J. Biol. Chem., 25, 479 (1916).
(15) Clark, “The Determination of Hydrogen Ions,” 1928, p. 487.
(16) Maclnnes and Beicher, T h is  J o u r n a l , 53, 3325 (1931).
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pure).16,17 The value of 0.3337 volt recently 
suggested by Guggenheim and Schindler18 was not 
adopted in the present work as this figure was not 
in agreement with the value yielded by the Stand­
ard buffer and, further, this would have led to 
values for the primary dissociation constants 
differing considerably from the strictly thermo­
dynamic constants deduced from conductivity by 
Jeffery and Vogel1 and would also have led to a 
similar deviation for phenylacetic acid.13,19 The 
agreement, within 2-3%, of our values for K\ with 
those deduced from conductivity provides the 
strongest evidence in support of our procedure 
and the neglect of diffusion potentials. Should, 
however, a new value for Eq be universally ac-

T a b l e  IV
Classical  a n d  T h er m o dynam ic  D issociation  C o n ­
st a n ts  of N orm al  D ib a sic  A cids a t  25° b y  P o t e n t io ­

m etric  T itr a t io n

Malonic Acid
Pairs of 
points 
used

K i  dass 
X 103

K 2 dass 
X 10® M X 10«

K i
therm. 
X 10»

K t
therm. 
X 10®

1 7 .5  1 1 .5 3 2 .4 9 1 .44
6 7 .5  ƒ 2 .7 9 4 .7 5 2 .1 9
20 \ 1 .5 5 2 .5 5 1 .46
70 J 2 .8 1 4 .9 4 2 .2 0
2 2 .5  \ 1 .53 2 .61 1.45
7 2 .5  ƒ 2 .8 0 5 .1 4 2 .1 8
25 Ï 1 .5 5 2 .6 7 1 .4 6
75 J 2 .8 2 5 .31 2 .1 9
2 7 .5  \ 1 .4 9 2 .7 4 1 .4 0
7 7 .5  ƒ . 2 .8 4 5 .5 3 2 .1 9

cepted at some future date, our results can be 30 \ 1 .4 9 2 .8 1 1.41
recalculated readily. 80 ƒ 2 .8 6 5 .6 7 2.20

The values of Â iincomp. and Â incomp. (the 3 2 .5  V 1 .5 0 2 .8 7 1 .42

“incomplete” or “unvollständige” constants of 8 2 .5  ƒ 2 .8 9 5 .9 2 2.21

Bjerrum and Unmack20) were computed by Brit- 35 1 1.51 2 .9 2 1 .4 2

ton’s method2 and are incorporated in Table IV 85 ƒ 2 .9 3 6.10 . 2 .2 4

for comparison with published data. The “ther- Mean 1 .43 2.20
Succinic Acid

T a b l e  III 17 .5  \ 6 .7 4 1 .5 5 6 .4 4
P otentiometric  T itratio n  of 100 cc. of 0.01 N  A cid 6 7 .5  J 3 .2 4 4 .9 0 2 .5 4

w ith  0.00997 N  Sodium  H ydroxide Solution 20 1 6 .7 0 1 .7 0 6 .3 9
Malonic acid Succinic acid Glutaric acid 70 J 3 .2 4 5 .0 9 2 .5 3

NaOH, cc. PPL p H pH

0 2 .6 7 9 3 .271 3.342 2 2 .5  \ 6.68 1 .8 4 6 .3 6

10 2 .8 3 4 3 .6 8 7 3.778 7 2 .5  ƒ 3 .2 2 5 .2 8 2 .5 0

15 2 .9 2 9 3 .8 4 9 3.958 25 1 6 .6 7 1 .9 7 6 .3 4
1 7 .5 2 .9 8 0 3 .9 2 4 4.042 7 5 / 3 .2 7 5 .4 7 2 .5 3
20 3 .0 2 7 4 .0 0 1 4.113 2 7 .5  \ 6 .6 9 2 .0 9 6 .3 5
2 2 .5 3 .081 4 .0 7 6 4.181 7 7 .5  1 3 .3 0 5 .6 3 2 .5 4
25 3 .1 3 5 4 .1 4 7 4 .252 30 \ 6 .7 1 2 .2 4 6 .3 5
2 7 .5 3 .2 0 3 4 .2 1 5 4.313 80 J 3 .3 1 5 .7 8 2 .5 4
30 3 .2 6 7 4 .2 8 2 4.374 3 2 .5  1 6 .6 7 2 .3 3 6 .31
3 2 .5 3 .3 3 5 4 .3 5 0 4.431 8 2 .5  ƒ 3 .3 8 6 .0 2 2 .5 7
35 3 .411 4 .4 2 1 4 .492 — —
40 3 .5 8 5 4 .5 5 7 4.600 Mean 6 .3 7 2 .5 4
50 4 .2 3 2 4 .8 3 7 4.820 Glutaric Acid
60 , 4 .9 5 2 5 .1 1 5 5.037 17 .5  1 4 .6 9 1 .42 4 .4 9
65 5 .1 8 9 5 .2 5 0 5.155 6 7 .5  ƒ 4 .8 8 5 .0 2 3 .8 1
6 7 .5 5 .2 8 7 5 .321 5.216

20 1 4 .7 1 1 .63 4 .4 9
70 5 .3 7 6 5 .3 9 2 5.277

70 } 4 .8 7 5 .2 0 3 .7 9
7 2 .5 5 .4 6 3 5 .4 6 7 5 .338
75 5 .5 4 5 5 .5 3 3 5.406 2 2 .5  1 4 .7 2 1.76 4 .5 0

7 7 .5 5 .6 2 9 5 .6 0 6 5.470 7 2 .5  J 4 .8 8 5 .3 9 3 .7 8

80 5 .7 1 4 5 .6 8 3 5.545 25 \ 4 .6 5 1 .89 4 .4 3
8 2 .5 5 .8 0 2 5 .761 5.622 75 ƒ 4 .8 7 5 .5 8 3 .7 5
85 5 .8 9 0 5 .8 4 6 5.707 2 7 .5  \ 4 .6 7 1 .98 4 .4 3
90 6 .0 9 6 6 .0 3 5 5.910 7 7 .5  ƒ 4 .9 1 5 .7 7 3 .7 7

100 6 .831 6 .1 9 0 6.861 30 \ 4 .6 7 2.12 4 .4 3----------- —
80 J 4 .91 5 .9 3 3 .7 5

(17) Clark, ref. 15, p. 486. j

(18) Guggenheim and Schindler, J .  P h ys , C hem ,% 38, 536 (1934). 35 1 4 .6 2 2 .31 4 .3 7
(19) Jeffery and Vogel, J . Chem . S oc., 166 (1934). 85 ƒ 4 .9 5 6 .3 0 3 .7 5
(20) Bjerrum and Unmack, K g l. D anske V idenskab. S dskab .. 9,

— —
11 (1929). Mean 4 .4 6 3 .7 7
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modynamic,, dissociation constants21 were calcu­
lated from pK-itherm. = Âiincomp. 4- 0.505 m0*5 (9 and 
p K 2therm. ~  p K 2j ncom p. 4- 1.515 m0*6 (ü), where p K nherm. = 
-log Äitherm. etc., and the total ionic strength, which 
was deduced from the expression8

ß  =  0.5 ( a  +  h + c  | (h/K T + T + T /̂K) +

{h/Kt + 1 + hy KxK,) [ )  
where c is total acid concentration, a  is concentra­
tion of sodium hydroxide added, h is hydrion 
concentration, and K i  and K 2 are the “incom­
plete” (previously termed “classical”) values.

The use of the approximate expressions (i) and 
(ii) over the concentration range = 0.0015 to
0.006) that we have employed is justified by the 
following considerations. Morton22 has deduced 
the equation

pk =  pH -f log [Acid]/[Salt] 4* log/«//* 
in which f a and f s are the activity coefficients of

(21) It is appreciated that this term should be strictly confined 
to values obtained by experimental technique which does not involve 
uncertainties in liquid junction potentials and by strict thermo­
dynamic methods, as in the precise work of Harned and co-workers. 
It is believed, however, that the approximations introduced are 
sufficiently precise for the ultimate accuracy of 2-3%  which is 
claimed to justify the use of the term.

(22) Morton, J . Chem. Soc., 1406 (1928).

the undissociated acid and of the salt anions or of 
the acid anions of lower and higher valency, respec­
tively. This may be written in the form

PK. th erm . — PK-incom p. 4" lo& fa/f*
= pKxncomv. 4“ ~  0.5)m°*6 “  #M

since log f a/ f s = (n — 0.5)m0,5 — Bp; n is the 
basicity of the acid. For phthalic acid, which is 
the acid most closely allied to those that we have 
studied, the highest value of B  found by Morton 
was approximately 1 and this was in the presence 
of M / S  potassium sulfate. I t can be readily 
shown that with B — 1 in the most concentrated 
Solutions that we have employed, the maximum 
error introduced by the neglect of this term is ca. 
1%. Actually the error will be much less than 
this.

Summary
The thermodynamic dissociation constants of 

malonic, succinic and glutaric acids have been 
determined by potentiometric titration with the 
quinhydrone electrode. The values for the pri­
mary dissociation constants agree within 2-4% 
with those determined by conductivity.
L o n d o n , S. E. 18, E n g l a n d  R e c e iv e d  D e c e m b e r  20,1935

[C o n t r ib u t io n  from  t h e  D epa r t m e n t  of C h e m ist r y , W e st  V ir g in ia  U n iv e r s it y ]

ß-Amoxyethyl Esters of ^-Aminobenzoic Acid
B y H . V. Ashburn, A. R. Collett and C. L. Lazzell

In continuation of our work on the ß-alkoxy- 
ethyl esters of ^-aminobenzoic acid,1 we have 
prepared a series of six amoxyethänols, three of 
which are new, together with the corresponding 
p-nitro and ^-aminobenzoates. The alcohols 
used were purified by fractional distillation, until 
a sample having a boiling point range of 0.5° or 
less was obtained.

/3- Amoxyethänols
The ß-amoxyethanols were prepared by heating 

the desired alcohol with ethylene oxide in the pres­
ence of a small amount of sulfuric acid as a cata­
lyst2 except in the case of the tertiary amoxy- 
ethanol, for which acid aluminum fluosilicate was 
used as a catalyst.3

The method was as follows: 20 to 30 moles of 
the alcohol, 7 moles of ethylene oxide, and 1 cc.

(1) Ashburn, Collett and Lazzell, T his Journal, 57, 1862 (1935).
(2) German Patent 580,075, July 5, 1933; C. A .t 27, 4814 (1933).
(3) French Patent 39,773, Feb. 17, 1931; C. A., 26, 4826 (1932).

of concentrated sulfuric acid were placed in an 
autoclave and heated at 130-150° for eight to ten 
hours. The autoclave was then emptied and 
the contents fractionally distilled. The tertiary 
amyl compound was prepared by using acid alu­
minum fluosilicate as the catalyst and heating at 
130-150° for twenty-five hours.

These compounds are all colorless, sweet smell- 
ing liquids, very soluble in alcohol and ether. 
The iso primary amyl, active primary amyl and 
tertiary amyl compounds are all appreciably solu­
ble in water at 25° while the «-primary amyl, 
secondary amyl and active secondary amyl com­
pounds are only slightly soluble.

Table I lists the yields and physical constants 
of all the amoxyethänols prepared, together with 
the analyses of the new compounds. The tertiary 
butoxyethanol has been prepared since the only 
physical property recorded in the literature is the 
boiling point, 150-153°. Its density is 0.8935



T a b le  I
/?-A m o x yethänols, (ROCH2CH2OH)
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Yield , B. p., c ,  % H, %
Amyl group % °C. Mm. d 25abs. M25 D calcd. 63.6 calcd. 12.2

CH^CHs),-" 34 188.3 751.1 0.8893 1.42266
(CH3)2CH(CH2)2- 32 179.8 750.1 .8884 1.42092
(CH3)(C2H3)CHCH2 43 176.8 748.0 .8978 1.42197 63.1 12.00
( C üH W sC H - 38 172.6 746.4 .9151 1.42200 63.3 12.02
(CH3)(w-C3H7)CH- 34 173.8 746.0 .9144 1.42125 63.3 11.70
(C2H6)(CH,),C-* 18 168.4 745.4 .9145 1.42322 63.5 11.90
a Recorded in the literature as 181° at 745 mm. [Cretcher and Pittenger, T h is  J o u r n a l , 46, 1503 (1924)] and as

85.5-86.5° at 23 mm. [Tallman, T h is  J o u r n a l , 56, 126-129 (1934)]. h This eompound was analyzed since the only
property listed in the literature was the boiling point given as 50-55° at 3 mm. [U . S. Patent 1,968,033 (1934); C. .4.,
28, 5832 (1934)].

T a b le  II
^ -N itr o b e n zo a t e s  (R O C H 2C H 2OOCC3H 4N 0 2( p ))

B. p., °C., ,25 N, % (Calcd. 4.98)
Amyl group % yield 4 mm. ®abs. W2S D <y 25 Found

CH3(CH2)4- 87 191.5-192.5 1.1301 1.5141 36.1 4.95 4.90
(CH3)2CH(CH2)2- 80 184.1-185.1 1.1287 1.5136 34.9 4.87 4.88
(CH3)(C2H6)CHCH2- 89 188.1-189.0 1.1276 1.5129 35.1 4.85 4.87
(C2Ha)2CH- 87 183.0-184.0 1.1539 1.5138 36.2 4.93 5.01
(CH3)(»-C3H7)CH-° 87 186.6-187.6 1.1633 1.5164 36.0 5.18 4.96
(C2H6)(CH3)2C- 89 164.0-166.0* 4.90 4.88
a Crystallized after setting for several weeks; recrystallized from ligroin gave a melting point of 74.5°. b Pressure 

0.42 mm.

(̂ abs.)> refractive index is 1.41322 «25d, and it boils 
at 151.3 under 750 mm. pressure.3

All boiling points were taken with a certified 
thermometer completely immersed in the vapor. 
Refractive indices were taken with a dipping re- 
fractometer at 25°. The yields are based upon 
the amount of ethylene oxide used.

^-Nitrobenzoates.—The p-nitrobenzoates of 
these ß-amoxyethanols were prepared according 
to the method of Conn, Collett and Lazzell.4 
These esters are viscous, practically odorless 
liquids having a pale yellow color. They are in­
soluble in water but soluble in all the common or­
ganic solvents. Table II lists the analyses, physi­
cal constants and yields of all the new £-nitro- 
benzoates prepared.

The analyses were made by titration with ti- 
tanous chloride. Refractive indices were deter­
mined by means of an Abbé refractometer at 25°. 
Surface tensions were obtained by means of a 
du Noüy tensiometer at 25° and Harkins’ correc­
tion for the ring method was applied. The yields 
are based upon the amount of glycol ether used.

^-Aminobenzoates.—The ^-aminobenzoates
were prepared from the corresponding nitro com­
pounds as described in the previous article,1 ex­
cept for the distillation. After the removal of the 
alcohol, a small amount of zinc dust was intro­
duced into the distilling flask and the distillation

(4) Conn, Collett and Lazzell, T h is  Journal, 54, 4370 (1932).

carried out at pressures of 1 mm. or less. This 
removed the red by-product which was formed 
upon exposure of the reduced solution to the air.

Table III lists the analyses and yields of the p- 
aminobenzoates, and the melting points of the 
picramides.

T a b l e  I I I

p-A m in o b e n zo a t e s  (ROCH2CH2OÖCC6H4NH2-/>)

Amyl group
Yield,

%
N analyses, % 
(Calcd. 5.58) 

Found
M .p., °c„
picramide

CH3(CH2)4-“ 85 5.61 5.70 115.5
(CH3)2CH(CH2)2- 81 5.49 5.55 140.9
(CH3)(C2H6)CHCH2- 83 5.46 5.43 129.1
(C2H6)2CH- 80 5.51 5.68 136.0
(CH3)(»-CsH7)CH- 80 5.50 5.52 120.8
(C2H3)(CH3)2C- 76 6.07 5.48 134.9

a Fine white needles from ligroin, melting point 56.8°.

The picramides were prepared by the method 
given by Mulliken.5 The ^-aminobenzoates are 
all viscous oils at room temperature with the ex- 
ception of the «-amyl eompound. The yields are 
based upon the amount of nitro eompound used. 
The picramides are all fine yellow needles, having 
a sharp melting point.

The physiological properties of the aminoben­
zoates are now being investigated.

The authors wish to express their appreciation 
to the Carbide and Carbon Chemicals Corpora-

(5) Mulliken, "Identification of Pure Organic Compounds/’ 
John Wiley and Sons, Inc., 440 Fourth Ave., New York City, 1916, 
Vol. II, p. 32.
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tion for the generous supply of ethylene oxide fur- 
nished for this investigation.

Summary
Three new ß-amoxyethanols, six new ß-amoxy-

ethyl esters of ^-nitrobenzoic acid and six new ß- 
amoxyethyl esters of p -aminobenzoic acid have 
been prepared and some of their physical con­
stants determined.
M o r g a n t o w n , W e st  V ir g in ia  R e c e iv e d  J u n e  13, 1936

[C o n t r ib u t io n  from  the  Chem ical  L aboratory  of  t h e  U n iv e r sit y  of  I l l in o is ]

Succinic-a -d^a-d  Acid and its Derivatives, II. 
Stereochemistry of the Type RR'CHD

By M arlin  T. Le ffl er1 a n d  R oger A dams

The effect of deuterium upon the optical ac­
tivity of organic molecules and the possibility of 
obtaining an answer to the question as to whether 
RR'CHD may be optically active has engaged 
the attention of investigators in several labora- 
tories.2

Schoenheimer and Rittenberg3 compared the 
optical activity of coprostanone-d2 and copro- 
stanone and noted that the difference in optical 
activity was very small, if at all appreciable. Er- 
lenmeyer and Gärtner4 were unable to resolve 
p h en y lp ro p io n ic -ß-d acid of which they ob­
tained an impure sample by reduction of cinnamic 
acid with deuterium iodide and phosphorus.

In the research now reported the reduction of 
diethyl fumarate and diethyl maleate was carried 
out using practically 100% deuterium in the pres­
ence of platinum catalyst. The resulting diethyl 
succinatz-a-dta-d  corresponds to the stereo- 
chemical R'CHD-CHDR' type, separable into a 
meso and a racemic modification. I t is well 
known that the action of permanganate on maleic 
acid produces meso-tartaric acid while the racemic 
modification results from fumaric acid. Although 
the deuterium reduction of an ethylenic linkage 
probably does not follow the above “cis” addi­
tion, the reduction of diethyl maleate should still

(1) (a) This is a portion of a thesis submitted in fulfilment of 
partial requirements for the degree of Doctor of Philosophy in 
Chemistry; (b) for previous paper in this field see McLean and 
Adams, T his Journal, 58, 804 (1936).

A description of the investigation herewith reported was included 
in an address in connection with the Wïllard Gibbs Medal award 
to the senior author, May 23, 1936.

(2) After the preparation of this manuscript, an article by Biil- 
mann, Jensen and Knuth, Ber., 69, 1031 (1936), reports the prepara­
tion of a deuterio camphane derivative which must be optically 
active due to the — CHD group. This paper will be discussed in a 
subsequent communication.

(3) Schoenheimer and Rittenberg, J. Biol. Chem., 111, 183
(1935) .

(4) Erlenmeyer and Gärtner, Helv. Chim. Acta, 19, 145, 331
(1936) .

be capable of yielding a different form from tha t 
given by diethyl fumarate. As shown by the 
constants (Table I), the diethyl succinic-a-d,af-d 
specimens from both sources appeared to be iden­
tical, nor was the presence of isomers in either 
sample noticed during the distillation of the ester.

The densities of diethyl succinate-a-tf,«'-*/ 
(Table I) from different reductions of the same 
material show some variance, possibly due to 
varying amounts of hydrogen “impurity.” In a 
previous paperlb it was pointed out that the ob­
served densities of dimethyl succinate-a-d2,cx'-d2 
and succmic-a-d2ya ~d2 anhydride were lower than 
and did not agree with the calculated values. The 
calculation of these values was based primarily 
upon the assumption of identical molecular 
volumes for deuterium and hydrogen. Since that 
time it has been observed5 that the molecular 
volumes of the two isotopes are not identical and 
may differ sufficiently to affect the densities of 
deuterium compounds. However, it is evident 
that this effect must vary with the substances in 
question, as the densities6 of several deuterium 
compounds, of established purity, agree very well 
with the calculated values; others show less 
agreement. In any case, it is worth mentioning 
that the densities (Tables I, II) observed for di­
ethyl succinic-a-dfa'-d and its derivatives show 
fair agreement with the theoretical values. I t  
is entirely probable that the discrepancy which 
does exist may be due both to a difference in 
molecular volumes and to hydrogen “impurities.”

Succinic-a-d,a'~d acid was prepared by the 
hydrolysis of the ester from both of the above- 
mentioned sources. These specimens of dideu-

(5) Brickwedde and Teal, Rev. Mod. Phys., 7, 34 (1935).
(6) Erlenmeyer, Lobeck, Gärtner and Epprecht, Helv. Chim. 

Acta, 19, 336 (1936); Bowman, Benedict and Taylor, T h is  J o urnal , 
57, 960 (1935); Breuer, ibid., 57, 2236 (1935).
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T a b l e  I
C o n st a n t s  o f  D ieth y l  Su c cinate  a n d  it s  D e r iv a t iv e s

Compound
B. p. , °C., at 40 mm. 

bath 155°
B. p. °C., at 16 mm., 

bath 125° W20D Density, d™4 
Found Calcd.c

Diethyl s u c c i n a t e - ( f r o m  fumarate) (I) 126.0-126.5 106.0-106.5 1.4193 1.0533 1.0542
(II) 106.0-106.4 1.4194 1.0527 1.0542

Diethyl succinate-or-d,a'~d (from maleate) (I) 126.2-126.5 106.5-106.8 1.4198 1.0543 1.0542
(II) 126.0-126.5 1.4196 1.0527 1.0542

Diethyl succinate (from fumarate) 126.0-126.4 1.4200“ 1.04206
Diethyl succinate (from maleate) 126.0-126.4 1.4199“ 1.0421*

a The value reported in the literature is: «20d 1.42007 (Karvonen, Ann. acad. sei. Fennicaef 10A, 13 (1912)). b This 
density agrees with the previously reported value, d2041.042 (“Int. Crit. Tables/’ Vol. 1, 1926, p. 222). c The method 
of calculation was that employed previously.lb

T a b l e  II

P hy sic a l  C o n st a n t s  a n d  A n a ly ses  of H ydrogen  a n d  D e u t e r iu m  A na lo g s"
Compound M. p., °C. Density, d in4 Subst., c o 2, Water, % % hydrogen*» %

(formula and name) (corr.) Found Calcd.0 mg. mg. mg. c isotopes H
Diethyl succinate-ot-d, a  '~d;h 

C8H12D2O4 (from fumarate)
(See Table I) Found

Calcd.
3.890 7.79 2.77 54.61

54.51
8.95
9.15 2.30

Diethyl succinate-«-<i, <x '-d ;  
C8H12D2O4 (from maleate)

(See Table I) Found
Calcd.

3.911 7.81 2.76 54.46
54.51

8.87
9.15

18.30

Diethyl succinate; 
C8H140 4

(See Table I) Found
Calcd.

3.988 8.05 2.84 55.05
55.08

7.97
8.10

Succinic-a-d,a f-d  acid; 
C4H4D20 4 (from fumarate)

184.0-184.5 Found
Calcd.

3.720 5.48 1.73 40.17
39.98

6.69 ' 
6.71 2.69

Succinic-«-<i,cc'-d acid; 
C4H4D2O4 (from maleate)

184.0-184.5 Found
Calcd.

3.743 5.52 1.73 40.22
39.98

6.65
6.71

’ 18.69

Succinic acid; C4H60 4 184.5-185 Found
Calcd.

3.708 5.55 1.67 40.82
40.66

5.04
5.13

Succinic-«-^, ccf-d  anhydride; 
C4H2D2O3 (from fumarate)

119.3-119.6 1.2560 1.2588 Found
Calcd.

3.604 6.25 1.33 47.29
47.04

5.86 ' 
5.92 3.02

Succinic-«-^,<x!-d anhydride; 
C4H2D203 (from maleate)

119.3-119.6 1.2563 1.2588 Found
Calcd.

3.800 6.56 1.41 47.08
47.04

5.89
5.92

> 19.02

Succinic anhydride f  
C4H4O3

119.3-119.6 1.2340 . . . . Found
Calcd.

3.817 6.71 1.36 47.94
47.99

3.99
4.03

“ In order to obtain satisfaetory analyses on the acids and the anhydrides, only copper oxide was used in a combustion 
tube of twice the ordinary length. 6 A mixed melting point of the d%-acid from fumarate and maleate showed no depres­
sion. A mixture containing approximately 50% of either the d2-acid from fumarate or from maleate and succinic acid 
melted at 184-185°. c The method of calculation was that used previously.lb d Mixtures containing varying amounts 
of succinic anhydride and either of the ^-anhydrides melted at 119.3-119.6°.

terio acid were identical in melting point, and 
fractional crystallization (Table II) failed to in­
dicate the presence of more than one form. The 
two samples of dideuterio acid, on treatment with 
acetyl chloride, gave two identical specimens of 
succinic-a-d,a'-d anhydride (Table II).

As previously pointed out,16 carbon analyses of 
deuterium compounds may indicate semi-quanti- 
tatively the presence of deuterium, while hydro­
gen isotope analyses are generally of little value. 
The carbon analyses (Table II) are sufficiently 
different from the anhydride analogs to show 
clearly that deuterium was not entirely replaced 
during any of the previous treatments, and the 
density determinations (Table II) indicate that 
if any replacement at all occurred it was not ap­
preciable in amount.

All of the evidence derived from the above- 
mentioned experimental results points, in a nega­
tive sense, to the symmetry of the carbon 
RR'CHD. It was thought to be of additional 
and equal interest to compare the degree of optical 
activity of several deuterium and hydrogen ana­
logs. This was made possible by studying the 
rotations of the brucine, quinine, strychnine and 
cinchonine salts of both succinic-a-dya-d  acid 
and succinic acid. The rotations of the hydrogen 
and deuterium salts (Table III) were observed 
under as nearly identical conditions as possible. 
Within the limits of experimental accuracy, these 
rotations were identical.

Granted that the one form of succinic-a-d,a'-d 
acid obtained from the above-mentioned reduc- 
tions might have been the meso modification, it
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T a ble  III
R ota tio n s” of A lkaloidal  Salts of D e u t e r io -su c c in ic  a n d  S u c c in ic  A c id s

Alkaloidal salt Weight^ Solvent «20j>c

Succinic acid (brucine) 0.1971 Water 0.50 -  25.4 =±= 0 . 5

Succinic-a-d,a '-d acid (brucine) .1964 Water — .50 -  25.5 dfc . 5

Succinic acid (quinine) . 1003 95% Alcohol - 1 .6 6 - 1 6 5 .5 db .5
Succinic-a-d,a -d  acid (quinine) .1007 95% Alcohol - 1 .6 6 -1 6 4 .9 db .5
Succinic-a-d2,a f-di acidlb (quinine) . 1 0 0 4 95% Alcohol - 1 .6 6 -1 6 5 .3 =£= .5
Succinic acid (strychnine) .2033 Water - 0 .5 2 -  25.6 db .3
Succinic-a-J, a r-d acid .2033 Water -  .51 -  25.3 db .3

a All readings were taken at 20 =*= 0.1° to prevent variations in ionization. b This weight was made up to 10.00 cc. 
c l -  Idee.

was nevertheless desirable to attempt the resolu- 
tion of this acid. The cinchonine salt was se­
lected for this purpose as cinchonine has been used 
successfully to resolve tartaric acid.7 The frac- 
tionation gave four crops of dideuterio salt, iden­
tical in crystalline form, melting point, and rota­
tion. None of these fractions gave any evidence 
of mutarotation.

Experimental
Diethyl Fumarate.—This ester was prepared according 

to the method described in “Organic Syntheses,”8 and 
was purified by two distillations at atmospheric pressure 
followed by a final distillation in vacuo. The fraction 
used in the reduction experiments below had the following 
physical constants: b. p. 218-218.5° (corr.) at 740 mm. 
or 109-110° at 16 mm.; w20d 1.4410.

Diethyl Maleate.—The product from esterification of 
maleic acid with absolute alcohol by the same procedure 
had, after careful fractionation, the following physical 
constants: b. p. 225° (corr.) at 740 mm. or 115-116° at 
16 mm.; w20d 1.4415. These constants check those de­
scribed in the literature.

Diethyl Succinate-a-d^a'-d (from Diethyl Fumarate).—
The apparatus employed for the reduction was identical 
to that previously described.lb Two separate reduction 
experiments were carried out, the same conditions pre- 
vailing in each. Each reduction tube was charged with 
4.00 g. of diethyl fumarate, 0.05 g. of platinum catalyst, 
and 7 cc. of dry ethyl acetate (acetic acid free). An excess 
of practically 100% deuterium was available. The reduc­
tion was complete at the end of eight hours and no addi­
tional absorption took place in an additional three hours. 
At the end of this time the reaction mixture was filtered 
from the catalyst and the ethyl acetate solvent distilled 
off below 60° at slightly reduced pressure. The residue 
was distilled in vacuo at two different pressures, the latter 
being carefully controlled by a constant pressure regulator. 
The boiling point (Table I) was constant and gave no 
indication of the presence of isomers. The yield of puri­
fied diethyl succinate-a-d,ct'-d from 4.00 g. of diethyl 
fumarate was 3.4-3.7 g. (83-91%). This product was 
free from any unsaturated material as shown by an alka­
line permanganate test.

Diethyl Succinate-«-i,a:'-d (from Diethyl Maleate).—
Complete reduction of diethyl maleate carried out in a

(7) Pasteur, Ann. chim. phys., 38, 469 (1853).
(8) "Organic Syntheses," Vol. X, 1930, p. 48.

similar manner was attained in six hours, and no addi­
tional absorption of deuterium took place in two more 
hours. The boiling point of the product was constant, 
gave no indication of the presence of isomers, and was 
identical with the boiling point of the product obtained 
from diethyl fumarate (Table I) (yield 88%). This 
product gave no indication of unsaturation as shown by 
alkaline permanganate.

Diethyl Succinate.—This ester was prepared by the 
reduction of either diethyl fumarate or diethyl maleate 
with hydrogen. The same conditions were used as in the 
reduction experiments with deuterium. The constants 
check those recorded in the literature (Table I).

Succinic-a-d,a.'-d Acid (Origin: Diethyl Fumarate).—  
The hydrolysis of diethyl succinate-a-c?,a'-d (origin: fu­
marate; d20* 1.0533) was accomplished by boiling 10 g. 
of the ester for five to six hours with 100 cc. of water 
containing three drops of concentrated nitric acid. After 
the hydrolysis was complete, the clear solution was cooled 
and the nitric acid was neutralized by adding the calcu­
lated quantity of sodium carbonate. The solution was 
then evaporated to dryness in vacuo at 40-50° to give
6.6 g. of crude acid. The latter was fractionally crystal­
lized in the following manner. The entire amount of 
crude succinic-a-dta'-d acid was dissolved in 90 cc. of hot 
water, filtered, and the resultant solution allowed to 
evaporate slowly. The evaporation was carried out in 
stages; a erop of crystals was separated after each 20% 
decrease in volume. These crops were purified by further 
crystallization.

In no case was the presence of isomers indicated during 
the fractionation of the acid, as the solubilities and melting 
points were essentially identical in all fractions. Succinic- 
a-dya'-d acid crystallized in colorless needles which ap­
peared to be identical to those obtained from the reduction 
of diethyl maleate and identical to succinic acid itself. 
The melting point of the deuterio acid was about 0.5° 
lower than that of succinic acid (Table II).

Succinic-cc-d^a'-d Acid (Origin: Diethyl Maleate).— 
Diethyl succinate-a.-dfa'-d (d204 1.0543) obtained by the 
reduction of diethyl maleate was hydrolyzed in exactly 
the same manner as used in the hydrolysis above. The 
latter was fractionally crystallized by the procedure out- 
lined for the dideuterio acid from diethyl fumarate. The 
melting points and solubilities were identical for the various 
fractions and also identical with the values of the acid from 
diethyl maleate reduced with deuterium (Table II).

Succinic Acid.—A pure specimen of succinic acid was 
prepared in the same way as the above by the saponifiea-
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tion of diethyl succinate. Both the diethyl succinate 
resulting from the reduction of diethyl fumarate and diethyl 
mäleate were used in preparing succinic acid. The acid 
so obtained was recrystallized from water, which method 
gave a product with the same melting point as that ob­
tained by Sublimation. It was found that at low pres­
sure (1 mm. at 145°) Sublimation could be conveniently 
used to recover deuteriosuccinic acid (or succinic acid) 
from otherwise unworkable residues. Samples purified 
in this way had the same melting point as crystallized 
material.

Succinic-a-d, a.'-d  Anhydride.—The purified deuterio 
acid (2.36 g.; origin, diethyl fumarate) was refluxed for 
three hours with acetyl chloride (4.7 g.). At the end of 
this time, the clear solution was allowed to cool spon­
taneously whereby colorless prisms of succinic-a-d, a'-d 
anhydride were deposited. After further cooling in ice- 
water, the product was separated by filtration, washed 
with cold, absolute ether, and vacuum dried over soda- 
lime to remove tracés of acid chloride. The crude succinic- 
a-d,a'-d anhydride (yield 91%) was fractionally crystal­
lized from freshly distilled acetic anhydride. Only a 
single form was indicated, m. p. 119.3-119.6°.

Succinic-a-d, a '-d  acid (origin: diethyl maleate) was con­
verted in the same way as the above into the anhydride. 
The succinic-a -d ,a '-d  anhydride was identical with the 
product from diethyl fumarate, m. p. 119.3-119.6°. The 
density of both this and the sample above was deter­
mined by the procedure previously described.16 The 
values from these density determinations (Table II) indi­
cate that under the conditions used in the previous hy- 
drolyses there was no appreciable amount of deuterium 
lost by exchange with hydrogen.

Succinic Anhydride.—This anhydride was prepared in 
the same way as the dideuterio compound.

ALKALOIDAL SALTS OF SUCCINIC-a-d, a'-d ACID
A Comparison of the Rotations of Deuterium and Hydrogen 

Analogs
Brucine Salt of Succinic-a-d,a'-d Acid.—To a solution 

of 0.1800 g. of succinic-a-d,a'-d acid in 20 cc. of hot abso­
lute alcohol was added 0.6994 g. of /-brucine (hydrate). 
The solution was boiled for several minutes after all of the 
alkaloid had dissolved, was filtered while hot, and set aside 
to crystallize. The first crop of colorless clusters amounted 
to 0.55 g. and the second, 0.12 g. Both crops melted at 
216-218° (dec.) and the melting point was not changed 
by further recrystallization from absolute alcohol. Rota­
tions of various fractions were identical.

Anal. (micro-Dumas). Calcd. for C4H4D204'2C23H26- 
0 4N 2: N, 6.16. Found: N, 6.04.

Brucine Salt of Succinic Acid.—This salt was prepared 
in the same manner as above for the deuterium analog. 
On recrystallization from absolute alcohol it formed 
colorless prism clusters melting at 216-218° (dec.).

Anal. (micro-Dumas). Calcd. for C4H604-2C23H2ö04N2: 
N, 6.17. Found: N, 6.06.

Quinine Salt of Succinic-a-d, a '-d Acid.—To a solution 
of 0.150 g. of succinic-a-d,ar-d  acid in 30 cc. of hot water 
was added 0.405 g. of /-quinine. The alkaloid went into 
solution immediately, and on allowing the solution to cool, 
colorless, soft needles of the salt separated. The first crop

amounted to 0.32 g. and the second, 0.1 g. Both crops 
melted with shrinking at 175°, becoming entirely liquid at 
201°. As indicated by the melting point, the salt was 
evidently hydrated.9 The melting point was not altered 
by further recrystallization from water, but when the sam­
ple was dried in vacuo at 100° for twenty-four hours it 
melted without shrinking at 198-201°. All fractions were 
identical in properties.

Anal. (micro-Dumas). Calcd. for C4H4D20 4-C26H2,r 
O2N2H2O: N, 6.06. Found: N, 6.21.

Quinine Salt of Succinic-a-d2, a '-dt Acid.—This salt was 
prepared from the tetradeuterio acid16 by the same method 
used for the dideuterio compound. It crystallized from 
water in the same form and was dried in the same way as 
the analogs; m. p. 198-201°.

Anal. (micro-Dumas). Calcd. for C4H2D4O4C20H24-
0 2N2 H20: N, 6.03. Found: N, 6.06.

Quinine Salt of Succinic Acid.—This salt was prepared 
in the manner used above for the analogs. It crystallized 
from water in colorless, fluffy needles which, after drying 
in vacuo at 100°, melted at 198-201° (dec.).

Anal. (micro-Dumas). Calcd. for C4H60 4*C2oH2402-
N2;H20: N, 6.08. Found: N, 6.11.

Strychnine Salt of Succinic- a-d, a ’-d Acid.—An amount 
of 0.2400 g. of succinic-a-d, a'-d acid was dissolved in 20 
cc. of hot absolute alcohol, followed by the addition of 
0.668 g. of /-strychnine. The mixture was allowed to 
evaporate above 35° and two fractions separated. These 
were identical. After drying in vacuo at 100°, the crystals 
softened at 190° and melted at 210°. By the usual pro­
cedure of crystallization, strychnine crystallized and had 
to be separated mechanically from the salt.

Anal. (micro-Dumas). Calcd. for C4H4D2CV2C21H22- 
0 2N2: N, 7.11. Found: N, 7.29.

Strychnine Salt of Succinic Acid.—This was prepared 
as described for the deuterium analog. The colorless 
spurs10 which crystallized from absolute alcohol were 
dried in vacuo at 100°. They softened at 190° and melted 
at 210°.

Anal. (micro-Dumas). Calcd. for C4H604*2C2iH22- 
O2N2: N, 7.13. Found: N, 7.19.

Attempted Resolution of Succinic-a-d,a'-d Acid
Cinchonine Salt of Succinic-a-d,a'-d Acid.—To a solu­

tion of 0.3600 g. of succinic-a-d,a'-d acid in 10 cc. of hot 
water was added 0.883 g. of d-cinchonine. The mixture 
was refluxed for several minutes to give a clear solution. 
As the salt crystallized only with great difficulty from an 
unseeded aqueous solution, crystalline salt was prepared 
from dioxane as a solvent, allowing the dioxane to evapo­
rate very slowly. These crystals were later used to seed 
the water solution which was preferred to dioxane as a 
fractionating solvent. After two days of standing, large 
colorless prisms had separated. Several fractions were 
obtained as follows: (1) 0.26 g\; (2) 0.19 g.; (3) 0.27 g. 
and (4) 0.13 g., totalling 0.85 g. (68.5%). All of these 
fractions were obviously hydrated11 as they effloresced on 
exposure to the air. The above weights of the various

(9) Lindet, Bull. soc. chim., [3] 15, 1160 (1896).
(10) Crespi, Gazz. chim. ital., 13, 176 (1883).
(11) Hesse, Ann., 176, 232 (1874).
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fractions were taken after drying the samples for a day in 
a vacuum desiccator over sulfuric acid. After this treat­
ment, all of the crops melted over the range, 130-160°. 
The rotations were first read at 0°, then at 20°, and finally 
again at 0° in order to observe any possible mutarotation. 
All fractions exhibited, within the limits of experimental 
error, the following identical rotations: [a]°D +158 =*= 1 
(c =  1.000, l =  1 dec., a°D +1.58); [«]20d +  152 ±  1 
(c  =  1.000, 1 = 1 dec., ol2öd  +1.52). There was no indi­
cation of mutarotation in any of the fractions.

Anal. (micro-Dumas). Calcd. for C4H4D2O42C19H22- 
ONa: N, 7.90. Found: N, 7.80.

Cinchonine Salt of Succinic Acid.—This salt, used as a 
comparison Standard, was prepared in the manner de­
scribed above for the deuterium analog. The dried sam­
ple melted over a range of 130-160°. As in the above 
instance all rotations were taken on Solutions of the same 
concentration and at temperatures controlled to within 
0.1°. The latter precautions were taken to prevent 
ionization. The following rotations were observed for 
this hydrogen analog: [ck]°d +159 =*= 1 (c =  1.008,
/ = 1 dec., a°D +  1.60); [o+°D +  153 =*= 1 ( c  =  1.008, 
l =  1 dec., a°D +1.54).

Summary
1. Diethyl succinate-a-d, a'-d was prepared

from both diethyl maleate and diethyl fumarate 
by reduction with deuterium. The presence of 
more than one eompound was not indicated.

2. Succinic-a -d ,a '-d  acid from diethyl suc­
cinate- a-d, a '-d  from either diethyl maleate or 
fumarate appeared to be a homogeneous sub­
stance. I t melted 0.5° lower than succinic acid. 
Its alkaloidal salts exhibited the same rotation as 
the corresponding salts of succinic acid. No 
Separation of diastereoisomeric salts was pos­
sible.

3. Succinic-a -d ,a '-d  anhydride melted at the 
same point as succinic anhydride.

4. The densities of diethyl §VLComate-a-d,a'-d 
and of succinic-a -d ya '-d  anhydride indicated no 
appreciable replacement of deuterium by hydro­
gen during the various reactions. The values 
were slightly lower than those calculated from the 
densities of the hydrogen analogs on the basis of 
the assumption that the molecular volume of hy­
drogen and deuterium is identical.
U r b a n a , I l l in o is  R e c e iv e d  J u n e  4, 1936

[C o n t r ib u t io n  from  t h e  C hem ical  L abor ato r y  of t h e  U n iv e r s it y  o f  I l l in o is ]

Stereochemistry of Deuterium Compounds of the Type RR'CHD: Camphane-2 ,3 -d 2

By  M arlin  T. Le ffl e r 1 a n d  R oger  A dam s

A recent article by Biilmann, Jensen and 
Knuth2 described the preparation and subsequent 
study of the optical properties of camphane-2-d. 
Although camphane, due to its symmetry, is op­
tically inactive, camphane-2-d was found to have 
an observed rotation of o® +  0.08° (c =  10.00 
of ether, 1 — 2 dec.). This was presented as di­
rect evidence in favor of the asymmetry of the 
molecule RR'CHD. As pointed out by the above 
authors, the preparation of the hydrogen and deu­
terium analogs of camphane by the hydrolysis of 
bornylmagnesium chloride with water and deu­
terium oxide, respectively, is accompanied by the 
formation of several other optically active prod­
ucts. The latter must necessarily be removed 
completely by repeated crystallizations before 
any comparison can be drawn between the opti­
cal properties of camphane and camphane-2-d.

(1) For the previous article in this fielcl see Leffler and Adams, 
T his Journal, 58, 1551 (1936).

A description of this investigation herewith reported was included 
in an address in connection with the Willard Gibbs Medal award 
to the senior author, May 23, 1936.

(2) Biilmann, Jensen and Knuth, B e r . ,  69, 1031 (1 9 3 6 ) .

The difficulty with which camphane derivatives 
are purified renders any process of purification 
questionable as to its thoroughness. No attempt 
was made by Biilmann to characterize the cam­
phane or camphane-tf used for comparative rota­
tion studies either by analysis, density or other 
physical constants with the exception of melting 
points, which are not significant. Since the re­
sults of these investigators are not in complete 
accord with the present and previous1,3 researches 
concerning this problem of asymmetry, it seems 
advisable to make the herein described report at 
this time before the investigation is satisfactorily 
finished. In addition, it is worth mentioning 
that the first mentioned authors found that the 
sample of active camphane-2-d  was converted 
into an inactive product, presumably camphane, 
by treatment with hydrogen in the presence of 
platinum and carbon at room temperature. It is 
rather odd that cleavage by hydrogen of an or­
dinary carbon-deuterium bond would occur with

(3) Erlenmeyer and Gärtner, Helv. Chim. Acla, 19, 145, 331 (1936),
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such ease and completeness. At least this does 
not seem in accord with our present knowledge 
of the hydrogen-deuterium interchange reactions.

The desirability of using a structure of the cam­
phane type in studying this problem is worth 
emphasizing and may be most clearly brought out 
by mentioning briefly the difficulties involved in 
other modes of attack. A stereochemical study 
of a molecule of the type I, as described in the 
previous paper by the present authors,1,4 is com­
plicated by at least two factors: namely, the pro­
duction of this type by the reduction of either the

R'CHD—CHDR' RCHD— COOH
I II

RCHD—(CH2)xCOOH 
III

cis or trans unsaturated compound might lead to 
the formation of one and the same stereo form, 
thus making the search for a m eso and a racemic 
modification of no consequence; in addition, if 
the meso modification was the one form so pro­
duced, obviously any attempts at resolution 
would be meaningless. The use of acids of the 
structure II in investigating the problem adds to 
the complication due to the possibility of racemi- 
zation through the enolization of the alpha hy­
drogen or deuterium. The latter difficulty would 
be materially avoided by the use of the molecule 
shown in III. It is to be noted, however, that 
all of these three types involve either the isola­
tion of diastereoisomers or the resolution into op­
tically active forms. This evidence when obtained 
in the form of negative results is, at best, only in­
direct proof of the symmetry of the RR'CHD 
molecule.

A more direct and definite proof is possible 
through the utilization of an optically active sub­
stance which loses its activity on reaction with 
hydrogen, such as the structures illustrated in IV 
and V. Since the Substitution of X in IV by

IV v

deuterium involves the replacement of a group 
directly attached to the asymmetrie center and 
thus the possibility of inversion and racemization, 
the structure V is the more desirable of the two. 
In addition, cyclic structures commonly have a 
higher rotation than open chain molecules. The

(4) McLean and Adams, T his Journal, 58, 804 (1936).

latter is of distinct advantage in comparing the 
rotation of the products resulting from the action 
of hydrogen and deuterium on the original mole­
cule. The terpene bornylene, VI, corresponds to 
the structure V and thus lends itself to the study 
of the problem at hand. On reduction of /-bornyl­
ene with hydrogen, camphane VII results, inac­
tive due to the symmetry of the molecule; on the 
other hand, the reduction of /-bornylene with deu­
terium leads to the formation of camphane-2,3-</2, 
VIII, which if deuterium differs properly from 
hydrogen should still be optically active.

CH3
I

c h 2— c -----—c h 2

c h 3—c —c h 3 1
h 2

CH2------CH------ CH2
VII

c h 3
I

c h 2---- C---------CH

CH,—C—CHa
I

CH2----CH------ CH
VI

D2

c h 3

CH2---- Ci--------- CHD

c h 3—c—c h 3

CH2---- CH-------CHD
VIII

Although /-bornylene represents, from a theo­
retical standpoint, a most ideal type of structure 
for the study of this problem, its use involves sev­
eral experimental difficulties. Due to its extreme 
volatility, purification is by no means an easy 
task. Furthermore there seems to be no practi­
cal method of preparing the substance in a pure 
state. The decomposition of methyl bornylxan- 
thate,5 although the most practical and conve­
nient method of preparation, is accompanied by 
the formation of a rearrangement product, tri­
cyclene,5’6 from which /-bornylene cannot be 
separated easily. Henderson and Caw7 described 
a method for the purification of bornylene con­
taining this impurity by the preferential oxida­
tion of the tricyclene by hydrogen peroxide. 
However, this was not found to be entirely satis- 
factory8 due to the poor yields and incomplete- 
ness of the purification. Fortunately, however, 
the presence of tricyclene as an impurity in the 
bornylene does not interfere with the results of 
the following experiments, since by its symmetry, 
it is optically inactive.

It has been shown previously by Henderson
(5) Tschugaeff, Ber., 32, 3332 (1889); A n n . ,  388, 280 (1912).
(6) Bredt and co-workers, A n n . ,  366, 1 (1909); J .  Prakt. C h e m . ,  

(ii) 131, 137 (1931).
(7) Henderson and Caw, J .  C h e m .  S o c . ,  101, 1416 (1912).
(8) Sutherland, private communication.
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and Pollock9 that the catalytic nickel-hydrogen 
reduction of bornylene to camphane proceeds 
without rearrangements, even at temperatures of 
170-190°. The Z-bornylene obtained in the pres­
ent investigation by the decomposition of methyl 
bornylxanthate was completely reduced catalyti- 
cally by both hydrogen and deuterium at room 
temperature and practically atmospheric pressure, 
yielding camphane and camphane-2,3-d2, respec­
tively. Although pure camphane is optically in­
active, the sample obtained by the reduction with 
hydrogen was found to have an observed rotation 
of a 25D +  0.02° (±0.01) (Table I). This small 
degree of activity could not have been due to in­
complete reduction, as the rotation of the origi­
nal bornylene was negative and the final product 
was shown to be completely saturated. It is to 
be explained by the presence of some dextro ro- 
tatory impurity. Camphane-2,3-d2 resulting from 
the reduction of bornylene with deuterium gave 
an observed rotation of a 25D  +  0.02° (±0.01) 
(Table I) under identical conditions. Care was 
exercised to run control experiments with blank 
samples and the rotations of the hydrogen and 
deuterium analogs were each checked in triplicate. 
In every case there was an observable but identi­
cal rotation.

A density determination (Table I), using the 
method of McLean and Adams,4 on both cam­
phane and camphane-2,3-d2 definitely distin- 
guished these two substances.

It is to be conceded that the above evidence, 
due to its qualitative nature, should not be ac- 
cepted as definite proof of the inactivity of the 
RR'CHD structure. It is certain, however, that 
the effect of the deuterium atom on the optical 
activity of this structure is of an extremely small 
order of magnitude. Further studies along these 
lines are in progress; in particular a similar in­
vestigation is being conducted on menthene and 
a further attempt is being made to obtain pure 
bornylene in order to repeat the experiments re­
ported here.

Experimental
/-Bornylene.—J-Borneol was converted into ^-methyl 

bornylxanthate as described by Tschugaeff.6 After two 
recrystallizations from alcohol, the xanthate melted at 
57-58°; rotation in dioxane was [ a ] 24D +  31.5° (c — 2.00). 
The rotation and melting point checked those previously 
reported and were unchanged by further purification. 
/-Bornylene was obtained from methyl bornylxanthate

by dry distillation6 at 170-190° and freed from sulfur 
impurities by repeated sublimations from metallic sodium. 
The sample of /-bornylene prepared in this manner melted 
at 105-106.5°; rotation was [ a ] 25D —10.66° (c =  4.627 
in toluene), [«]25d —9.57° (c — 16.00 in ethyl acetate); 
density, duh 0.7666. As the first two constants indicate 
and as Was earlier pointed out by Bredt and co-workers,6 
bornylene prepared in this manner is contaminated by a 
rearrangement product, tricyclene, from which it cannot 
be completely separated by ordinary methods of purifica­
tion. Bredt and Sandkuhl10 obtained a sample of bornyl­
ene melting at 113° and having a rotation of [«]d —21.69° 
which they believed to be essentially pure. The presence 
of tricyclene as an impurity should have no effect, how­
ever, on the optical inactivity of camphane formed by 
the reduction of the impure bornylene.

Camphane.—The apparatus employed for the reduction 
of bornylene by hydrogen (or deuterium) was the same 
as that previously described by McLean and Adams.4 
Two reduction tubes were used, the charge in each tube 
being 1.36 g. of /-bornylene, 0.05 g. of platinum catalyst 
and 8 cc. of ethyl acetate (dry and acid and alcohol free). 
One-half of the theoretical amount of hydrogen was ab­
sorbed in one and one-half hours. There was no further 
absorption in an additional hour. That complete reduc­
tion had been obtained was substantiated by the settling 
of the catalyst in the reduction tubes.

The contents from the reduction tubes, after Separation 
from the catalyst, were shaken with 1 liter of cold water 
in order to precipitate the crude camphane. The crude 
material was separated by filtration, dried for a short time 
over phosphorus pentoxide, and finally allowed to sublime 
at room temperature from metallic sodium. The cam­
phane obtained in this manner gave no test for unsatura­
tion as shown by bromine in glacial acetic acid and had 
the physical constants listed in Table I.

The rotations recorded in Table I were checked in 
triplicate, care being taken to maintain a constant tem­
perature of =*=0.2° during the observations and to use a 
blank control in each case. In every instance there was 
evidence of slight activity due to the presence of some 
dextro-rotatory impurity.

Camphane-2,3-d2-—Practically 100% deuterium was 
prepared as earlier described4 by the electrolysis of deu­
terium oxide. This deuterium was employed for the re­
duction of /-bornylene, using conditions identical to those 
given above for the hydrogen analog. Complete reduc­
tion was attained in two hours as compared with one and

Table I
Constants o n  Camphane a n d  Camphane-2,3-d2

Compound M. p., °C.o
Density*» 

obs., d l6h (X 2f> ° £, =fc 0 • ï  C

Camphane 145 0.7458 + 0 .0 2  (± 0 .0 1 )
Camphane-2, S-d2 143 0.7552 + 0 .0 2  (± 0 .0 1 )

a These low melting points for camphane indicate the 
presence of the impurity of tricyclene carried through from 
bornylene.

b The method employed for the density determination 
was that described in a previous paper.4

c Concentration — 0.85 g. in 5 cc. of ethyl acetate. 
I = 1.

(9) Henderson and P ollock , J .  C h e m .  S o c . ,  97, 1620 (1910). (10) Bredt and Sandkuhl, A n n . ,  366, 11 (1909).
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one-half hours for the absorption of an equivalent amount 
of hydrogen. The product, camphane-2,3-d2 (plus im­
purity from the bornylene) was isolated in the same manner 
used for camphane and gave no test for unsaturation. 
The physical constants are listed in Table I. In measur- 
ing the rotation and in making comparisons with the 
hydrogen analog, care was exercised to maintain identical 
conditions throughout. In no instance was there any 
observable difference between the optical activity of the 
samples of camphane and camphane-2,3-d2.

Summary
Z-Bornylene upon reduction with hydrogen 

gives a camphane having a rotation of +0.02 
(=*=0.01) due to some impurity. Reduction with 
deuterium results in a molecule of identical rota­
tion. The densities of camphane and camphane-
2,3-̂ 2 were shown to be markedly different. 
U r b a n a , I l l in o is  R e c eiv ed  J u n e  8, 1936

[C o n t r ib u t io n  from  t h e  D e p a r t m e n t  of C h em ist r y , Y a l e  U n iv e r sit y , a n d  t h e  R e se a r c h  L aboratory  of M erck
a n d  Co., I n c .]

Hydrogenation and Hydrogenolysis of a 2 -Keto-l ,2 ,3,4-tetrahydropyrimidine 
Derivative to 2 -Benzyl- and 2 -Hexahydrobenzylbutanol-l1

B y K arl F olkers2

The action of hydrogen on 2-keto-1,2,3,4-tetra- 
hydropyrimidines over nickel and copper-barium- 
chromium oxide catalysts at approximately 200 
atmospheres pressure and at temperatures up to 
200° was recently described.3 I t was shown that 
2 - keto - 4 - phenyl - 5 - carbethoxy - 6 - methyl -
1,2,3,4-tetrahydropyrimidine, I, was reduced to 
a mixture of at least two isomeric hex'ahydropy- 
rimidine derivatives. The reduction of the py­
rimidine 5,6-double bond took place at 200°, and 
the yield of the isolated hexahydropyrimidines 
was 77%. There was evidence for the presence 
of side products resulting from further reactions 
with hydrogen. I t  was to be expected that a 
higher temperature would increase the extent of 
these reactions, and this paper summarizes the 
results of allowing the 2-keto-1,2,3,4-tetrahy­
dropyrimidine derivative, I, to react with hydro­
gen at 250° over a copper-barium-chromium 
oxide catalyst.

It could be predicted that, as the temperature 
of the reaction neared 250°, a rather complex 
combination of hydrogenation and hydrogenolysis 
reactions would occur. Thus, the pyrimidine 5,6- 
double bond and the carbethoxy group would be 
definitely susceptible to reduction. The formed 
carbinol group would be somewhat susceptible to 
reduction to a methyl group. The ring 3,4-bond

(1) Researches on Pyrimidin es CLII.
(2) Post-doctorate Research Fellow, 1933-1934, Yale University. 

The greater part of this study was made at Yale University under 
the administration of Professor Treat B. Johnson. The courtesy 
of Dr. Randolph T. Major for permission to complete the investiga­
tion in the Merck Laboratory is gratefully acknowledged.

(3) Folkers and Joh nson , T h is  J o u r n a l , 56 , 1180 (1934).

H hO  f - O 1 f - O
CO CCO2C2H5 ---->  CHCH2OH — >  CHCH3
I II I I

NH—CCH3 CH2CH3 CH2CH3
I II III

and the 1,6-bond would be susceptible to cleavage 
because of the neighboring activating influences. 
Theoretically, it could be said that the initial reac­
tion of hydrogen might follow four courses leading 
to four different products. These four products, 
on further reaction with hydrogen, could lead to 
seven new products, and these, in their turn, 
could lead to seven more. These last seven mole­
cules could lead to four products, and these four 
would lead to a single molecule, 2-benzylbutane,
III. Thus, in this theoretical stepwise trans­
formation of I to III, there are twenty-two inter­
mediates to be considered, exclusive of stereoiso- 
mers, and exclusive of change in the -NH-CO NH 
grouping.

It was never possible, in this hydrogenation at 
250°, to obtain full hydrogen absorption, and 
there was isolated a small amount of a low boil­
ing fraction which appeared to be the product 
II, 2-benzylbutanol-l. After repeated purifica- 
tions, only tracés of impurities containing nitro­
gen remained, and the carbon and hydrogen 
analyses were not quite satisfaetory for 2-benzyl­
butanol-l.

For further identification, the alcohol, II, was 
synthesized in order that comparable derivatives, 
etc., could be made. I t was readily obtained by 
the following series of reactions
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f O  2H, ‘fH-<Z>
CC00C2H5 - — 4 - c h g o o g ä
I I

COCH3 CHOHCH3
IV V

c h /  N  g h 2/

CGOOG2H 5 — g h g h 2o h  
II . I
CHGHs GH2CH3

VI VII

In carrying out the last step, VI —> VII, the 
second stage, or carbethoxy group reduction, 
reached completion very readily, and if the reac­
tion were not stopped, further hydrogenation 
slowly took place.

Apparently, the benzenoid nucleus was slowly 
undergoing reduction. Analysis of the product 
showed a low percentage of carbon and a high 
percentage of hydrogen, such as would be ex­
pected; and when this product was hydrogenated 
completely over nickel, a low amount of hydrogen 
was absorbed as calculated for 2-benzylbutanol-l, 
and analysis of the product indicated that it was
2-hexahydrobenzylbutanol-1.

Interpreting the pyrimidine hydrogenation in 
accord with the above results, the alcohol product 
undoubtedly was essentially a mixture of 2- 
benzyl- and 2-hexahydrobenzylbutanol-l. There 
were fractions which might have contained the 
corresponding butane derivatives, but the quan­
tity was much smaller than that of the alcohol 
fraction.

These experiments contributed toward the 
knowledge of a characteristic of the copper- 
barium-chromium oxide catalyst. I t has been 
generally expressed that copper-chromium oxide 
catalyst is inactive for true benzenoid nuclei re­
duction.4 This study would suggest that it is 
probably a question of relative activity for these 
catalysts. In other words, there is usually a tre- 
mendous difference in the rates of phenyl group 
reduction with respect to the other many reactions 
for which these catalysts are valuable, and the 
control of the reactions and isolation of pure 
phenyl substituted products is entirely practi- 
cable. However, when certain factors (tempera­
ture, time, catalyst amounts and ratios, etc.) are 
forced, advertently or not, the amount of phenyl 
group reduction may become appreciable, as in 
the case of ethyl a-benzylcrotonate. In the case

(4) Adkins and Connor, T h is  J o u r n a l , 53, 1091 (1931); 54, 4689
(1932); Wojcik and Adkins, i b i d . ,  56, 2421 (1934).

of complex heteronuclear phenyl substituted com­
pounds, such as the pyrimidine I, the extent 
of phenyl group reduction may be sufficiënt as to 
make impracticable the isolation of pure phenyl 
substituted products, when rather drastic condi- 
tiöns must be employed in order to secure appre­
ciable conversion of the hydrogen acceptor.

Experimental Part5
Hydrogenation of the Pyrimidine, I.—The literature 

citations on apparatus, catalysts, and special methods 
have already been recorded.3 The preparation of 2-keto- 
4-phenyl-5-carbethoxy-6-methyl-l,2,3,4-tetrahydropyrimi- 
dine, I,6 and the corresponding hexahydropyridine have 
been described.3

When 10 g. (0.038 mole) of the pyrimidine I was hydro­
genated at 250° for 7.25 hours over 5 g. of copper-barium- 
chromium oxides in 100 ml. of ethanol solvent, the result­
ing solution was colorless and practically free from volatile 
ammonia or amines. The catalyst, to all appearances, 
was in an active state. The hydrogen absorption was not 
over 0.176 mole. The residue, after ethanol removal, was 
distilled: Fraction I, b. p. essentially 77-79° at 2.5 mm.,
I. 8 g. (approximately 28.6%); Fraction II, b. p. 80-160° 
continuous, and large resinous residue.

When the hydrogenation was conducted over 3 g. of 
catalyst, first for two hours at 200°, then for four hours 
at 250°, there was isolated only 0.5 g. (8.0%) of Fraction I 
boiling essentially at 70-72° at 1.5 mm.

Fraction I was also obtained in small yield from the 
hydrogenation of 2-ketö-4-phenyl-5-carbethoxy-6-methyl- 
hexahydropyrimidine under similar conditions.

The residues from distillation of Fraction I (or Fraction
II, continuous b. p. of 80-160-200° plus its residue) were 
dissolved in alcoholic sodium hydroxide solution and the 
mixture refluxed for two to three hours. After removal of 
the ethanol, there were no basic or neutral substances 
present other than an occasional trace of Fraction I. 
On acidification there precipitated carboxy acids. The 
properties of the acid indicated a complex mixture, and, 
in one instance, some impure 2-keto-4-phenyl-5-carboxy-6- 
methylhexahydropyrimidine was isolated.

When the product from the hydrogenation of 20 g. of 
pyrimidine I under similar conditions was directly saponi 
fied, etc., there was obtained 2.6 g. (20.6%) of Fraction I, 
and the distillation residue of 4.3 g. comprised the remain­
ing basic or neutral products.

The various Fractions I were combined and fractionated. 
The forerun of b. p. 47-74° at 2 mm. darkened in color on 
standing and was found to contain 2-3% nitrogen. The 
greater amount of the material boiled at 75-78° at 2 mm., 
and, after treatment with acid and alkali, was found to 
distil at 77-77.2° at 2 mm. Undoubtedly, this liquid was 
essentially 2-benzylbutanol-l. Anal. Galcd. for CuHiöO : 
G, 80.42; H, 9.82. Found: C, 79.25, 79.20; H, 9.38, 
9.33; N, trace (0.1-0.2%). The discrepancy on carbon

(5) Acknowied gment is made to Mr. D. Hayman and Mr. S. 
Adler for the greater part óf the analytical work.

(6) Folkers, Harwood and Johnson, T his Journal , 54, 3751 
(1932); see also Folkers and Johnson, ibid., 55, 3784 (1933).

-h 2o
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and hydrogen content was probably due in part to the 
presence of 2-hexahydrobenzylbutanol- 1, as explained 
elsewhere, and to the nitrogen containing impurities.7

Ethyl a-Benzalacetoacetate.—This ester was made by 
the method of Knoevenagel.8 It was finally distilled 
through a Widmer column, b. p. 129-130° at 2.5 mm.

Ethyl a-Benzyl-/3-hydroxybutyrate.—The ethyl a-benzal- 
acetoacetate was hydrogenated at 150° and 160 atm. in 
absolute ethanol solvent, and over copper-barium- 
chromium oxide catalyst. The yield of ethyl «-benzyl-/?- 
hydroxy butyrate was 90%, b. p. 124-126° at 3 mm. 
Anal. Calcd. for Ci3H180 3: C, 70.22; H, 8.16. Found: 
C, 70.14, 69.96; H, 8.12, 8.34.

Ethyl a-Benzylcrotonate.—To 20 ml. of dry benzene and 
8 g. of phosphorus pentoxide in a distilling flask and cooled 
in an ice-bath was added 22.8 g. of ethyl «-benzyl-ß- 
hydroxybutyrate. Benzene was now slowly distilled by 
immersing the flask in an oil-bath and heating slowly to a 
temperature of 140°. The pressure was then reduced to 
15 mm., and, after removal of the last benzene, the de­
hydrated ester distilled at 133-138° (bath temp. 190-200°), 
yield 17.1 g. or 81.4%. The ester was purified by washing 
its ethereal solution with a sodium carbonate and chloride 
solution and then a sodium chloride solution. The ester 
after ether removal, on distillation yielded a few drops of 
a yellow low boiling fraction and then distilled at 125- 
127° at 13 mm. Anal. Calcd. for Ci3Hie02: C, 76.42; 
H, 7.89. Found: C, 76.38, 76.29; H, 7.80, 7.67.

2-Benzylbutanol-l.—A solution of 15.5 g. of ethyl 
a-benzylcrotonate and 25.5 ml. of absolute ethanol was 
hydrogenated over 4 g. of copper-barium-chromium oxide 
at 250° and 190 atm. for five minutes. The product was 
dissolved in alcoholic sodium hydroxide solution and re­
fluxed for five hours. The alcohol, on ether extraction, 
etc., distilled at 81-81.5° at 2 mm. It was a rather vis­
cous liquid and its odor was not so characteristic or pleasant 
as that of the hexahydrobenzylbutanol. Anal. Calcd.

(7) Guerbet [Compt. rend., 146,1406 (1908); Bull. soc. chim., [4] 3, 
944 (1908)] described 2-benzylbutanol as an oil of lilac odor, as ob­
tained from the reaction of w-butanol and sodium benzylate. The 
above analytical product had a very characteristic and pleasant odor.

(8) Knoevenagel, Ber., 29, 172 (1896); 31, 730, note 4 (1898); 
see also Claisen and Matthews, Ann., 218, 178 (1883).

forCnHißO: C, 80.42; H, 9.82. Found: C, 80.65, 80.55; 
H, 9.75, 9.64.

2-Benzylbutyric Acid.—The alkaline solution of the 
above experiment, freed from 2-benzylbutanol, was acidi­
fied and ether extracted. A few drops of acid were ob­
tained and distilled in a minute flask, b. p. 123-124° at 
2 mm. Anal. Calcd. for CnHi40 2: C, 74.11; H, 7.92. 
Found: C, 74.17, 73.88; H, 8.12, 8.14.

2-Hexahydrobenzylbutanol-l.—When 15.3 g. of ethyl 
« benzylcrotonate was hydrogenated as described above, 
except for a period of five and one-half hours, the product, 
on fractionation, gave a forerun, undoubtedly containing 
the corresponding butane derivatives, and then the prin­
cipal fraction, b. p. 86-87.5° at 3 mm. This fraction was, 
nevertheless, taken in three parts, and the middle one, 
representing 21% of the total, was estimated to contain 
44% of 2-hexahydrobenzylbutanol-l and 56% of 2-benzyl- 
butanol-1. Anal. Calcd. for CnH220: C, 77.56; H,
13.02. Found: C, 79.30, 79.16; H, 11.32, 11.14.

When this mixture of butanols was hydrogenated to 
completion over Raney nickel catalyst at 180°, 2-hexa­
hydrobenzylbutanol-l was obtained, b. p. 83-84° at2mm. 
Anal. Found: C, 77.01, 77.09; H, 12.94, 12.67. This 
completely saturated alcohol had a very characteristic 
and perfume-like odor, and there seemed no doubt but 
that the odor of Fraction I from the pyrimidine hydro­
genation was due to the presence of this alcohol.

Summary
The principal final product of hydrogenation of 

2 - keto - 4 - phenyl - 5-carbethoxy-6-methyl-l,2,3,4- 
tetrahydropyrimidine over copper-barium-chro­
mium oxides at 250° under elevated pressures 
was a mixture of 2-benzyl- and 2-hexahydro­
benzylbutanol-l. These two alcohols were syn­
thesized by other reactions. It appears that 
copper-barium-chromium oxide catalyst has a 
very weak activity for hydrogenation of the 
phenyl group, and that this slight activity is ex­
hibited only under certain forced conditions. 
R a h w a y , N. J . R e c eiv ed  J u n e  11, 1936
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The Halogenation of Ortho-Sulfobenzoic Anhydride
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The preparation of polyhalogenated o-sulfo- 
benzoic anhydrides seemed interesting in several 
respects. In the first place, as starting materials 
for the preparation of new sulfonphthaleins, in 
view of their possible use as indicators, certain of 
these compounds have since been described by 
Harden and Drake.1 Second, with regard to the 
possibility that the neutral sodium salts of some 
of these halogenated 0 -sulfobenzoic acids, in 
particular the tetraiodo derivative, might be 
useful as radiographic mediums: this phase of the 
investigation has been discussed by Macht and 
Twiss,2 and by Keiler.3

To date little is known concerning the halogen­
ated 0 -sulfobenzoic acids. The 4-chloro acid was 
prepared by Roode4 and the 4-bromo acid by 
Hübner, Post and Weiss5 and by Remsen and 
Bayley,6 by oxidizing the corresponding toluene 
sulfonic acid or sulfonamide.

In the present investigation, halogenated 0 - 
sulfobenzoic anhydrides were prepared by the 
halogenation of 0 -sulfobenzoic acid or its an­
hydride dissolved in fuming sulfuric acid, with or 
without the presence of some iodine as a catalyst.7 
This method of halogenation has also been used by 
Juvalta8 in the preparation of di- and tetrahalo- 
genated phthalic anhydride.

Without impairing the yield, it proved to be 
more convenient to use the acid ammonium salt of
0 -sulfobenzoic acid as the starting material since 
it is more readily available than the acid or an­
hydride. The acid ammonium salt may be 
obtained by the hydrolysis of Saccharin with 
dilute hydrochloric acid.

By the method described above, di-, tri-, tetra­
iodo-; mono-, di-, tri-, tetrabromo-; and di- and 
tetrachloro-0 -sulfobenzoic anhydrides were pre­
pared.

Concerning the mechanism of this halogenation
(1) Harden and Drake, T his Journal, 51, 562, 2278 (1929).
(2) Macht and Twiss, Proc. Soc. Exptl. Biol. Med., 27, 850 (1930).
(3) Keller, Int. J. Med. Surg., 44, 78 (1931); 45, 258 (1932); 

Med. Record, 141, 76 (1935); also editorial, J. Am. Med. Assn., 95, 
1749 (1930).

(4) Roode, Am. Chem. J ., 13, 227, 231 (1891).
(5) Hübner, Post and Weiss, Ann., 169, 26 (1873).
(6) Remsen and Bayley, Am. Chem. J., 8, 230 (1886).
(7) U. S. Patent 1,760,328 (1930).
(8) German Patent 50,177 (1889), Frdl., 2, 93 (1889).

nothing is known, but it is probable that 0-sulfo- 
benzoic anhydride forms an unstable addition 
complex with sulfuric acid or sulfur trioxide, 
which facilitates the Substitution of halogen. 
The bromination and iodination take place ac­
cording to analogous equations. The hydrogen 
iodide and bromide produced in the reactions are 
oxidized by sulfur trioxide, and the halogen thus 
made available again for further Substitution. 
The formation of tetraiodo-0-sulfobenzoic an­
hydride, for example, may be represented by the 
equation

/COOH
C6H< +  212 +  5S03 -

x so3-n h 4
/CO

CeU O 4- 2S02 -}- NH4HS04 4- 2H2S04
vso2

The chlorination differs from the bromination and 
iodination only by the fact that the hydrogen 
chloride, generated in the chlorination process, is 
not oxidized by sulfur trioxide, but combines with 
it to form chlorosulfonic acid 

/COOH
C6H4< 4- 4C12 +  5SOa =

ŝo 3n h 4
✓ CO

c«cv^ 'yo  +  4H0S02C1 +  NH.HSCX
^ s ó .

The anhydrides of the halogenated 0 -sulfo- 
benzoic acids are crystalline substances. With 
the exception of the tetraiodo derivative, they 
react very readily with water and are converted, 
even by moisture in the air, into the corresponding 
acids.

From a theoretical point of view, it seemed 
important to determine in what order the halogen 
atoms enter the available positions. The general 
procedure which was followed in order to settle 
this question consisted in eliminating the sulfonic 
acid group by hydrolysis and identifying the 
resulting halogenated benzoic acid. The removal 
of the sulfonic acid group was accomplished by 
heating the halogenated 0 -sulfobenzoic acid with 
sulfuric acid containing enough water to cause the 
mixture to boil between 200 and 210°. This pro­
cedure could not be applied to the iodinated acids,
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owing to the fact that iodine was split off and the 
compound destroyed. The positions assigned to 
the iodine atoms have therefore been based on the 
analogy between these compounds and the 
corresponding chlorinated and brominated acids.

The elimination of the sulfonic acid group from 
monobromo-0-sulfobenzoic acid yielded 3-bromo 
benzoic acid (V), while the dibrominated acid 
produced 2,5-dibromobenzoic acid (VI). From 
this it may be concluded that the sulfonic acids 
were 3-bromo- (I) and 3,6-dibromo-2-sulfobenzoic 
acid (II). Tribromo-0-sulfobenzoic acid yielded
2,3,5-tribromobenzoic acid (VII), so that the 
sulfonic acid was 3,5,6-tribromo-2-sulfobenzoic 
acid (III). Tetrabromo-0-sulfobenzoic acid 
should naturally be represented by formula IV.

By the same method dichloro-0-sulfobenzoic acid 
yielded 2,5-dichlorobenzoic acid, besides a small 
quantity of ^-dichlorobenzene. The formation of 
the latter compound is due to the fact that not 
only is the sulfonic acid group removed, but in 
addition the carboxyl group is also partly split off.

The above facts show that the first halogen atom 
Substitutes in the position meta to the carboxyl 
and ortho to the sulfonic acid group, and the 
second halogen atom in the position meta to the 
sulfonic acid and ortho to the carboxyl group. 
The third halogen atom enters in the second 
position meta to the carboxyl gfoup, and the 
fourth in the remaining second meta position with 
regard to the sulfonic acid group. In the prepara­
tion of the mono-, di- and tri-halogenated 0-sulfo­
benzoic anhydrides by direct halogenation, no 
evidence of the formation of isomers has been 
found.

It was noted that when an aqueous 10% solu­
tion of the neutral sodium salt of tetraiodo-0- 
sulfobenzoic acid was exposed to sunlight, a slow 
decomposition took place with liberation of iodine 
and formation of some sodium iodide. A small

deposit of crystals consisted of the acid sodium 
salt of tetraiodo-0-sulfobenzoic acid, while the 
supernatant liquid contained a mixture of the 
sodium salts of tri- and tetraiodo-0-sulfobenzoic 
acids. The salt of the triiodo acid was converted 
into the anhydride, which was shown to be identi­
cal with 3 ,5 ,6-triiodo-0-sulfobenzoic anhydride, ob­
tained by direct iodination of 0-sulfobenzoic acid.

The neutral ammonium salt of the same triiodo 
acid was precipitated when a concentrated am­
moniacal solution of tetraiodo-0-sulfobenzoic add 
was treated with hydrogen sulfide. The filtrate 
contained, besides some sulfur and ammonium 
iodide, the neutral ammonium salt of a diiodo-0- 
sulfobenzoic acid. Its anhydride, obtained by 
the action of thionyl chloride, forms colorless 

crystals which are different from the 3,6- 
diiodo-0-sulfobenzoic anhydride prepared 
by direct iodination of 0-sulfobenzoic acid. 
The position of the iodine atoms has not 
been determined.

Experimental
Halogenation of o-Sulfobenzoic Acid

The preparation of each of the following 0- 
sulfobenzoic anhydrides was carried out in a 
three-necked flask provided with a monel metal 
stirrer and a reflux condenser. The latter was 
connected with an absorption tower through 

which circulated water, in order to remove escäping sulfur 
dioxide and trioxide as well as small quantities of halogen.

3.4.5.6- Tetraiodo-o-sulf obenzoic Anhydride.—ln 1000 g. 
of 60% fuming sulfuric acid, 160 g. of o-sulfobenzoic acid 
was dissolved by heating in an oil-bath kept at 60-70°. 
To this solution, while stirring vigorously, 400 g. of iodine 
was gradually added. This caused foaming, especially 
during the latter part of the reaction. After the addition 
of the iodine, the temperature of the oil-bath was raised 
slowly to 110-120° and the heating continued for twenty- 
four hours. The reaction was finished by raising the tem­
perature to 170-175° for one hour. By this time the reac­
tion mass had become too thick for further stirring. After 
cooling, the reaction mass was mixed with 600 cc. of glacial 
acetic acid and, after cooling again, filtered by suction 
on a glass wool pad and washed with glacial acetic acid.

3.4.5.6- Tetraiodo-o-sulfobenzoic anhydride was thus 
obtained as a yellow substance, having no melting point but 
gradually decomposing in the neighborhood of 300°. The 
yield of the crude product was 400 g., or 75%.

In a similar manner, the anhydride of o-sulfobenzoic 
acid and its acid ammonium salt were both iodinated with 
the same results, the yield being approximately 70% in 
each case.

Free o-sulfobenzoic acid may be obtained from the an­
hydride by boiling with water, which slowly hydrolyzes it. 
The acid is very soluble in water. Its mono- and disodium 
salts are prepared by adding the calculated quantities of 
sodium hydroxide solution to the aqueous solution of the
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acid. The acid sodium salt is pale yellow and fairly in­
soluble in water, while the neutral sodium salt is dark yel­
low and quite soluble. Both are obtained in crystalline 
form. The acid salt precipitates when the aqueous solu­
tion of the neutral salt is acidified with hydrochloric acid.

A good method for preparing pure tetraiodo-o-sulfoben- 
zoic anhydride from the sodium salts is to heat either the 
mono- or disodium salt of the acid with an excess of con­
centrated sulfuric acid in an oil-bath at 150-165° for one 
hour. The mixture is then poured on cracked ice and the 
anhydride filtered off. It is first washed thoroughly with 
water to free the anhydride of sulfuric acid, then with gla­
cial acetic acid, and finally with a mixture of equal vol­
umes of acetic anhydride and glacial acetic acid, and dried 
in an oven. It may also be obtained readily from the free 
acid by treating with acetic anhydride.

The anhydride is very insoluble in most solvents. It 
can, however, be crystallized from acetic anhydride, in 
which it is very sparingly soluble.

Anal. Calcd. for C7I4SO4: I, 73.81; S, 4.66. Found:
I, 73.78; S, 4.58.

3.4.5.6- Tetrabromo-ö-sulfobenzoic Anhydride.—In the
same manner as described above, 165 g. of ö-sulfobenzoic 
acid was dissolved in 1000 g. of 60% fuming sulfuric acid. 
The bromination was carried out by heating the oil-bath 
to 80-100° and slowly adding 100 cc. of bromine below the 
surface while stirring. In order to avoid loss of bromine, 
the rate of addition was regulated according to the rate 
of absorption. The absorption of bromine went very 
slowly so that the reaction required a long period of time, 
between two or three days. In several experiments 10 g. 
of iodine was added as a catalyst. It has not definitely 
been established whether this increases the rate of reac­
tion, but it is certain that good results were also obtained 
when the catalyst was omitted. After all the bromine had 
been added, the temperature of the oil-bath was slowly 
raised to 160-170°. On cooling, tetrabromo-o-sulfo- 
benzoic anhydride crystallized out and was separated from 
the sulfuric acid by filtration on a glass wool pad. It was 
washed free of sulfuric acid with glacial acetic acid con­
taining 25% acetic anhydride. The yield of crude an­
hydride thus obtained was about 75%. It was crystallized 
from glacial acetic acid containing 25% acetic anhydride.

3.4.5.6- Tetrabromo-o-sulf obenzoic anhydride forms col­
orless crystals melting at216-217°.

Anal. Calcd. for C7Br4S04: Br, 63.97; S, 6.42.
Found: Br, 63.44; S, 6.42.

It is much less stable toward water than the tetraiodo 
derivative and even takes up moisture from the air to 
change into tetrabromo-ö-sulfobenzoic acid with consider­
able evolution of heat. The latter substance is extremely 
soluble in water. The addition of acetic anhydride will 
convert the acid back into the anhydride.

Instead of using ö-sulfobenzoic acid as the starting ma­
terial in the above preparation, the acid ammonium salt 
of ö-sulfobenzoic acid and ö-sulfobenzoic anhydride were 
used in several experiments with the same results.

3.5.6- Tribromo-ö-sulfobenzoic Anhydride.—As a by- 
product in the preparation of the tetrabromo derivative, 
some 3,5,6-tribromo-ö-sulfobenzoic anhydride was ob­
tained. It is less soluble in the acetic acid-acetic anhy­
dride mixture than the tetrabromo derivative and was

separated from the latter by fractional crystallization. 
It forms colorless crystals melting at 224°.

Anal. Calcd. for C7HBr3S 04: Br, 56.97; S, 7.62. 
Found: Br, 56.87; S, 7.57.

3.4.5.6- Tetrachloro-ö-sulfobenzoic Anhydride.— To a
solution of 51 g. of ö-sulfobenzoic acid in 300 g. of 60% 
fuming sulfuric acid, 2 g. of iodine was added as a catalyst 
and a slow current of chlorine was passed through the solu­
tion, the oil-bath being kept at a temperature of 70-90°. 
After no more chlorine was absorbed, the reaction was 
completed by raising the temperature of the oil-bath to 
150-160°. Tetrachloro-ö-sulfobenzoic anhydride crystal­
lized from the ice-cooled solution and was separated from 
the mother liquor by filtration. The crude anhydride was 
washed with an acetic acid-acetic anhydride mixture and 
was crystallized from a mixture of the same composition. 
Concentration of the liquids used for washing and crystal­
lization gave a second crop of crystals. The total yield 
was 67%.

The anhydride was also obtained in about the same yield 
when the preparation was carried out with ö-sulfobenzoic 
anhydride or the acid ammonium salt of ö-sulfobenzoic 
acid.

3.4.5.6- Tetrachloro-ö-sulfobenzoic anhydride forms color­
less crystals, melting at 158-159°. It is even more sensi­
tive toward the action of water than the tetrabromo de­
rivative.

Anal. Calcd. for C7CI4SO4: Cl, 44.06; S. 9.96. Found: 
Cl, 43.83; S, 9.75.

3,556-Triiodo-ö-sulfobenzoic Anhydride.—Using the 
same procedure as described above, 191 g. of iodine was 
added to a solution of 92 g. of ö-sulfobenzoic anhydride in 
500 g. of 60% fuming sulfuric acid while the oil-bath was 
kept at a temperature of 60-70°. The reaction was ter- 
minated by raising the temperature to approximately 
170° for one hour. The yield of the crude triiodo-ö-sulfo- 
benzoic anhydride, thus obtained, was about 65%. This 
product contained a small amount of tetraiodo-ö-sulfo- 
benzoic anhydride.

A pure sample of triiodo-ö-sulfobenzoic anhydride was 
obtained by boiling some of the crude anhydride with acetic 
acid to which a small amount of water had been added. It 
dissolved to form the free acid and the anhydride was then 
precipitated by adding an excess of acetic anhydride. The 
triiodo-ö-sulfobenzoic anhydride was crystallized from a 
glacial acetic acid-acetic anhydride mixture, the relatively 
insoluble tetraiodo derivative remaining behind.

3.5.6- Triiodo-ö-sulfobenzoic anhydride is obtained as 
yellow crystals melting at 287-288°.

Anal. Calcd. for C7HUSO4: I, 67.77; S, 5.71. Found: 
I, 67.75; S, 5.67.

3.6- Diiodo-ö-sulfobenzoic Anhydride.—In a mixture of 
400 g. of 60% fuming sulfuric acid and 200 g. of 95% sul­
furic acid (which gives about a 40% fuming sulfuric acid), 
109.5 g. of the dry acid ammonium salt of ö-sulfobenzoic 
acid was dissolved. In the course of three days, at an oil- 
bath temperature of about 80°, 127 g. of iodine was added. 
The temperature was then raised to 105-110° and stirring 
continued for forty-eight hours in order to ensure complete 
reaction of the iodine. Finally, the temperature was 
gradually raised to 180° to eliminate part of the excess
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sulfur trioxide. The cooled reaction mixture was poured 
on cracked ice and the anhydride allowed to hydrolyze to 
the acid form. The amount of sulfate ions was determined 
quantitatively in a small sample, and the calculated 
amount of barium hydroxide, dissolved in hot water, added 
to the main solution. The filtrate from this then con­
tained the acid ammonium salt of diiodo-ö-sulfobenzoic 
acid. By evaporating to dryness in the presence of an 
excess of ammonia, the neutral ammonium salt was ob­
tained in a yield of about 85%.

In order to convert the neutral ammonium salt into the 
anhydride, it was refluxed for four hours with a solution of 
an excess of thionyl chloride in benzene. The precipitate 
of ammonium chloride was extracted several times with 
hot benzene containing some thionyl chloride. The com­
bined filtrates yielded mainly 3,6-diiodo-ö-sulfobenzoic 
anhydride along with small amounts of the triiodo deriva­
tive as well as a product of lower iodine content which 
could not be purified. The 3,6-diiodo compound was ob­
tained by fractional crystallization in a 55% yield. No 
isomeric diiodo-ö-sulfobenzoic anhydride could be isolated.

Crystallized from dry benzene, or a mixture of glacial 
acetic acid and acetic anhydride, 3,6-diiodo-ö-sulfoben­
zoic anhydride forms faintly yellow crystals melting at 
243-245°.

Anal. Calcd. for C7H2I2SO4: I, 58.23; S, 7.35. 
Found: 1,58.19; S, 7.29.

The anhydride may also be prepared from the neutral 
as well as from the acid ammonium salt by heating with 
concentrated sulfuric acid at 150° for one hour. It is 
isolated by pouring the cooled solution on cracked ice, 
filtering off the anhydride rapidly, dissolving the moist 
product in glacial acetic acid and precipitating it by addi­
tion of acetic anhydride.

3.6- Dibromo-ö-sulfobenzoic Anhydride.—At an oil-bath 
temperature of 50-60°, 109.5 g. of the acid ammonium salt 
of ö-sulfobenzoic acid dissolved in 600 g. of 60% fuming 
sulfuric acid was brominated by adding 80 g. of bromine in 
the course of fifty hours. The reaction was finished by 
raising the temperature to 170-180° for one hour. The 
cooled reaction mass was poured on ice and the neutral 
ammonium salt isolated by the same procedure as that 
described for the 3,6-diiodo anhydride. It was obtained in 
a yield of 80%. The anhydride was prepared by the action 
of thionyl chloride in benzene solution in the same manner 
as above. 3,6-Dibromo-ö-sulfobenzoic anhydride hydro- 
lyzes readily, even in moist air.

3.6- Dibromo-ö-sulfobenzoic anhydride crystallizes from 
benzene containing a little thionyl chloride as colorless 
crystals, melting at 167-168°.

Anal. Calcd. for C7H2Br2S04: Br, 46.75; S, 9.38. 
Found: Br, 46.93; S, 9.05.

3.6- Dibromo-o-sulfobenzoic acid is not changed back into 
its anhydride under the influence of acetic anhydride, un­
like most of the other halogenated ö-sulfobenzoic acids, but 
the conversion may be accomplished by the action of thi­
onyl chloride.

3.6- Dichloro-ö-sulfobenzoic Anhydride.—A slow current 
of chlorine was passed into a solution of 109.5 g. of the 
acid ammonium salt öf ö-sulfobenzoic acid dissolved in 400 
g. of 60% fuming sulfuric acid at an oil-bath temperature 
of 60-65°. The reaction was completed when the increase

in weight of the reaction mass had reached 70 g. The ex­
cess of sulfur trioxide was converted into chlorosulfonic 
acid by passing dry hydrogen chloride gas into the solution 
and was eliminated by distillation from a retort. On cool­
ing, 3,6-dichloro-ö-sulfobenzoic anhydride crystallized 
from the remaining solution. Recrystallized from a gla­
cial acetic acid-acetic anhydride mixture, it forms color­
less crystals melting at 121-122°. It may also be puri­
fied by adding ligroin to the solution of the crude product 
in dry toluene. The compound was obtained in a yield of 
40-45%. It hydrolyzes very readily when exposed to 
moist air.

Anal. Calcd. for C7H2CI2SO4: CI, 28.03; S, 12.67. 
Found: CI, 27.80; S, 12.59.

3-Bromo-ö-sulfobenzoic Anhydride.—In the course of 
fifty hours, 40 g. of bromine was added to a solution of 
109.5 g. of the dry acid ammonium salt of ö-sulfobenzoic 
acid in 600 g. of 60% fuming sulfuric acid at an oil-bath 
temperature of 50-60°. The temperature was then gradu­
ally raised to 180°, and then allowed to cool. After 
standing for one week, 17 g. of 3,6-dibromo-ö-sulfobenzoic 
anhydride had separated. The remaining solution was 
poured on cracked ice and the neutral ammonium salt iso­
lated in the same manner already described for the diiodo 
derivative. The reaction yielded 130 g. of neutral am­
monium salt from which 34 g. of 3-bromo-ö-sulfobenzoic 
anhydride was obtained. In view of the low yield, the 
possibility that an isomeric monobromo derivative is 
formed in the reaction should be taken into account. 
None was isolated, however.

3-Bromo-ö-sulfobenzoic anhydride crystallizes from ben­
zene containing some thionyl chloride to form colorless 
needles, melting at 175-176°. It is very sensitive toward 
moisture.

Anal. Calcd. for C7H3BrS04: Br, 30.39; S, 12.19. 
Found: Br, 30.16; S, 12.04.

Determination of the Positions of the Halogen Atoms
The method of determining the positions of the halogen 

atoms in the halogenated ö-sulfobenzoic acids consisted in 
the elimination of the sulfonic acid groups to form halo­
genated benzoic acids of known Constitution. These re­
actions were carried out in the following manner.

The halogenated ö-sulfobenzoic anhydride was converted 
into the corresponding acid by heating with some water, an 
equal volume of concentrated sulfuric acid was then added 
and water distilled off until the boiling point of the mixture 
had reached a temperature of 200-210°. It was then re­
fluxed for several hours at this temperature and again dis­
tilled, this time collecting the distillate. The halogenated 
benzoic acid was carried over with the water.

By the above method, tribromo-ö-sulfobenzoic acid 
yielded 2,3,5-tribromobenzoic acid, m. p. 185-187°. The 
methyl ester of the latter was prepared and gave a melting 
point of 77°. Dibromo-ö-sulfobenzoic acid gave 2,5-di- 
bromobenzoic acid, m. p. 151-152°, and monobromo-ö- 
sulfobenzoic acid gave 3-bromobenzoic acid, m. p. 155°. 
Dichloro-ö-sulfobenzoic acid yielded 2,5-dichlorobenzoic 
acid, m. p. 151-152°, along with a small quantity of p- 
dichlorobenzene, m. p. 53°.

Attempts to convert the iodinated ö-sulfobenzoic acids 
into the corresponding iodobenzoic acids were unsuccessful
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since the acids were destroyed completely under the condi­
tions of the reaction.
Action of Ammonium Sulfide on Tetraiodo-o-sulfobenzoic 

Acid
A concentrated solution of tetraiodo-o-sulfobenzoic acid 

was prepared by boiling 22.4 g. of the corresponding an­
hydride with 50 cc. of water. Fifty cc. of concentrated 
aqueous ammonia was then added (causing the neutral 
ammonium salt to precipitate partially), the solution was 
saturated with hydrogen sulfide and allowed to stand for 
twenty-four hours. The white precipitate thus obtained 
in a yield of 11.5 g. was the neutral ammonium salt of tri- 
iodo-ö-sulf obenzoic acid. It was crystallized from water.

Anal. Calcd. for CtH ^ I sN zS: I, 62.02; S, 5.22; N, 
4.56. Found: I, 61.98; S, 5.26; N, 4.80.

When heated with concentrated sulfuric acid at 160° 
for one hour, the neutral ammonium salt was converted 
into the anhydride of triiodo-ö-sulfobenzoic acid. The 
cooled sulfuric acid mixture was poured on cracked ice and, 
after washing with water, the moist yellow solid was dis­
solved in hot glacial acetic acid. The anhydride was pre­
cipitated again by adding acetic anhydride. It is a pale 
yellow substance, melting at 287-288°, and identical with 
the 3,5,6-triiodo-ö-sulfobenzoic anhydride obtained by 
direct iodination. A mixed melting point with the latter 
substance did not show a depression.

After the white crystals of the neutral ammonium salt of
3,5,6-triiodo-ö-sulfobenzoic acid were filtered off, a yellow 
solution remained. It was evaporated to dryness and 
extracted with water. The residue consisted of 1.3 g. of 
sulfur. The evaporated extract yielded 6.4 g. of an alco- 
hol-soluble portion, which was shown to be ammonium 
iodide, The analysis of the alcohol-insoluble fraction, 
consisting of 5.7 g. of a white substance, showed it to be the 
diammonium salt of a diiodo-ö-sulfobenzoic acid.

Anal. Calcd. for C7HI0O5I2N2S: I, 52.02; S, 6.57; N, 
5.74. Found: I, 51.78; S, 6.79; N, 5.9.

Treatment with concentrated sulfuric acid at 150° did 
not produce an anhydride as in the case of the 3,6-diiodo 
derivative, but a diiodo-ö-sulfobenzoic anhydride was ap­
parently obtained by refluxing the diammonium salt with 
thionyl chloride for several hours. It dissolved in the ex­
cess of thionyl chloride and was isolated by separating the 
solution from the precipitate of ammonium chloride and 
evaporating the thionyl chloride. It was dissolved in 
water, the solution decolorized With charcoal, and again 
evaporated to dryness. The residue was treated with 
acetic anhydride and recrystallized several times from that 
solvent. In this manner, a diiodo-ö-sulfobenzoic anhy­
dride was isolated, different from the one obtained by di­
rect iodination. The eompound melted at 221-223°. 
The position of the iodine atoms was not determined.

Anal. Calcd. for C7H2I2S04: I, 58.23; S, 7.35.
Found: I, 57.97; S, 7.27.

Our thanks are due to Mr. Grant Spurrier for 
carrying out much of the analytical work.

Summary
1. Mono-, di-, tri- and tetrahalogeno Sub­

stitution products of ö-sulfobenzoic anhydride 
were prepared by halogenation in fuming sul­
furic acid.

2. The positions of the halogen atoms were de­
termined by eliminating the sulfonic acid group 
by hydrolysis and identifying the resulting halo­
genated benzoic acids.
B a l tim o r e , M a r y l a n d
L e x in g t o n , V ir g in ia  R e c e iv e d  J u n e  1, 1936

[C o n t r ib u t io n  from  th e  Chem ical  La bo r atory  o f  J o h n s  H o p k in s  U n iv e r s it y ]

A Study of Some Substituted Hydroxybenzyl Alcohols1

B y  B row n  D u n n in g , Jr ., F itzgerald D u n n in g  a n d  E . E mmet R e id

As saligenin (0-hydroxybenzyl alcohol) has 
three distinct types of physiological action, anes­
thetic, antispasmodic, and antiseptic, it seemed 
desirable to prepare a number of its derivatives 
in which one or more of these might be accen- 
tuated and to study these in connection with the 
derivatives, homologs and analogs already known 
to see how these properties are altered by changes 
of structure and composition. It was also of in­
terest to find out how far the physiological activi­
ties of these compounds can be correlated with 
their physical properties, particularly their solu-

(I) From the Ph.D. dissertation of Brown Dunning, Johns 
Hopkins University, 1934. Original manuscript received Novem­
ber 26, 1935.

bilities and partition coefficients. Eight new 
compounds have been prepared and studied along 
with ten that were already known. These in­
clude halogen and alkyl substituted saligenins 
and halogen substituted m- and ^-hydroxybenzyl 
alcohols.

The unsubstituted hydroxybenzyl alcohols were 
made by the reduction of the corresponding hy- 
droxybenzaldehydes through the use of the Adams 
platinum catalyst.2 The halogen derivatives of 
these were prepared by direct halogenation. The 
alkyl derivatives were synthesized from various

(2) Adams, “Organic Syntheses,” Vol. VIII, Wiley and Sons, 
Inc., New York, 1928.
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substituted phenols by means of the well-known 
Reimer-Tiemaim reaction,3 which gave hydroxy- 
aldehydes which were subsequently reduced. 
In those cases where the alkyl phenols were not 
available, they were obtained by reduction of the 
appropriate hydroxyphenones, using the Clem­
mensen reduction method.4

The partition coefficients were determined in- 
directly for each eompound by dividing the solu­
bility in olive oil by the water solubility.

The water solubility was determined by weigh­
ing the residue from evaporation of a known vol­
ume of a saturated solution in distilled water. 
For the oil Solutions since the refractive index 
was found to be practically a straight line func­
tion of the concentration for each individual com­
pound, it was possible to determine the concentra­
tion of a saturated solution by comparing its re­
fractive index with the refractive indices of Solu­
tions of known concentration.

There was found to be a very definite relation­
ship between partition coefficients and bacterici- 
dal power in each series, but changing the relative 
positions of the functioning groups, as in the case 
of the analogs (o-, m- and ^-hydroxybenzyl al­
cohols) changes the physiological properties with­
out regard to partition coefficients. The pharma­
cological results, although of necessity only 
roughly comparative, in most cases support the 
bacteriological results.

Experimental
The preparation of 5-ethyl-2-hydroxybenzyl alcohol may 

be taken as an example of the general method of preparing 
the compounds.

^-Hydroxyacetophenone was reduced by the Clemmen­
sen method4 using amalgamated zinc and hydrochloric 
acid. The ^-ethylphenol obtained was purified by steam 
distillation and the aldehyde group introduced by treating 
with sodium hydroxide and chloroform according to the 
method of Reimer and Tiemann.3 The 5-ethyl-2-hydroxy- 
benzaldehyde was purified by making the sodium bisulfite 
addition eompound which was washed with alcohol and 
ether, dried, and decomposed with warm dilute acid to 
liberate the aldehyde. Yields from most of the Reimer- 
Tiemann reactions were about 30%.

The purified aldehyde was reduced in alcohol solution 
by passing in hydrogen under about 500 mm. excess pres­
sure in the presence of 1% of the Adams platinum oxide 
catalyst2 while shaking on a mechanical shaker. After re­
moval of the catalyst by filtration, the alcohol was evapo­
rated off on a water-bath and the product of the reduction 
purified by crystallization from carbon tetrachloride.

(3) Reimer and Tiemann, Ber., 9, 423, 824 (1876); 10, 1562 
(1877); etc.

(4) Clemmensen, ibid., 46, 1837 (1913); 47, 53 (1914).

The purified product of the Reimer-Tiemann reaction 
on m-cresol is a heavy yellow oil which is a mixture of two 
isomers, 2-hydroxy-4-methyl-benzaldehyde and 6-hydroxy- 
2-methyl-benzaldehyde. The.se were separated as sug­
gested by Chuit and Bolsing5 by steam distilling the 
mixture with a solution of sodium carbonate from which 
the former less acidic isomer distils leaving the latter 
behind. Upon reduction the two corresponding iso­
meric benzyl alcohols are obtained which melt at 103 and 
80°, respectively. These are incidentally isomers of the 
alcohol obtained by starting with ^-cresol.

Analyses of the new compounds are included in Table I.

Bacteriological
All the compounds prepared were tested for their 

bacteriological activity. The organism used was Staphylo- 
coccus aureus. A modification of the F. D. A. test was 
employed, which was essentially as follows: 0.5 cc. of a 
Standard twenty-four hour culture was added to 5 cc. of 
diluted antiseptic. Transfers were made at the end of 
forty-five minutes with a 4-mm. platinum loop made 
from No. 23 B. and S. gage wire. The culture media 
used was a sterile nutriënt, beef extract broth, 10 cc. 
being used in each subculture tube. All dilutions were 
made with 20% alcohol, the use of which was necessary in 
order to dissolve some of the compounds. Although the 
presence of the alcohol has a slight effect on the killing 
power, it was, however, used throughout all the tests and 
the results are therefore comparable.

The results of the bacteriological tests are contained in 
Table I. The figures show the relative bactericidal 
strengths of equimolar quantities of the respective com­
pounds calculated from their maximum killing dilutions, 
saligenin being given an index value of 1. In Fig. 1 
these are plotted against the partition coefficients for the 
mono substituted saligenins. Figure 2 shows the same 
for the di-halogenated compounds. No attempt has been 
made to compare these two series with each other.

Attention is called to the analogs of saligenin, 3-hy- 
droxy- and 4-hydroxybenzyl alcohol and their respective 
bromo derivatives. As was expected, the partition coëffi­
ciënt relationship holds between each analog and its 
derivative, but not between the members of the different 
series, in which the relative positions of the functioning 
groups are different.

Pharmacological
Most of the compounds have been tested for anesthetic 

and antispasmodic action and also for toxicity.
The best method of obtaining comparable values of the 

anesthetic efficiency was by the frog-skin method in 
which a 1% hydrochloric acid solution was used as the 
stimulus on the skin of a pithed frog, both before and after 
soaking the skin in various concentrations öf the anesthetic. 
The factors taken into consideration in calculating the 
figures are the time of the normal reflex, the time of im- 
mersion in the anesthetic solution, the concentration of the 
solution, the time of the reflex after anesthesia and the 
duration of anesthesia. The anesthetic effects on mice 
and on goldfish were also studied and while they confirm 
the results of the frog-skin tests, the type of data obtained

(5) Chuit and Bolsing, Buil. soc. chim., [3] 36, 129, 134 (1906).
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T a b le  I

Benzyl alcohol 
derivatives

Solu­
bility in 
water, 

%

Solu­
bility in 

olive oil, 
%

Parti­
tion

coëffi­
ciënt

Relative
bacteri­

cidal
strength

Relative
anes­
thetic

efficiency

Relative
anti­

spasmodic
action M. p., °C.

Analyses
Calcd. Found

3,5-Diiodo-2-hy droxy-a 0.015 9.0 600 91 30 50 107 I, 67.53 67.70
3-Iodo-5-bromo2-hydroxy- .05 14.8 296 53 86 I, 38.6 39.2

Br, 24.3 24.1
3,5-Dibromo-2-hydroxy-b .11 11.4 103 45.4 15 25 89 Br, 56.6 56.4
3-Chloro-5-bromo-2-hydroxy- .12 7.1 59 34.4 93 Br, 33.6 32.6

CI, 14.9 14.5
3,5-Dichlor o-2-hydr oxy-c .28 10.6 37 15.6 7.5 2.7 83 CI, 36.75 36.86
5-Propyl~2-hydroxy- .27 4.1 15.1 16 20 10 73 c, 72.2 71.7

H, 8 .5 8 .9
5-Iodo-2-hydroxy-a .11 1.5 13.6 14.1 10 25 138 I, 50.77 50.72
5-Bromo-2-hydroxy~a .70 4.8 6.8 9.8 5 16.5 109 Br, 39.4 39.47
5- Chloro-2-hydr oxy-a 1.46 7.4 5.0 7.6 2 6 90 CI, 22.37 22.17
5-Ethyl-2-hydroxy- 0.80 3.0 3.7 4.9 3.4 5 83 c, 71.0 70.5

H, 7 .9 7 .7
5-Methyl-2-hydroxy-d .95 1.1 1.1 1.1 2 .5 4 105
2-Hydroxy-d 6.0 1.8 0.3 1 1 1 87
6-Methyl-2-hydroxy- 1.6 3.6 2.2 2.2 0.9 5.5 80 c, 69.5 69.5

H, 7.3 7 .3
4-Methyl-2-hydroxy- 1.5 2.7 1.8 2.2 1.8 6 103 c, 69.5 69.0

H, 7.3 7 .3
6-Bromo-3-hydroxy- 0.78 4.0 5.1 9.8 2 25 124 Br, 39;4 38.8
3-Hydroxy-e 43.4 1.1 0.02 0.5 0.2 1.1 71
3-Bromo-4-hydroxy- 1.0 1.1 1.1 22.9 .8 1.5 128 Br, 39.4 39.8
4-Hydroxy-c 2.0 1.0 0.5 0.5 .03 0.75 124

a Visser, Arch. Pharm., 235, 547 (1897). b Auwers and Büttner, Ann., 302, 131 (1898). c Mettler, Chem. Centr., 77, 
II, 1790 (1906). d Manasse, Ber., 27, 2411 (1894). 6 Mettler, ibid., 38, 1752 (1905).

does not well lend itself to comparison on a numerical 
basis. These results have been in part reported elsewhere.

4 8 12 16
Partition coefficients.

Fig. 1.—Mono-substituted saligenins: O, 
relative bactericidal strength; # , relative 
anesthetic efficiency.

The figures in Table I represent the relative local anes­
thetic efficiency of the compounds obtained by the frog- 
skin method on a weight for weight basis, saligenin being 
given an index value of 1. It was found that a molecule 
for molecule comparison would give a relationship more 
nearly corresponding to the partition coefficients, and a 
comparison of this kind may be seen in Fig. 1 for the 
mono substituted saligenins.

120 240 360 480 600
Partition coefficients.

Fig. 2.—Di-halogen derivatives of saligenin.

Also included in Table I are figures for the antispasmodic 
activity of the compounds. These were calculated from 
the amounts required to produce antispasmodic action on 
the smooth muscle of cat’s intestine in 50 cc. of Locke’s 
solution oxygenated at 38°, saligenin again being given
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an index value of 1. No attempt has been made to relate 
these figures with the partition coefficients since there is 
no obvioüs reason why lipoid solubility should be related 
to effects of this kind.

The toxicity of the compounds was determined on cats 
and on the seedlings of lupinus albus. No relationship 
was expected in these figures, since such an effect as 
toxicity could hardly bë predicted from any one set of 
physical properties; hence they are not included in this 
paper.

Discussion
I t  is feit that from the preceding data it may 

be stated that there has been demonstrated 
herein a definite relationship between physical 
and physiological properties of hydroxybenzyl 
alcohols. I t is interesting to note how the ac- 
tions of the mono-alkyl and mono-halogen deriva­
tives are related according to their partition co­
efficients without regard to the great difference in 
Chemical nature of the substituent groups, as 
may be seen in Fig. 1.

The question of the position of the substituent 
group in the parent molecule has also been con­

sidered in the case of the three isomeric methyl 
saligenins. It is seen that the bactericidal power 
depends more on the physical properties of the 
molecule than on the position of the inert group.

As mentioned previously, shifting the relative 
positions of the functioning group changes the 
nature of the molecule, so that there can be no 
comparison between saligenin and its analogs. 
It is to be noted, however, that in comparing each 
analog to its respective derivatives, the relation 
of physical to physiological properties holds good.

Summary
The partition coefficients between oil and water 

of a series of derivatives, analogs and homologs, 
of saligenin (ö-hydroxybenzyl alcohol) have been 
determined and compared with the bacteriological 
and pharmacological properties of the compounds. 
A definite relationship exists, even in cases where 
the structures of the inert substituent groups dif­
fer greatly.
B altim o r e , M a r y l a n d  R e c e iv e d  J u n e  4, 1936

[C o n t r ib u t io n  from  t h e  C o bb  Chem ical  La bo r atory , U n iv e r s it y  of  V ir g in ia ]

Studies in the Phenanthrene Series. XI. 
Propanolamines of the Type C14H9 CHOHCH2 CH2 NR2 1

B y  J acob v a n  de Kam p  and  E rich  M osettig

The pharmacological study of a number of 
amino alcohols in the phenanthrene series2 has 
shown that some of these compounds, carrying 
the side chain -CHOHCH2NR2 (type I)3 and 
-CHOHCH(CH3)NR2 (type II),4 exhibit a de- 
cided analgesic action. In both types of com­
pounds the nitrogen atom is located in the side 
chain in the ß-position to the phenanthrene nu­
cleus. Through the systematic investigations 
by Barger and Dale and associates5 of the amines 
Ar(CH2)*NH2 (Ar being the phenyl, hydroxy- 
plienyl or iminazolyl group), it became evident 
that almost universally the greatest physiological 
action (in particular with respect to blood pres-

(1) The work reported in this paper is part of a unification of
effort by a number of agencies having fespousibility for the soiution 
of the problem of drug addiction. The organizations taking part 
are: The Rockefeiler Foundation, the National Research Cóuncil,
the U. S. Public Health Service, the U. S. Bureau of Narcotics, the 
University of Virginia and the University of Michigan.

(2) Eddy, J. Pharmacol., 55, 419 (1935).
(3) Mosettig and van de Kamp, T his Journal, 55, 3448 (1933).
(4) Mosettig and Czerwin, unpublished results.
(5) Barger, 4'Some Applications of Organic Chemistry to Biology 

and Medicine," McGraw-Hill Book Co., Inc., New York City, 1930, 
pp. 73-100.

sure) is exerted by the compounds in which x =
2. As Barger points out, compounds of this type 
occur frequently in nature and are probably in 
some instances intermediates in the phytosynthe- 
sis of isoquinoline derivatives. In the com­
pounds with x < 2 or x > 2, the physiological ac­
tion is greatly diminished. I t was of interest to 
determine, by comparison of the phenanthrene 
alkamines of type I and II6 on the one hand with 
the compounds of the type C14H9CHOHCH2CH2- 
NR2 on the other, whether or not a similar regu- 
larity may be observed with the phenanthrene 
derivatives of these series, particularly in respect 
to their analgesic action.

The propanolamines described in this com­
munication were prepared essentially by the Man- 
nich method,7 starting from 2-, 3- and 9-acetyl- 
phenanthrenes: C14H9COCH3 +  CH20  +  HNR2*

(6) The comparison of type I and type II has shown that the 
compounds of type II are generally slightly weaker analgesics than 
those of type I .2

(7) Mannich, Arch. Pharm., 255, 261 (1917); Mannich and 
Braun, Ber., 53, 1874 (1920); Mannich and Heilner, ibid., 55, 356 
(1922); Mannich and Lammering, ibid., 55, 3510 (1922).
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T a ble  I

C om po u n d s, P r o pe r t ie s  a n d  A n a l y s e s

Carbon, % Hydrogen, %
Phenanthrene derivatives Solvent Appearance M. p., °C. Formula Calcd. Found Calcd. Found

2- (3- ( Dimethylamino) -1 -oxo-propyl) - BUO Colorless plates 104.5-105 C19H19ON 82.26 82.70 6.91 6 .95
Hydrochloride EtOH-EtsO Colorless plates 193 -193 .5  C19H20ONCI Cl, 11.31 11.48
Perchlorate EtOH Colorless plates 167 -167.5 C19H20O5NCI N, 3.71 3.85

3- (3-(Dimethylamino) -1 -oxo-propyl) -  HC1 EtOH-EtsO Colorless needles 177.5-178 C19H20ONCI Cl, 11.31 11.02
Picrate EtOH Yellow needles 175.5-176 C25H22O8N 4 N, 11.07 11.30

9- (3-(Dimethylamino) -1 -oxo-propyl) -  H Cl EtOH-EtzÓ Colorless leaflets 171 -171.5 C19H20ONCI Cl, 11.31 11.46
Picrate EtOH Yellow blad es 175 -175.5 C26H22OSN4 N, 11.07 11.08

2- (3-Diethylamino) -1 -oxo-propyl- H Cl EtOH Colorless plates 167 -167.5  C21H24ONCI Cl, 10.38 10.49
3- (3- (Diethylamino) -1 -oxo-propyl) -  HC1 EtQH-EtaO Colorless blades 155.5-156 C21H24ONCI Cl, 10.38 10.35

Picrate EtOH Yellow prisms 108 -109 C27H26O8N 4 N, 10.49 10.48
9-(3-(Diethylamino) -1-oxo-propyl) -  HC1 EtOH-EtaO Colorless leaflets 135 -136 C21H24ONCI Cl, 10.38 10.35

Salicylate EtOH-Et20 Colorless prisms 113 -113 .5 C28H29O4N N, 3.16 3.31
2- (3- (Piperidino) -1 -oxo-propyl) - Et20-pet. ether Colorless plates 8 8 .5 - 89 C22H23ON N, 4.42 4.50

Hydrochloride m o Colorless plates 220 -220.5 C22H24ONCI Cl, 10.03 9.78
3-(3-(Piperidino)-l-oxo-propyl)-HCl H2O Colorless plates 201 -201.5 C22H24ONCl Cl, 10.03 10.29

Picrate EtOH Yellow leaflets 162.5-163.5 C28H2608N4 N, 1Q.26 10.35
9- (3- (Piperidino) -1 -oxo-propyl) -  H Cl EtOH-Et20 Colorless prisms 184 -185 C22H 240NC1 Cl, 10.03 10.21

Picrate EtOH Yellow plates 138 -139 C28H2608N4 N, 10.26 10.43
2- (3- (1,2,3,4-T etrahy droisoquinolino) -

1-oxo-propyl)- EtOH Colorless leaflets 133.5-134 C^HasON 85.44 85.50 6.35 6.14
Hydrochloride EtOH Colorless prisms 208 -209 C26H240NC1 Cl, 8.83 9 .28

3- (3-( 1,2,3,4-Tetrahydroisoquinolino) -
1-oxo-propyl )- CHCls-Et20 Colorless prisms 118.5-119 C26H23ON 85.44 85.23 6.35 6.60

Hydrochloride EtOH Colorless needles 219 -220 C26H240NC1 Cl, 8.83 9.01
9-(3-(l ,2,3,4-Tetrahydroisoquinolino) -

1-oxo-propyl) -  HC1 EtOH Colorless needles 228.5-229 C26H240NC1 77.68 77.72 6.02 6.38
2- (3- ( Dimethylamino) -1 -hydroxy-«-propyl) •. 0 Colorless plates 9 7 .5 - 98 C19H210N 81.67 81.61 7.58 7.87

Picrate EtOH Yellow blades 156 -157 C26H2408N4 N , 11.03 10.96
2-(3-(Dimethylamino)-l-benzoxy-«-

prbpyl)—HC1 EtOH-Et20 Colorless needles 219 -219.5 C26H260 2NC1 Cl, 8 .45 8.26
3- (3- (Dimethylamino) -1 -hydroxy-«-propyl) • a Colorless needles 99 -100 C19H210N 81.67 81.84 7.58 7.81
9- (3-(Dimethylamino) -1 -hydroxy-«-propyl) b Colorless oil C19H21ON 81.67 81.91 7.58 7.74

Perchlorate EtOH-EtüO Colorless plates 142.5-143 Ci9H220 6NCl N, 3.69 3 .67
Picrate EtOH Yellow prisms 167.5-168 C25H2408N 4 N, 11.03 11.07

2 - (3- (Diethy lamino) -1 -hydroxy -«-propyl) - a Colorless prisms 91 -  92 C21H250N 82.03 82.45 8.20 8.24
2- (3- (Diethy lamino) -1 -benzoxy-«-

propyl)-HCl EtOH-EtüO Colorless prisms 166 -167 C2 8H30O2N Cl Cl, 7 .92 8.05
3-(3-(Diethylamino)-l-hydroxy-«-propyl)- a Colorless liquid C21H250N 82.03 81.74 8.20 8.25

Hydrochloride EtOH-EtuO Colorless prisms 141 -143 C2iH26ONC1 N, 4 .08 3.95
9-(3-(Diethylamino)-l-hydroxy-«-propyl)- a Colorless oil C21H250N 82.03 82.21 8.20 7.82
2- (3-(Piperidino) - l-hydroxy-«-propyl) - b Colorless rods 128 -128 .5 C22H250N 82.71 82.47 7.89 7.49

Hydrochloride EtOH Colorless prisms 184 -185 C22H2«ONCl Cl, 9 .97 9.81
3-(3-(Piperidino)-l-hydroxy-«-propyl)- b Colorless liquid C22H250N 82.71 82.73 7 .89 7.50

Hydrochloride EtOH-Et20 Colorless plates 185 -185.5 C22H 26ONCI N, 3.94 3.76 Cl, 9 .97 9 .85
3-(3-(Piperidino)-l-acetoxy-«-propyl)-*HCl EtOH-EtaO Colorless leaflets 237.5-238 C24H2802N C 1 Cl, 8 .92 8.94
9- (3- (Piperidino) -1 -hydroxy-« -propyl) - e Colorless prisms 126 -126 .5  C22H25ON 82.71 82.62 7 .89 8.12

Picrate EtOH Yellow prisms 193.5-194 C28H280 8N4 N , 10.22 10.19
2- (3- (1,2,3,4-T etrahydroisoquinolino) -

l-hydroxy-«-propyl) - EtOH Colorless prisms 132.5-133 C26H260N 84.97 84.83 6.86 7 .10
Hydrochloride EtOH-Et20 Colorless plates 212.5-213 C26H260NCi Cl, 8 .78 8.79

3-(3-(.l,2,3,4-Tetrahydroisoquinolino)-
1-hydroxy-w-propyl) - EtOII Colorless plates 117 -117.5 C26H25ON 84.97 85.04 6 .86 7.15

Hydrochloride EtOH Colorless plates 208 -208.5 C26H260NCI 77.29 77.51 6.49 6.72
N, 3 .47 3.60

9-(3-(l,2,3,4-Tetrahydroisoquinolino)~
1 -hydroxy-w-propyl) - Colorless oil b C26H26ON 84.97 84.90 6,86 6.99

ö Distilled at 100° (0.01 mm.). b Distilled at 130° (0.01 mm.). c Sublimed at 100° (0.01 mm.).

cat. red.
HC1 —> Ci4H9COCH2CH2NR2-HCl ---------->
Ci4H9CHOHCH2CH2NR2*HCl, where ~NR2 repre­
sents the dimethylamino-, diethylamino-, piperi- 
dino- and tetrahydroisoquinolino group.

We wish to express our gratitude to Merck and 
Co., Rahway, N. J., for their generous Coopera­
tion in the large scale preparation of the 2- and 3- 
acety lphenanthrenes.

Experimental
A mixture of 2-, 3-8 or 9-acetylphenanthrene9 (0.1 

mole), paraformaldehyde (0.15 mole), and the secondary 
amine hydrochloride (0.15 mole) (dimethylamine-, di­
ethylamine, piperidine- and 1,2,3,4-tetrahydroisoquinoline 
hydrochloride) in 60 to 80 cc. of isoamyl alcohol was kept 
at a gentle boil for five to twenty minutes. The advantage 
of using the higher boiling solvent, isoamyl alcohol, in this

(8) Mosettig and van de Kamp, T his Journal, 52, 3704 (1930).
(9) Mosettig and van de Kamp, ibid., 55, 3442 (1933).
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condensation is that the reaction proceeds much quicker, 
whereas in ethyl alcohol, the solvent used by Mannich, 
the condensation takes place very slowly. By prolonged 
boiling in ethyl alcohol, furthermore, the yield of the 
expected amino ketone is considerably lowered, on account 
of the formation of by-products. These are both neutral 
and basic in nature and in part crystalline. In the 
preparation of most of the piperidino and tetrahydroiso- 
quinolino ketones the hydrochlorides crystallized out 
after five to ten minutes, They were filtered off from the 
cooled reaction mixture and recrystallized. In the cases 
where the hydrochlorides did not precipitate, the reaction 
mixture was cooled, after having been kept boiling for 
fifteen to twenty minutes. After the addition of a few 
drops of concentrated hydrochloric acid, in order to de- 
polymerize unchanged paraformaldehyde, unreacted ke­
tone and. formaldehyde were taken up in ether. The 
aqueous layer was alkalified and extracted with ether and 
the residue left from evaporation of the ether was warmed 
slightly in a vacuum in order to remove aliphatic amines. 
The amino ketones subsequently were purified through 
the hydrochlorides.

The amino ketones were reduced in the form of the 
hydrochlorides, in 50-70% ethyl alcohol, using platinum 
oxide as a catalyst. In two cases where the free amino 
ketones were reduced, namely, in the cases of the 3-di-

methylamino ketone and the 9-(l,2,3,4-tetrahydroiso- 
quinolino) ketone, two moles of hydrogen were absorbed, 
and in the case of the 2-dimethylamino ketone, approxi­
mately three moles of hydrogen were taken up. The reduc­
tion of the 3-(l,2,3,4-tetrahydroisoquinolino) ketone was 
effected with good results either by hydrogenating the free 
base in 95% ethyl alcohol, or by reducing the hydro­
chloride in 60% ethyl alcohol.

Summary
1. A series of amino ketones of the type 

Ci4H9COCH2CH2NR2 (NR2 representing the di­
methylamino-, the diethylamino-, the piperidino- 
and tetrahydroisoquinolino group) has been pre­
pared by the Mannich method from 2-, 3- and 9- 
acetylphenanthrene.

2. By catalytic hydrogenation the correspond­
ing amino alcohols CmH9CHOHCH2CH2NR2 have 
been prepared. These substances will be investi­
gated to determine the result pharmacologically 
of lengthening the carbon chain of amino alcohols 
of the phenanthrene series.
U n iv e r sit y , V ir g in ia  R e c eiv ed  J u n e  22, 1936

[C o n t r ib u t io n  from  t h e  C obb  Chem ical  Laboratory , U n iv e r sit y  o f  V ir g in ia ]

Studies in the Phenanthrene Series. XII.1 
Amino Alcohols Derived from 1,2,3,4-Tetrahydrophenanthrene2

B y  A lfred  B urger  and  E rich M osettig

Among the synthetical substances which have 
been prepared in this Institution in the attempt 
to find morphine substitutes, 2-piperidino-l-hy­
droxy-1,2,3,4-tetrahydrophenanthrene (type I),
and 3- (1,2,3,4-tetrahydroisoquinolino) -4-hy- 
droxy-1,2,3,4-tetrahydrophenanthrene (type II)
proved to have the strongest analgesic action 
(minimal effective doses administered orally to 
cats, 20 and 15 mg. per kilogram, respectively, 
comparable with doses of 20 mg. for pseudoco­
deine, 10 mg. for codeine, and 1 mg. for mor­
phine).2 Experiments are under way to resolve 
these compounds and eliminate or “muzzle” their 
alcoholic hydroxyl in the hope of increasing their 
physiological activity.3

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

(2) First communication on amino alcohols derived from 1,2,3,4- 
tetrahydrophenanthrene, Mosettig and Burger, T h is Journal, 67, 
2189 (1935).

(3) Elimination and muzzling of the alcoholic group in morphine

R N / \ -
R2N ^ j

We are reporting in the present communication 
the preparation of compounds which differ from 
those of types I and II principally through the 
position of the nitrogen group. Compounds 
which may be represented by type formulas III 
and IV, analogs of the propanolamines reported 
in the foregoing communication, are obviously 
not readily accessible.

IT
H= jJjNo h  

IV

and its derivatives produce generally a marked increase in analgesic 
action. Eddy, Pharmacol., 66 , 127 (1935); Eddy and Howes, 
ibid., 66 , 257 (1935).
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VI

The compounds of type V and VI, however, carry­
ing the nitrogen group in the same relative posi­
tion to the alcoholic hydroxyl group as in the pro­
panolamines and in types III and IV could be con- 
veniently prepared, essentially by the Mannich 
method,4 that is, by the action of the hydrochlo­
rides of secondary amines (dimethylamine, di­
ethylamine, piperidine and tetrahydroisoquino- 
line) and paraformaldehyde on 1- and 4-ketotetra- 
hydrophenanthrenes, and subsequent reduction of 
the amino ketones.5

We have not proved experimentally formulas 
V or VI for the new amino alcohols described in 
this communication, but the formation of the 
corresponding amino ketones by the method of 
Mannich hardly leaves any doubt as to the Con­
stitution of the amino alcohols, since the formulas 
of the amino ketones prepared by Mannich and 
Braun4,6 from cyclohexanone, amine hydrochlo­
ride and formaldehyde appear to be well estab­
lished. In the reduction of our amino ketones 
to the amino alcohols, only one of the possible 
diastereomeric forms is obtained.

It was observed that two of the amino alcohols 
(V and VI, NR2 represents the diethylamino- and 
tetrahydroisoquinolino group) split off water with 
ease when an attempt was made to acetylate them 
with acetic anhydride in pyridine. This loss of 
water also takes place under the influence of alco­
holic hydrogen chloride. The resulting unsatu­
rated amine readily can be reduced catalytically. 
We have not sufficiënt experimental data to make 
any conjecture concerning the structural features 
upon which the tendency to split out water is de- 
pendent. This question will be investigated in 
another connection.

The 1- and 4-tetanthrenones are also conven-
(4) Mannich and Braun, Ber., 53, 1874 (1920).
(5) By employing 1,2,3,4-tetrahydroquinoline no definite reaction 

could be initiated. The same observation was made by Mannich 
in the case of aryl methyl ketones [Mannich and Lammeling, Ber:, 
55, 3510 (1922)]. It should be recalled that it was impossible to 
obtain definite reaction products in the attempt to exchange the 
bromine in the bromotetanthrenones with tetrahydroquinoline.2

(6) See also Bodendorf and Koralewski, Arch. Pharm., 271, 101 
(1933).

ient starting materials for the synthesis of 1- and 
4-aminotetanthrenes, which are obtained in good 
yields by reduction of the corresponding ketoximes.

Experimental
Preparation of Amino Ketones.—A mixture of 1- or

2- ketotetrahydrophenanthrene (1 mole), the amine hydro­
chloride (1.2 moles), and paraformaldehyde (2.5 moles) 
in isoamyl alcohol was heated under reflux for ten to 
fifteen minutes. Generally portions of 5 to 10 g. of 
ketone in 50 to 100 cc. of isoamyl alcohol were used. A 
clear solution resulted after two or three minutes. The 
excess of paraformaldehyde was depolymerized by addi­
tion of a few drops of alcoholic hydrogen chloride. The 
solution was cooled, diluted with ether and extracted 
with dilute aqueous hydrochloric acid. The amino ketones 
were liberated, extracted into ether and purified by crystal­
lization or in the form of their salts. The secondary amines 
used in the reaction were dimethylamine, diethylamine, 
piperidine and tetrahydroisoquinoline. No definite re­
action was observed with tetrahydroquinoline. In the 
case of the two tetrahydroisoquinolino ketones, the hydro­
chlorides crystallized directly from the reaction mixtures. 
They were filtered and washed with a little cold water.

Preparation of Amino Alcohols.—The amino ketones 
were hydrogenated as hydrochlorides in solution in 90% 
alcohol, using a platinum oxide catalyst. In most of the 
cases the reductions stopped when one mole of hydrogen 
had been absorbed.

1,2-Dihydro-3- [(1,2,3,4-tetrahydroisoquinolino)-methyl ]- 
phenanthrene.—In the attempt to acetylate 4-hydroxy-
3- [(l,2,3,4-tetrahydroisoquinolino)-methyl] - 1,2,3,4-tetra- 
hydrophenanthrene with acetic anhydride and pyridine 
at room temperature, the unsaturated amine was formed. 
The same substance was obtained by allowing 4-hydroxy- 
3-[(l,2,3,4-tetrahydroisoquinolino)-methyl] - 1,2,3,4-tetra­
hydrophenanthrene to stand with alcoholic hydrogen 
chloride overnight. The base crystallized from dilute 
alcohol; m. p. 81-82°.

Anal. Calcd. for C24H2SN: C, 88.56; H, 7.13; N , 4.31. 
Found: C, 88.55; H, 7.39; N, 4.40.

The hydrochloride was crystallized from alcohol-ether 
and melted at 227-228°.

Anal. Calcd. for C24H24NC1: C, 79.62; H, 6.69; N, 
3.87. Found: C, 79.41; H, 6.84; N, 4.09.

The hydrochloride readily absorbs one mole of hydrogen 
(platinum oxide catalyst).

3,4-Dihy dro-2- [ (diethylamino)-me thyl ] -phenanthrene. —
1 - Keto-2 - [(diethylamino) - methyl] - 1,2,3,4 - tetrahydro- 
phenanthrene hydrochloride readily absorbed one mole of 
hydrogen, but neither the free amino alcohol nor any of 
its derivatives could be obtained in a crystalline state. 
On treatment with either acetic anhydride or alcoholic 
hydrogen chloride as described above, a colorless hydro­
chloride was obtained; recrystallized from alcohol-ether, 
m. p. 231-232°.

Anal. Calcd. for Ci9H24NCl: C, 75.58; H, 8.02; N,
4.64. Found: C, 75.88; H, 8.52; N, 4.88.

The free base from the hydrochloride was oily. The 
hydrochloride absorbed one mole of hydrogen on catalytic 
reduction»
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T a ble  I
Derivatives of Yield, Carbon, % Hydrogen, % Nitrogen, %

1,2,3,4-tetrahydrophenanthrene Appearance Solvent % M. p., °C., Formula Calcd. Found Calcd. Found Calcd. Found
1 -Keto-2-((dimethylamino) -

methyl)- Colorless blades Pet. ether 66-82 C17H19ON 5.53 5.22
Hydrochloride Colorless EtOH 65 199-200 C17H20ONCI 4.84 4.87

1 -Keto-2- ( (diethylamino) -
methyl) - Leaflets Pet. ether 60-61 CtaHaiON 4.98 4.44

Hydrochloride Colorless EtOH-EtzO 59 137-138 CiqHjmONCI 4.41 4.49
Picrate Yellow EtOH 163-164 C2rH260sN 4 10.98 11.08

1 -Keto-2-(piperidinomethyl) - Leaflets or needles MeOH 40 97-98 C20H03ON 4.78 5.11
Hydrochloride Colorless EtOH-EtaO 170-220 C20H24ONCI 4.25 4.26

1 - Keto-2- ((1,2,3,4-tetrahydro-
isoquinolino) -methyl) - Colorless needles MeOH 121-123 C24H2SON 4.11 4.37

Hydrochloride Shining leaflets EtOH-EtaO 61 148-150 C24H24ONCI 3.71 3.76
4-Keto-3~((d imet hy 1 a min o) -

methyl)-H Cl Shining leaflets EtOH 77 178-179 C17H 20ONCI 4.84 4.85
4-Keto-3- ( (diethylamino) -

methyl)-H C l Colorless EtOH-EtzO 51 153-154 CisHmONCI 4.41 4.38
Picrate Yellow EtOH 149-151 C25H26O8N4 10.98 11.28

4-Keto-3-(piperidinomethyl) - Yellow leaflets Dil. acetone 37 106-107 C2oH2»ON 4.78 4.90
Perchlorate Colorless EtOH 163-164 C20H24O5NCI 3.56 3.88

4-Keto-3- ((1,2,3,4-tetrahydro-
isoquinolino)-methyl)-.HCl Glitt, prisms EtOH-EtaO 34 159-161 C24H24ONCI 3.71 3.80

1 -Hydroxy-2- ( (dimethyl­
amino) -methyl) - Colorless MeOH 146-147 CnHüiON 79.94 80.29 8.30 8.33 5.49 5.63

Hydrochloride Colprless EtOH-EtaO 70 236 C17H22ONCI 4.80 4.87
1 -Hydroxy-2- (piperidino-

methyl) - Fine needles MeOH 133-134.5 C2oH2BON 81.30 81.31 8.54 8.59 4.75 4.87
Hydrochloride Needles EtOH-Et20 227-228 CaoHaeONCl 4.22 4.27

1 -Hy droxy-2-( (1,2,3,4-tetra-
hydroisoquinolino) -
methyl) - Colorless EtOH 159-160 C24H260N 83.91 83.67 7.34 7.53 4.08 4.28

Hydrochloride Colorless EtOH-EtaO 217 C24H26ONCI 3.69 3.80
4-Hydroxy-3- ((dimethylamino)

methyl)-H C l Colorless EtOH-Et20 186-187 C17H22ONCI 69.95 69.66 7.61 7.74 4.80 4.85
4-Acetoxy-3-((dimethylamino)-

methyl)-HCl Colorless EtOH-Et20 200 C19H24O2NCI 4.20 4.32
4-Hydroxy-3- ((diethylamino) -

methyl)-H C l Colorless EtOH-EtüO 86 172-173 CiaHaeONCl 71.32 71.42 8.20 8.39 4.38 4.52
Picrate Yellow EtOH 177-179 CasHaaOsN« 10.94 11.26

4-Hydroxy-3-(piperidino-
methyl)—HCl Colorless Acetone 71 178-179 C20H26ONC1 72.36 72.51 7.90 8.14 4.22 4.20

4-Hydroxy-3-((l,2,3,4-tetra-
hydroisoquinolino) -
methyl)- Colorless Dil. MeOH 149.5-151 C24H2rON 83.91 83.92 7.34 6.92

Hydrochloride Colorléss EtOH-EtaO 181-182 C24H26ONCI 75.85 75.50 6.90 6.76
1-Amino-0 Colorless 86 61-63 CmHuN 7.07 7.23

Hydrochloride Colorless EtOH-Et20 256-257 CuH16NC1 71.92 71.81 6.90 6.90 6.00 6.09
Benzal l-amino-& Colorless EtOH 103-105 C21H19N 4.91 4.96
l-(M ethylamino)-HCl6 Colorless EtOH-EtaO 54 258 CwHisNCl 72.70 72.31 7.33 7.31 5.66 5.84

Hydriodide6 Glitt. Tèaflets EtOH 243 CisHisNI 4.13 4.25
1 - ( Dimethylamino) -  H Clc Colorless EtOH-EtüO 216 CnHzoNCl 73.39 73.47 7.71 7.82

Picrate - Yellow EtOH 177-178 C22H21SO7N4 12.34 12.59
4-Amino— HCl** Colorless EtOH-EtüO 267-268 Ci4H16NCl 71.92 71.70 6.90 7.00 6.00 5.96
4-(Dimethylamino)-HClc Colorless EtOH-EuO 202 CieHaoNCl 73.39 73.46 7.71 8.05

° Prepared by reduction of 1 -tetanthrenone oxime [Schroeter, Müller and Huang, Ber., 62, 645 (1929)] with 2.5% 
sodium amalgam in alcohol solution, acidified with acetic acid, or with aluminum amalgam in moist ether. b Prepared 
by the method of Decker, Ann., 395, 362 (1913). * Prepared by heating the primary amine with methyl iodide and 
sodium acetate at 100° for five hours and separating the reaction mixture by the Hinsberg method. d Prepared by re­
duction of 4-tetanthrenone oxime with aluminum amalgam in moist ether.

Summary
1. The synthesis of a series of amino alcohols 

derived from 1,2,3,4-tetrahydropheiianthrene is 
described. The synthesis is effected by condens­
ing 1-keto-1,2,3,4- tetrahydrophenanthrene and 
4-keto -1,2,3,4 - tetrahydrophenanthrene, respec­
tively, with paraformaldehyde and the hydro­
chlorides of dimethylamine, diethylamine, piperi­
dine and 1,2,3,4-tetrahydroisoquinoline, respec­
tively, by the method of Mannich, and subse­

quent catalytic hydrogenation of the resulting 
amino ketones.

2. By reduction of the oximes of the above- 
mentioned tetanthrenones with sodium amalgam 
or aluminum amalgam, 1- and 4-aminotetanthrene 
can be prepared in satisfaetory yields. The amino 
alcohols will be investigated for comparison of 
their physiological action with that of the next 
lower homologs.
University, Virginia R eceived June 22, 1936
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[Contribution from the Chemical Laboratories of the University  of N ebraska  and  W alla W alla College]

The Reactivity of Nuclear Chlorine in the Isomeric 1,2- and 2,1-Chloronaphthalene­
arsonic Acids

B y G eorge W . B ow ers and  C l iff  S. H am ilton

In the benzene nucleus the reactivity of chlo­
rine ortho or para to the arsono group has been 
investigated1,2,3 in this Laboratory. The object 
of this study was to extend the work to naphtha- 
lenearsonic acids.

In the preparation of the parent chloronaphtha­
lenearsonic acids, the methods worked out pre­
viously4 were found helpful. ß- Naphthylamine 
was used in the production of both the isomers 
and l-chloro-2-naphthalenearsonic acid was pre­
pared readily. However, the synthesis of 2- 
chloro-l-naphthalenearsonic acid presented sev­
eral difficulties and experimental methods finally 
developed must be followed carefully particularly 
in the arsonation reaction in order to obtain work- 
able yields.

The most favorable conditions for the conden­
sation reactions were determined by a series of 
experiments in which variations were made in 
the temperature, solvent, catalyst, time and pro- 
portion of reactants. Nitrobenzene proved the 
best solvent and the optimum temperature was 
approximately 140°. A small piece of bright 
copper foil was found the best catalyst and the 
reaction time was ten to twelve hours.

The reactivity of chlorine in these naphthalene- 
arsonic acids is less than that found in the ben- 
zenearsonic acids, for neither the aliphatic nor the 
aromatic amines showed any evidence of reaction 
and, in general, the yields are smaller for the con­
densation product with phenols. Of the two 
chloroarsonic acids, the l-chloro-2-naphthalene- 
arsonic acid is apparently more reactive but due 
to the formation of tars the ethers were very diffi­
cult to isolate.

When the ethers resulting from the reactions of 
these chloronaphthalenearsonic acids and the 
phenols were boiled with glacial acetic acid they, 
without exception, lost the elements of water and 
two series of heterocyclic naphthalene arsenicals 
were produced. The following structures and 
names are proposed

(1) Etzelmiller aml Hamilton, T his Journal, 53, 3085 (1931).
(2) Maelay and Hamilton, i b i d ., 54, 3310 (1932).
(3) Hall and Hamilton, i b i d ., 56, 1779 (1934;.
(4) Saunders and Hamilton, i b i d ., 54, 636 (1932).

a-Benzophenoxarsinic Y-Benzophenoxarsinic
acid acid

These structures are assigned for the following 
reasons: (1) the arsenic and oxygen atoms are in 
the same relative positions as in the parent ether 
compounds. (2) The arsenic analyses indicate 
the loss of water from the parent ethers. (3) 
These arsinic acids do not hydrolyze even by 
treatment with hot sodium hydroxide solution. 
They certainly would do so if the arsono group 
alone were involved in the dehydration. (4) 
The parent chloroarsonic acids are not dehydrated 
by the action of glacial acetic acid. This fact in­
dicates again that the dehydration is not due to 
the arsono group alone. (5) It is assumed that 
ortho hydrogen of the phenolic group is involved 
because of the stability of six-membered rings.
(6) The insolubility of the sodium salt of the simi­
lar phenoxyphenylarsinic acid in an excess of so­
dium carbonate has previously been observed.5

Experimental
l-Chloro-2-naphthalenearsonic Acid.—Twenty-one and 

two-tenths grams of l-amino-2-naphthalenearsonic acid, 
prepared according to Saunders and Hamilton’s4 direc­
tions, was precipitated in a finely divided state by dissolv­
ing the pulverized eompound in 2 N  sodium hydroxide and 
acidifying to Congo red paper with 2 N  hydrochloric acid. 
The mixture was diluted to 400 cc., 30 cc. of concentrated 
hydrochloric acid added, and diazotization carried out at 
— 5° by adding dropwise 8 g. of sodium nitrite in 32 cc. of 
water over a period of one hour.

Meanwhile a cuprous chloride suspension was prepared 
in the usual way from 25 g. of crystallized copper sulfate 
and was dissolved in 72 cc. of concentrated hydrochloric 
acid. To this solution the diazotized amine was added in 
small portions. The resulting mixture was made alkaline 
by the addition of solid sodium carbonate and then filtered. 
Upon acidification of the filtrate to Congo red paper with 
hydrochloric acid, a light red precipitate of l-chloro-2- 
naphthalenearsonic acid separated; purified by dissolving 
in sodium carbonate and reprecipitating by hydrochloric

(5) R ob erts and Turner, J . Chem. Soc.,  2004 (1925),
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l-Arsono~2-( )-naphthalene Yield, % M. p., °C. Formula Calcd.
Arsenic analyses, % 

Found
-(Phenoxy) 51 211-295a Ci6Hi30 4As 21.78 21.82 21.85
- (2 '-Methylphenoxy) 48 295 C17H 15O4AS 20.93 20.95 20.96
-(4 '-Methylphenoxy) 30 225-273& C17H 15O4AS 20.93 20.95 20.99
-(2 '-Chlorophenoxy) 42 230-231 Ci6Hi20 4C1As 19.80 19.76 19.82
-(4 '-Chlorophenoxy) 24 217-219 Ci6Hi20 4C1As 19.80 19.80 19.82

“ Substance partially melts at 211° then solidifies and finally melts at 295°. 6 Substance partially melts at 225'
solidifies and finally melts at 273°

T a b le  II

2-Arsono-l-( )-naphthalene Yield, % o p Formula Calcd.
Arsenic analyses, % 

Found

-(Phenoxy) 66.5 322 C16H13O4AS 21.78 21.80 21.78
-(2'-Methylphenoxy) 18 181 C17H 15O4AS 20.93 20.88 20.90

acid, followed by recrystallization from 50% acetic acid; 
white needles; m. p. 317°; yield 82%; soluble in methyl 
and ethyl alcohols, but insoluble in water and benzene.

Anal. Calcd. for CioH80 3C1As: As, 26.16; CI, 12.38. 
Found: As, 25.99, 26.10;6 CI, 12.21,12.20.7

2-Chloro-l-nitronaphthalene.—From «-nitro-ß-naphthyl- 
amine in 82% yields following the method of Hodgson and 
Walker,8 for diazotization.

2-Chloro-l-aminonaphthalene.—Five grams of 2-chloro- 
1-nitronaphthalene was dissolved in 100 cc. of 95% alcohol, 
about 1 g. of Raney nickel added and the mixture exposed 
with shaking to molecular hydrogen under 40 lb. (2.66 
atm.) pressure. Reduction was complete in twenty min­
utes. The catalyst was filtered from the mixture, the fil­
trate evaporated to 25 cc., 10 cc. of water was added and 
the solution placed in the refrigerator. The amine sepa­
rated in long white needles; yield, quantitative; m. p. 56°.

2 - Chloro-1 -naphthalene arsonic Acid.—In a 600-cc. 
beaker was placed 17.7 g. of crude 2-chloro-l-aminonaph- 
thalene and 196 cc. of 6 N  hydrochloric acid. The mix­
ture was cooled to 0° and 8 g. of sodium nitrite dissolved in 
47 cc. of water was added dropwise over a period of two 
hours. Meanwhile in a 2-liter beaker an arsenite solution 
was made up by dissolving 50 g. of sodium metarsenite in 
206 cc. of water in which was dissolved 2 g. of copper sul­
fate. This solution was cooled to 5°. The 2-liter beaker 
was fitted with a mechanical stirrer, and two funnel tubes 
extending to the bottom. A dropping funnel was adjusted 
at the top of each funnel tube. In one was placed 146 cc. 
of 6 N  sodium hydroxide and in the other the filtered diazo­
tized amine. With stirring the two Solutions were dropped 
in rapidly at such a rate that the mixture in the beaker was 
always slightly basic. After the diazotized amine had all 
been added, stirring was continued for fifteen minutes 
longer and the mixture filtered through a carbon mat. 
Upon acidification to Congo red paper with hydrochloric 
acid the 2-chloro-l-naphthalenearsonic acid separated as an 
almost white precipitate. After dissolving in a sodium 
carbonate solution and reprecipitating with hydrochloric 
acid, the arsonic acid was used in this state of purity for

(6) The potentiometric method of Cislak and Hamilton [This 
Journal, 52, 638 (1930)] was used for the quantitative determina­
tion of arsenic in all of the compounds prepared.

(7) The Carius method was used for the quantitative determina­
tion of chlorine in this arsonic acid and its isomer.

(8) Hodgson and Walker, J. Chem. Soc., 1620 (1933).

subsequent condensations; purified by dissolving in 50% 
acetic acid and decolorizing with activated charcoal. 
Upon cooling colorless needles appeared, m. p. 296°; 
yield 56%; soluble in ethyl alcohol but insoluble in ether 
and benzene.

Anal. Calcd. for Ci0H8O3C1As : As, 26.16; CI, 12.38. 
Found: As, 25.99, 26.10; CI, 12.48,12.38.

Phenyl Ether Derivatives
General Procedure.—A mixture of 5 g. of 2-chloro-l- 

naphthalenearsonic acid or 1-chloro-2-naphthalenearsonic 
acid, 10 g. of phenol or substituted phenol, 5 g. of anhy­
drous potassium carbonate, 25 cc. of nitrobenzene and a 
small piece of bright copper foil was placed in a 125-cc. 
Erlenmeyer flask fitted with ground-glass connections. 
The mixture was agitated by means of a stirrer extending 
through the length of the reflux condenser. The flask and 
its contents were heated in an oil-bath at 140° for ten to 
twelve hours. The resulting mixture was steam distilled 
to remove the nitrobenzene and excess phenol, and treated 
with activated charcoal. After filtering, the mixture was 
acidified to Congo red paper with hydrochloric acid, 
whereupon the phenyl ether derivatives of the arsonic acid 
precipitated. The crude products were charcoaled and 
crystallized from 50% acetic acid. The melting points are 
high, and more or less decomposition takes place as indi­
cated by darkening.

Benzophenoxarsinic Acids and Derivatives
General Procedure.—The corresponding phenoxynaph- 

thalenearsonic acids were boiled with glacial acetic acid and 
an equal volume of water was added. A portion of the 
arsinic acids precipitated and sufficiënt 50% acetic acid 
was added to bring them into solution at the boiling tem­
perature. Upon cooling, the benzophenoxarsinic acids 
crystallized out in quantitative yields. No further puri-

Tauljb III
M. p.,

°C. Formula
a-Benzophenox-

arsinic acid9 319 Ci6Hn03As 
11-Methyl-o'- 

benzophenox-
arsinic acid 177 Ci7Hi30 3As

Arsenic analyses, % 
Calcd. Found

22.98 23.02 23.05

22.04 22.00 22.02

(9) Aeschlimann, J. Chem. Soc., 811 (1925).
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-Phenoxarsinic acid M. p „°C . Formula Calcd.
Arsenic analyses, % 

Found

7 -Benzo 278-280 C16H11O3AS 22.98 23.04 23.00
8 -Methyl-Y-benzo 205-270“ C17H13O3AS 22.04 22.04 22.08
lO-Methyl-7 -benzo 215-217 C17H13O3AS 22.04 22.04 22.06
8 -Chloro-Y-benzo 216-218 CieHioOsClAs 20.79 20.90 20.92
lO-Chloro-7 -benzo 214 C16H10O3CIAS 20.79 20.78 20.76

“ Substance partially melts at 205°, then solidifies and finally melts sharply at 270°.

fication was necessary if the corresponding phenoxynaph- 
thalenearsonic acids used were pure. All were insoluble in 
sodium carbonate and cold sodium hydroxide Solutions, 
but were soluble in hot sodium hydroxide Solutions.

Summary
1. The isomeric 1,2- and 2,1-chloronaphtha­

lenearsonic acids have been prepared for the first 
time. The synthesis of the latter involved the de- 
veloping of methods for the quantity production 
of the intermediates 2-chloro-l-nitronaphthalene 
and 2-chloro-l-aminonaphthalene and the neces­
sary modifications of the Bart reaction.

2. Two new series of naphthyl phenyl ether
derivatives have been prepared by the condensa­
tion of the parent compounds with phenol and 
substituted phenols. 1 - Chloro-2-naphthalene-

arsonic acid has been Condensed with phenol and 
ö-cresol. 2-Chloro-l-naphthalenearsonic acid 
has been Condensed with phenol, o - and ^-cresols, 
and o- and ^-chlorophenols.

3. By the elimination of water, heterocyclic 
benzophenoxarsinic acids have been prepared 
from all the above naphthyl phenyl ethers. No 
benzophenoxarsinic acids have been reported pre­
viously.

4. No condensations were possible, under the 
conditions employed, with either aniline, the ali­
phatic amines or the aliphatic alcohols.

5. Chlorine in these naphthalenearsonic acids 
was fóund less reactive than chlorine in a similar 
position in the benzene nucleus.
L in c o l n , N e b r a sk a  R e c eiv ed  J u n e  5, 1936

[C o n t r ib u t io n  from  the  St er ling  Ch em istry  L a b o r a t o r y  o f  Y a l e  U n iv e r s it y ]

The Normal Potential of the Silver-Silver Bromide Electrode from 5 to 4001

B y  B ento n  B rooks Ow en  a n d  L o uise  F o er ing

Experimental difficulties inherent in the direct 
comparison of certain electrodes with the hydro­
gen Standard have led to the extensive use of 
secondary Standards such as the familiär calomel 
half-cells. Because of the thermodynamic ob- 
jections to the estimation of liquid junction po­
tential involved in the ordinary use of such 
Standards, it is important to be able to perform 
the comparison in cells without liquid junctions. 
It has recently been shown2 that cells containing 
dilute borax buffers can be very conveniently em­
ployed in this connection. Although the method 
is general in principle, the use of borax Solutions, 
under certain prescribed conditions, has the pe- 
culiar advantage of eliminating the need for an 
extrapolation to infinite dilution. This labor-

(1) This communication embodies part of the experimental 
material to be presented by Louise Foering to the Graduate School 
of Yale University in partial fulfilment of the requirements for the 
degree of Doctor of Philosophy.

(2) Owen, T h is  J o u r n a l , 57, 1526 (1935). Full particulars re­
garding the calculations are given.

saving feature and the convenience of borax as a 
buffering agent make it desirable to test the ac­
curacy and reliability of the method by investi- 
gating a System which can be readily checked by 
more orthodox procedures.

For this purpose we have measured the electro­
motive forces of cells of the type

H2 I HBO2O ) , N aB 02(m), KX(m) | AgX -  Ag 
in which X represents either bromide or chloride, 
and m 0.005 molal. After a small correction2 
to the electromotive forces to make them corre­
spond exactly to m = 0.005, the equation

77O 7-1O I 770*005 77O.005 / I N
ü H B r — &  H C l - T  ^ K B r  “ * ^ K C l  V1 /

permits the calculation of EïïBr in terms of known 
values of Ehci taken as Standard. Comparison 
can then be made with values of Ej B̂r obtained by 
direct extrapolation of measurements on cells con­
taining dilute hydrobromic acid. We have em­
ployed electrodes containing fused silver bromide 
because the corresponding normal potentials have
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T a b l e  I
O b se r v e d  V a l u e s  o f  .EjnJJ and  t h e  Co r r e spo n d in g  Va l u e s  of Z^Br =  ~~E\ gBr

t° (i) (2) (3) (4) (5) Average A
5 0.72777 0.72786 0.72775 0.72769 0.72777* 0.07986 0

10 .73417 .73423 .73417 .73409 .73416* .07801 1
15 .74061 .74061 .74071 .74059 .74053* .07599 3
20 .74703 .74709 .74714 .74707 .74714 .07372 - 2
25 .75362 .75366“ .75365 .75356 .75377 .07128 -6
30 .76011 .76008“ .76011 .76006 .76014 .06871 ~5
35 .76668 .76661“ .76661 .76656 .76663 .06600 0
40 .77300“ .77300 .77312 .77312 .06307 1

m  X 106 4902 4939 4997 4840 5031
“ m X 106 = 5061. * m X 106 -  4719.

recently been reported3 over a wide temperature 
range.

Materials and Technique
Since the concordance among some of the earlier esti- 

mations of EjiBr ls not very satisfaetory, we have paid 
particular attention to the purity of our materials upon 
the supposition that the uncertainty in the older measure­
ments may have been due to impurities in the hydrobromic 
acid.

We employed two samples of potassium bromide. Sam­
ple A was prepared from carefully purified potassium oxa­
late and bromine, and recrystallized three times from con­
ductivity water. The purification of the bromine was es­
sentially the procedure used by Baxter and Grover.4 Sam­
ple B consisted of Baker “analyzed” potassium bromide 
recrystallized six times from conductivity water. Both 
samples were dried over solid sodium hydroxide, and 
then heated in platinum to constant weight at 120°.

The borax was a re-fused Kahlbaum product previously 
described.5

All concentrations were calculated from the weights of 
the “dry” salts, and expressed as moles per kilogram of 
solvent weighed in vacuo. The effect of the presence of 
0.1% of moisture in the borax would be unmeasurable 
under the conditions of our experiment, but would amount 
to 0.02 or 0.03 mv. if present in the potassium bromide.

The silver-silver bromide electrodes were prepared by 
heating a mixture of 90% silver oxide and 10% silver bro­
mate for seven minutes at 650°.6 7 Several different samples 
of silver bromate were employed. One was a recrystal­
lized fresh preparation, and the other two were carried 
over from previous researches.6 7 Fresh and old2 silver 
oxides were also used. Six electrodes were prepared from 
a silver bromate-silver oxide mixture left in the laboratory 
by Dr. Keston. They were used in the measurement 
marked by the superscript a in Table I.

Intercomparison of electrodes prepared from various 
combinations of these silver compounds showed them to 
be indistinguishable. They were kept dry until used, and 
no effort was made to protect them from diffuse daylight.2

Special eare was taken in washing the hydrogen elec­
trodes free from chlorides of the platinizing bath, and in

(3) Harned, Keston and Donelson, Th is  Journal, 58, 989 (1936).
(4) Baxter and Grover, ibid., 37, 1027 (1915).
(5) Owen, ibid., 56, 1695 (1934).
(6) Keston, ibid., 57, 1671 (1935).
(7) Owen, ibid., 66, 1922 (1933).

the exclusion2,5 of oxygen during the preparation and use 
of the cell Solutions. Solutions were always used within 
one to four days after their preparation.

Discussion of the Results
The observed electromotive forces of the cells 

containing borax and potassium bromide were 
corrected to a partial pressure of hydrogen of one 
atmosphere, and to the round concentration m =
0.005. They are recorded as in Table I.

The actual concentrations, m, of the Solutions 
used in each series of cells is also included. Each 
value of -Ê Br is the mean value of five or six inde- 
pendently filled cells agreeing within 0.1 mv. 
The same set of cells was never used over a tem­
perature range greater than 20°.

Solutions (1) and (2) were prepared from sam­
ple B of potassium bromide. The others were 
made from the elaborately purified sample A. It 
can be seen that no consistent difference was ob­
served in the electrochemical behavior of the two 
samples of potassium bromide. Since the source 
of the bromate and oxide used in the electrodes 
was also without noticeable effect upon the re­
sults, it is reasonable to conclude that the silver 
bromide electrode is not sensitive to such Tracés 
of impurities as may have remained in any of our 
Chemicals.

In the calculation of EnBr by equation (1), we 
employed the smoothed values of £ hci given by 
equation (7) of Harned and Ehlers,8 the mean 
values of E^cf previously reported,2 and the mean 
values of E^b? derivable from the data given in 
Table I. The resulting values of E^Br are re­
corded in the next to last column. Their tem­
perature Variation can be represented empirically 
by the quadratic equation
Ejfßr *  0.07134 -  498 X IO“6 (t — 25) -  t

3.6 X IO“6 ( t  -  25)2 (2)

(8) Harned and Ehlers, ibid., 56, 2179 (1933),
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The “fit” of this equation is indicated by the de­
viation in millivolts (A = E° (obsd.) — E° (Eq.
2)) given in the last column.

Comparison with the corresponding values re­
ported by Harned, Keston and Donelson3 shows 
that our results are higher by two or three tenths 
of a millivolt, the agreement being best at the 
higher temperatures. In view of the indirect 
nature of our method and the combined uncer- 
tainties of the extrapölations for Ehci and Ehbi 
involved in the comparison, it is probable that the 
agreement obtained is as gpod as could be ex­
pected. Nevertheless it should be remarked that 
Donelson’s data for the 0.01 molal hydrobromic 
acid cell (fused silver bromide) are also two or 
three tenths of a millivolt higher than Keston’s 
at the same concentration.9

Upon this basis we regard the reliability of
(9) In a p riva te  com m u n ication  M r. D onelson  inform s us th a t th e  

extrapolation  of h is d a ta  on th e  ce lls H 2 j HBr(o.oi), LiBr(,») j A gBr — 
Ag leads to  va lu es  of E fjg , iu  excellent agreem ent w ith  our own—  
m axim um  difference ab out 0.1 m v.

electrode comparisons in borax buffers as estab­
lished, and the accuracy of the method as limited 
only by the reproducibility of the measurements 
and the absolute accuracy of the electrode em­
ployed as Standard.

Summary
1. The normal electrode potential of the silver- 

silver bromide (fused) electrode has been deter­
mined from 5 to 40° by comparison with the sil­
ver—silver chloride electrode in borax Solutions 
without liquid junctions.

2. The reliability of the method is indicated 
by satisfaetory agreement with results obtained 
with similar electrodes in hydrobromic acid Solu­
tions.3

3. By using materials from a variety of sources 
and subjected to different degrees of purification, 
it was shown that the silver-silver bromide (fused) 
electrode is highly reproducible.
N e w  H a v e n , C o n n . R e c e i v e d  J u n e  22, 1936

Contribution to the Chemistry of Europium

By H erbert  N. McCoy

Introduction.—The easy preparation of bi­
valent europium salts which, though powerful re­
ducing agents, are sufficiently stable to be han­
dled, invited further study of these unique rare 
earth compounds. This work has included deter­
mination of the veloeity of oxidation by air of 
such europous compounds, the measurement of 
their reduction potential, the development of new 
methods of electrolytic reduction, the observa­
tion of the absorption spectrum of europous Solu­
tions, and the discovery that this spectrum is 
wholly different from that of trivalent europium 
Solutions. As no method for the determination 
of europium in both of its stages of oxidation had 
been described, the first necessity for the work 
was the development of such a method.

Determination of Europium.—In a preliminary 
note1 it was mentioned that europium may be de­
termined iodometrically. The method may be 
illustrated by the following example.

A solution of europium chloride was made by dissolv­
ing 2.1619 g. of nearly pure europium oxide in 8.2 ml. of 
6 N  hydrochloric acid and diluting to 250 ml. Standard 
iodine ahd thiosulfate Solutions, approximately 0.04 N t

(1) M cC oy, T h is  J o u r n a l , 07, 1756 (1935).

were prepared. The Jones reductor used1 contained 
150 g. of 20 to 30 mesh amalgamated zinc which gave a 
column 1.7 cm. in diameter and 21 cm. high. Imme­
diately before each series of titrations 0.05 N  hydrochloric 
acid was poured into the reductor tube and the zinc and 
acid were well shaken together. The reductor was then 
thoroughly flushed with more of the dilute acid, leaving 
sufficiënt barely to cover the top of the zinc column. 
The nozzle of the reductor dipped into a measured volume 
(usually 20 ml.) of Standard iodine solution in a 400-ml. 
covered beaker into which a stream of carbon dioxide was 
passed to exclude air. For an analysis, 20 ml. of the 
europium chloride solution was run through the reductor, 
followed by a wash of 150 ml. of approximately 0.05 N  
hydrochloric acid. Reduction and washing required 
about twenty minutes.

The excess iodine w as t i t r a te d  w ith  S tandard  th iosu lfa te .
The reactions are 2 E u C 1 3 +  Zn ---->  2EuCl2 +  ZnCl2
and Eu + + -f* I ---->  Eu + + + -f- I ”. In four determina­
tions the net volumes of iodine solution required were 
18.12, 18.05, 18.08 and 18.11 ml., mean 18.10 ml. indi­
cating 0.1685 g. of europium oxide (Eu = 152.0) while 
the amount of oxide taken was 0.1730 g. The purity of 
the oxide was therefore 97.5%. In determinations, when 
no carbon dioxide was used, the results were 1 to 3% 
too low, due, doubtless, to partial oxidation of reduced 
europium by air.

Using this technique, the europium content of rare 
earth mixtures containing 1% or even less of this element 
may be determined if other reducible substances are
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absent. A chloride solution of the rare earths of monazite 
in nearly their natural proportions was freed from iron, 
phosphate and sulfate. This material had been precipi­
tated previously as double sodium sulfate and in consc- 
quence was nearly free from ytterbium, which may react 
like europium. The solution had a density of 1.13 and 
contained 0.11 g. of oxides per ml. Fifty ml. of this 
solution was reduced and titrated. Its titer indicated 
a europium oxide content of 0.0033 g., assuming no other 
reducing substances present. To two further 50-ml. 
portions of this solution known amounts of europium were 
added. Analyses gave the following results.

I ii

EU2O3 in 50 ml. sol., g. 0.0033 0.0033
E112O3 added, g. .0625 .0424

Total 0.0658 0.0457
Found 0.0659 0.0440

Oxidation of Europium by Air.—The observation of 
Urbain2 that a dilute solution of europous chloride can be 
kept and that it is not oxidized by iodine or nitric acid 
even at 100° can only mean that complete oxidation by 
air had occurred before the small amount of material in 
hand was tested. A like explanation may be made 
regarding the statement of Jantsch, Alber and Grubitsch3 
who were unable to titrate with iodine a solution thought 
to contain europous chloride and concluded that a state 
of equilibrium was reached. Yntema4 and also Selwood5 
found no difficulty in oxidizing solid europous sulfate with 
nitric acid.

On exposure to air a solution of europous chloride is 
oxidized more or less rapidly depending on conditions. 
A few ml. of a dilute solution in an open beaker may be 
oxidized completely in an hour or less, but 300 to 400 ml. 
of a 30% solution has often stood three or four days under 
similar conditions without being wholly oxidized. When 
thus oxidized, Solutions with excess hydrochloric acid 
remain clear, europium trichloride being formed. If there 
is a deficiency of acid, white basic material precipitates.

A rough determination of the speed of oxidation of 
europous chloride by air was made. A 30 to 50-fold 
excess of air was blown through dilute Solutions under 
such conditions that the concentrations of the dissolved 
oxygen remained nearly constant. The set-up used com- 
prised a 70-ml. wide-mouthed jar with a rubber stopper 
carrying a small zinc reductor, the tip of a buret for Stand­
ard iodine solution, a tube through which either carbon 
dioxide or air could be led to the bottom of the jar, and 
a narrow vent for the escape of gases. The Solutions 
used were half molar europium chloride, normal and 
decinormal hydrochloric acid, and 0.04 N  iodine and thio­
sulfate; only the last two were standardized. In making 
a run, 5 ml. of N  acid was put in the jar, the stopper with 
attached tubes adjusted, and the air displaced by carbon 
dioxide. Two ml. (exactly) of the europium solution 
followed by 25 ml. of decinormal acid were run through 
the reductor in five or six minutes while a slow stream of 
carbon dioxide was passed into the jar.

(2) U rb ain , C o m p t. r e n d . ,  153, 1155 (1911 ).
(3) J an tsch , A lber an d  G ru b itsch , M o n a ts h . ,  53—54 , 305 (1929).
(4) Y n tem a , T his J ournal, 52, 2782  (19 3 0 ).
(5) Selw ood , ib id . ,  57, 1145 (1935 ).

This finished, the latter gas stream was replaced at 
zero time by 8 or 10 bubbles of air per second for an 
exactly measured interval. Next a measured excess of 
iodine solution was run in rapidly and, after waiting a few 
minutes for the completion of the ensuing reaction, the 
excess of iodine was titrated with thiosulfate. A fresh 
2-ml. portion of europium solution was used for each 
oxidation run. The results lead to a fair constant for a 
first order reaction.

Speed of Oxidation of EuC12 Solutions by

Interval,

Air at 23°
Net ml.

min. N /25 I K  x 10
0 26.33
1 21.99 1.80
2 18.32 1.81
3 15.09 1.85
5 11.53 1.65
7 7.31 1.83
9 4.62 1.93 

Mean 1.81

It is thus seen that a 0.04 molar solution is half oxidized 
in about four minutes in a solution kept saturated with 
oxygen from air. The speed of oxidation by air of a con­
centrated solution standing in a beaker is very much 
slower for obvious reasons.

Electrolytic Reduction of Europium.—In the electrolytic 
reduction of a europium chloride solution Yntema4 used 
a two-compartment cell which required 65 volts to give 
a current of 0.18 amp. Its high resistance was due to the 
great Separation of the electrodes. A one compartment 
cell having electrodes close together fails to give much 
reduction because of the reverse change at the anode.

The electrolysis of europium formate (made from the 
oxide and acid) overcomes these difficulties. The cathode 
is mercury, the anode a short stout platinum wire. At 
the anode carbon dioxide and hydrogen from the formate 
ion come off steadily. In a one-compartment cell with 
50 ml. of 0.1 molar formate 6 volts (4 no. 6 dry cells) give 
an almost steady current of 0.08 amp. Practically no 
hydrogen is liberated at the cathode, which remains bright 
and mirror-like until the larger part of the europium is 
reduced. Finally when 75 or 80% has been reduced 
hydrogen begins to be liberated at the cathode and the 
current efficiency falls off. Europous formate so made 
shows the typical reactions of europous Solutions, includ­
ing the immediate formation of the insoluble sulfate 
when treated with a solution of sulfuric acid or a sul­
fate. Europium may be separated from other rare earths 
by the electrolysis of formate Solutions containing some 
sulfate.

The electrolysis of the acetate works well. It is also 
possible to reduce a chloride solution in a one-compart­
ment cell, using a silver anode.

The Reduction Potential of the Eu++/Eu+++ Electrode. 
—The many indications that a solution of Eu++ has a 
high reducing potential were confirmed by direct meas­
urement which led to a value of E q of about 0.43 volt. 
The arrangement of the cell was as follows: Pt/Eu-
(COOH)3 +  Eu(COOH)2 +  HCOOH +  N  KCl/ +  N  
KCl/ N  KCl +  Hg2Cl2/Hg. For the potential measure-
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ments the following Leeds and Northrup instruments6 were 
used: Potentiometer, galvanometer, double throw switch, 
Eppley Standard cell and Hildebrand (normal) calomel 
electrode. The total concentration of the europium was 
approximately 0.1 molar, the concentration of the free 
formic acid was small and variable, being sufficiënt only 
to prevent precipitation of the base by reason of oxidation 
by air during the measurements. A 150-ml. tall form 
beaker (without lip) with a fiber board cover and rubber 
band seal served both for the partial electrolytic reduction 
of the europium formate solution and later for the measure­
ment of the electrode potential. In the beaker were 
placed 20 ml. of pure mercury and 50 ml. of approximately 
0:1 molar europium formate containing a small excess of 
formic acid. The cover had seven holes, one central, the 
other s peripher al. The central hole carried the glass insu- 
lated anode for the electrolysis, 1.5 cm. of stout platinum 
wire. Three glass-insulated platinum wires passed through 
other holes—one led to the mercury, the others, 3 mm. 
exposed lengths of small wires, served as alternate elec­
trodes for the potential measurements. These electrodes 
were made of new wire carefully cleaned and kept in 
acidified europous chloride solution for twenty-four hours 
before being used. They quickly came to definite poten­
tials during measurements. A salt bridge with normal 
potassium chloride connecting with a normal calomel 
electrode and a glass mechanically operated reciprocating 
stirrer passed through two holes while the seventh hole, 
closed by a plug, permitted the introduction of a 5-ml. 
pipet. The electrolysis was carried out as already de­
scribed with four dry cells. The current of 0.07 to 0.08 
amp. ran for two to two and one-half hours and reduced 
half or more of the europium to the bivalent state. The 
electrolyzing circuit was now disconnected and sufficiënt 
solid potassium chloride was dissolved in the reduced solu­
tion to make the concentration of this salt exactly one 
molar. If this addition is made prior to the electrolysis 
several difficulties arise.

During the series of potential measurements requiring 
about one hour, a little oxidation of the bivalent europium 
by air took place. For this reason potentiometric read­
ings for each of the alternate platinum electrodes in the 
reduced solution were made immediately before and after 
removal of a 5-ml. sample for titration. This sample was 
run into a small (measured) excess of 0.04 N  iodine. The 
excess was titrated with thiosulfate a few minutes later. 
Following the second pair of potential readings 5 ml. of a 
solution of europium trichloride and potassium chloride 
was run into the reduced solution. The former solution 
had exactly the same composition as the latter excepting 
that the europium of the solution added was entirely in 
the trivalent form. The ratio of Eu+ + + to Eu++ of the 
solution in the cell was thus increased by stages. Follow­
ing this addition, the titration of the excess iodine was 
made.

The solution in the cell was now stirred well for a few 
minutes and another series of potential measurements and 
another analysis were made, etc.

The two consecutive readings for the alternate elec­
trodes usually agreed within 0.1 millivolt while the pair

(6) All kindly loaned by Professor L. D. Roberts, Univ. of vSouth-
era California.

made before drawing the sample differed from those after- 
ward by about one millivolt. The mean of the four read­
ings of a set and the time of drawing the sample are given 
in the following table.

After the measurements were completed the total 
europium concentration was found by reduction of four
5-ml. portions in the zinc reductor and titration with 
Standard iodine. The potential of a platinum electrode 
in the Eu+++ and Eu++ solution with normal potassium 
chloride was calculated by the equation

E 0 — ( V  — 0.2805) +  0.05915 (logio Eu+++/E u ++)
V  being the observed e. m. f . including the normal calomel 
electrode. The reaction is Eu++ = Eu+++ +  e. The 
platinum electrode in the europium solution is charged 
negatively.

P o ten tia l  o f  th e  Eu +++, Eu + + E lectro de  
Temp. 25°. Total Eu concn. 0.0900 Molar

T im e, M olar M olar
m in. E . m. f ., v . concn . E u ++ concn. E u +++ E q, v .

0 0.7100 0.0437 0.0463 0.4310
19 .7007 .0358 .0542 .4309
30 .6933 .0289 .0611 .4321
40 .6864 .0239 .0661 .4321
50 .6797 .0201 .0699 .4312
65 .6720 .0162 .0738

Mean
.4304
.4313

Another set of similar measurements gave JE0 =  0.4283 
volt.

In th ese  experim en ts liqu id  p o ten tia ls  hav e  n o t  been  
en tire ly  e lim inated , b u t  i t  is th o u g h t th a t  th e y  h a v e  been  
m ad e  q u ite  sm all b y  reason  of th e  p rep o n d era tin g  c o n ­
cen tra tio n  of po tassiu m  chloride in  a ll Solutions. T h e  
v a lue  found  fo r E q, ab o u t 0.43 Volt, is one of th e  h ig h est 
reducing  p o ten tia ls  so fa r observed .7 I t  is in  good acco rd  
w ith  th e  pow erfu l reducing  p ro p erties  of eu ropous Solu­
tions.

Europous Sulfate.— Progress in  th e  w ork  of iso la tio n  of 
eu ro p iu m  b y  th e  europous su lfa te  m eth o d 1*4 5 is eas ily  
follow ed b y  t i t r a t io n  of th is  sa lt w ith  S tandard  p e rm a n ­
g an a te . In a  ty p ic a l case th e  su lfa te  was m ad e  from  a  
ch lo ride  so lu tion  w hich show ed b u t  fa in tly  th e  s tro n g est 
ab so rp tio n  b an d s  of neodym ium  in  ad d itio n  to  th o se  of 
europ ium . A fte r being  well w ashed on th e  filte r w ith  
d ilu te  h y droch lo ric  acid  a n d  m eth y l alcohol a n d  d ried  a t  
75°, p o rtio n s of a b o u t 0.1 g. were covered w ith  30 m l. of 
3 N  sulfuric  acid  a n d  t i t r a te d  w ith  0.04 N  p e rm an g an a te , 
0 .6  to  0.8 m l. excess being added  an d  th e  excess t i t r a te d  
w ith  S tan d ard  fe rrous so lu tion  a fte r  th e  d ifficultly  soluble
europous sulfate had completely dissolved.

i ii
EuS04 taken, g. 0.1113 0.1119
0.04 N  KM n04, ml. 10.83 10.86
Purity of EuS04, %  96.6 96.3

It is possible to titrate the sulfate with iodine but the 
solid dissolves so slowly that the method is tedious.

Europous sulfate exists in two forms: (<*) tufts of 
minute needles which are feathery and bulky; and 
( ß ) still smaller crystals, appearing nearly globular when 
highly magnified, of high density and settling to a very

(7) “ In t. Crit. T a b le s ,” V ol. V I, p. 332.
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compact mass. The a-form is frequently obtained when 
a solution of europous chloride from a zinc reductor is run 
into a solution of magnesium .sulfate or dilute sulfuric 
acid. It soon passes into the stable ß-form. The latter 
is but slightly soluble in 3 N  sulfuric acid* while the 
former is dissolved by acid of this concentration. The 
analyses quoted were of the ß-iovm .

The dry ß-form keeps surprisingly well. In one case 
a sample, kept in a corked vial, showed the same per­
manganate titer after two, sixteen and fifty-five days and 
but 2.8% less after one hundred and forty-three days. 
Another sample, known to contain some rare-earth con- 
tamination, showed a purity of 94.7% after sixty-four 
days. The resistance of europous sulfate to oxidation by 
air is doubtless in large measure due to its marked insolu- 
bility.

Europous sulfate can be oxidized by and dissolved in 
nitric acid.4,6 It can also be oxidized by chlorine, bro­
mine, bromic acid and other active oxidizing agents. 
When europous sulfate is boiled for a few minutes with a 
solution of one equivalent of sodium carbonate and 0.4 
equivalent of sodium hydroxide it forms a yellow, com­
pact, easily filtered carbonate (probably EuC03). The 
carbonate dissolves readily in most acids.

The Absorption Spectrum of Europous Chloride.—The 
chloride (EuCL) solution of 20 to 30% concentration has 
a greenish yellow color like that of a concentrated solution 
of chlorine. The absorption spectrum of this solution, in 
the visible range, differs in a remarkable way from one of 
the trichloride. It does not show any of the several 
bands of the latter.8 Instead, below approximately 4480

(8) If in com p lete ly  reduced th e  tw o  stron gest b an d s of Eu + + + 
m ay show fa in tly .

Ä. all visible light is absorbed. The exact maximum wave 
length at which complete absorption begins depends upon 
the concentration of the solution and the thickness of the 
layer. Characteristic results are obtained when 30 ml ol 
a 1.2 molar solution of europium trichloride is run through 
a zinc reductor and viewed in a 20-cm. tube. The spec- 
trometer used was a Bausch and Lomb instrument Cat. 
no. 2700. The light was that of a 75-watt Mazda bulb. 
It thus appears that the shift of the valence electron in 
the change Eu + + + - Eu + + is responsible for a profound
change in the absorption spectrum.

Summary
1. New methods permit the electrolytic re­

duction of trivalent europium to bivalent in 
simple cells at 6 volts or less.

2. Solutions of bivalent europium do not show 
any of the bands of the absorption spectrum of 
the trivalent salts; instead, complete absorption 
of visible light occurs below 4480 Ä.

3. The reduction potential £ 0 of Eu++, Eu+++ 
Solutions is approximately 0.43 volt.

4. Dilute europous Solutions are half oxidized 
by a rapid stream of air bubbles in about four 
minutes. Crystalline europous sulfate, EuSCh, 
is quite stable in air.

5. Iodometric methods for the determination 
of europium are described.
P r i v a t e  L a b o r a t o r y  R e c e i v e d  A p r i l  11, 1936
1226 W e s t c h e s t e r  P l a c e  
Los A n g e l e s , C a l i f o r n i a

[C o n t r i b u t i o n  f r o m  t h e  R e s e a r c h  L a b o r a t o r y  o f  P h y s i c a l  C h e m i s t r y , N o. 368, a n d  t h e  R e s e a r c h  L a b o r a t o r y
o f  O r g a n ic  C h e m i s t r y , N o. 141 ]

The Vibrational Levels of Cyclopropane
By Gilbert W. King,1 Robert T. Armstrong and Louis Harris

Cyclopropane has considerable interest stereo- 
chemically and from the point of view of the me­
chanics of Vibration of polyatomic molecules. A 
unique assignment of frequencies to its normal 
vibrations is not possible from its Raman spec­
trum2 alone; infra-red data, even of a semi-quan­
titative nature, would aid in such an assignment. 
Together, the two spectra permit an analysis of the 
fundamental modes of Vibration of cyclopropane.

Infra-red Absorption.—The preparation and 
purification of the cyclopropane has been de­
scribed in a previous paper.3 The infra-red

(1) P resen t address, N a tio n a l R esearch  F e llow , C alifornia In sti­
tu te  of T echn ology .

(2) L. H arris, A. A. A shdow n an d  R . T . A rm stron g , T h is J o ur­
n a l , 58, 852 (1936).

(3) A. A. A shdow n, L. H arris and R . T . A rm stron g, ibid., 58, 
850  (1936).

spectrum has been mapped in the following 
manner.

M eth od  of
R eg ion  m easurem ent

I. 0.8 ja to 2.8 ja Quartz monochrp- 
mator. 1000
watt projection 
lamp. 15 mm, 
length quartz 
cell.

II. 0.8 ja to 1.1 ja Hilger E l spectro- Gas at 25° and 
graph (Glass pp- 1 atm. pres- 
tics); also 21 ft. sure. 
grating. 1000
watt projection 
lamp. 1 meter 
l e n g t h  c e l l ,  
quartz Windows.

S ta te  of 
cyclopropane

Liquid at —78°. 
Gas at 25° and 
1 atm. pres­
sure.
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R egion

III. 3.3jato 10.0m

M eth od  of 
m easurem ent

Low dispersion 
rock salt spec- 
t r o m e t e r. 
Nernst glower. 
10 cm. length 
cell. Rock salt 
Windows.

S ta te  of 
cyclopropane

Gas at 25° and 
10 mm. to 1 
atm. pressure.

The observed infra-red bands and Raman fre- 
quencies (previously reported) are presented in 
Table I.

T a b l e  I

T h e  R a m a n  a n d  I n f r a -r e d  A b s o r p t i o n  S p e c t r a  o f  
C y c l o p r o p a n e

R am an (liquid) Infra-red (gas) Infra-red (liquid)
C m .-1 In ten sity  C m .-1 In te n s ity  C m ." 1 In ten sity

382 v.w. 
745 w. 
869 v. s.

1022 m. 
1191“ v.s. 
1437 m. 
1454 m. 
1505 w. 
1873 v.w.

2856 w. 
2953 w. 
3013 m. 
3030 m. 
3079 m.

1020 =*= 10 s.

1425 =*= 20 m.

1800 =*= 40 m.
2020 =*= 40 m.

2950 =*= 100 m.

3580 d= 1% m.
4200 m .
4450 s.

4760 =fc l% m.
4980 s.

5160 w. 5130 s.
5260 w.

5620 w.
5950 vS. 5930 s.

6730 m.
7040 m. 7090 m.

7350 m.
8060 w.

9070 =*=0.2% m. 9070 s.
11,100 m.

11,490 =*=0.2% m. 11,800 w.
a 1191 cm. 1 was the only Raman line observed from

gas.

Selection Rules.—The symmetry of the mole­
cule may be decided definitely from qualitative 
considerations. The manner of distribution of the 
twenty-one (3 N — 6) fundamental frequencies of 
cyclopropane among the representations of the 
most likely symmetry groups is given in the 
following table, together with their infra-red (IR) 
or Raman (R) activity.

Cjv C2v D3h
R, IR, A t 5 R, IR, Ai 7 R, A / 3

A2 2 R, A2 4 A2' 1
R, IR, E 7 R, IR, Bi 5 A / 1

R, IR, B2 5 IR. A2" 2
R. IR. E' 4
R, E" 3

C3v.—This symmetry group requires twelve fre­
quencies (seven of the twelve being doubly degen- 
erate) active in both the Raman and infra-red 
spectra, which is not in agreement with our data.

C2v.—-This requires seventeen frequencies active 
in the infra-red, all of them also active in the Ra­
man spectrum, totaling twenty-one different ac­
tive fundamentals in the latter spectrum, again 
not in agreement with observation.

Furthermore, of the three groups given, C3v and 
C2v require strong Raman frequencies (the totally 
symmetrical Ai) to be active also in the infra-red. 
No absorption was detected in the region corre­
sponding to the strongest Raman frequency, 
1191 cm.'-1 (absorption was less than 5% with 
cyclopropane at one atmosphere pressure in a 
cell with an effective length of 10 cm.), so that 
these two symmetry groups are not further con­
sidered.

D3h.—This requires six (four doubly degenerate) 
infra-red active fundamentals, and ten (seven 
doubly degenerate) Raman active frequencies, 
which is more compatible with the data. These 
frequencies may be identified by the following 
semi-quantitative considerations, pending exact 
perturbation calculations.

Symmetry Coordinates.—In general there is a 
correspondence of the representations of a sym­
metry group of a system and the representations 
of the symmetry groups of parts of the system, 
or system under perturbation. If all equivalent 
bonding energies are permitted to decrease si- 
multaneously (e. g., allow the three CH2 groups to 
recede to a large distance yet preserve their geo- 
metrical relations) the symmetry of the (enlarged) 
molecule is unchanged. In the enlarged molecule 
the normal vibrations are such combinations of 
the nine orthogonal motions of the isolated radical 
CH2 (3 vibrations, 3 rotations, 3 translations) as 
conform to the symmetry of the group D3h* The 
fact that the symmetry operators of the combined 
system (C3He), for example rotation through 120°, 
must carry any Vibration of the enlarged molecule 
into a linear combination of the vibrations of the 
same level, indicates that the three isolated CH2
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groups must be vibrating in the same mode, all 
either in phase (s) or one of the three groups out of 
phase (a). A more accurate statement concern­
ing the composition of Systems from radicals is 
provided by the resolution of representations into 
those of component radicals. Table II correlates 
the representations of CH2, ethylene and cyclo­
propane.

T a b l e  II
CORRELATION OF THE R EPR ESEN TA TIO N S OF THE SYMMETRY 

G r o u p s  o f  C y c l o p r o p a n e , E t h y l e n e  a n d  t h e  C H 2 

R a d i c a l  w i t h  C o r r e s p o n d i n g  R e l a t i o n s  f o r  

t h e  N o r m a l  V i b r a t i o n s

Cäv D 3h V h  C 2V
C H 2 rad ical cyc lop rop ane eth y len e C H 2 radical

V  ^ >Bl
az<— 2— $B2s e ^ s

The corresponding relations hold for the actual vibra­
tional states belonging to the various representations. 
These are described by vector models for CII2 and (CH2)3 

in Fig. 1.

Figure 1 illustrates the use of the above prin- 
ciples in determining the normal vibrations of 
cyclopropane from those of its component radicals, 
3CH2,'S. The nine (3 N ) normal vibrations of a 
non-linear tri-atomic molecule (translations, Tz, 
Th and Ti; and rotations, Rz, Rh and Rx, may 
be regarded as vibrations of zero frequency) are 
described by vector models in the center column 
of Fig. 1. These vibrations are perturbed by the 
coupling action of the other two CH2 groups and 
each frequency (including the translations and ro­
tations) combines anti-symmetrically (doubly 
degenerate, a-levels) or symmetrically (s-levels)

to give the vibrations of cyclopropane as shown on 
the left and right of the figure, respectively. 
Similarly the vibrational levels of the symmetri- 
cal triangulär C3 molecule (Group D3h), or of a 
constrained cyclopropane molecule, where the CH2 
groups are rigid, may be resolved into the levels of 
the actual cyclopropane molecule.

Assignment of Observed Frequencies to 
Normal Modes of Vibration

a. Carbon Interaction: (Tzs and Tia) . -
Calculations based on central forces4,5 of the 
frequencies of the constrained cyclopropane mole­
cule identify the intense symmetrical Vibration 
(labeled Tzs in Fig. 1) at 1191 cm.“1 (properly in­
active in the infra-red) and a doubly degenerate 
deformation frequency at 869 cm.“1 (labeled Tla 
from its construction from CH2 levels). The 
latter was beyond the spectral region (infra-red) 
investigated (see note 10 at end of paper).

b. CH2 (Vibration) Interaction: crSf a; 7rS) a; 
ös> a).—The principles used in deriving the nor­
mal modes of Vibration lead to further definite 
assignments. Each of the three normal vibra­
tions of CH2, <r, 7r, 5, should split slightly to form 
a- and s-levels of ethylene, and to almost the same 
degree to form the corresponding a- and s-levels 
of cyclopropane, in the same region of the energy 
scale. These frequencies can be identified more 
precisely by means of Mecke’s Rule II.6 The 
infra-red Spectrum was not resolved enough to 
decide, by means of selection rules, which of the 
Raman frequencies (1505, 1437, 1454 and 2953, 
3013, 3030 cm.“1) are the a- and s-combina- 
tions of the öa and ira levels. The doublets 
(1437-1454 and 3013-3030) may be the doubly 
degenerate levels da and 7ra whose degeneracy 
has been removed either by interaction of the an­
gular momentum of the doubly-degenerate mo- 
tions with that of pure rotation6 (p. 125), or by 
resonance due to a slight difference in the C-C 
bonds requiring both components to be active in 
the Raman and infra-red spectra.

Dr. E. Bright Wilson, Jr., has kindly suggested 
that these doublets are more likely to be ascribed 
to accidental degeneracy of Ss and 2 X 745 (lead- 
ing to 1437 and 1454) and of tts with 2 X 1505 
(leading to 3013 and 3030). The frequency 745 
cm.“1 is probably to be assigned to Ria of repre-

(4) S. B h agavan tam , In d ia n  J .  P h ys ., 5, 73 (1930).
(5) R . L esp ieau , M . B ourguel and R . W ake m an, B u ll. soc. 

<chim., [4] 51, 400  (1932).
(6) E uck en -W olf. “ H an d - und Jahrbuch der chem ischen P h ysik /*  

,[9J II, 1934, p. 338.
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Table III
---------- (C H 2)20 ---------- . ------- (C H 2)2-------

2 2 
"a -  v*

---------------(C H 2)3------------------------------- N
T ype V cm .“ 1 v \  — v l v  cm , 1 C alcd. v  cm ." 1 vh vn C alcd ,

ö'a 3107
+0.234 + 0 .2

3079

<rB 3047 3069
TT» 2970 2988 2957

—0.227 -0 .1 8 6 - 0 .1 -0 .4 6 1  to -0 .3 6 8 - 0 . 4
Vs 3008 3019 3013-30
8* 1444

+0.283 + 0 .3
1505

+0.200  to +0.151 + 0 ,2
8* 1342 1437-54

sentation E", as indicated below. Thus its o ver­
tone belongs to E ' and A', and so may couple with 
<5S of A', both frequencies being active in the 
Raman, and the component with symmetry E ' of 
the overtone being active in the infra-red. An 
analogous Situation obtains for the 7rs level. 
Much greater resolution than was used here 
will be required to decide whether one or both 
components of the doublets appear in the infra- 
red. The relative positions of the a- and s-levels 
of cyclopropane and ethylene oxide7 are the same 
according to this assignment, as shown in Table
III. The separations of the a- and s-levels are 
computed assuming that the coupling of the CH2 
radicals is due predominantly to central forces 
between the atoms of one radical and those in the 
other, whose magnitudes are estimated from the 
types Tzs, Rha and Rla. (No assumptions are 
necessary regarding the potential function within 
the CH2 radicals, other than a rough estimate of 
the amplitudes of motion in each Vibration.) 
Since the results for ethylene agree in order of 
magnitude and sign with observation (Table III) 
some weight may be given to the values obtained 
for cyclopropane.

c. Hydrogen (CH2 Rotation) Interaction:
(Rha>s; Rza, si Rja, s)•—All the frequencies of 
cyclopropane except those that are a and s com- 
binations of the rotational modes of the CH2 radi­
cal, have now been assigned and correlated. Of 
these Rha (of C3H6) is to be ascribed to 1022 
cm.“1, for this is the only Vibration of this group 
that is active in both the infra-red and Raman 
spectra. Another frequency of this group, Rls, 
is also unique since it is the only one predicted to 
occur in the infra-red alone. The band at 1800 
cm. “ 1 was observed only in absorption; but since 
this is a high frequency for such a (fundamental) 
mode, it is probably a combination frequency and 
Rjs probably lies in the unexplored region < 1 0 0 0

C7) B. T im m  and R . M eck e, Z . P h y s ik ,  97, 221  (1935).

cm.“1. The only permitted combinations and 
harmonies of appreciable intensity active only in

fundamental vibrational modes of cyclopropane.
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absorption are Tzs +  Rls (giving Ris — 1800 — 
1191 =  609 cm. "1 +  anharmonicity) and the 
combination Rzs +  Rhs. The latter modes 
should be inactive in both spectra as fundamen­
tals.

The unassigned lines in the Raman spectrum 
(382, 745 and 1873 cm.“1, all of low intensity) 
are attributed to the two remaining fundamen­
tals, Ria and Rza. The following tentative as­
signment is made Ria = 745 cm.“1, Rza = 382 
cm.“1, and Rha +  Tia = 1873 cm.“1.

Further Confirmation of Assignments.—As 
indicated in Table II, the anti-symmetrical levels 
of cyclopropane are composed from the anti- 
and symmetrical levels of ethylene. The anti- 
symmetrical levels of cyclopropane are, to a first 
approximation, the mean of the corresponding 
(squared) frequencies of ethylene

2 I 2 o 2V» + Pa = 2l>a
Ethylene Cyclopropane

This formula holds quite well for all the levels ex­
cept Rza (giving 500 cm.“1 instead of 382 cm.“1) 
and Ria (950 cm.“1 instead of 745 cm.“1).

Similarly the vibrational modes of cyclopropane

Fig. 2.—Relation of the frequencies of the CH2 radical, 
ethylene and cyclopropane.

can also be constructed from the motions of the 
“radicals,” C3 and H3. Due to much larger per­
turbation here the levels more closely related to 
CH2 levels are split to such an extent that this 
composition is purely formal. However, the ir 
and 8 (doubly degenerate) levels of C3 (whose fre­
quency ratio based on central forces4,5 would be 
V 2 ) are only slightly perturbed to form Tzs and 
and Tia (ratio 1.372) and 8S and Rha (ratio 1.476). 
The motions of the hydrogen planes (ir and 8) are 
similar in each pair, but are in opposite phase 
relative to the carbon motions, accounting for the 
four per cent. perturbation in each direction from 
\/2 . These ratios confirm the previous method of 
assignment and may be extended to modes in­
volving only 7r and 8 vibrations of the hydrogen 
rings. It is interesting to note that the ratio of 
1022 to 745 is also 1.372, but it is difficult to at- 
tach significance to this.
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Summary
The fundamentals of cyclopropane have been 

identified by group theoretical correlation with 
the frequencies of ethylene8 and of the CH2 radi­
cal.9 The results are summarized in Figure 2. 
The frequencies predicted but not observed here 
(Tia, Rjs) are indicated by dotted lines.10 Such 
semi-quantitative analysis should act as a guide 
in the deduction of a suitable type of potential 
function for these hydrocarbons.

The measurements reported for the infra-red 
absorption bands in the 0.8 ju to 3.6 n region 
(listed in Table I) are inadequate to justify an 
assignment of the combination frequencies. 
Cambridge, Mass. Received March 20, 1936

(8) L. C. B onner, T his Journal, 58, 34 (1936).
(9) C. B . B . M . S utherland  and D . M . D ennison , P ro c . R o y . S o c ., 

1 4 8 ,2 5 8  (1935).
(10) S ince th is  paper w as su b m itted  we have learned through th e  

kindness of Professor E . F . Barker, o f  th e U niversity  of M ich igan , 
of som e m easurem ents of th e  infra-red absorption of cyclopropane  
m ade there by D octor  W . W . S leator . H e observed th e  follow ing: 
a strong unresolved  tr ip let a t ab out 675  c m .-1, another sim ilar one  
a t 870 c m .-1 , a  stron g  narrow  peak  a t  approxim ately  1400 c m .“ 1 
and several w eaker ones a t h igher frequencies, one near 1437 cm. _1. 
A bsorption in th e  3 n region w as stron g , b ut w as n o t com p letely  
resolved.

Infra-red absorption  a t  870 c m .-1 confirm s th e  assignm ent of 
Tjsg and T^a given  above. A bsorption  a t 675 c m .“ 1 is  probably  
d ue to  Rj_s (predicted  a t 609 +  c m .“ 1).
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[C o n t r i b u t i o n  f r o m  t h e  C h e m i c a l  L a b o r a t o r y  o f  D u k e  U n i v e r s i t y ]

A Study of the Preparation and Quantitative Determination of Elementary Fluorine1

B y  W illiam  T. M iller , Jr ., a n d  Lu c iu s  A. B igelow

A program of research now in progress in this 
Laboratory2 deals with the action of fluorine upon 
organic compounds. Until recently, the element 
has been prepared by the electrolysis of molten 
potassium bifluoride, in an open generator of the 
Mathers type, and the fluorine produced has been 
regarded as fairly pure, in common with the views 
of others.3 However, it was found that the gas 
was not completely absorbed by potassium iodide 
solution, the residue being largely oxygen; and 
also that it was partly condensable at the tem­
perature of liquid air, which indicated that it con­
tained a good deal of oxygen fluoride. The for­
mation of these impurities was undoubtedly due 
to the presence of water in the molten electrolyte. 
The purpose of the present paper is to set forth 
the general conditions necessary for the produc­
tion of pure fluorine, and to describe a generator 
embodying these principles, together with ap­
paratus and methods for analyzing the product.

Apparatus and Methods

As the result of a rather careful survey of the literature,4 5 
we have considered, first, that fluorine must be generated 
free from oxygen and other impurities, rather than sub­
jected to later purification; second, that the electrolysis 
of molten potassium bifluoride is the most promising and 
convenient method available for the purpose; and finally 
that the essential requirements for the formation of a pure 
product are an efliciently closed generator and an anhy­
drous electrolyte.

We have designed a new closed generator of the U-type, 
in contrast to the V-type described by Dennis, Veeder and 
Rochow.6 It was constructed of heavy cast nickel and is 
illustrated in Fig. 1 It was strong, efficiënt and durable, 
as well as being suitable for pressure work. Nickel was 
chosen because it was resistant at operating temperatures, 
and formed a persistent, insoluble coating of nickel fluoride 
during the electrolysis. The apparatus was cast with

(1) T h is paper is  ab stracted  from  th e D octorate th esis  of W illiam  
T . M iller, Jr., p resented  to  th e  G raduate School of A rts and Sciences  
of D u k e U n iversity  in  June, 1935.

(2) Previous papers, T his Journal, 55, 4614 (1933); 56, 2773 
(1934).

(3) S im on s, ib id . ,  46, 2175 (1924).
(4) T h e lead ing references describing th e  work upon w hich the

follow ing conclusions h ave been  based are: (a) purification , Ruff
and M enzel, Z. an o rg . C h em ., 211, 204 (1933); R uff, Z. angew . 
C h em ., 46, 739 (1933); (b) preparation, R uff, “ D ie  C hem ie des
F luors,"  Julius Springer, Berlin , 1920; Lebeau and D am iens, 
C o m p t. r e n d ., 181, 917 (1925); Ruff, Z. a n gew . C h em ., 47 , 480 
(1934); (c) bifluoride m elt h ygroscop ic, Fredeuhageu and'K refft,
Z. JhUeklrochem., 35, 671 (1929); Fredeuhageu and C adenbacli, 
Z. a n o rg . a llg em . ( 'h e m ., 178, 289 (1929).

(5) D en nis, V eeder and R ochow , T u is  Jo u r n a l , 53, 3263 (1931).

flanged ends, and the caps were made by turning and 
drilling cast nickel forms. Lead washers were placed 
between the turned surfaces of the caps and the U-tube, 
and the connections made gas tight and rigid by drawing 
these parts together with heavy clamps, consisting of 
13-mm. steel plates, provided with six 13-mm. steel bolts.

O 5 10
1. 1 . 1 t-Li-l-U I I 1 I 1-1.1 I ü  

SCALE 10 C m .

Graphite electrodes were used, and threaded directly onto
6-mm. nickel rod supports. These, in turn, were centered 
in 13-mm. holes in the caps, and were held in place, made 
gas tight, and also insulated by means of a cement pre­
pared from ground fluor spar and sodiuni silicate. Handles 
were made from 6-inm. iron rod, in the form of rectarigles, 
which fitted under the ends of the steel elamp plates, and 
were folded and grasped together above the generator.
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Fig. 2.—The apparatus assembly.

The construction of the heater is shown in Figs. 1 and 2. 
It consisted, essentially, of a brass container wound with 
a nichrome wire heating coil having resistance of 20.0 ohms. 
This unit was packed into an asbestos board box with dry 
asbestos cement hardened at the surface. The generator 
was placed in the heater in such a manner that the caps 
and couplings were kept sufficiently hot to fuse the low- 
melting sublimate from the electrolyte.

A special apparatus was designed to dehydrate the 
charge. It consisted essentially of a vertical copper pipe, 
approximately 48 X 8.3 cm., closed at the lower end, 
wound with nichrome wire (11.5 ohms), and insulated 
with asbestos cement. The top was closed by a cover, 
bolted on, using a lead washer, and carrying a copper exit 
tube and a thermometer well. From the bottom of the 
apparatus there extended a length of 13-mm. (i. d.) cop­
per tubing, in the form of a spout, into the upper horizontal 
surface of which was soldered a 6-mm. brass coupling. 
In this apparatus, dry air, and finally fluorine gas, were 
passed through the salt, at an elevated temperature, enter­
ing from below. The salt was allowed to stand in contact 
with the fluorine for some time,6 to complete the dehydra­
tion. Finally, by raising the temperature of the oven to 
245° the salt was liquefied, and under these conditions 
ran down into the uninsulated spout, where it froze. 
With this arrangement, the dry electrolyte could be trans­
ferred very neatly to the generator by placing the latter, 
in its heater, and at about 260°, directly beneath the 
spout, and then melting the frozen salt with a Meker 
burner. The molten charge then flowed rapidly into the 
generator, which was immediately closed, thus ensuring 
a minimum exposure of the bifluoride to air and moisture 
in the process.

The set-up of apparatus which has been used for gener- 
ating and handling the fluorine is illustrated in Fig. 2. 
The copper tubes G and H were filled with powdered 
sodium fluoride, which has been shown5 to combine quan- 
titatively with hydrogen fluoride. The tube F was filled

(6) Henglein and Stauf, U . S. Patent 1,914,425 (1933).

with copper oxide wire, which, while not affected by the 
fluorine, would decompose quantitatively any ozone which 
might possibly be present. The container in the metal 
shield was a surge bottle in the hydrogen line, leading to a 
flow meter, which served also as an important safety device. 
It was arranged by means of a relay so as to sound an 
alarm whenever the flow of hydrogen was interrupted 
during the time that the apparatus was in Operation. 
This avoided the danger of building up high pressures 
inside the generator by continuing the electrolysis with 
the exit tubes obstructed. However, by closing the hy­
drogen outlet L with a rubber cap and passing the gas 
through K, it was possible to apply any desired small 
pressure to the cathode chamber of the generator, in 
order to compensate for any such which might be built 
up in the anode compartment and the fluorine line.

The simplest, reasonably accurate analytical method 
for determining the efficiency of the generator consisted 
in allowing the fluorine produced in a measured time, at 
a definite current density, to react with a potassium iodide 
solution, and then to titrate the liberated iodine in the 
usual way. In the absence of oxygen fluoride, this 
method may be expected to give good results. No appa­
ratus has been described in detail for carrying out this 
procedure, however, and the set-up which we have used is 
illustrated in Fig. 3. The U-tube was coated completely 
on the inside with a thin layer of ceresin wax, which was 
shown not to be attacked significantly by diluted fluorine 
(50% in air) at 0°. The rapid counter current flow of the 
solution produced by the screw pump promoted the com­
plete absorption of the gas, without introducing any 
appreciable head of liquid. Gas samples, suitably diluted 
with air, were taken directly from the fluorine line through 
a slip joint, sealed with ceresin wax, at B. The 50-cc. 
bulb provided at C effectively prevented splashing, and 
the mercury Seal made it possible to collect any unab- 
sorbed gases quantitatively at A.

The precise determination of the fluorine contained in a 
gas sample, followed by the analysis of the residual gas,
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proved to be no simple problem. However, we have 
found experimentally that metallic mercury, when shaken, 
absorbed fluorine quantitatively. Also, we have observed 
that no significant absorption of the gas took place when 
it was stored for six hours at room temperature in a Pyrex 
glass bulb, and eonfined by means of mercury in a tube 
of small diameter. This was due to the perfect protec- 
tive coating formed at the undisturbed surface of the 
metal, and to the fact that fluorine did not react with the 
glass under such conditions.

Fig. 3.—Absorption tube for the ef­
ficiency measurements.

Accordingly, a Pyrex glass buret, of the constant volume 
type, using mercury as the absorbent, has been designed, 
and is illustrated, with the jacket removed, in Fig. 4. 
Perhaps the most significant feature of this apparatus 
was the device for sealing in the fluorine sample with 
mercury at A and C. The arrangement at H and K 
served as a means of reference, so that manometer readings 
could be corrected for different positions of the buret, 
and also as a necessary bubble trap. The most satisfac- 
tory way to make clear the advantages and uses of the 
other connections shown is to describe at this point, in 
some detail, the method of collecting and meäsuring a 
sample of fluorine.

The buret was clamped in position, and the manometer 
attached at M, Fig. 4, using a little glycerol to prevent 
this connection from sticking. After lowering the level 
of the mercury in the manometer about 760 mm. below M, 
rubber caps were placed over tubes A, B and C, and the

apparatus pumped out through J with an oil pump; 
Stopcocks D and G were both opened altemately in the 
two possible ways, in order to exhaust their bores as well 
as the rest of the apparatus, which was rinsed several 
times with dry air. Stopcock D was then closed and 
mercury admitted through G and its connecting tubes 
until the level of the liquid approximately reached F. 
After closing H and G the pump was shut off and the 
leveling bulb raised. The vacuum in the apparatus was 
then released through A or C, and the relative positions 
of K and F determined on the manometer scale by adjust- 
ing the mercury level to the respective marks, with H 
open. The tube B was filled about three-fourths füll of 
mercury, which was freed from all adsorbed gases by 
gently warming and tapping the tube, which was exhausted 
at the same time from above. After again exhausting the 
apparatus, mercury was allowed to pass through D, in 
such a way as to fill the capillaries to the bottoms of both 
U-tubes as shown below C (Fig. 4). Similarly, E and

B

M
Fig. 4.—Gas buret for the quantita­

tive estimation of fluorine.

the central tube leading up from F were filled with mer­
cury, as shown in the figure, and the vacuum in the appa­
ratus was then released with dry air. Before collecting 
the sample to be analyzed, the anode tube system from 
the generator was swept out for two hours, with a gas 
flow corresponding to a 5 amp. current. Then capillary 
C (Fig. 4) was slipped into the Monel metal fitting D 
(Fig. 2), the connection wrapped tightly with thin copper 
foil, and painted on the outside with ceresin wax. Fluo­
rine was then passed through the pipet at the usual 5 
amp. rate for one hour. The brass stopcock A (Fig. 2)
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was then opened, to by-pass the fluorine, and mercury 
allowed to fill the outlet U-tube of the absorption apparatus 
through D (Fig. 4), to the position shown at A in this 
figure. Then A was warmed with a small flame and a 
drop of sealing wax melted across the end of the tube and 
the mercury, taking care to exclude any air bubbles. 
After allowing the sample to stand in this way for five 
minutes, the brass stopcock B (Fig. 2) was closed, C 
opened, and the inlet U-tube likewise filled with mercury, 
disconnected at D (Fig. 2), and sealed. By passing 
heated air through the system in place of the generator 
gas, this method was shown experimentally to give a 
sample in the buret at the water-jacket temperature, and 
at atmospheric pressure, after the five-minute period of 
Standing.

When the seals were completely hard, the buret was 
held in the hands, tilted to an angle of about 45°, with 
stopcock D leaning backward, and shaken so as to swirl 
the mercury in a thin film over the back portion of the 
bulb. A coating was formed at first, which quickly 
darkened as the fluorine reacted with it. The shaking 
was continued at short intervals, until this film remained 
bright for five minutes. The end-point was sharp, and 
signified the complete absorption of the fluorine. The 
pressure was then read at F, and the value thus obtained 
correlated with the atmospheric reading by correcting it 
to the corresponding position of K (Fig. 4) on the ma­
nometer scale.

To remove the residual gas from the pipet, mercury 
was admitted through G, until the pressure inside the 
bulb was approximately atmospheric. Then the tube B 
was connected by means of a section of 1-mm. capillary 
tubing, to a gas analysis apparatus similar to that de­
scribed by Ambier.7 The air was displaced from the 
tube by passing mercury out through the inlet capillary 
of the absorption apparatus through D and B. The 
residual gas was finally led out through the outlet capil­
lary, also through D and B, into the Ambier apparatus, 
and analyzed in the usual way for carbon dioxide, oxygen 
and inert constituents.

Discussion of the Results
The new generator, set up and connected as 

described above, gave excellent results. It was 
easy to charge, quiet and steady in Operation, and 
gave a closely reproducible product. The unit 
stood up very satisfactorily in service, being 
hardly at all corroded after five hundred hours of 
Operation. The current efficiency measurements 
obtained showed a Variation from 89-61%, falling 
off somewhat with time of electrolysis. The 
current was measured. to 0=5%, the titration to 
about 0.2% and the time to about 0.3%, making 
a total of 1%. The error due to pressure changes 
was negligible. However, it should be noted that 
when the fluorine from the generator was passed 
into concentrated neutral potassium iodide solu­
tion, some hydrogen ion was formed, presumably

(7) Am hier, A n a ly s t ,  54, 517 (1920).

due to the direct action of the halogen on the 
water, and to the extent of about 3% of the oxi­
dizing value of the sample, under our operating 
conditions. According to Cady8 when fluorine 
reacted with cold neutral water, oxidizing agents 
capable of liberating iodine were formed to the 
extent of 70% of the halogen absorbed. From 
this it was indicated that in our work the loss in 
oxidizing value from this cause should not exceed
0.30 X 3 = approximately 1%. Consequently, 
the maximum total error in the efficiency meas­
urements was considered to be not over 2.5%.

The purity of the fluorine generated, as meas­
ured by means of the mercury absorption buret 
described above, varied from 94 to 99% by vol­
ume, according to the age of the charge, and its 
initial moisture content. When the potassium 
bifluoride was finally dried with fluorine gas, the 
quality of the product was improved significantly. 
The best sample measured, prepared from an 
electrolyte which had been dried in this way, con­
tained 99% fluorine, 0.4% oxygen, 0.2% carbon 
dioxide plus carbon oxyfluoride, and 0.4% inert 
gas, presumably carbon fluorides. The end- 
point of the absorption was sharp, as indicated by 
the appearance of the mercury. The principal 
experimental error of this method occurred in 
making the pressure readings, each of which 
could be observed to within =*=0.2 mm., leading to 
a possible maximum error of 0.8 mm. This could 
affect the fluorine value by about =±=0.15%, al­
though it was more than likely that the errors 
would be at least partially compensating. Any 
variations due to temperature or pressure at the 
time of sampling, or volume changes due to the 
formation of mercury fluoride in the buret, have 
been shown to be entirely negligible. The values 
obtained for the composition of the residual gas 
were probably quite accurate, in terms of the 
total sample, because of the comparatively small 
portion of the latter which they represented. It 
should be pointed out, of course, that serious 
errors in all of these values would have resulted if 
the gas had contained any significant amounts of 
oxygen fluoride, which reacted slowly with mer­
cury, with the evolution of oxygen.

From all of these considerations, it was clear 
that the closed generator described above was 
dependable, convenient, and yielded a closely 
reproducible product of a proven high degree of 
purity.

(8) C ady , T h rs Jouk nai., 57, 24Ö (1925).
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Experimental Part
The Preparation of Fluorine.—One kilogram of Merck 

purified potassium bifluoride, free from chloride and sul­
fate, was placed in the drying oven already described, and 
the lower opening of the spout closed with a rubber stop­
per. Then a current of dry air at reduced pressure was 
drawn through the salt at 150°, and at a rate of about
1.5 liters per hour, for twenty-four hours. After this, 
fluorine gas was passed into the oven from below until it 
issued from the top, and the salt allowed to stand in 
contact with the halogen for twelve hours at 150°. This 
treatment was repeated twice more with fresh fluorine. 
Then the bifluoride was melted in the oven by heating it 
to 245°, and transferred to the generator in the manner 
already described.

A preliminary electrolysis for one hour at 3 amp., and 
one-half hour at 5 amp. was carried out, in order to form 
a good insulating coating on the inside of the U-tube, 
and after this the generator was connected with the system 
shown in Fig. 2. It would then produce fluorine smoothly, 
either continuously of otherwise, for about 125 ampere- 
hours. Under normal operating conditions at 250°, a 
current of 5 amperes corresponded to a potential drop 
across the generator of 18-20 volts, and to a gas flow of 
approximately 2 liters per hour. In operating the unit, 
the safety alarm already mentioned was used always, and 
care taken to avoid any pressure changes which might 
force the molten electrolyte into either of the outlet tubes. 
Also between runs, the apparatus was maintained at 175°. 
It should be noted, in addition, that according to Freden- 
hagen and Cadenbach4® the exhausted electrolyte may be 
regenerated by treating it with anhydrous hydrogen 
fluoride, which was readily absorbed by the salt. How­
ever, we have not employed this technique up to the 
present time.

Current Efficiency of the New Generator.—The system 
was swept out with fluorine by operating the generator 
for one hour at 5 amp., with A and B closed, C open and 
E connected to a glass tube extending just under the sur­
face of concentrated sulfuric acid. Meanwhile, the ab­
sorption apparatus was charged with 34 cc. of a 50% solu­
tion of potassium iodide in water, and attached to the 
system at D, by means of a metal sleeve, painted on the 
outside with ceresin wax. It was then surrounded by a 
small ice-bath, and rigidly clamped to avoid Vibration. 
A right-angled glass tube was connected at A (Fig. 3), and 
arranged to lead the outlet gases through a little potassium 
iodide solution, in order to test the completeness of the 
absorption, although this was always practically quanti­
tative. The stirrer was started at high speed, A (Fig. 2) 
was opened, and a slow current of air drawn in by applying 
a slight suction to the supplementary trap, in such a way 
that the generator gas would be diluted with about twice 
its volume of air. To do this the system was kept under 
a pressure of approximately 1-1.5 mm. of mercury less 
than atmospheric. Then the current was adjusted to a 
flow of precisely 5.00 amp., the exact time noted and the 
two stopcocks B and C turned simultaneously, the one 
on and the other off. The absorption was run for exactly 
fifteen minutes and was discontinued by again ttiming 
B and C simultaneously. The solution was finally washed 
out of the apparatus and an aliquot portion titrated with

sodium thiosulfate in the usual way. The results obtained 
have been summarized in Table I.

T a b l e  I
T h e  C u r r e n t  E f f i c i e n c y  o f  t h e  N e w  G e n e r a t o r  v s . 

t h e  T i m e  o f  t h e  E l e c t r o l y s i s

N o .

T im e o f e lec ­
tro ly sis  to  start  

o f m easu rem en t 
H rs. M in .

T im e in terva l 
b etw een  

m easure m en ts  
H rs. M in .

T em p. of  
th e  e lec ­
tro ly te , 

°C .

C urrent
eff.,
%

A-l 1 57 250 87.1
B-l 1 0 238 82.1
B-2 8 0 7 0 251 68.5
B-3 15 15 7 15 250 65.2
B-4 20 0 4 45 252 63.5
C-l 2 35 249 89.3
C-2 8 40 6 5 249 74.8
C-3 19 25 10 45 260 75.5
C-4 23 37 4 12 263 61.4

Analysis of the Gas Produced by the New Generator.—
The system was set up as outlined above, and the mercury 
absorption buret attached at D (Fig. 2). The manipu- 
lation has already been described in detail, and the results 
obtained, including the analyses of the residual gas, are 
summarized in Table II.

T a b l e  II
C o m p o s i t i o n  o f  t h e  G a s  P r o d u c e d  b y  t h e  N e w  

G e n e r a t o r  v s . t h e  T i m e  o f  E l e c t r o l y s i s

T im e of e lec- T em p .,

N o .

trolysis before 
sampling 

Hrs. Min.
of elec­
trolyte, 

°C. f 2
% by 
CO2

volume of- 
O2 Inert

A-l 11 30 265 95.4 1.1 2.2 1.3
B-l 16 30 250 94.8 0.71 3 .7 0.79
C-l 25 0 260 94.4 0.63 2.8 2.17
D-l 7' 55 249 97.1 0.97 1.6 0.43
D-2 18 50 256 98.8
E-l 8 25 251 97.4 1.3 0.98 0.32
F-l 3 30 247 96.5 1.8 1.4 .30
F-2 23 20 257 99.0 0.22 0.38 .40

The procedure for drying the charge with fluorine was 
introduced just before making run D -l, and the resulting 
improvement is clearty obvious.

Summary
1. A generator suitable for producing pure 

fluorine has been described. It consists of a 
heavy nickel U-tube, tightly closed to the air, 
and proved to be very efficiënt.

2. A novel apparatus for the quantitative 
determination of fluorine by absorption in metal­
lic mercury has been designed. This has made 
possible a precise estimation of the constituents 
of the gas produced by the new generator.

3. A detailed procedure for the preparation of 
fluorine of known purity has been described for 
the first time. The product was found to contain 
94-99% of the halogen.
D ijkham, N orth Carolina R eceived March 9. 1936
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Interatomic Distances in Orpiment, Realgar, Sodium Sulfantimonate Enneahydrate,
and Calcium Mercuric Bromide1

By W illiam V. M edlin

The method of direct determination of radial 
distribution of atoms from x-ray photographs was 
first used by Debye and Menke,2 who applied it to 
mercury as an example of a monatomic liquid sub­
stance. I t  was extended by Gingrich and War­
ren3 to solid substances, both crystalline and 
amorphous. In this field it has been found to be 
quite useful in determining distances between 
heavy atoms as a preliminary step in the deter­
mination of crystal structures, and in studying 
the bonding between atoms without determining 
complete structures. With the latter purpose in 
view I have applied the method to orpiment, real­
gar, sodium sulfantimonate enneahydrate, and 
calcium mercuric bromide. In all cases an ap­
proximate form of the method was used, in which 
visual estimates of the intensities of the lines of 
the powder photograph replaced the absolute in­
tensities required by the formula, thus making im­
possible a quantitative measurement of the Scat­
tering power of the atoms concerned. The dis­
tances obtained by the rough treatment, however, 
are quite reliable, as shown by the fact that rea­
sonable changes in the estimates of the intensities 
do not alter appreciably the positions of the peaks 
in the resulting distribution curves.

The method of treatment was the same as that 
used with diphenyliodonium iodide in a previous 
work.4 The samples were all mounted with col­
lodion on the outside of fine tubes of low absorb- 
ing glass; the radiation used was the K« line of 
copper, obtained by passing copper radiation 
through nickel. The estimated intensities of the 
lines on the resulting photographs were multiplied 
by a small arbitrary factor, e Bsm20 and used di­
rectly as li  in the formula

2 r V 004Trr2p ( r )  — 4xr2po ---- /x jL-Ji = Silismsif1
where s = (47r sin 6) /X and 6 is one-half the angle 
of scattering. p0 is a constant proportional to the 
number of scattering electrons per unit volume; 
its value is not known if absolute values of the

(1) O riginal m anuscrip t received  F ebruary 20 , 1936.
(2) D eb y e  and M enk e, P h y s ik .  Z . ,  31, 419 (1930).
(3) G ingrich  and W arren, P h y s .  R e v ., 46, 368 (1934).
(4) M edlin , T h is  J o u r n a l , 57, 1026 (1935).

intensities are unknown. The curves shown in 
this article do not include this term.

Orpiment and Realgar
Orpiment and realgar are naturally occurring 

sulfides of arsenic; the stoichiometrical formula of 
the former is AS2S3 and that of the latter AsS. 
Both are monoclinic; measurement of the layer 
lines on a rotation photograph of orpiment gave 
b = 11.41 =t= 0.05 Ä. The axial ratios of orpi­
ment are a:b:c = 0.5962:1:0.6650 with ß = 
90°41'.5 In orpiment the coördination numbers 
of arsenic and sulfur can be three and two, respec­
tively, with each arsenic atom bonded to three sul­
fur atoms and each sulfur bonded to two arsenic 
atoms. If the same coördination numbers are to 
prevail in realgar there must be As-As bonds, with 
each arsenic atom bonded to another arsenic and 
two sulfur atoms. The normal As-As distance 
is 2.42 Ä., and the As-S distance should be 2.25 
Ä., from the corresponding covalent radii.6 We 
may expect that application of the radial distri­
bution method will disclose those bonds that exist.

Powder photographs of the two substances are 
quite different in arrangement of their lines; 
their similarity lies in the fact that the strongest 
lines of both patterns occur at approximately the 
same scattering angles. We see from Fig. 1, cal­
culated with the use of 45 and 74 powder lines, re­
spectively, that the resulting radial distribution 
curves are alike in the interesting region with r 
less than 5.5 Ä. In the case of orpiment the first 
small peak occurs at r = 2.24 Ä., the second peak 
at 3.46 Ä., and a third at 4.39 Ä. In the curve 
for realgar the first peak is at 2.16 Ä., the second 
at 3.54 Ä., and the third at 4.52 Ä. Only the 
first peak in each case may be attributed to two 
atoms that are bonded together; the position of 
the peaks is correct for the As-S Separation. In 
realgar a peak representing the As-As bond should 
be one-half as important as the As-S peak, since 
there must be four As-S bonds for each As-As 
bond, and the atomic number of arsenic is ap­
proximately twice that of sulfur. Hence if there

(5) G roth, “ C hem ische K rista llograp h ie ,“ Engelm ann, L eipzig.
(6) P auling and H u ggin s, Z . K r i s t . ,  [A] 87, 205 (1934).
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are As-As bonds at 2.4 Ä. we might observe that 
a separate peak exists to represent it or that a 
single peak occurs at a value of r somewhere be­
tween the As-S and As-As separations, and closer 
to the former. Actually the observed peak is at a 
slightly smaller value of r than expected.7

If in orpiment we assume coördination numbers 
of three and two, respectively, for arsenic and sul­
fur we must attribute the first peak to the As-S 
bond and the second peak to unbonded As-As in­
teraction with the x-ray beam. On this basis we 
can calculate for the bond angle for sulfur the 
value 97° 14'. The third peak represents a dis­
tance more than twice that between sulfur and 
arsenic, and thus it cannot represent the nearest
S-S distance. This distance must then be ap­
proximately 3.4 Ä. and the arsenic bond angle ap­
proximately that of sulfur. The comparatively 
low scattering power of sulfur makes measure­
ment of the S-S distance much less reliable and 
increases the reliability of the As-As distance ob­
tained. A similar calculation for realgar gives 
the value 102°32' for a bond angle, perhaps the 
average for sulfur and arsenic.

Sodium Sulfantimonate Enneahydrate 
(Schlippe’s Salt)

Sodium sulfantimonate enneahydrate, Na3- 
SbS4‘9H20, was treated by this method, using 86 
powder lines, with the result shown in Fig. 1. 
The first peak occurs at 2.26 Ä., and must be at­
tributed to the Sb-S interaction as being by far 
the most important at this small distance. The 
second peak is found at r = 4.31 Ä.; this is pre­
sumably an average S-S distance, with perhaps 
other distances involving atoms of smaller atomic 
numbers also contributing, unresolved from the 
main peak. It is interesting to note the simplic- 
ity of the radial distribution curve for a substance 
consisting of many light atoms; we see that reso­
lution of distances involving these atoms is quite 
poor. In order to resolve distances in such cases 
it would be necessary to use accurate intensities 
to much larger values of (sin 0)/X.

The Sb-S distance found for this substance is 
appreciably smaller than the sum of the normal 
covalent radii for sulfur and antimony, 2.40 Ä. 
I t was suggested in a similar observation by 
Brockway and Wall8 on stannic chloride and simi-

(7) M . J. Buerger, A m . M in e r a l . ,  20, 36 (1935) reports ao = 9.27  
Ä ., bo — 13.50 Ä., 6o =  6.56 Ä ., ß  =  73° 2 2 .7 ', 16 A sS, space group  
C 2Ä — P 'i/n  for realgar.

(8) B rockw ay and W all, T u is  J o u r n a l , 56, 2373 (1934).
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lar compounds that differences in residual charge 
on the atoms act in shortening the bonds between 
them, and that double bonded structures may be 
contributing to some extent to the normal state of 
the molecule. Both suggestions are valid in this 
case.

Fig. 1.

Calcium Mercuric Bromide9
Figure 1 also shows the density distribution 

curve obtained for calcium mercuric bromide, 
CaHgBr4, with the use of 61 powder lines. The 
three peaks shown occur at 2.24 Ä., 4.01 Ä. and
5.35 Ä. The first peak is rather broad, indicating 
that several rather widely differing unresolved 
distances are contributing. I t is likely, then, tha t 
the value 2.24 Ä. does not represent accurately a 
single Hg-Br distance, but that there are several 
such distances existing in the crystal. If there 
are HgBr4 tetrahedra and the position of the 
second peak is taken to represent the Br-Br dis­
tance, the Hg-Br distance is calculated to be 2.47

(9) I t  w as show n in 1922 b y  P rofessors R . G. D ick in so n  an d  L. 
P au ling  th a t  th e  face-cen tered  cu b ic u n it  of stru ctu re  o f th is  c r y sta l 
has ao — 19.14 Ä. and con ta in s 32 CaHgBr< (unp u b lish ed  it iv e s tig a -  
t io n ) .



1592 R. H. Hamilton, J r . Vol. 58

Ä. If on the other hand the structure is built 
upon bromide ions in contact, the Br“-Br~ dis­
tance would be expected to be approximately
3.90 Ä., the diameter of the bromide ion,10 agree- 
ing with the observed position of the second peak.

Conclusion
Application of the rough radial distribution 

method of these four substances shows in a general 
way to what extent the method may be relied 
upon. The results seem to be accurate when there 
is only one distance involving large atoms near a 
given value; otherwise resolution is poor. In a 
large number of cases in which the structure is 
not known it is impossible to state whether or not 
this condition is being fulfilled. The use of re­
flections at large values of (sin 0)/X gives in­
creased resolutions; with intense photographs 
and accurate estimates of intensities of the weak 
lines being reflected at large angles one could use 
these important lines to much greater advantage. 
I t is a particularly useful method when applied to 
large molecules containing a comparatively small 
number of heavy atoms.

(10) P au lin g , T his Journal, 49, 765 (1927 ).

I wish to express my gratitude to Professor 
Linus Pauling for his valuable coöperation, and 
to Dr. Sidney Weinbaum for his assistance in 
preparing the curves for presentation.

Summary
The radial distribution method has been ap­

plied to orpiment, realgar, sodium sulfantimo­
nate enneahydrate and calcium mercuric bromide. 
The environment about the atoms in realgar is 
shown to be remarkably like that in orpiment, and 
in both cases the distance between arsenic and sul­
fur atoms agrees within experimental error with 
the sum of the corresponding covalent radii. A 
value for the sulfur bond angle is given, and the
5-axis of the unit cell of orpiment was measured. 
The sulfur-antimony distance in sodium sulfan­
timonate enneahydrate was found to be definitely 
less than the sum of the covalent radii. Appli­
cation of the method to calcium mercuric bromide 
led to indefinite results, consistent either with a 
closest packing of bromide ions, or with a struc­
ture consisting of tetrahedral covalent HgBr4 
groups.
P a s a d e n a , C a l i f o r n i a  R e c e i v e d  J u n e  23, 1936

[ C o n t r i b u t i o n  f r o m  t h e  D e p a r t m e n t  o f  P h y s i o l o g ic a l  C h e m i s t r y , T e m p l e  M e d i c a l  S c h o o l ]

Improvements in Technique for the Determination of Microgram Quantities
of Iodine

B y R. H. H am ilton , J r.1

Because a small amount of iodine has to be ex­
tracted from a large mass of other salts before de­
termination, and because extraction with alcohol, 
as advocated by von Pellenberg,2 requires the 
iodine to be in the form of iodide, it is necessary to 
reduce iodates that may be present. Such reduc­
tion has been done in the past with sulfites in acid 
solution. Acidification increases the amount of 
salts present, and thus increases the difficulty of 
extraction, because the salt mixture must again be 
made alkaline before extraction with alcohol.

Harvey3 used hydrazine sulfate to reduce iodate 
when purifying potassium hydroxide Solutions. 
He did not show how nearly quantitative such 
reduction was. In the present investigation 
hydrazine sulfate was found to give quantitative 
reduction. Hydrazine hydrate was later tried and

(1) N ation a l R esearch  Fellow  in  th e B iological Sciences, 1934 1935.
(2) T h . von  Pellenberg, B io ch em . Z .,  139, 391 (1923).
(3) C. O. H arvey , A n a ly s t ,  69, 479 (1934).

found to have the same action. It should be pre- 
ferable to the sulfate, as the excess is completely 
volatile when hydrate is used, whereas added sul­
fate ions remain as potassium sulfate. When an 
excess of hydrazine sulfate or hydrate has been 
added, a small drop of carbonate solution pro- 
duces a dark spot when placed upon paper dipped 
in a 5% mercuric chloride solution and dried.

The salt mixture from which iodide is to be ex­
tracted usually contains much potassium carbo­
nate, since von Fellenberg advocated the use of 
this substance.55 The usual practice has been to 
evaporate the solution until a solid phase of car­
bonate appeared. Then the two-phase system 
was extracted by rubbing with alcohol, which 
formed a third phase. Occlusion of iodide by 
crystals becomes marked if there is no aqueous 
phase present. This fact suggested the use of a 
two-phase system consisting of saturated potas-
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sium carbonate solution and 92% by volume alco­
hol, without the presence of any solid carbonate. 
Experiments showed that extraction under these 
conditions could be made quantitative.

It was noted that when potassium carbonate 
Solutions were boiled for some time in porcelain 
dishes, silicates dissolved and hindered quantita­
tive extraction of iodides.

Incidentally, it was also noted that sodium 
fluoride exerted a definite and marked inhibiting 
action on the re-oxidation of iodide which ordi- 
narily occurs within a few minutes to a few hours 
if the titration flask is allowed to stand after the 
end-point is reached. This observation is of 
theoretical interest, but it will probably not find 
application in titration methods, as re-oxidation 
is not a serious factor when they are properly car­
ried out.

Experimental
In all cases, the method of determination of iodine 

present, after Separation from salt masses, was that de­
scribed by Reith.4 In no case did the amount of iodide 
ion in the aliquot taken for analysis exceed 5 micrograms.

Quantitative Reduction of Iodate in Alkaline Solution by 
Means of Hydrazine Sulfate.-—To 2 cc. of saturated 
potassium carbonate solution (expt. A, Table I) was added 
50 micrograms of iodine as potassium iodate, in 5 cc. of 
water. The solution was boiled for thirty minutes, water 
being added to maintain the volume, arid was then evapo­
rated to dryness, moistened, and extracted by trituration 
with 94% alcohol, three 5-cc. portions of alcohol being 
used.

T a b l e  I
R e d u c t i o n  o f  I o d a t e  b y  H y d r a z i n e  S u l f a t e

E xp t.

S atd .
K2CO3,

cc.

Iodin e as 
iod ate , 

7

H ydra­
zine

sulfate,
mg.

Time of boiling 
before starting 

evaporation, 
min.

T ota l
iodine

extracted,
7

A 2 50 30 1.6
B 2 50 10 30 48.8
C 2 50 10 30 50.5
D 2 1 10 30 1.16
E 2 50 10 49.1
F 2 1 10 1.04

In expts. B, C and D, a similar procedure was followed, 
except that each time 10 mg. of hydrazine sulfate was 
added before the carbonate-iodate solution was boiled for 
thirty minutes. In expts. E and F, the thirty-minute 
boiling period was omitted, and extraction was carried 
out as described below.

Two-phase Extraction of Iodide from Potassium Car­
bonate Solution.—In expts. E to J, inclusive, a glass- 
stoppered test-tube was used for the extraction. In 
expts. G and H, the tube, containing iodide, saturated 
carbonate solution, and 92% (by volume) alcohol, was 
stoppered and shaken vigorously 200 times, and laid on its 
side until the emulsion settled out.

(4) j .  F. R eith , B io ch em . Z . ,  216 , 249 (1929).

T a b l e  II
T w o - p h a s e  E x t r a c t i o n  o f  I o d i d e

Io - Iod in e Iod in e T o ta l
S a td . d in e E xtrac­ A lcohol R e s i­ in a li­ in  w hole iod in eQiX K 2CO 3 , as tion used, d u e , q u ot, ex trac t, fou n d ,

W cc. K I 7 no. cc. m g. 7 7 7
G 2 50 1 10 6.3 4.76 47.6

2 10 6 .8 0.3 1.5 49.1
H 2 50 1 10 5.7 4.91 49.1

2 10 6.5 0.66 1.6 50.7
I 1 50 1 and 2 10  4 - 1 0 4.96 49.6
J 2° 50 1 10 21.7 4.48 44.8

2 10 21.6 3.0
3 10 18.6 , . 47.8aSee text.

Separation of the layers was effected by means of a 
pipet shaped like, and about the dimensions of, a 10-cc. 
graduated pipet. The tubing at the top of the pipet 
should have a small lumen (about 2 mm.), to prevent 
alcohol from wetting the finger upon inversion, and should 
be 5 or 6 cm. long. The pipet was wet inside with alcohol 
before use; otherwise the additional partial pressure of 
alcohol vapor would cause some of the contents to be 
spilled upon inversion. The alcoholic layer was sucked 
up into the pipet along with some of the aqueous layer. 
The latter was allowed to run back into the extraction 
tube, and the pipet was inverted, the alcoholic contents 
being allowed to run into an evaporating dish through 
the top of the pipet. By this procedure, admixture of 
aqueous phase was avoided. A second extraction was 
made similarly, without rinsing of the pipet between 
extractions of the same sample.

In expt. I, 1 cc. of carbonate solution was used, and the 
two extracts were analyzed together.

A test of this method of extraction was made when other 
ions than carbonate were present (expt. J). In a platinum 
dish were placed, in solution, 100 mg. each of potassium 
nitrate, potassium sulfate and potassium chloride, 50 
micrograms of iodine as potassium iodide, and 2 cc. of 
saturated potassium carbonate, containing about 1.46 g. 
of the anhydrous salt. The solution was heated gently on 
an asbestos-covered wire gauze until crepitation ceased, 
and the salt mixture was transferred mechanically to a 
glass-stoppered test-tube. The platinum dish was rinsed 
several times with water, the rinsings being added to the 
test-tube until the volume of salt solution was slightly 
over 2 cc. This material was extracted as above with 
alcohol. Two more extractions were made, no iodine 
being found in the third extract.

Discussion
After hydrazine sulfate or hydrate is added to 

the carbonate solution, the latter should be evapo­
rated to dryness over a low flame in order to 
drive off excess hydrazine, which will otherwise 
reduce bromine at a later step.

The proposed method of extraction is not usable 
unless the salt mass is mostly potassium carbon­
ate, as so much water is rëquired to dissolve other 
salts that the alcohol used is diluted, and interfer- 
ing ions will be extracted by the dilute alcohol. As
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will be noted in Table II, the salt extracted by al­
cohol when carbonate alone is present amounts to 
only 0.6 to 0.7 mg. per cc. of alcohol. After care- 
ful trituration of crystals of potassium carbonate 
and saturated solution with 94% alcohol, the 
amount of carbonate extracted was found, as an 
average of nine determinations, to be about 1.09 
mg. per cc. of alcohol.

Much of this work was done in the Rijksinsti­
tuut voor de Volksgezondheid, Utrecht, Holland. 
The author’s sincere thanks are due Dr. J. F. 
Reith, Head of the Chemical Division there, who 
demonstrated his methods, and offered valuable 
suggestions and criticisms.

Summary
1. Iodate can be quantitatively reduced in hot 

alkaline solution by means of hydrazine sulfate.
2. Efficiënt extraction of iodide can be made 

with alcohol from a saturated solution of potas­
sium carbonate, without danger of occlusion by 
crystals.

3. Alkaline Solutions containing iodide should 
not be boiled in porcelain dishes before extraction 
of the iodide.

4. Fluoride delays the re-oxidation of iodide 
which takes place after a titrimetric determination 
of iodine.
Philadelphia, Penna. R eceived June 15, 1936

[Contribution from the Chemical Laboratory of the University of Illinois]

The Reduction of Aromatic Compounds with Hydrogen and a 
Platinum Oxide-Platinum Black Catalyst in the Presence of Halogen Acid

By J. H. B r o w n , H. W. D u r a n d  a n d  C. S. M a r v e l

While reducing hot alcoholic Solutions of some 
bromophenylolefins to the corresponding paraffins 
by hydrogen in the presence of Adams, Voorhees 
and Shriner’s platinum catalyst,1 we observed that 
in some runs more than the expected amount of 
hydrogen was absorbed, and hydrogen bromide 
was formed. Further investigation showed that 
this reaction involved not only removal of bromine 
from the benzene ring, but also reduction of the 
benzene ring to a hexahydro derivative. Since 
Adams and Marshall2 have found that, in general, 
aromatic compounds are very slowly reduced in 
alcohol and only with moderate rapidity in glacial 
acetic acid, with platinum oxide-platinum black 
as a catalyst, it has seemed worth while to investi­
gate our chance observation in greater detail.

When bromobenzene was dissolved in alcohol at 
about 55° and shaken with the catalyst in the 
presence of hydrogen, rapid absorption of hydro­
gen occurred, and cyclohexane was formed. By 
interrupting the reduction when one equivalent of 
hydrogen per molecule of bromobenzene had been 
absorbed, the product obtained was an impure 
sample of benzene, but the reaction did not seem 
to offer a satisfaetory scheme for removal of halo­
gen from a benzene derivative. Other aryl halides, 
such as tf-, m- and p-bromotoluene, ^-dibromo-

(1) . Adams, Voorhees and Shriner, “Organic Syntheses,” Coll. 
Vol. I, John Wiley and Sons, Inc., New York, 1932, p. 452.

(2) A dam s and  Marshall, ThxS Jowänai., 50, 1970 (1928).

benzene, chlorobenzene and ^-dichlorobenzene, 
were also readily reduced to halogen acid and the 
cyclohexane derivative. However, not all aryl 
halides could be reduced readily, as shown by the 
fact that iodobenzene, 0-bromobenzoic acid, 
a  - chloronaphthalene and ol - bromonaphthalene 
were not affected in our experiments.

Since the reduction of an aryl halide apparently 
was taking place in two steps—first, removal of 
halogen acid, and then reduction of the ring—and 
more rapidly than the usual reduction of the ring 
alone, it seemed probable that the liberated halo­
gen acid must be an activator for the platinum 
catalyst for reduction of aromatic compounds. 
This was verified by reducing various aromatic 
compounds in alcoholic solution in the presence of 
various concentrations of hydrogen chloride and 
bromide. Some of the first reductions were carried 
out after preheating the Solutions to 50-70°, but 
later it was found that this was not necessary* as 
reduction took place rapidly, and the temperature 
of the mixture soon rose to this point without out- 
side heating. Benzene, toluene, xylene, mesity- 
lene, ethylbenzene, cymene, diphenyl and anthra­
cene were readily reduced, whereas naphthalene 
and phenanthrene were not affected. There 
seemed to be no choice between hydrogen chloride 
and hydrogen bromide as an activator.

When functional groups are present in the aro-
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T a b l e  I
R e d u c t i o n  o f  A r y l  H a l i d e s

Sept., 1936 H ydrogen Catalytic Reduction in Halogen Acid M edium

C om pound reduced
M ols  of H 2 
absorbed®

T im e,
min.

H alogen acid  
form ed, m ols P rod u ct of red u ction

Bromobenzene 0.185 240 0.0486 Cyclohexane d 2\  0.7767 n 20v  1.4274
Bromobenzene .06 14 .0422 Benzene
ö-Bromotoluene .17 135 .0479 Methylcyclohexane d 2\  0.7689 w20d  1.4227
m-Bromotoluene .2 240 .047 Methylcyclohexane n 20d  1.4362
^-Bromotoluene .14 300 .044 Methylcyclohexane n 20D 1.4357
^Dibromoben zene .22 210 .085 Cyclohexane n 20d  1.4261
Chlorobenzene .2 210 .049 Cyclohexane n 20d  1.4255

Dichlorobenzene .21 300 .073 b Cyclohexane n w D  1.4282
a Calculated roughly from drop in pressure during reduction. b Some />-dichlorobenzene remained at the end of this 

run.

matic molecule, there is very little regularity in 
the effect of halogen acid on the ease of reduction. 
Phenol and ethyl benzoate were reduced more 
rapidly in the presence of halogen acid than in its 
absence. Benzaldehyde and benzoic acid were no 
more readily reduced in the presence of halogen 
acid. Anisole, in the presence of halogen acid, 
gave cyclohexane. I t is of interest that, while 
naphthalene and its a-chloro and a-bromo deriva­
tives were unaffected, a- and ß-naphthol both re­
duced readily in the presence of hydrogen chloride 
to give the corresponding tetrahydronaphthols. 
This is the normal course of reduction for a- 
naphthol, but in the case of ß-naphthol sodium 
and amyl alcohol reduction gives mainly the alco­
hol3 and very little phenol.

Adams and Marshall2 pointed out that alcohol 
is usually the best solvent for reductions making 
use of this platinum catalyst, although for aro­
matic hydrocarbons they had better results with 
acetic acid. When the catalyst is activated with 
halogen acid, alcohol again becomes the better sol­
vent, although the activity of the catalyst in acetic 
acid is slightly improved by hydrogen chloride.

Hamilton and Adams4 have shown that pyridine 
derivatives reduce much more readily if they are 
first converted to the halogen acid salt. This may 
be due to the same sort of activation of the cata­
lyst which has been observed with hydrocarbons 
of the benzene series. Zelinsky, Packendorff and 
Packendorff5 have reported that ketones can be 
reduced to the corresponding hydrocarbons over 
a catalyst of platinized charcoal, provided a little 
palladium chloride is added to raise the activity 
of the catalyst. Later Packendorff6 showed that 
reduction of chloroplatinic acid in the presence

(3) Bam berger and K itsch e lt, B e r ., 23, 885 (1890).
(4) H am ilton  and A dam s, T his Journal, 50, 2260 (1928).
(5) Z elinsky, Packendorff and Packendorff, B e r ., 66 , 872 (1933); 

67, 300 (1934).
(6) Packendorff, ibid., 67, 905 (1934).

of platinized charcoal gave a catalyst which was 
effective for the reduction of a carbonyl group to 
a methylene group. This probably was an ac­
tivating effect of halogen acid similar to that 
which we have observed.

Experimental Part
Reduction of Aryl Halides.—A solution of 0.05 mole of 

the aryl halide in exactly 100 cc. of ethyl alcohol was 
placed in a reduction outfit7 and warmed to 55°. To the 
warm mixture 0.1 g. of platinum oxide catalyst1 was 
added and the mixture was reduced under a hydrogen 
pressure of about 3 atmospheres. The drop in pressure 
was noted from time to time in order to know when 
reduction was complete. When no more hydrogen was 
absorbed, the reaction mixture was removed from the 
outfit and an aliquot portion of the solution was titrated 
to show the amount of halogen acid produced. The 
reaction mixture was then diluted, and the reduction

T a b l e  II
E f f e c t  o f  H a l o g e n  A c i d  o n  C a t a l y t i c  R e d u c t i o n  o f  

B e n z e n e

H alogen  acid  used

T im e for 
com p lete  redu c­

t io n , m in.
P ressu re

drop®

None 70 None
1 drop alcoholic HC16 49 6.9
0.2 cc. alcoholic HC1 29 7.3
1.0 cc. alcoholic HC1 31 7.0
5.0 cc. alcoholic HC1 30 7.3
6.0 cc. alcoholic HC1 23c 7.3
1 drop alcoholic HBrrf 36 7 .4
0.5 cc. alcoholic HBr 34 7.1
5.0 cc. alcoholic HBr 79 5.9
0.02 g. Ia 720 None
0.2 cc. alcoholic HCle 39 7 .6

a The theoretical absorption of hydrogen should cause a 
drop in the pressure of 7.1-7.2 lb. b This solution was 
prepared by saturating 95% ethyl alcohol with dry hydro­
gen chloride at room temperature. c In this experiment 
0.25 g. of catalyst was used. d This solution was prepared 
by saturating 95% ethyl alcohol with dry hydrogen bro­
mide at room temperature. 6 The solution was not pre- 
heated in this reduction.

(7) A dam s and V oorhees, "O rganic S yn th eses ,"  G oll. V ol, I , 
John W iley  and Sons, Inc ., N e w  Y ork, 1932, p . 53,
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T a b l e  III
R e d u c t i o n  o f  A r o m a t ic  H y d r o c a r b o n s

C om pound A m ount T im e,
reduced used H alogen acid used hrs. Product

Benzene 10 cc. 2 cc. aqueous HC1 (sp. gr., 1.19) 4 Cyclohexane®
Toluene 10 cc. None 3 .5 No reduction
Toluene 10 cc. 1 cc. 48% aqueous HBr 10 Methylcyclohexane6
Toluene 10 cc. 5 cc. alc. HC1 3 Methylcyclohexane6
Xylene* • 10 cc. 2 cc. alc. HC1 6 Dimethylcyclohexaned
Mesitylene 10 cc. 2 cc. alc. HC1 6 1,3,5-Trimethylcyclohexane0
Ethylbenzene 9.25 cc. 1 cc. alc. HBr 5.5 Ethylcyclohexane7
Cymene 13.4 g. 0.. 5 cc. alc. HC1 2.25 Hexahydrocymene*'
Diphenyl 7 .7  g. 5 cc. alc. HC1 10 Dicyclohexyl6
Anthracene 4.55 g. 5 cc. alc. HC1 15.5 Octa- and perhydroanthracenes*

a B. p., 81-81.5 «2O0 1.4314. b B. p„ 99-101°; riu'o 1.4359. c Technical xylene. d B. p., 113-124°; d2». 0.77:
n 20D  1.4258. e B. p„ 134-136°; n 20:D 1.4320. * B. p., 131-132°; w20d 1.4329. 'B .  p„ 168-169°; ria o 1.4395; d •
0.8038. Adams and Marshall2 report w20d 1.4370; d n 4 0.8061. In their experiment 13.4 g. of cymene in glacial acetic 
acid was reduced with 0.2 g. of catalyst in seven and one-half hours. h B. p., 220-228°; n 20D 1.4792; d 90* 0.8804. 
4 Octahydroanthracene, m. p., 73-74°; perhydroanthracene, m. p. 61-62°.

T a b l e  IV
R e d u c t i o n  o f  A r o m a t ic  D e r i v a t i v e s

C om pou n d A m oun t
T im e of 
reduction P roduct P h ysica l properties of product

Phenol 9.4 g. 32 min. Cyclohexanol n 22 d 1.4652
Phenol 9.4  g. 3 hrs.® Cyclohexanol w22d  1.4652
Ethyl benzoate 7.5 cc. 4 hrs. Ethyl hexahydrobenzoate B. p. 190-194°; n ^ D  1.4481; d 20* 0.9649
Acetophenone 6 g. 12 hrs. Ethylcyclohexane6 B. p. 130-132°; r i mD  1.4447
Anisole 10.8 g. 6 hrs. Cyclohexane B. p. 79-80°; n 20o  1.4272
a-Naphthol 7.2 g. 4 V2 hrs. 5,6,7,8-Tetrahydronaphthol-1 M. p. 68-69°
/3-Naphthol 7.2 g. 10 hrs. 5,6,7,8-Tetrahydronaphthol-2 M. p. 59-60°

a No halogen acid has added to this run. 6 This material contained a little ethylbenzene.

product isolated in the usual manner. The results of some 
of the experiments are summarized in Table I.

Under the same experimental conditions iodobenzene, 
a-bromonaphthalene, «-chloronaphthalene and ö-bromo- 
benzoic acid were not affected.

Reduction of Benzene.—A series of experiments, using 
5 cc. of freshly distilled, thiophene-free benzene in 100 cc. 
of 95% ethyl alcohol at 70° with 0.125 g. of platinum 
oxide catalyst, different amounts of hydrogen chloride and 
bromide and a hydrogen pressure of about three atmos­
pheres, gave the results shown in Table II.

From these results, it is evident that both hydrogen 
chloride and hydrogen bromide activate the platinum 
oxide catalyst for the reduction of benzene. With hydro­
gen chloride, any amount beyond a trace seems to have 
little effect. Too much hydrogen bromide seems to be 
undesirable. Iodine is not an activator for the catalyst. 
No attempt was made to isolate the product of reduction 
in these runs.

To test the effect of halogen acid on the catalyst in 
acetic acid solution, two reductions were carried out, 
using 5 cc. of benzene, 0.1 g. of platinum oxide and 
50 cc. of glacial acetic acid. To one of these batches, 
0.5 cc. of alcoholic hydrogen chloride was added. The 
run without hydrogen chloride was complete in seven ty 
minutes, whereas the run with it was complete in fifty-four 
minutes.

Reduction of Aromatic Hydrocarbons.—The Standard 
reduction experiment was carried out by dissolving the 
aromatic hydrocarbon in 100 cc. of alcohol at 70°, using

0.1 g. of platinum oxide catalyst and 45 pounds (3 atm.) 
of hydrogen pressure. The halogen acid used to activate 
the catalyst was varied. The reduction products were 
isolated and identified, although little effort was made to 
determine exact yields. The results of some of our 
experiments are collected in Table III.

No evidence of reduction of either naphthalene or 
phenanthracene could be obtained using the general 
conditions outlined above, although various amounts of 
aqueous and alcoholic hydrogen chloride and bromide were 
added as activators for the platinum catalyst.

Reduction of Some Aromatic Derivatives.—Attempts 
were made to reduce some phenols, aromatic ethers, acids, 
esters, aldehydes and ketones, using the platinum oxide 
catalyst and halogen acids. Some of these derivatives 
reduced readily, and some not at all. The Standard 
procedure was to use about 0.1 mole of eompound, 100 cc. 
of alcohol, 0.1 g. of catalyst and 0.5 cc. of alcoholic hydro­
gen chloride at 70° under 3 atmospheres of hydrogen. 
The results are summarized in Table IV.

Benzaldehyde and benzoic acid were not reduced under 
the same conditions.

Summary
Small amounts of hydrogen chloride and hydro­

gen bromide increase the effectiveness of platinum 
oxide-platinum black as a catalyst for the hydro­
genation of most aromatic rings.
Urbana, Illinois R eceived June 25, 1936
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Molecular Rotation in Solid Aliphatic Alcohols

By C. P. Smyth and S. A. McNeight

A previous investigation has given indieations 
of the occurrence of dipole rotation in solid methyl 
alcohol.1 This paper presents the results of meas­
urements of the dielectric constants of methyl, 
tertiary butyl and w-octyl alcohols from liquid air 
temperatures to the melting points. The appara­
tus and technique employed were essentially the 
same as that described in earlier papers from this 
Laboratory,2 the same bridge being used.

Purification
Methyl Alcohol.—C. p . synthetic methyl alcohol was 

refluxed over lime for several hours and fractionally dis­
tilled. The middle fraction was then fractionally distilled 
from shiny magnesium ribbon, b. p. 64.74 =*= 0.05°.

Tertiary Butyl Alcohol.—An Eastman Kodak Co. 
product was washed with a saturated solution of sodium 
bisulfite, the alcoholic layer decanted and refluxed for 
several hours with 10% sodium hydroxide solution. The 
alcohol was distilled off and dried with sodium sulfate and 
potassium carbonate and then refluxed over lime for several 
hours before distilling. The lime treatment was repeated, 
after which the distillate stood over calcium turnings for 
two days before distilling. The final fractional distillation 
was made from tartaric acid; b. p. 82.3°. The distillate 
was then recrystallized from its own melt four times; 
m. p. 24.8°.

Octanol-1.—The material was part of a sample em­
ployed in a previous determination of dipole moment.3

Experimental Results
The dielectric constants e and the specific con- 

ductances k (ohm“1 cm.“1) are given in Table I, 
the absolute temperatures being given in the 
first column and the frequencies in kilocycles 
across the top of each group of data. Many de­
terminations at intermediate temperatures and 
frequencies are omitted for the saké of brevity. 
Unless otherwise indicated, the values were ob­
tained with rising temperature. The values for 
methyl alcohol could not be extended to higher 
temperatures because increasing conductance 
made the bridge measurements too inaccurate.

Discussion of Results
The melting point found for methyl alcohol, 

175.4°K., is sharp and is in very good agreement 
with the value 175.3°K. given in “International 
Critical Tables” but indicates a less pure sample

(1) S m yth  and H itch cock , T his Journal, 56, 1084 (1934).
(2) S m yth  and H itch cock , ib id . ,  54, 4631 (1932); 56, 1830 (1933).
(3) S m yth  and S toop s, ib id . ,  51, 3312 (1929).

T a b l e  I

D i e l e c t r i c  C o n s t a n t s  a n d  S p e c i f i c  C o n d u c t a n c e s  
Methyl Alcohol (m. p. 175 4°K.)

K c ..........
T ,  °K .

. . 50 5
é

0 .5 50 5
k  X  10»

0 .5

108.4 3.22 3.28 3.36 0.96 0.17 0.02
126.6 3.38 3.52 3.66 2.27 .30 .04
138.0 3.54 3.76 3.92 3.61 .40 .04
154.9 3.68 3.93 5.07 3.60 1.78 1.12
156.5 3.73 4.10 5.65 5.00 2.85 1.82
157.3 3.78 4.21 6.01 6.31 3.59 2.35
158.2 3.81 4.37 6.50 7.74 4.65 3.14
159.0 4.46 5.55
159.4 4.56 6.20
159.9 4.66 7.01
159.9 5.65 5.64
160.0 5.97 5.04
161.0 7.03 3.47
163.2 6.46 7.50 10.82 13.0 4.23 1.48
169.0 6.88 9.00 27.7 9.16
171.6 10.82 16.6
173.8 15.43 50.2

(Falling temperature)
166.2 8.15 6.06
157.5 6.95 3.21
150.8 6.46 0.88
138.8 6.35 .19
132.9 5.5Ö .28

Tertiary Butyl Alcohol (m, p. 297.9°K.)
94.3 2.23 2.22 2.20 0.17 <0 .01 < 0 .01
99.7 2.24 2.24 2.19 .17 < .01 < .01

111.5 2.24 2.24 2.20 .18 < .01 < .01
120.5 2.24 2.24 2.20 .17 < .01 < .01
131.0 2.24 2.24 2.21 .17 < .01 < .01
140.0 2.24 2.25 2.22 .17 < .01 < .01
143.2 2.25 2.25 2.22 .17 < .01 < .01
152.6 2.26 2.26 2.22 .18 < .01 < .01
162.1 2.26 2.26 2.23 .18 < .01 < .01
179.9 2.27 2.27 2.24 .18 < .01 < .01
196.4 2.28 2.28 2.25 .17 .02 < .01
213.7 2.30 2.30 2.28 .17 .02 .02
228.6 2.32 2.31 2.29 .17 .02 .02
234.8 2.32 2.32 2.29 .18 .02 .02
251.5 2.35 2.36 2.35 .18 .04 .02
257.9 2.40 2.42 2.50 .81 .15 .04
272.9 2.53 2.70 3.23 2.88 1.04 .52
287.9 2.74 3.04 3.86 4.01 1.53 .67

(after 24 hours)
292.2 2.53 2.66 3.03 2.23 0 .72 0 .32
295.3 2.69 2.96 3.68 2.83 1,.52 .71
297.4 3.50 4.12 5.43 6.08 5..52 3 .78

Liquid
299.2 12.12 26 .6
301.9 11.92 29 .6
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T a b l e  I (Concluded) 
Octanol-1 (m. p. 256.8°K.)

K c. . . . 
T , °K .

5
e

0.5 50 5
k  X  10®

0.5

87.3 2.32 2.3,2 2.25 0.67 <0.03 <0.03
102.6 2.32 2.32 2.25 .70 <  .03 < .03
118.8 2.33 2.32 2.26 .67 <  .03 < .03
128.8 2.33 2.33 2.29 .67 <  .03 <  .03
159.1 2.34 2.36 2.33 .67 .03 <  .03
179.1 2.35 2.38 2.42 .93 .06 <  .03
208.0 2.36 2.47 2.60 1.22 .15 <  .03
249.2 2.71 3.06 4.50 3.71 .97 .32
251.3 2.77 3.25 5.70 4.11 1.41 .53
253.7 3.03 4.15 9.13 6.49 3.28 1.50
254.6 3.63 5.38 11.7 10.0 6.63 4.07
255.5 5.55 7.47 12.3 17.2 14.9 13.7
256.0 6.5SS 8.70 21.8 19.9
256.6 9.63 11.79

Liquid

32.3 34.6

258.9 12.97 13.0 13.1 48.5 48.1 51.1
260.9 12.71 12.82 13.1 54.6 53.1 57.5
262.0 12.66 12.80 13.1 58.2 56.0 56.9
269.1 11.93 12.22 12.7 78.2 76.0 77.4
272.6 11.60 11.87 12.3 92.5 89.6 90.5
287.1 10.34 10.57 11.0 127 124 125
296.3 9.47 9.58 10.1 140 139 141

Solid Cooling
252.5 4.08 4.80 5.4 8.48 2.43 0.24
222.1 2.36 2.46 2.48 1.63 0.09 <  .03
203.8 2.30 2.36 2.36 1.05 .06 <  .03

Warming
210.9 2.30 2.39 2.40 1.05 .09 < .03
217.0 2.32 2.42 2.44 1.25 .09 <  .03
224.2 2.34 2.45 2.52 1.40 .12 < .03
230.5 2.36 2.50 2.62 1.63 .15 .03
237.2 2.41 2.56 2.78 1.92 .25 .06
243.6 2.46 2.66 3.17 2.30 .35 .12
249.7 2.56 2.89 4.20 3.07 .70 .18
252.5 2.68 3.18 4.33 3.78 1.05 .24

than that for which Timmermans and Hennaut- 
Roland4 report 176.1°K. I t is to be regretted 
that the difficulty of purification has prevented 
the removal of the last tracés of impurity, which 
have some effect upon the results in the neighbor- 
hood of the melting point. The dielectric con­
stant curve in Fig. 1 for a frequency of 5 kilo- 
cycles shows a transition at 159.9°K. with a 
sharp rise in value with rising temperature. The 
transition is somewhat obscured by anomalous 
dispersion both below and above it but for high 
frequencies the change in the value of the dielec­
tric constant is quite sharp and a time-tempera- 
ture curve shows a halt at 159.9°K. for a period 
of between thirty and forty minutes for rising 
temperature. The apparent conductance at 5 kc.

(4) T im m erm ans and H en n a u t-R o la n d , J .  c h im . p h y s . ,  27, 401 
(1929).

also shows a maximum at this temperature. This 
is 0.8° higher than that previously reported but 
differs by only 0.1° from the transition tempera­
ture found for another sample and lies between 
the values found from specific heat measurements, 
157.4°K. by Kelley5 and 161.1°K. by Parks.6 
Falling temperature gives a very much delayed 
transition, for with decreasing temperature the 
high temperature form has been observed as far 
down as 133°K., whereas with rising temperature 
a lag of more than 0.1° has never been detected.

The solid, in spite of every effort to purify it, 
contains a small amount of impurity, presumably 
water, as shown by the slightly low melting point 
and the slight premelting indicated by a time- 
temperature curve taken over the melting range. 
As the eutectic point of the methyl alcohol-water 
system is about 134°K.,7 a minute trace of liquid 
would remain down to this temperature, which is 
just about where the cooling dielectric constant 
curve dips downward toward the rising tempera­
ture curve. This apparent hysteresis loop, which, 
unfortunately, was not completed experimentally, 
is not unlike that found for phenol containing a 
trace of water. I t may arise from the presence of 
a minute quantity of liquid, which would raise the 
dielectric constant, or it may be due merely to an 
unusually large lag in the transition, supercooling 
undoubtedly occurring. Probably, both factors 
contribute to the seeming discrepancies and the 
changes of dielectric constant and conductance 
with time observed here and in the earlier work. 
The considerable Variation of the dielectric con­
stant and the conductance with frequency is 
doubtless contributed to by the liquid, but the 
uniform rise of dielectric constant with tempera­
ture below and above the eutectic point of the 
methyl alcohol-water system, the difference be­
tween it and the much lower values, almost con­
stant in this region, found for t-butyl and octyl 
alcohols, and the sharp rise at the transition 
followed by a further rapid increase as the tem­
perature rises toward the melting point indicate 
a very small amount of rotation at low tem­
perature, increasing with temperature and rising 
sharply at the transition, which loosens the struc­
ture. Even above the transition, rotation en- 
counters a resistance which diminishes with rising 
temperature and causes the dielectric constant 
to be higher at lower frequencies. The approxi-

(5) K elley , T h is  J o u r n a l , 51, 180 (1929).
(6) Parks, ib id . ,  47, 338 (1925).
(7) B aum é and B orow ski, J .  c h im . p h y s .,  12, 276 (1914),
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mate value calculated for the polarization at 
108.4°K. is 13.8 as compared to a molecular re- 
fraction 8.23 for the D sodium line while at 173.8° 
it is 27.4, values indicative of rotation, as the dif­
ference 5.6 between the polarization at the low 
temperature and the refraction seems too high 
to arise entirely from the atomic polarization of 
so small a molecule.

Fig. 1.—Variation with temperature of the dielectric con­
stants (5 kc.) of methyl and /-butyl alcohol.

The dielectric constant of solid /-butyl alcohol 
at 5 kc. (Fig. 1) is as low as that of liquid benzene 
and other non-polar substances, showing the ab­
sence of any freedom of the dipole in the molecule 
to rotate. The small rise in the dielectric con­
stant and the considerable rise in the conductance 
as the melting point is approached is the nor- 
mally observed behavior, and is, presumably, due 
to the presence of tracés of impurities which cause 
very small quantities of liquid to form in this re­
gion of temperature. The small break in the 
curve at 287.9°K. is the effect of twenty-four 
hours' standing between measurements, which is 
apt to cause a setting of the structure and reduc­
tion of molecular freedom. The increase of di­
electric constant with decrease in frequency is 
reduced by this setting and the apparent conduct­
ance is cut in half. In the case of w-octyl alcohol, 
the resolidified sample gave a slightly lower di­
electric constant depending less on frequency and 
a lower conductance except at the first tempera­
ture measured after solidification. The dielectric 
behavior of n-ootyX alcohol (Fig. 2) is practically 
identical with that of /-butyl, the curves being 
hardly distinguishable at the lower temperatures. 
A slight rise with some dependence upon fre­
quency develops near the melting point, prob­
ably due mainly to the presence of minute quan­

tities of liquid, but possibly due in part to an 
occasional molecular rotation with loosening of 
the structure just below the melting point. In 
general, however, there is obviously no appreciable 
amount of rotation of the molecule as a whole or 
of the hydroxyl group in the molecule in either of 
these two alcohols in the solid state.

Dielectric constant measurements on phenol2 
and specific heat measurements on many alcohols 
have failed to show rotation. I t  is evident, there­
fore, that the rotation in solid methyl alcohol 
must be a rotation of the entire molecule rather 
than of the hydroxyl group within the molecule, 
since the latter could occur equally well in the 
other alcohols. As rotation of the methyl alcohol 
molecule around its C-O axis should involve 
little change in the space occupied by the 
molecule, such rotation would probably not be 
blocked by the surrounding molecules. The 
main hindrance would be the strong intermolecu- 
lar attraction probably expressing itself in the 
formation of a hydrogen bond between molecules 
such as seems to exist in ice.8 The opportunity 
for such bond formation is not as good as in ice 
and, even in ice, the dielectric constant gives evi­
dence of some molecular rotation. The anoma­
lous dispersion in ice is much stronger than in 
solid methyl alcohol, probably because of the

Fig. 2.—Variation with temperature of the dielectric con­
stant (5 kc.) of octanol-1.

stronger internal field of the crystal. Because of 
the presence of the methyl group in the molecule, 
the freezing point of methyl alcohol is much lower 
than that of water and molecular rotation can 
occur in the solid at a low temperature with 
higher frequencies than in ice.

(8) P au lin g , T his Journal, 57, 2 68  (1935).
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Although the molecule of /-butyl alcohol is not 
very far from spherical in shape, reason ably close 
packing of the molecules, such as would naturally 
occur in the crystal lattice, would probably cause 
the rotation of a molecule to be blocked by its 
neighbors. In the crystal of w-octyl alcohol, the 
molecules probably lie as extended zig-zag chains 
parallel to one another. As many cases are known 
in which carbon chains parallel to one another in 
a solid rotate about their long axes,9 there would 
seem to be a possibility of rotation of this type 
here, which is evidently not realized. Bernal 
has found by x-ray analysis10 that w-dodecyl al­
cohol shows a transition from a monoclinic to a 
hexagonal crystal at 289°K. with molecular rota­
tion setting in around the axis of the carbon- 
chain. I t is probable that the higher tempera­
ture attainable before melting gives the energy

(9) M ü ller, N a tu r e , 129, 436 (1932); S outh ard , M ilner and  
H end rick s, J .  C h em . P h y s . ,  1, 95  (1933).

(10 ) B ernal, N a tu re ,  129, 870 (1932).

necessary to overcome the resistance to rotation, 
lacking in the w-octyl alcohol, which melted 32° 
below this transition temperature.

Summary
The dielectric constants of solid methyl, /- 

butyl and n-octyl alcohols have been measured 
from liquid air temperatures up to the melting 
point in order to investigate the question of di­
pole rotation in the solid state. The high di­
electric constant of methyl alcohol just below the 
melting point, dropping to a low value at a tran­
sition temperature 159.9°K., gives evidence of 
dipole rotation in this region. The absence of 
dipole rotation in solid /-butyl and w-octyl alco­
hols and the failure of specific heat measurements 
to show transitions in many other alcohols, indi­
cate that the hydroxyl group does not rotate in­
side the molecule, but that the entire methyl al­
cohol molecule rotates above the transition point. 
P r i n c e t o n , N. J .  R e c e i v e d  J u n e  22, 1936

[ C o n t r i b u t i o n  f r o m  t h e  D e p a r t m e n t  o f  C h e m i s t r y , U n i v e r s i t y  o f  N e w  H a m p s h i r e ]

The Magnetic Rotation of Lanthanum and Neodymium Chlorides in Aqueous Solution
B y  C h arles  M. M a so n , R oger D. Gray a nd  G race L. E r n st

The magnetic rotation of the plane of polarized 
light is particularly interesting in the case of the 
rare earths. The Chemical properties of these sub­
stances in aqueous Solutions are so nearly identi­
cal that it is only by physical measurements of 
this type that any differentiation of properties 
can be made.

In this work the Verdet constants of aqueous 
Solutions of lanthanum and neodymium chlorides 
have been measured over a temperature interval 
of from 10 to 50°. The concentration of the Solu­
tions was varied from zero (water) to 3.7 molal for 
the lanthanum chloride and 0.5 molal for the 
neodymium chloride. For comparison the Verdet 
constants were determined for aluminum chloride 
Solutions from zero to 2.8 molal over the same 
temperature range.

Experimental Details
The rotations were measured with a Franz Schmidt and 

Haensch Model 55 “Landolt” half shade polarimeter, 
which could be read to hundredths of a degree.

The two light sources used were a mercury “Lab-Arc” 
with Corning filters G-555-Q and G-35-Y to transmit 
X 5460.7 Ä. and a sodium “Lab-Arc.” This latter was 
used without filters since the accuracy attained in setting

the polarimeter without any filters more than offset any 
error due to wave lengths other than the principal doublet 
X5893 Ä.

The solution, the rotation of which was to be measured, 
was placed in a water-jacketed cell of Pyrex glass. This 
was equipped with optical Windows of the same, fused on 
to the ends. The cell, which is shown in Fig. 1, was 
provided with an entrance through which a calibrated 
thermometer could be placed in the solution while the 
rotation was measured.

The magnetic field was provided by a coil of fourteen 
layers of No. 20 B. and S. cotton and enamel covered 
copper wire. The total number of turns was 2,059 and 
the length of the coil was 23.57 cm. The inside diameter 
was 2.84 cm. and the outside diameter 6.70 cm. The 
length of the light path through the solution was 21.74 
cm. From these data the field strength, H ,  of the coil 
at any point along the axis is easily calculated. The 
product of the effective field strength times the length of 
the light path in the cell was determined by integration. 
The value of this integral was found to be 2218.2 gauss- 
cm. per ampere of current through the coil. This value, 
when used to calculate the Verdet constants for water 
and carbon bisulfide, checked the Standard values1 within 
0.5%. This is a good check when we consider the irregu- 
larities of the coil winding as shown by an examination 
of Fig. 1.

(1) “ Intern ation al C ritical T a b les ,” M cG raw -H ill Book C o., 
Inc., N ew  Y ork, V ol. V I, 1926, p. 425.
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A current of 4.000 =*= 0.001 amperes was used, supplied 
from storage batteries. Current regulation was obtained 
by the use of a manually operated potential divider similar 
to that described by Maclnnes and Longsworth.2

In order that the current adjustment might be made 
accurately, a Leeds and Northrup student type Potentio­
meter was used to measure the potential drop across a 
Standard 0.10 ohm resistance in series with the coil. The 
potential divider was operated during a reading of the 
rotation so that the galvanometer connected in the Poten­
tiometer circuit showed no deflection while the observation 
was made.

Temperature control was obtained by circulating water 
from a thermostat through the water jacket of the cell. 
The temperature could be controlled to within =»=0.05o 
of any chosen point.

The rare earth salts had been carefully prepared by 
repeated recrystallization. The chlorides were prepared 
from the oxalates by ignition to the oxides and solution of 
these in redistilled hydrochloric acid. These chlorides 
were then twice recrystallized by concentration of the 
mother liquor and shaking out with hydrogen chloride 
gas. They were then dried at room temperature and 
placed for several weeks in a vacuum desiccator over 
potassium hydroxide. Examination of the Solutions with 
the hand spectroscope and Chemical test showed the 
absence of other rare earths.

The commercial c. p . grade of aluminum chloride hexa- 
hydrate was used without further purification. It was 
guäranteed by the manufacturer to be better than 99.85%. 
For the present investigation this slight percentage of 
impurity would not vitiate the result.

Concentrated aqueous Solutions of these salts were 
prepared with conductivity water. These were analyzed 
gravimetrically for the chloride. The dilute Solutions 
were then prepared from these by weight. The water 
used was of conductivity grade.

The c. p. grade of carbon bisulfide was purified by the 
method of McKelvey and Simpson.3

Results
The Verdet constant4 is given by the expression 

V — Q/J'Hdl (1)
where 0 is the angle of rotation in minutes and

(2) M acln n es  and L on gsw orth , C hem . R ev ., 11, 189 (1932); M ason  
and Gray, R ev. S c ie n tif ic  In s tr u m e n ts , 7, 289 (1936).

(3) M cK elvey  and S im p son , T h is J o ur n a l , 44, 108 (1922).
(4) T h is q u a n tity  is  d iscussed and the literature is surveyed  in 

Bhatriagar and M athur, " P h ysica l Priucip les and A pplications of 
M u g n e fo c l ie n ii s lr y T h e  M actnillau Co., I.ondon, 193.9.

f H d l  is the average field strength over the whole 
light path.

If we choose to calibrate our apparatus with 
some liquid whose Verdet constant is known, such 
as water or carbon bisulfide, we find that

v  = |  F» (2)

where 9S and Vs are the rotation and Verdet con­
stant of the Standard liquid used and 0 and V are 
those for the solution under investigation. In 
the present work equation (2) was employed to 
calculate the Verdet constants obtained. Water 
was employed as the reference liquid in these cal­
culations. This was done because the irregular- 
ity of the coil made exact calculation of the field 
strength impossible.

5 15 25 35 45 55
Temperature, °C.

Fig. 2.-—The Verdet constants of neo- 
dymium chloride Solutions as a function of 
the temperature: 1, water; 2, 0.1 molal;
3, 0.2 molal; 4, 0.3 molal; 5, 0.4 molal; 6,
0.5 molal.

It was difficult to take readings rapidly at fixed 
temperature intervals due to the heating effect of 
the coil. The data were therefore often taken at 
odd temperature intervals. These data were then 
plotted on a large scale as shown by the plot for 
neodymium chloride in Fig. 2. The data taken 
from these plots are presented in Tables I, II and 
III for aluminum, lanthanum and neodymium 
chlorides, respectively. No data were obtained 
for neodymium chloride for the wave length 
X 5893 Ä. because of the strong absorption band 
in this region of the spectra.



1002 Charles M. M ason, Roöer D. Cray and Grace L. Ernst Vot. 58

T a b l e  I

V e r d e t  C o n s t a n t s  o f  A l u m i n u m  C h l o r i d e  S o l u t i o n s

T a b l e  I I I

V e r d e t  C o n s t a n t  o f  N e o d y m i u m  C h l o r i d e  S o l u t i o n s

X = 5893 Ä. X = 5460.7 Ä.

M ola lity 10°
V  X  103 a t th e  in d icated  tem p eratu re  

20° 2 5 °  3 0° 4 0° 5 0° M ola lity 10°
V  X 103 a t th e  in d icated  tem peratu re  

2 0 °  2 5 ° a 3 0 °  40° 50°

0.00 13.19 13.12 13.07® 13.10 13.10 13.10 0.00 15.40 15.40 15.40 15.40 15.40 15.33
.01 13.13 13.14 13.14 13.14 13.15 .05 15.40 15.40 15.40 15.40 15.40 15.40
.05 13.22 13.25 13.27 13.29 13.32 13.36 .10 14.60 14.64 14.66 14.68 14.70 14.73
.10 13.39 13.39 13.39 13.39 13.39 13.39 .20 13.84 13.95 13.99 14.06 14.10 14.16
.50 14.66 14.66 14.66 14.66 14.66 14.66 .30 13.03 13.22 13.32 13.39 13.49 13.59

1.00 15.94 15.94 15.94 15.94 15.94 15.94 .40 12.30 12.40 12.47 12.60 12.70 12.81
1.50 17.21 17.21 17.21 17.21 17.21 17.21 .50 11.45 11.67 11.72 11.82 11.95 12.14
2.00
2.78

0.00
.01
.05
.10
.50

1.0
1.50
2.00
2.78

18.41
20.15

15.40

15.94
17.14
18.61
20.09
21.49
23.77

18.41
20.02

X
15.40
15.47
15.83
15.94
17.14
18.61
20.09
21.49
23.77

18.35
20.02

18.31
19.95

= 5460.7 A.
15.40
15.47
15.78
15.94
17.14
18.61
20.09
21.56
23.70

15.40
15.47
15.73
15.94
17.14
18.61
20.09
21.56
23.64

18.28
19.95

15.40
15.47
15.62 
15.94 
17.14 
18.61 
20.09
21.63 
23.50

18.28
19.90

15.33
15.47
15.51
15.94
17.14
18.61
20.09
21.63
23.50

a “International Critical Tables,” McGraw-Hill Book 
Co., Inc., New York, Vol. VI, 1926, p. 425.

T a b l e  II
V e r d e t  C o n s t a n t s  o f  L a n t h a n u m  C h l o r i d e  S o l u t i o n s  

X = 5893 Ä.

M ola lity 10°
V  X 103 a t th e in d icated  tem p eratu re  

20° 2 5 ° a 30 °  40° 50°

0.00 13.19 13.12 13.07 13.10 13.10 13.10
.10 13.46 13.46 13.47 13.53 13.53 13.53
.40 14.40 14.40 14.37 14.40 14.33 14.33
.80 15.67 15.60 15.55 15.40 15.33 15.33
.9967 16.07 16.07 16.08 16.14 16.14 16.14

1.40 17.21 17.21 17.22 17.21 17.14 17.14
1.7509 18.08 18.21 18.15 18.01 17.94
2.20 19.08 19.15 19.14 19.10 19.10 19.10
2.50 19.89 19.86 19.83 19.69 19.69 19.69
2.80 20.56 20.56 20.35 20.30 20.29 20.15
3.10 20.96 20.97 20.96 20.96 20.96
3.40 21.56 21.56 21.52 21.43 21.29 21.23
3.9640 21.96 21.96 22.03 21.96 21.76 21.69

X = 5460.7 Ä.
0.00 15.40 15.40 15.40 15.40 15.40 15.40

.10 15.73 15.73 15.75 15.80 15.80 15.80

.40 17.07 16.94 16.85 15.87 16.87 16.87

.80 18.35 18.35 18.17 18.40 18.41 18.41

.9967 19.15 19.08 19.03 19.02 19.02 19.02
1.40 20.42 20.35 20.35 20.29 20.22 20.22
1.7509 21.43 21.49 21.49 21.43 21.36
2.20 22.43 22.50 22.50 22.43 22.43 22.43
2.50 23.37 23.34 23.28 23.30 23.30 23.30
2.80 24.10 24.07 24.04 24.00 23.95 23.90
3.10 24.90 24.80 24.64 24.57 24.31
3.40 25.44 25.44 25.43 25.31 25.24 25.11
3.9640 26.18 25.91 25.88 25.85 25.80 25.71

a All values of this constant at 25' 
least five measurements.

are the mean of at

a All values of this constant at 25° are the mean of at 
least five measurements.

In order to show more clearly the relationship 
between the Verdet constant and the concentra­
tion, the data obtained at 25° have been plotted 
in Fig. 3.

Discussion
Comparison with Other Data.—The value 

obtained for the Verdet constant of 0.1 molal 
lanthanum chloride with the green line X 5460.8 
Ä. at 20°, 15.73 X 10“3, may be compared with 
that obtained by Roberts, Wallace and Pierce5 
for a solution of lanthanum sulfate, 0.094 molal in 
lanthanum ion. They obtained 15.40 X 10~3. 
The maximum error of measurement in this work 
for the wave length X 5460.8 Ä. is about =±=Ö.Ö1° 
of are which corresponds to a total possible error 
of 0.14 X 10~3 min. per gauss-cm. in the Verdet 
constant.

These authors do not state the error in their 
visual observations. If it is presumed to be of 
the same order of magnitude as in the present in­
vestigation the difference between the two values 
is within the experimental error. They do state, 
on the basis of one measurement of magnitude 
less than the probable error, that aqueous Solu­
tions of lanthanum sulfate have a negative rota­
tion. In this investigation lanthanum chloride 
has eonsistently a positive rotation in Solutions of 
all concentrations. This difference of sign is not 
significant however in view of the limits of error 
discussed above and the different negative ions 
present.

Direction of Rotation.—The theory of Serber6 
for the Faraday effect in molecules points out that 
the Verdet constant may be expressed by an equa­
tion of three distinct terms. Two of these terms 
are diamagnetic and the third is paramagnetic. 
For diamagnetic substances the third term drops

(5) R oberts, W allace and P ierce , P h il .  M a g .,  17, 934  (1934).
(6) Serber, P h y s . R e v ., [2] 41, 489 (1932).
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23.00

coC5
• 19.00

X
^ 15.00

11.00
0.0 0.8

out and the theory predicts that the Verdet con­
stant should be positive.

Lanthanum chloride and aluminum chloride 
are known to be weakly paramagnetic and dia­
magnetic, respectively. I t would be expected 
therefore in both cases, since the third term in the 
equation mentioned above 
would either be insignificant 
or vanish, that these sub­
stances would have a positive 
effect on the Verdet constant.

Examination of the data 
in Tables I and II shows the 
experimental verification of 
these conclusions, as in both 
cases the Verdet constant of 
the Solutions is increased 
positively by the added salt.

Neodymium chloride on 
the other hand is strongly 
paramagnetic and would be 
expected by Serber’s theory 
to have a negative effect on 
the Verdet constant. Ex­
amination of the data in 
Table III shows the marked 
negative effect of neodymium chloride as predicted 
by the theory.

Temperature Effect.—In the equation men­
tioned by Serber6 the third or paramagnetic term 
contains the expression l / T  where T  is the ab­
solute temperature. From this the conclusion 
may be drawn that the Verdet constant for para­
magnetic substances should vary with tempera­
ture and that diamagnetic substances should not 
vary with temperature. From the “International 
Critical Tables”1 (p. 359) it is noted that the 
magnetic susceptibilities of aluminum chloride, 
lanthanum chloride and neodymium chloride 
(estimated) are in the ratios —0.6:5.6:25. From 
these the theoretical conclusions may be drawn 
that aqueous Solutions of aluminum chloride 
should have no temperature coëfficiënt, those of 
lanthanum chloride should have a slight tempera­
ture coëfficiënt and neodymium chloride Solutions 
a marked temperature coëfficiënt. Examination 
of the data in Tables I, II and III shows that the 
conclusions are justified by the experimental re­
sults. No temperature coëfficiënt was observed 
for the aluminum chloride Solutions within the 
experimental error. A slight temperature coëffi­
ciënt was observed for the lanthanum chloride

Solutions in the higher concentrations. Neody­
mium chloride Solutions, on the other hand, 
showed a marked temperature coëfficiënt, even in 
dilute Solutions.

I t was found that the Verdet constants of the 
neodymium chloride Solutions gave a straight

^ x r /

£ ) J

4

A

' s

22.25,

17.25

X

12.50

3.2 4.01.6 2.4
Molality.

Fig. 3.—Verdet constants of the Solutions as a function of concentration at 25°: 
1, LaCl3, X 5460.7 Ä.; 2, A1C13, X5460.7Ä.; 3, LaCl3, X5893Ä.; 4, A1C13, X5893Ä.; 
5, NdCl3, X 5460.7Ä.

line when plotted against l / T . From these 
straight lines a family of equations of the type 

V =  a / T  +  & (3)
were obtained, where a and b are constants. The 
data for these constants for equation (3) and the 
maximum deviation of the calculated values from 
the experimental values are given in Table IV.

T a b l e  IV
Constants for the Temperature Equations (3) for 

Neodymium Chloride Solutions
M o la lity , m a b M a x . d ev .

0.10 -  325.0 16.94 0.04
.20 -  662.5 16.60 .04
.30 -1 212 .5 17.37 .03
.40 -12 2 0 .0 16.21 .03
.50 -1553 .6 15.75 .02

Recently several authors7 have shown that the 
Curie-Weiss law of magnetic susceptibilities may 
be applied to the molecular magnetic rotation. 
This law is usually stated

( T  -  A)Xm = Cm (4)
where xm is the gram-molecular magnetic sus­
ceptibility, T  the absolute temperature, Cm a 
constant and A a constant called the Curie point.

(7) O llivier, C o m p t. r e n d ., 186, 1001 (1928); O lliv ier, ib i d . ,  191, 
130 (1930); Pern et, ib id . ,  195, 370 (1932); G orter, P h y s ik .  Z . ,  34, 
238  (1933).
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In order to make this application to the present 
data the molecular rotations for the neodymium 
chloride Solutions have been calculated from the 
equation

D  =  -  d , V „ / d „ )  (5)pd9
where D is the molecular rotation of the solution, 
M  is the molecular weight of the neodymium chlo­
ride, ds is its density, p is the number of grams of 
salt per gram of solution, d\ is the density of the 
solution, dw is the density of pure water and V 
and Vw are the Verdet constants of the solution 
and pure water, respectively. The densities of 
the Solutions at 25 ° were obtained from the data 
of Mason and Leland.8 The densities for the 
other temperatures were calculated from these on 
the assumption that the temperature coëfficiënt 
of the density of the Solutions was the same as that 
for pure water. The values of D obtained are 
listed in Table V.

T a ble  V
T h e  M olecular  R ota tio n  o f  N d C l3 in  A queous 

S olu tio n
M o la lity ,

m P 10°
— D  at the indicated temperature 

20° 2 5 °  3 0 °  40° 50°"

0 . 1 0.0245 3.07 2.96 2.91 2 .85 2.80 2.67
.2 .0477 3.06 2.91 2 .85 2 .76 2.71 2.63
.3 .0699 3.15 2.97 2.87 2.81 2.72 2.62
.4 .0911 3.23 3.17 3.12 3 .02 2.95 2.87
.5 .113 3.32 3.19 3.17 3.11 3.03 2.92

Ave. 3.16 3.04 2 .98 2.93 2.82 2.72

There is some drift toward the higher concentra­
tions but this may be due to slight error in the 
density calculation.

The average data in Table V were used to cal- 
culate the values of C and A in the equation

( T -  A)D =  C (6)
which is analogous to equation (5), the Curie- 
Weiss law.

(8) M ason  and L eland , T his Journal, 57 , 1507 (1935).

The value of A was found to be close to 32.6° 
which was taken as the best value. Equation 
(6) was tested by calculating the values of C for 
the several temperatures. The values of C ob­
tained, which checked with each other within one 
part in a thousand, gave an average value of 
— 790.1. This constancy of C shows that the 
equation

(T  -  32S)D  =  -790 .1  (7)

is applicable to the data for neodymium chloride 
over the temperature range studied.

Concentration Effect.—For the wave length 
X 5460.8 Ä. the Verdet constants of the aluminum 
and neodymium chloride Solutions were found to 
be a linear function of the concentration over the 
range studied. None of the other data give linear 
relationships, as may be seen by examination of 
Fig. 3.

The authors wish to express thanks to Dr. H. C. 
Fogg for advice regarding the purification of the 
rare earth salts.

Summary
The magnetic rotations of aqueous Solutions of 

aluminum, lanthanum and neodymium chlorides 
have been measured from 10 to 50° at wave 
lengths X 5893 and 5460.8 Ä.

The Verdet constants of these Solutions have 
been calculated and those for neodymium chlo­
ride Solutions found to vary linearly with l/T .

The molecular rotations of the neodymium chlo­
ride Solutions have been calculated and found to 
vary with temperature according to the equation 
(F -  32.6)D = -790.1.

The variations of the Verdet constants with 
temperature were found to agree qualitatively 
with the predictions of Serber.6 
D urham , N. H. R eceiv ed  M ay 28, 1936
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The Ionization Constant of Hydrazinium Hydroxide1
By G. C. Ware, J. B. Spulnik and E. C. Gilbert

A systematic investigation of the ionization 
constant of hydrazinium hydroxide (“hydrazine 
hydrate”), its Variation with temperature and 
with ionic strength, has never been reported. 
Bredig2 measured the conductivity of aqueous 
Solutions of hydrazine and calculated the ioniza­
tion constant at 25°. He reported some diffi­
culty due to decomposition and his values varied 
from 4.4 to 2.2 X 10~6 depending upon the con­
centration. The mean of these two, 3 X 10~6, 
is the value commonly accepted and used in text 
and reference works, although the “International 
Critical Tables”3 accepts the lower value 2.2 X 
10-6. Hughes using the glass electrode made a 
single measurement4 and reported a value of 1.4-
I. 7 X 10 ~6 depending upon the interpretation of 
his results. Gilbert studied the equilibrium5 be­
tween ammonia and hydrazine in aqueous Solu­
tions and obtained the ratio of the constants of the 
two bases at 20° and two ionic strengths. The 
method is not suitable for extension to a general 
study at various temperatures and concentrations 
such as made in the present investigation.

The work described in this paper was carried 
out by the use of the glass electrode. Thé highly 
reactive nature of hydrazine and its instability in 
the presence of platinum black makes it impos­
sible to use the quinhydrone or hydrogen electrode 
satisfactorily. Furthermore, it is impossible for 
the same reason to use the ordinary reference 
electrodes (calomel, mercuric oxide, or silver chlo­
ride) except through the medium of a liquid junc- 
tion or salt bridge. However, the recent impor­
tant work of Guggenheim and Schindler6 on cells 
with liquid junction justifies confidence in this 
type of measurement within certain limits. The 
method has moreover been applied recently for 
a similar study of hypochlorous acid.7

Experimental Part
The hydrogen ion activity of a series of Solutions was
(1) A portion  o f th is  paper is taken  from a th esis subm itted  by

J. B. Spulnik  for th e degree of M aster of Scienee in jim e , 1935, at 
1 he Oregon S ta te  C ollege.

(2) Bredig, Z. p h y s ik . C h em ., 13, 289 0 8 9 4 ) .
(3) “ International C ritical T ab les ,” McOraw Hill Book C o., Inc., 

N ew  Y ork, Vol. V l, p. 260.
(4) H ughes, J .  C hem . S o c ., 491 (1928).
(o) G ilbert, J .  P h y s . C h em ., 33, 1236 (1929).
(6) G uggenheim  and Schindler, ib id . ,  38, 533 (1934).
(7) Ingham  and M orrison, J . C h em . S o c ., 1200 (1933).

determined, each containing exactly equivalent amounts 
of hydrazinium hydroxide and hydrazinium ion, the ionic 
strength being varied by the addition of potassium sul­
fate, sodium chloride or sodium perchlorate. Measurements 
were made at 15, 25 and 35°, using a vacuum tube Poten­
tiometer of the type devised by De Eds.8 Considerably 
more shielding was found advisable than specified by 
De Eds. The following cell arrangement was used
Hg, Hg2Gl2, KC1 (0.1 N )  i KC1 (satd.) | unknown solution, 

glass, buffer | KC1 (0.1 N ) ,  Hg2Cl2, Hg
When a reading had been made with the “Unknown 
Solution” in the cell, this was replaced with a buffer of 
similar ionic strength whose hydrogen ion activity had 
been determined accurately by the use of a hydrogen 
electrode at the same temperature. From these quantities 
the hydrogen ion activity of the hydrazinium buffer may 
be calculated readily.9 Voltage readings could be dupli- 
cated within 0.3-0.5 mv., corresponding to =*=0.01 />H. 
Calculation of the liquid junction potentials by Hender­
son’s formula10 as recommended by Guggenheim and 
Schindler showed them to be less than the uncertainty 
in the voltage readings. The liquid junction was made 
with the type of salt bridge devised by Ingham and 
Morrison,7 which proved to be highly reproducible if 
subject to careful temperature control. In meäsuring 
the p J l of the Standard buffers with the hydrogen elec­
trode the value given by Guggenheim and Schindler,6 
333.7 mv., was used for the 0.1 N  calomel electrode at 
25°, 334.2 at 15° and 332.9 at 35°.

The Solutions were made by weight, adding the calcu­
lated amount of carbonate-free sodium hydroxide solution 
to hydrazinium perchlorate Solutions or in one series by 
adding barium hydroxide to hydrazine sulfate. The 
barium hydroxide was standardized gravimetrically. The 
ionic strength was adjusted by the addition of neutral 
salts such as potassium sulfate, sodium chloride or per­
chlorate. The water was de-oxygenated and the Solu­
tions were protected from the atmosphere at all times. 
Readings were constant with the glass electrode and easily 
duplicated.

Results
In Table I are given the results of the measure­

ments. At each temperature determinations 
were made at a series of salt concentrations per- 
mitting extrapolation to zero ionic strength. 
The measurements at 25° were repeated with 
different salts. In agreement with Brönsted’s 
principle of specific ionic interaction the slopes of 
the curves for different salts were different but 
extrapolation led to the same value at zero ionic 
strength. The rather small salt effect observed

(8) D e  E d s, S c ie n c e , 78, 556 (1933).
(9) C obb and G ilbert, I n d . E n g . C h em ., A n a l .  E d . ,  5, 69 (1933 ).
(10) H enderson , Z. p h y s ik . C h em ., 5 9 , 118 (1907); 63 , 325  (1908 ).
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agrees with the predictions of Brönsted’s extended 
theory of acids and bases, namely, that for bases 
of the ammonia type the dissociation constant 
should be little affected by salts.11

T a b l e  I

H y d r o g e n  I o n  A c t i v i t y  o f  H y d r a z i n i u m  B u f f e r  

S o l u t i o n s ®

(a) In presence of K2SO4
f i  (to ta l) 150 2 5° 35°

0.000 8.24 7.99 7.82
. 009 8.25 7.99 7.82
.029 8.24 7.99 7.82
.044 8.27 7.83
.095 8.30 8.02 7.87
.170 8.37 8.09 7.90

n  (to ta l)
(b )  In presence o f  NaCl 

2 5 °

0.000 7.99
.010 7.99
.050 8.00
.100 8.02
.150 8.04

n  (to ta l)
(c )  In presence o f  NaC104 

2 5 °

0.000 8.00
.010 8.00
.050 8.01
.100 8.02
.150 8.03

a Expressed as p H .

Since the experimentally determined quantity 
in this work is the hydrogen ion activity, the cal­
culations follow more simply if made on the basis 
of treating the hydrazinium ion as an acid.

N2H5+ N2H4 + H +
then

( ö N2H4ÖH+)/^N2HB+ — K a

and
p K \  =  p H  +  log (öN2H5+/GN2H4)

At zero ionic strength where öN2h6+ = mNsH#+ 
and in an equimolal solution of N2H4 and N2H6+

(11) B rön sted , C h em . R e v ., 5, 281 (1928).

such as used in this work pKA may be taken as 
equal to pH.

Values for K A obtained in this manner are 
shown in Table II. Now from the ion product of 
water as recently accurately determined by Har­
ned and Hamer12 the corresponding conventional 
ionization constant of the hydrazinium hydroxide 
may be calculated since K B = ATw/iTA. These 
values are also shown in Table II, together with 
the corresponding values for AF° for the basic 
ionization. The value for AH291.1 calculated from 
these results is 3850 cal., which may be compared 
to the value 3950 cal. obtained calorimetrically 
by Bach.13 This quantity has a very large tem­
perature coëfficiënt. Since different salts affect 
the ionization constant to a différent degree, it is 
not possible to set up a general equation for the 
constant as a function of the ionic strength. The 
observed salt effect however is not large.

T a b l e  II
I o n i z a t i o n  C o n s t a n t  o f  H y d r a z i n i u m  I o n  a s  a n

A c i d , a n d  o f  H y d r a z i n i u m  H y d r o x i d e  a s  a  B a s e  
15° 2 5 °  3 5 °

K a X 109 - 5.75 10.2 15.2
K b X 10« 0.785 0.984 1.37
A F °, cal. 8052 8200 8270

The values which have been found are consid- 
erably lower than those commonly accepted. 
They are of course the extrapolated values as op- 
posed to those which have previously been deter­
mined in the presence of salts.

Summary
The ionization constants for the hydrazinium 

ion as an acid and hydrazinium hydroxide as a 
base have been determined at 15, 25 and 35° 
from glass electrode measurements.
C o r v a l l i s , O r e g o n  R e c e i v e d  J u n e  22, 1936

(12) H arned and H am er, T h is  J o u r n a l , 5 5 , 2194 (1933).
(13) B ach , Z. p h y s ik . C h e m ., 9, 241 (1892).
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Alcoholic Ammonia as a Reagent for Nitro Compounds and Unsaturated Ketones
B y  D a v i d  E. W o r r a l l  a n d  C y r i l  J .  B r a d w a y

Although it has been known for some time that 
secondary amines1 promote certain additions to 
unsaturated Systems, the superior reactivity of 
sodium alcoholates has diverted attention from 
the use of such substances. Kohier2 for example 
used sodium methylate to obtain a reaction be­
tween nitromethane and benzalacetophenone. 
Yet the organic bases possess some virtues and it 
has been shown recently3 that ammonia causes 
the formation, through the interaction of nitro- 
stilbene with nitro compounds, of substances 
otherwise inaccessible. We have now found am­
monia useful with unsaturated ketones.

In the presence of sodium methylate a nitro 
ketone is eventually formed from benzalaceto­
phenone and nitromethane.
CH3N 0 2 +  C6H5CH=CHCOC6H5 — >•

C6H5CHCH2COC6H5 I
I

c h 2n o 2

It can also be obtained in the presence of am­
monia, a reaction that we believe involves 1,4- 
addition of the ammonium salt of nitromethane 
followed by spontaneous decomposition into the 
enol of I. Since the latter still contains mobile 
hydrogen, it not only rearranges into I but tends 
to react with unchanged benzalacetophenone, re- 
peating the cycle of changes.
C6H5CHCH2COC6H5 +  C6H6CH=CHCOC6H5 — ^

I '
CH2N 0 2

C6H 5 CHCH 2 COC6H 5  II
I

c h n o 2

c 6h 5c h c h 2c o c 6h 5

Eventually I entirely disappears and a good yield 
of II results. Tertiary amines are effective and 
the presence of water promotes the reaction.

A number of trimolecular compounds have 
been synthesized (previously only one had been 
isolated),4 using nitromethane with various un­
saturated ketones. I may be used with deriva­
tives of benzalacetophenone, thus producing non- 
symmetrical combinations, but attempts to pre­
pare trimolecular compounds from nitroethane or

(1) K n oevenagel, Ber., 27, 2339 (1894).
(2) K ohier, T h is  J o u r n a l , 38, 889 (1916).
(3) W orrall, ibid.,  57, 2209 (1935).
(4) K ohier and W illiam s, ibid., 41, 1644 (1919).

phenylnitromethane failed. Equally f utile were 
attempts with unsaturated ketones prepared from 
ö-substituted aldehydes.

Experimental
a ,a '  - Diphenyl - ß ß *  -  dib enzoyl di e thylnitr ome than e.—

Ammonia gas, prepared by heating concd. aqueous am­
monia solution, was bubbled into a mixture of 8 g. of 
nitromethane and 50 g. of benzalacetophenone in 250 cc. 
of ordinary ethyl alcohol until it was well saturated. The 
initial product separating out on standing overnight 
consisted largely of Kohier’s eompound. On longer stand­
ing the solution gradually acquired a dark red color due 
to the presence of a highly colored fluorescent substance, 
which after four to five days began to discolor the product. 
The process was interrupted at this point; yield of crude 
substance approximately 45 g. The substance was a 
mixture of two stereoisomers. It was extracted with hot 
toluene from which dumps of tiny needles melting at 
229-230° separated on cooling.

A n a l. Calcd. for C3iH270 4N: C, 78.0; H, 5.7. Found: 
C, 78.0; H, 5.5.

Several volumes of alcohol were added to the filtrate 
concentrated to a small volume. The resulting precipi­
tate was recrystallized from hot alcohol, separating in 
feathery clusters of needles melting at 157-158°.

A n a l. Calcd. for C31H270 4N: C, 78.0; H, 5.7. Found: 
C, 78.0; H, 5.6.

The isomers are easily separated since the high melting 
form is insoluble in alcohol, while the other is very soluble 
in toluene. The low melting isomer was present in greater 
amount. Substitution of absolute alcohol resulted in a 
much poorer yield. On standing for a similar period of 
time excellent yields were obtained with diethylamine and 
piperidine, using the molar equivalent in each case. 
Primary amines (amylamine) were less satisfaetory, while 
tertiary ethylamine was noticeably more sluggish in its 
action. It produced a substance unusually free from 
colored impurities. No reaction was observed with 
aniline.

o. -  Bromo diphenyl - ß ß ’ -  dibenzoyldiethylnitro-
methane was prepared in chloroform solution by the action 
of bromine in the presence of sunlight on the low melting 
isomer of II. The resulting oil after removal of solvent 
and all tracés of hydrogen bromide by evaporation on the 
water-bath became crystalline on standing. It separated 
from alcohol solution in microscopie crystals melting 
rather indefinitely around 80° and easily becomes oily. 
We were unable further to purify the substance which 
was thought to represent a mixture of isomers as the 
analysis for bromine was satisfaetory. A more tractable 
substance was obtained from the high melting isomer, 
brominating in nitrobenzene. The resulting mixture 
was filtered from unchanged material, steam distilled and 
the residue crystallized from hot alcohol. Small needles



160S D avid E. Worrall and Cyril J. Bradway Vol. 58

T a b l e  I
ß , ß '-DiBENZO YLDIETHYLNITROMETHANE

/------------------------- A nalyses, %

M . p ., °C . Form ula C H c H

« , « '-Dianisyl* 211-212 C33H3iOeN 73.8 5.8 73.5 5.8
o:, «'-Dipiperonyl 192-193 QÄrOsN 70.0 4.8 70.0 4.6
«, « '  Di-/>-bromopheny 1 239-240 C3iH260 4NBr2 58.6 3.9 58.2 4.0
e i,a . r~ T ) \ - p -tolyl 209-210 c33h 31o 4n 78.4 6.1 78.0 6.2
öl, öl ' - D i -ra -brom oph eny 1 200-201 C3,H260 4NBr2 58.6 3.9 59.0 3.8
öl, «'-Di-m-nitrophenyl 237-239 c3Ih 26o 8n 3 65.6 4.4 65.8 4.5
« :, öl '-Dicinnamyl 216-218 c36h 31o4n 79.4 5.9 79.0 5.8
« -  Phenyl- «  '-anisyl 205-206 C mH mO jN 75.7 5.7 75.5 5.8
öl- Phenyl- « 'piperonyl 218-219 GaHaOoN 73.7 5.2 73.5 5.2
« -  Phenyl- « ' - ra-bromopheny 1 227-228 C3iH260 4NBr 66.7 4.7 66.2 4.5
«-Phenyl-«'-/>-tolyl 191-192 C32H28O4N 78.4 5.7 77.9 5.9
«-Phenyl-« '-m-nitrophenyl 219-220 C32H26O6N2 71.2 5.0 70.9 5.0
ct- Anisyl-« '-piperonyl 189-190 C33H290 7N 71.9 5.4 71.5 5.5
«-Anisyl-« tolyl 196-197 C33H3105N 76.0 6.0 75.6 6.1
«-Piperonyl-« '-w-nitrophenyl 218-219 C32H2608N2 67.8 4.6 67.9 4.5
«Piperonyl- «'-/»-tolyl 198-199 C33H30O6N 73.9 5.6 73.6 5.5
«-Piperonyl-« '-m-bromophenyl 215-216 C32H260 6NBr 64.0 4.3 63.6 4.4

* Oil separating out first discarded. After twelve days crystal formation started.

melting with decomposition and foaming at 241-242° 
separated.

A n a l. Calcd. for C3iH260 4NBr: Br, 14.4. Found:
Br, 14.2.

«,«' - Diphenyl - ß,ß ' - dibenzoyldiethylbromonitro-
methane was prepared by the action of bromine on a cold 
methyl alcohol solution of II dissolved in sodium methylate. 
It was crystallized from a large volume of alcohol in the 
form of flat needles melting at 205-206°.

A n a l. Calcd. for C3iH2604NBr: Br, 14.4. Found:
Br, 14.4.

Preparation and Properties of Trimolecular Addition 
Products.5—-Unsaturated ketones obtained from anisal- 
dehyde and other substituted aldehydes were prepared 
and allowed to react with nitromethane. These additions 
went much less readily in many cases than with benzal­
acetophenone and it was necessary to work with dilute 
Solutions because of the insoluble character of the re­
actants. Consequently, only one substance was isolated 
as a rule. Non-symmetrical combinations were made by 
using I or similar compounds with unsaturated ketones of 
a different species. Thus benzalacetophenone was treated 
with the anisal compound corresponding to I. The re- 
verse combination was much less suitable, hardly changing

(5) T h e  trim olecu lar com pound from  benzal-/?-brom oaceto- 
p h en on e ob ta in ed  b y  K öh ler and W illiam s,4 w ho did  n ot g ive the  
m eltin g  p o in t, w as fou nd  to  con sist o f a m ixture o f isom ers, one 
so lu b le in  a lcoho l and  m eltin g  a t 1 5 1 -1 5 2 °; the other, crystallized  
from  to lu en e, m elted  a t  2 1 8 -2 1 9 ° .

after standing for three weeks in alcohol saturated with 
ammonia. No evidence of reaction was obtained with 
the ketone prepared from o-chloro or ö-nitrobenzaldehyde. 
This was also true using diethylamine or sodium methylate 
as a substitute for ammonia. The substances obtained 
were usually quite insoluble in alcohol, but crystallized 
from toluene or acetone-water mixture in small needles. 
When heated, these compounds melt with partial decom­
position. The primary addition products of nitromethane 
with anisal and piperonalacetophenone, used as inter­
mediates, have not previously been described. They 
were eventually obtained (Köhler’s method) as needles 
melting respectively at 50-51 ° and 94-95°. The analyses 
agreed with the formula in each case.

The primary addition products of nitromethane with 
anisal and piperonalacetophenone, used as intermediates, 
have not previously been described. They were event­
ually obtained (Kohler’s method) as needles melting re­
spectively at 50-51° and 94-95°. The analyses agreed 
with the formula in each case.

Summary
It has been shown that nitromethane in the 

presence of alcoholic ammonia can be combined 
with two equivalents of the same or different un­
saturated ketones of the benzalacetophenone type, 
producing nitro diketones.
M e d f o r d , M a s s . R e c e i v e d  J u n e  29, 1936
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The Reaction of Metal Halides with Acetylenic Grignard Reagents
By Jahrs P. Danbhy a n d  J. A. N i e u w l a n d

That particular type of reaction between a 
Grignard reagent and a metal salt which involves 
the reduction of the salt and the coupling of the 
organic radicals was first observed by Bennet and 
Turner,1 who treated phenylmagnesium bromide 
with chromic chloride in an attempt to prepare 
organochromium compounds of the type RCrCl2. 
However, they obtained diphenyl and chromous 
chloride in almost theoretical yields.
2CrCl3 4- 2C6H5M gBr---->

CeHö— C5H6 +  2CrCl2 +  2MgClBr
This reaction was extended by the original in­

vestigators and others,2 who showed that it is 
general for many types of Grignard reagents as 
well as for most metal salts which can be reduced 
to lower salts or, in the case of iron and silver, to 
the free metal. The intermediate formation of 
organometallic compounds is indicated by the 
work of Reich and of Krause and Wendt,3 who 
obtained phenyl-silver from phenylmagnesium 
bromide and silver halides. The phenyl-silver 
so formed underwent decomposition to silver and 
diphenyl. The ephemeral nature of such inter­
mediates is emphasized by Job and Champetier4 
who, working with ferric chloride and phenyl­
magnesium bromide, attempted unsuccessfully 
to isolate intermediate organoiron compounds 
but stated that their existence is probable, par- 
ticularly at low temperatures.

We have investigated the reaction between cer­
tain metal halides and acetylenic Grignard re­
agents in order, first, to determine whether or not 
the general reaction as just described is applicable 
to acetylenic Grignard reagents and, second, to 
seek corroborative evidence for the intermediate 
formation of organometallic compounds in reac­
tions of this type.

Results
It was found that the general reaction is ap­

plicable to acetylenic Grignard reagents and that 
the action of cupric bromide on acetylenic Grig­
nard reagents produces diacetylenes and cuprous

(1) Bennet and Turner, J. Chem. Soc., 105, 1057 (1914).
(2) Krizewsky and Turner, ibid., 115, 559 (1919); Sakellarios 

and Kyrimis, Ber., 57, 322 (1924); Gilman and Kirby, Ree. trav. 
chim., 48, 155 (1929).

(3) Reich, Compt. rend., 177, 322 (1922); Krause and Wendt, 
Ber., 56, 2064 (1923).

(4) Job and Champetier, Compt. rend., 189, 1089 (1929).

bromide in good yields. In the case of phenyl- 
acetylenemagnesium bromide the addition of the 
stoichiometric amount of cupric bromide resulted 
in the formation of diphenyldiacetylene with a 
yield of 72%. A small amount of phenylacetyl- 
ene was recovered from the hydrolyzed reaction 
mixture and the formation of no other products 
was observed.

When an equivalent amount of cupric bromide 
was added to w-butylacetylene magnesium brom­
ide at 25° dibutyldiacetylene was obtained in 60% 
yield. In addition to the expected product a 7% 
yield of 1-bromo-1-hexyne was obtained. It was 
found that if the n-butylacetylene magnesium 
bromide was cooled to — 5° by an ice-salt mixture 
and maintained at this temperature during the 
addition of the cupric bromide a 55% yield of di­
butyldiacetylene was obtained and the yield of
1-bromo-1-hexyne was increased to 14%. At­
tempts to further increase the yield of 1-bromo-1- 
hexyne by maintaining the n-butylacetylene mag­
nesium bromide at —33° (by immersing the reac­
tion vessel in liquid ammonia) were unsuccessful 
since at this temperature no reaction takes place 
appreciably, even after four hours.

When cupric chloride was added to w-butylacet- 
ylene magnesium bromide at 25° dibutyldiacetyl­
ene was formed with a yield of 35%. No 1-chloro-
1-hexyne was found but 5% of 1-bromo-1-hexyne 
was obtained in this case also. When cooling 
( — 5°) was used the yield of 1-bromo-1-hexyne 
was increased by 2% and the yield of dibutyl­
diacetylene was found to be 30%. Cupric chlo­
ride, like cupric bromide, does not react appre­
ciably with w-butylacetylene magnesium brom­
ide at —33°. Cupric bromide reacts with n- 
butylacetylene magnesium chloride to yield di­
butyldiacetylene (30%) and about 1% of 1- 
bromo-l-hexyne. Despite the Variation of halo­
gen in both Grignard reagent and salt no 1-chloro-
1-hexyne was formed in any experiment. The 
behavior of ferric chloride toward the acetylenic 
Grignard reagent was similar to that of the copper 
halides, the yield of dibutyldiacetylene at 25° 
being 50%.

In no cases were higher boiling residues left; 
#-butylacetylene not accounted for as dibutyldi-
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acetylene and 1-bromo-1-hexyne was recovered 
as w-butylacétylene.

Since substituted silver acetylides are stable it 
was believed that the action of silver bromide on 
an acetylenic Grignard reagent would give a 
stable silver derivative. When butylacetylene 
magnesium bromide was treated with the calcu­
lated amount of silver bromide the reaction prod­
uct was found to contain no dibutyldiacetylene 
whatsoever. Silver butylacetylide was obtained 
in 60% yield. This offers corroborative evidence 
that the first stage of reaction between a Grig­
nard reagent and a metal halide in the type of re­
action under consideration is the formation of an 
organometallic eompound and, if the organo­
metallic eompound is sufficiently unstable, de­
composition ensues.

Experimental
Materials.—The substituted acetylenes used in this 

work were prepared in liquid ammonia by the usual 
method. The metal halides used were of analytical re­
agent grade.

Preparation of Diphenyldiacetylene.—In a three- 
necked, one-liter flask equipped with a motor-driven, mer- 
cury-sealed stirrer, a reflux condenser and a dropping 
funnel, 0.4 mole of ethylmagnesium bromide was prepared. 
To this was added dropwise and with stirring 40 g. (0.4 
mole) of phenylacetylene diluted with an equal volume of 
ether. The contents of the flask were refluxed on a water- 
bath for two hours to expel all ethane. In eight small 
portions 90 g. (0.4 mole) of cupric bromide was added with 
rapid stirring. Vigorous reaction occurred after each ad­

dition. When almost all the cupric bromide had been 
added the precipitation of a large amount of fiocculated 
material occurred. It was found that the reaction was 
quite complete within fifteen minutes after the addition 
of all the cupric bromide; refluxing did not increase yields. 
Water was added slowly through the top of the reflux con­
denser until no further action occurred. The ether layer 
was .separated from the sludge of cuprous bromide, dried 
over calcium chloride and the ether was evaporated under 
diminished pressure. The non-volatile residue consisted 
of 29 g. of diphenyldiacetylene and 3 g. of phenylacetylene. 
The diphenyldiacetylene was recrystallized from the 
minimum amount of boiling ethanol; m. p. 87°; 72%
yield.

The technique was essentially the same for all experi­
ments except that the dibutyldiacetylene (b. p. 104° at 
8 mm.) and 1-bromo-1-hexyne (b. p. 46° at 26 mm.) were 
isolated by fractional distillation.

Preparation of Silver Butylacetylide.—The addition 
of 75 g. (0.4 mole) of silver bromide to the Grignard re­
agent made from 33 g. (0.4 mole) of w-butylacetylene re­
sulted in the formation of 46 g. of crystalline silver butyl­
acetylide (62% yield). The w-butylacetylene was re- 
generated from the silver butylacetylide by refluxing with 
twice the theoretical amount of aqueous potassium cyanide.

Summary
1. Acetylenic Grignard reagents react with 

cupric bromide, cupnc chloride and ferric chloride 
to yield diacetylenes predominantly and some 1- 
bromo-1 -alkyne.

2. Confirmatory evidence is given for the in­
termediate formation of organometallic com­
pounds in all reactions of this type.
N otre D a m e , I n d ia n a  R ec eiv ed  M ay  23, 1936

[ C o n t r ib u t io n  from  t h e  Chem ical  L aboratory  of th e  U n iv e r sit y  of I l l in o is]

Urethans as Local Anesthetics. III. Alkyl N-(8-Quinolyl) Carbamates
B y R. E. D amschroeder and  R. L. S h r in e r

A study of ^-aminophenyl urethans1 showed 
that these compounds possessed high local anes­
thetic power, but were very irritating to the tis­
sues. The irritation appeared to be associated 
with the ^-phenylenediamine grouping and not 
with the urethan structure.2 Since many differ­
ent types of substituted quinolines exhibit local 
anesthetic action,3 and are not especially irritat­
ing, it was thought that a combination of the 
quinoline nucleus with the urethan grouping would 
produce compounds with interesting pharmaco-

(1) Home, Cox and Shriner, T h is  J o u r n a l , 55, 3435 (1933).
(2) Ma and Shriner, ibid., 56, 1630 (1934).
(3) Hirschfelder and Bieter, Physiol. Rev., 12, 190 (1932); Mie- 

scher, Helv. Chim. Acta 15, 163 (1932),

logical properties. Accordingly, a series of ure­
thans derived from 8-aminoquinoline was pre­
pared. These particular quinoline derivatives 
were chosen because the derivatives of 8-amino­
quinoline, such as plasmoquin, are of value in treat­
ing malaria. Hence, these alkyl N-(S-quinolyl) 
carbamates would be of interest not only from a 
study of their local anesthetic action, but also be­
cause of the possibility of their antimalarial action.

8-Nitroquinoline was prepared by the Skraup re­
action and reduced to 8-aminoquinoline. Treat­
ment of the latter with alkyl chloroformates in 
the presence of saturated sodium carbonate solu­
tion produced the urethans,
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Since the bases were insoluble, they were con­
verted to the hydrochlorides which were used for 
the pharmacological tests.

Experimental
8-Nitroquinoline and 8-Aminoquinoline.—The proced­

ures described by Smith and Getz4 were followed. The 
average yield on six runs was 37% of 8-aminoquinoline, 
(based on the o-nitroaniline used) melting at 64-65° 
and boiling at 159-161° at 16 mm.

Alkyl Chloroformates.—The series of alkyl chloroform- 
ates was prepared from phosgene and the anhydrous alco­
hols according to the method of Adams, Kamm and Mar­
vel.5

Alkyl N-(8-Quinolyl) Carbamates.—Two methods were 
used in order to obtain the urethans. The first method 
consisted in adding a slight excess of alkyl chloroformate to 
an ether solution of 8-aminoquinoline. The mixture was 
vigorously stirred and the precipitate of 8-aminoquinoline 
hydrochloride was removed by filtration. The ether was 
distilled, and the residue recrystallized from. absolute alco­
hol. By this method only half of the 8-aminoquinoline 
was used to form the urethan, and difficulty was experi- 
enced in obtaining complete reactions, even though the 
mixture was stirred for several days. Better yields were 
obtained when the reaction was carried out in the presence 
of sodium carbonate.

A solution of 10 g. of 8-aminoquinoline in 75 cc. of ether 
and 75 cc. of saturated sodium carbonate solution was 
placed in a flask and stirred vigorously. A very slight 
excess of the alkyl chloroformate was added slowly. The 
mixture was stirred until a test portion of the ether layer 
failed to give a precipitate of 8-aminoquinoline hydro­
chloride upon addition of hydrochloric acid. The ether 
layer was then separated, dried with sodium sulfate and 
the ether distilled. After recrystallization from absolute 
alcohol the pure bases were obtained. The lower alkyl 
chlorocarbonates gave 80-90% yields, but the yields 
dropped as the alkyl group increased in size, so that the 
yield of the n-hexyl derivative was only about 10%. The 
properties and analyses are given in Table I. The n-amyl,

T a b l e  I

A lkyl  N -(8 -Q u in o l y l ) Carbam ates
Nitrogen analyses, %

Alkyl group M. p., °c. Mol. formula Calcd. Found
Methyl 61.5-62.5 CnHioOjsr, 13.84 14.05
Ethyl 66-67 C12H12O2N2 12.95 12.84
w-Propyl 58-59 CmH mOäN j 12.16 12.07
w-Butyl 40 C14H16O2N2 11.46 11.83
7-Butyl 69-70 C14H16O2N2 11.46 11.67
w-Amyl Oil C15H18O2N2
i-Amyl Oil C15H18O2N2
w-Hexyl Oil C16H20O2N2

(4) Smith and Getz, Chem. Rev., 16, 114 (1935).
(5) Adams, Kamm and Marvel, “Organic Chem. Reagents I,” 

Univ. of lil. Buil., 43, 42 (1919).

i -amyl and #-hexyl derivatives were oils which could not 
be crystallized. They were converted to the hydrochlo­
rides for analysis.

Hydrochlorides.—The urethans were dissolved in an­
hydrous ether and the solution saturated with dry hydro­
gen chloride. The hydrochlorides precipitated at once as 
amorphous solids or viscous oils which solidified on stir­
ring or standing. Recrystallization from absolute alcohol 
yielded the pure hydrochlorides as white or light yellow 
crystals. The salts hydrolyzed when dissolved in water 
and the free base precipitated. In order to obtain Solu­
tions for the pharmacological tests, it was necessary to 
add sufficiënt hydrochloric acid in order to prevent hy­
drolysis. The minimum normality of hydrochloric acid 
necessary to prevent Separation of the free base is shown 
in Table II along with the analyses.

T a b le  II
H y d r o c h lo r id e s  of  A lkyl  N -(8 -Q u in o l y l ) C a r b a m a t e s

Minimum N

Alkyl group
of HC1 for 

solution
M. p., °C. 

(dec.)
Chlorine analyses, % 

Calcd. Found
Methyl 0.05 199-201 14.86 14.83
Ethyl .09 165-166 14.04 14.02
w-Propyl .19 156-157 13.30 12.83
w-Butyl .35 146-149 12.63 11.98
i-  Butyl .7 155-165 12.63 12.33
n- Amyl 1.0 147-149 12.03 11.80
4-Amyl 1.0 149-152 12.03 11.72
w-Hexyl 1.0 145-147 11.50 12.21

Pharmacological Data
Through the courtesy of the Lilly Research 

Laboratories, the toxicity and local anesthetic ac­
tion of the compounds shown in Table II were de­
termined. The hydrochlorides were dissolved in 
the proper strength of hydrochloric acid, so as to 
obtain 1% Solutions which were used for the tests. 
A brief summary of the essential data is given in 
Table III.

T a b l e  III
P harm acological  A ction  of  H y d r o c h lo rid e s  of  

A lkyl  N -(8 -Q u in o l y l ) Ca r ba m a t es

Alkyl group

Toxicity
Mice—

intravenous, 
mg. per kg.

Anesthesia duration 
Rabbit Guinea 
eyes, pig skin 
min. min.

Irritation 
rabbit eyes 

and
rabbit skin

Methyl 65 None 56
Ethyl 200 24 46 Severe
w-Propyl 100 None None Severe
n Butyl 70 None None Severe
7-Butyl 50 None None Severe
n-Amyl 70 None None Severe
i- Amyl 60 None None vSevere
n~ Hexyl 250 None None Severe

Examination of the data in Table III  shows
that these quinoline derivatives are not especially 
toxic as compared to other anesthetics, but that 
their local anesthetic effect is very low or absent. 
The severe irritation is undoubtedly due to the 
fact that the Solutions tested were strongly acid.
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the pH being between 1 and 2. The tests against 
the malarial parasite are not completed.

Summary
The hydrochlorides of a series of alkyl N-(8- 

quinolyl) carbamates in which the alkyl group

was varied from methyl to n-hexyl were prepared 
and tested for their local anesthetic activity. The 
methyl and ethyl derivatives produced local 
anesthesia for a short time. All the compounds 
were irritating.
U rb An a , Il l in o is  R eceived  J u n e  15, 1936

[ Co n t r ib u t io n  from  the  D e pa r t m e n t  of  Ch em ist r y , T h e  C ity  College  of t h e  C olleg e  of the  C ity of N ew  Y o r k ]

The Binary System Potassium Dichromate-Sodium Dichromate

B y A l e x a n d e r  L eh rm an , H arry S elditch  and  P h ilip  S kell

The literature lists no determination of the 
liquidus curve of the system potassium dichro- 
mate-sodium dichromate. These are two fairly 
stable compounds having low melting points as 
compared with möst salts and there existed the 
possibility of a löw temperature eutectic mixture 
which could be used as a bath liquid. Further­
more as potassium dichromate has a transition 
point at about 240° the system offered the possi­
bility of detecting the formation of solid solution 
by a change in the transition point due to solid 
solution. Still further the melting point of so­
dium dichromate is recorded in the literature on 
the basis of a determination made in 1886.1 The 
report of this early work does not state the 
method of purification of the salt, nor the method 
of determining the melting temperature. It was 
thought advisable to measure it with more mod­
ern instruments.

In the work being reported the points on the 
liquidus curve were determined by two methods. 
The first was that of thermal analysis using 
copper-constantan couples and a Potentiometer. 
The second was that of observing the tempera­
ture on a thermometer when crystallization of a 
homogeneous melt started or when the last crystal 
of a previously melted and solidified mix disap­
peared. The melting point of sodium dichromate 
and the transition point of potassium dichromate 
were determined by thermal analysis using time- 
temperature and time-differential temperature 
curves.

Experimental
Materials.—The potassium dichromate was twice re­

crystallized from a filtered solution of the c. p. salt and 
then fused in an electric furnace which was kept just above 
the melting point of potassium dichromate. As potas­
sium dichromate expands on passing through its transition

(1) A. S tan ley , Chem. N e w s ,  54, 195 (1886).

point the tube containing the molten salt was tilted be­
fore solidification to an almost horizontal position to pre­
vent cracking of the tube when the expansion took place. 
On changing crystal form and expanding, the solid mass 
disintegrates and was poured from the tube as a coarse 
powder. In separating the crystals from the mother 
liquid and in subsequent handling care was taken to avoid 
contact with organic material.

Sodium dichromate was prepared from c. p. hydrated 
salt by recrystallizing twice after rejecting the first crop of 
crystals.2 The recrystallized hydrate was kept in a porce­
lain dish at 170° for eight hours in which time it was con­
verted to the anhydrous salt. It was then fused in Pyrex 
tubes set in a furnace which was maintained at a tempera­
ture just above the melting point. The molten salt was 
poured into a porcelain dish and the resulting solid ground 
to a powder and kept over phosphorus pentoxide.

The mixtures were made by weighing by difference, the 
weights being taken to the nearest centigram. The salts 
were poured from the weighing tubes directly into the Py­
rex test-tubes used for the determinations.

Apparatus.—The apparatus for thermal analysis con­
sisted of a cylinder of electrolytic copper 7.6 cm. in diame­
ter and 12.7 cm. high, having three drilled wells. Two of 
the wells held Pyrex test-tubes 2.5 X 20 cm., one of which 
contained the dichromates and the other shredded asbes­
tos. A thin layer of asbestos paper surrounded the test- 
tubes and ensured a small temperature difference between 
the salt and the copper block when the temperature of the 
block was changing. The third well, much smaller in 
diameter, held a chromel-alumel couple which was con­
nected with a milliv oltmeter graduated to read in degrees 
centigrade. This was used for the convenience of knowing 
the temperature of the copper block. The cylinder fitted 
snugly into a resistance furnace which was only slightly 
lagged. A rheostat and ammeter in series permitted con­
trol of the rate of heating and cooling.

The temperature meäsuring system consisted of two cop­
per-constantan couples (24 gage wire) combined in the 
well-known way to allow a reading of the temperature of 
the sample, and of the difference in temperature between 
the sample and the shredded asbestos hereafter referred to 
as AT. Leeds and Northrup Potentiometer indicators

(2) In con n ection  w ith  th is  see N ik itin a , T r a n s .  I n s t .  P u r e  R e-  
agents,  9, 161 (1930), and R ichards and K elley, T h is Jo u r n a l , 33 
847 (1911).
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were used to read the e. m. f . produced. A switch made it 
possible to read both the temperature and A T on the same 
instrument, but generally two Potentiometers were used. 
A second switch reversed polarity in the AT circuit. All 
leads were of the same copper wire as used in the couples 
and the switches were protected from radiation from the 
furnace. The cold junction was cracked ice in an unsil- 
vered Dewar flask. With these Potentiometers the e. m. f. 
could be estimated to 0.01 mv. for temperatures up to 313 °. 
For higher temperatures the scale allowed estimation only 
to 0.5 mv. It is our opinion that the error in reading the 
Potentiometer was within 0.2° on the lower scale and 
within 0.5° on the higher one. The same Potentiometer 
was always used for the temperature measurement. The 
couples were held in a shield of small bore Pyrex tubing.

Method.—The mixed salts in a Pyrex tube were inserted 
in the copper cylinder and the temperature raised to above 
the melting point. The couple in the guard tube was in­
serted into the melted salt, used to stir the liquid and then 
held in the center of the liquid by a cork stopper at the 
top of the tube. The rate of cooling of the copper cylinder 
was set as desired and readings taken every one-half or 
full minute of the temperature, and on alternate half or 
full minutes of A T when desired. The time-AT curve 
proved valuable in many cases, such as determining the 
transition point, and the eutectic temperature where the 
original mixture differed greatly from the eutectic mixture 
and the eutectic halt was of small duration.

The couple was calibrated against the boiling point of 
water, the melting point of Bureau of Standards tin and of 
twice crystallized potassium nitrate,3 and a curve of its 
deviation from the Standard curve of Adams4 was pre­
pared. The deviation curve was found to be a straight 
line and the melting point of potassium dichromate deter­
mined using this curve was 397.4°, which agrees with the 
value 397.5° found by Roberts.5 While the melting point 
of potassium dichromate is about 10° higher than the limit 
set for the copper-constantan couple by the Standard 
tables, it was considered justifiable to extrapolate through 
this short range.

There was no stirring during the cooling of the melts and 
supercooling generally took place. To find the tempera­
ture at which crystallization would have started had super­
cooling not occurred, the cooling curve after crystalliza­
tion had set in was extended back to its intersection with 
the cooling curve previous to crystallization. This point 
of intersection was taken as the initial crystallization point 
of the mix.

Sodium dichromate supercools much more than potas­
sium dichromate. In one case pure sodium dichromate 
supercooled 40°. There was usually considerable super­
cooling at the eutectic point as well as at the temperature 
of initial crystallization, so much so in many cases that 
when crystallization of the second solid finally set in the 
temperature was so low that the heat of crystallization 
was insufficiënt to bring the temperature up to the eutectic 
point, and many of the runs resulted in useless curves. In 
the range between 15 and 45% of potassium dichromate it

(3) 'T. C. T .,” Vol. I, p. 155.
(4) “Pyrometric Practice,” Bureau of Standards TechnoJogical 

Paper No. 170, p. 309.
(5) H. S. Roberts, Phys. Rev., 23, 386 (1924).

was impossible to get a melting point without stirring. 
Even inoculation by dropping in a crystal of sodium di­
chromate did not help as the rate of solidification was too 
slow. The melting point of 22.9% potassium dichromate 
was obtained by using the guard tube and the couple as a 
stirrer.

The melted dichromates form a very dark liquid, impos­
sible to see through to more than a few millimeters. Ac­
cordingly, for visual determinations of the temperature of 
initial crystallization, small Pyrex test-tubes were used as 
the Containers and of course smaller charges. With the 
thermometer inserted the liquid in the annular space was 
short in depth and with good light the appearance or dis­
appearance of the crystals could be observed. A thin glass 
rod was used to stir the mixture. The test-tube was sus­
pended in a kerosene lamp chimney and the flame of a Tir- 
ril burner kept a short distance below the lower end of the 
chimney.

A nitrogen-filled mercury thermometer (5 to 500°) was 
used. It was calibrated in the apparatus for the depth of 
immersion used in the dichromate mixtures against the 
copper-constantan couple used in the other portion of this 
work. The temperature of the appearance and disappear­
ance of the crystals could be found on repeated trials within 
a range of 2 °. Due to the stirring there was practically no 
supercooling,

Results,—Five determinations of the melting 
point of sodium dichromate using different batches 
of the purified compounds gave the following 
values: 356.4, 356.6, 356.9, 356.4 and 357.2°; 
average 356.7°. The error all things included is 
probably within =±=1.0°. This value of the melt­
ing point of sodium dichromate is 36° higher than 
that obtained by Stanley1 and chosen by the 
“I. C .T .”6 Table I contains the results of meas­
urements on the binary system obtained by ther­
mal analysis, Table II contains those obtained by 
the visual method. The values are plotted in 
Fig. 1.

T^ble I
M . P. of K2Cr207-Na2 Cr207 ( by T hermal A n a ly sis)

% K-Cr.Or •o 0 p Eutectic temp.
100.0 397.4
84.7 373 304
69.1 351 304.6
57.9 328 304
53.2 317 303
37.9 304.6
26.9 306
24.9 304
22.9 315 304.6
14.6 335
0.0 356.7

The transition point of pure potassium dichro­
mate was sharply shown by the AT  and cooling 
curves. The cooling curve itself gave only a

(6) ‘T. C. T .,” Vol. I, p. 152 (referred to in error as the m. p. of
Na2Cr!j07-2H20).
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T a b l e  II
M . P. of K 2Cr20 7 -N a 2Cr207 (V isual  M ethod-T hermome- 

ter)
% K2Cr2()7 M. p., °C. % KaCraO? M. p-, °<

85 872 45 311
.72 351 37 303
61 333 29 310
50 316 21 320

slight inflection. This was to be expected, pre­
vious workers having shown the heat of transi­
tion to be quite small.7,10,11 Two determinations 
on different batches of purified potassium dichro­
mate gave the values 241.3 and 242.0°; average, 
2414)° with an error probably within ±1.0°.

Fig. 1.—-Liquidus of the Na2Cr207-K 2Cr207 
System: A, visual m. p.; ©, m. p. by ther­
mal analysis.

This value is higher than any recorded in the lit­
erature and about 5° higher than the value chosen 
by the ‘ T. C. T. ”8 The most recent determination 
is that of Robinson, Stephenson and Briscoe.9 
They found the transition point to be 236.8° using 
a platinum resistance thermometer and 241 ° using 
a mercury thermometer. Their paper does not 
state the method of calibrating the resistance 
thermometer, nor of the purification of the potas­
sium dichromate. Earlier determinations are 
those of Schemtschuschny, trans. p. 236°,10 and 
Tammann, trans. p. 240°.11

No mixture of potassium and sodium dichro 
mates used in determining the liquidus curve gave 
any indication of passing through a transition

(7) Mitscherlich, Ann. Phys. Chem. Pogg., 28, 120 (1833).
(8) “International Critical Tables,“ Vol. IV, p. 8.
(9) Robinson, Stephenson and Briscoe, J. Chem. Soc., 127, 547 

(1925).
(10) Schemtschuschny, Z. anorg. Chem., 57, 267 (1908).
(11) Tammann, “Kristallisieren und Schmelsen,“ Leipzig, 1903, 

p. 262,

point between the eutectic temperature and room 
temperature. The AT  curve showed no break 
and furthermore the solid masses formed around 
the thermocouple guard tube could be slid up and 
down the test-tubes after room temperature had 
been reached. When pure potassium dichromate 
was used the tube cracked due to expansion on 
passing through the transition. Robinson, Ste­
phenson and Briscoe pointed out that the transi­
tion of potassium dichromate could be observed 
by dipping a rod into the molten salt, withdrawing 
the rod and letting it cool rapidly in the air.9 At 
the transition point the adhering salt changes 
color, swells and cracks into minute pieces which 
drop off leaving the rod clean. This phenomenon 
was used to find approximately the minimum con­
centration of sodium dichromate needed to pre­
vent the transition of potassium dichromate. A 
10% sodium dichromate on cooling on the rod be­
came lighter in a few spots, but the change in 
color did not travel through the mass, as it does in 
pure potassium dichromate. A 5% sodium di­
chromate mixture on cooling turned lighter 
throughout, the color change traveling slowly. 
The resulting mass however adhered to the rod 
though it crumbled off easily when touched.

Cooling and AT  curves were determined for the 
5% and a 2.3% sodium dichromate mixture. The 
tube containing the 5% mixture cracked when the 
temperature reached 202° but the curves did not 
indicate the position of a transition point. The 
2.3% mixture in one run cracked the tube at 215° 
and gave a slight but inconclusive break in the 
A T  curve at 221 °. A second run on the same mix­
ture did not result in a cracked tube and gave no 
break in the AT curve.

Discussion
This binary system is of the simple eutectic 

type. That no extensive solid solution takes 
place is shown by the presence of a eutectic halt 
for mixtures far removed in composition from the 
eutectic mixture.

The results of efforts to measure a change in 
the transition point of potassium dichromate due 
to possible solid solution are inconclusive. Prob­
ably a slight amount of solid solution takes place 
which lowers the transition temperature and also 
slows the rate of transition.

That the transition point of pure potassium 
dichromate obtained in this work is higher than 
the values obtained by previous investigators is
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due probably to its detection by a differential tem­
perature curve. It should be pointed out that 
one temperature used in standardizing the ther­
mocouple was 231.9° (m. p. of Bureau of Stand­
ards tin) which is quite close to the temperature 
of the transition in question.

Résumé
The liquidus curve of the binary system potas­

sium dichromate-sodium dichromate has been de­
termined. It is of a simple eutectic type.

The melting point of sodium dichromate and 
the transition point of potassium dichromate have 
been redetermined.

The effect of the presence of sodium dichromate 
on the transition point of potassium dichromate 
has been noted.
N ew  Y ork, N. Y. R eceived Ju n e  18, 1936

[Contribution  from the Chemical Laboratory of the U niversity  of R ochester]

A Study of the Heat Capacity of Aqueous Solutions of Barium Chloride

B y  Ch ester  M . W h ite

Thomsen1 measured the specific heat of 
barium chloride Solutions at 18° while some years 
later Marignac2 reported values at 24.5°. More 
recently Urban3 has determined the specific heat 
at several temperatures for a number of Solutions. 
Also Tippetts and Newton4 have made e. m. f. 
measurements on barium amalgam cells at several 
temperatures from which differences in partial 
molal heat capacities may be calculated. By an 
indirect method Richards and Dole5 have prob­
ably obtained the most precise data for barium 
chloride Solutions, although the precision of their 
experiments is somewhat in doubt. Specific heats 
were redetermined for these Solutions to provide 
precise results by the direct method. They will 
be useful as a test of recent theories of strong 
electrolytes for higher valence salts. The meas­
urements were made with a twin adiabatic cal­
orimeter.6 While the general design of the ap­
paratus was similar to that of Gucker,7 the pre­
cision was of the order of 0.02%. This paper will 
stress the changes which were made in the con- 
struction and Operation of the calorimeter to in­
crease the precision to 0.01%.

Experimental
Modified Apparatus.—Figure 1 shows the construction 

of one of the calorimetric units. A threaded joint was used 
to secure the calorimeters in place. Internally threaded

(1) Thomsen, “ Thermochemische Untersuchungen,“ Leipzig, 
1882.

(2) Marignac, “ Oeuvres Complètes,“ Eggiman, Geneva, Vol. II, 
1902, p. 624.

(3) Urban, J. Phys. Chem., 36, 1108 (1932).
(4) Tippetts and Newton, T h is  J o u r n a l , 56, 1575 (1934).
(5) Richards and Dole, ibid., 51, 794 (1929).
(6) Unpublished work of Hess and Gramkee; see B. E. Gramkee, 

Master's Thesis, University of Rochester Library, 1930.
(7) Gucker, T h is  J o u r n a l , 50, 1005 (1928).

collars (A) and externally threaded rings (B) were cast of 
brass. These were sweated to the original annular rings 
(C) which were secured permanently to the studs on the 
calorimeter cover by four special nuts (D). Originally the 
calorimeters were sealed to the annular rings, but the 
ground joint was not water tight after being in use two 
years. A coating of litharge and glycerol was placed be­
tween the calorimeter cover and the ring so that the joint 
would be water tight. A coating of de Khotinsky cement 
(E) was placed around the outside of the joint as a further 
protection. The Dewar jars (F), which served as calorime­
ters, were sealed to thè rings by litharge and glycerol.

After this mixture was dry, a 3.2-mm. coating of Bakelite 
cement (G) was applied above and below the litharge seal. 
After baking for a week at 60°, several coatings of Bakelite 
varnish were applied. The threads were lubricated with a 
water-proof grease, since the entire unit was submerged in 
water. The joint was entirely water tight during the en­
tire series of measurements. A flat gasket (I) of soft rub­
ber was fitted into the top of the collar so that the vapor
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space in the calorimeters was fairly tight. Thus the 
method of securing the calorimeters in place was modified 
without dismantling the apparatus.

The calorimeter heaters were made along the same gen­
eral plan as before. The heating elements were made of 
No. 30 bare constantan wire. At the ends of this wire 
3.2-cm. pieces of No. 28 copper wire were soldered, to 
which the lead wires (No. 18 bell wire) were soldered.s 
The wire was wound bifilar on a slotted strip of mica. 
Thin protecting pieces of mica were tied with thread to the 
slotted strip and the whole was slipped into the case of the 
heater. The case was flattened and closed with a small 
amount of solder. The case8 9 was of thin copper chromium 
plated. A copper sleeve (H) was soldered to the neck of 
the heater. There was a shoulder inside the sleeve to 
support the Pyrex tube through which the lead wires ran. 
Asbestos fibers were packed around the bottom of the 
tube and a layer of litharge and glycerol poured over them. 
When this was dry, a layer of Bakelite cement was applied. 
The insulation resistance of the heaters was measured by 
the Meggar.10 Both heaters showed an infinite resistance 
between the case and either lead wire. The insulation re- 
sistances of the thermels were tested in the same way. 
The difference thermel (24 junctions) had an infinite re­
sistance while the two adiabatic thermels (8 junctions 
each) showed resistance greater than 10 megohms.

In order to obtain an increased sensitivity without dis- 
turbing the thermels, Leeds and Northrup supplied a gal­
vanometer with about five times the sensitivity of the 
original galvanometer but with the same damping resis­
tance. The sensitivity with the difference thermel in 
series was 1.8 cm. pv (or 0.0Q006°/mm.). Since this gal­
vanometer was more sensitive to vibrations, the simple 
Julius suspension was replaced by the improved type of 
Brevoort.11 The entire suspension was enclosed by a double 
wall of shellacked paper to protect it from air currents.

It was found necessary to increase the speed of the 
calorimetric stirrers from 138 to 250 r. p. m. in order to es- 
tablish thermal equilibrium in a relatively short time, 
fourteen minutes.

A large capacity Becker balance, which had a sensitivity 
of 3 mg. per scale division at 2000 g., was available for all 
but a few runs.

Materials, Constants, Molecular Weights, etc.—Baker
c. P. barium chloride was used to make the Solutions. The 
salt which was dehydrated at 120 012 was always kept in the 
oven except when preparing the Solutions. The usual pre- 
cautions were taken in weighing the anhydrous material. 
A definite quantity of salt was added to a weighed amount 
of distilled water in the solution calorimeter. In some 
experiments a solution was weighed directly in the solution

(8) T his procedure, w hich  h as  been  used p rev iou sly  b y  (a) R and all 
and R ossin i, T h is  J o u r n a l , 51, 326 (1 9 2 9 ), an d  (b) G ucker and  
Schm inke, ibid., 54, 1358 (1 932 ), sim pHfies th e  con stru ction  of th ese  
heaters.

(9) T he cases w ere th o se  used  in  th e  co n stru ctio n  o f th e C enco  
L agless K n ife H eaters and  w ere sup p lied  b y  th e  C en tra l Scientific 
C om pany. T heir len g th  w as cu t  to  a b o u t 12.7 cm .

(10) T he author is  in d eb ted  to  th e  P h y s ic s  D ep artm en t of th e  
U n iversity  of R och ester  for th e  loan  of th is  instru m en t.

(11) B revoort, U . S. B ureau  of M ines, R ep ort of In vestiga tion s  
N o . 3086.

(12) “ Intern ation a l C ritica l T ab les ,"  M cG raw -H ill Book C o.,
Inc., N ew  Y ork, 1928.

calorimeter. Its molality was determined by weighing the 
silver chloride residues and also by weighing the anhydrous 
salt after evaporation of the water. The results of these 
1 wo methods were in good agreement.

The lithium chloride was Baker c. p. material. It was 
recrystallized three times from distilled water but was not 
analyzed for alkali chlorides.13 The solution was made up 
and analyzed by weighing the silver chloride residues.

The molecular weight of barium chloride was calculated 
from the 1934 International Atomic Weight.14 The heat 
capacities are expressed in 15° calories. The specific heat 
of water at 25° in 15° calories is taken as 0.9979.

Experimental Procedure.—In these experiments a 1° 
temperature interval was employed. The Beckmann 
thermometer was used to measure the rise in temperature. 
As a result of a careful comparison with a thermometer 
standardized by the Bureau of Standards, suitable correc­
tions were applied to the total rise in each determination. 
The fore and after drifts, which were followed for forty 
minutes, were plotted in the usual way and a straight line 
was fitted to the linear portion of each drift by the method 
of averages.15 The equations were used to extrapolate the 
drifts to the middle of the heating period. Equilibrium 
was usually established in 14 =*= 4 min. for the after drifts 
following the cessation of the input of electrical energy. 
The atmospheric conditions were recorded for the purpose 
of reducing the weight of water in the solution calorimeter 
to the vacuum basis.

Water Standardization and heat capacity runs were made 
at 24.5 and 25.5°. The specific heat in 25° calories was 
obtained by averaging the specific heat at 24.5 and 25.5° 
(in 24.5 and 25.5° calories). The averaged value was 
translated to 15° calories. Thus in each run the specific 
heat at 25° depends on two separate determinations (24.5 
and 25.5°) and more confidence may be placed on the ex­
trapolation of the drifts.

The tare always contained 700 g. of water (uncorr.). It 
would be better theoretically to correct the weight of water 
in the tare, but since the correction factor presented some 
difficulty, no account was taken of the change in the weight 
with atmospheric conditions. The maximum effect on the 
specific heat amounted to less than 0.003% in one experi­
ment. The results at 24.5 and 25.5° are plotted in Fig. 2. 
The radius of the circle for each point represents a devia­
tion of 0.005%. The weight of water in the solution 
calorimeter varied from 704 to 706 g. (uncorr.). The data 
at each temperature were fitted to a linear equation by the 
method of least squares. The equation was of the form

W  = A +  B AG
where W  is the weight of water and AG is the deflection of 
the galvanometer in cm. No runs were omitted at 24.5° 
while one run was cast out at 25.5° since its deviation was 
greater than four times the average deviation. The con­
stants and the probable error at each temperature are 
given in Table I. The curves shown in Fig. 2 were deter­
mined by least squares.

(13) Gucker and  S chm inke sta ted  th a t  th is  procedure d im in ishes  
th e q u an tity  of sodiu m  and p otassiu m  chlorides to  such am ou nts th at  
th ey  h ave a neglig ib le effect on  th e  specific h eat.

(14) T h is  Jo u r n a l , 56, 753 (1934).
(15) D aniels, “ M ath em atica l P reparation  for P h ysical C hem is­

try ,"  M cG raw -H ill B ook  C o., Inc ., N ew  Y ork, 1928.
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T a b l e  I

25.5 
33

705.933 
0.049 

.006

During the salt measurements a Standardization run was 
made occasionally to test the integrity of the apparatus.

The apparatus in its original form had checked some of 
Randall and Rossini’s data to 0.01%. Since several 
changes had been made in the construction and the Opera­
tion of the calorimeter, it seemed advisable to compare the 
results of the modified apparatus with the recent precise 
results of Gucker and Schminke on lithium chloride Solu­
tions. The results in 25 ° calories are recorded in Table II.

T a b l e  II
S u m m a r y  o f  R e s u l t s  f o r  LiCl S o l u t i o n s  a t  25 °, M o l a l ­

i t y  0.0492
Sp. h eat,

S o ln ., 
Expt. g.

A G (24.5) A G (25.5) 
cm .

c a l . 25
d e g .“ 1 g .“ 1 $ #  (c a lc d .)

R 2 707.735 - 0 .3 6 -0 .3 9 0.99717 -1 4 .8 -1 4 .5
R 3 707.735 -  .06 -  .70 .99717 -1 4 .8
R 4 707.735 -  .40 -  .20 .99722 -1 3 .8
R 5 707.742 -  .40 -  .14 .99724 -1 3 .3

The average deviation for these runs is 0.003% and they 
check the curve of Gucker and Schminke to 0.003%, which 
is about half of his precision. Thus the results are in good 
agreement with Gucker's precise measurements. These 
determinations were performed after the work on barium 
chloride was completed so that they constitute an added 
check on their reliability.

Experimental Results
The specific heats for barium chloride Solutions 

are summarized in Table III. The experiments 
are numbered in chronological order. All weights 
are in  vacuo. The averaged value of AG^ is re­
corded in Table III for a one degree rise. The 
average difference between A6 A.5 and AG25.5 is
1.5 mm. The maximum difference amounts to
6.9 mm. in one run. The empirical equations 
were used to calculate the equivalent weight from
AG. The apparent molal heat capacity as well 
as the specific heat is tabulated. The maximum 
deviations from the nomina! temperature of 
25.00° change the specific heat by ±0.001% in 
three runs. One run was discarded from each of 
the series D  (out of 3), K (out of 4) and M (out 
of 4), while three were discarded from series N 
(out of 6 ). In each case the average deviation 
was greater than four times the average with the 
questionable run omitted. As far as was known, 
nothing went wrong during these determinations 
but it was feit that the}̂  should be discarded for

W a t e r  S t a n d a r d i z a t i o n  S u m m a r y

Temperature, °C. 24.5
No. of runs 32
Water equivalent (A), g. 705.901
Sensitivity (B/10), g./mm. 0.048
Probable error, % . 007

the above reason. The concentration of all these 
runs except D was below 0 . 0 1  molal.

Fig. 2.—Calibration curves.

The so-called ‘‘evaporation error,” which re­
sults from the Substitution of a salt solution for the 
water in the solution calorimeter, depends on the 
lower vapor pressure and greater density of the 
salt solution. Because of the lack of vapor pres­
sure measurements over a temperature range, it is 
difficult to correct for this effect in the case of 
barium chloride Solutions. For an approximate 
calculation the vapor pressure lowering and den­
sity data in the “International Critical Tables” 
were used. The volume of the air space above the 
liquid level in the calorimeter was estimated at 
265 cc. This error influenced the specific heats 
by about 0.003% at 0.5 molal. Thus, the above 
heat capacities need not be corrected for this ef­
fect.

The temperature difference for the two calor­
imeters was noted just before the heating. current 
was stopped. It was usually about 0.007°, which 
compares favorably with Gucker’s value of
0.005°.7

Two series of measurements were made at 0.12 
molal (P and Q). The Q series was made by 
direct weighing of the salt in the usual manner, 
while in the P series an analyzed solution was 
weighed out directly in the solution calorimeter. 
While the values differ by slightly more than
0 .0 1 % the average deviations are about large 
enough to account for this difference. Thus, it 
makes no difference by which method the solution 
is prepared.
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T a b l e  III
S u m m a r y  o f  R e s u l t s  f o r  B a r i u m  C h l o r i d e  S o l u t i o n s

Sp. h eat,
A v. A G 2 5 , cal.i6

E xp t. M o la lity S o ln ., g. cm . d e g .“ 1 g .“ 1 $
N3 0.0030 706.668 + 0 .4 9  0.99717 -3 5 .8
N4 .0030 706.668 +  .37 .99709 -6 2 .5
N5 .0030 706.675 +  .46 .99714 —45.8
M l .0050 706.965 +  .06 .99646 - 7 6 .8
M2 .0050 706.986 +  T l .99649 - 7 0 .8
M3 .0050 706.979 +  .18 .99652 -6 5 .0
LI .0072 707.272 -  .07 .99593 -6 0 ,0
L2 .0072 707.272 +  .01 .99599 - 5 7 .9
L3 .0072 707.272 -  .06 .99594 -6 4 .8
KI .0080 707.403 +  .02 .99581 -5 4 .0
K2 .0080 707.403 -  .19 .99571 -6 6 .5
K3 .0080 707.410 -  .02 .99572 -6 5 .3
K4 .0080 707.410 -  .07 .99579 - 5 7 .8

J1 .0090 707.556 -  .12 .99552 -5 7 .4
J2 .0090 707.557 -  . 1 0 .99552 -5 7 .4
J3 .0090 707.550 -  .25 .99543 - 6 7 .4
J4 .0090 707.543 -  . 1 0 .99554 -5 5 .2
11 . 0 1 0 0 708.184 +  .56 .99509 -7 3 .9
12 .0100 708.198 +  .60 .99510 -7 2 .9
13 .0100 708.198 +  .50 .99503 -7 9 .9
14 .0100 708.205 +  .77 .99521 -6 1 .7
H l .0200 708.670 - 2 .4 0 .99237 -7 0 .1
H2 .0200 708.677 - 2 .2 2 .99250 -6 3 .5
H3 .0200 708.677 - 2 .2 7 .99246 -6 5 .6
H4 .0200 708.670 - 2 .1 0 .99258 -5 9 .5
01 .0200 708.670 - 2 .4 9 .99232 - 7 2 .6
02 .0200 708.670 - 2 .5 3 .99229 -7 4 .1
Al .0300 711.143 -1 .2 5 .98971 -6 7 .3
A2 .0300 711.122 - 1 .1 9 .98979 -6 4 .6
A3 .0300 711.115 - 1 .2 2 .98979 -6 4 .6
BI .0500 715.087 - 0 .9 2 .98449 -6 3 .3
B2 .0500 715.087 - 1 .0 7 .99438 - 6 3 .5
Cl .0700 719.056 - 0 .6 5 .97923 -6 2 .9
C2 .0700 719.049 -  .79 .97914 - 6 4 .2
D l .1000 725.524 +  .85 .97150 - 6 1 .8
D3 . 1000 725.524 +  .81 .97148 -6 2 .0
PI .1200 729.520 -  .92 .96630 -6 2 .1
P2 .1200 729.521 - 1 .0 9 .96634 -6 1 .7
P3 .1200 729.528 - 0 .9 6 .96625 - 6 2 ,5
P4 .1200 729.506 - 1 .1 8 .96642 -6 1 .1
Q1 .1196 729.512 +  1.24 .96645 -6 1 .6
Q2 .1199 729.505 +  1.19 .96643 -6 1 .2
03 .1199 729.512 +  1.28 .96648 -6 0 .8
04 .1199 729.512 +  1.43 .96658 -5 9 .9
El .1499 734.987 +0.81 .95896 -6 0 .0
E2 . 1499 734.980 +  ,91 .95904 -5 9 .5
F1 .1999 744.498 +  1.32 s94705 — 57.2
F2 . 1999 744.483 +  1.40 .94712 - 5 6 .8
G1 .2998 762.558 + 0 .47 .92585 -5 3 .8
G2 .2998 762.565 +  .59 .92559 -5 3 .5

Discussion
An equation was fitted to the heat capacities 

b y  the method of least squares. In dilute solu­

tion a given error in the specific heat produces a 
large percentage error in <Ê>, but the error rapidly 
diminishes as the concentration increases. It 
was feit that this difficulty would be largely elimi­
nated if the curve was fitted to the ACP values, 
since ACP is defined as m  <ï>.16 The following 
equation was obtained

$ *  -73.46 +  36.1 i»Vi
with a probable error of 0.007%. An inspection 
of Fig. 3 will show the magnitude of the devia­
tions of the experimental points from the empiri­
cal equation. The average value at each con­
centration and the empirical equation are plotted 
in Fig. 3. The dotted lines indicate an error of
0.01% from the straight line. The apparent 
molal heat capacities are adequately represented 
by the linear equation. The dotted lines indi­
cate that large percentage errors in $ occur below
0.01 molal. Several determinations were made 
at the same concentration for these very dilute 
Solutions in the hope that the average value would 
yield some information as to the shape of the curve 
in this region. Since the results fall within the
0 .0 1 % band in a fairly random manner, they are 
in agreement with the linear equation.

It is a simple matter to calculate the partial 
molal heat capacity of the solvent and the solute 
from the empirical equation for <ï>. The neces­
sary thermodynamic equations which connect 
with Cp2 and CPl are given by Randall and Ros­
sini. CP2 curve is also plotted in Fig. 3.

The results of Richards and Dole (recalculated 
to cal.15) are plotted in Fig. 3. This calculation 
was unnecessary for comparison with the present 
data, since the correction amounts to 0.003% at
0.3 molal. It reaches 0.007% at 1.0 molal. Their 
heat capacities were calculated from heats of di­
lution and specific heat measurements at two 
temperatures by the Person-Kirchoff relation. 
The curve for these results as drawn by Rossini17 

has a definite curvature at the higher concentra­
tions. Richards and Dole pointed out in their 
paper that the specific heats of the BaCWOOH^O 
might be in error by 0.05 to 0.1%. An error of
0 .1 % in the heat capacity of this solution would 
cause an error of 0.05% in the calculated specific 
heat at BaCl2*2 0 0 H20 . Therefore as the Solu­
tions become more dilute the original error de­
creases. If the procedure is reversed, an error of

(16) T h is m ethod  of trea tm en t w as d eveloped  several years ago  
in  connection  w ith  an unpublished  research on th e  specific h eat of 
sodium  chloride Solutions.

(17) R ossin i, B u r .  S ta n d a r d s  J ■ Research , 4,  313 (1930).
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0.1% in BaCl2*100H20  will cause an error of
0.2% in BaCl2'50H2O. This is their most con­
centrated solution. The curvature is estab­
lished by the results at BaCl2-50H2O and BaCl2-- 
100H2O, which are the least precise. Therefore 
their data were fitted to a linear instead of a para- 
bolic equation by the same procedure as mentioned 
above. The following equation was obtained 

$  =  -74.36 +  35.5m xh
with a probable error of 0.013%. This equation 
as well as the individual runs of Richards and 
Dole in dilute solution are 
in good agreement with the 
present data. The results 
of Marignac check the equa­
tions to about 0.1%, while 
the data of Urban show 
differences of the order of
0.5%.

Recently Tippetts and 
Newton reported relative 
partial molal heat contents 
which compared favorably 
with the values of Richards 
and Dole. Their CP 2 ~  
values, however, did not 
agree with those calculated 
from Richards and Dole’s 
or the present empirical 
equation. In Table IV 
values at several concentra­
tions are compared for the 
three methods. It is evi­
dent that the e. m. f. meas­
urements merely indicate 
the order of magnitude of the results—a fact 
which Tippetts and Newton recognized.

T a b l e  IV
A C om pa r iso n  o f  Cp2 Cvi V a l u e s  from  T h r e e  S ources

M o la lity
H eat

cap acities

H e a t cap acities  
and h eats  
of d ilu tion E. m. f.

0.1 17.1 16.8 74
.3 29.7 29.2 96
.5 37.7 1 0 0

1.0 53.3 91

The e. m. f. measurements usually agree more 
closely with the calorimetric values than in this 
case.18 The extrapolation of the e. m. f.\s to 
infinite dilution is eliminated when the results are 
expressed as (CP2 — CPi) m = 0.o5- While some­
what better agreement is obtained by this proce-

(18) H arned and H ecker, T h is J o u r n a l , 55, 4838 (1933).

dure, the e. m. f. values still differ by a factor of 2.
In Table V the slope of curve for barium 

chloride is compared with the limiting value as 
predicted by the Debye-Hückel theory8a and the 
modified form which was put forth by La Mer 
and Cowperthwaite.19 It is also interesting to 
compare the slopes of biunivalent and unibivalent 
salts. Present theories predict the same slope 
for both valence types. The values of sodium 
and potassium sulfate in the table were deter­
mined by Randall and Rossini.

T a b l e  V

C o m pa r iso n  of  t h e  S l o pe  of  t h e  P a r t ia l  M o l a l  H e a t  
C a pa c it y  C u r v e s  w it h  t h e  L im it in g  V a l u e s

D eb y e— L a  M e r  an d
BaC la N a2S04 K 2SO 4 H ü ck el C o w p er th w a ite

54 76 62 31 69

The slopes of the three salts merely show the same 
order of magnitude, since the differences greatly 
exceed the precision of measurement. The bar­
ium chloride slope seems to agree with limiting 
value somewhat closer than the 1-2 salts and other 
uniunivalent electrolytes where the slopes are 
about three times the limiting value. Gulbran- 
sen and Robinson20 have suggested that the

(19) L a  M er and C o w p erth w a ite , ibid., 55, 1004 (1 9 3 3 ).
(20) G u lb ran sen  and  R o b in so n , ibid., 56, 2637 (1 9 3 4 ) . T h e  

d ilu tio n  m ea su rem en ts  o f th ese  au thors for sod iu m  ch lo r id e  h a v e  
beeu reca lcu la ted  re cen tly  b y  Y ou n g  and G roenier, ibid., 58, 187  
(1936 ). T h e ir  va lu es  o f th e  s lop e differ from  th e th e o r y  by 5% .

Fig. 3.—Apparent molal heat capacity (#) and partial molal heat capacity (Cp2) of 
barium chloride Solutions.
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rather good agreement for sodium chloride Solu­
tions with the La Mer and Cowperthwaite modi­
fication is “largely fortuitous.” Because of the 
uncertainty in f(D T ) there is probably an error of 
15 calories or more in the limiting value for a
2-1 salt. Although the present results were ex- 
tended to 0.003 molar, the slope as given by the 
least squares is determined by runs in relatively 
concentrated Solutions, where the theory is not 
applicable. As far as these theories are concerned 
specific heat measurements apparently cannot be 
used to verify the limiting law. When a theory 
is proposed for relatively concentrated Solutions, 
the heat capacity data should be of value.

The author wishes to express his appreciation to 
Dr. A. A. Sunier for many helpful suggestions 
during the course of this work.

Summary
1. A twin adiabatic calorimeter was used to 

measure the heat capacity of barium chloride 
Solutions from 0.003 to 0.3 molal at 25° with a 
precision of better than 0.01%.

2. The apparent molal heat capacity of the 
salt plotted against the square root of the 
molality follows the usual linear relationship. 
An empirical equation is given from which 
the apparent heat capacity and partial molal 
heat capacity of the solute, and the partial 
molal heat capacity of the solvent may be com­
puted.

3. The present data have been shown to be in 
satisfaetory agreement with the results of indirect 
determinations.
R ochester , N. Y. R e c eiv ed  M ay  18, 1936

[A C o n t r ib u t io n  fr o m  t h e  Chem ical  L aboratory  of t h e  U n iv e r sit y  of R oc h ester ]

A Study of the Heat Capacity of Aqueous Solutions of Urea and Mannite
By Ch ester  M. W h ite

Several investigators have studied the specific 
heat of Solutions of electrolytes in a precise man­
ner. Richards and his co-workers1,2 have pre­
sented precise values for some weak electrolytes, 
but substances which are strictly non-electrolytic 
have been largely neglected in recent years. 
Some semi-precision results on amino acids were 
reported recently by Zittle and Schmidt.3 The 
determinations reported in this paper were made 
with a view to supplying specific heats for such 
Solutions with a precision of =‘=0.01%. The pres­
ent work will be concerned with aqueous Solutions 
of urea and mannite from 0.01 to 1.0 molal. 
Many years ago Magie4,5 determined specific 
heats for both of these Solutions at several con­
centrations. The precision of his experiments 
was believed to be about 0.05%. Recently Fun­
zel, Burian and Haas6 reported heat capacities at 
several temperatures for urea Solutions from heats 
of dilution. Their precision was placed at ±0.1%. 
Apparently no other workers have reported meas­
urements for urea or mannite Solutions.

The experiments were performed with a pre-
(1) Richards and Gucker, T h is  J o u r n a l , 51, 712 (1929).
(2) Richards and Mair, ibid., 51, 740 (1929).
(3) Zittle and Schmidt, J. Biol. Chem., 108, 161 (1935).
(4) Magie, Phys. Rev., 9, 65 (1899).
(5) Magie, ibid., 13, 9.1 (1901).
(6) Funzel, Burian and Haas, Z. Elektrochem., 41 , 419 (1935).

viously described twin calorimeter.7,8 No changes 
were made in the construction or method of O p ­

eration of the calorimeter. The reader is referred 
to the previous paper for a complete descrip­
tion of the apparatus and the experimental tech­
nique.

Materials
Merck and E. K. Co. urea was used. I t was twice re­

crystallized from methanol. After pulverizing, it was 
dried for two weeks at a temperature which was always 
maintained below 55° so that ammonium cyanate would 
not be formed. Shnidman and Sunier,7 8 9 who had highly 
purified some urea for solubility determinations, kindly 
supplied the author with some of this material. The runs 
at 0.125 molal were made with this urea. Since these ex­
periments were in satisfaetory agreement with the other 
determinations, the above method of purification was suffi­
ciënt for specific heat work.

The mannite, which was Pfanstiehl product, was thor­
oughly dried for all the runs. For some of the experiments 
it was recrystallized from distilled water and dried to con­
stant weight at 130°. The experiments in which the puri­
fied mannite was used showed no substantial deviations 
from the other runs. The urea Solutions were prepared 
by adding a known amount of solute to the solution cal­
orimeter, which contained a weighed quantity of distilled 
water. Since a noticeable cooling effect takes place on the 
solution of mannite above 0.2 molal, the concentrated

(7) White, T h is  J o u r n a l , 58, 1615 (1936).
(8) Unpublished work of Hess and Gram kee.
(9) Shnidman and Sunier, J • Phys. Chem., 36, 1232 (1932).
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Solutions h a d  to  be p rep ared  in  a  flask an d  a  portion  of th is 
solution w as w eighed in  th e  so lu tion  calorim eter.

Experimental Results
In Tables I and II the results are summarized 

for the urea and mannite Solutions. The devia­
tions from 25.00° were such that no corrections 
to the specific heat were necessary. The experi­
ments are numbered in chronological order. All 
weights are on the vacuum basis. The 1935 
atomic weights were used. The molality is ex­
pressed in moles per 1000.0 g. of water. AG is 
the galvanometer deflection which corresponds to 
a 1° rise. The average of AG24.5 and AG25.5 is 
given in the table. These two values differed by
1.4 mm. on the average. The maximum differ­
ence amounted to 6.6 mm. in one run. The 
equivalent weights of water were calculated from 
the empirical equations given in the previous 
paper.7 Water standardizations were made fre­
quently during the course of the experiments. 
These runs did not show deviations greater than 
=±=0.01% from the linear equations. The specific 
heats are given in 15° calories. The specific heat 
of water was taken as 0.9979 at 25°. The appar­
ent molal heat capacity 4> was calculated in the 
manner described by Randall and Rossini.10 The

T a b le  I
S ummary of R esu lts  fo r  U rea  S olutions

Sp. heat,
Expt.

no. Molality
Solution,

g.
Av. AG25, 

cm.
cal. is

deg.“* g.“1 $
6A 0.0100 705.635 - 1 .2 4  0.99745 F14.8
B .0100 705.635 -1 .3 8 .99735 F  4.8

5A .0300 706.186 - 0 .9 0 .99691 F26.8
B .0300 706.186 -  .93 .99688 F25.8

IA .0500 706.819 -  .85 i99604 F22.6
B .0500 706.819 -  .78 .99609 F23.6

2A .1000 707.928 -1 .2 6 .99420 F21.2
B .1000 707.928 - 1 .2 9 .99420 F21.2

11A .1250 708.990 -0 .9 0 .99296 F20.0
B . 1250 708.997 -  .82 .99301 F20.4

3A .1522 709.626 -  .80 .99214 F21.7
B .1522 709.640 -  .68 .99221 +22.2

4A .1998 711.147 ~  .40 .99029 F21.3
B .1998 711.140 -  .31 .99037 F21.7

7A .2997 714.333 F  .81 .98669 F21.8
B . 2997 714.340 F  -61 .98654 F 21 .3

8B . 5000 719.659 F  -57 .97923 F21.4
B . 4995 719.652 F  .69 .97933 F21.G

9A . 6993 724.885 F  1.07 .97250 F22.0
B .6993 724.899 F 1 • 06 .97248 F 22.0

10A .9990 731.573 -0 .6 4 .96248 F22.25
B .9990 731.573 -  .69 .96245 +22.20

T a b le  II
Summary  o f  R esu lts  fo r  M a n n ite  S o lu tio n s  at 25°

Expt.
no. Molality

Solution,
g-

Av. AG25, 
cm.

Sp. heat, 
cal.iB

deg._1 g. -1 $
9A 0.0100 706.014 -1 .1 3 0.99699 F 9 0 .5

B .0100 706.014 -1 .1 3 .99699 F 9 0 .5
10A .0200 706.794 - 0 .5 3 .99630 F 101.4

B .0200 706.794 -  .60 .99625 F 98 .9
IA .0300 707.558 -  .05 .99555 F102.9
B .0300 707.558 -  .06 .99555 F 102.9

2A .0500 709.101 F  .96 .99408 F 104.6
B .0500 709.101 F l.1 6 .99422 F 105.4

3A .0699 709.630 F 0.16 .99273 F 106.9
B .0699 709.630 F  .19 .99281 F 108.0

4A .1000 710.900 -  .52 .99056 F 106.9
B .1000 710.906 -  .77 .99044 F 105.7
C .1000 710.957 -  .51 .99049 F 106 .2

5A .1500 713.662 -  .32 .98685 F 106.0
B . 1500 713.683 -  .34 .98681 F 105.7

6A .1998 716.360 F  .22 .98350 F 107.0
B .1998 716.367 F  .21 .98354 F 107.2

7A .2997 721.553 F  -57 .97665 F 107-0
B .2997 721.553 F  .46 .97658 F 106.7

8A .5002 730.946 -  .16 .96362 F 107.2
B .5002 730.946 -  .19 .96357 F 107.1

11A .6997 740.355 F l.0 5 .95218 F 108.1
B .6997 740.343 F l.0 5 .95219 F108.1

12A .9995 753.107 F 0.78 .93588 F 108.4
B .9995 753.107 F  .67 .93581 F 108.3

magnitude of the “evaporation error” is less than
0.001% at 1.0 molal with a vapor space of 265 cc. 
Thus, no correction is necessary for this effect.

The heat capacities, expressed as ACPj were 
fitted to an empirical equation by least squares. 
The constants and the probable error of an in­
dividual run from the equation are given in Table 
III for the two non-electrolytes.

T a b le  III
C onsta n ts  and  P ro ba ble  E rrors fo r  L in e a r  

E quations
Solute

Intercept (A)
Slope (B)
Probable error (cal.)

Urea Mannite
20.52 105.16

1.72 3.23
±0.065 ±0 .069

The individual determinations of 4> are plotted 
against the y/m  for urea and mannite Solutions in 
Figs. 1 and 2, respectively. The least square 
curves are also plotted and the dotted lines indi­
cate an error of ±0.01% from the linear equa­
tion. An inspection of Figs. 1 and 2 will in­
dicate the magnitude of the deviations of the 
experimental points from the empirical equa­
tions.

(10) R andall and R ossin i, T h is  J o u r n a l , 51, 326 (1929). The relation between the partial molal heat
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capacity of the solute (or the solvent) and the 
apparent molal heat capacity has been derived 
by Randall and Rossini. I t is only necessary to 
differentiate the empirical equation for <E> and sub­
stitute in their equation to obtain an expression 
for the variations of CPi (or CPi) with m. The 
following empirical expressions were obtained for 
the partial molal quantities.

U rea

Cp2 = 20.52 +  2.58 m'h 
Cpr -  C°pl =  -0 .0154 mzA 

M a n n it e

Cp2 = 105.16 +  4.85 mlh 
Cn  -  C°pl =  -0.0291 mV*

The Cp2 curves for urea and mannite are also 
plotted in Figs. 1 and 2, respectively.

The data of Magie4 for urea Solutions are also 
plotted in Fig. 1. These values are in excellent 
agreement with the present results since the aver­
age deviation of the points from the empirical 
equation is about 0.02%. The recent results of 
Funzel, Burian and Haas, which were determined 
with a precision of ±0.01%, are shown in Fig. 1. 
The plotted values of 4> were calculated from the 
specific heats at 24° (without Converting to 25°) 
and the specific heat of water which they used. 
The average deviation of the <3> values from the 
empirical equation is 0.2%. In view of their pre- 
cision of measurement the agreement with the 
present data is satisfaetory.

Magie4,5 is apparently the only worker who has

studied mannite Solutions. His results are plotted 
in Fig. 2. They appear to be in good agreement 
with the present data except for three points 
which differ from the empirical equation by 0.1 to
0.3%. Magie pointed out in the first paper that 
these three determinations were probably in er­
ror. The points, which show deviations of only
0.05% from the equation, were published in the 
second paper. While Magie does not record the 
temperature of his experiments he gives a quan­
tity which is equivalent to This uncertainty 
in the temperature introducés an insignificant 
error in the $ values.

It is apparent from the plots that the 4> values 
for urea are equally distributed about the linear 
equations in dilute solution. The mannite Solu­
tions show a break at 0.06 m below which the ap­

parent molal heat capacities 
decrease. However, it is evi­
dent that the deviations are 
equal to the probable experi­
mental error so that no im­
portance may be attached to 
them. If the lowest points had 
been discarded in the least 
square calculation, the slope 
of the equation would not be 
substantially altered.

I t is interesting to compare 
the extrapolated intercept of 
the CPi (or $) curve with the 
molal heat capacity of the so­
lute in the pure state (cp). cP 
for crystalline urea and man­
nite at 25° are 19.2 and 58.3 
cal., respectively. CPi for urea 
is in very close agreement with 

cp. In the case of mannite there is an appreciable 
difference. It is interesting to note that this 
deviation is positive while all electrolytes show 
negative deviations from cP. Presumably the
intercepts for the two types of compounds are 
equally uncertain because of the extrapolation 
from 0.01 m to zero concentration which has been 
shown for electrolytes, at least, to be a question- 
able procedure. Edsall11 has suggested that non- 
electrolytes which possess polar groups have 
values which approximate rather closely the heat 
capacity of the pure solid while a single polar 
group attached to a long hydrocarbon chain yields 
4» values which show positive deviations from cp.

(11) Edsall, This Journal, 57, 1506 (1935).
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Fig. 1.—Apparent molal heat capacity (4>) and partial molal heat capacity (Cp2)
of u re a  Solutions.
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Because of the lack of data for these Solutions, his 
conclusions were based on results at various con­
centrations. Since these rules are expected to 
apply in concentrated solution, it is suggested 
that the apparent value of CPt be used. On this 
basis the present results for urea follow his rule 
while those for mannite do not. Edsall found 
that the available data for glycerol, which is also 
a polyhydric alcohol, are in satisfaetory agreement 
with the theory at 1 m. Obviously more data 
must be obtained before the 
validity of these rules may be 
tested.12

In the derivation of the 
theoretical slope of the CP2 
curves for electrolytes from 
the Debye-Hückel theory,
Randall and Rossini consid­
ered that the free energy 
change, on passing from a 
definite concentration to the 
infinitely dilute solution, was 
composed öf thé part due to 
the ions taken as ideal solutes 
and the part due to the effect 
of the charged ions. F or non- 
electrolytes the second term 
is zero and the total free en­
ergy is given by RL ln c. The second derivative of 
this expression with respect to the temperature is 
zero. Thus <ï> or CP% would be independent of the 
concentration. Zwicky13 is led to the same conclu­
sion on the basis of his theory. The present re­
sults for urea and mannite show small but appre­
ciable slopes. Gucker14 has shown that the appar­
ent molal volume and compressibility for urea Solu­
tions also have small slopes when plotted against 
the y/c. Apparently these properties have not 
been studied for mannite Solutions. It should not 
be implied that all non-electrolytes have small 
slopes because Gucker has shown that <Ê> (V) and $ 
(K) for sucrose Solutions have slopes equal to a 2-1 
electrolyte. These properties have been studied

(12) The reviewer of the paper suggested that Cpz for aii ideal 
solution would be more nearly equal to the heat capacity of the 
pure liquid.

(13) Zwicky, Physik. Z., 27, 271 (1926).
(14) Gucker, Chem. Rev., 13, 111 (1933).

over a wide range of concentration and very defin­
itely follow a linear equation when plotted against 
y/c. Since the apparent molal heat capacities in 
the present paper cover a relatively limited range 
of concentration and change only slightly with m, 
it is difficult tó determine whether the <ï> values for 
urea and mannite are strictly proportional to y/m  
or to m itself. On the basis of these results it may 
be said that they seem to cluster more clösely 
about a straight line when plotted against y/m.

The author wishes to thank Professor A. A. 
Sunier for suggesting the problem and for his 
helpful suggestions in the preparation of the 
manuscript.

Summary
1. The twin adiabatic calorimeter method was 

used to determine the specific heats of aqueous 
Solutions of urea and mannite at 25° from 0.01 to
1.0 m with a precision of ±0.01%.

2. The apparent molal heat capacities were 
calculated and they seem to follow a linear equa­
tion when plotted against the y/m. The inter- 
cepts are positive and the slopes are small for 
these solutes. Empirical equations are given for 
the apparent and the partial molal heat capacities 
of the solutes and the relative partial molal heat 
capacity of the solvent.
R o c h e st e r , N . Y .
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Fig. 2.^-Apparent molal heat capacity (<£) and partial molal heat capacity (CP,)
of mannite Solutions.

R e c e iv e d  M a y  18, 1936
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[ Co n t r ib u t io n  from  th e  Chem ical  Laboratory  of  H a rvard  U n iv e r sit y ]

Single Bond Energies. III. The C-C Bond in Diphenyl Di-biphenylene Ethane
B y H. E. B en t  and  J. E. Cl in e

The first two papers of this series give an answer 
to a question regarding the strength of the C-C 
bond in hexaphenylethane.1 Until the approaeh 
to the problem with the aid of wave mechanics it 
had been assumed that the C-C bond is weak in 
those ethanes which dissociate to give free radi­
cals. Quite the opposite point of view has been 
suggested by Pauling and Wheland2a and by 
Hückel.2b These authors assume that the C-C 
bond is normal and that dissociation is caused by 
a stabilization of the free radical as a result of the 
resonance energy made possible by the presence 
of an odd electron and the unsaturated structures 
in the benzene rings. The evidence presented 
from a study of the heat of oxidation and the heat 
of hydrogenation of hexaphenylethane leads to 
the conclusion that neither point of view is en­
tirely correct but that about half of the “apparent” 
weakening of the C-C bond is due to a weakening 
of the bond in the ethane. We have assumed that 
this bond is weaker than normal on account of 
steric hindrance.

Many problems are suggested by these experi­
ments. The one with which we wish to deal in 
this paper is the question as to what extent Varia­
tion in the degree of dissociation of various eth­
anes is due to differences in steric hindrance in 
the ethane and to what extent due to different 
amounts of resonance energy in the various free 
radicals.

Diphenyl di-biphenylene ethane is chosen forthis 
study on account of its remarkable properties.

Although very closely related to hexaphenyleth­
ane it exhibits a very different behavior . The 
loss of four hydrogens and tying together of the 
benzene rings produces an ethane which disso- 
ciates much less than hexaphenylethane. Paul­
ing and Wheland have accounted for this de-

(1) Bent, Cuthbertson, D orf man and Leary, T h is  Journal , 58, 
165 (1936); Bent and Cuthbertson, ibid., 58, 170 (1936).

(2) (a) Pauling and Wheland, J. Chem. Phys., 1, 362 (1933); 
(b) Hückel, Z. Physik, 83, 632 (193,3).

creased dissociation by a smaller amount of reso­
nance energy in the free radical. Conant3 has 
pointed out the striking difference between the 
properties of phenyl xanthyl and phenyl fluoryl. 
In one case the benzene rings are tied together by 
means of oxygen and in the other case are tied to­
gether directly. Yet phenyl xanthyl is less asso­
ciated than triphenylmethyl and phenyl fluor}d 
is more associated. If one constructs models for 
these free radicals it becomes apparent that steric 
hindrance might be much less in the case of phenyl 
fluoryl. We therefore wished to compare experi­
mentally the strength of the C-C bond in di­
phenyl di-biphenylene ethane with the bond in 
hexaphenylethane. In the first two papers of this 
series we evaluated the strength of the C-C bond 
by making use of Pauling’s single bond energies. 
For the purpose of the comparison which we now 
propose to make it is not necessary to know any 
values for single bond energies. We may inter­
pret our experimental results with the aid of the 
assumption that the strength of the C-O and 0 -0  
bonds in the various peroxides formed is the same.

Another reason for studying the heat of oxy- 
genation of this particular eompound arose in con­
nection with the determination of the free energy 
of addition of sodium to diphenyl di-biphenylene 
ethane. These experiments indicated that the 
free energy of addition of sodium to phenyl fluoryl 
is more negative than in the case of triphenyl­
methyl by about 12 kcal.4 This was a very un- 
expected result since Wheland has suggested from 
theoretical considerations that the electron affin- 
ity as a first approximation should be a constant 
for organic free radicals. His conclusion is quite 
in accord with experimental investigations of 
these compounds.5 If the resonance energy of 
phenyl fluoryl is large, then steric hindrance 
must be very small in order to give a eompound 
which is only very slightly dissociated. A small 
steric effect should lead to a stronger C-C bond 
and hence a much lower heat of oxidation.

Experimental
The apparatus has been considerable improved and 

changed in a number of important respects since the work
(3) Conant, J. Chem. Phys., 1, 427 (1933).
(4) Bent and Keevil, T h is  J o u r n a l , 58, 1367 (1936).
(5) Dorf man, ibid., 57, 1455 (1935).
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reported in the first papers of this series. The purpose of 
these modifications is to increase the ruggedness and per- 
manence of the apparatus and reduce the number of 
materials in contact with the liquid or vapor in the reaction 
vessel. In the earlier apparatus cement was used at 
various points and thermocouple wires and heater leads 
were not only exposed to the vapor of the solvent but also 
subjected to mechanical motion when the capsule was 
broken. In the present apparatus all wires are enclosed 
in glass with the exception of the platinum heater wire 
and a silver lead which may be changed to platinum if 
desired. No cement is used to hold the heater wire in 
place or at other points in the apparatus. We are now 
quite free from any possible solvent action and can use 
the apparatus for chlorination if desired.

In order to save space only the changes in the apparatus 
will be mentioned and the figure given in the first paper of 
this series will be used for reference. The chief alteration 
consisted in sealing the tube which carries the thermo­
couple and the heater to the stationary tube above the 
ground joint “D .” Two ring seals are used for this pur­
pose, one just below the tube marked “C” in the original 
figure and the other just above this side tube. The 
thermocouple leads then pass through this side tube and 
down through an annular space to the bottom. The 
annular space is necessary in order that the magnet may 
now move a glass rod which passes through the whole 
length of the apparatus and pushes the capsule “J” out 
at the bottom and breaks it on the De war. The lower 
side tube, at the left in the original figure, is now used for 
the heater leads which are sealed through the glass by 
the method of Cox, Kraus and Fuoss.6 We have used 
No. 22 silver wire for part of the lead. The heater has a 
resistance of 17.845 ohms and is made by winding No. 40 
platinum wire on glass supports which hold it out about 
1 mm. from the glass tube. This is accomplished by 
first sealing eight pieces of glass rod 1.8 cm. long and 
1 mm. in diameter to the bottom of the tube. Tiny dots 
of glass are then fused to these rods and the wire wound 
between the glass dots. By using alternate spaces in 
winding the wire down from the top the two ends can be 
anchored at the top and Crossing of the wire avoided.

The electrical measurements have also been consider- 
ably improved since the report of earlier work. All meas­
urements of temperature and current are made with the 
aid of a type K Potentiometer. By means of appropriate 
switches the Potentiometer can be connected to the 
thermocouple for the measurement of temperature or to 
the heater, with the aid of a potential divider, to determine 
the potential drop across the latter. Another switch 
connects the Potentiometer to a Standard resistance in 
series with the heater, this potential drop giving a measure 
of the current.

The use of platinum as a heater made necessary an 
automatic control of the energy input on account of the 
change in resistance of the platinum with temperature. 
This is accomplished by putting in series with the heater 
an external resistance of the same size. The latter coil is 
made from 13.7 meters (45 ft.) of No. 22 Advance wire 
which has a very small temperature coëfficiënt and is 
wound without a core in order to dissipate heat rapidly.

(6) Cox, Kraus and Fuoss, Trans. Faraday Soc., 31, 750 (1935).

This arrangement maintains the energy input constant 
with a fluctuating resistance provided the voltage supply 
is constant. This can easily be shown to be true as a 
first approximation and is due to the fact that as the 
resistance of the heater increases the current decreases but 
this is appropriately compensated by an increase in the 
potential drop across the heater. By meäsuring the re­
sistance of the heater we were able to calculate its rise in 
temperature above that of the solvent. Using a current 
of 0.2 amp. we find the rise in temperature to be about 
one degree, and the increase in resistance to be about 
0.3%. An increase in resistance of 1.0% would have 
caused a decrease in the power input of only 0.002%. 
Appropriate calculations of heat loss by thermal conduc- 
tion in the lead wires indicate that this factor introducés 
less than 0.2% error. The method of calibrating the 
apparatus electrically at the end of each run takes care of 
all constant heat losses.

Materials
Diphenyl Di-biphenylene Ethane.—Phenylbiphenylene 

carbinol was first prepared according to the directions of 
Ullmann and von Wurstemberger.7 This was converted 
to the chloride according to the method of Gomberg and 
Cone8 and the chloride converted to the ethane using the 
procedure of Dorfman.6 Since the ethane is much less 
soluble than the chloride or carbinol, which might be 
present as impurity, crystallization of the ethane from 
benzene and washing with solvent gave material of satis- 
factory purity.

Tetraphenyl Di-a-naphthyl Ethane.—Diphenyl «-naph­
thyl chloromethane was prepared according to the direc­
tions of Halford for preparing triphenyl chloromethane.9 
The chloride was converted to the free radical with lead 
amalgam using the procedure of Dorfman as for the pre­
vious eompound.

Experimental Results
Table I gives the experimental data on the heat 

of oxidation of diphenyl di-biphenylene ethane in 
benzene as a solvent. The first column gives the 
weight of the sample and the second the purity of 
the eompound as indicated by the amount of oxy­
gen absorbed. The chief uncertainty in the figure 
for the impurity arises from the fact that the re­
action flask contains a vapor phase which is a 
mixture of benzene and oxygen and the connect- 
ing tube contains pure oxygen. It is impossible 
to estimate with high precision the volume which 
is to be considered saturated with benzene when 
making a correction for the change in vapor pres­
sure of benzene during the course of a run. The 
value for the purity of the eompound is probably 
good to about 0.5%. The third column gives the 
heat of oxidation per mole based on the amount of 
oxygen actually absorbed. This value refers to

(7) Ullmann and von Wurstemberger, Ber., 37, 73 (1904).
(8) Gomberg and Cone, ibid., 39, 2967 (1906).
(9) Halford, T h is  J o u r n a l , 63, 105 (1931).
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the solid ethane as the reactant and peroxide in 
solution in benzene as the product of the reaction. 
The next column gives a small correction which it 
seemed proper to add for the heat of solution of 
unreacting material. The heat of solution of the 
ethane is found to be 4.6 =*= 0.3 kcal. per mole. If 
we assume that the material which did not add 
oxygen has the same heat of solution and make 
the correction we obtain the values given in the 
last column of the table. The average given in 
the last column of the table is obtained by weight- 
ing those runs which gave the smoothest curves 
and thereby permitted the best corrections for 
heat loss to the surroundings.

T a b l e  I
H ea t  of  Ox id a t io n  of D iph e n y l  D i -b ip h e n y l e n e

Sample, g.
O2 abs., 

%
E t h a n e

- AH 
per mole Correction

- AH 
corrected

0.4352 96.4 24.05 0.17 24.2
.6600 92.0 22.3 .4 22.7
. 5086 97.2 20.25 .13 20.4
.9945 99.5 2 0 .8 .0 2 0 .8
.9905 98.9 22.5 .05 22.55

The heats of solution of the ethane and peroxide
have also been determined in order to calculate 
the value for AH when the reaction is carried out
either entirely in solution or referred to the solid 
state. The value for the ethane is 4.6 =*= Ö.3 kcal.
per mole and for the peroxide is 5.4 =*= 0.4 kcal. 
From these figures we obtain the value —-26.6 
kcal. for the addition of oxygen to the ethane dis­
solved in benzene to give the peroxide in solution. 
vSimilarly if solid ethane is converted to the perox­
ide the value of AH is —27.4 kcal.

The solution of peroxide at the completion of a 
run was invariably red in color, apparently due to 
some highly colored substance. As much as 80% 
of the theoretical amount of white peroxide was 
obtained from the reaction but all attempts to iso- 
late another eompound from the remaining mate­
rial were unsuccessful. Undoubtedly the yield 
of peroxide was considerably more than 80% but 
this was all we were able to isolate, apparently 
due to the presence of the red colored material 
which formed an oil when attempts were made to 
crystallize it.

Tetraphenyl di-a-naphthyl ethane gave results 
which are less satisfaetory. The amount of oxygen 
absorbed was about 86% of the theoretical amount 
and the insolubility of the peroxide made it im­
possible to determine its heat of solution. The 
results of two representative runs are as follows

Wt. of ethane O2 absorbed AH exp. AH corr.
0.3788 85.3 -3 4 .3  -3 5 .3

.8318 87.8 -3 4 .1  -3 5 .1

The values given in the next to the last column are 
calculated on the basis of the amount of oxygen 
absorbed and are for the addition of oxygen to 
solid ethane to give chiefly solid peroxide. A 
small correction should be made for the heat of 
solution of the peroxide which remained in solu­
tion, about 17 mg. in 150 cc. of benzene. This 
correction cannot be of much significance, how­
ever, due to the very small amount of material in­
volved. A correction should also be applied for 
the heat of solution of the material which did not 
react with oxygen. The heat of solution of the 
ethane is found to be 11 =±= 3 kcal. Since this 
includes the heat of dissociation of part of the ma­
terial, we have taken a somewhat smaller value for 
the heat of solution of the material which did not 
react with oxygen and used this to correct our ex­
perimental values and give the values in the last 
column of the table.

An attempt was made to improve the technique 
of these oxidation reactions by using pyrogallol as 
suggested by Ziegler, Ewald and Seib.10 The re­
sults of these experiments were not satisfaetory 
as the amount of oxygen absorbed was less than 
expected. This may be due to the fact that in 
our experiments solid ethane is introduced into a 
solution which contains oxygen. I t may be that 
some of the normal peroxide and some (CöHsV  
COOH is formed under these conditions.

Attempts to hydrogenate diphenyl di-biphenyl­
ene ethane were unsuccessful. Either the ethane 
was too insoluble, the rate of hydrogenation was 
too slow or else the amount of hydrogen absorbed 
was greater than that expected.

Discussion
The value previously reported for the oxidation 

of hexaphenylethane is —45.5 =±= Ö.5 kcal. when 
the reaction is from solid to solid and —39.3 =t
2.0 kcal. when the reaction is in solution. The 
values here reported for diphenyl di-biphenylene 
ethane of —26.6 and —27.4 for the corresponding 
reactions are so much smaller as to be very strik­
ing. The conclusion suggested by these data is 
that the C-C bond is stronger in diphenyl di- 
biphenylene ethane than it is in hexaphenylethane 
by about 20 kcal. This is quite in harmony with 
the conclusions of our previous papers which indi-

(10) Ziegler, Ewald and Seib, Ann., 504, 182 (1933).
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cated that the C-C bond in hexaphenylethane is 
weaker than a normal bond by about 35 kcal., 
which we attributed to steric hindrance. If one 
assumes that the C-C bond in hexaphenylethane 
is a normal bond then there is no way of explain- 
ing a bond in diphenyl di-biphenylene ethane 
which is 20 kcal. stronger. The inference from 
these data is that steric hindrance is much less 
when the benzene rings are tied together as they 
are in this eompound, in agreement with the ap­
pearance of the model of the molecule.

The surprising result from these experiments is 
that the decrease in steric hindrance is so large in 
this eompound. If this were the only factor in­
volved in the dissociation of the ethane it would be 
impossible to explain the fact that the difference 
in the free energy of dissociation of this eompound 
and hexaphenylethane is only three or four kcal. 
A solution to the problem is possible if one assumes 
that phenyl fluoryl has a much larger resonance 
energy than triphenylmethyl, thereby canceling 
to some extent the increased strength of the 
bond in diphenyl di-biphenylene ethane. This 
is just the opposite of the conclusion reached by 
Pauling and Wheland in their discussion of this 
eompound.

The above conclusions are based on data in­

volving materials in solution or in the solid state. 
A much more satisfaetory treatment would be 
based on reactions in the vapor phase. We hope 
to have some such data to report in the near fu- 
ture but since this work is being interrupted for 
the present it seems desirable to report the prog­
ress which has been made to this time.

In comparing tetraphenyl di-«-naphthyl eth­
ane with hexaphenylethane we are dealing with a 
difference in heats of oxidation which is not as 
large as in the case just discussed and therefore 
the interpretation is more in doubt. Since we 
have no data on the heat of solution of the perox­
ide it will not be possible to study this reaction in 
the vapor phase by the method which we are using 
with hexaphenylethane.

Summary
1. The heat of oxidation of diphenyl di-bi­

phenylene ethane is found to be about 20 kcal. 
less than that of hexaphenylethane.

2. This datum indicates that steric hindrance 
is less than in the case of hexaphenylethane and 
that the free radical formed by dissociation, 
phenyl fluoryl, has more resonance energy than 
triphenylmethyl.
C a m b r id g e , M a s s . R e c e iv e d  J u n e  26, 1936

[C o n t r ib u t io n  from  th e  B iochem ical  La bo r a t o r y , S tate  U n iv e r s it y  of I o w a ]

Antioxidants and the Autoxidation of Fats. VI. Inhibitols1

By H. S. Olcott and  H. A. M attill

Previous work from this Laboratory2’3,4 has 
demonstrated that the unsaponifiable lipid frac­
tions of vegetables and vegetable oils contain com­
pounds which are active antioxidants toward lard. 
It is proposed to call these compounds as a dass 
‘ ‘inhibitols/J a name which indicates their func­
tion as inhibitors and also the invariable occur­
rence of hydroxyl groups, upon which their in- 
hibiting action depends. Although concentrates

(1) Presented at the Kansas City meeting of the American 
Chemical Society, April, 1936.

(2) H. A. Mattill and B. Crawford, Ind. Eng. Chem., 22, 341
(1930) .

(3) H. S. Olcott and H. A. Mattill, J. Biol. Chem., 93, 59, 65
(1931) .

(4) E. M. Bradway and H, A, Mattill, This Jo ur n a l , 56, 2405 
(1934),

have been prepared from various sources,5 only 
the lettuce inhibitol has been crystallized.3 The 
present paper contains a description of the prepa­
ration and properties of the inhibitol concen­
trates from wheat germ, cottonseed and palm oils.

The method used for obtaining the most ac­
tive concentrates from wheat germ or cottonseed 
oil is exactly the same as that described for ob­
taining vitamin E concentrates.6 Indeed, the 
physical and Chemical properties of vitamin E

(5) Inhibitols are present in lettuce, tomatoes, carrots, alfalfa, 
spinach; in wheat germ, cottonseed, corn, sesame, palm, soy bean 
and peanut oils; and probably in many other vegetable substances. 
No demonstrable amounts of inhibitols are present in yeast, lard; 
or in olive (trace), cod-Iiver, palm kernei or castor oils.

(6) H. S. Olcott and H, A, Mattill, / ,  Biol, Chem., 104, 423 
(1934) t
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and the inhibitol from these oils are so similar that 
it has thus far been impossible to separate the 
two. The demonstration that the vitamin E and 
inhibitols of lettuce and tomatoes could be sepa­
rated by preferential solubilities,3,4 thus provid­
ing a vitamin E concentrate free of antioxygenic 
activity, has been the principal basis for the as­
sumption that the two properties are not inherent 
in the same molecule.

Experimental
Preparation.—Wheat germ or cottonseed oil is saponi- 

fied with alcoholic potash,7 and extracted with ether 
(previously shaken with 10-20% aqueous sodium hy­
droxide to remove peroxides). The ether extracts are 
evaporated to dryness and the residue dissolved in pe­
troleum ether, from which most of the sterols separate on 
cooling. The sterols are removed by filtration, and the 
residue obtained after removal of the solvent is extracted 
several times with hot methanol. The methanol-soluble 
fractions are combined and cooled. If more sterols 
crystallize they are removed. The solvent is evaporated 
under reduced pressure and the residue is then carefully 
distilled in a high vacuum. The inhibitol distils at 190- 
210° (0.1 mm.).

The palm oil inhibitol was concentrated as follows. 
The unsaponifiable fraction was dissolved in petroleum 
ether, diluted with an equal volume of methyl alcohol 
and allowed to stand cold for several weeks. Some of 
the carotene crystallized and was removed. The petro­
leum ether was then evaporated from the filtrate and an 
insoluble oil separated; the methanol solution was poured 
off, the oil was washed twice with methanol and the 
extracts combined and hydrogenated with platinum as 
the catalyst. The purpose of this step was to destroy 
the remaining pro-oxygenie carotenoids.8 * The catalyst

(7) For the complete saponification of large or small amounts of
fat with a minimum of time, effort and opportunity for oxidation, 
the following proportions of reagents have been used in this Labora­
tory: 26 g. of potassium hydroxide is dissolved with stirring in
22 cc. of water and poured while hot into 89 cc. of 95% ethanol. 
This mixture is poured directly into a flask containing 100 g. of 
the oil or melted fat. The flask is swirled vigorously until the 
mixture becomes homogeneous; usually less than a minute is re­
quired. For the extraction of unsaponifiable constituents, the 
soaps are allowed to cool to 40-50° and poured into 450 cc. of water; 
450 cc. of ethyl ether is added and the mixture is shaken. The 
ether layer separates immediately. The water-alcohol solution of 
the soaps may be extracted repeatedly with ether without emulsi- 
fication. This procedure was developed by Dr. R. B. French, who 
also devised a method for large scale saponification and extraction 
which will be described in another place.

(8) Newton [ /. Oil and Soap, 9, 247 (1932)] found that fats 
containing carotene were more stable than colorless ones, and, fur­
ther, that lards could be protectêd from oxidation by the addition 
of palm oil which contains carotene. However, we had previously 
demonstrated that purified crystalline carotene acted as a pro- 
oxidant in lard-cod-liver oil mixtures [H. S. Olcovich and H. A. 
Mattill, J. Biol. Chem., 91, 105 (1931); H. S. Olcott, T h is  Jo u rn al , 
56, 2492 (1934)]. It now seems clear that the fats containing 
carotene also contained inhibitols, which, in fact, ensured the 
presence of carotene by protecting it from oxidation. The palm 
oil inhibitol was responsible for the protection afforded by the addi­
tion of palm oil to lard. The method of ineprporation described
was such as to destroy the pro-oxygenic carotene by heat treatment
and thus stabiljze the fat still further,

was removed by filtration and the filtrate evaporated to 
dryness. A white inactive powder separated from a 
petroleum ether solution of the residue and was filtered 
off. The limpid oil remaining after evaporation of the 
filtrate amounted to 0.1% by weight of the original oil. 
It was carefully fractionated in high vacuum (0.03 to 
0.04 mm.) and the antioxidant obtained most highly 
concentrated in the fraction distilling within the 165-180° 
range. Several of a number of runs with palm oils have 
yielded concentrates of high vitamin E potency. With 
palm oil as with wheat germ and cottonseed oils, it was 
not possible to separate the inhibitol from vitamin E.

Attempts further to concentrate the inhibitol from these 
sources or to obtain a crystalline product have not been 
promising. Physical methods have included crystalliza­
tion from solvents at low temperatures ( —80°), careful 
fractional distillation in high vacuum (0.002 mm.), and 
adsorption on silica, alumina and magnesia. No notable * 
concentration has been effected by any of these methods. 
In each case all of the fractions were antioxygenic to lard. 
Separation of the material into soluble and insoluble frac­
tions from methanol at 0° consistently yielded somewhat 
more active fractions in the soluble portion. Diphasic 
Separation between 92% methanol and petroleum ether 
removed a small amount of an inactive oil in the 92% 
methanol layer. The inhibitol was preferentially soluble 
in petroleum ether.

Physical and Chemical Properties.—Inhibitol concen­
trates are light yellow transparent oils of medium viscosity, 
which do not crystallize on long standing. They are stable 
under ordinary laboratory conditions for years. Some 
physical constants and chemical analyses are given in 
Table I. The concentrates are soluble in the following 
organic solvents: ether, petroleum ether, methyl and
ethyl alcohols, pyridine, glacial acetic acid, chloroform, 
benzene, dioxane, etc.

T a b l e  I
C om position  o f  I n h ib it o l  C o n c entr a tes

Cottonseed
Source Wheat germ oil oil Palm oil

Concentrate no. W5-10 W4-12-2 C44 P17-8-1
c« 82.3 82.5 81.6 81.6
Ha 11.7 11.4 11.5 11.1
M. w.a 317 379 279
I no. 106&,c 120c 906 170c

Refr. index (20°) 1.5161 1.5254 1.5090 1.5193
a Dr. Ing. A. Schoeller. 6 Rails’ method.11 c Rosen

mund-Kuhnhenn method.10 We have found it difficult to 
obtain consistent iodine numbers of unsaponifiable lipid 
fractions.

The effects of various reagents on the activity of inhibi­
tol concentrates have been used to characterize the struc­
ture of the inhibitols. Table II includes representative 
results of such experiments. The inhibitols are always 
inactivated by reagents which combine with a free hy­
droxyl group, including acetyl chloride, acetic anhydride 
in pyridine, benzoyl chloride, methyl iodide with silver 
oxide, dimethyl sulfate, diethyl sulfate, phenyl isocyanate, 
p-nitrophenyl isocyanate and many others. None of these 
derivatives yielded crystalline products. Those which 
contained ester linkages, including the substituted ure-
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thans, were hydrolyzed with alcoholic sodium hydroxide. 
The recovered material was again antioxygenic although 
in most cases some of the activity was lost. Diazomethane 
did not affect the antioxygenic action.

T a b le  II
E ffe c t  of R e a g e n t s  on I n h ibit o l  A ctivity

Induction period 
(75°C.)

Concen­
trate“ Fat Treatment

With
Inhibitor
(0.02%)

hrs.
Without
inhibitor,

hrs.
C-5-9 Lard None 34 8

Chlorine
Chlorine -f- Zn +

7 8

HC1 34 8
C65 Lard-cod- None 158 16

liver oil Ozone 11 11
W5-10 Lard None 62 15

Methyl iodide 13 12
Dimethyl sulfate 13 12
Ethyl iodide 17 15

W5-1572 Lard None 53 4
Acetic anhydride 4 4
Phenyl isocyanate 
Phenyl isocyanate

4 4

+  NaOH 50 6
W3-18 Lard—cod- None 23 7

liver oil Acetic anhydride 
Acetic anhydride

5 5

+  NaOH 12 4
° C indicates cottonseed oil inhibitol, W that from wheat 

germ oil.

The inhibitols are destroyed by direct bromination or 
chlorination, presumably by addition to a double bond. 
The activity can be regenerated by boiling with zinc and 
hydrochloric acid in methanol. Hydrogenation has uni- 
formly failed to inactivate the inhibitols. One sample 
was subjected to hydrogen at 250° and 230-280 atmos­
pheres for two hours without loss of activity.9 The re­
covered material was still unsaturated, although the 
iodine number10*11 had been reduced from 105 to 70. 
Perbenzoic acid in the cold destroyed the inhibitols. 
Ozone was also destructive. These facts have been 
interpreted to mean that inhibitol contains a difficultly 
hydrogenated double bond which is essential to its activity.

The inhibitols are not destroyed by dry hydrogen 
bromide in methanol, nor by phosphorous tribromide, at 
room temperature. Potassium permanganate in pyri­
dine, chromic acid in glacial acetic acid, potassium amide 
in liquid ammonia, potassium ethylate in ethyl alcohol 
and lead tetraacetate in glacial acetic acid destroyed the 
activity.

The methods used for determining the effect of some 
of these reagents upon concentrates have been described 
briefiy elsewhere.12*13

(9) We are indebted to Professor Adkins of the University of 
Wisconsin for several hydrogenation experiments.

(10) K. W. Rosenmund and W. Z. Kuhnhenn, Untersuch. Nahr- 
ungs-u. Genussmiital, 46, 154 (1923); M. Yasuda, J. Biol. Chem. 
94, 401 (1931).

(11) Jk O. Rails, T h is  Jo u r n a l , 56, 121 (1934).
(12) H. vS. Olcott, / .  Biol. Chem„ 107, 471 (1934).
13) IT. VS. Olcott, ibid., 110, 695 (1935).

The ultraviolet absorption spectra of inhibitol concen­
trates show a distinct broad band with maximum at 
2940 Ä., the height of which is roughly proportional to 
the antioxygenic activity. Acetylation causes a loss in 
height and migration of the peak to 2810 Ä. Several 
authors have suggested that this band is a property of 
vitamin E.14*15 In our experience, the height of the band 
has been more nearly proportional to the antioxygenic 
than to the physiological activity. Most striking of such 
experiments is a comparison of the properties of concen­
trate, P16-9, from palm oil with those of concentrates 
from wheat germ or cottonseed oil. Although P16-9 
contained less than one-fifth as much vitamin E as did 
the others, the band in the ultraviolet was equally strong 
(Table III). Concentrates W5-156 and W5-157 were 
consecutive fractions from a fractional vacuum distilla­
tion, equally effective as antioxidants, but not containing 
equal amounts of vitamin E.

T a b l e  I I I

T h e  R ela t io n  of t h e  I n h ib it o l  C o n c e n t r a t io n  a n d  
t h e  V ita m in  E C o n t e n t  to t h e  A b so r pt io n  B a n d  at  

2940 Ä.

Concentrate
Antioxidant

index0 Elfm. at 2940 k '
Minimum 
dose,b mg.

C65 4-7 70 4
P16-9 5-8 90 >30
W5-10 5-8 100 3
W5-156 5-8 65 > 1 0
W5-157 5-8 70 2

* Antioxidant index is the ratio of the induction period 
of the protected sample to that of the control. The figures 
are approximations because of the natural variability in 
duplicate assays (Table VI). b The minimum amount 
required to ensure the birth of a litter in a vitamin E- 
deficient animal.

Assay.—AU fractions obtained during these studies 
were assayed for antioxygenic activity by the procedure

T a b l e  IV
Com parison  of t h e  A n t io x y g e n ic  A c t iv it y  of

S e v e r a l  T y p e s  of I n h ib it o r s  on L a r d

Inhibitor
Concentration

%
Antioxidant

index
Hydroquinone17 0 .0 1 29
a-Naphthol .01 6 -1 0
Inhibitol concentrate W5-10 .0 2 5-8
Inhibitol concentrate C65 .0 2 5-8
Inhibitol concentrate PI7-8-1 .0 2 5-8
Commercial lecithin® .1 0 1 .2 -1 .5
Maleic acid& .1 0 1 .2 -1 .5
Phosphoric acidc .0 2 1 .2 -1 .5
Carotene** .0 2 0.5

a H. Bollman, U. S. Patent 1,464,557; C. A. 17, 3234 
(1923). b G. R. Greenbank and G. D. Holm, Ind. Eng. 
Chem., 26, 243 (1934). c E. W. Eckey, U. S. Patents
I, 982,907; 1,993,152; A. S. Richardson, F. C. Vibrans 
and J. T. R. Andrews, U. S. Patent 1,993,181, C. A., 29, 
518, 2770 (1935). d See Newton, reference 8.

(14) J. C. Drummond, E. Singer and R. J. MacWalter, Biochetn.
J . , 29, 456, 2510 (1935).

(15) H. M. Evans, O. H. Emerson and G. A. Emerson, J . B i o l . 
C h em .,  113, 319 (1936).
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previously described,16*17 which measures the induction 
period of lard or lard-cod-liver mixtures by the oxygen 
absorption method. The flasks containing the samples 
were placed in constant temperature baths at 75°, and 
the time of the beginning of active oxygen absorption was 
recorded automatically. The most active inhibitol con­
centrates protected lard to a degree approaching that 
afforded by the phenolic inhibitors (Table IV) and were 
much more effective than other compounds which have 
been suggested for use in edible fats.

Inhibitol concentrates are effective antioxidants for 
purified fatty acids and esters (Table V). Preliminary 
observations suggest that they also protect other easily 
oxidized organic compounds. They are, however, ineffec- 
tive as antioxidants for the vegetable fats and oils from 
which they are prepared.

T a b l e  V
E f f e c t  of a n  I n h ib it o l  C o n c e n t r a t e  on  V a r io u s  

S u b st r a t e s

Substrate fat

Inhibitol
concentrate

W5-10
%

Induction period at 75‘ 
With Without 

inhibitor, inhibitor 
hrs. hrs.

Ethyl ricinoleate 0 .1 0 56 16
Ethyl linolate (58 °) .1 0 8 0.5
Methyl oleate .03 10 4

.1 0 40 4
Oleic acid .0 2 30 4
ß-Ionone .1 0 4 0.5
9,10-Octadecene .13 84 13

The assays are subject to interference by many factors, 
some unknown. Attention has been called elsewhere17 
to the variability in fats and among samples of the same 
fat, not only in keeping quality, but in their reactions to 
added inhibitors. Table VI indicates the results which

T a b l e  VI
E f f e c t  o f  I n h ib it o l  C o n c e n t r a t e s  on D if f e r e n t  

S a m pl es  of  L a r d
+  0 .02% + 0.02% + 0.02%

C65, Blank P17-8-1, Blank W5-10, Blank
hrs. hrs. A. I.« hrs. hrs. A. I.« hrs. hrs. A. I.«
82 13 6.3 84 13 6.5 47 13 3.6
59 6 10.0 67 15 4.5 77 15 5.1
46 15 3.1 84 12 7.0 84 12 7.0
55 12 4.6 53 10 5.3 34 10 3.4
65 13 5.0 49 5 9 .8 50 5 10.0
52 10 5.2 50 10 5.0 40 10 4.0
2 5 6.4

51 9 5.3
a Antioxidant index.

(16) H. A. Mattill, J. Biol. Chem., 90, 141 (1931).
(17) R. B. French, H. S. Olcott and H. A. Mattill, Ind. Eng. 

Chem., 27, 724 (1935).

may be expected in assays of inhibitol concentrates on 
different lots of the same kind of fat.

Furthermore, the mere fact that an inhibitor is effective 
in one fat at an elevated temperature does not mean that 
it will be effective in other fats or at other temperatures. 
Preliminary experiments do show, however, that inhibitols 
protect lard at room temperature.

The authors are indebted to Lever Brothers 
Company for a grant in support of this research 
and to Dr. R. B. French and Dr. Lyle A. Hamil­
ton for their help in the preparation and assay of 
inhibitol concentrates.

Summary
The unsaponifiable lipid fractions of many 

vegetables and vegetable oils contain compounds 
which are active antioxidants to lard and which 
are here named inhibitols. The inhibitols from 
wheat germ and cottonseed oils may be concen­
trated by processes of crystallization and distilla­
tion similar to those used for obtaining vitamin E 
concentrates from which the inhibitols have not 
been separated. The preparation of inhibitol 
concentrates from palm oil is aided by the de­
struction by hydrogenation of the accompanying 
pro-oxygenic carotenoids.

Inhibitol concentrates are transparent oils 
which have resisted crystallization. Some Chemi­
cal and physical properties are outlined. The 
inhibitols are destroyed by reagents which attack 
a hydroxyl group or saturate a double bond. In­
active esters may be hydrolyzed to regenerate the 
activity. They are resistant to hydrogenation. 
Chlorine or bromine addition products can be re- 
activated with zinc and hydrochloric acid. The 
concentrates have a strong absorption band at 
2940 Ä. roughly proportional to their activity.

The inhibitol concentrates have been assayed 
by an oxygen absorption method. They are 
shown to be much more effective antioxidants in 
lard than any edible compounds which have been 
suggested for use as commercial antioxidants. 
The inhibitols protect purified fatty acids and es­
ters but do not protect the vegetable oils from 
which they are obtained.
I owa C it y , I ow a  R e c eiv ed  M ay  12. 1936
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[C o n t r ib u t io n  from  the  D epa r tm en t  of Ch e m ist r y , P u r d u e  U n iv e r s it y ]

The Hydrolysis of 1,2-Dichloro-2-methylpropane Producing Isobutyraldehyde12

B y J. M . H er sh  a n d  R . E. N el so n

Moderate quantities of l,2-dichloro-2-metliyl- 
propane have been available from the thermal 
chlorination of isobutane.3 The ready production 
of this material has made it desirable to study the 
possibility of its conversion into more desirable 
derivatives, such as isobutyraldehyde. The first 
study of this subject was that of Newlin,4 who 
succeeded in showing that the hydrolysis of 1,2- 
dichloro-2-methylpropane resulted in the forma­
tion of a considerable amount of hydrochloric 
acid and an aldehyde accepted as isobutyralde­
hyde. This work was carried out in the liquid 
phase at temperatures below 100° using the 1,2- 
dichloride from the thermal chlorination of iso­
butane. In it there were several anomalies that 
called for further study and clarification. The 
present study of this reaction had as its objec- 
tives, (1) the preparation of pure l,2-dichloro-2- 
methylpropane from some source other than iso­
butane, (2) the comparison of dichlorides from 
several sources in typical hydrolysis reactions,
(3) the study of the hydrolysis reaction in the 
liquid phase and in the vapor phase in the pres­
ence of substances which might have a catalytic 
effect on the reaction, and (4) the Separation and 
identification of isobutyraldehyde. Purified 1,2- 
dichloro-2-methylpropane prepared from /-butyl 
alcohol was hydrolyzed, mainly in the vapor phase 
in the presence of contact catalysts, to produce 
isobutyraldehyde.

Experimental
Preparation of l,2-Dichloro-2-methylpropane.—The de­

sired synthesis from some source other than isobutane led 
to the use of tertiary and isobutyl alcohols. The pro­
cedures followed in this preparation were: (a) dehydra­
tion to isobutene with subsequent chlorination,5 (b) direct 
chlorination of /-butyl alcohol,6 and (c) the low tempera­
ture chlorination of 2-chloro-2-methylpropane prepared 
from the alcohol by treatment with hydrochloric acid.7

(1) A bstracted  from  a th esis  b y  J. M . H ersh, presented to  the  
F a cu lty  of Purdue U n iy ersity , in partia l fu lfilm ent of th e  require- 
m en ts for th e  P h .D . degree, June, 1935.

(2) P resented  before th e  D iv is ion  of Organic C hem istry at the  
91st m eeting of the A m erican C hem ical S ociety , K ansas C ity , M o., 
April, 1936.

(3) H ass, M cB ee and Weber, Ind. Eng. Chem., 27, 1190 (1935); 
2 8 ,3 3 3  (1936).

(4) N ew lin , M . S. T h esis, Purdue U niversity , 1932.
(5) Senderens, Compt. rend., 154, 778 (1912).
(6) W hitm ore, T h is  J o u r n a l , S5, 1136 (1933).
(7) A dam s and A dkins, “ Organic S yn th eses ,” Vol. V III , John  

W iley and Sons, Inc ., N ew  Y ork, 1928, p. 50.

Of these methods, the last was markedly successful in 
producing l,2-dichloro-2-methylpropane of desirable pur­
ity. This dichloride has a clean, mild, sweetish odor; 
even after six months’ Standing it is free of hydrogen 
chloride. No product of thermal chlorination has yet 
been prepared which compares with this synthesized 
material in stability, freedom from hydrogen chloride 
and mildness. The above preparation of l,2-dichloro-2- 
methylpropane allowed a reasonable assumption that it 
was not contaminated with l,l-dichloro-2-methylpropane, 
the only other dichloride which would be difficult to re­
move by distillation. Pure l,2-dichloro-2-methylpropane 
has the following physical constants: b. p. 38.6-39.2°
(70 mm.), 59-60° (150 mm.) and 106.5° (760 mm.) 
(corr.); n20D 1.4370 (Abbe); d2o 1.093 g./cc.

Aldehyde Analysis.—The titration of isobutyraldehyde 
by the hydroxylamine hydrochloride method was found to 
give unreliable results. The more reliable method of 
Seyervetz and Bardin8 using a sodium sulfite solution was 
standardized against known isobutyraldehyde-water Solu­
tions. An analytical factor was established for use in 
the analysis of the products of hydrolysis of subsequent 
reactions, and the method was found to give concordant 
results.

Hydrolysis in Liquid Phase.—The first hydrolysis studies 
followed the simpler liquid phase procedure used by New­
lin. The results of these studies indicated moderate 
hydrolysis with the formation of appreciable quantities of 
aldehyde, with yields obtainable as high as 33—35%. 
The effective conversion to aldehyde was improved with 
higher water to dichloride ratios, a ratio of 20:1 giving 
satisfaetory yields.

Throughout these hydrolysis studies it was generally 
apparent that the hydrochloric acid capable of titration 
was far in excess of the aldehyde found by analysis. This 
condition was especially true in liquid phase hydrolysis 
where the tendency toward pyrolysis was at a minimum. 
It was evident then, that hydrochloric acid was evolved as 
several intermediate products were formed; these were 
then incompletely converted to isobutyraldehyde. Thus 
the acidity of the reaction products was bound to be high 
without the formation of an equivalent amount of iso­
butyraldehyde.

Catalytic Hydrolysis in Vapor Phase.—A hydrolysis unit 
was set up to operate at 300-450°. The apparatus de- 
signed for this purpose is shown diagrammatically in Fig. 1. 
Following the diagram, the apparatus was operated in the 
following manner: air under pressure (A) from an adjust- 
able hydrostatic head, varied by the mercury pressure 
regulators (C), forced water from a graduated cylinder 
(G) and a constant flow (E) of dichloride from a reservoir 
(F) into the preheater (H). A line (B) to a vacuum pump 
permitted the dichloride reservoir to be filled readily. 
The preheater had concentric Pyrex coils so that the water

(8) S e y er v e tz  and  B ard in , J .  Soc. Chem. Ind . ,  25 , 202 (1906 );
Adam,s and A d k in s, T his J ournal, 47, 1358 (1925).
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and dichloride were vaporizecl individually in the desired 
ratio» preheated to 200°, and sent into the adjoining re­
action tube (I), which was a 22-mm. Pyrex tube 60 cm. 
long packed with a contact mass and held at a fixed tem­
perature by a Hoskins electric heating unit (K). A

thermocouple (J) extending into the reaction zone permitted 
temperature recording and regulation by a recording 
pyrometer and thermal regulator. The products of the 
reaction were Condensed (L) and collected in flasks (M).

The procedure in each reaction carried out was to main- 
tain a ratio of approximately 20:1 of water to dichloride, 
and to use generally 10 cc. of dichloride in each run. All 
the hydrolysis products were measured in volume, and 
the aqueous fraction containing aldehyde and hydrochloric 
acid was separated from the oily fraction consisting 
largely of uneonverted dichloride. From each run two 
10-cc. samples were taken from the aqueous portion and 
titrated for total acidity to determine the degree of con­
version. The resulting neutral solution was analyzed 
for isobutyraldehyde by the method described. A 3-cc. 
sample from the aqueous portion was treated with fuchsin- 
aldehyde reagent for a color test of the aldehyde.

The first group of vapor phase hydrolysis studies made 
use of a series of fifteen catalyst filled reaction tubes. 
Subsequent studies made use of a series of sixteen reaction 
tubes in which a unit weight (10 g.) of a catalyst was 
mixed with a large amount of granulär pumice filier. 
While the first reaction tubes required replacement before 
any large number of runs were completed, the reactors 
beginning with number six held up well, and ten or more 
runs were completed on each tube. Though fifteen 
catalyst filled reaction tubes were studied, at temperatures 
between 350 and 450°, a summary is presented in Table I 
of only typical catalysts, with a comparison based on the 
first ten hydrolysis runs completed on the reactor at 350°. 
The series of reaction tubes in which unit weights of cata­
lyst were mixed with pumice is similarly summarized and 
presented in Table I. The average yields are given for

T a b l e  I

C o m pa r iso n  of  T ypical  Catalysts®

No. Catalyst Description
% % 

Conversion Aldehyde
% DiCl 

Consumed
Criterion

value

A. Reaction tubes filled with catalyst (Approx. 50 cc.)
1 Alumina, Weston, 4-16 mesh 66.4 29.2 51.9 44.2
2 Alumina, ALCOA, 8-16 mesh 56.6 35.3 41.4 42.2
3 Alumina, ALCOA, 4-8 mesh 52.5 21.9 49.0 36.3
4 Silica gel, granulär, 8-16 mesh 31.2 20.9 33.6 26.7
5 Act. carbon, granulär, finer than 10 mesh 39.9 13.4 37.7 26.1
6 Act. carbon, granulär, 8-10 mesh 32.7 11.7 36.9 24.2
7 Silica gel -f copper shreds 22.7 17.2 19.4 18.9
8 Pumice, granulär 1.9 4.6 6.7 4.5

B. Reaction tubes using 10.0 g. of catalyst
1 Activated alumina, 8-16 mesh 38.1 24.0 24.1 27.6
2 ' Activated alumina, powdered 33.5 19.0 23.4 23.8
3 Titanium oxide, hydrated, pwrd. and reduced 23.4 15.4 21.0 18.8
4 Zinc hydroxide, pptd., dried and powdered 20.0 15.0 23.0 18.3
5 Zinc chloride, deliquescent powder 16.3 16.8 21,5 17.9
6 Silica gel, granulär, 8-16 mesh 18.7 16.3 20.0 17.9
7 Activated carbon, finer than 10 mesh 12.2 13.8 24.8 16.2
8 Vanadium pentoxide, powdered 16.4 15.7 17.0 16.2
9 Titanium oxide, hydrate, powdered 12.1 14.6 21.0 15.6

10 Tungstic oxide, yellow, powdered 7.2 19.3 15.0 15.2
11 Ceric oxide, yellow, powdered and reduced 12.0 15.6 13.7 14.2
12 Thorium oxide, from sintered nitrate 5.1 11.1 20.0 14.0
13 Ceric oxide, yellow, powdered 13.2 13.9 18.4 13.4
14 Thorium oxide, pptd. hydrate dried, powdered 13.3 11.2 15.4 12.9
15 Tungstic oxide, yellow powder reduced to blue 5.9 14.3 13.8 12.1
16 Thorium oxide, nitrate sintered and reduced 5.1 11.1 20.0 11.9

Based upon first ten hydrolysis runs completed, using approximately 10 cc. of dichloride and 20 volumes of water.
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each type of catalyst in order to give a measure of the 
degree of conversion, and the completeness of reaction.

Deterioration of Catalysts.—On reviewing any series of 
hydrolysis runs it was apparent that the catalyst was 
generally rapidly deactivated. This effect was first ap­
parent with reactor number six using silica gel. The same 
effect was observed with each subsequent reactor and was 
apparent in the maximal to minimal change in conversion 
shown between the first and subsequent runs. This 
deterioration of catalysts was more pronounced at elevated 
temperatures where pyrolysis and carbonization were more 
evident, and varied also with the specific catalyst studied.

Separation of Hydrolysis Products.—-The major part of 
the dichloride fed into the system was returned with the 
pröducts of reaction as an oily, insoluble material, which 
was separated, filtered, dried and distilled. From 66-68% 
of this fraction appeared as crude dichloride which distilled 
over at 102-110°. It was further purified and fraction­
ated to produce an additional quantity of l,2-dichloro-2- 
methylpropane. Each batch of aqueous hydrolysis 
product containing isobutyraldehyde was distilled to 
remove an aldehyde-rich aqueous fraction. These alde- 
hyde-water concentrates were further fractionated through 
a small column of the type described by Weston,9 and the 
isobutyraldehyde was stripped from the large amount of 
water accompanying it. The crude aldehyde was purified 
and compared with Eastman isobutyraldehyde and with 
its known physical constants. Thus it was shown that 
the aldehyde isolated was the aldehyde expected in the 
reaction.

On reviewing the comparison of catalysts it was apparent 
that there was a pronounced difference in the catalytic 
influence of the several substances tested. The high 
value shown was that of activated alumina, and the

(9) W eston , I n d .  E n g .  C h e m . ,  A n a l .  E d . y 5, 179 (1933).

lowest value that of granulär pumice. Calculating the 
criterion value of these catalysts as dependent mainly 
(50%) on the percentage of aldehyde found by analysis, 
with additional consideration (25%) given to each the 
percentage of conversion and the percentage of dichloride 
consumed, the two series of catalysts were evaluated and 
arranged in the order of decreasing activity in Table I.

Summary
1. Pure l,2-dichloro-2-methylpropane was pre­

pared by the low temperature chlorination of 2- 
chloro-2-methylpropane. This eompound was 
compared in hydrolysis with the dichloride from 
other sources; in each case isobutyraldehyde was 
produced in comparable yields.

2. The hydrolysis of l,2-dichloro-2-methyl- 
propane was quite effective in the vapor phase at 
350°, with a ratio of 20:1 of water to dichloride, 
especially in the presence of catalysts. Yields of 
isobutyraldehyde were obtained as high as 33— 
35% per pass, or 90-100% based upon the dichlo­
ride consumed in the reaction.

3. Of the catalysts investigated, activated 
alumina showed a marked superiority, being es­
pecially resistant to deactivation at 350° as con- 
trasted with catalysts such as silica gel.

4. The products of the hydrolysis of 1,2-di- 
chloro-2-methylpropane were separated and the 
aldehyde produced was identified as isobutyralde­
hyde.
L a f a y e t t e , I n d i a n a  R e c e i v e d  M a y  20, 1936

[ C o n t r i b u t i o n  f r o m  t h e  R e s e a r c h  L a b o r a t o r y  o f  P a r k e , D a v i s  a n d  C o m p a n y ]

Tetraalkyl Barbituric Acids

B y A rthur  W . D ox

For the preparation of 1,5,5-trialkylbarbituric 
acids two methods are available: (1) condensa­
tion of the dialkylmalonic ester with an alkylurea, 
and (2) direct alkylation of the 5,5-dialkylbar­
bituric acid. The first of these procedures was 
used by Fischer and Dilthey1 and subsequently 
extended by Dox and Hjort.2 The second method 
was studied by Dox and Jones3 in the case of the 
rnore reactive halides such as benzyl chloride and 
allyl bromide, and by Lyons and Dox4 with the 
still more reactive ^-nitrobenzyl chloride.

Although the 5,5-dialkylbarbituric acids exist
(1) F ischer and D ilth ey , A n n . ,  335, 334 (1904).
(2) D ox  and H jort, J .  P h a r m a c o l . ,  31, 455 (1927).
(3) D ox  and J o n e s , T h is  J o u r n a l , 51, 316 (1929).
(4) L yons and D ox, ib i d . ,  51, 288 (1929).

theoretically in two tautomeric forms, so that both 
N-alkyl and O-alkyl derivatives might be expected 
to result from direct alkylation of the sodium salt, 
only the former have actually been obtained and 
identified. The 1-benzyl-5,5-diethylbarbituric 
acid obtained by Dox and Jones3 by direct alkyla­
tion of sodium barbital was identical with that 
prepared by them from ethyl diethylmalonate 
and benzylurea.

Marotta and Rosanova0 recently claim to have 
obtained both tautomeric forms in the methyla­
tion of barbital by diazomethane. Their N- 
methyl derivative melted at 154° and was ob- 
viously identical with that which Fischer and

(5) M arotta  and R osan ova , A t l i  accad. L i n c c i ,  15, 753  (1 9 3 2 ) .
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Barbituric acid Formula M. p., °C. F ound Calcd.
1,3,5-Triethyl-5-phenyl C 16H 20O 3N 2 129 9.73 9.72
l-Methyl-3-phenyl-5-ethyl-5-propyl C 1 6H 20O 3N 2 78 9.35 9.72
l-Methyl-3-benzyl-5,5-diethyl C 16H 2 0 O 3 N 2 73 9.34 9.72
1,5,5-Triethyl-3-benzyl C 1 7H 22O 3N 2

a 9.02 9.27
l,3-Dimethyl-5-ethyl-5-hexyl C H H 2 4 O 3 N 2

b 10.40 10.45
1,3-Dimethyl-5-ethyl-5-isoamyl C i 3H 220 3 N 2

a 10 .75 11.02
l,3-Dimethyl-5-ethyl-5-(l-methylbutyl) C 13H 22O 3N 2

a 10 .72 11.02

a Liquid. 6 B. p. 165-170° at 12 mm.

Dilthey1 had obtained from ethyl diethylmalon- 
ate and methylurea. In addition to this crystal­
line product Marotta and Rosanova obtained a 
non-crystallizing sirup which they assume to be 
the tautomeric O-methyl barbital having the iso- 
urea structure. Mention is made of methoxyl 
determinations but no analytical data are given. 
They make no mention whatever of the possibility 
that both nitrogens may have been methylated. 
As will be shown presentfy this is undoubtedly 
what occurred, and the non-crystallizing sirup 
which they assume to be the tautomeric mono- 
methylbarbital was in reality an impure prepara­
tion of the low-melting dimethylbarbital.6

Experimental
Methylation was performed by dissolving the di- or 

trialkylbarbituric acid in a dry ether solution of diazo­
methane prepared by distilling ethyl N-nitroso-N-methyl- 
carbamate with alcoholic potassium hydroxide in ether. 
Except in one instance where it was desired to obtain the 
monomethyl barbital, an excess of diazomethane was 
used. At room temperature the evolution of nitrogen 
began almost immediately and the reaction was complete 
in about an hour. Evaporation of the ether left a sirup 
which in a few instances crystallized readily, but more 
often required cooling or seeding, and occasionally did not 
crystallize at all. In two instances diazoethane, prepared 
similarly from the nitrosoethylurethan, was used for 
ethylation.

In the first experiment barbital was methylated with 
one equivalent of diazomethane. Evaporation of the 
solvent gave a crystalline product which on recrystalliza­
tion from alcohol formed large prisms melting at 154°. 
Mixed with authentic methylbarbital the melting point 
showed no depression. A sirupy mother liquor failed to 
crystallize. This corresponds to the supposed O-methyl- 
barbital of Marotta and Rosanova.

l,3-Dimethyi-5,5-diethylbarbituric Acid. (Dimethyl­
barbital.)—When barbital was treated with an excess of 
diazomethane, us shown by persistence of the yellow color 
after the evolution of nitrogen had ceased, evaporation 
gave only the sirup. This did not crystallize on cooling 
and stirring, but when seeded with a small crystal that had 
formed on the stem of the funnel through which the ether 
solution had been filtered, the sirup crystallized promptly

(6) Marotta and Rosanova state that their work will be more 
fully described in the Gazzetta chimica Italiana. The proposed 
paper has not appeared after the lapse of four years.

and completely. The crystals melted at 32-34°, and 
recrystallization from ether raised the melting point to 
37°. A peculiar property of the substance is its tendency 
to form a super-cooled sirup which immediately crystallizes 
when seeded with a crystal of the same substance. The 
yield was practically quantitative. The substance is 
readily volatile with steam, and is soluble in the usual 
organic solvents including petroleum ether, but insoluble 
in sodium hydroxide. It separates as an oil when the 
alcohol or acetone solution is diluted with water.

Anal. Calcd. for CioH160 3N2: C, 56.60; H, 7.55;
N, 13.21. Found: C, 56.29; H, 7.37; N, 13.41.

The identity of the substance was corroborated by 
another method of synthesis. Diethylmalonyl chloride 
was Condensed with symmetrical dimethylurea7 by heating 
the mixture in an oil-bath for twelve hours at 135-140°, 
finally raising the temperature to 150°. The reaction 
product was dissolved in ether and shaken successively 
with water, N  sodium hydroxide, N  sulfuric acid, water, 
and finally dried with calcium sulfate. Evaporation of 
the ether left a sirup which immediately crystallized when 
seeded with a crystal of the product described above. 
The melting point was 37°, and mixed melting point 
showed no depression.

l,3-Dimethyl-5-ethyl-5-phenylbarbituric Acid. (Di­
me thyl-phenobarbital.)—Phenobarbital was methylated in 
the same manner. In contrast to the corresponding 
barbital derivative it crystallized spontaneously, possibly 
because of its higher melting point, 88-89°.

Anal. Calcd. for Ci4H160 3N2: C, 64.61; H, 6.15;
N, 10.77. Found: C, 64.27; H, 6.57; N, 10.67.

These tetraalkyl barbituric acids, like the following 
homologs prepared from other 5,5-dialkylbarbituric acids 
and diazomethane or diazoethane, contain no replaceable 
hydrogen and hence are insoluble in sodium hydroxide. 
The yields were practically quantitative. Several of these 
products have failed to crystallize, but from the peculiar 
behavior of the dimethyl-barbital it may be assumed that 
crystallization will readily occur when once a crystal for 
seeding has been obtained. In three instances a 1,5,5-tri- 
alkylbarbituric acid was alkylated on the second nitrogen 
by the diazoalkane method.

Several of these substances possess asymmetrie structure 
and should be separable into optical isomers. This was 
not attempted because the substances have neither acidic 
nor basic properties and cannot form salts with optically 
active bases or acids.

The action of diazomethane on barbituric acids con­
taining only one alkyl in the 5-position has been studied

(7) The dimethylurea was kitidly supplied by Dr. Henry Gilman 
of Iowa State College.
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by Biltz and Wittek.8 They obtained the same trimethyl- 
barbituric acid by diazomethane treatment of barbituric, 
1-m ethylbarbituric and 1,3-dimethylbarbituric acids. 
Both nitrogens are thus amenable to methylation by 
diazomethane, but only one of the methylene hydrogens. 
To obtain a tetraalkylbarbituric acid with this reagent 
both of the methylene hydrogens must be previously sub­
stituted. The other method in which a symmetrical 
dialkylurea is used requires a condensation with the acid 
chloride instead of the ester of the dialkylmalonic acid. 
Fischer and Dilthey thus prepared the tetraethylbarbituric 
acid but failed to crystallize it, possibly because of its 
low melting point. Otherwise its properties were similar 
to those of the 1,3-dimethyl-5,5-diethylbarbituric acid 
prepared by both methods and described above.

(8) Biltz and Wittek, Ber., 54, 1035 (1921).

Summary
Treatment of 5,5-dialkyl- or 1,5,5-trialkylbar- 

bituric acid with diazomethane in ether solution 
gives practically quantitative yields of tetraalkyl­
barbituric acids in which both nitrogens have been 
methylated. A similar reaction occurs with di­
azoethane.

The statement of M arotta and Rosanova tha t 
the two tautomeric monomethyldialkylbarbituric 
acids are thus formed is erroneous. The supposed
O-methylbarbital which they obtained as a sirup 
is in reality the low melting di-N-methyl deriva­
tive.
D e t r o it , M ic h . R e c e iv e d  J u n e  17, 1936

[C o n t r ib u t io n  from  the  Chem ical  L aboratory  of t h e  U n iv e r sit y  of  I l l in o is ]

Absorption Edges in the X-Ray Patterns of Native and Mercerized Cellulose
B y  W a y n e  A. S isso n , 1 George L. C lark  a n d  E dw ard  A . P a r k e r 2

In addition to the spacings of the currently ac- 
cepted unit cell of cellulose,3 numerous reports of 
other long spacings have appeared from time to 
time in the literature. Spacings of 16.0 and 35.3 
Ä. ;4 7.9 or 8.3 Ä.;5 50.0 Ä.;6’7 274, 168, 156 and 
85 A.;8’9 42.2, 44.9, 66.5 and 83.5 Ä.;10 and 40 
to 50 Ä.,11 have been interpreted as being due 
either to micellar dimensions, or to periodicities 
larger than the usual difïracting planes of the 
cellulose unit cell.

The authors12 recently reported three new “in- 
terf erences:” two (10.1 and 13.4 Ä.) in native 
cellulose and one (14.2 Ä.) in mercerized cellu­
lose, which appear most intense in the pattern 
when the x-ray beam (Cu K) is parallel to the 
fiber axis. Regardless of the fibers used, these 
‘‘spacings” were found to be constant, which in-

(1) Present address, Boyce Thompson Institute, Yonkers, New 
York.

(2) Textile Foundation Fellow.
(3) K. R. Andress, Z. physik. Chem., B2, 380 (1929); B4, 190 

(1929).
(4) R. O. Herzog and W. Jancke, Naturwissenschaften, 16, 618 

(1928).
(5) U. Yoshida and C. Park, Mem. Coil. Sei. Kyoto Imp. Univ., 

A17, 443 (1934).
(6) H. Mark, Trans. Faraday Soc., 25, 387 (1929).
(7) G. L. Clark, Ind. Eng. Chem., 22, 474 (1930).
(8) G. L. Clark and K. E. Corrigan, Radiology, 15, 117 (1930),
(9) G. L. Clark and K. E. Corrigan, Ind. Eng. Chem., 23, 815 

(1931).
(10) K. E. Corrigan, Thesis, University of Illinois, 1932.
(11) W. A. Sisson, Textile Research, 5, 119 (1935).
(12) G. L. Clark and W. A. Sisson, Cellulose Symposium, Am. 

Chem. Soc., Div. Cellulose Chem., N. Y., 1935.

dicated that they were not due to non-cellulosic 
constituents.

With other radiations (Mo, Fe and Cr), the 
“spacings” were found to vary, while the usual 
cellulose diffraction lines remained constant, as 
can be seen by comparing the original negatives 
of Figs. 1 and 2. The “spacings” were parallel 
to the 101 and 002 planes in native and the 101 
plane in mercerized cellulose. They were very 
weak with molybdenum radiation, but increased 
in intensity with larger values of X, until with 
chromium radiation they are almost as intense as 
the usual diffraction lines. I t  is the purpose of 
the present paper to show that these new “spac­
ings” are absorption edges.

I t is well known that any element placed in an 
x-ray beam will absorb to a greater extent those 
wave lengths just shorter than tha t element’s 
absorption edges, and on the long wave length 
side of this edge the x-ray beam will be less af­
fected. If the planes in cellulose diffract general 
as well as characteristic radiation, definite bro­
mine and silver absorption edges for each plane 
will appear on the x-ray film which would be 
similar to and might be mistaken for true dif­
fraction lines.

Since the 002 (3.98 Ä.) and 101 (6.10 A.) planes 
in native and the lOl (4.40 Ä.) plane in mercer­
ized cellulose diffract characteristic radiation to 
the greatest degree, they should behave likewise
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with general radiation. The sin 0 values (X = ing to these planes are given in column 4 of Table 
2 d sin 0) of possible absorption edges correspond- I. If, instead of absorption edges, these lines

T a b le  I

N a tive  C ellulose
Absorption edge 

Element X
Diffracting planes 

d , Ä. Sin 0
Calculated spacings 

Anticathode X d, Ä.
Observed spacings 

D, cm. d, Ä. Intensity
Ag 0.484 3.98 0.0608 Mo 0.708 5.82 a « S
Ag .484 5.40 .0448 Mo .708 7.90
Ag .484 6.10 .0397 Mo .708 8.92 0.79 8 .8 8 VW
Br .918 3.98 . 1150 Mo .708 3.08 2.34 3.11 VW
Br .918 5.40 .0850 Mo .708 4.16
Br .918 6.10 .0753 Mo .708 4.70 ° s
Ag .484 3.98 .0608 Cu 1.54 12.7 1.20 13.1 w
Ag .484 5.40 .0448 Cu 1.54 17.2
Ag .484 6.10 .0397 Cu 1.54 19.5 0.80 19.4 VW
Br .918 3.98 .1150 Cu 1.54 6.7 2.34 6.7 s
Br .918 5.40 .0850 Cu 1.54 9.1
Br .918 6.10 .0753 Cu 1.54 10.2 1.51 10.3 w
Ag .484 3.98 .0608 Fe 1.935 15.9 1.22 15.7 VW
Ag .484 5.40 .0448 Fe 1.935 21.6
Ag .484 6.10 .0397 Fe 1.935 24.3 0.83 23.5 VW
Br .918 3.98 .1150 Fe 1.935 8.4 2.32 8.5 s
Br .918 5.40 .0850 Fe 1.935 11.4
Br .918 6.10 .0753 Fe 1.935 12.85 1.51 13.0 w
Ag .484 3.98 .0608 Cr 2.29 18.85 1.21 19.0 m w
Ag .484 5.40 .0448 Cr 2.29 25.5
Ag .484 6.10 .0397 Cr 2.29 28.8 0.79 29.1 VW
Br .918 3.98 .1150 Cr 2.29 9.95 2.33 10.0 s
Br .918 5.40 .0850 Cr 2.29 13.45
Br .918 6.10 .0753 Cr 2.29 15.2 1.50 15.3 w

° Absorption edge superimposed on diffraction line.

T a b le  II
M ercerized  C ellu lo se

Absorption edge DifFracting spacings Calculated spacings 
Element X d, Ä. Sin O Anticathode X d, Ä.

Observed spacings 
D, cm. d, Ä. 1intensity

Ag 0.484 4.0 0.0605 Mo 0.708 5.85
Ag .484 4 .4 .0550 Mo .708 6.44 1.14 6.24 S
Ag .484 7.3 .0331 Mo .708 10.70
Br .918 4 .0 .1145 Mo .708 3.09
Br .918 4.4 .1043 Mo .708 3.39 2.12 3.41 s
Br .918 7.3 .0628 Mo .708 5.64
Ag .484 4 .0 .0605 Cu 1.54 12.75
Ag .484 4.4 .0550 Cu 1.54 14.0 1.14 13.6 w
Ag .484 7.3 .0331 Cu 1.54 23.25
Br .918 4.0 .1145 Cu 1.54 6.7
Br .918 4 .4 .1043 Cu 1.54 7.35 « a s
Br .918 7.3 .0628 Cu 1.54 12.25
Ag .484 4 .0 .0605 Fe 1.935 15.9
Ag .484 4 .4 .0550 Fe 1.935 17.5 1.14 17.1 mw
Ag .484 7 .3 .0331 Fe 1.935 29.1
Br .918 4 .0 .1145 Fe 1.935 8.4
Br .918 4 .4 .1043 Fe 1.935 9.3 2.10 9.3 S
Br .918 7.3 .0629 Fe 1.935 15.3
Ag .484 4 .0 .0605 Cr 2.29 18.9
Ag .484 4^4 .0550 Cr 2.29 20.8 1.14 20.2 VW
Ag .484 7.3 .0331 Cr 2.29 34.6
Br .918 4 .0 .1145 Cr 2.29 10.0
Br .918 4.4 .1043 Cr 2.29 11.1 2.13 10.9 ms
Br .918 7.3 .0628 Cr 2.29 18.2 „,

n Absorption edge superimposed on diffraction line.
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are interpreted as being due to difïracted mono­
chromatic radiation from the anticathodes listed 
in column 5, then the spacings to which they would 
correspond are given in column 7. In column 9 
the experimentally observed spacings (assuming 
monochromatic diffraction) are listed opposite 
the nearest calculated spacing in column 7. It 
is readily seen that the observed 
spacings correspond to calcu­
lated absorption edges for the 
002 and 101 planes. Similar 
data for mercerized cellulose 
appear in Table II.

There are four criteria for 
testing the validity of the as­
sumption that the “spacings” 
listed in column 9 of Tables I 
and II are absorption edges:

(a) That these edges, for a 
specified specimen to film dis­
tance, will remain at exactly 
the same place on the film re- 
gardless of the radiation.

(b) If a “Flurazure” inten- 
sifying screen is used there 
should be no sharp discontinu- 
ities at the bromine and silver 
absorption edges, but a general 
fogging throughout the whole 
region.

(c) It will be necessary to 
have a peak voltage on the 
x-ray tube of at least 25 k.v. 
to produce the silver absorption 
edge and a peak voltage of 13.5 
k. v. to produce the bromine 
edge.

(d) If a strictly monochro­
matic beam (i. e., the x-ray 
beam difïracted from the 101 
face of a crystal of calcite) is 
used, absorption edges will not 
appear.

Experimental
The x-ray tubes used for the 

various radiations were: copper—Philips Met- 
alix, line focus, electron tube and a Leiss- 
Siegbahn, selTrectifying, gas tube; iron—Leiss- 
Siegbahn, self-rectifying, gas tube; chromium— 
Leiss-Siegbahn, self-rectifying, gas tube and a 
modified Langsdin-Wyckoff gas tube; molybde­
num—Philips Metalix, line focus, electron tube.

For the fiber patterns, the samples consisted 
of parallel fibers held firmly and compactly to­
gether. For the patterns with the x-ray beam 
parallel to the fiber axis, the fibers were tied in a 
parallel bündle and then a small cross section— 
two millimeters in length giving the best results— 
was cut and fastened to a mount.

With the exception of chromium radiation, 
where a vacuum camera was used and a specimen 
to film distance of 4 to 7 cm., all patterns were 
taken in air and at 5 cm. specimen to film distance.

With iron and copper radiation patterns were 
taken at peak voltages of 13, 15-24 and 40-60 
k. v. At the lowest voltage approximately fifty

Fig. 1. Fig. 2.

Fig. 3. Fig. 4.
1 and 2 show x-ray diagrams of ramie fibers (beam parallel to fiber axis) 

taken with Cu and Fe radiation, respectively.
3. Same as Figure 2 but with intensifying sereen.
4. Same as Figure 1 but with peak 13 k. v. instead of 40 k. v.
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hours were necessary for the Leiss-Siegbahn tube 
operating at 2 milliamperes. The Philips copper 
tube at 25 milliamperes and 13 kilo volts produced 
patterns in twelve to fifteen hours.

Results
Figures 1 and 2, and column 8 of Tables I and 

II show how point (a) was fulfilled. All values 
for column 8 are in centimeters, corresponding to 
the outer diameter (.D) of the absorption edges, 
and are for a specimen to film distance of 5 cm.

For point (b), a study of two diffraction pat­
terns, shown in Figs. 2 and 3, made under exactly 
the same experimental conditions with the excep- 
tion tha t an intensifying screen was used for Fig. 
3, shows that with an intensifying screen the ab­
sorption edges are missing, and that the fogging 
due to the shorter wave lengths is quite notice­
able.

For point (c), the silver edge was absent for 
voltages below 25 k. v., and both bromine and 
silver below 13.5 k. v. This is illustrated in Figs. 
1 and 4.

As for point (d), owing to the experimental 
difficulties involved, the effect of a strictly mono­
chromatic beam reflected from a calcite crystal 
was not tried, but when a nickel filter was used 
with copper radiation the intensity of the absorp­
tion edges diminished.

The presence of these absorption edges appar­
ently explains some of the large interferences and 
micellar dimensions wjiich have appeared in the 
literature. For example, Yoshida and Park’s 
100 spacing with iron radiation5 may be explained 
as a bromine absorption edge. Likewise, if mag­
nesium and aluminum anticathodes are used, the 
absorption edges for native cellulose would corre­

spond to 36.2, 55.2, 68.4 and 104.8 Ä. for alu­
minum radiation and 42.9, 65.5, 81.2 and 124.3 Ä. 
for magnesium radiation, and these edges approxi­
mate some of the spacings found by Corrigan.10 
They also may explain why Sisson11 was unable to 
obtain check results with aluminum and magne­
sium radiation and also why 15 k. v. was necessary 
to produce interferences. On the other hand, the 
micellar spacings of 150 to 280 Ä. reported by 
Clark and Corrigan;8,9 the 50 Ä. spacing found 
in wood by Mark,6 which he believed to be the 
cross-sectional size of the micelle; and the 35.3 and
16.0 Ä. reported by Herzog and Jancke,4 do not 
correspond to absorption edges.

A small strictly parallel pencil of copper radia­
tion, at a sample to film distance of 15 to 20 cm., 
has been used successfully to identify spacings 
up to 200 Ä. in protein fibers,13 but no evidence 
of correspondingly large spacings was found when 
the method was applied to cellulose.

Summary
1. Difïracted general radiation from the 002 

and 101 planes in native and the 101 plane in mer­
cerized Cellulose produces, on the x-ray negative, 
well-defined bromine and silver absorption edges 
which are similar in appearance to diffraction lines .

2. Criteria for distinguishing absorption edges 
from diffraction lines are discussed.

3. Absorption edges correspond to some, but 
not all, of the large interferences or micellar di­
mensions for cellulose reported in the literature.

4. No spacings larger than the cellulose unit 
cell were found.
U rbana, Illinois R eceived Ju ne  15, 1936

(13) G. L. Clark, Ti. A. Parker, J. A. Schaad and W. J. Warren 
T h is  J o u r n a l , 57, 1509 (1935).
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The Interdiffusion of Acid and Base in Aqueous Solution

B y  Cecil V. K ing  and  W illiam  H . C athcart

The interdiffusion of hydrochloric acid and 
glycine has been studied in some detail by McBain 
and Dawson.1 An interesting feature of this 
double diffusion is the greatly increased rate of 
passage of material (notably the chloride ion) 
through the porous partition of the diffusion cell 
due to the Chemical reaction. McBain and Daw­
son have interpreted the increased diffusion rates 
in terms of increased over-all diffusion coefficients. 
In view of the fact that the hydrogen-ion concen­
tration falls to a low value at the point within the 
porous disk where it meets the glycine, the in­
creased diffusion rates should be interpreted in 
terms of sharpened concentration gradients rather 
than enhanced diffusion coefficients. Analysis 
of the data from this viewpoint is impossible since 
sufficiënt details are not given by the authors. 
The presence of the glycinium ion is a complicat- 
ing factor and also, as shown below, the experi­
mental method used was probably inadequate for 
obtaining correct diffusion rates in this type of 
system.

The present paper reports measurements of the 
interdiffusion rates of hydrochloric acid and so­
dium hydroxide in the porous disk cell.1 It is 
assumed that the diffusion coefficients are un- 
affected by the neutralization (the heat of re­
action is unimportant with the dilute Solutions 
used), and this assumption is confirmed by the 
results. The diffusion coefficients are affected, 
however, by the sodium and chloride ions accu- 
mulating in the disk, and this factor must be 
taken into account.

The interdiffusion of hydrochloric acid and so­
dium hydroxide has been studied previously by 
Barry and Smith,2 by a method of superposing 
one solution upon the other and following the 
movement of the boundary and the heat evolved 
by the neutralization. For our purpose experi­
ments in the porous disk cell are much easier to 
interpret since under suitable conditions the dif­
fusion gradients are confined to the porous parti­
tion.

If A  and 8 are the effective (not the measured) 
area and thickness, respectively, of the porous

(1) M cB ain  and D aw son , T h is J o u r n a l , 56, 52 (1934).
(2) Barry and S m ith , i b id . ,  55, 2215 (1933).

disk, we may assume that the neutralization of 
acid and base occurs in a plane at a distance y  
from the surface in contact with base, 8 — y  from 
the surface in contact with acid. The rates are 
then given, assuming Fick’s law to be valid for 
the experimental arrangement, by

dx _  AD a ci — x __ ADB b — x , .
d t ~ T - ~ y ~ A Ü  y Ü T  ( ^

where a, b =  initial moles acid and base in cell 
compartments of volumes VAf V B; x  =  moles neu­
tralized at time t; D At D B =  diffusion coefficients 
of the acid and base.

Solving for y  and substituting,
dx _  A T V BD A(a — x) -f  VADB(b — x ) l  
dt 5 L VAVB J

If D a and D b are constants under the conditions of 
the experiment, this expression can be integrated 
as follows

Fa Yb . VBDAa +  VADBb
VbDa +  VaDb VBDA(a -  x) +  VADB{b -  x)

where k — A /8 ,  a “cell constant” dependent on 
the characteristics of the porous disk only and 
not on the volumes of the cell compartments. 
This equation may be rewritten

V a  V b  , P ACA +  D b C b  

VbDa .+ VaDb DaC'a +  DBc l (1)

where CA, CB are initial concentrations of acid 
and base, C'A, CB are concentrations at the time t.

The corresponding equation for a single dif­
fusion is, in a form convenient for use

= Va Vb ln _________Ca_________
( F a .+ Vb)D m CA -  (1 +  Fb/U a)C1

where CA is the concentration of diffusing solute 
in the cell compartment which initially contained 
pure solvent. This equation was used in estab- 
lishing cell constants and for the other single 
diffusions reported.

Experimental
Several cells were used in the course of this 

work, but all the final experiments were run in one 
rotating cell of the type described by Mouquin 
and Cathcart.3 McBain and Dawson have given 
2.71 sq. cm./day as the diffusion coëfficiënt of 0.1 
molar hydrochloric acid into pure water at 25°,

(3) M ouquin  and C athcart, i b id . ,  57,  1791  (1935).
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and thivS value was used in determining all cell 
constants.

Rotating Cell Constant.—The volumes of the 
cell compartments were VA = 69.6 cc., VB =
71.2 cc. The cell was rotated approximately 
forty times per hour, both in determining the cell 
constant and in the double diffusion experiments. 
Data are given in Table I . .

T able I
R otating Cell Constant D etermination  (25 =*= 0.02°)

Chol M Time, hours Chci, M k

0 .1 0 0 2 17 .75 0 .00962 3 .7 8
.0995 18 .25 .00996 3 .8 5
.0983 2 6 .6 7 .01377 3 .8 7
.0982 2 6 .8 3 .01380 3 .8 8

Salt Effect on the Diffusion Coefficients.—The
diffusion coëfficiënt of an electrolyte varies some­
what with its own concentration, but, in general, 
this Variation amounts to only a few per cent. up to
0 . 1  N  solution. The Variation has been explained 
quantitatively for very dilute Solutions in terms of 
the interionic attraction theory. The effect of 
salts on the diffusion coefficients of dilute acids 
and bases is much greater and has not yet been 
accounted for quantitatively. Since in the inter­
diffusion experiments acid and ba.se diffuse into 
the disk, sodium and chloride ions outward in both 
directions, the diffusion coefficients will vary con- 
tinuously with the concentration gradients unless 
the experiments are carried out in such a medium 
that the salt formed will not have this effect.

For this reason, the diffusion coefficients of 
acid and base were determined in Solutions con­
taining added sodium chloride. This was first 
done in stationary cells but, as shown below, it was 
found necessary to establish the curves with the 
rotating cell also. The coefficients of both acid 
and base reach maxima between 0.2 and 0.4 mo­
lar salt and apparently decrease again at higher 
concentrations. Measurements in the rotating 
and stationary cells check well with sodium hy­
droxide, but this is not true with hydrochloric 
acid. Presumably the coefficients of both should 
continue to rise with increasing salt concentra­
tion, the hydrogen ion reaching a value near 8 
sq. cm./day when freed of all retarding effects of 
the negative ion.1 This value assumes, however, 
no effect due to the increased viscosity of the con­
centrated salt solution, and ionic mobilities of the 
same value as at infinite dilution. In practice, 
6 sq. cm./day is about the highest value reached 
in sodium chloride (Table II); the decrease at

T able II

T he D iffusio n  Coefficients of H ydrochloric Acid 
(0.0492 M) and  Sodium H ydroxide (0.0530 M) in  Sodium 
Chloride Solutions (both stdes of cell) at 25°

------------------HCl  — -s ---------------- NaOH-------- ----—.
CNaOl, D (sq. CNaCl» D (sq.

M Cell cm./day) M Cell cm./day)
0 (2 .7 ir 0 s 1.73 1.735
0.01 S 3 .3 4 0 .0 4 s 2 .4 1

.02 S 3 .2 6 .08 s 3 .1 8

.04 s 3 .8 5  4 .1 7 .12 s 3 .3 4

.06 s 3 .9 8 .16 s 3 .3 9

.10 s 4 .6 5 .20 s 3 .5 0

.20 s 5 .3 6 .40 s 3 .5 4

.30 s 5 .6 0 .72 s 3 .4 3

.40 s 5 .4 6 .30 R 3 .5 5

.50 s 5 .6 9 .40 R 3 .5 8
1.0 s 5 .5 3 .50 R 3 .5 6
1 .5 s 5 .0 8
2 .0 s 4 .6 5  4 .6 8
3 .0 s 3 .6 5  3 .5 0
0 .2 4 R 5 .8 2

.40 R 5 .9 0  6 .1 0

.56 R 6 .0 9
1.0 R 5 .9 4  6 .0 9
2 .0 R 5.18
3 .0 R 4 .3 4  4 .3 2

® Approximately the same as 0.1 M  HCl. S =  sta­
tionary, R = rotating cell.

higher salt concentration may be real or may be 
due to inadequacy of the experimental method. 
Since the rotating cell gives higher values than 
the stationary cell and results below shoyt that 
these higher values are substantialty correct, it is 
possible that inadequate stirring in the cell com­
partments of even the rotating cell is responsible 
for the decreasing values obtained at high salt 
concentrations.

Interdiffusion Experiments.—All these ex­
periments were run with 0.4 molar sodium chlo­
ride in both compartments of the rotating cell, 
since the diffusion coefficients have their maxi­
mum value at this concentration and the higher 
concentration accumulating within the disk can­
not affect the coefficients much. Three experi­
ments were run, in duplicate, with acid and base 
concentrations between 0.04 and 0.06 molar, since 
the single diffusions were run at approximately
0.05 molar. The values do not change much 
with acid or base concentration, however, and one 
pair of experiments was run with 0.1 molar acid,
0.05 molar base. The values DA = 6.05, DB =
3.55 were selected as the approximate maxima 
from Table II and Fig. 1 and used in equation (1) 
in calculating the cell constant k as shown in 
Table III.
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T a b l e  III
C ell  C o n st a n t s  from  I n t e r d if f u s io n  E x pe r im e n t s  in  

R otating  C e ll  (25°). 0.4 M  NaCl in  b o th  C ell

C om pa r tm en ts

Expt. CA Cb 'Time, hours Ca Cb k
6 0.0498 0.0497 22.33 0 .0301 0.0304 3.915
7 .0498 .0497 41.5 .01915 .0200 3.955
8 .0598 .0397 18.5 .04225 .0220 3.89
9 .0598 .0397 25.0 .0378 .0172 3.86

10 .04025 .0595 25.17 .0195 . 0383 4.06
11 .04025 .0595 24.6 .0199 .0388 4.03
4 .0997 .0537 23.0 .0679 ,02185 3.685
5 .0997 .0537 26.75 .0641 .0183 3.67

Samples of both acid and base were titrated be­
fore and after the diffusion, and a comparison of 
the values in Table III shows that the method is 
not very precise unless more precautions are taken 
than were thought necessary for the present pur­
pose. The greatest discrepancy in moles of acid 
and base disappearing is 4.4% in experiment 9. 
The error in k caused by an error of 1% in any 
one term of equation 1 (■i. e.y in D, F, C, C', etc.) 
is approximately 1%.

In Table IV are given the results of two inter­
diffusion experiments carried out in the same 
cell without rotating, the first with the acid in 
compartment A above, the second with base in 
compartment B above. The density of the so­
dium hydroxide solution was found by measure­
ment to be greater than that of the acid. More 
moles are neutralized in less time with the base 
above the acid; in neither case does the diffusion 
proceed with the theoretical speed as shown by 
the very low values of k . The constant of this 
cell was not determined (with 0.1 molar hydro­
chloric acid diffusing into water) with the cell 
stationary, but it should be approximately 3.65.3

T a b l e  IV
I n t e r d if f u s io n  w ith  C e l l  S ta tio n a r y , 25°C., 0.4 M  

NaCl
Expt. CA Cb Time, hours Ca Cb k

20® 0.04925 0.0484 27.33 0.0367 0.0360 1.89
216 .04925 .0484 24.17 .0348 .03405 2.53
a HCl above. b NaOH above.

Discussion.—While the greatest Variation of 
k in Table III is 5.6% from the mean value of 
Table I, the average of all results is only 1.0% dif­
ferent. The variations are evidently due largely to 
the difficulty of choosing correct values of DA, DB 
and the change of the latter with acid and base 
concentration. The picture of the interdiffusion 
represented by equation (1) is fully substantiated.

The fact that the maximum coëfficiënt for hy­
drochloric acid obtained with the rotating cell

must be used to obtain the agreement of cell con­
stants, as well as the fact that interdiffusion ex­
periments in the stationary cell give abnormal 
results, indicates that the rotating cell has a wider 
range of applicability. The latter experiments es­
pecially indicate that the diffusion gradients are 
not confined to the porous disk unless the den­
sity relations allow adequate stirring to be main­
tained by convection currents, or mechanical 
stirring is introduced.

0.4 0.8 1.2 1.6 2.0
Molar concentration of NaCl.

Fig. 1.—Diffusion coefficients in sodium chloride 
Solutions: lower curve, NaOH; upper curves, HCl;
O, stationary cell; • ,  rotating cell.

The point within the disk at which the neutrali­
zation occurs varies with the diffusion coefficients 
and concentrations of the reagents, and can be 
calculated from equation (la). In the present 
case with equal acid and base concentrations in 
the presence of 0.4 molar sodium chloride, it oc­
curs at a distance 0.37 5 from the surface in con­
tact with the base.

Since this paper was written, an interesting 
and useful “multimembrane” method of studying 
diffusion processes has been published by Teorell.4 
In one interdiffusion experiment, the “diffusion 
layer” between equimolar hydrochloric acid arid 
sodium hydroxide Solutions was separated into 
seven portions by cellophane membranes; sam­
ples from the several compartments were analyzed 
after twenty-four hours, and the concentration 
gradients of the various ions thus recorded. The 
Solutions contained no added salt; the neutrali­
zation occurred 0.375 of the total distance from 
the base compartment.

Summary
The diffusion coefficients of hydrochloric acid 

and sodium hydroxide have been measured in the 
presence of added sodium chloride over a wide 
concentration range.

(4) Teorell, J. Biol. Chem., 113, 735 (1936).
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The rate of interdiffusion of the same acid 
and base in sodium chloride solution has been 
studied. It is shown that the diffusion coeffi­
cients are unchanged if sufficiënt sodium chlo­
ride is present initially; in the porous disk cell, 
the diffusion rates are, however, greatly increased 
since the concentration gradients become much

sharper because of the neutralization within the 
disk.

Some limitations of the porous disk diffusion 
cell are demonstrated. Adequate mixing must 
be maintained in the cell Solutions either by natu­
ral convection or by auxiliary stirring.
N e w  Y o r k , N. Y. R e c e iv e d  F e b r u a r y  12, 1936

[C o n t r ib u t io n  from  t h e  D epa r t m e n t  of Ch e m ist r y , C o lu m bia  U n iv e r s it y ]

The Conductance of Salts (Potassium Acetate) and the Dissociation Constant of
Acetic Acid in Deuterium Oxide

B y  V ictor K . La M er  and  James P. Chittum

The accurate calculation of the dissociation 
constant of a weak acid, like acetic acid, in deu­
terium oxide requires values of comparable ac­
curacy of the limiting conductances A0, of deu- 
terochloric acid, potassium chloride and potas­
sium acetate. In ordinary water the problem 
is solved by meäsuring a series of conductance 
values at increasing dilutions and Controlling the 
extrapolation to infinite dilution by the Onsager1 
equation.

The limited quantities of heavy water available 
do not permit execution of this tedious and ex­
perimentally difficult problem at this time. We 
are accordingly interested in establishing the val­
idity of two approximate rules, which will permit 
the calculation of A0 for the deuteronium ion and 
for the anion of the weak acid with sufficiënt pre­
cision for present purposes from a single measure­
ment at an experimentally convenient concentra­
tion (C =  0.01) in heavy water which is not neces- 
sarily 100% D20.

These rules are
[A c/ A o] h 20 =  [A c/ A o] d 2(> (1 )

valid for acids and salts in pure D20, but pre­
sumably accurate only for salts in intermediate 
mixtures of D20 -H 20, owing to the complication 
of the exchange reactions which acids suffer in the 
mixed waters.2

A7j =  Constant; 7} =  Viscosity, (2)

valid for interpolation and for extrapolation to 
pure D2Ö of the data obtained for the salts in 
H20-D 20  mixtures.

(1) Onsager, Physik. Z., 27, 288-292 (1926); 28, 277 -298 (1927).
(2) Baker and La Mer, J. Chem. Phys., 3, 406 (1935).

The justification of (1) follows from the Onsa­
ger equation3

Ac = Ao -  [aAo H- 2/5] y / C  (3)
where

;-173 X 10» ^ 41.7 1
( D r y /2 a a p (d t ) 1/* A

Let ß' = 2ßrj, then <x and ß' differ in H20  and 
D20  only by the ratio of the dielectric constants 
of H20  and D20  which ratio appears to be almost 
unity.4,5

Ac/Ao = ! — [«-]- ß'/Aor}] y /C  (5)
and
[Ac/Ao] HA) _  1 i ß ' y / c  [1 /(A o77)h20 — l/(Aop D20] 
[Ac/A o]d2o 1 — [«  4  /5'/(A ot?)d2o]

(6)
The experimental data on potassium chloride 

and on potassium acetate presented below show 
that (Aô )h2o differs from (A0?7)d2o by only 1.93%. 
Hence equation (6) reduces without appreciable 
error to equation (l).6

The error in A0(D2Ö) calculated through equa­
tions (1) and (6) is thus less than 0.1% and less 
than our present experimental errors. The Ac 
vs. y/C  curves in D20  are, therefore, sensibly 
parallel to those in H20, and the D20  curve can be 
constructed from a measurement of A at a single 
low concentration.

Since the only difference in the limiting con­
ductance of non-acid ions in D20  and in H20  ap­
pears to be resident in the change in ß, the electro- 
phoretic part of the Onsager equation, we expect

(3) Maclnnes, Shedlovsky and Longsworth, Chem. Rev.. 13, 29 
(1933), eq. (7).

(4) Horst Müller, Physik. Z., 35, 1009-1011 (1935).
(5) . P. Abadie and G. Champetier, Compt. rend., 200, 1387 (1935).
(6) ij does not change significantly on passing from C = 0.01 to 

C =» 0.
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T a ble  I
AS

0.1079 ” Nds° 0.0 27.4 77.0 93.0 97.0 100.0

105 K ' acetic 1.84 1.352 0.741 0.608 0.575 ( 0.555)
AoKAc 114.4 108.1 98.2 96.0 95.5 ( 94.7)
(Aoij) KAc 114.4 115.0 115.8 116.4 116.5 (116.6)
Aoi?0-sls KAc 114.4 114.4 114.1 114.5 114.5
Ao (HAc-DAc) 390.6 345.6 297.5 285.9 285.2
A (Eq. 8) 148.6 134.8 117.2 114.2 113.7

that Ao(H20 )/Ao(D2 0 ) is practically constant for 
all completely dissociated salts of the same val­
ence type and equal to approximately t/d2oA h2o.

Experimental.—The measurements on potas­
sium acetate have been made at 25°, using a Jones 
bridge and the semi-micro method described pre­
viously,2 at approximately 0.015 N  at 
different mixtures of H20-D 20. A0 ob­
tained by linear extrapolation from 93 
and 97% D20  is 94.8 Kohlrausch units 
(K. U.), a decrease of 17.1% from the H20  
value. The corresponding decrease for 
potassium chloride is 17.2%. Table I 
shows that the empirical equation

Ao?70-913 — Constant (7)

shown in the previous paper to be valid 
for potassium chloride, applies equally 
well to potassium acetate. The value of 
Ao(KAc) at 100% D20  calculated either 
from equation (1) or (7) is 94.7 K. U.

Dissociation Constant of Acetic Acid.
—The stoichiometric constant for ap­
proximately 0.02 N  acetic acid, has been 
calculated using the Maclnnes-Shed- 
lovsky7 method for each H20~D20  
mixture (Table I), by omitting the last 
(empirical) term in the equation

Ae(HAc) — Ao — A \ r cx T Bc (1 •— a  \ /rC)

Ao (HCl) and A0 (KC1) were calculated by 
means of equation (1). A short series of approxi- 
mations gives A€ and hence Cx from (1000 L )/Ae. 
(.L — specific conductance of solution.)

The stoichiometric constant K ' is defined as 
Ci2/ (C— Q), where C is the stoichiometric concen­
tration of the acid. Linear extrapolation from 
93 to 97% D20  (Fig. 1, curve 1), gives K ' =
0.555 X 10“5 for deutoacetic acid, which com- 
pares favorably with Lewis and Schutz, estimate 
of 0.59 X 10 “5 obtained on less than one cc. of 
solution. Our value proves to be in excellent

(7) Maclnnes and Shedlovsky, This J o urn al , 54, 1429 (1932). 
We did not attempt the precautions taken by these authors, namely, 
of adding tracés of HAc to KAc Solutions because of the small vol­
umes of D2O available.

(8)

agreement with the value of 0.55 X 10~5 obtained 
by Korman and La Mer8 from the e. m. f. of 
quinhydrone-silver chloride, Ag cells without 
transference and a formula defined by them for 
extrapolating K  to 100% D20.

As was found previously for potassium chlo­

LEGEND 
Z ~K ' Acetic Ac/cf 
JZrAy,* ac
m-(A.Q̂)KAc

118

108

0 .5 0
A d2o =  A 6 7 0 .1 0 7 9  

Fig. 1.

ride A0 for potassium acetate exhibits a small 
negative deviation of approximately 2% at 
NDzo = 0.5. On the other hand, the dissocia­
tion constant of hydrogen acetate exhibits a 
much larger negative deviation from linearity 
amounting to 10% at N D20 — 0.5. The non- 
linear behavior of the dissociation constant when 
plotted against the deuterium content of the 
solvent iVD2o = A5/0.1079 arises from the com- 
plications of the proto- and deuterotropic ex- 
changes in the mixtures as was suggested for 
the A hydrogen chloride curve, which exhibits 
a negative deviation of 6.5% at the midpoint. 
Similar deviations from linearity are uniformly

(8) Korman and La Mer, T his Jo urnal , 58, 1396 (1936); Science, 
N. S., 83, 624 (1936).
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exhibited in the kinetic processes of acid-base 
catalysis,9,10

Summary
The Walden constant = A0rf increases (linearly) 

by 1.93% on passing from H20  to D20  for both 
potassium acetate and potassium chloride. With 
this equation and the rule

(9) Hamill and La Mer, J . Chem. P h ys ., 2, 891 (1934); 4, 395 

(1936).
(10) La Mer and Greenspan, not yet published.

[Ac/Ao] R2O — [A(./Ao] !)?<>
which follows from the Onsager equation and the 
Waiden rule, it is shown how the dissociation con­
stants of weak acids in I)20  may be calculated 
with satisfaetory accuracy from a limited amount 
of conductance data. K ' (acetic acid) equals
0.55 X 10'~5 in pure D20, and exhibits a marked 
negative deviation (10%) from linearity on pass­
ing from H20  to D20.
N e w  Y o r k , N. Y. R e c e iv e d  July 1, 1936

[ C o n t r ib u t io n  f r o m  t h e  C h e m ic a l  L a b o r a t o r ie s  o f  N e w  Y o r k  U n iv e r s it y ]

Ternary Systems* XXI. Lead Nitrate, Ammonium Nitrate and Water at 25°

B y  A r t h u r  E . H ill a n d  N ath an  K a pl a n

The effect of potassium nitrate in increasing the 
solubility of lead nitrate inwater led Le Blanc and 
Noyes1 to the explanation of double salt or com­
plex ion formation in the liquid phase. Solubility 
determinations by Glasstone and Saunders2 at 
temperatures between 25 and 100° gave no evi­
dence of double salts as solid phase, and similar 
experiments by Ehret3 at 0° gave likewise a nega­
tive result. The work of Glasstone and Saunders2 
with sodium nitrate as added salt showed a de­
crease in solubility of lead nitrate, also without

Fig. 1 .-2 5 °  Isotherm, Pb(N 03)2-NH 4N03-H 20, in mole 
per cent.

formation of double salt in the solid phase. The 
effect of ammonium nitrate, which has a much 
higher solubility than the corresponding sodium 
and potassium salts, permitting the investigation

(1) Le Blanc and Noyes, Z. p h ys ik . C hem ., 6 , 385 (1890).
(2) Glasstone and Saunders, J . Chem . S oc., 123, 2134 (1923).
(3) Ehret, T h is  J o u r n a l , 54 , 3126 (1932).

to cover a wider range of concentrations, is here 
reported.

Pure recrystallized lead nitrate and ammonium 
nitrate were used in making up the complexes, 
which were rotated in closed tubes for several 
days at 25 =*= 0.03°. The Solutions at equilibrium 
were analyzed by evaporation of a weighed sample 
to give total solids, and the determination of lead 
as lead sulfate by the Standard method. The re­
sults are given in Table I.

Fig. 2.—Effect of added nitrate on solubility of 
Pb(NOs)2 at 25°.

The solubility curves, plotted in molar percent­
ages, are shown in Fig. 1. On the same diagram 
are shown the results of Glasstone and Saunders2 
for potassium nitrate and sodium nitrate. It is 
apparent that the effect of ammonium nitrate 
upon the solubility of lead nitrate is intermediate 
between the effects of the potassium and sodium 
salts, at similar molar concentrations. There is 
no indication of double salt formation as solid 
phase; tie lines drawn through the compositions
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T a b l e  I

S y s t e m : Pb(N03)2-N H 4N 0 3--H20  a t  25°
Moles

Original complex Saturated solution P b (N 0 3 )s  
Wt., % Wt., %  Wt., %  Wt., %  per mole 

P b (N O s >2 N H 4N O 3 P b ( N 0 3)2 N H 4N O 3 HaO Solid phase

3 7 .172 0.00 0.0322 Pb(NO„)2
48.03 9.72 33.99 12.35 .0344 Pb(NOs)2
59.64 10.04 34.02 16.28 .0372 Pb(N03)2
38.39 26.74 33.65 28.75 .0487 Pb(N02)2
41.87 31.90 32.61 36.92 .0581 Pb(N03)2
35.91 41.39 30.79 44.58 .0680 Pb(NO,)2
39.06 42.03 29.63 48.47 .0735 Pb(N03)2
32.36
27.84

54.54 V 
55.22 J 29.44 49.00 .0743 ƒ Pb(N03)2

\  +  n h 4n o 3
15,37 62.65 18.04 56.15 NH4NOj

0.00 68.17 NH4N03

of saturated solution and original complex pass 
through the compositions of the two simple salts 
with average deviation of 1 .1%.

From the molar ratio of lead nitrate to water, 
shown in column 5, it is apparent that addition 
of ammonium nitrate increases the solubility of 
the salt markedly. A plot of the change in solu­
bility, as thus defined, is shown in Fig. 2, in which 
are shown also curves for potassium nitrate and 
sodium nitrate calculated from the work of Glass­
tone and Saunders.

Summary
The solubilities in the system Pb (N 0 2) 2~NH4- 

NO3-H 2O at 25° have been determined. The 
solubility of lead nitrate is increased by ammo­
nium nitrate, but to a smaller degree than by po­
tassium nitrate. No double salts have been found 
as solid phases.
New York, N. Y. R e c e i v e d  Jüly 1, 1936

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

Studies in the Mechanism of Decomposition. I. The Vapor Phase Photolysis of
Acetic Acid

B y M ilton B urto n

In order to explain certain observations on the 
pyrolysis of acetic acid, Hurd1 suggested the for­
mation of ketene as an intermediate reaction prod­
uct. F. O. Rice2a showed that such formation 
might be considered a logical consequence of a free 
radical chain mechanism. However, Franck and 
Rabinowitsch,3 in discussing the photolysis of or­
ganic molecules by the intermediary of free radicals 
and atoms, pointed out that certain polyatomic 
molecules might decompose directly into stable 
molecules and that the work of L. Farkas and 
Wansbrough-Jones4 indicated that acetic acid is an 
example of such a compound. That conclusion 
was based primarily upon an analysis of the ulti- 
mate products of the decomposition, which showed 
such a clear correspondence of yields among the 
products that the two reactions following ap­
peared to be the only tenable ones in the gaseous 
state

C H 3 C O O H  - f  hv  — ^  C H 4 +  C 0 2 (1)

( C H 3C 0 0 H ) 2 +  hv  — >- C 2H 6 - f  C O  +  C O 2 +  H 20  

______________  (2 )

(1) Hurd, “ Pyrolysis of Carbon Compounds,” Chemical Catalog 
Co., New York, 1929, p. 334.

(2) Rice and Rice, “ The Aliphatic Free Radicals,” Johns Hopkins 
University Press, Baltimore, 1935, (a) p. 135, (b) p. 14, (c) p. 187.

(3) Franck and R abinow itsch , Trans. F araday Soc., 30, 120 (1934).
(4) L. Farkas and Wansbrough-Jones, Z. physik . Chem., 18, 124 

(1932).

Although they reported a yield of approximately 
1% by volume of hydrogen, Farkas and Wans­
brough-Jones favored the idea that that substance, 
as well as tracés of acetylene found, might be a 
product of some subsequent reaction of the re­
sult ant molecules.

This appears to be a clear-cut case in which to 
test whether decomposition takes place by rup- 
ture into free radicals or by rearrangement of a 
stable constellation of groups into stable constella- 
tions of ultimate molecules. The mirror methods 
developed by Paneth5 and by F. O. Rice and his 
co-workers6 and used by Pearson7 in the study of 
the photochemical decomposition of aldehydes 
and ketones are well suited to the test. In a pre­
vious communication8 the writer described a pro­
cedure for the detection of hydrogen atoms in the 
presence of free radicals and indicated evidence 
for the reactions

CH3COOH +  h v  — =►* CH3 +  COOH (3) 
COOH — C 02 +  H (4)

(5) Paneth and co-workers, B er., 62, 1335 (1929); Z . ph ysik . 
Chem ., B7, 155 (1930); N a tu re , 125, 564 (1930); B er., 64, 2702 
(1931); 64,2708 (1931); et seq.

(6) Ref. 2 reviews this work thoroughly.
(7) Pearson, J . Chem. Soc., 1718 (1934); Pearson and Pureell, 

ib id ., 1151 (1935).
(8) Burton, T h is  J o u r n a l , 68 , 692 (1936).
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to account for at least part of the photolysis of 
acetic acid.

In this report, evidence will be presented which 
will show that the photolysis of acetic acid can be 
explained entirely by a free radical mechanism but 
that the above indicated mechanism is incorrect.

Experimental
Light Sources.—In the work reported in the previous 

communication and referred to briefly in Part I following, 
a quartz Hanovia mercury vapor lamp operating in series 
with a rheostat on a 110-volt storage battery line was used. 
At that time no special precautions were employed to main- 
tain constancy of current, which was held at about 4-5 
amper es.

In all later work the quartz capillary mercury arc shown 
in Fig. 1 was employed. It is a modification of the lamp 
described by Forbes and Heidt.9 The capillary tube A has 
a slight slope and is 4 cm. long and about 2 mm. in internal 
diameter. The entire lamp is of quartz except for the 
tubes B, which are of Pyrex glass. The bottoms of those 
tubes have tungsten wires sealed in as shown and are 
ground to fit into the quartz tubes at C. The openings at 
C may be regulated by withdrawing the tubes B slightly. 
The tubes are thereafter held in fixed position by the rub­
ber stoppers D, which are groöved to permit ready access 
of air into the reservoirs E. The tube F serves to permit 
flow of mercury from one reservoir to the other as de­
scribed by Forbes and Heidt. (In the writer’s experience 
with this lamp no such flow of mercury was observed even 
on three-hour periods of Operation. The mercury levels 
were never that far displaced.) Contact is made by in- 
serting nickel or iron wires in the mercury in the tubes B. 
The wires are so connected that the upper end of the capil­
lary is negative. The lamp as described was used in a

110-volt battery circuit containing a rheostat so adjusted 
as to permit a current of 4.0 amperes. In starting the 
lamp the mercury column in A was broken by heating 
with a sharp flame. During Operation a rapid stream of 
water was flowed over the capillary tube from an ordinary 
wing-top which had been cut down so that its edge would 
rest evenly on the full length of the tube. The lamp was 
supported in a glass funnel in such a way as to drain off 
the water. It was not necessary to keep the legs of the 
lamp immersed, for water was flowing down them con- 
stantly during Operation. The filling of the tube was 
conducted simply by boiling out the air while holding the 
tube at a convenient angle to promote entrance of mer­
cury. From time to time, between runs, the outer surface 
of the capillary was cleaned with hydrochloric acid.

Chemicals.—The acetic acid used was the analyzed 
product of General Chemical Co., of A. C. S. grade. It was 
subjected to four recrystallizations and decantations be­
fore introduction into the apparatus. Only about 25% 
of the original sample was used. The acetone was the 
A. C. S. grade of Eimer and Amend further purified by the 
method of Shipsey and Werner10 to a constant boiling 
point of 56.0° uncorrected. The sodium bromide and 
sodium chloride were Eimer and Amend T. P. grades and 
were merely dried to constant weight at 130° before use.

Apparatus and Technique.—The methods used were 
very similar to those already described by Pearson.7 The 
apparatus is indicated in Fig. 2. The purified liquid was 
introduced into reservoir A, frozen (or cooled) in carbon 
dioxide-toluene mixture, evacuated, and then allowed to 
warm to room temperatures (above the melting points 
both of acetone and of acetic acid). This process of cool­
ing, evacuation and warming was repeated once in reser­
voir A. Then, by suitable manipulation of the stopcocks 
and application of the freezing mixture, the liquid could 
be distilled to either of the reservoirs B or C where it was 
subjected to further repeated cooling, evacuation and 
warming as already described for at least three additional 
successive times. In this way entrapped gases were 
eliminated.

Fig. 2.—Reaction system.

Regular stopcock grease was used in all stopcocks and 
joints. The length of the constricted portion of the tub­
ing, including the quartz reaction tube Q and allowing for 
the ground glass joints to which it was sealed, was fixed 
at 88 cm. The tube Q had an average internal diameter 
of almost exactly 5 mm. The tube J contained silver 
turnings intended to trap out mercury vapors. The mer­
cury manometer M had a slope ratio of 25:1 and permitted

(10) Shipsey and Werner, J . Chem. Soc., 103, 1255 (1913),(9) Forbes and Heidt, T h is  Journal, 53, 4349 (1931),
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T a b l e  I

S e r i e s  o f  E x p e r im e n t s  w it h  L e a d  G u a r d  M ir r o r

Expt. 22 23 24“ 25
Substance Acetone Acetic acid Acetone Acetic acid
Pres. at M, mm. 2.2-2.4 2.1-2.25 2.0 2.2
Mirror E (Pb) Heavy Very light From expt. 23 Light
Distance of E from Li, cm. 7 2.6 2.8 5.2
Guard mirror F (Pb) 1.5-2 cm. long Heavy Heavy From expt. 23 Heavy
Mirror G (Sb) Very light From expt. 22 Very light From expt. 24
Distance of G from Li, cm 19.2 18.5 18.7 19
Time of run, minutes 85 75 78 180
Effect on E Partly removed Only trace left Gone in 22 min. Still present
Effect on F None Attacked near E 

in 65 min.
None

Effect on G None Gone None Gone
“ Expt. 24 followed sixteen hours after expt. 23.

readings accurate to 0.01 mm. The apparatus was con­
nected to a carbon dioxide-toluene trap and a mercury 
vapor pump system at V. During a run, the path of the 
vapors was from one of the reservoirs A, B or C through 
J and the reaction tube Q to the receiver H, which was 
cooled in a carbon dioxide-toluene mixture. After the 
reservoir was exhausted the liquid was then distilled back 
from the receiver H through the now opened stopcock D 
to the reservoir. It was found that the small amount of 
product impurity formed during the photolyses did not 
sensibly affect the results in subsequent runs. The irradi- 
ated zones were at either Lj, L2 or L3, as will be indicated 
below. K represents a light filter (cooled with flowing 
water during runs) containing a suitable solution between 
crystal quartz plates 1 cm. apart. A copper cylinder 
around the reaction tube served as a screen which was used 
while the are and the flow of gas were adjusted. It was 
slipped aside at zero time, exposing the irradiated zone but 
shielding the mirror or mirrors. When the filter was not 
used, the reaction tube itself was cooled with running 
water. Under no circumstances did the temperature of 
the reaction tube rise above that of the room.

Part I. Detection of Atomic Hydrogen in the 
Presence of Methyl.—In these early experi­
ments, the results of which have already been re­
ported,8 the apparatus was not quite the same as 
shown in Fig. 2. The reaction tube system was 
sealed to the rest of the apparatus and not afïixed 
with ground glass connections. In other respects 
it was substantially the same as in the latter ex­
periments.

In this part the depression between F and G 
contained a small pellet of lead; that after G con­
tained one of antimony. A transparent lead test 
mirror of the weight desired was deposited at E 
(after suitable preparation of the surface2) and a 
heavy lead guard mirror was deposited at F. A 
very light antimony mirror was then deposited at G. 
Such mirrors were deposited only when desired. 
On some occasions, as is evident from Table I, a 
mirror might be used for more than one experiment.

In Table I there are indicated the results of a 
typical series of experiments on the vapors of ace­
tone and of acetic acid. During the experiments 
of this part, the reaction tube was illuminated at 
Li, approximately 40 cm. from its beginning, by 
the unfiltered Hanovia are located about 0.7 cm. 
from the tube. The are was not always located 
at the same distance from the beginning of the 
tube in this series. I t is for that reason that the 
distances of the mirrors from the irradiated zone 
vary from experiment to experiment.

The efficacy of the heavy lead mirror as a guard 
to prevent the passage of methyl radicals is indi­
cated with acetone as a known case7 in expt. 22. 
I t will be shown below that under similar condi­
tions of Operation irradiated acetone will yield 
more than ten times as many mirror-active par- 
ticles as acetic acid. Lead mirrors may be shifted, 
but not removed, by hydrogen atoms, while anti­
mony mirrors are attacked both by free methyl 
radicals and hydrogen atoms.11 Consequently, 
it can be concluded from this experiment that, if 
acetic acid produces only free methyl radicals and 
no hydrogen atoms > it could be passed through 
the reaction tube under these same conditions for 
at least eight hundred and fifty minutes without 
any visible effect on the antimony mirror. How­
ever, expt. 23 showed that acetic acid vapor re­
moved that mirror under similar conditions of 
Operation in seventy-five minutes. A fresh lead 
mirror was simultaneously attacked in that ex­
periment. The fact that the guard mirror used 
in expt. 23 was still effective at the end of the run 
was shown in expt. 24 with acetone, which again 
failed to remove a fresh antimony mirror. The 
fact that the antimony mirror used in expt. 24 was

(11) Pearson, Robinson and Stoddard, P r o c .  R o y .  S o c .  (London), 
142, 2 7 5  (1933).
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.sensitive to mirror-active particles was verified in 
expt. 25 with acetic acid vapor.

Similar experiments were performed from time 
to time and on the basis of these results it ap­
peared clear that acetic acid was yielding particles 
capable of attacking lead mirrors and others 
which would attack antimony although they 
had no effect on lead. It was concluded and 
reported8 consequently that the photolysis of 
acetic acid yielded both methyl radicals and hy­
drogen atoms. However, the subsequent results 
of Part II showed that the effect on the lead 
mirror could not be quantitatively duplicated. A 
eheck-up of the results indicated that, although 
methyl radicals and hydrogen atoms had been ob­
served simultaneously during the photolysis of 
acetic acid, they did not both originate in that 
compound. The hydrogen atoms came from the 
acetic acid; the methyl radicals came from the 
acetone which had been adsorbed in the system 
(perhaps in J) and swept along with the acetic 
acid. Whenever a series such as shown in Table 
I was run, there would be apparent formation of 
methyl radicals during the photolysis of acetic 
acid. I t was only when particular precautions 
were taken to eliminate the last tracés of acetone 
before the acetic acid runs that no lead mirror re­
moval was observed with the latter.

The conclusions to be drawn from this part are:
(1) hydrogen atoms can be detected by this proc­
ess in the presence of methyl radicals. (2) Acetic 
acid vapor of itself does not interfere with the sen­
sitivity of lead mirrors to free methyl radicals.
(3) Hydrogen atoms apparently are produced 
during the photolysis of acetic acid vapor.

Part II. Comparisons of Rates of Mirror Dis­
appearance.—The previous part is not conclu- 
sive as to the possibility of free methyl formation 
during the photolysis of acetic acid. It may well 
be, for example, that under the conditions of the 
experiments hydrogen atoms are more mirror- 
active than free methyl radicals, so much so 
that the latter would not be detected within 
the time required to establish the presence of the 
atoms.

This group of experiments was initiated when it 
was still believed that methyl radicals detected in 
such experiments as expt. 23 (Table I) were origi- 
nating in the acetic acid. The purpose was to 
compare the rates of removal of Standard lead and 
antimony mirrors by acetone and by acetic acid. 
The former yields only methyl radicals;7 the

product of the latter was in question.12 The con­
ditions of the test were kept constant for each of 
the mirrors. The pressure of the vapors was set 
at approximately 2.3 mm. at the manometer. 
Standard mirrors were deposited as described by 
Pearson7 by comparison with a smoked-glass tube. 
To obtain some measure of accuracy by this 
method the results of a large number of runs were 
averaged. For convenience, the water filter was 
used with the arc light shown in Fig. 1 at L2 2.3 
cm. from the reaction tube in the antimony tests; 
in the lead tests the light was placed 1 cm. from 
the tube at Li without a filter. In the first ex­
periments neither the Standard lead mirrors nor 
the Standard antimony mirrors were ever satis- 
factorily removed in the photolysis of acetic acid 
in a reproducible manner. As already indicated, 
the erratic results were finally traced to the pres­
ence of residual acetone. Satisfaetory results for 
lead and antimony mirrors with acetic acid were 
obtained only either after the acetone had been 
thoroughly removed from the System or before it 
had been introduced. The averaged results of 
this part are shown in Table II.

T a b l e  II
C o m p a r is o n  o f  T im e s  o f  R e m o v a l  o f  M ir r o r s  b y  

A c e t ic  A c id  a n d  b y  A c e t o n e

Acetic acid Acetone

Antimony 35.5 min. 137 sec.
Lead !^>120 min. 39 sec.

Under the conditions of the test it is clear that 
free methyl caused the disappearance of lead 
more quickly than that of antimony. If the 
mechanism of reactions 3, 4 were correct, it could 
be concluded that half the effect on the antimony 
mirror with acetic acid might be due to free 
methyl, i. e., that such radicals by themselves 
would have caused the removal in about seventy 
minutes. It would then be expected that the 
photolyzed acetic acid would remove the lead 
mirrors in about twenty minutes. It conse­
quently must be concluded either that no free 
methyl is formed during the photolysis of acetic 
acid or that its mirror-activity compared with 
that of hydrogen atoms is so slight that it is un- 
observable.

In check experiments to find what effect, if any, 
free methyl might have on the photolysis of acetic 
acid, a small amount of acetone was introduced 
deliberately into the acetic acid. The rate of

(12) See Rice, ref. 2, pp. 51-54, for the treatment of a parallel 
case in a mixture containing free methyl and free methylene.



Sept, 1936 The Vapor Phase Photolysis of Acetic Acid 1649

lead mirror removal was then found to depend on 
the actual quantity of acetone in the acetic acid.

Part III. Effect of Distance of Mirror from 
the Irradiated Zone.—The evidence so far pre­
sented is not absolutely conclusive that no free 
methyl is formed during the photolysis of acetic 
acid. It is known that at room temperatures hy­
drogen atom has a much greater half-life than 
free methyl.2b The shape of the curve showing 
Variation of time of disappearance of the mirrors 
with distance from the irradiated zone might con­
sequently be used to establish whether or not free 
methyl is formed during the photolysis of acetic 
acid.

In this group of experiments no filter was used. 
The are of Fig. 1 was located at Ls so that the 
edge of the irradiated zone near the mirrors was 
now 22.8 cm. from the beginning of the constricted 
portion of the system. The light itself was fixed 
1 cm. from the reaction tube. The pressure of 
the vapors was set at approximately 2.3 mm. at 
the manometer corresponding to a Streaming ve- 
locity for acetic acid vapor at the beginning of the 
constricted region of approximately 29.7 X 102 
cm. per sec.

The results of all these experiments (not the 
averages) are shown graphically in Fig. 3. Pear- 
son’s values are plotted from his average figures7 
for acetone entering at a pressure of 1.65 mm. and 
a Streaming velocity of 12.3 X 102 cm. per sec. 
No explanation is offered at this time for the op- 
posed concavity of the curves obtained by Pearson 
and by this writer. It should be pointed out that 
the difference may be related to the different 
pressures at which the work was conducted as well 
as to the fact that Pearson’s work may have a 
higher accuracy in view of the greater number of 
his experiments. It is, however, clear that the 
general trends of the two curves are similar and 
quite different from the curve for acetic acid, 
which is almost a horizontal straight line. Evi­
dently, the half-life of the active product from the 
photolysis of acetic acid is much greater than that 
from acetone and is probably hydrogen atom. 
Also, we are forced to assume either that free 
methyl is far less effective than hydrogen atom in 
causing removal of antimony mirrors or that it is 
entirely absent in the photolysis of acetic acid.

The first assumption is excluded by the Undings 
of Paneth and Lautsch,13 who report that methyl 
and ethyl radicals adhere to a mirror on the first

(13) Paneth and Lautsch, B e r . ,  64, 2702 (1931).

collision. It will be shown below that the slight 
slope of the acetic acid line is reasonably traceable 
to the clean-up reactions involving hydrogen 
atom. Consequently, there is evidence that no 
free methyl is formed during the photolysis of 
acetic acid. The upper curve of Fig. 3 shows the 
ratios of times of disappearance of mirrors under 
the influence of acetic acid and acetone, respec­
tively. It is calculated from the two curves be­
low. I t is this curve which is the basis for the 
previous statement that under similar conditions 
acetone yields more than ten times as many mir­
ror-active particles as does acetic acid.

Fig. 8.—Effect of distance from irradiated zone on 
time of antimony mirror removal.

The formula, given by Paneth and Lautsch,11
, _  x 2 -  Xi {X\ -  X\)

V a 2 VP
is used for an estimation of the time required for 
a partiele to travel from the irradiated zone to 
any point under consideration. In that formula, 
X i and X2 are, respectively, the distances of the 
edge of the irradiated zone and of the point from 
the beginning of the tube, V is the streaming ve­
locity, a is the average pressure gradiënt, in this 
case 0.00261 cm. Hg per cm., and P  is the pres­
sure (i. e., 0.23 cm.). The time required for a 
partiele to travel 30 cm. from the irradiated zone 
comes out to be 0.58 X 10~2 sec. The average 
pressure between the irradiated zone and that

(14) Paneth and Lautsch, i b i d . ,  64, 2708 (1931).
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point readily may be calculated to be about 0.13 
cm. If N  be the number of collisions which a 
hydrogen atom would suffer16 in an atmosphere of 
acetic acid at 76 cm. pressure, then it is evident 
that the number of collisions suffered under the 
conditions of these experiments in these 30 cm. 
would be

AT AT Average press. X t
-Ar 30 A/ ”  7 0  "

If N  = 1010, JV30 = 105; on the other hand, if N  
=  1011, Nso = 106.

If we now examine the acetic acid curve of Fig. 
3, it may be seen that the extrapolated time of 
mirror disappearance at the irradiated zone is
12.1 minutes and that the estimated time at a 
distance of 30 cm. is 13.9 minutes. The differ­
ence of the reciprocals of the times is a measure 
of the fraction of hydrogen atoms which have dis­
appeared in that 30 cm. That fraction is 1.8/
13.9 or approximately 0.13 and is equal to the 
probability of an individual hydrogen atom un- 
dergoing reaction in that 30 cm.

Since the rate of reactive collisions may be ex­
pressed16 by

k =  Ae~E/RT
where we may here take k as the total number of 
reactive collisions (in the unit of time chosen), 
A  as the total number of collisions per hydrogen 
atom (in the same time), E  as the energy of ac­
tivation per mole, R  as the gas constant and T  as 
the absolute temperature, it is found that, sub- 
stituting 0.13 for k and the appropriate values 
for A and T, at room temperature E  is 8.1 kcal, 
if N  is 10l° or 9.5 kcal, if N  is 1011. These 
figures are only approximate. There is the im- 
plicit assumption that the steric factor is 1. They 
also depend on the estimate of the decrease in the 
concentration of hydrogen atoms along the tube, 
which in turn depends upon data which are not ex­
tremely accurate. If we assume that the change 
in concentration may really be either a quarter or 
four times as great as the estimate, then the limit­
ing values for E  will be 7.3 and 10.3 kcal.

Part IV. Effect of Wave Length.—The ab­
sorption spectrum of acetic acid has been investi­
gated by Ley and Arends.17 The continuüm be- 
gins at about 2300 A., reaches a maximum at 
2040 Ä., falls to a slight minimum at about 1925 
Ä. and rises thereafter to the limit of the study

(15) Cf. Bonhoeffer and Harteck, "Grundlagen der Photo- 
c h em ie /’ Verlag von Theodor Steinkopff, Dresden, 1933, p. 183.

(16) Kassel, “ K inetics of Homogeneous Gas Reactions,” Chemi­
cal Catalog C o., New York, 1932.

(17) Ley and Arends, Z. physik. Chem., B17, 177 (1932).

at about 1850 Ä. Inasmuch as Farkas and Wans- 
brough-Jones4 indicate evidence for decomposition 
into stable molecules and this paper on the other 
hand offers evidence for a free radical mechanism, 
it may be surmised that the shape of the absorp­
tion curve is related to a Variation in the produc­
tion of free radicals with wave length. The fol­
lowing tests were conducted to discover whether 
there is any threshold of free radical production 
other than the beginning of the continuüm.

All tracés of acetone were removed from the 
system. The are of Fig. 1 was removed to a dis­
tance of 2.3 cm. from the reaction tube at L2. 
The filter vessel already described, containing 
either distilled water, 0.1 N  sodium chloride or
0.125 N  sodium bromide Solutions, was inserted 
between them as indicated in Fig. 2. The data of 
Fromherz and Menschick18 show that in 1-cm. 
layers of these concentrations sodium chloride 
cuts off fairly sharply at 2000 Ä., whereas the so­
dium bromide solution cuts off at about 2300 A. 
Tests of the arc lamp with a Moll thermopile and 
galvanometer indicated a slightly higher photon 
intensity in the region 2300-2000 Ä. than in the 
2000-1849 Ä. region. About 94% of the energy 
was above 2300 Ä. Standard antimony mirrors 
were deposited 2.5 cm. from the irradiated zone 
and the acetic acid was passed through, as before 
described, at a pressure of approximately 2.3 mm. 
The results of these experiments are summarized 
in Table III.

T able III
E ffect of Wave Length  on T ime of Antimony M irror 

R emoval by  P hotolyzed A cetic A cid
Index of Average time 
energy of mirror

Filter Range, A. intensity removal, min.
Water >1849 10 35.5
0.1 N  NaCl >2000 9.74 95

.125 N  NaBr >2300 9.4 > 133

No indication of mirror removal with the sodium 
bromide filter was ever obtained although after 
one such test the activity of the mirror was 
checked in a run with the water filter. Although 
one hundred and thirty-three minutes was the 
maximum time employed for such a test, it was 
not considered necessary to prolong it any further 
since no characteristic sharpening of the mirror, 
which always occurs long before complete re­
moval, was ever observed.

The results show a somewhat higher yield of 
atomic hydrogen per photon below 2000 Ä. than

(18) Fromherz and Menschick, ibid., B3, 1 (1929).
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above that value. If that be true, it may pos­
sibly indicate that the absorption maximum at 
2040 Ä. is associated with decomposition into 
stable molecules. At any rate, the evidence is 
clear that there is decomposition into atomic hy­
drogen in the range 2300-2000 Ä. and that the 
beginning of the continuüm is probably also the 
threshold of free radical production. The tests 
with the sodium bromide filter establish that it is 
a true photo decomposition which is being ob­
served and not a secondary effect due to the in­
tense line 2537 (e. g., photosensitization by ex­
cited mercury vapor).

Discussion
The experimental results indicate that hydro­

gen atoms are formed in the photolysis of acetic 
acid but that methyl radicals are not. Reaction 
3, suggested previously,8 therefore cannot be the 
primary step of the photolysis. Also, all primary 
steps which yield radicals, such as CH3CO, which 
decompose readily19 into free methyl and another 
molecule, are eliminated. Consequently, al­
though Terenin20 21 22 23 reports the emission bands of 
hydroxyl during the photolysis of acetic acid, it 
cannot be formed in the primary decomposition. 
Finally, any mechanism suggested must account 
for the production of free hydrogen and free hy­
droxyl and must be the Chemical equivalent of re­
actions 1 and 2 or otherwise agree with the analy­
sis reported by Farkas and Wansbrough-Jones.4

Mechanism 1.—The mechanism summarized 
below meets the requirements just indicated.

CHsCOOH +  h v ---- ^ CH3COOH* (5')21,22
CH3COOH*---- > CH3COO +  H (6')

CH3COO +  H ---- 3- c h 4 +  c o 2 (7')
CH3COOH +  H ---- > CH4 +  COOH (8')

COOH— > CO +  OH (9)
CH3COOH +  OH — ►CH3COO +  h 2o (10')2S

2 CH3COO — ^ C2H 6 +  2C 0 2 (11)

Hydrogen atom should also disappear by the re­
action

CHsCOOH +  H •— ^  CHgCOO +  H2 (12')

(19) Norrish, Acta Physicochim. U. R. $. S., 3, 171 (1935).
(20) Terenin, ibid., 3, 181 (1935).
(21) Reactions denoted by a single ' ref er to single acetic acid mole­

cules; reactions denoted by double " refer to double molecules. 
When the primes are not indicated in a reaction involving the acetic 
acid molecule, the reference is to both reactions.

(22) The activation of acetic acid is chosen as the correct primary 
step in order to show a presumable relationship to results obtained 
with formic acid, as m discussed in a following report. However, in 
contradiction to the assumption of activation, the evidence in this 
report indicates immediate dissociation.

(23) The possibility of such reactions as CH3COOH -f OH----->■
C H 3O H  +  C O O H  and C H 3C O O H  +  O H ---->- H 2O +  C H 2C O O H
is g ene ra lly  exc luded  a t  low te m p e ra tu re s  Cf. ref. 2, p. 190-191.

and to a very much smaller extent (of no quantita­
tive significance) by

2H +  M ---- >  H 2 +  M (13)

The suggested mechanism fits previously esti­
mated activation energies. Rice2c assigns a 
value of E  for the reaction step 5,6 of 96 =*= 8 kcal., 
well below the 123 kcal, corresponding to the be­
ginning of the continuüm at 2300 Ä.24 I t  is pos­
sible that Rice’s value may be somewhat low and 
that the beginning of the continuüm actually corre­
sponds to the energy of activation. For the de­
composition CH3 COO —->* CHa +  C 02 he as­
signs a value of 40-70 kcal, which would account 
for the fact that no free methyl is observed in this 
photolysis. On the other hand, he assigns a 
value of only 10-25 kcal, för reaction 9, which 
would indicate a fairly rapid reaction yielding 
hydroxyl and carbon monoxide.

If, in addition, we assume on the basis of the 
vapor pressure measurements of Holland, 25 as did 
Farkas and Wansbrough-Jones, that double mole­
cules of acetic acid also enter into the decomposi­
tion reactions, the mechanism may be modified 
in the following respects

(CH3 COOH)* —  ( S c o o h )  +  H <6 ">

The hydrogen atom in this case will have some­
what less translational energy than in the single 
molecule case and the chances of recombination 
before the particles have left their mutual spheres 
of influence will be greater. The H will react 
then with the CH3COO part of the molecule or 
the CH3COOH part, with the probability that 
the former part, being nearer to the H atom, will 
enter into more frequent collisions. Thus, we 
have the reaction

( c h 'c OOh )  +  H ----CHl +  C° 2 +  CHsCOOH (7")

which is equivalent to reaction 7'. On the other 
hand, if the H atom reacts with the CH3COOH 
part of the molecule, we have reactions equivalent 
to 8 ' and 12 ' and all the accompanying and suc- 
ceeding reactions. In order to explain the lower 
yield of carbon dioxide than might be expected on 
the basis of the evidence that there are only half 
as many single as double molecules present, Far­
kas and Wansbrough-Jones were forced to  assume 
that the nature of the orientation in the molecule 
determined the direction of the reaction. While

(24) The continuüm may perhaps begin at 2400 Ä., corresponding 
to 117 kcal.

(25) H o lla n d , Z. Piekt'röchem. , 18, 234 (1.912).
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such a view might also apply in this case, it is in­
teresting to note that no special assumptions have 
to be adopted in order to explain all the products 
formed.

Farkas and Wansbrough-Jones give the follow­
ing analysis of the products (neglecting water): 
41% C02, 23% CH4, 17.5% CO, 17.5% C2H6 and 
1% H2. The small yield of H2 compared with 
CO indicates that reaction 8 proceeds much f aster 
than reaction 12. Reaction 7 must be presumed 
to occur as a primary reverse reaction before the 
product particles of reaction 6 have had an op- 
portunity to depart from each other’s fields of in­
fluence. In other words, reaction 7 must be ex­
pected to take place entirely within the irradiated 
zone in a time too small for the particles to move 
any perceptible distance in the Streaming vapor. 
Consequently, it seems logical to conclude that 
the energy of activation determined in Part III 
corresponds to reaction 8; i. e., the energy of ac­
tivation of reaction 8 is 7.3-10.3 kcal, per mole. 
From the ratio of H2 yield to CO yield it may be 
calculated that the energy of activation of reac­
tion 12 is correspondingly 9.0-12.1 kcal, per mole 
if the steric factor be assumed to be unity. How­
ever, the energy emitted in the reaction 2H +  M 
— >■ H2 +  M is known to be about 102 kcal.26 and 
the difference between that figure and the energy 
of activation of step 5,6 is certainly higher than 
the just calculated value for reaction 12. This 
seems improbable and it accordingly appears 
likely either that the calculated values for reac­
tions 8 and 12 are too low and that the acetic acid 
curve of Fig. 3 should correspond more closely to 
a, horizontal straight line than is indicated by the 
data or that the beginning of the continuüm may 
be nearer 2500 Ä. than supposed. The latter 
conclusion would be contradictory to the results 
of Part IV.

Mechanism 1 is not the Chemical equivalent of 
reactions 1 and 2. This may readily be seen by 
reference to reactions 8 and 11 from which it is 
evident that the production of one ethane mole­
cule is necessarily accompanied by the formation 
of one methane and two carbon dioxide molecules. 
There is no such requirement in reaction 2. On 
the other hand, the requirements of the analysis 
of the product are met. The total yield of car­
bon dioxide according to mechanism 1 is equal to 
twice that of ethane plus that of methane minus 
tha t of carbon monoxide or 2 X 17.5 + 2 3  —

(26) Birge, P r o c .  N a t .  A c a d .  S ei., 14, 12 (1928).

17.5 = 40.5%, which is in good agreement with 
the analysis. The correspondence of yields of 
carbon monoxide and ethane is also required by 
this mechanism. Furthermore, the free radical 
mechanism explains the formation of hydrogen 
quite naturally. There is no need to make special 
assumptions. The tracés of acetylene are not ex- 
plained by this mechanism but they might well 
arise from some rarer reactions of atomic hydro­
gen.

The conclusions of Farkas and Wansbrough- 
Jones are founded on the assumptions of asso­
ciated acetic acid molecules at extremely low 
pressures, not all of which are properly orientated. 
The mechanism suggested here does not involve 
such an assumption. Reference to the reactions 
indicates that the quantum yield of carbon di­
oxide will vary depending on the relative rates of 
the competing reactions 7 and 8. At higher 
wave lengths where reaction 7 would be favored, 
the quantum yield of carbon dioxide should be 
nearer 1; at lower wave lengths, because of the 
greater initial velocities of the product particles, 
reaction 8 would be favored and the quantum 
yield would be raised with 2 as the upper limit. 
Similarly, the observed yield of atomic hydrogen 
should be favored by lower wave lengths. The 
conclusion as to hydrogen is in agreement with 
the results of Table III. The conclusion as to 
carbon dioxide is in disagreement with the figure 
of approximately 1 for the quantum yield re­
ported by Farkas and Wansbrough-Jones. Us­
ing their figures for the analysis of the products, 
it is apparent that the calculated quantum yield, 
using mechanism 1, is approximately 1.9. Either 
their single estimate of the quantum yield has 
even less accuracy than they indicate or mecha­
nism 1 must be incorrect.

Mechanism 2.—There is, however, another 
free radical mechanism which may be valid. It 
is based entirely on the assumption that both 
single and double molecules are present, and is 
given below because its calculated quantum yield 
of carbon dioxide, assuming that each photon ab­
sorbed leads to reaction, is 1. Until there is more 
accurate information about the quantum yield of 
the photolysis of acetic acid, there is no basis for 
choice between mechanism 1 and this one.

For single molecules the principal reactions are 
5', 6' and 7'. For double molecules the principal 
reaction is

(CH3COOH)2 -f h v  ---- > (CHsCOOH)2* (5")
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followed by 6" and either 7" or

( cSIcooh) + H + C02 +  co + h,o
(14")27

The reactions just indicated are the exact stoi- 
chiometric equivalent of Farkas and Wansbrough- 
Jones ’ suggested mechanism. They are conse­
quently in agreement with the analysis of the 
products and the reported quantum yield of one 
for carbon dioxide. Reactions 7" and 14" are 
the equivalent in effect of their so-called properly 
orientated double molecules. Reactions 5' and 
5" are the activation reactions, 6' and 6" the de­
composition reactions. In the latter are pro­
duced the hydrogen atoms reported herein. Not 
all of them, however, escape from the field of in­
fluence of the other product radical. At the 
longer wave lengths nearly all of them react with 
the residual body in reactions 7' and 7" or 14". 
No such hydrogen atoms can be detected by the 
mirror method. Only those that escape are de- 
tectable. Evidently, as the wave length de­
creases beyond the limit required to effect decom­
position, the excess energy is divided up among the 
various degrees of freedom and some of it goes to 
give the radicals increased velocity relative to 
each other. For the double molecule, more ex­
cess energy is required to produce the same ve­
locity of Separation, so that it might be expected 
that somewhat rnore of the hydrogen atoms will 
escape the back reaction after 6' than after 6". 
Once free of the residue, however, there is no dis- 
tinction between them. When the residue is that 
of a double molecule, a simple decomposition may 
be expected to occur

/CH,COO \  
\ c h 3c o o h / CHaCOO +  GHjCOOH (15")

The hydrogen atoms may then enter reactions 
8', 12' and 13. On energetic grounds reaction 
8' might be favored over reaction 12' since the 
C-C bond is weaker than the O-H bond.28 The 
termolecular reaction 13, because of the .relative 
scarcity of hydrogen atoms, may be considered so 
rare that it is non-occurring. The hydrogen 
atoms may also enter equivalent reactions with

(27) Reasoning ad hoe, the explanation of reaction 14* is that the 
close proximity of the CHaCOO group with its free valence force 
loosens the C—O bond in the CH3COOH and thus causes the H to 
act pref erentially on that bond to form water with the —OH.

(28) The C-C bond has in general a strength of about 84 kcal, 
while that of the O-H bond in acetic acid has been estimated to be 
96 =•= 8 kcal. (see Rice, ref. 2c) and according to these results may 
have an even higher value. On the other hand, steric factors may 
retard 8' as compared with 12' (ref. 2, Chap. VI).

double acetic acid molecules. In effect they will 
be the same as those just given for 8' and 12'.

As a result of the escape of the hydrogen atoms 
and their en trance into reactions 8 and 12, the 
radicals CH3COO and COOH are liberated. The 
reaction CH3COO — > CH3 +  C02, as has been 
shown, would not be expected to occur. Reaction 9 
would occur as already indicated and account for 
Terenin’s observation of OH; the OH might also 
enter into reactions such as 10'. Reaction 11 
would also follow. The relative scarcity of prod­
ucts other than CH4, C2H6, CO, C02 and H2 would 
indicate either that very little atomic hydrogen 
becomes available for reactions 8 and 12 or that 
reaction 12 is favored over 8 or that reaction 10 is 
favored over other possible reactions involving 
OH.23 If mechanism 2 is correct, the first hy­
pothesis must be near the truth (irrespective of 
the others); it is supported by the only available 
data for the quantum yield of carbon dioxide, i. e.y 
approximately 1.0. Were reaction 11 to occur to 
any great extent, the observed quantum yield 
might be nearer 2.0. (It may be said that the 
principal weakness of mechanism 2 lies in the 
necessity of this hypothesis. It seems unreason- 
able to believe that the great majority of the hy­
drogen atoms should not escape the influence of 
the other product partiele even at very short wave 
lengths.)

It may now be seen that the suggested mecha­
nism fits all the known data on this reaction includ­
ing estimated energies of activation.

It has been shown that the energy of activation 
for the reaction involving the disappearance of 
hydrogen atom may be about 7.3-10.3 kcal. If 
the quantum }deld of carbon dioxide be nearly
1.0, reaction 8 could not be an important factor 
in the production of CH4. Therefore, reaction 12, 
which is known to produce 1% of H2, would ac­
count for most of the disappearance of atomic hy­
drogen. The value of E  of 7.3-10.3 kcal. would 
then apply to that reaction. I t is probably much 
too low, as already indicated under mechanism 1. 
(The discrepancy here is even greater than for 
mechanism 1 and may be interpreted against the 
validity of mechanism 2.)

The principal advantage of the free radical 
mechanism here suggested over that indicated in 
reactions 1 and 2 is that it explains the formation 
of molecular hydrogen quite naturally as well as 
the formation of hydroxyl, which incidentally 
need be present in but very small concentration
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to be detected by its emission spectrum.29 The 
remarks as to tracés of acetylene and Variation of 
yield of atomic hydrogen and of quantum yield 
of carbon dioxide with wave length made in ref­
erence to mechanism 1 also apply to mechanism
2. However, the effect on quantum yield of 
carbon dioxide would not be so marked in this 
case as in mechanism 1. The increased produc­
tion of atomic hydrogen at the lower wave lengths 
would be just as perceptible and in agreement 
with Table III.

Patat and Sachsse30 and Rollefson31 have both 
indicated reasons why, in the event of competi- 
tion between decompositions into stable molecules 
and into free radicals, the free radical yield should 
be favored by the lower wave lengths. Conse­
quently, there appears to be no way with the data 
at hand to decide whether a decomposition into 
stable molecules is occurring.

Furthermore, the interpretation to be put on 
the data is questionable. Either of mechanisms 
1 or 2 will fully explain all the reactions involved. 
Apart from the doubts expressed above as to 
mechanism 2, there is no fundamental reason why 
either one may not be correct. There is no a 
priori reason why we should expect a quantum 
yield of one molecule decomposed per photon ab­
sorbed in the case of a molecule as complicated as 
that of acetic acid.32 Norrish, Crone and Salt- 
marsh33 have shown, for example, in the case of 
acetone that the low quantum yield in the con­
tinuüm may be ascribable to an intramolecular 
stabilization because of the dissipation of energy 
within the large number of degrees of freedom be­
fore it becomes available for disruption of a bond. 
In that case they have also established the exist­
ence of decomposition in the discrete fluorescence 
region before the continuüm. If the quantum 
yield of decomposed molecules were actually one, 
it would be expected that rupture takes place at 
the locus of absorption and that there would be no 
decomposition (i. e., predissociation) before the 
continuüm.

The results of Table III indicate that acetic
(29) O ldenberg; J, Chem. Phys,. 3. 2fifi (1935).
(30) Patat and Sachsse, Z. physik. Chem., B31, 105 (1935).
(31) Rollefson, Paper presented before Physical Section, A. C. S. 

meeting, Kansas City, April, 1936.
(32) Franck, Sponer and Teller, Z. physik. Chem., 18, 88 (1932).
(33) Norrish, Crone and Saltmarsh, J. Chem. Soc., 1456 (1934).

acid suffers no photolysis (yielding atomic hydro­
gen) before the continuüm. Farkas and Wans­
brough-Jones' estimate of a quantum yield of 
carbon dioxide of 1.0 may be interpreted as evi­
dence in favor of mechanism 2 and a conclusion 
that rupture takes place immediately and at the 
locus of absorption. A decisive choice between 
mechanisms 1 and 2, however, awaits a more cer­
tain determination of the quantum yield.

Conclusions.—The only well-founded conclu­
sions are that at least part of the reaction takes 
place by a free radical mechanism such as here in­
dicated and that no other mechanism is required to 
explain all the facts so far known.

Acknowledgment.—The author wishes to ex­
press his appreciation to Professor James Franck 
of Johns Hopkins University, who suggested this 
investigation, and to Professor H. Austin Taylor 
for his frequent advice and suggestions.

Summary
1. Details are given of a method for detecting 

hydrogen atoms in the presence of free methyl.
2. Hydrogen atoms but no free methyl radi­

cals are formed during the photolysis of acetic 
acid.

3. A free radical mechanism is indicated which 
fits all the facts known about that photolysis.

4. Energies of activation have been computed 
for two reactions involving atomic hydrogen and 
acetic acid.

5. It is shown that according to the mecha­
nism suggested the quantum yield of carbon diox­
ide should increase at shorter wave lengths, the 
lower and upper limits being 1 and 2, respectively. 
Farkas and Wansbrough-Jones report a quantum 
yield of approximately 1.0.

6. The production of atomic hydrogen is ap­
parently slightly favored by decrease in wave 
length.

7. No production of atomic hydrogen is ob­
served above 2300 Ä. The results and other data 
available are in harmony with a conclusion that 
the acetic acid Spectrum does not have a predisso­
ciation region and that in the continuüm rupture 
takes place immediately at the locus of absorp­
tion.
University Heights Received July 9, 1936
New Y ork , N. Y.
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[Contribution from the Department of Chemistry, New York University]

Studies in the Mechanism of Decomposition. II. Note on the Photolysis of Formic
Acid

B y  M ilton B u rto n

Using the para-ortho hydrogen conversion 
method of Farkas1 and of Geib and Harteck,2 
Gorin and H. S. Taylor3 4 adduced good evidence 
that no atomic hydrogen is produced during the 
photolysis of formic acid and that the decomposi­
tion probably proceeds by a rearrangement of 
bonds to yield stable molecules in one primary act 
by one of the two reactions

HCOOH +  hv -— ►‘HaO +  CO (1)
HCOOH 4* hv— ^ H 2 +  C02 (2)4

Inasmuch as evidence has been presented5 that 
hydrogen atom is formed during the photolysis 
of acetic acid, the question naturally arose as to 
whether Gorin and Taylor’s failure to observe 
similar results for formic acid might not be a con- 
sequence of the method they employed. Accord­
ingly, the tests described below were undertaken 
to discover whether the mirror method might de- 
tect hydrogen atoms in the photolysis of formic 
acid.

Experimental
The apparatus and methods used were similar to those 

described for acetic acid.5 A sample of Kahlbaum Formic 
Acid 95% was dried over Drierite for three days, intro­
duced into the carefully evacuated system and degassed 
as already described for acetic acid. In the runs the pres­
sure of formic acid was fixed at about 2.4 mm. at the slop­
ing manometer before the constricted region of the reac­
tion system. Only antimony mirrors were used in the 
reaction tube. With the capillary mercury are previously 
described5 located 22.8 cm. from the beginning of the reac­
tion tube and 1 cm. from it, antimony mirrors were de­
posited in the usual manner at about 9 cm. from the irradi­
ated zone.

Tests for Atomic Hydrogen.—In none of the experiments 
with illuminated formic acid was removal of the antimony 
mirrors ever observed. In one case, a typical run failed 
to affect a very light antimony mirror, which would not 
have lasted four minutes with acetic acid under the same 
conditions, even though continued for seventy-eight min­
utes. The system was checked with fresh acetic acid ac­
cording to the methods previously described and the mir­
rors were found to possess their normal sensitivity.

There is, of course, the possibility that the energy of acti-

(1) Farkas, Z. physik. Chem., B10, 419 (1930).
(2) Geib and Harteck, ibid., Bodenstein-Festband, 849 (1931).
(3) Gorin and Taylor, T h is  J o u r n a l , 56, 2042 (1934).
(4) These are the over-all reactions. The mechanism was not 

suggested but the intimation was that it would be quite different, 
since double molecules are mainly involved in reaction 2.

(5) Burton, T h is  J o u r n a l , 58, 1645 (1936).

vation of secondary reactions between H and HCOOH 
may be so low that reaction takes place on the first collision 
or, at most, after a very few collisions and that conse­
quently the hydrogen atoms, though formed, never reach 
the mirror. This possibility was checked by making a 
run with a mixture containing approximately 4 parts of 
acetic acid to about 1 of formic acid. It being already 
known that photolyzed acetic acid yields hydrogen atoms, 
such a run should afford a direct test of a possible very 
fast reaction between H and HCOOH. With the pres­
sure of the mixed vapor adjusted at about 2.4 mm. at the 
sloping manometer and the other conditions being as 
already described, it was found that a mirror which would 
not last in pure acetic acid vapor for more than about four 
minutes now took about sixteen minutes to disappear. 
It may be concluded from this test either that formic acid 
acts like acetaldehyde6 and reduces normal mirror activity 
or that there is a rather rapid reaction between H and 
HCOOH, faster than that between H and CH3COOH but 
not fast enough to account for a failure to observe hydro­
gen atoms during the photolysis of formic acid if there 
formed.

In order to check the first alternative a formic acid run 
was made in which the antimony mirror was heated with 
live steam. Although continued for fifty-two minutes, 
not the slightest effect was observed on a very light anti­
mony mirror such as used in this group of experiments. 
Inasmuch as the mixed run with acetic acid had already 
demonstrated that formic acid did not have a completely 
deadening effect on the antimony mirror, it may be con­
cluded from this experiment that the failure to observe 
mirror removal was not due to a cause similar to that re­
ported for acetaldehyde; i .  e., the mirrors were not being 
made inactive by a Condensed layer of formic acid.

In a final experiment with formic acid, the are was 
brought up to within 0.7 cm. of the reaction tube and a 
very light antimony mirror deposited 1.9 cm. from the 
irradiated zone. Although the run was continued for 
forty-seven minutes, no indication of sharpening of the 
mirror (a phenomenon always occurring long before re­
moval) was observed.

The absorption spectra of formic acid and of acetic acid 
are very similar,7 the extinction coefficients throughout the 
continua being almost the same, except that the spectrum 
of formic acid is displaced slightly toward the long wave 
side. Inasmuch as decomposition of acetic acid has been 
detected under the conditions of these experiments and 
Gorin and Taylor have already demonstrated the pho­
tolysis of formic acid at wave lengths whieh the are used has 
been shown to cover,5 it appears reasonable to assume 
that decomposition of the formic acid also occurred. Con­
sequently, the evidence recited above appears to indi-

(6) Pearson, J. Chem. Soc., 1718 (1934); Pearson and Purcell, 
ibid., 1151 (1935).

(7) Ley and Arends, Z. physik. Chem., B17, 177 (1932).
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cate that no hydrogen atoms are formed during the pho­
tolysis of formic acid.

The stability of HCO.—The results of Blacet and Roof8 
on the photolysis of acetaldehyde indicate that the HCO 
radical is rather stable. On the other hand, although the 
data used by Rice and Herzfeld9 in considering the chain 
mechanism involved in the pyrolysis of that compound 
would indicate a fair stability of HCO at room tempera­
ture, Mecke,10 in discussing the photolysis of formalde­
hyde, favored the idea that HCO is very unstable and re­
quires only about 4 kcal, to dissociate it further.

Using the guard mirror method previously described511 
and employing the precautions indicated to be necessary 
by the work of Pearson and Purcell,6 it was found in a 
preliminary experiment with acetaldehyde, purified12 and 
evacuated (using liquid air) in the regulär manner, that the 
light lead mirror, before the lead guard mirror, was removed 
in five minutes while the light antimony mirror, after the 
guard, was not in the slightest degree affected after seventy- 
one minutes.

Inasmuch as CH3 was formed, HCO must have been 
formed and the inference logically follows that HCO must 
be very stable at room temperatures since, had it decom­
posed, atomic hydrogen would have been formed and 
would have removed the antimony mirror.

Discussion
Terenin13 has reported the emission spectrum 

of hydroxyl during the photolysis of formic acid. 
If we assume a possible mechanism to account for 
this production as follows

HCOOH +  hv ----^ HCOOH* (3)
HCOOH* ---->- HCO -f OH (4)

it is evident that no H atom need be observed, 
since, as has been shown, HCO does not appear to 
decompose readily. Although OH had been simi­
larly discovered in the photolysis of acetic acid, 
its formation in a primary step had been excluded 
because of the known instability of CH3C0.14 
In the case of formic acid the strength of the C-H 
bond may be presumed to be greater than that of 
the C-C bond in acetic acid.15 It consequently 
seems that the C-O bond may be much weaker in 
formic acid than in acetic acid. Since the evi­
dence of absorption spectra indicates that absorp­
tion in both compounds is in the COOH group, 
it may well be possible that the C-O bond is 
weaker than the O-H bond in formic add and

(8) Blacet and Roof, T h is  J o u r n a l , 58, 278 (1936).
(9) Rice and Herzfeld, ibid., 56, 284 (1934).
(10) Mecke, Nature, 125, 526 (1930).
(11) Burton, T h is  J o u r n a l , 58, 692 (1936).
(12) The vapor pressure at 0° was 336.7 =*= 0.8 mm. which checks 

with the value of 337 mm. given by Emeleus [J. Chem.. Soc., 1733 
(1929)].

(13) Terenin, Acta Physicochim. U. R. S. S., 3, 181 (1935).
(14) Norrish, ibid., 3, 171 (1935)
(15) For a full discussion of bond strengths see Rice and Rice, 

“The Aliphatic Free Radicals,'’ Johns Hopkins University Press, 
Baltimore, 1935, Chap. VI.

that the decomposition takes place at the weaker 
bond.

The para-ortho hydrogen conversion should be 
as sensitive to a free radical such as OH as to free 
H.16 However, if it be ignored for the moment 
that the results of Gorin and Taylor, contrary to 
the findings of Terenin, exclude the possibility of 
any considerable formation of OH, it would still 
be difficult to write a completely satisfaetory free 
radical reaction mechanism to fit the known data 
(except by a process of strictly ad hoc reasoning) 
because of the complication introduced by the 
predominance of double formic acid molecules at 
pressures greater than 10 mm. and temperatures 
below 30°.17 It would be hard to explain why 
double molecules decompose exclusively by re­
action 2. It consequently appears advisable in 
view of the present state of knowledge of this 
reaction not to attempt the hypothesis of a 
mechanism beyond reactions 3 and 4.

The antimony mirror indicates, in agreement 
with the results of Gorin and Taylor, that no 
hydrogen atoms are formed in the photolysis of 
formic acid at room temperatures. This result, 
it has been shown, is not inconsistent with the 
findings of Terenin that OH is formed during such 
photolysis. However, it appears that it may be 
difficult to reconcile Terenin's results with those of 
Gorin and Taylor. In view of the evidence, it 
still appears advisable to consider the photolysis 
of formic acid as being predominantly a decompo­
sition into stable molecules in one primary act18 
for very little OH has to be produced to be detect- 
able by its emission spectrum.19

Acknowledgment.—The author wishes to ex­
press his appreciation to Professor H. Austin 
Taylor for his advice and suggestions.

Summary
1. No hydrogen atoms are detectable by the 

antimony mirror method during the photolysis 
of formic acid. This agrees with the findings of 
Gorin and Taylor.

2. Evidence presented indicates that a reac­
tion takes place between H and HCOOH with a 
fairly low energy of activation.

(16) Cf. L. Farkas and Sachsse, Z. physik. Chem,, B23, 1 (1933); 
Trans. Faraday Soc., 30, 331 (1934); A. Farkas, “Ortho-Hydrogen, 
Para-Hydrogen, Heavy Hydrogen," Cambridge University Press, 
1935, p. 102; W. West, T h is  Jo u r n a l , 57, 1931 (1935).

(17) Cf. ref. 10; also Ramsperger and Porter, T h is  Jo u r n a l , 48, 
1267 (1926); Coolidge, ibid., SO, 2166 (1928).

(18) Cf. Franck and Rabinowitsch, Trans. Faraday Soc,, 30, 120 
(1934).

(19) Oldenberg, J Chem. Phys., 3, 266 (1935).
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3. A mechanism is suggested for the formation 
of OH during the photolysis of formic acid. This 
mechanism is consistent with the mechanism pre­
viously suggested for acetic acid.

4. A preliminary experiment with acetalde­
hyde showed HCO to be a stable radical at room 
temperature.

5. In view of the difficulty in reconciling the 
results of Gorin and Taylor with those of Terenin, 
it appears probable that the major portion of the 
photolysis of formic acid takes place by decom­
position into stable molecules in one primary act. 
U n iv e r s it y  H e ig h t s
N e w  Y o r k , N. Y. R e c e iv e d  J u l y  9, 1936

[C o n t r ib u t io n  from  the  D epa r tm en t  of Ch e m ist r y  o f  M o n t a n a  S t a t e  U n iv e r s it y ]

Cyclohexyltrichloromethylcarbinol
B y  J o s e p h  W . H o w a r d  a n d  R o b e r t  J . B r o w n

This eompound was prepared by the reaction 
of chloral and cyclohexylmagnesium bromide. The 
most satisfaetory results were obtained when this 
was carried out as an “inverse Grignard” reaction.

The Grignard reagent was prepared by adding 
82 g. of monobromocyclohexane in 60 cc. of ether 
to 14 g. of magnesium ribbon and a crystal of io­
dine in 70 cc. of ether. The reaction was com­
pleted after three hours of stirring and gentle 
heating. The resultant solution was decanted 
from any unchanged magnesium and added with 
stirring over a two-hour period to 74 g. of freshly 
distilled chloral in 150 cc. of ether. The product 
was decomposed with 30% sulfuric acid and the 
ether washed in turn with water, sodium bicarbon­
ate solution, sodium bisulfite solution and water. 
It was dehydrated over anhydrous sodium sulfate, 
the ether removed by distillation and the alcohol 
distilled in vacuum. A yield of 35 g. of an oily 
liquid boiling at 119 to 121° at 15 mm. was ob­
tained; d\o  1.2839,- 2̂5 1.4820. Anal. Calcd. for 
CgHwOCl*: Cl, 45.95. Found: Cl, 45.99.

This carbinol darkens on standing. It is in­
soluble in water but soluble in ether, ethyl alcohol, 
methyl alcohol, acetone, benzene, chloroform and 
carbon tetrachloride.

Preparation of the Esters
The acetate and propionate were prepared by

refluxing the carbinol for one and one-half hours at 
135° with the corresponding acid chloride. The 
same method was used to prepare the butyrate but 
butyric anhydride was found to give more satis- 
factory results than butyryl chloride. The ben­
zoate was prepared by treatment with benzoyl 
chloride according to the usual procedure of the 
Schotten-Baumann reaction.

E s t e r s  of  C y c l o h e x y l t r ic h l o r o m e t h y l c a r b in o l

Analysis for Cl, % 
Formula Calcd. Found

1 Acetate CioH150 2C13 38.89 39.08
2 Propionate CnHi702Cl3 36.97 37.14
3 Butyrate Ci2H190 2C13 35.44 35.28
4 Benzoate C15H170 2C13 31.71 31.56

B. p., °C. Mm. d2020 W25
1 173 680 1.3612 1.4945
2 188 681.6 1.2119 1.4989
3 185 682.6 1.1872 1.4995
4 210 683.3 1.2893 1.5259

The average yields of these esters was 85%.
They are all insoluble in water but soluble in
ether, ethyl alcohol, methyl alcohol, acetone, ben­
zene, chloroform and carbon tetrachloride.

Summary
Cyclohexyltrichloromethylcarbinol as well as 

its acetic, propionic, butyric and benzoic esters 
have been prepared and studied.
M is s o u l a , M o n t a n a  R e c e iv e d  J u n e  15, 1936
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[C o n t r ib u t io n  fr o m  t h e  D epa r t m e n t  of Ch e m ist r y , U n iv e r s it y  of N otre  D a m e ]

The Synthesis of Some Dioxole Derivatives from Alkylacetylenes1

B y  D. B. K il l ia n , G. F. H en n io n  and  J. A. N ie uw land

Glycol ethylidene oxide, or 2-methyl-l,3-dioxo- 
lane, was first prepared by Wurtz2 by heating gly­
col and acetaldehyde in sealed tubes for eight days 
on a water-bath. Later work3,4,5 showed that alde­
hydes could be Condensed with polyhydric alcohols 
with greater ease when phosphoric or sulfuric acid 
was used as a catalyst. Acetylene reacts with 
polyhydroxy compounds, in the presence of mer­
curic sulfate and sulfuric acid, to yield dioxolanes 
and dioxolones.6,7 Nieuwland, Vogt and Foohey8 
have shown that cyclic acetals result in high yields 
from acetylene and polyhydroxy compounds 
when mercuric oxide and a solution of boron fluo­
ride in methanol are used as catalysts.

The 2,2-dialkyl-l,3-dioxolanes have been re­
ported in the literature in a limited number only. 
Acetone or other ketones of low molecular weight 
may be Condensed with polyhydroxy compounds 
in the presence of mineral acids to yield cyclic 
ketals. Various methods9,10,11 have been pro­
posed for the synthesis of these compounds, but 
none of them is generally applicable. The num­
ber of references to this field is so large that an 
exhaustive literature survey of the subject cannot 
be made here.

Staedler12 first described chloralide, 2,5-bis-tri- 
chloromethyl-l,3-dioxol-4-one, prepared by the 
action of sulfuric acid on chloral. Other 1,3- 
dioxol-4-ones have been described from time to 
time by various investigators.13“15 Many tech­
niques have been described for the preparation of 
such compounds by condensing an «-hydroxy acid 
with a ketone, an aldehyde or acetylene.

The authors have previously shown16 that 
amylacetylene reacts with ethylene glycol, in the

(1) Paper XIV on the chemistry of the alkylacetylenes and their 
addition products; previous paper, J. Org. Chem., 1, 159 (1936).

(2) Wurtz, Compt. rend., 53, 378 (1861).
(3) Verley, Buil. soc. chim., [3] 21, 276 (1899).
(4) Clarke, J. Chem. Soc., 101, 1804 (1912).
(5) Read, Lathrop and Chandler, T h is  J o u r n a l , 49, 3116 (1927).
(6) Reichert, Bailey and Nieuwland, ibid., 45, 1552 (1923).
(7) Hill and Hibbert, ibid., 45, 3108 (1923).
(8) Nieuwland, Vogt and Foohey, ibid., 52, 1018 (1930).
(9) E. Fischer and Rund, Ber., 49, 88 (1916).
(10) Böeseken, Ree. trav. chim., 48, 931 (1929).
(11) Bogert and Roblin, T h is  J o u r n a l , 55, 3741 (1933).
(12) Staedler, Ann., 61, 104 (1847).
(13) Van Ekenstein and Blanksma, Ree. trav. chim., 25,162 (1906).
(14) Blaise, Buil. soc. chim., [4] 15, 661 (1914).
(15) H. O. L. Fischer and Taube, Ber., 60B, 485 (1927).
(16) Hennion, Killian et al., T h is  J o u r n a l , 56, 1130 (1934).

presence of mercuric oxide and boron fluoride, to 
yield 2-amyl-2-methyl-l,3-dioxolane. The addi­
tion of polyhydroxy alcohols and «-hydroxy acids 
to an alkylacetylene furnishes a convenient 
method for the synthesis of many dioxole deriva­
tives. Dihydric alcohols, such as ethylene glycol, 
yield with alkylacetylenes compounds of type I; 
«-hydroxy acids, for example «-hydroxyisobuty- 
ric acid, give rise to compounds of type II; and 
polyhydric alcohols, such as mannitol, produce 
compounds of type III.

R. O— CH2 
u 1 5IC 2

/ \  3 4' 
c h /  x o—c h 2

I

Rv  / O — C— (CH3)2
cY 5|

c k / ^ o ~~c ===o

II

CH s^yO —CH2
c  |

r / ^ O —CH
i

CHSv /O —CH 
CT 5| 

r / ^ O —CH

CH s^yO —CH
c  I

r / ^ O —c h 2
III

The addition of polyhydroxy alcohols to mono- 
vinylacetylene is of some interest since it has been 
shown that methanol reacts with monovinyl- 
acetylene in the ratio of three molecules of the al­
cohol to one of the acetylene to produce 1,3,3-tri- 
methoxybutane.17 We have found that ethylene 
glycol and monovinylacetylene yield two addi­
tion compounds, one formed from two molecules 
of glycol and one of the acetylene (IV); and the 
other from three molecules of glycol and two of 
the acetylene (V).

c h 3
I /OCH,

c h 3

h o c h 2c h 2o c h 2c h 2g

IV

/ o c h 2

o c h 2c h 2c<
I x o c h 2

c h 2

ô c h 2 c h 2
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ó c h 2c h 2c< I 
| x o c h 2 

CH,
V

Experimental
General Procedure.—The catalyst was prepared by 

heating together momentarily, 5 g. of red mercuric oxide, 
2 ml. of (C2H5)20-BF3, and 2 ml. of anhydrous methanol. 
To this was added 1-2 g. of trichloroacetic acid, and the

(17) Killian, Hennion and Nieuwland, ibid., 56, 1786 (1934).
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T a b le  I

Ch aracteristics a n d  A n a l y s e s  of t h e  D io x o le s

Reactant +  butyl- or B. P->
Mm.

MR Carbon, % Hydrogen, %
Compound monovinyl-acetylene °C. WD °C. d Calcd. Found Calcd. Found Calcd. Found

2-Buty 1-2-methy 1-1,3-dioxolane Ethylene glycol 62-63 20 1.4232 21 0.922 40.23 40.36 66.22 66.50 11.19 11.23
2-Buty 1-4-chloromethy 1-2- Glycerol mono-

18.41methy 1-1,3 -dioxolan e 
2-Butyl-2-methyl-5-phenyl-l,3-

chlorohydrin 109 25 1.4420 25 1.032 49.72 49.45 Cl, 18.05

dioxol-4-one Mandelic acid 136-138 19 M. p., 44-45 71.75 71.14 7 .75 7 .6 8
2-Butyl-2,5,5-trimethyl-l,3- «-Hydroxy i sobuty-

dioxol-4-one, II ric acid 104 25 1.4225 25 0.953 49.48 49.69 64.47 64.91 9.75 9.95
2-[|8-(2-Methyl-l,3-dioxolan-2- 

yl)-ethoxy]-ethanol, IV 
1,2-Bis- [/8(2-methyl-l,3-dioxolan-

Ethylene glycol® 140-142 20 1.4430 22 1.094 43.40 42.63 54.54 53.51 9.09 8.73

2-yl)-ethoxy]-ethane, V 
Dimethyl 2-buty 1-2-methy 1-1,3-

Ethylene glycol® 204-206 20 1.4572 21 1.098 72.31 72.01 57.89 58.21 9 .03 9.13

dioxolane-4,5-dicarboxy late 
2-Buty 1-2-methy 1-4,5-bis- (2-bu­

Dimethyl tartrate 141-142 9 1.4412 25 1.103 62.03 62.32 55.35 55.88 7 .75 7.93

ty 1-2-methy 1- 1,3-dioxolan-4-y 1) - 
dioxolane, III Mannitol 210-212 9 1.4572 20 0.999 116.30 116.68 67.23 67.24 10.35 10.95

a Second reactant, monovinylacetylene.

resulting mixture placed in a three-necked flask equipped 
with a mercury-sealed motor-driven stirrer, a reflux con­
denser and a dropping funnel. The appropriate polyhy­
droxy eompound was then added to the catalyst mixture 
and the alkylacetylene added dropwise, if liquid, and, if 
a gas, as is the case with monovinylacetylene, in a slow 
stream using a liquid ammonia condenser18 on the reac­
tion flask.

The reactions were spontaneous and occasionally re­
quired cooling by immersing the flask in a water-bath. 
After stirring for two hours the contents of the flask was 
mixed with a small amount of sodium methylate and frac­
tionated in vacuo. The yields were in all cases good, 
namely, between 70 and 90% of the theoretical amounts.

The characteristics and analyses of the dioxoles synthe­
sized are given in Table I.

Acknowledgment.—The authors gratefully
(18) Vaughn and Pozzi, J . Chem. Ed., 8 , 2433 (1931).

acknowledge the kind assistance of Dr. Austin M. 
Patterson for reading the manuscript of this article 
and suggesting the nomenclature used.

Summary
1. Various dioxolanes and dioxolones have 

been synthesized from polyhydric alcohols and <x~ 
hydroxy acids with butylacetylene and mono­
vinylacetylene .

2. Monovinylacetylene reacted with ethylene 
glycol to yield two products. The first was 
formed by the condensation of two moles of gly­
col with one of monovinylacetylene; the second 
by the condensation of three moles of glycol with 
two of the vinylacetylene.
N o tr e  D a m e  I n d ia n a  R e c e iv e d  J u n e  12, 1936

[ C o n t r ib u t io n  from  the  Ch em ist r y  L a bo r a t o r y  o f  t h e  U n iv e r s it y  of  M ic h ig a n ]

Synthesis of Phenanthrene Derivatives. IV. Propionylphenanthrenes
B y  W. E. B achmann a n d  W. S. S tr u v e

From the reaction between propionyl chloride, 
phenanthrene and aluminum chloride in nitro­
benzene a mixture of propionylphenanthrenes is 
formed from which it is possible to isolate 2-pro- 
pionylphenanthrene (I) and 3-propionylphenan- 
threne. This result is similar to those obtained 
with acetyl chloride,1 benzoyl chloride0 and o- 
toluyl chloride.3

The structures of the propionylphenanthrenes 
were established by their oxidation to 2- and 3- 
phenanthroic acid by sodium hypochlofite solu-

(1) Mosettig and van de Kamp, T h is  Jo urn al , 52, 3704 (1930),
(2) Bachmann, ibid., 57, 555 (1935).
(3) Bachmann and Pence; ibid., 57, 1130 (1935).

tion as well as by synthesis from the correspond­
ing 2- and 3-cyanophenanthrenes by means of 
ethylmagnesium bromide. By the Grignard re­
action we have also synthesized 9-propionylphen- 
anthrene.

(I) (II)

By interaction of bromine and 2- and 3-pro- 
pionylphenanthrene a ■ brom o - 2-pr opi ony Iph en -
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anthrene (II) and a-bromo-3-propionylphenan- 
threne are formed. By condensation of the 
bromopropionylphenanthrenes with sodiomalonic 
ester, followed by decarboxylation of the malonic 
acids obtained on hydrolysis of the esters, ß~(2~ 
phenanthroyl)-butyric acid (III) and ß-(3-phen- 
anthroyl)-butyric acid (IV) were obtained.

(III)
COCH(CH3)CH2COOH

(IV)

Experimental
Reaction of Propionyl Chloride with Phenanthrene.—

To an ice-cold solution of 320 g. of aluminum chloride 
and 200 g. of phenanthrene in 1750 cc. of nitrobenzene was 
added 140 g. of propionyl chloride at one time. After 
being kept cold for half an hour, the mixture was allowed 
to stand at room temperature for twelve hours. After 
hydrolysis by ice and dilute hydrochloric acid, followed by 
removal of the nitrobenzene by steam distillation, the 
product was dissolved in a hot mixture of acetone and alco­
hol. On cooling 20 g. of 2-propionylphenanthrene crystal­
lized out. By recrystallization from alcohol the 2-pro­
pionylphenanthrene was obtained in the form of colorless 
needles; m. p. 104-105°.

Anal. Calcd. for Ci7H i40: C, 87.2; H, 6.0. Found: 
C, 87.1; H, 6.2.

After standing in a refrigerator for three weeks the fil­
trate from which the 2-isomer had been removed deposited 
60 g. of 3-propionylphenanthrene. By recrystallization 
from alcohol the 3-propionylphenanthrene was obtained 
as colorless needles; m. p. 55-57°.

Anal. Calcd. for Ci7H140: C, 87.2; H, 6.0. Found: 
C, 87.3; H, 6.1.

A further quantity of the two ketones was obtained from 
the filtrate through their picrates.

Oxidation of 2- and 3-Propionylphenanthrenes.—A sus­
pension of 1 g. of propionylphenanthrene in 100 cc. 
of 3% sodium hypochloritc solution containing 1 g. of 
potassium hydroxide was refluxed for four hours. The 
solution was filtered and the filtrate was acidified; the 
phenanthroic acid which precipitated was filtered ofï and 
recrystallized from chlorobenzene. From the 2-propionyl­
phenanthrene 2-phenantliroic acid (m. p. 258-260°) was 
obtained; it gave a methyl ester whose melting point was 
not depressed when the eompound was mixed with authen­
tic 2-phenanthroic acid methyl ester. Similarly 3-propb

onylphenanthrene gave 3-phenanthroic acid (m. p. 265- 
270°) whose identity was likewise established through the 
methyl ester.

Synthesis of Propionylphenanthrenes.—To the Grignard 
reagent which had been prepared frotn 10 g. of ethyl br;> 
mide in 30 cc. of ether was added 30 cc. of benzene and 
10 g. of cyanophenanthrene (2-, 3- or 9-isomer). After 
the mixture had been refluxed for four hours, it was cooled 
and hydrolyzed with ice-cold ammonium chloride solu­
tion. The aqueous solution was removed and the ether- 
benzene solution was shaken with dilute hydrochloric acid; 
from the aqueous solution of the ketone-imine hydrochlo­
ride the ketone was obtained by hydrolysis. The 2- and V- 
propionylphenanthrenes were identical with those ob­
tained by reaction of propionyl chloride with phenanthrene. 
The yields were: 2-propionylphenanthrene, 77%; 
propionylphenanthrene, 22%; 9-propionylphenanthrene, 
86%. The 9-propionylphenanthrene was purified by 
distillation under reduced pressure followed by recrystal­
lization from alcohol; from this solvent it was obtained 
in the form of colorless, heavy hexagonal plates; m. p. 
55-57°.

Anal. Calcd. for C17H 14O: C, 87.2; H, 6.0. Found:
C, 87.6; H, 6.3.

Picrates of Propionylphenanthrenes.—On cooling hot 
saturated alcoholic Solutions of equal parts of propionyl­
phenanthrene (2-, 3- and 9-isomer) and picric acid the 
picrates crystallized in the form of yellow needles com- 
posed of ketone and picric acid in a 1:1 ratio.

T a b l e  I
P r o pio n y l p h e n a n t h r e n e  P icrates

Anal, for N
Picrate of M. p., °c. Calcd. Found

2-Propionylphenanthrene 104.5-107 9.05 9.01
3-Propionylphenanthrene 111-113 9.05 9.05
9-Propionylphenanthrene 105.5-107 9.05 9.01

Bromopropionylphenanthrenes.—A solution of 21.6 g.
of 3-propionylphenanthrene in 500 cc. of absolute ether 
was treated at 0° with a solution of 4.6 cc. of bromine in 
125 cc. of ether. After forty minutes the precipitate of 
cv-bromo-3-propionylphenanthrene was filtered off; an 
additional quantity of the eompound was obtained by 
evaporation of the filtrate after the latter had been treated 
with anhydrous sodium carbonate in order to neutralize 
the hydrogen bromide. or-B romo-3 -propionylphenan­
threne crystallizes from methyl alcohol and benzene in 
the form of long colorless needles; m. p. 117-118°; yield, 
20 g. (70%).

Anal. Calcd. for Ci7Hi3OBr: Br, 25.6. Found: Br, 
26.3.

For the preparation of the 2-isomer 10 g. of 2-propionyl­
phenanthrene was treated with 2.2 cc. of bromine in 800 
cc. of ether; after two hours the mixture was worked up 
in the manner described for the 3-isomer. a-Bromo-2- 
propionylphenanthrene crystallizes from benzene-alcohol 
in colorless plates; m. p. 131.5-133°; yield 11 g. (82%).

Anal. Calcd. for Ci7Hi3OBr: Br, 25.6. Found: Br, 
25.5.

/3-Phenanthroylbutyric Acids.—Five grams of a-bromo- 
3-propionylphenanthrene was added to a solution of sodio-
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malonic ester which had been prepared from 5 g. of malonic 
ester and 0.5 g. of sodium in 20 cc. of benzene. After 
being refluxed for four hours the mixture was hydrolyzed 
and the substituted malonic ester was heated with 40 cc. 
of 5% sodiuni hydroxide solution. From the aqueous 
solution the phenanthroyl-isoglutaric acid was obtained 
by acidification. The acid was decarboxylated by heating 
a suspension of the acid in water for three hours. The

(3-phenanthroyl)-butyric acid which was formed was 
purified through its ammonium salt followed by recrystal­
lization of the acid from acetic acid. ß-(3-Phenanthroyl)- 
butyric acid crystallizes from acetic acid in colorless 
prisms; m. p. 144-146°; yield 1.5 g. (32%).

Anal. Calcd. for CigHieOs: C, 78.1; H, 5.5. Found: 
C, 78.0; H, 5.6.

In a similar manner a-bromo-2-propionylphenanthrene 
was Condensed with sodiomalonic ester. The substituted 
malonic acid which was obtained was heated at 180° for 
one hour in order to decarboxylate it to ß-(2-phenan-

throyl)-butyric acid. The latter acid was obtained as 
fine colorless crystals from acetic acid; m. p. 173-174°; 
yield 32%.

Anal. Calcd. for C19Hi«03: C, 78.1; H, 5.5. Found:
C, 78.0; H, 5.8.

Summary
2- and 3-Propionylphenanthrene have been iso­

lated from the reaction between propionyl chlo­
ride, phenanthrene and aluminum chloride in ni­
trobenzene. The same ketones in addition to 9- 
propionylphenanthrene have been synthesized 
from the corresponding cyanophenanthrenes 
through the Grignard reaction.

/T(2-Phenanthroyl)-butyric acid and ß-(3-phe- 
nanthroyl)-butyric acid have been synthesized. 
A n n  A r b o r , M ic h ig a n  R e c e iv e d  J u n e  30, 1936

[C o n t r ib u t io n  from  t h e  Chem ical  L aboratory  of T h e  Oh io  S t a t e  U n iv e r s it y ]

The Mechanism of Carbohydrate Oxidation. XX.1 The Preparation of Oligosac­
charide Acetates Containing Dihydroxyacetone Constituents

B y Leonard  C. K reider  a n d  W m . L loyd E v a n s

When Evans and Hockett2 advanced a mecha­
nism to explain the action of potassium hydrox­
ide on gentiobiose (6-glucosidoglucose) to produce 
lactic acid, they pointed out that 3-glucosidoglyc- 
eraldehyde was a theoretically possible inter­
mediate in this degradation. In the alkaline en­
vironment of this reaction it is possible for this 
glyceraldehyde derivative to undergo the well- 
known Lobry de Bruyn and van Ekenstein rear­
rangement to give 3-glycosidodihydroxyacetone. 
In order to test the Evans and Hockett mecha­
nism it was desirable to subject a 3-glucosidotriose, 
the postulated reaction intermediate, to the ac­
tion of potassium hydroxide. At that time glu- 
cosidotrioses were unknown. We then succeeded 
in devising a general method for the synthesis of 
Oligosaccharides that contain dihydroxyacetone 
as the reducing portion of the molecule. This 
synthesis has already been applied to the 
preparation of 3-glucosidodihydroxyacetone (de­
scribed in a preliminary report3), ß-d- and 
/T/-arabinosidodihydroxyacetone and ß-d- and 
ß-Z~xylosidodihy droxy acetone, all as their ace­
tates.1 The present paper gives detailed direc-

(1) Number XIX of this series: L. C. Kreider and W. L. Evans,
T h is  Jo u r n a l , 58, 797 (1936).

(2) W. L. Evans and R. C. Hockett, ibid., 53, 4384 (1931).
(3) L. C. Kreider and W. L. Evans, ibid., 57, 229 (1935).

tions for the preparation, in a pure crystalline
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Their crystalline ^-nitrophenylhydrazones were 
also prepared and characterized.

The action of potassium hydroxide on the three 
Oligosaccharides described here will be published 
later.

Experimental Part
Preparation of Starting Materials.—Dihydroxyacetone 

monoacetate was prepared according to the directions of 
Fischer, Baer and Feldmann.4 Acetobromoglucose was 
made by the classical method of Fischer5 except that the 
final crystallization was from absolute ether instead of 
amyl alcohol. Acetobromocellobiose was prepared from 
cellobiose octaacetate following the directions of Fischer 
and Zemplén,6 and acetobromogentiobiose was prepared 
from gentiobiose octaacetate by the method of Brauns.7 
The final recrystallizations were made again from absolute 
ether. The acetobromo sugars were each left in a vacuum 
desiccator for a day over phosphorus pentoxide before 
being used. The benzene, Drierite and silver carbonate 
were prepared as before.1

All the following compounds reported here were ob­
tained in crystalline condition and were recrystallized to 
constant melting point and rotation.

ß-d-Glucosidodihydroxyacetone Pentaacetate.—The
preparation of this compound was conducted in a 500-cc. 
three-necked round-bottomed flask which carried in the 
middle neck a high speed motor stirrer of efficiënt design 
running under a mercury seal. One side neck carried a 
drying tube charged with granulär Drierite and the other 
a solid stopper. The stirring was then started and the 
following materials added: 14.1 g. (2.0 moles) of di­
hydroxyacetone monoacetate, 115 cc. (25 moles) of ben­
zene, 14.5 g. (1.0 mole) of silver carbonate and 50 g. 
(7 moles) of finely powdered Drierite. That the reactants 
might be absolutely anhydrous the above mixture was 
stirred vigorously for twenty minutes and then 22.0 g. 
(1.0 mole) of ß-acetobromo-d-glucose was added in ten 
equal portions at fifteen-minute intervals. Vigorous 
stirring was continued throughout this time and for at least 
three hours after the last addition of acetobromoglucose.

At this point the stirring was stopped and the solid ma­
terials removed from the benzene solution by suction filtra­
tion. The residue was washed twice with small amounts 
of benzene and the washings added to the filtrate. The

(4) H. O. L. Fischer, E. Baer and L. Feldmann, Ber,, 63, 1732
(1930).

(5) E. Fischer, ibid., 49, 584 (1916).
(6) E. Fischer and G. Zemplén, ibid., 43, 2536 (1910).
(7) D. H. Brauns, T h is  J o u r n a l , 49, 3170 (1927).

combined benzene Solutions 
were then placed in a separa­
tory funnel and washed four 
times with about equal vol­
umes of water to remove 
the excess dihydroxyace­
tone monoacetate. The re­
sulting benzene solution 
was dried over calcium 
chloride and then evapo­
rated under vacuum to a 

thick, light yellow sirup at a bath temperature below 
45°. This sirup was dissolved in 100 cc. of warm ether 
to which was added about one-third of its volume of 
isoamyl alcohol. This was then placed in the ice box in 
a stoppered flask. Crystallization began after a few hours 
and was practically complete after four days.8 The crys­
tals were filtered from the mother liquor and washed with 
a little cold ether. The yield of crude product was 11.4 
g. or 46% of the theoretical based on the amount of ß- 
acetobromo-d-glucose used. For purification, the crystals 
were dissolved in chloroform, warmed and treated with 
Norite, filtered and then carefully evaporated to a sirup 
of moderate consistency. This was warmed to 40° and 
then ten times its volume of warm ether was added and 
mixed to homogeneous solution. Crystallization usually 
took place on cooling, but when it was not spontaneous 
it was induced by gentle rubbing with a glass rod. After 
the fourth recrystallization as above was completed both 
the melting point and the rotation were constant: m. p. 
103° (corr.); [«]»d -2 5 .2 °  (c, 4.2; CHC13). This com­
pound is very soluble in acetone and chloroform, fairly 
soluble in benzene, ether, and ethyl alcohol, sparingly sol­
uble in butyl and amyl alcohols and insoluble in petroleum 
ether and water.

Anal. Calcd. for C9Hii0 8(C0CH3)6: acetyl, 10.82 
cc. 0.1 iV NaOH per 100 mg. Found: acetyl, 10.81 cc.

ß-d-Glucosidodihydroxyacetone Pentaacetate p- 
Nitrophenylhydrazone.—This compound was most easily 
prepared by taking 1.0 g. (1.0 mole) of ß-d-glucosidodi- 
hydroxyacetone pentaacetate and 0.39 g. (1.05 moles) of 
p-nitrophenylhydrazine and dissolving them in 25 cc. of 
absolute alcohol. Complete solution was effected by heat­
ing under slow reflux, which was continued for two hours. 
Often during this heating, and always after cooling in the 
ice box, feathery light yellow needles separated. It was 
recrystallized four times from ethanol. The yield was

(8) In case crystallization does not begin at the end of the first 
day it is because there has been some mistake made in following the 
directions as they are given here. Of all the Königs-Knorr reac­
tions we have run, this is by far the most sensitive to changed condi­
tions, and if the stipulated procedure is not carried out exactly as 
directed the yield may fall as low as half the amount this preparation 
records. When this happens the first crystallization of the product 
is often difficult, but we have found from experience that crystalliza­
tion can nearly always be effected by the following simple device. 
Add another volume of isoamyl alcohol equal to the amount already 
in the flask, mix thoroughly and then leave the flask unstoppered in 
a warm place (25°) to allow the ether to evaporate spontaneously. 
Crystals often do not form for several days until the ether concentra­
tion is considerably diminished, and it may take as long as two weeks 
for crystallization to be complete, but if one is patiënt the method 
seldom fails. The last day before the crystals are removed the flask 
should be stoppered and placed in the ice box. From this point, 
proceed as in the regulär directions.
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nearly quantitative: m. p. 187° (corr.); [<*]19d  —129.8° 
(c, 1.76; CHCls).

Anal. Calcd. for Ci6H160 9N3(COCH3)5: acetyl, 8.37 cc. 

of 0.1 N  NaOH per 100 mg. Found: acetyl, 8.37 cc.
ß-Cellobiosidodihydroxyacetone Octaacetate.—The fol­

lowing materials were used: 4.0 g. (2.0 moles) of dihy-
droxyacetone monoacetate, 65 cc. (50 moles) of ben­
zene, 4.2 g. (1.0 mole) of silver carbonate, 14 g. (7.0 
moles) of Drierite and 10.5 g. (1.0 mole) of acetobromo- 
cellobiose. The procedure for the synthesis and subse­
quent purification of this compound was exactly like that 
for ß-d-glucosidodihydroxyacetone pentaacetate through 
the point where the benzene solution had been evaporated 
to a thick sirup. Here the product was dissolved in warm, 
absolute ethanol, treated with Norite, filtered and con­
centrated to about 40 cc. by boiling. Crystallization oc­
curred by allowing this solution to cool to room tempera­
ture and was completed after the solution had been left 
in the ice box for an additional three hours. The yield 
of well crystallized product was 5.92 g. or 52.5% of the 
theoretical based on the amount of acetobromocellobiose 
used. It was recrystallized for analysis alternately* from 
chloroform-ether and from acetone-ether, using each 
thrice, after which its melting point and rotation did 
not change further: m. p. 169° (corr.); [o:]20d —27.1° 
(:c, 3.78; CHCI3). This compound is very soluble in ace­
tone and chloroform, moderately soluble in hot ethyl al­
cohol, sparingly soluble in warm ether and benzene and 
practically insoluble in cold petroleum ether and water.

Anal. Calcd. for C15H180 13(C0CH3)8: acetyl, 10.67 
cc. of 0.1 N  NaOH per 100 mg. Found: acetyl, 10.59 
cc.

/3-Cellobiosidodihydroxyacetone Octaacetate £-Nitro- 
phenylhydrazone.—The preparation of this compound 
was similar to that of ß-d-glucosidodihydroxyacetone pen­
taacetate ^-nitrophenylhydrazone as described above. A 
nearly quantitative yield of fine, light yellow needles re­
sulted. This was recrystallized from ethanol twice and 
then from benzene once, after which it had a constant melt­
ing point and rotation: m. p. 176° (corr.); [ « ] 20d  — 72.9°
(e, 1.4; CHCls).

Anal. Calcd. for C2iH.230 14Ns(C0CB.3y . acetyl, 9.04 
cc. of 0.1 N  NaOH per 100 mg. Found: acetyl, 8.98 cc.

ß-Gentiobiosidodihydroxyacetone Octaacetate.—The
procedure for the preparation of this compound is exactly 
like that of ß-cellobiosidodihydroxyacetone octaacetate. 
The following materials were used in a typical experiment:
3.6 g. (2.0 moles) of dihydroxyacetone monoacetate, 60 
cc. (50 moles) of benzene, 3.75 g. (1.0 mole) of silver car­
bonate, 13.0 g. (7 moles) of finely powdered Drierite, and
9.5 g. (1.0 mole) of acetobromogentiobiose.

The yield of well crystallized product was 6.0 g. or 59% 
of the theoretical based on the acetobromogentiobiose 
used. Its solubility behavior is very nearly the same as 
that of its cellobiosido analog: m. p. 172° (corr.); [<z ]23d

—25.9° (c, 3.3; CHC13).
Anal. Calcd. for Ci5Hi8Oi3(COCH3)8: acetyl, 10.67 

cc. of 0.1 N  NaOH per 100 mg. Found: acetyl, 10.55
cc.

/3-Gentiobiosidodihydroxyacetone Octaacetate Methyl 
Alcoholate.—When ß-gentiobiosidodihydroxyacetone octa­

acetate is recrystallized from methyl alcohol, a crystalline 
alcoholate appears to be formed. When this substance is 
heated slowly it melts at 110-112°, but on heating further 
it crystallizes again, melting the second time more sharply 
at 171-172°. The methyl alcohol may also be removed 
from the complex by heating it in a vacuum oven at 50 0 
at 20 mm. of mercury pressure. A micro-rotation of this 
alcoholate was made and gave [ a ] 20D —25.0° (c, 2.1; 
CHC13). If the alcoholate would readily dissociate in 
chloroform solution we might expect this ratio to hold: 

mol. wt. alcoholate _  rotation gentiobiosido- 
mol. wt. gentiobiosido- rotation alcoholate 

782/750 = —25.9/AT
X  may be calculated to be [ o:]d  —24.9°, which is in good 

agreement with the observed [ a j ^ D  —25.0°. Hence, it 
is probable that this compound is ß-gentiobiosidodihy- 
droxyacetone octaacetate methyl alcoholate, in which one 
molecule of the methyl alcohol is loosely bound.

ß-Gentiobiosidodihydroxyacetone Octaacetate p -  
Nitrophenylhydrazone.—The method of its preparation 
and purification was very similar to that used for /3-cello- 
biosidodihy droxy acetone octaacetate />-nitrophenylhydra- 
zone. Again a nearly quantitative yield of fine light yel­
low needles was obtained, which after recrystallization 
twice from ethanol and once from benzene gave a constant 
melting point and rotation; m. p. 155° (corr.); [ q:]20d  

-7 7 .2 °  0c, 1.5; CHC13).
Anal. Calcd. for C2iH23Oi4N3(COCH3)s: acetyl, 9.04

cc. of 0.1 N  NaOH per 100 mg. Found: acetyl, 9.00
cc.

Deacetylation of the Oligosaccharide Acetates.—It is 
known that great care must always be exercised in the de­
acetylation of any carbohydrate if it contains either a free 
aldehyde or a free ketone group. Ketone sugars are espe­
cially sensitive in this respect.9 As all the new Oligosac­
charide acetates contained the alkali-sensitive ketone 
group, only the mildest deacetylation agents were em­
ployed. The acetyl groups were easy to remove, but we 
invariably encountered the difficulty of the deacetylating 
agent attacking the sensitive free ketone group and caus- 
ing deep-seated changes in the free Oligosaccharide that 
had been liberated. This yielded a complex mixture of 
substances from which it was impossible to separate a pure 
crystalline product.

For this work we chose what appeared to be the three 
mildest deacetylating agents in the literature: the barium
methylate-methyl alcohol method of Isbell10 where the 
barium methylate is eventually decomposed by an exact 
titration with sulfuric acid; Levene and Tipson’s modifica­
tion11 of IsbelTs method where the excess reagent is de­
composed with carbon dioxide; and finally the slightly 
more vigorous ammonia-methyl alcohol method where 
the directions of Fischer and Taube12 were followed. AH 
three methods caused the formation of small amounts of 
yellow to brown decomposition products that seemed simi­
lar in character, but much smaller in amount, to the prod-

(9) C. S. Hudson and D. H. Brauns, T h is  J o u r n a l , 37, 1283 
(1915).

(10) H. S. Isbell, Bur. Standards J. Research, 5, 1185 (1930).
(11) P. A. Levene and R. S. Tipson, J. Biol. Chem., 93, 637

(1931).
(12) H. O. L. Fischer and C. Taube, Ber., 60, 1704 (1927).
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ucts formed by sugars through alkaline degradation ac­
cording to methods of Evans and co-workers.13

Discussion
It should be pointed out that the use of finely 

powdered Drierite as an internal desiccant in 
Königs-Knorr reactions is a very worthwhile prac- 
tice. In the past when this reaction was used to 
prepare Oligosaccharides (without the use of in­
ternal desiccants), yields ranging from a low of
0.25%14 to a maximum of about 25%15 were re­
corded. Yields of from 10 to 20% were the most 
common.16 This is in sharp contrast to the 46, 
52 and 59% yields recorded in this paper for the 
preparation of the same type of compounds.

The use of the new Oligosaccharide acetates re­
ported here in further elucidating the mechanism 
of the alkaline degradation of the more complex 
carbohydrates will be discussed in detail in a later 
paper.

The assignment of the ß-configuration follows 
from the fact that the values of Hudson’s A for 
the new Oligosaccharide acetates are in each case 
positive, as was explained in a previous paper.1
ß-</-glucosidodihydroxyacetone pentaacetate

A =  +32,200
ß-cellobiosidodihydroxyacetone octaacetate

A =  +29,300
ß-gentiobiosidodihydroxyacetone octaacetate

A -  +35,400

The configuration of the ^-nitrophenylhydrazones 
and of the methyl alcoholate follows from the 
configuration proved for the parent Oligosaccha­
ride acetates from which they were prepared.

In connection with the deacetylation of the 
Oligosaccharide acetates it is very interesting to 
note that C. L. Bernier17 found that the Kunz 
method18 of acetyl determination was inapplic­
able to dihydroxyacetone monoacetate, as the re­
sults were invariably high. We also observed 
that the Kunz method failed for Oligosaccharide 
acetates that contained dihydroxyacetone as a 
reducing constituent, for here too the results were 
about ten per cent. high. (In a typical analy­
sis, 0.2132 g. of ß-d-glucosidodihydroxyacetone 
pentaacetate recjuircd 25.42 cc. of 0.1 iV NaOH ]

(13) G. F. Nadeau, M. R. Newlin and W. L. Evans, T his Jo ur­
n a l , 55, 4957 (1933); W. L. Evans and C. C. Clark, ibid., 54, 698
(1932).

(14) B. Helfer ich and H. Bredereck, Ann., 465, 166 (1928).
(15) B. Helferich and W. Schäfer, ibid., 450, 229 (1926).
(16) H. O. L. Fischer and L. Feldmann, Ber., 62, 854 (1929); 

B. Helferich and H. Rauch, ibid., 59, 2655 (1926); Ann., 455, 168 
(1927).

(17) C. L. Bernier, unpublished work.
(18) A. Kunz and C. S. Hudson, T h is  J o u r n a l , 48, 1978 (1926),

calcd. is 23.07 cc.) The acetyl analyses recorded 
in this paper were all made by the Freudenberg 
absolute method19 and in no case was there any 
difficulty in either duplicating results or getting 
values that checked closely with theory. These 
facts indicate an unusual susceptibility of dihy­
droxyacetone to degradation by alkali*

Attention should also be called to the fact that 
the preparation of ß-^-glucosidodihydroxyace- 
tone pentaacetate and of ß-gentiobiosidodihy- 
droxyacetone octaacetate now make possible the 
study of a fairly complete sugar series where each 
higher member differs from the preceding one by 
the addition of three carbohydrate carbons to the 
carbohydrate chain as it lengthens:

Dihydroxyacetone diacetate20

M. p., °C.

42-45

[a\ D in
CHCls

ß-TGlucose pentaacetate21 132 + 3 .8 °
ß - d  - Glucosidodihydroxyacetone 

pentaacetate 103 -2 5 .2 °
ß-Gentiobiose octaacetate22 192-193 — 5.3 p
ß - Gentiobiosidodihydroxyacetone 

octaacetate 172 -2 5 .9 °
6 - ß - Gentiobiosido - ß - d -  glucose 

hendecaacetate 221 - 8 .0 °

These may be thought of as constituting an 
‘ ‘homologous series” among the carbohydrates, as 
it is analogous to the various homologous series 
among the hydrocarbons. A detailed study of 
the physical and Chemical properties of the mem­
bers of this series should prove interesting and 
profitable. The periodic rise and fall both of the 
melting points and the magnitude of the optical 
rotations are apparent from the data presented 
above.

Summary
1. The following new compounds were pre­

pared in pure crystalline form and their character­
istic properties determined: ß-d-glucosidodihy-
droxyacetone pentaacetate, ß-J-glucosidodihy- 
droxyacetone pentaacetate ^-nitrophenylhydra- 
zone, ß-cellobiosidodihydroxyacetone octaacetate, 
ß - cellobiosidodihydroxyacetone octaacetate p - 
nitrophenylhydrazone, ß-gentiobiosidodihydroxy- 
acetone octaacetate, ß-gentiobiosidodihy droxy ace­
tone octaacetate methyl alcoholate and ß-gentio- 
biosidodihydroxyacetone octaacetate ̂ -nitrophen- 
ylhydrazone.

2. The first trisaccharide to contain a triose
(19) K. Freudenberg and M. Harder, Ann., 443, 230 (1923).
(20) H. O. L. Fischer and H. Mildbrand, Ber., 57, 707 (1924).
(21) C. S. Hudson and J. K. Dale, T h is  J o ur n a l , 37, 1264 (1915).
(22) C. S. Hudson and J. M. Johnson, ib id ., 39, 1272 (1917).
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constituent has been synthesized as its acetate.
3. A postulated intermediate in alkaline deg­

radation of gentiobiose has been synthesized in a 
pure form as its acetate.

4. Attention is directed to the importance of 
using Drierite as an internal desiccant when the 
Königs-Knorr reaction is used to prepare O lig o ­

saccharides.

5. The susceptibility of dihydroxyacetone to 
degradation by alkali is pointed out.

6. With the synthesis of ß-d-glucosidodihy- 
droxyacetone pentaacetate and ß-gentiobiosidodi- 
hy droxy acetone octaacetate the first six members 
of a homologous series among the carbohydrates 
are now available for study.
C o l u m b u s , Ohio  R e c e iv e d  J u ly  6, 1936

[C o n t r ib u t io n  from  t h e  F r ic k  Chem ical  L a b o r ato r y  of  P r in c e t o n  U n iv e r s it y ]

The Relative Rates of Combination of Hydrogen and Deuterium with Ethylene

By A. W h eeler  a n d  R. N. P e a se

In the present investigation the relative rates 
of combination of hydrogen and deuterium with 
ethylene have been measured, both for the hotno 
geneous reaction and on a copper catalyst at 0°. 
Preliminary results with deuterium of unknown 
purity have already been published.1 The pres­
ent data are in good agreement with the earlier 
experiments, indicating that the heavy hydrogen 
used in the first experiments contained about 20% 
of the light isotope. This considerable contami­
nation in the earlier experiments was due to the 
fact that, for the removal of oxygen, the heavy iso­
tope was passed through a supported nickel cata­
lyst often exposed to the light isotope for the same 
purpose. (The contamination of light hydrogen 
by deuterium probably did not occur, since the 
catalyst was always subjected to copious sweep- 
ing out before a sample of the light isotope was 
taken.) As is obvious, the earlier experiments 
were performed before the importance of ex­
change reactions between hydrogen and deuter­
ium was realized.

Experimental Procedure
The apparatus and experimental procedure have been 

described by one of us elsewhere.2 Both light and heavy 
hydrogen were prepared by electrolysis from caustic so­
lution. The light hydrogen was passed subsequently 
through a calcium chloride tube, over a supported nickel 
catalyst at 500°, and finally through a trap at —80°. The 
deuterium was led over a hot platinum wire spiral and 
through a trap at —80°. Analysis (mass spectrographic 
and gas balance) showed the purity of the deuterium to 
be >99%. Compressed ethylene of high purity was 
subjected to fractional distillation before use. For the 
catalytic experiments, Kahlbaum copper oxide granules,

(1) R. N. Pease and A. Wheeler, T h is Jo u r n a l , 54, 1144 (1935).
(2) R. N. Pease (a) ibid., 45, 1196 (1923); (b) ibid., 54, 1876

(1932).

“zur analyse/’ were reduced in light hydrogen at 200°, 
and the resulting product deactivated by heating in vacuo 
for one hour at 500°.

Since preliminary experiments indicated that exchange
reactions of the type D2 +  C2H4---->* C2H3D +  HD were
to be looked for in the runs with deuterium, Provision was 
made for the analysis of the light hydrogen content in the 
residual gas at the end of a run. The analysis was effected 
by freezing out ethylene and ethane with liquid air, and 
meäsuring the viscosit}^ of the residual hydrogen gas in a 
Rankine-type viscometer.3 By comparing the viscosity 
of the residual gas with that of pure deuterium, the ap­
proximate light hydrogen content of the sample could be 
found. The reproducibility of the viscometric readings 
was better than 1%, but the presence of methane (vapor 
pressure about 93 mm. at liquid air temperature) in the 
high temperature homogeneous runs, together with the 
possibly incomplete freezing out of the ethylene and ethane, 
make the viscometric results somewhat uncertain. How­
ever, they should set an upper limit for the light hydrogen 
content in the residual gas at the end of any given run.

‘ I. The Homogeneous Reaction.—Reaction was carried 
out at four temperatures, namely, 534, 555, 567 and 574°. 
In agreement with the earlier work2b on the reaction of 
light hydrogen with ethylene, it was observed that one 
does not obtain good second order rate constants by extra- 
polating the pressure measurements to zero time and com- 
puting the rate constants from this point. Instead the 
procedure adopted, as before,2b was to use the fifth minute 
as zero time, the partial pressure of hydrogen and ethylene 
at this point being calculated from the extrapolated value 
for the initial pressure. In this way good rate constants 
were obtained, leading to the same value for the relative 
rates of the hydrogen and deuterium reaction which one 
calculates by comparing directly the times necessary for 
corresponding pressure drops. In Table I the rate con­
stants are in the units (mm. X sec.)“1. The second col­
umn indicates whether light hydrogen or deuterium was 
used in a given run, while the fifth column gives the ratio 
of the rate of the light hydrogen reaction to the rate of 
the deuterium reaction. The sixth and seventh columns 
contain the extrapolated initial partial pressures of hydro-

(3) A. O. Rankine, J. Sei. Instrum ents, 1, 4 (1934).
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gen and ethylene. In all runs three parts of hydrogen to 
one of ethylene were used, in order to cut the methane 
formation to a minimum.2b

It is to be noted that the observed temperature coëf­
ficiënt of the light hydrogen reaction agrees well with that 
found in the earlier research on this reaction. There is, 
however, a srnall discrepancy in the absolute values of the 
rate constants at a given temperature. This consistent 
discrepancy undoubtedly is due to temperature calibration 
errors, amounting to about four degrees. An error of two 
degrees in each research, working in opposite directions, is 
well within the realm of possibility.

Table I shows that over the temperature range investi­
gated light hydrogen reacts with ethylene two and a half 
times as fast as the heavy isotope. Although this would 
apparently point to no difference in the activation energies 
of two reactions, a difference of one thousand calories 
might easily escape detection.

The evidence with regard to exchange reactions given 
by the viscometric measurements is as follows: (1) at 
580° deuterium does not exchange with Pyrex glass pre­
viously exposed to the light isotope.

T a b l e  I

Run
H2 or

d 2 T, °C.

k X KF 
(mm. X 
sec.) _1

a -  km
&Ü2

p°^Hyd,
mm.

p°
mm.

17 h 2 534 6.5 2.5 577.5 192.5
21 d 2 534 2.6 580.8 193.6
22 h 2 555 14.8 2.57 583.2 194.4
23 d 2 555 5.75 577.5 192.5

6 h 2 567 21.7 2.47 596.4 198.8
7 d 2 567 8 .8 590.4 196.8

26 d 2 574 1 1 . 0 613 204.3

A sample of pure deuterium was allowed to remain for 
three hours in a Pyrex bulb maintained at 580°. The time 
of fall for the mercury pellet in the viscometer was 50.5 
seconds for the sample, while for untreated deuterium it 
was 50.7 seconds, and for pure light hydrogen 36.4. It 
is to be noted that the ratio of viscosities was con-
sistently observed to be 1.395 =*= 0.003. This is to be com­
pared with the theoretical ratio of 1.41 obtained by Maass.4
(2) Below 534° exchange reactions such as D2 +  C2H4-->
C2H 3 D +  HD are absent or of negligible importance. 
The time of fall for the mercury pellet with pure D2 filling 
the viscometer was 72.7 seconds, and with the D2 residue 
from a run at 534° the time was 72.5. For pure light 
hydrogen the time was 52.0 seconds. (3) In the tempera­
ture region 570° exchange reactions may play roles of 
some importance. The time of fall for the mercury pellet 
with the deuterium residue from a run at 567° was 70.5 
seconds, for pure D2, 72.7 seconds, and for pure H2, 52.0 
seconds. For the deuterium residue from a 3 to 1 deu­
terium—ethylene mixture maintained at 567° for twenty- 
four hours, the time of fall was 66.5 seconds, indicating 
a maximum of about 20% light hydrogen.

Discussion of Homogeneous Reaction.—It has
been shown2b that the reaction of ethylene with 
hydrogen in Pyrex bulbs is unambiguously homo­
geneous and second order. The actual tnecha-

(4) Maass, Can. J. Research, 12, 57-62 (1935).

nism of the reaction is, however, in dispute at 
the present time. Two mechanisms have been put 
forward: (1) that the reaction is a straightfor- 
ward bimolecular association reaction20 and (2) 
that reaction proceeds through the following free- 
radical chain mechanism5

I C2H 4 +  H 2 C2H 5 +  H Ei,Ei'
II C2H 4 +  H C2h 5 £ 2 ,£ 2 '

III  c 2h 5 +  H 2 — >  C2H 6 +  h  e 3

IV C2H 5 +  H — >  C2H 6 £ 4

The double arrows in reactions I and II indicate 
that the reactions are reversible, not that equilib­
rium is maintained. Ei is the activation energy 
for reaction I in the forward direction; Ei the 
activation energy for the re verse reaction, etc. 
It has been shown5 that the above mechanism 
gives a second order rate of formation of ethane, 
with approximately the correct temperature co­
ëfficiënt. The actual expression is

-  T  - V k^ f Ë <c’H<KHl>
Here the k’s and kns are the rate constants for the 
corresponding forward and re verse reactions. It 
was hoped that the difference in the rates of hy­
drogenation and deuterization of ethylene might 
enable one to decide whether the reaction is a 
straightforward association or a chain reaction. 
Unfortunately no clear-cut decision may be made. 
However, the following evidence may be brought 
forward. Since in the chain mechanism &2/ 
(ki +  &4) involves in each k only the reaction of a 
hydrogen or a deuterium atom (no zero point con­
siderations for reactants) it is reasonable to sup- 
pose that this ratio is the same for both the hy­
drogen and deuterium reactions. This being so, 
according to the chain mechanism the ratio of 
rates of the hydrogenation and deuterization proc­
esses must depend solely on the ratio of \ / k i  for 
the two processes. In terms of a collision theory 
this means that

r _AE<fT/2
2.5 = Ll.4 e RT  J

where AE0 is the difference in zero-point energy 
for H2 and D2 as they enter into reaction I of the 
chain mechanism. In order for the above equa­
tion to be fulfilled, AE0 must equal 2400 calories. 
I t is well known,6 however, that the maximum 
zero-point energy difference for reaction involving 
H2 or D2 is 1800 calories. I t would appear, 
then, that the chain mechanism given above is

(5) F. O. R ice and K. F. Herzfeld, T h is  Jo u rn al , 56, 284 (1934).
(6) Eyring and Sherman, J. Chem. Phys., 1, 6 (1933).
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in questionable agreement with the experiments. 
In addition it may be cited that packing the reac­
tion vessel2b in no way affects the rate of forma­
tion of ethane, and that in the present investiga­
tion the addition of one-half an atmosphere of ni­
trogen to a deuterium-ethylene mixture had no 
marked effect on the observed rate. Recent ex­
periments on the reverse reaction7 (i. e., the de­
composition of ethane) indicate that free radicals 
are absent during the initial stages of reaction. 
In view of the total lack of evidence for a chain 
reaction, it seems more likely that the hydrogena­
tion of ethylene proceeds by a straightforward 
association mechanism.8

If, then, the hydrogenation of ethylene proceeds 
through a bimolecular association, the observed 
ratio of 2.5 for the hydrogen and deuterium reac­
tions is easily accounted ior. In terms of colli­
sion theory

W & d* = 2.5 = 1.4 e+AEo/kT

where AE0 is the effective difference in zero-point 
energy of H2 and D2, as they enter into this reac­
tion. At 550°, AE q must be 950 cal. in order to 
satisfy the above equation.

According to an activated complex picture

Here the ra*, /*, F* are respectively the masses, 
products of moments of inertia, and vibrational 
partition functions, for the activated complexes. 
A quantity referring to a complex formed by the 
union of H2 with C2H4 is denoted by the subscript 
H2, and has an asterisk after it; similarly for D2. 
raD2 and 7Da are the mass and moment of inertia of 
the normal deuterium molecule; and similarly for 
the subscript H2. If we denote the zero-point 
energy of a species by E q, AE0 is defined by E0 = 
E0g2 -E0H2 “I“ -Soh-s Eqd2. We know all 
quantities in the above except for the 7*’s, F*’s 
and AEq. Substituting numerical values we find

ku,
km 2.5 =  5.14 Hi

1)2

lil, g A E o / k ' T

For the normal ethane molecule in the region 
850°K., F, the vibrational partition function, is 
only about eight,9 and some, if not most, of the 
low frequencies contributing to this are asso­
ciated with motions of the carbon atoms. A 
reasonable value for Fh2/ F d2 is 0.9. A reason-

(7) Sachsse, Z. p h y s i k .  C h e m . ,  31B, 79 (1935).
(8) See also Rice and Gershinowitz, J .  C h e m .  P h y s . ,  2, 857 (1934).
(9) Teller and Topley, J .  C h e m .  S o c . ,  878 (1935).

able value for (7h2/7ds)1/£ is V2. This is 
equivalent to assuming that each of the three 
moments of inertia of the activated complex is 
60% larger for the deuterium complex than in the 
light hydrogen complex. This may seem like a 
large percentage, but it must be remembered that 
the distended hydrogen atoms are contributing 
heavily to the moments of inertia, and hence the 
effect of the heavier deuterium atoms will be 
considerable.

Putting these values in our expression we get

&H2
km

AEo
= 2.32 e~kT — 2.5 (observed)

From this it follows that AE q must be a very small 
quantity, about 120 calories. Indeed, this is 
what one would expect. Since the activated com­
plex has seventeen modes of Vibration, many of 
them with high frequencies, it is reasonable to sup- 
pose that zero-point energy differences for H2 and 
D2 would almost cancel, and it would not even be 
surprising if A E q were negative. In the case of 
H2 +  I2 — ^ 2HI, and D2 +  I2 — > 2DI, calcula­
tions by one of us10 show that zero-point energy 
differences cancel, even though the activated com­
plex has only five modes of Vibration.

II. The Catalytic Reaction.—Reaction was 
carried out at two temperatures, 0 and 20°, on an 
active copper catalyst. The results are shown in 
Table II. In the earlier work2a on the light hy­
drogen reaction, it was shown that the reaction 
rate is unimolecular with respect to hydrogen and 
is inhibited by ethylene. I t was found in the 
present experiments that this is also true for deu­
terium.

T able II

Temp., H2 or k  X 10+3 « = — P°1 Hyd, p°1 C2BV
Run °C. d 2 (min. -1) k m mm. mm.

30 0 h 2 5 .2  \ O AQ 372 372
31 0 d 2 2 .5  ƒ 1 Z. Uö 

1 7Q 352 352
32 0 h 2 4.45  1 ƒ 1 . /o 353 353
33 0 d 2 2 .18  ƒ Z . U / 345 345
35 20 d 2 9 .9  \ 0  1 380 380
36 20 h 2 20 .9  ƒ Z . 1 378 378
37 0 d 2 2 .2  \ 1 09 366 366
38 0 h 2 4 .0  J 1 . OO 366 366

The rate constants in Table II are first order 
constants, calculated with respect to hydrogen. 
Pressures are in mm. and times in minutes. 
Otherwise the quantities in Table II have the 
same significance as in Table I. The activity of 
the freshly prepared catalyst was falling consid-

(10) Wheeler, Topley and Eyring, J .  C h e m .  P h y s . ,  4, 178 (1936).
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erably, and for this reason the quantity a goes 
through periodic variations. That is, a for two 
runs in which the deuterium run followed the hy­
drogen run is larger than for the inverted case, as 
one would expect if the catalyst is losing activity. 
The average value for a at 0° is 1.94. The data 
at 20° are insufficiënt to be conclusive, but the 2.1 
value of a at 20° must be compared with 2.07 at 
0°. Within the experimental error, then, the tem­
perature coefficients (in the range 0-20p) for the 
hydrogen and deuterium reactions are the same. 
However, it is to be noted that a difference suffi­
ciënt to take account of all the difference between 
the rates of the two reactions in terms of unequal 
activation energies would have escaped detection.

The observed ratio of two between the rates of 
the hydrogen and deuterium reactions might be 
due to any of a number of causes. Collision rates 
of hydrogen and deuterium with the surface 
would introducé a factor of 1.4; rates of adsorp­

tion may differ by as much as 3.3;11 different 
rates of surface reaction may result in rates differ- 
ing by a factor of 4.4, if the difference in zero-point 
energies of the Cu-H and Cu-D complexes be 
taken as 800 cal.6 It is fairly obvious that we are 
dealing with something more than a collision fre­
quency. However, extended discussion seems 
hardly profitable at this time.

Analysis showed no exchange between deuter­
ium and ethylene on the copper catalyst at 0°.

Summary
It has been found that the rate of reaction of 

hydrogen with ethylene is greater than that of 
deuterium by a factor of 2.5 in the homogeneous 
reaction at ~  500°; and by a factor of 2 in the 
catalytic reaction over copper at 0°. Exchange 
reactions are unimportant.

(11) Söller, Goldwasser and Beebe, T h is  J o ur n a l , 58, 1703  
(1936).

P r in c e t o n , N. J. R e c eiv ed  M a y  6, 1936

[C o n t r ib u t io n  from  t h e  D epa r tm en t  of Ch e m ist r y , C o l u m b ia  U n iv e r s it y ]

The Structure and Properties of Mononuclear and Polynuclear Phenanthroline-
Ferric Complexes1

B y  Allison  G a in e s , Jr ., L ouis P. H ammett and G eorge H . W a l d e n , Jr .

The beautifully complete papers in which 
Blau2 reported the disco very of the unusually 
stable complexes which the bases dipyri­
dyl /  \ __ /  \  and o-phenanthroline

N/  Nsr—
__ / — \ ___

/  \ -----/  \  form with metallic ions pro-
\ —N 7 N n — /

pounded, nevertheless, a puzzling problem for val­
ence theory in the existence of two different ferric 
complexes. One of these, blue in color, is obtained 
only by oxidation of the ferrous complex. Analy­
sis of the chloroplatinate showed that its formula 
is [Fe(Ci2H8N2)3]+++ and it would indeed be diffi­
cult to reconcile any other composition with the 
fact that it forms a mobile oxidant-reductant 
system with the ferrous complex, whose formula- 
tion as [Fe(Ci2H8N2)3]++ is well established. By 
contrast direct reaction of phenanthroline and 
ferric salts leads to the formation of brown Solu­
tions from which Blau isolated no solid com-

(1) Dissertation submitted by Allison Gaines, Jr., in partial ful 
filment of the requirements for the degree of Doctor of Philosophy 
in the faculty of Pure Science, Columbia University.

(2) B lau , Monatsh., 19, 647 (1898).

pounds. He noted, however, color reactions 
which suggested the existence of a brown complex 
with the same ratio, 3:1, of phenanthroline to ferric 
ion as that which obtains in the blue complex.

We have, however, obtained from these brown 
Solutions a crystalline salt of definite composi­
tion whose properties correspond to the formula

of a tetraphenanthroline-diol-diferric chloride. 
The polynuclear complex ion contained in this 
salt appears to be the major constituent of the 
brown Solutions. In spite of the fact that the 
phenanthroline-iron ratio in this complex is 2:1, 
there is no contradiction between our result and 
Blau’s, which we have indeed confirmed, be­
cause in the formation of the bridge hydroxyl or 
“ol” groups, one hydrogen ion is set free from a 
water molecule for each ferric ion reacting. The 
combination of this hydrogen ion with phenan­
throline raises to a value considerably above two
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the proportion of phenanthroline which may be­
come combined as a consequence of the reaction 
of one ferric ion.

The study of this eompound has led to conclu­
sions about the acidity of ol-compounds, about 
the magnetic properties of polynuclear complexes 
and about the solubility method of studying com­
plexes which have considerable general interest 
for problems of complex chemistry.

The Crystalline Brown Chloride, Substance A
Preparation.—This new substance is conveniently pre­

pared by the following method: 50 ml. of a 0.300 molar
solution of ferric chloride (0.0150 mole of Fe +++) is added 
to a well-stirred suspension of 5.400 g. of o-phenanthroline 
hydrate (0.0300 mole of phenanthroline) in 50 ml. of water. 
The phenanthroline dissolves, and after about an hour a 
brown crystalline precipitate begins to form. After stand­
ing overnight, this is filtered off, washed several times with 
small quantities of water and dried over sulfuric acid at 
2-4 mm. absolute pressure. The yield is from 50 to 60% 
of the theoretical amount.

We have prepared six different samples from Solutions 
of various compositions as follows.

T a b l e  I
Mole ratio

Sample phenanthroline/iron Concn. HC1

a 3 0.00
b , d 3 .04
c, f 2 .00
e 2 .04

Analysis.-—Iron was determined by heating the sample 
in 1 M  hydrochloric acid to decompose the complex, fol­
lowed by reduction in the silver reductor3 and titration 
with ceric sulfate. The accuracy of this procedure was 
checked by analyzing aliquots of a ferric chloride solution 
in the presence and in the absence of two moles of phenan­
throline per mole of iron. Three portions in the absence 
of phenanthroline required an average of 17.42 ml. of ceric 
sulfate solution with an average deviation of 0.75 part per 
thousand. Three portions in the presence of phenanthro­
line required an average of 17.46 ml. with an average devia­
tion of 1.1 parts per thousand.

Phenanthroline was determined by dissolving the sample 
in about 15 ml. of 6 Af hydrochloric acid, heating to decom­
pose the complex, and adding saturated mercuric chloride 
solution slowly from a buret, while the solution was stirred, 
until the total volume was 192 ml. After standing over­
night the precipitate was transferred to a tared crucible 
with a porous porcelain bottom, washed free from chloride, 
dried at 110° and weighed. This procedure was verified 
on amounts of phenanthroline ranging from 0.0500 to 
0.3000 g. both in the absence and presence of an equimolar 
amount of ferric chloride. The average value for the 
ratio weight phenanthroline/weight precipitate was 0.4001 
with an average deviation of 4 parts per thousand in eight 
determinations. The precipitate is probably (C^HsNa)-

(3) Walden, H am m ett and Edmonds, T h is  Jo u r n a l , 56 , 57
(1934).

HgCl24 for which the above factor is 0.3983. Morgan and 
Burstall5 have used the entirely analogous iodide for the 
quantitative determination of «,a'-dipyridyl.

Chloride was determined by two methods. Method A 
was a modification of the Standard precipitation of silver 
chloride in which the [H+] was increased to decompose the 
complex and the filtration was carried out at 80-90°, to 
avoid contamination with the silver phenanthroline com­
plex which precipitates from the cold solution. An etn- 
pirically determined correction was applied for the solu­
bility of silver chloride under the standardized conditions. 
Method B was the thoroughly tested chromyl chloride dis­
tillation method of Robertson.6 The special all-glass ap­
paratus of Hammett and Lowenheim7 was used for the 
analyses.

Results of Analyses.—Samples (a), (b) and (c) were 
analyzed without intensive drying. They showed the 
following values of the ratio moles phenanthroline/moles 
iron, (a) 2.10, (b) 2.078, (c) 2.081, and for moles chloride/ 
moles iron (a) 2.06, (b) 2.013, (c) 1.987. Samples (d), 
(e) and (f) were analyzed after long-continued drying over 
98% sulfuric acid and fresh calcium chloride at 2^4 mm. 
absolute pressure with the following results.

T a b l e  II
Sample, Iron, Phenanthroline, Chloride,
found % % ' %

d 11.00 72.24 14.17
e 11.00 72.40 14.31
f 11.07 72.30 14.23

Calcd.
11.05 72.40 14.16

formula (A) 11.06 71 ..50 14.05

Hydration.—The dried eompound is very hygroscopic. 
Two samples were exposed to the atmosphere until con­
stant weight was reached. One gained 7.47% and the 
other 7.06%. Assuming formula (A) a tetrahydrate 
would require 7.16%.

Conductivity.—The specific conductivity of a solution 
whose concentration, based upon formula (A), was 
0.0005023 mole per liter, was found to be 2.5152 X 10“4 
mho. The specific conductivity of the water used in pre­
paring the solution was 6.160 X 10“6 mho. The molar 
conductivity is therefore 488.5 mho, which is an entirely 
reasonable figure for a salt of this type, provided all of 
the chloride is ionogen. A consideration of the acidic 
properties of the eompound does not change this conclu­
sion.

Acid-Base Properties.—Twenty-five ml. of a 0.00491 M  
solution of substance (A) (preparation (f)) was titrated 
with 0.02013 M  sodium hydroxide using a glass electrode.8 
The titration curve is shown in Fig. 1 in which the points 
are experimental and the solid curve is calculated for a 
dibasic acid whose pK  values are 4.30 and 6.40. The 
agreement is satisfaetory except toward the end of the 
titration where some other reaction, leading to precipita-

(4) Hieber and Mühlbauer, Ber., 61, 2149 (1928).
(5) Morgan and Burstall, J . Chem . Soc., 2594 (1930).
(6) Robertson, ibid., 107, 902 (1915),
(7) Hammett and Lowenheim, T h is  J o u r n a l , 56, 2620 (1934).
(8) We are indebted to Mr. M. F. Moose for these measurements, 

which were made on the apparatus described by Kiehl and Ellis, 
T h is  J o u r n a l , 57, 2139 (1935); Rev. Sei. Inst., 4 , 131 (1933).
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Substance
Moles 
Fe per 
liter

Magnetic 
' pull on soln., 

Fi, g.

Density 
of soln., 

(27°)

Specific sus­
ceptibility of 

anhydrous solute 
X 10®

Atomic 
suscepti­

bility 
XFe X 10«

Precision
measure,

%
K3Fe(CN)6 ü .0400 -0 .0258  

-  .0260
1.0053 6.76 2350 -3 .1 1

Substance A preparation (f) .03995 -  .0283
-  .0283

1.0035 1.10 823 -6 .7 1

[Fe(C12H8N2)8]2(S04)3 .03876 -  .025 1.0442 3.34 2860

tion at the point marked by the arrow, overlaps the simple 
neutralization process.

Fig. 1.—Titration of tetraphenanthroline-diol-di- 
ferric chloride solution with sodium hydroxide.

Magnetic Properties.—The magnetic susceptibilities of 
Solutions of several ferric phenanthroline and other iron 
complexes were determined by the Gouy method.9 * Essen­
tially, a definite volume of a solution of the substance to 
be investigated was placed in a glass tube which was sus­
pended from one arm of an analytical balance so that the 
plane bottom of the tube was symmetrically placed in the 
magnetic field between the poles of a powerful electromag- 
net (ca. 20,000 gausses). The force exerted on the tube 
and contents was determined by weighing. Deducting the 
force exerted on the empty tube by the standardized field 
gives the force exerted on the solution. The equation re- 
lating the force on the solution with its susceptibility is 
F = 1/ 2Ä (ki — k2) (Hl — Hl) where

A =  cross-sectional area of the column 
ki =  volume susceptibility of the solution 
K2 — volume susceptibility of air 

Hi =  field at plane bottom of the tube 
Ho =  field at upper level of liquid

For the tube used and the constant field which was main­
tained the fqrce exerted when the tube was filled with water 
to the constant level which was also used for the Solutions 
was —0.0296 g. Using Brant’s10 values obtained at 20° 
for the volume susceptibility of water, —0.71798 X 10“6, 
and for that of air, +0.0288 X 10~6, this gave a value for

(9) Stoner, “Magnetism and Atomic Structure,” E. P. Dutton
Co.. New York, 1926, p. 40.

CIO) Braut; Phys. Rev., 17, 678 (1921).

the quantity l/ïA (H l — Hl), by means of which, to­
gether with the measured force when the tube was filled 
with the solution, the volume susceptibility of the latter 
can be calculated. Division of this figure by the density, 
which was determined at 27 °, the average temperature of 
the experiments, gives the mass susceptibility of the solu­
tion, xi.

By Wiedeman’s law of the additivity of susceptibilities 
the value for the solute may be calculated from the relation

Mixi *= m&xs +  WwXw
in which m is mass in grams, x is specific susceptibility, 
and the subscripts 1, s and w refer to solution, solute, 
and water, respectively.

Multiplication of xs by the formula weight associated 
with one gram atom of iron in the eompound, and sub- 
traction from the resulting figures of the sum of the Pascal 
additive values for the susceptibilities of the various atoms 
of carbon, nitrogen, etc., present gives a quantity which 
should be a good approximation (in spite of the constitutive 
effects and other inaccuracies of the Pascal relationship) 
to the atomic susceptibility of the iron atoms present in 
the eompound. It is so listed in column 6 of Table III, 
which gives the results on Solutions of the brown chloride 
(preparation (f)), of potassium ferricyanide, and of the 
blue triphenanthroline ferric sulfate. The latter solution 
was prepared by oxidizing a solution of phenanthroline 
ferrous sulfate in 0.7 molar sulfuric acid with lead dioxide, 
and filtering through porous porcelain. The suscepti­
bility was determined immediately. The value of the 
magnetic pull in the table was obtained by graphical extra­
polation to the time when filtration was started of the 
following values: 20 min., —0.0217; 40 min., —0.0187; 
75 min., —0.0143; 125 min., —0.0117 g. The volume
susceptibility of the 0.7 molar sulfuric acid was found to 
be identical with that of water, and its density was 1.0451.

Our value for the atomic susceptibility of the iron in 
potassium ferricyanide is in approximate agreement with 
the value of Gray and Birse11 obtained from measurements 
on solution, and with that of Ishiwara12 from measurements 
on the solid salt. The value for the susceptibility of the 
iron in the blue complex is nearly the same as that which 
it has in ferricyanide, which emphasizes the probability 
that this value is typical for ferric iron in complexes which 
involve electron sharing. The values of magnetic moment 
in Bohr magnetons (P b) calculated from these suscepti­
bilities by the equation

P b  = V 3i?r5W 5593
are 2.4 for ferricyanide, 2.6 for the blue triphenanthroline 
ferric ion. These are considerably higher than the

(11) Gray and Birse, J. Chem. Soc., 105, 2707 (1914).
(12) Ishiwara, Science Reports of the Tóhoku Imperial University, 

3, 310 (1914).
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theoretical value of 1.73 of the spin moment of a single 
unshared electron, but this excess is also observed with 
other ions containing a single unshared electron, and is 
generally attributed to incomplete quenching of the orbital 
moment.13

The magnetic moment of the iron atom in the brown 
ferric complex is, however, only 1.4 Bohr magnetons. It 
is therefore much smaller than the moment of ferric ion 
in other stable ferric complexes. It is even considerably 
smaller than the theoretical minimum value of 1.73, which 
corresponds to the spin moment only. This result is ex­
tremely important in connection with the question of the 
molecular weight of the complex ion.

Diffusibility.—Measurements of diffusibility offer one 
of the most promising means of studying the molecular 
dimensions of ions in solution, although their quantitative 
interpretation is still open to considerable question.14 15

Qualitative diffusion experiments were made with col­
lodion bags, gelatin test-tubes and a fritted glass mem- 
brane. A solution initially 0.02 M  in tri-o-phenanthroline 
ferrous chloride required some four hours to reach equi­
librium by diffusion through a collodion membrane, while 
a comparable set-up for the brown phenanthroline ferric 
complex salt did not reach equilibrium on standing over­
night.

The same Solutions poured on gelatin gels in test-tubes 
showed about a 3:2 penetration ratio in an overnight test 
with the ferrous complex having the higher diffusion rate.

The technique of McBain and Liu,ls using a 0.2-cm. 
membrane of G-4 fritted glass, was applied to the two 
Solutions. The KD  value obtained for the ferric complex 
salt was 0.0035 and for the ferrous complex salt 0.0042. 
Flushing the cell with distilled water effectively removed all 
coloration due to the ferric salt prior to the diffusion of the 
ferrous salt, but the ferrous complex stained the mem­
brane so that a treatment with chromic acid mixture was 
required to clean it. A subsequent pair of diffusion runs 
gave a KD  value of 0.0048 for the ferric salt and of 0.0055 
for ferrous. The changed values, showing an increased 
membrane porosity, are nevertheless in the same direction, 
and support the conclusion that the ferric complex has a 
higher average molecular weight than has the ferrous com­
plex, whereas the empirical formulas have the reverse rela­
tion.

We were unable to make diffusion measurements in the 
presence of a large concentration of another electrolyte, 
as is necessary if the diffusibility of the complex ion alone 
is to be obtained,16 because the brown salt is so easily 
salted out by other electrolytes.

Partiele Size.—An unfiltered solution of sample (f) 
showed a bright field in the ultramicroscope. However, 
a freshly prepared solution and the filtrate from the above 
solution were optically void. The substance must poly- 
merize on standing in solution, a fact corroborated by vis­
ible precipitates formed in 0.01 M  Solutions after standing

(13) This question has been discussed by Noyes, Pitzer and Dunn, 
T h is  Jo u r n a l , 57, 1234 (1935), in connection with the susceptibility 
of argentic ion.

(14) (a) Jander and Jahr, Kolloid Beihefte, 41, 1, 297 (1935); 
(b) Brintzinger, et al., Z. anorg. Chem., 220, 201 (1934), and 
others.

(15) McBain and Liu, T h is  Jo u r n a l , 53, 59 (1931).
(16) Jander and Winkel, Z. physik. Chem., 149A, 102 (1930).

for a week, but the freshly prepared solution is probably 
a true solution, rather than a colloidal one. Because of 
this aging of the Solutions all measurements reported in 
this article were made not more than three hours after 
the preparation of the solution.

Composition and Structure.—The substance 
is unquestionably a definite eompound. I t forms 
crystals of visible dimensions; its composition is 
independent of the composition of the solution 
from which it is prepared within a considerable 
range of Variation of acidity and phenanthroline 
concentration (see Table I); and the analysis 
agrees closely with the simple proportion of 1 Fe 
to 2 Cl to 2 phenanthroline.

The composition is necessarily that represented 
by the formula Fe (Ci2H8N2)2(OH) Cl2, because 
some negatively charged constituent other than 
the two chloride ions must be present to balance 
the three positive charges of the ferric ion, and 
hydroxyl ion is the only possibility. As Table II 
shows, the actual proportions of iron, chlorine 
and phenanthroline in the dried eompound agree 
excellently with this composition.

While the interpretation of the conductivity re­
sults is complicated by the hydrolysis reaction, 
they demonstrate beyond question that the chlo­
rine atoms are free chloride ions, and not non- 
ionogen chlorine in the complex.

Here as always with polynuclear complex ions, 
the molecular weight is difficult to establish. 
That we have to do with a polynuclear complex 
seems beyond doubt. The low diffusibility by 
comparison with the similar but mononuclear 
phenanthroline ferrous ion is practically conclu- 
sive evidence; moreover, the magnetic proper­
ties and the nature of the acid-base titration 
curve strongly support the conclusion. There is 
no physical picture to account for the existence 
in a mononuclear ferric complex of a magnetic 
moment less than the 1.73 Bohr magnetons which 
correspond to the spin moment of a single un- 
paired electron, and no moment less than this has 
in fact been observed in a substance containing 
an odd number of electrons. I t is therefore ex­
tremely probable on this basis alone that we have 
to do with a polynuclear complex in which two or 
more ferric ions are rigidly bound together in such 
a way that their individual magnetic moments 
partially neutralize each other. The existence of 
such a phenomenon as this has been several times 
suggested, but it has not previously been ob­
served with certainty.
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The binuclear structure
H

ph2Fe<(^~^/>Feph2

H
which we have proposed is consistent with the 
general principles of complex chemistry developed 
by Werner. The coördination number of the 
iron atoms is six, as it is in other stable ferric com­
plexes (each phenanthroline molecule with its two 
nitrogen atoms counts of course two in reckoning 
this value). The ease of formation and stability 
of the double ol bridge are well established with 
cobaltic and chromic ammines and are basic fea­
tures of those important theories of colloidal ox­
ides which Stiasny17 and Thomas18 have developed.

The acidic properties of the substance (the pH 
of 0.00491 M  aqueous solution is 3.5) might seem 
inconsistent with this structure but they are not so 
in reality. The only way in which a substance 
with the structure suggested can react acid is by 
loss of hydrogen ions from an ol bridge, forming 
an oxo bridge

ph2Fe<(̂  y>Feph; +  h 2o

/O*
ph2Fe<^ ^>Feph*

H

+  OH3

and it is true that this process does not occur to a 
significant extent with the cobalt derivatives, 
which are the most thoroughly studied examples 
of substances containing these bridges. Such

substances as (NH,)4CoCo(NH3)4 are
H

reported as giving neutral aqueous Solutions. 
There is, however, every reason to expect that 
the hydrogen ions should be much less firmly 
bound in the iron eompound than in the cobal­
tic eompound.

Both the ol compounds and the simple aquo 
compounds are derivatives of oxonium ion, 0H 3+, 
in which one hydrogen ion in the case of an aquo 
eompound (such as [Co(NH3)5OH2]+++), and 
two hydrogen ions in the case of ol compounds, 
have been replaced by a metallic ion. This Sub­
stitution decreases the acidity cumulatively; in 
the cobalt case [Co (NH3) öOH2 ]+++ has an acidity 
constant of 2 X 10“6, while the ol compounds 
are so weakly acid that their aqueous Solutions

(17) Stiasny et al., Colegium, 752, 902 (1932), and others.
(18) Thomas et al., T h is  J o u r n a l , 56, 794 (1934), and others.

are neutral. The work of Uémura and Suéda19 
shows, however, that aquo chromic ions are con- 
siderably more acid than are analogous aquo co­
baltic ions, while the work of Brönsted and Vol- 
qvartz20 shows that aquo ferric ions are more acid 
than are analogous chromic ions. That is to say, 
the introduction of one ferric ion into oxonium 
ion decreases the acidity much less than the in­
troduction of one cobaltic ion; the second ferric 
ion likewise should have a smaller effect than the 
second cobaltic ion. I t is therefore extremely 
probable that ol-ferric compounds will be more 
acidic and have less firmly bound hydrogen ions 
than do ol-cobaltic compounds.

On titration with alkali the behavior of the 
substance agrees with that to be expected of a 
dibasic acid, except when nearly two moles of hy­
droxyl ion have been added (for two iron atoms) 
when some other process which leads to a pre­
cipitation is superimposed. This is shown in 
Fig. 1 in which the points are experimental and 
the solid curve is calculated for a dibasic acid. 
The behavior is consistent with the proposed 
formula, which contains two dissociable hydrogen 
ions, one on each of the ol bridges. It does not 
serve to eliminate the possibility of a more highly 
polymerized ion, because the experimental curve 
also agrees with predicted ones for acids of higher 
basicity than two, but it does fumish another 
proof of the impossibility of a mononuclear for­
mula. The only possible structure of the latter 
type is that of an aquohydroxo ion which must ti- 
trate as a monobasic acid
T /O H r p

LpW '< o h J
+  H20 :

/OH"]+
ph2Fe< +  OHs f

X)HJ

It is completely impossible to fit our experimental 
results to such a process.

On Solutions Containing Ferric Salts and Phen­
anthroline

The high yields obtained in the preparation of 
the crystalline brown chloride (A) suggest strongly 
that it is a major constituent of the Solutions ob­
tained by mixing ferric chloride and phenanthro­
line. It is not the sole constituent, as several 
kinds of evidence demonstrate.

The Magnetic Titration of Ferric Chloride with 
Phenanthroline.—We have determined the mag­
netic susceptibilities of a series of Solutions con-

(19) Uémura and Suéda, Buil. Chem. Soc. Japan, 10, 50, 267 
(1935); Buil. faculté arts métiers Tokyo, 4, 29 (1935).

(20) Brönsted and Volqvartz, Z. physik. Chem., 134, 97 (1928).
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taining a constant concentration of ferric chloride 
and varying proportions of phenanthroline with 
the results shown in Table IV and Fig. 2. Except 
for the last point, each one represents the mean 
of two or more measurements with a maximum de­
viation of 0.0002 g. There are several points of 
interest about this “magnetic titration curve.”

T a b l e  IV

Ferric
chloride
(mole/
litér)

o-Phenan-
throline
(mole/
liter)

Magnetic 
pull on 
soln., 
F i, g.

Density 
of soln. 
(27°)

Atomic 
suscepti­
bility of 
ferric ion X IO«

Precision
measure,

%
0,03870 0.00 -0.0084 0.9965 13,760

,03867 .0X935 -  .01700 .9974 8,140 0,49
,03865 .03870 -  .02337 .9997 4,020 ,99
,03865 .05800 -  .02630 1.0011 2,120 2,21
,03865 .07740 -  .02765 1,0028 1,270 3.81
,03865 .1160 -  .02715 1.0052 1,620 2.94
.03872 .1560 -  .02425 1.0087 3,550 1.31
.03864 .2320 -  ,02340 1.0119 4,140 3.81

The gradual curvature shows that several over­
lapping equilibria are present. Because of the 
well-verified additivity of magnetic susceptibili­
ties, the curve would consist of two iiitersecting 
straight lines if the Solutions contained only mix­
tures of hydrated ferric ion and one phenanthro­
line complex.

The curve has a pronounced minimum in the 
neighborhood of the proportion of 2 phenanthro­
line to 1 iron, the ratio present in the crystalline 
salt. This is consistent with the hypothesis that 
the tetraphenanthroline diol diferric ion is a pre- 
ponderant constituent of Solutions containing 
this proportion of phenanthroline and iron. The 
rise on both sides, together with the curvature, 
demonstrates, however, that other compounds of 
phenanthroline and ferric iron of higher suscepti­
bility are formed in which the ratio may be either 
greater or smaller than two.

The difference in susceptibility between Solu­
tions of the pure crystalline salt and Solutions 
made by adding two moles of phenanthroline to 
one of ferric chloride is outside of the probable 
experimental error and indicates the presence in 
the latter solution of a certain amount of these 
complexes of higher susceptibility.

Colorimetric Work.—Tests were made in a 
Colorimeter of the intensity of color developed by 
the addition of ferrous sulfate to Solutions con- 
taitiing various proportions of phenanthroline and 
ferric chloride, the brown color of the ferric com­
plex being compensated in the usual way. In all 
cases, the intensity of the color increased with 
time, the more rapidly the greater the proportion 
of phenanthroline. Extrapolation to zero time

showed that Solutions containing phenanthroline 
and ferric iron in the proportion of 1:1or 2 :1 con­
tain no phenanthroline in a form which reacts im­
mediately with ferrous iron, whereas Solutions

Moles phenanthroline/mole iron. 
Fig. 2.—Magnetic titration curve.

containing proportions of 3:1, of 4:1, and of 
9.16:1 contain about two-thirds of the phenan­
throline present above the ratio of 2 :1 in a form 
which does not react immediately with ferrous 
ion. A part but certainly not all of this unreac- 
tive phenanthroline is in the form of phenanthro- 
linium ion. Further interpretation of these ex­
periments must await a knowledge of the equilib­
rium and kinetics of the ferrous phenanthroline 
reaction which is now being sought in another re­
search in this Laboratory.

Solubility Effects.—Attempts to investigate 
the nature of the phenanthroline complexes by 
the solubility method which has been so often ap­
plied to the investigation of complex compounds 
gave a most surprising result which led us to de­
termine the solubility of phenanthroline in the 
various media shown in Table V. All measure­
ments were made at 25° by rotating an excess of 
phenanthroline with the solution named in a ther-
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mostat until analyses made on two successive 
days showed no further change. Phenanthroline 
was determined by the mercuric chloride precipi­
tation method previously described. Each figure 
shown in the table is the average of at least two 
determinations with a probable error of about 1%.

T able V

Soln.

Concn. 
of soln., 

moles per 
liter

Concn. of 
o-phenan- 
throline, 

moles per 
liter

Concn. of o- 
phenanthro- 

line less 
water soly. 

of o-phenan- 
throline, 

moles per liter

Moles of 
o-phenan- 
throline 
per mole 
of other 

com­
ponent

Pure water 0.01627
FeCla 0.003640 .03834 0.02207 6.07
FeCla .007240 .06567 .04450 6.04
HC1 .009953 .03824 .02197 2.21
NaCl .002014 .01604 -  .00023
FeCl2 .009390 .06510 .04883 5.20
NiCla .005614 .03937 .02310 4.11
h 2so 4 .004898 .03762 .02135 4.36

There will be noted in every case except that of 
sodium chloride a large increase in solubility over 
that in water. Even in the case of the acids, 
where one would expect one equivalent of acid to 
dissolve at the most one mole of base, we find an 
increase in solubility which is of the order of 2.2 
moles of base per equivalent of acid. Ferrous 
ion and nickel ion form extremely stable com­
plexes in which the proportion of phenanthroline 
to metallic ion is three. There is no evidence 
whatsoever from the composition of solid salts of 
the existence of complexes in which the proportion 
is greater than three. Yet one mole of ferrous 
chloride dissolves 5.2 moles more of the base 
than does water; one mole of nickel ion in- 
creases the solubility by 4.1 moles. Evidently, 
then, the presence in a solution of phenanthroline 
combined either with hydrogen ion or with a me­
tallic ion leads to a considerably increased solu­
bility of phenanthroline in the solution, presum­
ably as a result of the formation of some secon­
dary complex of low stability. The quantity of 
this excess dissolved phenanthroline bears no 
simple ratio either to the quantity of combined 
phenanthroline or to the ionic charge of the com­
plex in which it is present. This peculiar phe­
nomenon may be confined to phenanthroline and 
bases of similar structure or it may not; it ob-

viously must be reckoned with in any future stud­
ies on complex ions by the solubility method.

Of the somewhat over six moles of phenanthro­
line dissolved by ferric chloride, two can be as­
signed to the formation of the complex of struc­
ture A, about two more to the hydrogen ion lib­
erated in the formation of that eompound. The 
remainder may be due to the loose kind of com­
bination which produces the excess solubility in 
the case of the other metallic ions, but it is diffi­
cult to see how this kind of combination could 
account for the increase in magnetic suscepti­
bility which we have observed when the propor­
tion of phenanthroline to iron is greater than two.

We wish to acknowledge the kindness of Pro­
fessors Samuel J. Kiehl, Victor K. La Mer and 
Arthur W. Thomas in lending special apparatus 
and of Henry A. Boorse, in making preliminary 
magnetic susceptibility measurements.

Summary
A brown crystalline substance has been pre­

pared by the direct reaction of phenanthroline 
and ferric chloride solution. The properties of 
this substance are consistent with the assumption 
that it is a tetraphenanthroline-diol-diferric chlo­
ride.

Evidence is presented showing the probable ex­
istence of other compounds in the mother liquor.

The acid-base properties of the polynuclear 
complex extend the knowledge of this characteris­
tic of the ol bridge as established with cobaltic 
and chromic compounds.

The unusually low magnetic susceptibility of 
the new complex suggests the partial neutraliza­
tion of the magnetic moments of the two iron 
atoms, and is additional evidence of a polynuclear 
structure.

The magnetic susceptibility of the blue tri- 
phenanthroline-ferric complex ion approximates 
that of the ferricyanide ion.

Evidence is presented showing that stable 
phenanthroline complexes whose composition 
has been established in the solid state may, in 
solution, add more phenanthroline, forming sec­
ondary complexes of lower stability.
New Y ork, N. Y. R eceived June 1, 1936
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[Contribution from the Daniel Sieff R esearch Institute]

The Photochemical Deamination of Amino Acids in Water Solution.
Part I

B y  Ch . W eizm ann , E. B erg m ann  a n d  Y. H ir sh be r g

The only method of de-amination of amino 
acids under physiological conditions is the oxi­
dative de-amination, e.g.

CH3CHCOOH CH3COCOOH +  NH3
I

n h 2

which has been thoroughly investigated by many 
authors. The ordinary hydrolysis of amino acids

CH3CHCOOH +  H20  CH3CHCOOH +  NHS
I I

n h 2 o h

has never been observed in biological Systems and 
even against treatment with acid or alkali, the 
amino acids exhibit such a marked resistance that 
occasionally the view has been expressed that the 
occurrence of ammonia in the hydrolysis of pro­
teins is not due to hydrolysis of amino, but rather 
of amide groups. (That this view is not correct 
has been demonstrated by Melville1 in the case of 
glutamine containing peptides.)

Therefore, an observation made by Henri, 
Weizmann and Hirshberg2 seemed to be worthy of 
further study. These authors reported that in 
aqueous solution glycine is hydrolyzed under the 
influence of ultraviolet rays according to the 
above scheme. The experiments have been ex- 
tended to include alanine, betaine and aspartic 
acid. In all these cases the photolysis occurred 
markedly. The kinetics of the reactions could 
be studied easily, using the conductivity change or 
the pH change accompanying the photolysis, or, 
in a more accurate way, determining the amount 
of ammonia formed during the reaction. As a 
qualitative test showing whether the desired re­
action has occurred or not, the color reaction with
2,7-dioxynaphthalene proved useful; it may be 
mentioned that the reaction is by no means spe­
cific for glycolic acid, as was assumed by Eegriwe,3 
but is a group test for a-hydroxy acids.

The attempt to become familiar with the de­
tails of the photolytic reaction meets with one 
main difficulty: one does not know, a priori, 
which is the reactive form of the amino acid mole-

(1) Melville, Biochem. J., 29, 178 (1935).
(2) Henri, Weizmann and Hirshberg, Compt. rend., 198, 168 

(1934).
(3) Eegriwe, Z. anal. Chem., 89, 121.(1932).............

cules. In this connection, the observation of 
Henri, Weizmann and Hirshberg4 is noteworthy 
that the effective radiation in the case of glycine 
has a wave length of X < 2265 Ä. Since, according 
to a recent paper of Henri and Lasareff,5 methyl- 
amine shows an ultraviolet absorption between 
2529 and 1986 Ä., the most intense bands lying 
between 2320 and 2100 Ä. the conclusion seems 
justified that the radiation effective in our pho­
tolysis is that absorbed by the C-N linkage, in 
other words, the photochemical primary process 
involves that linkage. Two arguments appear to 
show that the photolysis does not occur or, at 
least, does not occur markedly on the “Zwitter- 
ions.” (1) The speed of the photolysis depends 
on the pH  of the medium; at neutral reaction, the 
reaction velocity has a minimum; it increases 
both to the acid and to the alkaline side, giving a 
graph (Fig. 1) very similar to those obtained for 
the hydrolysis of certain esters6 or the bromination

Fig. 1.—Photolysis of alanine 0.05 N, O; 
betaine, 0.05 N, • ;  aspartic acid, 0.01 N, x.

of certain aliphatic ketones.7 Since one knows8 
that at the neutral point the relative amount of

(4) Henri, Weizmann and Hirshberg, Compt. rend.9 199, 1205 
(1934).

(5) Henri and Lasareff, ibid., 200, 829 (1935). Compare also 
Herzberg and Koelsch, Z. Elektrochem. 39, 572 (1933); Woo and 
Liu, J. Chem. Physics, 3, 544 (1935); Emeléus and Jolley, J. Chem. 
Soc., 1612 (1935).

(6) Ingold, et al., J. Chem. Soc., 1039 (1930); 2035 (1931).
(7) Watson and Yates, ibid., 1207 (1932).
(8) Compare Schlenk and Bergmann, “Textbook,” p. 450.
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molecules occurring in the “Zwitter-ion” form is 
highest, that form cannot be the carrier of the 
photolysis reaction. (2) If one compares the 
photolysis of betaine with that of the unmethyl- 
ated amino acids we have investigated, one will 
find that the photolysis of betaine is markedly 
slower (see e, g., Fig. 1, where a 0.1 N  solution of 
betaine is compared with a 0.01 N  solution of 
aspartic acid).

Fig. 2.—Speed of the photolysis of 0.01 N  betaine (lower 
curve); 0.01 N  aspartic acid (upper curve).

We suggest that the normal form of the amino 
acid molecule is “photo-active” ; its C-N bond is 
split not by water molecules, but by H + and OH~.

The quantum yield of the photolysis has been 
determined in several experiments by comparison 
with the photochemical decomposition of mono- 
chloroacetic acid. For glycine and alanine the 
quantum yield has been found to be about equal 
to unity, which corresponds to the case of, say, 
monochloroacetic acid.9 It is surprising that 
the quantum yield for betaine under the same 
conditions is only 0.5. It is rather difficult to 
explain that figure definitely, but it may be due 
to the fact that in betaine there are two different 
kinds of C-N bonds absorbing the “ active’' 
light, one representing the CH3N groups, one 
connecting the nitrogen with the trunk of the 
acetic acid molecule, and that only the latter one 
by absorption of light can lead to the desired 
photolytic process, the other one causing just a 
dissipation of the absorbed light energy.9a

As regards the various amino acids investigated, 
the details will be given in the experimental part 
of the paper, but a few remarks may be added 
here. In the case of alanine, the lactic acid 
formed has been isolated as zinc salt, in the case of 
betaine the triimethylamine as the chloroaurate. 
From aspartic acid, crystalline malie acid has

(9) L. Farkas and O. H. Wansbrough-Jones, Z . p h y s ik ,  C h em ., 
18B, 124 (1932).

(9a) For theoretical discussion of low quantum efficiency, see 
Thompson and Einheit, J .  C h e m , S o c ,, 1453 (1935).

been obtained. A few preliminary experiments 
were made with l-tyrosine, but without success, 
since the alkaline solution immediately turned 
yellow, afterward brown; the acid solution be- 
haved similarly after a short period of irradiation. 
(At the neutral point, tyrosine is known to be 
insoluble in water.) We thought the color may 
be due to melanine formation, caused by unavoid- 
able tracés of oxygen, but the absorption spectrum 
of our solution was quite different from the ab­
sorption spectrum exhibited by tyrosine after 
treatment with tyrosinase.10 Therefore, no con­
clusion can be drawn regarding the color change 
of our tyrosine Solutions.

The experiments with aspartic acid were made 
on an optically active (levorotatory) preparation 
which gave us the opportunity of dealing with the 
question of the configurational relationship be- 
tween the starting material and the end-product 
of the photolysis. The malie acid obtained was 
nearly completely racemic and only a negligible 
levorotation could be observed. According to 
the view of Polanyi and co-workers,11 racemiza- 
tion can only occur in Substitution reactions of the 
type suggested above when the trunk of the mole­
cule passes a stage where it exists as a positively 
charged ion or a free radical. Obviously, we can­
not decide definitely between these alternatives, 
but in view of the above conclusion that in this 
reaction hydrogen and hydroxyl ions take part, 
the former possibility seems more reasonable. The 
photochemical Stretching of the C-N bond leads 
to the formation of ions RCH+COOH and NH2~, 
which stabilize by the reactions

RCH+COOH +  O H '--- ^ RCH(OH)COOH
n h 2-  +  H +  ^ NH3

Experimental Part
The preparations used were commercial samples which 

were purified by the usual methods. Betaine was pre­
pared from its hydrochloride according to Husemann and 
Marmé.12 The Solutions of the amino acids in doubly 
distilled water were irradiated in two ways: (1) the quartz
lamp was surrounded by two jackets, the first containing 
running water, the second the solution; (2) the solution 
was filled into a quartz cell which was irradiated by the 
direct light of a horizontal mercury are (without any light 
filters) at a certain distance. After definite times, the am-

(10) Florence, Ensehne and Pozzi, B u il. soc. ch im . b io l., 17, 290 
(1935). Compare also Lignad, S tra h le n th e ra p ie , 34, 605 (1921).

(11) Polanyi and Meer, Z . p h y s ik .  C h em ., 19B, 164 (1932); Berg­
mann, Polanyi and Szabo, ib id ., 20B, 161 (1933); T ra n s. F a ra ­
d a y  S o c ., 32, 843 (1936); Bergmann and Polanyi, N a tu r w is s . , 21, 
378 (1933); see also Ingold and Hughes, J .  C h em . S o c ., 244 (1935); 
Hughes, ib id ., 255 (1935).

(12) Husemann and Marmé, A n n . ,  Suppl., 8, 246 (1864).
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monia formed was determined in the usual way; the con­
ductivity and the pH were measured, the latter with a 
glass electrode.

An absolute determination of the quantum yield proved 
tedious, since the reactions are relatively slow. There­
fore, the reaction was compared in a rather crude way with 
the photo-decomposition of monochloroacetic acid for which 
the quantum yield is equal to unity. A parallel ultraviolet 
light beam was obtained from the light of an ordinary mer­
cury lamp (Heraeus lamp) through a quartz lens of f = 
10 cm. At a constant distance a quartz cell of 10 cm. 
length and 46 cc. volume was placed in the path of the 
Ught beam, The lamp worked constantly at 220 volts 
and 4 amperes.

We compared the amount of monochloroacetic acid de­
composed in a second cell after passing (a) water, (b) the 
investigated solution. The difference between the two 
figures gave the quantity of energy absorbed in the photo- 
decomposition of the solution investigated. The follow­
ing results were obtained:
Glycine 0.93 0.88 0.86 0.85 0.82
Alanine 1.02 .98 .95 1.00
Betaine 0.46 .49 .52
In order to demonstrate our procedure in the kinetic ex­
periments, the data obtained in some experiments may be 
given here.

Table I 
Betaine

100 cc. of a 0.1 N  solution was irradiated with the hori­
zontal mercury lamp (220 v., 9 amp.). The distance 
between the lamp and the cell was 13 cm.

Time.
hours

Conductivity, 
measured at 30° p H

0.01 N  tri­
methylamine, cc.

0 3.24 X 10“5 6.2 0
2 7.43 X 10-‘ 6.4 2.2
4 9.2 X ÏO“6 6.62 4.2
6 11.2 X 10- 6 6.9 6.0
8 14.9 X 10-‘ 7.1 8.2

10 18.3 X 10-‘ 7.25 10.5
15 30.4 X 10~6 7.55 16.0
20 40.0 X 10~6 7.8 21.2

A part of the same solution was not irradiated; during the 
same period no change in conductivity or pH occurred.

Table II 
(2) Alanine

100 cc. of a 0.1 N  solution was irradiated as above
Time,
hours

Conductivity, 
measured at 30° P U

nh3,
mg.

NHs,
%

0 3.38 X 10~6 6.4 0 0
1 7.17 X 10~6 6.85 0.017 0.20
2 9.14 X 10~5 7.10 .034 .40
4 19.7 X 10“6 7.50 .072 .75
6 23.8 X 10-® 7.75 .10 1.2

15 44.6 X 10-‘ 7.95 .27 3.2

100 cc. 
lamp.

of a 0.05 N  solution as above, but with a stronger

0 7.33 X ÏO-8 5.65 0 0
1 28.6 X 10-« 6.0
4 71.1 X 10-‘ 6.65 0.61 4.5
6 103.0 X ÏO"* 7.25 1.1 8.0
8 200.0, 7.65 1.5 11.0

100 cc. of a 0.02 solution as before
0 7.37 X ÏO“6 5.5 0 0
2 24.3 X 10“« 6.7 0.2 1.49
3 33.2 X 10 6.9 .29 2.12
6 73.6 7.2 .61 4 .5

10 148.0 X 10 ~6 7.5 1.3 10.0

Table III 
(3) Aspartic Acid

100 cc. of a 0.01 N  solution was irradiated as above; 
distance 10 cm.

Time, hours p H 0,01 N Nm, cc,
0 3.2 0
2 3 .5 5.5
6 3.9 15.2
9 4.1 19.5

15 4 .5  ; 33.5
20 5.1 45.0

Table IV
Change of absorption during irradiation of alanine

(a) 0.02 N  Solution

x, A.
« before e after 10 hoursirradiation of irradiation

2150 17.5 17.5
2225 8.74 13.5
2240 6.72 8.74
2264 4.40 5.85
2280 3.36 4.40

(b) 0.05 N  Solution
e after 8 hours of irradiation

2144 28.08 28.08
2195 10.80 21.6
2240 6.92 10.8
2260 5.40 6.92
2328 1.58 2.81
2350 2.16
2360 2.05
2370 . . . 1.58

Isolation of the Irradiation Products.—The solution
obtained by photolysis of alanine was concentrated, acidi­
fied with sulfuric acid, then extracted several times with
ether. The ether was distilled off and the residue taken
up with water and heated with zinc carbonate on the water- 
bath. The excess of the carbonate was filtered off and 
the solution evaporated in a desiccator. The residue was 
identified by micro-analysis. Calcd. for CeHioOeZn SHjO: 
C, 24.2; H, 5.4; Zn, 22.0. Found: C, 24.7; H, 5.4; Zn, 
22.9.

The trimethylamine formed by irradiation of a betaine 
solution was distilled off—after addition of a few drops of 
alkali—into dilute hydrochloric acid. The acid solution 
was concentrated on the water-bath and a solution of gold 
chloride added. The precipitate was filtered off, washed 
with distilled water, dried to constant weight and analyzed. 
Calcd. for C3H9NC14Au : C, 9.0; H, 2.3; N, 3.5; Au,
49.4. Found: C, 9.5; H, 2.6; N, 3.7; Au, 49.2. The
malie acid obtained from aspartic acid by irradiation was 
isolated in the same way as lactic acid. The crystalline 
product was recrystallized from a mixture of acetone and 
carbon tetrachloride; m. p, 121°, The analysis did not
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agree very well with theory (hygroscopicity?): Calcd. for
C4H60 6; C, 35.8; H. 4.5. Found: C, 36.2; H, 5.5.

Summary
1. In water solution glycine, alanine, betaine 

and aspartic acid are hydrolyzed under the influ­
ence of ultraviolet light, giving the corresponding 
hydroxy acids.

2. The kinetics and quantum yields of these 
reactions have been measured.

3. The following mechanism has been sug­
gested.

(a) RCHCOOH----RCH+COOH +  NH2~
NH2

(b) RCH+COOH +  OH“ — ^ RCHCOOH
OH

(c) n h 2-  +  h + ----> N H 3

4. The hydrolysis of optically active aspartic 
acid is accompanied by racemization, which is in 
accordance with the above mechanism.

5. The behavior of tyrosine has been studied 
qualitatively.
R ehovoth , P a l e s t in e  R e c e iv e d  A pr il  9, 1936

[Co n t r ib u t io n  from  the  D a n ie l  S ie f f  R e se a r c h  I n s t it u t e ]

Cyclopentenotriphenylene
B y  E r nst  B ergmann  and  Ottilie  B lum -B ergm ann

Jacobs and Elderfield1 obtained by dehydrogen­
ation of strophanthidin, inter alia, a hydrocarbon, 
the analysis of which gave figures corresponding 
to the formula C2iH i6. On the basis of a stro- 
phantidine formula which has since been aban- 
doned, the authors suggested the structure of cy­
clopentenotriphenylene (I). In connection with 
other experiments we thought it interesting to 
synthesize the above hydrocarbon; its properties 
were quite different from those of the hydrocarbon 
obtained by the American authors. Our synthesis 
parallels the preparation of cyclopentenophenan- 
threne by Cook and co-workers.2 Their work 
gave us some valuable information about the 
formation and structure of various by-products.

(1) Jacobs and Elderfield, J .  B io l. C h em ., 107, 143 (1934).
(2) Cook, ei a l.> J .C h e m .  S o c ., (a) 1098 (1933); (b) 365 (1934).

ß-(9-Phenanthryl)-ethanol was easily prepared 
from 9-phenanthrylmagnesium bromide and ethyl­
ene oxide or ethylene chlorohydrin and converted 
into the corresponding chloride. Its magnesium 
derivative reacted with cyclopentanone to give 
(9-phenanthrylethyl)-cyclopentanol (II). In ac­
cordance with the observations of Cook, we tried 
to convert (II) directly into (I) with glacial acetic 
acid and concentrated sulfuric acid, but without 
success, and also none of the two crystalline hy­
drocarbons resulting from the crude reaction prod­
uct by subsequent dehydrogenation was the de­
sired product (I). The first had the formula C21H14 
and was characterized by a vermillion picrate. It 
is most probable that it corresponds to 2 -methyl- 
pyrene2a obtained by Cook in the corresponding 
experiment in the naphthalene series, and there­
fore is 7-methyl-l,2-benzpyrene (III). We hope 
to confirm this Suggestion, by spectroscopie com­
parison of our product with benzpyrenes of known 
structure, as 1,2- and 4 ,5-benzpyrene recently de­
scribed by Cook and Hewett3 and Fieser and 
Fieser,4 respectively. The second isolated hydro­
carbon, which occurred only in minor quantities, 
turned yellow on keeping. I t  resembles in this 
respect the complex fluorene derivatives prepared 
by Cook and Hewett ;2b we therefore assume that 
it has the structure of 1,2 ,3,4 - dibenzofluorene
(IV) and is analogous to chrysofluorene isolated 
by Cook in his experiments in the naphthalene se­
ries. The corresponding fluorenone has recently

(2a) Barry, Cook, et a l. ,  P ro c . R o y . S o c . (London), B117, 321 
(1935).

(3) Cook and Hewett, J .  C h em . S o c ., 398 (1933).
(4) Fieser and Fieser, T his Journal, 57, 782 (1935).
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been described by Koelsch.6 These hydrocarbons 
cannot be formed by dehydrogenation of the nor­
mal eompound (V) which we expected from the 
treatment of II with concentrated sulfuric acid, 
as an intermediate product; they must derive from 
the two Spirans (VI) and (VII), respectively, by 
thermal rearrangement and subsequent dehydro­
genation.5a As a matter of fact we succeeded in 
isolating, from the crude product of the above 
treatment of (II), a crystalline substance C21H20 
which was not identical with (V) and, since under 
our experimental conditions the cis isomer of (V) 
would not be stable,6 must be one of the Spirans
(VI) or (VII).

After this failure, we had to proceed by the way 
suggested by the formulas (II) — > (VIII) — >• 
(V )-> ■ (!).

VII VIII
The dehydration of (II) was effected easily by 
heating with potassium bisulfate and the conver­
sion of (VIII, R = H) into (V) by means of alumi­
num chloride. We pref er the olefinic double bond 
in (VIII, R = H) in the five-membered ring, 
rather than in the semicyclic position; but that 
question is of no importance for the course of the 
reaction.

Cook and his co-workers observed in several 
cases that 2 -methylcyclopentanone is more suit­
able for syntheses of this kind, since the condensa­
tion with Grignard eompound and subsequent 
dehydration and dehydrogenation gives more 
uniform products.7 A series of experiments 
starting with the methylated ketone was unsuc-

(5) Koelsch, T h is  J o u r n a l , 56, 480 (1934).
(5a) See Fieser, “Chemistry of Natural Products Related to 

Phenanthrene,” Reinhold Publishing Corp., New York, N. Y., 
1936, p. 162.

(6) Zelinsky and Turowa-Pollak, Ber., 65, 1299 (1932).
(7) Compare Bergmann and Weiss* Ann., 480, 65 (1930);

cessful, since 9-ethylphenanthrene formed pre- 
vented the easy isolation of the expected ethyl­
ene (VIII, R = CH3).

The cyclopentenotriphenylene obtained by de­
hydrogenation of (V) is a well-crystallized com­
pound characterized by its dark brown-red pic­
rate. I t is isomeric with methylcholanthrene 
and the melting points and those of their pic­
rates show a striking resemblance; but the mix­
tures show a depression of the m. p. Obvi- 
ously, methylcholanthrene could not be formed 
in our synthetical process. The spectroscopie 
analysis of cyclopentenotriphenylene and its 
comparison with similar hydrocarbons is now in 
progress.

Experimental
/3-(9-Phenanthryl)-ethanol.—(a) An ethereal solution 

of ethylene oxide (10 g.) was added to 9-phenanthryl- 
magnesium bromide, prepared according to Bachmann8 
from magnesium (5 g.), 9-bromophenanthrene (48.5 g.) 
in a mixture of benzene (120 cc.) and ether (120 cc.). The 
rather violent reaction was completed by boiling for two 
hours; the reaction mixture was decomposed with ice and 
acid, washed with soda solution, dried and evaporated. 
The oily residue crystallized, on trituration with light 
petroleum and acetone; from benzine clusters of needles; 
m .p . 92°; yield 15-21 g. Calcd. for Ci6HmO: C, 86.5; 
H, 6.3. Found: C, 86.7, 86.7; H, 6.7, 6.6.

(b) According to Grignard9 an ethereal solution of 9- 
phenanthrylmagnesium bromide (from 102 g. of bromo- 
phenanthrene and 11 g. of magnesium) was added to a solu­
tion obtained by addition of ethylene chlorohydrin (22.4 
cc.) to ethylmagnesium bromide (8.1 g. of magnesium and 
25.4 cc. of ethyl bromide). Since no reaction took place, 
the solvents were distilled off; at the end of the distillation 
reaction occurred, causing the mass to foam and swell vio- 
lently. After addition of fresh ether the mass was treated 
as above and the product isolated by distillation (1 mm.). 
At 145-170° some phenanthrene passed over, then at 200° 
the reaction product, which crystallized quickly (40-50 
g ) .

/3-(9-Phenanthryl)-ethyl Chloride.—The above alcohol 
(20 g.) was mixed with dimethylaniline (11.7 cc.) and ben­
zene (24 cc.) and the mixture cooled with ice water. Then 
thionyl chloride (7.6 cc.) was added drop by drop and the 
dark red solution heated until the evolution of sulfur di­
oxide ceased. On addition of water a dark oil separated 
and was isolated with ether. The residue crystallized at 
once and was triturated with ethyl acetate and recrystal­
lized from benzine mixed with a little benzene; m .p . 82-  
84°; yield, 15-17 g. Calcd. for C16H13C1: C, 79.7; H,
5.4. Found: C, 79.9; H, 5.4.

(9-Phenanthryl-ethyl)-cyclopentanol (II).—The above 
chloride (29.6 g.) reacted smoothly with magnesium (3.2 
g.) when activated with iodine and methyl iodide. After

(8) Bachmann, T h is  J o u r n a l , 56, 1363 (1934).
(9) Grignard, Ann. chim., [8] 10, 23 (1907). Compare Schlenk, 

O. Bergmann and IL Bergmann, J. Soc. Chem. Ind., 60, 209T  
(1933) i
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two hours of boiling, cyclopentanone (10.8 cc.) was added; 
it reacted markedly and gave a crystalline precipitate. The 
mass was boiled for a further two hours and then decom­
posed with ice and ammonium chloride or ice and acid. 
An insoluble compound separated and was filtered off after 
some time (1.75 g.); it was recrystallized from xylene. 
The yellowish leaflets, m. p. 214-216°, exhibit a strong 
violet fluorescence and consist, according to the analysis, 
of «,ö-di-(9-phenanthryl)-butane, C14H9CH2CH2CH2CH2- 
ChH9. Calcd. for C32H26: C, 93.7; H, 6.3. Found:
C, 93.8, 94.1; H, 6.1, 6.5. The residue of the ethereal 
filtrate crystallized on trituration with benzine. This 
carbinol was recrystallized from benzine and cyclohexane 
as transparent prisms, m. p. 108-109°; yield, 17.1 g. 
Calcd. for C21H22O: C, 86.9; H, 7,6. Found: C, 86.5;
H, 7.6.

Reactions with Concentrated Sulfuric Acid.—(a) The 
carbinol (II) (4 g.) was heated for two hours on the water- 
bath with glacial acetic acid (40 cc.) and concd. sulfuric 
acid (4 cc.); a violet color and smell of sulfur dioxide was 
observed. Then water was added and the oily product, 
after isolation with ether, directly heated with selenium 
(10 g.) to 320-340° for sixteen hours. The mass was ex­
tracted with benzene and ethyl acetate and purified by dis­
tillation at 0.8 mm. (bath temperature 240-280°). The 
reddish oil (1.2 g.), on trituration with benzine, gave a 
crystalline powder (0.5 g.) melting at 132-142°; from 
propyl alcohol, then from glacial acetic acid, silky needles, 
m. p. 157.5-159.5°. Calcd. for C2iH14 (III): C, 94.7; 
H, 5.3. Found: C, 94.3, 94.3, 94.6, 95.0, 94.6; H, 
5.3, 5.6, 5.4, 5.6, 5.3. The picrate, prepared from 
equivalent amounts of the components in benzene and 
isolated by evaporation of the solvent, was recrystal­
lized from alcohol, containing picric acid, as beautiful 
vermilion needles of m. p. 153-155°. Calcd. for C27- 
Hi70 7N3: C, 65.5; H, 3.4; N, 8.5. Found: C, 66.0, 
66.0; H, 4.1, 3.6; N, 7.6. From the benzine mother 
liquors of the above hydrocarbon (III), there separated, 
on standing, a second hydrocarbon (0.2 g.), which melted 
at 115-116°, after repeated recrystallization from ben­
zine, and after purification through the picrate; needles 
turning yellow on exposure to air and light. The picrate 
prepared in hot alcohol, crystallized on cooling as orange- 
yellow needles, m. p. 165-167°. Calcd. for C27Hi9N30 7 = 
C2iHi6 (IV) +  CeHsNsO?: C, 65.2; H, 3.8; N, 8.4. Found: 
C, 65.4; H, 4.2; N 8.0.

(b) The experiment was repeated as before but the crude 
oily product left for some time. A small amount of a 
crystalline powder separated which was triturated with 
ethyl acetate, filtered, washed with alcohol and recrystal­
lized from the same solvent as leaflets of m. p. 117-120°. 
Undoubtedly, the substance is one of the Spirans (VI) or 
(VII). Calcd. for C2iH20: C, 92.6; H, 7.4. Found: C, 
92.3; H, 8.2.

1'-/?-(9-Phenanthryl)-ethyl-cyclopentene-(1) (VIII).—
The carbinol (17 g.) and potassium bisulfate (25.5 g.) were 
heated at 160-170° for one hour; the mixture was poured 
into water, the product extracted with ether and distilled;
b. p. 206-207° (1.3 mm.). The distillate (14.3 g.) was a 
viscous oil unsaturated toward bromine, which crystallized 
immediately; it melted at 50-54.5®, but it was impossible 
to recrystallize it and therefore it was converted into tetra-

hydro-cyclopenteno-triphenylene (V) by dissolving in car­
bon disulfide and adding finely powdered aluminum 
chloride (14 g.), at room temperature. After twelve 
hours the violet mass was decomposed with ice and hydro­
chloric acid and the product distilled; b. p. 210-215° 
(1 mm.). The oil crystallized spontaneously; on recrystal­
lization from ethyl or propyl alcohol it gave beautiful 
prisms (6.9 g.) m. p. 105.5-107°. Calcd. for C2iH2o: C, 
92.6; H, 7.4. Found: C, 92.6; H, 7,6. (Picrate, see 
below.)

Cyclopentenotriphenylene (I).—The tetrahydro com­
pound (5 g.) was mixed with selenium (12 g.) and heated for 
twenty hours at 330-340°. The mass was powdered and 
extracted with ether in a Soxhlet apparatus. The solution 
was evaporated and the residue distilled at 1 mm, The 
yellow oil (2.5 g.) on trituration with acetone and benzene 
gave 0.4 g. of cyclopentenotriphenylene as a yellow pow­
der which was recrystallized several times from glacial 
acetic acid and propyl alcohol as yellowish, small needles, 
m. p. 171-172.5°. Calcd. for C2iHiö: C, 94.0; H, 6.0. 
Found: C, 94.2, 94.1; H, 5.7, 5.8. The picrate, pre­
pared in propyl alcohol, was recrystallized from a mix­
ture of benzene and propyl alcohol, containing picric 
acid; it formed brownish-red needles; m. p. 172-173°. 
Calcd. for C27Hi90 7N3: C, 65.2; H, 3.8. Found: C,
65.4, 65.7; H, 4.1, 4.1. The mother liquor of the cy­
clopentenotriphenylene was treated with picric acid in 
benzene solution. The precipitate consisted of the above 
dark picrate and a small proportion of a yellow picrate 
which, after recrystallization from alcohol containing 
picric acid, proved to be the picrate of some unchanged 
tetrahydro compound (V); needles, m. p. 161-162°. 
Calcd. for C27H230 7N3: C, 64.7; H, 4.6. Found: C,
64.1, 64.1, 64.4; H, 4.7, 4.4, 5.0.

Experiments with 2-Methylcyclopentanone.—Methyl- 
cyclopentanone (7.6 g.; b. p. 135-136°; prepared accord­
ing to Cornubert and Borreil,10 was added to phenanthryl- 
ethylmagnesium chloride (from magnesium (2.1 g.) and 
the chloride (19.2 g .)); during the vigorous reaction a white 
product crystallized. After boiling for one hour, the mass 
was decomposed with ice and ammonium chloride (or 
ice and dilute sulfuric acid), the precipitate of l,4-di-(9- 
phenanthryl)-butane (1.2 g.) filtered off and the reaction 
product isolated as usual. It could not be obtained in 
a crystalline state and free of 9-ethylphenanthrene and 
was therefore heated with twice its weight of potassium bi­
sulfate at 160-170° for one hour. The product isolated as 
above was fractionated at 1.5 mm. The first fraction, 
b. p. 162-170°, crystallized spontaneously and was re­
crystallized from alcohol, containing a little light petroleum 
as white, silky prismatic needles, m. p. 62-64°. The 
melting point and the analysis showed that the substance 
was 9-ethylphenanthrene. Calcd. for Ci6Hi4: C, 93.2;
H, 6.8. Found: C, 93.4, 93.3; H, 7.1, 7.0. The sec- 
ond fraction, b. p. 180-195° (0.8 mm.) was an unsatu­
rated (bromine) yellow oil, « d 1.6499, which crystallized 
after some time; from alcohol as needles, exhibiting blue 
fluorescence, m. p. 73-75°. The analysis showed that the 
desired 1 - (phenanthryl-ethyl) -2-methyl-cyclopentene- (1) 
(IX) had been formed but the yield was so poor that further 
experiments with this substance had to be abandoned.

(10) Cornubert and Borrell, Bull, soc, ch im . (IV), 47, 304 (193£t)<
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Calcd. for C22H22: C, 92.3; H, 7.7. Found: C, 92.3; 
H, 8.2. In view of the violence of the Grignard reaction, 
it is improbable that the ethylphenanthrene derives from 
unchanged Grignard eompound. It could have been 
formed by dismutation of the expected carbinol, or when 
methyleyelopentanone inclines to react in an enolic form.11

Sept., 1936

(11) Compare Grignard and Savard, Buil. soc. chim. Belg., 36, 97 
(1927).

Summary
1. Cyclopentenotriphenylene has been pre­

pared, starting with ß-(9-phenanthryl)-ethyl chlo­
ride and cyclopentanone.

2. The nature of several by-products has been 
discussed.
R eh o v o t h , P a l e s t in e  R e c e iv e d  A p r il  9, 1936

[C o n t r ib u tio n  from  th e  U n iv e r sit y  of  M a r y l a n d ]

Cerin and Friedelin. III. A Study of the Oxidative Degradation of Friedelin1
By N ath an  L. D rake a n d  W illiam  P. Ca m pbell

Our previous study of cerin and friedelin2 has 
shown that these substances are polycyclic in 
nature, the former a hydroxy ketone, the latter a 
ketone, both derived from the same nucleus. 
From evidence now available3 it is apparent that 
this polycyclic nucleus contains five fused rings, 
and that cerin and friedelin are derived from a 
completely hydrogenated picene, and should be 
classed as derivatives of a triterpene.

It is the purpose of this communication to de- 
scribe certain degradation experiments in which 
the attack on the friedelin molecule is at the car­
bonyl group.

Sodium and amyl alcohol reduce friedelin to 
the corresponding alcohol, friedelinol, whose 
benzoate can be prepared readily by the action 
of benzoyl chloride on the alcohol in pyridine solu­
tion. This benzoate, when heated in an atmos­
phere of nitrogen to 300°, is converted into a hy­
drocarbon friedelene, C30H50, and benzoic acid. 
Similar unsaturated hydrocarbons with alkyl or 
aryl groups attached to the carbon which, in the 
original friedelin molecule, held the carbonyl 
oxygen, can be prepared by the action of the Grig­
nard reagent on friedelin. Phenylmagnesium 
bromide yields such a hydrocarbon directly; the 
tertiary alcohol first produced undergoes spon­
taneous dehydration. Two products are ob­
tained when methylmagnesium iodide reacts with 
friedelin. One is the expected methyl-substituted 
tertiary alcohol, the other methylfriedelene. The 
tertiary alcohol is readily dehydrated by acetic 
anhydride to methylfriedelene. All of these un­
saturated substances give a pronounced yellow

(1) From the Ph.D. dissertation of William P. Campbell.
(2) Drake and Jacobsen, T h is  J o u r n a l , 67, 1570; Drake and 

Shrader, ibid., 1854 (1935).
(3) Cf. th e fourth  article in this series, ibid., 68 , 1684 (1936).

color with tetranitromethane, but the purest 
friedelin gives no color.

The ready dehydration which these alcohols 
undergo, and the formation of benzoic acid from 
the benzoate, prove the presence of a hydrogen 
atom adjacent the carbonyl group of friedelin, and 
indicate that this hydrogen is probably tertiary.

Because friedelene is so easily accessible it was 
chosen for further study. Oxidation of friedel­
ene by chromic anhydride in glacial acetic acid 
yields a neutral substance, C30H48O. This com­
pound gives a color with tetranitromethane and 
yields no methane when treated with methyl­
magnesium iodide. The substance C30H48O must, 
therefore, be an unsaturated ketone, and since no 
methylene group of friedelin behaves in a similar 
fashion during oxidative degradations, it is rea­
sonable to assume that the ketone C3oH480 , which 
we have called friedelenone, owes its formation to  
the activating effect of the double bond on the hy ­
drogens of an adjacent methylene group. The 
formation of a,ß-unsaturated ketones by oxida­
tion is a common reaction in the terpene series. 
Pinene can be oxidized to verbenone by trea t­
ment with chromic acid4 and cedrin4 and limonene 
can also be converted to a,/3-unsaturated ketones 
by oxidation.5 Similarly cholestene is converted 
to cholestenone under the influence of chromic 
anhydride.6

On the basis of this evidence the existence of 
the grouping 

a b
> CH i CO i CH2— (I), or —CH2CHCO— (II)

1 1  It 1 I
in friedelin is postulated. Evidence obtained 
from the oxidation of friedelin makes it possible

(4) Semmler and Jakubowicz, Ber., 47, 1143 (1914).
(5) Blumann and Zeitschel, ibid., 47, 2624 (1914).
(6) Windaus, ibid., 63, 488 (1920).
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to assign the partial structure (I) to one ring of 
the friedelin molecule.

Friedelin is oxidized by chromic anhydride in 
glacial acetic acid mainly to a keto acid containing 
thirty carbon atoms CioHBoQ3., for which we pro- 
pose the name friedonic acid. The neutralization 
equivalent of the acid, the saponification equiva­
lent of its methyl ester, and determination of its 
carbon and hydrogen content are all in accord 
with the formula written. I t is obvious, there­
fore, that friedonic acid is produced by the open­
ing of a hydroaromatic ring which holds some sub­
stituent on the carbon adjacent to the carbonyl 
group. Although it has not proved possible to 
obtain from this acid any derivatives by replace­
ment of the carbonyl oxygen, it is possible to re­
duce friedonic acid to a neutral substance, 
C30H50O2, the lactone of an hydroxy acid. In ac­
cord with this interpretation are the neutrality of 
the reduction product, the fact that it gives no 
color with tetranitromethane, thus excluding sim­
ple dehydration of an hydroxy acid with forma­
tion of an unsaturation, and its saponification 
equivalent. We propose to call this substance 
the lactone of friedolic acid.

In addition to friedonic acid, a keto acid con­
taining twenty-nine carbon atoms is produced by 
the oxidation of friedelin.

I t  has proved impossible thus far to separate 
the more soluble C29 keto acid as such from the 
C30 acid, for both crystallize very poorly, but re­
duction of the more soluble fractions obtained 
during purification of the C30 acid yields a mixture 
of lactones from which that of the C29 acid can be 
separated- Analyses and determinations of sa­
ponification equivalent demonstrate the formula 
of this lactone to be C29H48O2; it is therefore nor- 
friedolo lactone.

The simples! interpretation pf these reactions 
considered in conjunctio.n with the oxidation of 
friedelene to friedelenone is that during the oxida­
tion of friedelin the structure (I) is cleaved at (a) 
and at (b) forming, respectively, friedonic acid 
and a dibasic acid which, because it contains the 
grouping > C H — adjacent to the carboxyl is very 
easily degraded further, yielding norfriedonic acid.

There is ample justification in the literature for 
the assumption that the intermediate dibasic 
acid would readily undergo further degradation, 
for isobutyric acid yields acetone when treated 
with hydrogen peroxide or chromic acid, 7 and

C7) S ch m id t, B e r .,  7 , 1363 (1874).

methylheptylacetic acid is degraded by chromic 
acid to methyl heptyl ketone.

Oxidation of friedelene produces a very small 
acidic fraction, from which by reduction with so­
dium and alcohol norfriedolo lactone, identical 
with the eompound obtained by oxidation of frie­
delin, is obtained. I t should be stated that the 
evidence on which the identity of this acidic oxi­
dation product of friedelene is based consists of a 
determination of the melting point of the com­
pound mixed with norfriedolo lactone obtained 
from friedelin. This sort of evidence appears to 
be admissible in the light of our experience with 
other degradation products of friedelin.

Norfriedpnie acid is formed, then, from frie­
delenone by cleavage of the ketone at the double 
linkage and further degradation of the a-keto 
acid so produced. The formation of norfriedonic 
acid in this reaction proves that the methylene 
group in friedelin must be adjacent to the car­
bonyl and not as represented in (II). Thus it is 
clear that the carbon which is lost in the forma­
tion of norfriedonic acid is the one which held the 
carbonyl oxygen in friedelin.

Experimental
Friedelinol.—To 1 g. of friedelin dissolved in 100 ml. of 

boiling n-amyl alcohol was added 2 g. of sodium. Re­
fluxing was continued until the sodium had dissolved, 
whereupon the Solvent was removed by distillation with 
steam, and the product crystallized from benzene-ethyl 
acetate or from amyl alcohol. Friedelinol crystallizes in 
hexagonal plates which melt 301-304°. The yield of 
friedelinol prepared from pure friedelin was 90%. When 
so called ‘‘friedelin-rich”8 material is reduced, the yield is 
50-65%, but this lower yield actually represents a larger 
friedelinol yield based on “friedelin-rich” substance, for a 
considèrable loss is entailed in purifying friedelin through 
its enol ester.

Anal. Calcd. for C3oH&20 : C, 84.03; H, 12.23. Found: 
C, 83.81, 83.75; H, 12.10, 12.08.

Friedelinyl Iodide.—Friedelinol (0.5 g.), red phosphorus 
(0.2 g.), and iodine (1.3 g.) were heated in dry benzene 
under reflux for three hours. The warm solution was 
shaken with mercury to remove excess iodine and evapo­
rated to 5 ml. in vacuo. Water was added, the benzene 
removed in vacuo, and the product recrystallized from 
benzene. Teaching with a small quantity of benzene 
removed contaminating mercuric iodide, whereupon re­
crystallization from benzene-ethyl acetate resulted in a 
product which melted with decomposition at 224-226°.

Anal. Calcd. for C30H5iI: I, 23.57. Found: I, 23.59, 
23.36.

The molecular weights of friedelin calculated from 
these analyses are 426 and 432, respectively. These values

(8) Cf. paper I , T h is  Jo u r n a l , 57, 1671 (1935).
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are in excellent agreement with those obtained from the 
saponification equivalents of certain enol esters of friedelin 
(cf. paper I).8 The calculated molecular weight for 
C30H50O is 426.

Friedelinyl Methyl Ether.—Friedelinol (0.04 g.) in 
methyl iodide (20 ml.) was heated under reflux for several 
hours with silver oxide. The solution was filtered, and 
the ether obtained by evaporation of the methyl iodide. 
After recrystallizations from ethyl acetate, from which the 
ether crystallizes in plates, the product melted at 265-267°.

Anal. Calcd. for C3iH640: C, 84.09; H, 12.30. Found: 
C, 84.04; H, 12.25.

Friedelinyl Acetate.—Friedelinol ( l g . )  was heated for 
two hours under reflux in 100 ml. of acetic anhydride. 
The acetate which separated in long lath-like plates when 
the solution was cooled, was recrystallized from benzene. 
The product melted at 315-316°.

Anal. Calcd. for C32H5402: C, 81.63; H, 11.57.
Found: C, 81.46, 81.55; H, 11.65, 11.55.

Friedelinyl Benzoate.—To a boiling solution of friede­
linol (2.8 g.) in dry pyridine (125 ml.) was added benzoyl 
chloride (15 ml.). After the solution had been heated 
under reflux for one-half hour, 300 ml. of 95% ethanol 
was added and the solution allowed to cool to room tem­
perature. The substance which separated was recrystal­
lized from a benzene-alcohol mixture. Friedelinyl ben­
zoate crystallizes in long laths which melt at 250-251°.

Anal. Calcd. for C37H56O2: C, 83.39; H, 10.59.
Found: C, 83.43, 83.29; H, 10.56, 10.71.

Friedelene.—Friedelinyl benzoate (5 g.) was heated in 
an atmosphere of nitrogen at 280-320° for three and 
one-half hours. The benzoic acid was removed from the 
product by 10% aqueous sodium hydroxide. After puri­
fication by crystallization from ethyl acetate-benzene the 
substance melted at 257-258°. It crystallizes in lath-like 
plates, and gives a yellow color with tetranitromethane.

Anal. Calcd. for C30H50: C, 87.72; H, 12.28. Found: 
C, 87.89, 87.98; H, 12.37, 12.26.

Attempts to dehydrate friedelinol directly by use of 
sulfuric acid, oxalic acid, sodium bisulfate, phosphorus 
pentachloride and thionyl chloride yielded products 
which would not crystallize.

Phenylfriedelene.—To a solution of phenylmagnesium 
bromide, prepared in ethyl ether from 25 ml. of bromo­
benzene and 6 g. of magnesium, was added an equal 
volume of dry benzene. This solution of Grignard re­
agent was then mixed at room temperature with a solu­
tion of 5 g. of friedelin in 500 ml. of dry benzene. To 
complete the reaction the mixture was heated under reflux 
for one-half hour. The crude product, obtained by pour­
ing the solution into dilute acid and removing the benzene 
by steam distillation, was recrystallized several times from 
ethyl acetate from which it separated in the form of thin 
plates, which melted at 269-271 °.

Anal. Calcd. for C38Hß4: C, 88.82; H, 11.18. Found: 
C, 88.84, 88.97; H, 11.26, 11.30.

Only 0.3 g. of phenylfriedelene was obtained; the balance 
of the reaction products was a gum which would not 
crystallize, and would not react with acetic anhydride to 
yield a crystalline product.

Methylfriedelinol.—This compound was prepared from 
5 g. of friedelin by a method quite similar to that described 
directly above. The crude solid product was leached with 
250 ml. of a boiling ethyl acetate-benzene mixture (2:1). 
Methylfriedelinol crystallized from the leachings, and 
after further purification by crystallization from benzene 
a product which crystallized in lath-like hexagonal plates, 
and melted at 316-319°, was obtained.

Anal. Calcd. for C31H54O: C, 84.09; H, 12.30. Found: 
C, 83.98, 84.19; H, 12.43, 12.42.

A small quantity of methylfriedelene was obtained from 
the residue left by the leaching process described above.

Methylfriedelene.—Methylfriedelinol was dehydrated 
by heating it under reflux in an acetic anhydride solution 
containing a little xylene to render the alcohol more soluble. 
After aboUt two hours, a part of the solvent was removed 
by distillation, and the product which separated on cooling 
was recrystallized from benzene and ethyl acetate to con­
stant melting point. Methylfriedelene crystallizes in 
hexagonal plates which melt at 272-274°.

Anal. Calcd. for C31H52: C, 87.65; H, 12.35. Found: 
C, 87.65, 87.70; H, 12.36, 12.47.

Oxidation of Friedelene to Friedelenone.—Friedelene 
(3.6 g.) dissolved in acetic acid (900 ml.) was oxidized 
at 97° by chromic anhydride (2.4 g.). After six hours 
500 ml. of water and a little methanol were added, the 
mixture boiled for a few minutes and filtered; 3.5 g. of 
light green solid separated on cooling. This substance 
was dissolved in ether and shaken with 10% sodium hy­
droxide solution to remove any acidic fraction. The ether 
layer was separated and evaporated until crystallization 
started. The substance so obtained melted at 290-291° 
after one recrystallization from ether. Friedelenone 
crystallizes from ether in lath-like plates apparently mono- 
clinic, which are easily differentiated under a petrographic 
microscope from all of the other oxidation products herein 
described. Friedelenone is the only oxidation product 
thus far examined which shows oblique extinction; the 
extinction angle measured from the long side of the crystal 
is approximately 24°.

Anal. Calcd. for C30H48O: C, 84.83; H, 11.40. Found: 
C, 84.83, 84.83; H, 11.32, 11.36.

Friedelenone gave a pronounced yellow color with 
tetranitromethane, and when treated with methyl­
magnesium iodide in amyl ether evolved no methane.

Acidification of the alkaline extract mentioned above 
produced 1.5 g. of amorphous solid. To this solid, dis­
solved in 50 ml. of boiling w-propyl alcohol, was added 3 g. 
of sodium cut in small pieces. When all of the sodium 
had dissolved, the solution was diluted with 500 ml. of 
water and acidified. The substance which separated was 
crystallized from ethyl acetate, to yield a very small 
quantity of a compound which melted 287-289°. A 
mixture of this substance with norfriedolo lactone obtained 
from friedelin (m. p. 289-291°) melted at 288-289°.

Oxidation of Friedelin to Friedonic Acid.—Chromic 
anhydride (2.4 g.) dissolved in glacial acetic acid (125 ml.) 
was added slowly over a period of about four hours to a 
suspension of 5 g. of friedelin in 600 ml. of boiling glacial 
acetic acid. The mixture was heated under reflux for an 
additional eleven hours, during which time the friedelin
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gradually dissolved. After about two-thirds of the solvent 
had been removed by distillation, 500 ml. of water was 
added to the hot solution. After cooling and filtering, the 
solid was dissolved in ether, and shaken with 10% sodium 
hydroxide. Sodium salts precipitated in the aqueous 
layer and were rendered compact at the ether-water 
interface by the use of a centrifuge. The ether solution 
was separated and the mixture extracted with a fresh 
portion of ether. From the combined ether extracts was 
obtained 0.8 g. of friedelin and 0.2 g. of a resinous material.

The aqueous layer was made acid to Congo red paper, 
warmed to coagulate the acids and filtered. By recrystal­
lization from aqueous alcohol and finally from 95% alcohol 
1.3 g. of a product, which crystallized in narrow laths and 
melted 206-207°, was obtained.

Anal. Calcd. for C30H50O3: C, 78.54; H, 11.00.
Found: C, 78.83, 78.75; H, 10.91, 11.02. Neutral
Equiv. Calcd. for C28H49(CO)(COOH): 458. Found:
463, 461.

Methyl Friedonate.—This ester was prepared from the 
crude acid fraction obtained by oxidation of friedelin as 
above. Esterification was accomplished by heating the 
sodium salt in absolute ethanol with excess methyl iodide. 
Methyl friedonate crystallizes from methyl alcohol in 
narrow laths which melt at 249-251 °.

Anal. Calcd. for C31H52O3: C, 78.75; H, 11.09.
Found: C, 78.60, 78.85; H, 11.21, 11.42. Sapon. Equiv. 
Calcd. for C29H49(CO)(COOCH3): 472. Found: 473, 471.

Friedolo Lactone and Norfriedolo Lactone.—Two and 
four-tenths grams of the lower melting crude acid fraction 
obtained from the oxidation of friedelin was dissolved in 
140 ml. of w-propyl alcohol. This solution was heated 
under reflux and 6 g. of sodium cut in small pieces was 
added. When all the sodium had dissolved, the solution 
was diluted with 500 ml. of water, cooled and filtered. 
The resulting solid was crystallized from ethyl alcohol

(160 ml.) and then several times from ethyl acetate. 
Friedolo lactone crystallizes from ethyl acetate in rods, 
which melt 309-312°.

Anal. Calcd. for C30H50O2: C, 81.37; H, 11.39.
Found: C, 81.24, 81.12; H, 11.26, 11.25.

The alcoholic filtrate from the first crystallization 
mentioned above was evaporated to half its volume, 
cooled and filtered. The crystals which separated were 
purified by further recrystallization from ethyl acetate. 
The compound norfriedolo lactone crystallizes from ethyl 
acetate in long needle-like laths, and melts 289-291°. 
This melting point is considerably depressed by admixture 
of friedolo lactone.

Anal. Calcd. for C2SH4802: C, 81.24; H, 11.30;
sapon. equiv., 428. Found: C, 81.09, 81.29; H, 11.29, 
11.34; sapon. equiv., 431, 429.

We should like to acknowledge our indebted- 
ness to R. P. Jacobsen for his analyses of friedel­
inyl iodide, and to J. R. Spies for analyses of 
friedelinol and friedelinyl methyl ether.

Summary
1. The oxidation of friedelin and friedelene by 

chromic anhydride in glacial acetic acid has been 
studied, and from evidence so obtained the struc­
ture CHCOCH2- in the friedelin molecule is de­
duced.

2. The preparation of friedelinol and of sev­
eral of its derivatives is described.

3. Several acidic and neutral degradation 
products of friedelene and friedelin have been pre­
pared.
C o l l e g e  P a r k , M d . R e c e i v e d  J u n e  25, 1936

[ C o n t r i b u t i o n  f r o m  t h e  U n i v e r s i t y  o f  M a r y l a n d ]

Cerin and Friedelin. TV. The Dehydrogenation of Friedelinol1
By N a t h a n  L. D rake a n d  W illard T. H a sk in s

In continuation of our studies on the structure 
of cerin and friedelin, we have subjected friedeli­
nol to dehydrogenation by selenium in order to 
determine the type of aromatic nucleus to which 
friedelin is related. Friedelinol rather than friede­
lin was chosen for study because previous inves­
tigation had shown that friedelin, like most ke­
tones whose carbonyl forms a part of a ring Sys­
tem, yielded products too complex and too far re­
moved from the original nuclear structure to be 
a satisfaetory substance for dehydrogenation 
studies.

The products obtained from friedelinol by de-
(1) F rom  th e  P h .D . d isse rta tio n  o f W . T . H ask in s .

hydrogenation are 1,2 ,7-trimethylnaphthalene 
(sapotalene), 1,2 ,8-trimethylphenanthrene, a hy­
drocarbon C25H20, apparently identical with a 
polymethyl picene isolated by Ruzicka and co- 
workers from the dehydrogenation products of 
a number of triterpenes,2 and a liquid hydrocar­
bon, C11H20, which has the properties of an alkyl 
substituted cyclohexene.

The evidence advanced by Ruzicka3 in support 
of a picene nucleus in the hydrocarbon C26H2o is 
quite conclusive; consequently there must be in 
cerin and friedelin a pentacyclic nucleus of the

(2) R uzicka, F ram e, L eicester, L iguori and Brüngger, H elv. 
C h im . A c ta , 17, 426 (1934;.

(3) R uzicka, H ösli and E h m ann , ib id .,  1 7 , 445 (1934).
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hydrogenated picene type. The formation of new 
rings during dehydrogenation is a reaction known 
to occur, but at the temperatures of our dehydro­
genations such ring formation is highly unlikely. 
Extra cycle formation is most probable at tem­
peratures above 350°,4 and our dehydrogenations 
were carried out at temperatures from 315 to 325° 
(bath temp.).

I t  seems unlikely that alkyl group rearrange­
ment occasioned by the dehydration of friedelinol 
occurred prior to the actual dehydrogenation, for 
both friedelin and friedelene gave the same prod­
uct, norfriedonic acid5 on oxidation, and friede­
lene was prepared at temperatures approximat- 
ing those employed during the dehydrogenations. 
It seems logical to conclude, therefore, that the 
locations of the alkyl groups in the polymethyl- 
picene actually represent the original structure. 
There is considerable doubt as to the exact num­
ber of these methyl groups. Ruzicka has syn­
thesized 3,9,10-trimethylpicene and 3,8-dimethyl- 
picene, neither of which6 is identical with the 
product obtained by dehydrogenation, although 
the absorption bands of the trimethylpicene in 
the ultraviolet were very much like those of the 
unknown. All of our analyses on the hydrocar­
bon obtained from friedelinol and the same sub­
stance obtained from ursolic acid are better in ac- 
cord with C24H18 than C25H20. Furthermore, our 
determinations of molecular weight on different 
specimens of the hydrocarbon from the sources 
mentioned above are considerably too low for the 
C25H20 formula and check the C24H18 formula al­
most exactly. The concordance of these two sets 
of determinations carried out by different opera­
tors on material from different sources might pos­
sibly be fortuitous, but we believe that our find­
ings emphasize the necessity of considering the 
dimethylpicenes in any attempt to identify the 
unknown polymethylpicene.

Ruzicka has concluded as a result of certain 
degradation reactions of hederagenin7 that the 
hydroxyl group of the triterpenes must be con­
sidered to be adjacent to a carbon atom holding 
two methyl groups. It is apparent from the be­
havior of friedelin on oxidation that this structure 
does not exist in friedelinol.5

(4) Cf. Diels, Ann., 459, 1 (1927); Ber., 66, 487, 1122 (1933); 
Ruzicka, Thomann, Brandenberger, Furter and Goldberg, Helv. 
Chim. Acta, 17, 200 (1934).

(5) Cf. paper III, T h is  J o u r n a l , 58, 1681 (1936).
(6) Ruzicka and Mörgeli, Helv. Chim. Acta, 19, 377 (1936).
(7) (a) Ruzicka and Hofmann, ibid., 19, .121, 122 (1936); (b) 

Ruzicka, Hofmann and Frei, ibid., 19, 387 (1936).

We suggest as a tentative formula for friedelinol 
the following (I)

in which the heavy lines represent isoprene nu­
clei. This structure corresponds closely to one 
suggested by Ruzicka for certain triterpenoids,7b 
(p. 391) but differs in the location of the hydroxyl 
group, and in the absence of the A8 unsaturation. 
I t is entirely possible that the hydroxyl group of 
cerin corresponds in location to the hydroxyl of 
those triterpenoids which Ruzicka has studied and 
should be placed at 3 in Ring A.

Cleavage of the molecule at (a)----- (a) would
result in the formation of 1,2,8-trimethylphenan- 
threne and another substance containing eleven 
carbon atoms, corresponding to the eompound 
C11H20, which apparently is a polyalkylcyclohex- 
ene. This substance was obtained in small quan­
tity, but possessed properties which were in ac- 
cord with the suggested structure. I t had a re­
fractive index like other known polyalkylcyclo- 
hexenes containing eleven carbons, absorbed 
bromine in cold carbon tetrachloride but yielded 
no solid bromide, and had a molecular weight and 
percentage composition which were excellently 
in accord with the formula CnH2o. I t  was dis­
tilled several times over platinized asbestos at 
300° and later at 420° without being further 
dehydrogenated. I t was possible, however, by 
heating the substance in a sealed tube with sele­
nium for twenty-four hours at 320° to accomplish 
further dehydrogenation as evidenced by the es­
cape of hydrogen selenide when the tube was 
opened. The resulting substance possessed a con­
siderably higher refractive index than the origi­
nal material and was converted at 0° by the ac­
tion of bromine in the presence of a bit of alumi­
num chloride into a solid bromide. The melting 
point of the bromide did not, however, correspond 
to that of any of the known derivatives of poly 
alkylbenzenes. The difficulty of dehydrogenating 
this material by platinum black is in accord with 
the findings of Zelinsky,8 who has examined the

(8) Zelinsky, Ber., 44, 3121 (1911); 45, 3678 (1912); 56, 1716 
(1923).
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behavior of a number of hydroaromatic rings 
when subjected to the dehydrogenating influence 
of platinum at elevated temperatures. Only 
those rings containing no quaternary carbon 
atom were aromaticized at temperatures up to 
300°.

Cleavage of (I) at (b)—-(b) and migration of 
a methyl group from 4 to 3 would result in the 
formation of sapotalene. The migration of the 
alkyl group is certainly within the bounds of 
reason, for Mayer and Schiffner have shown9 
that a-methylnaphthalenes have a pronounced 
tendency to rearrange to ^-derivatives when dis­
tilled over silica gel at temperatures above 400°, 
and a-phenylnaphthalene rearranges at about 
350°.

The location of the hydroxyl group at the 8- 
position in (I) is based on results obtained in 
oxidation studies.6 I t is apparent from this 
work that the secondary hydroxyl of friedelinol 
must be present in a cycle which contains the unit 
of structure CHCHOHCH2-; furthermore, we 
have isolated a lower oxidation product of frie­
donic add which apparently is a keto acid con­
taining twenty-seven carbon atoms.10

Experimental
Apparatus.—The dehydrogenations were carried out in 

a 200-ml. Pyrex flask to which was sealed a broad U-tube 
of 20 mm. tubing. One arm of the U, about a meter long, 
served as a reflux condenser, the other arm, which was 
somewhat shorter, was sealed to a small Pyrex flask with 
ä side outlet. This flask served as an auxiliary condenser, 
and from its side-arm the gaseous products of the reaction 
were conducted through a small bubble counter to a tube 
containing moist calcium hypochlorite. The reaction 
flask was heated by a bath of Wood’s metal whose tem­
perature was determined by means of a thermocouple. 
Selenium was introduced through a short side-arm near 
the top of the reflux condenser.

Method.—Forty grams of friedelinol,5 well mixed with 
80 g. of powdered selenium, was heated in the reaction 
flask (metal bath temp. 315-325°), and 10-g. portions of 
selenium added every twenty-four hours until 40 g. had 
been added. The heating was continued until hydrogen 
selenide was no longer evolved (two hundred and forty 
hours). The reaction flask was then cut from the con­
denser and broken to recover the charge. The reaction 
products were finely ground in a mortar and exhaustiveiy 
extracted with ether in a Soxhlet extraetor. The reflux 
condenser and trap were rinsed with ether and the rinsings 
added to the ether extract. After extraction by ether 
was practically complete, the ether was replaced by 
benzene, and extraction continued until the residue was 
free from soluble material. ,

(9) Mayer and Schiffner, Ber., 67, 67 (1934).
(10) Unpublished work.

After evaporation of the ether from the first extract 
there remained 11.1 g. of dark red oil. A second dehydro­
genation was conducted in the same apparatus using 50 g. 
of friedelinol mixed with 15 g. of powdered selenium as the 
initial charge. Selenium was added in 5-g. portions at 
intervals of an hour during the day time until 150 g. in 
all had been added. Evolution of hydrogen selenide 
ceased at the end of seventy-five hours. The ether extract 
weighed 19.2 g., but 10 g. consisted of material boiling 
above 250° under 2 mm. pressure. The addition of 
selenium in small amounts appeared to speed up the 
dehydrogenation considerably, but had little effect on 
the type and amounts of products except that the first 
fraction described below was less than one-third as large 
in the second dehydrogenation as in the first.

Fractionation of the Ether Soluble Products.—The 
ether-soluble products were distilled under a pressure of 
2 mm, in a Claisen flask with a short fractionating column. 
Fractions with the following boiling ranges, weights, 
w25d and d2\o were obtained: up to 70°, 2 g., 1.4585, 
0.8232, sl. yellow liq.; 70-125°, 1.2 g., 1.5686, 0.9650, 
yellow liq.; 125-170°, 0.5 g., 1.6067, red-yellow liq.; 
170-200°, 0.8 g., yellowish semi-solid; 200-250°, 1.0 g., 
yellowish solid; residue, 5.6 g., dark resinous solid.

The still residue was combined with the benzene extract, 
and the material left after removal of the benzene was 
sublimed under low pressure.

The Alkylcyclohexene.—The liquid hydrocarbon boiling 
up to 70° at 2 mm. pressure was redistilled at atmospheric 
pressure. Approximately 80% of the substance distilled 
from 180 to 185°. This substance would not form a solid 
bromide when treated with bromine in cold carbon tetra­
chloride, nor would it yield a picrate or a styphnate.

Anal. Calcd. for C11H20: C, 86.74; H, 13.26; mol. wt., 
152. Found: C, 86.60, 86.32; H, 13.62, 13.61; mol. wt. 
(f. p. of benzene), 149, 152; « 25d 1.4535; d%0 0.8232.

The liquid was distilled several times over platinized 
asbestos at 300 and at 420 °, but no dehydrogenation 
occurred. About 0.3 g. of the liquid was heated to 320° 
with 1.0 g. of selenium in a small sealed Pyrex tube for 
twenty-four hours. When the tube was opened hydrogen 
selenide escaped, proving dehydrogenation. The product 
was extracted with ether and later distilled; it boiled 
187-192°, and had a considerably higher refractive index 
than before heating (n 25D 1.4553). The liquid was cooled 
to 0° and a small amount of aluminum chloride and a few 
drops of bromine added. Hydrogen bromide was evolved 
and the mass partially solidified. After removal of excess 
bromine and recrystallization from alcohol the solid 
melted 169-175 °. The melting point does not correspond 
to that of any of the recorded bromo derivatives of the 
polyalkylbenzenes.

I72j7-Trimathylnaphthalene.—The liquid fractions 
which boiled from 70-125° and from 125-170° were con­
verted into picrate, and recrystallized from ethyl alcohol. 
After eight recrystallizations a constant melting point 
of 125-127° was attained.

Anal. Calcd. for Ci9H17N307: C, 57.13; H, 4.29..
Found: C, 57.27, 56.87; H, 4.04, 4.14.

The corresponding fractions from the second dehydro­
genation were converted into styphnate and the latter
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recrystallized from ethyl alcohol to a constant melting 
point of 153-454 V 1

1,2,8-Trimethylphenanthrene.—The fraction which
boiled 170^20QP was converted to picrate, but this deriva­
tive dissociated readily after a few recrystallizations from 
methyl alcohol had removed excess picric acid. The fluffy 
white hydrocarbon so obtained melted at 14D-142 °. 
Similar treatment of the corresponding fraction from the 
second dehydrogenation yielded more of the same sub­
stance.

Anal. Calcd. for Ĉ Hie.* C, 92.73; H, 7.27; mol. wt., 
220. Found: C, 92.90, 92.45; H, 7.49, 7.23; mol. wt. 
(Rast), 204, 202.

The picrate of this hydrocarbon was crystallized from 
ethyl alcohol saturated at 0° with picric acid. The 
picrate melted 162-163 °.

The solid fractions which boiled at 200-250° under 
2 mm. pressure were recrystallized from ethyl alcohol 
five times. The resulting hydrocarbon was the same as 
the one described directly above; 0.03 g. of this substance 
was dissolved in boiling glacial acetic acid and 0.05 g. of 
chromic anhydride was added. The mixture was heated 
under reflux for thirty minutes, then cooled, and diluted 
with water. A small amount of an orange colöred quinone 
which melted 189-190° was obtained. This quinone was 
dissolved in ethyl alcohol, an excess of ^phimytenediamine 
was added, and the solution was evaporated to dryness. 
The residue was taken up in ether, and extracted with 1 % 
hydrochloric acid to remove unreacted diamine. Evapo- 
ratipn of the ether solution left a pale yellpw quinoxaline 
which melted 129-131°. The melting points of hydro­
carbon and the derivatives mentioned above (in the order 
discussed) are reported by Haworth11 12 as 144-145, 163, 
196- 1̂97, 131-132°, and by Ruzicka13 as 142-143, 161- 
163, 194, 131-132°.

(11) Ruzicka [Helv. Chim. Acta, 15, 431 (1932)] gives the fqljow- 
ing melting points: picrate, 129°; styphnate, 157°.

(12) Haworth and Mavin, J. Chem. Soc., 141, 2720 (1932).
(13) Ruzicka and Hosking, Helv. Chim. Acta, 14, 203 (1931).

The Polymethylpieene.—The combined still residues 
from the ether extracts and the benzene extracts were 
sublimed at 300° under low pregsure. The sublimed 
material was crystallized several times frpm benzene. 
After treatment with decolorizing carbon and further 
recrystallization, a product whieh melted 306-306° and 
crystallized in shiny flat platelets with a bluish Juster was 
obtained,

A m h  Calcd, fpr CttH»: mnh- wt„ 320; C, 93.70;
H, 6.30; for C24H18: mol. wt-, 300; C, 94.09; H, 5.91. 
Found: mol. wt, (Rast), 306, 309; C* 03.80, 93.97;
H, 6.17,6.11,

The hydrocarbon dissolves in concentrated sulfuric acid 
with the production of a deep emerald green color, a re­
action also given by picene, U and it is oxidized by chromic 
anhydride in glacial acetic acid to a reddish orange quinone 
which possesses no definite melting point (like picene 
quinone). Analysis of a sample of this quinone which 
had been recrystallized from dioxane indicated that it 
contained a considerable quantity of a substance richer in 
oxygen. Lack of material prevented further purification.

Summary
1. T2i7-Trimethylup,phthalene, 1,2,8-trimeth- 

ylphenanthrene, a polymethylpieene and a 
polyalkyleyelohexene have been shown to be pres­
ent among the products formed by dehydrogenat- 
ing friedelinol by selenium.

2. Cerin and friedelin should be classed with 
the triterpenoids. They contain a hydrogenated 
pentacyclic nucleus,

3. A tentative structure has been assigned to 
friedelinol, the reduction product of the ketone, 
friedelin.

(14) Burg, Ber., 13, 1834 (1880).

C o l leg e  P a r k , M d . R e c e iv e d  J u n e  25, 1936

[ C o n t r ib u tio n  from  the  U n iv e r s it y  of M a r y l a n d ]

The Dehydrogenation of Ursolic Acid by Selenium1
B y  N athan  L. D rake and  H arry  M. D uva ll

During his study of polyterpenoid substances, 
Ruzicka dehydrogenated a small quantity (5 g.) 
of ursolic acid by means of selenium55 and identi­
fied 1,2,7Trimethylnaphthalene (sapotalene) as 
one of the dehydrogenation products. In connec­
tion with certain other work in progress in this Lab­
oratory, it seemed desirable to repeat this work us­
ing larger quantities of material, and we were very 
fortunate in obtaining for this purpose, through the 
courtesy of Drs. C. E. Sando and K. S. Markley

(1) From the Ph.D. dissertation of H. M. Duvall.
(2) Ruzicka, Brüngger, Egli, Ebmann, Furter and Hoösli, Helv. 

Chim. Acta, 15, 431 (1932).

of the U. S. Department of Agrieulture, a consider­
able quantity of crude ursolic acid.

In addition to sapotalene we have obtained two 
other substances by the action of selenium at 320- 
340° on ursolic acid, viz., 2,7-dimethylnaphtha- 
lene, and a polymethylpieene, apparently identi­
cal with a substituted picene obtained by Ruz­
icka2 from related triterpenoid substances. This 
polymethylpieene is identical with the eompound 
obtained by Drake and Haskins by the dehydro­
genation of friedelinol.3

(3) Drake and Haskins, T h is  J o u r n a l , 58, 1684 (1936).
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Experimental
Purification of Ursolic Acid.—Two hundred grams of 

crude ursolic acid was dissolved in a hot solution of 50 g. 
of potassium hydroxide in approximately 600 ml. of 
methanol and 300 ml. of water. A small quantity of 
insoluble brown material was skimmed off and the solu­
tion filtered with suction while hot through a large Büch­
ner funnel. The hot filtered solution was then treated 
with 40 g. of decolorizing charcoal, filtered, and the 
charcoal treatment repeated twice. The resulting solu­
tion was next heated on the steam-bath to remove some 
of the methyl alcohol (not enough to cause Separation of 
potassium ursolate); 1500 ml. of hot water was then 
added and the ursolate salted out by the addition of 50% 
potassium hydroxide solution (about 50 g. of potassium 
hydroxide in 50 ml. of water was necessary).

The precipitated potassium ursolate was collected on a 
large Büchner funnel, sucked dry, and then dissolved in 
500-600 ml. of hot methanol. This solution, after filtra­
tion while hot, was acidified to Congo red by 6 N  hydro­
chloric acid. The resulting precipitate was filtered and 
washed carefully twice by stirring it in a beaker with 
about a liter of boiling water acidified with hydrochloric 
acid. One recrystallization from ethyl alcohol yielded a 
product which melted 278-280°.4 Further recrystalliza­
tion raised the melting point to 283-284°.

Anal. Calcd. for C30H48O3: C, 78.88; H, 10.60.
Found: C, 79.05, 78.86; H, 10.69, 10.53.

The Dehydrogenations.—Two 50-g. portions and one 
200-g. portion of ursolic acid were dehydrogenated. The 
apparatus and procedure were essentially as in our earlier 
work.5 The products of the second and third dehydro­
genations were worked up together; 59.5 g. of ether- 
soluble products and 13.7 g. of benzene-soluble products 
were so obtained.

Fractionation of the Ether-Soluble Products.—The
ether-soluble material was distilled from a 200-ml. flask 
with a sausage side-arm. Fractions with the following 
boiling ranges, weights and physical States, were obtained 
(1. = liquid; s. — solid): 115-150° at 12 mm., 2.5 g., 
L; 150-175° at 11 mm., 3.6 g., 1.; 175-200° at 12 mm, 
21.1 g., 1.; 200-250° at 12 mm., 8.9 g., 1.; 265-285° at
6-8 mm., 8.0 g., 1. and s.; 285-310° at 2 mm., 7.9 g., s .; 
350-365 ° at 3 mm., 6.1 g., s.

By redistillation at 11-12 mm. in a small Claisen flask, 
fractions 1, 2, 3 and 4 were separated into a principal 
fraction boiling from 130-140°, and a number of lower 
and higher boiling fractions. This principal fraction was 
then subjected to careful fractionation at 1-2 mm. in a 
column about 92 cm. in height packed with Wilson rings. 
After a small fore-run, the bulk of the material had a

(4) All melting points are corrected.
(5) Drake and Haskins, T h i s  J o u r n a l , 58, 1684 (1936).

refractive index of « 25d  1.5997-1.6001. This material 
was combined with other fractions of nearly the same 
index and used for preparation of derivatives of sapotalene.

The lower boiling fractions from the second distillation 
were likewise carefully fractionated in the ring-packed 
column. From the intermediate fractions of this distilla­
tion a solid was obtained, which after further purification 
proved to be 2,7-dimethylnaphthalene.

2.7- Dimethylnaphthalene.—This substance, isolated as 
described directly above, had a melting point of 96.5°; 
its picrate melted at 135-136°, and its styphnate at 159- 
160°. The corresponding values given in the literature2 
are 97, 136 and 159°, respectively.

Anal. Calcd. for Ci2Hi2: C, 92.25; H, 7.75. Found: 
C, 91.93; H, 7.70. Calcd. for Ci8Hifi07N,: C, 56.09;
H, 3.93. Found: C, 56.25; H, 3.95. Calcd. for Ci8Hi6- 
0 8N3: C, 53.85; H, 3.77. Found: C, 53.84; H, 3.89.

1.2.7- Trimethylnaphthalene.—It did not prove feasible 
to purify sapotalene as such, so the substance was con­
verted into picrate and purified by crystallization. The 
picrate was then decomposed by dilute aqueous ammonia 
and the styphnate prepared. The picrate melted at 
128-129°, the styphnate at 157-157.5°; the melting 
points of these substances given in the literature2 are 129 
and 157°, respectively.

Anal. Calcd. for Ci9Hi70 7N8: C, 57.13; H, 4.27.
Found: C, 57.42, 57.24; H, 4.53, 4.35. Calcd. for 
Ci9Hi70 8N8: C, 54.92; H, 4.11. Found: C, 55.19,
55.13; H, 4.19, 4.22.

The Polymethylpieene.—The fourth, fifth and sixth 
fractions from the initial distillation contained solid 
material. This solid was purified by recrystallization 
from benzene, and its melting point found to be 304°.

Anal. Calcd. for C26H20: mol. wt., 320; C, 93.70;
H, 6.30; for C24Hi8: mol. wt., 306; C, 94.09; H, 5.91. 
Found: C, 94.07, 93.80; H, 5.92, 6.03; mol. wt. (Rast), 
300, 296.

This hydrocarbon gave the same characteristic green 
color when treated with sulfuric acid as does picene,6 
and was oxidized by chromic anhydride in glacial acetic 
acid to a quinone which reacted with o-phenylenediamine 
to give a quinoxaline. To date we have not been able 
to obtain either quinone or quinoxaline in a state of ana­
lytical purity.

Summary
1. Sapotalene, 2,7-dimethylnaphthalene and 

a polymethyl picene have been obtained from ur­
solic acid by selenium dehydrogenation.
College Park, M d. R eceived June 25,1936

(6) Beilstein, 4th ed., Julius Springer, Berlin, Vol. V, 1918, p. 735.



Sept., 1936 A M ethod for the Determination of M olybdenum 1689
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Studies of the Reducing Action of Mercury. II. Stability of Quinquivalent Molyb­
denum Solutions. A Method for the Determination of Molybdenum by Reduction 

with Mercury and Titration with Ceric Sulfate
B y  N. H owell F urm an  a n d  W . M . M u r r a y , Jr .

Introduction
The volumetric determination of molybdenum 

has been studied frequently and many methods 
have been developed involving the reduction of 
molybdenum and subsequent titration with 
Standard oxidizing agent. In practically all of 
these studies the reduced molybdenum solution 
has been protected from the air either by an at­
mosphere of some inert gas or by running the re­
duced solution into an excess of oxidizing agent. 
A few workers have reduced molybdenum to the 
quinquivalent stage and titrated this lower state 
without any precaution against air oxidation, but 
there seems to have been no systematic study of 
the stability of quinquivalent molybdenum Solu­
tions.

This investigation is concerned with the sta­
bility of quinquivalent molybdenum Solutions and 
a new method for the determination of molyb­
denum based on reduction in acid solution with 
mercury, followed by titration with ceric sulfate 
solution using as indicator the ferrous complex of
0-phenanthroline.

Chilesotti1 observed that mercury would reduce 
a molybdic acid solution to the trivalent state if 
the hydrochloric acid concentration were about 9 
N. This fact was carried no further than the pre­
liminary observation. McCay and Anderson2 ob­
served qualitatively that molybdenum Solutions 
were reduced by mercury.

Someya3 reduced molybdenum to the quin­
quivalent state with bismuth amalgam. The ex­
tent of the reduction depended on the presence or 
absence of air and on the concentration of hydro­
chloric acid.

Stehlik4 reduced molybdenum to the quinquiva­
lent state with stannous chloride and titrated the 
reduced solution potentiometrically with Standard 
ceric sulfate. Lang and Gottlieb5 have proposed 
a new volumetric method for the determination of 
molybdenum. Their primary reducing agent is

(1) C hileso tti, Z. E lektrochem 12, 146 (1906).
(2) M cC ay and Anderson, T h is  Jo u r n a l , 43, 2372 (1921).
(3) S om eya, Z. anorg. allgem. Chem., 152, 368 (1926).
(4) S teh lik , Collection Czechoslov. Chem. Communications, 4, 418 

(1932).
(5) Lang and CottUeb, Z. anal, Chem,, 104, 1 (1936).

stannous chloride, and a thorough study of the 
effect of acidity on this reaction has been made.

Walden, Hammett and Edmonds6 studied the 
reduction of molybdenum Solutions in the silver 
reductor and also the titration of quinquivalent 
molybdenum with ceric sulfate using the ö-phen- 
anthroline ferrous complex indicator. The titra­
tion apparently was satisfaetory, but the silver re­
duction technique did not give reproducible results.

Apparatus and Materials
All potentiometric titrations were performed in the 

classical manner using a saturated calomel reference elec­
trode and bright platinum wire indicator electrode. Cali­
brated glassware was used.

The Solutions used in the stability studies were pre­
pared from purified molybdic oxide. The Standard am­
monium molybdate Solutions were standardized by the 
silver molybdate method of McCay.7 Typical data for 
the Standardization of one such solution were: 0.1038,
0.1038, 0.1039. The Standard ceric sulfate Solutions which 
contain tracés of iron were standardized against Bureau 
of Standards sodium oxalate according to the method of 
Willard and Young.8

In the experiments involving the shaking of molybdenum 
Solutions and mercury, all the agitation was done by ma­
chine. This machine was run by an electric motor so that 
the rate of shaking was fairly constant. The motion was 
a short vertical stroke which kept the mercury splashing 
through the solution. The containers used were 250-ml. 
glass-stoppered soft glass bottles or, in case the solution 
was to be heated, glass-stoppered Pyrex Erlenmeyer flasks.

o-Phenanthroline Ferrous Complex as Indicator for the 
Titration of Quinquivalent Molybdenum with Ceric Sulfate

Several titrations of samples of quinquivalent molyb­
denum Solutions with Standard ceric sulfate were followed 
both potentiometrically and colorimetrically. It was 
soon found that the potentiometric end-point was vague, 
extending over a range of several drops of reagent. Graphs 
of the data showed a small secondary break within the 
larger one. Such behavior was encountered by Furman 
and Schoonover,9 and they found the small secondary 
break was caused by iron in the ceric sulfate reagents. 
Iron was found to be present in the reagents used in our 
work, and the irregularity of the potentiometric curves 
is attributed to this cause. However, the end-point as 
indicated by the o-phenanthroline in the colorimetric titra-

(6) Walden, Hammett and Edmonds, T h i s  J o u r n a l , 56, 350 
(1934).

(7) McCay, ib id . , 56, 2548 (1934).
(8) Willard and Young, ib id . ,  50, 1322 (1928).
(9) Furman and Schoonover, ib id , , 53* 2561 (1931).
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tions was very sharp and satisfaetory. The ferrous iron 
formed during the addition of the reagent to the reduced 
molybdenum solution must be oxidized by more ceric 
sulfate before the o-phenanthroline end-point occurs, so 
that the error caused by the iron in the potentiometric 
titrations is eliminated in the colorimetric method.

For the colorimetric titration, the acid concentration 
must be at least 2 N  and the molybdenum concentration 
at the end-point must not exceed 0.25 g. per 300 ml. of 
solution. Otherwise, a red precipitate which is not de­
stroyed by an excess of ceric sulfate tends to form and ob- 
scures the end-point. The formation of this precipitate is 
dependent on the simultaneous presence of cerous, molyb­
date, and o-phenanthroline ferrous ions in acid solution.

The procedure adopted in this work was to add 5~T0 ml. 
of concentrated sulfuric acid to the quinquivalent molyb­
denum Solutions which were already 2 N  in hydrochloric 
acid. If necessary, the mixture was diluted with 2 N  
hydrochloric acid in order to keep the molybdenum con­
centration below the limit mentioned. Then two drops 
of 0.025 M  o -phenanthroline ferrous complex indicator 
solution was added and the titration with ceric sulfate 
carried out at room temperature. Such a procedure was 
entirely satisfaetory, the reaction being very rapid at room 
temperature and the color change at the end-point ex- 
ceedingly sharp.

Stability of Quinquivalent Molybdenum Solutions
A concentrated solution of quinquivalent molybdenum 

was prepared by electrolytic reduction according to the 
method of Foerster and Fricke.10 Portions of this reduced 
solution were diluted with water and hydrochloric acid 
to give (1) a solution 0.1 M  in molybdenum and 2 JV in 
hydrochloric acid and (2) a solution 0.1 M  in molybdenum 
and 4 N  in hydrochloric acid.

D u rin g  th e  course of th is  w ork, sam ples of these tw o 
stock  Solutions of q u in q u iv a len t m o lybdenum  were t i ­
t r a te d  a t  in te rv a ls  in  o rd e r to  de te rm in e  th e ir  respective 
n o rm alities a n d  follow th e  slow a ir  ox id a tio n  of th e  re ­
duced  m olybdenum , T h e  re la tiv e  in s tab ility  of the Solu­
tio n s is evident from  th e  follow ing d a ta .

Q u in q u iv a len t  M oly bdenu m  in  2 N  HC1 
Days 0 2 8 14 44 202
Normality 0.08092 0.07978 0.07854 0.07565 0.06981 0.00505

Qu in q u iv a len t  M olybdenum  in  4 N  HC1 
Days 0 1 3 4 5 6
NormaUty 0.1356 0.1353 0.1344 0.1325 0.1315 0.1298

T h e  foregoing d a ta  show  th a t  q u in q u iv a len t m olybdenum  
Solutions a re  re la tiv e ly  u n stab le  over ex ten d ed  periods of 
tim e , b u t  th e  Solutions a re  n o t ap p rec iab ly  oxidized in  six 
o r e ig h t h o u rs. I t  is th u s  possible to  w ork  w ith  quinqui­
v a le n t m o lybdenum  Solutions w ith o u t p recau tio n  to  ex- 
c lude  a ir  if th e  Solutions a re  to  be  oxidized w ith in  a  sho rt 
tim e. T h e  aeid  co n cen tra tio n  of such  Solutions m ust be 
above  1 N, how ever, for q u in q u iv a len t m olybdenum  is very  
u n sta b le  in  n e u tra l so lu tion  an d  ten d s  to  deposit m o lyb­
denum  b lue.

Reduction of Molybdic Acid by Mercury
Procedure.—The method of reduction is very similar to 

that described by McCay and Anderson.2 The bottles or
(10) Foerster and Fricke  ̂Z. angew. Chem. , 36*, 458 (1923);

flasks used as reductors contained about 25 ml. of pure 
mercury. The sample of molybdate solution was pipetted 
dirèctly into the reductor and the calculated volume of 
concentrated hydrochloric acid added to bring the acid 
concentration up to 3 N. The reductors were then agi- 
tated by machine, but vigorous shaking by hand is quite 
satisfaetory. The sample is completely reduced with 
only five minutes of shaking. After the reduction, the 
solution is decanted from the mercury onto a filter, the 
filtrate being received in a 600-ml. beaker. The mercury 
and calomel in the bottle are washed five times with 20- 
ml. portions of dilute (1—5) hydrochloric acid, the mercury 
mass being well shaken with the wash solution each time, 
the solution then decanted through the filter. (No de- 
tectable amount of hydrogen peroxide is formed during 
the few seconds the dilute hydrochloric acid wash liquid 
is shaken with the mercury.)11 In this manner, all of the 
mercury and some of the calomel is kept in the bottle. 
Such bottles are ready for use as mercury reductors again, 
for it is not necessary to start with fresh mercury each 
time. Four reductors were used in this way for at least 
seventy-five times each with no more care than that de­
scribed above.

The reduced solution from the mercury reductor was 
titrated colorimetrically with ceric sulfate as described in 
the preceding section.

The reduction by mercury of molybdic acid Solutions 
containing hydrochloric acid is very rapid, the solution 
changing almost immediately to light reddish-brown in 
color, which is typical of quinquivalent molybdenum in 
dilute acid. Five minutes of vigorous shaking is sufficiënt 
to cause quantitative reduction, further shaking having no 
effect.

T a b le  I
D eterm ina tio n  o f  M o lybdenum  by  R eduction  w ith  
M ercury  and T itra tio n  w it h  Standard C er ic  Su lfate

Solution
Molybdenum 

taken, g.
Èrror in molybdenum 

found, g.
0.2494 - 0 .0 0 0 2

.2494 -  .0001

.2494 .0000

.1968 -  .0004

.1968 -  .0005

.0806 -  .0001

.0806 -  .0001

.0806 -  .0002

Effect of Acid Concentration.—The hydrochloric acid 
content of the molybdate Solutions at the time of reduc­
tion has a marked effect on the state to which it is reduced. 
When the acid concentration is below 1 N, molybdenum 
blue frequently precipitates and interferes with complete 
reduction. When the hydrochloric acid concentration is 
between 1.5 and 3.5 N  the reduction proceeds quantita­
tively to the quinquivalent state. However, if the acid 
concentration is above 4 N, reduction to the trivalent state 
becomes evident and in 9 N  hydrochloric acid it is easily 
possible to reduce molybdenum completely to the tri­
valent state by shaking with mercury. (In strong acid, 
the solution of molybdenum in the trivalent state is sal-

(11) Furman and Murray, T h is  J o u r n a l * 58, 429 (1936),
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mon pink in color.) The trivalent molybdenum solution 
is not stable in air, however, and if filtered and titrated 
with ceric sulfate the results may be low by 1% or more, 
due to air oxidation. Data illustrating this effect of acid 
concentration were obtained by reducing equal samples of 
molybdate at various acidities. The samples contained
0.1593 g. of molybdenum. When the hydrochloric acid 
concentration was 2, 3 and 3.5 N, the molybdenum found 
was 0.1592, 0.1591 and 0.1593 g. When the acid concen­
tration was 4 N, the value for molybdenum found was 2% 
high, and when the acidity was stepped up to 9 N, the 
molybdenum found was 1.5% low on the basis of reduc­
tion to the trivalent state.

The dependence on acid concentration of the oxidation- 
reduction potentials of the Systems Mo6/M o5, Mo5/M o3, 
and Hg/Hg2Cl2/HCl has been studied. Curves showing 
these relations are plotted in Fig. 1. The data for the

0 2 4 6 8 10
Normality of HC1.

Fig. 1.—Graphs of oxidation-reduction potentials, E0 
referred to the N  hydrogen electrode as zero, against 
normality of hydrochloric acid. Equimolecular mixtures 
of Movl and Mov or of Mov and Mom, respectively, were 
present in the Solutions.

molybdenum Systems were taken from the work of Foers­
ter, Fricke and Hausswald12 and the mercury system data 
were taken from the work of Ellis,13 Linhart,14 15 and Randall 
and Young.18 Reduction to the trivalent state should 
begin when the MoB/M o3 system is less than 0.17 volt 
below the mercury system, and reduction to the trivalent 
state should be complete to 1 part per 1000 when the mer­
cury system is more than 0.17 volt below the Mo8/M o3 
system. From the curves as plotted, reduction to the 
trivalent state should begin at about 1.5 N  hydrochloric 
acid and be complete at about 6.5 N  acid. Our experience 
was that reduction to the trivalent state did not interfere 
until the acid concentration became more than 3.5 N. 
Reduction to the trivalent state at lower acidities is prob­
able, but any trivalent molybdenum formed is very likely 
oxidized by air during the filtration process.

Effect of the Wash Liquid.—It was evident at the start 
of this work that water is not a satisfaetory wash liquid.

(12) Foerster, Fricke and Hausswald, Z. p h y s ik . Chem., 146, 
81 (1929).

(13) Ellis, T h is  J o u r n a l , SS, 737 (1916).
(14) Linhart, i b i d . , 39, 2601 (1917).
(15) Randall and Young, ib id . ,  5 0 , 989 (1928).

It either does not get the molybdenum away from the 
mercury-calomel particles or some molybdenum is oxidized 
when pure water is used as a wash liquid. However, 
2 N  (1-5) hydrochloric acid was found to serve the pur­
pose quite satisfactorily.

Determination of Molybdenum in the Presence of 
Certain Impurities.—Phosphate and arsenate frequently 
are associated with molybdenum and their effect on this 
procedure is of interest. It was found that the addition 
of either phosphate or arsenate ions in amounts up to 0.25 g. 
did not interfere with the determination of molybdenum 
samples of equal weight. There was a slight slowing of 
the rate of reduction with the occasional appearance of 
molybdenum blue in the early part of the reduction, but 
reduction to the quinquivalent state was complete in five 
minutes in every case.

In a n y  analysis w here th e  p re lim in a ry  S eparation  of o th e r  
e lem ents m u s t b e  carried  o u t b efo re  th e  m o ly b d en u m  c an  
be d e te rm in ed  b y  th is  m e th o d , th e  so lu tio n  w ill c o n ta in  
large  a m o u n ts  of am m onium  sa lts . It w as fo u n d  th a t  
as m u ch  as five gram s of am m o n iu m  sa lts  a s  ch lo rid es 
an d  su lfa tes d id  n o t in te rfe re  w ith  th e  d e te rm in a tio n  of
0.1 g. sam ples of m o ly b d en u m  b y  th is  m e th o d .

Effect of Copper Salts.—Copper ions will cause a deter­
mination of molybdenum by this method to be seriously 
in error, even if the amount of copper present is only a frac­
tion of a milligram. This subject of the interference of 
copper in the determination of molybdenum by the mer­
cury reduction method will be considered more fully in 
a later paper. Suffice it to say at this time that the very 
slow air oxidation of quinquivalent molybdenum is ap­
parently an autoxidation reaction and, like many reac­
tions of this dass, it is strongly catalyzed by minute 
amounts of copper,

Analysis of Unknowns by this Method.—Professor E. R. 
Caley prepared a solution of ammonium molybdate from 
pure molybdic oxide. The weight of molybdic oxide actu­
ally taken by Professor Caley was 6.0177 g, per 500 ml. 
of solution. Aliquot portions (25 ml.) of this solution 
were analyzed by one of us (M.) and the results calculated 
back to the original basis of 500 ml. of solution. The re­
sults found by the mercury reduction method were 6,0219, 
6.0100, 6.0219, 6.0030 and 6.0129 g, of M o03 per 500 ml. 
of solution. The average of these values is 6.0139 g.

One of us (F.) prepared a mixture of iron and molyb­
denum by grinding known amounts of pure molybdic ox­
ide, ferric oxide and potassium chloride in an agate mor tar. 
The other (M.) then determined the percentage of molyb­
denum in the resulting powder by the mercury reduction 
method. Samples were dissolved in dilute hydrochloric 
acid, the iron removed by doublé ammonia precipitation 
according to the procedure of Hillebrand and Lundell,16 
and the molybdenum determined in the filtrate. The 
percentage of molybdenum found by the mercury reduc­
tion method was 33.20, 33.10, 33.09, 33.10—average 33.12. 
The percentage of molybdenum actually taken by weight 
in the preparation of the sample was 33.02.

Acknowledgments.—Gratitude is here ex­
pressed to Professors Leroy W .  McCay and E. R.

(16) Hillebrand and Lundell, “Applied Inorganic Analysis,'7 John
Wiley and Sons, Inc., N, Y„ 1932, p. 251.
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Conclusions

1. Solutions of quinquivalent molybdenum 
are sufficiently stable in air at room temperature 
to be employed in any analytical procedure which 
is complete in a few hours time.

2. Molybdic acid Solutions may be quantita­
tively reduced to the quinquivalent state by 
shaking with metallic mercury for five minutes 
if the hydrochloric acid concentration of the solu-

Vol. 58

tion is between 2 and 3.5 N.
3. Quinquivalent molybdenum may be ti­

trated with ceric sulfate at room temperature us­
ing the ö-phenanthroline ferrous complex indicator 
if certain critical conditions are observed.

4. The mercury reduction method for deter­
mining molybdenum is rapid and accurate. The 
presence of considerable quantities of phosphate, 
arsenate or of ammonium salts is without effect 
upon the accuracy of the molybdenum determina­
tion.
P r in c e t o n , N . J, R e c e iv e d  A pr il  27, 1936

[C o n t r ib u t io n  from  t h e  D epa r tm en t  of Chem istry  o f  N e w  Y ork  U n iv e r sit y ]

The Systems Lithium Chloride- Water-Ethyl Alcohol and Lithium Bromide- Water
Ethyl Alcohol12

By John P. Simmons, Henry Freimuth and Harry Russell

The lithium halides show a marked tendency to 
dissolve in organic liquids, particularly the alco­
hols,3 and to form addition products with them. 
The systems lithium chloride-water and lithium 
bromide-water have been carefully explored and 
the existence of four hydrates of each halide has 
been shown.4 A study based on the phase rule of 
the ternary systems, lithium chloride-water- 
ethyl alcohol and lithium bromide-water-ethyl 
alcohol has not been attempted, the only related 
work being that of Santiago Pina de Rubies5 
which consisted of solubility measurements of 
lithium chloride in mixtures of water and ethyl 
alcohol and analyses of the solid phases.

The following data are the experimental results 
of a phase rule study of the two systems lithium 
cliloride-water-ethyl alcohol and lithium bromide- 
water-ethyl alcohol.

Preparation of Materials
Anhydrous Lithium Chloride and Lithium Bromide.—

Hydrated lithium chloride or bromide dried by heating 
under ordinary conditions suffers some hydrolysis, giving 
products which contain about 98.50% lithium salt and
I. 50% lithium hydroxide. Drying these salts in an

(1) The investigation of the system lithium bromide-water and 
ethyl alcohol was offered as partial fulfilment of the requirements 
for the degree of Master of Science by Mr. Henry Freimuth.

(2) The investigation of the system lithium chloride-water and 
ethyl alcohol was offered as partial fulfilment of the requirements 
for the degree of Master of Science by Mr. Harry Russell.

(3) Turner and Bissett, J. Chem. Soc., 106, 1783 (1914); J. Simon,
J. prakt. Chem., 20, 371 (1879).

(4) Hüttig and Steudemann, Z. physik. Chem,, 130, 105 (1927).
(5) S. Pina de Rubies, Anal. soc. espan ft#, qutm., 11, 422 (1013); 

13, 343 (1014),

atmosphere of hydrogen chloride or hydrogen bromide 
was avoided because of the special apparatus required and 
because but small amounts of the salt could be made at 
a time. Drying by heating a mixture of lithium salt and 
corresponding ammonium salt did not give a product 
sufficiently free of lithium hydroxide. The method 
finally adopted consisted in drying triply recrystallized 
hydrated lithium chloride and bromide in an electric 
oven at 110°. The residue was treated with absolute 
alcohol whereupon the lithium salt dissolved, giving a 
turbid solution due to the presence of lithium hydroxide 
in suspension. This solution was filtered until clear and 
the filtrate evaporated to dryness. Analyses of the residue 
gave for lithium chloride 99.90% purity and for lithium 
bromide a purity of 99.88%. These products were con­
sidered of sufficiënt purity for the purpose desired and 
were stored in an oven at 110 ° until needed.

Ethyl Alcohol.—Absolute ethyl alcohol was prepared by 
refluxing laboratory absolute alcohol with freshly ignited 
lime for twelve hours. The alcohol was then distilled 
off, again refluxed with lime and again distilled. The 
product obtained gave a boiling point of 78.2°. The 
alcohol was stored in a bottle from which it could be 
siphoned and which was equipped with a phosphorus 
pentoxide guard tube.

Experimental Part
Ten Solutions of alcohol and water were pre­

pared, varying in composition from 7.53 to 94.43% 
alcohol by weight. These with pure water and 
absolute alcohol were used with anhydrous lithium 
chloride and bromide in this investigation. Com­
plexes of known content of lithium chloride, water 
and alcohol and of lithium bromide, water and 
alcohol were placed in solubility tubes and al­
lowed to come to equilibrium at 25.00 =*= 0,02°.
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A known weight of solution was then taken and 
the lithium salt determined by Mohr’s volumetric 
method. The alcohol in the liquid phases was de­
termined by taking a known quantity of the latter

h 2o

LiCtHsO

LiCl C2H5OH
Fig. 1.

and distilling to dryness. The residue was twice 
moistened with water and the distillation repeated 
after each moistening in order to ensure as com­
plete driving off of the alcohol as possible. The 
tube of the condenser was washed out several 
times with water, the total distillate and wash­
ings collected and made up to an exactly known 
volume. From density determinations the per­
centage of alcohol in the liquid phase was cal­
culated. Preliminary investigation indicated 
that this distillation method for alcohol was ac­
curate to about 1%. The percentage of water 
was obtained by difference. If the data ob­
tained are plotted on triangulär coördinate 
paper Figs. 1 and 2 result. A tie-line drawn 
through the known composition of the complex 
and the composition of the solution, when 
equilibrium is reached, will terminate at a 
point on the triangle which will indicate the 
composition of the solid phase present. As 
pointed out above, however, the method of 
analysis of the solution is liable to be in error 
to the extent of about 1% and thus may result in 
a composition of the solid phase slightly in error. 
The result obtained, however, will be sufficiently 
correct so that the exact composition of the solid 
phase may be determined by inspection. Know- 
ing now the exact composition of the solid phase

and of the complex, an exact method of plotting 
should enable us to arrivé at a more accurate com­
position of the liquid phase than could be reached 
by the above method of direct analysis on the as­
sumption that the analysis is correct with respect 
to lithium chloride and lithium bromide. As Hill 
and Ricci6 have pointed out, this method of 
extrapolation is subject to error due to mechani­
cal difficulties of exact plotting.

In this work the direct analysis of the liquid 
phase has been used to establish the composition 
of the solid phase and also as a check on results 
obtained by the Hill-Ricci method of extrapola­
tion for the composition of the liquid phase. In 
the plotting of the results, Figs. 1 and 2, there­
fore, the composition of the solid phase has been 
determined by extrapolation using the known 
composition of the complex and the composition 
of the solution in equilibrium, determined by di­
rect analysis, while the points representing the 
compositions of the Solutions have been obtained 
by the Hill-Ricci method. The concentration 
of water and alcohol in the two transition com­
plexes was determined from the intersection of 
the two curves checked by direct analyses using 
the distillation method for the alcohol. Tables I 
and II contain the data of these experiments.

H20

LiBr*2H20  
LiBr H20

LiBr C2H6OH
Fig. 2.

Discussion of Results
In Fig. 1, S1OL1 represents a divariant area 

which, with the fixing of the temperature at 25°, 
becomes univariant. Similarly the area LOS2 is

(6) A, E. Hill and J. E. Ricci, T h is  J o u r n a l , 53, 4306 (1931).
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Table I
Tabulation of Data for the System Lithium Chloride-Water-Alcohol at 25°

Composition of complex 
LiCl, % C2H5OH, % Solid phase LiCl, %

Composition of solution 
Direct analysis 

Alcohol,
%

Alcohol by 
Hill-Ricci 

method
50.01 0.00 LiClH20 45.94 0.00
47.94 3.92 LiCl-H20 44.90 4.45
54.87 6.99 LiCl-H20 41.88 12.92 13.05
47.03 11.36 LiClH20 40.65 14.49
52.60 12.93 LiClH20 37.02 24.39 23.91
45.17 23.78 LiClH20 34.17 34.24
41.06 34.39 LiCMLO 30.02 47.43 47.70
37.64 42.71 LiCl-H20 27.19 56.42
31.68 51.73 LiCl-HaO 25.43 60.24
28.44 59.18 LiClH20 23.09 66.77 65.93
37.41 50.23 LiCl*H20  +  LiCl 22.41 69.04
30.92 58.88 LiCl-HaO +  LiCl 22.41 68.86
35.28 60.10 LiCl 22.18 72.98
28.27 68.56 LiCl 22.13 74.24 74.02
24.60 75.40 LiCl 20.18 79.82

T a b le  II

Tabulation of the Data for thè System Lithium Bromide Water-E thyl Alcohol at 25°

Composition of complex 
LiBr, % C2H5OH, % Solid phase LiBr, %

Composition of solution 
C2H6OH, % 

Direct analysis
Hill-Ricci

method
68.21 0.00 LiBr-2H20 65.31 0.00
66.22 2.53 LiBr2H2D 62.08 4.88
64.43 5.50 LiBr*2H20 59.06 10.23
62.10 8.85 LiBr-2H20 56.68 14.44 13.52
61.53 11.91 LiBr2H20 55.24 20.09
60.09 15.91 LiBr*2H20 52.98 26.59 25.63
62.05 15.33 LiBr*2H20-LiBrH 20 52.07 33.05
61.66 23.33 LiBrH20 50.79 35.43
53.27 36.34 LiBrH20 47.63 43.28
62.62 25.20 LiBrH20 46.70 47.57 46.59
57.89 33.85 LiBrH20-LiBr 46.63 46.53
52.02 42.93 LiBr 46.51 47.86
49.78 46.44 LiBr 44.13 51.66 50.72
62.59 35.91 LiBr 42.45 55.24
56.23 43.77 LiBr 41.22 58.78

isothermally univariant. The solid phases result­
ing from complexes represented by points in these 
areas are lithium chloride monohydrate and anhy­
drous lithium chloride, respectively. The com- 
positions of the liquid phases in equilibrium with 
the monohydrate are the points on the line SiO 
while those in equilibrium with anhydrous lithium 
chloride are the points on line OS2. The area 
LiOL, since it gives a system of four phases, ex­
hibits one degree of freedom and with the tem-
p c i a m i  t  u a c u  u u c u iu c o  ïou  u t c i  u i a i i j  111 v cti ictilL. jol

complex taken in this area will give a system con­
taining two solid phases, monohydrated lithium 
chloride and the anhydrous salt, and a liquid 
phase having the composition represented by O.

In the case of the system lithium bromide- 
water-ethyl alcohol three isothermally univariant 
areas exist, S1OL2, L1OO1 and LO1S2, the solid

phases present at equilibrium being lithium bro­
mide dihydrate, lithium bromide monohydrate 
and anhydrous lithium bromide, respectively. 
The area L2OL and L1O1L are isothermally in­
variant and complexes having the compositions 
represented by points in these areas will give at 
equilibrium, in the former a mixture of lithium 
bromide dihydrate and monohydrate and a liquid 
phase having the composition represented by O, 
while in the latter a mixture of lithium bromide 
monohydrate and anhydrous lithium bromide will 
be in equilibrium with a liquid phase having the 
composition represented by Oi.

Summary
1. A convenient and satisfaetory method for 

preparing anhydrous lithium chloride and lithium 
bromide has been devised.
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2. A phase rule study of the systems lithium 
chloride-water-ethyl alcohol and lithium bromide- 
water-ethyl alcohol at 25° has been completed.

3. In the case of the lithium chloride system at 
25°, two solid phases, the monohydrate and an­
hydrous salt, or a mixture of the two, exist in 
equilibrium with the liquid phase.

4. In the case of the lithium bromide system 
the dihydrate, the monohydrate, or the anhydrous 
salt, or a mixture of the dihydrate and monohy­
drate or monohydrate and anhydrous salt may be 
the solid phases present.

5. No alcoholates were found in either system.
N e w  Y o r k , N. Y. R e c e iv e d  J u n e  26,1936

[C o n t r ib u t io n  prom  t h e  D e v elo pm en t  a n d  R esearch  L a b o r a t o r y , P e n n s y l v a n ia  S a l t  M a n u f a c t u r in g  C o.]

Equilibrium in Fluoride Systems. I. Solubility of Cryolite in Aqueous Solutions of
Iron and Aluminum Salts at 25°

B y  F rancis J . F r e r e

The solubility of cryolite in aqueous Solutions 
of aluminum chloride has been long known, al­
though it has never been generally recognized. 
More than thirty years ago the laboratories of 
the Öresunds Chemiske Fabriker, in Denmark, 
employed this reaction as the basis of a deter­
mination of quartz in cryolite. Although there 
is no record to be found in the literature of these 
results, it is presumed that the work was carried 
out either by or under the supervision of Julius 
Thomsen.

Recently the author had occasion to investigate 
the solvent action of a great many salt Solutions 
on cryolite. I t  was found that cryolite was ap­
preciably soluble in all aluminum salt Solutions 
as well as those of iron. Qualitative tests also 
indicated a moderate degree of solubility in chro­
mium and uranium salts. Except in limiting 
cases, this is not in general a characteristic prop- 
erty of sparingly soluble salts. Indeed, such ab- 
normalities are quite generally accepted as being 
typical of a double salt formation.

In view of these facts, therefore, it seems quite 
appropriate and desirable that an investigation be 
made of the mechanism of the reaction involved. 
Obviously, the most suitable means of obtaining 
the necessary data is by an investigation of the 
ternary systems of the various salts of iron and 
aluminum and their respective fluorides. This 
phase of the problem is now in progress and some 
of the results will be reported in this Journal 
within a short time.

It is feit that these data on the solubility meas­
urements as well as those which are to be pre­
sented on the ternary systems will be of special 
interest by reason of the fact that these systems 
have not been heretofore thoroughly investigated.

Experimental
Materials Used.—The salts used in the solubility meas­

urements were obtained by recrystallization of analytical 
reagent grade Chemicals. Analysis showed these materials 
to be of excellent quality and that the ions were present in 
the correct stoichiometric ratio to conform to the normal 
salts. Sodium, the most objectionable impurity, was in 
no case found to exceed 0.01%.

Natural cryolite obtained from Greenland was used in 
these experiments. It was very carefully selected by hand 
and was found to be free of impurities.

Procedure.—The bottles containing the Solutions to be 
saturated were treated with an excess of finely-divided 
cryolite, stoppered with pure gum stoppers, sealed, and 
rotated from seventeen to twenty-one days in a therm o- 
statically controlled bath. The bath temperature was 
maintained at 25 =*= 0.02°. In order to establish the re­
liability of using stoppered bottles, several duplicate ex­
periments were made in which the Solutions were placed in 
sealed tubes and saturated. The results by the two meth­
ods checked within the error of the determination.

After Saturation had been attained, the Solutions were 
allowed to settle while standing in the bath and portions 
were drawn out of each bottle through a cotton filter, 
transferred to a tared weighing bottle and re weighed. 
The samples were washed into platinum dishes, treated 
with perchloric acid, and decomposed by evaporating to  
fumes of the latter. The Solutions were then diluted to  
the desired volume and reserved for analysis.

Sodium was determined by precipitating with zinc 
uranyl acetate according to Barber and Kolthoff.1

Aluminum was determined by precipitating with 8-hy- 
droxyquinoline and weighing as the oxime salt after drying 
at 130 to 140°.

Iron was determined by reducing in a Jones reductor and 
titrating with potassium permanganate.

Results and Discussion
The data on these solubility measurements are 

contained in Table I. Column 1 represents the 
salt concentration, columns 2 and 3 represent the

(1) H. H . Barber and I. M . Kolthoff, T h is  J o u r n a l , 50, 1625
(1928).
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cryolite concentration on the basis of the alumi­
num and sodium, respectively, and column 4 rep­
resents the average cryolite concentration.

T a b l e  I
Solubility of Cryolite in Aqueous Solutions of Iron 

and Aluminum Salts at 25° 
Concentrations Expressed in Moles of Salt Per 1000 

Moles of Water
2 [A1(N03)3]

Salt 
concn., 
moles

Na3AlF6 NasAlFe 
on basis Al on basis Na 

moles moles

NasAlFe
average,

moles

0.34 0.34 0.34
0.49 65 .65 .65

.96 1.10 1.11 1.11
3.05 2.92 2.89 2.91
5.09 4.39 4.35 4.37
7.06 5.67 5.71 5.69

10.03 7.75 7.69 7.72
12.12 9.00 9.02 9.01
14.37 10.66 10.57 10.62
19.76 14.30 14.41 14.36

AhCle
0.50 0.67 0.65 0.66
1.02 1.14 1.14 1.14
3.23 2.95 2.93 2.94
5.12 4.10 4.14 4.12
7.22 5.40 5.37 5.39
9.25 6.57 6.57 6.57

12.03 7.93 7.90 7.92
15.27 9.56 9.50 9.53
20.28 11.42 11.40 11.41

Al2(SOi),
0.40 0.56 0.55 0.56

.74 .87 .87 .87
1,56 1.60 1.58 1.59
3.33 2.84 2.83 2.84
5.08 4.03 4.01 4.02
7.59 5.56 5.52 5.54

10.50 7.15 7.11 7.13
13.72 8:66 8.60 8.63
17.04 10.04 9.96 10.00

2[Fe(NOa)«]
0.99 0.81 0.81 0.81
3.09 1.88 1.85 1.87
4.90 2.50 2.49 2.50
6.98 3.16 3.19 3.17
9.80 3.93 3.93 3.93

14.90 5.06 4.99 5.03
19.82 6.05 5.98 6.02
24.88 6.88 6.84 6.86

2(FeCl3)
1.00 0.72 0.74 0.73
2.94 1.55 1.55 1.55
4.90 1.99 1.99 1.99
7.44 2.18 2.22 2.20

10.19 2.25 2.28 2.27
14.94 2.22 2.23 2.23
19.70 2.Q3 2.06 2.05
25.28 1.89 1.87 1 .8 8

F e 2 ( S 0 4 ) 3

1.02 0.59 0.57 0.58
3.04 1.14 1.12 1.13
5.13 1.59 1.55 1.57
7.04 1.81 1.81 1.81
9.95 2.23 2.23 2.23

14.82 2.86 2.90 2.88
19.16 3.21 3.22 3.22
24.55 3.68 3.71 3.70

From the data presented, the most obvious as­
sumption is that there is some Chemical reaction 
taking place by which a considerable amount of 
some new substance is formed by combination of 
the ions present in the solution. In the case of 
the aluminum salts, the most probable explana­
tion of the mechanism involved would seem to be 
one in which there is a complete exchange of ions 
resulting in the formation of aluminum fluoride 
and the sodium salt of the solvent anion, the 
aluminum fluoride in turn combining with the 
aluminum salt present to form a double salt.

This inference seems to be amply justified by 
the following facts. When Solutions of three 
aluminum salts were saturated with cryolite at 
an elevated temperature, no reprecipitation of 
cryolite occurred upon cooling or even after the 
addition of the respective sodium salts to the point 
of Saturation. If, on the other hand, the sodium 
salt was added to the solution at the start it ex­
erted a depressing effect upon the solubility düe 
to the action of the common ion. The rate of de­
crease in solubility increased quite rapidly with 
increasing concentration of thé added salt. From 
the foregoing, it is clear that the reaction is not 
reversible and, hence, true equilibrium is not a t­
tained.

Upon plotting the solubility data, a slight ir- 
regularity in the curves will be noted which might 
indicate the presence of a second solid phase. 
An examination of the residues, however, showed 
them to consist only of unchanged cryolite. The 
most reasonable explanation for these irregulari- 
ties seems to be that equilibrium is very slowly 
attained after the Solutions have become nearly 
saturated.

Apparently, a similar mechanism is involved 
for the iron salts. The presence of a fourth ion, 
however, gives rise to a more complicated system 
and as a result may require a knowledge of the 
quaternary as well as the ternary system in order 
to establish definitely the identity of the final re­
action product.

It will be noted from the data that the solubility
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of cryolite in the different salt Solutions in all cases, 
excepting ferric chloride, follows in the order of 
the solubility of the corresponding sodium salts. 
Ferric chloride Solutions act normally in concen­
trations up to 10.0 molar, at which point the solu­
bility reaches a maximum then falls below that of 
the sulfate and continues to decrease with any fur­
ther increase in concentration. This difference in 
behavior is in accord with the facts of the case and 
may be readily interpreted by a consideration of 
the ferric chloride-sodium chloride system.

It Will be seen also that cryolite dissolves to a 
greater extent in aluminum salt Solutions and that 
the amount dissolved is practically the same for 
the different iron and aluminum salts at the lower 
Concentrations. Undoubtedly, in these dilute So­
lutions a considerable portion of the cryolite is

dissolved at the expense of the free acid resulting 
from the hydrolysis of the salts.

Summary
The solubility of cryolite has been determined 

at 25° over a wide range of concentrations in 
aqueous Solutions of iron and aluminum chloride, 
nitrate and sulfate. It has been found that the 
solubility was greatest in the aluminum salt Solu­
tions, and that the amount dissolved by the differ­
ent salts was in all cases, excepting ferric chloride, 
in the order of the solubility of the corresponding 
sodium salt.

An explanation of the mechanism of the reac­
tion has been offered based on the formation of a 
double salt.
P h il a d e l p h ia , P e n n a . R e c e iv e d  M a y  26, 1936

[Co n t r ib u t io n  from  t h e  R esearch  L aboratory  of Or g a n ic  C h e m is t r y , M a ssa c h u se t t s  I n s t it u t e  of
T echnology , No. 143]

Condensations by Sodium. VII. A General Method for Stopping the Wurtz Reac­
tion at the Intermediate Organo-Metallic Stages
B y  A very  A. M orton and  In g e n u in  H e c h e n b l e ik n e r

Previous work1 has revealed that alkyl sodium 
compounds, if formed as intermediates in the 
Wurtz synthesis, are stable only at low or mod­
erate temperatures. Their great reactivity en- 
ables the final stage of reaction with more alkyl 
chloride to be completed easily. Such considera­
tions suggested that a Wurtz synthesis might be 
stopped at this intermediate point if the reaction 
were carried out at low temperatures in the pres­
ence of excess sodium. Experiments have amply 
confirmed this conclusion. When n-amyl chlo­
ride was added gradually with stirring to a suspen­
sion of sodium sand in pentane or ligroin, the mix­
ture stirred until after no more evolution of heat 
occurred, and the product carbonated, there was 
obtained both caproic and butylmalonic acids. 
The yield of combined acids, around 50% in 
many experiments, was sufficiently high to remove 
any suspicion that they were formed because of a 
concurrent reaction during carbonation. The 
general application of this method for obtaining 
organo-metallic compounds was demonstrated 
by runs with butyl halides (chloride, bromide and 
iodide), and a secondary, a tertiary and an aro­
matic chloride.

(1) Morton and Hechenbleikner, T h is  J o u r n a l , 68 , 1024 (1936).

So far the best yield, 57% of total carboxylic 
acids, has been obtained with n-amyl chloride. 
Other chlorides in order of decreasing yield are n- 
hexyl chloride, chlorobenzene, w-butyl chloride, 
/-amyl chloride, 2-chloro-3-methylbutane and n- 
propyl chloride. Factors such as the temperature 
at which the reagents could be induced to react, 
the thermal stability of the resulting organo­
metallic compound, and the readiness with which 
the product reacts with more organic chloride to 
complete a Wurtz synthesis, must be considered 
in each case. The first attempts were unsuccess­
ful because the importance of these factors was 
not recognized. Subsequent experiments with 
amyl chloride demonstrated the possibilities un­
der controlled conditions and the preliminary test 
with other halides confirmed the conclusion that 
the proper factors for preparation of organo­
metallic compounds by direct action of sodium 
on the chloride had indeed been recognized.

An earlier discovery of an organo-metallic com­
pound in a Wurtz synthesis has been recorded in 
some interesting work by Gilman and Wright,2 
who studied the action of sodium-potassium alloy 
on 3-iodofuran. A very small yield, 0.5%, of 3-

(2) Gilman and Wright, ibid.y 56, 2893 (1933).
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furoic acid was obtained. The obtention of the 
organo-metallic compound in that instance was 
ascribed to the extraordinary inertness of iodine 
in 3-iodofuran.

Continued evidence of the formation of a di­
carboxylic acid from a monohalogen compound 
has been found in this work. The over-all equa­
tion for amylidene disodium used in calculating 
the yields of butylmalonic acid is 
2C5H iiC1 +  4 N a ----^  C5HioNa2 +  C5H i2 +  2NaCl (1)

A possible mechanism by which amylidene diso­
dium could be formed is by dismutation of amyl 
sodium as illustrated in equation (2). Oppor-

2C5H nN a ----->- C5H ioN a2 +  C5H i2 (2)

tunity was found to test this idea and adverse con­
clusions were drawn. In two series of experi­
ments the intermediate sodium compounds were 
subjected to the action of heat, first a t 60° and 
then at 80°. The products were carbonated and 
caproic and butylmalonic acids isolated. It was 
found that the yield of caproic acid progressively 
decreased with extended time a t these tempera­
tures, that a quantity of tarry acids appeared and 
continually increased with added severity of con­
ditions, and that the amount of butylmalonic acid 
was unchanged. Amyl sodium was thus seen to 
be unstable thermally but amylidene disodium 
was not one of the primary decomposition prod­
ucts.

These facts permit a similar dismissal of any 
manner of thermal decomposition of the mono­
sodium compound as a source of malonic acid. 
One such mechanism is shown in equation (3) 
which represents amyl sodium decomposing to 
sodium hydride and amylidene.

C ßH iiN a-----^  N a H  +  C4H9C H <  (3)

The bivalent carbon atom would then add two 
atoms of sodium giving amylidene disodium. 
Carothers and Coffman3 found good reasons for 
suggesting such a breakdown to explain their re­
sults with ethyl sodium. Our attempts to apply 
a parallel decomposition with amyl sodium have 
been without success as judged by the unchanged 
yield of the malonic acid. Negative tests for so­
dium hydride, reported in the previous paper on 
the action of sodium on diamyl mercury, while 
not condusive by themselves, are nevertheless 
in füll agreement with the view that equation (3) 
does not represent the decomposition of this com­
pound.

(3) Carothers and Coffman, T h is  J o u r n a l , 51, 588 (1929).

The same authors have also pointed out that 
the hydrogen atoms in “sodium ethide” may be 
considered as being slightly acidic and capable of 
further replacement by sodium. An acidic na­
ture of the hydrogen adjacent to sodium in amyl 
sodium was not revealed in our study of the feasi- 
bility of applying equation (2) to our results. It 
is possible, however, to derive a type of acidity 
from the presence of a carboxyl group and to con- 
sider that such a reactive hydrogen would be dis­
placed by either sodium metal or the sodium in 
amyl sodium4 after the manner set down in equa­
tion (4). Against this idea can be cited the fact 

Na or
C4H9CH2COONa ----------->

NaCöHn
C4H9CH (Na) COONa +  H (or C5Hi2) (4)

that no increased yield of butyl-malonic acid was 
observed (a) when a large (over 100%) excess of 
sodium sand was used in the reaction; (b) when 
amyl sodium was formed in the presence of freshly 
prepared sodium caproate. The observation of 
Bachmann and Clarke5 that sodium acting on iso­
amyl bromide gave some pentadecane as well as 
the expected decane adds weight to the view that 
the disodium intermediate was formed prior to 
carbonation.

A reasonably safe conclusion can be drawn at 
this time that the malonic acids formed in the so­
dium condensations being reported in this series 
do not arise from any reaction of an intermediate 
alkyl sodium. Our data do not permit a differen- 
tiation between the plausible free radical-dispro- 
portionation path and the direct formation of an 
idene intermediate by Splitting out of hydrogen 
chloride (Michaehs mechanism).6

In addition to the discovery of a general method 
of interrupting the Wurtz synthesis, and the elimi­
nation of amyl sodium as a source of the malonic 
acid, a brief comment might be made on the sur- 
prising stability of amylidene disodium. A pe­
riod of fourteen hours of heating at 80° left the 
amylidene disodium practically unaffected as con- 
trasted with the 63% decomposition of amyl 
sodium under the same conditions.

Experiments
The reactions were carried out in a 3-necked 250-ml. 

flask provided with a mercury-sealed stirrer, dropping 
funnel, condenser, nitrogen inlet tube and thermometer.

(4) We are gratefu l to  a review er on a p revious article for th e  Sug­
gestion  o f a  reaction  w ith  am y l sodium .

(5) B achm ann an d  Clarke, T h is  J o u r n a l , 49,2097 (1927).
(6) Michael, Am. Chem. J., 25, 419 (1901).
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T able  I

R eactions in  P e n t a n e

Constant factors: sodium sand, 12 g. in 50 ml. of w-pentane unless otherwise noted; w-amyl chloride, 25 ml. dissolved 
in 50 ml. of w-pentane unless otherwise noted.

Addition of RX Stirred after addition Total car-
Time, Temp., Time, Temp., Caproic acid Butylmalonic acid boxyïic acid,

No. min. °C. hrs. °C. G. % G. % %
1 75 0-2 0.5 O-R® 4.9 22 2 .2 13 35
2 75 0-4 13* R 5.0 22.7 3 .9 24 47
3 90 0 3 37-39 7.1 32 2 .5 15.3 47
4 90 18-22 0.5 18-22 5.1 22.8 3 .5 21.8 45
5 75c 36-38 .25 36-38 7.5 33.8 2 .6 16.2 50
6 90d 36-38 .25 36-38 7.9 35.6 2 .5 15.3 51

a Room temperature. 6 No stirring during this period. e Amyl chloride added undiluted with any pentane. 
d Amyl chloride added undiluted to 12 g. of sodium sand in 200 ml. of pentane.

T a b l e  II
E ff e c t  of T e m p e r a t u r e  o n  S t a bil it y  of I nter m edia te  

C om po u n d s

Constant factors: sodium sand, 10 g. in 50 ml. of E. K. 
Co. ligroin, b. p. 90-120°; n-amyl chloride (E. K. Co. 
technical grade), 20 ml. in 50 ml. of ligroin; time required 
for addition of the alkyl chloride to sodium was 75 min. 
unless otherwise indicated; temperature 18-22°

No.

Stirred after 
addition 

Time, Temp., 
hrs. °C.

Caproic acid 
G. %

Butylmalonic
acid

G. %

Total car­
boxylic 
acids,

%
7 1 20 3.2 16 2.4 17 33
8 14 R 3.2 16 2.2 16 32
9 0.8 60 2.5 13 2.4 18 31

10 2 60-65 1.9 10 2.3 17 27
11 0.5 77 2.5 13 2.0 15 28
12 1 78 1.7 9 1.8 13 22
13 1 80 1.7 9 1.9 14 23
14 1 80 0.8 4 3.1 23 27
15 14 80 1.2 6 2.0 15 21
16° 0.3 60-62 1.3 7 9.5 7 14
a Ninety minutes required for addition of alkyl chloride, 

temperature 60-62°.

The sodium sand (from a stock quantity made by stirring 
500 g. in hot kerosene) was placed in the flask with the de­
sired solvent and the organic chloride added through the 
dropping funnel. Usually a little over an hour was re­
quired for addition. Stirring was continued for some 
period afterward, at least until no more heat was given 
off by the reaction. The temperature at any stage of the 
process was regulated by a bath or by the boiling point of 
the solvent. The color of the reaction mixtures usually 
changed from purplish-blue to green and red (on heating) 
during the reaction. Carbon dioxide was finally admitted 
(all colors disappeared) and the products separated in the 
same manner as described in the earlier paper.7 Yields 
were calculated on the basis of the halide added. In 
Tables I and II (the numbering of the runs is for conveni- 
ence in reference only) experiments in w-pentane (E. K. 
Co. practical grade) and in ligroin, respectively, are de­
scribed. Attempts were made to isolate the products from 
pyrolysis of amyl sodium in experiments 9 to 15. Tarry 
acids insoluble in water and ligroin were found. The 
amount qualitatively increased with greater severity of the 
pyrolysis conditions. Only a poorly crystalline product

(7) Morton, LeFevre and Hechenbleikner, T his Journal, 58, 754
(1936).

T a b e e  I I I

C om pa r iso n  o f  B u t y l  I o d id e , B r o m id e  a n d  C h l o r id e

Constant factors: alkyl chloride dissolved in 25 ml. of n- 
pentane; sodium sand in 75 ml. of same solvent; tempera­
ture 0-5° during addition of the alkyl halide; one hour re­
quired for addition of alkyl chloride except in number 18 
in which the time was two hours; one hour of stirring at 
room temperature after addition of alkyl chloride was com-
pleted

No. Halide G.

Valerie
Sodium, acid 

g. G. %

Propyl-
malonic

acid
G. %

Total
carboxylic

acids,
%

17 Butyl io­
dide 13 50 Trace Trace

18 Butyl
bromide 20 55 0.49 3.3 0.80 7 .5 10.8

19 Butyl
chloride 20 36 1.32 5.9 1.27 7 .9 13.8

T a b l e  IV
E ff e c t  w it h  O t h e r  Or g a n ic  C h l o r id e s

Constant factors: w-pentane used as a solvent in all runs 
except in No. 21 where ligroin was employed; organic 
halide dissolved in 25 ml. of solvent; sodium sand (12 g. in 
all runs except in No. 24 where 10 g. was used) in 75 ml. of 
the solvent; one and one-half hours required for addition 
of the chloride

Temp.
during

addition, Mono-acid Di-acid
No. Chloride.
20 2-Chloro-3-

ml. °C. G. % G. %

methylbutane 25 Room Tracés Tracés
21 Chlor obenzene
22 2-Amyl chlo­

25 a 5 16.8

ride 25 37-38b 0.15 0.7
23 n-Hexyl chlo­

ride 30 37-38' 5.1 17.6 1.74 9.2
24 w-Propyl chlo­

ride 20 45-20* Tracés Tracés
a Reaction started by addition of 1 ml. of w-hexyl chlo-

ride. Before carbonation the mixture was allowed to 
stand fourteen hours after addition was completed. 6 Af­
ter addition and before carbonation the stirring was con­
tinued for one hour. c Stirring continued for one-half hour 
after addition and before carbonation. d Reaction started 
by addition of 5 ml. of n-hexyl chloride. The tracés of 
acid products may be due to this starting agent. The 
mixture was stirred for one-half hour after addition and 
before carbonation.
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could be isolated from the crude mass. A titration of the 
acidity on the dried sample indicated that one carboxyl 
group per amyl residue was present. The amount was too 
small for further identification.

T a b l e  V

R e s u l t s  w it h  Ot h e r  A l k a li M etals

Constant factors: w-amyl chloride (E. K. Co. tech. grade) 
20 m l.; metal sand in 100 ml. of ligroin

No. Metal G.

Total
time,
hrs.

Caproic acid 
G. %

Butylmalonic
acid

G. %
25 Potassium 19 2.5“ 0.27 1.4 0.07 0.5
26 Lithium 4 0 .7 b .36 1.9 .36 2.7

a Two hours required for addition of amyl chloride.
Mixture stirred for one-half hour longer before carbona­
tion. 6 Upon addition of the first 5 ml. of amyl chloride 
the temperature rose to 80°. The mixture was cooled to 
35° and the remainder of the amyl chloride added at once. 
Stirring was continued oné-half hour more before carbona­
tion.

that the pyrolysis of sodium amyl did not lead to amylidene 
disodium; (g) the decidedly lower yield for both moiio- 
and dicarboxylic acids when the temperature during addi­
tion of alkyl chloride to sodium was raised (reaction no. 16) 
to 62 °.

In Tables III and IV the results with a number of other 
halides are given. The general method of Separation of the 
mono- and the dicarboxylic acids was the same as de­
scribed before.

Comparison of butyl iodide, bromide and chloride, Ta­
ble III, showed that there was an increasing amount of In­
terruption in the order named. This difference was not 
surprising in view of the common opinion of decreased 
activity of the halogen atoms in progressing from iodide to 
chloride. The butyl sodium formed in the initial phase 
can be assumed to react less readily with the least reactive 
halide and therefore can be isolated in larger amounts from 
the chloride reaction. The list in Table IV shows the re­
sults with a secondary, an aromatic and a tertiary chloride. 
In addition, experiments on two more primary chlorides

T a b le  VI
M iscella n eo u s  E x pe r im e n t s

Constant factors: sodium sand in 50 ml. of ligroin unless otherwise indicated; amyl chloride in 50 ml. of ligroin 
unless otherwise indicated

Stirred after Carbona- Total

No.
Sodium,

g.

Amyl
chloride,

ml.

Addition 
Time, Temp., 
min. °C.

addition
Time, Temp., 
min. °C.

tion
temp.,

°C.
Caproic 

G. %
Butylmalonic 
G. %

carboxylic
acids,

%
27 20 20 75 22 60 30 25 8.5 44.2 1 .6 12.5 57
28 10a 15 40 25 180 20 30 4.4 30 1.7 14.8 45
29b 10 20 45 28 8.1 42 1.5 11.1 53
30c 12 25 0 30 0C 7.5 31 1.3 8 39
31 20d 40* - 2 5 10 -2 5 0 10.7 27.7 0.78 2.9 31
S2f 10° 20 30 60 80 30 1.5 7.5 1 .2 8.8 17
33 10 20 180 22 60 22 30 6.7 34.6 1.5 10.7 45
34 10 20 23 '20 30 25 30 4.6 24 1.3 9.9 34
35 10 20 h 20 20 20 5.1 26.6 1 .8 13.8 41

° The sodium was first fused with 1.5 g. of mercury and then made into sand in the usual way. b Carbon dioxide was 
passed through the mixture during the addition. No oxalic acid was found among the products. r Pentane used as a 
solvent. Temperature rose to 20° during carbonation. d 10 ml. of solvent used. * 40 ml. of solvent used. Toward 
the end of the reaction the mass became so viscous that 50 ml. more ligroin was added. f w-Octane used as a solvent. 
0 Only 30 ml. of solvent used with the sodium. h Half of the alkyl chloride added, and product carbonated after which 
the remainder was added, followed by a final carbonation.

Special attention is called to (a) the nearly complete 
agreement in respect to yields of reaction 7 and 8, although 
in the latter case the mixture stood thirteen hours before 
carbonation; (b) the constancy of the yields of butyl­
malonic acid which in 12 out of 16 runs varied between 13 
and 17% in spite of wide fluctuations in time and tempera­
ture conditions to which the alkylidene disodium inter­
mediate was subjected; (c) the surprising stability of the 
amylidene disodium compound which in fourteen hours’ 
heating at 80° (run No. 15) was not appreciably decom­
posed; (d) the lack of thermal stability of the monosodium 
compound as exemplified by decreasing yield of caproic 
acid (to 10%) as the period of heating at 60° before car­
bonation was extended in reactions 9 and 10; (e) the
greater thermal instability of the mono-sodium compound 
at the 80° level in reactions 11 to 15 where the yield of 
caproic acid feil to around 6%; (f) the general failure to 
observe any gain in butylmalonic acid in spite of a great 
loss of caproic acid (see reactions 9 to 15) thereby showing

are given. No attempt was made to discover the con­
ditions which were best for each compound. A major 
difficulty was in getting the reaction started. The yield 
of benzoic acid was not in agreement with what might 
have been expected from the inactivity of the halogen atom 
in chlorobenzene (compare with ra-hexyl chloride) which 
might suggest that an inactive halogen atom was not the 
only factor involved in isolation of intermediate products.

For the experiments with other alkali metals, Table V, 
potassium sand was prepared by shaking the metal in 
ligroin solution; lithium sand by stirring in hot kerosene. 
Potassium, the most active metal, reacted with such vigor 
that amyl chloride had to be added very slowly. Less than 
2% of carboxylic acid was obtained. Since lithium is the 
least active of the alkali metals, a high yield could be 
expected. Lithium alkyl compounds have been shown al­
ready8 to be isolable in benzene solution and capable of

(8) Ziegler and Colonius, Ann., 479, 135 (1930).
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being used in the same manner as the Grignard reagent. 
The unfortunately low yields of carboxylic acids which we 
obtained upon carbonation are not due therefore to any 
absence of the intermediate lithium alkyl but to the for­
mation of secondary products as already shown by Gilman 
and Van Ess.9 The position of the alkyl sodium appears 
to be unique in that it lacks the reactivity necessary to 
complete the Wurtz reaction under these conditions, yet 
does not participate in the formation of secondary prod­
ucts with sodium caproate.

Data for a number of miscellaneous experiments are set 
down in Table VI. Many of these runs were made in an 
effort to locate some factor which would lead to increased 
yields of butylmalonic acid. Special mention can be made 
of (a) the effect of using over 100% excess of sodium sand— 
reaction No. 27'—which resulted in a maximum yield of 
57% of combined carboxylic acids; (b) the failure to ob­
tain an improved yield of butylmalonic acid in No. 28 from 
the simultaneous presence of mercury, a test inspired by 
the higher yields of this acid in some of the experiments re­
ported in the previous paper on the action of sodium on di- 
amyl mercury; (c) the failure of the simultaneous presence 
of carbon dioxide to increase materially the yield of com­
bined organic acids over what was obtained when the 
amyl chloride was first allowed to react until long after all 
evidence of reaction—judged by a temperature rise—had 
ceased; (d) the failure to note any marked increase in the

(9) Gilman and Van Ess, T h is  J o u r n a l , 65, 1258 (1933).

yield of malonic acid in reaction No. 35 when amyl chloride 
was added to sodium in the presence of freshly prepared 
sodium caproate in order to test the validity of equation 
4; (e) the continued constancy in the yields of butyl­
malonic acid in runs 27, 28, 29 and 35.

Conclusions

The Wurtz reaction can be interrupted at the 
intermediate organo-metallic stage if the alkyl 
halide is added to excess sodium at low or mod­
erate temperatures. The reaction has been 
studied in some detail with n-amyl chloride and 
has been tested in a preliminary way with a num­
ber of other organic halides.

In the case of n-amyl chloride, caproic and 
butylmalonic acids were obtained upon carbona­
tion. The yield of combined acids in one instance 
was as high as 56%.

The formation of the malonic acid by way of 
the monosodium eompound has been shown to be 
unlikely.

Amylidene disodium is thermally more stable 
than amyl sodium.
Ca m b r id g e , M a s s . R e c e iv e d  Ju n e  12, 1936

[C o n t r ib u t io n  from  th e  Chem ical  L a bo r ato r ies  of C o lu m bia  U n iv e r s it y ]

Researches on Quinazolines, XLIIL The Synthesis of a Quinazoline Derivative
Structurally Analogous to Cusparine

B y  D omenick  P a pa1 and  M arston  T aylor B ogert

In a recent communication2 from these Labo­
ratories, there was described the synthesis of 
quinazoline derivatives akin structurally to the 
angostura alkaloids galipine and galipoline.3

The most important angostura alka­
loid, however, is cusparine CeH/^

therefore to include them in the series for pharma­
cological examination.

The steps involved in these syntheses were the 
following

/N=
C6H4/

x C(OMe)=CH

CCHaCIUCeHi
o /

c h 2
CeH

C6H4/
N

The synthesis of its quinazoline analog 
is described in the following pages. The 
^-methoxyphenylethyl derivatives were 
also prepared, because they correspond, 
respectively to the galipoline and galipine 
analogs referred to above, but possess 
one less methoxyl group, and it seemed desirable

•N=CMe -f OCHR 

CONH (I)
N=CCH2CH2R +PC15 

ONH
j+ H C l (III)

C6H4/ ' N=CC H =C H R  +  H2

sCONH (II)

<N ■/-•N= =c c h 2c h 2r
>  O IL

+POCl3 x Ca==N +  NaOMe
(IV)

•N- c c h 2c h 2r

C(OMe)=N (V)

R = CH2</  >C6Hs

+ M e2SO,
/ N=CCH2CHoR

c6h 4< I
XXINMe (VI)

= CH O  C6H3— or £-MeOC6H4

Experimental
(1) Fritzsche Fellow in Organic Chemistry, Columbia University, 

1935-1936.
(2) Marr and Bogert, T h is  J o u r n a l , 67, 729 (1935).
(3) Through an unfortunate error in proofreading, this alkaloid 

appears in that article as “galiopine.”—M. T. B.

2-£-Methoxystyryl-4-quinazoione (II).—A mixture of 5 
g. of 2-methyl-4-quinazolone (I) and 4.5 g. of ^-anisalde- 
hyde was heated for two hours at 170-175°. It liquefied 
after half an hour of heating and at the end of two hours
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was semi-solid. When cold, it was pulverized, boiled with 
10 cc. of 96% ethyl alcohol, to remove unchanged initial 
materials, and crystallized twice from glacial acetic acid in 
the presence of Norite. The product was a pale yellow 
crystalline solid, m. p. 284—285° (corr.); yield 80%. For 
analysis, it was dried for two hours at 110°.

Anal. Calcd. for Ci7H140 2N2: C, 73.34; H, 5.05.
Found: C, 73.47; H, 4.97.

2 - (3',4' - Methylenedioxystyryl) - 4 - quinazolone (II)
was prepared from 2-methyl-4-quinazolone (I) and pip- 
eronal, as described by Bogert and Beal,4 except that the 
crude product was purified as recorded above, and then ap­
peared as a crystalline solid of very pale yellowish cast, 
m. p. 316-317° (corr.) with decomposition; yield 64%. 
Bogert and Beal reported a m. p. of 305°. Dried at 110°, 
it was analyzed with the following results.

Anal. Calcd. for Ci7Hi20 3N2: C, 69.94; H, 4.15.
Found: C, 70.11; H, 4.35.

2-(beta-^-Anisylethyl)-4-quinazolone (III), prepared by 
the same process as the next compound, formed colorless 
lustrous crystals, m. p. 213-214° (corr.); yield 90%. For 
analysis, it was dried to constant weight at 110°.

Anal. Calcd. for Ci7Hi60 2N2: C, 72.85; H, 5.76.
Found: C, 72.73; H, 5.47.

2 - (beta - 3 ',4' - Methylenedioxyphenylethyl) - 4-quinazo- 
lone (III) .—The styryl compound (II) was reduced cata- 
lytically by the process used by Marr and Bogert2 for the 
reduction of 2-styryl-4-quinazolone, except that the crude 
product was washed first with water and then with 50% 
ethanol. From 4 g. of the styryl derivative (II), 500 cc. of 
96% ethanol, and 150 g. of 3% sodium amalgam, there was 
obtained 3.49 g. (85%) of a colorless crude product, m. p. 
238.5° (corr.), which was recrystallized by careful dilution 
of its hot alcoholic solution, and then melted at 239-240° 
(corr.). For analysis, it was dried to constant weight at 
110° .

Anal. Calcd. for Ci7H140 3N2: C, 69.38; H, 4.78.
Found: C, 69.40; H, 4.77.

2-(beta-£-Anisylethyl)-4-chloroquinazoline (IV).—In
the main, the procedure followed was similar to that used 
by Marr and Bogert2 for the production of 2-phenylethyl-
4-chloroquinazoline. A mixture of 2 g. of the 4-quinazo- 
lone derivative (III), 1.4 g. of phosphorus pentachloride, 
and 25 cc. of phosphorus oxychloride, was refluxed for ten 
hours. The cooled solution was poured upon cracked ice, 
immediately extracted with ether, the ether extract washed 
with dilute sodium carbonate solution, then with water, 
dried over calcium chloride and the ether evaporated. 
There was thus obtained 0.75 g. of yellow crystals, m. p. 
125-128° (corr.), containing halogen.

No analysis was attempted, because the instability of the 
product rendered it unlikely that an analytically pure com­
pound could be obtained.

For successful results in this preparation, the following 
precautions must be observed: (a) the initial quinazolone 
must be pure, dry, and finely pulverized; (b) the phos­
phorus oxychloride must be distilled just before use and 
collected under carefully maintained anhydrous conditions 
(the product used in our experiments was colorless, trans­

(4) Bogert and Beal, T h is  Jo u r n a l , 34, 522 (1912).

parent, and boiled at 107.4-107.7° (corr.)); (c) the appa­
ratus should be washed thoroughly with water, alcohol, 
and ether, and dried for twelve hours at 110°; (d) the heat­
ing period of ten hours must be continuous; (e) the tem­
perature must not be permitted to rise above 115° for any 
length of time, or considerable decomposition will occur; 
(f) the rate of evaporation of the ether influences the physi­
cal state of the residue, for too rapid evaporation tends to 
leave an oil which solidifies only with difficulty.

2 - (beta - 3',4' - Methylenedioxyphenylethyl) - 4 - 
chloroqüinazoline (IV), prepared like the above p-anisyl 
derivative, was obtained as an orange oil, which refused to 
congeal; yield 0.85 g., from 2 g. of initial quinazolone (III); 
qualitative test for halogen, positive.

2 - (beta - p  -  Anisylethyl) - 4 - methoxyquinazoline (V), 
prepared as described for the next compound, gave 0.3 g. 
of colorless crystals, m. p. 84.5-85.5° (corr.), from 0.75 g. 
of the chloro derivative (IV).

Anal. Calcd. for Ci8Hi80 2N2: C, 73.47; H, 6.17.
Found: C, 73.41; H, 5.93.

Refluxed for thirty minutes with concentrated hydro­
chloric acid, a clear solution resulted, from which 2-(beta- 
p-anisylethyl)-4-quinazolone (III) was precipitated by di­
lution, m. p. 209-212° (corr.). Recrystallized from abso­
lute alcohol, the m. p. was raised to 212-213°. Mixed 
with a sample of the anisylethyl-4-quinazolone (III) (m. p. 
213-214°, corr.), synthesized as noted above, the m. p. was 
212-213.5° (corr.).

2 - (beta - 3',4' - Methylenedioxyphenylethyl) - 4 - 
methoxyquinazoline (V).—To a solution of 0.85 g. of the 
chloro compound (IV) in 15 cc. of absolute methanol, there 
was added a sodium methylate solution prepared from 0.14 
g. of sodium and 10 cc. of absolute methanol. After stand­
ing for twenty-four hours in a stoppered flask, the solution 
was filtered and the filtrate diluted. Yellow crystals (0.6 
g.) separated after eighteen hours. These were digested 
with Norite in absolute ethanol solution, the mixture fil­
tered hot and the filtrate diluted carefully. An emul­
sion formed which, after cooling overnight and heating 
again, separated crystals. Washed with dilute ethanol 
and dried in a vacuum desiccator, they melted at 67-68° 
(corr.).

Anal. Calcd. for C18H160 3N2: C, 70.10; H, 5.25.
Found: C, 70.04; H, 4.86.

Hydrolyzed by concentrated hydrochloric acid, the cor­
responding quinazolone (III) was obtained, m. p. 239-240° 
(corr.). Mixed with a sample of the synthetic quinazolone
(III) (m. p. 239-240°, corr.), the m. p. was 238.5-239.5° 
(corr.).

2-(beta-£-Anisylethyl)-3-methyl-4-quinazolone (VI).— 
The anisylethyl-4-quinazolone (III) was dissolved in 
sodium hydroxide solution and treated with dimethyl sul­
fate. The crude product was crystallized from diluted 
alcohol and then formed small colorless needles, m. p. 
118-118.5° (corr.), which were not hydrolyzed by diges­
tion with concentrated hydrochloric acid.

Anal. Calcd. for Ci8Hi80 2N2: C, 73.47; H, 6.17.
Found: C, 73.81; H, 6.10.

2 - (beta - 3',4' - Methylenedioxyphenylethyl) - 3 - 
methyl-4-quinazolone (VI), prepared similarly, crystal­
lized in long, thin needles which melted sharply at 94-94.5°
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(corr.), and were not hydrolyzed by digestion with con­
centrated hydrochloric acid.

Anal. Calcd. for Ci8Hi60 3N2: C, 70.10; H, 5.25.
Found: C, 70.20; H, 5.17.

2,3-Dimethyl-4-quinazolone.—Incidentally this com­
pound was also prepared from 2-methyl-4-quinazolone 
(I), by the same method as the two just reported above. 
It was obtained in thin colorless needles, m. p. 111-111.5° 
(corr.), which were not hydrolyzed when boiled with con­
centrated hydrochloric acid. Bogert and Seil5 obtained it 
by the action of methylamine upon acetanthranil and gave 
its m. p. as 110°.

Summary
1. 2-Methyl-4-quinazolone has been Con­

densed with ^-anisaldehyde and with piperonal 
to the corresponding styryl derivatives, and the

(5) Bogert and Seil, T h is  J o u r n a l , 29, 531 (1907).

olefin bond of the latter has been saturated by 
catalytic hydrogenation.

2. These substituted 2-phenylethyl-4-quinazo- 
lones have been converted into the correspond­
ing substituted 2-phenylethyl-4-chloro and 4- 
methoxy quinazolines, of which the 2-(beta-3/,4'- 
methylene dioxyphenylethyl) -4-methoxyquinazo- 
line is the quinazoline analog of the angostura 
alkaloid cusparine.

3. The substituted 2-phenylethyl-3-methyl- 
4-quinazolones were also synthesized, to leam in 
what respects these N-methyl derivatives difïered 
from their O-methyl isomers.

4. The pharmacological properties of these 
compounds have not yet been studied.
N e w  Y o r k , N .  Y . R e c e iv e d  J u l y  10, 1936

[Co n t r ib u t io n  from  t h e  L abo r ato r ies of Chem istr y  a n d  P h y sic s , A m h e r st  C o l l e g e ]

A Sensitive Manostat for Low Pressures and its Application to the Adsorption of
Hydrogen and Deuterium on Copper

B y T heodore S öller , Seymore Goldw asser  a n d  R alph  A . B e e b e

In the course of experiments conducted in the 
Amherst1 Laboratory of Chemistry on the rates 
of hydrogen and deuterium adsorption on copper 
at gas pressures in the region of 2 mm., it became 
apparent that rate data were needed under con­
ditions of constant pressure. The most sensitive 
manostat described in the literature is that of 
Huntress and Hershberg2 who daim control of 
pressure to ±0.15 mm. Because this amount of 
Variation was prohibitive for work at 1 to 2 mm. 
total pressure, a new automatic manostat has been 
developed which regulates the pressure to better 
than ±0.005 mm. and is applicable to all pres­
sures. Provision has also been made for the con­
tinuous reading of the volume of gas entering the 
system during the course of adsorption. With 
the new manostatic technique it has been possible 
to investigate in detail the relative rates of ad­
sorption of the two hydrogen isotopes on copper at 
low pressures. At 0° we have found a marked 
difference in the rates of adsorption of hydrogen 
and deuterium under identical conditions. More­
over, the temperature inversion in the ratio 
H2/D 2 adsorbed has again been observed. This

(1) Beebe, Low, Wildner and Goldwasser, T h is  J o u r n a l , 57, 2527  
(1935).

(2) Huntress and Hershberg, Ind. Eng. Chem., Anal. Ed., 5, 145 
(1933). The authors also include a complete review of the subject 
up to 1933.

inversion has been found previously by Beebe 
et al.1 and more recently has been predicted by 
Pease and Wheeler3 from a Statistical mechanical 
approaeh to the problem.

A. The Manostat
The general plan of the control mechanism is as follows. 

A slight decrease in the pressure of the system causes the 
mirror of the differential manometer to be tilted downward 
in such a way as to throw a light beam onto a photo-elec- 
tric cell. Working through an amplifier, this cell actuates 
the solenoid which opens the mercury valve, thereby ad- 
mitting a small amount of gas to the system. The admis- 
sion of this gas causes a slight increase of the pressure and 
the valve is closed via the mirror, the photo-electric cell, 
and the solenoid, thus completing the cycle.

The Differential Manometer.—A modified form of the 
mercury manometer described by Johnson and Harrison4 
was used. To eliminate the rather troublesome task of 
fusing the platinum strip into a glass roller rod, a 1.6 mm. 
steel rod was substituted. The platinum strip was then 
easily attached by spot welding. Three leveling screws 
supporting the whole float and mirror mechanism made the 
device more readily adjustable. The whole manometer was 
placed in a small water thermostat, control of which was 
necessary to ±0.1° to prevent undue change in the volume 
of the mercury supporting the glass float. Because a 
quick response to pressure change was essential, the dead- 
beat feature of the manometer of Johnson and Harrison 
was sacrificed by using a 10-mm. tube to connect the mer-

(3) Pease and Wheeler, ibid., T h is  J o u r n a l , 68, 1665 (1936).
(4) Johnson and Harrison, J. Sei. Instruments, 6, 305 (1929).
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cury in the two arms of the instrument. This resulted in a 
slight surging back and forth after the admission of a gas 
increment but had no undesirable effect on the successful 
functioning of the control mechanism.

The Photo-electric Relay.—The photo-electric relay 
circuit is a modification of one suggested by F. H. Shepard.5 
Its advantages are the use of Standard parts and Operation 
directly from 110-volt, 60-cycle power circuit, no rectifier 
being necessary. The diagram of the circuit used is given 
in Fig. 1.

Fig. 1.—Diagram of photo-electric relay circuit.

Light from a straight-line filament lamp operating on 10 
volts and 3.5 amperes falls on the mirror of the differential 
manometer, is reflected and brought to a focus at the PJ-23 
photo-cell by a lens of one meter focal length. The sensi­
tivity of the circuit is controlled by the position of the mov- 
ing contact of the 5000 ohm Potentiometer. The relay 
used in the output of the 43 tube is a Struthers Dünn 
ASBTS, operating on 15 m.a. half wave rectified current,

having an A. C. core, No. 
190 coil, and .secondary con­
tacts capable of carrying 10 
amperes at 110 volts.

The Adjustable Leak.—A 
rather large Variation in 
rates of adsorption was 
anticipated during the dif­
ferent stages of the various 
processes to be studied. 
Moreover, it was found de­
sirable for the effective 
functioning of the control 
mechanism that the rate of 
flow of the gas entering the 
system with the mercury 
valve open be of the same 
order of magnitude as the 
rate of removal of gas from 
the system by adsorption. 
The adjustable steel leak 
shown in Fig. 2 has met this 
requirement very satisfac- 

torily. Because of the rigid construction of the glass appa­
ratus, it was necessary that the leak be designed in such a 
way that neither the inlet nor the outlet glass tube should 
be moved during adjustment of the leak. For convenience 
in construction, the leak was made in two parts which 
fitted together at the joint J. This joint, which was in a

fixed position while in use, was made vacuum tight with 
picene cement.

Gas Buret.—The gas buret, operated under reduced pres­
sure for increased sensitivity, is maintained at constant 
pressure by an electrolysis device (see Fig. 3) built on the 
same principle as that of Taylor and St rot her.8 When the 
mercury touches the platinum tipped tungsten contact C, a 
0.25 ampere current is allowed to flow between C and D; 
this current, acting through a simple relay, closes a switch 
which permits a 3 ampere current to flow through the solu­
tion of the electrolytic cell between the electrodes E and F. 
This relay system reduced difficulties from sparking at the 
contact C. A specially designed iron plate float with a 
platinum center helps to eliminate trouble from clinging of 
the mercury to the contact C, thus giving closer control 
of the pressure in the gas buret. The quantity of gas 
leaving the buret over any time interval is a linear function 
of the change in height of the mercury column. For the 
buret tube used, a change in height of 1 mm. represented 
0.0132 cc. of gas at Standard conditions when the buret 
pressure was 10 cm.

A i r - ’

Electrolytic
Cell

To Output of 
Photoelectric Pelay

Fig. 3.

The Mercury Valve.—The mercury valve is so arranged 
that in its closed position the difference in height in mm. 
between the top of the mercury column A, Fig. 3, and the 
top of the ball valve in the metal adjustable leak slightly 
exceeds the gas pressure in mm. in the gas buret. This 
prevents any passage of gas when the mercury valve is 
closed. In the open position of the mercury valve, the 
mercury column stands, of course, slightly below the junc-

(5) F. H . vShepard, E l e c tr o n i c s ,  8, 304 (1935). (6) Taylor and Strother, T h is  J o u r n a l , 56, 586 (1934).
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tion Y. The vertical glass section just above the Y junc­
tion is of 3 mm. inside diameter to eliminate appreciable 
expansion or compression of the gas in the system under 
control becaiise of changes in volume of the system during 
the opening or closing of the mercury valve. A small en- 
largement, B, in the bore of the tube serves to prevent 
trapping of a short mercury column above the incoming gas 
increment. It was found that the amount of each incre­
ment could conveniently be made as small as 0.008 cc. 
(at Standard conditions).

The successful Operation of the apparatus is illustrated in 
Fig. 4. Volumes of gas delivered from the buret to the

Time in minutes.
Fig. 4.

system under control are plotted against time. In obtain­
ing the data for curve 2, the system to be controlled was 
initially at 1.003 mm. pressure. Gas was allowed to leak 
out of the system through a very narrow glass capillary 
tube (not shown in Fig. 3) directly to the mercury diffusion 
pump; gas then entered the system through the mercury 
valve at a rate sufficiënt to maintain the pressure constant 
to =±=0.005 mm. as was shown on a McLeod gage. The 
straight line obtained in curve 2 under these conditions is 
evidence that all parts of the apparatus were functioning 
properly. For curve 1, the gas leaked out through a still 
finer capillary at first, but at point A the path of the leak 
was changed to the coarser capillary used for curve 2. 
For curve 3, the gas was allowed to leak out of the system, 
the pressure in which was 1.325 mm. at the start, into an 
evacuated bulb (not shown in Fig. 3). Because the rate of 
leak out of the system decreased with time as the pressure 
in the initially evacuated bulb was built up, a correspond­
ing decrease was obtained in the rate of leak into thé system 
as is shown in Fig. 4. For adsorption measurements, the 
tube containing the adsorbent would correspond to the 
bulb and capillary attachment used for curve 3.

Owing to its differential principle, the manometer and 
consequently the manostat should operate satisfactorily at 
all pressures up to 760 mm. Obviously the percentage of 
Variation in the pressure would be much less at higher pres­
sures. Moreover, by drawing gas out of the system under 
control through the adjustable metal leak and mercury 
valve into ari evacuated system, the manostat should be 
equally adaptable to control in a system in which gas is 
slowly being evolved or admitted from outside.

B. Adsorption Experiments
Apparatus.—The apparatus was that referred to and de­

scribed above. All the measurements were made at 2.63 =*= 
0.005 mm. pressure.

Materials.—The copper powder supplied through the 
courtesy of the General Metals Powder Company was 
prepared in the same way as copper 3 described in the 
earlier work;1 it came from a different batch, however. 
The copper was outgassed for fourteen to sixteen hours at 
170° before each run.

The deuterium gas containing less than 0.5% of hydro­
gen was received from the Princeton Laboratory of Chem­
istry in October, 1935.

The sources of the hydrogen and helium have been de­
scribed previously.1

Experimental Results
The relative rates of adsorption of hydrogen 

and deuterium at 0° are shown in Fig. 5. For 
example, the average rates from 0.20 cc. to 0.50 
cc. absorbed bear the ratio: H2/D 2 = 5.5. The 
rates which were investigated at the higher tem­
peratures were too rapid to make the H2/D 2 ratio 
significant.

Fig. 5.—Adsorption of hydrogen and deuterium on 
109 g. of copper powder.

The temperature inversion in the amounts of 
hydrogen and deuterium adsorbed is also appar­
ent in Fig. 5, hydrogen being adsorbed in greater 
amount at 0° but in lesser quantity than deuter­
ium at 125°. We estimate from these experi­
ments at 0 and 125° together with experiments at 
100° not shown, that the inversion temperature 
for this sample of copper was approximately 95°. 
This is to be compared with 60° previously ob­
served on another copper sample.

The order of experiments was: H2 at 0°, H2 at 
0°, H2 at 100°, D2 at 0°, D2 at 100°, H2 at 100°, D2 
at 125°, H2 at 125°, D2 at 0°, H2 at 0°. In Fig. 5, 
points for 0° represented by circles are plotted from 
data taken at the beginning of the series, and those 
represented by triangles at the end of the series of 
rate measurements. The reproducibility of the
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data at 0° indicates the stability of the copper sur­
face as well as the dependability of the manostatic 
technique throughout the whole series of measure­
ments.

Discussion
The large difference in the rates of adsorption 

which we have observed appears to be in disagree­
ment with the recent work of Melville and Rideal,7 
who have investigated the adsorption of hydrogen 
and of a 70% deuterium to 30% hydrogen mixture 
on copper at low pressures over the temperature 
range 71 to 171° and have found no difference in 
rates in the lower part of the temperature interval. 
The fact that we have found a threefold differ­
ence in rates for the two isotopes makes it seem 
probable that the results obtained by Melville 
and Rideal would have been different if they had 
used pure deuterium although the apparent dis­
crepancy between their results and ours may con- 
ceivably be attributed to a difference in the nature 
of the copper surfaces studied.

Moreover, Melville and Rideal have not re­
ported the temperature inversion of H2/D 2 ad­
sorbed which has been found in the Amherst labo­
ratory by two different experimental methods. 
It seems probable that their failure to observe 
this phenomenon is due to the limited time inter­
val over which the process was studied. For in­
stance, referring to Fig. 3, p. 85, of their paper it 
would appear that the rate curve at 137° for the 
70% deuterium mixture would actually cross the 
hydrogen curve, if extrapolated, instead of bend­
ing downward as shown. This would mean that 
although the rate for hydrogen was greater, more 
deuterium would be adsorbed at equilibrium at 
the higher temperatures.

Using the value 5.5 as the H2/D 2 ratio of the 
average rates of adsorption on copper from the 
second to the forty-second minute at 0°, it is 
possible to show that the difference in activation 
energies is 0.75 kcal., making due allowance for

(7) Melville and Rideal, Proc. Roy. Soc. (London), A153, 89
(1935).

the \ / 2  collision factor. From this it may be in- 
ferred that the difference in zero point energies of 
hydrogen and deuterium in the activated state is
1.05 kcal. This result, which indicates that not 
all the zero point energy is contributed to the en- 
ergy pool in the activating collision, is in accord­
ance with the data of other investigators7 (p. 77) 
for several homogeneous reactions.

The work of Pace and Taylor8 as well as that of 
Kohlschütter9 indicates that the rates of adsorp­
tion of hydrogen and deuterium on chromic oxide 
are identical at atmospheric pressure. Because 
our results make it clear that there is a marked 
difference in the rates for the two isotopes on cop­
per at low pressures, it seems apparent that the 
adsorption of the two gases should be studied on 
both the adsorbents mentioned over a wide range 
of pressures. This series of measurements for 
copper adsorbent is now being undertaken making 
use of the constant pressure technique.

Our thanks are due to the Committee on 
Grants-in-Aid of the National Research Council 
for supplying funds for technical assistance in 
this work.

Summary
1. A device is described for the control of gas 

pressures to =*=0.005 mm. and its applicability to 
the measurement of adsorption rates at low pres­
sures is demonstrated.

2. At 0° and 2.63 mm. the relative rates of 
adsorption of hydrogen and deuterium on copper 
bear the ratio 3.35 to 1; and the difference in 
activation energies of adsorption for the two iso­
topes on copper at 0° is 0.48 kcal.

3. The temperature inversion in the ratio of 
adsorbabilities of hydrogen and deuterium on 
copper, which had been observed previously, has 
been confirmed using the new manostatic tech­
nique.
A m h erst , M a s s . R e c eiv ed  J u n e  30, 1930

(8) Pace and Taylor, J. Chem. Phys., 2, 578 (1934).
(9) Kohlschütter, Z. physik. Chem., A170, 300 (1934).
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[C o n t r ib u t io n  from  t h e  M etcalf  Chem ical L a boratory  of B r o w n  U n iv e r s it y ]

Photochemical Studies. XXIV. The Photochemical Chlorination of the
Dichlorobenzenes

B y  Charles F. F isk  and  W. A lbert  N o yes, J r .

The photochemical chlorination of benzene and 
of its chlorine Substitution products has been the 
subject of several previous investigations.1 In 
the gas phase, the initial reaction proceeds by 
short chains and results largely in the addition of 
chlorine to the aromatic nucleus. Products soon 
condense on the walls and most of the reaction 
after the initial stages must take place in the solid 
or liquid phase. With prolonged photochemical 
chlorination both benzene and chlorobenzene give 
eventually C6Cli2.

The present study was undertaken to compare 
the rates of addition of chlorine to o-, m- and p- 
dichlorobenzene and to investigate particularly 
the mechanism of the latter by meäsuring the rate 
of pressure decrease as a function of several differ­
ent variables. The extent of the chlorination 
and a value for the quantum yield have also been 
obtained. An explanation of the data is given.

I. Experimental
The preparation of the chlorine was similar to that pre­

viously used.lc The dichlorobenzenes were all c . p . prod­
ucts from the Eastman Kodak Company. The ^-dichloro- 
benzene was subjected to several fractional crystalliza­
tions from its own liquid. The fraction chosen melted 
sharply at 52.2-52.3° (corr.). Finally this 1-g. sample 
was fractionally distilled in vacuum and stored behind a 
mercury trap so that it was not exposed to the air once it 
had been freed from volatile substances by evacuation. 
Somewhat less care was taken with the o- and m-dichloro- 
benzenes since they were investigated much less com­
pletely than the para eompound. They were both frac­
tionally distilled, the middle fraction being treated by 
vacuum distillation before use.

All other Chemicals were of Standard c. p. quality.
The reaction vessel was a cylindrical fused quartz cell 

attached to the main vacuum line, pressure gages, etc., by a 
quartz to Pyrex graded seal. The vessel was held in a 
fixed clamp on an optical bench so that its position could be 
duplicated.

The technique of filling the reaction vessels has already 
been described.1 All pressure measurements were made 
with an all glass gage of the Bourdon type. For deter­
mining the rate of pressure change with time it became 
necessary to measure pressure changes of about 0.04 mm. 
with an accuracy of about 5% at a total pressure of around 
40 mm. For this purpose the Bourdon gage was modified

(1) (a) Laue and N o y es , T his Journal, 54, 161 (1 9 3 2 ); (b) Sm ith ,
N oyes and H art, ibid.,  55, 4444 (1933); (c) H art and N oyes , ibid.,
56, 1306 (1934). T h ese  articles con tain  references to earlier work.

by making the primary pointer operate a lever swung on a 
glass axle and bearing to give a magnification of fifteen 
to thirty times that obtained with the unmodified gage. 
With good luck a sensitivity of 0.001 mm. pressure per 
0.01 mm. motion (as measured by a filar micrometer) 
could be obtained. This gage was calibrated and used as a 
direct deflection instrument for rate measurements. Al­
though the experiments were carried out at room tempera­
ture, this was sufficiently constant during a run so that 
when the gage was balanced at 40 mm. pressurè the needle 
position was constant in time, since small temperature 
variations operated nearly equally on both sides of the 
gage. This modified gage was used in the study of the de- 
pendence of rate on light intensity. For other experiments 
the ordinary gage was used.

For meäsuring the outside pressure used to balance the 
gages when they served as null point instruments a dibutyl 
phthalate manometer was employed.

The light source was a water cooled capillary mercury 
are similar to that described by Forbes and Harrison.2 
It was operated at atmospheric pressure on 35 volts and 5 
amperes. The light was filtered by 3 mm. of greenish 
window glass plus 3 mm. or more of number 986 red purple 
Corex. A number 586 violet ultra filter was used for low 
intensities.3 From the intensity distribution in the are, 
the transmissions of the various glasses and the absorp­
tion coefficients of chlorine it is possible to show that ap­
proximately 97% of the radiation absorbed by the chlorine 
in these experiments was in the group of lines around 
3660 Ä.

Although parallel light is to be desired in experiments 
involving chain reactions, it was necessary to use a focused 
beam in order to obtain the desired intensity. However, a 
simple calculation showed that the effect due to diver- 
gence in these experiments is negligible. The are lamp was 
clamped in such a way that its position was reproducible. 
The lens was mounted on the optical bench so that an im­
age of the are was produced in the center of the reaction 
vessel without any part of the beam hitting the walls. 
The light intensity was varied by changing the number of 
filters. The shape of the light beam always remained the 
same. Light intensities were measured by means of a 
photoelectric cell which could be placed in reproducible 
positions either in front or in back of the reaction vessel.

The />-dichlorobenzene was first admitted to the desired 
pressure, controlled by the temperature of the supply 
bulb, and the reaction vessel sealed off. The chlorine was 
then admitted by breaking a capillary magnetically. The 
ingoing chlorine undoubtedly concentrated the ^-dichloro- 
benzene slightly in the reaction vessel, but this effect was 
minimized as much as possible by the geometry of the 
system. An hour was always permitted to elapse after

• (2) Forbes and Harrison, ibid., 47, 2449 (1925).
(3) The authors wish to express their appreciation to the Coming 

Glass Co. for furnishing these filters.



1708 Charles F. Fisk and W. Albert N oyes, Jr. Vol. 58

filling the cell for the attainment of equilibrium of mixing. 
The total pressure was measured and the chlorine pressure 
obtained by difference.

The are lamp was started and a Wratten green filter 
interposed to prevent reaction. The ratio of intensity in 
front to that in back as determined by the photo-cell was 
used as a check on the optical system. The color filters to 
be used during the run were then placed in position and the 
zero deflection obtained by interposing a Wratten number 2 
filter which cuts off quite sharply at 4000 Ä.

The pressure was always found to remain constant for an 
hour before thé actual run was started. After a definite 
time of irradiation, during which the variations in intensity 
were obtained by measurements behind the cell, a shutter 
was interposed and upon moving the photocell to the front 
of the reaction vessel the incident intensity was again 
noted. The pressure stayed constant, except for the 
Budde effect, after the light was cut off. This procedure 
will be called Technique I.

The magnitude of the quantum yield was obtained by 
comparing intensities as measured with the photo-cell 
with the decomposition produced in a uranyl sulfate- 
oxalic acid actinometer.4 Corrections were applied for 
absorption and reflection by the Windows, but a high accu­
racy for the absolute values of the quantum yields is not 
claimed.

Some early runs were made in all Pyrex reaction vessels 
made by sealing optically plane Windows on the necks of 
Erlenmeyer flasks. Two identical cells, One containing the 
actinometer solution, were operated on opposite sides of the 
mercury are in a thermostat. Color filters similar to those 
previously mentioned were used and pressure measure­
ments were made in the manner already described. The 
over-all intensity was about one hundred times that used 
in the other technique. This less accurate method will be 
referred to as Technique II.

Since the vapor pressures of the o-, m- and /»-dichloro­
benzenes are low (approximately 1.05, 1.35 and 0.64 mm. 
at 20°, respectively), the rate measurements wëre much 
more difficult of execution than those for benzene and 
chlorobenzene. The total pressure change (assuming 
negligible vapor pressures for the addition products) is four 
times the initial pressure of the dichlorobenzene in a given 
run. The smoothness of the total pressure-time curves 
indicated definitely that this assumption is valid.

II. Results
(a) The Vapor Pressures of the Dichloroben­

zenes.—In order to obtain the effect of pressure 
of dichlorobenzene on the reaction rate, it was 
necessary to measure the vapor pressures of the 
three substances at a series of temperatures. 
This was accomplished by the use of the pressure 
gages described in the previous section and while 
a high order of accuracy was not obtained the re­
sults were accurate enough for the purpose at 
hand. Since these vapor pressures do not seem 
to be given in the literature they are presented 
(interpolated to even temperatures) in Table I.

(4) Leighton and Forbes, T h is  J o u r n a l , 52, 3138 (1930).

T a b l e  I
V a po r  P r e s s u r e s  of  t h e  D ich lo r o ben zen es

Dichlorobenzene vapor pressure, mm.
Temp., °C. p-( solid) w-(liquid) o- (liquid)

0 0.07 0.30 0.25
5 .15 .47 .38

10 .25 .68 .55
15 .40 .96 .76
20 .64 1.35 1.05
24 .90 1.75 1.35

(b) The Dark Reaction.—The dark reaction 
had been found to be appreciable in the case of 
benzene and small, although negligible compared 
to the photochemical rate, in the case of chloro­
benzene. Several bulbs were prepared contain­
ing chlorine at a pressure of 40 mm. and £-dichlo- 
robenzene at a pressure of 0.7 mm. At various 
intervals over a period of months the chlorine was 
determined by Standard procedure.1 The re­
sults showed no disappearance of chlorine. Simi­
larly no pressure decrease was observed due to 
dark reaction over periods of several days in the 
apparatus used for photolysis.

(c) The Budde Effect.—A Budde effect was 
always observed when the reaction mixture was 
irradiated. That this was due to the transforma­
tion of radiant energy into thermal energy was 
demonstrated by the fact that it was proportional 
to the light intensity but independent of the pres­
sure of ^-dichlorobenzene. The effects were of 
the order of hundredths of a millimeter.

(d) Effect of Impurities, etc.—The following 
seemed to have no influence on the results: (1) 
air or oxygen at pressures below 0.5 mm.; (2) 
mercury or mercury chlorides in small amounts 
(due to the presence of mercury vapor before the 
admission of the chlorine); (3) quite large varia­
tions in the treatment of the reaction vessel by 
flaming, baking out, etc. There may possibly be 
some effect due to the condition of the walls, but 
no definite statement in this connection is possible.

Some chlorine compounds of Silicon may have 
been formed at the moment the reaction vessel 
was sealed off from the chlorine supply bulb. 
However, attempts to exaggerate this effect by 
longer heating, etc., produced no noticeable 
change in the results. There still remains the 
possibility that chlorine atoms may react with the 
walls to produce Silicon compounds which would 
act as inhibitors.5 However, this effect must 
have been reproducible from run to run if it exists 
at all.

(5) Cf. Bodenstein and Unger, Z. physik. Chem., 11B, 253 (1931); 
Schumacher and Steiger, ibid., 7B, 369 (1930).
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(e) The Magnitude of the Absolute Quantum 
Yield.—By comparison of the uranyl sulfate- 
oxalic acid actinometer with the photoelectric cell 
it was found that 1 cm. deflection was equivalent 
to 5.9 X 1014 quanta per second. If the initial 
reaction leading to pressure change is the addi­
tion of one molecule of chlorine to one molecule of 
^-dichlorobenzene (see later discussion), then one- 
half of the initial rate of pressure change is equal 
to the rate of disappearance of chlorine by the ad­
dition reaction. In one run (number 13a) the fol­
lowing data were obtained; chlorine pressure,
31.2 mm.; ^-dichlorobenzene pressure, 0.64 mm.; 
intensity, 7.45 cm. deflection; window transmis­
sion, 0.85; fraction of radiation absorbed by the 
chlorine, 0.441; volume of system, 45 cc.; quanta

Table II
A ddition  of C h l o r in e  to ^ -D ich lo r o ben zen e  

(Run 11)
(Press. />-C6H4Cl2: 0.64 mm.; press. Cl2, 32.6 mm.)

Time,
min.,

t

Pressure
decrease,

mm.
APt

Fraction
final

pressure
change,

AP t/A P oo

Intensity 
behind cell 
(arbitrary 

units), 
L>bt

(Z>bt/Z?b0)/
(Z>f0/D ft)

(dP/dt)/ 
(dP/d/)o 
(corr. to 

const. D)

0 0
0.5 0.047 0.020 4.10 1.00 (1.00)
1 .093 .041 3.70 0.95
2 .174 .076 3.60 .94 0.98
3 .254 .111 3.45 .92
5 .428 .188 3.46 .92 .95
6 .506 .222 3.60 .94
7 .580 .255 3.70 .95 .88
8 .658 .289 3.35 .91
9 .729 .320 3.35 .90 .85

10 .800 .351 3.70 .95 .81
12 .937 .412 3.50 .92 .80
13 1.005 .441 3.40 .91
14 1.068 .469 3.40 .91 .77
15 1.122 .493 3.35 .91
16 1.191 .523 3.40 .91
17 1.251 .551 3.25 .89 .75
19 1.368 .601 3.20 .88 .70
21 1.478 .649 3.15 .88 .67
23 1.577 .692 3.15 .88 .61
25 1.667 .732 3.20 .88 .55
32 1.925 .847 3.00 .86 .47
36 2.027 .893 2.70 .81 .35
41 2.113 .930 2.62 .80 .22
46 2.178 .957 2.61 .80 .17
52 2.200 .972 2.60 .80 .07

00 2.265 (1.000) 2.30 .75 (0.00)
{Dt is the intensity in front of the cell in arbitrary units.) 

The final pressure change is not exactly four times the pres­
sure of the ^-dichlorobenzene because some of the tubing 
was not included in the reaction zone and diffusion was 
slow enough to prevent all of the substance initially pres­
ent from reacting. The difference is quite closely ac­
counted for on this basis.

absorbed per sec., 1.65 X 1015; molecules of Cl2 
disappearing per second, 6.44 X 1014; quantum 
yield, 0.39.

This value of the quantum yield may not be 
compared directly with values for benzene and 
chlorobenzene which were obtained a t higher 
pressures. Rough estimates indicate that the 
value for ^-dichlorobenzene is lower if anything 
than for the other two substances under compar­
able conditions.

(f) The Form of the Total Pressure-Time 
Curve.—In all some seventy different runs were 
made and it would be useless to present the data 
in detail. Table II shows the data obtained for 
one typical run with Technique I.

Fig. 1.—Behavior of rate at low light intensity.

Figure 1 shows a plot of (dP/d//(dP/d^)0) 
against AP/AP«, for the data in Table II (run 11). 
Figure 2 shows a similar plot for a run at very 
high light intensity using Technique II. The 
fact that the plot is curved at low light intensities 
would seem to signify that a steady state is not 
reached as regards all of the chemically stable in­
termediate addition products. At high intensi­
ties such a steady state seems to be reached. 
Little can be said concerning the mechanism of 
the reaction after the early stages because a mist 
is produced which settles out on the walls and a 
large fraction of the reaction must occur at the 
interface between the liquid or solid and the gas 
phase.

In benzene and chlorobenzene the amount of 
Substitution occurring during the early stages of 
the reaction was small.1 I t  was impossible to ob-
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tain an adequate proof of this point for /»-dichloro- 
benzene due to the small amount of it which could 
be obtained in the vapor phase. However, the 
results indicated that this substance did behave 
in much the same way as the other two. It is as­
sumed, therefore, in treating the rate data that 
the main initial reaction is one of addition. The 
next problem is to study the rate of the initial re­
action as a function of the different variables using 
total pressure change as a measure of reaction rate.

Fig. 2.—Behavior of rate at high light intensity.

(g) The Effect of Light Intensity on the Rate.
—Table III presents data showing the effect of 
light intensity on the rate for the runs made at 
fairly low light intensities. It will be noted, how­
ever, that the intensity has been varied by a fac­
tor of nearly fifty. In the sixth column the in­
tensity (expressed in cm. deflection) is multiplied 
by the fraction absorbed by the chlorine and in the 
seventh column the rate of pressure change in 
mm./min. is divided by the corresponding figure 
in column six. The values in the seventh column 
are reasonably constant, indicating that within 
experimental error the rate of pressure change is 
proportional to the light intensity when the inten­
sity is fairly low.

In ascertaining whether the rate is proportional 
to a particular power of the light intensity for 
chain reactions, the number of quanta absorbed 
per cc. per second is the really important quantity. 
Thus variations in intensity from one part of the 
beam to another, the geometry of the beam and 
the volume of the reaction vessel must all be taken 
into account in making comparisons. As pointed

T a b l e  III
E ffect  of V a r ia t io n  in  I n t e n sit y  at  L ow  L ight  I n ­
t e n sit ie s  o n  t h e  R a te  of A d d ition  of C hlo r in e  to 

/»-D ic h lo r o ben zen e

(Pressure /»-dichlorobenzene, 0.64 mm. Volume, 45 cc.)
Intensity

Run
(dP/d/)omm./min.
X 102

in front 
(cm. de­
flection) 

D {
Chlorine
pressure

Fraction
absorbed,

F*
Ia

<=FaX D i)

(dP/dOo
IaX 102

11 8.66 10.20 32.6 0.455 4.65 1.86
13a 5.27 6.34 31.2 .441 2.80 1.88
13b 0.84 1.04 0.46 1.83
13c 2.64 2.79 1.23 2.14
13d 4.93 5.89 2.60 1.89
14 3.13 3.56 32.5 .454 1.62 1.93
17 12.22 12.50 44.2 .562 7.03 1.74
18a 11.18 11.50 43.8 .558 6.42 1.74
18b 3.75 3.92 2.19 1.71
19a 9.06 8.97 45.4 .573 5.14 1.76
19b 4.65 4.58 2.63 1.77
19c 1.09 1.06 0.61 1.78
19d 0.32 0.33 .19 1.68
(A  is already corrected for window transmission.)

out above the runs at very high light intensity 
were made with a different technique from those at 
low intensity and hence a direct comparison be­
tween the two sets of data is difficult. In Table 
IV the data obtained at high intensities are pre­
sented. The figure of 0.33 cc. of 0.1 N  potassium 
permanganate per minute for the average inten­
sity of the first group of runs corresponds to about 
ten times the highest number of quanta absorbed 
per cc. per second in Table III. I t is seen that 
over the data in both tables the number of quanta 
absorbed per cc. per second has been varied by a 
factor of nearly 500.

T a b l e  IV

E ffect  of V a r ia t io n  in  I n t e n sit y  at  H ig h  I n t e n sit ie s  
on t h e  R ate  of  A d d it io n  of Ch l o r in e  to /»-Dichloro-

BENZENE

(Calculated to pressure of /»-dichlorobenzene = 1 mm.)

Run
no.

(dP/dOomm./min.

Ia (cc. 0.1 N  
KMnOi 

per min.)
(dP/dOo

Ia
(dP/d/)o

ii*
(dP/dOo

r  65-*a
0-4 1.10 0.37 3.0 1.8 2.1
o-5 0.89 .28 3.2 1.7 2.0
o-28 1.20 .39 3.1 1.9 2.2
o-31 1.18 .28 4.2 2.2 2.7
Av. 1.09 .33 3.3 1.9 2.24
o-29 0.57 .09 6.3 1.9 2.7
o-30 .43 .11 3.9 1.3 1.8
o-32 .39 .06 6.5 1.6 2.4
o-33 .47 .08 5.9 1.7 2.4
Av. .465 .085 5.5 1.6 2.26

It is seen that the proportionality to light in­
tensity which is found within experimental error
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at low light intensities cannot be extrapolated to 
very high intensities. This will be taken up in 
the Discussion of Results. The quantum yield 
for the first four runs in Table IV averages about
0.08, while for the second group of runs it is 0.14.

(h) The Effect of Pressure of ^-Dichloro- 
benzene on the Rate.—The effect of ^-dichloro- 
benzene pressure on the rate was determined 
with runs made at intensities similar to those in 
Table III. The technique was Technique I pre­
viously described. Table V presents the results.

T a b l e  V
E ffe c t  o f  ^ -D ic h lo r o b e n ze n e  P r e ssu r e  on R a te

Chlorine ^-CemCh
(dP/dO o  

m m ./m in .
pressure,

mm.,
pressure,
mm., (dP/dO o (d P /d /)o

Ruu X 102 P i P 2 /a Ia /a  X P 2)

22 2.27 37.1 0.64 1.56 1.46 2.3
23 5.06 37.3 .30 5.98 0.85 2.8
24 6.89 36.4 .47 5.68 1.21 2.6
26 2.62 34.1 .22 4.39 0.60 2 .7
27 4.84 28.1 .64 3.18 1.52 2 .4
29 7.03 29.9 .91 3.14 2.24 2 .5

The results in Table V indicate quite clearly 
that the rate is proportional to the pressure of p- 
dichlorobenzene within experimental error.

(i) Dependence of Rate on Chlorine Pressure. 
—Here again the same technique was used as 
for the runs in Table III. Table VI presents the 
results.

T a b l e  VI
E ff e c t  of  C h l o r in e  P r e ssu r e  on R ate  

Pressure £-CeH4Cl2, 0.64 mm.

Run

(d P /d f)o  
mm./min. 

X 102

Df de­
flection, 

cm. %>absorbed Ia
Chlorine
pressure,

mm.
(dP/d/)o

/a
27 4.84 13.9 22.9 3.18 28.1 1.52
30 3.06 12.9 13.9 1.80 16.1 1.70
31 1.16 11.5 6.5 0.75 7.1 1.55
32 3.51 10.0 23.9 2.39 29.2 1.47
11° 8 . 6 6 10.2 45.5 4.65 32.6 1 . 8 6

19° 9.06 8.97 57.3 5.14 45.4 1.76
° Runs 11 and 19 were made in a different quartz cell 

from the others, the length being twice as great as for the 
other runs.

(j) The Extents of Addition and Substitution.
—Benzene and chlorobenzene could be chlori­
nated eventually to the cyclic eompound C6Cli2. 
Chlorination of the dichlorobenzenes to the same 
final product should lead to the disappearance of 
7 molecules of chlorine per molecule of dichloro­
benzene present at the beginning of a run. That 
this seems to be the case is indicated by the data 
in Table VII. If the final product has a negli­
gible vapor pressure, the total pressure should

change by an amount equal to four times the in­
itial pressure of ^-dichlorobenzene. Final chlo­
rine pressures were determined by titration.

T a b l e  VII
E x t e n t s  o f  S u b st it u t io n  a n d  A d d it io n  (^ -D ich loro­

b e n z e n e )

Run

£-C6H4Cl2
pressure,

mm.,
Pi

Change in 
total 

pressure, 
AP A P / P i

Change in 
chlorine 

pressure, 
AP2 AP2/P i

o-26 0.98 2.89 2.95 4.87 5.0
o-25 .79 1.82 2.3 2.97 3 .8
o-24 .99 3.69 3.7 6.87 6.9
o-23 .98 3.86 3.9 5.86 6.7
o-28 .91 3.28 3.6 5.10 5.6

(k) Comparison of the Ortho, Meta and Para 
Compounds under Similar Conditions.-—The
three dichlorobenzenes were compared as to re­
action rate using technique similar to that for 
the data in Table III. Table VIII gives the data.

T a b l e  VIII
C om parison  of R a t e s  o f  C h l o r in a t io n  of Or t h o , M e t a  

a n d  P a r a  D ic h l o r o b e n z e n e s
Intensity 
in front

Run
Com­

pound

(dP/d/)o 
mm./min.

X 102
(cm. 

deflec­
tion) Df

Chlorine
pressure,

mm. /a
(d7 d,)° X 10* Ia

32 para 3.51 10.0 29.2 2.39 1.47
33 meta 4.85 11.2 32.1 2.91 1.66
34 meta 3.76 10.2 34.4 2.81 1.34
35 ortho 4.40 11.0 34.8 3.06 1.44
36 ortho 4.40 10.2 36.5 2.95 1.49

The three compounds do not exhibit differences 
in behavior greater than experimental error.

III. Discussion of Results
The following facts seem to stand out from the 

results of the experimental work: (1) the rate of 
pressure change in a system of chlorine and p-ói- 
chlorobenzene is proportional to the pressure of 
the latter and independent of the pressure of the 
formet except in so far as the amount of radiation 
absorbed is dependent on this quantity; (2 ) a t 
moderate light intensities the rate is proportional 
to the intensity within experimental error, but 
at very high intensities (and also in a larger vessel) 
the rate depends on some power of the light in­
tensity between 0.5 and 1.0 ; (3) the rates for the 
ortho, meta and para compounds do not differ 
appreciably.

As happens so frequently in studies of kinetics 
of reactions, one mechanism cannot be selected as 
fitting the data better than any other on the basis 
of reaction rate studies alone. One which is 
adequate is represented by the following equations
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Cl2 +  hv =  2 Cl (0
Cl +  A — AC1 k2 (2)

AC1 +  Cl2 -  AC12 +  Cl k* (3)
Cl -f- walls =  removed kA (4)

Cl +  Cl -  Cl2 (5)

where A represents a molecule of dichlorobenzene. 
The rate of disappearance of chlorine is

- d P 2/dt  -  (k2k,/2h )P l((l  +  8k J a/kty/* -  1) (6)

Equation (6) gives a dependence on a power of / a 
between 1.0 and 0.5 at high intensities and re- 
duces to

: —dPz/dt  =  2 k2l APi /kA (7)

at low light intensities. (Pi =  pressure of CeH4- 
Cl2; P 2 — pressure of Cl2; / a = intensity ab­
sorbed in the proper units.)

The mechanism represented by equations (1) 
to (5) resembles in one respect those postulated 
for benzene and chlorobenzene in that the addi­
tion of a chlorine atom to the substance being 
chlorinated is postulated as the first step following 
absorption of radiation.

To account for the effect of intensity, the re­
combination of chlorine atoms (or some other un­
saturated groups) must be allowed to proceed 
both on the walls and homogeneously in the gas 
phase. Since the rate of diffusion of atoms to the 
walls will depend on the pressure, decreasing as 
the pressure increases, whereas the homogeneous 
recombination will take place as the result of 
three-body collisions which increase in number 
with the pressure, the effect of total pressure on 
the rate of reaction may not be very marked over 
quite large changes in that quantity.6 Neverthe- 
less, one will expect wall recombination to be most 
important at low pressures and in vessels of small 
diameter, while three-body collision recombina­
tion will be most important at high pressures and 
in vessels of large diameter. The transition from 
preponderance of one to preponderance of the 
other may take place over a relatively short pres­
sure interval.7 An exact treatment would neces- 
sarily include both the rate of diffusion of atoms 
to the walls and the effect of total pressure (or 
more specifically of the partial pressures of all of 
the constituents of the gas phasé) on the rate of 
recombination of chlorine atoms.

The results in Table VI show no pronounced 
effect of the total pressure (which will depend al­
most entirely on the chlorine pressure since the

(6) Jost and jung, Z. physik. Chem., 3B, 92 (1929), find little 
change in the value of the reaction rate constant for the hydrogen- 
bromine reaction at pressures greater than thirty or forty mm.

(7) Rabinowitch and Wood, Trans. Faraday Soc., 32, 907 (1930).

pressure of £-C6H4Cl2 is always small). It seems 
necessary to conclude, therefore, that in a smalï 
vessel over the pressure range investigated the 
rate of diffusion to the walls is rapid. If one as­
sumes that the concentration of chlorine atoms is 
not far from uniform throughout the reaction 
vessel, one finds the number of chlorine atoms 
hitting the walls per second to be

Ni -  1.69 X 1022 P 3 (8)
where P 3 is the pressure of chlorine atoms in mm. 
and the area of the walls is 49 sq. cm. Turning 
to run 13a in Table III, one finds the rate of pro­
duction of chlorine atoms to be 
2 X 6.34 X 0.441 X 5.9 X 1014 -  .

3.30 X 1016 per sec. (9)
If a is the fraction of the collisions with the walls 
which lead to removal of chlorine atoms, the pos- 
tulation of a steady state leads to

P3 - 1 .9 5  X ÏO"7/«  mm. (10)
In a steady state the rates of reactions (2) and 

(3) are equal, the rate of removal of chlorine mole­
cules by the formation of the addition product 
will be equal to the number of collisions between 
£-C6H4Cl2 molecules and chlorine atoms multi­
plied by a steric factor, ß, multiplied by the frac­
tion of the collisions involving sufficiënt energy 
to produce reaction which may be written as exp 
{—E/RT). If <7, the distance between centers 
at closest approaeh for these collisions, is taken as 
6 X 10-8 cm., the total number of collisions per 
second in a volume of 25 cc. will be

z -  1.43 X 1025 P iP3 (11)
if Pi and P 3 are expressed in millimeters.

The rate of change of chlorine pressure is one- 
half the rate of change of total pressure and mul- 
tiplying by 3.26 X 1016 (the number of molecules 
per cc. at 1 mm. pressure at 25°) and by the vol­
ume gives the number of molecules of chlorine 
disappearing per second. Equating this to the 
effective number of collisions per second gives

a /ß  =  4.33 X 103 exp { - E / R T )  (12)
where ß  is the steric factor. In round numbers, 
therefore

E -  5000 -  1365 logio a/ß  (13)
If the proper collision radius has been chosen both 
a  and ß  must be fractions and will probably not 
differ greatly from unity. The heat of activation 
of reaction (2) is thus of the order of magnitude of 
5000 calories per mole. This may be compared 
to 6100 calories for the reaction Cl +  H2 = HC1 
-f* H .8 If the reaction between chlorine and ■ƒ>-

(8) R odebush  and K lingelhoefer, T h is  J o u r n a l , 55, 130 (1933),
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dichlorobenzene could be studied at higher pres­
sures comparable to those used in the hydrogen 
chlorine reaction, the lengths of the chains would 
probably become quite large.

A word might be said with regard to other pos­
sible mechanisms for the reaction. Equations
(2) and (3) may not be combined into one equation 
involving Cl, A and Cl2 without introducing a 
factor of the chlorine pressure in the final rate 
equation. This is contrary to the experimental 
evidence. The evidence for or against the mole­
cule Cb is not conclusive. At low light intensi­
ties the proper form of rate equation may be 
based on the following series of reactions

Cl2 +  hv = 2C1 (14)
Cl +  Ch = Cl3 (15)
Ch +  A  -  AC12 +  Cl (16)

Cis +  walls = 3/2Cl2 (17)

With this mechanism the numerical factors will 
be changed somewhat due to differences in the 
masses of the molecules involved and in the colli­
sion radius, but the heat of activation of reaction 
(16) will be of the order of that given by equa­
tion (13).

Most of the other mechanisms tried gave equa­
tions disagreeing very definitely with the experi­
mental data.

It should be reëmphasized that at high light in­
tensities it is necessary to introducé a homogene­
ous recombination of atoms or radicals which is 
partly responsible for the stopping of chains.

Since the treatment of the rate data applies only 
to the addition reaction, under conditions such 
that the Substitution reaction is small, it should be 
noted that the possible mechanisms bear some re- 
semblance to those postulated by other authors to 
explain reactions of a similar type.9

Some mention of the relationship of the work 
described in the present article to the work on 
benzene and chlorobenzene may be made. Two 
runs were made in the present apparatus with ben­
zene (Technique II). The rate for ^»-dichloro- 
benzene, corrected to the same pressure and in­
tensity, was two-thirds to one-half that for ben­
zene, indicating that the heat of activation for the 
reaction corresponding to (2) or (16) is lower for 
the latter substance.

(9) Dickinson and Carrico, T h is  J o u r n a l , 56, 1473 (1934); Stew­
art and Weidenbaum, ibid., 57, 2036 (1935). See articles under 
Ref. 1 for other references. Booher and Rollefson, ibid., 56, 2293 
(1934), feel that the use of triatomic halogen molecules offers satisfac- 
tory explanations of many different halogenation reactions. See also 
Rollefson, “Symposia on Quantitative Biology,” The Biological 
Laboratory, Cold Spring Harbor, L. I., N. Y., Vol. III, 1935, p. 42.

At low light intensities the rate of chlorination 
of benzene was found to be proportional to the 
pressure of chlorine, or in other words to the inten­
sity absorbed. At higher intensities and in ves­
sels of fairly large volume so that the distance the 
chlorine atoms had to traverse to reach the walls 
was much larger than in the present experiments, 
the rate was found to be proportional approxi­
mately to the square root of the light intensity, 
the pressure of the chlorine and the pressure of the 
benzene. With chlorobenzene the incident in­
tensity could not be varied conveniently with the 
apparatus used, but the volume of the apparatus 
was again large and the rate was again best rep­
resented by an expression involving the square root 
of the light intensity. As regards the effect of 
light intensity the agreement between the expres- 
sions for the three substances may be said to be 
complete. The differences center largely upon the 
effects of the chlorine pressure and of the pressure 
of the substance being chlorinated. The pres­
sure of benzene was varied from about 1.6 mm. 
to about 12.5 mm., while that of chlorobenzene 
was varied from about 1.5 mm. to about 8.3 mm. 
In both cases the initial rate was found to be pro­
portional to the pressure of the substance being 
chlorinated, thus agreeing with the work on the 
dichlorobenzenes.10 The square root of the 
chlorobenzene pressure (or of some quantity pro­
portional to the amount of uncompleted addition 
reaction) seemed to be involved in calculating 
constants for the course of runs beyond the initial 
stages.

For both benzene and chlorobenzene the chlo­
rine pressure appeared in the final rate expres­
sion, thus disagreeing with the work on the di­
chlorobenzenes. This may possibly be due to the 
fact that when the pressure of the substance to be 
chlorinated is higher than in the present experi­
ments reactions (2) and (3) follow each other so 
rapidly that their sum may be written as one step. 
It is probable also that in the case of chloroben­
zene where the volume of the vessel was large and 
the intensity high, the total gas pressure (pri­
marily dependent on the pressure of the chlorine) 
affected the rate of diffusion of atoms to the walls, 
thus making it necessary to introducé this quan­
tity into the rate expression.

Thus while there are some superficial differ­
ences in the rate expressions obtained for these 
various substances, many aspects of the reactions

(10) Ref. lb , p. 4457, Ref. lc , Table IV, p. 1307.
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are similar and the mechanisms probably are not 
widely different.

Summary

1. The rates of photochemical chlorination of 
the three dichlorobenzenes have been investigated. 
Most of the measurements were made on the para 
eompound, although little difference in behavior 
between the three was noted.

2. The rate of chlorination is proportional to 
the intensity at low intensities, but depends on

some power of the intensity between 0.5 and 1.0 
at higher intensities.

3. The rate is independent of the chlorine 
pressure, except in so far as this determines the 
light absorption, but is proportional to the pres­
sure of the dichlorobenzene.

4. Various possible mechanisms of the reac­
tion have been discussed and a brief comparison 
with the results for benzene and chlorobenzene 
has been made.
P r o v id e n c e , R. I. R e c e iv e d  J u n e  25, 1936

[C o n t r ib u t io n  from  t h e  C hem ical L aboratory  of  t h e  U n iv e r sit y  o f  T e x a s ]

The Determination of the Heat Capacities and the Heat Capacity Ratios of Gaseous 
Hydrogen Cyanide and of Hydrogen Sulfide1

B y  W. A. F elsing  and  G. W. D rak e

Object of the Investigation.—The purpose of 
this investigation was the experimental determina­
tion of the heat capacities and of the heat ca­
pacity ratios at different temperatures of gaseous 
hydrogen cyanide and hydrogen sulfide. Heat 
capacity data for gaseous hydrogen cyanide were 
necessary for the thermodynamic treatment of 
the thermal decomposition data for monomethyl- 
amine obtained in this Laboratory.2 Hydrogen 
cyanide is one of the products of this decomposi­
tion, and since published data for the heat ca­
pacities of this substance are meager and discor- 
dant it was decided to measure these needed 
quantities. I t  constitutes an integral part of 
the study of the methylamines as refrigerating 
fluids in the absorption type refrigerating units as 
carried out in this Laboratory.3

Since the apparatus was available and the heat 
capacity data for gaseous hydrogen sulfide are 
rather meager, this substance was included in this 
investigation.

Previous Investigations.—Bryant proposed,4 
on the basis of spectroscopie measurements, the 
following relation for gaseous hydrogen cyanide
Cp(cal./mole) HCN (g) =  7.01 -j- 0.006600r -  
___________  0.000001641 r 2

(1) From a thesis presented by George Wilson Drake to the Gradu­
ate Faculty of the University of Texas in partial fulfilment of the re­
quirements for the degree of Doctor of Philosophy, June, 1936.

(2) F. W. Jessen, Ph.D. Dissertation, University of Texas, 1933.
(3) (a) Felsing and Thomas, Ind. Eng. Chem., 21, 1269 (1929); 

(b) Felsing and Wohlford, T h is  J o u r n a l , 54, 1442 (1932); (c) Fel­
sing and Jessen, ibid., 55, 4418 (1933); (d) Felsing and Ashby, ibid., 
56, 2226 (1934).

(4) Bryant, Ind. Eng. Chem., 25, 820 (1933).

This relation is claimed to apply over the region 
300-2000° K. with an accuracy of about 3%. 
Usherwood,5 Partington and Carroll6 and Bredig 
and Teichmann7 have determined heat capacity 
ratios for gaseous hydrogen cyanide at different 
temperatures. The latter investigators also cal­
culated values of Cp and Cv from their heat ca­
pacity ratios.

Eastman proposed a relation for gaseous hy­
drogen sulfide,8 which he based upon a review of 
all existing data; for the region 300-600°K. he 
proposed

Cp (cal./mole) H2S (g) =  7.2 +  0.0036F 
for which he claimed only a 5-10% accuracy. 
Bryant4 proposed a relation based upon spectro­
scopie measurements
Cp(cal./mole) H2S (g) =  6.48 +  0.00558r -f 0.000001204F2 
This relation is to apply over the range 300- 
2000°K. with an accuracy of about 2%. Part­
ington and Shilling9 give a résumé of all heat ca­
pacity ratios for gaseous hydrogen sulfide as de­
termined through 1923. Recently Giauque and 
Blue10 determined the heat capacities of solid 
and liquid hydrogen sulfide.

The Method of this Investigation.—The method se 
lected for the experimental determination of the heat ca­
pacities was the closed system continuous flow method of

(5) Usherwood, J . Chem. Soc., 121, 1604 (1922).
(6) Partington and Carroll, Phil. Mag., 49, 1665 (1925).
(7) Bredig and Teichmann, Z. Elektrochem., 31, 449 (1925).
(8) Eastman, B u y . Mines Tech. Paper 445 (1929).
(9) Partington and Shilling, “The Specific Heats of Gases,” 

Ernest Benn Limited, London, 1924, pp. 139,199.
(10) Giauque and Blue, T h is  Jo u r n a l , 58, 831 (1936).



Sept., 1936 Heat Capacity of Hydrogen Cyanide and Hydrogen Sulfide 1715

Scheel and Heuse,11 with certain modifications suggested 
by Thayer and Stegeman12 and by Haas and Stegeman.13 
Modifications dealing with calorimeter design, the heating 
unit, and the gas circulating pump as developed during 
this investigation are described in the appropriate sections 
following.

The Calorimeter.—The calorimeter is shown in Fig. 1. 
An enlarged section shows the heating unit design. This 
unit consisted of approximately 3.66 meters of No. 34 B. & S. 
bare manganin wire; it was wound smoothly in a lathe on 
1.58 mm. diameter rod. A Pyrex rod spiral, which fitted 
loosely into the heater tube, was constructed; upon this 
the coiled heating wire was threaded. The glass spiral 
and its covering of coiled wire was then inserted into the 
heater tube; the coils fitted tightly against the walls and 
there was no open channel for the gas to travel through 
without coming in contact with the heating unit many

(11) Scheel and Heuse, Ann. Physik, 37, 79 (1912); 40, 473
(1913).

(12) Thayer and Stegeman, J. Phys. Chem., 35, 1505 (1931).
(13) Haas and Stegeman, ibid., 36, 2127 (1932).

times. The return wire from the lower end of the coil 
was brought through a small glass tube extending through 
the center of the glass spiral. Thus 3.66 meters of bare 
wire were placed into a tube 4.75 mm. in diameter and 7.6 
cm. long.

The Thermoelement.—A 10-junction copper-constantan 
thermoelement, constructed with the usual precautions, 
was used to measure the temperature difference between 
the incoming and outgoing gas. In calibration, nine ob­
servations were made at each calibration point, the hot 
and cold junctions differing by about 3.5° as measured by 
calibrated Beckmann thermometers. The values of AE/  
At thus determined at a given point differed by only 2 
parts in 2500 from the average.

The Circulating Pump.—The pump first used was of the 
type described by Scheel and Heuse,11 by Thayer and Stege­
man,12 and by Haas and Stegeman.13 But, since it was 
found impossible to prevent oscillation of the conventional 
mercury valves at higher rates of flow with the consequent 
irregularity of flow, a new design of pump was introduced. 
The details of this pump are shown in Fig. 2. Mercury

valves were abandoned and replaced by ground glass ones, 
as shown at A and B of Fig. 2. The operating mechanism 
is shown at K; a crank was mounted on the face-plate of 
an ordinary speed reducer and the pin of the crank was 
carried on a threaded bar. This bar was supported at 
each end by brass blocks and the stroke was varied by 
turning the threaded bar; this changed, of course, the rate 
of flow of the gas.
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The rate of flow was determined as usual by the cali­
brated bulb method provided, however, with automatic 
timing. In addition, a flow-meter, calibrated against the 
bulb, was inserted in the system and the pressure drop 
measured with a differential manometer filled with olive 
oil.

The Thermostat.—The thermostat containing the calo­
rimeter consisted of a large Dewar flask (15 X 50 cm.). 
It was filled with liquid paraffin and was maintained con­
stant at each temperature to within =*=0.005°.

The Kundt Tube.—This apparatus does not differ in 
essentials from that described by Felsing and Jessen,30 
except in the method of sound production. A General 
Radio (Type 213, 1000 cycle) audio oscillator produced 
the current which was sent through a General Radio filter 
section (Type 330E, 1000 cycle, 600 ohm impedance) and 
a General Radio band-pass filter (Type 534-B, 1000 cycle, 
2000 ohms impedance). This current, impressed upon a 
telephone receiver in its special housing, produced a sound 
wave in the tube of such a nature that the minima could 
be detected easily. The listening tube was closed, the 
sound being transmitted to a thin aluminum disk fitted 
into an old-style telephone receiver. The tube was ap­
proximately 4 cm. in diameter and it was accurately ther- 
mostated.

The Preparation of the Gases.—Hydrogen cyanide was 
prepared from potassium cyanide and sulfuric acid as 
recommended by Gilman.14 15 The gas was freed from spray, 
dried by passage over calcium chloride, and Condensed 
by an ice-salt mixture. Repeated fractional distillation 
under reduced pressure yielded a pure product, which was 
stored in a reservoir under its own vapor pressure.

jv
'o£

Hydrogen sulfide was prepared from aluminum sulfide 
and water by the method of Keyes and Felsing.16 The 
gas was dried by passage over aluminum sulfide.

The Heat Capacities.—The heat capacities for gaseous 
hydrogen cyanide were measured at 30, 70, 110, 130 and 
148°; for hydrogen sulfide they were 30, 70 and 110°. 
The apparatus was calibrated carefully with pure air

(14) Gilman, “Organic Syntheses,” Coil. Vol. I, John Wiley and 
Sons, Inc., New York, p. 307.

(15) Keyes and Felsing, T h is  J o u r n a l , 42, 246 (1920)

(moisture and carbon dioxide free) and the heat loss con­
stant for the apparatus, at different rates of flow, was de­
termined with the aid of the heat capacities listed for air 
in ‘T. C. T.”16 The loss determined for air at each tem­
perature and given rate of flow was then assumed to be the 
loss for the two gases investigated under like conditions. 
This assumption seems justified for gases of about the 
same density. The following table presents the data 
obtained; each value listed is the average of six separate, 
closely agreeing determinations.

T a b l e  I
T h e  Spe c ific  a n d  M olecular  H ea t  Ca pa c itie s  of 
G a se o u s  H ydrogen  C y a n id e  a n d  H y d r ogen  S u l fid e  

Hydrogen Cyanide
Temp.,

°C.
Heat input 
J./g./deg.

Heat loss 
J./g./deg.

Heat capacity 
Specific Molecular 

J./g. cal./mole
30 2.697 0.513 2.185 14.107
70 2.147 .567 1.580 10.201

110 2.065 .637 1.428 9.219
130 2.085 .661 1.424 9.194
148 2.095 .667 1.422 9.181

Hydrogen Sulfide
30 1.475 0.513 0.962 7.838
70 1.540 .567 .973 7.928

110 1.640 .637 1.003 8.172

The values for the heat capacity for hydrogen 
cyanide were plotted against the temperature as 
shown in Fig. 3; on the same plot is included the 
equation by Bryant.4 The very rapid change in 

heat capacity at and near room tem­
perature is due most likely to the fact 
that the gas is associated, as is shown 
in the table of densities determined 
during this investigation. As the 
temperature rises, the gas density ap- 
proaches normal; Ingold17 stated that 
the density of this gas becomes nor­
mal above 170°, a fact substantiated 
by the density measurements listed 
below. These were made with great 
care, observing every precaution for 
high accuracy.

Accordingly, the continuous line, 
representing the most probable values, 
does not join the Bryant line until 
about 700°K. It is assumed that

T a b l e  II
T h e  D e n s it ie s  o f  G a se o u s  H ydrogen  Cy a n id e

Temp.,
°C.

Density (1 atm.) 
(g./cc.)

Obsd. density/ 
Calcd. density

30 0.0011615 1.07050
70 .0009880 1.03013

110 .0008735 1.01699

(16) “l.C . T .,” VoI. V, p. 81.
(17) Ingold, / .  Chem. Soc., 129, 26 (1926).

Fig. 3.—Temperature, deg. Kelvin.
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above that temperature the Bryant relation may 
yield values of the heat capacity. Since, however, 
the heat capacity changes so rapidly at or near 
400°K. two relations were obtained: one for the 
region 280-400°K. and the other for the region 
400-1000°K. These are given as follows
(280-400°K.): Cp(cal./mole) HCN(g) -  121.03 -

0.58130r +  0.00754T2
(400-1000°K.): Cp(cal./mole) HCN(g) -  6.650 +

0.00675T -  0.00000125 712

The relation best expressing the heat capacities 
of hydrogen sulfide pver the temperature range in­
vestigated is
(273-450° K ) : Cp(cal./mole) H2S(g) = 12.157 -

0.02883T +  0.000048125 T2

Since this relation contains rather large tempera­
ture coefficients it is not advisable to extrapolate 
it far past the temperature limits specified.

The Heat Capacity Ratios.—The y values are 
presented in Table III; the values in the column 
marked “uncorrected" resulted from the relation

7 (uncorr.) =  1.403 g

while the values in the “corrected" column re­
sulted from the application of the correction rela­
tion

y  corr. = y  (uncorr.)
where = 1 — 9/u  7r r (1 — 6t2), as suggested by 
Partington and Shilling9 (p. 50). Here ir = p/pc 
=  actual pressure/critical pressure and r  =  
T J T  s= critical temperature/actual temperature. 
The critical data for hydrogen cyanide are those of 
Bredig and Teichmann,7 while those for hydrogen 
sulfide are due to Pickering.18

The increasing values of y  for hydrogen cy­
anide may be explained by the apparently greater 
complexity, as indicated by the density; if values

(18) Pickering, J. Phys. Chem,, 28, 97 (1924).

T a b l e  I I I

V a l u e s  of Cp/C v fo r  H y d r o g e n  C y a n id e  a n d  H y d r o g e n  
S u l f id e

Gas Temp., °C. 7, uncorr. 7 , corr.
HCN ' 30 1 .144 1.087

50 1.252 1.201
75 1.276 1 .235

H2S 10 1.349 1 .322
25 1.343 1.321
50 1.330 1.313
75 1 .314 1.301

had been extended to higher temperatures, the y 
values would most likely have gone through a 
maximum as is shown by the results of Bredig and 
Teichmann (maximum at 140°).7

The Accuracy of the Determinations.—From a 
consideration of all sources of error, it is be­
lieved that the heat capacity data are accurate to 
within one per cent.; the accuracy of the heat ca­
pacity ratios is within 0.2%; and the density 
data for gaseous hydrogen cyanide are believed to 
be accurate to within 0.5%.

Summary
1. The heat capacities of gaseous hydrogen 

cyanide and of hydrogen sulfide have been deter­
mined over a limited temperature interval with an 
accuracy of approximately 1%. These have been 
expressed as functions of the temperature.

2. Improvements in measurement of the rate 
of flow in the construction of the heating unit, and 
in the gas circulating pump have been described.

3. The densities of gaseous hydrogen cyanide 
have been measured with an accuracy of approxi­
mately 0.5%.

4. The heat capacity ratios for hydrogen cy­
anide and sulfide have been measured over a tem­
perature range with an accuracy of about 0.2%. 
A u s t in , T e x a s  R e c e iv e d  J u n e  19, 1936
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[C o n t r ib u tio n  from  the  F rick  Chem ical  L aboratory  of  P r in c e t o n  U n iv e r sit y ]

Non-Rotation of Molecules in a Number of Solids

By S. A. McNeight and C. P. Smyth

This paper presents the negative results of in­
vestigation through dielectric constant measure­
ments on a number of solids in which the size and 
shape of the molecule or the properties of the sub­
stance indicated the possibility of molecular rota­
tion. The apparatus and method employed was 
essentially the same as that described in earlier 
papers.1 The work on benzophenone was carried 
out by Dr. W. S. Walls.

Purification
Methylamine.—This was prepared by the action of a 

concentrated potassium hydroxide solution on Merck c. p. 
methylamine hydrochloride, dried by passing over fused 
potassium hydroxide, Condensed by a carbon dioxide- 
acetone slush and fractionally distilled, the middle third 
being collected directly in the dielectric constant cell. 
Evaporation of the last third of the material at about 
183°K. left no residue, m. p. 179.7°K.

Ethyl Ether.—The material used was part of a sample 
carefully purified for freezing point measurements.2

Acetone.—C. p . acetone was dried by standing over 
fused calcium chloride for some weeks with a subsequent 
fractional distillation from a fresh supply of calcium 
chloride; m. p. 178.2°K.; b. p. 329.3°K.

Benzophenone.—Material from the Florasinth Labora­
tories, Inc., was dissolved in a small amount of benzene 
and filtered. The benzene was distilled off and the residue 
fractionally crystallized ten times; m. p. 321.2°K. A por­
tion of the original material was fractionally distilled under 
reduced pressure and a sample boiling from 457.6 to 
458.1 °K. was collected and measured. This material 
: howed such dispersion of the dielectric constant that the 
sample purified by fractional crystallization was used for 
the measurements reported in Table I.

90 110 130 ' 150 170
T, °K.

Fig. 1.—Temperature dependence of the dielec­
tric constants (at 50 kc.) of acetone and methyl­
amine; upper curve, acetone; lower curve, 
methylamine.

Succinic Acid.—C. p . succinic acid was recrystallized 
from water three times; m. p. 455.9°K. The material on

(1) Smyth and Hitchcock, T h is  J o u r n a l , 54, 4631 (1932); 55, 
1830 (1933).

(2) Hnettig and Smyth, ibid., 67, 1523 (1935).

which measurements were made probably contained appre­
ciable amounts of succinic anhydride since melting was 
necessary in order to fill the condenser and a melting 
point determination made at the conclusion of the meas­
urements gave 453.6°K.

Experimental Results
The dielectric constants e and the specific con- 

ductances k(ohm~x cm“ 1) are given in Table I, the 
absolute temperatures being given in the first col­
umn and the frequencies in kilocycles across the 
top of each group of data. Unless otherwise indi­
cated, the values were obtained with rising tem­
perature. As the material in each case is frozen 
between the fixed plates of the meäsuring con­
denser, the value found for the dielectric constant 
does not change because of change in the number 
of molecules per cc. with temperature. For an 
approximate calculation of the polarization of the 
solid at any temperature, the density at the melt­
ing point is the one to be used. Many values of 
the dielectric constant at intermediate frequencies 
and temperatures have been omitted for the saké 
of brevity. As no appreciable dependence upon 
frequency was observed for ether, its dielectric 
constant values are given only at 5 kc. and its spe­
cific conductances, 0.02 X 10“9 for the solid and
0.04 X 10“9 for the liquid at 5 kc., are omitted.

Discussion of Results
As methyl alcohol has been found to show rota­

tion with some difficulty above a transition point, 
methylamine, which has a melting point 4° higher, 
a dipole moment 1.23 instead of 1.68 X 10“ 18 and 
a molecule rather similar in shape and size, might 
also be expected to show molecular rotation. 
Figure 1 shows that the dielectric constant rises 
rapidly above 160°K., the rapidity increasing with 
increasing temperature and decreasing frequency. 
The first part of the rise appears like the curves for 
ice, in which the molecules evidently turn with 
difficulty, but the very steep rise as the melting 
point is approached and the great increase in con­
ductance as compared to a maximum in the con­
ductance curve shown by ice and by methyl alco­
hol show that this rise in dielectric constant is not 
due to the setting in of molecular rotation in the 
solid but is caused by impurities, which give rise
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T a b l e  I
D ielectric  C o n st a n ts  a n d  S pe c ific  C o n ductances

Methylamine (m. p. 179.7 °K.)
Kc 50 5 0.5 50 5 0.5

T, °K. £ k X 10*
87.6 2.47 2.46 2.42 0.58 0.01 0.01
91.8 2.48 2.46 2.40 .58 .01 .01

103.7 2.48 2.46 2.41 .67 .01 .01
111.3 2.50 2.48 2.42 .67 .01 .01
118.6 2.52 2.48 2.44 .67 .01 .01
125.3 2.52 2.49 2.46 .67 .03 .01
132.9 2.55 2.52 2.48 .76 .03 .01
138.6 2.56 2.53 2.53 .76 .03 .03
145.8 2.57 2.59 2.84 .93 .21 .09
150.0 2.58 2.64 3.16 1.30 .35 .15
154.4 2.60 2.78 3.68 1.91 .61 .21
158.1 2.66 3.01 4.56 3.17 1.06 .35
163.4 2.83 3.60 5.91 6.41 2.18 .91
170.1 3.05 4.14 7.37 9.46 3.22 1.50
173.4 3.22 4.47 7.68 11.0 3.76 1.93
177.2 3.78 5.21 9.22 15.9 4.84 2.14
178.4 4.12 6.62 12.6 20.3 9.25 8.04
179.0 9.17 23.0

Ethyl Ether (m. p. 156.8°; f. p. 149.8°K.)
K c. .. . ___ 5 K c...............5 K c..........

T, °K. T, °K. T, °K.
Cooling Warming

173.0 9.04 145.0 2.28 167.8 9.49
169.9 9.55 147.8 2.28 172.2 9.05
164.1 9.91 148.7 2.29 198.3 7.25
161.4 10.17 149.3 2.30 205.9 6.87
160.1 10.32 149.5 2.30 213.0 6.55
156.4 10.72 149.7 2.30 223.1 6.13
154.3 11.02 150.0 2.30 232.3 5.80
153.2 11.21 150.2 2.30 243.9 5.45
151.5 11.36 151.6 2.31 250.7 5.26
150.8 11.47 152.5 2.33 263.4 4.96
150.1 11.55 153.6 2.35 272.6 4.75
149.3 11.64 155.6 2.43 287.2 4.42
148.7 11.73 155.9 2.46 294.2 4.27
147.6 11.88 156.0 2.52 295.9 4.17
147.0 11.98 156.2 2.58 -o ,Refrozen. warming146.3 12.07 156.4 2.73
145.2 12.22 156.5 2.82 89.9 2.20
149.8 8.02 156.6 3.38 91.6 2.20
149.8 7.71 156.7 4.08 99.5 2.20

149.8 3.20 156.8 6.46 106.2 2.20

Solid 156.9 8.28 
157.0 10.02

117.0
128.7

2.21
2.30

149.8 2.26 136.9 2.30
148.6 2.24 Liquid
146.7 2.22 157.0 10.42
136.0 2.18 157.2 10.37

Acetone (m. p. 178.2°K.) .
Kc 50 5 0.5 50 5 0.5

T, °K. € k X 10*
100.2 2.80 2.82 2.84 0.20 0.02 0.01
103.9 2.80 2.83 2.85 .20 .02 .01
110.7 2.82 2.85 2.86 .20 .02 .01
117.5 2.85 2.88 2.89 .20 .02 .01
123.7 2.87 2.90 2.92 .20 .02 . 01

124.9 2.87 2.90 2.93 .24 .0 2 .0 1
125.7 2 .8 8 2.90 2.93 .27 .03 .0 1
126.7 2 .8 8 2.92 2.94 .28 .03 .0 1
128.8 2.89 2.93 2.97 .29 .04 .0 1
134.0 2.92 2.99 3.00 .47 .05 .0 1
140.3 2.99 3.04 3.04 .59 .03 .0 1
143.3 3.00 3.04 3.06 .48 .03 .0 1
152.0 3.04 3.08 3.17 .33 .07 .04
160.2 3.10 3.22 3.57 .55 .2 2 .1 0
168.0 3.20 3.49 4.59 1.51 .70 .29
172.4 3.39 4.01 5.96 4.11 1.97  

Benzophenone (m. p. 321.2°K.)

1.33

Kc
T, °K.

70 12 3 0.7 0.3

200.4 3.16 3.15 3.15 3.16 3.15
214.1 3.16 3.15 3.15 3.16 3.15
2 2 2 .6 3.16 3.15 3.15 3.16 3 .15
235.1, 3.16 3.15 3.15 3.16 3 .15
244.6 3.16 3.15 3.15 3,16 3.16
255.1 3.16 3.15 3.15 3.16 3.16
266.3 3.16 3.15 3.15 3.16 3.15
279.6 3.16 3.15 3.15 3.16 3.16
288.9 3.16 3.15 3.16 3.17 3 .17
297.6 3.16 3.16 3.16 3.18 3.19
306.1 3.17 3.16 3.17 3.20 3.23
313.3 3.18 3.17 3.20 3.25 3.31
319.6 3.26 3.27 3.30  

Liquid

3.37 3 .42

320.6 11.50 11.51 11.55 11.73 1 2 .0 1
321.6 11.45 11.47 11.52 11.70 11.98
325.6 11.26 11.28 11.35 11.58 11.85

Succinic Acid (m. p. 455.9 °K.)
Kc 5 5 Kc 5 5

T, °K. £ k X 109 T, °K. £ k X 101
Cooling

387.4 5.35 1.27 270.5 2.56 0.03
370.0 2.90 0.24 258.3 2.56 .03
334.1 2.74 .06 247.2 2.54 .03
305.4 2.66 .03 238.1 2.53 .03
298.2 - 2.64 .03 217.0 2.53 .03
289.6 2.58 .03
285.2 2.56 .03
276.9 2.56 .03

Warming
223.1 2.52 0.03 260.2 2.36 0.05
228.5 2.51 .03 271.0 2.42 .11
237.3 2.51 .03 271.7 2.43 .12
252.0 2.53 .03 272.3 2.44 .14

Melted and refrozen 272.6 2.46 .17
273.1 2.47 .17

(m. p. 453.6°K.) 273.2 2.48 .18
100 2.29 0.01 273.4 2.49 .19
112 2.29 .01
122.2 2.29 .01
175.3 2.30 .01
188.8 2.31 .02
205.5 2.31 .02
214.7 2.32 .02
222.5 2.34 .04
234.7 2.35 .03
247.1 2.36 .04
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to tracés of liquid and probably ionic displace- 
ments. The presence of these impurities is indi­
cated by the fact that the melting point of the 
sample used was 0.9° lower than that found by 
Timmermans and M attaar3 and lacking in sharp- 
ness. The size, shape and dipole moment of the 
methylamine molecule are such that its rotation 
in the solid might occur at least as easily as that of 
the methyl alcohol molecule. As this begins to 
show limited rotation only 15.5° below its melting 
point, the rotation of the methylamine molecule 
might be expected to begin a few degrees below 
its melting point. However, the uncertainty in 
the effects of the various factors is more than 
enough to make possible the postponement of ro­
tation in the solid until a temperature above the 
melting point is reached. Methylamine resembles 
ammonia, which shows no molecular rotation in 
the solid, much as methyl alcohol does water, 
which turns with difficulty in the solid. The ab­
sence of any rotation of the —NH2 group in the 
molecule is like that in aniline, which shows no 
molecular or group rotation.1

110 150 190 230 270
r , °K.

Fig. 2.—Temperature dependence ol the dielectric 
constant (at 5 kc.) of ethyl ether.

It may be concluded from the low dielectric 
constant values found4 for solid methyl chloride, 
bromide and iodide that there is no molecular rota­
tion around any axis perpendicular to the carbon- 
halogen line, the dielectric constant giving no in­
formation as to rotation around the carbon- 
halogen line, in which the molecular dipole lies. 
Low dielectric constants found4 for solid methyl­
ene chloride and chloroform show that these mole­
cules do not rotate around any axes perpendicular 
to their one axis of symmetry. I t is probable that 
all of these molecules are so located in their lat-

(3) Timmermans and Mattaar, Buil. soc. chim. Belg., 30, 213 
(1921).

(4) Morgan and Lowry, J. Phys. Chem., 34, 2385 (1930).

tices as to block one another’s rotations around 
axes perpendicular to those in which their dipoles 
lie, such rotation being presumably much more 
difficult than rotation of the methylamine mole­
cule around the C-N line or of the methyl alcohol 
molecule around the C-O line.

The dielectric polarization of ethyl ether in 
solution and in the pure liquid state shows very 
little orienting force between the molecules.5 As 
the freezing point is 7° lower than the melting 
point, a change from an unstable to a stable form 
apparently occurring in the solid, one would an- 
ticipate a considerable amount of molecular free­
dom in the solid. The dielectric constant- 
temperature curve in Fig. 2 shows clearly the dif­
ferent freezing and melting temperatures and 
shows equally clearly by its low and almost hori­
zontal position below the freezing point the ab­
sence of molecular rotation in the solid. The 
curves for falling and rising temperature are coin- 
cident below the freezing point and show no sign 
of any transition, therein agreeing with the ab­
sence of discontinuity in the temperature-time 
curves run in this Laboratory.2 The curve gives 
no sign of the behavior reported for liquid ether by 
Mazur,6 whose measurements showed a rise in di­
electric constant from 4.18 at 303.7°K. to a maxi­
mum of 12.39 at 167.7°K. followed by a decreas- 
ingly rapid decrease with further lowering of tem­
perature, then a slight increase with only a small 
break downward on freezing. Mazur ascribed 
this phenomenon to the formation of two liquid 
phases by the ether, which was supposed to un­
dergo a transition at 167.7°K., but Smits7 has 
concluded that Mazur’s results are due to the pres­
ence of impurities. The material measured in the 
present work appeared to be very pure, since the 
melting point was shown by temperature-time 
curves to be very sharp and in excellent agreement 
with the carefully determined value of Timmer­
mans and Martin8 as well as that of Skau.9 The 
failure'to find the abnormal behavior reported by 
Mazur for liquid ether parallels a similar failure in 
the case of nitrobenzene.1 The specific volume
1 1 cif 1 dtirl f l ip  ^t'plppfnr» p o n c lo ir f  O 9 0*  w  *  w  * ^ **v* . X A & V A V V  V 4 JLV» W A l O V U U t  • A J \J

from 89.9 to 106.2°K. give a polarization value
24.5, from which subtraction of the electronic

(5) Smyth, “Dielectric Constant and Molecular Structure,” The 
Chemical Catalog Co., Inc., New York, 1931, p. 180.

(6) Mazur, Nature, 126, 649 (1930).
(7) Smits, Z. physik. Chem., A160, 225 (1932).
(8) Timmermans and Martin, J. chim. Phys., 25, 411 (1928).
(9) Skau, / .  Phys. Chem., 37, 609 (1933).
(10) Isnardi, Z. Physik, 9, 160 (1922).
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polarization 22.011 gives 2.5 for the atomic polari­
zation in fair agreement with the value 3.3 ob­
tained by Fuchs.

Fig. 3.—Temperature dependence of the 
dielectric constant (at 70 kc.) of benzo­
phenone.

The considerable departure of the acetone mole­
cule from a spherical or cylindrical shape would 
lead one to expect no rotation in the solid. This 
expectation is borne out by the dielectric constant 
values in Table I and Fig. 1, the rapid increase of 
both dielectric constant and conductance and 
their Variation with frequency as the region of the 
melting point is approached being caused by im­
purities as in the case of methylamine. Special 
care was taken with the measurements in the 
neighborhood of 126°K., where a small hump had 
been found12 in the specific heat-temperature 
curve but no irregularity was observed in the di­
electric constant-temperature curve at any of the 
frequencies used. Pauling has suggested13 that 
the small hump sometimes observed in specific 
heat-temperature curves is due to the setting in of 
rotation of a group within the molecules. Al­
though the dielectric constant values show that 
the entire molecule does not rotate in the solid, 
they would not be affected appreciably by rota­
tion of the methyl groups in the molecule, which 
may be the cause of the hump in the specific heat 
curve. Use is made of the density 0.9686 of solid 
acetone at its melting point given by “Interna­
tional Critical Tables” to calculate the polariza­
tion of the solid at 100°K. The value 22.7 thus 
obtained gives an atomic polarization value 7, 
which is almost certainly too high. The small

(11) Fuchs, Z. Physik, 63, 824 (1930).
(12) Kelley, T h is  J o ur n a l , 51, 1145 (1929).
(13) Pauling, Phys. Rev., 36, 430 (1930),

but not negligible Variation of dielectric constant 
with frequency and temperature even down to 
100°K. shows that it has not quite settled down 
to the value which arises wholly from induced 
shifts of charge in the molecule.

Although benzophenone exists in an unstable 
monoclinic form as well as in a stable rhombic, the 
large size of its molecule and its great departure 
from spherical shape render molecular rotation 
even more improbable than in acetone. The ab­
sence of molecular rotation is established very 
clearly by the data in Table I and Fig. 3, which 
show a dielectric constant value independent of 
frequency and temperature for temperatures more 
than 20° below the melting point. The consider­
able rise on melting is due to the large dipole mo­
ment of the molecule.

6
m;4

2

120 160 200 240 280 320
T, °K.

Fig. 4.—Temperature dependence of the dielec- 
tric constant (at 5 kc.) of succinic acid; lower 
curve after remelting and refreezing.

As the Variation of the dielectric constant of 
succinic acid (Fig. 4) apparently was caused by 
impurities, the values at frequencies other than 5 
kc. are omitted from Table I. I t was necessary to 
melt the substance in order to fill the space be­
tween the condenser plates which undoubtedly 
produced appreciable quantities of succinic an­
hydride as shown by the somewhat lower melting 
point obtained on a second melting. To inves­
tigate the effect of increasing quantities of the 
anhydride, the dielectric constant-temperature 
curve for the refrozen sample was obtained but, 
aside from a decrease in the temperature at which 
Variation with frequency became pronounced, 
little change was observed. The specific heat- 
temperature curve of succinic acid14 shows a 
hump, with a heat effect of 41 cal. per mole at 
272°K. The dielectric constant values give no in­
dication of any effect as they vary slightly but 
steadily both on heating and cooling through this 
temperature. I t  would appear therefore that this 
effect cannot be due to rotation of the molecule or 
of any groups within the molecule since such rota-

(14) Parks and Huffman, T h is J o u r n a l , 92, 4381 (1930),
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tion would cause an increase of the dielectric 
constant a t the temperature of its appearance. 
Unfortunately it proved impossible, due to the 
high conductance, to investigate the transition 
at 310°K. where a transition from a triclinic 
to a monoclinic form has been observed.15

Such Variation of dielectric constant and con­
ductance with frequency and temperature as has 
been found for these substances has been dis- 
missed as not being significant of rotation. The 
ordinary direct current conductance rises with 
rising temperature as does that of a liquid and the 
alternating current conductance increases with in­
creasing frequency.16 The apparent capacity of a 
condenser and, hence, the value of the dielectric 
constant calculated from it, increases with de­
creasing frequency and resistance.17 At very high 
frequencies and resistances the effect upon the 
apparent capacity is slight or negligible, but at 
the lower frequencies employed in these measure­
ments and with the lower resistances in the region 
of the melting point, the effect is considerable. It 
is well illustrated by the dielectric constant values 
for liquid benzophenone (Table I), where there 
can be no question of a true anomalous dispersion. 
The value for the slightly supercooled liquid in­
creases only 0.01 on lowering the frequency from 
70 to 12 kc., but increases 0.50 on further lowering 
the frequency from 12 to 0.3 kc., more than half of 
the increase occurring between 0.7 and 0.3 kc. A 
temperature rise of 5° lowers the resistance and 
thus increases the effect slightly. As the conduc-

(15) La Tour, Compt. rend., 193, 180 (1931); Ann. phys., 18, 199 
(1932).

(16) Cf. Murphy, Trans. Am. Electrochem. Soc., 65, 133 (1934).
(17) Joffé, “The Physics of Crystals/’ McGraw-Hill Book Com­

pany, Inc., New York, 1928, p. 148.

tivity of a material of low conductivity is tremen- 
dously affected by the presence of minute tracés of 
ionic impurities, the effects under discussion have 
been attributed mainly to impurities rather than 
to the properties of the pure substances under ex­
amination. Although the effects are undoubtedly 
due primarily to the conductances of the mate­
rials examined, there remains a possibility, par- 
ticularly in the case of methylamine, that an oc- 
casional molecule may have sufficiënt freedom of 
rotation to oriënt in the electric field or that a 
larger number of molecules executing small rota- 
tional oscillations in their lattices may each con- 
tribute very slightly to the dielectric constant 
through a distortion of the oscillation by the field.

Summary
The dielectric constants of solid methylamine, 

ethyl ether, acetone, benzophenone and succinic 
acid have been measured over a wide range of tem­
perature and frequency to investigate the possi­
bility of rotation of their molecules. Although the 
molecular shape of methylamine is such that rota­
tion might well occur and although ether shows 
different freezing and melting points, benzophe­
none shows polymorphism, and acetone and suc­
cinic acid show humps in their specific heat- 
temperature curves, no molecular rotation has 
been found in these solids.

The low dielectric constants of solid methyl 
chloride, bromide and iodide, methylene chloride 
and chloroform are used to show that, in the solid 
state, their molecules cannot rotate around any 
axes perpendicular to the axis of molecular sym­
metry.
P r in c e t o n , N e w  J e r se y  R ec eiv ed  J u n e  25, 1936
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Molecular Rotation in Solid Arsine and Other Hydrides

B y  C. P. S myth and  S. A. M cN e ig h t

This paper presents measurements of dielectric 
constant made in continuation of previous work1,2 
on the rotation or non-rotation of molecules in 
solid hydrides and discusses the results in relation 
to the properties of the other hydrides and the fac­
tors affecting rotation. The apparatus and tech­
nique employed were essentially the same as that 
described in earlier papers1,3 from this Laboratory, 
the same bridge being used. However, because 
liquid hydrogen cyanide attacked the gold cylin- 
ders of the meäsuring cell normally used, a new 
condenser was made for this substance from tin 
tubes turned to such a size as to give a geometrical 
capacity of 10 micromicrofarads. When liquid 
hydrogen became available for the first time for 
the measurements on arsine, the brass block sur- 
sounding the glass cell containing the condenser 
was replaced by a similar block of lead in order to 
obtain greater heat capacity and slow down the 
rate of temperature change at very low tempera­
ture. For the measurement of these low tempera­
tures the calibration of the platinum resistance 
thermometer used in the other measurements was 
extended by using the boiling point of hydrogen 
as an additional fixed point.

Preparation of Materials

Hydrogen Cyanide.—This material was prepared from 
potassium cyanide and sulfuric acid according to the 
directions given in “Organic Syntheses.”4 It was Con­
densed at 0° and the middle portion distilled into the 
condenser cell; m. p. 259.2°K.

Hydrogen Selenide.—Hydrogen selenide was prepared 
in an oxygen-free apparatus by dropping freshly boiled, 
dilute hydrochloric acid upon aluminum selenide, which 
had been prepared by the ignition of an intimate mixture 
of powdered aluminum and selenium containing a 50% 
excess of selenium over that required by the formula 
Al2Se3. The gas was dried by passage over calcium 
chloride and phosphorus pentoxide and Condensed by 
means of a slush of acetone and solid carbon dioxide, 
which froze it immediately to the solid, preventing possible 
decomposition in the liquid phase.

Arsine.—Arsine was generated in a system previously 
flushed out with oxygen-free hydrogen by dropping 30% 
sulfuric acid upon an alloy of 53% zinc and 47% arsenic

(1) Smyth and Hitchcock, T h is  J o u r n a l , 55, 1830 (1933).
(2) Smyth and Hitchcock, ibid., 56, 1084 (1934).
(3) Smyth and Hitchcock, ibid., 54, 4631 (1932); Smyth and 

Kamerling, ibid., 55, 462 (1933).
(4) “Organic Syntheses,” John Wiley and Sons, Inc., New York, 

Colt Vot I, 1932, p. 307.

according to the method used by Cohen.5 It was dried 
by passage over calcium chloride and phosphorus pent­
oxide and Condensed by a slush of acetone and solid carbon 
dioxide.

Experimental Results
The dielectric constants e and the specific con- 

ductances k (ohm-1 cm.-1) are given in Table I, 
the absolute temperatures being given in the first 
colümn and the frequencies in kilocycles across the 
top of each group of data. Many determinations 
at intermediate temperatures and frequencies are 
omitted for the saké of brevity, but more values 
than usual are included for arsine because of its 
peculiar behavior. All the values listed were ob­
tained with rising temperature, but arsine was 
taken up and down several times between liquid 
air temperature and the melting point. The up­
per transition temperature and the melting point 
obtained were identical with those in Table I and 
the shape of the dielectric constant-temperature 
curve obtained for this region was the same as that 
in Fig. 3. As the liquid was refrozen each time, 
small differences naturally occurred in the abso­
lute values of the dielectric constant. Conse­
quently, none of these check values are given in 
Table I and most of the specific conductances, 
which did not change significantly above the low­
est transition, are omitted. As the hydrogen 
selenide measurements, through an unfortunate 
chain of circumstances, are incomplete, only the 
dielectric constant values are given.

Discussion of Results
The first attem pt to measure solid hydrogen 

cyanide by Dr. W. S. Walls in this Laboratory 
was unsuccessful because the interaction of the 
liquid cyanide with the gold condenser was suffi­
ciënt to give high conductance on solidification. 
The first results obtained in the present investiga­
tion were uncertain for the same reason, but the 
results in Table I obtained with a tin condenser 
appear satisfaetory. The melting point 259.2°K. 
obtained for this sample of hydrogen cyanide is 
in excellent agreement with the value 259.1°K. 
given by “International Critical Tables” and 
259°K. found by Lewis and Schutz,6 but its lack

(5) Cohen, Z. physik. Chem., 25, 483 (1898).
(6) Lewis and Schutz, T h is  J o u r n a l , 56, 1002 (1934),
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T a b l e  I

D ie l e c t r ic  C o n st a n t s  a n d  S p e c if ic  C o n ductances

Hydrogen Cyanide (ul  p. 259.2°K.)
Kc .'. . . . .5 0  5 0.5 50 5 0.5
T, °K. e k X 109

86.7 2.35 2.39 2.33 0.40 0.07 <0.05
102.2 2.38 2.41 2.36 .40 .07 <  .05
111.9 2.40 2.42 2.38 .66 .07 <  .05
122.0 2.42 2.42 2.41 .73 .07 <  .05
130.1 2.43 2.45 2.41 .73 .07 <  .05
137.2 2.44 2.46 2.43 .86 .07 <  .05
159.8 2.56 2.57 2.53 1.06 .07 <  .05
167.6 2.58 2.60 2.56 1.06 .07 <  .05
182.2 2.65 2.68 2.63 1.06 .07 <  .05
193.5 2.70 2.73 2.72 1.06 .13 <  .05
197.4 2.73 2.75 2.76 1.06 .13 <  .05
211.2 2.81 2.86 2.97 1.25 .26 .07
223.7 2.91 3.01 3.22 2.11 .33 .07
226.5 2.95 3.03 3.33 2.24 .46 .13
246.8 3.61 4.70 8.17 17.4 6.89 4.92
250.9 5.2 7.9 19.4 109 95 119
252.1 5.6 9.1 26.0 125 151 163

Hydrogen Selenide
Kc. . . . ........................50 5 0.5
T, °K.

86.8 7.:21 7.21 7.11
88.6 7.:19 7.17 7.08
97.3 7.<03 7.01 6.94

101.4 6.96 6.93 6.84
105.0 6388 6 .8 6 6.77
109.3 6 .'76 6.74 6 .6 6
116.1 6 .i58 6.55 6.48
125.3 6.35 6.32 6.23
130.6 6 .2 2
186.0 5.45 5.41 5.40
196.3 5.34 5.29 5.35
2 0 0 .2 5.36 5.37 5.54
203.8 5.36 5.37 5.59
208.5 5. 15 5.20

Arsine (m. p. 156.4°K.)
K c......... .........50 20 5 1 0.5
T, °K. k X 10«
20.5 0.73 0.65 0.23 0,07 0.07
20.7 .73 1.05 .40 .13 .09
2 0 .8 1.27 0.81 .27 .07 .05
21.9 1.27 .81 .27 .07 .05
25.8 1.27 .60 .14 .05 .05
30.9 0.36 .18 .11 .05 .05
33.7 .36 .09 .09 .05 .05

156.1 .36 .16 .09 .04 .04

Liquid
10/1 r;
l t / " I  . o 36 16 09 A  A 

. V/tt .04

20.5 2.80
e

2.82 2.85 2.91 2.93
20.7 2.82 2.84 2.89 2.97 3.00
20.8 2.82 2.83 2.88 2.94 2.97
21.9 2.84 2 .8 8 2.94 3.00 3.01
25.8 3.02 3.06 3.09 3.11 3.11
27.7 3.12
28.4 3.14

30.9 3.17 3.17 3.15 3.16 3.18
31.5 3.19
31.8 3.21
32.1 3.39
32.1 3.46
32.2 3.46
32.4 3.45
32.8 3.44
33.7 3.42 3.41 3.38 3.38 3.38
34.6 3.39
40.2 3.27
44.1 3.22
45.8 3.19 3.17 3.14 3.14 3.13
47.8 3.17 3.15 3.14 3.14 3.14
54.9 3.10 3.09 3.08 3.09 3.12
58.0 3.08 3.06 3.06 3.08 3.07
71.9 2.96 2.95 2.94 2.97 2.98
76.2 2.92 2.90 2.90 2.92 2.93
79.5 2.85 2.84 2.84 2.86 2.85
82.5 2.78 2.82
86.5 2.72 2.77
88.5 2.70 2.72 2.71 2.74 2.75
93.4 2.69 2.69 2.68 2.71 2.72
98.0 2.68 2.67 2.66 2.70 2.71

103.9 2.67 2.66 2.66 2.68 2.70
106.4 2.66
106.6 2.66
106.6 2.71
107.0 2.71 2.70 2.70 2.72 2.75
113.6 2.70 2.68 2.67 2.68 2.70
116.7 2.69 2.68 2.66 2.67 2.69
121.8 2.68 2.67 2.65 2.67 2.68
127.3 2.68 2.67 2.65 2.66 2.68
134.0 2.68 2.66 2.64 2.66 2.67
140.1 2.67 2.66 2.64 2.66 2.67
143.5 2.67 2.66 2.64 2.66 2.69
151.2 2.67 2.66 2.64 2.66 2.69
156.1 2.64 2.62 2.62 2.63 2.64
156.3 2.51
156.4 2.52
156.4 2.58

Liquid
157.1 2.57 2.56 2.54 2.58 2.60
165.5 2.54 2.54 2.52 2.53 2.54
171.4 2.52 2.51 2.50 2.54 2.53
181.1 2.48 2.46 2.45 2.45 2.48
187.6 2.46 2.44 2.44 2.45 2.48
194.5 2.41 2.40 2.40 2.40 2.41
200.9 2.38 2.38 2.38 2.39 2.41

of sharpness is indicative of the presence of im­
purities, which are presumably responsible for the 
rapid increase in the dielectric constant and con­
ductance of the solid as the melting point is ap- 
proached. The conductance becomes so high near 
the melting point that the dielectric constant can 
no longer be measured with any accuracy but a 
temperature-time curve shows the absence of any 
transition in this region. The dielectric constant- 
temperature curve in Fig. 1 shows no transition
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and gives no positive evidence of molecular rota­
tion. The gradual rise with temperature below the 
region of the melting point is probably due to the 
effect of increasing conductance and the rapid rise 
in the region of the melting point together with in­
creasing dependence upon frequency is due both 
to the rapid increase in conductance resulting 
from the formation of liquid and the presence of 
ions and to the direct effect of liquid of high dielec­
tric constant and ions in raising the dielectric con­
stant. The value7 for liquid hydrogen cyanide
194.4 at 259.7°K., the highest found for any pure 
liquid, shows that the presence of appreciable 
quantities of liquid in the solid would raise the 
dielectric constant markedly and also shows that 
freedom of rotation in the solid would give a di­
electric constant over 200 instead of between 2 
and 3. Use of a density value 0.925 at 233°K.8 
and of the Grüneisen rule together with a dielec­
tric constant value from Table I gives a molar 
polarization 9.2 for the solid at 100°K. Subtrac- 
tion of the electronic polarization 6.39 gives 2.9 for 
the atomic polarization as compared to the zero 
value found in the more accurate measurements 
on the gas.9 The rough value 2.9, as far as it is 
significant at all, probably indicates that the 
dielectric constant values even at 100°K. are a 
little high because of conductance. However, the 
results certainly do not preclude the possibility of 
the rotation of an occasional molecule in the lat­
tice of the solid, particularly as the region of the 
melting point is approached, but make it apparent 
that it is at most only a very occasional molecule 
that might have the freedom necessary for rota­
tion.

In view of the freedom of molecular rotation in 
solid hydrogen chloride, bromide and iodide,1 one 
might anticipate rotation in solid hydrogen cya­
nide. However, the factors which tend to prevent 
rotation are obviously stronger in the latter sub­
stance. The linear triatomic molecule of hydro­
gen cyanide must depart farther from a spherical 
shape than do the molecules of hydrogen chloride, 
bromide and iodide, as the minimum value for the 
distance of the hydrogen from the nitrogen nu­
cleus would seem to be about 1.34 Ä.10 as com­
pared to an internuclear distance 1.28 Ä. in hydro­
gen chloride and the maximum molecular diameter 
perpendicular to this axis in which the nuclei lie

(7) Fredenhagen, Trans. Am. Electrochem. Soc., 60, 153 (1931).
(8) Werner, Z. physik. Chem., B4, 371 (1929).
(9) Smyth and McAlpine, T h is  J o u r n a l , 66, 1697 (1934).
(10) Cf. Pauling, Ptoc. Nat. Acad. Sei., 18, 293 (1932).

must be considerably smaller in the hydrogen 
cyanide molecule. The hydrogen cyanide lattice, 
which has not yet been subjected to x-ray analysis, 
would seem, therefore, to offer the possibility of a 
molecular arrangement such that any considerable 
turning of the molecules would cause them to 
overlap and prevent further turning and, conse­
quently, give no chance for free rotation. This 
appears to be the case in the cubic lattice of the 
linear carbon dioxide molecule.11 If molecular 
rotation is not prevented by overlapping, the po­
tential energy barrier which the molecule has to 
pass in order to rotate through an angle of 360° 
should be high because of the large dipole moment9 
2.93 X 10~18, which is nearly three times as large 
as that of the hydrogen chloride molecule,12 1.03 
X 10 ~18. This potential energy barrier may well 
be so large that the thermal rotational energy of

Fig. 1.—-Temperature dependence of the dielec­
tric constant (at 50 kc.) öf hydrogen cyanide.

the molecules is too small below the melting point 
to make it possible for the molecules to pass, that 
is, to rotate. A possible third factor is the forma­
tion of a hydrogen bond between molecules, which 
gives abnormal properties to ammonia, water and 
hydrogen fluoride and hinders or prevents molecu­
lar rotation in the lattices of their solid forms. 
The first two factors, however, are quite sufficiënt 
to account for the non-rotation of the hydrogen 
cyanide molecule in the lattice of its solid form 
and Lewis and Schutz6 conclude that the great 
abnormality of the liquid form is due not to hydro­
gen bond formation but to the high dipole moment 
of the molecule.

The x-ray photographs of potassium cyanide, 
which crystallizes in a cubic lattice, give no evi­
dence of separate carbon and nitrogen positions, 
which is probably indicative of rotation of the 
cyanide ion in the lattice11 (p. 364). The poten­
tial barrier to rotation of this ion should be much

(11) Wyckoff, “The Structure of Crystals,“ The Chemical Catalog 
Company, Inc., New York, 1931, p. 235.

(12) Zahn, Phys. Rev., 24, 400 (1924).
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smaller than that for the hydrogen cyanide mole­
cule for the departure of the ion from sphericity 
must be less than that of the molecule, its dipole 
moment should be much smaller, and the factor of 
the possible hydrogen bond is absent. There is, 
therefore, no conflict between the interpretation 
of the x-ray photographs as showing rotation of 
the cyanide ion in the potassium cyanide lattice 
and the non-rotation here found for the hydrogen 
cyanide molecule in its lattice.

Fig. 2.—'Temperature dependence of 
the dielectric constant (at 50 kc.) of hy­
drogen selenide.

The incomplete measurements on solid hydro­
gen selenide in Table I and Fig. 2 show by the 
high values of the dielectric constant and their in­
crease with decreasing temperature as required by 
the Debye equation for polar molecules in the 
liquid and gaseous states that the molecules are 
able to rotate, probably with much the same free­
dom as in the liquid. The dielectric constant- 
temperature curve below 130.6°K. is sufficiently 
different from that above 186.0°K. to suggest a 
probable discontinuity some where between these 
two temperatures resulting from a transition like 
the upper transition found in hydrogen sulfide2 
and in hydrogen iodide.1 Use of N atta's density 
value 2.456 for the cubic lattice at 103°K.13 and 
the Grüneisen rule gives a density value of 2.33 at 
the melting point, which, combined with the di­
electric constant value a t 86.8°K., gives a molar 
polarization value 23.4. As the molar refraction 
for the Ha line is 11.9514 and the atomic polariza­
tion must be small, this gives a value of about 12 
for P M, the polarization due to the dipole moment 
of the molecule. From this the apparent moment 
of the molecule is calculated to be 0.4 X 10 ~18,

(13) Natta, Nature, 127, 129 (1931); Atti accad. Lincei, 11, 749 
(1930).

(14) Frivold, Hassel and Skjulstad, Physik. Z., 37, 134 (1936).

little lower than the rough value 0.5-0.6 X 10“18 
which one would estimate from consideration of 
the moments of other hydrides. Naturally, this 
is not to be taken as a determination of the dipole 
moment of hydrogen selenide, but is to be re­
garded as evidence that the molecule has much 
the same freedom of rotation in its lattice down 
to liquid air temperature that it has in the liquid.

Although the melting point of the arsine used 
was 3.2° below that given in “International Criti­
cal Tables/' melting occurred sharply, but be­
cause of some tendency toward decomposition, the 
sample was probably not of a high degree of purity. 
In considering the data for arsine in Table I and 
Fig. 3, it should be borne in mind that, because of 
its small dipole moment16 0.16 X 10~18, the di­
electric constant is small and increases but slowly 
with falling temperature. On this account, the 
scale used in Fig. 3 for the dielectric constant is

Fig. 3.—Temperature dependence of the dielectric 
constant (at 50 kc.) of arsine.

much larger than that usually employed so that 
secondary effects having nothing to do with the 
fundamental factors involved may affect the shape 
of the curve. The drop of the dielectric constant 
during melting below the value for either the solid 
or the liquid has not been previously observed as 
far as the authors know, although a sharp rise 
above the value for either the solid or the liquid 
has been observed in some cases where two phases 
presumably existed below the melting point be­
cause of considerable quantities of impurity.16 
This drop and rise which occurs within a tempera­
ture range of only 0.3° is clearly shown by numer- 
ous values determined during the rising tempera­
ture run represented in Table I, but does not ap­
pear in either the cooling or the heating curve pre­
viously run through the melting point with the

(15) Watson, Proc. Roy. Soc. (London), 117A, 43 (1927).
(16) Cf. Yager and Morgan, T h is  J o u r n a l , 57, 2071 (1935).
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same sample. The upper transition point evi­
dent at 106.6°K. was checked accurately by a 
temperature-time curve. This transition appears 
similar to the slight upper transitions occurring in 
hydrogen bromide,1 iodide,1 sulfide2 and, prob­
ably, in the selenide. As in these substances, the 
rate of change of the dielectric constant with tem­
perature is much more rapid below it than above 
it. The two points of inflection between the two 
transitions probably arise from secondary effects 
of which we are unaware. A single unexplained 
point of inflection was found in the curves for 
hydrogen chloride, bromide and iodide, and in an 
unpublished curve for a sample of hydrogen sul­
fide slightly less pure than that for which a curve 
without inflection was published.

As incomplete cancellation of the effects of the 
inductance of the circuit causes small errors in the 
dielectric constant values, differences of 0.01 or
0.02 between values at different frequencies are 
meaningless. However, a pronounced anomalous 
dispersion is evident during the lower part of the 
transition which is incomplete at the lowest tem­
perature reached. Although the material was 
maintained within 0.3° of this temperature for 
three hours, the rising temperature values in 
Table I agree well with those obtained during the 
relatively rapid initial cooling, showing that stable 
equilibrium existed throughout. The Variation of 
the dielectric constant with frequency is greatest 
at 20.7°K., where the apparent conductance ac­
tually shows a maximum at 20 kc. Evidently at 
least some of the arsine molecules can rotate at 
20.5°K. with a difficulty which decreases rapidly 
with rising temperature, the Variation of the di­
electric constant with frequency having disap­
peared at 30.9°K., where the transition is still in­
complete. Above 31.8°K. the Requisition of rota- 
tional freedom occurs almost as sharply as does the 
entire process in hydrogen chloride at its one 
transition. Although the thermodynamic be­
havior of solid hydrogen17 requires molecular rota­
tion and the specific heat-heat temperature curve 
for methane18 shows the setting in of rotation at 
20.4°K., no molecule other than these has been 
found to rotate at so low a temperature as that 
here found for arsine.

Application of the Grüneisen rule to the density 
value19 1.96 found for arsine at 103°K. gives the 
density at the melting point, which is used with

(17) Pauling, Phys. Rev., 36, 430 (1930).
(18) Clusius and Perlick, Z. physik. Chem., B24, 313 (1934).
(19) Natta, Gazz. chim. ital.} 60, 851 (1930),

the values in Table I to calculate a molar polariza­
tion 16.0 at 20.5°K., 19.1 at 33.7° and 15.3 at 
151.2°. The apparent dipole moment calculated 
for the molecule from the Variation of polarization 
with temperature in the region between 33.7 and 
80°K. is 0.15 X 10“ 18, indistinguishable from the 
value 0.16 X 10~18 obtained for the gas,15 which 
would seem to indicate freedom of molecular rota­
tion in this region comparable to that in the liquid 
state.

In the three groups of hydrides of which am­
monia, water and hydrogen fluoride are the first 
members, the smallest molecule does not rotate 
in the cases of solid ammonia2 and hydrogen 
fluoride20 and rotates only with great difficulty in 
ice, probably because of hydrogen bonds between 
the molecules or, possibly, merely because the 
smallest molecules with their large dipole mom­
ents are surrounded by the strongest fields of 
force. The larger molecules of these three groups 
of hydrides show rotation which extends to lower 
temperature the smaller the dipole moment, ar­
sine being the molecule of smallest moment. In 
the next group of hydrides, methane, the first 
member, having zero dipole moment and no pos­
sibility of hydrogen bond formation, rotates down 
to very low temperature.18 It is evident tha t the 
moment of inertia of the molecule does not have 
the dominant effect in determining rotation or 
non-rotation that has been attributed to it at 
times. Monosilane21 requires a temperature 43° 
higher to bring about molecular rotation than 
does methane, but this may be due to stronger 
intermolecular forces rather than to the larger 
moment of inertia of the molecule.

Of these hydrides which have been considered, 
all have cubic lattices in the regions of free mo­
lecular rotation except hydrogen iodide, which is 
tetragonal, its a- and c- axes differing by only 8%, 
and possibly monosilane which has not been de­
termined. Since free rotation gives spherical sym­
metry to a molecule, it is natural that molecules 
possessing it form lattices corresponding to an 
arrangement of close-packed spheres, which is 
roughly approximated by the molecular arrange­
ment in a liquid. I t is not surprising, therefore, 
that the dielectric behavior of solid arsine above 
its lower transition could be roughly approxi­
mated by extrapolation of the curve for the liquid. 
Indeed, from a molecular point of view these solid

(20) Clusius, Hiller and Vaughen, Z. physik. Chem.., B8, 427 
(1930); Clusius, Z. Elektroehem., 39, 598 (1933).

(21) Clusius, Z. physik. Chem., 23, 213 (1933).
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hydrides with rotating molecules differ little from 
liquids.

Summary
The dielectric constants and specific conduo 

tances of solid hydrogen cyanide and hydrogen 
selenide have been measured from liquid air tem­
perature to the regions of the melting point and 
those of arsine have been measured from liquid 
hydrogen temperature to the region of the boiling 
point over a frequency range from 0.5 to 50 kilo-

cycles. No molecular rotation is found in solid 
hydrogen cyanide while the molecule rotates freely 
in the selenide even at liquid air temperature. 
The arsine molecule rotates freely down to 32.1°K. 
where a transition sets in, which is not complete at 
20.5°K. and is accompanied by some anomalous 
dispersion. The molecules of the hydrides tend to 
rotate more readily the smaller their dipole 
moments.
P r in c e t o n , N e w  J e r se y  R e c eiv ed  J u n e  29, 1936

[C o n t r ib u t io n  from  t h e  W ill ia m  G . K e r c k h o ff  La boratories of th e  B iological  S c ie n c e s , Ca lifo r n ia  I n st it u t e
of  T echnolo gy]

Thermal Data. VI. The Heats of Combustion and Free Energies of Seven Organic
Compounds Containing Nitrogen

B y  H ugh  M. H u ffm a n , E mory L. E llis a n d  Sid n e y  W. F ox

In the first paper1 of this series we presented 
heat capacity data for the following seven com­
pounds, tZ-alanine, Z-asparagine (anhydrous), /- 
asparagine monohydrate, /-aspartic acid, tZ-glu- 
tamic acid, creatine and Creatinine. These data 
were used to calculate the entropies of the com­
pounds, which were further utilized in conjunc- 
tion with the heats of combustion and certain 
other auxiliary data to calculate the Standard free 
energies of formation of these compounds.

Due to the general unreliability of the older 
combustion data appearing in the literature, we 
have redetermined this quantity for each of the 
seven compounds mentioned above. In so do- 
ing we have kept constantly before us the neces- 
sity of establishing the purity and the physical 
state of the compounds as well as the need for 
calorimetry of high precision and accuracy.

These new combustion data have been used in 
conjunction with the entropies obtained by Huff­
man and Borsook1 and certain other auxiliary 
data to calculate new and more reliable free en- 
ergy data for these compounds.

Calorimetric Method
The method and apparatus used have been described in 

previous Communications.2 No essential changes in 
method or apparatus have been made. All of the combus- 
tions were made in a Parr bomb having a volume of 0.380 
liter with an initial oxygen pressure of 30 atm. and with 1 
ml. of water in the bomb. The platinum wire technique20 
was used exclusively. During the course of this investi-

(1) Huffman and Borsook, T h is  J o u r n a l , 54, 4297 (1932).
(2) (a) Huffman and Ellis, ibid., 57, 41 (1935); (b) Stiehler and

Huffman, ibid., 57, 1734 (1935).

gation our resistance thermometer developed a short 
circuit. After repair the thermometer characteristics 
were found to have changed but upon recalibration identi­
cal results for the energy equivalent of the calorimeter 
were found. Numerous calibrations of the calorimeter 
have been made, at irregulär intervals throughout the 
course of this investigation, with Bureau of Standards 
benzoic acid, samples 39d and 39e, having for its isothermal 
heat of combustion at 25.0° the value 26,419 international 
joules per gram true mass. We have used oxygen from 
several cylinders supplied by the “Linde Air Products Com­
pany” and at cylinder pressures varying from 1950 to 450 
pounds. The precision of our calibration data has re­
mained the same as that previously reported, namely, an 
extreme deviation from the mean of slightly more than 
0.01%. The precision error calculated from the formula 
recommended by Rossini3 was 0.005%.

In several cases we have found it necessary to use oil as 
an auxiliary substance. The combustion value of this oil 
has been controlled by occasional combustions and the 
value found was 10,830 =*= 3 cal. per gram weighed in air. 
When the mass of the oil is determined by difference after 
adding it directly to the sample in the crucible an addi­
tional uncertainty is introduced when the material is 
hygroscopic. To avoid this uncertainty as well as to per­
mit the addition of small quantities, the following method 
was adopted. The oil was kept in a small hypodermic 
syringe and the amount added was determined from the 
mass difference in this syringe.

Units and Corrections
The unit of energy used throughout this paper is the de­

fined conventional calorie which is derived from the inter­
national joule by multiplying by the factor 1.0004/4.185. 
The method of calculation, the corrections and thé symbols 
used are the same äs those given by Stiehler and Huffman.20 
The molecular weights are based on the 1935 table of 
atomic weights. In applying the correction for true mass

(3) Rossini, Chem. Rev., 18, 233 (1936).
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we have used approximate densities obtained from the 
mass and volume of the pelleted material when other data 
wère not available in the literature. All of the thermal 
data are given for the isothermal process at 25°.

In some cases the combustion was incomplete, leaving a 
small residue of carbon in the crucible. V  T h e  mass of this 
carbon was determined from the mass of the crucible be­
fore and after ignition and corrected for. In no case did 
this correction exceed 0.003%. Some of the preparations 
left a residue of ash in the crucible. When this was appre­
ciable it was corrected for by arbitrarily subtracting the 
weight of the ash from the weight of the sample. In the 
extreme case this correction was about 0.03%.

Purity and Dryness of the Materials Used
We have followed the general methods of Stiehler and 

Huffmaiï2b to assure ourselves of the purity and dryness of 
the combustion samples. As mentioned above we have 
made routine ash determinations on each sample burned. 
We have also made suitable analyses stich as nitrogen de­
terminations, titrations and measurement of the optical 
rotation. We have attempted, furthermore, to define ac­
curately the physical state of the compounds by photo- 
micrographs of their crystalline condition (Fig. 1) as well 
as by a precise description of the method of preparation.

Preparation, Purification and Heats of Combustion of the 
Compounds

d-Alanine.—Combustions were made on two commercial 
samples of this material which were purified in the follow- 
irig manner.

(a) A material from an unknown source was twice crys­
tallized from water4 by dissolving in hot water and allow- 
ing the solution to cool and deposit crystals.

(d) A Hoffmann-LaRoche product was twice crystallized 
from water in the above manner.

Nitrogen determinations5 on sample (a) gave the theo­
retical results. The ash content of (a) was less than 0.01% 
atid that of (d) undetectable. The specific rotation of (d) 
has been reported by Huffman and Borsook.1

This eompound was very troublesome to burn as it had a 
decided tendency to jump out of the crucible when partially 
burned. We have tried all of the tricks at our command to 
overeome this unfortunate tendency, such as varying the 
erticible Weight, using large amounts of oil, increasing the 
oxygen pressure, etc., but with little success. In all five 
preparations of d-alanine were used and the three values 
given in the table are the usable results from fifteen at­
tempted combustions. d-Alanine appears to exist in at 
least two crystal modifications (see Fig. 1). Since our 
combustions are on a single type we cannot be sure that 
these are polymorphous forms.

/-Asparagine Hydrate
Material from four different commercial sources was uti­

lized to prepare eleven combustion samples.
(a) Merck /-asparagine, which had been recrystallized 

.several times for heat capacity measurements, was sub­
jected to three additional crystallizations by dissolving in

(4) Redistilled water for all of the purifications.
(5) AU öf the nitrogen determinations with the exception of that 

on ereatine were by micro Kjeldahl.

boiling water and allowing crystals to form as the solution 
cooled.

(b) A preparation from Hoffmann-LaRoche was used 
without further purification.

(c) A portion of (b) was once crystallized from water by 
cooling the hot solution.

(d) A portion of (b) was twice crystallized from water as 
in (c).

(e) Material from Pfanstiehl was twice crystallized from 
water.

(f) Material from Eastman was twice crystallized from 
water.

(g) A sample from Merck recently purchased (1936) 
for this research was twice crystallized from water.

(h) A portion of (a) was * 
converted to the copper 
salt, which was purified by 
one crystallization from a 
large volume of water. The 
copper was precipitated 
with hydrogen sulfide and 
the regenerated asparagine 
was further purified by sev­
eral crystallizations from 
water.

(i) A portion of (e) was 
recrystallized by dissolving 
in hot water and seeding 
heavily with /-asparagine 
which had been dehydrated 
at 100°.

d-Alanine (a)

d-Alanine (c)

/-Asparagine
monohydrate

/-Aspartic acid

d-Glutamic acid

Creatinine

Creatine

Fig. 1.

(j) A portion of (e) which 
had been dehydrated at 
100° was rehydrated by 
allowing to stand several 
days covered with water at 
room temperature.

(k) A part of (a) was 
twice more crystallized from 
water.

The nitrogen content of
(a) was the theoretical.
Measurements of the rota­
tion of samples (a) and (b) 
in HC1 Solutions with the 
ratio (HCl/asparagine hy­
drate) equal to 12.3 gave values for ( « ) 20d of 30.3 and 27.9, 
respectively. The ash content of all of the samples with 
the exception of (a), (h) and (k) was undetectable. In 
sample (h), the worst case, it was less than 0.01%.

Numerous combustions on sample (a) dehydrated at 
100° consistently gave results about five calories higher 
than the accepted value. For this reason preparations 
(h) and (k) were made. The result of one combustion on 
(k) agreed with those on (a) while the result of one combus­
tion on (h) was about midway between those on (a) and the 
accepted value. Further attempts at purification were im­
possible because of lack of this material. When a new 
sample (g) was purchased from Merck it was found to yield 
values which agreed with the accepted result.

The combustions on anhydrous /-asparagine are further 
complicated by the fact that it appears to exist in two modi-
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fications.5a Several combustions on specimens of (a) and
(b) which had been dehydrated in the vacuum oven at 
65-70° gave results from 23 to 28 calories higher than those 
dehydrated at 100°. Furthermore, this difference tended 
to decrease with the heating time, indicating that the 
material was changing continuously into the stable form. 
As a test of this hypothesis we have included in the table 
the result of one combustion on a sample which had been 
heated for seventy-eight days at 65-70° followed by eight- 
een hours at 100°. ' This additional heating caused no 
change in the mass of the pellet but did cause the combus­
tion value to drop about 28 calories (as determined by 
comparison with a sample whose history was identical 
except for treatment at 100°) to agree with that of other 
samples dehydrated at 100°. The removal of the water 
of hydration takes place so slowly at room temperature 
that we have not been able to obtain a completely anhy­
drous material in this manner. At elevated temperatures 
the fact that dehydration is accompanied by the transition 
to the stable form makes it impossible to obtain a reliable 
combustion value for the high temperature form. We 
believe, however, that it is probably about 30 calories 
higher than that of the stable modifications.

To see if this apparent dimorphism persisted in the hy­
drate two attempts were made to obtain a different crystal 
type, preparations (i) and (j). The results of the combus­
tions of these two hydrated samples agreed perfectly with 
those on the hydrate obtained in the usual manner.

Where the hydrated asparagine has been burned the 
following method was resorted to. The crystalline ma­
terial protected from contamination by dust particles was 
allowed to come to equilibrium in the air of the room. 
Pellets were made and also allowed to equilibrate with the 
air of the room before burning. At the time of burning, a 
pellet was also dehydrated at 100° and the amount of hy­
dration determined. In the case of sample (i) the loss in 
mass corresponded to 99.68% hydrate, hence a suitable 
correction was applied for the amount of anhydrous mate­
rial present. In the other cases the material was 100% 
hydrated within the error =*=0.02% of the measurements. 
Due to the fact that it is impossible to be sure that the sub­
stance is free from adsorbed gases or water the mass deter­
minations in this case are probably less reliable than in the 
other cases.

/-Aspartic Acid.—Material from two commercial sources 
was treated in the following manner to make three combus­
tion samples.

(a) An Eastman product which had been subjected to 
seven recrystallizations for use in heat capacity measure­
ments1 was recrystallized three more times from water 
by dissolving in hot water and allowing the solution to cool.

(b) A portion of (a) was subjected to two additional 
crystallizations from water in the same manner.

(c) Material obtained from Hoffmann-LaRoche was 
once crystallized from water.

The nitrogen content of (a) was found to be theoretical. 
The rotation of the original material of sample (a) has 
been given in a previous communication.1 The ash con­
tent of each of the preparations was less than 0.01%.

(5a) Since submitting this article for publication, the existence of 
the two polymorphic forms of anhydrous asparagine has been con- 
Hrtned by x-ray pictures, which were taken for us by Mr. G. Albrecht 
working in Professor Pauling's laboratory.

In addition to the values given in the table combustions 
on samples of (b) and (c) which had been dried for several 
days at 100° gave values about 2.5 calories higher than the 
mean value reported. These pellets showed signs of de­
composition and hence the results have been discarded.

d-Glutamic Acid.—A commercial sample from Pfanstiehl 
and a preparation made from Ajinomoto by the method of 
Schmidt and Foster6 were the starting materials for the 
preparation of five combustion samples.

(a) A large amount of d-glutamic acid had been pre­
pared from Ajinomoto and carefully purified for heat ca­
pacity measurements.1 A portion of this material was 
subjected to two fractional crystallizations from water by 
solution at 100° and subsequent rapid cooling to zero de­
grees. This material was discarded when found to contain 
glass from the sintered glass filters used.

(b) A sample of Pfanstiehl d-glutamic acid was subjected 
to five crystallizations under the same conditions as (a).

(c) The same original material as used in preparation (a) 
was three times crystallized from water by dissolving at 
75° and subsequent cooling rapidly to zero degrees.

(d) A portion of sample (a) was once more crystallized 
from water by dissolving at 100° and rapidly cooling.

(e) A portion of sample (b) was dissolved in water at 
60° and rapidly cooled.

The nitrogen content of samples (a), (b) and (c) was 
found to be theoretical. The ash content of all of the 
above samples was negligible. The optical rotation of the 
original material for (a) has been reported previously.1

In addition to the values given in the table, several com­
bustions were made on material dried at 100°. These 
samples were discolored and the combustion values in­
creased with the time of heating.

Creatine (Anhydrous).—Two commercial products were 
utilized to prepare three different combustion samples.

(a) Eastman creatine was twice crystallized from water 
by dissolving in boiling water and cooling the solution.

(b) Creatine from Hoffmann-LaRoche was twice crys­
tallized from water as above.

(d) A portion of sample (a) was dissolved in boiling 
water and crystallization started by seeding with anhy­
drous creatine which had been dehydrated at 100°.

The nitrogen content was theoretical and the ash con­
tent negligible. It was necessary to use oil to initiate the 
combustion.

During the course of this investigation of anhydrous 
creatine we have again found evidence of dimorphism. As 
in the case of /-asparagine different values were obtained 
for the anhydrous material depending merely on its heat 
treatment. Thus creatine (samples (a) and (b)) which 
was crystallized in the usual manner and heated to 100° 
for dehydrating has a lower combustion value by about 
five calories than that which has been dehydrated at room 
temperature. We have included two values obtained on 
sample (d), dehydrated at room temperature, which agree 
with combustions on the other samples dehydrated at 100°. 
We are investigating this phenomenon further and will 
make a report in a future publication.

These phenomena in the case of /-asparagine and creatine 
ser\ e again to emphasize the necessity for a positive defini- 
t ion of the physical state when reporting physical properties.

(6) Schmidt and Foster, J.  Exptl. Biol. Med., 18, 205 (1920-21),
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Creatinine.—Materials from two commercial sources 
were utilized to prepare four combustion samples.

(a) A sample of Pfanstiehl creatinine purchased in 1931 
and ex tensi vely purified for heat capacity measurements1 
was dissolved in water at 65° and precipitated with purified 
acetone according to the method of Edgar and Hinegard- 
ner.7

(b) A portion of the starting material in (a) was con­
verted to the hydrochloride and neutralized with ammonia 
according to Edgar and Hinegardner’s7 methods (a) and 
(b). It was finally washed with ammonia and ethyl al­
cohol.

(c) A sample from Eastman was dissolved in water and 
precipitated with acetone as in (a).

(d) A sample of Pfanstiehl creatinine especially pur­
chased for this research (1936) was dissolved in boiling 
water and immediately placed in an ice-bath to crystallize. 
The crystals were slightly greenish. This material was 
again dissolved in hot water and treated with norite. The 
crystals from the above were again dissolved in hot water 
and allowed to cool and crystallize.

Nitrogen determinations on (a) gave theoretical values. 
Sample (c) was found to have a high ash content 0.02- 
0.03% while that of samples (a) and (d) was negligible. 
In view of the uncertainty introduced into the combustion 
values of (c) by the high ash content we have reported the 
weights only to the nearest 0.1 mg. Sample (b) was dis- 
colored and gave low combustion values, hence it was dis­
carded.

Since most of these compounds are more or less hygro­
scopic the following method was adopted for an accurate 
determination of the mass. The pelleted samples were 
kept in open weighing bottles during the desiccation 
process, after which they were stoppered immediately and 
kept over phosphorus pentoxide in a desiccator until time 
for their combustion. The bottle was then transferred to 
the balance case and allowed to equilibrate for a short time. 
The bottle plus pellet was weighed and the pellet trans­
ferred to the crucible and the empty bottle weighed. As a 
check on the weight thus obtained the weight was also de­
termined by weighing the crucible plus the pellet.

When these materials were hygroscopic it was observed 
that the pellet usually gained weight rapidly when first 
exposed to the air, the rate falling off with time and ap- 
proaching a steady state. There is of course the possi­
bility that the reaction between the material and water 
may appreciably change the energy content of the sample. 
In the case of creatinine we have investigated this possi­
bility by burning a sample in the bomb without having any 
water present. The sample was transferred as rapidly as 
possible to the bomb and then evacuated for some time 
before admitting oxygen which had been passed over drier­
ite. This combustion when corrected in a suitable manner 
for the initial absence of water agreed exactly with the rest 
of the combustions in that series. There is some uncer­
tainty in the corrections to be applied as we found that the 
oxygen still contained a small and unknown amount of 
water vapor. For this reason we have not included this 
value in the table but feel that it shows that creatinine 
values are not appreciably affected by sorbed water.

The use of oil as an auxiliary substance serves also to
(7) Edgar and Hinegardner, J. Biol. Chem., 56, 881 (1923).

give at least partial protection against Sorption of water. 
Our feeling is that any energy effect due to this phenomenon 
is well within the experimental error.

There is, furthermore, the possibility that oil may react 
with the materials in such a manner as to affect the energy 
content. In the cases where we have used oil we have 
either varied the amount of oil or have made combustions 
in which no oil was used. The results show that this effect 
if present is negligible.

The experimental results of the combustion on these 
seven compounds are given in Table I. We have utilized 
the experimental values to calculate certain other useful 
data. These appear in Table II along with some auxiliary 
data which have been used. Finally we have utilized 
these new values for A i n  conjunction with the entropy 
data of Huffman and Borsook1 to calculate new and more 
reliable values for the free energies of formation. We have 
used the same values for the entropies of the elements and 
the heats of formation of water and carbon dioxide as were 
used by Stiehler and Huffman.20

Discussion of the Results
As in the previous papers in this series we have 

chosen as our limits of error the extreme deviation 
from the mean of the experimental results in each 
case and have also allowed for an additional un­
certainty of 10% in the Washburn correction. 
We have taken numerous precautions to assure 
ourselves of the purity, dryness and physical state 
of these compounds so that we feel that absolute 
errors due to these factors have been largely 
eliminated. We have not assigned any limits of 
error to the heats or free energies of formation of 
these compounds, due to uncertainties in the ac­
curacy of certain of the auxiliary data required. 
We have included photomicrographs of the crys­
talline compounds which were burned. In the 
case where thé original material was hydrated, 
the physical state of the anhydrous material must 
be defined by the method of dehydration.

All of these compounds have been burned by 
earlier workers. Wrede8 has burned (/-alanine, 
Fischer and Wrede9 have burned /-aspartic acid 
and (/-glutamic acid, Emory and Benedict10 have 
burned all of the compounds except anhydrous 
/-asparagine. Stohmann and Langbein11 have 
burned anhydrous /-asparagine and anhydrous 
creatine.

With the exception of Wrede8 none of the above 
authors include sufficiënt data for correcting their 
values in terms of newer thermochemical Stand­
ards. We have, however, made approximate

(8) Wrede, Z. physik. Chem., 75, 81 (1910).
(9) Fischer and Wrede, Sitzber. kgl. preuss. Akad. W iss., 687 

(1904).
(10) Emory and Benedict, Am. J. Physiol., 28, 301 (1911).
(11) Stohmann and Langbein, J. prakt. Chem., 44, 336 (1891).
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T able  I
T h e  E x per im en ta l  D ata

S am p le

FjOft
vac.

D esicca tion
Vac.
70°

hours

O ven
100°

True mass

T otal heat  
evolved , 

cal.

Cal.
from

HNO»

Cat.
from

oil

Cal. from  
paper 

and E lt
- A U b / ui, 
cal. g . ’ 1

D ev ia ­
tion

{/-Alanine (a) 2232 1.47660 6452.6 18.6 17.1 4345.7 ~ 0 .8
d-Alanine (a) 168 1.22765 5845.9 16.7 474.4 17.3 4347.8 1.3
d-Alanine (d) 120 1.35550 6411.9 20.0 484.2 16.5 4346.1 - 0 .4
Mean 4346.5 ± 0 .8
/-Asparagine (b) 240 1.81750 6385.1 19.4 17.6 3492.8 - 0 .3
/- Asparagine (b) 1872 18 1.77845 6252.9 21.7 17.8 3493.7 .6
/-Asparagine (c ) 120 1.80005 6322.3 19.6 16.5 3492.3 * -  .8
/-Asparagine (d) 96 1.82520 6414.3 22.0 16.1 3492.9 -  .2
/-Asparagine (e) 456 1.80440 6340.7 20.9 16.6 3493.3 .2
/-Asparagine (f) 146 1.80615 6346.6 21.2 16.7 3492.9 -  .2
/-Asparagine (g) 116 1.82215 6403.0 20.1 16.9 3493.7 .6
Mean 3493.1 d= . 4

/-Asparagine hyd. (e) 2.05405 6309.2 16.0 17.8 3055.2 -  .5
/-Asparagine hyd. (e) 2.05475 6311.4 16.2 16.8 3055.6 .1
/-Asparagine hyd. (i) 2.08370 6405.0 17.0 16.7 3056.3“ .6
/-Asparagine hyd. (j) 2.07860 6385.5 16.0 17.1 3055.6 -  .1
Mean 3055.7 ±  .3
/-Aspartic acid (a) 1008 2.18075 6312.9 12.2 17.0 2881.4 -  .5
/-Aspartic acid (a) 1032 2.18255 6318.6 11.9 17.2 2881.7 -  .2
/-Aspartic acid (a) 144 2.18315 6322.0 12.1 16.6 2882.7 .8
/-Aspartic acid (a) 96 2.17760 6307.9 12.3 18.5 2882.6 .7
/-Aspartic acid (b) 216 192 2.12940 6164.2 11.9 16.7 2881.4 -  .5
/-Aspartic acid (c) 216 2.18060 6310.9 11.6 17.3 2880.8 - 1 . 1
/-Aspartic acid (c) 336 2.16625 6272.9 11.5 17.2 2882.5 0 . 6
Mean 2881.9 ±  .7
{/-Glutamic acid (b) 216 1.73255 6365.8 13.3 16.4 3657.1 . 2
{/-Glutamic acid (b) 52 1.65785 6310.9 12.5 218.8 16.5 3657.2 .3
{/-Glutamic acid (b) 52 1.65460 6300.9 11.6 223.6 16.6 3655.9 - 1 . 0
{/-Glutamic acid (b) 72 1.72440 6556.4 13.4 218.5 17.1 3657.7 0.8
{/-Glutamic acid (b) 168 1.67065 6361.6 12.6 222.3 16.4 3657.5 . 6
{/-Glutamic acid (c) 360 1.71895 6535.9 12.9 220.1 17.4 3656.6 -  .3
{/-Glutamic acid (c) 192 4 1.65770 6310.3 12.3 221.1 17.4 3655.3 - 1 . 6
{/-Glutamic acid (d) 96 1.66820 6354.6 13.1 222.4 17.5 3657.6 0.7
{/-Glutamic acid (d) 192 4 1.66365 6338.5 12.6 224.0 17.4 3657.3 .4
{/-Glutamic acid (e) 10 1.66830 6343.4 13.2 212.5 17.4 3656.3 -  . 6
Mean 3656.9 ±  . 6

Creatine (a) 192 1.44350 6324.1 25.2 164.7 17.2 4237.6 — . 5
Creatine (a) 192 1.40560 6293.4 24.8 293.0 17.4 4238.9 .8
Creatine (a) 648 m b 1.27975 6322.9 24.7 859.4 17.2 4237.5 -  .8
Creatine (a ~j~ b) 120 168 1.43285 6347.8 25.1 232.0 16.5 4239.2 1. 1
Creatine (b) 216 1.44615 6352.5 25.2 181.1 16.6 4237.6 - 0 .5
Creatine (d) 570 1.36670 6455.3 26.0 620.1 17.1 4238.0 -  .1
Creatine (d) 1416 1.31245 6345.4 24.4 740.8 17.6 4238.4 .3
Mean 4238.1 ± .6
Creatinine (a) 380 1.27175 6330.2 30.1 17.0 4940.7 . 6
Creatinine (a) 48 400 1.27245 6332.8 29.5 16.6 4940.6 .5
Creatinine (a) 48 42 1.27450 6343.1 30.0 17.7 4939.8 -  .3
Creatinine (a) 48 72 1.27385 6340.2 30.4 16.9 4940 3 \ 2
Creatinine (a) 48 72 1.27485 6344.6 29.5 16.2 4940.9 .8
Creatinine (c) 720 1.2747 6345.0 29.9 17.4 4940.4 .3
Creatinine (c) 720 1.2746 6343.6 30.6 17.8 4939.0 - 1 .1
Creatinine (c) 720 1.2761 6350.1 29.8 16.9 4939.6 - 0 .5
Creatinine (d) 90 1.27400 6342.1 29.7 19.1 4939.8 -  .3
Mean 4940.1 ±  .5

° This value is corrected for the fact that the sample was only 99.68% hydrated. 
b Temperature of vacuum oven 45-50°.
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Table II
Summary of D erived D ata

-A  ÜR, 
kcal. mole“1

3 8 6 .8 6  ± 0 . 1 3

- A H j  A U r / ó T  -  AF? 
— AH r , kcal. mole-1 kcal.

kcal. mole“1 mole“1 cal. mole“1
3 8 7 . 1 0  =*=0.13 1 3 4 .8 1  3 8  8 8 . 9 9

- aub,
Sub stan ce F orm ula M ol. wt. D e n s i t y kcal, m o le-1

«/-Alanine c 3h 7o 2n 8 9 . 0 6 3 1 . 3 8 3 8 7 . 1 1  = * = 0 .1 1

/-Asparagine (an­
hyd.) C 4H s0 3N 2 1 3 2 . 0 7 8 1 . 4 4 4 6 1 . 3 6  = * = 0 .1 3

/-Asparagine (hyd.) C 4H io0 4N 2 1 5 0 . 0 9 4 1 . 5 4 4 5 8 .6 4 = * =  . 1 5

/-Aspartic acid c 4h 7o 4n 1 3 3 . 0 6 3 1 . 6 6 3 8 3 .4 7 = * =  . 1 5

«/-Glutamic acid c 5h 9o 4n 1 4 7 . 0 7 8 1 . 5 4 5 3 7 .8 5 = * =  . 2 3

Creatine (anhyd.) c 4h 9o 2n 3 1 3 1 . 0 9 4 1 . 3 3 5 5 5 .5 9 = * =  . 1 6

Creatinine c 4h 7o n 3 1 1 3 . 0 7 9 1 . 3 1 5 5 8 .6 2 = * =  . 1 2

4 6 0 .9 3 d= .1 7 4 6 0 .6 3 dr .1 7 18 9 .5 8 4 3 1 2 7 .5 8
4 5 8 .2 5 .1 9 4 5 7 .9 5 dr .1 9 2 6 0 ..5 7 5 0 1 8 4 .7 4
3 8 3 .0 1 dr .1 9 3 8 2 .5 7 dr .1 9 2 3 3 . .4 9 3 6 1 7 5 .5 9
5 3 7 .3 6 dr .2 8 5 3 7 .3 1 dr .2 8 2 4 1 . .3 0 4 9 1 7 4 .9 4
5 5 5 .2 1 dr .2 0 5 5 5 .0 6 dr .2 0 1 2 9 ..31 4 8 6 4 . 2 0
5 5 8 .2 6 dr .1 6 5 5 8 .1 1 dr .1 6 5 7 . 9 4 3 8 7 . 8 9

corrections and these corrected values are com­
pared with our values in Table III. In the case 
of creatinine Emory and Benedict10 calculated 
their result on the basis of the carbon dioxide

T able U I
Comparison of the P resent  D ata with Values from 

the Literature

Substance
Ref­

erence
-Older data—----

- A H r ,
s kcal. mole 1

» /-----New value----- ,
- A H r ,

kcal. mole-1
r>iffer-
ence
%

«/-Alanine 8 386 .87 =±=0.19 387 .10 ± 0 .1 3 —0 .0 6
«/-Alanine 10 39 0 .6 =±=1.2 387 .10 ±  .13 .90
/-Asparagine 

(anh.) 11 462 .3 ± 1 . 2 460 .63 ±  .17 .37
/-Asparagine 

(hyd.) 10 4 5 8 .4 ± 1 . 2 458 .50 ±  .19 .01
/-Aspartic

acid 10 381 .9 ± 1 . 1 382 .57 ±  .19 .18
/-Aspartic

acid 9 38 4 .7 =*=1.3 382 .57 ±  .19 + .48
«/-Glutamic

acid 9 541 .7 ±0 . 7 ' 537.31 ± .28 - f .82
«/-Glutamic

acid 10 536 .6 ± 1 . 3 537.31 ± .28 .13
Creatine 11 558 .4 ± 1 . 5 555.06 ±  .20 + .54
Creatine 10 553 .8 ± 1 . 3 555 .06 ±  .20 — .23
Creatinine 10 55 6 .4 ± 1 . 3 558.11 ±  .16 — .31

found. We have corrected their reported value 
back to the mass basis which brings it into much 
better agreement with our value.

In a recent paper Zittle and Schmidt12 report 
the heat of hydration of anhydrous /-asparagine 
as 2250 =*= 200 calories. This compares favorably 
with the value of 2680 =*= 330 calories as calcu­
lated from our combustion data on these two com­
pounds. They do not state how the anhydrous 
material was obtained but it was very probably 
by treatment at 100° or above.

Summary
1. The experimental values of the heats of 

combustion at constant volume and at 25° of 
seven organic compounds are given.

2. From the experimental values the heat of 
combustion at constant pressure and the heat of 
formation have been calculated.

3. These new values for heats of formation 
have been used with existing entropy data to cal­
culate more reliable free energy data.

(12) Zittle and Schmidt, J. Biol. Chem., 108, 161 (1935). 
Pasa d ena , Ca lif . R eceived  J u n e  3 0 ,  1 9 3 6

[Contribution from the George H erbert Jones L aboratory of the U n iversity  of Chicago]

Coördination Compounds of Platinous Halides with Unsaturated (Ethylene)
Substances

B y  M. S. K harasch a n d  T. A . A sh fo r d 1

Introduction
Platinum is an unusually versatile element. It 

has primary valences of two and four, and it 
forms two series of coördination compounds with 
both organic and inorganic substances. In these 
the metal exhibits the coördination numbers of 
four and six, respectively. Stereoisomers have

(1) This communication is an abstract of a dissertation submitted 
by T. A. Ashford in partial fulfilment of the requirements for the 
degree of Doctor of Philosophy in Chemistry at the University of 
Chicago.

been obtained in both series. Where the coör­
dination number is six, the accepted view is 
that the valence bonds of the platinum atom are 
directed toward the corners of an octahedron; 
giving rise to the following two stereoisomeric 
configurations for compounds of the type PtX4A2.2 
Some compounds of the type PtX2A2 also exist in 
two stereoisomeric forms: cis and tran s2 (p. 338),

(2) Werner, “Lehrbuch der Stereochemie,” Gustave Fischer, 
Jena, 1904, p. 350.
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Furthermore, Reihlen and Htihn3 report that they 
have resolved into optical antipodes platinum 
compounds of coördination number four. It is 
still an unsettled question whether the configura­
tion of these compounds is planar, tetrahedral or 
pyramidal.4

Several classes of coördination compounds of 
platinum, notably those with ammonia and with 
the amines, have been studied extensively. How­
ever, two important classes, namely, those with 
unsaturated substances and those with nitriles, 
have received scant attention because of the lack 
of satisfaetory methods for preparing these com­
plexes.

In the work reported in this paper a particularly 
simple general method has been developed for the 
preparation of organo-platinum complexes with 
unsaturated compounds. This method has been 
used to prepare a large number of compounds, 
the properties of which are herein described.

Previous Work
The literature contains references to complex 

salts of the type K(Un-PtX3), in which Un is an 
unsaturated molecule containing an ethylene 
bond. The first eompound of this series was ob­
tained by Zeise,5 who isolated a substance with 
the empirical formula K(C2H4-PtCl3)-H20, from 
a reaction mixture of chloroplatinic acid and al­
cohol. Birnbaum6 prepared similar compounds 
with propylene and amylene, and Chojnacki7 
obtained K(C2H4*PtBr3), with platinic bromide.

Biilmann and his collaborators8 have extended 
the work to unsaturated substances other than 
hydrocarbons, and they have prepared com­
pounds with unsaturated alcohols, acids and alde­
hydes. Pfeiffer and Hoyer9 have prepared simi­
lar substances from allyl alcohol, allyl acetate, 
crotyl alcohol and crotyl aldehyde. The latter 
workers consider that m these compounds the

(3) Reihlen and Hühn, Ann., 489, 42 (1931).
(4) Cf. Dwyer and Mellor, T h is  J o u r n a l , 56, 1551 (1934).
(5) Zeise, Pogg. Ann., 21, 497 (1831).
(6) Birnbaum, Ann., 145, 67 (1869).
(7) Chojnacki, Jahresber., 510 (1870).
(8) Biilmann, Ber., 33, 2196 (1900); Biilmann and Anderson, 

ibid., 36, 1565 (1903); Biilmann and Hoff, Chem. Zentr., 88, I, 562 
(1917).

(9) Pfeiffer and Hoyer, Z. anorg. allgem Chem., 211, 241 (1933).

platinum atom is coördinately bound directly to 
the carbon atom by a single bond; they propose 
the following structure.

H
CH3C =C —c h 2o h  

PtCb-K
This structure indicates that the compounds are 
derivatives of the metallic chloroplatinates, in 
which a chloride ion has been replaced by an un­
saturated molecule. There is, however, no ex­
perimental evidence that the substances are mono­
molecular.

The series from which the compounds discussed 
above are derived is obviously Un*PtX2. As will 
be shown later, however, substances of this type 
are bimolecular and should be written (Un-PtX2)2. 
Recently, Anderson10 obtained (C2H4PtCl2)2 by 
refluxing ethyl alcohol with sodium chloroplatin- 
ate. This reaction is very complex, presumably 
involving at least four steps. Preliminary at­
tempts to extend this method to other alcohols 
have not as yet proved successful.

General Method of Preparation
The most direct method for preparing a com­

pound of the type (Un*PtCl2)2 or (Un*PtBr2)2 
would be to combine a platinous halide with an 
unsaturated eompound. However, attempts to 
apply this method have given unsatisfactory re­
sults. Platinous halides are very insoluble and 
inert substances; consequently platinic halides 
have been used.

The general method here described départs 
radically from that of Anderson since anhydrous 
platinic chloride or bromide in an anhydrous sol­
vent is used instead of the metallic haloplatinates. 
It differs further in that the unsaturated com­
pounds are used instead of the alcohols. The 
method is rapid as well as general. The reaction 
is complete in about an hour.

Although the reaction, as outlined above, and 
described in more detail in the experimental part, 
appears simple, it is probably more complex than 
might at first be supposed. Hydrogen halide is 
usually evolved during the reaction, and in some 
instances a smal! quantity of platinum separates. 
Halogenation of the unsaturated eompound also 
has been demonstrated.

Physical and Chemical Properties
The coördination compounds (Un-PtCl2)2 are 

well-defined crystalline substances. When heated
(10) Anderson, J. Chem. Soc., 971 (1934).
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in a melting-point tube they do not melt sharply, 
but darken over a range of several degrees. They 
vary widely in stability. The greatest difference 
has been observed between the compounds ob­
tained from Jraws-dichloroethylene and from di- 
pentene. The former decomposes in a few days; 
the latter appears unchanged even after standing 
in the air for ten months.

The compounds are in general soluble in ace­
tone, chloroform and alcohol; they are less sol­
uble in benzene, and difficultly soluble or insoluble 
in glacial acetic acid. Those of low molecular 
weight are soluble in sodium chloride solution, 
presumably forming compounds analogous to 
Zeise’s salt
[(CH3)2C==CH2-PtCl2]2 +  2NaCl —

2Na(CH3)2C==CH2PtCl3

When treated with pyridine the substances de­
compose, liberating the olefin and forming the 
pyridine platinous chloride.

[Un*PtCl2]2 +  4C5H5N — >  2Un +  2(C6H5N)2*PtCl2

Concentrated hydrochloric acid decomposes 
them.

Un-PtClaJa +  4HC1----^  2Un +  2H2PtCl4

Bromine also decomposes these substances, 
forming the platinum halides and the bromine 
addition product of the unsaturated eompound.

Molecular Weight
The coördination compounds of the series 

(Un*PtCl2)2 are unstable at higher temperatures; 
consequently the ebullioscopic method for the de­
termination of their molecular weights is inap- 
plicable. For the same reason the Rast method 
cannot be used. With the exception of the com­
pound obtained from isobutylene, these sub­
stances are also sparingly soluble in benzene. 
However, the depression of the freezing point of 
benzene by isobutylene platinous dichloride in­
dicates that the substance is bimolecular, [(CHsV 
C==CH2*PtCl2]2, and no doubt the other com­
pounds of the same series are likewise.11

Structure of the Compounds of the 
Type [(Un*PtCl2)]2

That these compounds are derivatives of platin­
ous chloride seems fairly well established. Their 
analyses as well as their reactions with pyridine, 
with concentrated hydrochloric acid, and with 
bromine point to this conclusion. Furthermore,

(11) Anderson10 has estimated the molecular weight of ethylene 
platinous chloride by the Barger-Rast method, and his results 
point to a bimolecular form.

the eompound prepared from dipentene and pla­
tinic chloride is the same as the one obtained by 
treating dipentene with platinous chloride in the 
presence of dry hydrogen chloride.

Anderson10 has proposed for ethylene platinous 
chloride the formula

C2H4v /C k  y Cl
> P t <  > P <

CV  XCK XC2H4

Against this formula, however, may be raised the 
serious objection that it makes a chlorine atom 
form two coördination bonds.

Consideration of the electron arrangement in 
the substance aids in deriving a structure. The 
general electronic configuration here proposed for 
all compounds of the type (Un-PtCl2)2

R 9 ..C 1

is specifically exemplified in the following for­
mula for cyclohexene platinous chloride

H2
Cl Cl

H2

•2 . üf- *
/ \ h/ Pn

h 2
H

H2

H:

Cl’ Cl
When monosubstituted ethylenes are used, 

there is a possibility of structural isomerism. For 
instance, the eompound derived from styrene 
might have either of the two structures shown by
the formulas 

Cl Cl Cl Cl
■pi:

H ;• \  H 
C6H6: C /  * C : H

‘pt;
H *• \  H  

C eH siC^ ’ C : CeHs
1 1 and 1 1

H : C #. / C : C 6H5 H : C .  / C : H
H \ p j -  H Ü ’ \ p ’ ; H

Cl‘ ' Cl Cl ’ * Cl
I t  is interesting to note tha t each of these struc­

tural isomers contains two asymmetrie carbon 
atoms, and can exist in three stereoisomeric forms. 
With more complex substituted ethylenes, the 
number of isomers becomes still greater. Further 
study of these substances is contemplated.
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Applicability of the Method
The method described above has been used to 

prepare coördination compounds from the follow­
ing unsaturated substances: cyclohexene, dipen­
tene, pinene, ethylene, isobutylene, styrene, 
stilbene and iraws-dichloroethylene. No crystal­
line coördination compounds could be isolated 
from the following substances: allyl chloride, 
allyl bromide, allylbenzene, vinyl bromide, tri- 
decene, isostilbene and as-dichloroethylene. The 
latter substances react with the platinic chloride 
to give red Solutions but no crystals separate. In 
all these cases red gums are obtained.

It is interesting that crystalline compounds 
have been isolated from /raws-dichloroethylene 
and from /raws-diphenylethylene, whereas all at­
tempts to obtain crystalline substances from their 
£w-isomers have failed. I t  would be desirable to 
extend the work to other pairs of cis-trans stereo- 
isomers, to determine how general this relation is. 
In this connection it should be noted that from 
cyclohexene, dipentene and pinene (which are 
cis compounds) crystalline substances have been 
isolated.

The method does not seem to be applicable to 
unsaturated acids and their esters. All attempts 
to prepare compounds with maleic anhydride, 
maleic and fumaric acids and their ethyl esters, 
and with cinnamic ester have failed. These sub­
stances do not appear to react at all with platinic 
chloride.

Coördination Compound of Platinic 
Chloride with Azobenzene

It might be expected that azo compounds which 
contain a double bond between two nitrogen atoms 
would form coördination compounds similar to 
those obtained from the olefins. However, the 
eompound obtained from the interaction of plat­
inic chloride and azobenzene has the empirical 
formula (CeH5N = N  CeHs^PtCh. This com­
pound is analogous to the coördination compounds 
of the type (RCN^PtQU obtained from platinic 
chloride and nitriles. It appears that the azo 
group is equivalent to a nitrile group. For this 
eompound the following formula is proposed

..Cl Cl..
C6H5: N ;p -. N  : C6H5
C6H*:N;' - • •‘ N : C 6H5 

■•Cl C l-

Here one pair of electrons from each azo group 
forms a coördination bond.

Experimental Part
Preparation of Anhydrous Platinic Chloride.—Anhy­

drous platinic chloride is prepared by a modification of 
the method of Rosenheim and Löwenstamm.12 Chloro- 
platinic acid is prepared by the usual method. The acid 
melts at about 60° and still contains six molecules of water 
of crystallization. The melted acid is poured into a por­
celain boat and the boat with its contents is placed in a 
glass tube contained in an electric furnace. A slow current 
of dry chlorine is passed through the apparatus. The 
temperature is raised gradually to 275° in the course of 
two hours; it is kept there for one-half hour and then is 
allowed to fall gradually. When the apparatus has cooled 
to about 150°, the boat is removed and the contents are 
pulverized while hot in an agate mortar. The powdered 
substance is again placed in the furnace in an atmosphere 
of chlorine at 275° for one-half hour. It is then allowed 
to cool and is placed in a glass-stoppered bottle in a desic­
cator over concentrated sulfuric acid.

Anal. Calcd. for PtCl4: Pt, 57.9. Found: Pt, 57.7.
Platinic chloride thus prepared is a very hygroscopic 

red-brown substance. It is slightly soluble in nitro­
benzene, glacial acetic acid and alcohol, very slightly 
soluble in chloroform and ether, and insoluble in benzene 
and in toluene.

Preparation of Platinous Chloride.—Platinous chloride 
is prepared by a modification of the method of Berzelius.13 
Pure chloroplatinic acid is heated over a free flame to 
about 150°. The resulting solid is placed in a boat, and 
the boat with its contents is placed inside the furnace. 
The temperature is raised to 360-380° for about two 
hours, while a slow current of air is passed through the 
apparatus. The greenish solid is then pulverized and is 
again placed in the furnace at 360° for about one hour. 
After cooling, the solid is boiled with water containing a 
few drops of hydrochloric acid to remove any unchanged 
platinic chloride. The platinous chloride, which is insolu­
ble, is washed twice by decantation and again placed in 
the furnace at 360° for one-half hour.

Anal. Calcd. for PtCl2: Pt, 73.4. Found: Pt, 73.2.
Platinous chloride is a greenish-gray solid. It is in­

soluble in benzene, chloroform, glacial acetic acid and 
alcohol.

General Method of Preparation of Complexes
The most direct method for preparing a eompound of 

the type (Un-PtCl2)2 or (Un-PtBr2) would be to combine 
a platinous halide with an unsaturated eompound. How­
ever, attempts to apply this method have given unsatis- 
factory results. Platinous halides are very insoluble and 
inert substances; consequently platinic halides have been 
used.

To prepare the chlorides 0.5 g. of platinic chloride is 
suspended in 10 cc. of glacial acetic acid and 0.5 cc. 
(about 2-4 moles) of the unsaturated hydrocarbon is 
added (in the case of pinene 1 cc. is added). The mixture 
is warmed in the steam-bath for about ten minutes. 
During this period the platinic chloride goes into solution 
and the reaction is completed. Crystals of the chloride

(12) Rosenheim and Löwenstamm, Z. anorg. Chem., 37, 403 
(1903).

(13) Berzelius, Schweigger’s J., 7, 55 (1813).
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separate out from the filtrate with or without cooling and 
these are collected and washed with additional portions of 
the solvent. In the case of cyclohexene 1 g. of the chloride 
is triturated with 0.25 g. (1 mole) of the hydrocarbon in 
15 cc. of glacial acetic acid and after a few minutes 1 cc. 
(3 moles) more of the cyclohexene is added, considerable 
heat being evolved and the reaction going to completion.

In the case of stilbene 0.25 g. of the hydrocarbon also is 
first added and the mixture is heated on the steam-bath, 
the platinic chloride being completely dissolved in about 
fifteen minutes to form a red solution. After filtration an 
additional 0.5 g. (2 moles) of stilbene is added.

Platinic bromide can also be used in place of the chloride 
and it has the advantage of being more soluble in glacial 
acetic acid. In the case of cyclohexene 0.2 g. of the bro­
mide is dissolved in 5 cc. of glacial acetic acid and 1 cc. 
of cyclohexene is added. In a few minutes the deep red 
solution becomes pale orange and long needles separate.

In the case of styrene 2  cc. of the hydrocarbon is added 
to 0.5 g. of the bromide in 10 cc. of glacial acetic äcid.

Preparation of Ethylene Platinous Chloride (C2H4* 
PtCl2)2.—About 1 g. of platinic chloride is suspended in 
about 25 cc. of anhydrous benzene. The suspension is 
kept at 70° for about one hour, while ethylene from a 
cylinder is bubbled through it. After standing at room 
temperature for twenty-four hours, the reaction mixture 
is again warmed to 70 ° and treated with ethylene. During 
these operations most of the platinic chloride goes into 
solution, and at the same time a considerable quantity of 
hydrogen chloride is evolved. The hot solution is filtered, 
and from the filtrate, upon cooling, orange crystals sepa: 
rate. They are crystallized from benzene.

This compound is identical with the one prepared by 
Anderson10 by refluxing absolute alcohol with sodium 
chloroplatinate.

Preparation of Isobutylene Platinous Chloride
[(CH3)2C==CH2-PtCl2]2.—About 0.5 g. of platinic chloride 
is suspended in 10 cc. of glacial acetic acid and the mixture 
is warmed to 50°. Isobutylene, prepared by heating 
£-butyl alcohol with oxalic acid, is then bubbled through 
the suspension. In the course of a few minutes the 
platinic chloride dissolves, giving a red solution. The 
solution is filtered. As more isobutylene is bubbled 
through the filtrate orange crystals separate. The crystals 
are washed with glacial acetic acid.

Molecular Weight.—The solubility of this compound in 
benzene permits an accurate determination of its molecular 
weight. The compound is found to be bimolecular: solute, 
0.1330, 0.2406, 0.2406 g.; solvent, 8.742, 8.742, 17.484 g.; 
average depression, 0.119, 0.223, 0.107°. Calcd. for (C4H8- 
PtCh^: mol. wt., 644.4. Found: mol. wt., 654, 633, 658.

Reaction of Stilbene Platinous Chloride with Pyridine.— 
About 0.2 g. of stilbene platinous chloride is dissolved in 
2 cc. of Chloroform and 10 drops of pyridine added. A 
yellowish precipitate, presumably pyridine platinous 
chloride, separates. About 25 cc. of petroleum ether is 
added, and the filtrate is evaporated to dryness. A 
crystalline substance melting at 125° is obtained. A 
mixture of this substance with stilbene also melts at 125°. 
The reaction evidently proceeds according to the equation
(C6HsCH=CHC6H6PtCl2)2 +  4C5HöN ---->

2Cä CH=CHC«H6 +  2(C6H5N)2PtCl*

Reaction of Stilbene Platinous Chloride with Concen­
trated Hydrochloric Acid.—About 0.1 g. of stilbene pla­
tinous chloride is dissolved in 10 cc. of benzene, and 20 cc. 
of concentrated hydrochloric acid is added. After shaking 
for about one hour the mixture is allowed to stand over­
night. The benzene layer becomes colorless, while the 
aqueous layer becomes orange. The benzene layer upon 
evaporation gives colorless crystals, melting at 125°. 
A mixture of these crystals with stilbene also melts at 
125°. The aqueous layer upon evaporation at 100° gives 
platinous chloride.

Reaction of Stilbene Platinous Chloride with Bromine.—
About 0.3 g. of stilbene platinous chloride is dissolved in 
20 cc, of chloroform and an excess of bromine in carbon 
tetrachloride is added. The solution is then evaporated 
under reduced pressure. The red mass is extracted with 
petroleum ether, and the solution after filtering is evapo­
rated to dryness. The solid that is obtained and also a 
mixture with stilbene dibromide melts at 237°. The 
residue from the extraction is soluble in water, consisting 
presumably of platinic chloride and platinic bromide.

Cis-Phenylethylene; Isostilbene.—This substance is
prepared by hydrogenation of tolane in methyl alcohol 
solution in the presence of platinum catalyst, until the 
theoretical amount of hydrogen is absorbed. Upon 
evaporation of the solvent an oil is obtained. This oil is 
dissolved in light petroleum ether (b. p. 30-35°), and 
placed in acetone-carbon dioxide mixture to precipitate 
any unchanged tolane. The cold solution is then filtered 
and the filtrate is evaporated, leaving the pure substance in 
the form of an oil.

All attempts to prepare crystalline coördination com­
pounds with isóstilbene have failed. Nitrobenzene, ben­
zene, chloroform and glacial acetic acid have been used as 
solvents, and the temperature as well as the time of heating 
have been varied. In all cases the platinic chloride goes 
into solution while hydrogen chloride is evolved. Under 
all conditions red gums have been obtained.

Preparation of Trans-Dichloroethylene Platinous Chlo­
ride, /mw5-(C2H2Cl2 PtCl2)2.—About 0.5 g. of platinic chlo­
ride is suspended in 10 cc. of benzene, and 1 cc. of tra n s- 
dichloroethylene is added. The mixture is warmed to 
40-50° for about three hours, during which most of the 
platinic chloride goes into solution and at the same time 
a considerable quantity of hydrogen chloride gas is evolved. 
The reaction mixture is then heated to the boiling point 
of benzene and filtered. From the filtrate amber crystals 
separate on cooling.

Cis-Dichloroethylene.—Several attempts to isolate a 
crystalline eompound with ris-dichloroethylene have failed. 
As in the case of «Vdiphenylethylene gums have been 
obtained.

Preparation of Di-azobenzene Platinic Chloride
(C6H5N=NCeHcVPtCl4.—About 0.5 g. of platinic chloride 
is suspended in 10 cc. of glacial acetic acid, a gram of azo­
benzene added to the mixture and the whole warmed on a 
steam-bath. After about one hour the platinic chloride goes 
into solution and at the same time a brick-red solid sepa­
rates. The eompound is purified by washing successively 
with glacial acetic acid, benzene and petroleum ether.

A n a l, Calcd. for (C6H6N = N C 8H*)2PtCl4: Pt, 27.84. 
Found: Pt, 27.5, 27.6.
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T a b l e  I

Organo  P l a t in u m  C o m po u n d s  : A n a l y se s , Chem ical , P h y sic a l  a n d  Optic al  P r o pe r t ie s
Optical data® Solubilities«»

Platinous
chlorides Color Form Bire.

Ext.
angle CHCls Ether Bz EtOH

Glac.
HAc

Ace­
tone Water

NaCl
soln.

Platinum, % 
Calcd. Found

Cyclohexene sl. or. 1. silky need­ par. sym. s. s. sl. s. V. s. ins. v. s. ins. 145-146 56.07 56.0 56 .04*

Dipentene f . yel.
les®

biax. pr.c low
obl.
34° V. s. ins. V. sl. ins. ins. s. ins. 151-152 48.53 48.4^ 48.3®»?

Pinene f. yel. prisms® high 6 ° V. s. sl. s. sl. sl. s. ins. 138-141 48.53 48.6 48.6
Ethylène or. tablets® high 32° s. v. s. s. V. s. ins. V. s. sl.» sl. 0 1 00 o *-*» 66.35 65.7 65.7
Isobutylene or. rhb. pl. 18° V. s. v. s. V. s. V. s. sl. V. s. ins.» v. s. 144-145 60.59 60.6 60.7
Styrene or. hex. pr.® fair 30° s. s. sl. V. sl. s. ins. v. sl. 169-171 52.73 52.6 52.6
Stilbene or. sm. hex. pr.® high 30° V. s . h s. V. sl. V. sl. ins. V. s. ins. 191-192 43.75 43.7 43 .7fc
/raws-Dichlo-

roethylene or. cryst.® high par. s .h s. s. 155-160 53.77 54.6 54.7
Cyclohexene

*PtBr2 or. 1. sl. need.® fair par. s. ins. V. sl. V. sl. ins. sl. 150-151 44.66 44.5 44.7
Styrene*-

PtBr* rose hex. pr.® fair 32° s. ins. sl. ins. ins. sl. ins. 153-154 42.52 42.4 42.5

“ Abbreviations: par., parallel; sym., symmetrical; obl., oblique; ext., extinction; bire., birefringence; or., orange; 
yel., yellow; f., faint; 1., long; sm., small; pl., plates; sl., slender; pr., prisms; hex., hexagonal, b Abbreviations: s., 

soluble; v., very; sl., slightly soluble; ins., insoluble. c Anisotropie. d Prepared from platinous chloride and dipen­
tene. e Prepared from platinic chloride and dipentene. /  After standing in air for about three weeks it decomposes at 

125-130°. 9 Also in petroleum ether. h Also in nitrobenzene. 1 % Chlorine calcd.: 20.37. Found: 20.34 and 20.44.
1 %  Chlorine calcd.: 17.63. Found: 17.7 and 17.7. k %  Chlorine calcd.: 15.80. Found: 15.8 and 15.8.

The eompound decomposes at 168-170°.
Solubility.—This eompound is soluble in acetone, 

chloroform and ether; and slightly soluble in glacial acetic 
acid, alcohol and benzene.

Summary
1. It has been shown that anhydrous platinic 

halides react with ethylenic substances to give

coördination compounds of the type (Un-PtX2)2.
2. The behavior of these coördination com­

pounds with various reagents has been described.
3. A ring formula has been proposed for the 

coördination compounds.
Chicago, I I I .  R ec eiv ed  J u n e  8, 1936

[C o n t r ib u t io n  fr o m  t h e  Chem ical  Laboratory  of  H a r v a rd  U n iv e r s it y ]

The Orientation of ^-Methoxydiphenyl in the Friedel and Crafts Reaction

By L. F . F ieser  and  Charles K . B radsh er

In the course of certain synthetic work the oc­
casion arose to investigate the condensation of p -  

methoxydiphenyl with succinic anhydride in the 
presence of aluminum chloride, and it was found 
that the reaction proceeds smoothly in nitroben­
zene solution, giving a mixture of two isomers. 
As the higher melting keto acid forms a sparingly 
soluble sodium salt by means of which it can be 
removed from the mixture, a Separation is easily 
accomplished. It was found that about two- 
thirds of the Substitution occurs in the para posi­
tion of the unsubstituted ring (I) and the re­
mainder ortho to the methoxyl group (II). In 
establishing the structures the keto acids were 
first oxidized, best with permanganate in the case 
of I and with hypobromite for II, to the methoxy- 
diphenyl carboxylic acids III and IV. The hy­
droxy acids obtained on demethylation corre-

sponded in melting point to substances described 
in the patent literature, 4-hydroxy-4'-carboxydi- 
phenyl having been obtained through the nitro de­
rivative of the 4-carboxylic acid1 and 3-carboxy- 
4-hydroxydiphenyl from the 4-hydroxy eompound 
through the aldehyde2 and by the Kolbe reaction.3 
In order to establish the structures completely 
exhaustive oxidations were conducted on the 
phenol III and the keto acid II. These yielded 
terephthalic acid and benzoic acid, respectively, 
in accordance with the formulation.

It was of interest to see whether the solvent in 
the Friedel and Crafts reaction plays any part in 
determining the ratio of homo- and hetero-nu- 
dear Substitution products, and as the condensa­
tion of ^-methoxydiphenyl with succinic anhy-

(1) French Patent 735,846; English Patent 390,556.
(2) American Patent 1,839,526.
(3) American Patent 1,941,207.
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dride did not proceed satisfactorily in solvents 
other than nitrobenzene the reaction with acetyl 
chloride was investigated for this purpose. Two 
isomers were invariably obtained and there was 
no appreciable difference in the results using ni­
trobenzene, tetrachloroethane or carbon bisulfide. 
The isomer formed in larger amounts and having 
the higher melting point was found to be 4'-aceto- 
4-methoxydiphenyl (V) for it yielded III (ether) 
on oxidation with permanganate. In analogy 
with the above results the second product, isolated 
from the mother liquor as the semicarbazone, is 
very probably VI. With the two aceto com­
pounds available it was of interest to investigate 
the Fries rearrangement of the acetate of £-hy- 
droxydiphenyl (VII), for although Blicke and 
Weinkauff4 studied the rearrangement of the ben­
zoate they did not establish rigorously the struc­
ture of the sole reaction product isolated. In the 
present case it was found that the acetyl group 
migrates to both the o - and the ^'-positions.

In general ^-methoxydiphenyl resembles ß -  

methoxynaphthalene in giving rise to Friedel and 
Crafts substitutions both ortho to the methoxyl 
group and at the most remote position of the sec­
ond nucleus.

An additional observation worthy of note is that 
on oxidizing ß -  (4-methoxy-4'-xenoyl) -propionic 
acid (I) with sodium hypochlorite the product,

(4) Blicke and Weinkauff, T his Journal, 54, 330 (1932).

separated from excess reagent as 
the sodium salt, was found to 
contain chlorine. The structure 
VIII was established by the 
preparation of the acid from the 
known5 3-chloro-4-methoxydi- 
phenyl by condensation with 
acetyl chloride and permanga­
nate oxidation. In this Friedel 
and Crafts reaction the unsubsti- 
tuted ring alone appears to be 
attacked. The corresponding 3- 
bromo compounds also were pre­
pared. Another interesting ob­
servation is that all attempts to 
cydize the butyric acid deriva­
tive IX with sulfuric acid or 
through the acid chloride were 
unsuccessful. The ester of IX  
was also converted into the oxalyl 
derivative and sübmitted to the 
Bougault reaction with sulfuric 

acid, but a ring closure was not achieved. This 
evidently constitutes an additional case of the 
inhibitory influence on cyclizations often exerted 
by a m-methoxyl group.6

OCH3 OCHs CH2
/ ' S a / y ^ \ c H 2

V U / CIi2] ) co2h

n If]
\ /

co2h
VIII IX

Experimental Part
Condensation of ^-Methoxydiphenyl with Succinic An­

hydride.—A solution of 50 g. of the ether and 29.9 g. of 
succinic anhydride in 500 cc. of nitrobenzene was cooled in 
an ice-bath and 67.5 g. of aluminum chloride was added in 
small portions with stirring. The mixture was stirred cold 
for six hours and at room temperature for an equal period 
and then treated with ice and acid and the solvent removed 
with steam. The solid residue was dissolved in 1.5 liters 
of water containing 40 g. of sodium carbonate and after 
clarifying the hot solution with Norite and cooling to 0° 
the sodium salt of ß-(4-methoxy-4 '-xenoyl)-propionic acid 
(I) separated as a curdy precipitate. The collected salt 
was suspended in hot water and acidified, giving a light 
gray precipitate of the free acid, m. p. 192—195°, yield 
18.9 g. (24.5%). Crystallized from acetic acid in which it

(5) Colbert, Meigs and Mackin, ibid., 56, 202 (1934).
(6) Compare Graves and Adams, ibid., 45, 2439 (1923); Gardner 

and Adams, ibid., 45, 2455 (1923); Jacobson and Adams, ibid., 46, 
1312 (1924).
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is moderately soluble, the acid forms colorless plates or 
needles melting at 200-201° with slight darkening in con­
tact with the glass.

The mother liquor remaining after removal of the salt 
was treated at the boiling point with sodium chloride until 
nearly saturated, and on cooling the sodium salt of /3-(4- 
methoxy-3-xenoyl)-propionic acid (II) separated in a crys­
talline condition. The free acid precipitated from a clari- 
fied solution was nearly pure, m. p. 147-148°, yield 46.5 
g. (60%). It is much more soluble than the isomer and 
forms small needles from ether and a microcrystalline 
powder from alcohol, m. p. (camphor-like) 155°, clear.

A n a l. Calcd. for Ci7Hi60 4: C, 71.81; H, 5.67. Found:
(I) C, 72.02; H, 5.63; (II) C, 72.05; H, 5.90.

The methyl ester of I, microcrystals from dilute acetic 
acid, has a camphor-like melting point, liquefaction begin­
ning at 99° and the crystal skeleton disappearing at 110°. 
The methyl ester of II forms small plates from ether-pe- 
petroleum ether, m. p. 48-49°.

A n a l. Calcd. for Ci8Hi80 4: C, 72.46; H, 6.09. Found: 
(I-ester) C, 72.31; H, 5.93; (II-ester) C, 72.12; H, 6.06.

Clemmensen Reduction.—The keto acids I and II were 
reduced in the form of the methyl esters (crude) by the 
ordinary Clemmensen procedure and the resulting acids 
were conveniehtly purified by salting out the sodium salts 
from the alkaline Solutions. 7-(4-Methoxy-4 '-xenyl)-bu- 
tyric acid, obtained in a small-scale experiment in 20% 
yield, formed microcrystals from dilute alcohol, m. p. 
148-149° with previous softening. 7-(4-Methoxy-3- 
xenyl)-butyric acid (IX) formed long, colorless needles from 
dilute alcohol, m. p. (camphor-like) 109°; yield 54-58%.

A n a l. Calcd. for Ci7H180 3: C, 75.56; H, 6.72. Found: 
(4 '-isomer) C, 75.62; H, 6.64; (3-isomer) C, 75.69; H, 
6.49.

The acid IX  was either sulfonated or unattacked in at­
tempted cyclizations with sulfuric acid of various strengths, 
and the acid chloride seemed either not to react or to yield 
polymeric products when treated with condensing agents. 
Polymerization seemed to occur also in the Bougault con­
densation of the oxalyl derivative of the ethyl ester, pre­
pared and treated in the usual way.7

Oxidation to Methoxydiphenyl Carboxylic Acids.—The 
keto acid I (2.5 g.) was best oxidized in a solution of potas­
sium hydroxide (2.5 g.) and water (200 cc.) with potassium 
permanganate (6;6 g.) at the temperature of the steam- 
bath. The precipitated dioxide was dissolved, after cool­
ing, with sulfur dioxide and the solution was acidified and 
heated to coagulate the 4-methoxy-4 '-carboxydiphenyl
(III) which separated; yield 1.5 g. This formed a 
microcrystalline powder from glacial acetic acid, m. p. 
248-249°.

For the preparation of 3-carboxy-4-methoxydiphenyl
(IV) a solution of 5 g. of the keto acid II and 14 g. of so­
dium hydroxide in 200 cc. of water was treated at 10° 
with 14 g. of bromine. After twelve hours the solution 
was treated with sulfur dioxide, followed by hydrochloric 
acid. The precipitated acid was coagulated by digestion 
at the boiling point; yield 3 g. (75%). Distilled in vac­
uum and crystallized from ether the acid formed slightly 
yellow plates, m. p. 166-167°.

(7) Fieser and Hershberg, T h is  J o u rnal , 57, 1851 (1935).

A n al. Calcd. for Ci4Hi20 3: C, 73.65; H, 5.31. Found: 
(III) C, 73.49; H, 5.66; (IV) C, 73.30; H, 5.59.

The methyl ester of III forms plates from methyl alco­
hol, m. p. 172-173°.

A n al. Calcd. for C16Hi40 3: C, 74.35; H, 5.82. Found: 
C, 74.31; H, 6.15.

Demethylation.—The methoxy acids III and IV were 
refluxed with glacial acetic acid (20 cc. for a 3-g. lot) and 
48% hydrobromic acid (6 cc.) for four hours and the Solu­
tions were concentrated and diluted to crystallization. 4- 
Hydroxy-4'-carboxydiphenyl was crystallized from diox- 
ane-cyclohexahe, forming transparent (solvated) needles, 
m. p. (dry) 293-294°. 3-Carboxy-4-hydroxydiphenyl 
formed needles from ether-cyclohexane, m.p. 212-213 °.

A n al. Calcd. for Ci3H10O3: C, 72.86; H, 4.71. Found: 
(4'-acid)C, 72.62; H,5.05; (3-acid) C, 72.73; H, 5.08.

The 4'-methyl ester formed plates from alcohol, m. p. 
224-225°; the 3-ester crystallized from petroleum ether as 
prismatic needles, m. p. 93-94°.

A n al. Calcd. for Ci4Hi20 5: C, 73.65; H, 5.31. Found: 
(4'-ester) C, 73.97; H, 5.64; (3-ester) C, 73.67; H, 5.42.

Exhaustive Oxidation.—A hot solution of 0.9 g. of 4- 
hydroxy-4'-carboxydiphenyl and 3 g. of potassium hy­
droxide in 100 cc. of water was treated in the course of two 
hours with a solution of 5.75 g. of permanganate. The 
crude oxidation product was esterified and the ester (0.3 g.) 
distilled in vacuum and crystallized from methyl alcohol, 
giving flat needles of dimethyl terephthalate, m. p. 140- 
141°.

A n al. Calcd. for CioH100 4: C, 61.82; H, 5.19. Found: 
C, 61.66; H, 5.52.

ß-(4-Methoxy-3-xenoyl)-propiönic acid on oxidation 
with excess alkaline permanganate gave benzoic acid, 
which was extracted with ether from the residue after 
evaporation, sublimed, and fully identified.

3-Chloro-4-methoxy-4'-carboxydiphenyl (VIII).—(a) ß- 
(4-Methoxy-4'-xenoyl)-propionic acid (5 g.) was heated 
with 720 cc. of 2.5% sodium hypochlorite solution for 
several hours on the steam-bath and on nearly saturating 
the solution with sodium chloride and cooling, the sodium 
salt of the chlorinated acid separated. It was collected 
and washed with salt solution, and the free acid was liber­
ated and crystallized from dilute acetic acid; small 
needles, m. p. 275-276°.

A n al. Calcd. for Ci4Hu0 3C1: C, 63.98; H, 4.23.
Found: C, 63.96; H, 4.62.

The methyl ester formed cottony needles from methyl 
alcohol, m. p. 145-146°.

A n al. Calcd. for Ci5Hi30 3C1: C, 65.08; H, 4.74.
Found: C, 65.30; H, 4.82.

(b) 3-Chloro-4-methoxydiphenyl (5 g.) was first con­
verted with acetyl chloride (2 g.) and aluminum chloride 
(3.4 g.) in carbon bisulfide medium into 3-chloro-4-meth- 
oxy-4'-acetodiphenyl, which was vacuum distilled and crys­
tallized from alcohol; needles, m. p. 109-110°.

A n al. Calcd. for C15H130 2C1: C, 69.07; H, 5.03.
Found: C, 69.17; H, 5.30.

The ketone (1 g.) was oxidized with potassium perman­
ganate (1.21 g.) in a hot, stirred, alkaline medium, and the 
purified product (0.35 g.) and its methyl ester were com-
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pared with the above samples and found to give no depres- 
sions in the melting points.

Bromo Compounds.—Using analogous methods the fol­
lowing compounds were prepared: 3-bromo-4-methoxy- 
4'-acetodiphenyl (a), plates from methyl alcohol, m. p. 
97-98°; 3-bromo-4-methoxy-4'-carboxydiphenyl (b),
rieedles from tetrachloroethane, m. p. 270-271°; methyl 
ester (c), long needles from alcohol, m .p. 148-149°.

A n a l. Calcd. (a) C, 59.02; H, 4.30; (b) C, 54.72; H, 
3.62; (c) C, 56.07; H, 4.08. Found: (a) C, 59.10; H, 
4.63; (b) C, 54.66; H, 3.89; (c) C, 55.91; H, 3.95.

Condensation of ^-Methoxydiphenyl with Acetyl Chlo­
ride^—The reaction of the ether (5 g.) and acetyl chloride 
(2.2 g.) in the presence of aluminum chloride (4 g.) was 
run in boiling carbon bisulfide, in tetrachloroethane at 0-  
20°, and in nitrobenzene at 0-20°. There was little differ­
ence in the total yield or the ratio of isomers in the three 
cases, although tetrachloroethane seemed to give slightly 
better results (65% yield) than the other solvents. A Sepa­
ration is easily accomplished with ether, which readily dis­
solves the low-melting isomer (VI) and leaves the other 
ketone (V) as a residue, and in each case the high-melting 
eompound was found to comprise 65-75% of the total. 
This substance, 4-methoxy-4 '-acetodiphenyl (V), forms 
microcrystals from methyl alcohol, m. p. 153-154°. On 
oxidation with alkaline permanganate it gave an acid iden­
tical with III. 3-Aceto-4-methoxydiphenyl (VI) was 
found in the ether mother liquor contaminated with un­
changed ^-methoxydiphenyl. It was easily separated 
from this substance and purified through the semicarba­
zone, which gives plates from alcohol. On hydrolysis with 
boiling 2 N  hydrochloric acid the ketone was obtained and 
crystallized from dilute methyl alcohol; plates, m. p. 
62-63°.

A n al. Calcd. for C15H14O2: C, 79.61; H, 6.24. Found:
(V)C, 79.65; H,6.34; (VI) C, 79.66; H, 6.43.

Fries Rearrangement.—4-Acetoxydiphenyl (5 g.) was 
intimately mixed with aluminum chloride (3.5 g.) and car­
bon disulfide (20 cc.) and heated to evaporate the solvent.

The residue was heated in a bath at 140° for thirty minutes 
and then decomposed with dilute hydrochloric acid and 
extracted with ether. The rearranged material was ex­
tracted from the washed solution with dilute alkali and re­
covered as a solid by acidification. 4-Hydroxy-4'-aceto- 
diphenyl, the less soluble isomer, was obtained by crystal­
lization of the crude material to constant melting point 
from benzene; small needles, m. p. 206-207° (0.2 g.). It 
gave on methylation a product identical with the ether V 
described above. The material recovered from the ben­
zene mother liquor was taken up in alcohol (50 cc.) and 
treated with an aqueous solution of semicarbazide hydro­
chloride (1.1 g.) and sodium acetate (0.8 g.). On standing 
yellow crystals of a semicarbazone separated (0.95 g .; 
m. p. >270°) and this was hydrolyzed with boiling 2 N  
hydrochloric acid. After crystallizing the recovered ke­
tone from petroleum ether 3-aceto-4-hydroxydiphenyl was 
obtained as sthall prisms, m.p.  61-62°, and on methylation 
it formed an ether, m.p.  62-63°, which did not depress the 
melting point of 3-aceto-4-methoxydiphenyl.

A n a l. Calcd. for Ci4Hi202: C, 79.21; H, 5.71. Found: 
(4'-isomer) C, 79.37; H, 6.01; (3-isomer) C, 79.19; H, 
5.83.

Summary
In the Friedel and Crafts reaction with succinic 

anhydride and with acetyl chloride 4-methoxydi- 
phenyl is substituted in both the 3- and the 4'- 
positions and solvents have little influence on 
the ratio of the isomers produced. The Fries re­
arrangement of 4-acetoxydiphenyl also proceeds in 
these two directions.

The closing of a six-membered ring at the 2- 
position of diphenyl is inhibited by a m-methoxyl 
group at position 4.
C o n v e r s e  M e m o r ia l  L a b o r a t o r y
C a m b r id g e , M a s s . R e c e iv e d  J u l y  6 , 1936

[Co n t r ib u tio n  from  R öhm a n d  H a a s  C o m p a n y , I n c . ]

The Condensation of Phenols with Ethanolamine and Formaldehyde
B y H erman A l ex ander  B r u so n

It has been known for some time that amines 
catalyze the condensation between phenols and 
formaldehyde to form resins. The mechanism 
of this reaction is still obscure.

When phenols are Condensed with molecular 
equivalents each of formaldehyde and secondary 
amines, such as dimethylamine or piperidine, 
tertiary amines are formed.1

Décombe has shown that the products thus ob­
tained are, without doubt, ö-hydroxybenzylamino 
derivatives.2

(1) Bayer, German Patent 89,979, 92,309 (1895).
(2) J. Décombe, C o m p t.  r e n d . ,  196, 866 (1933); 197, 258 (1933).

Morpholine is particularly prone to form well- 
defined, crystalline hydroxy benzylmorpholines 
with a variety of monohydric or polyhydric phen­
ols and formaldehyde.3

ln a study of this reaction with other amines, it 
has now been found that ß-aminoethanol can be 
combined with formaldehyde and phenols to yield 
hydroxybenzylaminoethanols. The condensation 
is, however, complicated by the formation of resi­
nous materials which in some cases form the main 
product. It has been found possible, by intro-

(3) H. Bruson, U. S. Patent 2,040,039, 2,040,040 (1936).
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ducing various orienting groups into the phenol 
nucleus and thereby decreasing the number of 
reactive available nuclear positions, to so arrest 
resin formation that the intermediate compounds 
can be isolated in pure crystalline form.

When phenol was mixed with a molecular 
equivalent quantity each of formaldehyde and 
ethanolamine, heat was evolved, and a sticky, 
sirupy mass was formed. After washing with 
water, this material formed a reddish, viscous, 
resinous material which was readily soluble in di­
lute hydrochloric acid or sodium hydroxide solu­
tion. It therefore contained an amino group and 
a free phenolic hydroxyl group. When heated fo 
about 1 0 0 °, it gradually hardened to a nitrogen- 
ous, pale reddish, resin which was still soluble in 
dilute acid, but which progressively became more 
and more insoluble as heating was continued. 
When two molecular equivalents of formaldehyde 
were used for the condensation, the product 
resinified faster to an infusible resin. At no stage 
was it possible to isolate therefrom any crystalline 
product.

The three isomeric cresols reacted in a similar 
manner to yield sticky, nitrogenous sirups or 
resins which could not be crystallized, nor could 
they be distilled, even in high vacuum, without 
decomposition.

However, the introduction of a phenyl group 
o r th o  to the phenolic hydroxyl group, led to the 
formation of a crystalline eompound which could 
easily be separated from resinous by-products.
o-Phenylphenol reacted with one mole equivalent 
each of formaldehyde and ethanolamine to yield 
a substance crystallizing in colorless needles melt­
ing at 116° and corresponding to the empirical 
formula C15H17O2N. This eompound was soluble 
in aqueous 1 0 % sodium hydroxide solution or 
phosphoric acid solution, but was insoluble in so­
dium bicarbonate solution. From its empirical 
composition and Chemical behavior, it would 
correspond to the probable formula C6H5C6H3- 
OHCH2NHCH2CH2OH in which the entering 
group could be ortho or para to the phenolic
h x r r l  t - A v * t r 1 n w n nH J  VU. VAJT Jl ÂV/WLĴ i

^»-Phenylphenol, on the other hand, formed a 
crystalline eompound containing less nitrogen 
than that called for by the above empirical for­
mula. It was less soluble in acids or in sodium 
hydroxide solution and more soluble in alcohol 
than the o-phenyl eompound. After repeated 
crystallizations from benzene, it melted at 1 0 2°.

Assuming that it is not a mixture, its analysis ap- 
proximates a possible formula (CftH5C6H3OHCH2) 2 
NCH2CH2OH.

^-Cyclohexylphenol likewise formed a crystal­
line eompound, m. p. 171°, which contained less 
nitrogen than that called for by a simple cyclo- 
hexylhydroxybenzylaminoethanol, and which ap- 
proximates a possible structure analogous to the 
para-phenyl eompound.

Well-defined crystalline reaction products were 
obtained from ^-/-butylphenol, ^-/-amylphenol, 
p - benzoylphenol, ^-nitrophenol and 3-nitro-4-hy- 
droxytoluene, the analysis and behavior of which 
indicated the presence of one —CH2NHCH2- 
CH2OH group attached to the aromatic nucleus. 
In view of the blocking of the para positions in 
these phenols, the entering —CH2NHCH2CH2OH 
radical very probably enters the ortho position to 
the phenolic hydroxyl group. By using 2,4-di- 
chlorophenol and 5 - chloro - 2 - hydroxydiphenyl, 
which contain one very reactive free ortho posi­
tion, the corresponding compounds containing the 
—CH2NHCH2CH2OH group undoubtedly ortho to 
the phenolic OH group, were obtained.

In the case of 0 -cyclohexylphenol, ƒ>-benzyl - 
phenol, p - a ,  a ,  7 ,7 -tetramethylbutylphenol, 0 - and 
^-chlorophenols, oily, resinous materials were ob­
tained. These products were soluble, however, 
for the most part in 1 0% phosphoric acid solution.

Resorcinol, upon treatment with one mole 
equivalent each of formaldehyde and ethanol­
amine, gave an amorphous water-insoluble powder 
which was soluble in dilute hydrochloric acid.

Attempts to introducé two hydroxyethyl amino­
methyl groups into those phenols containing two 
free o r th o  positions to the hydroxyl group, led to 
the formation of viscous oils which could not be 
distilled without resinification.

The crystalline hydroxybenzylamino ethanols 
isolated, react further with formaldehyde to form 
resins. It iis believed that the formaldehyde re­
acts with the imino group to form a methylol com­
pound which is capable of further condensation 
with the components present. Various competing
r o n n f i A t i « ?  t r i o T T  + o 1r o  T t i r v r i / i  t v r .

ü i a j  t a i v v .  j . u t o c  U U L c ty  u c  l u i u i u -

lated as follows, where R is the phenolic nucleus
CH20  +  HjNCHaCEhOH — =► HOCH2NHCH2CH2OH

(A)
ROH +  HOCH2NHCH2CH2O H — >•

HORCHjNHCHjCHüOH (B)

The formaldehyde and ethanolamine first com­
bine with evolution of heat to form a methylol de-
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rivative (A), which then reacts with a mole of the 
phenol to form the hydroxyaralkylaminoethanol
(B). This eompound is usually the main product 
of the reaction, especially if care is taken to use 
only one molecular equivalent to each of the three 
components. If the phenol is suitably oriented, 
product (B) crystallizes out. However, side re­
actions also occur, especially if an excess of for­
maldehyde or of ethanolamine is present, so that 
a complex mixture of phenolic amino alcohols is 
formed, among which may be the following 
ROH +  2CH20  +  H2NCH2CH2OH — >

/C H 2OH
h o r c h 2n <

x CH2CH2OH
ROH +  2CH20  +  2H2NCH2CH2OH •— >-

/C H 2NHCH2CH2OH
HORCH2N<

x CH2CH2OH

These can, of course, again react with formalde­
hyde or with formaldehyde plus ethanolamine, 
and this can be kept up until all free molecular 
movement ceases and the end-product becomes a 
rigid, nitrogenous resin.

Experimental Part
Phenylhydroxybenzylaminoethanoh—(a) To a solution 

of 51 g. of ö-phenylphenol (0.3 mol), 50 cc. of methanol, 
and 30 g. of aqueous 30% formaldehyde (0.3 mol), there 
was added, while shaking and cooling with tap water, 
18.3 g. of ß-aminoethanol. The clear, reddish solution was 
allowed to stand at room temperature (20-25 °) for about 
sixty-live hours, during which time it solidified to a crystal­
line mass which contained a sticky, resinous material. 
The yield of the filtered, air-dried, crude crystalline prod­
uct was 33 g. Upon recrystallization from 50 cc. of abso­
lute ethyl alcohol, 19 g. of product were obtained in the 
form of colorless needles. The analytical sample melted 
at 116 0 (uncorr.) after three recrystallizations from alcohol.

A n a l  Calcd. for Ci5H170 2N: C, 74.03; H, 7.05; N, 
5.76. Found: C, 73.72; H, 6.89; N, 5.51.

(b) The same product may be obtained in a much 
shorter time by the following procedure:

A solution of 60 g. of aqueous 30% formaldehyde (0.6 
mole) was added slowly to 36.6 g. of ß-aminoethanol (0.6 
mole) while cooling and stirring the mixture. The clear 
solution was allowed to stand for about one hour until the 
odor of formaldehyde disappeared. It was then added to 
a solution of 10 2  g. of ö-phenylphenol (0 .6  mole) in 100 

cc. of ethyl alcohol. The solution was boiled under reflux 
on a steam-bath for one and one-half hours, and allowed to 
stand overnight in an ice-box. The weight of colorless 
crystals obtained was 55 g. or 38%.

Condensation of ^-Phenylphenol, Formaldehyde and 
Ethanolamine.—To a suspension of 34 g. of ƒ>-phenyl- 
phenol (0.2 mol) in 34 cc. of methanol, 12.2 g. of /3-amino- 
ethanol was added and the mixture warmed until it be­
came clear. It was then cooled to 25 ° and 6 g. of powdered 
^-formaldehyde added. The mixture was shaken for

about ten minutes, during which time the ^-formaldehyde 
dissolved with heat evolution, the temperature reaching 
40°. The clear solution thus obtained was then boiled 
for one hour under reflux on a steam-bath, cooled and 
poured slowly into 200 cc. of water with stirring. The 
white precipitate was filtered by suction, washed thoroughly 
with water and dried in the air. The somewhat yellowish 
powder thus obtained was recrystallized twice from benzene 
with chilling, using Norite to remove the yellow color, until 
a constant melting point of 1 0 2 ° was obtained; colorless 
crystals; very soluble in alcohol. Three separate prepara­
tions were analyzed in duplicate and averaged.

A n a l  Calcd. for C28H270 3N: C, 79.02; H, 6.40; N, 
3.30. Found (1): C, 78.54; H, 6.98; N, 3.46. Found 
(2): C, 78.93; H, 6.92; N, 3.20. Found (3): C, 78.67; 
H, 6 .8 8 ; N, 3.26.

^-Cyclohexylphenol, Formaldehyde, Ethanolamine Con­
densation.—To a solution of 35.2 g. of ^-cyclohexylphenol, 
33 cc. of methanol and 12.2 g. of ß-aminoethanol, there was 
added, with cooling and shaking, 20 g. of aqueous 30% 
formaldehyde solution. After standing at room tempera­
ture for one hour, the mixture was boiled for one and one- 
half hours under reflux on a steam-bath and placed in a 
refrigerator at 5° for several weeks. A small quantity 
(5 g.) of crystalline crusts separated, which were con­
taminated with a sticky sirup. The crystalline material 
was dried on porous tile and recrystallized from methanol 
to a constant melting point; colorless fine crystals, m. p. 
170-171°. Four separate preparations were analyzed in 
duplicate and averaged.

A n a l. Calcd. for Ci5H230 2N: C, 72.23; H, 9.32; N, 
5.62. C28H39 0 3N: C, 76.83; H, 8.99; N, 3.20. Found
(1): C, 76.27; H, 9.15; N, 3.21. Found (2): C, 76.71; 
H, 8  6 6 ; N, 3.26. Found (3): C, 76.94; H, 8.84; N, 3.27. 
Found (4): C, 76.38; H, 9.16; N, 3.38.

Chlorophenylphenol, Formaldehyde, Ethanolamine Con­
densation.—To a solution consisting of 20.5 g, of 5-chloro- 
2 -hydroxydiphenyl, 27 ec. of methanol, and 10 g. of aque­
ous 30% formaldehyde, there was added, with cooling and 
shaking, 6.1 g. of ethanolamine. The mixture was then 
boiled under reflux for one and one-half hours on a steam- 
bath. The crystalline mass thus obtained was recrystal­
lized from w-butanol. It separated in very fine colorless 
crystals, m. p. 182-183°; difficultly soluble in alcohol; 
readily soluble in 1 0 % sodium hydroxide or hydrochloric 
acid solution.

A n a l  Calcd. for C15H160 2NC1: Cl, 12.77; N, 5.04.
Found: Cl, 12.80; N, 4.81.

2-Hydroxy-3,5-dichlorobenzylaminoethanol.—To a solu­
tion of 16.3 g. of 2,4-dichlorophenol, 16 cc. of methanol, 
and 6.1 g. of ethanolamine, there was added 3 g. of p -  
formaldehyde. The mixture was shaken for fifteen min­
utes until the ^-formaldehyde had dissolved, then boiled 
under reflux on the steam-bath. After about thirty min­
utes of boiling, a yellowish crystalline material began to 
separate. The mixture was cooled and filtered. The 
yellowish crystals ( 7  g.) were washed with a little methanol 
and recrystallized from w-butanol for analysis; colorless, 
fine white needles, m. p. 199-200°.

A n a l  Calcd. for C9Hn0 2NCl2: Cl, 30.04; N, 5,93.
Found: Cl, 29.80; N, 5.76.
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2 - Hydroxy - 3 - nitro - 5 - methylbenzylaminoethanol.—
A mixture of 15.3 g. of 3-uitro-4-hydroxytoluene, 20 cc. of 
methanol, 6,1 g. of ethanolamine and 3 g. of ^-formalde­
hyde, was boiled under reflux for one hour. The clear red 
solution was cooled and scratched to induce crystallization. 
The yellow crystals were washed with a little methanol and 
recrystallized from butanol; yellow needles, m .p. 205-206 °.

A n a l. Calcd. for C10H14O4N 2: C, 53.07; H, 6.24; N, 
12.38. Found: C, 53.26; H, 6.36; N, 12.61.

jM-Butylhydroxybenzylaminoethanol.—To a solution 
consisting of 30 g. of /»-/-butylphenol, 30 cc. of methanol 
and 12.2 g. of ethanolamine, there was added, with cooling 
and shaking, 6 g. of /»-formaldehyde. After shaking until 
all heat evolution had ceased, the clear solution obtained 
was boiled for one hour under reflux on a steam-bath, and 
then placed in a refrigerator at 5° for several days, during 
which time it solidified to a colorless, crystalline mass; 
yield of crude air-dried crystals was 19 g. After recrystal- 
lization from methanol by repeated boiling and chilling, 
5 g. of the analytically pure, colorless, crystalline product, 
m .p. 127-128 °, was isolated.

A»a/. Calcd. for CisH^OaN: C, 69.99; H, 9.49; N, 
6.27. Found : C, 69.91; H,9.63; N, 6.17.

The product dissolved readily in 10% sodium hydroxide 
solution, as well as in 10% hydrochloric acid.

/»-/-Amylhydroxybenzylaminoethanol.—To a solution of
49.2 g. of /»-/-amylphenol, 50 cc. of methanol, and 30 g. of 
aqueous 30% formaldehyde solution, there was added
18.3 g. of ethanolamine, while cooling with tap water and 
shaking. The solution was then boiled under reflux on a 
steam-bath for one and one-half hours. The oily layer 
which separated on cooling was run off and chilled to 0° 
to induce crystallization. The crystals were dried on 
porous tile to remove sticky, resinous material, and re­
crystallized from methanol to a constant melting point of 
114° (uncorr.).

A n a l. Calcd. for Ci4H230 2N: C, 70.87; H, 9.77; N, 
5.90. Found: C, 70.54; H, 9.44; N, 5.72.

/»-Nitrohydroxybenzylaminoethanol.—A solution of 20 
g. of 30% formaldehyde and 12.2 g. of ethanolamine was 
added to a solution of 27.8 g. of /»-nitrophenol in 30 cc. of 
methanol. Ä clear red solution was obtained. After 
standing for seven days at room temperature, there was no 
evidence of reaction. The solution was therefore boiled 
for one and one-half hours under reflux on a steam-bath. 
Upon cooling, yellow crystals slowly separated. Upon re­

crystallization from ethyl alcohol to a constant melting 
point, the product formed yellow needles melting at 195- 
196° (uncorr.).

A na l. Calcd. for C9H12O4N2: C, 50.91; H, 5.75; N, 
13.20. Found: C, 50.81; H, 5.77; N, 12.86.

/»-Benzoylhydroxybenzylaminoethanol.—To a solution 
of 19.8 g. of /»-benzoylphenol in 25 cc. of methanol, there 
was added a previously prepared solution made by mixing 
10 g. of aqueous 30% formaldehyde with 6.1 g. of ethanol­
amine, with cooling. The mixture was allowed to stand for 
two hours at room temperature, and was then heated under 
reflux on a steam-bath for one and one-half hours. The 
solution thus obtained was allowed to stand at 5° for 
several days. The crystals which separated were dried on 
tile, washed with a little alcohol and recrystallized from 
alcohol to a constant melting point of 188-189°.

A n a l. Calcd. for CioHnOsN: C, 7(481; H, 6.32; N, 
5.16. Found: C, 70.47; H, 6.38; N, 5.05.

The product was soluble in dilute oxalic or lactic acid. 
The above analyses were carried out by Dr. C. W. Nash 
of the Rohm and Haas Company.

Summary
The condensation of formaldehyde and ß -  

aminoethanol with various phenols was investi­
gated. Crystalline compounds were obtained 
from equimolecular mixtures of formaldehyde and 
ethanolamine with 0-phenylphenol, p - t - b n t y \ : 

phenol, /»-/-amylphenol, /»-nitrophenol, p - benzoyl- 
phenol, 5-chloro-2-hydroxydiphenyl, 2,4-dichlo- 
rophenol and 3-nitro-4-hydroxytoluene. These 
appear to be substituted hydroxybenzylamino- 
ethanols; 7. e., phenols containing one —CH2NH- 
CH2CH2OH group attached to the aromatic nu­
cleus.

/»-Phenylphenol and /»-cyclohexylphenol gave 
compounds containing less nitrogen per mole of 
the phenol, indicating the presence of two phenolic 
nuclei in the products.

Resins containing nitrogen were obtained from 
phenol, the three cresols and resorcinol. 
P h il a d e l p h ia , P e n n a . R e c e i v e d  M a r c h  16, 1936
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The Reversibility of the Friedel-Crafts Reaction. Hydrogenation

By L. L. Alexander and Reynold C. Fuson

The addition of hydrogen to an ethylenic bond 
can be accomplished by use of benzene and alumi­
num chloride at room temperatures.1 Under 
these conditions this reaction competes with the 
addition of benzene to the double bond. How­
ever, the latter process is reversible, whereas the 
former appears to be irreversible. This means 
that . eventually the hydrogenation process will 
take place to the exclusion of the addition of ben­
zene. Thus, in the case of stilbene the formation 
of dibenzyl, which is irreversible, must eventually 
supplant the reaction leading to the production of 
triphenylethane :2

ArCH=CHAr ArC==CAr

Au

Ar

C6H5CH2CH2C6H

/ *  \
Ar

y>CHCHüAr
/Ar

>CHCH</
A r / \Ar

We have found, for example, that stilbene and 
/>-bromostilbene give 1,1,2-triphenylethane when 
treated with benzene in the presence of a limited 
amount of aluminum chloride.

CeHsCH^CHCeHft

BrC6H4CH=CHC6Hi
^ C 6H6CH2CH(C6Hs)'.

c6h 6 h 2
(C6H6)2CHCH2C6H6 c6h 6c h ==c h c 6h 6 — >

C6H6CH2CH2CflHä

Another way of stating the proposition is to say 
that in aryl ethanes or ethylenes the aryl groups 
will be replaced by hydrogen atoms. Experiment 
has shown that this replacement is subject to cer­
tain limitations. The end-product under the con­
ditions mentioned above is dibenzyl rather than 
ethane. Thus, with dibenzyl (or stilbene), ethyl­
benzene, styrene, 1,1-diphenylethane or 1,1-di- 
phenylethylene, no replacement of aryl groups is 
observed.

From these facts emerges the following generali- 
zation. T h e  p r o d u c t io n  o f  d ib e n z y l  b y  the a c tio n  

o f  b e n ze n e  a n d  a l u m in u m  c h lo r id e  i s  a  g e n e r a l  p h e ­

n o m e n o n  f o r  a c e ty le n e  a n d  e th y le n e  d e r iv a t iv e s  in  

w h ic h  e a c h  c a rb o n  a to m  b e a r s  a t  l e a s t  o n e  a r y l  

g r o u p , a n d  f o r  s i m i l a r l y  c o n s t i tu te d  t r i- a n d  te tra -  

a r y le th a n e s .

These four classes of compounds may in reality 
be reduced to two, since the ethylenic and acetyl­
enic types are converted to the triarylethane and 
tetraarylethane types, respectively, under the 
conditions used. This is indicated in the follow­
ing chart

(1) Alexander, Jacoby and Fuson, T h is  J o u r n a l , 57, 2208 
0935). It seems probable that a similar explanation might account 
for thé formation of propylbenzene by the action of benzene and alu­
minum chloride on allyl chloride [Nenitzescu and Isacescu, B e r . ,  
66B, 1100 (1933)].

(2) Neither the source of the hydrogen nor the mechanism by 
which it is added have as yet been discovered. It may be, for ex­
ample, that the process consists of the addition of hydrogen chloride 
to the ethylenic bond, followed by replacement of the chlorine atom 
bv a hydrogen atom.

It seems probable, therefore, that the transforma­
tion of these compounds into dibenzyl in the pres­
ence of large amounts of aluminum chloride in­
volves the triphenylethane as an intermediate.

Similarly, triphenylethylene and l,l-di-(/>-chlo- 
rophenyl)-2-phenylethylene could be converted 
either to s y m - tetraphenylethane or to dibenzyl, de­
pending on the experimental conditions used. 
Thus, in the case of triphenylethylene the product 
is s y m - tetraphenylethane w h e n  0 .3  m o le  o f  a l u m i ­

n u m  c h lo r id e  i s  u s e d . If four moles of aluminum 
chloride is employed, the chief product is diben­
zyl. The same results were obtained with 1,1-di- 
(£-chlorophenyl)-2-phenylethylene. In the latter 
case, the mechanism must be the following

CeHgv C6H6 h 2
>CHCH2C6H6 CeHßCH^CHCeHß —

C6H
C6H5CH2CH2C«H5

These findings make possible a satisfaetory in­
terpretation of the fact that dibenzyl results when 
certain halogen derivatives of ethane, ethylene or 
acetylene are treated with benzene and aluminum 
chloride. It will be obvious that dibenzyl may
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be expected from such of these compounds as re­
act to form derivatives in which each of the two 
carbon atoms bears a phenyl radical. According 
to the literature, dibenzyl has been obtained in 
greater or less amounts from a number of such 
halogen derivatives. The following are illustra­
tive examples: ethylene chloride,3 ethylene bro­
mide,3 acetylene dibromide,4 5 1,1,2-trichloroeth- 
ane,6 1,1,2-tribromoethane,4 l-phenyl-2-chloroeth- 
ane,6 l-phenyl-l,2-dibromoethane7 and tolane di­
bromide.8

Experimental Part
jym-Tetraphenylethane from Tolane.—A mixture of 1 

g. of tolane, 60 cc. of benzene and 0.5 g. of aluminum 
chloride was saturated with dry hydrogen chloride, then 
tightly stoppered and shaken for six hours at room tem­
perature. The color changed from green to brown. The 
decomposition was carried out in an ice-hydrochloric acid 
mixture, and the product obtained on removal of the ben­
zene melted, after recrystallization from glacial acetic acid, 
at 207-208°. There was no depression of a mixed melting 
point with an authentic sample of syra-tetraphenylet hane. 
The yield was 64% of the theoretical amount,

Dibenzyl from Tolane.—A mixture of 1 g. of tolane, 50 
cc. of benzene and 4 g. of aluminum chloride was saturated 
with dry hydrogen chloride. The mixture was placed in a 
glass-stoppered bottle and shaken at room temperature 
jfor twenty hours. The decomposition and the washing 
of the reaction mixture were effected as described in the 
(Other experiments. The brown viscous product was dis­
tilled at 4 to 5 mm., and the fraction boiling up to 120° 
was collected. The distillate crystallized on standing, and 
melted at 50-51°. It was shown by the method of mixed 
melting points to be dibenzyl. The yield was 32% of the 
theoretical amount.

Dibenzyl also has been obtained as a result of the treat­
ment of the following compounds in a manner which was 
entirely analogous to that described for the production of 
(dibenzyl from tolane.

Material, Aluminum Yield of
Starting material ë- chloride, g. dibenzyl, %

Triphenylethylene 
1 ,1 -Di-(^-chlorophenyl) -

5 1 0 28

2-phenylethylene 5 1 0 27
1,1,2-Triphenylethane 5 1 0 57
s-Tetraphenylethane 2 .5 5 54

1,1,2-Triphenylethane from Stilbene.—A solution of 10 
g. of stilbene in 150 cc. of benzene was saturated with 
hydrogen chloride and shaken for eight hours with 2 g. of 
aluminum chloride. The decomposition was accomplished 
with a mixture of ice and hydrochloric acid. The red oil 
resulting was distilled under reduced pressure. A fraction 
distilling at 206-210° (12 mm.) was collected, and crystal­
lized on standing. The melting point of the product, as

(3) Silva, C o m p t .  r e n d . ,  89, 606 (1879).
(4) Anschütz, A n n . ,  235,153 (1886),
(5) Ravitzer, B u i l .  s o c .  c h i m . ,  [3] 17, 477 (1877).
(6 ) Nenitzescu, Isasescu and Ionescu, A n n . ,  491, 210 (1931).
(7) Anschütz, i b i d . ,  235, 338 (1886).
(8) Anschütz, i b i d . ,  235, 209 (1886).

well as the mixed melting point with 1,1,2-triphenylethane 
(prepared as indicated below), was 51-52.5°. The yield 
calculated on the basis of triphenylethane was 49% of the 
theoretical amount.

1,1,2-Triphenylethane from ^-Bromostilbene.—From 5 
g. of ^-bromostilbene, 100 cc. of benzene, dry hydrogen 
chloride and 0.5 g. of aluminum chloride, 1,1,2-triphenyl- 
ethane was prepared in a yield of 37% of the theoretical 
by a procedure exactly analogous to the conversion of stil­
bene into 1,1,2-triphenylethane described above.

Synthesis of 1,1,2-Triphenylethane.9—A solution of 2 
g. of triphenylethylene in 100 cc. of dry ether was freed 
from oxygen by means of a stream of dry nitrogen gas. 
Three grams of finely powdered sodium was added, and the 
mixture was shaken for ten hours at room temperature. 
The solution was added slowly to 100 cc. of absolute alco­
hol, and a large part of the ether and alcohol removed. 
Upon the addition of water and extraction with ether, a 
liquid residue was obtained which crystallized readily on 
standing with methyl alcohol. After recrystallization from 
the same solvent, it melted at 52-53 °. The yield was 83% 
of the theoretical amount.

Synthesis of Di-(/>-chlorophenyl)-benzylcarbinol.—A
Grignard reagent was prepared from 13 g. of magnesium, 
63 g. of benzyl chloride and 200 cc. of dry ether. To this 
solution 85 g. of '-dichlorobenzophenone was added, and 
the solution was stirred for two hours. It was then allowed 
to stand overnight. After decomposition in an ammo­
nium chloride-ice mixture and Separation and concentra­
tion of the ether solution, a straw-colored liquid remained. 
When recrystallized from petroleum ether (high-boiling), 
the product melted at 116-117°. The yield was 68%,

A n a l. Calcd. for C2oHi60Cl2: C, 69.85; H, 4.66.
Found: C, 70.02; H, 4.76.

1,1 - Di - (p  - chloröphenyl) - 2 - phenylethylene.—Fifty 
grams of di-(£-chlorophenyl)-benzylcarbinol dissolved in 
600 cc. of glacial acetic acid was heated to boiling as 50 cc. 
of concentrated sulfuric acid was slowly added. The mix­
ture was heated under reflux for thirty minutes, and then 
poured into water. The organic material was extracted 
with ether and obtained in crystalline form by removal of 
the ether. After recrystallization from methyl alcohol, it 
melted at 116.5-117.5°; the mixed melting point with the 
original carbinol was 90-96°. The yield of the ethylenic 
eompound was practically quantitative.

A n a l. Calcd. for C2oH14C12: Cl, 21.87. Found: Cl,
21.80.

sym-Tetraphenylethane from Triphenylethylene.—A so­
lution of 5 g, of triphenylethylene in 150 cc. of benzene was 
saturated with dry hydrogen chloride and shaken with 1 g. 
of aluminum chloride for twenty hours. The resulting red 
solution was decomposed in ice and hydrochloric acid and, 
after removal of the benzene, the resulting product was 
treated with norite and crystallized from an acetic acid 
solution. The melting point was 206-208°, and a mixed 
melting point with an authentic sample of sym-tetraphenyl­
ethane showed no depression. The yield was 70% of the 
theoretical amount.

syw-Tetraphenylethane from 1, l-Di-(£-chlorophenyl)-2- 
phenylethylene.—A yield of 55% of the calculated quan-

(9) Schlenk and Bergmann, ib id . , 463, 45 (1928).
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tity of tetraphenylethylene was obtained from 5 g. of the 
ethylene, 1 g. of aluminum chloride and 150 cc. of benzene 
which had been saturated with hydrogen chloride. The 
procedure was the same as that used for the conversion of 
triphenylethylene into syw-tetraphenylethane.

Dibenzyl from Tetraphenylethylene.—A solution of 7 g. 
of tetraphenylethylene in 150 cc. of dry benzene was satu­
rated with dry hydrogen chloride and shaken in contact 
with 20 g. of aluminum chloride for three days. After de­
composition and Separation had been completed, the ben­
zene was removed and the residue distilled under reduced 
pressure. A small amount of distillate was collected at 
100-200° (8 mm.), This distillate crystallized from dilute 
alcohol and melted at 52-53°. It was shown by the 
method of mixed melting points to be dibenzyl. The resi-

düe from the distillation was unchanged tetraphenylethyl­
ene.

Summary
The production of dibenzyl by the action of 

benzene and aluminum chloride is a general phe­
nomenon in the case of acetylene and ethylene de­
rivatives in which each carbon atom bears at 
least one aryl group, and for similarly constituted 
tri- and tetraarylethanes. These transforma- 
tions may be explained by assuming that hydro­
gen adds irreversibly to the ethylenic bond, 
whereas aromatic hydrocarbons add reversibly. 
U r b a n a , I l l in o is  R e c e iv e d  J u n e  22, 1936

[Co n t r ib u t io n  N o. 163 from  the  E x pe r im e n ta l  St a tio n  of  E . I . d u  P o nt  d e  N e m o u r s  & C o m p a n y ]

Acetylene Polymers and their Derivatives. XXVI. The Reaction of Halogen Ethers
with Vinylacetylene

By H arry B. D ykstra

Isochloroprene (I) and chloroprene (II) are 
obtained by the addition of hydrogen chloride to 
CH^=CCH=^CH2 +  HC1 — CH2==C^CHCH2C1 — >

( I )
CH2—CC1CH=CH2

(II)
vinylacetylene.1 The present paper is concerned 
with analogous compounds obtained by the addi­
tion of alpha chloroethers to vinylacetylene.
CH=-CCH==CH2 4- CH30CH2C1 — >

CH3OCH2CH =C=CH CH 2Cl —
(III)

CH30CH2CH=CC1CH=CH2
(IV)

Methoxy-5-chloro-l-pentadiene-2,3 (III) and 
methoxy - 5 - chloro - 3 - pentadiene -1,3 (IV) are 
formed when vinylacetylene and chloromethyl 
methyl ether have reacted in ether solution con­
taining bismuth chloride. The initial step appears 
to be 1,4-addition, for III is the principal product 
of the reaction. On treatment with hydrochloric 
acid and cuprous chloride, III rapidly rearranges 
to IV. The presence of IV in the original reaction 
mixture probably results from isomerization of III 
induced by the bismuth chloride.

The addition of alpha halogen ethers to vinyl­
acetylene appears to be a general reaction. Com­
pounds obtained in this manner are listed in 
Table I. The synthesis is a special application

(1) Carothers, Berchet and Collins, T h is  J o u rn al , 54, 4066
( 10 - 2).

of the olefin-halogen ether reaction developed by 
Norman D. Scott.2

Proof of Structure of Methoxy-5-chloro-1 - 
pentadiene-2,3 (III).—This eompound is a color­
less liquid having an ethereal odor. Other physical 
properties are recorded in Table I. Failure of III 
to react with alkaline mercuric iodide reagent 
indicates the absence of acetylenic hydrogen. 
It does not polymerize or react with maleic 
anhydride as it might be expected to do if it 
contained a 1,3-diene structure. lts chlorine atom 
is reactive, for on treatment with alcoholic silver 
nitrate it rapidly yields a copious precipitate of 
silver chloride. A substantially quantitative yield 
of silver chloride is obtained in twenty hours at 
25°. On oxidation with potassium permangan­
ate, III yields chloroacetic acid. These data are 
similar to those reported for isochloroprene1 and 
indicate that III is methoxy-5-chloro-l-penta­
diene-2,3.

Proof of Structure of Methoxy-5-chloro-3- 
pentadiené-1,3 (IV).—Physical and analytical 
data for this eompound are given in Table I. It 
is a colorless liquid having weakly lachrymatory 
properties. It does not yield a derivative with 
alkaline mercuric iodide reagent, which shows that 
it is not a true acetylenic eompound. lts chlorine 
atom must be attached to a carbon bearing a

(2) E . I. du  P on t de N em ou rs & C o., U . S. P a te n t  2 ,0 2 4 ,7 4 9  
(1935).



1748 Harry B. Dykstra Vol. 58

T a b le  I
Chloro  E t h e r - V inyla c ety lene  C o n d e n sa t io n  P r o d ucts

Compound °c. Mm. d204 «20D Calcd. Found Calcd. Found
c h 3o c h 2c h = c c ic h = c h 2 46 10 1.0351 1.4846 35.48 36.68 26.76 26.95
c h 3o c h 2c h = c==c h c h 2ci 60-61 10 1.0427 1.4893 35.48 36.70 26.76 27.35
C2H60CH(CH3)CH=CC1CH==CH/ 44 4 0.9895 1.4762 44.72 45.78
C2H6OCH(CH3)CH =C=CH CH 2Cl“ 56 4 .9991 1.4778 44.72 45.47
C„H9OCH( CH3)CH=CC1CH==CH2 67 2 .9365 1.4680 53.96 55.98 18.80 17.24
C4H9OCH(CH3)CH =C=CH CH sC1 79 2 .9482 1.4705 53.96 56.84 18.80 18.71

° Impure.

double bond, for it does not react appreciably 
with alcoholic silver nitrate. When heated with 
an equivalent amount of maleic anhydride, it 
forms a viscous mass from which a chloro add can 
be obtained by extraction with hot water. This 
acid melts at 163-165° and has a neutral equiva­
lent of 123.3 as compared with a calculated value 
of 124.3 for CioHiaOöCl (V)
CH3OCH2CH CHCO CH3OCH2CH

n x H 2 °CC1 +  || > o ----- >►>
CH

A
CHCO

H*

CC1 CHCOOH
II I
CH CHCOOH

c h 2
(V)

The reaction with maleic anhydride shows that 
IV is a 1,3-diene.3 The 1,3-diene structure is 
further evidenced by the ease with which IV 
polymerizes. On oxidation with alkaline potas­
sium permanganate, IV yields carbon dioxide, 
oxalic acid and methoxyacetic acid. These data 
indicate that IV has one of the structures

CH3OCH2CH=CHCCl=-CH2 (A)
CH3OCH2CH==CClCH==CH2 (B)

The formation of IV from III and the close 
analogy which these compounds bear to chloro- 
prene and isochloroprene, respectively, strongly 
favor structure B for compound IV.

Polymerization of Methoxy-5-chloro-3-pen- 
tadiene-1,3 (IV).—On standing at room tem­
perature in the presence of air and diffused light, 
IV polymerizes slowly to a soft, rubber-like resin. 
The rate of polymerization is accelerated by light, 
heat and the presence of certain catalysts, e. g., 
benzoyl peroxide and maleic anhydride. Ex­
posure of IV to ultraviolet light from a mercury 
arc causes 65% to polymerize in forty-eight hours. 
When IV is heated in contact with air at 80°, 72% 
polymerizes in ten hours. In the presence of 1% 
benzoyl peroxide, a 95% yield of polymer is ob­
tained in five hours at 75°. A comparison of these

(3) Diels and Alder, B e r ., 62, 2337 (1929).

data with those reported for isoprene4 and for 
chloroprene5 indicates that IV polymerizes about 
115 times as fast as isoprene and one-sixth as 
fast as chloroprene.

Polymers of IV are for the most part light 
colored resins which are soluble in acetone, ethyl 
acetate and benzene. Polymers prepared at low 
temperatures are somewhat rubber-like; they are 
elastic and resilient but lack the snap and strength 
of polychloroprene. Similar polymers are ob­
tained from the analogs of IV described in Table I.

Experimental Part
Preparation of Methoxy-5-chloro-l-pentadiene-2,3 (III) 

and Methoxy-5-chloro-3-pentadiene-l,3 (IV).—During the 
course of two hours, 156 g. of vinylacetylene and 241 g. of 
chloromethyl methyl ether were added to a well-stirred 
mixture of 100 g. of ether, 1 g. of pyrogallol (antioxidant), 
and 3 g. of bismuth chloride maintained at 5-15°. The 
stirring was continued at this temperature for nine hours 
with periodic additions of bismuth chloride until a total 
of 13 g. had been added. The reaction mixture was then 
washed with water, dried over magnesium sulfate and dis­
tilled under reduced pressure. This yielded 60 g. of im­
pure IV boiling at 46° (10 mm.), 138 g. of III boiling at 
60-61° (10 mm.), 21 g. of liquid boiling at 78-85° (2 mm.) 
(probably resulting from addition of two mols of chloro 
ether to one of vinylacetylene), and 38 g. of non-volatile 
resin. Compound IV was obtained in pure form from the 
fraction boiling at 46° (10 mm.) by shaking with sodium 
methylate and redistilling. This removed an impurity 
containing active chlorine.

The analogs of III and IV described in Table I were 
prepared in a similar manner using alpha-chloroethyl ethyl 
ether and alpha-chloroethyl butyl ether.

Isomerization of Methoxy-5-chloro-l-pentadiene-2,3 
(III).—A mixture of 200 g. of III, 50 g. of ether, 10 g. of 
cuprous chloride, and 50 g. of 18% hydrochloric acid was 
stirred at 20-40° for two hours. The ether layer was 
separated, dried over magnesium sulfate. and distilled. 
This gave 162 g. of IV boiling at 46° (10 mm.) and corre­
sponding in properties with that separated from the reac­
tion of chloromethyl ether with vinylacetylene.

Reaction of Methoxy-5-chloro-3-pentadiene-l,3 (IV) 
with Maleic Anhydride.—Twenty-seven grams of IV, 20 
g. of maleic anhydride and 30 g. of acetone were heated to-

(4) Whitby and Crozier, C a n .  J .  R e s e a r c h , 6, 203 (1932).
(5) Carothers, I n d .  E n g .  C h e m .. 26, 30 (1934).
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gether at 50° for two hours. The acetone was then re­
moved by distillation and the residue refluxed with water 
for two hours. The aqueous portion on evaporation 
yielded 15 g. of chloro acid. After two recrystallizations 
from hot water, the chloro acid melted at 163-165°. 
The acid had a neutral equivalent of 123.3 as compared 
with a calculated value of 124.3 for Ci0Hi3O5C1 (V).

Oxidation of Methoxy-5-chloro-3-pentadiene-l,3 (IV).— 
To a vigorously stirred mixture of 20 g. of IV, 80 g. of po­
tassium carbonate and 200 g. of water, maintained at 10- 
25°, 165 g. of potassium permanganate was added during 
the course of six hours. The mixture was then decolorized 
with sulfur dioxide, acidified with sulfuric acid and ex­
tracted with ether. The ether extract yielded 0.8 g. of 
oxalic acid and 2 g. of crude methoxyacetic acid, b. p. 
70-110° (25 mm.); n 2QD 1.4140. The oxalic acid was iden­
tified by its melting point (97-101°) and its transformation 
into oxal-/>-toluidide (m. p. 266°). The methoxyacetic 
acid was characterized by conversion into its amide, which 
melted, after one crystallization from alcohol, at 92-94°, 
as compared with a recorded value of 92°.6

Oxidation of Methoxy-5-chloro-l-pentadiene-2,3 (III). 
—-One hundred and sixty grams of potassium permanganate 
was added during the course of five hours to a well-stirred 
mixture of 20 g. of III and 200 g. of water. The mixture 
was then decolorized with sulfur dioxide, filtered, acidified 
with sulfuric acid (carbon dioxide evolved) and extracted 
with ether in the usual way. The ether extract yielded 
0.3 g. of oxalic acid (identified by its m. p. of 99-101°, and 
its p-toluidide, m. p. 267-269°) and 6 g. of liquid boiling 
at 95-110° (25 mm.). On cooling, the liquid fraction de-

(6) Gauthier, A nn . chim . phys . , [8] 16, 307 (1909).

posited chloroacetic acid, m. p. 48-53°. The chloroacetic 
acid was further identified by conversion into its amide, 
which melted at 118-120° as compared with a recorded 
value of 119.5°.7

The author wishes to express his thanks to Dr. 
Wallace H. Carothers for his interest in this work 
and for his helpful suggestions.

Summary
The reaction between alpha chloro ethers and 

vinylacetylene is -shown to be closely analogous 
to the addition of hydrogen chloride to vinyl­
acetylene to form isochloroprene and chloroprene. 
The initial step appears to be 1,4 addition

R'
of the chloroethers | to vinylacetylene 

(ROCHC1)
with the formation of products of the formula 

R'

ROCHCH==C=CHCH2Cl
In the presence of cu­

prous chloride and hydrochloric acid these products
readily isomerize to compounds of probable struc- 

R'
ture I . The latter com-

r o c h c h = c c ic h = c h 2
pounds polymerize to form resins which are some­
what rubber-like.

(7) Menschutkin and Jermolajew, Z .  C h e m .,  [2] 7, 5 (1871).

W ilm in g to n , D e l . R e c e iv e d  J u l y  16, 1936

[Co n t r ib u t io n  from  t h e  C hem ical  L aboratory  of t h e  C ollege  of L ib e r a l  A r t s  a n d  S c ie n c e s  of  T e m p l e
U n iv e r sit y ]

The Synthesis of 4-Methyl-6-oxypyrimidine-5-acetic Acid and 4-Methyluracil-5~
methylamine

B y  W i l l i a m  T. C a l d w e l l  a n d  W i l l i a m  M. Z i e g l e r

The first structure1 for vitamin Bi proposed by 
Williams contained an ethyl group in the pyrimi­
dine nucleus. Later, Windaus, Tschesche and 
Grewe2 expressed the opinion that the existence 
of two methyl groups rather than that of a single 
ethyl group in the primidine nucleus was in 
better harmony with their experimental results. 
Cleavage of the vitamin by sulfite3 formed an 
amino sulfonic acid from which a corresponding 
hydroxy acid was obtained in which the sulfonic 
acid group presumably would be attached to the 
pyrimidine nucleus in position 5, in accord with

(1) Williams, T h is J o u r n a l , 57, 229 (1935).
(2) Windaus, Tschesche and Grewe, Z . p h y s to l .  C h e m ., 237, 98 

(1935).
(3) Williams, Buchman and Ruehle, T h is  Jo ur n a l , 57, 1993 

(1935).

the hypothesis of the existence of two free methyl 
groups in the nucleus.

A search of the literature, however, failed to 
disclose to us a case in which a pyrimidine with 
sulfonic acid group in position 5 had been isolated, 
and although this was no proof that a substance 
of the latter type was not formed by the sulfite 
cleavage, it nevertheless led us to consider the 
synthesis of compounds containing an amino 
methyl group in position 5.

The formula proposed by Makino and Imai4 
expresses the same conclusion as to the likelihood 
of an amino methyl group in this position. We 
set about, accordingly, to synthesize a eompound 
of the structure

(4) M akino and Im ai, Z .  p h y s i o l .  C h e m . ,  239, I, 7 (1936).
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H~

N = C — NH2
I I

- c  c —c h 2n h 2
II II

N—C—CH3

CO
I

NH
N=
I

H—C
II

N -
NH-

in the hope that it might prove to be identical 
with the compound CßHioN4 isolated by 
Windaus as picrate. There has appeared 
quite recently, however, a report of further 
work by Williams5 on the basis of which he 
proposes a new formula for vitamin Bi from 
which it is quite dear that, although one 
amino group should be found in the side 
chain in position 5, the nuclear methyl group 
is in position 2 and not 4 as in the compound 
we hoped to prepare.

As a result of this new evidence, we have 
abandoned our original intention of pre­
paring a compound represented by struc­
ture I, and are therefore reporting the 
synthesis of several new pyrimidine de­
rivatives obtained as intermediates for the 
preparation of the diamine which we had 
thought might be identical with Windaus' 
C6Hi0N4 but which Williams has shown now 
could be only an isomer thereof.

One plan of procedure involved the preparation 
of 4-methyl-6-oxypyrimidine-5-acetic acid from 
which, by means of the Curtius reaction which 
Johnson and Litzinger6 had used successfully for 
an analogous reaction, we hoped to obtain a 
desired intermediate in good yield. Unfortu- 
nately, preliminary experiments gave little promise 
of satisfaetory yields in our hands, so that we 
abandoned this path temporarily in the hope of 
securing more promising results by preparing 
first 4-methyluracil-5-methylamine. Although we 
have succeeded in preparing this compound, 
both as free base and as acetate, the yield is far 
from good. In fact, we have been unable to 
hydrolyze the urethan to the amine as yet; 
heating in a sealed tube at 130° for several hours 
produced a white, extremely insoluble compound 
but no amine. After a number of attempts to 
hydrolyze the urethan had yielded us only white 
solids that did not melt below 320° and which 
were insoluble in water or alcohol, we dedded to 
attempt the direct conversion of the azide into 
the amine by the method described by Linde­
mann.7 In this way we were able to obtain a 
small amount of the desired free base by liberating

(5) W illiam s, T h is  J o u r n a l , 58, 1063 (1936).
(6) Johnson and L itzinger, ibid.,  57 , 1139 (1935).
(7) L indem ann, Heiv. Chim. A c ta , 11, 1028 (1928).

it from the acetate. This method appears to be 
more likely to give improved yields than the 
hydrolysis of the urethan.

The reactions that we shall describe are sum­
marized by the following formulas

NH—CO N = C —CI
' ' PCL i  1

C—c h 2c o o h
II

-C— CHa 
=COH

I
C—CH2—COOH
II

-C—CH3 
-CO

POCl3
Cl- - c

II
N -

C—CH2COOH
II

-C—CH3

I

CO C— CH2 COOC2 H6

NH-
NH-
I

CO

NH -

NH -
I

CO
I

NH-

-C—CH3 
-CO

NH-
I

CO
I

N H -
N H -

-CO
I

c — c h 2c o n h n h 2
II

-c — c h 3

-c h 2c o n 3

-c h 3

-CO
I

c —c h 2n h 2
II

-C—CHa

-CO
I I

CO c — c h 2n h c o o c 2h 5 
I II

NH—C—CH3 

II

Experimental Part
2,6 - Dichloro - 4 - methylpyrimidine - 5 - acetic Acid.—

This compound was prepared from the corresponding 4- 
methyluracil-5-acetic acid which was obtained readily by 
the method described by Johnson and Heyl.8 Phosphorus 
oxychloride (460 g.) was poured upon 4-methyluracil-5~ 
acetic acid (63 g.). Hydrogen chloride was evolved but 
the solid apparently did not go into solution. Phos­
phorus pentachloride (350 g.) was then added to the ice- 
cooled mixture, and then this was heated for six hours on a 
boiling water-bath. By the end of this time, practically 
all of the material appeared to have dissolved, forming a 
very dark brown solution. Phosphorus oxychloride (443 
g.) was removed under diminished pressure on the steam- 
bath, leaving a dark, resinous residue. This was cooled in 
ice, treated with ether and ice in portions until all had 
either gone into solution or broken up into small particles 
so that the material could be poured from the flask. This 
aqueous suspension and ether extract (both very dark 
brown or black) upon filtration with suction left a small 
residue of tarry material upon the filter paper. After 
separating the ether layer from the aqueous one, and re- 
extracting the latter with ether, the ether extract (about 
2000 cc. in all) was set aside and allowed to evaporate 
slowly in such a way that the temperature did not rise 
above 25°. After several days, dark colored crystals (21.4 
g.) separated,. They were insoluble in benzene and in 
petroleum ether, but soluble in absolute ether, from which 
they were recrystallized, separating as pale yellow crystals, 
melting at 156-157°,

(8) Johnson and H ey l, Am. Chem. J. ,  38, 659 (1907).
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A n a l. Calcd. for C7H6O2N2O 2: CI, 32.09. Found: Clf 
30.93.

4 - Methyl - 6  - oxypyrimidine - 5 - acetic Acid.—The 
above dichloro compound (1 1 .8  g.) was reduced by the 
method of Gabriel and Colman. 9 The free acid, after 
liberation from its potassium salt with acetic acid, extrac- 
tion with benzene and recrystallization from the latter, 
was obtained as snow-white crystals, melting at 147-149° 
and giving no Beilstein test; yield 3.5 g.

A n a l. Calcd. for C7H8O3N 2: N, 16.66. Found: N, 
16.38.

4 - Methyluracil - 5 - carbethoxymethylamine.—The
ethyl ester of 4-methyluracil-5-acetic acid (22 g.), m. p. 
2 2 1 - 2 2 2 °, was converted into the hydrazide in the usual 
way. From these white crystals that darkened slightly 
above 320° but did not melt by 375°, the azide was ob­
tained easily and was converted into the urethan by heat­
ing with an excess of absolute alcohol. After the vigorous 
evolution of gas had ceased, the hot liquid was filtered from 
considerable insoluble white solid and concentrated. The 
urethan, which was soluble in water and in alcohol, was 
obtained as fine white crystals of m. p. 214-215° from ab­
solute alcohol; yield, 1 2  g. of urethan from 2 0  g. of hydra­
zide.

A n a l. Calcd. for C9H13O4N 3: N, 18.50. Found: N, 
18.48.

Our attempts to hydrolyze this urethan by heating with 
concentrated hydrochloric acid either at atmospheric pres­
sure or in a sealed tube for a day at 130-140° failed to yield 
any of the desired 5-aminomethyl compound. The prod­
uct was a white solid that did not melt or decompose by 
320°, and which was insoluble in all organic solvents that 
we tried.

4-Methyluracil-5-methylamine.—In view of the unex- 
pected difficulty encountered in the hydrolysis of the above 
urethan, we made use of LindemamTs method7 for the 
conversion of an azide into an amine. By heating the 
azide with 50% acetic acid, the substance dissolved with

(9) Gabriel and Colman, B e r . ,  32, 1533-1534 (1899).
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evolution of gas. After a few minutes, white solid began 
to appear and was removed from time to time as the liquid 
was concentrated. This material was insoluble in water 
and did not melt below 310°. The filtrate was evaporated 
to dryness, the residue dissolved in water, filtered, and 
again concentrated. The white crystals obtained in this 
way, when dissolved in water, turned red lippus slowly, 
but distinctly, blue. With a drop of concentrated sulfuric 
acid the odor of acetic acid became easily perceptible, and 
the analysis also indicated that the product was the acetate 
of the amine. The yield from 12 g. of the azide was 2.8 g.

A n a l. Calcd. for CeHgCbNs^HiCb: N, 19.53. Found: 
N, 19.55.

The white salt turned to a very pale yellow material at 
227-229°, but on further heating to 360° merely became 
progressively darker. On adding a solution of potassium 
hydroxide to a solution of the acetate there soon separated, 
upon scratching with glass, a finely crystalline white solid— 
fine needles under the microscope. After washing well 
with absolute alcohol, they were recrystallized from water 
in which they were easily soluble. The free base is a 
strong one, turning red litmus blue. On heating, it be­
came brown by 335° but did not melt; yield 0.5 g.

A n a l. Calcd. for C Ä O 2N 3: C, 46.45; H, 5.85; N, 
27.09. Found: C, 46.50; H, 6.50; N, 27.27.

Summary
Several new pyrimidines, whose preparation 

was stimulated by the work of Williams and others 
on vitamin B, are reported. Attention is called 
to the difficulty met in the attempt to hydrolyze 
the urethan
NH—CO NH—CO
I I  I I

CO C—CH2NHCOOC2Hß to the amine CO C—CH2NH2
I II I II'

NH—C—CHS NH—C— CHa
Philadelphia, Penna. R e c eiv ed  July 13, 1936

[C o n t r ib u t io n  fr o m  t h e  Chem ical  Laboratory  of  t h e  U n iv e r sit y  of N e w  H a m p s h ir e ]

A New Method for the Separation of Yttrium from the Yttrium Earths
B y  H . C. F ogg and  Le w is  H e ss

The use of urea as a precipitant for aluminum 
in the presence of calcium, barium, magnesium, 
manganese, zinc, cobalt, nickel, iron, cadmium 
and copper was the subject of an investigation by 
Willard and Tang,1 and its use as a precipitant 
for gallium in the quantitative determination of 
that element was studied by Willard and Fogg.2 
Since the decomposition of urea3 results in the 
formation of ammonia at a slow and uniform rate

(1) H. H. Willard and N. K. Tang, unpublished work.
(2) H. H. Willard and H. C. Fogg, unpublished work.
(3) E. A. Werner, J .  C h e m . S o c . , 113, 84 (1918).

throughout the homogeneous solution, it may ad- 
vantageously be applied to the fractionation of 
the yttrium earths.

Method of Separation
The mixed earths, in the form of their oxides, 

are dissolved in nitric acid, and the solution is 
nearly neutralized with ammonia and diluted. 
Ammonium sulfate is added in amount just in­
sufficiënt to cause precipitation, followed by one- 
to two-tenths of an equivalent of urea. The 
solution is heated with stirring to 90-95°, and
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kept at this temperature for six to eight hours, 
during which time a precipitate gradually forms. 
This is filtered off, more urea is added, and the 
filtrate is again treated in the same manner, 
fractionation being continued until examination 
of the absorption spectrum indicates that the 
solution is nearly free of erbium.

Control of Fractionation
The materials subjected to fractionation were 

of two types, one a mixture of yttrium and erbium 
oxides containing very small amounts of the 
other yttrium earths, and the other a mixture of 
the hydroxides of the yttrium earths containing
2-3% of thorium. The Separation was followed 
by means of the equivalent weight of the rare 
earth mixture, which was determined by con­
version of oxide to sulfate.

Results of Fractionation
The results of two typical series of fractiona- 

tions are given below.
T a b l e  I

F ractio n a tio n  of Y ttrium - E r b iu m  M ix t u r e
At. wt. % Er2Ü3 Weight,

Original material 134.6 58.0 100.6
Fraction 1 147.0 73.8 21.3
Fraction 3 141.3 66.5 11.3
Fraction 5 139.9 64.8 5.3
Fraction 7 135.9 59.7 8.2
Fraction 10® 107.8 24.0 18.7

n Represented the material remaining after the precipi­
tation with urea, and was precipitated as oxalate.

T a b l e  II
F r a c tio n a tio n  of M ix t u r e  C o n t a in in g  T horium

Equivalent Weight,
At. wt. % Er203, g.

Original material 110.9 27.9 540.0
Fraction 2 131.9 54.6 18.3
Fraction 3 129.6 51.7 22.7
Fraction 5 120.1 39.6 49.7
Fraction 7 114.7 32.8 35.8
Fraction 9 107.2 23.2 31.7
Fraction IT 98.2 11.8 211.3

® Represented the material remaining after the precipi­
tation with urea, and was precipitated as oxalate.

TTi^ rw^-tw^ntaovac in  HTo TVIqo TT. . .  X AA UilVA
III are computed upon the admittedly false as­
sumption that the original material was a mixture 
of yttria and erbia only. The equivalent weight 
of fraction 1 of the series described in Table II 
was not determined as, due to its high thorium 
content, it was not soluble in hydrochloric acid. 
The thorium content of this fraction (as TI1O2)

was found to be 36.4%. It was determined by 
the method of Carney and Campbell,4 the solution 
of the sample being prepared by fusion with 
potassium pyrosulfate and extraction with water.

Several series of fractionations were carried out 
using a füll equivalent of ammonium sulfate per 
equivalent of rare earth. This method was found 
to have no greater efficiency than the one recom­
mended and to have a definite disadvantage, due 
to the limited solubility of yttrium sulfate. This 
made it necessary to use a dilute solution of the 
mixed nitrates with consequent increase in the 
volume and decrease in the quantity of material 
which could be handled conveniently. With the 
method described above, it was possible to use a 
relatively concentrated solution, say of the order 
of 5 to 6 per cent. Tables III and IV are repre- 
sentative of data obtained with the use of a füll 
equivalent.

T a b l e  III
F rac tio n a tio n  of M a t e r ia l  C o n t a in in g  T horium

At. wt.
Equivalent 

% Er
Weight,

g-
Original material 112.8 30.3 101.1
Fraction 3 136.3 60.2 4.5
Fraction 5 125.4 46.3 5.8
Fraction 7 115.0 33.1 6.8
Fraction 9 108.5 24.9 6.7
Fraction 11 101.3 15.7 7.7
Fraction 13® 93.5 5.8 17.8

0 Represented the material remaining after the precipi­
tation with urea, and was precipitated as oxalate.

T a b l e  IV
F r a c tio n a tio n  of  Y t tr iu m - E r b iu m  M ix t u r e

At. wt. % Er Wt., g.
Original material 132.0 54.7 50.0
Fraction 1 144.7 70.9 3.9
Fraction 4 141.3 66.5 3.2
Fraction 7 136.8 60.8 2.9
Fraction 10 127.9 49.5 3.6
Fraction 14 110.9 27.9 1.2
Fraction 15® 101.7 16.2 3.8

0 Represented the material remaining after the precipi­
tation with urea, and was precipitated as oxalate.

Discussion
A comparison of the new method with those 

previously used may be of interest. The more 
important of the earlier methods include the 
fractional crystallization of the bromates,5 the 
fractional decomposition of the nitrates by fusion,6 
and the fractional precipitation of the chromates,7

(4) R. J. Carney and E. D. Campbell, This J o u rn al , 33, 1140 
(1914).

(5) C. James, i b id . ,  30, 182 (1908).
(6) C. James, i b i d . ,  34, 757 (1912).
(7) W. Muthmann and R. Rohm, B e r . ,  33, 42 (1900).
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the basic nitrites,8 the cobalticyanides9 and the 
ferricyanides.10 The bromate method is the 
Standard one for the fractionation of the yttrium 
earths, but is not particularly effective for the 
preparation of pure yttrium. The new method 
compares favorably in efficiency with the nitrate 
fusion, chromate and basic nitrite methods. It 
appears to be superior to the ferricyanide and

(8) H. C. Holden and C. James, T h is  J o u r n a l , 36, 1418 (1914).
(9) J. P. Bonardi and C. James, i b i d . ,  37, 2642 (1915).
(10) A. J. Grant and C. James, i b i d . ,  39, 933 (1917).

cobalticyanide methods. Grant and James10 report 
a very high efficiency for the ferricyanide method, 
but no supporting data have been published.

Summary
A new method for the Separation of yttrium 

from the yttrium earths has been proposed, and 
has been found to compare favorably in efficiency 
with the methods now in use.
D u r h a m , N e w  H a m psh ir e  R e c e iv e d  M ay  1, 1936

[Co n t r ib u t io n  from  the  F ric k  Chem ical Laboratory  of P r in c e t o n  U n iv e r s it y ]

The Activated Adsorption of Hydrogen and Carbon Monoxide on Zinc Oxide. The
Effect of Water Vapor

By Robert L. Burwell, Jr., and Hugh S. Taylor

Poisons such as water vapor have been pre- 
sumed to effect the retardation of catalytic proc­
esses by being adsorbed on the “active spots,” 
thus blocking access of the reactants to such 
catalytically effective sections of the surface.1 
This aceess of reactants to catalytically effective 
sections of the surface consists according to 
Taylor2 of an activated adsorption of the reactants 
on such regions of the surface. Reversible poison- 
ing would accordingly result from an activated ad­
sorption of the poison on the active sections of the 
surface, an adsorption possessed of energy relations 
such that the activation energy of desorption would 
be large compared with that of the other compo­
nents of the system. In this fashion the activated 
adsorption of the reactants may be hindered.

Taylor and Sickman3 and Taylor and Strother4 
investigated the activated adsorption of hydrogen 
on zinc oxide. The former investigators further 
reported that water vapor exerted an inhibitory 
influence on a catalytic action which they studied, 
the decomposition of propanol-2 on zinc oxide. 
It thus appeared of interest to study the effects 
of water vapor on the activated adsorption of 
hydrogen on zinc oxide.

Experimental
Rates of the activated adsorption of hydrogen 

on zinc oxide were determined by means of an
(1) See, for example, Armstrong and Hilditch, P r o c .  R o y .  S o c .  

(London), A97, 262 (1920); Dohse and Kälberer, Z. p h y s ik .  C h e m .,  
SB, 131 (1929).

(2) Taylor, T h is  J o u r n a l , 63, 578 (1931).
(3) Taylor and Sickman, i b id . ,  54, 602 (1932).
(4) . Taylor and Strother, i b i d . ,  56, 586 (1934).

apparatus and method similar to that described 
by Taylor and Strother.4 The purified hydrogen 
could be saturated with water vapor at any de­
sired temperature between 0° and room tempera­
ture by diverting it through a spiral bubbling 
column filled with distilled water and maintained 
at the desired temperature. Carbon monoxide 
was prepared by dropping formic acid on hot 
sulfuric acid. It was purified by passage over 
copper heated to 450°, soda lime, calcium chloride 
and phosphorus pentoxide. To supply water 
vapor to the adsorbent preliminary to rate runs, 
the apparatus was further provided with a buret 
of 410-cc. capacity. The zinc oxide was prepared 
from zinc oxalate as described by the above 
authors.

All gas volumes reported have been corrected 
to N. T. P. All the experiments described in this 
paper were performed on two samples of the same 
batch of zinc oxide. These samples were 3B, 
weight 16.5 g., and 3C, weight 22.7 g.

Before the start of these researches these 
adsorbents had been subjected to a series of 
determinations of the rates of activated adsorp­
tion, first of carbon monoxide and then of hydro­
gen. During the course of these adsorption 
measurements the activity of the surface had 
fallen slowly but steadily.

Results and Discussion
After a number of runs with hydrogen at 184 to 

302°, it was observed that, at the completion of 
the adsorption, the preparations, notably 3B, had
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a distinctly grayish appearance. On evacuation 
at 400° the original color of the preparation 
reappeared. A dark gray condensate gradually 
appeared above the furnace level on the walls 
of the capillary tube leading from the catalyst 
bulb.

It appears that, by reduction, there is formed a 
certain quantity of metallic zinc which subse­
quently distils from the catalyst bulb during 
evacuation. Only a small portion of the adsorbed 
hydrogen reduces the zinc oxide. Thus in 32 
runs on preparation 3C, over 334 cc. of hydrogen 
was adsorbed. One gram of zinc would have been 
formed if all of this had led to reduction; actually 
less than 0.05 g. appeared. The diminution of 
the activity of the zinc oxide preparation probably 
resulted from destruction of the more active spots 
by reduction.

For bulk zinc oxide a very small pressure of 
water vapor would thermodynamically render re­
duction impossible at these temperatures. Even 
at 419° this pressure is only 0.0033 mm.5 There 
are two factors which may enter into the observed 
reduction: (a) thermodynamic considerations ap­
plying to bulk material will not apply to sur­
face molecules of different energy characteris­
tics; (b) water vapor is adsorbed so tenaciously 
as to reduce its vapor pressure below the critical 
level.

If the surface of the adsorbents be saturated 
with water vapor after the evacuation but before 
the start of the determination of the rate of 
hydrogen adsorption, then the catalyst remains 
white.

If hydrogen saturated with water at 17° be 
adsorbed on a freshly evacuated preparation, a 
fraction of the material at the top of the bulb 
near the supply tube remains white but that at 
the bottom turns gray. Thus, during run 51 on 
preparation 3B at 254°, gas pressure 360 mm., 
water vapor pressure 7.2 mm., the upper fifth of 
the zinc oxide remained white, while in run 52 
under similar conditions, the upper seventh re­
mained white.

The explanation of this phenomenon is clear. 
Water vapor is adsorbed so strongly by zinc oxide 
that the first sections of zinc oxide completely 
remove the water vapor from the entering gas. 
Those sections with adsorbed water vapor are 
protected from attack.

(5) G. B. Taylor and Starkweather, T h is  J o u r n a l , 52, 2323 
(1930). This paper deals thoroughly with the problem of reduction 
of zinc oxide by hydrogen, J

This phenomenon is closely related to one 
recorded by Russell and Ghering6 in a study of 
the effect of oxygen poisoning upon the rate of 
the hydrogenation of ethylene on copper. There 
the oxygen was adsorbed tenaciously by the first 
sections of copper with which it came in contact 
and portions farther from the inlet tube were 
supplied only as the nearer portions approached 
Saturation. As a result, progressive additions of 
oxygen reduced the rate of hydrogenation in a 
linear manner. As Russell and Ghering empha- 
size, such a linear relation is not an argument for 
a uniform surface. From the evidence presented 
by the present authors, it is clear that similar 
consideration would prevail in poisoning zinc 
oxide surfaces with water vapor. In spite of the 
non-uniformity of zinc oxide surfaces, the re­
duction of the rate of reaction would bear a 
linear relation to the quantity of water vapor 
introduced.

Effect of Water Vapor on the Rate of Activated 
Adsorption.—Experiments were performed which 
permit comparison of the rates of activated ad­
sorption of hydrogen and carbon monoxide on 
zinc oxide surfaces previously saturated with 
water vapor with those obtained on the ordinarily 
evacuated catalyst. Adsorption measurements 
were made at 1 atm. pressure on preparation 3C.

As Taylor and Sickman3 found, the first portions 
of water vapor are adsorbed on zinc oxide with 
great rapidity, the later portions more slowly. 
Thus, at 218°, preparation 3C, after evacuation 
for five hours at 410°, adsorbed 7.4 cc. (N. T. P.) 
of water vapor under 14.5 mm. pressure within 
two minutes. Another 7.4 cc. was adsorbed in an 
hour. The final pressure of water vapor was 6  mm.

Table I exhibits the effect of water vapor on 
the rate of activated adsorption of hydrogen and 
carbon monoxide on preparation 3C.

T a b l e  I

E ffect  o f  W a t e r  V a po r  o n  t h e  R a te  of A dso r ptio n  of 
H ydro g en  a n d  C a r b o n  M o n o x id e  on  P r e pa r a tio n  3C

a t  2 1 8 °
Adsorption in cc. of

Time,
min. Run 52 54

-Hydrogen----
55 56 58 59

Carbc
62

>n mon 
64

oxide
65

1 2.35 2.70 2.80 0.40 1,95 0.80 0.90 0.50
2 2.70 3.00 3.1,0 3.60 2.25 1 .1 0 1.15 .55
4 3.00 3.35 3.30 3.90 2.50 1.65 1.60 .65
8 3.40 3.75 3.60 4.25 2.85 2.30 2.15 .85

12 3.60 4.00 3.85 4.40 3.00 2.80 2.55 1.0 0

20 3.95 4.30 4.25 4.70 .45 3.30 3.50 3.05 1.15
40 4.35 4.85 4.65 5.05 .50 3.70 4.55 4.10 1.55
60 4.65 5.05 4.90 5.30 3.95 5 .2 0 4.70 1.75

100 4.95 5.45 5.15 .60 4.20 6 .0 0 5.45 2 .1 0

(6) Russell and  G hering, i b i d . ,  57, 2544 (1935).
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Adsorption runs 58 and 65 on preparation 3C 
were performed on zinc oxide surfaces which had 
been saturated with water vapor in the manner 
just described. The other runs were made on 
freshly evacuated surfaces. The gases employed 
in runs 52, 54, 58, 59, 62, 64 and 65 were free 
from water vapor. The hydrogen employed in 
run 55 contained 4.5 mm. of water vapor and 
that in run 56, 14.5 mm.

It is observed that rates of adsorption of both 
hydrogen and carbon monoxide are markedly 
smaller on surfaces saturated with water vapor. 
On the other hand, partial pressures of water 
vapor up to 14.5 mm. may be introduced with 
hydrogen without sensibly affecting the rate of 
adsorption. At 218° the dead space in the catalyst 
bulb of preparation 3C amounts to about 20 cc. 
In run 56, this 20 cc. of gas contains 0.4 cc. 
(N. T. P.) of water vapor. In the light of earlier 
considerations this entire quantity would be ad­
sorbed immediately but only by those portions 
of zinc oxide very near the inlet tube. Since about
7 .4  cc. of water vapor can be absorbed with great 
tenacity, from 5 to 10% of the surface is in the 
condition of the whole surface in run 58, whereas 
the remainder of the surface is unaffected. Such 
Variation is within the experimental error set by 
the reproducibility of the surface.

Similar results were obtained on preparation 
3B in regard to the effect of water vapor on the 
rate of adsorption of hydrogen. At 254° and
0.5 atm. pressure, preliminary Saturation of the 
surface with water vapor reduced the rate of 
adsorption by 75%.

Because, in the presence of nickel, deuterium 
exchanges very much more rapidly with benzene 
than does deuterium oxide, Horiuti and Polanyi7 
consider that the exchange does not proceed by 
dissociative adsorption succeeded by recombina­
tion of the fragments, unless equilibrium condi­
tions on the surface are upset by a change from 
deuterium to deuterium oxide.

On the basis of common examples of poisoning 
and on the basis of the researches presented in 
the paper, the authors consider that water vapor 
in quantity may reduce reaction rates by reducing 
the rate of the activated adsorption of the react­
ants if such adsorption be rate determining, or 
by making unavailable a certain fraction of the 
catalytically effective surface if some succeeding 
step be rate determining. Thus the authors 
believe that the consideration whereby Horiuti 
and Polanyi reject the mechanism of exchange 
via dissociative adsorption is n o t  valid.

Summary
1 . Water vapor has been shown to minimize 

surface reduction of zinc oxide catalysts at lower 
temperatures.

2. Water vapor has been shown to be strongly 
adsorbed from gas mixtures containing this vapor 
by those fractions of zinc oxide surfaces to which 
the mixture of gases first has access.

3. Saturation of zinc oxide surfaces with water 
vapor has been shown markedly to inhibit the acti­
vated adsorption of hydrogen and carbon monoxide.

(7) Horiuti and Polanyi, T r a n s . F a r a d a y  S o c . ,  30, 1164 (1934).

P r in c e t o n , N. J . R e c e iv e d  J u n e  8 , 1936

[Co n t r ib u t io n  from  t h e  Chem ical  Laboratory  o f  t h e  U n iv e r sit y  of  Ca l if o r n ia ]

The Behavior of Iodine in Some Sensitized Decompositions of Gaseous Organic
Compounds

By R. Francis Faull and G. K. Rollefson

Introduction
It has been shown by Hinshelwood and others1“ 3 

that the decomposition rates of a number of 
organic substances are greatly increased by the 
addition of relatively small amounts of iodine. 
In discussing their results they have discarded

(1) Bairstow and Hinshelwood, P r o c .  R o y .  S o c . (London), A142, 77 
(1933).

(2) Hinshelwood, “Kinetics of Chemical Change in Gaseous Sys­
tems,“ Oxford Univ. Press, London, 1933, p. 2 2 5 .

(3) Bairstow, T ra n s . F a r a d a y  S o c . ,  29, 1227 (1933).

Chemical mechanisms for the action of iodine in 
favor of a hypothesis involving collisions between 
iodine and the organic molecules. Recently, 
while preparing to test these reactions for photo- 
sensitivity, we have discovered that under the same 
conditions as prevailed in Hinshelwood’s work 
little or no free iodine can be detected by spectro­
scopie methods during the course of the reactions. 
This result leads to the conclusion that these 
reactions actually proceed by Chemical mechan-
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isms and in this paper we wish to present evidence 
for three types of behavior.

Apparatus and Experimental Details
The apparatus consisted of a Pyrex reaction vessel of 

approximately 350-cc. capacity within an electric furnace. 
The reaction vessel was connected to an external vacuum 
system and to an iodine storage bulb, each through a 
heated glass valve.4

3 minutes 
1 minute 

30 seconds 
10 seconds 
iodine

Plate I.—Propionaldehyde at 394°.

The glass valves eliminated troubles caused by ordinary 
grease stopcocks and were found to operate very satisfac- 
torily in individual ovens, whereby the temperature could 
be maintained as high as 150°. The iodine storage bulb 
was immersed in a small oil-bath that could be heated to 
distil iodine into the reaction vessel. The pressure was 
measured by a click gage5 and a mercury manometer. All 
connecting tubing was capillary glass, wound with resis­
tance wire and electrically heated. The temperature was 
measured by a chromel-alumel thermocouple which was 
imbedded in a well extending into the center of the reaction 
vessel and could be regulated within one degree. The 
light source was a 500-watt tungsten projection lamp. 
By utilizing Windows in the ends of the furnace the beam 
could be directed along a 15-cm. path through the reaction 
vessel into a Hilger E3 spectrograph.

The organic materials used were taken from the center 
fractions of redistillations of Eastman Kodak Co. stock 
and stored in three-liter bulbs connected to the vacuum 
line. The iodine was Merck reagent. In each experiment 
the iodine, at 1.5 cm. pressure, was introduced from the 
heated reservoir, the pressure measured and then the or­
ganic gas in question, at approximately 25 cm. pressure, 
was allowed to enter the reaction vessel.

Observations and Spectrograms
Acetaldehyde.—At 400° acetaldehyde removes the io­

dine color immediately upon entering the reaction vessel. 
The restoration of the color begins in about three minutes 
and is complete after five minutes. At 350° the reaction is 
slower, but at 300° the iodine color never completely dis­
appears. All attempts to isolate an intermediate state 
failed because the iodine was liberated rapidly on cooling 
the reaction mixture. The reaction at 300° is photosensi- 
tive, the rate measured by pressure change being approxi­
mately doubled upbn intense illumination with a 500-watt 
tungsten lamp.

(4) The glass valves were of a design supplied to one of us (G. K. 
R.) by Professor G. B. Kistiakowsky. They are similar to those 
which have been described by Bodenstein except that they have silver 
chloride on the valve seat which eliminates the necessity for grinding 
the movable parts very exactly.

(5) Smith and Taylor, T h is  J o u r n a l , 46, 1393 (1924).

Propionaldehyde.—The same characteristics that are 
shown by acetaldehyde are exhibited by propionaldehyde 
(see Plate I). At 394° the color of the iodine disappears 
and returns within four minutes. At 340° the rate of re­
action was increased by strong illumination as measured 
by pressure change.

Diethyl Ether.—At 440° the color of iodine disappears 
almost immediately and is completely restored after 
thirty or forty minutes.

Ethylene Oxide.—The behavior of ethylene oxide re- 
sembled closely that of acetaldehyde.

Methyl Alcohol.—At 470° methyl alcohol decolorized 
iodine within one minute. The color does not begin to 
return until after four hours have elapsed. The colorless 
reaction mixture can be removed without the liberation of 
iodine and can be shown to contain hydrogen iodide.

Methyl Formate.—At 460° methyl formate requires 
about fifteen minutes to decolorize the iodine (see Plate 
II). The color begins to return after three hours and is 
almost completely restored within five hours.

5 hours
4 hours 

45 minutes 
30 minutes 
20 minutes 
15 minutes 
10 minutes
5 minutes 
1 minute

10 seconds 
iodine

Methyl Formate at 460°.
Plate II.—Spectrograms of different stages of 

iodine sensitized decompositions. The exposures 
are ten seconds, with a 500-watt lamp as a light 
source. Elapsed times are given from the begin­
ning of the reactions. Scale units are in hundreds 
of Ängströms.

Formaldehyde.—At 450° the color disappears imme­
diately and begins to reappear in about two hours. It is 
completely restored after five hours.

Diethylamine.—Diethylamine shows no decolorization . 
of iodine over a wide temperature range within which it 
decomposes.

Discussion
The substances investigated fall into three 

distinct classes. The nrst consists of acetaldehyde, 
propionaldehyde, diethyl ether and ethylene 
oxide. The characteristics shown by these may 
be listed as follows: (1) the color of iodine dis­
appears and returns within a short time; (2 ) 
no hydrogen iodide can be isolated during the 
course of the reaction ; (3) the iodine absorption 
band disappears completely on the spectrograms
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in some experiments; and (4) the decomposition 
products are the same in both the sensitized and 
unsensitized reactions.

The second dass includes methyl alcohol, 
methyl formate and formaldehyde. The princi­
pal characteristics exhibited by these are as 
follows: (1) the color disappears rapidly but
does not return for a relatively long period of time 
although the temperature is much higher than in 
Class I ; (2 ) hydrogen iodide is present and can 
be isolated during the reaction; (3 ) the iodine 
absorption band is never completely removed from 
the spectrograms; and (4) the products in the 
iodine sensitized decompositions, except formalde­
hyde, are different from those in the unsensitized 
reactions.

The third class, which includes diethylamine, 
shows no decolorization of the iodine, which may 
be due to the conditions being such that a high 
concentration of iodine exists at the steady state.

In both cases where the color of iodine disap­
pears, the reaction is much too fast to be accounted 
for by a decomposition of the organic substance 
into hydrogen and a subsequent reaction between 
iodine and hydrogen. 6 The disappearance of the 
iodine therefore must be due to the formation of 
hydrogen iodide pr an alkyl iodide.7 On this 
basis the following equations for the first two 
classes may be proposed

C l a s s  I

(C2H6)20  -f- I2 = C2H5I +  HI +  CHsCHO 
RCHO +  I2 = RI +  HI +  CO 

RI +  HI = RH -f I2

C l a s s  II
CH3OH +  I 2 =  2HI +  HCHO 

HCHO +  I2 =  2HI +  CO 
2HI -f CH3OH =  H20  +  CH4 +  I2 

2HI =  H 2 +  I 2

These equations account for the difference in the 
rate of reappearance of the iodine, because the 
reaction between an alkyl iodide and hydrogen 
iodide is rapid, whereas the decomposition of 
hydrogen iodide is slow.6 A test of this is given 
by the rapid appearance of iodine color where

(6) Bodenstein, Z. p h y s i k . C h e m ., 29, 295 (1899).
(7) The possibility of an addition compound between the organic 

substances and iodine may be ruled out by the following considera- 
tion. The entropy change in an addition reaction is always nega­
tive and from the change in the residual iodine concentration with 
temperature we must consider that A H  for the formation of an addi­
tion product as an intermediate is positive. Therefore if we calcu­
late A F t  — A H  — T  A S  we find that the free energy change is posi­
tive and the equilibrium constant is less than one, which means that 
such an equilibrium could not account for the disappearance of the 
iodine.

methyl iodide is introduced into a reaction mixture 
containing hydrogen iodide at 365°. Methyl 
iodide itself does not begin to decompose appreci­
ably until the temperature is well above 1 0 0 °. 
A test reaction between hydrogen and iodine was 
found to be very slow at 450°, showing the absence 
of any catalytic effect in the apparatus. Therefore 
the essential difference between the two dasses 
lies in the steps that produce iodine. Also the 
actual products present in the decomposition are 
accounted for by the equation. 8

In any case it seems apparent that the sen­
sitized decomposition takes place through definite 
Chemical reactions rather than a collision activa­
tion process that was proposed by Hinshelwood. 1“*3 
In regard to Class I, it is known that acetaldehyde 
exists as an intermediate in the thermal decom­
position of diethyl ether9 and ethylene oxide, 10'11 
and hence it is not unlikely that the sensitized 
decompositions go through an aldehyde stage. 
Even in Class II the formaldehyde intermediate 
has been reported in some of the thermal de­
compositions. In comparing the behavior of the 
two classes it appears that in Class II the course 
of reaction may go through a formaldehyde step 
rather than through any other aldehyde, the re­
sulting slowness of the return of iodine color being 
due to the lack of formation of alkyl iodide from 
formaldehyde, as would have been the case if the 
decomposition had gone through any other alde­
hyde.

Our attention has been called to the work of 
Ogg [Th is  J o urna l , 56, 526 (1934)] which 
makes it possible to calculate the rate of such a 
reaction as that between methyl iodide and hy­
drogen iodide under conditions such as prevail in 
the experiments referred to in this paper. Ac­
cording to the mechanism we have presented 
after the iodine color has disappeared the rate of 
decomposition of acetaldehyde is determined by 
the rate of the reaction between methyl iodide 
and hydrogen iodide. Using Ogg’s equation for 
the rate as a function of temperature we calculate 
for one particular experiment at 420° [Hinshel­
wood, P r o c .  R o y  S o c . (London) A128, 89 (1930)] 
a rate of 1.83 X 10*"8 mol./cc./sec. whereas the 
observed rate was 3.47 X 1 0 ~ 8 mol./cc./sec. when 
the reaction was approximately forty per cent.

(8) Bairstow and Hinshelwood, J .  C h e m . S o c . ,  1147 (1933).
(9) Newitt and Vernon, P r o c .  R o y .  S o c . (London), A135, 307 

(1932).
(10) Heckert and Mack, THts J o u r n a l , Sl, 2706 (1929).
(11) Fletcher, i b id . ,  58, 539 (1936).
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complete. This is as close agreement as could be 
expected.

Summary
The iodine concentration during a sensitized 

decomposition of gaseous diethyl ether, acetalde­
hyde, propionaldehyde, ethylene oxide, methyl

alcohol, methyl formate, formaldehyde and prob­
ably many others, is very low.

The decompositions proceed through definite 
Chemical reactions rather than collision activation 
processes.
B e r k e l e y , C a l if . R e c e iv e d  J u l y  9, 1936

[C o n t r ib u t io n  fr o m  t h e  Chem ical  L aboratory  of t h e  U n iv e r sit y  of  Ca l if o r n ia ]

The Heat Capacity and Entropy of Barium Chloride Dihydrate from 15 to 300°K. 
The Heat of Solution of Barium Chloride Dihydrate. The Entropy of Barium Ion

B y  Oliv er  L. I. B ro w n , W endell

The method of calculating the entropy of bar­
ium ion which has been used up to the present1 
involves directly the entropies of chloride, thal­
lous and nitrate ions, and indirectly the entropies 
of silver, bromide and iodide ions. Since the en­
tropy of chloride ion is known with greater pre­
cision than that of thallous and nitrate ions, a 
method of calculating barium ion directly from 
chloride ion has long been considered desirable. 
The recent careful work of Tippetts and Newton2 
on the thermodynamics of aqueous barium chlo­
ride Solutions has now made such a calculation 
feasible. In the present paper we have deter­
mined the following properties of barium chloride 
dihydrate: (1) the entropy, (2 ) the heat of solu­
tion in water, and (3) the solubility in water. 
Combining these data we have calculated the en­
tropy of barium ion in aqueous solution.

Material.—A c. p . grade of barium chloride was crystal­
lized three times from redistilled water. It was then dried 
in a desiccator over partially dehydrated barium chloride 
dihydrate. Since the sample was found by analysis to 
have more than the theoretical amount of water, it was 
dried at 105°, then rehydrated in a desiccator containing 
water. After analysis showed that the sample had taken 
up more than the theoretical amount of water, the sample 
was again dried over partially dehydrated barium chloride 
dihydrate. This cycle was repeated once again before 
a sample containing the theoretical amount of water was 
obtained.

Heat Capacity Measurements.—The experimental 
method was that of Latimer and Greensfelder.3 The 
apparatus was slightly modified from that used in previous 
work. The block employed to ensure a uniform tempera­
ture environment for the calorimeter was replaced by a 
new block, which was machined very carefully so as to

(1) Latimer, Schutz and Hicks, J . C h e m . P h y s . ,  2, 82 (1933).
(2) Tippetts and Newton, T h is  J o u r n a l , 56, 1675 (1934); New­

ton and Tippetts, i b i d . ,  58, 280 (1936).
(3) Latimer and Greensfelder, i b i d . ,  50, 2202 (1928).

. Smith a n d  W e n d e l l  M. Latimer

provide better contact between the two halves of the block. 
The inner surface of the block was gold plated and pol- 
ished, and reduced considerably the corrections necessary 
for heat interchange due to radiation. The approximate 
values of AL used in the measurements were: 1.2° up to 
20°K., 2-3° up to 50°K., 3-6° up to 180°K, and 6-9° 
up to 300 °K. In calculating the heat capacities one 
calorie was taken equal to 4.1833 int. joules, and the 
molecular weight of barium chloride diphydrate was taken 
as 244.317. Measurements were made on a sample of 
192.845 g. (weight in  vacuo). The results are given in 
Table I and shown as a function of temperature in Fig. 1.

T a b l e  I
M olal H e a t  Ca pa c ity  o f  B a r iu m  Ch loride  D ih ydrate

T., °K.
Cp

Cal./mole/d eg. T., °K.
Cp

Cal./mole/deg.
14.87 1.06 1 1 2 . 1 0 22.87
16.18 1.27 117.92 23.53
17.24 1.49 123.62 24.16
2 0 . 0 0 2.04 129.49 24.94
23.16 2.73 135.64 .25.81
25.69 3.36 141.68 26.46
28.14 3.97 147.84 27.09
30.21 4.51 153.76 27.65
32.13 5.05 160.01 28.21
34.87 5.89 166.86 28.77
37.98 6.82 173.45 29.34
40.45 7.39 180.25 29.95
42.91 8.26 187.15 30.63
48.02 9.63 193.41 31.06
51.15 10.57 200.27 31.63
54.60 11.54 207.32 32.11
58.06 12.51 214.06 32.57
61.78 13.38 2 2 1 . 0 2 32.97
6 6 . 1 2  . 14.45 229.72 33.45
69.82 15.35 236.41 33.78
70.78 15.58 244.76 34.58
73.92 16.31 254.54 35.02
78.67 17.33 263.58 35.33
83.68 18.31 272.18 36.01
89.08 19.30 281.17 36.48
94.72 20.26 287.97 36.65

100.61 2 1 . 2 1 297.07 37.09
106.37 2 2 . 0 0 301.28 37.13
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Entropy of Barium Chloride Dihydrate.—The
entropy was calculated by graphical integration 
of a plot of C p against log T , combined with an 
extrapolation at low temperatures using the De­
bye specific heat equation. The calculation is 
summarized in Table II.

T a b l e  I I

M olal E n t r o py  of  B a r iu m  C hlo r id e  D ihy dr a te  

0-14.87°K. Debye extrapolation 0.39 
14.87-298.1 °K. Graphical from data 48.19 =*= 0.1

Entropy at 298.1 °K. 48.58 E. U.

Heat of Solution of Barium Chloride Dihy­
drate.—The measurements of the heat of solu­
tion were made in a calorimeter which consisted 
of a vacuum-walled flask of about one-liter ca­
pacity fitted with a stirrer, resistance thermome­
ter, and device for introducing a weighed quan­
tity of salt into the water by breaking two gold 
foil seals. The resistance thermometer consisted 
of about 45 ohms of platinum wire and also served 
as a heater for determining the heat capacity of 
the calorimeter and contents. The values ob­
tained for the heat of solution of one mole of 
barium chloride dihydrate in 400 moles of water 
at 298.1°K. were 4412 and 4427 cal. If we com­
bine the average value, 4420 cal., with the known 
heat of dilution of barium chloride Solutions at 
298.1°K.4,5 we obtain for the heat of solution at 
infinite dilution, AH °  = 3955 cal./mole.

Free Energy and Entropy of Solution of Bar­
ium Chloride Dihydrate.—The solubility of 
barium chloride at 298.1°K. was determined by 
evaporating weighed portions of the saturated 
solution to dryness and weighing the anhydrous 
barium chloride, after heating to constant weight 
at 150°. Equilibrium in the saturated solution 
was approached from both sides by saturating at 
higher temperatures and at lower temperatures 
than 298.1°K. The solubility in moles of an­
hydrous salt per 1 0 0 0  g. of water was found to be 
1.788. The activity coëfficiënt of barium chloride 
has been determined by Tippetts and Newton2 
from both e. m. f. measurements and vapor pres­
sure measurements. Using their results we find 
for the saturated solution y  = 0.4418 and a± =

(4) Richards and Dole, This Jo u r n a l , 51, 794 (1929).
(5) Lange and Streeck, Z .  p h y s ik .  C h e m ., A152, 1 (1931).

0.9021 (ai = activity of water). For the reaction 
BaCl2-2H20(s) =  B a++ -f  2C1~ +  2H20(1)

(hypothetical one molal solution) (1)
AF °  =  -1363.8  log 4(7w )3ai2 =  -2 8 0  cal. AH °  =  

3955 cal. AS °  =  (AH °  -  AF ° ) / T  =  14.20 E. U.

Entropy of Barium Ion.—The entropy of 
chloride ion is 13.5 E .U. 1 The entropy of water 
calculated from the spectroscopie value for the 
perfect gas6 and the entropy of condensation of 
the perfect gas to liquid water7 is 16.77 E. U. The 
entropy of barium ion is given by the expression
<S° Ba++ =  ^BaCl2-2mO +  A S 0 —  25°Ci- — 2 6 h2o =

48.58 -f- 14.20 -  27.0 -  33.54 = 2.2 E. U.

Fig. 1.—Molal heat capacity of barium chloride dihy­
drate.

Summary
The heat capacity of barium chloride dihydrate 

has been measured from 15 to 300°K., and the 
entropy of the salt determined by graphical inte­
gration. The solubility and heat of solution of 
barium chloride dihydrate in water has been de­
termined at 298.1°K. Combining these data with 
other data already available, the entropy of bar­
ium ion has been determined.
B e r k e l e y , Ca l if o r n ia  R e c e iv e d  J u n e  23, 1936

(6) Gordon, J .  C h e m . P h y s . ,  2, 65 (1934).
(7) Giauque and Stout, T h is  J o u r n a l , 58, 1144 (1936). T h e  

value here quoted is consistent with that selected by these authors  
after a review of the existing data.
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[C o n t r ib u t io n  fr o m  t h e  Chem ical  L aboratory  of t h e  U n iv e r sit y  of Ca l if o r n ia ]

Kinetic and Equilibrium Measurements of the Reaction
2Fe+++ +  21" = 2Fe++ +  I2

B y  A l le n  V. H ershey  and  W illiam  G. B rav

The reaction
2Fe+++ +  21- 2Fe++ +  I2 (1)

furnishes an example in which the rates of both 
the forward and reverse reactions may be meas­
ured con veniently, and in which the kinetic re­
sults may be checked by comparison between 
values of the equilibrium quotiënt

K  «  (Fe + +)2(I2) /(F e +++)2(I“)2 (2)
based on measurements of rate, electromotive 
force and equilibrium concentrations. Wagner1 
in 1924 suggested the complete rate law
d(Fe++) _  fci(Fe+++) (I ~)2 

dt 1 +  (Fe++) /(F e +++)€4
&4(Fe++) (I2) 

r +  (Fe+++)64/(Fe + +)
which corresponds to a single path with two rate 
determining steps. Application of the condition 
that d(Fe++)/d/ is equal to zero at equlibrium 
leads to the relation K  = k ie ^ /k t . A check of 
equation 3 is thus furnished by the calculation of 
K  from experimental values of k i,  k 4 and e4, pro­
vided all measurements are made at the same 
temperature and the same ionic strength.

Wagner’s evidence for the rate law of the for­
ward reaction

d(Fe++) &i(Fe + + +)(I~)2
dt 1 +  (Fe + +)/(F e + + +)e4 V '

comprised the early work of Schukarew2 showing 
that the initial rate depends on the third order 
reaction Fe+++ -f 21 ~ — the retarding effect 
of ferrous ion, and the identity of this rate law 
with that demonstrated by Wagner himself for 
the analogous reaction between ferricyanide ion 
and iodide ion. He gives one pair of values of h  

and €4 at 15° and a single ionic strength. As evi­
dence that the first step of the reverse reaction is 
Fe++ +  I2 — Wagner refers to the results of 
Banerji and Dhar.3a However, we were not able 
to calculate values öf in conventional units 
from the published data. 3 Additional experi­
mental work was therefore necessary before the 
above mentioned test could be applied to equa­
tion 3.

CD Wagner, Z. p h y s i k .  C h e m .,  113, 269 (1924).
(2) Schukarew, i b i d . ,  38, 353 (1901).
(3) (a) Banerji and Dhar, Z .  a n o r g .  C h e m .,  134, 172 (1924); (b) 

Bhattacharya and Dhar, J .  I h d .  C h e m . S o c . ,  6 , 455 (1929); Z. a n o r g .  
a l lg e m .  C h e m .,  196, 28 (1931).

Our measurements were made at 25° in dilute 
acid Solutions having an ionic strength of 0.09, 
and are in agreement with a rate law of the 
form
d(Fe++) __ ßi(Fe+++)(I"")2
~  diT 1 +  (Fe + +)/(Fe + + +)[e4 +  €fi(I ~)] 

h(Pe++)(I,) +  Jfefl(Fe+-+)(I,~)
1 + (F e +  + +)[€i +  «.(I-)]/(Fe + +) ■ '

T  1 +~(Fe++)(H +)/(F e +++y
4̂/(Fe++) (I2)/(H  +)(I~) yt 

1 +  (Fe+++)6'/(Fe++)(H +) 11

The two parts, I and II, correspond to two paths, 
each with two rate determining steps. If the 
terms containing e6 and kt> are omitted, I is the 
rate law suggested by Wagner. II is dominant 
only at low concentrations of iodide ion. Setting 
d(Fe++)/d/ equal to zero in equation 4 gives the 
relations

W fc 4 *  Ä I3-W *« = h ' e ' / h '  »  K  (5) 
where i f l3- is the equilibrium quotiënt of the re­
action I3~ = I2 +  I “.

Equation 4 was constructed by combining into 
one rate law the results of rate measurements pn 
both sides of equilibrium. Thé two positive terms 
of the rate law were derived from an analysis of 
the data for the forward reaction between ferric 
ion and iodide ion, and the sum of the numerators 
of the negative terms was in agreement with the 
data for the reverse reaction between ferrous ion 
and iodine. The denominators of the negative 
terms were included in the rate law to make it 
consistent with the equilibrium law, 2. They 
did not exceed unity by an amount significant in 
comparison with the experimental errors. Equa­
tions 5 were checked by comparison with the re­
sults of equilibrium determinations. {

The specific rates and equilibrium quotients of 
ferric reactions vary rapidly with changing ionic 
strength. According to the Debye—Hückel the­
ory, the relationship between any equilibrium 
quotiënt, K , the ionic strength, ju, and the charge 
of each ion, z , may be expressed in the form 

logio(£/£o) -  -(A s2)/(7)
where ƒ(7 ) is a function of the activity coefficients 
of the ions, and at 25° approaches the limit 
—0.5 as /il/* approaches zero.
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Randall4 has shown that, when As2 is not zero, 
the — (I/A 02) log K / K °  curve in a ju1/z diagram 
may be represented by the log 7  curve for some 
one of the strong electrolytes. Bray and Her- 
shey5a adopted this method of plotting in their 
study of certain equilibria involving ferric ion, 
and their values of ƒ(7 ) have been used in this 
investigation. Thus at ju = 0.09, ƒ(7 ) = —0.097; 
in reaction 1, Az 2 =  —1 2 , log ( K / K ° )  = — 12  
(0.097), and K / K 0 =  0.0685.

In applying these ideas to the specific rates 
in equation 4 the value As2 = —12 must
be distributed among the specific rates in 
each part of the rate law. The following values 
are based upon the Brönsted rule and equa­
tion 5.

k \  €4 k i  6g ke k \  € f k i '  
As2 - 1 0  - 2  0 - 6  - 4  - 6  - 4  + 2

In each case ƒ(7 ) was assumed to be —0.097 at ß  

= 0.09.
Allowance was made for the formation of the 

complex ferric iodide ion, Fel++, by comparing 
two sets of calculations, the first based on the 
complete ionization of ferric iodide, the second 
on the assumption that, at ß  — 0.09, KFei++ — 

(FeI++)/(Fe+++)(I-) = 20.
Fe + 'M* +  I -  = Fel + + As2 = - 6  (6)

The corresponding value of K Fei++ at ß  = 0 is 75.
Corrections for the hydrolysis of ferric ion were 

based on the results of Bray and Hershey.5a
Fe+++ +  H20  -  FeOH++ +  H + Az2 -  - 4  (7)

ApeOH4"*" — 60(10 4). At ß  — 0.09, Â FeOH++ 
— 24.6(10“4). The hydrolysis ranged from 10 to 
30% and was controlled by the addition of nitric 
acid. We believe that the hydrolysis corrections 
are at least approximately correct since the values 
of the hydrolysis quotients5a were determined 
from a study of equilibria involving ferric ion. 
The calculation of ferric ion concentrations is the 
reverse step, and may be accepted as an empirical 
method even if the values of KFeoH++ are in­
correct.515

The concentrations of triiodide ion were cal-
(4) (a) Randall and Vietti, T h is  J o u r n a l , 50, 1526 (1928); (b) 

Randall, J .  C h e m . E d u e a t io n ,  8 , 1062 (1931).
(5) (a) Bray and Hershey, T h is  J o u r n a l , 56, 1889 (1934).
(5) (b) In Our previous calculations (Ref. 5a) we assumed that the 

hydrolysis öf FeOH f + is negligible in comparison with that of Fe 1 + +.
I f this assumption is in error our values of K j? eOH++ are too large. 
Also, methods which are based on the determination of hydrogen ion 
concentrations should yield higher values of ÄFeOH++ than we ob­
tained. This may explain the higher results of Brönsted and Vol- 
qvnrtz, Z :  p h y s ik .  C h e m ., 134, 127, 133 (1928), which we unwittingly 
overlooked in 1934. Their value of K  peoH++ at *s nearly the 
same as ours at 25°.

culated by means of the equilibrium constant 
K u -  =  (I2)(I-)/(I3-) -  0.001416

I r  =  I2 +  I -  As2 -  0 (8)
Similarly, in one group of experiments in which 
bromide ion was present, the concentrations of 
I2Br~ were calculated by means of the constant
i W  =  0.08.7

The Standard potentials used in calculating the 
equilibrium constant of reaction 1 were 
Fe+++ +  E -  =  Fe++ Az2 -  - 5  £° =  0.7725^ (9) 
and

V2 I2 -f E~ -  I “ Az2 = 1 £° -  0.534 (10)
To determine the latter value, the correction rec­
ommended by Randall and Young8 was applied 
to the value, 0.5357, chosen by Lewis and Ran­
dall.9

The solubility product of silver iodide 
AgI =  Ag+ -h I -  Az2 -  + 2

K ei =  (9.0 =*=■ 0.5) (10 ~17) (11)

was calculated by combining the Standard iodine 
potential (equation 10) with the results of Jones 
and Kaplan6 for the reaction

Ag +  V2I2(s) == AgI E%8 -  0.6845 
and the silver electrode potential5a

Ag+ -f F “ — Ag £ 2°98 =  0.7985
The solubility product of silver bromide 

AgBr -  Ag+ -f Br- K°AgBr =  (5.3 =t= 0.3)(10“13) (12) 
was determined by combining the silver electrode 
potential with the silver bromide electrode po­
tential

AgBr -F E “ -  Ag -F Br" E?m  -  0.0723 *  0.0002 
The latter was obtained by plotting in a /x1/s dia­
gram the results of Lewis and Storch30 for the re­
action AgBr +  y 2H2 =  Ag +  H f +  B r \  This 
potential is in agreement with the value 0.072 =*=
0 .0 0 1  obtained by combining the measurements of 
Afanasiev11 for the reaction AgCl +  Br~ =  
AgBr +  Cl" with the silver chloride potential of 
Randall and Young.8

On account of the great tendency of ferric ion 
to form addition compounds, the presence of 
chloride and sulfate ions is to be avoided, but 
ferric nitrate may be assumed to be completely 
ionized. The ionic strength was controlled by the 
addition of potassium nitrate. C. p . Chemicals 
were used without further purification. Ferrous

(6) Jones and Kaplan, T h is  J o u r n a l , 60, 1845 (1928).
(7) Jakowkin, Z. p h y s ik .  C h e m .,  20, 31 (1896).
(8) R and all and Y oun g, T h is  J o u r n a l , 50, 1003 (1928).
(9) Lewis and  Randall, '‘T h erm od yn am ics ,’’ McGraw-Hill Book, 

Co., In c ., New York City, 1923, p. 430.
(10) Lewis and .Storch, T h is  J o u r n a l , 39, 2544 (1917).
(11) Afanasiev, i b i d . ,  52, 3477 (1930).
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T a b l e  I
I n it ia l  R a t e s  of the  R ea ctio n  b e t w e e n  F erric  I on  a nd  I odide  I on  at  0.09 I on ic  Str en g t h  a n d  25°

106d(Fe++)AB
E xp t. F e ( N 0 3)a K I H N O 3 F e ( N 0 3) 2

1 0.0112 0.01 0.0188
2 .0056 .01 .0194
3 .0112 .003 .0188
4 .0124 .01 .0076
5 .0124 .01 .0076
6 .0062 .01 .0088
7 .00124 .01 .0098
8 .0124 .003 .0076
9 .0124 .003 .0076

10 .00124 .003 .0098
11 .0148 .01 .0002
12 .00148 .01 .0045
13 .0148 .003 .0002
14 .00148 .003 .0045
15 .0148 .001 .0002 0.001
16 .0148 .0005 .0002 .001
17 .0074 .01 .0026 .001
18 .0062 .01 .0088 .001
19 .0062 .008 .0088 .001
20 .0062 .005 .0088 .001
21 .0062 .003 .0088 .001
22 .0074 .003 .0026 .001
23 .0062 .001 .0088 .001
24 .0062 .001 .0088 .001
25 .0074 .001 .0026 .001
26 .0074 .0005 .0026 .001
27 .0062 .0005 .0088 .001
28 .00248 .01 .0095 .001
29 .00248 .003 .0095 .001
30 .00124 .01 .0098 .001
31 .00124 .003 .0098 .001
32 .00062 .01 .0099 .001
33 .00062 .003 .0099 .001
34 .0074 .01 .0026 .002
35 .0074 .003 .0026 .002
36 .0074 .0005 .0026 .002
37 .0062 .0005 .0088 .002
38 .0074 .0005 .0026 .003
39 .0062 .0005 .0088 .003
40 .0074 .01 .0026 .01
41 .0074 .003 .0026 .01
42 .0074 .001 .0026 .01
43 .0074 .0005 .0026 .01
44 .0062 .0005 .0088 .01

nitrate Solutions were prepared by mixing barium 
nitrate and ferrous sulfate Solutions in equivalent 
amounts and filtering off the precipitated barium 
sulfate. Atmospheric oxidation of the ferrous 
salt was closely watched, and fresh Solutions were 
prepared when the ferric iron content exceeded 
3% of the total iron. To diminish the oxygen 
concentration the Solutions and reaction systems 
were shaken with carbon dioxide. Although the 
effect of the diffuse daylight of the laboratory on 
the rates was found to be negligible, the precau-

(Fe+++) (I-) (H+) Obsd. Calcd.

0.0087 0.0085 0.0198 3850 3330
.0043 .0092 .0199 1870 1930
.0096 .0025 .0200 345 333
.0088 .0085 .0098 3550 3350
.0088 .0085 .0098 3450 3350
.00435 .0092 .0099 1825 1950
.00086 .0098 .0100 485 440
.0096 .0025 .0099 310 334
.0096 .0025 .0099 285 334
.00096 .00295 .0100 43.5 45
.0088 .0085 .0047 3250 3370
.00088 .0098 .0050 440 448
.0096 .0025 .0049 305 334
.00096 .00295 .0050 41 45
.0099 .00084 .0050 13.25 13.4
.0099 .00042 .0050 4.07 4.01
.0044 .0092 .0048 950 931
.00435 .0092 .0099 950 921
.0045 .0073 .0099 535 539
.0046 .0046 .0099 155 177
.0048 .00275 .0100 46 52
.0048 .00275 .0050 47 54
.0049 .00091 .0100 5.0 4.6
.0049 .00091 .0100 4.8 4.6
.0049 .00091 .0050 5.05 5.05
.0050 .00046 .0050 1.5 1.56
.0050 .00046 .0100 1.4 1.29
.00173 .0097 .0 1 0 0 225 228
.00191 .0029 .0 1 0 0 9.6 11.4
.00086 .0098 .0 1 0 0 68 69
.00096 .00295 .0 1 0 0 3.25 3.2
.00043 .0099 .0 1 0 0 21.5 18.8
.00048 .0030 .0 1 0 0 1.0 0.87
.0044 .0092 .0048 622 610
.0048 .00275 .0050 31 32
.0050 .00046 .0050 0.965 0.99
.0050 .00046 .0 1 0 0 .735 -'.75
.0050 .00046 .0050 .725 .74
.0050 .00046 .0 1 0 0 .51 .53
.0044 .0092 .0048 150 161
.0048 .00274 .0050 6.7 7.4
.0049 .00091 .0050. 0.62 0.76
.0050 .00046 .0050 .25 .27
.0050 .00046 .0100 .18 .175

tion was taken to shield the reaction vessels from 
light in the rate measurements with iodine and 
ferrous salts and in the equilibrium determina­
tions. All concentrations were measured in moles 
per liter, and time intervals in minutes.

Rate Measurements of the Reaction between 
Ferric Ion and Iodide Ion

Sasaki12 and Kiss and Bossanyi13 have studied 
the reaction in low ferrous ion concentration. To

(12) Sasaki, Z. a n o r g .  allgem Chem., 137, 181, 291 (1924).
(13) Kiss and Bossanyi, ibid., 191, 289 (1930).
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measure the initial rate they added starch and a 
small known quantity of sodium thiosulfate to 
the reaction system, and observed the interval of 
time from the start of the reaction to the appear­
ance of the blue color of starch-iodine. Ferric 
ion reacts directly with thiosulfate ion, however, 
and the method is subject to error. Increasing

- 8  - 7  - 6
Logio (Fe+++)(I~)2.

Fig. 1.—Rate measurements in low (Fe++), Expts.
1 to 14: O, concentrations based on & ei++ = 
(FeI++)/(F e+++)(I~) =20; 0 ,  concentrations based
On I£FeI++ — 0.

the quantity of the thiosulfate increases the 
amount lost by direct reaction with ferric ion, but 
there is then a greater average concentration of 
ferrous ion and the reaction between ferric ion 
and iodide ion is retarded. The two effects can­
cel and the rate appears to be independent of the 
quantity of thiosulfate used. The specific rate 
in low ferrous ion concentration was redetermined, 
therefore, by a more direct method.

Control experiments showed that when iodine 
is in excess it can be titrated with sodium thio­
sulfate in the presence of ferric ion without loss of 
accuracy. Ten-cc. samples of the reaction sys­
tem were quenched in about 0.075 M  FeS04, and 
the iodine was titrated without delay. The ef- 
fectiveness of the quenching was indicated by the 
slowness with which the blue color reappeared 
after the starch end-point had been reached.

The results are summarized in Table I. The 
initial concentrations of ferric nitrate, potassium 
iodide, nitric acid and ferrous nitrate, composing 
the reaction systems, are listed in the second, 
third, fourth and fifth columns. The initial con­
centrations of ferric ion, iodide ion and hydrogen

ion, corrected for the complex ion, F el++, by 
means of A FeI++ = 2 0 , are listed in the sixth, 
seventh and eighth columns.

The “observed” initial rates listed in the ninth 
column were determined from the experimental 
data by the following method. An approximate 
rate law was formulated, and values of the rate 
were calculated at convenient values of (Fe++), 
the concentration of ferrous ion. For each experi­
ment the reciprocal of the rate, d//d(Fe++) was 
plotted against (Fe++). By graphically integrat- 
ing [d /̂d (Fe++) ] d (Fe+'f) from the initial value of 
(Fe++), time intervals were determined, and com­
pared with those found experimentally. The rate 
law was modified and the calculations repeated 
until these two sets of time intervals were brought 
into agreement. This procedure made certain 
that the initial rate chosen in each experiment is 
consistent with the rates during the experiment. 
The points in Figs. 1 to 4 below correspond to 
these observed initial rates.

The method of calculating the initial rates 
listed in the last column is explained at the end of 
the section.

Fig. 2.—The retarding effect of ferrous ion. 
Curve I, 0.003 M  KI, Expts; 21, 22, 29, 31, 33, 35 
and 41; Curve II, 0.01 M  KI; Expts. 17, 18, 28,
30, 32, 34 and 40.

The rate is proportional to the concentration 
product (Fe+++)(I~ ) 2 when the concentration of 
ferrous ion is small and that of iodide ion is not 
less than about 0.003 molal. This is shown in 
Fig. 1, where, for the experiments with zero ini­
tial ferrous salt, the logarithm of the initial rate 
is plotted against log(Fe+++)(I“)2. The results
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obtained without correcting for Fel++ are also 
included in Fig. 1 (but not in Figs. 2, 3 and 4 be­
low). The two values of the specific rate, k u  de­
termined from the two sets of data are listed at 
the end of the section.

The retarding effect of ferrous ion is shown in 
Figs. 2  and 3, where the ratio of the initial rate in

Fig. 3.—The retarding effect of ferrous ion at 
0.0005 M  KI. Curve I, approximately 0.01 M  H+; 
Expts. 27, 37, 39 and 44; Curve II, approximately 
0.005 M  H+; Expts. 26, 36, 38 and 43.

each experiment to the rate at zero concentration 
of ferrous ion, ^(Fe+^/d/Jo, is plotted against 
the ratio (Fe++)/(Fe'f ++). If equation 3a were 
the correct rate law, a single curve would be ob­
tained starting at unity on the Ordinate axis and 
approaching zero at high values of (Fe++)/ 
(pe+++). The incompleteness of this rate law is 
therefore shown at once by the existence of two 
curves in Fig. 2 when the concentration of potas­
sium iodide is varied from 0.01 to 0.003 M  KI; 
and in Fig. 3 when, at a much lower iodide 
concentration, the concentration of hydrogen 
ion is varied from approximately 0.005 to
0.01 M  H+.

In Fig. 2 , as (Fe++)/(F et+ +) is increased, the 
ordinate becomes nearly proportional to (I"), in­
dicating a rate law of the form

d(Fe++) _  jfei(Fe +++)(I-)*
d t 1 +  (Fe + +)/(Fe + + +)(I-)^  KLÖ&,)

removed by introducing another constant, e4, in 
equation 13a

d(Fe++) fc(Fe + + +)(I-)* (
d t ~  1 + (Fe + +)/(Fe + + +)[e4 + €.(1*)]

which raises Curve A to Curve B. The retarding 
action of hydrogen ion at low (I~) and high 
(Fe++)/(Fe+++), as shown in Fig. 3, suggests the 
presence of an additional term in the rate law 
which is important only at low (I"), and is there­
fore of less than the second degree in (I“) 

d(Fe + +) fa'(Fe + + +)(I-)
d t 1 + (Fe++)(H+)/(Fe+++)€' V '

The effect of changing (I~~) at constant (Fe++) 
is shown in Fig. 4. Curves B and B' are based 
on equation 13b. At low iodide concentration B 
is much lower than Curves I and II, and B' is 
lower than III; which again shows the need for 
an added term, such as 13c, in the rate law. 
Were this added term of the form

d(Fe++) _ fa'(Fe+++)(I“)
d t (H +)[1 + (Fe++)/(Fe+++)€']

Curve B would have been raised to C, instead of

Logio (I“).
Fig. 4.—Rate measurements at 0.001 M  Fe++, 

Expts. 15 to 27: Curve I, 0.0062 M  Fe(N03)3, ap­
proximately 0.01 M  H+; Curve II, 0.0074 M  
Fe(N03)3, approximately 0.005 M  H+; Curve III, 
0.0148 M  Fe(N03)3, approximately 0.005 M  H+.

to 11, by haiving the concentration of hydrogen 
ion. Were it of the form

However, when this equation and the data in 
Fig. 2 are used to calculate the curve for
0.0005 M  KI, Curve A in Fig. 3 is obtained, and 
the ratio [d(Fe f+)/d/]/[d(Fe f f)/d / ] 0 is much 
too small. Some of the discrepancy may be

d(Fe + +) __ &i/(Fe + + +)2(I”) 
d t 1 + (H +)(Fe+"+)A'

Curve B' would have been raised to D, instead of 
to III, by doubling the concentration of ferric ion. 

Our experimental data on the rate of interaction
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of ferric ion and iodide ion are therefore in agree­
ment with the rate law 
d(Fe++) éi(Fe+++)(I - )5

d t -3TF +1 -f (Fe++)/(F e+++)[€4 +  €6(I“)] 
k i' (F z+++)0-~)

1 +  (Fe++)(H +)/(F e+++K (13)

Equation 13 is the sum of 13b and 13c and con- 
sists of the positive terms of equation 4. The 
solid curves in Figs. 1 to 4 and the initial rates in 
the last column of Table I were calculated by 
means of equation 13 and the specific rates listed 
below for i£FeI++ = 20. When no correction for 
Fel+f was applied, satisfaetory agreement be­
tween observed and calculated data was also ob­
tained with the same rate law, but with different 
specific rates.

The values of the specific rates at jjl = 0.09 are

plex ion, Fel + f, are listed in Table II. The ferric 
iron concentration, (2 Fe'f++), was determined 
iodimetrically. On account of the atmospheric

T a b l e  II
I n i t i a l  C o n c e n t r a t i o n s

E xp t. (F e ++)
10«

(2 F e +++) (H +)
10«

(S I 2)
10«

(Ï3 -)
10«

(I-)
10«
(Is) M

45 0.0244 620 0 .0046 974 24 36 950 0.09
46 .0098 250 .0048 992 ..24.. 36 968 .09
47 .0049 125 .0049 1035 25 35 1010 .09
48 .0244 620 .0046 997 201 356 796 .09
49 .0244 620 .0046 992 335 719 657 .09
50 .0244 620 .0095 930 23 37 907 .09
51 .0244 620 .0195 920 23 37 897 .09
52 .0245 500 .0196 6170 4830 5130 1340 . 107

oxidation of some of the ferrous salt, the hydro­
gen ion concentration is less than that correspond­
ing to the amount of nitric acid added to the reac-

ki
ü:FeI++ «  20 5200 =*= 500
K  Fei++ = 0 3800

ei
0.018 0.002 

.02

€6 ki' e'
20 =*= 1 0.70 ±  0.05 1/(700 *  50)
17 .55 1/600

Rate Measurements of the Reaction between 
Ferrous Ion and Iodine

In Homogeneous Solutions at 25°.—Solutions 
of iodine and ferrous nitrate were mixed and the 
subsequent changes in the concentration of total 
iodine, (SI2), were determined by titration against 
sodium thiosulfate. Since the time required for 
analysis was negligible in comparison with the 
time intervals between analyses, no quenching was

Fig. 5.—The reaction between ferrous ion and iodide 
ion at 0.005 M  HNOs: Expt. 45, 0.025 M  Fe(N03)2; 
Expt. 46, 0.01 M  Fe(N 03)2; Expt. 47, 0.005 M  
Fe(N03)2.

necessary. The initial concentrations of the sub­
stances affecting the rate, corrected for the com-

tion system. The iodine solution contained a 
trace of iodide, which was determined b)̂  the per­
manganate method. 14

Fig. 6.—The retarding effect of iodide ion at 0.025 
M  Fe(N 03)2 and 0.005 M  H N 03. Initial concentra­
tions of iodide: Expt. 45, 60(10“6) M ;  Expt. 48, 
0.0005 M ;  Expt. 49, 0.001 M .

The experimental results are represented by 
points in Figs. 5 to 8 , where the total iodine con­
centration is plotted against the time in minutes.

In the analysis of these results, various rate 
laws were tested by a method similar to that de­
scribed in the preceding section. The reciprocal 
of the rate, — d£/d(2 I2), was calculated at conve­
nient values of (SI2) by means of the assumed 
rate law, and plotted against (212). The time 
interval to any selected value of (SI2) was calcu-

(14) B ray  and M a c K a y , T h is  J o u r n a l , 32 , 1193 (1910).
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lated by graphical integration of — [d//d(ZI2)] 
d(SI2) from the initial value of (SI2).

In experiments 45 to 51 ferrous nitrate was 
present in sufficiënt excess to make the propor- 
tionate change in the concentration of ferrous ion 
during each experiment small in comparison with 
that of iodine or iodide ion. The results of experi-

Fig. 7.—The retarding effect of hydrogen ion 
at 0.025 M  Fe(N 03)2: concentrations of H N 03: 
Expt. 45, 0.005 M ;  Expt. 50, 0.01 M ;  Expt. 51, 
0.02 M .

ments 45 to 47, which differ only in the concen­
tration of ferrous ion, are given in Fig. 5. At any 
selected concentration of total iodine the time in­
tervals are inversely proportional to the concen­
tration of ferrous ion. The rate is therefore di­
rectly proportional to the concentration of this 
ion.

The retarding action of iodide ion is illustrated 
in Fig. 6 , where in three experiments the initial 
concentration of iodide is varied from a small value 
in 45 to 0.001 molal in 49. Similarly the retard­
ing action of hydrogen ion is shown in Fig. 7, 
where the concentration of hydrogen ion is varied 
from approximately 0.005 molal in 45 to 0.02 
molal in 51.

These results indicate a rate law of the form
- d ( F e ^  _  -2 d (S I2) _  &4'(Fe++)(I2) , , ,  ,

. d* dt (H +) (I “) U4a;

This rate law is in agreement with the results of 
experiment 45. However, when it is used to cal- 
cuiate the results of the other experiments in Figs. 
6  and 7, the curves labeled A are obtained; and 
the agreement is not satisfaetory. The actual 
rate is greater than that given by equation 14a 
and the discrepancy increases rapidly as the prod­
uct (H +)(I~) is increased. The discrepancy may 
be removed, in these experiments, by including

in the rate law an added term, which is independ­
ent of (H+)(I-)

-d (F e  + +)/d* =  k4(Fe++)(h) (14b)

That there is a third term in the rate law
- d (F e ++)/<b -  Jfe«(Fe++)(I*-) (14c)

is indicated by the results of experiment 52, Fig. 8 , 
in which the concentration of triiodide ion was 
much greater than in the other experiments. 
Were the rate given by the sum of equations 14a 
and 14b alone, the measurements would have 
been represented by Curve B.

Our experimental data on the rate of interac­
tion of ferrous ion and iodine are therefore in 
agreement with the rate law
— d(Fe + +)/cff =  &4(Fe + +)(l2) +  Jfe6(Fe + +)(I8-) +

&4' (Fe++) (b) /  (H +) (I ~) (14)

Equation 14 is the sum of 14a, 14b and 14c, and 
consists of the numerators of the negative terms 
of equation 4. The solid curves in Figs. 5 to 8  
were calculated by means of equation 4, the spe­
cific rates listed below and the specific rates listed 
at the end of the preceding section. In evaluat- 
ing ka it is necessary to allow for the rate of reac-

Time.
Fig. 8.—The reaction between ferrous ion 

and triiodide ion at 0.02 M  H N 03.

tion between ferric ion and iodide ion, which was 
relatively large only in experiment 52. The 
magnitude of this effect is illustrated in Fig. 8  by 
the difference between Curve C, based on equa­
tion 14, and the actual data. The values of the 
specific rates obtained when the complex ion 
Fel f f was neglected were not changed when the 
correction was applied.
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The values of the specific rates at p  = 0.09 are
ki =  0.009 =*= 0.001 
^  =  0.0145 *  0.001 

k t' =  (10.0 ±  0.5)(10-8)

Rate Measurements in the Presence of Silver 
Jodide, Silver Bromide and Bromide Ion.—Rate 
measurements were made also at very low concen-

Fig. 9.—Variation of initial rates with the 
concentration of ferrous ion: O, 0,005; □,
0.01 mole per liter of AgI and of AgBr;
0.0006 M  I2; 0.01 M  Br~; 0.02 and 0.0025 
M  H+; stirring rate, 2000 r. p. m.

trations of iodide ion, maintained by a buffer of 
silver iodide and silver bromide in a solution con­
taining bromide ion. The ratio (I“)/(Br~), 
which is constant when the system is in equilib­
rium, is equal to K Agi / K AgBr = 1.7(10“4) (c f . 
equations 11 and 12). The ionic strength was
0.055 in tnese experiments.

An equimolal mixture of the silver halides was 
precipitated in the reaction vessel before each 
experiment by adding the calculated amount of 
a known silver nitrate solution to a solution con­
taining hydrogen ion, potassium ion, iodide ion 
and bromide ion. After the addition of the fer­
rous salt solution the reaction was started by add­
ing to the mixture a measured volume of nearly 
saturated iodine solution (at 25°). The precipi­
tate was kept from settling by vigorously stirring 
the reaction mixture at a rate of 2 0 0 0  revolutions 
per minute, except when otherwise stated. This 
stirring rate was found to be high enough to bring 
the reaction rate to within a few per cent. of its 
maximum value (c f. Fig. 11). The results were 
reproducible when a definite procedure was fol-

lowed, but they depended on the order in which 
the reagents were mixed, and are therefore not 
presented in detail.

The concentration of iodine during the course of 
the reaction was determined by extraction with 
carbon tetrachloride and titration with sodium 
thiosulfate. Since carbon tetrachloride is emul- 
sified by the silver halide precipitate, the latter 
was first filtered out rapidly on a loosely packed 
asbestos filter, Some iodine was volatilized in 
this procedure, and control experiments were 
made to determine thé loss.

(351.) or (I2) +  (I2Br ) could be expressed as a 
function of the time, /, to within the precision of 
analysis, by the empirical equation

log [(SI2) -  ol] = - ß t  +  y  (15) 
where «, ß  and y  were constant during an experi­
ment, but varied from experiment to experiment.

1/(H +).
Fig. 10.—-Initial rates at various concen­

trations of hydrogen ion and bromide ion:
0.005 mole per liter of AgI and of AgBr;
0.0006 M I2; 0.0098 M  Fe++; 0.001 to 0.035 
M  B r ,

Differentiation of equation 15 gave the rate at any 
time during the experiment.

- d ( S l2)Ak -  - y 2d(Fe+D/ck = 0[(SI8) -  CL] (16) 
By substituting / = 0 in equation 15, the initial 
value of (SI2) — a  was calculated, and the initial 
rate was obtained by substituting this value in 
equation 16.
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The results are presented graphieally in Figs. 
9, 10 and 11, where the ordinates are the initial 
rates, reduced to the same iodine concentration,
0.0006 M I2.

The experimental results can be explained only 
by assuming two simultaneous reactions, one a 
homogeneous reaction whose rate is retarded by 
hydrogen ion and iodide ion {c f . equation 14a), 
and the other a reaction at the surface of the sil­
ver halides. As the homogeneous reaction is 
slow at 0.02 M  H+, the observed rates in the ex­
periments at this concentration, shown in Fig. 9, 
are due mainly to the heterogeneous reaction. 
A two-fold increase in the surface, which should

Fig. 11.—Effect of varying the stirring rate 
in Experiments a, b and c, Fig. 10.

double the rate of the heterogeneous reaction, in­
creased the observed rate by the same amount at 
the two concentrations of hydrogen ion. This 
result suggests that the rate of the heterogeneous 
reaction was not altered by an eight-fold change in 
the concentration of hydrogen ion. A study of all 
the data supported this result, and led to the addi­
tional conclusions that the rate of the heterogene­
ous reaction was approximately proportional to 
the concentration of iodine, increased slightly when 
the concentration of ferrous ion was increased 
from 0.001 to 0.01 molal, and decreased slightly 
when the concentration of bromide ion was in­
creased.

The retarding effects of hydrogen ion and bro­
mide ion (and therefore iodide ion) are illustrated

by the data in Fig. 10—and especially by those at 
low concentrations of hydrogen ion and bromide 
ion, where the observed rate is due mainly to the 
homogeneous reaction. When a consistent set of 
corrections for the heterogeneous reaction were 
applied to the observed rates, the homogeneous 
reaction was found to obey rate law 14a at the 
lowest rates. With increasing values of the quo­
tiënt (Fe++)/(H +)(Br~), it approached a value 
independent of the concentrations of ferrous ion, 
hydrogen ion and bromide ion. The rates of the 
homogeneous reaction could therefore be repre­
sented by the equation
-d (F e + +) -2dQBI2) V (F e + +)(I2) / (H +)(I-)

d* d t 1 + cr(Fe++) /(H +)(r-) K }

The curves in Figs. 9 and 10 represent the sum of 
the rates calculated by means of this equation 
and the assumed rates of the heterogeneous reac­
tion. The concentration of iodide ion was as­
sumed to have its equilibrium value, 1.7(10“4) 
(Br“). The corresponding values of <7 and k f  

are 28(10“8) and 8(10“8) at p  =  0.055.
This value of k f  corresponds to 8.5(10“8) at /jl 

— 0.09 and is to be compared with the more ac­
curate value, 10(10“8), obtained at higher concen­
trations of iodide ion. The difference could have 
been eliminated by a small decrease in the correc­
tions for the heterogeneous reaction.

The differential equation, 17, signifies that there 
are two rate determining steps in series, the first of 
which is the hydrolysis of iodine. This will be­
come dominant only at high velocities. Thus 
when the quotiënt (Fe f+)/(H +)(J“) is increased 
the equation approaches the limit

- d ( I 2)/d* -  (W /2 < r )(h )

k f  / 2 a  is equal to 0.14, which is of the same order 
of magnitude as 0.25, the specific rate derived by 
Abel15 for the hydrolysis of iodine at 25°. How­
ever, this agreement may not be significant, as 
Liebhafsky16 has concluded that the specific rate 
of the iodine hydrolysis has a much higher value. 
Such a value would require <r to be m u c h  s m  aller 
than 28(10“8), and the denominator in 17 would 
then not be large enough to account for the ob­
served retardations at high reaction rates.

Some or all of the departure of the homogene­
ous rate from direct proportionality to (Fe++) 
(I2)/(H+)(Br“) may be explained in another way 
if the steady state concentration of iodide ion is

(15) Abel, Z. p h y s ik .  C h e m ., 136; 161 (1928).
(16) Liebhafsky, i b i d . ,  A155, 289 (1931); T h is  J o u r n a l , 56, 

2372 (1934). C f .  Skrabal, Z. E le k tr o c h e m .,  42, 244 f1936).
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assumed to have exceeded its equilibrium con­
centration by an amount which increased rapidly 
with increasing speed of reaction. This assump­
tion receives some support from the decrease in 
rate observed when the stirring rate was decreased 
in experiments b and c, Fig. 11. In order to test 
this explanation the total reaction rate was as­
sumed to be equal to k[(I~) — 1.7(10~4) (Br~)l, 
where k is a constant of proportionality. Steady 
state concentrations of iodide ion were calculated 
by means of this relation and substituted for (I~) 
in equation 14a. Comparison of thesé rates with 
the data showed that the homogeneous rate 
could be represented approximately by equation 
14a

—2d(212)/d* -  ^./(Fe + ̂ C ^ /C H ^ a -) (14a)

if the corrections for the heterogeneous reaction 
were much larger than before, and if k and W  
were equal to 250 and 6(10~8).

T a b l e  III
M e a su r e m e n t s  of t h e  E q u il ib r iu m  2Fe+++ 4- 21 =

2Fe++ +  E at  25°
Expt. 53 54 55

Initial Concentrations
KI 0.01916 0.00766 0.0100
Fe(NOä)3 .01022 .00511
HNOs .02 .02 .0191
KNOs .042

Final Concentrations
106(SIä) 4845 =*= 10 2140 *  7 5360 30
106(2Fe ■f+ +) 598 ±  5 752 =*= 7 1530 =*= 20
(Fe++) 0.00962 0.00436 0.0235
(2 I-) .00950 .00334 .01060

.0715 .087 .108

Results Based on K f6i++ = 75
(I-) 0.00558 0.00205 0.00611
I 0 8(I2) 977 873 1010
106(Fe+ + +) 478 646 1240
K 12,800 ± 9500 * 9700

600 1000 1000

Results Based on -̂ Fel++ “  0
(I“) 0.00563 0.00206 0.00623
106(I2) 970 870 990
10«(Fe + + +) 530 670 1365
K 10,100 8700 * 7600 =*=

600 1000 1000

In spite of the uncertainties with regard to the 
magnitude of the corrections for the heterogene­
ous reaction, the specific rate of the iodine hy­
drolysis and the amount of supersaturation of 
iodide ion, the rate measurements at very low 
concentrations of iodide ion confirm the presence 
in the rate law of the term represented by equation

14a, and the order of magnitude of the specific 
rate, k/  = 10 ~7.

Equilibrium Determinations
After dilute Solutions of ferric nitrate and po­

tassium iodide had been allowed to react for nine 
days, the concentration of iodine was determined 
by titration with sodium thiosulfate, and the ferric 
iron concentration was determined iodimetrically. 
Equilibrium was approached also from the re­
verse side by allowing ferrous nitrate and iodine 
to react.

The results are summarized in Table III. The 
amounts of potassium iodide, ferric nitrate, nitric 
acid and potassium nitrate composing the reac­
tion systems are listed in the second to fifth rows. 
The total iodine, (2I2), and the total ferric iron 
concentration, (2Fe+++), obtained by analysis

Fig. 12.—2Fe+++ +  2I~ =  2Fe++ +  I2; equi­
librium quotients: A, C, from analysis at
equilibrium, Table III, assuming iCFei++ — 75 
and zero, respectively; O, 0 ,  from rate 
measurements assuming K%ei++ = 75 and 
zero, respectively; the curve is based on the 
Standard potentials of the ferric-ferrous and 
iodine-iodide electrodes.

at equilibrium, are given in the sixth and seventh 
rows. In experiments 53 and 54, the total iodide 
ion concentration, (21 ~) = (Fel++) +  (I3~) +  
(I~), can be calculated from the data by sub 
tracting either (Fe++) or 2(2I2) from the concen­
tration of potassium iodide initially added, and 
the values of (21 ~) given in the ninth row of 
Table III are the averages of these two values. In 
the remaining rows are given the ionic strengths, 
and values of the equilibrium quotiënt, K, calcu­
lated with and without correction for the complex 
ion F e l++.

Combination of the Standard potentials of the
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ferric-ferrous and iodine-iodide electrodes, equa­
tions 9 and 10, with the solubility of iodine,
0.00132 mole per liter, gives the value of the 
equilibrium constant, K° = 148,000 =*= 2000 at 
25°. This result and the corresponding values of 
the equilibrium quotients at various ionic 
strengths, calculated by the method outlined in 
the introduction, are independent of any assump­
tion regarding the stability of Fel f f. At p —
0.09, K  =  10,100.

The equilibrium quotients at /z =  0.09, calcu­
lated from the experimentally determined specific 
rates by means of equations 5, are

K  =  kiei/ki K  =  K j9-kim /kt K — ki'e'/ki'
K ¥ei++ =  20 10,400 10,100 10,000
# FeI++ = o 8,450 6,300 9,200

The various values for the equilibrium quo­
tients are compared in Fig. 12. The agreement 
between the equilibrium quotients calculated 
from kinetic data, and those determined from 
measurements of equilibrium concentrations, is 
fairly close even when no correction for the com­
plex ion F el++ is applied. These “experimental” 
results are brought into much better agreement 
with each other, and with the “theoretical” re­
sults, represented by the curve in Fig. 12, by cor- 
recting for the complex ion, F e l++. This im- 
proved agreement may not deserve much weight, 
since it is the chief basis for the choice of i£Fei++ 
= 20  =*= 5 at fx = 0.09 and K°Fei++ =  75 =±= 25. 
Regardless of the value of ÜTFei++, however, the 
results of the various determinations of the equi­
librium quotiënt of reaction 1 confirm the com­
plete rate law, equation 4.

Intermediate Compounds
The rate law expressed by equation 4 signifies 

that ferric ion may react with either two or one 
iodide ions in the first rate determining steps of 
the forward reaction, and that ferrous ion may re­
act with iodine, triiodide ion or hypoiodoüs acid in 
the first steps of the reverse reaction. Many re­
actions are known in which hypoiodoüs acid is the 
reactive oxidizing agent in aqueous iodine Solu­
tions, and very few in which the iodine itself re­
acts directly with the reducing agent. This is 
probably the first example of the direct action of 
triiodide ion as an oxidizing agent.

To explain part I of the rate law, Wagner1 ad­
vocated intermediate formation of I2~, which may 
be regarded as an addition compound of atomic 
iodine and iodide ion. Strong supporting evi­

dence is furnished by his more detailed study of 
the analogous reaction between ferricyanide ion 
and iodide ion. His theory is a necessary conse- 
quence of the assumption that ferrous ion is 
formed in the rate determining reaction 

Fe+++ -f 2 1 - ---->  Fe*-1- -f- I2~

since there is then only one unit change in the 
valence of the iron. The same theory may also 
be used to explain the kinetic results of Yost and 
Zabaro17 for the reaction between trivalent ti­
tanium and iodine. The rate determining step 
is then TiOH++ +  I2 — 3- I2~ +  TiO++ +  H+. 
It seems to be impossible in this case for the ti­
tanium to increase its valence by more than one 
unit. The analogous theory for part II of our 
rate law requires the formation of IOH“, an addi­
tion compound of atomic iodine and hydroxide 
ion. If this substance exists at all, it is probably 
in equilibrium with I2~

IOH" +  I - + H +  =*. I2-  +  H20

and therefore is not likely to play a significant 
role at high concentrations of hydrogen and iodide 
ions.

The following systems of reactions are in agree­
ment with the rate law:

I
K 2

Fe+++ -f I -  Z  F e l++
1M l /K 2

Fel++ +  I - Fe++ + I2-
h
h

Ij-  +  Fe+++ Fe++ + Ï2
V2&4
kb/k 2

Ij- +  Fel++ Fe++ + iS
XMe
II
K 2

Fe+++ + 1 - 2 1 FeI++
V A V **

Fel++ +  H20  Fe4"1- +  IOH~ +  H +
W  
W

IOH“ +  Fe+++ Fe++ +  IOH
1/ 2kif/Ks

l / Ä
IOH +  I -  +  H + Z  b  +  H*0

c 4  —  hfifhz 
€6 — ks/k2
«' -  fa'/fe'

Each arrow designates a rate determining reac­
tion, and the Symbol1 8  2! denotes that equilibrium 
is established relatively rapidly. ln deriving the

(17) Yost and Zabaro, T h is  J o u r n a l , 48, 1181 (1926).
(18) SkrabälJZ. ElektrodheM., 40, 235 (1934).
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rate law, the concentrations of I2~ and IOH“ 
are assumed to be so small that the rate of 
change of their concentrations may be set equal to 
zero.

It has usually been assumed that hypohalous 
acid is reduced to halide in one step, which re­
quires the valence of the element oxidized to in­
crease by two units. For this reason, our pre­
liminary results at low concentrations of iodide 
and hydrogen ions were cited by Bray and Gorin19 
as one of several items of evidence for the forma­
tion of a + 4  iron eompound as an interme­
diate.

The following systems of reactions, which in- 
volve tetravalent iron compounds as intermedi- 
ates, are also in agreement with the rate law :

I
K 2

Fe+++ +  1- 2  Fel++
Vsfci/K 2

F e l++ +  I~ Fel2 +
k2 

Kt
F e l2 + +  Fe+++ ^  Fe++ +  F e l2 + +

k>
Fel2 + + Fe++ +  I2

V s * 4

Fel2++ +  I - ^ ± 1  Fe++ +  I ,-

II
K 2

Fe+++ -f I -  2  FeI ++
W / K *

F el++ +  H20  " 7 ^  FeI(OH)+ +  H +
w

K t '
Fel(OH)+ +  Fe+++ 2Ü Fe++ +  FeI(OH)+ +

w -
Fel(OH)++ Fe++ +  IOH

ViW/K*
1 / K i

IOH +  I -  +  H + 21  Ia +  H20
€4 = k%Ki/ k2 
€6 = kfrKi/k2 
e' = k /K i'/k 2'

An ultimate choice between the two theories 
will depend upon the results of future investiga­
tions of other halogen-halide and other ferric- 
ferrous reactions. At the present time there is 
definite supporting evidence for the existence of 
I2“ as an intermediate, some less definite evidence 
for tetravalent iron, and no other evidence for 
IOH- . The available evidence thus favors 
Wagner’s theory for part I of the rate law, and 
the tetravalent iron theory for part II.

(19) B ray  an d  G o rin , T h is J o u r n a l , 54, 2124 (1932),

Summary
Rate measurements at 25° and at an ionic 

strength of 0.09 in aqueous Solutions containing 
H+ Fe+++, Fe++, I", I2, K+ and N 03” were 
found to be in agreement with the rate law
d(Fe++) _  ßi(Fe+++) (I~)2

ét 1 +  (Fe + +)/CFe +++)Ï64 +  ««(I“)]
fc4(Fe++)(Is) +  ^(Fe++)(I3-)

1 +  (Fe+++)[é4 +  66(I-)] /(F e++)
4_ &i'(Fe + + +) (I ~) _
"r  1 +  (Fe + +) (H +)/(F e +++)e'

fa/(Fe++)(I2)/(H + )(I-)
1 +  (Fe+++)€'/(Fe++) (H +)

The two parts, I and II, correspond to two paths, 
each with two rate determining steps. The in­
termediate compounds involved are either de­
rivatives of zero valent iodine, I2” and IOH~, or 
derivatives of tetravalent iron, Fel2++ and 
FeI(OH)++. I2~ and a rate law similar to I were 
suggested by Wagner in 1924.

Rate measurements of the reaction between 
ferrous ion and iodine in the presence of silver io­
dide, silver bromide and bromide ion confirmed 
the &4/(Fe++) (I2)/(H +) (I~) term of the rate law. 
The homogeneous reaction was accompanied by 
reaction between ferrous ion and iodine at the 
surface of the silver halides.

The equilibrium quotiënt was calculated from the 
specific rates by means of the following relations 

(Fe++)2(I2) _  €4£i _  K u-*ki _  *'kt'
(Fe+++)2(x-)2 Ä £4 k% &4'

where K i3- is the equilibrium quotiënt of the re­
action, I “3 =  I2 +  I~.

The quotiënt, K, was determined in the range 
jx =  0.07 to 0.11 by analyzing equilibrium Solu­
tions. The value at ju = 0.09 was also calculated 
from the value of K° at ß = 0 based on the Stand­
ard potentials of the ferric-ferrous and iodine- 
iodide electrodes.

The several values of K  at ß — 0.09 were in 
fair agreement when ferric iodide was assumed to 
be completely ionized, and became almost identi­
cal when K ¥ej++ = (Fel++) /  (Fe+++) (I ~) was 
assumed to be 20  ^  5 at /x =  0.09 which corre­
sponds to 75 ±  25 at m =  0. Corrections for the 
hydrolysis of ferric ion, and extrapolations to zero 
ionic strength were made by the method outlined 
by Bray and Hershey; changing the method of 
extrapolation would change the results at ß =  0 , 
but would not affect the conclusions at jj, == 0.09.

The following values of the specific rates and of 
the equilibrium quotiënt were chosen:
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. k i

At M = 0.09 5200 * 5 0 0  
At fi = 0 48,500

64 «ti

0.018 *  0.002 20 *  
0.028 75

k i

0.009 =*= 0.001
0.009

k i'  e '

Atju = 0.09 0.70 0.05 1/(700 =*= 50)
At M -  0 2 .7 1/290

ki'
(10.0 db 0 .5)(10 8)
6.4 (IO"8)

Concentrations are expressed in moles per liter 
and time intervals in minutes. B e r k e l e y , Ca l if .

kr,

0.0145 ±  0.001 
0.035

K
10.000 =t 1000
148.000 20,000

R ec eiv ed  July 6, 1936

[C o n t r ib u t io n  from  the  Chem ical  Laboratory  of D u k e  U n iv e r s it y ]

The Use of Certain Amines for Distinguishing Geometrically Isomeric Aldoximes and
their Acyl Derivatives

B y  C harles R. H a user  and  E arl  Jordan

A pair of geometrically isomeric aldoximes was 
originally distinguished by Hantzsch1 by the 
reactions of their acetyl derivatives with cold 
sodium carbonate solution; with this reagent the 
derivative prepared from the ß-aldoxime gave 
mainly nitrile,2 whereas the one obtained from the 
a-isomer was unaffècted. In an extensive investi­
gation of this field, Brady and co-workers have 
found that three acetyl-ß-aldoximes,3 similar to 
their a-isomers, are unafFected by cold sodium 
carbonate.4 These three acetyl-ß-aldoximes, how­
ever, are readily decomposed by 2 N  sodium 
hydroxide to give nitrile, but, as was shown 
recently, this reagent decomposes acetyl-ß-aldox- 
imes to form oxime in addition to nitrile, the 
relative yields of these products being dependent 
upon the temperature of the reaction.5 The use 
of sodium hydroxide for distinguishing acyl- 
aldoximes is further complicated by the fact that 
certain acetyl-a-aldoximes are decomposed by hot 
alkali to give some nitrile (or corresponding acid) 
in addition to oxime;5 moreover, certain carbeth-

(1) Hantzsch, B e r . ,  24, 21 (1891).
(2) Recently, it häs been found that at least certain acetyl-0- 

aldoximes with sodium carbonate give small amounts of aldoxime in 
addition to nitrile. See Hauser and Jordan, T h is  J o urn al . 57, 2450 
(1935).

(3) Acetyl - 3,4 - dimethoxy - 5 - bromobenzaldoxime, Wentworth 
and Brady, J .  C h e m . S o c . ,  117, 1045 (1920); acetyl-3,4-dimethoxy- 
henzaldoxime. Brady and Dünn, i b i d . ,  123, 1800 (1923); acetyl-2- 
methoxycinnamaldoxime, Brady and Grayson, i b id . ,  125, 1419 
(1924). See also Brady, S c ie n c e  P r o g r e s s ,  29, 485 (1935).

(4) Whether or not these particular acetyl-0-aldcfximes would give 
nitrile with hot sodium carbonate apparently has not been deter­
mined.

(5) Nevertheless, it is possible to distinguish geometrically iso­
meric acetyl-aldoximes by toeans of alkali, since, at the same tem­
perature, the /9-isomers give much higher yields of nitrile than the 
corresponding a-isomers; at 30°, the latter generally give only tracés 
of nitrile or corresponding acid. See especially the reference in 
Note 2.

oxy-a-aldoximes, with this reagent, give even more 
nitrile than oxime.6

Obviously, it would be desirable to find a 
reagent or a combination of reagents which 
would react with acyl-ß-aldoximes to give only 
nitrile, but which would either not react with the 
corresponding a-isomers, or form only aldoxime; 
pyridine, especially when used in connection with 
//-butylamine, apparently meets these require­
ments.

In a previous paper7 it has been shown that 
the acetyl-ß-3,4-methylenedioxybenzaldoxime is 
readily decomposed by pyridine to form only 
nitrile, whereas the corresponding a-isomer is 
stable in pyridine solution even at 100°. These 
isomers are distinguished, also, by their reactions 
with //-butylamine ;8 with this reagent the a- 
isomer dissolves without noticeable rise of tem­
perature to give only the corresponding aldoxime, 
but the ß-isomer reacts vigorously with this amine 
to form both ß-aldoxime9 and nitrile, the yield of 
the latter being almost quantitative when n- 
butylamine8 is added, in one cubic centimeter 
portions, to a gram sample of the acetyl-ß- 
aldoxime.

These reactions have now been carried out with 
a series of representative acetyl- a- and acetyl-ß- 

aidoximes. In Table I are given the yields of
(6) Hauser, Jordan and O’Connor, T h is  Jo u r n a l , 57, 2456 

(1935).
(7) See Hauser and Jordan, i b i d . ,  58, 1419 (1936).
(8) Piperidine and diethylamine react in a similar manner; see 

ref. 7.
(9) It should be pointed out that when the acetyl-/S-aldoxime was 

added in small portions to w-butylamine kept at room temperature 
or below, mainly /9-oxime was obtained, but when the reaction was 
carried out at the boiling point of the amine (78°), only nitrile could 
be isolated; see ref. 7.
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T able  I

P ercen ta g e  Y ie l d s  of P ro d u c ts  from  the  A cetyl D e r iv a t iv e s  of  S u b s t it u t e d  B e n z a l d o x im e s  w it h  P y r id in e
Nitrile Recovered acetate

Yield, M. p., °C. Literature Yield, M. p., °C. 
Crude prod.®

Literature
Substituent Isomer % Crude prod.® tn. p., °C. % m. p., °C.

Benzal- c l 96 Oil 14.-15
Benzal- ß 87 Oil -1 3
3-Nitro- ot 99 126-127 128
3-Nitro- ß 96 114-115 117-118
4-Methoxy- OL 99 48 48
4-Methoxy- ß 96 56-57 60
3,4-Methy lenedioxy- CL 92 105 105
3,4-Methylenedioxy- ß 99 92-94 94-95
2-Chloro-* OL 94 85-87 88
2-Nitro-6 OL 86 66 66
4-Dimethylamino- a 87 108 108

a The melting points of these products were raised by recrystallization to those reported in the literature. è This re­
action was carried out at 97-100°.

T able  I I

P er cen ta g e  Y ie l d s  of P ro d u c ts  Ob t a in e d  b y  A d d in g  5 Cc. of  ^ -B u t y l a m in e  in  1-Cc. P o r tio n s  to  1-2 G. S a m pl es

of A cetyl D e r iv a t iv e s  of S u b st it u t e d  B e n za l d o x im e s
Corresponding oxime Nitrile

Yield, M. p., °C. 
Crude prod.®

Literature Yield, M. p., °C. Literature
Substituent Isomer % m. p., °C. % Crude prod.® m. p., °C.

Benzal- a 95 Oil 35
Benzal- ß 86 Oil -1 3
3-Nitro- OL 99 123 123
3-Nitro- ß 89 115 117-118
4-Methoxy- ÜÉ 91 63-64 64
4-Methoxy- ß 84 52-55 60
3,4-Methylenedioxy- Ct 91 108-110 110
3,4-Methylenedioxy- ß 99 91-93 94-95
2-Chloro- a 97 72-74 75-76
2-Nitro- OL 99 102-103 102-103
4-Dimethylamino- a 86 143-144 144

a The melting points of these products were raised by recrystallization to those reported in the literature.

nitrile and recovered acetyl-a-aldoxime from the 
reactions with pyridine, and in Table II, those 
of nitrile and a-aldoxime from the reactions with 
//-butylamine. The reactions with pyridine were 
carried out at room temperatures unless otherwise 
stated; in these cases the yields of products 
presumably are not affected by a Variation of 
temperature from 0 to 100°. The reactions with 
//-butylamine were carried out by adding the 
amine, which was at room temperature, to the 
acetyl-aldoximes as indicated in Table II. In 
the case of the acetyl- ß-aldoximes, the mixtures 
became hot immediately, producing high yields 
of nitrile, no aldoxime being found. On the other 
hand, the a-isomers merely dissolved in the amine 
without noticeable rise of temperature, giving 
only a-aldoxime.10 I t  should be pointed out that 
the products of these reactions are readily iso­
lated from the amine Solutions; the addition of

(10) It should be mentioned that even when acetyl-of-3,4-methyl-
enedioxybenzaldoxime was added to w-butylamine at 97-100°, only
oxime was obtained; see ref. 7.

crushed ice precipitates nitrile, unchanged acetyl- 
a-aldoxime, or part of the a-oxime, the remainder 
of the latter being obtained from the filtrate in 
the usual manner.

These reactions with pyridine and //-butylamine 
may thus bê used to distinguish the pairs of 
geometrically isomeric acetyl-aldoximes listed in 
Tables I and II; in the cases in which only one 
geometrical isomer has been studied, their reac­
tions with amines indicate that they have the
ol-  or ^//-configuration.11 Since these acetyl 
derivatives are readily prepared from the cor­
responding aldoximes, the latter also may be 
distinguished by this method, but whether or 
not this method is applicable in all cases remains 
to be determined by experiment. On this basis 
a-aldoximes12 would be those whose acetyl 
derivatives are stable in pyridine, but react with

(11) Contrary to the older view, a-aldoximes are now considered 
to have the “s y n ” configuration, and the /8-aldoximes, the “ a n t i”  
configuration. For references see Hauser and Jordan.2

(12) In this connection see note of paper by Brady and McHugh. 
J. Chein. Soc., 2415 (1925).
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T a b l e  III
P e r c e n t a g e  Y i e l d s  o f  P r o d u c t s  f r o m  C a r b a n il in o  D e r iv a t iv e s  o f  S u b s t it u t e d  B e n z a l d o x im e s  w it h  P y r id in e

Substituent Isomer
Yield,

%
Nitrile 

M. p., °C. 
Crude prod.®

Literature 
m. p., °C.

Yield,
%

Recovered product 
M. p., *C. 

Crude prod.®
Literature 
m. p., °C.

3,4-Methylenedioxy- OL 91 103-104 104
3,4-Methylenedioxy- ß 98 94-95 94-95
3-Nitro- OL 99 146-147 148
3-Nitro- ß 97 112-114 117-118

a The melting points of these products were raised by recrystallization to those reported in the literature.

T a b l e  IV
P e r c e n t a g e  Y ie l d s  o f  P r o d u c t s  O b t a i n e d  b y  A d d in g  5 Cc. o f  » -B u t y l a m in e  in  1-Cc. P o r t io n s  t o  1-2 G. S a m p l e s  

o f  C a r b a n i l i n o  D e r iv a t iv e s  o f  S u b s t it u t e d  B e n z a l d o x im e s

Substituent Isomer
Yield,

%
Corresponding oxime 

M. p., °C.
Crude prod.a

Literature 
m. p., °C.

Yield,
%

Nitrile 
M. p., °C. 

Crude prod.®
Literature 
m. p., °C.

3,4-Methylenedioxy- a b'e 81 109-110 110
3,4-Methy lenedioxy- ß 90 94-95 94-95
3-Nitro- OL 89 120-121 123
3-Nitro- ß 99 110-112 117-118

a The melting points of these products were raised by recrystallization to those reported in the literature. b In this 
case the carbanilino derivative was added to boiling »-butylamine. c N-Phenyl-N'-»-butylurea was obtained in a yield 
of 98%.

to give only nitrile whereas the corresponding a- 
isomers are stable in pyridine solution. More­
over, when w-butylamine is added to the ß-isomers 
vigorous reactions occur giving high yields of 
nitrile, whereas the corresponding a-isomers with 
this amine give only a-aldoxime. The yields of 
these products are given in Tables III and IV. 
It should be pointed out that from the a-isomers 
with w-butylamine high yields of N-phenyl-N'-w- 
butylurea were obtained.

For comparison with these results the yields of 
products obtained from the reactions of the car- 
banilino-aldoximes with alkali are given in Table 
V« I t can be seen that, similar to the acetyl-ß- 
aldoximes, these carbanilino-ß-aldoximes with 
alkali give both nitrile and ß-aldoxime, although 
the yield of the latter from the 3-nitro derivative 
at 25-30° is very small. Alcoholic alkali was used 
in these cases since these carbanilino derivatives 
are relatively insoluble in cold aqueous alkali. 
The reactions with the carbanilino-a-aldoximes 
give the corresponding oxime as previously re­
ported by others.13

It has been shown also that the carbethoxy 
and benzoyl derivatives of a-aldoximes are stable 
in pyridine, but are decomposed readily by n- 
butylamine to regenerate the original aldoxime. 
The yields of recovered acyl-aldoxime and of 
a-aldoxime obtained in these cases are given in 
Tables VI and VII.

(13) See especially Brady and Dünn, J . Chem. Soc., 109, 650 
(1916).

w-butylamine to regenerate the original aldoxime, 
whereas the ß-aldoximes12 would be those whose 
acetyl derivatives are decomposed by pyridine 
or by hot w-butylamine to form the corresponding 
nitrile. Although pure acetyl-aldoximes have 
generally been used in this work, similar results 
have been obtained when a-, and ß-3,4-methyl- 
enedioxybenzaldoximes were treated with acetic 
anhydride, and, without isolating the acetyl 
derivatives, the mixtures treated with pyridine 
or w-butylamine.

Using the newer configurations11 for aldoximes 
and their acetyl derivatives, these reactions may 
be represented as follows
_.q._jj »-Butylamine

■II- ........: ......— »:
N OH Acetic anhydride

a (syn)
R—C—H O Pyridine No reaction

|| || -------- — under ordinary
N—O—C—CHg conditions

ol (syn)
R—C—H Acetic anhydride

|| ------------
HO—N

ß (anti)
O R -G H  Pyridine or
|| | | ----------------------- RCN

CH3C—-O-—‘N hot »-butylamine
ß (anti)

This method may be used also for distinguishing 
certain other acyl-aldoximes. I t has been found 
that carbanilino-ß-3-nitro- and carbanilino-ß-3,4- 
methylenedioxybenzaldoximes react with pyridine
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T able  V

P e r c en ta g e  Y ie l d s  of P r o d u c ts  from  Ce r t a in  Ca r b a n il in o  D e r iv a t iv e s  o f  S u b s t it u t e d  B e n z a l d o x im e s  w it h

2  N  S odium  H y d r o x id e

Substituent Isomer Base
Temp.,

°C.

Corresponding oxime 
M. p., °C. Lit. 

Yield, Crude m. p., 
% prod.« °C.

Yield,
%

Nitrile 
M. p., °C. 

Crude 
prod.«

Lit. 
m. p-,

°C.
Yield,

%

Acid
M. p., °C. 

Crude 
prod.«

Lit. 
m. p.,

°C.
3,4-Methylenedioxy- OL Aq. NaOH 97-100 83 110 110 3 2 1 0 -2 1 2 228
3,4-Methylenedioxy- ß Alc. NaOH 0 45 145-146 146 46 94-95 94-95
3,4-Methylenedioxy- ß Alc. NaOH 25-30 29 145-146 146 21 158-160 166& 30 2 2 0 -2 2 1 228
3,4-Methylenedioxy- ß Aq. NaOH 97-100 Trace 96 225 228
3-Nitro- OL Aq. NaOH 97-100 94 1 2 1 -1 2 2 123 Trace
3-Nitro- OL Alc. NaOH 25-30 95 121 -1 2 2 123 3 134-136 140
3-Nitro- ß Aq. NaOH 97-100 54 114-115 117-118 38 134-136 140
3-Nitro- ß Alc. NaOH 25-30 5 118-120 123 93 138-139 140

a The melting points of these products were raised by recrystallization to those reported in the literature. 6 This is 
the melting point of the corresponding amide.

T able  VI
P er centage  Y ie l d s  of P r o d u c ts  from  Ca r beth o x y  D e r iv a t iv e s  of S u b s t it u t e d  « -B e n za l d o x im e s  w it h  w-B u t y l -

a m in e  a n d  P y r id in e
Oxime Recovered derivatives

Temp., Yield, M. p., 6C. Literature Yield,, M. p., °C. Literature
Substituent Amine °C. % Crude prod.« m. p., °C. % Crude prod.« m. p., °C.

4-Methoxy- w-Butylamine 25-30 90 64 64
4-Methoxy- Pyridine 97-100 87 72-74 74
2-Chloro- w-Butylamine 25-30 85 75-76 75-76
2-Chloro- Pyridine 97-100 72 46-47 47
3-Nitro- w-Butylamine 25-30 94 118-120 123
3-Nitro- Pyridine 97-100 70 96-97 97-98
3,4-Methylenedioxy- w-Butylamine 25-30 99 104-106 110
3,4-Methylenedioxy- Pyridine 25-30 94 78 78
3,4-Methylenedioxy- Pyridine 97-100 95 73-75 78
° The melting points of these products were raised by recrystallization to those reported in the literature.

T able  VII
P ercentage  Y ie l d s  of P r oducts from  B enzoyl  D e r iv a t iv e s  o f  S u b s t it u t e d  « -B e n za l d o x im e s  w it h  w-B u t y l -

a m in e  a nd  P y r id in e
Oxime Recovered derivatives

Temp., Yield, M. p., °C. 
% Crude prod.«

Literature Yield, M. p., °C. Literature 
Crude prod.« m. p., °C.Substituent Amine °C. m. p., °C. %

3-Nitro- w-Butylamine 25-30 98 119-120 123
3-Nitro- Pyridine 97-100 99 162-163 164
3,4-Methylenedioxy- ^-Butylamine 25-30 90 109-110 110
3,4-Methylenedioxy- Pyridine 97-100 99 167-168 168
a The melting points of these products were raised by recrystallization to those reported in the literature.

These results are of especial significance in 
connection with the configuration of the carbe­
thoxy-aldoximes which have been isolated in only 
one geometrical form. Certain of these com­
pounds, although prepared from the correspond­
ing «-aldoximes, were originally assigned the 
^-configuration by Brady and McHugh,14 because 
with hot alkali, nitrile or the corresponding acid 
was obtained. Recently, however, it has been 
shown that these carbethoxy-aldoximes react with

(14) Brady and McHugh, J. Chem. Soc., 123, 1190 (1923). These 
workers assigned the a-configuration to certain other carbethoxy- 
aldoximes because with alkali the original aldoxime was obtained. 
At the time of their work the effect of temperature on the relative 
yields of nitrile and oxime produced by these reactions was pre­
sumably not known; see ref. 6.

alkali to give both nitrile and «-aldoximes,6 the 
yields of the latter predominating in most cases 
a t 30° or below. Since the aldoximes obtained 
had been assigned previously the «-configuration 
as determined by the reactions of their acetyl 
derivatives with alkali, it was concluded that these 
carbethoxy derivatives should likewise be assigned 
the «-configuration; this conclusion is now sup­
ported by the fact that, like the acetyl-«-al­
doximes, these carbethoxy derivatives are stable 
in pyridine solution, but are readily decomposed 
by n-butylamine to give the corresponding «- 
aldoxime.

In conclusion, it should be pointed out that, 
although the method for distinguishing geometri-
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cally isomeric acyl-aldoximes described in this 
paper is very satisfaetory for the compounds 
studied, it is possible that certain types of acyl-a- 
aldoximes, as well as their 0 -isomers, might be 
decomposed by pyridine or «-butylamine to give 
nitrile, especially if there is present in these com 
pounds an activated aldehydic hydrogen atom, 
or groups that would hinder the aminolysis7 
to aldoxime. Even in these cases, however, it 
should be possible to distinguish the «- and ß- 
isomers, since the latter would probably form 
nitrile more readily.15

Experimental
Preparation of Acyl-aldoximes.—The acetyl-«- and 

acetyl-ß-aldoximes were prepared according to methods 
previously described.2

The carbanilino-«- and carbanilino-ß-aldoximes were pre­
pared by treating the corresponding aldoximes in ether so­
lution with phenyl isocyanate according. to the methods 
described by Brady and others.13 Crystals of the ß-deriva- 
tives formed almost immediately; these were purified by 
recrystallization from alcohol and water. Crystals of the 
«-derivatives formed on standing several hours; these were 
purified by boiling them in alcohol solution for an hour, 
followed by recrystallization from alcohol and water as 
described by Brady and co-workers.13 The melting 
points of these derivatives agreed with those reported by 
the earlier workers.

The carbethoxy-«-aldoximes14 and benzoyl-«-aldox­
imes16 were prepared from a-aldoximes according to meth­
ods previously described.

Reactions of Acyl-aldoximes with Pyridine and n -  

Butylamine.—These amines (4-6 cc.) were added, in 1-cc. 
portions, to 1-2 g. samples of the acyl-aldoximes. The 
reactions of «-butylamine with the acetyl-/?- and carbani- 
lino-ß-aldoximes were vigorous, generating considerable 
heat; in the other reactions the acyl-aldoximes dissolved 
without appreciable rise of temperature. After standing 
several hours, crushed ice was added to the amine Solu­
tions, and the products isolated as described previously for 
the case of the acetyl-3,4-methylenedioxybenzaldoximes.7 
In the reactions of «-butylamine with the carbanilino-«- 
aldoximes a solid was obtained which was insoluble in al­
kali; it melted at 130°, and was shown to be identical with

(15) It might be mentioned in this connection that often it is not 
possible to isolate the 0-isomers, especially when the /S-aldoximes are 
treated with the acylating agent in a basic medium; however, the 
presence of the /S~isomers is indicated by the formation of nitrile di­
rectly; see ref. 6.

(16) See Brady and McHugh, J .  C h e m . S o c ., 2414 (1925).

N-pheny 1-N '-«-buty lurea17 synthesized from phenyl iso­
cyanate and «-butylamine.

In order to show that «- and /3-3,4-methylenedioxy- 
benzaldoximes may be distinguished without isolating the 
corresponding acetyl derivatives, 1-g. samples of these al­
doximes were dissolved in minimum quantities of acetic 
anhydride (about 1 cc.) at room temperature and the Solu­
tions cooled in an ice-bath. The mixtures were then 
treated with approximately 6 cc. of pyridine or «-butyl­
amine ; when the latter was added the mixture became very 
hot. After standing for an hour, ice water was added and 
the products isolated in the usual manner. The yields of 
products obtained were as follows: from the ß-aldoxime 
with pyridine, 97% nitrile, and with «-butylamine, 84% 
nitrile; from the «-aldoxime with pyridine, 80% of the 
corresponding acetyl-«-aldoxime, and with «-butylamine, 
72% of the original «-aldoxime.

Reactions of Carbanilino-aldoximes with 2 N  Sodium 
Hydroxide.—These reactions were carried out and the 
products isolated as described previously for the reactions 
of the acetyl-aldoximes with alkali.2 In the reactions with 
the carbanilino-«-aldoximes, diphenylurea was obtained as 
previously reported.13

Summary
A method for distinguishing geometrically 

isomeric aldoximes and their acyl derivatives is 
described; it is based on the reactions of the latter 
with pyridine and «-butylamine.

Acetyl-ß- and carbanilino-ß-aldoximes are de­
composed by pyridine to form nitrile, while the 
corresponding a-isomers are stable in pyridine 
solution.

Acetyl-ß- and carbanilino-ß-aldoximes react 
vigorously with «-butylamine, the hot mixture 
giving mainly nitrile, whereas the corresponding 
a-isomers dissolve in «-butylamine without notice­
able rise of temperature, giving aldoxime.

a- and ß-aldoximes are readily converted into 
their corresponding acetyl derivatives; conse­
quently, the method may be used to distinguish 
geometrically isomeric aldoximes.

The carbethoxy and benzoyl derivatives of 
a-aldoximes are stable in pyridine solution, but 
are decomposed by «-butylamine to regenerate 
the original aldoxime.
Durham, N. C. Received June 27, 1936

(17) Recently, this compound (m. p. 130°) has been synthesized 
from «butyl isocyanate and aniline by Boehmer, R ec. tra v . ch im ., 55, 
379 (1936).
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Constituents of Pyrethrum Flowers. VI. The Structure of Pyrethrolone12

By F. B. LaF orge a n d  H. L. H aller

Pyrethrolone, the eyclic ketonic alcoholic com­
ponent common to the two insecticidal consti­
tuents of pyrethrum flowers, has been assigned 
formula I by Staudinger and Ruzicka.3

ch8

H r -  O

H\l>C-
h <x

c —H h h 2 h  h

-C—C =C “ C—CH,s

-C—O

The semicarbazone of pyrethrolone is obtained 
by saponification of the semicarbazones of either 
of the pyrethrins or mixtures of their semi­
carbazones.

In a previous communication4 it has been shown 
that the semicarbazone of pyrethrolone should be 
represented by the empirical formula C12H17O2N3, 
and that of tetrahydropyrethrolone, which has a 
saturated side chain, by C12H2 1O2N3 . It follows 
that pyrethrolone corresponds to formula C11H14O2 
and tetrahydropyrethrolone to CiiHi8C>2. These 
formulas, which have been verified by numerous 
analyses, have two less hydrogen atoms than 
formula I and its tetrahydro derivative.5

This fact calls for a revision of formula I, and 
CH3

h 2—c

H.

HO

S X c J .
H H H H

C—C =C —O -C —CH3

- 0 - 0

II
CHa

H2—o  

R  

HO-

/v_,
III

C~-C8Hn

c —o

(1) For article V of this series see T h is  J o ur n a l , 58, 1061 (1936).
(2) We are indebted to F. Acree, Jr., and P. S. Schaffer for tech- 

nical assistance throughout this investigation, and to W. G. Rose for 
the microcombustions.

(3) Staudinger and Ruzicka, Helv. Chim. Acta, 7, 214 (1924).
(4) Haller and LaForge, J. Org. Chem., 1, 38 (1936).
(5) See also analytical figures for pyrethrin II, article II of this 

series, T h is  Jo u r n a l , 57, 1893 (1935).

it is suggested that pyrethrolone be assigned 
formula II and tetrahydropyrethrolone formula 
III.

In formula II a two-fold revision has been 
made. An additional double bond is placed in 
the 2,3-position in the nucleus, and following a 
later Suggestion of Ruzicka and Pfeiffer the cumu- 
lated double-bond System has been replaced by 
a system of conjugated double bonds.6,7

Tetrahydropyrethrolone, having a saturated 
side chain, is better suited for study of the nuclear 
reactions than is pyrethrolone. I t is best prepared 
by hydrogenation of pyrethrolone semicarbazone 
and subsequent hydrolysis of the hydrogenated 
compound.

When tetrahydropyrethrolone, prepared by 
hydrolysis of its semicarbazone (m. p. 196°), is 
again treated with semicarbazide, a mixture of 
semicarbazones that can be separated into two 
fractions is obtained. The larger part is the 
original semicarbazone melting at 196°, the other 
an isomer melting at 168°.8 This observation 
has been verified by us. When the semicarbazone 
of tetrahydropyrethrolone is hydrolyzed with 
potassium bisulfate solution at 100°, all the te tra­
hydropyrethrolone is obtained in the form which 
gives the semicarbazone melting at 168-170°.

The difference between the two tetrahydro - 
pyrethrolones derived from these semicarbazones, 
as suggested by Staudinger and Ruzicka,8 is due 
merely to optical inactivation at the carbon atom 
to which the hydroxyl group is attached, the 
racemic compound being the one that yields the 
semicarbazone melting at 170°. This is true be­
cause the free ketone is optically inactive and for 
reasons that will immediately follow.

Preparations of pyrethrolone obtained from 
the semicarbazones are also without doubt mix­
tures containing more or less of the inactive form.

(6) Ruzicka and Pfeiffer, Helv. Chim. Acta, 16, 1208 (1933).
(7) With the suggested change in the nucleus, a reinterpretation of 

the results of the oxidation and ozonization experiments of Staudinger 
and Ruzicka from which the arrangement of the double bonds in the 
side chain of formula 1 was deduced might indicate that the conju­
gated system so common in natural products is not excluded. We 
wish to state emphatically, however, that at present no positive evi­
dence for either the conjugated or the cumulated system is available. 
This phase of the investigation is now in progress.

(8) Staudinger and Ruzicka, Helv. Chim. Acta, 7, 226 (1924).
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The hydroxyl group in tetrahydropyrethrolone 
is readily replaced by chlorine, and the resulting 
chloro derivative of formula IV yields on reduc­
tion an optically inactive ketone of structure V, 
which gives a semicarbazone that melts at 176°. 

CH3 c h 3

H2—c / ^ C — C6Hu H*—C'

Hx  1 1
>C C—O h 2—c-

CK

C/ \ 'C— C6Hii 

C—O

IV V
Structure V is the one that on the basis of 

degradation and synthesis has been assigned to 
dihydrojasmone,6,9 the semicarbazone of which 
also melts at 176°. Through the courtesy of Dr. 
W. Treff, of Heine and Co., Leipzig, Germany, 
we have obtained a sample of authentic dihydro­
jasmone semicarbazone. I t melted at 176° and 
a mixture of it with our tetrahydropyrethrone 
semicarbazone likewise at 176°. The two com­
pounds are therefore identical. The optically 
inactive tetrahydropyrethrolone, the semicar­
bazone of which melts at 170°, also yields a chloro 
eompound which on reduction gives the same 
eompound of formula V as that obtained from 
active tetrahydropyrethrolone. lts semicarba­
zone also melts at 176°, and a mixture of it with 
the corresponding derivative obtained from the 
active substance likewise melts at 176°. The 
^-nitrophenylhydrazone melts at 107°. The two 
substances are therefore identical, and the proof 
is established that both active and inactive 
tetrahydropyrethrolone are to be represented by 
formula III.

With the assumption that tetrahydropyrethro­
lone corresponds to formula III, its characteristic 
reactions are readily explained. In agreement 
with the recorded observation, it should yield 
caproic acid on oxidation. The location of the 
double bond where only carbon-to-carbon linkages 
are present would render it difficult to hydro- 
genate, which is also in agreement with experience. 
Formula III, in fact, not only satisfies all the 
recorded properties of tetrahydropyrethrolone, 
but in addition it explains all the recorded diver- 
gences from the expected.

The formula VI, which has been proposed by 
Staudinger and Ruzicka3 for tetrahydropyre­
throlone, has the same nucleus as formula I, but 
it has a saturated side chain. From analogy with

(9) Treff and Werner, Ber., 66, 1521 (1933); 68, 640 (1935).

compounds having the same nucleus, a eompound 
of that structure would be expected to yield 

CHs

h 2—O

VHCK

—C5H11

o

VI
l-amyl-2-methylglutaric acid upon mild oxidation 
with permanganate. The experiment, however, 
gave a negative result.10

The formation of malonic acid, which has been 
regarded as a degradation product of the side 
chain in the oxidation of pyrethrolone (of formula 
I), may possibly be as an oxidation product of the 
nucleus (of formula II), and hence could not be 
regarded as proof of the grouping —CHCH2CH— 
in the side chain.

Although the ethers and acetates of cyelopenta- 
nolones of known structure are stable on hydro­
genation, pyrethrolone and its methyl ether and 
acetate are in part hydrogenated to the com- 
pletely saturated eompound of formula VII.11,12

H2—O 

' H2—c-

c h 3

C—H H
C—C5H11

VII
-C—O

This eompound was also prepared synthetically 
by Staudinger and Ruzicka, and its identity 
established with the reduction product of py­
rethrolone. (The eompound of formula V was an 
intermediate product in this synthesis.)

I t is possible that the presence of a double 
bond, situated as in formulas II and III, might 
induce a cleavage such as is observed with the 
pyrethrolone derivatives, with the formation of 
hexahydropyrethrone of formula VII. The hydro­
genation of the pyrethrolone derivatives does not, 
however, proceed simply or with quantitative 
yields.

It was in this phase of their investigations that 
the discontinuity in the reasoning of Staudinger 
and Ruzicka occurred.

Pyrethrolone and also tetrahydropyrethrolone
(10) Staudinger and Ruzicka, Helv. Chim, Acta, 7, 228 (1924).
(11) Staudinger and Ruzicka, ibid., 7, 237 (1924).
(12) This eompound has been called “tetrahydropyrethrone” by 

Staudinger and Ruzicka. In view of the introduction of a double 
bond in the nucleus of the revised formulas it should be designated as 
hexahydropyrethrone.
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have been found to be very sensitive compounds. 
Both, although nearly insoluble in water, are 
probably hygroscopic, and for this reason it is 
unusually difficult to obtain satisfaetory analytical 
results. I t  was only when the samples for the 
combustions were weighed out immediately after 
distillation that values dose to the theoretical for 
carbon and hydrogen were obtained. Subsequent 
analyses always showed a decreasing carbon con­
tent. When samples were redistilled after stand­
ing for a few days, a vigorous evolution of vapor 
preceded the distillation. This property, not 
referred to in the literature, may have contributed 
to the faulty analyses reported. It does not, 
however, appear to be shared by the enolic forms 
of pyrethrolone and tetrahydropyrethrolone or 
by the acetates and ethers.

Experimental
Pyrethrolone.—Staudinger and Ruzicka prepared py­

rethrolone by shaking its semicarbazone for a long time in 
the cold with a concentrated solution of potassium bisul- 
fate in the presence of benzene, The method has been 
changed slightly, because at a temperature near 0° the 
salt crystallized out and the benzene solidified. Instead 
of benzene, peroxide-free ether has been employed as the 
solvent and the Operation carried out during the cool season 
in a room with open window. Many experiments were 
performed with quantities of semicarbazone ranging from 
5 to 15 g., about 75 g. of potassium bisulfate dissolved in 
150 cc. of water, and about 150 cc. of ether. The air in the- 
container was displaced by carbon dioxide. The time re­
quired for practically complete decomposition ranged from 
one to three weeks, depending on the quantity of semicar­
bazone used. The ether solution was separated, washed, 
and dried, and the solvent evaporated. The yields of 
crude product were always somewhat less than quantita­
tive, and a small amount of insoluble solid material always 
remained. It was necessary to avoid contact of the ether 
with rubber, as otherwise sulfur was dissolved which was 
impossible to remove.

The colorless crude product was distilled at about 0.25 
mm. and passed over between 130 and 135°. The distil­
late should be protected as much as possible from contact 
with air, if satisfaetory analytical results are to be obtained. 
The samples for combustion were therefore weighed out 
immediately after distillation. Even when all possible 
care was taken, the figures obtained are not all that could 
be desired. Results obtained on samples weighed even 
an hour after distillation showed a decrease in carbon and 
an increase in hydrogen content, and weighed portions 
were observed to gain in weight visibly on the balance. 
When preparations that had been in contact with air a 
few days were redistilled, a vigorous evolution of vapor 
preceded the distillation, and the distilled product when 
again immediately analyzed gave results very close to the 
calculated. There is also a slight loss in distillation, due 
perhaps to oxidation or polymerization.

Anal, (freshly distilled material) Calcd. for CnHi40 2:

C, 74.15; H, 7.87; for CnH160 2: C, 73.33; H, 8.89. 
Found: C, 73.94, 73.77, 73.36, 73.33; H, 8.34, 8.35, 8.31, 
8.13.

Tetrahydropyrethrolone.—The free ketone alcohol was 
always prepared from the corresponding semicarbazone4 
by hydrolysis with potassium bisulfate under exactly the 
same conditions as described above. The time required 
for complete reaction was shorter than for pyrethrolone.

Tetrahydropyrethrolone closely resembles the unhydro- 
genated eompound in its physical properties. The two 
compounds are both hygroscopic and require the same pre- 
cautions in handling. It boils at about 120-125° and 
0.25 mm.

The following results were obtained with material ana­
lyzed immediately after distillation:

Anal. Calcd. for CiiH180 2: C, 72.53; H, 9.98; for
CnH20O2: C, 71.74; H, 10.88. Found: C, 72.19, 71.90, 
72.00, 71.75; B, 10.05, 10.15, 10.05, 10.05.

The eompound gives a pale yellow coloration with tetra­
nitromethane. In ethyl alcohol [ck]20d +11.9°, c — 7; l — 
1 dm. Staudinger and Ruzicka8 report a levo rotation 
(-1 1 .3 °).

Racemic Tetrahydropyrethrolone and its Semicarba- 
zone.—When the semicarbazone is prepared from distilled 
tetrahydropyrethrolone, two compounds are obtained. 
For the most part the mixture consists of the original semi­
carbazone melting at 196°, The remainder is the semi­
carbazone of the racemic eompound melting at 170°. One 
gram of distilled tetrahydropyrethrolone was dissolved in 
10 cc. of 95% alcohol and 3 cc. of pyridine, and 0.6 g. of 
semicarbazide hydrochloride in a few drops of water was 
added to the solution. After standing for two days the 
0.6 g. of separated crystalline material was removed by fil­
tration. It melted at 196°. Water was added to the 
filtrate, and the precipitated material was separated. It 
melted at 180-185 °. It was recrystallized from ethyl 
acetate and yielded 0.3 g. of the material melting at 196°. 
The residue obtained on complete evaporation of the sol­
vent was recrystallized from ethyl acetate with addition of 
benzene. It melted at 170°. The yield was 0.2 g. The 
total yield of the main product was thus about 66% of the 
theoretical.

When the semicarbazone of tetrahydropyrethrolone 
(m. p. 196°) is hydrolyzed with bisulfate solution at 100°, 
all the resulting tetrahydropyrethrolone is converted into 
the inactive form, the semicarbazone of which melts at 
170°. Two and a half grams of tetrahydropyrethrolone 
semicarbazone (m. p. 196°) was shaken at 100° with a 
solution of 15 g. of potassium bisulfate in 30 cc. of water 
and 15 cc. of toluene. After three hours the toluene solu­
tion was diluted with ether, separated from the aqueous 
solution, washed, dried, and the solvents removed. The 
residue distilled at about 120° and 0.2 mm. The yield of 
pure substance was 1.4 g. The eompound is optically in­
active. A 6.8% solution in ethyl alcohol showed no detect- 
able rotation in a 1-dm. tube. The semicarbazone was 
prepared and found to melt at 170°.

Tetrahydropyrethrolone Methyl Ether.—Two grams of 
tetrahydropyrethrolone semicarbazone in 20 cc. of metha­
nol containing 1 cc. of concentrated sulfuric acid was boiled 
under reflux for two and one-half hours. The solution was 
poured into 200 cc. of water, and the separated oil was
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extracted with petroleum ether. Some solid material in­
soluble in petroleum ether was removed by filtration. Al­
though not further examined, it was probably the semicar­
bazone of tetrahydropyrethrolone methyl ether. The 
petroleum ether solution was washed with water and dried. 
After removal of the solvent the residual oil was distilled 
and boiled at 82° and 0.35 mm. The yield of distilled 
product was 0.6 g.

Anal Calcd. for C12H2o02: C, 73.47; H, 10.20; CH30, 
15.82. For C12H220*: C, 72.72; H, 11.11. Found: C, 
73.00, 73.16, 73.25; H, 10.01, 10.27, 10.06; CH30, 16.1.

3,5-Dinitrobenzoyl Ester of Pyrethrolone.—Four-tenths 
of a gram of pyrethrolone was dissolved in 8 cc. of benzene 
and 2 cc. of quinoline, and 0.7 g. of 3,5-dinitrobenzoyl 
chloride was added in small portions. The solution was 
heated under reflux on the steam-bath for one hour, and 
then poured into ice water and extracted with ether. The 
ether solution was washed with water and carbonate solu­
tion, and the residue left on evaporation of the solvent was 
combined with the small quantity of solid material that 
had separated during extraction and was recrystallized 
from methanol. The yield was about 0.5 g. It melted at 
145°.

Anal Calcd. for CisHieOyNa: C, 58.06; H, 4.28; for 
Ci8Hi807N2: C, 57.76; H, 4.81. Found: C, 57.86, 57.85; 
H, 4.24, 4.48.

5-Chlorotetrahydropyrethrone (Formula IV) from Active 
Tetrahydropyrethrolone.—One gram of tetrahydropyre­
throlone was cooled to 0°, and 1 cc. of thionyl chloride was 
added in small portions. Reaction took place readily with 
gas evolution. After the main reaction had subsided, an 
additional 0.5 cc. of thionyl chloride was added and the 
reaction allowed to proceed about fifteen minutes at room 
temperature. The excess of thionyl chloride was removed 
by distillation at about 15 mm., and the chloro derivative 
was then distilled at 0.6 mm. Practically all passed over 
at 97-100°. The yield was 0.9 g.

Anal Calcd. for CnH17OCl: C, 65.84; H, 8.47.
Found: C, 65.19, 65.16; H, 8.52, 8.59.

Tetrahydropyrethrone (Dihydrojasmone), Formula V.— 
Two grams of zinc dust was added in small portions to a 
solution of 0.8 g. of 5-chlorotetrahydropyrethrone in 5 cc. of 
acetic acid. The solution warmed up spontaneously, and 
the reaction was completed by heating for one hour on the 
steam-bath. Water was then added and the aqueous sus­
pension decanted. The separated oil was extracted with 
ether and the ethereal solution freed from acetic acid by 
washing with water and sodium carbonate solution. The 
solvent was then removed and the remaining liquid dis­
tilled at 15 mm. The temperature was not recorded owing 
to the small quantity of material handled. The yield of 
tetrahydropyrethrone was 0.7 g. It has a pleasant odor 
and nmd 1.476. It is optically inactive. A 7% solution in 
alcohol showed no rotation in a 1-dm. tube.

Anal Calcd. for CnH180: C, 79.46; H, 10.84. Found: 
C, 78.92, 78.92; H, 11.16, 10.80.

The semicarbazone was obtained in quantitative yield 
from 0.1 g. of material and 0.15 g. of semicarbazide hydro­
chloride in pyridine-alcohol solution. It melted at 176°. 
The melting point was unchanged after recrystallization 
from benzene.

5-Chlorotetrahydropyrethrone and Tetrahydropyre­
throne (Dihydrojasmone) from Inactive Tetrahydropyre­
throlone.—The preparation of the chloro eompound and its 
reduction to dihydrojasmone were repeated to show that no 
migration of the double bond had occurred in the inactiva- 
tion of tetrahydropyrethrolone. One and six-tenths grams 
of the inactive tetrahydropyrethrolone was converted into 
the chloro derivative by the procedure described above and 
yielded 1.4 g. of distilled product.

Anal Calcd. for CuHitOCI: Cl, 17.70. Found: Cl, 
17.90, 17.93.

One and three-tenths grams of the chloro eompound 
yielded, on reduction with zinc and acetic acid, 1.1 g. of 
tetrahydropyrethrone, w28d 1.476. The semicarbazone 
melted at 176°, and when mixed with an equal quantity of 
the same eompound obtained from active tetrahydropyre­
throlone or with authentic dihydrojasmone semicar­
bazone the melting point was also 176°. The p-nitro- 
phenylhydrazone was prepared by dissolving equal quan­
tities of the ketone and /»-nitrophenylhydrazine hydro­
chloride in methanolic solution. After recrystallization it 
melted at 106-107°. Ruzicka and Pfeiffer record the 
melting point of the ^-nitrophenylhydrazone of dihydro­
jasmone as l i l . 6 The ^-nitrophenylhydrazone of the 
eompound of formula VII is reported to melt at 88°.13

Summary
The formula I for pyrethrolone proposed by 

Staudinger and Ruzicka has been revised by 
placing an additional double bond within the 
cyclopentane nucleus in the 2,3-position and by 
changing the cumulated double-bond system in 
the side chain to a system of conjugated double 
bonds. The same revision of the nucleus is also 
made in the formula for tetrahydropyrethrolone. 
These changes are in agreement with the analytical 
results found for pyrethrolone and its derivatives.

The new formulas II and III for pyrethrolone 
and tetrahydropyrethrolone are substantiated by 
the conversion of the latter eompound into a 
chloro derivative, which on reduction yields 
dihydrojasmone of the established structure V. 
W a sh in g t o n , D. C. R e c eiv ed  J u n e  18, 1936

(13) Staudinger and Ruzicka, Helv. Chim. Acta, 7, 259 (1924).
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Open Chain Derivatives of ^-Mannose

B y M . L. W olfrom and  L. W . G eorges

Application of the controlled hydrolysis, with 
mercuric chloride and cadmium carbonate, to 
acetylated sugar mercaptals1 having the cis-con­
figuration on carbon atoms two and three, such 
as mannose, rhamnose and a-glucoheptose, has 
led to impure sirupy products instead of the 
desired crystalline aldehydo-sugax acetates. The 
new synthesis of aldehydo-sug&r acetates reported 
from this Laboratory2 offered a different method of 
approaeh which has now been applied to d-man­
nose. The desired aldehydo-mannose penta­
acetate was not obtained in crystalline form but a 
sirupy product was secured which was less im­
pure than that produced by de-mercaptalation. 
This sirup was characterized by a number of 
crystalline derivatives, of an open chain structure, 
which are of interest and which can be produced by 
direct acetylation methods.

Deulofeu and co-workers3 have 
shown that the low temperature 
acetylation of mannose oxime 
gives the open chain or aldehydo- 
mannose oxime hexaacetate in 
good yield. The assignment of 
an open chain structure to this 
eompound was based upon its 
transformation to the acetylated 
nitrile on heating, a reaction 
characteristic of the open chain 
aldose oxime hexaacetates.4 In 
the work herein reported, the 
O-acetyl of the oxime group has 
been selectively hydrolyzed and 
the resulting crystalline oxime 
pentaacetate has been deoxi- 
mated with nitrous acid to produce the aldehydo- 
mannose pentaacetate as a sirup. This sirup was 
characterized by two crystalline derivatives, man­
nose diethyl mercaptal pentaacetate and aldehydo- 
mannose semicarbazone pentaacetate, The for­
mation of these two carbonyl derivatives without 
loss of acetyl groups indicated that the sirup

(1) M. L. Wolfrom, T h is  J o u r n a l , 51, 2188 (1929).
(2) M. L. Wolfrom, L. W. Georges and S. Soltzberg, ibid., 56, 

1794 (1934).
(3) V. Deulofeu, P. Cattaneo and G. Mendivelzua, J. Chem. 

Soc., 147 (1934).
(4) M. L. Wolfrom and A. Thompson, T h is  Jo u r n a l , 53, 625 

(1931).

was essentially the aMe&ydtf-pentaacetate. Mild 
acetylation of mannose semicarbazone formed the 
same crystalline semicarbazone pentaacetate as 
was obtained by the reaction between the de- 
oximated product and semicarbazide. Removal 
of the semicarbazide group from this substance 
with nitrous acid yielded a sirupy pentaacetate 
which could be oximated to produce a crystalline 
aldehydo-mamiosQ. oxime pentaacetate identical 
with that obtained from the selective hydrolysis 
of the oxime hexaacetate of Deulofeu and co- 
workers. The relationships between these com­
pounds are shown in Fig. 1. It would appear 
from these results and from those of Deulofeu 
and co-workers, that d-mannose shows a pro- 
nounced tendency to react in its open chain 
form.

Experimental
Preparation of Aldehydo-d-mannose Oxime Hexaace­

tate.—This substance was prepared by the low tempera­
ture acetylation of mannose oxitne as described by Deulo­
feu and co-workers,3 except that mechanical stirring was 
employed and the reaction was satisfactorily completed in 
twelve hours at 2° instead of in eight days at 0°; m. p. 
91-92°; ( « ) 25d -8 .5 °  (c, 4; CHC13). Deulofeu and co- 
workers record the constants: m. p. 94°; ( a ) 20D —8.3°
(CHCls).

Aldehydo-d-meamose Oxime Pentaacetate.— Aldehydo- 
^-mannose oxime hexaacetate (7.5 g.) and 6.5 g. of oxalic 
acid dihydrate were dissolved in 80 cc. of warm methanol 
and the solution refluxed for thirty minutes. The solvent

J-mannose •

Fig. 1
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was removed under reduced pressure and the crystalline 
residue was washed with several 50-cc. portions of cold 
water to remove the oxalic acid; yield 4.9 g.; m. p. 119- 
122°; (<*)D +14° (CHC13). Pure material was obtained 
by digestion with ether followed by recrystallization from 
the minimum amount of hot ethanol by the addition of 
water; m. p. 122-123°; ( « ) 29d  +15° (c, 4; CHCl«).

Anal. Calcd. for C6H80 6N(C0CH3)6: N, 3.45; acetyl, 
12.35 cc. of 0.1 N  NaOH per 100 mg. Found; N, 3.53; 
acetyl (Freudenberg5 method), 12.3 cc.

Further acetylation of this substance under mild condi­
tions produced aldehydo-d-mannose oxime hexaacetate. 
The pentaacetate (4.4 g.) was dissolved at 0° in a pre­
viously cooled solution of acetic anhydride (13 cc.) and 
pyridine (26 cc.) and maintained at 0° for one hour. The 
product was obtained in crystalline form by pouring into 
300 cc. of ice and water; yield 3.8 g .; m. p. 89-90°, Pure 
material was obtained by recrystallization from a small 
amount of hot ethanol by the addition of water; yield 2.5 
g.; m .p. 91-92°; ( « ) 29d  -8 .4 °  (c, 4; CHC13).

De-oximation of A  Idehydo-d-mannose Oxime Penta­
acetate.—Aldehydo-d-maxmose oxime pentaacetate (1.6 
g.) was de-oximated with nitrous acid as described by Wol­
from, Georges and Soltzberg2 for the corresponding glucose 
eompound. The sirup (1.2 g.) obtained after chloroform 
removal resisted crystallization and was purified by pre­
cipitation from acetone solution by the addition of petro­
leum ether. The product reduced Fehling’s solution and 
gave a Schiff free aldehyde test.

Anal. Calcd. for CeHrO^COCHsJs: acetyl, 12.8 cc. of 
0.1 N  NaOH per 100 mg. Found: acetyl, 12.24 cc.

That the sirup was moderately pure aldehydo-d-matmose 
pentaacetate was proved by the preparation of two crystal­
line derivatives. Treatment of the sirup with ethyl mer- 
captan and zinc chloride according to the procedure of 
Wolfrom and Thompson6 yielded crystalline mannose di­
ethyl mercaptal pentaacetate; m. p. 51-52° (unchanged 
on admixture with the product obtained on acetylation of 
mannose diethyl mercaptal);7 ( a ) 25D +32° (c, 4; CHC13). 
Pirie records the constants: m. p. 51-52°; ( q:)17d  +31° 
(CHCla).

A Idehydo-d-mannose Semicarbazone Pentaacetate.—
An amount of 2.4 g. of the sirupy aldehydo-d-mannose 
pentaacetate, obtained by the de-oximation procedure, was 
dissolved in 35 cc. of hot water, the solution cooled rapidly 
to room temperature and treated with a solid mixture of 
semicarbazide hydrochloride (0.95 g.) and potassium ace­
tate (1.5 g.). The semicarbazone separated in crystalline 
form; yield 1.3 g., m. p. 173-175° (dec.); (<*)23d +9.4° (c, 
2.5; CHCI3). Pure material was obtained on recrystalliza­
tion from hot water; m. p. 177-178° (dec.); ( « ) 26d  +9.2° 
(c, 2.5; CHCI3).

Anal. Calcd. for CyHioOeNstCOCHsX: N, 9.40; acetyl,

(5) K. Freudenberg and M. Harder, Ann., 433, 230 (1923).
(6) M. L. Wolfrom and A. Thompson, T h is  Journal, 56, 882 

(1934).
(7) N. W. Pirie, Biochem. / . ,  30, 374 (1936).

11.2 cc. of 0.1 N  NaOH per 100 mg. Found: N, 9.12; 
acetyl, 11.3 cc.

Aldehydo-d-mannose semicarbazone pentaacetate was 
also obtained in good yield by the direct acetylation of 
mannose semicarbazone.8 An amount of 6 g. of mannose 
semicarbazone was added to a solution of pyridine (36 cc.) 
and acetic anhydride (18 cc.) and the mixture shaken me 
chanically at room temperature for four hours. The semi­
carbazone dissolved and the solution was kept at ice box 
temperature for twelve hours and was then poured into 800  
cc. of ice and water. The crystalline product that sepa­
rated was removed by filtration and washed with cold 
water; yield 5 g.; m. p. 176-179° (dec.); (a)23d +8.9° 
(c, 2; CHCI3). Pure material was obtained on one recrys­
tallization from hot water; m, p. 178-180° (dec.) (m. p. 
unchanged on admixture with product from the de-oxima­
tion); (oj)21d +9.3° (c, 2.5; CHC13).

Splitting of Aldehydo-d-mannose Semicarbazone Penta­
acetate with Nitrous Acid.—Aldehydo-d-maxmose semi­
carbazone pentaacetate (3.2 g.) obtained from the acetyla­
tion of mannose semicarbazone was dissolved in 40 cc. of 
hot ethanol and a warm solution of 10 g. of sodium nitrite 
in 200 cc. of hot water added. The solution was then 
placed in a water-bath maintained at 70° and treated with 
hydrochloric acid and additional sodium nitrite as de­
scribed by Wolfrom, Georges and Soltzberg2 for the de- 
oximation of aldehydo-glucose oxime pentaacetate. The 
sirup so obtained was dissolved in 30 cc. of hot water, 
cooled to room temperature and treated with a solid mix­
ture of hydroxylamine hydrochloride (0.6 g.) and potas­
sium acetate (1.2 g.). Crystals formed after several hours; 
m. p. 118-120°. These were recrystallized from hot 
ethanol by the addition of water; m. p, 121-123° (m. p. 
unchanged on admixture with the previously described 
preparations of aldehydo-mannose oxime pentaacetate); 
(«)21d +13 ±  1° (c, 2.3; CHCI3). The isolation of this 
product from the oximated sirup indicated that the sirup 
was essentially aldehydo-d-mannose pentaacetate.

Summary
1. Aldehydo-d-m annose semicarbazone penta­

acetate and aldehydo-d-m atm ose oxime penta­
acetate have been synthesized in crystalline condi­
tion. Proof is furnished for the structure of these 
compounds.

2. Mild acetylation of ^-mannose semicarba­
zone produces aldehydo-d-mannose semicarbazone 
pentaacetate in good yield.

3. Nitrous acid treatment of either aldehydo-
d-m annose semicarbazone pentaacetate or alde- 
hydo-d-m&tmose. oxime pentaacetate produces 
aldehydo-d-mannose pentaacetate as a sirup char­
acterized by several crystalline derivatives. 
Co lu m bu s , Oh io  R e c eiv ed  J u l y  17, 1936

(8) Maquenne and Goodwin, Buil. soc. chim., [3] 31, 1075 (1904).
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Semicarbazone and Oxime Acetates of Maltose and Cellobiose. Aldehydo-Céllobiose
Octaacetate

B y M. L. W olfrom and S. Soltzberg

In previous work reported from this Laboratory 
we have shown that on acetylation of a sugar 
oxime or semicarbazone, either acetylated ring 
structures, or the acetylated open chain structure, 
or a mixture of both, is obtained. If an open 
chain structure is produced, methods have been 
devised for removing the nitrogen residue and 
obtaining the aldehydo-acetate. 1 In the case öf 
the acetylated oximes, the open chain or aldehydo 
forms are readily detected by acetylated nitrile 
formation on heating and by the selective hydroly­
sis of the O-acetyl on the oxime group. These 
criteria are not applicable to the acetylated 
semicarbazones. With a hexose, a ring structure 
may be assumed if the product is a tetraacetate. 
If the substance is a semicarbazone pentaacetate 
of the ring structure, then the fifth acetyl group 
is attached to nitrogen and may be distinguished 
by the difference between the total acetyl and
O-acetyl analyses.2 The total acetyl value is 
determined by the method of Freudenberg and 
Harder3 and the O-acetyl is determined by the 
Kunz4 procedure, using phenolsulfonphthalein 
indicator.

In the work herein reported, the above-de- 
scribed procedures have been extended to maltose 
and cellobiose. Acetylation of the hitherto un­
known crystalline maltose semicarbazone pro­
duced a crystalline octaacetate of the ring type. 
The rotations of these ring forms of acetylated 
sugar oximes and semicarbazones are very similar 
to those of the ß-forms of the completely acety­
lated cyclic sugars and we have consequently 
distinguished them by the prefix ß.5 Acetylation 
of either the hydrated or anhydrous form of 
cellobiose semicarbazone likewise yielded the ring 
octaacetate as the sole crystalline product isolated. 
Mild acetylation produced the ring heptaacetate.

Cellobiose heptaacetate was oximated and 
acetylated with the production of the ring or ß- 
cellobiose oxime nonaacetate. We would predict

(1) M, L, Wolfrom, L. W. Georges and S. Soltzberg, This Jour­
n a l , 56, 1794 (1934).

(2) M. L. Wolfrom, M. Königsberg and S. Soltzberg, ibid., 58, 490 
(1936).

(3) K, Freudenberg and M. Harder, Ann., 433, 230 (1923),
(4) A. Kunz and C. S. Hudson, T h is  J o ur n a l , 48, 1982 (1926).
(5) M. L. Wolfrom and A. Thompson, ibid., 53, 625 (1931).

that this should be identical with the product 
isolated by Zemplén6 as a by-product in the for­
mation of cellobionic acid nitrile octaacetate.

Zemplén called his product cellobiose anti- 
oxime octaacetate although his published ana­
lytical values are in closer agreement with a 
nonaacetate. His recorded constants are: melt­
ing point, 165°; ( a ) D — 7° (chloroform). Those 
obtained by us for our eompound are: melting 
point, 195-195.5°; (<x) d — 8.5° (chloroform). The 
ß-isomer would be expected to form in Zem- 
plén's experiments by analogy with the behavior 
of glucose and galactose oximes under the vigorous 
nitrile forming conditions.7 The low melting 
point recorded by Zemplén might be accounted 
for by the presence of some of the acetylated 
nitrile, which is frequently very difficult to sepa­
rate.

When cellobiose oxime was acetylated a t low 
temperatures an amorphous product was obtained 
which was essentially the aldehydo-cellobiose 
oxime nonaacetate. This fact was established by 
the formation of cellobionic acid nitrile octaacetate 
on heating and by its transformation in good 
yield into a crystalline oxime octaacetate. The 
latter was deoximated with nitrous acid to yield 
aldehydo-cellobiose octaacetate in the form of an 
analytically pure, colorless, amorphous powder 
that resisted crystallization. The substance was 
nitrogen-free and regenerated the crystalline 
oxime octaacetate on oximation.

At this point we wish to call attention to the 
differences in behavior of cellobiose semicarbazone, 
oxime and heptaacetate as compared to the glu­
cose1 semicarbazone, oxime and tetraacetate, the 
latter being analogous to the cellobiose heptaace­
tate. Thus, cellobiose semicarbazone yielded only 
the ring form on acetylation, while glucose semi­
carbazone gave predominantly the open chain 
form. Cellobiose oxime, on the other hand, 
produced the open chain acetate, while glucose 
oxime under the same conditions gave the ring

(6) G. Zemplén, Ber., 59, 1260 (1926).
(7) A. Wohl, ibid., 26, 730 (1893); M. L. Wolfrom and A. Thomp­

son, T h is  J o u r n a l , 53 , 622 (1931); V. Deulofeu, M. L, Wolfrom, 
Pedro Cattaneo, C. C. Christman and L. W. Georges, ibid., 55 , 3488 
(1933).



1784 M. L. Wolfrom and S. Soltzberg Vol. 58

form. Cellobiose heptaacetate, after oximation 
and acetylation, yielded the ring form, whereas 
glucose tetraacetate after the same treatment gave 
the aldehydo form. Thus the introduction of a 
glucose molecule in the fourth position completely 
reversed the behavior of the active glucose func­
tion with respect to the acetylation of the oximes 
and semicarbazones under the conditions em­
ployed.

Experimental
Maltose Semicarbazone.—Semicarbazide hydrochloride 

(9 g.) was rubbed to a paste with 6 g. of fused potassium 
acetate and heated on the water-bath with 75 cc. of absolute 
ethanol to extract the semicarbazide, the solution being 
filtered to remove potassium chloride. The warm ethanol 
extract was added to a warm solution of 25 g. of maltose in 
50 cc. of water and the mixture allowed to cool to room 
temperature. The proportions of ethanol and water 
should be such that no sirupy phase forms at this point. 
Crystalline material appeared on standing. After several 
days, this material was removed by filtration; yield 12.5 
g. Pure material was obtained by dissolving in a mini­
mum of hot water and adding ethanol; m. p. 213° (dec.); 
[ a ] 25D +80° (c, 3.5; H20), initial value, changing slowly 
in the dextro direction. The substance crystallized in the 
anhydrous condition.

Anal. Calcd. for C13H25O11N3: N, 10.53. Found: N, 
10.45.

/3-Maltose Semicarbazone Octaacetate.—Powdered mal­
tose semicarbazone (12 g.) and 96 cc. of pyridine were 
heated in a bath maintained at 60-65° and 48 cc. of acetic 
anhydride added. The reaction mixture was stirred me- 
chanically for seven hours at this temperature to effect 
solution of the semicarbazone and was then allowed to 
stand overnight at room temperature. The solution was 
then poured into ice and water, a small amount of amor­
phous material removed by filtration and the filtrate ex­
tracted with chloroform. The chloroform extract was 
washed successively with 5% hydrochloric acid, sodium bi­
carbonate solution, and water dried, and the solvent re­
moved under reduced pressure. The residue was crystal­
lized from ethanol; yield 8.3 g.; m. p. 206-208° (dec.); 
(«)25d +61° (CHCI3). Pure material was obtained on 
further recrystallization from ethanol; m. p. 209-210° 
(dec.); ( « ) 26d  +61° (c, 3; CHCI3). The analytical data 
indicated that the compound was a maltose semicarbazone 
octaacetate with one N-acetyl group.

Anal. Calcd. for CigHnO^OCOCHsMNCOCH,): 
total acetyl, 10.9 cc. of O.liV NaOH per 100 mg.; O-acetyl,
9.5 cc. Found: total acetyl, 11.0 cc.; O-acetyl, 9.5 cc.

/3-Cellobiose Semicarbazone Heptaacetate.—Cellobiose 
semicarbazone dihydrate8 (6.2 g.) was acetylated at 
room temperature with pyridine (48 cc.) and acetic anhy­
dride (24 cc.) for eighteen hours with mechanical stirring. 
The reaction mixture was then poured into 150 cc. of ice 
and water and on standing at ice box temperature for sev­
eral hours the liquid set to a semi-solid mass of crystals; 
yield 5.8 g.; m. p. 205-207°; («)25d -2 0 °  (CHCl3). A

(8) Maquenne and Goodwin, Buil. soc. chim., [3] 31, 1075 (1904).

further small amount of material (0.8 g.) of lower purity 
could be obtained by chloroform extraction of the mother 
liquor. Pure material was obtained on recrystallization 
from ethanol; m. p. 207-208°; ( « ) 27d  -2 1 °  (c, 3;
CHC13).

Anal. Calcd. for Ci3Hi80 4N3(0C0CH3)7: total acetyl,
10.1 cc. of 0.1 N  NaOH per 100 mg.; O-acetyl, 10.1 cc. 
Found: total acetyl, 10.1 cc.; O-acetyl, 9 .8cc.

/3-Cellobiose Semicarbazone Octaacetate.—Further
acetylation of /3-cellobiose semicarbazone heptaacetate 
(0.5 g.) with pyridine (3 cc.) and acetic anhydride (1 cc.) 
for two days at 40° produced /3-cellobiose semicarbazone 
octaacetate; m. p. 238-240° (dec.). This could also be 
prepared directly from cellobiose semicarbazone dihy­
drate (6 g.) according to the previously described acetyla­
tion procedure except that after the semicarbazone had 
dissolved in the acetylating mixture, the solution was kept 
at 40° for two days. No product was obtained on pouring 
into water but 011 extraction with chloroform in the usual 
manner, a crystalline product was obtained on the addition 
of ether to the concentrated chloroform solution; yield
3.1 g.; m.p. 215-220° (dec.). Pure material was obtained 
after several recrystallizations from ethanol; m. p. 240- 
241° (dec.); (<*)25d -26 .5° (c, 3; CHCI3). Acetylation 
of anhydrous semicarbazone with the same reagents main­
tained at 70-75° until solution was complete, produced the 
same octaacetate.

Anal. Calcd. for Ci3Hi70 4N2(0C0CH3)7(NC0CH3) : 
N, 5.71; total acetyl, 10.9 cc. of 0.1 N  NaOH per 100 mg.; 
O-acetyl, 9.5 cc. Found: N, 5.80; total acetyl, 10.8 cc.; 
O-acetyl, 9.5 cc.

/3-Cellobiose Oxime Nonaacetate.—Cellobiose heptaace­
tate (10 g.)9 was refluxed with two equivalents of free hy­
droxylamine in 35 cc. of ethanol on a water-bath for two 
hours. The sirup obtained on solvent removal was acety­
lated for two hours in an ice-salt bath with pyridine (50 
cc.) and acetic anhydride (25 cc.). On pouring into water, 
a crystalline product (8 g.) was obtained which consisted 
essentially of a mixture of a-cellobiose octaacetate and the 
oxime nonaacetate. This mixture was heated with suffi­
ciënt ethyl acetate to make a thin paste, filtered rapidly, 
and the residue washed with several portions of hot 95% 
ethanol. The crystals that separated from the filtrate were 
likewise filtered and washed with alcohol. The filtrate 
and washings were combined, concentrated to dryness, and 
the residue crystallized from a small amount of hot ethanol; 
yield 2.5 g.; m. p. 187-188°; ( c*)d  +0.5° (CHC13). Pure 
material was obtained on repeated crystallization from 
95% ethanol; m. p. 195-195.5°; ( « ) 27d  — 8.5° (c, 2.5; 
CHCls).

Anal. Calcd. for C12H140 3(0C0CH3)8(NC0CH3): total 
acetyl, 12.25 cc. of 0.1 N  NaOH per 100 mg.; O-acetyl,
10.9 cc. Found: total acetyl, 12.1 cc.; O-acetyl, 11.0 cc.

Unchanged material was recovered on heating the com­
pound to incipient decomposition and also on refluxing for 
thirty minutes with a methanol solution of oxalic acid di­
hydrate. This behavior, together with the analytical data, 
shows that the eompound was the oxime nonaacetate of 
cellobiose with one acetyl group attached to nitrogen. /3- 
Clucose oxime hexaacetate also resists the hydrolytic ac-

(9) E. Fischer and G. Zemplén, Ber., 43, 2536 (1910).
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tion of a methanol solution of oxalic acid and can be re­
covered unchanged under the above conditions.

Aldehydo-Céllobiose Oxime Octaacetate.—Cellobiose 
oxime (3 g.)10 was acetylated with pyridine (24 cc.) and 
acetic anhydride (12 cc.) by stirring at 0° for two hours, 
followed by forty hours of standing at ice box tempera­
ture. The sirup ( ( q:)d  +36°, CHCls) that was precipi­
tated by pouring into ice and water was combined (total,
4.6 g.) with the sirupy material ( ( ck) d +35°, CHC13) ob­
tained by chloroform extraction of the mother liquor and 
precipitated several times from benzene by means of hep- 
tane; (« ) d +37°, CHC13. The material resisted crystal­
lization but produced crystalline cellobionic acid nitrile 
octaacetate when heated in the solid state to incipient de­
composition.

The acetylated product obtained from 12 g. of cellobiose 
oxime as described above, was refluxed for thirty minutes 
with a solution of 13 g. of oxalic acid dihydrate in 160 cc. 
of methanol. The material obtained after solvent removal 
was dissolved in water, extracted with chloroform, the ex­
tract washed with an aqueous solution of sodium bicar­
bonate, dried, and the solvent removed. The residue was 
obtained crystalline from ether; yield 10.4 g.; m. p. 150- 
151°. Pure material was obtained by dissolving in chloro­
form and adding ether; m. p. 154-155°; ( « ) 28d +30° (c, 
3; CHCls).

Anal. Calcd. for C i2H i6 0 3N ( 0 C 0 C H 3) 8: total acetyl,
11.5 cc. of 0.1 N  NaOH per 100 mg.; O-acetyl, 11.5 cc. 
Found: total acetyl, 11.6 cc.; O-acetyl, 11.6 cc.

De-oximation of Aldehydo-Cellobiose Oxime Octaace­
tate.—Aldehydo-cellobiose oxime octaacetate (2 g.) was 
dissolved in 60 cc. of glacial acetic acid and a solution of 20 
g. of sodium nitrite in 60 cc. of water was dropped in during 
one hour with slow stirring. The stirring was continued 
for an additional hour with the rate greatly increased 
during the last ten minutes. The reaction mixture was 
poured into ice and water, extracted with chloroform, the 
extract washed with an aqueous solution of sodium bicar-

(10) P. A. Levene and M. L. Wolfrom, J. Biol. Chem., 77, 677
(1928).

bonate, dried, and the solvent removed under reduced pres­
sure. The product so obtained was purified three times by 
precipitation from methanol by the addition of water; 
( « ) d  +17.1° (c, 3.6; alcohol-free CHC13). This procedure 
was repeated four more times; (qj) d +17.7° (c, 3.4; CH- 
Cl3). The substance was obtained as a snow-white, amor­
phous solid that resisted crystallization but was nitrogen- 
free. It reduced Fehling’s solution and reacted with hy­
droxylamine to produce the original crystalline aldehydo- 
cellobiose oxime octaacetate.

Anal. Calcd. for C^HuOi^COCHsJs: acetyl, 11.8 cc. 
of 0.1 iVNaOH per 100 mg. Found: acetyl, 12.1 cc.

Summary
1. Maltose semicarbazone has been synthe­

sized. This eompound on acetylation yields a 
crystalline octaacetate of ring structure.

2. Mild acetylation of cellobiose semicarba­
zone produces crystalline cellobiose semicarba­
zone heptaacetate. Evidence is presented to show 
that it is the ring form. More vigorous acetyla­
tion yields the crystalline octaacetate which also 
has the ring form.

3. A crystalline cellobiose oxime nonaacetate 
has been synthesized and evidence is presented to 
show that it has a ring structure.

4. Aldehydo-Oélobios^ oxime octaacetate has 
been synthesized in crystalline form from cello­
biose oxime. Evidence is presented to show that 
it has the true oxime structure.

5. Cellobiose oxime octaacetate has been
de-oximated to give an amorphous aldehydo- 
cellobiose octaacetate which re-forms the original 
oxime on treatment with hydroxylamine. 
Co l u m b u s , Ohio R e c e iv e d  J u l y  17, 1936

[Co n t r ib u t io n  from  the  Chem ical  L aboratory  of t h e  J o h n s  H o p k in s  U n iv e r s it y ]

Pyridinium Vanadate

B y S. K atzoff and R . R oseman

In the course of some work on vanadium, crys­
tals were obtained which we have identified as a 
new eompound, of formula (CgHeN^VsOn-ILO. 

Preparation
1. The eompound can be prepared by double 

decomposition between ammonium metavana- 
date and pyridine hydrochloride. A 7% water 
solution of the metavanadate is prepared by satu­
rating at the boiling point (filtering, if necessary), 
and to the cooled solution is added one-fifth of its

volume of a cool 2:1 mixture of pyridine and 
concentrated hydrochloric acid. Addition of an 
equal volume of alcohol, and cooling, result in 
nearly complete precipitation of the crystalline 
eompound. 1 The precipitate is collected on a 
Büchner funnel and washed with a pyridine- 
water mixture (1:1), 95% alcohol and, finally, 
ether.

(1) The cool solution sometimes remains snpersatnrated for re- 
markably long times, but crystallization is readily initiated by the 
usual methods.
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2. The compound can also be prepared di­
rectly from vanadium pentoxide and pyridine, 
with the aid of hydrogen peroxide. To 1 part by 
weight of vanadium pentoxide powder (prepared 
by gently warming ammonium metavanadate) is 
added 3 parts of pyridine, 1 part of water, and 
then 2 parts of 30% hydrogen peroxide in small 
portions, not allowing the temperature of the mix­
ture to rise above 50° at any time. Crystals of 
the compound soon appear, 1 and the conversion is 
essentially complete after several hours. The 
function of the hydrogen peroxide is, presumably, 
to help dissolve the vanadium pentoxide, giving 
a solution containing pervanadate ions which, 
either by subsequent decomposition of the per­
oxide group or simply by maintaining equilib­
rium with the vanadate ions, leads to the desired 
compound.

3. The compound is purified by recrystalliza­
tion, which is easily carried out since there is a 
large Variation of the solubility in water with 
temperature. The procedure is to dissolve the 
material in 3 times its weight of hot water (80°) 
containing a little pyridine, filter through a quan­
titative paper, and cool.1 Rapid performance of 
the operations is desirable, since hydrolysis occurs 
at the high temperature, with precipitation of 
vanadic acid. The crystalline product is col­
lected, washed, and dried on a Büchner funnel, as 
previously described.

Analysis
The compound was analyzed for vanadium and 

pyridine.
1. Vanadium was determined by direct igni- 

tion of a sample (in a platinum crucible) to vana­
dium pentoxide. Treatment of the residue with 
a little nitric acid and reignition did not, in gen­
eral, result in a change in weight.

2. Pyridine was determined by the following 
method. A sample (0.5 to 1 g.) is dissolved in 
25 cc. of water in a 50-cc. Kjeldahl flask, and 3 cc. 
of 6 N  sodium hydroxide is added. The solution 
is then distilled, using a trap, into a slight excess 
of Standard hydrochloric acid (0.25 N )} the dis­
tillation being carried nearly to dryness. The ex­
cess hydrochloric acid is titrated with Standard so­
dium hydroxide (0.25 N), using methyl orange or 
brom phenol blue as indicator.2

(2) Care must be taken to choose the end-point color according 
to the concentration of pyridine hydrochloride in the solution. The 
pH  corresponding to this concentration is calculated, and the end- 
point color is obtained from a previously prepared set of color stand-

Following the methods outlined above, the ratio 
of pyridine to vanadium in the compound was 
found to be 3:5. For the water content, we de­
pend on an accurate determination of the vana­
dium. Determinations of the V2O5 content of 
our best products gave values between 61.55 and 
61.7/5%. This corresponds satisfactorily to the 
compound of simple formula (CsHeN^VgOirH^O, 
the theoretical V2O5 content of which is 61.71%.

Properties
The compound has an orange color, which ap­

pears of a lighter or a darker shade according as 
the crystals are small or large. The density is 
2.04, as determined with a pycnometer, using py­
ridine as the immersion liquid. The crystals are 
monoclinic, generally appearing as parallelepipeds, 
sometimes with truncated edges or corners. Py­
ridine, ether, alcohol, benzene, and acetone do not 
dissolve the compound appreciably. Water dis­
solves it, giving an orange solution which reacts 
acid to litmus. Molten phenol was also found to 
dissolve it.

When exposed to the atmosphere, the com­
pound slowly loses its volatile constituents. For 
example, a sample kept on a watch glass in the 
laboratory for one month lost 5% of its weight. 
Analysis showed that the percentage of vanadium 
pentoxide had correspondingly risen, proving that 
no vanadium had been lost. On the other hand, 
a sample kept in a glass-stoppered container did 
not change its composition over a period of two 
weeks.

Some excellent crystals, of a deep orange color, 
and perfectly transparent, were prepared by using 
the previously described recrystallization tech­
nique without, however, rapid cooling of the fil­
trate. The crystallography is being studied by 
Dr. J. D. H. Donnay, of this University, in col- 
laboration with Dr. J. Mélon, of the University 
of Liége.

We are greatly indebted to Mr. Jerome Strauss, 
Vice President of the Vanadium Corporation of 
America, for the generosity with which he sup­
plied us with pure vanadium compounds for our 
work.
B altim ore , M a r y la n d  R e c eiv ed  J u l y  17, 1936

ards made up in potassium acid phthalate-hydrochloric acid buffers 
[Clark and Lubs, J. Biol. Chem., 25, 479 (1916)].

Our method of analysis was checked by showing, first, that the 
titration method for pyridine gives accurate results over a wide range 
of concentrations, and, second, that essentially all of the pyridine is 
recovered in the distillation. The accuracy of the method is about 
1%.
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[C o n t r i b u t io n  f r o m  t h e  C h e m ic a l  L a b o r a t o r y  o f  t h e  U n i v e r s it y  o f  C a l i f o r n i a ]

The Kinetics of the Reaction between Ferric and Stannous Perchlorates in
Acid Solution

B y  M . H . G o rin

The present investigation was undertaken to 
study the reduction of ferric salts by stannous salts 
in Solutions in which it is reasonably certain no 
complex ions exist; perchlorates were therefore 
used. Sufficiënt perchloric add  was added to sup- 
press the formation of colloidal ferric hydroxide.

The kinetics of the comparatively rapid reac­
tion between ferric and stannous chlorides has 
been much investigated. 1 A rather complete 
discussion of these researches and new experi­
mental material has been given by the author in 
a thesis.2 I t  is suffident to state here that the 
rate-determining step is not a third order reaction 
involving two ferric and one stannous ions, as is 
generally supposed, but a second order reaction 
between unpolymerized chloride complexes of 
ferric iron and stannous tin. Timofeewlc first 
proved that the reaction is second order and the 
author2 and Robertson and Lawld independently 
demonstrated the influence of chloride ion.

It was expected that the reaction rate would be 
very much smaller with perchlorates than with 
chlorides, since the repulsive forces between the 
highly charged and positive ferric and stannous 
ions are very great and those between the lower 
valent or neutral chloride complexes (as FeCh 
and SnCl+ or SnCls“") are small or negligible. 
Actually the rate was found to be smaller by a 
factor of 105 to 106 under comparable conditions. 
Moreover, no evidence was found that ferric ion 
itself reacts directly with stannous ion in a range 
of temperature from 55 to 70° and of hydrogen- 
ion concentrations from 0.02  to 1 M*

The rate-determining step for the reduction of 
the ferric salt was concluded to be

Fe(OH)2 + +  Sn++ — ^ (1)

The actual kinetics are complicated by the fact 
that the reactions involved in the hydrolysis 
equilibrium, H20  +  FeOH++ <1^ Fe(OH)2+ +  
H+, are often not rapid compared to reaction 1; 
and by the fact that in most of the Solutions an

(1) (a) Kahlenberg, T h i s  J o u r n a l , 16, 314 (1894); (b) Noyes,
Z .  p h y s ik .  C h e m ., 16, 546 (1895); (c) Timofeew, Muchen and Gure- 
witcfa, i b id . ,  115, 161 (1925); (d) Robertson and Law, Trans. Fara­
day Soc., 31, 899 (1935).

(2) Gorin, Ph.D. Thesis, Sept., 1933, University of California 
Library.

appreciable proportion of the ferric iron was pres­
ent in the form of hydrolysis products. I t was 
found that the presence of colloidal ferric hydrox­
ide increased the rate; this complication was 
avoided by the addition of perchloric acid in 
amounts sufficiënt to suppress its formation.

Materials.—A solution of ferrous perchlorate was pre­
pared by the addition of equivalent amounts of a barium 
perchlorate solution to a ferrous sulfate solution; the mix­
ture was held at a temperature of 100° for several hours in 
the absence of air in order to coagulate the precipitate of 
barium sulfate. The clear resulting solution was pipetted 
off after cooling.

A solution of stannous perchlorate, free from excess acid, 
was prepared by a method formerly employed by Noyes 
and Toabe.3

Experimental Method.—The reaction was started in all 
experiments by adding a small volume of a concentrated 
solution of stannous perchlorate to a solution containing 
the other reactants. The progress of the reaction was fol­
lowed by the method used by all previous investigators: 
stannous ion was rapidly destroyed by quenching the 
sample with mercuric chloride solution, and the extent to 
which the reaction had progressed was determined by an 
analysis for the ferrous ion produced.

The reaction mixture, exclusive of stannous perchlorate, 
contained ferric perchlorate and perchloric acid. It was 
made up by adding the desired amounts of ferrous per­
chlorate and perchloric acid solution and an excess of hy­
drogen peroxide to the desired volume of water in a volu­
metric flask. The reaction mixture was then transferred 
to the apparatus employed and allowed to remain at the 
temperature of the run for a period of at least one day in 
order to ensure complete decomposition of the excess hy­
drogen peroxide and attainment of equilibrium.

The apparatus shown in Fig. 1 was employed to enable 
the withdrawal of samples in the complete absence of air 
and to eliminate the loss of water by evaporation.

The concentration of ferrous ion in the sample was deter­
mined by titration with 0.01 N  potassium dichromate, 
using diphenylamine4 as the indicator.

Experimental Results.—If Fe(OH)2+ is at 
equilibrium with ferric and hydrogen ions, the 
rate law corresponding to equation 1 is

d(Fe++)/d  t = 2kzKiK2( F e + + + ) ( S n  + + ) / ( H + ) 2 (2)
where

K x = (Fe(OH)++)(H +)/(F e+++) (3)
and

K 2 =  (Fe(OH)2 +) (H +)/(Fe(O H )+ +) (4)
and kz is the specific rate of reaction 1.

(3) Noyes and Toabe, T h i s  J o u r n a l , 39, 1539 (1917).
(4) Benedetti-Pichler, Z . a n a l . Chem., 73, 200 (1928).
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At the moment öf starting, the system must be 
at equilibrium and therefore the initial rate will 
be given by equation 2. I t was found that the 
experiments feil into two groups: (1) in those with 
ferric perchlorate in excess the results can be ac­
curately extrapolated to obtain the initial rate; 
(2) in those with stannous perchlorate in excess the 
rate drops off so quickly from the initial value 
that no accurate extrapolation can be made.

Fig. 1.—Apparatus for rate measurements at 70°: 
A, reaction vessel in thermostat; B, condenser; O, 
sampling pipet; D, pressure regulator containing 
mercury.

Ferric Ion in Excess at 70°.—In Fig. 2 , the
quantity, log (a — x) /(2b — x), is plotted against 
time for the first few experimental points in 6 
runs, nos. 1- 6 . The initial slope, as estimated 
for each run, is shown by the solid straight lines 
in Fig. 2. If a, b and c are the initial concentra­
tions of ferric perchlorate, stannous perchlorate 
and perchloric acid, respectively, x, the concen­
tration of ferrous ion produced at the time, t, and

5 the slope of the lines drawn in Fig. 2, it follows 
that

(d.r/dOiniiiai =  2.30SS(2b)a/(a -  2 b)

and that
r  v  4.606aS|> +  (FeOH++)i +  2(Fe(OH)2+)i]2

3 1 2  {a -  2b)[a -  (FeOH + +)i -  (Fe(OH)2+)i]
(5)

The values of K\ and Ki are not well known. 
Bray and Hershey6 corrected several equilibria 
involving ferric ion for hydrolysis by considering 
the first step only. Although they assumed the 
second step in the hydrolysis to be negligible, 
their method is a satisfaetory empirical one for 
correcting ferric ion but not hydrogen-ion concen­
tration. I t will be shown later that essentially 
the same results for ferric ion could have been ob­
tained by including the second step and using ä 
smaller value for Ki. The values given in Table 
I for Ki and K iK 2 were calculated from the values,
0.0250 and 35.2 X 10“4, respectively, at zero ionic 
strength by assuming the activity function given 
by Bray and Hershey.6 K iK 2 was obtained from 
the kinetic data to be described later and Ki was 
assumed to have one-quarter of the value obtained 
by extrapolating the results of Bray and Hershey5 
to 70°.

The values of 2kzKxKi calculated from initial 
rates are given in Table I.

T a b l e  I
E vidence for E quation 2 B ased on Initial Rates 
M easured at 70° with F erric P erchlorate in  E xcess

Run ju1/ 2 y a 2b c 5
1 0.64 0.745 0.0544 0.00358 0.1015 0.0318
2 .64 .745 .0544 .00972 .1015 .0246
3 .49 .758 .0272 .00458 .0869 .0186
4 .49 .758 .0272 .01104 .0869 .0119
5 .43 .767 .0137 .00452 .0991 .00600
6 .28 .804 .00656 .00443 .0400 ,.00680

K 1K 2 
Kt = X1(F =
0.025 35.2 (Fe- 

Run (7)4 (7)6 (FeOH++)i (OH)2+)i <Fe+++)i <;H+)i 2k,KtKz

1 0.0078 6.0  0.0Ó345 0.00240 0.0485 0. 1099 0.0388
2 .0078 6.0 .00345 .00240 .0485 .1097 .0341
3 .0083 6.9 .00210 .00189 ..0232 .0927 .0383
4 .0083 6.9 .00210 .00189 ..0232 .0927 .0346
5 .0088 7.2 .00102 .00082 .0119 .1017 .0358
6 .0104 9.7 .00090 .00183 .,00383 ..0446 .0500

It is seen from Table I that equation 2 represents 
the initial rate of the reaction quite well over an
8 -fold Variation in ferric ion, a 3-fold Variation in 
stannous ion and 6 -fold Variation in the square of 
hydrogen ion. For the expected and observed

(5) Bray and Hershey, T h is  J o u r n a l , 56, 1889 (1934).
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Variation of the specific rate, 2hKiK2, with ionic 
strength, see Fig. 7.

In Fig. 3, runs 1-6 are plotted for the entire 
course of the reaction. Since the main reaction 
at 70° is
3H20  4* 2Fe+++ -f Sn+ +---->  H2Sn03 +  2H + 4- 2Fe++

(6)

hydrogen ion is produced during the reaction. 
Therefore the quantity (c +  2x) jc log (a — x)/ 
(2b — x) is plotted against t rather than the quan­
tity log (a — x)/ (2b — x). The dotted lines in 
Fig. 3 are the lines that would result if equation 2 
were followed over the entire course of the reaction. 
It is seen that in runs 1 and 3 the dotted 
line is followed within the experimental 
error over the entire extent of the re­
action. In the other runs the curves 
slowly deviate from the dotted line and 
then go through an inflection point and 
appear to again approaeh a line whose 
slope is equal to the slope of the dotted 
line. The deviation on the positive side 
of the dotted line at the beginning of the 
runs is probably due to the fact that 
the first product is Sn(OH)2++ rather 
than stannic acid and therefore the cal­
culated hydrogen-ion concentrations in 
this region are too high; as the run pro­
ceeds, Sn(OH)2++ hydrolyzes to stannic 
acid and toward the end of the reaction 
the calculated hydrogen-ion concentra­
tions are correct.

The appearance of the inflection 
points in Fig. 3 confirms the theory that the con­
centration of Fe (OH) 2 + falls below its equilibrium 
value and then as stannous ion decreases in con­
centration Fe (OH)2 + again begins to build up 
toward equilibrium.

Stannous Ion in Excess at 70°.—In these ex­
periments the rate drops off very quickly from 
the initial value demanded by equation 2. The 
results for the entire course of the reaction are 
plotted in Fig. 4 in the same way as those in Fig. 
2 ; the dotted line represents the initial rate de­
manded by equation 2. It is seen that the curves 
very rapidly deviate from the dotted line and ap­
pear to approaeh a straight line. This would 
correspond to the differential equation

= f  (SFe“%Sn + +) = |  (a -  x)(2b -  x)
(7)

in the region of the straight line. The quantity, 
is of course only a constant within each run and 

is itself a function of stannous and hydrogen-ion 
concentrations.

The differential equation
d(Fe++) 2W £A (F e +++)(Sn + +) (0,

d t (H + ) 2 [1 4- x(Sn + +)] K >

will be applied to the results, where % of course is 
a constant. From equations 7, 8 , 3 and 4 we ob­
tain the result

[(2WW&/*) -  (H +)[(H +) +  Kr] -  
X “  (H+)[(H+) 4- S ](S n  + +) W

The value of 2k%K\K2 is taken from the graph in

Fig. 7; ^ is calculated from the slopes of the lines 
in Fig. 4, = 4.6S / (2b a) ; x is calculated for
the two points, indicated in each run by the sym­
bols ® and ©. The calculations are presented in 
Table II.

I t is demonstrated in Table II that equation 8 
represents the rate quite well for these experi­
ments, which cover a 10-fold Variation in (Sn++) 
and a 20-fold Variation in (H+)2. The Variation 
of x with ionic strength will be discussed later.

Experimental Results at 55°.—In Fig. 5 the 
rate measurements at 55° are plotted. In runs 
17, 18 and 19 no perchloric acid was added to the 
reaction mixture and therefore the initial rates 
could not be used, since small amounts of colloidal 
ferric hydroxide were present. For this reason 
the last half of these runs only is presented. In 
runs 13 and 14 the initial rates were estimated

Fig. 2.—Determination of initial rates at 70° in Expts. 1-6: a — x 
b — x/2  are the concentrations in moles per liter of ferric perchlorate 
and stannous perchlorate at time t.



1790 M. H. Gorin VoL 58

Table II
C a l c u l a t io n  o f  x a t  70°

Run 5  > 2b — a Kixio* K iK t
X10« 2kzK iK i

9 0.66 0.00125 0.218 0.0261 78 6.0  0.0376
7 .46 .00262 1.00 .0120 84 7.2 .0386

10 .27 .0109 6.28 .00798 110 10.0 .0436
11 .28 .00635 7.00 .00417 108 9.5 .0432
12 .28 .0161 5.22 .01822 108 9.5 .0432

Run (Sn++)i (Sn++)2 (H+)ia (H+)i<* (x)i (X)2 (x)
9 0.0230 0.0191 0.1944 0.2094 149 151 150
7 .0102 .0066 .1131 .1233 173 200 187

10 .0053 .0046 .0457 .0480 242 239 241
11 .0033 .00252 .0492 .0575 235 250 242
12 .0103 .0096 .0430 .0450 210 199 204

a Corrected for hydrolysis, (H +) = c +  2 x +  (Fe- 
(OH)++) -f 2(Fe(OH)2++).

and 2k%KiK% calculated by means of equation 2. 
Equation 2 was also applied to run 17 since (Sn++) 
is very small. The results are presented in

Fig. 3.—Rate measurements in Expts. 1-6, with 
ferric perchlorate in excess at 70°.

Table III. The values of Ki and K iK 2 at 55° 
were estimated from the temperature coefficients 
given later.

The runs presented in Table III cover a 1500- 
fold Variation in (H+)2, a 14-fold Variation in

Table III
D etermination of 2faKiK* at 55°

Run 4, x 10* a 2b c Ki

14 1.13 1.74 0.0690 0.0292 1.000 0.0039
13 0.54 117.0 .0287 .02870.100 .0042
17 0.45 1630.0 .00630 .0051 .0261 .0046

Run
KxKz
xio* (FeOH++)i

(Fe-
(OH)j+)i

X10-6 (Fe+++)j (H+)i 2kzKiKz
14 1.05 0.00026 7 0.0687 1.000 0.000175
13 1.20 .00112 340 .0272 0.102 .000129
17 1.31 .00070 700 .0049 .0282 .000168

(Fe+++) and a 6-fold Variation in (Sn++), with 
only a small Variation in 2k%KiK2.

Fig. 4.—Rate measurements with stannous perchlorate 
in Expts. 7-12 at 70°.

Equation 8 was applied to the latter part of the 
reaction in the same way as at 70°. The calcula­
tions are presented in Table IV; (H+) is the 
average value of (H+) in the region through which 
the points in Fig. 5 fall on a straight line and

Table IV
D etermination of % at 55°

Run Ki
KiK*
X 104 2kzKiK* (H+) (Sn++) * X

18® 1.13 0.0039 1.05 0.00180 0.0270 0.0184 0 .952 59
14 1.13 .0039 1.05 .00180 1.01 .0121 .00104 61
13 0.54 .0041 1.20 .00150 0.125 .0090 .0504 77
19® 0.50 .0041 1.21 .00150 .0258 .0194 .735 93

a Runs 18 and 19 are identical except that the reaction 
mixture in run 18 contained, in addition to 0.0332 M  
Fe(ClO-Os and 0.0323 M Sn(C104)2, 1 M N H 4 C I O 4 .
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(Sn_i"f) is defined similarly. The value of 
2kzKiK2 used is taken from Fig. 7. In runs 18 
and 19, (H+) was small and no precipitation of 
H2Sn03 was observed. I t was found that one 
rather than two hydrogen ions were formed per 
ferric ion produced in these two runs.

Table IV demonstrates that the experimental 
results at 55° are in good agreement with equa­
tion 8 over a 1400-fold change in (H +)2.

Interpretation of Results.—The following 
scheme for the mechanism of the reaction satisfies 
the experimental results.

kind of “steady state.” The ordinary steady 
state postulate, d(Fe(OH)2+)/d£ = 0 for two com- 
pensating reactions involving an intermediate, 
would involve appreciable error in some of the 
experiments, since it is evident that a consider­
able portion of the ferric salt is present in the 
form of Fe(OH)2+ even at the “steady state 
stage” of the reaction. I t was dis covered that 
another steady state condition could be postu­
lated which involves very much less error. This 
postulate is that

d(Fe++)/-d (F e(O H )2+) = 0

Comparatively rapid equilibrium
Ki

Fe+++-6H20  ~Z. Fe0H++-5H20  +  H + (9)
K&to

Rapid equilibrium H20  21 H+ +  OH“
TL

(10)

Slow equilibrium
Kl

OH +  Fe0H + +-5H20  7 - »  Fe(0H)2+-4H20  +  H20  
ki

(11)

Slow follow reaction
kz

Sn++ +  Fe(0H)2+-4H20  — >- Fe++-4H20  +  Sn(OH)2 + (12)
Rapid follow reaction
Main reaction at 55° and low (H +) is (9) -f (10)

Fe+++-6H20  +  Sn(OH)2+ = Fe++-4H20  +  Sn(OH)2 + + (13)

-f (11) +  (12) +  (13) 2Fe+++-6H20  +  Sn++ = 2Fe++-4H20  +  Sn(OH)2 + + +
H20  +  2H + (14)

Slow follow reaction
Main reaction at 70° under all conditions and at

Sn(OH)2++ +  HsO = H2Sn03 +  2H + (15)

55° at high hydrogen-ion concentration, (14) +  
(15) 2Fe+++-6H20  +  Sn + + = 2Fe++4H20  +  H2SnOä +  4H+ (10)

In the most general case the concentration of 
Fe(OH)2+ is not negligible and therefore it is not 
possible to postulate a steady state between re­
actions 11 and 12. Therefore the following pair 
of differential equations results
d(Fe(OH)2+)/d/ =  £i(FeOH++)(OH-) -

(Fe(OH)2+) [kt +  *«(Sn++)] 
d(Fe++)/d* =  2̂ 3 (Fe (OH)2 +) (Sn++)

or
d(Fe(OH)2+)/d / = fc1Jt1ITH2o(Fe +++)/(H +)2 -

(Fe(OH)2+) [kt +  fc(Sn++)] (17)
d(Fe++)/d£ =  2&3(Fe(OH)2+)(Sn++) (18)

If, however, Fe(OH)2+ is at equilibrium with 
FeOH++ and hydrogen ion, as is the case at the 
start of the reaction, equations 17 and 18 become 
equation 2

d(Fe + +)/d* = 2 k$K\K2 (Fe+++) (Sn++) /  (H +)2

since
kiKnto/ki -  Kt -  (Fe(OH)2+)(H +)/(FeOH++) (19)

In the experiments with stannous ion in excess 
Fe(OH)2+ is changing very rapidly while the first 
15 or 20% of the reaction occurs. After this ini­
tial period, the rate appears to follow the differ­
ential equation 8 . This indicates that the con­
centration of Fe(OH)2+ must be approaching some

and leads to the equation
-d(Fe(O H )2+) _  1 (Fe(OH)2+) d(Fe + +) 

dt 2 (SFeiü) dt
1 d(Fe + +)
2 “ dt (20)

Applying equation 20 to equations 17 and 18, we 
obtain
(Fe(OH)2+) =  

and

KiKt( Fe+++)
(H +)2[l +  (1 +  ol) (ks/k2) (Sn + +) ] (21)

d(Fe++) _ 2kzK\K2(Fe +++) (Sn + +)
dt (H +)2 [1 +  (1 +  a ) ( k z/ k t ) ( S n  + +)]

Equation 22 is identical with equation 8 and there­
fore % =  (1 +  ol)  (Jtz/kz). Knowing x we can 
easily calculate a from equation 21 and therefore
kz/k2.

_  (Fe(OH)2+) K xK 2

a (SFeiiï) K iK t.+  (H +)(H+ +  £ i ) [ l  +  x Sn++]
(23)

These calculations are given in Table V for the ex­
periments at 70° (see Table II) with stannous in 
excess.

It is seen that the maximum correction in Table 
V is about 15%. This is probably smaller than 
the experimental error (small errors in \p are 
greatly tnagnified in %)• However, it is of intet-
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T a b l e  V
C alcu la tio n  of k z / k z  at  70°

Run O*)1/* «1 «2 x2
(fe)
kz

Cfe)
1̂ 2«

(*»)
kz

T'+
MO<u

+
W0
y
&

9 0-66 0 0035 0. 0035 149 151 149 151 150 10. 6
7 .46 0186 ., 0187 173 200 170 197 184 3. 49

10 • 27 145 .144 242 239 211 208 210 1. 03
11 • 28 156 . 154 234 250 202 216 209 0.94
12 .28 115 .115 210 199 188 179 184 1. 52

est to consider this analysis and to point out its 
great accuracy as demonstrated by the constancy 
of a  over the whole “steady state region” of each 
run.

Fig. 5.—Rate measurements at 55°, Expts. 13-19.

Calculation of KiK2.—In the initial part of the 
experiments with stannous perchlorate in excess 
the concentration of Fe(OH)2+ is changing much 
more rapidly than that of ferric ion and therefore 
the concentration of ferric ion may be assumed to 
be constant in this region. If this assumption is 
made equations 17 and 18 may be integrated, and 
the following result
(y -  yo) = At — 1/2x -

2.303(dt/dx)°A°(2b) log (2b)(2b -  x) (24)
and

y — 3^o(dx/d/)(d//dx)° (2b)/(2b — x) (25)

where y  =  (Fe(OH)2+) and x  = (Fe++) at time 
equals /, y 0 is initial value of y

_  k1K H«>Ki(Fe+++) _  2k3K 1K 2 (Fe+++)
~ (H+)2 " 2 (V W  (H+)2

at t = 0 and A  = A Q(a — x ) /a . If x, t and (d x /  
dt) are known, y Q may be calculated, since 2k%KiK2} 
h / k 2 and therefore (dx /d t)o  are known.

In Fig. 6 X is plotted against t for the first 
three experimental points in two runs, nos. 7 and
9. A smooth curve was drawn from the origin, 
using the initial slope calculated from equation 2 
(or 5) as a guide. Three points were chosen on 
the smooth curve, and (d x /d t)  was determined at 
each point by estimating the tangent to the curve. 
The points chosen are marked by the symbol + ;  
the experimental point by the symbol 0 and the 
estimated tangents by the dotted lines.

It is seen that equations 24 and 25 do not in- 
volve K i  and K 2 directly, but of course these con­
stants are involved in calculating the initial rate, 
(dx/dt)o. However, it is to be noted that the ex­
perimental value of 2k zK iK 2 depends upon the 
choice of K i  and K 2. Actually, it was found that 
the value of yo from equations 24 and 25 was very 
slightly dependent upon the choice of K i  and K 2 
and therefore the resulting value of 2 k zK iK 2. 
The calculations presented in Table VI were 
made using the values of K i  and K ±K 2 assumed 
in Table I and of course the resulting value of 
2kzK iK 2 from Fig. 7 (K i0 = 0.025 K J K J  = 35.2 
X ÏO"4).

The constancy of y0 for the three points in each 
run in Table VI demonstrates that equations 24 
and 25 are good representations of the initial por­
tion of the reaction. Furthermore, the values of 
y 0 are in good agreement with those calculated 
and therefore it is demonstrated that the value of 
K iK 2 chosen is the experimental value within the 
experimental error.

Actually of course the value of K iK 2 assumed in 
Table I was the experimental value found from 
equations 24 and 25, but a complete logical presen­
tation of the calculations was avoided in order to 
save space.

Variation with Ionic Strength and Tempera­
ture Coefficients.—By combining the Debye- 
Hückel theory and the Brönsted theory the follow­
ing relationships result, as ///2 — >  0

logio Ki =  logio K 0 — 2.0m1/* (26a)
logio K iK 2 «  logio K^KJ  -  3.0m1/2 (20b)
logio 2kiKiK2 = logio 2 W K JK 2» -  1.0M1/* (26c)
logio (kt/kt) -  logio (fc3°/V ) +  2.0m1/’ (26d)
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T a ble  V I
D e te r m in a t io n  of I n it ia l  Co n c entration  of Fe(OH)2 + in  T wo  R u n s  

(a.) Calculation of A° and (dx/dt)o

Run l»’/> o '2b c (F eO H *  +)j® (F e(O H )ä  +)ia (Fe + + +)i li(H + )i A 0 X KR \d£ J o

9 0.66 0.0268 0.0532 0.177 0.00110 0.00046 0.0252 0 .179 0.842 7.84
7 .46 .01265 .02486 . 1015 .00083 .00072 .0110 .1037 1.20 4.93

For K u  K , K 2 and 2k z K tK 2 see Table II.
(b) Presentation of Data

Run 9

/ ;!•; x  k fx  dU a — x 2b -  x A  x  105 y  -  yo y/y0 :vn

2 0.00069 2.70 0.0261 0.05251 8.33 0.00029 0.33 0.00044
4 .00114 1.72 .0257 .05206 8.25 .00036 .22 .00046
6 .00149 1.60 .0254 .05171 8.20 .00041 .20 .00051

Run 7
5 .00132 1.80 .01133 .02354 11.3 .00043 .40 .00072

10 .00211 1.40 .01054 .02275 11.0 .00049 .31 .00071
20 .00343 1.20 .00922 .02148 10.3 .00055 .29 .00078

10*

However, all of the experimental results are in a 
region of ionic strength where equations 26 cannot 
be expected to apply. Instead the method of Ran­
dall6 was used. Applying this method, it follows
-  74 log Kr = -  74 log K f  +  ƒ(y) (27a)
-  7« log KrK2 = -  76 log K f K f  +  ƒ(t) (27b)
-  V 2 \ o g  2 ksKrK2 = - 7 2 log 2 k f K f R f  -f ƒ(7) (27c)

V4 log ( h / h)  = 74 log (kf/kf)  +  f(y)  (27d)

where ƒ (7 ) may be represented by some one of the 
family of log 7 curves for single electrolytes. For 
Ki and K\K2 the same ƒ (7 ) was used 
as that given by Bray and Hershey5 
in Table I, page 1890.

In Fig. 7 the quantities V2 log 
2ksKiK2 at 70°, and y* log 2WW&
+  0.7 at 55°, are plotted against ^1/2.
The curve that seemed to fit best is 
one some where between the curve 
chosen by Bray and Hershey5 for 
ferric equilibria and the curve for 
hydrochloric acid. It can be said 
that all the points except the one at 
the lowest ionic strength fi t the curve 
within the experimental error. The 
20% deviation of this point from the 
curve might be attributed to small 
amounts of colloidal ferric hydrox­
ide.

In Fig, 8, - y 4 log k8/ h  at 70° 
and ■—1/ 4 log ks/k‘2 — 0.087 at 55°, 
are plotted against ///a. The curve 
is the same one used in Fig. 7 and is 
purposely drawn through the points at the higher

(6) See R efs. 5 a n d  6 (a ) , R a n d a ll  a n d  V ie tti, T h is Jo u r n a l , 50, 
926 (1928); (b) R a n d a ll ,  J .  Chem. Educ .,  8, 1062 (1931); (c) u n p u b ­
lished  resu lts .

ionic strengths. The failure of the three points 
at the lowest ionic strength to reach the curve can 
be attributed to inaccuracies in the ionic strength 
functions used, since small errors in K iK 2, K u and 
especially in 2kiKiK2l will cause larger errors in
h/fa.

Using the extrapolations in Figs. 7 and 8 the 
following values are obtained for 2 k f K f K f  and 

at 70 and 55°.
2k f K f K f  at 70° is 0.0660 and at 55° is 0.00262,

k f / k 2{

Fig. 6.-
Time.

Determination of equilibrium concentration of Fe(OH)2+ 
experiments, nos. 7 and 9.

m two

therefore A H  — 48,600 calories; h ° /k 2° at 70° = 
58 and at 55° = 25.7, A H  .== 12,300 calories.

The quantities in bold figures in Table VII can
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be calculated without knowing All  for K 1K 2 and 
Ki] those in italics depend upon the choice of 
AH for K 1K 2 and Ki, 2 X 12,650 and 12,650, re­
spectively.

Fig. 7.—Variation of 2kzK \ K 2 with ionic 
strength: O, at 70°; ®, at 55°, V2 log (2kzK i K 2) 
-f 0.7.

The values assumed for AJHKl and AHKlK2 de- 
pend upon the following: Bray and Hershey5 
would have obtained essentially the same result if 
they had used a smaller value of Ki and taken the 
second step of the hydrolysis into consideration. 
There are two reasons for this: the first is that 
the equilibria they were considering did not in- 
volve hydrogen ion, and the second that Ki de­
creases more rapidly than K 2 with ionic strength. 
The kinetic value which was obtained at 70° for 
K 1K 2 was extrapolated to 25° by using Bray and 
Hershey’s value5 for AHKv 12,650, and assuming 
that AHKlKl — 2 AHKv I t was found that the 
value obtained for K iK 2 at 25°, 13.0 X 10~6, 
taken together with a value for Ki, one-quarter of 
that used by Bray and Hershey,5 will give approxi- 
mately the same results as those obtained by Bray 
and Hershey.5

T a b l e  VII
T e m p e r a t u r e  C o e ff ic ie n t s

o 0 55° AH
2k?,K\K2 660 X IO“4 26.2 X IO"4 48,600
k z /k 2 58 25.7 12,300
KikiK^o 568 X IO“6 50.9 X IO“6 36,300
A h2o 2 X 10“11 8.12 X 10~12 13,200
K ik t 284 X 105 63 X 106 23,100
K xK 2 35.2 X 10“"4 6 . 5  X 10-4 (25,400)
kz 9.4 2 .0 1 23,200
k2 0.162 0 .0 7 8 3 10,900
K i (0 .0 2 5 ) 0 . 0 1 0 6 (12,650)
ki 1 1 . 4  X 108 5 . 9  X 108 10,400

Discussion of Results.—It is considered by the 
author that the following have been definitely es­
tablished in perchlorate Solutions: (1) the rate de­
termining step for the reduction of the ferric salt is 

Fe(OH)2 +.4HaO T  Sn + + —  
and (2) the mechanism for the reactions involved 
in the equilibrium

FeOH + + +  HoO 7 ^  Fe(OH)2+ +  H +

is the one given by equation 11. All alternative 
formulations to the two above that were tried 
failed to explain one or more portions of the ex­
perimental data.

0.4 0.8 1.2
Square root of the ionic strength.

Fig. 8.—Variation of fa/k2 with ionic strength 
at 70°: O, at 70°; # , at 55°, -1/4 log (h /k2)
-  0.087.

The most plausible explanation of the failure 
of ferric and stannous ions to react directly is that 
ions of like and multiple charges cannot approaeh 
each other closely enough to cause reaction unless 
their relative kinetic energy is very high. This 
minimum kinetic energy is estimated to be, at the 
very least, 15,000 calories. If it is assumed that 
the ordinary Chemical heat of activation for ferric 
plus stannous is the same as for Fe(OH)2+ plus 
stannous, then the ratio of the rates at 70° will be 
less than

e -1 5 ,0 0 0 /(3 4 3  X 1.986) —  3 J Q - 1 0

The products of the rate determining step, 
equation 1, were assumed in equation 12 to be 2- 
valent iron and Bivalent tin, rather than 1- 
valent iron and 4-valent tin. There is no evi­
dence for the existence of univalent iron and Ball7 
and co-workers have recently published evidence 
for the existence of trivalent tin as an intermedi­
ate.

The mechanism of the reactions involved in the 
hydrolysis of FeOH f+*5H20  was demonstrated to 
be

ki
Fe0H ++-5H20  +  OH~ Fe(0H)2+-4H20  -f H20  

k2

the replacement of water by hydroxide ion and the 
replacement of hydroxide ion by water. This 
replacement mechanism is analogous to the theory 
of Olson8 for organic Substitution reactions. It 
differs from the one generally assumed for the 
hydrolysis of hydrated metallic ions

FeOH++’5H20  — >  Fe(OH)2+*4H20  +  H + 
a simple Splitting off and addition of a proton.

(7) Ball, Wulfkuehler and Wingard, T h is  Jo u r n a l , 57, 1729 
(1935).

(8) Olson, J. Chem. Phys., 1, 418 (1933).
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In conclusion I wish to express my gratitude to 
Professor William C. Bray for his advice and sug- 
gestions during the progress of the work.

Summary
Rate measurements are presented for the reac­

tion between ferric and stannous perchlorates in 
Solutions containing perchloric acid at 70 and 55°. 
The rate is much slower than when chloride ion is 
present.

There is no evidence for a direct reaction be­
tween ferric ion and stannous ion. The failure 
of the two ions to react at an appreciable rate is 
attributed to the high repulsive forces between 
these polyvalent, positive ions.

The experimental results are in agreement with 
the theory that the rate determining step for the 
reduction of the ferric salt is

h
Fe(OH)2+ +  Sn+ + ---->  (1)

When the hydrolysis equilibria 
K x

Fe+++ +  H20  FeOH + + +  H+ (3)
and

K 2

FeOH + + +  H20  Fe(OH)2+ +  H+ (4)

are maintained the rate law is
d(Fe++)/cU -  2 h K 1K 2( F e + + +) ( $ n ++) / ( K + ) *  (2)

This law represents the initial rate in all experi­

ments and applies throughout when the concen­
tration of ferric ion is high compared to that of 
stannous ion. The specific rate, 2k3KiK2, is 660 
X 10“4 at 70° and 26.2 X IO“4 at 55°.

A study of the deviations from equation 2 led 
to the conclusions that reaction 4 is not rapid 
compared to Reaction 1 and that the mechanism 
of reaction 4 is

Kmo
Rapid equil. H20  2 Ï  H+ +  OH~

k\
Slow equil. OH“ +  Fe(OH)2++.5H20

k2

Fe(0H)2+.4H20  +  H20

The study resulted in the determination of the 
product, K 1K 2} at 70° and the ratio, h /k 2 at 70° 
and 55°. Combination with the value of the 
specific rate, 2kzK$K2i gave the following values 
at 70°: K 1K 2 =  35.2 X IO“4, h  = 9.4 and h% =
0.162.

While neither of the hydrolysis quotients, Ki 
nor K 2, has been determined directly, values of 
each have been chosen which are consistent with 
the above results and with available data for the 
hydrolysis of ferric ion. The resulting values of 
the various equilibrium quotients and specific 
rates at 70 and 55° are listed in Table VII. Con­
centrations are expressed in moles per liter and 
time intervals in minutes.
B e r k e l e y , Ca l if . R e c e iv e d  J u l y  10, 1936

[Co n t r ib u t io n  from  th e  F rick  C hem ical L a bo r ato r y  o f  P r in c e t o n  U n iv e r s it y ]

The Activation of Specific Bonds in Complex Molecules at Catalytic Surfaces. II. 
The Carbon-Hydrogen and Carbon-Carbon Bonds in Ethane and Ethane-*/

B y K iyoshi M orikawa,1 W. S. Be n e d ic t  a n d  H ug h  S. T aylor

The activation of thé carbon-hydrogen and 
carbon-carbon bonds in ethane at nickel catalyst 
surfaces can be studied with the aid of deuterium 
since two reactions may be examined: (a) the ex­
change reaction which may be generalized as 
C2H*Dy +  D2 = C2H* _ JDy + x +  HD in which 
x +  y = 6 and y may have any integral values 
from 0 to 5; and (b) the methane producing reac­
tion C2Ü6 +  H2 =  2CH4. The former reaction 
involves the C-H bond, the latter the C-C bond. 
Deuterium permits these reactions to be studied 
when they are occurring simultaneously on a given 
catalyst under given conditions of temperature

(1) Visiting research fellow of the South Manchuria Railway Co., 
Dairen, Japan.

and pressure. During the course of this work, 
also, investigation was made of the kinetics of 
methane formation from ethane and hydrogen, 
the data providing interesting aspects of the 
mechanism of activation of the ethane at nickel 
surfaces.

Experimental Details
Materials.—Eleetrolytie hydrogen and deuterium from 

the electrolysis of ordinary and heavy water (d2525 ~  
1,1079) were employed. Ethane was produced catalyti­
cally from ethylene and hydrogen over a nickel catalyst at 
room temperature. It was purified by combustion of the 
excess hydrogen over copper-copper oxide, followed by 
fractional distillation to remove nitrogen and methane 
present.
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The comparison of exchange reaction and methane for­
mation was conducted by a dynamic method in which the 
gas mixtures C2He +  D2(H2) were slowly passed backward 
and forward over a nickel catalyst supported on kiesel- 
guhr. Vapor baths were employed for temperature con­
trol. The catalyst was similar to that described in Part I 
of this .series,2 and was protected against mercury vapor by 
two traps at —78°. The kinetic studies were made in a 
static system.

Analytical Procedure.—-The progress of the exchange 
reaction was again followed by infra-red absorption 
measurements of the C-H and C-D bonds as already de­
scribed.2’3 The formation of methane was followed by 
combustion of the hydrogen over copper-copper oxide at 
300°. From the data thus obtained, the volume of hy­
drogen consumed in the reaction could be checked against 
the increase in hydrocarbon volume. This double check 
was occasionally further confirmed by fractional extraction 
of methane from ethane at liquid air temperature. The 
accuracy attainable may be illustrated by expt. 27. In 
this experiment 19.6 cc. of C2H6 and 20.4 cc. of H2 were 
treated for one hour in contact with 2.0 g. of nickel cata­
lyst at 184° to give a final volume of 39.7 and 26.2 cc. of 
residual hydrocarbon. Calculating from the hydrogen 
decrease 13.8 cc. of CH4 was formed. From the hydro­
carbon increase 13.2 cc. was formed. Fractionation of the 
residual hydrocarbon gave >12.1 cc. of methane and < 14.1 
cc. of ethane, the latter certainly still containing some dis­
solved methane. It was found that methane dissolved 
readily in and was persistently retained by the Condensed 
higher hydrocarbon. The larger the methane content the 
easier and more accurate was the fractionation.

Experimental Results
Comparison of Exchange Reaction and Meth­

ane Formation.—The data of Tables I and II 
represent the measurements made by the dy­
namic method to effect this comparison, the same 
nickel catalyst, 2.5 g., being used for both sets of 
data.

T a b l e  I
T h e  R e a c t io n  C2H6 +  H2 = 2CH4

Conversion
CsHe, Ha, Temp., Time, % C2H0

Expt. cc. cc. °C. hrs. reacted
4 20.9 21.0 110 1 0

11 25.9 28.5 157 3 11.9
9 24.8 26.4 172 1 19.3

10 22.9 25.4 184 1 92
5 21.8 22.5 184 1 73.2
2 22.4 22.5 302 1 100

These results show that the exchange reaction 
becomes, under the given conditions, quite marked 
already at 1 10° whereas methane formation only 
becomes appreciable around 150° and is fast at 
180°. There is therefore about 60° difference in

(2) Morikawa, Benedict and Taylor, T h is  J o urn al , 58, 1445 
(1936).

(3) Benedict, Morikawa, Barnes and Taylor, J. Chem. Phys., 
fortheoming publication.

T a b l e  II
T he  E x c h a n g e  R eaction  ChHsDy -f Dj -  02^ -10^  + , -f 

HD

Expt.
c 2h 6,

cc.
Da,
cc.

Temp.,
°C.

Time,
hrs.

C-D Boud 
% equilibrium

12 22.1 44.4 25 22 0
13 21.4 43.1 110 2.5 33

8 25.6 52.3 138 2.5 100
7 22.7 41.5 302 0«

a This experiment was conducted in presence of Cu-CuO 
at 302 0 to show that the hydrogen removal during analysis 
did not effect exchange.

temperature, on this catalyst, between compar­
able activa tions of the C-H and C-C bonds in 
ethane. The data of Table II also suggested the 
following method of preparation of C2D6.

Preparation of Ethane-d6.—Two grams of 
nickel catalyst was reduced at 450° for five and a 
half hours and then evacuated for two hours. At 
0°, 22.2 cc. of C2H4 and 50.4 cc. of I )2 were intro­
duced to the catalyst and when hydrogenation 
was complete the temperature was raised to 138° 
and there maintained for two and a half hours. 
The hydrogen-deuterium was then removed by 
combustion at 275° and next the partially deu- 
terized ethane was subjected to the same proce­
dure, each time with twice its volume of pure deu­
terium, for seven successive treatments. If the 
equilibrium constant is approximately 1 and the 
equilibrium is established in each treatment the 
final ethane should have been ^99%  C-D. This 
was actually found to be the case by infra-red 
measurements. The recovered C2D6 had a vol­
ume of 22 cc. and the methane formed throughout 
the experiment was 0.27 cc. The C2Dö had a 
negligible vapor pressure at liquid air tempera­
tures. We shall report elsewhere some of the 
physical properties of this product.

The Kinetics of the Reaction C2H6 +  H2 = 
2CH4.—The data of Table III record the results 
of static experiments on 1 g. of nickel catalyst at 
172 and 184° in a reaction space of 125 cc. with 
3 cc. dead space for the dry ice traps. The ex­
periments were so conducted that, at each stage, 
the hydrogen, removed by combustion for ana­
lytical purposes, was replaced by an equal vol­
ume of hydrogen and the next stage followed. 
The data are all recorded as pressures of gas in 
mm. at a constant volume of 88 cc. corrected to 
25°.

Comparison of expts. 2a and 3 indicates that 
the activity of the catalyst is constant and that 
the trend upward in conversion per hour as the re-
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T a ble  III
T h e  R eaction  1C2H6 +  1H2 =  2CH4

Temp., —Initial pressure, mm.— Time inter- «-------- ---- Final pressure, mm. ------ ------. — AP Can«'
Expt. °C. Total C2H« h 2 c h 4 val, hrs. Total H.C. +  AH.C. — AH2 % per hr.

la 172 349.6 174.4 175.2 0 0-1 .5  345.7 182.0 7.6 11.5 2.9
b 172 364.3 166.8 182.4 15.2 1.5-3 364.1 189.0 7.0 7.3 2.7
c 172 355.5 159.8 166.5 29.2 3-6.2 355.1 202.1 13.1 13.5 2.4
d 172 355.1 136.7 152.9 75.4 6 .2 -  355.7 250.4 48.3 47.6 2.8

16.2
e 172 353.8 98.4 103.4 152.0 16.2- 352.5 263.3 12.9 14.2 3.7

18.2
f 172 354.5 84.8 91.1 179.2 18.2- 353.9 281.6 18.3 18.8 4.2

20.7
2a 184 352.3 175.5 176.8 0 0-1 351.5 193.5 18.0 18.8 10.3

b 184 351.8 157.5 158.3 36.0 1-3 350.7 232.0 38.5 39.6 11.0
c 184 353.3 119.0 121.3 113.0 3-4 352.2 257.4 25.4 26.5 14.5

3 184 351.8 175.8 176.0 0 0-1 350.7 193.6 17.8 18.9 10.1

T a b le  IV
T he  R eactions #C2H6 +  y H 2 a t  184°

Ratio T • j rp. -p* *inrciai pressure, mm.'— ■jt4 mal pressure, mm. -— ----- CiHe.
Expt. C2H«:H2 Total C2H6 h 2 c m hrs. Total H.C. +  AH.C. — AH2 % per hr.

1 2:1 267.3 176.2 91.2 0 1.1 301.2 298.6 122.4 88.6 63.2
2a 2:1 264.9 175.4 89.6 0 0.33 236.4 209.0 33.6 62.2 63.7

b 2:1 235.8 141.8 26.8 67.2 .67 264.2
oa 1:2 264.0 87.9 176.1 0 2.0 245.9 102.2 14.3 32.4 8.1

b 1:2 248.3 73.6 146.1 28.6 1.0 247.6 103.8 1.6 2.3 1.8
c 1:2 250.1 72.0 146.3 31.8 3.0 248.1 106.0 2.2 4.2 0.8

4 1:2 269.8 84.5 185.3 0 15.5 268.1 90.0 5.5 7.2 .4
5 3:2 289.0 174.7 114.3 0 0.5 289.5 182.8 8.1 7.6 9.2
6 3:2 290.6 175.8 114.8 0 .5 289.4 182.7 6.9 8.1 7.9
7 2:1 263.2 176.1 87.1 0 .33 262.8 184.1 8.0 8.4 15.2

action proceeds is real and is to be ascribed to the 
reasonable assumption that hydrogen is strongly 
adsorbed but the hydrocarbons only weakly. As 
the hydrogen is consumed more of the surface be­
comes accessible to activated adsorption of the 
hydrocarbons. This conclusion is supported by 
the following data with varying ratios of hydrogen 
to ethane. The concordance between the data of 
the two columns +  AH.C. and — AH2 save in 
expt. la indicates also the absence of any side re­
actions, which is not true with other ratios of re­
actants {vide infra). The apparent activation 
energy of the reactants calculated from the data 
at the two temperatures gives E app. ^43  kcal.

In Table IV are recorded experiments with 1C2- 
H6 +  0.5 H2, 1C2H6 +  2H2 and 1C2H6 +  0.69H2.

All the experiments recorded in this Table IV 
were done successively on one catalyst. The 
comparison of expts. 1 and 2 with a gas ratio of 
2C2H6:1H2 with expts. 2 and 3 of Table III where 
the ratio is 1:1 indicates that increase of hydrogen 
ratio severely reduces the reaction rate. Calcula­
tions from the data 2a and 3a of Table III and 1 
and 2 of Table IV and from the data of expts. 5,

6, 7 of this latter table would indicate an effect of 
hydrogen proportional to ^ P H2 ” 2 5- We shall dis- 
cuss this later. Comparison of expts, 1 and 2 of 
Table IV with the subsequent experiments of this 
table at other ratios indicates that during expts. 
1 and 2 the nickel catalyst suffered a considerable 
degree of poisoning leading to abnormally low 
conversions in expts. 3-7. A critical analysis of 
the data of the table reveals that the poisoning is 
due to carbon deposition. In addition to the re­
action forming methane (1) C2E[<j +  H2 = 2CH4 
there are occurring simultaneously reactions which 
may be represented by the over-all equations (2) 
2C2H6 -  C +  3CH4 and (3) C +  2H2 -  CH4. 
These conclusions may be reached especially from 
a comparison of the columns recording initial and 
final pressures, i . e., APtotal and those recording 
increase öf hydrocarbon +  AH.C. and decrease of 
hydrogen pressure — AH2. Thus, in expt. la  of 
Table IV, the recovered gas exceeds the amount 
introduced by 33.9 mm. and the increase in hy­
drocarbon is 122.4 mm. The increase of hydro­
carbon due to reaction (I) with hydrogen is not 
less than 83.6 mm., which leaves 122.4 — 88.6 =
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T able V
D ecomposition of E thane on N ickel at 218°

CO2 from 
combustion

Expt.
I'ciïu-
mm.

Time,
hrs. Total +  AP

----------- Final
H.C.

pressure, 
+  AH.C.

mm.----------
+  H2 CH* C2H6

of C2H6 
fraction

la 169 .4 10 .3 186 .2 16.8 184.9 15.5 1.3 5 0 .7 136.2 26 0 .5
b 15 9 .7 57 184 .6 24 .9 183.4 2 3 .7 1 .3 7 6 .4 108.5 205 .3

33.8 mm. increase coming from reaction (2). This 
corresponds to a decomposition according to (2) 
of 67.6 mm. ethane, and therefore to carbon depo- 
sition on the surface equivalent to ^33.8 mm. 
In expt. 2a the recovered gas is less than the in­
itial by 28.5 mm. Of the hydrogen consumed 
some 57 mm. must have reacted in the main with 
the previously deposited carbon to give 28.5 mm. 
methane. This leaves only 5.2 mm. hydrogen to 
react with an equivalent of ethane to give a fur­
ther 10.4 mm. methane. This would give a total 
increase of hydrocarbon of 28.5 +  5.2 = 33.7 mm. 
to be compared with the observed hydrocarbon 
increase of 33.6 mm. Expt. 2b appears to repeat 
1 since the carbon laid on the surface in expt. la 
was more than 90% consumed by hydrogen in 
2a. Similar variations in the nature of the im­
portant reaction with change in the carbon-hy- 
drogen ratio of the reaction mixture and change 
in carbon content of the surface may be traced 
through the results of expts. 2b-7. It emerges 
that, in a catalyst heavily charged with carbon, 
reaction (3) between carbon and hydrogen occurs 
pref erentially to reaction (1). A certain amount 
of the carbon, however, appears to be laid down in 
such a form that subsequent reaction does not 
readily occur. Also, the activity of the catalyst 
falls steadily due to the deposition of the carbon.

The experiments presented in Table V are con­
cerned with the decomposition of ethane alone on 
the same nickel catalyst at 218°. The catalyst 
after evacuation was washed with ethane at 218° 
for one and a half hours and then evacuated for 
one hour further. The three final columns of the 
table give the data obtained by a fractional Sepa­
ration of the hydrocarbon product and a combus­
tion of the ethane fraction to carbon dioxide as a 
check on its composition.

The fact that the methane formed is, in each 
case, equal to three times the increase in pressure 
due to reaction or equal to three times the increase 
in hydrocarbon plus twice that of the hydrogen, 
is indicative of the over-all reaction (2) 2C2H6 = 
C +  3CH4. The methane yields from the frac­
tionation of the product further confirm this view. 
The carbon deposited on the catalyst by reason of

this reaction can be removed in part by reaction 
with hydrogen as indicated in the two experiments 
of Table VI.

T able VI
Interaction of H ydrogen w ith  Carbon D eposited on 

N ickel at 218°
Recovered CH4 by

P  H2> Time, gas, fractiona-
Expt. mm. hrs. mm. —AP +  AH.C. ~-AH2 tion

la  416 .1  4 .5  3 5 6 .0  6 0 .1  57 .1  117.2  5 6 .7
b 4 21 .0  14 .0  4 1 4 .4  6 .6  6 .0  12 .6

Since — AH2 is twice (—AP) or twice (+A- 
H.C.) it follows that the hydrocarbon formed is 
all methane. This was confirmed in the first case 
by fractionation. The total methane produced 
amounts to 63.1 mm. equivalent to 42 mm. of 
C2H6. Some carbon is left on the catalyst and a 
subsequent measurement of reaction rate with 
1C2H6:1H2 gave very low activity, i. e., 0.9% per 
hour at 184°.

The Activation Energy of the Reactions of 
Ethane with Hydrogen and Deuterium to Form 
Methane and Methane-^.—To check the ap­
parently high activation energy deduced from the 
data of Table III and to obtain comparison be­
tween the rates of reaction of hydrogen and deu­
terium with ethane the data of Table VII were 
obtained on a new catalyst containing 2 g. of 
nickel. Again the static method was employed 
and the experiments with deuterium were inter­
posed between two experiments with hydrogen 
under comparable conditions.

T able VII
R eaction of E thane w ith  H ydrogen and with D eu ­

terium  to F orm M ethane

Expt.
✓—Initial volumes, cc.—*
C2He h 2 d 2

Temp.,
°C.

Time,
hrs.

Conversion 
% CsHs

28 2 0 .0 2 0 .0 184 1 .0 5 3 .7
29 2 0 .1 2 0 .1 172 2 .5 2 8 .3
30 2 0 .3 1 9 .4 172 2 .5 16 .7
31 2 0 .3 19 .7 172 2 .5 2 3 .9
32 2 0 .3 2 0 .4 157 10.0 2 1 .2
33 2 0 .3 2 0 .9 157 10.0 10.3
34 2 0 .3 2 1 .4 157 10.3 17 .5

A slow deterioration of the catalyst with suc­
cessive experiments does not obscure the obvious 
result that reaction with deuterium is slower than 
that with hydrogen. Nor is it serious enough to
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prevent the conclusion that the activation energy 
has the high value previously indicated. The 
data at 157 and 172° in this table indicate an 
observed activation energy of ^42  kcal. The 
relative rates of the hydrogen and deuterium re­
actions at the two temperatures 157 and 172° can 
be accounted for on the basis of a difference in ac­
tivation energies of ^450 cal.

General Discussion
From these studies of reactivity of ethane- 

hydrogen mixtures on nickel in the temperature 
range 157-300°, we conclude that, in the presence 
of excess hydrogen, the ethane undergoes a disso­
ciative adsorption to methyls which are converted 
quantitatively with adsorbed hydrogen to meth­
ane. With deficiency of hydrogen the activated 
adsorption of ethane continues beyond the stage 
of formation of adsorbed methyls at the surface 
and the dissociative adsorption proceeds via CH2 
and CH to C with simultaneous formation of ad­
sorbed atomic hydrogen. Reaction of this latter 
with adjacent methyls produces methane which 
then evaporates. In this temperature range the 
dissociative process to C appears to be practically 
complete, carbon and methane being the products 
formed in overwhelmingly preponderant amount. 
A small amount of hydrogen escapes from the 
surface as such. Some of the carbon formed goes 
over into a form in which it is no longer capable 
of undergoing the reverse reactions of the disso­
ciative processes discussed and acts as a perma­
nent poison to the catalyst. The bulk of the car­
bon formed in this temperature range is however 
recoverable by reaction with hydrogen as meth­
ane. All these observations are in best agree­
ment with the calculated equilibrium data in such 
systems. In the system 2C +  3H2 = C2H6 this 
is quite remarkably true since we compute that 
at 227° partial pressures P C2h6 = 0.46, P H2 =
0.54 atm. are in equilibrium with carbon with a 
total pressure of 1 atm. In contrast to this in the 
system C +  2H2 = CH4 at atmospheric pressure 
the equilibrium partial pressure at 255 ° is P H2 —
0.03 atm. The necessity for excess hydrogen in 
the ethane system is thus evident, while with the 
methane system minimal pressures of hydrogen pre­
vent carbon formation. In the system C2He = C +  
3CH4 the equilibrium partial pressure at 184° is 
P c2h6 = 0.6 X 10~4 atm., and in the system C2H6 
+  H2 = 2CH4 at the same temperature P C2h, = 
2 X 1U~4 atm.

The occurrence of the exchange reaction to 
yield deutero-ethanes in a temperature range 
where dissociative adsorption to yield methyls is 
unimportant indicates that the dissociative ad­
sorption of ethane to yield ethyl and hydrogen 
atom is a process of lower activation energy than 
that of adsorption to yield methyls. The reverse 
of the ethane-ethyl-hydrogen dissociative process 
is the final stage in the formation of ethane from 
ethylene and hydrogen on such catalysts in the 
low temperature range. In our previous study of 
the methanes we found an activation energy of 19 
kcal. for the dissociative adsorption to methyl 
and hydrogen. We expect that the corresponding 
process for ethane might be less than this value.

The high apparent activation energy of the re­
action of ethane with hydrogen to yield methane, 
~43 kcal., is worthy of note especially since the 
temperature range in which the reaction occurs is 
not considerably higher than that in which the ex­
change reaction occurs. We compare this result 
with the case of methane and deuterium in which 
E  ~  28 kcal. In both cases the retarding in­
fluence of hydrogen contributes to the high value. 
From the earlier work we assess its contribution 
at ^ 9  kcal. The simplest explanation of the 
high activation energy in the present work ap­
pears to be that it is associated with a somewhat 
higher energy of activated adsorption involving 
dissociation of the C-C bond. Sterically we 
would expect this to be higher than that involving 
the C-H bond. Further, of the surface free from 
hydrogen, available to ethane adsorption, a frac­
tion will be occupied by ethane adsorbed by a 
mechanism involving the C-H dissociation. Such 
adsorption will cause an increase in the observed 
activation energy of the ethane-hydrogen reac­
tion as does hydrogen. If we ascribe the differ­
ence between the two observed activation ener­
gies in the ethane and methane reactions, 43 — 
28 = 15 kcal., to such an effect, we arrivé a t the 
reasonable values for the activation energies of 
dissociative adsorption of ethane, for the C-C 
bond ~  19 kcal., and for the C-H bond ^  15 
kcal. Qualitatively such results are entirely con­
sonant with all our data.

One final point for discussion involves the ab­
normal inhibitory action of hydrogen ( «: P g 22,6) 
which we deduce from the data of Tables III  and
IV. Such a high power of the hydrogen pressure 
cannot be explained on the basis of pressure in­
fluence on surface occupied by hydrogen mole-
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cules. I t may, however, be explained as due to 
the increasing deposition of carbon with decrease 
in hydrogen concentration and the preferential 
occurrence of the reaction between hydrogen and 
the deposited carbon rather than that between 
ethane and hydrogen. As we have already ob­
served, our experimental data abundantly con- 
firm this preferential reaction and thus account 
for the abnormal effect of hydrogen concentration. 
One alternative possibility is that activation in­
volving the C-C bond requires at least two adja­
cent elementary spaces of catalyst and that this 
condition at high hydrogen coverage of the surface 
might be inversely proportional to a higher power 
of the hydrogen concentration. Further studies 
in the general field of hydrocarbon-hydrogen 
reactions are planned to test these points of view.

Summary
1. The exchange reaction between ethane and 

deuterium on a nickel catalyst takes place in a 
lower temperature range, 100-130°, than that

required for the interaction to yield methane, 
160-300°.

2. The formation of methane by this reaction 
has been studied kinetically. The surface reac­
tion is inhibited by hydrogen.

3. At low hydrogen concentrations side reac­
tions occur representable by the equations 2C2H6 
= C +  3CH4 and C +  2H2 = CH4 and these may 
become the predominant reactions.

4. The activation energy of the reaction on 
nickel between ethane and hydrogen to form 
methane is ^43  kcal. The reaction with deu­
terium is somewhat slower with an activation 
energy ^0 .5  kcal, higher.

5. An interpretation of these data in terms of a 
dissociative activated adsorption of ethane is 
given, leading to the conclusion that the activa­
tion energy of dissociative adsorption at the C--C 
bond is greater than that of the C-H bond.

6. A method of preparation of ethane-d6 has 
been described.
P r in c e t o n , N. J. R e c eiv ed  J u l y  3, 1936

[C o n t r ib u t io n  N o . 142 from  t h e  M assa c h u setts  I n st it u t e  of T ech n o lo g y , R e se a r c h  L aboratory  of Organic
Ch e m ist r y ]

Studies in the Urea Series. XIII.1 Alkyl-nitroureas and Alkyl-nitrobiurets
B y  T e n n e y  L. D avis and  N icholas D . C o nstan

Experiments reported in the tenth paper of this 
series led to the conclusion that “only those alkyl- 
guanidines which contain an unsubstituted amino 
group form nitro-compounds by direct nitration, 
the nitro group entering the non-alkylated amino 
group.’’ A similar generalization is evidently not 
valid for the alkylureas, for Degner and von Pech­
mann2 have reported that N-nitro-N-methylurea 
is produced by the nitration of methylurea with 
ethyl nitrate and concentrated sulfuric acid. 
Thiele and Lachmann3 on the other hand reported 
somewhat earlier that ethylurea yields N-nitro- 
N'-ethylurea by a similar procedure. We have 
wished to verify this difference between methyl- 
and ethylurea and to determine in general the be­

l l )  Earlier papers of this series: I, Davis and Underwood, T h is
J o u r n a l , 44, 2595 (1922); II, VI, VII, VIII, Davis and Blanchard, 
ibid., 45, 1816 (1923); 51, 1790, 1801, 1806 (1929); III, Davis,
Proc. Nat. Acad. Sei., 11, 68 (1925); IV, Davis and Abrams, Proc. 
Am. Acad. Arts, Sei., 61, 437 (1926); V, Davis and Luce, T h is 
J o u r n a l , 49, 2303 (1927); IX, X, Davis and Elderfield, ibid., 54, 
1499 (1932); 55, 731 (1933); XI, Davis and Farnum, ibid., 56,
883 (1934); XII, Davis and Ebersole, ibid., 36, 885 (1934).

(2) Degner and von Pechmann, Ber., 30, 652 (1897).
(3) Thiele and Lachmann, Ann., 288, 285 (1895).

havior of the alkylureas on nitration—and have 
carried the study farther to the nitration of two 
co-substituted biurets and to the preparation from 
one of the resulting nitro compounds of certain 
co,o>,o/-trisubstituted biurets.

The nitrate of methylurea on treatment with 
concd. sulfuric acid yields N-nitro-N-methylurea 
in which the nitro and methyl groups are both at­
tached to the same nitrogen atom, as is demon­
strated by the fact that it yields methylnitramine 
and urea when treated with ammonia. The ni­
trates of ethyl-, w-propyl- and ^-butylurea on 
treatment with concd. sulfuric acid yield alkyl- 
nitroureas in which the nitro group and the alkyl 
group are attached to different nitrogen atoms. 
Unlike methylurea they behave in the same man­
ner as the corresponding alkylguanidines. The 
structure of the N-nitro-N'-alkylureas is demon­
strated by the facts that with ammonia water 
they yield the alkylureas and with aniline the N- 
phenyl-N'-alkylureas. As would be expected 
they dearrange somewhat less readily than nitro-
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urea itself. With cupric salts and pyridine they 
form colored complex compounds which are solu­
ble in chloroform and may be extracted from aque­
ous solution by means of that solvent.

The nitrates of N,N-dimethyl-, N,N-diethyl- 
and N, N-di-^-butylurea on treatment with concd. 
sulfuric acid yield the corresponding dialkylni- 
tramines. No nitrourea derivatives could be 
found. In one experiment in which N,N-diethyl- 
urea nitrate was treated with acetic anhydride, 
diethylnitramine was produced and a portion of 
the diethylurea was recovered. The N,N-di- 
alkylureas differ then in their behavior on nitra­
tion from N,N-dimethylguanidine, which yields 
N,N-dimethyl-N'-nitroguanidine.

N,N '-dimethyl- and N,N'-diethylurea could 
not be nitrated.

co-Methyl- and w, co-dimethylbiuret on nitration 
with mixed acid yield, respectively, co-methyl-o/- 
nitrobiuret and co, co-dimethyl-co'-nitrobiuret, in 
which the nitro group has entered the otherwise 
unsubstituted amino group at the remote end of 
the molecule. The position of the nitro group is 
proved by the fact that the nitro compounds react 
with ammonia to reproduce the original un-ni- 
trated alkylbiurets. A consideration of the facts 
already known about the urea dearrangement4 
leads to the conclusions (1) that aj-methyl-co-nitro- 
biuret would dearrange to form methylnitramine 
and dicyanic acid and with ammonia water 
would yield unsubstituted biuret, (2) that o>- 
methyl- a-nitrobiuret would dearrange to form 
nitroamide, cyanic acid and methyl isocyanate, 
and with ammonia water would yield urea and 
methylurea and (3 ) that -methyl-co '-nitrobiuret 
would dearrange to form nitroamide and methyl- 
dicyanic acid, and with ammonia water would 
yield co-methylbiuret.
c h 3n h c o n h c o n h n o 2 —

n h 2n o 2 +  c h 3n h c o n c o  
CH3NHCONCO +  n h 3 — >  c h sn h c o n h c o n h 2

co,co-Dimethyl-co '-nitrobiuret similarly would yield 
dimethyl-dicyanic acid by dearrangement, and 
co, co-dimethylbiuret by reaction with ammonia. 
The probable presence of dimethyl-dicyanic acid 
is further confirmed by the reaction of co,co-di- 

methyl-co'-nitrobiuret with primary amines.
(CH3)2NCONCO +  RNH2----(CH3)2NCONHCONHR
In this way we have prepared co, co, co '-trimethylbi- 
uret, co,co-dimethyl-co '-/7-amylbiuret, and co,co-di- 
methyl-co '-phenylbiuret. None of these tri-sub-

(4) Especially the seventh and eighth papers of this series.

stituted biurets gave the biuret test with cupric 
salts and sodium hydroxide.

Experiments
N-N itro-N -methylurea.—-Twenty-two grams of dry 

methylurea nitrate, m. p. 125-126°, was added gradually 
and with stirring to 35 cc. of concd. c. p . sulfuric acid (sp. 
gr. 1.84) while the temperature was maintained below 
— 15°. The homogeneous mixture was drowned in 120 
cc. of ice-water, and the precipitate, washed, dried in a 
desiccator, and recrystallized from petroleum ether, yielded 
8 g. (41.7%) of N-nitro-N-methylurea, m. p. 156-158° 
with decomposition. The material yielded methyl- 
nitramine and urea by interaction with warm ammonia 
water. Its properties were the same as those reported by 
Degner and von Pechmann2 for the N-nijtro-N-methyl- 
urea prepared by the nitration of methylurea with ethyl 
nitrate in concd. sulfuric acid solution, and were different 
from those of the N-nitro-N'-methylurea, m .p. 105-106°, 
which the same workers prepared by the action of diazo­
methane on nitrourea.

N-Nitro-N '-ethylurea.—Forty grams of ethylurea ni­
trate, treated in a similar manner with 60 cc. of concd. 
sulfuric acid and drowned in 200 cc. of ice-water, yielded 
17 g. (49.3%) of N-nitro-N'-ethylurea, pearl-white flakes 
from petroleum ether, not hygroscopic, m. p. 133-134°. 
Thiele and Lachmann3 reported m. p. about 130-131°. 
The material yielded ethylurea by interaction with warm 
ammonia water.

N-Nitro-N'-w-propylurea.—Fifteen grams of «-propyl- 
urea nitrate, treated in a similar manner with 23 cc. of 
concd. sulfuric acid and drowned in 100 cc. of ice-water, 
yielded 8 g. (60%) of N-nitro-N'-w-propylurea, crystals 
from petroleum ether, m. p. 96°.

Anal. Calcd. for C4H90 8N3: N, 28.5. Found: N,
28.7, 28.6.

The structure of the N-nitro-N'-w-propylurea was 
proved by the fact that it reacted with aniline in warm 
water to yield N-phenyl-N'-w-propylurea, m. p. 116-117°, 
identified by mixed melting point with a sample prepared 
by the combination of phenyl iosocyanate with w-propyl- 
amine in benzene solution. Oliveri-Mandalä and Noto5 
reported the melting point of N-phenyl-N'-w-propylurea as 
114-116°.

w-Butylurea Nitrate.—Twenty-five grams of w-butyl- 
urea was made into a paste with 25 cc. of water, 20 cc. of 
nitric acid (sp. gr. 1.42) was added, and the solution was 
cooled in a freezing mixture of ice and salt. The crys­
tals which separated, after drying in a vacuum desiccator, 
melted at 62-65°. They were found to be appreciably 
soluble in benzene; recrystallized from that solvent they 
yielded the pure substance, m. p. 70-71 °, 33 g. (85.5%).

Anal. Calcd. for C6H130 4N3: N, 23.5. Found: N, 
23.2, 23.3.

N-Nitro-N '-w-butylurea.-—-Thirty grams of w-butylurea 
nitrate, treated with 45 cc. of concd. sulfuric acid and 
drowned in 150 cc. of ice-water, yielded 18 g. (66.5%) of 
N-nitro-N'-w-butylurea, m. p. 80-81 °, pearl-white fluffy 
leaflets from petroleum ether.

(5) Oliveri-Mandalä and Noto, G a z z .  c h im .  i t a l . ,  43, I, 517 (1913)-



1802 Tenney  L. D avis and N icholas D. Constan Vol. 58

Anal. Calcd. for C6Hu0 3N3: N, 26.1. Found: N,
26.0, 25.9.

The behavior of N-nitro-Nw-butylurea with ammonia 
and with aniline is typical of the behavior of the N-nitro- 
N'-alkylureas in general. It reacts less vigorously with 
these reagents than does nitrourea. The effect of the 
alkyl group is to reduce the ease of the dearrangement.

Two grams of N-nitro-N'-w-butylurea treated with 60 
cc. of strong ammonia water gave no evidence of any re­
action, and the viscous liquid which remained after spon­
taneous evaporation was strongly acid to litmus and gave a 
blue color with a solution of diphenylamine in concd. sul­
furic acid. In another experiment, the materials were 
warmed; a vigorous evolution of nitrous oxide took place, 
and the evaporation of the liquid on the water-bath gave a 
residue of w-butylurea which, even without purification, 
failed to give a test for the nitro group with the diphenyl­
amine reagent.

Three grams of N-nitro-N'-w-butylurea was treated 
with a slight excess of aniline dissolved in water. There 
was no evidence of reaction at room temperature. On 
spontaneous evaporation of the liquid, aniline separated 
first and afterward unchanged N-nitro-N'-w-butylurea. 
When a similar mixture was warmed gently it became 
milky from innumerable small bubbles of nitrous oxide. 
On continued boiling of the mixture, gassing ceased, and 
acicular crystals began to separate from the boiling liquid. 
These on recrystallization from benzene yielded pure N- 
phenyl-N'-w-butylurea, m. p. 129-130°, identified by 
analysis and by mixed melting point with a sample pre­
pared by the combination of phenyl isocyanate with n- 
butylamine in benzene solution.

Anal. Calcd. for CiiHi6ON2: N, 14.6. Found: N, 
14.8, 14.3.

w-Amylurea nitrate, m. p. 75°, was prepared in the 
same way as the nitrate of w-butylurea.

Anal. Calcd. for C6Hi504N8: N, 21.8. Found: N, 21.9,
22.0.

N-Nitro-N '-w-amylurea.—Twelve grams of w-amylurea 
nitrate, treated with 16 cc. of concd. sulfuric acid and 
drowned in 80 cc. of ice-water, yielded an oil which on 
chilling solidified to crystals. These, dried and recrys­
tallized from ether, gave 6 g. (67%) of N-nitro-N'-w- 
amylurea, m. p. 62°.

Anal. Calcd. for CßHiaOaNa: N, 24.6. Found: N,
24.6, 24.7.

By reaction with aniline in warm water N-nitro-N'-w- 
amylurea yielded N-phenyl-N'-#-amylurea, m. p. 92°, 
identified by analysis and by mixed melting point with a 
sample prepared by the combination of phenyl isocyanate 
with w-amylamine in benzene solution.

Anal. Calcd. for Ci2Hi8ON2: N, 13.6. Found: N,
13.5.

N,N-Dimethylurea nitrate was prepared by the same 
method as the nitrate of butylurea, 86.8% yield, crystals 
from benzene, m. p. 103-104°.

Anal. Calcd. for C3H904N3: N, 27.8. Found: N, 
28.0, 28.2.

Ten grams of N,N-dimethylurea nitrate was treated

with 15 cc. of concd. sulfuric acid and drowned in 75 cc. of 
of ice-water, as described, but no precipitate appeared. 
The liquid was extracted repeatedly with small portions of 
ether, and the ether extract, evaporated and cooled to a 
low temperature, gave stout needle crystals of dimethyl- 
nitramine, m. p. 79°. Franchimont6 obtained the same 
material by the action of strong nitric acid on the nitrate of 
N,N-dimethylurea.

N,N-Diethylurea nitrate was prepared by the same 
method as the other nitrates, 77% yield, crystals from 
benzene, m. p. 118°.

Anal. Calcd. for C5Hi30 4N3: N, 23.5. Found: N,
23.7, 23.5.

Twelve grams of N,N-diethylurea nitrate was treated 
with 16 cc. of concd. sulfuric acid and drowned in 80 cc. of 
ice-water, the liquid was extracted with ether, and the 
ethereal extract on distillation in vacuum yielded a small 
amount of diethylnitramine boiling as reported at 93° at 
16 mm. pressure.7 In another experiment the sulfuric 
acid solution of N,N-diethylurea nitrate was diluted 
with ether before it was poured into water, but no nitro- 
diethylurea was obtained. In another, acetic anhydride 
was used instead of sulfuric acid; some diethylnitramine 
was produced and a portion of the N,N-diethylurea nitrate 
was recovered unchanged.

N,N-Di-w-propylurea nitrate was procured in excellent 
yield by the same method as the other nitrates, m.p. 165°.

Anal. Calcd. for C7Hi70 4N3: N, 20.3. Found: N,
20.5, 20.4.

On treatment with sulfuric acid, water and ether in the 
same manner as the other nitrates, it yielded a small quan­
tity of di-w-propylnitramine boiling as reported at 76-79 ° 
at 10 mm. pressure.8

Action of Sulfuric Acid on the Nitrates of N,N'-Di- 
alkylureas.—Ten grams of finely powdered dry N,N'- 
dimethylurea nitrate was added gradually to 15 cc. of 
concd. sulfuric acid while the mixture was kept at a tem­
perature below —15°. When the liquid was poured into 75 
cc. of ice-water, no precipitate appeared. Ether and ben­
zene extracts of the acid solution gave no residues when 
they were evaporated. The solution was treated with 
barium carbonate in excess, filtered, and evaporated to 
dryness at a temperature below 55°. Ether, petroleum 
ether, and benzene extracts of the residue gave no prod­
ucts which showed a positive test with the diphenylamine 
reagent.

An experiment with the nitrate of N,N'-diethylurea gave 
a similar result.

In another experiment with N,N'-dimethylurea nitrate, 
the sulfuric acid solution was diluted with ether instead of 
with water. The ether removed most of the sulfuric acid. 
In order to determine whether any cyanic acid from the de­
arrangement of the N,N'-dimethylurea was present, the 
residue from the ether was treated with benzylamine 
in the expectation that the cyanic acid, if present, would 
combine with that material to form benzyl- or dibenzyl- 
urea, but only benzylamine sulfate, nitrate and N,N'- 
dimethylurea were identified in the mixture.

(6) Franchimont, R e e .  t r a v .  c h im . ,  2, 122 (1883).
(7) Franchimont and Umgrove, i b id . ,  16, 396 (1897).
(8) Thomas, i b id . ,  9, 79 (1890).
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Cd- Methyl- co'-nitrobiuret.—Four grams of finely pow­
dered dry w-methylbiuret9 * 28 was added gradually and with 
stirring to a mixture, below —15°, of 12 cc. of concd. sul­
furic acid (1.84) and 3 cc. of nitric acid (1.42). On drown- 
ing the clear liquid in 25 cc. of ice-water, the co-methyl- 
co'-nitrobiuret precipitated as an almost impalpable pow­
der. Washed with ice-water and dried in vacuum, this 
yielded without recrystallization 2.9 g. (52%) of product 
which did not melt but decomposed at 99-100 °.

Anal. Calcd. for C3H60 4N4: N, 34.5. Found: N,
34.5, 34.6.

cd-Methyl-cd'-nitrobiuret did not yield a chloroform 
soluble copper pyridine complex. Warmed with ammonia 
water, it yielded cd-methylbiuret, identified by mixed melt­
ing point with a known sample.

cd,w-Dimethyl-cd'-nitrobiuret.—Ten grams of co,co-di- 
methylbiuret, nitrated with a mixture of 18.5 cc. of concd. 
sulfuric acid (1.84) and 4.5 cc. of nitric acid (1.42) and 
drowned in 100 cc. of ice-water, gave 9.8 g. (73%) of 
cd,cd-dimethyhcd'-nitrobiuret, m. p. 114-115°, with de­
composition.

Anal. Calcd. for C4H80 4N4: N, 31.8. Found: N,
31.7, 31.4.

co,cd-Dimethyl-cd'-nitrobiuret, warmed with ammonia 
water, yielded co,co-dimethylbiuret, identified by mixed 
melting point with a known sample. It did not form a 
chloroform soluble copper pyridine complex.

co,cd-Dimethyl-cd'-phenylbiuret.—Two grams of co,co-di- 
methyl-cd'-nitrobiuret was treated with a slight excess of 
aniline in aqueous solution. Gassing set in at once. The 
material was warmed until gassing ceased and evaporated 
to dryness on the water-bath. The product was purified 
by recrystallization from methyl alcohol and by Sublima­
tion in vacuum. At ordinary pressure it sublimed without 
melting at about 225 °.

Anal. Calcd. for C10H13O2N3: N, 20.3. Found: N,
20.6 .

(9) Prepared according to the method of Davis and Blanchard, 
seventh paper of this series.

co,cd,co '-Trimethylbiuret, prepared in similar manner 
from cd,co-dimethyl-co'-nitrobiuret and methylamine, melted 
at 154°, small crystals from chloroform.

Anal. Calcd. for C5H11O2N3: N, 29.0. Found: N, 
29.2, 29.3.

cd,cd-Dimethyl-cd '-/z-amylbiuret, prepared in similar man­
ner from cd,cd-dimethyl-cd'-nitrobiuret and w-amylamine, 
melted at 149 °, small crystals from chloroform.

Anal. Calcd. for C 9H 19O2N 3 : N, 20.9. Found: N,
21.1.

Very few substituted biurets containing substituents in 
both thé cd- and the cd'-positions are described in the litera­
ture. Experimentation along this line is being continued.

Summary
The nitration of alkylureas has been studied by 

the method of treating the urea nitrates with con­
centrated sulfuric acid.

Ethyl-, ^-propyl- and w-butylurea, like the 
corresponding guanidines, nitrade in the non- 
alkylated amino group.

Methylurea, unlike methylguanidine, nitrates 
on the nitrogen atom which is attached to the 
methyl.

Dialkylureas in which the two alkyl groups are 
attached to the same nitrogen atom yield dialkyl- 
nitr amines.

Dialkylureas in which the two alkyl groups are 
attached to different nitrogen atoms could not be 
nitrated.

co-Methyl- and co,co-dimethylbiuret with mixed 
acid take on a nitro group in the non-alkylated 
amino group at the remote end of the molecule.

Three co, co, co'-trisubstituted biurets are de­
scribed.
Ca m br id g e , M a s s . R e c e iv e d  J u l y  1, 1936

[Co n t r ib u t io n  from  t h e  Chem istry  L aboratory  of t h e  J o h n s  H o p k in s  U n iv e r s it y ]

Studies of Crystalline Vitamin XIV. Sulfite Cleavage. IV. The Thiazole Half
B y Edwin R. B uchman

The vitamin Bi molecule is split by sulfite1 
yielding 4-methyl 5- (ß-hy droxy ethyl) thiazole2 as 
basic cleavage product. The synthesis of this 
substance from brominated acetopropyl alcohol 
and thioformamide was announced3 over a year 
ago. Subsequently H. T. Clarke and S. Gurin 
prepared2 the eompound in connection with their

(1) R. R. Williams, R. E. Waterman, J. C. Keresztesy and E. R. 
Buchman, T h is  Jo u r n a l , 57, 536 (1935).

(2) H. T. Clarke and S. Gurin, i b i d . ,  57, 1876 (1935).
(3) E. R. Buchman and R. R. Williams, Paper read before the 

Organic Division of the American Chemical Society at the New 
York meeting, April, 1935.

establishment of the presence of the thiazole nu­
cleus in the vitamin. Recently the following im- 
proved method has been developed.

NaOC2H5
CH3COCH2COOC2H5 ------------- >

c h 2—-c h 2
\ ) /

CH3COCHCCL («) SO2CI2 CHaCOCCICOv dilute
/  \ 0 -------- >  /  > °  — ►

CH2C H ,/ CH2C H /  HC1

(4) I. L. Knunyantz, G. V. Chelintzev and E. D. Osetrova, 
C o m p t .  r e n d .  a c a d .  s e i .  (U, R. S. S.), [N. &], 1, 3 i2 (1934); C . A . f
28, 4382 (1934).
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(ß) h c s n h 2
c h 3c o c h c ic h 2Ch 2o h ---- -------->-

OHCH2CH2C— s
II I

c h 3c c h  
\ n ^

The yield of thiazole varies from 8 to 12 g. per 100 
g. of ethyl acetoacetate used as starting material.

The similarity between the vitamin and the 
methiodide of the basic cleavage product has been 
pointed out.5 6 Although the resemblance does 
not extend to the siilfite cleavage,1 it was found 
that the characteristic color test which the vita­
min gives with diazotized sulfanilic acid is a prop- 
erty of quaternary salts of the hydroxy thiazole.

Experimental
Brominated Acetopropyl Alcohol and Thioformamide.7—

Thirty-one grams of 7-acetopropyl alcohol4 was dissolved 
in 150 cc. of water and stirred while 48 g. of bromine was 
added slowly at room temperature over a period of two 
hours. The aqueous layer was decanted from a small 
amount of oil, extracted with ether and the ethereal solu­
tion dried over sodium sulfate, After removal of the sol­
vent in  vacuo , the crude bromo compound (unstable even 
at room temperature), weighing 30 g., was added directly 
to 13 g. of crude thioformamide8 dissolved in 10 cc. of 
ethanol. A spontaneous reaction took place during which 
the temperature Was kept below 60° by external cooling. 
The reaction mixture, after standing overnight at room 
temperature, was heated for one hour on the steam-bath, 
taken up in water and washed with ether. Excess alkali 
was added and the liberated thiazole extracted with ether, 
dried over sodium sulfate and fractionated. The yield 
was 7.1 g.; b. p. 110-112° (3 mm.).

A n a l.9 Calcd. for G6H9NSO: C, 50.30; H, 6.34.
Found: C, 49.96; H, 6.29.

The presence in the product of a small amount of the 
isomer, 4-(y-hydroxypropyl) thiazole, may be inferred 
from the unsharp melting points of crude derivatives. 
These, on recrystallization, were found to be identical with 
corresponding material6* from the vitamin: picrolonate, 
m. p. 184° d .; picrate, from ethanol, m. p. 163°; p-nitro- 
benzoate, from methanöl, m. p. and mixed m. p. 124°.10

«-Chloro-«-acetobutyrolactone.—Sixty-four grams of 
«-acetobutyrolactone4 was placed in a flask equipped with 
a mechanical stirrer and 68 g. of sulfuryl chloride added 
over a period of one and one-half hours. The reaction 
was accompanied by spontaneous warming and a steady 
evolution of hydrogen chloride and sulfur dioxide. The 
product was washed with water, taken up in ether and dried 
over calcium chloride. Fractionation yielded 67.5 g.

(5) Acetopropyl alcohol and its simple derivatives exist largely in 
the cyclic oxide form.

(6) (a) E. R. Buchman, R. R. Williams and J. C. Keresztesy, 
T h is  J o u r n a l , 57, 1&49 (1935); see also (b) R. R. Williams and  
A. E. Ruehle, i b i d . ,  57, 1856 (1935), and ref. 2.

(7) This experiment was carried out at Teachers College, Colum­
bia University, Department pf Physiological Chemistry.

(8) S. Gabriel, B e r  , 4 9 ,  1115 (1916).
(9) Microanalyses by Dr.-Ing. A. Schoeller, Berlin.
(10) The previously recorded6® m. p. (131°) is in error.

(83% of the theoretical); b. p. 84-86° at 3 mm.; d2U
l. 325.

Anal. Calcd. for C6H70 3C1: C, 44.30; H, 4.35. Found: 
C, 44.19; H, 4.39.

Y-Chloro-Y-acetopropyl Alcohol.—Eighty-one grams of 
the chloro lactone, 80 cc. of water and 15 cc. of concen­
trated hydrochloric acid were mixed and heated under re­
flux at 100° for seventy-five minutes. During this time 
carbon dioxide was evolved and complete solution took 
place. The reaction mixture was extracted several times 
with small portions of ether and the ethereal solution dried 
over sodium Sulfate and distilled. The portion boiling at 
85-110° at 3 mm, was collected; yield 50 g. or 73%; d2\  
1.221.

Anal. Calcd. for CÖH90 2C1: CI, 25.97. Found: CI, 
27.26.

The stability of the chloro alcohol is in marked contrast 
to the behavior of the corresponding bromo compound.

4-Methyl 5-( /3-Hydroxyethyl) Thiazole.—Nine and one- 
half grams of chloroacetopropyl alcohol, 6.7 g. of crude 
thioformamide and 3 cc. of ethanol were mixed and al­
lowed to stand in a stoppered vessel for three days at room 
temperature. During this time an additional 3.0 g. of 
thioformamide was added. The product was isolated as 
described above. On distillation at 2 mm. there was ob­
tained a 4.9-g. fraction (corresponding to a 50% yield) 
boiling at 93-95°; d2\  1.196.

Anal. Calcd. for C6H9NSO: C, 50.30; H, 6.34; N, 
9.79. Found: C, 50.27; H, 6.31; N, 9.52.

The sharp melting points of even crude derivatives at­
test the high purity of the product.

The thiazole was also prepared by brominating the 
acetobutyrolactone in aqueous suspension, hydrolyzing 
the bromo lactone with 10% hydrobromic acid and con­
densing the resulting Y-bromo-Y-acetopropyl alcohol with 
thioformamide as before. The yields however are only 
about one-half of those obtained through the chloro lactone.

The thiazole methiodide,60 m. p. 89°, when treated with 
sulfite1 did not cleave appreciably but with alkali and 
diazotized sulfanilic acid11 gave the red color characteristic 
of the vitamin under these conditions. The azo test is not 
given by the hydroxy thiazole itself nor is it a general re­
action of quaternary thiazolium salts. Acetopropyl al­
cohol gave a strong positive test.

4-Methyl 5-(ß-Chloroethyl) Thiazole.68—Two grams of 
the hydroxythiazole was heated with 25 cc. of concentrated 
hydrochloric acid for three hours in a sealed tube at 145°. 
After evaporation of excess acid, the free base was liberated 
with alkali and isolated by distillation; yield 1.5 g. The 
eompound has a characteristic odor and is stable12 at 
room temperature: b. p. 74-75° (3 mm.) d2h 1.233. 
Anal. Calcd. for CeHgNSCl: C, 44.56; H, 4.99; N, 
8.67. Found: C, 44.40; H, 5.06; N, 8.60. Picrate2
m. p. 139-140°; chloroplatinate m. p. 215-218° d.; meth­
iodide m. p. 165°.

The author wishes to acknowledge the kind Co­
operation of Drs. R. R. Williams and E. E. Reid.

(11) Spot plate technique of T . B . Johnson and S. H. Clapp, J . 
B io l .  C h e m .,  5, 163 (1908).

(12) Compare F . E . Hooper and T . B . Johnson, T h is  Jo u r n a l , 56, 
470 (1934).
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Summary of synthesis of the thiazole half of vitamin Bi.
There has been described a practical method B a l tim o r e , M a r y la n d  R e c e iv e d  J u l y  20, 1936

[Co n t r ib u t io n  from  t h e  D epa r t m e n t  of  C h e m ist r y , Y a l e  U n iv e r s it y ]

Alkylacetanilidobarbituric Acids. II. p-Carbethoxy Derivatives
B y  John  A, T imm and  Jo h n  B . H ow ard1

In many instances the simultaneous administra- 
tion of either mixtures or addition products of 
hypnotic and antipyretic substances produces an 
analgesic effect.2 Further, compounds have been 
synthesized in which groups tending to exhibit 
hypnotic properties and others, antipyretic prop­
erties are present within the same molecules. 
Hepner and Frenkenberg2 have prepared 5,5- 
dialkyl derivatives of l-phenyl-3-methylbarbituric 
acid. Dox and Yoder3 have synthesized deriva­
tives of two dialkylbarbituric acids (5-ethyl-5- 
propyl- and 5-isoamyl-5-propylbarbituric acids) 
with diethylamine, ethylaniline, acetanilide, and 
phenacetin, respectively, attached to the 7 -car­
bon atom of the propyl group. Timm4 prepared 
a series of 5-alkyl-5-acetanilidobarbituric acids. 
This work has now been extended to include a 
series of 5 - alkyl - 5 - ƒ>-car be tho xy acet anilidobarbi- 
turic acids of the type

NH—CO

CO O<R
NH—CO

C H 2C O N H O ' C O O C 2H 5

These compounds may be considered as derivatives 
of ethyl ^-aminobenzoate, the local anesthetic.

(1) From the essay presented by John B. Howard to the Faculty 
of the Sheffield Scientific School of Yale University in partial fulfil­
ment of the requirements for the degree of Bachelor of Science with 
Honors, June, 1936.

(2) For a review of the literature in this field see Hepner and 
Frenkenberg, B e r . ,  66B, 123 (1932).

(3) Dox and Yoder, T h is  J o u r n a l , 45, 1757 (1923).
(4) Timm, i b i d . ,  57, 1943 (1935).

Experimental Part
Barbituric Acids Containing the ^-Carbethoxy- 

acetanilido Group.—The method used in the 
synthesis of these compounds was identical with 
that used for the corresponding acetanilido deriva­
tives4 except that ethyl ^-chloroacetaminobenzo- 
ate5 was substituted for chloroacetanilide. The 
products were recrystallized from 90% ethyl al­
cohol except in the cases of the allyl and the iso­
propyl derivatives in which cases absolute alcohol 
was used to avoid the formation of hydrates. AH 
melt with decomposition at temperatures above 
225°.

T a b l e  I
Barbituric acid, 

5-i>-carbethoxyacetanilido-
Yield,

%
--------- N  Analysis, %---------.
Calcd. Found

5-Ethyl- 40 11.63 11.54 11.60
5-Isopropyl- 9 11.20 11.22 11.24
5-w-Butyl- 13 10.79 10.78 10.81
5-Isobutyl- 25 10.79 10.73 10,77
5-Isoamyl- 43 10.42 10.41 10.43
5-Allyl- 20 11.25 11.18 11.22

Summary
The following 5-/>-carbethoxyacetanilidobarbi- 

turic acids have been prepared: 5-ethyl-, 5-iso- 
propyl-, 5-w-butyl-, 5-isobutyl-, 5-isoamyl- and 
5-allyl-.
N e w  H a v e n , C o n n . R e c e iv e d  J uly 2, 1936

(5) This eompound has been prepared in this Laboratory by Ruth 
Watts. Its preparation and properties will be reported shortly.
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[C o n t r ib u t io n  fr o m  t h e  D e pa r tm en t  of C h em istr y , U n iv e r sit y  o f  N otr e  D a m e ]

The Reaction of Butylacetylene with Hydrogen Bromide1

By Charles A. Young, R. R. Vogt and J. A. N ieuwland

Charles A. Young, R. R. Vogt and J. A. N ieuwland

Although it is a problem of much interest, rela­
tively little attention has been directed toward 
the addition of hydrogen bromide to acetylene 
compounds. Bauer2 obtained vinyl bromide and 
ethylene dibromide from acetylene and hydrogen 
bromide in the presence of gaseous oxidizing 
agents. Using catalysts such as mercuric bromide 
on asbestos, Wibaut3 obtained from acetylene and 
hydrogen bromide a mixture of ethylidene di­
bromide and ethylene dibromide, the latter 
eompound being formed in the larger amount. 
Réboul4 found that aqueous hydrogen bromide 
and methylacetylene reacted to form 2 ,2 -dibromo- 
propane and a small amount of 2-bromopropene.

During the course of the investigation in this 
Laboratory, there appeared two papers which 
furnished further data on the addition of hydro­
gen bromide to acetylene compounds. Harris 
and Smith5 found that in the presence of perben- 
zoic acid hydrogen bromide added to 10-undecy- 
noic acid to yield the 11-bromo acid, while in the 
absence of peroxides the 10-bromo acid was 
formed. Only one molecule of hydrogen bromide 
was added. On adding hydrogen bromide to 
methylacetylene Kharasch, McNab and McNab6 
obtained 1,2 -dibromopropane in the presence of 
ascaridole, and 2 ,2-dibromopropane in the ab­
sence of peroxides. No monobromopropenes were 
obtained. The results of these two papers agree 
with certain portions of the present communica­
tion.

The existence of peroxides in many acetylene 
derivatives has been demonstrated by Young, 
Vogt and Nieuwland.7 In view of the import­
ance in the field of olefins of the peroxide effect 
discovered by Kharasch and Mayo,8 it has been 
deemed advisable to study carefully the influence 
of peroxides on the addition of hydrogen bromide

(1) Fourteenth paper of a recent series on the reactions of alkyl­
acetylenes; previous paper, J .  O r g . C h e m .,  1, 163 (1936). Original 
manuscript received January 20, 1936.

(2) Bauer, U. S. Patent 1,414,852; C. A . ,  16, 2150 (1922); U. S. 
Patent 1,540,748; C . A . ,  19, 2210 (1925).

(3) Wibaut, R e e .  t r a v .  c h im . ,  50, 313 (1931).
(4) Réboul, A n n .  c h im .  p h y s . ,  [5] 14, 465 (1878).
(5) Harris and Smith, J .  C h e m . S o c . ,  1572 (1935).
(6) Kharasch, McNab and McNab, T h is  J o u r n a l , 57, 2463 

(1935).
(7) Young, Vogt and Nieuwland, i b i d . ,  56, 1822 (1934); i b id  

68, 55 (1936); J .  C h e m . S o c . ,  115 (1935).
(8) Kharasch and Mayo, Tras J o u r n a l , 55, 2468 (1933)-

to some convenient member of the acetylene se­
ries. For this purpose butylacetylene has been 
chosen.

When hydrogen bromide is passed into butyl­
acetylene containing an appreciable amount of 
peroxides, there is formed a mixture of 1-bromo-
1-hexene and 1,2 -dibromohexane in quantities de­
pending on the conditions of the experiment. At 
0 ° the hydrogen bromide is absorbed very rapidly 
and at the end of an hour only a small amount of 
unreacted butylacetylene remains. The product 
of the reaction is 1-bromo-l-hexene, together with 
a small amount of 1,2-dibromohexane. If the re­
action is carried out for a longer period of time, 
greater amounts of 1,2 -dibromohexane are formed. 
There is no formation of 2-bromo-l-hexene in the 
presence of peroxides.

The reaction of hydrogen bromide with butyl­
acetylene in the absence of peroxides occurs at a 
very much slower rate. In order to accelerate 
the addition the reaction was carried out at 15°. 
In one experiment using hydroquinone as the in­
hibitor and toluene as a solvent, less than one- 
half of the butylacetylene reacted in six hours, 
and the products of the reaction consisted of 
about one-sixth 2 -bromo-l-hexene and about five- 
sixths 1-bromo-l-hexene. Since the hydrogen 
bromide was not completely free from oxygen, the
1-bromo-l-hexene was probably produced by the 
formation of a trace of peroxide in the reaction 
mixture.

It has been found that ferrous salts rapidly de­
stroy the peroxides which are formed in butyl­
acetylene. Consequently, in attempting to add 
hydrogen bromide to butylacetylene in the ab­
sence of peroxides, both hydroquinone and ferrous 
bromide were finally used as inhibitors. No sol­
vent was used, and the reaction was carried out at 
15°. At the end of twelve hours about one-half 
of the butylacetylene had not yet reacted. and 
the remainder of the butylacetylene had been con­
verted to 2-bromo-l-hexene and 2 ,2-dibromo- 
hexane, together with a small quantity of 1- 
bromo- 1-hexene.

The addition of hydrogen bromide to butyl­
acetylene in the presence and in the absence of 
peroxides has therefore been shown to be similar
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to the additions of hydrogen bromide which nu- 
merous workers have obtained with olefins having 
a terminal double bond. However, the results 
with butylacetylene are particularly interesting 
because the peroxide effect is shown in the addi­
tion of both one and two molecules of hydrogen 
bromide.

In order to obtain further information concern­
ing the manner in which the dibromohexanes were 
formed, hydrogen bromide was added to 1-bromo-
l-hexene and to 2-bromo-l-hexene, both in the 
presence and in the absence of peroxides. With
1-bromo-l-hexene containing a small amount of 
peroxide, hydrogen bromide reacted rapidly at 
10°, giving at the end of one and one-half hours a 
75% yield of 1,2-dibromohexane. No 1,1-di- 
bromohexane was formed. Using hydroquinone 
and ferrous bromide as inhibitors, hydrogen 
bromide was passed for one hundred and twenty 
hours into 1-bromo-l-hexene at room tempera­
ture. The only reaction product was a small 
quantity of 1,2-dibromohexane. I t is evident 
that the “normal5 5 addition to form 1,1-dibromo- 
hexane occurs very slowly, if at all, under the con­
ditions used.

In the presence of peroxides hydrogen bromide 
reacted readily with 2-bromo-l-hexene at 25°, 
most of the olefin being converted to 1,2-dibromo­
hexane in four hours. No 2,2-dibromohexane 
was formed. On the other hand, the addition of 
hydrogen bromide to 2-bromo-l-hexene in the ab­
sence of peroxides, using hydroquinone and fer­
rous bromide as inhibitors, was considerably 
slower. At a temperature of 23° about two- 
thirds of the olefin had reacted at the end of nine 
hours. The product was mainly 2,2-dibromohex­
ane, but a small amount of 1,2-dibromohexane 
was also formed.

Experimental
Butylacetylene.—The butylacetylene, b. p. 70.5-70.7°, 

corr., (747 mm.), was prepared from sodium acetylide 
and butyl bromide in liquid ammonia by a modification 
of the method described by Lebeau and Picon.9

Detection of Peroxides,—In all cases where peroxides 
were used, they were formed by the unsaturated com­
pounds themselves. The peroxides were estimated colori- 
metrically, using as the reagent an acidified solution of 
ferrous ammonium sulfate and ammonium thiocyanate in 
absolute methyl alcohol. Details of this method are to 
be published elsewhere.

Addition to Butylacetylene in the Presence of Perox­
ides.—Two typical experiments will be reported. The

(9) Lebeau and Picon, C o m p t .  r e n d . ,  156, 1077 (1913); Picon, 
i b id . ,  158, 1346 (1914); i b i d . ,  169, 32 (1919).

reactions were carried out in all experiments in a 500-cc, 
three-necked flask equipped with an efficiënt mechanical 
stirrer, an inlet tube and a reflux condenser. In all cases 
the products of the reactions were washed with aqueous 
sodium carbonate and then with water. The products 
were dried with anhydrous sodium sulfate or with calcium 
chloride.

In one experiment 1.5 moles of dry hydrogen bromide 
was passed rapidly into 82 g. (1 mole) of butylacetylene 
containing a fairly good quantity of peroxides (about 0.8 
mole %). The reaction flask was cooled with an ice-bath. 
At the end of one hour the reaction was stopped. Upon 
distillation of the reaction mixture through an efficiënt 
column there were obtained 5 g. of unreacted butylacety­
lene, 120 g. of 1-bromo-l-hexene and 3 g. of 1,2-dibromo­
hexane.

In another experiment 2 moles of hydrogen bromide 
was passed for three hours into 82 g. of butylacetylene 
containing a fair amount (about 0.6 mole %) of peroxides. 
The reaction flask was cooled with an ice-bath. From 
the reaction mixture there were obtained 85 g. of 1-bromo-
1- hexene and 91 g. of 1,2-dibromohexane.

Addition to Butylacetylene in the Absence of Per­
oxides.—Two moles of hydrogen bromide was added to a 
solution of 102 g. of peroxide-free butylacetylene in 138 
g. of toluene to which had been added 0.5 g. of hydro­
quinone. The toluene facilitated somewhat the absorp­
tion of the hydrogen bromide. The reaction flask was 
maintained at 17°. At the end of six hours the reaction 
was stopped, and the product washed and dried in the 
usual manner. Upon distillation of the product there 
were obtained 67 g. of unreacted butylacetylene, 8 g. of
2- bromo-l-hexene and 38 g. of 1-bromo-l-hexene.

Using 0.25 g. of hydroquinone and 0.5 g. of ferrous bro­
mide as inhibitors, 4 moles of hydrogen bromide was passed 
into 156 g. of peroxide-free butylacetylene without any 
solvent. The temperature was kept at 15°, and the re­
action continued for twelve hours. There were obtained 
on distilling the reaction product 42 g. of butylacetylene, 
135 g. of 2-bromo-l-hexene, 6 g. of 1-bromo-l-hexene and 
39 g. of 2,2-dibromohexane.

Addition to 1-Bromo-1-hexene.—One-half mole of hy­
drogen bromide was passed during a period of one and one- 
half hours into 54 g. (1/ 3 mole) of 1-bromo-l-hexene con­
taining a trace of peroxides. The reaction temperature 
was 10°. On distilling the reaction product there were 
obtained 11 g. of unreacted 1-bromo-l-hexene and 60 g. of
1,2-dibromohexane.

A solution of 138 g. of peroxide-free 1-bromo-l-hexene, 
78 g. of benzene, 0.5 g. of hydroquinone and 1 g. of ferrous 
bromide was kept saturated with hydrogen bromide for 
one hundred twenty hours at room temperature. Three 
moles of hydrogen bromide was used. After removing 
the benzene from the reaction product, there were obtained 
120 g. of unreacted 1-bromo-l-hexene and 5 g. of 1,2- 
dibromohexane. The distillation curve gave no indication 
of 1,1-dibromohexane.

Addition to 2-Bromo-1 -hexene.—In the presence of a 
small quantity of peroxide 0.4 mole of hydrogen bromide 
was passed into a solution of 32.6 g. (0.2 mole) of 2-bromo- 
l-hexene in 39 g. of benzene. The solution was kept at 
25°. The reaction was continued for four hours. The
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reaction product consisted of 3.5 g. of 2-bromo-l-hexene 
and 41 g. of 1,2-dibromohexane.

One-half mole of hydrogen bromide was passed for nine 
hours into a solution of 32.6 g. of peroxide-free 2-bromo-l- 
hexene in 39 g. of benzene; 0.2 g. each of hydroquinone 
and ferrous bromide were used to inhibit peroxide forma­
tion. The temperature of the reaction was 23°. The re­
action product contained 10 g. of unreacted 2-bromo-l- 
hexene, 24 g. of 2,2-dibromohexane and 4 g. of 1,2-di­
bromohexane.

Identification of Products.—The properties of 2-bromo- 
l-hexene, b. p. 132.5-133.5° (740 mm.), n19D 1.4555, d20 
1.1960, agree closely with those reported by Bourguel:10 
b. p. 134° (760 mm.), w19d 1.455,'dn 1.203.

The 1-bromo-l-hexene had the properties: b. p. 139-141 ° 
(751 mm.), w20d 1.4596, dn 1.1998. Bachman11 reported 
for this eompound: b. p. 138-140° (747 mm.), w20d 1.4584, 
d202Q 1.1910. The slight discrepancy in these physical 
constants may be caused by a difference in the ratio of 
cis-trans isomers obtained in the two cases. The 1-bromo- 
l-hexene was analyzed for bromine by the method of 
Chablay, as modified by Vaughn and Nieuwland:12 
calcd. for C6HnBr, 49.0; found, Br, 49.1.

The properties of the 1,2-dibromohexane, b. p. 89-90° 
(18 mm.), «20d 1.5023, d2i 1.5767, agree well with those re­
ported by Schmitt and Boord:13 b. p. 89-90° (18 mm.), 
«2°d 1.5024, d20 1.5774.

The 2,2-dibromohexane has not been reported previ­
ously. The following physical constants were obtained: 
b. p. 83.5-84.0° (24 mm.), n22n 1.4930, calcd. MRd 45.45, 
found MRd 45.57, d22 1.5463. Anal.:12 calcd. for C6Hi2- 
Br2: Br, 65.5; found: Br, 65.4. The identity of the 2,2-

(10) Bourguel, C o m p t .  r e n d . ,  177, 688 (1923).
(11) B ach m an , T h is  J o u r n a l , 55, 4282 (1933).
(12) Vaughn and Nieuwland, I n d .  E n g .  C h e m .,  A n a l .  E d . ,  3, 274 

(1931).
(13) Schmitt and Boord, T h is  J o u r n a l , 54, 760 (1932).

dibromohexane was established by hydrolyzing it to 2- 
hexanone. This was accomplished by refluxing with silver 
sulfate in 10% sulfuric acid. The 2-hexanone boiled at 
126.10 (747 mm.), reported b. p. 126.0-126.5° (760 mm.),14 
and the semicarbazone melted at 118°, reported m. p. 
118°.1&

Summary
1. The addition of hydrogen bromide to butyl­

acetylene in the presence of peroxides derived 
from butylacetylene yielded 1-bromo-l-hexene 
and 1,2-dibromohexane.

2. In the absence of peroxides hydrogen bro­
mide yielded mainly 2 -bromo-l-hexene and 2 ,2- 
dibromohexane.

3. The addition of hydrogen bromide was 
much more rapid in the presence of peroxides 
than in their absence.

4. The addition of hydrogen bromide to 1- 
bromo-l-hexene in the presence of peroxides 
formed only 1,2-dibromohexane, while in the ab­
sence of peroxides scarcely any reaction occurred 
under the conditions used. No 1,1-dibromohex- 
ane was formed in either case.

5. In the presence of peroxides 2-bromo-l- 
hexene yielded with hydrogen bromide only 1,2- 
dibromohexane; under peroxide-free conditions 
the chief product was 2 ,2-dibromohexane, the 
other product being 1,2-dibromohexane.

(14) Clarke, i b id . ,  34, 681 (1912).
(15) Michael, i b id . ,  41, 416 (1919).

N otre D a m e , I n d ia n a  R e c e iv e d  M arch  28, 1936

[C o n t r ib u t io n  from  th e  F urm an  Chem ical L abo r ato r y , Va n d e r b il t  U n iv e r s it y ]

Extensions of the Leuckart Synthesis of Amines
B y  A. W. I ng erso ll , J. H. B r o w n , C. K. K im, W. D . B eaucham p and  G arland Je n n in g s

The conversion of certain ketones (and alde­
hydes) to the corresponding amines by heating 
with excess ammonium formate was described 
by Leuckart1 as early as 1885. The mechanism 
of the reaction has been discussed by Wallach,20 
but $3* not definitely -known. The equation
R—CO—R' +  2HCO2NH4 — >

R—CH(NHCHO)R' +  2H20  +  NH8 +  C02

appears to summarize the primary reaction, 
although formamide is doubtless an intermediate 
and may be used instead of ammonium formate.

(1) Leuckart, e t  a l . ,  B e r . ,  18, 2341 (1885); 19, 2128 (1886); 20, 104 
(1887); 22, 1409, 1851 (1889).

(2) Wallach, e t  a l . ,  (a) i b i d . ,  24, 3992 (1891); A n n . ,  269, 347 
(1892); 276 ,306  (1893); (b) i b i d . ,  300, 283 (1898); (c) i b id . ,  343, 54 
(1905).

The amine is formed by subsequent hydrolysis 
of the formyl derivative.

Although Leuckart’s method has been applied 
by Wallach2 to a number of alicyclic and terpenoid 
ketones, and appears to be rather general, it has 
found little use by others. Possibly the obvious 
advantages of economy and simplicity have ap­
peared to be outweighed by the unsatisfactory 
procedures that have so far been suggested. 
Leuckart himself, and also Wallach, ordinarily 
heated the reagents in a sealed tube at 210-240°. 
In some instances, however, Wallach2b,2c and 
others3 have shown that the primary reaction

(3) (a) Freylon, A n n .  C h im . ,  [8] 15, 141 (1908); (b) Read and 
Robertson, J .  C h e m . S o c . ,  2217 (1926); (c) Read and Johnston,
i b i d . ,  231 (1934).
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occurs, though rather slowly, upon refluxing the 
reagents at atmospheric pressure. In a recent 
example Read and Johnston3c have reported only 
a 20-25% conversion of carvomenthone to 
carvomenthylamines after forty-eight hours of 
refluxing at 130°. Thus neither the sealed tube 
process nor the refluxing process is attractive and 
the method is also known to yield the correspond­
ing secondary and tertiary amines as by-products.

Since other work in this Laboratory required 
large quantities of a variety of asymmetrie 
amines, which are conveniently derived from 
ketones, it was sought to improve Leuckart's 
method with a view to adapt it to large scale 
laboratory use and, if possible, to extend its scope. 
As the result of several years of experience a simple 
procedure has been worked out which, when ap­
plied to some twenty ketones of various types, 
has given the corresponding primary amines in 
yields usually ranging from 60 to 85% of the 
theoretical and in amounts as large as several 
hundred grams per run. It has been found that 
the proportion of secondary and tertiary amine 
produced is so small as to cause no difficulties. 
In most cases a uniform procedure can be followed, 
with slight modifications for special cases. A 
number of amines have been prepared by this 
method for which no other method of synthesis 
appears feasible.

In preliminary experiments with the refluxing 
procedure it soon appeared that formamide rather 
than ammonium formate must be made the effec­
tive reagent. Thus when the process was tried 
with acetophenone and initially solid ammonium 
formate, as suggested by Freylon,3a it was found 
that the mixture boiled freely at 150-160° but 
remained in two layers; no appreciable reaction 
occurred in ten hours. On the other hand, when 
water was allowed to distil during the process or 
when formamide was used initially, the mixture 
soon became homogeneous and the reaction oc­
curred in a few hours at 150 to 190°. The im­
proved procedure involves, therefore, essentially 
a slow distillation, with occasional return of any 
ketone that may distil; both processes may be 
combined by the use of an automatic separator. 
The general procedure is described in the Exper­
imental part.

Scope of the Method.—The improved method 
has been studied thus far principally in instances 
in which the main concern was the suitability of 
the amine for other work. In its usual form the

method appears best adapted to the conversion 
of stable, water-insoluble ketones boiling at 
about 120° or higher. These include the higher 
aliphatic ketones, acetophenone and its numerous 
analogs, and certain terpenoid ketones. For such 
ketones the yields are consistently good and the 
method is definitely superior in economy and 
convenience to the familiar methods involving the 
formation and reduction of ketoximes.

Of even greater interest is the fact that the 
method can be used successfully in instances in 
which the reduction of an oxime is inadmissible. 
Thus it was found that when ^-chloroaceto- 
phenoneoxime was reduced in the usual way with 
sodium and alcohol or with sodium amalgam and 
acetic acid, about half of the resulting mixture of 
amines was a-phenylethylamine, formed by the 
removal of nuclear halogen. On the other hand, 
the improved Leuckart method gave a high yield 
of pure a-^-chlorophenylethylamine. In the 
same way ^-bromoacetophenone and even m- 
nitroacetophenone were readily converted to the 
corresponding amines.

When applied to benzalacetone or to carvone 
the method yielded chiefly a neutral resin and 
only small amounts of the corresponding amines. 
From present experience the method is believed 
to be unsuitable for application to a, ß-unsaturated 
ketones, but otherwise appears widely applicable.

Most of the amines that were prepared have 
not been described previously. For these the 
principal constants, derivatives and analyses are 
given in the accompanying table. I t is hoped to 
describe the new amines more fully in later papers. 
There are also included in the table yield data on 
these amines and on a few other representative 
amines. In most cases the stated yields are the 
average of two or more runs and make no allow- 
ance for recovered ketone.

Experimental
General Procedure.—A satisfaetory ammonium for- 

mate-formamide reagent, sufficiënt for one mole of ketone, 
is made most economically as follows. In a 1-liter round- 
bottomed flask is placed 215 g. (4 mole-equivalents of 
ammonia) of commercial ammonium carbonate-carba- 
rnate. The flask is fitted with a cork bearing a ther­
mometer that extends nearly to the bottom, a small sepa­
ratory funnel, and a wide bent tube attached for distilla­
tion to a short, wide condenser. There is then added cau- 
tiously 215-230 g. (4.1 moles) of commercial 85-90% for­
mic acid. When the reaction moderates the mixture is 
heated cautiously and then slowly distilled until the tem­
perature is about 165°. The same amount of reagent can



1810 A. W. I ngersoll , J. H. Bröwn, C. K. K im, W. D. B eaucham p And  Ö . J e n n in g s  Vol. 58

T a b le  I

Ketones
Yield,

Amines %
B. p.,
°C.*' Sp. gr. „25d

Benzoyl
deriv.,

0Cj

,-------- Hydrochloride--------->
,  jr Analysis, 
M-P.' %C1 ion

Calcd. Found

Acetophenone dl- a:-Phenylethyl-c 72 184-185
/»-Methylacetophenone dU a-p-T olylethyl-^ 72 204-205
w~Methylacetophenoneft dl-a-m-Tolyl-

ethyl-/ 70 204-205 0.9344202o 1.4924 113-114 164-165 20.60 20.79
p-Chlor oacetophenone dl-oi-p- Chlor o- 

phenylethyl-7 82 105/10 mm. 1.11782% 1.5420 144-145 192-193 18.46 18.47
/»-Bromoacetophenone dl-a-p-Btomo-

phenylethyl--^ 79 116/10 mm. 1 .3910202o 1.5641 150-151 213-214 14.99 15.02
/»-Methoxyacetophenone dl- «-/»-Methoxv- 

phenylethyl-/ 68 126/20 mm. 1.0174264 1.5280 117-118 160-161 18.90 18.79
/»-Phenylacetophenone

/»-Phenoxyacetophenone6

dl-a-p-'K.e nyl- 
ethyl-*

dl-a-p-Phenoxy- 
phenylethyl--^

77

69 i

178-179

113-114

220-221

180-181 14.21 14.09
ß-Acetonaphthone d/-Methyl-/3-naph-

thylcarbin-/ 84 i 151-152 198-199 17.09 17.19
m -  Ni troace t ophenone dl-a-m* Nitro- 

phenylethyl-^ 56 i 156-157 223-224 18.81 18.76
dZ-Fenchone dZ-Fenchyl^ 85 190-191 0.8971 202o 1.4711 131-133 >250 18.70 18.72
d-Camphor ^-Bornyl- 4- neo- 

bornyl-0 62
Pinacolone dZ-Methyl-/-butyl-

carbin-Ä 52 102-103 98-99 >250

a Prepared from w-tolylmagnesium bromide and acetonitrile. The yield was poor. Cf. Jaspers, Buil. soc. chim. 
belg., 34, 182 (1925). 6 From diphenyl ether and acetic anhydride in 90-94% yields by the procedure of Noller and
Adams, T h is  J o u r n a l , 46, 1892 (1924). B. p. 182° (8 mm.), m. p. 50°; oxime m. p. 136°; semicarbazone m. p. 164°; 
2,4-dinitrophenylhydrazone m. p. 213°, cf. Kipper, Ber., 38, 2491 (1905). 0 Kraft, ibid., 23, 2783 (1890). d Stenberg, 
Z . physik. Chem., 70, 534 (1910). 6 Ingersoll and White, T h is  J o u r n a l , 54, 274 (1932). f Not previously described.
0 The mixture contains about 70% of nepbornylamine. Cf. Förster, J. Chem. Soc., 73, 386 (1898). h Markownikoff, 
Ber., 32, 1448 (1889). 4 Distilled with partial decomposition at 10 mm. Purified by crystallization of the hydrochloride
or /»-toluene sulfonate. * Temperature taken with short range thermometer without further correction.

be obtained by distilling 250 g. of commercial solid ammo­
nium formate instead of the reagents mentioned, but this 
offers no advantage.

To the reagent described above the ketone is added and 
the heating continued with a small flame. The reaction 
occurs fairly rapidly in the range 160-185° and may be 
accompanied by mild foaming. Water, ammonia, carbon 
dioxide and more or less ketone distil. The distillate is 
conveniently collected in a separatory funnel. The mix­
ture gradually becomes homogeneous as the proportion of 
formamide increases. The distilled ketone, if any, is sepa­
rated from time to time and returned to the reaction mix­
ture. Alternatively, when rather volatile ketones are 
used, the reaction may be run in a flask fitted with a simple 
automatic separator so arranged as to return the (upper) 
ketone layer and discharge the aqueous layer.

When distillation of water practically ceases and the 
temperature reaches 175-185°, the temperature is main­
tained in this range for three to ten hours longer. In most 
cases three to four hours is sufficiënt; a longer time was 
found necessary only for “hindered” ketones such as cam- 
phor and fenchone. The end of the reaction is fairly 
clearly marked when the deposition of ammonium carbo­
nate in the condenser nearly ceases. The rate of reaction 
increases somewhat with temperature, but above about 
185° a faint odor of cyanide becomes apparent and the

mixture tends to change from straw-color to dark brown 
The heating may be interrupted and resumed at any time.

When the reaction is complete the mixture is cooled and 
stirred thoroughly with twice its volume of water. The 
aqueous layer is separated and may be used for the recovery 
of formamide by distilling to 165°. Recovered formamide 
should be used only with the same ketone. The formyl 
derivative of the amine, mixed with unused ketone, may or 
may not solidify. It can be purified by vacuum distilla­
tion or crystallization, but this is nöt necessary. The 
crude, wäter-insoluble material is refluxed with about 1Ö0 
cc. of concentrated hydrochloric acid for each mole of ke­
tone used. Water may be added, if necessary, to keep the 
amine hydrochloride in solution. Hydrolysis is usually 
complete in thirty to fifty minutes, as shown by the solu­
tion of all but a small amount of inert material, consisting 
of unchanged ketone and condensation products. This is 
extracted with small portions of benzene and discarded or 
saved for recovery of the ketone. The latter may some­
times be recovered conveniently by steam distillation of the 
acid mixture. When the ketone is resinified by the action 
of hot acid, it may best be steam-distilled previously to hy­
drolysis. The corresponding formyl derivative of the amine 
is usually much less volatile, but may also distil with steam.

The amine is obtained from the aqueous acid solution by 
a method appropriate to its physical properties, When
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sufficiently volatile it is best purified by liberation with al­
kali and distillation with steam* The small amounts of 
secondary and tertiary amines present are thereby almost 
completely left behind. The distilled amine is extracted 
with benzene, dried, and redistilled as usual. When the 
amine is not very volatile it may often be obtained directly 
from the acid solution by fractional crystallization of the 
hydrochloride or may be purified in other ways.

Notes and Modifications*—The above procedure was 
not satisfaetory with camphor because the sublimate 
rapidly clogged the apparatus. This difficulty was readily 
overcome by adding to the camphor about one-half its 
weight of nitrobenzene. The latter is unaffected by heat­
ing with formamide and serves to liquefy the camphor in 
both the reaction mixture and the distillate. The nitro­
benzene and unchanged camphor are removed by steam 
distillation following the hydrolysis of the amine.

A similar procedure was fairly successful when applied to 
pinacolone. The nitrobenzene in this case appeared to 
diminish the distillation of the rather volatile ketone (b. p. 
106°) and also served to extract it from the aqueous por­
tion of the distillate. However, the genera! procedure de­
scribed above is not regarded as suitable for the more vola­
tile and water-soluble ketones. With such ketones it 
would appear better to start with substantially pure for­

mamide and carry out the reaction entirely by refluxing. 
The small amount of water formed in the reaction causes 
no difficulty. In comparative experiments upon aceto­
phenone and fenchone the yield was 4-6% better with pure 
formamide (4 moles) than with the usual reagent. With 
cheap ketones, however, the use of formamide is not jus- 
tified, because of the extra cost.

In a series of experiments with acetophenone the per­
centage yields of amine were 53, 62, 72 and 72, respectively, 
when the molar ratios of reagent to ketone were 3.0, 3.5, 
4.0 and 5.0. In experiments with 2 :1 and 4:1 ratios of pure 
formamide the yields were 23 and 78%, respectively.

Runs were made with from 0.1 mole to 4.0 moles of ke­
tone without important variations in yield. There is no 
apparent reason why the scale may not be as large äs de­
sired.

Summary
1. The Leuckart synthesis of amines from 

ketones has been improved and adapted to large 
scale use. A general procedure is described.

2. Eight new amines have been prepared and 
described.
N a sh v il l e , T e n n e s s e e  R e c e iv e d  J u n e  29, 1936

[C o n t r ib u t io n  from  t h e  F ric k  Chem ical L aboratory  of P r in c e t o n  U n iv e r s it y ]

The Methyl and Phenyl Derivatives of the Nitrophthalhydrazides
B y C. N . Zellner  and  G regg D ougherty

The brilliant chemiluminescence of some of the 
phthalhydrazide derivatives has created an inter­
est in the chemistry and structure of these com­
pounds. Of the three structures which have been 
proposed for phthalhydrazide

/ c o y - H

n /C0'LoA-n x CO-
I II

^ N - N H *

>N—NH2

U °
III

I and II have received the most serious considera- 
tion. The work of Radulescu and Georgescu,1 
Moyer,0 and Rowe and Peters3 on the various 
methylated and acetylated phthalhydrazides has 
indicated that structure I or a tautomeric modifi­
cation of it is preferable to structure II. These

(1) Radulescu and Georgescu, B u i l .  s o c .  c h im . , 37, 8S1 (1925).
(2) Moyer, private communication.
(3) Rowe and Peters, J .  C h e m . S o c . , 1331 (1933).

workers confined their efforts to phthalhydrazide 
which was not substituted in the benzene ring,

It is obvious that, if the hydrazide structure I 
is correct, the presence of a substituent in the 
aromatic nucleus would make possible the exist­
ence of various isomeric non-nuclear alkyl or aryl 
derivatives not capable of existence on the basis 
of the aminophthalimide formula II. Also the 
study of a nuclear substituted hydrazide should 
give some indication of the normal tautomeric con­
dition of the molecule. In order to test these 
points the present work with the nitrophthalhy­
drazides was undertaken.

The reaction of 3-nitrophthalic anhydride with 
methylhydrazine acetate gave two isomeric mono- 
ethyl derivatives which were produced in almost 
equal proportions, one melting at 305°, and the 
other at 273°. Both were readily acetylated, 
the two monomethyl monoacetyl derivatives 
melting at 211 and 144°, respectively. (All 
melting points have been corrected.) The exist­
ence of two ^-methyl compounds is easily ac­
counted for on the basis of the hydrazide struc­
ture
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\ N—H

/N 0 2

/Nv--CH*
| and 1/ N —CH3

V U\co/N~-H

It is not yet possible to say which of the structures 
should be assigned to which isomer. On the basis 
of Mihailescu’s aminophthalimide structure II ,4 
this type of isomerism would not be possible.

The same two ^-methyl-3-nitrophthalhydra­
zides were obtained by treating 3-nitrophthalhy- 
drazide with dimethyl sulfate in alkaline solution. 
This is an indication that the double enolic form,
i. e.,

/O —H 
rv

/  N n
n o 2c 8h 3<

S<N X)—H

does not occur to any extent at least in alkaline 
solution, otherwise an o-methyl derivative would 
have been obtained. With excess dimethyl sul­
fate two dimethylnitrophthalhydrazides were ob­
tained, melting at 207 and 138-139°, respectively. 
The derivative of m. p. 207° was also prepared 
by reaction of the higher melting ^-methyl-3-ni- 
trophthalhydrazide with dimethyl sulfate in al­
kaline solution, whereas the lower melting di­
methyl derivative was obtained from the lower 
melting mono-methyl eompound. Again, the 
existence of the isomeric dimethyl derivatives is 
evidence against Mihailescu’s formula. The fact 
that the two were obtained by the methods out- 
lined indicates strongly that they are n-methyl o- 
methyl derivatives

/NO: -CH3

- c h 3
and

■CO'

c h 3

O—CHs

This was further substantiated by the preparation 
of a third dimethyl derivative from 3-nitro- 
phthalic anhydride and symmetrical dimethyl hy­
drazine. In this case there is little doubt but that 
both methyl groups are attached to nitrogen;

/ N 0 2
/  yO O —-N—CH3

CO—N —CH3

vCO.
n o 2c6h 3<

A fourth dimethyl derivative was obtained from 
the anhydride and unsymmetrical dimethyl hy­
drazine to which the aminophthalimide structure,

N /CH3
>N—N<

n cck NCHa

must be assigned. The remaining structurally 
possible dimethyl derivative in which both methyl 
groups are attached to oxygen is apparently not 
formed by any of the ordinary methods of methyl­
ation.

Since in the alkylation of 3-nitrophthalhydra- 
zide in alkaline solution, the first methyl group 
goes to the nitrogen and the second to oxygen, it 
appears that the lactam-lactim form of the com­
pound, is present and most Q
reactive under the condi- 
tions. This conclusion, also 
arrived at by Rowe and 
Peters,3 is important when 
considering the mechanism 
of the oxy-luminescence of phthalhydrazide de­
rivatives, always carried out in alkaline solution.

Using 4-nitrophthalic anhydride and the hy­
drazide, a set of monomethyl and dimethyl de­
rivatives was prepared similar to those obtained 
from the 3-nitro compounds. These are de­
scribed in the experimental part. The reaction 
between phenylhydrazine and the 3 and 4-nitro­
phthalic anhydrides was studied. In this case 
only one of the two possible w-phenylhydrazides 
was formed in sufficiënt quantity to permit isola­
tion and purification. A second eompound was 
formed of the anilino-

n o 2c6h 3<
""Nn —h

I
/ N

< o - „

✓ ca
phthalimide type, N 0 2—C6H3<^^^>N—N<Q

/H

vc6h 6

(4) Mihailescu and Protopopescu, C h e m . Z e n t r . , 101, II, 3021 
(1930); B u le t .  S o c .  C h im .  R o m a n i a ,  12, 95 (1930).

so that methylhydra- 
zine and phenylhydrazine do not behave in quite 
the same way in this reaction. The aniline- 
phthalimide type is insoluble in alkalies which 
difïerentiates it sharply from the w-phenyl deriva­
tives of the nitrophthalhydrazides.

Experimental
a-3-N itro-N -methyl Phthalhydrazide.—9.6 g. (0.05 

mole) of 3-nitrophthalic anhydride was dissolved in 50 cc. 
of acetic acid. To the hot solution, a 20-cc. aqueous solu­
tion of 7.2 g. (0.05 mole) of mono-methylhydrazine sulfate 
and 6.8 g. of sodium acetate crystals, was added. The 
reaction mixture was heated to boiling, using an air con­
denser, until all the acetic acid was driven off. The residue 
was washed in portions of warm water and the two isomers 
were fractionally recrystallized from alcohol, until con­
stant melting points were obtained. The more insoluble 
isomer melted at 305° (cor.).
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Anal. Calcd. for C9H70 4N3: C, 48.86; H, 3.19. Found: 
C, 48.62; H, 3.09.

Boiled in acetic anhydride, it yielded a mono-acetyl de­
rivative which when recrystallized from alcohol melted at 
211° (cor.).

Anal. Calcd. for CnHgOeNa: C, 50.18; H, 3.45. Found; 
C, 50.52; H, 3.72.

ß-3-Nitro-N-methyl Phthalhydrazide.—The more sol­
uble ß-compound melted at 273° (cor.).

Anal. Calcd. for C9H7O4N3: C, 48.86; C, 48.86; H, 
3.19. Found; C, 48.56; H, 3.19. Its acetyl derivative 
melted at 144° (cor.).

Anal. Calcd. for C11H 9O0N 3 : C, 50.18; H ,3.45. Found: 
C, 50.17; H, 3.71.

3-Nitro-N,N—dimethyl Phthalhydrazide.—In like man­
ner, from 3-nitro phthalic anhydride and symmetrical 
dimethylhydrazine hydrochloride and sodium acetate; 
m. p. 203° (cor.).

Anal. Calcd. for C10H 9O4N 3 : C, 51.05; H ,3.86. Found: 
C, 50.89; H, 4.06.

3-Nitro-N-dimethylamino Phthalimide.—From 3-nitro­
phthalic anhydride and unsym.-dimethylhydrazine hydro­
chloride and sodium acetate; m. p. 200-201° (cor.).

Anal. Calcd. for C10H 9O4N 3 : C, 51.05; H,3.86. Found: 
C, 50.93; H, 4.08.

3-Nitro-N-methyl o-Methyl Phthalhydrazides.—Pre­
pared by the action of excess dimethyl sulfate, in a dilute 
alkaline solution, on 3-nitrophthalhydrazide. The two 
isomers are separated by fractional crystallization from al­
cohol; the «-derivative melted at 207° (cor.).

Anal. Calcd. for CnHgOeNg: C ,51.05; H ,3.86. Found: 
C, 51.31; H, 3.97. The ^-derivative melted at 138-139° 
(cor.).

Anal. Calcd. for CuH90 6N3: 0,61.05; H, 3.86. Found: 
C, 51.20; H, 3.69.

The former was also obtained from «-3-nitro-N-raethyl- 
phthalhydrazide with dimethyl sulfate, in alkaline solution, 
and the latter from the ß-derivative.

In like manner from 4-nitrophthalic anhydride and the 
corresponding hydrazines the following were obtained:

«-4-Nitro-N-methyl Phthalhydrazide and ß-4-Nitro N- 
methyl Phthalhydrazide separated by fractional crystalli­
zation from alcohol. The «-eompound melted at 310- 
311° (cor.).

Anal. Calcd. for C9H 7O4N 3 : C ,48.86; H ,3.19. Found: 
C, 48.89; H, 3.11.

Its acetyl derivative melted at 213-214° (cor.).
Anal Calcd. for CnH9OßN3: C, 50.18; H, 3.45. Found: 

C, 50.23; H, 3.50.

The ß-compound melted at 271-2720 (cor.). Upon acety­
lation it yields an acetyl derivative melting at 170-171° 
(cor.).

Anal. Calcd. for CnHsOjNs: C, 50.18; H, 3.45. Found: 
C, 49.93; H, 3.36.

4-Nitro-N,N'-dimethyl Phthalhydrazide.—M. p. 203.5° 
(cor.).

Anal. Calcd. for CioH904N8: C, 51.05; H, 3.86. Found: 
C, 51.03; H, 3.86.

4-Nitro-N-dimethylamino Phthalimide.—M. p. 202° 
(cor.). A mixed melting point determination with the 
preceding eompound showed a large depression.

4-Nitro-anilino Phthalimide.—Prepared by refluxing 4- 
nitrophthalic anhydride and phenylhydrazine in HOAc 
for two and a half hours. On cooling, the crystals were 
filtered and treated with sodium carbonate solution. 
The insoluble product, recrystallized from alcohol several 
times, melted at 182° (cor.).

Anal. Calcd. for C14H9O4N3: C, 59.31; H, 3.21. Found: 
C, 59.54; H, 3.26.

4-Nitro-N-phenyl Phthalhydrazide.—Was obtained on 
acidifying the above sodium carbonate solution. After 
three recrystallizations from alcohol, it melted at 253° 
(cor.).

Anal. Calcd. for Ci4H90 4N3: C, 59.31; H, 3.21. Found: 
C, 59.24; H, 3.33; C, 59.38; H, 3.33.

Its acetyl derivative melted at 186° (cor.).
Anal. Calcd. for CieHnOöNs: C, 59.08; H, 3.38. Found: 

C, 58.81; H, 3.31.
3-Nitroanilino Phthalimide.—From 3-nitrophthalic an­

hydride and phenylhydrazine, after washing in dilute so­
dium hydroxide solution, and recrystallization from al­
cohol: in. p. 198-199° (cor.).

Anal. Calcd. for Ci4H90 4N3: C, 59.31; H,3.21. Found: 
C, 59.39; H, 3.18.

Summary
Evidence has been obtained in favor of the hy­

drazide structure as opposed to the amino-imide 
structure for substituted phthalhydrazides. It 
has been shown that in the methylation of the 
nitrophthalhydräzides in alkaline solution, the 
compounds behave as if they possessed the lac- 
tam-lactim structure.

The preparation of various methylated and 
phenylated nitrophthalhydräzides has been de­
scribed and some of their properties noted. 
P r in c e t o n , N. J. R e c e iv e d  J u l y  15, 1936
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NOTES

New Types of Racemization Reactions
B y  E r n st  B e r g m a n n  a n d  A l fr e d  B o ndi

To the number of racemization reactions 
which obviously are of fundamental importance 
for our knowledge of the stability of spacial con- 
figurations, three new types have recently been 
added: (a) the racemization of methylalkyliodo- 
methanes by interaction with iodide ions, 1 (b) 
the racemization of 2 -bromohexane during its 
conversion into the Grignard eompound,2 and
(c) the racemization occurring during the inter­
action between active ethyl propylmethylacetate 
and phenylmagnesium bromide.3 Only the first 
of these three types has so far a theoretical and 
experimental treatment.

For case (b) one would perhaps be inclined to 
assume that racemization is due to electrolytic 
dissociation of the Grignard eompound. But 
this assumption seems inadmissible, since negative 
carbonium ions seem to be sufficiently stable,4 
while positive ions of carbon are unstable.5 There­
fore one has probably to conclude that the racemiza­
tion belongs to type (a): the bromide is racemized 
by bromide ions, which are formed by the ordinary 
equilibrium reaction 2RMgBr R2Mg +  MgBr2. 
The case, therefore, is analogous to the racemiza­
tion of phenylmethylchloromethane by interac­
tion with magnesium or sodium metal.1,6

For case (c) the following Suggestion has been 
advanced by Bergmann and Hartrott.3 The 
ester does not undergo racemization—it is un­
stable only in alkaline solution7—but the carbinol 
is subjected to an equilibrium (Me) (Pr-a)CH- 
C(OH)Ph2 ^  H20  +  (Me)(Pr-<x)C==CPh2, 
whereby the asymmetry is destroyed. It is well 
known that diphenylalkylcarbinols are easily 
dehydrated. If this explanation is correct, ethyl 
propylmethylacetate should give optically active 
carbinols with simple aliphatic alkylmagnesium 
halides, since compounds like (2 -penty 1) -diethyl-

(1) Bergmann, Polanyi and Szabo, Z. p h y s ik .  C h e m ., 2OB, 161 
(1933); T r a n s .  F a r a d a y  S o c . ,  32, 843 (1936).

(2) Porter, T h is  J o u r n a l , 67, 1436 (1935).
(3) Bergmann and Hartrott, J .  C h e m . S o c . ,  1218 (1935).
(4) Wallis and Adams, T h is  J o u r n a l , 64, 4753 (1932); 55, 3838 

(1933).
(5) Bergmann and Polanyi, N a t u r w i s s e n s c h a f t e n ,  21, 378 (1933).
(6) Ott, B e r . ,  61, 2124 (1926).
(7) Menon and Peacock, J .  I n d .  C h e m . So c.,  12, 268 (1935).

carbinol, (Me)(Pr-a)CHC(OH)Et2, do not lose 
water so easily. The conclusion has been con­
firmed by experiment. Into a solution of ethyl­
magnesium bromide (from 2.5  g. of magnesium 
and 11 g. of ethyl bromide), active methyl propyl­
methylacetate (4 g., rotation in acetone, l = 1, 
c = 2.70, aj> —0.19°; hence [ck]d —7.04°) was 
introduced. The rather violent reaction was 
completed by boiling for thirty minutes, then the 
mixture was decomposed with ice and ammonium 
chloride and the ethereal layer dried with an­
hydrous sodium sulfate and evaporated. The 
(2-pentyl)-diethylcarbinol boiled at 92-93° (32 
mm.); yield 2.9 g. Calcd. for Ci0H22O: C, 75.9; 
H, 14.0. Found: C, 75.8, 75.4; H, 14.4, 14.1. 
Rotation in acetone: l = 1, c = 2.80, a 22D 
-0.365°; hence [«]22d -13.04°.
T h e  D a n ie l  S ie f f  R e se a r c h  I n st it u t e
R ehovoth, P alestiNe R eceived  April 9, 1936

The Preparation of Pure Apocodeine and its 
Hydrochloride

B y  K a rl  F o lkers

Early preparations of apocodeine were complex 
mixtures. 1 Knorr obtained 1 ‘pseudoapocodeine’ ’2 
by melting codeine with oxalic acid, and later he 
showed3 that his apocodeine was identical with 
the monomethylation product of apomorphine; 
although this latter product had been reported 
earlier by Pschorr,4 but with widely different 
physical properties. Later methods6 of making 
apocodeine from codeine with zinc and sodium 
chlorides still introduced apomorphine impurities, 
which necessitated the use of a troublesome per­
chlorate, chromate or phosphate salt for purifica­
tion.

Nevertheless, a certain confusion exists in the
(1) Small, “Chemistry of the Opium Alkaloids.“ Supp. No. 103. 

Public Health Reports, 1932, pp. 183, 362.
(2) Knorr and Roth, B e r . ,  40, 3355 (1907). The name pseudo­

apocodeine was introduced by Knorr as he believed pseudocodeine 
to be an intermediate in the transformation of the morphine nucleus 
to the aporphine nucleus. Apocodeine is the generally accepted 
name, and it suggests the same relationship to codeine that apo­
morphine has to morphine.

(3) Knorr and Raabe, i b i d . ,  41, 3050 (1908).
(4) Pschorr, Jaeckel and Fecht, i b i d . ,  35, 4377 (1902).
(5) German Patent 489,185, F r  d l . ,  16, 2485.
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literature6 concerning the chemical properties of 
pure apocodeine.

The herein described method is an improvement 
of the Knorr reaction, and a confirmation of 
Knorr’s properties of apocodeine with ethanol of 
crystallization. The pure anhydrous base and 
hydrochloride have not been described pre­
viously.

Apocodeine.—Twenty grams of anhydrous codeine and 
60 g. of anhydrous oxalic acid,7 were heated for one and 
one-half hours aX 150-155° bath temperature with very 
slow stirring. The melt was cooled and diluted with 250 
ml. of water. After complete solution, it was further di­
luted to 600 ml. in a separatory funnel, shaken with 300 
ml. of ether, and the bases precipitated with addition of 
concentrated ammonia solution. Too slow Operation 
caused troublesome crystallization of ammonium oxalate. 
The ether layer was separated, filtered and distilled in 
vacuo. A residue of 5.8 g. remained, which was dissolved in 
15 ml. of absolute ethanol. Nearly pure apocodeine with 
a molecule of ethanol crystallized on standing at 10°; yield
2.7-2.8 g. (12.8%). One crystallization gave pure white 
Products of m. p. 104.5-106,5° with gas evolution [« ]23d 
—90.0, C, 0.533, abs. ethanol, 1 = 1 .  Further crystalliza­
tion did not change the melting point or optical rotation.

Anal. Calcd. for C18Hi90 2N C 2H50H: C, 73.35; H, 
7.70; C2H6OH, 14.06. Found: C, 72.99, 73.01; H, 7.57, 
7.76; C2H5OH, 13.76.

The base was best purified by recrystallization from ab­
solute ethanol. The use of the hydriodide as Knorr sug­
gested resulted in partial oxidation. The crystals showed 
no ready tendency to oxidize, unless they were finely pul­
verized. The ethanol was lost very slowly at 25° (2 mm.), 
but readily at 78° (2 mm.). The anhydrous base showed 
m. p. 122.5-124,5°.

Anal. Calcd. for Ci8H190 2N: C, 76.82; H, 6.81.
Found: C, 76.63, 76.80; H, 7.02, 7.06.

As Knorr described, there were ether and water im 
soluble bases present. It was found, however, that nearly 
all the apocodeine was extracted by the ether. In one ex­
periment very little more was obtained by redissolving 
the insoluble bases with acid, reprecipitating, extracting 
etc. A third repetition of this process yielded no more 
apocodeine. Thus it was not necessary to bring all the 
precipitated bases into ether solution as Knorr described. 
In fact, the moderate insolubility of pseudocodeine8 and 
the amorphous products in ether make the first extraction 
one of considerable purification.

Apocodeine Hydrochloride.—To a solution of the base 
in absolute ethanol was added the calculated amoünt of 
dry hydrogen chloride in absolute ethanol and» while hot, 
absolute ether was added until crystallization started. 
The yield of pure white salt was quantitative; m. p. 
softening started at 140°, dec. at 260-263°; [a]22ï> —41.3 
to 43.3°; c, 0.508; H2G, 1 = 1. Recrystallization from

(6) For example, see Krayer, A r c h .  e x p t l .  P a t h .  P h a r m . ,  111, 60 
(1920). Schwartze, A r c h .  i n te r n ,  p h a r m a c o d y n a m ie ,  41, 461 (1931).

(7) “Organic Syntheses,” Coil. Vol. I, John Wiley and Sons, 
Inc., New York, 1932, p. 415.

(8) Lutz and Small, T h is  J o u r n a l , 54, 4723 (1932).

95% ethanol and ether did npt alter the physical constants. 
The salt was practically anhydrous.

Anal. Calcd. for C18Hi90 2N HCl.: C, 68,QQ; H, 6,35. 
Found: C, 68.26, 67.92; H, 6.35, 6.22.
R e se a r c h  a n d  D e v el o pm e n t  
M e r c k  & Co., I n c .
R a h w a y , N. J. R e c e iv e d  J u l y  3, 1936

The Thermal Decomposition of Acetone
By John R, Huffman1

The present experiments were ündertaken to 
discover whether the unimolecular rate constant 
for the thermal decomposition of acetone feil off 
at low pressures and in such a case to apply the 
theories of Rice and Ramsperger and of Kassei.2 
Recently Winkler and Hinshelwood3 working at 
875°K. and pressures down to 2.5 mm. reported 
that this decrease of rate constant started at 100  
mm.

Acetone was decomposed in a 200-cc. silica 
bulb in a furnace automatically controlled to

T a b l e  I
Run Po, mm. k  X IQ4 Run Po, mm. k  X 104

59 128 .6 10 .86 46 5 6 .2 9 .7 0
65 12 7 .2 11 .39 63 5 5 .9 9 .8 5
64 124 .3 11 .17 42 5 3 .5 9 .4 1
69 1 20 .4 10 .72 22 4 7 .8 9 .3 8
71 115 .5 1 1 .42 37 4 5 .9 8 .8 0
58 112 .6 11 .33 35 4 1 .6 8 .6 8
73 107 .0 10 ,96 24 3 4 ,9 9 .0 5
72 1 01 .2 10 .32 75 3 5 2 8 .5 0
57 1 00 .2 10 .69 76 3 5 .1 8 .6 6
61 100 .2 11.31 36 2 7 .8 8 .1 2
66 9 9 .0 1 1 .27 m 2 7 .8 7 .0 8
70 9 8 .6 1 1 .35 45 2 5 .6 8 .1 8
60 8 6 .7 10 .78 31 2 2 .9 7 .6 5
68 8 3 .4 10 .42 23 2 1 .5 8 .0 7
74 8 0 .4 10 .60 52 2 1 .8 5 8 .3 6
50 7 8 .8 10 .93 34 18 .54 7 .4 3
40 7 8 .3 10 .75 29 17 .86 7 .6 8
51 7 8 .2 10 .4 8 27 17 .08 7 .4 3
55 7 4 .3 10 .79 44 16 .60 7 .4 8
62 79 .1 10 .32 43 16 .53 7 .3 7
56 7 6 .3 10.13 25 15 .53 6 .8 3
49 7 2 .5 10.53 33 12.80 6 .8 6
39 7 2 .9 10 .60 30 9 .7 1 5 .9 2
41 6 6 .Q 9 .7 9 28 7 .51 5 ,5 1
48 62 .1 10 .08 26 7 .4 9 5 .4 0
38 6 0 .7 9 .5 4 54 5 ,6 5 5 .0 6
47 5 7 .7 9 .9 0 53 4 ,6 8 4 -5 0
67 5 8 .5 9 .8 8

(1) Sterling Research Fellow in Chemistry, Yale University, 1933- 
1934.

(2) For a detailed discussion and references se<e Kassei, “Kinetics 
of Homogeneous Gas Reactions,” A. C. S. Monograph No. 57, Chemi­
cal Catalog Company, New York, 1932.

(3) Winkler and Hinshelwood, P r o c .  R o y .  S o c .  (London), Af.49, 
340 (1935).
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±0.2°. Pressures were read either on a mercury 
or a bromonaphthalene-mercury manometer. 
Experimental errors were smoothed out by a proc­
ess of graphical differentiation and re-integration.4 
To correct for dead space (1.7%) the rate con­
stants were calculated by the method suggested 
by Allen.5 These constants feil off during a run 
due to the second step in the decomposition and 
consequently were extrapolated to zero time. 
The results, corrected slightly to 826°K., are pre­
sented in Table I.

A second series of runs was made to deter­
mine the temperature effect of the high pressure 
reaction. This is expressed by the equation 

ln kop =  3 4 . 5 2  -  6 8 1 2 0 / R T  
and is shown in Table II.

T a b l e  II
T , °  K .  8 1 7  8 2 6  8 3 6  8 4 5 . 5  8 5 4

& oo x  1 0 4 5 . 8 5  9 . 3  1 5 . 4 1  2 4 . 1 8  3 4 . 8 8

A plot of k versus P 0 (km = 0.001125 at 826°K.) 
establishes 100 mm. as the pressure where the re­
action commences to fall off, checking the results 
of previous workers. A plot of 1/k versus 1/Pq 
indicates a break at 40 mm. pressure suggesting 
a second mode of activation.

Application of Hinshelwood’s simple theory 
gives 22 active degrees of freedom. Using O. K, 
Rice’s classical theory, 8 degrees of freedom and 
a molecular diameter of 28.3 X 10~8 cm. ap­
pear to be the best values to use. Kassel’s 
quantum theory gives curves that fit the experi­
mental results the best. The most reasonable 
values in this case appear to be 8 degrees of free­
dom, 22 quanta, and a diameter of 45 X 10~ 8 cm. 
This gives a frequency in the infra-red and a vi­
brational specific heat contribution of 12 cal./g. 
The results of Winkler and Hinshelwood at 875°K. 
are satisfied by 8 degrees of freedom, 22 quanta 
and 35 X 10~8 cm. Table III gives a comparison 
of the experimental and calculated results.

Table III

1816

-826°K;.--------- . ,---- — -875°K.a
P o ,

m m .
k /k c o

e x p t l .
* ft/fcco ' 

c a l c d .

------- ------ o# *J
k /k c o
e x p t l .

k /k co
c a l c d .

2 0 0 0 . 9 1 6 0 . 8 5 5

1 0 0 1 .0 0 0 . 8 6 4 1 .0 0 0 . 7 8 0

5 0 0 . 8 6 5 . 7 9 1 0 . 7 0 8 . 6 8 5

2 0 . 6 7 5 . 6 6 4 . 5 4 0 . 5 4 0

1 0 . 5 3 7 . 5 5 5 . 4 3 7 . 4 2 7

5 . 4 2 6 . 4 3 9 . 3 4 4 . 3 2 0

a From the work of Winkler and Hinshelwood.
(4) Nybölle, N o r  d i s k  S i a t i s t i s k  T i d s k r i f t .  8,. 103 (1929), Stockholm 

Aftonbladets Tr.
(5) Allen, T h is  Jo u r n a l , 56, 2053 (1934).

It was impossible to obtain a fit of theory to ex­
periment throughout the whole pressure range. 
The calculated results fit within the experimental 
error from about 50 mm. pressure down. The 
rate constant falls off with decreasing pressure 
rather abruptly in comparison with other uni­
molecular reactions in such a manner as to indi­
cate a free radical chain mechanism as proposed by 
F. O. Rice and Herzfeld.6 This is further sub- 
stantiated by the recent publication of A. O. Alien.7

(6) F. O. Rice and Herzfeld, i b i d . ,  56, 284 (1934).
(7) Allen, i b i d . ,  58, 1052 (1936).

Sterling  Ch e m ist r y  L a boratory  
Y a le  U n iv e r sit y
N ew  H a v e n , C o n n . R e c eiv ed  M arch  1 1 , 1 9 3 6

Semiquinones of Neutral Red and Safranines
B y L e o n o r  M ich aelis

Many derivatives of phenazine have been shown 
to form semiquinones on partial reduction, all of 
green color in compounds containing only benzene 
and no naphthalene rings. The Separation of the 
two steps of reduction is more distinct as the acid­
ity of the solvent increases. The degree of acidity 
at which a distinct Separation of the steps be­
comes easily recognizable varies from dye to dye. 
So far, no semiquinone has been observed in a 
number of those phenazine or phenazonium com­
pounds containing amino groups as side chains. 
However, even in these compounds a semiquin­
one will be demonstrated by the following experi­
ment, in which the conditions of reduction are 
slightly changed. One simply has to work in ex­
tremely acid solution. The experiment can be 
performed with neutral red, phenosafranine or 
the commercial “safranine.”

Dissolve a small amount of the dye in concen­
trated hydrochloric acid. The color will be, ac­
cording to the dye, blue to green. Dilute with 
water just enough to make it blue, with a shade of 
violet. Add some particles of solid chromous 
chloride and stir. The color will change first to 
an intense green, then to the almost colorless con­
dition of the leuco dye. On reoxidizing, say by 
adding a crystal of potassium persulfate, the two- 
fold change of color will be reversed. Zinc dust 
may also be used as reductant.

Since the color of the oxidized form of the dye in 
utmost acid solution (especially in concentrated 
sulfuric acid) itself is green, the acidity has to be 
lowered just to such an extent as to make it blue-
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violet before adding the reductant. Otherwise 
there is no visible change on reducing the dye to 
the semiquinone state.
F rom  the  L a b o r a t o r ies  of 
T h e  R oc k efeller  I n st it u t e  
for  M edical  R e se a r c h
N e w  Y o r k , N. Y. R e c eiv ed  J u n e  18, 1936

Polymolecular Films
B y W illiam  D . H a r k in s  a n d  R obert  J. M y e r s

Surface films which spread over water are sup- 
posed to be monomolecular. However, Harkins 
and Morgan1 were able to produce solid, partly

acid at room temperature except at pressures be­
low about 0.2 dyne per cm. The addition of 1.61 
g. of nujol to 1 g. of stearic acid in the film forming 
substances does not seem to increase the area of 
the Condensed film (Fig. 1, expts. 91 and 110), but 
only weakens it at high pressures.

The areas given in the figures of this paper 
represent the area per molecule of the more polar 
constituent (stearic acid, etc.).

2. Expanded Films of Oleic Acid.—The 
effects are, however, markedly different in cases in 
which the acid when alone forms an “expanded” 
film, as in the case of oleic acid (Fig. 2). Here the

Fig. 1.—Poly- and mono-molecular films with stearic acid.

crystalline films with a mean thickness much 
greater than this. Thus to a spreading substance 
whose organic molecules contain a polar group 
(stearic acid, etc.) they added a thickening or non- 
polar substance (phenanthrene). In the present 
work polymolecular liquid films were produced by 
thickening the films with a liquid paraffin oil 
(nujol) of low volatility.

1. Condensed Films.—Films of pure stearic 
acid form Condensed films on 0.01 N  hydrochloric

(1) Harkins and Morgan, P r o c .  N a t .  A c a d .  S e i . ,  11, 631 (1925).

mixed film contains 1.66 parts by weight of the 
paraffin oil to 1 part of oleic acid. The effect of 
the paraffin oil is very great, since it raises the sur­
face pressure greatly at large areas, and decreases 
it very markedly at low areas. At 36.4 sq. Ä. per 
molecule of oleic acid the pressures are the same 
for the pure acid and the mixture.

3. Expanded Films of Myristic Acid.—At 
22 .8 ° films of pure myristic acid exhibit a kink in 
the curve at an area of 25.45 sq. Ä. and a pressure 
of 17.25 dynes per cm. The addition of 1.67 parts
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by weight of nujol to 1 part of myristic acid re- 
moves the kink and increases the film pressure at 
any given area. The increase is particularly great 
at the lower pressures (larger areas). With a 
greater proportion of nujol (9.08 parts) the phe­
nomenon encountered with oleic acid is found,

4. Films of Pentadecylic Acid (Fig. 4).—The
addition of 1.5 g. of the paraffin oil to 1 g. of pen­
tadecylic acid increases the film pressure very 
greatly, both above and below the kink in the 
curve. However, at about 20 sq. Ä. per molecule 
the two sets of curves cross. The curve for experi-

20 24 28 32 36 40̂  44 48 52 56
Area per molecule, sq. Ä.

Fig. 2.—Poly- and mono-molecular films with oleic acid.

that is, the paraffin oil increases the pressure at 
large molecular areas and decreases it at the lower 
areas. The decrease in surface pressure at the 
lower areas becomes much more marked as the 
amount of paraffin oil is increased (expt. 104, 
Fig. 3).

ment 97 indicates that the tetradecane has evap­
orated.

5. Surface Potentials of Polymolecular 
Films.—Figure 5 exhibits interesting relations 
and shows that there is a kink in the potential area 
curves of both the pure acid and the mixture.

20 24 28 32 36 40ß 44 48 52 56
Area per molecule, sq. A.

Fig. 3.—Poly- and mono-molecular films with myristic acid.
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16 20 24 28 32 36 40 44 48 52
Area per molecule, sq. Ä.

Fig. 4.—Poly- and mono-molecular films with pentadecylic acid.
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Fig. 5.—Surface potentials and areas of poly- and mono-molecular films of pentadecylic
acid.

Polymolecular films exhibit many interesting re­
lations, and many of these are under investigation 
in this Laboratory. At constant pressure many 
polymolecular, as well as monomolecular, films 
shrink with time. This shrinkage is very marked 
with pentadecylic acid at areas just below and 
pressures just above that of the kink in the curve. 
U n iv e r sit y  of C hicago
Chicago , I l lin o is  R ec eiv ed  J u n e  22, 1936

Micro Determination of Active Hydrogen with 
Deuterium Oxide

B y  R oger  J. W illiam s

The usual methods of determining active hydro­
gen involving the use of a Grignard reagent, can­
not be applied to highly water soluble materials 
which do not dissolve in ethers or other organic 
solvents.
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We early suggested1 the determination of active 
hydrogen by dissolving the unknown in deuterium 
oxide followed by a determination of the changed 
density of the water distilled off. Others2,3 have 
independently made use of the principle.

An experimentally simple embodiment of the 
same principle has now occurred to us which con- 
sists merely in dissolving the substance to be 
analyzed in deuterium oxide, evaporating to dry­
ness and determining the increase in weight due to 
the replacement of active hydrogen by deuterium. 
This method has been applied to two known sub­
stances and the results are given in the following 
table. Other experimental work along similar 
lines which need not be detailed here has con- 
vinced us of the applicability of the method. The 
substances in small weighing bottles were simply 
dissolved in 0.25 ml. of 99.5% deuterium oxide 
and then carefully evaporated and dried to con­
stant weight in vacuum desiccators, and weighed 
again.

S u b s t a n c e
analyzed Hydroxyproline Urea

Sample, mg. 8.386 5.749
After treatment,

mg.
Incr. after subtr.

8.592 6.121

5 7 blank 0.201 0.367
Calcd. increases 2H 3H 4H 3H 4H

0.128 0.192 0.256 0.297 0.383 0.479

The theoretical increases were calculated on the 
basis of complete replacement by deuterium. 
This assumption would introducé practically no 
error in the first determination and a very slight 
error in the second. A small increase in weight, 
about 5 7 , is noted when a glass weighing bottle 
itself is treated with heavy water.

The method need not be limited to water soluble 
substances since interchange should occur in ether 
or pyridine solution. In case of compounds which 
do not dry readily, appropriate means will have to 
be taken to bring the material to the same dègree 
of dryness before and after treatment with deu­
terium oxide. Since the principle is so simple and 
the manipuiation involves nothing beyond drying 
and weighing, it appears that no serious difficulty 
should be involved in applying the method. We 
hope other investigators to whom this type of 
work is less incidental, will perfect and extend the

(1) Roger J. Williams, “Introduction to Organic Chemistry/’ 
third edition, D. Van Nostrand Co., New York, 1935, p. 576.

'(,2 ) Bonhoeffer and Brown, Z . p h y s ik . Chem . ,  B23, 172 (1933).
(8) Hamill and Freudenberg, T h is  J o u r n a l , 57, 1427 (1935).

method which has been experimented with in our 
laboratory only in a preliminary way.
Chem istry  D e pa r t m e n t  
Oregon  S tate  C ollege
Corvallis, Or eg o n  R e c eiv ed  M arch  24, 1936

Some Bismuth Derivatives of Diphenyl
By David E. W orrall

Since the number of known organic compounds 
of bismuth is meager, previous work on diphenyl 
derivatives of the arsenic group has been ex- 
tended to include this element.1 Arylation was 
accomplished through the organo magnesium 
eompound, for the Wurtz-Fittig method employ- 
ing sodium, used so successfully with other mem­
bers of the group, failed with bismuth.

Experimental
Tri-biphenylbismuth.—One hundred grams of £-bromo- 

diphenyl was changed into the magnesium eompound 
according to the directions of Bent.2 After dilution with 
several volumes of ether, 36 g. of powdered bismuth 
chloride was added directly (in small lots) with shaking 
and the mixture allowed to stand overnight. The ether 
was removed by decantation, after which the residue was 
decomposed as usual. A small amount of dilute acid was 
added to remove basic salts. The black precipitate was 
then filtered, dried and extracted successively with hot 
alcohol and chloroform. A small amount of dibiphenyl 
separated from the chloroform extract on cooling, after 
which the filtrate was concentrated to a small volume. 
On the addition of an equal volume of alcohol a crystalline 
product formed; yield approximately 43 g.

Anal. Calcd. for C36H27Bi: C, 64.7; H, 4.0. Found: 
C, 65.0; H, 4.3.

It is insoluble in alcohol, but dissolves readily in chloro­
form, separating in the form of tiny flat needles that melt 
at 182-183°.

Tri-biphenylbismuth Dichloride.—To the above sub­
stance dissolved in carbon tetrachloride was added chlo­
rine dissolved in the same solvent; yield nearly quantita­
tive. The product was recrystallized from chloroform- 
alcohol mixture, from which it separated as small plates 
melting with decomposition at 198-200°, if heated slowly.

A n a l. Calcd. for C36H27BiCl2: Cl, 9.6. Found: Cl, 9.5.
The dibromide prepared in a similar manner formed pale 

yellow plates that melted indefinitely with decomposition 
when, heated.

A n al. Calcd. for C36H37BrBr2: Br, 19.3. Found: Br, 
19.1.

Both halides dissolved in fuming nitric acid, forming 
nitro derivatives that deflagrated if heated quickly.

Di-biphenylbismuth Chloride.—This was prepared by 
the method öf Challenger3 using bismuth chloride with the

(1) Worrall, T h is  J o u r n a l , 52, 664 and 2046 (1930).
(2) Bent, T h is  J o u r n a l , 54, 1398 (1932).
(3) Challenger, J .  Chem. S o c . ,  107, 19 (1915).



Sept., 1936 Communications to the Editor 1821

triarylbismuth derivative in dry ether. A bright yellow 
powder rapidly separated out. It melted indefinitely 
when heated and probably contained some dichloride.

Anal. Calcd. for C24H18BiCl: Cl, 6.5. Found: Cl, 7.O..
Tri-biphenylbismuth Dinitrate.—Alcoholic silver nitrate 

solution was added to an equivalent amount of tri-biphenyl­
bismuth dichloride suspended in a large volume of acetone. 
On concentrating the filtrate after removal of insoluble 
material, small plates were obtained that decomposed at 
approximately 162°, but deflagrated if heated quickly.

Anal. Calcd. for C36H27Bi06N3: Bi, 26.4. Found:
Bi, 26.6.
P e a rso n  M e m o ria l  L abor ato r y
T u fts  C o l l eg e , M a s s . R e c eiv ed  J uly 7, 1936

Chile Seed 
By W. A. B u s h

The seeds of the Chile pepper (sometimes 
called pimento) obtained from the pods of the 
Southern Pacific Coast cultural variety of Capsi­
cum Annuum have received little mention in the 
literature from the point of view of their composi­
tion.

A representative sample of a quantity of sixteen 
tons of dried seeds accumulated during a year 
from pods mostly of Californian origin gave re­

sults difïering somewhat from those obtained by 
Ebert and Bailey1 from Southeastem seed.

Yields from the seed by drying and extraction 
were: oil, 26.10%; moisture, 6.25%; dried
extracted meal, 67.65%. Analysis of the meal, 
free from oil and moisture, shows: protein
(N X 6.25), 28.92%; fiber, 29.10%; ash, 5.61%; 
N-free extract (carbohydrates), 36.37%. The 
constants of the oil, obtained by hot pressing 
(100°) and then filtering are

Specific gravity, 24.5°/25°
Refractive index at 25°
Color (2.54 cm. column, Lovibond)
Acid number 
Iodine number, Hanus 
Acetyl number 
Saponification number 
Unsaponifiable matter 
Melting pt. of separated fatty acids

The resemblance to tomato seed oil is striking.2 
However, the presence of colored veins on the 
outer edges of the seeds imparts to the oil the 
deep color noted above and a characteristic 
burning taste and paprika-like aroma.
Los A n g e l e s , Ca l if . R e c e iv e d  J u l y  6, 1936

(1) H. C. Ebert and H. S. Bailey, C o t to n  O i l  P r e s s ,  7, 35 (1924).
(2) Felice Sorgès, C h im .  I n d .  A g r .  B i o l . ,  5, 232 (1929); N. Barskii, 

M a s lo b o in o - Z h ir o v o e  D e lo ,  No. 6, 56 (1932).

0.918
1.4738
100 yellow—46 red 
2.18  
133.5
7.0
192.0 
1.7%
31.'2°

COMMUNICATIONS TO THE EDITOR

MUREXIDE AND LEUCOMUREXIDE
Sirï

The recent publication of Kuhn and Lyman 
[.Ber.y 69, 1547 (1936)] concerning the oxidation- 
reduction potential of murexide prompts this 
report of results obtained in this field.

Preparation of Murexide.—The uncertainty 
in the preparation of murexide emphasized by 
previous writers including Kuhn and Lyman 
(who obtained only a 2% yield) has been re­
moved by employing glacial acetic acid as the 
reaction medium. Furthermore, recrystallization 
has been effected without heating, by salting out 
at room temperature. Thus, 16.1 g. of finely

powdered alloxantine suspended in 1600 cc. of 
boiling glacial acetic acid and treated with 80 g. 
of ammonium acetate with continued boiling for
1-2  minutes gave, on cooling, filtering, washing 
with acetic acid, alcohol and ether, and drying 
at 100°, 14.0 g. (calcd. 14.2 g.) of crude murexide. 
One gram of this dissolved in 900 cc. of water 
at 30° gave, on salting out the filtered solution 
with 60 g. of ammonium chloride, filtering, wash­
ing with 60% methanol and then with absolute 
methanol, and drying at 110°, about 75% of 
beautiful, reddish-brown crystals possessing a 
green reflex, which, on titration with sodium 
hydrosulfite, were found to be pure murexide.
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Reduction of Murexide.—Leucomurexide has 
not been described previously, although postu­
lated by Labes and Freisburger [Arch. exptl. 
Path. Phartnakol., 156, 226 (1930)] as well 
as by Kuhn and Lyman. One gram of pure 
murexide dissolved in 900 cc. of water at 30° 
was treated with a filtered solution of one g. of 
sodium hydrosulfite in a mixture of 20 cc. of 
water and 10 cc. of ammonia. In a few mo­
ments complete decolorization occurred. Salting 
out with 60 g. of ammonium chloride gave on 
filtering, washing with 60% methanol and finally 
with absolute methanol, and drying at 110°,
0.98 g. (98%) of a buff-colored microcrystalline 
powder which turned pink in the air. It con­
tained the theoretical percentage of nitrogen for 
ammonium dihydropurpurate. Since its compo­
sition is identical with uramil (its molecular 
formula is simply twice that of uramil), a dis­
tinguishing test was sought. This was found 
in the action of potassium ferricyanide, which 
immediately converts leucomurexide to murexide, 
while uramil yields colorless oxidation products. 
Aeration of a dilute suspension of leucomurexide 
in water quickly regenerates murexide, 70% (by 
titration) having been obtained in one experi­
ment after thirty minutes of aeration.
B r o o k l y n  C olleg e  D a v id  D a v idson
B r o o k l y n , N. Y .

Received July 24, 1936

RHEOPEXY IN BENTONITE
Sir:

Recently during the course of an investigation 
in the thixotropic properties of the clay mineral 
bentonite, gels showing pronounced rheopectic 
properties were observed. These gels are of 
particular interest inasmuch as Freundlich and 
Juliusburger in the original article describing 
rheopexy [Trans. Faraday Soc., 31, 920 (1935)] 
state that they were unable to find any evidence 
of rheopexy in bentonite.

The discovery of rheopexy in bentonite may 
be attributed to a new technique of fractionation 
which the authors have developed and described 
at the thirteenth Colloid Symposium at St. 
Louis, Mo., in June of 1936. Natural bentonite 
is dispersed in distilled water and then run 
through a high speed continuously fed centri­
fuge of the Sharples type. At various distances 
up the centrifuge bowl different partiele size 
fractions of bentonite are removed and then

refractionated. The finest fractions are a beau­
tiful perfectly transparent golden-yellow color 
and completely amicronic while the coarser 
fractions are more opaque. There is a large 
percentage of amicronic particles present in the 
Wyoming Bentonite being used. By such a 
method of preparation the authors are establish- 
ing the influence of partiele size upon thixotropy 
and rheopexy in bentonite.

Specifically 10 cc. of a very fine fraction (1.3% 
bentonite) was placed in a test-tube 1 cm. in 
diameter and 1 drop of saturated potassium 
chloride added. The setting time at 23° when 
the tube was kept perfectly still was twenty-five 
minutes, whereas slight tapping of the tube on a 
pad of rubber reduced the setting time to fifteen 
seconds. Additional potassium chloride makes 
it so stiff that it cannot be liquefied. Such a gel 
is perfectly transparent. In addition these fine 
bentonite fractions show pronounced streaking 
upon being stirred. This streaking phenomenon 
is greatly increased after electrodialysis. Al- 
together the bentonite fractions prepared in 
this manner act very similarly to the vanadium 
pentoxide system described by Juliusburger and 
Pirquet [Trans. Faraday Soc., 32, 445 (1936)].

From a consideration of the properties of 
a 1.3% bentonite gel in comparison to those gels 
of 10-20% concentration described by Freund­
lich, Schmidt and Lindau [Kolloidchem. Beih., 
36, 43 (1932)], one is forced to the conclusion 
that partiele size is of paramount influence in 
this case of thixotropy. In fact we have found 
evidences of gel structure at concentrations as 
low as 0 .01% by wt. in the low colloidal range. 
I t may be stated, however, that if hydrogen 
bentonite produced by electrodialysis is ever 
allowed to dry, it fails to exhibit thixotropy in 
low concentrations. This property can still be 
observed providing the material is never allowed 
to dry.
D epa r tm en t  o f  Chem ical  E n g in e e r in g  E . A. H a u se r  
M a ssa c h u set t s  I n st it u t e  of  T echnology  C. E . R e e d  
Ca m br id g e , M a s s .

R e c e iv e d  J u l y  31, 1936

EXCHANGE BETWEEN SODIUM IODIDE AND 
ETHYL IODIDE*

Sir:
I t was reported a few months ago in these 

columns [Hüll, Schiflett and Lind, T h is  Journal ,
* This work was supported in part by the Fluid Research Fund 

of the Graduate School.
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58, 535 (1936)] that while there is no exchange 
between radioactive iodine and ethyl iodide 
when heated together for fifteen minutes at 87°, 
as determined by the subsequent measurement of 
the activities of the two substances, yet in alco­
holic solution at 100° a ready exchange takes place 
between sodium iodide and ethyl iodide. Further 
experiments on this latter reaction have shown the 
existence of a marked temperature effect.

The general procedure in these experiments 
has been as follows: A solution of 50 micro-
moles of iodine in a liter of iodobenzene is irra­
diated with the neutrons from a Rn-Be source 
for a period of one and one-half hours or longer. 
After removal of the neutron source, the iodine 
is extracted and precipitated as silver iodide, 
which is then transformed into dry sodium radio- 
iodide. This is dissolved in 1-2 cc. of ethyl 
alcohol and mixed with 100 micro-moles of in­
active ethyl iodide. This mixture is heated to 
the desired temperature for a stated interval of 
time and then quickly cooled. (In the one ex­
periment carried out below room temperature 
both Solutions were cooled before being mixed.) 
The two iodides are separated by shaking the 
solution with excess ether and water, and are 
transformed into silver iodide for measurement. 
The activity of each precipitate is measured by 
means of a tube counter. The results obtained 
in a series of experiments at different temperatures
are given in tabular form.

Temp., °C. Time, min. Exchange

100 5 Complete
100 1 Complete
80 5 Complete
29 5 Partial
29 1 None
24 5 None
19 5 None

The authors are grateful to Dr. K. W. Sten- 
strom of the University Hospital for the gift 
of 150 millicuries of radon, and to Dr. J. H. 
Williams of the Department of Physics for the 
use of a low resistance amplifier [of the type 
described by Neher and Harper, Phys. Rev., 49, 
940 (1936)], without which it would not have 
been possible to carry on this work during the 
recent hot weather.
S chool of  Ch e m ist r y  D . E . H u l l **
U n iv e r sit y  of M in n e so t a  C. H. S chiflett
M in n e a p o l is , M i n n . S. C. L in d

** National Research Fellow.
R e c e iv e d  August 22, 1936

THE PHOTOCHEMICAL DECOMPOSITION 
METHANE

Sir:

OF

Methane at atmospheric pressure is photo- 
chemically decomposed when irradiated with the 
light which is transmitted by a thin fluorite win­
dow from a hydrogen discharge tube. The ef­
fective radiation would appear to lie near the 
limit of transmission of fluorite. Although no 
direct measurements of quantum yield have been 
made, a crude estimate based on a comparison 
with the rate of the ozone synthesis in the same 
cell indicates a value of the order of unity.

Among the products we have identified hydro­
gen and unsaturated hydrocarbons (probably 
ethylene) in the approximate molecular ratio of 
4:1. Higher saturated hydrocarbons may also 
be produced but have not been detected. The 
large ratio of hydrogen to unsaturation in the 
products indicates that the decomposition

CH4 +  hv 
2CH2

CH 2 +  H 2 

C2H 4

cannot be the only process involved.
D e p a r t m e n t  of C h e m ist r y  P h il ip  A . L e ig h t o n
S t a n fo r d  U n iv e r s it y , C a l if . A r n o ld  B . S t e in e r

R e c e iv e d  J u l y  28, 1936

NEW SYNTHESIS OF GLYCOFURANOSIDES
Sir:

In the last decade considerable progress in 
sugar chemistry had been made from the study 
of the glycopyranosides. Further developments 
can likely be expected from a greater than our 
present knowledge of the glycofuranosides, or, 
as E. Fischer originally named them, 7 -glycosides. 
The physical, Chemical and biological properties, 
the conversion into the pyranosides under certain 
conditions, and the Chemical Structure in general, 
of these 7 -glycosides should be thoroughly in­
vestigated. To be sture, such studies have 
already been made in the past, in a few isolated 
instances. However, a re view of the literature 
reveals that only five or six 7 -glycosides are 
known in pure crystalline form obtained mostly 
in small yields by cumbersome methods. The 
majority of the 7 -glycosides described in the 
literature were prepared by the original method 
of E. Fischer [Ber., 28, 1145 (1895); 47, 1980 
(1914)] yielding only sirupy mixtures that could 
not be separated. Obviously, a genéral method 
which leads to well-defined, crystalline products,
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would constitute the first step toward a more 
extensive study of this class of sugar derivatives. 
We believe that we have found such a method. 
It represents a modification of a previous general 
procedure of one of us [Pacsu, ibid., 58, 509 
(1925); Pacsu and Ticharich, ibid., 62, 3008 
(1929)] by which the a-alkylpyranosides were 
prepared from the sugar mercaptals and mercuric 
chloride in the boiling Solutions of the different 
alcohols. Taking, e. g., galactosediethylmercap- 
tal and ethanol, the reaction can be expressed by 
the following summary equation 
CÖH120 5-(SC2H6)2 - f  2HgCl2 +  C2H6OH =

2HC1 4- 2C2H5S-HgCl +  C^HiA-OCA
This method was shown to yield almost pure 

(up to 92%) a-alkylpyranosides accompanied 
only by a slight quantity of the ß-isomers. Now 
we have found that if the same reaction be carried 
out at low temperature, and the hydrochloric 
acid formed be neutralized at the moment of 
its development, an excellent yield of crystalline 
ß-ethylgalactofuranoside can be obtained. The 
substance had m. p. 84.5-86° and [ a ] 25D —100.1° 
in water solution. Schiubach and Meisenheimer 
[ibid., 67, 429 (1934)] reported m. p. 86° (corr.) 
and [ a ] 20D —97.2° for the same compound ob­
tained by a lengthy synthesis from the ß-penta- 
acetate of galactofuranose of Hudson and John­
son. So far it has not been possible to find any 
isomer in the mother liquor. The same furano- 
side was obtained when dibenzylmercaptal had

been used as starting material. For the in- 
stantaneous neutralization of the hydrochloric 
acid we have found the use of an excess of yellow 
mercuric oxide to be most excellent. I t keeps 
the reaction mixture neutral during the whole 
process, and it provides for a desirable excess of 
the mercuric chloride up to the end of the 
reaction. For the removal of the mercuric 
chloride from the solution we have found that 
pyridine can be used most successfully. It seems 
very likely that these modifications can also be 
used with advantage in the procedures developed 
for the preparation of the open-chain methylated 
(Levene, 1926) and acetylated (Wolfrom, 1929) 
aldoses.

Since the formation of glycopyranosides by the 
original method has proved to be of general 
validity, we believe that by this modified pro­
cedure it will be possible to prepare the hitherto 
unknown or only difficultly available furanosides 
of the carbohydrates. I t is our purpose to pre­
pare by this method the alkylfuranosides and 
-thiofuranosides of the aldoses and ketoses from 
their mercaptals and acetonylated mercaptals. 
In the forthcoming first paper of this series of 
investigations conducted in this Laboratory, 
a detailed description of the procedure will be 
given.
F ric k  Ch em ical  L a b o r ato r y  E u g e n e  P a c su
P r in c e t o n  U n iv e r sit y  J o h n  W. G r e e n
P r in c e t o n , N e w  J e r se y

R e c e iv e d  A u g u st  14, 1936

NEW BOOKS

Colorimetric Methods of Analysis, Including Some Tur- 
bidimetric and Nephelometrie Methods. Vol. I. Inor­
ganic. By F o ster  D e e  Sn e l l  and C o r n e l ia  T. Sn e l l .
D. Van Nostrand Company, Inc., 250 Fourth Avenue, 
New York, N. Y., 1936. 766 pp. Illustrated.

In this second edition of Dr. Snell’s treatise a much more 
comprehensive treatment of the field of colorimetry has 
been made. The book has been divided. This first vol­
ume covers general colorimetry and inorganic determina­
tions; a second will deal with organic, biological and mis- 
cellaneous methods.

In its general plan and scope the book closely resembles 
Yoe’s “Photometric Analysis." It differs in that neph-

elometric methods are treated with the colorimetric 
ones instead of in a separate volume and in that the 
bibliography occurs in footnotes instead of as a separate 
section at the end of the book. It contains, of course, 
methods and references which have appeared in the seven 
years since the publication of Yoe;s book.

In the first nine chapters the general methods of colo­
rimetry are discussed and the multitudinous forms of 
apparatus which have been devised for the measurement of 
color and of turbidity are illustrated and explained. Fifty- 
four chapters are then devoted to different methods 
for the determination of seventy-four elements or simple 
inorganic compounds. The last four chapters deal with
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the colorimetric determination of hydrogen ions. As many 
as ten or twelve methods are given for some elements. 
The treatment is well balanced in that the more important 
mèthods are given more space while other methods of less 
value äre dismissed with a reference and a brief description.

The book, however, is by no means simply a reference 
list büt rather an excellent working text. In general, 
after an introductory discussion of each method, the prepa­
ration of samples is detailed. This should be one of the 
most attractive features of the book to the practical 
worker. Next directions for making up reagents are given 
and then details of the analytical procedure. Finally 
there are directions for preparing Standards suitable for the 
method.

Although the treatment is comprehensive rather than 
critical, this text represents a distinct contribution to the 
literature of analytical chemistry. It is a reference book 
which should be on the shelves of every chemist who has 
occasion to take advantage of the ease and rapidity of 
colorimetric methods.

Charles H. Greene

Protoplasm. By W illiam Seifriz, Ph.D., Professor of 
Botany, University of Pennsylvania. McGraw-Hill 
Book Co., Inc., 330 West 42d Street, New York, 
N. Y., 1936. x +  584 pp. 179 figs. 15.5 X
23.5 cm. Price, $6.00.
This is a delightful volume, a storehouse of information, 

and should be on the desk of every biologist, biochemist 
and biophysicist. If only all chemists teaching general 
chemistry, organic chemistry and especially physical chem- 
istry would read this book they would gain a clear insight 
into the role which chemistry plays in the phenomena of 
life.

The author is Professor of Botany in the University of 
Pennsylvania but the book reads almost as though it were 
written by a physical chemist. It is a far cry from the 
“plant physiology" of a generation ago to this discussion 
of “protoplasm," the ultimate living matter of all cells. 
The author is to be congratulated on his accomplishment in 
bringing together in a unified whole so many interesting 
and diverse series of information.

Of the twenty-seven chapters only five may be said to 
be primarily biological and even these contain much chem­
istry and physics. The first chapter deals with “The Liv­
ing Substance." This is followed with “The Cell"; 
“Model Making," “Micrurgy" (micromanipulation within 
living cells) and “Tissue Culture." The last chapter 
“The Origin of Living Matter" sums up the volume and 
presents a philosophical consideration of how life possibly 
cafiie to be.

The other 22 chapters are fundamentally Chemical and 
deal with “The Colloidal State," “Emulsions," “Hydro- 
philic Sols and Gels," “Surface Tension," “Adsorption," 
“Osmosis," “Imbibition," “Viscosity," “Elasticity," “The 
Structure of Protoplasm and Organic Colloidal Matter," 
“Permeability," “Acidity," “Electrophysiology," “Elec- 
trokinetics," “Radiant Energy," “The Role of Water," 
“Salts," “Carbohydrates," “Fats," “Proteins," and 
“Regulatory Substances," but into the chemistry and 
physics of these chapters is wo ven the experience of

years of reading and teaching biological principles so 
that they are a mine of information uniting abstract 
Chemical and physical laws with cell behavior.

As is to be expected in the first edition of a volume of this 
size there are some unfortunate typographical errors, some 
omissions and some inaccuracies. Furthermore, it is 
perhaps too much to hope that èveryone will agree with 
the author in his interpretation of certain biological proc­
esses, certainly the reviewer does not agree in all points, 
but any and all shortcomings of the book are easily con- 
doned in the light of the magnificent accomplishment 
which the author has achieved.

A few of the more serious errors are here noted, not as 
criticisms but to assist prospective purchasers: p. 56,
“microvolts" is incorrectly used for millivolts; p. 82, glu- 
tathione is stated to be a dipeptide, it is a tripeptide, glu- 
tamyl-cysteinyl-glycine; p. 82, amino acids are not the 
“hydration" products of proteins, rather the products of 
hydrolysis; pp. 92, 94 and 118, the Tyndall phenomenon 
is discussed and statements made that it is perhaps the 
most characteristic property of colloids. Since the Tyndall 
phenomenon depends upon the refraction of light from an 
interface it is evident that a solid immersed in a liquid, 
both having the same index of refraction, will show no 
Tyndall phenomenon. The absence of “optical properties" 
in certain protein sols is well known and does not mitigate 
against their being truly colloidally dispersed. On p. 93 
the author states that the word peptization is derived from 
“peptone, itself a peptizing agent." This is incorrect. 
Graham coined the word “peptization" and states that it 
“may be looked upon as analogous to the solution of in­
soluble organic colloids witnessed in animal digestion. . . . 
Liquid silicic acid may be represented as the ‘peptone’ of 
gelatinous silicic acid—etc." Accordingly “peptization" 
is derived from pepsin and the process is likened to enzy- 
matic action. On p. 144 there is an erroneous statement as 
to the osmotic pressure developed by an 0.1 molar sucrose 
solution. On p. 153 the reference in the text to Fig. 91 
should be to Fig. 92. On p. 174 Traube’s rule is stated 
with no indication that it depends upon the nature of the 
interface and that it is reversed for a polar substance, e. g.t 
Si02, in water. On p. 175 there is an unfortunate error in 
the formula of the Freundlich adsorption isotherm. On p. 
199 in the discussion of the osmotic pressure of the blood 
and body fluids, no mention is made of colloid osmotic 
pressure and the role it plays in urine secretion. On 
p. 287 the unfortunate statement is made that a low 
surface tension means a “loose arrangement of surface 
molecules and therefore a more permeable membrane." 
On p. 361 the apparatus figured is that of Freundlich and 
Rona, not that of Kruyt. On p. 418 metabolic water is 
stated to arise in part from the “polymerization" of com­
pounds. On p. 429 is given a list of the elements found in 
protoplasm and the statement that the first 10 are essen­
tial. In the first ten sodium is included and iron is omitted! 
On p. 431 the term “phosphoproteins" is used for the cor­
rect “nucleoproteins." On p. 431 in a discussion of the 
being an integral part of the Chlorophyll molecule. That 
it is present in Chlorophyll is noted in another connection 
on a later page. This type of “omission" occurs in a num­
ber of places in the book, thus in discussing vitamin C on 
p. 514 no mention is made of ascorbic acid although ascor-
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bic acid comes in later in another connection on p. 519. 
On p. 432 a typographical error gives the sulfhydryl group 
the formula, SH2 and on the same page the unfortunate 
statement occurs that the sulfur bacteria “use sulfur in­
stead of carbon in the synthesis of higher foods” ; of course 
what the author meant was that elemental sulfur was used 
by the sulfur bacteria as an energy source and that by the 
oxidation of the sulfur they secured energy for the Syn­
thesis of carbon compounds. Likewise on p. 432 the cys- 
tine discussion is ambiguous. On p. 451 petnicious anemia 
is confused with nutritional anemia. On p. 477 S^rensen 
is stated to have found the molecular weight of egg albu- 
min by the freezing point method to be 14,000. This is 
incorrect. By direct osmotic pressure measurements he 
found {Compt. rend. trav. Lab. Carlsberg, Vol. 12) a mol. 
function of magnesium in plants no mention is made of its 
wt. for egg albumin of 34,000. On p. 514 “night blind- 
ness,” an hereditary affliction, is confused with lack of 
Vitamin A. On. p. 508 Northrup instead of Sumner is 
credited with the crystalline enzyme urease.

Apparently the author (in common with most biologists 
and chemists) is confused (p. 478) with Svedberg’s use of 
the term “molecular weight” as it applies to proteins. It 
is unfortunate that Svedberg has used this term instead of 
the more exact (from the chemists’ viewpoint) term of 
“partiele weight.” Svedberg’s “molecular weights” are 
used in the physical sense and défines “a molecule as a 
unit which will acquire from thermal vibrations an aver­
age of y 2 kT  ergs of energy for each of three translational 
degrees of freedom, neglecting quantum restrictions. The 
size and weights of these molecules may change with 
temperature, rate of sheer, and other factors” (personal 
communication from Prof. J. W. Williams).

Svedberg’s use of the term does not necessarily connote 
that the “molecule” is the smallest unit of that primary 
substance that can be obtained. Consequently he speaks 
of the “decomposition” of molecules and later the reversal 
of the “decomposition” process so that the original “mo­
lecular weight” was regained. Obviöusly this cannot be 
accomplished if the term “molecular” were used in the 
older Chemical sense.

Again I recommend this volume to all biologists, physi- 
cists and chemists who are interested in the phenomena of 
life in its manifold manifestations.

Ross Aiken Gortner

Handbuch der biologischen Arbeitsmethoden. Edited by 
Emil Abderhalden. Abt. IV, Angewandte chemische 
und physikalische Methoden, Teil 1, Heft 9. (Hand­
book of Biological Methods. Section IV. Applied 
Chemical and Physical Methods. Part I, Vol. 9.) Fer­
mentforschung. Urban and Schwarzenberg, Ffiedrich- 
strasse 105 B, Berlin N 24, Germany, 1935. 245 pp.
17.5 X 25.5 cm. Price, RM. 13.50.

This volume is of interest to those devoted to research in 
enzyme chemistry and related fields. It gives a compre- 
hensive review of the following subjects:

In the first two articles the method of carrying out the 
Abderhalden reaction with immersion refractometer ac­
cording to the method described by Pregl-de Crhiis, is

given. The estimation of protective enzymes by the use of 
the interferometer is described by Paul Hirsch.

The preparation of crystalline pepsin, trypsin and 
Chymotrypsin is presented by John H. Northrop and M. 
Kunitz. The crystalline pepsin is prepared from the 
amorphous commercial product and is obtained (after re­
crystallization) in colorless microscopie crystals. The 
trypsin is obtained from pancreas and finally the Chymo­
trypsin from the pancreas of cattle through the interme­
diate preparation of crystalline chymotrypsinogen.

The ketonäldehydmutase, an enzyme having the prop- 
erty of converting the alpha-keto aldehydes into alpha- 
hydroxy acids, is described by Carl Neuberg and E. Simon. 
This enzyme is widely distributed in nature and functions 
in the metabolism of living organisms. The most impor­
tant reaction of this kind is the conversion of methyl gly­
oxal into lactic acid. The various derivatives of methyl 
glyoxal such as phenyl glyoxal and methyl glyoxal acetic 
acid react similarly. The article gives a comprehensive 
treatment of these reactions.

Emulsin is described by Karl Tauböck. The enzyme 
preparation consists mainly of ß-<7-glucosidase. It cleaves 
the /3-d-glucosides both natural and synthetic, but not the 
/-glucosides. It has been observed that some preparations 
also cleave various galactosides or mannosides, but the 
question as to whether this is due to some other enzyme 
such as alpha-d-galactosidase or alpha-d-mannosidase, or 
the ß-glucosidase alone has not been determined. This 
subject is under investigation at the present time.

The method of studying dehydrogenases is presented by 
Torsten Thunberg in great detail. A complete bibliogra­
phy is given with each article.

G. Braun 
C. N. Frey

Die Allotropie der chemischen Elemente und die Ergeb­
nisse der Röntgenographie. (The Allotropy of the 
Chemical Elements and the Results of X-Ray Analysis.) 
By M. C. N euburger. Verlag von Ferdinand Enke, 
Stuttgart W, Germany, 1936. 106 pp. 32 figs. 16 X
24 cm. Price, RM. 9.30; RM. 8.20, for subscribers.

This is Number 30 of a series of monographs on chem­
istry and Chemical technology. The author has written 
a number of works on crystal chemistry and x-ray diffrac­
tion. Each year he writeS the annual summary of lattice 
constants for the Zeitschrift für Kristallographie.

The possible allotropie forms and crystal structures of 
69 elements, 23 of which actually have several modifica- 
tions, are discussed. In addition, there is an introduction 
in which the criteria for distinguishing allotropie forms are 
discussed. There are chapters on the influence of foreign 
atoms on allotropy; the relations between allotropy, crys­
tal structure and atomic properties; and transformation 
mechanisms and the kinetics of allotropie changes.

Crystal structure is chosen as the most ünambiguous 
criterion of allotropie change and x-ray data as the most 
direct evidence. Although the author is in a position to 
write authoritatively and his judgment is generally good, 
a number of criticisms must be made.

In a book of this nature we should expect to find a short
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review of the literature for each element, giving all im­
portant ideas which have been put forth with references. 
The author should weigh these facts critically and sum 
up his conclusions distinguishing between what is thor­
oughly established and what is merely probable and men­
tion possibilities which have not been verified. Neu- 
burger’s book falls below this Standard. He ignores con­
siderable data, good and bad, and often gives only his 
conclusions without specifically indicating their source or 
their relative probabUity. To get a good idea of the status 
of work on a given element it is still necessary to consult 
the original literature.

The author fails completely to mention the fact that 
cobalt is hexagonal at high temperatures, which has been 
verified by a number of authors and never disputed. On 
phosphorus, he ignores the fact that a number of contra- 
dictory x-ray patterns have been reported. He mentions 
the work of Frost [J. Russ. Phys.-Chem. Soc., 62, 2235 
(1930)] which shows that red and violet phosphorus have 
different structures without giving credit or listing the 
reference. The best work on the transformation point of 
iron [by Wells, Ackley and Mehl (1935)] is not mentioned; 
perhaps it is too recent for inclusion.

The references, instead of being conveniently listed 
under each element, are placed at the end of the volume. 
The first 920 of them are alphabetically arranged accord­
ing to author, but 82 more follow (not the most recent 
ones) in irregulär order. The reference numbers are hard 
to find since they are not conspicuously printed and sepa­
rate lines are not given to each reference. A great deal 
of space could have been saved by omitting data such as 
lattice constants which are conveniently found elsewhere. 
A few good tables would advantageously take the place 
of much of the discussion.

On the whole, the book bears evidence of hasty prepara­
tion. However, it is the first book on this subject and 
provides a summary, usually well chosen, of data to be 
found only by a search of the literature. It should be a 
useful reference work.

Ralph Hultgren 
Alden B. Greninger

Organic Chemistry. By R obin Charles Burrell, 
Ph.D., Associate Professor of Agricultural Chemistry, 
The Ohio State University. McGraw-Hill Book Com­
pany, Inc., 330 West 42d Street, New York, N. Y., 
1936. xii +  336 pp. 34 figs. 14 X 20.5 cm. Price, 
$2.75.
A more specific title for this textbook would be more 

appropriate in view of its rather extensive discussion of the 
biologically important substances and its more restricted 
treatment of some of the other subjects, such as methods 
of synthesis which are less pertinent to its purpose. The 
text is especially designed for a semester course in organic 
chemistry for students of home economics, agriculture and 
biological Sciences. The choice of subject matter was 
largely based upon the consensus of the opinions of a 
number of authorities on nutrition.

The fundamental concepts and the most important types 
of compounds are adequately discussed. The aliphatic 
and the aromatic hydrocarbons are presented in the same

chapter. About one-half of the book is devoted to the 
treatment of substances of direct biochemical importance— 
lipides, carbohydrates, proteins and their components, 
and miscellaneous natural substances. A concise account 
of the digestion and assimilation of each of the three im­
portant classes of food substances is also included.

The book is quite accurate and up-to-date; however, 
the following errors ought to be noted: “ethyl nitrile”
for C2HgCN (p. 115); the boiling point of lactic acid is 
given as 122°C. (p. 154); the consideration of alcoholic 
fermentation as “a type of biological oxidation” (p. 176); 
and the formulas for hydroxyproline (p. 216) and nicotine 
(p. 281). The Classification of the types of isomers that 
is given (p. 45) and the likening of esters to Salts (p. 111) 
are not in accord with modern concepts.

The book is well organized and written in a clear and 
concise manner. It is well suited for the purpose for 
which it was intended.

Edward A. Prill
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The Entropy of Deuterium Oxide and the Third Law of Thermodynamics. Heat 
Capacity of Deuterium Oxide from 15 to 298°K. The Melting Point and Heat of

Fusion

B y  E arl A. Lo ng1 a n d  J. D . K emp

Aside from its usual thermodynamic utility, the 
entropy of deuterium oxide is of considerable in­
terest in connection with the entropy discrepancy 
in ordinary water, first pointed out by Giauque 
and Ashley,2 in which the calorimetric entropy 
does not agree with entropies calculated from the 
band spectrum and from reaction data. Expla- 
nations of this discrepancy have been discussed by 
Giauque and Ashley, and more recently by Pauling.3

In order to test these explanations, Giauque and 
Stout4 have carried out a calorimetric investiga­
tion on ordinary water.

Since the Substitution of deuterium for hydro­
gen in the water molecule does not appreciably 
change the internuclear distances, and probably 
has little effect on the nature of the bond forces, it 
seemed that an experimental investigation of the 
entropy of deuterium oxide would be valuable in 
any discussion of the entropy discrepancy in 
water. A calorimetric entropy value for heavy 
water should provide an additional test to dis­
tinguish between the theory of molecular rota­
tion and the Pauling theory of random bond 
orientation, as has been pointed out by Giauque 
and Stout.4

Apparatus.—The measurements were made 
with the same copper calorimeter and auxiliary

(1) National Research Fellow.
(2) Giauque and Ashley, P h y s .  R e if., 43, 81 (1933).
(3) Pauling, T h is  J o u r n a l , 57, 2680 (1935).
(4) Giauque and Stout, i b i d . ,  58, 1144 (1936).

apparatus used by Giauque and Stout in their in­
vestigation of ordinary water. Although we did 
not have a sufficiënt quantity of pure heavy water 
to fill the calorimeter as completely as desired, the 
precision of the measurements was not seriously 
affected, and we feel that the use of the same calo­
rimeter and temperature Standard for hydrogen 
and deuterium oxide should lead to more accu­
rate comparisons between the two isotopic forms.

The details of the apparatus and the method of 
making the measurements and calculations have 
been described previously.5

Purification of Deuterium Oxide.—The sam­
ple was taken from a preparation kindly supplied 
to us by Prof. H. L. Johnston. I t had a density 
of 1.10781, corresponding to a deuterium content 
of 99.92 atomic per cent. ,6 if we compare our 
density with the maximum density of 1.1079 given 
by Taylor and Selwood.7 The remaining 0.08 
atomic per cent. of hydrogen does not affect our 
measurements, since the isotopes should of course 
form a perfect solution, and the thermal quantities 
are of nearly the same magnitude.

The heavy water container was broken in an
(5) (a) Giauque and Wiebe, i b i d . ,  50, 101 (1928); (b) Giauque 

and Johnston, i b i d . ,  51, 2300 (1929); (c) Giauque and Stout, i b i d . ,  
58, 1144 (1936).

(6) We are informed by Prof. Johnston that the sample contains 
not more than 0.01% above the normal concentration of the heavier 
oxygen isotopes, on the basis of the electrolytic Separation coëffi­
ciënt 1.008 for the concentration of O18 by electrolysis with iron elec­
trodes, determined by Johnston [ i b i d . ,  57, 484 (1935)1.

(7) Taylor and Selwood, i b i d . ,  56, 998 (1934).
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atmosphere of pure helium, and the water was dis­
tilled at low pressures through a series of three 
bulbs, in order to eliminate a small amount of al­
kali in the original sample. After each distilla­
tion the solid was cooled with liquid air and the 
system was evacuated to a pressure of 10 ~ß mm. 
in order to get rid of tracés of dissolved gas. The 
water was then transferred through a small ger- 
man silver tube into the copper calorimeter. The 
calorimeter was filled with helium gas at one at­
mosphere pressure, the german silver tube was 
pulled out, and the very small opening was sealed 
with Wood’s metal.

In order to determine the amount of liquid- 
soluble, solid-insoluble impurity, a series of short 
heat capacity runs was made in the temperature 
region just below the melting point. From the 
observed premelting effect in these runs, we esti­
mate the soluble impurity to be less than 0.003 
of one mole per cent. This is of course exclusive 
of the 0.08 atomic per cent. hydrogen content of 
the sample, as the presence of another isotopic 
form would not cause premelting.

0  1 0 0  2 0 0  3 0 0

T, °K.
Fig. 1.—Heat capacity of deuterium oxide.

The Heat Capacity of Deuterium Oxide
The results of the heat capacity measurements 

are given in Table I, and are shown graphically 
in Fig. 1.

Table I
H eat Capacity of Deuterium Oxide 

Molecular weight, 20.0284. 0°C. = 273.10°K.
, c P,

T . ,  ° K . A T c a l . / d e g . / m o l e S e r i e s

1 4 . 8 1 3 . 6 5 2 0 . 2 4 3 I

1 7 . 5 6 2 . 1 8 9 . 4 0 3 I

1 9 . 8 9 2 . 8 7 4 . 5 3 2 I

2 2 . 6 0 3 . 1 6 0 . 6 6 0 I

2 5 . 9 7 3 . 6 4 5 . 8 3 1 I

2 9 . 5 6 3 . 1 1 5 1 . 0 2 7 1
3 2 . 9 6 3 . 1 1 4 1 . 1 9 4 I

3 7 . 0 6 4 . 6 8 5 1 . 3 7 6 1
3 8 . 0 7 5 . 1 4 5 1 . 4 3 4 I I I

4 1 . 4 4 3 . 7 9 5 1 . 5 7 7 I

4 2 . 8 7 4 . 2 5 3 1 . 6 6 4 I I I

4 5 . 1 4 3 . 3 4 7 1 . 7 6 4 I

4 6 . 9 8 3 . 7 3 0 1 . 8 4 4 I I I

5 0 . 7 0 3 . 6 6 8 2 . 0 1 6 I I I

5 4 . 6 4 3 . 8 3 1 2 . 1 7 4 I I I

5 9 . 2 3 5 . 2 2 6 2 . 3 5 4 I I I

5 9 . 3 2 2 . 4 4 8 2 . 3 7 4 I I

6 2 . 3 7 3 . 3 0 7 2 . 5 0 4 I I

6 5 . 9 6 3 . 7 3 7 2 . 6 4 3 I I

6 9 . 7 7 3 . 7 7 3 2 . 8 1 3 I I

7 3 . 9 9 4 . 5 3 5 2 . 9 8 8 I I

7 8 . 6 1 4 . 6 1 2 3 . 1 7 9 I I

8 3 . 1 6 4 . 3 4 5 3 . 3 5 9 II
8 7 . 9 2 4 . 8 6 0 3 . 5 4 1 II
9 3 . 5 1 6.211 3 . 7 7 6 II
9 9 . 3 2 5 . 3 4 0 4 . 0 0 5 II

1 0 4 . 5 7 5 . 0 5 1 4 . 2 5 4 II
110.10 5 . 7 4 9 4 . 5 1 9 II
1 1 5 . 6 7 5 . 0 9 2 4 . 7 8 1 II
1 2 1 . 4 4 6 . 2 7 6 4 . 9 9 6 II
1 2 7 . 5 1 5 . 7 3 6 5 . 2 3 6 I I

1 3 3 . 1 7 5 . 3 1 3 5 . 4 2 8 I I

1 3 8 . 4 0 4 . 9 3 2 5 . 6 3 4 I I

1 4 3 . 2 3 4 . 5 0 9 5 . 8 6 1 II
1 4 7 . 7 9 4 . 1 8 2 6.011 II
1 5 3 . 3 8 6 . 9 1 1 6 . 2 1 7 II
1 5 9 . 9 8 6 . 1 5 6 6 . 5 3 4 II
1 6 6 . 2 7 6 . 1 7 5 6 . 7 4 1 II
1 7 3 . 1 0 7 . 0 6 5 7 . 0 2 7 II
1 8 0 . 0 0 6 . 5 8 8 7 . 2 7 5 II
1 8 6 . 5 9 6 . 1 3 6 7 . 5 3 9 II
1 9 2 . 8 8 5 . 7 6 9 7 . 7 4 7 II
1 9 9 . 1 9 5 . 8 7 5 8 . 0 2 9 II
2 0 5 . 3 6 5 . 7 5 4 8 . 2 7 0 II
2 1 1 . 4 5 5 . 9 3 4 8 . 4 5 6 II
2 1 7 . 1 9 5 . 6 4 1 8 . 7 1 1 II
2 2 3 . 1 1 5 . 4 0 1 8 . 8 9 4 II
2 2 9 . 3 4 5 . 5 3 8 9 . 1 3 8 II
2 3 5 . 3 9 5 . 6 8 1 9 . 3 2 4 II
2 4 1 . 5 7 5 . 5 9 4 9 . 5 1 9 II
2 4 7 . 6 9 5 . 6 7 1 9 . 7 8 5 II
2 5 3 . 8 7 6 . 0 3 4 9.999 II
2 5 9 . 5 0 5 . 0 2 0 1 0 . 1 8 II
2 6 4 . 8 1 5 . 1 5 9 1 0 . 3 6 II
2 7 0 . 5 2 5 . 7 5 6 1 0 . 6 9 II
2 7 6 . 9 2 Melting point
2 7 9 . 4 6 3 . 5 6 1 2 0 . 1 7 IV
2 8 3 . 9 1 4 . 5 5 8 1 9 . 9 9 IV
2 8 9 . 4 5 5 . 7 0 0 1 9 . 9 8 IV
2 9 5 . 1 6 5 . 4 9 7 1 9 . 7 8 IV

In the calculations, one 15° calorie was taken as 
equal to 4.1832 international joules. The calo­
rimeter contained 32.708 g. of deuterium oxide. 
For the calculation of the molecular weight we
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used the value 2.01471 given by Aston8 for the 
atomic weight of deuterium, and the factor 
1.00025 for conversion from the physical to the 
Chemical scale.

We took no special precautions in cooling the 
sample, as the first series of measurements showed 
no evidence of bad thermal equilibrium. For or­
dinary water, Giauque and Stout4 observed slow 
attainment of thermal equilibrium in the region 
from 85 to 100°K. However, their experiments 
on different rates of cooling showed no appre­
ciable effect on the heat capacities. If, as 
Giauque and Stout suggest, this lag in equilibrium 
is caused by the initial stages of excitation of 
new degrees of freedom connected with the motion 
of the hydrogen atoms, it is not surprising that the 
phenomenon does not appear in deuterium oxide,

T a b l e  II
H e a t  Capa c ity  o f  D e u t e r iu m  Ox id e

Molecular weight, 20.0284. 0°C. = 273.10°K. Values 
taken from smooth curve through data.

T „  °K.
C p ,

cal./deg./mole

Ratio 
C p  D20/  

C pB itO

Deviations 
Brown, Barnes 

and Maass 
— This research 

%
15 0.272
20 .532 1.086
30 1.043 1.060
40 1.524 1.040
50 1.977 1.043
60 2.403 1.043
70 2.821 1.044
80 3.234 1.052
90 3.629 1.052

100 4.047 1.066
110 4.508 1.092
120 4.931 1.112
130 5.325 1.126
140 5.709 1.143
150 6.100 1.159
160 6.500 1.171
170 6.895 1.174
180 7.282 1.186
190 7.666 1.187
200 8.050 1.194 - 4 .1
210 8.422 1.187 - 3 .9
220 8.802 1.191 - 3 .2
230 9.158 1.185 - 1 .9
240 9.500 1.186 -+•0.2
250 9.842 1.178 -+2.6
260 10.19 1.179 -+5.2
270 10.54 1.173 -+8.0
276.92 Melting point
280 20.15 1.115
290 19.91 1.106 + 2 .4
295 19.78 1.100

(8) Aston, N a t u r e ,  137, 357 (1936).

when one considers the great difference between 
the masses of hydrogen and deuterium.

In Table II are listed values of the heat ca­
pacity at even temperatures, as read from a 
smooth curve through the data. These values 
are compared with those of Brown, Barnes and 
Maass,9 who measured the total change in heat 
content from various initial temperatures to 25°, 
and have derived from these data values for the 
specific heats. In making this comparison we 
have used 20.0284 as the molecular weight.

We have also included in Table II values for the 
ratio of the molal heat capacities D2O/H2O over 
the whole temperature region, calculated from our 
data and those of Giauque and Stout.4 For the 
heat capacity of liquid H20, the values given in 
the “International Critical Tables” 10 were used.

The Melting Point and Heat of Fusion.—The 
melting point was determined with various per­
centages of the D2O melted. In each measure­
ment the temperature was observed for several 
hours after heat input, until readings on the sensi­
tive resistance thermometer indicated that ther­
mal equilibrium had been attained. From these 
measurements, the melting point was selected as 
276.92 =±= 0.05°K. (3.82°C.), after taking into ac­
count the slight freezing point depression due to 
the 0.003 mole per cent. of soluble impurity 
present.

Table III summarizes the measurements of the 
melting point by various observers.

T a b l e  III
M e l t in g  P o in t  o f  D e u t e r iu m  O x id e  

0°C. «  273.10°K.
M . p ., °K .

Lewis and Macdonald11 276.9
La Mer and Baker12 276.90
Taylor and Selwood13 276.92
This research 276.92 =»=0.05

The heat of fusion was determined by the usual 
procedure of starting heat input at a tempera­
ture slightly below the melting point and heating 
to a temperature a little above. In this case, 
due to the fact that the less dense ice floated on 
top of the melted material, it was necessary to 
heat to almost 11° above the melting point in 
order to obtain sufficiently rapid thermal equi-

(9) Brown, Barnes and Maass, C a n .  J .  R e s e a r c h , (a) 12B, 699 
(1935); (b) 13B, 167 (1935).

(10) “Int. Crit. Tables,” McGraw-Hill Book Co., Inc., New York, 
1926, Vol. V, p. 113.

(11) Lewis and Macdonald, T h is  J o u r n a l , 55, 3057 (1933).
(12) La Mer and Baker, i b i d . ,  56, 2641 (1934).
(13) Taylor and Selwood, i b i d . ,  56, 998 (1934).



1832 Earl A. Long and J. D. Kemp Vol. 58

librium after energy input. This necessitated a 
larger J 'C pdT  correction, which, however, could 
be applied with high accuracy.

The measurements are summarized in Table IV. 
Column two gives the heat input per mole, cor­
rected for all experimental factors, but not in­
cluding the J'CpdT correction, given in column 
three. A small correction for premelting is also 
included in the J*CpdT  correction to the total 
energy. The last column gives the molal heat of 
fusion. We have also included in Table IV values 
for the heat of fusion given by other workers. 
These include the value of Bartholomé and Clu­
sius, a direct determination with an ice calorime­
ter; that of Jacobs, an extrapolated value from 
heat of fusion measurements on equilibrium mix­
tures of light and heavy water; and indirect de­
terminations by La Mer and Baker, and by 
Brown, Barnes and Maass.

In this connection it is of interest to point out 
that the heat of fusion of H20  measured by 
Giauque and Stout4 in the same calorimeter 
agreed with the accepted value within 0.1%.

T a b l e  IV

H e a t  of F u sio n  of D e u t e r iu m  Ox id e  
Molecular weight, 20.0284

Temp. interval, °K.

Corr. total 
heat input, 
cal./mole

f C p d T
+  premelt- 

ing/mole
A H  fusion 
cal./mole

274.07-288.43 1872.7 373.5 1499.2
273.84-285.43 1796.4 293.5 1502.9
274.97-287.06 1818.3 317.8 1500.5

Mean value 1501 =*= 3
Bartholomé and Clusius14 1522
Brown, Barnes and Maass9a 1484
La Mer and Baker15 1510
Jacobs16 1525

The Entropy of Deuterium Oxide.—The en­
tropy between 18 and 273.10°K. was obtained by 
graphical integration of our measured heat ca­
pacities. The entropy between 0 and 18°K. 
was calculated from the Debye equation, using 
6 -  185.

The only direct value for the heat of vaporiza­
tion of D20  is that of Bartholomé and Clusius,14 
who determined the heat of Sublimation at 0° 
using an ice calorimeter. They give 630.9 calo­
ries per gram as the mean of three determinations, 
with an average deviation of 0.4 cal./gram. 
Converting this to a molal basis, using our molecu­
lar weight (20.0284), we obtain 12,636 cal./mole

(14) Bartholomé and Clusius, Z .  p h y s i k .  C h e m .,  B28, 167 (1935).
(15) La Mer and Baker, T h is  J o u r n a l , 56, 2641 (1934).
(16) Jacobs, T r a n s .  F a r a d a y  S o c . ,  31, 813 (1935).

as the heat of Sublimation at 0°. The vapor 
pressure of D20  at 0° is given by Bartholomé and 
Clusius as 3.65 =±= 0.05 mm. The entropy cor­
rection to the ideal gas state should be negligible 
at this low pressure.

A summary of the entropy calculation at 
273.10°K. is given in Table V.

T a b l e  V
E n tro py  of D e u t e r iu m  Ox id e  a t  273.10°K.
0-18°K., Debye function, 6 = 185 0.135

18-273.10°K., graphical 
Sublimation at 273.10°K.,

10.099

12636/273.10 +46.269
Compression R ln (3.65/760) -1 0 .6 1

Entropy of the hypothetical perfect
gas at 273.10°K. and 1 atmosphere 
pressure 45.89

=1= 0.1 E. U.

Table VI summarizes the calculation of the en­
tropy of liquid deuterium oxide at 298.10°K.

T a b l e  VI
Calorim etric  E n t r o py  of L iq u id  D e u t e r iu m  Ox id e  at

298.10°K.
0-18°K., Debye function, 0 = 185 0.135

18-276.92°K., graphical 10.247
1501

Fusion at 276.92°K.,--------
276.92

5.420

276.92-298.10°K., graphical 1.472

Calorimetric entropy of liquid D2O at
298.10°K. 17.27

=*= 0.05 E. U.

For use in thermodynamical calculations, 0.806
E. U. should be added to the value in Table VI, 
giving 18.08 E. U., on the basis of Pauling’s theory, 
discussed in a later section.

The Entropy from Spectroscopie Data.—The 
entropy was calculated from the well-known equa­
tion
5 = 3/2 R ln M  +  4R ln T +  R/2  ln I a I b I c -

A ln <r + 265.35 -J- S vibrational
The vibrational fundamentals vi = 2784 cm.-1, 
V2 = 2666 cm.-1, vz — 1179 cm.-1 given by 
Barker and Sleator17 and Rank, Larsen and 
Bordner18 were used in the calculation of the 
vibrational entropy. At 273.10°K., this amounts 
to only 0.02 E. U.

As there exist no experimental values for the 
moments of inertia of deuterium oxide, a calcula­
tion of these was made from the corresponding 
moments of inertia for hydrogen oxide in the

(17) Barker and Sleator, J .  C h e m . P h y s . ,  3, 660 (1935).
(18) Rank, Larsen and Bordner, i b i d . ,  2, 464 (1934).
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ground state (non-rigid molecule) given by 
Freudenberg and Mecke.19

In this calculation, it was assumed that the root 
mean square distance between the D atoms in 
DaO was the same as the root mean square dis­
tance between the H atoms in H20; it was also 
assumed that the root mean square distance be­
tween the O atom and the line connecting the D 
atoms was the same as the corresponding dis­
tance between the O atom and the line connecting 
the H atoms. Thus

/ a d .o “

- 2DO 1  
2D -f O 

2HO
l_2H +  O J

7 b d 2o ~  U  ^  Ti

zAh20

BH20

( 1)

(2)

7CD2o was calculated assuming that the distance 
between the D and O atoms in D20  was the same 
as the distance between the H and O atoms in 
H20, and that this distance r is determined by the 
expression

I 0 m o  -  2H f*  ( l  -  l  co s2 f )

The valence angle a is determined by

tan |  |  X 7 b h 2q 

7 vh20

Then

/ cD20 D(‘ 7ch2o

The following values were obtained for the mo­
ments of inertia of deuterium oxide (in g.-cm.2) :

7a = 1.790 X ÏO"40 7b =  3.812 X 10“40
7C = 5.752 X 10 ~40

Then, at 273.10°K. and one atmosphere pres­
sure
5 d,o = |  R  ln 20.0284 +  4 R  ln 273.10 +  ~  ln (1.790 X

10 X 3.812 X 10- 40 X 5.752 X 10"40) -  R  la 2 +
265.35 +  0.02 = 46.66 E. U.

in accordance with the usual custom of neglecting 
entropy due to nuclear spin. At 298.1°K. and 
one atmosphere, the spectroscopie entropy for 
D20  is 47.46 E. U.

A comparison of this spectroscopie value with 
the calorimetric entropy given in Table V shows a 
difference of 0.77 E. U. A corresponding discrep­
ancy of 0.82 E. U. at 298.1°K. was found by 
Giauque and Stout4 in the case of hydrogen 
oxide.

(19) Freudenberg and Mecke, Z. P h ys ik , 8 1 ,  465 (1933).

Two explanations of the hydrogen oxide dis­
crepancy have been made. Giauque and Ashley2 
offered an explanation which assumed that the 
ortho and para states in gaseous water persisted 
in the solid state at low temperatures. This 
theory, as pointed out by Giauque and Stout,4 
leads to a calculated discrepancy of 1/3 R  In 2 =
0.459 E. U. for deuterium oxide, as compared to a 
calculated discrepancy of 1.033 E. U. for hydrogen 
oxide.

Pauling3 has offered an alternative explanation 
which ascribes the discrepancy to the random 
orientation of the hydrogen bonds in the crystal. 
His theory leads to a calculated discrepancy of 
R  ln 6/4 =  0.806 E. U. This discrepancy, in 
Pauling’s explanation, is identical for both forms 
of water.

In the case of hydrogen oxide, Giauque and 
Stout4 have pointed out that while the discrepancy 
is quantitatively explained by Pauling’s theory, 
the ortho-para explanation is not absolutely ex- 
cluded, as a partial attainment of equilibrium 
between ortho and para forms would lead to a 
discrepancy somewhat lower than 1.033 E. U. 
The ortho-para explanation becomes still more 
improbable for the discrepancy in deuterium oxide, 
as it predicts a discrepancy of about 0.31 E. U. 
lower than its measured value. Thus, the agree­
ment between our experimental discrepancy and 
that calculated by Pauling, together with the 
similar agreement found by Giauque and Stout 
for hydrogen oxide, gives strong support to the 
Pauling theory of random bond orientation.

We are indebted to Professor H. L. Johnston, 
who suggested the problem to one of us (E. A. L.) 
and kindly loaned us the pure deuterium oxide 
used in this investigation, and to Professor W. F. 
Giauque for the use of the vacuum calorimeter, 
and for many helpful conversations.

Summary
The heat capacity of solid and liquid deuterium 

oxide has been determined over their respective 
ranges from 15 to 298°K.

The melting point has been found to be 
276.92°K. The heat of fusion of deuterium 
oxide is 1501 cal./mole.

The calorimetric entropy of liquid deuterium 
oxide at 298.1°K. is 17.27 E. U. The value which 
should be used in thermodynamic calculations is
0.806 E. U. higher, or 1808 E. U., on the basis of 
Pauling’s theory.
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Using our measured heat capacities and the 
heat of Sublimation of deuterium oxide given by 
Bartholomé and Clusius, we find the calorimetric 
entropy for D20(g) to be 45.89 E. U. at 273.10°K. 
and one atmosphere pressure. The entropy from 
spectroscopie data is 46.66 E. U., giving a dis­
crepancy of 0.77 E. U. between the calorimetric 
and spectroscopie values. This is in good agree­

ment with the theoretical discrepancy 0.806 
calculated by Pauling from the assumption of 
random orientation of the hydrogen bonds in 
the crystal. This agreement, along with the 
similar agreement for hydrogen oxide found by 
Giauque and Stout, is evidence for the correct- 
ness of Pauling’s theory.
Berkeley, Calif. R eceived July 2, 1936

[C o n t r ib u t io n  f r o m  t h e  C h e m ic a l  L a b o r a t o r y  o f  H a r v a r d  U n i v e r s i t y ]

A Study of the Phenanthrene-Bromine Addition Reaction
B y  Charles C. Price

Although it has been recognized since the dis­
co very of phenanthrene1 that the hydrocarbon 
forms a crystalline dibromide sufficiently stable 
to be isolated, the interesting reaction has re­
ceived but little attention and the dibromide has 
been studied only as an incidental intermediate 
in the preparation of 9-bromophenanthrene,2 loss 
of hydrogen bromide occurring when the substance 
is gently heated.

+  Br2
H H

Since the reaction affords a model for the widely 
considered hypothesis that aromatic substitu- 
tions in general involve an addition-elimination 
mechanism, it was thought that a study of the 
kinetics of both of the above reactions in the pres­
ence and absence of halogenation catalysts might 
cast some light on the broad problem of Substitu­
tion. That dibromides can be isolated from phen­
anthrene and anthracene but not from the other 
common aromatic hydrocarbons is no indication 
that these substances are different in kind from 
the others. It probably is merely a consequencc 
of the greater reactivity of the central nucleus of 
the tricyclic hydrocarbons and of the stabiliza-

(1) Fittig and Ostermayer, B e r . ,  5, 933 (1872); A n n . ,  166, 361 
(1873); Graebe, B e r . ,  5, 861, 968 (1872); A n n . ,  167, 131 (1873).

(2) Hayduck, A n n . ,  167, 181 (1873); Anschütz, B e r . ,  11, 1217 
(1878); Austin, J .  C h e m . S o c . ,  93, 1763 (1908); Sandqvist, A n n . ,  
398, 126 (1913); Henstock, J .  C h e m . S o c . ,  123, 3097 (1923); Bach- 
mann, T h is  J o u r n a l , 56, 1365 (1934).

tion of the dihydrobenzenoid nucleus of the addi­
tion product by the terminal, aromatic rings.

It was soon found in preliminary experiments 
that the reaction between phenanthrene and bro­
mine in non-aqueous solvents is reversible, and 
that the position of the equilibrium and the rate 
of its establishment are both measurable by an­
alytical methods. Consequently a study was 
made of the rate and equilibrium of the first re­
action, the original problem being reserved for 
future investigation.

Analysis for bromine by titration was first tried 
and found to give approximate but unsatisfactory 
results, and the final measurements were made by 
colorimetric analysis for bromine with a Keüffel 
and Esser spectrophotometer. This proved to 
be a convenient and reliable method of attack. 
The experimental deviation of =fc5% in the equi­
librium constants determined by this method 
represents an error of only =±=0.5% in the deter­
mination of the bromine concentration.

The phenanthrene used was a sample from coal 
tar (Gesellschaft für Teerverwertung) further 
purified by treatment with maleic anhydride,3 dis­
tillation, and crystallization, m. p. 98.2-98.8°, 
corr. Pure bromine was prepared according to 
the directions of Scott,4 dried over resublimed 
phosphorus pentoxide, and distilled. The puri­
fication of the carbon tetrachloride used as solvent 
was most satisfactorily accomplished by washing 
commercial material three times with one-tenth 
volume of concentrated potassium hydroxide in 
50% alcohol at 60°, three times with water, three 
times with one-tenth volume of concentrated sul­
furic acid at 25°, thorough washing with water, a

(3) Clar, B e r . ,  65, 852 (1932).
(4) Scott, J .  C h e m . S o c . ,  103, 847 (1913).
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preliminary drying over calcium chloride, and 
distillation from phosphorus pentoxide, b. p. 
76-76.5°. The use of sodium as a final drying 
agent, recommended by several investigators,5 
gave a product containing a slight amount of 
bromine-absorbing impurity (0.004-0.006%), de­
termined by the decrease in the absorption co­
ëfficiënt with increasing dilution.

The rate as well as the equilibrium for the addi­
tion of bromine to phenanthrene follow quite as 
would be expected from the equation of the reac­
tion

h
C14H10 +  Br2 CwHioBra

k i

The equilibrium constant K  is defined as follows:
rr __ [Ci4HioBr2] __ kz 

[Ci4H10)[Br2] ki
where ki and &2 represent the rate constants for 
the reactions as indicated.

The rate constant for the bimolecular forward 
reaction, &2, is calculated from the expression for a 
bimolecular forward reaction corrected for a mono­
molecular back reaction

d x / d t  — k 2( a  — x ) ( b  — x )  ~  k\X

Substitution for ki of its value as determined from 
the expression for the equilibrium constant, k± — 
ki/K , and integration lead to the following ex­
pression for ß2.

k z  =
2.303

t

2x  — (a  +  b +  1 / K )  — s /  — q 
2 x - ( a  +  H  l / K)  +  V~^q

- ( a  +  b +  l / K)  -  V ^g  
g +  b +  l / K)  + ]

where a = [Br2]i(initiai)> b =  [CuHioL x — [Br2]j 
— [Br2]t(at «met), and — q  = (a +  b + l /K ) 2 -  4.ab.

The experimentally determined values for these 
constants at 15.7, 25.0 and 39.0° are shown in 
Tables I and II. On plotting log K  at these 
three temperatures against l /T ,  the points are 
observed to fall accurately on a straight line. 
The rate constants are all calculated from the 
starting time. In the determination of the rate 
constants for expts. 1-6 the light of the spectro- 
photometer was on during the entire course of the 
reaction, the rate constants increasing steadily 
due to catalysis by the light. In the remaining 
experiments the light was on for only about thirty 
seconds of every five minutes, and this seemed to 
have no appreciable effect on the rate of the reac­
tion, the rate constants showing no systematic 
deviation either with the concentration or amount

(5) Berthoud and Béraneck, J .  c h im .  p h y s . ,  24, 213 (1927); 
Bauer and Daniels, T h is  J o u r n a l , 56, 378 (1934).

T a b l e  I
E q u il ib r iu m  a n d  R a t e  C o n st a n t s  fo r  t h e  A d d it io n  o f  

B r o m in e  to  P h e n a n t h r e n e  a t  25.0 °
Expt. [Bn]i® [CuHioh K k

1 0.00696 0.00476 239 23-36''
2 .00555 .00456 236 26*
3 .00555 .00727 226 24-26"
4 .00699 .00871 229
5 .00699 .00692 218 10-27"
6 .00699 .01087 213 9-18"
7 .00845 .00431 224 10-12 .4
8 .00845 .01043 219 11-14
9 .00845 .01495 225 . . .

10 .00845 .00824 230
12 .03405 .02997 241 11-12 .6
13 .03405 .00889 223 12-13 .5
14 .03405 .02268 219 7-8
15 .00655 .01188 241 9 -1 3 .5
18 .00655 .00900 237
19c .00841 .00904 236 9 -1 1 .5
20 .00841 .01181 221 8 -1 1 .5
25 .00873 .01433 240 9-13
32 .00542 .01202 232 6 -6 .5
96”* .00788 .01063 224
97* .00782 .00839 240

K 2b° =  230
a Concentrations expressed in moles per liter. 6 Spec- 

trophotometer light on during entire course of experiment. 
c Oxygen removed from solvent by boiling under dimin­
ished pressure.6 d Synthetic phenanthrene of Fieser and 
Hershberg, T his Journal, 57, 2192 (1935), used in these 
experiments after further selenium dehydrogenation and 
recrystallization, m. p. 100.7-101 °, corr.

T a b l e  II
E q u il ib r iu m  a n d  R a t e  C o n st a n t s  fo r  t h e  A d d it io n  of  

B r o m in e  to  P h e n a n t h r e n e  at  39.0 a n d  15.7 °
Expt. [Bra ]i [CwHioJi K k

33 0.01042 0.00892 132 7 -9 .5
34 .01042 .00714 134.5 8-11
35 .00628 .00440 139 9 .5 -1 0 .1
36 .00628 .01004 132.5 6 .5 -8
37 .00628 .00656 134.5 7 .5 -9
38 .00628 .00718 132 10-11

^39° -  134

39 .00946 .00890 322 6 .5 -8 .5
40 .00946 .00648 358 8 .5 -9 .5

^13.7° =  340

T a b l e  III
S u m m ary  o f  t h e  E q u il ib r iu m  D a ta  fo r  t h e  A d d it io n  

o f  B r o m in e  t o  P h e n a n t h r e n e
Temp.,

°C. K - A F  (cal.)
A S

— AH (cal.) (cal./deg.)
15.7 340 ( ±8) 3360 (± 10 )
25.0 230 ( ±6) 3220 (± 15 ) 7350 13.8

39.0 134 ( ±2) 3040 (± 15)
(=*=250)
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of reaction. Table III summarizes the equilib­
rium data, including AF, AH  and AS, for the 
addition of bromine to phenanthrene. The 
limits indicated are calculated from the average 
deviation of the equilibrium constants.

The inhibitory effect of oxygen noted by Bauer 
and Daniels6 in a study of the addition of bromine 
to cinnamic acid was not noticeable in this reac­
tion (expt. 19). Benzoyl peroxide also had no 
effect on either the rate or the equilibrium, nor 
did the antioxidant ß-naphthol. It was dis- 
covered, however, that such antioxidants as di­
phenylamine, hydroquinone, tetrabromohydro- 
quinone and tetrabromocatechol are very effec­
tive inhibitors of the reaction, even in relatively 
small amounts. It appears significant that the 
distinctive feature of these inhibitors is the fact 
that they may readily donate atoms of hydrogen 
and revert to stable compounds, namely, tetra- 
phenylhydrazine or a quinone.

These facts all find ready explanation on the 
basis of a chain mechanism for the addition of 
bromine to phenanthrene, propagated by bromine 
atoms and free radicals as follows

H H

a type of mechanism which has been proposed by 
several investigators studying photochemical 
bromination reactions.7 It is suggested that the 
inhibitor functions by interaction with the bro­
mine atoms, yielding hydrogen bromide and either 
te tr aph enylhy dr azine or a quinone. Lauer,8 in a 
recent series of papers on the bromination of vari­
ous aromatic hydrocarbons does not seem to con­
sider fully the possibility of a chain mechanism in 
the deduction of his conclusions.

This inhibitory effect not only indicates that the 
reaction proceeds through a chain mechanism but 
makes possible an estimation of the length of the 
chain, a determination which usually is made only 
through a photochemical study of quantum yield. 
If, for instance, the concentration of the inhibitor 
is one-tenth that of the phenanthrene, it may be

(6) Bauer and Daniels, T h is  J o u r n a l , 56, 2014 (1934).
(7) Berthoud and Béraneck, J . chim. phys., 24, 213 (1927); 

Wachholtz, Z. physik. Chem., 125, 1 (1928).
(8) Lauer, Ber., 69, 141, 146, 861, 978, 1061 (1936).

assumed that the chain length is approximately 
ten, since the chances are ten to one in favor of a 
bromine atom colliding with a molecule of phen­
anthrene, thus propagating the chain rather than 
hitting a molecule of inhibitor and interrupting 
the chain. Multiplication of the ratio of phenan­
threne to inhibitor by the ratio of the uninhibited 
rate to inhibited rate will then give the length of 
the chain in the case of the uninhibited reaction. 
The validity of the above assumption regarding 
the chain length of the inhibited reaction depends 
chiefly on two conditions, namely, the equality of 
the activation energy for the reactions between 
bromine atoms and phenanthrene or inhibitor, 
and the equivalence of the steric factors involved 
in these two reactions. The assumption implies 
that the fraction of effective collisions between 
bromine atoms and molecules of inhibitor is the 
same as that for the collisions between bromine 
atoms and phenanthrene. The quantitative iden­
tity of the results using diphenylamine, tetra­
bromocatechol, and tetrabromohydroquinone 
seems to substantiate the validity of the assump­
tion, and to indicate the probability that all of the 
above collisions result in reaction, since if either a 
steric effect or activation energy were a factor it 
would not be expected to be the same in each 
case.

It should be pointed out that in the determina­
tions of the chain length by this method, the in­
hibitor was added in quantity sufficiënt so that 
the ordinary chain-stopping process could be neg­
lected as compared with the interruption of the 
chain by the inhibitor. The results of the ex­
periments at 25° are shown in Table IV. In 
each case the experiment with less inhibitor gave 
a lower value for the chain length, possibly due 
to decrease in inhibitor concentration by reaction 
with bromine atoms, an effect which would natu-

T a b l e  IV
E ffe c t  o f  V a r io u s  I n h ib it o r s  o n  t h e  R a te  of A d d i­
t io n  of B r o m in e  to P h e n a n t h r e n e  at  25 a n d  36°

[CwHxo]/ k Chain
Inhibitor [Inhib.] length

Diphenylamine 38.8 0.18 2500“
D m h ptrvl am i n f» 144 .85 1850°
Tetrabromocatechol 3 3 .6 .18 2050®
Tetrabromocatechol 105 .84 1400®
Tetrabromohydroquinone 43 .25 1900°
Tetrabromohydroquinone 105 .70 1650®
Tetrabromohydroquinone 70.6 .67 10006
Tetrabromohydroquinone 145 1 .2 12006
® Calculated for &25° — 11, 6 Calculated for k<!«° = 1
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rally be increasingly noticeable with decreasing 
concentration of inhibitor. For this reason the 
higher values are perhaps the more nearly correct.

It is necessary to reconcile the interpretation of 
the results in terms of a chain mechanism with the 
observed second order kinetics. In studies of 
photochemical brominations,5,7 which apparently 
proceed by chain reactions, the initiating reaction 
is the photochemical dissociation of bromine 
molecules to atoms, the experimentally deter­
mined rates being proportional to the first power 
of the bromine concentration alone. That the 
rate in the present case is dependent also upon the 
concentration of phenanthrene can be accounted 
for by assuming that the chain initiating reaction 
is

C14H10 T  B r2 -----Ci4HioBr T  B r

It is further necessary to assume that the length 
of the chain remains sensibly constant during the 
course of the reaction. A calculation of the Varia­
tion of this factor with changing concentrations 
of the reactants was made on the basis of the fol­
lowing mechanism, the same as that proposed by 
Berthoud and by Wachholtz7 for the addition of 
bromine to ethylenic double bonds, except that 
in the present case the chain-initiating reaction is 
not the photochemical dissociation of bromine.

( 1) C14H10 +  B r2 -------->  C w H ioBr +  B r  h
(2) C14H10 T  B r ----------------C n H io B r k%
(3) C nH ioB r T  B r2 ----->■ C i4IIio B r2 -j- B r kz
(4 ) C ^H ioB r T  B r -C uH ioB ra (o r  C14H10 T  B r2) k i
( 5) C u H io B r-----^  C14H10 +  B r  k 5
(6) Ci4HioBr2 T  B r -----C u H io B r T  B r2 k§
(7) Ci4HioBr2 T  B r2 -----G uH ioB r -j- B r8 (o r  B r  T  B r2)

k 7

Reaction 7 is included since a solution of phenan­
threne dibromide alone is quite stable and its dis­
sociation proceeds only on the addition of a small 
amount of bromine.

If now the chain length, a, is placed equal to the 
ratio of the chain-propagating reactions to the 
chain-interrupting reactions

_  &2[C i4H io ][B r] +  &3[C14H io B r] [B r2]
“ “  MCuHioBrHBr]

it is necessary only to obtain the concentrations 
of the intermediates, Ci4Hi0Br and Br, in terms of 
the reactants by setting up and solving the equa­
tions of the steady state in order to obtain an ex­
pression for the chain length in terms of definitely 
determinable quantities. Making the one sim- 
plifying assumption that k& [Ci4Hi0Br2 ] is negligible

as compared with &2[Ci4Hio], since the rate of the 
forward reactions must be greater than the back 
reactions due to the position of the equilibrium 
and since the concentration of the dibromide is at 
most equal to that of the phenanthrene ät the di­
lution in question, the following expression can be 
derived:

2 =  o M ?  4- bh  _ J _  4- ( tB r a 1 ^
a h k i  “h kiki [Bra] kiki W B r 2] +  k J

A two- or three-fold change in bromine concen­
tration, as was the case in the measurements, 
should have but little effect on a2, even less on a 
itself.

A probable reason for the lack of temperature 
coëfficiënt was indicated by the results of deter­
minations of the chain length at 36°. At this 
temperature the chain-initiating reaction should 
have approximately twice the rate at 25°, but 
compensating for this factor it was found that the 
chain length had decreased from about 2000 to 
1000. The results of these experiments are shown 
in Table IV.

One other very interesting phenomenon dis- 
covered in the course of the work was the phenan- 
threne-induced bromination of dioxane, and the 
observations offer further support for the pro­
posed mechanism for the initiation of the bromine- 
phenanthrene reaction. A solution of bromine in 
dioxane was found to be completely stable at 
room temperature or slightly above, but the addi­
tion of phenanthrene causes a rapid absorption of 
bromine, not only by addition to phenanthrene 
(V3) but by bromination of the dioxane (2/ 3). 
The phenomenon has not been thoroughly in­
vestigated but the results suggest the following 
mechanism:

Ci4Hio T  Br2---->- CuHioBr -f- Br
Ci4HioBr -f- Br2----Ci4HioBr2 -f* Br

C4H80 2-Br2 -j- 2Br ——>- C4HeBr20 2 -f- 2HBr
| h 2o

2CH2OH-CHO +  2HBr

This accounts for the observed ratio of hydrogen 
bromide produced to bromine absorbed. A posi­
tive Fehling’s test showed the presence of an alde­
hyde. The reaction is to be studied further.

The author wishes to express his grateful appre- 
ciation to Professor Louis F. Fieser both for pro- 
posing the problem and for inspiration to its suc­
cessful completion. Acknowledgment is also due 
Dr. Paul D. Bartlett for much helpful advice and 
criticism.
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Summary
1. The rate and equilibrium for the addition of 

bromine to phenanthrene have been measured.
2. Evidence for a chain mechanism has been

presented, as well as a method for the determina­
tion of its length.

C o n v erse  M em o ria l  L abor ato r y
C am br id g e , M a s s . R e c eiv ed  J u l y  3, 1936

[Co n t r ib u t io n  from  t h e  C hem ical  L aboratory  of H a r v a r d  U n iv e r s it y ]

The Effect of Substituents on the Phenanthrene-Bromine Addition Reaction

B y Lo u is  F . F ie se r  and  Charles C. P rice

Following the observation1 that the addition of 
bromine to phenanthrene proceeds to a measur­
able equilibrium at a conveniently measurable 
rate, it became of interest to investigate the effect 
of substituent groups in the terminal rings on the 
free energy and rate of the reaction. It seemed 
desirable to study compounds having substituents 
belonging to the three types distinguished by the 
nature of the directive influence which they exert 
on aromatic substitutions, and attention was di­
rected first to 2- and 3-substituted phenanthrene 
derivatives since these are more readily available 
than the 1- and 4-isomers. As representative 
compounds with meta-directing groups the 2- and
3-carboxylic esters of phenanthrene were selected 
and found satisfaetory. Halogen atoms consti- 
tute a special class of substituent since they re­
tard Substitution in the benzene ring like meta 
groups yet direct to the ortho- para positions, but 
of the compounds desired only 3-chlorophenan- 
threne2 had been described at the time our work 
was undertaken. The 2- and 3-halophenan- 
threnes, however, were conveniently obtained 
from the acetyl compounds3 through the oximes, 
acetylamines and amines, a method which has 
been reported by Bachmann and Boatner4 in a 
preliminary communication published since the 
completion of our work.

It was a more difficult matter to find suitable
2- and 3-phenanthrene derivatives having ortho- 
para directing groups of the type that facilitate 
aromatic substitutions. A too powerfully di­
recting group would lead to Substitution in the 
terminal nucleus rather than 9,10-addition, and 
this apparently is the case with the methoxy- and 
acetylamino-phènanthrenes for they rapidly ab- 
sorb more than one mole of bromine irreversibly in

(1) Price, T h is  J o u r n a l , 58, 1834 (1936).
(2) Sandqvist, A n n . ,  396, 116 (1909).
(3) Mosettig and van de Kamp, T h is  Jo u r n a l , 52, 3704 (1930).
(4) Bachmann and Boatner, i b i d . ,  58, 857 (1936).

carbon tetrachloride solution. The same observa­
tion was made with 3-ethylphenanthrene, and it 
is possible that in this case the principal reaction 
is a side-chain Substitution. The phenanthryldi- 
methyl carbinols were investigated but they 
proved to be too unstable. Finally the tertiary 
butyl compounds were synthesized and found en­
tirely satisfaetory for the purpose. 3-ter.-Butyl- 
phenanthrene (V) was obtained by the synthetic 
method of Fieser and Hershberg5 starting with 
the keto acid I resulting from the condensation 
of ter.-butylbenzene with succinic anhydride.

/C H 2 
CO \c H a

/C H ,
CHj^CHCOOR

I |

COOH 1 COCOOR
3 steps

KJ
C(CH3)3 ' c {CH3)3

II

2 steps -------- >.

C(CH3)3
V

The structure was established by conversion to p- 
ter.-butylbenzoic acid and terephthalic acid. The 
addition of butadiene to III and the remaining 
steps all proceeded very satisfactorily, affording

(5) Fieser and Hershberg, i b id . ,  (a) 57, 1851 (1935); (b) 57, 2192 
(1935).
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T a b le  I

E q u il ib r iu m  a n d  R a t e  D a t a  fo r  the  P h e n a n t h r e n e - B r o m in e -A d d it io n  R e a ctio n  fo r  V a r io u s  P h e n a n t h r e n e  
D e r iv a t iv e s  in  Ca r bo n  T etrachloride  S o l u tio n  at  25 a n d  36°

Compound K u * K s s ° fe36° - a f26°(cal.) - A H(cal.) A S(cal./deg.)
2-Carbethoxyphenanthrene 168 88 2 .0 -7 .0 3-7 3070 10,400 24.6
3-Carbethoxyphenanthrene 93 59 1.5-3 .0 1.5-5 2690 7,200 14.9
2-Carbomethoxyphenanthrene 167 81 0.4-0 .7 0.5-1 3030 11,300 27.8
3-Carbomethoxyphenanthrene 129 63 3-8 0.75-1.25 2880 11,250 28.2
2-Chlorophenanthrene 159 54 0.02-0.05 0.015-0.025 3000 16,900 46.6
3-Chloropbenanthrene 170 67 0.3-0 .7 0 .5 -1 .5 3040 14,300 37.7
2-Bromophenanthrene 152 59 0.02-0.05 0.02-0.05 2980 14,800 39.6
3-Bromophenanthrene 152 69 0 .3 -1 .0 2990 12,800 32.9
Phenanthrene 230 148 7-11 7-11 3220 7,350 13.8
2-ter.-Butylphenanthrene 320 262* 1-4 2-5 3420 3,350 0
3-ter.-Butylphenanthrene 
(* 37.4°.)

467 191* 7-11 5-7 3640 12,900 31.1

easily purified hydrocarbon. The synthesis of two temperatures are roughly parallel for the
the 2-isomer was patterned after Haworth’s syn­
theses and based upon his observation6 that in 
nitrobenzene solution succinic anhydride con- 
denses with 0-methyl- and /3-isopropyl-naphtha- 
lene in the 6-position. ß-ter.-Butylnaphthalene 
was found to react in the same way, giving the 
keto acid VII. On reduction, cyclization and

(CH3)8C

(CH3)3C ^ y
VII

4 steps
>  (CH3)3C ^  

VIII

conversion to an aromatic hydrocarbon, the prod­
uct was found to be a phenanthrene derivative 
isomeric with 3-/er. -butylphenanthrene and yield­
ing on oxidation an ortho quinone with the sub­
stituent still intact, hence a /er.-butyl-9,10-phen- 
anthrenequinone. Theoretically VI could give 
rise to 2-, 3- or 9-ter.-butylphenanthrene, and 
since the last two structures are eliminated the 
substance obtained is the 2-isomer and the keto 
acid (VII) has the structure shown.

The bromine-addition reaction was studied in 
carbon tetrachloride solution by the method em­
ployed for phenanthrene1 and the results are sum­
marized in Table I. On comparing the equilib­
rium constants at 25 and 36° with the values for 
phenanthrene it is seen that the constants at the

(6) Haworth, Letsky and Mavin, J .  C h e m . S o c . , 1784 (1932).

pairs of isomers except in the case of the two alkyl 
compounds. It is quite interesting that halogen 
substituents fall into line with the typically meta- 
directing carboxylate groups in decreasing the 
free energy of the bromine-addition, while an alkyl 
group has just the opposite effect. This relation­
ship is exactly that found for the effect of groups 
of these three types on the oxido-reduction po­
tentials of quinone-hydroquinone systems,7 and 
it is of interest to compare the reactions:

+  Br2

Br Br

( 1)

HO
- A F a ° ■■

OH

\ —
~"/2 (m )

3 (P )

(2)

O

>
\ = /

~  A F 25° =  21,736 cal.8

O

~ \
+  H2

As applied to the oxidation of a hydroquinone 
(Reaction 2), a rule previously stated7  in terms of 
potentials may be phrased as follows: groups 
which facilitate Substitution in the benzene ring 
increase the free energy of oxidation, while those 
which retard benzene-substitution, including meta- 
directing groups and halogen atoms, have the op­
posite influence. It is clear from the present re-

(7) Fieser and Fieser, T h is  J o u r n a l , 57, 491 (1935).
(8) From the normal potential in 95% alcoholic solution, Fieser, 

i b i d . ,  51, 3101 (1929).
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sults that the rule applies equally well to Reaction
1. In each case the reaction involves the conver­
sion of the central, benzenoid ring into a dihydro- 
benzenoid nucleus, and substituents in a terminal 
ring exert similar influences in the two processes. 
The free energy change in the bromine-addition 
is much less than in the oxidation, but a substitu­
ent has nearly the same proportionate influence 
in each case, as can be seen from the compari­
sons given in Table II. Although the effect of

T able II
E ffect of S u bstituents in  Calories on —  A F
Substituent Reaction 1 Reaction 2

3-Bromo 230 ( 7.1%) 1292 ( 5.9%)
3-Carbomethoxy 340 (1 0 .0 %) 2677 (12.3%)

a 3-ter.-butyl group on the free energy of oxida­
tion is not known, it can be inferred from other 
data7,8 that such a group probably would increase 
the free energy change to about twice the extent 
that a bromine atom decreases it. This again cor­
responds to the findings regarding Reaction 1.

With regard to the effect of the position of the 
substituent in the phenanthrene nucleus, it has 
been observed8 in the case of Reaction 2 that the 
effect of a group in either the positive or negative 
direction is greater when it is situated in the 3- 
position para to the 10-hydroxyl group than when 
it is located at the meta position 2. The present 
results are hardly extensive enough to show 
whether or not this is true also of Reaction 1. 
With the halogen compounds the differences in 
the values of — AF for the isomers are too slight to 
be significant. The ester groups are invariably 
more effective in the 3-position, and the differ­
ences are quite noticeable. Considering the free 
energy changes at 25°, the same relationship 
holds for the ter.-butyl group, but in this case 
there is a curious reversal at the higher tempera­
ture and more data will be required to establish 
the analogy.

Comparing the rate constants for the bromine- 
addition to the substituted phenanthrenes (Table 
I), it may be said that there is no striking devia­
tion from the behavior of phenanthrene, and no 
significant difference between isomers, except in 
the case of the halogen compounds. A halogen 
atom at either the 2- or 3-position definitely re- 
tards the addition reaction, and there is a de- 
cided difference between the isomers. The rate 
constants for 2-bromo- and 2-chlorophenan- 
threne are only about one-fortieth as great as the

constants for the 3-isomers. Considering that the
2-position is meta to one of the unsaturated car­
bon atoms concerned in the addition reaction 
while a 3-substituent occupies a para position 
with respect to this group, it may be said that 
halogen is somewhat inhibitory to the addition 
of bromine in any event but that it exerts a pro­
nounced and specific inhibiting influence when in 
the meta (2-) position. This suggests a possible 
explanation of the peculiar fact that halogen atoms 
stabilize the benzene ring like the common meta- 
directing groups but nevertheless direct substitu­
ents into the ortho-para positions. In the present 
study halogen is classed with the meta-type groups 
with respect to its effect on the equilibrium (sta- 
bilizing effect) but is found to differ from other 
groups in specifically decreasing the rate of a re­
action at a center with respect to which it oc­
cupies the meta position.

Experimental Part9

The phenanthroic esters were prepared according to 
Mosettig and van de Kamp3 and the melting points 
were as follows: 2-methyl 95-96°, 2-ethyl 72.5-73.5°, 3- 
methyl 93.5-94.5°, 3-ethyl 55-56°. Incidentally, 3-aceto- 
phenanthrene on purification through the picrate was 
found to melt at 73.5-74.5°; picrate, m. p. 123-125°. 
In the hypochlorite oxidation of the acetophenanthrenes 
the time of reaction was shortened greatly by providing 
vigorous mechanical stirring. 3-Ethylphenanthrene3 was 
purified through the picrate, m .p. 12 0 - 1 2 2 °, and distilled. 
The halophenanthrenes employed had the following melt­
ing points: 2-chloro 86.5-87.5°, 2-bromo 97-98°, 3-chloro 
82-83 °, 3-bromo 82-83 °. In view of the announcement of 
Bachmann and Boatner4 the preparations and analyses 
will be omitted, but it may be noted that 2 -acetophenan- 
threne-oxime (m. p. 193-195°, crystallized with excess 
hydroxylamine) and the 3-isomer were obtained in 83- 
95% yield, rearranged with phosphorus pentachloride in 
dry ether and converted to the phenanthrylamine hydro­
chlorides in about 70% yield. The Sandmeyer reaction 
proceeded best (4 5 % yield) when the diazonium salt was 
added to the boiling cuprous halide solution.

2- Phenanthryldimethyl carbinol was prepared by add­
ing a solution of 2 -acetophenanthrene in benzene to an 
ethereal solution of methylmagnesium iodide and refluxing. 
On allowing a solution of the crude product (80% yield) in 
petroleum ether to evaporate at room temperature the sub­
stance was deposited as long silky needles, m. p. 90-92°, 
dec., and as cubes, m. p. 97-99 °, dec.

A n a l. Calcd. for C17H16O: 0,86.44; H, 6.95. Found: 
(needles) C, 8 6 .6 6 ; H,6.85; (cubes) C, 86.12; H, 6.94.

3 - Phenanthryldimethyl carbinol was obtained, after 
purification through the picrate, as an oil which crystallized 
from petroleum ether in a bath of solid carbon dioxide 
and alcohol but melted again at room temperature. The

(9) Analyses by Mrs. G. M. Well wood.
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picrate separated from methyl alcohol as bright orange 
crystals, m. p. 107-110 °, dec.

A n a l. Calcd. for CuHüO-CèHgOfrN«: C, 59.32; H, 
4.13. Found: C, 59.50; H, 4.11.

On recrystallization from alcohol the melting point rose 
eventually to 160-163 °, dec., and apparently dehydration 
had occurred giving 3-isopropenylphenanthrene picrate 
(calcd. C, 61.7; H, 3.8. Found: C, 62.5; H, 3.7).

Synthesis of 3-ter.-Butylphenanthrene
j3-(£-ter.-Butylbenzoyl)-propionic Acid (I).—ter.-

Bütylbenzene (17 g.) was added slowly to a mixture of suc­
cinic anhydride (13 g.), aluminum chloride (36 g.), and 
carbon bisulfide (100 cc.), and after refluxing for one hour 
the mixture was cooled and decomposed with ice and hy­
drochloric acid. After removing the solvent with steam 
the product solidified (20 g.) and on crystallization from 
50% acetic acid it was obtained as colorless crystals, m. p. 
121-122 °; yield 16.5 g. (55%). The substance crystallizes 
from dilute alcohol as lustrous plates and from benzene- 
ligroin as large cubes; both forms melt at 121-122°.

A n a l. Calcd. förCuHiaOa: C,71.75; H,7.73. Found: 
C, 71.46; H, 7.30.

The acid was converted by oxidation with potassium 
hypochlorite into £-fer.-butylbenzoic acid, m. p. 165-166°, 
corr., and this with dilute nitric acid gave terephthalic 
acid, identified as the dimethyl ester, m. p. 140.5-141 °, 
corr., by comparison with an authentic sample.

7 ^(£-ter.-Butylphenyl)-butyric acid was obtained in 
72% yield from the keto acid by Martin's modification10 
of the Clemmensen method as already reported.10 After 
refluxing for fifteen hours the product was collected and 
dried in ether and distilled, b. p. 164-167° (5 mm.), m. p. 
57-60°. Recrystallized from petroleum ether the acid 
formed small crystals, m. p. 59.5-60.5°.

A n a l. Calcd. for C14H20O2: C, 76.30; H, 9.17. Found: 
C,76.30; H, 9.04.

The ethyl ester was conveniently prepared by distilling 
off the toluene at the end of the reduction, extracting with 
ether, esterifying the crude acid with absolute alcohol and 
hydrogen chloride, and distilling the ester. It was ob­
tained as a colorless liquid, b. p. 145-147° (5 mm.), in 70% 
yield.

A n a l. Calcd. for Ci6H240 2: C, 77.41; H, 9.68. Found: 
0, 77.38; H, 10.19.

7 - ter. » Butyl - A1 - dihydronaphthalene - 1,2 - di­
carboxylic Anhydride (III).—Ethyl y-(£-ter.-butylphenyl)- 
butyrate (63 g.) was Condensed with ethyl oxalate in the 
presence of sodium ethylate by the procedure of Fieser and 
Hershberg58, and the crude oxalyl derivative (II), obtained 
as a light reddish oil after removal of the ether at dimin­
ished pressure, was cyclized by stirring a mixture of the 
oil with twenty parts by volume of 80% sulfuric acid at 
room temperature, heating the deep red solution to 60° 
and maintaining this temperature for ten minutes. The 
anhydride separated as a yellow solid which was collected 
after cooling on a sintered glass funnel and washed with 
fresh acid and with water. The yield of microcrystalline 
material was 55 g. (85%). Crystallized from benzene-

ligroin the anhydride formed nearly colorless, flat needles, 
m. p. 143-145°.

A n a l. Calcd. fot-CißHieOg: C, 74.97; H, 6.28. Foünd: 
C, 75.36; H, 6.28.

The sulfuric acid liquor on standing deposited a second 
substance (0 .8  g.) which after two crystallizations formed 
faintly yellow needles, m. p. 174-175°. The substance 
has the same composition as the chief reaction product 
(found: C, 75.19, 75.19; H, 6.33, 6.25) and it may arise 
from a small amount of an isomer present in the starting 
material.

7-^r.-Butylnaphthalene-l,2-dicarboxylic anhydride was
obtained in good yield by heating the dihydro eompound 
with the calculated amount of sulfur at 330-340° for one 
hour and distilling the product. Long, pale yellow needles, 
m. p. 146.5-147.5°, were obtained from benzene-ligroin.

A n a l. Calcd. for C16H14O3: C, 75.56; H, 5.55. Found: 
C, 75.71; H, 5.7Ó

6 - ter. - Butyl -  1,4,9,10,11,12 - hexahydrophenanthrene- 
1 1 ,1 2-dicarboxylic anhydride (IV) was obtained by heating 
a mixture of 1 2 .2  g. of the anhydride and 31.8 g. of buta­
diene at 150° for thirty-six hours. On distillation at 1 mm. 
pressure (bath at 240-260°) there was obtained 12.8 g. of 
colorless material which fluoresced bright blue in ultra­
violet light. Crystallized from benzene-ligroin it formed 
stout, colorless needles, m. p. 85.5-86.5°; yield 10 g. 
(68%).

A n a l. Calcd. for C20H22O3: C, 77.36; H, 7.16. Found: 
C, 77.43; H, 7.20.

3-ter.-Butylphenanthrene.—The diene addition product 
(5 g.) was heated with 1 0  g. each of potassium hydroxide 
and water in the manner described,5b and after driving off 
the water the bath temperature was brought to 330-360°, 
when 2.5 g. (about 65%) of hydrocarbon collected as a 
colorless distillate (oil). A portion of the distillate (2.2 g.) 
was heated under nitrogen with 4 g. of sélenium, added in 
portions, for thirty-six hours and thé product was ex­
tracted with petroleum ether and vacuum distilled from a 
small bit of sodium. The pale yellow distillate soon solidi­
fied, m. p. 49-52°, yield 1.5 g. The hydrocarbon crys­
tallized from alcohol as colorless, centimeter-long, pris­
matic needles fluorescing bright blue in ultraviolet light, 
m. p. 54-55°.

A n a l. Calcd. for Ci8H i8: C, 92.24; H, 7.76. Found: 
C, 92.30, 92.00; H, 7.55, 7.99.

The picrate, once recrystallized from alcohol, formed 
orange needles, m. p. 142-143 °.

A n a l. Calcd. for C18H18C6H30 7N3: C, 62.17; H, 4.58. 
Found: C, 61.79; H, 4.26.

The quinone was obtained by heating the hydrocarbon 
with chromic anhydride in acetic acid solution at 80-90° 
for one hour, the product separating as bright orangé heectleS 
on cooling (77% yield). Recrystallized from alcohol it 
formed slender orange needles, m. p. 186-187°.

A n a l. Calcd. for Ci8Hi60 2: C, 81.78; H, 6 .1 0 . Found: 
C, 81.51; H, 6.15.

Synthesis of 2 -ter.-Butylphenanthrene
ß-ter.-Butylnaphthalene.—A mixture of 330 g. of naph­

thalene and 251 g. of ter.-butyl chloride was warmed at(10) Martin, T h is  J o u r n a l , 58, 1438 (1936),
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50-60° until the solid had dissolved and 10 g. of aluminum 
chloride was added in small portions with stirring in about 
one and one-half hours. The reaction was largely over 
when about half of the aluminum chloride had been added. 
After a further half-hour of stirring the material was 
washed and dried in benzene and distilled. About 100 g. 
of naphthalene came over up to 140° (12 mm.) and the 
main product distilled at 119-135° (6 mm.). Redistilla- 
tion gave 140 g. (30%) of ß-ter.-butylnaphthalene as a 
colorless oil, b. p. 127-131° (9 mm.), picrate, m. p. 99.5-
100.5 °. The picrate of the hydrocarbon obtained by other 
methods is reported to melt at 102-103 011 and at 96°.12

Di-ter.-butylnaphthalenes.—The combined higher-boil- 
ing fractions from the above preparation on redistillation 
gave 100 g. of a fraction boiling at 150-170° (10 mm.) and 
promptly solidifying. This apparently consisted largely 
of a mixture of the two di-/er.-butylnaphthalenes de­
scribed by Gump,13 and in a preliminary examination it 
was found that the higher-melting isomer can be isolated 
easily by two crystallizations from methyl alcohol: 
thick, lustrous plates, m. p. 146-147°. As this isomer 
does not form a picrate in alcoholic solution whereas the 
lower-melting hydrocarbon does, the latter can be isolated 
easily from the mother liquor or from the original mixture 
as the picrate. This picrate was obtained as beautiful 
orange needles, m. p. 155.5-156.5°, but it was not analyzed 
successfully. The hydrocarbon regenerated from the 
purified picrate formed fine cottony needles from alcohol; 
it melted unsharply at 86-90° but had the expected com­
position.

A n a l. Calcd. for Cj8H24: C, 89.93; H, 10.07. Found: 
(146-147°) C, 90.14; H, 10.39; (86-90°) C, 90.17; H, 
9.92.

A quinone was obtained by refluxing a solution of the 
higher-melting hydrocarbon in glacial acetic acid with 
chromic anhydride for twenty minutes. It was purified 
with Norite in ether solution and crystallized from alcohol; 
slender, bright yellow needles, m. p. 83.5-84.5°.

A n a l. Calcd. for Ci8H2202: C, 79.96; H, 8.22. Found: 
C, 79.98; H, 8.15.

0-(6-/er.-Butylnaphthoyl-2)-propionic acid (VII) was pre­
pared by adding with stirring 140 g. of ß-ter.-butylnaph- 
thalene and 66 g. of succinic anhydride to a solution of 226 
g. of aluminum chloride in 1.5 liters of nitrobenzene at 0°. 
After eight hours at 0° and one day at room temperature 
ice and hydrochloric acid were added and the solvent re­
moved with steam. The dark brown mass remaining after 
decanting the aqueous liquor was treated with a small 
quantity of ether, as this dissolved a dark oil and left a 
fairly clean solid (92 g.). This was dissolved in glacial 
acetic acid and the solution was diluted with hot water 
until cloudy and treated with a liberal quantity of Norite. 
The filtered solution deposited glistening, colorless needles, 
m. p. 148-150°; total yield, 80 g. (37%).

A n a l. Calcd. for Ci8H2o0 3: C, 76.07; H, 7.04. Found: 
C, 76.02; H, 7.11.

7-(<5-ter.-Butylnaphthyl-2)-butyric Acid.—The above 
keto acid was largely unchanged when submitted to reduc-

(11) Barbot, B u i l .  s o c .  c h i m . ,  [4] 47, 1314 (1930).
(12) Wegscheider, M o n a t s h . ,  5, 237 (1884).
(13) Gump, T h is  J o u r n a l , 63, 380 (1931).

tion by the usual Clemmensen method or with added 
toluene (thirty hours) but, as already noted,10 the reaction 
proceeded smoothly by Martin’s method using toluene and 
a small amount of acetic acid, yield crude 78%. A portion 
of the acid was purified through the methyl ester, b. p. 
185-187° (6 mm.), and after saponification crystallized 
from petroleum ether. It separated as long, slender 
needles which soon changed in part at least into short, 
stout needles. Apparently neither form was obtained 
as a pure individual, for the melting points were unsharp 
and varied from 87 to 95 °.

A n a l. Calcd. for C18H22O2: C, 79.94; H, 8.22. Found: 
C, 79.86; H, 8.36.

7 - ter. - Butyl - 1 - keto - 1,2,3,4 - tetrahydrophenan­
threne.—The above acid (20 g.) was warmed gently with 
purified thionyl chloride and the mixture was then heated 
on the steam-bath and the excess reagent removed by 
water pump suction. The acid chloride was dissolved in 
150 cc. of carbon bisulfide and treated at 0° with 14.7 g. 
of aluminum chloride. The mixture was allowed to come 
to room temperature, refluxed for fifteen minutes, and 
worked up as usual. After distillation the product (12 
g., 65%) remained as a pale yellow, viscous oil, and it was 
characterized as the picrate, which formed yellow needles 
from alcohol, m. p. 107-108°.

A n a l. Calcd. for Ci8H2oO-C6H80 7Ng: C, 59.85; H,4.82. 
Found: C, 59.75; H, 5.01.

2-ter.-Butylphenanthrene.—The cyclic ketone (3.6 g.) 
was reduced by refluxing for fifteen hours with 17 g. of 
amalgamated zinc, 35 cc. of constant boiling hydrochloric 
acid, and 4 cc. of toluene, and the crude product was heated 
at 320-350° with 9 g. of selenium, added in portions, for 
sixty hours. The resulting hydrocarbon was extracted 
with petroleum ether, distilled in vacuum from a small 
piece of sodium, and the solid distillate (1.5 g.) crystallized 
twice from alcohol (0.85 g.). The hydrocarbon formed 
colorless, pearly plates, m. p. 99-100°, showing a brilliant 
purple fluorescence in ultraviolet light.

A n a l. Calcd. for C18H18: C, 92.24; H, 7.76. Found: 
C, 92.38; H, 7.71.

The picrate forms orange needles, m. p. 130-131°.
A n a l. Calcd. for CisHw-CeHsCWNTj: C, 62.17; H, 4.58. 

Found: C, 62.29; H, 4.47.
The quinone, purified through the bisulfite addition 

product and crystallized from alcohol, formed bright 
orange needles, m. p. 129-130°.

A n a l. Calcd. for C18Hi«02: C, 81.78; H, 6.10. Found: 
C, 81.62; H, 6.34.

Summary
Carboxylic ester groups and halogen atoms in 

the 2- and 3-positions of phenanthrene decrease 
the free energy of the 9,10-addition of bromine, 
while the ter.-butyl group has the opposite effect. 
The results parallel those obtained in the study 
of the free energy of oxidation of 9,10-phenan- 
threnehydroquinones and there is a correlation 
between the observed effects of the groups and 
their influence in retarding or facilitating sub-
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stitutions in the benzene ring. Of further bear­
ing on the latter problem is the observation that 
halogen atoms in the 2 (meta)-position specifically 
decrease the reaction rate.

2- and 3-ter.-butylphenanthrene were synthe­
sized for use in the investigation.
C o n v e r s e  M e m o r ia l  L a bo r ato r y
Ca m b r id g e , M a s s . R e c e iv e d  J u l y  3, 1936

[C o n t r ib u t io n  fr o m  th e  F ric k  Chem ical  L a bo r a t o r y  o f  P r in c e t o n  U n iv e r s it y ]

Studies of the Reducing Action of Mercury. III. Hydrogen Peroxide Formation 
and the Copper-Catalyzed Autoxidation of Quinquivalent Molybdenum and Other

Strong Reductants in Acid Solution
By W. M. Murray, Jr., and N. Howell Furman

The first paper1 of this series dealt with the 
formation of hydrogen peroxide when mercury 
and dilute hydrochloric acid are shaken in the 
presence of air. The second article2 discussed 
the use of the mercury reductor in a new method 
for the determination of molybdenum and men­
tion was made of the catalytic action of copper on 
the autoxidation of quinquivalent molybdenum.

It will be the object of this work to give data 
which show more clearly just what takes place in 
the mercury reductor when heavy metal ions are 
present and how it is possible to use the mercury 
reductor as an analytical tooi even though the 
formation of hydrogen peroxide in the reductor is 
possible. Also, the question of the autoxidation 
of quinquivalent molybdenum Solutions and the 
copper catalysis of this and of the analogous au- 
toxidations of stannous, titanous and uranous 
Solutions will be discussed more fully.

Hydrogen Peroxide in the Mercury Reduc­
tor.—Some of the work on the action of metallic 
mercury as a reducing agent was done by Schaff- 
haütl3 and Carnegie,4 although neither of these 
investigators undertook the subject from a quan­
titative standpoint. Later Borar5 studied the 
stoichiometry of the reaction between mercury 
and potassium permanganate, potassium dichro­
mate, ferric chloride and cupric sulfate.

McCay and Anderson6 proposed the mercury 
reductor for use in the quantitative determination 
of ferric salts, and later they7 studied the reduc­
tion of vanadic acid Solutions by mercury. Fi­
nally, McCay8 worked on the reduction of anti-

(1) Furman and Murray, T h is  J o u r n a l , 68, 429 (1936).
(2) Furman and Murray, i b i d . ,  58, 1689 (1936).
(3) Schaffhaütl, A n n . ,  44, 25 (1842).
(4) Carnegie, J .  C h e m . Soc., 53, 468 (1888).
(5) Borar, i b i d . ,  99, 1414 (1911).
(6) McCay and Anderson, T h is  Jo u r n a l , 43, 2372 (1921).
(7) McCay and Anderson, i b i d . ,  44, 1018 (1922).
(8) McCay, I n d .  E n g .  C h e m .,  A n a l .  E d . ,  5, 1 (1933).

monic acid Solutions by mercury as a quantita­
tive method for determining antimony.

At present, then, mercury reduction has been 
proposed as a quantitative and efficiënt method 
for the determination of iron, vanadium, anti­
mony and molybdenum. The reduction by mer­
cury of Solutions of these elements is always car­
ried out in the presence of hydrochloric acid. It 
appears rather paradoxical that mercury can be 
used for the quantitative reduction of the above 
substances when we recall that mercury and hy­
drochloric acid will react rapidly with oxygen to 
form large amounts of hydrogen peroxide. The 
explanation of this seems to be largely a matter of 
competing rates, except in the case of antimony.

Solutions of iron, molybdenum, and vanadium 
salts are known to be good catalysts for the de­
composition of hydrogen peroxide. It is then 
evident that if we shake a mixture of mercury and 
hydrochloric acid in the presence of oxygen and 
add small amounts of iron, vanadium or molyb­
denum salts to the mixture, the hydrogen peroxide 
should be decomposed catalytically by the heavy 
metal ions present. There would in such a case 
be two competing reactions: (a) the formation of 
hydrogen peroxide in the reaction between mer­
cury, hydrochloric acid, and oxygen; (b) the 
catalytic decomposition of the hydrogen peroxide 
by the heavy metal ion. If reaction (a) is faster 
than reaction (b) we will be able to deteet hydro­
gen peroxide in the mixture, but if step (a) is the 
slow one, then all the peroxide will be decomposed 
and will not be evident in the solution. However, 
the rate of reaction (b) will depend to some extent 
on the concentration of the heavy metal ion and 
the rate of its reduction by mercury since the de­
composition of hydrogen peroxide by these ions 
is very probably an alternate oxidation and reduc-
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tion of the ion as shown in the study of Haber 
and Weiss.9

To test these conclusions in a series of experi­
ments, 25-ml. portions of mercury and 50 ml. of 
N  hydrochloric acid were shaken with oxygen 
supplied from a buret for 150 minutes. The ap­
paratus and technique were the same as in the 
previous study.1

In one pair of experiments 111 ml. of oxygen 
was consumed without any addition and 118 ml. 
when 5 mg. of vanadium was added as vanadic 
acid. A second pair gave 105 ml. without addi­
tion and 136 ml. with the addition of 0.5 mg. of 
iron as ferric chloride, while a third pair used 116 
ml. of oxygen without addition and 163 ml. with 
the addition of 80 mg. of iron as ferric chloride. 
The effect of vanadium is negligible or very slight, 
while the iron perceptibly catalyzes the reaction.

The point of interest is the substances found in 
the Solutions which contained iron and vanadium. 
In the cases where iron was present in amounts 
less than 0.005 g., hydrogen peroxide was detected 
with titanium sulfate, and the iron was found to 
be largely in the ferric state. In those cases 
where vanadium was present in amounts less than
0.005 g., the solution was of a deep red color 
which indicates the presence of pervanadic acid 
and hydrogen peroxide rather than the reduced 
vanadyl solution which is blue in color.

No experiments along this line were performed 
with molybdenum in the mercury reductor, for 
the quinquivalent molybdenum interferes with 
most of the color reactions given by hydrogen 
peroxide. However, it is assumed by analogy 
that molybdenum would behave quite similarly 
to iron and vanadium.

The case of antimony is different. McCay8 
found it necessary to carry out the reduction of 
antimony in an atmosphere of carbon dioxide, 
and this at once eliminates any interference from 
the hydrogen peroxide reaction. We have car­
ried out experiments which show that even if very 
large samples (0.3 g.) of antimonic acid in 2 N  hy­
drochloric acid are shaken with mercury in the 
presence of air, hydrogen peroxide is formed 
rapidly in large amounts.

Conclusions.—From the foregoing it is to be 
concluded that large samples (ca. 0.1 g.) of iron, 
vanadium or molybdenum decompose hydrogen 
peroxide as fast as it is formed in the mercury re­
ductor and the mercury keeps these metal ions in

(9) Haber and Weiss, P r o c .  R o y .  S o c .  (London), 147A, 332 (1934).

the reduced state. However, when only very 
small samples (ca 0.005 g.) of these substances are 
taken, the mercury reduction method will not be 
reliable unless all oxygen is excluded. This means 
then that the mercury reductor would not be a 
practical tooi for micro-analytical methods unless 
used in the absence of oxygen. This is in accord 
with the work of C. F. Fryling and F. V. Tooley,10 
who have found that the silver reductor yields 
large quantities of hydrogen peroxide when micro- 
samples of iron are employed.

We determined the molybdenum in the Bu­
reau of Standards Calcium Molybdate, which is 
certified to contain 35.3% of molybdenum by the 
accepted Jones reductor method and by gravi- 
metric technique. Using samples varying be­
tween 0.4 and 1.0 g. we obtained, by the mer­
cury reduction method, respectively, 34.65, 34.80,
34.43,33.90 and 33,74%, with an average of 34.3%. 
Iron and titanium were removed prior to the re­
duction of the solution by mercury.11 We de­
tected copper in the solution at this point. Elec­
trolytic and colorimetric estimations of the copper 
gave 0.05, 0.06, 0.04, 0.06 and 0.07%, average
0.05%. The presence of copper is not mentioned 
on the certificate of analysis.

We believe that this error in the value for mo­
lybdenum is caused by the copper which is in the 
solution at the time it is reduced by mercury. 
When the quinquivalent molybdenum solution 
from the mercury reductor is filtered in the pres­
ence of air, the tracés of cuprous ion present are 
oxidized by the air and hydrogen peroxide is 
formed. The hydrogen peroxide then oxidizes 
some of the quinquivalent molybdenum, which 
causes the results to be low.

The formation of the hydrogen peroxide in the 
reaction between cuprous Solutions and molecular 
oxygen has been studied many times since the 
original observation of Traube.12 Our idea is 
then that we have a cyclic reaction in which hy­
drogen peroxide oxidizes the quinquivalent molyb­
denum. It will be shown presently that under 
certain conditions quinquivalent molybdenum is 
able to reduce cupric ions to the cuprous state 
and this makes it possible for the cycle to continue, 
oxidizing more quinquivalent molybdenum in each 
step. Such a cycle might be pictured as follows:

(10) Fryling and Tooley, T h is  J o u r n a l , 58, 826 (1936).
(11) The Standard procedure of double precipitation by ammonia 

was used according to Lundell, Hoffman and Bright, “Chemical 
Analysis of Iron and Steel,” John Wiley & Sons, Inc., New York, 
1932.

(12) Traube, B e r . ,  15, 659 (1882),
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Cu2 +  Mo5 = Cu1 +  Mo« (1)
2H+ +  2CU1 +  0 2 = 2Cu2 +  H20 2 (2) .

2H+ -f 2Mo5 +  H20 2 -  2Mo6 -f 2H20  (3)

With such a cyclic mechanism in mind, we have 
studied many conditions under which the autoxi­
dation of the molybdenum Solutions is apparently 
catalyzed by copper and all of the results of these 
experiments seem to verify the mechanism which 
we have postulated.

Experimental Studies on the Copper-Catalyzed 
Autoxidation of Quinquivalent Molybdenum
Solutions.—First, in order to show that it is 
actually copper which causes the error in the de­
termination of molybdenum by mercury reduc­
tion, we studied the effect of tracés of copper sul­
fate on the determination of molybdenum in a 
Standard ammonium molybdate solution. The 
ammonium molybdate solution was standardized 
by the silver molybdate method.13 Copper was 
added in the form of a very dilute cupric sulfate 
solution. Total volume of solution at time of 
shaking was 30 ml. Hydrochloric acid concen­
tration at time of shaking was 3 N.

T a b l e  I

E ffect  of C o ppe r  on  t h e  D e te r m in a t io n  of M olyb­
d e n u m  in  a  S t a n d a r d  M oly bd a te  S olution  b y  t h e  

M e r c u r y  R e d u c t io n  M ethod 

Copper added,
mg. 0 0 0.1 0.4 0.7  1.1

Error, mg. - 0 . 2 + 0 .1  -  .7 - 1 .1  - 1 .4  - 1 .7

If the mechanism for the autoxidation of the 
quinquivalent molybdenum is as indicated in 
equations (1), (2) and (3) the oxidation by air 
must take place while the solution is being filtered. 
This being the case, the volume of solution which 
passes through the funnel should have some effect 
on the amount of molybdenum oxidized. This 
was studied by taking equal samples of the am­
monium molybdate solution and adding the same 
amount of cupric sulfate to each, then diluting the 
samples with 3 N  hydrochloric acid to varying 
volumes before shaking with mercury. The re­
sults of this volume effect on the amount of 
molybdenum oxidized are shown in Table II.

In all the experiments of Table II the copper 
was present at the time of reduction of the molyb­
denum with mercury. In order to study more 
fully the actual effect of the copper, we prepared 
a large quantity of quinquivalent molybdenum 
by reducing a concentrated molybdic acid solu­
tion with mercury. This reduced solution was

(13) McCay, T h is  J o u r n a l , 56, 2548 (1934).

T a b l e  I I

D e p e n d e n c e  of  C o p p e r  A u t o x id a t io n  E f f e c t  o n

V o lu m e  o f  t h e  S o l u t io n  a t  t h e
Copper Total volume

T im e  of F il t r a t io n

added, at time of -------Molybdenum---- Error,
ff- filtering, ml. Found, g. Taken, g. mg.

30 0.2495 0.2494 + 0 .1
Ol0005 30 .2483 .2494 - 1 .1

80 .2496 .2494 + 0 .2
.0005 80 .2463 .2494 - 3 .1
• • « • 140 .2492 .2494 - 0 . 2
.0005 140 .2450 .2494 - 4 . 4

then diluted with water and acid to yield a solu­
tion which was 0.1 M  in molybdenum content and 
2 N  in hydrochloric acid. The solution was 
stored in a closed buret system under carbon di­
oxide and its normality with respect to the Mo5— 
Mo6 change was checked each day. Samples of 
this quinquivalent molybdenum solution were 
run into flasks, varying amounts of cuprous or 
cupric Solutions added, then air bubbled through 
the mixture for a given length of time. In this 
way it was possible to change the copper and acid 
concentrations readily and also vary the time of 
contact of the solution with air.

The data of Table III were taken from a series 
of experiments run in this way, the rate of air 
bubbling being relatively constant throughout. 
These experiments prove definitely that copper is 
acting as a catalyst for the autoxidation of the 
quinquivalent molybdenum for here we are only 
bubbling air through a mixture of quinquivalent 
molybdenum and tracés of copper. The HC1 
concentration was 1 N  in all cases, total volume 
of solution being 150 ml.

T a b l e  III
E ff e c t  of  C u pr ic  a n d  C u p r o u s  I o n s  u p o n  t h e  Ox id a ­
t io n  o f  Qu in q u iv a l e n t  M o l y b d e n u m  S o l u t io n s  b y  A ir

Time of air Copper added, Error,
bubbling, min. mg. mg.

15 + 0 .1
15 0 .5  Cu++ - 1 .1
15 1.0CU + + - 2 .6
15 2 .5  Cu + + - 3 .2
30 ± 0 .0
60 - 0 .4
30 1.0 Cu++ - 3 .1
60 1.0 Cu++ - 3 . 4
15 0 .5  Cu+ - 2 .3
15 1.0 Cu + - 2 .5
30 1.0 Cu + - 2 . 8

If the cyclic mechanism which we have postu­
lated for the copper-catalyzed autoxidation of 
quinquivalent molybdenum is to be feasible, it 
must be shown that the first step as indicated by
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equation (1) is possible. This step involves the 
formation of cuprous ions from the reaction be­
tween cupric ions and quinquivalent molyb­
denum and is the starting point of the cycle. The 
graph of Fig. 1 shows the potentials of the two 
systems Mo6/M o5 and Cu2/C u 1 plotted against 
acidity. The data for the copper system were

-Normality of HC1.
Fig 1.—Graphs of oxidation-reduction potentials of 

Mo6/ 5 (25°) and Cu 2//l (18°) systems as functions of 
acidity.

of cupric sulfate and the mixture adjusted to 1 N  
concentration of hydrochloric acid. A few ml. 
of potassium thiocyanate solution was then 
added. The mixture turned dark red in color 
due to the formation of the complex between the 
thiocyanate ion and quinquivalent molybdenum, 
but a heavy white precipitate was formed at the 
same time. This precipitate was filtered off and 
proved to be cuprous thiocyanate. This is 
therefore experimental proof that quinquivalent 
molybdenum can reduce cupric ions to the cuprous 
state in 1 N  hydrochloric acid.

It is further evident frqjtn Fig. 1 that at an acid 
concentration of about 5 N  the potential of the 
equilibrium mixture of Mo6/M o5 is always below 
that of the Cu2/C u1 system. This would sug­
gest that in 5 N  hydrochloric acid quinquivalent 
molybdenum should be rapidly and continuously 
autoxidized in the presence of tracés of copper, 
since at this acidity the molybdenum will keep 
more of the copper reduced. The results of such 
an experiment are given in Table IV.

taken from the work of Carter and Lea14 and the 
data for the molybdenum system from the work 
of Foerster, Fricke and Hausswald.18 These 
curves are for the equivalent mixtures of Mo6/M o5 
and Cu2/C u1. If we consider the potentials of 
pure cupric Solutions and pure quinquivalent 
molybdenum Solutions, we must take into account 
the logarithmic concentration term in the equa­
tion

E  -  Eo + 0.059
n

log (Qx)
(Red) (4)

If we consider the ratio of (Ox) /  (Red) as being 
of the order of l/  i0oo in the case of quinquivalent 
molybdenum and 1000/1  in the case of cupric solu­
tion, then the concentration term will lower the 
molybdenum potential by 0.17 volt and raise the 
copper potential by 0.17 volt. This will then 
place the molybdenum potential more than 0.2 
volt below that of the copper system. Under 
these conditions, quinquivalent molybdenum 
would readily reduce cupric ions in 1 N  hydro­
chloric acid. However, this could not proceed 
for very long, for the molybdenum potential is 
rising and the copper potential dropping as the 
reaction proceeds.

A portion of a freshly prepared quinquivalent 
molybdenum solution was mixed with a solution

(14) Carter and Lea, J .  C h e m . S o c . ,  499 (1925).
(15) Foerster, Fricke and Hausswald, Z .  p h y s i k .  C h e m ., 146, 81 

(1929).

T a b l e  IV

E ffect  of 1 M g . of  C u pr ic  I on  o n  t h e  Ox id a t io n  of 
S olutions C o n t a in in g  0.2525 G. of  M ov i n  5 N  HC1 
Time of air bubbling, min. 30 15 30 30
Copper added, mg. . . .  1.0 1.0 1.0
Error, mg. ± 0 .0  - 2 3 .2  - 2 0 .5  - 2 0 .5

Conclusions.—The data presented seem to 
verify our ideas of a cyclic autoxidation mecha­
nism for quinquivalent molybdenum in which cu­
prous ions play the important role of first reacting 
with atmospheric oxygen to yield hydrogen per­
oxide. Such a reaction accounts for the difficul­
ties in the determination of molybdenum by the 
mercury reduction method when small amounts 
of copper are present. Although it was not easily 
possible to detect hydrogen peroxide as an inter­
mediate in this case, several instances are dis­
cussed in the next section which are quite analo­
gous to this and in which hydrogen peroxide is 
readily detected.

Copper-Catalyzed Autoxidation of Reducing 
Substances in Acid Solution.—The autoxida­
tion of cuprous ions in hydrochloric acid solution 
has been studied by Wieland and Franke,16 Fil- 
son and Walton,17 and others. Hydrogen per­
oxide is formed in this reaction in large amounts 
and no salt has been found so far which speeds up 
the autoxidation of the cuprous ion. Wieland

(16) Wieland and Franke, A n n . ,  473, 289 (1929).
(17) Filson and Walton, J .  P h y s . C h e m .,  36, 740 (1932).
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and Franke point out the fact that it is only in 
acid solution that hydrogen peroxide is formed 
during the autoxidation of the cuprous ion.

With these facts in view, we think that it may 
be said that the copper-catalyzed autoxidation of 
reducing substances in acid Solutions possibly pro- 
ceeds in most cases by a cyclic mechanism similar 
to that which we have postulated for the autoxi­
dation of quinquivalent molybdenum.

Filson and Walton17 and Haring and Walton18 
found copper salts to be excellent catalysts in the 
autoxidation of stannous chloride Solutions and 
even detected hydrogen peroxide in the non- 
catalyzed reaction. The equations which they 
gave for the catalyzed reaction were

2CuC12 +  SnCl2 = 2CuCl +  SnCl4 (4)
4CuCl +  4HC1 +  0 2 -  4CuC12 +  2H20  (5)

It is possible that equation (5) involves hydrogen 
peroxide as an intermediate according to our rea­
soning.

The copper-catalyzed autoxidation of ascorbic 
acid has been studied by Barron, De Meio and 
Klemperer19 who found that in acid solution the 
reaction is dependent both on pH  and copper con­
centration. They write a mechanism which is 
analogous to that postulated here and which in­
cludes hydrogen peroxide as an intermediate.

Luther and Michie20 found that the rate of 
autoxidation of quadrivalent uranium Solutions 
containing small amounts of sulfuric acid was 
increased markedly by the addition of tracés of 
copper. This reaction was not thoroughly studied 
but it appears to be another case in which the cy­
clic mechanism involving hydrogen peroxide would 
apply.

We have studied qualitatively the effect of 
small amounts of copper on the rate of autoxida­
tion of titanous chloride Solutions which contained 
hydrochloric acid. The rate was increased greatly

(18) Haring and Walton, J .  P h y s .  C h e m ., 37, 133 (1933).
(19) Barron, De Meio and Klemperer, J .  B i o l .  C h e m ., 112, 625 

(1936).
(20) Luther and Michie, Z .  E le k tr o c h e m .,  14, 826 (1908).

by the addition of cupric sulfate and when the 
red color of the titanous salt had disappeared, the 
solution rapidly became yellow, which was indica- 
tive of the presence of hydrogen peroxide.

Conclusions.—In all the cases cited a reducing 
agent capable of reducing cupric ions to the cu­
prous state has been employed. In this way a 
system is set up in which cuprous ions are avail­
able for autoxidation and with an excess of oxygen 
the cycle may proceed until either all the reducing 
agent has been oxidized or its potential has been 
raised so high that it can no longer furnish cu­
prous ions. From these facts and the instances 
in which hydrogen peroxide has been actually de­
tected in such reactions, we think it probable that 
in general a cyclic reaction such as indicated in 
equations (1), (2) and (3) is the mechanism. This 
is not to be confused with the frequently studied 
chain reactions such as the sulfite oxidation which 
take place in nearly neutral or alkaline solution.

Summary
1. The mercury reductor gives satisfaetory 

results when used for the determination of iron, 
vanadium and molybdenum on a macro scale, 
for these ions catalytically decompose any hydro­
gen peroxide formed. It could be used for micro- 
determinations only when oxygen was rigorously 
excluded. In the macro-determination of anti­
mony, oxygen must be excluded because the hy­
drogen peroxide that is formed is not decomposed 
catalytically by the antimonite.

2. Quinquivalent molybdenum is rapidly au- 
toxidized when small amounts of copper are pres­
ent as catalyst. A mechanism for this reaction 
has been postulated which involves hydrogen per­
oxide as intermediate.

3. It is believed that the cyclic mechanism 
postulated will apply to most copper-catalyzed 
autoxidations which take place in acid solution 
as, for example, those of titanous, stannous and 
uranous ions.
P r in c e t o n , N. J. R e c e iv e d  J u l y  3, 1936
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The following is a continuation of the general 
program of investigating fused salts and their 
Solutions.

The apparatus and details of procedure have 
been described previously.1

The silver chloride and lithium chloride used 
in the cells were of the highest purity obtain­
able commercially. A pure silver wire inserted 
through a glass tube in the bottom of the cell con­
tainer served as the negative electrode. The 
positive electrode was created by bubbling chlo­
rine gas over a treated graphite rod. This treat­
ment consisted of heating the graphite rod at 600° 
for twenty-four hours in chlorine gas at several at­
mospheres pressure. Just before using the rod as 
an electrode it was heated to a bright yellow heat 
to free it from all volatile products. The chlo­
rine gas for the electrode was obtained by elec­
trolysis of fused lead chloride of highest purity. 
The fused chlorides of silver and lithium in the 
cells and of lead in the chlorine generator were 
freed from all tracés of moisture and oxides by 
bubbling dry hydrogen chloride gas through the 
filled Containers for not less than an hour.

Other investigators, notably Lorenz and co- 
workers,2 Hildebrand and Ruhle,3 and Wachter 
and Hildebrand,4 have worked with the chlorine 
electrode in fused salts. With the exception of 
the latter work, all previous attempts involved 
polarization methods and hence uncertainties.

As in previous studies these cells involved 
thermoelectric effects of from four to seven milli- 
volts due to the temperature gradiënt existing at 
each electrode. The results of the e. m. f. meas­
urements upon the cells plus these thermal correc­
tions are given in Table I, and are shown graphi- 
cally in Fig. 1. The mean deviation of the points 
from the straight lines drawn through them is less 
than 0.2 millivolt, while the maximum deviation 
is about three times this value.

To obtain the relations of free energy to com-
(1) Salstrom and Hildebrand, T h is  J o u r n a l , 52, 4641 (1930).
(2) Lorenz, "Die Electrolyze geschmolzener Salze,” Dritte Teil, 

Elektromotorische Kräfte, Verlag Wilhelm Knapp, Halle a. S., 1906; 
Z. p h y s i k .  C h e m .,  62, 119 (1908); 63, 109 (1908); Z. a n g e w . C h e m .,  
39, 88 (1926).

(3) Hildebrand and Ruhle, T h is  J o u r n a l , 49, 722 (1927).
(4) Wächter and Hildebrand, i b i d . ,  52, 4655 (1930).

position at 500 and 600°, the data in Table I were 
plotted on a large scale and the e. m. f. values at 
these temperatures determined. These values of 
the e. m. f. are given under E in Table II, together

T a b l e  I
E . M. f . V a l u e s  o f  t h e  Ce l l , Ag(s), LiCl in  AgCl(l), 

Cl2(g)

Temp.,
°C.

E. m. f. 
obsd., 
volt

Temp.,
°C .

E. m. f. 
obsd., 
volt

Cell A Cell D
Ni = 1.000 Ni = 0.573

498.1 0.9009 529.0 0.9130
509.8 .8968 531.8 .9120
512.1 .8964 537.4 .9109
536.3 .8890 567.6 .9041
538.3 .8883 580.8 .9012
551.8 .8844 590.0 .8989
562.0 .8822 598.0 .8973
566.5 .8804 609.4 .8946
567,8 .8802 617.0 .8927
568.0 .8801 635.6 .8882
573.2 .8786 fVl1 F
597.8
600.3

.8718

.8715
Ni =

545.5
0.469
0.9152

Cell B 565.5 .9108
Ni = 0.804 574.3 ,9092

551.8
580.0
583.5 
591.3
594.7
605.7
623.5

0.8949
.8864
.8859
.8839
.8832
.8801
.8757

587.0 
591.4
604.3
611.0
617.3 
619.2 
629.0

.9070

.9059

.9033

.9015

.9003

.9000

.8980

Cell C 
Ni =  0.690

503.3 0.9149
510.8 .9129 
518.5 .9108
547.3 .9033
563.7 .8993
577.3 .8957
580.7 .8947
582.9 .8946

Cell F 
Ni =  0.252

552.5 0.9340
554.2 .9338
573.2 .9304
575.0 .9300
584.5 .9288
592.0 .9276
613.0 .9234
624.1 .9218

588.0 .8931 Cell G
590.7 .8923 Ni = 0.136
599.8 .8901 592.5 0.9509
600.3 .8898 595.0 .9506
626.5 .8834 614.2 .9477

619.2 .9470
629.0 .9463
631.4 .9458
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0.86 0.88 0.90 0.92 0.94 0.96
Volts.

Fig. 1.-—Temperature, e. m. f. and composition rela­
tions of the cells Ag, AgCl in LiCl, CL- The mole 
fractions of cells A to G are 1.000, 0.804, 0.690, 0.573,
0.469, 0,252, 0.136, respectively.

with the values of dE/dT for the different cells. 
From these have been calculated the free energy 
of formation of silver chloride from silver and 
chlorine vapor, Afi, the free energy of dilution 
of silver chloride by lithium chloride, Fi, the 
entropy change, ASi, the partial molal entropy, 
Si, the heat of formation, Ahi, the partial molal 
heat Hi, the activity of silver chloride in the Solu­
tions, ay taking pure silver chloride as the Stand­
ard state, and the activity coëfficiënt of silver 
chloride, X.

Log 1 /N ,  silver chloride.
Fig. 2.— Change in free energy of silver chloride at 600° 

upon dilution with lithium chloride. Curve A shows the 
observed values, while B is that for a perfect solution. 
The shaded circles show the values previously obtained 
for the silver bromide-lithium bromide system.

sumptions of no ionization or of complete ioniza­
tion of both salts make no difference in the curve 
predicted by Raoult’s law since in either case ai — 
Nj and curve B results. There is then a marked 
positive deviation of the results from ideal be­
havior i .  e ., in the direction of unmixing. This 
is in close agreement with the values previously 
obtained for the dilution of silver bromide by lith-

T a b le  II
T herm o dynam ic  P r o pe r t ie s  of S ilv e r  Chloride  D il u t e d  w it h  L it h iu m  C h l o r id e  at  500°

Cell A B C D E F G
Ni 1.000 0.804 0.690 0.573 0.469 0.252 0.136
log 1/Ni 0 .095 .161 .242 .329 .599 .867
E, volt 0.9001 .9085 .9156 .9199 .9249 .9424 .9626
Afi, cal. -20770 -20960 -21130 -21230 -21340 -21750 -22210
Fi, cal. 0 -1 9 0 -360 -4 6 0 -5 7 0 -9 8 0 -1 4 4 0
ASi, cal./deg. -6 .7 4 -6 .2 1 -5 .8 8 - 5 .4 0 - 4 .8 7 - 3 .7 8 - 2 .9 8
Si, cal./deg. 0 0.53 0.86 1.34 1.87 2.96 3.76
dE/dT, mv./deg. -  .292 -  .269 -0 .255 -0 .2 3 4 -0 .2 1 1 -0 .1 6 4 -0 .1 2 9
<h 1.000 .884 .791 .741 .690 .529 .392
Ti 1.000 1.099 1.147 

At 600°

1.294 1.471 2.097 2.881

E, volt 0.8709 0.8816 0.8901 0.8965 0.9038 0.9260 0.9497
Afi, cal. -20100 -20340 -20540 -20690 -20850 -21370 -21910
Fi, cal. 0 -2 4 0 -440 -5 9 0 -7 5 0 -1270 -1810
ai 1.000 0.824 0.775 0.712 0.649 0.487 0.352
Ti 1.000 1.083 1.124 1.242 1.384 1.931 2.592
Ahi, cal. -25980 -25760 -25680 -25400 -25100 -24670 -24510
Hi, cal. 0 220 300 580 880 1310 1470

Table II contains these calculated values while 
Fig. 2, curve A shows the partial molal free energy 
— Fi, at 600° plotted against log 1/ni, where Ni is 
the mole fraction of silver chloride. Curve B is 
that of a perfect solution where ai =  n*. As-

ium bromide, shown in Fig. 2 by shaded circles 
except in the case of the highest concentration of 
added lithium chloride1 (p. 4650).

A previous treatment of the deviations from 
ideality of Solutions of silver bromide with alkali
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bromides8 based upon Hildebrand’s definition of 
regulär Solutions6 thus holds equally well for this

system. The excess of the partial molal free 
energy, Fi, over the ideal, Fi\ given by fi — fV 
= R T  In 7 i, fits fairly well the relation, Fi — 
Fi1 = &N22, where N2 is the mole fraction of lith­
ium chloride, and the value of b in calories is 
2100 compared to 1880 for the silver bromide- 
lithium bromide system. That b is practically 
independent of temperature is shown readily in 
Table III.

T a b l e  III
Nl................ 1.000 0.804 0.690 0.573 0.469 0.252 0.136

R T  ln Ti at 500° 0 140 210 360 590 1140 1630
RT In t i  at 600° 0 140 2 0 0 380 560 1140 1650
&n 22 0 80 200 380 670 1170 1560

From this it may be concluded that the partial 
molal entropy is the same as it would be in an 
ideal solution, i. e., Si =  R  ln Ni, indicating that 
the randomness of arrangement is the same in 
both cases. The bond between lithium and chlo­
ride ions rna}̂  thus as before be regarded as being 
completely polar, while that between silver and 
chloride ions as tending to tighten into a non- 
polar bond, this tendency being hindered most by 
the presence of a small ion such as lithium, with­
out in any case altering the simple cubic lattice

(5) Hildebrand and Salstrom, T h is  J o u r n a l , 54, 4257 (1932).
(6) J. H. Hildebrand, i b i d . ,  51, 66 (1929),
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arrangement which may probably be assumed to 
persist into the liquid state.

The activities and activity coefficients of 
the solute, lithium chloride, have been ob­
tained by integrating graphically the equa­
tion given by the Duhem relationship

r
2

Ni/ n 2 d log  a i/N i

In performing this Integration the difficulty 
is encountered that N1/N2 rapidly approaches 
infinity as log #i/ ni approaches zero. How­
ever, no change in the ratio between any two 
values of ö2/ n2 will be produced regardless of 
what method of extrapolation may be used. 
It thus becomes more convenient to calcu­
late the activity of the solute by choosing 
the Standard state of lithium chloride as the 
pure salt rather than the customary Standard 
of infinite dilution. The partial molal free 
energy of lithium chloride was also obtained 
from its activity by use of the equation, 
f2 == R T  ln <22. These values are given in 
Table IV while Fig. 3 shows the activities 

of silver chloride and lithium chloride plotted 
against the mole fraction of silver chloride at 
600°.

T a b l e  IV
T herm odynam ic  P r o p e r t ie s  of  L it h iu m  C h lo r id e  in  

t h e  S o l u t io n s

Cell................. B C D E F G
N2 0 .0 0 0.196 0.310 0.427 0.531 0.748 0.864
ö2 at 500° .00 .436 .614 .687 .740 .851 .912
72 at 500° 2 .2 2 1.98 1.61 1.39 1.14 1.06
— Fa at 500° 0 1280 770 580 460 250 140
«2 at 600® 0 .0 0 0.399 0.567 0.658 0.725 0.841 0.906
-va at 600® 2.04 1.83 1.54 1.37 1 . 1 2 1.05
— Fa at 600® 0 1590 980 730 700 300 170

Summary
E. m. f. measurements of the cells. Ag (s), Ag 

Cl in LiCl (1), CI2 (g), have been made at mole 
fractions of silver chloride varying between 1.000 
and 0.136 from temperatures of 500 to 635 °.

Calculations of the activity, activity coëfficiënt, 
free energy of formation and of dilution, entropy, 
and heat of formation of silver chloride have been 
made at 500 and 600°.

The activity, activity coëfficiënt, and partial 
molal free energy of lithium chloride have been 
evaluated from the Duhem relationships.

A marked positive deviation of the activities 
of the salts in the Solutions from ideality was found 
and has been discussed briefly.
W in t e r  P a r k , F lorida  R e c e iv e d  J u n e  29, 1936

Edward J. Salstrom, Theodore J. Kew and Thomas M. Powell

Fig. 3.—Relations of the activities of silver chloride, a u  and 
lithium chloride, a2t to their compositions at 600°.
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I. Problem
It is a commonplace that the surface tension of 

aqueous Solutions of practically all organic com­
pounds is less than that of water, though a curious 
exception is afforded by certain sugars.1,2 It was 
long ago pointed out by Traube3 that the lowering 
of surface tension associated with a given molar 
concentration of the solute increases in a regulär 
way with the number of carbon atoms in the mem­
bers of a homologous series. On the other hand, 
the siurface tension of Solutions of inorganic salts, 
and indeed of most strong inorganic electrolytes, 
is greater than that of the solvent. This means 
of course, in accordance with Gibbs’ theorem, that 
these ions, in contrast to the organic compounds, 
are negatively adsorbed at the liquid surface.4

Now there is a class of organic molecules, most 
familiarly represented by the amino acids, which 
exist in solution preponderantly as dipolar ions, 
or zwitter ions.5 These dipolar ions are excep- 
tional above all for their extremely large electric 
moments, which are the basis of much of their be­
havior. Although they bear no net charge they 
have affinities with strong electrolytes. In re­
gard to their structure and phenomena associated 
with solubility, they are susceptible to treatment 
in accordance with the concepts of the Debye- 
Hückel theory for strong electrolytes, with some 
modifications.6,7 Thus their partial free energy 
in dilute solution may be shown to be propor­
tional to the first power, and not the square root, 
of the ionic strength of the medium, as for ordi­
nary ions.6,7 Clearly these dipolar ions are of in­
terest in the matter of surface tension. This is

(1) Traube, J .  p r a k t .  C h e m .,  31, 177 (1885).
(2) Clark and Maan, J .  B i o l .  C h e m .,  52, 157 (1922).
(3) Traube, A n n . ,  265, 27 (1891).
(4) Onsager and Samara, J .  C h e m . P h y s . ,  2, 528 (1934), have re­

cently developed a theory first put forward by Wagner, P h y s i k .  Z . ,  
25, 474 (1924), to account for this behavior. In its bare outline the 
theory is based on the Gibbs adsorption theorem and on the unequal 
distribution of ions between the interior and the surface of the liquid, 
calculated, in accordance with Debye’s treatment of strong electro­
lytes, taking account of ionic atmospheres and image charges at the 
air-liquid interface, from the difference of potential energy between 
an ion at the surface and one in the interior. Whether or not it is 
correct in detail, this theory accounts for the increase of surface 
tension and points to a general method of attack on the problem of 
the surface tension of strong electrolytes.

(5) For a discussion of dipolar ions, see Cohn, A n n .  R e v . B io c h e m .,  
4, 93 (1935).

(6) Scatchard and Kirkwood, P h y s i k .  Z . ,  33, 297 (1932).
(7) Kirkwood, J .  C h e m . P h y s . ,  2, 3.51 (1934).

especially true of the aliphatic amino acids, which, 
as organic compounds, belong to a well-defined 
homologous series, while at the same time they 
are ions of an exceptional class, owing to their 
zero net charge and extremely large electric mo­
ments. By suitable choice from members of this 
group it is possible on the one hand to try the ef­
fect of varying the electric moment without alter- 
ing the molecule in any other way, as for example 
when we pass from an a- to a ß-form, or on the 
other hand, keeping the moment constant, to al­
ter the length of the hydrocarbon chain.

There appear to be but two studies in the litera­
ture dealing with this question. Jones and 
Lewis,8 by means of Sugden’s bubble pressure 
method, showed that the surface tension of aque­
ous Solutions of glycine was somewhat greater 
than that of pure water and that the surface ten­
sion passed through a slight maximum between a 
pH  of 4 and 7. Unfortunately their results are 
only presented in the form of a small scale graph. 
Errera and Milliau9 also report that the surface 
tension of glycine Solutions is slightly greater 
(about 1%) than that of water, but they say that 
Solutions of leucine, alanine, aspartic acid and as­
paragine are indistinguishable from water. They 
give no figures. The present paper contains the 
results of measurements of the surface tension of 
aqueous Solutions of seven amino acids of varying 
size and moment, and of one other substance, 
glycine betaine, which is known to be a zwitter 
ion.

II. Materials and Methods
The amino acids were all obtained from the 

Laboratory of Physical Chemistry of the Harvard 
Medical School and all had been purified by re­
crystallization before measurements were made. 
Recrystallization of a-aminocaproic acid and ß~ 
alanine was especially necessary in order to ob­
tain reproducible results. The betaine was the 
same preparation, several times recrystallized, 
which was previously studied by Edsall and Wy­
man.10 The importance of careful purification of 
materials in these studies is very great, since

(8) Jones and Lewis, B io c h e m .  J 26, 638 (1932).
(9) Errera and Milliau, J .  c h im .  p h y s . ,  30, 726 (1933).
(10) Edsall and Wyman, T h is  J o u r n a l , 57, 1964 (1935).
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minute tracés of surface active impurities may 
have appreciable effects.

After a preliminary trial with Sugden’s method 
it was decided to use the drop weight method as 
being simpler and giving more reproducible re­
sults.11 The surface tension of the Solutions was 
calculated from the weights of the drops of solu­
tion and of water falling from a given tip by means 
of the equation

W  \p0y  —  --  — 70
WO &

in which y  denotes surface tension, w the weight 
of a single drop, \j/ the corresponding correction 
factor as given by Harkins and Brown, and the 
subscript 0 refers to water. The surface tension 
of water was taken as 71.97 at 25°. For any par­
ticular case the value of \[/ is determined by the 
ratio of the radius of the tip to the cube root of the 
volume of the drop, and in order to determine \p 
it is therefore necessary to know the density of 
the liquid. The densities used in the calculation 
of the values of the surface tension given below 
were taken directly from the data given by Wy­
man and McMeekin12 in the case of glycine and 
o'-aminobutyric acid and were calculated from 
the partial molal volumes in the other cases—for 
betaine from the volume given by Edsall and 
Wyman;10 otherwise from the figures of Cohn, 
McMeekin, Edsall and Blanchard.13 In calcu­
lating the density of the Solutions of e-amino- 
caproic acid studied over a wide range of pVL no 
attempt was made to distinguish between the 
isoelectric material and its salts since it was ap­
parent that the effect of this on the values of the 
surface tension would be less than the experimen­
tal error. Indeed the tips were so chosen that 
\[/ was relatively insensitive, and consequently 
varied but little between pure water and the most 
concentrated solution—the greatest Variation was 
from 0.6022 to 0.6033, in the case of a-amino- 
butyric acid.

Three different tips were used, one of monel 
metal, one of Pyrex, and one of fused quartz. 
The radii of these were 0.4701 ±  0.0003, 0.476 =±=
0.002 and 0.4770 =*= 0.0003 cm., respectively. 
The monel metal and quartz tips were turned or 
ground so as to be of accurately circular cross sec­
tion; the Pyrex tip was made from a selected

(11) For a discussion of this method see Harkins and Brown, T h is  
J o u r n a l , 38, 246 (1916), and  41, 520 (1919).

(12) Wyman and McMeekin, i b i d . ,  65, 908 (1933).
(13) Cohn, McMeekin, Edsall and Blanchard, i b i d . ,  56, 784 

(1934).

piece of Pyrex rod and was less exact; yet on the 
whole it gave the best results and was used in the 
majority of the determinations. The fact that 
it was less round than the others did not appear to 
affect the consistency of the results and any pos­
sible error in the calculation of the surface tension 
arising from uncertainty as to the proper value 
to use for the radius in reckoning the values of 
p was negligible. The monel metal tip was diffi- 
cult to dean and there was often trouble in getting 
the liquids to wet the face of the tip. It was 
found that this tip did better if the face was elec- 
trolytically coated with a light deposit of plati­
num black. It proved difficult to grind the face 
of the quartz tip sufficiently rough to provide for 
good wetting without chipping the edges. This 
problem of ensuring that the drops, particularly 
the first one, completely wet the tip proved to be 
the most troublesome feature of the manipula­
tions, more so than that of adjusting the rate of 
drop formation.

The measurements were all made at 25° and 
the apparatus containing the liquid was always 
placed in the thermostat at least fifteen minutes 
before the first drop was formed in order to make 
sure of temperature equilibrium.

All hydrogen-ion concentrations were deter­
mined with a glass electrode, in connection with 
a circuit similar to that described by DuBridge 
and Brown,14 making use of a type F. P* 54 Gen­
eral Electric tube. The electrode was calibrated 
with Standard buffers before or after measure­
ments.

III. Results

The results obtained on six isoelectric amino 
acids and on isoelectric betaine, are given below 
in Table I and are shown graphically in Fig. 1. 
Except in one case, each point is based on several 
determinations which agree to about 0.1% or 
better. It may be seen from Fig. 1 that in every 
case the relation between surface tension and con­
centration is linear within the limits of error. At 
their worst the experimental points depart from 
the straight lines by slightly more than 0.1%.

Glycine, a-alanine, ß-alanine, and ß-amino- 
butyric acids all behave like inorganic salts in that 
the surface tension of their Solutions is greater 
than that of water. The effect however is less 
pronounced than in the case of most of the latter 
substances. Thus even for glycine the increment

(14) DuBridge and Brown, R e v . S e i .  I n s t r u m e n t s ,  4, 532 (1933).
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T a b l e  I

S u r f a c e  T e n s io n  o f  S o l u t io n s  o f  I s o e l e c t r ic  M a * 

t e r i a l s a t 2 5 °

Concentrations are expressed in moles per liter. Values 
of A y /  Ac, the increment of surface tension per mole of sol* 
ute, reckoned from the straight lines in Fig. 1, are given in 
parentheses after the name of each eompound. The sur­
face tension of water is 71.97

Glycine® ( A7 /A c =  -j-0.92) 
c 0.502 1.035 1.185 1.360 1.517
Y 72.43 72.86 73.14 73.15 73.47

a-Alanine5 ( Ay/ Ac =  +0.58) 
c 0.50 1.00 1.39
y  72.27 72.54 72.79

a-Aminobutyric acid5 ( A y /A c  — —0.41) 
c 0.38 0.845 1.185 1.245
Y 71.80 71.63 71.49 71.43

«-Aminocaproic acid5,c ( Ay/A c — —23) 
c 0.025 0.051
Y 71.23 70.90

Betaine5 ( Ay/A c = —0.14) 
c 0.44 0.88
Y 71.95 71.79

^-Alanine5 ( A y/ Ac =  +0.77) 
c 0.237 0.475 0.949 1.390
Y 72.19 72.36 72.62 72.99

ß-Aminobutyric acid5 ( A y /A c  = +0.05) 
c 0.5 1.0 1.5
Y 72.03 72.04 72.04

e-Aminocaproic acid5 ( A y /  Ac = —0.25) 
c 0.545 0.763 1.09
Y 71.88 71.80 71.66
® Measurements with monel metal tip. 5 Measurements 

with Pyrex tip. c Measurements with quartz tip.

of surface tension per mole of solute15 is but 0.97 
as compared with a value of 1.64 for sodium chlo- 
ride or a value of 3.04 for magnesium chloride, 
a uni-divalent salt; for ß-aminobutyric acid it is 
but 0.05.

If we compare the four «-amino acids, or the two 
ß-acids, studied, it is clear that increasing the 
length of the carbon chain when the electric mo­
ment is kept constant has the effect of depressing 
the molar increment of surface tension, as in the 
case of other homologous series; and the data on 
the «-acids indicate that the depressing effect of 
each additional carbon atom increases geometri­
cally, at least approximately so, with the number 
of atoms introduced, as has been observed in 
other series more extensively studied.16 In this

(15) In what follows this quantity is referred to as the molar in- 
crement of surface tension, for brevity.

(16) S zgszkow ski’s d a ta  [Z . p h y s i k .  C h e m ., 64, 385 (1908)] on  
normal fatty acids show that in d ilu te  Solutions, w here th e  surface 
tension may be regarded as linear in th e  concentration , th e  m olar

connection the behavior of betaine is of interest. 
Betaine ((CH3) 3 +N CH2COO ~) differs from gly­
cine owing to the Substitution of three methyl 
groups for the three hydrogens attached to the 
positively charged nitrogen atom. It therefore 
contains three more CH2 groups than glycine, and 
since its electric moment is known to be very

C.

Fig. 1.—Graph of data in Table I.

nearly if not quite the same as that of «-amino 
acids,10 it might be supposed that it would behave 
like «-aminovaleric acid. Although we have not 
determined the surface tension-concentration 
curve for this amino acid, it is safe to predict that 
it lies between curves of «-aminobutyric and «- 
aminocaproic acids. Actually the curve for be­
taine lies well above that for «-aminobutyric acid. 
The implication of this is that a CH2 group which 
is itself a part of the structure of a changed group 
contributes quite differently to the properties of 
the molecule than one which belongs to a hydro­
carbon residue.

The effect of increasing the dipole moment 
without otherwise altering a molecule is to in­
crease the molar increment of surface tension,
surface tension increments decrease geometrically with the number 
of CH 2 groups in the molecule, the ratio for the series being about 
3.4. This is equivalent to the statement that the differences, taken 
as positive, between the molar surface tension increments of succes­
sive members of the series increase in the same ratio, 3.4. In the 
case of the «-amino acids the molar surface tension increments 
themselves change from positive to negative values so that we must 
consider the differences. Data for one member of the series, «- 
aminovaleric acid, are lacking, which leaves only three differences to 
be considered. These may be fitted moderately well by assuming a 
ratio of 3.8. If we use a value of 0.30 instead of the observed value 
of 0.34 for the first difference, we may calculate expected values of 
the molar surface tension increments as +0.92, +0.62, —0.52, 
— 21.4. These are in fairly good agreement with the values given in 
Table I.
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that is, to rotate the curve counter-clockwise and 
make the substance behave more like an inorganic 
salt. This may be seen by comparing the curves 
for cc- and ß-alanine, a- and ß-aminobutyric acid, 
or, better still, a- and e-aminocaproic acid.

In Table II and Fig. 2 are given data showing 
the change of surface tension with pH  for a so­
lution of eaminocaproic acid containing 0.2431 
mole per liter. Figure 2 also contains, in the 
upper portion, a graph of the titration data ob­
tained incidentally in the course of these measure­
ments. The füll curve, with which the experi­
mental points are in fairly good agreement, is 
calculated from the two pK  values of 4.43 and 
10.75 given for this amino acid by Edsall and 
Blanchard.17

1 3 5 7 9 11 13
p H .

Fig. 2.—Lower curve: Surface tension of a 
0.2431 molar solution of €-aminocaproic acid as 
a function of p H . Upper curve: Titration of e- 
aminocaproic acid (0.2431 molar). The ordinates 
give moles of acid or base per mole amino acid.
The smooth curve is based on p K  values of 4.43 
and 10.75. The isoelectric point (7.59) and the 
p K  values are indicated by arrows.

The data extend over somewhat more than the 
füll titration range and show that the surface ten­
sion is a maximum at or close to the isoelectric 
point (pH. =  7.59). There is a marked drop of 
surface tension with addition of acid or base 
amounting to about 2.4% when the isolectric

(17) Edsall and Blanchard, T h is  J o u r n a l , 56, 2337 (1933).

T a b l e  I I

S ur fa c e  T e n s io n  of  €-Am in ocaproic  A cid  S o l u tio n s  a s  
a  F u n c tio n  of  at  25°

The total concentration of amino acid is 0.2431 mole per 
liter throughout. In column 1 the amount of acid or base 
present is expressed in terms of moles per mole of amino 
acid.

Amount of acid ( —) or base (+) P  H 7
-1.234 1.05 70.38
-0.944 3.52 70.19
-  .474 4.50 70.77
-  .308 4.74 71.24
-  .021 6.07 71.78

0 7.26 71.92
+  .019 8.80 71.65
+ .020 9.16 71.69
+  .405 10.80 71.25
+ .925 11.58 70.73
+ 1.091 11.90 70.62

material is converted completely into the hydro­
chloride, and a drop of about 1.7% when it is 
converted to the sodium salt. This is in general 
agreement with the results of Jones and Lewis8 
on glycine. As nearly as can be judged from their 
small scale graph there is roughly a 1% decrease 
in the surface tension of a 1.5 molar solution when 
the isoelectric amino acid is converted into the 
hydrochloride or sodium salt.18

This phenomenon is of interest since it shows 
the effect of the dipole moment as contrasted with 
the single charge of the anion or cation on the 
molar increment of surface tension. The incre­
ment is greater for the dipolar ion than for the 
simple ion, the more so for e-aminocaproic acid 
where the moment is large than for glycine where 
it is relatively much smaller. In fact it appears 
from the figures given above, rough as they are in 
the case of glycine, that the increase in the sur­
face tension increment of a 1 molar solution due 
to converting the cation or anion into the dipolar 
ion is about six times as great for e-aminocaproic 
acid as for glycine. It is worth bearing in mind 
here the great size of the moments involved. Thus 
the moment of glycine has been estimated as in the 
neighborhood of 15 X 10""18 e. s. u. That of the 
caproic acid is much larger.5

(18) Jones and Lewis [ B io c h e m . J . ,  26, 632 (1932)] have shown 
that the surface tension of dispersions of lecithin in water, though 
less than that of water, is a maximum at p ü  — 2.8. This is close to 
the estimated isoelectric point of lecithin, which presumably exists 
as a dipolar ion. The surface tension of Solutions of proteins and 
peptones is less than that of water, but there is disagreement among 
©bservers as to whether it is a maximum or a minimum at the iso­
electric point. See Johnston, i b i d . ,  21, 1314 (1927); Botazzi, in 
Alexander, "Colloid Chemistry,” D. Van Nostrand Co., New York, 
1919, Chap. VII; Berczeller, B io c h e m .  Z . ,  53, 215 (1913); Errera and 
Milliau;9 Loebel, J .  P h y s .  C h e m .,  32, 763 (1928); Artom, A r c h .  
S e i .  B io l .  (Ital.), 14, 327 (1930).
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It is striking that the molar increment of sur­
face tension of the hydrochloride or sodium salt 
of e-aminocaproic acid is very much less negative 
than that of isoelectric a-aminocaproic acid and 
therefore a fortiori presumably less negative than 
that of its salts. This is an illustration of the fact 
pointed out by Cohn5 on the basis of a systematic 
study of solubilities that the effect of a CH2 group 
situated between polar groups (whether or not 
they bear a free charge) is different from that of 
one located in a hydrocarbon residue in the mole­
cule.

As a result of the application of a new and ex- 
ceedingly accurate method of meäsuring surface 
tension Jones and Ray19 report a very curious phe­
nomenon shown by aqueous Solutions of inorganic 
salts. The surface tension-concentration curves, 
which are linear at ordinary concentrations, do not 
continue straight back to the ordinate axis, but 
dip down so as to show negative surface tension 
increments when the Solutions are very dilute. It

(19) Jones and Ray, T h is  J o u r n a l , 57, 957 (1935).

would be of importance in any theoretical inter­
pretation of surface tension to know whether or 
not dipolar ions behave in the same way, and it is 
hoped in the future to study the problem by this 
more accurate method.

Summary
Measurements of the surface tension of aqueous 

Solutions of seven amino acids of differing size and 
moment and of glycine betaine have been made 
with the drop weight method. In the case of four 
of the amino acids the surface tension is greater 
than that of water; in the other cases it is less. 
In these dipolar ions there appears to be an an- 
tagonism between the effect of the electric moment 
which tends to increase the surface tension, and 
the size and number of organic groups in the mole­
cule which tend to lower it. The effect of Con­
verting an amino acid into its hydrochloride or its 
sodium salt is to lower the surface tension of the 
solution.
Ca m b r id g e , M a s s . R e c e iv e d  J u l y  10, 1936

The Electromotive Force of the Cell Zn-Hg (2 phase) | ZnSOé (m) P b S 04 (s) | Pb-Hg 
(2 phase) and its Temperature Coëfficiënt at 25° and Concentrations from

0.05 to 1.5 Molal1
B y  Jacob K ie l l a n d 2

Determinations of the e. m. f. of the cell 
Zn-Hg (2 phase) | ZnS04 (m ) PbS04 (s) | Pb-Hg (2 phase)

(1)
corresponding to the Chemical reaction
Zn (satd. amalg.) -f- PbS04 (s) =  ZnSO* (m ) +  Pb (satd.

amalg.) (2)

have been reported by Bray3 at 25° for molalities 
from 0.0005 to 3.5, and by Cowperthwaite and 
La Mer4 at 0, 12.5, 25, 37.5 and 50° for molalities 
from 0.0005 to 0.01, also 0.02 and 0.05 molal at 
0, 25 and 50°.

In the present paper are given some e. m. f. 
measurements on cell (1) for the molalities 0.0512, 
0.150, 0.510 and 1.501 at the temperatures 15, 25 
and 35°.

Experimental Part
Preparation of Materials.—Lead sulfate of 

definite crystalline form was prepared from pro
(1) This work was aided by a grant from "Anna Paus's Legat.”
(2) Research Chemist, Norsk Hydro-Elektrisk Kvaelstofaktiesel- 

skab, Oslo.
(3) U . B. Bray, T h is  J o u r n a l , 49, 2372 (1927).
(4.) I. A. Cowperthwaite and V. K. La Mer, i b i d ., 53, 4333 (1931).

analysi reagents in the way recommended by 
Bray3 and stored under doubly distilled water until 
needed. Zinc sulfate stock solution was made 
up from Kahlbaum “zur analyse” reagents and 
doubly distilled water, and analyzed by the zinc 
ammonium phosphate method as well as by weigh­
ing in the form of zinc sulfate after evaporation and 
heating on addition of some drops of sulfuric acid.

Four per cent. lead amalgam and 4% zinc 
amalgam were made up with pro analysi metals 
and redistilled mercury as described by Cowper­
thwaite and La Mer,4 filtered hot through capillary 
tubings and stored under a slight excess pressure 
of purified nitrogen.

Tank nitrogen was purified from oxygen by the 
wet combustion method described by Van Brunt,5 
using a nitrogen lift pump to circulate the am- 
monia-ammonium carbonate solution over the 
copper wire gauze filling of the absorption tower.

Experimental Method.—The cell was similar 
to that used by Cowperthwaite and La Mer,4 with

(5) C. Van Brunt. i b i d . ,  36, 1448 (1914).
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the exception that the electrodes were inserted at 
the top, using well ground glass joints. The Solu­
tions and the cell were freed from oxygen by run­
ning purified nitrogen through the whole System 
for four hours. The method of filling the cell 
with amalgams and Solutions, and sealing off with 
mercury, was essentially the same as used by 
Cowperthwaite and La Mer.

The cleaning of cells and electrodes was ef­
fected by washing with concentrated sulfuric acid, 
distilled water, and then with a weak alcoholic 
solution of potassium hydroxide. They were 
then rinsed ten times with doubly distilled water, 
steamed out for an hour and subsequently dried 
at 110°.

Constant e. m. f. was ordinarily obtained one 
to four hours after the cell was prepared, and was 
controlled by readings after fifteen to twenty 
hours. It was found that a constant potential 
was far more rapidly obtained by passing from 
higher to lower temperatures than vice versa.

Apparatus.—The measurements were carried 
out with an Otto Wolff Potentiometer 5881 and 
a Hartmann and Braun Reflecting Galvanometer 
No. 1528. A Weston element calibrated by 
“Polytechnisches Reichsanstalt” served as the 
Standard cell. The regulation of the thermostat 
temperature was maintained to a precision of 
±0.02° by means of mercury regulators.

Results
The observed values of e. m. f . ( £ 0bsd.) and of 

£ 0', computed from the equation
E0' =  Eobad. +  ( v R T /n F )  ln m  (3) 

are given in Table I. The corrections necessary 
T a b l e  I

owing to the solubility of lead sulfate at the con­
centrations stated in the present paper, are less 
than 0.01 mv., and are therefore not taken into 
account.

The values of the mean practical6 stoichiomet­
ric activity coëfficiënt for zinc sulfate, given by 
the equation

ln y : _  in m «  g  -  
v R T /n F  v R T /n F (4)

are collected in Table II, using the best values for 
E° obtained by Cowperthwaite and La Mer.4

T a b l e  II
M e a n  P ractical  S toichiom etric  A ctivity  C o e ff ic ie n t s  

of Z in c  S u l fa t e
Molality,

m
t =  15°

(£o = O.4 2 1 5 5 )
t  — 25°

(£o = 0.41086)
t = 35° 

(£o =  0.3992)
0.0512 0.209 0.202 0.190

.150 .128 .123 .113

.510 . 0667 .0631 .0569
1.501 .0392 .0372 .0342

Discussion
The agreement between the values presented 

here and those given by the measurements of 
Cowperthwaite and La Mer4 up to 0.05 molal is 
very good.

The activity coefficients given previously by 
Bray3 are all higher than those found by Cowper­
thwaite and La Mer and by the present author. 
This discrepancy can be traced back to Bray’s 
measurements in the most dilute concentration 
range.7 Using Cowperthwaite and La Mer’s 
^ 298.i =  0.41086, which hitherto is the most re­
liable value given for the normal potential of the 
cell (1), the activity coefficients given by Bray 
were recalculated. The results are shown in 
Table III.

Ob s e r v e d  E. m . f . a n d  C o m pu t e d  V a l u e s  of E0'
M o la lity ,

m ^«obsd.
(pRTJnF) 

ln  m £°'
Temperature 15°

0.0512 0.53425 -0 .07378 0.46047
.150 .51955 -  .04710 .47245
.510 .50551 -  .01671 .48880

1.501 .49195 4- .01008 .50203
Temperature 25°

0.0512 0.52830 -0 .07635 0.45195
.150 .51350 — .04873 .46477
.510 .49915 -  .01729 .48186

1.501 .48500 4- .01043 .49543
Temperature 35°

0.0512 0.52215 -0.07891 0.44324
.150 .50740 -  .05037 .45703
.510 .49285 -  .01787 .47498

1.501 .47800 4- .01078 .48878

T a b l e  III
Mean Practical Stoichiometric A ctivity Coefficients 
of Zinc Sulfate at 25°, R ecalculated from Bray’s 

M easurements

m 0 .005 0.01 0.02 0 .05
0.477 0.387 0.298 0.202

m 0 .08  0 .1  0 .2  0 .3  0 .5  0 .8
T± 0.162 0.148 0.104 0.0837 0.0634 0.0491
m 1 .0  1 .5  2 .0  2 .5  3 .0  3 .5

0.0439 0.0368 0.0354 0.0368 0.0409 0.0476

(6) C f .  practical and rational activity coefficients by E. A. Gug- 
genheim, P h i l .  M a g . ,  19, 588 (1935).

(7) The uncertainty of Bray’s extrapolation was already pointed 
out by Gronwall, La Mer and Sandved [ P h y s ik .  Z . ,  29, 390 (1928)], 
who found a somewhat different value, with “a” = 4.0 Ä. Cowper­
thwaite and La Mer’s “a” =  3.64 is however the most reliable, since 
cryoscopic measurements also give “a” = 3.6. Bray’s measurements 
at the highest dilutions consequently should not be taken into ac­
count.
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These recalculated coefficients are in good 
agreement with Cowperthwaite and La Mer’s 
at concentrations 0.005 to 0.05 m, and with the 
author’s at 0.05 to 1.5 m. Log 7 ± vs. are 
shown in Fig. 1.

It would be of great interest to obtain values of 
the partial molal heat of dilution of zinc sulfate at 
concentrations here studied, on account of the 
difference between the calorimetric values given 
by Lange and collaborators8 and the results of 
La Mer and Cowperthwaite, obtained by appli­
cation of the Gibbs-Helmholtz equation.9 But 
as Z/2 in the case of zinc sulfate depends about 
equally upon the precision with which (E ° ' — E ° )  

and d(£0/ — E P ) /& T  can be determined, it is ob- 
vious that more than the three temperatures in­
vestigated in the present paper, are necessary to 
obtain values of L 2 which are sufficiently accurate10 
to be compared with those determined calorimet- 
rically. The final answer to the questions must 
therefore await a more extended investigation.11

Acknowledgments.—The author is indebted to 
“Norsk Hydro-Elektrisk Kvaelstofaktieselskab,” 
Oslo, to “Norges Tekniske Höiskole, Institutt

(8) E. Lange, J. Monheim and A. L. Robinson, This Jo u r n a l , 55, 
4733 (1933).

(9) V. K. La Mer and I. A. Cowperthwaite, i b id . ,  55, 1004 (1933).
(10) The partial molal heat of dilution varies considerably with 

the temperature, according to some unpublished calculations of 
C p  — C p  for zinc sulfate at concentrations studied; hence it is neces­
sary to make use of a sufficiënt number of temperatures.

(11) According to a communication from Professor La Mer, 
W. H. Wood, working with Dr. Cowperthwaite, has been reinvesti- 
gating the e. m. f. of the cell at 5° temperature intervals from 0 to 
50° from high dilution to one molal; the results have not yet been 
published.

V 'm .

Fig. 1.;—Mean stoichiometric activity coefficients 
of zinc sulfate at 25°: # , Measurements of Cowper­
thwaite and La Mer; H, Bray; ▲ , Kielland.

for Uorganisk Kjemi,” Trondheim, and espe­
cially to Docent K. Sandved, in whose laboratory 
this work has been done.

Summary
The electromotive force of the cell Zn (satd. 

amalgam) | ZnS04(m), PbS04(s) | Pb (satd. amal­
gam) has been measured at 15, 25 and 35° for 
concentrations of zinc sulfate of 0.0512, 0.150,
0.510 and 1.501 molal. The activity coefficients 
of zinc sulfate are given for these concentrations 
and temperatures.
Oslo, N orway R eceived June  2 , 1936

[Contribution from the Cobb Chemical Laboratory, U niversity of Virginia]

Studies in the Phenanthrene Series, XIII. 9,10-Dihydrophenanthrene and Amino
Alcohols Derived from It1»2

B y  A lfred  B urger  and E rich  M o settig

The important investigations of Schroeter and 
his co-workers3 have shown that phenanthrene 
yields by catalytic hydrogenation (elevated tem­
perature and pressure) and by reduction with 
sodium and amyl alcohol, three well-defined 
hydrogenation products, namely, 9,10-dihydro-

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

(2) See preliminary note, T h is  J o u r n a l , 57, 2731 (1935).
(3) Schroeter, B e r . ,  57, 2025 (1924); Schroeter, Müller and Huang, 

i b id . ,  62, 645 (1929).

phenanthrene, 1,2,3,4-tetrahydrophenanthrene
and 1,2,3,4,5,6,7,8-octahy drophenanthrene, in 
amounts which depend upon the mode of re­
duction. These investigators determined the 
structure of the hydrocarbons beyond any doubt 
by synthetic methods, thus ridding the literature 
of the great confusion prevailing in the series of 
hydrogenated phenanthrenes up to that time. 
While the octahydro4 and tetrahydro compounds 
may be isolated quite conveniently from the

(4) For a convenient preparative method of octahydrophen- 
anthrene, see van de Kamp and Mosettig, T h is  J o u r n a l , 57, 1107 
(1935).



1858 Alfred B urger and Erich M osettig Vol. 58

reaction mixture and purified easily, the isolation 
and purification of the dihydro compound offers 
considerable difficulty. Neither the known re­
ductive methods nor the synthetic method3 is 
praeticable for the preparation of 9,10-dihydro- 
phenanthrene, which was needed in large amounts 
for systematic Chemical and pharmacological 
investigations.

Through the extensive studies of Adkins and 
his collaborators on catalytic hydrogenation,5 
the great practical value of the “chromite’’ 
catalyst has been demonstrated. Copper-chrom- 
ium oxide (or copper-chromium-barium oxide) 
proves to be particularly useful in cases where 
only partial or selective hydrogenation is desired. 
It has been known for a long time that the 9,10- 
double bond in phenanthrene is characteristically 
different from the other double bonds in this 
ring system. It behaves, to some extent, like 
an olefinic double bond (bromination, nitration), 
and it could be expected, therefore, that by 
employing the chromite catalyst in the reduction 
of phenanthrene, only or chiefly the 9,10-double 
bond would be attacked, leaving the benzenoid 
double bonds of the terminal nuclei intact. This 
expectation is fully realized; phenanthrene, 
reduced at 220° under a pressure of 2000-3000 
lb./sq. in. (136-204 atm.), using copper-chrom- 
ium-barium oxide as catalyst, yields practically 
pure 9,10-dihydrophenanthrene in very satisfac- 
tory amounts (up to 80%). The rate of reduction 
is apparently dependent to some extent upon the 
age of the catalyst. Phenanthrene can be re­
covered easily in the form of the picrate, and no 
higher hydrogenated phenanthrenes can be found 
in the reaction mixture. Efforts to bring the 
reduction to completion by varying experimental 
conditions were without success.

We found that anthracene, which is well known 
to be more reactive on the meso-positions than 
phenanthrene, is reduced under similar condi­
tions, using chromite catalyst, at a decidedly 
lower temperature (160°) and in a considerably 
shorter time, yielding 9,10-dihydroanthracene 
only. The hydrogenation of anthracene at room 
temperature and atmospheric pressure, using 
noble catalysts, has been investigated carefully 
by Fries and Schilling.6 The reduction of phen-

(5) Adkins and Connor, T h is  J o u r n a l , 53, 1091 (1931); Adkins 
and Folkers, i b i d . ,  53, 1095 (1931); Connor, Folkers and Adkins, 
i b i d . ,  54, 1138 (1932); Folkers and Adkins, i b i d . ,  54, 1145 (1932); 
Adkins, Wojcik and Covert, i b i d . ,  55, 1669 (1933).

(6) Fries and Schilling, B e r , ,  65, 1494 (1932).

anthrene under similar conditions has not been 
reported, as far as we know. Phenanthrene, 
purified by the method of Cohen and Cormier,7 
distilled over sodium, treated with maleic an­
hydride,8 recrystallized and resublimed, resists 
catalytic reduction under ordinary conditions 
(platinum oxide in glacial acetic acid). Syn­
thetic phenanthrene, prepared by Pschorr’s 
method, however (or as we later found, phen­
anthrene purified through the stages, 9-bromo- 
phenanthrene — > 9-cyanophenanthrene — >
9-phenanthroic acid — > phenanthrene), absorbs 
hydrogen readily under those conditions.9 We 
are now engaged in reinvestigating the course 
of the catalytic reduction of phenanthrene and 
of partially hydrogenated phenanthrenes under 
various conditions, a study that seems to be of 
interest as a complement to the investigation 
of Fries and Schilling6 on the course of the re­
duction of anthracene. It may also be of im­
portance in connection with the 1,4-dihydro- 
phenanthrene (from the lithium addition product) 
of Schlenk and Bergmann,10 for the structure 
of which, in our opinion, sufficiënt proof has not 
been offered.

The Friedel-Crafts reaction on 9,10-dihydro­
phenanthrene, employing acetyl and propionyl 
chlorides, proceeds smoothly in nitrobenzene 
solution as well as in carbon disulfide, giving in 
very satisfaetory yields the expected ketones. 
It should be recalled that the same reaction on 
phenanthrene itself can be carried out success- 
fully only in nitrobenzene solution, while in 
carbon disulfide chiefly oily and uncharacterizable 
products are obtained.11 The formation of these 
is undoubtedly due to the interference of the
9,10-double bond.12 Another remarkable differ­
ence between phenanthrene and 9,10-dihydro­
phenanthrene lies in their power to direct sub­
stituents. Whereas with phenanthrene in the 
Friedel-Crafts reaction, the acetyl or propionyl 
group enters mainly the 3-position, Substitution 
in position-2 being a minor side reaction,12,13 
in 9,10-dihydrophenanthrene these groups are 
directed solely into the 2-position. Dihydro- 
phenanthrene behaves in this respect as a di 
phenyl rather than as phenanthrene. The

(7) Cohen and Cormier, T h is  J o u r n a l , 52, 4363 (1930).
(8) Clar, B e r . ,  65, 852 (1932).
(9) Mosettig and Krueger, unpublished results.
(10) Schlenk and Bergmann, A n n . ,  463, 84 (1928).
(11) Mosettig and van de Kamp, T h is  Jo u r n a l , 52, 3704 (1930).
(12) See Mosettig and van de Kamp, i b id . ,  54, 3328 (1932).
(13) Mosettig and Czerwin, unpublished results.
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structural proof for the acylation products men- 2-acetyl-9,10-phenanthrene quinone and 2-pro- 
tioned was carried out by converting them into pionyl-9,10-phenanthrene quinone, respectively.

M. p., °C.
Name of eompound (all hydro- Carbon, Hydrogen, Nitrogen,

Derivatives of Yield,, chlorides % % %
9,10-dihydrophenanth rene Solvent Appearance % with dec.) Formula Calcd. Found Calcd. Found Calcd. Found

2-oj- Chloroacetyi—-a Petrol, ether Pale yellow 100-101 CieHwOCl 74.84 74.53 5 .11 4.88
2-Propiqnyl—■ MeOH Colorless prisms 74 62-63 CriHieO 86.39 86.54 6.83 6.85

-Semicarbazone EtOH Colorless needles 213-214 CisHu.ON.3 14.33 14.49
2- «-Bromopropionyl— Ether-petr.

ether Pale yellow 84 85-86 Cr/Hi&OBr 64.75 64.60 4.80 5.09

2 - [2 - (Dimethylamino) - 1 - 
oxo-ethyl ]— -HC1 

2 - [2 - (Diethylamino) - 1 -
EtOH—EtaO Yellow 60 213-215 CisHsoONCl 4.64 4.71

oxo-ethyl]— HC1 
2 - [2 - Piperidino - 1 - oxo -

EtOH~Et20 Yellow 94 173-176 C2oH24ONC1 4.25 4.36

ethyl]— Dil. MeOH Pale yellow 86-87 C 21H23ON 4.59 4.32
- Hydrochloride 

2- [2-(l,2,3,4-Tetrahydroiso-
EtOH—E t20 Colorless 98 240-252 C2iH240NC1 4.10 4.36

quinolino) - 1 - oxo - 
ethyl]— HCl6 EtOH-EtsO Yellow 64 238-239 C 25H24ONCI 3.60 3.62

2 - [2 - (Dimethylamino) - 1 - 
oxo-propyl]— -HCl 

2 - [2 - (Diethylamino) -1 - oxo -
EtOH-ether Colorless 86 210-214 C1 9H22ONCI 4.44 4.59

propyl]— HC1Ü4 
2 - [2 - Piperidino - 1 - oxo -

EtOH-EtsO Almost colorless 57 138-140 CziHsfiOsNCl 3.44 3.55

propyl]— HC1 
2- [2-(l,2,3,4-Tetrahydroiso~

EtO H -EtiO Colorless 208-213 C22H26ONCl 3.94 4.05

quinolino) - 1 - oxo - 
propyl]— HCIO4 EtOH Almost colorless 47 230-231 C26H2605NC1 3.00 3.06

2 - [2 - (Dimethylamino) - 1 - 
hy droxy-ethyl]— HCl 

2 [2 - (Dimethylamino) 1 -
EtOH-EtsO Colorless 98 170-172 C 18H22ONCI 7 1.14 71.30 7.31 7.38 4.61 4.54

acetoxy-ethyl]—--HCl EtOH-EtsO Colorless 216-217 C2oH240 2N Cl 4.05 3.93
2 - [2 - (Diethylamino) - 1 - 

hydroxy-ethyl]— HCl 
2 - [2 - (Diethylamino) - 1 -

EtOH—EtaO Colorless 95 184-186 C2oH2«ONCl 72.36 71.97 7.90 7.79 4.22 4.12

, acetoxy-ethyl]— HCl 
2- [2 - Piperidino -1 - hydroxy -

Et0H -Et20 Colorless 145-150 c 22h 28o 2n c i 3.73 3.98

ethyl]— EtOH Colorless needles 124 C 21H.5ON 82.03 82.22 8.20 8.18 4.56 4.69
-Hydrochloride 

2- [2 - Piperidino -1  - acetoxy -
EtOH-EtaO Silky leaflets 86 242 C2iH2cONC1 4.08 3.90

ethyl]— HCl
2- [2-(l,2,3,4-Tetrahydroiso-

EtOH-EtaO Colorless 212-213 C 23H28O2N  Cl 3.63 3.75

quinolino) - 1 - hydroxy - 
ethyl]— Dil. MeOH Colorless 101-102 C 25H2 5 0 N 84.46 84.47 7.10 7.10

-Hydrochloride 
2- [2-(l,2,3,4-Tetrahydroiso-

MeOH Colorless 75 244-246 C25H2(;ONCl 76.59 76.81 6.69 6.95 3.58 3.81

quinolino) - 1 - acetoxy - 
ethyl]— HCl EtOH-EtaO Colorless 197-199 C27H280 2NC1 3.23 3.36

2 - [2 - (Dimethylamino) - 1 -
hydroxy-M-propyl]— EtOH-water Colorless 90-91 C 19H2 3 0 N 81.08 81.19 8.24 8.29 4.98 5.04

-Hydrochloride 
2 - [2 - (Dimethylamino) - 1 -

E tO H -Et20 Glittering rods 99 225-227 C19H2 4 0 N C 1 4 .4 1 4.41

acetoxy- n-propy 1 ]— -HCl 
2 - [2 - (Diethylamino) - 1 -

E tO H -E t20 Glittering rods 210-211 C2iH260 2NC1 3.90 4.02

hydroxy -M-propyl ]— H Cl E tO H -E t20 Silky leaflets 90 209-210 C 21H2 8 0 N C 1 72.90 73.24 8.16 8.11 4.05 4.01
2 - [2 - (Diethylamino) - 1 - 

acetoxy-w-propy 1 ]— HCl 
2 - [2 - Piperidino -1 - hydroxy -

E tO H -E t20 Colorless 189-190 c 23h 31o 2n c i 3.61 3.61

w-propyl]— Dil. MeOH Colorless needles 104-106 C 22H2 7 0 N 82.18 81.80 8.47 8.55 4.36 4.54
-Hydrochloride 

2 - [2 - Piperidino -1  - acetoxy -
E tO H -Et20 Colorless 249-250 C 22H2 8 0 N C 1 3.92 4.06

M-propyl]— HCl 
2- [2- (1,2,3,4-T etrahydroiso-

E tO H -E t20 Colorless 192-194 C24H30O2N Cl 3.51 3.53

quinolino) 1 - hydroxy - 
M-propyl]— EtOH Colorless 136-138 C 26H2 7 0 N 3.79 4.10

-Hydrochloride 
2 - [2-(l,2,3,4-Tetrahydroiso-

EtOH~Et20 Colorless 90 226-228 C26H28O N Cl 76.90 76.54 6.96 7 .15 3.45 3.59

quinolino) -1  - acetoxy- n -  
propyl]— HCl E tO H -E t20 Colorless 190-192 C28H3o0 2NC1 3.13 3.28

a Obtained in poor yield by Friedel-Crafts reaction with chloroacetyi chloride.
6 As a by-product in the exchange of the bromine with tetrahydroisoquinoline a red resin is formed, which on treat­

ment with dilute alkali, yields 9,10-dihydrophenanthrene-2-carboxylic acid. Compare Mosettig and Robinson, T his 
J o u r n a l , 57, 2188 (1935), footnote g.
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In addition, the methyl ester of the carboxylic 
acid obtained by oxidation of the acetyl deriva­
tive with sodium hypochlorite was dehydro- 
genated with selenium, whereby 2-phenanthroic 
acid was formed,14 15

From the 2-acetyl- and 2-propionyb9,10-di- 
hydrophenanthrenes, amino alcohols of the type 
—CHOHCH2NR2 and —CHOHCH(CH3)NR2 
were synthesized, via the bromo ketones and 
amino ketones, in a manner described previously 
in Communications of this series. The pharma­
cological study of these compounds in comparison 
with their non-hydrogenated analogs, is expected 
to give some information concerning the in­
fluence of Saturation of the 9,10-double bond on 
the physiological effectiveness in this series.

Experimental
Preparation of 9,10-Dihydrophenanthrene.15—One hun­

dred and twenty grams of phenanthrene in 260 cc. of 
absolute alcohol with 10  g. of chromite catalyst was 
heated to 2 2 0 ° and kept at this temperature for eight to 
ten hours under a hydrogen pressure of 2000—3200 lb./sq. 
in. (136-218 atm.). Phenanthrene was removed from 
the reaction mixture as the picrate; the crude dihydro - 
phenanthrene was purified by vacuum distillation (b. p. 
at 60 mm., 212-213°, yield 78-84%). This product was 
used for further reactions. By freezing it (5° overnight) 
and treating it with methyl alcohol at the same tempera­
ture, a pure dihydrophenanthrene was obtained. It is 
advantageous to use freshly prepared catalyst, since it 
was observed that with a catalyst that had been stored 
for about a year, the reduction proceeded considerably 
slower, and more catalyst had to be added to attain the 
same results.

2-Acetyl- and 2-Propionyl-9,10-dihydrophenanthrene.—
A cold solution of 2 moles of aluminum chloride in 800 cc. 
of dry nitrobenzene was added gradually to an ice-cold 
solution of 1 mole of dihydrophenanthrene and 1 .2  moles 
of acetyl or propionyl chloride, respectively, in 360 cc. 
of nitrobenzene. The mixture was allowed to stand at 
room temperature overnight, poured onto ice and hydro­
chloric acid and worked up in the customary way. The 
crude ketones were distilled in an oil pump vacuum and 
purified through the semicarbazones or oximes.

Structural Proofs.—Three grams of the acetyl eompound 
was heated for four hours, with an excess of dilute sodium 
hypochlorite solution at 70°; yield of carboxylic acid,
1.9 g. One gram of the oily methyl ester (prepared from

(14) The cleavage of the ester groups in this process is remarkable. 
Similar observations with selenium dehydrogenation of esters have 
been made recently also by Ruzicka [ H e lv .  C h im .  A c ta , 19, 419 
(1936)].

(15) Additional experimental data, reference 2,

the acid with diazomethane) was heated with 2  g. of 
selenium in a sealed tube to 280-300° for twenty hours. 
The reaction product was treated with ether, and the 
ethereal solution was extracted with cold dilute potassium 
hydroxide solution. The acid obtained was identified 
as 2 -phenanthroic acid by direct comparison with an 
authentic specimen of this acid (mixed melting point of 
acids and methyl esters).

One gram of the acetyl eompound in 10 cc. of warm 
glacial acetic acid was treated with a solution of 1 .2  g. of 
chromic acid in 2 cc. of water. After a few minutes the 
quinone crystallized out and was purified by high vacuum 
Sublimation, m. p. 223-224° (dec.). The mixed melting 
point with an authentic sample of 2-acetyl-9,10-phenan­
threne quinone showed no depression.

The propionyl-9,10-dihydrophenanthrene was oxidized 
in the same manner. The orange-red quinone was sub­
limed in a high vacuum; m. p. 215-217° (dec.).

A nal. Calcd. for C17H12O3: C, 77.24; H, 4.58. Found: 
C, 77.25; H, 4.81.

The mixed melting point with 2-propionyl-9,10-phen­
anthrene quinone of the same m. p. (obtained by chromic 
acid oxidation of 2 -propionylphenanthrene) 13 showed no 
depression.

Preparation of Amino Alcohols.—The bromination of the 
ketones was carried out in absolute ether (cooling with 
cold water). The yield of the bromoacetyl eompound 
was 55%, that of the bromopropionyldihydrophenan- 
threne, 84%. The exchange of the bromine atom with 
the amino groups was effected by allowing the reactants 
to stand in benzene solution overnight. The hydro­
chlorides of the amino ketones (in two cases the per­
chlorates) were readily hydrogenated in 90% alcohol or 
methyl alcohol Solutions, using a platinum oxide catalyst. 
The amino alcohols were acetylated in pyridine solution 
with acetic anhydride.

Summary
A convenient large scale method for the prepa­

ration of 9,10-dihydrophenanthrene by catalytic 
reduction of phenanthrene at elevated tempera­
ture and pressure, using chromite catalyst, is 
described.

By the Friedel-Crafts reaction, 2-acetyl- and
2-propionyl-9,10-dihydrophenanthrenes are ob­
tained in good yields.

From the acetyl and propionyl derivatives 
amino alcohols of the type C14H11CHOHCH2NR2 

and Ci4HnCHOHCH(CH3)NR2 (NR2 being the 
dimethylamino-, the diethylamino, the piperidino 
and the 1,2,3,4-tetrahydroisoquinolino group) 
have been synthesized for pharmacological studies. 
U n iv e r sit y , V ir g in ia  R e c e iv e d  A u g u st  12, 1936
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[C o n t r ib u t io n  from  t h e  D e pa r tm en t  of C h e m ist r y , U n iv e r s it y  o f  N otre  D a m e ]

The Synthesis of Acetylenic Ketones from Acetylenic Grignard Reagents1

B y  J. W . K roeger  and  J. A . N ie u w l a n d 2

In connection with some of the work carried on 
in this Laboratory3 it was found necessary to 
prepare acetylenic ketones of the type R—C =  
C—CO—CH3. The principal method reported 
in the literature consists in treating the sodium 
salt of an acetylenic hydrocarbon with an acyl 
halide.4 This method was found to be unsatis- 
factory from the point of view both of yields and 
quality of products since tracés of halogen were 
always present in the resulting ketone. This 
report concerns an entirely successful solution of 
the problem involving the use of acetylenic 
Grignard reagents.

A number of compounds have been reported to 
react with Grignard reagents to form ketones.5 
Of these, acetonitrile, acetamide, acetyl chloride 
and acetic anhydride were investigated. The 
first two compounds were found to be inert to­
ward acetylenic Grignard reagents while, of the 
latter two, acetic anhydride gave the best results.

The ketone which is formed in accordance with 
the reaction
R—C=C—MgX +  (CH3—CO)20  — >

R—C==C—CO—CH3 +  CH3—CO—OMgX

may react further, as follows
R—C=C—CO—CH3 +  R—C==C—MgX — ^

CH3

r —C==C—C—Ce==C—R
I

OMgX

The usual method of avoiding this last reaction is 
to ensure the presence of a large excess of acetic 
anhydride by slow addition to  it of the Grignard 
reagent. Better results, however, were obtained 
by cooling the Grignard reagent to at least —25° 
and then adding the acetic anhydride.

For purposes of comparison alkynylmagnesium 
chlorides, bromides and iodides were investigated

(1) Paper XVII on the chemistry of alkylacetylenes and their 
addition compounds. Previous papers, in this series; XVI, T h is 
J o u r n a l , 58, 1609 (1936); XV, i b i d ., 58, 1806 (1936); XIV, i b i d ., 
58, 1658 (1936).

(2) The major portion of the research herein reported was com­
pleted before the death of Dr. Nieuwland in June, 1936.

(3) Kroeger, Sowa and Nieuwland, J .  O rg . C h e m ., 1, 163 (1936).
(4) Nef, A n n . ,  308, 264 (1899); Moureu, e t a l . ,  B u i l .  so c . c h im . , 25, 

302 (1901); i b i d . ,  31, 343 (1904); A n n .  c h im .  p h y s . ,  [7] 25, 239 
(1902); Andre, i b i d . ,  [8] 29, 540 (1913).

(5) Runge, “Chimie in Einzeldarstellungen,” Vol. XVI, Part I,
‘ ‘ Organomagnesium Verbindungen, ’ ’ Stuttgart, Wissenschaftliche 
Verlagsgesellschaft m. b. H., 1932, pp. 180-195.

and of the three the chlorides were found most 
suitable. While the bromides and iodides in- 
variably gave considerable amounts of carbinol 
and higher boiling polymeric material, the reac­
tion product from an alkynylmagnesium chloride 
and acetic anhydride usually contained only the 
desired ketone and ä small amount of unreacted 
alkyne. Occasionally the iodide yielded some 
iodine-containing material which exploded vio- 
lently on heating.

Acetyienemagnesium chlorides are apparently 
rather insoluble in ether. Within the concentra­
tion range used, that is, 0.5 to 1.0 mole per liter, 
the bromides and iodides were always completely 
soluble whereas the preparation of an acetyiene­
magnesium chloride always resulted in the 
formation of a heavy, white precipitate. This 
was found to be mainly undissolved Grignard 
reagent.

Acetylenic Grignard reagents apparently are 
much more stable as well as less reactive than the 
Grignard reagents from the corresponding satu­
rated hydrocarbons. Arylacetylenemagnesium 
halides occupy an intermediate position. Indica- 
tions of this stability may be found in the facts 
that no reaction was obtained with acetonitrile or 
acetamide under the ordinary conditions of reflux­
ing the ether solution. In addition, oxygen 
reacts only to a negligible extent with alkynyl­
magnesium halides at —25°. In spite of this 
fact, however, the reactions described below were 
always performed in an atmosphere of nitrogen as 
recommended by Gilman and Hewlett.6

Experimental
Reagents.—The alkylacetylenes were prepared by a 

modified Picon synthesis.7 Phenylacetylene was prepared 
from ethylbenzene as suggested by Friedel and Baisohn.8 
The acetyl chloride, acetic anhydride and methyl iodide 
were redistilled shortly before use. Ethyl bromide was 
obtained from the Eastman Kodak Company. The ethyl 
chloride was supplied through the kindness of E. I. du 
Pont de Nemours and Company. Anhydrous ether was 
stored over phosphorus pentoxide and small quantities 
were distilled off when needed.

Analysis of Grignard Reagents.—The acetyienemagne­
sium chlorides prepared as described below always con-

(6) Gilman and Hewlett, R e c .  t r a v .  c h im . ,  48, 1124 (1929).
(7) Picon, C o m p t .  r e n d . ,  158, 1346 (1914); 169, 32 (1919).
(8) Friedel and Baisohn, B u l l .  s o c .  c h i m . ,  35, 55 (1881).
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tained considerable amounts of powdery, white, insoluble 
material which was analyzed as follows.

Three half-mole samples of ethylmagnesium chloride 
were prepared in ether, each having a volume of 250 ml. 
A 2-ml. sample of each was dropped into 50 ml. of ice cold, 
0.1 N  hydrochloric acid and back-titrated with 0.1 N  so­
dium hydroxide. All three samples corresponded to 0.50 
=*= 0.02 mole of Grignard reagent.

One-half mole each of amyl-, butyl- and phenylacety­
lene, respectively, was dropped into the prepared Grig­
nard reagents and the Solutions were refluxed until no more 
ethane was evolved. The contents of each flask was then 
diluted with anhydrous ether to a volume of 500 ml. and 
2-ml. samples were taken while the material in the flasks 
was being stirred vigorously. This last precaution was to 
ensure, as nearly as possible, representative samples. 
Titration of the samples showed that all three flasks con­
tained 0.50 0.01 mole of basic magnesium.

The solid material in each of the three samples was al­
lowed to settle and the supernatant liquid was decanted 
under nitrogen. The solid was washed twice with 200-ml. 
portions of anhydrous ether which were then added to the 
original liquid. The three ether Solutions were then di­
luted to 1000 ml. and 5-ml. samples were taken. They 
represented 0.20, 0.17 and 0.09 mole of amyl-, butyl-, and 
phenylacetylenylmagnesium chlorides, respectively.

Although these results give only a rough estimate of the 
solubilities of the acetylenemagnesium chlorides, they show 
definitely that the solid material is not magnesium chloride 
etherate, as it was first supposed, but that it consists 
largely, if not entirely, of active Grignard reagent.

At similar concentrations the acetylenemagnesium bro­
mides and iodides were completely soluble.

Preparation of Acetylenic Grignard Reagents.—Methyl 
iodide, ethyl bromide or ethyl chloride was converted to 
the Grignard reagent in the usual manner. Ethyl chloride 
was diluted with twice its volume of ether and then added 
to the metallic magnesium. The preparations were carried 
out in nitrogen6 and with mechanical stirring.

The calculated quantity of an acetylenic hydrocarbon 
was dissolved in ether and added to the prepared Grignard 
after which the solution was refluxed until nc more ethane 
was evolved. In the case of quarter-mole runs, this re­
quired a half-hour for phenylacetylene and a’bout two hours 
for the alkylacetylenes. Finally the apparatus was again 
flushed out with nitrogen. The volume of the solution at 
this point was about 500 ml.

Reaction of Hexynylmagnesium Bromide with Aceto- 
nitrile.—One-fourth mole of acetonitrile was added to 0.25 
mole of hexynylmagnesium bromide, which was prepared 
from 21 g. of hexyne-1, and the solution was refluxed for 
eight hours. After hydrolysis with dilute acid in the usual 
way and drying, fractionation gave only hexyne-1, b. p. 
70-71° (19.5 g.). Similarly, 20 g. of phenylacetylene was 
recovered from a quarter-mole run of phenylethynylmag- 
nesium bromide.

Reaction of Heptynylmagnesium Bromide with Acet­
amide.—One mole of heptynylmagnesium bromide was 
prepared from 96 g. of heptyne-1. To this was added 0.33 
mole of acetamide (20 g.) dissolved in warm ether. The 
acetamide had been previously fused to free it from water. 
A slight reaction was apparent and the solution was re­

fluxed for four hours. Only heptyne-1 was recovered, 
b. p. 99-101° (90 g.).

Addition of Grignard Reagent to Acetic Anhydride.—
One-half mole of hexynylmagnesium bromide in ether was 
slowly dropped into one mole of acetic anhydride cooled in 
an ice-salt mixture. The addition required three hours. 
Stirring was continued for two hours, then the product was 
hydrolyzed with ice water and steam distilled. From the 
steam distillate 20 g. of 3-octyne-2-one, b. p. 90-95° (30 
mm.) was obtained. Fractionation of the tarry residue in 
the steam distillation flask gave 8 g. of fo's-hexynylmethyl- 
carbinol, b. p. 125-130° (5 mm.).

Phenylethynylmagnesium bromide (0.25 mole) when 
treated similarly gave 3 g. of 4-phenyl-3-butyne-2-one, 
b. p. 105-108° (5 mm.), and 30 g. of a yellow-brown pow­
der, m. p. 108-111°. This material was extracted with 
hot alcohol and the extract diluted with an equal volume of 
water. The material so obtained was recrystallized six 
times from aqueous alcohol finally giving fine, white needles 
of b i s-phenylethynyImethylcarbinol,9 m. p. 111.5-112.0°.

Reaction of Hexynylmagnesium Chloride with Acetic 
Anhydride.—One-fourth mole of hexynylmagnesium chlo­
ride was prepared in the usual manner and cooled to— 30° 
in a bath of liquid ammonia. One-half mole of acetic an­
hydride in ether was added at such a rate that the tempera­
ture of the mixture remained below —25°, vigorous stirring 
being maintained. The addition required two and one- 
half hours. Stirring was continued for two hours at —30° 
and then for two hours at —5° in an ice-salt bath. After 
hydrolysis with ice-water and drying, fractionation gave 
8 g. of hexyne-1 and 18 g. of 3-octyne-2-one, b. p. 76-77° 
(15 mm.). This represents a 58% over-all yield or a 98% 
yield based on the amount of acetylene reacted.

Under similar conditions, 0.25 mole of heptynylmagne­
sium chloride gave 22 g. of 3-nonyne-2-one, b. p. 86-87° 
(13 mm.) and 10 g. of heptyne-1. In contrast to the prac­
tically quantitative yields from alkynes, only 40-45% yields 
of 4-phenyl-3-butyne-2-one were obtained. Considerable 
amounts of carbinol were always formed in this case.

Alkynylmagnesium bromides and iodides, when treated 
as outlined above, gave 10 to 20% yields of ketones.

T a b l e  I

R-
C4H9-
c8h J,-
c6h J-

P h y sical  P r o pe r t ie s  o f  t h e  C om pounds 
R—0==C—CO—CH3

B. p., °C. Mm. w25d
76-76.5 15 1.4446 
89-89.5 15 1.4463 

101-102 3 1.5735

.--------M R d --------.
d254 Calcd. Found

0.8631 37.16 38.23 
.8616 41.77 42.73 

1.0239 42.79 46.40

T a b le  I I

P hysical  P r o pe r t ie s  o f  t h e  Com pounds 
(R—C ^C )2( CH3)C—OH

B. n.; °c. c ---- mrd-------•
R- (2 mm.) n u  d i  Caicd. Found

c*h 9-
123-125 1.4660 (24°) 0.8840 (24°) 64.38 64.60 

C*H„-
134-136 1.4678(29°) .8785(29°) 73.62 74.09

CjHs- M. p. 111.5-112.0° * 94

(9) Salkind, J .  R u s s .  P h y s . - C h e m .  S o c . } 50, 24 (1917); C h e m . Z e n t r . ,
94, 1391 (1923).
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When acetyl chloride was substituted for acetic anhydride, 
the yields varied from 8 to 15% in the case of bromides and 
chlorides while the iodides gave nothing but a viscous tar 
which exploded on attempted vacuum distillation and gave 
off iodine vapor.

The Action of Oxygen on Hexynylmagnesium Bromide.
—The inertness of acetylenic Grignard reagents is well il­
lustrated by the following experiment.

During eight hours dry oxygen was bubbled rapidly 
through a solution of hexynylmagnesium bromide (0.25 
mole) cooled to —30°. A 5-ml. sample was then hydro­
lyzed with dilute hydrochloric acid and the organic layer 
allowed to evaporate. A slight film of oil remained which 
had a faint odor of caproic acid.

While the Grignard reagent was still in the liquid ammo­
nia bath, 0.25 mole of acetic anhydride was added and the 
product was worked up as usual. Fractionation gave 5 g.

of 3-octyne-2-one and 16 g. of 5is-hexynylmethylcarbinol, 
b. p. 123-125° (2 mm.).

Acknowledgment.—We are indebted to Mr.
G. M. Wolf for carrying out several of these 
preparations.

Summary

1. Acetylenic ketones of the type R—C s  
C—CO—CH3 have been prepared from acetylenic 
Grignard reagents.

2. Alkynylmagnesium chlorides, when cooled
to —25° and treated with acetic anhydride, gave 
almost quantitative yields of acetylenic ketones. 
N o tr e  D a m e , I n d ia n a  R e c e iv e d  J u l y  14, 1936

[C o n t r ib u t io n  from  t h e  L aboratory  of P h y sic a l  Ch e m ist r y , U n iv e r s it y  o f  U p s a l a ]

Sedimentation and Electrophoresis of the Tobacco-Mosaic Virus Protein

B y  I ng a -B ritta E rik sso n-Qu e n s e l  a n d  T h e  Sv e d b e r g

The isolation by W. M. Stanley1 of a crystalline 
protein showing the properties of the tobacco- 
mosaic virus has attracted much attention both in 
physiological and Chemical circles. Stanley’s sub­
stance is really the first example of a chemically 
well-defined virus, all previous preparations hav­
ing been defined by means of biological tests only.

A quantity of the crystalline virus protein was 
kindly put at our disposal by Dr. Stanley for the 
purpose of an ultracentrifugal study. In view of 
the vivid discussion centering around the ques­
tion whether a virus is a living being with the 
faculty of propagation or a high-molecular com­
pound with the property of multiplication by 
autocatalysis a determination of the molecular 
weight and the degree of homogenei ty of this virus 
protein seemed of great interest. Preliminary 
measurements by Dr. Stanley of the diffusion and 
osmotic pressure gave molecular weight values of 
the order of millions.

The object of our ultracentrifugal study was to 
determine by means of Sedimentation velocity 
runs the Sedimentation constant, and by Sedimen­
tation equilibrium runs the molecular weight as 
well as the dependence of the Sedimentation con­
stant on pYL, i. e.y the pYl stability region. Fur­
ther we wanted to subject the material to a homo- 
geneity test with regard to molecular weight by 
means of velocity scale runs and, should the virus

(1) W. M. Stanley, S c ie n c e ,  81, 644 (1935).

protein prove inhomogeneous, to determine the 
distribution curve.

Previous work on proteins in this Laboratory 
has demonstrated the great sensitivity of the iso­
electric point against Chemical differences in the 
protein molecule. Thus the measurements car­
ried out by K. O. Pedersen2,3 on respiratory pro­
teins have shown that the isoelectric point varies 
from species to species although the molecular 
weight is the same. For example the isoelectric 
point of the hemoeyanin from Helix pomatia is
5.05 while that from Helix nemoralis is 4.63, 
both proteins possessing near the isoelectric point 
the molecular weight 6,400,000. On the other 
hand, the blood pigment of a certain species often 
contains several components all of which have the 
same isoelectric point and the same mobility in an 
electric field. For example, at pH. 8.2 the hemo- 
cyanin of Helix pomatia has three well-defined 
components of molecular weight 6,400,000, 3,200,- 
000, and 800,000, all of which are identical in elec- 
trophoretic respect. Subjected to a centrifugal 
field this particular protein system, therefore, is 
resolved into three components, while exposed to 
an electric field it moves with a single boundary. 
In view of this fact it was desirable to carry out a 
series of electrophoresis determinations on the 
virus protein.

(2) K. O. Pedersen, K o l l o i d . - Z . ,  63, 268 (1933).
(3) C f .  T. Svedberg, J .  B i o l .  C h e m . , 103, 311 (1933).
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Treatment of the Material. Specific Volume
Two grams of the protein was sent us in the form of 

crystals covered with half-saturated ammonium sulfate 
solution. It was recrystallized twice according to Stan- 
ley’s method1 taking care not to raise the p H  above 8 
when dissolving the crystals. The recrystallization was 
easy to perform.

The specific volume of the protein was determined pyc- 
nometrically at p H  6.8 and 8.5. The value 0.646 was ob­
tained. It differs considerably from the ordinary value for 
proteins, this being 0.75.

Sedimentation Constant, p H  Stability Range
Sedimentation velocity determinations were carried out 

before recrystallization, after one recrystallization, and 
after two recrystallizations. The light absorption method 
was generally used. The refractive index method was ap­
plied in some runs on the twice recrystallized material.

Distance from meniscus, cm. 
b

Fig. 1, a and b.—-Sedimentation pictures (a), ob­
tained by means of the light absorption method, and 
concentration curves (b) for the tobacco-mosaic virus 
protein at pH. 6.8; centrifugal force 15,000 times 
gravity; time between the exposures 5 minutes. 
The blurring of the boundary and the change in shape 
of the curves with time of Sedimentation indicate 
poly dispers! ty.

Light Absorption Method.—In the ultracentrifuge the 
material appeared very polydisperse as compared with a 
well-defined high-molecular protein such as the hemocyanin 
from Helix pomatia (Figs. 1, 2, and 3). The recrystalliza­
tions seemed to have no effect on the degree of inhomo- 
geneity. The Sedimentation at different p H  was studied.

Below p H  3.8 the solubility was too small for determina­
tion. In the p H  range 4.6-5.5 the particles were aggre- 
gated and went down to the bottom of the cell at very low 
speed. No change in Sedimentation picture took place 
between p H  6 and 11.5. The Sedimentation constant 
dropped. slightly toward the alkaline side of the region, 
the mean value being 235 for the p H  ränge 6-8 and 205 for 
the p H  range 8-11.5. However, if a substance is inhomo- 
geneous and does not consist of one or more well-defined 
components the Sedimentation constant obtained with this 
method must be regarded as a mean value for all the differ­
ent sized particles.

b
Fig. 2, a and b.—Sedimentation pictures 

(a) obtained by means of the absorption 
method, and concentration curves (b) for 
the hemocyanin from Helix pomatia at p H  
5.5, ( M  = 6,400,000, s =  98.9); centrifugal 
force 45,000 times gravity, time between ex­
posures 5 minutes. The sharpness of the 
boundary and steepness of the curves dem­
onstrate the high degree of molecular homo- 
geneity of this protein compared with that 
of the virus protein.

Refractive Index Method.—An example of a typical 
run on the virus protein with this method is given in Fig. 4. 
The concentration gradiënt curve has a rather sharp peak, 
due to a comparatively homogeneous part of the material. 
The Sedimentation constants given refer to this homo­
geneous portion. The results of the measurements are 
summarized in Table I. The run at p H  9.5 shows a lower 
value than those at more neutral p H , The same is the 
case with the determination at p H  5.0 of the solution 
stored at 8.5, which means that the effect of a higher p H  
is not reversible.
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Distribution Curve
The distribution of partiele size4 5”6 or molecular weight 

can be calculated easily from runs made by the refractive 
index method, provided the relation between rate of Sedi­
mentation and molecular weight is known. Because of 
the exceedingly low diffusion the spreading of the boundary 
is entirely due to molecular inhomogeneity. The scale 
runs give directly the concentration gradiënt as a function 
of distance from center of rotation. One of the most con­
venient types of distribution curve is the one where the

Distance from meniscus, cm. 
b

Fig. 3, a and b.—Sedimentation pictures (a) ob­
tained by means of the absorption method and con­
centration curves (b) for the hemocyanin from Helix 
pomatia at pH 8.2, molecular weight of components 
6,400,000 (5 *  98.9), 3,200,000 (s =  62,0) and 800,000 
(s — 16.0); centrifugal force 60,000 times gravity; 
time between exposures 5 minutes. Each of these 
components is homogeneous with regard to. molecular 
weight.

percentage gradiënt dp/dM  is given as a function of molec­
ular weight. The area delimited by two Ordinate lines, 
the abscissa axis and the distribution curve, represents the 
percentage of material having molecular weight in the in­
terval in question. In the following we have assumed the 
dissymmetry constant to be independent of molecular 
weight and equal to 1.3, which is the value found for other 
high-molecular proteins.

(4) R. Signer and H. Gross, Helv. Chim, Acta, 17, 726 (1934).
(5) Cf. T. Svedberg and H . Rinde, T h is  J o u r n a l , 46, 2677 (1924).
(6) Cf. O. Lamm, Kolloid-Z., 69, 44 (1934).

Distance from center of rot», cm- 
Fig. 4.—Sedimentation diagram, obtained by means 

of the refractive index method from the tobacco-mosaic 
virus at pH 9.5; centrifugal force 10,000 times gravity; 
time between exposures 10 minutes.

In Fig. 5 are given the distribution curves calculated 
from a run at pH  9.5. The agreement between the curves 
from different times of Sedimentation is very good.

Fig. 5.—Molecular weight distribution curves calcu­
lated from the run shown in Fig. 4.

The result of runs at different pH is given in Fig. 6. A 
departure from neutrality (curve B, pH 6.8) causes a de­
crease in homogeneity both in the direction of higher alka- 
linity (curves C, pH 8.3 and D, pH  9.5) and higher acidity 
(curve A, pH 6.0). Not only the pH itself but also the 
time during which the solution is kept at a certain pH  
are of great importance. Thus curve E, pH 5.0 where the 
solution had been kept at pH 8.5 for two weeks represents 
a less homogeneous system than curve D, pH  9.5, where 
the solution was run immediately after the dissolution of 
the crystals. Recrystallization of material E did not bring 
it back to curve B, or thereabout, but on the contrary in­
creased the inhomogeneity still more (curve F, pH 6.8).
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Molecular Weight by Sedimentation Equilibrium 
Measurements.—Two Sedimentation equilibrium deter­
minations were carried out in order to obtain the molecu­
lar weight of the protein. In one of the experiments the 
solution was run for se vent een days with a height of col­
umn of 1.5 millimeters, in the other twenty-three days with 
3 mm. height of solution. On account of the extremely 
low diffusion and the inhomogeneity of material, the re­
sults are very uncertain. The value obtained is, however, 
of the same order of magnitude as that calculated from the 
Sedimentation constant under the assumption of f/fo = 
1.3 as found for other high molecular proteins.

0 10 20 30 40 50 60
M  X IO“6.

Fig. 6.—-Molecular weight distribution curves for 
the tobacco-mosaic virus protein in solution of 
different pH.

Isoelectric Point and Mobility Gradient.—The isoelec­
tric point was determined according to the very accurate 
method of Tiselius.7 8̂

In spite of its inhomogeneity with regard to molecular 
weight the protein shows a very uniform migration in the 
electrical field (Fig. 7). The results of the electrophoretic 
measurements are summarized in Table II. Figure 8

T a b l e  I
S e d im e n t a t io n  V elo city  M e a s u r e m e n t s  b y  R efr a c ­

t iv e  I n d e x  M eth o d

Centrifugal force 15,000 times gravity; thickness of col­
umn of solution 1.2 cm .; scale distance 10-160 mm., source 
of light, mercury arc; light filter, methyl esculetin; plates 
Gramer

Solvent
pn of 

solvent
Total
molar JJO X 1013

NaAc, HAc 5.0 0 .2 0 191a
Na2H P04, KH2PO4 6.0 .2 0 201 93.46
Na2H P04, KH2P 04 6.8 .10 233
Na2H P04, KH2P 04, NaCl 6 .8 .27 239
Na2B4Oj, KH2P 04, NaCl 8.3 .24 244
Na2B40 7, NajCOa, NaCl 9 .5 .25 196

° The solution was first stored for two weeks at pH 8.5. 
b A large part of the protein was aggregated and sedi- 
mented down at very low speed.

(7) A. Tiselius, Nova Acta Reg. Soc. Scient. Upsaliensis, IV, 7, 
No. 4 (1930).

(8) Also described by K. O. Pedersen, K o llo id -Z 63, 268 (1930).

Table II
E lec t r o ph o r esis  M e a su r e m e n t s

Concentration of protein 0.06%. Solvent, acetate buffer, 
0.02 M  in NaAc. Light filters chlorine and bromine

pn Migration «20« X 101
3.63 Anodic ■ 1.8*
3.83 Anodic 3.8tt
4.01 Anodic 7.5
4.08 Anodic 7.2
4.16 Anodic 8.7
4.35 Anodic 10.5
4.65 Anodic 13.9
4.95 Anodic 18.9"

“ Not in solution. 6 0.04 M  NaAc.
Isoelectric point 3.49. Slope of mobility pH curve 

{du/épH) 12.3 X 10“5.

gives the ^H-mobility curve. The isolectric point is situ- 
ated at pH 3.49 and the slope of the £H~mobility curve 
(du/dpH is 12.3 X 10“5.

Fig. 7, a and b.—Electrophoresis pictures (a) and 
the corresponding concentration curves (b) for the to­
bacco-mosaic virus protein. The material is homo­
geneous in electrochemical respect.

Discussion of Results
The material of tobacco-mosaic virus protein 

studied by us has proved to be inhomogeneous 
with regard to molecular weight. Assuming the 
dissymmetry constant to be the same as for other 
high molecular proteins about 65% of the mate­
rial falls in the molecular weight interval 15-20 
millions at a pH of 6 .8 . Raising or lowering the 
pH increases the polydispersity. Even mere re­
crystallization may give rise to a more inhomo­
geneous system.
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It would seem, therefore, that any modifications 
in the process of isolation of the virus protein in­
volving less drastic modes of Operation (£H not 
higher than 7) than have hitherto been used, 
might render a product more homogeneous with 
regard to molecular weight. To judge from our 
data it is not impossible that the virus protein is 
quite homogeneous in its native state.

The fact that standing at fiK 8.5 causes an ir­
reversible change in the distribution curve not to 
be remedied by recrystallization, shows that a 
Chemical change has taken place. The lack of 
homogeneity with regard to molecular weight, 
therefore, in all probability corresponds to a Chemi­
cal inhomogeneity. On the other hand, this lack 
of Chemical definition could not be very pro- 
nounced since the electrophoresis measurements 
did not reveal any inhomogeneity at all.

Our findings speak decidedly against the theory 
of the virus being a sort of bacteria. Even if we 
assume, for the saké of argument, that the parti­
cles of our distribution curves were living organ­
isms in different stages of development and ca­
pable of orienting themselves and aggregating to 
‘'crystals/ 5 it would be extremely difficult to im- 
agine these organisms to change their size with 
pH as found by us. The almost perfect homo­
geneity with regard to electrophoretic mobility 
indicates a Chemical likeness hardly to be expected 
to obtain in the surface layer of organisms in 
different stages of development. The most 
likely interpretation of the facts revealed by us 
seems to be that the virus is a chemically well- 
defined protein, probably homogeneous with re­
gard to molecular weight (17 millions) in the plant. 
It is very sensitive to deviations from neutral p ü  
and is thus rendered inhomogeneous.

We are indebted to Dr. Stanley for his kindness 
in sending us this material and to The Rocke- 
feller Foundation and the Foundation “Therese 
and Johan Anderssons Minne55 for financial aid.

rfO.

3.0 3.4 3.8 4.2 4.6 5.0
pn.

Fig. 8.—The £H-mobility curve for the tobacco- 
mosaic virus protein.

Summary
1. The tobacco-mosaic virus protein has been 

subjected to an ultracentrifugal and electropho­
retic study.

2. Sedimentation velocity runs by the light 
absorption and the refractive index or scale 
method have revealed a considerable inhomo­
geneity with regard to molecular weight.

3. From the scale runs distribution curves 
were calculated. The position of the maxima and 
the dispersion changes with pH. At 6.8  about 
65% of the material has molecular weight be­
tween 15 and 20 millions, provided the dissym- 
metry constant is the same as for other high mo­
lecular proteins.

4. It does not seem improbable tha t the virus 
protein might be homogeneous with regard to 
molecular weight in its native state.

5. Sedimentation equilibrium runs indicate a 
mean molecular weight of the same order.

6 . Electrophoretic determinations showed the 
virus protein to be chemically well-defined and 
practically homogeneous.
U p s a l a , S w e d e n  R e c e iv e d  J u l y  1, 1930
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The Solubility of Cobaltous Iodate in the Presence of Sodium Chloride, Sodium Iodate
and Cobaltous Sulfate

By  H . M . T rimble

The solubilities of the various hydrates of co­
baltous iodate have been investigated carefully 
by Meusser.1 The dihydrate is the stable form 
at and near room temperature; hence it was used 
in this study.

Preparation of Materials
Cobaltous iodate dihydrate is readily prepared by the re­

action of any soluble cobaltous salt with any soluble io­
date in aqueous solution. If the reagents are mixed in the 
cold this salt separates slowly, forming a close knit and 
hard mass of tiny crystals which can be removed from the 
precipitation vessel and purified only with difficulty. 
When the hot Solutions are mixed with rapid stirring a 
more highly hydrated form, probably the tetrahydrate, 
separates along with the dihydrate, both forming larger 
crystals. Upon agitating the mixture with the mother 
liquor for some days, however, conversion to the dihydrate 
is complete, and good crystals are formed. Cementing 
together of the crystals is thus avoidable. This method 
was employed in preparing cobaltous iodate, using the best 
obtainable cobaltous nitrate and sodium iodate. The 
product was washed thoroughly and dried to constant 
weight at 50°. Repeated analyses established its exact 
composition and its purity.

The sodium chloride was a special product marked “for 
analysis” and was not further purified. Sodium iodate 
was prepared in this Laboratory, and several times recrys­
tallized. Cobaltous sulfate was also recrystallized for use, 
starting with a commercial c. p . product. Redistilled 
water was used in the preparation of the salts and in pre­
paring the Solutions for Saturation.

Experimental Methods and Results
Cobaltous iodate dihydrate dissolves very 

slowly; consequently saturated Solutions are 
produced only after extended agitation. Con- 
trary to the usual behavior of salts, too, Saturation 
is approached from a condition of supersaturation 
much more slowly than from undersaturation. 
In three experiments in which Solutions previously 
saturated at 60° were agitated with crystals of 
the dihydrate at 30° Saturation had not yet been 
reached after a week. This persistence of meta­
stable equilibrium was so great that Solutions 
showed no Separation of solute, even when allowed 
to stand for weeks at temperatures somewhat be­
low that at which they had been saturated. 
Equilibrium was therefore always approached 
from below in these experiments, and times of

(1) Meusser, B e r . ,  34, 2440 (1901).

seventy-five and one hundred and twenty hours 
were allowed in every case. A number of experi­
ments with pure water and with Solutions of 
various added salts showed that Saturation was 
reached in the shorter time in every case.

All Solutions were saturated at 30°. Their 
preparation and analysis were carried out in 
duplicate—many of them in triplicate. Solutions 
of sodium chloride, sodium iodate and cobaltous 
sulfate, respectively, were made up in suitable 
concentrations and analyzed and their densities 
were determined. Chloride concentrations were 
determined by the Volhard method. Sulfate was 
determined in the cobaltous sulfate Solutions by 
the usual gravimetric method. Iodate was deter­
mined in all cases by iodometric titration. Potas­
sium iodate was used in standardizing the thio­
sulfate Solutions. After Saturation, excess cobalt­
ous iodate was filtered off, using a quantitative 
filter paper designed for the filtration of very fine 
precipitates. Then followed the iodometric titra­
tion of the iodate present in the saturated Solu­
tions. Carefully calibrated apparatus was used 
in all the determinations. The densities of the 
saturated Solutions were determined in every case.

In the Solutions in which sodium iodate was the 
added salt titration gave total iodate. Other 
samples of these Solutions were treated with an 
excess of hydrochloric acid and boiled to destroy 
the iodate present and to remove the chlorine 
liberated by the reaction. Cobalt was then pre­
cipitated from the Solutions as hydroxide by 
rendering them slightly alkaline with sodium 
hydroxide. After filtering and washing this 
precipitate, it was dissolved in hydrochloric acid 
and the cobalt was determined by the perborate 
method. From this determination the concentra­
tion of cobaltous iodate in each of the saturated 
Solutions was calculated. The concentration of 
sodium iodate was found by difference. It was 
possible, also, to calculate the concentrations of 
these salts by the method, given below, which was 
used in those cases where sodium chloride and 
cobaltous sulfate were the added salts. This 
method of calculation gave results which agreed 
well with those from the direct analyses.
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For the Solutions with sodium chloride and 
cobaltous sulfate as added salts, titration gave

T a b l e  I
Solubilities of C o( I 0 3)2’2 H 20  at 30' 

In NaCl Solutions 
Molalities

NaCl Co(IC>3)2 Densities
0.0 0.01165 1.0006

.0029 .0119 1.0007

.0052 .0120 1.0008

.0069 .0121 1.0009

.0111 .0124 1.0010

.0140 .0125 1.0011

.0267 .0131 1.0016

.0355 .0134 1.0020

.0532 .0139 1.0029

.0941 .0149 1.0054

.1449

NalOs

.0158

In NalOg Solutions

1.0085

0.0 0.01165 1.0006
.0044 .0102 1.0006
.0076 .0093 1.0007
.0087 .0090 1.0008
.0127 .0080 1.0011
.0174 .0069 1.0014
.0202 .0063 1.0017
.0280 .0050 1.0026
.0360 .0040 1.0037
.0483 .0030 1.0056
.0999 .0010 1.0135

In C0 SO4  Solutions
C0SO4

0 0.01165 1.0006
.0026 .0113 1.0008
.0052 .0111 1.0011
.0061 .0111 1.0012
,0123 .0107 1.0019
,0129 .0106 1.0020
.0235 .0102 1.0034
,0258 .0101 1.0037
0516 .0095 1.0076
0774 .0094 1.0117
1032 .0093 1.0155

directly the concentration of cobaltous iodate. 
Subtracting the weight of this salt present in each 
liter of solution from the weight of tha t volume of 
solution gave the weight of the solution of the 
added salt which entered into it. I t was then a 
simple matter to calculate the weight of added salt 
and of water per liter. Calculation of the molali­
ties of the salts present gave the data of Table I.

Summary
The solubility of cobaltous iodate dihydrate in 

Solutions of sodium chloride, sodium iodate and 
cobaltous sulfate has been studied in the region 
of concentration 0 to approximately 0.1  molal for 
the added salt.
S t il l w a t e r , O k l a h o m a  R e c e iv e d  F e b r u a r y  28, 1936

[C o n t r ib u t io n  from  t h e  Chem ical  La b o r a t o r ie s  o f  C o l u m b ia  U n iv e r s it y ]

The Allotropie Forms of Diphenylsulfone and the Determination of their Transition
Point

By Vladimir J. Mikeska, Nicholas T. Farinacci and Marston Taylor Bogert

In the course of an examination of certain still 
residues remaining from the preparation of phenol 
by the fusion of sodium benzene sulfonate with 
sodium hydroxide, we separated a crystalline 
solid, in a yield of over 30%, whose Chemical 
properties and analysis coincided with those of 
diphenylsulfone. The formation of this eompound 
as a by-product in the manufacture of phenol by 
the process stated has been known for years. 
The only puzzling thing about our product was 
its melting point. The literature on this subject 
is confusing, some investigators giving the figure 
as 124°, others as 128°.

It seemed of interest, therefore, to ascertain if 
possible the reason for this discrepancy, and our 
study of the problem disclosed the following facts.

(1) Diphenylsulfone exists in two reciprocally 
convertible allotropie forms, one melting a t 124° 
and the other at 128°. (2) The transition tem­
perature for the two is in the neighborhood of 
75°. When crystallization is induced (no matter 
how) above this temperature, the product always 
melts (if pure) a t 128°; if induced below this, it 
melts a t 124°.

Otto1 obtained both forms, but concluded that 
the 124° form, because of its lower m. p., was 
probably impure.

Remsen and Saunders2 gave 124° as the correct 
m. p. for the sulfone. Because they were unable 
by recrystallization to raise this m. p. to the

(1) Otto, Ann., 136, 160 (1865).
(2) Remsen and Saunders, Am. Chem. J., 17, 364 (1895).
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128° reported by Otto, they at first doubted the 
identity of the two products, but analysis and 
comparison of other properties convinced them 
that their product was also the diphenylsulfone.

In the light of the results of our own experiments, 
it seems most likely that Otto carried out his final 
crystallization above 75°, and Remsen and Saun­
ders carried out theirs below that temperature.

The sulfone can be supercooled to 72°. Hence 
crystallization can be induced a t any tempera­
ture between 72 and 124°. If the sulfone is fused 
and then cooled rapidly, as is the usual case, it 
yields the 128° form, because under these con­
ditions it solidifies above 75°. But when the fused 
sulfone is cooled slowly, it supercools below the 
transition point before it congeals, and the 124° 
form is produced. I t  is therefore possible to 
change the m. p. of the sulfone a t will, by fusing 
and then inducing crystallization above or below 
the transition point.

Fig. 1.—Allotropic forms of diphenylsulfone. The 
intersection of the three lines shows the transition point: 
«-form, m. p. 124°, stable below 74.8°, j8-form, m. p. 
128°, stable above 74.8°.

The method of inducing crystallization does 
not appear to make any difference. Cooling of 
the molten material was only one of several 
methods used. Seeding was another one. If 
the molten sulfone were seeded above 75° with 
either the 124 or the 128° form, it congealed im­
mediately to the 128° form.

When the sulfone was crystallized from hot 
solvents under ordinary conditions, the 124° 
form generally resulted, because the crystals 
did not begin to separate until the solution had 
cooled below 75°. In these experiments, the sol­
vents used were water, methyl and ethyl alcohols, 
ether, acetone, acetic acid, ligroin and chloroform. 
In every case, the 124° form was obtained, ir- 
respective of whether the solute had been the 
124 or the 128° form.

When the temperature of the solution was 
maintained above 75°, so that crystallization had 
to take place above this transition point, the 128° 
form resulted. Alcohol and acetic acid were the 
solvents employed. From the former, at 75 and 
at 78° the 128° type separated, a t 66 and at 70° 
the 124° type. From acetic acid a t 100°, the 128° 
type separated. When 50 g. of the 128° form, 
suspended in 600 cc. of 95% ethanol, was stirred 
for eight hours at 30°, it was transformed into 
the 124° form, a rearrangement which indicates 
that the lower-melting is the stabler form at the 
lower temperatures.

Another method used to induce crystallization 
at a desired temperature was to employ a mixture 
of two solvents, such as water and alcohol, in 
one of which (alcohol) it dissolved freely and in 
the other but slightly. An alcoholic solution of 
the sulfone saturated at the requisite temperature 
was treated with water heated to the same 
temperature. Crystallization ensued immediately 
at this temperature. When this mixing occurred 
above 75°, the 128° form was obtained, when 
below this the 124° form.

That the 124° form is not an impure 128° 
form was proved by the fact that no amount of 
purification enabled us to change the lower to 
the higher melting form.

The assumption that the 124° is a hydrated 
form of the 128° type is also untenable, for no 
water was evolved when the 124° form was heated, 
and the analysis of the two evidenced the identity 
of their composition, and both types could be 
obtained from water-alcohol mixtures. Further, 
as already noted, the 128° form could be changed 
to the 124° under strictly anhydrous conditions,
i. e.j by fusing it and allowing it to crystallize 
slowly below 75°.

The transformation of the solid forms into each 
other seems to be slow. When the 128° form was 
kept at 66p for twenty-four hours, there was no 
evidence of its having changed; but when the 
124° form was maintained at 100° for the same 
length of time it was partly converted into the 
128° form. The higher velocity of transformation 
at the latter temperature may account for this 
partial transformation. The fact that the 124° 
type is obtained by metathesis in solution at low 
temperatures indicates that it is the stable form 
below the transition point.

A more precise determination of the transition 
point seemed to us desirable. The thermometric
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method was unsatisfactory, because of the slow- 
ness of the change of one solid form into the other, 
and also because there occurs appreciable Sublima­
tion of the sulfone above about 80°. We feil back, 
therefore, upon the solubility method, which was 
applied as follows.

A three-necked 500-cc. flask, containing a 
saturated solution of the sulfone in 45% aqueous 
acetic acid in contact with a large excess of the 
solid, was heated in a four-liter water-bath pro­
vided with a coil of perforated copper pipe. 
The water in the bath was kept in motion by air 
bubbles forced through pin-holes in this pipe, 
while the contents of the flask were agitated by 
a motor-driven glass stirrer. With the flask 
contents and bath liquid in vigorous agitation, 
the temperature of the solution in the flask was 
raised to 90°, and was then allowed to fall slowly, 
samples being removed at 76, 70.5, 66 , and 60.5°. 
After this, the temperature was gradually raised 
again and samples taken a t 80, 85, 90, and 92.5°. 
This procedure was adopted in order to ensure 
Saturation and to facilitate the attainment of

equilibrium. The samples were blown out of 
the flask by air pressure, through a preheated 
tube containing a plug of cotton wool to filter 
out any crystals, into tared bottles. The weights 
of liquid and solid were determined by evaporation 
to dryness, and the solubilities calculated on the 
basis of grams of solid per 100 g. of solvent. 
Eight determinations were made, with tem­
peratures so chosen as to bring the transition point 
about half way between the extremes. The graph 
shows these experimental results, with the transi­
tion point at 74.8°.

Summary
1. Diphenylsulfone exists in two reciprocally 

convertible allotropic forms, one melting a t 128°, 
and the other at 124°.

2. The conditions are explained under which 
one form can be changed into the other, the 
transition temperature being about 74.8°.

3. Some of the confusion in the literature on 
this subject is thus explained.
N e w  Y o r k , N. Y. R e c e iv e d  J u l y  17, 1936

[C o n t r ib u t io n  from  the  Chem ical  L aboratory  of th e  U n iv e r s it y  o f  W a sh in g t o n ]

The Condensation of 2-Butanone with Aldehydes of the Type RR'CHCHÖ12

By S. G. Powell and Maynard M. Baldwin

It has been shown that certain straight-chain 
aldehydes react with 2 -butanone under the in­
fluence of alkaline condensing agents to form ketols 
of the type RCHOHCH(CH3)COCH3 . 3 On the 
other hand, Thoms and Kahre found that with 
isobutyraldehyde the ketol (CH3)2CHCHOHCH2- 
COC2H5 was obtained.4 It seemed therefore de­
sirable to investigate the behavior of other alde­
hydes of the type RR'CHCHO.

2-Butanone was treated with methylethylacet- 
aldehyde, diethylacetaldehyde, and ethyl-w-butyl- 
acetaldehyde in the presence of dilute potassium 
hydroxide. In each case the resulting ketol was 
dehydrated to the unsaturated ketone; this was

(1) Presented betöre the Division of Organic Chemistry at the 
San Francisco meeting of the American Chemical Society, August, 
1935.

(2) Based upon a thesis submitted by Maynard M. Baldwin in 
partial fulfilment of the requirements for the degree of Doctor of 
Philosophy at the University of Washington.

(3) (a) U. S. Patent 981,668; (b) Salkind, J. Russ. Phys.-Chem.
Soc., 37, 484 (1905); (c) Powell, T h is  J o u r n a l , 46, 2514 (1924);
(d) Powell, Murray and Baldwin, ibid., 56, 1153 (1933).

(4) Thoms and Kahre, Arch. Pharm., 263, 241-252 (1925).

reduced to the saturated secondary alcohol and 
this in turn oxidized to a mixture of acids as 
described in previous papers.3c,3d’5 The water- 
insoluble acids obtained were then investigated 
and in each case the acid of the type RCH2COOH 
(where the aldehyde in each instance is designated 
as RCHO) was found and in no case could the 
acid of the type RCOOH be identified, showing 
that the secondary alcohols were of the type 
RCH2CH2CHOHC2H5 and not RCH2CH(CHa)- 
COCH3, and that these aldehydes, like isobutyr­
aldehyde, had reacted with the methyl group of 
the 2 -butanone. The identity of the acids was 
established by a comparison of their piperazon- 
ium salts with those prepared from known sam­
ples of the acids which might be formed. Of the 
acids required for purposes of comparison /3-ethyl- 
enanthic and 7 -ethylcaprylic acids could not be 
found described in the literature and their prepa­
ration is given in detail. The other acids were

(5) Powell and Secoy, T h is  J o u r n a l , 53, 765 (1931).
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either purchased or prepared by Standard meth­
ods.

Experimental Part
Methylethylacetaldehyde.—This was prepared by the 

dehydrogenation of s-butylcarbinol with a copper-chro- 
mium-barium oxide catalyst.6 The s-butylcarbinol was 
made by the fractionation of the technical product ob­
tained from the Eastman Kodak Company. The fraction 
boiling at 127-128° was used and its purity was tested by 
preparing the 3,5-dinitrobenzoate and comparing it with 
that of pure s-butylcarbinol and with that of isoamyl alco­
hol, the most likely impurity.

Diethylacetaldehyde.—One portion of this was prepared 
by the method of Darzens7 from diethyl ketone and ethyl 
chloroacetate. The other portion was prepared from 
ethylmagnesium bromide and ethyl ethoxyacetate.8

Ethyl-w-butylacetaldehyde.—This was purchased from 
the Carbide and Carbon Chemicals Corporation under the 
name of “octyl aldehyde.” The material was dried and 
distilled and the fraction boiling at 161-162° retained for 
use.

The Saturated Alcohols.—In Table I are listed some of 
the properties of the saturated secondary alcohols obtained 
by reducing the unsaturated ketones formed when the ke- 
töls were dehydrated.

T a b l e  I
Alcohol B. p., °C. Mm. md di

1 6-Methyl-
3-octanol 81-83 15 1.4372 (28°) 0.8320(28°)

2 6-Ethyl-3-
octanol 90-92 20 1.4371(24°) .8396(24.5°)

3 6-Ethyl-3-
decanol 119-120 18 1.4435(28°) .8364(28°)

Anal. Calcd. for C9Hi80 2: C, 68.29; H, 11.47. Found: 
C, 68.41; H, 11.79.

2-Ethyl-1 -hexanol.—The reduction of the ethyl-w-butyl- 
acetaldehyde was carried according to the method de­
scribed for the preparation of 1-heptanol9 using iron and 
acetic acid, and also by the use of sodium and moist ether. 
While the second method was inferior to the first in the 
matter of yield it was superior to it from the standpoint of 
convenience and time consumption. A solution of 5 g. of 
magnesium sulfate in 600 cc. of water, 500 cc. of ether, and 
64 g. (0.5 mole) of the aldehyde were placed in a two-liter 
flask fitted with a condenser and dropping funnel. Sixty 
grams of sodium was then added in small portions through 
the condenser and at the same time acetic acid was added 
from the dropping funnel at such a rate that a slight pre­
cipitate of magnesium hydroxide was always present; 
yield 45%.

7-Ethylcaprylic Acid.—This was prepared in the usual 
manner from 2-ethyl-l-bromohexane and ethyl malonate. 
The acid boiled at 253-256° (760 mm.).

Anal. Calcd. for C10H20O2: C, 69.70; H, 11.71. Found: 
C, 69.67; H, 11.66.

The Piperazonium Salts.—The method of Pollard, Adel- 
son, and Bain10 was used for the preparation of these salts. 
Table II gives the properties of the piperazonium salts of 
the acids actually found among the water-insoluble oxida­
tion products of the saturated alcohols. Although 7- 
ethylcaprylic acid was not among these, it is included in the 
table because it is a hitherto unknown acid.

T a b l e  II
M. p.,

Piperazonium salt of °C.
ß-Methylvaleric acid 129 
7-Methylcaproic acid 109

Neut. equiv. Nitrogen, %
Calcd. Found Calcd. Found
318.2 316.2
346.3 343.8

8.79 8.85

—--------------Analyses--------
Found j8-Ethylvaleric acid 134 346.3 343.6 8.08 7.78

c H c H /3-Ethylenanthic acid 100 402.2 398.4 6.96 7.14
1 74.92 13.98 75.02 13.55 7-Ethylcaprylic acid 110 430.4 433.6 6.51 6.56
2 75.87 14.02 75.37 13.76 a Not enough of the salt was available to carry out both
3 77.33 14.07 76.99 13.67 determinations.

/3-Ethylenanthic Acid.—Ethyl-w-butylacetaldehyde was 
reduced to 2-ethyl-l-hexanol and this was converted into 
the bromide by treatment with phosphorus tribromide. 
The crude bromide was treated with sodium cyanide and 
the nitrile hydrolyzed in the usual manner with sodium 
hydroxide. The acid boiled at 135° (25 mm.) and at 236° 
(760 mm.).

(6) Connor, Folkers, and Adkins, T h is  J o u r n a l , 54, 1139 (1932).
(7) Darzens, Compt. rend., 139, 1214 (1904).
(8) Béhal and Sommelet, Buil. soc. chim., [3] 31, 300 (1904).

Summary
Methylethylacetaldehyde, diethylacetaldehyde, 

and ethyl-n~ butylacetaldehyde react with the 
methyl group of 2-butanone under the influence 
of alkaline condensing agents.
Sea tt l e , W a sh in g t o n  R e c eiv ed  J u l y  14, 1936

(9) Clarke and Dreger, “Organic Syntheses,” Coil. Vol. I, p. 298.
(10) Pollard, Adelson and Bain, T h is  J o u r n a l , 56, 1759 (1934).
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[C o n t r ib u t io n  from  the  S chool of Ch em istr y  of t h e  U n iv e r s it y  of M in n e s o t a ]

The Addition of Sodium Bisulfite to Alkylene Oxides

B y  W alter  M. Lauer  a n d  A rch ie  H ill

The addition of sodium or potassium bisulfite 
to an alkylene oxide has generally been assumed1-5 
to yield the corresponding salt of a /3-hydroxy- 
sulfonic acid, even though the structure of addition 
compounds of this type has not been rigorously 
established. The work of Fromm, Kapeller and 
Taubmann6 has introduced an element of doubt, 
however, since they have reported that the sodium 
bisulfite addition product obtained from epichlor- 
hydrin, C1CH2CH—CH2, after boiling with aqueous

N ) /
sodium hydroxide and subsequent treatment 
with hydrochloric acid, gave a positive test for 
sulfur dioxide. They regarded this as evidence 
for a C-O-S linkage and it therefore became of 
interest to attempt to decide between the two 
structures
RCH(0H)CH2S 03Na RCH(0H)CH20 S 0 2Na

I II

for the product obtained by the action of sodium 
bisulfite on an alkylene oxide.

The following series of reactions, which demon- 
strates the correctness of the ß-hydroxysulfonic 
acid structure (I), was carried out.

CH2—CH2 — >  HO CH2CH2S03Na ^-----
\ 0 /  1 u c ic h 2c h 2so 2ci

1
C1CH2CH2S03NH4

1
BrCH2CH2S03Na — >- H3N +CH2CH2S03 “ -------------

The taurine obtained in this manner from the 
bisulfite addition eompound of ethylene oxide was 
identical with that obtained from sodium ß- 
bromoethanesulfonate by the method of Marvel, 
Bailey and Sparberg7 and the completion of the 
cycle of transformations by conversion of the 
taurine to the original addition eompound makes 
a structural rearrangement improbable.

Since the alkali metal salts of ß-hydroxysulfo- 
nates are water soluble and not infrequently dif­
ficult to free of inorganic sulfites, it is conceivable 
that the presence of sulfur dioxide upon acid

(1) Erlenmeyer and Darmstaedter, Z. Chem., 342 (1868).
(2) Darmstaedter, Ann., 148, 125 (1868).
(3) Pazschke, / .  prakt. Chem., [2] 1, 86 (1870).
(4) Brunei, Compt. rend., 137, 63 (1903).
(5) German Patent 569,148 (1931).
(6) Fromm, Kapeller and Taubmann, Ber., 61, 1353 (1928).
(7) M arvel, B a iley  and Sparberg, T h is  J o urn al , 49, 1833 (1927).

treatment of the addition eompound of Fromm, 
Kapeller and Taubmann can be accounted for in 
this way.

Experimental
Sodium /3-Hydroxyethanesulfonate.—Ethylene oxide 

was passed into a concentrated solution of sodium bisulfite 
contained in a 500-cc. three-necked round-bottomed flask 
fitted with a mechanical stirrer and a reflux condenser. 
The ethylene oxide was absorbed rapidly with the evolu­
tion of heat. The bisulfite addition eompound was ob­
tained by evaporating the solution to dryness and extract­
ing the solid residue repeatedly with 95% alcohol. Color­
less crystalline sodium /3-hydroxyethanesulfonate (m. p. 
192-194°) separated from the alcoholic extract in approxi­
mately 60% yield.

Anal. Calcd. for C2H50 4SNa: Na, 15.52. Found: Na, 
15.68, 15.53.

Acetylation in a manner similar to that used in the case 
of the bisulfite addition eompound of formaldehyde,8 fol­
lowed by crystallization from alcohol, yielded the acetyl 
derivative.

Anal. Calcd. for C4H706SNa: Na, 12.10. Found: Na,
11.82, 11.98.

Potassium /3-hydroxyethanesulfonate (m. p. 191-193°) 
was prepared in a manner similar to that described for the 
sodium eompound. It was easier to obtain in pure form 
than the sodium salt.

Anal. Calcd. for C2H50 4SK: K, 23.80. Found: K,
23.82, 23.94.

The acetylated product melted at 258-260°.
Anal. Calcd. for C 4H 7 O5S K : K, 18.95. Found: K, 

19.08, 18.75.
The myristoyl derivative of the sodium /3-hydroxy­

ethanesulfonate, prepared by means of myristoyl chloride, 
was obtained in the form of a white powder which was 
rather difficult to purify. A mixture of benzene and water 
formed an emulsion when shaken with some of this mate­
rial.

Anal. Calcd. for Ci6H3i0 5SNa: Na, 6.44. Found: Na, 
6.76.

/3-Chloroethanesulfonyl Chloride.—The directions of 
Kolbe,9 with slight modifications, served for the conversion 
of either the sodium or potassium /3-hydroxysulfonate to 
/3-chloroethanesulfonyl chloride. After the initial vigor­
ous reaction with excess phosphorus pentachloride, the re­
action mixture was refluxed gently for two to three hours. 
The reaction mixture was then poured onto ice. The oily 
layer was next fractionated; b. p. 13 mm. 86-88° (198- 
204° at 760 mm.). Twenty grams of the sodium bisulfite 
addition product and 57 g. of phosphorus pentachloride

(8) Lauer and Langkammerer, ibid., 57, 2361 (1935).
(9) Kolbe, Ann., 122, 42 (1862); see also ref. 7.
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yielded 14 g. of /3-chloroethanesulfonyl chloride. Hy­
drolysis yielded /3-chloroethanesulfonic acid.10

Ammonium /3-Chloroethanesulfonate.—The viscous ß- 
chloroethanesulfonic acid was treated with concd. ammo­
nium hydroxide and the solution evaporated to dryness 
under reduced pressure. The residue was crystallized from 
alcohol.

Anal. Calcd. for C2H80 3C1NS: C, 14.86; H, 4.99.
Found: C, 15.18; H, 5.25.

Taurine was prepared by heating ammonium 0-chloro- 
ethanesulfonate for twelve hours in a sealed tube at 105° 
with an excess of concd. ammonium hydroxide. Upon 
cooling, taurine separated out. It was recrystallized 
several times from water and was identical with a sample 
of taurine prepared by the method of Marvel, Bailey and 
Sparberg.7 Identity was established by means of crystal- 
lographic examination.11

Potassium ß-Hydroxyethanesulfonate from Taurine.—
Acetic acid was added slowly to a hot aqueous solution

(10) Köhler, A m .  Chem. J . ,  20, 683 (1898).
(11) We are indebted to Dr. E. B. Sandeil of the Division of Ana­

lytical Chemistry for the crystallographic comparisons reported in 
this paper.

containing taurine and potassium nitrite. After no fur­
ther gas evolution, addition of acetic acid was discontinued 
and the solution was evaporated to dryness. The solid 
residue was extracted with hot alcohol. The alcohol ex­
tract yielded crystalline potassium /3-hydroxyethanesul- 
fonate; m. p. 189-191°.

Anal. Calcd. for C2HB0 4SK: K, 23.80. Found: K, 
23.84.

A crystallographic examination showed this product to 
be identical with the one obtained by the addition of po­
tassium bisulfite to ethylene oxide. Attempts to convert 
sodium /3-bromoethanesulfonate to sodium /3-hydroxy­
ethanesulfonate by means of silver oxide led to products 
which were unsuited for crystallographic comparison.

Summary
The addition compound obtained by the action 

of sodium or potassium bisulfite on ethylene oxide 
has been shown to possess the ß-hydroxysulfonic 
acid structure, a result which was generally ac­
cepted, but not demonstrated previously. 
M i n n e a p o l i s , M i n n . R e c e i v e d  J u l y  13, 1936

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

The Reaction of Haloamines with Ketenes

By George H, Coleman, Rolf L. Peterson and Gilbert E. Goheen

Previous work in this Laboratory has shown 
that in the addition of nitrogen trichloride to 
unsaturated compounds1 a chlorine atom in 
nitrogen trichloride behaves as though it were 
electropositive with respect to the NCb group. 
By analogy it might be assumed that the halogens 
in other haloamines such as mono chloro amine, 
monobromoamine, dibromo amine and the alkyl­
chlor o amines would show a similar behavior. 
The reactions of these compounds with reducing 
agents support this assumption. Attempts to 
bring about addition reactions of some of the 
haloamines other than nitrogen trichloride with 
unsaturated hydrocarbons have not been thus far 
successful. Monochloroamine reacts with Grig­
nard reagents2 to form primary amines and 
ammonia. With many of these reagents the 
percentage of amine formed is much greater than 
the percentage of ammonia. Such a result does 
not seem to be consistent with the assumption 
that in all reactions the NH2 group in monochloro-

(1) Coleman and co-workers, T h is  J o u r n a l , 45, 3084 (1923); 
49, 2593 (1927); 50, 1816 (1928 ); 50, 2739  (1928); 50, 2754 (1928); 
51, 937 (1929).

(2) (a) Coleman and Hauser, ibid .,  50, 1193 (1928); (b) Coleman 
and Yager, ibid. ,  51, 567 (1929); (c) Coleman and Forrester, ibid., 
58, 27 (1936).

amine is electronegative with respect to the 
chlorine.

In the present work a study was made of the 
reactions of monochloroamine, dibromoamine, 
nitrogen trichloride and dimethylchloroamine 
with ketene and diphenylketene. The suita- 
bility of ketenes for this work depends on the 
fact that they are very reactive substances which 
add diverse molecules in a definite manner, as 
illustrated in the following well-known examples

C H 2 CO - f  H O H  =  C H 3 CO O H  
CH2CO +  R N H 2  =  C H 3 C O N H R  

CH2CO +  H C l »  C H 3 COCI

The activity of this class of compounds may be 
due to addition to the carbonyl group first and 
then rearrangement of the resulting enol form as 
postulated by Staudinger,3 e. g .

/OH
CH2 CO +  HOH -  C H r-C <  -  CH3 COOK

X)H
Regardless of the mechanism, however, by which 
the addition takes place, the final product is such 
that the electropositive portion of the adding 
molecule is found attached to the carbon farthest

(3) Schlenk and Bergmann, “Ausführliches Lehrbuch der organ­
ischen Chemie,“ Franz Deuticke, Vienna, 1932, Vol. I, p. 374.
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from the oxygen and the electronegative portion 
to the carbon to which the oxygen is united.

Applying these considerations to the question 
of the character of the halogen atoms in halo­
amines the following possibilities can be formu­
la ted for the reaction of monochloroamine with
ketenes
(NH2C1 — > NH2-  + Cl+)

R\ R\>0 = 0 = 0  +  NH2C1 — *■ V - -0 = 0
r / R /  1 I

Cl n h 2
(NHjjCl — > NH2+ + C1-)

Rv R\j>c=c=o + NH2C1---> Nc— -0 = 0
r / r/ | 1

NH2 Cl
(NH2C1---> NHC1- + H+)

Rv R\> 0 = 0 -0  +  NH2C1 — ► > C - -0 = 0
r/ r /  1 1

H N—Cl
Na

Diphenylketene was found to react with n
chloroamine to form diphenylchloroacetamide 
according to equation (1). No evidence of the 
formation of other addition products was observed 
although the yield of diphenylchloroacetamide 
isolated was only 51% of the theoretical. With 
unsubstituted ketene (CH2CO) N-chloroacetamide 
was formed in 70-75% yields, the reaction ap­
parently occurring according to equation (3). 
The fact that the reaction with diphenylketene 
proceeds differently than that with ketene is not 
necessarily surprising, considering the electro­
negative character of the phenyl groups relative 
to hydrogen (Kharasch) .4

Dibromoamine and ketene formed monobromo- 
acetamide, a result most readily explained by 
assuming the reaction
(NHBr2 ---->- NHBr~ +  Br+)

Hv

H
\ c = 0 = 0  +  NHBr-2 H \ >C—C = 0  (4)

h / |  I
Br N—H 

'''Br

The replacement of the bromine on nitrogen by 
hydrogen is probably due to the presence of 
hydrobromic acid in the reaction mixture. If 
dibromoamine added to ketene in any other 
manner, acetamide or glycine would be the final 
product under the experimental conditions. It 
also seems quite improbable that the bromine on 
carbon could be due to direct bromination.

(4) (a) Kharasch and Flenner, T h is  Jo urn al , 54, 674 (1932);
(b) Kharasch, J. Chem. Education, 8, 1703 (1931).

A nearly quantitative yield of N,N-dimethyl- 
diphenylchloroacetamide was formed in the reac­
tion of dimethylchloroamine with diphenyl- 
ketene. In the light of previous work this 
product was to be expected.

With ketene and dimethylchloroamine a liquid 
product was obtained which after distillation had 
a chlorine and nitrogen content corresponding 
to that of N,N-dimethylchloroacetamide.

Nitrogen trichloride reacted with ketene to give 
as a final product monochloroacetamide in about 
14% yields. This is in agreement with the as­
sumption of relatively electropositive chlorine 
atoms in nitrogen trichloride. Boismenu5 states 
that N,N-dichloroacetamide is unstable above 0°, 
decomposing with the liberation of chlorine. 
This instability may account in part for the low 
yield. The Substitution of hydrogen for the 
chlorine on nitrogen is again doubtless due to the 
formation of hydrochloric acid in the reaction 
mixture.

The reaction of nitrogen trichloride with di­
phenylketene has been reported previously.6 
The results were interpreted as indicating the 
formation of N,N-dichlorodiphenylchloroacet- 
amide which was transformed to benzophenone- 
imide hydrochloride. This reaction was repeated 
under different experimental conditions and a 
product isolated which was unstable at room 
temperature and contained chlorine attached to 
nitrogen. lts chlorine content corresponded to 
that of N,N-dichlorodiphenylchloroacetamide.

Experimental
Preparation of Haloamines.—The methods used in the 

preparation and analysis of monochloroamine,20'7 dibromo- 
amine,7 dimethylchloroamine8 and nitrogen trichloride9 
were essentially those which have been described pre­
viously.

Preparation of Diphenylketene.—Diphenylketene was 
prepared as described by Schroeter.10 The method has 
been investigated more recently by Ritter and Wiede- 
man.11 It consists in the oxidation of benzil monohydra- 
zone in benzene solution with yellow mercuric oxide. The 
azibenzil which is formed loses nitrogen on heating and re- 
arranges to the ketene. The observations of Ritter and 
Wiedeman with respect to the freshness and character of 
the mercuric oxide to be used were substantiated. It was 
noticed that the tendency to form the side product bis- 
benzalketazine increased whenever the concentration of

(5) Boismenu, A n n .  chim., [9.] 9, 166 (1918).
(6) Coleman and Campbell, T h is  J o u r n a l , 50, 2754 (1928).
(7) Coleman, Vager and Soroos, ibid., 56, 965 (1934).
(8) Coleman, ibid., 55, 3001 (1933).
(9) Coleman, Buchanan and Paxson, ibid., 55, 3669 (1933).
(10) Schroeter, Ber., 42, 2346 (1909).
(11) Ritter and Wiedeman, T h is  Jo u r n a l , 51, 3583 (1929).
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T a b l e  I

Reactants
Yield,

% M. p., °C.

c h 2c o  +  n h 2ci 73 111-112
CH2CO +  NHBr2 18 88-89
c h 2c o  +  n c i3 14 114-115
c h 2c o  +  (CH3)2NC1 B. p. 98-100° 

(11 mm.)
(C8H6)2CCO +  NH2C1 51 116-117
(C8H6)2CC0 +  NCla 1126
(C9H6)2CCO +  (CH3)2NC1 95 122-123

“ Not completely identified. b Copper block method.

Formula of product
'— — ———-Analyses, %—-------------- s

Calcd. Found 
N  Cl N  CI

CHaCONHCl 14.96 37.96 14:85 37.86
CH2BrCONH2
c h 2c ic o n h 2

Br, 57.93 Br, 57.99

CH2C1C0N(CH3)20 11.53 29.20 11.57 29.05

(C6H5)2CC1C0NH2 14.44 14.41
(C6H5)2CClCONCl20
(C6H6)2CClCON(CH3)2

33.9 35.08

the azibenzil solution was too great or whenever the solu­
tion was allowed to stand for some time. This was ac- 
companied by premature slow evolution of nitrogen. The 
formation of the side product was avoided by using 8-9 
cc. of dry benzene per gram of benzil monohydrazone, 
keeping the temperature at 23-24° during the oxidation 
and working up the reaction mixture without extended de­
lay. In a typical run using 90 g, of powdered benzil mono­
hydrazone there was obtained 44 g. of diphenylketene, 
b. p. 120-124° (1 mm.). This was 56% of the theoretical 
yield.

Preparation of Ketene.—Ketene was prepared by the 
method described by Hurd.12 It was collected by bub­
bling the gases from the condenser into anhydrous ether 
cooled to —60°. The concentration was determined by 
adding aliquot portions to 3.5 N  alkali and titrating the 
excess alkali with Standard acid. The ethereal Solutions 
were used at once.

The general method of carrying out the reactions with 
the haloamines is typified in the procedures described for 
the reactions of monochloroamine with ketene and di­
phenylketene. The essential results of the seven reactions 
studied are given in Table I. The products, with the 
exception of the two noted in the table, were identified by 
comparison with authentic samples.

Monochloroamine with Ketene.—Two hundred and 
twenty cubic centimeters of an ethereal solution containing 
0.12 mole of monochloroamine was cooled to —60° and 
added to 225 cc. of an ethereal solution containing 0.162 
mole of ketene also at —60°. The Solutions were not ex­
posed to moist air, the addition of the monochloroamine 
solution being effected through a vacuum jacketed glass 
tube. A white turbidity appeared at once. The reaction

(12) Hurd, “Organic Syntheses,” Coil. Vol. I, 1932, p. 324.

mixture was kept at — 60 ° for three hours and then allowed 
to warm to room temperature and filtered. The white 
precipitate weighed 2.60 g. The filtrate was partially 
evaporated and a second crop of white crystals weighing 
4.56 g. obtained. By complete evaporation of the solvent 
a third portion was obtained which after purification 
weighed 1.06 g. The total product weighed 8.22 g. It 
was recrystallized by dissolving in warm ether and cooling 
the solution to about —60°. Shiny white plates were 
formed, m .p. 111-112°.

Monochloroamine with Diphenylketene.—This reaction 
was carried out in a manner similar to that used with ke­
tene. An ethereal solution of 0.13 mole of monochloro­
amine was added at —65° to an ethereal solution of 0.106 
mole of diphenylketene. As the monochloroamine was 
added the orange color of the ketene solution faded and a 
white precipitate formed which proved to be ammonium 
chloride. The mixture was kept at —60° for thirty min­
utes, then allowed to warm to room temperature and kept 
at this temperature for eight hours. It was then filtered 
and the solvent evaporated at room temperature or below 
under reduced pressure. The residue was recrystallized 
from toluene. The total weight of material obtained 
melting above 105° was 13.4 g. (51% of the theoretical 
yield). After further recrystallization the product melted 
at 116.5-117°.

Summary
The haloamines monochloroamine, dibromo- 

amine, nitrogen trichloride, and dimethylchloro­
amine react with ketene and diphenylketene to 
form amides or halogen substituted amides,
I ow a  C it y , I ow a  R e c eiv ed  J u ly  17, 1936
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Molecular Size Distribution in Linear Condensation Polymers1
B y P aul

Introduction
All synthetic polymers and most natural ones 

are recognized to be non-homogeneous substances 
consisting of mixtures of chemically similar mole­
cules which are distributed in size about an aver­
age, some of them being much smaller and some 
much larger than this average. By various meth­
ods, more or less approximate estimates of the 
average molecular weights of such materials can 
be made, but as yet information concerning the 
distribution of molecules amongst the various 
sizes is exceedingly meager. An adequate un- 
derstanding of the fundamental nature of poly­
meric substances requires comprehension of the 
molecular size distributions as well as the em­
pirical compositions and average molecular 
weights.

Methods have been developed for the experi­
mental determination of molecular size distribu­
tions in polymers by using the Svedberg ultracen­
trifuge,2 but they have so far been applied only to 
a limited extent. Theoretical calculation of the 
molecular size distribution is possible if the ki­
netic mechanism of the polymerization process is 
sufficiently well understood. Such calculations 
have been attempted for vinyl polymerizations 
by Chalmers,3 by Dostal and Mark,4 and more re­
cently by Schulz.5

The present paper offers a theoretical analysis 
of the molecular size distribution in linear conden­
sation polymers formed by the inter-molecular 
reaction of bifunctional compounds. The poly­
esters prepared by Carothers and co-workers6 
provide excellent examples of this type of polymer. 
They are of two kinds, those formed from hy­
droxy acids

(1) A preliminary account of part of this work was included in a 
paper presented by Dr. Wallace H. Carothers before the Faraday 
Society Symposium, September, 1935 [Trans. Faraday Soc., 32, 39 
(1936)].

(2) (a) Svedberg, Chem. Rev., 14, 1 (1934). (b) Signer and Gross,
Helv. Chim. Acta, 17, 726 (1934), and Signer, Kolloid Z., 70, 24 
(1935), have calculated size distributions for polystyrenes from Sedi­
mentation velocities in the ultracentrifuge. (c) Lansing and Krae- 
mer [T h is J o u r n a l , 57, 1369 (1935)] have derived methods for 
calculating a “non-uniformity coëfficiënt” from determination of the 
Sedimentation equilibrium distribution of a polymeric material in the 
ultracentrifuge.

(3) Chalmers, ibid., 56, 912 (1934).
(4) Dostal and Mark, Z. physik. Chem., B29, 299 (1935).
(5) Schulz, ibid., B30, 379 (1935).
C6) Carothers, Chem. Rev., 8 , 359-68 (1931).

J. Flory

- h 2o
H O — R — C O O H ----------- H ( 0 — R — CO ) xO H

and those formed from glycols and dibasic acids
- h 2o

H O — R — O H  - f  H O C O — R '— C O O H  — ------ >
H ( O— R — O— CO— R G O )  , O H

In general, polymerizations7 of the first type 
above may be formulated as

(i) x A—B — >  A—B (A— B)x _2A—B
where A and B represent functional groups and 
AB, or BA, the product of their reaction with one 
another. A simple molecule such as water may 
or may not be released in this process. If, as in 
the second example above, there are two kinds of 
reactants, A—A and B—B, three varieties of 
molecules may be formed in the polymeric mix­
ture, viz.y

(iia) If x, the total number of reactant mole­
cules combined in the polymer molecule, is an 
even integer
x/2  A—A +  x / 2  B—B  >■

A—A (B—BA—A)(;r_ 2)/2B—B
(iib) If x is odd, either

A—A(B—BA—A) BA—A
or

B—BA—A(B—BA—A)(a, _,)/sB-—B

Another case which might be considered is tha t in 
which the functional groups are all alike, but this 
may be taken as a special case of (i) in which A = 
B.

I t is characteristic of all of these polymeriza­
tions that they involve the coupling of two bi­
functional compounds to form a bifunctional com­
pound of higher molecular weight, which in turn 
is capable of polymerizing with other molecules. 
Here the reactions: monomer with monomer, mon­
omer with polymer, and polymer with polymer 
all involve the same Chemical process. These con­
densation polymerizations are not to be confused 
with polymerizations proceeding by a chain mecha­
nism, for example, vinyl polymerizations,8 or

(7) The reasons for classing bifunctional condensations such as 
these as true polymerizations have been set forth by Carothers.1

(8) Semen off, “Chemical Kinetics and Chain Reactions,” Oxford 
Univ. Press, Oxford, England, 1935, p. 444.
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the polymerization of formaldehyde catalyzed by 
formic acid.9

The treatment which follows rests upon the 
fundamental assumption that the reactivity of a 
functional group, A or B, is independent of the 
size of the molecule to which it is attached. If 
the functional groups are separated by more than 
three atoms in the chain, this assumption is prob­
ably not seriously in error; if only one or two 
atoms separate the functional groups in the mono­
mer, then the reactivities of monomer and dimer 
may differ greatly although the difference be­
tween dimer and trimer will be much less, between 
trimer and tetramer still less, etc.10 If the re­
verse reaction, polymer degradation, occurs ap­
preciably, it is necessary to append the assump­
tion of equal reactivity of all links, AB, with re­
spect to the reverse reaction, e. g., hydrolysis in 
the case of polyesters. I t is also assumed that 
the formation of cyclic compounds (as well as 
other side reactions) does not occur to an appre­
ciable extent.11 The errors arising from the as­
sumptions will in general be most significant in 
the range of low molecular weights; for polymers 
of high average molecular weight, where the dis­
tribution is broad and the low molecular weight 
portion is small, deviation from the calculated re­
sults should not be large.

Theoretical Treatment and Discussion
Type (i) polymers and type (ii) polymers 

formed from equivalents of A—A and B—B mole­
cules can be subjected to the same treatment and 
so will be considered simultaneously. The special 
and more complicated problem of the size distribu­
tion relations in type (ii) polymers formed from 
non-equivalents of A—A and B—B molecules 
will be relegated to a separate later section.

Definitions.—A reactant molecule or its radi­
cal will be defined as a “segment” and the term

(9) Carruthers and Norrish, Trans. Faraday Soc., 32, 195 (1936).
(10) Factors which cause change in reaction rate during the course 

of the reaction do not invalidate this assumption if the rates of reac­
tion of a monomer, a dimer, etc., are all affected equally. Thus, the 
increase in viscosity of the medium as the reaction progresses might 
slow down the reaction, but if the rate of reaction of each molecular 
species is slowed down proportionately the equality of the reactivi­
ties of all functional groups at any one time remains undisturbed.

(11) That the extent of ring formation in bifunctional esterifica- 
tions involving unit lengths beyond 7 is exceedingly small has been 
shown experimentally in many papers published from this Labora­
tory—e. g. ,  Carothers and Hill, T h is  J o u r n a l , 54, 1561 (1932). 
More recently something in the nature of quantitative data on this 
point has become available in a paper by Stoll and Rouve [Helv. 
Chim. Acta, 18, 1087 (1935)]. By a long (and somewhat doubtful) 
extrapolation one can, for example, calculate that pure hydroxy- 
decanoic acid would furnish only 0.0005% of monomeric lactone at 
complete esterification, while higher hydroxy acids might give as 
much as 0.2% of lactone.

“x-mer” will denote a polymer composed of x Seg­
ments, e. g.t a hexamer is a polymer composed of 
six segments.12

The following notation will be used:
no — total number of segments — total number of A (or 

B) groups.
N  = number of unreacted A (or B) groups which remain 

after the reaction has been in progress for a time, t.
No — N  — number of reacted A (or B) groups.

(If desired, the N ’s may be expressed in moles without al- 
tering any of the equations which follow.)

p , the extent of reaction, =  fraction of the total number 
of A (or B) groups which have reacted at time t 

p «  (No -  N)/No (1)

Fundamental Distribution Functions.—In or­
der to derive the distribution functions, let us de­
termine the probability, ÏÏX, that a particular seg­
ment selected at random is part of an x-mer. 
Picture a large group of partially polymerized 
segments laid end to end, thus

b- 3 b- 2 b-i bi h  h

the Z>'s designating the linkages, or potential link- 
ages, between the segments. Since all unreacted 
functional groups are assumed to be equally reac­
tive, the probability that reaction has occurred to 
link the segments at any particular h is p and the 
probability that no linkage exists is 1 —p. There 
are x possible configurations, such as for example 
that consisting of linkages at blt b2. .. bx _ and un­
reacted functional groups at and bX} which 
fulfill the condition that the segment S be part of 
an x-mer. Since each of these consists of x —1 
linkages and two unreacted potential linkages, 
the probability of the existence of each particu­
lar configuration is px~J(l —p)2- The probability 
that any of the x configurations exists is13 
___________ L n* =  %p*~' ( i  -  pY  (2)

(12) In condensations of type (i) a segment is identical with a 
“structural unit” as previously defined by Carothers [T h is  Jo u r n a l , 
51, 2548 (1929); ibid., 65, 5023 (1933)], but in type (ii) condensa­
tions a segment is one A—A or one B—B group whereas the struc- 
tural unit is A—AB—B. For type (ii) polymers the above definition 
of an «-mer does not agree with the previous definition according 
to which an «-mer contains x structural units. The above definitions 
have been adopted for the saké of simplifying the following analysis.

(13) Kuhn, Ber., 63, 1503 (1930), has derived the same equation 
for the molecular size distribution in a degraded cellulose formed by 
the hydrolysis of infinitely large cellulose molecules, assuming that 
all linkages are equally hydrolyzable. That the two distributions 
should be identical is obvious when one considers the equivalence of 
the formation of polymer molecules through random formation of 
linkages and through random breaking of linkages already formed. 
In a further study of the problem of cellulose degradation, Klages, 
Z. physik. Chem., A159, 357 (1932), and Kuhn, ibid., A159, 368 
(1932), have taken into account the finite size of the cellulose mole­
cule prior to its degradation, and they have deemed it necessary to 
consider different rates for mid-chain hydrolysis and for hydrolysis 
of the terminal unit. These added complications lead to results 
which differ from those for bifunctional condensations.

Schulz’s5 equation for the weight fraction distribution in vinyl
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As a consequence of the definition of II*
Total number of segments which 

U — exist as components of x-mers 
* ’’’ Total number of segments (=  No)

If in the condensation process no molecule such as 
water is eliminated, the molecular weight will be 
exactly proportional to the number of segments 
in the molecule, and II* will be exactly equal to the 
weight fraction of x-mers. If a molecule is elimi­
nated in the condensation, the deviation from this 
proportionality (due to the excess weight of the 
unreacted terminal functional groups) will be neg­
ligible except for the very low molecular weight 
polymers. Hence, II* will be regarded hereinafter 
as the weight fraction.14 

The number of x-mer molecules is given by
»  Ä  =  N t p - K i  -  p ?  (3)

Since there is an average of one A (or B) group 
per molecule, the total number of molecules N  — 
Nq(1~P) (see (1)). Therefore, letting Px be the 
mole fraction of x-mers

P x = N J N  =  1 -  p) (4)
In order to locate the x value which gives a 

maximum in II*, let
dïlx/bx  = (1 -  p ) 2 (px~l +  x p ln p) =  0 

Solutions are, x =  oo (minimum), and
m̂ax, ~  — 1/ln P (5)

which for values of p near unity becomes 
Xmax, ~ 1 / ( 1  — p) — No/N — avexage value of x (5b) 
At the maximum

nmMC. = -  «~<1+1° ”> ( 6)

which, on introducing approximations valid when 
p is near unity, becomes

nmax. = (1 -  p)/e  (6b)
Diff eren tiating Px with respect to x and equat- 

ing to zero
polymers is essentially the same as (2) also, although it is based on an 
entirely different set of conditions. His equation for the weight frac­
tion of «-mer expressed in the symbols used in this paper is x p x  (ln p ) % 

where 1 — p  (1 — a  in Schulz’s terminology) is the ratio of the ve­
locity of chain termination to the velocity of chain propagation. 
Inasmuch as Schulz was interested only in large x  values, he re­
placed 1 — x  with « in the exponential. The constant term, (ln p )2, 
was evaluated by integration, a method which is approximate when 
applied to a mixture of molecules which vary in size in a stepwise 
manner. Had direct summation been used, this term would have 
been (1 — p )  2 as in (2). However, for values of p  near unity (1 — 
p ) t  = (ln£)2.

(14) In type (ii) polymers it will be recalled that we have one type 
of «-mer when « is even and two when « is odd. When « is even the 
considerations of the preceding paragraph apply at once. When « 
is odd the numbers of the two types of «-rners are equal as a conse­
quence of the assumption of equal reactivity of all A and of all B 
groups. It follows from this that if we take II* when « is odd to 
include both kinds of «-mers combined, then n* can be taken as the 
approximate weight fraction of «-mers in type (ii) as well as in (i) 
without further assumptions.

*  p * ~ K l - p ) l n p  - 0

Since x = is the only solution, Px possesses no 
maximum with respect to x.

The values of p which will give respectively the 
maximum amount and the maximum number of a 
particular x-mer may be obtained as follows 

dUx/öp  «  xpx~2( l  -  p)(x -  1 -  px -  p) =  0 
for which Solutions are p — 0, 1 or

pumx. =  (X — 1)/(X +  1) (7)
Similarly

^  =  p * - \ x  -  px -  1) -  0

Pmsex. ”  (x 1 ) / X  (8)

Discussion and Graphs.—The weight frac­
tion distribution function (2) and the mole frac­
tion distribution function (4 ) are represented 
graphically in Figs. 1 and 2 and in Figs. 3 and 4,

Fig. 1.—Weight fraction distributions for moderate 
extents of reaction (p). One square = 0.02 weight 
fraction.

respectively, for the several values of p indicated 
above each curve. From the curves in Figs. 1 
and 2 one can determine the relative quantities 
(by weight) of each molecular species; the curves 
in Figs. 3 and 4 give the relative numbers of mole­
cules of each species. For the smaller values of 
p  the weight fraction curve possesses a sharp maxi­
mum, but as p approaches unity, this maximum 
becomes lower, shifted to larger values of x, and 
broader in the sense that there are more species 
present in approximately the maximum amount.15

(15) It can be shown that the curves in Figs. 2 and 4 may be used 
for larger values of p by altering the coördinate scale according to the 
following rule: if p be increased so that 1 — P is decreased w-fold, 
then the Ordinate must be divided by n and the abscissa multiplied by 
n. Thus, the p — 0.98 curve may be used for p = 0.998 if the II*, or 
P x values be divided by ten and the x values multiplied by ten. 
This procedure is approximate, but the error is insignificant if p is 
^  0.95 and x ^  20.
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The x-mer which is present in greater amount 
than any other, specified by the maximum in the 
JJX curve, is given by (5) or (5b), and the quan­
tity of this species is given by (6) or (6b). xmax. 
coincides approximately with the average value 
of x (number-average, cf. seq.). I t  can be shown 
that for values of p < 0.5, monomer is in excess

Fig. 2.—Weight fraction distributions for large extents 
of reaction. One square = 0.02 weight fraction.

(by weight) of any other species; for p > 0.5, 
Xmax. =2. As is shown by the above analysis, 
there is no maximum in the Px curve for any value 
of p  (see Figs. 3 and 4), and so there are always more 
molecules of monomer than of any other single spe­
cies.

Fig. 3.—Mole fraction distributions for moderate ex­
tents of reaction ( p ) .  One square ==0.02 mole fraction.

In Fig. 5 the weight fraction is plotted against 
p for several values of x. As the reaction pro- 
gresses, the amount of a particular x-mer builds 
up to a maximum located according to (7) at p = 
(x — l)/(x  -f 1) and then falls away to approaeh

zero as p approaches unity. As x is increased, 
the maximum is lowered and shifted to higher p 
values. The mole fraction of a particular x-mer 
increases in a similar (but not identical) way as the 
reaction progresses, reaches a maximum (equa­
tion (8)) and then decreases to zero as p ap­
proaches unity.

x.
Fig. 4.—Mole fraction distributions for large extents of 

reaction. One square = 0 .0 2  mole fraction.

The sum of the weight fractions of all constitu- 
ents, of necessity always equal to unity, is approxi­
mately equal to the area under one of the curves 
in Figs. 1 and 2 from x =  1 to x = oo, since16

Similarly, the weight fraction of all constituents 
between x = Xi and % = X2 is approximately 
equal to the area under the curve from x = Xito

0.5 0.6 0.7 0.8 0.9 1.0
P-

Fig. 5.—Weight fraction of x-mer vs. extent of reaction.

(16) The failure of this area to equal unity exactly arises because 
of the treatment of a discontinuous phenomenon as a continuous 
one; that is, only integral values of x have physical meaning, whereas 
the integration is carried out continuously over all values of x. When 
p  is sufficiently large, however, the integral (or the area under the 
curve) differs inappreciably from unity.
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x =  X2, and so the total weight fraction of these 
constituents can be evaluated graphically. This 
may be done in Figs. 1 and 2 by counting the 
squares under the curve between these limits and 
multiplying by 0.02. Similar considerations ap­
ply to the mole fraction graphs. This procedure 
is approximate, but for broad distributions (p ^
0.90) it may be used without significant error. 
For such distributions nearly three-fourths of the 
material (by weight) consists of molecules for 
which x > xmax ^  average x.

Molecular Weight Averages.—Lansing and 
Kraemer2c have discussed three different kinds 
of average molecular weights which are amenable 
to physical measurement. These are defined by 
the equations

Mn = S MxNx/XNx (9)
Mw = SMxm x/ 2 M xNz (10)
Mz = S MX3NX/S M J N X (H)

where M x is the molecular weight of an x-mer 
molecule and N x is the number of x-mers. The 
‘ ‘number-average’ 5 molecular weight, Mn) may be 
obtained by ordinary physical or Chemical meth­
ods (end group determination, osmotic pressure 
measurement, etc.); the “weight-average” molec­
ular weight, M Wf and the “Z-average” molecular 
weight, MZ1 can be evaluated from Sedimentation 
equilibrium measurements in the ultracentrifuge. 
Mw may also be determined by means of Staud­
inger ’s 17 viscosity method {cf. seq.) in cases where 
this method is capable of yielding valid results.

These molecular weight averages may be evalu­
ated in terms of p by substituting equation (3) 
for NX) and xM 0 for Mx, the molecular weight of 
an x-mer molecule, where Mo is the molecular 
weight óf one segment.18 These substitutions 
lead to the equations

M n = M o ^xpx- \ l  -  p p / ^ p x~ \  1 -  p p  
M w =  M ^ x 2p x- l( l  -  p p l ^ x p * - ^ !  -  p p  
M z =  M & x ^ - ^ l  -  p P / '2 x 2p x~ l{ l  -  p p

It can be shown that the values of the summations 
are as follows

2/>*-i(l -  p p  = 1 -  p
i:xpx- \ i  -  p ) 2 = i
^ p x~i(i -  p p  = ( i  +  p)/{  1 -  p)
^ P x~\  1 -  p p  =  (1 +  4P +  p*)/( 1 ~  Pp

(17) Staudinger, “Die hochmolekularen organischen Verbin­
dungen,“ J. Springer, Berlin, 1932.

(18) Mx may not equal xMo exactly inasmuch as the molecular
weight of terminal groups (H and —OH in the case of polyesters) is 
neglected. However, for large molecules the discrepancy will be 
very small. If two kinds of segments are present (case (ii)), then 
Mo must be taken as the mean molecular weight of the segments,

Substituting these values in the equations for M n, 
M w and Mz

M n =  Mo/(l -  p) (12)
M . w =  Mo/( 1 -f- p)/{  1 — p) (13)
M z = M0(l  +  4.p -f P2)/(  1 -  P2) (14)

Also
Mn:Mw:Mz = 1:(1 +  p):{ 1 + 4  p +  P2)/(  1 +  p) (15) 

The divergence among the three average molecu­
lar weights is a measure of the non-homogeneity 
of the polymer, and from it Lansing and Kraemer2c 
derive their “non-uniformity coëfficiënt.” The 
three averages are all equal when p =  0. As the 
polymerization proceeds and p increases, M w be­
comes progressively greater than M n, and M z be­
comes greater than M w. When p  is close to 
unity, i. e., when the average molecular weight is 
high, the ratio (15) becomes approximately

Mn:M w:Mz =  1:2:3 (15b)
I t  will be well to emphasize the bearing of these 

results on Staudinger\s method for determining 
molecular weights of linear polymers from the 
viscosities of their dilute Solutions. He has ad­
vocated the use of the following relation for the 
determination of the average molecular weight of 
linear polymeric substances

where r\r is the relative viscosity, c is the concen­
tration, and K  is the Staudinger constant. With­
out taking into account different averages, Staud­
inger has used the common number-average 
molecular weight in the above equation. Krae- 
mer and Lansing19 have shown that the weight- 
average molecular weight, Mw, should be used in 
this equation instead of Mn. Therefore, only in 
cases where the ratio M w/M n is constant can it 
also be presumed that [(1 — r jr) / c ] ( c  ~ o) will be 
proportional to M n. As shown above, this ratio 
does become very nearly constant (equal to two) 
for high molecular weight polymers of the type 
considered here. Hence, though the Staudinger 
equation may be applicable to high molecular 
weight polymers of this type, when the molecular 
weight is low (when p < 0.9 and Mn/M 0 < 10), 
the use of this equation is no longer permissible. 
In its stead, one should use the equation

where K ’ == 1/ 2K. I t would be interesting to 
trace experimentally the deviation from the

(19) K raem er and Lansing, J .  P h y s .  C h e m . ,  39, 153 (1935); see 
also Kern, B e r . ,  68 , 1439 (1935), and the work of Schulz* on vinyl 
polymers.
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Staudinger equation in the range of low molecu­
lar weights.

Type (ii) Polymers Prepared from Non- 
equivalent Amounts of the Reactants.—As was 
described in the introduction, three kinds of mole­
cules may be formed in type (ii) polymerizations: 
molecules composed of an even number of seg­
ments (“even“ x-mers), molecules composed of an 
odd number of segments and terminated by A 
groups (“odd-A” x-mers), and molecules contain­
ing an odd number of segments and terminated 
by B groups (“odd-B” x-mers). When an excess 
of one reactant, arbitrarily chosen here as the re­
actant designated by B—B, is used, separate func­
tions must be derived for each of the three kinds of 
molecules. The following modified terminology 
will be used.
Nó — number of A groups ~  twice number of A—A seg­

ments.
NS =  number of B groups = twice number of B—B seg­

ments.
N f and N" are the numbers of the respective unreacted 

functional groups.
No ~~ Nó = 17" — 17' — n =  excess of B—*B segments. 
p — probability that an A group has reacted = (Nó — 17')/ 

Nó
q — probability that a B group has reacted 

No -  17" Nó -  N'
NS NS Tp

where r = Ni/Ng.
In analogy to the method of derivation used 

formerly, a single segment S is selected at random 
from the sequence of segments 

S
—BA—AB—BA—AB— BA—AB—-etc.

bs b-i b \ b \ bz bs

and the probability that it is a component of an 
x-rner is determined by adding the probabilities 
of each configuration which will meet this require- 
ment. Because of the different varieties of poly­
mers (see (iia) and (iib)) and the non-interchange- 
ability of A—A and B—B when the latter are in 
excess, it will be necessary to use superscripts and 
subscripts to ’designate the various II^s, Nx’s and 
Px’s which arise.

First, molecules for which x is an even integer 
will be considered. If the segment S selected at 
random happens to be an A—A, the probability 
that there is linkage at bx is p, at b2 it is q, at bs it is 
p, etc., alternately. A similar rule applies to 6 _n, 
and so we have p for the probability of linkage 
where n is odd (either +  or —) and q where n is 
even. For each of the x configurations which 
will include S in the even x-mer, there will be x/2

links where n is odd, (x/2) —T links where n is 
even, and one of the terminal groups will be A 
and the other B. The probability that any given 
A—A segment is a component of an e v e n  x-mer is, 
therefore

H i e v e n )  ~  x p x/2q(x/2) ~ K  1 ~  P ) (  1 — q)
=  xp*~1 rC*/8) ^ !  -  P )(  1 -  r p )  (16)

If a B—B group had been selected as the seg­
ment S, the same considerations would apply with 
P and q interchanged. That is, if A’s and B’s 
were interchanged in the chain of segments pic- 
tured above then S would become a B—B seg­
ment, q would be the probability of linkage at bn 
when n is odd, and p would be the probability 
when n  is even. By interchanging p and q  in (16) 
the probability, Ux(even)f that any given B—B 
segment is a part of an even x-mer is obtained.
Ho (even) ~ xpz ~1 rx/2(l  — p)( 1 — rp) = rllx(even) (17) 
The total number of segments in even x-mers = 
xNx(even) =

(Nó/2)Ui(even) -f- ( N o / 2 )  n Keven) 
Substituting (16) and (17) and recalling that 
rNS -  No

NAeven) = =
X

N'p*~1 r^ 2 [(1 -  p)( 1 -  rp)r~i] (18)

For the fraction of the total number of both 
kinds of segments which are contained in e v e n  x- 
mers

Wreven) 1/2 +

Substituting Nó + NS =  Nó(l +  r)/r and (18) 
in the above

Ilx(even) — xpx~1 rx/2 ^ — —  (19)

IIx(even) is the approximate weight fraction of an 
even x-mer (21).

For the mole fraction of e v e n  x-mer
N x Nx

Pleven) = ffftal no. of*molecules “  1/2(17' +  17")
17' = (1 — p)NÓ 
17" *  (1 /r  -  p)NÓ

From (18), therefore
Px(even) =  f /*  ]  (20)

When x is odd the number of links is even and 
the two terminal groups are either both A’s or 
both B’s (see (iib)). First, let us find the prob­
ability, TLx(odd-A), that an A—A segment such 
as S is a component of an odd x-mer having A 
groups at its ends. Each of the (x +  l)/2 con­
figurations fulfilling this requirement contains
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(x — 1 ) /2  links at bn’s where n is odd and (x — 1)/ 
2 links where n is even. Therefore

ïl'(odd-A) = ( ï - t J  )  -  PY

= ( 4 ^ )  -  *)* (21)

There are (x — l)/2  configurations containing 
thé A—A segment, S, which give odd x-mers hav­
ing B end groups. For each of these there are 
(x +  l ) /2  links where n is odd and (x — 3 ) /2  
where n is even. Consequently

u;.(odd-B) =  p * - 1 1 -  rpy  (22)

To find the corresponding probabilities that a 
B—B segment is a component of an odd x-mer, A 
is interchanged with B and p with q> as was done 
above. When A and B are interchanged in con­
figurations giving odd-A terminated x-mers, odd- 
B terminated x-mers result. By interchanging p 
and q in (21) one gets the probability, (odd-B),
that any given B—B segment is contained in an 
odd x-mer terminated with B groups.

B"(odd-B) = p x - 1 K*-i)/2( 1 _ rpy (23)

Similarly by interchanging p  and q in II '(ööW-B) 
one gets

H"(odd-A) = ~ - 1  ̂ p*~' H*+i)/2( l  -  p y  (24)
2t

The total number of segments contained in 
odd x-mers terminated with A groups is given by 
xNx(odd-A) = V* Ni K(odd-A) +  l/ 2 N" II" 
(iodd-A). Replacing N$ by N q/ t and introducing 
(21) and (24)

Nx(odd-A) = N' p*~l r*/2 [1/2(1 -  p ¥ r ~ l/t] (25) 

Similarly
Nx(odd-B) = N' p* - 1 r*/* [1/2 (1 -  rpy r~*A] (26)

The corresponding IL/s are

n x(odd-A) __ xNx(odd-A)
*" 1/2(1V# +  AC)

=  . r ^ - 1 r* '2

and

- p ) 2 r ~ lh~\
l + r  J

l lx{odd~B) = rx/2 ra
L i + r

(27)

(28)

The mole fractions P x(pdd-A) and Px(odd-B) 
can be derived from (25) and (26) in the same way 
that (20) was obtained from (18).

«*"■a) * f - ‘ - n [r+“if^gO
-  f  -

(29)

(30)

Overlooking for the moment that x cannot as­
sume the same integers in both even and odd func­
tions, (19), (27) and (28) lead to the ratio
Ux(even): Bx(odd~A):Ux(odd-B) =

2(1 -  p)( 1 -  rp):{ 1 -  p)VVa:(1 -  rp)2 r ~ lh  (31)

which is independent of x. The corresponding 
ratios for the N x’s and Px s are identical with the 
above ratio.

Substituting p =  1 in the above equations to ob­
tain distributions at completion of the reaction

n x(even) =  ï lx(odd-A) = 0
P x(even) =  P x(odd- A) =  0
VLx{odd-B) =  Xf«/*(1 -  r2)r -V 2/ ( l  -f  f) (28b)
P x{odd-B) -  f*/2( l  -  r)f-V* (30b)

The complete absence of and odd-A molecules 
is a consequence of the reaction of all A groups.

To summarize the above equations, (18), (19) 
and (20) give, respectively, the numbers, the 
weight fractions and the mole fractions of even 
molecules. The corresponding quantities for 
odd-A molecules are given by (25), (27) and (29), 
and for odd-B molecules by (26), (28) and (30). 
The distributions at completion of the reaction 
{p = 1) are given by (28b) and (30b).

The weight fraction distribution functions are 
plotted in Fig. 6 for r  = 0.80 (25% excess of 
B—B molecules) at the three stages of the reac­
tion, p = 0.85, 0.95 and 1.00. All three curves 
for a given pair of r and p  values are similar in the 
sense that, as shown by (30), for all x values the 
ratio of the three IVs is the same. Consequently, 
all three maxima come at the same molecular size 
(x value). In Fig. 7 the weight-fraction of x- 
mer (odd-B only, since all other types are absent) 
is plotted against x at complete reaction (equa­
tion (28b)) for several values of r. The method 
of area summation given above can be applied in 
these figures also.

For any value of r there are present initially 
(p =  0) only odd-A (A—A) and odd-B (B—B) 
molecules, and even molecules are absent entirely. 
If the numbers of the two kinds of segments are 
equal (r =  1), the amount of even polymer will in­
crease steadily (starting from zero) as the reaction 
progresses, until the amounts of even and odd 
(odd-A plus odd-B) molecules become practically 
equal. With an excess of B—B segments present, 
the amount of even polymer increases until a maxi­
mum is reached and then decreases steadily, re- 
tuming to zero when p — 1. At this maximum 
the amount of even polymer may or may not be 
greater than the amount of odd-B polymer, but(30)
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for all values of p  the amount of even polymer is 
less than the amount of b o t h  kinds of odd poly­
mer. The amount of odd-A polymer is always 
less than the amount of odd-B polymer and the 
ratio of the former to the latter becomes less as p

increases. These characteristics are illustrated 
in Fig. 6 .

When equivalents of the reactants are used, the 
number-average molecular weight is

Mn = =  M od +  r)/{ 1 +  r -  2rp) (32)

where Mo20 is the average molecular weight of one 
segment. When r =  1 this equation reduces to 
(12). At completion of the reaction when p = 1 

Mn =  Mo (1 +  r )/( l -  r) (3 2 b )

This equation shows the effect of an excess of one 
reactant in limiting the maximum molecular 
weight which can be reached.

The type of distribution of molecules obtained 
when an excess of one reactant is used closely 
simulates the distribution in polymers formed

from exact equivalents. (Compare curves in 
Figs. 6 and 7 with those in Figs. 1 and 2.) The 
dependence of weight fraction, or mole fraction, 
on x is of the same type; the principal difference 
lies in the replacement of p by r /2p. I t can be 

shown that if r^p  for one polymer 
equals r hp io t another polymer, then 
their average molecular weights will 
be nearly the same (except when r /lp 
is much less than unity), the maxima 
in their II* vs. x curves will occur at the 
same x value, and the distribution 
curves will vary with x in a similar 
way. The two distributions will differ 
only in the ratio of the quantities of 
the three kinds of molecules, even, 
odd-A and odd-B (2:1:1 for r — 1). 
Thus, for example, for a particular 
even value of x there will be fewer 
even x-mers contained in a polymer 
for which r = n  than in another 
polymer of the same average molecu­
lar weight (■i. e., the same r^p  value) 
but for which r = r2 > r but the 
amount of odd (x +  l)-mers in the 
former polymer will be greater by a 
corresponding amount (unless Mn is 
very low). Unless the method of 
examination of the two polymers is 
sufficiently precise to differentiate 
consecutive members in the sequence 
of sizes, the two distributions will 

appear to be identical if r /2p of one equals r^p  
for the other.

0 10 20 30 40 50
x.

Fig. 6.—Weight fraction distribution curves for a 25% excess of B groups
(r = 0.80). When p  =  0.85-------- , p = 0 .95---------- and p  = 1.00--------- .
Curves labeled “even” are for even molecules, i. e., those having an even 
number of segments; those labeled “odd-A” are lor odd molecules having 
A groups as termini, and those labeled “odd-B” are for odd, B terminated 
molecules. The even curves apply for even integers only, the odd curves 
for odd integers only. One square = 0.005 weight fraction.

(20) In this case, Mo
MÓNÓ +  Mp Vp 

NÓ +  N'ó
where M'q and Mq are

the respective molecular weights of the two segm ents as contained 
within a polym er molecule.

Fig. 7.—Weight fractions at completion of the reaction 
(p — 1) for several values of r. Only odd integral values 
of # are significant. One square = 0.01 weight fraction.
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The distribution functions possess maxima 
characteristics similar to those previously dis­
cussed for “r = T’ polymers. In fact, the same 
equations may be used for locating the #max. 
value for IIX by replacing p with r /2p. Exact 
equations for M w and Mzy corresponding to equa­
tions (13) and (14), are cumbersome; for all 
practical purposes it is permissible merely to re- 
place p with r /2p in (13) and (14), respectively. 
It follows that here also the ratio of Mn: Mw: Mz 
approaches 1:2:3 for high molecular weights. 
Thus, Sedimentation equilibrium measurements 
in the ultracentrifuge would not distinguish the 
two types of polymers.

The author wishes to acknowledge his gratitude 
to Dr. Wallace H. Carothers for his valuable ad- 
vice and keen interest in this work. The author 
is also indebted to Dr. E. O. Kraemer for reading 
and criticizing the manuscript.

Summary
1. Equations expressing the weight fraction, 

number, and mole fraction of each molecular 
species in a linear condensation polymer have been 
derived on the basis of simple and not improb­
able assumptions. The characteristics of these 
functions have been demonstrated and discussed.

2. The number-average, weight-average and Z- 
average molecular weights of Lansing and Krae­
mer are shown to be in the ratio 1:2:3 for the high 
molecular weight polymers. The bearing of this 
result on Staudinger’s method for determining 
molecular weights has been discussed.

3. The special case of polymers prepared by 
the condensation of non-equivalents of two bi­
functional reactants (A—A +  B—B) has been 
analyzed and shown to conform to a distribution 
similar to the above. Other special cases can be 
subjected to a similar analysis.
W il m in g t o n , D e l . R e c e iv e d  M a r c h  24, 1936

[C o n t r ib u t io n  from  t h e  Cobb  Chem ical La b o r a t o r y  o f  t h e  U n iv e r s it y  o f  V ir g in ia ]

Further Studies on l,4-Diphenyl-l,2,4-butanetrione Enol, Including Alkylation and
Benzoylation

By R obert  E. Lutz and  A l fr e d  H. S tu a r t

Two methyl ethers have been obtained from 
the enol. One of these, dibenzoylmethoxy- 
ethylene I(B), the structure of which is certain, 
was made directly by the action of diazomethane.lb 
The other, a structural isomer II (B) or III (B), 
was obtained by the action of methanol and 
acid on the enol or various of its derivatives and 
was believed to have the open chain structure 
II(B) because it gave methyl benzoate on ozoni- 
zation;lb however, the alternative cyclic structure 
III(B ) ,1 2 which was not considered at that time, 
also would account for this result.
C 6H 5 C O C = C H C O C 6H5 C 6H 5 CO CO CH ==CC 6H 5

I O H (O C H 3) II  O H (O C H 3)
(A) (B) (A) (B)

I----- O------\
C 6H 5CCO CH ==CC 6H5

OH(OCHs) III 
________ _  (A) (B)

(1) Cf. (a) Lutz, T h is  J o u r n a l , 56, 1590 (1934); (b) Lutz, Wilder 
and Parrish, ibid., 56, 1980 (1934); Lutz and Wilder, ibid., 56, (c) 
1987, (d) 2065, (e) 2145 (1934).

(2) Cf. (a) Blatt, ibid., 57, 1103 (1935); (b) Kohier, Westheimer
and Tishler, ibid., 58, 264 (1936).

The ease of formation of the isomeric ether 
by catalytic etherification does not distinguish 
between the two formulations II(B) and III(B) 
since there is analogy for the reaction in both 
open chain and cyclic types {cf. hydroxynaphtho­
quinone3 and the sugars). The quinoxaline 
reaction, however, which is specific for a-di- 
ketones, has been used.2a

ö-Phenylenediamine reacts readily with the 
enol to give a quinoxaline (IV) which is bright 
orange in color in contrast with other quin- 
oxalines of this series. Oxidation of this product 
by means of chromic acid gives the carboxy and

V VI

(3) Fieser, ibid., 48, 2922, 3201 (1926).
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hydroxy quinoxalines V and VI.4 The structure 
of IV seems to be established adequately by these 
reactions; however, the color is not accounted for.

Dibenzoylmethoxyethylene I(B), the struc­
turally isomeric ether, and dibenzoylamino and 
chloroethylenes (VII and VIII) do not react 
under ordinary conditions with 0-phenylene- 
diamine. However, under more drastic condi­
tions, namely, long continued refluxing with the 
reagents, dibenzoylmethoxyethylene gives IV 
with elimination of the methoxyl group, a re­
action involving either the conjugated System 
or hydrolysis first to the reactive enol (the ether 
is known to be hydrolyzed or ammonolyzed 
easily).lb Dibenzoylaminoethylene VII under 
these conditions reacts very slowly giving IV, 
but the isomeric ether II or III(B) and also the 
trans chloro compound VIII, are stable.
c6h 5coc= chcoc6h 5 c6h 5coc= chcoc6h*

I I
NH2 VII CI VIII

In regard to the bearing of these facts on the 
structure of the isomeric ether, the a-diketone 
formula II (B) seems to be excluded by the 
failure to react with o-phenylenediamine even 
under drastic conditions, and the cyclic formula 
III(B) is therefore the correct one. Other 
properties1 of the ether support this conclusion:

duced by sodium hydrosulfite or zinc and acetic 
acid under ordinary conditions as would be 
expected of an a-diketone; (c) it does not react 
with acetyl chloride or acetic anhydride and 
sulfuric acid under ordinary conditions (as does 
dibenzoylmethoxyethylene I(B) and as pre­
sumably would an ether of formula II (B); and
(d) it is only slowly hydrolyzed with alkali 
whereas the true enol ether, dibenzoylmethoxy­
ethylene, and the two analogous 2- and 4-meth- 
oxynaphthoquinones3 are hydrolyzed very rapidly 
under these conditions.

The chloro compound obtained by the action 
of thionyl chloride on either the enol or its methyl 
ether I(B) was previously assumed to be CßH&CO- 
COCH=C(Cl)C6H5.le This compound must 
have the cyclic structure IX, however, in view 
of the following facts: (a) it is colorless; (b) 
it reacts readily with o-phenylenediamine to give 
the quinoxaline IV; (c) the chlorine is reactive 
as shown by the ease with which it is eliminated 
in the quinoxaline reaction and also in metha- 
nolysis to the cyclic ether III(B); and (d) the 
chlorine is replaceable readily by methoxyl by 
means of cold sodium methylate, giving the 
cyclic ether III(B) under conditions wherein the 
open chain enol ether I(B) is hydrolyzed directly 
to the enol.

-ENOL

(I^ = ± :II ^ ± :II I )  

k
CeHöCOCl

H2SO4
NaOH
CH3OH
h 2o

- o -

h 2o
NaOH
CeHöCOCl

OCOC6H5

(C6H5CO)20 + H2SO*

Hydrolysis (NaOH or NaOCH3)

-O-

CH3OH—HCl

CöHgCCOCH—CC6Hr, 
CI IX I

NaOCH3 (heated) 

NaOCH3

CeHsCCOCH^CCeHi 
OCOCeHs X  

k
CHsOH 
HCl

-O-

cold
CeHöCCOCH^CCeHj,

OCHs XI

CeHgCOOAg

C6H5COC=CHCOC6H&
XII

or OCOCeH*
Cc^COCOCH—CCeHs XIII

Ac20  (or AcCl) CH3COa
H2S04 C6H,

N >

XIV

jOCOCHj (CI) 
(A) (B)

C Ä
Ac20  (or AcCl)

h 2so 4

(a) the ether is colorless in contrast to other 
known a-diketones (the dimesityl analog of 
II (B) is bright yellow) ;5 (b) it is not easily re-

(4) We are indebted to Dr. A. H. Blatt for furnishing samples of 
V and VI for purposes of identification.

(5) Lutz and Wood, unpublished results.

Acetylation of the enol with acidlb or with 
pyridine as catalyst leads to the furans XIV 
(A and B). Studies on the enol salts, however, 
led to intractable products.

The action of benzoyl chloride and sulfuric
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acid on the enol gave the cyclic chloro eompound
IX instead of the expected furan of the type 
XIV(B). Benzoic anhydride and sulfuric acid 
likewise failed to give the benzoyl analog of the 
furan XIV(A), but instead gave a cyclic benzoate
X the structure of which follows from its synthesis 
from the cyclic chloro eompound IX by means 
of silver benzoate, and from its failure to react 
with ö-phenylenediamine, in contrast with the 
open chain enol benzoate XII which reacts 
readily. The cyclic benzoate (X) is very re­
active as would be expected; methanolic hy­
drogen chloride convefts it into the cyclic 
methyl ether XI, sodium methylate hydrolyzes 
it quickly to the enol, and acetic anhydride or 
acetyl chloride with sulfuric acid converts it into 
the diacetoxy or acetoxychlorofurans XIV (A) 
or (B).

Benzoylation of the sodium salt of the enol in 
aqueous alkaline medium gives yields as high 
as 50% of the enol benzoate. The nature of 
this product is evident from the ease of hydrolysis 
to the enol and benzoic acid by means of cold 
alkali. Of the two possible formulas, XII and 
XIII, the former is the more likely, particularly 
in view of the absence of color. I t reacts readily 
with 0-phenylenediamine giving the quinoxaline 
IV, with methanolic hydrogen chloride to give 
the cyclic ether XI, and with acetic anhydride 
or acetyl chloride and sulfuric acid to give the 
diacetoxy and acetoxy chlorofurans XIV(A) or 
(B). The ease of replacement of benzoyl by 
acetyl shows that neither this reaction nor the 
analogous conversion to a ß-benzoyloxyfuran 
could be used to distinguish between the two 
structures XII and XIII. Preliminary reduction 
experiments with this end in view have not been 
successful.

There was produced consistently in the ben­
zoylation of the sodium enolate in isopropyl 
ether as solvent smaller yields (30% or less) of 
the enol benzoate XII together with 20-25% 
yields of a product derived from the carbon 
benzoyl eompound. The studies of the latter 
series are not yet completed and will be the sub­
ject of a later paper.

We have evidence that the true open chain 
enol methyl ether II(B), which we have not yet 
been able to isolate and characterize, is formed 
in considerable amount during methylation of 
the enol with diazomethane. Both forms of the 
enol react similarly, even in petroleum ether,

solvent conditions under which they appear 
to be reasonably stable. The yields of dibenzoyl­
methoxyethylene I(B) average 30-50%. The 
oily product at the beginning contains no un­
changed enol as shown by the absence of the 
very characteristic red ferric chloride test. How­
ever, in the course of handling the crude mixtures 
in order to isolate the dibenzoylmethoxyethylene, 
free enol is regenerated, gives a strong ferric 
chloride test, and has been isolated in one in­
stance. The quinoxaline test on these oils gave 
amounts of IV corresponding to total yields of 
about 15-30% (neither the ethers I(B) nor III (B) 
react under these conditions). These facts in­
dicate the presence of an unstable enol derivative 
which is readily hydrolyzed tó the enol and which 
appears to be the open chain ether II(B). This 
hypothesis is not unreasonable in view of the 
fact that the analog has since been isolated in 
the dimesityl series.5 Further evidence for the 
presence of this eompound in approximately the 
amounts indicated above was obtained by ozoniz- 
ing the crude product after Separation of the 
dibenzoylmethoxyethylene and isolating methyl 
benzoate in a yield of 20%. The cyclic ether 
III(B), if present, would have given this result, 
but it could hardly have been formed as a result 
of methylation of III with diazomethane; further­
more, it crystallizes easily, has never been isolated 
in this type of methylation, and could not possibly 
have been present in amounts sufficiënt to ac­
count for the above result. I t seems to be 
established, therefore, that the ether II(B) as 
well as I(B) is formed in the methylation of the 
enol with diazomethane, and that the enol reacts 
partly in the sense of formula II (A) as well as 
I and III(A ) .6

The foregoing facts necessitate reconsidera- 
tion of the structural relations of the two solid 
forms of the enol. Both isomers react readily 
and similarly with one equivalent of bromine, and 
with ferric chloride, in ethanol at -10-15°, and 
with diazomethane in petroleum ether, solvent 
conditions under which the two forms alone 
appear to be fairly stable. I t is not certain, 
however, that they are both true enols in view 
of the great mobility of the equilibrium and 
probable catalytic effect of the reagents, and

(6) In this connection it is noteworthy that since phenylglyoxylic 
acid was not found in significant amounts in the above ozonization 
of II(B), the discussion of results in the first paper (end of p. 1781, 
ref. lb) is valid even though the methyl ether then under considera- 
tion (formula VIII of that paper) was really the cyclic eompound 
ÏII(B).
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since a cyclic compound such as III (A) might 
react with bromine in much the same sense as 
the enol. The hypothesis that the two forms 
are cis-irans enolslb is unlikely, particularly in 
view of the fact that on methylation with diazo­
methane they give the same mixtures of the two 
structural and not stereoisomeric methyl ethers. 
The properties of the yellow form are in accord 
with an assumption of chelation between I(A) 
0trans) and II (A), with the possibility of actual 
existence of both isomers minimized or elimi­
nated (through resonance). The colorless form 
can hardly be the triketone or the enol II(A) in 
view of the absence of color. The cyclic formula- 
tion III(A) for this isomer is the most reasonable 
one since, coupled with the assumption of chela­
tion in the yellow form, it explains adequately 
why the two isomers always give the same results 
on methylation with diazomethane.

The formation of the cyclic ether III (B) upon 
alkylation of the sodium salt with dimethyl 
sulfate (reported in an earlier paperlb) was found 
to result not from direct alkylation but from 
hydrolysis of the sodium salt and catalytic 
etherification of the resulting enol through the 
action of alcohol and the acid generated by hy­
drolysis of dimethyl sulfate. In inert solvents 
the sodium salt does not react either with di­
methyl sulfate or methyl iodide. In aqueous 
media, the alkylation was too slow to compete 
with hydrolysis of the reagent.

Alkylation was more conveniently studied 
using the silver salt and alkyl halides. With 
methyl iodide a 70% yield of the carbon-alkyl 
compound resulted, the gross structure of which 
was shown by hydrolytic fission to phenyl­
glyoxylic acid and propiophenone. The oxygen- 
alkyl compound I(A) was formed also in ap­
proximately 10% yield. The new carbon-alkyl 
compound apparently has the cyclic structure

Q H 6C(OH) COC(CH3)= C C 6H6- X V  (°f- ref- 2b)> and 
will be considered in a later paper.

Ethylation of the silver salt with ethyl iodide 
gave a mixture from which were obtained yields 
of carbon- and oxygen—alkyl compounds of 50 
and 20%, respectively. The carbon-alkyl com­
pound (new) was identified by hydrolytic fission 
to phenylglyoxylic acid and butyrophenone. Pro­
pyl iodide also gave a carbon-alkyl product (45% 
yield, identified by hydrolytic fission); however, 
in this case we were unable to isolate a crystal­

line oxygen-alkyl compound from the residual 
oils.

From the above results it would appear that 
there is nothing strikingly abnormal in the mode 
of alkylation in this series, contrary to the in- 
ference previously drawn from preliminary ex­
periments.10 The yield of carbon-alkyl product, 
however, is relatively very high as compared 
with that in the alkylation of the a-diketones7 
and hydroxynaphthoquinone.3

O O O

XVI XVII XVIII

The analogy between the enol I(A) and hy­
droxynaphthoquinone XVI deserves emphasis. 
Both have the 1,2,4-triketone-enol System termi­
nated by aromatic groups and both are rather 
strongly acidic. In both cases the silver salt 
is easily alkylated in contrast with the sodium 
salt. Hydroxynaphthoquinone gives mixtures 
of the two oxygen ethers XVI and XVII but 
does not give carbon-alkyl compounds (XVIII) 
with simple alkyl halides (methyl and ethyl) 
although considerable amounts are formed when 
more active unsaturated halides are used.. In 
the case of diphenylbutanetrione enol, however, 
carbon-alkylation is the dominant reaction and 
alkylation at the enol oxygen-4 (formula IIB) was 
not observed although it may have occurred to a 
very small extent. Diazomethane reacts with 
hydroxynaphthoquinone to give exclusively the
2-oxygen ether, but in the case of our enol there 
is formed a mixture of the ethers I(B) and II (B). 
Catalytic etherification of I(A) leads to the 
formation of the cyclic ether III(B); however, 
with hydroxynaphthoquinone, where cyclization 
and chelation are excluded on steric grounds, 
only the 2-ether is formed. Both hydroxy­
naphthoquinone ethers XVI and XVII are 
hydrolyzed easily by alkali as are the enol ethers 
I(B) and II(B) (the 4 -ethers in both series appear 
consistently to be more easily hydrolyzed than 
the 2-ethers). The cyclic ether III(B), in 
contrast with true enol ethers, is not hydrolyzed 
by alkali with the same degree of ease.

(7) Köhler and Barnes, T h is  Jo u r n a l , 66, 211 (1934); Kohlet 
and Weiner, ibid., 56, 434 (1934); Barnes and Payton, ibid., 68, 1300
(1936).



Oct., 1936 Alkylation and Benzoylation of 1,4-Diphenyl- 1 ,2,4-butanetrione Enol 1889

Experimental Part
The experiments on the two isomeric enols were largely 

repetitions of earlier experiments by methods described 
elsewhere, and since in most cases they are referred to 
specifically in the foregoing discussion, details are un­
necessary.

The sodium salt of the enol is best prepared by treating 
an alcoholic solution with the calculated amount of sodium 
alcoholate, the salt being obtained as a yellow precipitate 
which is difficultly soluble in cold water but dissolves hot 
and does not crystallize out on cooling. Acidification 
generates the yellow form of the enol.

The sodium salt yielded unchanged enol after being 
subjected to the action of an excess of dimethyl sulfate 
under a variety of conditions including refluxing in inert 
solvents, benzene or isopropyl ether. Similarly, prac­
tically no alkylation resulted when experiments were 
conducted in aqueous media under various conditions of 
time, temperature and alkalinity.

When the sodium salt or the free enol is treated in alcohol 
with an excess of dimethyl sulfate, a nearly quantitative 
yield of the cyclic ether III (B) corresponding to the alcohol 
used as solvent is obtained regardless of whether dimethyl 
or diethyl sulfate is used. It is obvious that the dialkyl 
sulfate undergoes hydrolysis and the acid generated 
liberates the enol and catalyzes etherification.

The silver salt of the enol was obtained as a brilliant 
yellow precipitate by adding 2% silver nitrate solution to 
a cooled aqueous solution of the sodium salt. It is some­
what unstable and often turns dark on standing and 
drying. Anal. Calcd. for CieHii03Ag: Ag, 30.1. Found: 
Ag, 30.0. Alkylation with dimethyl sulfate in methanol 
or ethanol gave the cyclic alkyl ether corresponding to the 
solvent used. Apparently the alkylation is far too slow 
to avoid hydrolysis, liberation of the enol and catalytic 
etherification.

The quinoxaline reactions were carried out by dissolving 
the eompound and an equal weight of o-phenylenediamine 
in alcohol and heating to boiling, the product crystallizing 
directly or on subsequent cooling of the solution. The 
products were recrystallized from ethanol. The following 
compounds were recovered unchanged under these con­
ditions: I(B), III(B), VII, VIII, X  and XIV(A). The 
compounds III(B), VIII, X  and XIV(A) were recovered 
unchanged also after four hours of refluxing with the 
reagent. The enol, the enol benzoate XII, the cyclic 
chloro eompound IX and the acetoxychlorofuran XIV(B) 
reacted immediately on boiling, the orange crystals of 
the quinoxaline IV appearing directly or upon seeding. 
Dibenzoylmethoxyethylene after four hours of refluxing 
with the reagent gave IV in good yield. Under these 
conditions dibenzoylaminoethylene VII gave largely un­
changed material, and on six hours of refluxing with the 
reagents gave a 40% yield of IV.

2-Phenyl-3-phenacylquinoxaline, IV, is bright orange in 
color, even after careful purification including distillation 
in the vacuum oven. It is difficultly soluble in ethanol 
from which it was recrystallized; melting point 169-170° 
(corr.). Anal. Calcd. for C2,Hl6ON2: C, 81.5; H, 4.94. 
Found: C, 81.3; H, 5.1.5.

Oxidation was carried out by trea tin g  2 g. of IV  in 
.10 cc. of hot concd. acetic acid  w ith 3 g. of chrom ic acid

in 6 cc. of 50% acetic acid, the mixture being boiled for 
two minutes. The products were separated by successive 
extractions from an ether solution by sodium carbonate 
and by sodium hydroxide, giving a practically quantita­
tive yield of benzoic acid (separated from V by extraction 
with hot water), 1.0 g. (79%) of VI, and a small amount 
of V.

2-Chloro-2,5-diphenyl-3-furanone (IX) was prepared by 
the action of benzoyl chloride containing a trace of concd. 
sulfuric acid on the enol. When shaken with cold sodium 
methylate solution for five minutes it is converted into 
III(B) in good yield. On standing for one hour in dilute 
methanolic sodium hydroxide solution, it is converted in 
good yield into the enol.

2-Benzoyloxy-2,5-diphenyl-3-furanone, X.—(a) Half a 
gram of IX  with 2 g. of silver benzoate (freshly precipi­
tated from alcoholic silver nitrate by means of sodium 
benzoate and washed with isopropyl ether) was suspended 
in 30 cc. of isopropyl ether and the mixture refluxed for 
ten hours. On filtering and working up the product 0.4 g. 
of nearly pure X  was obtained.

(b) A mixture of 3 g. of enol, 9 g. of benzoic anhydride, 
and one drop of concd. sulfuric acid, was allowed to stand 
for one hour. The benzoic anhydride was decomposed 
with aqueous sodium bicarbonate solution. The residue on 
crystallization from isopropyl ether gave 2 g. of nearly 
pure X, m. p. 162-163° (corr.). Anal. Calcd. for 
C23Hi60 4: C, 77.50; H, 4.53. Found: C, 77.49; H, 4.67.

The reactions outlined in the diagram were carried out 
in the usual way. The hydrolysis to the enol took place 
within a few minutes at room temperature.

2-Benzoyloxy-l,2-dibenzoylethylene (dibenzoylethenol 
benzoate), XII (or XIII), was prepared in yields of 50% 
or less by adding benzoyl chloride to a well-stirred sus­
pension of the enol in an excess of aqueous sodium hy­
droxide solution. The product, obtained as an oil, was 
recrystallized from isopropyl ether or ethanol. The 
alkaline Solutions always contained considerable enol 
which was recovered on acidification; m. p. 139° (corr.). 
Anal. Calcd. for C23H160 4: C, 77.50; H, 4.53. Found: 
C, 77.30; H, 4.57.

The conversion to III (B) was accomplished by allowing 
the benzoate to stand for several hours in methanol* satu­
rated with hydrogen chloride. Both sodium hydroxide in 
80% methanol and sodium methylate solution quickly 
hydrolyzed it to the enol. On standing for one-half to 
one hour in acetic anhydride or acetyl chloride containing 
a trace of concd. sulfuric acid, followed by hydrolysis and 
recrystallization, good yields of XIV (A) and (B), respec­
tively, were obtained.

2-Hydroxy-2,5-diphenyl-4-methylfuranone, XV,—A mix­
ture of 5 g. of the silver salt, 4 g. of methyl iodide and 
35 cc. of isopropyl ether was refluxed for one hour. The 
solution was then filtered to remove silver halide, and 
extracted with 10% sodium hydroxide to remove the 
product, which is readily soluble in alkali. The alkaline 
solution was acidified and the crude product isolated by 
extraction with ether. The original isopropyl ether solu­
tion after the alkali extraction was evaporated and gave 
an oil from which 0.3 g. (about 10%) of dibenzoylmethoxy­
ethylene was obtained. The carbon-alkyl product was 
purified by repeated crystallizations from isopropyl ether



1890 Harold W. Arnold and William Lloyd Evans Vol. 58

and melted at 143-144° (corr.), yield 70%. Anal. Calcd. 
for C17H14O3: C, 76.7; H, 5.30. Found: C, 76.6; H, 5.47.

The carbon-alkyl compound does not react with diazo­
methane under ordinary conditions and gives no color test 
with alcoholic ferric chloride, but reacts readily with 
bromine and dissolves easily and directly in dilute sodium 
hydroxide.

Hydrolytic fission was effected by steam distillation of a 
barium hydroxide solution. Propiophenone was isolated 
from the distillate and identified as the semicarbazone by 
mixed melting point with an authentic sample. The 
barium hydroxide solution on acidification and extraction 
with ether gave phenylglyoxylic acid (also identified as 
the semicarbazone).

1------------ O------------1
C6H5C(OH)COC(C2H5)==CC6H5, 2-Hydroxy-2,5-di- 

phenyl-4-ethylfuranone, was prepared and isolated in 
50% yield by following the above procedure using ethyl 
iodide. The yield of dibenzoylethoxyethylene obtained 
as a by-product was 20%. The carbon-alkyl compound 
was purified by repeated crystallizations from isopropyl 
ether; m. p. 113° (corr.). It is soluble in dilute sodium 
hydroxide. Anal. Calcd. for Ci8Hi60 3: C, 77.1; H, 5.76. 
Found: C, 76.9; H, 5.93. Hydrolytic fission with
barium hydroxide, carried out as described above, gave 
phenylglyoxylic acid and phenyl propyl ketone which were 
identified as the semicarbazones.

C*H6C(OH) COC(CsH7)==CCeH5, 2-Hydroxy-2,5-di-
phenyl-4-propylfuranone, was prepared as above using n- 
propyl iodide (yield 45%). From the non-acidic oily 
residues no crystalline o-alkyl product was obtained. 
The product was purified by repeated crystallization from 
isopropyl ether; m. p. 137.5° (corr.). It is soluble in 
sodium hydroxide. Anal. Calcd. for C19H18O3: C, 77.5; 
H, 6.17. Found: C, 77.3; H, 6.20.

Hydrolytic fission carried out as above gave phenylgly­
oxylic acid and phenyl «-butyl ketone, identified as semi­
carbazones.

Summary
New studies including the application of the 

quinoxaline reaction have been made on 1,4- 
diphenyl-l,2,4-butanetrione enol and derivatives. 
These studies, together with reconsideration of 
known facts, show that the methyl ether ob­
tained from the enol by catalytic etherification, 
and the chloro eompound obtained by the action 
of thionyl chloride, have cyclic formulas.

The benzoylation of the enol under different 
conditions gives a cyclic oxygen-benzoyl com­
pound, an open chain enol benzoate, and a 
carbon-benzoyl derivative.

Evidence is given for the simultaneous forma­
tion in considerable amounts of the true struc­
turally isomeric enol ether, diphenyl-4 -methoxy-
1,2-butenedione in the methylation of the enol 
with diazomethane.

The bearing of the new facts on the structure 
of the two forms of the enol is discussed.

Alkylation of the silver salt leads to a mixture 
of oxygen and carbon-alkyl compounds, the 
latter type predominating.

The analogy between the enol and hydroxy­
naphthoquinone is discussed.
U n iv e r sit y , V a . R e c eiv ed  M a y  8 , 1936

[C o n t r ib u t io n  from  t h e  Chem ical Laboratory  of T h e  Ohio  S ta te  U n iv e r sit y ]

The Mechanism of Carbohydrate Oxidation. XXI.1 The Synthesis of Glucosido-
glyceraldehyde Derivatives

B y  H arold W . A rnold and  W illiam  L loyd E v a n s

In interpreting the results of the alkaline degra­
dation of gentiobiose (6-glucosidoglucose), Evans 
and Hockett2 postulated the intermediate forma­
tion of 3-glucosidoglyceraldehyde as the result of 
the fragmentation of the gentiobiose in an alkaline 
solution. I t was with the ultimate purpose of 
testing this hypothesis that the synthesis of 3 - 
glucosidoglyceraldehyde derivatives was under- 
taken.

The synthesis involved the condensation of 
acetobromo-d-glucose with glyceraldehyde ben­

ei) No. X X  of this Series, T h is  J o u r n a l , 58, 1661 (1936).
(2) W . L. Evans and R. C. Hockett, T h is  J o ur n a l , 63, 4384 

(1931).

zyl-cyclo-acetal3 (a eompound of the type known 
to have an unblocked hydroxyl group on the 
third carbon atom) according to the procedure of 
Königs and Knorr4 as improved by Kreider and 
Evans1*5 with the formation of crystalline 3-ß-d- 
glucosido-glyceraldehyde benzyl-cyclo-acetal tet- 
raacetate (I). In order to test the applicability of 
Hudson’s rules of isorotation to disaccharide de­
rivatives containing the glyceraldehyde benzyl- 
cyclo-acetal residue, 3-/3-/-arabinosidoglyceralde- 
hyde benzyl-cyclo-acetal triacetate (II) was like-

(3) H. O. L. Fischer and Erich Baer, Ber., 66, 337 (1932).
(4) W. Königs and E. Knorr, ibid., 34, 957 (1901).
(5) L. C. Kreider and W. L. Evans, T h is  J o urn al , 67, 229 (193Ä).
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wise prepared by the condensation of aceto- 
bromo-/-arabinose with glyceraldehyde ben­
zyl-cyclo-acetal.

Upon hydrogenation in the presence of pal­
ladium black, (I) yielded amorphous 3-ß-d- 
glucosidoglyceraldehyde tetraacetate (III). The 
complete cleavage of glyceraldehyde benzyl-cy­
clo-acetal acetate and related compounds had 
already been demonstrated by Fischer and Baer.3 
More thorough studies by Richtmyer6 had shown 
that only benzyl glycosides are completely split 
by catalytic hydrogenation.

Refluxing of (III) with anhydrous pyridine, fol­
lowed by acetylation, yielded a sirup which reacted 
with ^-nitrophenylhydrazine to form the crystal­
line £-nitrophenylhydrazone of ß-d-glucosidodi- 
hydroxyacetone pentaacetate.5 The yield of this 
hydrazone indicated an 8-9% conversion of the 
glucosidoglyceraldehyde derivative to the corre­
sponding glucosidodihydroxyacetone derivative. 
Fischer, Taube and Baer,7 in similar studies of the 
action of pyridine on glyceraldehyde, found a 
maximum conversion to dihydroxyacetone of 49%.

In the course of experiments carried out in the 
attempt to improve the yield of glyceraldehyde 
benzyl-cyclo-acetal from glyceraldehyde, it was 
found that glyceraldehyde diacetate on treat­
ment with titanium tetrachloride according to 
the method of Pacsu,8 smoothly yielded aceto- 
chloroglyceraldehyde. This underwent the 
Königs-Knorr4 reaction with benzyl alcohol to 
form what was apparently a mixture of isomeric 
benzyl glycoside acetates. From the mixture it 
was possible to separate the benzyl-cyclo-acetal 
acetate described by Fischer and Baer.3

In formulating the compounds shown, the ethyl­
ene oxide formula has been ascribed to the glycer­
aldehyde residues. This has been done to con- 
serve space and is not meant to imply that the 
glyceraldehyde derivatives described have this 
structüre. Although many of the properties of 
dimeric glyceraldehyde and its simple derivatives 
can be accounted for on the basis of an associated 
ethylene oxide formula, more recent work9 points 
to a dioxane ring structure for dimeric glycer-

(6) N. K. Richtmyer, T h is  J o u r n a l , 56, 1633 (1934).
(7) H. O. L. Fischer, Carl Taube and Erich Baer, Ber., 60, 479 

(1927).
(8) Eugen Pacsu, ibid., 61, 1510 (1928); T h is  Jo u rn al , 52, 2563 

(1930).
(9) H. G. Reeves, J. Chem. Soc., 2477 (1927); M. Bergmann, A. 

Miekley and E. von Lippmann, Ber., 62, 1467 (1929); M. Berg­
mann and A. Miekley, ibid., 62, 2297 (1929); W. Discherl and E. 
Braun, ibid., 63, 416 (1930),
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aldehyde and its derivatives. The ß-d-glucosido- 
glyceraldehyde benzyl-cyclo-acetal tetraacetate 
described in this paper appears to be almost en­
tirely dimeric in benzene at the freezing point 
and almost wholly monomeric at the tempera­
ture of melted camphor.

The results obtained in the study of the alkaline 
degradation of glucosidoglyceraldehyde tetra­
acetate will be incorporated into a later paper.

Experimental Part
Preparation of Reagents and Starting Materials.—The

crystallineglyceraldehyde used in this work was obtained 
from the laboratory of Dr. Fraenkel and Dr. Landau, 
Berlin-Oberschöneweide. It melted at 141°.

The acetobromo-d-glucose was prepared according to the 
procedure of Freudenberg.10 It was recrystallized twice 
from anhydrous ether and extensively dried in vacuo.

The acetobromo-Z-arabinose was prepared as described 
by Hudson and Dale.11 It was purified as described 
above.

The glyceraldehyde benzyl-cyclo-acetal was prepared, 
with a few minor modifications, according to the method 
of Fischer and Baer.3 The pyridine used was purified by 
refluxing and fractionating over barium oxide.

Other materials were prepared and purified as described 
by Kreider and Evans.12

3 -  ß  -  d  -  Glucosidoglyceraldehyde Benzyl - cyclo - 
acetal Tetraacetate.—The preparation of this compound 
was carried out in a three-necked flask fitted with a power- 
ful mercury-sealed stirrer. One neck of the flask carried a

(10) K. Freudenberg, A. Noë and E. Knopf, ibid., 60, 241 (1927).
(11) C. S. Hudson and J. K. Dale, T h is  J o u r n a l , 40, 992 (1918); 

cf. P. A. Levene and A. L. Raymond, J. Biol. Chem., 90, 247 (1931).
(12) L. C. Kreider and W . L. Evans, T h is  J o u r n a l , 58, 797 

(1936),
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dropping funnel, the other a calcium chloride tube. The 
following mixture was introduced into the flask and rapidly 
stirred for thirty minutes: 11.0 g. of glyceraldehyde benzyl- 
cyclo-acetal (1 mol), 22.0 g. of silver carbonate, 50.0 g. of 
finely powdered "Drierite,” and 120 cc. of benzene. A 
solution of 25.1 g. (1 mol) of acetobromo-d-glucose in 110 
cc. of benzene was then slowly added through the dropping 
funnel, the initial rate of addition being somewhat faster 
than at the end. The addition required approximately 
thirty minutes. As the addition progressed there was a 
rapid evolution of carbon dioxide, a marked rise in tem­
perature (10°), and a noticeable change in color. The 
mixture was stirred for at least five hours after the addition 
of the acetobromoglucose was complete. It was then fil­
tered by suction and the residue repeatedly washed with 
small quantities of benzene. The benzene solution was 
then evaporated to dryness in vacuo at room temperature. 
The half crystalline residue was dissolved in the least pos­
sible volume of boiling ethyl alcohol. When allowed to 
cool the product precipitated in clumps of needles. After 
three recrystallizations from ethyl alcohol and two from 
methyl alcohol the melting point was constant at 172-173 ° 
(corr.). The weight of crystals (needles) was 15.5 g., 
corresponding to a yield of 50%, calculated on the basis of 
the acetobromoglucose used; [ « ] 23d  —19.9° (c, 1.7; 
CHCla).

Anal. Calcd. for Ci6Hi808(C0CH3)4: acetyl, 7.83 cc. of 
0.1 iV" NaOH per 100 mg. Found: acetyl, 7.79 cc., 7.80 
cc. Mol. wt. Calcd. for (C24H30O12V. 1020. Found:
(cryoscopic in benzene) 995. Calcd. for C24H30O12: 510. 
Found: (Rast) 562.

The compound is readily soluble in ether, chloroform, 
benzene, ethyl acetate and acetone. It is insoluble in water 
and petroleum ether, and only slightly soluble in cold methyl 
or ethyl alcohol. The substance reduces hot Fehling’s 
solution only after hydrolysis by dilute mineral acid.

3 - ß - l - Arabinosidoglyceraldehy de Benzyl - cyclo - acetal 
Triacetate.—The procedure which was followed in pre­
paring this compound was exactly the same as that de­
scribed under the preparation of the corresponding ß-d- 
glucosido derivative. The following quantities of reac­
tants were used: glyceraldehyde benzyl-cyclo-acetal, 3.06 
g. (1 mol); silver carbonate, 9.88 g.; “Drierite,” 20.0 g.; 
acetobromo-^-arabinose, 5.8 g. (1 mol); benzene, 150 cc. 
The product was crystallized to constant melting point and 
rotation from methyl alcohol. The weight of the pure 
product (needles) was 0.51 g., corresponding to a yield of 
7%, calculated on the basis of the acetobromoarabinose 
used; m. p. 142-143° (corr.) [«]22d + 4.2° (c, 1.2; CHC13).

Anal. Calcd. for CisHnCMCOCH^: acetyl, 6.84 cc. 
of 0.1 N NaOH per 100 mg. Found: acetyl, 6.78 cc.

3 - ß  - d  - Glucosidoglyceraldehyde Tetraacetate.—Be­
cause of the danger of hydrolysis of the glycosidic link in 
acid media, the cleavage of j8-£Lglucosidogïyceraldehyde 
benzyl-cyclo-acetal tetraacetate was carried out in purified 
methyl alcohol. The palladium catalyst was prepared 
according to the method of Tausz and von Putnoky.13 
The apparatus used was a modification of that described by 
Gattermann-Wieland.14 The following procedure was

(13) J. Tausz and N. von Putnoky, Ber., 52B, 1573 (1919).
(14) L. Gattermann and H. Wiéland, “Laboratory Methods of 

Organic Chemistry," The Macmillan Co., New York, 1932, p. 367.

followed in carrying out the hydrogenations. The cata­
lyst and the solvent were introduced into the hydrogena­
tion flask and rapidly shaken in a hydrogen atmosphere 
until absorption of hydrogen ceased. The sample was then 
introduced and the system flooded with hydrogen. The 
flask was again shaken until absorption of hydrogen ceased. 
At the beginning practically none of the substance was in 
solution, whereas, when hydrogen absorption was com­
plete, the solution was homogeneous. At the end of a run 
the odor of toluene was very marked. The solution was 
filtered rapidly through a porous-bottomed crucible, care 
being taken to prevent contact of the catalyst with the air 
because of the danger of igniting the solvent vapors.

The results of two typical hydrogenations are tabulated 
below.

Wt. of eompound, g. 3.21 4.00
Wt. of catalyst, g. 1.00 1.00
Vol. of CH3OH, cc.
Vol. of H2 absorbed (std. concns.),

100 100

cc. 158 291
Theoretical vol. of H2 (1 mol), cc. 
Theoretical wt. of debenzylated com­

144 176

pound, g. 2.70 3.30
Actual wt. of reaction product, g. 2.68 3.27

After removal of the catalyst by filtration, the filtrate 
and washings were evaporated in vacuo to about one-fourth 
their volume. The remaining solution was decolorized 
with Norite, chilled in ice for several hours, and filtered. 
The filter and all other vessels used were washed out re­
peatedly with methyl alcohol to ensure complete trans­
ference of the product. The solution was evaporated in a 
crystallizing dish to a thick, colorless sirup in a vacuum 
desiccator. This was redissolved in a small volume of 
chloroform and the solution again evaporated to dryness. 
The same treatment was repeated successively with pure 
chloroform, 50% chloroform and petroleum ether (30- 
60°), 20% chloroform in petroleum ether, and three times 
with petroleum ether. The dish was covered with a watch 
glass during these operations to prevent loss by spattering. 
After the foregoing treatment, the product could be pow­
dered. Microscopie examination showed it to be amor­
phous. All attempts to bring about crystallization from a 
large number of solvents and combinations of solvents 
have failed up to the present.

Anal. Calcd. for CcH^CMCOCEL^: acetyl, 9.52 cc. of 
0.1 N  NaOH per 100 mg. Found: acetyl, 9.65 cc., 9.57 
cc. Mol. wt. Calcd. for (C n ^éO ^: 850. Found:
(cryoscopic in benzene) 840.

The amorphous solid melts to a thick sirup at 63°. 
Since this amorphous substance was analytically pure, a 
determination of the specific rotation was thought to be 
of value, The following result was obtained: [ck]24d

— 15.5° (c, 1.8; CHCI3). Attempts to prepare crys­
talline derivatives by acetylation and benzoylation failed. 
Likewise did the attempts to prepare substituted phenyl- 
hydrazones. The substance rapidly reduces Fehling’s so­
lution in the cold.

Conversion of ß-d-Glucosidoglyceraldehyde Tetraace­
tate to ß-d-Glucosidodihydroxyacetone Pentaacetate.—
The record of two experiments is given below. The
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glucosidoglyceraldehyde tetraacetate was refluxed with 
anhydrous pyridine (drying tube) at a bath tempera­
ture of 135-140°. The solution was then cooled some­
what and 10 cc. of acetic anhydride was added. The 
mixture was then allowed to stand overnight. It was 
poured into 500 cc. of ice water which was then extracted 
with 200 cc. of chloroform in small portions. The chloro­
form solution was washed successively with dilute sulfuric 
acid, sodium bicarbonate solution and water. It was 
dried over calcium chloride. Removal of the chloroform 
left a thick sirup which could not be crystallized. It was 
taken up in ethyl alcohol and heated on the water-bath 
with a saturated ethyl alcohol solution of />-nitrophenyl- 
hydrazine. The solution was then allowed to concentrate 
spontaneously over a period of a week. At the end of 
this time, reddish-yellow crystals had separated out. 
These were recrystallized three times from 95% ethyl al­
cohol, giving pale yellow needles which melted at 187° 
(corr.). Mixed melting point with an authentic sample 
of the ^-nitrophenylhydrazone of ß-d-glucosidodihydroxy- 
acetone pentaacetate was likewise 187°; [<*]23d —126.5°. 
In calculating the per cent. conversion, the reaction 
between the dihydroxyacetone derivative and p-nitro- 
phenylhydrazine is assumed to be complete. Experimen­
tal losses are also neglected.
Wt. of glucosidoglyceraldehyde tetra­

acetate, g..................................................... 1.5 1.5
Vol. of pyridine, cc....... ........................ .. 15 15
Time of refluxing, hrs...................................  2 3.5
Wt. of pure ^-nitrophenylhydrazone, g. .. 0.18 0.20
Per cent. conversion....................................  8.4 9.4

Acetochloroglyceraldehyde.-—The results of a series of 
experiments on the action of titanium tetrachloride on 
dimeric glyceraldehyde diacetate are given below in 
tabular form.

The glyceraldehyde diacetate was dissolved in purified 
chloroform. A 10% solution of purified titanium tetra­
chloride in anhydrous, alcohol-free chloroform was rapidly 
added and the mixture protected from moisture by a dry­
ing tube. Immediately after mixing a lemon-colored ad­
dition eompound precipitated out. The mixture was then 
refluxed on the water-bath or allowed to stand at room 
temperature. The precipitated solid gradually became 
darker in color, being almost black at the end of the re­
action. The mixture was poured into a large volume of 
ice water. The chloroform layer was separated and the 
water layer repeatedly extracted with small portions of 
chloroform until the volume of chloroform solution 
amounted to 200 cc. per gram of diacetate used. The 
chloroform layer was washed several times with water 
and then with sodium carbonate solution. It Was dried 
over calcium chloride. Evaporation of the chloroform 
under reduced pressure left a light brown-colored residue 
which was recrystallized by dissolving in the least possible 
quantity of boiling chloroform. When the solution had 
reached room temperature, an equal volume of petroleum 
ether (30-60°) was added and the mixture cooled in ice for 
several hours.

The pure eompound crystallized in fine needles. It 
was insoluble in water and petroleum ether, sparingly 
soluble in chloroform, ether, and benzene at ordinary 
temperatures, and easily soluble in acetone.

S u m m ary  o f  R e s u l t s
Time of

Diacetate, g. TiCL, g refluxing, hours Yield, %
1.0 1.0 4 49.7
4.0 4.0 4 35.0
4.5 4.8 6 15.4
1.0 1.0 14—rm. temp. 87.0
1.0 1.0 18—rm. temp. 83.3
1.0 1.0 23—rm. temp. 81.0

M. p. 174-175° (corr.). A nal. Calcd. for C6H 70 3C1:
Cl, 23.56. Found: Cl, 23.52.

Reaction of Acetochloroglyceraldehyde with Benzyl Al­
cohol.—A mixture of 2.1 g. of acetochloroglyceraldehyde, 
6 g. of silver carbonate and 30 cc. of benzyl alcohol was
shaken for eighteen hours at room temperature. At the 
end of this time it was heated on the water-bath for one 
hour. Following this it was cooled in ice for several hours 
before filtering. The residue was dried as far as possible 
by suction filtration, being washed with a little ice-cold 
ethyl alcohol to remove excess benzyl alcohol. It was 
then repeatedly extracted with boiling ethyl alcohol and 
finally with boiling chloroform, the alcohol and chloroform 
extracts being combined. The solvents were removed by 
a warm air stream, and the residual crystals recrystallized 
from the least possible volume of boiling 50% alcohol. 
The weight of crystals after the first recrystallization was 
2.3 g. The melting range was very wide. Melting be­
gan at 110° and was complete at 135°. After five re­
crystallizations from the same solvent, the weight of the 
substance was 0.75 g. and the melting point was constant 
at 141-142° (corr.). A mixed melting point with glycer­
aldehyde benzyl-cyclo-acetal acetate, prepared according to 
the procedure of Fischer and Baer,3 showed no depression.

Anal. Calcd. for CioHii0 3COCH3: acetyl, 4.50 cc. of 
0.1 N  NaOH per 100 mg. Found: acetyl (for substance 
melting at 110-135°), 4.44 cc.; (for substance melting 
at 141-142°) 4.45 cc.

By appropriate procedures it was possible to isolate 
from the mother liquors a small quantity of crystals 
melting at 109-110° (corr.). The quantity was not large 
enough for further work.

The results seem to point to the presence of two isomeric 
benzyl-cyclo-acetal acetates.

Discussion
In a manner similar to that suggested by Krei­

der and Evans12 the rotations of ß-d-glucosido- 
glyceraldehyde benzyl-cyclo-acetal tetraacetate 
and ß-Z-arabinosidoglyceraldehyde benzyl-cyclo- 
acetal triacetate may be considered in accordance 
with Hudson’s views to be the sum of two com­
ponents, A and B, A being used to designate that 
part of the rotation due to the group 

H H H

—C—G—CHü—C— C—O—CH2C6H 6 
I LOJ

and B that due to the remainder of the molecule. 
Since /-arabinose has been shown by Isbell15 to be

(15) H. S. Isbell, J. Chem. Ed., 12, 96 (1935).
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genetically related to ^-glucose, the A values for 
the d-glucosido derivative and the /-arabinosido 
derivative should have the same sign. If the 
principle of optical Superposition is valid, the A 
values should also have approximately the same 
magnitude. The B values for the two derivatives 
may be calculated from the rotations of the ol-  and 
jö-forms of the fully acetylated parent sugars. 
The A values may then be calculated from the 
experimentally determined rotations of the two 
glycosido derivatives. The values for the molecu­
lar rotation of A as calculated by this method are : 
^-^-glucosidoglyceraldehyde benzyl-cyclo-acetal 
tetraacetate, A —30,500; ß-/-arabinosidoglyceral- 
dehyde benzyl-cyclo-acetal triacetate, A —31,990. 
The difference between the numerical values of 
Hudson’s A for the two derivatives is very nearly 
equal to that reported by Kreider and Evans12 for 
the corresponding dihydroxyacetone derivatives.

Summary
1 . ß -d -Glucosidoglyceraldehyde benzylcyclo-

acetal tetraacetate and ß -l-arabinosidoglyceral- 
dehyde benzyl-cyclo-acetal triacetate have been 
prepared in crystalline condition.

2 . Cleavage of ß-d- glucosidoglyceraldehyde 
benzyl-cyclo-acetal tetraacetate by catalytic hy­
drogenation yields ^-^-glucosidoglyceraldehyde 
tetraacetate as an amorphous solid with an 
acetyl number and a molecular weight in good 
accord with the theory.

3. Refluxing 0-d-glucosidoglyceraldehyde tetra­
acetate in anhydrous pyridine, followed by acety­
lation, gives ß-d-glucosidodihydroxyacetone pen­
taacetate in yields of 8-9%, based on the quan­
tities of the ^-nitrophenylhydrazone of the latter 
eompound isolated.

4. Acetochloroglyceraldehyde has been pre­
pared in the crystalline condition. This reacts 
with benzyl alcohol to yield what is apparently a 
mixture of isomeric glyceraldehyde benzyl-cyclo- 
acetal acetates.
C o l u m b u s , Oh io  R e c e iv e d  J u ly  11, 1936

[C o n t r ib u t io n  from  t h e  Chem ical  L aboratory  of  H ow ard  U n iv e r s it y ]

Hydroxy Polyketones. III.1 Benzoylformoin
B y  A .  H .  B l a t t

In an earlier article2 we described the alkylation 
of benzoylformoin and presented the evidence for a 
revision of the structures formerly assigned to its 
alkylation products. In this article we complete 
our description of the Chemical behavior of the 
formoin and its derivatives.

The chemistry of benzoylformoin is that of a 
tautomeric mixture of the ene-diol (I) and the 
dihydroxyfuranone (II). While certain of its 
reactions may be ascribed to the alternative ene- 
diol (III) and to the hydroxy ketone (IV), there 
are no reactions of the material which require 
the existence of these latter two forms and the 
entire behavior of the formoin can be accounted 
for on the basis of an equilibrium between (I) 
and (II). The reactions which form the basis for 
these conclusions will now be described.

Salt formation, oxidation and quinoxaline 
formation characterize benzoylformoin as an ene-

(1) Second paper, T h is  J o u r n a l , 58, 81 (1936). Shortly after 
the present article was submitted to the Journal a paper by Karrer 
and Litwan appeared [Helv. Chim. Acta, 19, 829 (1936)] in which 
conclusions similar to ours about the structure of the formoins are 
advanced on the basis of iodine titrations.

(2) Blatt, T h is  J o u r n a l , 57, 1103 (1935).

O H . .O O

H O C — C = 0  
O HII I

C6H 5C c <
\ / N <

o
C6H5

C«H5C = -C (O H )C C C 6H5
I II

C6H 5C O C (O H )==C (O H )C O C 6H5 
I I I

Q H öC O C H O H C O C O C eH s C 6H 5CO CO CO CO C6H5
IV  V

diol. Werner described, without analytical data, 
a series of lakes obtained from the formoin and 
salts of several heavy metals.3 Sidgwick4 con- 
siders that these salts are derived from the com­
pletely chelated ene-diol (III) and that they con­
tain two five-membered chelate rings. In the 
absence of all details as to the composition of the 
salts this conclusion seems to us to be some­
what hazardous. We have succeeded in securing 
a copper derivative of the formoin which is ob- 
viously derived from an ene-diol for its com­
position corresponds to the replacement of two 
atoms of hydrogen by one of copper. However,

(3) Werner, Ber., 41, 1070 (1908).
(4) Sidgwick, “Electronic Theory of Valence/' Oxford University 

Press, Oxford, England, 1932, p. 245.
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no indication as to which of the two possible ene- 
diols is involved in the salt formation is available 
from the metallic derivatives of the formoin.

The ease of oxidation of benzoylformoin is in 
agreement with its formulation as an ene-diol. 
The earliest work with the formoin showed that 
it was oxidized to diphenyl tetraketone (V) by 
nitric acid and by bromine.5 I t is also oxidized 
to the tetraketone by thionyl chloride. Quite 
recently, Karrer6 has shown that the formoin is 
oxidized by iodine in acid solution and from the 
results of iodine titrations has concluded that it 
exists in solution to the extent of 57% as an ene- 
diol. We have not succeeded in isolating the 
tautomeric modifications whose existence is in­
dicated by these titrations but we have found 
that the stable yellow crystalline formoin when 
vacuum distilled furnishes a deep red unstable 
liquid distillate which gradually reverts to the 
stable yellow modification. Since the color of the 
distillate is so similar to that of the alkaline So­
lutions of benzoylformoin and to that of the un­
stable material which is first obtained on addifica- 
tion of these alkaline Solutions, we are of the 
opinion that the liquid is the ene-diol while the 
stable crystalline form is the dihydroxyfuranone. 
It is because of the greater volatility of the un­
stable modification that we have suggested the 
hydrogen bond (chelate linkage) shown in 
formula I.

Benzoylformoin is also oxidized by copper 
acetate in aqueous acetic acid.6 Since we had 
found that the closely related dibenzoylcarbinol on 
oxidation with copper acetate furnishes benzil in­
stead of diphenyl triketone, 1 we sought the oxida­
tion product of the formoin with this reagent. 
The product is benzil. Diphenyl tetraketone 
likewise furnishes benzil on oxidation with copper 
acetate, as does benzoin. From these results it is 
evident that not only are a-hydroxy ketones 
oxidized by copper acetate in an acid medium but 
also that the oxidative elimination of carbonyl 
groups from linear tri- and tetraketones is a 
general reaction. We have confirmed this by 
oxidizing 2,4,6-trimethylbenzoylformoin and find 
that the process is completely analogous and fur­
nishes dimesityl diketone.

With 0-phenylenediamine, benzoylformoin fur­
nishes the quinoxaline (VI) whose structure was

(5) Abenius, (a) Bihang Till K . Sv. Vet.-Akad. Handl., 20, 3 
(1894); (b) Ber., 27, 706 (1894).

(6) Karrer and v. Segesser, Helv, Chim. Acta, 18, 273 (1935); 
Karrer and Musante, ibid., p. 1140.

established by the following sequence of reactions.

/  > - c 6h 6

N nt̂
i— C H O H C O C öH ö

1— C H O H C ( C 6H ö)2

O H

V I I

f—  c 6h 5 

c o 2h

+  (C6H5)2> C = 0

V I I I

Quinoxaline formation may be ascribed to the 
hydroxy ketone tautomer (IV). We believe it is 
more reasonably considered as a reaction of the 
ene-diol (I) followed by ketonization and in a 
later paragraph we shall show that enolization of 
the hydroxy ketone system even in the quinoxaline 
(VI) can be brought about with surprising ease.

Alkylation and acylation of the formoin are 
predominantly the reactions of the furanone (II) 
but the course of these reactions can be directed by 
controlling the acidity or alkalinity of the reaction 
medium. Thus, alkylation with an alcohol and 
acid leads, as was shown earlier,2 to cyclic deriva­
tives such as (IX). Alkylation with methyl sul­
fate in sodium hydroxide solution, however, fur­
nishes the open-chain ether (X, R =  CH3) .

HO—C—C = 0  
I! I /O R

C6HsC C< OH............OO
X / x c 6h 5 I , 1 1 1 1

O C6H5C=C(OR) c c «h 6
I X  X

Acetylation leads to three acetyl derivatives: a
diacetate and two isomeric monoacetates. Acetic 
anhydride alone or containing sulfuric acid, acetyl 
chloride alone or in pyridine, all fumish the cyclic 
diacetate (XI, R =  CH3). The two acetyl 
groups in this substance are easily hydrolyzed 
either by acids or bases.5 Treatment with o -  

phenylenediamine effects partial hydrolysis re­
moving the enolic ester group to fumish the mono­
acetate (XII). That it is the enolic ester group 
which is eliminated is shown by the fact that the 
acetate (XIII) on treatment with 0-phenylene- 
diamine undergoes a parallel reaction to fumish 
the methoxyl eompound (IX, R = CH3). With 
acetic anhydride and sodium hydroxide the for­
moin yields an isomeric monoacetate (XIV).
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This monoacetate, like its isomer, may be hy­
drolyzed by acids or bases and with acetic an­
hydride and sulfuric acid forms the cyclic di­
acetate (XI). With ö-phenylenediamine the 
monoacetate (XIV) furnishes the hydroxyquin- 
oxaline (XV).

RCOOC—C = 0
/OCORII I /  

C6HbC c<
V /  N

O 
XI

CH3COOC—c = o
II I /OCH 3 

C6H5C C<
\ /  X C6H 5

o
XIII

HO—0 —0 = 0
II I .OCOCH3

c 6h 5c  c<
\ /  X C6H5

o
XII

C6H 5COCHCOCOC6H5

OCOCHa
XIV

/ V

\NT^
XV

-c6h 6

-OH

The acetyl derivatives of the formoin are so 
readily hydrolyzed that it is difficult to secure 
reliable information about them. In order to get 
around this difficulty, we treated benzoylformoin 
with 2,4,6-trimethylbenzoyl chloride, expecting 
that the resulting highly substituted acyl deriva­
tive would be relatively insensitive. This proved 
to be the case and we obtained a diacyl derivative 
of the ene-diol having the structure (XVI, R =
2.4.6- (CH3) 3CeH2—) for it reacted with 0-phenyl- 
enediamine to form the quinoxaline (XVII) 
which could be oxidized to the known hydroxy- 
quinoxaline (XV). I t is not improbable that 
acetylation with acetyl chloride in pyridine, which 
eventually leads to the diacetate (XI, R = CH3), 
furnishes first a diacetate (XVI, R = CH3) which 
is rearranged by acids to the product actually ob­
tained, for the diacyl derivative (XVI, R =
2 .4 .6- (CH3)3C6H2—) is converted by prolonged 
treatment with acid to an isomer which does not 
react with 0-phenylenediamine. The di-(tri­
methyl) -benzoate (XVI) in which no mobile 
hydrogen atom is present is the only derivative of 
the ene-diol to which a structure free from am- 
biguity can be ascribed.

C6H5C = C — COCOCä

OCOROCOR
XVI

V - C«Ht

•N< 

XVII

1—c= c c 6h 6

I OCOC3H2(CH3) 3 
OCOC6H2(CH3) 3

Considering next the dialkyl derivatives of 
benzoylformoin which have the structure (XVIII), 
we find that the glycosidic alkyl group is dis­
tinguished from the enolic alkyl group by its 
behavior toward acetic anhydride and sulfuric acid 
and toward hydrogen bromide in acetic acid. 
With the former reagent alkoxyl is replaced by 
acetoxyl to fumish the alkoxy acetate (XIX), 
isomeric with the previously mentioned acetate 
(XIII) and differing from it in that it is unaffected 
by ö-phenylenediamine. With hydrogen bromide 
both the dialkyl derivatives (XVIII) and the 
alkoxy acetates (XIX) yield the bromofuranone 
(XX). The bromofuranone was not isolated 
in a pure state because it was always accompanied 
by the dimolecular product (XXI). The ease of 
formation of dimolecular products is even more 
pronounced in the case of our bromofuranones 
than with the analogous triphenylbromofuranone 
recently described by Kohier.7 Our bromo­
furanones (XX) are converted to the dimolecular 
compounds by prolonged treatment with hydrogen 
bromide in acetic acid—a fact of particular inter­
est in connection with recent observations on the 
reduction of «-bromo ketones by hydrogen 
bromide.8

R'OC—C = 0  
II I /O R  

C6H5C C<
\ /  x c 6h 6

O
XVIII

ROC—0 = 0  
II I /B r  

c6h 6c c<
\ /  x c 6h s 

o
XX

ROC—0 = 0
II I /OCOCH3

c6h 5c  c<
\ /  x c 6h 5

o
XIX

ROC—C = 0  0 = 0 — COR

c6h 5c  c- - c  c c 6h 6

\ / \  / \ /
O CeHöCeHfiO

XXI

The open chain monomethyl derivative of ben­
zoylformoin, like benzoylformoin, shows the be­
havior of a tautomeric mixture of the two forms: 
(X, R = CH3) and (XXII, R = CH3) . With 0 - 
phenylenediamine it furnishes the quinoxaline 
(XXIII), on acid methylation the dialkyl deriva­
tive (XVIII, R, R ' =  CH3), on acetylation the 
acetate (XIX, R = CH3) and with hydrogen 
bromide the dimolecular product (XXI, R =? 
CHa)* The ordinary erystalline pale yellow 
monomethyl derivative is probably the furanone 
{XXII, R =  CH3). On distillation it furnishes a 
red modification, presumably (X, R = CH3), 
whose color is analogous to that of the alkaline

(7) Kohier, Westheimer and Tishler, T h is  $&> .264
,(1930).

(8) Kröhnke and Timmler, Ber., $9, 614 (1936).,
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Solutions of the ether and to the color of the first 
unstable product obtained by acidifying these 
alkaline Solutions.

ROC—C = 0  
li I /O H

c6h 5c  c <
\ /  \ c6h 6

o
XXII

/N,
c6h 6

\  i —CHCOCeHs
|
OCH3

XXIII

The facts presented up to this point furnish a 
consistent picture of benzoylformoin and its open 
chain monoalkyl derivatives as ene-diol—hydroxy- 
furanone tautomers, and of its cyclic tnono- 
and di-alkyl derivatives as alkoxyfuranones. 
There are two facts, however, which, while they 
are no better interpreted on any alternative 
formulation, are less concordant. The first is 
the stability of the formoin and its open chain 
monoalkyl derivatives toward alkali. While they 
are cleaved, as one would expect of a-diketones, 
by alkaline peroxide, they do not undergo a 
benzilic acid rearrangement with alkali alone. 
The second is the behavior of the open chain 
monoethyl derivative (X, R = C2H5, and XXII, 
R = C2H5). On acid alkylation, with hydrogen 
bromide, and with acetic anhydride and sulfuric 
acid it behaves like its methyl analog. With 0 - 
phenylenediamine, however, it does not give a 
quinoxaline analogous to (XXIII) but, instead, 
like the acetate (XIV) furnishes the hydroxy- 
quinoxaline (XV). With bromine it yields a 
monobromo derivative for which no other struc­
ture than (XXIV) is reasonable but which is re- 
markably stable for a substance having such a 
structure.

OC2H8

C6H5COCCOCOC6H5
I

Br
XXIV

/XV

XXV

-C6H5

-CH2OR

Finally attention should be called to the be­
havior of the quinoxalines (VI) and (XXIII) 
toward sodium methylate. On treatment with 
this reagent they form intensely colored Solutions 
reminiscent of those of the metallic derivatives of 
stilbene diol. These Solutions gradually lose 
their color and furnish methyl benzoate, benzoic 
acid, the hydroxyquinoxaline (XV) and from the 
quinoxaline (VI) the carbinol (XXV, R — H), 
from the quinoxaline (XXIII) the ether (XXV, 
R = CH3). The formation of methyl benzoate, 
the carbinol (XXV, R = H) and its methyl ether 
(XXV, R = CH3) are obviously due to the addi­

tion of alcohol or alcoholate and subsequent 
cleavage—a process similar to the alcoholysis of 
dibenzoylcarbinol.1 The formation of the hy­
droxyquinoxaline (XV) must be a result of an 
oxidation process.

Experimental
Benzoylformoin distils at about 240° at a pressure of 

0.5 mm. The deep red distillate on standing or on solution 
in alcohol reverts to the ordinary yellow stable crystalline 
form. Our previous statement2 that the formoin decom­
posed on melting is incorrect. The formoin undergoes 
gradual autoxidation on standing.

Salt Formation and Oxidation.—In ethereal solution 
shaken with copper acetate benzoylformoin furnishes a 
brown copper derivative of the ene-diol. For analysis the 
copper derivative was washed with ether and vacuum 
dried.

Anal. Calcd. for CjbHkA iCu : Cu, 19.23. Found:
Cu, 18.84.

When benzoylformoin was boiled with thionyl chloride 
a carmine red solution resulted. Evaporation of this 
solution over alkali in a desiccator left diphenyl tetra­
ketone (V). The tetraketone crystallized from benzene 
in splendid scarlet crystals melting at 110-112° and was 
identified by a mixed melting point with a synthetic 
sample prepared by the nitric acid oxidation of benzoyl­
formoin.9 The product of the nitric acid oxidation is the 
tetraketone hydrate which is easily converted to the 
anhydrous material by high vacuum distillation.

When benzoylformoin was dissolved in 60% acetic acid 
and warmed at 80° for one hour with an excess of saturated 
aqueous copper acetate, then filtered hot from the pre­
cipitated cuprous oxide and diluted with water, an ex­
cellent yield of benzil was obtained. On similar treatment 
diphenyl tetraketone and benzoin also gave benzil.

When 2,4,6-trimethylbenzoylformoin10 was oxidized 
in the same way with copper acetate the product melted 
at 117-118°. Since the melting point did not suffice to 
distinguish between the two possible products, dimesityl 
triketone11 and dimesityl diketone,12 the product was 
analyzed and found to be the diketone. {Anal. Calcd. 
for C20H22O2: C, 81.6; H, 7.5. Found: C, 81.6; H, 7.67.) 
The yield is excellent and the process makes readily avail­
able this highly hindered diketone.

Quinoxaline Formation.—When 5.4 g. of benzoylfor­
moin dissolved in 30 cc. of hot methanol was boiled for 
one hour with an excess (3.0 g.) of ö-phenylenediamine, the 
solution on cooling deposited 4.7 g. of the quinoxaline
(VI). For analysis the material was crystallized from 
acetic acid. It was sparingly soluble in the ordinary sol­
vents and melted to a red liquid at 187-188°.

Anal. Calcd. for C22H16O2N2: C, 77.6; H, 4.7. Found: 
C, 77.36; H, 4.7.

To establish the structure of the quinoxaline (VI) it was 
converted to the glycol (VII) which was then oxidized. 9 10 11 12

(9) Abenius and Söderbaum, Ber., 24, 3034 (1891).
(10) Gray and Fuson, T h is  J o u r n a l , 56, 1367 (1934). We are 

indebted to Dr. R. C. Fuson for a sample of the formoin.
(11) Fuson, Matuszeski and Gray, ibid., 56, 2100 (1934).
(12) Kohier and Baltzly, ibid., 54, 4024 (1932).
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For this purpose 1.7 g. of the powdered quinoxaline 
was added to an excess of magnesium--free phenylmag­
nesium bromide and the reaction mixture on decomposi­
tion with sulfuric acid furnished 1.9 g. of the glycol. The 
material, which was sparingly soluble in the ordinary sol­
vents, crystallized well from benzene and petroleum ether 
in fine needles melting at 163-164°.

Anal. Calcd. for C28H220 2N2: C,80.4; H, 5.3. Found: 
C, 80.7; H, 5.4.

When the quinoxaline glycol (VII) suspended in warm 
glacial acetic acid was oxidized with the calculated amount 
of chromic oxide, the reaction mixture taken up in ether, 
washed with water and extracted with sodium carbonate, 
the extract furnished on acidification 3-phenylquinoxaline
2-carboxylic acid (VIII)—identified by comparison with 
a sample prepared according to the directions of Wahl.13 
From the ether, by evaporation and steam distillation, 
benzophenone was obtained.

In order to be certain that no benzoic acid (which would 
show the presence of a quinoxaline isomeric with VI but 
having the positions of the hydroxyl and carbonyl groups 
interchanged) had been formed in the oxidation and had 
been lost by admixture with the quinoxaline acid (VIII), 
we did a second oxidation of the glycol (VII) using a 
large excess of chromic acid. In this oxidation the prod­
ucts were benzophenone and the hydroxyquinoxaline 
(XV).14 The hydroxyquinoxaline being soluble in alkali 
hydroxides and insoluble in alkali carbonates permitted a 
Chemical Separation from any benzoic acid which might 
have been formed. No benzoic acid was found. We 
had previously assured ourselves by a separate experiment 
that the quinoxaline acid (VIII) was converted to the 
hydroxyquinoxaline (XV) by chromic oxide.

Acylation.—The cyclic diacetate (XI, R =  CHS) was 
described by Abenius, who obtained it from the formoin 
and acetic anhydride.5 We find that it is prepared 
in quantitative yield by treatment of the formoin with 
acetic anhydride and a little sulfuric acid. Other methods 
of preparation have been described in the introduction. 
The cyclic diacetate is stable and since it can be hydrolyzed 
to the formoin with alkali and converted to the furanone 
ethers (IX) with alcoholic acid, it is useful for storing 
the formoin. We were unable using alkali hydroxides 
to effect partial hydrolysis of the diacetate. This was 
possible, however, with ö-phenylenediamine. Thus, when
1.7 g. of the diacetate in 25 cc. of boiling benzene was 
heated for two hours with 0.6 g. of the diamine and the 
solvent then removed in vacuo, a yellow solid was obtained, 
After crystallization from alcohol or acetic acid the pale 
yellow product melted at 198°.

Anal. Calcd. for Ci8H140 5: C, 69.7; H, 4.5. Found: 
C, 69.7; H, 4.8.

The cyclic monoacetate (XII) is converted by acetic an­
hydride and sulfuric acid to the diacetate (XI, R = CH3). 
With methyl alcohol and hydrochloric acid it furnishes 
the cyclic ether (IX, R — CHg) and with alcoholic alkali it 
furnishes benzoylformoin.

When 2.7 g. of the formoin in 40 cc. of water containing 
0.8 g. of sodium hydroxide was shaken for two hours with

(13) Wahl, Bull. soc. chim., [4] 1, 461 (1907).
(14) Buraczewski and Marchlewski, Ber., 34, 4009 (1901).

2 cc. of acetic anhydride, the deep red color of the solution 
disappeared and 3.0 g. of a colorless solid precipitated. 
After crystallization from dilute alcohol the product 
melted at 109-110°.

Anal. Calcd. for Ci8H140 5: C, 69.7; H, 4.5. Found: 
C, 69.7; H, 4.4.

The open chain monoacetate (XIV or its enol) is con­
verted to the cyclic diacetate (XI, R = CH3) by acetic 
anhydride and sulfuric acid and on treatment with o- 
phenylenediamine furnishes the hydroxyquinoxaline (XV).

When 7.3 g. of 2,4,6-trimethylbenzoyl chloride was added 
to a cold solution of 5.4 g. of the formoin in 40 cc. of pyri­
dine and the reaction mixture was left for forty hours then 
decomposed with iced dilute hydrochloric acid a mixture 
of a solid and a sticky oil was obtained. Ether was added 
and the solid, 4.4 g\, was separated by filtration. The 
ether extract, after washing with dilute acid, was evapo­
rated and furnished an additional 3.1 g. of the solid. The 
product after crystallization from acetic acid melted at 
145°.

Anal. Calcd. for Csel^Oe: C, 77.1; H, 5.7. Found: 
C, 76.9; H, 5.8.

The di-(2,4,6-trimethyl)-benzoate of benzoyl formoin 
(XVI, R = 2,4,6( CH8)3C6H2—) is sparingly soluble in the 
ordinary solvents. When 0.5 g. of the material was sus­
pended in 20 cc. of boiling methyl alcohol containing 0.2 
g. of ö-phenylenediamine and boiled for four and one- 
half hours, the solution after the usual ether extraction 
gave 0.2 g. of the quinoxaline (XVII). The very spar­
ingly soluble quinoxaline was crystallized from acetic 
acid and melted at 182-183°. {Anal. Calcd. for CaHwr 
0 4N2: C, 79.7; H, 5.7. Found: C, 79.2; H, 6.0.) The 
quinoxaline was oxidized with chromic oxide in hot glacial 
acetic acid and furnished the hydroxyquinoxaline (XV), 
m. p. and mixed m. p.

In one preparation of the diacyl derivative (XVI, 
R==2,4,6-(CH3)3C6H2—) we obtained two products: the 
145° eompound already described and an isomer which 
melted at 189°. {Anal. Calcd. for C36H32O6: C, 77.1; 
H, 5.7. Found: C, 76.8; H, 5.6.) The formation of the 
189° isomer could not be repeated but we found that when 
0.5 g. of the 145° isomer suspended in 25 cc. of methyl 
alcohol and 2 cc. of concd. hydrochloric acid was boiled 
for two hours, it was converted into the 189° isomer. 
The 189° isomer did not react with ö-phenylenediamine 
after six hours of boiling in an alcoholic suspension.

The alkylation products of benzoylformoin can also be 
acetylated with acetic anhydride and sulfuric acid. The 
glycosidic monomethyl derivative (IX, R = CH8) fur­
nishes the acetate (XIII) already described by Abenius.5 
When 1.6 g. of the acetate (XIII) in benzene solution was 
boiled for an hour with 0.54 g. of ö-phenylenediamine, it re- 
generated the methoxyl eompound (IX, R — CHj). The 
cyclic dialkyl derivatives (XVIII) undergo replacement 
of the glycosidic alkoxyl group by acetoxyl on treatment 
with acetic anhydride and sulfuric acid. Thus, when 3.0 
g. of the dimethyl derivative (XVIII, R, R' = CH3) was 
dissolved in 10 cc. of acetic anhydride containing a drop 
of sulfuric acid, the reaction mixture soon solidified. De­
composition with water furnished a quantitative yield of 
the methoxy acetate (XIX, R = CH3) which melted, after 
crystallization from acetone, at 164-165° and which was
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unaffected by ö-phenylenediamine in benzene solution. 
{Anal. Calcd. for C19H16O5: C, 70.4; H, 4.9. Found: 
C, 70.3 ; H, 5.0.) In similar fashion, the diethyl derivative 
(XVIII, R, R' = C2H5) furnishes with acetic anhydride 
and sulfuric acid, the ethoxy acetate (XIX, R —C2H5) 
which, after crystallization from alcohol, melts at 133°. 
{Anal. Calcd. for C20H18O5: C, 71.0; H, 5.3. Found: 
C, 70.7; H, 5.1.)

That it is the glycosidic alkyl group which is replaced 
on treatment of the dialkyl derivatives with acetic an­
hydride and sulfuric acid is shown by the fact that when 
the open chain monoalkyl derivatives of benzoylformoin 
(X) or (XXII) are treated with acetic anhydride and sul­
furic acid they furnish the same cyclic alkoxy acetates 
(XIX) as are obtained from the dialkyl derivatives. Thus 
the methyl derivative (XXII, R =  CH3) furnishes (XIX, 
R=CH 3) while the ethyl derivative (XXII, R==C2H8) 
furnishes (XIX, R-C2H5).

Reactions with Hydrogen Bromide in Acetic Acid.—On
treatment with this reagent the formoin and all of its 
derivatives which do not contain an alkyl group in the 
position occupied by R' in formula XVIII or R in formula 
XXII are destroyed and no definite products can be iso­
lated. Derivatives of the formoin containing an alkyl 
group in the position indicated, for example the dialkyl 
derivatives (XVIII), the alkoxy acetates (XIX) and the 
monoalkyl derivatives (XXII) undergo replacement of 
alkoxyl, acetoxyl or hydroxyl by bromine with subsequent 
reduction of the resulting bromofuranones (XX) to the 
dimolecular products (XXI). Thus, the dimethyl de­
rivative (XVIII, R ,R '~ CHS), the methoxy acetate 
(XIX, R = CH3) and the monomethyl derivative (XXII, 
R = CHa), on solution in acetic acid and addition of a 
saturated solution of hydrobromic acid in acetic acid, 
gradually deposited a mixture of bromofuranone (XX, R = 
CHs) and dimolecular product (XXI, R = CH3). The di­
molecular product interfered with the purification of the 
bromofuranone, so we contented ourselves with showing 
that the impure bromo eompound could be converted 
to the dimolecular product by heating or by treatment 
in acetone solution with acidified potassium iodide. The 
dimolecular product was purified by crystallization from 
benzene and ligroin (70-90°) and from benzene alone. It 
melted at 226-227°.

Anal Calcd. for C34H260 6: C, 77.0; H, 4.9. Found: 
C, 76.9; H, 4.9.

The diethyl derivative (XVIII, R,R' = C2H5) and the 
monoethyl derivative (XXII, R = C2H8) with hydrogen 
bromide in glacial acetic acid furnish the ethoxy di­
molecular product (XXI, R = C2H5). Purified by crys­
tallization from benzene and ligroin, this dimolecular com­
pound melted at 218-219°. {Anal. Calcd. for Ĉ HaoO«: 
C, 77.4; H, 5.4. Found: C, 77.0; H, 5.5.) That it is 
the glycosidic alkyl group which is replaced in the re­
action with hydrogen bromide is shown by the fact that 
ethyl‘methyl benzoylformoin (XVIII, R = C2H5, R' = CHS) 
on treatment with this reagent furnishes the methoxy 
dimolecular product (XXI, R = CH3).

The bromoethoxy eompound (XXIV) has been described 
by Abenius.5 It can be vacuum distilled without de­
composition and is reduced by acidified potassium iodide 
to regenerate the monomethyl derivative (X or XXII,

R — CH3 ). With ö-phenylenediamine the bromo com­
pound gives the hydroxyquinoxaline (XV). Attempts to 
synthesize the bromo eompound by adding ethyl bromide 
to diphenyl tetraketone were not successful.

The Action of Sodium Methylate on the Quinoxalines 
(VI) and (XXIII).—When 1.36 g. of the quinoxaline (VI) 
was dissolved in 30 cc. of methyl alcohol containing 1.6 
g. of sodium an intensely purple colored solution resulted. 
The color of this solution faded very slowly in a stoppered 
container, rapidly when exposed to the air. In either case 
the odor of methyl benzoate was pronounced. After the 
color of the solution had bleached, water and ether were 
added. The aqueous layer was acidified, then made al­
kaline with sodium carbonate. The precipitate at this 
point consisted of 0.35 g. of the hydroxyquinoxaline (XV). 
The sodium carbonate filtrate was acidified and furnished 
0.2 g. of benzoic acid. From the ethereal extract on evapo­
ration there was obtained 0.5 g. of the quinoxalyl carbinol 
(XXV, R = H) which was purified by crystallization from 
ether and petroleum ether and from dilute methanol. It 
melted at 140-141 ° and could be distilled in a high vacuum.

Anal. Calcd. for C15H12ON2: C, 76.3; H, 5.1. Found: 
C, 76.2; H, 5.2.

When the quinoxaline (XX III)2 was treated in similar 
fashion with sodium methylate, the alkaline solution was 
a vivid red. On working up the products of the reaction, 
methyl benzoate was identified by its odor, benzoic acid 
and the hydroxyquinoxaline (XV) by mixed melting 
points. The fourth product of the reaction, quinoxalyl 
carbinol methyl ether (XXV, R =  CH3), was obtained in 
much larger amounts than was the corresponding carbinol 
from the quinoxaline (VI). The ether was purified by 
high vacuum distillation and by crystallization from dilute 
methanol. It melted at 78-79°.

Anal. Calcd. for C16H14ON2: C, 76.8; H, 5.6; OCH3, 
12.4. Found: C, 77.1; H, 5.7; OCH3, 12.8.

The structures of the quinoxalyl carbinol and its methyl 
ether were established by etherification of the former to 
yield the latter and by oxidation of the carbinol to the 
known quinoxaline acid (VIII). Thus, 0.24 g. of the 
carbinol was dissolved in methyl iodide and boiled with 
a half gram of powdered sodium hydroxide for three hours. 
After removal of the methyl iodide, the reaction product 
was vacuum distilled and gave a quantitative yield of the 
methyl ether (XXV, R = CH,). When 0.15 g. of the 
carbinol was oxidized in acetic acid with the calculated 
amount of chromic acid, the reaction mixture taken up in 
ether and washed with water, then extracted with sodium 
carbonate, the extract furnished on acidification 0.10 g. 
of the quinoxaline acid (VIII).

Summary
A description of the Chemical behavior of 

benzoylformoin and its derivatives is presented. 
On the basis of this description it is concluded 
that the formoin and its open-chain monoalkyl 
derivatives are ene-diol hydroxyfuranone tauto- 
mers, while its cyclic mono- and dialkyl deriva­
tives are alkoxyfuranones.
W a s h i n g t o n , D. C. R e c e i v e d  J u l y  15, 1936
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The Action of Alkali on Acylated Ketoximes. II.1 Steric Hindrance to Alkaline
Hydrolysis

B y  A . H . B latt and  R . P. B a r n es

Although chemists have not agreed upon the 
relative importance to be assigned to steric fac­
tors in Chemical reactions, they have recognized 
the existence of hindrance in the alkaline hy­
drolysis of esters since the early experiments of 
Victor Meyer.2 The acylated ketoximes are 
esters of organic acids and oximes and as such one 
would expect that their alkaline hydrolysis would 
be subject to hindrance when the acyl group in­
volved was properly substituted. Since we were 
unable to find any data bearing directly on this 
point, and since we had need of specific informa­
tion on it, we have examined the behavior toward 
alkali of the benzoates and 2,4,6-trimethylbenzo- 
ates of benzophenone oxime and the a-oxime of 
^-chlorobenzophenone. In addition, in order to 
make certain that configuration played no part, 
we included the benzoates and trimethylbenzoates 
of both oximes of ̂ -methoxybenzophenone.

As our interest was in the existence of hindrance 
rather than in the exact amount of hindrance, 
we have not made quantitative studies of reaction 
rates but have, instead, contented ourselves with 
comparative tests. Our procedure consisted in 
determining first the conditions under which an 
oxime benzoate was completely hydrolyzed. 
We then made parallel runs with the benzoate and 
the corresponding trimethylbenzoate under these 
previously determined conditions. As was to be 
expected, hydrolysis was suppressed by hindrance 
for, without exception, the 2,4,6-trimethylbenzo- 
ates were unaffected by the treatment which 
served to hydrolyze the benzoates completely.

The structures* of the oxime benzoates em­
ployed were established both by their method of 
preparation and by their hydrolysis. The struc­
tures of the oxime trimethylbenzoates followed 
with near certainty from their method of prepa­
ration, for it is known that oximes of the benzo­
phenone type on treatment with pyridine and an 
acid chloride furnish acylated oximes and not re­
arrangement products unless the acid chloride is 
derived from a strong acid—e. g., benzenesulfonic 
acid. 2,4,6-Trimethylbenzoie acid is of the same

(1) First paper, T h is  J o u r n a l , 87, 1330 (1935),
(2) Meyer, Ber., 28, 1263 (1895). Compare Freudenberg,

“Stêreochemie/’ Franz Deuticke, Vienna, 1933, p. 462.

order of strength but somewhat weaker than ben­
zoic acid so that a rearrangement in the prepara­
tion of the trimethylbenzoates seemed most im­
probable.3 Since, however, our experiments with 
the trimethylbenzoates were meaningless unless 
these substances had the structures assigned them, 
we have hydrolyzed all the trimethylbenzoates by 
prolonged heating with alcoholic hydrochloric 
acid. This treatment furnished in each case tri- 
methylbenzoic acid and the ketone from which 
the oxime was derived, showing that our starting 
materials were acylated ketoximes. This pre- 
caution was particularly necessary in the case of 
the ß-oxime of ^-methoxybenzophenone for it 
gave two isomeric products on treatment with
2,4,6-trimethylbenzoyl chloride. Both isomers 
on acid hydrolysis furnished ^-methoxybenzo­
phenone and 2,4,6-trimethylbenzoic acid and 
neither isomer was hydrolyzed by alkali. Pre­
sumably this is a case of dimorphism but it is not 
absolutely certain.

The fact that the hydrolysis of these acylated 
ketoximes is subject to hindrance is strong pre- 
sumptive evidence that it proceeds through an 
addition reaction. An observation which we 
made during the hydrolysis of the benzoates has 
confirmed this and has enabled us to show the 
nature of the addend. When the benzoates were 
hydrolyzed by treatment in alcoholic solution with 
aqueous sodium hydroxide and the reactions were 
stopped by pouring into large volumes of water, 
the products were not oxime and sodium benzoate 
but oxime and ethyl benzoate. The isolation 
of the small amount of ethyl benzoate formed was 
not feasible under the conditions of our experi­
ments. Consequently, in order to establish the 
formation of an ester in the alkaline reaction 
medium, we hydrolyzed the ^-phenylbenzoate of 
acetoxime (I) using methyl alcohol and aqueous 
sodium hydroxide. This gave methyl ^-phenyl- 
benzoate (II). In our opinion the only reasonable 
interpretation of these facts is that the alkaline 
hydrolysis of acylated ketoximes under the condi-

(3) The- dissociation constants at 25° of benzoic acid and 2,4,6- 
trimethylbenzoic acid are 6.15 X 10 ~4 and 3.7 X 10~4, respectively. 
"International Critical Tables," Vol. VI, M cG raw -H ill Book Co., 
Inc., New York City, 1929, pp. 249, 295.
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tions of our experiments proceeds through the, 
probably reversible, addition of alcohol followed 
by cleavage of the intermediate addition prod­
uct—-the reaction series (A).
(CH ^C ^N O C O C eH ^H ?-/» +  CH3OH 

I
(CH3)2> C = N — OC— CeËLCeHs-^ >

OH OCH?
(CH3)2> 0 = N O H  +  CH3OCOC6H4C6H6-£ 

i i
(A)

The application of this mechanism to the alkaline 
hydrolysis and alcoholysis of carboxylic esters is 
sufficiently obvious to make specific comment 
unnecessary.

With the existence of hindrance in the alka­
line hydrolysis of acylated ketoximes thus estab­
lished, we have made use of it in order to secure 
additional information about the two processes 
which take place when acylated benzoin oximes 
are treated with alkali. I t has previously been 
shown1 that acylated a-benzoin oximes (III) on 
treatment with alkali are cleaved to benzalde­
hyde, benzonitrile and the acid corresponding to 
the acyl group present, while the isomeric acylated 
ß-benzoin oximes (IV) on similar treatment do 
not undergo cleavage but instead are hydrolyzed 
to oxime and acid.

C6H5CH—CCeHs
I II

OH NOCOR 
III

CeHsCH- -CC6H6

OH RCOON 
IV

To determine the effect of hindrance on these two 
processes we have examined the behavior toward 
alkali of the trimethylbenzoates of both benzoin 
oximes. The trimethylbenzoate of a-benzoin 
oxime (III, R = 2,4,6-(CH3)3C6H2—) on treat­
ment with aqueous sodium hydroxide or alco­
holic sodium carbonate cleaves, at least as readily 
as do the unhindered esters of this oxime, to benzo­
nitrile, benzaldehyde and trimethylbenzoic acid. 
The trimethylbenzoate of ß-benzoin oxime (IV, 
R = (CH3)3CeH2—) under the same conditions 
is unaffected. The application of these results 
to the acylated benzoin oximes is straightforward. 
Hydrolysis, here as in other acylated ketoximes, 
is the usual type of ester hydrolysis which pro­
ceeds through an addition reaction and which is 
stopped by hindrance. Cleavage, which is not af­
fected by hindrance, obviously does not involve 
an addition reaction and must follow a quite 
different course.

The most probable course for the cleavage is

one which is an application to the acylated a- 
benzoin oximes of the mechanism which Mills4 has 
proposed for the action of alkali on aldoxime 
acetates. Stereoisomeric aldoxime acetates on 
treatment with alkali undergo cleavage to nitrile 
and acid or hydrolysis to aldoxime and acid. 
Mills has suggested that the first step in both 
cases is the loss of the aldehydic hydrogen atom 
as a proton. The resulting gap molecules will 
then, depending upon their configuration, either 
lose an acetate ion—cleavage—or undergo hy­
drolysis and regain a proton. This mechanism, 
applied to the acylated benzoin oximes with 
which we are dealing, involves the loss of the 
hydroxyl hydrogen atom as a proton from both 
isomers. I t is in complete agreement with all the 
available facts insofar as the a-derivatives, those 
which cleave, are concerned. In the case of the ß- 
derivatives we have already shown that the reac­
tion involved is the usual type of ester hydrolysis 
proceeding through an addition reaction and we 
see no necessity for the assumption of the loss 
of a proton and the formation of gap molecules.

The essential difference between our point of 
view and that of Mills is that while Mills regards 
configuration as determining the behavior of the 
gap molecules once they are formed, we regard 
configuration as determining the ease of forma­
tion of the gap molecules. These alternatives 
can be tested by making use once more of tbe 
trimethylbenzoate of ß-benzoin oxime (IV, R = 
2,4,6-(CH3)3C6H2—) . If configuration determines 
the behavior of the gap molecule, then this tri­
methylbenzoate should be unaffected by any 
alkaline treatment. If, however, configuration 
simply determines the ease of formation of the 
gap molecule then, since hydrolysis is stopped by 
hindrance, this trimethylbenzoate should cleave 
if the alkaline treatment is made sufficiently 
drastic. This latter is the case. The trimethyl­
benzoate of ß-benzoin oxime, which is unaffected 
by the treatment which serves to cleave its a- 
isomer, is itself cleaved by alcoholic sodium 
hydroxide.

Experimental
The acylated oximes were prepared by mixing cold 

pyridine Solutions containing equivalent amounts of oxime 
and acid chloride, allowing them to stand for twenty- 
four hours at room temperature and then pouring them onto 
ice and dilute hydrochloric acid. The benzoates solidified 
promptly; the trimethylbenzoates were generally obtained 
as oils which crystallized only after they had been dissolved

(4) Mills, Chemistry and, Industry, 51, 750 (1932).
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T a b l e  I
'---------------Analyses, % -------------- »

Calcd. Found
Substance, benzoate Crystallized from M. p., °C. c H c H

Benzophenone oxime 2,4,6-trimethyl- Ethanol 136-137 80.46 6.1 80.8 6.3
p -Chlorobenzophenone «-oxime Ethanol 114-115 71.55 4 . 2 72.0 4.4
p -Chlorobenzophenone «-oxime 2,4,6-trimethyl- Ethanol 101-102 73.1 5.3 73.1 5.2
/>-Methoxybenzophenone «-oxime Ethanol 115-116 c h 3o , 9.35 9.29
p-Methoxybenzophenone ß-oxime Ethanol 85-86 CH3O, 9.35 9.47
/»-Methoxybenzophenone «-oxime 2,4,6-trimethyl- Ethanol-water 102-103 CHsO, 8.31 8.48
^-Methoxybenzophenone ß-oxime 2,4,6-trimethyl- Ethanol 120-121 CH3O, 8.36

75 CH3O, 8.31 c h 3o , 8.22
Acetoxime ^-phenyl- Ether 132-133 75.9 5.9 75.45 5.7

in ether and shaken thoroughly with dilute acid. The 
solvents used for purification, with the melting points and 
analyses of the products, are given in Table I. The 
benzoate of benzophenone oxime has already been de­
scribed.5 A more detailed description of the trimethyl­
benzoates of the benzoin oximes is given later.

Attempts to determine whether the 75 and 120° tri­
methylbenzoates of the /3-oxime of p-methoxybenzo- 
phenone were dimorphous were inconclusive because the 
melts of these isomers did not crystallize satisfactorily on 
cooling.

Each of the above 2,4,6-trimethylbenzoates was hydro­
lyzed by boiling its alcoholic solution to which a small 
amount of concd. hydrochloric acid had been added, for 
from two to six hours. Water was then added, the Solu­
tions were made alkaline with carbonate and steam dis­
tilled. The distillates contained in each case the ketone 
from which the oxime was derived, while the residual 
alkaline liquid furnished on acidification 2,4,6-trimethyl- 
benzoic acid.

Since the procedure in most of the alkaline hydrolysis 
experiments was similar, a generalized description will 
suffice for all but the exceptional cases. After preliminary 
experiments had shown the time required for complete 
hydrolysis of a benzoate, a solution of 1.0 g. of that 
benzoate in a definite volume of alcohol was prepared. 
At the same time a solution of 1.0 g. of the corresponding 
trimethylbenzoate was made up in the same volume of 
alcohol. To these Solutions equal volumes of 5% sodium 
hydroxide solution were added. Then, after both Solu­
tions had been left for a time sufficiënt to hydrolyze the 
benzoate, half of the solution containing the trimethyl­
benzoate was poured into a large volume of water while 
all of the solution containing the benzoate was similarly 
treated. The precipitates thus obtained, after filtering 
and drying, were identified by melting points and mixed 
melting points. Finally, after a much longer reaction 
time, the remaining half of the solution of the trimethyl­
benzoate was poured into water and worked up. In every 
case the product from the benzoates (reaction time from 
thirty to ninety minutes) consisted of oxime produced by 
hydrolysis. The alcoholic Solutions smelled strongly of 
ethyl benzoate. In every case the product from the tri­
methylbenzoates (reaction time from thirty minutes to 
twenty-two hours) consisted of unchanged starting mate­
rial.

When a solution of 1.2 g. of the ^-phenylbenzoate of 
acetoxime (I) in 90 cc. of methyl alcohol and 10 cc. of

sodium hydroxide was poured into water after standing 
for one hour, there was obtained a quantitative yield of 
methyl ^-phenylbenzoate (II) which was identified by 
comparison with an authentic specimen of that ester.6

The 2,4,6-trimethylbenzoate of «-benzoin oxime crystal­
lizes splendidly from ether and petroleum ether or alcohol 
and water in clusters of small needles which melt irregu- 
larly at about 92°. The material undergoes cleavage on 
heating so that the melting point is not sharp. Even on 
standing the material cleaves to such an extent that it is 
not possible to secure acceptable analytical results. 
Carbon and hydrogen determinations are both inconsistent 
and low, presumably as a result of autoxidation of the 
benzaldehyde formed by cleavage. In the absence of 
analytical data the structure of the material is based on 
its alkaline cleavage to furnish benzaldehyde, benzonitrile 
and trimethylbenzoic acid and its hydrolysis, on standing 
in alcoholic solution with hydrochloric acid at room tem­
perature, to furnish benzoin.

The 2,4,6-trimethylbenzoate of ß-benzoin oxime crystal­
lizes from ether and petroleum ether and melts at 151°. 
This material is quite stable and does not decompose on 
standing. (Anal. Calcd. for C24H23O3N: C, 77.2; H,
6.2. Found: C, 77.25; H, 6.2.)

The trimethylbenzoate of «-benzoin oxime is com­
pletely cleaved to trimethylbenzoic acid, benzaldehyde 
and benzonitrile by shaking for fifteen minutes with an 
excess of 5% aqueous sodium hydroxide. Shaken for 
fifteen minutes in alcoholic solution with one mole of 
aqueous sodium carbonate the same cleavage occurs. 
Identification of the cleavage products was made by the 
method used in earlier werk.1 The trimethylbenzoate of 
ß-benzoin oxime is recovered unchanged after the treat­
ments just described. However, when it is treated in 
alcoholic solution with an excess of 5% aqueous sodium 
hydroxide for fifteen minutes, it is cleaved to benzaldehyde, 
benzonitrile and trimethylbenzoic acid.

Summary
The hydrolysis of acylated ketoximes by alkali 

in aqueous alcoholic solution proceeds through an 
addition of alcohol and can be stopped by the 
introduction of hindrance in the acyl group. 
The cleavage of acylated ketoximes of the benzoin 
type by alkali is not affected by hindrance. The 
mechanism of the cleavage process is discussed. 
W a sh in g t o n , D. C. R e c e iv e d  July 20, 1936

(5) Chapman and Harris, J. Chem. Soe., 809 (1933). (6) Schlenk and Weickel, Ann., 368, 304 (1909).
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The Action of Alkali on Acylated Ketoximes. III. Hydrogen Bond Formation in 
Derivatives of the o-Hydroxyberizophenone Oximes

B y  A. H. B latt a n d  L i l l i a n  A. R u sse l l

In the earlier articles of this series1 it was shown 
that, when hindrance does not intervene, the be­
havior of acylated benzoin oximes toward alkali 
is determined by their configuration. Acylated 
a-benzoin oximes (I) are cleaved by alkali while 
acylated ß-benzoin oximes (II) are hydrolyzed. 
The mechanism of these two processes has been 
discussed but no explanation was advanced for 
the one-tó-one correlation between configuration 
and mode of reaction. It is our purpose in this 
article to consider this latter point.

C6HsCH—CC6H5 C6H5CH----------- CC6H5
I II I II

OH NOCOR OH RC02N
I II

Since configuration is the determining factor, 
one seeks an explanation in terms of steric differ­
ences between the isomers. The most striking 
difference is the proximity in the a-series (I) of 
the unshared electron pair on the nitrogen atom to 
the hydroxyl group, and their Separation in the 
ß-series (II). We suggest, therefore, that the 
cleavage of acylated a-benzoin oximes is a conse- 
quence of incipient hydrogen bond formation 
(chelation) between the hydroxyl hydrogen atom 
and the spatially adjacent unshared electron pair 
on the nitrogen atom. The interaction between 
hydroxyl hydrogen and the unshared electron pair 
on nitrogen would be favored by their proximity 
in the a-series and it would be prevented in the 
ß-series both by their Separation and by the 
screening effect of the intervening acyl group. 
That such an interaction does take place is indi­
cated by the infra-red absorption of the acetates 
of the benzoin oximes. The molal absorption area 
of ß-benzoin oxime acetate (II, R = CH3) ap- 
proximates but is somewhat less than that of 
compounds containing a normal hydroxyl group, 
while the shape of. the absorption curve shows 
some deviation from normal. a-Benzoin oxime 
acetate (I, R = CH3), however, shows a marked 
suppression of hydroxyl group absorption and, 
more significant, a broad absorption curve.2

(1) Barnes and Blatt, T h is  J o u r n a l , 57, 1330 (1935); Blatt and 
Barnes, ibid. 58, 1900 (1936).

(2) The measurements of the infra-red absorption of these ace­
tates have been published: Hilbert, Wulf, Liddel and Hendricks,
ibid., 58, 548 (1936). We are indebted to Dr. Oliver Wulf and his

The acylated benzoin oximes, though useful as 
suggesting the explanation which we have just 
presented, are not of assistance in testing it. 
The requirements for complete hydrogen bond 
formation are well established: a system, capable
of resonance, made up of a hydroxyl group and a 
conjugated system of double bonds terminating 
in oxygen or nitrogen. Such a system is not pres­
ent in the acylated benzoin oximes though they 
contain one which approaches it and which con- 
stitutes a borderline case. Derivatives of the o- 
hydroxybenzophenone oximes, however, do meet 
exactly the requirements for hydrogen bond for­
mation and, if our explanation is valid, stereo­
isomeric pairs of acylated o-hydroxybenzophe- 
none oximes should show a difference in their 
Chemical behavior comparable to that shown by 
stereoisomeric acylated benzoin oximes, while 
one isomer should show complete hydrogen bond­
ing detectable by appropriate physical methods.

We have verified these consequences by an 
examination of the acetates of both oximes of o- 
hydroxybenzophenone and of both oximes of 2 - 
hy droxy-5-methylbenzophenone. The isomeric
oximes of 0-hydroxybenzophenone were available 
as a result of the work of Kohier and Bruce;3 
we were able to obtain the previously unknown 
isomer of 2-hy droxy-5-methylbenzophenone oxime 
by applying the method of conversion of Kohier 
and Bruce to the known oxime. Since the two 
pairs of isomeric oximes thus available show per­
fectly parallel behavior, it will only be necessary 
to describe one pair and we shall confine our dis­
cussion with few exceptions to the acetates of the 
oximes of 0-hydroxybenzophenone.

On treatment with excess sodium hydroxide 
the acetates of both 0-hydroxybenzophenone 
oximes are hydrolyzed to the parent oximes. This 
perhaps means that under these conditions hy­
drolysis takes place more rapidly than cleavage. 
More likely, however, it indicates that salt forma­
tion occurs at the phenolic hydroxyl group and 
destroys the hydrogen bond. In either case,
associates of the Bureau of Chemistry and Soils of the U. S. Depart­
ment of Agriculture for the measurements and for discussing with us 
their interpretation. We are, of course, responsible for the particu­
lar interpretation presented here.

(3) Kohier and Bruce, ibid., 53, 1569 (1931).
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hydrolysis is most convenient for it permits one 
to relate the configurations of the acetates to 
those of the parent oximes by a Chemical trans­
formation. With sodium carbonate, that is, 
under conditions comparable in this series to the 
use of sodium hydroxide with the benzoin oxime 
acetates, differences in behavior are observed. 
The acetate (IV, R = H) undergoes a Beckmann 
rearrangement to furnish the benzoxazole (V, 
R = H)—a process which is the counterpart 
here of the cleavage of «-benzoin oxime acetate, 
for in both reactions the bond between the «- 
carbon atom and the carbon atom of the C=N  
group is broken. The acetate (VIII, R = H) 
on treatment with sodium carbonate undergoes 
hydrolysis to the parent oxime (VII, R = H) just 
as does ß-benzoin oxime acetate. On pyrolysis, 
the acetate (IV, R = H) furnishes cleanly the 
benzisoxazole (VI, R =  H). Pyrolysis of the 
stereoisomeric acetate (VIII, R = H) is not a 
smooth process; it furnishes in small yields a 
mixture of products from which it is possible to 
isolate the isoxazole (VI, R = H).

CC6H5 CC6Hö

OH NOCOCH, 
IV

CC6H5

N dh  HON 
VII

CC6H6

c c 6h 8

>H CH3CO2N 
VIII

The behavior of the acetates (IV, R = H) and 
(VIII, R = H) on pyrolysis is particularly inter­
esting in view of earlier attempts at ring closure 
made with the parent oximes. Meisenheimer and 
Meis,4 who were unable to dehydrate the oxime 
(VII, R =  H) to the isoxazole (V, R = H), con­
cluded that such a dehydration would take place 
only in the, then unknown, isomer (III, R = H) 
where it would result from the Operation of resid­
ual valence forces. Kohier and Bruce, 3 who first 
prepared the oxime (III, R = H), found that it 
could not be dehydrated to the isoxazole and this, 
together with the observation of v. Auwers and 
Jordan5 that the oxime of 2,2 '-dihydroxybenzo-

(4) Meisenheimer and Meis, Ber., 57, 289 (1924).
(5) Von Auwers and Jordan, ibid., 58, 26 (1925).

phenone could not be converted to an isoxazole, 
seemed to discredit pretty thoroughly Meisen- 
heimer’s Suggestion. However, Lindemann6 
found that the acetates of a number of ö-hydroxy- 
benzaldoximes and ö-hydroxyacetophenone ox­
imes furnished isoxazoles on pyrolysis. Linde- 
mann in no case had isomeric oxime acetates. 
Our results with the acetates of the ö-hydroxy- 
benzophenone oximes and the 2 - hydroxy - 5- 
methylbenzophenone oximes show clearly that 
pyrolysis to an isoxazole is a smooth reaction 
only when the acylated oximino group is anti 
to tbe hydroxyl group. And, although no trans 
dehydration of an oxime to a heterocyclic com­
pound has yet been observed, the assumption that 
a trans ring closure of an oxime derivative may 
take place, for example, in the Beckmann re­
arrangement of «-benzil dioxime7 becomes much 
more plausible.

It is dear from the foregoing description that 
the difference in Chemical behavior—hydrolysis 
vs. cleavage—which was observed with the iso­
meric benzoin oxime acetates is also found in the 
isomeric ö-hydroxybenzophenone oxime acetates. 
It remains to be shown that cleavage is associated 
with the presence of a hydrogen bond in the mole­
cule. Our evidence on this point is from two 
sources: infra-red absorption and solubility. Dr. 
Oliver Wulf and his associates at the Bureau of 
Chemistry and Soils of the U. S. Department of 
Agriculture, have determined the infra-red ab­
sorption of the four acetates (IV, R = H and CH3) 
and (VIII, R = H and CH3). They find that the 
acetates (IV, R = H and CH3), in which the 
hydroxyl group and acetylated oximino group are 
spatially distant with respect to each other, show 
no absorption in the hydroxyl region. The 
acetates (VIII, R = H and CH3), in which the 
hydroxyl group and acetylated oximino group 
are spatially adjacent with respect to each other, 
show normal hydroxyl group absorption. Their 
data for the acetate (VIII, R = CH3) are shown 
graphically in Fig. I .8 Since the work of these 
investigators9 has shown that the disappearance of 
hydroxyl group absorption is a criterion of hydro­
gen bond formation between hydroxyl hydrogen

(6) Lindemann and co-workers, 4« « ., 449, 63 (1926); 456, 275, 
284 (1927); J. prakt. Chem., [II] 122, 214 (1929).

(7) Compare Blatt, Chem. Rev., 12, 229 (1933).
(8) The data for the acetates (IV, R = H and CHs) and (VIII, 

R «* H) are presented in an article by Hendricks, Wulf, Hilbert and 
Liddel, Tras J o u r n a l , 58, 1991 (1936).

(9) Hilbert, Wulf, Liddel and Hendricks, Nature, 135, 147 (1935). 
See also references 2 and 8.
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and either carbonyl oxygen or trivalent nitrogen, 
their results establish definitely the existence of 
hydrogen bonds in the acetates (IV, R = H and 
CH3) and their absence in the acetates (VIII, 
R = Hand CHs).

In connection with this discussion of the infra- 
red absorption data we wish to point out that it 
furnishes a new and absolute method for deter­
mining the configuration of oximes of the type 
under consideration. The results obtained by 
this method as applied to the oxime acetates can 
be related to the parent oximes by the fact that 
each oxime furnishes a single acetate from which 
the parent oxime can be cleanly regenerated. 
When the configurations of the oxime acetates, as 
determined by their infra-red absorption, are re­
lated back to the parent oximes, it is found that 
the configurations thus obtained are in complete 
agreement with those obtained from the Beck­
mann rearrangement of the oximes on the as­
sumption of a trans shift of groups during re­
arrangement.

The conclusions from infra-red absorption are 
supported by the solubilities of the four acetates 
under discussion. The acetates (IV, R = H and 
CH3) are soluble in carbon tetrachloride to the 
extent of forming one-tenth molar Solutions at 
room temperature. The stereoisomeric acetates 
(VIII, R = H and CH3) are so sparingly soluble 
that it is not possible to prepare one one-hun- 
dredth molar Solutions in this solvent under the 
same conditions. While we realize that the use of 
solubility in assigning structure must be made 
with proper caution, in a case such as this where 
the solubilities of stereoisomers are being com­
pared it seems legitimate to conclude that the 
tenfold greater solubility of the acetates (IV, 
R = H and CH3) in a non-polar solvent like 
carbon tetrachloride indicates the disappearance 
of the polar hydroxyl group in these acetates. 
Corroborating the solubilities in carbon tetra­
chloride are those in alcohol where the acetates 
(VIII, R = H and CH3) possessing a polar hy­
droxyl group are more soluble than their stereo­
isomers (IV, R = H and CH3).

The material presented in this article furnishes a 
firm foundation for the Suggestion that the 
alkaline cleavage of acylated oximes of the a- 
benzoin and 0-hydroxybenzophenone types is a 
consequence of hydrogen bond formation in these 
substances. In addition, it makes possible a 
study of the Chemical effects which accompany

hydrogen bond formation. It is obvious from 
our results that hydrogen bond formation be­
tween oxygen and nitrogen is completely condi- 
tioned by steric factors. Because of this and 
because of the existence in isomeric forms of com­
pounds containing an unsaturated trivalent nitro­
gen atom, it is possible for the first time to secure 
and study isomers which differ from each other 
only in that one contains a hydrogen bond while 
the other does not.10 I t  has already been shown 
that occurrence of hydrogen bonding is accom- 
panied by ease of cleavage of the molecule.

Frequency in wave numbers.
Fig. 1.—-Infra-red absorption of anti phenyl 2-hy- 

droxy-5-methylphenyl ketoxime acetate.

It is also true that hydrogen bond formation in 
the 0-hydroxybenzophenone oxime acetates is 
accompanied by a decrease in the acidity of the 
phenolic hydrogen atom. I t is our intention to 
continue the study of systems where hydrogen 
bonding between oxygen and nitrogen can take 
place so as to secure additional information about 
the Chemical effects which accompany it. I t is 
our hope that a more complete knowledge of these 
Chemical effects will be of use in the develop­
ment of a physical interpretation of the hydrogen 
bond.

Experimental
A. Derivatives of o-Hydroxybenzophenone

Preparation of syn-Phenyl 2-Hydroxyphenyl Ketoxime 
Acetate (IV, R = H).—To 5.0 g. of the oxime (III, R = 
H)11 was added 10 cc. of acetic anhydride. On gentle 
warming the oxime dissolved and on cooling the acetate

(10) The existence of isomers of this type has been postulated by 
Pauling, T h is  J o u r n a l , 58, 94 (1936), in connection with the 
infra-red absorption of certain ortho substituted phenols. How­
ever, the isomerism predicted by Pauling would result from two 
different configurations of the hydroxyl group while the isomers 
with which we are dealing result from different configurations of the 
atom to which the hydroxyl hydrogen atom is bonded.

(11) The preparation of this oxime is much more satisfaetory if 
twice the quantity of hydroxylamine hydrochloride recommended 
by Kohier and Bruce,3 is employed. Compare the directions given 
below for syw-phenyl 2-hydroxy-5~methylphenyl ketoxime.
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crystallized. Decomposition of the excess anhydride with 
water and crystallization of the product from alcohol 
furnished 3.5 g. of pure acetate, melting at 96-97°.

Anal. Calcd. for CiöHisOsN: C, 70.6; H, 5.1. Found: 
C, 70.6; H, 4.9.

Action of Sodium Hydroxide on the Acetate (IV, R — 
H).—When 0.5 g. of the acetate was shaken with 10 cc. 
of 5% sodium hydroxide a slight yellow color developed 
but much of the solid did not dissolve. On addition of 
20 cc. of alcohol a clear yellow solution was obtained. 
After five minutes it was diluted with water, iced and 
acidified with dilute hydrochloric acid. The resulting 
colorless precipitate, which Weighed 0.35 g., melted at 
110-125°. Mixed with the syn oxime (III, R = H), m. p. 
142-143°, it melted at 133-138°, and mixed with the anti 
oxime (VII, R = H), m. p. 140-141°, it melted below 
105°. A single crystallizatiofï of the product from ben­
zene and ligroin furnished the pure syn oxime (III, R = H).

Action of Sodium Carbonate on the Acetate (IV, R = 
H).—-When a solution of 0.5 g. of sodium carbonate in 
5.0 cc. of water was added to 0.5 g. of the acetate in 25 cc. 
of alcohol there was a transient yellow color while a small 
amount of material precipitated. After five minutes, the 
addition of 70 cc. of water precipitated 0.35 g. of a color­
less solid which melted at 80-85°; mixed with 2-phenyl- 
benzoxazole (V, R — H )12 it melted at 95-100°, and 
mixed with 3-phenylbenzisoxazole (VI, R = H)13 it 
melted below 65 Crystallization from alcohol furnished 
the pure benzoxäzole, m. p. and mixed m. p. 102-103°.

Pyrolysis of the Acetate (IV, R = H).—When 0.2 g. of 
acetate was slowly heated in a Späth bulb connected to 
an oil pump it began to decompose at about 65° while 
between 140-150° a pale yellow oil distilled. There was 
almost no charring in the bulb. The distillate dissolved 
in 2 cc. of hot alcohol, gave on cooling 0.1 g. of 3-phenyl- 
benzisoxazolè (VI, R — H) melting at 83-84°. The 
melting point of the product was nöt lowered by admixture 
with a synthetic sample of the benzisoxazole but a mixture 
of the product and 2-phenylbenzoxazole (V, R = H) 
melted below 70°.

Preparation of anti-Phenyl 2-Hydroxyphenyl Ketoxime 
Acetate (VIII, R -  H).-~To 2.4 g. öf the oxime (VII, R = 
H)14 8 cc. of acetic anhydride was added. The reaction 
was worked up as with the syh acetate (IV, R = H) and 
crystallization of the product from 15 cc. of alcohol and 
10 cc. of water furnished 2.1 g. of pure acetate which 
melted at 156°.

Anal. Calcd. for CiöHi80 3N: C, 70.6; H, 5.1. Found: 
C, 70.57; H, 4.9.

Action of Sodium Hydroxide on the Acetate (VIII, R = 
H).—When 0.5 g. of the acetate was shaken with 10 cc. 
of 5% sodium hydroxide all save a trace of the material

(12) Prepared according tö Ladenburg, Ber., 9, 1526 (1876), 
and melting at 102-103°.

(13) Prepared according to Kohier and Brüce, T h is  J o urn al , 53, 
646 (1931), and melting at 83-84°.

(14) The gummy by-products formed in the conversion of the 
syn to the anti oxime (cf. ref. 3) can be removed conveniently by 
incompletely neutralizing the strongly alkaline reaction mixture, 
after dilution with water, with carbon dioxide. This precipitates
the by-products so that on acidification of the filtered solution with 
dilute hydrochloric acid the anti oxime is obtained as a colorless, 
crystalline solid.

dissolved. After fifteen minutes the solution was filtered, 
diluted, iced and acidified. It furnished 0.4 g. of the 
anti oxime (VII, R = H), melting at 140-141 °, and whose 
melting point was not lowered by admixture with the 
anti oxime.

Action of Sodium Carbonate on the Acetate (VIII, R = 
H).—A solution of 0.5 g. of sodium carbonate in 5 cc. of 
water was added to 0.5 g. of the acetate in 25 cc. of alcohol. 
A pale yellow color developed and a slight precipitate, 
apparently inorganic, was formed. After fifteen minutes, 
the addition of 70 cc. of water gave a clear solution. 
Careful acidification with dilute hydrochloric acid fur- 
nished 0.35 g. of the anti oxime melting at 140-141°. 
The melting point of the product was not lowered by 
admixture with the anti oxime (VII, R — H) but it was 
lowered to 115-120° by admixture with the syn oxime 
(III, R -  H).

Pyrolysis of the Acetate (VIII, R = H).—When 0.2 g. of 
the acetate was distilled in vacuum there was much char­
ring. The yellow oily distillate dissolved in 1 cc. of alcohol 
and diluted with water furnished 0.07 g. of a colorless 
solid which melted at 72-78° and whose melting point was 
raised bĵ  admixture with 3-phenylbenzisoxazole and with 
2-phenylbenzoxazole. The solid behaved like a mixture 
of the oxazole and isoxazole. Crystallization from alcohol 
and water furnished 0.03 g. of 3-phenylberizisoxazole 
(VI, R = H) melting at 79-81 ° with preliminary softening. 
Mixed with pure benzisoxazole (83-84°) the recrystallized 
material melted at 82-84°, mixed with the pure benzoxa- 
zole (102-103°) it melted at 67-70°.

B. Derivatives of 2-Hydroxy-5-methylbenzophenone
Preparation of syn-Phenyl 2-Hydroxy-5-methylphenyl 

Ketoxime (III, R = CH3).—Since the preparation and 
purification of this oxime are reported to be quite trouble- 
some,15 we present the following procedure based on that 
of Kohier and Bruce for the unmethylated analog. Ten 
grams of 2-hydroxy-5-methylbenzophenone is shaken with 
80 cc. of 40% potassium hydroxide. The solid dissolves 
and an orange-yellow potassium derivative separates. 
The reaction mixture is then cooled and shaken while 
15.0 g. of hydroxylamine hydrochloride is added over a 
period of forty-five minutes. When no more heat is 
evolved the flask is stoppered and shaken mechanically for 
four hours or left to stand overnight. The resulting clear 
yellow solution is then diluted, iced and acidified with 
dilute hydrochloric acid. The crude oxime, thus precipi­
tated, weighs 10.1 g. and melts at 127-135°. Crystalliza­
tion from 25 cc. of benzene and an equal volume of ligroin 
(70-90 °) furnishes 8.2 g. of pure oxime melting at 135-136 °. 
The oxime develops a bright yellow color on exposure to 
direct sunlight.

Preparation of syw-Phenyl 2-Hydroxy-5-methylphenyl 
Ketoxime Acetate (IV, R == CH3).—To 2.0 g. of the oxime 
(III, R = CH3) there was added 4 cc. of acetic anhydride. 
Solution was effected by warming and the acetate crystal­
lized on cooling. Purified by crystallization from 25 cc. 
of alcohol the acetate melted at 125-126°; yield, 1.8 g.

Anal. Calcd. for Ci6H150 3N: C, 71.4; H, 5.6. Found: 
C, 71.6; H, 5.6.

(15) (a) Von Auwers and Jordan, B e r . ,  58, 34 (1925); (b) Von 
Auwers and Czerny, ibid., 31, 2694 (1898).
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Action of Sodium Hydroxide on the Acetate (IV, R = 
CHS).—When 0.5 g. of the acetate was shaken with 10 cc. 
of 5% sodium hydroxide, the material dissolved in part to 
furnish a yellow solution. Addition of 20 cc. of alcohol 
effected solution, and on dilution with water and acidifica­
tion with hydrochloric acid 0.4 g. of crude syn oxime was 
obtained. The crude product melted at 110-120°; mixed 
with the syn oxime it melted at 120-133 ° and, on crystal­
lization from benzene and ligroin, furnished pure syn 
oxime melting at 135-136°,

Action of Sodium Carbonate on the Acetate (IV, R = 
CH3).—A solution of 0.5 g. of sodium carbonate in 5 cc. 
of water was added to 0.5 g. of the acetate in 25 cc. of 
alcohol. A slight yellow color developed and a small 
amount of material precipitated. After fifteen minutes 
the addition of 70 cc. of water precipitated 0.35 g. of a 
colorless solid which melted at 80-88 °. A mixture of this 
material and 2-phenyl-5-methylbenzoxazole (V, R — 
CH3)16 melted at 90-95°, while a mixture with 3-phenyl-5- 
methylbenzisoxazole (see below) melted below 65°. 
Crystallization from alcohol furnished the pure benzoxa- 
zole, m .p. and mixed m .p. 102-103°.

Pyrolysis of the Acetate (IV, R =  CH3).—When 1.0 g. 
of the acetate was pyrolyzed the product distilled at about 
160 ° in an oil pump vacuum. Taken up in 4 cc. of alcohol 
the solution deposited on cooling 0.5 g. of impure 3-phenyl-
5-methylbenzisoxazole (VI, R = CH3). On crystallization 
from alcohol the pure benzisoxazole, melting at 92-93°, 
was obtained. Identification was made by a mixed 
melting point with a synthetic sample.

Synthesis of 3-Phenyl-5-methylbenzisoxazole (VI, R — 
CH3).—“A mixture of 2-chloro-5-methylbenzophenone and 
2-methyl-5-chlorobenzophenone was prepared from p- 
chlorotoluene according to the directions of Heller.17 
Since the 2-chloro-5-metliylbenzophenone did not crystal­
lize, the mixture of isomers was treated with hydroxyl­
amine and then with alkali according to the procedure of 
Kohier and Bruce for the preparation of 3-phenylbenzisoxa­
zole.13 The reaction mixture was then extracted with 
ether, the ether removed and the residue vacuum distilled. 
The fraction boiling at about 160° when dissolved in 
alcohol slowly deposited the characteristic large crystals 
of the isoxazole which melted at 92-93° and which were 
identical with the previously described pyrolysis product.

Anal. Calcd. for C iÄ iO N : C,80.4; H, 5.26. Found: 
C, 80.2; H, 5.3.

Preparation of anti-Phenyl 2-Hydroxy-S-methylphenyl 
Ketoxime (VII, R = CH3).—Strongly alkaline Solutions at 
the boiling point convert the syn oxime (III, R — CHS) 
into a mixture of the syn and anti forms. Fortunately the 
syn modification is precipitated from its alkaline Solutions 
by carbon dioxide before the anti, so that the isolation of 
the anti form from the mixture presents no special diffi­
culties. Our preferred procedure consists in boiling for 
two hours 1.0 g. of the pure syn oxime with 40 cc. of 40% 
sodium hydroxide. At the end of the first hour a clear 
yellow solution is obtained; at the end of the second hour 
a precipitate is suspended in the alkaline liquid. The 
hot alkaline reaction mixture is diluted with cold water to

(16) Prepared by a Beckmann rearrangem ent of the syn oxim e, 
com pare ref. 15, and melting at 102—103°.

(17) Heller, Ber,, 46, 1500 (1913).

300 cc., 50 g. of crushed ice added and a rapid stream of 
carbon dioxide passed in for from an hoiir to an hour and 
a quarter. At this point the yellow solution is filtered 
from a small flocculent precipitate of the syn oxime which 
is rejected. To the filtrate, 150 g. of crushed ice is added 
and then dilute hydrochloric acid is added with stirring 
until a vigorous evolution of carbon dioxide occurs. At 
this point the precipitation of the anti oxime is complete 
and it is unnecessary tó add additional acid. The reaction 
mixture at no time is acid to litmus. If no seed is avail­
able the anti oxime precipitates as a gray curdy mass; 
once seed is available, the precipitate is lighter in color and 
granulär in form. From three such runs 2.0 g. of crude 
anti oxime is obtained. The material is purified by crys­
tallization from benzene (using 2.5 cc. per gram of solid) 
by diluting with an equal volume of ligroin (70-90°). 
The pure anti oxime melts at 136-137°, almost the same 
point as the syn modification, but mixtures of the two 
melt below 115°. The anti oxime precipitated from alka­
line Solutions picks up an electric charge very readily and 
is difficult to handle.

Anal. Calcd. for C14H130 2N: C, 74.0; H, 5.7.
Found: C, 74.5; H, 5.65.

Beckmann Rearrangement of the anti Oxime (VII, R 
= CH3).——A solution of 1.0 g. of the anti oxime in 25 cc. 
of absolute ether was cooled while 1.0 g. of phosphorus 
pentachloride was added. After one hour, after which 
time there was no increase in the amount of precipitate, the 
reaction mixture was poured on ice and the ether layer 
was separated. Evaporation of the ether, after appro­
priate washing and drying, left a sticky brownish residue 
which dissolved completely in 5% sodium hydroxide. 
Acidification of the alkaline solution and crystallization 
of the precipitate from dilute alcohol furnished ^-cresotinic 
anilide melting at 160-162° and whose melting point was 
not lowered by mixture with a synthetic sample of the 
anilide (m. p. 162-163°).18

Preparation of anti-Phenyl 2-Hydroxy-S-methylphenyl 
Ketoxime Acetate (VIII, R = CH3).—Two grams of crude 
anti oxime was warmed with 4 cc. of acetic anhydride for 
half a minute. The oxime dissolved and the reaction 
mixture while still warm solidified. After cooling, water 
was added and the crude acetate was crystallized from 
dilute alcohol; yield 2.1 g. The pure anti acetate melted 
at 157-158°.

Anal. Calcd. for C16H150 3N: C, 71.4; H, 5.6. Found: 
C, 71.24; H, 5.9.

Action of Sodium Hydroxide on the Acetate (VIII, R =  
CHa).—When 0.5 g. of the acetate was shaken with 10 cc. 
of 5% sodium hydroxide, all save a few specks dissolved. 
After thirty minutes the pale yellow solution was diluted, 
iced and acidified with dilute hydrochloric acid. The 
precipitate thus obtained weighed 0.4 g. and melted at 
135-136 0 and its identity as the anti oxime was established 
by mixed melting points with the syn and anti oximes.

Action of Sodium Carbonate on the Acetate (VIII, R =  
CH8).—When 0.5 g. of sodium carbonate was added to 
0.5 g. of the acetate in 25 cc. of alcohol, there was a 
transient deep yellow color and a slight inorganic precipi­
tate. After fifteen minutes, the addition of 70 cc. of

(18) ^-Cresotinic acid, Zeltner, J .  Chem. Soc., 104, 726 (1913); 
i>-cre$otimc anilide, reference 15 (a), p. 34.
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water formed a clear pale yellow solution. Acidification 
with dilute hydrochloric acid gave 0.4 g. of the anti oxime 
melting at 120-125°; mixed with the anti oxime it melted 
at 128-133 ° and mixed with the syn oxime it melted below 
110°. Crystallization from benzene and ligroin gave the 
pure anti oxime.

Pyrolysis of the Acetate (VIII, R = CH3).—When 0.2 g. 
of the acetate was vacuum distilled, it charred badly and 
the yield of distillate, a yellow oil, was poor. Dissolved 
in alcohol and diluted with water it gave 0.1 g. of a solid 
melting by 70° and whose melting point was raised by 
admixture with either the isoxazole (VI, R = CH3 ) or 
the oxazole (V, R =  CH3). Careful crystallization from 
alcohol gave a small amount of 3-phenyl-5-methylbenzis- 
oxazole (VI, R = CH3) melting at 91-92° and whose 
melting point was not lowered by mixing with the pure 
benzisoxazole, m .p . 92-93°, but which was lowered to 70° 
by mixing with the oxazole, m. p. 102-103°.

Summary
It has been suggested that the cleavage of 

acylated «-benzoin oximes by alkali is a conse- 
quence of incipient hydrogen bond formation in 
these compounds. By an examination of acyl­
ated 0-hydroxybenzophenone oximes it has been 
shown that hydrogen bond formation, sterically 
conditioned, does take place and that its occur­
rence is accompanied by behavior comparable to 
that observed in the acylated a-benzoin oximes. 
It is pointed out that the existence of stereoiso- 
mers, only one of which contains a hydrogen 
bond, makes possible a study of the Chemical 
effects associated with hydrogen bonding. 
W a sh in g t o n , D. C. R e c eiv ed  J u l y  20, 1936

[Co n t r ib u t io n  fr o m  t h e  D epa r tm en t  of Ch e m ist r y  of  Y a l e  U n iv e r s it y ]

The Thermodynamics of Hydrochloric Acid in Dioxane-Water Mixtures from 
Electromotive Force Measurements. I. Standard Potentials

B y  H e r b e r t  S. H arned  and  John  Ow e n  M o rriso n1

The further development of the physical 
chemistry of ionized solutes and ionic equilibria 
requires a knowledge of the Variation of the funda­
mental thermodynamic property, the relative 
partial molal free energy, as a function of all the 
intensive variables. Such a comprehensive study 
of many electrolytes by different methods of 
measurement is a tremendous task, only to be 
carried out by many investigators over a long 
period of time. As a part of this general scheme, 
we have undertaken in this Laboratory a compre­
hensive study of the relative partial molal free 
energy of a single electrolyte as a function of its 
concentration, the temperature and dielectric 
constant of the solvent medium over as wide a 
range of values of these variables as will be found 
possible.

To achieve this purpose, the cell
H2 (1 atm.) I HCl (m), X %  Dioxane, Y%  H20  | AgCl-Ag

( 1 )

is peculiarly adapted. The cell reaction is well 
known and the electrodes are very reproducible. 
Dioxane-water mixtures because of their com­
plete miscibility and because of the low dielectric 
constant of pure dioxane ( ~ 2) afford a wide

(1) This communication contains material from a dissertation 
presented by John Owen Morrison to the Graduate School of Yale 
University in partial fulfilment of the requirements for the degree of
Doctor of Philosophy, June, 1936.

range of Variation of the dielectric constant. 
These properties have been shown to be of great 
value by Kraus and Fuoss2 and Fuoss and Kraus,3 
who measured conductances of some electrolytes 
in these mixtures.

As part of this program, Äkerlöf and Short4 
have determined the dielectric constant of diox­
ane-water mixtures from 0 to 80°. The present 
communication contains electromotive force meas­
urements of the above cells containing 20, 45 and 
70% dioxane, respectively. Measurements have 
been made from 0 to 50° at 5° intervals, and from 
them the Standard potentials of the cell from 0 to 
50° inclusive have been calculated.

Experimental Procedure
In order to obtain electromotive forces in these mixtures 

with an accuracy equal to that obtained by Harned and 
Ehlers in water5 and Harned and Thomas6 in methanol- 
water mixtures, it was necessary to develop a new type of 
cell and a specialized technique. It was found that com­
plete air elimination in all-glass apparatus was essential. 
Any contact of vapor or liquid in the cells with rubber 
rendered the measurements erratic and uncertain. Upon 
elimination of these difficulties, very accurate results may 
be obtained with a Potentiometer circuit and a high sen-

(2) Kraus and Fuoss, This J o u r n a l , 55, 21 (1933).
(3) Fuoss and Kraus, ibid., 55, 1019 (1933).
(4) Äkerlöf and Short, ibid., 58, 1241 (1936).
(5) Harned and Ehlers, ibid., 55, 2179 (1933).
(6) Harned and Thomas, ibid., 57, 1666 (1935); 58, 761 (1936).
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sitivity galvanometer in Solutions of dielectric constant 
ranging from 80 to 10. With a quadrant electrometer or 
an amplified galvanometer circuit, we have reason to be­
lieve that accurate results may be obtained in media of 
dielectric constant of the order 5, or even less.

Dioxane was purified by distillation over sodium and 
subsequent recrystallization. The freezing point of the 
material used was always within 11.76-11.78°, a value 
which agrees with the value 11.78° reported by Kraus and 
Vingee.7

The composition of the water-dioxane mixtures pre­
pared from this material was known to within ±0.01%. 
The hydrochloric acid content of any mixture employed 
was known to within less than ±0.05%.

The hydrogen electrodes, consisting of platinum foils 
0.4 cm. by 2.5 cm., were plated with platinum black. The 
silver-silver chloride electrodes were those designated by 
Harned8 as type 2.

All electromotive forces were measured by an Eppley 
Feussner type calibrated Potentiometer and Leeds and 
Northrup HS galvanometer. Saturated Weston cells 
certified by the Eppley Laboratory were used as final 
Standards of electromotive force. The correction of pres­
sure to 1 atm. hydrogen was made by the usual method. 
The solvent vapor pressures were determined by Mr. Dale 
Dreisbach of the Morley Chemical Laboratory of Western 
Reserve University, who employed the method of Hovorka 
and Dreisbach.9 These were placed at our disposal by Mr. 
Dreisbach, for which kindness we are most grateful. The 
temperature control was ±0.02°.

Cells were run in triplicate. If the values of E deviated 
from the mean by more than ±0.05 mv., they were dis­
carded. Each set of cells was measured over a tempera­
ture range of 25°. One series was begun at 25° and meas­
ured at 5° intervals up to 50°, then brought back to 25°. 
Although six to twelve hours had elapsed between the two 
readings at 25°, during which the cells were rather se- 
verely treated, the difference between the two readings at 
25° never exceeded 0.1 mv. and was in most cases less 
than 0.05 mv. A second series of cells were begun at 
25°, reduced to 0°, and finally brought back to 25°. 
The agreement of the two readings at 25° was excellent. 
Indeed, in some cases after sufficiënt experimental skill 
was acquired, cells were measured at 25°, reduced to 0° by 
5° changes in temperature, brought back to 25°, raised to 
50° by 5° changes in temperature, and then finally lowered 
to 25°. The agreement of the three measurements at 25° 
was very good ('M l05 mv.) even though the measure­
ments had been extended over periods of twenty-four to 
thirty-six hours.

Electromotive Forces
Since the cells containing the solution of a 

given composition were measured at eleven 
temperatures, a table of all the original data is too 
voluminous for presentation. In its place, we 
have resorted to the expedient of expressing the 
results by the quadratic equation

E =  £ 25 +  o(t -  25) +  bit -  25)2 (2)
(7) Kraus and Vingee, T h is  J o u r n a l , 56, 511 (1934).
(8) Harned, i b i d . ,  51, 416 (1929).
(9) Hovorka and Dreisbach, i b i d . ,  56, 1664 (1934).

E  is the cell electromotive force at the centigrade 
temperature, t; the electromotive force at 25°; 
and a and b are constants, m is the molality of 
the acid (moles per 1000 g. solvent). The solvent 
consisted of X %  by weight dioxane and Y%  by 
weight of water. Table I contains the constants 
of the equation at the molalities actually em­
ployed in 20, 45 and 70% dioxane-water mix­
tures. These values were determined by the 
method of least squares. In the fifth column of 
the table, the maximum deviation, AM, between 
the observed and calculated results is given.

T a b l e  I
C o n st a n t s  o f  E q u a t io n  (2): E  =  £ 2ö +  a(t — 25) +  

b(t -  25)2
E — Electromotive Force of the Cell

H2 (1 atm.) | HCl (m), X% dioxane - 
Ag

X =  20%

-  F% water | AgCl-

m E25 a X 106 (-b  x  106)1 Am Aa
0.0031249 0.50385 268.727 3.665 0.08 0.03

.0047459 .48340 199.618 3.561 .11 .05

.007088 .46398 133.673 3.629 .05 .02

.009760 .44839 80.436 3.567 .07 . 03

.019132 .41618 -  21.891 3.672 .07 .02

.030042 .39473 -  81.927 3.562 .04 .02

.045631 .37505 -150 .418 3.397 .05 .02

.06847 .35601 -210 .327 3.565 .07 .03

.11469 .33183 -276 .982 3.404 .11 .07

.18726 .30863 -343 .436  
X =  45%

3.215 .06 .03

0.0031321 0.46879 -  62.127 3.409 0.05 0.02
.005136 .44542 -133 .454 3.239 .03 .01
.006804 .43242 -173.636 3.205 .08 .03
.010099 .41426 -224 .836 3.155 .05 .02
.020305 .38278 -316 .527 3.135 .02 .01
.032601 .36186 -373 .727 3.016 .10 .03
.05412 .33964 -438 .818 3.040 -.03 .01
.07741 .32420 -479.818 2.967 .04 .01
.11172 .30808 -520 .945 2.862 .05 . .02
.18442 .28593 -580 .636  

X =  70%
2.812 .03 .01

0.0031639 0.38934 -577 .200 2.852 0.03 0.015
.0051877 .36993 -622 .818 2.630 .03 .02
.006950 .35878 -651 .327 2.716 .09 .04
.009612 .34669 -673.709 2.606 .05 .015
.019270 .32142 -732 .945 2.417 .05 .02
.032031 .30321 -772.473 2.315 .06 .025
.05633 .28315 -815 .582 2.250 .03 .01
.07735 .27163 -842 .382 2.186 .04 .02
.11362 .25726 -875.109 2.189 .04 .015
.17753 .24002 -916 .509 2.090 .05 .015

In the sixth column, Aa represents the average 
deviation, or the sum of the magnitudes of the 
deviations at the eleven temperatures divided by 
eleven. Equation (2) is applicable over the 
temperature range of 0 to 50°.
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It is clear that a quadratic equation affords a 
very close representation of the results. The data 
in the two solvents richer in dioxane are somewhat 
more consistent than in the 20% mixtures. Since 
the 20% mixtures were the first to be studied, we 
attribute this greater consistency to the skill 
acquired with longer experience with the tech­
nique.

The Evaluation of the Standard Potentials
As expressed by Harned and Thomas,6 the

electromotive force of cell (1) in a mixture of any
composition may be expressed by

R T  2 R T  . 0 , .E = Eq H— =r ln y  — ——  ln y  m — E — 2 k  log y m 
r  r

(3)
E q is the Standard potential in water, E q the 
Standard potential in the solvent in question and 
k equals 2.3026 R T /F .  y  and m  are the activity 
coëfficiënt and molality of the acid, respectively. 
In water, y = 1, E q = E q. The term containing 
y is a measure of the medium effect.

Since the law of Debye and Hückel is to be 
employed in the evaluation of E q, it is necessary 
to use the rational activity coëfficiënt, ƒ, which is 
related to y according to the equation

a — y m = ƒ N s' (4)

where a is the relative activity, and N  is the mole 
fraction of the acid, s ' a constant factor required 
to take care of the Convention that ƒ  becomes unity 
in a given solvent when N o rm  equal zero. From 
this we find that
log y  = log ƒ +  log s' — log (1 +  0.002 m Gq) +

log 0.001 Go (5)

where Gq “the mean molecular weight” of solvent 
is given by

C. -  i o o / ( f  +  £ )  m

Mi and M q are the molecular weights of dioxane 
and water, respectively. According to equation 
(5), ƒ equals unity when m equals zero only when 
log s' = —log 0.001  Go, or s' = 1/ 0.001  Gq. Im- 
posing this conditioh, equation (5) becomes

log y  -  log ƒ -  log (1 +  0.002 m G0) (7)

I t  also follows that
E = E r — 2 k  log y  m = E 1 -  2 Mo g s' -  2 Mo g A ƒ =

Eq — 2 k  log N f  (8)

where E q is the Standard potential on the mole 
fraction scale. We note that the Standard poten­
tial, Eq, on the ƒ scale differs from that on the y 
scale by the term 2 k log 0.001 Gq. We shall

employ the Debye and Hückel limiting equation 
with a linear term, namely

log ƒ = ------ (D T fh ~  V c +  B c  = - u V c  +  B c -  . . .
(9)

Combining equations (3), (7) and (9) and re- 
arranging, we obtain
E +  2 k log m — 2 k u V~c ~~ 2 k log (1 +  0.002 Go m) —

E' -  JSÄ -  Bc (10)

a convenient form for purposes of extrapolation. 
If the left of equation (10) which we represent by 
E' be plotted against c, its value at zero c is the 
desired Standard potential, E q.

For c we have substituted mdQ where dQ is the 
density of the pure solvent. This will cause no 
error in extrapolation since at the limit (m = 0), 
it is strictly true. The values of the densities of 
the dioxane-water mixtures, at the desired com- 
positions and temperatures, were obtained from 
suitable graphs of the density data of Mr. Dale 
Dreisbach of Western Reserve University. We 
thank Mr. Dreisbach for placing these results at 
our disposal before publication.

The values of the dielectric constants of the 
mixtures required for the computation of the 
limiting slopes, u, were taken from the data 
recently obtained in this Laboratory by Äkerlöf 
and Short.4

Table II contains the values of the densities, the 
dielectric constants and the limiting slopes, which 
combined with the electromotive force data in 
Table I made possible the computation of the 
left side of equation (10). Values of all funda­
mental constants employed in these computations 
were those adopted by the “International Critical 
Tables.”

The actual plots of E r versus c uniformly ex­
hibited a slight curvature which nearly vanished 
in the neighborhood of the intercept. The un­
certainty in reading the values at the intercept 
was estimated to be of the order of =*=0.05 mv. 
All experimental results were plotted without any 
sort of experimental smoothing. In the case of 
the 20% series, the plotted points differed from 
the plot used for extrapolation only at the lowest 
acid concentration (m ~  0.005). In the cases of 
the 45 and 70% series, the extrapolations were 
made directly through the large majority of 
points. Of the points not lying directly on the 
plots, less than 10% were farther distant than 0.2  
mv., and for not a single point was the deviation 
greater than 0.3 mv.
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X  =  20%
t ,  °c. do D u do

0 1.0271 69.16 0.6989 1.0505
5 1.0245 67.39 .7072 1.0467

10 1.0219 65.68 .7156 1.0431
15 1.0193 64.01 .7245 1.0393
20 1.0167 62.38 .7339 1.0356
25 1.0141 60.79 .7437 1.0319
30 1.0115 59.94 .7540 1.0282
35 1.0090 57.73 .7648 1.0246
40 1.0063 56.26 .7760 1.0210
45 1.0038 54.83 .7877 1.0173
50 1.0014 53.43 .7999 1.0139

The values obtained for the electrode potential 
of the cell E q are given in Table III. These

Table III
S t a n d a r d  P o t e n t ia ls

X  =  20 X  =  45

o11

t, °c. K £0'
0 0.21683 ( - 4 ) 0.18940 ( - 5 ) 0.10783 ( - 4 )
5 .21689 ( - 7 ) . 18445 (6) .09982 ( - 3 )

10 .21369 ( - 2 ) . 17947 (3) .09152 (11)
15 .21033 ( - 3 ) .17434 ( - 1 ) .08337 ( - 6 )
20 .20682 ( - 2 ) .16910 (-1 0 ) .07475 (8)
25 .20315 ( - 4 ) . 16344 (7) .06620 ( - 2 )
30 . 19920 (+4) . 15780 (6) .05720 (17)
35 .19510 (+8) .15205 ( - 1 ) .04855 (-1 5 )
40 . 19092 (+4) .14612 ( - 5 ) .03930 ( - 3 )
45 .18650 (+ 4) .14000 ( - 7 ) .03005 ( - 8 )
50 .18196 ( - 1 ) . 13355 (8) .02040 (11)

EÓ(25) Ö0 X 10® io X 10*
X -  20 0.20311 -  757.0 - 3 .5 8
X -  45 16351 -1114 .5 -3 .2 4
X -  70 06618 -1745 .6 -3 .2 5

results were then expressed by the quadratic 
equation

=  £ o'(25) + ao it -  25) + b0 (t -  25)2 (11)
The constants were evaluated by the method of 
least squares. The deviations between the ob­
served values and those computed by equation 
(11) are indicated by the numbers in parentheses 
immediately following the result. These devia­
tions are given in hundredths millivolt and are 
positive when the calculated is greater than the

’ -  45% X -  70%
D u do D u

44.28 1.364 1.0619 20.37 4.373
43.05 1.385 1.0570 19.81 4.437
41.86 1.406 1.0522 19.25 4.510
40.70 1.429 1.0474 18.72 4.581
39.57 1.453 1.0426 18.20 4.657
38.48 1.477 1.0378 17.69 4.738
37.41 1.503 1.0332 17.20 4.820
36.37 1.530 1.0285 16.72 4.907
35.37 1.557 1.0239 16.26 4.995
34.39 1.586 1.0194 15.80 5.092
33.43 1.616 1.0149 15.37 5.185

observed value. The constants of equation (11) 
are given at the bottom of the table.

Our experience indicates that there is little 
doubt as to the reproducibility and reliability of 
the experimental results. An uncertainty arises 
in the extrapolation in the more concentrated di­
oxane Solutions which is due to the fact that we 
have employed the Debye and Hückel function 
when perhaps a more extended function contain­
ing a factor to account for ionic association would 
be better. We shall reserve such considerations 
for future discussion when more results in media 
of low dielectric constant are available. The 
discussion of different extrapolations in pure 
methyl alcohol Solutions {D = 31.5) given by 
Harned and Thomas6 is a partial answer to this 
difficulty. Their computations indicate that our 
Standard potentials are very near the true values.

Summary
1. Measurements of the cells

H2 (1 atm.) | HCl (m), X %  dioxane, Y%  H20  | AgCl-Ag

have been made at 5° intervals from 0 to 50° in 
Solutions containing 20, 45 and 70% dioxane and 
hydrochloric acid at various concentrations be­
tween 0.003 and 0.2 M.

2. From these the Standard electrode poten­
tials have been evaluated.
N e w  H a v e n , C o n n . R e c e iv e d  J u l y  6, 1936
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The Ionization Constant of Acetic Acid in Dioxane-Water Mixtures

B y  H e r b e r t  S. H arned  and  George L. K a za n jia n1

Herbert S. H arned and George L. Kazanjian Vol. 58

Accurate determinations of the ionization con­
stants of weak electrolytes in media other than 
water are scarce. Harned and Embree2 have ob­
tained the ionization constant of acetic acid in 10 
and 20% by weight methanol-water mixtures 
from suitable electromotive force measurements. 
The 20% methanol mixtures possess a dielectric 
constant of approximately 70 which is not far from 
that of water. In order to determine this ioni­
zation constant over a much wider range of Va­
riation of the dielectric constant, we have meas­
ured the cells
H2 (1 atm.) | HAc(wi), NaAc(ra2), NaCl(ra3),

X %  dioxane- F% H20  | AgCl-Ag (1)
containing 20, 45 and 70% by weight of dioxane 
at 5° intervals from 0 to 50°. The dielectric con­
stants of these solvents at 25° are 60.79, 38.48 
and 17.69, respectively. From these results, the 
ionization constant of the acid has been evaluated 
by the method of Harned and Ehlers.3

Experimental Results
The measurements of these cells were made in 

the manner described by Harned and Morrison.4 
The only detail different from their procedure 
consisted in the preparation of the buffered 
acetic acid solution, and the subsequent prepara­
tion of the cell Solutions.

An approximately 1M  hydrochloric acid was standardized 
by gravimetric analysis. lts strength was estimated to 
have been known to =*=0.02%. A 1.5 M sodium hydroxide 
solution free from carbon dioxide was standardized by 
weight titration by means of the hydrochloric acid solution. 
AH weighings were reduced to vacuum. These titrations 
checked to within =*=0.02%.

Glacial acetic acid was distilled three times in an aü- 
glass still, the first two times from a 2% solution of chromic 
anhydride. The middle fraction of the third distillate 
was diluted with conductivity water to form an approxi­
mately 3 M  solution. The strength of this solution was 
determined by weight titration against the Standard 
sodium hydroxide solution. Deviations from the mean of 
several titrations were not more than =*=0.03%.

Carefully purified sodium chloride dried in a mufïle fur­
nace at 500 ° was employed.

(1) This communication contains material from a Dissertation 
presented to the Graduate Faculty of Yale University in partial ful­
filment of the requirements for the degree of Doctor of Philosophy, 
June, 1936.

(2) Harned and Embree, T h is  J o u r n a l , 57, 1669 (1935).
(3) Harned and Ehlers, ibid., 54, 1350 (1932).
(4) Harned and Morrison, ibid., 58, 1908 (1936).

From these Standard Solutions a stock buffer solution was 
prepared. Six kilograms of the Standard acetic acid 
solution was weighed in a bottle on a balance sensitive to 
less than one gram. To this was added an approximately 
equal weight of the Standard sodium hydroxide solution 
to produce a buffer containing acetic acid and sodium 
acetate at nearly equal molalities. Then sufficiënt sodium 
chloride was weighed and introduced so as to make its 
molality equal to that of the sodium acetate. To prevent 
any change in concentration, the bottle containing the 
solution was equipped with a bulb containing the solution. 
It was estimated that the acetic and sodium acetate con­
centrations were known to within =*=0.05%. The error in 
salt concentration was considerably less than this.

The cell Solutions were prepared from this stock buffer 
solution, conductivity water and dioxane purified as de­
scribed by Harned and Morrison. About 1800 cc. of 
solution was prepared in 2-liter solution flasks. Allowing 
for the water to be added in the buffer solution, about 20 g. 
less than the desired amount of water was weighed into the 
solution flask on a balance sensitive to about 0.02 g. 
Next was added the buffer solution from a weight buret. 
Finally, the dioxane was introduced and weighed. Vac­
uum corrections were applied to all weights and the 
amount of water required to adjust the solvent composition 
to the desired water-dioxane ratio was added. Errors in 
the weighings were less than 1 part in 500. The solvent 
composition was known to within 0.02%. The electrolyte 
concentration was known to within =*=0.05%. All con­
centrations of electrolytes are expressed in moles per 1000 
g. of solvent.

These Solutions were rendered air free by the passage of 
hydrogen.4 The cell technique and electrode prepara­
tion was also carried out according to their directions.

Measurements of electromotive forces were made with 
an Eppley-Feussner type calibrated Potentiometer and 
with Weston cells frequently calibrated against Standard 
Eppley saturated Weston cells. A Leeds and Northrup 
Type H. S. galvanometer was employed.

The first readings of the electromotive forces were 
taken from 6 to 8 hours after the cell had been started. 
Readings were then taken at one-half hour intervals until 
constancy was obtained, then the temperature was 
changed. Two series of measurements were made for 
each concentration, one from 0 to 25 ° at 5 ° intervals, 
and the other from 25 to 50 °. The cells were measured in 
triplicate. In the 20% dioxane Solutions the reproduci- 
bility was of the order of =*=0.05 mv. In the 45% dioxane 
solution, the agreement was within =*=0.1 mv. Sometimes 
difficulties were encountered at temperatures from 40 to 
50°. In general, the results at the lower temperatures 
were somewhat more reliable. In the 70% series, the elec­
tromotive forces were reproducible to =*=0.05 mv. in most 
cases. In the more dilute Solutions, the electromotive 
forces were more difficult to measure because of the higher 
internal resistance of the cells. It was possible in all cases,
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however, to estimate the electromotive forces with a cer- 
tainty of 0.05 mv.

We have expressed the results by the equation 
E =  E 25 +  a (t -  25) - f  b (t -  25)2 (2)

In many cases, the first order differences of E  
showed no tendency to vary with the temperature 
so that the constant b was zero. In the other 
cases b was of a small magnitude. In Table I, 
-E25 and the constants a and b are given. In the 
fifth column of the table, the maximum deviation, 
Am, between the observed results and those com­
puted by equation (2) are given. In the last 
column, the average magnitude of the deviations, 
Aa, is given. It is apparent that Aa is for all 
cases 0.06 mv. or less. The range of applicability 
of equation (2) is from 0 to 50°.

T able I
Constants of E quation (2)
X = % by weight of dioxane 

mi, m2i mz — moles per 1000 g. solvent 
m 2 — mz ~  1.034 mx 

X  =  20

mx En a X 10« b X 10« AM(mv.) AA(mv.)
0.010918 0.63156 683 - 0 . 6 4 ”0 .09 0 .05

.019677 .61683 641 -  .64 .11 .03

.04744 .59450 555 -  .64 .14 .06

.07627 .58236 513 -  .64 .07 .04

.10582 .57400 480 -  .64 .11 .05

X = 45
0.011026 0.65217 568 0 0 .1 5 0 .04

.019983 .63706 515 0 .12 .03

.05173 .61258 423 - 0 . 3 6 .16 .05

.10910 .59304 337 -  .60 .11 .03

X = 70
0.005809 0.68806 420 0 0 .10 0 .05

.010909 .67144 356 0 .09 .05

.020968 .65404 300 0 .05 .02

.05164 .62937 216 0 .06 .015

.07862 .61774 172 0 .14 .03

.09986 .61081 144 0 .14 .04

The Ionization Constant
The equation for the electromotive force of the 

cell may be transposed to
F

2.303 RT (E -  Ei) +  log ( m i  —  m ^ ) m z  __ ^  T h ^ c i ^ h a c 

(ra2 +  mH) ° g ThTac 
- log K  = - lo g  X'(2)(3) (3)

where E'0 is the molal electrode potential of the 
cell, K  the ionization constant of acetic acid, and 
7  and m are the activity coefficients and molalities 
of the species indicated by subscripts.2«3 In order 
to evaluate K, the left side of this equation, —log 
K '} was computed from the observed molalities, 
the observed electromotive forces, and the values of

E q determined by Harned and Morrison.4 Since 
K  is of the order of 10 “ 6 or less, (wi — mg) and 
(m2 +  mH) may be replaced by mi and m2y respec­
tively, without causing an error greater than the 
experimental, (—log K ') was then plotted 
against the ionic strength, and (—log K) was 
read off the intercept a t zero ju.

The characteristics of the extrapolation are 
shown by Fig. 1 where the extrapolation plots of 
the 20, 45 and 70% series at 25° are shown. In

Fig. 1.-—Extrapolation plots: diameters of 
circles correspond to 0.2 millivolt.

the case of the 20% series, the plot through the 
points at the four highest concentrations is a 
straight line which has been continued to the in­
tercept. The point a t the lowest concentration 
lies somewhat below this plot. We feel justified 
in giving less weight to this result since the func­
tion plotted should yield a straight line a t low 
concentrations. In the cases of the 45 and 70% 
series, the plots have been drawn through the 
points. There is a slight curvature at the higher 
concentrations which seems to disappear as the 
ionic strength decreases. The slope of the 20% 
curve is slightly positive, that of the 45% curve is 
slightly negative, while that of the 70% plot is 
negative. The extrapolation plots a t all other 
temperatures were similar to these.

It is difficult to estimate the accuracy of this 
determination of the absolute value of (—log K). 
At 25°, an error corresponding to 0.1 mv. corre­
sponds to an error of 0.002 to 0.003 in (—log K ), 
or an uncertainty of 0.5 to 0.7% in the value of
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K. The determination of K  is estimated to be 
better than =»=0.7% but not better than =*=0.3%. 
The results in the more concentrated dioxane Solu­
tions appear to be the more consistent.

In Table II, the values of K  are given at all 
temperatures at which measurements were made. 
We observe that K  is in molality units. To con­
vert to moles per liter of solution, it is only neces­
sary to multiply by the solvent density. Thus,

T a b l e  II
I onization  Constants, Observed  and  Calculated by 

E quation (5)
X  — 20 X  -  45 X  -  70

D u  =  60.8 A s  -  38.5 Z>2* =  17.7
K  x 106, K  X 106, K  X 107, K  X 10*, K  X 10», K  X 10»

obsd. calcd. obsd. calcd. obsd. calcd.
0 4.77 4.77 4.74 4.75 5.17 5.18
5 4.88 4.89 4.83 4.84 5.25 5.25

10 4.99 4.99 4.91 4.90 5.27 5.29
15 5.07 5.05 4.93 4.94 5.31 5.29
20 5.10 5.10 4.96 4.94 5.25 5.27
25 5.13 5.11 4.93 4.92 5.22 5.21
30 5.09 5.10 4.87 4.87 5.11 5.13
35 5.04 5.05 4.80 4.79 5.04 5.02
40 4.97 4.98 4.69 4.69 4.88 4.88
45 4.89 4.87 4.54 4.56 4.70 4.72
50 4.78 4.75 4.39 4.41 4.50 4.54

Constants of Equation (4)
-  20; e  =  24 . 6, log R m  =  6 ,,7088, K ra =  5. 12 X 10
-  45; e  =  18 .5, log Km = 7 .6942, K m ^  4. 95 X 10
-  70; e  = 13 . 4, log K m  — 9 ,.7237, K m  =  5. 29 X 10

K c = Kdo. Examination of the values of K  shows 
that in all solvents this quantity increases, passes 
through a maximum, and then decreases with in­
creasing temperature. This fact is in accord with 
the behavior of weak electrolytes in aqueous solu­
tion.

Harned and Embree5 have shown that the 
equation

log K  — log Km = - p ( t  -  O)2 (4)

expresses quite well the temperature Variation of 
ionization constants of weak acids, bases and 
ampholytes in aqueous solution. K m is the value 
of K  a t its maximum, 0  the characteristic tempera­
ture a t which K  is a maximum, and t is the centi- 
grade temperature. p is a constant for all the 
electrolytes and has a value of 5.0 X 10 “5. Har­
ned and Embree2 also showed that the ionization 
constant of acetic acid in some methyl alcohol - 
water mixtures could be computed by this equa­
tion. They thus extended the range of applica- 
bility to a medium of dielectric constant of 70. 
The present results which extend to media of di­

es) Harned and Embree, T h is  J o u r n a l , 56, 1050 (1934).

electric constant of the order of 18 are excellent 
for testing the further extension of the equation 
of Harned and Embree.

Equation (4) may be transposed to
log K  =  [log K m — p e 2] 4- 2pet -  pt* (5) 

(log K  +  pt2) was plotted against t using the 
values of K  given in Table II. Straight lines 
were obtained for the results in all the dioxane- 
water mixtures which proved the validity of the 
equation. From these graphs K m and 0 were 
evaluated. Values of these quantities are given 
at the bottom of the table, and values of K  com­
puted by means of equation (5) are also given for 
purposes of comparison. The numerical equa­
tions for K  in the three mixtures, obtained from 
equation (5) are
X -  20; log K  => 6.6785 +  0.00246 t -  5 X 10“* *2 (6)
X -  45; log K  «  7.6771 +  0.00185 * -  5 X 10“* '/* (7)
X = 70; log K  *  9.7147 +  0.00134 I - 5 X  10“* P (8)

respectively. The agreement between observed 
and calculated values is excellent. The maximum 
deviation is 0.6% for the 20% series and 0.5% for 
the 45% series. In the case of the 70% series, the 
maximum deviation is 0.4% except for the value 
at 50° where a 0.9% deviation is observed.

We have not tabulated the heat of ionization,
AH. According to equation (4), this quantity 
is given by

AH ~  4.575 X 10“4 T2 (Jt -  0) (9)
The accuracy of the evalüation of AH depends on 
the accuracy with which 0  can be determined. 
An error in 0 of 1° will cause an error of 32 cal. at 
0° and 48 cal. a t 50°.

Summary
1. Measurements of the cells

H2 (1 atm.) | HAc(wi), NaAc(w2), NaCl(m3),
X %  dioxane, Y% H20  | AgCl-Ag

have been made at 5° intervals from 0 to 50° in 
dioxane-water mixtures containing 20, 45 and 
70% by weight of dioxane. The dielectric con­
stants of these solvents at 25° are 60.8, 38.5 and 
17.9, respectively.

2. From these data, the ionization constant of 
acetic acid, in each of the three solvents, has been 
computed a t 5° intervals from 0 to 50° by the 
method of Harned and Ehlers.3

3. These values have been employed to test 
the empirical equation found by Harned and Em­
bree5 to express the Variation of the dissociation 
constants of all weak electrolytes with the tem­
perature.
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The results of this investigation indicate that 
this general equation without any modification 
may be valid in non-aqueous Solutions. It may 
at least be said that the Harned and Embree 
equation is able to reproduce the experimental

results in Solutions covering a wide range of di­
electric constant, extending from 80 in aqueous 
Solutions to 15.4 in a solvent containing 70% di­
oxane by weight at 50°.
N ew  H a v e n , C o n n . R e c e iv e d  J u l y  25, 1936

[C o n t r ib u t io n  Erom  th e  D e pa r tm en t  of C h e m ist r y , U n iv e r s it y  of W is c o n s in ]

A Redetermination of the Protium-Deuterium Ratio in Water1
By N orris F. Hall and Thomas O. Jones

Since Bleakney and Gould2 gave 5000 as the 
H/D ratio in rain water, several attempts3 have 
been made to check this value by preparing water 
frèe from deuterium and comparing its density 
with that of ordinary water. Most of these fall 
roughly into two groups, resulting in values either 
near 5500 or near 9000.

Lewis in 19334 calculated the value 6500 on the 
basis of his first electrolytic fractionations. Re­
cently Applebey and Ogden5 have suggested an 
upper limit of 7000 on the basis of electrolyses 
and the assumption of “reasonable” values of the 
electrolytic Separation factor. The opinion has 
been expressed6 that Applebey’s results definitely 
discredit values of the H/D  ratio in the neighbor- 
hood of 9000. By most workers7 Johnston’s re­
cent value (—18.3 y in density, equivalent to a 
ratio of 5800) appears to be accepted as the most 
probable. We have now redetermined this ratio 
by a method which involves no extrapolation, and 
in which the final value is approached from both 
the light and heav}  ̂side.

Plan of Work
We prepared nearly deuterium-free water 

electrolytically by two methods. The first in­
volved the recombination of the electrolytic gases 
according to the method used by Taylor, Eyring 
and Frost.8 We shall refer to this method as 
‘ ‘mixed recovery.5 ’

(1) Presented at the Kansas City meeting of the American Chemi­
cal Society, April 15, 1936.

(2) Bleakney and Gould, Phys. Rev., 44* 265 (1933) (5000).
(3) Urey and Teal, Rev. Modern Phys., 7, 40 (1935) (5000) ; 

H. L. Johnston, T h is  J o u r n a l , 57, 484, 2737 (1935) (5800); Ingold, 
Ingold, Whitaker and Whitlaw-Gray, Nature, 134, 661 (1934) (9000); 
Tronstad, Nordhagen and Brun, ibid., 136, 515 (1935) (5500); 
Mörita and Titani, Buil. Chem. Soc. Japan, 10, 257 (1935) (5500); 
Christiansen, Crabtree and Laby, Nature, 135, 870 (1935) (8400).

(4) Lewis and Macdonald, J. Chem. Phys., 1, 823 (1933).
(5) M. P. Applebey and G. Ogden, J. Chem. Soc., 163 (1936).
(6) S. Glasstone, Ann. Rep. Chem. Soc., 32, 42 (1935).
(7) Cf. E. H. Riesenfeld and T. L. Chang, Ber., 69A, 1305, 1307, 

1308 (1936).
(8) Taylor, Eyring and Frost, J. Chem. Phys., 1, 823 (1933).

In one experiment 55 liters of Lake Mendota 
water was electrolyzed in potassium hydroxide 
solution with iron cathodes to about 70% of the 
original volume, and the 16 liters of water collected 
was reëlectrolyzed. This procedure was repeated 
five times until the volume of the last condensate 
was 150 ml. The amount collected at each stage 
was about 30% of the preceding volume. In a 
later experiment this process was independently 
repeated through four stages of electrolysis.

In the second method, called “Separation re­
covery,” we collected the hydrogen separately 
and burned it in ordinary air. Calculations of 
the equilibrium constant at high temperatures 
indicated that exchange effects in the flame 
could not introducé density differences in the 
burned water as great as 1 7 , and at the time 
this work was undertaken the results of Dole, 
Titani and Greene9 were not available to us, so 
that we assumed that air oxygen and surface 
water oxygen had the same isotopic composi­
tion.

By this method two runs were made. In one 
run (III) through four stages using bell type cells, 
30 liters of water was reduced to 150 ml. In the 
second (run IV), V-type cells (Fig. 1) with a 
loose plug of glass wool as a diaphragm were used. 
The initial and final volumes were 24 liters and 
400 ml., respectively, and the electrolysis was 
carried again through four stages.

Because the results of the two types of elec­
trolysis described did not agree, and because we 
expected on the basis of Johnston’s work3 a dis­
placement of the oxygen isotope ratio during 
mixed recovery electrolysis, we decided to nor- 
malize the oxygen isotope content of some of our 
samples by equilibration against the Standard

(9) M . D o le , T h is  J o u r n a l , 57, 2731 (1935), J .  Chem. Phys., 4, 
268  (1936); M orita  and T ita n i, Buil. Chem. Soc. Japan, I I , 36  
(1936); C. H . G reene and R . J. V osk u yl, T h is  J o u r n a l , 58, 693  
(1936).
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water through the medium of carbon dioxide gas. 
This was done as described-below. As a valuable 
check on the density measurements, the index of 
refraction of many of the samples was determined.

Fig. 1.—Electrolytic cell for Separation recovery.

Experimental
1. Purification of Samples.—Each sample of water was 

distilled three times, once from alkaline permanganate in 
an all-glass still with a very short (1.27 cm.) Hempel col­
umn to trap spray, once from a drop of phosphoric acid 
through a 10-cm. Widmer column, and finally through a 
simple quartz still directly into the density apparatus or 
the interferometer cell. Small equal head and tail frac­
tions were discarded. All the samples and the Standard 
water were treated in exactly the same manner.

2. Density Measurements.—A magnetically controlled 
buoyancy apparatus (Fig. 2) was used, similar in principle 
to that described by Lamb and Lee.10 The totally sub- 
merged quartz float was about 13 cm. long and had a vol­
ume of 8.2383 cc. at 25°. A cobalt-steel permanent mag- 
net was sealed in the bottom of the float and held perma- 
nently in place with wax. The sample tube had a volume 
of about 60 cc. and had a bottom ground flat inside to 
which the magnetic float was attracted by the field of the 
coil beneath the sample tube. It was found that the float 
centered itself automatically and reproducibly in the field 
of the coil. The tube and connections were of Pyrex 
with metal parts of brass. The coil was held rigidly fixed 
below the tube by a brass and wax collar. By slowly re­
ducing the current through the coil the exact voltage was 
found which just prevented the float from rising. The 
apparatus was calibrated by successively adding weighed 
platinum rings to the top of the float and meäsuring the 
e. m. f . required to hold the float against the bottom of the 
vessel. From the weight differences, the e. m. f . differences 
and the volume of the float and rings, it was found that 
one millivolt corresponded to a density change of 9.22 y.  
This factor was found to be constant over the total density 
range studied (some 150 7). The apparent precision of 
a single reading was 0.1 7, and the measureineiit could be

(10) A. B. Lamb and R. L. Lee, THIS JOURNAL, 36, 16ÖÖ (1913).

repeated at different times on the same samples to 0.2 or 
0.3 7. The apparatus was submerged in a thermostat 
which was constant to 0.005°. The fluctuations in the 
apparent density of a given sample as it stood in the bath 
were hardly detectable, but measurements were always 
made at the crests of the bath temperature fluctuations.

Each sample was evacuated to remove dissolved air, 
opened to the atmosphere, closed, brought to temperature 
in the thermostat, opened and closed once more. This 
procedure removed the bulk of the dissolved air, but per- 
mitted small amounts to redissolve. No effect on the 
density from this source could be detected. Preliminary 
measurements showed that increases of barometric pres­
sure produced an apparent density increase of 0.1 7 per 
cm. Since control measurements on the Standard water 
were always made within a few hours of the measurements 
of an unknown sample, corrections from this source were 
always within the precision of the measurements them- 
selves and were not applied.

3. Carbon Dioxide Equilibration.-—Saturating towers 
of a type described by Kraus11 were used and filled with 
glass pearls. The gas current acting as an air lift circu- 
lated the water over the pearls and gave very efficiënt 
scrubbing. The gas was first scrubbed with a large quan­
tity öf the Standard water which was frequently renewed. 
It was next thoroughly dried and then saturated by long 
and repeated contact with the unknown sample. As it 
left the sample the gas passed through reflux condensers 
and freezing traps to recover any water carried out, and 
this was united with the main sample. The density of the 
Standard water was not affected by carbon dioxide treat­
ment in this way.

(11) C. A. K raus, and  H. C. Parker, i b i d . , 44, 2429 (192:2),
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4. Index of Refraction Measurements.—We fortu- 
nately were able to secure the loan for a time from the 
U. S. Forest Products Laboratory of a Rayleigh gas inter­
ferometer, through the courtesy of Dr. Alfred J. Stamm 
whose assistance is gratefully acknowledged. For this 
instrument a liquid cell-pair was constructed of Pyrex 
consisting of a 90-cm. long tube 3 cm. wide within which 
a 1-cm. tube was sealed by means of side inner seals (Fig. 
3). Plate glass Windows were cemented on the parallel 
ground ends. The Standard water was placed in the larger 
tube and the sample in the smaller one. The whole cell 
was immersed in a water thermostat. Readings could be 
repeated to three or four scale divisions, so that the instru­
ment was sensitive to refractive index differences of about 
2 X 10"8.

T a b l e  I

R em o va l  o f  D e u t e r iu m  from  W ater

I. Mixed Recovery
(1) (2) (3) (4) (5)

Elec­ — A d X  106 — A 'd  calcd.
trolysis — A d after CO2 An from An
stage X 106 treatment X 10* X 106

la 14 .0 a

13 .8
lb 2 1 .2 6 .05 . 15 .8

2 1 .4 6 .3
Ic 2 3 .3 5 .8 5

2 3 .5 6 .0 5 15 .5
2 3 .7
2 4 .6

Id 2 4 .0 a

2 4 .1
2 5 .5

Ie 2 5 .4 6 .0 5
16 .32 4 .8 6 .3

2 4 .6
Ha 17 .1 15 .0 6 .0 5 15 .2

1 7 .2 7 .0
Iib 2 0 .3 16 .0 6 .6 1 5 .7

2 0 .3 6 .8
IIc 22.1 16 .6 6.8 1 5 .9
Ild 2 5 .4 1 6 .5 6 .7 15 .9

6 .9

II. Hydrogen Burned in Air
lila 6 .8

6 .5
Illb 8 .3

8 .2
IIIc 10 .4

10 .6
1 1 .8

I l ld 12 .0
11 .9

IVa 7 .6 13.6
IVb 8 .1 16.3
IVc 8 .9 16 .4
TVd 8 .9 16 .7

a In runs la, ld  the amount of water available was too 
small for a determination of Aw.

Results
The columns of Table I show (1) the run (Ro­

man numeral) and stage of electrolysis (small 
letter) referred to; (2) the difference in dH be­
tween the purified electrolyzed sample and the

Fig. 3.—Interferometer cell.

purified Standard water; (3) the same difference 
after the sample had been equilibrated with car­
bon dioxide and repurified; (4) the difference in 
index of refraction between the purified sample 
and the purified Standard water (in run II these 
measurements were made on the samples which 
had been treated with carbon dioxide); (5) the 
specific gravity difference calculated from the 
measurement of n. In columns 2, 3 and 4 of 
Table I, each figure represents an individual de­
termination. In calculating the values in column 
5, the mean of the corresponding experimental 
values was used in each case. These results are 
also exhibited in Fig. 4, in which, however, only 
the mean values appear. The two upper curves 
represent the density differences obtained in runs 
III and IV by Separation recovery. The lower 
two curves are the results of runs I and II  by 
mixed recovery. The small circles and crosses 
on the middle curve show the values for all 
samples treated with carbon dioxide. The large 
circles give the values calculated from the index 
of refraction measurements.

For comparison with the water of Lake Men- 
dota, we also made some density determinations 
on water from Lake Michigan, on the artesian 
well water of the Madison City supply, and on 
two samples of sea water taken from the Atlantic 
near the S. E. corner of Martha's Vineyard island.

T a b l e  I I
vSample A y

Lake Michigan + 0 . 3 +  0 . 4
Madison City Water - 0 . 2 - 0 . 3
Atlantic Ocean 1 +  1 . 4 +  1 . 8
Atlantic Ocean II +  1 . 4 +  1 . 6
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Table II gives the density differences of these 
samples from Lake Mendota water.

JL

____JC

i -------- 5b <  ̂ Vr---------

^___I

’ if""

0 1 2 3 4 5
Electrolyses.

Fig. 4.—Removal of deuterium from 
water: • ,  II knallgas water; < ©, I knallgas 
water; O, V knallgas water; after car­
bon dioxide treatment; O, calcd. from in­
terferometer; A  , III hydrogen burned 
in air; ■, IV hydrogen burned in air;
X , air water after carbon dioxide treatment.

Discussion of Results
(a) Mixed Recovery.—Runs I and II are in 

substantial agreëment with the results of John­
ston3 in that they seem to show composite density 
decrements due.to (1 ) the progressive removal of 
all the deuterium, (2 ) a more or less steady but in­
complete removal of O18. Our results differ from 
his in that the decrement due to O18 removal does 
not seem to be constant and reproducible from 
stage to stage and run to run. Since the elec­
trode surface and other conditions may be ex­
pected to vary with time, a completely constant 
fractionation factor for oxygen seems hardly to be 
expected. If our results are treated by Johns ton’s 
method of extrapolation to stage zero to correct 
for O18 removal, the residual density difference 
depends on the method of extrapolation. For 
these and other reasons, we have preferred to 
rely on the carbon dioxide method of restoring 
the original 0 18/ 0 16 ratio, rather than on correct- 
ing for its displacement by the electrolysis. Our 
average density decrease per stage due to oxygen 
in run II is 2.0 y compared to the value 1.6 y  
given by Johnston. (There is, of course, no rea­
son why the gross Separation factor in the two 
cases should be identical.)

(b) Carbon Dioxide Equilibration.—When 
samples from the mixed recovery electrolysis 
(run II) were treated with’ equilibrated carbon 
dioxide for several days, they showed in every 
case an increase in density (i. e., an approaeh to 
the density of the original water). After removal 
from the apparatus, purification and density de­
termination, the samples were returned to the 
apparatus and treated with carbon dioxide for 
several days more. The treatment was continued 
in every case until there was no further measurable 
change in density. The final values obtained 
(run II, column 3, Table I) point clearly to 16.5 
=*=0.5 7  as the best value for the density decre­
ment of deuterium-free water.

(c) Separation Recovery.—In two runs by this 
method density decreases of only about 1 2  and 
9 7 , respectively, were obtained in four stages of 
electrolysis and burning. Since nearly all the 
deuterium (accounting for a density decrease of
10-15 7 ) must have been removed in the first 
stage, the only way of accounting for this large 
excess density is to assume either that the nearly 
pure protium becomes reënriched in deuterium at 
each stage, or else that the oxygen isotope ratio 
has been significantly altered. To test the latter 
hypothesis, the samples from run IV were equili­
brated with carbon dioxide against the Standard 
water, and all showed further decreases in den­
sity (cf. columns 2 and 3, Table I). These de­
creases, which average 7.4 7  for the four stages, are 
in the direction, are of the order of magnitude 
to be expected from the work of Dole and others, 
since the oxygen of the original water had been re­
placed by (heavier) air oxygen in the burned 
water. The value found (7.4 7 ) lies between 
those given by Dole and by Morita and Titani. 9 

The indicated value for the density decrease of 
deuterium-free water is here again 16.5 =±= 0.5 7  

in complete agreement with the “mixed recovery’’ 
value.

(d) Interferometry.—Index of refraction meas­
urements fumish independent evidence of the 
removal of deuterium from water, since unlike 
the density the value of n is relatively independent 
of changes in the amount of O18.

It may be inferred from earlier work3,12 that if 
— &d is the difference in density at 25° between 
two samples of water low in deuterium and nor­
mal as to oxygen isotope ratio, then —106 Ad

(12) D. B. Luten, Jr., Phys. Rev., 45, 161 (1934); L. W. Tiiton 
and J. K. Taylor, Bur. Standards J. Research, 13, 207 (1934).
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should equal about (1062/453) X 107 An where 
An is measured with white light at the same tem­
perature. Applying this factor 2.34 to the meas­
ured index of refraction differences in run II, 
column 4, we obtain the calculated density differ­
ences in column 5 , which are somewhat lower than 
the measured values (col. 3). This suggests that 
the factor 2.34 may be a little low. Best agree­
ment would be secured by using the value 2 .39 . 
The extra handling and purification of the samples 
with the attendant dangers of fractionation or 
contamination may be responsible for the slight 
lack of agreement found, or the error may reside 
in the density and index of refraction work of 
others on which the calculation is based. In any 
event, the total discrepancy is less than 1 part per 
million in the density, and is probably within the 
error of the refractive index determinations.

Run I was made before we had begun to use the 
equilibration method, and therefore the index of 
refraction measurements were made on samples 
of which the O18 content had been lowered by 
electrolysis. This should have caused a decrease 
in the observed An, so that a positive correction 
should be applied to the An figures in Table I, 
run I, column 4. Subtracting from the observed 
value of — Ad for stage lb thé hypothetical value
16.0 7  and correspondingly subtracting 16.5 from 
the observed value in stages Ic and Ie, we get the 
values 5.3, 7.0, and 8.6 as the decreases due to O18 
removal. Multiplying these by the factor 0.073 
to convert 106 Ad into 107 An, we have as O18 cor­
rections +0.4, +0.5 and +0.6. Adding these to 
the observed 107 An values and multiplying by 
the conversion factor 2.39 we arrivé at the values 
15.8, 15.5 (and 16.3) which may be compared with 
the directly measured values 16.0 and 16.6 in run 
II and 16.3 and 16.4 in run IV. We thus have two 
fully independent and two partly independent 
series of values, obtained in two different ways, 
all of which are consistent with the value 16.5 =±=
0.5 7  for the decrease in specific gravity of water 
due to complete removal of deuterium without 
disturbance of the oxygen isotope ratio. If this 
result is accepted, and the value 1.1074 is correct 
for the specific gravity of pure deuterium oxide 
(oxygen normalized) at 25°, the protium-deuter- 
ium ratio in Lake Mendota water becomes 6400

=*= 200. (This computation takes account of the 
non-additivity of volumes found by Luten12 as 
does the calculation of An just given.)

Since the measurements reported in Table II 
indicate in connection with many published re­
sults of others that Lake Mendota water has 
about the same density as surface fresh water 
everywhere, the value 6400 may perhaps be taken 
as the correct value for such water in general.

Using this ratio, Aston’s recent redetermina- 
tion of the physical atomic weights of the hydro­
gens and the Mecke-Childs conversion factor, 
the physical atomic weight of ordinary hydrogen 
becomes 1.0083 and the Chemical value 1.0081.

This work was furthered by grants from the 
Research Committee of the University, whose aid 
is gratefully acknowledged.

Summary
1. Surface water from Lake Mendota (Madi­

son, Wis.) was freed from deuterium by repeated 
electrolysis with recombination of the electrolytic 
gases. When the deficiency in O18 thus caused 
had been restored by carbon dioxide equilibration 
against the original water, the density loss due to 
deuterium alone was 16.5 7 .

2. The same water was electrolyzed in stages 
and the electrolytic hydrogen burned in air. The 
excess of O18 thus introduced was removed in 
the same way, and the density loss was again
16.5 7 .

3. Index of refraction measurements on the 
equilibrated water indicated that the entire de­
crease was due to deuterium.

4. Index of refraction measurements on elec­
trolyzed but not equilibrated water gave values 
consistent with the postulated displacement of 
the oxygen isotope ratio.

5. The protium-deuterium ratio in surface 
fresh water inferred from these results is 6400 =*= 
200, confirming Lewis’ early estimate.

6. Both the lower and the higher values of 
this ratio reported in thé literature may possibly 
be due to actual differences in the water studied, 
but it is believed that many of them rest upon in­
adequate correction for alteration in the oxygen 
isotope ratio.
M a d is o n , W is c o n s in  R e c e iv e d  J u l y  16, 1936
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Influence of Combustion Conditions on the Density of Water Formed from Commer­
cial Hydrogen and Oxygen

By W. Heinlen Hall and Herrick L. Johnston
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It was suggested in an earlier paper1 that condi­
tions at the time of combination of hydrogen and 
oxygen might influence the density of the water 
formed, particularly if the two gases were not 
present in the stoichiometric proportions. A 
further check on this point appeared of interest 
because of the possible significance of such an 
effect in the determination of isotope ratios.

To accomplish this a number of experiments 
have been carried out, with oxygen and hydrogen 
from commercial tanks. The gases were either 
combined by ignition in a small blowtorch of 
glass, to produce a flarne, or the mixed gases re­
acted on a catalyst surface of platinized asbestos. 
The water vapor was Condensed, the water puri­
fied2 and its density determined to roughly 1 
p. p. m. by the submerged float method. Pre- 
cautions3 were taken to avoid possible errors due 
to barometric variations or to changes in weight 
or volume of the glass float. Combustions were 
made out of contact with air.

The results of these experiments are given in 
Table I, where they are classified with respect to 
the conditions of combustion. As shown, the 
catalyst was employed under three sets of condi­
tions. III represents conditions similar to those 
in our earlier work,4 in which the catalyst cham- 
ber was heated to 300° and the mixed gas passed 
slowly through a loose plug of the platinized 
fiber. Reaction took place over a large area 
of catalyst5 surface, without incandescence, and 
there was relatively long contact between the 
mixture of steam and the gas introduced in excess. 
The conditions in IV were similar, except that the 
catalyst chamber was not heated. An approxi­
mate temperature of 100° was maintained by the 
heat of reaction. In the experiments listed 
under II the mixed gases were directed onto a 
small area of the catalyst by a capillary which al­
most touched the asbestos. This resulted in a

(1) Hall and Johnston, T h is  J o u r n a l , 67, 1515 (1935).
(2) Snow and Johnston, Science, 80, 210 (1934).
(3) Johnston, T h is  J o u r n a l , 57, 484 (1935).
(4) The same lot of platinized asbestos was used in all of tlie 

catalyzed experiments of the present work as was used iu the early 
investigation.

(5) Analysis of the gas which came from the catalyst in one ex­
periment, with an initial mix of 27 parts oxygen to 73 of hydrogen, 
showed that the oxygen removal was 95% complete.

much more localized reaction with the result that 
incandescence was produced in a small zone ad­
jacent to the capillary. In reality combustion 
probably occurred as a homogeneous gas phase 
reaction in a thin flame adjacent to the catalyst 
surface. In this series of experiments the walls 
of the catalyst chamber were cooled with water, 
which Condensed the steam and thus removed it 
from the active zone.

T a b l e  I
Volume Densities relative to 

of O2 normal water
per unit.----------------- *----------------- <
volume Ad

Condition of combustion of H2 Sample AT (p. p. m.)
I Flame at tip of glass blowtorch

(a) Stoichiometric pro-

portions 0.5 A3 +0.010 + 2 .6
(b) Oxygen in excess 4 Al +  .010 + 2 .6

0.7 B2 +  .012 + 3 .1
(c) Hydrogen in excess .06 A2 +  .006 + 1 .6

II Glowing catalyst in water-cooled copper tube
(a) Oxygen in excess 0.75 A5 +0.013 + 3 .4
(b) Hydrogen in excess .2 A4 +  .013 + 3 .4

III Catalyst at 300° in heated Pyrex tube
(a) Oxygen in excess 1.0 A8 -0 .0 0 2 - 0 .5

1.0 B3 -  .020 - 5 .2
(b) Hydrogen in excess 0.1 A6 +  .018 + 4 .7

.16 A7 +  .021 + 5 .5

.25 B5 +  .021 + 5 .5
IV Catalyst at 100° in uncooled Pyrex tube

(a) Oxygen in excess 1 B4 -0 .0 1 4 - 3 .7
(b) Hydrogen in excess 0.125 BI +  .025 + 6 .5

The columns in the table ref er to: propor­
tions in which the gases were supplied from the 
tanks, measured by flowmeters; identifying 
sample numbers, with the letters A and B used to 
distinguish two different pairs of oxygen and 
hydrogen tanks used in the investigations; and 
the temperatures of floating equilibrium and 
corresponding density increments, relative to 
purified samples of Columbus city water.

Interpretation and Discussion of Results
The low density of sample A2 may indicate a 

slight effect, due to excess hydrogen, in the flame 
experiments. However, the effect, if present, 
is no greater than the limits of error of the deter 
mination. Nor is the density of the water pro-
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duced from the “B” pair of tatiks significantly 
different from that óf the “A” pair. We take 2.5, 
the average of the four samples secured in the 
flame combustions, as the value best representa- 
tive of the hydrogen and oxygen in the tanks and 
use this as a reference point to measure the effect 
of the various conditions äccompanying the 
catalytic experiments.

The consistèntly high values (2 to 4 parts per 
million relative to the flame experiments) ob­
tained with excess hydrogen in series III and IV 
are well outside the experimental error and are 
opposite in sign to effects which might be an- 
ticipated on the basis of comparative reaction 
velocities of light and heavy hydrogen.6 They 
may be accounted for by the exchange reaction 

H20(g) +  HD = HDO(g) +  H2 (1)

for which platinum is observed to be a catalyst.7 
Equilibrium constants for this reaction are 2.0 
and 1.38 at 100 and 300°, respectively.7b Table 
II records the relative densities to be expected 
with equilibrium fully attained.8

T a b l e  II

E q u ilib r iu m  D e n s it ie s  (C a l c u l a t ed ) for  the  R u n s  
w it h  H y d r o g e n  in  E x c ess

Sample
Hydrogen 

steam ratio
Density above 

normal water, p. p. m.
A 6 4.0 7.6
A7 2.1 6.7
B5 1.0 5.4
BI 3.0 13.5

Failure to attain füll equilibrium, particülarly 
at the lower temperature, is to be expected since 
the time of contact with the catalyst was much 
shorter than that found by A. and L. Farkas7b 
for complete equilibrium.

With excess oxygen, under the conditions 
pertaining to series III and IV, densities are 
consistèntly low (3 to 8 parts per million). Al­
though the exchange reaction

H20 18 -F 0 160 16 = HoO16 +  ö 160 18 (2)
would lead, qualitatively, to water of low density, 
the quantitative effect of this reaction could not 
exceed approximately 0.3 p. p. m. in the experi-

(6) H. W. Melville, J. Chem. Soc., 797 (1934).
(7) (a) Horiuti and Polanyi, Nature, 132, 819 (1933); (b) A.

and L. Farkas, Trans. Faraday Soc., 30, 1071 (1934).
(8) The hydrogen was produced by electrolysis of water and should 

be nearly normal unless the electrolyte was newly prepared. The 
oxygen was produced by the fractionation of air and might be ex­
pected to contribute, in itself, a density abnormality of about 0 
p. p. m. (cf. seq.) except for some probable isotope Separation in it:. 
production. For purposes of this computation we have takén the 
hydrogen as normal (H /D  ratio of 5800) and have credited the 2.5 
P- P- m. abnormality to the oxygen alone.

ment at 300°, or about 1 p. p. m. a t 100°.9 
Thé low densities must therefore be the result öf 
higher reaction velocities of 0 160 16 as compared 
with 0 160 18. I t is evident that platinühi is a 
much poorer catalyst for thé exchange of oxygen 
with water than for the exchange of hydrogen 
with water.

The results in Series II are probably to be ac­
counted for on the theory that here we are dealing 
with a homogeneous gas phase reaetion in which 
the isotope proportions remain unchanged, as in 
the flame, and that rapid removal of water vapor 
from thé gas phase prevents ä subsequent hydro­
gen exchange with sample A4.

The Density of Atmospheric Oxygen
These experiments confirm a reinterpretation10 

of an observation reported in our previous paper.1 
The fact that tank hydrogen burned in air (flame) 
produced water of higher density than that re­
sulting from reaction of the same tank hydrogen 
with oxygen from normal water (catalyst) was 
attributed by us to the relative proportions in 
which the gases were brought together in the two 
combustions. On the basis of the present work 
we see that the density of samples 4(a, b) of the 
earlier work were probably high to the extent of 
about 2.7 parts per million due to the hydrogen 
exchange reaction on the catalyst. W ith this 
correction applied the discrepancy between 
samples (4) and (5) of that work is increased to  
give a difference of 6.6 p. p. m. The combustion 
in atmospheric oxygen gave the water of higher 
density. This is in good agreement with inde­
pendent work of Dole,10 who reports 6.0 p. p. m. 
greater density for water produced by combustion 
of hydrogen with atmospheric oxygen than for 
water produced by combustion of the same hydro­
gen with oxygen from normal water.

The conclusions in the earlier paper respecting 
the O18 and O17 enrichment of water from com­
mercial electrolytic cells are not changed by the 
results reported here. Since the conditions of 
combustion were the same with samples 2 and 3 
(a, b) the influence of the hydrogen exchange reac­
tion must have canceled out in the comparisons of 
densities.

Summary
Density comparisons of water produced by

(9) This calculation is based  on the enrichment factors computed 
by Urey and Greiff [T h is  J o u r n a l , 57, 321 (1935)] and on au 
O1«/O1* ratio of approximately 500.

(10) Malcolm Dole, J. Chem. Phys., 4, 268 (1936).
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combustion of hydrogen and oxygen from com­
mercial cylinders show: (1) that the propor­
tions in which the gases are brought together for 
reaction results in no significant change in the 
isotopic composition of either hydrogen or oxygen 
if the combustion occurs in a flame.

(2) That changes of isotopic composition suf­
ficiënt to affect the density of the resulting water 
by several parts per million may occur if the com­
bination takes place on a platinum catalyst. 
With oxygen in excess the density of the resulting 
water may be low and appears to be accounted 
for by lower reaction velocities of oxygen mole­
cules containing the heavier isotopes. With 
hydrogen in excess the resulting water was found,

under certain conditions, to be high in density. 
This appears to be the consequence of an incom­
plete exchange reaction between steam and the 
excess hydrogen.

An exchange reaction between steam and 
molecular oxygen does not appear to be signifi- 
cantly catalyzed by platinum at 300°.

Previous data1 corrected for the hydrogen ex­
change are in quantitative agreement with Dole’s 
discovery10 that water produced from hydrogen 
and atmospheric oxygen is denser by about 6 
parts per million than water produced by com­
bination of the same hydrogen with oxygen ob­
tained from normal water.
C o l u m b u s , Oh io  R e c eiv ed  J u n e  29, 1936

[C o n t r ib u t io n  from  t h e  Ch em istr y  Laboratory  of  Sta n fo r d  U n iv e r sit y ]

Kinetics of the Vapor Phase Reaction of Mercury and Halogens

B y  R ichard  A. Ogg, J r ., H en r y  C. M artin  a n d  P h il ip  A. L eighton

There appears to have been but little study of the 
familiär combination of mercury with halogens. 
In particular, no evidence has as yet been ad- 
duced to show that such a reaction can take place 
other than at the surface of liquid mercury. I t is 
desired to report the preliminary results demon- 
strating the occurrence of a rapid vapor phase 
combination of mercury and bromine and to dis- 
cuss the kinetics of this process.

The method previously described1 for demon- 
strating visually the evaporation of mercury was 
extended to observe qualitatively the reaction of 
mercury vapor with halogens. A dish of warm 
liquid mercury was interposed between a mercury 
“resonance” lamp and a fluorescent screen. The 
ascending vapor was manifested as a dark shadow 
on the screen. Introduction of a small dish con­
taining liquid bromine or warm iodine crystals 
into the space above the liquid mercury caused 
the shadows to vanish, only to reappear after re­
moval of the halogen.

Estimates of the rate of the mercury-bromine 
reaction were made by an adaptation of the “dif­
fusion flame” method employed by Frommer and 
Polanyi2 in their studies of sodium vapor reactions. 
Mercury vapor (at a known partial pressure of

(1) P, A. Leighton and W. G. Leighton, J. Chem. Education, 12, 
139 (1935).

(2) L. Frommer and M. Polanyi, Trans. Faraday Soc., 30, 519 
(1934),

some 0.01 to 0.1 mm.) carried in dry air at atmos­
pheric pressure was allowed to flow through a 
nozzle into a reaction cell filled with air at atmos­
pheric pressure and bromine vapor at a partial 
pressure of some 10 to 40 mm. The reaction zone 
was maintained at approximately 110°.

Quartz Windows allowed a beam of light from a 
mercury “resonance” lamp to traverse the reac­
tion zone and by means of quartz lenses an image 
of the nozzle and surrounding region was cast 
upon a fluorescent screen. With suitable rates of 
flow (a linear nozzle velocity of about 1 cc./sec.) 
the reaction “flame” was observed as a circular 
shadow projecting from the nozzle image. Visual 
estimation was made of the light absorption in 
various parts of the “flame,” and compared with 
that in blank experiments in which air containing 
mercury vapor at various known concentrations 
was allowed to flow into the bromine-free cell. In 
this manner a rough estimate could be made of 
the total number of mercury atoms present in the 
mercury-bromine “flame.” The reciprocal of the 
mean life of the mercury atoms in the “flame” di­
vided by the bromine concentration yields the bi­
molecular velocity constant.

The mercury-bromine reaction appeared to be 
one of the first order with respect to each reactant. 
Upper and lower limits for the velocity constant 
under the above conditions were estimated as
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107(mole/cc.)_1 sec.“1 and 105 (mole/cc.)~1sec.'"1, 
respectively. Experiments were also made on the 
temperature coëfficiënt. The temperature of the 
reaction cell was rapidly lowered from 120 to 50°, 
other conditions (rate of flow, concentrations of 
reactants) being maintained constant. No appre­
ciable change could be observed in the size of the 
“flame" shadow. This result allows a conserva- 
tive estimate of some 5 kcal. as the upper limit 
of the activation energy, and it may well be zero. 
A few experiments with mercury-iodine “flames” 
indicated the rate to be essentially the same as 
that of the mercury-bromine reaction. The re­
action products were mercuric bromide and iodide, 
respectively.

These preliminary results allow dedsion be­
tween the only two plausible mechanisms for the 
mercury-bromine reaction. The first mecha­
nism embodies two consecutive metatheses, of 
which the first would be rate determining.

Hg +  Br2 >  HgBr +  Br (1)
HgBr -f  Br2 ^ HgBr2 +  Br (2)

The second mechanism involves only an associa­
tion.

Hg +  Br2 — ^ HgBr2 (3)

The heat of dissociation of HgBr is given by 
Sponer3 as 25.4 kcal. per mole. Using the 
accepted value of 45.2 kcal. per mole for the 
heat of dissociation of bromine, reaction (1) is 
seen to be endothermic by 19.8 kcal. Hence the 
corresponding activation energy would be at least 
this great. Experimentally the observed activa­
tion energy is nearly zero. Further, a bimolecu­
lar reaction having a normal collision rate [1014 
(mole/cc.)“1sec.“ 1] and an activation energy of 
19.8 kcal. would have at 110° a rate constant of 
only some 103(mole/cc.)“1sec.“ 1—a value much 
smaller than the lower limit estimated for the ex­
perimental value. Hence it may be conduded 
that the mechanism involving reactions (1) and
(2) plays no appreciable role, and that the ob­
served mercury-bromine reaction is due to the as- 
sodation reaction (3). Exactly similar considera­
tions obtain for the mercury-iodine reaction.

An assodation reaction such as (3) may be 
slower than the collision rate for three reasons:
(a) activation energy may be required; (b) there 
may be “steric hindrance” ; (c) triple collision 
with a third body (in this case an oxygen or 
nitrogen molecule) may be necessary. Were the

(3) H, Sponer, Z. physik. Chem., B U ( 425 (1931),

slowness of the observed mercury-bromine reac­
tion due only to factor (a), the activation energy 
would be from 12 to 15 kcal., corresponding, re­
spectively, to the upper and lower limits of the 
velocity constants. The extreme smallness of the 
observed activation energy leads to the conclusion 
that the second and third factors are more impor­
tant.

As an approximate estimate of the rate of triple 
collision the rate constant for the recombination 
of bromine atoms in the presence of a third body 
may be chosen. For a considerable number of 
different molecules this constant has a value4 of 
approximately 1015(mole/cc.) ”2sec. “ 1. At 110° 
and atmospheric pressure the concentration of air 
molecules is some 4 X 10~g(mole/cc.). Hence if 
reaction (3) occurred a t every triple collision the 
apparent bimolecular velodty constant would be 
some 4 X lO^mole/ccO^sec.” 1. Since this 
value is over a thousand-fold greater than the es­
timated upper limit of the velodty constant for 
the mercury-bromine reaction, it is entirely con­
sistent to assume that the association reaction (3) 
occurs only on collision with a third body. Theo­
retical considerations5 indicate that assodation re­
actions which form a triatomic molecule should 
require triple collisions. The design of the ap­
paratus was not such as to allow experimental 
test of the above conclusion by studying the de­
pendence of the mercury-bromine reaction upon 
the concentration of inert gas. In future study of 
the reaction it is planned to make this test.

Assuming the mercury-bromine reaction to be 
a three-body process, it is seen that the effidency 
of triple collisions is relatively small. The ex­
perimental results do not allow decision as to 
whether this is due to activation energy or 
“steric hindrance.” Were the activation en­
ergy 5 kcal., the calculated rate at 110° would 
be reduced by a factor of some seven hundred.

I t  is interesting to compare the above results on 
the mercury-bromine and mercury-iodine asso­
ciation reactions with the studies of Polanyi6 on 
the initiation of hydrogen-chlorine reaction 
chains by atoms of zinc, cadmium and mercury. 
At 300° zinc and cadmium atoms were found to 
initiate chains, presumably by processes analogous 
to reaction (1) above. The respective velocity 
constants were estimated as some 1010 and

(4) K. Hilferding and W. Steiner, ibid., BSO, 399 (1935).
(5) L. S. Kassei, "Kinetics of Homogeneous Gas Reactions," 

Chemical Catalog Co., New York, 1932.
(6) M. Polanyi, Trans. Faraday Soc., 24, 606 (1928),
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109(mole/ cc.)_1sec. respectively. This is not
inconsistent with the assumption that zinc and 
cadmium atoms can combine with chlorine by as­
sociation processes analogous to reaction (3). 
Presumably these reactions would also require 
triple collisions and have rate constants of the 
same order as those found for mercury-bromine 
and mercury-iodine association. Hence under 
the experimental conditions employed by Polanyi 
(total gas pressures of a few mm.), the bimolecu­
lar velocity constants for the zinc-chlorine and 
cadmium-chlorine association reactions may be 
estimated as at most some 105 — 106(mole/cc.)_1- 
sec.“ 1. This is very much smaller than the ex­
perimentally observed velocity constants for the 
metathetic reactions, and hence the association 
plays a negligible role. With mercury atoms 
and chlorine it appears that the reverse Situa­
tion obtains, since it can be shown that the 
process analogous to reaction (1) is about 
equally endothermic for all halogens. This

conclusion is in agreement with the observa- 
tion of Polanyi that mercury atoms do not initi- 
ate chains in hydrogen-chlorine mixtures.

Summary
1. I t has been shown that mercury atoms enter 

into a rapid vapor phase reaction with halogens.
2. At 110° and in the presence of air at atmos­

pheric pressure thé mercury-bromine reaction ap­
pears to be of the first order with respect to each 
reactant, and the velocity constant lies between 
107 and 105(mole/cc.)~1sec.~1.

3. The temperature coëfficiënt is very small, 
an upper limit of 5 kcal. being estimated for the 
activation energy.

4. I t appears that the mercury-bromine re­
action must take place as an association process, 
most probably in triple collisions with molecules 
of inert gas. The efficiency of triple collisions 
appears to be relatively small.
Stanford  U n iv e r s it y , Ca l if . R ec eiv ed  J u ly  27, 1936

[ C o n t r ib u t io n  fr o m  t h e  D epa r tm en t  of P h y sic s , A la ba m a  P oly tec h n ic  I n st it u t e ]

Photography of Minima in the Magneto-Optic Apparatus

B y Gordon H ug h es

The work of Allison1 and others on the magneto- 
optic apparatus has been called into criticism by 
several investigators2“4 due to their inability to 
operate the magneto-optic apparatus success- 
fully. In the face of the many admitted complexi- 
ties and difficulties encountered in its use the 
failure of some might be readily expected. The 
purpose of this investigation has been to develop 
a completely objective method for the study of 
the minima of light intensity in the apparatus and 
thus demonstrate, beyond doubt if possible, the 
reality of the minima and the validity of the visual 
results previously obtained with the apparatus. 
During the course of this study several photo- 
graphic methods have been employed with only 
partial success. Their failure has been due en­
tirely to mechanical difficulties. The method de­
scribed here is free of these inherent defects and 
with it consistent positive results have been ob­
tained. This method has been made as com-

(1) Allison and Murphy, T h is  J o u r n a l , 82, 3796 (1930).
(2) Slack, J . Franklin InsL, 218, 445 (1934).
(3) McPherson, Phys. Rev., 47, 310 (1935).
(4) Farwell and Hawkes, ibid., 47, 78 (1935).

pletely automatic as possible in an effort to reduce 
the personal factor to a minimum. Since the re­
sults obtained by this photographic method may 
be interpreted into fairly accurate quantitative 
measurements, this work has had the added pur­
pose of determining the quality of the minima 
under varying conditions in an effort to improve 
them for visual work.

Experimental Technique
Methods have been devised2“4 for testing the presence 

of minima by comparing the light through the apparatus 
with a sample of light brought to one side of the coils and 
then joined with the main beam. In these methods one 
is never sure that both beams suffer the same optical 
conditions at all times. The Wollaston prism was em­
ployed in this study since with it there is no doubt that 
the treatment of both beams is optically identical. That 
is to say, the intensity ratio of the two beams is indepen­
dent of variations in the intensity of the incident light. 
It has the further advantage that its use doublés the ab­
solute intensity change for the effect, on the hypothesis 
that the effect is a rotation of the plane of polarization of 
the incident light.

The apparatus was essentially identical with the con­
ventional one used for visual work except for the substitu-
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tion of the Wollaston prism, W in Fig. 1, for the analyzing 
Nicol prism. Before photographic work was started suf­
ficiënt work had been done visually with the Wollaston to 
show that minima could be observed with this type of prism 
as well as with the Nicol prism. The lens L2 focused the 
two images of the single vertical slit S sharply on the 
photographic plate P2. The Nicol prism N was set with 
its plane of polarization at an angle of 45 0 to the horizon­
tal. The Wollaston prism mounted in a revolving head 
was turned to an angle midway between the angles of ex­
tinction of each of its two beams. This procedure gave 
two ribbon-like beams in a horizontal plane of nearly 
equal intensity falling on the photographic plate.

The camera consisted of a simple frame to hold the plate 
which could be racked along the horizontal track by steps 
of 4 mm. With this horizontal motion it was possible to 
take 16 to 20 pictures in a row and a vertical motion of the 
plate in the frame permitted several rows on a plate. The 
time of exposure for each picture was made uniform by a 
synchronous motor timing device which gave to each ex­
posure two and two-thirds seconds or some multiple of that 
time. At the same time the interval between exposures 
was kept at a constant one and one-third seconds. East­
man Hyperpress plates were used in this study since only 
a small amount of blue light was available for an exposure. 
The Hyperpress plates served admirably when developed 
with the contrast developer recommended for their use.

The magnesium 4481 Ä. line was used. Short expos­
ures were desirable in order that the electrodes of the spark 
gap should not overheat nor burn away appreciably from 
one exposure to the next. Exposures which gave a rather 
dense blackening were found to give more consistent re­
sults than those which were less dense. Plates which were 
not properly exposed were not included in the summary of 
results below.

The microphotometer employed in determining the 
densities of the exposures was of the conventional design 
with vacuum thermocouple and short-period high-sensi- 
tivity galvanometer. It was equipped with recording 
drum and glass scale so that the densities could simultane­
ously be recorded and measured directly from the galva­
nometer deflection on the glass scale. Most of the deter­
minations were read directly from the scale as this was less

time consuming than recording and then meäsuring the 
microphotometer tracés.

The electrical system as shown in Fig. 1 is the same as 
that used for visual work except for the introduction of 
R3, an electrolytic resistance of 130 ohms which effectively 
damped out oscillations in the electrical circuit and made 
the spark breakdown at G much steadier as well.

The breakdown at G was analyzed by means of a high- 
speed rotating mirror mounted on a Beams pneumatic top. 
The light, first focused on a narrow slit, was reflected from 
the mirror onto a photographic plate. Microphotometer 
tracés of these exposures are shown in Figs. 2 and 3. The

Fig. 2.—Normal spark discharge used for visual work.

time scale is approximate only since no accurate measure 
of the speed of the top was made. Figure 2 is the type of 
breakdown obtained when R3 was not present and shows 
the highly oscillatory nature of the current in the trolley 
system and coils. Figure 3 is the breakdown with R3 
inserted. lts  damping value is apparent. Photographs 
of minima were attempted with both 
types of spark and it was found that 
only the damped spark gave positive 
results.

Since the results of visual work pre- 
clude any possible large change in 
light intensity to be photographed, it 
was apparent that a true picture of 
any real effect could be obtained only 
from the average effect in a large 
number of pictures. Under optimum 
conditions, the variable factors, in­
tensity of light, current in the coils, 
and the optical condition of the liq­
uids, would remain constant from 
one exposure to the next. It was with 
these variations in view that exposures were made in rapid 
succession first with the trolley contacts T2 and T2' at the 
proper position for a minimum and then off this position, 
alternating for possibly 16 to 20 pictures in a row. The 
number of rows of pictures starting with an “off” about 
equalled the number starting with an ‘ ‘on. * * The “on” posi­
tion for any given eompound had been determined previ­
ously from repeated visual observation. In determining a 
desirable “off” position, a position was taken which was 
known to be free of minima as shown from a chart of all 
known minima or a solution of the material to be examined 
was placed in the apparatus and the regions of the scale on 
either side of the minimum position were scanned visually 
to find one location free of minima. In the cases of the 
compounds used: for lithium chloride the “off” position

Fig. 3.— Spark 
d isc h a r g e  w ith  
d am p in g  r e s is t ­
ance.
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was 2.1 cm. ahead of the “on” position, for cupric chloride 
the “off” was 0.9 cm. back of the “on” position, for phos­
phoric acid “off” was 1.05 cm. ahead of “on.” The con­
centration of eompound for all but a few pictures was 1 to 
2 parts in 105 parts of water. This relatively high con­
centration was necessary since the Wollaston prism was 
set so that its two beams were at 45° angles to the plane 
of the polarizing nicol. Bishop, Dollins and Otto5 re­
port a reduced sensitivity of the apparatus at this point.

In every case water blanks were photographed prior to 
compounds. The eompound to be studied was added to 
the same tube which had contained the water blank in 
order that the optical system should remain intact for all 
exposures of one eompound and its blank.

The particular apparatus used for the photographic work 
was in almost constant use for visual work when photo­
graphs were not being taken. It was assumed therefore 
that the apparatus was in proper adjustment at all times 
and that it was not necessary that minima be examined 
visually before photographing. In only two cases the 
apparatus failed to function. This was due to the high 
humidity conditions in the laboratory and for these two 
cases the plates were discarded.

Discussion of Results
Figure 4 is an enlarged reproduction of some of 

the exposures on a typical plate. In the top row

n a  c l
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Fig. 4.—Enlarged reproduction of 
typical plate.

every other pair of lines represents an “on” ex­
posure. Alternate pairs of lines were made when 
the trolley was on the position of a minimum 
and the other pairs when the trolley was off this 
position as described above. Since the two beams 
making lines A and B were of nearly equal inten­
sities and were polarized at 45° angles to the light 
from the polarizing nicol, any rotation of the plane 
of the light before it reached the Wollaston would 
have caused a dimming of one of the beams and a 
brightening of the other. On the assumption that 
there was a change in the plane of polarization on 
passing through a minimum, there should have 
been a momentary difference in the density ratio 
of the lines A and B as this position was crossed.

Figure 5 is a typical microphotometer trace 
showing only the peaks or maximum density 
points for a picture similar to Fig. 4.

Table I presents a set of measurements made
(5) Bishop, Dollins and Otto, T h is  Journal, 69, 4365 (1933).

T a b le  I

M icrophotom eter  R e a d in g s  H 3PO 4 1 0 " 6 g . / cc. from  
D e n sit o m e t e r  T r a cés

On minimum Off minimum
A B A-B C D C-D

cm. cm. cm. cm. cm. cm.
3.60 5.00 1.40 3.50 5.05 1.55
3.40 5.30 1.90 3.65 5.30 1.65
4.00 5.05 1.05 3.65 5.45 1.80
3.35 5.05 1.70 2.60 4.85 2.25
3.20 4.75 1.55 3.15 4.90 1.75
3.15 5.10 1.95 2.80 4.95 2.15
3.80 5.35 1.55 2.90 4.80 1.90
3.25 5.25 2.00 3.35 5.50 2.15
Mean “on” 1..63 cm. Mean 1“off” 1.90 cm.

Difference “off” - “on” - 1.90 -  1.63 -  0.27 cm. -
From Glass Scale

On minimum Off minimum
A B A-B C D C-D

cm. cm. cm. cm. cm. cm.
29.90 28.55 1.35 30.00 28.45 1.55
30.10 28.20 1.90 29.85 28.15 1.70
29.50 28.40 1.10 29.80 28.00 1.80
30.20 28.40 1.80 30.90 28.60 2.30

' 30.30 28.70 1.60 30.35 28.50 1.75
30.30 28.35 1.90 30.70 28.50 2.20
29.70 28.10 1.60 30.60 28.70 1.90
30.25 28.20 2.05 30.10 27.95 2.15
Mean '“on” 1. 66 cm. Mean “off” 1.92 cm.

Difference “off” - “on” = 1.92 -  1.66 = 0.26 cm. =

on the microphotometer trace of Fig. 5 and the 
reading on the glass scale for the same plate. The 
base line in Fig. 5 from which the peaks were 
measured is arbitrary and is on the opposite side 
of the peaks from the zero of the glass scale.

Fig. 5.—Microphotometer trace of maximum density 
points of typical plate.

The readings on the glass scale are presented 
to demonstrate the reliability of density measure­
ments made in this manner when compared to the 
generally accepted method of meäsuring micro­
photometer tracés. That nearly exact duplica- 
tion is shown is sufficiënt justification for the di­
rect measurement of the galvanometer deflection.

The value of G in the above table represents a 
difference in density which should be obtained if 
the minima have been photographed. The value
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in centimeters as recorded has no absolute sig- 
nificance since the measurements were made only 
to show a difference in density “on” and “off” 
minima and are not a measure of this difference in 
absolute terms. Table II presents the results of 
water blanks photographed just prior to the 
photographs recorded in Table I. The photo­
graphs of the acid solution were made with the 
acid in the identical tube which had contained the 
blank placed in the apparatus in the same posi­
tion as the blank. Several series of pictures were 
made in which different cells were used for the 
solution and the blank. These blank pictures 
were not comparable with solution pictures since 
the collimation of the light was different for differ­
ent cells.

T a b l e  II
D e n sit o m e te r  R e a d in g s  fo r  W ater
On minimum Off minimum

A B A-B C D C-D
cm. cm. cm. cm. cm. cm.

17.70 16.35 1.35 17.50 16.40 1.10
17.65 16.30 1.35 17.60 16.30 1.30
17.50 16.35 1.15 17.40 16.20 1.20
17.40 16.20 1.20 17.40 16.20 1.20
17.80 16.50 1.30 17.85 16.50 1.35
17.50 16.50 1.00 18.00 16.55 1.45
18.00 16.50 1.50 17.80 16.50 1.30
17.55 16.45 1.10 17.80 16.65 1.15
Mean ‘"on” 1. 24 cm. Mean “off” 1.26 cm.

Difference “off” - “on” = 1.26 -  1.24 = 0.02 cm. =

If the minima are characteristic of the com­
pound in the cell, it is necessary that the value of 
G for the blank be lower than this value for a com­
pound. Such is the case in Tables I and II. 
The data in Tables I and II are the results of two 
lines of eight pictures each. Since some 90 lines 
each containing as many and more pictures to the 
line were recorded, a more complete view of the 
average result is seen in Table III wherein are the 
averages of a few typical lines under various con­
ditions.

The value G for a eompound and the corre­
sponding value for the water blank may be com­
pared directly since the two sets of pictures were 
made and microphotometered at the same time. 
The value of G for one blank may not be com­
pared with that for a different eompound since 
the various pictures of compounds were taken at 
different times, on different plates, and were ex­
amined with the microphotometer at different 
sensitivities. A fair comparison may be made 
between the percentage by which the value of G 
differs from the value of the “off” reading for any

water picture and this percentage for any com­
pound. The sign of this percentage is purely con­
ventional. I t  is taken as positive when the value 
of “on” is greater than the value of “off.” This 
difference in percentage between water and com­
pound was employed in a previous publication on 
this work6 as the criterion of the minima having 
been photographed. Although it is an unsatis- 
factory measure and has no quantitative meaning, 
nevertheless it does indicate a density difference 
between “on” and “off” pictures of compounds 
and blanks which is sufficiënt proof of the reality 
of the minima.

The seeming discrepancy in the sign of the per­
centage between lines number 1 and 2 of the first 
group of Table III and the other lines of the 
group and a similar discrepancy in line number 6 
of the second group is explained in Fig. 2. Con­
sidering the case of lines 1 and 2 let the rectangu- 
lar figures represent the density curves of a pair 
of lines of a picture “off” a minimum. As repre­
sented A is somewhat brighter than B. These 
curves from the data of Table III will look as A', 
B' for the picture “on” a minimum. For such a 
case the percentage would have a positive value 
since A—B is smaller than A '— B'. Examples 
of this condition are lines numbered 3, 4 and 5. 
For lines 1 and 2 the direction of the intensity 
change in each beam is the same as that of lines 
3, 4 and 5 but the initial intensity ratio of the two 
beams is reversed. For these two lines the den­
sity curves would be as in Fig. 6. The percent-

4‘Off” minimum “On” minimum

age in this case is negative. Many pictures were 
made at each of the two settings and the sign of 
the percentage was consistent for all pictures at 
each setting. The value of the percentage for 
water was found to be nearly zero and to vary 
with no regularity in sign as may be seen in Table
III.

Duplicate exposures were made with the cur­
rent in the coils Bi and B2 in Fig. 1 reversed to its 
original direction in order that any characteristic 
of the electrical circuit or optical system that 
might be giving these results should be detected.

(6) Hughes and Goslm, Phys. R t» .t 47, 317 (1935).
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T a b le  III
F ie l d s  A ssist in g , Cu r r e n t  in  R eg u la r  D ir e c t io n

No. Material
On
cm.

Off
cm.

—Compounds 
G 

cm. %
No. of 
pairs

' On 
cm.

Off
cm.

— -Blanks- 
G

cm. %
No. of ' 
pairs

1 H3PO4 5.61 6.37 0.76 -1 1 .9 14 6.26 6.14 0.12 +  1.9 14
2 PbCl2 6.84 7.54 .70 -  9.2 12 5.76 6.08 .32 - 5 .2 14
3 Li3PC>4 2.23 1.99 .24 +  12.0 10 1.57 1.53 .04 + 2 .6 14
4 HBr 2.83 2.62 .21 +  8 .0 12 1 .8 8 1.90 .02 - 0 .5 2 13
5 LiBr 1.93 1.77 .16 +  9.0 13 1.41 1.37 .04 +0.21 13

F ie l d s  A ssist in g , C u r r en t  in  R e v e r se d  D ire c t io n

No. Material On Off

-Compounds-

G %
No. of 
pairs On Off

-----Blanks—

G %
No. of 
pairs

6 H 3 PO4 4.57 4.14 0.43 +  10.5 14 2.19 2.17 0.02 +0.91 13
7 HBr 6.79 7.19 .40 -  5.5 14 4.49 4.50 .01 - 2 .2 14
8 LiBr 5.22 5.50 .28 -  5.2 14 4.08 4.13 .05 - 1 .2 14
9 H 3 PO4 1.12 1.25 .13 -1 0 .4 20 0.61 0.61 .00 0.0 17

10 CuCl2 0.87 0.95 .08 -  8.4 17 1.45 1.41 .04 + 2 .7 20

The two groups in Table III show the effect of 
reversing the direction of the current. Minima 
were photographed when the two magnetic fields 
were in the same direction, that is, when the two 
adjacent ends of Bi and B2 were N and S, respec­
tively, and when the fields were in opposite direc­
tions. The results listed in Table III are for 
fields in the same direction. Pictures were made 
with the current in either direction when the 
fields were in opposite directions. No appreciable 
difference was noted in the quality of the minima 
for the different directions of the fields or current.

“Off” minimum “On” minimum

B 3 'A A'

Fig. 7.—Percentage negative.

Since the purpose of this work was to show by a 
photographic test that minima are real it is neces­
sary to consider the results of all the pictures 
which have been taken for this purpose, excluding 
only those which for valid reasons would not be 
expected to give positive results. The following 
reasons were considered valid for discarding pic­
tures and the results of pictures taken under such 
conditions were not included in the means, per­
centages or totals given below.

1. Pictures taken with an unsteady spark were 
discarded. If the spark was unsteady for an en­
tire plate the entire plate was discarded. If in 
a plate the spark was noticeably unsteady for a 
single line on the plate and with the proper adjust­
ment became steady for the later pictures on the 
plate only the bad line was excluded, If for one

picture in a line the spark was unsteady and that 
unsteadiness for the particular picture was re­
corded in the notes, the one picture affected was 
not included in the average for the line.

2 . Plates were discarded which did not have 
the proper development or which showed slight 
scratches due to handling.

3. Plates which had an improper exposure as 
described above were discarded.

4. Plates were discarded which had an im- 
proper spacing between the lines. The lines on 
these plates were too close together due to an 
improper distance between camera and lens.

5. When it was found that positive results 
were never obtained when the resistance R3 was 
omitted from the circuit those pictures taken 
without it were discarded.

6 . This report does not carry the results of 
200 pictures obtained before an automatic timing 
device was used. These results are positive but 
since the timing was uncertain they are not in­
cluded.

7. A few lines of pictures taken when the con­
centration of material present was too low to give 
minima are not included.

8 . Those pictures are not included for which 
visual observation showed the minima of an im­
purity present in the solution to be close to the 
“off” position of the minimum under consideration.

9. The pictures which were taken under con­
ditions of high humidity are not included. Visual 
work has shown minima under such conditions to 
be very poor and with extreme humidity to dis- 
appear completely.

Table IV presents the average percentage 
difference for all pictures of compounds and water
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except those specified above with each of the four 
possible electrical connections. In determining 
the mean percentage for compounds the sign of the 
individual percentages is not considered since it 
must necessarily change with the electrical con­
nection. In the case of water, however, an alge- 
braic mean is given since the percentages ap­
peared positive and negative in all connections.

Table IV
Compounds Blanks

No. of No. of
Fields Current % pictures % pictures

Assist Regular +  7.8 730 +  1.46 208
Assist Reversed -  9.5 255 +  1 .0 109
Oppose Regular - 1 1 .5 265 - 1 . 0 190
Oppose Reversed +  12.3 246 +0 .76 53
Mean per picture 9.4% Mean per picture +0.46%

Total pictures 1496 Total pictures 560

T a b l e  V

Fields Current

Compounds 
No. of 

%  pictures

Blanks 
No. of 

% pictures
Assist Regular +  10.8 137 +0.45 89
Assist Reversed -  9 .9 103 — 1*44 54
Oppose Regular -  8 .0 30 -0 .8 2 46
Oppose Reversed +  9.1 68 -0 .1 1 36
Mean per picture 9.9% Mean per picture —0.35% 

Total pictures 338 Total pictures 225

Table V is reproduced from a previous publica­
tion on this work.6 The results presented have 
been incorporated in Table IV. I t is of interest 
to note that the percentage for compounds varied 
only 0.5% with the addition of 1158 new pictures 
while the water, which shifted on either side of 
zero for the different connections, changed the 
sign of its earlier mean value with the addition of 
only 325 new pictures.

The water blanks tabulated above were made 
with samples of very pure water. The difference 
in conductivity between this water and a solution 
of an acid of a concentration of 1 part in 105 parts 
of water is large, and it has been suggested that the 
minima might be due to this change in conduc­
tivity. To investigate this point pictures were 
taken with the trolley on and off the position of the 
phosphoric acid minimum when only 1 part of 
cupric chloride in 105 parts of water was present 
in the tube. The percentage for 56 of these pic­
tures was 0.91, showing conclusively that minima 
can be obtained for a particular substance only 
when the trolley is at the proper position regard- 
less of the other materials present in the tube.

Since the differences in density to be measured 
in this procedure are small, it was found that the 
utmost care had to be exercised in the handling

and development of plates and in their examina­
tion with the microphotometer. The plates were 
carefully inspected before placing in the micro­
photometer and any dirt or lint in the exposed 
area was gently brushed aside. In those cases 
where lint was found on the plate after the lines 
had been measured the line or lines in question 
were remeasured along with neighboring lines so 
that a proper comparison could be made. For 
example, in a particular strip of picture the “on” 
pictures were all larger than the “off” pictures 
except one pair. A bit of lint was found on one 
of the four lines of this pair öf pictures and 
whereas the density differences read

A B Diff.
on 14.43 14.10 0.33
off 14.50 14.10 .40

before cleaning, they read
on 13.70 13.39 0.31
off 13.58 13.34 .24

after cleaning, in accord with the other pictures 
in the strip.

The difference in actual galvanometer deflection 
recorded as A and B above for the two readings 
of the same lines may be due to a motion of the

T a b l e  VI
D if f e r e n c e s  fo r  P ic t u r e s  o n  M in im u m

Trial 1 Trial 2 Trial 3 Trial 4
cm. cm. cm. cm.

1.08 1.10 1.10 1.10
1.09 1.16 1.00 1.00
1.08 1.10 1.10 1.00
0.92 1.01 1.10 1.05
1.17 1.19 0.90 0.90
1.31 1.37 1.10 1.05
1.07 1.17 1.35 1.45
1.11 1.22 1.10 1.10
1.20 1.38 1.30 1.30
1.14 1.32 1.20 1.35

Mean 1.117 1.202 1.115 1.130

D if f e r e n c e s  fo r  P ic t u r e s  o f f  M in im u m
Trial 1 Trial 2 Trial 3 Trial 4

cm. cm. cm. cm.
1 .2 0 1.24 1.10 1.35
1.26 1.29 1.15 1.30
1.24 1.32 1.35 1.25
1.15 1.25 1.10 1 .0 0
1.26 1.30 1.45 1.30
1.35 1.44 1.40 1.35
1.29 1.32 1.15 1 .2 0
1.25 1.35 1.28 1 .2 0
1.16 1.26 1.15 1 .2 0
1.32 1.41 1.35 1.35

Mean 1.248 1.318 1.248 1.250
Percentage

10.4 9.9 11.2 10.3
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plate in its holder on the microphotometer caus- 
ing a slightly different length of the line to have 
been measured. Many strips of pictures were 
examined along different sections on the length of 
the lines and although the lines varied in density 
along their length the density difference between 
the lines of a pair varied but little. Table VI pre­
sents the results of one strip measured four times.

Only the differences between the lines are re­
corded since it is these values that determine 
whether the minima have been photographed or 
not. Trials 1 and 3 were made on the top edge of 
the strip while 2 and 4 were made on the lower 
edge. To determine the constancy of the micro­
photometer Trials 3 and 4 were made several 
days after 1 and 2. Due to the removal of the 
plate from the microphotometer after each trial, 
a Variation in the individual values recorded is 
to be expected. The percentages recorded in the 
table indicate in a measure the quality of the 
minima and from their values it will be observed 
that the minima vary but little along the length 
of the lines in a series of pictures. These per­
centages also indicate with what error a series of 
lines may be read over a period of time.

The means recorded in Tables I and II are 
simple arithmetic means. Such averages used in 
the course of this study gave results confirming 
visual work. I t has been pointed out, however, 
by critics interested in this investigation that the 
simple averages used were obtained from data 
many of whose individual members deviated 
widely from the mean, and that this large devia­
tion might be the major factor in giving the de­
sired result. The author appreciated from the 
first of this study that the effect obtained was a 
small one and close to the experimental error. 
For this reason a very large number of photo­
graphs were taken with as many variations as 
possible. The fact that these many pictures 
gave the desired result was not considered suffi­
ciënt evidence for the proof of this effect because 
all of the groups of pictures contained pictures 
which deviated widely from the mean. A recal- 
culation of all the results was therefore made in 
which the extreme cases in the data were discarded 
in an effort to obtain a result free from such cases.

Using the average deviation of the individual pic­
tures from their simple average it was found that
0 .1% of all the pictures deviated from the aver­
age by more than three times the average devia­
tion, 11.0% deviated by twice the average de**

viation and 34.0% by more than the average 
deviation. There was no appreciable difference 
in the number nor magnitude of the deviations 
for any group of pictures as compared to any 
other group.

The data presented in Table IV, recalculated, 
using only those pictures which are within twice 
the average deviation are presented in Table VII.

T a b l e  VII
S ele c t ed  D a ta  from  T a b le  IV

Compounds Blanks

Fields Current %
No. of 

pictures %
No. of 

pictures
Assist Regular +  9 .9 662 + 0 .03 184
Assist Reversed - 1 5 .0 234 +  1.1 101
Oppose Regular - 1 2 .3 245 - 0 .6 169
Oppose Reversed +  13.1 219 +  .67 47
Mean per picture 10.5% Mean per picture +0.09%  

Total 1320 Total 506

On the basis of this calculation the minima ap­
pear better than before. The general effect on 
the individual strips was to raise the percentage. 
For some strips the percentage was lowered but 
in no case was there a change of sign of the per­
centage for compounds. In the strips for water 
there were many changes of sign and the direction 
of the change in percentage followed no general 
trend. This Statistical treatment of results shows 
that the effect of the minima is superimposed on 
a changing background and that without this 
background the effect would appear larger and 
more pronounced than these results seem to indi­
cate. A second recalculation using only those 
pictures within the average deviation gave re­
sults only slightly different from those in Table 
VII. Since one of the purposes of this investiga­
tion was to picture photographically that which 
the eye sees visually, one is hardly justified in dis­
carding any data except the very extremes. I t  
is the opinion of the writer that the truest picture 
of this effect is obtained when the result is calcu­
lated from data which come within twice the aver­
age deviation.

The Absolute Intensity Change for a Minimum
A study was made to determine the absolute 

value of the intensity change occurring when the 
trolley was moved to the position of a minimum 
from off this position. The measurement of the 
absolute value of this change was accomplished 
by imposing a 1% change on the intensity of each 
of the beams from the Wollaston prism by rotat­
ing the prism through an angle of 17' which in
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accord with the cosine squared law gives the 
desired change. The mounting of the Wollaston 
was equipped with a divided circle with a vemier. 
Stops were placed on the vernier so that the 
Wollaston could be rotated readily through 17' 
and a series of pictures was taken with the prism 
altemately at 45° and 45° 17'. The 1% changes 
could be compared directly with pictures “on” 
and “off” minima. In setting up a plate in the 
microphotometer there is always some doubt as 
to the section along the length of the line that is 
being measured. For this reason it was thought 
that a proper comparison might not be made be­
tween the 1% changes and the minima pictures 
and a second series of pictures was made there­
fore in which the 1% changes were made in the 
same strip as the minima pictures. The sequence 
“on,” “off” and 1% was repeated throughout the 
strip. The absolute value of the change thus de­
termined was 0.7%. This value is the average of 
168 pictures of compounds compared with 150 
pictures of the 1% change. The maximum value 
of this change photographed for a series of two or 
more pictures was 1.0%. The value of the 
change when the data are treated as above using 
only those values which come within twice the 
average deviation is 0.8%. This is the average 
of 155 pictures compared with 145 pictures of the 
1% change.

A small number of pictures were made on more 
dilute Solutions to determine the manner in which 
the absolute change varied with concentration. 
To the average eye the apparatus as adjusted for 
photographing is sensitive to about 1 part of salt 
in 106 parts of water. When a dilution of 1 part 
in 107 parts of water was used a small positive 
effect of 0.3% was observed. A dilution of 1 part 
in 109 parts of water gave erratic results similar 
to a blank run.

Criticism has been made on the magnitude of 
this change in light intensity on the basis that 
such a small change could not be detected in vis­
ual work. The author appreciates that the small
0.7% change in light intensity is below the limit 
of a simple intensity change the normal eye can 
detect. A critical examination of this photo­
graphic measurement of the change in light inten­
sity for a minimum shows however that such a 
measurement may be in error in itself and further 
that it may be in error when compared with the 
same effect measured by other means.

The several known facts about the minima

themselves make it appear that the individual 
changes which over a long period öf time cause 
the minima, must be in themselves very short 
lived. The very high resolving power of this 
apparatus is an indication of this short-timed 
effect. Minima which are separated by as little 
as 3 cm. on the trolley or 1 X 10~10 second are 
seen as separate minima. The photographs of 
the spark, plates 1 and 2, indicate that the light 
used in making the photographs comes in flashes 
of the order of 10-6 to 10~5 second duration. 
The composition of the light making up the mini­
mum then must be a change in the intensity of 
the flash from the spark for a very small fraction 
of the total life of the flash.

The photographic effect of such a change is un­
known but from the complicated effect of the 
flashes themselves it is probable that the change 
is not a simple one. Now in the above measure­
ment the complex change of the minimum has 
been compared with the effect of flashes whose in­
tensity has been changed by 1%. If the change 
for a minimum had been a simple change in the 
intensity of a continuous light then the procedure 
used would be valid but in view of the complex 
nature of the changes in the light in this experi­
ment it is doubtful that a measurement in this 
manner gives the correct value.

The appearance of minima from the descrip­
tions of many different observers indicates that 
any static measurement for the intensity change 
for a minimum over any appreciable period of time 
probably would not be an accurate measure of 
what the eye sees as a minimum. To one class 
of observers the minima appear as a gradually 
darkening field for a length of a few millimeters 
on the trolley. Minima appear best when ob­
served with the trolley moving over them so that 
the change is seen by contrast. With the trolley 
moving in this manner the minima appear to shift 
slightly with the trolley. Now if a photograph 
is made with the trolley stationary at one point 
and the minima really do move slightly in their 
positions then the change for a minimum meas­
ured by such a photograph would show a change 
only for the time the minimum appeared at that 
setting of the trolley. This might be but a small 
fraction of the sudden change the eye would de­
tect as the trolley passes over the proper position 
for a minimum.

A second class of observers sees the minimum as 
a shadow or dark band moving in the field of view
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as the trolley passes the position of a minimum. 
This change might be considered as a redistribu- 
tion of the light in the field with little net change 
over the entire field. A photographic plate would 
record such a change as a very small one if the 
light from the entire field were focused to one 
point on the plate. Such a change would be 
easily discernible to the eye since vision would 
permit one to detect a darkening throughout 
different portions of the field.

There can be little doubt that the only valid 
way to measure the change the eye sees as a mini­
mum is to use the eye to compare the minimum 
with a similar known change. Since the exact 
mechanism of the production of this effect is un­
known at this time, it is impossible to produce a 
proper synthetic light change for comparison. In­
vestigations are now under way to determine the 
mechanism of this effect.

Conclusion
The success of this photographic technique 

in detecting the small changes in light intensity 
due to minima over the other techniques which 
have been employed is due to the ability of the 
Wollaston prism to discriminate between the 
small changes in intensity due to minima and the 
changes in the incident light.

The observed photographic effect showed the 
following characteristics when tests were applied 
to prove the effects obtained Were not due to 
changes in the electrical circuit or optical system:

1. No appreciable effect was obtained when 
blank S o lu t io n s  were used and the effect was only 
obtained for compounds when the trolley was 
placed at the proper position for one of the 
minima of a eompound.

2. Minima were obtained when the setting of 
the trolley off the position of the minimum was 
taken on either side öf the minimum position.

3. A decreasing absolute change in light in­
tensity was found for decreasing concentrations 
of the eompound.

4. The direction öf the change in light inten­
sity was found to change with the rèversal of the 
direction of the current in the coils.

5. The direction of the light intensity Change 
was found to reverse with the setting of the Woll-
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aston prism on either side óf the critical 45° posi­
tion.

These five characteristics of the 2300-odd pic­
tures taken in this investigation indicate that 
there is a small photographic effect in the mag­
neto-optic apparatus which is characteristic of 
the eompound present in the apparatus. This 
photographic effect was found to occur only at 
the positions of minima previously determined 
from repeated visual observation. The absence 
öf minima in blank Solutions; the absence of 
minima except at the proper trolley positions for 
a particular eompound; and the reversal of the 
effect with the reversal of the direction of the 
current in the coils, have been observed in visual 
Work. ï t  is concluded therefore that the effect 
photographed is identical with the visual effect 
and that this effect is valid and characteristic of 
the compound présent in the apparatus.

The author wishes to express his deep appre- 
Ciation to Mr. Roy Goslin and Professor Fred 
Allison for their ready coöperation and many 
helpful suggestions in the course of this study. 
He wishes also to thank Mr. G. V. Waldo and 
Mr. H. Deer for their aid in the work and Dr.
J. W. Beams for the use of his pneumatic top.

Summary
A photographic method has been developed to 

demonstrate the reality of minima in the mag­
neto-optic apparatus. Microphotometer meas­
urements óf the difference in density of exposures 
taken on and off the positions of minima are at­
tributed to variations in light intensity due to 
minima. The slight excess of the photographed 
effect over the experimental error necessitated a 
Statistical study of the 2300 pictures taken in this 
investigation. This study showed only that the 
photographed effect was obscured by a back­
ground of changing light intensity. The measured 
change in intensity for a minimum was 0.7%. 
Water blanks showed approximately zero per­
centage change. The presence of foreign mate­
rials did not change the magnitude of the inten­
sity change for a minimum. The direction of the 
effect was found to be dependent on the direction 
öf the magnetic field in the coils.
A u b u r n , A laba m a  R e c eiv ed  M ay  28, 1936

Voi. 58
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Hydroxy Furans. II. Beta Hydroxy Diphenylfuran

By B. P. Köhler and D. W. Woodward

In accordance with the plan set forth in the first 
paper of this series1 we have studied the properties 
of a ß-hydroxy furan which has one phenyl group 
less than the one employed in the earlier work. 
Solutions of the new hydroxy eompound were 
obtained by hydrolyzing the corresponding acet­
ate2 in the manner that was found to be best in the 
case of the triphenyl eompound. The hydroxyl 
eompound itself could not be isolated because it 
ketonizes rapidly and the less soluble ketonic 
modification crystallizes from the Solutions.

HC------- COCOCH3

II IICaHfiCv /CC6H5 
XCK 

I

HC- -COH
CeHsC^^/CCeHs

II
HC-------- C = 0

/H
C6H 5 Cx

XX \ c6h5 
III

Solutions containing the enolic form, like those 
containing the corresponding triphenyl deriva­
tive, develop a color reaction with ferric chloride 
and absorb oxygen. The oxidation product is a 
crystalline peroxide which is unstable at the 
ordinary temperature and which explodes at about 
100°. Like other peroxides that are formed from 
enols it readily gives up one atom of oxygen to 
mild reducing agents. Depending largely upon 
the medium in which it is reduced, the stable 
reduction product is either a dimolecular furan 
derivative or an open-chained triketone.

HC- - c = o 0= C - -CH
C6HbC /CC 6H 5

N > /  \ c6h 6 c6h6/  N N
v
/O H

HC------- c —o
II I I — >  CüHsCOCILCOCOCsHs

C6HSCV /C r-O
XX \ c6h6
IV VI

In accordance with the mechanism which has 
been established in more favorable cases in which 
all the intermediates were isolated, the triketone, 
doubtless, is the final product in a series of trans- 
formations which can be represented as follows

(1) Kohier, Westheimer and Tishler, T h is J o u rn al , 58, 264 
(1936).

(2) Lutz, ibid., 48, 2918 (1926).

/OH
HC----- -(X-O

II I I 'C6HeCx /C -̂O
XX XC6H5

C6H 5 COCH2 COCOC6H 5

/OH
HC-------C<

11 L > 0

C6H6Cx  / c< 

1
^C6H6

YHC C-= 0

II 1 /OH
C6H5C^ /C<

^C6H5
VII

The hydroxy f uranone VII could not be isolated 
in this series but its ethers and esters were ob­
tained without difficulty. Thus, when the ace­
tate is treated either with chlorine or with phos­
phorus pentachloride, it is converted into a chloro 
furanone which passes into the ethers when it is 
dissolved in alcohols

HC--------0 = 0  HC-------- C = 0
II I /C l ^  II I y OCHa

C6H 5 Cx  zC< C6H 5Cx  /C <
XX ^ C öH b X X  x c 6 h 5

VIII IX
For reasons which were enumerated in the dis­

cussion of the corresponding triphenyl deriva­
tives, we had no doubt about the structure of 
these compounds, but inasmuch as others had 
previously obtained them by alkylating the tri­
ketone and had regarded them as open-chained 
compounds we decided to establish their formulas 
with certainty.

To this end we first prepared the two isomeric 
triketones, represented by formulas X and XI, and 
established their structure with alkaline hydrogen 
peroxide—the substance represented by X  being 
oxidized to ^-bromobenzoic acid and acetophenone 
while the isomer was oxidized to benzoic acid and 
^>-bromoacetophenone.
C6H5COCH2COCOC6H4Br BrC6H4COCH2COCOC6H5 

X XI
Each of these triketones was then methylated 

by means of methyl alcohol and hydrochloric acid 
and the structure of the resulting ethers was 
established by ozonization. The ozonization 
products of the ether derived from X were benzoic 
acid and methyl p-bromobenzoate, and those 
from XI were ^-bromobenzoic acid and methyl 
benzoate. These are the degradation products to 
be expected from the cyclic ethers; they could nol 
be formed from any open-chained ethers.
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CeHiCOCHüCOCOCelLBr BrCtH4 CocH.2cococ.Hs

i x | x i
HC C==0 HC------ C==0

II 1 /OCH3 

CeHsC. ,C<
ND/ \C 6HJ3r

II 1 /OCH.

j X I Ï j x n i

/OCHa /OCH3

c 6h 6co2h  +  o= c< BrC6H4 C02H + 0=C<
x C6H4Br XC6H6

With the cyclic character of the ethers estab­
lished in this manner, the cyclic structure of sub­
stances related in origin and similar in properties 
can be accepted with confidence. Thus the 
acetate which is formed by the action of acetic 
anhydride on the triketone must be a furanone 
derivative because it passes into the ethers when 
it is dissolved in boiling alcohols.

HC--------C = 0  HC--------C—O
II I X)COCH3 ^=±: II | /O C H 3

CgHgCv CeHgCv A X
N X  x C6H6 X K  XC61:6h 5

XIV

properties. Like the more highly phenylated 
analog, the new ß-hydroxy furan behaves like 
an exceedingly reactive enolic form of a ketone.

Experimental
The acetate of ß-hydroxy diphenylfuran2 I was 

hydrolyzed by the same two methods that were em­
ployed with the triphenyl eompound, namely, diges­
tion with sulfuric acid in aqueous acetic acid and 
treatment with methylmagnesium iodide followed by 

acidification. The first method was employed for tlie 
purpose of isolating the keto furan and the second for pre­
paring the peroxide.

Hydrolysis and Preparation of the Keto Furan.—A 
suspension of 10 g. of the acetate in a solution composed of 
250 cc. of acetic acid, 250 cc. of water and 4 cc. of sulfuric 
acid was boiled in an atmosphere of nitrogen until all of 
the acetate had dissolved—about half an hour. The solu­
tion was made slightly alkaline with sodium carbonate and 
extracted with ether. The ethereal solution, washed and 
dried in the usual manner, was evaporated in a current of 
nitrogen. It deposited a solid product which after re­
crystallization from ether melted at 93°. The yield was 
40-60%.

This acetate was first obtained by Lutz and his 
collaborators who, misled by a faulty analysis, 
described it as the diacetate—“2,5-diphenyl-3,4- 
diacetoxy furan.”3 Both our analyses and our 
acetyl determination show that it is a mono­
acetate.

The chloro eompound VIII which is related to 
the ethers in the same manner as the acetate must 
likewise have the cyclic structure with which we 
represent it. This chloro eompound was first 
described by Lutz, Parrish and Wilder who ob­
tained it by heating their supposed diacetate with 
acetyl chloride and sulfuric acid and therefore 
regarded it as a chloro acetate. I t  was later 
described again by Lutz and Wilder who obtained 
it from the triketone and the methyl ether and 
who, failing to recognize its identity with the 
previous preparation, now regarded it as the open- 
chained eompound—C6H5C(Cl)=CHCOCOCßH5. 
We repeated these reactions and found that the 
product in all cases is the cyclic chloro eompound 
VIII. The simple and direct relations between 
the chloro eompound, the ethers and the triketone 
nullify the elaborate mechanisms devised by Lutz 
and his collaborators.

A n al. Calcd. for Ci6Hi20 2: C, 81.3; H, 5.1. Found: 
C, 80.9; H, 5.3.

2,5-Diphenyl Furanone-3, Hl.—The furanone is un­
stable in the air both as solid and in solution. It is not 
extracted from its ethereal Solutions by sodium carbonate 
but its Solutions give a feeble color reaction with alcoholic 
ferric chloride.

Hydrolysis and Preparation of the Peroxide.—To a
solution of methylmagnesium iodide containing three 
equivalents of the reagent was added 10 g. of the finely 
powdered acetate. The mixture was boiled for fifteen 
minutes and then decomposed with ice and acid in the 
usual manner. The ethereal layer, which gave a strong re­
action with ferric chloride, was washed thoroughly with 
ice water and shaken with air. It soon deposited the per­
oxide in crystalline form. The yield was about 50%.

3-Hydroxy-2,5-diphenylfuran Peroxide, IV.—The perox­
ide crystallizes from ether with a molecule of ether. It 
can be obtained free from solvent by adding hexane to its 
ethereal solution and boiling off the ether. Both forms 
decompose in the air and explode at about 100°.

A n al. Calcd. for Ci6Hi20 4: C, 71.6; H, 4.5. Found: 
C, 71.2; H, 4.7. Calcd. for C6Hi204 (C2H5)20: C, 70.2; 
H, 6.4. Found: C, 70.5; H, 6.3.

Reduction: The Dimolecular Product, V.—When the 
peroxide was reduced with potassium iodide and acetic 
acid it was in part converted into a dimolecular product 
which was also formed in variable quantities when the 
acetate was treated with halogens. It crystallized in 
minute needles and melted at 255°.

A comparison of the reactions of ß-hydroxy 
diphenylfuran with those of the triphenyl com­
pound described in the earlier paper shows that 
the elimination of the phenyl group in the 4 
position has virtually no effect on the Chemical

(3) Lutz, Wilder and Parrish, T his J o u r n a l , 56, 1986 (1934).

A n al. Calcd. for C354Ï22O4: C, 81.7; H, 4.7. Found: 
C, 81.5; H, 4.9.

Reduction: 0-Benzoyl Methylphenyl Diketone, VI.— 
Solutions of the peroxide in ethyl acetate or methyl alcohol 
rapidly absorbed one mole of hydrogen. The colorless 
Solutions left after the removal of the catalyst, doubtless, 
contained the hydroxy furanone VII but they gradually
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developed a yellow color and when they were concentrated 
they deposited oils. When the ethereal Solutions were 
shaken with aqueous copper acetate they deposited a cop­
per derivative from which acids liberated the triketone. 
Our examination of the two forms of the triketone which 
were reported by Lutz, Wilder and Parrish3 (p. 1984) 
indicates that the yellow form is the triketone and the 
colorless form one of its enols. In the very pale yellow 
alcoholic Solutions, equilibrated at the ordinary tempera­
ture, Kurt Meyer titrations showed 96.4% enol. In the 
distinctly yellow ethereal Solutions the percentage of enol 
dropped to 71 and in bright yellow Solutions in chloroform 
it is only 24. From these yellow Solutions hexane precipi­
tated the yellow form which has the characteristic color of 
a  diketones.

2-Chloro-2,5-diphenyl Furanone-3, VIII.—A stream of
chlorine was passed into a solution of 10 g. of the acetate of 
the hydroxy furan until the gain in weight was 3.2 g. The 
solution was washed with sodium bicarbonate, dried and 
evaporated. It deposited the chloro eompound in colorless 
needles melting at 133°. The yield was 92%. The same 
chloro eompound was formed when the acetate was treated 
with phosphorus pentachloride and also when the mag­
nesium halide derivative of the hydroxy furan was 
treated with chlorine.

A n a l. Calcd. for CieHnQaCl: C, 71.0; H, 4.1; Cl, 
13.1. Found: C, 70.9; H, 4.3; Cl, 13.6.

2-Bromo-2,5-diphenyl Furanone-3.-—The bromo com­
pound was obtained in the same manner as the chloro 
eompound. It crystallized in nearly colorless needles and 
melted at 135°.

A n al. Calcd. for Ci6Hn02Br: C, 61.0; H, 3.5; Br, 
25.4. Found: C, 61.0; H, 3.7; Br, 25.7.

These halogen compounds are active substances; in 
boiling alcohols they are transformed into ethers, methyl 
magnesium chloride reduces them to the magnesium deriva­
tive of the hydroxy furan, and when they are boiled with 
dioxane and water they are hydrolyzed to the triketone.

2-Methoxy-2,5-diphenyl furanone-3, IX, and the corre­
sponding ethoxy eompound are obtained when the halogen 
compounds are dissolved in boiling alcohols. They have 
been adequately described by Lutz, Wilder and Parrish 
who formulated them as open-chained compounds.

^-Bromobenzoyl Acrylic Acid, BrC6H4COCH—CH­
COOH.—The acid, which was needed for the preparation 
of the bromo triketones, was made by dissolving one mole 
of bromobenzene in a liter of purified tetrabromoethane, 
adding 2.1 moles of aluminum bromide and then, with 
constant stirring and as rapidly as possible without raising 
the temperature above 50°, one mole of maleic anhydride. 
The mixture was stirred for three hours and then de­
composed in the usual manner. A part of the acid sepa­
rated from the acidified mixture, the remainder was re­
covered after distillation with steam. By recrystalliza­
tion from acetone or benzene it was obtained in small, 
pale yellow prisms melting at 161°. The yield was 185 g.

A n al. Calcd. for CioH70 3Br: C,47.1; H,2.8; Br, 31.4. 
Found: C,47.1; H,3.0; Br, 31.4.

The acid was converted into its chloride by heating it to 
45° with an equivalent quantity of phosphorus penta­
chloride, removing the phosphorus oxychloride under dimin­
ished pressure and crystallizing the residue from benzene.

The product crystallized in yellow needles which turned 
bright red on exposure to light and which melted at 103°.

^-Bromodibenzoyl Ethylene, BrCeHéCOCH—CHCOCe- 
Hs.—To a solution of one mole of the acid chloride in 2 1. 
of benzene 1.2 moles bf aluminum chloride was added while 
the solution was stirred and kept as free from hydrogen 
chloride as possible by sweeping it with a rapid current of 
nitrogen. The mixture was stirred and heated on a steam- 
bath for three hours, then decomposed in the usual manner. 
The product crystallized from benzene and chloroform in 
light yellow needles and melted at 127°. The yield was 
62%. The same product was obtained in a yield of 50- 
60% by heating equivalent quantities of phenyl glyoxal 
and £-bromoacetophenone with two equivalents of acetic 
anhydride for an hour on a steam-bath.

A n a l. Calcd. for CieHnCbBr: C, 61.0; H, 3.5; Br, 
25.4. Found: C, 60.9; H, 3.7; Br, 25.8.

Dibromides, BrCgHéCOCHBrCHBrCOCgHg.—Addition 
of bromine to the unsaturated diketone in chloroform re­
sulted, as usual, in the formation of two stereoisomeric di­
bromides. One of these dibromides separated from the 
chloroform in needles melting, with decomposition, at 
170-175°; the other was obtained by evaporating the 
solution and recrystallizing the residue from ether. It 
melted at 116-119°.

A n a l. Calcd. for CieHnC^Br*: Br, 50.6. Found: (I) 
Br, 50.5; (II) Br, 50.5.

2-M ethoxy-2-phenyl-5-bromophenyl Furanone-3.—In
order to convert the dibromide into the triketone a solution 
of 11 g. of potassium hydroxide in 100 cc. of methyl alcohol 
was gradually stirred into a solution of 27 g. of the dibro­
mides in the same solvent. The solution was boiled for 
ten minutes, then acidified and boiled for fifteen minutes 
longer. The result was a mixture of triketones which were 
readily isolated by means of their copper derivatives but 
which were extremely difficult to separate by fractional 
crystallization. The mixture was therefore converted into 
ethers.

For this purpose a solution of 10 g. of the mixture in 30 
cc. of methyl alcohol was saturated with gaseous hydrogen 
chloride. As the solution cooled it deposited 4.6 g. of an 
ether which separated in nearly colorless prisms and which 
melted at 158° after recrystallization from methyl alcohol.

A n a l. Calcd. for Ci7Hi30 3Br: C, 59.1; H, 3.8. Found: 
C, 59.1; H, 3.8.

Ozonization of the Ether.—A solution obtained by 
ozonizing 3 g. of the ether in carbon tetrachloride was 
evaporated under reduced pressure in a current of air. 
The residue was dissolved in ether and the solution was ex­
tracted with sodium bicarbonate. It removed p -h to m o  
benzoic acid in 80% of the calculated quantity. The ethe­
real layer was evaporated and the residue was distilled 
under diminished pressure. The result was 0.8 g. of methyl 
benzoate boiling at 91° (15 mm.)—identified by the odor 
and hydrolysis to benzoic acid.

^-Bromobenzoyl Methylphenyl Diketone, XI.—The 
methyl ether melting at 158° was hydrolyzed in the usual 
way with methyl alcoholic potassium hydroxide and the 
product was isolated by means of the copper derivative. 
It crystallized from ether-petroleum ether in long yellow 
needles and it melted at 100-101°.
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A n a l. Calcd. for C ,6H ii0 3Br: C , 58.0; H, 3.3. Found: 

C, 58.0; H, 3.7.

Proof of Structure.—A methyl alcoholic solution con­
taining 4 g. of the triketone and 1.5 g. of 30% hydrogen 
peroxide was cooled to 0° and treated gradually with 1 g. 
of potassium hydroxide in the same solvent. The resulting 
red solution was left to itself until most of the color had dis­
appeared, then acidified and extracted with ether. The 
oily residue left after the ether had been evaporated was 
digested for a short time on a steam-bath with sulfuric acid 
in order to decompose intermediate products, then sub­
jected to the usual treatment for the Separation of the acid 
and the neutral products. The neutral fraction contained 
only ^-bromoacetophenone—identified as benzal p -bromo 
acetophenone. The acid fraction contained /»-bromoben- 
zoic acid and benzoic acid—separated by crystallization 
and identified by melting points. The yields were: 30% 
of the possible quantity of bromoacetophenone, 60% of 
bromobenzoic acid and 92% of benzoic acid.

2-Methoxy--2“̂ )-bromophenyl - 5 - phenyl Furanone - 3.— 
The second ether that was formed when the mixture of 
the triketones was alkylated, was obtained by concentrat- 
ing the solution under diminished pressure. It crystallized 
from methyl alcohol in fine needles melting at 102°.

A n a l. Calcd. for CnHisOsBr: C, 59.1; H, 3.8. Found: 
C, 59.0; H, 4.0.

Ozonization.—The same procedure that was employed 
in the case of the isomeric ether resulted in methyl p -  
bromobenzoate melting at 80° and identified by compari­
son with a sample on hand—and benzoic acid. The yields 
were, respectively, 60 and 75%.

Benzoyl Methyl-/>-bromophenyl Diketone, X.—The
triketone was obtained without difficulty by hydrolyzing 
the ether and isolating the product by means of the copper 
derivative. It crystallized in yellow plates melting at 
88-90°.

A n a l. Calcd. for Ci6H n 03Br: C, 58.0; H, 3.5. Found: 
C, 57.8; H, 3.5.

Proof of Structure.—Oxidation with alkaline hydrogen 
peroxide in the manner described under the isomeric 
triketone gave /»-bromobenzoic acid—85% of the possible 
quantity—benzoic acid and acetophenone (50%) which 
was identified as m-nitrobenzal acetophenone.

2-Acetoxy-2,5-diphenyl Furanone-3.—All methods of 
preparation—from the chloro compound, the ether or the 
triketone—gave the same product melting at 140°.

A n a l  Calcd. for Ci6H10O3(COCH3): C, 73.5; H, 4.9; 
COCH3, 14.6. Found: C, 73:4; H, 4.8; COCH3, 14.3.

Summary

The properties of ß-hydroxyl derivative of 2,5- 
diphenylfuran are compared with those of the 
hydroxyl derivative of 2,4,5-triphenylfuran. The 
removal of the phenyl group in the 4-position does 
not affect the properties of the hydroxyl compound 
but it diminishes the stability of the furanone into 
which the hydroxyl compound passes by spon­
taneous ketonization.
Cambridge, Mass. Received August 5, 1936

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

Researches on Pyrimidines. CLIV. Pyrimidine Side Chain Reactions Useful for 
the Synthesis of 1,3-Diazines Related Structurally to Vitamin

B y  A n n e  L it z in g e r 2 and  T r e a t  B. J o h n so n

In two previous publications from this Labora­
tory,3 the authors have emphasized the impor­
tance of increasing our present knowledge of ali­
phatic chemistry as applied to the pyrimidine 
cycle, and the bearing of such research develop- 
ments on the determination of the correct Con­
stitution of vitamin Bi. In our preliminary paper 
entitled “Synthesis of Uracil-5-methylamine,’* we 
wrote as follows: “We believe that constructions 
of this type will prove to be of immediate interest

(1) T h is  research w as p artia lly  supported. by  a specia l grant from  
th e  R esearch  C om m ittee  of th e  A m erican  M ed ica l A ssociation.

(2) T h is  paper w as con stru cted  from  a th es is  presented by Dr. 
A n n e L itz in ger in  June, 1936, to th e  G radu ate F a c u lty  of Y ale U n i­
versity  in  p artia l fu lfilm en t of th e  requ irem en ts for th e  degree of D oc­
tor o f P h ilosop h y .

(3) P yr im id in e p aper C X L V I, Joh n son  an d  L itzinger, T h is  
J o u r n a l , 57, 1139 (1935); C L III , Joh nson  and L itzinger, Science,  
84, 25 (1936).

in connection with the development of the newer 
chemistry of vitamin Bi.”

The object of this paper is to present and de- 
scribe a series of new reactions which have been 
applied successfully in our pyrimidine investiga­
tions, and which have opened up a practical 
method for synthesizing this interesting pyrimi­
dine amine.4 The chemistry of this amine will 
be discussed in the next paper of this series.5

The starting point of our new program of syn­
thesis was the ethyl ester of 2-ethylmercapto-ß- 
oxypyrimidine-5-acetic acid I which was first 
described by Johnson and Speh.6 Applying suc-

(4) N om enclature: U racil-5 -m eth y lam in e or th ym in ylam in e.
T h e la s t nam e is  coined to  em phasize it s  aliphatic nature and to  in ­
d icate its  re lationship  to  th e  n aturally  occurring pyrim idine - th y m in e .

(5) CLV, T h is  J o u r n a l , 58, 1940 (1936).
(6) Johnson and Speh, A m .  C h e m . J . ,  38, 602 (1907). .
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Cèssfülly the different basic reactions of the 
Curtius technique7 for conversion of a carboxyl 
into an amino group with this pyrimidine I, we 
have succeeded in isolating in crystalline form all 
the intermediate products characteristic of the 
series of reactions involved in the introduction öf 
an amino group. These intermediates are re­
corded in Table I. A description of several

T a b l e  I
In t e r m e d ia t e s  (P a rt  On e ) 

2-Ethylmercaptö-6-oxypyrimidine-5-acetylhydrazide, II 
2-Ethylmercapto-6-oxypyrimidine~5~acetylazide, III 
2-Ethylmercapto-6~oxypyrimidine-5-methyl isocyanate, IV 
Ethyl 2-ethylmercapto-6-oxypyrimidine-5-methyluretlian

IX
2-Ethylmercapto-6-oxypyrimidine-5-methylamine, VI 

I n t e r m e d ia t e s  (P a r t  T w o) 
Üracil-5-acetylhydrazide, XI 
Uracil-5-acetylazide, XII
Uracil-5-methyl isocyanate or thyminyl isocyanate, XIII 
Ethyl thyminyl-urethan, XV

other derivatives separated and identified in the 
course of the work is also given in the Experi­
mental Part of this paper. We are extending this 
research to include the acetate derivatives of 
other types of pyrimidines, and characterized 
structurally by side chain substitutions in posi­
tions 2, 4 and 5 of the pyrimidine cycle.

Experimental Part

NHC(SC2H6)=N H C =C (C H 2COOC2H6)CO. Ethyl 2- 
ethylmercapto-ö-oxypyrimidine-S-acetate, I.-—The start­
ing material of the series of reactions leading up to the final 
synthesis of thyminylamine was this ethyl ester of 2- 
ethylmercapto-6-oxypyrimidine-5-acetic acid. This py­
rimidine was obtained in the form of its sodium salt by 
condensing diethyl formylsuccinate with ethyl pseudo- 
thiourea, in alkaline solution, according to the procedure 
previously described in a paper from this Laboratory 
by Johnson and Speh.6 This pyrimidine is formed in ex­
cellent yield, is easily purified by crystallization from 50% 
ethyl alcohol, and crystallizes from hot Solutions as a 
beautiful fibrous mass of colorless needles.

NHC(SC2H5)=-=NCH=C(CH2CONHNH,)CO. 2-Ethyl- 
mercapto-6-oxypyrimidine-5-acetylhydrazide. II.—-Thirty 
grams of the mercapto-pyrimidine acetate I (m. p. 146- 
147°) is dissolved in 300 ml. of absolute alcohol and to the 
hot solution is added 1.5 equivalents of 42% hydrazine 
hydrate (18 g.). The clear solution is then refluxed for 
two hours or until solid material begins to separate from 
the hot reaction mixture. Although the hydrazide is 
on ly  moderately soluble in cold absolute alcohol, complete 
Separation from solution is slow and, therefore, the re-

(7) Th. Curtius, J .  p r a k t .  C h e m .,  [2] 50, 275 (1894); 58, 190 
(1898); 64, 297, 401, 419 (1901); 91, 1, 19 (1915); 94, 85, 273 
<1917); B e r . ,  27, 778 (1894).

action mixture is allowed to stand at room temperature 
for twenty-four hours before filtering off the crystalline 
hydrazide. This yields about 27 g. of the crude hydrazide 
melting at 198-200° with decomposition. On concentrat- 
ing the alcohol filtrate more of the hydrazide is obtained 
contaminated with the unreacted pyrimidine acetate I. 
Süch mixtures can bë separated easily, however, by carefüï 
crystallization from absolute alcohol. Purification of thé 
hydrazide is accomplished easily by fecrystallization from 
90% alcohol, and it cfystallizes as sheavës of glistening 
plates which melt at 207-208° with decompositiofi. AnaU 
Calcd. for C8Hl20 2iSf4S: K, 24.54. Found: ^  24.46^
24.66.

This hydrazide is soluble in Water (1 g. iii 3 ml. hot and 
10 ml. cold). Water is not recommendèd, however, as a 
solvent for purification as slight decomposition takes place 
in boiling Solutions with evolution of ethyl mercaptan. 
Aqueous Solutions of the hydrazide reduce Fehling's 
solution easily. The hydrazide is less soluble in absolute 
alcohol than in water (1 g. in 250 ml. hot and 450 ml. cold).

NHC(SC2H5)= N C H = C  (CHjCONs) CO. 2-Ethylmer-
capto-6“Oxypyrimidine-5-acetylazide. III.—The mer­
capto-pyrimidine hydrazide II reacts smoothly with 
nitrous acid to form this azide, III. Twenty grams of the 
purified hydrazide is dissolved in 200 ml, of normal hydro­
chloric acid. To this clear solution, cooled in an ice-bath, is 
then added slowly, while stirring; an aqueous solution con­
taining the required amount of sodium or potassium nitrite. 
An immediate precipitate of a fluffy solid is obtained 
which, after washing with water and drying, weighed 12 g. 
At ordinary temperatures this azide is stable, but on 
heating to 75-80° it evolves nitrogen vigorously, and then 
melts with decomposition at 175-180°. The eompound 
responded to the characteristic reactions of an azide, 
and underwent quantitative transformations giving the 
corresponding ethyl and benzyl urethans and also the py­
rimidine isocyanate derivative when treated with the proper 
reagents or solvents.

NHC(Se2H6)=N C H =G (C H 2N C O )èo. 2-Ethylmer- 
capto-6~oxypyrimidine-6-methyl Isocyanate. IV.—This
interesting eompound is easily prepared as follows: 2.4 g. 
of 2-ethylmereapto-6-oxypyrimidine-5-aeetylazide is sus­
pended in 20 ml. of dry toluene and the temperature of the 
heating bath slowly raised to about 80° when a vigorous 
evolution of nitrogen begins to take place. Too rapid 
heating leads to considerable decomposition and charring 
of the reaction product. When the violent evolution of 
nitrogen gas has ceased (twenty minutes) the toluene is 
then heated to its boiling point and the liqüid finally re­
fluxed for thirty minutes. At the end of this time, the 
toluene is cooled, and the insoluble isocyanate separated 
by filtration and washed with ether. The yield of crude 
material was 2.2 g. melting at 187-190° with decomposi­
tion. The isocyanate is purified by recrystallization from 
anhydrous dioxane, from which solvent it separates, on 
cooling, in the form of plates, which melt at 189-191° with 
decomposition. Anal. Calcd. for C8H90 2N 3S: N , 19.90. 
Found: N, 19.74, 19.73.

This isocyanate is not appreciably soluble in the ordi­
nary inert organic solvents and is unusually stable for an 
isocyanate eompound. It underwent no detec table
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change after preservation for five months in a tightly stop­
pered specimen tube. The compound responds to all the 
characteristic reactions of an isocyanate structure, and is a 
pyrimidine derivative which should prove very useful for 
future experimentation. It is the first mercapto-pyrimi- 
dine isocyanate derivative to be described.

NHC(SC2Hß)==NCH=C—CO OCC=CHN=C(SC2H6)NH

CH2NHCONHCH2.
V

Behavior toward Water: Formation of syw.-Di-(ethyl- 
mereapto-6-oxypyrimidine-5-methyl)-urea. V.—The rate 
of decomposition of the above isocyanate IV in cold water 
is very slow. When, however, the compound is warmed 
with water there is a rapid evolution of carbon dioxide, 
and during the time of heating there is a brief period of 
almost complete solution followed immediately by the pre­
cipitation of the symmetrical disubstituted urea V. While 
this urea constitutes the main reaction product, small 
quantities of the normal amine VI are also obtained when 
the mother liquor is concentrated to a small volume. For 
example: 1 g. of the isocyanate is boiled with 40 ml. of 
water until the evolution of carbon dioxide ceases and the 
solution is then cooled. We obtained 0.63 g. of the above 
urea crystallizing in the form of prisms and melting at 
270-272° with decomposition. The compound is prac­
tically insoluble in water, and all the common organic 
solvents. A n a l. Calcd. for C15H20O3N6S2: N, 21.20.
Found: N, 21.21, 21.16.

NHC(SCaH6)=N C H =C (C H 2NHj)CO. Isolation of
2-Ethylmercapto-6-oxypyrimidine-5-methylamine. VI.—
The combined filtrates and washings from the preceding 
experiment were concentrated to a volume of 10 ml. and the 
solution cooled, when 0.07 g. of this amine separated. It 
melted at 220-222° with decomposition. This pyrimidine 
is easily purified by crystallization from boiling water, and 
separates, on cooüng, in the form of colorless needles, melt­
ing at 221-222° with decomposition. Aqueous Solutions 
of the amine are strongly basic to the mixed indicator 
(methyl red and methylene blue). A n a l. Calcd. for 
CyHnONsS: N, 22.70. Found: N, 23.00, 23.10.

Hydrolysis of the above pyrimidine isocyanate VI by 
boiling with strong hydrochloric acid leads to the forma­
tion of the hydrochloride of thyminylamine with evolution 
of ethyl mercaptan and carbon dioxide.

NHC(SC2H5)=H C N =C (C H 2NHC0NH2)C0. 2-Ethyl- 
mercapto-6-oxypyrimidine-5-methyl Urea. VH.—This
is formed quantitatively by action of aqueous ammonia 
on the pyrimidine isocyanate IV. The pyrimidine is very 
soluble in cold water and alcohol. It was purified by dis­
solving in 95% alcohol and allowing the solution to evapo­
rate in a vacuum desiccator. In this way the urea was 
obtained in the form of colorless plates nieltiiig at iuu— 
192° with decomposition. A mixture of this urea with 
the original isocyanate melted at 175-176°. A n a l. 
Calcd. for C8H120 2N4S: N, 24.55. Found: N, 24.41,
24.64.

NHC(SC2H6)=N C H =C (C H 2NHC0NHC«Hs)0 0 . 2- 
Ethylmercapto - 6 - oxypyrimidine - 5 - methyl - phenyl- 
urea. VIII.—This is formed by the action of aniline on

the pyrimidine isocyanate IV in hot dioxane solution. 
The urea is easily purified by crystallization from 95% 
alcohol and crystallizes in plates melting at 223-224° 
with decomposition. The urea can be crystallized from 
both dioxane and water. A n a l. Calcd. for Ci4Hi602N4S: 
N, 18.41. Found: N, 18.21, 18.31.

NHC(SC2Hr,)=NCH==C(CH2NHCOOC2Hs)Ó O . Ethyl- 
2 - ethylmercapto - 6 - oxypyrimidine - 5 - methyl - 
urethan. IX.—This urethan is formed by interaction of 
the pyrimidine isocyanate IV or the azide III with ethyl 
alcohol. Ten grams of the pyrimidine azide (described 
above) is suspended in 50 ml. of absolute alcohol and the 
temperature of the alcohol gradually raised by heating 
on a water-bath. Nitrogen is evolved vigorously and 
after heating one hour the azide is completely decomposed 
and a clear solution is obtained. The alcohol solution is 
now concentrated to a volume in 10 ml. and cooled when 
the desired urethan will separate. The yield was about 
9.0 g. and the eompound melted at 145-148°, to a clear 
liquid. The pyrimidine is purified by crystallization from 
95% alcohol and separates, on cooling, in the form of 
plates melting at 148.5-149.5° to a clear liquid. A n a l. 
Calcd. for C10H15O3N3S: N, 16.34. Found: N, 16.37, 
16.39.

When warmed in an alcohol solution of hydrochloric 
acid the corresponding 2 -oxypyrimidine-urethan XV is 
formed with evolution of ethyl mercaptan. On heating 
with strong sulfuric or hydrochloric acid (100- 110°) 
the urethan is decomposed with formation of the corre­
sponding salts of thyminylamine.

NHC(SC2Hs)==NCH=C(CH2NHCOOC7H7)CO. Ben- 
zyl-2-ethyl-6-oxypyrimidine-5-methyl Urethan. X.—
The pyrimidine-azide III is decomposed smoothly, when 
warmed in benzyl alcohol, with evolution of nitrogen and 
formation of the above urethan. After thirty minutes of 
heating in a hot water-bath the volume of the benzyl alco­
hol solution is reduced to about 10 ml. and then diluted 
with cold water. The urethan is precipitated as an oil 
which finally solidifies. The yield is excellent. By re­
crystallization from 95% alcohol the urethan is obtained 
in the form of needles melting at 159-160° to a clear oil. 
A n al. Calcd. for Ci5Hi7OsN3S: N, 13.17. Found: N,
13.33, 13.27.

This pyrimidine is very soluble in cold benzyl alcohol 
(1 g. in 4 ml.), moderately soluble in 95% alcohol and in­
soluble in water.

Part Two

NHC0NHCH==C(CH2C0NHNH2)C0. Uracil-5-
acetyl Hydrazide. XI.—The ethyl uracil-5-acetate which 
was used for the synthesis of this hydrazide was pre­
pared by dissolving the ethyl ester of 2-ethylmercapto-6- 
oxypyrimidine-5-acetic acid I in absolute alcohol, saturat­
ing with hydrogen chloride gas and then refluxing the solu­
tion for two hours. The ester separated, on cooling, and 
agreed in all its properties with the pyrimidine ester pre­
viously described by Johnson and Speh.6 To prepare the 
above hydrazide 2 g. of this ester, m. p. 202-204°, is dis­
solved in 30 ml. of 95% alcohol, and to the hot solution
1.5 g. of hydrazine hydrate is added. After refluxing for 
one hour and cooling for twelve hours 1.8 g. of the hydra-
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zide separated. It is easily purified by recrystallization 
from boiling water and crystallizes in the form of plates 
which decompose without melting at about 326°, turning 
brown at 285°. The eompound is insoluble in alcohol 
and the common organic solvents. Aqueous Solutions of 
the hydrazide reduce Fehling’s solution immediately. 
A n al. Calcd. for CeHsOsN^ C, 39.13; H, 4.40. Found: 
C, 39.15, 39.25; H, 4.41, 4.32.

NHCONHCH=C(CH2CON3)CO. Uracil-5-acetyl- 
azide. XII.—Four grams of the above hydrazide XI is 
dissolved in 100 ml. of N  hydrochloric acid and 1.5 equiva­
lents of sodium nitrite dissolved in the solution. There 
is an immediate reaction and the azide separates at once 
as a colorless powder. This is stable at room tempera­
tures, but loses nitrogen when heated at 75-80° and then 
melts at 275-276° with decomposition. Although this 
pyrimidine was not analyzed, its structure was proved by 
its characteristic Chemical behavior, yielding both urethan 
derivatives and the corresponding isocyanate, XIII.

NHCONHCH=C(CH2NCO)CO. Uracil-S-methyl 
Isocyanate (Thyminyl Isocyanate). XIII.—This iso­
cyanate was prepared according to the same technique as 
was used for the preparation of 2-ethylmercapto-6-oxy- 
pyrimidine-5-methyl isocyanate IV: 1.8 g. of uracil-5- 
acetyl azide XII yielded, when heated in toluene, 1.4 g. 
of the isocyanate as a colorless powder which melts at 
273-275° with decomposition. A n a l. Calcd. for CeH6- 
0 3N8: N, 25.15. Found: N, 25.15, 24.90.

NHCONHCH=CCO OCC=CHNHCONH. Be-

CH2NHCONHCH2
XIV

havior toward Water: Formation of syw.-DI-thyminylurea. 
XIV.—Boiling water immediately decomposes thyminyl 
isocyanate XIII with vigorous evolution of carbon di­
oxide; 0.3 g. of this pyrimidine of m. p. 273-275°, after 
boiling for twenty minutes in 20 ml. of water, yielded 0.25 
g. of this urea derivative. This is very insoluble in water 
and decomposes without further purification at 315°. 
A n al. Calcd. for CnHi20 5N 6: N, 27.26. Found: N,
27.09, 27.14. * 50

NHCONHCH==C(CH2NHCOOC2H6)CO. Ethyl
Thyminyl-urethan. XV.—Five grams of ethyl 2-ethyl- 
mercapto-6-oxypyrimidine-5-methylurethan is dissolved in
50 ml. of 95% alcohol acidified with 5 ml. of concentrated 
hydrochloric acid. As soon as this solution is warmed,

ethyl mercaptan is evolved, and within twenty-five min­
utes the urethan begins to crystallize from the hot solu­
tion, and the hydrolysis is practically complete. We ob­
tained 3.4 g. of the above urethan melting at 254-258°. 
It is easily purified by crystallization from 95% alcohol 
and melts at 256-257° to a clear oil. The eompound is 
more soluble in water than in alcohol. A n a l. Calcd. for 
CgHuC^Ns: N, 19.72. Found: N, 19.74.

This same urethan is also obtained in excellent yield 
by digesting uracil-5-acetylazide in absolute alcohol. 
When digested with either hydrochloric or sulfuric acid 
it is converted into the corresponding salts of thyminyl- 
amine.

NHCONHCH=C(CH2NHCOOC7H7)CO. Benzyl Thy- 
minyl-urethan. XVI.—When 0.8 g. of benzyl 2-ethyl-
mercapto-6-oxypyrimidine-5-methylurethan was digested 
in alcohol acidified with hydrochloric acid for two hours,
0.5 g. of this urethan was formed. This is less soluble in 
alcohol than the corresponding mercapto eompound X, 
and separates from this solvent in the form of microscopie 
plates which melt at 261-263° with decomposition. A n a l.  
Calcd. for Ci3HiS0 4N3: N, 15.27. Found: N, 15.35,
15.55.

Summary
1. Starting with the known pyrimidine, ethyl- 

2 - ethylmercapto - 6 - oxypyrimidine - 5 - acetate, 
several new derivatives have been synthesized by 
application of the Curtius reaction for replace­
ment of the carbethoxy group by an amino 
radical.

2. Important new aliphatic derivatives of 
uracil have been described which will find use in 
developing new synthetic processes of biochemical 
interest.

3. A practical method is revealed for preparing 
uracil-5-methyl isocyanate or thyminyl isocyanate, 
the first isocyanate derivative to be described in the 
pyrimidine series.

4. Further applications of the Curtius reaction 
in the pyrimidine series will be made, and further 
synthetic work of biological interest is now in 
progress in this Laboratory.
N e w  H a v e n , C o n n ec tic u t  R ec e iv e d  J u ly  25, 1936
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Researches on Pyrimidines. CLV. The Synthesis of Thyminylamine and its
Conversion into Uracil1

1940 T reat B. Johnson and Anne Litzinger Vol. 58

B y  T r e a t  B. Johnson  and  A n n e  L itzing er2

I t  has previously been shown that the Sub­
stitution of a carbinol radical —CH2OH in the 
5-position of a 2,6-dioxypyrimidine is productive 
of an alcohol which easily undergoes a carbon- 
carbon cleavage, when subjected to hydrolysis, 
with formation of formaldehyde and the original 
pyrimidine. Such an instability was observed, 
for example, by Kireher3 in 1911, who showed 
that the 5-carbinol derivative of 4-methyluracil 
I ï  is quantitatively decomposed by digesting 
in boiling water with regeneration of 4-methyl­
uracil and the liberation of formaldehyde.

N H — CO
I I

CO CCHoOH

N H -Ü h
I

N H — CO
I I

CO CH

N H — C:CH/)H  
III

N H — CO
I I

CO CCHjOH
I II

N H — CCHS 
II

N H — CO
I I

CO CCHa
I II

N H — CCH2OH 
IV

A corresponding instability of a pyrimidine- 
carbinol linkage of this type was later found 
not to be the case when the carbinol radical is 
substituted in the 4-position of the pyrimidine 
cycle. Johnson and Chernoff,4 in an investigation 
of synthetic pyrimidine nucleosides, prepared 
the thymine derivative IV which is isomeric 
with Kir eher’s pyrimidine II, and found that 
this eompound can be heated with 10% sulfuric 
acid at 125° without älteration. There was no 
evidence of the formation of formaldehyde. 
Later these same investigators synthesized the 
corresponding carbinol derivative of uracil rep­
resented by formula III, and again made the 
discovery that the carbinol group could not be 
split off by hydrolysis,5 with formation of uracil 
and formaldehyde.

(1) For preliminary paper see Researches on Pyrimidines, CXLVI, 
T h is  J o u r n a l , 57, 1139 (1935).

(2) This paper was constructed from a thesis presented by Dr. 
Anne Litzinger in June, 1936, to the Graduate Faculty of Yale 
University in partial fulfilment of the requirements for the degree 
of Doctor of Philosophy. This research was partially supported by 
a special grant from the Research Committee of the American 
Medical Association.

(3) Kireher, A n n . ,  385 , 293 (1911).
(4) Johnson and Chernoff, J .  B i o l .  C h e m .,  14, 307 (1913).
(5 ) Johnson and Chernoff, T h is  J o u r n a l , 36 , 1742 (1914);

These results revealed for the first time a funda­
mental difference in the stability of 4- and 5- 
carbinol substitutions in pyrimidines of the uracil 
type. I t was, therefore, important to determine 
whether the fourth representative of the above 
series, thyminyl alcohol ï, would conform to our 
prediction, and show the same behavior on hy­
drolysis as its higher homolog II.

As all attempts to produce thyminyl alcohol 
I by the action of formaldehyde on uracil have 
thus far proved unsuccessful, the authors de- 
cided to synthesize the corresponding and un­
known primary base, thyminyl-amine V, and 
then convert this into the desired thyminyl 
alcohol I by the action of nitrous acid. A de­
scription of the preliminary reactions which 
have made possible the final synthesis of this 
interesting amine has already been given 
in the preceding paper of this series.6 A com-
NH— CO
I i

c o  c c h 2n h 2 
I II

NH— CH 
V

plete description of the different procedures 
that the authors have finally applied successfully 
for the preparation of this interesting amine V 
is given in detail in the Experimental Part of 
this paper.

We now find that thyminylamine V, as well 
as thyminyl alcohol I, are both characterized 
by their instability when subjected to hydrolytic 
conditions. Both pyrimidines are decomposed 
by boiling with water with cleavage between 
two carbon atoms and regeneration of uracil VI. 
The primary aliphatic amine radical —CH2NH2 
in the pyrimidine V is destroyed by hydrolysis 
with formation of uracil, ammonia and formal­
dehyde. The Chemical evidence favors first 
the formation of thyminyl alcohol I as an inter-

(6) Pyrimidine paper, CLIV, by Litzinger and Johnson, i b id . ,  58, 
1936 (1936).

NH— CO 

- CO CCH2OH ■
I II

N H — CH
I

NH— CO
I I

CO CH +  CH20
I II

NH— CH 
VI
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mediate, which being unstable then undergoes 
a normal hydrolysis like Kircher’s pyrimidine- 
carbinol II, yielding uracil VI and formaldehyde. 
In fact, both transformations are practically 
quantitative. Because of the instability of 
thyminyl alcohol I in warm aqueous Solutions, 
it has, thus far, been impossible for us to separate 
this pyrimidine from water solution after diazo- 
tization of the thyminylamine V without partial 
decomposition. Heretofore, we have discovered 
no pyrimidine constructions which reveal such 
characteristic differences in behavior between 
two carbon linkages attached to adjacent carbons 
in the pyrimidine ring.

It is the belief of the authors that these striking 
variations in Chemical behavior will need to be 
considered carefully before corresponding con­
structions can be assigned to any pyrimidine 
compounds possessing the Chemical properties 
of vitamin Bi.7 Our next problem will be to 
determine whether the corresponding isomeric 
carbinol derivatives of a reduced pyrimidine 
substituted in positions 4 and 5, VII and VIII 
will show a corresponding difference in Chemical 
stability. This study is now in progress in this 
Laboratory.

N= CH 

CH Oc h 2o h

N----- CH
VII

N = C H
[ I
CH CH
II II
N----- CCH2OH

VIII

Experimental Part
Thyminylamine or (Uracil-5-methylamine), V,

NHCONHCH=C(CH2NH2)CO.—This amino derivative
of thymine can be prepared according to the following 
procedures:1 * 3 * * (1) by hydrolysis of ethyl 2-ethylmercapto-
6-oxypyrimidine-5-methylurethan with either hydrochloric 
or sulfuric acid leading to the formation of the corre­
sponding salts of thyminylamine; (2) by hydrolysis of 
ethyl thyminyl-urethan with hydrochloric or sulfuric acid;
(3) by hydrolysis of ethyl-2-ethyhnercapto-6-oxypyrimi- 
dine-5-methyl isocyanate by action of hydrochloric or 
sulfuric acid; (4) by hydrolysis of thyminyl isocyanate 
with acids.6

Thyminylamine Sulfate, (CeHyC^NaV^SCV^O.—
This salt is formed by the action of concentrated sulfuric
acid8 on ethyl 2-ethyhnercapto-6-oxypyrimidine-5-methyl- 
urethan according to procedure (1), but care must be 
taken in applying the reaction. It was found by experi- 
mentation that the best results are obtained by applying 
the hydrolysis reaction for two hours at a temperature of 
110°. By lowering this temperature (90-100°) or re­
ducing the time of heating, the desired change was in­

complete. On the other hand, if the temperature of the 
sulfuric acid solution reached 120° and the heating was 
more prolonged, considerable charring and decomposition 
occurred. Five grams of the mercapto pyrimidine is 
stirred into 10 ml. of concentrated sulfuric acid. On 
heating this mixture, evolution of carbon dioxide begins 
at about 80°, and within a few minutes the pyrimidine- 
urethan dissolves completely and with no apparent evolu­
tion of ethyl mercaptan. A pale yellow solution is ob­
tained. This is then cooled and poured into 200 ml. of 
water and the solution heated on a steam-bath until the 
evolution of mercaptan ceases. The solution is exactly 
neutralized with barium hydroxide to remove all sulfuric 
acid, and then a quantity of 0.2 M  sulfuric acid is added, 
or the amount necessary to form the sulfate of the dissolved 
amine. The barium sulfate is then separated by filtra­
tion and the combined filtrates and washings are concen­
trated in  vacuo to a volume of 15 ml. The addition of 
alcohol (25 ml.) leads to an immediate precipitation of the 
sulfate of the desired amine (3 g.) melting at 240-245°. 
This salt is finally purified by dissolving it in the least 
quantity of hot water and diluting with alcohol until the 
hot solution becomes turbid. On cooling, the sulfate 
separates in the form of glistening plates melting at 245- 
246° with decomposition. While the salt is insoluble in 
alcohol, 1 g. dissolves in 1.5 ml. of hot and 4 ml. of cold 
water. Ethyl thyminyl urethan is converted directly 
into thyminylamine by the action of concentrated sulfuric 
acid at 110°. The purified salt did not give Wheeler and 
Johnson’s test for uracil.9 A n a l. Calcd. for (C 5H 7 O2 N 3 V -  
H 2 SO4 H 2 O: N , 21.11; H 20 , 4.50. Found: N, 21.17,
21.10; H20 , 3.90.

Thyminylamine Hydrochloride (Uracil»5-methylamine), 
C5H7O2N3*HC10.5H2O.—This salt is formed by hydrolysis 
of ethyl 2-ethylmercapto-6-oxypyrimidine-5-methylure~ 
than, or ethyl uracil-5-methylurethan with concentrated 
hydrochloric acid in a bomb tube. The degradation is 
complete after heating for two hours at 103-107°. The 
acid solution is then concentrated to a small volume and 
the hydrochloride precipitated by dilution with alcohol. 
On recrystallizing from dilute alcohol the salt separated 
in the form of glistening plates melting at 242-243° with 
decomposition. This salt is more soluble in water and 
alcohol than the sulfate. When 2-ethylmercapto-6- 
oxypyrimidine-5-methyl isocyanate or thyminyl isocyanate 
is digested on a steam-bath with concentrated hydro­
chloric acid, thyminylamine hydrochloride is formed.10 
A n a l. Calcd. for C5H7O2N3-HCl-0.5H2O: H20 , 4.88;
N, 23.66 (anhyd. salt). Found: H20 , 4.82; N , 23.86.

Thyminylamine, V, C6H7O2N3.—An absolutely pure 
specimen of this amine has not been prepared. The 
purest product so far obtained was prepared as follows. 
One gram of the purified sulfate is dissolved in 10 ml. of 
water and the sulfuric acid removed by precipitation as 
barium sulfate in a hot solution. After filtering and cool­
ing, the free thyminylamine (0.5 g.) deposits as a colorless 
amorphous powder melting at 260-270° with decomposi­
tion. The amine is insoluble in the ordinary organic 
solvents and moderately soluble in water. Warm aqueous 
Solutions of the base were invariably characterized by a

(7) Johnson and Litzinger, Science, 84, 25 (1936). (9) Wheeler and Johnson, J. Biol. Chem., 3, 183 (1907).
(8) Jeffreys, Ber., 30, 900 (1897). CIO) Cf. N aegeli and Lendorff* Helv. Chim. A c t 12, 227 (1929),
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distinct odor of ammonia resulting from a slow hydrolysis 
of the pyrimidine. The amine was purified for analysis 
by recrystallization from hot water, and separated on 
cooling as a colorless semi-crystalline powder melting at 
265°. A n a l. Calcd. for CäH70 2N 3: N, 29.79. Found: 
N, 27.99, 27.93.

Behavior of Thyminylamine in Boiling Aqueous Solu­
tion.—An aqueous solution of 0.6 g. of thyminylamine in 
40 ml. of water was boiled vigorously for twenty-five 
minutes, and the vapor Condensed and conducted into 
10 ml. of 4.5% boric acid solution. At the end of this 
time the borate solution was titrated with 0.02 N  
hydrochloric acid; 17.13 ml. of this Standard acid was 
neutralized, being equivalent to 0.005824 g. of ammonia. 
Therefore, under these conditions, approximately 8.0% 
of the thyminylamine was decomposed. The acid dis­
tillate gave a positive aldehyde test with Schiffs reagent, 
indicating the presence of formaldehyde, and also a 
strong Wheeler and Johnson test for uracil.9 It was our 
observation, as stated above, that thyminylamine could 
not be purified by crystallization from hot water without 
undergoing partial decomposition. The aqueous filtrates 
in every case responded to the characteristic color test for 
uracil and ammonia could be detected easily.

Behavior when Digested with Hydrochloric Acid.—0.35 
g. of thyminylamine was refluxed with 15 ml. of strong 
hydrochloric acid for five hours, and the solution was then 
heated on a steam-bath for one and one-half hours longer 
or to complete dryness. We obtained a colorless solid 
residue of 0.25 g. which was recrystallized from hot water. 
It separated, on cooling, in the form of round, corpuscular 
crystals characteristic of the pyrimidine uracil and de­
composed without melting at 308-312°. This solid gave 
a voluminous purple precipitate when it was tested 
according to the Wheeler and Johnson technique. It 
was apparent from the intensity of the color test that 
uracil represented the major proportion of the solid residue 
left after evaporation. However, the melting point is 
low for uracil (335°) and a nitrogen determination indi­
cated some form of contamination. The question whether 
this is due to tracés of thymine as a second product of 
hydrolysis has not been decided. In an equimolecular 
mixture of uracil and thymine the theoretical percentage 
of nitrogen would be 23.6. A n a l. Calcd. for C4H4O2N2: 
N, 25.00. Found: N, 23.17, 23.16.

Action of Nitrous Acid on Thyminylamine

The Formation of Uracil-5-carbinol or Thyminyl Alcohol,

NHCONHCH===C(CH2OH) CO.—Thyminylamine sulfate 
was dissolved in water and the sulfate ion removed by 
adding the required quantity of barium hydroxide to form 
barium sulfate. In the boiling solution were then dis­
solved two equivalents of barium nitrite, followed by the 
gradual addition of the required amount of 0.2 M  sulfuric 
acid. The solution was then freed from barium sulfate 
by filtration and finally concentrated in  vacuo to a volume 
of 1 cc. On adding absolute alcohol, a mixture of products

was precipitated which melted from 240 to 300°. This 
gave a strong color test for uracil. By fractional crystal­
lization from alcohol and ether we finally succeeded in 
separating a substance which melted from 190-200°, and 
which was probably an impure sample of the unknown 
thyminyl alcohol. All attempts to synthesize this alcohol 
by the action of formaldehyde on uracil have thus far 
proved unsuccessful. The carbinol radical is apparently 
not firmly bound at the 5-position of the uracil molecule. 
A n al. Calcd. for thyminylcarbinol, C5H60 3N2: N, 19.72. 
Found: N, 18.87, 19.01.

I11 a second experiment the oxides of nitrogen were 
conducted into an aqueous solution of thyminylamine for 
fifteen minutes. After concentrating the resulting solu­
tion by heating on a steam-bath, we obtained a prodtict 
which decomposed at 270-295° and which also gave a good 
color test for uracil. Further purification finally led to a 
colorless substance melting at 195-200°. This material 
was very soluble in both cold and hot 
water, and was insoluble in alcohol. It 
was purified by crystallization from 
dilute alcohol. The structure of this 
substance was not established, but it is 
an interesting fact that a nitrogen deter­
mination agreed with the calculated for 
an inner anhydride derivative of thyminyl alcohol. A n a l. 
Calcd. for C5H40 2N2: N, 22.57. Found: N, 22.69.

N=~
I

CO

=C-
Ic-

o

c h 2

NH—CH 
X

NHCO NHCH=C(CH2NHCSNH2)CO, Thyminyl-thio- 
urea, was prepared by the action of ammonium thio­
cyanate on thyminylamine sulfate in hot aqueous solu­
tion. It was purified by crystallization from dilute alcohol 
and separated in the form of glistening plates melting at 
204-205° to an oil. The yield was quantitative. A n a l. 
Calcd. for C6H80 2N4S: N, 28.00. Found: N, 27.96.

Summary
1. Methods of synthesizing the pyrimidine— 

thyminylamine—have been described in this 
paper.

2. A study of this amine has revealed the 
fact that it is very susceptible to hydrolysis and 
is easily converted into uracil, formaldehyde 
and ammonia.

3. By diazotization of thyminylamine, the 
corresponding thyminyl alcohol is formed. This 
carbinol is likewise unstable and undergoes 
hydrolysis with formation of uracil and for­
maldehyde.

4. This discovery that the Substitution of 
hydrogen in the methyl group of thymine by an 
hydroxyl or amino radical weakens the carbon 
linkage of this side chain, is a result of biochemi­
cal significance.
N e w  H a v e n , Co n n . R e c eiv ed  J u ly  25, 1936
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The Reaction of Sodium with Triphenylchloromethane and with Triphenylmethyl in
Organic Solvents

By W. E. Bachmann and F. Y. Wiselogle

From the results that have been reported by a 
number of investigators,1 it has been concluded 
that sodium does not react with triphenylchloro­
methane or triphenylbromomethane in ether or 
in benzene solution. This result is stränge in view 
of the ease with which the halogen atom of tri­
phenylchloromethane can be removed by other 
metals as silver, mercury and copper and espe- 
ciaily by sodium amalgam. In order to account for 
the formation of triphenylmethyl from sodium 
and triphenylchloromethane in the presence of 
bromobenzene, Morton and Stevensld postulated 
the intermediate formation of an active “metal 
halyl” from sodium and bromobenzene, followed 
by interaction of this “sodium carrier“ and the 
triphenylchloromethane.

During the past four years a number of us in 
this Laboratory, including Professor M. Gomberg, 
have utilized the reaction between sodium and 
triphenylchloromethane in ether to prepare tri­
phenylmethyl, for we found that the reaction 
proceeds rapidly provided that fresh surfaces of 
the metal are exposed throughout the reaction. 
Indeed, the reaction is so rapid under certain con­
ditions that it is necessary to cool the mixture. 
Thus, 5 g. of triphenylchloromethane can be con­
verted completely to triphenylmethyl in ten 
minutes. In our opinion the reaction is ordinarily 
prevented or retarded by the formation of an 
insoluble coating of sodium chloride on the surface 
of the metallic sodium. If the coating is continu- 
ally scraped off or if fresh surfaces of the metal are 
exposed in some other manner as by pressing the 
metal with a glass rod, then the reaction is able 
to proceed at a rapid rate. It is easy to understand 
why liquid sodium amalgam (1 or 40%) is capable 
of reacting rapidly with triphenylchloromethane.

It is not unlikely that as soon as some triphenyl­
methyl is formed part of the reaction leading to 
the further formation of triphenylmethyl takes 
place through the intermediate formation of 
triphenylmethyl-sodium, which then reacts with 
the triphenylchloromethane.

(1) (a) Elbs, B e r . ,  1 1 , 700 (1884); (b) Gomberg, i b id . ,  33, 3150 
(1900); (c) Schlenk and Marcus, i b id . ,  47, 1664 (1914); (d) Morton 
«rad Stevens, Ths© Journal, 64, 1919 (1932),

(C6H5)3C -f N a ----^  (C6H6)3CNa
(C6H6)3CNa -f C1C(C6H5)3---->  (2C6H5)3C -f  NaCl

In this way a direct reaction between the sodium 
and the triphenylchloromethane is not involved. 
Whatever the mechanism, the reaction between 
sodium and triphenylchloromethane in ether can 
be made to proceed rapidly.

According to Schlenk and Marcuslc sodium 
does not add to triphenylmethyl in ether except 
in the form of sodium amalgam; instead, the radi­
cal is polymerized to ^-benzohydryltetraphenyl- 
methane under the influence of the sodium metal. 
Under the conditions employed by us triphenyl­
methyl and sodium powder reacted rapidly in ether 
to give triphenylmethyl-sodium in practically 
quantitative yield, only tracés of the dimer 
being formed. The same authors reported that 
triphenylmethyl-sodium reacts with air to form 
triphenylmethyl, which oxidizes further to tri­
phenylmethyl peroxide, but they give no experi­
mental details. Inasmuch as interaction of tri- 
phenylmetliyl-magnesium bromide and air gives 
triphenylcarbinol (in the form of its bromo- 
magnesium salt) as the chief product,2 we have 
investigated the behavior of the corresponding 
sodium derivative. Here, too, by passing air 
through a solution of triphenylmethyl-sodium we 
obtained triphenylcarbinol as the principal prod­
uct and only a small amount of triphenylmethyl 
peroxide.

Although Morton and Stevens observed no re­
action between sodium and triphenylchloro­
methane in benzene in sixty days, the reaction 
can be made to take place in this solvent also. 
The rate of the reaction in benzene is very much 
slower than the rate in ether and for this reason 
the reagents must be extremely pure if by-prod- 
ucts are to be avoided. Thus, in two hours, by 
pressing the sodium with a glass rod, a 10%  
yield of triphenylmethyl was obtained. Tri­
phenylmethyl-sodium can also be prepared in 
benzene from triphenylchloromethane and so­
dium provided the mixture is shaken with glass 
beads.

( 2 )  Backmaan and CockeriU, ib id ., 66, 2932 (1933).
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Experimental
Formation of Triphenylmethyl.—To a mixture of 2 g. of

sodium powder in 80 cc. of anhydrous ether (or 40 cc. of 
ether and 40 cc. of benzene) in an Erlenmeyer flask was 
added 5 g. of triphenylchloromethane. Frequently the 
sodium immediately became colored with red triphenyl­
methyl-sodium and the solution became yellow. The 
flask was fitted with a stopper bearing a movable glass 
rod flattened at one end. By pressing the sodium against 
the bottom of the flask a rapid reaction was initiated and 
the solution became orange-yellow as the radical was 
formed. After ten minutes the color began to change to 
the red color of triphenylmethyl-sodium, an indication that 
all of the triphenylchloromethane had reacted. Oxidation 
of the triphenylmethyl gave an 80% yield of triphenyl­
methyl peroxide, m. p. 185-186°. A similar result was 
obtained by vigorously shaking a mixture of the metal and 
triphenylchloromethane in ether with sharp particles of 
glass for twenty minutes.

^-Benzohydryltetraphenylmethane is formed to a slight 
extent when the complete reaction between the sodium and 
triphenylchloromethane is slow. This is the case when 
only the theoretical amount of sodium (1 atom) is em­
ployed and the mixture is shaken for a day or two in order 
to allow time for the last tracés of sodium to react. When 
the reaction proceeds rapidly as is the case when the so­
dium is pressed with a glass rod, the formation of the dimer 
is practically entirely suppressed.

Preparation of Triphenylmethyl-sodium.—After pressing 
the sodium (2 g.) contained in a solution of 5 g. of tri­
phenylchloromethane in 40 cc. of anhydrous ether and 40 
cc. of benzene with a glass rod for ten minutes, the rod 
was removed and the mixture was shaken for two hours. 
Hydrolysis of the deep-red triphenylmethyl-sodium solu­
tion gave a 96% yield of triphenylmethane and only a trace 
of ^-benzohydryltetraphenylmethane. The excellent yield 
of triphenylmethane is an indication of the completeness of

the two reactions: the reaction of sodium with triphenyl­
chloromethane and the addition of sodium to triphenyl­
methyl. Even after one-half hour of shaking the solution 
contained only 2% of triphenylmethyl that had not been 
converted to triphenylmethyl-sodium. Similar results 
were obtained by simply shaking a mixture of triphenyl­
chloromethane and sodium powder in ether-benzene with 
sharp particles of glass for several hours. In addition to 
hydrolysis the triphenylmethyl-sodium was also treated 
with benzyl chloride to give wwyym-tetraphenylethane and 
with carbon dioxide to form triphenylacetic acid in excel­
lent yields.

By shaking a mixture of 2.78 g. of triphenylchlorometh­
ane, 2 g. of sodium powder and two dozen glass beads in 
40 cc. of benzene for one month, triphenylmethyl-sodium 
was formed as a red precipitate. Hydrolysis gave a 70% 
yield of triphenylmethane.

Oxidation of Triphenylmethyl-sodium.—Dry air was 
passed through a solution of triphenylmethyl-sodium that 
had been prepared from 5 g. of triphenylchloromethane for 
one hour. From the products of hydrolysis there were 
isolated 3.15 g. (67%) of triphenylcarbinol and 0.2 g. (4%) 
of triphenylmethyl peroxide. Although the oily residue 
liberated iodine from hydrogen iodide, a search for tri­
phenylmethyl hydrogen peroxide was unsuccessful.

Summary

Sodium reacts rapidly with triphenylchloro­
methane in ether provided fresh surfaces of the 
metal are exposed throughout the reaction.

Sodium adds to triphenylmethyl in ether and 
in benzene to form triphenylmethyl-sodium.

Triphenylcarbinol is the principal product of 
the oxidation of triphenylmethyl-sodium.
A n n  A r b o r , M ic h ig a n  R e c e iv e d  J u l y  6, 1936

[ C o n t r ib u t io n  f r o m  t h e  G e n e r a l  M o t o r s  C o r p o r a t io n , R e s e a r c h  L a b o r a t o r ie s  Se c t io n ]

The Action of Aluminum Halides on ^-Pentane

B y  A. L . G l a se b r o o k , N. E. P h il l ip s  a n d  W. G. L o v e l l

Recently, Nenitzescu1 investigated the reac­
tions of ^-hexane and w-heptane in the presence 
of aluminum chloride and found isomerization to 
the 2- or 3-methyl isomer to be the main reaction. 
Dehydrogenation, condensation to higher par­
affins, cyclization to mono and_ bicyclic cyclo- 
paraffins, hydrogenation and Splitting of the 
chain to lower paraffins also occurred. Calin- 
gaert2 repeated the work of Nenitzescu and found 
that only about 6% of the reacting n-heptane was 
isomerized.

(1) Nenitzescu and Dragan, B er., 66,1892 (1933).
(2) Calingaert and Beatty, T h is  J o u r n a l , 58, 51 (1936).

We attempted to study the reported isomeriza­
tion of 77-heptane; however, preliminary experi­
ments gave reaction products which were very 
difficult to analyze and we decided to use n- 
pentane as the starting material. The use of this 
hydrocarbon was expected substantially to reduce 
the number and complexity of reaction products, 
and, since Nenitzescu3 had shown the reaction 
between w-pentane, acetyl chloride and aluminum 
chloride to lead to the formation of unsym-methyl 
isopropyl acetone, a result which can best be ex­
plained by the preliminary isomerization of n-

(3) Nenitzescu and Chicos, B er., 68, 1584 (1935).
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pentane to isopentane, we did not expect the isom­
erization reaction to be affected by the change 
in starting materials.

Using freshly sublimed aluminum chloride and 
dry pentane no reaction occurred even after re­
fluxing for several days. When small amounts 
of water, alkyl chlorides (but not aromatic chlo­
rides), or hydrated aluminum chloride were added 
to the reaction mixture, the pentane commenced 
to undergo decomposition almost immediately. 
The products did not appear to vary, regardless 
of the method used to start the reaction, and only 
the butanes and isopentane could be identified, 
the latter being the chief product. During the re­
action, the aluminum chloride surface became 
coated with a layer of brown tar, which, after 
hydrolysis of the aluminum chloride residue, was 
found to consist of a mixture of highly unsatu­
rated, halogen-containing compounds. Sub­
stances boiling higher than w-pentane and soluble 
in the reaction mixture were also formed, but, 
owing to the small amounts present, could not be 
identified.

Since water and hydrated aluminum chloride 
react with aluminum chloride to give aluminum 
oxide and hydrochloric acid, these substances were 
investigated for their ability to induce the de­
composition of pentane in the presence of alumi­
num chloride. Anhydrous aluminum oxide had 
no effect, but when dry hydrogen chloride was 
bubbled through the reaction mixture, the usual 
reaction commenced, and, apparently, this is the 
substance which is responsible for the increased 
activity of the aluminum chloride. This fact was 
also observed by Ipatieff and Grosse.4 The same 
explanation can also be used in the case of the 
alkyl chlorides, since these substances react with 
aluminum chloride to give hydrogen chloride.5 
In addition, we found anhydrous hydrogen bro­
mide to be exceptionally effective in activating 
aluminum chloride.

Aluminum bromide was next investigated. 
This eompound is quite soluble in w-pentane. 
The bromide proved much more effective in 
causing the decomposition of pentane, and it was 
unnecessary knowingly to add other substances 
to the reaction mixture to induce reaction. In 
one day a reaction mixture containing only 1.52 
mole % aluminum bromide undergoes as much 
change as a reaction mixture containing 17.4 mole

(4) Ipatieff and Grosse, I n d .  E n g .  C h e m .,  28, 461 (1936;.
(5) See, for example, Mouneyrat, C o m p t .  r e n d . ,  127, 109 (1898).

% aluminum chloride, and, promoted by 0.2 mole 
of water per mole of aluminum chloride, under­
goes in two days’ reaction time. Qualitatively 
the products obtained using the bromide catalyst 
were the same as those obtained using the chlo­
ride. The amount of pentane reacting increased 
with the reaction time and the aluminum bromide 
concentration. Table I gives the results ob­
tained in a study of these variables. The amount 
of butanes formed is shown to increase practically 
linearly with the extent of the reaction, whereas 
the amount of isopentane formed reaches a maxi­
mum from which it slowly declines as the extent 
of the reaction is further increased.

The addition of such substances as anhydrous 
hydrobromic acid or water increases the reaction 
velocity. The effects caused by the addition of 
these substances to the reaction mixture are shown 
in Table II.

When gaseous ^-pentane carried by a stream 
of dry nitrogen was passed over aluminum chlo­
ride at temperatures from 40 to 133°, no reaction 
could be detected outside of a slight discoloration 
of the aluminum chloride. The addition of Pro­
moter substances to the gas stream readily caused 
the decomposition of ^-pentane, and it was un­
necessary to use temperatures higher than 40°. 
Anhydrous hydrobromic acid was the most ef­
fective substance investigated for activating 
the aluminum chloride. Using gaseous ^-pentane 
the amount of butanes formed was greatly in­
creased and only insignificant amounts of iso­
pentane formed. Tracés of hydrogen were also 
formed in these experiments. Most of the higher 
boiling substances remained behind on the alumi­
num chloride and caused the latter to slowly 
liquefy with continued use.

The aluminum chloride became decreasingly 
active when the addition of hydrogen halides or 
halogen halide forming substances was discon- 
tinued. Aluminum chloride which had been ac­
tivated by mixing anhydrous hydrobromic acid 
to the gas stream lost its activity more slowly than 
the other substances investigated, and it was also 
possible to activate the aluminum chloride by 
treatment with anhydrous hydrobromic acid 
prior to the introduction of the ^-pentane vapor. 
This procedure was ineffective with water vapor 
and anhydrous hydrochloric acid. Using alumi­
num chloride which had been activated by treat­
ment with anhydrous hydrobromic acid before 
use, we were able to test the gases leaving the
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T a b le  I

T h e  E ff e c t  of  R e a c t io n  T im e  a n d  C a taly st  Conc entr a tio n  on  t h e  D eco m po sitio n  of  » -P e n t a n e  in  th e

P r e se n c e  of A lum in u m  B rom ide

»-Pentane used, g. 105 105 105 105 110 110 110 110
Aluminum bromide used, g. 11.3 11.3 11.3 11.3 6.2 21.5 36.4 57.2*
Mole % aluminum bromide 2.82 2.82 2.82 2.82 1.52 5.28 8.94 14.05
Reaction time, hrs. 22 51 95 169 26.2 26.2 26.2 26.2
Reaction loss, % by wt. 1.0 1.4 1.0 4.3a 1.5 0 .9 3.2C 6.8C
Butanes, % by vol. 1.5 2 .8 5.0 8.8 1.5 6.1 10.2 14.1
Isopentane, % by vol. 40.8 51.0 55.9 44.2 27.2 53.5 46.8 40.4
Material boiling higher than »-pentane,

% by vol. 2.5 3.4 3.4 5.9 2.8 3.1 5.4 5.9
Insoluble tar, % by wt. Neg. Neg. 0.5 1.0 Neg. Neg.

a The capacity of the gas receiver was exceeded in this experiment, and some of the gas is known to have escaped 
6 AH of the aluminum bromide did not dissolve in this experiment. e These figures include the insoluble tar.

T a b le  I I

T h e  E ff e c t  of  P r o m o ter s  in  t h e  R e a ctio n  of » -P e n t a n e  in  t h e  P r e se n c e  o f  A l u m in u m  B rom ide

»-Pentane used, g.

Reaction with 
2 cc. water added

200

Reaction 
without water

200

Reaction in 
presence of HBr

202

Reaction in 
absence of IL

202
Aluminum bromide used, g. 27 29 18 18
Mole %  aluminum bromide 3.52 3.77 2.36 2.36
Reaction time about 3 days about 38 hours
Reaction loss and tar, % by wt. 3.0 1.5 2 .5 neg.
Butanes, % by vol. 10.7 5.9 7.0 3 .0
Isopentane, % by vol. 58.6 51.0 51.5 4 2 .8
Material boiüng higher than »-pentane, % by vol. 6.0 2.7 2.5 3 .6

aluminum chloride for bromine content, and 
found that the amount of decomposition decreased 
as the bromine content of the exit gases dropped.

Experimental
Reagents.—The »-pentane used was a commercial prod­

uct derived from petroleum. Before use the material 
was shaken with concentrated sulfuric acid until the acid 
remained colorless on further treatment, then washed, 
dried and distilled from sodium. The distilled material 
had a practically constant boiling point and the constants: 
» 20d  1.3579; d204 0.6264. The anhydrous aluminum chlo­
ride was a c. P. grade and was resublimed in a current of dry 
nitrogen at 200 to 230° before use. The aluminum bro­
mide was prepared by the action of bromine on the hot 
metal and purified by distillation. Before use the alumi­
num bromide was redistilled over aluminum.

Aluminum Bromide Dissolved in »-Pentane.—«-Pentane 
(usually between 100 to 200 g.) was placed in a round- 
bottomed flask and aluminum bromide added. The flask 
was fitted with a reflux condenser cooled with refrigerated 
water at 5 to 10°. The top of the condenser was attached 
to a drying tube filled with dehydrite. The drying tube 
in turn, connected to a gas receiver. At all times the sys­
tem was kept under a slight vacuum. The aluminum 
bromide did not dissolve immediately, and, after the closed 
system had been established, the flask was shaken and 
heated to hasten the process of solution.® After solution

(6) If the pentane contains even tracés of olefins the process of 
solution will be characterized by the formation of a yellow cloudiness 
in the solution. This gradually clears, and, after an hour or so, the 
solution becomes entirely clear and colorless. The clearing of the 
solution is accomp&med by the precipitation of small droplets of

of the aluminum bromide had occurred, the heat was re­
moved and the flask allowed to stand undisturbed at room 
temperature.

Before stopping the experiment, the flask containing 
the reaction mixture was cooled with ice water. In prac- 
tieally every case, this cooling sufficed to condense all the 
gas (usually 200-400 cc.) which had formed during the 
experiment. The flask was then disconnected and the 
flask contents slowly poured into a cooled separatory fun­
nel containing crushed ice which hydrolyzed the dissolved 
aluminum bromide. The aluminum bromide-tar com­
pounds which formed were separately hydrolyzed and ex­
tracted with ether because after hydrolysis they were 
slightly soluble in »-pentane and readily so in higher 
hydrocarbons.

Identification of the Reaction Products.—The analyses 
were obtained by distillation of 100 cc. of the reaction 
product. The column used for isobutane was a 91-cm., 
5 mm. inside diameter Podbielniak-type column with a 
partial condensation head, which was cooled with a dry- 
ice-acetone bath. The isopentane was separated from 
»-pentane in a 28-plate vacuum jacketted column with a 
partial condensation head. The holdup of this column 
was 6 cc. A number of known mixtures were analyzed in 
these columns and excellent results obtained. The total 
distillation loss from the two distiilations was usually 
between 0.5 and 1.5 cc. Figure 1 shows a typical distilla­
tion curve obtained.

Although the distiUation curve shows only the presence 
of isobutane, a small amount of »-butane could probably

brown polymer on the sides of the flask. These coalesce on further 
standing and sink to the bottom of the flask. When pure pentane is 
used, usually two days elapse before any tar precipitates. Outside of 
thi#, however, no differences could be detected.
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be found by a redistillation of the break material between 
isobutane and isopentane. The isopentane fractions were 
always checke'd by their critical solution temperatures7 
and frequently the refractive index and density were 
measured. The average values for the refractive index 
and density of the isopentane fractions reported in Table I 
were » 20d 1.3548 and 0.6203.

The substances boiling higher than »-pentane were not 
present in sufficiënt quantities to allow purification and 
identification.8 By distilling the residues from several 
experiments a single plateau occurred in the distillation 
curve at 58 to 60 °, but insufficiënt material was obtained 
to allow its identification. The fractions were all satu­
rated and measurement of the refractive index suggested 
the material to be largely paraffinic. Usually the analysis 
for the higher boiling material was obtained by measure­
ment of the critical solution temperature of the residue from 
the isopentane distillation.

Likewise, the insoluble tars which formed were not pres­
ent in sufficiënt quantities to be identified. The tars from 
a series of experiments were saved and distilled. The 
material distilled over the range 100 to 240° without the 
appearance of a constant boiling substance. All of the 
fractions were strongly unsaturated and gave tests for 
halogens. The tars gave an intense purple color when 
bromine and w-cresol were added to their dilute Solutions 
in »-heptane or other higher paraffins. The same color 
reaction is also given by the tars obtained from the reac­
tions of other hydrocarbons with aluminum halides.

Aluminum Chloride and Liquid »-Pentane.—In general, 
the same experimental procedure was used as with alumi­
num bromide. However, the aluminum chloride reaction 
mixtures were always kept at the boiling point instead of 
room temperature. Usually 30 to 40 g. of aluminum 
chloride was used for each 100 g. of pentane and 0.2 mcle 
of water (or its equivalent when other substances were 
usèd) added per mole of aluminum chloride used. With 
aluminum chloride the reaction velocities were slower, and 
even after five to ten days’ reaction only 30 to 40% of the 
pentane could be decomposed. In several experiments a 
large butane fraction was obtained by starting with quan­
tities of »-pentane as much as 1000 g. In these cases up 
to 10% »-butane was found in the butane fraction.

Experiments with Gaseous »-Pentane.—In the usual 
experiment a charge of 250 to 300 g. of aluminum chloride 
was placed in the middle of a 91-cm. long Pyrex tube of
3.8-cm. inside diameter. The reaction tube was heated 
in a horizontal electric furnace. The mixture of »-pen­
tane vapor and nitrogen was produced by bubbling a 
stream of dry nitrogen through a wash bottle containing 
the hydrocarbon. The amount of pentane introduced 
was controlled by regulation of the temperature of the

(7) In order to avoid the use of sealed tubes, Eastman Kodak prac­
tical m-cresol was used instead of aniline for the critical solution tem­
perature measurements. This material lowered the critical solution 
temperature of isopentane to about 12° depending upon the water 
content of the cresol. The solution temperature of »-pentane was 
10° lower. The cresol was kept protected from the atmosphere and 
was measured out with a mercury sealed buret. The solution tem­
peratures so determined remained constant as long as a given sample 
of cresol was in use.

(8) Insoluble tars and substances boiling higher than the starting 
material are produced iu greater abundance with »-heptane and are 
being more thoroughly investigated in the study of this substance.

liquid pentane. In experiments in which water was added 
to the vapor entering the reaction tube, an additional wash 
bottle containing water was placed in the line just previ­
ous to entrance into the reaction tube. In certain experi­
ments anhydrous hydrogen bromide or chloride replaced 
nitrogen as the carrier gas. A carrier gas flow of 50 cc. per 
min. was used to introducé 0.2 g. per minute of »-pentane 
into the reaction tube. When water vapor was used, it 
was added to the gas stream at the rate of 0.005 g. per 
minute. Varying the rate of flow of the pentane changed 
only the amount of decomposition. The gases leaving the 
reaction tube passed through a trap cooled to — 60 to — 70 °. 
The gas which did not condense in this trap was collected 
in a gas receiver.

0 20 40 60 80
Percentage by volume.

Fig. 1.™—Sample used, 100.0 cc.; isobutane distilla­
tion loss, 0.4 cc.; isopentane distillation loss, 1.0 cc.

When nitrogen was used as the carrier, 85 to 95% of the 
pentane sent through was recovered as liquid, the tarry 
deposit on the aluminum chloride and the gas accounting 
for the balance. When the gas collected in the gas re­
ceiver was slowly passed through a trap at —30 to —40° 
practically the entire hydrocarbon content was Condensed. 
Tracés of hydrogen were found in the gas remaining, and its 
hydrocarbon content had carbon numbers between 3.9 
and 4.6. When the halogen acids were used as carriers, 
they were removed, after leaving the reaction tube, by 
treatment with dilute caustic solution, and in these cases 
the gas loss was negligible.

In a typical experiment a product was obtained con­
taining 33.7% butanes and 13.4% isopentane. Reducing 
the amount of decomposition did not materially change 
the relative amounts of products formed, Redistillation 
of the butane fractions in a Podbielniak low temperature 
column showed these fractions to contain from 4 to 11 % 
»-butane, the balance being isobutane.



1948 R. E. Marker, Oliver R amm, T. S. Oakwood and J. F. Laucius Vol. 58

Summary
1. Dry n-pentane, either in the form of vapor 

or liquid, undergoes little, if any, decomposition 
in the presence of freshly sublimed aluminum 
chloride. If, however, anhydrous hydrogen bro­
mide or chloride, water, hydrated aluminum 
chloride, or alkyl chlorides are added, reaction 
immediately commences. In the liquid phase re­
action, the butanes and isopentane have been 
identified as reaction products. The latter is the 
chief product. Undefined saturated higher boil­
ing products and an insoluble unsaturated poly­
mer are also produced. In the vapor phase re­
action the amount of isobutane formed is greatly 
increased and with extensive reaction becomes the 
chief product. For the vapor phase reaction 
aluminum chloride and anhydrous hydrobromic 
acid provide the most active catalyst.

2. In moderate concentration, aluminum bro­
mide is soluble in ^-pentane. I t is a much more 
active substance than aluminum chloride and 
does not require the addition of other substances 
to cause the decomposition of ^-pentane. The 
extent of reaction has been found to depend on the 
aluminum bromide concentration as well as the re­
action time. The reaction products were the same, 
qualitatively, as those obtained with the chloride 
catalyst. As the extent of reaction was increased, 
the amount of butanes formed increased linearly, 
whereas the amount of isopentane formed reached 
a maximum value and then slowly declined. As 
much as 55.9% isopentane was obtained from n- 
pentane. When water is added to the reaction 
mixture, or anhydrous hydrogen bromide bubbled 
through it, the reaction velocity is increased.
D e tr o it , M ic h ig a n  R e c e iv e d  J uly  21, 1936

[C o n t r ib u t io n  fr o m  t h e  S chool o f  Ch e m ist r y  a n d  P hy sic s  of t h e  P e n n s y l v a n ia  S ta te  C o l l eg e , a n d  t h e  P a r k e ,
D a v is  a n d  Co . R e se a r c h  L a b o r a t o r ie s]

Sterols. VII. C is  and T ran s  3-Carboxyandrostanone, An Oestrus-Producing Male
Hormone Derivative, and epi-Cholesterol

B y  R u sse l l  E. M a r k e r , Ol iv e r  K amm, T homas S. Oakwood a n d  J o seph  F. Lauc ius

Because of the acidic nature of theelin, we 
prepared an androsterone derivative having a 
carboxyl group in the 3-position to see whether 
this eompound would have female hormone 
properties in addition to male activity. The 
product was the mixture of cis- and trans-3- 
carboxyandrostanone. We made no attempt to

CH3
O

Theelin

CH*

C is an d  T raws-3-Carboxyandrostanone
CH3

O

<jH3< / \

HO'
Androsterone

separate the two stereoisomers. We found that

the ethyl ester of this eompound gave an oestrus 
response in rats when given in quantities of from 
5-10 y. The ethyl ester is much more active 
than the free acid. These compounds, however, 
were inactive when tested for male hormone prop­
erties by the cock’s comb test in doses of 2 mg. 
Thus it is not necessary to have unsaturation 
in the molecule to have an oestrus-producing 
eompound.

Because of the importance of obtaining epi- 
cholesterol in large quantities for research pur­
poses avoiding the expensive digitonin process for 
the Separation of the cis and trans isomers, we 
have looked for other means of separating these 
isomers, and found that by crystallizing the ace­
tates from ethyl alcohol, a partial Separation can 
be accomplished giving a product containing 80- 
90% of ^ ‘-cholesterol. The remaining chol­
esterol can then be removed completely by 
recrystallizing the benzoates from ethyl alcohol. 
We previously separated the two isomers by 
digitonin.1

We found that ^-cholesterol behaves very 
similarly in instability to e^i-allocholesterol pre-

(1) Marker, Oakwood and Crooks, T h is  J o ur n a l , 58, 481 (1936).
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pared by Evans and Schoenheimer.2 In an at­
tempt to convert ^ ‘-cholesterol into epi-a\lo- 
cholesterol through its hydrochloride, we ob­
tained cholesterylene almost quantitatively by 
dehydration and no ^ ‘-cholesterol hydrochloride. 
The same is true when ^-cholesterol is warmed 
with a small amount of hydrogen chloride in 
alcohol, dehydrating to cholesterylene. Evans 
and Schoenheimer found the same thing to 
happen when e^i-allocholesterol was warmed with 
alcoholic hydrogen chloride. On attempting to 
prepare dibromo-e^i-cholesteryl acetate by the 
addition of bromine in acetic acid to epi-cho- 
lesteryl acetate, there was a similar Splitting giving 
a tetrabromocholestane. This product is a differ­
ent isomer from that obtained by the addition of 
bromine to cholesterylene.

e^‘-Cholesterol does not irradiate with ultra­
violet light to give products of antirachitic value.

Experimental
Cis and TVüws-3-Carboxyandrostanone.—The methyl 

ester of cis- and ^raws-3-carboxycholestane was prepared 
according to the method of Marker, Oakwood and Crooks.1

A solution of 100 g. of the methyl ester in 3700 cc. of 
glacial acetic acid was placed in a 5-liter flask equipped 
with a stirrer and dropping funnel. The temperature of the 
flask was kept at 45-50 ° during the addition of a solution 
of 115 g. of chromic anhydride in 350 cc. of 90% acetic 
acid. After addition was complete (three hours) stirring 
and warming was continued for seven hours. At the end 
of this time 200 cc. of methyl alcohol was added to destroy 
any excess chromic acid. The acetic acid was distilled 
from the reaction mixture under reduced pressure, keeping 
the temperature of the bath below 50°. After most of the 
acetic acid was distilled, 500 cc. of water was added and the 
distillation continued for an additional two hours. The 
residue was extracted with five 500-cc. portions of ether 
and the ether extract was successively washed once with 
200 cc. of 10% hydrochloric acid, once with 100 cc. of 
a saturated solution of sodium bicarbonate, and then 
twice with 100-cc. portions of a 5% sodium hydroxide 
solution. The extract was dried with sodium sulfate and 
the ether distilled. The oil was dissolved in 1500 cc. of 
95% alcohol to which was added 5 g. of semicarbazide 
hydrochloride and 5 g. of sodium acetate. The alcohol 
was distilled and the residue digested with 1500 cc. of dry 
ether for three hours. The insoluble crystalline residue was 
filtered, washed with dry ether, then boiled two hours with 
50 cc. of distilled water. The semicarbazone was filtered, 
washed with ether, then extracted with acetone in a Soxhlet 
extractor; yield 2.5 g.; m .p. 250-260° (dec.).

A mixture of 1.0 g. of the semicarbazone, 115 cc. of alco­
hol, 15 cc. of concd. sulfuric acid and 24 cc. of water was 
boiled for one hour. The solution was poured into 1500 
cc. of distilled water and extracted with three 300-cc. 
portions of dry ether. The ether extract was washed twice

(2) Kvatis and Schoenheim er, T h is  J o u r n a l , 58, 182 (193ö).

with water and then the ether was distilled. The residue 
was treated overnight with a solution of 5 g. of potassium 
hydroxide in 50 cc. of methyl alcohol. The alcoholic solu­
tion was poured into a liter of distilled water. This was 
concentrated in  vacuo until 300 cc. was distilled to remove 
the alcohol. The solution was extracted with alcohol-free 
ether to remove neutral organic material. The aqueous 
portion was acidified with 5 N  sulfuric acid, and then was 
extracted three times with 300-cc. portions of ether. 
On evaporation of the ether a solid remained. This was 
crystallized from acetone; yield 300 mg.; m. p. 253°.

A n a l. Calcd. for C20H30O3: C, 75.5; H, 9.5. Found: 
C, 75.7; H, 9.5.

The ether solution which was obtained from the filtra­
tion of the semicarbazone was evaporated to dryness. On 
recrystallization from methyl alcohol-ether, 35 g. of un- 
oxidized methyl ester of cis- and /raws-3-earboxycholestane, 
m. p. 69°, was obtained.

Ethyl Ester of c is - and £ra«s-3-Carboxyandrostanone.—
These acids esterify very readily in a small amount of 
alcohol. When ordinary ether containing ethyl alcohol 
was used to extract the cis- and trans-Z  -carboxyandrostan- 
one from the hydrolysis in the above experiment, the 
resulting product was the ethyl ester of c is- and tran s-Z - 
carboxyandrostanone. It was crystallized from dilute 
alcohol; m, p. 108-110°.

A n a l. Calcd. for C22H34O3: C, 76.2; H, 9.9. Found: 
C, 75.8; H, 10.2.

Separation of «^‘-Cholesterol from the mixture of e p i-  
Cholesterol and Cholesterol.—A mixture of «^‘-cholesterol 
and cholesterol was obtained by passing oxygen into 
cholesterylmagnesium chloride. 10.2 g. of magnesium 
turnings was covered with 50 cc. of dry ether. To this was 
added 1 cc. of ethyl bromide. After the Grignard had 
started a solution of 170 g. of well purified cholesteryl 
chloride dissolved in 1 liter of dry ether was added drop- 
wise with vigorous stirring over a period of six hours. The 
ether solution was kept at a reflux temperature during the 
addition. It was then stirred vigorously for twelve hours. 
At the end of this time practically all of the magnesium 
was in solution. The product was cooled to 0° and oxygen 
passed into the reaction mixture for four hours. The oxy­
gen was under a slight pressure during addition. The mix­
ture was poured into dilute sulfuric acid and the mixture 
of cholesterols was extracted with ether. After washing 
with water, the ether layer was filtered from a small amount 
of insoluble white solid. The ether was then distilled leav­
ing a white product. From 1360 g. of cholesteryl chloride 
was obtained 950 g. of the crude mixture of cholesterols.

A mixture of 50 g. of the above cholesterols, 20 g. of 
succinic anhydride and 40 cc. of dry pyridine was heated 
over steam for two hours. After cooling to room tempera­
ture, the product was dissolved in 300 cc. of ether, and 200 
cc. of water containing 60 cc. of concd. hydrochloric acid 
was added. After extraction of the pyridine 300 cc. 
more ether was added and the half-succinic ester ex­
tracted with a solution of 25 g. of sodium carbonate in one 
liter of water at 33°. The alkaline extract was extracted 
twice with ether, then acidified with hydrochloric acid. 
The succinate was extracted with ether. After distilling 
the ether, the residue was refluxed with 25 g. of sodium 
hydroxide in one liter of water with stirring. The purified
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cholesterols were extracted with ether; 820 g. was obtained 
from 1150 g. of crude material. This was converted into 
the acetate by boiling for one hour with three times excess 
of acetic anhydride. The excess acetic anhydride was re­
moved by vacuum distillation. The acetates were boiled 
with 6 liters of 95% ethyl alcohol and the solution cooled 
to 5°. The precipitate was filtered and recrystallized, 
m. p. 101-104°. One more crystallization of the product 
gave pure cholesteryl acetate, m. p. 114°, which gave no 
depression in melting point when mixed with cholesteryl 
acetate prepared from pure cholesterol. The alcoholic 
mother liquors from the above crystallization were evapo­
rated to dryness and hydrolyzed by means of alcoholic 
sodium hydroxide, giving a product consisting of ap­
proximately 90% of «^-cholesterol and 10% cholesterol. 
This mixture was then converted into the benzoate, and 
freed of cholesterol benzoate by crystallization from alco­
hol. The benzoate was then hydrolyzed and the ep i-  
cholesterol crystallized from alcohol, m. p. 141.5°. Mixed 
with pure «^'-cholesterol, m. p. 141.5°, it gave no de­
pression in melting point, whereas when mixed with 
cholesterol, m. p. 147°, a depression of 19° was observed; 
[ap°D -35 .0°  in 1% alcohol.

A n a l. Calcd. for C27H40O: C, 83.9; H, 12.0. Found: 
C, 83.9; H, 12.1.

Action of Bromine on «^'-Cholesteryl Acetate.—To a
solution of 100 mg. of «^‘-cholesteryl acetate in 3 cc. of 
ether was added a solution of 40 mg. of bromine in 5 cc. of 
acetic acid. A solid crystallized out. This was filtered and 
recrystallized from acetic acid, m. p. 110°. It gave a 
tetrabromocholestane.

A n a l. Calcd. for C27H43Br4: C, 47.2; H, 6.3. Found: 
C, 47.4; H, 6.7.

This bromide is different from the tetrabromide formed

from cholesterylene and bromine, giving a depression in 
melting point when mixed.

Action of Hydrochloric Acid on «^-Cholesterol.—A solu­
tion of 1 g. of «^‘-cholesterol in 30 cc. of alcohol containing 
1 g. of hydrochloric acid was refluxed for sixteen hours. The 
insoluble oil was sublimed under high vacuum, then crys­
tallized from alcohol, m. p. 76-77°, uncorr. Mixed with 
cholesterylene, m. p. 74-76°, prepared by the action of 
quinoline on cholesteryl chloride it gave no depression in 
melting point; [o:]30d  —78.3° compared to [ « ] 30d  —80.0° 
for authentic cholesterylene, concentration 1% in benzene.

When an attempt was made to prepare «^'-allocholes- 
terol by the addition of hydrochloric acid in the cold to an 
alcoholic solution of «^'-cholesterol the same dehydration 
occurred, giving cholesterylene.

Summary
A mixture of cis- and /rawx-3-carboxyandro~ 

stanone and its ethyl ester was prepared and 
found to produce oestrogenic activity in rats, 
but lacked male activity in the cock’s comb test.

«^‘-Cholesterol and cholesterol can be separated 
into their components by crystallization of their 
acetates followed by crystallization of their benzo­
ates. «^-Cholesterol on treatment with alco­
holic hydrogen chloride forms cholesterylene. 
«^-Cholesterol acetate on treatment with bromine 
gives a tetrabromocholestane which is a different 
isomer from the product obtained by the action of 
bromine on cholesterylene.
S tate  Co l l eg e , P a .
D etr o it , M ic h . R e c eiv ed  J u l y  10, 1936

[ C o n t r ib u t io n  fr o m  t h e  C hem ical L aboratory  o f  T h e  O h io  Sta te  U n iv e r sit y ]

The Mechanism of Carbohydrate Oxidation. XXII.1 The Preparation and Reac­
tions of Glyceraldehyde Diethyl Mercaptal

B y  H arold  W . Arnold and  W illiam  L loyd E vans

During the course of our work on the synthesis 
of jS-^-glucosidoglyceraldehyde derivatives2 it 
seemed desirable to have available a monomeric 
glyceraldehyde derivative containing an un- 
blocked hydroxyl group only on the third carbon 
atom. The following scheme was used in attempt- 
ing to prepare such a derivative:

Glyceraldehyde diethyl mercaptal was pre­
pared as a distillable oil by the usual procedure 
employed in preparing sugar mercaptals. It 
readily reacted with triphenylmethyl (trityl) chlo­
ride to form a crystalline trityl ether. From the

(1) No. XXI of this series, Tm s J o u r n a l , 88,1890 (1936).
(2) H. W. Arnold and W. L. Evans, ibid., 58, 1890 (1936).

work of Helferich and his students3 it appears 
probable that the compound prepared was 3- 
trityl glyceraldehyde diethyl mercaptal. A few 
exceptions to Helferich’s rule concerning the 
preferential reaction of trityl chloride with pri­
mary alcohol groups have been found4 but they do 
not invalidate the rule because of the vigorous 
reaction conditions employed in discovering them.

The 3-trityl glyceraldehyde diethyl mercaptal 
could be easily acetylated or benzoylated to give

(3) B. Helferich, P. S. Speidel and W. Toeldte, B e r . ,  56, 766 
(1923); B. Helferich, L. Moog and A. Jünger, ibid., 68, 872 (1925); 
B. Helferich, W. Klein and W. Schäfer, A n n . ,  447, 19 (1926).

(4) R. C. Hockett and C. S. Hudson, T h is  Jo urn al , 53, 4456  
(1931); ibid., 56, 945 (1934).
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crystalline products. All attempts to detritylate 
these compounds failed to give derivatives con­
taining the free hydroxyl group on the third carbon 
atom. Various detritylation procedures were 
used. In each case the trityl ether was quanti­
tatively cleaved, but the reaction product was a 
dark, gummy mass from which no definite com­
pound could be isolated. Detritylation by cata­
lytic hydrogenation5 was not attempted since 
work by Dr. M. L. Wolfrom in this Laboratory 
had shown that this procedure fails when applied 
to diethyl mercaptal derivatives, presumably be­
cause the catalyst becomes poisoned.

To show the analogy between the reactions of 
glyceraldehyde diethyl mercaptal and <f-glucose 
diethyl mercaptal,6 the glyceraldehyde diethyl 
mercaptal was acetylated. The product was sub­
jected without purification to the hydrolytic action 
of mercuric chloride and cadmium carbonate in 
moist acetone to give a distillable oil whose prop­
erties corresponded to those reported by Fischer 
and Baer7 for a monomeric glyceraldehyde di­
acetate which they prepared by a different pro­
cedure. Deacetylation of the oil gave a sirup 
which reacted with 2,4-dinitrophenylhydrazine in 
acid solution to yield the known 2,4-dinitrophenyl­
hydrazone of glyceraldehyde. The oil likewise 
reacted with an acid solution of ^-nitrophenyl- 
hydrazine under more drastic conditions to give a 
crystalline product which was apparently glycer­
aldehyde ^-nitrophenylosazone acetate.

Experimental Part
Glyceraldehyde Diethyl Mercaptal.—Fifteen grams 

of glyceraldehyde was placed in a glass-stoppered bottle; 
13 cc. of ice-cold concentrated hydrochloric acid and 30 
cc. of ice-cold diethyl mercaptan were added in rapid suc- 
cession, and the stopper tightly closed. The mixture was 
shaken vigorously, the stopper being lifted occasionally to 
release pressure. A light yellow solution resulted after 
twenty-five minutes. The mixture was again cooled in an 
ice-salt bath and 100 cc. of ice water added. A heavy oil 
settled to the bottom of the bottle. This showed no tend­
ency to crystallize after standing in ice for two hours. It 
was then separated from the remainder of the liquid, the 
aqueous layer being extracted twice with small volumes 
of chloroform. The oil and the combined extracts were 
dried over anhydrous sodium sulfate. Removal of the 
chloroform under reduced pressure left 22.5 g. of the oil. 
This was distilled in  vacuo. After a small forerun, the 
bulk of the liquid distilled smoothly at 155-160° (bath, 
185°) under a pressure of 3 mm. The fraction distilling

(5) F. M icheel, B e r . ,  65, 262 (1932).
(6) M . L. W olfrom , T h is  Jo u r n a l , 51, 2188 (1929); 52, 2464

(1930).
(7) H. O. L. F ischer and Erich  Baer, B e r . ,  65, 345 (1932).

at this temperature weighed 15.0 g. The residue in the 
flask was a dark brown oil. Redistillation of the main 
fraction under 3 mm. pressure gave 13.2 g. of a light yellow 
oil boiling at 156-158° (bath, 180-185°). This corre­
sponded to a yield of 40%. The oil is immiscible with 
water, but miscible with all common organic solvents.

A n a l. Calcd. for C7H16O2S2: S, 32.66; mol. wt., 196. 
Found: S, 32.38; mol. wt. (ebullioscopic in benzene), 188.

The dark brown oil which remained from distillation de­
posited a small quantity of crystals (0.2 g.) after standing 
in the ice ehest for several days. Recrystallization from 
ethyl alcohol gave small needles melting at 126-127.5° 
(corr.). The molecular weight as determined by the Rast 
method was 295. The analysis indicated a sulfur content 
of 10.6%. It seems probable that this eompound is 
formed by the condensation of several molecules of the 
diethyl mercaptal.

3-Trityl Glyceraldehyde Diethyl Mercaptal.—A mix­
ture of 5 g. of glyceraldehyde diethyl mercaptal, 8 g. of 
trityl chloride, and 50 cc. of anhydrous pyridine was al­
lowed to stand in a stoppered flask at room temperature 
for forty-eight hours. At the end of this time it was 
filtered to remove a small quantity of trityl carbinol that 
had precipitated. The filtrate was then slowly dropped 
into one liter of rapidly stirred ice water. The product 
first separated as a thick sirup which crystallized entirely 
within an hour. The solid was filtered off and dried on 
porous porcelain. The weight of the crude product was 
9.0 g. and the melting point was 96.5-98°. After three 
crystallizations from 80% alcohol, the melting point was 
constant at 100-101° (corr.). The weight was 5.2 g. cor­
responding to a yield of 55%. The eompound is insoluble 
in water and petroleum ether, soluble in ethyl and methyl 
alcohol at the boiling point, and soluble in the common 
organic solvents at ordinary temperatures. If it is al­
lowed to crystallize slowly from alcoholic solution, it 
forms large prismatic needles.

A n a l. Calcd. for C26H30O2S2: S, 14.69. Found: S, 
14.54.

3-Trityl 2-Acetyl Glyceraldehyde Diethyl Mercaptal.—
A mixture of 1.72 g. of the trityl ether, 10 cc. of 
anhydrous pyridine and 10 cc. of purified acetic anhydride 
was allowed to stand in a stoppered flask at room tempera­
ture for twenty-four hours. The solution was then slowly 
dropped into 500 cc. of rapidly stirred ice water. After 
an hour, the product had become almost entirely crystal­
line. It was filtered off, washed with water, and dried on 
porcelain. After three recrystallizations from 95% ethyl 
alcohol, the melting point was constant at 93-94° (corr.). 
The weight of pure product was 1.50 g., corresponding to 
a yield of 80%. When the hot alcoholic solution was rap­
idly cooled, the eompound crystallized in tiny needles.

A n a l. Calcd. for C26H2902S2(C0CH3): acetyl, 2.08 cc.
of 0.1 N  NaOH per 100 mg.; S, 13.34. Found: acetyl, 
2.03 cc., 2.05 cc.; S, 13.40. M ol. w t. Calcd. for C28H32- 
0 3S2: 480, Found: (cryoscopic in benzene), 458.

3-Trityl 2-Benzoyl Glyceraldehyde Diethyl Mercap­
tal.—1.42 g. of the trityl ether was dissolved in 10 cc. of 
anhydrous pyridine. The solution was cooled in ice and 4 
cc. of ice-cold benzoyl chloride added. The mixture was 
allowed to stand in a stoppered flask at room temperature
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for twenty-four hours. It was then slowly dropped into 
400 cc. of rapidly stirred ice water. After the mixture had 
stirred for one hour it was extracted with three successive 
50-cc. volumes of chloroform. The chloroform solution 
was washed successively with water, dilute sulfuric acid, 
sodium bicarbonate solution and water. After drying 
over calcium chloride the solvent was removed by a warm 
air stream. The residue was recrystallized five times 
from absolute alcohol. The melting point had then be­
come constant at 90-91° (corr.). The weight of the crys­
talline product was 1.70 g., corresponding to a yield of 97%. 
The solubility relationships are approximately the same as 
those of the corresponding acetyl compound. If allowed 
to crystallize slowly from alcohol, it forms long (1-2 cm.) 
prismatic needles.

A n a l. Calcd. for C33H340 3S2: S, 11.82. Found: S,
12 .01 .

Monomerie Glyceraldehyde Diacetate.—8.94 g. of 
glyceraldehyde diethyl mercaptal and a mixture of 25 
cc. of purified acetic anhydride and 25 cc. of anhydrous 
pyridine were allowed to stand in a stoppered flask for 
twenty-four hours at room temperature. The mixture 
was then poured into 500 cc. of ice water. After standing 
for several hours, this was extracted with five 50-cc. por­
tions of chloroform. The chloroform solution was washed 
successively with water, dilute sulfuric acid, sodium bi­
carbonate solution and water. It was dried over calcium 
chloride. Removal of the solvent left a viscous yellow 
oil which could not be distilled under the conditions used 
(2 mm. pressure and bath temp. of 230°). No apparent 
decomposition took place at this temperature. The weight 
of the oil was 11.6 g., approaching the weight required if 
the theoretical quantity of mercaptal diacetate (12.7 g.) 
were formed. No analytical data were obtained for this 
compound. It was used directly in the attempt to pre­
pare aldehydoglyceraldehyde diacetate.

After the manner of Wolfrom6 the above oil and a mix­
ture of 40.4 g. of mercuric chloride in 70 cc. of acetone, 45 
g. of cadmium carbonate and 40 cc. of water were vigor­
ously stirred, under mercury seal, for seventy-two hours at 
room temperature, small amounts of fresh cadmium car­
bonate being added at intervals. The solution was filtered 
over cadmium carbonate into a flask containing the same 
reagent. The solution was evaporated to complete dry­
ness without removing the cadmium carbonate. The 
residue was repeatedly extracted with chloroform. Con­
centration of the chloroform solution in  vacuo left a vis­
cous yellow oil. This was vacuum distilled at a pressure 
of 3 mm. With a bath temperature of 180-190° a frac­
tion weighing 4 g. distilled at 154-156°. The properties 
of this oil corresponded to those recorded by Fischer and 
Baer7 for monomeric glyceraldehyde diacetate. It rap­
idly reduced Fehling’s solution in the cold. A molecular 
weight determination (cryoscopic in benzene) gave a value 
of 168 (calcd., 174).

The following experiments were carried out to establish 
the identity of the compound. (1) One and one-half grams 
of the oil was allowed to stand overnight at 0 ° with 15 cc. 
of a saturated solution of ammonia in methyl alcohol.

The alcohol was removed in  vacuo and the remaining sirup 
dissolved in 50 cc. of water. The solution was cooled in 
ice and a cooled solution of 1.5 g. of 2,4-dinitrophenyl- 
hydrazine in 2 N  hydrochloric acid was added. Precipi­
tation of a yellow crystalline solid began almost immedi­
ately, being complete within an hour. The precipitate 
was washed with water and dried. Recrystallization from 
50% alcohol gave 1.0 g. of yellow needles melting at 155° 
(corr.). This corresponds to the melting point of glyceral- 
dehyde-2,4-dinitrophenylhydrazone as recorded by Fischer 
and Baer.8 The mixed melting point with an authentic 
sample prepared from glyceraldehyde according to the 
procedure of Fischer and Baer was likewise 155°.

(2) One and seven-tenths grams of p-nitrophenylhydra- 
zine and 1.2 g. of the supposed aldehydo-glyceraldehyde 
diacetate in a mixture of 20 cc. of alcohol and 30 cc. of 3 N  
hydrochloric acid were heated on the water-bath for an 
hour and a half. Within a few minutes after beginning 
the heating a dark red precipitate began to form. Precipi­
tation was complete within an hour. The precipitate was 
washed repeatedly with water and dried on porcelain. It 
weighed 1.2 g. Recrystallization from ethyl alcohol con­
taining about 10% by volume of pyridine gave blood red 
needles which melted at 282-286° (block) with previous 
darkening at 235-240°. This compound is thought to 
be monoacetyl glyceraldehyde ^-nitrophenylosazone.

A n a l  Calcd. for C17H160 6N6: N, 21.0. Found: N, 
20.8. Calcd. for CisHigOsNefCOCHs): acetyl, 2.50 cc.
of 0.1 N  NaOH per 100 mg. Found: acetyl, 2.60 cc.

Summary
1. The diethyl mercaptal of glyceraldehyde has 

been prepared. It forms a crystalline trityl ether 
on reaction with trityl chloride. The trityl ether 
yields crystalline acetyl and benzoyl derivatives. 
Attempts to remove the trityl group from these 
compounds have been unsuccessful.

2. Acetylation of the glyceraldehyde diethyl 
mercaptal yields an oil which is apparently the 
diacetate. Treatment of this oil with mercuric 
chloride and cadmium carbonate in the presence 
of aqueous acetone yields a compound whose 
properties correspond to those of a monomeric 
glyceraldehyde diacetate. The compound reacts 
with ^»-nitrophenylhydrazine in acid solution to 
yield what is apparently monoacetyl glyceralde­
hyde ^-nitrophenylosazone. This view is sup­
ported by our analytical data. Deacetylation of 
the diacetate yields a sirup which reacts with 
2?4-dinitrophenylhydrazine to form glyceralde­
hyde 2,4-dinitrophenylhydrazone.
C o lu m bu s , Ohio  R e c eiv ed  J u l y  13, 1936

(8) H. O. L. Fischer and Erich Baer, H e lv .  C h im . A c t a ,  17, 622 
(1934).
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Raman Spectra, I. Benzoyl Chloride and Certain of its Substitution Products
By D orothy D. T hompson1 a n d  J am es F. N orris

öct., 1936 Raman Spectra of Benzoyl Chloride and Derivatives

For a number of years the relative reactivities 
of eertain bonds in organic compounds have been 
studied in this Laboratory. The determination of 
the rates at which a type substance and certain of 
its Substitution products react with a definite 
eompound under fixed conditions led to results 
that showed the effect of the nature of the sub­
stituent and its position on the reactivity of the 
bond under investigation. In certain cases the 
relative reactivities determined by rate measure­
ments were compared, with striking results, with 
the temperatures at which the members of a 
series containing the same radicals first gave 
indication of the breaking of the bonds studied.

Among the series of reaction rate measure­
ments was that of benzoyl chloride and its deriva­
tives with methyl alcohol,2 with ethyl alcohol3 and 
with water in the presence of acetone.4 Although 
interesting conclusions and comparisons were 
drawn from these data, no satisfaetory interpreta­
tion of the results was reached since the mecha­
nism of the reaction was not clearly understood. 
The differences in rate can be traced to the car- 
bon-chlorine bond if the reaction is either one of 
simple Substitution or one in which an unstable 
addition eompound of the oxonium type is in­
volved. If, however, an unstable eompound is 
formed by the addition of alcohol across the 
carbonyl, the change in the carbon-oxygen bond 
is being measured. Or, if the intermediate com­
pound of any type is formed rapidly and decom­
posed very slowly, the rates would be a measure 
of the relative reactivities of a bond in the inter­
mediate.3 Substitution of an atom in benzoyl 
chloride would alter both the carbon-chlorine and 
carbonyl bonds. It appeared, therefore, that an 
examination of the lines in the Raman spectra 
produced by these groups would add valuable 
information to this problem because of the follow­
ing facts.

(1) Harkins and Haun5 determined the Raman
(1) From  th e th esis  presented b y  D oro th y  D . Thom pson in partial 

fu lfilm ent of th e requirem ents for th e degree of D octor o f Philosophy, 
1935.

(2) Jam es F . N orris and H . H . Y oun g, Jr., T m s  Jo ur n a l , 57, 
1420 (1935).

(3) N orris, F asce and S taud , i b id . ,  57, 1415 (1935).
(4) Berger and Olivier, Ree . trav.  ch im . ,  46, 516 (1927).
(5) H arkins and H aun, T h is  J o u r n a l , 54, 3920 (1932).

spectra of certain alkyl chlorides. When the 
positions of the intense lines which give the fre­
quency of longitudinal Vibration of the halogen 
atom with the adjacent -CH2-  group are com­
pared with the rates of hydrolysis of the corre­
sponding halides, a striking relationship appears. 
In methyl chloride, which is hydrolyzed with diffi­
culty, this line has a displacement of 712 cm.-1; 
the other primary chlorides which hydrolyze more 
easily have a smaller displacement (around 650 
cm.“ 1), which corresponds to a smaller force of 
binding. The more easily hydrolyzed secondary 
chlorides have Raman frequencies around 610 
cm.“ 1, and the tertiary chlorides which hydrolyze 
still more readily have a still smaller displacement 
(560 cm.“ 1). I t seemed probable that a similar 
relationship would be found for the acyl chlorides.

(2) Bourguel6 compared the effect of different 
groups in olefins on the strength of the doublé 
bonds by a comparison of the displacements of the 
lines characteristic of the carbon-carbon double 
bond. This bond is similar to the carbonyl in 
acyl chloride.

For these reasons measurements of the Raman 
spectra of a series of acyl chlorides were made and 
examined. In attempts to determine which lines 
were associated with the carbon-chlorine bond, 
the spectra were compared with each other and, 
in certain cases, with the corresponding ester and 
aldehyde. On account of the complexity of the 
problem we are not able, at this time, to identify 
with any certainty the lines sought.

I t  was possible to identify the lines produced by 
the carbonyl linking on account of their isolated 
position (around 1750 cm.“ 1). There appeared 
to be no relation between the relative reactivities 
of the acyl chlorides and the position of these 
lines.

In order to find out more about any inter­
mediate eompound formed, the spectrum of a 
mixture of benzoy l chloride and ethyl alcohol was 
photographed as soon as possible after mixing and, 
later, after the reaction was complete. The first 
spectrum contained the lines due to the substan­
ces present—ethyl alcohol, benzoyl chloride and

(6) B ou rgu el, C o m p t .  r en d . ,  194, 1736 (1932).
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ethyl benzoate; the second, the lines of ethyl 
benzoate and ethyl alcohol. If an intermediate 
compound had been formed in appreciable quan­
tities as the result of an addition to the carbonyl 
group, the intensities of the lines corresponding to 
this group would have changed. This was found 
not to be the case. An experiment with a mixture 
of chloral and alcohol gave a Spectrum in which 
lines due to the carbonyl in the aldehyde were not 
present—a fact which is optical evidence of the 
absence of a carbonyl linking in chloral alcoholate.

After the work described in this paper was 
completed, a paper was published by Kohlrausch, 
Pongratz and Stockmair7 in which are reported 
the Raman spectra of a number of derivatives of 
benzoyl chloride. We had determined some of 
these and others not reported. In certain cases 
we found lines not observed by Kohlrausch and in 
other cases lines are missing in our spectra. It 
seems advisable to publish all our results so that 
the data will be available for future interpretation 
when Raman spectra are better understood.

Experimental
Apparatus.—A Hilger E-439 glass spectrograph was 

used for these determinations. Although the dispersion is 
small, the resolution is good and preliminary experiments 
with a Hilger “Constant Deviation” spectrograph of much 
higher dispersion showed that the use of fine-grained plates 
made possible by the large aperture of the former spectro­
graph gave greater precision than the coarse grained 
plates made necessary by the slower instrument. The time 
of exposure varied from one to four hours. Usually both 
long and short exposures were taken to give the best condi­
tions for reading both the strong and weak lines.

In order to make certain the correct assignment of ex­
citing line to a given Raman line, an efficiënt system of 
filters was worked out. Since benzoyl chloride and some 
of its derivatives are decomposed by ultraviolet light, the 
compound being investigated was always protected by 
either Corning “Greenish Nultra” glass (4 mm.) or by a 
saturated solution of sodium nitrite (2 mm.). These filters 
also, of course, prevented any Raman lines from being 
excited by the mercury lines in the ultraviolet. For every 
compound at least one plate was taken with radiation by 
both blue and violet mercury light, another with blue light 
only—the violet light being removed by a solution of qui­
nine sulfate in dilute sulfuric acid. Although this filter was 
protected from ultraviolet light, there was some yellowing, 
so the solution was changed every hour. A third plate 
was taken with light filtered by Corning “Red Purple 
Ultra” glass (2 mm.) to weaken the blue light.8 It was 
found much more efficiënt for this purpose than iodine in 
carbon tetrachloride usually recommended.

The photographs were made with Eastman Spectro-

(7) Kohlrausch, Pongratz and Stockmair, M o n a t s h . ,  67, 104 
(1935-1936).

(8) Murray and Andrews, J .  C h e m . P h y s . ,  1, 406 (1933).

graphic plates—“III-O” for excitation by both blue and 
violet light, “III-G” for blue radiation alone, “I-O” 
(because of the density of the filter) for excitation by violet 
light, and “I-G” for photographs of the nitro compounds.

A Wood’s type Raman tube was used with a cooling 
jacket and an extra jacket for liquid filters. The light 
source consisted of three Pyrex mercury arcs constructed 
according to High and Pool running vertically on 110
d. c. at a steady current of 3.5 to 4 amperes, and cooled 
by an electric fan.

Accuracy.—The accuracy of meäsuring the plates 
depends on the intensity and on the sharpness of the lines. 
The sharp, relatively strong lines were measured with an 
error of less than =±=1 cm.-1, while the error in reading the 
weak, diffuse lines was sometimes as great as =*=3 cm.-1. 
The values in the tables are weighted averages of at least 
three values (usually five or six) with the following ex­
ceptions: (1) the very weak lines which are not strong
enough to appear on the plate when excited by the 4047 Ä. 
line; (2) those in the region 1650-1800 cm.-1, which when 
excited by the 4047 Ä. line fall on the plate on top of 
the very much over-exposed mercury line (4358 Ä. group); 
and (3) those of high frequency, above 2000 cm.-1, which 
when excited by 4358 Ä. fall below 4916 Ä. where the dis­
persion is very poor.

The lines on the plate were measured to 0.001 mm. by a 
Hilger comparator. The wave lengths were determined 
by reference to three dispersion curves made from the 
spectrum of an iron are and the wave numbers were de­
termined (corrected to vacuum) by reference to Kayser’s 
“Tabelle der Schwingungszahlen.”9

Purification of Compounds.—With the exception of ben­
zoyl chloride, m-chloro, w-nitro and ^-nitrobenzoyl chlo­
ride which were purchased from Eastman Kodak Company 
and then highly purified, all of the compounds were pre­
pared by the action of thionyl chloride on the purified 
acid according to the method previously described.2 They 
were distilled under reduced pressure at least three times 
using a still-head provided with ground-glass joints, and 
large quantities were prepared, so that only constant 
boiling middle fractions need be used, thus avoiding the 
possibility of contamination by thionyl chloride or poly­
merization compounds.

Explanation of Tables.—The values of the 
Raman spectra have been summarized in the 
usual way. The value of the Raman shift in 
cm.“ 1 is followed by a number in parentheses 
indicating the relative intensity (estimated)—the 
large numbers indicating greater intensity and the 
letter “b” for broad. This is followed by letters 
indicating the exciting lines as follows: a = 
4047 Ä., b = 4078 Ä., c = 4339 Ä., d = 4348 Ä. 
and e = 4358 Ä., the Symbols =*= before a letter 
indicate that the line appeared both as Stokes and 
anti-Stokes line.

Preceding the summary of Raman values is 
a summary of experimental detail. The first

(9) Kayser, “Tabelle der Schwingungszahlen,” Verlag S. Hirzel, 
Leipzig, 1925.
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column gives the number of the plate which was 
measured. Roman numerals refer to earlier 
work. The second column gives the type of filter 
used: (G. N., Coming “Greenish Nultra” glass;
Q.S., a saturated solution of quinine sulfate in 
dilute sulfuric acid; R. P. U., Corning “Red 
Purple Ultra” glass). The type of plate listed in 
the third column refers to those of Eastman 
Kodak Company. The fourth column gives the 
exposure time in hours. The strength of the con­
tinuous background was greatest between 4358 
and 4916 Ä. Column 5 refers to this region. 
“Very weak” indicates practically no background, 
and “very strong” that the plate had to be illumi­
nated by a very strong light to see the Raman 
lines. The spectrograph used was, unless other­
wise stated, the Hilger E-439 described above. 
Some of the earlier investigations, however, were 
carried out on a Zeiss of low dispersion and on a 
Hilger Constant Deviation all glass spectrograph 
having a dispersion two to three times that of the 
Hilger E-439. The employment of these instru- 
ments is indicated in the last column.

B en zo y l  C h lo ride

Previous investigators: Kohlrausch and Pongratz,10
M on atsh ., 64, 361 (1934), Thatte and Ganesan,11 P h il. 
M ag., 12, 823 (1931), Matsuno-Han,12 B uil. Chem. Soc. 
J a p a n , 9, 88 (1935). Eastman White Label, distilled 
4 times in  vacuo; b. p. 67.6-67.8° at 7.5 mm.

Plate Filter Type Time Background Spectrograph

97 G. N. III-O 3 Weak Hilger E-439
98 G. N. III-O 5 Weak Hilger E-439

5 Q. S. I-G 21 Strong Hilger C. D.
99 Q. S. III-G 3 Medium Hilger E-439
A v ~  164(lb)(e); 313(3)(a, e); 415(2b)(a, e);° 507(3)- 

(a, e); 672° (3) (a, e); 775(00)(e); (840)(00)(e); (873)“-
(00)(e); 1002°(5)(a, b, e); 1026(1)(a, e); 1164(2) (a, e); 
1175(4)(a, b, e); 1205(4)(a, b, e); 1450(2)(a, e); 1490-
(0)(a, e); ■ 1595(8) (a, c, e); 1738°(2b)(b, c, e); 1780°- 
(4b)(b, c, e); 3074(6b)(a).

° Differ from Kohlrausch and Pongratz by more than 
2 cm.“1. None differ by more than 6 cm.“1,

Lines reported by Kohlrausch and Pongratz not found 
here 1317(72); 2610(3b); 2649(2b); 3012(lb). Lines 
not reported by Kohlrausch and Pongratz and found here 
840(00); two lines at 1164(2) and 1175(4), where Kohl- 
rausch and Pongratz report only one 1170(1 lb).

o-M e th ylbenzo y l  Chloride

Previous investigators: Kohlrausch, Pongratz and
Stockmair,7 M onatsh ., 67, 104 (1935-1936). Prepared 
from synthetic ö-methylbenzoic acid and thionyl chlo­
ride. Distilled 3 times; b. p. 75.6 =*= 0.05° at 5.5 mm.

Plate Filter Type plate Time Background

38 G. N. III-O 3.5 hrs. Weak
39 G. N. III-O 3.5 Very weak
35 Q. s. III-G 3 Weak

57 R. P. U. 1-0 4 Weak
42 R. P. U. 1-0 4 Medium

(Satd. N aN 02)
A v  = 126®(6b)(a, =*=e); 220®(2)(a, e); 2866(4)(a, b, e); 

382(2)(a, =*=e); 4366(2)(a, d, e); 477(2b)(a, c, e); 568(7)- 
(a, e); 648(0)(a, e); 665(4)(a, e); 714(00)(a, e); 76.8(2)- 
(a, e); 864(l)(a, e); 1053&(6)(a, b, e); 1121(l)(a, e);
1164(3)(a, b, e); 1186(2) (a, e); 1204(6)(a, b, e); 12966- 
(0)(a, e); 1382(2)(a, e); 1436(00)(a, e); 1476&(4)(a, e); 
1567&(6)(a, e); 1599(6)(a, e); 1770(7b)(b, e); 29366(3)- 
(a, b); 30706(5b) (a).

° Differ by more than =̂ 6 cm .“1. h Differ from Kohl- 
rausch, Pongratz and Stockmair by more than 2 cm.“1. 
Av. dev. of at least 7 readings <  ^ l  cm.“1.

Kohlrausch, Pongratz and Stockmair report, also, 89(4); 
1725(2b); 2975(5). Not reported by Kohlrausch, Pon­
gratz and Stockmair 714(00) (found 5 times); 1436(00).

w -M e t h y l b e n z o y l  Ch l o r id e  
Previous investigators: Kohlrausch, Pongratz and

Stockmair.7 Prepared from synthetic w-methylbenzoic 
acid by SOCL. Distilled 2 times in  vacuo; b. p. 71.2
±  0.05°
Plate

at 4 mm. 
Filter Type plate Time Background

80 G. N. III-O 2.75 Weak
81 Q. S. III-G 3 Dark
82 Q.S. III-G 1.75 Medium
83 R. P. U. 1 -0 2 Weak
A v  = 155(7b)(=t a,, e); 222(4)(->e); 270(3)(a, »fee);

304(1) (a, ^e); 350(1) (a, ^e); 375(00) (e);; 421 (3b)(a, e);
505®(2)(a, e); 524(1)(a, e); 537“(2)(a, e ) ; 668(5)(a, b, e); 
768(l)(a, e); 948(0)(af e); 1003(5)(a, b, e); 10945(00)- 
(a, e); 1152(2)(a, b, e); 1174(1)(a, e); 1244(5)(a, b, e); 
1380(1)(a, e); 1586“(7)(a, e); 16066(7)(a, e); 1769*(7b)- 
(e); 2925(2b)(a); 3066®(4b)(a).

“ Differ from Kohlrausch, Pongratz and Stockmair by 
more than 2 cm.“1. b Differ by more than 6 cm.“1.

Reported by Kohlrausch, Pongratz and Stockmair and 
not found; 480(V2); 802(1); 892(2); 927(2); 1410(72); 
1481(0); 1719(72); 2964(1). Not reported by Kohlrausch, 
Pongratz and Stockmair 375(0).

^ -M e t h y l b e n z o y l  C h l o r id e  
Previous investigators: Kohlrausch, Pongratz and

Stockmair.7 Prepared from synthetic />-methylbenzoic 
acid +  SOCl2. Distilled 8 times in  vacuo; b. p. 72.8-
73.0°

Plate
at 4.5 mm.

Filter Type plate Time Background
70 G. N. III-O 3 Dark
71 G. N. III-O 1 Medium
72 Q.S. III-G 1 Dark
74 R. P. U. 1-0 1 Weak
75 Q. s. III-G 2 Medium
Av = 170(2)(+ b , e); 264(4) (a, ^e); 290(4) (a, =*=e)

413(5b)(a, d, e); 484(4)(a, =*=e); 614(3)(a, e); 640(3)- 
(a, b, e); 715(00)(a, e); 781“(6)(a, b, e); 827(0)(a, e); 
875(0) (a, e); 1122(0) (a, e ) ; 1173B(8)(a, b, c, e); 1207“(4)- 
(a, b, e); 1306(3)(a, e ); 1380“(l)(a, b, e); 1503(l)(a, d, e); 
1606‘‘(10b)(a, e); 17446(5b)(b, e); 17774(6b) (b, e);
2927*(4)(a); 3072(3)(a).

“ Differ from Kohlrausch, Pongratz and Stockmair by 
more than 2 cm.-1. 1 By more than 6 cm.-1.

Lines reported by Kohlrausch, Pongratz and Stockmair
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not found: 355(2); 1027(72); 1443(1); 2873(2). Lines
not reported by Kohlf arisch, Pongratz and Stockmair but 
found: 1122(0)(a, e).

ö-M e th o x y b e n z o y l  C h l o r id e  
Previous investigators: None. Prepared from methyl- 

salicylic acid +  SOCl2. Distilled 4 times in  vacuo; 
b. p. 119.6 ±  0.05° at 1 mm.

Type Back-
Plate Filter plate Time ground Spectrograph
115 , G. N. III-O 4 Weak Hilger E-439
116 Q.S. III-G 4 Weak Hilger E-439
116(a) R. P. U. 1-0 1.5 Weak Hilger E-439

12 Q.S. I-G 14 Medium Hilger C. D.
Ar = 125(4b)(a, ±e); 249(00)(e); 377(l)(d, e);

426(0)(e); 449(a,e); 535(0)(e); 574(3)(a, e); 651(lb)(e); 
743(1)(e); 776(l)(e); 857(00)(e); 1052(6)(a, e); 1126(1)- 
(a, c, e); 1166(7)(a, e); 1189(6)(a, e); 1258(6)(a, e);
1284(0) (a, e); 1481(6)(a, e); 1574(6)(a, e); 1600(6)(a, e); 
1778(7b)(b, e); 2841(0)(a); 2943(00)(a); 3080(2)(a).

247(2); 635(1); 1123(1); 1230(0); 1444(0); 2844(2);
2938(0); 3083(3b),

0-ClILOKOBBNZOYL ClU.ORIDIi 
Previous investigators: Kohlrausch, Pongratz and

Stockmair.7 Prepared from o-chlorobenzoic acid +  
S0C12. Distilled 3 times in  vacuo; b. p. 78.9-79.2°
at 2 mm. 

Plate Filter Type plate Time Background
87 G. N. II-O 4 Weak
89 Q. S. III-G 2 Weak
91 R. P. U. 1-0 2 Weak

Ar = 125(4)(±a, ■ =>=e); 201“(l)(a, ±e); 252“ (2b)-
(a, ±e); 356(l)(e); 423“(l)(a, e); 447“(4)(a, d, e); 482°-
(l)(a, e); 540“(4)(a, b, e); 643“(3)(a, e); 659“(3)(a, e); 
727“(0)(a, e); 767il(00)(a, e); 1044*(5)(a, b, e); 11386(1)- 
(a, e); 1168i’(2)(a, b, e); 1194*(4)(a, b, c, e); 1266(1)- 
(a, b, e); 1287“(0)(a, e); 1406(00)(a, e); 1437(00)(a); 
1464“(l)(a, e, e); 1569(0)(a); 1589l(6)(a, e); 1790i,(4b)- 
(b, d, e); 3074(5) (a).

W -M e THOXYBENZOYL CHLORIDE  

Previous investigators: None. Prepared from m-
methoxybenzoic acid (Eastman White Label) +  S O C l2. 
Distilled 3 times in  vacuo; b. p. 110.8-111.0° at 8.5 mm.

Plate Filter Type plate Time Background
109 G. N. III-O 4 Medium
HO G. N. III-O 2 Weak
118 G. N. III-O 6 Medium
111 Q. s. III-G 3 Weak
112 R. P. U. 1-0 2 Weak
Av =  155(3b)(±e); 260(0b)(e); 327(2)(e); 369(l)(e); 

415(lb)(e); 452(2)(a, e); 502(2)(a, e); 567(1)(a, e);
667(8)(a, b, e); 770(0)(a, e); 996(10)(a, e); 1154(2)- 
(a, b, e ); 1190(2)(a, e); 1261(10)(a, b, e); 1289(2)(a, b, e); 
1319(Ob)(a, e); 1341(l)(a, e); 1587(8)(a, e); 1602(5)- 
(a, e); 1736(1) (b,e); 1771(8)(e); 2839(l)(a); 2922(l)(a); 
3085(4) (a).

/»-M e t h o x y b e n z o y l  Ch l o r id e  
Previous investigators: Kohlrausch, Pongratz and

Stockmair.7 Prepared from /»-methoxybenzoyl chloride 
(Eastman White Label) +  SOCl2. Distilled 5 times in  
vacuo; b. p. 90.8 ±  0.05° at 1 mm.; <Z204 1.2609; n 20 
1.5802.
Plate Filter Type plate Time Background Spectrograph
XV None 50 1 Medium Zeiss

3 G. N. Hyperpress 30 Strong Hilger C. D.
8 Q. S. I-G 21.5 Strong Hilger C. D.

119 G. N. III-O 4 .5  Medium Hilger E-439
120 R. P. U. 1-0 2 Weak Hilger E-439

A? =  247(2)(d, e); 288(4b)(a, ±e); 410“(2)(a, e);
4546(3)(a, d, e); 470“(2)(a, e); 6126(6)(a, c, e); 635(1)- 
(a, e); 6506(5)(a, b, e); 735i“(0)(a, e); 7836(b)(a, b, e); 
879i’(2b)(a, e); 10076(2)(a, e); 1123(l)(a, b, e); 11656- 
(20b)(a, b, e); 1212(4)(a, b, e); 1230(0)(a, e); 12706(2)- 
(a, b, e); 1322°(2)(a, e); 1423(1)(a, b, e); 1444(0)(a, e); 
1465^(0)(a, e); 1506i'(l)(a, e); 15796(4)(a, e); 1599(20b)- 
(a, e); 17366(4b) (a, b, e); 1770i>(5b)(b, e); 2844(2) (a); 
2938(0) (a); 3083(3b) (a).

“ By more than 6 cm.-1. 1 Differ from Kohlrausch,
Pongratz and Stockmair by more than 2 cm._1.

Reported by Kohlrausch, Pongratz and Stockmair, not 
found: 148(6); 223(3); 1022(72); 1059(72); 1104(3). 
Not reported by Kohlrausch, Pongratz and Stockmair:

a Differ from Kohlrausch, Pongratz and Stockmair by 
more than 2 cm .'1. & By more than 6 cm.“1,

Lines reported by Kohlrausch, Pongratz and Stockmair 
not found: 176(4); 860(lb); 1725(1). Lines not re-
ported by Kohlrausch, Pongratz and Stockmair but found: 
1406(00); 1437(00); 1569(0).

m - Ch lo robenzoyl  C hloride  
Previous investigators: Kohlrausch, Pongratz and

Stockmair.7 Eastman White Label, distilled 4 times
vacuo; b. p. 103.4 =*= 0.05° at 12.5 mm.
Plate Filter Type plate Time Background
46 G. N. III-G 6 Weak
45 Q- S. III-G 6 Medium
84 R. P. U. 1-0 2 Very weak

117 G. N. III-O 8 Weak
Af =  149“(8)(d=a, ±e); 205(3)(±a, ±e); 241“(3)-

(±e); 289(2)(a, ±e); 328(2)(a, e); 352(2)(a, e); 443&(4)- 
(a, d, e); 479a(0)(e); 515&(4)(a, c, e); 555(0)(a); 657(8)- 
(a, b, e); 718&(l)(a, e); 798(0)(a, e); 1000(12)(a, e);
1039(1)(a, e); 1086(2)(a, e); 1164“(3)(a, e); 1191(15)- 
(a, b, e); 1415&(2)(a, e); 1588“(10)(a, e); 1754“(8)(e); 
3074(8) (a).

° Differ from Kohlrausch, Pongratz and Stockmair by 
more than 2 cm._1. & By more than 6 cm.-1.

Lines reported by Kohlrausch, Pongratz and Stockmair 
not found: 312(2); 387(2); 406(2); 613(1); 1385(0). 
Lines not reported by Kohlrausch, Pongratz and Stock­
mair but found: 555(0); 1039(1).

^-C hlorob  enzo  yl  C hlo r id e

Previous investigators: Kohlrausch, Pongratz and
Stockmair.7 Prepared from /»-chlorobenzoic acid +  
SOCl2. Distilled 3 times in  vacuo; b. p. 93.6-93.9° at 9
mm.
Plate Filter Type plate Time Background
92 G. N. III-O 4 Medium
93 G. N. III-O 2 Medium
94 Q.S. III-G 4 Very strong
95 Q. S. III-G 2 Medium
96 R. P. U. 1-0 1 Medium

Av = 115(0b)(±a); 150“(3b)(+a, ±e); 262“ (8b)-
(a, ±e); 311a(2)(a, e); 402(4)(a, b, e); 455“(4)(a, ±e); 
562(4)(a, b, e); 628(3)(a, b? e); 723a(10)(a, b, ±e); 875a~
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(Ob)(a, e); 1015"(0)(a, e); 1091(15)(a, b, e); 1172(15)- 

(a, b, e); : 1203(15)(a, b, e); 1398(l)(a, e); 1589a(20)- 

(a, c, e); 1739^(86) (b, e); 1780&(6b)(b, e); 3075° (12) (a), 

“ Differ from Kohlrausch, Pongratz and Stockmair by 

more than 2 cm .“ 1. b B y  more than 6 cm .-1 .

Lines reported by Kohlrausch, Pongratz and Stockmair 

not found: 1295(V 2) . Lines not reported by Kohlrausch,

Pongratz and Stockmair but found: 115(0b).

o-N iïr o b e n z o y l  C hloride  
Previous investigators: None. Prepared from o-

nitrobenzoic acid +  SO C l2. Distilled 4 times in  vacuo; 
b. p. 128.2 =i= 0.05° at 5 mm. [Excitation b y blue light 
only. Violet light completely absorbed. No Raman 
lines of longer wave length than 4916 Ä. measured be­
cause of low dispersion and large number of weak Hg 
lines there.]

Continuous Spectro­
Plate Filter Type plate Time Background graph

14 Q. S. I-G 20 Weak Hilger C.D.
XXI None “ Gaevaert

Sensima” 4 Strong Zeiss
77 Q. S. I-G 2 Strong Hilger E-439
85 Q. S. I-G 1.25 Medium Hilger E-439

126 Satd. NaNOa I-G 4 Faint Hilger E-439
A v  =  49(1)(e); 98(1)(e); 125(0)(e); 168(1)(e); 474-

(2)(e); 552(0) (e); 646(2b)(e); 854(2) (e); 1043 (5) (e);

1085(1) (e); 1152(l)(e); 1170(2)(e); 1205(4) (e); 1352-

(20b) (e); 1449(l)(e); 1540(2)(d, e); 1581(5)(c, e);

1608(1) (e); 1800(1) (e).

m -N lT R O B E N Z O Y L  C H L O R ID E

Previous investigators: None. Eastman ‘ ‘W hite Label,” 
crystallized from carbon tetrachloride and petroleum ether.

Distilled in  vacuo 4 times; b. p. 120.2-120.4° at 2.5 mm. 
[Absorbed violet light com pletely treated as o-nitro-. ]

Plate Filter Type plate Time Background
78 Q. S. I-G 1 D ark

79 Q. S. I-G 2 V ery dark

124 Satd. N a N 0 2 I-G 4 W eak

A v  =  48(1)(e); 192(0)(d, e); 387(l)(e); 437(l)(e);

491(0)(e); 518(0)(e); 656(2)(e); 700(0)(e); 843(0)(e); 

928(00) (e); 1005(5)(e); 1091(l)(e); 1203(6)(e); 1284-

(0)(e); 1352(10)(e); 1437(l)(e); 1540(2) (e);' 1586(2)(e); 

1618(1) (e); 1760(3) (e); 2500(0) (e).

-^-Nit r o b e n zo y l  C h l o r id e

Previous investigators: None. Eastm an “ W hite

Label,” crystallized from carbon tetrachloride 4 times, 

but still yellow. [Dissolved in acetone. Absorbed all 

Raman light of shorter w ave length than 4579 Ä . ]

Av =  110 9 (l)(e); 1353(6)(e); 1534(0>(e); 1601(6>(e); 

1772(1) (d, e).

Summary
The Raman spectra of the monomethoxy and 

mononitro (incomplete) Substitution products of 
benzoyl chloride have been determined for the 
first time. The spectra of benzoyl chloride, its 
monomethyl and monochloro derivatives have 
been determined and compared with the data of 
Kohlrausch, Pongratz and Stockmair.
Ca m b r id g e , M a s s . R e c e iv e d  J u l y  17, 1936

[C o n t r ib u t io n  from  th e  R esearch  L a b o r a t o r ie s , T h e  U pjo h n  C o m pa n y ]

Alkyl Phenols. I. The 4-^-Alkylpyrogallols1

B y M e r r il l  C. H art

Since Johnson and Lane2 demonstrated that the 
introduction of an alkyl group into resorcinol in­
creased its germicidal activity, a vast amount of 
work has been done on the alkyl mono- and 
dihydroxy phenols and their derivatives. The 
literature of the past fifteen years is so voluminous 
in this respect that no attempt will be made to list 
it here.

However, during this time the alkylated tri- 
bydroxyphenols have received only a haphazard 
attention. Hurd and Parrish3 recently reported 
the phenol coefficients of dihexenyl (2 forms), 
heptenyl and diheptenylpyrogallol, using S. 
Aureus as the test organism, to be 20 and 250, 
120 and 20, respectively. Niederl* Natelson and

(1) Presented at the Pittsburgh meeting of The American Chemical 
Society, September, 1936.

(2) Johnson and Lane, T h is  J o u r n a l , 43, 348 (1921).
(3) Hurd and Parrish, i b i d . ,  57, 1731 (1935),

and  E. H. W o o d r u ff

Beekman4 prepared diisobutylpyrogallol but have 
not reported its phenol coëfficiënt. Klarmann5 
gives the phenol coefficients of w-hexyl, phenyl- 
methyl, phenethyl and phenylpropyl phloroglu­
cinol as 8 by the Hygienic Laboratory test.

In view of the wide divergence of the phenol 
coefficients as well as the lack of definite informa­
tion concerning the Variation of activity with 
structure in the trihydroxy phenols, it was thought 
to be of interest to prepare a homologous series 
of alkylpyrogallols and determine their activity 
as germicides. As is readily seen from Fig. 1, the 
phenol coefficients vary regularly with increasing 
length of the alkyl group attached in a manner 
quite similar to those series already investigated.

Since the maximum germicidal activity against
(4) Niederl, Natelson and Beekman, i b i d . ,  55, 2571 (1933).
(5) Klarmann, i b id . ,  48, 2359 (1926).
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gram negative organisms reaches a maximum with 
a side chain of five carbon atoms in the mono* 
hydroxy phenols and with six carbon atoms in the 
dihydroxy phenols, it might be expected that the 
maximum would not occur until a side chain of 
seven carbons in the trihydroxy phenols. This is 
not the case, the maximum occurring with a six 
carbon side chain as in the dihydroxy phenols. In 
the case of gram positive organisms as indicated 
by the tests with S. Aureus the phenol coëfficiënt 
continues to rise with the length of the side chain 
as in the case of other alkylated phenols. The 
reversal of effectiveness against gram positive and 
gram negative bacteria occurs with the w-hexyl 
derivative. Thus the “quasi specific” effect as 
noted by Klarmann6 in other series is evidenced by 
the alkylpyrogallols.

1 2 3 4 5 6 7
Carbon atoms in side chain.

Fig. 1.------------- , B . Coli; --------- , 5. A ureus.

While the alkylpyrogallols are effective germi- 
cides they are not as effective as the alkyl mono- 
or dihydroxy phenols. The comparison is easily 
seen in Fig. 2,7 the comparison being against gram 
negative organisms. Just why the phenol coëffi­
ciënt should diminish with the increase in num-

(6) Klarmann, Shternov and Gates, T h is  J o u r n a l , 55,2576 (1933).
(7) The bacteriological data from the literature, as recorded in 

Fig. 2, were obtained by the Hygienic Laboratory method. This is a 
somewhat different test than the F.D.A. method used here for the 
alkylpyrogallols. It is not believed that this difference would 
change the relative order of effectiveness of the alkylpyrogallols with 
respect to the other two series.

ber of phenolic hydroxyls, the group presumably 
responsible for the germicidal property of the mole­
cule, is not clear, and in view of the confiicting 
theories as to the mode of action of the phenolic 
germicides, no attempt will be made to elucidate 
this point.

1 2 3 4 5 6 7
Carbon atoms in side chain.

Fig. 2.:— -—— Alkyl phenols, Coulthard, Mar­
shall and Pyman, J . Chem. S oc ., 2 80, (1930);-------- ,
alkyl resorcinols [Ref. 8 ]; .........., alkyl pyrogallols.

None of the alkylpyrogallols are stable in al­
kaline solution although the rate of oxidation is 
diminished as the length of the alkyl group at­
tached is increased.

The 4-77-alkylpyrogallols were prepared by the 
reduction of the corresponding ketone by the 
method of Clemmensen.8 The ketones were pre­
pared by the method of Nencki, as given by John­
son and Lane2 and Dohme, Cox and Miller.9 
Difficulty was encountered in the preparation of 
the C5 and C7 ketones and alkylpyrogallols, the 
yields being appreciably lower than the other 
members of the series. A similar lowering of the 
yield was noted by Stoughton, Baltzly and Bass10 
in the case of w-amylhydroquinone. Whether the 
lower yield was due to experimental conditions 
or a peculiarity of the odd numbered side chain 
was not investigated.

(8) Clemmensen, B e r . ,  47, 51-63 (1914).
(9) Dohme, Cox and Miller, T h is  Jo u r n a l , 48, 1688 (1926).
(10) Stoughton, Baltzly and Bass, ibid., 56, 2007 (1934).
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T a ble  I
Sol­ M. p. d Yield, Calcd., % F oun d ,%

Compound Cryst. form vent uncorr., °C. % C H C H
Gallacetophenone a 170 58 e

Gallpropiophenone a 128-129 35 /
Gallbutyrophenone a 101-102 36 0

Gallvalerophenone Yellow needles b,c 84-84.5 14 62.82 6.71 62.89 6.60
Gallcaprophenone White needles b,c 86.5-87 32 64.25 7.19 64.19 7.59
Gallheptophenone Small lemon-yellow b,c

needles 78-78.5 11 65.52 7.62 65.39 7.65
a Chloroform. b Benzene. c Petroleum ether (b. p. 30-60°). d All melting points are on air-dried material. * “Or-

ganic Syntheses/’ Vol. XIV, p. 40. f  Beilstein, Erganzungsband III, p. 115. 0 Ib id ., p. 119.

4-w-Alkyl-

T a ble  II
Yield,

-------------- Analyses (micro)------------- -
Calcd., %  Found, %

pyrogallol
Ethyl

Cryst. form Solvent
a

%
48

M. p., °C. 
108.5

C H
(8)

C H

Propyl White rods ° 45 1 1 0-111 64.25 7.14 64.07 6.96
Butyl Light tan needles b 56 88-89 65.89 7.75 65.97 7.55
Amyl White rods b 25 90-91 67.30 8.33 66.94 7.95
Hexyl White needles b 54 104-105 65.52 8.64 65.39 8.75
Heptyl

0 Chloroform.
Silvery needles c 

b Benzene. c Petroleum ether (b.
30

p. 30-60°).
116-117 69.55 8.99 69.33 8.80

Experimental F. D. A. technique at 37.5° using S. Aureus and
2,3,4-Trihydroxyphenyl n -Amyl Ketone (Gallcapro- 

phenone).—One hundred and thirty-six grams (1.0 mole) 
of anhydrous zinc chloride was dissolved in 250 g. (2.1 
moles) of caproic acid with the aid of heat, whereupon 126 g. 
(1.0 mole) of pyrogallol was added. The mixture was 
heated at 130-140° for one and one-half hours. The un­
reacted caproic acid was removed by vacuum distillation. 
The heavy oil was washed several times with water and 
recrystallized from a mixture of toluene and petroleum 
ether; yield 68 g. or 32.1%, m. p. 83-85°. Further re­
crystallizations from the same mixed solvents gave white 
needles, m. p. 86.5-87°.

4-w-Hexylpyrogallol.—Fifty grams of gallcaprophenone 
was reduced by the method of Clemmensen8 using 200 g. 
of amalgamated zinc and 500 cc. of dilute hydrochloric acid 
(1:1 concd. hydrochloric acid and water). After reduc­
tion the cooled solution was extracted with ether, the ether 
solution dried with anhydrous magnesium sulfate, filtered 
and the ether removed by distillation. The residual oil 
was poured into 1 liter of petroleum ether (b. p. 30-60°). 
The solid obtained melted at 102-103° and weighed 25 g. 
or 53.4% of the theoretical. After several recrystalliza­
tions from a mixture of benzene and petroleum ether (b. p. 
30-60°) white needles, m. p. 104-105°, were obtained.

The phenol coefficients were determined by the

B. Coli as test organisms. The authors wish to 
thank Dr. John F. Norton and Mr. E. A. Gibson 
of the Bacteriological Laboratory of The Upjohn 
Company for the determination of the phenol coef­
ficients, and Mr. C. H. Emerson for the micro 
analyses given.

Summary

1. The 4-w-alkylpyrogallols from C2H5 through 
C7H15 have been prepared and their phenol coef­
ficients determined.

2. The phenol coefficients varied with increas­
ing size of the attached alkyl group in a similar 
manner to the alkyl mono and dihydroxyphenols.

3. The ‘ ‘quasi specific’ ’ effect was found to exist 
in the alkyl pyrogallols.

4. The phenol coëfficiënt of compounds having 
the same alkyl group tends to diminish as the 
number of phenolic hydroxyl groups in the 
molecule increases.
K alam azoo , M ic h . R e c e iv e d  A u g u s t  8, 1936



[Contribution from the Department of Chemistry, Yale University]

The Molecular Rearrangement of Sulfenanilides in Alkaline Solution. IV

1960 M aurice L. Moore and Treat B. Johnson Vol. 58

B y  M a ur ice  L . M oore1 and  T reat  B . Jo h nso n

In extending our study of the molecular re­
arrangement of sulfenanilides in alcoholic alkaline 
solution, it was interesting to find that the p-nitro 
substituted derivatives of these compounds, I, do 
not undergo rearrangement to give mercapto- 
diphenylamine compounds when heated in alco­
holic sodium hydroxide solution. This is all the 
more interesting in view of the fact that Smiles2 
has not, thus far, reported the molecular rear­
rangement of similar derivatives in the 0-amino 
sulfide series, whereas he has done so in the o- 
hydroxysulf ones.3 Thus, 4-nitrophenylsulf en-n- 
chloroanilide, 4-nitrophenylsulfen-o-toluidide and
4-nitrophenylsulfenanilide did not undergo struc- 
tural changes when digested in alcoholic sodium 
hydroxide solution for three hours. A small 
amount of the corresponding disulfide was isolated 
from the reaction mixture, but by far the chief 
proportion of the recovered product was the un­
altered sulfenanilide used as the starting material. 
Thus, it appears from our results that the Sub­
stitution of a nitro group in the ^-position does not 
give enough activity to the carbon atom at the 
sulfur linkage to produce a rearrangement as is 
the case when the nitro group occupies an o- 
position. The latter type of compounds undergo 
rearrangement upon heating to give the corre­
sponding amino sulfides.

n o 2

a
S N H C 6H 5 SNHCeHs

CIK

I II

s
^SCl

\ / \ /
N H

I II

A rearrangement of the 2,4-nitrochlorophenyl 
derivatives II was observed to occur in the usual 
manner to give the respective mercaptodiphenyl- 
amines. Thus, 2,4-nitrochlorophenylsulfenanilide 
gave the sodium salt of 2-mercaptophenyl-2',4/- 
nitrochlorophenylamine when refluxed in alcoholic

(1) A. Homer Smith Research Fellow, 1935-1936.
(2) (a) Evans and Smiles, J .  C h e m . S o c . ,  181 (1935); (b) Wight

and Smiles, i b i d . ,  340 (1935); (c) Evans and Smiles, i b id . ,  1263
(1935).

(3) Kent and Smiles, i b i d . ,  422 (1934).

sodium hydroxide solution for three hours. This 
compound was isolated and identified by conver­
sion into its thiomethyl ether. 2-Nitrophenylsul- 
fen - o - chloroanilide, 2,4 - nitrochlorophenylsulfen- 
o - toluidide and 2,4 - nitrochlorophenylsulfen - o- 
chloroanilide underwent a corresponding rear­
rangement when treated in like manner. In each 
case the sodium salt of the mercapto compound 
was isolated as a brilliant red crystalline solid, 
which was converted into the corresponding thio­
methyl ether for characterization by the action of 
methyl iodide.

This isolation of the sodium salt and the thio­
methyl ether by the rearrangement of the 2,4- 
nitrochlorophenyl derivatives is somewhat in 
contradiction to the results of Smiles2c with the
2,4-nitrochlorophenyl derivatives of the 0-amino- 
sulfides, as he was unable to isolate the free 
mercapto-diphenylamine or the thiomethyl ether 
because of the rapid formation of a thiazine 
compound I I I .  The latter formation involves the 
S p l i t t in g  out of nitrous acid.

Experimental Part
2,4 - Nitrochlorophenylsulfen -  o -  chloroanilide.—2,4- 

Nitrochlorophenylsulfur chloride (25 g.) gave 20 g. of an 

orange-red glistening crystalline material when treated 

with ö-chloroaniline (28 g.) under the usual conditions. 

It was easily crystallized from boiling alcohol, m. p. 112°.

A n al. Calcd. for C 12H 1O2N 2SCI2 : N, 8.89; S, 10.16; 

CI, 22.54. Found: N , 8.89, 8.76; S, 10.41, 10.18; CI, 

22.21, 22.40.

Procedure for Rearrangement.— The necessary sulfen­

anilide (5 g.) was placed in alcohol (25 ml.) containing 20 %  

sodium hydroxide (5 ml.) according to the procedure previ­

ously reported4 and refluxed for three hours. The reac­

tion product was isolated and purified as the sodium salt.

Methylation of the Mercaptan.— The sodium salt from 

the above Operation (5 g.) was dissolved in alcohol (15 -  

25m l.), refluxed for a short time (fifteen to sixty minutes) 

with an excess of m ethyl iodide (3 ml.) and worked up in 

the usual manner. In certain instances it was found that 

the thiomethyl ether would separate out of the hot alcohol 

after refluxing for varying lengths of time (fifteen to sixty 

minutes).

In Table I are recorded the results of the rearrangement 

of different sulfenanilides under the influence of alkali.

Summary
Digestion of ^»-nitrophenyl derivatives of sulfen­

anilides in alcoholic sodium hydroxide solution
(4) Moore and Johnson, T h is  J o u r n a l , 57, 1517, 2234 (1935).
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Table I
Yield, M. p., Nitrogen, % Sulfur, % Chlorine, %

Compound s % °C. Calcd. F oiind Calcd. Found Calcd. Found
r Anilide® No rearrangement

4-Nitrophenylsulfen- <{ />-Toluidide® No rearrangement
[ o-Chloroanilide® No rearrangement

Na salt of mercapto- |r Anilide« 85 10.58 10.53 11.73 11.64
2,4-Ni- diphenylamine <| o-Toluidide® 95 10.11 10.19 10.03 11.22 11.23

trochlo- derivative 1o-Chloroanilide® 90 9.50 9.27 9.42 21.07 21.41 21.30
rophenyl- Thiomethyl ether of ' Anilide® 85 135-136 9.51 9.33 9.20 10.87 10.56 10.67 12.06 12.34 12.21
sulfen- mercapto-diphenyl- < o-Toluidide® 80 164-165 9.08 9.13 9.04 10.37 10.10 10.25 11.51 11.70 11.62

amine derivative , o-Chloroanilide® 80 158-158.5 8.51 8.30 8.44 9.73 9.88 9.82 21.58 21.77 21.65
0■ . i Sodium salt of mercapto-diphenyl-
z-Jn itropneny 1- I , » ,*1i? amine derivative sulren-o- i 90 10.58 10.60 10.42 11.73 11.61 11.55

u . a Thiomethyl ether of diphenylamine
( derivative 84 144.5-145 9.51 9.61 9.59 10.87 10.90 10.96 12.06 12.05 12.12

a For the preparation of these compounds, see This J o u r n a l , 58, 1091 (1936).

failed to bring about a rearrangement to their 
corresponding p-mercaptodiphenyl amines. The
2,4-nitrochlorophenyl derivatives, however, un­
dergo a rearrangement to ö-mercaptodiphenyl- 
amines when so treated, and it was possible to

isolate the sodium salt as well as the thiomethyl 
ether without cyclization to thiazine compounds. 
The study of sulfenanilides will be continued in 
this Laboratory.
N e w  H a v e n , C o n n . R e c e iv e d  J u l y  13, 1936

[C o n t r ib u t io n  from  the  D epa r tm en t  of Ch e m ist r y  at  T h e  Oh io  S t a t e  U n iv e r s it y ]

Natural and Synthetic Rubber. XVI. The Structure of Polystyrene

B y  T homas M idgley , Jr ., A lbert  L. H e n n e  and  H e n r y  M . L e ic e st e r

Polystyrene1 is a friable solid which exhibits 
rubber-like properties at temperatures above 65°; 
it is obtained by heat polymerization of styrene.

Staudinger and his co-workers2 have stated that 
polystyrene can be decomposed by heat into a 
mono-, di- and tristyrene; that the latter two 
compounds can be decomposed to monostyrene ; 
and that 2,4-diphenyl-l-butene and 1,3-diphenyl- 
propane can be detected among the heat decom­
position products. They have therefore reached 
the conclusion that polystyrene is a long chain of 
styrene units bound together by ordinary valences, 
with a phenyl group linked to every second carbon. 
They have advocated formula I and rejected 
formula II.

— CH2CHPhCH2CHPhCH2CHPh— (I)
—CH2CHPhCHPhCH2CH2CHPhCHPhCH2— (II)

Staudinger’s experiments were repeated and 
found to be correct but the following additional 
facts were noted: (1) heat decomposition of 
polystyrene does not yield monostyrene exclu­
sively; (2) rapid decomposition yields large 
amounts of monostyrene, while slow decomposi­
tion yields “di-styrene,” “tri-styrene” and other

(1) Whitby, Rubber Chem. Tech., 465 (1931).
(2) Staudinger, et. al., Ber., 59, 3019 (1926); 62, 241-63 (1929); 

62, 2406 (1929); Ann., 517, 35-53 (1935).

intermediate products; (3) the partially decom­
posed products are complicated mixtures, and 
their further decomposition gives a poor yield of 
monostyrene; (4) diphenylbutene and diphenyl- 
propane are present in very small quantities, and 
only in products obtained from incomplete de­
composition; (5) all efforts to analyze the dimeric 
fraction by oxidation, reduction, nitration, bro­
mination, etc., gave indifferent results. These 
additional experimental data cast strong doubts on 
the significance of the decomposition products in 
establishing the formula of polystyrene.

An explanation of dependence of the elasticity 
of natural and synthetic rubbers on their struc- 
tural formula has been offered by Mack.3 The 
application of his ideas to the case of polystyrene 
leads directly to the conclusion that the elastic 
properties of this substance are consistent with 
formula II, and not at all with the heretofore ac­
cepted formula I, for the following reasons.

In the case of formula I, the 1,3-placement of 
the phenyl groups results in optimum packing of 
the phenyl groups, optimum contacting of the 
hydrogen atoms, and good satisfaction of the van 
der Waals forces when the chain molecule is ex- 
tended; consequently there is no tendency to fold

(3) Mack, T h is  J o u r n a l , 56, 2757 (1934).
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or shorten the chain. But in the case of formula 
II, the 1,4-placement throws the phenyl groups 
together into pairs on adjacent carbon atoms, 
with two chain carbon atoms separating these 
pairs. Not only do the two phenyl groups within 
a pair turn into one another to establish better 
contacting, but van der Waals forces draw to­
gether into contact the various separate pairs, 
thus folding the extended chain and giving auto­
matic retraction, hence elastic, rubber-like be­
havior. The motion of the bulky phenyl groups 
is sluggish at room temperature, but becomes 
more free and more swift with increasing thermal 
agitation, i. e., a t higher temperature.

Since Staudinger’s reasons for discriminating 
against the formula required by Mack’s theory 
were not found convincing, it was decided to apply 
to styrene the experimental procedure previously 
used with isoprene and dimethylbutadiene to 
establish the course of their transformation into 
synthetic rubber and methyl rubber, respectively.4 * 
This procedure consists in stopping the poly­
merization at the dimeric stage by addition of 
nascent hydrogen generaled by the interaction of 
sodium and ethanol. Sodium chips are added to 
styrene and alcohol is fed at a rate sufficiënt to 
produce a lively evolution of hydrogen; the re­
action liberates a considerable amount of heat, 
but the boiling of the alcohol automatically regu- 
lates the temperature. The reaction products 
consist of about 75% of ethylbenzene and 25% of
1,4-diphenylbutane. Significant is the fact that 
the reaction products are pure and entirely free 
from isomers or by-products.

The course of the polymerization is interpreted 
as follows. If the thermal agitation of the liquid 
styrene molecules consisted only of Dulong and 
Petit motions, back and forth, polymerization 
could take place by the random linking of two 
carbon atoms in «-position (with regard to the 
phenyl group), two carbon atoms in ß-position, or 
one ol- and one ß-atom, and consequently the 
two phenyl groups of the dimeric compounds 
would be located in 1,4-, 2,4- or 2,3-position. The 
molecules are, however, in a liquid, and therefore 
crowded; they are thus compelled to rotate about 
the center of their own volume, that is, close to the 
center of the phenyl group. Then, no matter how 
the rotation occurs, the ß-carbon atoms, at the 
end of the side-chain, are the only ones which

can eventually come close enough to link. The 
chances of an «-carbon coming close enough to a 
ß-carbon of another molecule to link are very 
remote, and its chances of coming close enough 
to another «-carbon are nil, because in addition 
to being shielded by the bulky phenyl group, it 
is most effectively buried within the sphere of 
revolution established by the outlying CH2 group. 
As soon as two molecules have linked together 
the dimeric compound assumes a shape such as:6

ß ß
c h 2 CH,

a. / \  *
-CH CH

\ /

where the free bonds of the «-carbon atoms are 
now at the surface and ready to join with the 
bonds of another dimer. From this stage the 
process of polymerization takes place by mere 
repetition.

It is therefore concluded that formula II is the 
correct representation of polystyrene and that 
Mack’s explanation of its elasticity is consistent 
with the facts. This conclusion has been obtained 
in private discussion with Dr. Mack, whom we 
wish to thank.

Experimental
Preparation of Diphenylbutane with Sodium and 

EtOH.—Alcohol was added dropwise to 17 g. (20 cc.) of 
freshly distilled styrene and 5.3 g. of sodium chips at such 
a rate that hydrogen was steadily evolved. During the 
first part of the reaction, it was necessary to cool the mix­
ture occasionally. As the reaction proceeded the solution 
became brown and sodium alcoholate separated, so that 
when all the sodium had been used up, the reaction mixture 
was almost solid. Ether was then added and the solution 
washed three times with water and dried over calcium 
chloride. The combined ether extracts from three runs 
(totaling 62 g. of styrene) were fractionated. Two frac­
tions were obtained, one boiling at 135-150°, the other at 
304-308°. The latter solidified in the receiver. The first 
fraction weighed 46 g. (74%) and consisted of ethylbenzene 
containing almost no styrene, as shown by the facts that 
no polymerization occurred when sulfuric acid was added 
to the liquid, or when it was heated for a prolonged period 
of time. The solid material, which weighed 11.5 g. 
(18.5%) after crystallization from alcohol, melted sharply 
at 52-52.5°, and the melting point showed no depression 
when the crystals were mixed with 1,4-diphenylbutane 
prepared by the catalytic reduction of 1,4-diphenylbutadi- 
ene.6 The mother liquors from the crystallization were di-

(4) Midgley and Henne, T his J o u r n a l , 51, 1294 (1929); 52, 2077 (5) This is more easily seen on a three dimension scale model.
(1930). (6) Org. Syntheses, 16, 28 (1936).
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luted with water and extracted with ether. From the ex­
tract was obtained 2 g. (4.3%) of a semi-solid yellow oil 
from which more 1,4-diphenylbutane separated.

Summary
Styrene treated with sodium and alcohol gives 

75% of ethylbenzene and 25% of 1,4-diphenyl­

butane. This shows that polystyrene should be 
represented by formula II, in Opposition to the 
heretofore accepted formula I. Only formula II is 
consistent with Mack’s explanation of the rubber- 
like elastic properties of polystyrene.
C o l u m b u s , Oh io  R e c e iv e d  J u l y  15, 1936

[Co n t r ib u t io n  from  the  C hem ical  L aboratory  of  t h e  U n iv e r sit y  of N e w  H a m p s h ir e ]

A Comparison of the Rate of Racemization with the Rate of Enolization
By R. H. K im ball

It has long been assumed that optically active 
ketones, esters and acids can undergo racemiza­
tion through formation of the inactive enol, which 
reverts to the racemic mixture. General accept- 
ance of this mechanism has followed recognition 
of the fact that such substances can only be ra- 
cemized when they are capable of enolization. 
This has been confirmed recently by Conant and 
Carlson,1 who conclude that the rate of racemiza­
tion can be considered as the rate of enolization, 
and point out the significant fact that whatever 
mechanism is assumed the rate of enolization 
cannot be faster than that of racemization, since 
the enol is necessarily inactive.

Whether enolization can be slower than racemi­
zation can only be determined by meäsuring the 
loss of optical activity and the development of 
enol simultaneously by independent methods. 
The familiär Kurt Meyer method of bromine 
titration has been applied in the past to meas­
urement of the rate of enolization of acetoacetic 
ester and related substances.2 An unsuccessful 
attempt to combine this method with polarimetric 
measurements has been described by Wren,3 who 
tried to follow the development of enol during 
the racemization of methyl phenyl succinate by 
bromine titration, but failed because no detectable 
amount of enol was present. The difficulty has 
been that substances appreciably enolized racemize 
so easily that they cannot be obtained optically 
active; while substances which can be obtained 
optically active are not perceptibly enolized.

The substance employed in the present attack 
on the problem is the menthyl ester of a-phenyl- 
acetoacetic acid41.

(1) Conant and Carlson, Tras J o u r n a l , 54, 4048 (1932).
(2) K. H. Meyer, Ann., 380, 233 (1911); Ber., 44, 2725, 2729 

(1911); Grossman, Z. physik. Chem., 109, 305 (1924).
( 3 ) Wren, J. Chem. Soc., 113, 210 (1918).
(4) Rupe, Ann., 395, 91 (1913); 398, 372 (1913).

CH3COCH~-COOCioH19-/ CH3C ==C C O O C ioH 194
I I I

c 6h 5 o h  c 6h 5
I II

The form of this substance obtained by crystal­
lization from methyl alcohol is the ketonic modifi­
cation, as demonstrated by the fact that the fresh 
solution gives no color with ferric chloride and 
does not absorb bromine.

Freshly dissolved in benzene or alcohol the 
substance is dextrorotatory. The rotation at 
once starts to decrease, passing through zero and 
finally reaching a constant strongly levo value. 
This takes weeks without a catalyst, but addition 
of a small amount of piperidine or barium hydrox­
ide brings it to equilibrium in a few minutes.

Rupe4 interpreted this to mean that the active 
menthol has brought about resolution of the «- 
phenylacetoacetic acid, the form crystallizing 
from methyl alcohol being the dextro-keto modi­
fication I because of its dextro rotation—a long 
series of similar menthyl esters in which resolution 
is not possible being strongly levorotatory like 
menthol itself. He ascribed the mutarotation to 
formation of the enol II in which the optical 
activity of the alpha carbon atom is lost. Since 
only one of the three asymmetrie carbon atoms 
is affected, this is not a true but a partial racemiza­
tion, and at equilibrium the solution will contain 
the enol mixed with the diameric dextro-keto and 
levo-keto modifications.

In the usual true or partial racemization the 
proportion of enol is always negligible. Here on 
the contrary the enol steadily increases during 
the mutarotation until it constitutes the major 
part of the equilibrium mixture. The most 
significant comparison between the rate of this 
development of enol and the rate of racemization 
of the carbon atom involved will be made during
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the early stages of the reaction, when the reverse 
processes are not yet apparent and the change of 
d-keto to enol is the only thing taking place.

With this in view the solvent chosen was cyclo­
hexane, in which enolization is 71% complete at 
equilibrium. About 10 g. of pure crystalline 
d-keto form was weighed into a volumetric flask 
and made up to 100 cc. with pure cyclohexane 
containing a few parts per million of piperidine 
as the catalyst. The solution was quickly trans­
ferred to an all-glass polarimeter tube with an 
attached chamber, water-jacketed to maintain 
constant temperature and designed to permit 
frequent and thorough mixing of the solution 
(Fig. 1). Polarimeter readings were taken at in­
tervals through the first half of the racemization.

The development of enol was followed by pipet- 
ting out samples of the solution and titrating them 
with dilute alcoholic bromine to the first bromine 
color, the “direct” method of Kurt Meyer. Here 
it proved very satisfaetory since the bromine 
was absorbed rapidly in the cold, and the sharp 
end-point persisted for five minutes. Finally 
more catalyst was added and the reaction was 
allowed to run to equilibrium, to obtain the values 
for the rotation and for the concentration of enol.

The pseudo-unimolecular velocity constant 
ki +  fe for the racemization was obtained in the 
ordinary way by plotting the values of log (at 
— a eq.) against t, where <xt and aeq represent the 
polarimeter readings at time t and at equilibrium. 
For the enolization the volume of thiosulfate used 
by each sample is proportional to the concentra­
tion of enol, so that log (Veq_ — Vt) was plotted 
against /. The best straight lines were run through

these points and ki +  &2 calculated from the slope 
in the usual manner. For both the racemization 
and the enolization the points feil closely along 
straight lines (Fig. 2, A and B) and the reactions 
therefore follow the unimolecular law. Measure­
ments normally extended over a period covering 
the first half of the racemization and the first 
quarter of the enolization, in one case the racemi­
zation being followed to 80% completion and the 
enolization to 50% completion without the ap­
pearance of a trend.

The data for three runs with varying amounts 
of catalyst are summarized in Table I.

T a b l e  I
V elocity C o n st a n ts  X  104 T im e  in  M in u t e s  fo r  th e  
R acem ization  a n d  E nolization  of  M enth y l  « -P h e n y l - 

a c etoacetate  I
Run no. I II III
Approx. concn. piperidine 

in parts per million 8 10 12
k i  +  &2 for racemization 12.8 17.8 24.8
k i  +  &2 for enolization 3.72 6.64 8.02
k i  for enol. (graphically) 2.51 4.48 6.17
k i  for enol. (calculated) 2.59 4.71 6.34
k i  polarimetrically using otenoi 14.5 20.1 28.5
k r (total racemization) 8.22 16.3 21.6
k d i (racem. through ion) 5.47 10.5 14.3
k e (racem. through enol) 2.75 5.80 7.32
Ratio k d i / k e 1.99 1.82 1.95

I t  is evident that racemization as measured by 
k± +  &2 proceeds several times as fast as enoliza­
tion. However, a much more significant compari­
son can be made. If the d-keto form loses its 
activity through changing directly to the enol, 
the rate of this change k\ can be obtained from 
data taken in the early stages of the reaction, 
and it should have the same value by both 
methods of measurement.

For the enolization ki is easily determined by 
plotting the log of the concentration of keto 
against t  in the usual way. The points still fall 
on a straight line through the measured range 
(Fig. 2, D) and the slope of this line gives the 
values of k\ for enolization shown in Table I.

It is also possible to calculate k\ from the two 
equations for ki +  &2 and for the equilibrium 
constant in the usual way, and the values are in 
satisfaetory agreement.

To measure the rate of change of d-keto to 
enol polarimetrically, it is necessary to know the 
rotatory power of the pure enol. Attempts to 
isolate the enol by Chemical methods failed, shift 
to the equilibrium mixture taking place too easily.
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Distillation under a high vacuum from a Hickman 
molecular still was finally successfully employed. 
The crystalline keto form was catalyzed with a 
little barium hydroxide and distilled slowly,

yielding a uniform distillate containing 64% of 
enol, which probably represents the equilibrium 
in the vapor phase.5 This mixture was repeatedly 
fractionated in the absence of catalyst, the distil­
late becoming progressively richer in enol until 
the concentration reached 93.8%, Q. 
which apparently represents a 
constant boiling mixture. This 
is a colorless viscous oil, harden- 
ing to a glass at low temperatures 
without crystallization; it has 
the same composition as the ke­
tonic form, gives an immediate 
deep purple color with ferric chlo­
ride, and absorbs bromine rapidly 
in the cold. Alone or in solution 
it is very stable in the absence of 
catalyst, but with a trace of piperidine it undergoes 
mutarotation to the same equilibrium mixture 
reached by the d-keto form.

The value for the rotation of pure enol was ob­
tained by following this mutarotation in cyclo­

hexane by the polarimeter and by titration in 
the usual way. On plotting this series of values 
for decreasing enol content against the rotation, 
a nearly straight line was obtained and extrapo­

lated to the rotation of pure enol as 
shown in Fig. 3. The accuracy of this 
extrapolation is favored by the small 
change in rotation, and the value ob­
tained [ a ] 25D —56.5° should be close to 
the true rotation of the enol.

The rate of change of d-keto to enol 
can now be determined polarimetrically 
by substituting aenot for aeq. and plotting 
log (at — aenoi) against t (Fig. 2, C). 
The points still fall along a straight line 
through the first half of the racemiza­
tion, and the slope of this line gives 
values for ki (Table I) which are four or 
five times as large as the values of ki for 
the same change of d-keto to enol ob­
tained by titration.

There seems to be no doubt therefore 
that in this substance the alpha carbon 
atom loses its optical activity much 
f aster than the enol is produced. This 

Range of can hardly be explained by some means 
of racemization operating independently 
of the enolization, in view of the almost 
inseparable connection between the two 

processes.6 As the only alternative it is evident that 
enolization cannot consist of a simple reversible change 
of keto to enol, but must proceed through some inter­
mediate step. In this intermediate step the configu­
ration of the alpha carbon atom is destroyed, and

since only part of the active substance changing to 
the intermediate in a given time goes on to form enol, 
and part reverts to inactive keto, the rate of racemi­
zation will be faster than the rate of enolization.

(6) Conant and Carlson, T h is  Jo u r n a l , 54, 4048 (1932); d is ­
cussion by W agner-Jauregg in '‘Stereochemie,” ed. Freudenberg, 
Franz Deuticke, Vienna, 1933, p. 858.

A B C D
Time in min.

Fig. 2.—Graph of run III: A, ki +  £2 for enolization (X104) =
8.02; B, ki +  £2 for racemization = 24.8; C, ki polarimetrically using 
aenoi = 28.5; D, k\ for enolization (titrimetrically) = 6.17. 
measurement: A and D 3-18% enol; B and C 7-65% racemi­
zation. Time scale: unit square = 150 min. Logarithm scale: unit
square for A = 0.0600; for B and C = 0.1500; fcr D = 0.0300.

100 95 90 85 80 75 70
Percentage enol.

Fig. 3.—Mutarotation of constant boiling mixture extrapolated to 100% enol 
to obtain [ a ] 25D — 56.5°: O, run I; • ,  run II.

(5) Conant and T h om pson , T h is  J o u r n a l , 54, 4039 (1932).
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The relationship between racemization and 
enolization from the standpoint of the ionic 
theory of prototropic change has been discussed 
recently by Ingold and collaborators7 in several 
papers which appeared during the course of this 
work. They formulate the mechanism of keto- 
enol tautomerism under the influence of a basic 
catalyst in the usual way8
B +  H—C—0 = 0  BH +  [0—0 = 0 ]-

B +  C=C—OH
and point out that if the configuration of the 
alpha carbon atom is retained in the common ion, 
the rate of enolization and of racemization should 
be equal; on the other hand, if the asymmetry 
is lost in the common ion, the rate of racemization 
must exceed that of enolization.

They tested the question in the methylene- 
azomethine system

C(H)—N==C C=N—C(H)
by comparing the rate of racemization of an ac­
tive tautomeride under the influence of sodium 
ethoxide with the rate of its isomerization as 
determined by Chemical analysis. In three cases 
the rates were identical within the experimental 
error, and the authors conclude that in this system 
the intermediate anion does not attain kinetic 
freedom and therefore retains its optical activity 
up to the instant of transformation into the in­
active isomer.

In the base-catalyzed keto-enol system now 
under consideration the racemization takes place 
much f aster than the formation of enol; and some 
intermediate stage in the process unavoidably 
must be recognized. If the ionic mechanism is 
adopted it follows that contrary to the Situation in 
the methyleneazomethine system the intermediate 
anion does not retain its asymmetry, so that 
recombination with the proton gives both enol and 
racemized keto forms and accounts for the higher 
rate of racemization.

The existence of some supplementary means of 
racemization apart from conversion to the enol 
makes it obvious that the values of ki so far ob­
tained do not express the true rate of racemization 
nor its relationship to the rate of enolization. Both 
can be calculated, however, from the data at hand 
as follows.

(7) Ingold and Wilson, J . Chem. Soc., 93, 773 (1934); Hsii, In­
gold and Wilson, ib id ., 1778 (1935); Hsü and Wilson, ib id ., 623 
(1936).

(8) Cf. Bartlett, T h is  J o u r n a l , 56, 969 (1934); Watson, Nathan 
and Laurie, J . Chem. P h y s ., 3, 170 (1935); Watson and Yates, J . 
Chem. Soc., 1208 (1932); Pedersen, J . P h ys . C hem ., 38, 619 (1934).

Adopting some form of intermediate as neces­
sary to acount for the results, the racemization 
of the menthyl ester is represented by scheme
(1), where D, L, E and B represent, respectively, 
the rf-keto form, the /-keto form, the enol and the 
intermediate, presumably the common anion. In 
the ordinary partial racemization such as the 
inversion of menthone where the amount of E is 
always imperceptible, the measured ‘"rate of 
racemization” is simply the rate at which the 
original rotation of D changes to the rotation of 
the equilibrium mixture DL. As each molecule 
of D reacts it becomes part of the equilibrium 
mixture, so we can consider the original active 
substance D* as changing irr ever sibly to DL at a 
rate kr equal to the measured rate of racemization.

k\ k%
d  b  l

kz j ^ ki
(1 )

E
kr kz 4" ki 

* ---->  B --------- >- DL (2 )

E
kdl

/ — >  DL
D \ J V e

(3)

7 , 7  2.3 1 Cod* 
kdl +  k e =  —  log (4)

kdi _  C dl 
ke Ce

(5)

Representing the case at hand in the same way 
reduces (I) to (2), for early stages of the reaction 
where k% can be neglected. And since B changes 
immediately to DL and to E as fast as it is pro­
duced from D*, the effect is that of a direct change 
of D* simultaneously to DL and to E as shown in
(3), where kdx +  ke = kr the total rate of racemiza­
tion, and kdt/k e — {kz +  k±)/k$. The individual 
rates can now be obtained from equations (4) and 
(5), where Cod*, is the concentration of D* at t0 
and CD*, CDL and CE are the concentrations of 
D*, DL and E at any given time /.

In order to calculate these concentrations it 
is necessary to know the specific rotation of each 
substance. [a]D* and [a]E are already known 
and [a]DL can be obtained from the composition 
and rotation of the equilibrium mixture of DL 
and E resulting from complete racemization. 
From first principles it is apparent that in system
(1) the relative proportions of D and L at equilib­
rium are independent of the presence or amount
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of E or of the mechanism involved. The same 
mixture of D and L would result if E were 
negligibly small as in the ordinary partial race­
mization; therefore it corresponds exactly to the 
DL of schemes (2) and (3). Making the usual 
assumption that the rotations are additive in 
these dilute Solutions, and knowing [a]E and the 
concentrations of E and DL in the equilibrium 
mixture, [a]DL can be obtained by difference. 
In the three runs [a]DL = —67.4, —67.8
and —68.5°, respectively, the individual values 
being used in each case. For the others the values
[a]E =  —56.5° and [a]D* = —15.8° (average) 
were employed.

The next step toward applying equations (4) 
and (5) is the calculation of CD*, CDL and CE 
at time /, which will be illustrated for run III. 
Here C0D* = 10.584 (g. in 100 cc. of solution), 
to = time when d-keto was put into solution, and 
t was chosen as three hundred and fifty minutes, 
close to the half time of racemization. From the 
straight lines plotted for k\ +  kz of racemization 
and of enolization (B and A, Fig. 2) were read off 
the correct values for the rotation («D* +  aDb 
+  «E = —10.30°) and for the concentration of 
enol (CE = 1.903 g.) at time L Subtracting CE 
from the total concentration 10.584. g. gives equa- 

* tion (6).
CD* +  Cdl = 8.681 g. (6 )

0.3707 CD* +  1-603 Cdl = 7.79° (7)

Subtracting the rotation of 1.903 g. of enol (aE) 
from -10.30° gives aD* +  aDb = -7.79°, 
which by the use of [a]D* and [a]DL can be 
expressed as equation (7). Solving these two 
equations we now have C0d* =: 10.584, CD* = 
4.972, CDL = 3.709, CE = 1.903, and t = 350. 
Substituting these values in equations (4) and 
(5) and solving, kr = kdt +  ke = 21.6, kdi = 14.3, 
and ke = 7.3(X10~4). The values obtained in 
the same way for runs I and II are shown in 
Table I, together with the ratios of kdï to ke which 
are close to 2 : 1 and check satisfactorily. From 
the previous discussion it is evident that kr is 
comparable to the rate measured in the ordinary 
partial racemization; kdt represents the fraction 
of this racemization (around two-thirds) taking 
place through the common ion without involving 
the enol; and ke the fraction (around one-third) 
involving actual transformation to the enol.

It seems quite probable that racemization may 
take place in a similar way in ordinary ketones 
where no detectable enol ever appears. The fact

that only part of the racemization can be ascribed 
to “enolization” in the usual sense of the word 
calls into question the validity of the familiar 
principle that the rate of racemization can be 
considered as the rate of enolization. The ability 
of a substance to ionize and the stability of the 
configuration of the common ion may be the im­
portant factors governing its racemization, rather 
than the actual formation of molecular enol.

The other reaction of ketones commonly re­
garded as a measure of enolization is halogenation 
in the a-position to the carbonyl group.7“9 
Recent comparisons have shown that the rate of 
halogenation and the rate of racemization of 
optically active ketones are substantially equal 
both in the presence of acids and of bases,10 and 
the Suggestion has been made that the halogen 
actually adds to the intermediate ion, at a rate 
equivalent to the rate of ionization. Since it 
now appears that under basic catalysis ionization 
alone can result in racemization, the rate of 
halogen absorption may be a measure of racemiza­
tion (kr) but not of enolization (ke) in the sense of 
actual formation of molecular enol. The more 
“saturated” character of the intermediate ions 
or salt-like complexes generally postulated in 
acid catalysis7,8,10 would seem to favor a more 
stable configuration. Rate measurements now 
being made of the racemization and enolization 
of the menthyl ester in the presence of acids 
may serve as a test of this question.

In another respect, however, the present results 
are difficult to interpret by the ionic theory of 
prototropic change. On general grounds Ingold 
and his collaborators7 have concluded that in 
basic catalysis the reversible change from anion 
to enol must be very much f aster than that from 
keto to anion, so that the observed rate of 
racemization should be substantially equal to 
the rate of enolization. The same opinion has 
been expressed by Pedersen8 from the fact that 
rapid addition of a hydrochloric acid-bromine 
water mixture to an alkaline solution of aceto­
acetic ester indicated complete transformation 
of the anion to the enol.

In the case at hand, however, the anion ap­
parently reverts to the keto form twice as fast as

(9) Bartlett and co-workers, T h is  J o u r n a l , 55, 4992 (1933); 56,
967 (1934); 57, 1596, 2580 (1935); Watson and co-workers, J .
Chem . Soc., 217, 220, 890 (1933); 3318 (1931); Watson, Chem .
Rev., 7, 173 (1930), includes a review of the literature.

(10) Bartlett and Stauffer, T h is  J o u r n a l , 57, 2580 (1935); In­
gold and Wilson, J . Chem. Soc., 773 (1934); Hsü and Wilson, ib id ., 
623  (1936).
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it goes on to the enol. In scheme (1) k& is less 
than kz +  ki, but the amount of enol at equilibrium 
is greater than the amount of keto; it follows 
that k\ +  fe is greater than k§, or the keto form 
ionizes more rapidly than the enol. This surprising 
result may perhaps be explained by the fact that 
enols of this type probably have a chelated struc­
ture, in which the mobility of the hydrogen may 
be reduced even below that in the ketonic form.

These considerations point to an alternative 
explanation of the observed difference between 
the rate of racemization and the rate of enoliza­
tion of the menthyl ester. We may be dealing 
with a rapid and highly reversible shift to a small 
amount of open-chain enol which governs the 
racemization, followed by a slower accumulation 
of chelated enol which determines the rate 
measured by titration. I t is hoped that further 
studies now in progress may aid in answering this 
and related questions.

Experimental
Acetobenzyl Cyanide, CH3COCH(C6Hö)CN.—Reagents 

must be pure and free from water and acids. Ethyl alco­
hol was dried twice over quicklime. Ethyl acetate was 
washed and fractionated from phosphorus pentoxide col­
lecting over 0.5° range. Benzyl cyanide was freshly dis­
tilled at ordinary pressure and collected over 1.5° range.

Sixty-nine grams (3 moles) of sodium is dissolved in 870 
cc. of dry alcohol, and a mixture of 351 g. (3 moles) of 
benzyl cyanide and 264 g. (3 moles) of ethyl acetate added, 
the mixture refluxed for an hour and allowed to stand 
overnight. The solid sodium derivative is quickly dis­
solved by adding 1.5-2 liters of water at 25°, and cracked 
ice added to keep the solution ice cold. It is washed with 
ether and air drawn through the solution under a partial 
vacuum till free from ether. A cold mixture of 195 cc. of 
acetic acid and 600 cc. of water is added slowly with shaking 
and the precipitated acetobenzyl cyanide filtered ofï and 
washed. It is purified by dissolving in 800 cc. of hot 
methyl alcohol, boiling with Norit if necessary, diluting 
with warm water and cooling; yield 300-310 g. (63-65%) 
of colorless material m. p. 88.5-89.5°.

Alpha-Phenylacetoacetic Ester, CH3COCH(C6H5)COO- 
C2H5.—-The low yields of the previous methods4,11 are 
avoided by hydrolyzing the imido ester in aqueous acid 
where the insolubility of the product protects it from de­
composition.

A solution of 159 g. (1 mole) of acetobenzyl cyanide in 
403 cc. of dry alcohol is saturated in the cold with care­
fully dried hydrogen chloride. After five to eight hoürs 
Saturation is complete and the flask is allowed to stand 
overnight at room temperature with occasional shaking for 
the first hour.

(11) Beckh, Ber., 31, 3160 (1898); Post and Michalek, T h is

J o u r n a l , 52, 4359 (1930); Conant and Thompson, ibid., 54, 4039
(1932); A. F. Thompson, Dissertation, Harvard University, 1932;
Bodroux, C om pt. rend., 151, 235 (1910); Buil. soc. chim., [4] 7, 851
(1910); Walther and Schickler, J . prakt. Chem., [2] 55, 343 (1897).

Excess hydrogen chloride is removed by adding boiling 
chips and evacuating the flask in a water-bath at 40°. 
Two hundred grams of sodium carbonate is dissolved in 
1200 cc. of water and ice added. Into this the reaction 
mixture is poured with vigorous shaking, the liberated 
imido ester extracted at once with generous portions of 
ether, and the ether washed well to remove alcohol.

The imido ester is extracted from the ether and hydro­
lyzed as follows: 100 g. of 98% c. p . sulfuric acid is poured 
into 700 cc. of water, and excess ice stirred in. The ether 
is shaken with cracked ice till cold, and the water separated. 
About one-half of the ice-cold acid is added, shaken vigor­
ously for exactly fifteen seconds11 * * * * 12 and drawn off at once. 
The Operation is repeated with the remaining acid in two 
portions. The ether is washed with sodium bicarbonate 
and dried over sodium sulfate, and yields 20-30 g. of crude 
a-phenylacetoacetic ester on distillation.

The solution of imido ester sulfate quickly turns cloudy 
from hydrolysis to the product. This is completed by 
heating on the steam-bath to 50° for one-half hour, sepa­
rating the ester and reheating the aqueous layer vigorously 
for forty-five minutes. Extraction with ether and frac­
tional distillation in  vacuo yields 103-167 g. (50-81%), b. p. 
139-143° (12 mm.).

Menthyl a-Phenylacetoacetate, I.—A mixture of 100 g. 
of a-phenylacetoacetic ester (freshly distilled) and 94 g. of 
l-menthol (E. K. Co., c. p.) in a 250-cc. modified Claisen 
flask with a wide side-arm is heated to 150-160° (ther­
mometer in the mixture) for three hours.4 The excess 
menthol is removed on the water pump and the menthyl 
ester distilled on the oil pump between 140-155° (0.5 mm.). 
From this mixture rieh in enol the d-keto form is obtained 
by the asymmetrie isomerization which takes place on slow 
evaporation of a methyl alcohol solution of the oil from an 
open dish at room temperature, adding alcohol at inter­
vals to maintain a crystalline mush which favors the Sepa­
ration of the less soluble d-keto form. After a week or 
more the accumulated solid is purified by rapid recrystal­
lization five or six times from pure methyl alcohol. The 
filtrates evaporated slowly in the same way yield a larger 
crop of pure product, and the process can be continued 
till most of the material is obtained as the pure d-keto 
form.

Menthyl a-phenylacetoacetate I crystallizes in long 
colorless prisms melting not quite sharply at 77-78.3° in 
Pyrex capillary tubes (67-76° in soft glass—Rupe4 gives 
69°). A fresh solution does not absorb bromine and gives 
no color with ferric chloride, slowly turning deep purple 
as enolization sets in. It is not completely stable and was 
always recrystallized shortly before use.

Contrary to Rupe4 the substance is dextrorotatory in 
alcohol. Since his alcoholic solution gave an immediate 
color with ferric chloride it was doubtless partially race- 
mized. This or the use of soft glass melting point tubes 
may also explain the lower melting point (69°) reported by 
him. Other constants check satisfactorily .

A n al. Calcd. for QwHssOs: C, 75.9; H, 8.9. Found: 
C, 76.0, 76.2; H, 8.8, 8.6. Specific rotation in cyclohex- 
ane [oi]25d —15.84°, mutarotating to [a]25D —59.83°; 
[a]25546i -19.0°; in methyl alcohol [«PW  +21.9°.

(12) Any delay results in hydrolysis of some of the imido ester to 
the product, which stays in the ether layer.
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Per cent. enol at equilibrium: liquid equil. mixt. ord.
t. 40.0; 5% in methyl alcohol 21.5; 10% in ethyl alcohol 
33.3; 10% in benzene 49.2; 10% in cyclohexane 71.0; 
4% in petroleum ether 73.8. Effect of concn. on % enol 
in cyclohexane :

Concn., % 20 10 3.5 1.75 0.87
Enol, % 64.7 71.0 72.8 73.2 73.9

Enolic Form of Menthyl a-Phenylacetoacetate, II.—The
pure d-keto form racemized quickly at 1 0 0 ° but only slowly 
at 80°. Since it could not be distilled below 135° by ordi­
nary methods, high vacuum distillation was employed, 
using a butyl phthalate condensation pump13 and Hick- 
man high vacuum still (Fisher model) heated by a small 
metal bath with a tall closed can between dish and flame 
for even temperature control. In general about 50-60 g. 
of pure d-keto form was catalyzed with a pinch of barium 
hydroxide and distilled slowly at 85-95°, coming over as a 
colorless oil with a uniform enol content of 64%. This 
was redistilled in two portions without catalyst and the 
first half or two-thirds collected and redistilled in the same 
way. The temperatures varied from 75-85° (bath temp.) 
at 2-6 X 10 ~4 mm. pressure. As the fractions became too 
small they were combined with others of the same grade 
from additional runs. Four or five fractionations increased 
the enol content to 92-94%, the highest which could be 
reached by distillation. Repeated attempts failed to in­
crease this by fractionation under the most favorable con­
ditions; for example, 12 g. containing 93.4% enol was dis­
tilled and the first 3.5 g. collected contained 93.8% enol. 
That this was not the result of ketonization during distilla­
tion but shows the presence of a constant boiling mixture 
of keto and enol was confirmed by distilling 23 g. contain­
ing 92% enol and separating it into six fractions which 
contained, respectively, 93, 90, 94, 93, 89 and 75% of enol. 
The proportion of enol in the distillate was therefore con­
stant until two-thirds of the material had distilled over, 
and the effect of ketonization only became apparent in the 
last two fractions.

This constant boiling mixture contains 93.8% enol as the 
average of fourteen preparations. It is a colorless viscous 
oil, hardening to a glass at low temperatures, and is iso­
meric with the ketonic form.

A nal. Calcd. for C20H28O3: C, 75.9; H, 8.9. Found: 
C, 75.7; H, 8 .8 .

Fresh Solutions give an immediate deep purple color with 
ferric chloride and absorb bromine rapidly in the cold. 
It is quite stable in the absence of catalyst, showing little 
or no decrease in enol content after two weeks in the re- 
frigerator. A 10% solution in cyclohexane showed a con­
stant rotation [ a ] 25D —56.9° for an hour but on the addi­
tion of a trace of piperidine it mutarotated to the same 
equilibrium mixture reached by the keto form: from enol 
M 25d -59 .2°, -59 .5°; 70.9, 70.7% enol; from keto
[ a ] 25D -59.8°; 71.0% enol.

The specific rotation of pure enol was obtained by follow­
ing the mutarotation in cyclohexane polarimetrically and 
by titration exactly as described below for the ketonic 
form. In run I the catalyst was added after the first 
point (Fig. 3) had been obtained. In run II the catalyst

(13) H ickm an and Sanford, Rev. Sei.  Instruments ,  1, 152, Fig. 13
(1930).

was mixed with the solvent as customary with the keto 
form and mutarotation had proceeded somewhat before the 
first reading.

Purification of Materials. Methyl Alcohol.—C. p . ab­
solute acetone-free methanol was distilled three times 
through an all-glass Pyrex apparatus with a 6-ball Snyder 
column rejecting about one-third. This was used in the 
titrations and all apparatus was rinsed with it just before 
use and dried in a current of air or by evacuation.

Cyclohexane.—E. K. Co. Pract. was treated to remove 
benzene,14 washed with potassium hydroxide solution, 
dried and distilled through the all-glass fractionating appa­
ratus, then a second time over potassium hydroxide and 
twice alone and obtained constant boiling. In this sol­
vent mutarotation was so slow as to be insignificant com­
pared to the catalytically induced rates.

Piperidine.—The unsaturates present in commercial
c. p . piperidine were removed by differential oxidation of 
nitrosopiperidine15 and fractionation from potassium hy­
droxide, yielding material boiling at 105.4-105.7° and sta­
ble toward permanganate. The amount used was regu- 
lated by adding small drops of a 1:100 solution in cyclo­
hexane.

Rate Measurements.—From 10.0-10.6 g. of freshly re­
crystallized menthyl ester was weighed into a 100-cc. Pyrex 
volumetric flask and made up to volume with cyclohexane 
containing the piperidine catalyst. The solution was 
quickly transferred to the polarimeter tube (Fig. 1) and 
reading started, using a Franz Schmidt & Haensch half 
shade polarimeter read to 0.01° and a G. E. Sodium Lab- 
Arc. The temperature was held at 25 =*= 0.1° by circu­
lating water from the thermostat through the polarimeter 
tube jacket. The total change of rotation in the 2.340-dm. 
tube was 10.5° and some 20-30 readings were taken in the 
range between 7-15 and 50-65% racemization.

The enolization was followed over the same period. At 
intervals the solution was shaken and 5 cc. removed with a 
Pyrex pipet, run into 13 cc. of ice-cold methyl alcohol, and 
titrated with fresh methyl alcoholic bromine of such 
strength that 10-20 cc. was required. Bromine was ab­
sorbed instantly and was added to the first bromine color. 
The end-point was sharp and persisted for five minutes, 
and could be restored for an equal time by an additional 
drop or two of bromine. A correction was applied for the 
excess of bromine by subtracting the amount needed to 
bring an equal volume of methyl alcohol to the same color. 
This corrected volume was run into double the equivalent 
amount of 0.2 N  potassium iodide and titrated with Stand­
ard 0.05 N  thiosulfate. From seven to nine titrations were 
made covering the increase from about 3 to 17% of enol.

The equilibrium values for rotation and enol content 
were obtained by adding more piperidine and allowing the 
mixture to stand at constant temperature. A series of 
concordant readings twelve hours apart were accepted as 
the equilibrium rotation and four of five titrations check - 
ing to about 1 part in 100 gave the average per cent. of 
enol.

Summary
1. Simultaneous measurements have been 

made of the rate of racemization and of enoli-
(14) Hinrichsen and Kempf, Ber., 45, 2112 (1912).
(15) Vorländer and Wallis, A n n . ,  345, 285 (1906).
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zation of menthyl a-phenylacetoacetate.
2. The results show that enolization takes 

place through some intermediate step. In this 
step nearly two-thirds of the racemization occurs, 
only one-third involving actual transformation 
to the enol.

3. Alternative explanations are offered, one 
involving loss of configuration in an intermediate 
anion, the other reversible formation of a small 
amount of open-chain enol followed by a slower 
accumulation of chelated enol.
D u r h a m , N. H. R e c eiv ed  J uly  7, 1936

[Co n t r ib u t io n  from  t h e  L a b o r a t o r ies  of T h e  R o c k efeller  I n st it u t e  for  M e d ic a l  R e se a r c h ]

The Determination of Activity Coefficients from the Potentials of Concentration Cells 
with Transference. II. Hydrochloric Acid at 25°

B y  T heodore  S hedlovsky and  D uncan  A. M acI n n e s

In the first article of this series1 it was shown 
that the activity coefficients, ƒ, of chlorides in 
aqueous solution could be obtained from the 
potentials, E t, of galvanic cells of the type

Ag; AgCl, MCI ( C O : MCI (C2), AgCl; Ag (A) 
with aid of the relation

2R T r ° 2
Et = ^  Jcx 1 d l0g Cf (1)

in which t is the transference number of the posi­
tive ion constituent, M , C is the concentration, 
and the other terms have their customary signifi- 
cance.2

However, cells of type A contain a liquid junc­
tion and, until the present researches, have not 
been used to obtain activity coefficients. It was

(1) Brown and Maclnnes, T h is  J o u r n a l , 57, 1356 (1935).
(2) For a derivation of equation (1) see Maclnnes and Brown, 

C h e m .  R e v . ,  18, 335 (1936).

therefore decided to include hydrochloric acid 
in the series of measurements since the activity 
coefficients of that substance have been deter­
mined, with considerable accuracy, by various 
workers, using concentration cells without liquid 
junction of the form
Ag; AgCl, HCl (Ci); H2 (Pt) -

(Pt) Ha; HCl (Q , AgCl; Ag (B)

Since cells of type B do not involve amalgam 
electrodes, with their attendant experimental 
difficulties, this case affords the most favorable 
comparison of the methods involving cells with 
and without liquid junction.

This paper will therefore deal with the deter­
mination of the potentials of the cell

Ag; AgCl, HCl ( C O :  HCl (C2), AgCl; Ag (C) 
in which C2 varied from about 0.003 to 0.08 N, 
and Ci was 0.1 N. The results have afforded a 
test of the Debye-Hückel relations connecting 
the activity coefficients of aqueous Solutions of 
hydrochloric acid with the concentration.

Apparatus and Experimental Procedure
Although the principle involved is the same as that util­

ized in the work of Brown and Maclnnes1 decided changes 
have been made in the apparatus used. The new cell is 
shown diagrammatically in Fig. 1. Instead of forming 
the silver-silver chloride electrodes on wire, as in the 
previous work, hollow truncated cones of platinum foil, 
indicated at E and E a r e  used. The outer surfaces of these 
cones are sealed into the glass, contact being made with 
the mercury in tubes T and T'. The chief advantage of 
electrodes of this design is that they are completely 
protected from mechanical disturbance of their active 
surfaces. This we have found to be essential if the re- 
producibility is to reach 0.01 mv. or better. The elec­
trodes are plated with silver and chloridized electro- 
lytically, using the precautions suggested by Brown3 
It is also found desirable to wash the plated silver with

(3) Brown, This J o u r n a l , 56, 646 (1934).
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strong ammonia, followed by water, before chloridizing. 
This assures the removal of the last possible tracés of 
silver cyanide. In filling the cell it is first turned upside 
down. Solution is rim into half-cell A, for instance, 
through either tube C or D (from a flask of the type 
shown in Fig. 3 of the article by Brown and Maclnnes1), 
and out of the other tube or tube E. Several thorough 
rinsings are given, after which the half-cell is filled to the 
point a. The half-cell B is then filled in a similar manner 
with the second solution. The apparatus is then turned 
from its inverted to its normal position. A liquid junction 
is next made at a or b by flowing the heavier of the two 
Solutions through tube H and filling the connecting vessel 
L. Unless pendent drops are present at a and b air bubbles 
form that rise through the connecting tubes and mix the 
Solutions. Such pendent drops may be readily formed if 
necessary by a momentary lifting of an appropriate 
ground glass cap. The apparatus is next placed in an oil 
thermostat regulating to =±=0.002° and readings of the 
potential are available as soon as the cell has reached its 
final temperature. These readings remain constant, 
within a few microvolts, for many hours. This constancy 
is due to the fact that the only important source of Varia­
tion of potential is a change of composition of the solution 
in immediate contact with the electrodes, such as could 
be brought about by diffusion or convection. An 
advantage of this apparatus and procedure over that of 
Brown and Maclnnes is that by avoiding the sliding 
contact in making the liquid junctions a source of con­
tamination from the grease is avoided.

There is usually a slight difference of potential (of the 
order of 0.01 mv.) between the electrodes E and E' which 
may be corrected for in two ways. In the first place, this 
potential is measured directly by placing the same chloride 
solution in both halves of the apparatus. In addition 
measurements with each pair of Solutions are made which 
are duplicates but with the positions of the Solutions re­
versed. vSince the design of the apparatus is symmetrical 
this is possible. The difference between the potentials of 
these duplicate determinations should be twice the di­
rectly measured difference of potential of the electrodes. 
This was true within a few microvolts for all the measure­
ments described in this paper.

The potential measurements were made with a calibrated 
type K Potentiometer. The potential Standard consisted 
of five Eppley saturated Weston Standard cells kept at 
25° in the thermostat. The Standard cells were calibrated 
by the Bureau of Standards.

Results and Discussion
The results of all the measurements are given in 

columns 1 and 2 of Table I. The Solutions of the 
concentrations given in moles per liter at 25 ° were 
prepared by weight from constant boiling acid4 
and their compositions were checked by conduct­
ance measurements.5 As indicated, one of two 
Solutions in the cell was always 0.1 N  hydro­
chloric acid. The water used had a conductance 
of 2 ±  1 X 10~7 O"1. Since the greater part of

(4) Foulk and Hollingsworth, T h is  J o u r n a l , 45, 1220 (1923).
(5) Shedlovsky, i b i d . ,  54, 1411 (1932;.

this conductance was due to tracés of carbon di­
oxide the effective conductance of the solvent in 
the acid Solutions was less than this value, and 
the correction (discussed in the previous paper) 
for solvent impurities is therefore negligible even 
at the lowest concentrations.

The method for obtaining the change &ƒ of 
the activity coëfficiënt with the concentration 
from the e. m. f. data, using equation (1), is 
given in the previous paper.1 The necessary 
transference numbers, given in column 3 of the 
table, are interpolated from the work of Longs­
worth.6 The resulting values of — A log ƒ relative 
to 0.1 N  are given in the fourth column. To ob­
tain activity coefficients ƒ from these data use 
may be made, as in the earlier paper, of a plot, 
Fig. 2, of (A log ƒ — a -\/C) against (A — A log/) 
V7C in which a is the constant (0.5056 at 25°) of 
the Debye-Hückel equation

- l o g /  «  clV C K  1 +  ß V e )  (2)

The constant (A), which is the logarithm of the 
activity coëfficiënt of the reference 0.1 2V hydro­
chloric acid solution, must be obtained by a 
short series of approximations in which the value 
of A chosen finally agrees with the intercept of 
the plot. The slope of the straight portion of the 
curve for the lower concentrations yields the 
constant ß  of equation (2). The plot yields a 
value of A — —0.0973 from which the activity 
coefficients ƒ (observed) in column 5 of Table I 
were obtained from the relation

log ƒ —  A  ~  A  log ƒ (3)

The constant ß  has a value of 1.847, corresponding 
to a distance of closest approaeh of 5.62 Ä. for 
the ions. With this value of ß  equation (2) 
represents the data up to about 0.04 normal, as is 
shown in column 6 of the table. Agreement 
throughout the whole concentration range meas­
ured can be obtained, however, with the aid of 
the Hückel equation

- lo g  ƒ =  « V C / ( 1  -f ß V C )  -  DC (4)

As is also the case with sodium chloride1 it is 
necessary to shift the value of ß  in order to fit this 
equation to the results. The computed values of 
ƒ, using equation (4) and the constants ß = 1.5274 
and D — 0.105, are given in the last column of 
the table. These computed values agree with 
the “observed” values in column 5 throughout the 
range of the measurements.

(6) Longsworth, i b i d . ,  54, 2741 (1932).
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T a ble  I

T h e  P o t e n t ia l s  of t h e  C o n c e n t r a t io n  C e l l : Ag: AgCl, HCl (0.1 N ) : HCl (C2), AgCl; Ag at 25°,
a n d  t h e  C o m pu t a tio n  of the A ctivity  C o e ffic ien t s  of H ydrochloric  A cid

Concn. moles 
per liter at 

25°, C2
E. m. f., 

mv.
Trans, no.,

Log activity 
coeff. ratio 

- A  log/ ƒ, obsd.

— Activity coefficients 
ƒ, computed 
equation (2)

ƒ, computed 
equation (4)

0.0034468 136.264 0.8234 0.07065 0.9405 0.9402 0.9400
.0052590 118.815 .8239 .06486 .9280 .9283 .9280
.010017 92.529 .8251 .05453 .9062 .9063 .9061
.010029 92.480 .8251 .05450 .9061 .9063 .9060
.019914 64.730 .8266 .04068 .8778 .8777 .8778
.020037 64.464 .8266 .04072 .8778 .8775 .8775
.020132 64.282 .8266 .04051 .8774 .8773 .8773
.040492 36.214 .8286 .02372 .8441 .8430 .8442
.059826 20.600 .8297 .01344 .8244 .8219 .8246
.078076 9.948 .8306 .00630 .8110 .8070 .8113
.1000 0 .8314 0 .7993 .7926 .7993

The most extensive study of cells without is substantial agreement in the results from the 
liquid junction involving hydrochloric acid has cells with and without liquid junction. Less 
been made by Harned and Ehlers.7 From their complete agreement, though probably within 
critical summary of their work they have ob- the limits of error of the available data, is found 
tained potentials at round molalities from which with the earlier critical summary of results

from cells without liquid junction by Scatchard.8 
Carmody9 gives his results on cells without liquid 
junctions only to 0.1 mv. and a plot of his figures 
indicates errors greater than that amount. 
However, if allowance is made for this rather large 
experimental error there is substantial agreement 
between his results and ours. The deviation pro­
duced by an error of 0.1 mv. is shown in the 
figure.

Summary
Accurate measurements of hydrochloric acid 

concentration cells, with liquid junction, have 
been obtained, from which activity coefficients 
of the ions of the acid have been computed. The 
results are shown to be in close agreement with 
those obtained using cells without liquid junc­
tions. The activity coefficients have been found 
to follow the Debye-Hückel theory with a “dis

e. m. f. values of cells of type B may be computed, tance of closest approaeh” of 5.62 Ä., up to about 
making allowance for the difference in the con- 0-04 N. Accurate agreement with the Hückel 
centration scales used in our work and theirs. equation is observed throughout the concentra- 
These results are also plotted in Fig. 2, using the tion range of 0.003 to 0.1 AT.
A value given above. I t will be seen that there N ew  Y ork , N . Y . R e c eiv ed  J u ly  10, 1936

(7) Harned and Ehlers, T h is  J o u r n a l , 54, 1350 (1932); 55,
652 (1933); 5 5 ,2 1 7 9  (1933).

(8) Scatchard, ibid., 47, 641 (1925).
(9) Carmody, ibid., 54, 188 (1932).
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Partial Vapor Pressures of Aqueous Methylamine Solutions

By W. A. Felsing and B. A. Phillips

Object of the Investigation Methods of the Investigation
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The purpose of this investigation was the de­
termination of the partial vapor pressures of 
aqueous Solutions of mono-, di- and trimethyl- 
amines. This investigation was one of a series1 
dealing with the thermodynamic properties of 
these amines in relation to their use as refrigerat­
ing fluids in the absorption type of refrigerating 
units. The completeness of the absorption of the 
gaseous refrigerant by the aqueous absorber can 
be ascertained from the data of this investigation.

In calculating the free energy decrease attend- 
ing the reaction Amine (liquid) = Amine (1 M), 
it was found that vapor pressure data for tri- 
methylamine were lacking, except for a few scat- 
tered boiling point determinations. Accordingly, 
the vapor pressures and the densities of liquid 
trimethylamine were determined.

Incidentally, since no free energy content data 
for these amines are available in the literature, the 
data of this investigation yield information lead- 
ing to a partial determination of such values. A 
high temperature dissociation investigation, of 
exploratory nature, has yielded some preliminary 
data for the calculation at 25° of the free energy 
content of these gaseous amines; the results of 
this investigation will be reported in a later paper.

Previous Investigations
No d a t a  h a v e  b e e n  f o u n d  fo r  t h e  p a r t ia l  v a p o r  

p re s su re s  o f  a q u e o u s  a m in e  S o lu t io n s .

Vapor pressure data for monomethylamine have 
been reported by Felsing and Thomas;1 for di­
methylamine, there are the data of Berthoud;2 
and for trimethylamine, there were found no 
data.

Density data for liquid trimethylamine also are 
very meager. Landolt-Börnstein, “Tabellen,” 
list 0.675 g./cc. at —4°, Lange3 gives 0.662 at 
— 5°, and Elsey4 gives a value of 0.702 g./cc. at 
-33.5°.

(1) (a) Felsing and Thomas, Ind. Eng. Chem., 21, 1269 (1929);
(b) Felsing and Wohlford, T h is J o u r n a l , 54, 1442 (1932); (c)
Felsing and Buckley, J .  Phys. Chem., 37, 779 (1932); (d) Felsing and 
Jessen, T h is J o u r n a l , 55, 447 (1933); and (e) Felsing and Ashby, 
i b i d . , 56, 2226 (1934).

(2) Berthoud, J. chim. phys., 15, 3 (1917).
(3) Lange, “Handbook of Chemistry,” Handbook Publishers, 

Inc., Sandusky, Ohio, 1934.
(4) Elsey, T h is  Jo u r n a l , 42, 2454 (1920),

(a) The method of determining partial vapor 
pressures of the aqueous amine Solutions was the 
dynamic or air-saturation method originally de­
veloped by Berkeley and Hartley.5 The method 
embodied the modifications of Washburn and 
Heuse6 and of Bates and Kirschman ;7 addi­
tional modifications were made during the in­
vestigation, but they were concerned more with 
minor details of size and design than with depar- 
tures from the principles of the later modifications 
listed.

The process consisted of passing, at an opti­
mum rate, an unmeasured volume of dry air 
through a series of saturators containing pure 
water and the Solutions whose vapor pressures 
were to be measured. The weights of water 
vapor carried out by the gas from the pure water 
saturator, w \, the weight of the amine absorbed 
by the acid absorber and the weight of the water 
carried out from the Solutions, w 2, and the baro- 
metric pressure, p B) were the measurements actu­
ally made.

A rocking device ensured the continual presen­
tation of a fresh liquid film to the air passing 
through three sets of saturators in series. The 
air passed over but not through the liquids. 
Water vapor was removed by dehydrite-filled 
absorbers and the amines were absorbed by 
double, acid-containing absorbers. The rate of 
air flow varied from 1 to 5 liters per hour for pe­
riods of approximately four to five hours, depend­
ing upon the particular amine and its concentra­
tion. The whole apparatus vras immersed in a 
thermostat maintained at 25 =•= 0.05°.

The amine Solutions were prepared by dissolv­
ing in cold distilled water the gaseous amines 
generated from c .  p . Eastman hydrochlorides by 
concentrated potassium hydroxide solution. 
Standard acid and base Solutions used in absorp­
tion and in titration were prepared from tested 
c. p. reagents and standardized against each other 
and against c. p. sodium carbonate. Weight 
burets were used throughout. The indicator was

(5) Berkeley and Hartley, Proc. Roy. Soc., (London), A177, 156 
(1906).

(6) Washburn and Heuse, T h is  J o u r n a l , 37, 309 (1915).
(7) Bates and Kirschman, ibid., 42, 1992 (1919).
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methyl red, as recommended by Treadwell and 
Hall8 and by Thompson.9

(b) The vapor pressures and the densities of 
pure liquid trimethylamine were determined by 
the method of Felsing and Thomas.1

The Results Attained
(a) The partial pressures of the amines were 

determined at four concentrations; four to six 
acceptable determinations were made at each con­
centration, the mean of which is reported in the 
table. The partial pressures were calculated by 
the relation

P  (amine from solution)
A2
Ai5 [‘ ( 1  ~  F)pw 

Pb — Pw
1 + Pi N*

N!
in which F is the ratio ps/p w, where pw is the 
vapor pressure of pure water at 25° and ps the 
partial water vapor pressure of the amine solution 
and N2/N 1 is the ratio of the number of moles of 
amine to water. I t was assumed that the va­
pors of the amines consisted of simple, non- 
associated molecules and that they obeyed the 
ideal gas law.

The following table presents the partial vapor 
pressures of the amines from their solution as cal­
culated by means of the relation above.

Concn. (molar) p, mm. p/c, obsd. “Best” K
Monomet h y lam ine

0.250 1.88 7.52
.525 4.01 7.64

1.030 8.03 7.79
2.205 17.08 7.75 7.75

Dimethylamine
0.261 2.81 10.76

.500 5.59 11.18

.952 10.62 11.15
2.379 25.58 10.75 11.15

Trimethylamine
0.248 16.93 68.26

.538 38.30 71.18
1.071 72.67 67.85
1.961 133.10 67.86 67.87

The value of “best” K  was obtained by plot­
ting the data and determining the equation for 
the “best” straight line that could be drawn 
through the data; a straight line represents best 
the data over the range investigated.

(b) The vapor pressures of liquid trimethyl­
amine were measured over a temperature range

(8) Treadwell and Hall, “Analytical Chemistry,“ Vol. II, 7th Ed., 
1928, p. 470.

(9) R. T. Thompson, Analyst, 53, 315 (1928).

of —20 to +45°. The following equation repre­
sents the data obtained, approaching equilibrium 
at each temperature from above and below: 
logio p(mm.) = — 1410.5/T +  8.57435 —
0.0021158T. The over-all accuracy of these 
data is believed to be better than 1 part in 2500. 
The normal boiling point calculated by this rela­
tion is 2.90°.

The densities of liquid trimethylamine were 
determined over the same temperature range as 
were the vapor pressures. The relation which re- 
produced the observed data is density (g./cc.) =
0.87406 -  4.433 X 10~4 T  -  1.29236 X 10“6 T \  
This relation presents true values of the density, 
it is believed, to within 1 part in 5000.

Derived Quantities
(a) The Free Energy of Solution.—The partial 

vapor pressures of the amine Solutions at exactly 
1 molar were determined, by interpolation, to be 
7.60 mm. for the mono-, 11.64 mm. for the di- and 
67.64 mm. for the trimethylamine. With the aid 
of these data, the following free energy values 
were calculated for the reaction: Amine (760 
mm.) = Amine (1 M) +  (—AF). The values 
of — AF were found to be 2727 cal./mole for the 
mono-, 2502 cal/mole for the di-, and 1434 cal./ 
mole for the trimethylamine.

From the sources cited and from the data of 
this investigation, the vapor pressures of the three 
liquid amines at 25° were found to be 2681 mm. 
for the mono-, 1763 mm. for the di- and 2299 mm. 
for the trimethylamine. From these values, the 
free energy decrease attending the change Amine 
(py mm.) = Amine (760 mm.) was calculated and 
then combined with the preceding free energy 
value to yield the free energy decrease attending 
the change: Amine (liquid) = Amine (1 M) +  
(—AF). The results attained for —AF were 
3474 cal./mole for the mono-, 2991 cal./mole for 
the di-, and 2090 cal./mole for the trimethylamine.

(b) Heat of Vaporization of Trimethylamine.—
A Hy  =  T(v2 -  Vi) dp/dT

The exact Clapeyron equation was applied at 
the normal boiling point, 2.90°. The molal vol­
ume of the vapor, v2, was calculated by means of 
the ideal gas law, since data for another equation 
of state were lacking, and the molal volume of the 
liquid, Vi, was calculated from the experimental 
density relation. The heat of vaporization was 
thus found to be 95.6 cal./g. or 5706 cal./mole.
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Summary
1. The partial vapor pressures of aqueous 

Solutions of mono-, di- and trimethylamine have 
been determined over a range of concentration 
from approximately 0.2 to 2.5 M.

2. The vapor pressures and the densities of

liquid trimethylamine have been determined over 
a temperature range from —20 to +45°.

3. Certain free energy values and other de­
rived quantities have been calculated from the 
data of the investigation.
A u s t in , T e x a s  R e c e iv e d  J u l y  31, 1936

[C o n t r ib u tio n  from  F e r t il iz e r  I n v estig a t io n s , B u r e a u  of Ch e m ist r y  a n d  S o il s , U. S. D e p a r t m e n t  o f  A g r i-
c u lt u r e ]

The System Magnesium Sulfate-Urea-Water at 30°

B y  C olin  W . W h ittaker , F rank  0 . L undstrom  a n d  Jam es H . S himp

Urea and magnesium sulfate are now common 
constituents of mixed fertilizers. The urea is 
introduced as a source of nitrogen either in the 
form of crystal urea or as a solution of urea in 
ammonia. Magnesium sulfate is an impurity in 
much of the crude potash imported for fertilizer 
use and is, therefore, often included in mixtures 
incidentally. The recent emphasis on the impor­
tance of the lesser elements in fertilizer practice 
has, however, resulted in the occasional use of 
magnesium intentionally as calcined kieserite or as 
crude potassium magnesium sulfate or in other 
forms. Dolomite has been found superior to 
calcite in some types of mixed fertilizers, and 
magnesium is now being introduced into mixtures 
quite extensively in that form. It is possible also 
for magnesium sulfate to be formed in situ by 
Chemical reactions occurring in the mixture. It 
has recently been found that magnesium phos­
phate is formed from dolomite under certain 
conditions1 and it is not unlikely that this com­
pound would react with the calcium sulfate pres­
ent in most mixed fertilizers to form magnesium 
sulfate and one of the calcium phosphates. In 
view of these considerations, a knowledge of the 
equilibria in the system magnesium sulfate-urea- 
water is an aid in understanding the chemistry of 
mixed fertilizers. The present paper presents 
data establishing the 30 ° isotherm in this System.

Experimental
Materials.—Urea was recrystallized from water. In 

order to avoid any possibility of hydrolysis the temperature 
of the solution was always kept below 60 °. The magnesium 
sulfate was also recrystallized from water under such condi­
tions that the heptahydrate was obtained. Both com­
pounds were dried in  vacuo over sulfuric acid, the urea

(1) W. H . M ac ln tire  and  W. M . Shaw, I n d .  E n g . C h e m .,  24,
1401 1400 (1932).

completely and the heptahydrate sufficiently to permit 
approximation of the amounts taken.

Methods of Analysis.—Urea was determined by the 
modified urease procedure recently described by Yee and 
Davis2 except that 0.025 N  sodium hydroxide was used to 
improve the accuracy of titration. Carefully calibrated 
burets were used. All pipets and other volumetric glass- 
ware used bore the official Bureau of Standards stamp. 
The urease enzyme has been reported to be sensitive to 
various salts and the effect of added magnesium sulfate 
was, therefore, determined. It was found, using about 
0.15 g. of urease and digesting for twenty-five to thirty 
minutes, that amounts of magnesium sulfate several times 
greater than the urea present did not interfere. Tests of 
the method on the recrystallized urea described gave re­
sults ranging from 99.6 to 99.8% urea. These slightly low 
values are in agreement with those obtained by Yee and 
Davis and by Dalman,3 who used the Fox and Geldard4 
modification of the urease procedure. Yee and Davis 
attribute the slightly low results to impurities in the urea 
rather than inaccuracy of the method, an opinion in which 
the writers concur.

Magnesium was weighed as magnesium hydroxy- 
quinolate. If the solution contained urea, the aliquot was 
evaporated to dryness, the urea destroyed by digestion to 
dryness with aqua regia and the magnesium sulfate taken 
up with water. This preliminary destruction of urea was 
decided upon after experiments had shown that urea inter- 
fered slightly when determining high concentrations of 
magnesium sulfate. All precipitations of magnesium as the 
quinolate were made in the presence of ammonium acetate 
by adding sufficiënt ammonium hydroxide to give a pH 
of at least 9.5 to the solution containing 8-hydroxy- 
quinoline and previously heated to 60-70°. The solution 
was filtered on a tared fritted glass filter (10G3), the pre­
cipitate washed with 1:40 ammonium hydroxide and dried 
to constant weight at 135°. The procedure was tested by 
analyzing a pure magnesium sulfate solution by the pro­
cedure just described and by evaporating an aliquot to 
dryness, adding a little sulfuric acid and heating to constant 
weight at 450°. Satisfaetory agreement was obtained.

(2) J. Y. Yee and R. O. E. Davis, ibid., 27, 259-261 (1935).
(3) L. H. Dalman, This J o u r n a l , 56, 549—553 (1934).
(4) E. J. Fox and W. J. Geldard, Ind. Eng. Chem., 15, 743-745 

(1923).
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Perhaps the best check on both analytical methods is the 
good agreement obtained for the solubilities of urea and of 
magnesium sulfate with those reported in the literature as 
described below.

Preparation of Equilibrium Solutions.—The systems to 
be studied were prepared by mixing amounts of the three 
components sufficiënt to give convenient quantities of solu­
tion and of solid phase after establishing equilibrium con­
ditions. The components were taken in such proportions 
that the composition of the resulting saturated Solutions 
feil in the desired portion of the curve. Usually each solu­
tion was used for determining two to four points on the 
isotherm, additional magnesium sulfate heptahydrate or 
urea being added after each determination in order to ad- 
just the composition in the desired direction. It was, of 
course, necessary to consider the water of crystallization 
when adding MgSCV7H20.

All mixtures were stirred in glass containers in a thermo­
stat, the temperature of which was constant to =*=0.01° 
and was exactly 30°, as closely as it could be read on a 
Bureau of Standards calibrated thermometer graduated to 
0.1 °. The stirrers were motor driven and operated through 
mercury seals to keep out dust and laboratory fumes. In 
most cases the mixtures were stirred for three to five hours, 
allowed to stand overnight, stirred another two to three 
hours and sampled after being allowed to settle. That 
equilibrium was obtained is indicated by the following. 
Two Solutions analyzed after stirring for three to five hours 
and standing overnight showed no significant change in 
composition on an additional three to five hours of stirring 
and again standing overnight. Some of these Solutions 
were so viscous that settling was extremely slow. Over 
part of the urea branch of the curve the solid phase 
floated on top. Suitable precautions were taken to pre­
vent contamination of the liquid samples with the solid 
phase.

Solubility of Magnesium Sulfate and of Urea

As a check on the entire procedure the solubilities of 
magnesium sulfate and of urea at 30° were determined. 
The solubility of magnesium sulfate was found to be 
28.42% by weight (average of four determinations). This 
is higher than the value of 28.05 obtained by interpolation 
between the values for 29.89 and 34.72° obtained by Ting 
and McCabe5 but agrees well with the value of 28.43% 
(3.30 moles per 1000 g. water) given by the “International 
Critical Tables.”6

The solubility of urea at 30° was found to be 57.0% 
(average of three determinations). The best value to take 
from the literature is somewhat of a problem. By plotting 
log N  (mole fraction of urea) against 1000/ T , using what 
Shnidman and Sunier7 term their best data, the value of 
57.08 was obtained. Similar plotting of the data of Dal­
man8 gave the value of 57.15%. Pinck and Kelly9 report 
a higher value of 57.63%, while graphical interpolation

(5) Hsü Huai Ting and Warren L. McCabe, Ind. Eng. Chem., 26, 
1207-1208 (1934).

(6) “International Critical Tables,” Vol. IV, McGraw-Hill Book 
Co., Inc., New York, New York, 1928, p. 228.

(7) L. Shnidman and A. A. Sunier, J. Phys. Chem., 36, 1232 
(1932).

(8) L. H. Dalman, T his J o u r n a l , 56, 549-553 (1934).
(9) L. A. Pinck and M. Kelly, ibid., 47, 2170 (1925).

of the data of Speyers10 and of the “International Critical 
Tables”11 yields the lower figure of 56.59%.

The.se results for magnesium sulfate and urea having 
indicated that the technique in general was satisfaetory, 
the 30 ° isotherm of the system was studied. The identifica­
tion of solid phases was accomplished in the usual way by 
analysis of the wet solid phase and the use of extrapolated 
tie lines.

Discussion
The results are shown in Table I and are plotted 

in Fig. 1. The curve shows three branches, 
corresponding to the stable solid phases MgS04-  
7H20, MgS04’C0(NH2)2*3H20, and CO(NH2)2.

T a b le  I
E q u ilibria  in  t h e  S ystem  M a g n e siu m  S u l fa t e - U rea-  

W a t e r  at 3 0 °
Composition of Composition of 

satd. soln. wet solid
M g S 0 4 C O (N H 2) 2 MgSCL 

W t., %
C O (N H 2)2Wt., % w t . ,  % W t., % Stable solid pha.se

28.42a M g S 0 4- 7 H 20

28.16 4.13 42.33 1.41 MgS04-7H20
28.00 11.15 41.28 4.56 MgS04-7H20
28.17 12.23 39.19 6.20 MgS04-7H20
28.08 19.42 39.23 9.74 MgS04-7H20
28.44 20.52 38.50 2 0 . 0 0 MgS04-C0(NH2)2-3H20  

+  MgS04-7H20
28.20 21.18 38.20 18.52 MgS04C0(NH2)2-3H20  

+  MgS04-7H20
28.19 22.84 36.92 23.84 MgS04C0(NH2)2-3H20
25.96 27.36 36.19 26.82 MgS04C0(NH2)2-3H20
25.39 29.19 34.07 27.59 MgS04C0(NH2)2-3H20
25.16 32.57 35.57 29.53 MgS04-C0(NH2)2-3H20
23.84 36.66 36.64 30.74 MgS04C0(NH2)2-3H20
22.71 38.54 30.23 35.10 MgS04C0(NH2)2-3H20
21.75 43.00 MgS04-C0(NH2)2-3H20
21.64 43.40 MgS04C0(NH2)2-3H20
21.14 46.04 31.96 38.98 MgS04C0(NH2)2-3H20
20.82 48.88 32.03 40.35 MgS04-C0(NH2)2-3H20
20.81 49.16 30.74 41.82 MgS04- CO( NH2 V3H20
20.79 50.35 28.97 44.38 MgS04-C0(NH2)2-3H20
21.01 53.02 24.84 56.86 MgS04-CO(NH2)2-3H20  

+  CO(NH2)2
20.91 53.17 16.48 64.48 MgS04-CO(NH2)2-3HaO 

+  CO(NH2)2
21.08 53.39 12.83 69.67 CO(NH2)2
17.63 52.15 11.42 69.02 CO(NH2)2
14.18 52.93 10.07 65.33 CO(NH2)2
9.21 54.79 5.86 70.79 CO(NH2)2
4.47 55.42 2.85 71.37 CO(NH2)2

57.006 CO(NH2)2
Most Probable Values at Invariant Points

28.32 20.80 MgS04-7H20  +  
MgS04-C0(NH2)2-3H20

20.96 53.09 MgS04-C0(NH2)2-3H20
+  CO(NH2)2

a Average of four determinations. b Average of three 
determinations.

(10) C. L. Speyers, Am. J. Sei., IV, 14, 263-302 (1902).
(11) “International Critical Tables,” Vol. IV, McGraw-Hill Book 

Co., Inc., New York, New York, 1928, p. 251.
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The tie lines do not all pass exactly through the 
points corresponding to the composition of the 
three solid phases mentioned, but it must be con­
sidered that the analytical errors become greatly 
magnified as the tie lines are extended. No evi­
dence of the existence of solid phases other than 
the three mentioned was obtained. So far as the 
writers are aware, the eompound MgS04*CO- 
(NH2)2-3H20  has not been reported previously.

A curious feature of this isotherm is the prac­
tically unchanged solubility of magnesium sulfate 
over a wide range of urea concentration (0-21%). 
Mixtures of solid urea and MgSC>4*7H20, of such 
composition that the resulting equilibrium solu­
tion falls in the range represented by the middle 
branch of the isotherm, at first go completely or 
almost completely into solution, but on continued 
stirring the reaction
MgS04-7H20  +  CO(NH2)2 ==

MgS04-C0(NH2)2-3H20  +  4H20

takes place quite rapidly and is probably complete 
in an hour or so after it starts. The crystals of 
the complex so obtained are very small. At­
tempts to prepare large crystals for detailed ex­
amination have, so far, been unsuccessful.

h 2o

Summary
Data were obtained establishing the 30° iso­

therm of the system magnesium sulfate-urea- 
water. I t was found to consist of three branches 
corresponding to the solid phases MgS04-7H20, 
M gS0rC0(NH2)2-3H20  and CO(NH2)2. 
W ashington , D. C. R eceived  July  7, 1936

[C o n t r ib u t io n  from  the  D epa r tm en t  of C h em istry  of  t h e  P e n n s y l v a n ia  St a t e  C o l l eg e ]

Optical Crystallographic Data for Some Salts of the Cinchona Alkaloids

B y M ary Louise  Shaner  a nd  M . L. W illard

Introduction
Very few data on the optical properties of the 

salts of quinine, quinidine, cinchonidine and 
cinchonine can be found in the literature. Groth,1 
Poe and Swisher,2 Wright,3 and Wherry and 
Yanovsky4 have listed some optical properties 
of these four alkaloids. However, the information 
is very scant.

Many salts of quinine were available, while 
just a few of quinidine, cinchonidine and cincho­
nine could be obtained. All salts were of com­
mercial origin.

Optical Crystallographic Data
The optical properties, given in the table, were

(1) Groth, “Chemische Krystallographie,” 1908-1919,
(2) Poe and Swisher, T h is  J o u r n a l , 57, 748 (1935).
(3) Wright, ibid., 38, 1647 (1916).
(4) Wherry and Yanovsky,TM., 40, 1063 (1918),

determined by methods given by Cbamot and 
Mason.5 Refractive indices were determined by 
the Becke line method. In several cases it 
was impossible to determine the indices because 
the crystals dissolved in the immersion oils. The 
quartz wedge and selenite plate were used in 
various determinations.

The fluorescence of the salt and its aqueous solu­
tion were determined by means of an ultraviolet 
lamp.

All crystals were found to be biaxial and to 
give parallel extinction, except in the case of 
quinine bihydrochloride carbamate and quinine 
tetrasulfate where oblique extinction was ob­
tained. The sign of elongation was positive in all 
cases except quinine nitrate and picrate.

(5) Chamot and Mason, "Handbook of Chemical Microscopy.’ 
Vol, 1, John Wiley and Sons, Inc., New York, New York, 1930.
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T a b le  I 
Qu in in e

Soly. in Refractive indices Bire- Fluorescence
Salt Color water Habit Alpha Beta Gamma fringence Salt Soln.

Acetate Colorless Soluble Needles 1.62 1.68 Weak Neg. Blue
Anisate Yellow Insol. Diamond 1.58 1.62 Moderate Faint Faint
Arsenate Pink Insol. Rods 1.61 1.62 1.69 Strong Neg. Blue
Benzoate Colorless Insol. Rods 1.60 1.66 1.69 Strong Neg. Blue
Bihydrobromide Yellow Slight Rods 1.58 1.61 1.69 Strong Yellow Blue
Bihydrochloride carbamate Colorless Slight Rods 1.58 1.64 1.72 Strong Faint Blue
Bisulfate Colorless Soluble Rods 1.58 1.67 Strong Blue Intense blue
Borate Yellow Insol. Plates Yellow Green
Camphorate Yellow Insol. Rods 1.58 1.61 1.62 Moderate Neg. Intense blue
Chlorate Colorless Soluble Rods 1.62 1.64 1.69 Moderate Neg. Intense blue
Chromate Yellow Insol. Rods 1.65 1.69 Moderate Neg. Neg.
Citrate Colorless Insol. Rods 1.58 1.65 Strong Faint Intense blue
Ferrocitrate Yellow Insol. Plates Neg. Green
Formate Colorless Insol. Rods 1.62 1.69 Strong Neg. Intense blue
Hydrobromide Colorless Insol. Rods 1.61 1.63 1.68 Strong Neg. Intense blue
Hydrochloride Colorless Soluble Rods 1.59 1.61 1.67 Strong Neg. Intense blue
Hydroferrocyanide Green Insol. Amorph. Neg. Faint
Hydrofluosilicate Colorless Insol. Rods 1.56 1.58 1.62 Strong Neg. Intense blue
Hypophosphite Colorless Slight Rods 1.69 1.62 1.65 Moderate Faint Intense blue
Hyposulfite Colorless Pptd. Rods 1.64 1.70 Strong Neg. Neg.
Lactate Brown Insol. Amorph. Neg, Green
Nitrate Orange Insol. Rods 1.56 1.61 1.64 Strong Neg. Intense blue
Oxalate Colorless Insol. Rods 1.60 1.61 1.69 Strong Neg. Intense blue
Phosphate Colorless Insol. Rods 1.58 1.64 Moderate Neg. Faint
Phthalate Colorless Soluble Rods 1.61 1.62 1.69 Moderate Neg. Intense blue
Picrate Yellow Insol. Rods 1.61 1.64 1.72 Strong Neg. Green
Quinolate Colorless Insol. Amorph. Neg. Faint
Salicylate Colorless Insol. Rods 1.62 1.63 1.67 Strong Faint Intense blue
Succinate Colorless Insol. Rods 1.59 1.68 Strong Neg. Intense blue
Sulfate Colorless Insol. Rods 1.62 1.63 1.67 Moderate Neg. Intense blue
Sulfoiodide Gray Insol. Plates Neg. Intense blue
Tannate Yellow Insol. Amorph. Neg. Intense blue
Thiocyanate Colorless Slight Rods 1.61 1.69 Moderate Neg. Intense blue
Valer ate Brown Insol. Plates Faint Intense blue

Q u in id in e

Hydrobromide Colorless Soluble Rods 1.58 1.60 1.68 Strong Faint Intense blue
Sulfate Colorless Soluble Rods 1.59 1.61 1.65 Moderate Neg. Intense blue

C inc h o nid ine

Free base Coforless Insol. Rods 1.61 1.62 1.68 Moderate Neg. Neg.
Acetate Colorless Slight Rods 1.59 1.61 1.64 Moderate Neg. Faint
Bihydrochloride Colorless Slight Rods 1.59 1.70 Strong Slight Faint
Hydrobromide Colorless Insol. Rods 1.66 1.72 Strong Neg. Neg.
Hydrochloride Colorless Insol. Fragments Neg. Neg.
Tetrasulfate Colorless Slight Rods 1.55 1.56 1.65 Strong Bright Intense blue

C inc h o nin e

Free base Colorless Insol. Rods 1.58 1.62 1.69 Strong Neg. Neg.
Bisulfate Colorless Insol. Rods 1.56 1.62 Moderate Blue Blue
Hydrobromide Colorless Insol. Rods 1.61 1.69 Moderate Neg. Neg.
Hydrochloride Colorless Soluble Rods 1.55 1.62 1.67 Strong Neg. Faint
Sulfate Colorless Insol. Rods 1.59 1.64 1.66 Moderate Neg. Faint

Summary

The crystallographic data for four cinchona 
alkaloids—quinine, quinidine, cinchonine and

cinchonidine—have been worked out. The fluores­
cent properties in ultraviolet light also have been 
determined.
S tate  C o l l eg e , P e n n a . R ec eiv ed  J u n e  9, 1936
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[Contribution from the Chemical Laboratory of the University of Illinois]

The Addition of Benzene to Benzalquinaldines and Benzallepidines

B y R eynold  C. F u so n , L. L. A lex a n d er , E llsworth  E llingbo e  a n d  A rno ld  H o ffm an

The conversion of benzalquinaldines1 and 
similarly constituted compounds2 into the cor­
responding a-benzohydryl derivatives appears to 
ihvolve a reversible 1,4-addition of aromatic com­
pounds to conjugated systems. The principle of 
vinylogy3 suggests that a similar result might be 
obtained with benzallepidines in which the re­
action would depend on a reversible 1,6-addition. 
To test this, benzallepidine and ̂ -chlorobenzallepi- 
dine (I) were prepared and subjected to the 
treatment with benzene in the presence of 
aluminum chloride and hydrogen chloride. A 
eompound corresponding to the expected a-benzo- 
hydryllepidine (II) was produced. The action of 
phenylmagnesium bromide likewise converted 
benzallepidine into a eompound with the same 
composition as II. The two products proved, 
however, to be isomeric rather than identical.

CH=CH

/ \ A
:< 0 Cl

r
CH2CH(C6H6)..

/\A
\ / \ /

N
I

\ / \ /
N
II

In view of this result, it became necessary to deter­
mine the structures of these isomers as well as that 
of a-benzohydrylquinaldine whose structure had 
been assigned upon the results of these two types 
of addition reactions which have now been called
in question.

The structure of a-benzohydrylquinaldine (IV) 
was established by synthesis. ß-Phenylbenzal- 
quinaldine (III) was made from benzophenone and 
lithiumquinaldine according to the method of 
Ziegler and Zeiser4 and reduced catalytically. The 
hydrogenation was also effected by the use of 
benzene, aluminum chloride and hydrogen chlo-

\ J r -  CH=C(C6H5)2 
N

III

/ \ / \

N
IV

-CH2CH(C6H5)2

(1) (a) Hoffman, Farlow and Fuson, T h is  J o u r n a l , 55, 2000  
(1933); (b) Fuson, Kozacik and Eaton, ibid., 55, 3799 (1933).

(2) For other references, see Woodward, Borcherdt and Fuson, 
ibid., 56, 2103 (1934).

(3) Fuson, Chem. Rev., 16, 1 (1935).
(4) Ziegler and Zeiser, Ann., 485, 174 (1931).

ride. Efforts to synthesize the corresponding 
chloro eompound from l-/>-chlorophenyl-l-phenyl- 
2-(2-quinolyl)-ethanol were unsuccessful.

The product obtained by the action of phenyl­
magnesium bromide on benzallepidine was shown 
to be 2-phenyl-4-styrylquinoline (VI). This com­
pound was prepared by condensing a-phenyl- 
lepidine with benzaldehyde according to the 
method of John and Fischel.5 From this result it 
became evident that the addition of phenyl­
magnesium bromide involved the 1,2- rather than 
the 1,6-positions

CH=CHC6H6 c h = c h c 6h 5

V VI

The isomer produced by the addition of benzene 
to benzallepidine is evidently a-benzohydryllepi- 
dine (II). This is indicated by the close analogy 
with a-benzohydrylquinaldine, the structure of 
which is now certain. The synthesis from the 
^-chlorobenzallepidine by the action of benzene, 
aluminum chloride and hydrogen chloride shows 
that the phenyl group takes the position adjacent 
to the ^-chlorophenyl radical rather than that 
adjacent to the quinoline ring. Otherwise, the 
quinolyl rather than the chlorophenyl radical
would have been replaced.

Experimental
^-Chlorobenzallepidine.—Equivalent amounts of lepi­

dine and ^-chlorobenzaldehyde were heated for six hours 
at 125° in the presence of a small amount of anhydrous zinc 
chloride. The product was triturated with ammonium 
hydroxide, removed by filtration and washed with cold 
alcohol. It crystallized from alcohol in yellow fibrous 
needles melting at 127-128°; yield 70%. The benzal 
eompound decolorized a solution of bromine in carbon 
tetrachloride and discharged the color of permanganate 
Solutions in acetone.

A n a l. Calcd. for C17Hi2NC1: C, 76.83; H, 4.56; Cl, 
13.4. Found: C, 76.95; H, 4.61; Cl, 13.2.

a-Benzohydryllepidine
A. From Benzallepidine.—Following the general pro­

cedure of Fuson, Farlow and Hoffman,10 dry hydrogen 
chloride was passed into a mixture of 2 g. of benzallepi­
dine, 4 g. of anhydrous aluminum chloride and 40 cc. of

(5) John and Fischel, Ber., 59, 722 (1926).
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dry benzene until the gas was no longer absorbed. The 
mixture was stirred for three hours and then poured into 
an ice-hydrochloric acid mixture. The semi-solid product 
was heated with ammonium hydroxide for a short time, 
cooled and extracted with ether. The crystalline product 
remaining after the evaporation of the ether was recrystal­
lized from alcohol; m .p . 130-131°.

A n a l. Calcd. for C23Hi9N: C, 89.28; H, 6.19; N, 
4.53. Found: C, 89.18; H, 6.21; N, 4.60.

B. From ^-Chlorobenzallepidine.—a-Benzohydryllepi- 
dine was obtained from ^-chlorobenzallepidine by a pro­
cedure similar to the preceding one.

jS-Phenylbenzalquinaldme (III).—This eompound was 
prepared by the method of Ziegler and Zeiser.4 Its struc­
ture was confirmed by oxidation. With chromic acid it 
gave benzophenone.

«-Benzohydrylquinaldine (IV).—This eompound was 
prepared by the reduction of ß-phenylbenzalquinaldine. 
The reduction was carried out in two ways.

(a) By the Friedel-Crafts Method.—A mixture of 5.5 g. 
of /3-phenylbenzalquinaldine, 50 cc. of dry benzene and 15 
g. of anhydrous aluminum chloride was saturated at room 
temperature with dry hydrogen chloride gas. The mixture 
was shaken in a closed container for twenty hours. The 
color changed from bright red to brown. The reaction 
mixture was decomposed in an ice-hydrochloric acid mix­
ture. The semi-solid hydrochloride was separated on a 
filter, washed with benzene and with water and finally 
heated with ammonium hydroxide for one hour to regen­
erate the free amine. The solid was recrystallized from 
alcohol; m. p. 119-121°. The yield was 92%. A mixed 
melting point determination with a-benzohydrylquinaldine 
showed no depression.

(b) By Catalytic Reduction.—Hydrogenation in the 
presence of a platinum-platinum oxide catalyst converted 
the /3-phenylbenzalquinaldine into a-benzohydrylquinal- 
dine. The samples prepared by methods (a) and (b) and

that of Hoffman, Fuson and Farlow proved to be identical.
1- p -Chlorophenyl -1 - phenyl - 2- (2 - quinolyl) - ethanol.—

The method of Ziegler and Zeiser for the halogen-free 
carbinol was used. From 30 g. of ^-chlorobenzophe- 
none was obtained 43 g. of carbinol melting at 127-130 °. 
The pure eompound (from alcohol) melted at 140.5-141 °.

A na l. Calcd. for C23Hi80NCl: C, 76.75; H, 5.02. 
Found: C,76.60; H, 5.18,

Attempts to dehydrate this carbinol by treatment with 
sulfuric acid, iodine, potassium bisulfate or acetic anhy­
dride were unsuccessful. The only solid product which 
was isolated was ^-chlorobenzophenone.

2- Phenyl-4-styrylquinoline (VI).—To an ether solution 
of benzallepidine an excess of phenylmagnesium bromide 
was added. The mixture was heated, with stirring, for 
five hours. Decomposition with ice and hydrochloric 
acid gave a gummy mass which, when treated with am­
monium hydroxide, gave the free base. The pure com­
pound (from alcohol) melted at 102.5-103.5°.

A n a l. Calcd. for C23H17N3: N, 4.56. Found: N, 
4.74.

A mixture of this eompound with a specimen of 2-phenyl-
4-styrylquinoline, prepared by the method of John and 
Fischel,5 melted at 102-103°.

Summary
1. Benzallepidine and ^-chlorobenzallepidine 

react with benzene in the presence of aluminum 
chloride and hydrogen chloride to give a-benzo- 
hydryllepidine.

2. Benzallepidine reacts with phenylmagnesium 
bromide to give 2-phenyl-4-styrylquinoline.

3. The structure of a-benzohydrylquinaldine 
has been confirmed by synthesis.
U r b a n a , I l l in o is  R e c e iv e d  J uly  20, 1936

[Co n t r ib u t io n  from  t h e  Or g a n ic  Chem ical  L aboratory  of  t h e  U n iv e r sit y  of  F l o r id a ]

Derivatives of Piperazine. IX. Addition to Conjugate Systems. I

By V in c e n t  E. Stew art and  C. B. P ollard

Additive compounds of benzalacetophenone 
(chalcone) with ammonia and primary aromatic 
amines were prepared by Tambor and Wildi.1 
The reaction goes readily in the cold, generally 
with or without alkali. They were not successful 
in adding secondary aromatic or mixed secondary 
bases. An addition eompound of benzalaceto­
phenone with piperidine was prepared by Georgi 
and Schwyzer;2 upon heating with water it splits 
into the original substances. Bain3 reported that 
he obtained an addition eompound of benzal-

(1) Tambor and Wildi, Ber., 31, 349 (1898).
(2) Georgi and Schwyzer, J. prakt. Chem., 86 , 273-276 (1912).
(3) Bain, unpublished work, University of Florida.

acetophenone with piperazine. We have verified 
his results, and have endeavored to determine the 
generality of this addition.

Chalcone and most substituted chalcones read­
ily add piperazine to yield a eompound of the type

a r—CH—CH2—CO—Ar'
I

H2c /  x c h 2
I I

H2C \ /C H 2 
. \ISr

Ar—CH—CH2—CO—Ar'

The addition is effected readily by refluxing the
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T able  I

Piperazine

1 1,4-Bis-chalcone
2 l,4-Bis-(3-nitrochalcone)
3 1 ;4-Bis- (2-chlorochalcone)
4 l,4-Bis-(4'-chlorochalcone)
5 l,4-Bis-(4-chlorochalcone)
6 l,4-Bis-(4,4'-dichlorochalcone)
7 l,4-Bis-(4'-bromochalcone)
8 l,4-Bis-(4-methylchalcone)
9 l,4-Bis-(4'-methylchalcone)

10 1,4-Bis- (4-methoxychalcone)
11 l,4-Bis-(4,4'-dimethylchalcone)
12 l,4-Bis-(4-methoxy-4'-methylchalcone)

chalcone with anhydrous piperazine in toluene 
solution for a few hours; alkali does not facilitate 
the reaction. The addition compounds separate 
in minute crystals upon cooling. They can be 
recrystallized readily from toluene, and in most 
cases are pure white. The compounds are in­
soluble in water, alcohol and ether, moderately 
soluble in hot benzene and toluene and readily 
soluble in chloroform and other halogenated sol­
vents. In most cases the yield of crude product is 
almost the theoretical; however, subsequent re­
crystallizations increase the melting point mark­
edly although a substantial loss of product is 
incurred.

The compounds are all stable under ordinary 
conditions, and are not decomposed by heating 
with water as is the case with the piperidine addi­
tive eompound. Treatment of 1,4-bischalcone 
piperazine with dilute hydrochloric acid, or pass­
ing dry hydrogen chloride into a chloroform or 
hot toluene solution of the eompound, induces 
complete decomposition into piperazine dihydro­
chloride and chalcone. Similarly, refluxing the 
toluene solution of the eompound with ethyl 
iodide results in complete decomposition into 
chalcone and a substance identical with the prod­
uct obtained by refluxing piperazine with ethyl 
iodide. These decompositions are noteworthy, 
since the unsaturated ketone results; however, 
this is entirely analogous to the usual degradation 
of amines whereby the alkyl group is split off as an 
unsaturated hydrocarbon.

Analyses, % N  
Found Calcd.

5.57
9.46
4.91
4.91
4.91  
4.38  
4.24
5.28
5.28  
4.98
5.02  
4.75

Certain a, ̂ -unsaturated ketones, including 
some chalcones, apparently do not yield addition 
compounds with piperazine. These are being 
investigated further, and a Classification of these 
compounds will form the basis of a fortheoming 
publication.

Experimental
Preparation of Chalcones.—These were prepared 

readily by the Claisen reaction. The theoretical quanti­
ties of the corresponding aldehyde and the ketone were 
dissolved in a suitable quantity of alcohol, and 100 g. of 
10% aqueous sodium hydroxide was added per mole of re­
actant. Separation of the chalcone generally occurred 
immediately. Alcohol or commercial heptane is most 
suitable as a solvent for recrystallization.

Preparation of Addition Compounds.—Anhydrous piper­
azine (0.05 mole) was dissolved in a minimum amount of 
toluene under reflux, and a toluene solution of the chal­
cone (0.1 mole) was added. The solution was refluxed 
for about ten hours and then allowed to stand in the ice- 
box for several hours. The addition eompound separated 
upon cooling. It was filtered, washed with alcohol and 
water to remove unreacted piperazine, air-dried and re­
crystallized from toluene three times before being sub­
jected to analysis.

Summary
1. Addition compounds of piperazine with 

corijugate systems have been studied. One mole 
of piperazine and two moles of a chalcone are 
involved in the addition.

2. Some a, /3-unsaturated ketones apparently 
do not yield addition compounds with piperazine. 
These are being investigated further.
G a in e s v il l e , F l a . R e c e iv e d  A u g u s t  1, 1936

M. p. (corr.), °C.

128.0- 128.3
143.0- 144.0 
110.9-111.3
117.7- 118.1
146.8- 147.0
148.4- 158.7
116.3- 117.3
145.5- 146.0
132.0- 132.5
109.5- 110.1
175.4- 175.8
1 4 9 .8 -  1 5 0 .2

Formula 

C3 4H 3 4 O2 N 2  

C34H3206N 4  

C3 4H 3 2 O2N  2  CI2  

C 34 H 3 2 0 2N 2C l2  

C34H,202N2Cl2
C3 4H 3 0 O2 N  2  Cl4  

C34H3202N 2Br2 
C36H38O2N 2 
C36H38O2N2 

C 3 6 H 3 8 O 4 N 2  

C3 8H 4 2O2N 2  

C3 8H 4 2O4N 2

5.5ß 
9.45  
4.8.5 
4.88  
5.03 
4.42  
4.24  
5.22  
5.38  
5.16  
4.96  
4.74
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[C o n t r ib u t io n  fr o m  D iv is io n  of  I n se c t ic id e  I n v estig a t io n s , B u r e a u  of E ntom ology  a n d  P la n t  Qu a r a n t in e ,
U n it e d  S ta tes D epa r tm en t  of  A g r ic u l t u r e ]

Helenalin. I. Helenalin, the Bitter Sternutative Substance Occurring in H elenium
A utum nale

B y  E. P . Clark

From the plant Helenium autumnale Reeb1 
obtained a crystalline eompound which he desig- 
nated as “helenic acid (d’acide helenique).” 
He assigned the formula C8Hi0O2 to the material, 
but the combustion data presented indicate that 
his results were miscalculated. In reality his 
figures are in good agreement with the formula 
CisHigOé, which will be shown in the experimental 
part to be the correct composition of the sub­
stance.

Later Lamson,2 working with some of Reeb’s 
preparations, studied their physiological action 
and made some Chemical observations. He 
designated the material “helenin/ 5 and on the 
basis of one combustion analysis arrived at the 
molecular formula C20H25O5, a formula which 
inspection shows to be impossible. His analytical 
figures are in moderate agreement with Reeb’s 
results, but they constitute insufficiënt evidence 
upon which to base a correct formula.

Since Reeb states that the crystalline material 
is a vermifuge and our experiments indicate that 
it is a fairly effective fish poison, its possibilities as 
an insecticide are being investigated. In the 
course of this work a method of preparing the 
material in a pure condition has been elabo- 
rated, and sufficiënt Chemical data have been ob­
tained to indicate that the eompound has the mo­
lecular formula C^HisCh, as suggested by Reeb’s 
analysis.

The eompound is a colorless, crystalline, opti­
cally active material, which melts a t 167°. It 
has a bitter taste, and its dust causes violent 
sneezing. A 1-5000 aqueous solution kills ca. 
3 g. goldfish in three hours.

From a Chemical standpoint the eompound is 
highly unsaturated. In the presence of catalysts 
it absorbs 4 atoms of hydrogen per molecule, indi­
cating that it has two double bonds. It adds 
bromine to give a dibromide, and it forms mono- 
acyl derivatives, indicating the presence of one 
hydroxyl group. The acetyl eompound was pre­
pared with ease, but as acetyl determinations on 
this preparation were not entirely satisfaetory,

(1) E. Reeb, J. Pharm. Eisass Lothringen, 37, 149 (1910).
(2) P. D. Lamson, J. Pharmacol., 4, 471 (1913).

a methoxyacetyl derivative was prepared, and 
the methoxyl value was taken as an indication of 
the number of acyl groups present. In this way 
it was proved definitely that only a monoacyl 
derivative was formed. The eompound has no 
methoxyl groups and is neutral.

Tests for other functional groups have not yet 
been successful, but further work is in progress.

It is proposed to designate the eompound 
“helenalin,” a euphonious combination of sylla- 
bles of the generic and specific names of the plant. 
This nomenclature is adopted because Reeb’s 
name, “helenic acid,” does not apply inasmuch as 
the material is not an acid, and Lamson’s name, 
“helenin,” has been applied for a long time to 
alantolactone.3

Experimental
Preparation and Properties of Helenalin.—Twenty-five 

hundred grams of the ground whole plant of Helenium  
autum nale4 was moistened with 2 liters of chloroform 
and allowed to stand in a tight container overnight. The 
drug was then packed in a percolator and extracted with 10 
liters of chloroform. The percolate was concentrated under 
reduced pressure to a thick sirup and then dissolved in 1.5 
liters of hot ethanol. The alcoholic liquid was diluted with 
6 liters of boiling water and acidified (litmus) with acetic 
acid, and a solution of 20 g. of normal lead acetate was 
added. After standing overnight the solution cleared and 
was filtered through a folded filter paper. The filtrate was 
evaporated under reduced pressure to 1 liter and then ex­
tracted with chloroform.

The chloroform extract was dried with sodium sulfate 
and evaporated in  vacuo to a thick sirup, which was then 
dissolved in 50 cc. of hot benzene. The solution was al­
lowed to crystallize at low temperature, after which the 
crystals were separated from the mother liquor by filtra­
tion and washed with cold benzene. The crude material 
melted at 167°. The yield varied considerably with 
different lots, but from 27.5 kg. 97.7 g. of helenalin, or a 
yield of 0.36%, was obtained.

The material was recrystallized from boiling benzene. 
Thus obtained it consisted of colorless rods and irregulär 
fragments which melted at 167°. In parallel poiarized 
light (crossed nicols) the extinction was straight and the 
elongation was positive. The refractive indices as deter­
mined by the immersion method were rja, 1.550 (crosswise

(3) L. Gerhardt, Ann., 34, 192 (1840); J. Kallen, Ber., 6, 1506 
(1873); 9, 154 (1876).

(4) This material was obtained through the coöperation of H. R. 
Reed, Bureau of Animal Industry, U. S. Department of Agriculture,
McNeill, Miss.
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on rods); rjß, 1.568 (common, crosswise on rods), rjy, 
1.603 (lengthwise) . 6

Helenalin is optically active; 0.5017 g. dissolved in 10 cc. 
of 95% alcohol at 2 0 ° rotated the plane of polarized light 
in a 1-dm. tube 5.11° to the left; therefore [a ]20D is 
— 101.9°.

When 6.46 mg. of helenalin was dissolved in 49.26 mg. 
of camphor, the melting point of the latter was depressed 
17.5°. This corresponds to a molecular weight of 300.

A n a l. Calcd. for CisHisCh: C, 6 8 .6 8 ; H, 6.92; mol. 
wt., 262. Found: C, 68.60; H, 6.91; mol. wt., 300.

Acetylhelenalin.—A mixture of 1 g. of helenalin, 0.25 
g. of dry sodium acetate and 4 cc. of acetic anhydride was 
boiled for ten minutes. Approximately one-half the acetic 
anhydride was then removed by distillation, and the resi­
due was treated with 5 cc. of methanol. After the reaction 
had subsided, water was added to the solution, and the 
acetyl eompound was allowed to crystallize. The yield 
was 1 g. It was recrystallized from its solution in methanol 
by adding an equal volume of water. Thus obtained, it 
consisted of colorless crystals which melted at 184°.

A n a l. Calcd. for monoacetate C17H20O5: C, 67.09;
H, 6.63; mol. wt., 304. Found: C, 67.15; H, 6.67; 
mol. wt. (Rast), 333.

Methoxyacetylhelenalin.—A solution of 0.5 g. of helena­
lin in 2  cc. of pyridine was treated with 1 cc. of methoxy­
acetic anhydride. The liquid was heated to its boiling 
point and then allowed to cool and stand for two hours. 
Water was then added, and the oil which separated crys­
tallized at once. The yield of the crude product was 0.55 
g., and its melting point was 131-132°. It was recrys­
tallized by adding 5 volumes of water to its methanolic 
solution, which had been filtered through norit. The 
purified product consisted of colorless six-sided rods that 
melted at 135 °. In parallel polarized light (crossed nicols) 
its extinction is straight and its elongation is positive. In 
convergent polarized light (crossed nicols) fragments 
showing sections perpendicular to the acute bisectrix are 
common. The optie sign is negative and the axial angle 
(2E) is small. The refractive indices determined by the 
immersion method are: 77«, 1.525 (usually shown cross­
wise); riß, 1.580; rjy, 1.590 (usually shown lengthwise), 
all ±0.003.

A n a l. Calcd. for Ci8H2206: C, 64.66; H, 6.44; OCHs 
(1), 9.28. Found: C, 64.27; H, 6.80; OCH3, 9.39.

Tetrahydrohelenalin.—Five grams of helenalin dissolved 
in 150 cc. of ethyl acetate was reduced at atmospheric 
pressure with hydrogen and the platinum catalyst of Voor-

(5) The optical crystallographic data were determined by George 
L. Keen an, of the Food and Drug Administration, U. S. Department 
of Agriculture.

hees and Adams.6 Two mols of hydrogen was absorbed. 
After the catalyst had been removed, 50 cc. of «-butyl 
ether was added to the solution, and the ethyl acetate was 
removed by distillation. Practically a quantitative yield 
of tetrahydro eompound was obtained. It melted at 
174-175°, and in a high vacuum it could be sublimed or 
distilled.

Recrystallized from boiling «-butyl ether, it consisted 
of long, colorless needles which melted at 176 °. In parallel 
polarized light (crossed nicols) the extinction is straight 
and the elongation is negative. Many of the fragments do 
not extinguish sharply. In convergent polarized light 
(crossed nicols) many fragments show sections perpendicu­
lar to the acute bisectrix and extinguish in a hazy, in­
definite manner. The optie sign is positive and the axial 
angle (2E) is small. lts  refractive indices as determined 
by the immersion method are rja , 1.545 (lengthwise on 
rods); rjß, 1.550; rjy 1.570 (crosswise on rods) all =*=0.003.

A n a l. Calcd. for C10H22O4: C, 67.65; H, 8.33. Found: 
C, 67.78; H, 8.40.

Acetyltetrahydrohelenalin.—This eompound was made 
and purified in the same manner as acetylhelenalin. Its 
melting point was 145°.

A n a l. Calcd. for Ci7H24 0 6: C, 66.22; H, 7.85; mol. 
wt., 308. Found: C, 66.39; H, 8.0; mol. wt., 321.

Dibromohelenalin.—A solution of 1 g. of helenalin in 
10  cc. of chloroform was treated with a chloroform solution 
of 0.63 g. of bromine. The liquid was soon decolorized 
without the evolution of hydrobromic acid. The solvent 
was removed in a current of air, and the residue dissolved 
in hot ethanol. Two volumes of hot water were then 
added to the alcoholic liquid, and the dibromide was al­
lowed to crystallize. It was recrystallized to a constant 
melting point of 161 ° from 50% acetic acid.

A n a l. Calcd. for CisHigChB^: Br, 37.88. Found:
Br, 37.87 and 37.97.

Summary
A method for the preparation of the physiologi­

cally active material that occurs in Helenium au­
tumnale has been developed. The name “hele­
nalin” has been proposed for this eompound. 
It has been shown by analysis of the material 
itself, as well as of several of its derivatives, that 
it has the formula Ci5H380 4 and that the mole­
cule contains a hydroxyl group and two double 
bonds.
W a sh in g t o n , D. C. R e c e iv e d  A u g u s t  1, 1936

(6) V. Voorhees, and R. Adams, T h is  J o u r n a l , 44, 1397 (1922).
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Monosodium Urea and its Reactions

1984 Ralph A. Jacobson Vol. 58

B y R alph  A. Jacobson

The preparation of monopotassium urea and 
dipotassium urea by the reaction of potassium 
amide on urea in liquid ammonia solution has 
been described by Franklin and Stafford,1 and 
more recently by Blair.2 The corresponding 
sodium derivatives have been prepared by the 
action of sodium hydride on urea,3 but the proper­
ties of the sodium compounds apparently have not 
been investigated. The present paper is con­
cerned with the formation and properties of 
monosodium urea and its use for the synthesis of 
ureides.

Monosodium urea is obtained readily by the 
action of metallic sodium on urea in liquid am­
monia solution, using ordinary laboratory equip- 
ment. The most convenient procedure consists 
in slowly adding the theoretical amount of sodium 
to a well-agitated solution of urea in ammonia. 
Evolution of hydrogen and precipitation of mono­
sodium urea begin almost immediately and the 
blue color disappears as the sodium is utilized. 
The product is obtained either by evaporation of 
the liquid ammonia or by filtration of the am­
monia suspension.

The monosodium urea obtained in this manner 
is a dusty white powder. I t  has no definite melt­
ing point but begins to decompose in a capillary 
tube at about 150-160°. I t is insoluble in ali­
phatic and aromatic hydrocarbons, chlorinated 
hydrocarbons, ethers and other inert solvents. 
I t  dissolves with reaction in water, alcohols and 
in other compounds containing an hydroxyl 
group. I t  is rather hygroscopic but can be han­
dled in the dry condition and can be retained 
indefinitely in a closed container.

Attempts to prepare disodium urea were only 
partly successful. While one equivalent weight of 
sodium reacted readily with urea in boiling liquid 
ammonia, sodium in excess of this amount reacted 
only very slowly. Presumably, the insolubility 
in ammonia of the monosodium derivative ini­
tially formed was an important inhibiting factor. 
By employing very dilute Solutions of urea in 
liquid ammonia and permitting the reaction to

(1) Franklin and Stafford, Am. Chem. J., 28, 98 (1902).
(2) Blair, T h is  J o u r n a l , 48, 96 (1926).
(3) Pfleger and Scheller, U. S. Patent 1,816,911.

continue for several days, considerably more than 
one equivalent weight of sodium was finally 
introduced. The product was an exceedingly 
hygroscopic white powder which formed a di­
benzoyl derivative upon reaction with benzoyl 
chloride. The analytical data, however, indi­
cated that the product was not pure disodium 
urea but a mixture of the mono- and the disodium 
derivatives.

Reaction of Monosodium Urea with Halogen 
Compounds.—Benzoyl chloride, oleyl chloride 
and stearyl chloride reacted with sodium urea to 
yield the corresponding acyl derivatives. Benzyl 
chloride also reacted with monosodium urea to 
give benzyl urea. On the other hand, several 
unsuccessful attempts were made to prepare alkyl 
ureas by the reaction of monosodium urea with 
alkyl halides, e. g., butyl iodide, butyl chloride and 
dodecyl bromide. These results indicate that a 
fairly active halogen is required for reaction.

Reaction of Monosodium Urea with Esters.— 
Esters reacted at room temperature with mono­
sodium urea to yield acyl derivatives. It was 
usually necessary to add acetone or some other 
ketone (or an alcohol) to the mixture in order to 
obtain reaction. In a few instances condensation 
was effected in the absence of acetone by treating a 
solution of the ester and urea in liquid ammonia 
with sodium, thereby forming the monosodium 
urea in situ.

The reaction has been applied to simple esters 
such as ethyl acetate, ethyl benzoate and ethyl 
oleate for the preparation of the corresponding 
acyl derivatives. It has also been applied to 
dibasic esters such as malonic ester, ethylmalonic 
ester, isopropylmalonic ester, butylmalonic ester 
and to such higher esters as ethyl glutarate and 
ethyl pimelate. The malonic ester derivatives 
yielded the corresponding cyclic barbituric acids, 
whereas the higher esters appeared to yield 
straight chain diureides, e. g., glutaryl diureide.

Another interesting application of the sodium 
urea-ester reaction is its use for the preparation of 
mixed long-chain acyl ureas by the reaction of 
monosodium urea with vegetable oils, i. e., esters 
of glycerol. Such naturally-occurring ester de-
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rivatives as coconut oil, Chinawood oil and lin­
seed oil react with monosodium nrea in the pres­
ence of acetone to yield the corresponding mixed 
acyl ureas. The latter are white, crystalline, 
rather high-melting compounds of limited solu­
bility in most organic solvents though crystalliz- 
able from hot acetic acid or dioxane. The acyl 
ureas from linseed and Chinawood oils retain the 
unsaturation of the oil acids and are characterized 
by rather high iodine numbers (around 130).

During this study the monosodium derivatives 
of a number of other amides and amines also were 
prepared, some of which have already been de­
scribed by Franklin,1,4 Titherley6 and others.2,6 
In general, the condensation of these with esters 
followed the expected course, and furnished a 
convenient method for preparing certain acyl 
derivatives not readily obtained by other methods.

Experimental Part
Monosodium Urea.—Two-mole lots of monosodium 

urea were prepared by slowly adding 46 g. of sodium to 120 
g. of urea dissolved in 1.5 liters of liquid ammonia contained 
in a 3-necked 2-liter flask provided with a mercury-sealed 
stirrer. The product was obtained as a white powder upon 
evaporation of the ammonia; yield 160 g.

A n a l. Calcd. for CH3ON2Na: Na, 28.05. Found: Na, 
27.85 (as sodium sulfate), 28.40 (by titration with acid).

Attempted Preparation of Disodium Urea.—Sodium in 
excess of one atom reacted slowly and incompletely with a 
very dilute solution of urea in liquid ammonia. Ap­
parently the product was a mixture of monosodium urea 
and disodium urea. A n a l. Calcd. for CH2ON2Na2: 
Na, 44.23. Found: Na, 34.72. Upon treatment of the 
product with benzoyl chloride, dibenzoyl urea (m. p. 
204-2050 from benzene) was obtained. A nal. Calcd. 
for Q*H*AN2:. N, 10.44. Found; N, 10.70.

Oleyl Urea.—To 13.5 g. of monosodium urea was 
added, slowly during gentle warming, 50 g. of oleyl chlo­
ride. Boiling isobutanol was added to the mixture and then 
sufficiënt water to dissolve the sodium chloride formed in 
the reaction. The isobutanol layer deposited crystals of 
oleyl urea upon cooling; m. p. 155-160° (literature 161 °).7

A n a l. Calcd. for C iÄ O Ä :  C, H, 11.11; N,
8.64. Found; C, 69,77; H, 10.65; N, 8.24.

(4) Franklin, This J o u r n a l , 27, 820 (1905); 37, 2279 (1915); 
44, 490 (1922); 46, 2143 (1924); 46, 2148 (1924); Am. Chem. J., 
47, 304 (1912); “The Nitrogen System of Compounds," Reinhold 
Publishing Corporation, New York, 1934.

(5) Titherley, J. Chem. Soc., 71, 460 (1897); 79, 391 (1901); 
81, 1520 (1902); 85, 1673 (1904); Titherley and Hicks, ibid., 87, 
1216 (1905); 89, 708 (1906).

(6) Rlacher, Ber., 28, 432 (1895); Chablay, Compt. rend., 15.4, 364 
(1912); Freer and Sherman, Am. Chem. J . ,  18, 580 (1896); Parts, 
Ber., 60, 2.520 (1927); Priestley, J. Chem. Soc.., 95, 454 (1909); 
Rakshit, ibid., 103, 1557 (1913); Werner, ibid., 109, 1126 (1916).

(7) Stendal, Compt. rend., 196, 1810 (1933). Oleyl urea (m. p. 
161°) and stearyl urea (m. p. 176-178°), were obtained by heating 
urea with the corresponding esters m the presence of sodium ethylate 
and pyridine.

Stearyl urea (m .p. 175°) and benzoyl urea (m .p. 212 °) 
were similarly prepared but satisfaetory results were not 
obtained with some of the lower aliphatic acid chlorides.

Benzyl urea, m. p. 147-148°, was obtained from benzyl 
chloride and monosodium urea in liquid ammonia (litera­
ture m. p. 147°). A n a l. Calcd. for C8H10ON2: N, 18.66. 
Found: N, 18.24.

Reaction of Monosodium Urea and Simple Esters
Benzoyl Urea.—To 30 cc. of methyl benzoate was added 

10 g. of powdered sodium urea and 15 cc. of acetone. Con­
siderable heat was evolved and the mixture became pasty. 
The mixture was allowed to stand overnight, diluted with 
water, and acidified with hydrochloric acid. The benzoyl 
urea thus obtained was filtered, washed in a beaker with 
boiling alcohol and dried. The product melted at 213- 
214° (literature 215°); yield 12 g. (60%).

Acetyl urea (m. p. 213°) and oleyl urea (m. p. 160°) 
were similarly prepared from ethyl acetate and methyl 
oleate, respectively.

Reaction of Monosodium Urea and Esters of Dibasic 
Acids.—Monosodium urea reacted with substituted 
malonic esters in the presence of acetone to yield substi­
tuted barbituric acid derivatives. Thus, butylbarbituric 
acid (m. p. 208° from alcohol)8 was obtained in 79% yield 
from butylmalonic ester.

A n a l. Calcd. for C8H120 3N2: C, 52.17; H, 6.52; N, 
15.21. Found: C, 52.46; H, 6.23; N, 14.79.

Ethylbarbituric acid (m. p. 185-186°, yield 79%), 
isopropylbarbituric acid (m. p. 212°) {A n a l. Calcd. for 
C7H10O3N2: C, 49.41; H, 5.88. Found: C, 49.62; H, 
5.94), and barbituric acid (m. p. 192°) were prepared 
from the corresponding malonic esters. The unsubsti­
tuted barbituric acid was obtained as the dihydrate.

A n a l. Calcd. for C4H 40 3N2*2e20 : N, 17.07. Found: 
N, 17.48.

The melting points given in the literature are: ethyl­
barbituric acid, m. p. 193-194° corr.; isopropylbarbituric 
acid 214-214.5°.8

The reaction of monosodium urea with esters of dibasic 
acids higher in the series than malonic yielded high melting 
insoluble products which appeared to be diureides. From 
ethyl glutarate a white eompound melting at 247-248 ° 
was obtained. (A n a l. Calcd. for C7Hi20 4N4: C, 38.88;
H, 5.55; N, 25.92. Found: C, 38.75; H, 5.81; N,
24.62.)

A product of similar properties (m. p. 240-245°) was 
obtained from ethyl pimelate. A small amount of a 
eompound melting at 205-206 ° (crystallized from acetic 
acid) was also obtained. This appeared to be the mono- 
ureide of pimelic acid (NH2CONHCO(CH2)5COOH).

A n a l. Calcd. for C8Hi40 4N2: N, 13.86. Found: N, 
13.48.

Reaction of Monosodium Urea with Natural Oils.—
The mixed acyl ureas from coconut oil were prepared from 
300 g. of coconut oil, 200 cc. of acetone and 100 g. of 
.sodium urea. The white solid after an alcohol wash 
melted at 165-170°. Upon crystallization from acetic 
acid or dioxane, it melted at 172° ; yield 150 g. The prod­
uct contained 9.95% nitrogen.

(8) V olw iler, T his Journal, 47, 2239 (1925 ), reported  2 0 8 -2 0 9 ° .
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The mixed acyl ureas from linseed oil and from China­
wood oil were obtained in low yield. The former melted 
at 154-158° (from alcohol) and the latter at 155-162° 
(from alcohol). The iodine numbers were, respectively, 
128 and 108.8, and the nitrogen contents 7.71 and 8.13%.

Summary
1. Monosodium urea has been prepared by the 

reaction of urea in liquid ammonia with one 
equivalent of sodium. I t is a white powder in­
soluble in inert solvents. A mixture of disodium 
urea and monosodium urea was obtained from 
urea and two equivalents of sodium.

2. Several acyl ureas including stearyl, oleyl 
and benzoyl have been prepared by the reaction 
of monosodium urea with acid chlorides. Alkyl 
halides such as butyl iodide and dodecyl bromide 
did not react with monosodium urea.

3. Simple esters such as ethyl acetate and 
methyl benzoate reacted with monosodium urea 
in the presence of acetone to yield acyl ureas. 
Natural oils such as coconut, linseed and China­
wood also reacted to yield high-melting mixed 
acyl ureas.

4. Malonic ester and its substituted deriva­
tives reacted with monosodium urea to give barbi­
turic acid derivatives. Barbituric acid, ethyl­
barbituric acid, isopropylbarbituric acid and 
butylbarbituric acid have been prepared in this 
manner.

5. Esters of higher dibasic acids, such as ethyl 
glutarate and ethyl pimelate, apparently yielded 
diureides.
W ilm ing to n , D e l a w a r e  R e c eiv ed  J u l y  9, 1936

[C o n t r ib u t io n  from  t h e  C hem ical L aboratory  of t h e  U n iv e r sit y  o f  I l l in o is]

The Interconversion of Mixed Benzoins

By H. H. W einstock , Jr., and  R eyno ld  C. F uso n

The reduction of 2,4,6-trimethylbenzoin (II) 
and 2',4',6'-trimethylbenzoin (III) to the same 
desoxybenzoin, phenyl 2,4,6-trimethylbenzyl ke­
tone,1 can be explained on the basis of an initial 
transformation of one of the benzoins into its 
isomer. If this explanation is correct, the ben­
zoins should be interconvertible under mild con­
ditions. This has proved to be the case, for when 
either 2,4,6- or 2',4',6'-trimethylbenzoin was 
warmed in alcoholic sodium acetate solution, the 
corresponding isomer was formed. Isolation of 
starting material in each case indicated the exist­
ence of an equilibrium.

Because of this ease of interconversion, an 
investigation was made of the reaction of the two 
benzoins toward reagents commonly employed in 
testing for the hydroxyl group. The benzoins, 
when treated with benzoyl chloride, yielded a 
single benzoate instead of the expected isomeric 
benzoates. Presumably in one case benzoylation 
had been preceded by conversion of the benzoin 
into its isomer.

Such a conversion suggests the intermediate 
formation of the ene-diol. Longer treatment was, 
accordingly, attempted in the hope of obtaining 
the dibenzoate of the ene-diol. The mono-

(1) Weinstock and Fuson, T h is  J o u r n a l , 58, 1233 (1936).

benzoate was, however, the only product which 
could be isolated. The dibenzoate was made for 
reference by the action of benzoyl chloride on 
the sodium derivative of the diketone (I). Two 
forms (VI and VII) of the dibenzoate were iso­
lated. The lower-melting form (139°) was con­
verted into its isomer (170°) by heating above the 
melting point.

It was found possible, however, to obtain the 
diacetate of the ene-diol (V) by a method similar 
to that which was unsuccessful in the case of the 
corresponding dibenzoate. Subjection of either 
of the isomeric benzoins to the action of acetic 
anhydride resulted in the formation of the di­
acetate. This structure was proved by preparing 
the eompound by the action of acetyl chloride on 
the disodium salt of mesityl phenyl diketone (I). 
Compound III formed the diacetate more readily 
than did its isomer (II); when II was treated with 
acetic anhydride for five hours a monoacetate was 
formed while, under the same conditions, III 
formed the diacetate.

This implies that in the benzoylation III 
rather than II isomerizes. It is for this reason that 
the monobenzoate (IV), the structure of which is 
conjectural, is represented as a derivative of II 
rather than of III.
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That both II and III readily rearrange to the 

ene-diol form was confirmed by treatment of the 
two benzoins with methylmagnesium iodide, ac­
cording to the method of Kohier, Stone and 
Fuson.2 Considerably more than one mole of gas 
was formed by each of the isomers and, as would be 
expected, II, which contains the sterically hindered 
carbonyl group, and thus would have a longer 
period of time to enolize before addition took 
place, gives the greater amount of methane.

The action of iodine upon the isomeric benzoins 
produced an unexpected result In the presence 
of small amounts of iodine, both II and III were 
found to undergo disproportionation to yield 
mesityl phenyl diketone (I), and phenyl 2,4,6- 
trimethylbenzyl ketone.3

The reaction took place in hot, glacial acetic 
acid or at high temperatures in the absence of 
solvent. Disproportionation could not be made 
to take place in the absence of a trace of iodine. 
One explanation would be that the iodine oxidized 
one molecule of the benzoin to I with the formation

(2) Kohier, Stone and Fuson, T h is  J o u r n a l , 49, 3181 (1927).
(3) Matsumura [ibid., 57, 955 (1935)] by treating /3-£-dimethyl- 

aminobenzoin with alcoholic hydrochloric acid, obtained j>-dimethyl- 
aminobenzil, and «-^-dimethylaminodesoxybenzoin. Compound 
II would not undergo disproportionation under the same conditions. 
It is interesting to note that the desoxybenzoin formed by dispropor­
tionation of both benzoins is the same one which is formed exclu­
sively in the reduction of I, II and III.*

Because of the ease of oxidation of 2,4,6- and 
2 ',4',6 '-trimethylbenzoin in solution, all reac­
tions were carried out in an atmosphere of 
nitrogen.

Interconversion of the Benzoins.—Two 
grams of 2,4,6-trimethylbenzoin (II),4 0.75 g. 
of sodium acetate, 30 cc. of ethyl alcohol and 
1 cc. of water were heated under reflux for 
twenty hours. The solution was dilnted with 
water and cooled. From 1.2 g. of colorless 
material which separated, there was obtained 
on fractional crystallization, 0.1 g. of substance 
which melted at 93-94°. A mixed melting 
point with a known sample of 2',4',6'-tri- 

-CßHi methylbenzoin (III) showed no depression.
From 1 g. of III6 0.1 g. of II was obtained 

by the same method. In both cases the equi­
librium mixture was difficult to separate, and 
the yield of converted isomer was probably 
higher than given above.

A simple monobenzoate (IV) was obtained 
from both II and III by the following proce­

dure. One gram of the benzoin was added to 1 cc. of benzoyl 
chloride in 5 cc. of pyridine. The reaction was maintained 
at a temperature of 80° for thirty minutes, and poured 
into 10 cc. of sodium carbonate solution. The emulsion 
was extracted with ether, the ether layer dried over calcium 
chloride, and the ether removed by evaporation. The 
residual oil was taken up in alcohol. When allowed to 
stand, the solution deposited a colorless, granulär sub­
stance, melting at 127-127.5°, which was only slightly 
soluble in alcohol. The benzoates obtained from II and III 
were shown to be identical by the method of mixed melting 
points.

A n a l  Calcd. for C24H220 3: C, 80.44; H, 6.14. Found; 
C, 80.55; H, 6.29.

Allowing the reaction to proceed for a longer period of 
time did not yield the dibenzoate. Two grams of II, 15 
cc. of pyridine and 2.5 cc. of benzoyl chloride were boiled 
under reflux for ten hours. There was obtained 1.5 g. of 
substance, melting at 115°, which, on purification, proved 
to be the monobenzoate. Hydrolysis of the monobenzoate 
with alcoholic potassium hydroxide solution gave I, m. p. 
134-135°. A mixed melting point with mesityl phenyl 
diketone showed no depression. It seems probable that 
the monobenzoate has the structure represented by for­
mula IV.

The isomeric dibenzoates of 2,4,6-trimethyl-a,a'-stil“ 
benediol (VI and VH) were prepared by the action of ben­
zoyl chloride on the disodium derivative of mesityl phenyl 
diketone. In a typical experiment, 3.5 g. of one dibenzo­
ate was obtained from 8 g. of I. No method was evolved 
by which one could predict the isomer which would be

(4) Fuson, Weinstock and U lly o t , ibid., 67, 1803 (1935).
(5) Arnold and Fuson, ibid., 58,1295 (1936).
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formed. The isomers were both colorless compounds and 
melted at 138.5-139° and 169.5-170°. They were re­
crystallized from ethyl alcohol, in which they were diffi­
cultly soluble.

A n a l. Calcd. for C31H26O4: C, 80.52; H, 5.63. Found: 
(139°) C, 80.58; H, 5.79; (170°) C, 80.35; H, 5 .6 8 .

The substance melting at 139° was quantitatively con­
verted into its isomer by heating above the melting point 
for five minutes. The high-melting isomer was hydrolyzed 
with alcoholic potassium hydroxide to give a mixture from 
which I (m. p. 133-135°) and II (m. p. 100-101°) were iso­
lated. These substances were identified by mixed melting 
point determinations. The spatial configuration of the 
dibenzoates was not determined.

The monoacetate of 2,4,6-trimethylbenzoin was obtained 
by heating a solution of 2 g. of II and 1 g. of sodium acetate 
in 20  cc. of acetic anhydride under reflux for five hours. 
The solution was cautiously treated with water and ex­
tracted with ether. The ether layer was dried over cal­
cium chloride, and the ether removed by evaporation. 
The residual yellow oil was taken up in alcohol and allowed 
to stand at room temperature; 1.5 g. of a colorless, granu­
lär substance separated. On recrystallization from dilute 
ethyl alcohol, the eompound melted at 73-73.5°.

A n a l. Calcd. for C19H20O3: C, 77.03; H, 6.76. Found: 
C, 77.10; H, 6.75.

Diacetate of 2 ,4,6-Trimethyl-<2 ,a.'-stilbenediol (V).—A.
Treatment of II by the above procedure, except that heat­
ing was carried out for twenty-four hours, gave 0.8  g. of a 
colorless product; m. p. 92-98°. The pure eompound 
melted (from alcohol) at 104-104.5°.

A n a l. Calcd. for C2iH220 4: C, 74.56; H, 6.51. Found: 
C, 74.61; H, 6.49.

B. Treatment of III by the same procedure, except that 
the reaction mixture was heated for five hours, resulted in 
the formation of the diacetate; m. p. 104-104.5°. A mixed 
melting point with the product prepared from II showed 
no depression.

C. The diacetate was prepared by the action of acetyl 
chloride on the sodium derivative of mesityl phenyl dike­
tone, according to the usual procedure. From 2 g. of I, 
0.4 g. of sodium and 6 cc. of acetyl chloride was obtained 
0.6 g. of product, m. p. 95-100°. The melting point was 
103-104° after recrystallization. A mixed melting point 
with the diacetate prepared from II and III showed no de­
pression.

Reaction with the Grignard Reagent.6—The benzoins 
(II and III) were treated with methylmagnesium iodide, 
in an apparatus of the type described by Kohier and Richt- 
myer.7 Approximately 0.0005 mole of substance was 
used in each run. The solution of the benzoin in the excess 
Grignard reagent was held at a temperature of 90° for 
thirty minutes before decomposition to allow the reaction 
to go to completion. The results showed that II gave 1.78 
moles of gas, and 0.29 mole of the reagent was added.

(6) The Grignard analyses were made by Mr. J. W. Robinson, Jr.
(7) Kohier and Richtmyer, T h is  J o u r n a l , 52, 3736 (1930),

Compound III likewise used two moles of reagent, but in 
this case 1.30 moles of gas was evolved and 0.75 mole of 
reagent was added.

Reaction with Iodine.—A. A solution of 1 g. of II and 
0.1 g. of iodine in 50 cc. of glacial acetic acid was heated 
under reflux for three hours. The solution was poured, 
while hot, into 25 cc. of 2% sodium bisulfite solution. The 
hot solution was filtered and allowed to cool. A solid 
formed which, by a process of slow crystallization and de- 
cantation from alcohol, was separated into two sets of 
crystals: (a) 0.40 g. of large, yellow needles which melted 
at 135-136°—a mixed melting point with mesityl phenyl 
diketone showed no depression; (b) 0.37 g. of colorless 
fibrous clusters; m. p. 161-162°. After recrystallization 
from alcohol, the crystals melted at 164-165°. This sub­
stance was shown to be identical with phenyl 2 ,4 ,6 -tri­
methylbenzyl ketone by means of a mixed melting point 
determination.

In another experiment, 2 g. of II and a small crystal of 
iodine were placed in a small Pyrex flask and held at a 
temperature of 200° for five minutes. The water which 
was formed in the reaction collected as a vapor on the upper 
surface of the flask. The product was taken up in alcohol 
after cooling. There was obtained 0.60 g. of mesityl 
phenyl diketone (m. p. 135.5-136.5°) and 0.55 g. of phenyl
2,4,6-trimethylbenzyl ketone (m. p. 162-163°).

Only starting material was recovered when II was heated 
to 2 2 0 ° or boiled under reflux in glacial acetic acid for 
three hours, no iodine being used in either case. Treat­
ment of II with alcoholic hydrochloric acid and copper sul­
fate caused no disproportionation.

B. One and four-tenths grams of III was heated at 220 ° 
in the presence of a crystal of iodine. There was obtained 
0.60 g. of phenyl 2,4,6-trimethylbenzyl ketone (m. p. 
158-161°) and 0.55  g. of mesityl phenyl diketone (m. p.
133.5-135°). Mixed melting points of the purified sub­
stances with authentic samples showed no depression.

Summary
2,4,6-Trimethylbenzoin (II) and its isomer, 

2/,4',6'-trimethylbenzoin (III), underwent inter­
conversion when heated in the presence of sodium 
acetate. It is postulated that the ene-diol is an 
intermediate in these transformations. Evidence 
in support of this is that with benzoyl chloride the 
two benzoins yield the same monobenzoate, and 
with acetic anhydride they give the same diacetate.

With methylmagnesium bromide, II and III 
react in the ene-diol form to the extent of 78 and 
30%, respectively.

When heated in the presence of a crystal of io­
dine, II and III underwent disproportionation to 
the diketone and phenyl 2,4,6-trimethylbenzyl 
ketone.
U r b a n a , I l lin o is  R e c e iv e d  July 27, 1936
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Local Anesthetics Containing the ^-Tetrahydro-beta-naphthylamine Pressor Group1
B y  H arold W . C oles2 a n d  W illiam  A . L ott3

Oct., 1936 ac- Tetr ahydro-/3-naphth ylamine Anesthetics

Attempts are being made continually to pre­
pare local anesthetics with vasoconstricting prop­
erties in order to eliminate the use of pressor 
drugs (usually epinephrin) to localize and syner- 
gize the local anesthetic action.4 Until recently,5 
however, the compounds synthesized to this end 
have shown little or no pressor action on pharma­
cological assay.

Although the powerful pressor activity of 
ac-tetrahydro-jÖ-naphthylamine is well known,6 
no attempt has been made previously to employ 
this amine as the nitrogen-containing portion of a 
local anesthetic molecule. I t is known7 that the 
introduction of an acid group, such as the acetyl 
or formyl, on the nitrogen atom, completely 
reverses the vasoconstricting and pyretic proper­
ties of ac-tetrahydro-ß-naphthylamine, whereas 
the replacement of a hydrogen atom by an alkyl 
group changes them only in degree. There is a 
double action if an acid and alkyl group are both 
introduced. However, it was believed possible 
that the reversal effect of the acyl groups might 
not take place if the acyl groups were separated 
from the pressor amine portion by means of an 
alkylene group. As shown later, this hope was 
not realized in the large number of local anesthet­
ics prepared.

Experimental Part
The ac-tetrahydro-/3-naphthylamine was prepared ac­

cording to the directions given in “Organic Syntheses.”8
Preparation of the (ac-Tetrahydro-/?-naphthylamino)- 

alkanol Hydrochlorides.—The general literature methods 
were changed in some respects. Two molecular equivalents 
of freshly distilled ac-tetrahydro-ß-naphthylamine, one 
molecular equivalent of ethylene chlorohydrin (or tri- 
methylene chlorohydrin) and some xylene (as diluent) 
were placed in a round-bottomed 3-necked flask equipped

(1) Presented before the Division of Medicinal Chemistry at the 
Pittsburgh Meeting of the American Chemical Society, September 
7-11, 1936.

(2) Industrial Fellow, E. R. Squibb and Sons Industrial Fellow­
ship, Mellon Institute.

(3) E. R. Squibb and Sons, Brooklyn, N. Y.
(4) Hartung, Munch and Kester, This Journal, 54, 1526 (1932), 

for literature references.
(5) Alles and Knoefel, J. Pharmacol., 48, 268 (1933); Arch. 

intern, pharmacodynamie, 47, 96 (1934).
(6) Frankel, “Die Arzneimittel-Synthese,“ 6th Edition, Verlag 

Julius Springer, Berlin, 1927.
(7) Cloetta and Waser, Arch. exptl. Path. Pharmakol., 73, 398 

(1913).
(8) “Organic Syntheses,” Coil. Vol. I, John Wiley and Sons, Inc.,

New York, 1932, p. 486.

with a thermometer, reflux condenser and glass tubing 
reaching to the bottom of the flask through which a 
steady stream of dry nitrogen was passed during the 
entire reaction. The nitrogen prevents almost completely 
the formation of the usual red color. The flask and con­
tents were immersed in an oil-bath, the temperature of 
the flask contents was raised to 110° and the reaction 
was allowed to continue for three hours at a temperature 
of 110-115°. The mixture was cooled, a large excess of 
ether added and the precipitated at-tetrahydro-/3-naph- 
thylamine hydrochloride was filtered off and washed re­
peatedly with ether.

The ether-xylene filtrate was chilled, and both nitrogen 
and dry hydrogen chloride were passed slowly through the 
solution, until precipitation of the amino alcohol hydro­
chloride was complete. The precipitate was filtered off 
and washed well with ether, then recrystallized from iso­
propyl alcohol to a constant melting point with a yield 
of 80-85%. The compounds are white crystalline solids, 
soluble in water, acetone and the different alcohols, but 
insoluble in ether and benzene.

Beta- (ac-tetrahydro-ß-naphthylamino) -ethanol Hydro­
chloride (m. p. 183.8-184.8°).9—A n a l. (Volhard). Calcd. 
for C12H18NOCI: Cl, 15.58. Found: Cl, 15.59, 15.64.10

Gamma- (ac-tetrahydro-ß-naphthylamino)-propanol Hy­
drochloride (m. p. 161°).—A n a l. Calcd. for Ci3H20NOC1: 
Cl, 14.67. Found: Cl, 14.75, 14.89.

Preparation of the Esters.—These were prepared es­
sentially by general methods reported in the literature11 
in which one molecular equivalent of the (ac-tetrahydro-ß- 
naphthylamino)-alkanol hydrochloride was allowed to 
react with 1.5 molecular equivalents of the acyl chloride 
until no further hydrogen chloride was evolved. No 
attempt was made to work out the conditions for optimum 
yields, but these were satisfaetory in most cases. The 
reaction product was washed repeatedly with ether to 
remove the excess acid chloride, and was then recrystallized 
from mixtures of methyl and isopropyl alcohols.

In most cases, little trouble was experienced in securing 
nicely crystalline hydrochlorides. Certain aliphatic deriva­
tives, however, as the caproyl, propionyl and furylacryl- 
oyl, produced gums and were not secured in pure form. 
The /»-toluene sulfonyl chloride seemed to react normally12 
with formation of a eompound containing chlorine but the 
halogen was not precipitated by silver nitrate in nitric 
acid solution. The eompound produced appreciable anes­
thesia when applied to the tongue, but it has not yet been 
separated completely from about 25% of inert material.

The nitro esters were reduced with iron and hydrochloric 
acid.13 The aminobenzoates were isolated and tested as

(9) All melting points recorded in this paper are U. S. P., corrected.
(10) The authors are indebted to Dr. W. W. Mills and Miss 

Elinor Sackter of the Mellon Institute analytical department for 
many of the assays.

(11) McElvain, T h is  J o u r n a l , 48, 2240 (1926); Thayer and 
McElvain, i b i d . ,  50, 3351 (1928).

(12) Compare Gilman and Pickens, i b i d . ,  47, 245 (1925).
(13) Cope and McElvain, i b i d . ,  53, 1591 (1931).
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the dihydrochlorides. The compounds have the general 
formula

R—o — (CH2)a—NH— CH
/ \  I

H CI CH2
\ ch2-

where R represents an aliphatic or aromatic group, and x  
is 2 or 3. All of the compounds are white, crystalline solids 
of limited solubility in water which, in some cases, did not 
permit of pharmacologic testing. A table of the chlorine 
(Parr bomb method) assays with melting points is given.

T a b l e  I
P h y sic a l  C o n st a n t s  o f  t h e  H y drochlo rides

Chlorine, %

R X M. p., °C. Calcd.
Found
(av.)

p -N  itrobenzoyl 3 228-229 9.07 8.96
m-N itrobenzoyl 3 173.4-177.4 9.07 9 .0 0
Benzoyl“ 2 214.9 10.69 10.65
Benzoyl6 3 195.6 10.25 10.02
m-Aminobenzoyl 2 205-206 18.51 18.20
m-Nitrobenzoyl 2 216-217 9.41 9.59
Cinnamoyl 2 194-195.8 9.91 9.77
Cinnamoyl 3 204.8-206.8 (dec.) 9.54 9.43
p- Chlorobenzoy 1 2 219-220 19.37 19.15
^-Chlorobenzoyl 3 188.8-189.8 18.65 18.51
^-Nitrobenzoyl 2 236.2 9.40 9.25
p-Aminobenzoyl 2 223.3 18.51 18.31
0-Phenylpropionyl 3 95.0 (indef.) 9.48 9.80
0-Nitrobenzoyl 2 232-233 9.41 9.33
ö-Aminobenzoyl 2 150 18.51 18.20
p-Iodobenzoyl 2 232
Phthaloyl 2 185-186 12.11 12.33

a Sulfate (m. p. 216-218°). Calcd. for Cas^NaOsS: S 
(Parr bomb), 4.65. Found: S, 4.70. 6 Picrate (m. p.
83.86°). Calcd. for CsoHaaNCVHOCeHatNOah: N,
10.40. Found: N, 10.02. c Calcd.: 1, 27.74. Found: 
I, 27.58.

Pharmacologically,14 the compounds showed no 
mydriatic action on the rabbit’s cornea, and pro-

(14) The authors are grateful tó Mr. H. A. Holaday and associ- 
ates of the E. R. Squibb and Sons Biological Laboratories, New 
Brunswick, N. J., for these assays.

duced no blanching of tissues when injected 
intradermally or subcutaneously in guinea pigs. 
The onset of anesthesia was usually delayed, 
although the duration and depth of anesthesia 
was satisfaetory in most cases. However, the 
steep slope of the dose-effect curves and the 
marked difference between the duration of anes­
thesia following endermic and subcutaneous in- 
jections of the same concentration in the guinea 
pig were undesirable characteristics. The com­
pounds were not irritating. Kymograph tracings 
of their action on the blood pressure of the rabbit 
revealed a sudden drop in the pressure, with con­
siderable disturbance of the rhythm as the blood 
pressure rose gradually again to normal.

It should be recorded, too, that ac-tetrahydro- 
ß-naphthylamine hydrochloride, in practical con­
centrations (up to 1%), does not exhibit sufficiënt 
peripheral vasoconstriction to synergize or localize 
the effect of a local anesthetic such as procaine 
(up to 2%). Injections were made subcutane­
ously in guinea pigs. These results are similar 
to those obtained with ephedrine.18

The authors wish to record their appreciation 
of the helpful advice of Dr. George D. Beal, 
Assistant Director of Mellon Institute.

Summary
Two new alkanol derivatives of ac-tetrahydro-ß~ 

naphthylamine have been prepared and described.
From these two derivatives, a series of seventeen 

new local anesthetics has been prepared. Al­
though possessing, in most cases, satisfaetory 
local anesthetic properties, they lack vasopressor 
characteristics.
P it t sb u r g h , P e n n a .
B r o oklyn , N. Y. R ec eiv ed  J u ly  25, 1936

(15) Meeker, J. Lab. Clin. Med., 17, 773 (1932).
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Hydrogen Bond Formation between Hydroxyl Groups and Nitrogen Atoms in Some
Organic Compounds

By S. B. H endrick s , O. R. W u l f , G. E. H il b e r t  a n d  U. L iddel

Oct., 1936 Hydrogen Bond Formation in Organic Compounds 1991

Many molecules containing hydrogen bonds 
between oxygen atoms have no measurable ab­
sorption in the infra-red region where character­
istic OH absorption occurs in other hydroxylic 
compounds.1 Such absence of absorption was 
used as an analytical method in our previous 
work. In extending that study, the question 
naturally arises as to what groups can take part in 
the formation of hydrogen bonds. The following 
work deals with some molecules in which a hydro­
gen bond if formed would be between an hydrox­
ylic oxygen and a nitrogen atom of the type 
—N—.

Moore and Winmill’s2 explanation of the differ­
ence in the basicity of the tertiary and quaternary 
ammonium bases was that a hydrogen bond could 
be formed between oxygen and nitrogen atoms in 
the former case but not in the latter. Hydrogen 
bond formation was also suggested by Latimer 
and Rodebush3 as an explanation for the weak 
basicity of ammonium hydroxide. Sidgwick4 
has reviewed this evidence and further has pointed 
out that nitrogen can act as a “donor,” that is, 
form coördination compounds with appropriate 
groups or elements including OH. Pfeiffer and 
his co-workers5 postulated hydrogen bond (partial 
valence) formation to explain the unusual prop­
erties of the phenylazo-l-naphthol-2.

The experimental technique and the spectro­
scopie procedure was the same as that described in 
previous work from this Laboratory.6 However, 
some comment should again be made about the 
region 7100-7400 cm.“1. Atmospheric water 
absorption lies here and makes observation diffi­
cult, so that weak absorption could be missed. 
The curves of Fig. 2 have been brought down to 
the axis of abscissa, but since the accuracy at­
tained permits a considerable Variation from zero 
they must not be construed as indicating no absorp-

(1) Hilbert, Wulf, Hendricks and Liddel, T h is  Jo u rn al , 58, 
548 (1936); Nature, 135, 147 (1935); Errera and Mollet, Compt. rend., 
200, 814 (1935); J. phys. radium, 6, 281 (1935).

(2) Moore and Winmill, J. Chem. Soc., 101, 1635 (1912).
(3) Latimer and Rodebush, T h is  Jo u r n a l , 42, 1419 (1920).
(4) Sidgwick, “The Covalent Link in Chemistry,” Cornell 

University Press, Ithaca, N. Y., 1933, p. 164.
(5) Pfeiffer, Angern, Wang, Seydel and Quehl, J. prakt. Chem., 126, 

97 (1930).
(6) Wulf and Liddel, T h is  J o u r n a l , 57, 1464 (1935).

tion in this region (7100-7400 cm.“ 1). Very 
weak absorption due to presence of CH is known 
to lie here and there have been frequent indica- 
tions of its presence in variations that were too 
small, at the concentrations used in this work, to 
be established definitely.

Compounds used were either prepared by 
known methods with analysis as a criterion of 
purity or were purified commercial products. 
We are indebted to Dr. T. W. J. Taylor, of Ox­
ford University, for generous samples of 1-ben- 
zoylnaphthol-2-hydrazone and 1-benzoylnaphthol- 
2-acetonylhydrazone and to Dr. A. H. Blatt, of 
Howard University, for 2-hydroxy-5-methylbenzo- 
phenoneoxime acetate, 2 -hydroxyacetophenone- 
oximeacetate, cis- and 2raws-2-hydroxybenzophe- 
noneoximeacetates and 2,2'-dihydroxybenzophe- 
noneoximeacetate. Drs. H. L. Haller and D. L. 
Vivian of the Bureau of Entomology kindly sup­
plied us with samples of a-(0-naphthol)-2,5-di- 
chloroazobenzene, 2,5-dichloro - 2' - hydroxy - 4 ' - 
methyl-ö'-chloroazobenzene and 4 -hydroxyazo­
benzene.

Results and Discussion
Absorption in the region 6200-7500 cm.“ 1 

characteristic of the presence of OH groups was 
found to be absent for a number of compounds 
having configurations that would favor formation 
of a hydrogen bond between hydroxyl oxygen and 
a nitrogen atom. I t  was found to be present in 
related compounds the configurations of which 
excluded possible formation of such bonds. 
Absence of a measurable amount of such absorp­
tion thus can probably be used as a positive 
analytical device in detecting the presence of a 
hydrogen bond in this type of molecule.

Factors similar to those previously discussed as 
possibly affecting hydrogen bond formation be­
tween oxygen atoms are also to be considered here. 
One of the important requirements is that the 
nitrogen and oxygen atoms sharing the hydrogen 
bond be correctly placed, the interatomic dis­
tance, N to O, being about 2.6 Ä. The ring 
formed should contain a minimum number of 
single bonds about which there could be free
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rotation and the entire system should be one rela­
tively free of strain produced by deformation of 
valence angles. These conditions were best met 
in the case of oxygen compounds by formation of 
six-membered rings including hydrogen, there 
being possibly a single example of a seven- 
membered ring but none of five. Other important 
factors are electron affinities of groups sharing 
hydrogen bonds and resonance phenomena, par- 
ticularly those associated with a conjugate system 
of doublé bonds. Absence of discussion of reso­
nance phenomena arises from the authors’ 
lack of familiarity with the subject.

Fig. L—Structural formulas showing probable intera- 
tomic distances. A converging line indicates that the line 
départs from the plane of the figure.

Nitrogen compounds are of particular interest 
in that additional steric factors, arising from three 
rather than two directed valences, are introduced. 
Thus compounds R—CX=N—Y where R is un- 
symmetrical, can theoretically exist in two iso­
meric forms. Difficulty of determining their 
configurations by Chemical methods is well recog­
nized. The nitrogen atom of the —CX =N —Y 
group would be expected to have an additional 
coördination valence, associated with its single 
pair of non-binding electrons,7 and hydrogen bond 
formation under otherwise favorable conditions 
would be possible for one isomer but not for the

(7) N. V. Sidgwick, "The Electronic Theory of Valence,” Oxford 
University Press, Oxford, 1929, p. 72; W. D. Kumler, This Jo ur­
n a l , 57, 600 (1935).

other. A method is thus available for absolute 
assignment of configuration.

The influence of the various factors mentioned 
above can be best studied on the ortho substituted 
phenols and a number of these having —C X =  
N—Y substituents were examined, X and Y being 
varied widely, Among these was salicylaldehyde- 
anil (2-HOC6H4CH =N C 6H5), which did not give 
characteristic OH absorption. The probable 
geometrical configuration of this eompound, 
which serves to illustrate the type, is shown as (a) 
in Fig. 1, the rotation of the second benzene ring 
(Y) about the NY bond being unknown. Forma­
tion of a hydrogen bond between the oxygen and 
nitrogen atoms restricts the rotation about the 
bond RC, the only single bond involved, and 
requires RCNO to be approximately coplanar with 
the neighboring benzene ring. Moreover the 
bond NY is required to have a trans (anti) con­
figuration with respect to RC.

Presence or absence of hydroxyl absorption is 
used below as a criterion for determining the 
structures of some oximes. The methods that 
have been used in the past usually involved 
Chemical transformations and thus alteration of 
the molecule investigated. Prominent among 
these are the Beckmann rearrangement and con­
densations presumably involving adjacent groups, 
such as that leading to formation of isoxazole 
rings, both of which are open to criticism.8

Absorption characteristic of the presence of OH 
was not observed for 2-hydroxy - 5-methy lb enz o - 
phenoneoxime acetate (2-HO-5-CH3C6H3C(===NO- 
COCH3)C6Hö, m. p. 114°) which thus must con­
tain a hydrogen bond and have an anti configu­
ration of the (—OCOCH3) group with respect 
to the C—ROH group. Acetyl groups were in­
troduced into this eompound and most of those 
discussed below in order to prevent confusion 
arising from absorption due to the NOH group.

Since the energy of binding enhances the sta­
bility of the isomeric form having a hydrogen 
bond, it is not surprising to find that most such 
compounds have been obtained in only one form. 
However, Kohier and Bruce have prepared geo­
metrical isomers of 2-hydroxybenzophenoneoxime 
and have shown that no evidence independent of 
the Beckmann rearrangement, with its corollary 
assumption of ä trans shift, exists as to their

(8) A. H. Blatt, Chefn. Rev., 12, 215 (1933). This review par- 
ticularly elarified the subject fof us and we are indebted to Dr. Blatt 
for further discussion and for placing his wide experience in the field 
at our disposai.
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configurations.9 Their “n” form of the oxime 
(m. p. 141-142°) was considered to have a syn 
configuration with respect to the RC bond (Fig. 
la) and was less stable thermally with respect to 
the isomeric “h” or anti oxime7 (m. p. 142-143°). 
Acetates of these two compounds, namely, the syn 
acetate (m. p. 156°) and the anti acetate (m. p. 
95°) (2-HOC6H4C(=NOCOCH3)C6H5), were 
placed at our disposal by Dr. Blatt. The former 
eompound gave the absorption shown in Fig. 210 
while no measurable value was obtained for the 
latter. Thus a hydrogen bond is present in the 
anti acetate and this is in agreement with the 
configuration assigned on the basis of Meisen- 
heimer’s interpretation of the Beckmann re­
arrangement. A probable geometrical configura­
tion for the syn acetate, which does not contain a 
hydrogen bond and is thus the unstable form, is 
shown in Fig. lb. Spatial proximity of H and Y 
as in the dotted position would necessitate rota­
tion of the CNY group about the RC bond.

Considerably less is known about the structures 
of the aldoximes than of the ketoximes. As 
might be expected the common forms, and thus 
probably the stable forms, that we have studied, 
all contain hydrogen bonds. Thus neither salicyl- 
aldoxime acetate (2-HOC6H4CH(=NOCOCH3)) 
nor the 2-hydroxy-5-methylbenzophenoneoxime 
acetate (5-CH3-2-HOC6H3C(=NOCOCH3)C6H7) 
gave measurable OH absorption. Both of these 
compounds therefore have configurations similar
to that of salicylaldehydeanil, that is, NY of 

H
R—C = N —Y anU with respect to R—C. Salicyl- 
aldoxime (2HOCßH4CH=NOH) (absorption meas­
ured at 0.00333 and 0.0100 molal) was also exam­
ined and found to have the absorption shown in 
Fig. 2.11 Similarity of this absorption to that of 
other oximes indicates that it is entirely to be 
accounted for by the presence of oxime OH. 
Chemical methods applied to studying the con­
figuration of the aldoximes have been handicapped 
by lack of evidence as to whether the Beckmann 
rearrangement involved a syn or an anti shift, the 
former being assumed in the older literature. 
The results given above for the aldoximes, how-

(9) Kohier and Bruce, T h is  J o u r n a l , 53, 1569 (1931).
(10) This absorption showed a change with temperature (60 to 

20°) which is indicative of association as might be expected for this 
eompound. Decomposition, which was not tested for, could give 
rise to a similar effect.

(11) The absorption of this eompound showed a slight change 
with concentration. This is indicative of association which is well 
known for oximes (N. V. Sidgwick, .4««. Reports Chem. Soc.y 31. 
41 (1934)).

ever, support the Chemical findings of Brady and 
Bishop12 in favor of the anti shift in the Beckmann 
rearrangement.

Salicylaldehyde «-methyl- «-phenylhy drazone
(2-HOC6H4CH=NN(CH3)C6H6) and salicyl- 
aldehydedimethylhydrazone (2-HOCßH 4C H =  
NN(CH3)2) failed to give characteristic OH ab­
sorption. Hydrogen bond formation in these 
compounds probably takes place between the OH 
group and the ß nitrogen atom, the NR2 group 
being a variant of Y as defined above. Where the 
hydrogen bond is present the Y substituent must 
necessarily be trans with respect to the aromatic 
grouping. I t is possible, however, that these 
results, namely, absence of measurable OH ab­
sorption in the region studied could be explained 
by the presence of five membered rings such as

The ordinary hydroxylic reactions of these com­
pounds is strong evidence against this explanation.

In order further to vary the basicity of the Y 
group several hydrazones were studied in which 
NH groups were present. Salicylaldehydehy- 
drazone (2-HOC6H4CH =N NH 2) and salicylalde- 
hydephenylhydrazone (2-HOC6H4C H =N N H - 
CeHg) gave the absorptions shown in Fig. 2. 
Comparisons of these absorptions with those of 
analogous compounds that do not contain hy­
droxy groups shows that the absorptions are en­
tirely to be accounted for by the presence of NH2 
or NH groups. Both compounds are thus 
thought to contain hydrogen bonds. In varying 
the substituent Y group of the hydrazone from 
—N(CH3)CßH5 to NH2 the limits of basicity were 
approximately encompassed and thus shown not 
to be determinative at least in this series of com­
pounds for hydrogen bond formation.

Two substituted naphthols, 1 -benzoylnaphthol- 
2-hydrazone (2-HOC10H6-l-CH (=N N H 2)C6H 5) 
and l-benzoylnaphthol-2-acetonylhydrazone (2- 
HOC10H6-1-C(=NN=C(CH3)2)C6H5) were ex­
amined. The former of these compounds13 gave 
the absorption shown in Fig. 2, which should be 
compared with that of salicylaldehydehydrazone, 
the complexity of which is to be accounted for by

(12) Brady and Bishop, J. Chem, Soc., 127, 1357 (1925).
(13) Neither of these compounds is described in the literature.

The first as supplied to us by Dr. Taylor, was recrystallized from 
benzene and found to have the following constants: m. p. 157°.
Anal. (M. S. Sherman) C, 78,44; H, 5.65; N, 10.51. Calcd. C, 
77.84; H, 5.39; N, 10.68*
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the presence of the hydrazine —NH2 group. ticular interest since it is derived from the 
However, the absorption in the region of 7000 hydrazone. Several explanations can be sug- 
cm.~1 is similar in shape and area to that found in gested for this behavior, one of which is that a six- 
many other phenolic compounds. I t thus would membered ring through nitrogen 
seem that this substance does not contain a ^6lÏ6
hydrogen bond and the possibility of ring forma- c==N\^ ch3

“  -  "  GÓ“ '* * “latter eompound on the other hand gave no 
absorption in the region studied which is of par-
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is present in the acetonyl derivative which, of 
course, is impossible in the case of the hydrazone. 
This Situation is analogous to that existing in 
Schiff bases of the type

that in certain cases14 are considered to be cycli- 
cized as

H H
I I

r — c — N v

Có̂
Another possibility is that a hydrogen bond really 
is present in the one eompound but not in the 
other. If this is the case it might arise from a 
combination of steric factors associated with an 
added ortho substituent, namely, the eight position 
of the naphthalene ring. Such a substituent is 
effective in preventing hydrogen bond formation 
in 2,5-dihy droxy-3,6-dibromodiethylterephthal- 
ate1 but does not prevent it in l-acetylnaphthol-2, 
a result in accord with the greater size of the 
bromine atom. If this explanation is correct the 
difference in behavior of the two naphthol deriva­
tives probably arises from alteration of the elec­
tron affinity of the ß-nitrogen atom, induced by 
Variation of the Y group.

Characteristic OH absorption was absent for 
several ortho hydroxyazo compounds which are 
of the general type Rx—N==N—R2. Among 
these were 2,5-dichlorobenzeneazo-1 -naphthol-2 
■(2,5-CiiCeH8N=N-l-CioHflOH-2), 2,5-dichloro- 
2 '-hydroxy-4-methyl-5 '-chloroazobenzene (2,5- 
C12C6H3N =N C 6H2OH (2) CHg (4) Cl (5)) and phen- 
ylazo-1-naphthol-2 (1-CioH6OH(2)N=NC6H5).
In these compounds formation of five- or six- 
membered rings through nitrogen would require 
the presence of NH absorption which was not 
observed. Absorption due to the presence of OH 
in 4-hydroxyazobenzene is shown in Fig. 2 for 
comparison in order further to emphasize the 
striking departure of the hydrogen bonded com­
pounds from normal behavior. The geometrical 
configurations of these compounds are probably 
similar to that of salicylaldehyde anil (Fig. 1)

(14) Betti, Gazz. chim. ital., 31, II, 176 (1901); 33, II, 28 (1903); 
Almed, Hemphill and R a y , T h is  J o u r n a l , 56, 2403 (1934).

with hydrogen bonds between the hydroxylic 
oxygen and the ß-nitrogen atom leading to six- 
membered rings including hydrogen. I t  also 
follows that the R2 group is trans with respect to 
Ri which is of particular value since Chemical 
evidence on this point is lacking.

Presence of hydrogen bonds in the above azo 
compounds is further of interest in that the ques­
tion of their configuration has been the subject of 
much discussion in the recent literature. The 
argument has chiefly centered upon phenylazo-1- 
naphthol-2 about which three discordant points of 
view have been held. Chemical evidence led 
Pfeiffer and his co-workers5 to suggest that a 
hydrogen bond (partial valence) is present. 
Kuhn,15 however, challenged this interpretation 
and suggested rather that the eompound exists as 
a “Zwitter ion.” The character of the ultraviolet 
absorption spectrum, however, later led Kuhn and 
Bär16 to retract the earlier speculations and to 
interpret their results on the basis of an equi­
librium between a quinoid and azo form of the 
molecule

the equilibrium being predominantly on the qui­
noid side. Burawoy,17 who had earlier suggested, 
with Markowitsch,18 a quinoid formula challenged 
the evidence indicative of such an equilibrium. 
Absence of absorption in the region studied char­
acteristic of the presence of OH or NH definitely 
eliminates this third possibility. Since resonance 
is probably an important factor in the formation 
of hydrogen bonds in compounds of this type, both 
of the above forms possibly contribute to the 
stable state of the molecule.

Presence of two hydrogen bonds between 
oxygen and nitrogen atoms within a single mole­
cule is indicated by the absence of OH absorption 
in 2,2 '-dihydroxyazobenzene (2-HOCeH4N = N - 
C6H4OH-2) and salicylaldehydeazine (2 -HOC6H4-

(15) Kuhn, Naturwissenschaften, 20, 622 (1932).
(16) Kuhn and Bär, Ann., 516, 143 (1935).
(17) Burawoy, ibid., 521, 298 (1936).
(18) Burawoy and Markowitsch, ibid., 503, 180; 197 (1933);

504, 71 (1933); 509, 60 (1934).
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C H =N N = C H C 6H4OH-2). The geometrical re­
quirements are interesting in both these cases 
but particularly so in the former which probably 
has the configuration shown in Fig. 1c, the atoms 
of the entire molecule being co-planar with a 
center of symmetry (x). In both compounds the 
R groups of R—X—N—R must have a trans 
configuration which gives a trans trans arrange­
ment for salicylaldehydeazine as shown in Fig. 
ld.

Factors limiting the number of hydrogen bouds 
to a particular atom are obscured by our general 
lack of understanding of the entire phenomenon. 
Experimental work, however, showed that at 
least two such bonds could form to oxygen;1 
either within a single molecule, 2,2'-dihydroxy- 
benzophenone, or by association of two molecules, 
salicylic acid (2-HOC6H4COOH)2. The steric 
factors introduced by the three directed valences 
of nitrogen unfortunately make it difficult to 
devise a suitable molecule for testing possible 
formation of two hydrogen bonds to a single 
nitrogen atom within a molecule. Examination 
of 2,2/-dihydroxybenzophenoneoxime acetate 
(2-HOC6H4C(=NOCOCH3)C6H4OH-2) and 2,2'- 
dihydroxybenzophenone - a - methyl - a - phenyl- 
hydrazone (2 -HOC6H4C(=NNCH(C6H5))C6H4- 
OH-2) showed that both compounds gave ab­
sorptions that probably are to be associated with 
the presence of OH groups (Fig. 2). For neither 
substance, however, does the molal absorption 
exceed that given by normal phenolic compounds 
containing single OH groups and that of the latter 
eompound is extremely low. If a hydrogen bond 
is formed in 2,2'-dihydroxybenzophenoneoxime 
acetate, then the geometry of the molecule is 
probably that shown in Fig. If, the ring R2 being 
forced out of the plane of the figure by the prox­
imity of the —OCOCH3 group. Thus the mole­
cule has a configuration similar to both the syn 
and anti forms of 2-hydroxybenzophenoneoxime 
acetate and would be expected to give an absorp­
tion similar to that of the non-hydrogen bonded 
form of this latter substance as was observed. 
The absorption of the a-methyl- a-phenylhydra- 
zone derivative on the other hand is much less 
than that of the oxime acetate. This is possibly 
to be associated with the fact that while one of the 
—C6H3OH(R) groups must be syn with respect to

the R2(—NCH3C6H5) substituent of Ri—C = N — 
R2 the other can tend to form a hydrogen bond 
with the a nitrogen atom. The weak absorption 
naturally brings up the question of the limit 
dividing hydrogen bonded from non-hydrogen 
bonded compounds or possible gradations from 
one extreme to the other. The body of experi­
mental evidence is not yet sufficiënt to permit of 
reasonable discussion of this point.

Measurements were made on a number of com­
pounds in which hydrogen bond formation was 
not particularly expected. Among these was 2- 
hydroxybenzonitrile (2-HOC6H4CN) and this 
gave OH absorption as shown in Fig. 2. In this 
eompound the nitrogen atom of the —C==N 
group, note Fig. Ie, is so far from the OH group 
as to make impossible hydrogen bond formation 
within the molecule. Absorptions given by otr 
(m. p. 155°) and ß- (m. p, 106°) benzoinphenyl- 
hydrazones are shown in Fig. 2. These com­
pounds give absorptions near 6600 cm .~1 which is 
to be expected from the presence of NH groups. 
However, additional absorption between 6600 and 
7100 cm.“1 is probably due to the presence of OH 
groups. Results obtained from a- and 0-benzoin- 
oxime acetates1 and from 8-hy droxy quinoline6 
have been published previously. While all these 
compounds show complex absorption which is 
worthy of further analysis, it is sufficiënt for the 
present purpose to point out that they give con­
siderable absorption in the OH region. A hydro­
gen bond to a nitrogen atom forming a five- 
membered ring including hydrogen is possible for 
all these compounds but apparently is not present 
in any of them.

Summary
Presence of hydrogen bonds in a number of 

ortho hydroxy aromatic compounds of the general 
type 2-H OC&H4X==N Y, where X is nitrogen or 
carbon, and Y is carbon, nitrogen or oxygen was 
indicated by absence of infrared absorption 
associated with presence of hydroxyl groups. 
Formation of hydrogen bonds requires the HÖCY 
H4 group to have a trans configuration with 
respect to Y and this is true for the oximes, 
hydrazones, substituted imides and azo com­
pounds that were studied.
W a s h i n g t o n , D. C. R e c e i v e d  J uly 20, 1936



1997Oct., 1936 ‘/3'’-2,3,4,()-Tktkaacetyl-(/-glücosic

[C o n t r ib u t io n  from  t h e  B u r e a u  of Chem istry  and  S o il s , U n it e d  S t a t e s  D e p a r t m e n t  of  A g r ic u l t u r e ]

Concerning 4‘ß”-2,3,4,6-TetraacetyW-glucose

By S. B. Hendricks, 0. R. Wulf and U. Liddel

During a general study öf the absorption of 
organic compounds in the infra-red region of the 
spectrum in progress in this Laboratory, an at­
tempt was made to obtain information about the 
structures of the sugar hydrazones and oximes. 
In the course of this work, which now does not 
hold much of promise, various acetylated hexoses 
and pentoses were prepared. Results of some 
observations, that started in a rather accidental 
manner, on ß-2,3,4,6-tetraacetyl-(f-glücose are 
described below.

Two different 2,3,4,6-tetraacetyl-d-glucoses are 
described in the literature and, in harmony “with 
sugar nomenclature, are designatéd as a and ß. 
The ß-form, as prepared by Fischer and Del­
brück, 1 melted at 117°, but later investigators, 
particularly Georg2,3 using Fischer and Del­
brück’s method of preparation, obtained ma­
terials melting near 135° with somewhat more 
negative optical activities* Georg2 concerned 
himself about these differences, accounting for the 
depressed melting points by presence of alkaline 
impuritiës from the melting point tubes. Actu­
ally more abstruse factors are present and further 
study shows that the differences in properties of 
the various preparations arise from admixture of 
two different molecular forms to which peculiar 
interest attachés because of the nature of their 
mutarotations.

Samples of “ßM-2,3,4,6-tetraaeetyW-glucose 
prepared after the method of Fischer and Del­
brück gave, when crude, melting points between 
118 and 128° and specific optical activities from 
+28 to +  7° in ethyl alcohol. Melting points and 
optical activities were brought into agreement 
with the values found by Georg, m. p. 138°, 
[oj]25d —3.0°, by recrystallization from ether. 
Several samples of this recrystallized material 
(later referred to as Ia) after standing for two 
years had melting points near 120° and positive 
optical rotations. Recrystallization of the altered 
materials from ether changed them back into la. 
Change öf la to this second form (later referred to 
as lb) could also be effected by several days’

(1) Fischer and D elbrück, Ber., 42, 2779 (1909).
(2) Georg, Helv. Chim. Acta,  15, 924 (1932).
(3) N ö te  also H aw orth , Hirst and T eece, J.  Chem. Soc., 1405 

(1930).

heating in carbon tetrachloride or benzene Solu­
tions.

That the explanation for these observations is 
not simply the presence of impurities is best 
shown by the absorptions of the various materials 
in the infra-red region, 6000-7500 cm.-1. Ab­
sorption due to the presence of OH groups is found 
near 7000 cm.-1 4 and since tetraacetylglucose 
contains only one OH group measurements in this 
region are particularly valuäble for characterizing 
its possible molecular forms. According to the 
present technique measurements are made on 
carbon tetrachloride Solutions, preferably about
0.02 molal, since it is undesirable to have RH 
groupings present in the solvent. Samples of the 
two forms of “ß”-2,3,4,6-tetraacetyl-<f-glucose 
gave the molal absorptions shown in Fig. 1, la  
showing two maxima and lb  a single maximum. 
Absorption curves for ee-2,3,4-triacetyl-<i-xylose 
and ß-2,3,4,6-tetraacetyl-d-galactose are also 
shown in Fig. 1 in order that one unfamiliar with 
this type of measurement might have a more 
general basis for evaluating the work.

The specific optical activity of lb in ethyl alco­
hol indicates that it might be a compound5 con­
taining three parts of Ia and one part of a-2,3,4,6- 
tetraacetyLd-glucose. This possibility is not 
supported by the optical activity in chloroform 
and is definitely eliminated by the absorption 
data. I t would not be possible to derive the ab-* 
Sorption curve for lb from any mixture, x la +  yl 
(hypötheticäl), with x = y since then I  (hypo- 
thetical) would have negative absorption values.

That la  and lb are strictly isomorphous is 
shown by the microscopie examination, the iden­
tity of their x-ray powder diffraction patterns, and 
by the fact that the transition in the solid state 
takes place without destruction of single crystals. 
This isomorphism suggests that the geometrical 
shapes öf la  and lb are similar.

Thirteen or more reasonable forms can be 
suggested for the configurations of la  and lb; a  
and ß on the 1 carbon atom, ortho acetate forma­
tion between the OH in the 1-position and the 2- or
3-acetyl group either of which might exist in d

(4) Wulf and Liddel, T h is  J o u r n a l , 57, 1464 (1935).
(5) R . C. H o c k e tt and C. S, Hudson, ibid.,  53, 4454, 4455 (1931).
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Fig. 1.—Molar absorption coefficients (ordinates) of some acetylated sugar derivatives in dilute carbon 

tetrachloride solution against frequency in wave numbers (abscissa).

or l forms, aldehydo and cis and trans isomers. 
Neither Ia nor lb is probably the a  form since it 
would have a considerably more positive optical 
activity.6 Neither form gave the usual aldehyde 
tests nor did they react with diazomethane which 
was tried at the Suggestion of Dr. G. E. Hilbert of 
this Laboratory. It was thought that an ortho 
.acetate would be a sufficiently strong acid to be 
methylated by diazomethane. The presumptive 
conclusion then is that the materials are cis and 
trans ring isomers, the danger being that the 
Chemical tests are not trustworthy.

“ ß ’’-2 ,3,4,6-Tetraacetyl-d-glucose as prepared 
after the method of Weizmann and Haskelberg7 
showed a rather peculiar behavior. The crude 
material was similar in optical activity and melt­
ing point to that prepared according to the 
method of Fischer and Delbrück but many 
recrystallizations from ether did not change it into 
Ia. Large crystals with intermediate melting 
points (125-131°) could be grown from ether 
Solutions and various fractions from these solu-

(6) Schlubach and Wolf, Ber., 62, 1507 (1929), have prepared a 
form of 2,3,4,6-tetraacetyl-d-glucose having [a]o +139.4° (in ethyl 
alcohol) and have designated it as a.

(7) Weizmann and Haskelberg, J. Chem. Soc., 1023 (1935).

tions had the same characteristics. It would 
seem either that some minor impurity difficult to 
separate is present or that an obscure catalyst is 
needed.

Experimental
“/3”-2,3,4,6-Tetraacetyl-d-glucose was prepared from 

acetobromoglucose and moist silver carbonate after the 
method of Fischer and Delbrück save that the acetone was 
evaporated after reaction for a few minutes at 0°. The 
crude residue was immediately washed with ether and re­
crystallized from dry ether; yield 40-60%. Crude crys­
talline materials (m. p.’s 105-120°) upon standing gave 
odors of acetic acid and could not then be recrystallized 
from ether.

A number of methods of purification were tried and some 
of these are indicated schematically below, starting ma­
terials, solvent, number of recrystallizations, and final 
melting points, optical activities, etc., being given: (a)
crude, twice ethyl acetate, m. p. 122-125°, [a]20D +15°  
(1.3% in C2 H 5 OH) calcd. for CuH2oOio: C, 48.25; H, 
5.79. Found: C, 48.33; H, 5.94. (b) crude, twice amyl 
acetate, m. p. 125-128°, twice dry ether, m. p. 136-138°, 
[ol]20d —3° (1.0% in C2 H 5OH); (c) crude, four times 
from dry ether, m. p. 136-138°, twice benzene, m. p. 138-
140°, [<x ]20d  —4.2 ---->• +75° after ten days (1.9%
in C Ä O H ) +18.8° ---->  +78° after ten days (1.7%
in CHCI3 ). Five grams of (c) was dissolved in 10 cc. of 
freshly distilled nitromethane and set aside in the ice box.



Oct., 1936 4 ‘ /3j,-2,3,4,6-Tetraacetyl-c/-glttcose 1999

A single crystal weighing ca. 3 mg. separated during two 
days, m. p. 138°, the mother liquor was concentrated and 
the material was thrown out with ether. The final fraction 
had a melting point of 138°. Acetylation of (b) yielded 
pentaacetyW-glucose melting at 130°, unchanged upon 
mixing with an authentic sample.

Transformation of Material Melting at 138 to 120° 
Form.—Four separate samples of (b) above were set aside 
for two years at the end of which time they had the follow­
ing melting points: (d) 114-118°, (e) 119-120°, (f) 
118-124°, (f') strong odor of acetic acid, material quite 
spongy. Sample (d) was recrystallized twice from ether 
and gave (g) with a melting point of 136-139 °. Five grams 
of (d) kept at 60° in carbon tetrachloride solution for two 
days gave 1.0 g. of material melting at 120-120.5°, [oj]20d
+30° H-------^  (1% in C2H5OH). Five grams of (c)
heated, near the boiling point, for three days with 800 cc. 
of carbon tetrachloride upon concentration to 200 cc. 
gave 1.5 g. of crystals, m. p. 120-122° (h) [cc]20d +32.6 
— >* + 79° after ten days (1.9% in C2H 5OH) +40°  
— >  (1.6% in CHCla). Five grams of (c) refluxed with 50 
cc. of benzene gave (j) about 1.0 g. of crystals, m. p. 
114-117° [a]20D + 36° (1.6% in C Ä O H ) +46°
(1.4% in CHCI3 ). Sirups from (h) and (j) were not brought 
to crystallization upon long standing and repeated addition 
of (c) in 0.5-g. amounts.

Microscopie and X-Ray Examination.—Samples (b) 
and (c) gave well-formed crystals about 2.0 X 0.5 X 0.5 
mm. from ether, with parallel extinction; «d = 1.483, 
YD — 1.495, biaxial positive with large optie axial angle. 
Crystals from (g) and (h) had the same constants but 
differed in habit. Samples (d), (e) and (f) contained only 
crystals similar to (b) and (c) and showed uniform ex­
tinction. X-ray powder diffraction patterns of (j) and
(c) were identical in all details (Cu K radiation).

Attempted Methylation of 138 and 120° Materials.— 
One gram O/ 3 4 0  mole) of (c) was treated in 75 cc. of ether 
solution with 1/ 2s mole of fresh diazomethane. No re­
action was apparent and the yellow color remained after 
five days of standing. The ether was removed and after 
recrystallization 0.7 g. of material melting at 133-136° 
was obtained. One-half gram of (h) (Veso mole) was treated 
in a similar manner in carbon tetrachloride solution without 
evident evolution of nitrogen. After five days the solution 
was evaporated but the residues could not be brought to 
crystallize.

“/3”-2,3,4,6-Tetraacetylglucose after Weizmann and 
Haskelberg.7—Acetobromoglucose (115 g.) was treated 
as directed with sodium nitrite solution. After five days 
the acetone-rich phase was evaporated and a sirup was 
obtained which did not crystallize overnight but from 
which 10 g. of a material melting between 118-123° sepa­
rated after two days' standing with ether. During a

month in the presence of ether and ligroin 15 g. more of 
this material was obtained. These combined samples 
designated as (m) had [ a ] 20D + 14° (1.6% in C2 H 5 OH) 
and + 27° (2.4% in CHC13). The following results were 
obtained when purification was attempted, the number of 
crystallizations and melting points being indicated: 
one carbon tetrachloride (121-124°), two ether (125- 
128°), two hoürs of boiling ether (125-128°), residues 
from mother liquors (125-128°), twenty-four hours of 
boiling in absolute ether (fraction 1 (125-128°) fraction 2 
(125-128°)), three hours of boiling in absolute ether with 
0.1% acetic acid (125-128°), four hours of boiling with 
charcoal in ether (125-131°), absolute ether (128-131°). 
The final materiäl was divided into two parts one of which 
was refluxed for two hours in ether solution with the silver 
carbonate-silver bromide residues from preparation (c) 
(124-131°) and the other was recrystallized from the 
mother liquors of (c) which contained about 10% as much 
of Ia (133-137°).

Infra-red Absorption.—Molal absorptions were
measured for carbon tetrachloride Solutions, usually about 
0.018 molal, that were maintained near 60°. Preparation 
(c) gave the results shown in Fig. 1, the absorption being 
measured about one and one-half hours after preparation 
of the solution, and this slowly changed (at 60°) over a 
three-day period to that having ä single maximum. Quali­
tative absorption data obtained from various samples are 
described below. Crude materials from the preparation 
after the method of Weizmann and Haskelberg gave ab­
sorptions corresponding to about equimolal mixtures of 
Ia and lb, after many recrystallizations from ether the 
results were nearer those obtained for Ia but still indicated 
the presence of lb. Samples prepared after the method of 
Fischer and Delbrück were examined after a single recrys­
tallization from ether and were found to be quite pure Ia. 
A sample of Ia after standing for two years gave the absorp­
tion of lb and after recrystallization from ether that of Ia.

We are indebted to Dr. R. T. Milner and Mrs. 
M. S. Sherman for the various microanalyses.

Summary
“i3,,-2,3,4,6-TetraacetyW-glucose can be sepa­

rated into two different molecular forms having 
different optical activities, spectral absorptions 
and melting points. The form having the higher 
melting point usually can be obtained by recrys­
tallization from ether. Upon standing for a long 
time in the solid state it changes to the second 
form through a complete series of solid Solutions. 
W a sh in g t o n , D. C. R e c e iv e d  A u g u st  13, 1936
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Single Bond Energies* IV* The Vapor Pressure of Hexaphenylethane

B y G. R. Cüthbertson  and  H. E. B en t

The first three papers of this séries1 present 
data on the heat of oxidation and hydrogenation 
of certain organic free radicals. From these 
data conclusions are drawn regarding the strength 
of the C-C bond in the substituted ethane which 
gives rise to a free radical oil dissociating.2 If 
one makes certain assumptions regarding the 
strength of single bonds, one can calculate the 
effect of steric hindrance in the substituted ethane, 
which shows up as an increased heat of oxidation 
or hydrogenation. Without making any assümp- 
tions regarding the absolute values for single bond 
energies, one can compare various substituted 
ethanes and determine the relative significancë 
óf steric hindrance in passing from one to än- 
óther. Finally one can estimate the significanée 
of resonance energy in each case in promoting 
dissociation.

The above study led to the conclusion that both 
steric hindrance aftd resonance are very important 
factors in describing the behavior of free radicals. 
Furthermore these two factors may vary in pass­
ing from one free radical to another in such a way 
as largely to cancel each other and therefore give 
no evidence of their importance in a determination 
of the degree of dissociation alone.

The results heretofore reported have been ob­
tained by a stüdy óf reactions involving Solutions 
only. In order to draw conclusions free from un­
certainty introduced by the presence of solvent, 
we determined to carry out experiments which 
would enable us to calculate the heat of oxidation 
and hydrogenation in the vapor state. Pre­
sumably these experiments. would also give an 
ansWer to the time-honored question of the im­
portance of the solvent in the whole phenómeftón 
of the existence of free radicals. The experi­
ments of Ziegler and Ewald3 make it seem very 
probable that the solvent is not of prime impor­
tance since the free energy and the heat of disso­
ciation are not greatly affected by a change in 
solvent. Nevertheless, a direct determination 
of the importance of the solvent is greatly to be 
desired.

(1) Bent, et al., T h is  J o u r n a l , 58, 165, 170, 1624 (1936).
(2) See also, ibid., 57, 1245 (1935); Pauling and Wheland J. Client.

Phvs., 1, 362 (1933).
(3) Ziegler and Ewald, Ann., 473, 163 (1929).

The problem of determining the vapor pressure 
óf a fréë radical is not easy. The instability of 
the eompound precludes the possibility of work­
ing at elevated temperatures and the extremely 
low vapor pressure of even the simplest free radi­
cal at ordinary temperatures eliminates most 
methods of study. We have chosen a quartz 
fiber gage. Coolidge has greatly improved the 
design of this gage and has suggested its use in 
such problems as the one in hand.4 From the 
Vapor pressure curve can be calculated the heat 
of Sublimation of héxaphènylethane. Similar 
measurements on triphenylmethane and on the 
peroxide formed in the oxidation of hexaphenyl­
ethane then give data which can be combined with 
the values obtained for the heat of hydrogenation 
and oxidation of hexaphenylethane in solution. 
We have already reported data on the heats of 
solution and therefore have a method for calcu­
lating the heat of hydrogenation and óf oxidation 
in the vapor phase. From these data we may 
discover the effect of the solvent on the heat of 
the reaction and can estimate the effect on the 
free energy of dissociation.

As Coolidge has pointed out, it is not possible 
tö determine with the quartz fiber gage the itió- 
lecular weight of a vapor, some independent means 
of meäsuring the pressure being necessary for 
this purpose. It seemed barely possible, however, 
that a temperature and concentration might be 
available at Which dissociation of the ethane was 
incomplete and the temperature dependence of the 
pressure would then give the second desired rela­
tion necessary for a determination of the molecu­
lar weight. This did not prove to be the case and 
We were therefore forced to devise additional ex­
periments In order to solve this part of the Prob­
lem. The most convenient determination seemed 
to be that of the vapor density. Unfortunately 
this part of the work is incomplete at the present 
time. Since the work has been temporariiy in- 
terrupted it seems best to report progress to date.

Materials
The hexaphenylethane was part of the material used in 

the work reported in the first two papers of this series. 
The determination of the purity of the material by means

(4) Coolidge, T h is  J o u r n a l , 45, 1637 (1923).
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of oxygen absorption indicated that any impurity was 
probably not more than 1%, The sample of triphenyl­
methyl peroxide was also prepared in connection with the 
oxidation of hexaphenylethane and was purified by re­
crystallization. The sample of triphenylmethane, after 
crystallization, melted at 92.1 =*= 0.1°.

Experimental Procedure
The quartz fiber gage is of the type described and de­

veloped by Coolidge.4 In order to simplify the calculations 
the fibers were made rather long (about 15 cm.) and small 
in diameter. The loss of energy in the fiber thus becomes 
so small as to be entirely negligible. When the gage is 
highly evacuated, many hours are required for the ampli­
tude to die down to one-half while in the course of ordinary 
measurements the time required is from twenty to one 
hundred seconds. This justifies the neglect of the energy 
dissipated in the fiber.

The gage was calibrated by meäsuring the pressure of 
nitrogen with the quartz fiber gage and a McLeod gage. 
As a second method it was calibrated by meäsuring the 
pressure of mercury at various temperatures. The latter 
method agrees quite well with the former and has been 
used to calculate the constant “b” in the equation 
log p  =* log In-Ai/A* — log b +  1/ 2 log T — 1/ 2 log M  — logt
in which p  is the pressure expressed in millimeters of mer­
cury, A t and A2 are the amplitudes of the fiber, usually 
being about 10 and 5 mm., respectively. b is a constant 
characteristic of the fiber, M  is the molecular weight, T 
is the absolute temperature and t is the time required for 
the fiber to die down from Ai to A2. The following table 
will indicate the reliability of the gage, the value of log b 
being 0.665. The values for the vapor pressure of mer­
cury are calculated by the formula6

log p  = 8.99393 -  3250/T  -  0.30 log T -  0.00018 T 
in which p is expressed in millimeters.

T a b l e  I
T h e  V a p o r  P r e s s u r e  o f  M e r c u r y

^-----------P re s su re , m m .------------„
T e m p ., °C . F o u n d C alcd .

16.8 0.00097 0.00099
29.8 .00291 .00294
40.8 .00781 .00789
49.0 .0127 .0124
52.2 .0158 .0156
52.4 .0160 .0158

At the beginning of a run the gage and tube in which the 
sample is to be placed are baked at 400 ° for several hours 
while evacuating the apparatus to a pressure of 10 “5 mm. 
The apparatus is then allowed to cool and the capsule 
containing the triphenylmethane broken and allowed to 
drop down into the apparatus. The tube containing the 
capsule and magnetic hammer is sealed off and the tri­
phenylmethane twice sublimed to different parts of the 
tube with intermittent pumping to remove gases which 
might be liberated. In making a measurement the system 
is pumped, using a liquid air trap, to remove any foreign 
gas and then the system shut off from the pump and trap 
by means of a magnetically controlled ground-glass

CS) C .A ., 28, 4935 (1934).

stopper. The fiber is set oscillating by means of a slight 
impulse given to the furnace in time with the natural fre­
quency of the fiber. A micrometer eyepiece on a tele- 
scope serves to give any convenient change in amplitude, 
the time required for this change being noted with a stop 
watch. After taking a reading the system is again pumped 
at the same temperature and the pressure again deter­
mined.

The thermostat is an electrically heated air-bath with 
Windows of thin mica and a blower within the thermostat 
to circulate the air. The reasons for choosing an air ther­
mostat (which of course cannot be regulated easily with 
high precision) are to allow high temperatures for baking 
the apparatus, to avoid parallax in reading the gage, and 
to be able to change the temperature rapidly in the case 
of hexaphenylethane in order to avoid decomposition as 
much as possible.

In the case of hexaphenylethane and the peroxide it was 
not possible to sublime the material without undue de­
composition. Probably some of the earlier determinations 
are in error on account of foreign gas. However, the 
final runs which are here reported indicate that the method 
of pumping just before each determination gave repro­
ducible results which could be repeated with either a rising 
or falling temperature.

As was to be expected, decomposition took place with 
both the ethane and the peroxide. We therefore made 
careful measurements of the pressure over a period of time 
sufficiently long to enable us to extrapolate back to zero 
time for the true pressure. Fortunately the rate of de­
composition is less than the rate of evaporation or this 
procedure would not have been possible. The pressure 
turns out to vary nearly as a linear function of the time 
so that it is possible to take the time required for the fiber 
to decrease in amplitude by a given amount as an accurate 
measure of the pressure at the mid-point of this time inter­
val. This may readily be justified as follows. If we as­
sume that the pressure is a linear function of the time and 
is represented by the expression

p = a +  ßt
we can substitute this in the expression given for the gage4 
to give

AA/A&t = a +b V M  (a +  ßt)
Neglecting the constant ‘V ’ which we have shown to be 
justified for this gage we have on integration

1/tln A/Ao = b VM  (<* +  ßt/2)
which enables one to solve for the quantity in parentheses, 
namely, the pressure at a time half-way between the initial 
and the final time for the gage reading. These values for 
the pressure, when plotted against the total time, since 
the apparatus was closed from the pump, give a smooth 
curve which can be extrapolated back to zero time to give 
the pressure which would be obtained if no decomposition 
had taken place. The error introduced by this extrapo­
lation is probably of the order of 10% in the pressure.

Discussion of Experimental Results
The experimental values for the pressure are 

given with the values calculated from the follow­
ing equations. For triphenylmethane the pres-



2002 G. R. Cuthbertson and H. Ê. Bent Vol. 58

sures can be expressed by the equation log p = 
— 5260JT  +  12.72, which gives a value for AH 
of 24.1 =*= 1.0 kcal. For hexaphenylethane the 
equation is log p  = —5987/T  +  12.85, giving a 
value for AH  of Sublimation of 27.4 =*= 1.5 kcal. 
For triphenylmethyl peroxide the equation is 
log p = —8259/F +  16.98 and the value for AH 
is 37.8 =*= 1.5 kcal.

T a b l e  I I

V a po r  P r e s s u r e  of  T r ip h e n y l m e t h a n e , H e x a ph e n y l

ETHANE AND TRIPHENYLMETHYL PEROXIDE
Pressure, mm.

Temp., °C. Found
Triphenylmethane

Calcd. by eq.

26.5 0.000026* 0.0000148
46.0 .000181 .000174
46.5 .000199 .000186
46.6 .000201 .000188
59.35 .000773 .000796
60.8 .000980 .000937
75.2 .00444 .000420
75.6 .00459 .00436
87.6 .0123 .0139
90.5 .0146 .0181

Hexaphenylethane, Run 1
75.4 0.0000541 0.0000479
76.5 .0000633 .0000537
90.6 .000253 .000246

106.0 .001053 .001150
106.2 .001038 .001180
120.8 .00419 

Run 2
.00447

92.7 .000283 .000309
93.6 .000306 .000339

105.8 .000997 .00112
106.0 .000935 .00115
76.8 .0000464 .0000550

1 2 1 .8 .00512 .00490
Triphenylmethyl peroxide

119.8 0.000125 0.000091
129.3 .00038 .00029
129.8 .00029 .00031
140.3 .00122 .00102
140.4 .00077 .00102
151.4 .0044 .0034
161.0 .0089 .0091

a The experimental values at low pressures may be 
brought into agreement with those calculated from the 
equation by assuming the presence of foreign gas to the 
extent of about 10 ~s mm.

We may now combine these values with those 
previously reported for the heat of oxidation and 
hydrogenation of solid hexaphenylethane to give 
solid product. We thus obtain a value for the 
heat of hydrogenation of gaseous hexaphenyl­
ethane of —19.7 kcal. and of oxidation of gaseous 
hexaphenylethane of —35.1 kcal. We may com­

pare these values with the values to be predicted 
from single bond energies and thermal data of 
—8 and —4 kcal. The fact that the energy 
change for the reaction in the gaseous phase is so 
much more negative than that predicted, we 
take to be an indication of the steric hindrance in 
the molecule. The weakening of the C-C bond 
is therefore inferred to be equivalent to 12 kcal. if 
we consider the reaction of hydrogenation and 31 
kcal. if we consider the oxidation. The agree­
ment between these two figures is not satisfaetory 
but at present we have no explanation.

The measurements on the rate of decomposition 
shed some light on the nature of this reaction. 
The reaction appears to be a unimolecular reac­
tion with zero heat of activation, one of the prod­
ucts of the reaction being triphenylmethane. 
The rate of decomposition, as measured by the 
increase in pressure while the gage was open to the 
sample but closed from the pump, varied from 
1-5 X 10 ~3. However, as the concentration was 
varied by a factor of 200 and the temperature by 
45° the Variation in rate probably is not signi­
ficant. Furthermore, the Variation in rate was 
little more than the Variation obtained in succes­
sive runs at a given temperature and when 
plotted gave no indication of a Variation de- 
pendent upon the temperature. The product of 
the reaction was identified by a mixed melting 
point as triphenylmethane. Other products are 
also formed of high molecular weight and having 
a yellow color.

The rate of decomposition of the peroxide ap­
peared to be much more reproducible and in fact 
a plot of the log of the rate constants against the 
reciprocal of the absolute temperature permits 
one to draw a smooth curve through the points. 
However, the curve has a maximum at about 140° 
and therefore we attach little significance to these 
data. The activation energy for the decomposi­
tion as determined from the lower part of the 
curve is roughly 30 kcal.

The data on the heat of vaporization of tri­
phenylmethane and hexaphenylethane give a 
pretty conclusive answer to the question of disso­
ciation in the vapor phase. The value for tri­
phenylmethane is 24.1 and for hexaphenylethane 
is 27.4. We would expect the latter eompound 
to have a greater heat of vaporization on account 
of its greater molecular weight. The most prob­
able explanation of these figures is that hexa­
phenylethane is not dissociated in the vapor state
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and that the value 27.4 represents the true heat of 
vaporization of hexaphenylethane. The possi­
bility of dissociation being negligible at the lower 
temperatures but becoming important at higher 
temperatures is ruled out on account of the 
straight line obtained by plotting log p against 
l/T .  Dissociation would increase the pressure, 
the partial pressure of the undissociated material 
being that given by the Sublimation pressure of the 
ethane at that temperature. Hence the curve 
would be convex toward the temperature axis. 
Almost complete dissociation of the ethane at all 
temperatures reported in this work would give a 
straight line plot but seems very improbable for 
two reasons. In the first place the total pressure 
would have to be the Sublimation pressure of the 
ethane plus the pressure of the free radical. If 
the ethane were practically completely disso- 
ciated, this would lead to a total pressure of per­
haps 100-1000 times that of the ethane, since the 
solid ethane would have to be in equilibrium with 
its vapor. This is not compatible with the ob­
served pressure which is only 1/100 of that of 
triphenylmethane at about 90°. Furthermore, 
the slope of the curve would give in this case half 
the heat of dissociation plus half the heat of Subli­
mation of the ethane. If we were to assume 10 
kcal. for dissociation, this would lead to 50 kcal.

for Sublimation, which seems unreasonably large 
when compared with the value of 24.1 for tri­
phenylmethane. The fact that hexaphenyl­
ethane has twice the molecular weight of tri­
phenylmethane would not lead to doubling the 
heat of Sublimation, as an increase of only 50% 
is observed in going from triphenylmethane to 
the peroxide.

If we assume that the dissociation is less than 
10% at the lowest temperature, we can calculate 
that AF must be at least +  15 kcal., expressing 
concentrations. in atmospheres. If there is an 
increase in entropy on dissociation, as seems very 
probable, the value for AH  of dissociation in the 
vapor state may be considerably more than 15 kcal.

Summary
1. The vapor pressures of triphenylmethane, 

hexaphenylethane and triphenylmethyl peroxide 
have been measured by means of a quartz fiber 
gage.

2. The values calculated for the heat of va­
porization of these compounds indicate that the 
C-C bond in hexaphenylethane in the vapor state 
is weaker than a normal C-C bond. The heat of 
dissociation, however, is probably greater than 
that found for hexaphenylethane in solution. 
Cambridge, Massachusetts R eceived July 22, 1936

[Contribution from the Chemical and Oceanographic Laboratories of the U niversity of Washington]

Equilibria in the Saturated Solutions of Salts Occurring in Sea Water. II. The 
Quaternary System MgCl2-CaCl2-KCl-H20  at 0°

By Iver Igelsrud with Thomas G. Thompson

No data on the quaternary system MgCl2-  
CaCl2-KCl-H20  occur in the literature. This 
system is of importance in the study and utiliza- 
tion of the secondary salts in natural deposits 
originating from sea water. Data at lower tem­
peratures are important to an adequate under- 
standing of the geologica! processes to which the 
natural salts and their Solutions are subject dur­
ing cold winter periods.

A survey of the literature on the bounding ter­
nary systems, together with data for their 0° iso­
therms, has been given in a previous paper.1 
The experimental procedure, the methods of puri-

(1) Iver Igelsrud and T, G, Thompson, T h is  J o urn al , 58, 318 
(1936).

fication of the salts, and the methods of Chemical 
analysis used in the study of the quaternary iso­
therm were the same as for the ternary systems. 
Samples of the saturated Solutions and solid phases 
in equilibrium were taken for Chemical analysis as 
described. The time found sufficiënt for the at­
tainment of equilibrium in the quaternary system  
was from twelve to fifteen hours as compared with 
eight to ten hours for the ternary Solutions.

The results of the Chemical analyses for Solu­
tions and residues are given in Table I. The 
data for the saturated Solutions are depicted 
graphically in Figs. 1, 2 and 3. Figures 4 and 5 
illustrate the methods used for the identification of 
the solid phases.
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T able  I
T h e  Q u a te r n a r y  S ystem  MgCl2-CaCl2-KCl-H20  at  0°

Point Solution weight. % Residue weight, % Solution mol., %
or line MgCk CaCl2 KCl MgCh CaCI2 KCl MgCh CaGU K2CI2 Solid phases

E 37.27 1.96 9.02 0.35 CaCl2'6H20  -F KCl
EI 1.33 35.53 1.93 0.37 8.55 .35 CaCl2*6H20  4- KCl

1.64 35.10 1.91 1 57 36.56 5.73 0.46 8.43 .34 CaCl2*6H20  +  KCl
2.53 34.62 1 .8 8 .71 8.35 .34 CaCl2*6H20  +  KCl
2.62 34.21 1 .8 6 .73 8 .2 2 .33 CaCl2-6H20  +  KCl
2 .6 8 34.70 1 .8 6 .76 8.39 .34 CaCl2*6H20  +  KCl
2.98 33.84 1.82 .83 8 .1 2 .33 CaCl2*6H20  +  KCl

I 3.27 33.52 1.85 .92 8.04 .33 CaCl2*6H20  +  KCl +  carnallite
3.34 33.26 1.85 .93 7.96 .33 CaCl2*6H20  +  KCl +  carnallite

Mean
3.30

(3.30
33.40
33.39

1.92
1.87)

8 96 2 5 .5 5 16.15 .92 
( .92

8.01
8.01

.34

.33)
CaCl2*6H20  +  KCl +  carnallite

IF 6.55 27.66 2 .0 2 12 20 18.43 18.66 1.78 6 .4 4 .35 KCl +  carnallite
10.37 21.13 2 .1 0 14 56 12.89 21.91 2.72 4 .7 6 .35 KCl +  carnallite
14.19 16.05 2.13 16 24 10.33 22.30 3.67 3.56 .35 KCl +  carnallite
15.32 14.55 2.15 3.94 3.21 .35 KCl +  carnallite
19.17 9.33 2.15 4.85 2.03 .35 KCl +  carnallite
20.54 7.65 2.15 21 36 4.74 19.85 5.18 1.65 .35 KCl +  carnallite

F 26.78 2.13 6.63 .34 KCl +  carnallite
IH 3.68 32.99 1 .8 8 5 18 32.25 10.49 1.03 7.91 .34 CaCl2-6H20  +  carnallite

8.13 28.75 0.59 2.24 6.78 .105 CaCl2-6H20  +  carnallite
11.77 25.33 .32 3.23 5.96 .055 CaCl2*6H20  +  carnallite
23.77 13.99 .031 20 14 20.18 5.27 6.52 3.29 .0055 CaCl2*6H20  +  carnallite

H 23.95 14.08 .032 23 21 17.46 4.50 6.59 3.32 .0055 CaCl2-6H20  +  carnallite -j- MgCl2-
23.91 13.99 .027 21 78 19.24 3.30 6.57 3.30 .0047 CaCl2*6H20  +  carnallite +  MgCD
24.05 

Mean (23.97
14.05
14.04

.050

.036)
6.62

(6.59
3.32
3.31

.0089

.0064)
CaCl2*6H20  +  carnallite +  MgCl2-

HG 29.30 6.96 .021 7.88 1.61 .0036 MgCl2*6H20  -f- carnallite
29.29 6.79 .036 7.86 1.56 .0061 MgCl2-6H20  +  carnallite

G 34.68 .024 9.13 .0040 MgCl2*6H20  +  carnallite
HD 23.88 14.01 .019 21 21 20.45 0.001 6.56 3.30 .0034 MgCl2-6H20  +  CaCl2.6H20

D 23.94 14.00 6.58 3.30 MgCl2*6H20  +  CaCl2.6H20

The Quaternary Isotherm.—-The quaternary the usual manner. Projections of the quater
isotherm requires a three-dimensional coördinate 
System for a complete representation of the com- 
positions of the saturated Solutions. It is sche- 
matically so represented in the conventional 
regulär tetrahedron in Fig. 1. The usefulness of 
this figure is impaired because it is impossible to 
represent a three-dimensional figure on a flat sheet 
of paper in a manner so that quantitative measure­
ments may be made upon it. I t  is necessary, 
therefore, to resort to projections. The most sim­
ple method of projection of the tetrahedral figure 
is that suggested by Schreinemakërs.2 One of 
the vertices, the H20  vertex, is made the origin of 
a coördinate system. The three edges radiating 
from this vertex and making angles of 60° with 
one another, are the magnesium, calcium and po­
tassium Chloride axes. The three planes deter­
mined by the three pairs of axes are the coördi­
nate planes of the System. In the coördinate 
planes are represented the ternary equilibria in

m  A. H. Schreinemakers, Z, physik. Chem., §9, 641 (1907)»

equilibria upon the coördinate planes are made 
parallel to the axes. For example, a quaternary 
point representing 30% MgCl2, 15% CaCl2, 2% 
KCl, and (100 “ 30 — 15 — 2)% H20  projected 
parallel to the CaCl2-axis appears on the MgCl2-  
H20-KC1 plane at 30% MgCl2 and 2% KCl; 
projected parallel to the MgCl2-axis, it appears on 
the CaCl2-H 20-KCl plane at 15% CaCl2 and 2% 
KCl. Two of the three possible projections are 
sufficiënt to determine the point completely.

Figures 2 and 3 present, in this way, the com­
plete data for the saturated Solutions of the qua- 
ternary isotherm. The space figure has been pro­
jected upon the two planes MgCl2-H20-KCl and 
CaCl2-H 20-KCl. Because some of the Satura­
tion surfaces, notably that of MgCl2*6H20, are 
small it was necessary for the sake of cleamess to 
make the scale on the KCl-axis three times as 
great as on the other two axes.

The most striking feature of this system is the 
smallness of the area representing Solutions satu-
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rated for MgCl2*6H20. The same characteristic 
of magnesium chloride Solutions is noted: in the 
quaternary system that was found in the temary 
system, namely, that carnallite is almost wholly 
insoluble in Solutions saturated for MgCl2*6H20. 
Calcium chloride Solutions dissolve, relatively, 
more carnallite.

h 2o

Fig. 1.-—The System MgCh-CaCb-KCl-B^O at 0°. Only 
the upper portion of the tetrahedron is shown.

The Saturation surface for CaCh-öH^O is also 
small but not so small as that for MgCVöH^Q. 
The chief reason for the larger area is undoubtedly 
the fact that calcium and potassium chlorides, at 
this temperature, form no hydrated double salt 
similar to carnallite. Menge,3 working with the 
fused salts, obtained an anhydrous calcium car­
nallite, CaCl2-KCl, which melted at 754° and 
formed eutectics at 641 and 597°.

The solubility of potassium chloride in Solutions 
saturated for CaCl2-6H20  is but slightly less than 
in Solutions saturated for carnallite. In going 
from F to I along the KCl-carnallite curve, the 
solubility drops only about 0.3%. The effect of 
the addition of calcium chloride to carnallite Solu­
tions on this curve is, however, quite marked. 
In proceeding along FI the magnesium chloride

(3) O. Menge, Z. anorg. Chem., 72, 162 (1911).

in solution is exchanged for calcium chloride and 
precipitates as carnallite. As shown by the data 
in Table I, the magnesium chloride content is de­
creased from 26.7% at F to 3.3% at I by succes­
sive additions of calcium chloride. When the 
magnesium chloride content of the solution falls 
below 3.3% or the calcium chloride content rises 
above 33.4%, cärnallite cannot exist as a solid 
phase and KC1 and CaCl2-6H20  become the only 
two possible solid phases.

Fig. 2.—The quaternary isotherm projected upon the 
plane MgCl2-H 20-KCl.

In discussing the system MgCl2-KCl-H20 ,1 it 
was remarked that all Solutions saturated for 
carnallite were incongruently saturated. The 
same may be said of all saturated carnallite Solu­
tions in the quaternary system. The ratio of 
potassium chloride to magnesium chloride, by 
weight, in carnallite is the ratio of their molecular 
weights, 74,56/95.23 = 0.783. All points on the 
curve FI which borders on the carnallite Satura­
tion surface, have lower ratios than this. The 
point I thus represents an incongruently saturated 
solution in equilibrium, in the presence of an ex-
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cess of solid potassium chloride, with the three 
solid phases CaCl2*6H20, KCl and carnallite. 
The point H, on the other hand, represents a con- 
gruently saturated solution in equilibrium with 
CaCl2‘6H20, carnallite and MgCl2-6H20. The 
composition of the solution at I is 3.30% MgCl2, 
33.39% CaCl2 and 1.87% KCl; the composition 
of that at H is 23.97% MgCl2, 14.04% CaCl2 and
0.035% KCl.

Weight % CaCl2.
Fig. 3.—The quaternary isotherm projected upon the plane 

CaCl2-H 20-KCl.

A point of interest in connection with this iso­
therm is the water content of some of the Solu­
tions. At the monovariant point of the 0° iso­
therm of the System CaCl2-K Cl-H 20, the per­
centage of water was 60.77.1 At I, it is 61.44 and 
at H, 61.95. From the motion observed along the 
curves, on successive additions of the fourth com­
ponent, during the experimental work, the point H 
appeared to be the isothermal drying-up point of 
the Solutions. This anomaly disappears when the 
percentages are computed on a molecular basis. 
The molecular percentages of water are 90.63, 
90.74 and 90.09, respectively. The difference be­

tween the values for the first two points, 0.11%, is 
of no significance since it lies within the experi­
mental error of the analytical determinations.

The Quaternary Solid Phases.—The Schreine­
makers residue method, since originally published 
in 1893, has been widely used for the identifica­
tion of unknown phases in ternary systems. 
This method was later extended by the discoverer2 
to quaternary systems, but this extension has re­
ceived no notice in the more common treatises on 
phase rule methods. It was used in the present 
investigation and, since it is a valuable tool, its 
application is described somewhat in detail.

In applying it to a quaternary system, it need 
only be remembered that where the single solid 
phase occurs along a Saturation curve in the ter­
nary system, it occurs on a Saturation surface in 
the quaternary system. If the compositions of 
two or more saturated Solutions of this surface 
and the compositions of the corresponding residue 
samples are determined, conjugation lines are ob­
tained which intersect at the point representing 
the composition of the unknown phase. The 
method may be used also to show the simultaneous 
presence of two or more solid phases in contact 
with a saturated solution. This is of great con- 
venience in experimental work because it fumishes 
an absolute check on the phases present and elimi- 
nates much uncertainty when working with com­
plicated systems.

In the three component system CaCl2-KCl- 
H20, Fig. 4, for example, a series of conjugation 
lines, EE', EE" and E E '", determined by the 
residue method, radiate from the point E which 
represents Saturation for the two salts CaCl2*6H20 
and KCl. The points on any one of these lines 
represent mixtures of the saturated solution with 
various amounts of the two coexisting solid phases* 
Each of these lines, since it lies in the same plane, 
intersects the line joining the points corresponding 
to the compositions of the two salts CaCl2-6H20  
and KCl and thus shows the presence of both of 
these solid phases. Now consider this system and 
its relation to the four-component system. If 
a small amount of magnesium chloride be added 
to the solution, the resultant solution has a com­
position represented by a point on the quaternary 
line EI. But the solid phases are still KCl and 
CaCl2*6H20. If the composition of the residue 
sample is represented by the point a', the conju­
gation line aa' ümst intersect the line KCl-CaCl2*- 
6H20  in the point a " ê
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MgCl;

MgCl2

If enough magnesium chloride is added so that 
the composition of the solution becomes that at 
the point I, a third solid phase, carnallite, sepa­
rates. Because carnallite contains magnesium 
chloride, the composition of the mixture of solid 
phases can now no longer have a value lying on the 
line KCl-CaCl2-6H20. While the composition of 
a mixture of three substances cannot be 
represented on a straight line, it can be 
represented in a triangle each of whose 
vertices corresponds to 100% of one of 
the substances. In the present case, the 
triangle KCl-carnallite--CaCl2-6H20  is 
the one required. The appearance of 
carnallite shifts the foot of the conjuga­
tion line to I "  for a residue sample whose 
composition corresponds to I ' and to K' 
for one whose composition corresponds 
to K.

In order to show the simultaneous 
presence of two or more solid phases in a 
four-component system, it is thus only 
necessary to find the point of intersec­
tion of a given conjugate line with the 
plane determined by the three phases 
concerned. If the intersection falls in 
the interior of the triangle determined 
by# the three solid phases, it shows that 
all three are present; if it falls on the 
edge of the triangle, that is, on a line 
joining the points representing the com­
positions of two solid phases, it shows 
that the two phases determining this 
line are present and that the third phase 
is absent.

The intersection of a conjugation line with a 
plane may be found either analytically or graphi- 
cally. The analytical problem is equivalent to 
finding the point of intersection of three planes, 
two of which pass through the conjugation line. 
This is done by solving the equations of the three 
planes simultaneously for the coördinates, or per­
centages of the three salts, at the point of inter­
section. The analytical method has, as far as is 
known to the authors, never been described in the 
Chemical literature.

The analytical process will be illustrated by 
finding the point of intersection of the plane KC1- 
camallite-CaCl2-6H20  with the conjugation line 
from the point I in Fig. 4. The necessary data 
are taken from Table I. The saturated solution 
contains 1.92% KC1, 33.40% CaClg and 3.30%

MgCl2 and the residue sample 16.15% KC1, 
25.55% CaCl2 and 8.96% MgCl2. These values 
fumish two points. Since three points determine 
a plane, two more are needed, one for each of the 
two planes through the conjugation line. The 
points representing pure KC1 and pure CaCl2-  
6H20  are convenient. The amounts of the three

h 2o

CaCl2-6H20

CaCl2

Fig. 4 -
K C 1

•Diagram illustrating the method for determining the simul­
taneous presence of two and of three solid phases.

salts in KC1 are 100% KC1, 0% CaCl2 and 0% 
MgCl2 and in CaCl2-6H20  are 0% KC1, 50.64% 
CaCl2 and 0% MgCl2. The equation of the 
plane through the conjugation line and the KC1 
corner of the tetrahedron, in determinant form, is 
then

=  0

where x =  % KC1, y  =  % CaCl2 and z =  
% MgCl2. Upon expanding this determinant, 
there is obtained the equivalent equation 

x +  2.801y- + -1.371* -  100 -  0.
The equation of the plane through the conjuga­
tion line and the point representing CaClröBkO, 
obtained in a similar manner, is

X y z 1
100 0 0 1
1.92 33.40 3.30 1

16.15 25.55 8.96 1
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x -  0.5036? -  3.213g +  25.50 = 0.
That through the points representing all three 
solid phases is

x +  1.975? +  2.135g -  100 = 0.
Solving the three equations simultaneously there 
are obtained as the coördinates of the point of in­
tersection,!"

x = 35.0% KCl 
y =  15.2% CaCl2 
z -  16.4% MgCl2

The projections of the point I "  have been plotted 
in Fig. 5 as e and e'. It lies well within the tri­
angle determined by the three solid phases.

The points of intersection, with their proper 
planes, of the remaining conjugation lines, for 
which analytical values are given in Table I, were 
obtained by similar procedures.

KCl

Fig. 5.—Method for determining the solid phases by 
projection of the conjugation lines upon the sides of the 
tetrahedron.

I t  usually involves less labor to obtain the points 
of intersection graphically as done by Schreine­
makers. The points determined by Chemical 
analysis are projected upon two sides of the tetra­
hedron taken as coördinate planes. The pro­
jections of the conjugation line for each solution 
and residue are drawn through the proper points 
and intersection with the plane determined by 
the three solid phases found by the methods of 
ordinary descriptive geometry.

The graphical method is illustrated to scale in 
Fig. 5 for the point I and for the line FI of Fig. 4. 
At I the solid phases are supposed to be KCl, 
carnallite and CaCl2*6H20  and on FI, carnallite and 
KCl. If the data used in illustrating the analyti­
cal method are plotted, the two projections of the 
point I are J and J ' and of the point correspond­
ing to the composition of the residue, a and a'. 
The two projections of the conjugation line are 
thus Ja and J 'a '. The line J 'a ' is extended to 
meet the line KCl-carnallite in b ' and its projec­
tion in the KCl-axis in c'. From b', the line 
b 'd ' is drawn parallel to the MgCh-axis and from 
c', the line c'd parallel to the CaCl2-axis. If now 
d is joined to d', the line dd' cuts the line Ja in one 
projection, e, of the point of intersection sought. 
The other projection is found as indicated in Fig. 
5 at e'. Since e and e' lie well within the respec­
tive projections of the triangle KCl-carnallite- 
CaCl2*6H20, it is shown that all three of these 
phases are in contact with the solution at I. It is 
to be noted that the point found graphically coin- 
cides with the point previously found analytically.

The intersection for a conjugation line originat- 
ing on the line FI, along which two solid phases 
exist, is obtained even more simply. On FI the 
composition of a solution was 10.37% MgCl2, 
21.13% CaCl2 and 2.10% KCl and of the corre­
sponding residue sample 14.56% MgCl2, 12.80% 
CaCl2 and 21.91% KCl. The projections of the 
point for the solution are f and f' and for the resi­
due g and g'. The projections of the conjugation 
line are the lines fg and f'g'. The line f'g ' is ex­
tended to meet the line carnallite-KCl in h ' and 
the line fg to meet its projection in the KCl-axis 
in h. But h is the projection in the KCl-axis of 
the point h'. This is readily seen because the 
line hh' lies parallel to the MgCl2-axis. The con­
jugation line thus meets the line KCl-carnallite 
and shows the presence of both of these solid 
phases and absence of the third phase CaCl2*6H20.

The application of the Schreinemakers method 
of residues to other systems whose phases, in addi­
tion to the vapor phase, are all liquids, all solids, 
or combinations of liquids and solids, differs only 
in the details of application. It may further be ex­
tended, although it never has been, to systems 
containing metathetical elements. A quaternary 
isotherm of this type is commonly represented in a 
regulär pyramid with a square base. If the diago­
nal planes of this pyramid are made the projection 
planes, the foregoing methods are readily applied.
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Summary
1. The isotherm for the quaternary system 

MgCl2-CaCl2-KCl-H20  has been determined at 0°.
2. The solid phases occurring in the quater­

nary isotherm are KC1, MgCl2‘6H20, CaCl2*6H20  
and the double-salt hydrate carnallite, MgCl2- 
KC1*6H20.

3. The isotherm at 0° is characterized by the 
extreme insolubility of potassium chloride and of 
carnallite in Solutions saturated for magnesium 
chloride. This was noted previously1 in studying 
the 0° isotherm of the system MgCl2-KCl-H20. 
Both potassium chloride and carnallite are more 
soluble, within a restricted concentration range,

2009

in magnesium chloride Solutions containing cal­
cium chloride. Carnallite, however, cannot exist 
at 0° in contact with Solutions containing less 
than 3.3% magnesium chloride or more than 
33.4% calcium chloride.

4. All quaternary Solutions saturated for car­
nallite are incongruently saturated.

5. Schreinemakers, method of residues was 
used for identification of the solid phases in this 
isotherm.

6. A method is suggested for extending the 
method of residues to quaternary systems con­
taining metathetical components.
S e a t t l e , W a sh in g t o n  R e c e iv e d  A p r il  23, 1936

[C o n t r ib u t io n  from  th e  D e pa r tm en t  of Ch e m ist r y  o f  T h e  O h io  S t a t e  U n iv e r s it y ]

The Solubility of Cupric Oxide in Alkali and the Second Dissociation Constant of 
Cupric Acid. The Analysis of Very Small Amounts of Copper

By Leon A. McD owell and Herrick L. Johnston

The blue Solutions produced when either cupric 
oxide or cupric hydroxide is treated with alkali 
have been objects of investigation1“3 for more 
t h a n  a C e n tu ry .  They were thought by some 
investigators2 to be colloidal but have been shown, 
more recently, to represent true cases of Chemical 
solution.3 The most decisive work in support of 
this conclusion is that of Müller,3 who obtained 
reproducible values of solubility and determined 
solubility curves, both for the oxide and for the 
hydroxide, between five normal and about twenty 
normal sodium hydroxide concentrations. At 
about fifteen normal alkali maxima were obtained 
in the solubility curves and at concentrations 
above these maxima the stable solid phase con­
sisted of dark blue crystals whose analysis cor- 
responded to the formula Na2Cu02. Aldridge and 
Applebey4 have identified similar copper salts of 
the alkaline earths.

Müller observed that the solubility of the 
hydroxide exceeds that of the oxide several fold, 
which represents a case of metastable equilibrium 
since the hydroxide solubility diminishes with 
time and, simultaneously, the solid phase is con-

(1) Proust, J .  P h y s . ,  59, 395 (1804); Low, Z .  a n a l . C h e m ., 9, 463 
(1870); Donath, i b i d . ,  40,137 (1901).

(2) Fischer, Z .  a n o r g .  C h e m .,  40, 39 (1904); Chatterji and Dhar, 
C h e m . N e w s . ,  121, 253 (1920).

(3) (a) Creighton, T h is  J o u r n a l , 45, 1237 (1923); (b) Melbye,
V e te n s k a P s a k a d ,  N ó b e l in s t ,  4, No. 8 (1922); (c) E. Müller, Z .
p h y s ik .  C h e m ., 105, 73 (1923).

(4) Aldridge and Applebey, J .  C h e m . S o c . t 121, 238 (1922).

verted to what appears to be a solid solution of 
hydroxide with oxide. The oxide solubility does 
not change with time. An apparently permanent 
difference between the solubility of the oxide and 
that attained, after several days, by the hydroxide 
is not explained.

The present investigation, a t lower alkalinities 
than those employed by Müller, was carried out 
to obtain additional information on the nature of 
the copper-bearing ions present in solution and to 
determine dissociation constants of cupric acid.

Experimental
The method employed was similar to that followed by 

Johnston, Cuta and Garrett6 in a similar study with silver 
oxide, and the solubility apparatus and general manipula­
tions were the same.

Cupric oxide was prepared by dropping 0.06 N  Solutions 
of copper sulfate and of potassium hydroxide, simultane­
ously, into an initial 500 cc. of boiling conductivity water in 
a Pyrex reaction vessel. The entire process including sub­
sequent washings (15 to 20 in number) was carried out in 
an atmosphere of nitrogen. The wash water gave no test 
for sulfate ion (barium chloride test) after seven or eight 
washings and the final product gave no test for sulfate 
when dissolved in nitric acid and the solution diluted.

Potassium hydroxide at concentrations below 1 N  was 
prepared from pure amalgams in the manner described by 
Johnston, Cuta and Garrett. Potassium and sodium 
hydroxides at concentrations above 1 N  were prepared from 
Solutions of the reagent quality hydroxides by the addition

(5) H. L. Johnston, F. Cuta and A. B. Garrett, T h is  J o u r n a l , 55,
2311 (1933).
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of sufficiënt barium hydroxide to precipitate the carbon- 
ate.

Salts, except potassium ferrocyanide as noted later, were 
twice recrystallized from “reagent quality” products.

Conductivity water which even after several weeks’ 
storage had a conductivity no higher than 2 X 10 ~6 mho 
was employed in the preparation of all Solutions and in the 
washing and purification of materials.

Equilibrium was approached both from the cold and 
from the hot side. For approaeh from the cold side 
samples were agitated at 25 =*= 0.01 ° for from fourteen to 
fifty days. For approaeh from the hot side samples were 
first agitated at 45° for four days, then transferred to the 
25° thermostat for an additional fourteen days. The 
shorter period appeared adequate in every instance. 
Seven days were allowed for Sedimentation. A portion of 
the clear solution was then siphoned from each flask and 
filtered through a No. 1 sintered Jena glass filter, prepara- 
tory to analysis for total alkali and for copper. The first 
portions of the Solutions which passed through the filter 
were discarded.

Analytical Procedure
After testing various methods which have been used for 

the determination of small concentrations of copper, in­
cluding colorimetric methods and the polarigraph, electro- 
metric titration with potassium ferrocyanide as precipi­
tant was employed.

There have been several previous attempts to determine 
copper electrometrically but none were entirely satisfaetory 
for very small amounts. Dutoit and von Weisse6 con­
cluded that a copper electrode is unsuitable for cupric cop­
per because of irregularities in the change of its potential. 
By using a polarized platinum electrode they were able to 
titrate 0.01 N  copper Solutions with potassium sulfide, 
potassium ferrocyanide or sodium thiosulfate to a preci­
sion of about 1 % but the low sensitivity of the method and 
the deposit of some copper by the polarizing current render 
the method unsuitable for determinations in which the 
copper concentration falls as low as 1 X IO”6 M. Titra­
tion as cuprous thiocyanate, with a copper electrode,7 
or reduction with an excess of titanous chloride followed by 
back titration with either potassium dichromate or potas­
sium bromate,8 is not sufficiently accurate for our re­
quirements.

After unsatisfactory trials of a copper electrode in titra­
tions with either sodium sulfide or potassium ferrocyanide, 
in which our experience was similar to that of Dutoit and 
von Weisse, we substituted an electrode of platinum foil. 
With sodium sulfide results were still unsatisfactory due 
to the fact that the end-point depended to too great an ex­
tent on the pH  value of the solution. With ferrocyanide 
as precipitant,9 and a technique similar to that employed 
by Johnston, Cuta and Garrett, high sensitivity and good 
accuracy were obtained. Titration of 10 cc. of a Standard 
copper solution 6 X IO-4 M  in cupric ion with potassium

(6) Dutoit and von Weisse, J .  chim. p h y s . ,  9, 578 (1911).
(7) Treadwell and Weiss, Helv. Chim. Acta, 2, 694 (1919).
(8) Zinti and Wattenberg, Ber., 55, 3366 (1922).
(9) The electromotive force of the cell depends on the ferro-

ferricyanide couple. Bichowsky [Ind. Eng. Chem., 9, 668 (1917)]
obtained success with the use of the ferro-ferricyanide couple in the 
titration of zinc. Cf. also Kolthoff and Verzijl, Rec. Trav. Chim., 43, 
380 (1924).

ferrocyanide which had a copper equivalence of 1 X 10~6 
mole of copper per cc. led to an inflection of from 10 to 16 
mv. per drop (0.02 cc.) at the equivalence point and the 
end-point could usually be located to within one or two 
drops. It was found best to clean the electrode with 
pümice after each titration; otherwise the sensitivity was 
continuously reduced. The Position of the end-point was 
independent of the dimensions of the platinum foil (ab­
sence of adsorption). Titrations were carried out in a 250- 
cc. beaker which was connected by a bridge of potassium 
nitrate set in agar-agar to a calomel half cell. The copper 
solution was made just acid to methyl orange indicator. 
Readings of electromotive force were taken at three- 
minute intervals and near the end-point the Standard 
ferrocyanide solution was added one drop at a time from 
amicroburet.

The ultimate Standard for the determination of copper 
was an approximately 0.06 M  solution of copper sulfate 
which was analyzed for copper by electrolytic deposition 
and then diluted one hundred fold. Potassium ferrocya­
nide Solutions, of copper equivalences varying from 1 X 
IQ”6 to 6 X 10”8 mole of copper per cc. were prepared from 
Baker and Adamson reagent quality potassium ferrocy­
anide without recrystallization. These were standardized 
by titration against the Standard copper Solutions under 
conditions closely identical with those employed in the 
analysis of samples (i. e., acidity, salt concentrations, total 
volume, temperature, etc.).

Total alkalinity was determined by titration with Stand­
ard sulfuric acid to the first sharp color change with methyl 
orange.

Our experience with the use of the ferro-ferricyanide 
couple for the titration of copper differs from that of Müller 
and Takegami,10 who found no sharp inflection in the e. m. f. 
curve and concluded that the difficulty lay in some 
secondary reaction such as

3Cu2Fe(CN)6 +  K4Fe(CN)6 -  2K2Cu3Fe2(CN)12 
We found, in titrations which employed weighed amounts 
of the reagent quality potassium ferrocyanide, that the 
sharp break in the e. m. f. curve came at a position within 
5% of the stoichiometric value for the assumed formation 
of Cu2Fe(CN)6. This approximate 5% deviation was 
reproducible. With our method of Standardization de­
scribed above, this reproducible deviation from the stoi­
chiometric end-point did not introducé error into the analy­
ses.

The Solubility Data
The results obtained are given in the following 

tables in which all concentrations are expressed 
in moles per 1000 g. of water. These are also 
illustrated in the accompanying figure. Samples 
were always run in pairs to obtain approaeh to 
equilibrium both from the side of undersaturation 
and from that of supersaturation. In the tables, 
the data obtained with individual samples are 
shown separately11 while, in the figures, the circles

(10) Müller and Takegami, Z.anat. Chem., 73, 284 (1928).
(11) Alkalinities were separately determined for each sample. 

When significant differences were found for the two samples constitut- 
ing a pair the data were corrected to a common alkalinity«
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represent the means of the results obtained from 
urider- and from supersaturation.

T a b l e  I
S o lu bil it y  of C u p r ic  Ox id e  i n A q u e o u s  P otassium

H y d r o x id e
Alkali

molality
Moles of copper per 1000 g. HzO X 10* 

Undersaturated Supersaturated
0.0417 0.07 0.07

.0513 .08 .08

.0586 .151 .158

.0600 .132 .241

.0741 .196 .189

.0832 .172 .162

.0932 .409 .414

.0968 .302 .282

.1027 .145 .184

.1150 .324 .308

.1175 .300 .273

.1385 .398 .371

.1608 .489 .604

.1705 .608 .563

. 1772 .534 ,518

.2035 1.02 .83

.2165 0.96 .73

.2238 .93 .84

.2637 1.34 1.25

.2761 1.56

.3163 4.04 3.72

.3244 4.66 3.44

.544 4.91 5.36

.650 4.66 3.72

.753 11.7 11.0

.860 11.2 9.8
1.000 16.1 16.2
1.337 26.1 24.4
1.633 32.4 34.3
1.963 71.0 65.7
2.333 82.7 79.6
2.495 80.1 73.1
2.848 91.8 94.1
3.180 117.2 121.4
3.380 132 87.0
4.015 171 144
4.151 144 150
4.227 164 156
5.065 184 167
5.253 203 181
6.05 297 . . .

8.38

T a b l e  II

435

S o lu bility  of C u pr ic  Ox id e  i n  A q u e o u s  S o d ium

H y d r o x id e
Alkali

molality
Moles copper per 1000 g. H2O X 10® 
Undersaturated Supersaturated

2.212 70.1 71.4
3.247 92.5
4.227 185 176

Data obtained by Müller3 are included in Fig. 
1, in which the curve is empirical. The solid 
curves in Figs. 2 and 3 are calculated from equa­

tion (4). The basis of this calculation and the 
significance of the broken lines will be referred to 
later.

Moles of base per 1000 g. of water.
Fig. 1.—Solubility of cupric oxide in strong alkali.

We attempted to determine the solubility of the 
oxide in pure water and to locate accurately the 
position of the minimum on the solubility curve. 
In this we were faced with the difficulty th a t the 
Solutions usually came out colloidal unless the 
alkalinity exceeded about 0.03 normal. I t was 
thought best not to include data obtained for 
several alkalinities below 0.04 normal because of 
non-reproducibility. But we may conclude from 
the solubility product of hydroxide or oxide in pure 
water that the minimum on the solubility curve 
must lie a t an alkali concentration below 0.01 
normal.

We were successful in obtaining a rough value 
for the solubility of the oxide in pure water. This 
value is 2.9 X 10“5 mole/liter a t 25° and is the 
mean of four determinations (2.5, 3.5, 3.7 and
1.7 X 10 “5, respectively) in which colloidal ma­
terial was not visible. Three other samples, 
which were similarly handled, were definitely col­
loidal and were not analyzed. This result is 
represented by the triangle in the border of Fig. 2. 
While we do not regard this value as particularly 
accurate, we do not believe that the solubility of 
the oxide can be appreciably higher than this 
since the nature of the experimental difficulties 
were such as would lead to high rather than to low 
results. This constitutes the only value in the
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literature based on a direct analytical determina­
tion. Jellinek and Gordon12 obtained 1.7 X 10“u 
for the solubility product of the hydroxide at 20° 
by concentration cell measurements, in the pres­
ence of excess alkali. This result, which is not 
corrected for the changing activity coefficients of 
the ions, corresponds to a solubility about double 
that which we have determined. There is prob­
ably a real difference between the oxide and the 
hydroxide solubilities in water, as there is in 
alkali,3 so that this value probably corresponds to 
a more soluble form than the stable oxide, Remy 
and Kuhlmann13 obtained 6.7 X 10~5 mole/liter 
for the oxide at 20°, by conductimetric methods.

Fig. 2.—Solubility of cupric oxide in potassium fiy-
droxide of moderate concentration: ------------- total
copper (calculated by Eq. 4); - — -  ------, bicuprate
ion concentration; A, water solubility.

Discussion and Interpretation of Results 
Solution of copper oxide in alkali may be repre­

sented by the reactions
CuO +  O H “  = H C u0 2-  (1)

K \  —  (whcu0 2 - / m o n - ) (Thcu0 2 - /^ oh- j 
CuO -b 2 0 H -  -  Cu02~ - f HoO (2)

K 2 =  (wCu0 2 “M oh- )  (Tcu0 2 «/Toh- ) öHjO

with their corresponding equilibrium constants. 
In these equations the rris represent stoichio- 
metrical molalities of the ions; the y’s their 
corresponding activity coefficients and a^o the

(12) Jellinek and Gordon, Z. physik. Chem., 112, 2Q7 (1924).
(13) Remy and Kuhlmann, Z. anal. Chem., 65, 161 (1925).

activity of water from the Solutions. For prac­
tical purposes this latter may be replaced by 
p/p°, the ratio of the vapor pressure to that of 
pure water,14 The total solubility of copper at 
concentrations of alkali too great to permit the 
existence of Gu++ ions is thus given by the re­
lationship
«Scu ~  w Cu(OH)2 +  A iWoH-(YoH -/Y hCu0 2 ~) +

k 2m q -Bi-  / y G u o ^ i p ^ / p )  ( 3 )

in which w Cu(oh)2 is included to represent a 
probable low concentration of undissociated 
hydroxide in equilibrium with the solid phase. 
This might ordinarily be evaluated from the inter­
cept of the solubility curve on the solubility axis 
but in this case, as is evident from Fig. 3, the

0 0.1 0.2 0.3
Moles of base per 1000 g. of water.

Fig. 3.—Solubility of eupric oxide in di­
lute potassium hydroxide: ------------- total
copper (calculated by Eq. 4 ) ; ----------- — —,
concentration of bicuprate ion.

value of this term must be quite low and the data 
do not permit its evaluation. For this reason we

(14) These expressions represent cupric oxide as the solid phase in 
equilibrium with the saturated Solutions. If, in reality, this phase 
is a solid solution of cupric hydroxide in cupric oxide, as the data of 
Müller seem to indicate, reactions (1) and (2) may be rewritten 
(XCuO, yCu(OH(2) solid +  O H - = HCuOz +  yH20  (la)

X ic *  *= K i< 2 ji2Q

(XCuO, yCu(OH)2) solid +  20H “ -  CuOa“ -f (1 +  y) H2O (2a) 
Kzq, —

Since Müller’s data show that the mole fraction pf the hydroxide 
cannot exceed 0.1 at most (i. e., y cannot exceed 0.1) K ia and Kza 
will not differ from Ki and K 2 by more than 1 % even in 3 N alkali. 
It should be noted also that the solid solution, rather than pure 
copper oxide, is takep a& the Standard starte in defining K \a and Kza- 
This defines the signiffcance of the Standard free energy change com­
puted from these constants.
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have chosen to neglect it. This will introducé no 
appreciable error into the evaluation of the con­
stants K\ and K 2.

At low and moderate ionic strengths, equation
(3) may be considerably simplified, since the 
several activity coefficients will approaeh the 
values given by the Debye-Hückel interionic at­
traction theory and the ratio (7oh-A hcuo2-) may 
be expected tö remain near unity even in Solutions 
for which the theory no longer correctly evaluates 
the separate activities. In the analogous case of 
silver oxide dissolved in alkali it was found5 that 
the ratio (Ton V^Ago-) did not depart appreciably 
from unity even in 1 AT alkali. A further simpli- 
fication comes in the final term. Here (Yoh-/ 
7cuo2-) may be accurately replaced by (Ykoh/  
Yk2cuo2) and Yk2cuo2 may be, in turn, replaced15 
by 7khcuo2- Introduction of unit ratio between 
hydroxide and bicuprate ions now completes the 
simplification in this term and we have

Scu = Kimen- +X2m2o3-(p0/py^OH) (4)

The parenthetical expression in the last term of
(4) is easily evaluated from reliable data.16 On 
the assumption that equation (4) remains valid 
to an ionic strength of unity we have evaluated 
the two constants of this equation, by an empirical 
“best fit” to the data recorded in Table I. We 
have obtained for these constants: Ki = 10.3 X 
40~6, K2 =  81 X 10“*. The solid lines in Pigs. 
2 and 3 are calculated with these constants in 
equation (4). The excellent agreement with the 
experimental results both at high and low con­
centrations of alkali is regarded as coiifirmation 
both of the assumptions on which (4) is based and 
on the reliability of the chosen constants. The 
constants cannot be varied more than a few per 
cent. without destroying this agreement.

The broken lines in the figures were computed 
with the final term in (4) omitted and so represent 
the concentration of bicuprate ion alone. I t  is 
clear from these curves that even at low concen­
trations of alkali a considerable portion of the

(15) This follows from the fact that at low ionic strengths, where 
the Debye-Hückel limiting law is o.b.ey.ed, the activity coëfficiënt 
of a 1-2 electrolyte is the square of that of a 1-1 electrolyte at the 
same ionic strength and that where ions are öf nearly the same size, as 
must be true with cuprate and bicuprate ions since they only differ 
by a proton, this relationship will continue to hold when the limit­
ing law has broken down and terms for the ionic radius are included. 
This relationship was first called to attention by Walker, Bray and 
Johnston [Th is  J o u r n a l , 49, 1235 (1927)] and shown by them to 
hold quite accurately for carbonate and bicarbonate Solutions even 
to ionic strengths of 2.

(16) (a) Scatchard, ib id . ,  47, 648 (1925); Knobel, ib id . ,  45, 70
(1923); Harned and Äkerlöf, Physik. Z.,  27, 411 (1926). (b) “The
International Critical Tables,” Vol. III, p. 373.

dissolved copper exists as the divalent acid ion. 
Other authors17 have considered the divalent ion 
concentration as negligible in dilute alkali, in their 
interpretation of other cases similar to this. I t 
appears from this work that such interpretations 
will warrant further investigation.

Dissociation Constants of Cupric Acid
The first dissociation constant of cupric acid 

cannot be determined without more information 
on the concentration of undissociated hydroxide 
(i. e.y a more reliable basis for extrapolation of 
the solubility curve to zero alkalinity). But the 
present data permit the evaluation of the constant 
for the second step in the acid dissociation 

HCu0 2~ = H+ +  Cii02“
As = (#h+öcu02- )A hcuo2- (5)

by substituting for aH+ its equivalent i£w(aH2o/ 
&OH-), and substituting for aGu02r and &hcuo2- 
from equations (1) and (2). This gives

As -  A w(A2/A i) =  7.9 X ÏO"*4 (6)
with K w taken to be 1.01 X IQ-14 at 25°.18

We may estimate the first dissociation constant 
of cupric acid to be of the order of magnitude of 
10-10 from the generalization that the first and 
second constants of di- and tri-basic acids of this 
approximate strength ordinarily differ by a factor 
of lö3 or 104. This would make the concentration 
of undissociated hydroxide of the order of magni­
tude of 10~9 mole per liter, which we could not 
hope to determine by extrapolation of solubility 
data even if the colloidal difficulties a t low 
alkalinities were entirely avoided.

Summary
The solubilities of cupric oxide in aqueous potas­

sium hydroxide have been determined for the 
alkaline range 0.04 normal to about 8 normal, and 
for a few concentrations of sodium hydroxide. 
The data at high concentrations are in good agree­
ment with the results obtained, in strong alkali, 
by Müller.3c Up to 2 normal alkali the solubility 
is well reprodueed by the relationship 
*Scu == 10.3 X 10~6woh- +  81 X 10 ~%oh_/(^ h2oTkoh) 
which is derived by application of the interionic 
attraction theory. The two constants in this 
equation are the thermodynamic equilibrium con­
stants for the respective reactions 

CuO +  OH~ = HCuOo“
________ CuO 4- 20H ~ = H20  +  Cu02”

(17) Randall and Spencer, T h is  J o u r n a l , 60, 1572 (1928); 
Fuseya, ibid., 42, 368 (1920); Piater, Z. anorg. allgem. Chem., 174, 321 
(1928).

(18) “International Critical Tables,” Vol. VI, p. 152.
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From these data we obtain 7.9 X IO"*14 for the 
second acid dissociation constant of copper 
hydroxide

HCu02~ = H + Cu<V
The relative proportions of bicuprate (HCUO2“) 

and cuprate (Cu02Ä) ions in the Solutions are 
evaluated and it is shown that the second of these 
predominates even below 0.1 normal alkali.

The solubility of the oxide in pure water is 
found to be approximately 3 X IO“5 mole per 
liter, which is somewhat lower than values now in 
the literature.

An accurate potentiometric method of deter­
mining copper in low concentrations is de­
scribed.
Co l u m b u s , Oh io  R e c e iv e d  J u l y  10, 1936

[C o n t r ib u t io n  from  t h e  W a l k e r  C hem ical  L aboratory  of t h e  R e n s s e l a e r  P oly tec h n ic  I n s t it u t e ]

Alkylene and Alkylidene Phenylacetonitriles and Derivatives.
1 -Phenyl-2-ethylcy clopropanecarbonitrile, a-Phenyl-i3-ethylacrylonitrile and «-

Phenyl-jö-isopropylacrylonitrile1

B y  Jam es V. M urray  and  John  B . C loke

I t  has been shown that 1 -phenylcyclopropane­
carbonitrile and its 2-methyl homolog can be pre­
pared by the alkylenation of phenylacetonitrile 
with suitable dihalide derivatives, such as ethyl­
ene chloride and propylene chloride, in the pres­
ence of sodium amide, according to the reaction2
R —CH—CI H2C—C6Hs

| +  | +  2NaNH2 ---->•
c h 2ci CN

R—CH—C—C6H5
+  2NaCl +  2NH3

H2C CN

Directions have also appeared for the con­
densation of acetaldehyde2 and #-butyr aldehyde3 
with phenylacetonitrile by the action of sodium 
ethoxide as generalized below 
RCHO +  H2C(CN)C6H6 -  RCH==C(CN)C6H5 +  H20  

This work constitutes an extension of the work of 
Meyer and Frost4 on the aromatic aldehydes to 
the aliphatic group.

The present paper describes the preparation 
of one alkylene phenylacetonitrile, l-phenyl-2- 
ethylcyclopropanecarbonitrile, and two alkylidene 
phenylacetonitriles, viz., a-phenyl-/3-ethylacrylo- 
nitrile and a-phenyl-ß-isopropylacrylonitrile, to­
gether with some of their derivatives.

The proof of the structures of the alkylidene 
phenylacetonitriles follows from (1) their method 
of preparation, if aldehydes are used, (2) their 
reaction with alkaline hydrogen peroxide to give

(1) This paper is based upon a thesis presented by James Vincent 
Murray, Jr., to the Graduate School of the Rensselaer Polytechnic 
Institute in June, 1935, in partial fulfilment of the requirements for 
the degree of Master of Science.

(2) Knowles and Cloke, T h is  J o u r n a l , 54, 2028 (1932).
(3) Murray and Cloke, ibid., 56, 2751 (1934).
(4) Meyer and Frost, Ann., 250, 157 (1889).

glycidamides, R—CH—C(CjHs) CONH,,3 although
N X

not all a,j0-ethylenic nitriles react, and (3) their 
oxidation with potassium permanganate. On 
the other hand, the isomeric cyclopropanecar- 
bonitriles may be recognized (1) by their reac­
tion with hydrogen peroxide to give simple 
amides, if they react at all, and (2) by their 
stability in the presence of permanganate. In 
addition, molecular refractivities have been useful 
in the differentiation of the cyclopropane and 
ethylenic isomers, although they are less reliable 
than the Chemical methods.

1 - Phenyl-2 - ethylcyclopropanecarbonitrile.— 
This nitrile was obtained in yields up to 40% 
by the interaction of phenylacetonitrile (I), 1,2- 
dichlorobutane and sodium amide, as indi­
cated in the accompanying flow sheet. In this 
reaction it is advantageous to deviate from the 
original procedure of Knowles and Cloke by pre­
paring the sodium amide in liquid ammonia, 
according to the method of Vaughn, Vogt and 
Nieuwland,5 and using this solution in the initial 
stages of the reaction.

In passing, it may be pointed out that the 
glycidamide and Radziszewski reactions may be 
employed for the removal of phenylacetonitrile 
and o'.ß-ethylenic nitrile from the l-phenyl-2- 
alkylcyclopropanecarbonitriles, since the latter are 
quite inert to the reagent.

Following the synthesis of l-phenyl-2-ethyl- 
cyclopropanecarbonitrile (VI), it was essential 
to produce evidence for the presence of the cyclo-

(5) Vaughn, Vogt and Nieuwland, T h is  J o ur n a l , 56, 2120 
(1934).
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propane ring, since it appeared possible that the 
reaction might have given the isomeric 2-phenyl-3- 
hexenonitrile, which in the presence of alkali 
would be expected to rearrange to give an a- 
phenyl-ß-^-propylacrylonitrile (V). The forma­
tion of a second series of nitriles is also possible 
if the secondary halogen atom of the 1,2-dichloro- 
butane were to react with the monosodium salt 
of (I).

Several lines of evidence point unquestionably 
to the cyclopropane structure for the nitrile (VI). 
In the first place, the nitrile (VI) differs widely 
from the isomeric ethylenic derivative (V).3 
Thus, the amide (VII) and the acid (VIII) derived 
from (VI) by hydrolysis are distinct from those 
obtained from (V). Furthermore, the molecular 
refractivities of the nitriles are different. In 
addition, the failure of (VI) to give a glycidamide 
with alkaline hydrogen peroxide, as well as its 
stability toward cleavage by alkaline potassium 
permanganate, definitely excludes the ethylenic 
structure. Moreover, its striking resistance to­
ward hydrolysis and the ease with which it is 
altered by cold, concentrated sulfuric acid closely 
parallel the behavior of l-phenyl-2-methylcyclo- 
propanecarbonitrile (III), the next lower homolog. 
Finally, the good agreement between the observed 
molecular refractivity and that calculated on the

basis of the cyclic structure indicates the presence 
of the cyclopropane nucleus in (VI).

a-Phenyl-0-isopropylacrylonitrile (IX).—With 
the expectation of obtaining l-phenyl-2,2-di- 
methylcyclopropanecarbonitrile, phenylacetoni­
trile (I) was allowed to react with 1,2-dichloro- 
isobutane and sodium amide. The resulting 
nitrile was obtained in yields up to 38%.

In the early stages of this work the cyclic struc­
ture for the nitrile was inferred on the basis of 
the method of preparation. However, con- 
sistently high values observed for the molecular 
refractivity cast considerable doubt on the cyclic 
structure, but were in harmony with the value 
computed for the ethylenic structure (IX). The 
cyclopropane structure was definitely excluded 
when it was found that the nitrile (IX) gave the 
glycidamide (XII), when it was subjected to the 
action of alkaline hydrogen peroxide. Still fur­
ther confirmation of the ethylenic structure was 
obtained when it was observed that the nitrile 
(IX), upon oxidation with potassium permanga­
nate in alkaline solution, absorbed three atoms of 
oxygen with the formation of isobutyric acid 
(XIII), benzoic acid (XIV), and hydrogen 
cyanide. This oxidation will be discussed more 
fully in a future communication.

Synthetic proof for the ethylenic structure (IX)

C2Hr,CH—C—CfiH5 NaOH C2H5CH-~C—C6H6

H2C c o n h 2
(VII)

-f
h 2so 4

I
c2h 5c h —o —c 6h 5

H2C CN 
(VI)

Cä Ch IcDCHsCI
NaNH„

I
H2C—c 6h 5

I
CN

H 2C COOH 
(VIII)

h 2s o 4
(CH3)2C H C H = C — C Ä --------->  (CH3)2C H C H = C — c «h 6

(X)

h 2s o .

c o n h 2
(XI)

COOH

(CH3)2C(C1)CH2C1 
-------- NaNHj------->

(I)
-C Ä O N a-

(CH3)2CH—CHO

(CH3)2CHCH=C— C Ä
I

CN
(IX)

h 2o2

c2h 5c h = o
C2H6ONa

* H20 2
C2H5CH=C—c«h 5 -

■> (CH3)2CHCH--C— c 6h 6

cT ^ T o n h ,
(XII)

CN
(XV)

KM nO,

■> C Ä C H — C—  C„H3 (CH„)sCH— COOH +  C Ä C O O H  +  H C N  
l - ^ l  (XIII) (XIV)

O CONHj 
(XVIII)

H 2SO«
t  h 2so «

C,H6C H = C — C6H 6 --------s- C2H 3C H = C — C«Hs

CONHs
(X V I)

COOH
(XVII)
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was also secured by the preparation of the nitrile 
in an 85% yield by the alkylidenation of phenyl­
acetonitrile with isobutyraldehyde in the presence 
of dilute sodium ethoxide. The complete identity 
of the two nitriles was established by the fact that 
both yield the same amide (X), acid (XI), and 
glycidamide (XII) as shown by mixed melting 
point determinations.

It will be noted that the formation of the a- 
phenyl-ß-isopropylacrylonitrile (IX) by the con­
densation of the 1,2-dichloroisobutane with phenyl­
acetonitrile by the action of sodium amide in­
volves a rearrangement. I t  is clear that the 
primary halogen atom of the dichloride must 
react with the phenylacetonitrile. This reaction 
is probably accompanied by the elimination of the 
remaining halogen atom with an adjacent hydro­
gen atom to give the ß f y -nitrile, (CH3)2C=CH— 
CH(CeH5)CN, which then rearranges to give the 
a ,ß -nitrile (IX), although other paths are pos­
sible.

a-Phenyl-ß-ethylacrylonitrile (XV).—This ni­
trile, which may also be called propylidene- 
phenylacetonitrile, was obtained in a 60% yield 
by the condensation of propionaldehyde with 
phenylacetonitrile by the use of sodium ethoxide. 
The structure is established by its method of 
preparation; the formation of the glycidamide, 
when it is treated with alkaline hydrogen peroxide; 
its instability toward alkaline potassium per­
manganate; and its refractivity. On hydrolysis, 
it yields the corresponding amide (XVI) and acid 
(XVII).

Experimental Part
Preparation of l-Phenyl-2-ethylcyclopropanecarboni- 

trile (VI).—A two-liter, three-necked, round-bottomed 
flask was fitted with a dropping funnel, a reflux condenser 
provided with a lime tower, and an efficiënt mechanical 
stirrer which operated through a mercury seal.

One and one-half liters of liquid ammonia was placed in 
the reaction flask followed by 2 g. of bright sodium. The 
stirrer was set in motion and 1.5 g. of Fe(N03)3’6H20 5 
(in later runs the hydrated chloride was used) was intro­
duced and then 46 g. (2 atoms) of sodium in the form of 
small chips was added over the course of twenty minutes. 
The reaction mixture was then allowed to stand until the 
initial deep blue color had faded, denoting the completion 
of the reaction.

At this point, 117 g. (1 mole) of freshly distilled phenyl­
acetonitrile6 was cautiously added to the sodium amide 
solution during a period of one hour. The mixture in the 
flask was then stirred while 700 cc. of anhydrous ether 
was added at about the same rate at which the liquid

(6) Adams and Thal, “Organic Syntheses,” Coil. Vol. I, p. 10L

ammonia evaporated. When the reaction mixture at­
tained room temperature, it was refluxed gently for one 
hour.

At the end of this first stage, the sodiuni phenylaceto­
nitrile mixture was cooled to —5° in an ice-salt bath and 
127 g. (1 mole) of 1,2-dichloro-w-butane was added slowly 
over the course of one hour. Stirring was continued over­
night while the bath came to room temperature. Follow­
ing this, the reaction mixture was refluxed gently for two 
hours. Finally water was added to dissolve the solid pre­
cipitate and the mixture was acidified with acetic acid. 
The ether layer was removed and dried over anhydrous 
sodium sulfate. The fractionation of the dried ether ex­
tract gave 35 g. of a fraction boiling at 77-80° at less than 
1 mm., which was mainly unchanged phenylacetonitrile, 
and a 68 g. fraction boiling at 93-94° at the same pressure. 
This corresponds to a 40% yield on the basis of the starting 
quantity of phenylacetonitrile. The nitrile possessed the 
following properties: d204 0.9921; n20o 1.52457; MRD 
(obsd.), 52.70; MRD (calcd.), 52.29.7 Anal, (micro.) 
Calcd. for C1 2H 1 3 N: N, 8.18. Found: N, 8.17, 8.25.

The foregoing procedure was varied in several runs by 
using commercial sodium amide or the specially prepared 
salt with ether exclusively as the reaction medium. These 
variations, however, markedly decreased the yield. Low 
yields were likewise obtained when liquid ammonia was 
used throughout as the reaction solvent, no Provision 
being made for reflux periods.

l-Phenyl-2-ethylcyclopropanecarbonamide (VII).—In a 
125-cc. acetylation flask were placed 10 cc. of water, 10 
cc. of concentrated sulfuric acid, 10 cc. of glacial acetic 
acid, and 2 g. of l-phenyl-2-ethylcyclopropanecarbonitrile. 
The mixture was refluxed for five hours and then poured 
into ice water. The aqueous solution was extracted with 
ether and this extract was then washed with 10% sodium 
carbonate solution. Evaporation of the ether solution 
gave the crude amide, which after decolorization and re­
crystallization from hot water yielded the pure amide as 
needles which melted at 84°.

The same amide was also obtained by hydrolysis of the 
nitrile with alcoholic potassium hydroxide. This method 
however, requires a reflux period of about sixty hours. 
Attempts to hydrolyze the nitrile by means of 100% phos­
phoric acid or by alkaline hydrogen peroxide were un­
successful. Anal. Calcd. for C1 2H 1 5 O N : N, 7.41. Found: 
N, 7.35, 7.43.

l-Phenyl-2-ethylcyclopropanecarboxylic Acid (VIII).—
A weight of 2 g. of the l-phenyl-2-ethylcyclopropaneearbon- 
amide was refluxed for fifty hours with N  alcoholic potas­
sium hydroxide. The crude acid was isolated in the usual 
manner and after recrystallization from hot water the 
pure acid melted at 105-105.5° (corr.).

Preparation of a-Phenyl-ß-isopropylacrylonitrile (IX).— 
This nitrile was prepared by two different methods.

Method 1,—When phenylacetonitrile (1 mole) was al­
lowed to react with 1,2-dichloroisobutane (1 mole) and 
sodium amide (2 moles) according to the procedure de­
scribed for the preparation of (VI), the nitrile (IX) was 
obtained in yields up to 38%. After repeated fractiona-

(7) The molecular refractivities were calculated on the basis of 
Eisenlohr’s data. Ostling’s value of 0.7 unit is added for the 
cj^clopropane ring. Corrections for conjugation, distribution of 
groups, etc., have not been included.
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tion of the reaction product, the nitrile boiled at 94.5-95° 
at less than 1 mm.

Method 2.—A solution of 58.5 g. (0.5 mole) of phenyl­
acetonitrile and 54 g. (0.75 mole) of isobutyraldehyde in 
120 cc. of absolute alcohol was cooled to —10° and a vol­
ume of 10 cc. of 20% sodium ethylate was added at such a 
rate that the temperature did not rise above —5°. The 
resulting solution, contained in a tightly stoppered flask, 
was allowed to stand in the refrigerator for one week. 
The reaction mixture was then poured into 700 cc. of ice 
water and was neutralized with acetic acid. The oily layer 
was taken up in an equal volume of ether and the resulting 
solution washed with water and dried over sodium sulfate. 
Fractionation of the dried product gave 73 g. of the nitrile 
boiling at 95-95.2° at less than 1 mm. which corresponds 
to a yield of 85%. The nitrile possessed the following 
properties: d20* 0.9613; w20d 1.53530; MRD (obsd.) 55.41; 
MRd (calcd.) 53.32.8 Anal. Calcd. for Ci2H13N: N,
8.18. Found: N, 8.25, 8.19, 8.22, 8.20.

tt-Phenyl-ß-isopropylacrylamide (X).—A weight of 2 
g. of the nitrile (IX) was hydrolyzed by the acetic aeid- 
sulfuric acid method utilized in the case of the nitrile 
(VI). The ether solution, after extraction with 10% so­
dium carbonate, deposited the impure amide upon evapora­
tion. Recrystallization of the crude product from boiling 
water gave the pure amide melting at 123-124° (corr.).

Anal. Calcd. for C12Hi5ON: N, 7.41. Found: N,
7.45, 7.52.

«-Phenyl-ß-isopropylacrylic Acid (XI).—The sodium 
carbonate extract from the foregoing hydrolysis was 
acidified with dilute sulfuric acid and the impure a- 
pheny 1-/3-isopropylacrylic acid precipitated. Recrystal­
lization of the crude product from hot water gave the pure 
acid as fine, white needles melting at 133-134° (corr.).

Hydrolysis of the a-phenyl-ß-isopropylacrylonitrile pre­
pared by either of the two methods resulted in the same 
products. The identity of the derivatives from the two 
nitriles was established by mixed melting point determina­
tions.

a-Phenyl-/3~isopropylglycidamide (XII).—Following the 
procedure of Murray and Cloke,3 2 g. of a-phenyl-/3-iso- 
propylacrylonitrile and 25 cc. of 10% hydrogen peroxide 
were dissolved in acetone and enough 10% sodium car­
bonate added to make the solution definitely alkaline. 
After standing for one day, the acetone was evaporated 
and the residue was recrystallized from boiling water. 
The resulting öi-phenyl- /3-isopropylglycidamide melted at 
148-149° (corr.). Anal. Calcd. for CiaHuCW: N, 6.82. 
Found: N, 6.72, 6.86.

The Oxidation of a-Phenyl-/3-isopropylacrylonitrile.—A
weight of 30 g. of a-phenyl-ß-isopropylacrylonitrile was 
placed in a glass-stoppered Pyrex bottle containing 5 cc. 
of 10% sodium carbonate solution and 100 cc. of water. 
Solid potassium permanganate was added in small portions 
with shaking until the purple color persisted. This required
54.2 g. of permanganate and corresponds to the absorption 
of three gram atoms of oxygen per móle of nitrile.

(8) These abnormälly high exdltations (not included in the calcula­
tions) have been observed in all of the alkylidene-phenylacetonitriles 
.so far prepared. The exaltation apparently arises from a combina­
tion of conjugation of multiple linkages and distribution of groups 
about the ethylenic bond. Further, the anomaly appears to depend 
also upon the nature of the hydrocarbon residue in the /3-position.

Extraction of the alkaline solution with petroleum ether 
showed no unreacted nitrile. Acidification of the filtered 
aqueous solution gave a precipitate of benzoic acid (XIV), 
which was identified by a mixed melting point determina­
tion with a known sample of the acid. After the removal 
of the benzoic acid, the filtrate was made alkaline and 
evaporated to dryness. From the residue isobutyric acid 
was isolated and identified as the anilide. The presence of 
cyanide ion was demonstrated by the Prussian blue test.

Preparation of a-Phenyl-/3-ethylacrylonitrile (XV).—  
A solution of phenylacetonitrile (0.4 mole) and propion­
aldehyde (0.5 mole) in 100 cc. of absolute alcohol was 
treated with 9 cc. of 20% sodium ethylate according to the 
procedure used for the preparation of the nitrile (IX) 
by method 2. Purification of the nitrile gave a 55% yield 
of the desired product boiling at 112-112.5° at 3 mm. 
The nitrile possessed the following properties: d204 0.9897; 
w20d 1.54300; MR^ (obsd.), 50.00; MRj> (calcd.), 48.69.8 
Anal. Calcd. for CnHuN: N, 8.92. Found: N , 8.97, 
9.00.

An earlier run of the nitrile, originally started by Rogers9 
and allowed to stand for one year, was found on purifica­
tion to give a somewhat lower yield. A considerable 
amount of a brown, tarry material appeared during the 
distillation. Rogers ’ first run, which was allowed to 
stand for three days only at a temperature not far from 
0°, gave a low yield, which was difficult to separate.

a-Phenyl-fi-ethylacrylamide (XVI).—Hydrolysis of the 
a-phenyl-fi-ethylacrylonitrile by the acetic acid-sulfuric 
acid method gave the amide, which after recrystallization 
from water melted at 130° (corr.). Anal. Calcd. for 
CnHiaON: N, 8.00. Found: N, 7.93, 8.06.

a-Phenyl-fi-ethylacrylic Acid (XVII).—Following the 
usual procedure, the «-phenyl-/3-ethylacrylic acid was 
isolated from the foregoing hydrolysis mixture. The pure 
acid after recrystallization from hot water melted at 67.5- 
68.5°.

a'-Phenyl-fi-ethylglycidamide (XVIII).—The glyeid- 
amide,9 obtained in the usual manner by the action of 
alkaline hydrogen peroxide on the nitrile (XV), was re­
crystallized from boiling water and found to melt at 155° 
(corr.). Anal. Calcd. for ChHi30 2N : N, 7.33. Found: 
N, 7.26, 7.30.

Summary
1. 1 - Phenyl - 2 - ethylcyclopropanecarbonitrile 

has been prepared in yields up to 40%. Several 
derivatives and reactions of this nitrile have been 
discussed in connection with the proof of its cyclic 
structure.

2. «-Phenyl-ß-isopropylacrylonitrile was pre­
pared by two different methods in yields of 38 
and 95%. Proof for the ethylenic structure is 
given and several derivatives of the nitrile are de­
scribed.

3. The preparation of «-phenyl-ß-ethylacrylo- 
nitrile is described together with a number of its 
derivatives.

(9) D. T. Rogers, Master’s Thesis, Rensselaer Polytechnic In 
stitute, 1934.
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4. Some preliminary work on the oxidation of 
a,jß-ethylenic nitriles is described.

5. Whereas the condensation of ethylene, 
propylene and a-butylene dichlorides with phenyl­

acetonitrile gives cyclopropanecarbonitriles, the 
use of isobutylene dichloride under the same condi­
tions leads to the formation of an ethylenic nitrile. 
T roy , N e w  Y ork  R e c e iv e d  J u l y  28, 1936

[C o n t r ib u t io n  from  t h e  D e pa r t m e n t  of  M iner a lo g y , Oxford  U n iv e r sit y , a n d  t h e  L aboratory  fo r  E n d o c r in b
R e se a r c h , t h e  J o h n s  H o p k in s  U n iv e r sit y ]

The Molecular Weight of Cinobufagin

By Dorothy Crowfoot and H. J ensen

It has been suggested1 that cinobufagin (C25- 
H32O6) can be considered as the acetyl derivative 
of an unsaturated hydroxylactone, C23H30O5, and 
apparently is closely related chemically to certain 
plant aglucones which are also C23 derivatives.1 
The x-ray crystallographic examination of this 
principle by Crowfoot2 has given values, however, 
which do not agree with the proposed formula 
C25H32O6 and which indicate that the compound 
probably contains twenty-six carbon atoms.

In order to check these results, x-ray measure­
ments have now been made on two derivatives of 
cinobufagin, namely, acetylcinobufagin and cino- 
bufagone. The measurements obtained on these 
compounds provide two independent determina­
tions of the molecular weight of cinobufagin and 
both more nearly agree with the formulas derived 
from C26. Thus the molecular weight of acetyl­
cinobufagin was found to be 487 =*= 10, the calcu­
lated values for the acetyl derivatives of C26H34O6 
and C25H32O6 being, respectively, 484 and 470. 
Cinobufagone has a molecular weight of 443 =*= 10 
which is in agreement with the formula C26H32O6, 
440, and not C25H30O6, 426. Details of the crys­
tallographic measurements are given below.

The analytical values previously reported for 
cinobufagin and certain of its derivatives3 agree 
with the formula C26H34O6. This new formula 
would bring cinobufagin into very close relation­
ship to bufotalin (present in the secretion of Bufo 
vulgaris) to which Wieland and co-workers4 
assigned the formula C26H36O6 and which they 
showed can be considered as an acetyl derivative 
of an unsaturated hydroxylactone (C24H34OS). 
It might be mentioned, in connection with this, 
that the results of the pharmacological studies by

(1) Jensen, Science, 75, 53 (1932).
(2) Crowfoot, Chemistry &• Industry, 54, 568 (1935).
(3) Jensen and Evans, Jr., J. Biol. Chem., 104, 307 (1934).
(4) Wieland and Hesse, Ann., 517, 22 (1935).

Chen and Chen5 on the action of the various 
animal cardiac principles indicate that their 
physiological properties show more resemblance 
to the physiological action of scillaridin than of 
other plant aglucones. Chemical researches by 
Stoll and co-workers6 have shown that scillaridin 
is a C24 derivative, while most other plant aglu­
cones have been found to be C23 derivatives. 
The investigation of Wieland and co-workers4 on 
bufotalin indicates that the lactone ring in the 
animal cardiac principles is a six-membered ring 
probably similar to that found by Stoll and co- 
workers6 for scillaridin. In view of our findings 
on the molecular weight of cinobufagin, it appears 
that arenobufagin and regularobufagin are also 
probably C24 rather than C23 derivatives as origi­
nally suggested by Jensen.7 Further research on 
the exact Chemical composition of these two 
principles has been undertaken in order to answer 
this question.

It should be added that the crystallographic 
examination of cinobufagone and acetylcino­
bufagin alone would not exclude molecular weights 
of twice the magnitude deduced since the asym­
metrie unit in each case contains two C26 mole­
cules. This possibility, however, is excluded by 
the original measurements on cinobufagin itself 
in which the single molecule is the asymmetrie 
unit.

The actual crystal structures indicated by the 
measurements for cinobufagin, acetylcinobufagin 
and cinobufagone do not seem to bear very simple 
relation to one another or to those of any of the 
compounds in the cardiac aglucone series so far 
examined. This is not surprising since the intro­
duction of many hydroxyl groups is known to 
produce considerable Variation in the crystallo-

(5) Chen and Chen, J. Pharmacol., 49, 561 (1933).
(6) Stoll, Hofmann and Peyer, Helv. Chim. Acta, 18, 1247 (1935).
(7) Jensen, T h is  J o u r n a l , 67, 1765 (1935).
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Compound Space group a b c
in

cell
asymmetrie

unit Density Mol. wt.
Cinobufagin P2,212i 7.6 l a 15.79 7 19.45 ß 4 1 1.261 447 =*= 10
Acetylcinobufagin C222i 2 8 .7 4 t 8.14/3 44.76 ct 16 2 1.229 487 ±  10
Cinobufagone P2i2i2i 21.79/3 8.62 7 24.22 « 8 2 1.280 443 =*= 10

Acetylcinobufagin: fine orthorhombic needles elongated along (010), (001) dominating. Birefringence low. 
Cinobufagone: small orthorhombic needles elongated along (010) and growing least on (001). The crystals appear 

partly redissolved and show curved surfaces instead of the c face. Birefringence low.
The densities of both compounds were determined by flotation in zinc sulfate Solutions, the centrifuge being used to 

hasten equilibrium. These are correct to =*=0.4%. The probable error on the x-ray dimensions is not more than =±0.5%.

graphic arrangement of the molecules as is found, 
for example, in the study of the sugars. Both 
the presence of the hydroxyl groups and the ortho­
rhombic symmetry shown by the crystals of these 
cinobufagin compounds render it impossible to 
make deductions in regard to the molecular 
arrangement and molecular dimensions from the 
combination of the optical with the crystallo­
graphic data. One can only state that the data 
are not incompatible with formulas of the cardiac 
aglucone type and for comparison reference may 
be made to the complex crystal structures as­

sumed by strophanthidin and certain of its 
derivatives.

Summary
The determinations of molecular weights of 

cinobufagin and two of its derivatives, acetyl­
cinobufagin and cinobufagone, indicate that cino­
bufagin has the composition C26H34O6. The 
analytical data previously reported for cinobufa­
gin and certain of its derivatives agree with this 
new formula.
Ox f o r d , E n g l a n d
B a l tim o r e , M a r y la n d  R e c e iv e d  J u ly  27, 1936

[Co n t r ib u t io n  from  t h e  D epa r t m e n t  of Ch e m ist r y  of  t h e  U n iv e r s it y  o f  A l b e r t a ]

The Formation of Cyclic Azo Compounds from 2,2/-Diaminodiphenyls

B y R. B. Sand in  and  T. L. Ca ir n s

The eompound 4,4'-diarsonodiphenyl1,2 has 
been prepared from benzidine, according to the 
method of Bart. In an attempt to prepare the 
isomeric 2,2'-diarsonodiphenyl by an analogous 
procedure, the authors of this paper have found 
that when tetrazotized 2,2'-diaminodiphenyl is 
treated with arsenious oxide in sodium carbonate 
solution, a considerable part of the tetrazotized 
eompound is converted into 0,0 '-azodiphenyl.3 
The authors believe it to be a general reaction. It 
is also believed that the arsenite functions as a 
reducing agent instead of proceeding according to 
the typical Bart reaction.

The proposed equation for this reaction is
(1) Bauer and Adams, T h is  J o u r n a l , 46, 1925 (1924).
(2) Hill, ibid., 46, 1855 (1924).
(3) This eompound is also called phenazone and o-diphenylene- 

azone [Täuber, Ber., 24, 3081 (1891)]. Bigelow [Chem. Rev., 9, 
117 (1931)] has suggested the name cyclic o,o-azoxydiphenyl, in 
place of dipheriazonoxyd. For that reason it might, perhaps, be 
better to call phenazone or o-diphenyleneazone, cyclic o,o-azodi- 
phenyl.

Jn 2ci

4- NasAsOs 4* Na2C 03
|N2C1

NN
II +

/N
N 3 4- 0O2 4- 2NaCl 4  Na3A s04

Experimental
Cyclic öjö'-Azodiphenyl.—In a mixture of 250 cc. of 2 N  

hydrochloric acid and 150 cc. of water, 18.4 g. of 2,2'- 
diaminodiphenyl was dissolved. The solution was cooled 
to 0°, and to it was added gradually 100 cc. of 2 N  sodium 
nitrite and an excess of nitrite was maintained for thirty 
minutes. The clear solution of the tetrazotized eompound
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was made neutral to Congo red by the addition of 50 ce. 
of 2 N  sodium carbonate which had been diluted to 100 
cc. A solution of sodium arsenite was prepared by dissolv­
ing 30 g. of arsenious oxide in 300 cc. of 2 N  sodium car­
bonate, and to it was added 2 g. of copper sulfate to serve 
as a catalyst. After this had been cooled to 0°, the tet­
razotized diaminodiphenyl solution was siphoned into the 
arsenite solution during fifteen to twenty minutes. Dur­
ing this procedure there was much gas evolved and there 
was considerable foaming, which was very difficult to get 
rid of. An olive-green precipitate was produced, which 
was filtered by suction and washed with water. The pre­
cipitate was extracted with hot 10% hydrochloric acid 
and the extract was neutralized with ammonia or sodium 
hydroxide. This gave a precipitate of crude cyclic o,o'- 
azodiphenyl. The yield was 7.5 g. or 45% of the theoreti­
cal amount. The crude material melted at 153-154°. 
It was crystallized from alcohol and gave yellow crystals 
melting at 155 °. A mixed melting point carried out with 
a sample of the cyclic azo eompound prepared according 
to Täuber,3 showed no depression of the melting point. 
It also gave a picrate melting at 191 °.

Cyclic Azo Compound from Z^'-Diamino-é^'-dimethyl- 
diphenyl.4—This eompound was prepared in a manner 
similar to the above, from 2,2'-diamino-4,4'-dimethyldi- 
phenyl. It consisted of yellow needles, soluble in dilute 
hydrochloric acid, and melted at 184-185°. A mixed 
melting point carried out with this sample and the com­
pound produced by the sodium amalgam and methanol 
reduction of 2,2'-dinitro-4,4'-dimethyldiphenyl showed no 
depression of the melting point.

Acknowledgment.—The authors wish to thank 
the Carnegie Corporation Research Fund Com­
mittee for a grant which enabled the purchase of 
certain Chemicals.

Summary
Tetrazotized diaminodiphenyls, when treated 

with arsenious oxide in sodium carbonate solution, 
are in part converted into cyclic azo compounds.

(4) Ullmann and Dieterle, Ber., 37, 24 (1904).

E dm o n to n , A l b e r t a , Ca n a d a  R e c e iv e d  J u n e  2, 1936

[Co n t r ib u t io n  from  t h e  D epa r tm en t  of B iological C h e m ist r y , C o l u m b ia  U n iv e r s it y ]

Carboxymethoxylamine
B y  E. B o rek1 and  H. T. C larke

In the course of experiments on the synthe­
sis of canaline and analogous compounds, the 
need arose for a convenient process for prepar­
ing carboxymethoxylamine (hydroxylamineacetic 
acid). In view of the recent report by Anchel 
and Schoenheimer2 of the use of this substance 
as a reagent, for the isolation of ketones from 
natural sources, an early description of our method 
of preparation seems advisable.

Carboxymethoxylamine was first prepared by 
Werner3,4 by the hydrolysis of ethylbenzhydroxi- 
minoacetic acid; it has also very recently been 
prepared by Kitagawa and Takani5 by condensa­
tion of benzhydroxamic acid and ethyl bromo- 
acetate, with subsequent hydrolysis by hydro­
chloric acid.

The method here described consists in con­
densing the sodium derivative of acetoxime with 
ethyl chloroacetate, followed by successive alka­
line and acid hydrolysis of the condensation prod­
uct. The intermediate acetone carboxymeth-

(1) This report is from a dissertation submitted by Ernest Borek 
in partial fulfilment of the requirements for the degree of Doctor of 
Philósophy in the Faculty of Pure Science, Columbia University.

(2) Anchel and Schoenheimer, J. Biol. Chem., 114, 539 (1936).
(3) Werner, Ber., 26, 1567 (1893).
(4) Werner and Sonnenfeld, ibid., 27, 3350 (1894).
(5) Kitagawa and Takani, J. Biochem. (Tokio), 23, 1§1 (1936),

oxime may also be prepared, though in somewhat 
smaller yields, by condensing acetoxime with 
sodium chloroacetate in alkaline solution by a 
modification of the method of Hantzsch and Wild.6

The carboxymethoxylamine is isolated in the 
form of its hydrochloride, which melts at 151°. 
This product in our hands has invariably proved 
to consist of the hemihydrochloride; that pre­
pared by Werner was reported to melt at 147- 
148°3 and at 156°4,5 and to give analytical figures 
agreeing satisfactorily with the normal hydro­
chloride. We are unable to account for this dis­
crepancy.

Experimental
A solution of 24.4 g. of acetoxime in 250 cc. of absolute 

alcohol was added to a solution of 7.7 g. of sodium in 150 
cc. of absolute alcohol. The alcohol was removed by dis­
tillation under diminished pressure and the white crystal­
line residue was dried in vacuo over phosphorus pentoxide. 
To the dry salt 100 cc. of ethyl chloroacetate was added 
and the mixture refluxed for thirty minutes. When cool, 
the salt was filtered off and well washed with absolute alco­
hol. The alcohol and the unreacted ethyl chloroacetate 
were removed under diminished pressure, the fraction 
distilling up to 52° under 28 mm. being discarded.

The sirupy residue, which consisted mainly of acetone 
carbethoxymethoxime, together with the corresponding

(6) Hantzsch and Wild, Ann., 289, 285 (1896).
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free acid, acetoxime and other contaminants such as ethyl 
glycolate, was heated for one hour at 100° with 125 cc. of 
11.4% sodium hydroxide. When cool, the alkaline solu­
tion was extracted five times with one-fourth its volume 
of ether; the ether solution, which contained slight amounts 
of unreacted acetoxime and unsaponified ester, was dis­
carded. The aqueous solution was acidified to Congo red 
with concentrated hydrochloric acid, saturated with sodiuni 
chloride and extracted with three times its volume of ether 
in six portions. The ether solution was dried with sodium 
sulfate, and the ether removed by distillation. After the 
last tracés of ether had been removed under diminished 
pressure, acetone carboxymethoxime crystallized. The 
weight of the crude preparation was 25 g. (58% of the 
theoretical).

Acetone carboxymethoxime can also be prepared in 
aqueous solution: a solution of sodium chloroacetate pre­
pared by neutralizing 212 g. of chloroacetic acid with 450 
g. of 20% sodium hydroxide was added to a solution of 
146 g. of acetoxime in 450 cc. of water; 200 g. of 40% 
aqueous sodium hydroxide solution was then added and 
the whole refluxed for one hour. When cold, the alkaline 
solution was four times extracted with one-fourth of j+s 
volume of ether; the ether solution, which contained some 
unreacted acetoxime, was discarded. The aqueous layer 
was acidified with hydrochloric acid to Congo red, satu­
rated with sodium chloride and six times extracted with one- 
half its volume of ether. The ether solution was dried with 
sodium sulfate, and the ether removen on the steam-bath, 
finally under diminished pressure. The crude acetone 
carboxymethoxime which crystallized weighed 128 g. 
(49%). By the original ir sthod of Hantzsch and Wild6 
the yield was 46%.

The crude acetone carboxymethoxime from either prepa­
ration can be purified by distillation; b. p. 110-118° 
(1 mm.). It solic fles in the receiver in long needles. There 
is considerable carbonization and hydrogen cyanide is 
formed. It can be crystallized from a hot concentrated 
solution of acetone by the addition of ligroin. The result­
ing plates, the odor of which is not unlike that of phenyl­
acetic acid, melt at 76-76.5° (uncorr.).

Anal. Calcd. for C5H90 3N: C, 45.80; H, 6.87; N,
10.69; neut. equiv., 131. Found: C, 46.12; H, 6.49;
N, 10.92; neut. equiv., 131.5.

For the preparation of carboxymethoxylamine hemi- 
hydrochloride 10 g. of the crude acetone carboxymethoxime 
in 100 cc. of 6 N  hydrochloric acid was refluxed for three 
hours; the solution was then treated with charcoal and

concentrated to about 10 cc. under diminished pressure. 
To the sirup was added 200 cc. of a solution of 1:1 ether 
and ethyl alcohol, and the cloudy solution was placed in 
an ice box. Four grams of crystals deposited. The mother 
liquor was again concentrated to a sirup and ether and 
alcohol solution added. One gram more of the crystals 
was thus obtained. The melting point of the crystals after 
one recrystallization from water, ether-alcohol solution is 
151°.7

Anal. Calcd. for (C2H50 3N)2HC1: C, 21.95; H, 5.03; 
N, 12.81; Cl, 16.23. Found: C, 22.26; H, 5.45; N ,
12.54; Cl, 16.29.

Acetophenone carboxymethoxime was prepared by 
adding a solution of 150 mg. of carboxymethoxylamine 
hemihydrochloride in 4 cc. of water to a solution of 0.2 cc. 
of acetophenone in 4 cc. of ethyl alcohol. After the solu­
tion was made alkaline to litmus with N  sodium hydroxide, 
it was warmed on the steam-bath for one hour. The cool, 
alkaline solution was extracted five times with ether and 
the echer solution discarded. The aqueous solution was 
acidified to Congo red and placed in the ice box. The large 
plates that formed were filtered and recrystallized from 
alcohol-water solution; colorless plates, m. p. 97-97.5°, 
soluble in ether and alcohol; almost insoluble in water.

Anal. Calcd. for C10HuO3N: C, 62.15; H, 5.74; N, 
7.25. Found: C, 62.07; H, 5.66; N, 7.12.

Benzaldehyde carboxymethoxime was prepared in the 
same way as the above; it melted at 96°. Hantzsch and 
Wild,6 who prepared this eompound by condensing sodium 
chloroacetate with benzaldoxime, report a melting point of 
98°.

Pyruvic acid carboxymethoxime was prepared the 
same way, but since it is water-soluble the solution, after 
acidification, was five times extracted with one-half its 
volume of ether, the ether solution dried with sodium sul­
fate and the ether distilled. The crystals which were ob­
tained were recrystallized from ether and chloroform; 
m. p. 129° (Hantzsch and Wild6 report 130-132°).

Summary
Directions are given for the preparation of car­

boxymethoxylamine hemihydrochloride, a reagent 
of use for the isolation of ketones.
N e w  Y o r k , N. Y. R e c e iv e d  J u l y  22, 1936

(7) As hydroxylamine hydrochloride also melts at 151°, a mixed 
melting point shouid be performed.
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Adsorption of Vapors on Glass Spheres, I. The Adsorption of Nitrogen

By J. L. Shereshefsky and Charles E. Weir

2022 J. L. Shereshefsky and Charles E. Weir Vol. 58

Introduction
In a previous investigation1 of the adsorption of 

oxygen by glass spheres, it was observed that the 
amount of adsorption at corresponding pressures 
increased with the number of contacts per sphere. 
As this effect could also be due to differences in 
the degree of activation of the surface resulting 
from unequal periods of the degassing process, it 
was considered essential to obtain reproducible 
isotherms under the same conditions of treatment 
and packing before any definite conclusions as to 
the effect of the number of contacts on the ad­
sorption could be reached.

Inasmuch as every oxygen isotherm exhibited a 
peculiar pressure reversal apparently connected 
with a discontinuity or break in the isotherm it 
was considered desirable to use nitrogen in place 
of oxygen in order to ascertain whether the pe- 
culiarity was characteristic of oxygen or was more 
general in nature. Nitrogen has the added ad­
vantage of being more strongly adsorbed while 
very similar to oxygen in its physical properties. 
The experiments were carried out at the tempera­
ture of liquid air where the nitrogen, as well as the 
oxygen previously investigated, may be classed as 
a vapor.

Apparatus

A schematic representation of the apparatus is shown in 
Fig. 1. As may be seen the adsorption system proper is the 
conventional arrangement used when adsorption is to be 
calculated from pressure measurements. The McLeod

gage was calibrated in three ranges, from 1 X 10“6 to 
1 X 10 ~4, from 1 X 10 ~6 to 1 X 10 ~3, and from 1 X 10 ~4 
to 5 X 10 “3 cm. of mercury. F is a gas reservoir, D is a 
dosing stopcock, and Cx and C2 are auxiliary stopcocks. 
By varying the pressure in F, or by repetitive use of stop­
cock D, any desired quantity of gas could be introduced 
into the adsorption system by filling the bore of the dosing 
stopcock from the reservoir and then discharging this gas 
into the adsorption apparatus through mercury stop S3.

The volumes of the various parts of the apparatus were 
determined with hydrogen at pressures ranging from 2 to 20 
cm. of mercury. In these determinations we made use of 
the calibrated bulbs Bx and B2. All pressures were read on 
the mercury stop S3 with a cathetometer reading to 0.01 
mm. The pre-expansion volume extending from X 2 to 
X 3 was found to be 981 cc.; the total volume consisting 
of the pre-expansion volume and the adsorption chamber 
and extending from X2 to A was 1599 cc.

Preparation of Materials

Tank hydrogen containing water and oxygen as possible 
impurities was purified by passage through activated char­
coal at liquid air temperature.

Commercial helium containing hydrocarbons as possible 
impurities was likewise purified2 by passage through acti­
vated charcoal at liquid air temperature.

Nitrogen was prepared from pure ammonium hydroxide 
and bromine water in a manner described by Waran.* 
The nitrogen was stored over phosphorus pentoxide for 
forty-eight hours before being used.

The spheres 3 mm. in diameter and of soft glass were 
cleaned with chromic and nitric acids and washed with 
distilled water. The actual surface was obtained by meas- 
uring the adsorption of methylene blue in accordance with 
the method of Paneth.4 The isotherms thus obtained 
showed a well-defined maximum at about 1.53 mg. of the 
dye. Using the value given by Paneth of 1 mg. of methyl­
ene blue per square meter, the actual surface of 1000 spheres 
was found to be 15,380 sq. cm. as compared with the 283 
sq. cm. of apparent surface calculated from the dimensions 
of the spheres.

Results and Discussion
Thermal Flow.—In view of the phenomenon 

of thermal flow observed by Knudsen5 at low 
temperatures and pressures, it was necessary to 
establish a correction curve relating the equilib­
rium pressure in the apparatus at room tempera­
ture with the equilibrium pressure in the cooled 
portion of the system. Using a gas which is not

(2) Lang, Trans. Roy. Soc., Can., 17, III, 181 (1923).
(3) Waran, Phil. Mag., 42, 246 (1921).
(4) Paneth and Radu, Ber., 57B, 1221 (1924).
(5) Knudsen, Ann. Physik, 31, 205, 633 (1910).£1) Unpublished.
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adsorbed, the pressure in the cooled portion can be 
calculated from the equation

P iV t /R T i  =  P iV z /R T t  +  P iV i /R T s  (1) 

where Pi is the calculated pressure obtained from a 
knowledge of the total gas in the System and the 
total volume Vi at temperature Tu iY  is the 
equilibrium pressure measured with the McLeod 
gage in the volume F2 at temperature Tu and P3 is 
the equilibrium pressure in the volume Vs kept at 
temperature T3. In this equation all quantities 
except Ps are measured.

Four runs were carried out, two using helium 
and two using hydrogen. One of the hydrogen 
runs was made with an empty vessel having the 
same volume as the voids in the chamber filled 
with spheres. The other runs were made with the 
spheres in the chamber. The results of these 
measurements are given in Tables I and II, and 
Fig. 2. The dotted line in Fig. 2 represents the 
values obtained from the relation

Ps = P2 V T JT i (2)
which is required by the theory6 of thermal flow

T a b l e  I

T h er m a l  F low  of H e liu m
Run 1 Run 2

Temperature of liquid air 93°A. Temperature of liquid air 94°A.
P ‘2 , cm. Pz, cm. P i, cm. Pz, cm.

0.72 X 10 -« 0.17 X 10~6 0.60 X IO-® 0.17 X IO“®
2.08 .89 .95 .69
3.30 1.77 2.25 1.31
4.84 2.56 3.35 2.47
6.59 3.87 5.03 3.29
7.95 4.72 6.40 3.99

13.5 7.96 8.95 6.88
22.5 12.37 14.7 9.64
35.5 21.84 20.1 14.89
52.5 32.10 26.1 19.38
79.7 50.20 43.4 29.3

103.3 71.50 61.3 44.2
82.7 60.2

102.2 76.9
121.8 103.5

T a b l e  I I

T h er m a l  F low of H ydrogen
Run 1

In presence of glass spheres 
Temperature of liquid air 95°A. 

Pi, cm. Pz, cm.

Run 2
In blank chamber 

Temperature of liquid air 94° A. 
Pi, cm. Pz, cm.

0.90 X 10 6 0.50 X 10 0.64 X 10-6 0.42 X IO ®
2.14 1.18 1.85 1.88
3.33 2.07 3.21 2.45
4.79 2.74 5.24 3.11
7.00 3.85 6.40 4.25
8.00 4.65 9.12 5.94
9.83 7.91 20.5 16.9

15.60 12.78 27.6 20.1
23.00 18.23 40.3 29.3
37.2 27.4 55.5 43.7
53.7 42.4 69.0 62.9
66.7 53.1 86.0 77.0
87.0 69.3

101.1 70.3

(6) Reynolds, P hil. Trans., P127 (1879).

under conditions where the mean free path of the 
gas is large compared to the diameter of the tub­
ing. I t is to be observed that the experimental 
values approaeh the theoretical at low pressures, 
but in the region of 1 X IO“"5 to 1 X 10~3 cm. of 
mercury the deviation is large.

20 40 60
P 3 X 10ß cm.

Fig. 2.—Thermal flow: □, helium Run 1; • ,  helium 
Run 2; O, hydrogen in blank; A, hydrogen with spheres 
in cham ber;------ , theoretical.

The lack of agreement between the hydrogen 
curves can be explained by the large adsorbing 
surface due to the presence of the spheres in one 
of the two runs. Even though the adsorption of 
hydrogen is negligible, the disparity in the sur­
faces of the two experiments is great enough to 
account for the difference. In the case of the 
helium no such explanation can be offered. How­
ever, it is in accord with observations reported by 
many experimenters7 who found that repeated 
treatment of adsorbing surfaces with a gas en- 
hances the adsorption of the gas.

In comparing the ratios Ps/P% for hydrogen in 
the blank chamber with corresponding ratios for 
the first helium run, we found them to agree with 
the assumption of Langmuir8 that these ratios are

(7) Harned, T h is  J o u r n a l , 42, 372 (1920); McBain, Nature, 117, 
550 (1926); Chaplin, Proc. Roy. Soc. (London), A121, 344 (1925).

(8) Langmuir, T h is  J o u r n a l , 40, 1378 (1918).
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equal at pressures corresponding to equal mean 
free paths. Slight differences in these ratios, 
those of hydrogen always being higher, most 
likely indicate the presence of adsorption for 
hydrogen. This correspondence was taken into 
consideration in the adsorption calculations of 
nitrogen described below.

Nitrogen Adsorption.—The results of the ex­
periments on nitrogen are presented in Tables 
III-IV and Figs. 3 and 4. Column 1 of each table 
gives the pressures of the gas in the system previ­
ous to adsorption. They were calculated from 
the known amount of gas introduced and the total 
volume of the system. The values given are all 
reduced to 0°. In column 2 are given the corre­
sponding pressures reduced to 0° after adsorption 
has taken place and equilibrium was established. 
These pressures were measured with the McLeod 
gage at room temperature. From the measured 
values of this column and the calibration curve, we 
obtained the equilibrium pressures in the adsorp­
tion chamber which are given in column 3. The 
adsorption values given in column 4 were calcu­
lated by means of the equation

A = P 1y l/R T l -  (P2V2/R T 1 -f P sV3/R T s) (3)

where the terms have the same meaning as in 
equation (1).

To establish a procedure of treatment for the 
purpose of obtaining reproducible activation of 
the adsorbing surface, we first tried degassing at

T a b l e  I I I

A d so r p t io n  o f  N it r o g e n  o n  G l a ss  S ph e r e s  
No. of Spheres, 5000. Activated at Room Temperature 

Run No. 1
No. contact points per sphere— 10.88 

Liquid air temperature 92°A.
Pi, cm. P 2, cm. Pz, cm. A, moles

0.77 X 10-5 0.71 X 10-5 0.48 X ÏO-® 0.00
1.57 1.54 1.06 .07
3.04 2.78 1.90 .04
5.39 4.71 3.31 .23
9.38 0.89 0.61 6.74

10.80 .83 .55 7.94
12.29 .83 .56 9.12
14.89 1.11 .74 10.97
17.17 1.60 1.06 12.38
19.98 1.97 1,32 14.30
23.51 2.72 1.85 15.74
29.14 4.32 3.01 19.43
38.58 6.30 4.50 25.33
46.86 8.48 6.22 30.11
57.06 13.21 10.49 33.99
68.4 17.74 14.62 38.96
78.7 22.14 18.75 43.20
94.3 30.16 26.96 46.66

108.4 36.44 34.40 53.52
127.6 45.4 45.4 60.25
142.9 53.8 53.8 64.73
173.9 63.6 63.6 80.50
200.0 87.9 87.9 78.95

Run No. 2
No. contact points per sphere— 10.88 

Liquid air temperature 95°A.
1.03 X 10 e 0.86 X 10 5 0.58 X 10 5 0.09 X 10-s
1.88 .45 .30 1.16
2.59 .34 .23 1.84
3.19 .34 .23 2.34
4.24 .45 .30 3.11
5.84 .55 .37 4.35
6.65 .62 .41 4.96

11.91 1.55 1.05 8.48
24.76 4.46 3.13 16.53
40.4 8.42 6.17 25.91
57.6 14.0 11.24 34.95

Run No. 3
No. contact points per sphere—10.88

Liquid air temperature 95°A.
0.77 X 10 -5 0.30 X 10 5 0.20 X 10-5 0.37 X 10~8
1.29 .24 .16 .85
1.98 .16 .09 1.50
4.21 .46 .31 3.07
9.47 .92 .62 7.02

34.5 7.16 5.15 22.16
55.2 13.6 10.88 33.35
89.4 32.6 29.76 43.79

109.5 43.3 43.3 49.37
143.9 60.4 60.4 62.11

Run No. 4
No. contact points per sphere—10.92

Liquid air temperature 93°A.
0.59 X 10 -5 0.31 X 10-5 0.21 X 10-5 0.21 X ÏO-«
1.15 .19 .12 .78
2.22 .19 .12 1.67
3.52 .30 .20 2.65
5.33 .42 .29 4.04
7.84 .65 .43 5.92

10.57 .88 .57 7.98
14.46 1.65 1.12 10.52
19.87 2.66 1.83 14.09
25.6 4.37 3.05 17.31
35.3 7.54 5.47 22.47
43.8 10.1 7.61 27.15
51.2 16.8 13.66 27.01
64.0 22.6 19.35 32.18
73.1 27.4 23.89 35.23
87.8 36.7 34.02 38.44

101.6 45.7 45.52 40.86
122.1 57.8 57.80 46.30
147.5 73.2 73.2 52.74
166.0 80.6 80.6 61.05

Run No. 5
No. contact points per sphere—10.90

Liquid air temperature 92°A.
1.21 X 10 '5 0.84 X 10-5 0.58 X 10-5 0.21 X ÏO-«
2.02 1.48 1.01 .28
2.96 0.85 0.58 1.60
3.73 .74 .50 2.32
5.28 .82 .56 3.48
8.81 1.61 1.10 5.59

12.09 2.21 1.52 7.66
15.33 3.23 2.22 9.32
18.57 4.62 3.24 10.65
21.52 5.19 3.65 12.50
27.61 7.38 5.54 15.27
37.57 10.7 8.15 21.00
52.40 17.1 14.02 25.72
65.46 23.8 20.37 29.59
83.56 32.5 29.70 35.11

104.3 42.6 41.87 40.95
128.1 57.4 57.40 44.95
142.3 63.9 63.90 49.74
160.2 74.7 74.7 53.37
179.5 87.5 87.5 55.40
199.1 98.0 98.0 60.88
221.8 110.6 110.6 66.35
249.3 124.6 124.6 73.73
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T a b l e  IV
A d s o r p t i o n  o f  N i t r o g e n  o n  G l a s s  S p h e r e s

No. of Spheres—-5000. Activated at 250°C.
R u n  N o .  9

N o .  co n ta c t  po in ts  per sphere— 10.73
Liquid air tem perature  95°A.

Pi, cm. P%, cöl. P z, cm. A, moles
0 . 6 8  X 10 5 0 . 4 8  X  IO 5 0 . 3 3  X  10 -5 0 . 0 9  X 10 *
1 .6 5 1 . 1 4 .7 6 .25
2 .7 7 1 .7 4 1 .1 6 .62
4 . 3 5 0 . 6 3 0 . 4 2 3 . 3 9
5 .3 5 .69 .46 4 .2 6
6 .7 7 .90 .61 5 .3 6
9 .1 9 1 .2 8 .87 7 . 2 0

12 .4 1 1 .8 2 1 .2 3 9 .6 1
15 .4 2 2 .2 9 1 .5 7 1 1 .9 0
19 .6 1 3 . 1 8 2.20 14.8 1
2 5 . 8 4 . 8 0 3 . 3 5 1 8 .74
3 5 .9 6 .5 1 4 . 6 5 2 6 .1 8
4 8 .1 10.27 7 . 7 8 3 2 .9 8
6 5 .7 1 6 .5 1 3 .5 1 4 1 .4 7
7 5 . 8 1 8 .5 1 5 .3 2 4 8 .3 6
9 0 .9 2 3 .1 1 9 .6 8 56 .5 1

1 0 6 .6 2 8 . 0 2 4 . 6 1 6 4 .7 8
1 2 4 .8 3 5 . 3 3 3 . 0 8 7 1 .0 6
148 .3 4 1 . 9 4 0 . 3 1 8 3 .9 8
1 7 9 .6 5 3 . 2 5 3 . 1 9 7 .1 4
2 1 2 .6 6 3 . 4 6 3 . 4 114 .3
2 5 1 .4 8 4 . 7 8 4 . 7 122 .1

R u n  N o .  10
N o .  co n ta c t  p o in ts  per sphere— 10.73

Liquid air t em p eratu re  95 °A.
1 .2 3  X 10 5 0 . 3 7  X 1 0 -* 0 . 5 8  X IO“« 0 . 1 6  X IO-»
2 .4 6 1 .8 1 1 .2 2 .24
3 .0 5 0 . 3 6 0 . 2 3 2 .4 7
4 .3 3 .57 .3 8 3 .4 3
6 .3 7 .81 .5 4 5 .0 7
9 .5 9 1 .1 0 .73 7 .7 7

12 .1 5 1 .5 0 1 .0 2 9 .7 1
1 5 .3 0 2 . 0 4 1 .3 9 1 2 .05
19 .5 9 2 . 9 6 2 . 0 4 1 5 .02
2 4 .6 5 3 .6 1 2 . 4 5 1 9 .06
3 0 .3 4 . 4 8 3 . 1 4 2 3 .3 1
4 5 .6 8 . 0 0 5 . 8 2 3 3 .4 8
5 5 .3 1 1 .2 8 . 5 8 3 8 .5 4
6 9 . 5 1 5 .8 1 2 .8 4 4 5 .9 0
8 6 . 8 1 9 .2 1 5 .9 5 5 7 .7 6

1 09 .1 2 8 . 0 2 4 . 6 6 6 .9
1 3 8 .8 3 9 .3 3 7 . 6 7 8 .5
169 .6 4 9 . 7 4 9 . 7 9 2 .9
1 9 8 .8 5 9 .5 5 9 . 5 106 .5
2 3 4 .1 7 3 . 5 7 3 . 5 1 20 .8

R u n  N o .  11
N o .  co n ta c t  p o in ts  per  sphere— 11.32

Liquid  air tem p eratu re  94°A.
1 .2 7  X 10 & 0 . 9 6  X  IO“ 5 0 . 6 4  X  10-5 0 . 0 9  X IO «
3 . 6 5 2 . 1 4 1 .4 3 .97
6 . 1 2 0 . 8 2 0 . 5 5 4 .8 2
9 .5 2 1 .7 2 1 . 1 6 6 . 9 8

1 4 .7 2 . 9 4 2 . 0 1 10.4 3
2 0 . 6 4 . 3 9 3 . 0 7 14.2 7
2 9 .6 6 . 7 2 4 . 8 2 19 .9 4
3 7 . 8 9 . 2 2 6 . 8 3 2 4 .6 2
5 1 .6 1 1 .6 8 . 9 5 3 4 .4 5
6 7 .6 1 8 .1 1 4 .9 5 4 1 . 0
8 5 .5 2 3 . 1 1 9 .6 6 51 .2

1 0 8 .5 3 1 . 7 2 8 . 7 6 0 .8
134 .6 4 0 . 4 3 8 . 9 7 2 .7
1 6 4 .2 4 9 . 5 4 9 . 5 8 7 .1
1 9 0 .5 5 8 .6 5 8 .6 9 9 .5
2 1 8 .9 6 9 . 2 6 9 . 2 112.2

room temperature, to eliminate the bursting of the 
sphere chamber pn heating, until an arbitrary but 
fixed rate of rise of pressure in a good vacuum was

obtained. This method did not prove successful 
as shown by the lack of agreement between the 
isotherms given in Table III and Fig. 3. We next 
studied adsorption on these spheres after they 
were degassed at 250° for two and one-half hours.

Fig. 3.—Adsorption of nitrogen on glass spheres acti­
vated at room temperature: O, Run 1; □, Run 3; 
A, Run 4; • ,  Run 5.

The results of these runs are given in Table IV and 
Fig. 4. Curves 9 and 10 are practically identical. 
Curve 11 shows a slight negative deviation, and is 
most likely due to a decrease in the adsorbing 
surface resulting from the greater compactness of 
the spheres. This higher packing was purposely 
brought about in order to test for the effect of 
capillarity. If capillarity played any role, an 
increase in the number of contacts per sphere 
should result in an increased adsorption; but 
since the reverse was actually observed, we must 
conclude that in this pressure range capillarity 
seems not to have influenced the adsorption of 
nitrogen. The observed variations in the ad­
sorption of oxygen of a previous investigation1 
were most likely due to differences in activation of 
the glass spheres.

Pressure Reversal.—Similar to the results 
obtained with oxygen we observed pressure re- 
yersals also in the isotherms of nitrogen. As
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shown in Figs. 5 and 6, all isotherms show an 
abrupt lowering of the equilibrium pressure and a 
corresponding rapid rise in adsorption. The 
pressure at which this phenomenon sets in and the 
lowest pressure reached, referred to here as the 
reversal point, vary slightly with the isotherm.

Fig. 4.—Adsorption of nitrogen on glass spheres acti­
vated at 250°: O, Run 9; □, Run 10; A, Run 11.

It was also observed that the rates of adsorption 
before and after the break were at great variance. 
Along the linear portion of the isotherm equi­
librium was established in the course of a few 
minutes, while in the receding portion it was estab­
lished very slowly, sometimes requiring as long as 
forty-eight hours. It is due to this slowness of 
the process that curves 1, 2 and 3 show more than 
one equilibrium point in the receding portions of 
the isotherms. In all others there was observed 
only one equilibrium point, namely, the reversal 
point. Beyond this point equilibrium was at­
tained again very rapidly, although somewhat 
more slowly than along the linear portion of the 
isotherm.

This made it evident that the rate of adsorption 
in the interval in which reversal took place was 
dependent upon some intermediate slow process 
which was responsible for the lowering of the 
equilibrium pressure.

To study the nature of this process the rates of 
Sorption in this region of the isotherm were 
measured. The intervals of time over which the 
pressures were observed varied from ten tö twenty 
hours, depending upon the initial pressure, i .  e., 
the quantity of gas introduced. The pressure- 
time curves so obtained on a number of isotherms 
were found to be identical in character. With 
the exception of the initial period of approximately 
five minutes where the pressure falls very rapidly 
and adsorption is apparently the dominating 
process, as shown by the typical curve in Fig. 7, 
each curve follows fairly closely the equation

Ln P /P o  =  kt (4)
where P  is the pressure at time /, and Po is the 
initial pressure of the intermediate slow process 
at t =  0. The value of k , the specific reaction 
rate, was found to be the same for all isotherms 
studied.

0 1 2 3
Pressure X 105 cm.

Fig. 5.—Adsorption of nitrogen at low pressures on 
glass spheres activated at room temperature: O, 
Run 1; (5, Run 2; □, Run 3; A, Run 4; e ,  Run 5.

It might be assumed, in view of its being fre­
quently associated with adsorption in porous 
bodies, that the intermediate slow process is due 
to absorption and the slow diffusion of the gaseous 
molecules through the cracks and crevices in the 
spheres which may have been there or have
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formed during the activation treatment to which 
the system was subjected numerous times. This 
seems to be supported by the consideration that 
theoretically absorption processes follow equation
(4). However, because it was not observed after 
carefully testing for it at higher pressures both 
along the linear portion of the isotherm preceding

Pressure X 105, cm.
Fig. 6.—Adsorption of nitrogen at low pressures on 

glass spheres activated at 250°: O, Run 9; # , Run 
10; A, Run 11.

and the portion of the isotherm following the 
point of reversal, absorption is most likely not the 
cause of the reversal phenomenon. The phe­
nomenon is easily explained, if we assume that the 
adsorbed phase exists in two different states of 
aggregation. While there is no direct evidence to 
that effect, the behavior of films on liquid surfaces 
makes this assumption very plausible. On this 
basis the break in the isotherm represents the 
transition of the adsorbed phase from one state 
into the other; and the reversal in the equilibrium 
pressure is undoubtedly due to the tendency of the 
initial state toward supersaturation, as indicated 
by the abruptness or explosiveness of the first 
stage of the reversal process. The assumption is 
also in agreement with the measurements on the 
rate of the reversal process, as all transition proc­
esses follow the equation of first order reactions.

As to the nature of the states, only the most 
general observations can be made. The branch 
of the isotherm to the left of the break seems, in 
view of the low pressures and the linear relation­
ship between it and the adsorption, to represent a 
state in which the adsorbed gas obeys Boyle’s law. 
In this state the van der Waals constants are 
either ineffective or compensating, with the result 
that the gas is ideal in behavior, and the adsorp­
tion isotherm follows Henry’s law. In the state 
of the adsorbed phase described by the branch of 
the isotherm extending to the right of the break, 
the gas due to the van der Waals forces is most 
likely liquefied, as evidenced by the increased rise 
of adsorption with pressure and the abruptness of 
the transition. The course of adsorption in this 
phase seems to depend also upon the heterogeneity 
of the surface, as will be shown in the discussion 
to follow.

Log P /P 0.
Fig. 7.—Rate of Sorption at reversal point: • ,  Run 

1; 3 , Run 5; O, Run 9; A, Run 10.

Adsorption Isotherm.—It is clear that no 
present adsorption theory will apply to the com­
plete isotherm obtained in these experiments, and 
consequently in subsequent discussions reference 
is made only to the regulär branch shown in Figs. 
3 and 4.
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A graphical analysis of a typical adsorption 
isotherm in the manner described by Cunning- 
ham9 yielded the information that two principal 
types of adsorption occurred in this region. It 
was therefore expected that Langmuir’s simple 
equation10

A  -  a b P / ( l  +  bP ) (5)

will not apply to these data. Such is actually the 
case, for graphs of P / A  against P  show consist- 
ently large deviations from linearity. However, 
an equation based on the assumption of two 
different elementary spaces,10 namely

A = a-JjiJP /  (1 +  bt P )  +  a 2b2P / (  1 +  b2P )  (6)
was also found not to apply. Attempts to fit this 
equation to several sets of data by a few different 
methods, including the method of least squares,

10.64 10.68 10.72 10.76
Logarithm of adsorption potential.

Fig. 8.—Application of equation of Palmer and Clark: 
A ,  Run 1; 9 , Run 3; O, Run 4; • ,  Run 5; □, Runs 
9 and 10; A, Run 11.

produced results which were meaningless from the 
point of view of Langmiiir’s hypotheses. Similar 
attempts to apply to our results the equations of 
Zeise11 and of Williams-Henry12 proved unsuc­
cessful. On the other hand, fitting our data to

(9) Cunningham, J .  P h y s .  C h e m .,  39, 69 (1935).
(10) Langmuir, T h is  J o u r n a l , 40, 1384 (1918) .
(11) Zeise, Z. p h y s i k .  C h e m .,  136, 397 (1928).
(12) Williams, P r o c .  R o y .  S o c . (L on don ), A96, 287 (1919); Henry, 

P h i l .  Mag.,  [6] 44, 689 (1922).

the Freundlich equation13 results in two straight 
lines for every isotherm, which seems to be in 
agreement with the two types of adsorption 
shown by Cunningham’s method of analysis.9

We next attempted to apply the relationship 
recently suggested by Palmer and Clark,14 who 
assumed direct proportionality between the loga­
rithm of the adsorption potential and the adsorp­
tion, the potential being defined in accordance 
with Polanyi15 by the equation

6 =  R T  ln (P J P s )  (7)

where P s is the Saturation pressure, in this case 
283 cm. of mercury,16 and P x is the equilibrium 
pressure. The plotting of our results in this man­
ner produced two straight lines for each isotherm 
as shown in Fig. 8. Assuming that the two 
straight lines represent two different types of 
adsorption, we obtain by extrapolating each line 
to zero adsorption the maximum potential corre­
sponding to each type. These maximum poten­
tials correspond to the minimum pressures below 
which the corresponding types of adsorption can­
not take place. This assumption seems to be 
verified by the fact that the calculated values of 
P x corresponding to the maximum potentials of 
the upper straight line of each isotherm check 
fairly closely the pressures corresponding to the 
reversal points, which are most likely points of 
inflection marking the beginning of the Condensed 
adsorption phase. This agreement is shown in 
Table V where the values of em obtained by 
extrapolation are given in column 1; the corre­
sponding calculated equilibrium pressures are 
given in column 2 and the observed pressures in 
column 3.

T a b l e  V
T h e  M in im u m  P r e s s u r e s  o f  A d s o r p t io n  o f  N it r o g e n

Run «m, ergs
o n  Glass

P (calcd.), cm. P  (meas.),  cm.

9 5.81 X 1010 0.45 X IO"6 0.42 X IO"5
4 6.17 .18 .12
5 5.85 .43 .50

11 5.94 .32 .55
10 5.81 .45 .23
3 6.03 .22 .09
2 6.10 .20 .23

1 .

Summary
The thermal flow effect of hydrogen and

helium was determined and found to agree at
(13) Freundlich , Z. p h y s ik .  C h em ., 57, 385 (1906).
(14) Palm er  and  Clark, P ro c . R o y . S o c . (London),  A149, 360 

(1935).
(15) Polanyi,  V e rh a n d l. deu t. P h y s ik . G es., 16, 1012 (1914).
(16) “ Intern ational Crit ical T a b le s ,” Vol. I II , P- 204.
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pressures corresponding to equal mean free 
paths.

2. The activation of glass surfaces was studied 
under different conditions.

3. The adsorption of nitrogen on glass spheres 
at liquid air temperatures was studied. Different 
degrees of packing of the spheres was found to 
have no effect on the adsorption.

4. Similar to oxygen the adsorption isotherm 
of nitrogen at low pressures shows the unusual 
phenomenon of recession of the equilibrium pres­
sure. A possible explanation for this behavior is 
suggested.

5. The application of various adsorption 
theories to the data is discussed.
W a sh in g t o n , D.C. R e c e iv e d  A u g u st  15, 1936

[Co n t r ib u t io n  from  t h e  Chem ical  L aboratory  of  t h e  U n iv e r sit y  of B r it ish  C o l u m b ia ]

The Mutual Solubilities of Hydrocarbons. I. The Freezing Point Curves of 
Dotriacontane (Dicetyl) in Propane and Butane

B y  W . F. Seyer  and  R e id  F ordyce

A considerable amount of information exists 
concerning the mutual solubilities of hydrocarbons. 
Thus over thirty years ago Holde was familiar 
with the fact that light hydrocarbons when added 
to petroleum caused the asphalt portion to be 
precipitated. This idea was further extended by 
Kling1 in 1922 and by S. V. Pilatt and M. God- 
levicz2 in 1932. This work established the fact 
that mutual solubility among hydrocarbons was 
governed largely by the molecular weights of 
solute and solvent. Already extensive use has 
been made of this knowledge to isolate and purify 
certain petroleum fractions by utilizing solvents 
of various selective powers. So far all the infor­
mation which has been forthcoming has been of a 
qualitative nature; consequently before much 
more headway can be made along this line, quanti­
tative measurements concerning the solubility 
relationships existing among simple systems of 
hydrocarbons must be made. The following pages 
deal with the results obtained from a study of the 
systems, dotriacontane (dicetyl, C32H66) and 
propane and dotriacontane and butane.

Materials.—The propane and butane were purchased 
from The Ohio Chemical & Manufacturing Company, 
Cleveland. These gases were listed c. p. and the butane 
was claimed to be free of propane but to contain a trace 
of isobutane, while an analysis of the propane failed to 
reveal any tracés of either of the two isomeric butanes. 
The hydrocarbon, dicetyl, was synthesized from Eastman 
c. p . cetyl alcohol by the method first used by Kraft.3 
The hydrocarbon was recrystallized five times from ether 
until no change in melting point could be detected. The 
final melting point was 69.9 ° as measured by a standardized 
mercury thermometer. This agrees with the findings of

(1) Kling, German Patent 362,458.
(2) S. V. Pilatt and M. Godlevicz, O e i  u n d  K o h le ,  11, 655 (1935).
(3) Kraft, B e r . ,  40, 4783 (1907).

Hildebrand and Wachter who have pointed out that the 
true melting point of the hydrocarbon must be in the neigh- 
borhood of 70°.4

Experimental Procedure
The time honored bulb method was considered the most 

practical one for the determination of the freezing points. 
In the present case this method was susceptible of con­
siderable accuracy because of the “cloud effect” ; i .  e., 
whenever a solution of dicetyl in either propane or butane 
was cooled beyond the limits of solubility a white suspen­
sion immediately developed. The phenomenon is appar­
ently due to the formation of tiny crystals of the high 
molecular weight hydrocarbon. The point of appearance 
and disappearance of these crystals was extremely sharp 
and did not vary more than =*=0.02° in any case. The dif­
ference between the two temperatures was never greater 
than 0.05°.

Thick-walled uniform bulbs, 2 cm. in diameter, were 
blown and to these were attached glass sterns 9 cm. long 
and 2 mm. in diameter. Varying amounts of dotriacon­
tane were introduced by first melting the hydrocarbon 
and then allowing it to run down a long stemmed funnel 
into the bulb proper. The bulbs, after weighing, were 
then sealed onto the apparatus outlined in Fig. 1, evacu­
ated and the required amounts of butane or propane 
Condensed in each. These gases were stored in two 5- 
liter flasks which served as gas holders and which were 
placed in an insulated box whose temperature could be 
controlled. Before allowing either of these two gases to 
diffuse into the systems, it was evacuated by means of a 
mercury vapor pump down to a pressure of the order of 
0.001 mm. as measured by a McLeod gage. Knowing 
the volume of the apparatus and noting the pressure 
changes on the manometer, it was a simple matter to calcu­
late the amounts of gases Condensed in the bulbs before 
they were sealed and detached from the apparatus. The 
amounts of the hydrocarbons in each bulb were again 
measured by weighing the sealed bulb after the freezing 
point had been obtained, then breaking off the tip, allow­
ing the gas to escape and then weighing again.

Besides the buoyancy correction one other one was con-

(4) Hildebrand and Wachter, T h is  J o u r n a l , 51, 2487 (1929).
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sidered necessary. This was the amount of solvent present 
in the vapor phase. This amount of propane or butane is 
of course not effective in dissolving the dicetyl. Since this 
correction was small in any case, no great error was made 
in assuming the perfect gas law in the calculations. The 
values of the vapor pressures of butane at the various 
temperatures were calculated from the equation logiop — 
7.3948 — 1224.8/ T  given in the “International Critical 
Tables.“ The best values obtainable for the propane

w
Fig. 1.—Condensing apparatus.

pressures over the temperature range of the investigation 
were those of A. W. Francis and G. W. Robbins5 whose 
equation logio/> — 4.375 — 1010/F was used. The vol­
ume of vapor was found approximately by meäsuring the

T a b l e  I

B  u t  an e - D  o tr ia c o n t a n e

Dotria-
contane,

g-
Butane,

g.

Effective 
wt. of 

butane, g.
Mol. % 
dotria­
contane F. p., °C.
0 -135.0°

0.0922 5.7882 5.7869 0.206 17.26
.0959 4.2977 4.2962 .288 20.02
.1241 4.9919 4.9902 .321 20.48
.0398 1.0640 1.0623 .482 24.09
.0447 0.6886 0.6866 .832 27.49
.1267 1.2102 1.2080 1.335 30.47
.1659 0.8931 0.8905 2.347 34.34
.2225 .8385 .8332 3.33 36.60
.3809 1.1587 1.1557 4.08 38.00
.3934 .8103 .8069 5.92 40.40
.3374 .6165 .6133 6.63 41.98
.4097 .6827 .6789 7.23 42.13
.4958 .7013 .6983 8.41 43.40
.4695 .4666 .4630 11.55 46.51
.6421 .3147 .3100 21.10 53.06
.6896 .3092 .3052 22.55 53.15
.7422 .2764 .2714 26.10 54.56
.7630 .1384 .1328 42,55 60.91
.4764 .0179 .0116 81.00 67.80

100 69.90
From “International Critical Tables.“

(5) Francis and R obb in s, T h is  J o u r n a l , 55, 4339 (1933).

amount of water required to fill the vapor space in each 
bulb. Throughout the range of temperature covered by 
the investigation, the partial pressure of the dicetyl was 
so small it could be neglected and the total pressure was 
therefore sensibly equal to the vapor pressures of the low 
molecular weight hydrocarbons.

The weights of dicetyl, of butane or propane, the effec­
tive weight, the molal concentration and the freezing points 
of these concentrations are given in Tables I and II.

In Fig. 1 the freezing point tempera­
tures have been plotted against concen­
trations in mole per cent. It will be seen 
that in the neighborhood of 55° there is 
a slight change in curvature. From this 
point downward solubility changes rapidly 
with temperature. It would thus appear 
that there were two forms of the hydro­
carbon and that at the above-mentioned 
temperature transition from one form into 
another takes place. Further evidence 
for the existence of two forms has been 
found by meäsuring the refractive index 
of the solid dicetyl at various tempera­
tures below its melting point with the 
help of an Abbé refractometer. These 
figures are given in Table III.

T a b l e  I I

P r o pa n e - D o tr iacontane

Dotria­
contane,

g-
Propane,

g-

Effective 
wt. of 

propane, g.

Mol. % 
dotria­
contane F. p., °C.

0 -189 .9°
4.7368 4.6634 4.6581 0.16 22.30
0.1195 1.3401 1.3331 .87 34.03

.1195 1.0244 1.0181 1.136 35.70

.3107 1.1443 1.1361 2.61 39.31

.3107 0.6771 0.6688 4.36 42.13

.3661 .5434 .5374 6.27 44.13

.4769 .6398 .6309 6.92 44.30

.3661 .4381 .4289 7.72 45.80

.4769 .4628 .4543 9.28 46.81

.5617 .4180 .3831 12.54 49.72

.8449 .4895 .4895 14.46 50.53

.6388 .3309 .3207 16.45 52.63

.6583 .3222 .3113 17.15 52.90

.8449 .2393 .2272 26.70 57.90

.8527 .1663 .1545 35.0 59.88

.8787 .1135 .1015 45.80 62.42
1.2204 .1164 .1038 53.5 63.71
1.2716 .0952 .0824 60.3 64.54

100 69.9
* From “International Critical Tables.“

Below 55° it was extremely difficult to get ac­
curate readings on the instruments although the 
temperatures were kept constant to within one- 
half of a degree for some hours. When, however,
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T a b l e  III
Refractive index Temp., °<
1.4364 (liquid) 70
1.4738 65
1.5010 60
1.5464 57.5
1.5573 55
1.5597 50
1.5605 45
1.5632 40
1.5676 30

the figures are plotted against temperature as in 
Fig. 2, it is quite evident that two forms of the 
hydrocarbon exist and that the transition point is 
in the vicinity of 55°. This of course is what one 
should expect from the observations of Carpenter,8 
Rhodes7 and others.

1.400 1.500 1.600
Refractive index.

Fig. 2.

The solubility curves of the dotriacontane in 
propane and butane coincide until a concentration

(6) J. A. Carpenter, J .  I n s t . P e t r o l e u m  T e c h . ,  1 2 , 288 (1926).
(7) F. H. Rhodes, C. W. Mason and W. R. Sutton, I n d .  E n g .  

C h e m .,  19, 935 (1927).

of about 50% is reached; from here on they di- 
verge until a very low concentration is reached at 
temperatures below 30°. It is obvious from the 
shape of the curves that the solubility of the high 
molecular weight hydrocarbon falls off to ex­
tremely low values at low temperatures.

0 20 ‘ 40 60
Temperature, °C.

Fig. 3.—Freezing point curves: 0 , propane-dotriacon- 
tane; O, butane-dotriacontane.

Summary
1. The freezing points of Solutions of dotria­

contane (dicetyl) in propane and in butane have 
been found.

2. The curves constructed from the freezing 
point data indicate the occurrence of two forms of 
the high molecular weight hydrocarbon. Change 
of refractive index with temperature shows this 
to be the case and that the transition temperature 
is about 55°.
V a n c o u v e r , Ca n a d a R e c e iv e d  J u n e  18, 1936
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[C o n t r ib u t io n  from  t h e  Ch em ist r y  L aboratory  of t h e  U n iv e r sit y  of N e w  H a m psh ir e ]

The Activity and Osmotic Coefficients of Aqueous Solutions of Lanthanum Chloride
at 25°

By Charles M. Mason and Grace L. Ernst

The present communication is concerned with 
the calculation of the activity and osmotic co­
efficients of lanthanum chloride in aqueous solu­
tion at 25 ° . These quantities have been calculated 
from the vapor pressures of the aqueous Solutions 
obtained by the isotonic method of Robinson and 
Sinclair.1

Experimental Details
Apparatus.—The apparatus employed was the same as 

that described by Mason and Gardner2 except for a few 
minor alterations. Six glass weighing bottles with ground- 
in stoppers were employed instead of the nickel crucibles. 
The metal tee tube was replaced by a brass needle valve to 
which was soldered the female half of a brass Union. The 
male half of the union was connected by means of rubber 
tubing to the vacuum line. Another male half of the 
union interchangeable with the first was soldered shirt and 
served to keep water out of the valve during immersion in 
the thermostat.

All measurements were carried out in a water thermo­
stat at 25 0.01 °. The temperature was determined by
thermometers checked against thermometers calibrated 
by the Bureau of Standards.

Lanthanum Chloride.—The lanthanum salt had been 
prepared carefully by repeated recrystallization. The 
chloride was prepared from the oxalate by ignition to the 
oxide and solution of this in redistilled, arsenic free hydro­
chloric acid. The chloride so prepared was then twice 
recrystallized by concentration of the aqueous solution and 
shaking out with hydrogen chloride gas at 0 °. It was then 
carefully air-dried at 50° and placed for several weeks in 
a vacuum desiccator over potassium hydroxide. Ex­
amination of the Solutions with the hand spectroscope 
and by Chemical test showed the absence of other rare 
earths. The lanthanum chloride was dissolved in water 
to make a concentrated solution which was carefully an­
alyzed gravimetrically for chloride content. This solu­
tion was then weighed out into the weighing bottles as 
needed.

Potassium Chloride.—The best c. p. grade of potassium 
chloride was twice recrystallized from conductivity water 
and then dried for twenty-four hours at 120°. This salt 
was weighed directly into the weighing bottles.

Results
Three samples of each concentration of lan­

thanum chloride solution were allowed to come to 
isopiestic equilibrium with three samples of the 
reference, potassium chloride solution. The data 
obtained are, therefore, in each case the mean of

(1) Robinson and Sinclair, T h is  J o u r n a l , 56, 1830 (1934).
(2) Mason and Gardner, J .  C h e m . E d . ,  13, 188 (1936).

three determinations. These data are given in 
Table I.

T a b l e  I

C o n c e n t r a t io n s  of I so pie st ic  S o l u tio n s  of P otassium  
Chlo r id e  ( w i) a n d  L a n t h a n u m  C h lo r id e  (m 2)

m \ m  2 m i W2
0.2157 0.1091 2.5870 1.0272

.4298 .2281 2.8414 1.0967

.5697 .3063 3.2548 1.2071

.7399 .3895 3.4075 1.2472
1.0312 .5069 3.4381 1.2574
1.4362 .6603 3.5795 1.2908
1.7105 .7548 3.7674 1.3381
1.7321 .7618 3.8541 1.3595
2.0895 .8767 3.8814 1.3663
2.4924 .9985 4.1533 1.4317

4.2776 1.4573

It was found that forty-eight hours were suffi­
ciënt for equilibrium between the concentrated 
Solutions. For the dilute Solutions it was neces­
sary to run them as long as four days to obtain 
equilibrium. Concentrations below 0.1 m  would 
not come to equilibrium in any length of time. 
This is in accordance with the experience of Robin­
son and Jones3 for higher valence types.

The data given in Table I were plotted, M\ vs. 
tw2, on a large scale. Values of mi and m 2 were 
then obtained from this curve at round concen­
trations of lanthanum chloride. The vapor pres­
sures of these isopiestic Solutions were then ob­
tained by calculation from the equation 

R  — (po — p)/mpQ

The values of R  for this calculation were obtained 
from a large scale plot of the values given by 
Robinson and Sinclair1 for potassium chloride 
Solutions.

The values of the activities of the water in the 
Solutions were then calculated from the equation
<h — P/Po-

The osmotic coëfficiënt <p was calculated by 
means of the equation (p =  (55.51/4m2) ln po/p.  
These data are all given in Table II.

The activity coefficients of the lanthanum chlo­
ride in the Solutions were calculated by the method 
of Randall and White4 using the value 2.84 as the

(3) Robinson and Jones, T h is  J o u r n a l , 58, 959 (1936).
(4) Randall and White, i b i d . ,  48, 2514 (1926).
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T a ble  I I
Vapo r  P r e s s u r e s , Osmotic C o effic ie n t s  and A ctivity  

C o e f fic ie n t s  of L anthanum  C h lo ride  S o lutions
m i p , mm. ai <p 7  obsd. 7  calcd.

0 . 0 23.756a 1 . 0 0 0 1 . 0 0 0 1 . 0 0 0 1 . 0 0 0

. 1 23.609 0.9938 0.860 0.318 0.309

. 2 ' 23.467 .9878 .849 .269 .269

.3036 23.321 .9817 .837 .247 .254

.5 22.986 .9676 .915 .250 .249

.7 22.586 .9508 1 . 0 0 1 .272
1 . 0 21.860 .9202 1.154 .322
1 . 2 21.283 .8959 1.271 .376
1.4 20.642 .8689 1.393 .446 ,
1 .5 20.290 .8541 1.459 .491
* “International Critical Tables,” Vol. III, p. 210.

zero intercept on the axis, which was cal­
culated from the value for the dielectric constant 
for water obtained by Wyman.5 The calculated

of 4.7 X 10“8 cm. for the mean distance of ap- 
proach “a .”

The values obtained follow the general trend 
noted for all electrolytes, namely, a minimum in 
the curve when the activity coëfficiënt is plotted 
against the ionic strength. They are, of course, 
open to the criticism of some uncertainty due to 
possible Variation of the graphical integration be­
low 0.1 molal. This is, however, unavoidable 
with this method which is not applicable with ac­
curacy below this concentration.

Summary
1. The vapor pressures of aqueous Solutions 

of lanthanum chloride have been determined by 
the isopiestic method, using potassium chloride 
for the reference substance.

values are tabulated as 7obsd in Table 
order to pro vide some means of com­
parison with existing data the values 
of the activity coefficients obtained 
by this means have been plotted 
with similar values for lanthanum 
nitrate obtained from Landolt- 
Börnstein.6 This plot, which also 
contains the values of the osmotic 
coefficients obtained, is shown in 
Fig. 1.

The constants A  and B  have been 
calculated for the Hückel equation7

II. In 2. The activity and osmotic coefficients of the

log 7  = — 1.068a/1 2  c +
1 F  A \ / l 2 c  

B (12c) -  log (1 +  0.072w)

A  and B  were found to be 1.096 and
0.02027, respectively. These values 
were used in the Hückel equation to 
calculate the activity coefficients of the lantha lanthanum chloride Solutions have been calcu-
num chloride Solutions for which the densities 
had been determined by Mason and Leland.8 
The values which were obtained from the calcula­
tion are given as 7 caicd. in Table II.

The value of A  obtained gives a tentative value
(5) Wyman, P h y s .  R e v . ,  35, 623 (1930).
(6) Landolt—Börnstein—Roth—Scheel, “Tabellen,” (5 ) II Er­

gänzungsband, Verlag Julius Springer, Berlin, 1931, p. 1123.
(7) Hückel, P h y s i k .  Z . ,  26, 93 (1925).
(8) Mason and Leland, T h is  J o u r n a l , 57, 1507 (1935).

lated from the vapor pressure data.
3. The activity coëfficiënt of lanthanum chlo­

ride in aqueous solution may be calculated by 
Hückel s equation, which is

log 7 = - l-H^Sy’lgc . _j_ 0 .0 202 7 (12c) -  log (1 +
1 f  I .(WK', v  12c 0.072m)

for lanthanum chloride Solutions.
D u rham , N. H. R ec e iv e d  J uly  18, 1936
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Deutero-acetaldehyde (Acetaldehyde-^)
B y  J. E. Zanetti and  D. V. S ickman

2034 J. B. Z a n e t t i  a n d  D. V. S ic k m a n  Voi. 58

The synthesis of acetaldehyde-^ by the hy- 
dration of acetylene-appeared to the writers as 
a desirable method of approaeh to the organic 
chemistry of deuterium inasmuch as the reacting 
materials were easily obtainable and the reaction 
lent itself to being carried out in a closed system.

The hydration of acetylene-d2 with deuterium 
oxide was first attempted in the vapor phase by 
passing acetylene-d2 and deuterium oxide vapor 
over a tungsten oxide catalyst at 400° but the 
copious formation of polymerization products 
made this method unsuitable for working with a 
comparatively expensive material. The absorp­
tion of acetylene by a deuterium oxide solution of 
phosphoric acid in the presence of mercuric sul­
fate was finally adopted and found to work very 
satisfactorily.

Deutero-acetaldehyde and the corresponding 
polymerization product, deutero-paraldehyde 
were thus obtained in a reasonably pure state. 
A preliminary notice of this work has already 
been published.1

The product obtained does not appear to differ 
chemically from ordinary acetaldehyde although 
there remains the question as to whether the re­
actions exhibited are due to the deutero-aldehyde 
group—C D = 0  or to an ordinary aldehyde group 
formed by an interchange reaction either with the 
solvent or the reagent. Until a set of pure deu­
terium reagents becomes available or it can be 
definitely established that such an interchange 
does not occur, that question cannot be answered.

The physical properties are, however, definitely 
changed. The densities, particularly, are con­
siderably increased. It is to be noted that the 
molecular volumes—as far as they can be de­
termined by comparing densities at equal tempera­
tures—remain constant. The melting points of 
both the deutero-acetaldehyde and the corre­
sponding paraldehyde are distinctly higher but 
there is little difference in the boiling points.

The Raman spectrum as determined by Pro­
fessor R. W. Wood of Johns Hopkins University2 
showed the expected shift in lines.

For purposes of comparison the physical con-
(1) T h is  J o u r n a l , 57, 2735 (1935).
(2) A discussion of this matter will be the subject of a separate 

communication by Professor Wood,

stants of acetaldehyde and of deutero-acetalde­
hyde are given together in Table I.

Experimental Part
Materials.—As the calcium carbide of commerce con­

tains considerable amounts of calcium hydroxide which by 
exchange reactions would contaminate the deutero- 
acetylene made from it, the calcium carbide used in these 
experiments was made in an induction furnace by heating 
to 1800-2000° precipitated calcium carbonate mixed in 
proper proportions with thermatomic carbon (carbon from 
the thermal decomposition of natural gas). The car­
bonate had but tracés of sulfate and no phosphate that 
could be detected. There were no mineral impurities in 
the carbon used. The crucibles were made by boring out 
3" (7.6 cm.) graphite electrodes. Every precaution was 
taken to prevent contamination of the carbide, which was 
kept in glass-stoppered bottles sealed with paraffin. The 
carbide for this and other experiments was made in small 
batches of about 250 g. as needed so as to avoid keeping 
any of it over long periods.

The deuterium oxide was procured from Rjukan, Nor- 
way, and was redistilled and checked for purity by the 
interferometer method.3 It analyzed 99.6% deuterium 
oxide.

Apparatus.—In order to avoid as much as possible con­
tamination with moisture from the air the synthesis was 
carried out in a closed system made entirely of Pyrex 
glass. The apparatus, Fig. 1, consisted of a generator 
A into which the carbide was dropped through a side tube 
and the deuterium oxide dropped on it from a small sepa­
ratory funnel. The deutero-acetylene was collected over 
mercury in the reservoirs B and B' each holding about 
one liter and from there passed into the absorption vessel 
C which during the reaction was shaken vigorously. This 
was permitted by a glass spiral in the gas line. The 
shaking machine was operated by a small motor D pro­
vided with an eccentric.

Operation.—About 1 g. of dry mercuric sulfate was 
placed in the absorption vessel. A tube containing ap­
proximately the amount of phosphorus pentoxide was 
sealed to one of the side tubes of the absorption vessel, 
the entire apparatus exhausted to dry it as completely as 
possible and, after letting in dry air, 25 to 30 g. of phos­
phorus pentoxide was volatilized into the reaction vessel 
in a current of dry oxygen.

A tube containing 25 g. of deuterium oxide was then 
sealed in and the water distilled into the reaction vessel 
under a pressure of less than 1 mm. Every precaution 
was taken at all times to prevent not only contamination 
with moisture from the air but with moisture from the oxy­
gen torch employed in sealing. Stopcocks were suitably 
arranged so that any moisture formed could be pumped 
out without coming in contact with the reaction materials. 
The absorbing solution consisted then of a 40-50% deutero-

(3) C rist, M urphy  and  U rey, J .  C h e m .  P h y s . ,  2, 112 (1932).
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phosphoric acid in deuterium oxide with 1 g. of mercuric 
sulfate as catalyzer. Acetylene-^ was then led in from 
one of the reservoirs, the other being used as storage for the 
acetylene that continued to be evolved after the deuterium 
oxide had been turned off. Vigorous shaking greatly facili- 
tated the reaction.

The absorption was rapid at first, as much as 1 liter of 
acetylene-^ being absorbed in twenty minutes, but the rate 
gradually diminished to about 1 liter an hour. When 
acetylene ceased to be absorbed, the apparatus was con­
nected with a cooling system and the contents of the vessel 
distilled under reduced pressure at room temperature, ex­
cept toward the end when gentle heät was applied. Dis­
solved acetylene-^2, acetaldehyde-d4, deuterium oxide and 
paraldehyde-^ came over and had to be fractionated. 
The fractionation was carried out entirely under a pres­
sure of a fraction of a millimeter, using solid carbon di- 
oxide-acetone and liquid air for obtaining the desired 
temperatures. Some 50 g. of the acetaldehyde and 6 g. of 
the paraldehyde were thus prepared.

The residue in the reaction vessel consisting of phos­
phoric acid, polymerization products and compounds of 
mercury was treated with anhydrous sodium carbonate 
and potassium permanganate to recover the deuterium as 
deuterium oxide. The residue of calcium deuteroxide from 
the acetylene generator was distilled at 700-800° and the 
deuterium oxide recovered.

Deutero-acetaldehyde.—After numerous fractionations 
deutero-acetaldehyde was obtained as a water white 
mobile liquid with a sharp odor and burning taste. The 
physical constants are given in Table I. Chemically it 
behaves, as far as could be determined, as ordinary 
acetaldehyde. It reduces ammoniacal silver oxide, re- 
stores the color to a fuchsine-sulfur dioxide solution and 
gives crystalline compounds with ammonia (small white 
cubes, m. p. 92-94°, dec.) and with sodium bisulfite. 
It resinifies when heated with alkalies.

About 2 g. was burned over copper oxide in a current of 
oxygen and the recovered water analyzed by the inter­
ferometer method showing 99.2% pure D20. This means 
that despite all precautions about 0.4% of ordinary water 
must have entered into the reaction and contaminated the 
deuterium.

The tendency of the acetaldehyde to polymerize is 
present in the deutero eompound particularly after expo­
sure to the air. Appreciable amounts of deutero-paralde- 
hyde were found when sealed tubes in which the aldehyde 
was kept were opened after standing for some weeks.

Deutero-paraldehyde.—One of the fractions of the re­
action consisted of deutero-paraldehyde and deuterium 
oxide. The same relation appears to exist between these 
two as between paraldehyde and water. The solubility 
of the paraldehyde decreases with increasing tempera­

ture. The paraldehyde layer which floated on top of the 
deuterium oxide was separated, dried with “drierite” and 
fractionally distilled. The paraldehyde was obtained as a 
water white oily liquid with a mint-like odor and a cooling 
taste. The physical properties are given in Table I. 
When solidified below 13°, the paraldehyde crystallizes 
in long prismatic needles.

To mercury reservoir.
Fig. 1.

A microanalysis gave: C, 50.1, 50.3; D, 16.3, 16.5. 
Calcd. for (C2D40 )3: C, 50.0; D, 16.7.

T a b l e  I
Acetaldehyde

B. p., °C. 
M. p., °C. 
D%
V. p., 0°C.

20.2 (1 atm.) 
-1 2 3 .5  

0.8064 
331 mm.4

Acetaldehyde-*^
20.5 (756 mm.) 

-1 2 1 .7  
0.883

327 mm.
Paraldehyde

B. p., °C. 124 (1 atm.)
M. p., °C. 10.5
d™20 0.994

Paraldehyde-di2

124-125 (753 mm.) 
13.7 
1.078

Acknowledgment.—The writers are indebted to 
the Chemical Foundation, Inc., of New York 
City, for a generous gift that made this research 
possible.

Summary
Acetaldehyde-^ and paraldehyde-*^ were ob­

tained by the action of acetylene-d2 on deuterium 
oxide and their properties reported.

Further work on these compounds is now in 
progress in this Laboratory.
N ew Y ork , N. Y. R e c e iv e d  A u g u s t  8, 193(5

(4) Gilmour, / ,  S o c , C h e tn .  I n d . ,  41, 293 (1922),



2036 L. O. B rockway and H. O. J en k in s Vol. 58
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The Molecular Structures of the Methyl Derivatives of Silicon, Germanium, Tin, 
Lead, Nitrogen, Sulfur and Mercury and the Covalent Radii of the Non-Metallic

Elements
B y L. O. B rockway and  H . O. J e n k in s 1

Introduction
The electron diffraction investigation of the 

fluorides and chlorides of carbon, Silicon, germa- 
nium, tin, phosphorus and arsenic2 showed the 
bond distances in most of these compounds to be 
shorter than the corresponding sums of the cova­
lent radii.3 Corrections applied to the accepted 
values for the radii would have removed some of

5 10
s.

the discrepanties but it was impossible to set up 
a single set of radii which gave agreement with 
all of the observed distances. It was suggested 
that the observed shortening could be explained 
on the basis of two effects: (1) an extra ionic 
character of the bonds which is not found in the

(1) Fellow of the Commonwealth Foundation.
(2) L. O. Brockway and F. T. Wall, T h is  J o u r n a l , 56, 2373 

(1934); L. O. Brockway, i b i d . ,  6 1 ,  958 (1935).
(3) Jy. Pauling and M. L. Huggins, Z . K r i s t . ,  87, 205 (1934).

compounds from which the table of radii was ob­
tained and (2) the contribution of a partial double 
bond character due to the resonance of the mole­
cule among several structures which have some 
double bonds. Since structures containing double 
bonds are not possible in the methyl derivatives 
of the elements concerned the study of the methyl 
compounds was proposed as a means of distin­

guishing between the two effects 
and also of testing the covalent 
radii. The tetramethyls of Silicon, 
germanium, tin and lead, trimethyl 
nitrogen, and the dimethyls of sul­
fur and mercury have now been 
investigated by the electron dif­
fraction method. The apparatus 
and the method of interpreting 
have recently been described in 
detail.4 All of the compounds 
were photographed with electrons 
having a wave length of 0.0611 Ä. 
with a camera distance of 10.43 cm.

Tetramethyls.—Samples of the 
tetramethyls of Silicon, germanium 
and tin were obtained from Dr. 
Warren C. Johnson of the Univer­
sity of Chicago and of lead tetra­
methyl from Mr. T. A. Boyd of 
the General Motors Research Lab­
oratories.

15 Theoretical intensity curves for
these compounds are reproduced in 
Fig. 1. For these curves the atomic 
scattering factors have been set 
equal to the respective atomic 
numbers. They are based on a 

molecular model in which the central atom is 
surrounded by four carbon atoms at the corners 
of a regulär tetrahedron with three hydrogen 
atoms attached at tetrahedral angles to each 
carbon atom. In case of Silicon and germanium 
tetramethyls an approximation to the free rota­
tion of the methyl groups was made by averaging 
curves whose models differed in having successive

(4) L. O. Brockway, R e v .  M o d e r n  P h y s . ,  8? 231 (1936).

Fig. 1.—Theoretical electron diffraction curves for the tetramethyls. The 
observed maxima and minima are marked by the vertical lines. For Pb(CH3)4 
a 3.14% shift in the 5 scale of the curve leads to agreement with the three 
observed points.
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60° rotations in the orientation of the methyl 
groups. The use of a smaller interval in thé 
methyl group rotation angle would have led to the 
same averaged curve since this effect was tested in 
the case of tetramethylmethane.

The photographs show the general features of 
the respective curve in Fig. 1. The positions of 
the maxima and minima which were measured are 
marked by the vertical lines. In Silicon tetra­
methyl the second maximum was observed to be 
a double ring. The components of this doublet 
were not very well resolved and visual measure­
ments of their diameters showed wide fluctuations. 
Measurements of the first maximum and second 
minimum showed the usual displacement toward 
larger diameters because of their proximity to the 
dense central spot on the photograph. These 
four points, marked by dashed vertical lines in 
Fig. 1, were not used in the determination of the 
size of the molecule as given in Table I. In this 
table are listed the visually observed s values 
(equal to 4 tt (sin 6 /2)/A), the calculated s values 
based on the assumed distances Si-C = 1.94 Ä. 
and C-H =  1.06 Ä., and the experimental Si-C 
distances. The average value taken from the 
more reliable ring measurements is Si-C =  1.93 
=*= 0.03 Ä. The radial distribution function5 was 
calculated with the use of the estimated intensities 
given in the third column of Table I. In Fig. 2 
the radial distribution functions are shown for the 
various compounds. In each case the principal 
maximum corresponds to the bond distance be­
tween the central atom and the carbon atoms, and 
the vertical line indicates the value found for this 
distance by the usual method of comparing theo-

T a b l e  I
S il ic o n  T e tr a m eth y l

s ,  calcd. for Si-C,
Max. Min. I s , obsd. Si-C s* 1.94 Ä . Ä.

1 10 4.39 4.05 (1.790)
2 5.66 5.45 (1.868)

2 12 (6.87) 6.84
2a (8.02) 7.95

3 9.21 9.25 1.946
3 6 10.58 10.44 1.913

4 12.16 11.78 1.880
4 2 13.60 13.66 1.950

5 15.36 15.30 1.932
5 1 16.72 16.83 1.952

Average 1.929
Radial distribution function result; 1.94 Ä. Final 

value: Si-C =  1.93 =*= 0.03 Ä.

(5) L. Pauling  and  L. O. Brockw ay, T h is  J o u rn al , 57, 2684
(1935).

retical intensity curves with the photographs. 
The maximum for Silicon tetramethyl occurs at 
1.94 Ä. in good agreement with the foregoing re­
sult of the usual method of interpretation, 1.93 Ä.

T a b l e  II
G e r m a n iu m  T etr a m e th y l

Max. Min. 7 s , obsd.
s ,  calcd. for 

Ge-C = 1.99 Ä.
Ge-C,

Ä.
1 9 4.21 3.73 (1.763)

2
2

12
5.63
6.70

5.40
7.06

(1.909)
(2.097)

3
3

6
9.01

10.32
9.03

10.26
1.994
1.980

4
4

3
11.86
13.38

11.68
13.27

1.960
1.974

5
5

1
15.04
16.43

14.92
16.31

1.975
1.976

Radial distribution function
Average 1.977 

result: 2.00 Ä. Final
value: Ge-C = 1.98 =*= 0.03 Ä.

The results for germanium tetramethyl are 
given in Table II. The model from which the 
theoretical intensity curve was calculated is the 
tetrahedral model described above with Ge-C =  
1.99 Ä. and C-H =  1.06 Ä. The photographs 
show five maxima of which the second is dis­
tinguished by the gradual decrease of intensity 
on its outer edge. This characteristic is also 
shown by the theoretical curve in Fig. 1. The 
first maximum and second minimum again lead 
to interatomic distance values which are smaller 
than the average. The second maximum shows 
the anticipated St. John effect and the corre­
sponding interatomic distance value is too large. 
The average from the remaining three minima 
and three maxima is 1.977 A. with a mean de­
viation of only 0.007 A. The radial distribu­
tion function shown in Fig. 2 has a maximum 
corresponding to the Ge-C distance at 2.00 Ä. 
The most probable value for this distance is 
1.98 =*= 0.03 Ä.

T a b l e  III 
T in  T e tr a m e th y l

Max. Min. I s ,  obsd.
s, calcd. for

S n -C -2 .1 7  A.
Sn-C,

Ä.
1 6 3.95 3 .37 (1.85)

2
2

10
5.06
6 .38

4 .88
6.49

(2.095)
2 .208

3
3

6
8.37
9.46

8.32
9.48

2 .158
2 .174

4
4

3
10.82
12.14

10.85
12.28

2 .176
2 .196

Average 2.182
Radial distribution function result: 2.16 Ä, Final 

value: $n-C = 2.18 =*= 0,03 Ä,
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The tin tetramethyl photographs show four 
maxima. The theoretical intensity curve was 
calculated with an assumed Sn-C distance of 2.17 
Ä. and a C-H distance of 1.06 Ä. The compari-

1.0 1.5 2.0 2.5 3.0 3.5
Ä.
r.

Fig. 2.—Radial distribution functions for the 
methyl compounds. In each case the maximum 
corresponding to the bond distance between the 
central and the carbon atoms is marked at the 
value for this distance as determined by the 
method illustrated in Fig. 1.

son of observed and calculated s  values for three 
maxima and two minima leads to an average 
value of Sn-C of 2.18 ±  0.03 (Table III). The 
value 2.16 Ä. given by the radial distribution func­
tion is in satisfaetory agreement.

Good photographs of lead tetramethyl were not 
obtained. The heavy background on the nega­
tives made it possible to distinguish only three 
rings, and of these the first was so uncertain that 
measurements of its diameter gave widely scat- 
tered values. Fairly consistent measurements 
were made on the second and third maxima and 
third minimum as reported in Table IV. The 
theoretical curve shown in Fig. 1 is based on an 
assumed Pb-C distance of 2.23 Ä. while the ex­
perimental value is 2.30 Ä. A change in the 
scale of the theoretical curve of 3.14% leads to 
excellent agreement between theory and experi­
ment. The three term radial distribution func­
tion shows the Pb-C maximum at 2.26. Because 
of the relatively poor quality of the photographs, 
an unusually large estimate of the probable error 
is made; the best value for the Pb-C distance is 
2.29 0.05 Ä.

T a b le  IV
L ead  T etram ethyl

s ,  calcd. for Pb-C,
Max. Min. / s ,  obsd. Pb-C = 2.23 A. Ä.

1 12 (3.5) 3.26
2 (4.6) 4.69

2 10 6.15 6.32 2.291
3 7.76 8.05 2.312

3 5 8.98 9.28 2.306
Average 2.303

Radial distribution function result: 2.26 Ä. Final 
value: Pb-C -  2.29 =*= 0.05 Ä.

Comparison of the photographs of the four com­
pounds shows the effect of the increasing size and 
scattering power of the central atom. The max­
ima occur at successively smaller angles due to the 
increase in the size of the molecule. This is 
shown in Fig. 1 by the shift toward smaller angles 
of the maxima on successive curves. The increase 
of the scattering power of the central atom is 
shown in the curves by the approaeh to a simple 
(sin x ) / x  curve; this is due to the preponderant 
effect of a single term in the formula for the theo­
retical intensity. Especially notable is the change 
in the appearance of the second maximum from a 
resolved doublet in Si(CH3)4 to an asymmetrie 
single maximum in Ge(CH3)4 to a symmetrie 
maximum in Pb(CH3)4.

It will be noted that the number of rings ob­
served on the photographs of this series of com­
pounds decreased with increasing scattering power 
of the central atom. This is due to the dispro- 
portionate increase of the background of atomic 
scattering relative to the molecular scattering
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Fig. 3.—Theoretical electron diffraction curves for nitrogen trimethyl. The observed points marked by 
the dashed lines are not reliable for quantitative comparisons.

(i. e.j the part of the scattering in which the inter­
ference effects appear). Since the apparent in­
tensity of the diffraction maxima is approximately 
proportional to the ratio of the molecular to the 
atomic scattering,6 the relative increase of atomic 
scattering in a series of molecules in which one 
atom progressively scatters much more strongly 
than the others causes the maxima to become 
weaker and a smaller number of them to appear 
in the diffraction patterns of the successive mole­
cules. On microphotometer records the fluctua­
tions due to the interference effects become less 
pronounced and the intensity curve approaches 
that for monatomic scattering. Thus it happens 
that increased scattering power of a molecule re­
sults in less pronounced interference effects and 
poorer photographs for structure determination if 
the increase of scattering power occurs in only one 
of the atoms of the molecule.

Nitrogen Trimethyl.—The photographs of 
nitrogen trimethyl were obtained with the use of 
the Eastman product redistilled.

Theoretical intensity curves were calculated 
for pyramidal models having the nitrogen atom 
at the apex and with C-N-C bond angles of 120, 
115, 110 and 105°. All terms except the H-H  
terms were included. Free rotation of the methyl

(6) L. Pauling- a n d  L. O. Brockway, J .  C h e m . P h y s . ,  2, 870 (1934).

groups was assumed and for each curve shown in 
Fig. 3 the scattering was averaged from a set of 
models which differ in having 30° intervals in the 
orientation of the methyl groups. The C-N dis­
tance assumed for the curves was 1.47 Ä.

The measured positions of the maxima and 
minima are shown by the vertical lines in Fig. 3. 
The 120° model is eliminated since the correspond­
ing curve shows two maxima in the region from 
8 to 10 on the s  scale where only one maximum is 
observed; also it shows a well-marked shelf near 
s =  15 at the position of an observed m inim um . 
For the same reasons the 115° model is also un­
satisfactory. The third ring on the photographs 
is broad with no well-defined maximum point and 
this appearance agrees better with the 110° curve 
than with any other. The fourth maximum is 
sharp whereas the fifth is indistinct on the inner 
edge in agreement with its appearance in the 105° 
curve. The general qualitative features corre­
spond to an angle of 108 =*= 4° for the C-N-C  
bonds.

The quantitative comparison for the 110 and 
105° models is given in Table V. The wide devia­
tions in the measurements of the third and fifth 
maxima make them unreliable and they are not 
included in the average value for the N-C dis­
tance. The five term radial distribution function
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T a b le  V
N itrogen  T r im ethyl

s , calcd. for N--C ~= 1.47 A. N -C
Max. Min. i s ,  obsd. 110° 105° 110° 105°

1 Not measured 3.04 3.35
2 10 6.00 5.92 6.07 1.450 Ä. 1.487 Ä.

3 7.39 7.36 7.53 1.464 1.497
3 7 (9.20) 8.88 9.06

4 11.78 11.60 11.21 1.448 1.400
4 5 13.51 13.63 13.78 1.481 1.498

5 15.43 15.45 15.67 1.477 1.492
5 3 (18.34) 18.88 18.93
6 1 21.80 21.93 22.19 1.479 1.496

Average 1.466 1.478
Mean deviation 0.011 0.026

Radial distribution function result: 1.46 Ä . Final values: N-C = * 1.47 =■= 0.02 Ä., angle C-N-C = 108 ± 4 ° .

T a b le  VI 
Su l fu r  D im ethyl

s , calcd. for S-C -  1.81 Ä. S-C
100°Max. Min. I s ,  obsd. 110° 100° 110°

1 12 5.07 4.06 3.92 (1 .450)Ä. (1 .400)Ä.
2 6.36 6 .0 2 6.25 (1.715) (1.780)

2 20 7.71 7.85 7.85 1.844 1.844
3 9.71 9.79 9.69 1.825 1.805

OO 12 11.16 11.24 11.32 1.823 1.834
4 12.92 12.74 12.77 1.784 1.788

4 6 14.34 14.26 14.36 1.800 1.813
5 16.35 16.55 16.16 1.832 1.790

5 3 18.13 18.54 18.56 1.851 1.853
Average 1.823 1.818

Mean deviation 0.017 0 .0 2 2

Radial distribution function result: 1.81 Ä . Final value: S-C = 1.82 ±  0.03 Ä.

using the estimated intensities given in the table 
is shown in Fig. 2 with its N-C maximum at 1.46 
Ä. This result combined with the average value 
from Table V leads to an N-C distance of 1.47 =±=
0.02 A.

X-Ray diffraction photographs of nitrogen tri­
methyl vapor were taken by Richter,7 who con­
sidered three models having bond angles of 60, 
110 and 120° and an assumed N-C distance of
1.5 Ä. Of these three the second gave the best 
agreement with his photographs, a conclusion 
which is supported by the result of the present in­
vestigation.

The observed dipole moments, 0.60 D 8 and
0.82 D y9 also require a pyramidal structure for 
nitrogen trimethyl.

Sulfur Dimethyl.—Sulfur dimethyl (redistilled 
Eastman product) gave photographs showing five 
good rings. Theoretical curves for two bond 
angles, 110 and 100°, were calculated (Fig. 4) but 
no significant differences appear since the inter-

(7) H. Richter, P h y s i k . Z., 36, 85 (1935).
(8) O. Steiger, H e lv .  P h y s .  A c t a ,  3,161 (1930).
(9) P. N. Ghosh and T. P. Chatterjee, P h y s .  R e v . ,  37, 427 (1931).

ference terms which change with the bond angle 
are much smaller than the unchanging term asso­
ciated with the sulfur-carbon distance. This 
distance was taken as 1.81 A. and the C-H as
1.06 Ä. The radial distribution function (Fig. 2) 
shows a sharp peak at 1.81 Ä. The quantitative 
comparison of Table VI leads to a final value of 
1.82 ±  0.03 Ä.

The dipole moment of sulfur dimethyl is 1.40
D . 10 The sulfur bond angle in this eompound is 
very probably between 100 and 110°.

Mercury Dimethyl.—Photographs of mercury 
dimethyl were obtained from a sample supplied by 
Professor D. M. Yost of this Laboratory. The 
maxima were not well resolved from the very 
heavy background of atomic scattering due to the 
mercury atom and the measured diameters are not 
very reliable. For this reason the data are not 
given in detail; they lead to the approximate 
value Hg-C =  2.20 =*= 0.10 Ä. A determination 
of the bond angle in this eompound by electron 
diffraction experiments is not possible.

(10) E. C. E. Hunter and J. R. Partington, J .  C h e m . S o c . , 2819 
(1932).
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Fig. 4.—Theoretical electron diffraction curves for sulfur dimethyl.

Discussion
The data obtained from the methyl compounds 

are of special interest in the study of the normal 
covalent radii of the elements. The single bond 
radii proposed by Pauling and Huggins3 for the 
non-metals are as follows:

c N O F
0.77 0.70 0.66 0.64

Si P S Cl
1.17 1.10 1.04 0.99
Ge As Se Br

1.22 1.21 1.17 1.14
Sn Sb Te I

1.40 1.41 1.37 1 33

These values for the carbon and halogen groups 
are half of the observed interatomic distances in 
the elements; the intermediate values were ob­
tained by interpolation with the aid of crystal 
structure data. Radius sums taken from this 
table are intended to represent interatomic dis­
tances for single bonds when the elements have 
their normal valence, i. e., four for the carbon 
group, three for the nitrogen group, two for the 
oxygen group and one for the halogens. Small 
corrections are to be applied for other valence 
states.

The observed bond distances in the methyl 
compounds may be compared with the corre­
sponding radius sums. In Table VII this com­
parison is made for the elements whose methyl 
derivatives are reported in this paper (except lead 
and mercury) in addition to oxygen and chlorine, 
whose methyl derivatives were previously re­
ported,11 and for carbon, fluorine and bromine 
for which the details of the structure determina-

(11) L. E. Sutton and L. O. Broqkway, T h is  Jo u r n a l , 57, 473 
(1935).

tions will appear in forthcoming publications. 
The upper number in each case is the observed 
bond distance and the lower is the sum of the co­
valent radii.

T a b l e  VII
B o n d  D ist a n c e s  a n d  R a d iu s  S u m s  in  M e th y l  C om­

p o u n d s

C-C N -C  O-C
1.55 ±  0.02 1.47 ±  0.02 1.42 ±  0.03
1.54 1.47 1.43

F-C
1.42 ±  0.02 
1.41

Si-C
1.93 ±  0.03
1.94

S-C Cl-C
1.82 ±  0.03 1.77 ±  0.02 
1.81 1.76

Ge-C
1.98 ±  0.03
1.99

Br-C
1.91 ±  0.05
1.91

Sn-C
2.18 ±  0.03 
2.17

The agreement between the observed distances 
and the radius sums for all of these compounds is 
excellent, the differences being less than the ex­
perimental error. This shows that with respect 
to the factors affecting the distance the bond type 
in the methyl compounds is the same as in the ele­
ments where the bonds are formed between atoms 
of the same element. It may be pointed out that 
the existence of a dipole moment can have only a 
very small effect on the bond distance. In the 
methyl halides, which have appreciable moments, 
the distances are the averages of the carbon-car­
bon distance in diamond and aliphatic hydrocar­
bons and of the distances in the respective halo­
gen molecules. For the other compounds, too, 
the bond between unlike atoms, with which there 
is associated an electric moment, has just the 
average distance of the two bonds between like
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atoms, which have zero moments. The introduc­
tion of the moment has no appreciable effect on 
the distance.

It is now possible to discuss the data for the 
halogen derivatives. In Table VIII are shown the 
observed bond distances and the radius sums for 
the fluorides and chlorides in which the carbon 
group elements form four bonds to halogens, the 
nitrogen group form three, the oxygen group two 
and the halogens one. The table includes the 
compounds on which electron diffraction measure­
ments have been made and the data are taken 
from a recent survey.4 For Cl2 and IC1 the band 
spectral results are reported in preference to the 
electron diffraction results.

T a b l e  VIII
B o nd  D ist a n c e s  a n d  R a d iu s  S u m s  in  C h l o r id e s  a n d  

F l u o r id e s

C-Cl
1.755 =*= 0.005  
1.76

O-Cl
1.68 =*= 0.03  
1.65

0.00
S i-C l
2.00 =*= 0.02  
2.16

P-Cl
2.00 =*=0.02 
2.09

+  0.03
C l-C l
1.983 =»= 0.005 
1.98

- 0 .1 6 - 0 .0 9 + 0 .0 0
Ge-C!
2.08 =»=0.03 
2.21

As-Cl
2.16 =*=0.03 
2.20

- 0 .1 3 - 0 .0 4
Sn-Cl
2.30 =*= 0.03  
2.39

Te-Cl
2.36 =*= 0.03
2.36

I-Cl
2.315 =*= 0.005 
2.32

- 0 .0 9 0.00 0.00

C-F
1.36 ±  0.02  
1.41

O-F
1.41 =*= 0.05  
1.30

- 0 .0 5 + 0 .1 1
Si-F
1.54 =»=0.02 
1.81

P -F
1.52 =*=0.04 
1.74

- 0 .2 7 - 0 .2 2
As-F
1.72 =*=0.02 
1.85

- 0 .1 3

Five of the chlorides have bond distances which 
within the experimental error are equal to the 
corresponding radius sums. Among these is the 
chlorine molecule whose bond distance determines 
the chlorine radius. The chlorides of Silicon, 
germanium, tin, phosphorus and arsenic, on the 
other hand, have distances which are appreciably 
shorter than the radius sums. It was suggested 
in a previous paper2 that two effects might con-

tribute to this shortening. The first is related 
to the extra ionic character of the bonds due to the 
differences in the electronegativities of the atoms 
involved. The covalent radii quoted above were 
obtained from bonds between atoms of the same 
element having the same electronegativity; and 
the bonds in question between atoms with differ­
ent electronegativities might well be expected to 
show an extra ionic character which would 
strengthen and shorten the bonds. The results 
on the methyl compounds, however, show that 
this explanation is not valid. Although the differ­
ences in electronegativity are more extreme in 
some of these compounds than in the chlorides, 
no deviations from additivity of the covalent 
radii are observed.

The alternative explanation for the shortening 
is that the bonds may have some double bond 
character. If one of the structures contributing 
to the normal state of the molecule has two atoms 
joined by a single bond and one of the atoms has 
an unshared pair of electrons while the other has 
an unoccupied orbital, then another structure in 
which a double electron pair bond is formed be­
tween two atoms may contribute to the normal 
state of the molecule. If this occurs the bond 
distance will be shorter than the single bond dis­
tance by an amount depending on the relative 
contributions of the various resonating structures. 
The maximum shortening will be ten per cent. 
since the ratio of double to single bond distance is 
90%.

Shortening düe to double bond character will 
not be expected when the formulation of the struc­
ture having the double bond would violate the 
octet rule for an atom of the first row of the pe­
riodic table. In one of these atoms the four Or­
bitals of the L shell are filled by the four electron 
pairs and the higher lying levels of the M shell 
are not available for bond-formation. In the 
later rows of the periodic table, however, four 
electron pairs occupy the s and p  orbitals with d 
orbitals of the same shell available for the forma­
tion of additional bonds.

In examining the data for the chlorine com­
pounds we see that carbon tetrachloride could 
not show a double bond effect, and no shortening 
is observed. In chlorine monoxide the fact that 
no shortening occurs shows that chlorine has 
little or no tendency to hold five pairs. The 8% 
shortening observed in Silicon tetrachloride indi­
cates a considerable double bond effect. If it is
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tlie only cause of the shortening, the bonds in Sili­
con tetrachloride have 40% double bond charac­
ter according to the relation between interatomic 
distance and single bond-double bond resonance.12 
This requires a considerable contribution to be 
made by structures having two and three double 
bonds to Silicon.

All of the shortenings observed in the chlorine 
compounds are compatible with the explanation 
on the basis of double bond character. In the 
methyl compounds double bonded structures are 
not possible because there are no unshared elec­
trons, and no shortening is observed. Another ex­
ample of shortening due to double bond character 
has been observed in the case of nickel carbonyl.13

The deviations from additivity shown in Table 
VIII become less in passing to the right or down 
through the periodic arrangement of the elements. 
In the second row this is inevitable since the dis­
tance in the molecule Cl2 furnishes the Standard 
for comparison. We have in reality measured 
the excess of the effect over that in Cl2 itself. It 
is probable, however, that Cl2 has very little 
double bond character inasmuch as the distance 
in carbon tetrachloride would be larger than the 
sum of the radii if the chlorine radius were affected 
by double bond character in Cl2. The zero de­
viation observed for IC1 also lends some signifi- 
cance to the apparent trend in the tendency to­
ward double bond formation.

The bond distances of the fluorides require addi­
tional explanation. It will be noted that the C-F 
distance in methyl fluoride is 1.42 Ä. and in car­
bon tetrafluoride 1.36 Ä. This difference is be­
yond the range of experimental error. The 
shortening below the sum of the radii for the sec­
ond eompound is not due merely to ionic effects 
since it would also appear in some degree in the 
first. Professor Pauling has suggested that in 
addition to the single bonded structure the CF4 
molecule resonates among structures having an 
F~ ion bonded electrostatically to a CF3+ ion in 
which one double and two single covalent bonds 
are formed.

: F :
: F : : C ' : F :

: F :

The quantum mechanical principle of resonance 
among structures having equal energies would

(12) L. Pauling, L. O. Brockw ay and J. Y. Beacli,  T his  J o u r n a l , 
57, 2705 (1935).

(13) L. O. Brockway and P. C. Cross, J .  C h e m . P h y s . ,  3, 828 
(1935).

require the four bonds to be equivalent and they 
would show an equal shortening. The effect could 
not take place in methyl fluoride and thus the 
difference between the two compounds is ac­
counted for. If this explanation is correct, the 
effect should be observed whenever two or more 
fluorine atoms are attached to the same carbon or 
even when a fluorine and one or more chlorine 
atoms are bonded to carbon. It is known that 
the halogen derivatives of methane containing 
two or more halogen atoms of which fluorine is 
one have different Chemical properties from the 
others. This fact is undoubtedly associated with 
the variations in the bond distances. A report 
of the electron diffraction investigation of the 
mixed fluorine and chlorine derivatives of meth­
ane will be published soon.

The described effect should be especially im­
portant in the fluorides on account of the pro­
nounced electronegativity of fluorine. That the 
explanation is not entirely satisfaetory is indi­
cated by the magnitude öf the deviations ob­
served in Silicon tetrafluoride and phosphorus 
trifluoride. The shortenings here are 15 and 13%, 
respectively, although the maximum difference 
observed between single and double bonds is 
10%. The contribution of structures involving 
triple bonds is probably small in view of the 
slight tendency for elements of the second row to 
form triple bonds. If the large shortening can be 
explained by the combined extreme ionic-double 
bond character described above, then the short­
ening in the fluoromethanes should be greater.

As in the chlorides, the shortening for fluorides 
becomes less toward the right and in lower rows 
of the periodic system. In fluorine monoxide the 
bond distance is larger than the sum of the radii. 
No explanation of this anomaly is apparent.

Because of the agreement found for methyl 
compounds we believe that the covalent radii 
given in Pauling and Huggins’ table are reliable 
and applicable even to bonds with considerable 
ionic character. The radii are also useful for pre- 
dicting distances in compounds in which devia­
tions from additivity occur due to resonance of 
the molecule among several electronic structures. 
The results for the chlorine compounds indicate 
the circumstances under which such deviations 
may be expected.

We express our indebtedness to Professor Linus 
Pauling for valuable discussions on the interpre­
tation of the data on internuclear distances.
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Summary
By electron diffraction investigation of the 

gases the structures of certain methyl compounds 
have been determined. Four tetramethyls with 
tetrahedral symmetry have the following bond 
distances: Si-C =  1.93 ±  0.03 Ä., Ge-C = 1.98 
=>= 0.03 Ä., Sn-C = 2.18 ±  0.03 Ä., Pb-C = 2.29 
=*= 0.05 Ä. Nitrogen trimethyl has a bond angle 
of 108 ±  4° with N -C  = 1.47 ±  0.02 Ä. In sul­
fur dimethyl and mercury dimethyl the inter­
atomic distances are S-C = 1.82 =*= 0.03 Ä. and 
Hg-C == 2.20 =*= 0.10 Ä., respectively. These

distances agree with the sums of covalent radii 
given by Pauling and Huggins.

In a discussion of previous data for the chlorides 
it is shown that relative electronegativities (or 
the existence of electric moments in the bonds) 
are not responsible for the shortening observed 
in some of the chlorides. This effect is instead 
probably due to the contribution of structures 
having double electron pair bonds. Further in­
vestigation is required to explain the observed de­
viations in the chlorides.
P a sa d e n a , C a l if . R e c e iv e d  J u l y  28, 1986

[C o n t r ib u t io n  fr o m  t h e  C h e m ic a l  L aboratory  of H. S. N ew com b  C o l l eg e , T u l a n e  U n iv e r sit y ]

Diazotization of Weakly Basic and Insoluble Amines. The Use of Pyridine, Quino­
line and Isoquinoline as Solvents for the Amines

B y  C lara  d e M ilt a nd  G ertrude  V a n  Za n d t1

A series of experiments in this Laboratory on 
the diazotization of 4-aminobiphenyl with the use 
of pyridine as a solvent for the amine2 led the 
authors to an investigation of the use of pyridine 
as a solvent for other weakly basic and insoluble 
amines. The success of this work led to experi- 
mentation on the use of quinoline and isoquino­
line as solvents.

The use of pyridine as a solvent for the diffi­
cultly diazotizable amines has been described by 
Krishna and Bhatia,3 who reported the successful 
diazotization of tribromoaniline, 2,6-dichloro-4- 
nitroaniline, dibromo-^-aminoberizoic acid and 
dibromo-£-aminobenzaldehy de.

The experimental work described in this paper 
substantiates the conclusion so often expressed 
that the diazotization proceeds only with the sub­
stituted ammonium salt and never with the free 
amine.4,5 As groups which décrease the basicity 
of the amine replace the hydrogen atoms in the 
benzene ring, the concentration of the ammonium 
salt in the aqueous solution is correspondingly 
decreased. In order to prevent this hydrolytic 
action, Schoutissen5 found that it was necessary 
to use a large excess of strong mineral add or a

(1) The material of this paper is from the thesis of Gertrude Van 
Zandt, presented in partial fulfilment of the requirements for the 
degree of M.S. at Tulane University, June, 1935.

(2) Carolyn Samuel, Master's Thesis, Tulane University, June, 
1934.

(3) Proc. 15th Indian Sei. Cong.,.152 (1928).
(4) Witt, B e r . ,  42, 2953 (1909).
(5) Schoutissen, T h is  J o u r n a l , 55, 4531 (1933).

solvent which reduces the dissociating effect of 
water. With the use of pyridine, quinoline and 
isoquinoline as solvents for the weakly basic and 
insoluble amines, it is possible to introducé the 
amine into the diazotizing mixture, namely, sul­
furic acid and sodium nitrite, so that the amine 
is evenly distributed throughout the mixture in a 
very finely divided condition. The amine solu­
tion is added slowly to the cold nitrosylsulfuric 
add. The solvent seems to hold the amine in 
solution until the sulfate is formed, which in turn 
reacts with the nitrous acid that is liberated by 
the action of the solvent on the nitrosylsulfuric 
acid. It is to be noted, however, that even 
though all other quantities and factors are the 
same, complete diazotization of the amine is not 
obtained in a reasonable length of time unless 
the amine is entirely dissolved in the liquid that 
is being used as the solvent.

The excess of mineral acid that is necessary de­
pends upon the solubility of the amine and the 
nature, number and position of the groups that 
are present in the benzene ring. A study of the 
acid concentrations used in the diazotization of 
the substituted amines, showed that when a 
relatively small volume of organic solvent was 
used, the more dilute acid solution is satisfac- 
tory except for 4,6-dibromo-2-nitroaniline and 
picramide. If, however, a much larger vol­
ume of solvent is necessary to dissolve the 
amine, then the stronger acid solution must be
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used, although the final concentration of the di­
luted acid is approximately the same. The effect 
of solubility is illustrated by the diazotization of
2,6-dibromo-4-nitroaniline. The amine is very 
soluble in quinoline and is easily diazotized with 
the use of this solvent. When pyridine is used as 
the solvent, a large volume is necessary to dissolve 
the amine and complete diazotization results 
only when a stronger acid concentration is used. 
It was not found possible to use dilute hydro­
chloric acid described by Krishna and Bhatia3 as 
being satisfaetory for the diazotization of diffi­
cultly diazotizable amines, when pyridine was 
used as the solvent for the amines. Pyridine re­
acts vigorously with concentrated hydrochloric 
acid, and weaker Solutions of hydrochloric acid 
do not furnish the concentration of mineral acid 
that is necessary for the diazotization of the very 
weakly basic amines. For this reason, sulfuric 
acid has been used almost exclusively and has 
been found to furnish sufficiënt acid concentration 
even for the diazotization of the least basic amine, 
picramide.

Even though sulfuric acid is the best mineral 
acid to furnish the necessary acid concentration, 
Schoutissen5 showed by experiment that the sul­
furic acid, used alone, combines with all the ni­
trous acid. In order to release the nitrous acid 
from the nitrosylsulfuric acid, he used phosphoric 
acid. Glacial acetic acid was used for the same 
purpose by Misslin6 in the diazotization of picra­
mide. The addition of pyridine, quinoline or iso­
quinoline to a solution of nitrosylsulfuric acid was 
found to release the nitrous acid. Thus besides 
acting as a solvent for the difficultly soluble 
amines, these tertiary amines, which do not re­
duce the concentration of the sulfuric acid ap­
preciably, have another function, that of releas- 
ing the nitrous acid from the nitrosylsulfuric acid.

Even though the three solvents have the same 
function in the diazotization process, each has its 
advantages. Much heat is generated when pyri­
dine is added to nitrosylsulfuric acid, and it is 
sometimes difficult to keep the temperature as 
low as necessary, while little heat is evolved when 
quinoline or isoquinoline is used. On the other 
hand, pyridine shows almost no tendency to hold 
the azo eompound formed in a coupling process 
in solution, while quinoline and isoquinoline do 
hold the coupled product in solution, especially 
when a proportionately large volume of the sol-

(6) Misslin, H e lv .  C h im . A c ta ,  3, 626 (1920); C . A . ,  15, 61 (1921).

vent has been used, Moreover, quinoline and 
isoquinoline cannot be used with those amines the 
diazonium salts of which couple with ß-naphthol 
in alkaline solution, since they separate out as oils.

Further work on the diazotization of amines 
with the use of these solvents followed by the 
Sandmeyer reaction is in progress.

Experimental Part
1. Diazotization with Pyridine

2,6-Dichloro-4-nitroaniline.—Three grams of sodiuni 
nitrite was added to a solution of 30 cc, of concentrated 
sulfuric acid and 15 cc. of water, which had been cooled to 
10°. To this was slowly added 4.14 g. of 2,6-dichloro-4- 
nitroaniline dissolved in 15 cc. of pyridine. During the 
addition, the mixture was stirred mechanically and the 
temperature was maintained below 10°. The diazonium 
salt solution was stirred for a half hour after the amine- 
pyridine solution had been added. Twice the volume (120 
cc.) of ice water was then added, Finally 2 g. of urea was 
added to remove excess nitrous acid, and the solution was 
stirred until foaming had ceased, The diazonium salt 
solution was filtered to remove a slight residue that seemed 
to result on the addition of the urea. To the clear solu­
tion 2.88 g. of /3-naphthol dissolved in 10 cc, of pyridine 
was added, and coupling took place at once. The mixture 
was allowed to stand for an hour, and was then diluted 
with 200 cc. of water. The coupled product was filtered, 
washed with water and digested with 150 cc. of 25% alco­
hol on a water-bath for a half hour to remove adhering 
pyridine. The yield was quantitative. Recrystalliza­
tion of 2,6-dichloro-4-nitrobenzene-azo-/3-naphthol from 
toluene gave deep red needles, m. p. 219°.

3 - Nitro - 4 - aminobiphenyl.—The 3 - nitro - 4 - amino- 
biphenyl, m. p. 165.5°, was prepared by the nitration of
4-aminobiphenyl, obtained from Eastman Kodak Co.;
4.04 g. of 3-nitro-4-aminobiphenyl dissolved in 20 cc. of 
pyridine was added slowly to a cold mixture of 3 g. of 
sodium nitrite in a solution of 30 cc. of concd. sulfuric acid 
and 15 cc. of water. The diazotization was carried out in 
the usual way. Coupling took place immediately on the 
addition of 2.88 g. of /3-naphthol dissolved in 10 cc. of 
pyridine to the clear diazonium salt solution. The coupled 
product was filtered, washed and digested with 25% alco­
hol. The 2-nitro-4-phenylbenzene-azo-/3-naphthol formed 
fine red-brown crystals from toluene, m. p. 228°.

A n a l. Calcd. for C^H^OgNs: N, 11.38. Found: N,
10.22, 10.06.

Picramide, 2,4,6-Trinitroaniline.—A solution of 60 cc. 
of concd. sulfuric acid and 21 cc. of water was cooled to 
10° and 3 g. of sodium nitrite was added. This mixture 
was heated on a water-bath until it became clear (70°) 
and was then cooled to 0°; 4.56 g. of picramide dissolved in 
30 cc. of pyridine was added during an hour and a half to 
the nitrosylsulfuric acid solution. During the addition, the 
mixture was stirred mechanically and the temperature 
kept below 10°. The diazonium solution was allowed to 
stand for two hours. To the concentrated solution 2 g. of 
urea was added. Very little foaming resulted, and it was 
not necessary to filter the clear solution. A solution of
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2.88 g. of /3-naphthol in 10 cc. of pyridine was then added, 
and coupling took place immediately. The coupled prod­
uct was allowed to stand for an hour, diluted with 300 
cc. of water and filtered. It was washed and digested with 
25% alcohol; yield quantitative. Recrystallization of
2,4,6-trinitrobenzene-azo-/3-naphthol from toluene gave a 
brick-red powder, m. p. 147°.

3-• Aminophenanthrene in Sulfuric Acid.—1.93 g. of 3- 
aminophenanthrene (a gift from Professor W. E. Bach­
mann of the University of Michigan), m. p. 87.5°, dissolved 
in 10 cc. of pyridine was added slowly to a cold solution of 
15 cc. of concd. sulfuric acid and 7 cc. of water containing
1.5 g. of sodium nitrite. The diazonium salt solution was 
diluted with 50 cc. of ice water and treated with 1 g. of 
urea. To this was added 1.44 g. of /3-naphthol dissolved 
in 5 cc. of pyridine. Coupling took place when the solu­
tion was made alkaline with sodium hydroxide. The 
coupled product was filtered and washed with water. The 
yield of the crude product was quantitative. The phenan- 
threne-azo-/3-naphthol recrystallized from toluene gave 
fine, dark red crystals, m. p. 249°.

Diazotization of 3-Aminophenanthrene in Hydrobromic 
Acid.—A solution of 1.93 g. of 3-aminophenanthrene in 5 
cc. of pyridine was added alternately with a solution of
1.5 g. of sodium nitrite in 4 cc. of water to 18 cc. of 40% 
hydrobromic acid, cooled below 4°. The diazotized solu­
tion was diluted with 50 cc. of ice water and treated with 
1 g. of urea. It was now added to a solution of 1.44 g. of 
/3-naphthol in sodium hydroxide. The yield of the crude 
product was quantitative. The recrystallized product 
melted at 249°.

2. Diazotization with Quinoline7
4,6-Dibromo-2“nitroaniline.—A solution of 5.91 g. of 

4>6-dibromo-2-nitroaniline in 15 cc. of quinoline was di­
azotized in a reaction mixture of 3 g. of sodium nitrite 
in 40 cc. of concd. sulfuric acid and 15 cc. of water. Coup­
ling took place when to the clear diazonium salt solution 
a solution of 2.88 g. of /3-naphthol in 10 cc. of quinoline 
was added. The coupled product was filtered, washed and 
digested with 25% alcohol. The yield was quantitative. 
Recrystallization of the 4,6-dibromo-2-nitrobenzene-azo-/3- 
naphthol from toluene gave red crystals, m. p. 250°.

A n a l. Calcd. for CieHöOgNsBr :̂ N, 9.32. Found: 
N, 9.46, 9.30.

3. Diazotization with Isoquinoline
Picramide.—A mixture prepared by adding 3 g. of 

sodium nitrite to a cold solution of 60 cc. of concd. sulfuric 
acid and 21 cc. of water was heated on a water-bath to 70° 
until clear; 4.56 g. of picramide dissolved in 50 cc. of iso­
quinoline on a water-bath was added as a thick suspension 
to the nitrosylsulfuric acid. The mixture was stirred 
mechanically and the reaction carried out at room tem­
perature. The solution was diluted with a mixture of 30 
cc. of concd. sulfuric acid and 35 cc. of water and allowed 
to stand for an hour with stirring. Two grams of urea 
was added. After the foaming had ceased, the solution 
was clear. Water was then added until a precipitate began 
to form. A solution of 2.88 g. of /3-naphthol in 10 cc. of 
isoquinoline was then added. The mixture was allowed 
to stand, then diluted with water. The product was fil­
tered, washed and digested with 25% alcohol. The yield 
was not quantitative, apparently because the isoquinoline 
held some of the coupled product in solution. Recrystal­
lization from toluene gave 2,4,6-trinitrobenzene-azo-ß- 
naphthol as a red powder, m. p. 147°.

Summary
1. A new method for the diazotization of 

weakly basic and insoluble amines has been de­
vised with the use of pyridine, quinoline and iso­
quinoline as solvents for the amines. The diazo­
tization of 2,6-dichloro-4-nitroaniline, 2,4-dinitro- 
aniline, 3-nitro-4-aminobiphenyl, 2,4,6-tribromo- 
aniline, 2,6-dibromo-4-nitroaniline, 4,6-dibromo- 
2-nitroaniline, 3-aminophenanthrene and 2,4,6- 
trinitroaniline has been carried out with the use 
of these solvents.

2. Complete diazotization is not obtained in a 
reasonable length of time unless the amine is en­
tirely dissolved in the liquid that is being used as 
the solvent.

3. Two new compounds have been prepared: 
2-nitro-4-phenyl-benzene-azo-ß-naphthol, m. p. 
228° and 4,6-dibromo-2-nitrobenzene-azo-/3- 
naphthol, m. p. 250°.
N e w  Or l e a n s , D a . R e c e iv e d  M a y  11, 1936(7) Contributed by the Barrett Co.
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[Co n t r ib u t io n  from  t h e  Chem ical  L a b o r ato r y  of  t h e  U n iv e r sit y  of  I l l in o is ]

Polysulfones from Acetylenes and Sulfur Dioxide1

B y  L. L. R yden  a n d  C. S. M arvel

In an earlier communication,1 we have shown 
that one acetylene, 1-heptyne, combines with 
sulfur dioxide in a one-to-one ratio to yield a 
polymeric product. This reaction has now been 
studied with a wide variety of substituted acetyl­
enes and it appears to be a general reaction for 
monosubstituted acetylenic hydrocarbons.

The monoalkylacetylenes, RC=e=CH, in which 
R is a normal alkyl group containing one to five 
carbon atoms, have been found to combine readily 
with sulfur dioxide in the presence of alcohol and 
paraldehyde which contains peroxides. Phenyl­
acetylene also combines readily with sulfur di­
oxide under the same conditions used for alkyl­
acetylenes. Disubstituted acetylenes appar­
ently do not enter into the reaction as shown by 
failure to obtain sulfur dioxide addition products 
from 2-butyne, 2-hexyne and methylphenyl- 
acetylene. Ethyl acetylenedicarboxylate also 
failed to react with sulfur dioxide. Further 
experiments on monosubstituted acetylenes will 
have to be made before the exact limits of the 
reaction can be set forth.

The products of the addition of sulfur dioxide 
to monosubstituted acetylenes are presumably 
polysulfones. They still contain one double bond 
for each hydrocarbon residue in the polymer, since 
oxidation gives the acid which would be expected 
from this structure. That the addition of sulfur

(RC—CH—S02- -)«
Oxid.

------^  RCOOH

dioxide is to the acetylene and not to an allene 
which might result from a rearrangement of the 
acetylene is established by the above observation. 
Moreover, phenylacetylene, which could not re- 
arrange to an allene, adds sulfur dioxide, and al­
lene itself fails to combine with this reagent.

The polymers are readily hydrolyzed with 10% 
aqueous sodium hydroxide, but all of the products 
of this hydrolysis are not known. The phenyl- 
acetylenepolysulfone was most extensively inves­
tigated, since it was thought that the presence of 
the phenyl group would give products which were 
more readily identifiable. The products which 
have been isolated are benzylmethylsulfone (8%),

(1) T h is is  th e  fou rth  com m u n ication  on polysulfones. For the  
th ird , see T h is  J o u r n a l , 57, 2311 (1935).

acetophenone (trace), benzoic acid (20%) and 
sodium sulfite (50%). The remainder of the sul­
fur was present in the tarry organic products 
which are produced in the hydrolysis. The fact 
that almost exactly half of the sulfur is isolated as 
sulfur dioxide and half as organic sulfur com­
pounds indicates that there is possibly the same 
type of altemation in the manner of combination 
of phenylacetylene and sulfur dioxide to give a 
polymer of structure I  as was previously demon­
strated in the case of propylenepolysulfone.2 
However, this structure does not account for the 

f  C6H5 C6H51
I IL-—so 2c= c h s o 2—c h = c—

I
f  C6H6 C6Hg

I I
L—o2$ —c==c h —so 2—o =c h —  

i i

formation of benzylmethylsulfone on hydrolysis. 
At least a part of the polymer must have the struc­
ture shown in formula II. It seems likely that the 
acetophenone is produced from one end group of 
the polymer. Addition of water to stop the poly­
meric reaction would give at one end of the chain 
the group C6H6C0 CH2S0 2 -, and this would give 
acetophenone on alkaline hydrolysis.

Hydrolysis of 1 -pentynepolysulfone gave a 
trace of methyl w-propyl ketone which also prob­
ably came from the end group of the molecule. 
About 40-50% of the sulfur was removed as sul­
fur dioxide. No other products of hydrolysis 
have been identified. An attempt was made to 
reduce 1-pentynepolysulfone with hydrogen over 
a platinum catalyst to see whether the reduction 
product could be shown to be identical with 1- 
pentenepolysulfone. No reduction occurred at 
room temperature in dioxane. The polymer lost 
sulfur dioxide when heated. Almost exactly half 
of the sulfur was eliminated as sulfur dioxide at 
the boiling point of dioxane. The only product 
besides sulfur dioxide which could be isolated 
after decomposition with heat was a crystalline 
material which analysis and molecular weight 
showed to be CioHieSC -̂ The structure of this 
eompound is yet unknown.

Pyrolysis in boiling dioxane removed approxi-
(2) Hunt and Marvel, i b i d . ,  57, 1691 (1935).
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mately half of the sulfur from 1-heptynepoly- 
sulfone as sulfur dioxide. Phenylacetylenepoly- 
sulfone was insoluble in dioxane, but heating the 
polymer alone at 140° for the forty-five minutes 
liberated 62-73% of the sulfur as sulfur dioxide. 
No definite products could be isolated from the 
organic residue. When 1 -peiitynepolysulfone was 
heated to 200° until frothing ceased, only 50% of 
the sulfur was removed as sulfur dioxide. The 
evidence is as yet too meager to ascribe definite 
formulas to these acetylene-sulfur dioxide poly­
mers but there is apparently considerable differ­
ence between the alkyl substituted and aryl sub­
stituted products.

No satisfaetory molecular weight determina­
tions have been made on any of the acetylene de­
rivatives.

Experimental Part
Preparation of Polysulfones from Acetylenes.—Ten cu­

bic centimeters each of liquid sulfur dioxide and the sub­
stituted acetylene were placed in a pressure bottle, and 5 
cc. of ethyl alcohol was added. The bottles were sealed 
and allowed to stand overnight, then cooled and opened 
to permit the addition of 1 to 5 cc. of paraldehyde which 
contained peroxides. The amount of paraldehyde to be 
added varied roughly with various samples. Fresh par­
aldehyde was inert, but older samples which had been ex­
posed to the air were very effective catalysts for the ad­
dition reaction. The flasks were sealed and allowed to 
come to room temperature. The contents of the flask 
were usually solid at this time. With 1-pentyne and 1- 
hexyne, the reaction was distinctly exothermic.

The reaction mixtures were poured into water and the 
products collected on a filter. The excess of sulfur dioxide 
and paraldehyde was removed by triturating with alcohol 
and ether several times. The polymer from 1-pentyne 
was further purified by dissolving in dioxane and reprecipi- 
tating by the addition of water. The products from 1- 
hexyne and 1-heptyne were purified similarly with acetone 
as the solvent.

The polysulfones from methyl-, ethyl- and propyl- 
acetylene were white, powdery, amorphous substances. 
The butyl- and amyl-acetylene derivatives were more 
flaky and were not easily ground to powder.

The products which have been prepared are listed in 
Table I.

Under the same experimental conditions which gave 
addition products when the monosubstituted acetylenes 
were used, no polysulfones could be obtained from di- 
methylacetylene, 2-hexyne, methylphenylacetylene, di­
ethyl acetylenedicarboxylate or allene and sulfur dioxide. 
Acetylene itself was not investigated.

The polysulfones derived from methyl-, ethyl- and 
phenyl-acetylene were insoluble in water, alcohol, ether, 
acetone, carbon tetrachloride, chloroform, benzene and 
cold concentrated sulfuric acid. The polysulfones from 
»-propyl-, »-butyl- and »-amyhacetylene were soluble 
in dioxane and could be precipitated from this solvent

T a b l e  I
P o l y su l fo n e s  from  M o n o su b st it u t e d  A c e ty l e n e s

RC===CH
R—

Yield,
%

Temp. öf 
decomp.® 

°C.
Empirical
formula

S analyses, % 
Calcd. Found

Methyl 40 250-260 c3h 4so 2 30.8 29. 4i
Ethyl 30 210-215 C4H6S02 27.0 26.4 26.3
»-Propyl 60 203-208 c 5h 8so 2 24.2 23.8 23.6
»-Butyl 90 195-205 CéHioSOg 21.9 21.5 21.3
»-Amyl 75 164-170 c

Phenyl 50 250-275 c8h 6so 2 19.3 18.5 18.7
a These decomposition temperatures were determined 

by heating a sample in a capillary melting point tube in an 
oil-bath which was heated rapidly. The temperature of 
decomposition varies widely, depending on the rate of 
heating. 6 Calcd.: C, 34.6; H, 3.85. Found: C, 34.52, 
34.23; H, 3.95, 3.94. c Analysis reported previously; see 
ref. 1.

by the addition of water. Acetone could be substituted 
for dioxane when »-butyl- and »-amylacetylenes were 
used.

All of these new polysulfones were sensitive to alkalies. 
The products did not dissolve in cold, aqueous, 10% sodium 
hydroxide, but on warming the mixture the sulfones dis­
solved and were hydrolyzed rapidly.

Oxidation of the Polysulfones from Acetylenes.—Five 
grams of 1-pentynepolysulfone was boiled for fifteen 
minutes with a solution of 24 g. of potassium perman­
ganate in 500 cc. of water. The hydrated manganese 
dioxide was removed by filtration, and the solution was 
acidified with phosphoric acid. The distillate was dis­
tinctly acid. The Duclaux constants3 for the volatile 
acid were 17.7, 16.0 and 14.1, whereas the values reported 
for »-butyric acid are 17.9, 15.9 and 14.6. To confirm the 
identification of the volatile acid the sodium salt was pre­
pared and converted to the ^-bromophenacyl derivative, 
which melted at 63°. A mixture of this product with 
an authentic specimen of the 4>-bromophenacyl ester of n- 
butyric acid melted at 63°.4

Similarly, 2 g. of 1-butynepolysulfone was oxidized 
with 12 g. of potassium permanganate. The product of 
this reaction was identified as propionic acid by the Duc­
laux constants, and preparation of the ^-bromophenacyl 
ester which melted at 62°. There was no depression in 
the melting point when this ester was mixed with an 
authentic sample of the ^-bromophenacyl ester of pro­
pionic acid.

When 1 g. of phenylacetylenepolysulfone was boiled 
with 1 g. of potassium permanganate in 20 cc. of water in a 
like manner, benzoic acid was obtained, m. p. 121.5°.

Hydrolysis of the Polysulfones.—Two grams of phenyl­
acetylenepolysulfone was added to a solution of 2 g. of 
sodium hydroxide in 75 cc. of water, and the mixture was 
distilled. A very small amount of oily material came 
over with the water. The distillates from several such 
runs were combined, extracted with ether and the ex­
tract was concentrated and treated with 2,4-dinitrophenyl- 
hydrazine. The 2,4-dinitrophenylhydrazone, after crys-

(3) Duclaux, A n n . ch im . p h y s . ,  [5] 2, 289 (1874); Upson, Plum  
and Shott ,  T h is  J o üRRa l , 39, 731 (1917); Lamb, M d . ,  39, 74«  
(1917).

(4) Judefind and Reid, ib id .,  42, 1043 (1920).
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tallization from alcohol, melted at 238°, and showed no 
depression of melting point when mixed with an authentic 
specimen of the 2,4-dinitrophenylhydrazone of aceto­
phenone.6

In another experiment, 4 g. of phenylacetylenepoly- 
sulfone was hydrolyzed by boiling with 60 cc. of 3% sodium 
hydroxide solution for thirty minutes. The volatile 
material was distilled with steam and the alkaline residue 
was extracted with ether. From this extract a solid was 
obtained. After recrystallization from benzene it melted 
at 124°, and showed no depression of melting point when 
mixed with an authentic specimen of benzylmethylsulfone 
(m. p. 124.5°).6

A n a l. Calcd. for C Ä 10SO2: C, 56.47; H, 5.88. Found: 
C, 56*38; H, 5.75.

The yield of benzylmethylsulfone was 0.28 g. (8%).
In another similar alkaline hydrolysis 2 g. of phenyl- 

aeetylenepolysulfone was refluxed two hours with 50 cc. of 
10% sodium hydroxide. The hydrolysate 
was extracted with ether to remove neutral 
compounds. Hydrogen peroxide was added 
to oxidize the sulfite, the solution was acidi­
fied with hydrochloric acid and the benzoic 
acid was extracted with ether. The ether 
was evaporated and the benzoic acid was ex­
tracted from the tarry residue with hot water 
and determined by titrating with 0.1 
dium hydroxide. Twenty-five cubic 
mers of base was used. This is equivalent 
to 2U £;)• 0T> roughly, 2 0 %
of the theoretical amount of benzoic acid

The amount of sulfite which had been pro­
duced in the hydrolysis was determined by 
oxidation with hydrogen peroxide and precipi­
tation as the sulfate. The barium sulfate 
weighed 1.253 g. (5.37 millimoles). This ac­
counts for 45% of the sulfur in the polymer.

In another experiment, analyses were run 
on the dried residue (after extraction with ether). This 
showed that 25% of the sulfur was removed by extraction 
with ether. An aliquot part of the dried residue was ex­
tracted with alcohol. This process removed 25% öf the 
total sulfur, leaving a residue containing 50% of the total 
sulfur as sodium sulfite.

Five grams of 1-pentynepolysulfone was mixed with 100 
cc. of 10% sodiuni hydroxide solution, and the mixture 
was slowly distilled. The distillate was treated with an 
alcohol solution of 2,4-dinitrophenylhydrazine and a small 
amount of the 2,4-dinitrophenylhydrazone of methyl n- 
propyl ketone, m. p. 135-137°, was obtained. This ma­
terial was mixed with an authentic specimen of the methyl 
w-prqpyl ketone derivative (m. p. 141°),5 and the mixture 
melted at 138-139°. No definite products except sodium 
sulfite could be identified in the alkaline residue. By 
making the mixture acid with phosphoric acid, and dis­
tilling the sulfur dioxide into Standard alkali, ft was found 
that between 40 and 50% of the original sulfur in the 1- 
pentynepolysulfone was removed as sulfite.

Pyrolysis of the Polysulfones.—A 0.2372-g. sample of 1- 
pentyiiepoly sulfone was placed in a test-tube. fitted with a

(5) Allen, This Jouänal, "*2, 2955 (I93Ü).
(ö) Freimaïi and Sugden, J . C h e m . S o c . , 2t>3 (11928).

gas delivery tube dipping into Standard alkali. The test- 
tube was then heated to 200° until frothing in the tube 
ceased (thirty minutes) and the tube was swept out with 
air. Titration of the Standard alkali showed that 50% 
of the sulfur of the polymer was liberated as sulfur dioxide. 
When the polymer was heated at 200° for one hour, 51% 
of the sulfur dioxide was liberated. When the polymer 
was heated at 205-215° for one hour, roughly 60% of the 
sulfur dioxide was eliminated, showing that further de­
composition takes place at higher temperatures.

With phenylacetylenepolysulfone, pyrolysis at 140° for 
forty-five minutes liberated from 62 to 73% of the sulfur 
dioxide. There seemed to be no really definite stopping 
place in the decomposition of this derivative.

By dissolving 1 -pentynepolysulf one in dioxane and 
heating the solution to boiling, sulfur dioxide was liber­
ated slowly, and the amount lost approached 50% as a 
limiting value. 1-Heptynepolysulfone showed a similar

behavior. This is shown best by the accompanying curve 
(Fig. 1).

When 100 g. öf 1-pentynepolysulfone was heated in 50 
cc. of dioxane until approximately 50% of the sulfur di­
oxide was evolved and the solution evaporated and poured 
into ether, a small amount of the original polymer was ob­
tained. In addition, a small amount (0.05 g.) of a crys­
talline eompound, m. p. 88°, was obtained. This product 
did not add bromine, but did decolorize aqueous potassium 
permanganate solution.

A n a l. Calcd. for CioHi6S 02: C, 60.00; H, 8.00; S, 
16.00; mol. wt., 200. Found: C, 59.43; H, 7.97; S, 
14.73; mol. wt. (Rast), 203.

The structure of this eompound has not been determined, 
but its behavior toward bromine and potassium perman­
ganate solution, together with the analysis and molecular 
weight, suggest that it may be a dipropylthiophenesulfone.

The polysulfones from 1-heptyne, 1-hexyne and phenyl­
acetylene gave no product of this type.

Summary
1. A number of alkylacetylenes and phenyl­

acetylene have been shown to combine with sul

Fig. 1.— I, Pyrolyis of 1-heptynepoly sulfone in dioxane; II, pyrolysis of 
1-pentynepolysulfone in dioxane.
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fur dioxide to give polymeric products. No di- 2. Some preliminary work on the exact struc- 
substituted acetylene has been found which gives ture of these addition products has been described. 
this addition reaction. U rbana, Illinois Received A ugust 10, 1936

[Contribution from the Chemical Laboratory of H arvard University]

An Investigation of the Mills-Nixon Effect

B y  L o u is  F. F ie se r  and  W arr en  C. Lothrop

In an important and much-discussed1 paper, 
Mills and Nixon2 advanced the hypothesis that 
hydrindene, or a given substituted hydrindene, is 
in a condition of less strain when it has the bond 
structure shown in formula I than when it exists 
in the alternate Kekulé form (II) in which the 
carbon atoms common to the two rings are con-

HOv^
f V \>CH2

HO\ / \ f \
6U / L/

I II

nected by a double bond. As a means of testing 
the conclusion that I should be the more stable 
form of 5-hydroxyhydrindene, or the predominant 
isomer in the tautomeric equilibrium mixture, 
these investigators studied the diazo coupling of 
the substance and its behavior on bromination. 
Since these are reactions characteristic of enolic 
systems, Substitution should occur at the ortho 
position joined to the hydroxylated carbon atom 
by a double linkage, that is, position 6 of I and 
position 7 of II. It was found that, although Sub­
stitution does not proceed entirely in a single di­
rection, about 90% of the reaction product is the 
6-substituted isomer, indicating that I is the more 
stable form.

The observation loses some of its significance 
because of the fact, noted by Mills and Nixon, 
that as-0 -xylenol (II) also is attacked chiefly in

H O \A / / CH3

/ * \ / \ ch3

HO 1 c h 2
y y \ cH2

c h 2
III IV

the 6-position (arrow), showing that in 5-hydroxy- 
hydrindene the Chemical effect of the alicyclic

(1) Thompson, C h e m is t r y  a n d  I n d u s t r y ,  52, 61 (1933); Baker, J .  
C h e m . S o c . ,  1678, 1684 (1934); 274 (1936); Fries, Walter and Schill­
ing, A n n . ,  516, 248 (1935); Hampson and Weissberger, J .  C h e m .  
S o c . ,  393 (1936).

(2) Mills and Nixon, i b i d . ,  2510 (1930).

ring may be sufficiënt, without assistance from a 
steric factor, to control Substitution largely into 
one of the two available ortho positions. The 
contrasting behavior of 6-hydroxytetralin (IV), 
which yields 5-substitution products, afforded the 
only evidence in the original work of the existence 
of the Mills-Nixon effect, that is, of a fixation of 
the bonds in one of the two Kekulé forms as the 
result of the stereochemical demands of an at­
tached ring. The behavior of IV pointed to the 
bond structure indicated and, since the 5- and 6- 
membered rings must be quite similar chemically, 
the difference was attributed to the different 
spatial requirements of the two rings. From a 
theoretical analysis of the c^iiguration of the 
tetralin molecule, Mills and Nixon concluded, 
albeit with less conviction than in the other case, 
that there should be a preference for the Kekulé 
structure IV.

It seemed to us that the preferential formation 
of one of two possible isomers may be the result 
of only a moderate preponderance of one tauto­
meric form, or of even a very slight difference in 
reactivities, and that the Mills-Nixon effect may 
be at most a subtle one in comparison to the fixa­
tion of bonds resulting from the f using together 
of two aromatic nuclei,3 and we undertook to 
apply to hydrindene and to tetralin the much 
more severe test previously employed in investi- 
gating naphthalene,3 anthracene,4 and phenan­
threne.5 For this purpose phenolic derivatives 
in which one of the two ortho positions is blocked 
by an alkyl group were synthesized and tested 
for their ability to couple with diazotized amines. 
If the 5-hydroxyhydrindene derivatives V and VI 
exist in the stable state suggested by Mills and 
Nixon, coupling at the free ortho position should 
occur easily in the case of VI, but only following a 
migration of the double linkages in the case of V.

(3) Fieser and Lothrop, T h is  J o u r n a l , 5T, 1459 (1935).
(4) Fieser and Lothrop, i b i d . ,  58, 749 (1936).
(5) Fieser and Young, i b i d . ,  53, 4120 (1931).
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HO'w c h 2

>c h 2

H3C ^ ^ C H 2

V

c h 3

c h 3
VI

Actually VI readily yielded azo derivatives 
whereas with V the coupling tests were entirely 
negative.6 The observation is particularly strik-

HO. CH3

h 3cx ^  xc h 3
VII

ing when V is compared with pseudocumenol, 
VII, for the latter substance readily enters into the 
coupling reaction7 and therefore is free to react 
in the Kekulé form shown in the formula. This 
evidence clearly indicates that the five-membered 
ring of hydrindene restricts the movement of the 
double linkages in the benzene nucleus exactly as 
supposed by Mills and Nixon and to an even 
greater extent than the results of these investiga­
tors would indicate.

In the tetralin series the Situation is quite 
different. If the bond structure is that deduced 
by Mills and Nixon, and if the fixation imposed 
by the six-membered ring is comparable with that 
noted above, VIII should couple and IX should

CH;
HO' CH2 HO

HjC

CH2

c h 2 
ch2

VIII

not. The first of these compounds is already 
known from the work of Vezely and Stursa8 to be 
capable of coupling with diazotized amines, and 
on examining IX we found that this substance be­
haves in a similar manner. Since with typical
6-hydroxytetralins both ortho positions are ca­
pable of functioning as enolic groups, it is con­
cluded the double bonds of tetralin are at least 
fairly free to migrate and that if the Mills-Nixon 
effect is operative in this case the restriction is 
comparatively slight.

(6) Fisher, Furlong and Grant, T h is  J o u r n a l , 58, 820 (1936), 
have reported the failure of the coupling reaction with a similar hy- 
droxyhydrindene of more complicated structure.

(7) Liebermann and Kostanecki, B e r . ,  17, 885 (1884).
(8> Vezely and Stursa, C o l le c t io n  C z e c h o s lo v . C h e m . C o m m u n ic a ­

t io n s ,  6,137(1934).

Our conclusions with regard to both hydrindene 
and tetralin agree precisely with those recently 
reached by Sidgwick and Springall9 from a study 
of the dipole moments of o-dibromo derivatives 
of the two hydrocarbons.

For the synthesis of 5-hydroxy-6-methylhydrin- 
dene (V), 3-amino-4-methylhydrocinnamic acid10 
(X) was prepared by known methods from 3-nitro-
4-methylbenzaldehyde11 and converted to the 
hydroxy eompound and its ether XI.
H2N

H3c J

c h 2c h 2c o o h  2 steps c h so / \ c h 2c h 2c o o h

I

2 steps
-------->

CHaOj

h,cIr r >
Nŝ NsCO

X II

X I

2 steps V

This was cyclized through the acid chloride, and 
the hydrindone XII was reduced by the Clemmen­
sen method and demethylated. That the ring 
closure takes the expected course is clearly indi­
cated by the failure of V to couple with diazotized 
amines, for the alternate substance would have 
available a free para position and would surely 
react.

For the preparation of VI we at first investi­
gated a synthesis from ̂ -xylenol, through the alde­
hyde and acrylic acid derivatives, which Clemo, 
Haworth and Walton12 carried as far as 6- 
methoxy-4,7-dimethylhydrindone-1, but as con­
siderable difficulty was experienced in methylating 
the hydroxy aldehyde other methods were investi­
gated. Since 4,7-dimethylhydrindone-1 is readily 
obtainable from ^»-xylene and ß-chloropropionyl 
chloride,13 this was reduced to 4,7-dimethylhy- 
drindene and attempts were made to introducé a 
hydroxyl group through the monosulfonate or 
the mononitro eompound. The sulfonate was 
obtained without difficulty, but the alkali fusion 
was wholly unsuccessful, and the nitration of the 
hydrocarbon under very moderate conditions 
afforded only a dinitro derivative. The hydro­
carbon resembles prehnitene14 in the latter re­
spect. The following synthesis finally was de­
veloped. p-'K ylyl methyl ether was Condensed 
with ß-chloropropionyl chloride in the presence of

(9) Sidgwick and Springall, C h e m is t r y  a n d  I n d u s t r y , 55, 476 
(1936).

(10) Salway,/ .  C h e m . S o c . ,  103, 1994 (1913).
(11) Hanzlik and Bianchi, B e r . ,  32, 1288 (1899).
(12) Clemo, Haworth and Walton, J .  C h e m . S o c . ,  2368 (1929).
(13) Mayer and Müller, B e r . ,  60, 2278 (1927).
(14) Smith and Hac, T h is  J o u r n a l , 56, 477 (1934).
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aluminum chloride, giving in good yield a crystal­
line chloro ketone. In analogy with other Friedel 
and Crafts reactions12 and since the ring closure 
described below proves that the entering group is 
not ortho to the methoxyl group, the substance 
can be assigned the formula XIII. The cycliza-

c h 3o
c h 3

/ \
CHa

+  C1CH2CH2COC1
A1C13

c h 3

H2S0 4

COCH2- 
CH2C1c h 8

XIII
c h 2

vn u  2 steps VI / t ^ t i ‘2 _______^

XIV

tion of the chloro ketone with sulfuric acid pro­
ceeded poorly (27% yield), but gave a pure ketone,
5-methoxy-4,7-dimethylhydrindone-1 (XIV). It 
is interesting that this substance melts at the 
same temperature as the isomeric 6-methoxy 
eompound of Clemo, Haworth and Walton,12 for 
the melting points of the 5- and 6-methoxy deriva­
tives of hydrindone-1 are within one degree of 
each other.15

The remaining eompound, 6-hydroxy-5,8-di- 
methyltetralin (IX) was obtained from 7-meth- 
oxy-5,8-dimethyltetralone-l, synthesized accord­
ing to Clemo, Haworth and Walton.12

Experimental Part
3-Amino-4-methylhydrocinnamic Acid.10—To prepare 

3-nitr o-4-methylbenzaldehy de11 120 g. of tolualdehyde 
was added in three to four hours to a well-stirred mixture 
of 600 cc. of concentrated sulfuric acid and 60 cc. of con­
centrated nitric acid, keeping the solution at 0-3 °. After 
pouring the solution onto ice the pale yellow product was 
washed free of acid, dried in ether with calcium chloride, 
and vacuum distilled; yield 132 g. (80%), m. p. 43°. 
3-Nitro-4-methylcinnamic acid was prepared from the 
aldehyde both by the Perkin reaction11 (63% yield), and 
by condensation with malonic acid in the presence of pyri­
dine and piperidine (70% yield), following the procedure 
given by Brand and Horn16 for an analogous case.

The reduction of the nitro group and simultaneous Satu­
ration of the double bond was accomplished conveniently 
by the hydrogenation of the unsaturated acid (20.7 g.) dis­
solved in 95% alcohol (275 cc.) using Adams catalyst (0 .2  

g.). Some solid material which separated was dissolved 
by warming and the filtered solution was diluted with 1 

liter of water and cooled well. The product separated 
in slightly pink crystal aggregates; yield 13.6 g. (76%), 
m. p. 140-141°.

(15) Ingold and Piggott, J . C h e m . S o c . ,  123, 1469 (1923).
(16) Brand and Horn, J .  p r a k t .  C h e m .,  115, 374 (1927).

3-Hydroxy-4-methylhydrocinnamic Acid.—A solution of 
8.96 g. of the above amine and 2.65 g. of sodium carbon­
ate in 100  cc. of water was cooled, treated with an aqueous 
solution of 3.7 g. of sodium nitrite, and poured into a mix­
ture of 10 cc. of concentrated hydrochloric acid, 50 g. of 
ice and 4.7 g. of boric acid. The mixture was gradually 
warmed, with stirring, and finally boiled for a few minutes 
and clarified with Norite. After cooling, the hydroxy acid 
was obtained by extraction with ether as a crystalline 
mass, m.p. 154-156 °. Recrystallization from a very small 
volume of water gave slightly buff colored flat needles, 
m. p. 156-157°; yield 5.5 g. (61%).

A n a l. Calcd. for C10H12O3: C, 66.63; H, 6.72. Found: 
C, 66.58; H, 6.95.

3-Methoxy-4-methylhydrocinnamic acid was obtained 
by the action of dimethyl sulfate on the above acid in warm 
alkaline solution. The substance crystallized from 50% 
alcohol as fine, colorless needles, m. p. 82-83 °.

A na l. Calcd. for ChHi40 3: C, 68.02; H, 7.27. Found: 
C, 67.78; H, 7.35.

5-Methoxy-6-methylhydrindone-l.—The acid (9.25 g.) 
was warmed with thionyl chloride (4.6 cc.) and after the 
completion of the reaction and the removal of the excess 
reagent at the water pump the acid chloride was taken into 
200 cc. of carbon bisulfide. Treatment with Norite gave 
a clear yellow solution, which was then cooled to 0 ° and 
treated with 14 g. of aluminum chloride. An oily complex 
separated, and after refluxing for four hours the mixture 
was cooled and treated with ice and hydrochloric acid. 
The residue remaining on removing the solvent by steam 
distillation was extracted with ether, which left much 
tarry material undissolved. On extracting the ethereal 
solution with sodium carbonate solution, 2 .1  g. of starting 
material was recovered, while the residual ethereal solution 
yielded 2.7 g. of the hy drindone (42% conversion). The 
substance dissolves readily in petroleum ether and crys­
tallizes from this solvent as lustrous, colorless needles, m. p. 
114-115°.

A na l. Calcd. for CnHiaOa: C, 74.97; H, 6.87. Found: 
C, 75.24; H, 7.05.

An attempt to demethylate the hydrindone (2.7 g.) 
with 48% hydrobromic acid (3.5 cc.) and glacial acetic 
acid (30 cc.) led to the formation of a dimer. After 
boiling the solution for one hour a considerable quantity of 
orange-red needles had deposited and the mixture was 
cooled and filtered. From the mother liquor 1.7 g. of un­
changed hydrindone was recovered. The orange-red 
needles (0.65 g., m. p. 215-217°, dec.) became yellow when 
boiled with dilute alkali, and this material on crystalliza­
tion from acetic acid formed small yellow needles, m. p. 
237-240°.

A na l. Calcd. for : C, 74.97; H, 6.87; mol.
wt., 396. Found: C,75.47, 75.62; H, 6.85, 6.90; mol. wt. 
(Rast), 346.

5-Hydroxy-6-methylhydrindene.—A mixture of 1.7 g. of
the hydrindone, 13.5 g. of amalgamated zinc, 34 cc. of 
concentrated hydrochloric acid, 10 cc. of water and 13 cc. 
of toluene was refluxed for eighteen hours. After steam 
distillation of the solvent the product was extracted with 
ether, but as the crude material ( 1 .3  g.) appeared sensitive 
to oxidation and turned blue, it was demethylated without
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further purification by refluxing under nitrogen with 25 cc. 
of glacial acetic acid, 1.8 cc. of 48% hydrobromic acid and 
1 cc. of 45% hydriodic acid for three and one-half hours. 
After pouring the solution into 200 cc. of water and neutral- 
izing the acids with sodium carbonate, the hydroxy com­
pound separated as large, bufï colored plates, m. p. 74-76°. 
Recrystallization from petroleum ether gave material 
melting at 83-84°, but the color was not entirely removed; 
yield 0.7 g. (49%). The eompound has an odor reminis- 
cent of that of /3-naphthol.

A n a l  Calcd. for CioH120: C, 81.02; H, 8.17. Found: 
C, 80.84; H, 8.37.

Coupling tests in alkaline solution with diazotized sul­
fanilic acid were somewhat indecisive for there was con­
siderable discoloration. With diazotized p-nitroaniline 
test Solutions remained quite clear and were hardly dis- 
tinguishable from alkaline Solutions containing only the 
diazo component.

The benzoyl derivative crystallized from dilute alcohol as 
small, colorless plates, m. p. 111-112°.

A n a l  Calcd. for Ci7H160 2: C, 80.92; H, 6.39. Found: 
C, 80.79; H, 6.74.

4,7 - Dimethylhydrindene.—4,7 - Dimethylhydrindone-1 
(m. p. 77°) was prepared according to Mayer and Müller13 
in 71% yield. Reduction by the Clemmensen method and 
recovery of the product by steam distillation gave a prod­
uct boiling at 223-225 ° at atmospheric pressure and solidi- 
fying in a freezing mixture, m .p. —1.5°, yield 73%. The 
substance did not form a picrate.

A n a l  Calcd. for CnHiU C, 90.35; H, 9.65. Found: 
C, 90.00; H, 10.10.

Sodium 4,7 - Dimethylhydrindene - 5 - sulfonate.—A
mixture of 6.5 g. of the hydrocarbon and 75 cc. of concen­
trated sulfuric acid was stirred mechanically for fifteen 
minutes on the steam-bath and the resulting solution was 
poured onto 500 cc. of ice. After neutralization with soda 
the solution was saturated at the boiling point with sodium 
chloride and on cooling the sulfonate separated as large 
white flakes. The yield after recrystallization was 8.7 g. 
(79%). For characterization and analysis the substance 
was converted into the ^-toluidine salt, which formed 
long glistening needles from water, rn. p. 248-249°, dec.

A n a l  Calcd. for Ci8H23OsNS: C, 64.83; H, 6.96.
Found: C, 64.95; H, 7.16.

Attempted fusions of the sodium salt with potassium 
hydroxide gave either unchanged material or intractable 
tars.

5,6 - Dinitro - 4,7 - dimethylhydrindene.—To a mixture 
of 1.6 cc. of concentrated nitric acid and 17 cc. of con­
centrated sulfuric acid at 0 °, 3 g. of 4,7-dimethylhydrindene 
was added with stirring in one-half hour. The pasty 
mixture was poured onto ice and the pale yellow solid 
obtained was crystallized twice from glacial acetic acid, 
giving 2.3 g. of bufï colored plates, m. p. 191-192°.

A n a l  Calcd. for CnH1204N2: C, 55.91; H, 5.13.
Found: C, 56.28; H, 5.20.

2-M ethoxy-5-ß-chloropropionyl-^~xylene (XIII).—So­
dium ^-xylene sulfonate, obtained in 85-95% yield after 
heating the hydrocarbon (20 g.) with concentrated sulfuric 
acid (100 cc.) for about fifteen minutes on the steam-bath,

gave ^-xylenol in 66% yield on fusion with potassium hy­
droxide at 280-290°, and the methyl ether was prepared 
in the usual way.12 After several trials the following 
procedure was found most satisfaetory for the Friedel and 
Crafts reaction.

To a vigorously stirred suspension of 37.2 g. of finely 
powdered aluminum chloride in 250 cc. of carbon bisulfide 
there was added over a half-hour period 35.6 g. of ß-chloro- 
propionyl chloride, a bright yellow complex separating as 
a solid. After cooling to 0 °, 34 g. of p-xylyl methyl ether 
was added by drops with stirring in the course of forty-five 
minutes. On allowing the mixture to come to room tem­
perature hydrogen chloride was evolved copiously and a 
dark purple complex collected as a heavy oil. After stand­
ing overnight ice and hydrochloric acid were added and 
the carbon bisulfide layer was separated and combined 
with ether extracts of the aqueous layer. After washing 
with dilute acid, dilute alkali and water, the solution 
was dried over sodium sulfate and the solvent removed by 
distillation. The residual yellow oil solidified on cooling 
and pure material was easily obtained by crystallization 
from petroleum ether; yield, 41.9 g. (74%). The ketone 
forms colorless, prismatic plates melting at 85-86°; 
it is volatile with steam but decomposes on attempted 
distillation at reduced pressure.

A n a l  Calcd. for Ci2H150 2C1; C, 63.55; H, 6.66. 
Found: C, 63.38; H, 7.01.

A derivative, l-phenyl-3- (2 ',5 '-dimethyl-3 '-methoxy- 
phenyl)-A2-pyrazoline, was obtained by heating the chloro 
ketone (0.5 g.) in absolute alcohol (7 cc.) with phenyl­
hydrazine (0.5 g.) on the steam-bath. The difficultly sol­
uble product separated rapidly and was recrystallized 
from its faintly fluorescent solution in alcohol, giving 
nearly colorless small plates, m. p. 171-172°.

A n a l  Calcd. for Ci8H20ON2: C, 77.09; H, 7.21. 
Found: C, 76.69; H, 7.49.

5-Methoxy-4,7-dimethylhydrindone-l (XIV).—In trial 
cyclizations of the above chloro ketone warm concentrated 
sulfuric acid either left the material largely unchanged or 
gave extensive sulfonation. Formic acid at 100° was 
without effect, and aluminum chloride in carbon bi­
sulfide solution gave an alkali-soluble product. The fol­
lowing procedure, although far from satisfaetory, was the 
best found. To a cold solution of 1.5 g. of the chloro ke­
tone in 8 cc. of glacial acetic acid, 12 cc. of concentrated 
sulfuric acid was added and the clear red solution was 
warmed on the steam-bath for one hour and poured onto 
ice. The somewhat orange material which precipitated 
was collected and crystallized twice from glacial acetic 
acid, giving almost colorless needles, m. p. 163-165°; yield 
0.35 g. (27%).

A n a l  Calcd. for Ci2H140 2: C, 75.76; H, 7.41. Found: 
C, 75.54; H, 7.25.

5-Methoxy-4,7-dimethylhydrindene.—A solution of 4 g. 
of the hydrindone in warm alcohol was added in small por­
tions in one and one-half hours to a refluxing mixture of 
42 g. of amalgamated zinc, 29 cc. of concentrated hydro­
chloric acid and 14 cc. of water, waiting after each addi­
tion until the yellow color had disappeared before adding 
a fresh portion. After adding 20 cc. more of the concen­
trated acid and refluxing for three hours, the reduction
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product was recovered by steam distillation as a colorless 
oil. Further purification was effected by steam distillation 
from an alkaline medium, and on cooling the distillate 
with ice the substance solidified to a mass of colorless 
needles, m. p. 25-26°; yield 3.25 g. (90%).

A n a l. Calcd. for C12H160: C, 81.79; H, 9.14. Found: 
C, 81.49; H, 9.32.

5- Hydroxy-4,7-dimethylhydrindene (VI).—The above 
ether (3.25 g.) was refluxed with 25 cc. of glacial acetic 
acid and 4 cc. of 48% hydrobromic acid for three hours in a 
nitrogen atmosphere, and on pouring the solution into 
water the hydroxy eompound separated as a pink solid. 
It was taken up in dilute alkali, the solution was clarified 
with Norite and acidified, and the dried product was crystal­
lized twice from petroleum ether; yield 2 g. (66%). The 
substance forms fine colorless needles melting at 111-112 °.

A n a l. Calcd. for ChHhO: C, 81.44; H, 8.70. Found: 
C, 81.32; H, 8.76.

The benzoyl derivative forms colorless plates, m. p. 
72-73 °, from dilute alcohol.

A n a l. Calcd. for C18H180 2: C, 81.18; H, 6.80. Found: 
C, 80.82; H, 6.95.

5 - Hydroxy - 4,7 - dimethyl - 6 - p  - nitrobenzeneazohy- 
drindene was obtained by coupling the components in 1 % 
alkali at 0 °. A red precipitate separated at once and it was 
unaffected by rendering the solution acidic and boiling 
the mixture to coagulate the material. Recrystallized 
from glacial acetic acid, in which it is sparingly soluble, 
the azo eompound formed brownish-red needles, rii. p. 
220-222°, dec. It is insoluble in alkali.

A n a l. Calcd. for C17H170 3N3: C, 65.58; H, 5.50.
Found: C, 65.72; H, 5.85.

6- Methoxy-5,8-dimethyltetralin.—On condensing p-xy- 
lyl methyl ether and succinic anhydride with aluminum 
chloride in benzene solution as described by Clemo, Ha­
worth and Walton,12 the yield was even lower than that 
(70%) reported by these investigators, but the general 
procedure described by Fieser and Hershberg17 proved very 
satisfaetory. Using 0.2 mole of the ether, 0.21 mole of 
succinic anhydride, 200 cc. of tetrachloroethane, 50 cc. of 
nitrobenzene and 0.42 mole of aluminum chloride, .stirring 
at 0° until solution was complete, and allowing the mix­
ture to stand for four days at 0°, jS-4-methoxy-2,5-di- 
methylbenzoylpropionic acid, recovered as usual and crys­
tallized from dilute alcohol, was obtained as colorless crys­
tals, m. p. 130-131°, in 86% yield. The reduction to y -

4-methoxy-2,5-dimethylphenylbutyric acid (m .p. 98-99°) 
by the Clemmensen-Martin method has been described18 
already. Cyclization was effected according to Clemo, 
Haworth and Walton12 in 64% yield.

(17) Fieser and Hershberg, Part IV, in press.
(18) Martin, T h is  J o u r n a l , 58, 1438 (1936).

7-Methoxy-5,8-dimethyltetralone-l (6  g.) was reduced 
by the ordinary Clemmensen method, refluxing for twenty- 
one hours, and the material extracted with ether after 
distillation (b. p. 116-125° at 12-13 mm.) was obtained 
as a solid, m. p. 36-38°; yield 4.25 g. (76%). Crystalliza­
tion from petroleum ether gave colorless needles melting at 
38-39°.

A na l. Calcd. for C13H18O: C, 82.06; H, 9.52. Found: 
C, 82.36; H, 9.76.

6-Hydroxy-5,8-dimethyltetralin (IX).—For demethyla- 
tion the ether (4.25 g.) was refluxed with glacial acetic 
acid (25 cc.) and 45% hydriodic acid (9.75 g.) for three 
hours. The crude product was precipitated from a clarified 
solution in dilute alkali and crystallized from petroleum 
ether, giving nearly colorless needles, m. p. 104-105°, yield 
2.45 g. (62%). The substance dissolves in dilute alkali 
slowly on warming.

A n a l. Calcd. for C12H160: C, 81.79; H, 9.14. Found: 
C, 81.78; H, 9.48.

The benzoyl derivative forms very long, slender, colorless 
needles, m. p. 119-420°, from dilute alcohol.

A na l. Calcd. for Ci9H2c0 2: C, 81.38; H, 7.18. Found: 
C, 81.44; H, 7.26.

6 - Hydroxy - 5,8 - dimethyl - 7 - p  - nitrobenzeneazo- 
tetralin was obtained by coupling as described above and 
crystallized from glacial acetic acid, in which it is sparingly 
soluble. The substance forms bronze-red needles, m. p. 
229-231 °. It is insoluble in alkali and stable to acids.

A n a l. Calcd. for CigH^OgNs: C, 66.42; H, 5.90.
Found: C, 66.50; H, 6.11.

Summary
ß-Hydroxy derivatives of hydrindene and of 

tetralin with one ortho position blocked with a 
methyl group and the other free have been tested 
in the coupling reaction to determine if both ortho 
positions are capable of constituting enolic groups, 
or if there is any fixation of the bonds in the aro­
matic nucleus as the result of the spatial require­
ments of the attached alicyclic rings (Mills- 
Nixon effect). This test affords a more severe 
criterion of fixation than that of Mills and Nixon, 
based upon reactivities, and the results indicate 
that hydrindene has a rigid bond structure com­
parable with that of naphthalene, but that tetra­
lin, like all ordinary benzene derivatives, can react 
in both Kekulé forms.
C o n v erse  M em o rial  L aboratory
Cam br id g e , M a s s . R e c e iv e d  A u g u st  12, 1936
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[Contribution from the Chemical Laboratories of Columbia U niversity]

The Synthesis of l,l-Dimethyl-6,7-methylenedioxytetralin1

By Ruby Murray Orcutt and Marston Taylor Bogert

In continuation of our investigations in the 
ionene field,2 and in the cyclodehydration of 
aromatic alcohols,3 we have had occasion to syn- 
thesize a metfiylenedioxytetralin by the follow­

ing steps, in which formulas R = CH-, >C6H3—

Warmed with absolute ethanol and a little sulfuric acid, 
the acid yielded the ethyl ester as a colorless transparent 
liquid, of pleasant odor, b. p. 184-185° at 14 mm., which 
did not decolorize a cooled 10% carbon tetrachloride solu­
tion of bromine; yield 83%.

A n a l. Calcd. for Ci2H140 4: C, 64.84; H, 6.35. Found: 
C, 64.94; H, 6.64.

§
PQ
+
cö

+

4-NaOH +NaHg
r«RCH=CH CO OEt ----------> RCH—CHCOONa >

(I)

+EtOH +N a
RCH2CH2COOH  --------- RCH2CH2COOEt-------- — >

(II) + H 2S 04 (xn) -j-BuOH

+PBr, +M g
L-^RCH2CH2CH2O H ->  R(CH2)3B r — — ->

(IV) (V) -fAcMe

R(CH2)sCMe2OH +  R(CH2)6R 
|  +H2SO4

(VI) (VII)

2-Piperonylethanol (IV), prepared from the fore­
going ester by reduction with sodium and «-butyl 
alcohol, formed a colorless viscous liquid, b. p. 170- 
172° at 8 mm., 182-183.5° at 14 mm., 184-186° at 
16 mm., and 186-188° at 19 mm.; yield 87%. 
Cooled to —10 °, it slowly congealed to a crystalline 
mass. When the temperature of this solid was per- 
mitted to rise slowly, it began to melt at 28° and 
was completely liquefied at 29°. The m. p. of 2- 
piperonylidene ethanol is given in the literature7 
as 78-78.8° (corr.). Hence the product cannot be 
the unsaturated alcohol.

A n a l. Calcd. for C10Hi2O3: C, 66.63; H, 6.72. 
Found: C, 66.30; H, 6.75.

CHj + S
- —

O

Me Me 
(VIII)

Me
(IX)

Experimental

2-Piperonylethanol immediately decolorized a cooled 
10% carbon tetrachloride solution of bromine, presum­
ably being promptly oxidized thereby.

This saturated alcohol has been reported8 as one of the 
catalytic reduction products of piperonylidene acetalde­
hyde, although the b. p. recorded (149-150°, uncorr., at 
6 mm.) was lower than that given above.

Phenylurethan, m. p. 98-99°.
Ethyl Piperonylacetate (III).—Ethyl pipejonylidene- 

acetate (I), prepared from piperonal and ethyl acetate, 
according to Hoering’s directions,4 was saponified by boil­
ing with the calculated amount of 0.1 N  sodium hydroxide. 
The solution was cooled quickly, to prevent the crystalliza­
tion of the sodium salt, and a 10% excess of sodium amal­
gam was added slowly. When the reduction was com­
plete, the mixture was filtered, the filtrate cooled with ice 
and acidified with hydrochloric acid. The precipitated 
piperonylacetic acid was washed, dried, and crystallized 
from ether, giving a colorless crystalline product, m. p. 
87-90°, which did not decolorize a cooled 10% carbon 
tetrachloride solution of bromine; yield 75-80%.

Lorenz,5 who prepared this acid by a similar method, 
differing only in certain details, gave its m. p. as 84°. 
Kaufmann and Radosevic,6 who obtained it by hydrolysis 
of its methylamide, also recorded the m. p. as 84°.

(1) Presented in abstract before the Division of Organic Chemis­
try, at the New York meeting of the American Chemical Society, 
April 23, 1935.

(2) (a) Bogert and Fourman, T h is  Jo ur n a l , 55, 4670 (1933); 
(b) Bogert and Apfelbaum, S c ie n c e , [N. S.J, 79, 280 (1934;; (c) 
Bogert, Davidson and Apfelbaum, T h is  Jo u r n a l , 56, 959 (1934).

(3) (a) Bogert and Davidson, i b id . ,  56, 185 (1934); (b) Roblin, 
Davidson and Bogert, i b id . ,  57, 151 (1935).

(4) Hoering, B e r . ,  40, 2176 (1907).
(5) Lorenz, i b i d . ,  13, 758 (1880).
(6) Kaufmann and Radosevié, i b i d . ,  49, 681 (1916).

A n a l. Calcd. for Ci7Hl70 4N: C, 68.20; H, 5.72.
Found: C, 67.97; H, 5.83.

A more direct and shorter road to the same goal (IV), 
was the reduction of the ethyl piperonylideneacetate (I) 
by sodium and »-butyl alcohol, as follows:

A 3-necked 2-liter flask, equipped with mercury-sealed 
stirrer, a reflux condenser, and a dropping funnel, protected 
with calcium chloride guard tubes, and containing 37.8 g. 
of sodium and 100 cc. of dry toluene, was heated above the 
m. p. of the sodium and then allowed to cool during vigor­
ous stirring, so as to obtain the sodium in a finely divided 
state. To this mixture, there was added, as rapidly as 
possible, a solution of 36.2 g. of the ester (I) in 100 cc. of 
»-butyl alcohol. There ensued a vigorous reaction, with 
much foaming. When this subsided, more (150 cc.) «- 
butyl alcohol was added, to dilute the mixture, to aid in 
keeping the alcoholate in solution, and to react with any 
unattacked sodium.

The mixture was hydrolyzed by addition of water, the 
oily layer separated from the aqueous alkaline one, the 
latter extracted twice with «-butyl alcohol and the ex­
tracts added to the oily layer. This was distilled at 
ordinary pressure, to remove the toluene and butyl al­
cohol, and then under reduced pressure, to isolate the

(7) Bogert and Powell, T h is  J o u r n a l , 53, 1609 (1931).
(8) Bogert and Powell, ib id ., 53, 2757 (1931).
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piperonylethanol (IV); b. p. 184-186° at 16 mm.; yield 
62%.

From the aqueous alkaline layer there was obtained a 
small amount of piperonylideneacetic acid, (CH20 2)- 
C6H3CH==CHCOOH, m. p. 237-238° (from acetic acid), 
agreeing with that in the literature.

Repeating the above experiment, with amyl in place of 
butyl alcohol, the results were much the same, except that 
the initial reaction was more vigorous, the yield somewhat 
lower (60%), and the by-product piperonylacetic acid, 
(CH20 2)C6H3CH2CH2C0 0 H (large, colorless crystals, 
m. p. 84°; m. p. in literature,6 84°).

In another series of experiments, replacing the toluene 
by xylene, the results were less satisfaetory. The same 
alcohol (IV) was obtained and, as by-products, there were 
recovered both piperonylidene and piperonylacetic acids, in 
the ratio of 3:1. The former was reduced to the latter, in 
80% yield, by sodium amalgam.5

l-Bromo-2-piperonylethane (V) could not be secured 
from the alcohol (IV) by the action of 48% aqueous hydro­
gen bromide, alone or with the addition of sulfuric acid, 
because of the decomposition which almost immediately en- 
sued. It was obtained, however, by the following process.

The alcohol (28 g.), contained in a flask well protected 
from access of any moisture, was congealed in a freezing 
mixture and piiuspiiuiu» Uiuiuiiiidc (IG g.) added. After 
a few minutes’ standing, the container was removed from 
the freezing mixture and allowed to come slowly to room 
temperature. The reaction began gradually, with evolu­
tion of hydrogen bromide, and accelerated considerably 
as the temperature approached that of the m. p. (28-29°) 
of the alcohol, so that some cooling occasionally was neces­
sary at this point. The crude yellowish-brown product 
was poured into a mixture of dilute sodium bicarbonate 
solution and cracked ice, and the bromide (V) extracted 
with ether. The aqueous layer, containing some of the 
original alcohol as sodium alcoholate, was acidified and the 
alcohol recovered. The bromide obtained from the ether 
extracts, when freshly distilled and pure, was a colorless 
liquid, b. p. 163-165° at 7.5 mm., n 25D 1.5599, but darkened 
rapidly on exposure to air and light; yield, 50-53%; 
original alcohol recovered, 20-25%.

A n a l. Calcd. for C10HnO2Br: C, 49.38; H, 4.56.
Found: C, 49.41; H, 4.87.

1,4-DipiperonyIbutane (VII).—The Grignard reagent 
was prepared by mixing 48.8 g. of the above bromide, 8 g. 
of magnesium, and 50 cc. of dry ether, and adding 100 cc. 
more of dry ether when the reaction was well started. 
A final warming for an hour completed the reaction. 
After cooling the mixture to —5°, 14 g. of acetone in an 
equal volume of dry ether was slowly stirred in, and the 
stirring continued for a further half hour. It was then 
poured upon ice acidulated with the calculated quantity 
of sulfuric acid, extracted with ether, the ether extract 
dried over anhydrous potassium carbonate and the ether 
evaporated. As the residue cooled, crystals began 
to separate, and this Separation was greatly hastened by 
the addition of some 95% ethanol. These crystals were 
colorless and their m. p. remained constant at 77-78.5° 
after six crystallizations from alcohol; b. p. about 240°

at 3 mm.; yield, about 28%. Their analysis, however, 
indicated retention of some of the solvent alcohol. They 
were therefore fused for an hour at 12 0  ° and a pressure of
7.2 mm. (m. p. then 78°), and analyzed again.

A n a l. Calcd. for C20H22O4: C, 73.58; H, 6.79. Found: 
C, 73.79; H, 6.65.

2-M ethyl-4~piperonylbutanol-2 (VI).—The mother
liquors from the crystallization of the dipiperonylbutane
(VII) were freed of solvent and distilled at 2 mm. pres­
sure. Two fractions were thus obtained. One boiled 
at 65-75° and had a safrole odor. The other, b. p. 
150-160°, consisted of the nearly pure tertiary alcohol 
(VI); yield 32%. Purified by two rectifications, it 
boiled at 145-148° at 2 mm. pressure.

A na l. Calcd. for C13H180 3: C, 70.23; H, 8.17. Found: 
C, 70.07; H, 8.50.

This alcohol was a very viscous pale yellowish liquid, 
which congealed to a glass, but did not crystallize, when 
cooled to —17°. No phenylurethan could be obtained 
from it, because phenyl isocyanate immediately with- 
drew the elements of water, with formation of carbanilide.

Attempts to isolate the olefin formed by this dehydration 
were not very successful, because the repeated rectifica­
tions to which it was subjected rearranged it to the tetra­
lin a Ahano-p whiob takes place verv easilv. as shown by 
tests with potassium permanganate in acetone solution.

From the residue of the above distillation, more of the 
dipiperonylbutane was recovered.

1,1 - Dimethyl - 6,7 - methylenedioxytetralin (VIII).— 
Into 5 g. of vigorously stirred 85% sulfuric acid, there was 
dropped slowly 4 g. of the above alcohol (VI), maintaining 
the temperature at 10° or below. After all the alcohol 
had been added, the stirring was continued for thirty 
minutes. The mixture was poured upon ice, extracted 
with ether, to free it from insoluble tarry contaminants, 
the ether extract washed with dilute sodium bicarbonate 
solution, dried over anhydrous sodium sulfate, the ether 
removed, and the residual liquid distilled twice over sodium. 
The tetralin was thus obtained as a colorless transparent 
liquid, of camphoraceous odor, b. p. 148-149° at 10 mm.; 
yield 70%.

A n a l. Calcd. for C13H160 2: C, 76.43; H, 7.89. Found: 
C, 76.38; H, 7.76.

1 - Methyl - 6,7 - methylenedioxynaphthalene (IX).— 
Fusion of the tetralin (VIII) with sulfur gave such small 
yields of the expected naphthalene derivative (IX) that it 
could be satisfactorily characterized only by its picrate, 
which melted at 134-136 °.

A n a l. Calcd. for C18Ri30 9N3: N, 10.12. Found: N, 
9.91.

Summary
Starting with ethyl piperonylideneacetate, the

l,l-dimethyl-6,7-methylenedioxytetralin has been 
synthesized by a series of steps analogous to those 
used by Bogert, Davidson and Apfelbaum20 for the 
preparation of ionene.
New York, N. Y. R e c e iv e d  A u g u st  10, 1936
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The Synthesis of l,l,2-Trimethyl-5,6-methylenedioxyindane from Safrole

B y  R u b y  M urray  Orcutt and  M arsto n  T aylo r  B ogert
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Supplementing our previous work in the indane 
group,1 some experiments have been carried out 
with safrole (I) and isosafrole (VIII), which have 
led to a simple synthesis of 1,1,2-trimethyl-5,6- 
methylenedioxyindane by the following steps.

Many of these compounds contain asymmetrie 
carbon atoms and should therefore exist in optical 
isomers, but these stereochemical problems have 
not been attacked as yet.

Experimental
1 -Piperonyl- 1 -bromoethane (II).—When a current of 

dry hydrogen bromide was led into carefully dried safrole, 
cooled to — 5°, in a flask protected from access of moisture, 
there was a slow gain in weight up to 25% of that calcu­
lated for the addition of an equimolar quantity of hydrogen 
bromide. No further increase in weight occurred although 
the gas was passed in for several hours longer.

On working up the crude product, the yield of pure 
bromide (II), b. p. 145° at 9 mm., was 22%.

In another set of experiments, the safrole (25 g.) cooled 
to 0 °, was mixed with an aqueous solution of hydrobromic 
acid (10 0  g.), saturated at 0 ° (or about 69% hydrogen 
bromide), and the mixture kept in a closed bottle at low 
temperature, with occasional shaking, for two or three 
days. The crude product was diluted with an ice-cold 
salt solution, the heavy bromide removed by extraction 
with ether, washed several times with the cold salt solu­
tion, dried over anhydrous potassium carbonate, the ether 
distilled off and the remainder fractionated under di­
minished pressure; b. p. 154-157° at 13 mm., 145° at 9 
mm.; n 25d 1.5614; yield 75%.

A n a l. Calcd. for CioHn0 2Br: Br, 32.88. Found: Br, 
32.82.

This process gave a very satisfaetory product, with the 
by-products in the form of a decomposed residue easily 
eliminated. This secondary bromide was much more

(1) (a) B ogert and  D avidson, T h is  J o u r n a l , 56, 185 (1934); (b)
Roblin, D avidson and  B ogert, i b i d . ,  56, 248 (1934).

stable than the isomeric primary bromide, 2 -piperonyl-l- 
bromoethane, described in a recent paper.2

In 1914, E. Merck took out a patent3 for the manufacture 
of aromatic amines, in which this bromide, from safrole 
and aqueous hydrobromic acid, was an intermediate 
product, but was separated only in a crude state as a

slightly colored heavy un­
stable oil, which decomposed 
when distilled in  vacuo and 
was not analyzed.

1 -Piperonylethanol-l (III)* 
—The bromide (II) was con­
verted into the Grignard com­
pound in the customary way, 
after activating the magne­
sium by a small crystal of 
iodine. The reaction, after 
starting rather slowly, pro­
ceeded satisfactorily, and the 
initial cloudiness disappeared 

as the reaction advanced. Due apparently to its sensi­
tivity to oxygen, this Grignard eompound tended to pass 
into the secondary alcohol (III) with surprising ease, even 
in a closed system from which all moisture had been care­
fully excluded, and this introduced complications in using 
it for the synthesis of other compounds as explained in the 
next section. No such difficulty was encountered2 in the 
preparation of the isomeric RCH2CH2CH2MgBr. At the 
close of the reaction, the mixture was warmed for thirty 
minutes, then cooled to 0 °, stirred for two hours, hydro­
lyzed by acidulated ice water and worked up as usual. 
The crude product (8.5 g.) was distilled under reduced 
pressure, and yielded 4 g. of the alcohol (III) sought, b. p. 
127-129° at 3 mm., 2.5 g. of a by-product of safrole-like 
odor and 0.5 g. of the butane derivative (IV).

In contradistinction to its primary isomer, 2-piperonyl- 
ethanol-1 , this alcohol showed no tendency what ever to 
crystallize.

Phenylurethan.— Colorless needles (from alcohol), m. p. 
93-94° (uncorr.).

A n a l. Calcd. for Ci7H170 4N: C, 68.20; H, 5.72.
Found: C, 67.87; H, 5.75.

2-M ethyl-3-piperonylbutanol-2 (V) was prepared by the 
Grignard reaction from the bromide (II) and acetone. 
Due to the sensitivity of the RCH2CH(MgBr)Me, men­
tioned above, the preparation proved more troublesome 
than expected.

When the experiments were conducted in the air, there 
were obtained from 46 g. of the bromide (II), 16 g. of saf­
role, 10.4 g. of the secondary alcohol (III), 3 g. of the ter­
tiary alcohol (V), and 1 g. of the 2,3-dipiperonylbutane 
(IV). The figures for the two alcohols are only approxi-

(2) Orcutt and Bogert, i b i d . ,  58, 2055 (1936).
(3) Merck, German Patent 274,350; C h e m . Z e n t r . ,  85, I, 2079

<1914),

F l o w  Sh e e t

( r -
CH;

(I) RCH2CH=CH 2 +  H B r---->•
(II) RCH2CHBrMe +  Mg +  H20  - 

RCHüCHBrMe +  Mg +  AcMe
(V) RCH2CHMeC(OH)Me:

| + H 2S04

(VI) RCH2CMe=CMe.
(VIII) RCH=CHMe +  H B r---->- RCHBrEt (IX)

(X) RCHO +  EtM gBr---->- RCH(OH)Et +  (RCHEt)20
(XI) (XII)

CeH3— ^
/

(III) (IV)
RCH2CH(OH)Me +  (RCH2CHMe—),
• RCH2CH(OH)Me +  (RCHsCHMe—)2 +

'CMe2-
ïCHMe

(VII)
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mate, because of the difficulty of separating these alcohols 
quantitatively.

The secondary alcohol (III) isolated, b. p. 127-129° at 
3 mm., was analyzed with the following results.

A n a l. Calcd. for C10H12O3: C, 66.63; H, 6.72. Found: 
C, 66.09; H, 6.69.

Its phenylurethan crystallized from alcohol in colorless 
needles, m. p. 93-94°. Mixed with the phenylurethan 
described in the foregoing section, the m. p. was un­
changed.

A n a l. Calcd. for Ci7H170 4N: C, 68.20; H, 5.72.
Found: C, 68.10; H, 5.77.

The tertiary alcohol (V), on account of the relatively 
small amount present, could not be isolated in satisfaetory 
purity.

But when the experiments were carried out in an atmos­
phere of nitrogen, the same amount (46 g.) of initial bro­
mide (II) gave 17 g. of safrole, none of the secondary alco­
hol (III), 11 g. of the tertiary alcohol (V), and 1.5 g. of the 
butane derivative (IV). From this mixture, the tertiary 
alcohol was easily isolated by fractional distillation as a 
colorless, very viscous liquid, b. p. 142-144° at 3 mm., 
which congealed in thick colorless needles, m. p. 49°, 
with some softening as low as 43 °. The isomeric 2-methyl- 
^-pipcujAxj'lbutaiiol-S differs from i t  m persistently re­
maining liquid and ref using to crystallize.

A n a l. Calcd. for CisHisOs: C, 70.23; H, 8.17. Found: 
C, 69.86; H, 8.37.

It did not form a phenylurethan. Phenyl isocyanate 
abstracted water from it, with Separation of carbanilide.

2,3-Dipiperonylbutane (IV).—In the residues from the 
distillation of the crude products obtained in the prepara­
tion of both the secondary (III) and tertiary (V) alcohols, 
this by-product was found. It was purified by repeated 
crystallization, first from methyl and finally from ethyl 
alcohol, and then formed thick colorless needles or plates, 
m. p. 74°.

A n a l. Calcd. for C20H22O4: C, 73.58; H, 6.79. Found: 
C, 73.26; H, 6.53.

1,1,2-Trimethyl-5,6-methylenedioxyindane (VII).—To
20 g. of well-cooled (7°) 85% sulfuric acid, there was 
stirred in gradually 7 g. of the tertiary alcohol (V). The 
resultant reddish mixture was diluted with ice water, ex­
tracted with ether, the ether extracts dried over fused 
potassium carbonate, the ether removed and the residue 
fractionated thrice over sodium. The indane so obtained 
was a colorless oil, b. p. 137° at 11 mm., of penetrating 
camphoraceous odor; yield about 65%. It did not de­
colorize an acetone solution of potassium permanganate.

A n a l. Calcd. for Ci3H160 2: C, 76.43; H, 7.89. Found: 
C,76.15; H, 8.20.

Fused with selenium for six hours at 266-270°, a strong 
odor of methyl mercaptan was noted, and from the tarry 
product there was isolated a small quantity of a clear 
yellow liquid, b. p. about 140° at 7 mm., which darkened 
rapidly and on re-distillation exhaled an odor resembling 
that of the original indane. It was not obtained in suffi­
ciënt amount or pürity for analysis or identification, nor 
could a picrate be prepared from it. These results are in 
accordance with our previous experience with indanes,lb

2-Methyl-3-piperonylbutene-2 (VI).—Occasionally this 
olefin was isolated from the crude product of the above 
indane synthesis, by fractional distillation of a cycliza­
tion product which was unsaturated to an acetone solu­
tion of potassium permanganate. It formed an oil, b. p. 
120° at 7 mm., colorless when freshly distilled, which 
rapidly turned yellow, even in a tightly sealed bottle, 
possessed a citrous or alliaceous type of odor, quickly de­
colorized an acetone solution of potassium permanganate, 
and did not form a picrate. For analysis, it was freshly 
distilled.

A nal. Calcd. for Ci3Hi60 2: C, 76.43; H, 7.89. Found: 
C, 76.21; H, 8.06.

Subjected to the further action of sulfuric acid, it was 
rearranged to the isomeric indane (VII).

ö/^foz-Ethylpiperonyl Bromide (IX).—This bromide ap­
peared to be formed in good yield by the action of aqueous 
hydrobromic acid (69%) upon isosafrole at 0 °, as described 
for the preparation of its isomer (II) from safrole, but it 
was so unstable that it decomposed when distilled at a 
pressure of 2  mm.

The Merck patent, 3 already mentioned, refers also to 
the preparation of this bromide, in an impure state, from 
isosafrole and hydrobromic acid, and describes it as a 
slightly colored heavy unstable oil, which decomposed 
Yvhcn distilled i ; i  v a e z t e ,  and was not

This patent also claims the formation of the correspond­
ing amine when the crude bromide is treated with am­
monia. When we treated our product with alcoholic am­
monia, even at low temperature, a vigorous reaction en- 
sued, with immediate Separation of ammonium bromide in 
an amount which indicated the presence of approximately 
50% of the desired bromide (IX) in the original crude.

a/£/b-Ethylpiperonyl alcohol (XI) was prepared from 
piperonal (X) and ethylmagnesium bromide, as recorded 
by Mameli.4 Inasmuch as the compound obtained by us 
(yield 50%) showed a b. p. of 126-127° at 3 mm., whereas 
that reported by him was 172-175° at atmospheric pres­
sure, our product was analyzed.

A na l. Calcd. for C10H12O3: C, 66.63; H, 6.72. Found: 
C, 66.77; H, 6.42.

No phenylurethan could be secured from this alcohol, 
because the phenyl isocyanate immediately withdrew 
from it the elements of water. In this respect it differed 
strikingly from the isomeric 1-piperonylethanol-l (III). 
Nor could we prepare a benzoate from it, or convert it into 
the corresponding bromide by the action of phosphorus 
tribromide.

The pure alcohol, after standing for three months ät 
laboratory temperature, turned cloudy and began to 
crystallize. Dried in an evacuated desiccator and analyzed, 
it proved to be the ether (XII); yield, equal to that cal­
culated. Apparently this alcohol tends to split out a mole­
cule of water on standing even at ordinary temperature. 
When warmed or distilled under reduced pressure, how­
ever, it loses water quite easily with formation of isosafrole, 
as found also by Mameli.4

Di-a/^Äa-ethylpiperonyl Ether (XII).—The distillation 
residues from the preparation of the foregoing alcohol 
(XI), when crystallized from methyl alcohol, gave a 5% 
yield of this ether in colorless leaflets, m. p. 85°.

(4) Mameli, R end, A ccad. L in cei, [5] 13, II, 315 (1904).
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A n a l. Calcd. for CmH-bOs: C, 70.14; H, 6.48; mol. 
wt. (Rast), 342.2. Found: C, 70.04, 69.85; H, 6.21, 6.42; 
mol. wt. (Rast), 336.3.

Mameli,5 who was the first to describe this ether, 
found that it was formed when an ether solution of the 
alcohol was left for many weeks in contact with tracés of 
inorganic salts, and gave its m. p. as 88°.

Summary
1. By the addition of hydrobromic acid to 

safrole, 1 -piperonyl-1 -bromoethane has been pre­
pared and from this the corresponding alcohol.

2. The Grignard reaction applied to the
(5) Mameli, R e n d .  A c c a d .  L i n c e i ,  [5] 13, II, 612 (1904); G a z z .  

c h im . i t a l . ,  35, II, 32 (1905).

bromide, in the presence of acetone, yielded a 
mixture of 1-piperonylethanol-l, 2-methyl-3-piper- 
onylbutanol-2 and 2,3-dipiperonylbutane.

3. This butanol has been converted by the 
action of sulfuric acid into the corresponding 
butene and l,l,2-trimethyl-5,6-methylenedioxyin- 
dane.

4. From isosafrole and hydrobromic acid,
a//>/wj-ethylpiperonyl bromide has been obtained. 
The corresponding alcohol, from piperonal and 
ethylmagnesium bromide, has been shown to lose 
water on standing, with formation of the ether. 
N e w  Y o r k , N .  Y. R e c e iv e d  A u g u st  10, 1936

[C o n t r ib u t io n  from  t h e  B u r r o u g h s  W ellcome and  C o ., U . S. A ., E x p e r im e n t a l  R e se a r c h  L a b o r a t o r ie s ]

Some N-Aryl Barbituric Acids. II

B y  J o h annes  S. B uck

The present work is a continuation of that de­
scribed in an earlier paper.1 Two further series 
of l-aryl-5,5-dialkyl barbituric acids have been 
prepared, the aryl groups being, as before, phenyl, 
o-, m~ and ^-tolyl, o-, m- and >̂-anisyl, o-, m- and 
^-phenetyl, and a~ and ß-naphthyl, while the 
alkyl groups are now 5,5-ethyl-isobutyl and
5,5-ethyl-isoamyl. The alkyl groups were se­
lected to allow comparison, pharmacologically, 
with a series of isoalkylaryl ureas at present under 
examination.

Since the sodium salts of the N-aryl barbituric 
acids show a tendency to hydrolyze in aqueous 
solution, a number of barbituric acids having a 
dialkylamino group on the phenyl ring was pre­
pared. These compounds are soluble both in al­
kaline and in acid solution. The presence of the 
dialkylamino group should also facilitate the reso­
lution of those barbituric acids which carry, in 
addition to this group, an asymmetrie carbon 
atom.

The two phenyl compounds have been pre­
viously described by Hjort and Dox;2 the others 
are new. The pharmacological data will be given 
later in another place.

Experimental
Ethyl isobutylethylmalonate3 and ethyl isoamylethyl- 

inalonate3 were prepared by the action of the isoalkyl io-

(1) Buck, T h is  J o u r n a l , 58, 1284 (1936).
(2) Hjort and Dox, J .  P h a r m a c o l . ,  35, 155 (1929).
(3) Shonle and Moment, T h is  Jo u r n a l , 45, 243 (1923).

dide on ethyl ethylmalonate, in the presence of sodium 
ethylate. It was found advantageous to carry out the re­
action as rapidly as possible and to shake the crude ester 
several times with 5% sodium hydroxide solution.4 After 
fractionation under reduced pressure the isobutyl com­
pound boiled at 128.5-130° (15 mm.) (yield 71%) and the 
isoamyl eompound at 126-127° (7.5 mm.) (yield 64%).

The condensation of the ester with the aryl urea and the 
subsequent purification were carried out substantially as 
previously described.1 The procedure was modified in 
the case of the dialkylamino compounds, the cold re­
action mixture being diluted, extracted with ether when 
possible, and saturated with carbon dioxide to precipitate 
the product, which was purified by recrystallization from 
aqueous alcohol, and usually also from ethyl acetate— 
hexane. No particular trouble was encountered except 
with l-w-phenetyl-5,5-etliyl~isoamyl barbituric acid which 
was very difficult to obtain crystalline.

The barbituric acids are tabulated below. They are 
all white, crystalline, tasteless compounds, soluble in cold 
5% sodium hydroxide solution, practically insoluble in 
water, slightly soluble to insoluble in petroleum ether, 
soluble in ether, soluble in alcohol, moderately to readily 
soluble in benzene, and readily soluble in ethyl acetate. 
In addition, the dialkylamino compounds dissolve readily 
in 5% hydrochloric acid. The solvents used for purifica­
tion are given in the order used. Three or more crystal­
lizations were generally necessary. In the tables the ap­
pearance described is that of the bulk specimen, crystal­
lized from the last solvent given. The appearance varies 
greatly with solvent, etc.

The ureas are the same as those previously used.1 Di- 
methylaminophenyl urea and diethylaminophenyl urea 
were prepared by the action of potassium cyanate on the 
amine hydrochloride in aqueous solution.

(4) C f .  Michael, J .  p r a k t .  C h e m .,  [ 2 ]  72, 637 (1905).
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T a b le  I

1 -A r y l -5 ,5 - e t h y l -is q b u t y l  B a r b i t u r i c  A c i d s

Legend: A = alcohol; aA =  aqueous alcohol; B = benzene; E =  ether; Ea = ethyl acetate; H =  hexane; P
petroleum ether.

Aryl
radical Appearance M.p., °C.

Solvents
recryst. Forrpula

Analyses, %N 
Calcd. Fgund

Phenyl2 Nodules of tiny prisms 149 aA, BP C16H20Q3N2 9 .7 2 9 .§ 0
o-Tolyl Cryst. powder (small prisms) 134 A, aA Ci7H220 3N 2 9 .2 7 9 .4 7
m -Tolyl Broken cryst. crusts 1 3 8 .5 aA, BP Ci7H220 3N2 9 .2 7 9 .3 3
p - T  olyl Soft crusts of prisms 1 4 9 .5 A Cl7H22Q3N2 9 .2 7 9 .3 6
o-Anisyl Nodules of tiny felted needles 1 7 6 -1 7 7 aA, BP C17H220 4N 2 8 .8 0 8 . 8 0
m-Anisyl Bulky powder (small nodules) 1 3 9 .5 aA, EaH Ci7H220 4N 2 8 .8 0 8 .9 4
p- Anisyl Broken cryst. crusts 149 aA, BP Ci7H220 4N 2 8 .8 0 8 .9 2
o-Phenetyl Broken crusts (tiny prisms) 1 4 2 -1 4 3 aA, BH, A Ci8H240 4N 2 8 .4 3 8 .4 6
w-Phenetyl Chalky powder (tiny nodules) 1 2 5 .5 A, EaH c 18h 24o4n 2 8 .4 3 8 . 4 2
^-Phenetyl Chalky powder (clumps of needles) 145 A, BP Ci8H240 4N 2 8 .4 3 8 . 3 8
or-Naphthyl Finely cryst. powder 158 aA, BH, EaH c20h 22o3n 2 8 . 2 8 8 .3 1
j3-Naphthyl Bulky chalky powder 1 6 1 -1 6 2 aA, BH C2oH220 3N 2 8 . 2 8 8 . 4 6

T a b le  I I

1 -A r y l -5 ,5 - e t h y l - is o a m y l  B a r b it u r i c  A c id s

Aryl
radical Appearance M.p., °C.

Solvents
recryst. Formula

Analyses, %N 
Calcd. Found

Phenyl2 Thick friable crusts 129 aA, BH Ci7H220 3N2 9 .2 7 9 .3 3
o-Tolyl Finely cryst. powder 119 aA, EaH Ci8H240 3N 2 8 .8 6 8 .8 0
m-Tolyl Finely cryst. powder 1 1 3 -1 1 4 aA, EaH CI8H240.3N2 8 .8 6 9 .0 5
p -Tolyl Chalky nodules 115 aA, BH Ci8H24OsN2 8 .8 6 9 . 0 6
o-Anisyl Felted small needles 134 aA, BH, EaH c18h 24o 4n 2 8 .4 3 8 . 3 5
m-Anisyl Starchy cryst. powder 1 1 5 -1 1 6 aA, EaH c18h 24o4n 2 8 .4 3 8 . 5 5
p- Anisyl Chalky tiny nodules 120 aA, BP Ci8H240 4N2 8 .4 3 8 . 5 6
o-Phenetyl Bulky nodules (tiny prisms) 1 6 2 -1 6 3 aA, BP C1oH26Q4N2 8 .0 9 8 .1 3
m-Phenetyl Soft clumps of tiny nodules 7 2 -7 4 EaH, EP Cl9H2604N2 8 .0 9 8 . 4 0
^-Phenetyl Coarse powder (prism nodules) 100-101 aA, BP Ci9H260 4N2 8 .0 9 8 . 2 5
<v-Naphthyl Bulky small nodules 1 9 3 -1 9 4 BP, aA C2iH240 3N2 7 .9 5 8 .0 1
/L Naphthyl Small nodules (clumps of prisms) 138 aA, EaH c21h 24o3n 2 7 ;9 5 8 . 0 6

T able  III
1 - D i a l k y l a m in o p h e n y l -5 ,5 -d ia l k y l  B a r b it u r i c  A c i d s

Aryl radical Alkyl radical Appearance M.p., ° C . Formula
Analyses, %N 

Calcd- Found
p -Dimethylam inophenyl Diethyl Small pearly leaves 182 Ci6H210 3N3 1 3 .8 5 13.80
p -Dimethylaminophenyl Ethyl-w-butyl Glitt, small flat prisms 157 Ci8H2ó0 3N3 12.68 12.92
^-Dimethylaminophenyl Ethyl-isobutyl Bulky clumps of flat prisms 153 Ci8H2503N3 12.68 12.83
^-Dimethylaminophenyl Ethyl-isoamyl Aggregates of small nodules 130 CigH270 3N3 1 2 .1 6 12.17
^»-Diethylaminophenyl Diethyl Small silky needles 175 Ci8H250 3N3 12.68 12.85
^»-Diethylaminophenyl Ethyl-w-butyl Bulky fluffy powder 1 2 5 .5 C2oH2903N3 1 1 .6 9 11.83
p -Diethy laminophenyl Ethyl-isobutyl Broken crusts of small needles 1 4 0 -1 4 1 C20H29Q3N3 1 1 .6 9 11.61
p -Diethylaminophenyl Ethyl-isoamyl Broken crusts (nodules) 125 C2iH3i0 3N3 1 1 .2 5 11.47

Dimethylaminophenyl Urea.—Slender striated needles 
(pale violet tint) from hot water; slightly soluble ether 
and benzene, soluble alcohol, insoluble petroleum ether, 
soluble cold 5% hydrochloric acid; no taste; m. p. 183°. 
A n a l. Calcd. for C9H13ON3: N, 23.45. Found: N,
23.60.

Diethylaminophenyl Urea.—Felted, slender, glittering 
needles (gray-violet tint) from hot water; soluble hot ben­
zene, soluble alcohol, insoluble petroleum ether, soluble 
cold 5% hydrochloric acid; no taste; m. p. 136.5°. 
A n a l. Calcd. for CuHI7ON3: N, 20.27. Found: N,
20.52.

The analyses (luicro-Duiiias) were carried out

by Mr. W. S. Ide. The melting points are cor­
rected.

Summary

1. To complete previous work, a series <pf 1- 
aryl-5,5-ethyl-isobutyl barbituric acids and a se­
ries of 1-aryl-5,5-ethyl-isoamyl barbituric acids 
have been prepared, the N-aryl groups in both 
series being phenyl, o-, m- and p-tolyl, o-, m~ and 
p-anisyl, o-, m- and ^-phenetyl and a -  and ß- 

naphthyl.
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2. A series of acid-soluble barbituric acids was 
prepared in which the N-aryl groups were ^-di- 
methylaminophenyl and ^-diethylaminophenyl.

The 5,5-dialkyl groups were diethyl, ethyl- 
butyl, ethyl-isobutyl and ethyl-isoamyl.
T u c k a h o e , N e w  Y ork  R e c e iv e d  J u l y  30, 1936

[C o n t r ib u t io n  from  t h e  D epa r t m e n t  of C h e m ist r y , t h e  U n iv e r sit y  of B u f f a l o ]

Oxalato Complex Compounds of Tervalent Manganese

By G. H. Cartledge and W. P. Ericks

Complex compounds containing manganese in 
the tervalent or quadrivalent state have been pre­
pared in a few instances, but there has never been 
a thoroughgoing study of the field, such as has 
been made in the compounds of chromium and 
cobalt. From a consideration of the structure of 
the manganese atom there is every reason to ex­
pect it to form complexes readily, since the man­
ganic ion has the combination of available d ,  s  and 
p eigenfunctions which is required for the forma­
tion of covalent bonds, according to the theory of 
Pauling.1 That so few of such possible com­
pounds have been prepared is readily ascribed to 
the complicated oxidation-reduction relations of 
manganese. The simple manganic ion is like the 
cobaltic ion in its large oxidation potential, but 
is even more difficult to manipulate because of the 
readiness with which it dismutates into the man­
ganous ion and manganese dioxide.

The oxalato complexes are of particular interest 
in connection with the kinetics of the reaction be­
tween potassium permanganate and oxalates.2 
Potassium trioxalatomanganiate, K3[Mn(C20 4)3]* 
3H20, seems to have been prepared first by 
Souchay and Lenson.3 Kehrmann4 rediscovered 
the eompound and isolated it in crystalline form. 
Meyer and Schramm5 in 1922 attempted to pre­
pare dioxalatodiaquomanganiates, but without 
success. Instead, they were able to obtain the 
corresponding dimalonatodiaquamanganiate, 
which is a fairly stable compound and readily 
prepared. In 1926 the same authors6 reported 
that by treating cold sodium tetroxalate (in ex­
cess) with manganese dioxide they obtained an

(1) P au ling, T h is  J o u r n a l , 53, 1367 (1931).
(2) Schilow, Ber., 36, 2735 (1903); Skrabal, Z. anorg. Chem., 42, 

73 (1904); Schröder, Z. öffentl. Chem., 16, 270 (1910); Kolthoff, Z. 
anal. Chem., 64, 185 (1924); Deiss, Z. angew. Chem., 39, 664 (1926); 
Launer, T h is J o u r n a l , 55, 865 (1933); Launer and Yost, ib id ., 56, 
2571 (1934); Fessenden and Redmon, ibid., 57, 2246 (1935).

(3) Souchay and Lenson, A n n ., 105, 254 (1858).
(4) Kehrmann, Ber., 20, 1594 (1887).
(5) Meyer and Schramm, Z . anorg. Chem., 123, 56 (1922).
(6) Meyer and Schramm, ib id ., 157, 196 (1926).

impure green material. This product was very 
unstable, turned yellowish-brown, and decom­
posed before it could be isolated for analysis. 
Meyer and Schramm concluded from analogy 
with the green sodium dimalonatodiaquoman- 
ganiate that the unstable product was the corre­
sponding oxalato complex.

We have been able to prepare a number of pure 
compounds containing the trioxalatomanganiate 
and dioxalatodiaquomanganiate ions, as well as a 
difiuodioxalato compound and, unexpectedly, a 
dioxalatodihydroxo complex of quadrivalent man­
ganese. The oxalatomanganiates have turned 
out to be extremely interesting in that in aqueous 
solution they are easily converted one into the 
other, according to the reversible reaction 
[Mn(C204)3p + ‘ 2H20 ^ ± :

[Mn( C20 4 )2(H20 ) 2 ] “ +  C20 4= 
Using a spectrophotometric procedure we have 
been able to measure the equilibrium constant for 
this reaction, as will be shown in the following 
paper. The complexes are far more reactive than 
the corresponding chromium or cobalt compounds, 
but when properly isolated in pure form may be 
analyzed accurately and, in some instances, may 
be preserved indefinitely in a refrigerator.

Potassium Trioxalatomanganiate.-—Our in­
terest in the oxalato complexes arose from a need 
for some potassium trioxalatomanganiate of ex­
treme purity, with particular reference to its 
freedom from iron. Trioxalato complexes are 
formed by tervalent chromium, iron and cobalt; 
the salts are all probably isomorphous with the 
manganic complex, and all of them have moder­
ately high solubilities. Because of the instability 
of the manganic complex the principal purification 
is necessarily applied to the reagents rather than 
to the final product. We have accordingly de­
vised a  procedure which involves as few reagents 
as possible. The chief difficulty in obtaining a 
homogeneous product is due to the sparing solu-
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bility of the acid oxalates, and numerous proce­
dures were investigated before a dependable one 
was obtained.

The method which has been developed consists 
in reducing potassium permanganate with oxalic 
acid in proper excess, followed by oxidation of the 
resulting manganous oxalate by a second portion 
of permanganate which is added along with suffi­
ciënt potassium carbonate to furnish the neces­
sary potassium and the most favorable hydrogen- 
ion concentration. The over-all reaction and the 
stoichiometric proportions actually used are ex­
pressed by the equation 
5H2C20 4 +  KM n04 -f  K2G03 — >■

K3 [Mn(C20 4)3] -f 5H20  +  5CO* (1)
Preparation of Reagents.—Water was prepared by re- 

distilling the laboratory distilled water with alkaline per­
manganate, using a spray trap and condenser of block tin. 
The middle portion of this distillate was again redistilled 
in an all-quartz still for conductivity water.

Oxalic acid was prepared by the hydrolysis of ethyl 
oxalate, Eastman ester being used in part, along with a 
sample prepared in this Laboratory.7 The hydrolysis of 
the redistilled ester (boiling range 1 °), evaporation of the 
alcohol and recrystallization of the resulting oxalic 
acid were conducted entirely in quartz.

Potassium permanganate (Baker c. P.) was dissolved in 
warm purified water and after digestion filtered through 
acid-washed asbestos. The crystals obtained by evapo­
ration and cooling were recrystallized in quartz four times.

Potassium carbonate was prepared from potassium acid 
tartrate obtained from pure tartaric acid and potassium 
carbonate. After four recrystallizations the acid salt 
was decomposed at as low a temperature as possible and 
the carbonate formed was evaporated to crystallization in 
a silver dish.

Alcohol and ether were purified and dehydrated in the 
usual manner. Before distillation the ether was agitated 
with potassium hydroxide and potassium permanganate. 
The quartz still was used for the distillations.

Preparation of Potassium Trioxalatomanganiate.—The 
stoichiometric proportions represented in equation (1) 
were used in the reaction, which, however, was conducted 
in two stages. To the entire quantity of oxalic acid to be 
used, four-fifths of the indicated amount of potassium 
permanganate was added and completely reduced. After 
the solution had cooled to about 0° the potassium car­
bonate and remaining potassium permanganate were 
added. All operations were carried out in quartz ap­
paratus and in a darkened room. The details were as 
follows.

A quarter of a mole (31.5 g.) of oxalic acid dihydrate was 
dissolved in 200 cc. of pure distilled water in a 500-cc. 
beaker. The solution was heated to 70-75° and 0.04 
mole (6.32 g.) of powdered potassium permanganate 
was added in small portions, while agitating the solution. 
When the solution had become colorless, 0.05 mole (6.9 
g.) of solid potassium carbonate was added in small por­

tions, with agitation. Occasional agitation was main­
tained to prevent the precipitate from sticking in a solid 
mass. When the temperature of the mixture was about
4-5°, 150 cc. of pure water at 0-1 ° was added.

One one-hundredth of a mole (1.58 g.) of powdered 
potassium permanganate was then added in small portions; 
after addition of the last portion the agitation was con­
tinued for about ten minutes, and the temperature main­
tained at 0-2°. The formation of an intense, cherry-red 
color was observed. Previously, into the freezing mix­
ture was placed a flask mounted with a Gooch crucible 
fitted into a rubber ring which was placed on top of the 
neck of the flask. The cold solution was then filtered 
with suction through acid-washed asbestos.

The filtrate was transferred to a cooled beaker and ice- 
cold alcohol, in quantity corresponding to one-half of the 
potassium trioxalatomanganiate solution, was added. The 
solution was placed in an efficiënt cooling mixture (ice and 
salt) and kept in the dark for about two hours.

The precipitated potassium trioxalatomanganiate was 
then filtered with suction on a cooled Büchner funnel. The 
precipitate was washed with ice-cold 50% (by volume) 
pure alcohol four times, using about 25 cc. for each wash, 
then with 95% alcohol, absolute alcohol and, finally, 
three portions of purified ether. The temperature of all 
solvents used for washing was in the neighborhood of 0°.

The crystals so obtained were sucked dry on a silica 
crucible, then removed to an evaporating dish and dried at 
room temperature and atmospheric pressure for twelve 
hours, and preserved in a colored glass bottle to prevent de­
composition by light. It is important that the organic sol­
vents evaporate completely before the bottle is stoppered.

The filtration and washing of the crystals were carried 
out in the shortest time possible. Based on the data of 
four experiments, the yield was approximately 50%.

Analysis.—Microscopie examination of the product re­
vealed no inhomogeneity, whereas samples prepared by 
the other procedures investigated almost invariably con­
tained white crystals of potassium acid oxalate. A com­
plete analysis of the crystals was made by the follow­
ing methods: (a) total manganese, by gravimetric deter­
mination as Mn2P20 7; (b) manganese, oxidation equiva­
lent, by liberation of iodine and titration with thiosulfate ; 
(c) oxalate, by titration with permanganate, making al­
lowance for the oxalate oxidized by the manganic ions, as 
determined in (b); (d) potassium, by decomposition of a 
sample with sulfuric acid and ignition to constant weight 
at 500°, subtracting the weight of manganous sulfate 
calculated from (a); (e) water, by decomposition in a 
combustion furnace and absorption of the water liberated. 
The results were as follows, the theoretical values calculated 
from the formula K3 [Mn( C20 4)3 ]-3H20  being in parentheses: 
potassium, 24.12 (23.92); manganese 11.19 (11.21); 
oxalate, 53.90 (53.85); water, 10.9 (11.02).

A sample was examined for iron spectrographically.8 
No iron lines could be detected, the test being sensitive to
0 .0001%.

The density of potassium trioxalatomanganiate was de­
termined in a pycnometer, toluene, xylene and ethyl oxa­
late being used as liquids in different experiments. Three 
determinations were made with the usual precautions to

(7) O rganic Syntheses, 5, 59 (1925). (8) We are indebted to Dr. E. Weiner for conducting this test.
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displace adhering air, the results being d204 2.148, 2.152, 
2.148; mean, 2.149.

Potassium trioxalatomanganiate in the solid state has a 
deep reddish-purple color. Impure samples often decom­
pose overnight at room temperature, especially if imper- 
fectly dried. We have found that very pure samples 
keep well even at 20 ° if protected from the light, and in a 
refrigerator at —6° no decomposition is apparent after 
storage for a year or more. The salt is insoluble in alcohol, 
ether, acetone, toluene and xylene, but is very soluble in 
water, and very slightly soluble in methyl alcohol. The 
color of aqueous Solutions varies markedly with the con­
centration. A 0.001 M  solution is yellowish-brown; with 
increasing concentration the solution becomes cherry-red, 
and concentrated Solutions in an oxalate-oxalic acid 
buffer at p H  5 are deep red with a purplish shade. These 
color changes are due to the partial replacement of an 
oxalate ion by water molecules, as shown by spectrophoto- 
metric studies which will be reported in the succeeding 
paper. When a solution is made moderately acid the 
color changes to a golden-yellow, but rapidly fades, owing 
to reduction of the manganese. A brown precipitate 
forms in an acetate buffer if the acidity is decreased ap­
preciably below a p H  of 5.

Potassium Dioxalatodiaquomanganiate.—
Whereas the trioxalto complexes of cobalt and 
chromium are very stable with respect to dis­
sociation of the anion, or the replacement of an 
oxalate group by water molecules, a number of 
facts made it apparent that the trioxalatomanga­
niate ion is decidedly less stable in this respect. 
Addition of silver ions or calcium ions to a solu­
tion of the pure salt produces an immediate pre­
cipitation of an oxalate, with decomposition of the 
red salt. Furthermore, the yellow color produced 
by acidifying the solution is restored to red by ad­
dition of an excess of potassium oxalate. Before 
we discovered the work of Meyer and Schramm 
we had been successful in isolating the green di­
oxalatodiaquomanganiate, though considerable 
work was required before a dependable procedure 
was developed. Four methods were studied, all 
of which gave the desired eompound in varying 
degrees of purity.

(a) A concentrated solution of the trioxalato complex 
at 0° was treated with dilute sulfuric acid until the color 
changed to a clear golden-yellow; the green dioxalato salt 
crystallized out upon addition of alcohol. The salt was 
contaminated with colorless crystals, presumably of potas­
sium aeid oxalate.

(b) and (c) Manganous oxalate was oxidized by potas­
sium permanganate in the presence of oxalic acid and po­
tassium oxalate in varying proportions.

(d) The best results were obtained by a simple modi­
fication of the procedure developed for making the tri­
oxalato complex. The total reaction is
4 H2C2O4 +  KM n04---->

K[Mn(H20 )2(C20 4)2] -f 4C02 +  2H20  (2)

The reaction is carried out in one step, and because of the 
strongly acid character of the solution during the initial 
stages it is necessary to control the temperature very ac­
curately and to work rapidly according to the following 
procedure.

Preparation df Potassium Dioxalatodiaquomanganiate.
—Eight hundredths of a mole (10.08 g.) of oxalic acid 
(H2C20 4-2H20 ) was dissolved in 200 cc. of water in a 750- 
cc. Erlenmeyer flask. The solution was cooled to 1° and 
0.02 mole (3.16 g.) of powdered potassium permanganate 
was added. The mixture was thoroughly agitated for about 
twenty minutes and the temperature was allowed to rise to 
7 °, at which temperature the reaction started, as judged by 
the evolution of carbon dioxide. The flask was immersed 
quickly in an efficiënt cooling mixture of ice and salt. 
The agitation was continued and the temperature was 
lowered gradually to 0°. When the evolution of gas be­
gan to diminish, 25 cc. of ice-cold ethyl alcohol (95%) 
was added and the temperature was allowed to drop to 
— 3°. At this stage the solution was greenish-brown in 
color, without any red shade. The solution was filtered 
very quickly through a Gooch crucible with an asbestos 
mat, which was previously washed and cooled. The fil­
trate was collected in an externally-cooled flask.

The filtrate was cooled below 0° and 200 cc. of 95% al­
cohol was added in portions, keeping the temperature be­
low 0 °. The solution was allowed to stand in an efficiënt 
cooling mixture for about half an hour. If no crystalliza­
tion had begun at this time the inner wall of the flask was 
scratched slightly with a stirring rod and the solution al­
lowed to stand at a temperature of —5 to —10° for one 
hour. Green, lustrous crystals were observed at this time 
on the bottom of the flask. They were filtered with suc­
tion and washed with ice-cold ethyl alcohol (50, 95% and 
absolute), followed by three washes with ice-cold dry ether. 
The yield was about 45% of the theoretical.

A n a l. The eompound was analyzed by the methods de­
scribed in connection with the trioxalato complex. The 
results on two samples were as follows, the percentages cal­
culated from the formula K[Mn(C20 4)2(H20)2]-3H20  being 
in parentheses: potassium, 10.76, 10.75 (10.85); man­
ganese, 15.16, 15.22 (15.25); oxalate, 48.70, 48.92 (48.90); 
water, 25.1 (25.0).

Under the microscope the green crystals appear as 
well-formed, thin, diamond-shaped plates. The salt dis­
solves readily in water, giving a golden-yellow solution 
which rapidly decomposes at room temperature. As 
the decomposition liberates oxalate ions some trioxalato 
salt forms in the reaction. The solution does not immedi­
ately give a precipitate of calcium oxalate when treated 
with calcium chloride. Addition of potassium oxalate 
immediately gives the trioxalato complex. Pink com­
pounds are also formed by addition of chloride ion or 
fluoride ion. At room temperature the crystals decom­
pose rapidly, as a rule, but in a refrigerator may be pre- 
served.

In one experiment the preparation was conducted by 
a slight Variation of the procedure described. Instead 
of the theoretical quantity of oxalic acid a 1% excess was 
used, and only 50 cc. of alcohol was used to precipitate the 
salt. The product consisted of golden crystals which ap­
peared homogeneous under the microscope. Analysis
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gave: manganese, 15.1; oxalate, 49.0, 48.7. It is evi­
dent that the composition of the two products is identical. 
The dioxalatodiaquo complex may exist in isomeric 
cis and trans forms, and we are of the opinion that the 
differences observed may be accounted for in this way. 
The two solids give Solutions of the same color, which may 
indicate that the solution contains both forms in equilib­
rium. Further work is in progress in this connection.

In a further preparation the reaction mixture was made 
as nearly anhydrous as would permit the reactions to 
occur. Eight hundredths of a mole (10.08 g.) of powdered 
oxalic acid (H2C20 4 ;2 H20 ) was dissolved in 200 cc. of 
absolute alcohol and cooled to 0°. Two hundredths of a 
mole (3.16 g.) of powdered potassium permanganate was 
added. The solution was shaken and a few pieces of ice 
were added until the solution turned brown and the 
larger portion of the permanganate went into solution. 
Then the solution was filtered. The precipitate consisted 
mainly of unreacted materials. The filtrate was brown in 
color; 1.12 g. of potassium hydroxide was dissolved in 
50 cc. of 95% alcohol. The potassium hydroxide solution 
was cooled and portions of it were added until a precipi­
tate appeared. The yellowish-green precipitate was 
filtered off. It was washed in the usual way and analyzed 
for oxalate and manganic ions. The results follow, the 
percentages calculated for K[Mn(C20 4 )2(H20 )2] being in 
parentheses: manganese, 17.8 (17.91); oxalate, 56.8(57.5).

The product was apparently the anhydrous form of 
potassium dioxalatodiaquomanganiate. It was more 
stable than the trihydrate and remained undecomposed 
at room temperature for several days, Other character­
istics were identical with those of the hydrated form of the 
salt.

It is claimed by Brintzinger and Eckardt9 that dioxalato 
complexes of bivalent central ions often polymerize 
to double ions in dilute solution. Freezing point measure­
ments accordingly were made on 0.05 M  Solutions of yellow 
potassium dioxalatodiaquomanganiate by the Beckmann 
method.10 The results showed an apparent degree of 
dissociation of the same magnitude as is commonly found 
for Solutions of uni-univalent salts of the same concentra­
tion. The solution is weakly acidic, probably as a result of 
a slight dissociation according to the reaction [Mn(C20 4)2- 
(H20 )2]~ [Mn(C20 4)2(0H)(H20)]=  +  H +.

Complexes Containing Complex Gations
On account of the high solubility of the potassium salts 

obtained an effort was made to find some other cation 
which might give complexes of lower solubility. The 
alkaline earths and heavy metals are necessarily eliminated 
because their oxalates also are insoluble. The oxalato 
anions are relatively large in size, and since it is often 
true that the solubility of salts with large anions de­
creases as the cation becomes larger, it was thought likely 
that compounds containing a complex cation as well as 
the complex anion might be favorable forms in which to 
isolate the unstable manganese complexes.

Hexamminecobalti Trioxalatomanganiate, [(CoNEÜe]- 
1 Mn(C20 4 )s ]'XH20 .—One hundredth of a mole (2.67 g.)

(9) Brintzinger and Eckardt, Z. anorg. allgem. Chem., 224, 93 
(1935).

(10) We are indebted to Mr. J. T. Grey, Jr., for making the 
measurements.

of hexamminecobalti chloride [Co(NH3)«]C18, (yellow) 
was dissolved in 100 cc. of water at a temperature of 2° 
and 0.01 mole (4.90 g.) of potassium trioxalatomanganiate 
dissolved in 50 cc. of water at a temperature of 2° was 
added. The mixture was shaken, after which a purplish- 
pink precipitate was observed» The precipitate was fil­
tered off and washed in the usual way; yield 4.8 g. The 
theoretical yield of anhydrous hexamminecobalti-trioxal- 
atomanganiate is 4.80 g. Upon addition of alcohol to the 
filtrate, a precipitate formed in small quantity. The 
mixture was allowed to stand overnight in the refrigerator 
and the lustrous pink crystals which formed were filtered 
off and washed with alcohol.

A partial analysis of the first crop of crystals gave 
manganese 10.6 (10.29), cobalt 10.9 (11.03); oxalate 50.2 
(49.44), the values in parentheses being calculated for the 
trihydrate. The atomic ratio found corresponds to Co: 
Mn: C20 4 = 0.96:1.00:2.96, the percentage values lying 
between those for the dihydrate and the trihydrate.

The dioxalatodiaquomanganiate anion also unites 
with complex cations to form sparingly soluble double 
complexes. With «Vdinitrotetrammine cobalti ion an 
olive-yellow precipitate was obtained. The product was 
heterogeneous under the microscope, however, and was 
not subjected to analysis.

Note on Potassium Dimalonatodiaquomanganiate
Meyer and Schramm5 prepared their complex man- 

ganiates by using manganic hydroxide or manganese 
dioxide as the source of manganese. Their procedures 
gave impure products in many instances, and they report 
that they were not able to obtain potassium dimalonato­
diaquomanganiate in a form suitable for analysis. We 
have conducted several experiments in which it was hoped 
that the greater stability of malonic acid toward oxidation 
would permit isolation of a type of hydroxo complex that 
we have not been able so far to obtain in pure form in the 
oxalate series. It was found that suitable modification 
of our procedure, in which potassium permanganate is 
used, easily produces pure crystals of the potassium salt, 
K [M n (C sH 20 4 ) 2(H 2 0 )2 ]-2 H 2 0 .

Four procedures were investigated in which malonic 
acid, potassium permanganate and, in two cases, potas­
sium carbonate were mixed in various proportions in 
aqueous solution at 0°. In all cases the same product 
was obtained, the yield being highest (80%) when stoichio­
metric proportions were used according to the equation
5C H 2(C O O H )2 +  2KMn04 — ^

2K[Mn(C3H20 4)2(H20 )2] +  3C02 +  2H20
The reactions were carried out at about 0° in Solutions 
containing 0.01 mole of permanganate with the other 
reagents in 100 cc. of water» To precipitate the crystals 
50 cc. of alcohol was also present. The average of four 
closely concordant analyses for manganese was as follows, 
the value calculated for the dihydrate being in parentheses : 
Mn, 14.85% (14.83). Potassium and water were deter­
mined on one sample: K, 10.4 (10.57); H20, 2.63 (2.7). 
The dark-green crystals dissolve readily in water to give 
an unstable yellow solution, as reported for the other 
salts by Meyer and Schramm. The salt may be recrys­
tallized from cold 0.05 M  malonic acid by addition of 
alcohol.
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Summary
1. A procedure has been developed whereby 

potassium trioxalatomanganiate may be prepared 
spectroscopically free from iron.

2. Potassium dioxalatodiaquomanganiate has 
been prepared in the pure crystalline state. Two 
forms of the trihydrate have been obtained, as 
well as the anhydrous salt.

3. It has been shown that these manganiate 
ions form sparingly soluble salts with complex 
cations.

4. Pure potassium dimalonatodiaquomanga- 
niate has been prepared and certain of its prop­
erties have been determined.

Buffalo, N. Y. Received Tune 10, 1936
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Equilibrium between the Trioxalatomanganiate and Dioxalatodiaquomanganiate
Ions

By G. H. Cartledge and W. P. Ericks

In spite of the enormous number of transforma- 
tions among complex compounds that have been 
developed in the course of the classic researches of 
Werner and his successors, very few of such reac­
tions have been investigated quantitatively from 
the standpoint of Chemical equilibrium. The 
complexes of the metals that have been most 
fully studied are, as a rule, so stable with respect 
to dissociation that readily measurable equilibria 
are comparatively rare. Such measurements as 
have been made concern principally the dissocia­
tion of solid ammine complexes or the instability 
constants of such relatively stable complexes as 
the silver-ammonia or silver-cyanide ions in solu­
tion. In a few cases the acidic dissociation of 
aquo complex ions has also been studied.1 In­
vestigations of affinity in the complex compounds 
are desirable on account of the renewed interest 
in the question as to the type and strength of the 
Chemical bonds in such substances.

Meyer and Schramm2 observed that the triox­
alatomanganiate ion and the dioxalatodiaquo­
manganiate ion are convertible one into the other 
according to the equation
[Mn(C20 4)3]s  +  2H20  ^ ± 1

[Mn(C20 4)2(H20 )2]“ -h C2O r
That a measurable equilibrium is established 
rapidly is evident from the color changes observed 
in aqueous Solutions of the trioxalatomanganiates. 
A concentrated aqueous solution is ordinarily de­
scribed as cherry-red. We have found that the 
color is perceptibly changed to a more purplish- 
red upon addition of an oxalate oxalic acid buffer

(1) Brönsted and King, Z. ph ysik . Chem., 130, 699 (1927).
(2) Meyer and Schramm, Z. anorg. allgem. Chem., 157, 190 (1926).

at pYL 4.5. As an aqueous solution is diluted 
its color changes steadily; in 0.001 M  solution the 
color is brown, but may be restored to red by addi­
tion of an excess of the oxalate buffer. The dioxal­
atodiaquomanganiate ion reacts immediately with 
the oxalate ion to produce the trioxalato complex. 
In this respect the dioxalato ion contrasts with 
the dimalonato ion, which is very incompletely 
converted to the trimalonato ion. The dioxalato­
diaquomanganiate ion itself has a golden-yellow 
color in cold aqueous solution, but the solution 
is acid and soon becomes turbid. This effect is 
no doubt due to an acidic ionization of the water 
molecules in the complex, whereby a sparingly 
soluble hydroxo complex is formed. We have 
found that the solution in 0.01 M  nitric acid re­
mains clear and is stable enough for our purposes. 
The nitric acid evidently suppresses -the ioniza­
tion, giving the pure color of the aquo complex 
ion.

The method of determining the equilibrium con­
centrations consisted in a spectrophotometric 
analysis of Solutions of the trioxalatomanganiate 
in water at various concentrations and also in 
various oxalate-oxalic acid buffer mixtures. Equi­
librium was also approached from the dioxalato­
diaquomanganiate side of the reaction. As has 
been found by Uspensky and his collaborators3 
in a number of cobaltic and chromic complexes, 
when water molecules replace an acido group 
within a complex ion the maximum absorption in 
the visible region is displaced in the direction of 
shorter wave lengths. In the oxalatomanganiates

(3) Uspensky and others, Trans. lu s t. Pure Chem. R eagents, 
U .  S. X. R . , 13, 1 (1933)-
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the same shift is observed, and is so great as to 
permit convenient determination of the ions in a 
mixture. The calculation of the concentrations 
depends upon a knowledge of the extinction co­
efficients of the pure components. In the case 
of the dioxalatodiaquomanganiate the extinction 
coëfficiënt is relatively small in the region of most 
importance for our measurements. Furthermore, 
the values differ only slightly whether the salt is 
dissolved in pure water, in dilute oxalic acid or 
in dilute (0.01 N) nitric acid. We have there­
fore taken the measurements on this salt in 0.01 N  
nitric acid, since this concentration was found 
ample to prevent dissociation to a hydroxo com­
plex; at 0° the solution does not decompose 
rapidly enough to interfere with the analysis.

In the case of the trioxalatomanganiate it was 
found that there is an appreciable replacement of 
an oxalate ion by water molecules eveti in the 
most favorable oxalate buffer. It is therefore 
impossible to determine the extinction coefficients 
for the pure component in these Solutions. We 
have avoided this difficulty by making measure­
ments at a low concentration of the complex in a 
pair of buffered Solutions of known oxalate-ion 
concentration. By treating both the extinction 
coëfficiënt of the trioxalato ion and the equilibrium 
constant as unknowns we arrivé at pairs of equilib­
rium equations from which both quantities may 
be calculated. The extinction coefficients thus 
found at three wave lengths were then used for 
other Solutions in which the oxalate-ion concen­
tration was not necessarily known.

For the calculation of the concentration of the 
components in the equilibrium mixture the Lam- 
bert-Beer law was used in the form

log (/o //) =  lc (x iE i -f  X3E 3) (1)
in which c is the formality as to manganese, l the 
cell length in cm., %i and x3 the fractions of the 
complex in the form, respectively, of the univalent 
dioxalato ion and the tervalent trioxalato ion, 
and E\ and Ez the molecular extinction coefficients 
of the corresponding ions. If the apparent ex­
tinction coëfficiënt calculated from the measured 
transmittance of any mixture is E , we obtain

E  = x i E i + x i E z  (2)
The fractions of the complex in the two forms are 
then given by
Xi =  (E t  -  E ) / ( E S —  El) and = ( E  -  E i) /(Ê »  -  £ 1)

(3)
The extinction coefficients were measured from 

440 mfx to 600 m^ in certain cases, but the three

wave lengths 550, 540 and 520 m;u were selected 
for the equilibrium calculations. The extinction 
coefficients at these points were then repeatedly 
determined on freshly prepared Solutions. A 
Bausch and Lomb visual spectrophotometer was 
used, the cells being jacketed in ice during the 
measurements. A jet of dry air prevented the 
condensation of moisture on the cells. The least 
stable Solutions showed no alteration during the 
few minutes they were in use. Distilled water 
boiled in quartz was used for preparing the un- 
buffered Solutions. All salts used were pure, as 
determined from careful analyses.

For the equilibrium equation we have
yi [Mn(C20 4)2(H2Q)2-] y2C2Or] = m

T3[Mn(C20 4)3]s  A W

the y’s being the activity coefficients of the re­
spective ions. Expressed in terms of the frac­
tions of the two colored ions this becomes

™  X X [C204=] = K (5)

The values of the activity coefficients were ob­
tained from graphs of the coefficients of the chlo­
rate, sulfate and ferricyanide ions. For the uni­
valent ion the activity coëfficiënt was plotted 
against the cube root of the ionic strength. In 
the case of the bivalent and tervalent ions the 
reciprocal of the activity coëfficiënt was plotted 
against the square root of the ionic strength. 
Taking the numerical values from Lewis and 
Randall,4 essentially linear graphs were obtained 
from which the required activity coefficients could 
be read with only moderate extrapolation to the 
more concentrated mixtures. In calculating the 
oxalate-ion concentration in the buffered Solu­
tions due regard was paid to the secondary ioniza­
tion of oxalic acid in all cases where required. In 
terms of the individual extinction coefficients the 
equilibrium equation takes the form

Jïf(^i)[» + (l^ i)£] - x <«>
when equilibrium is approached from the triox­
alato side ; c0 is the concentration of oxalate ions 
in the buffer solution itself.

In making the calculations different values were 
employed for the extinction coëfficiënt Ei of the 
dioxalatodiaquomanganiate ion depending upon 
the acidity of the solution. In the acidic, buffered 
Solutions the values were taken from measure­
ments on the pure component in 0.01 N  nitric 
acid as the solvent. In the more nearly neutral,

(4) Lewis and Randall, “ Thermodynamics,” McGraw-Hill Book 
Co., Inc., New York, N. Y., 1923, p. 382.



Oct., 1936 2067Ionic Equilibria of Trioxalato and D ioxalaiodiaquo Manganiates

unbuffered Solutions the values obtained from a 
simple aqueous solution of the dioxalato salt were 
used, as these undoubtedly represent more closely 
the actual state of the substance in the equilibrium 
mixtures. Owing to the unavoidable uncertainty 
in these extinction coefficients, however, we have 
selected wave lengths at which the values are still 
relatively small in comparison with those of the 
trioxalato ion.

The values of the extinction coefficients of the 
trioxalato ion were first determined approxi­
mately from measurements on a 0.001 M  solution 
of the complex in buffers consisting of 0.08 M  
potassium oxalate and 0.02 M  potassium hydro­
gen oxalate, KHC2O4, in one case, and the same 
buffer diluted with an equal volume of water in 
the second case. In these buffers the oxalate ion 
contributed by the reaction of the complex ion 
with water is negligibly small. From the ap­
proximate results so obtained final values for the 
extinction coefficients of the trioxalato ion were 
then obtained from three series of measurements

in buffers containing 0.02 M  potassium oxalate 
and 0.08 M  potassium hydrogen oxalate, or the 
same diluted with an equal volume of water. The 
approximate values of the extinction coefficients 
Ez previously obtained made it possible to cal­
culate with sufficiënt accuracy the amount of 
oxalate ion formed in the reaction. The replace­
ment reaction proceeds further in these more 
acidic buffers, and the calculated extinction co­
efficients are consequently less sensitive to errors 
in the measurements.

For the determination of the extinction coeffi­
cients of the trioxalatomanganiate ion experiments 
3, 4, 12, 13, 16 and 17 (Table II) were used. The 
results are summarized in Table I.

The general results and calculated equilibrium 
constants in buffered and aqueous Solutions are 
shown in Table II. Certain of the measured ex­
tinction coefficients are shown in Fig. 1.

Discussion of Results
From Table II it will be seen that in different

experiments we have carried the replacement re­
action from 10-70% toward completion in the 
Solutions containing added oxalate ions. In 
simple aqueous solution the range was from 31- 
85%. Equilibrium has been approached from 
both sides, and it is evident that the reaction pro­
ceeds to equilibrium almost instantaneously, 
since the absorption measurements were started

T a b l e  I I

C o m p o s i t i o n  o f  E q u i l i b r i u m  M i x t u r e s  a n d  C a l c u l a t e d  E q u i l i b r i u m  C o n s t a n t s

Solvent formality Fraction as di­ K ,  calc<
Expt. Solute and  fo r m a lity , c K2C2O4 KHC2O4 oxalato ion, x \ X 10«

1 K3[Mn(C20 4)3], 0 .001 M 0.08 0.02 0.096 5 .0
2 KsIM n^OJs], .001 M .04 .01 .126 4.1
3 K3[Mn(C20 4)3], .001 M .02 .08 .159 3 .0
4 K3[Mn(C20 4)s], .001 M .01 .04 .233 2 .8
5 K»[Mn(C20 4)8], .002 M .08 .02 .096 5 .0
6 K3[Mn(C20 4)3], .002 M .04 .01 .134 4 .4
7 Ks[Mn(C20 4)s], .002 M .0016 0004 .597 3 .8
8 Ks[Mn(C20 4)3], .001 M .0008 .0002 .702 3 .5
9 K stM n ^ O ^ ], .005 M .0008 .0002 .568 4.1

10 Ks[Mn(C20 4)3], .01 M .08 .02 .095 4 .6
11 Ks[Mn(C204)3]. .01 M .04 .01 .099 3 .2
12 K3[Mn(C20 4)8], .01 M .02 .08 .134 2 .2
13 K3[Mn(C20 4)3], .01 M .01 .04 .197 2 .3
14 K[Mn(C20 4)2(H20 )2], 0.001 M .08 .02 .094 4 .8
15 K[Mn(C20 4)2(H20 )2], .001 M .04 .01 .145 4 .7
16 K lM nCCüO iM H üO ):,], .001 M .02 .08 .176 3.1
17 K[Mn(C20 4)2(H20 )2], .001 M .01 .04 .274 3.1
18 KslMnCQO,)^, 0.001 M .00 .00 .845 4 .6
19 Kj[Mn(Cj04)jl, .002 M .00 .00 .728 3 .8
20 K s IM n C C ^ ),,] , .010 M .00 .00 .499 4 .4
21 K a lM n C Q A )» ], ..025 M ,00 . 00 ;309 2 .4

. A v e r a g e  3 .8

T a b l e  I

C a l c u l a t e d  E x t i n c t i o n  C o e f f i c i e n t s  o f  t h e  T r i o x a l ­
a t o m a n g a n i a t e  I o n

E x p t. 550
-W ave le n g th s , 

540
XXI yU---- -

520

3, 4 232 274 303
12, 13 248 276 314
16, 17 237 266 306
Average E z 239 272 308
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as quickly as possible after the preparation of the 
solution. The range of concentrations as to the 
complex salt is necessarily restricted by the in­
tensity of the absorption, but we have covered 
as wide a range as could be measured with any 
degree of precision with the visual spectropho- 
tometer, namely, from 0.001 to 0.025 M. Con­
sidering the instability of the system, the neces- 
sity of approximating the activity coefficients, 
and the inherent difficulties in the precise deter­
mination of the extinction coefficients, the con- 
cordance of the equilibrium constants is all that 
could be expected.

Fig. 1.—Absorption spectra: curve 1,
K[Mn(C204)2(H20 )2], 0.01 M  in 0.01 M  
H N 03;curve2, K[Mn(C20 4)2(H20 )2], 0.01 M  
in water; curve 3, K3[Mn(C20 4)3], 0.001 M  
in water; curve 4, K3 [Mn(C20 4)3], 0.01 M in  
buffer 0.08 M  in KoQjCh and 0.02 M  in 
KHC2O4.

The absence of any trend in the calculated con­
stants as the replacement reaction becomes ex­
tensive shows that under the prevailing conditions 
the dioxalato ion does not lose a second oxalate 
ion to an appreciable extent. The dioxalato ion 
may be decomposed by addition of ions that form 
very insoluble oxalates, but it is evident that such 
a reaction proceeds only at decidedly lower con­
centrations of oxalate ions than were present even 
in our most dilute Solutions. The ready loss of 
one oxalate ion from the trioxalatomanganiate 
ion contrasts strongly with the behavior of the 
trioxalato ehromiates and cobaltiat.es, which are

not decomposed even by addition of cations which 
form very insoluble oxalates.

Figure 1 shows the extinction coefficients of 
certain of the systems measured. In the case of 
the dioxalatodiaquomanganiate the same absorp­
tion was observed whether the green or the yellow 
form of the salt was used.5 Either form of the 
salt is converted immediately to the trioxalato 
complex by addition of potassium oxalate. When 
preparing the dioxalato complex we have some­
times isolated both kinds of crystals from the 
same solution. These results appear to indicate 
that in aqueous solution there is an equilibrium 
between the yellow and green forms, which we 
assume to be cis and trans isomers.

The maximum absorption of the dioxalato com­
plex lies at about 450 m/x, whereas that of the tri­
oxalato salt is at about 520 m/x. This shift of 70 
m/x is in the same direction as observed by Uspen- 
sky and collaborators,3 but is considerably greater 
in magnitude. The Russian authors have also 
observed that in the case of cis-trans isomers the 
trans isomer often has an absorption minimum at 
approximately the same wave length at which 
the cis isomer has a maximum. This rule was 
found to hold for a number of chromium and co­
balt complexes, and if it applies to the manganese 
compounds it would indicate that our yellow di­
oxalato salt is the cis isomer. That this form 
predominates to such a large extent in aqueous 
solution is in accordance with the Statistical prob­
ability, which, for the cis isomer, is 0.8 in such a 
case.

The magnetic susceptibility of potassium tri­
oxalatomanganiate has been determined by John­
son and Mead6 and found to correspond to four 
unpaired electrons. These authors therefore con­
cluded that the complex must be held together by 
ionic bonds, since if there were six covalent bonds 
there would be only two unpaired electrons. An­
other possibility has to be considered, however. 
According to Pauling’s rules for the covalent 
bonds in complex ions7 tervalent manganese in 
its normal state should have four unpaired elec­
trons and just the combination of available d, s 
and p eigenfunctions required for the formation of 
four covalent bonds directed toward the corners 
of a square. The readiness with which the tri­
oxalatomanganiate ion loses its first oxalate ion, 
and the abnormally large shift in the absorption

(5) Cartledge and Ericks, T h is  J o u r n a l , 58, 2061 (1936).
(6) Johnson and Mead, T r a n s .  F a r a d a y  S o c . , [5] 29, 626 (1933)!
(7 )  Pauling, T h is  J o u r n a l , 53, 1367 (1931).
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maximum when this occurs, suggest the hypothe­
sis that two of the oxalate ions are covalently 
bound, while the third is held by the weaker ionic 
forces. Such a structure would agree with the 
observed magnetic susceptibility. Further work 
is in progress in an attempt to gain more insight 
into the structure of these complexes.

Summary
1. The extinction coefficients of aqueous and 

buffered Solutions of potassium trioxalatoman­
ganiate and potassium dioxalatodiaquomanganiate 
at various concentrations have been measured in 
the visible region of the spectrum. The trioxalato 
salt has a maximum absorption at about 520 m/x 
and the dioxalato salt at about 450 m/x.

2. The two salts are convertible into each 
other according to the reaction

[Mn(C20 4)3p  +  2H20  [Mn(C20 4)2(H20 )2] -  +  C20 4~

Equilibrium is established almost instantane- 
ously. The equilibrium constant of the reaction 
has been determined by spectrophotometric an­
alysis and found to be 3.8 X 10~3 at 0°.

3. The green and yéllow dioxalato salts both 
give a golden-yellow solution with the same ab­
sorption curve, and the solution presumably con- 
sists of an equilibrium mixture of the two isomers. 
The optical evidence makes it likely that the 
yellow form is the statistically more probable cis 
isomer.

4. It is suggested that the complex mangani- 
ates may be derived from a covalent dsp2 struc­
ture fundamentally, the fifth and sixth valence 
bonds being ionic or ion-dipole in character.
B u f f a l o , N. Y. R e c e iv e d  June 19, 1936

[C o n t r ib u t io n  from  th e  D e pa r t m e n t  of C h e m ist r y , T h e  U n iv e r sit y  of  B u f f a l o ]

An Oxalato Complex of Quadrivalent Manganese

By G. H. Cartledge and W. P. Ericks

In the course of the investigation described in a 
previous paper1 an attempt was made to prepare 
a hydroxo-oxalato complex eompound containing 
tervalent manganese. In the previous experi­
ments on the trioxalatomanganiate potassium per­
manganate was first reduced all the way to the 
manganous state by an excess of oxalic acid; the 
manganous ion was then oxidized by addition of a 
second portion of permanganate, the exact prod­
uct being determined by the proportions of the re­
actants used. In view of the weakly acidic char­
acter of the water molecules in the dioxalatodia­
quomanganiate ion, it was thought that the cor­
responding hydroxo ion might be obtained by 
suitable decrease of the hydrogen-ion concentra­
tion. Accordingly, a preparation was carried out 
in which part of the oxalic acid was replaced by 
potassium oxalate, using the proportions: 

3.5H2C2O4:0.5 K2C20 4:KMn04
The materials were allowed to react at a little 

above 0° and the result was a mixture of two kinds 
of crystals. Microscopie examination showed the 
presence of some potassium trioxalatomanganiate 
along with a considerably larger proportion of 
dark, olive-green crystals. The experiment was 
repeated with further alteration in the reacting

(1) Cartledge and Ericks, T his J ournal, 68, 2061 (1936).

proportions until a method was finally developed 
which gave the green material in pure form. Al­
though the substance is very unstable we were 
able to isolate it and prove that it contains quad­
rivalent manganese, its composition being repre­
sented accurately by the formula K2 [MnIV- 
(C20 4)2(0H)2]-2H20 . It is therefore to be called 
potassium dioxalatodihydroxomanganeate. So 
far as we have been able to discover it is the only 
known complex of quadrivalent manganese with 
the exception of the hexahalogenato complexes 
[MnXß]2~ and a diglycerol complex reported by 
Schottländer.2

Preparation.—The preparation is conducted according to 
the reaction

. 3.5H2C20 4 +  0.65K2C2O4 -f KM n04 — >
K2 [Mn( C20 4)2( OH).2 ] +  0.5H2C2O4 +  0.15K2C2O4 +

3C02 +  2H20
The operations are conducted rapidly, in a cool and 
darkened room. Fourteen hundredths of a mole of oxalic 
acid (17.64 g. H2C20 4-2H20) is dissolved in 250 cc. of dis­
tilled water. The solution is cooled to 0° and 0.04 mole 
(6.32 g.) of powdered potassium permanganate is added, 
followed by 0.026 mole of potassium oxalate (4.78 g. 
K2C20 4*H20). The mixture is agitated vigorously for 
about twenty minutes and the temperature is allowed to 
rise to 7°. At this point carbon dioxide begins to be

(2) Schottländer, A n n . ,  155, 230 (1870).
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evolved rapidly, and the flask containing the mixture is 
submerged in an efficiënt cooling mixture to reduce the 
temperature quickly to 0 °, the agitation being maintained 
mean while.

When the reaction is complete the solution has a dark 
green color. It is filtered rapidly through paper on a cold 
Büchner funnel, the filtrate being collected in a flask 
standing in a freezing mixture. Alcohol is added to the 
filtrate in small portions, keeping the temperature at 
about 0°, until 100 cc. has been added. The precipitation 
of the crystals begins almost at once.

The crystals are filtered rapidly and washed successively 
with ice-cold 50% alcohol, 95% alcohol, absolute alcohol 
and anhydrous ether. The filtrate from the crystals is 
red and upon standing often deposits the trioxalatoman­
ganiate. The green crystals decompose rapidly at room 
temperature, especially in the light, but keep for some 
weeks if preserved in the dark at —6 °.

A nalys is .—The analytical procedures used were similar 
to those described in a preceding paper. 1 Volumetrie 
and gravimetric determinations of manganese showed 
that two equivalents of iodine are liberated for each atomic 
weight of manganese, indicating the presence of quadriva­
lent manganese. In the determination of oxalate by titra­
tion with permanganate the proper allowance was made 
for the oxidation of a portion of the oxalate by the quadri­
valent manganese. Before the final procedure had been 
developed as described above, five preparations were ob­
tained which were somewhat impure but gave analyses 
with sufficiënt concordance to establish the composition. 
A sample prepared by the final procedure appeared to be 
homogeneous under the microscope and gave the following 
analysis:

Calculated for
Constituents Found Ka[Mn(C204)2(0H)a]-2H*0

K + 20.3 20.62
Mn (gravimetric) 14.5 J 14.49Mn4+ (volumetric) 14.3
c 2o r 46.2 46.42
H20  (total) 14.2 14.26

Attempts to prepare the eompound during the summer 
were at first unsuccessful, but the product was obtained 
without difficulty by the following method. The Büchner 
funnel was jacketed in an ice-bath, and closed at the top 
with a large one-holed rubber stopper. A glass tube 
passed from the funnel to the bottom of the reaction flask, 
which stood in a freezing mixture. The washing liquids 
were added through this flask by means of a separatory 
funnel; the air entering the flask and subsequently drawn 
through the crystals was first dried with calcium chloride 
and then chilled in a cooling coil. By this means the 
crystals were protected from the warm, humid air until 
completely washed and dried. Thorough and rapid 
drying is essential.

Although potassium dioxalatodihydroxomanganeate de­
composes rapidly at room temperature, we have kept pure 
specimens for several weeks in a refrigerator at —6 ° 
before decomposition became apparent. The salt dissolves 
in water to give a clear, deep green, neutral solution which 
quickly becomes brown and turbid, and later changes 
into the red trioxalatomanganiate. The green color of a 
cold aqueous solution is unaffected by addition of small

amounts of acids or alkalies. At 0° a solution containing 
a little oxalic acid remains clear and is stable enough 
to permit a determination of the absorption spectrum.

As obtained by the procedure described above, the prod­
uct is an impalpable powder in which no distinct crys­
tals can be seen under the microscope. The salt may be 
recrystallized as follows. The powder is dissolved in 
twenty-five times its weight of cold 0.1 M  oxalic acid. 
After rapid filtration the solution, at 0°, is treated with 
one-sixth its volume of ice-cold 95% alcohol and placed 
in a freezing mixture until crystallization occurs. If the 
precipitation is sufficiently gradual well-defined crystalline 
rods are formed. A photomicrograph of one of our prod­
ucts is shown in Fig. 1; for this we are indebted to Pro­
fessor E. Raymond Riegel. The crystals photographed 
were clearly seen to be of two colors, green and orange. 
Careful analysis showed the material to be pure, however, 
and it is probable that the two kinds of crystals were the 
cis and trans isomers theoretically possible. So far we have 
been unable to separate the two forms, owing to their 
instability.

Barium Dioxalatodihydroxomanganeate.—From the fact 
that our analysis indicated that we had a complex bivalent 
anion of rather large size, it was expected that its barium 
and lead salts should be sparingly soluble. Preliminary 
qualitative tests showed the correctness of this surmise, 
and the barium salt was obtained without difficulty. To 
20 cc. of 5% barium chloride solution 1 cc. of concentrated 
hydrochloric acid was added. This mixture gives no pre­
cipitate of barium oxalate if a small quantity of oxalate 
ion is added. To 0.8 g. of potassium dioxalatodihydroxo­
manganeate dissolved in 40 cc. of ice-cold water, 13 cc. 
of the acidified barium chloride was added (a 25% ex­
cess). A silky precipitate appeared almost at once. The 
brown mixture was filtered, leaving a pale, apple-green 
precipitate which was washed and dried in the usual man­
ner. The salt is sparingly soluble in water, giving a pale 
green color. Addition of sulfuric acid causes the color to 
disappear with the precipitation of barium sulfate. Analy­
sis of the salt gave the following results:

Constituents Found
Calculated for 

Ba[Mn(C20 4)2(0H)2]-3H20
Ba++ 29.8 30.09
Mn (gravimetric) 1 2 . 1 12.03
C2O4 ̂ 38.6 38.56

Chloropentamminecobalti - dioxalatodihydroxomanga­
neate.—In qualitative tests it was found possible also to 
isolate the new complex ion as a sparingly soluble double 
complex with cobalt cations. Stoichiometrically equiva­
lent amounts of chloropentamminecobalti chloride and 
potassium dioxalatodihydroxomanganeate were mixed, 
using 0 .0 01 mole of each dissolved separately in the least 
possible quantity of water at 0°. Soon after mixing the 
Solutions finé crystals formed, of fawn color with a greenish 
cast. The crystals were filtered rapidly and washed with 
cold alcohol and ether in the usual manner. The yield 
was 85%.

Microscopie examination showed that the product was 
homogeneous and had a needle-like structure. The crys­
tals are sparingly soluble in water, forming a silky suspen­
sion. Upon addition of potassium oxalate the crystals 
gradually dissolve, giving a yellowish-green color. Sulfuric



Oct., 1936 An Oxalato Complex of Quadrivalent M anganese 2071

acid gives a brown solution which quickly changes to the 
pink of the chloropentamminecobalti ion. Qualitative 
tests showed the presence of cobalt and manganese. The 
double complex appears to be decidedly more stable than 
the potassium salt.

Fig. 1.—-Potassium dioxalatodihydroxomanga­
neate, X 354.

The Absorption Spectrum of Potassium Dioxalatodi­
hydroxomanganeate.—The absorption spectrum cannot be 
measured accurately in simple aqueous solution owing to 
the rapid appearance of a turbidity. In the presence of 
dilute oxalic acid, however, the solution remains clear and 
spectrophotometric measurements can be made with a 
considerable degree of accuracy, provided the solution is 
kept at 0° and the observations do not extend over three or 
four minutes on any one solution. Three series of deter- 
minations were made in 0.1 M  oxalic acid, the concentra­
tion of the complex eompound being 0.005, 0.01 and 0.025 
M ,  respectively. The measurements were made with 
a Bausch and Lomb spectrophotometer, the precautions 
described in the preceding paper3 being observed. The 
Solutions were in all cases prepared immediately before use, 
and the cell was jacketed in ice during the measurements. 
The extinction coefficients obtained indicate that Beer's 
law is followed within the accuracy of the procedure over 
the concentration range employed. The solution has a 
minimum absorption at 566 m/x, with a pronounced maxi­
mum at 643 m n, as shown in Fig. 2.

According to Pauling’s theory of the bonds in 
complex compounds4 quadrivalent manganese 
should be expected to form six equivalent octa- 
hedral bonds, since in its lowest state six dhpz 
eigenfunctions are available for bond formation. 
Magnetic susceptibility measurements cannot

(3) Cartledge and Ericks, T h is  J o u r n a l , 58, 2065 (1936).
(4) Pauling, ibid., 53, 1367 (1931).

distinguish such a covalent structure from one in­
volving purely ionic bonds in the present case, 
since both structures should give a susceptibility 
corresponding to three unpaired electrons. Con­
sidering the high valence of the manganese, how­
ever, it is more than likely that the covalent struc­
ture is favored.

It is noteworthy that in the case of tervalent 
manganese a diaquo complex forms readily and 
functions only very weakly as an acid, whereas 
with quadrivalent manganese the hypothetical 
aquo-ion dissociates into its corresponding hy- 
droxo ion even in moderately acid Solutions. 
This behavior is in accordance with the relation 
between the acidic strength of aquo ions and ionic 
potentials as developed by one of the authors.5 
From the ionic potential of quadrivalent man­
ganese we should expect manganese dioxide to be 
somewhat more acidic than titanium dioxide. 
Although a sufficiently high hydrogen-ion con­
centration should theoretically convert the hy- 
droxo ion into the aquo ion, there is no evidence 
from color changes that such an effect occurs in 
the presence of dilute acids. Higher hydrogen- 
ion concentrations cannot be used because of the

Fig. 2.—The absorption spectrum of po­
tassium dioxalatodihydroxomanganeate in 
0.1 M  oxalic acid.

rapid reduction of the manganese in strongly 
acid Solutions. It is significant that Tschuga- 
jeff6 has prepared a hydroxo complex of quad-

(5) Cartledge, ibid., 50, 2855, 2863 (1928).
(6) Tschugajeff, Z .  a n o r g ,  a l lg e m ,  C h e m .,  187, 1 (1924).
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rivalent platinum which is not converted into an 
aquo compound even by concentrated hydro­
chloric acid.

Summary
1. A new complex compound of quadrivalent 

manganese has been prepared which has the com­

position K2 [Mn (0 2 0 4 ) 2  (OH) 2 ] '2 Ü2 0 . The barium 
and chloropentamminecobalti salts were also iso­
lated.

2. The absorption spectrum was measured in 
the visible region.
B u ff a lo , N e w  Y ork  R e c e iv e d  J u n e  19, 1936

N O T E S

Sodium Fluorenone as a Dehydrating Agent1

B y  H. E . B e n t  a n d  H. M. I r w in , Jr .

The most rapid method of drying an organic 
liquid is to dissolve in it some compound which 
reacts rapidly with water. For this purpose so­
dium benzophenone has been widely used al­
though this involves using an alkali metal, so­
dium-potassium alloy or some other material 
which introducés considerable hazard into such 
work. Fluorenone has the advantage over benzo­
phenone that it will react readily with dilute 
sodium amalgam to form an addition compound 
which has a deep green color and therefore like 
benzophenone gives a definite indication by its 
color of the absence of water. Dry solvent is 
then obtained by distilling from this solution.

The object of this investigation is to compare 
the efficiency of sodium fluorenone with the cus­
tomary drying agents, magnesium perchlorate 
and activated alumina. Since the compound 
formed by the addition of sodium to fluorenone 
is more stable than that formed with benzophe­
none, it is important to be sure that the ketyl is 
still sufficiently reactive to be an effective drying 
agent.

A dilute solution of sodium fluorenone was pre­
pared for this work by introducing 0.025 g. of 
fluorenone and evacuating with a mercury pump 
for one hour. Three to five cubic centimeters of a 
saturated amalgam (about 1 %) was then added 
in vacuo and 50 cc. of dry ether. Shaking pro­
duced a solution which was sufficiently concen­
trated to react with at least one hundred times as 
much water as is retained by the glass on its sur­
face. 2 A tube, connected to the reaction flask by

(1) This problem was studied as a reading period assignment 
in the first course in physical chemistry at Harvard University.

(2) Bent and Lesnick.. T h is  J o u r n a l , 5 7 ,1246 (1935).

a capillary capable of being broken and thereby 
opened by a magnetic hammer, carried four side- 
tubes. The first two were empty and used as a 
check 011 the method. The third and fourth con­
tained activated alumina and magnesium per­
chlorate, respectively. The samples of alumina 
and magnesium perchlorate were prepared by 
exposing them in a thermostat to one liter of air 
saturated with water vapor at 25°. The quan­
tity of water absorbed by the sample was at least 
one hundred times as much as was necessary to 
destroy the sodium fluorenone with which it came 
in contact, while still being small enough to give 
the very low vapor pressure characteristic of the 
dehydrating agent. The tubes containing the 
solid dehydrating agents were evacuated for a 
short time before sealing the apparatus, and im­
mediately the capillary was broken in order to 
prevent diffusion from one solid to the other. The 
fluorenone was decolorized in the first empty tube 
on account of moisture on the glass and in the 
vapor state. In the second tube the solution re­
tained its color. In the third and fourth tubes 
the solution was immediately decolorized by the 
alumina and by the magnesium perchlorate, in­
dicating that the vapor pressure of water was 
sufficiently high to be removed by the ether solu­
tion of sodium fluorenone. A duplicate run veri­
fied the conclusion from this experiment.

The vapor pressure of water is given as 0.003 
mm. for alumina and the water is given as un- 
weighable in 2 1 0  liters for magnesium perchlo­
rate. 3 If unweighable means less than 1 mg. this 
would give a vapor pressure of less than 0.005 mm. 
If we assume that in the presence of a small 
amount of water the ketyl is converted to fluore­
none and fluorenole, 4 then we can estimate a mini­

es) Yoe, C h e m . N e w s ,  130, 340 (1935).
(4) Bachmau, T his Journal, 6 5 ,1179 (1933).
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mum value for the equilibrium constant for the 
reaction

NaR +  H20  = NaOH +  y 2R '+ ViRHi

Since the sodium hydroxide is present as a solid 
we may express the equilibrium constant by the 
equation

K  =  (R)V2(RH2)lA/(NaR)(H20)

If we assume, as a consequence of the complete 
destruction of the green color of the solution, that 
the reaction goes at least 99.9% to completion, 
then we obtain

K  =  0.5 X 999 X 23/0.003 = 3.8 X 106

ref erring the vapor pressure of water to that of 
pure liquid water as the Standard state. This 
gives a value for AF of —9.0 kcal. These figures 
represent the minimum efficiency of sodium 
fluorenone as a drying agent. In any normal 
procedure a large excess of the drying agent 
would be used which would result in the removal 
of water until the pressure is at least as low as 
10~7 mm.
C o n t r ib u tio n  from  the  R e c eiv ed  J u ly  30, 1936 
Chem ical  L a bo r atory  
H a r v a rd  U n iv e r sit y  
Ca m br id g e , M a s s .

The Vapor Density of Hexaphenylethane

B y  H, E. B e n t  a n d  E. S. E b e r s

In a recent publication the statement is made 
that hexaphenylethane probably does not dis­
sociate in the vapor state.1 In order to verify 
this statement an attempt was made to measure 
directly the vapor density of hexaphenylethane. 
This measurement combined with the previous 
data on the vapor pressure would give the mo­
lecular weight in the vapor state.

Since the vapor pressure of hexaphenylethane 
at 120° is only 0.004 mm. a very large volume 
would be necessary in order to produce a weigh- 
able amount of eompound. For this purpose a 
ten-liter flask was attached to the fiber gage used 
in the previous research and to a capsule of hexa­
phenylethane. Ground joints controlled by elec- 
tromagnets were so arranged as first to saturate 
the ten-liter flask with the ethane and then, clos- 
ing the ethane capsule, condense the vapor in a

(1) G. R. Cuthbertson and H . E. Bent, T h is  J o u r n a l , 58, 2000
(1936).

small ampoule. The flask could then be saturated 
again and the vapor a second time Condensed and 
in this way any desired amount of material ob­
tained.

The method was checked by determining the 
vapor density and the molecular weight of tri­
phenylmethane. The result was high by about 
20% which we assume to be due to adsorption. 
As it was expected that difficulty would be en­
countered with hexaphenylethane on account of 
decomposition a procedure was adopted with tri­
phenylmethane which would avoid this difficulty 
as far as possible. The ground joint to the pump 
was opened just enough to reduce the pressure to 
about three-fourths of the Saturation pressure. 
After the pressure had become constant the valves 
to the pump and to the capsule of sample were 
closed simultaneously and the valve to the re­
ceiver opened for a time sufficiently long to con­
dense aboüt half of the total amount of material 
in the ten-liter flask. The valve to the receiver 
was then closed and the pressure again measured, 
the difference between the initial and the final 
pressure giving a measure of the amount of mate­
rial Condensed. This process was repeated about 
ten times and the flask then cooled and the re­
ceiver cracked off. The amount of material was 
determined by weight, both by difference and by 
evaporation of the solution of the eompound to 
dryness in a crucible. This method of operating 
between three-fourths and three-eighths Satura­
tion would also be effective in avoiding condensa­
tion in the ten-liter flask or in removing adsorbed 
material from the surface of the glass during con­
densation.

When the method was applied to hexaphenyl­
ethane it was found that decomposition was too 
rapid to permit even an approximate determina­
tion of the vapor density. In a flask of such a 
large size decomposition was so great that even 
with the pump operating the pressure remained 
several times that of hexaphenylethane for a space 
of three hours at 120° (the valve to the solid 
remaining open). By this time apparently all of 
the ethane had decomposed for the pressure gradu­
ally decreased. However, the material in the 
flask was no longer hexaphenylethane but a de­
composition product for on closing off the flask 
the pressure remained perfectly constant. Under 
these conditions hexaphenylethane decomposes 
rapidly enough to be measured easily. We con­
cluded, therefore, that it is not possible to meas-
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ure the vapor density of hexaphenylethane by 
this method on account of rapid decomposition.
M a l l in c k r o d t  C h e m ic a l  L a b o r a t o r y
H a r v a r d  U n i v e r s it y  R e c e iv e d  A u g u s t  3, 1936
C a m b r id g e , M a s s .

Relative Reactivities of Organometallic Com­
pounds. XIV. Orientation in Metalation

B y  H e n r y  G il m a n  a n d  R o b e r t  H .  K ir b y

Schlenk and Meyer1 have shown that Abeljanz2 
did not obtain phenylpotassium from benzene 
and potassium. However, Schorigin3a very prob­
ably had phenylpotassium in hand, despite the 
confusion due to the paucity of experimental 
data.4 We have found that carbonation of the 
products resulting from interaction of benzene, 
diethylmercury and potassium gives benzoic 
acid (45% yield) as well as phthalic and tere- 
phthalic acids. The same products, in different 
quantities, are obtained when sodium is used in 
place of potassium.

The orgatio-alkali compounds appear to arise 
largely as a consequence of metalation by ethyl- 
alkali compounds

C6H6 +  C2H6K — >  C6H*K + . C2H, 
and not by the action of the alkali metals or their 
amalgams on benzene, for the evolved gas con- 
sists predominantly of ethane and contains only 
small quantities of ethylene and hydrogen.6 The 
isolation of phthalic and terephthalic acids estab- 
lishes the intermediate formation of o- and p- 
dialkalib en zenes, and indicates that phenylsodium 
(or potassium) Orients subsequent metalation to 
the o r th o  and p a r a  positions. Mercuration may 
not follow such orientation.6 It is noteworthy 
that isophthalic as well as terephthalic acid has 
been obtained from successive interaction of ben­
zene, diamylmercury, sodium and carbon dioxide 
in the interesting studies by Morton and Hechen­
bleikner.7

(1) Schlenk and Meyer, B e r . ,  46, 4060 (1913).
(2) Abeljanz, i b i d . ,  9, 10 (1876).
(3) (a) Schorigin, i b i d . ,  $3, 1938 (1910); (b) i b i d . ,  41, 2723 (1908).
(4) Wooster, C h e m .  R e v . ,  11, 8 (1932). See, also, Schlenk and 

Holtz, B e r . ,  50, 262 (1917).
(5) There is a possibility o! some di-alkali eompound being formed 

by self-metalation of phenylalkali eompound. Incidentally, it is 
likely that the spontaneous transformations of some of the more 
reactive alkylalkali compounds involve self-metalation to give poly- 
metalated types culminating in carbides [see ref. 12].

(6) Gilman and Kirby, J.  O r g . C h e m .,  1, 146 (1936).
(7) Morton and Hechenblfeikner, T h is  J o u r n a l , 58, 1024 (1936). 

Dr. Morton and co-workers have shown, in some unpublished studies, 
that phthalic acids are obtained in this reaction when diamylmercury 
is replaced by amyl chloride.

Possibly the amylidene disodium of Morton may oriënt differently

The results are consistent with some of the 
earlier generalizations on relative reactivities of 
organometallic compounds,8 particularly the in­
crease in reactivity of RM compounds with in­
crease in atomic weight of the alkali metal. For 
example, Mr. R. V. Young, in a study of organo- 
alkali compounds, has shown that ethyl-lithium 
does not metalate benzene during a two-month 
period at room temperature;30 the over-all 
metalation of benzene by ethylsodium is less than 
that by ethylpotassium; and ethylpotassium 
gives much more of the dimetalated compounds 
than does ethylsodium.9

The metalations reported are merely special 
cases of general metalation which may be a direct 
metathesis, and, when RM compounds are used, 
a metathesis resulting in the formation of the salt 
of the stronger acid. Metalation of aromatic 
nuclei by RM compounds may involve prelimi­
nary addition, with subsequent elimination of 
RH . 10 Metalation by RM compounds is, of 
course, possible with all compounds, saturated as 
well as unsaturated, for all hydrogens are acidic 
to varying degrees from the viewpoint of metala­
tion. A pertinent illustration is the metalation 
of saturated aliphatic hydrocarbons of the R3CH 
type by ethylpotassium. In such cases, it is 
unlikely that unsaturated compounds are inter­
mediates, even though it has been shown that 
RM compounds can act as dehydrogenating 
agents. 11

Experimental Part
Metalation with Ethylpotassium.—To a suspension of 

3.13 g. (0.08 g. atom) of potassium shavings in 35 cc. of 
benzene was added 5.17 g. (0.02 mole) of diethylmercury. 
Reaction set in at once as was evident by amalgamation 
of the potassium, evolution of gas and warming of the ben­
zene. The mixture was stirred without heating for forty- 
eight hours, cooled to 7° and carbonated with carbon di­
oxide gas. The yields of products, based on diethylmer- 
cury, were 33% benzoic acid and 14% terephthalic acid 
(mixed melting point of dimethyl ester). The odor of 
propionic acid was noticeable, and a strong fluorescein 
test established the presence of phthalic acid. Isophthalic 
acid was not isolated, but may have been present in small 
quantities. The gas evolved contained 8 cc. of ethylene, * 8 9 10 11

from ethylsodium. A pertinent illustration is the different orienta­
tion effects of the very closely related phenyl-calcium and phenyl- 
lithium compounds in metalations.

(8) Gilman and Nelson, R e e .  tr a v .  c h im . ,  55, 518 (1936).
(9) The extent of metalation varies with the R group. A 77% 

yield of benzoic acid was obtained from benzene and w-butylsodium 
followed by carbonation.®

(10) Gilman and Breuer, T h is  Jo u r n a l , 56, 1123 (1934).
(11) An illustration is the study by O. W. Bradley on the con­

version of 1,4-dihydrodibenzofuran by phenyl-lithium to 4-dibenzo- 
furyl-lithium and dibenzofuran.
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2„5 cc. of hydrogen and 535 cc. of ethane, all volumes being 
corrected.

In a second experiment, using 75 cc. of benzene, reaction 
started slowly and four hours elapsed before an appreci­
able quantity of mercury separated. The yields were: 
45% of benzoic acid and 17% of terephthalic acid.

From a third experiment, which differed from the second 
only in limiting the time of reaction to twenty hours, the 
yield of benzoic acid was 33% and the yield of terephthalic 
acid was 11%. Positive fluorescein tests were also ob­
tained in the second and third experiments.

Metalation with Ethylsodium.—The procedure was iden­
tical with the first experiment with ethylpotassium, 1.84 
g. (0.08 g. atom) of sodium being used. Reaction set in 
immediately. The products identified were: 41% of 
benzoic acid; a small quantity of terephthalic acid (mixed 
melting point with dimethyl ester); and phthalic acid (as 
indicated by a positive fluorescein test). The gas evolved 
contained 12 cc. of ethylene, 10 cc. of hydrogen and 420 
cc. of ethane. Incidentally, the limited evolution of 
ethylene and hydrogen belies any considerable metalation 
by alkali hydride which arises from the thermal decomposi­
tion of ethylalkali compound.12

(12) Carothers and Coffman, T h is  Jo u r n a l , 51, 588 (1929). 

C o n t r ib u t io n  from  the
C hem ical  L abo r ato r y  of  R e c e iv e d  Ju n e  18, 1936 
I ow a  S ta te  C ollege  
A m es , I owa

Comparison of the Total Nitrogen in Wheat 
Seeds by the Gunning (Modified Kjeldahl) and 

the Dumas Combustion Methods
By W. Z. H a ssid

Smyth and Wilson1 analyzed peas for total 
nitrogen before and after germination in distilled 
water, in salt solution media and in alkaloids. 
The peas showed an increase of 0.2 to 0.3% nitro­
gen in the dry residue after germination.

In the opinion of these authors, the increase in 
nitrogen was not the result of atmospheric nitro­
gen assimilation, but was due to the inadequacy 
of the Kjeldahl method to measure the total ni­
trogen in the ungerminated peas. By the offi­
cial Kjeldahl procedure only 90% of the total 
nitrogen as compared with the Dumas combustion 
method could be obtained, and this varied with 
different modifications of the official procedure. 
On the basis of these results, Smyth and Wilson 
concluded that in the process of germination the 
nitrogen of the seeds was converted into com­
pounds which were more easily determinable by 
the Kjeldahl method than those in the dry seeds.

(1) E. M. Smyth and P. W. Wilson, B io c h e m . Z., 282, 1 (1935).

Since Smyth and Wilson’s results cast doubt on 
the validity of the conclusions drawn by Lipman 
and Taylor2 and others who obtained similar re­
sults relative to the power of green plants to fix at­
mospheric nitrogen, it seemed desirable to make 
a study of the modified Gunning method and the 
Dumas combustion method äs a means of deter­
mining the nitrogen in seeds and seedlings. To 
this end, wheat seeds of the * ‘little club” variety 
were subjected to analysis for total nitrogen by 
both the modified Gunning and Dumas combus­
tion methods.

T a b l e  I
N A n a l y s is  of  12 S a m pl e s  o f  W h e a t  S e e d s  b y  t h e  

M o d if ie d  G u n n in g  M eth od

Sample no. Sample wt. % N

1 1.0000 2.27 '
2 1.0000 2.20
3 1.0920 2.18
4 1.4060 2.25
5 1.4060 2.25
6 1.4040 2.27 Average
7 1.4000 2.25 ' 2.25%
8 1.4000 2.25
9 1.4026 2.25

10 1.4000 2.20
11 1.4010 2.30
12 1.4020 2.31

N A n a l y s is  of  6 S a m pl es  o f  W h e a t  S e e d s  b y  t h e  D u ­
m a s  M e th o d  (C o m b u st io n )

1 1.0205 2.25
2 1.1100 2.27
3 1.0000 2.28 , Average
4 1.0344 , 2.31 ’ 2.28%
5 . 1.0000 2.30
6 1.0000 2.29

A study of the table makes it clear that the 
modified Gunning method as used in this experi­
ment yields as much nitrogen as the Dumas 
method for the wheat seeds analyzed. It ap­
pears, therefore, that such results as were ob­
tained by Lipman and Taylor and by others who 
claimed to have shown nitrogen fixation by wheat 
plants cannot be invalidated on the basis of the 
results and conclusions of Smyth and Wilson, 
cited above.
D iv is io n  o f  P l a n t  N u t r it io n  
U n iv e r sit y  o f  Ca l if o r n ia
B e r k e l e y , C a l if . R e c e iv e d  A u g u st  17, 1936

(2) C. B. Lipman and J. K. Taylor, J .  F r a n k l in  I n s t . ,  475-506
(1924).
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C O M M U N I C A T I O N  T O  T H E  E D I T O R

THE STRUCTURES OF THE ACETONE DERIVA­
TIVES OF GALACTOSE-, GLUCOSE- AND MAN- 

NOSEDIBENZYLMERCAPTALS

Sir:
In 1929 Brigl and Schink [Ber., 6 2 ,1716 (1929)] 

found that their 2-methylglucose was capable of 
osazone formation with the loss of the methyl 
group. This striking disco very cast doubt on 
the structure of those partially methylated sugars 
whose formulas had previously been assigned on 
the assumption, till then unquestioned, that a 2- 
methyl sugar could not possibly form an osazone. 
Among those partially methylated sugars affected 
by this discovery were 4-methylglucose [Pacsu, 
ibid., 58, 1455 (1925)], 4-methylmannose [Pacsu 
and v. Kary, ibid., 62, 2811 (1929)], and 4-methyl- 
galactose [Pacsu and Löb, ibid., 62, 3104 (1929)]. 
Levene and co-workers [Levene, Meyer and Ray- 
mund, Science, 73, 291 (1931); J .  Biol. Chem., 91, 
497 (1931)] were the first to notice that the sup- 
posed 4-methylglucose was identical with 2- 
methylglucose. In a later publication [Pacsu, 
Ber., 65, 51 (1932)] this fact has been confirmed. 
In the same place it has also been stated that in 
the light of Brigl’s discovery it appears certain 
that the supposed 4-methylmannose is likewise a 
2-methyl derivative, whereas nothing definite 
could be said as to the structure of the supposed 
4-methylgalactose until the necessary revision of 
the entire problem has been concluded. For the 
past year this reinvestigation has been in progress 
in this Laboratory. In a recent publication, 
Munro and Percival [/. Chem. Soc., 640 (1936)] 
apparently undertook “A Revision of the Con- 
stitutions of the Supposed 4-Methyl Galactose and 
4-Methyl Mannose of Pacsu. . .” and stated “The 
structures of the acetone compounds of the di- 
benzylmereaptals of glucose, galactose, and man­
nose, assigned by Pacsu, require revision in the 
light of the facts now known and this problem is 
under investigation. ’ ’ This was precisely the con-

clusion arrived at in my publication (loc. cit.), 
which Munro and Percival doubtless overlooked. 
Therefore, it is deemed advisable briefly to 
communicate the results so far obtained with 
John W. Green during the course of our reinves­
tigation. We have found that the formerly de­
scribed crystalline “2,3-monoacetone galactose- 
dibenzylmercaptal” with m. p. 102-103° and 
[ a ] 18D 8 .8 °  (C2H2CI4), in spite of its apparent uni- 
formity, is not a Chemical individual. By re­
peated fractional crystallization from different 
solvents we have succeeded in separating this mix­
ture into two monoacetone mercaptals, one with 
m. p. 112.6° and [ a ] 20D 17.4° (CHC13), and the 
other with m. p. 101.5° and fa ]%> 30.5° (CHCI3). 
Neither eompound reacts with triphenylmethyl 
chloride in pyridine solution. Therefore, the 
OH-group at carbon atom 6 must be occupied in 
each substance. We have tentatively assigned 
to them the structure of 5,6- and 4,6-monoacetone 
galactosedibenzylmercaptal, respectively. By re­
moving the mercaptan residues from one of these 
compounds in methyl alcoholic solution accord­
ing to our method which yields glycofuranosides 
[Pacsu and Green, T h is  Jo urnal , 58, 1723 
(1936)], a crystalline, non-reducing substance has 
been obtained which still contains the acetone 
residue. The structure of this key eompound 
is being investigated. If the formation of the di- 
acetone mercaptal in the presence of concd. sul­
furic acid will prove to have passed through the 
monoacetone stage, then neither the sirupy di- 
acetone mercaptal, always used as a starting mate­
rial, nor any of its sirupy derivatives could repre­
sent uniform substances. A detailed account of 
the revisionary work on these derivatives of ga­
lactose as well as glucose and mannose will be 
published as soon as it has been completed.
F r ic k  C h em ic a l  L a b o r ato r y  E u g e n e  P acsu
P r in c e t o n  U n iv e r sit y  
P r in c e t o n , N e w  J e r se y

R e c e iv e d  S e pt e m b e r  21, 1936



Oct., 1936 2077

N E W  B O O K S

Differential Equations in Applied Chemistry. By F r a n k  
La u r e n  H itchcock , Ph.D., Professor of Mathe- 
matics, and C l a r k  S hóve  R o b in s o n , SM.» Associate 
Professor of Chemical Engineering, Massachusetts In­
stitute of Technology. Second edition, revised and en­
larged. John Wiley and Sons, Inc., 440 Fourth Avenue, 
New York, New York, 1936. vin +  120 pp. 12.5 X 19 
cm. Price, $1.50,
A review of the first edition was given in T h is  Jo u r n a l , 

46, 1066 (1924), As stated there “The present volume, 
although frankly limited in its scope, is a splendid introduc­
tion to the application of differential equations to chemis­
try and ehemical engineering.” The book has been re­
vised, many new examples have been added, and Chapter 
VI, dealing with “Numerical Solution of Differential 
Equations,” is entirely new. The examples illustrate 
excellently the value of higher mathematics in the solu­
tion of the technical problems, and the reviewer is con- 
vinced that even those who have had only an elementary 
training in calculus wil! derive considerable Stimulation 
from a study of these examples.

S a u l  D ush m a n

Annual Review of Biochemistry. Vol. V. Edited by 
J a m es M u r r a y  L u c k , Stanford University. Annual 
Review of Biochemistry, Ltd., Stanford University
P. O., California, 1936. ix -f- 640 pp» Illustrated. 
16 X 23 cm. Price, $5.00.
This volume contains four new sections as follows: X- 

ray studies on the structure of compounds of biochemical 
interest, by O. L. Sponsler and W. H. Dore; Clinical ap­
plications of biochemistry, by J. P. Peters, C. L. Robbins 
and P. H. Lavietes; The role of special elements (boron, 
copper, zinc, manganese, etc.) in plant nutrition, by P. 
Maze; and Soil microbiology, by S. A. Waksman.

A considerable number of new authors also appear, and 
in particular a group of eminent Englïsh biochemists, in­
cluding D. E. Green and D. Keilin on oxidations and reduc- 
tions; J. H. Quastel who wrote the section on enzymes; 
W. N> Haworth and E. L. Hirst on carbohydrates and 
glucosides; T. P. Hilditch on acyclic constituents of natural 
fats and oils; R. Robison on chemistry and metabolism of 
compounds of carbon; H. A. Krebs on metabolism of amino 
acids. In addition, other new eontributors include C. 
Rimington on chemistry of proteins and amino acids; V. 
du Vigneaud and H. M. Dyer on chemistry and metabolism 
of compounds of sulfur; I. L. Chaikoff on carbohydrate 
metabolism; E. F. Terroine on fat metabolism; E. A. 
Doisy and D. W. MacCorquodale on the hormones; H. 
von Euler on the water-soluble vitamins; E. V. McCollum 
on the fat-soluble vitamins; A. J. Kluyver on bacterial 
metabolism; Hart and Elvehjem on mineral metabolism; 
A. C. Ivy and U. A. Craiidall, Jr., on liver and bile; J. 
Roche on animal pigments; G. T. Nightingale on the 
biooheniistry of the uilrogenotis ronsh'hienls of the green 
plants.

Several of the former contributors again prepared tour 
sections. As heretofore, certain phases covered in earlier 
volumes are not included in volume V. On pages vii and 
viii appear the errata for volume I to IV, inclusive, the 
small number of which are a tribute to the careful work 
of the editorial staff.

The new sections are very appropriate and come from 
responsible sources. All the contributors have been care­
fully selected, in fact, and each is qualified to  discuss the 
subject to which he is assigned. While the resulting re- 
views inevitably, and doubtless properly, reflect the indi­
vidual interests of the reviewer somewhat, the changes in 
the staff of authors that are made from year to year mili- 
tate against any overemphasis on particular aspects of 
the several subjects.

C. H. B a il e y

Handbuch der biologischen Arbeitsmethoden. (Hand­
book of Biological Procedures.) Edited by Prof. Dr. 
E m il  A b d e r h a l d e n . Abt. IV, Angewandte chemische 
und physikalische Methoden, Teil 1/ 2, Heft 10 (Schluss). 
Fermentforschung. Urban & Schwarzenberg, Fried­
richstrasse 105B, Berlin, N  24, Germany, 1936. 205 pp. 
17.5 X 25.5 cm. Price, RM. 13.

This volume includes a comprehensive review on pectin- 
ases, the isolation of crystalline trypsinogen and its change 
to crystalline trypsin, demonstration of protective enzymes, 
and amylases. The treatment of pectinases by Felix 
Ehrlich is very thorough and complete. The author gives 
a good discussion of the nature, occurrence, and properties 
of protopectinase, pectase, pectolase, and arabanase. 
Methods of preparing the various enzyme infusions and 
the qualitative and quantitative analyses of these infusions 
are presented.

M. Kunitz and J. H. Northrop describe an improved 
method for the preparation of crystalline trypsin from 
crystalline trypsinogen. Complete details of the methods 
used are given.

The literature on amylases has been reviewed by T. 
Sabalitschka. This review consisting of 85 pages covers 
the degradation of starch by amylase, the influence of 
various factors such as temperature, pH. and enzyme ac­
tivity.

The various methods of determining amylase activity 
are discussed and methods of obtaining and purifying 
amylases and the properties of the various amylases are 
described. While the review is thorough and compre­
hensive in most respects, one is surprised to find that there 
is n© reference to the literature or any discussion on the 
phenomenon of the action of diastase on raw starch. This 
is a subject of increasing importance in the malting, bak- 
ing and brewing industries. Many of the analytical 
methods described in the review are open to serious criti- 
cisin. The reviewers believe that this work would ibe of 
greater value if presented in a more critical manner. 

ErniJ Abderhalden discusses the sirnplification of the
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methodology of demonstrating protective protease activ­
ity. The role of these enzymes in connection with the 
problems of immunity is discussed. He also discusses the 
demonstration of protective proteases without employing 
dialysis or using the usual ninhydrine technique. Several 
other improvements in methods are also given.

The volume has a complete index and table of contents.
C. N. Frey 
W . R. J o h n ston

Die Photoelemente und ihre Anwendung. 2 Teil. Tech­
nische Anwendung. (Photo-Cells and their Uses 
Part 2. Industrial Application.) By Dr. B ru n o  
L a n g e , Berlin. Preface by Dr. Hans Thirring. 
Verlag Johann Ambrosius Barth, Salomoiistrasse 18 
B, Leipzig C 1, Germany, 1936. viii +  94 pp. 67 
figs. 16 X 23.5 cm. Price, RM. 6.75.
In this second part of Dr. Lange’s treatise, nnmerous 

practical applications of photo-cells are recorded. Most 
of the apparatus described and illustrated was designed 
by the author himself.

Dr. Lange is primarily interested in the cuprous oxide 
cell, and those of similar type. Very little space is de­
voted to the cesium cell. Accordingly, applications of the 
photo-cell to television, the talking moving pictures, etc., 
are not specifically included in the “technische Anwen­
dungen.”

After general discussion of cell construction, sensitivity, 
effect of temperature, etc., the applications are discussed 
under the following headings: “Determination of Light 
Intensity,” “Photography,” “The Photoelectric Cell in 
Photometry,” “The Photoelectric Cell in Signal Devices,” 
“Applications—in Astronomy, in Meteorology, in Medi­
cine,” and, finally, a few lines on the conversion of sun 
energy into electrical energy. The author closes with the 
Statement, “Perhaps in years to come, when we know more 
about the inter-relation between light and electricity, this 
application of the photo-cell will be the most important of 
all.”

The text is very readable and the illustrations very clear 
and instructive.

Dr. Bruno Lange is visiting the United States this fall.
C o l in  G. F in k

A Comprehensive Treatise on Inorganic and Theoretical 
Chemistry. Vol. XV. Ni, Ru, Rh, Pd, Os, Ir. By
J. W . M e l l o r , D .S c., F.R.S. Longmans, Green and 
Company, 114 Fifth Avenue, New York, N. Y., 1936. 
viii 4" 816 pp. 423 figs. 15.5 X 25 cm. Price, $20.00.
The first 497 pages of this volume are given over to the 

chemistry of nickel ; the remaining 319 pages to the chem­
istry of the elements of the platinum group, exclusive of 
platinum itself, and to an Index. The treatment follows 
that of the preceding volumes of the series and affords a 
very complete presentation of all the available informa­
tion in these fields. It is enriched with an unusually large 
number of excellent diagrams.

This volume is the next to the last of the series. The

final volume will be devoted to the chemistry of platinum 
and to the General Index of the Treatise. The publishers 
announce that it is already in the press.

A r t h u r  B . L amb

Die Interferenzen von Röntgen- und Elektronenstrahlen.
(The Interference of X-Rays and Cathode Rays.) 
Five leetures by M. v. L a u e , Professor at the Univer­
sity of Berlin. Verlag von Julius Springer, Linkstrasse 
23-24, Berlin W 9, Germany, 1935. 46 pp. 15 figs. 
14.5 X 22 cm. Price, RM 3.60.
The book presents a brief outline of the dynamical 

theory of x-ray diffraction using the author’s method of 
derivation, and making connection with the wave mechani­
cal method of treatment. Kossel’s interference of x-rays 
generated within a single crystal is explained in terms of 
the theory, and the connection with the Kikuchi lines is 
discussed. The mathematical development is omitted.

B . E . W a r r e n

BOOKS RECEIVED
August 15, 1935-September 15, 1936

A r th u r  A. B l a n c h a r d , J o se p h  W . P h e l a n  and A r t h u r  
R . D a v is . “Synthetic Inorganic Chemistry, A Course 
of Laboratory and Classroom Study for First Year 
College Students.” Fifth edition. John Wiley and 
Sons, Inc., 440 Fourth Ave., New York, N. Y. 385 
pp. $3.00.

H e r m a n  T . B r isc o e , H e r sc h e l  H u n t  and F r a n c is  M. 
W h it a c r e . “A Laboratory Manual of General Chem­
istry.” Houghton Mifflin Company, 2 Park St., Boston, 
Mass. 113 pp. +  experiment record sheets. Spiral 
binding. $1.75.

H arry  N .  H o lm es . “General Chemistry.” Third edi­
tion. The Macmillan Company, 60 Fifth Ave., New 
York, N . Y. 700 pp. $3.50.

V la dim ir  N. I p a t ie f f . “Catalytic Reactions at High 
Pressures and Temperatures.” The Macmillan Com­
pany, 60 Fifth Ave., New York, N. Y. 876 pp. $7.50.

A lfr e d  W og r in z . “Analytische Chemie der Edelmet­
alle.” Ferdinand Enke Verlag, Hasenbergsteige 3, 
Leipzig W, Germany. 141 pp. RM. 13; bound, RM. 
14.80.

“Festschrift Herrn Emil Christoph Bareil, Doctor Philos- 
ophiae, Doctor Medicinae H. C., Generaldirektor der 
F. Hoffmann-LaRoche and Co., Aktiengesellschaft, am 
vierzigsten Jahrestage seiner Tätigkeit im Hause 
‘Roche’.” Überreicht von Freunden und Mitarbeitern. 
Hoffmann-LaRoche, Inc., Scientific Department, Nut- 
ley, N. J. 575 pp.

“Minerals Yearbook, 1936.” Bureau of Mines, U. S. 
Department of the Interior. Superintendent of Docu- 
rnents, Government Printing Office, Washington, D. C. 
1136 pp. $2.00.
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The System Cadmium Oxalate, Potassium Oxalate and Water at 20 to 30°

By W. C. Vosburgh, Ira G. Newlin, Lucille A. Puette, Robert L. Peck and Robert D ick

The purpose of this research was to determine 
what compounds can exist in equilibrium with 
Solutions containing cadmium and potassium oxa­
lates at 20 to 30°. Souchay and Lenssen1 pre­
pared the compound K2Cd(C2 0 4 )2’2 H20 , and the 
corresponding sodium and ammonium compounds. 
Schaefer2 reported the formation of three complex 
salts from cadmium and ammonium oxalates in 
the proportions of 1:4, 1:6 and 1:8, respectively. 
Scholder, Gadenne and Niemann3 prepared the 
salt (NH^CdsCCaOOrxHsQ. In this investiga­
tion two complex salts were found to exist in 
equilibrium with saturated Solutions containing 
an excess of potassium oxalate, namely, the com­
pounds K2Cd(C2 0 4 )2*3 H20  (or K2Cd(C20 4)2*- 
4H20) and K2Cd3(C20 4)4-#H20  where x  is uncer­
tain.

Cadmium oxalate was prepared by slow pre­
cipitation from c. p. cadmium chloride and po­
tassium oxalate. A complex salt was prepared 
by dissolving some cadmium oxalate in a hot 15 
to 25% solution of potassium oxalate and allow­
ing it to cool, when the complex salt crystallized 
out. The quantity of cadmium oxalate was ad- 
justed so that the solution would contain more 
than 7% potassium oxalate at the end. This 
complex salt proved to be the compound K2Cd- 
(C20 4 )2*3 H20 . Solubility experiments with this 
compound and with cadmium oxalate indicated 
the existence of a second complex salt capable of

(1) Souchay and Lenssen, A n n . ,  103, 316 (1857).
(2) Schaefer, Z. a n o r g .  C h e m .,  45, 293 (1905).
(3) Scholder, Gadenne and Niemann, B e r . ,  60, 1489 (1927).

existing in equilibrium with Solutions containing 
between 2.3 and 7.1% of potassium oxalate» By 
slow addition of cadmium chloride solution to a 
7% potassium oxalate solution the second com­
plex salt was precipitated. The precipitation 
was discontinued when the potassium oxalate con­
tent of the solution had been reduced to about 3%.

Mixtures consisting of a potassium oxalate 
solution and either cadmium oxalate or the ap­
propriate complex salt were sealed in Pyrex tubes 
and rotated for two days or more. The solution 
was then separated from the wet solid phase in a 
manner previously described4 and both were 
analyzed. Cadmium was determined electrolyti- 
cally and oxalate by titration with permanganate. 
Many of the mixtures were made in duplicate and 
the analyses performed after different times of 
rotation. It was important that the proper solid 
phase be introduced at the start because other­
wise the approaeh to equilibrium was very slow.

In most of the experiments the Solutions were 
saturated at 25°. However, the solubilities of 
cadmium oxalate and the complex salts in potas­
sium oxalate Solutions is small, and the Variation 
with temperature between 20 and 30° (and with 
concentration) was less than the experimental 
error; therefore, some of the Solutions were satu­
rated at 30° and some at temperatures between 
20 and 25°.

The results are given in Table I and Fig. 1. 
The small values for the concentration of cadmium

(4) Tar button and Vosburgh, This Journal-, 54, 4539 (1932).
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oxalate in the saturated Solutions are omitted 
from the table. They were of the order of 0.15% 
and subject to a large relative error. In the last 
column of Table I the letter A stands for cad­
mium oxalate, CdC20 4 *3 H20 , B for the com­
pound K2Cd3(G2 0 4 )4*̂ H20 , C for the eompound 
K2Cd(C20 4 )2*yH20  and D for hydrated potassium 
oxalate. The percentage of water in the dry 
solid in the fourth column of Table I was found by 
algebraic extrapolation with the assumption of 
the formulas K2Cd3 (C20 4) 4*xH20  and K2Cd- 
(C20 4)2*yH20 .

H20

K 2C20 4 CdC204
Fig. 1.—The system cadmium oxalate, potassium oxalate 

and water at 20 to 30°. Point B represents the composi­
tion calculated from the formula K2Cd3(C2O4)4'10H2O and 
points C and C' the compositions calculated from the for­
mulas K2Cd(C20 4)2-3Ho0 and K2Cd(C20 4)2-4H?0.

The percentage of water found by algebraic 
extrapolation for both compounds is uncertain. 
For eompound C the first three values are subject 
to the largest extrapolation error, and if these 
three are neglected the average lies between 
12.85%, which is the theoretical value for y  = 3

T a b l e  I

C om position  of S a t u r a t e d  S o l u tio n s  a n d  S olid  
P h a se s

Solution
k 2c 2o4
wt. %

Wet solid
K2C20 4 CdC20 4 
wt. % wt. %

Dry solid
h 2o

wt. % Solid
2.28 0.46 43.16 A
2.25 1.05 41.35 A
2.31 5.54 57.90 A + B
2.24 6 .2 0 53.06 A + B
2.35 13.82 49.64 34 B
3.10 11.17 36.78 31 B
3.87 11.60 37.80 31 B
3.80 15.96 53.57 2 B
4.67 12.24 37.19 18 B
4.89 12.51 37.34 13 B
4.89 14.11 44.40 9 B
5.77 11.64 33.83 27 B
5.86 14.13 46.32 13 B
6.87 16.60 56.82 17 B
7.11 25.18 38.26 B +  C
7.06 21.35 51.75 B +  C
8.59 28.50 31.77 2 2 .2 C

12.29 27.95 29.00 22.1 C
12.39 29.46 30.91 17.9 C
15.73 33.73 36.77 15.2 C
15.87 35.67 41.19 16.7 C
24.75 34.51 31.52 12.7 c
26.25 34.48 29.79 13.1 c
26.66 33.05 24.81 14.6 c
26.79 33.44 26.09 14.6 c
28.20 50.30 18.98 C +  D
28.37 38.68 15.57 C +  D
28.73 77.66 3.53 C +  D

and 16.43% for y = 4. Of the two, the value y 
= 3 is more probable because positive errors in 
the determination of cadmium would lead to a 
high value for y, and a check of the method of de­
termining cadmium on known samples gave some­
what high results.

Summary
The eompound K2Cd3(C204)4-#H20  in which x  

is uncertain but may be as high as 10 can exist in 
equilibrium with Solutions containing between 2.3 
and 7.1% of potassium oxalate. The eompound 
K2Cd(C20 4 )2*yH20 , in which y is probably 3, can 
exist in equilibrium with Solutions from 7.1% of 
potassium oxalate to Saturation. At tempera­
tures of 20 to 30° the solubility of both com­
pounds is small.
D u rham , N. C. R e c eiv ed  J u l y  20, 1936
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Introduction
The application of reversible galvanic cells to 

the study of the thermodynamic properties of 
compounds at higher temperatures has been 
made recently by Ölander,2 who has studied a 
number of intermetallic compounds in the neigh- 
borhood of 250° using a mixture of fused acetates 
for an electrolyte. Seltz and DeHaven3 have 
studied extensively the thermodynamic properties 
of cadmium antimonide (CdSb) over a rather large 
temperature range. The use as an electrolyte of a 
eutectic mixture of potassium and lithium chlo­
rides to which was added a small amount of cad­
mium chloride enabled them to make observa­
tions from 390 to 440°.

Their results have shown that measurements 
of the electromotive force at various tempera­
tures of cells of the type

A(s or 1) | A v+ | A A (s )  +  B(s) 

permit the calculation of the thermodynamic 
properties of the reaction.

x A (s  or 1) 4* yB(s) =  A xB y(s)

It is necessary, of course, that the metal electrode 
A have a higher electrode potential in the fused 
electrolyte than that of the element B. It will be 
noticed also that no measurements can be taken 
above the eutectic temperature of the eompound 
and pure B constituent. For any system which 
involves an equilibrium between the solid com­
pound and a solid solution of A in B it would be 
necessary to know the activity of B in the solid 
solution in order to determine the free energy 
change for the above reaction. It is obvious 
that a change in concentration of the metal ions 
in the electrolyte or the amount of the second 
pure constituent in equilibrium with the solid 
eompound will have no effect upon the electro­
motive force of the cell.

The results of a study of the tellurides of zinc, 
cadmium, tin and lead by these methods are 
presented in this paper. Each of the four metals

(1) Abstracted from a thesis presented by J. H. McAteer to the 
Committee on Graduate Instruction of the Carnegie Institute of 
Technology, in partial fulfilment of the requirements for the degree of 
Doctor of Science, June, 1936.

(2) A. Ölander, Z. p h y s i k .  C h e m .,  A173, 284 (1935).
(3) H. Seltz and J. C. DeHaven, A m .  I n s t .  M i n .  &  M e t .  E n g r . ,  

T e c h . P u b . ,  622 (1935).

was substituted for the A constituent and tel- 
lurium formed the B constituent. The eutectic 
temperatures of the various tellurides and pure 
tellurium were obtained from the phase diagrams4 
of these metals with tellurium.

Experimental
Purification of Materials.—Silver-free lead was purified 

by electrodeposition from a fluosilicic acid bath. Baker 
“c. p. analyzed” cadmium, tin and lead were used without 
further purification. Each metal was cast into sticks under 
a molten mixture of lithium chloride and potassium chlo­
ride. This effectively removed any oxide from the metal.

C. p . tellurium was further purified by dissolving it in 
concentrated nitric acid, evaporating to dryness and then 
adding concentrated hydrochloric acid. After diluting this 
solution the insoluble material was removed and the 
tellurium was precipitated by the addition of sodium bi­
sulfite. The tellurium was converted into telluric acid 
which, after three or four crystallizations from concen­
trated nitric acid, was reduced to free tellurium. The 
purified substance was then melted in an atmosphere of 
hydrogen.

Baker “c. p. analyzed” zinc chloride, cadmium chloride 
and lead chloride were used without further purification. 
These salts were fused, cast into sticks and kept in an oven 
at 100° until used. Stannous chloride was prepared by 
passing dry hydrogen chloride over molten tin and then 
subliming the product in a stream of carbon dioxide. 
The sublimed stannous chloride was kept in a desiccator. 
C. p. lithium chloride and potassium chloride were kept 
dry in an oven until used. In making the electrolyte the 
correct quantities of lithium chloride and potassium 
chloride were weighed and melted. Varying amounts of 
zinc, cadmium, tin or lead chloride were added to this 
molten mixture which was then cast into sticks and kept in 
an oven.

Preparation of Electrodes.—The electrodes containing 
the telluride were formed by melting weighed amounts of 
the metal and tellurium in a 6-mm. Pyrex tube under a 
hydrogen atmosphere. Varying amounts of tellurium in 
excess of that required to react with the metal were used. 
After the eompound had dissolved completely in the molten 
excess tellurium, a tungsten lead, which will be described 
below, was inserted and the material permitted to solidify. 
When the electrode had cooled, the glass tubing was 
carefully chipped away and the electrode, now firmly 
attached to the tungsten tip, was removed.

Cadmium, tin and lead are liquids at the temperatures 
employed. The pure metal electrodes were made by 
melting the metals in the cells under the molten electro­
lyte. The tungsten leads were then immersed in the liquid

(4) (a) “I. c .  T .f" Vol. II, p. 441; (b) ib id . , p. 430; (c) Tech.
Pub., International Tin R esearch  & Development Council, Series
B, No. 2; (d) ‘T. C. T .?” Vol. II, p. 416.
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metals. The pure solid zinc electrodes were made in the 
same manner as the telluride electrodes.

All leads consisted of tungsten wire which was welded 
to the copper Potentiometer leads some distance from the 
furnace in which the measurements were made. The union 
at this point prevented the occurrence of thermal electro­
motive forces at the copper-tungsten junctions. The 
tungsten leads were sealed in 3-mm. Pyrex tubing in such 
a manner that only 2 or 3 mm. projected. This prevented 
contact of the leads with the electrolyte. During the 
process of sealing the leads in the glass a coating of oxide 
invariably formed on the small projecting tips. This was 
removed by treating with molten potassium pyrosulfate 
and then, after cooling, with a concentrated caustic solution. 
The tungsten tips were wound into the form of a small 
helix to ensure a tight connection with the solid electrodes.

Procedure.—The apparatus used was similar to that of 
Seltz and DeHaven3 with the exception that the furnace 
was fitted with an iron cylinder containing a low melting 
mixture of lead, tin and bismuth. In this were placed the 
cells and thermocouple. It was impossible to detect with 
this arrangement any temperature gradients. The thermo­
couple was incased in Pyrex tubing to which a small Kipp 
hydrogen generator was attached. This precaution pre­
vented oxidation and subsequent deterioration of the hot 
junction. The temperature lag of the thermocouple was 
negligible.

The necessary amount of electrolyte was melted in an 
H-cell by means of a Meker burner. About 2 g. of pure 
metal was placed in one leg. After the metal had melted, 
the tungsten lead was inserted and adjusted to the proper 
position. The gas flame was then removed, the solid tellu­
ride electrode introduced in the other leg and the cell 
placed in the furnace. The cell was evacuated slowly for 
an hour to a final pressure of 0.05 mm. of mercury. This 
slow evacuation prevented violent bumping ciaused by gas 
bubbles escäping from the molten electrode and electro­
lyte. Usually after three hours all gassing had ceased and 
the cell was found to have reached equilibrium. In some

series of measurements pumping was continued throughout 
the run while in others> after complete evacuation, carbon 
dioxide was admitted. The results obtained with the 
carbon dioxide atmosphere were concordant with those ob­
tained under vacuum except in the cells which were used 
for the study of tin telluride.

In the study of tin telluride the vacuum technique had 
to be modified since a loss of the stannous chloride occurred 
owing to its volatility under reduced pressures at these 
temperatures. For this reason an atmosphere of carbon 
dioxide was used exclusively. The stannous chloride was 
not added to the electrolyte until the initial three-hour 
period of pumping had been completed. Measurements 
were made also with cells containing pure stannous chloride 
as an electrolyte. These cells functioned satisfactorily 
even in the presence of air.

Simultaneous readings of the electromotive force and 
the temperature were taken from the melting point of the 
electrolyte to the limiting eutectic temperature except in 
the case of zinc telluride where readings were carried only 
to the melting point of zinc. The cells responded rapidly 
to variations in temperature, but to ensure equilibrium the 
temperature was never permitted to change by more than 
fifteen degrees an hour.

Results and Calculations
The observed values of the electromotive force 

are contained in Table I. The weight per cent. 
of the total amount of tellurium in the telluride 
electrode is given together with the type of at­
mosphere within the cell. The results appear to 
be correct within ±0.2 mv. at each temperature 
except for the measurements on zinc telluride 
where the limit of error is more nearly ±0.3 mv. 
The temperature readings can be considered 
accurate to within ±  0.5°. These data are plotted 
in Fig. 1. From large scale reproductions of the

Cell

Zn(s)/ZnCi2, LiCl, KCl(l)/Te(s) +  ZnTe(s)

T a ble  I
% Te and 

atmosphere
95.1 vac. 
92.3 vac. 
85.7 vac. 
96.0 C02

Temp. 
range, °C.

355-418

Zn(s) +  ZnTe(s)/ZnCl2, LiCl, KCl(l)/Te(s) +  ZnTe(s) 89.6 +  electrode.. .  
8.8  — electrode

Cd(l)/CdCl2, LiCl, KCl(l)/Te(s) +  CdTe(s)

Sn(l)/SnCl2, LiCl, KCl(l)/Te(s) +  SnTe(s)

Sn(l)/SnCl2(l) /Te(s) +  SnTe(s)

Pb(l)/PbCl2, LiCl, KCl(l)/Te(s) +  PbTe(s)

93.5 vac.
90.4 c o 2
87.6 C O t
83.5 c o 2

f 76.8 c o 2
! 84.9 C02
( 94.7 c o 2
f 84.9 air
( 90.9 air

59.3 c o 2
75.0 c o 2
75.4 vac.
83.6 c o 2

360-440

270-395

355-408

E. m. f., dE/dT,
volts vo lts/0 C.

0.57030 -  0.0000617
at 387°

0.50282 -  .0000879
at 360°

0.31600 -  .0000676
at 260°

0.34909 -  .0000669
at 350°
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are

figures the values of the electromotive force at a 
given temperature and d E /d T  have been ob­
tained. It will be noticed that in all cases the 
electromotive force-temperature curves 
straight lines within the 
limits of experimental 
error.

The free energy change,
A F, of a cell reaction at 
any given temperature is 
related to the reversible 
electromotive force, E, of 
the cell by the equation 
AF = —nFE where n is 
the number of equivalents 
involved and F is the value 
of the faraday (23,074 cal. 
per volt equivalent). In 
this study all substances 
involved in the reactions 
are at their Standard states 
(activity equal to unity) 
and the free energy change 
becomes the Standard free 
energy change AF°> The 
value of AF° may be ex­
pressed as a function of the 
temperature if the heat of 
reaction, AH, is known.
This quantity may be 
evaluated with the aid 
of the Gibbs-Helmholtz 
equation, AH  =  nF  X 
(T  (dE/dT) -  E). If the 
change in heat capacity,

tion of the electrolyte and in the amounts of 
tellurium in equilibrium with the solid tellurides 
had no effect upon the electromotive forces of the 
cells. The consistent data of Table I for cells

cö
xA

s-crx

<D CL)H ^  
Ö O 

tSJ CO

0.572

0.3145

0.571

0.3125

0.570

0.3105

0.569

0.3085

0.568

350 370 
350 360 
270 290 
355 365

390 410 
370 380 
310 330 
375 385

0.3065
430 450 470 CdTe Scale
390 400 410 PbTe Scale
350 370 390 SnTe Scale
395 405 415 ZnTe Scale

Temp., °C.
AC Tis small the value of Fig‘ —E'm’f' curves: °» CdTe Cells; # , PbTe Cells; Ó, SnTe Cells; € , ZnTe Cells.

AH  will be nearly independent of the temperature 
and AF° at any temperature will be given by the 
equation AF° = AH  -f- I T  where I  is a constant 
of integration. The entropy change for the re­
action may be calculated from the fundamental 
relation AF° = AH  — TAS.

The results of the calculations for the various 
tellurides are summarized in Table II. The 
heats of fusion used for cadmium, tin and lead 
were 1254, 1594 and 12285 cal. per gram atom, 
respectively.

in which the zinc electrode was replaced by a 
zinc-zinc telluride electrode also indicate the 
reversibility of the cell reaction.

Table II
T h e r m o d y n a m ic  P r o p e r t ie s  o f  t h e  T e l l u r id e s  

a t  25°

Reaction
A F ° ,
cal.

A S ,
cal./°C .

A H ,
cal.

A H ,  cal. 
(Fabre)

Zn(s) -f Te(s) = ZnTe(s) -2 7 ,3 6 0 - 2 . 9 -28 ,2 1 0 -3 3 ,2 0 0
Cd(s) +  Te(s) = CdTe(s) -2 3 ,9 5 0 - 2 . 0 -2 4 ,5 3 0 -1 5 ,8 0 0
Sn(7J +  Te(s) = SnTe(s; -1 4 ,6 6 0 0 .0 -1 4 ,6 5 0
Pb(a) +  Te(s) = PbTe(s) -1 6 .5 9 0 - 1 . 0 -J 6 .8 1 0 -  5500

Discussion
The cells studied in this investigation func­

tioned reversibly and the electromotive forces 
were quite reproducible. Changes in composi-

(5) “ I. C. T . V o l .  II, p. 458.

The limits of error for the values tabulated in 
Table II depend somewhat on the calorimetric 
data which have been employed. The devia­
tions in the values of the electromotive force of 
the cells and of d E /d T  lead to an uncertainty of
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about ±  50 cal. The probable errors in the heats 
of fusion amount to about ±40 cal. and the 
assumption that Kopp’s law can be applied to 
these tellurides might introducé an error of not 
more than ±  30 cal.

The calculations at 25° for tin telluride have 
been made using the 7  form of the metal. Ap­
parently this form is stable above 1610 and conse­
quently is not stable at 25°. Unfortunately no 
data on the heat of transition exist so that it is 
impossible to make calculations for the eompound 
using the allotropic modification which is stable 
at 25°. The question of the existence of tel­
lurium in two allotropic forms has been raised by
S. Umino, 5 6 who in meäsuring the specific heat of 
tellurium up to 550° reported a transition at 
348° accompanied by the absorption of 630 cal. 
per gram atom. However, no other investiga- 
tor has mentioned this behavior and Simek and 
Stehlek7 were unable to confirm his results. 
For this reason it has been assumed that no transi­
tion occurs. No data are available for the en­
tropy of tellurium. Consequently the entropies 
of the tellurides have not been calculated.

(6) S. Umino, K i n z o k u  n o  K e n y k u ,  [10] 3, 498 (1928).
(7) A. Simek and B. Stehlek, C o i l .  T r a v .  C h im .  T c h e c h o s l . , 2, 

304 (1930).

No other measurements of the thermodynamic 
properties of the tellurides have been reported ex­
cept those of Fabre8 on the heats of formation. 
His results which were obtained by a calorimetric 
method are tabulated in Table VII. They are 
not, as will be seen, in agreement with the 
present values. A review of his work, however, 
indicates that his results may be unreliable 
owing to the uncertainty of some of the ther­
mal values he used to calculate the heats of forma­
tion. Lack of data prevents recalculation of these 
values.

Summary

1 . A potentiometric study of the tellurides of 
zinc, cadmium, tin and lead has been made at 
higher temperatures using fused salt electrolytes.

2. The method has been shown to give results 
which are reliable and accurate when applied to 
the proper substances.

3. The data thus obtained have been employed 
in calculating the free energies of formation, 
heats of formation and entropies of formation at 
25°.

(8) Fabre, A n n . c h im .  p h y s . ,  14, 110 (1888).

Pittsburgh, Penna. Received June 22, 1936

[Contribution from the Department of Chemistry of the Carnegie Institute of Technology]

A Thermodynamic Study of the Lead-Bismuth System
B y  H. S. Strickler1 and  H arry  S eltz

Although the properties of the alloys of lead 
and bismuth have been investigated extensively, 
the phase diagram of the system is not well es­
tablished. In the “International Critical 
Tables“ 2 diagram, two series (a and ß) of solid 
Solutions forming a eutectic at 58 weight per cent. 
bismuth are shown. The limits of solubility are 
18 and 99% bismuth at 0° and 37 and 97.3% bis­
muth at 125°, the eutectic temperature. Refer­
ences cited for this are Guertler3 and Herold, 4 

from whose critical reviews it is evident that the 
limits of solubility and the solidus curves are not 
too well defined. Furthermore, Solomon and

(1) Abstracted from a thesis presented by H. S. Strickler to the 
Committee on Graduate Instruction of the Carnegie Institute of 
Technology, in partial fulfilment of the requirements for the Degree 
of Doctor of Science, June, 1936.

(2) “ International Critical Tables,’* Vol. II, McGraw-Hill Book 
Co., Inc., New York, N. Y., pp. 414-417.

(3) Guertler, “Metallographie,” Vol. I, Gebrüder Borntraeger, 
Berlin, p. 548.

(4) Herold, Z .  a n o r g .  a l lg e m .  C h e m .,  112, 131 (1920).

Jones, 5 studying alloys of this system by means of 
x-rays, have found recently a new solid solution 
phase existing from 25 to 33% bismuth.

In the present work, thermodynamic data ob­
tained from measurements of galvanic cells of the 
general form Pb/Pb++/Pb (in Pb-Bi solution) 
have been used to calculate a considerable portion 
of the phase diagram, making use of the methods 
previously proposed by Seltz.6

Experimental
The cells used were of the three types :

I. Pb(l)/PbCl2 in LiCl-KCl(!)/Pb(in Pb-Bi liquid 
solution)

Ha. Pb(s)/Pb(OAc)2-NaOAc(l)/Pb(in Pb-Bi liquid so­
lution)

Iib. Pb(s)/Pb(OAc)2-NaOAc(l)/Pb(in Pb-Bi equilib. 
liquid and solid Solutions)

III. Pb(s)/Pb(OAc)2-NaOAc(l)/Pb(in Pb-Bi solid solu­
tion)

(5) Solomon and Jones, P h i l .  M a g . t 11, 1090 (1931).
(6) Seltz, T h is  J o u r n a l , 56, 307 (1934): 57, 391 (1935).
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The liquid alloys of this system have been 
studied by Wagner and Engelhardt,7 who deter­
mined the electromotive forces of cells Pb(l)/ 
KGHPbClg(1)/P b (in Pb-Bi liquid solution) at 
two temperatures, 475 and 665°. Since no re­
liable values of the relative partial molal heat con­
tents could be obtained from their data, it was 
necessary to study cells of Type I in the present 
investigation.

The metals used were purified electrolytically, 
the lead being plated from a Betts8 bath and the 
bismuth by a method described by Swift*9 Be­
fore use, the metals were cast under oil and then 
in vacuo. The electrolytes were prepared from 
commercial “chemically pure” materials without 
further purification.

The cells of Type I were studied over the tem­
perature range 380-470°, with Variation of the 
composition from N m ** 0.15 to 0.89. The tech­
nique employed was, with modifications, that 
used by Seltz and DeHaven10 in their study of 
the intermetallic eompound CdSb. The pure 
metal was placed in one leg of a Pyrex H-cell con­
taining the electrolyte and the weighed alloy con­
stituents in the other. The electrolyte was the 
molten eutectic mixture of lithium and potassium 
chlorides, to which a small amount of lead chlo­
ride was added. Contact with the metals was 
made by tips of tungsten wire sealed into Pyrex 
tubing, the connections to the potentiometer be­
ing made by copper wire welded to the tungsten 
where it extended from the cell. The system was 
evacuated by means of a Cenco Hyvac pump. 
The cell was placed in an electrically heated fur­
nace, manually controlled. Temperatures were 
determined by means of an iron-constantan ther­
mocouple. A Leeds and Northrup type K po­
tentiometer in conjunction with a Fritz Koehler 
galvanometer was used. The attainment of 
equilibrium was quite rapid and the cells were ex- 
ceedingly steady and reproducible. The experi­
mental results are given in Table I and are 
plotted in Fig. 1. The reaction occurring in these 
cells was the transfer of lead from the pure liquid 
state to a solution of a definite composition, Pb(l) 
= Pb (in Pb-Bi liquid solution). The free energy 
change of this reaction is given by the relation 
AF =  —nFE, and the activity (#i) of lead in the

(7) Wagner and Engelhardt, Z .  p h y s ik .  C h e m ., A159, 16 (1932).
(8) Betts, “Lead Refining by Electrolysis,” John Wiley and Sons, 

Inc., New York, N. Y., 1908.
(9) Swift, T h ïs  Jo u r n a l , 45, 371 (1923).
(10) Seltz and DeHaven, A m .  I n s t .  M i n i n g  M e t .  E n g r s . ,  T e c h .  

P u b . ,  622 (1935).

T a ble  I
Cells of T ype  Pb(l)/PbCl* in  LiCl-ELCl(l)/Pb(iN Pb-Bi 

L iquid  S olution)
Temp. range 380-470°; maximum deviations 0.05 milli­

volt

Nm
No. of 
obsns.

E. m. f. at 
700 °K„ mv.

d E / d T  X 106 
(volt/°C .)

0.152 7 5.32 7.4
.280 8 11.48 14.4
.400 8 19.29 20.8
.504 7 27.82 27.8
.586 8 35.94 37.6
.672 8 45.40 46.4
.770 9 59.76 64.4
.889 10 86.15 102.0

alloy referred to the pure liquid as a Standard 
state is then obtained from — n F E  =  A F  — R T  
ln ai. The change of heat content in the process 
is calculated from the Gibbs-Helmholtz equation 
T  d E /d T  =  E  +  ( A H / n F )  and the electromotive 
force E  of the cell at a given temperature T. ATT

Fig. 1.—E. m. f . curves for typelcells. Starting from 
the bottom: N m  =0.152; 0.280; 0.400; 0.504; 0.586; 
0.672; 0.770; 0.889.

is here the difference between the partial molal 
heat content of lead in the alloy and the molal 
heat content of liquid lead, and is designated as 
the relative partial molal heat content,11 L . The

(11) Lewis an d  R anda ll, “ T herm odynam ics,”  M cQ raw -H Ü !
B ook Co., Inc ., N ew  Y ork, N . Y ., 1923,
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quantities calculated from the measured electro­
motive forces and temperatures are given in Table

N s N i a i  (700°K.) a i / N i L i

0.152 0.848 0.838 0.989 -  6
.280 .720 .684 .950 -  65
.400 .600 .528 .880 -2 1 8
.504 .496 .398 .803 -386
.586 .414 .304 .734 -4 4 4
.672 .328 .222 .677 -604
.770 .230 .139 .604 -6 7 8
.889 .111 .058 .519 -681

The corresponding quantities for the second 
component, bismuth, were obtained by graphical 
integration of the Duhem equation

and

x
Log a s / N i

d log a2/ N 2

r N i / N t  __
J  N i / N *  dLx  

r r n / N i
: 1 N i / N 2 d log Ol/ N i

The calculated terms, with those for lead at 
rounded mole fractions, are given in Table III.

T a b l e  III
N s N i a i a i/N i a s  (700°K.) a s / N s L i L s

0.0 1 .0 1 .0 0 0 1 .0 0 0 0 .0 0 0 0.480 0 -925
.1 0.9 0.893 0.993 .052 .520 -  2 -9 0 7
.2 .8 .782 .978 .115 .577 -  2 0 -811
.3 .7 .657 .938 .195 .650 -  91 -606
.4 .6 .528 .880 .293 .732 -2 1 8 -376
.5 .5 .402 .804 .407 .814 -3 5 2 -213
.6 .4 .291 .728 .532 .886 -5 0 2 -  91
.7 .3 .197 .657 .655 .936 -6 2 8 -  2 0

.8 .2 .116 .580 .778 .973 -6 7 6 -  4

.9 .1 .052 .520 .896 .995 -6 9 2 0
1 .0 .0 .000 .480 1.000 1.000 -7 0 0 0

Study of the Eutectic.—In order to determine 
the limits of solubility and the eutectic composi­
tion, cells of types Ila  and Iib  were studied from 
200 to 120°, the maximum temperature range over 
which the mixture of lead and sodium acetates 
could be used safely. The composition was 
varied from N Bi = 0.337 to 0.995. The experi­
mental technique differed considerably from that 
previously described. The lead electrode was 
generally lead plated on tungsten, using a bath 
described by Getman,12 though in some cases bulk 
electrodes, cast in the same manner as the solid 
alloys, were used. The alloy constituents were 
first melted together under mineral oil or in vacuo, 
after which the alloy button was placed under the 
electrolyte in the cell, which was a 25-cm. test-

(12) Getman, T h is  J o u r n a l , 38, 792 (1916).

tube blown out at the bottom to form a depression 
in which the molten alloy could rest. In prepar­
ing the electrolyte, the trihydrates of lead and so­
dium acetates were melted together in the propor­
tions 3Pb(OAc)2*NaOAc, the mixture then being 
dehydrated. Contact with the alloy was made 
by means of a tungsten lead as used for the higher 
temperature work. In these runs, the system was 
not evacuated, because of the increased deteriora­
tion of the electrolyte under such conditions. 
The type K potentiometer was used as before, 
with a sensitive type R Leeds and Northrup 
galvanometer. The cells were placed in an elec- 
trically heated oil-bath which, when desired, was 
thermostated by a mercury regulator and an 
Aminco supersensitive relay. Temperatures were 
measured by means of a copper-constantan ther­
mocouple.

In the course of a run, the temperature was 
raised above the liquidus of the alloy, when the 
tungsten lead was fixed in position. Equilibrium 
was usually attained rapidly, after which the tem­
perature was lowered. In only a few cases was 
the range of temperature above the liquidus suffi­
ciënt to permit accurate measurement of the tem­
perature coëfficiënt for the determination of the 
heat content change. The first Separation of 
solid was marked by a change in slope of the elec­
tromotive force-temperature curve, and then the 
temperature was decreased more slowly, at a rate 
of 2-4° per hour. However, the temperature was 
usually maintained constant for twelve hours or 
more at the eutectic temperature and frequently 
at higher temperatures. The electromotive forces 
then observed are designated by an asterisk. In 
Table IV data are given only at intervals of 5 to 
10° .

In the interpretation of these data, it must be 
remembered that within the heterogeneous region 
of the system the a  and ß phases are in thermo­
dynamic equilibrium, whence at a given tempera­
ture #pb(a) =  #pb(£) an(l aBi(cx) — aBi(ß)- There­
fore, the electromotive forces of two cells Pb(s)/ 
Pb++/Pb(a) and Pb(s)/Pb++/Pb(/J) should be 
identical if the a and ß compositions correspond 
to the limits of the heterogeneous range. Thus 
every cell in which the alloy electrode contains 
the solid eutectic must show the same electromo­
tive force (Ee) at the eutectic temperature, and 
E e should also be the electromotive force of the 
cell Pb (s) /P b +V Pb (liquid eutectic) at that tem­
perature. A summary of the electromotive forces
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observed for the various compositions at the eu­
tectic temperature is given in Table V. From 
these data it is evident that the solubility of lead 
in bismuth is very small at this temperature, cer- 
tainly N?h < 0.005. This value agrees well with 
that obtained by Herold4 in his metallographical 
work, but is less than the values obtained by 
other investigators. On the lead side, the limit 
of solubility is seen to be very close to N m =

(supercooled) N b ia = 0.987
125.5 13.62 Solid and liquid

(just froze) 172.0 26.42
125.3 13.48* 167.2 25.25

(eutectic) 154.7 21.42
N b i =  0.638 143.4 18.24
Alloy liquid 137.8 16.49

175.3 25.92 130.4 14.90
170.1 23.85 126.5 14.12
157.8 22.70 Nßia =  0.995

Table IV
Nb i - 0.337 Nb i =: 0.42

Temp., °C. E. m. f., mv. Temp., °C. E. m. f., mv.
Alloy solid and liquid Solid and liquid

196.2 6.06 159.4 9.78
185.5 6.55 137.1 12.24
175.0 7.84 124.7 13.69
167.0 8.85 124.7 13.36*
159.2 9.80* (eutectic)
148.9 10.77
138.9 11.30 Nßi — 0.449

Solid and liquid Solid and Hquid
151.6 20.23 198.9 36.05
145.7 18.27 190.9 33.38
129.2 14.21* 171.7 25.91
123.9 13.38 165.8 24.18*
124.7 13.38 158.9 22.06*
124.0 13.30 153.6 20.56

139.4 16.87*
128.6 14.25*
124.8 13.38*

(eutectic)
a These alloys were vacuum-cast and annealed in the

Alloy solid 
130.1 11.21

N b i =  0.360 
Alloy liquid

193.2 6.73
190.8 6.45

Alloy solid
122.7 13.17*
124.5 13.02*

Solid and liquid
183.0 6.80
179.8 7.27
135.9 12.46
128.5 12.78

Nßi =  0.378
Solid and liquid

179.0 7.17
154.0 10.26
145.0 11.36
136.8 12.22*
129.6 12.92
124.8 13.36*

(eutectic)

Alloy liquid 
169.5 9.68
161.4 9.16

Solid and liquid
159.3 9.70
150.5 10.76
139.5 12.16*
130.4 13.22
124.5 13.85
124.4 13.63

(note decrease with time) 
125.0 13.51*

(eutectic)

N bi = 0.542
Alloy liquid

165.4 15.91
155.9 15.19
142.3 14.24
130.4 13.47
125.4 13.11
124.7 13.46

(eutectic)

same manner as the solid alloys, which will be described 
later.

0.360, and from the shape of the activity curve at 
this temperature, the limit is determined as iVBi 
=  0.365, which is in fair agreement with the 
4'Critical Tables” diagram.

Nßi
Table V
Temp., °C. Ee, mv.

0.337 124.5 <11.21
.360 124.5 13.02*
.378 124.8 13.36*
.389 124.6 13.42*
.420 124.7 13.36*
.449 125.0 13.51*
.542 124.7 13.46
.564 125.0 13.49*
.564 125.3 13.48*
.638 124.0 13.30
.995 124.8 13.38*

From the chosen value for £ e, 13.40 mv., the 
activity of lead in the eutectic is calculated to be
0.457, referred to solid lead as the Standard state.

Nßi =  0.389 N bi « 0.564
Alloy liquid Alloy liquid

194.5 7.98 176.1 18.27
184.5 7.32 166.2 17.60
Solid and liquid 157.3 16.87

177.5 7.57 141.2 15.77
171.2 8.25 133.3 15.20
159.0 9.72 126.0 14.63
140.8 11.92* 125.0 13.49*
131.4 12.87* (eutectic)
126.7 13.30 Melted, then cooled again
124.6 13.42* 127.0 14.75

(eutectic) 124.7 14.60

In order to find the activity referred to pure liquid 
lead, it is necessary to calculate the activity at this 
temperature of liquid lead relative to the solid. 
At 600°K. (327°C.), the melting point of lead, 
the activity is unity, for there the fugacities are 
identical. Therefore, the equation 

R i n  a — L / T  -f- const. 
becomes at that temperature

0 = L / 600 4- const.
it being assumed that the heat of fusion of lead 
does not change with temperature, accurate ther-
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mal data for any other treatment being lacking. 
Using the value 1161 cal. for the heat of fusion 
from the ‘‘International Critical Tables,” and 
calculating at the eutectic temperature, one ob­
tains the value 1.641 for the activity of liquid lead 
relative to the solid. On dividing 0.457 by this 
figure, one obtains 0.279 for the activity of lead 
in the eutectic (ae) with reference to liquid lead.

Temp., °C.
Fig. 2 .—tE. m. f. curve for type Il-b cells: O, Nbi ~  

0.636; # , N bx -  0.987; ó , Nbi =  0.995.

The eutectic composition is now fixed within 
the limits of error of the computation, by compar- 
ing this ae with values extrapolated, for different 
compositions, from the activity data for the liquid 
alloys. The necessary data are

N 2 =  0.510, a i =  0.320 
N i  =  0.540, ax =  0.283 
N i  -  0.563, ai =  0.257

Plotting activity versus mole fraction, one finds 
graphically the composition corresponding to ae 
to be N 2 =  0.544. The accuracy of this calcula­
tion was checked experimentally by determining 
the behavior of alloys whose compositions were 
close to the above value. The data for these con- 
firmatory runs are given in Table VI.

The eutectic composition is thus determined at 
iVßi =  0.547 (54.9 wt.%), in excellent agreement 
with the calculated value, considering the lengthy 
extrapolation of the liquid data. From the inter­

section of the electromotive force-temperature 
curves for the eutectic composition in the liquid 
and solid states, the eutectic temperature is 
found to be 125°, confirming the previously ac­
cepted value. The values of the eutectic compo­
sition as determined by other investigators vary, 
but in general are somewhat higher, the “Critical 
Tables” diagram giving the value 58%, while

Temp., °C.
Fig. 3.—E. m. f. curve for type Il-b cells: O, N bi =  
0.378; • ,  iVBi = 0.389; ©, N Bi =  0.420; 6, JVbi =  0.449.

Guertler3 lists 55.8% (Kapp13) and 56.5% is the 
value accepted by Herold4 from Barlow’s14 data.

The electromotive force data obtained in the 
slow-cooling of the alloys inside the heterogeneous

N b  i = 0.541
Temp., E. m. f.,

°C. mv.
Alloy liquid

173.2 16.30
163.0 15.61
150.2 14.66
143.0 14.18
132.3 13.42
127.4 13.11
125.4 12.94
E  at 124.5° (ex-

trapolated)
= 12.87 mv. 

ai (referred to 
liquid)
*= 0.287

T able VI 
N bi =* 0.543

Temp., E. m. f., 
°C. m v.

Alloy liquid
177.7 16.80
170.5 16.30
164.2 15.83
155.0 15.25
147.7 14.66
129.5 13.47

E  at 124.5° (ex­
trapolated)
= 13.10 mv. 

ai (referred to 
liquid lead)
=  0.284

Nm  - 0.547
Temp.,

°C.
E. m. f., 

mv.

165.4 16.27
155.6 15.64
150.1 15.12
142.3 14.59
131.4 13.84
125.8 13.46*
124.1 13.30
123.2 13.20
122.6 13.12
121.8 13.02
120.7 12.94
119.0 12.77

(13) K app, A n n .  P h y s i k ,  [4] 6, 771 (1901).
(14) Barlow, T h is  J o u r n a l , 32, 1390 (1910).
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region were evidently for cells of Type Iib. If 
the two Solutions, solid and liquid, composing the 
alloys under these conditions were in equilibrium, 
then the same electromotive force should be ob­
served in different runs (on the same side of the 
eutectic) at the same temperature. As the data 
and Figs. 2 and 3 show, this has been realized 
approximately. If the liquidus data obtained by 
thermal analysis are correct, the activity at a given 
temperature can be calculated from the data of 
the study of the liquid alloys, and some further 
idea as to the attainment of equilibrium in the 
cooling process can be obtained. A few of these 
calculations are tabulated in Table VII. The 
liquidus data of Barlow were employed, and the 
usual extrapolations and conversions to the same 
reference state (here solid) were made. The 
agreement is fair with the exception of the value 
at 63.5%. However, it is probable that Barlow’s 
determination of the liquidus was here at fault, as 
will be indicated later.

T a ble  VII
Composition, 

wt. % 
(Barlow)

Temp.,
°C.

E. m. f., 
mv.

ai,
obsd.

ai,
calcd.

40.0 177.3 7.50 0.679 0.670
50.0 144.4 11.47 .528 .524
63.5 150.5 20.00 .334 .300
75.0 198.9 36.05 .170 .163

Study of the Solid Phases.—In the investiga­
tion of the cells of Type III, the chief difficulty 
encountered was in obtaining homogeneous elec­
trodes. Further, the probable existence of solid 
phases other than a complicated the interpreta­
tion of some of the data. The range of composi­
tion covered was from N Bl = 0.05 to 0.33. The 
experimental arrangement was that used in the 
investigation of the eutectic. The electrolyte 
was also the same. The cells were merely Pyrex 
test-tubes of various sizes, depending on the num­
ber and dimensions of the electrodes placed at one 
time in the cell. The preparation of the alloys 
was, however, entirely different. It was found 
most convenient to cast and anneal the alloys in 
vacuo in Pyrex glass containers. These contain­
ers or electrode forms were of two types, con­
structed as follows. For the simpler variety, a 
30-cm. piece of 5-mm. Pyrex tubing was partially 
constricted in the oxy-gas flame about 7 cm. from 
one end. Into this was slipped a length of tung­
sten wire, one end of which was wound into a 
spiral. The spiral was placed about 3 mm. from 
the constriction and the wire was then sealed into

the glass. The short end of the tube was then 
bent at right angles. The other type of form was 
of more complex construction. A piece of Pyrex 
capillary was sealed at both ends to sections of 
5 mm. tubing, one being about 7 cm. long and the 
other 20 cm. The tungsten wire was sealed into 
the capillary close to one end. Then the short 
piece of tubing was bent at right angles, and the 
capillary through 180°. The simpler variety was 
designed for use where the alloy was to be cast 
and annealed below the solidus, while the other 
was used when the alloy was to be slow-cooled. 
In casting the electrodes, the weighed materials 
were placed directly in the glass container. The 
open end of the electrode form was then attached 
to the Cenco Hyvac pump, and the metals were 
melted, degassed and finally sealed in  vacuo. 
When the electrode was to be used, the glass was 
broken away cleanly from the alloy about 2 mm. 
below its tip. The electrode was placed immedi­
ately in the cell.

120 140 160 180 200 220
Temp., °C.

Fig. 4.—E. m. f. curves for type I I I  cells: 
Starting from the bottom : N bi — 0.050;
0.096; 0.147; 0.200; 0.225.

For annealing, a small oil-bath and an electric 
furnace were used. When an alloy was to be 
slow-cooled, the electric furnace was connected 
in series with a variable electrolytic resistance, al- 
ternating current being used. The construction 
of the electrolytic resistance is briefly described. 
Two copper or brass rod electrodes were placed in 
a large bottle, containing a predetermined amount 
of calcium chloride solution. The solution was 
cooled by circulating water through glass tubing 
placed in the jar. Water was dropped in at a
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steady rate from a capillary connected with a 
constant-head device, thus lowering the conduc­
tivity of the solution and slowly decreasing the 
current passing through the furnace.

The data for the solid alloys are given in Table 
VIII and plotted in Fig. 4. The length of anneal- 
ing or conditions of slow-cooling are always speci­
fied. Reproducibility of electromotive forces 
with different alloys of the same composition was 
the sole criterion of sufficiënt heat treatment. 
The data for compositions N Bi =  0.050 to 0.200 
may be considered satisfaetory, but those for the

region N Bi =  0.225 — 0.330 are not accurate. 
The discrepanties may be attributed to non- 
attainment of homogeneity in the alloys or to the 
presence of phase changes. The difficulties in the 
first case might arise from the decreased velocity 
of diffusion in the solid state at these lower tem­
peratures, and to the greater spread between 
liquidus and solidus curves. However, evidence 
for the existence of another solid phase has been 
offered by Solomon and Jones,5 and behavior 
pointing to some abnormality in this region of the 
system has been definitely noted here. The first

T able VIII
C e l l s  of T y pe  P b  (s) / P b (OAc)2-N aOAc(1) / P b (in  P b- B i  Solid  Solu tio n ) 

Heat treatment
and annealing Temp. range dE /dT Deviation

Run times No. of of measure­ X 10« from mean
no. N Bi Hours °C. obs. ment, °C. E. m. f., mv. vo lts/0 C. curve, mv.

1 0.050 140 200 3 )
2 .050 320 200 4 . ...1 4 9 —213 0.83 a t 160° 2.0 ±0.05
3 .050 500 200 4 J
4 .097 274 200 4  )
5 .096 461 200 6 !■ . ...149-202 1.82 a t 160° 4.8 H- b 00

6 .096 309 200 3 J
7 .147 298 200 4
8 .147 Slow-cooled 2°/hr., then annealed 140 hrs. a t 190'’ 5 . ...135-200 2.73 a t 124.5 ° 6 .7 ±  .1
9 .147 460 200 2 j

10 .2 0 0 309 200 . . . 1 5 7 -2 0 0 4.69 a t 160° 8.33 ±  .05
11 .201 88 200 5 J
12 .225 Slow-cooled 2 ° /h r . ,  then annealed 40 hrs. a t 155° 8 . ...124.5-185 4.83 a t 124.5'0 9.0 ±  .05
The behavior of alloys from N bï =  0.25 to N bi = 0.33 is shown by the following data.

N b i = 0.250 N b i =  0.248 N bi *  0.298-0.299
Run 13 Run 14 Run 15

N b i =  0.298 
Run 17

Quick-cooled, then annealed. 
No significant change of 
electromotive force after 71 
hours at 175°. For tem­
perature coëfficiënt:

Temp., °C. E. m. f., mv.
156.0 5.97
167.2 6.18
175.0 6.32
183.6 6.49

d E / d T  = 19.0 X ÏO '6 v./°C .

N bv = 0.330
Run 18

Slow-cooled, then annealed 
50 hours a t 155°. Steady de­
crease of electromotive force 
at various temperatures with
time observed.

Time, hrs. at 174'
0 7.31

12 7.02
at 163<

0 6.95
17 6 .6 6

When decrease with time ap­
peared to  stop, the data be-

Annealed 290 hours
Temp., °C. E. m. f., mv.

144.0 5.54
150.0 5.64
156.0 5.77
161.5 5.88

Run 16
149.8 5.91
156.0 6.05
160.6 6.09
163.8 6.18
168.6 6.22
172.0 6.29

Slow cooled as above 
Temperature 131.2°

Time, ifVs. E. m. f., mv
0 .0 12.02

20.6 10.44
68.9 9.91
91.7 9.82

123.5 9.67

low were obtained for the d E / d T  =  18.3 X 10~6 v ./°C .
tem p e ra tu re coëfficiënt.

Temp., °C. E. m. f., mv.
139.4 6.26
152.9 6.45
155.9 6.47
160.4 6.52
171.3 6.67

=  9.32 millivolts (extra- A E ' A T  =  133 X 
polated)

d E / d T  =  20.8 X 10-« v./°C .

Slow-cooled, then placed in 
cell and decrease of electro­
motive force with time noted. 

Temperature 147.7°
Time, hrs. E. m. f., mv.

0.0 9.30
47.0 7.95

115.0 7.43
163.0 7.27

Eco =  6.82 mv., extra­
polated

From a temperature coëf­
ficiënt determination. 
d E / d T  *  17.6 X 10-*v./°C.
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effect is a marked increase in electromotive force- 
temperature slope observed with alloys of com­
position N Bi =  0.225 in passing through the nar­
row temperature range 185-190°. The fact that 
the activities for N Bi =  0.250 and 0.300 are con­
siderably above the values read from a smooth 
curve drawn from the limit of solubility to N Bi =
0.200 constitutes the second definite indication. 
Other less marked irregularities also have been 
observed.

In Table IX, thë activity and Li data for the 
compositions N Bi = 0.050 to 0.200 at 124.5° are 
given, together with data representative of the 
region i\TBi =  0.225 — 0.330. The activities are 
plotted versus mole fraction of bismuth in Fig. 5, 
where the dotted line indicates the possible ap­
pearance if the unusual results noted are due to 
the presence of two solid phases. It should be 
noted that in the first range practically perfect 
solution behavior prevails.

T a b l e  IX
N b i ai (124.5°) ai/N i Li

0.050 0.956 1 .0 0 0
.096 .908 1 .0 0 0
.147 .853 1 .0 0 0
.200 .774 0.97 ■50

Mode of treatment

0.225 0.754 Slow-cooled
.250 .730 Quick-cooled and annealed
.248 .700 Slow-cooled
.298 .733 Quick-cooled and annealed
.298 .688 Slow-cooled
.330 .590 Slow-cooled

Determination of the Phase Diagram of the 
System.—In the previous section, the limits of 
solubility have been found to be N B{ =  0.365 and 
N bi = 0.995, and the eutectic composition has 
been determined as N Bi — 0.547. It is possible 
to check the liquidus curve on the bismuth side 
of the eutectic since, from the above, the solid 
phase there is practically pure bismuth. On the 
lead side, accepting the liquidus data of Barlow,14 
the solidus may be calculated up to about 20% 
bismuth. The methods of calculation are briefly 
as follows. The activity of solid relative to 
liquid bismuth is calculated at several tempera­
tures between the eutectic and the melting point. 
In the equation for the dependence of this activity 
on temperature, the heat of fusion is assumed inde­
pendent of the temperature, since no reliable heat 
capacity data for bismuth are available. The 
value of the heat of fusion used here is 2518 calo­

ries, the mean of the results of several investigators 
listed by Awbery and Griffiths.15 The activity 
curves of bismuth in the liquid alloys are now ex­
trapolated to these temperatures. The intersec­
tion of one of these curves with a calculated ac­
tivity of solid bismuth fixes the liquidus composi­
tion for that particular temperature. The results, 
tabulated in Table X, are in fair agreement with 
Bariow's data, but those of Kapp are found to be 
far too low. In a similar manner, the solidus on 
the lead side of the eutectic is calculated. From

0 0.2 0.4 0.6 0.8 1.0
Mole fraction of bismuth.

Fig. 5.—Activity of lead in solid lead-bismuth 
alloys a t 124.5°.

the smoothed curve through Barlow’s liquidus 
data, the temperatures corresponding to various 
concentrations are read. The activities of lead 
in the liquid alloys are now extrapolated to those 
temperatures by the usual procedure. The Stand­
ard state is changed by multiplying these values 
by the activity of liquid lead relative to solid lead, 
whence the activities are referred to solid lead. 
Since at a given temperature the activity in the 
equilibrium solidus and liquidus must be the 
same, the activity curves for the solid Solutions 
may be extrapolated to the chosen tempera­
tures, where by interpolation the solidus com­
position is fixed. These results also are listed in 
Table X. A survey of the literature on the sys-

T a ble  X

Liquidus 
temp., °C.

N b i,
calcd.

N b \ (from 
curve through 
Barlow’s data)

Solidus
temp.,

°C.
N b ï,

calcd.
140 0.581 0.598 312 0.026
180 .685 .698 295 .056
213 .789 .793 279 .087
250 .915 .920 250 .141

220 .197

(15) Awbery and Griffiths, Proc. Phys. Soc. (London), 38, 378
(1926).
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tem has failed to reveal any other accurate solidus 
data.

The results of the above determinations and 
calculations are summarized graphically in Fig. 6

Fig. 6.—Phase diagram for the Pb-B i system: • ,  this study; O, Barlow; 
Ó, Kapp; Q, Solomon and Jones.

where data from other studies of the system are 
plotted also. The possible change of the solu­
bility of bismuth in lead with temperature is in­
dicated by the dotted line drawn from Solomon 
and Jones' limit of 33% at room temperature to 
our value at 125°. In drawing a smooth curve 
through all of Barlow’s liquidus data on the lead 
side, the shape of the curve indicates the possi­
bility of a peritectic. This, with the behavior of 
the solid alloys previously mentioned, and the re­
port of Solomon and Jones, led us to postulate 
such a transition at about 180°. This was sub­
sequently verified by thermal analysis, the tem­
perature being fixed at 184°. In the thermal 
work, large amounts of the metals, 150 to 300 g., 
were taken and a differential copper-constantan 
thermocouple was used. The effect was observed 
with a 26 and a 30% alloy, but not with a 37% 
alloy, whose liquidus was about two degrees under 
the peritectic temperature. It should be noted 
that Hansen16 has postulated the existence of the 
peritectic change for this system in his recent 
treatise, based entirely on the x-ray study of 
Solomon and Jones and on superconductivity 
measurements of Meisner.17

(16) M. Hansen, “Der Aufbau der Zweistoffliegerungen,” Julius 
Springer, Berlin, 1936.

(17) Meisner. et al., Ann. Phys., 13, 979 (1932).

Regular Solution Behavior of the Liquid Alloys
Hildebrand,18 in the study of deviations from 

perfect solution behavior, introduced the term 
“regulär Solutions” to apply to those in which, 

due to the absence of particular Orien­
tations, the partial molal entropies of 
the constituents may be assumed the 
same as in an ideal solution of the 
same composition. Where the atomic 
volumes are the same, which is true 
for lead and bismuth, his most recent 
treatment yields the result

Ui -  ïfi =  [ ( A C / ? ) 1 /2  -  (AU°2)1/2]2N22 
where Ui and U\ are the partial molal 
and molal total energies, respectively, 
of the first constituent and where the 
A U terms represent the energies of 
vaporization. As may easily be 
shown, the equation may be converted 
by a simple assumption into the form 

RT ln ai/Ni = bN\
where a ,i[N i is the activity coëfficiënt 
of the first component and “5” repre­
sents the square of the quantity in 

brackets above. In this case, because of the 
extreme Variation of reported values for the heat

0 0.4 0.8
N*bu

Fig. 7.—Regular solution behavior of liquid 
alloys.

(18) Hildebrand, “Solubility,“ A. C. S. Monograph, No. 17, 2nd 
edition, 1936.
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of vaporization of bismuth, it was impossible to 
evaluate the term [(AC/?)1/2 — (AU%)1/zY. How­
ever, as a test for regulär solution behavior, the 
quantity “6” was calculated from the experimental 
data and its approximate constancy with Variation 
of composition demonstrated. The results of these 
calculations are given in Table XI and plotted in 
Fig. 7. Also, it may be shown that from the above 
dE i/dT  =  —R /n F  In N i for regulär Solutions; 
that is, the slope of the electromotive force-tem- 
perature curve should be a function of composi-
tion only. This is true for the lead-bismutl

T a ble  X I
n 2 a i / N i logio a i / N i “b”

0.152 0.023 0.989 —0.0048 -  666
.280 .079 .950 — .0223 -  911
.400 .160 .880 -  .0555 -1112
.504 .254 .803 -  .0953 -1202
.586 .343 .734 -  .1345 -1255
.672 .452 .677 -  .1694 -1202
.770 .594 .604 -  .2190 -1182
.889 .792 .519 -  .2848 -1153

T a ble  X II

logio N i
d E / d T ,  calcd. d E / d T ,  obsd. 
volts/0C.X 106 volts/°C. X10«

0.152 —0.0716 7.2 7.4
.280 — .1427 14.2 14.4
.400 — .2218 22.0 20.8
.504 — .3045 30.2 27.8
.586 — .3830 38.0 37.6
.672 — .4841 48.0 46.4
.770 — .6383 63.3 64.4
.889 — .9547 94.7 102.0

liquid alloys, as shown by the values in Table XII.

Summary
1. Methods of calculation have been presented 

whereby thermodynamic data can be used to es­
tablish accurately the conditions of phase equilib­
ria in binary systems.

2. The activities and relative partial molal 
heat contents of lead and bismuth in their liquid 
alloys have been determined, and it is shown that 
the alloys may be classified as regulär Solutions.

3. The activities and relative partial molal 
heat contents of lead in solid Solutions of lead and 
bismuth have been determined accurately up to 
20% bismuth, and the approximate activities 
have been established from 22.5 to 33% bismuth.

4. The eutectic composition and temperature 
are fixed at 54.7 atomic per cent. bismuth and 
125°. The compositions of the two solid phases 
comprising the eutectic solid have been found to be
36.5 atomic per cent. bismuth and practically pure 
bismuth.

5. The liquidus curve on the bismuth side of 
the eutectic and the solidus on the lead side up to 
20% bismuth have been calculated.

6. The indicated existence of a peritectic at 
184° on the lead side of the system has been veri­
fied by thermal analysis.

7. A revised phase diagram of the system is 
presented.
P it t s b u r g h , P e n n a . R e c e iv e d  J u n e  22, 1936
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Zinc and Zinc Amalgam Electrodes
By William J. Clayton and Warren C. Vosburgh

The difference of potential between zinc and 
saturated zinc amalgam electrodes in a solution 
containing zinc ion was considered by Cohen in 
1900 to be practically zero.1 This conclusion was 
based partly on the results of earlier workers and 
partly on some measurements of his own. The 
results of the latter measurements, given in a 
footnote in the same article1 (pp. 618-619), are
0.570 mv. at 25° and 0.488 mv. at 0° for the cell 

Z n ( s ) /Z n ++/Z n  (satd. amalgam) (1)

On the basis of these results Scatchard and Tefft2
(1) Cohen, Z. physik. Chem., 34, 612 (1900).
(2) Scatchard and Tefft, T h is  J o u r n a l , 52, 2280 (1930).

and Shrawder, Cowperthwaite and La Mer3 used 
the value 0.6 mv. at 25° in the calculation of the 
normal electrode potential of zinc. Puschin4 
found a value of about —2 mv. for cell 1. Garner, 
Green and Yost5 have assumed that the electro­
motive force of cell 1 is zero.

In this investigation the electromotive force of 
cell 1 has been found to be zero. A similar cell in 
which a superficially amalgamated zinc electrode 
was substituted for the pure zinc electrode was 
found to have zero electromotive force also. The

(3) Shrawder, Cowperthwaite and La Mer, ibid., 56, 2348 (1934).
(4) Puschin, Z. anorg. Chem., 63, 230 (1903).
(5) Garner, Green and Yost, T h is  J o u r n a l , 57, 2056 (1 9 3 5 ).
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latter would be expected because Clark cells made 
with superficially amalgamated zinc electrodes 
agree in electromotive force with those made with 
saturated amalgam electrodes, as pointed out by 
Cohen1 (p. 613).

Materials and Apparatus.—Mercury was purified by 
washing with a solution of nitric acid and mercurous nitrate 
and distilling in a current of air. Zinc sulfate was recrys­
tallized. The zinc chloride used was of the best commer­
cial grade. Most of the zinc used was the best grade of 
commercial stick zinc, but a few measurements were made 
with some spectroscopically pure zinc which the Research 
Division of the New Jersey Zinc Company kindly fur­
nished, and a few with strips of sheet zinc intended for 
standardizing. The treatment of the stick zinc in making 
the electrodes was found to be of considerable importance, 
and is described below. Zinc amalgam containing 5% of 
zinc was prepared electrolytically with stick zinc as the 
anode and zinc chloride as the electrolyte.

Days.
Fig. 1.—Electromotive force of the cell 

Zn (stick)/Zn++/Zn (Hg) when the stick zinc 
electrode has been immersed in acidified zinc 
chloride solution from one to three days.

Zinc sulfate solution for use in the cells was made by 
dividing a solution containing 20 g. per liter of hydrated 
zinc sulfate in two equal parts, digesting one part with 
precipitated zinc hydroxide, filtering off the excess and re- 
uniting the two parts. Zinc chloride solution for use in the 
cells was prepared by dissolving 20 g. of anhydrous zinc 
chloride per liter with the addition of enough hydrochloric 
acid to prevent precipitation of basic material and digesting 
with zinc oxide. Zinc acetate solution was prepared in the 
same manner as the zinc chloride solution, using 20 g. of 
hydrated zinc acetate per liter.

Nitrogen was prepared by passing air through four 
bottles of ammoniacal cuprous chloride solution.6 The 
solution in the last bottle remained colorless.

Preparation of Zinc Stick Electrodes.—Most of the zinc 
sticks used as pure zinc electrodes were annealed, and all 
were treated as described below with an acidified solution 
of zinc chloride. Annealing was accomplished by sealing 
the zinc inside a glass tube and heating it in a muffle fur­
nace to a temperature near or in some cases above the melt­
ing point, and cooling very slowly. The treatment with 
an acidified zinc chloride solution was best carried out in 
the following manner. The zinc sticks were immersed in 
a concentrated zinc chloride solution (200 g. of anhydrous 
zinc chloride to 100 ml. of water) and concentrated hydrp- 
chloric acid was added until hydrogen was generated 
uniformly over the surface of the zinc. Additional small 
portions of acid were added from time to time (about six 
or seven times a day) to keep the reaction going slowly.

To show the changes taking place during the treatment 
with acidified zinc chloride solution, the treatment of eight 
zinc sticks was interrupted at one-day intervals and the 
difference of potential between the sticks and zinc amal­
gam electrodes was determined by the procedure described 
below. The results are shown in Fig. 1. Curve I shows 
the change in the average electromotive force as the treat­
ment progressed for four annealed electrodes and curve 
II for four unannealed electrodes. In two days for the 
annealed electrodes and three days for the unannealed the 
electromotive force had fallen to about 0.1 mv. Experi­
ence with other electrodes showed that a further slow de­
crease goes on for two to three weeks, after which no fur­
ther change takes place, and the electrodes are in very 
good agreement with each other.

I t  is shown in Fig. 1 that for commercial stick zinc the 
annealing process is of less importance than the treatment 
with the acidified zinc chloride solution. Occasionally 
unannealed electrodes had to be rejected for disagreement 
with the others, but annealed electrodes could always be 
brought to excellent agreement. The annealing was es­
sential for electrodes cast in the laboratory in Pyrex 
tubes.

Some of the spectroscopically pure zinc was treated 
with acidified zinc chloride solution, and some was not 
treated, but used for electrodes as received. No attempt 
was made to anneal it.

Superficially amalgamated zinc electrodes were pre­
pared by immersing zinc sticks about 0.5 cm. in diameter 
to a depth of 4 cm. in 0.1 M  hydrochloric acid solution at 
40° and touching them to three or four small droplets of 
mercury about 1 mm. in diameter. By rubbing two sticks 
together the spreading of the mercury over the surface 
was hastened. No annealing or other treatment was 
necessary.

Preparation of the Cells.—Figure 2 is a diagram of the 
cell vessel used, with the electrodes in place. Stick elec­
trodes, either of pure or superficially amalgamated zinc, 
were soldered to brass rods of small diameter which were 
passed through one-holed rubber stoppers. The strips 
of sheet zinc were treated similarly. A clean, dry cell 
vessel was connected by means of the tube projecting down- 
ward from the cross-arm to the three-way stopcock of the

(6) Van Brunt, T h is  J o u r n a l , 36, 1448 (1914).
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apparatus shown in Fig. 3, using a rubber tube for a con- 
nector. The cell vessel was stoppered and evacuated and 
filled with nitrogen. Some amalgam was washed with 
dilute acid and water, then dried and heated to a tempera­
ture near its boiling point. I t  was then passed through a 
small hole in a filter paper into the two legs of the cell 
vessel, with a stream of nitrogen flowing to protect from 
oxidation. The stick electrodes which had been treated 
as described above were next washed with dilute hydro­
chloric acid, water and alcohol and then quickly placed 
in an empty cell vessel, the rubber stoppers fitting tightly

Fig. 2.—Diagram of cell vessel with 
electrodes in place.

in the tops of the vertical tubes. The vessel was immedi­
ately evacuated and the alcohol all evaporated. The 
electrodes were then transferred to the cell vessel contain­
ing the amalgam electrodes. The cell vessel was evacu­
ated for at least forty-five minutes by means of an ef­
ficiënt vacuum pump.7 Then some zinc sulfate solution 
was allowed to flow into the flask of the apparatus of Fig. 
3. The low pressure caused it to boil, expelling dissolved 
gases. By allowing air to enter the flask, part of the solu­
tion was forced into the cell vessel. The vessel was filled 
to the lower part of the stick electrodes, then the three-way 
stopcock was turned to allow the entrance of nitrogen. 
Care was taken tha t no nitrogen bubbles stuck to the 
electrodes, as these seemed to cause disagreement. The 
cell was removed from the apparatus of Fig. 3 by closing 
the rubber tube connection by means of a screw damp and 
disconnecting from tube A. Some of the cells were placed 
in a constant-temperature air-bath for measurement, and 
some were measured a t room temperature.

(7) The evacuation is an important part of the process. When 
properly carried out equilibrium was reached in the cells as soon as 
the temperature became uniform. When a water pump was used for 
the evacuation more time was required for equilibrium, but about 
80% of the cells came to excellent agreement within three or four 
days.

The spectroscopically pure zinc was used in the form of 
irregulär chunks as received. Chunks of the proper size 
were soldered to platinum wires which at the opposite ends 
were sealed into glass tubes. The 
level of the electrolyte was adjusted 
so that only part of the zinc electrode 
was immersed and the platinum wire 
did not touch the electrolyte.

Electromotive Force M easure­
ments.—In the best cells, as soon as 
temperature equilibrium was a t­
tained, the electromotive force be­
came constant at a value very near 
zero for all combinations of the elec­
trodes and remained so indefinitely.
As an example of the agreement ob­
tainable between similar electrodes, 
the potential difference between pure 
zinc stick electrodes averaged 0.01 
mv. for eight pairs, between amalga­
mated stick electrodes 0.006 mv. for 
five pairs, and between amalgam elec­
trodes 0.006 mv. for eight pairs. Av­
erage potential differences between 
zinc and amalgam electrodes in cells 
in which the electrolyte was zinc sul­
fate are given in Table I. A positive 
value indicates tha t the zinc electrode 
was negative. In giving the number 
of cells, each cell as described above 
is counted as two, since it contained 
two of each kind of electrode. For 
cells with pure zinc electrodes the av­
erage deviation from the mean value 
in the table was 0.Ö1 mv. and for the 
amalgamated stick electrodes the av­
erage deviation was 0.003 mv.

I t was found that a zinc chloride 
solution or a zinc acetate solution if 
prepared as described above could be 
used in the cells in place of the zinc 
sulfate solution. The results so ob­
tained were practically the same as 
those shown in Table I, and need not 
be given in detail.

The strips of sheet zinc as purchased were covered with 
grease. Washing with alcohol (without further trea t­
ment) gave electrodes tha t were positive toward amalgam 
to the extent of 3.5 to 4.5 mv. Washing the same strips 
with ether left a surface that still seemed to be greasy but

T a b l e  I
E lec trom otive  F o rce  of t h e  C e l l  Z n (s ) /Z n  + +/Z n  

(S a t d . A m algam )
Zinc

electrode
No. of 

cells
✓---------- Average, e. m.

20° 25°
f.-------------.

30°
Amalgamated stick 18 - 0 . 0 0 2  0 .0 0 2 0 .0 0 1
Annealed stick 12 .000 .005 .0 0 2
Unannealed stick 4 .0 2  .01 .0 1
Spectroscopie

(treated) 4 .005 .0 0 1
Spectroscopie

(untreated) 4 -  .0 0 2 -  .005

Fig. 3.—A ppara­
tus used in e vacua- 
ting the cell vessels 
and introducing the 
electrolyte without 
contact with air. 
The cell vessel was 
connected a t A. 
Tube B was con­
nected with a source 
of nitrogen, and 
tube C with either 
a vacuum pump or 
the atmosphere by 
means of a three- 
way stopcock. The 
electrolyte was in­
troduced through 
D.
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lowered the potential difference to about 0.5 mv. Im­
mersion of the ether-washed electrodes in very dilute hy­
drochloric acid solution resulted in potential differences 
within 0.1 mv. of zero ägainst amalgam electrodes. On 
greasing these electrodes with petrolatum the performance 
could be repeated.

The zinc strip electrodes could not be treated suc- 
cessfully with an acidified zinc chloride solution because 
the dissolutioii of some of the zinc left the Strip so fragile 
tha t it was difficult to avoid bending it in subsequent 
operations. Bending caused an electrode potential con­
siderably mofe negative than tha t of the amalgam, as might 
be expected.

The Normal Electrode Potential of Zinc.—The electro­
motive force of cell 1 is shown to be zero within the rather 
narrow limits of experimental error. A correction of 
— 0.6 mv. is therefore necessary to the values for the elec­
trode potential of zinc given by Scatchard and Tefft 
and Shrawder, Cowperthwaite and La Mer. Application 
of this correction makes better agreement between these 
two values and the value of Oetman8 which was obtained 
from cells with pure zinc electrodes. Thé three values 
are as follows:

Scatchard and Tefft (corr.) 0.7610 V.
Getman .7613
Shrawder, Cowperthwaite and La Mer

(corr.) .7614
Additional Observations*—Of the three kinds of zinc 

electrode, namely, pure zinc, amalgamated zinc stick and 
zinc amalgam, the first is the most troublesome to prepare 
in a highly reproducible condition. The amalgamated 
stick electrode is easy to  prepare and handle, and gives 
the same potential difference against a zinc salt solution 
as a pure zinc electrode when measured as described 
above. For some purposes this electrode might be prefer- 
able to amalgam electrodes. Amalgamated electrodes 
rubbed with filter paper for the purpose of spreading the 
mercury over the zinc surface were found to be about 0.2 
more negative than zinc amalgam when first put in con­
tact with an electrolyte in the presence of air. This value 
persisted for some time when the electrolyte contained a 
small amount of free acid, but when the electrolyte had 
been treated with zinc oxide or hydroxide the electromo­
tive force soon dropped to zero.

Sticks of pure zinc prepared as described above when par­
tially immersed in a 60% slightly acidified zine chloride

(8) Getman, 7 . Phys. Chem., 3S, 2755 (1931).

solution in contact with air agreed within 0.02 mv. How­
ever, when such a solution Was used as ä cell electrolyte, 
with exclusion of oxygen, the agreement of the zinc elec­
trodes was poor.

Zinc salt Solutions containing added acid, or even the 
quantity of acid resulting from hydrolysis, gave erratic 
results in the cells. The treatment of the Solutions with 
zinc oxide as described above Was necessary for the best 
results. The disturbing effect of acid was less in the 
presence of air than in its absence.

Twelve cells with amalgamated stick electrodes pre­
pared with slightly acid electrolytes and with fairly good 
protection from air differed rather widely för some time, 
but after four months the electromotive forces were be­
tween — 0.01 and +0.05 mv.

The introduction of hydrogen into a cell in place of nitro­
gen caused the pure zinc electrodes to be more positive 
than the amalgams by 0.2 tö 0.3 mv. When bubbles 
stuck to the electrode the values were a little higher. 
Air when introduced caused ä lafge temporary effect and a 
more or less permanent effect of the same order of mag­
nitude as that of hydrogen. A few cells were allowed to 
come to thermal equilibrium and measured before the 
introduction of the nitrogen. These gave the same values 
as after the introduction of nitrogen, showing that 
nitrogen has no effect on the electrodes. This seems to 
disagree somewhat with Getman's9 conclusion on the ef­
fect of nitrogen.

Finely divided zinc samples prepared both by elec­
trolysis and by reduction by magnesium and also zinc 
deposited by electrolysis on platinum wires were tried. 
A few samples of the finely divided zine came to good 
agreement with the stick electrodes. Most of the dif­
ficulty was probably in washing this zinc properly. The 
zinc deposited on platinum wires was always positive with 
relation to the other electrodes.

Summary
The electromotive force of the cell Zn(s)/ 

Zn++/Zn (satd. amalgam) is zero. The Symbol 
Zn(s) may be understood to stand for either a 
pure zinc electrode or a superficially amalga­
mated zinc electrode, these two having the same 
electrode potential.
D urham , N. C. R e c eiv ed  A u g u st  3, 1936

(9) Getmaü, ibid., 36, 2662 (1932).
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Phenanthrene Derivatives. V. The Beckmann Rearrangement of the Oximes of 
Acetylphenanthrenes and Benzoylphenanthrenes

By W. E. Bachmann and Charlotte H. Boatner1

We have investigated the Beckmann rearrange­
ment of the oximes of acetylphenanthrenes and 
benzoylphenanthrenes for two reasons. First, we 
wished to know how various phenanthryl groups 
were oriented with respect to the hydroxyl group 
in the two series of oximes. Secondly, the rear­
rangement appeared to offer a method for the 
practical preparation of certain phenanthrene de­
rivatives. Accordingly we have prepared the 
oximes of 1-, 2-, 3- and 9-acetylphenanthrene 
and of 1-, 2-, 3- and 9-benzoylphenanthrene, 
and have submitted them to rearrangement by the 
action of phosphorus pentachloride. A pre­
liminary communication was reported a year ago 
and one more recently.2

All eight ketones containing the phenanthryl 
group give mixtures of stereoisomeric oximes, cis 
aud trans.3 Although it would be difficult or even 
impossible to separate these mixtures quantita­
tively into the two components in order to deter­
mine the relative proportions of the two forms, 
this is not the case with the products obtained on 
rearrangement of the oximes. Thus, an acetyl- 
phenanthrene oxime would rearrange to give 
either an acetylaminophenanthrene (as I) or a 
N-methyl-phenanthroic acid amide (as II). Hy­
drolysis of these products would yield an amino­
phenanthrene and a phenanthroic acid, respec­
tively, and these can be separated easily and 
quantitatively through their water-soluble salts. 
If we assume that each oxime gives rise to a single 
rearrangement product—and the work of most 
investigators indicates that this is the case—then 
the proportions of aminophenanthrene and phen­
anthroic acid would be a measure of the relative 
amounts of the cis and trans oximes in the original 
mixture. We have therefore rearranged the mix­
ture of stereoisomeric oximes which was obtained 
in each case, and have determined the relative 
proportions of the two isomers by this procedure. 
The results obtained from the oximes of 1-, 2-, 3- 
and 9-acetylphenanthrene are presented in Table I.

(1) From part of the Ph.D. dissertation of Charlotte H. Boatner.
(2) Bachmann, T h is  J o u r n a l , 57, 1381 (1935); Bachmann and 

Boatner, ibid., 58, 857 (1936); see also Mosettig and Krueger, ibid., 
58, 1311 (1936).

(3) We have used these terms to designate the relative positions of 
the phenanthryl and hydroxyl groups with respect to each other.

c is  oxime (II)

The yields of the products do not total 100% be­
cause a certain amount of decomposition oc­
curred during the rearrangement. On the basis 
of Meisenheimer’s proof of the interchange of the

T a b l e  I
R e a r r a n g e m e n t  o f  A c e t y l p h e n a n t h r e n e  O x im e s

Rearrangement products

Isomer % %
1- 71 1
2- 81 1
3- 87 2
9- 50 6

hydroxyl group and the trans group4 our results 
show that in the acetylphenanthrene oximes the 
1-, 2-, 3- and 9-phenanthryl groups oriënt them­
selves for the most part trans with respect to the 
hydroxyl group.

Inasmuch as the 1-, 2-, 3- and 9-aminophenan- 
threnes can be obtained in yields of 50-87% from 
the ketones, the Beckmann rearrangement con- 
stitutes the most practical method of preparing 
these aminophenanthrenes, and by this procedure 
we have prepared several hundred grams of the 
amines. Although the 1-acetylphenanthrene is 
not obtained as easily as its isomers, nevertheless 
this method is the only one available for preparing 
the new 1-aminophenanthrene. Of interest in 
this connection is the work of Adelson and Bo­
gert5 who recently obtained 6-aminoretene by 
hydrolysis of the rearrangement product from 6- 
acetylretene oxime.

The mixtures of the stereoisomeric oximes ob-
(4) Meisenheimer, Ber., 54, 3206 (1921); Meisenheimer, Thei- 

lacker and Beisswenger, Ann., 495, 249 (1932).
(5) Adelson and Bogert, T h is  J o u r n a l , 58, 653 (1936).
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tained from 1-, 2-, 3- and 9 -benzoylphenanthrene 
are rearranged quantitatively without decompo­
sition to mixtures of benzoylaminophenanthrene 
C14H9NHCOC6H5 and phenanthroic acid anilide 
C14H9CONHC6H5. The proportions of these prod­
ucts obtained from the various isomeric ketones 
are shown in Table II. From these results it is

T a b l e  II
R e a r r a n g e m e n t  o f  B e n z o y l p h e n a n t h r e n e  Ox im e s

Rearrangement products 
Ci4H9NH CO C6H 5, CnHgCONHCeHfi,

% %
1 - 18 82
2 - 44 56
3- 37 63
9- 4 96

apparent that in the benzoylphenanthrene oximes 
the phenanthryl group is oriented chiefly cis with 
respect to the hydroxyl group. Apparently the 
size of the groups has little effect on the orienta­
tion of the groups in the oximes. From the re­
sults obtained with the two classes of oximes the 
various groups may be arranged in the following 
order of decreasing tendency toward trans orien­
tation with respect to the hydroxyl group: phenyl, 
2 -phenanthryl, 3-phenanthryl, 1-phenanthryl, 9- 
phenanthryl, methyl.

The products obtained by rearrangement of the 
stereoisomeric oximes of 1 -benzoylphenanthrene 
proved particularly valuable, for on hydrolysis 
there are produced 1 -phenanthroic acid (hitherto 
rare) and the new 1-aminophenanthrene. More­
over, by reduction of the 1 -phenanthroic add ani­
lide the new 1 -phenanthraldehyde can be prepared 
in excellent yield. As a result the way is now 
open for the preparation of 1 -phenanthrene de­
rivatives.

Experimental Part
1-Acetylphenanthrene was prepared in two ways: (A) 

by oxidation of 1-phenanthrylmethylcarbinol and (B) 
by interaction of 1 -cyanophenanthrene and methylmag­
nesium iodide.

(A) 1 -Phenanthrylmethylcarbinol.—To the Grignard re­
agent which had been prepared from 1.5 cc. of methyl 
iodide in 1 0  cc. of ether was added 1 0  cc. of benzene, fol­
lowed by 2 . 6  g. of 1 -phenanthraldehyde (preparation de­
scribed later). After being refluxed for fifteen minutes 
the solution was hydrolyzed by ice-cold ammonium chlo­
ride solution; evaporation of the solvents gave the car­
binol in crystalline form. By recrystallization from ben­
zene 1 -phenanthrylmethylcarbinol was obtained in the 
form of colorless plates: yield 2.5 g. (90%); m. p. 108- 
110° .

A n a l. Calcd. for Ci6H i4 0 : C, 86.5; H, 6.3. Found: 
C, 86.3; H, 6 .6 .

1 -Acetylphenanthrene.—A solution of 1.5 g. of 1 - 
phenanthrylmethylcarbinol in 25 cc. of glacial acetic acid 
was treated with a solution of 0.5 g. of chromic acid 
anhydride in 0.5 cc. of water and 10 cc. of acetic acid; 
throughout the reaction the temperature was kept at 2 0 °. 
After standing for twelve hours the solution was poured 
into water and the ketone was extracted with benzene. 
The benzene solution, after being heated with charcoal 
and filtered, was evaporated and the residue was recrys­
tallized from alcohol, yielding 1 -acetylphenanthrene as 
large colorless diamond-shaped plates; weight 0.80 g. 
(53%); m. p. 112-113°.

A n al. Calcd. for CieHi2 0 : C, 87.2; H, 5.5. Found: 
C, 87.0; H, 5.7.

(B) 1-Cyanophenanthrene was prepared from 1- 
phenanthroic acid amide which was obtained from the 
acid through the acid chloride . 6  A mixture of 5 g. of 1- 
phenanthroic acid amide and 5 g. of phosphorus pentoxide 
was heated at 140° for fifteen minutes; throughout the 
reaction the mixture was stirred and pressed with a glass 
rod. Most of the nitrile was obtained by decantation; 
the remainder was secured after extracting the phosphoric 
acid by water. The 1-cyanophenanthrene was then re­
crystallized from benzene-methyl alcohol; yield 4.3 g. 
(96%).

To the Grignard reagent prepared from 3 cc. of methyl 
iodide in 15 cc. of ether was added 25 cc. of benzene and 
then 4.3 g. of 1-cyanophenanthrene. After being refluxed 
for five hours the clear solution was cooled, whereupon 
the addition product crystallized; this solid was filtered off, 
washed with benzene and hydrolyzed to 1 -acetylphenan­
threne by refluxing it with dilute hydrochloric acid for 
four hours. The ketone which crystallized on cooling 
was obtained pure by distillation under reduced pres­
sure, followed by recrystallization from alcohol; yield 4.0 
g. (85%). The product was identical with the ketone pre­
pared by method (A).

9-Acetylphenanthrene.—We prepared this ketone by the 
Grignard reaction from 9-cyanophenanthrene. The latter 
eompound was made by heating 9-bromo-phenanthrene 
and cuprous cyanide7  in a Claisen flask; when the reaction 
was at an end the nitrile was distilled from the flask under 
reduced pressure, b. p. 190-200° (3 mm.). This procedure 
avoids the long extraction otherwise required to separate 
the nitrile and cuprous salts.

To the Grignard reagent prepared from 7 cc. of methyl 
iodide in 30 cc. of ether was added 25 cc. of benzene and 
then 15 g. of 9-cyanophenanthrene. After being refluxed 
for three hours, the mixture was cooled and hydrolyzed 
with ice-cold ammonium chloride solution. The ether- 
benzene layer was shaken with ice-cold dilute hydro­
chloric acid and the aqueous solution which now contained 
the ketone-imine hydrochloride was heated for an hour in 
order to hydrolyze the product to the ketone. The latter, 
which precipitated as an insoluble oil, was purified by dis­
tillation under reduced pressure, followed by recrystalliza­
tion from alcohol; yield 9.5 g. (57%); m. p. 73-74°. 
Mosettig and van de Kamp , 8  who prepared the ketone by a 
different method, reported a melting point of 74.5°.

(6) Bachmann, T h is  J o u r n a l , 57, 555 (1935).
(7) Mosettig and van de Kamp, ibid., 54, 3328 (1932).
(8) Mosettig and van de Kamp, ibid., 55, 3442 (1933).
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2- and 3-acetylphenanthrene were prepared according to 
the procedure of Mosettig and van de Kamp 9  with the 
modification tha t the mixture of crude ketones was dis­
tilled under reduced pressure, b. p. 180-214° (4 mm.). 
By digestion of the distillate with ether most of the 3- 
isomer was dissolved; the residue of the 2 -isomer was ob­
tained pure by two recrystallizations from benzene, the 3- 
isomer by recrystallization from methyl alcohol.

Oximation of Acetylphenanthrenes.—The preparation of 
oximes of ketones with large hydrocarbon radicals 
has often been found difficult and sometimes impossible. 
The use of pyridine by Bryant and Smith1 0 in the hydroxyl­
amine method for the titration of ketones and aldehydes 
suggested its use for the preparation of the oximes whose 
rearrangement we wished to study. With the modifica­
tion of leaving out the water entirely we found that quan­
titative oximation of 1-, 2-, 3- and 9-acetylphenanthrene 
could be accomplished by heating a mixture of the ketone 
and hydroxylamine hydrochloride in a solution of ab­
solute alcohol and pyridine for three hours on a steam-bath. 
The advantages of this procedure have been pointed out by 
one of us ; 1 1  by this method it is possible to prepare 
oximes which do not form readily under the usual condi­
tions . 1 2

A mixture of 20 g. of 3-acetylphenanthrene (similarly 
for the 1- or 9-isomer) and 16 g. of hydroxylamine hy­
drochloride in 75 cc. of absolute alcohol and 28 cc. of pyri­
dine was refluxed for three hours. A practically quantita­
tive yield of the oxime was obtained by removing most of 
the solvent and pouring the residue into water. For the 
preparation of the 2 -acetylphenanthrene oxime we re­
fluxed a mixture of 2  g. of the ketone with 1 . 6  g. of hy­
droxylamine hydrochloride in 4 cc. of absolute alcohol and 
12 cc. of pyridine on a steam-bath for three hours; a 97% 
yield of oximes (m. p. 187-190°) was obtained. By re­
crystallization from methyl alcohol the pure trans-2 - 
acetylphenanthrene oxime was obtained as colorless 
needles; m. p. 196-197°.

A n a l. Calcd. for Ci6H 1 3ON: N, 6.0. Found: N, 6.2.
The properties of the 3- and 9-acetylphenanthrene ox­

imes were similar to those prepared by the usual method . 9 

Mosettig and Krueger2  reported a melting point of 196- 
198° for the 2-acetylphenanthrene oxime which they pre­
pared recently by the pyridine method.

1 -Acetylphenanthrene Oxime.—The trans form of this 
oxime crystallizes from methyl alcohol in colorless plates; 
m .p . 174-176°.

A n al. Calcd. for Ci6H i3ON: N, 6.0. Found: N, 6.0.
Rearrangement of the Acetylphenanthrene Oximes.—

Anhydrous ether is generally employed as the solvent in 
the Beckmann rearrangement and at first we employed 
this solvent. We found, however, that the cheaper sol­
vent benzene could be substituted and, indeed, in several 
cases wé obtained better results; moreover, smaller vol­
umes of this solvent suffice. The mixture of cis and trans  
oximes prepared from 5 g. of 3-acetylphenanthrene (or 1-

(9) Mosettig and van de Kamp, T h is  Jo u r n a l , 52,3704 (1930).
(10) Bryant and Smith, ibid., 57, 57 (1935).
(11) “Annual Survey of American Chemistry," Reinhold Pub­

lishing Co., New York, Vol. X, 1935, p. 188.
(12) See for example Cook, Hewett and Lawrence, J. Chem. Soc.,

79 (1936).

or 9-isomer) was suspended in 80 Cc. of dry benzene 
and treated with 5 g. Qf powdered phosphorus pen ta­
chloride. After the mixture had been refluxed for fifteen 
minutes, the mixture was cooled and hydrolyzed. In  the 
rearrangement of the 2 -acetylphenanthrene oximes 2 0  cc. of 
benzene was used for each gram of oxime and the solution 
was refluxed for a period of three hours. Using these pro­
cedures we have rearranged quantities of 50-100 g, of oxime 
a t one time.

The mixture of acetylaminophenanthrene and N - 
methylphenanthroic acid amide obtained on rearrange­
ment of the oximes from 5 g. of ketone was refluxed w ith 
200 cc. of alcohol and 7 cc. of concentrated hydrochloric 
acid for twenty-four hours. After the alcohol had been re­
moved by distillation the residue was digested with 300 cc. 
of boiling water and filtered. Addition of ammonium 
hydroxide to the aqueous filtrate precipitated the free 
aminophenanthrene (3.12 g. of 1-, 3.58 g. of 2-, 3.83 g. of 3- 
and 2.21 g. of 9-amine). The residue was then heated 
with a solution of 7 cc. of hydrochloric acid in 200 cc. of 
alcohol in order to hydrolyze the acid amide, and the  
phenanthroic acid was isolated through its water-soluble 
sodium salt (after hydrolysis by potassium hydroxide of 
any ester formed in the previous reaction). The acid 
amide was also hydrolyzed by a mixture of acetic acid 
and hydrochloric acid in a sealed tube a t 2 0 0 ° for six 
hours.

The amines as obtained were usually practically color­
less and pure. Further purification can be best accom­
plished by distillation under reduced pressure. The 
melting points of the 2- and 3-amines and their acetyl 
derivatives were in agreement with the values reported 
by W emer1 3  for the products obtained from the corre­
sponding phenanthrene sulfonic acids. Although W em er 
obtained 2 -aminophenanthrene as yellow crystals we 
were able to isolate it  in a colorless state.

1 -Aminophenanthrene.—This amine, obtained in 72%  
yield (based on the ketone) in the manner described, crys­
tallizes from a mixture of benzene and petroleum ether 
in broad, colorless glistening needles; m. p. 145-146°. 
The amine is insoluble in water, slightly soluble in cold 
petroleum ether and benzene and soluble in hot benzene.

A n a l. Calcd. for C 1 4H 1 1N : N, 7.2. Found: N, 7.0.
The hydrochloride of this amine crystallizes from alcohol 

in the form of fine colorless needles; m. p. 253-255° w ith 
previous decomposition. The salt is soluble in w ater b u t 
not very soluble in cold alcohol.

1-Acetylaminophenanthrene.—This substance is the prin­
cipal product of the rearrangement of 1 -acetylphenan­
threne oxime. A 90% yield of this eompound was ob­
tained by refluxing a mixture of 0 . 1  g. of 1 -aminophenan­
threne and 2  cc. of acetic anhydride for ten minutes, 
adding 3 cc. of water and cooling the solution. 1-Acetyl­
aminophenanthrene crystallizes from acetic acid in broad 
colorless needles or plates; m. p. 219-220.5°.

A n a l. Calcd. for Ci6H 1 3 ON: N, 6.0. Found: N ,
6 .2 .

1 -Benzoylaminophenanthrene.—A 99% yield of this de­
rivative was obtained by treating a solution of 0 . 1  g. of 1 - 
aminophenanthrene in 1  cc. of pyridine with 0 . 2  cc. of

(13) Werner, Ann., 321, 312 (1902).
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benzoyl chloride and heating the mixture for five minutes.
1-Benzoylaminophenanthrene crystallizes from acetic 
acid in broad colorless needles; m .p . 224-226 °.

A n a l. Calcd. for C2 1 H 1 5 ON: N, 4.7. Found: N, 4.9.
1-Aminophenanthrene Picrate.—The picrate, prepared 

by mixing hot benzene Solutions of the amine and picric 
acid, crystallizes from w-propyl alcohol in fine pale-yellow 
needles; m. p. 203-204° with decomposition. The pic­
rate is nearly insoluble in cold benzene, chloroform and 
alcohol.

A n a l. Calcd. for C^HnNCeHsOTNa: N, 13.3. Found:
N, 13.7.

1 -Phenanthrylurethan.—A solution of 0.1 g. of 1- 
aminophenanthrene in 5 cc. of benzene was treated with
O . 1  cc. of ethyl chlorocarbonate and 0 . 1  cc. of pyridine. 
After being warmed for a few minutes the mixture was al­
lowed to stand a t room temperature for three hours. 1 - 
Phenanthrylurethan crystallizes from alcohol in colorless 
transparent plates; yield, quantitative; m. p. 153.5-154°.

A n a l. Calcd. for Ci7H 1 6 0 2 N: N, 5.3. Found: N, 5.3.
N -P h e n y l-N (1 -phenanthryl)-urea.—A solution of 0.2 

g. of 1-aminophenanthrene and 0.15 g. of phenyl isocyanate 
in 5 cc. of benzene was warmed on a steam-bath for fif­
teen minutes and then allowed to stand a t room tempera­
ture twelve hours. N-Phenyl-N'-(1-phenanthryl )-urea 
crystallizes from a mixture of chloroform and alcohol in 
fine colorless needles; m. p. 323-325° with decomposition; 
yield, quantitative. The compound is nearly insoluble in 
alcohol and in benzene but is soluble in hot chloroform.

A n a l. Calcd. for C2 1H 1 6 ON2 : N, 9.0. Found: N, 8.8.
Synthesis of N-Methylphenanthroic Acid Amides.— 

These compounds, formed to a slight extent in the re­
arrangement of the acetylphenanthrene oximes, were syn­
thesized from the acids. The acid chloride6  from 1 g. of 
phenanthroic acid (1-, 2 -, 3- or 9 -isomer) was dissolved in 
1 0  cc. of acetone and the resulting solution was poured into 
an ice-cold 33% aqueous solution of methylamine. The 
amide which precipitated immediately was filtered off, 
washed with water, dried and recrystallized from a mixture 
of benzene and methyl alcohol; yields 90-95%.

The properties of the N-methylphenanthroic acid amide 
(calcd. for Ci6H 1 3 ON: N, 6.0) are: 1 -isomer, plates, m. p. 
204-205.5° (N, 5.7); 2-isomer, needles, m. p. 201-202° 
(N, 6.2); 3-isomer, needles, m. p. 207-207.5° (N, 5.9); 
9-isomer, needles, m. p. 191-192° (N, 6.3).

Benzoylphenanthrene Oximes.—1-Benzoylphenan-
threne was prepared by the Perrier modification of the 
Friedel and Crafts reaction and the other ketones were 
prepared from the corresponding eyanophenanthrenes by 
means of the Grignard reaction . 6  Oximation was carried 
out according to the procedure described for the acetyl­
phenanthrenes though usually twelve to twenty-four hours 
were allowed for heating. The yields of oximes were 
nearly quantitative. Thus, by heating a mixture of 70 g. 
of 1 -benzoylphenanthrene and 6 8  g. of hydroxylamine 
hydrochloride in 500 cc. of absolute alcohol and 1 0 0  cc. of 
pyridine for twelve hours 67 g. of the oximes was obtained.

All of the oximes crystallized from methyl alcohol as 
colorless needles. The properties of the benzoylphenan­
threne oximes (Calcd. for C2 1H 1 5ON: N, 4.7) are: 1 - 
isomer, m. p. 185-186° (N, 4.4); 2 -isomer, m. p. 182-183°

(N, 4.5); 3 -isomer, m. p. 201-203° (N, 4.9); 9-isomer, 
m. p. 218-220 (N, 4.9).

The benzoylphenanthrene oximes were rearranged in the 
same manner as the acetylphenanthrene oximes. Thus, 
a mixture of 2 0  g. of the oximes in 1 0 0  cc. of ether (or 
benzene) was treated with 15 g. of phosphorus penta­
chloride. After being warmed for fifteen minutes the 
solution was carefully hydrolyzed; 19 g. of rearrangement 
products was obtained. When the mixture was heated 
with alcoholic hydrochloric acid for three weeks on a steam- 
bath, the benzoylaminophenanthrene was hydrolyzed to 
aminophenanthrene while the phenanthroic acid anilide 
was only slightly affected. The weight of aminophenan­
threne (2.45 g. 1 -aminophenanthrene from 20 g. of 1 -ben- 
zoylphenanthrene, for example) indicated the proportion of 
£ra«s-benzoylphenanthrene oxime in the original mixture.

1-Phenanthroic Acid Anilide.—This compound was ob­
tained in a pure state by recrystallization of the rearrange­
ment products obtained from the 1 -benzoylphenanthrene 
oximes. For identification it was synthesized from 1- 
phenanthroic acid. The acid chloride, prepared from 0.15 
g. of 1 -phenanthroic acid by means of phosphorus penta­
chloride, was dissolved in warm acetone and treated with 
1 cc. of aniline. After five minutes the mixture was di­
gested with dilute hydrochloric acid and the precipitate of 
the anilide was filtered off. 1-Phenanthroic acid anilide 
crystallizes from acetone in colorless plates; m. p. 248- 
249°; yield, quantitative.

A n al. Calcd. for C2 1H 1 5ON: N, 4.7. Found: N, 4.4.
1-Phenanthraldehyde.—This new aldehyde was pre­

pared from the rearrangement product of 1 -benzoylphen­
anthrene oximes which contained 82% of 1 -phenanthroic 
acid anilide. An intimate mixture of 36 g. of the rear­
rangement product and 25 g. of phosphorus penta­
chloride in 40 cc. of anhydrous ether was heated on a steam- 
bath for fifteen minutes. The ether and phosphorus oxy­
chloride were removed under reduced pressure at 140° 
(temperature of oil-bath), the imide chloride was dis­
solved in 50 cc. of ethylene dibromide and added to a solu­
tion of 94 g. of anhydrous stannous chloride in 340 cc. of 
anhydrous ether saturated with dry hydrogen chloride. 
After the mixture had stood a t 0° for twenty hours, the 
precipitate was filtered off, washed with benzene and 
hydrolyzed by hot dilute hydrochloric acid. The crude 
aldehyde was digested with carbon tetrachloride and the 
filtered solution was evaporated to dryness. The residue 
was dissolved in a mixture of chloroform and ether and the 
solution was shaken with a saturated aqueous solution 
of sodium bisulfite for thirty-six hours; the addition prod­
uct was filtered off and the filtrate was shaken with a 
fresh solution of sodium bisulfite for four days. The 
aldehyde obtained by hydrolysis of the addition compound 
with dilute hydrochloric acid was purified by distillation 
under reduced pressure and recrystallization; yield 16 g. 
(75%). 1-Phenanthraldehyde crystallizes from benzene 
and petroleum ether in colorless needles; m. p. 110.5-111.5°.

A n a l. Calcd. for C1 5H 1 0O: C, 87.3; H, 4.9. Found: 
C, 87.2; H, 5.1.

1-Phenanthraldehyde oxime crystallizes from benzene 
in colorless needles; m. p. 187-189°.

A n a l. Calcd. for CisHnON: N, 6.3. Found: N, 6.0.
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1-Phenanthroic Acid.—1-Phenanthroic-acid-anilide hy- 
drolyzes with difficulty; it is practically unaffected by a 
boiling alcoholic solution of hydrochloric acid or potassium 
hydroxide. Small amounts can be hydrolyzed readily in a 
sealed tube. A mixture of 2.0 g. of the product which was 
obtained by rearrangement of the oximes (containing 82% 
of 1-phenanthroic-acid-anilide), 10 cc. of concentrated hy­
drochloric acid and 50 cc. of glacial acetic acid was heated 
in a sealed tube a t 200° for eight hours. The liquids were 
evaporated and the residue was digested with hot water 
in order to remove the 1-aminophenanthrene (0.17 g.). 
The 1-phenanthroic acid which remained was purified 
through its ammonium salt; yield 0.95 g. (77%).

For making larger amounts of 1-phenanthroic acid it was 
found more practical to carry out the following reactions:
C14H9CONHC6H5 ---->  Ci4H9C(C1)==NC6H5 — ^  Ci4H9-
COOH. The imide chloride prepared from 20 g. of the 
rearrangement products as described above was added 
to a solution of sodium methylate which had been pre­
pared from 5 g. of metallic sodium, 20 cc. of methyl al­
cohol and 20 cc. of ether. After the mixture had been re­
fluxed for an hour, the solvents were distilled off, and the 
inorganic material was removed by extraction with water. 
The methoxyl derivatives of the imides were then hy­
drolyzed by heating them with a mixture of 50 cc. of 
concentrated hydrochloric acid and 200 cc. of methyl 
alcohol for two days. After removal of the solvents,

the residue was heated with 100 cc. of a 25% solution of 
potassium hydroxide in methyl alcohol for twelve hours 
in order to hydrolyze the methyl ester of 1-phenanthroic 
acid which had formed in the preceding treatm ent. 
The solvent was removed, and the potassium salt of 1- 
phenanthroic acid was extracted from the residue by 1 
liter of boiling water; yield of 1-phenanthroic acid, 7.2 g. 
From the undissolved residue 2.45 g. of 1-aminophenan­
threne was extracted by hot dilute hydrochloric acid. The 
remainder of the product was unchanged 1-phenanthroic- 
acid-anilide which could be used over again.

Summary

The orientation of the 1-, 2-, 3- and 9-phenan- 
thryl groups with respect to the methyl and the 
phenyl group in the oximes of the acetylphenan­
threnes and benzoylphenanthrenes has been de­
termined.

The Beckmann rearrangement has been de­
veloped as a practical method for the preparation 
of 1-, 2-, 3- and 9-aminophenanthrene.

A number of new 1-phenanthrene derivatives 
have been synthesized.
A n n  A r b ö r , M ic h ig a n  R e c e iv e d  A u g u s t  17, 1936

[C o n t r ib u t io n  from  t h e  C hem ical  L aboratories of  H a r v a r d  U n iv e r s it y  a n d  S w a r th m o r e  C o l l e g e ]

The Effect of Various Catalysts on the Phenanthrene-Bromine Reaction
By Charles C. Price

The reasons for undertaking an investigation of All the rate measurements were made at 25°.
the influence of catalysts on the reaction of phen­
anthrene with bromine have been presented in a 
previous paper.1

Since dioxane, one of the few available non- 
polar solvents unattacked by bromine at room 
temperature, has been found useless as a solvent 
for the rate determinations due to its phenan­
threne-induced bromination,1 carbon tetrachloride 
was used, although it was by no means ideal for 
the purpose. The slight solubility of hydrogen 
bromide in this solvent makes it difficult to deter­
mine accurately the rate of formation of this prod­
uct, even when ground-glass-stoppered reaction 
flasks are used. In a blank test at the maximum 
concentration of hydrogen bromide of the experi­
ments, the sodium hydroxide titer decreased 
about 25% in ten hours. The bromine, carbon 
tetrachloride and phenanthrene were purified as 
described in the previous paper. The iodine was 
resublimed.

(1) Price, T h is  J o u r n a l , 58, 1834 (1936).

Samples of the reaction mixture were pipetted into 
dilute potassium iodide, the liberated iodine then 
being titrated with sodium thiosulfate and the 
acid with carbonate-free sodium hydroxide. The 
disappearance of the iodine color was taken as 
the end-point of the first titration while phenol- 
phthalein was the indicator in the second. The 
thiosulfate titer is a measure of the course of both 
addition and Substitution, while the acid is pro­
duced by Substitution alone.

The bromination catalysts investigated included 
aluminum chloride, antimony pentachloride, io­
dine, phosphorus trichloride, phosphorus penta­
chloride and stannic chloride. When one-tenth 
equivalent of catalyst was added to an equimo­
lecular solution of bromine and phenanthrene, 
all of these compounds, especially iodine, cata- 
lyzed the formation of hydrogen bromide in 
appreciable quantities within an hour or two, al­
though without the catalyst there was none 
formed after several days. Since iodine gave the
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best catalysis, as well as more conveniently and 
accurately measurable rates, it was employed in a 
majority of the experiments.

Fig. 1.—Rate of phenanthrene-bromine 
addition reaction: O, phenanthrene and pure 
bromine; O, phenanthrene and commercial 
bromine; O, phenanthrene, commercial bro­
mine and antimony pentachloride (1 0 : 1 0 :
1 ); phenanthrene, pure bromine and iodine 
(2 0 :2 0 : 1 ); ©, phenanthrene dibromide; ©, 
phenanthrene dibromide and antimony pen­
tachloride ( 1 0 : 1 ).

In addition to their effect on the Substitution 
reaction, two of the catalysts had a pronounced 
effect on the addition, iodine retarding the rate 
while antimony pentachloride greatly accelerated 
it. As little as one-twentieth equivalent of iodine 
in 0.05 M  phenanthrene and bromine increased 
the time required to reach the equilibrium of the 
addition reaction from less than ten minutes to at 
least three or four hours. With twice as much 
iodine the rate was practically identical, while with 
five times as much, or one-fourth the equivalent 
amount, the rate was slightly greater. The rea­
son for this retardation of the bromination being 
so little dependent on the iodine concentration 
may be because, although the rate of the addition 
reaction is diminished in some fashion propor­
tional to the iodine concentration, the rate of 
bromine Substitution increases so as to become 
appreciable.

This inhibitory effect of iodine is most probably 
due to interruption of the chain mechanism for the 
reaction suggested in the previous paper.1

Br2

C1 4H 1 0  -f- Br v CuHioBr ^  ..-ÜX CuHioBr2  -f- Br

The iodine probably reacts with the chain-propa- 
gating bromine atoms.

The results of the experiments showing the 
catalytic effect of antimony pentachloride on the 
addition reaction are given graphically in Fig. 1. 
Since the rate of addition of pure bromine to 
phenanthrene was so rapid as to make it difficult 
to detect a catalytic effect, commercial “pure” 
bromine was employed. That the effect of the 
antimony pentachloride is true catalysis of the 
addition reaction and not neutralization of the 
effect of some negative catalyst present was 
clearly demonstrated by its catalytic effect on the 
reverse reaction, the attainment of equilibrium 
by the dissociation of the dibromide. Since anti­
mony pentachloride has frequently been em­
ployed as a chlorinating agent, it appears capable 
of donating a molecule of halogen, perhaps 
stepwise as atoms, which would initiate the chain 
reaction for the bromine addition or its reversal.

The results of three measurements of iodine- 
catalyzed Substitution are shown in Fig. 2. In

Fig. 2.—Rate of formation of 9 -bromo- 
phenanthrene: Ö, phenanthrene, bromine and 
iodine (15:15:1); O, phenanthrene dibromide 
and iodine (15:1); Q, phenanthrene dibro­
mide, bromine and iodine (15:1:1).

one experiment one-fifteenth equivalent of iodine 
was added to equimolecular quantities of phen­
anthrene and bromine {ca. 0.10 M ), while in a 
second the same amount of iodine was added to
0.10 M  phenanthrene dibromide. A third experi­
ment was identical with the second with the ex­
ception of the addition of bromine equivalent to 
the iodine.

The only way to reconcile the experimental
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data with the addition-elimination theory is to 
suppose that iodine strongly catalyzes the elimina- 
tion reaction, thus counteracting its inhibitory 
effect on the addition reaction. The fact that no 
hydrogen bromide was formed in the second ex­
periment above might then be explained by sup- 
posing that the presence of bromine is essential. 
The identity of the rates in the first and third 
experiments, however, eliminates the possibility 
of direct action on phenanthrene dibromide (or 
phenanthrene) as the mechanism of the produc­
tion of the hydrogen bromide since in either case 
thé initial rate in one of the two experiments would 
have been zero. Thus an addition-elimination 
definitely does not seem to be involved.

Since S o lu tio n s  of phenanthrene d ib r o m id e  are  
quite stable and only proceed to equilibrium o n  
the addition of a small amount of bromine, and 
from the results of the second and third experi­
ments above, it appears that the progress of the 
addition reaction is necessary to the catalytic 
effect. These facts, as well as the identity of the 
rate of hydrogen bromide formation starting with 
phenanthrene or the dibromide, seem to point 
to an intermediate radical, perhaps that of the 
addition reaction, as the molecular species in- 
fluenced by the catalyst, since this would be pres­
ent in approximately equal amounts in both ex­
periments. The course of the reaction would 
then be quite similar to that proposed by Pfeiffer 
and Wizinger2 for aromatic Substitution. Taking 
the bromination of benzene as an example, they 
propose the mechanism

+  ABr“

Br
-f- HBr +  A

A being a catalyst for the reaction, perhaps a mole­
cule of bromine itself. It seems more likely, at least 
in the case under investigation, that the intermedi­
ate is not a carbonium ion type but a free radical.

H H

<
\ +  HBr +  Br0_ il&

Due to lack of completely quantitative accur­
acy in the experimental method the exact values 
of the quantities a and b could not be determined. 
An indication of their probable value, however, 
can be obtained by a recalculation of experimen­
tal work of Bruner,3 who has presented a detailed 
account of extensive kinetic measurements of the 
bromination of benzene with iodine as catalyst. 
Since excess benzene was used as the solvent, the 
rates were dependent only on the bromine and 
iodine concentrations. Bruner calculated rate 
constants of the second order with respect to 
bromine but was unable to derive any relation for 
their dependence on the iodine concentration. 
However, rate constants of the three-halves 
order with respect to bromine have been calculated 
from Bruner’s data and found to be equally as 
good as his second order constants with the addi­
tional argument in their favor that the depend­
ence on the iodine concentration now can be 
determined readily by assuming proportionality 
to the five-halves power, giving the following ex­
pression for the rate of bromination of benzene 
in benzene as solvent with iodine as catalyst 

d x / d t  -  MBr2]3A[I2]sA

Table I summarizes the results of these calcula­
tions with Bruner’s second order constants in­
cluded for comparison. If the Substitution is 
considered to take place in two steps, it would 
then appear that, either according to the mecha­
nism proposed by Pfeiffer and Wizinger with 
charged intermediates or with radicals as inter­
mediates, the catalyst molecule is Brl5. Further 
experimental work is contemplated to determine 
the exact kinetics of the reaction with phenan­
threne in order to verify the identity of the kinet­
ics for the bromination of benzene and phenan­
threne.

T a b l e  I

R a t e  C o n st a n ts  fo r  t h e  I o d in e -C a t a l y z e d  B r o m in a ­
t io n  of B e n z e n e  fr o m  B r u n e r ’s  D a t a

Table® fa [I2], (M) fa /2, exptl. kt calcd.

IA 9.35 0.214 6.70 (6.70)
1B 2.70 . 143 2.41 2.43
IC 1.15 .107 1.19 1.19
1D 0.54 .0856 0.65 0.67
2A 3.10 .144 2.54 2.50
2B 0.67 .0898 0.78 0.77
3A .25 .0717 .38 .42
4D 1.35 . 1002 .97 1.00

a Numbered as in Bruner’s paper.3 6 Calculated from 
the relation jfe./, =  6 .70(0 .214/[I2])5/2.

(2) Pfeiffer and Wizinger, Ann., 461, 132 (1928). (3) Bruner, Z. physik. Chem., 41, 514 (1902).
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Grateful acknowledgment is due Professor 
Louis F. Fieser for proposing the problem and for 
advice and criticism.

Summary
The effects of iodine on the phenanthrene-

bromine reaction have been determined, and from 
an analysis of the results it is shown that the ob­
servations cannot be reconciled with the addition- 
elimination theory for aromatic substitutions.
Sw Arthm ore , P a . R e c e iv e d  A u g u st  14, 1936

[C o n t r ib u t io n  from  t h e  Chem ical  L aboratory  of th e  U n iv e r sit y  o f  I l l in o is]

High Vacuum Distillation of N-Acyl Amino Acid and Polypeptide Esters
B y Samuel Gurin1

An observation that certain N-benzenesulfonyl 
polypeptide esters suffer no apparent decomposi­
tion at temperatures appreciably above their 
melting points, suggested that such substances 
might be distilled satisfactorily under suitable 
conditions. Since Fischer’s work upon the vac­
uum distillation of amino acid esters, very little 
further extension of this technique to N-acyl 
amino acid esters has been made; apparently no 
successful distillation of polypeptide derivatives 
of this type has been reported.

Acetylglycine ethyl ester,2 as well as carbeth- 
oxyglycine and alanine ethyl esters3 may be dis­
tilled easily. Muhlemann4 attempted to apply 
this technique to several benzoylated amino acid 
esters, but observed considerable decomposition 
at a pressure of 2 mm. Cherbuliez5 prepared a 
number of N-acetyl amino acid esters, and suc- 
cessfully distilled them, although considerable 
racemization accompanied the distillation of 
optically active compounds of this type.

It was found that butyl esters of benzenesul- 
fonylated amino acids could be distilled without 
decomposition or racemization at pressures of 
10~6-10-7 mm. with the aid of a mercury vapor 
pump of the type described by Copley, Simpson, 
Tenney and Phipps.6 In Table I are described 
the results obtained with a number of such com­
pounds which were prepared in most cases by the 
method previously described by Gurin and 
Clarke.7 Although butyl esters were first pre­
pared in order to obtain greater stability (in con-

(1) National Research Fellow in Biochemistry.
(2) T. Curtius, Ber., 17, 1672 (1884).
(3) E. Fischer and E. Otto, ibid., 36, 2106 (1903); E. Fischer and 

W. Axhausen, Ann., 340, 123 (1905).
(4) G. W. Muhlemann, C. A ., 22, 1756 (1928).
(5) E. Cherbuliez and Pl. Plattner, Helv. Chim. Acta, 12, 317 

(1929).
(6) Copley, Simpson, Tenney and Phipps, Rev. Sei. Instruments, 

6, 265 (1935).
(7) S. Gurin and H. T. Clarke, J. Biol. Chem., 107, 395 (1934).

trast to methyl and ethyl esters),8 this precaution 
was later found to be unnecessary since corre­
sponding ethyl esters could be equally well dis­
tilled. Under these conditions distillation begins, 
in most cases, at temperatures ranging from 10 to 
35° above the melting point. No racemization 
was observed to take place when optically active 
derivatives of this type were distilled. Thus, 
benzenesulfonyl-Lleucine butyl ester as well as di- 
benzenesulfonyl-Z-tyrosine butyl ester showed no 
change in rotation after distillation. In Table I 
are listed the approximate distillation tempera­
ture ranges, as well as mixed melting points which 
were made with original and distilled material. 
Di-benzenesulfonyW-lysine butyl ester9 distils 
extremely slowly, and at a temperature consid-

T a b l e  I
M. p.,

Substance 0C.®
PhSOa-Glycine butyl ester6 26
PhS02-Alanine butyl ester6 114
PhS02-/-Leucine butyl es­

ter6’0 51
PhSCb-Phenylalanine butyl

ester 107
N-PhS02-Serine butyl ester 55
PhSCVMethionine ethyl es­

ter 45
Di-PhSCM-tyrosine butyl

ester 98
Di-PhS02-tLLysine butyl

ester 62
Dibutyl-PhS02-i-glutam-

ate6 58-59
Dibutyl-PhS02-fc’- ß-hy droxy-

glutamate6 74
a All temperatures are corrected.

to method previously described.7
[c*]25d  —15.9° (1% in ethyl alcohol)

Dist.
temp.
50-55

120-125

Mixed 
m. p., °C.
25-26

113 .5-114

68-73 5 0 .5 -5 1

120-125
70-75

106-107
55

75-80 45

150-155 98

155-160 62

80-85 58

95-100 73-74

6 Prepared according 
c After distillation

(8) E. Abderhalden and S. Suzuki, Z. physiol. Chem., 176, 101 
(1928).

(9) The author wishes to acknowledge his indebtedness to Dr. 
Hans T. Clarke for furnishing a supply of this material.
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erably higher than its melting point, while di- 
benzenesulfonyl-/-cystine diethyl ester does not 
distil but slowly decomposes at 185-200° yielding 
a colorless oily distillate.

In Table II are shown the results obtained with 
similar peptide derivatives. Again, ready distil­
lation took place, although very little decompo­
sition was observed. Successful distillation of 
N-benzenesulfonyl peptide ethyl esters indicates 
that it is unnecessary to prepare butyl esters for 
this purpose. Furthermore, carbethoxy peptide 
esters were found to be still more readily and 
rapidly distilled than their N-benzenesulfonyl 
analogs. For example, 0.2-0.3 g. of carbethoxy- 
glycylglycine ethyl ester was distilled in approxi­
mately fifteen minutes at 95-100°.

T a b l e  II

Substance
M. p., 

°C.
Dist.

temp., °C.
Mixed 

m. p., °C.
PhS02-Glycylalanine butyl 

ester® 101 120-125 100.5-101
PhSCVGlycylalanine ethyl 

ester 74 90-95 74
PhSOi-Alanylglycine butyl 

ester® 76.5 100-105 75.5-76
PhSOrGlycyl-Z-leucine bu­

tyl ester® 107 125-130 106.5
PhS02-Alanylalanine butyl 

ester 102 115-120 101
Carbethoxyglycylglycine 

ethyl ester 86 95-100 86
Carbethoxy-diglycylglycine 

ethyl ester 159 170-175 158-159
PhS02-Leucylglycylglycine 

ethyl ester 171 190-195 171
® Prepared by method previously described.7

Several artificial mixtures were fractionated by 
this method. Benzenesulfonyl-methionine ethyl 
ester was almost quantitatively separated from di- 
benzenesulfonyl-cystine diethyl ester by distilla­
tion at 75-95°, while the cystine component was 
left behind unchanged and undecomposed. Simi­
larly, benzenesulfonyl-glycine butyl ester and ben- 
zenesulfonylalanine butyl ester were separated in 
pure form from a mixture of the two. From a 
mixture of carbethoxyglycylglycine ethyl ester 
and carbethoxydiglycylglycine ethyl ester, both 
components were separated easily in pure form as 
were the N-benzenesulfonyl butyl ester derivatives 
of glycylalanine and alanylglycine from a mixture 
of the two. Finally, benzenesulfonylleucylglycyl- 
glycine ethyl ester and benzenesulfonylglycylal- 
anine ethyl ester were similarly separated. Recov- 
eries of 90% or better were obtained in every case.

The application of this method to problems of 
protein structure is at present in progress.

Experimental
Benzenesulfonyl - d ,l -  alanylalanine Butyl Ester.—d ,l-  

Alanylalanine was prepared according to  Fischer and 
Kautzsch10 (amino-N, 8.60; calcd. amino-N, 8.75). To 
0.6 g. of the dipeptide dissolved in 10 cc. of w ater plus 1 
cc. of 5 N  sodium hydroxide were added with good stirring
1.4 g. of benzenesulfonyl chloride and 2 cc. o f 5  N  sodium 
hydroxide. The reaction mixture was kept just alkaline to  
thymolphthalein, and, after stirring for four hours, was 
acidified to Congo red with concentrated hydrochloric acid. 
The solution was extracted repeatedly with butyl alcohol 
and esterification carried out as previously described.7 
The ester crystallized as needles from ether and petroleum 
ether and weighed 0.569 g. (40%); m. p. 102°.

A n a l. Calcd. for CieH^OeN-sS: N, 7.86. Found: N,
8.02.

Benzenesulfonyl - glycyl - d ,l - alanine Ethyl Ester.— 
Glycyl-d,/-alanine, prepared according to  Fischer and 
Schulze,11 was benzenesulfonylated as previously de­
scribed.7 The precipitate which separated out of th e  aque­
ous acid reaction mixture was filtered, dried and esterified 
by boiling for a few minutes with absolute ethyl alcohol 
previously saturated with dry hydrogen chloride gas. On 
evaporation of the alcoholic solution, followed by recrys­
tallization from chloroform and petroleum ether, needles 
were obtained melting a t 74°.

A n a l. Calcd. for C1 3H 1 8O6N 2 S: N, 8.90. Found: N, 
8.93.

Benzenesulfonyl - d ,l - leucylglycylglycine Ethyl Ester.—
Two and forty-five hundredths grams of d ,/-leucylglycyl­
glycine prepared according to Fischer12 (N, 17.30; calcd. 
17.12) was dissolved in 10 cc. of N  sodium hydroxide and 
treated with 3.5 g. of benzenesulfonyl chloride and 20 cc. 
of N  sodium hydroxide; the reaction mixture was k ep t just 
alkaline to thymolphthalein. After stirring for three 
hours, a small amount of insoluble material was removed by 
filtration, and the filtrate acidified to Congo red w ith 5 N  
hydrochloric acid. The solution was concentrated in  
vacuo to dryness, and the residue extracted with 3—15 cc. 
portions of the hot methyl alcohol. After evaporating 
the methyl alcohol solution to dryness, the residue was sus­
pended in 75 cc. of cold absolute ethyl alcohol previously 
saturated with dry hydrogen chloride gas, and boiled for 
a few minutes until a clear solution was obtained. The 
solution was concentrated in  vacuo to approxim ately 10 
cc. and, after chilling, the ester was obtained in the form of 
small bars. A further crop was obtained by addition of 
petroleum ether to the mother liquor. After recrystalliza­
tion from hot absolute alcohol, the product weighed 2.51 
g. (61% yield); m. p. 171°. A n a l. Calcd. for C i8H27 - 
0 6N3S: N, 10.16. Found: N, 10.27.

Carbethoxyglycylglycine Ethyl Ester.—Prepared accord­
ing to Fischer and Fourneau;13 m. p. 86°; N, 12.20; calcd. 
for C9H160 5N2: N, 12.07.

(10) E. Fischer and K. Kautzsch, Ber., 38, 2375 (1905).
(11) E. Fischer and A. Schulze, ibid., 40, 946 (1907).
(12) E. Fischer, ibid., 38, 605 (1905).
(13) E. Fischer and E. Fourneau, ibid., 34, 2868 (1901).
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Carbethoxydiglycylglycine Ethyl Ester.—Carbethoxy- 
diglycylglycine was prepared according to the method 
described by Fischer;14 15 m. p. 208-209°; N, 16.02; 
calcd. for C9Hi606N3: N, 16.08. The ester was obtained 
by treatm ent with absolute ethyl alcohol and dry hydro­
gen chloride; the solution obtained after boiling for a few 
minutes, was concentrated in vacuo to a small volume and 
the ester precipitated by addition of ether. On recrys­
tallization from hot absolute alcohol, needles were ob­
tained melting a t 159°: N, 14.44; calcd. for CnHbOeNs, 
N, 14.53. This ester was prepared by Fischer16 using a 
different method of synthesis.

Dibenzenesulfonylcystine Diethyl Ester.— Dibenzene- 
sulfonylcystine was prepared according to the method 
described by Fruton and Clarke;16 m. p. 208°. The di­
ethyl ester was obtained by suspending in absolute ethyl 
alcohol and saturating with dry hydrogen chloride. After 
refluxing for ten minutes, the clear solution was con­
centrated in vacuo to  dryness, and the residue recrys­
tallized from hot ethyl acetate. The ester (tufts of 
needles) melted a t 121°: N, 4.96; S, 22.40; calcd. for 
Q 2H280 8N2S4, N, 4.86; S, 22.22.

Benzenesulfonyl-*/,/-phenylalanine Butyl Ester.—This 
was prepared from benzenesulfonyl-*/,/-phenylalanine by 
vacuum distillation in the presence of excess butyl alcohol 
by the general method described by Gurin and Clarke.7 
The product is obtained in the form of needles after 
recrystallization from ether and petroleum ether: m. p. 
107°; N, 3.95; calcd. for C19H230 4NS, N, 3.88.

iV-Benzenesulfonyl-*Z,Z-serine Butyl Ester.—After es- 
terifying in the same manner with butyl alcohol, needles 
are obtained from ether and petroleum ether, m. p. 55°; 
N, 4.78; calcd. for Ci3H190 5NS, N, 4.65.

Dibenzenesulfonyl-/-tyrosine Butyl Ester.—Obtained as 
needles from ethyl acetate and petroleum ether or from 
amyl ether; m. p. 98°; N, 2.74; calcd. for C2 5H 2 7 0 7 NS2, 
N, 2.72. [c*]26d +20.1 ° (1% in ethyl alcohol). After
distillation [oj]26d +20.2°.

Benzenesulfonyl-*/,/-methionine Ethyl Ester.—Prepared 
from benzene-sulfonyl-*Z,Z-methionine by treatment with 
absolute ethyl alcohol and dry hydrogen chloride gas. 
The product crystallizes from ether and petroleum ether 
as tufts of fine needles; m. p. 45°; N, 4.60; calcd. for 
Ci3H 1904NS2, N , 4.41.

Separation of Dibenzenesulfonylcystine Diethyl Ester 
and Benzenesulfonyl-*/,/-methionine Ethyl Ester.—From a 
mixture containing 50 mg. of dibenzenesulfonylcystine di­
ethyl ester and 50 mg. of benzenesulf ony 1-*Z ,/-methionine 
ethyl ester, 49 mg. of the methionine derivative was re­
covered by high vacuum distillation a t a temperature range 
of 75-95 °. The benzenesulfonyl-*/,/-methionine ethyl ester 
so recovered, melted a t 45°; N, 4.50; calcd. for Ci3H i9- 
0 4NS2, N, 4.41. The dibenzenesulfonylcystine diethyl ester 
remained in the distillation bulb unchanged; m. p. 120-121 °.

Benzenesulfonylglycine Butyl Ester and Benzenesul­
fonyl-*/, /-alanine Butyl Ester.—A mixture containing 100

(14) E. Fischer, Ber., 36, 2982 (1903).
(15) E. Fischer, ibid., 36, 2094 (1903).
(16) J. Fruton and H. T. Clarke, J. Biol. Chem., 106, 667 (1934).

mg. of benzenesulfonylglycine butyl ester and 85 mg. of 
benzenesulfonyl-*/,/-alanine butyl ester was similarly 
subjected to high vacuum distillation. On heating to 
50-75°, 98 mg. of a colorless oil was recovered, which 
crystallized on chilling and proved to be benzenesulfonyl­
glycine butyl ester; m. p. 26°; N, 5.01; calcd. for C1 2H 1 7- 
O4NS, N, 5.16. Upon raising the temperature to 125- 
135°, 81 mg. of benzenesulfonyl-*/,/-alanine butyl ester 
was recovered; m. p. 113.5-114°; N, 4.78; calcd. for Ci3- 
H 1 90 4NS, N, 4.91.

Carbethoxydiglycylglycine Ethyl Ester and Carbethoxy» 
glycylglycine Ethyl Ester.—A mixture was made up con­
sisting of 35.0 mg. of carbethoxyglycylglycine ethyl ester 
and 27.0 mg. of carbethoxydiglycylglycine ethyl ester. 
After distilling a t 95-115° for one hour, a first fraction 
was recovered weighing 34.8 mg. and melting a t 8 6 °; N, 
12.02; calcd. for C9Hi60BN2, N, 12.07. The product ob- 
viously was pure carbethoxyglycylglycine ethyl ester.

A second fraction weighing 24.1 mg. was obtained at 
175-185°, and appeared to be pure carbethoxydiglycyl­
glycine ethyl ester; m. p. 158-159°; N, 14.35; calcd. for 
CiiH i906N3, N, 14.53. The remaining few mg. was ac­
counted for by a small amount of decomposed material in 
the distilling bulb.

Benzenesulfonyl-*/,Z-leucylglycylglycine Ethyl Ester and 
Benzenesulfonyl-glycyl-*/,/-alanine Ethyl Ester.—ln  a
similar manner, a mixture consisting of 75.4 mg. of benzene­
sulfonyl-glycyl-*/,/-alanine ethyl ester and 54.1 mg. of 
benzenesulfonyl-*/,/-leucylglycylglycine ethyl ester was 
fractionated. At 90-110° a colorless oil was obtained 
weighing 70.3 mg.; after chilling, crystals were obtained 
melting a t 74°, thereby indicating the product to be ben- 
zenesulfonyl-glycylalanine ethyl ester; N, 9.08; calcd. for 
C1 3H 1 80 6N 2 S, N, 8.90.

The second fraction, obtained at 190-200 °, weighed 48.5 
mg. and appeared to consist of pure benzenesulfonyl- 
leucylglyeylglycine ethyl ester; m. p. 171°; N, 10.25; 
calcd. for Ci8H 2 7 0 6N 3 S; N, 10.16.

Summary
N-Benzenesulfonyl amino acid esters have been 

distilled at pressures of 10~6-10~7 mm. No 
racemization and very little decomposition were 
observed under the conditions described.

A number of N-benzenesulfonyl di- and tri- 
peptide esters were prepared and similarly dis­
tilled without decomposition. Carbethoxy pep­
tide esters may likewise be distilled.

Several artificial mixtures containing N-acyl 
amino acid, dipeptide and tripeptide esters were 
fractionated by this method. In every case re­
ported, the individual components were isolated 
in pure form, and in yields corresponding to 90% 
or more.
Urbana, Illinois Received August 10, 1936
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Helianthates of Amino Acid and Polypeptide Esters

B y  S a m u e l  G u r i n 1 a n d  C. F . S e g a l

Sulfonic acid salts of amino acid and polypep­
tide esters have been infrequently described, or 
prepared for the characterization of such sub­
stances. Colombano2 reported the preparation 
of the ^-camphor-10-sulfonates and d-bromo- 
camphorsulfonates of glycine and alanine ethyl es­
ters. In addition to their mineral acid salts, the 
tartrates and picrates of amino acid esters have 
been described.3 The preparation of helianthates 
of a number of bases by Dehn,4 as well as the use 
of helianthin by Williams5 for the removal of 
bases from aqueous solution, suggested the pos­
sible application of this method to the characteri­
zation of amino acid and polypeptide esters.

It was found that such salts could be prepared 
by the addition of methyl orange to amino acid 
ester hydrochlorides in aqueous solution (Table 
I). Orange colored crystalline precipitates of 
low solubility in water were obtained in yields 
ranging from 65-95%. These substances were 
generally recrystallized from hot water, alcohol or 
aqueous acetone; they are sparingly soluble in 
ether, chloroform and other organic solvents.
RCH(NH2)COOR-HCl +  (CH3)2NC6H4N2C6H4S03Na — >  

RCH(NH2)COOR-(CH3)2NC6H4N2C6H4S03H +  NaCl

Similar salts likewise may be prepared by the 
addition of helianthin to the free esters in appro­
priate solvents. This method has been employed 
only with butyl esters since they show consider­
ably less tendency to form piperazines than do 
their corresponding methyl and ethyl esters.6 
For this purpose, several amino acids and peptides 
were esterified successfully at temperatures below 
55° by prolonged vacuum distillation in the pres­
ence of a continuous excess of butyl alcohol con­
taining just enough mineral acid for neutraliza­
tion of the amino groups. The free esters were 
liberated with sodium hydroxide and sodium 
carbonate, followed by extraction with ether; 
after drying, and evaporating in vacuo, the re-

(1) National Research Fellow in Biochemistry.
(2) (a) A. Colombano and G. Lama, Atti accad. Lincei, 22, 234 

(1914); A. Colombano, G. Sanna and I. Delitala, Gazz. chim. ital., 
44, 97 (1914).

(3) E. Fischer, Ber., 34, 433 (1901).
(4) Dehn, T h is  Jo u r n a l , 39, 1348, 1377 (1917); 40, 1573 (1918).
(5) R. R. Williams, R. E. Waterman and J. C. Keresztesy, ibid., 

56, 1187 (1934).
(6) E. Abderhalden and S. Suzuki, Z. physiol. Chem., 176, 101 

(1928).

sidual sirup was usually dissolved in aqueous ace­
tone and converted to the helianthate by the addi­
tion of an equivalent amount of helianthin.

Similar well crystallized salts are obtained with 
peptide esters (Table II). In these cases, hot 
aqueous Solutions of methyl orange were added in 
equivalent proportion to cold and well-stirred 
aqueous Solutions of peptide ester hydrochlorides.

In general, all of the helianthates are orange in 
color, and decompose over a narrow temperature 
range upon heating; in most cases darkening and 
gas formation were observed before the salts 
melted.

Colorimetric helianthin estimations were carried 
out in 50% aqueous acetic acid against helianthin 
Standards dissolved in the same solvent. Con­
centrations of approximately 10~5 molar were 
used, since readings can be taken quite easily at 
this strength. The analytical figures given in 
the tables were obtained with a “Step” photome- 
ter equipped with an appropriate light filter, or 
with a K. and E. color analyzer using monochro­
matic light at 5100 Ä.

In Table III are listed helianthates prepared 
from esters having one or more functional basic 
groups. It will be observed that lysine, histidine, 
arginine and cystine esters, as well as a-glycyl- 
lysine methyl ester,7 form di-helianthates whereas 
e-carbobenzoxylysine ester7 yields a mono-helian- 
thate. Within limits, therefore, colorimetric es- 
timation of helianthin in such compounds affords 
another method for the titration of combining 
basic groups.

Guanidine salts are rapidly and almost com­
pletely precipitated from aqueous solution by 
methyl orange. It is interesting to note that free 
amino acids and polypeptides as well as their N- 
acyl derivatives do not yield similar products; 
cystine hydantoic acid and 5-methylhydantoin 
likewise failed to react.

Although helianthates of volatile bases have 
been decomposed by heating at temperatures 
sufficiently high to produce appreciable dissocia­
tion,8 this method of recovering the base appar-

(7) The authors wish to acknowledge their indebtedness to Dr 
Max Bergmann and Dr. W. F. Ross for kindly supplying samples of 
these compounds.

(8) Hantzsch, Ber., 41, 1187 (1908).
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Helianthates 
Glycine ethyl ester 
Alanine ethyl ester 
/-Leucine ethyl ester 
Phenylalanine ethyl ester 
/-Tyrosine ethyl ester 
Methionine ethyl ester 
Alanine butyl ester 

Glutamic dibutyl ester

Helianthates
Glycylglycine ethyl ester 
Glycyl-/-leucine ethyl este 
Alanylalanine butyl ester 
Glycylalanine butyl ester 
Alanylglycine butyl ester 
Diglycylglycine ethyl ester 
Leueylglycylglycine ethyl 

ester

Substance
</-Lysine methyl ester di- 

helianthate
e-Carbobenzoxy-t/-lysine 

methyl ester helian- 
thate

a-Glycyl-d-lysine methyl 
ester di-helianthate 

/-Cystine diethyl ester di- 
helianthate

/-Histidine methyl ester 
di-helianthate 

d-Arginine methyl ester 
di-helianthate 

Guanidine helianthate

amino acid ester helianthates; alanine butyl ester 
could not be recovered by dry distillation of the 
helianthate. A satisfaetory method of recovery 
involves acidification of an alcoholic solution of the 
salt with dry hydrogen chloride. A very small 
amount of acid is generally sufficiënt to precipi­
tate the greater part of the helianthin, leaving 
the ester hydrochloride in solution. Glycine 
ethyl ester hydrochloride was recovered in this 
manner from its helianthate in a yield of 79%. 
Attempts to decompose helianthates with alkali, 
followed by extraction with ether, have in several 
cases resulted in poor recovery of the amino acid 
esters.

Preliminary experiments indicate that salts of 
similar sparing solubility in water are apparently 
formed by Congo red, although this reagent ap-
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T a b l e  I

Formula
M. p., 

dec., °C.
Crystal
shape

Helianthin, % 
Calcd. Found

Nitrogen, % 
Calcd. Found

C4H 90 2N (C I4H l80 3N3S) 203.0 Blocks 74.7 78.0 13.72 13.55
C Ä iO ,N -(C uH ltOaN,S) 211.5 Needles 72.3 73.5 13.27 13.38
CsHnOüN- (C14H16OsN3S) 210.5 Needles 65.7 65.5 12.07 11.86
CnHi6O2N-(Ci4H160 sN3S) 210.0 Bars 61.5 62.7 11.24 11.44
CuH16O3N (C 14H160 8N3S) 209.0 Blocks 59.3 62.5 10.89 10.72
c 7h 16o 2n s - (c »h ,6o3n 3s ) 210.5 Needles 63.3 68.1 11.62 11.53
c 7h 16o2n - (C14H16OsN3S) 201.5 Needles 67.8 68.1 12.44 12.64
C1sH!60 4N- (C14H460 3N3S) 199.0 Bars 54.1 56.1 9.93 9.95

T a b l e  II
M. p.,

Formula dec., °C.
Crystal
shape

Helianthin, % 
Calcd. Found

Nitrogen, % 
Calcd. Found

C6H120 3N2-(C14H160 3NsS) 210 Plates 65.6 66.0 15.05 15.09
• CioH200 8N2 (CmH i6OsN3S) 216 Prisms 58.5 59.7 13.43 13.60

Ci0H2(1O3N2- (Ci4H uOsN3S) 210 Needles 58.5 59.1 13.43 13.32
C9H180 3Ni-(Ci4H I60 3N3S) Blocks 60.2 59.6 13.80 13.71
C9H i80 3N2 (Ci4H 160 3N3S) 210 Plates 60.2 63.0 13.80 13.93

• C8H i80 4N8 (Ci4H I60 3N3S) 215 Plates 58.4 58.1 16.09 15.85

C1 2 H 2 s0 4 N 3 -(C1 4H 1 603N3S) 187 Blocks 52.8 54.6 14.53 14.35

T a b le  III

Formula M. p., °C.
Crystal
shape

Helianthin, % 
Calcd. Found

Nitrogen, % 
Calcd. Found

C7HI60 2N2-2(CMH150 3N3S) 242.5 Needles 79.2 78.3 14.54 14.43

C16H220 4N2-(Ci4H160 3N3S) 183.0 Plates 50.9 50.6 11.68 11.70

C«Hi,OsN3-2 (Ci4H 160 3N3S) 232.5 Plates 73.8 75.5 15.23 15.16

Ci0H20O4N2S2-2(C14H16O3N3S) 212.0 Bars 67.3 70.1 12.36 12.20

C7H i10 2N3-2(Ci4H ij0 3N3S) 221.0 Bars 78.3 76.3 16.17 16.05

C7H16O2N4-2(Ci4H160 3N3S) 229.5 Blocks 76.4 77.0 17.54 17.65
CH6N3-(Ci4H180 3N3S) 270.0 Needles 83.8 84.9 23.07 23.08

to the more heat stable pears to offer no advantage over methyl orange*
Furthermore, ethane sulfonic, w-butane-sulfonic, 
benzyl-sulfonic, m - nitrobenzenesulfonic and d- 
camphor-10-sulfonic acids were found to yield 
hygroscopic and extremely water soluble sulfon- 
ates of amino acid and polypeptide esters. These 
substances were not investigated further.

Experimental
Glycine Ethyl Ester Helianthate.—To 10 cc. of a chilled 

aqueous solution of 1.39 g. of glycine ethyl ester hydrochlo­
ride was added with good stirring and cooling. 75 cc. of a 
hot water solution containing 3.27 g. of methyl orange. 
After stirring for twenty minutes, a heavy orange precipi­
tate was filtered and washed several times with cold water. 
The product after recrystallization from hot methyl alco­
hol weighed 3.2 g. (78%). I t  may also be recrystallized 
from hot water.

Dibutyl-d-glutamate Helianthate.—To a solution of 5 g. 
of J-glutamic acid in 20 cc. of water containing 2 cc. of
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concentrated sulfuric acid, 1 0 0  cc. öf butyl alcohol was 
added, and the material subjected to prolonged vacuum 
distillation a t a temperature not higher than 55°. Butyl 
alcohol was added from time to time as required, and dis­
tillation continued for eight to ten hours, although es­
terification is practically complete in four to five hours. 
After removal of excess butyl alcohol by vacuum distilla­
tion, the residual yellow oil was dissolved in 2 0  cc. of cold 
water, made alkaline, and the butyl ester extracted into 
ether by the usual Fischer method. From the ether solu­
tion, 7.445 g. (84%) of the ester was obtained as a yellow 
oil. I t  was then dissolved in 50 cc. of 50% aqueous ace­
tone, and a solution of 8.7 g. of helianthin in 100 cc. of the 
same solvent added. On evaporation to approximately 
7 5  cc., a heavy precipitate of orange needles was filtered, 
and washed with 50 cc. of cold water. After recrystalliza­
tion from hot methyl alcohol (1 g. requires 40 cc. boiling 
alcohol), 11.83 g. of helianthate was obtained (75% from 
ester). The product is sparingly soluble in cold water, ether 
or petroleum ether, but somewhat more so in acetone, aque­
ous acetone, and hot methyl alcohol, dioxane or water.

d ,/-Alanine Butyl Ester Helianthate.—Alanine (5 g. in 
50 cc. of water containing 3.5 cc. concentrated sulfuric 
acid) was converted to its butyl ester sulfate by vacuum 
distillation in the presence of excess butyl alcohol as de­
scribed above. From this material, 4.37 g. of free ester 
was obtained and converted to the helianthate by the addi­
tion of 9.2 g. of helianthin in aqueous acetone solution. 
After recrystallization from hot alcohol, the salt weighed 
10.45 g. (77% from ester).

Methionine Ethyl Ester Helianthate.—Methionine ethyl 
ester hydrochloride was prepared from synthetic methio­
nine with absolute ethyl alcohol and dry hydrogen chloride 
gas; it was recrystallized from alcohol and ether; m. p. 
212° dec., N, 6.61; calcd. for C7H 1 60 2NSCl, N, 6.55. To a 
solution of 1  g. of methionine ethyl ester hydrochloride in 
10 cc. of cold water, was added 1.5 g. of methyl orange in 
25 cc. of hot water. After stirring and cooling for thirty 
minutes, the precipitate was filtered, washed with cold 
water and recrystallized from boiling methyl alcohol ( 1  g. 
requires 150 cc. of methyl alcohol). The product weighed
1 . 8  g. (81%).

Glycylglycine Ethyl Ester Helianthate.—Ninety-eight 
hundredths gram of glycylglycine ethyl ester hydro­
chloride prepared according to Fischer and Fourneau9  

(m. p. 181-182°), was dissolved in 5 cc. of cold water, 
and a solution of 1.63 g. of methyl orange in 25 cc. of hot 
water added with good stirring and chilling. The precipi­
tate was filtered, washed with cold water and, after re­
crystallization from boiling alcohol, weighed 1.97 g. (85%).

Glycyl-Heucine Ethyl Ester Helianthate.—Glycyl-/- 
leucine ethyl ester hydrochloride was prepared in the usual 
way from glycyl-/-leucine. 1 0  The product is appreciably

(9) F ischer and F ourneau , B er .,  34, 2868 (1901).
(10) Fischer and Steingroever, A n n . .  365, 167 (1909).

soluble in alcohol from which it may be precipitated by 2 - 3  

volumes of ether in the form of glistening plates; m. p. 
163-164°; N, 11.20; calcd. for C1 0H 2 1 O3N 2 CI, N, 11.09. 
The helianthate was obtained as described above in 92% 
yield after recrystallization from hot ethyl alcohol.

Guanidine Helianthate.—To a solution of 2 g. of guani- 
dine sulfate in 50 cc. of water was added with stirring a hot 
solution of 6.1 g. of methyl orange in 150 cc. of water. 
After filtering and washing with water, the precipitate was 
recrystallized from 800 cc. of boiling water. The product 
weighed 6.35 g. (95%).

Glycine Ethyl Ester Hydrochloride from Glycine Ethyl 
Ester Helianthate.—Two-tenths gram of glycine ethyl ester 
helianthate was dissolved in 1 0 0  cc. of hot absolute ethyl 
alcohol and acidified with a small amount of dry hydrogen 
chloride gas producing an almost immediate precipitate of 
helianthin. After cooling, the helianthin was removed by 
filtration, and the alcoholic solution concentrated in  vacuo  
to a volume of 10 cc. On chilling, glycine ethyl ester hy­
drochloride was obtained, and, after recrystallization from
10-15 cc. of hot absolute alcohol, weighed 0.0539 g. 
(78.9%); m. p. 142°. A mixed m. p. with synthetic gly­
cine ethyl ester hydrochloride showed no depression.

Summary
By the addition of methyl orange to amino acid 

and polypeptide ester hydrochlorides, crystalline 
helianthates have been prepared. These salts 
are non-hygroscopic and sufficiently insoluble in 
water to serve as a convenient means for isolating 
or characterizing amino acid and polypeptide 
esters. Similar salts may likewise be prepared by 
the addition of helianthin to the free esters.

Butyl esters of amino acids and polypeptides 
may be prepared conveniently by vacuum distilla­
tion with excess butyl alcohol containing small 
amounts of mineral acid.

Amino acids and polypeptides do not yield simi­
lar products; guanidine forms a characteristic 
helianthate having a low solubility in water.

Colorimetric estimations of helianthin in these 
salts have been carried out in 50% aqueous acetic 
acid, thereby furnishing a simple method for the 
titration of combining basic groups as well as 
analysis of the substances. Lysine, histidine, 
arginine and cystine esters have been found to 
form di-helianthates.

A method is described for the recovery of ester 
hydrochlorides from their helianthates.
U r b a Na , I l l in o is  R e c e iv e d  A u g u st  10, 1936
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The Action of Alkalies on Mixtures of Aromatic Aldehydes
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It has been shown1 that a crossed Cannizzaro 
reaction may take place between two aliphatic 
aldehydes or an aromatic and an aliphatic alde­
hyde. This paper reports some experiments 
which demonstrate that a crossed Cannizzaro 
reaction may also take place between two aromatic 
aldehydes.

The first experiments undertaken were di­
rected toward carrying out such a reaction be­
tween benzaldehyde (which undergoes the Can­
nizzaro reaction readily) and ^-dimethylamino- 
benzaldehyde (which does not react under the 
conditions of our experiments). That the reac­
tion might take place seemed logical in view of 
Staudinger's discovery2 that both benzaldehyde 
and ^-chlorobenzaldehyde form mixed benzoins 
with p-dimethylaminobenzaldehyde although p- 
dimethylaminobenzaldehyde alone does not un­
dergo the benzoin condensation. It was found, 
however, that the ^-dimethylaminobenzaldehyde 
could be recovered unchanged, the benzaldehyde 
reacting in the normal manner. Likewise, when 
a mixture of benzaldehyde and ra-nitrobenzalde- 
hyde was stirred with 14% potassium hydroxide, 
only the m-nitrobenzaldehyde seemed to react. 
Benzaldehyde undergoes the Cannizzaro reaction 
readily with concentrated alkali but will not react 
in a solution of this concentration.

When a mixture of />-chlorobenzaldehyde and 
anisaldehyde was allowed to react with alkali, a 
definite disproportionation took place. This dis­
covery led to a study of several mixtures contain­
ing halogen substituted benzaldehydes, the results 
of which are summarized in Table I. In every 
case a crossed Cannizzaro reaction took place. 
In two cases (numbers 7 and 14) the individual 
acids were separated from their mixtures, but in 
most cases the mixtures were simply analyzed for 
halogen and the composition of the mixture cal­
culated. Experiments 1, 2 and 8 were carried 
out under different conditions than the rest.

The analysis of the alcohol mixtures containing
(1) Nord, Biochem. Z., 106, 275 (1920); Beitrage PhysioL, 2, 301 

(1924); Nakai, Biochem. Z., 152, 258 (1924); Endoh, Ree. trav. chim., 
44, 866 (1925); Orloff, Buil. soc. chim., [4] 35, 360 (1924); Nenit­
zescu and Ga vat, Bull. soc. chim. Romania, 16A, 42 (1934) (British 
Chemical Abstracts, 74 (1936)); Davidson and Bogert, T h is  Jour 
n a l , 57, 905 (1935).

(2) Staudinger, Ber., 46, 3535 (1913).

benzyl alcohol did not give consistent results. 
This evidently is due to the volatility of benzyl 
alcohol, which makes it difficult to free the alcohol 
mixture from ether and water without losing 
benzyl alcohol, and so altering the composition of 
the mixture. On this account, the analyses for 
the alcohol mixtures obtained from meta- and 
para-bromobenzaldehyde with benzaldehyde are 
not reported, and the results in these cases must 
be considered as tentative.

While the data are insufficiënt to allow any 
theoretical deductions, they indicate plainly that 
crossed Cannizzaro reactions can take place with 
mixtures of aromatic aldehydes. It is interesting 
to note that in every case the halogen substituted 
aldehyde is preferentially oxidized at the expense 
of the other aldehyde.

Experimental
Benzaldehyde and ^-Dimethylaminobenzaldehyde.—A

mixture of five grams of each of the aldehydes was shaken 
vigorously with 20 g. of a 50% solution of potassium hy­
droxide for two hours and allowed to stand for twenty- 
four hours. The mixture was diluted with 300 cc. of water, 
and extracted with three 40-cc. portions of ether. The 
ether extract was shaken with a saturated solution of 
sodium bisulfite (which precipitated part of the dimethyl- 
aminobenzaldehyde as the bisulfite addition product) 
and was then distilled. The fraction boiling between 200- 
206° was taken as benzyl alcohol. The yield was 2.2 g. 
(88% of the theoretical). The residue from the distilla­
tion solidified on cooling. After recrystallization, this 
solid melted a t 73°. ^-Dimethylaminobenzaldehyde 
melts a t 74°. The recovery of the substituted aldehyde 
from the bisulfite eompound and from the distillation was 
almost quantitative.

The aqueous residue from the ether extraction was 
acidified, and the precipitated benzoic acid was filtered 
off. I t  melted a t 121° and weighed 2.1 g. (84% yield). 
The filtrate was neutralized carefully, but no ^-dimethyl- 
aminobenzoic acid could be obtained.

Benzaldehyde and w-Nitrobenzaldehyde.—A mixture of 
18.1 g. of ra-nitrobenzaldehyde and 13.7 g. benzaldehyde 
was allowed to drip into 280 g. of a 14% solution of po­
tassium hydroxide with vigorous stirring. After standing 
for twenty-four hours, the solution was diluted and ex­
tracted with ether as before. Treatment with sodium 
bisulfite resulted in the recovery of 11.9 g. of unchanged 
aldehydes, practically all of which was benzaldehyde. 
The aqueous residue from the ether extractions was acidi­
fied, and the copious precipitate of acid steam distilled. 
No benzoic acid was present in the distillate, as was shown 
by extracting it with ether and evaporating the extract.
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T a ble  I

Substituted benzaldehydes
p -Chloro- and p -methoxy-
/>-Chloro- and benz-
p -Chloro- and (wz,£-methylenedioxy)-
p -Bromo- and £-methoxy-
^-Bromo- and benz-
m -Bromo- and ^-methoxy-
m-Bromo- and benz-

Expt. Halo acid to other a
1, 2, 3, 4 2.3:1 2 .3:1 1.6:1
5, 6, 7, 8 1.45:1 1.3:1 1.7:1

9 1.8:1
10, 11 2.3:1

12, 13, 14 1.4:1 1.3:1
15, 16 1.9:1

17. 18, 19 2 .4:1 2.1:1

Ratios--------------------------------------------
Halo alcohol to other alcohol

1.6:1 1:2 .7 1:2 .5 1:2 .0
2.5:1 1:1.3 1:1.3 1 :2 .8

1 :1 .95
2.8:1 1:1 .8 1:2.1
1.2:1
1.7:1
2.2:1

1:1 .8 1:2 .0

Procedure for Experiments Recorded in Table I (Except 
Numbers 1, 2 and 8).—A mixture of the two aldehydes 
(0.05 mole of each) was allowed to drop slowly into a solu­
tion of 27.5 g. of potassium hydroxide in 25 cc. of water 
with vigorous stirring. When the addition was complete, 
the temperature was raised slowly to 100° and held at 
tha t point for two hours. The solution was diluted to 400 
cc. and extracted with four portions of ether. The ether 
extracts were combined, treated with bisulfite (which in 
no case gave more than 0.1 g. of precipitate), washed with 
water, dried over anhydrous sodium sulfate, and evapo­
rated. The residue was analyzed for halogen by de­
composition in the Parr bomb and titration by the Vol­
hard method. The aqueous residue from the ether ex­
tractions was acidified with hydrochloric acid, and ex­
tracted with four portions of ether. The ether Solutions 
were dried and evaporated and the residue analyzed as de­
scribed for the alcohols.

Procedure for Experiments 1, 2 and 8 of Table I.—A
mixture of five grams of each aldehyde, 10 g. of potassium 
hydroxide, and 10 cc. of water was shaken vigorously for 
two hours and allowed to stand a day. The remainder of 
the procedure was the same as that described above.

In Experiments 7 and 14 the acids were separated by 
steam distillation. This does not give a sharp Separation 
of ^-chlorobenzoic acid and benzoic acid, so the ratio

given in Experiment e  is only approximate. The Separa­
tion of ^-bromobenzoic acid and benzoic acid is very good, 
however, the recovered acids melting at 249 and 120° 
(reported, 251-253 and 122°).

Summary
It has been shown that 50% potassium hydrox­

ide solution, acting on a mixture of benzaldehyde 
and ^-dimethylaminobenzaldehyde induces the 
Cannizzaro reaction for the benzaldehyde only. 
The other aldehyde is not affected. A mixture 
of m-nitrobenzaldehyde and benzaldehyde, under 
the action of 14% potassium hydroxide, gives ni- 
trobenzoic acid and nitrobenzyl alcohol, without 
attacking the benzaldehyde.

Seven reactions have been studied in which a 
crossed Cannizzaro reaction takes place between 
aromatic aldehydes. One member of the alde­
hyde pair in each of these was halogen substituted, 
and in every case, the halogen substituted mole­
cule showed a tendency to be oxidized to the acid 
at the expense of the other aldehyde.
U r b a n a , I I I .  R e c e iv e d  A u g u st  19, 1936

Dipole Moment and Structure of Organic Compounds. XVI.1 The Electric 
Moments of Some Chlorinated Diphenyls

By G. C. Hampson and A. Weissberger

It has been suggested2 that the electric moments 
of mono- and dichloronaphthalenes indicate a po­
larization of the naphthalene system by the polar 
C-Cl link, this polarization causing the observed 
moments to deviate considerably from those 
calculated when this effect is neglected, and a 
similar behavior has been found with the chloro- 
diphenyls. In the case of the dichlorodiphenyls 
with substituents in both rings, in either the ortho 
or meta position, a further complication is intro­
duced, for there the moment wilt depend pri-

(1) Hampson and Weissberger, Paper XV, J. Chem. Soc., 393 
(1935).

(2) Weissberger, Sängewald and Hampson, Trans. Faraday Soc., 
30, 884 (1934).

marily on the configuration of the two rings about 
the diphenyl link. In view of the forces which 
govern the probability of the various configura­
tions, special attention has been drawn to the 
case of o, o '-dichlorodiphenyl. The moment of 
this eompound is larger than that of the m ,m r- 
isomeride, and this is even more surprising in 
view of the fact that in the 0 ,0 '-compound the 
as-configuration and a wide range of positions in 
the neighborhood of the m-position which would 
contribute to a large moment are precluded for 
steric reasons. To account for the facts we sug­
gested that London forces play an important role in 
determining the inner configuration of the molecule.
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In the preceding paper1 the polarization effect 
in the case of the chloronaphthalenes has been 
treated quantitatively. The present paper deals 
in a similar way with the three monochlorodi- 
phenyls, and also attempts to give a quantitative 
treatment of the factors governing rotation about 
the diphenyl link in the case of the o , o and 
dichlorodiphenyls.

The moments of the compounds under consid- 
eration have been redetermined to obtain con­
sistent data of sufficiënt accuracy. They are

<0-0 o o
Cl Cl

1.45 V

Cl
1.63 D

Cl
\<o<z> o

\
Cl

1.91 D
Cl

1.80 D

In calculating the polarizing influence of the 
C—Cl bond, each of the monochlorodiphenyls has 
been regarded as a chlorobenzene molecule to 
which a polarizable benzene ring has been at­
tached, the method of calculation following pre- 
cisely as in the case of the monochloronaphtha- 
lenes.1 Each of the rings has been assumed to be 
a regulär hexagon of side 1.4 Ä.,3 the length of the 
internuclear C-C bond being taken as 1.48 Ä.4 
The substituted chlorine atom has been assumed 
to be directed as from the center of the ring and 
ßc-ci has been taken as 1.55 D,5 Since a benzene 
molecule is more polarizable in the plane of the 
ring than perpendicular to the ring, the magni­
tude of the polarization in the case of the chloro- 
diphenyls will vary with the relative configura­
tions of the two rings.

Table I gives the calculated moments for o-, m- 
and ^-monochlorodiphenyl (a) when the rings 
are co-planar, (b) when they are mutually per-

T a b l e  I
Rings Rings Free

co-planar perpendicular rotation
o- Chlorodiphenyl 1.31 1.40 1.355
w-Chlorodiphenyl 1.601 1.604 1.603
0-Chlorodiphenyl 1.64 1.64 1.64

(3) J. M. Robertson, Proc. Roy. Soc. (London), A142, 659 (1933); 
Pauling and Brockway, J. Chem. Phys., 2, 867 (1934).

(4) Pickett, Proc. Roy. Soc, (London), A142, 333 (1933).
(5) Table of Dipole Moments, Trans. Faraday Soc., Appendix, 30 

(1934).

pendicular, (c) when there is free rotation, the 
polarizability of a benzene ring in the plane of the 
ring being taken as 12.5 X 10~24 and perpendicular 
to the ring 6.2 X 10 ~24.6

The results are in quite good agreement with 
the experimentally determined values, especially 
as one would expect that in o-chlorodiphenyl 
there would be a tendency for the rings to be per­
pendicular for steric reasons. An obvious cause 
of the small discrepancies is the fact that the 
moment 1.55 of chlorobenzene has been assumed 
to be located solely in the C-Cl bond, whereas 
part of it is certainly spread over the rest of the 
molecule.

In dealing with the .o ,o '~  and m^'-dichlorodi- 
phenyls the most important factor in deciding the 
resultant moment of the molecules is the disposi- 
tion of the two rings about the diphenyl link. 
The forces which regulate the probabilities of the 
various configurations are (a) electrostatic repul- 
sions and attractions, (b) quantum mechanical 
attractions (London forces), (c) quantum me­
chanical repulsions (impenetrability of colliding 
atoms).

In the calculation of these forces the authors 
have enjoyed the help of Dr. F. London and they 
acknowledge with sincere thanks his valuable as- 
sistance.

Suppose that in any molecule the two rings are 
oriented about the diphenyl link so that the 
angle between their planes is 0; if now the com­
ponent moment of each of the two C-Cl bonds 
perpendicular to the axis of rotation is /jl'

the resulting moment of the molecule «* 2ju' cos <j>/2 (1)

In calculating the electric moment of an as­
semblage of such molecules the problem is to de­
termine the mean angle 0. Now the measured 
polarization is a function of the square of the di­
pole moment, which in turn is a function of cos 
0/2, hence the measured polarization is made up 
of a series of terms characteristic of the various 
orientations, each term being a function of cos2 
0/2. Having performed the summation and de­
duced the mean square of cos 0/2, the dipole 
moment is calculated from the root mean square 
according to equation (1).

The potential as a function of the disposition of 
the rotating groups has been calculated and dis- 
cüssed for ethane by Eyring7 and by Teller and

(6) Debye, “Handbuch der Radiologie,“ Vol. VI, Leipzig, 1925, 
p. 786, and Landolt-Börnstein— Roth, “Tabellen,” 5th ed.

(7) Eyring, T h is  J o u r n a l , 54, 3191 (1932).



Nov., 1936 The Electric M oments of Chlorinated D iphenyls 2113

Weigert.8 A general quantum mechanical treat­
ment which involves all forces between the hydro­
gen atoms results in showing minima for the po­
sitions in which the hydrogen atoms of one CH3 
group are not eclipsing those of the other CH3 
group when viewed along the C-C axis. The 
potential differences however are so small in 
comparison with kT f that at ordinary tempera­
tures free rotation is developed; i. e., all positions 
from 0 to 2 ir have practically the same proba­
bility. Calculations for 1,2-dichloroethane have 
been made by Meyer9 and by Smyth, Dornte and 
Wilson.10 Meyer treats the problem classically 
and considers only the electrostatic effect of the 
C-Cl moments on each other. These are as­
sumed to be located on the C-Cl axis in a point 
one-eighth of the C-Cl distance from the center of 
the chlorine atom.

The calculation gives a minimum of the po­
tential for the trans-position, and the potential 
difference between the cis- and /fom-positions is 
sufficiently large in comparison with k T  to estab­
lish a distinct preference for the trans-position at 
ordinary temperatures. This result has been con­
firmed by Smyth, Dornte and Wilson10 with a 
different location of the C-Cl moment and also 
taking into consideration the effect of the C-H 
dipoles. These authors further undertake a wave- 
mechanical treatment and show that the classical 
treatment of the problem is adequate.

More recently a complete mathematical treat­
ment of the interaction between rotating polar 
groups in a molecule has been given by Len- 
nard-Jones and Pike11 and by Altar.12 Altar 
introducés a factor neglected hitherto by consid­
ering the effect of the Variation of the moment of 
inertia of the molecule with rotation of the polar 
groups. In a molecule such as 1,2-dichloroeth- 
ane, for example, where the polar groups are heavy 
in comparison with the rest of the molecule and 
unsymmetrically distributed about the molecular 
axis, the three moments of inertia of the molecule 
do not remain constant, but vary with the inter­
nal configuration of the molecule. Also since the 
probability of a molecule existing in a given con­
figuration depends on the moment of inertia of 
the molecule in that configuration, the probability 
being greater the greater the moment of inertia,

(8) Teller and Weigert, Nachr. Ges. Wiss. GÖttingen, 2, 218 (1933).
(9) Meyer, Z. physik. Chem., B8, 27 (1930).
(10) Smyth, Dornte and Wilson, T h is  J o ur n a l , 53,4242 (1931).
(11) Lennard-Jones and Pike, Trans. Faraday Soc., 30, 830 (1934).
(12) Altar, J. Chem. Phys., 3, 460 (1935).

one cannot apply simply a Boltzmann formula in 
order to deduce the mean angle 0, but one has to 
consider the statistica of all degrees of freedom 
involved, i. e., one must weigh each individual 
configuration according to its moment of inertia, 
by multiplying by an appropriate weight factor, 
The weight factors calculated12 in the case of 1,- 
2-dichloroethane for several configurations* are as 
follows:

4> W
cis config. 0° 0.68

45° .96
90° 1.20

135° 1.02
trans config. 180° 0.96

the effect of the moment of inertia being to favor 
the 90° configuration.

In the case which we are considering, namely, 
o} o '-dichlorodiphenyl, the Variation of the mo­
ment of inertia with rotation will be smaller since 
the molecule is a comparatively large and heavy 
one and the only dissymmetry is caused by the 
two chlorine atoms. Also since configurations 
with small values of 0 are precluded for steric 
reasons, the variations in the weight factor will 
certainly not be more than 10%, which, in view of 
the other uncertainties involved in these calcula­
tions, justifies the neglect of this effect.

Stuart,13 in discussing the equilibrium between 
cis and trans dichloroethylene, also considers the 
London forces and the induction effect which in 
this case is high, due to the great polarizability 
of the double bond. These calculations, owing 
to the rigidity of the double bond, deal only 
with the two “plane” configurations of the geo- 
metrical isomers. They show, in agreement with 
the experimental facts, that the potential for 
the m-position is lower than that for the trans- 
position.

With dichlorodiphenyl, as with dichloroethane, 
rotation about a single bond is involved, and one 
needs to know the potential over the whole range 
of a revolution.

The general method of procedure was to calcu­
late the sum of the potentials 2v due to the elec­
trostatic and quantum mechanical forces for 
various values of 0 and construct Boltzmann 
terms e—'Zv/kT giving the probabilities of the 
molecules existing in the different configurations. 
The dipole moment p was then calculated from 
the formula

(13) Stuart, Physik. Z., 32, 793 (1931).
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e —'Zv/kT cos2 % d4>
---------------------(2)

I e - ^ v /k T  d<j!>
Jo

In computing the electrostatic potentials we have 
adopted a method which is different from that of 
either Meyer or of Smyth, Dornte and Wilson. 
We consider the dipole as being formed by posi­
tive and negative charges of magnitude e at the 
centers of the constituting atoms, e being equal 
to ju/d where ß is the moment and d the distance 
between the atomic centers. The electrostatic 
potential is then given by r is the dis­
tance between the point charges et and €j and 
varies with the angle of rotation <j>.

The variable distances are calculated from the 
formulas

r — \ / b 2 -4- 4a2 sin2 <f>/2 

r ’ =  V b ' 2 +  (a -  a ' ) 2 +  4a a ' sin2 <j>/2 (3)
r" = Vb"2 +  4 a '2 sin2 0 /2

where r9 r' and r" are the distances Cli to Cl2, 
Ch to C2, and Ci to C2, respectively; the signifi- 
cance of the symbols is evident from Fig. 1.

The numerical data used are those given on 
page 2112; the distance C-Cl has been taken as 
1.69 Ä. ;14 0 =  0 indicates the co-planar cis con­
figuration. The total electrostatic potential for 
each angle is e2( l/r  +  1/r" — 2/ r f).

As was shown by Smyth, Dornte and Wilson,10 
the nature of the potential energy curve varies 
somewhat with the arbitrary location of the di- 
poles. We have no reason to believe that our 
convention, just described, is any more exact 
than that of other authors, and so for the purpose

(14) De Laszlo, Proc. Roy. Soc. (London), A146, 698 (1934).

of comparison we have also calculated the elec­
trostatic potential energies by Smyth’s method. 
The results obtained by the two methods are 
shown in Fig. 2, Ui being the electrostatic poten­
tial energy curve calculated by the charge-separa- 
tion method, and U2 the electrostatic potential 
energy curve calculated by Smyth’s method.

Fig. 2.

They have the same general shape and give ap­
proximately the same potential energy difference 
between the cis- and /ra^s-positions. The most 
important factor, however, in governing the orien­
tation of the molecule is the London dispersion 
force.

The London forces are of interest only for the 
chlorine atoms in <9 ,0  '-dichlorodiphenyl since for 
the other atoms they are negligible in their abso­
lute magnitudes and furthermore do not vary 
much with 0. This applies also to the chlorine 
atoms in m,m'-dichlorodiphenyl but in this case 
they have been evaluated for comparison with 
the ö,0 '-compound. The London potential for 
the chlorine atoms has been taken as 115 X 10~60/  
r6, terms involving higher powers of r, which be­
come important only when the atoms approaeh 
very close to each other, being neglected.

The numerical results for 0 ,0 '- and i-
chlorodiphenyl are given in Tables II and III 
under the appropriate symbols.
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Table II
o,o '-Dichlorodiphenyl

U i -  «2

r r' r»

a / r  -f 1 / 
r* -  2 /r') 
(ergs X 

10“ )

Ui 
(ergs 

X 10“)

L -  (115 X 
10~«°)A«
(ergs X 

10^)
U i + L  

(ergs X 
10“ )

Ui +  L 
(ergs X 

10“) g ~ (  Vi+L) /UT e-(Vt+L)/kT
e-(Ui+L)/kT  

cos2 4>/2

e-(Uz+L)/kT  
cos2 <f>/2

40° 2.184 2.793 2.997 6.34 8.70 -1 0 5 .9 -9 9 .5 6 - 9 7 .2 3.897 X lOio 3.44 X lOio
45° 2.369 2.861 3.025 4.52 6.35 -  65.05 -6 0 .5 3 - 5 8 .7 2.748 X 10« 1.753 X 10« 2.346 X 10« 1.496 X 10«
50° 2.555 2.933 3.056 3.08 4.42 -  41.32 -3 8 .2 4 - 3 6 .9 1.169 X 104 8.416 X 10« 9.60 X 10« 6.913 X 10«
55° 2.743 3.008 3.089 1.98 2.88 -  26.97 -2 4 .9 9 -2 4 .0 9 4.554 X 102 3.653 X 102 3.58 X ÏO2 2.874 X 102
60° 2.929 3.087 3.125 1.14 1.67 -  18.22 -1 7 .0 8 -1 6 .5 5 65.63 57.62 49.22 43.22
65° 3.112 3.167 3.161 0.52 0.75 12.65 -1 2 .1 3 -1 1 .9 0 19.53 18.45 13.89 13.12
70° 3.293 3.248 3.199 .03 .07 -  9.01 -  8.98 -  8.94 9.025 8.944 5.98 6.00
75° 3.467 3.331 3.237 -  .25 -  .43 -  6.62 -  6.87 -  7.05 5.381 5.629 3.387 3.543
80° 3.641 3.414 3.275 -  .50 -  .78 -  4.94 -  5.44 -  5.72 3.788 4.063 2.223 2.384
85° 3.807 3.493 3.313 -  .67 - 1 .0 2 -  3.78 -  4.45 -  4 .80 2.975 3.245 1.617 1.764
90° 3.967 3.575 3.352 -  .77 - 1 .1 8 -  2.95 -  3.72 -  4.13 2.490 2.751 1.245 1.375

100° 4.269 3.728 3.427 -  .87 -1 .3 1 -  1.90 -  2.77 -  3.21 1.970 2.197 0.814 0.908
120° 4.785 4.001 3.564 -  .86 - 1 .2 6 -  0.96 -  1.82 -  2.22 1.563 1.721 .391 .430
140° 5.168 4.212 3.672 -  .75 - 1 .0 9 -  .60 1.35 -  1.69 1.392 1.513 .163 .177
160° 5.403 4.344 3.741 -  .67 - 0 .9 6 .46 -  1.13 -  1.42 1.319 1.418 .040 .043
180° 5.482 4.388 3.764 -  .65 -  .92 -  .42 -  1.07 -  1.34 1.299 1.388 .0 .0

Table III
m,m  '-Dichlorodiphenyl

<f> r r' rn

U «  e2(l/r +  
l/r"  -  2/r') 
(ergs X 10“)

L  -  (115 X10-60)/V«
(ergs X 10“ )

U +  L 
(ergs X 10“ ) e-(U+L)/kT

e-(U+L)kT  
cos2 <f>/2

0° 7.370 6.687 5.680 1.064 -0 .0 7 2 +0.992 0.784 0.784
10° 7.385 6.694 5.684 1.057 -  .071 +  .986 .785 .779
20° 7.428 6.716 5.696 1.042 -  .068 +  .974 .788 .764
30° 7.499 6.752 5.715 1.020 -  .065 +  .955 .791 .738
40° 7.594 6.800 5.740 0.991 -  .060 +  .931 .796 .703
50° 7.709 6.858 5.771 .957 -  .055 +  .902 .802 .659
60° 7.841 6.926 5.808 .921 -  .049 +  .872 .808 .606
70° 7.984 6.999 5.848 .884 -  .044 +  .840 .814 .546
80° 8.134 7.077 5.890 .850 -  .040 +  .810 .820 .481
90° 8.285 7.156 5.933 .821 -  .036 +  .785 .825 .413

100° 8.434 7.234 5.976 .793 -  .032 +  .761 .830 .343
110° 8.576 7.309 6.017 .770 -  .029 +  .741 .834 .275
120° 8.706 7.379 6.055 .756 -  .026 +  .730 .836 .209
130° 8.824 7.442 6.090 .739 -  .024 +  .715 .840 .150
140° 8.923 7.495 6.120 .726 -  .023 +  .703 .842 .099
150° 9.003 7.539 6.143 .720 -  .022 +  .698 .843 .057
160° 9.061 7.570 6.161 .712 -  .021 +  .691 .844 .026
170° 9.097 7.589 6.172 .708 -  .020 +  .688 .845 .006
180° 9.108 7.595 6.176 .705 -  .020 +  .685 .846 .0

The case of m,m '-dichlorodiphenyl, where the 
centers of the chlorine atoms even in the m-posi- 
tion do not come nearer to each other than to a 
distance of 7.37 Ä., is not of any special interest 
except for comparison with the o , o '-eompound. 
Figure 3 shows the probability e~(u + LVkT f0r 
the m,m'-isomeride. It indicates a slight prefer­
ence for the /raws-position, but the potential en­
ergy (U +  L) difference between the cis- and trans- 
positions {ca. 0.3 X 10~*14 ergs) is so small in com­
parison with kT  {ca. 4 X 10~14 ergs) that free 
rotation is virtually established. The moment 
for free rotation ( \ / 2  X 1.55 cos 30°) would be
1.90 D, that calculated from eq. (2) is 1.89 D ,15 
the measured moment is 1.80 D. The difference

(15) The integrals were evaluated graphically.

is probably due to induced effects by the two di- 
poles, similar to those calculated in the case of the 
monochlorodiphenyls on page 2112.

(f)

Fig. 3.—Probability distribution curve for m ,m '-di­
chlorodiphenyl.
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For o, o '-dichlorodiphenyl the data reveal the 
striking fact that the electrostatic potentials (Ui 
or U2 according to the mode of calculation), 
which favor the trans-position, are largely over- 
compensated by the London potentials, and that 
the internal configuration of the molecule de­
pends almost entirely on the latter. As these 
decrease with the sixth power of r, they produce a 
considerable preference for positions with small 
angles <ƒ>. The probability of the various con­
figurations as a function of is given by the nu­
merical values of e~{Ux + L)/kT and by the füll 
line in Fig. 4.16 This proves our Suggestion of

50° 62° 100° 150° 180°
<t>—

Fig. 4.—Probability distribution curve for o,o'-di- 
chlorodiphenyl.

the influence of the London forces as previously 
stated.2 The curve indicates that the smaller 
the angle </> the greater is the probability. A 
limit, of course, must be set by a steric factor. 
In agreement with the resolvability of ö-substi- 
tuted diphenyl compounds, the table of values 
of r shows that no chance of a co-planar as-con- 
figuration exists. Already at an angle </> =  35°, 
the Cl-Cl distance is that of two chlorine atoms 
in a chlorine molecule. At a value <ƒ> =  60° they 
are at the distance 2.93 Ä. which has been meas­
ured for the two chlorine atoms in methylene chlo­
ride,17 where there still seems to be a slight re-

(16) e~(Ui+L) / kT gives essentially the same type of curve.
(17) Sutton and Brockway, T h is  Jo u r n a l , 57, 473 (1935).

pulsion between the chlorine atoms as is indicated 
by a deflection (2-3°) of the carbon valences. 
Configurations with a smaller angle $ can have 
only a small probability, and so the probability 
function must be characterized by a maximum 
where the repulsion forces (electrostatic and 
steric) are in equilibrium with the London attrac­
tion forces.

Little is known about the law of steric repulsion 
in question. For ions Born and Mayer18 use a 
repulsion law of the form be~rfp (4) where b is 
a constant characteristic of the ions in question 
and they found that for the alkali halides p has 
a mean value of 0.345 X 10 ~8 cm. It seems rea­
sonable to assume that such a law holds also in the 
case of covalently bound atoms but there is, of 
course, no reason for assuming that p especially 
equals 0.345.

In order to get an idea of the equilibrium dis­
tance the value for 60°, whose significance has 
been pointed out above, will be taken as a lower 
limit. The close packing distance between two 
chlorine atoms not belonging to the same molecule, 
and found to be 3.74 Ä. for hexachlorobenzene,19 
gives the upper limit. The distance of equilibrium 
for o, o '-dichlorodiphenyl should be smaller than 
that owing to the smaller freedom of motion. 
Sidgwick’s Suggestion to add 0.5 Ä. to the radius 
of the bound atom20 gives a value of about 2.98 
Ä. for the distance of equilibrium. No other data 
appear to be available. In these circumstances 
the least hypothetical treatment will be to con­
sider the repulsion potential as a rigid barrier, and 
to try at what angle we must cut the probability 
curve by a straight line parallel to the ordinate 
to obtain the experimental value for the moment 
from equation (2). This angle is 62° and it corre­
sponds to a distance of 3.0 Ä. between the chlo­
rine atoms. If instead of this vertical barrier 
we multiply the probability function by an ex- 
ponentially increasing repulsion term of the form 
e - b e ~ r /p/kT  w e  ge£ a prokability curve shown by the 
dotted line in Fig. 4. Owing to the uncertainty 
in the law of repulsion, however, a calculation of 
the moment from this probability curve hardly 
seems justified.

Another effect which should be considered is 
the induction effect of the two C-Cl dipoles. 
This will tend to make the resultant moment 
of the eompound low, especially in the case of the

(18) Bora and Mayer, Z. Physik, 75, 1 (1932).
(19) Hendricks and Blicke, T h is  J o u r n a l , 48, 3007 (1926).
(20) “Annual Reports,” 1933, p. 119.
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ö, o'-eompound where the two dipoles come close 
to one another. On the other hand, this induc­
tion will contribute to the forces which favor 
molecules with smaller angles </>, and since both 
effects will be small and of inverse influence on the 
measured moment, their evaluation in extenso has 
not been undertaken.

The main results of our investigation may be 
summarized thus. The moments of the mono- 
chlorodiphenyls are explained if one takes into 
account the inducing effects of the polar group on 
the unsubstituted nucleus, as in the case of the 
chloronaphthalenes. The configuration of o,o'- 
dichlorodiphenyl is governed predominantly by 
the London forces.

Experimental
Polarization Results.—The measurements were carried 

out in benzene solution at 25.0°. The symbols have their 
usual significance.

0--Chlorodiphenyl
h d e n% P2 ePï

0.012289 0.8801 2.3167 2.26559 101.1 57.4
.008942 .8784 2.3039 2.26321 99.9 57.0
.006342 .8771 2.2951 2.26166 100.4 56.8
.003451 .8756 2.2846 2.25978 99.4 56.1
.0 .87385 2.2727 2.25797
P a + o —: 100.2 - 56.8 = 43.4 cc. p = 1.45 D .

m--Chlorodiphenyl
0.022820 0.8858 2.3722 2.27285 112.3 58.0

.017568 .8833 2.3503 2.26952 113.0 57.8

.011424 .8801 2.3231 2.26542 113.2 57.9

.010396 .8796 2.3180 2.26480 112.4 57.9

.0 .8743 2.2727 2.25797
Pa. + o = 113.5 - 57.9 =  55.6 cc. p = 1.64 D .

^-Chloro diphenyl
0.017357 0.8833 2.3501 2.27008 112.9 57.7

.013914 .8815 2.3333 2.26754 111.4 57.5

.008394 .8785 2.3096 2.26384 112.2 57.8

.006196 .8774 2.2998 2.26228 111.6 57.4

.0 .8740 2.2727 2.25797
Pa + o = 112.6 - 57.6 =  55.0 cc. p = 1.63 D .

o,o '-Dichlorodiphenyl
0.011263 0.8825 2.3367 2.26505 135.0 60.9

.009917 .88145 2.3299 2.26398 136.3 60.6

.008776 .88055 2.3228 2.26304 135.6 60.2

.007935 .8799 2.3173 2.26256 134.3 60.2

.0 .8737 2.2727 2.25797
Pa + o = 136 -  60.5 = 75.5 cc. m = 1.91 D .

Remeasurement of o,o'-dichlorodiphenyl. (This was 
made on an independent sample of material.)

0.017073 0.88675 2.3703 135.4
.010177 .8814 2.3313 2.26412 136.4 60.7
.0 .8735 2.2727 2.25797

m ,m  '-Dichlorodiphenyl
0.014915 0.8854 2.3514 2.26893 128.7 62.1

.011293 .8826 2,3320 2,26568 128,3 61.3

.008686 .8805 2.3187 2.26423 129,2 61.9

.0 .8736 2.2727 2.25797
P a + o = 129.2 - 61.8 = 67.4 cc. p = 1.80 D .

The substances were either identical with, or prepared 
by, the same methods as those described by Weissberger 
and Sängewald.21 A slight alteration has been made in the 
preparation of o ,o '-dichlorodiphenyl. The Ullmann reac­
tion was carried out for twelve hours a t 260° with an 
ö-chloroiodobenzene obtained from ö-chloroaniline (puri­
fied according to Orton and Ring),22 and worked up by 
vacuum distillation; b. p. (16 mm ) 145-165°; m. p. 52- 
55°; yield 40%; m. p. after repeated recrystallization 
from alcohol and finally from hexane 60.7-62°.

We wish to thank Professor R. Robinson, F.R.S. 
for his hospitality to A. W., and Imperial Chemi­
cal Industries Ltd, for a grant.

Summary
The electric moments of the monochlorodi- 

phenyls and the dichlorodiphenyls with the 
substituents in identical position in both rings 
have been determined.

The moments of the monochlorodiphenyls are 
explained by taking into account the inducing ef­
fects of the polar group on the unsubstituted nu­
cleus, as in the case of the chloronaphthalenes.

The forces which determine the configuration 
of m,mf- and 0 , (/-dichlorodiphenyl have been 
evaluated. Since the electrostatic attraction 
and repulsion forces largely compensate each 
other, the configuration of the latter substance 
is predominantly determined by the London dis­
persion forc s between the chlorin~ atoms. This 
explains the high moment of 0 ,0 '-dichlorodi- 
ph nyl.
D yson  P er r in s  L aboratory , Oxford  
T h e  G ates Ch em ical L aboratory , P a sa pen a  
E astman K odak C ompany , R o ch ester , N. Y.

R ec e iv e d  J u ly  23, 1936 21 22
(21) Weissberger and Sängew ald , Z. physik. Chem., B20, 145 

(1933),
(22) Orton and King, J .  Ch em . Soc., 99, 1380 (1911).
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A Differential Method Employing Variable Heaters for the Determination of the 
Specific Heats of Solutions, with Results for Ammonium Nitrate at 25°

B y  F r a n k  T. G u c k e r , J r ., F r e d  D . A y r e s  a n d  T. R ic h a r d  R u b i n

Introduction
The adiabatic twin-calorimeter method is ad- 

mirably suited to the precise measurement of the 
specific heats of Solutions. A “thermal balance” 
employing this method has been in use for some 
time in this Laboratory.1 In preparation for a 
new series of experiments, several modifications 
and improvements were introduced and a method 
was worked out whereby the electrical energy 
input in the calorimeters could be changed by 
means of variable resistance heating coils. This 
made the new apparatus much more flexible and 
convenient; and also increased its accuracy some­
what, as the new experimental results indicate. 
After a brief summary of the experimental method 
the significant new features of the present ap­
paratus will be considered in more detail. For 
experimental details which were not appreciably 
changed, the reader is referred to the earlier ar- 
ticles mentioned above.

The apparatus consists of two similar calorime­
ters, one containing a solution, tbe other a fixed 
tare weight of water, enclosed side by side in a 
submarine jacket contained in an adiabatic water- 
bath. Starting at the same initial temperature, 
the calorimeters are heated one degree by means 
of a pair of variable resistance coils connected in 
series. The resistance ratio of these coils is ad- 
justed until the two calorimeters are heated at the 
same rate, as determined by a multiple thermel 
connected to a high sensitivity galvanometer. 
The heat capacity of the solution is then calcu­
lated from the measured resistance ratio and the 
known heat capacity of the calorimeter.

Apparatus
General Description.—A general idea of the apparatus 

may be obtained from the simplified drawing, Fig. 1. The 
two calorimeters, C, C, of 280-ml. capacity, are enclosed 
in a water-tight submarine jacket, J, which is completely 
immersed in the water-bath, B. The stirrers, S, S, are 
rotated at 215 r. p. m. b y a  sprocket chain driven from a 
synchronous motor. The Bakelite thermal insulators 
(indicated by cross-hatching) in the stirrer shafts prevent 
leakage of heat into the calorimeters from the hearings

(1) (a) Richards and Gucker, T h is  J o u r n a l , 47, 1876 (1925); 
(b) Gucker, ibid., 50, 1005 (1928); (c) Gucker and Schminke, ibid.,
54, 1358 (1932); (d) 55, 1013 (1933).

above. The water-bath, B, is mounted on a motor- 
operated, vertical jack-screw so that it can be raised or 
lowered easily, even when filled with water. I t is agitated 
by two stirrers (not shown in the diagram) which are driven 
at 215 r. p. m. by the same sprocket chain which operates 
the calorimeter stirrers. The bath is heated by four bare 
nichrome coils (not shown in Fig. 1) each of five ohms 
resistance, connected in series to the 110-volt a. c. circuit. 
Each coil is 30 cm. long, loosely wound around a heavy 
copper wire serving as one of the leads, from which it is 
insulated by a length of glass tubing. The coils are equally 
spaced and mounted on the brass plate, P, by means of 
Standard attachment plugs so tha t they project vertically 
down into the water. A cover, F, and lid, L, fit over the 
top of the bath. The entire apparatus is insulated with a
5-cm. layer of feit, H. Bare chromel wires, insulated be­
tween thin sheets of asbestos, are wound around the cover, 
lid and bath, under the feit. These surface heaters, con­
nected through a rheostat to the 110-volt a. c. circuit, com- 
pensate for loss of heat when working a t temperatures 
higher than that of the room. To maintain temperatures 
below that of the room, a regulated stream of cold water is 
allowed to drip into the bath. The surplus water escapes 
through the outlet tube, R, and the sight glass and over­
flow, D.

Submarine Jacket.—The heavy copper submarine 
jacket, J, was nickel plated and burnished on the inside. 
The bottom was detachable in order to expedite the process 
of plating and burnishing. Once this was accomplished, 
a gasket was put in place and the bottom was bolted on 
permanently. The top of the jacket was rigidly attached 
to the lid of the bath, P, by the heavy brass tubes through 
which the stainless steel stirrer shafts extended. The 
calorimeters were suspended entirely from this top plate, 
so that the lower part of the submarine jacket was easily 
detached a t the point indicated by the gasket, G.

Calorimeters.—The calorimeters and lids were spun from 
an alloy of 20% platinum and 80% gold,* 54 2 which combines 
Chemical inertness with adequate mechanical strength. 
The lids were ground to fit their respective calorimeters 
and the joints were made vapor-tight by a thin coating of 
vaseline. Three wells for the thermel and heater cases 
were gold-soldered to each lid. Only the wells for the 
main and adiabatic thermels are shown in the horizontal 
section in Fig. 1. The third well, for the heater, was lo­
cated directly behind the stirrer. Each lid was also pro­
vided with two conical openings. Into the center one was 
ground the lower end of a glass tube, E, through which 
passed the stirrer shaft. Toward one side was a second 
opening, not shown in Fig. 1, fitted with a ground plug. 
The calorimeter was filled through this second opening. 
All the ground joints were made vapor-tight by means of a 
thin coating of vaseline. The 3-stage propeller stirrers, 
S, S, made of platinum, were screwed into insulating sec-

(2) The calorimeters were made by J. Bishop & Co.
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tions machined from transparent Bakelite, indicated by 
cross-hatching in Fig. 1. This material has a low thermal 
conductivity. Since tests showed it is almost impervious 
to water, it is superior to the ivory sections used pre­
viously in this Laboratory. Unfortunately, it softens so 
much tha t it cannot be used above 40 or 50°. The lower 
end of the Bakelite was conical to fit a 60° conical seat in 
the bottom of the glass tube, E.

10 cm.
Fig. 1.—Calorimetric assembly.

In assembling the apparatus, the glass tube, E, was 
fitted into the lid of the calorimeter. The Bakelite section 
next was put in place and the stirrer screwed to it. The 
lid, carrying the stirrer, was put on the calorimeter, into 
which water or solution was then weighed. The conical 
joint between Bakelite and glass prevented evaporation 
during this process. The calorimeter was then raised until 
the top of the glass tube, E, fitted the conical base of the 
brass tube in the submarine lid, into which it had been 
ground. A temporary supporting frame held the calorime­
ter rigidly in this position. The bottom of the stainless 
steel shaft which carried the sprocket wheel was now 
screwed into the upper end of the Bakelite section, which 
was kept from turning by the friction between it and the 
conical seat in E. Finally the knurled knob above the 
sprocket wheel was screwed down, raising the shaft to the 
position shown in Fig. 1, where the Bakelite section is 
clear of the glass.

Each calorimeter was suspended from the top of the 
submarine jacket by four equally-spaced pieces of dental 
floss. The lower ends of these were tied to small wire 
loops, gold-soldered to the sides of the calorimeters near 
the top. The upper ends were slipped over small adjust­
able wire hooks which projected down from the top of the 
submarine jacket. Above the hook, each wire passed

through a hole in the axis of a small machine screw, the 
lower end of which was knurled so tha t it could be turned 
with the fingers. Each screw was threaded vertically into 
a support fastened to the submarine lid. The top of the 
wire was bent horizontally, to fit into a vertical slot in 
the support, so that the hook did not rotate when the screw 
was turned. When the screws were tightened and the 
hooks raised, the calorimeters were held tightly against 
the glass tubes, E, E. Finally the temporary supporting 
frame was removed, leaving the calorimeters suspended 
with a very small avenue of heat exchange to  the sub­
marine jacket.

Two features in the calorimetric design are important. 
First, the air space above the liquid level in each calorime­
ter, including that inside the glass tube, E, is reduced to 
about 10 ml. This volume is so small tha t no trouble is 
caused by evaporation of water when the calorimeter is 
heated one degree. Second, since the stirrers are easily 
detachable at the bakelite-stainless steel joints, Fig. 1, 
the calorimeters and their contents can be removed com­
pletely and weighed with no loss of solution or water. 
The actual evaporation losses determined by this method 
are usually found to be only 2 or 3 mg. and hence com­
pletely negligible.

Thermels.—The constantan wire used in constructing 
the thermels was tested for homogeneity according to the 
method recommended by W. P. W hite3 and only those 
sections were used which showed an e. m. f. of less than 1 ju 
v. over a thermal gradiënt of 70° in about 3 cm. The 20- 
junction copper-constantan main thermel, M, M , Fig. 1, 
was constructed in two halves of 10 junctions each so tha t 
the halves could be opposed in the usual manner. The 
general design is shown in Fig. 2a. Each junction was

Fig. 2.—Details of thermels and heaters.

insulated from the others in a slot cut in a mica form, the 
No. 34 copper wires running up on one side of the mica and 
the No. 26 constantan on the other. The mica forms, 0.13 
mm. thick, were about one centimeter longer than  the 
corresponding wells in the calorimeter lid. Each 10-

(3) W. P. White, T h is  J o u r n a l , 36, 2292 (1914).
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junction unit was dipped in “razo-glass”4 and sandwiched 
between two mica insulating strips about 0.08 mm. thick. 
Snugly fitting copper cases, thick enough for good thermal 
contact with the calorimeter well and long enough to cover 
the mica, were then slipped over each pair of completed 
units. The resistance of the insulation between the thermel 
wires and the copper cases was found to be about 100,000 
megohms (50% relative humidity).

The five junctions of each adiabatic control thermel 
(A, A, Fig. 1) were staggered as shown in Figs. 1 and 2a in 
order to obtain a comparison of the average bath tempera­
ture with th e  average temperature inside the calorimeters.

The thermels were connected to thé galvanometers 
through Copper reversing switches by which pärasitic cur- 
rents in the galvanometer circuit could be eliminated.

Variable Resistance Heaters.—The design of these heat­
ers, allowing a measurement of the resistance ratio dur­
ing an experiment, was the most important innovation in 
the present apparatus. Fach consisted of 7 units with a 
total resistance of about 100 ohms. A large resistance, with 
a smaller one connected to each end, formed the m ain  
heater which was supplied with 4 leads. Four much smaller 
units, connected in series and supplied with 5 leads, formed 
the a u x ilia ry  heater. This arrangement gave a satisfaetory 
flexibility in resistance with a minimum number of leads. 
In  each main heater, connection could be made to the large 
resistance alone or in combination with either or both end 
coils. In order to keep the lead resistance constant, at 
least one unit of the auxiliary heater was always connected 
in series with the main. The 9 possible combinations of 
the auxiliary, combined with the 4 of the main, gave 36

(4) “Razo-glass” is the trade name of a polymerized coumarone 
resin, obtained from the Marbro Products Corporation through the 
courtesy of the late Professor Eric von Gebauer-Fuelnegg. When 
dissolved in toluene, razo-glass is an excellent insulating varnish.

resistances in each heater and 1296 resistance ratios for 
the two heaters. The values of the individual units, shown 
in Fig. 3, were so chosen as to give a series of resistance 
ratios progressing uniformly from 0.9800 to 1.3700 in 
steps of 0.0003 to 0.0004. In Order to obtain a smooth 
Progression, with no gaps, all the smaller steps were put 
in one heater (Nö. 2) and the larger in the other (No. 1).

The main and auxiliary heaters were mounted on sepa­
rate strips of clear mica 0.13 mm. thick. The construction 
of auxiliary heater number 1 is shown in Fig. 2b, which is 
a scale drawing. The constantan resistance wires were 
No. 36 B and S gage, while those in auxiliary heater num­
ber 2, were No. 24 B and S gage, bent to shape and flattened 
to form a ribbon öf the same thickness, 0.13 mm. These 
ribbons were annealed before assembly by the passage of a 
current of 6 amp. The large resistances of the main heaters 
were No. 40 B and S gage constantan. All the constan­
tan wires were eonfined to the lower parts of the mica 
strips, 2.5 cm. or more below the surface of the liquid in 
the calorimeter.

The leads to the outside were No. 24 B and S gage copper 
wires. The lower end öf each, flattened to form a ribbon 
0.13 mm. thick, was Carried down one side of the mica 
strip. I t  was fastened to the mica by means of a second 
copper strip carried down the opposite side and soldered 
to it in two slots at a and b, Fig. 2b. This arrangement 
ensured good thermal contact with the walls of the heater 
case, so that the heat generated in the coils is delivered to 
the calorimeter. One-centimeter lengths of flattened 
No. 36 B and S gage copper wire interposed between b and 
c, Fig. 2b, minimized the conduction of heat to the leads.

The heating units were made with slightly less than the 
desired resistance, mounted on the mica strips and soldered 
to the leads, using rosin flux. They were then annealed by 
passing through them a current appreciably larger than 
that which was used in the later experiments. The wires 
were then alternately scraped cautiously with a sharp 
knife and annealed until they were adjusted to within 
0.01 ohm of the calculated value. Finally the heaters 
were washed thoroughly with carbon tetrachloride, to 
remove any rosin flux or grease from the hands, and rinsed 
several times in distilled water, to remove any salts which 
would increase the surface conduction of the mica. They 
were carefully dried and sandwiched between insulating 
Strips of clear mica 0.08 mm. thick which had been cleaned 
in the same way. The total thickness of the heater with 
its two insulating strips was 0.9 mm. or less. Each heater 
was pushed into one side of a double case made from sheet 
copper 0.25 mm. thick, bent in the shape of a flattened 
S as shown in Fig. 2b and soldered together at the edges. 
A 1-cm. opening in the case, coinciding with the small 
wires bc of the heater leads* reduced conduction of heat 
up the heater case. The two copper sections of the case 
were held rigidly together by strips of stainless steel, 
s, s, 0.25 X 1.25 mm., soldered to shallow recesses filed 
in the edges of the case as shown in Fig. 2b.

The Resistance Ratio.-—The heaters were incorporated 
in a conventional Wheatstonè bridge circuit, Fig. 3, the 
meäsuring arms of which, AC and AD, consisted of much 
higher resistances than the heaters. Ri and R2 were 4000- 
ohm coils and R3 consisted of a series of coils totaling 2000 
ohms in series with a precision resistance box, variable in
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steps of 0.01 ohm. The individual Leeds and Northrup 
resistance coils, wound on metal spools, were mounted on 
brass rods in the usual manner. The coils were calibrated 
to within 0.01 ohm, using a set of Bureau of Standards 
type Standard resistors as a basis of comparison. Calibra­
tion at intervals of several months showed no significant 
changes except in the 4000-ohm coils.

By means of this Wheatstone bridge, the resistance 
ratio was measured during an experiment, with a current of 
0.19 ampere passing through the heaters, but only 0.005 
ampere passing through the meäsuring arms—a current 
which they were designed to dissipate without an ap­
preciable change in their calibration. The Leeds and 
Northrup pointer-type galvanometer G was sensitive to a 
change of 0.0003% in the resistance ratio.

The resistance ratio measured by the bridge is, of course, 
the ratio of the total resistances of the heater arms, from 
C to F and from F to D, respectively. The ratio of the 
resistances effective in heating the calorimeters can only be 
determined by applying a correction for the lead resistance. 
For this reason, every effort was made to keep the lead 
resistance small and constant. The 18 lead wires from the 
heaters were cut equal in length, and their upper ends were 
soldered to radio tip-jacks mounted on a shielded Bakelite 
disk immediately above the bath lid, P, Fig. 1. Connec­
tion between the jacks was made by short pieces of heavy 
stranded wire, soldered to phone tips, indicated by arrows 
in Fig. 3. Potentiometric measurement showed that the 
contact resistance of a pin-jack and phone-tip combina­
tion was about 0.0010 (±0.0002) ohm. This Variation 
was negligible for the four contacts in each heater arm. 
Plugging all of the phone tips in and out several times in 
succession never produced a change in the measured re­
sistance ratio of more than 0.0005%. In finding the value 
of the lead resistance, we assumed that only the lower half 
of the exposed leads within the air gap of the submarine 
jacket belonged to the heater and contributed to raising 
the temperature of the calorimeter. The resistance from 
this mid-point through the lead wires, phone connectors 
and external wires to the corners of the bridge made up 
the lead resistance, l, which we found by potentiometric 
measurement was 0.103 ohm for each heater. If the effec­
tive end of the heater is within 2 cm. of the center of the 
9-cm. length of the lead wire in the gap, the uncertainty in 
l is not more than ±0.006 ohm. It can be shown easily 
that the effective resistance ratio, x' (=  r2/rx) can be calcu­
lated from the measured resistance ratio X  by the equation

x' -  X  +  [l(X -  i ) ] /n  (1)
where rt is the resistance of heater 1. This equation shows 
that the effective ratio equals the measured ratio when 
that ratio is unity, and differs by an increasing amount as 
the lead resistance and the resistance ratio increase. The 
lead correction amounts to +0.04% with the maximum 
ratio of 1.37, and the value of l found above. If l is known 
to 0.005 ohm and rx to 2 ohms, the maximum error in the 
lead correction will not exceed 0.002%.

Theory of the Measurements
In principle, the method consists in finding the balance 

point of the apparatus, first with equal weights of water 
(268.330 g. in vacuo) in the two calorimeters, and then 
with the same weight of water in the tare (number 2)

and an equal volume of solution of known weight in the 
working calorimeter (number 1). The balance point is 
the effective resistance ratio for which the two calorime­
ters rise exactly the same amount when heated over an 
interval of 1°. Since the resistance ratio cannot be set 
exactly at the balance point, the small galvanometer de­
flection, Ag (due to a slight difference in temperature 
rise over a 1 ° range) is found by the graphical method used 
in our previous work.10 After two or more experiments, 
the values of Ag are plotted against the corresponding 
resistance ratios and the balance point is read from the 
graph, as shown in Fig. 4.

Corrected ratio (x)—k

Fig. 4.—Graphical estimation of balance point: (Ag 
=  0 at x =  1.24839).

If the balance points corresponding to water and solu­
tion are designated respectively by x0 and x, they are de­
fined by the equations

Xo = T/(CW +  Ci) (2)
and

x -  T/(C3 +  ci) (3)
where T is the total heat capacity of the tare calorimeter 
and water, cx is the heat capacity of the working calorim­
eter and Cw and CB the heat capacities of the weights of 
water and of solution in calorimeter 1 at balance. Dividing 
(2) by (3), and rearranging terms gives for the heat ca­
pacity of the solution

Cg == CfffXo/x Ci (x “  Xo) / x (4)
This equation shows that the effective heat capacity of 
the working calorimeter, ci, must be known with an ac­
curacy which becomes greater the more x increases—i. e., 
the lower the heat capacity of the solution. If Xo is unity 
and x has the extreme value of 1.37, cx must be known to 
0.07 cal. per degree if Cs is to be determined to 0.01%. 
As the value of x decreases, the error in Cs caused by an 
error in Ci becomes correspondingly less. In our experi­
ments, the largest value of x was 1.25, hence an error of 
0.1 calorie unit in cx causes an error of only 0.004% in Ca.

Although the value of cx need not be known more closely 
than 0.1 calorie unit, it must remain constant to 0.01 calorie 
unit or better. Preliminary experiments showed that the 
effective heat capacity cx decreased nearly linearly by about 
0.015 calorie unit per ml. for the first 30 ml. of water re­
moved from the calorimeter. In calculating the results of 
these experiments a correction was applied for the evapora­
tion of water into the increased air space. The decrease in 
C\ was probably due to a lag in the heat reaching the lid
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of the calorimeter, and an increased heat leakage down the 
heater leads to the calorimeter. In order to keep C\ con­
stant, the same volume of liquid (=*=0.5 ml.) was always 
put into the working calorimeter.

In determining C \, a hollow air-tight copper shell, dis- 
placing about 33 ml. of water, was fastened below the 
surface of the water in the calorimeter, which was then 
filled up to the usual level. From the balancing ratio 
Xq, the heat capacity of the water, £+, and that of the dis- 
placer, the value of cx was found by eliminating T between 
equation (2) and a similar equation for x'0. The heat 
capacity of the solid parts of the displacer was found by 
opening it, immersing the parts in the calorimeter filled 
to the usual volume with water, and finding the balancing 
ratio. The heat capacity of the air in the displacer was 
added to this value in calculating the value of C\. The 
values of C\ corresponding to the working volume of 268.3 
ml. in the calorimeter, were 10.83 and 10.89 25°-calorie 
units—an average of 10.86 being used in subsequent cal­
culations in experiments 1-5 inclusive. A slight alteration 
in one of the heater cases, made before the second series 
of measurements was started, necessitated a new set of cali­
bration experiments. The new average value of Ci was 
found to be 10.73 25°-calorie units. This value was used 
in all calculations following experiment number five.

The determination of the heat capacity of the calorime­
ter from the difference of two large heat capacities neces- 
sarily increases the percentage error in the value of c\. 
However, the effect of this error upon the final results is 
reduced to negligible proportions, as we have already 
shown.

A Typical Experiment.—As an indication of the manner 
in which the measurements were carried out, the impor­
tant data taken in connection with a typical experiment 
are given in Table I. The solution used in this experiment 
was the most concentrated of the series (23.998 molal). 
The change in galvanometer deflection, Ag, was found as 
before10 by recording the galvanometer deflections at 
one-minute intervals before and after the experiment and 
estimating the change graphically. The individual 
galvanometer deflections are not tabulated here.

T a b l e  I
Experiment Number 7, 12/24/35-12/26/35

Weight NH4NO3 231.670 g. 
Weight solution 352.272 g. m =  23.9978

Heater settings f No. 1 =  71.79 +  7.00 +  0.83 ohms 
(Nominal values) \  No. 2 =  98.92 +  0.54 +  0.06 ohms

T im e R es is ta n c e

Balancing resistance 
during heating time 
(Ä  +  Rz, Fig. 3)

:43 4992.79 ohms
44 .78
45 .75
46 .74
47 .73

Average = 4992.76 ohms
Fixed resistance (R2, Fig. 3) =  4002.47 ohms 
Ratio «  4992.76/4002.47 =* 1.24741 = X  
Ratio, corrected for lead resistance 

= 1.24741 +  [0.10(1.2471 -  1)]79.6 =  1.24772 = Xi 
Ag' — —8.4 mm. (galvanometer deflection for experi­

mental temperature rise)

Platinum resistance f Final R — 28.0808 ohms 
thermometer \  Initial R  = 27.9799

A R  — 0.1009 ohm
A t =  9.957 A R  = 1.0050 =  experimental temperature 

rise
Mean temperature = 24.99°
Agi, galvanometer deflection for 1° temperature rise =  

-8 .4 /1 .0 0 5  «  - 8 .4  mm.
Similarly, for two additional experiments using different 

heating ratios
Ag2 =  + 5 .2  mm., x2 = 1.24881 
Ag3 = —4.2 mm., x s — 1.24805

From Fig. 4, Ag = 0, at x  — 1.24839
__ 1.00009(268.330) +  (1.00009 -  1.24839) (10.73)

8 ~  1.24839
«  212.826

s = 212.826 4- 352.272 = 0.60481 25°-cal./deg.
$(CP2) -  31.945 25 °-cal./deg.

Preparation of Ammonium Nitrate.—The ammonium 
nitrate used in these experiments was synthesized from 
pure ammonia and nitric acid by two slightly different 
methods, both based upon the procedure recommended 
by Archibald6 for ammonium chloride. In both cases, 
c. P. nitric acid was distilled through a quartz condenser 
and the middle third was placed in quartz or platinum 
dishes. The first portions of ammonium nitrate were pre­
pared by T. R. Rubin, who also measured the heat capaci­
ties of the corresponding Solutions. The ammonia was ob­
tained as follows. A hot solution of c. p . ammonium sul­
fate, dissolved in an equivalent weight of pure sulfuric 
acid, was treated with a few grams of finely powdered 
potassium permanganate and heated until it was colorless. 
This treatment ensures the oxidation of any organic matter. 
The purified ammonium bisulfate was cooled, dissolved in 
water and neutralized with a suspension of c. p . calcium 
oxide. It was then put in the bottom of a vacuum desicca­
tor and mixed with excess lime, giving a slow evolution of 
ammonia. This was absorbed in the dishes of pure nitric 
acid which were placed on the shelf of the desiccator.

Subsequent tests showed that there were no oxidizable 
impurities in ammonium hydroxide of synthetic origin; 
hence the remaining portions were prepared by Robert 
Mueller using Solutions of ammonium hydroxide made 
from synthetic ammonia in place of the lime and am­
monium bisulfate mixture. The heat capacities of these 
Solutions were measured by F. D. Ayres.

The ammonium nitrate resulting from either procedure 
was twice crystallized from water and dried in vacuo at 
70-80°. The Hy vac pump was connected through a trap 
immersed in a mixture of carbon dioxide snow and acetone 
(about —78°). Pumping was continued until no more 
moisture collected in the trap. The salt was then ground 
in an agate mortar and dried again in vacuo at the same 
temperature for about six to ten hours. It was stored in a 
desiccator.

Experimental Results.—The results for all the 
ammonium nitrate Solutions are collected in

(5) E. H. Archibald, “The Preparation of Pure Inorganic Sub­
stances,“ John Wiley and Sons, Inc., New York, 1932.
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T a b le  II
T h e  S p e c i f i c  H e a t s  a n d  A p p a r e n t  M o l a l  H e a t  C a p a c i t i e s  o f  A m m o n i u m  N i t r a t e  S o l u t i o n s  a t  2 5 °

C1/ 2
HCp2) HCpz) As in

Expt. m c s obsd. calcd. (0.031%)

0.0 0.0 0.0 1.00000 - 3 .6 4
3 .1012 .1004 .3169 0.99211 1.5 0.8 -  7
2b .1928 .1905 .4365 .98534 2.82 2.46 -  5
la .4065 .3975 .6305 .97044 4.96 5.14 +  8
6 .5771 .5599 .7483 .95960 6.81 6.75 -  3
1 .8433 .8079 .8988 .94361 8.66 8.79 + 10
2a 1.5093 1.4020 1.1841 .90907 12.52 12.58 +  7
4b 2.4323 2.1672 1.4721 .87000 16.20 16.24 +  9
2 3.2385 2.7855 1.6690 .84228 18.724 18.592 - 3 5
9 3.2533 2.7962 1.6722 .84157 18.667 18.629 - 1 0
5a 5.4142 4.2555 2.0629 .78362 22.761 22.790 +  11
4a 7.5672 5.4761 2.3401 .74185 25.269 25.286 +  8
8a 9.8764 6.5834 2.5658 .70781 27.074 27.081 +  4
4 12.6314 7.6923 2.7735 .67681 28.590 28.596 +  4
5 13.4508 7.9855 2.8258 .66918 28.971 28.961 -  6
7a 17,4353 9.2207 3.0366 .63850 30.376 30.385 +  6
8 21.0845 10.1337 3.1833 .61792 31.341 31.337 -  3
7 23.9978 10.7495 3.2786 .60481 31.945 31.943 -  2

Table II. The experiments are numbèred cbrono- 
logically. Each solution made from weighed 
quantities of salt and water is given a consecutive 
number, while those made by quantitative dilu­
tion are designated by letters following the num­
ber of the concentrated solution from which they 
came. Experiments one to five inclusive were 
carried out by T. R. Rubin; the rest by F. D. 
Ayres. The molality, m, of the solution (moles 
solute per kg. water) was determined directly 
from the weights of the constituents. The mo­
larity, c (moles solute per liter of solution) was 
then calculated from the equation6 

, f  cH V 2)1
m dl L1 ÏOÖÖ J

The values of <ï> (F2), the apparent molal volume 
of ammonium nitrate, were calculated from the 
equation

4>(F2) = 47.558 +  0.966 c1/* +  0.0474c 
which was derived6a (p. 314) from the accurate 
density measurements of Adams and Gibson.7 
Successive approximations were made until two 
consecutive values of c agreed within 0.0001. The 
process was expedited, especially when successive 
values diverged, by taking the average of the two 
preceding values of c in making the later approxi­
mations. The value of the apparent molal heat 
capacity $(CP2) was calculated from the usual 
equation

x R O M  , - - " 1  1000
__________* (c ^  =  L~~*r +  M> \ s ~

(6) (a) Gucker, J. Phys. Chem., 38, 312 (1934); (b) see also Geff- 
cken, Z. physik. Chem., A155, 1 (1931).

(7) Adams and Gibson, T h is  J o u r n a l , 54, 4520 (1932).

where Mz is the molecular weight of ammonium 
nitrate, 80.047 g. Since s is the specific heat a t 
25°, $(Cp2) is expressed in 25°-calories per degree.

One of our objects in study in g ammonium nitrate 
was to compare the plots of the apparent molal 
heat capacity against m h and c /2 and to see if it 
was as nearly a linear function of the latter over 
the whole concentration range as we had already6a 
(p. 314) shown the apparent molal volume to be. 
Ammonium nitrate is particularly suitable for 
such a study. Its high solubility and large ap­
parent molal volume give a great difference be­
tween the volume and weight concentrations. A 
plot of 4>(Ĉ 2) against m x/\  reproduced in Fig. 5, 
showed that up to 1.5 m the results could be re­
produced with an accuracy of =*=0.005% in s by 
means of the equation

H Cm) =  -2 .9 0  +  12.56mV*
Above 1.5m the experimental points lay along a 
smooth curve which was concave down war cl.

A plot was next made, using cx/2 as abscissa, but 
a linear equation reproduced the specific heat data 
adequately to no higher concentration than be­
fore. The equation

4(C+) =  -3 .3 0  4- 13.37c1/ 2
reproduced the specific heats within =*=0.004% on 
the average, up to c = 1.4. At higher concentra­
tions the experimental points again lay along a 
smooth curve, concave downward, although the 
curvature was considerably less than in the plot 
against mx/\

In order to calculate values of the specific heat 
of the solution and of the partial molal heat ca-
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pacities of the salt and the water at any desired 
concentration, an equation connecting the ap­
parent molal volume and the concentration was 
next sought. Calculations involving the weight 
concentration are simplest to make, so that we 
first attempted to obtain the apparent molal heat 
capacity as a function of the molality. Various 
equations giving <£(£7̂ ) as an explicit function of 
m l/i were first tried, but none was found to re-

ated the coefficients a, b> d , e, ƒ. The equation 
was solved for by the general algebraic formula. 
Calculated values of $ were then compared with 
the experimental ones, and several successive Solu­
tions were tried to obtain the coefficients which 
gave best agreement at every point on the curve. 
The equation which we finally obtained was 
*(C PI) =  6.036 4- 9.991c1/* -

[93.644 -  78.79c1/* +  19.683c]V*

produce the curve suecessfully. The large curva­
ture near the center, with nearly straight portions 
at each end, suggested a section of a hyperbola.

Fig. 5.-—A comparison of abscissas.

From this equation we calculated the values of 4> 
which are included in Table II. The average de­
viation in the specific heat, As, is =*= 0.0075%, 

with only one of the seventeen ob­
servations showing a deviation ex- 
ceeding 0.011%. In order to check 
this value, a final experiment, No. 
9, was made at almost exactly the 
same concentration. It gave a 
value of the specific heat about
0.02% higher than the former one, 
but still 0.01% lower than the 
curve at this poin t. Since this was 
the largest discrepancy in the 
whole series, we may conclude that 
the experimental results, obtained 
by two experimenters using differ­
ent samples of ammonium nitrate 
and making up Solutions independ- 
ently, are in very satisfaetory 
agreement.

Using the last equation, we cal­
culated the values of the appar­
ent molal heat capacity of the

Accordingly we tried a general equation of the 
second degree in $ ( C P2) and m l/\  and found that 
it gave a much better agreement. Such a func­
tion reproduced the curve with average devia­
tions of =±= 0.0085% in 6*, but there were five devia­
tions of more than 0.01% and the deviations were 
systematic at both ends of the curve. In order 
to reduce the curvature, still employing a func­
tion of the weight concentration, we next tried 
the same type of equation with the abscissa 
•\/l000 N 2 / M 1 where N 2 is the mole fraction of 
solute, and M i  the molecular weight of water. 
This curve coincides with the previous one at low 
concentrations and in general lies about midway 
between the plot against and that against 
cx/2 (see Fig. 5). The agreement was not appre­
ciably improved. Finally we tried the equation 

4>2 +  ac 4- b&c1/ 2 +  deV2 +  e$ +  ƒ =  0 
Substituting five values of the variables we evalu-

salt at even values of c, which are collected in 
Table III. We also included the corresponding 
values of the molality and of the partial molal

T able III
T he Specific H eats of A mmonium N itrate Solutions 
and Values of $(Cp2), Cp% and  Cpl — Cpl at E ven  

Concentrations

c m s *(CP2) Cp2 Cp 1 — Cpi
0 .0 0 .0 1 .00000 - 3 . 6 3 .6 0.0000

.25 .2538 0 .98092 3 .3 6 .8 .0156
1 .0 1.0541 .93205 10 .15 16.50 .1205
2 .0 2.2239 .87818 15 .52 2 3 .47 .3184
3 .0 3 .5319 .83277 19.313 27.631 .5292
4 .0 5.0066 .79314 22.171 30.146 .7194
5 .0 6.6842 .75766 24 .392 31.752 .8862
6 .0 8.6120 .72539 26 .179 32.927 1.0469
7 .0 10.8529 .69586 2 7 .678 33.893 1.2151
8 .0 13.4928 .66874 28 .979 34.726 1.3969
9 .0 16.6522 .64379 30 .142 35.452 1.5930

10.0 20 .5044 .62083 31 .203 36.083 1.8026
11.0 25.3099 .59966 32 .183 36.624 2 .0249
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heat capacities of the solute and solvent. The 
partial molal heat capacity of the solute, CPi, was 
obtained from the genera] equation which had 
been derived previously,6a namely

CP2 — $(CP2) +
1000 -

2000 +  cV 2dF(F2)
öclA

C1/ 2 bcV*

Values of <F(F2) were calculated from the equa­
tion previously given, and dF(F2)/öc1/2 from its 
derivative

» ( F jI /öc1/* = 0.966 +  0.0948c1/*
The values were obtained from the
derivative of our equation, which was 

b$(Cp2) _  39.395 -  19.683c1/*
ö c 1/ 2 y +  [93.644 -  78.79c1/* +  19.683c]V*

The partial molal heat capacity of the water was 
obtained from the equation

Cm Cpx Mi
di 2000 +  eV* bc1/ 2

Clf  2
Ö4>(Cp2)

bc1/*

about 55% of that of the apparent molal heat ca­
pacity curve.

The partial molal heat capacity of the water de­
creases regularly from the value in pure water, 
CPl = 18.0156 25°-calories per degree, to a 
value of 15.9907 in a saturated solution of am­
monium nitrate (11 molar): a decrease of 11%.
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Summary
where M i is the molecular weight (18.0156 g.) of 
Water and di is its density (0.997077 g./ml.) at 
25°. This equation is perfectly 
general, and would apply to any 
ether partial molal property as well 
as to the heat capacity. In the case 
of the partial molal volume of the 
solute, it reduces to an equation 
analogous to that derived by Gibson8 
for the partial specific volume. Cal­
culations involving the volume con­
centration are more complicated than 
those involving the weight concen­
tration, but their use is justified 
when the apparent molal property 
may be expressed mo e exactly as a 
function of the volume than of the 
weight concentration.

In Fig. 6 we have plotted F(C^2),
(Cp2) and CPr The apparent molal 
heat capacity of the solute starts 
from the value —3.6 calories per 
mole per degree at zero concentration, with an 
initial slope of b$(CP2) /d c /2 =  14.06, which de­
creases to 6.287 at c — 11. The corresponding 
partial molal heat capacity starts from the same 
point, with a slope half again as great. It is always 
greater than the apparent molal heat capacity, 
but the difference is greatest (8.3 calories per de­
gree) at 3 molar and decreases steadily to 4.4 at 
11 molar, where the slope of the curve is only

(8) G ibson, J .  P h y s . C h em ., 38, 319 (1934).

We have described the construction and Opera­
tion of a new modification of the twin calorimetric

apparatus for meäsuring specific heats. Special 
electrical heaters with resistances variable in 
small increments, mounted on mica strips, are 
used to supply energy proportional to the heat 
capacity in each calorimeter. The resistance ratio 
is measured during the experiment.

Solutions of ammonium nitrate were made from 
weighed amounts of purified dried salt and water, 
or from a single quantitative dilution. The spe­
cific heats of seventeen of these Solutions, over

0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
Vc.

Fig. 6.—Apparent and partial molal heat capacities in Solutions of am ­
monium nitrate at 25°.
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the concentration range 0.1 to 10.75 moles per 
liter, were measured at 25°.

The apparent molal heat capacity is a linear 
function of c /a (or m l/2 or only up to about
a 1.5 molal solution, above which the relation 
found by Randall and Rossini fails. A hyper- 
bolic second degree equation for the apparent 
molal heat capacity as a function of the square 
root of the volume concentration reproduces the 
specific heats with an average deviation of

=*= 0.0075%. Values of the partial molal heat 
capacity of the salt at round concentrations 
were calculated from an equation previously 
derived and values of the partial molal heat 
capacity of the water were calculated from a 
new equation which is generally applicable to all 
molal quantities. These values are tabulated, 
along with those of the specific heats of the same 
Solutions.
Evanston, Illinois Received J une 11, 1936

[Contribution from the Department of Chemistry, Purdue University]

The Thermodynamics of Aqueous Indium Sulfate Solutions1

B y E r w in  M. H attox and  T h o s . D e  V r ie s

Very little work has been done on the activity 
coefficients and other thermodynamic properties 
of aqueous Solutions of the ter-bivalent salts. 
Hovorka and Rodebush2 determined the freezing 
point lowering of dilute Solutions of lanthanum 
sulfate, and from these data calculated the ac­
tivity coefficients. Since their results dealt only 
with dilute Solutions, it seemed desirable to study 
the behavior of indium sulfate in aqueous Solu­
tions over a wider range of concentrations and at 
several temperatures. E. m. f. measurements 
were made on cells of the type In (s) | In2(S04)3 
(m) | Hg2S04-Hg at 0, 15, 25 and 35°, and freez­
ing point lowerings were determined for a few 
dilute Solutions of indium sulfate. The degree of 
hydrolysis was also determined at room tempera­
ture.

Materials and Apparatus
All materials used in this investigation were very care­

fully purified. The water used for making the Solutions 
and for making ice was prepared by double distillation of 
the ordinary laboratory distilled water. The first dis­
tillation was made from alkaline permanganate and the 
second from barium hydroxide. The water thus puri­
fied was stored in glass-stoppered Pyrex bottles.

Commercially pure indium (98.9%), obtained from 
W. S. Murray, Ithaca, New York, was purified in the 
following manner. The metal was dissolved in concen­
trated nitric acid, the solution diluted, and precipitated 
as indium hydroxide with dilute ammonium hydroxide. 
This was washed several times and dissolved in dilute 
hydrochloric acid. Spongy indium was plated out from

(1) Based upon a thesis submitted by Erwin M. Hattox to the 
Faculty of Purdue University in partial fulfilment of the require­
ments for the degree of Doctor of Philosophy, June, 1936. Presented 
before the American Chemical Society at its 92nd meeting in Pitts­
burgh, Pa., Sept. 7-11, 1936.

(2) Hovorka and Rodebush, This Journal, 47, 1614 (1925).

this solution, using platinum electrodes and a current 
of about 0.3 ampere. The washed, spongy mass then 
served as an anode in another dilute hydrochloric acid 
solution, the indium being redeposited by electrolysis on a 
platinum cathode.3 Indium sulfate was prepared from 
this indium by slowly evaporating a strong sulfuric 
acid solution of it at about 50°, washing the crystals that 
separated out with glacial acetic acid, and then heating in 
a furnace to a temperature of 450-500° for six hours.4 
By gravimetric analysis the product was shown to be 
anhydrous indium sulfate.

The mercury was purified by washing for several days 
with dilute nitric acid and distilling twice under reduced 
pressure in a current of air.

Mercurous sulfate was prepared by electrolysis from 
dilute sulfuric acid using a mercury anode and a platinum 
cathode, and a current density of 0.5 ampere per square 
decimeter. In order to prevent the formation of a yellow 
basic salt due to hydrolysis, the mercurous sulfate, along 
with the finely divided mercury mixed with it, was washed 
first with alcohol, then with ether. The product was 
dried and kept in a desiccator until ready for use.

The most concentrated indium sulfate solution was 
made up by weight from the prepared anhydrous salt. 
All the Solutions of lower concentrations were made by 
successive weight dilutions, using an analytical balance of
2-kg. capacity.

After experimenting with complicated cells in which the 
air could be replaced by hydrogen, a simple cell was de­
veloped, made by sealing a platinum wire in the bottom 
of a 16-mm. Pyrex tube, and having a side-arm in which 
the indium electrode was placed.

The thermostat temperatures were maintained within 
=«=0.01°. A two-liter size Dewar flask with crushed ice 
served very satisfactorily for the 0° bath. All tempera­
tures were established with Standard thermometers.

Electromotive forces of the cells were measured on a 
Leeds and Northrup Type K Potentiometer.

Apparatus for the freezing point measurements was

(3) Baxter and Alter, ibid., 55, 1943 (1933).
(4) Se ward, ibid., 55, 2740 (1933).
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essentially the same as that described by Hovorka and 
Rodebush,2 the only change being that the two Dewar 
flasks were not sealed together. A twelve-junction ther­
mel, carefully calibrated, and having a potential change 
of 461 microvolts per degree at 0°, was used for the de­
terminations of the temperature differences. A very sen­
sitive galvanometer set-up was arranged by making use of 
a lens of 1.22 meters focal length and focusing a straight 
edge image from the galvanometer mirror onto a ground 
glass plate. The distance from light source to the gal­
vanometer, the same as that from the galvanometer 
to the plate, was 3.2 meters. The scale on the glass plate 
was calibrated and it was found that readings could be 
made with a precision of about 0.0001 °. A White Poten­
tiometer, with the lower dials marked in 10 and 1 micro­
volts, wras used to measure the voltage of the thermel.

Experimental

Mercury was placed in the bottom of the completely 
dried cell, and was then covered with a thin layer of the 
dry mercurous sulfate. The solution was poured down the 
side arm until it reached a height of about 2.5 cm. in the 
arm. After the cell had been tightly stoppered, it was 
allowed to stand for a period of from twenty-four to forty- 
eight hours in order for equilibrium to be reached. This 
time was found by experiment. When this time had 
elapsed, an indium electrode was prepared by plating a 
thin layer of the metal on a platinum spiral sealed in the 
end of a glass tube, using a current of about 0.2 ampere. 
After the electrode was washed and dried in a stream of 
air, it was placed in position in the side-arm, and held 
there by means of a rubber tubing which also served to 
keep the cell closed to the atmosphere. The cell was then 
placed in the 15° thermostat and allowed to reach equi­
librium at that temperature, which usually required from 
three to six hours. After all the needed data at 15° had 
been recorded, the cell was transferred successively to the 
25 and 35° thermostats. A separate cell was prepared for 
the measurements at 0°, but the procedure followed was 
the same.

The experimental technique used by Hovorka and Rode- 
bush2 was employed for the freezing point determinations.

Discussion of the Results
The molalities of the Solutions used and the 

corresponding e. m. f.’s observed at the different 
temperatures are given in Table I. Iw o or more 
values were obtained for each concentration at 
each temperature. The voltages were reproduc­
ible to =±=0.2 mv. in the concentrated Solutions, but 
the deviations in the dilute Solutions were about 
±0.3 mv. The e. m. f.’s of the individual cells 
usually remained constant for eight to ten hours 
or longer.

In order to determine the absolute value of the 
activity coefficients, E q must be evaluated. This 
requires an extrapolation to infinite dilution, and 
the voltages of the dilute Solutions are less reliable 
than those of the concentrated Solutions. Evi-

T a b l e  I
E lectrom otive  F orce of C e ll s  

ln(s), In2(S04)3(m), Hg2S 04-Hg
MolesIn2(S04)8 _ —E. m. f., v.—

1000 g. h 2o 0° 15° 25° l35°
0.4231 1.0473 1.0427 1.0382

.3132 1.0500 1.0456 1.0410

.2454 1.0528 1.0483 1.0439

.1676 1.0627 1.0560 1.0515 1.0470

.0999 1.0597 1.0553 1.0508

.0526 1.0700 1.0631 1.0591 1.0551

.0378 1.0673 1.0632 1.0590

.0281 1.0749 1.0698 1.0658 1.0617

.0221 1.0718 1.0677 1.0636

.0158 1.0800 1.0742 1.0703 1.0664

.0100 1.0838 1.0782 1.0744 1.0705

.00631 1.0885
Values of E0

Eo 0.974 0.962 0.954 0.946

dently, then, an extremely accurate value of E q 

cannot be expected. However, from freezing 
point measurements the activity coefficients can 
be determined with considerable accuracy. Due 
to the formation of a precipitate resulting from 
hydrolysis it was possible to obtain only one pomt 
of any significance from such measurements. A
0.00631 molal solution gave a depression of
0.0316°, but Solutions of 0.00198 molal and less 
developed precipitates upon standing. The one 
point that we were able to determine fits the data 
of Hovorka and Rodebush within the limits of 
experimental error. Assuming that indium sul­
fate and lanthanum sulfate give identical freezing 
point curves in very dilute Solutions, which seems 
to be logical, we used 0.150 as the activity coëffi­
ciënt in 0.01 molal solution5 and calculated Eq to 
be 0.9747 volt at 0°. This agrees well with
0.974 obtained by an extrapolation from e. m. f. 
data.

The electromotive force of the cell at any tem­
perature T  may be given by the equation

E  =  Eo -  (RT/6F) ln 10875w5 (1)
which may be written

k log y  =  Eo -  E  -  0.4067& -  k log m (2)
In dilute Solutions the logarithm of the activity 
coëfficiënt may also be expressed by log y =  
— 6Ä  /̂Jx +  B fx in which A and B  are constants 
and [x is the ionic strength. When this relation 
is used in (2), the following expression is obtained 
E +  0.4067& -f- k log m — 6kA V m — Eq ~~ kBß (3) 
Designating the left side of this equation as E q, 
and plotting it against m, a curve is obtained for 
each temperature which may be extrapolated to

(5) Rodebush, This J o u r n a l , 48, 709 (1926).
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infinite dilution to give a value for E q . Harned 
and Ehlers’ values® of A were used in evaluating 
Eq. Curves of this type were drawn for the 
four temperatures. Although these were nearly 
straight lines and the curves did not have to be 
extrapolated very much, Eq was not evaluated 
closer than 1 mv. The values are given in Table
I. These were used in equation (1) to calculate 
the activity coefficients. Because of the uncer­
tainty as to the degree of hydrolysis of indium sul­
fate, it is not feasible to determine the “true” 
activity coefficients. The “stoichiometrical ac­
tivity coefficients”7 were therefore determined. 
They are collected in Table II. The values, in­
cluding those calculated by Rodebush5 from the 
freezing point data for lanthanum sulfate, lie on 
a smooth curve when log y is plotted againt \/m . 
Since Halpern8 questions the reliability of the La 
Mer, Gronwall and Greiff extension of the Debye- 
Hückel theory9 to unsymmetric valence type of 
electrolytes, no attempt was made to make the 
Debye-Hückel equations fit the data. When 
extrapolated values of the La Mer, Gronwall and 
Greiff formulas were used, a value of about 5 Ä. 
was obtained for the mean distance of ap- 
proach of the ions.

T a b l e  II
A ctivity  C o e f f ic ie n t s  of I n d iu m  S ulfa te

m 0° 15° 25° 35°
0 .4231 0 .0 1 5 0 ,0 1 5 0.014

.3132 .018 ,017 .017

.2454 .020 .020 .019

.1676 0 .0 2 5 .025 .025 .024

.0999 .035 .035 .034

.0526 .056 .056 .055 .054

.0378 .064 .063 .063

.0281 (.0 8 1 ) .076 .075 .075

.0221 .088 .088 .087

.0158 .111 .110 .109 . 108

.0100 .145 .143 .142 .141

.00631 .181

The normal potential of the In, In+++ elec­
trode at 2 5 °  is +0.340 if the value — 0.614 is used 
for the Hg-Hg2S04, S04= electrode.10

The Partial Molal Heat Content
The partial molal heat content relative to the

0.01 M  solution was computed by the Gibbs- 
Helmholtz equation
__________(Hm -  Ho.oi) = NF(E -  TdE/dT)  (4)

(6) Harned and Ehlers, T h is  J o u r n a l , 55, 2X79 (1933).
(7) Brönsted, ib id . ,  42, 761 (1920).
(8) Halpern, J. Chem. Phys., 2, 85 (1934).
(9) La Mar, Gronwall and Greiff, J. Phys. Chem., 35, 2245 (1931).
(10) Shrawder, Cowperthwaite and La Mer, T h is  Jo u r n a l , 56, 

2348 (1934).

The temperature coëfficiënt of the cell was nearly 
constant. Since an error of =*=0.01 mv. in the 
temperature coëfficiënt means an error of approxi­
mately =*= 100 calories, the values given in Table 
III are merely good approximations. Because 
of insufficiënt data it was not possible to calculate 
Z2, the relative partial molal heat content.

T a b l e  I I I

P a rtial  M olal H e a t  C o n t e n t  of I n d iu m  S u l fa t e  
R e l a t iv e  to t h e  0.01 M  S olution

m

Si
l

3
o 

1
o 15°

Cal./mole
25°

co

0.4231 -4 2 8 0 -4 3 9 0 -4 4 7 0
.3132 - 3 9 0 0 -3 9 9 0 -4 0 8 0
.2454 - 3 5 2 0 - 3 6 1 0 -3 6 8 0
.1676 - 2 9 2 0 - 3 0 7 0 -3 1 7 0 -3 2 5 0
.0999 - 2 5 6 0 - 2 6 4 0 - 2 7 3 0
.0526 - 1 9 1 0 - 2 0 9 0 -2 1 2 0 - 2 1 3 0
.0378 - 1 5 1 0 -1 5 5 0 -1 5 9 0
.0281 ( - 1 2 3 0 ) -1 1 6 0 - 1 1 9 0 -1 2 2 0
.0221 -  890 -  930 -  950
.0158 -  530 -  550 -  570 -  570

Hydrolysis of Indium Sulfate
The pH values of nine Solutions were deter­

mined at room temperature, 23°, using a quinhy­
drone electrode with a 0.1 N  calomel cell as ref­
erence electrode.

Two series of hydrolysis constants were calcu­
lated from the pH values found at various molali­
ties. These are designated in Table IV as K h 
and K h'. The K h' was calculated on the assump­
tion that the hydrolysis of In+++ may be repre­
sented

In + + + +  H20  InO+ +  2H + (5)

The computed values of K hf vary considerably at 
the different concentrations. If, however, the 
hydrolysis reaction is written

In+++ +  H20 ^ = ± lIn (0 H )++ +  H + (6)

and the constant calculated for this reaction, a 
much nearer approaeh to a constant value is ob­
tained. The values headed K h are the results

T a b l e  IV
H y d r o ly sis  of I n d iu m  S ulfa te

m, PU Khf X 106 K h X 104
0.2454 1 .77 5 .1 6 .6

.0999 2 .0 1 2 .4 5 .1

.0526 2 .2 0 1 .2 4 .0

.0378 2 .2 9 0 .9 3 3 .7

.0281 2 .3 6 .79 3 .7
,0221 2 .4 1 .72 3 .8
.0158 2 .5 7 .34 2 .5
.0100 2 .6 9 .21 2 ,2
.00631 2 .8 3 .14 2 .0
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obtained. The results are not constant, but such 
could hardly be expected, since molalities instead 
of activities were used. There is indication, how­
ever, that a constant value will be approached in 
a very dilute solution.

Summary
1. Using cells of the type In(s), In2(S04)3- 

(m), Hg2S04-Hg electromotive force measure­
ments have been made at 0, 15, 25 and 35°.

2. The freezing points of dilute Solutions of 
indium sulfate were investigated.

3. Calculations have been made of the activity 
coefficients of indium sulfate in aqueous solution, 
and of the partial molal heat contents relative to 
the 0.01 M  solution.

4. pH values of Solutions of indium sulfate have 
been determined at room temperature, using the 
quinhydrone electrode.

5. The constant for the hydrolysis of indium 
sulfate has been calculated assuming the reaction 
to be

In + + + +  H20  = In (OH)++ +  H + 
Lafayette, Indiana Received August 1, 1936

[C o n t r ib u t io n  from  t h e  C hem ical  L aboratory  of t h e  U n iv e r sit y  o f  Ca l if o r n ia ]

The Presence of Free Radicals in the Thermal Decomposition of Diethyl Ether

By C. J. M. Fletcher and G. K. Rollefson

The decomposition of diethyl ether is a reaction 
for which a chain mechanism involving free radi­
cals has been postulated.1 The experimental 
results of previous investigations,2“6 except for 
the recent results on the inhibition of the rate of 
reaction by small quantities of nitric oxide,7 do 
not enable any decision to be made between the 
alternative theories of molecular rearrangement 
and such a chain mechanism. The present in­
vestigation provides definite evidence for the 
presence of free radicals since small amounts of 
ether are found to catalyze the decomposition of 
acetaldehyde. Quantitative estimations of the 
aldehydes, which are formed as intermediates, and 
a more detailed study of the kinetics of the over-all 
reaction have enabled the kinetics of the ether 
decomposition to be separated from those of 
secondary reactions.

Experimental Details.—The thermal reactions were 
studied in a Pyrex bulb, approximately 500 cc. in volume, 
placed in an electrically heated furnace. Fluctuations 
of the voltage were reduced by the use of Radiatron ballast 
tubes (U. V. 886 and 876), and the temperature was con­
trolled by hand to within one degree. Pressures greater 
than 20 mm. were measured on a mercury manometer 
made from capillary tubing and heated by nicrome wire 
to prevent the condensation of organic vapors. The dead-

(1) F. O. Rice and Herzfeld, T h is  J o u r n a l , 56, 284 (1934).
(2) Hinshelwood, Proc. Roy. Soc. (London), A114, 84 (1927).
(3) Newitt and Vernon, ibid., A135, 307 (1932).
(4) Steacie and Solomon, J. Chem. Phys., 2, 503 (1934).
(5) O. K. Rice and Sickman, T h is  J o u r n a l , 56, 1444 (1934).
(6) Steacie, Hatcher and Rosenberg, J. Chem. Phys., 4, 220 

(1936).
(7) Staveley and Hinshelwood, Proc. Roy. Soc. (London), A154,

335 (1935).

space outside the furnace did not amount to more than 2% 
of the volume of the bulb. Pressures of less than 20 mm. 
were measured with a sulfuric acid manometer separated 
from the reaction by a click-gage. It was found that 
pressure equilibrium between the bulb and click-gage was 
not established instantaneously, so that the time lag was 
estimated with different pressures of air and a correction 
applied.

The reaction vessel was evacuated through a liquid air 
trap by a mercury vapor pump and oil pump to pressures 
of less than 10 ~3 4 5 mm. If at any time air was admitted to 
the reaction vessel, it was well washed out with the vapor 
of the substance in use.

The substances used were stored, if liquids, in small 
bulbs attached to the system; if gases, in a reservoir over 
mercury. Mixtures were made in a reservoir over mer­
cury, and could be thoroughly mixed by changing the 
mercury level.

Gas analyses were carried out according to the micro 
methods of Blacet and Leighton.8 The greater part of any 
aldehyde or ether present was removed in a trap at —70°. 
As it was found that the beads slowly absorb other gases 
than that for which they are used (e. g., fuming sulfuric 
acid slowly absorbs carbon monoxide), the times of con­
tact were carefully controlled.

In order to determine the amounts of aldehydes present 
the gas was withdrawn, shaken with water and (a) the 
total aldehydes found by titration with sodium bisulfite; 
(b) the formaldehyde estimated by the potassium cyanide 
method.9 The bisulfite solution was stabilized with ethyl 
alcohol and frequently standardized against iodine. 
Blank experiments with acetaldehyde showed that it also 
slowly reacts with potassium cyanide for which interac­
tion a correction was applied. Experiments with unde- 
composed acetaldehyde vapor withdrawn from the furnace 
showed the bisulfite method to be accurate.

(8) Blacet and Leighton, Ind. Eng. Chem., Anal. Ed., 3, 266 
(1931).

(9) Romijn, Z. anal. Chem., 36, 19 (1897).
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Diethyl ether (99.5%) was dried over sodium and freshly 
distilled in an all-gläss apparatus. Acetaldehyde (East­
man Kodak) was distilled and the fraction boiling be­
tween 20.5 and 21° collected for use. A particularly pure 
specimen of helium, prepared for cryogenic work, was used. 
Ethylene was purified by fractionation at liquid air tem­
peratures.

Experimental Results.—Analyses of the gase­
ous reaction products were made on samples for 
which the initial pressure, po, was 200 mm. at 
507°, and which were allowed to proceed to vari­
ous stages of completion, Ap/ Ap 0). The results 
are given in Table 1.

T a b l e  I
Gas Analyses: pa =  200 mm., Temp. = 507°
A p  

Apoo
H yd rocarb ons, % 
U n satd . Satd .

h 2,
%

co
(ob sd .),

%
co

(calcd .),
%

0.05 7.6 77.4 7.4° 7.6 10
.075 10.0 74.8 7.0 8.2 12
.25 9.5 68.2 5.3 17.0 20
.40 8.5 68.5 4 .0 19.0 24
.50 10.5 60.9 4.3 24.3 25
.90 8.5 57.9 4.3 29.3 32

It is known that formaldehyde and acetalde­
hyde are formed during the decomposition of 
diethyl ether,3 and as their rates of decomposition 
are of the same order of magnitude as that of the 
ether, considerable quantities of the aldehydes are 
built up in the system. Quantitative estimations 
were carried out (a) at 507 and 552° for an initial 
pressure of 200 mm., and (b) a t 552° for an initial 
pressure of 20 mm. In Fig. 1 the percentages of 
total aldehydes relative to the amount of ether 
originally present are plotted for comparable 
stages of completion. The ratio of formaldehyde

0 0.25 0.50 0.75 1.00
Ap/Apm.

Fig. 1.—Amounts of aldehydes built up at different 
stages of completion: • ,  pQ 200 mm., temp., 552°;
O, p0 20 mm., temp., 552°; ®, p0 200 mm., temp., 
521°.

to the total aldehydes is in each case from 20 to 
25%. The almost exact agreement between the 
two curves for 200 and 20 mm. means that the

order of the reaction that produces the aldehyde is 
the same as that by which it decomposes: results 
to be described later show that the former is 1.4. 
The amounts of aldehyde present do, however, 
show a definite increase with temperature (Table 
II) for which allowance must be made in deriving 
the energy of activation of the ether decomposi­
tion from pressure measurements.

T a b l e  II
Aldehydes Present at Ap/Ap^ =  0.40

T em p ., °C . po, m m .
P&ld./Po
X 1 0 0 P io tm ./£ald. X  100

552 380 22.9 23
552 200 23.4 24
552 53 23.5 ..
552 20 23.6 23
507 200 21.0 21
490.5 200 21.0 19
473.5 200 20.4 ..
442 200 18.8 18
490 4636 18.0 32 (Newitt and Vernon)

Irrespective of the mechanism by which the
ether decomposes, it is possible, a priori, (a) that 
the ether decomposes directly to carbon mon­
oxide, e. g.

C2H6OC2H5 — ^ C2H6 +  CH4 +  CO 
or (b) that an aldehyde is formed as an inter­
mediate, e. g.

C2H6OC2H5 — > CH3CHO +  C2H6 
and that the aldehyde subsequently decomposes 
to carbon monoxide and methane. If all the 
ether decomposes in the former manner, the per­
centage of carbon monoxide in the products 
would be constant throughout the reaction; if all 
in the latter manner, the percentage would be very 
small in the early stages and increase as the reac­
tion proceeds. Further, assuming that all the 
ether does actually form an aldehyde as an inter­
mediate, it is possible, knowing the amounts of 
aldehyde present (Fig. 1), to calculate at any 
stage of the reaction the amount of aldehyde 
which has decomposed and therefore the percent­
age of carbon monoxide in the reaction products. 
The agreement between the calculated and ob­
served amounts of carbon monoxide (Table I) 
justifies the conclusion that virtually all the ether 
forms an aldehyde as an intermediate step in its 
decomposition.

The question arises as to whether the aldehydes 
decompose at the same rate as in the pure state. 
At 552°, the maximum amounts of aldehyde are 
present when the pressure increase is 40% com­
plete : at this stage the rate of production of alde­
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hyde equals its rate of destruction. For an 
initial ether pressure of 197 mm. the rate of 
destruction of ether, which equals the rate of 
formation of aldehyde, is 0.374 mm./sec. From 
Fig. 1 it is seen that p ^Jpa  is 0.234, so that the 
aldehyde pressure is 46.1 mm. For this tempera­
ture and pressure it may be calculated from the 
results on the decomposition of pure acetalde­
hyde10 that the rate of aldehyde disappearance is
0.122 mm./sec.; for formaldehyde the value is 
very similar.11 When, therefore, these aldehydes 
are formed as intermediates in the decomposition 
of ether they react at a rate approximately three 
times greater than in its absence. This is too 
great a difference to be accounted for by cross 
activation by collisions with ether, and indicates a 
definite catalytic action of ether which has been 
confirmed by comparing the rates of decomposi­
tion of pure acetaldehyde with those of mixtures 
containing small percentages of ether.

The Decomposition of Acetaldehyde Cata- 
lyzed by Diethyl Ether.—Experiments with acet­
aldehyde were alternated with those of the alde- 
hyde-ether mixtures. In both cases, after allow­
ing for the ether decomposition, the shapes of the 
pressure-time curve were similar, and the end- 
point was nearly double the initial pressure. The 
rates have, therefore, been compared from the 
half-times, after applying a correction for the 
rate of decomposition of the ether: this is com- 
paratively small as the rates of reaction of ether 
and acetaldehyde are similar (at 552° and 200 mm. 
they are 0.79 mm./sec. for ether and 1.15 mm./- 
sec. for acetaldehyde). Table III gives the tem­
perature, the percentage of ether to the total gas, 
the initial acetaldehyde pressure and the ratio of 
l//i/2 to that for the same initial pressure of pure

T a b l e  III
T h e  Ca t a l y sis  of A c e ta l d eh y d e  b y  D ieth y l  E ther

Temp., °C. % Ether paid.j mm.
% increase

1AV»
552 1.9 179 5.3

5.2 161 15.5
5.2 90 21.7
5.2 20.3 25.0

18.5 156 55.2
507 5.2 178 15.8

11.3 164 32.2
11.3 85 38.9
11.3 23.2 40.0

490.5 5.2 174 16.1

(10) Fletcher and Hinshelwood, Proc. Roy. Soc. (London), A141,
41 (1933).

(11) Fletcher, ibid., A146, 357 (1934).

acetaldehyde. The increase in l/ /y 2, which 
represents the catalyzed reaction, is independent 
of temperature, and nearly proportional to the 
percentage of ether. I t may be noted that the 
addition of 5% of acetaldehyde does not change 
the initial rate of the ether decomposition.

The catalysis of acetaldehyde by ether may be 
explained on the hypothesis that the decomposi­
tion of ether produces free radicals which then set 
up a chain in acetaldehyde. The uncatalyzed 
reaction of acetaldehyde cannot involve free 
radicals to any appreciable extent or the introduc­
tion of a few free radicals from ether, a t tem­
peratures at which the acetaldehyde is already de- 
composing as fast as the ether, would not increase 
the rate appreciably. At temperatures around 
550°, therefore, the uncatalyzed reaction is 

c h 3c h o  — >  CH4 +  CO
If free radicals are present, however, the chain 
decomposition

CH 3 CHO +  R — >- CH 4  +  CH 3 CO 
CH 3 CO — >  CH3  +  CO

can also occur.
The chain length, X, can be found in terms of 

the fraction of free radicals, x, produced from 
ether. At 552° the addition of 9 mm. of ether to 
161 mm. of aldehyde causes an increase in l//i /2 of 
15.5%: the initial rate may be assumed to in­
crease by the same amount. In the absence of 
ether this rate is 0.82 mm./sec., so that the in­
crease is 0.13 mm./sec. The initial rate of dis­
appearance of ether, assuming no cross activation 
by acetaldehyde, is 0.011 mm./sec.; if collisions 
with acetaldehyde are equally as effective as 
collisions with ether in causing activation, the 
rate of disappearance is 0.031 mm./sec. The 
value of X therefore lies between 12/x and 4/#. 
The results with nitric oxide on ether7 indicate 
that at this temperature the inhibited reaction is 
about 0.3 of the total reaction, so that for ether 
the chain length is 0.7/#. The value of # may be 
very considerably smaller than 0.3 as ether mole­
cules not only produce free radicals but also de­
compose directly to molecules without the forma­
tion of such radicals.

The Rate of Pressure Increase.—Deductions 
about the rate of disappearance of ether can only 
be made from measurements on the rate of pres­
sure increase if (a) the final pressure increase at 
any temperature and pressure is known, and if (b) 
allowance is made for the undecomposed alde­
hydes present. Newitt and Vernon3 at pressures
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greater than atmospheric have estimated the 
aldehydes and corrected for them.

The final pressure increase, Apm, at any initial 
ether pressure, pQ, does not vary with tempera­
ture, but at any temperature there is a marked 
decrease with pressure. The values obtained at 
different pressures at temperatures from 495 to 
565° are plotted in Fig. 2. A similar Variation 
has been found for other molecules11 and has been 
correlated with condensation reactions.

po, mm.
Fig. 2.—Variation of end-point with initial pressure.

The rates at different initial pressures were 
compared by taking the times, fi/4 and fi/2, in 
seconds, for one-quarter and one-half of the pres­
sure increase at completion. The variations of 
1A /4 with Pq at 552 and 521° are plotted in Fig. 3.

0.5 1.5 2.5
Logio po, mm.

Fig. 3.—I, 552°; II, 507°.

As the amounts of aldehydes present throughout 
the reaction have been estimated, a pressure-time 
curve, such as would be obtained if the aldehyde 
present were completely decomposed, can be 
constructed (it has been assumed that unit pres­
sure of aldehyde gives 1.95 units of products). 
This has been done in Fig. 4 for pQ =  198 mm. at

552°, and it is seen that the induction period 
noticeable in the uncorrected curve is in this way 
removed. The uncorrected values of fi/4 and k/2 
are 102 and 232.5 sec., respectively; from the 
corrected curve they are 68.2 and 167 sec., so that 
as the correction for the aldehydes at this tempera­
ture is the same at all pressures (Fig. 1), the ob­
served values of fi/4 at 552° must all be decreased 
by the factor 68.2/102 = 0.669. The corrected 
value of tx/Jti/i is 2.45, which is very dose to that 
for a unimolecular reaction (2.41). The uni­
molecular constant, £uni , is connected at 552° 
with tx/A by the relation, kun{ = 0.43/fi/4.

Fig. 4.—Pressure-time curve: po 197 mm., 
temp. 552°; I, corrected for aldehydes pres­
ent; II, uncorrected for aldehydes.

The slope of log l/fi/4; log p0 (Fig. 3) gives 
directly the order of the ether decomposition with 
respect to the initial pressure, as the correction to 
be applied for the aldehydes is the same at all 
pressures. This gives an order of 1.40 at 552°, and 
at 521° a similar value, though at this tempera­
ture the order increases somewhat with pressure, 
as has been found by Rice and Sickman at lower 
temperatures and pressures.5 It is known that 
the non-chain reaction, i. e., that in which small 
quantities of nitric oxide eliminate the chain 
reaction, varies with the initial pressure from 50 
to 500 mm. in the same manner as the uninhibited 
reaction.7 It follows, therefore, that the orders 
of both the chain and non-chain reactions are 
approximately 1.4. At much higher pressures (30 
to 300 atm.), Steacie, Hatcher and Rosenberg6 
derive an order of 1.35, though they make no 
allowance for any Variation in the end-points.

The Variation of the Energy of Activation with 
Pressure,—Theories of quasi-unimolecular re-
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actions predict an increase in the energy of activa­
tion with pressure, which have been verified for 
azómethane.12 In other cases, e. g., the alde­
hydes,13 the reverse has, however, been found, and 
has been correlated with Chemical and physical 
complexities of the reactions. For diethyl ether, 
in which the greater number of molecules decom­
pose by a chain mechanism, our results show that 
the energy of activation, Eh decreases slightly but 
definitely with pressure (Table IV). The values 
of E  are those derived directly from the slopes of 
log against l /T ;  the quarter times for con­
stant concentrations were compared (Fig. 5). 
These energies of activation represent composites 
of the individual energies of activation of the 
reactions which contribute to the pressure in­
crease. The smaller amounts of aldehydes formed 
at lower temperatures indicate a lower energy of 
activation for their destruction than for their 
formation. At 552° it has been found that k =
0.43//i/j a similar calculation for pQ = 200 mm. 
at 507° gives k = 0.412/A/4. If k = x/U/0 the 
energy of activation, Ex, for the initial decomposi­
tion of ether is

Ei = (E -f R) d ln x /d ( l /T )
= E +  1200 cal.

and at 200 mm., k = 1.6 X 1013 e~bs,m/RT.
T a b l e  IV

T h e  E n e r g y  of A c tiv a tio n  of  D iet h y l  E ther
po, mm. E, c a l . Ei, c a l .

4 0 0 5 6 , 9 0 0 5 8 , 1 0 0

2 0 0 5 7 , 4 0 0 5 8 , 6 0 0

1 0 0 5 8 , 2 0 0 5 9 , 4 0 0

5 0 5 8 , 7 0 0 5 9 , 9 0 0

2 5 5 9 , 0 0 0 6 0 , 2 0 0

1 2 5 8 , 7 0 0 5 9 , 9 0 0

Our results lie between those of Hinshelwood2
(53,000 cal.) , and those of Rice and Sickman5
(62,000 cal.).

Discussion
The decomposition of diethyl ether was at first 

thought to be a simple quasi-unimolecular reac­
tion;2 later Rice and Sickman5 postulated the 
existence of two or more unimolecular reactions or 
selective types of internal activation. The chain 
mechanism of Rice and Herzfeld1 can now in part 
be accepted as the present work has demon­
strated the existence of free radicals, and the 
retardation by nitric oxide shows that chains are

(12) O. K. Rice and Ramsperger, T his Journal, 50, 617 (1928).
(13) Hinshelwood, Fletcher, Verhoek and Winkler, Proc. Roy. 

Soc. (London), A146, 327 (1934).

set up by the radicals.7 We have also found that 
the retardation of the rate by the reaction prod­
ucts2 is due to ethylene, which can act as a chain 
breaker. Further, it is known that free radicals 
produced photochemically from acetone14 or 
thermally from ethylene oxide15 can also set up 
chains in diethyl ether at lower temperatures.

1.15 1.25 1.35
l / T  X 103.

Fig. 5.—Variation of energy of activation 
with initial pressure.

Although the chain mechanism is thus firmly 
established, there is evidence that a certain frac­
tion of ether molecules decompose by an intra- 
molecular rearrangement directly to an aldehyde 
and other molecules.15 Thus there are three 
general ways in which ether molecules may break 
down :
(1) By rearrangement to molecules

C2 H 5OC2 H 5 — C2 H 6 +  CH3 CHO 
C2 H 6 OC2 H 5 — >  C2 H 4  +  CH4  +  HCHO

(2) By the formation of free radicals
C2H5OC2H5 -—>“ C2H5 -f- C2H5O

(3) By interaction with free radicals (R)
R -f C2H5OC2H5 — RH +  C2H4OC2H5

followed by
CH3CHO +  C2H5

c 2h 4o c 2h 5
^  HCHO +  CH3 +  C2H4

and subsequent chain decomposition of the alde­
hydes. Our results indicate that an aldehyde is 
always formed as an intermediate, so that there is 
no direct production of carbon monoxide from 
such a reaction as

C2H6OC2H5 — >  C2H6 +  CH4 -f CO
(14) Leermakers, T his Journal, 56, 1899 (1934).
(15) Fletcher and Rollefson, ibid., 58, 2135 (1936).
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The proportion of the three types of reaction 
will vary with the pressure and temperature; thus 
from the relative energies of activation the chain 
reaction predominates more at lower tempera­
tures.7 The formation of free radicals by a uni­
molecular process, and chain termination by the 
recombination of two small (ethyl and methyl) 
radicals best accounts for the observed order of 
the chain reaction of approximately 1.4.16 The 
inhibited reaction is probably composed of a 
number of quasi-unimolecular components of 
types 1 and 2, so that the order with respect to the 
initial pressure will, as in the aldehydes,10 have no 
simple value. I t is at first sight surprising that 
the order during the course of a run is first order, 
as the ethylene produced, which retards the rate 
of reaction, would be expected to raise the order. 
However, as the reaction proceeds there will be an 
increase in the relative proportions of methyl to 
ethyl radicals due to such a reaction as

C2H5 +  CH3CHO — C2H6 +  CO +  CH3 
and methyl radicals may react more easily with 
ether than do ethyl radicals.

The indecisive influence of inert gases is in 
agreement with the complex nature of the reac­
tion. Such gases have been found slightly to 
retard the rate of chain reactions,15 while they 
accelerate that of quasi-unimolecular reactions.17 
We have found that helium, when present in a 2:1 
ratio, does not change the rate by more than 
=fc2 %.

The Evidence for Chains in Related Com­
pounds.—The decomposition of dimethyl ether 
has been studied by Hinshelwood and Askey,18 
and the results justify a chain mechanism. 
Formaldehyde is formed as an intermediate (CH3- 
OCH3 —> CH4 +  HCHO) and its rate of decom­
position is considerably faster than that of the 
pure substance. Making a calculation similar to 
that for diethyl ether, it is found that for an 
initial ether pressure of 312 mm. at 504°, the rate 
of disappearance of formaldehyde when its pres­
sure is 38 mm. is 0.10 mm./sec. If it is assumed 
that there is no cross-activation by other mole­
cules, the value extrapolated from the data on 
pure formaldehyde11 is 6.8 X 10“3 mm./sec., i. e., 
some fifteen times slower. Free radicals will ac­
count for the catalysis of the formaldehyde de­
composition which does not normally involve a

(16) F. O. Rice, Chem. Rev., 17, 53 (1935).
(17) O. K. Rice and Sickman, J. Chem. Phys., 4, 242 (1936).
(18) Hinshelwood and Askey, Proc. Roy. Soc. (London), A115, 215 

(1927).

chain mechanism: part of the dimethyl ether 
reacts therefore through a chain mechanism, as it 
has been found that chains exist in the presence of 
free radicals.14 As in other chain reactions the 
rate is retarded by inert gases.

Quantitative analyses of the amounts of acet­
aldehyde present at different stages of the reaction 
have not been made for methyl ethyl ether. Ure 
and Young19 assumed that 65% of the ether 
decomposed to acetaldehyde, and in this way 
obtained a rate constant for the aldehyde decom­
position similar to that from direct measurement. 
If, as in the other simple ethers, virtually all the 
ether forms an aldehyde as an intermediate, the 
velocity constant for the aldehyde will be greater 
than in the absence of ether, in agreement with a 
free radical mechanism. Glass and Hinshel­
wood20 found that both methyl ethyl and methyl 
propyl ether decompose more rapidly in the 
presence of their respective reaction products. 
This effect may not have been due to inert gases 
but rather to tracés of iodine compounds, intro­
duced during the preparation of the ethers.

Methyl alcohol bears a structural resemblance 
to the methyl ethers, and formaldehyde is formed 
in the course of its decomposition.21 Its rate of 
reaction has, however, been explained without 
postulating the existence of free radicals. The 
reaction of methyl alcohol in the presence of 
ethylene oxide shows that the alcohol does not 
easily form chains even in the presence of com- 
paratively large concentrations of free radicals:15 
further, the decomposition of methyl alcohol is not 
retarded by nitric oxide and decomposes faster in 
the presence of its reaction products.22 There is 
no evidence, therefore, for a chain mechanism 
though the formation of free radicals has not been 
disproved definitely.

The kinetics of the individual reactions which 
constitute the different steps in the chain de­
compositions of the ethers must await the deter­
mination of the chain-lengths and the percentage 
of molecules which produce free radicals. In 
view of the considerable proportion of molecules 
which decompose without interacting with free 
radicals, the values assumed by Rice and Herzfeld 
for the separate steps may need considerable 
modification.

(19) Ure and Young, J. Phys. Chem., 37, 1169 (1933).
(20) Glass and Hinshelwood, J. Chem. Soc., 1804 (1929).
(21) Fletcher, Proc. Roy. Soc. (London), A147, 119 (1934).
(22) Fletcher, unpublished results. The increase in rate is 21% 

when the reaction products are present in the ratio 2.5:1 and 60% 
for a 7:1 ratio.
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Summary
The decomposition of diethyl ether has been 

studied over the pressure range of 6 to 450 mm., 
and at temperatures from 473 to 562°. Gas 
analyses indicate that an aldehyde is always 
formed as an intermediate, and from the amounts 
of aldehydes present it is found that their rates of

decomposition are greater than in the pure state. 
In confirmation of this the decomposition of 
acetaldehyde is catalyzed by small amounts of 
ether, which is explained by the formation of free 
radicals from diethyl ether, and the initiation of a 
chain decomposition of the aldehyde. The ether 
decomposition is interpreted in terms of the three 
simultaneous processes of molecular rearrange­
ment, free radical formation and chain decom­
position, and the importance of these processes in 
the decomposition of analogous substances is dis­
cussed.
B e r k e l e y , C a l if . R e c e iv e d  A u g u st  5, 1936

[C o n t r ib u t io n  from  the  C hem ical  L aboratory  of t h e  U n iv e r s it y  o f  C a l if o r n ia ]

The Production of Free Radicals from Ethylene Oxide and the Catalysis of Other
Reactions by Them

By C. J. M. F letcher a n d  G. K. R o llefson

The investigations of F. O. Rice and his co- 
workers have shown that free radicals are pro­
duced from a number of organic substances when 
they are passed through a hot tube. In the 
majority of cases the energy of activation for the 
production of the free radicals is considerably 
higher than that for the thermal decomposition of 
the substance, but for ethylene oxide the two 
energies of activation are similar.1 Therefore, 
the fraction of free radicals present in the thermal 
decomposition of ethylene oxide should be rela­
tively higher than in other compounds. In 
confirmation of this, we have found that small 
amounts are very effective in promoting the chain 
decomposition of other compounds,2 and can be 
used to initiate chain reactions from 400 to 450°, 
just as azomethane has been used around 300°.3 
The catalysis of acetaldehyde by ethylene oxide is 
of special interest, firstly, as it is formed from 
ethylene oxide by isomerization and so any 
investigations on the decomposition of ethylene 
oxide must necessarily consider the chain decom­
position of acetaldehyde, and secondly, because the 
kinetics are simplified by the fact that only one 
type of radical, the methyl radical, need be con­
sidered.

The kinetics of the decomposition of ethylene
(1) F. O. Rice and Johnson, T his Journal, 56, 214 (1934).
(2) Fletcher, ibid., 58, 534 (1936).
(3) Allen and Sickman, ibid., 56, 2031 (1934).

oxide were first studied by Heckert and Mack4 
and their results have recently been interpreted 
in terms of the free radical theory.5 Thompson 
and Meissner6 have shown that the decomposition 
is not a simple unimolecular reaction and that the 
Variation of the rate with the initial pressure indi­
cates a number of simultaneous reactions.

Experimental Procedure.—The reactions were followed 
in a manner similar to those described with diethyl ether.7 
The organic materials were purified by distillation, except 
for ethylene which was purified by fractionation after 
condensation at liquid air temperatures. Nitric oxide 
was formed in situ in the reaction vessel from ethyl 
nitrite, which under the experimental conditions decom­
poses instantaneously.8

2C2H5ONO---->  2NO +  CH3CHO 4- C2H5OH

The Decomposition of Ethylene Oxide.—The pressure 
increase at completion is equal to the initial pressure, 
and the reaction is strictly homogeneous.4 Aldehydes 
are formed as intermediate products of the decomposition 
and in order to obtain sufficiently large amounts with 
which to carry out tests, moderately large pressures were 
used and the gases removed at an early stage of the re­
action. Acetaldehyde was detected by Rimini’s test, 
formaldehyde by the resorcinol test, while a solution had 
a definite odor of acrolein; the ratios of unsaturated al­
dehydes and of formaldehyde to acetaldehyde were small. 
For an initial pressure of 380 mm., the total aldehyde

(4) Heckert and Mack, ibid., 51, 2706 (1929).
(5) Sickman, J. Chem. Phys., 4, 297 (1936).
(6) Thompson and Meissner, Nature, 137, 870 (1936).
(7) Fletcher and Rollefson, T his Journal, 58, 2129 (1936).
(8) Steacie and Shaw, J. Chem. Phys., 2, 243 (1934).
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pressure was 8.8 =*= 1.0 mm. after 8% pressure increase* 
and 3.8 =*= 1.0 mm. after 25% pressure increase.

Table I
T h e  D ec o m po sit io n  o f  E t h y l e n e  Ox id e

Temp., 103//l/2,
U/2/P/3

103 /d p \  

P e  \ d t /
° C . Pe,  mm. sec.-1 sec. 1
474 283 5.85 1.86 4.2

200 5.46 1.87 4.0
163 5.18 1.87 4.0
99 4.77 1.86 3.5
96 4.76 1.86 3.6
52.5 4.10 1.83 3.2
48.1 4.05 1.85 3.3
28.1 3.64 1.83 2.5

457 56.4 1.78 1.86 1.36
46.9 1.67 1.85 1.34

441 145 0.93 1.89 0.73
54.8 .790 1.92 .60
52.0 .794 1.85 .63

428 53.3 .386 1.86 .28
414 52.1 .178 1.85 .13

The rate, as measured by the reciprocal of the 
half-time, l/£i/s, is seen from Table I to decrease 
with the initial pressure, p&; Heckert and Mack’s 
results indicate that the rate is more nearly first 
order above 300 mm. The results of Table I have 
been used (Fig. 1) to calculate the energy of

1.30 1.35 1.40 1.45 1.50
l / T  X 103.

Fig. 1.—I, Acetaldehyde and ethylene oxide;
II, ethylene oxide.

activation for initial pressures of 50 mm*, and give 
the value 53,300 =*= 800 cal., while at different 
temperatures

1 / t i / t  =  1.8 X 101 3  X e-53,3oo/Är seG- i

The pressure-time curves show an induction 
period a t the beginning of the reaction similar to 
that in other decompositions (e. g., ethers, methyl 
alcohol) in which aldehydes are formed as inter­
mediates. With ethylene oxide, however, its 
duration is proportionately less in agreement with 
the small fraction of aldehydes formed.

The kinetics may be interpreted on the assump­
tions that ethylene oxide partly decomposes to for­
maldehyde, and partly isomerizes to acetaldehyde: 
small amounts of acrolein may be produced as a 
side reaction by the decomposition of dioxane 
formed by a polymerization reaction.

CH2— c h 2

\ o / HCHO +  CH2

CH2— CHS
CHsCHO

k i  E i

J&2 Ez

(1)

(2)

No methylene radicals have been detected,9 so 
that they probably react extremely rapidly to 
form methyl radicals, which in turn lead to a 
chain decomposition of the aldehydes.

CH2 +  C2 H 4 O — >  2 CH3 -1- CO k z  E z  (3)
CH3 +  CH3 C H O--- >- CH3 +  CH4 +  CO h  E t  (4)

Methyl radicals may be removed by direct re­
combination either alone or in the presence of a 
third body.

2CH 3 — ^ C 2 H 6 h  E z  ( 5 )

2CH 3 +  M ---- ^  C2 H 6  +  M k 6 E e  ( 6 )

Sickman6 has assumed that methyl radicals re- 
combine only at ternary collisions; the experi­
mental results on the induced decomposition of 
acetaldehyde indicate, however, that a direct bi­
molecular association also occurs. Let the pres­
sure of ethylene oxide be xlf of methylene radicals 
be X2, of acetaldehyde be x3, of methyl radicals be 
Xi, and let the total pressure, including that of 
inert gases, be P; then, when steady concentra­
tions of methylene and methyl radicals are es­
tablished, if reaction 1 is first order

V2kzXi%z _ / 2kiXi /1N
h  +  k*P Vkö +  keP W  

It is justifiable to assume that &2 > kh as the ratio 
of formaldehyde to acetaldehyde is small, and the 
amount of hydrogen, which would be formed 
from the decomposition of formaldehyde, is only 
7% of the reaction products. Furthermore, as 
the amounts of aldehyde built up are in general 
agreement with the assumption that there is no 
direct formation of carbon monoxide and methane 
from ethylene oxide (see later), it is apparent that 
the pressure increase is mainly due to reaction 4. 
The observed rate of pressure increase, (dp/dt), 
is thus given by

(af) ~ kiXiXi ~ km V k / r h >  (2)
This rate increases (during which time there is an 
induction period) until the acetaldehyde pressure

(9) F. O. Rice and K. K. Rice, “The Aliphatic Free Radicals,” 
The Johns Hopkins Press, Baltimore, Maryland, 1935 ,p. 161.
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is a maximum, xz'. As this occurs at a very early 
stage, one may put x± = p& and at this time, /max

so that

and

ki pe — (3)

_ kipe [k5 + k6P (4)k4 V  2 kiPi

( dp/d̂ ) max. ~  k2pe (5)
The maximum rate is actually (see Table I) 

proportional to rather more than the first power of 
the ethylene oxide pressure, and so inert gases 
may slightly increase (d£/d£)max< if they help to 
maintain the Maxwell-Boltzmann distribution of 
activated molecules. Hydrogen, which is usually 
far more effective in this way than other gases, 
has been found to increase the rate of reaction. 
On the other hand, it follows from equation 4 
that inert gases which contribute to the term P, 
or substances such as nitric oxide which remove 
free radicals,10 should increase the maximum 
amounts of aldehydes and, therefore, of tmax̂ and 
of ti/Jti/r The effect of inert gases found by 
Heckert and Mack,4 and the results with small 
amounts of nitric oxide, pNO, given in Table II are 
in agreement with these deductions. The fact, 
however, that (dp/dt)max is not changed by small 
amounts of nitric oxide, indicates that not the 
isomerization of ethylene oxide, but only the 
subsequent decomposition of acetaldehyde is a 
chain reaction.

T a b le  II
T h e  E ffect  of  N itr ic  Ox id e  o n  t h e  D ecom position  of 

E t h y l e n e  Ox id e  

Temp. 441 °C.
Pe,

mm.
i>NO,
mm.

m̂ax.i
sec.

(AP/ dOmax..
mm./sec. /y*, sec.

180 60 0 .1 4 1.87 960
182 3 240 .15 1 .74 980
177 6 330 .14 1.69 1030

The Catalysis of Organic Reactions by Ethyl­
ene Oxide.—As ethylene oxide produces rela­
tively to most other organic compounds a copious 
supply of free radicals, it is extremely suitable for 
the study of the extent to which chain reactions 
involving free radicals may occur. It is possible 
to invent a chain mechanism for the decomposi­
tion of nearly every organic molecule but without 
knowledge of the kinetics of the separate steps it 
is often impossible to predict whether such 
mechanisms will take place. Our experiments

(10) Staveley and Hinshelwood, Proc. Roy. Soc. (London), A154, 
335 (1936).

contrast the ease with which acetaldehyde and di­
ethyl ether may be made to undergo chain de­
compositions, compared to the difficulty with 
which acetone and methyl alcohol decompose in 
the presence of free radicals. The induced de­
composition of acetaldehyde has been used to test 
for chain-breakers as well as to illustrate the 
efficiency of inert gases in promoting the recom­
bination of methyl radicals at ternary collisions.

(1) The Decomposition of Acetaldehyde.— 
Mixtures were made up in which the ratio of the 
pressure of ethylene oxide, pe, to acetaldehyde, pa, 
was small, and the rates of pressure increase 
were measured a t a number of different initial 
pressures, p0. The rate of the uncatalyzed acet­
aldehyde decomposition was always negligible in 
comparison with that of the catalyzed reaction. 
The relative rates of reaction have been compared 
from the half-times, i. e., the times for a pressure 
increase of 50%, as the “end-points” are double 
the total initial pressure, pQ. Figure 2 shows the 
Variation of 1 /ti/2 with po a t 441°, and it is seen

0 100 200 300 400
po, mm.

Fig. 2.—Rates of reaction of acetaldehyde with 
various percentages of ethylene oxide. Temp.
441 °C.

from Table III that is proportional to the
square root of the ethylene oxide pressure, but for 
a constant ethylene oxide pressure decreases 
slightly with pQ. I t has been shown previously 
that some recombination of free radicals occurs at 
ternary collisions, and the present results indicate 
that ethylene oxide or acetaldehyde can act as the 
third body. Substituting in equation 2, the 
initial rate, (dp/dt)', of the induced reaction is 
given by

Ou ) = ki X *'  x  +  hPo (6)
Approximate values of the constants may be 
obtained by a comparison with the experimental
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results, on the assumption that the correction due 
to the decomposition of the ethylene oxide is 
small. The mean values of l/(/i/2 V /O  may be 
expressed in the form

1 _  1.39 X 10~3 (7)
t i / , V p .  (1 +  1-93 X lO -^ o)1/*

from which the calculated results of Table III 
have been derived. As the initial rate is found by 
experiment to equal approximately 0.77 p j t i /2, 
it follows that
ki V 2 h / V h  =  1.07 X ÏO“3, and k6/ h  »  1.93 X 10~8 

T a b l e  III
V a l u e s  of 103/ / i/ 2 \/p ~ G fo r  D if f e r e n t  M ix t u r e s  of 
A ceta ld eh yd e  a n d  E t h y l e n e  Ox id e  a t  D if f e r e n t

I n it ia l  P r e s s u r e s , T e m p . 441°
Pe/Po Po — 300 mm. 200 mm. 100 mm. 50 mm.
0.10 1.09 1.18 1.23 1.32

.05 1.09 1.19 1.25 1.33

.02 1.15 1.22 1.24

.01 1.13 1.21 1.26 1.31
Mean 1.115 1.20 1.245 1.32

Calculated 1.11 1.18 

T a b l e  IV

1.27 1.33

T h e  R e t a r d a t io n  o f  t h e  C h a in  D ecom position  of

A c e ta l d eh y d e  b y  V a r io u s  S u b st a n c e s

Temp., Po, Ps, t'/2,
n /i ' /t ' / iGas °C. Pe/Po mm. mm. sec.

Helium 441 0.10 120 222 264 0.90
.10 55.3 115 342 .90
.05 119 240 385 .87
.05 121 120 351 .95
.05 53.5 121 502 .90
.01 69.0 153 995 .90

Nitric .05 208 2.3 804 .32
oxide .05 199 5.0 1548 .17

.05 148 18 8100 .036
Ethylene
Diethyl

.05 102 102 1160 .31

ether 465 .05 196.5 10 111.5 1.00
Acetone .05 114.7 19.8 150 0.99

.05 67.2 88.8 236.5 .81
Methyl .05 33.2 10.0 364 .72

alcohol .048 97.8 100.5 327 .45
.048 94.7 100.8 325 .45

The term k&P of equation l is composite when 
more than one type of molecule is present, but the 
value of k§/k§ just obtained will refer predomi­
nantly to acetaldehyde. The rate of reaction has 
been found to be retarded by helium (Table IV), 
and the increase in h/2 by approximately 10% 
with a 2-1 helium ratio, indicates that for helium 
ks/k*> is 1.4 X 10“3. It follows from equation 7 
that for the pressures used, the number of free 
radicals which combine at ternary collisions is 
rather smaller than the number which combine 
directly either on the surface or in the gas phase.

Experiments carried out at 446° in a reaction 
vessel packed with tubes showed the rate to be 
slower by about 30%, although the surface- 
volume ratio was increased by a factor of eleven: 
it is evident, therefore, that at this temperature 
the recombination of free radicals is mainly a 
homogeneous reaction. At temperatures around 
300°, Allen and Sickman3 have found that the 
induced decomposition of acetaldehyde is re­
tarded by over 50%. This decrease in the re­
tardation by the surface at higher temperatures 
agrees with the investigations of Paneth, Hofeditz 
and Wunsch11 who have found that the hetero­
geneous recombination of free radicals decreases 
with the temperature. At temperatures and 
pressures sufficiently low for heterogeneous re­
combination to predominate, inert gases, by im- 
peding the diffusion of radicals to the walls will, 
therefore, increase and not decrease the rate of 
reaction.

The energy of activation of the induced reaction 
was determined for a mixture containing 5% of 
ethylene oxide at initial pressures of approxi­
mately 200 mm. (Fig. 1). The half-times satisfy 
the equation

l / / y a =  2.1 X 1010 X *-«,**/«r sec.-1 
The energy of activation (41,500 =*= 500 cal.) can 
be lower than that for ethylene oxide as the rate 
has been found to depend upon the square root of 
the ethylene oxide concentration.

Now that the rate of the induced acetaldehyde 
decomposition is known, it is possible to compare 
the amounts of acetaldehyde actually formed 
from ethylene oxide with those calculated on the 
assumption that practically all of the ethylene 
oxide isomerizes to acetaldehyde. From equa­
tions 1, 3, 5 and 6, the initial rate of the induced 
reaction, and the maximum rate of the ethylene 
oxide decomposition with the same ethylene oxide 
pressure are related by the expression

Comparing these rates at 441° for p e = 30 mm., 
Xz ~  3 mm. However, from equation 4, it 
follows that is roughly proportional to \/pë, 
so that for pe = 380 mm., Xz ~  11 mm. The 
aldehydes determined experimentally at an early 
stage of the reaction were 8.8 mm. for this initial 
pressure.

The chain length of the acetaldehyde induced 
reaction may be expressed in terms of the fraction,

(11) Paneth, Hofeditz and Wunsch, J. Chem. Soc., 372 (1935).
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zy of methyl radicals produced from ethylene 
oxide. At 441° with a mixture containing 20 mm. 
of ethylene oxide and 180 mm. of acetaldehyde 
{dp/6£)r = 1.34 mm./sec. At the same tempera­
ture extrapolation of the results with ethylene 
oxide alone gives for pe = 20 mm. a maximum 
rate of 0.012 mm./sec. Therefore, the chain 
length is approximately 100jz. Assuming that 
the hydrogen and ethane that are present in the 
reaction products from ethylene oxide are formed 
solely by way of reaction 1, the observed products 
(CO, 50% ; CH4, 36%; H2, 7%; C2H6, 7%) would 
indicate that 14% of the ethylene oxide decom­
poses to methylene and formaldehyde. The 
fraction decomposing in this way may, of course, 
vary with the initial pressure, but if it is not very 
different at lower pressures, z will be approxi­
mately 0.3 as two methyl radicals are formed by 
reaction 3 from each methylene radical.

It has recently been found that small auantities 
of nitric oxide can retard certain reactions, due to 
the elimination of any chain reactions by the 
removal of free radicals by the nitric oxide.10 
Table IV, which gives the ratio of the half-time, 

in the absence of nitric oxide to the half­
time, ti/2, in the presence of nitric oxide, shows 
that the chain decomposition of acetaldehyde is 
retarded markedly. Organic substances such as 
acetone and methyl alcohol, when present in 
large quantities, can also act as chain-breakers 
(Table IV); this indicates that they can compete 
effectively with acetaldehyde for methyl radicals, 
but that the re-formation of a methyl radical is 
less frequent, either on account of the relative 
stability of the radicals CH30  and CH2COCH3, 
or due to their relative ease of recombination 
with other radicals, e. g.

CH3 -f CH3OH — >  CH4 +  CH30  
CH30 — >  HCHO +  H 

CH3O +  CH3 •— >- CH3OCH3

Ethylene also retards the rate of pressure increase 
but its influence is complicated by the decrease in 
pressure which must occur from its polymerization.

(2) Diethyl Ether.—With a mixture contain­
ing 5% of ethylene oxide the initial rate at 441° 
for an ether pressure of 180 mm. is increased by a 
factor of twenty and the reaction goes 82% toward 
completion. If the chain length of the ethylene 
oxide catalyzed reaction is not very different from 
that of the chains in the normal ether decom­
position, it is apparent that the proportion of free 
radicals produced directly from ether is only

about one four-hundredth of the proportion from 
ethylene oxide: considerably less than one ether 
molecule in a thousand, therefore, forms a free 
radical. Extrapolation of the ether decomposi­
tion inhibited by nitric oxide10 indicates that some 
15% of the ether decomposes by a non-chain 
reaction, so that it follows that in the uncatalyzed 
reaction there is an appreciable decomposition 
which takes place neither to free radicals nor by a 
chain reaction, but rather by a direct molecular 
rearrangement.7 Further, the chains must be 
few and long rather than numerous and short.

(3) Ethylene.—The rate of polymerization of 
176 mm. of ethylene is twenty times greater in 
the presence of 3.7 mm. of ethylene oxide at 441°.

(4) Acrolein.—The rate of decomposition at 
470° is increased by a factor of four with 10% of 
ethylene oxide.

(5) Methyl Alcohol.—Some interaction be­
tween free radicals and methyl alcohol occurs 
which (a) decreases the rate of pressure increase 
as compared to that for the pure ethylene oxide, 
and (b) leads to the decomposition of some frac­
tion of the methyl alcohol. Thus at 465° for 
Pq = 98 mm., h/3 =  173 sec. In the presence of 
105 mm. of methyl alcohol, h/9 =  211 sec., but the 
final end-point indicates that 24.5% of the methyl 
alcohol has decomposed. The uncatalyzed reac­
tion is inappreciable at this temperature.12

We wish to thank Dr. O. K. Rice for many help- 
fui discussions, and one of us IC. J. M. F.) is grate­
ful to the Commonwealth Fund for a Fellowship, 
which has made this work possible.

Summary
The main reaction of ethylene oxide when 

heated to temperatures around 450° is an isomeri­
zation to acetaldehyde. Free radicals are also 
formed at the same time and decompose the 
acetaldehyde by a chain mechanism though they 
do not affect the isomerization process. Though 
the fraction of free radicals formed from ethylene 
oxide is comparatively small, it is relatively much 
higher than for most other organic compounds, 
and small amounts effectively catalyze the de­
composition of other substances. The induced 
decomposition of acetaldehyde has been studied in 
detail, and the rate varies with the square root of 
the ethylene oxide concentration and with rather 
less than the first power of the acetaldehyde con­
centration; it is retarded slightly by helium,

(12) Fletcher, Proc. Roy. Soc. (London), A147, 119 (1934).
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moderately by acetone and methyl alcohol and 
considerably by nitric oxide. The energy of 
activation of this induced reaction is 41,500 =±= 
500 cal., and the kinetics have been explained by

a chain decomposition initiated by free radicals, 
which disappear partly at ternary collisions and 
mainly in the gas phase.
B e r k e l e y , Ca l if . R e c eiv ed  A u g u st  5, 1936

[C o n t r ib u t io n  from  t h e  Chem ical  L aboratory  of t h e  U n iv e r sit y  o f  Ca l if o r n ia ]

The Photochemical Reaction of Chlorine with Formic Acid

B y  H e l e n  L. W e st1 and  G. K. R ollefson

Introduction
A study of the photochemical reaction between 

formic acid and chlorine was undertaken because 
it offered the possibility of proceeding in stages 
involving the formation of an intermediate sub­
stance, less stable than that found in the form­
aldehyde chlorine reaction,2 but stable enough to 
exist in appreciable concentrations in the reacting 
mixture. Furthermore, on account of the meas­
urable equilibrium existing between single and 
double molecules of formic acid, it was possible to 
test the relative reactivity of the two forms. The 
results presented in this paper show the formation 
of the expected intermediate, chloroformic acid, 
but do not show any appreciable difference in 
reactivity between the single and double mole­
cules.

Materials and Apparatus
Anhydrous formic acid was prepared from Merck 90% 

c. f . acid by a preliminary dehydration with copper sul­
fate followed by repeated distillations in vacuo from 
finely pulverized boric anhydride. Before each of three 
distillations the acid remained in contact with the boric 
anhydride for at least one day. In order to prevent any 
slow thermal decomposition, the purified formic acid was 
kept in a trap immersed in a liquid air bath. The purity of 
the acid was evidenced by the agreement of the vapor 
pressures with those reported by Ramsperger and Porter3 
and Coolidge.4

The melting point determined from the vapor pressure- 
temperature curve was 8.3 =*= 0.05°.

The chlorine was prepared by heating anhydrous cupric 
chloride. The supply used for the second series of ex­
periments was purified by fractional distillation and 
stored in a three-liter bulb. It was admitted to the re­
action vessel by means of a stopcock lubricated with 
Shell Apiezon grease (this was found to be practically inert 
toward both chlorine and formic acid). The absorption 
coëfficiënt of this chlorine was found to be 26 at 3650 Ä.

(1) Swarthmore Sigma Xi Fellow, 1934-1935.
(2) Krauskopf and Rollefson, This Journal, 56, 2542 (1934).
(3) (a) Ramsperger and Porter, ibid., 48, 1267 (1926); (b) Rams­

perger and Porter, ibid., 50, 3036 (1928).
(4) Coolidge, ibid., 50, 2166 (1928).

in good agreement with the values given by Gibson and 
Bayliss.5

Comparison of data obtained under similar conditions 
using this chlorine and also chlorine prepared directly from 
copper chloride showed no essential differences provided 
the copper chloride had been heated to the decomposition 
temperature numerous times. Unless this treatment 
were followed, an inhibitory effect upon the reaction re­
sulted.

A sample of Eastman Kodak Co. c. p. methyl formate 
was vacuum distilled from phosphorus pentoxide.

In the first series of experiments a spherical Pyrex re­
action vessel of 250 cc. capacity was employed. Although 
the temperature coëfficiënt of the reaction is negligible, 
some thermostating was necessary to prevent variations 
in the equilibrium constant for the relation of single to 
double molecules of formic acid. Water at temperatures 
from 20-25° was allowed to run over the cell. The light 
source was a 500-wat't tungsten lamp, placed 80 cm. from 
the reaction bulb. The course of the reaction was deter­
mined by the pressure change. Due to the reactivity of 
formic acid, the pressure had to be read indirectly by 
means of a click gage connected externally to a sulfuric 
acid manometer. All pressures are recorded in cm. of sul­
furic acid.

In order to provide an independent method for the de­
termination of the amount of chlorine which had reacted, a 
second series of experiments was performed in which in 
addition to meäsuring the pressure change a simultaneous 
measurement of the absorption of light by chlorine could 
be made. These experiments were carried out using a 
cylindrical Pyrex reaction vessel, 15 cm. long with plane 
Windows at the ends, which was immersed in a water- 
bath. The bath could be thermostated accurately at any 
desired temperature between 20 and 30°. The light both 
for the absorption measurements and the photoactivation 
process was supplied by a quartz Hereaus mercury are 
focused by a pair of quartz lenses and passed through a 
Corning violet ultra filter No. 586 so as to isolate the groups 
of lines near 3650 Ä. After the light had passed through 
the reaction vessel, it was focused on a Moll surface ther- 
mopile connected to a sensitive galvanometer. Variations 
in intensity of the are were corrected for by taking simul­
taneous readings on another thermopile illuminated by a 
beam which had not passed through the reaction vessel. 
Quantum yields were calculated from these data after the

(5) Gibson and Bayliss, Phys. Rev., 44, 188 (1933).



Nov., 1936 Photochemical Reaction of Chlorine with F ormic Acid 2141

surface thermopile had been calibrated by means of a Stand­
ard lamp.

Results and Discussion
The net reaction between formic acid and chlo­

rine may be represented by the equations
HCOOH +  Ch = 2HC1 +  C02 (1)

(HCOOH)2 +  2C12 = 4HC1 +  2C02 (2)

Both of these equations and the equilibrium be­
tween the two types of molecules must be taken 
into consideration in order to calculate the com­
position of the mixture after any observed pres­
sure change. These reactions are strictly photo­
chemical at the temperatures used, and blank 
tests showed that formic acid is not affected by 
light of the wave lengths involved in these experi­
ments.

That hydrogen chloride and carbon dioxide are 
the only products formed in appreciable amounts 
is shown by the fact that under no conditions were 
any gases obtained which could not be Condensed 
by liquid air. In addition, the equilibrium con­
stants K  -  (HCOOH) 2/((HC0ÖH)2) calculated 
on the assumption that the products are as shown 
above compare favorably with those reported by 
Ramsperger and Porter.3 These constants were 
computed from the over-all pressure change in 
experiments carried to completion in the presence 
of excess chlorine.

Table I
Rate Constants for Different Pressures of Chlo­

rine and Formic Acid 
A. 500-Watt Lamp Light Source

% Formic 
acid

Residual cm. 
Formic Temp., K Al(/.)V> Au (/o)1/ 2

reacted acid ci2 Slope C. used X 10» X 10!
0.43 7.4 76.4 0.200 21 1.5 0.86 0.31

.48 5.2 16.0 . 105 23 1.6 1.19 .50

.41 3.4 102.0 .128 22 1.55 0.78 .37

.39 2.5 8.8 .029 24 1.7 .72 .40

.44 3.7 20.1 .085 21 1.5 1.11 . .51
[.29 7.8 7.0 .029 22 1.55 0.40 .14]

B.

Average .93 .42

Hg Are Light Source; K  =  2.1; temp. 27°
% Formic 

acid 
reacted

Residual cm. 
Formic 

acid CI2 Slope
£i (7o)V2 

X 102
kllih ) V2 

X 102
0.32 7.1 13.4 0.036 0.33 0.138 (1)

.29 5.3 25.6 .029 .24 107

.22 15.8 11.0 .057 .36 . 108 (2)

.22 10.5 23.3 .050 .27 .097

.29 9.0 12.1 .038 .32 . 122

.24 7.2 23.4 .042 .29 .120 (3)
[.21 15.3 8.4 .032 .23 .073]

Average .30 .115

A comparison of the amounts of chlorine which 
have reacted at various stages of the reaction as 
determined from the change in light absorption 
and from the over-all pressure change is given in 
Table II. The fourth column gives the difference 
between the actually observed deflection of the 
thermopile galvanometer and that which would 
have been observed if an amount of chlorine had 
reacted corresponding to the observed pressure 
change. The first example shows no discrep- 
ancies other than might be expected due to ex­
perimental errors; the second shows a definite 
difference which starts at zero and increases 
regularly as the reaction progresses; the third 
shows a discrepancy which increases to a maxi­
mum and then disappears as the reaction goes to 
completion. Whenever such a difference appears 
it is always such that the residual chlorine pressure 
as calculated from the pressure change is greater 
than that found by the absorption measurements. 
This behavior could be expected if the first reac­
tion forms an intermediate substance such as 
chloroformic acid which then decomposes to give 
the final products, carbon dioxide and hydrogen 
chloride. If the conditions are such that the rate 
of decomposition of this intermediate is suffi­
ciently slow compared to the rate of formation, an 
appreciable amount of it will be built up during 
the course of the reaction. By analogy to the 
behavior of formyl chloride in the reaction be­
tween formaldehyde and chlorine, we expect the 
decomposition of chloroformic acid to be cata- 
lyzed by chlorine in the light and by the walls of 
the reaction vessel. If such conditions prevail, 
we should expect the greatest discrepancy in the 
presence of excess formic acid as is actually the 
case. The variability of the behavior with excess 
chlorine as shown by experiments 1 and 3 in 
Table II may be attributed to variations in the 
rate of the heterogeneous reaction similar to that 
found with formyl chloride.

Another fact which supports the hypothesis of 
an unstable intermediate was obtained by heating 
the reaction vessel after a reaction had been run 
with relatively low chlorine. Under these condi­
tions, an additional pressure change of approxi­
mately one centimeter was observed. Blank 
experiments showed that this change could not be 
ascribed to the excess formic acid.

The pressure-time curves {cf. Fig. 1) are essen­
tially the same whether excess chlorine or excess 
formic acid were present. Under no conditions
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T a b l e  II
Ch a r a c te r ist ic  E x p e r im e n t s  S h o w in g  the  E ffect  of 

t h e  F o r m ation  of Chloroform ic  A cid

Initial Pressure, 10.5► cm. Formic Acid, 19.5 cm. Cl2
% Formic Cm. CL

D ab s.Time,, acid absorp­ &i(/o)V2 k n ( l o ) l / t
sec. reacted tion AP Dap X 102 X 102
30 0.12 17.6 17.4 - 0 .2 0.43 0.16
60 .22 15.8 15.4 -  .4 .41 .16

105 .32 13.5 13.4 0 .33 .14
155 .41 11.6 12.0 .4 .29 .12
220 .49 10.2 10.5 .4 .27 .12
330 .59 8.7 8.7 0 .25 .12
720 .74 6.2 6.1 -  .2
Initial Pressure, 20.3! cm. Formic Acid, 19.3 cm. Cb

8 0.03 18.0 18.3 0.1 0.43 0.12
23 .07 16.4 16.8 .4 .43 .12
38 .10 15.0 15.5 .3 .43 .12
93 .22 10.0 11.0 1.9 .36 .11

154 .29 7.1 8.1 2.0 .26 .08
335 .37 4.3 5.5 3.2 .12 .04

1200 .50 1.5 2 .8 3.3
Initial Pressure, 9.4 cm. Formic Acid, 27.3 cm. Cl2
30 0.16 23.9 24.6 0.4 0.39 0.16
60 .24 22.5 23.4 .6 .29 .12
90 .35 20.6 21.6 .9 .29 .12

120 .40 19.8 20.7 .7 .27 .12
180 .50 18.5 19.2 .6 .23 .11
300 .65 16.3 16.8 .6 .19 .095
600 .82 14.1 14.3 .3 .16 .091

3600 .94 12.6 12.6 0

do they show an initial “foot” which could be 
attributed to the time required to build up the 
intermediate (cf. the reaction between formalde­
hyde and chlorine2). This is in accord with the

Minutes.
Fig. 1.—Pressure change-time curves: (1) initial 

pressure, 20.3 cm. formic acid, 19.3 cm. Cl2; (2) ini­
tial pressure, 10.5 cm. formic acid, 19.5 cm. Cl2.

data in Table II which show that the concentration 
of the intermediate does not attain its maximum 
value until a considerable amount of reaction has 
occurred.

The rate law for the reaction was deduced from

an analysis of the data represented by curves of 
the type shown in Fig. 1, and separate tests in 
which the light intensity was varied by the use of 
calibrated sereens. The constants tabulated in 
Tables I and II are calculated from the equations

= fa(/abs.)V> (HCOOH) =
£i(/o)‘A (Cl2)lA (HCOOH) (1) 

~ -^ C1-  = [H(COOH) +  (HCOOH),] =
ku ih yh  (Cl,)1/* [(HCOOH) +  (HCOOH)»] (2)

The exponent of (/abs.) was found to change 
from one-half to one as the chlorine pressure or the 
light intensity was lowered. This effect mani­
fests itself in the data shown in the tables as a 
falling off in the values of kj and kn . The results 
in brackets in Table I and those in Table II 
illustrate this behavior. The decrease in the 
constants can be attributed partly to the forma­
tion of chloroformic acid which makes the actual 
chlorine less than that calculated from the pres­
sure change and the initial pressure. In experi­
ments in which relatively large amounts of the 
intermediate appear, this effect is especially 
noticeable. I t is obvious, however, that the in­
fluence of the change of the exponent of Jabs is 
much greater. With light intensities such as 
were used in these experiments, the square root 
law held for chlorine pressures of 10-15 cm. of 
sulfuric acid or greater.

A comparison of values of ki and ku listed in 
Tables I and II shows a slight preference for the 
law involving &n . The most strenuous tests are 
those experiments with excess chlorine in which a 
large fraction of the formic acid was used up (1 
and 3, Table II). In these both constants show a 
decrease as the run progresses but ki shows a drop 
of roughly 45% over the same range that ku drops 
only 25%.

These constants are calculated by plotting the 
residual chlorine pressure against time, drawing 
tangents to the curves at the desired points and 
using the slopes of these tangents in the rate laws
(1) and (2). They represent constants derived 
from differential rates rather than averages over 
the range indicated. I t is concluded from the 
data which have been acquired that the single and 
double molecules react with approximately the 
same speed.

As has been mentioned, the second experimental 
arrangement used, permitted a determination of 
the quantum yield. Some of the values ob­
tained are listed in Table III. It is to be noted
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that even at the relatively low pressures em­
ployed in these experiments, the maximum quan­
tum yields are around two thousand. This value 
is comparable with the chain length of the hydro- 
gen-chlorine reaction under similar conditions.

T a b l e  III
Qu a n t u m  Y ie l d s  of  Ch l o r in e - F ormic A cid R eaction  

a t  3650 Ä. a n d  27°
Initial cm. Initial cm. Cm. Ch Time,
formic acid CI2 reacted sec. Yield

6.41 22.7 3 .0 49 2145
6.6 172 1413

9.4 27.3 6.7 90 2106
7.5 120 1794

13.5 30.3 5.6 82 1981
11.7 230 1595

6.4 15.3 5.8 140 1712
10.5 19.5 7.9 155 2230

9.3 220 1659

The light sensitized reaction between methyl 
formate and chlorine has been reported6 as forming 
methyl chloroformate followed by Substitution in 
the methyl groups in the presence of excess chlo­
rine. Therefore, a quantitative study of this 
reaction was undertaken in the possibility of ob- 
serving the stages in the chlorination of the form­
ate radical in a case the intermediate of which had 
been isolated. A typical chlorine-time curve is 
shown in Fig. 2. From this curve it is apparent 
that no discrete steps in the chlorination can be 
detected. Substitution is occurring in the methyl 
group simultaneously with Substitution in the 
formate radical. The absence of any pressure 
change indicated that there was no decomposition 
of the chlorine derivatives.7 The quantum yields 
for the chlorine-methyl formate experiments are 
of the same order of magnitude as those of the 
formic acid reaction.

The facts which have been presented show that 
the photochemical reaction between chlorine and 
formic acid is a chain reaction which proceeds at 
least partially through chloroformic acid; the final 
products are carbon dioxide and hydrogen chlo­
ride. The following set of reactions will account 
for all of the observed facts including the rate laws

Cl2 +  hv =  CI 4- Cl* (1)
CI +  HCOOH == COOH +  HCl (2)

(6) Kling, Florentin, Lassieur and Schmutz, Compt. rend., 169, 
1046 (1919).

(7) A small white deposit appeared on the walls of the reaction 
vessel when water vapor was admitted after the reaction of chlorine 
with either formic acid or methyl formate had started. No effect 
was observed with moisture and the initial reactants. Amounts of 
this white substance sufficiënt for analysis could not be obtained, and 
its formation affected the reaction chiefly through a diminution in 
rate.

COOH = C02 +  H (3a)
COOH +  Cl2 = CI COOH -b CI (3b) 

H +  Cl2 =  HCl +  CI (4a)
C1COOH = C02 +  HCl (4b)

CI +  CI +  (M) =  Cl2 (5)

Step (5) becomes CI +  (M) =  1/ 2Cl2 when / abs 
replaces Jabs.1/2. For the double molecules (2) 
and (3) are replaced by
(HCOOH), -F CI = (HCOOH)(COOH) +  HCl (2') 

(HCOOH)(COOH) == (HCOOH) +  C02 +  H (3'a)
(HCOOH) (COOH) +  Cl2 = HCOOH +  C1COOH +  CI

(3'b)

The failure to obtain higher concentrations of 
chloroformic acid may be attributed to 3a and 3'a 
since they supply a path to the final products 
which does not involve this intermediate. The 
competition between 3a and 3b and 3'a and 3'b 
requires that larger amounts of chloroformic acid 
should be obtained with high chlorine concentra­
tions unless there is a chlorine catalyzed decom­
position as well. Apparently such a Situation 
exists as is shown by experiments made in the 
presence of excess chlorine.

Fig. 2.—Chlorine reacted-time curve for initial pres­
sures: 15.3 cm. HCOOCH 3 , 58.5 cm. Cl2.

The theoretical rate law calculated from the 
mechanism by the usual procedure is

(/abs.)1/* (HCOOH) or
m V  k6
( V Z h ' / V h )  (Jab,,)1/ ’ ((HCOOH)2)

Since reactions 3, 3' and 4 do not affect the final 
form of the rate law, they may be replaced by any 
others which will allow for the formation of some 
chloroformic acid and give carbon dioxide and 
hydrogen chloride as the final products.

Summary
An investigation of the photochemical reaction 

between chlorine and formic acid has shown (1) 
there is no marked difference in the reactivity of 
the single and double molecules, (2) the reaction 
proceeds through a chain mechanism involving
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the formation of appreciable quantities of an 
intermediate, probably chloroformic acid. If 
excess chlorine is present or if the reaction vessel 
is heated to destroy any residual intermediate, the

products are solely carbon dioxide and hydrogen 
chloride. A mechanism which will account for 
the observations has been presented.
B e r k e l e y , Ca l if . R e c eiv ed  A u g u st  11, 1936

[C o n t r ib u t io n  from  t h e  Chem ical  L aboratory  of t h e  U n iv e r sit y  of Ca l if o r n ia ]

The Heat Capacity and Entropy of Potassium Permanganate from 15 to 300° Abso­
lute. The Entropy and Free Energy of Permanganate Ion

B y  Oliver  L. I. B row n , W endell  V. S mith and  W e n d e l l  M. Latimer

As part of a general program for the evaluation 
of the entropies of the common inorganic ions, the 
entropy of potassium permanganate has been 
determined.

Material.—Kahlbaum “For analysis with guarantee” 
grade potassium permanganate was used in the first series 
of heat capacity runs. These measurements demonstrated 
that the sample contained water. The material was re­
moved from the calorimeter, ground in a mortar, and dried 
over sulfuric acid in a darkened desiccator. The sample 
was then analyzed by titration with sodium oxalate solu­
tion. Within experimental error (±0.1%) the sample 
was 100% potassium permanganate.

Fig. 1.—Specific heat of wet sample of potassium per­
manganate.

Heat Capacity Measurements.—The heat capacities 
were determined by the experimental method used by 
Latimer and Greensfelder.1 One calorie was assumed 
equal to 4.1833 int. joules. The molecular weight of 
potassium permanganate was taken as 158.03. Measure­
ments on Series I were made on a sample of 133.034 g. 
(weight in vacuo). An anomaly was found in the heat 
capacities, which appeared to be due to the presence of 
considerable water included in the sample. On removing 
the sample from the calorimeter the crystals were found to 
decrepitate upon heating, confirming the presence of water. 
The specific heats of the sample in the neighborhood of the 
melting point of water are presented in Table I and

(1) Latimer and Greensfelder, T his Journal, 50, 2202 (1928).

T a b l e  I
S pe c ific H e a t  of S e r ie s  I (W et Sam ple)

Run T, °K.
Cp,

cal./gram/d eg. AT

1 202.67 0.1539 6.426
2 209.69 .1561 6.176
3 221.15 .1605 6.898
4 228.15 .1619 6.678
5 235.37 .1643 7.542
6 243.53 .1667 8.417
7 251.76 .1696 8.060
8 251.69 .1727 7.538
9 258.37 .1768 7.236

10 265.00 .1931 7.573
11 252.58 .1726 9.776
12 261.24 .1809 9.162
13 270.26 .1887 9.460
14 280.40 .1819 9.640
15 290.41 .1808 10.520
16 300.04 . 1851 11.149
17 200.34 .1532 7.234
18 208.12 .1560 9.132
19 217.34 .1592 10.281
20 227.06 . 1614 9.836
21 236.47 .1654 9.320
22 245.35 . 1689 8.898
23 254.39 .1732 9.586
24 264.14 . 1912 9.720
25 274.10 .1840 10.885
26 285.55 . 1789 11.895

plotted as a function of temperature in Fig. 1. The half 
filled circles represent runs 1-7 (Oct. 14, 1933), the filled 
circles runs 8-16 (March 28-29, 1934), the open circles 
runs 17-26 (April 4, 1934). The area between the dotted 
curve and the solid curve corresponds to 0.28 cal., and 
after subtracting 0.02 cal. for the heat absorbed by the 
solution of potassium permanganate in the liquid water 
formed, corresponds to the melting of 0.0033 g. of water 
in each gram of sample. Although the eutectic of ice 
and potassium permanganate occurs at about 272.5°K., 
the maximum of the observed “hump” occurs at 265°K. 
and the abnormal specific heats persist even down to about 
245 °K. In view of the large amount of water present it 
was decided to dry the sample as described above, and 
repeat the entire series of measurements, even though it 
appeared reasonable that the heat capacity of dry potas-
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sium permanganate could be calculated by correcting these 
measurements for the amount of water present.

Series II (made on the dry sample) is shown in Table II 
and plotted as a function of temperature in Fig. 2. The 
measurements on series I, after being corrected for 0.33% 
of water,2 are shown in Table III. A few of these measure­
ments selected at random are plotted as filled circles in 
Fig. 2. The measurements on the wet sample were not 
used in computing the entropy, but the excellent con- 
cordance of these two sets of data indicates that it is

T a b l e  II
M olal H ea t  Ca pa c ity  of P ota ssiu m  P erm a n g a n a te

T ,  ° K .
Cp ,

cal./mole/deg. T ,  °K.
Cp,

cal./mole/deg.
14.79 1.55 138.11 20.12
16.49 2.01 145.07 20.59
18.03 2.43 152.22 21.11
20.20 3.01 158.93 21.55
22.76 3.70 166.09 21.98
25.13 4.39 173.62 22.45
27.62 5.00 181.51 22.77
35.57 7.26 189.59 23.33
39.13 8.06 198.42 23.89
42.25 8.85 204.45 24.37
46.73 9.69 206.81 24.40
51.36 10.67 209.80 24.51
55.92 11.52 214.69 24.83
61.20 12.33 218.53 25.03
72.77 13.91 222.21 25.14
78.87 14.64 226.43 25.38
84.24 15.22 229.90 25.66
90.31 15.86 238.67 25.91
94.27 16.21 247.12 26.07

101.34 16.98 255.44 26.82
108.59 17.67 264.87 27.18
116.77 18.30 272.74 27.14
123.28 18.89 283.87 27.53
130.78 19.56 295.24 28.42

T a b l e  III
M olal H ea t  Ca pa c ity  of  S e r ie s  I (W et  S a m ple) of 

KMn04
T ,  ° K .

Cp,  .
cal./mole/deg. T ,  ° K .

Cp,
cal./mole/deg.

37.56 7.77 136.01 19.90
41.89 8.82 141.36 20.29
46.69 9.85 147.12 20.68
51.52 10.82 153.36 21.14
56.80 11.66 160.29 21.64
62.12 12.49 165.72 22.12
72.06 13.89 177.78 22.73
77.52 14.52 184.01 23.13
83.42 15.10 190.10 23.53
88.82 15.83 196.27 23.77
94.67 16.54 202.67 24.19

100.86 16.97 209.68 24.59
106.70 17.50 221.15 25.22
112.60 18.03 228.15 25.44
118.69 18.54 235.37 25.82
124.64 18.97 243.53 26.19
130.44 19.55 251.76 26.63

(2) Giauque and Stout, T his Journal, 58, 1144 (1936).

quite feasible to correct for water impurity in a salt 
crystal by assuming the water present as ice. This con­
clusion is important in cases where the instability of the 
substance under investigation precludes rigorous drying, 
although working with wet samples is not recommended as 
a general practice.

Fig. 2.—Molal heat capacity of potassium perman­
ganate.

Entropy of Potassium Permanganate.—The
entropy was calculated by graphical integration of

C T
the integral S = V CP d ln T  combined with an
extrapolation using the Debye specific heat 
equation. A summary of the entropy calculation 
is given in Table IV.

T a b l e  IV
M olal  E n tro py  o f  P o t a ssiu m  P er m a n g a n a t e

0-14.79°K. Debye extrapolation 0.53
14.79-298.1°K. Graphical from data 40.51 ±  0.1

Entropy at 298.1°K. 41.04 E. U.

Heat and Free Energy of Solution.—Roth and 
Becker3 have measured the integral heats of solu­
tion of potassium permanganate at several differ­
ent temperatures and concentrations. Heats of 
dilution to very low concentrations have been 
determined4 for the similar salt, potassium per­
chlorate, but not for potassium permanganate. 
Since the heats of dilution calculated from the 
measurements of Roth and Becker are almost 
identical with those for potassium perchlorate 
over the same range of concentration, we may 
assume that the heats of dilution remain the same 
down to very low concentrations. The heat of

(3) Roth and Becker, Z. physik. Chem., A159, 27 (1932).
(4) Andauer and Lange, ibid., A165, 89 (1933).
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solution of potassium permanganate in an infinite 
amount of water is, then, 10,620 cal. per mole at
298.1 °K.

The solubility5 of potassium permanganate in 
water at 298.1°K. is 0.482 M. By extrapolation 
of the activity coefficients of potassium per­
manganate obtained from freezing point lower­
ing,6 y at 0.482 M  is 0.49. The free energy change 
when potassium permanganate dissolves to form a 
hypothetical one molal solution is, therefore 
AEWi = -1363.8 log (0.482 X 0.49)2 = 1710 cal./mole

Entropy of Solution.—Substituting the above 
values in the equation AS0 = (AH° — AF°)/T  
we have for the reaction KMn04(s) = K + +  
Mn04~ (hypothetical one molal solution); 
A5°298.i = 29.9 E. U.

Entropy of Permanganate Ion.—The entropy 
of potassium ion has previously been taken7 as
24.6 E. U. as an average of the values obtained 
from the entropies of solution of potassium chlo­
ride and potassium bromide, and the entropy 
change of the potassium electrode reaction. 
Since the time that this value was calculated, 
improved data for the first two reactions have 
become available, so that we now regard the 
entropy change of the potassium electrode as 
inferior in accuracy to the values 24.3 E. U. and
24.1 E. TJ. calculated from the entropies of solution 
of potassium chloride and potassium bromide, 
respectively.7b As an average we shall adopt
24.2 E. U. as the entropy of potassium ion. The 
entropy of permanganate ion is given by the 
expression
^Mn04~ ~  A5 ° +  *S*KMn04 — Ä +  =*

29.9 +  41.0 ”  24.2 = 46.7 E. U.

This value, as well as the value of the entropy of 
potassium permanganate, may be somewhat in 
error due to the possibility that the paramagnetic 
nature of potassium permanganate may contrib- 
ute to the heat capacity below the lowest temper­
atures obtained in this investigation. No trace 
of this behavior was found, and the heat capacity

(5) Flöttmann, Z. anal. Chem., 73, 1 (1928).
(6) Landolt-Börnstein, “ Physikalisch-chemische Tabellen,” Eg. 

ïlb , p. 1122.
(7) (a) Latimer, Schutz and Hicks, J. Chem. Phys., 2, 82 (1934); 

(b) Latimer, Chem. Rev., 18, 349 (1936). These references contain 
complete summaries of all previous work in this field.

appeared to be rapidly approaching the limiting T3 
law. The paramagnetism of potassium per­
manganate is without temperature coëfficiënt, and 
no theory has yet been proposed which adequately 
accounts for this type of magnetic behavior. 
Further work on the entropies of paramagnetic 
ions, and particularly the study of reactions in 
which the products have a different magnetic be­
havior than the reactants, should help to settle 
this difficult question of magnetic entropy.

Free Energy of Potassium Permanganate and 
Permanganate Ion.—Bichowsky and Rossini8 
have selected —192,900 cal. as the A ll  of forma­
tion of solid potassium permanganate at 18°. 
Since the correction to 25° amounts to only 14 
cal. it may be neglected. Using the entropies of 
potassium, manganese and oxygen as given by 
Kelley9 we find AS of formation to be —79.5
E. U., from which the free energy of formation of 
solid potassium permanganate is —169,200 cal. 
per mole. Combining this value with the free 
energy of solution computed above, and sub­
tracting the free energy of potassium ion10 
( — 67,431), the free energy of formation of per­
manganate ion is found to be —100,060 cal./mole.

The authors wish to thank Dr. Philip W. 
Schutz of this Laboratory for assistance in the 
experimental work and calculations on Series I.

Summary
The heat capacity of potassium permanganate 

has been measured from 15 to 300°K., and the 
entropy of the salt determined by graphical In­
tegration to be 41.04 E. U. Coupling this value 
with the entropy of solution, and the entropy of 
potassium ion herein adopted, the entropy of 
permanganate ion has been determined to be 46.7 
E. U.

The free energy of formation of potassium per­
manganate and of permanganate ion have been 
computed from the known entropies and heat of 
formation.
B e r k e l e y , Ca l if . R e c eiv ed  J u n e  15, 1936

(8) Bichowsky and Rossini, "The Thermochemistry of the Chemi­
cal Substances,” Reinhoid Publishing Co., New York, 1936, p. 162.

(9) Kelley, Buil. 350, Bureau of Mines, 1932.
(10) Lewis and Randall, “Thermodynamics,” McGraw-Hill 

Book Co., Inc., New York, 1923, p. 434.
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[A C o n t r ib u t io n  from  th e  D epa r t m e n t  of Ch e m ist r y , P u r d u e  U n iv e r s it y ]

The Action of Diethylmagnesium upon the Methyl Substituted Derivatives of Epoxy-
ethane1’2

B y  F. H. N orton and  H . B. H ass

Recently, Bartlett and Berry3 have shown that 
dimethyl- and diethylmagnesium react with 1,2- 
epoxycyclohexane to form when hydrolyzed the 
products trans-2-methyl- and /rtms-2-ethylcyclo- 
hexanol. The present paper presents the results 
obtained by extending the use of dialkylmagne- 
sium as a reagent into the field of epoxyalkanes.

The reactions of epoxyalkanes with Grignard 
reagents may be summarized as follows. Epoxy- 
ethane and 1,2-epoxypropane are known to react 
by simple Splitting of the oxygen-to-carbon link­
age; but the more highly substituted epoxyal­
kanes rearrange to produce alcohols which can be 
obtained from the corresponding aldehyde or ke­
tone by use of the same alkylmagn sium halide.4

The authors have allowed diethylmagnesium to 
react with the methyl substituted derivatives of 
epoxyethane. Their purpose was to discover 
whether or not there is rearrangement when 
a dialkylmagnesium is allowed to react with 
epoxyalkanes and to determine the difference in 
activity of the two carbon to oxygen valences in 
the epoxyalkane. To ensure identification of the 
alcohols synthesized by this method, the authors 
allowed ethylmagnesium bromide to react with 
the same epoxyalkanes. Reference alcohols also 
were prepared by other Grignard reagents.

Quite accidentally, the authors discovered and 
separated cis and trans 2,3-epoxybutane. The 
identification was performed before the authors 
ascertained through a private communication that 
Lucas and Wilson5 had synthesized these com­
pounds in order to prove Lucas' identification of 
cis and trans 2-butenes.

Experimental
Purification of Organic Liquids.—All organic liquids 

were carefully rectified at atmospheric or reduced pressure 
in a Fodbielniak column or in a rectifying column6 packed

(1) Presented at the Kansas City Meeting of the American Chemi­
cal Society, April, 1936.

( 2) This paper is an abstract of a thesis submitted by F. H. Norton 
to the Faculty of Purdue University in partial fulfilment of the re­
quirements for the degree of Doctor of Philosophy, June, 1936.

(3) Bartlett and Berry, T h is  Jo u r n a l , 56, 2683 (1934).
(4) Schlenk, “Houben-Weyl,” 2d Ed., Vol. IV, 1924, p. 781.
(5) Private communication with Dr. H. J. Lucas, California In­

stitute of Technology, March 23, 1936.
(6) Hass, McBee and Weber, Ind. Eng. Chem., 27, 1195 (1935).

with Penn State glass spirals. A reflux ratio of 20 to 1 or 
higher was maintained in all distillations.

Cis and trans 2,3-epoxybutane were synthesized from 2- 
butanol. Eight hundred and fourteen grams of 2-butanol 
was converted to cis and trans 2-butene.7 The mixture of 
butenes was allowed to react with a cold solution of hypo- 
chlorous acid to form 3-chloro-2-butanol, 245 g., b. p. 76- 
79° at 100 mm.;8’9 yield 20.6%. The crude 2,3-epoxy- 
butanes were prepared by treatment with solid potassium 
hydroxide,10 and were separated by rectification. Sixty- 
one and one-half grams of trans-2,3-epoxybutane distilled 
from 52-53 ° at 741 mm., and 43.5 g. of cts-2,3-epoxybutane 
boiled from 58-59° at 745 mm. (yield of combined cis and 
trans isomers, 66% based on chlorohydrin).

2.3- Epoxy-2-methylbutane was prepared from 2-methyl-
2-butanol by pyrolysis11 to 2-methyl-2-butene which was 
converted to the epoxyalkane as described above. Ninety- 
six grams of 2,3-epoxy-2-methylbutane distilled from 
73.0-74.2° at 753 mm.; yield, 8.6% based on alcohol; 
74% based on chlorohydrin.

2.3- Dimethyl-2,3-epoxybutane was prepared from ace­
tone. The following reactions were carried out: the con­
version of acetone to pinacol hydrate,12 the dehydration of 
pinacol hydrate by a benzene distillation,13 the treatment 
of 909 g. of anhydrous pinacol with molar proportions of 
anhydrous hydrogen chloride,14 crystallization and filtra­
tion óf the resulting chlorohydrin, 3-chloro-2,3-dimethyl-2- 
butanol15 and treatment as above with potassium hydrox­
ide to produce the corresponding epoxyalkane. One 
hundred and fifteen grams of 2,3-dimethyl-2,3-epoxy- 
butane distilled from 90.2-91.4° at 753 mm. Yield of 
oxide was 15% based on anhydrous pinacol.

Preparation of Diethylmagnesium.—An ether solution 
of diethylmagnesium was prepared from ethylmagnesium 
bromide made from 109 g. of bromoethane, 24.5 g. of mag­
nesium and 150 ml. of ether. The Grignard reagent was 
treated while refluxing with 110 g. of 1,4-dioxane in 300 ml. 
of ether.16’ 17 The mixture was centrifuged, the clear 
ether layer decanted and analyzed for diethylmagnesium18 
and for bromide ion. The solution was concentrated by 
distillation of about 60% of the ether.

Reactions of Diethylmagnesium upon Epoxyalkanes 
(Table I).—A general procedure was used in this reaction, 
typified by the case of 1,2-epoxypropane. The sample 
of epoxypropane in an equal volume of ether was added

(7) Lucas and Young, T his J o u r n a l , 52, 1964 (1930).
(8) Beilstein, Vol. I, 1918, p. 373.
(9) Fourneau and Puyal, Bull. soc. chim., 31, 424 (1922).
(10) Beilstein, Vol. XVII, Part II, 1933, p. 11.
(11) Matignon, Moureu and Dode, Compt. rend., 196, 973 (1933).
(12) “Organic Syntheses,” Coil. Vol. I, 1932, p. 448.
(13) King and Stewart, C. A., 25, 1799 (1931).
(14) Delacre. Bull. soc. chim., [4] 3, 203-12 (1908).
(15) Nilsson and Smith, Z. physik. Chem., 166, 145 (1933).
(16) Noller and Hi!mer, T hts J o u r n a l , 54, 2506 (1932).
(17) Cope, ibid., 57, 2238 (1935).
(18) Gilman, ibid., 45, 150 (1923).
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T a b le  I
R e a c t io n s  of D ieth y lm a g n esiu m  u po n  E po x y a l k a n e s

Di-Et-
:l--------------

Yield % B. p.
Epoxyalkane G. Mg, eq. G. on oxide °C. Mm.

1,2-Epoxypropanea 25.2 0.47 2-Pentanol 9 23 118.0-119.5 763.4
1,2-Epoxy-2-methylpropane 29 .37 2-Methyl-2-pentanol 11 .3 27.5 64.8-65.6 70
c^V2,3-Epoxybutane 19 .4 3-Methyl-2-pentanol 16.5 61 75.4-75.8 70
/raws-2,3-Epoxybutane 21 .4 3-Methyl-2-pentanol 6.5 21.8 73.0-74.0 70
2,3-Epoxy-2-methylbutane 25.8 .4 2,3-Dimethyl-2-pentanol 7 21 71-73 50
2,3-Dimethyl-2,3-epoxybutane 

a B. p. 34.1-34.6°.
20 .4 2,3,3-Trimethyl-2-pentanol 

T able II

9 34.6 81.8-83.2 50

R e a ctio n  of E thylm agnesium  B rom ide u p o n  t h e  E po x y a l k a n e s

•Product-

EtMgBr -f- reactant G. G.
Yield, % 
on oxide

B. p.°c. Mm.
1,2-Epoxypropane° 45 2-Pentanol 8 11.7 117-118 756
1,2-Epoxy-2-methylpropane 135 2-Methyl-3-pentanol 39 21 67.0-67.2 70
cL-2,3-Epoxybutane 14 3-Methyl-3-pentanol 3.5 17.5 62.6-64.6 70
/raws-2,3-Epoxybutane 15 3-Methyl-3-pentanol 10.5 49 63.7-64.9 70
2,3-Epoxy-2-methylbutane 40 2,3-Dimethyl-3-pentanol 27 50 67.8-68.6 50
2,3-Dimethyl-2,3-epoxybutane 50 2,2,3-Trimethyl-3-pentanol 25 38 76.6-77.2 50
a This fraction was obtained from the third rectification and its 3,5-dinitrobenzoate indicated that it was still impure. 

The impurity probably was 3-pentanol,

T a b le  III
P r epa ration  of R e fe r e n c e  A lcohols 

Prepared from Grignard reagents and aldehydes or ketones in the usual manner
✓----------------------------------Product—

Reactants------------------------------------------ *—' B. p.
I G. l i G. Mg., G. Pentanol G. % on I °c. Mm.

Acetone 36.5 1 -Bromopropane 86.1 17.1 2-Methyl-2- 37.3 72 64.8-65.3 70
2-Methylpropanal 33 Bromoethane 56 12.5 2-Methyl-3- 28 68 67.4-68.2 70
Acetaldehyde 79 2-Bromopropane 362 63 3-Methyl-2- 31 16.9 74.0-75.8 70
2-Butanol 68 Bromoethane 109 24.5 3-Methyl-3- 43 44.5 63.6-64.1 70
Acetone 113 2-Bromobutane 378 65.7 2,3-Dimethyl-2- 17.4 7.7 70.0-70.8 50
2-Butanone 61 2-Bromopropane 123 24.5 2,3-Dimethyl-3- 26 26.4 68.0-68.6 50
Acetone 130 2-Chloro-2-methyl-

butane 542 120 2,2,3-Trimethyl-2- 17.5 6 78.9-80.1 50
3,3-Dimethyl-2-butanone 93 Bromoethane 109 24.5 2,2,3-Trimethyl-3- 41 34 76.9-77.1 50

slowly to the diethylmagnesium which had been prepared 
from bromoethane. The mixture was refluxed for twenty 
minutes, cooled, poured into ice, treated with only enough 
dilute sulfuric acid to dissolve the precipitate and then 
separated. The water layer was extracted with ether. 
The combined ether Solutions were dried with anhydrous 
potassium carbonate for twelve hours. The ether was 
distilled ofï slowly in a packed column and the residue then 
rectified in a Podbielniak column, the fraction distilling 
from 113-120° being again distilled.

Reaction of Ethylmagnesium Bromide upon the 
Epoxyalkanes.—The epoxyalkanes (Table I) were allowed 
to react with ethylmagnesium bromide. The products 
were treated in the same manner as for those formed with 
diethylmagnesium (Table II).

Determination of Physical Constants.—The boiling 
point at atmospheric pressure,19 the density at 25° (Ost- 
wald pycnometer, vol. 1.1134 ml.), and the refractive

(19) Willard and Crabtree, Ind. Eng. Chem., Anal. Ed., 8, 79 
(1936).

index (Abbé) at 25° of all the alcohols were determined 
in a ten-day period. The reaction rate with zinc chloride- 
hydrochloric acid was determined at 27.4° in a three-hour 
period. The reagent was prepared as described in the 
literature.10

It is very evident from this table that diethyl­
magnesium reacts with the epoxyalkane to pro­
duce 2-pentanol. In the case of the correspond­
ing Grignard reagent there is evidence that two 
products are formed. The alcohol prepared from 
ethylmagnesium bromide was rectified repeatedly 
and still gave a 3,5-dinitrobenzoate melting at 
72°. A mixture of this derivative and the 3,5- 
dinitrobenzoate of 3-pentanol melted from 69-71°, 
which is very nearly the melting point of both 
derivatives. The 3-pentanol was a commercial 
product prepared by a distillation of a mixture 
of pentanols. It probably contained 2-pentanoL
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I t is apparent from Table V that diethylmag- ent alcohols when they react with l,2-epoxy-2- 
nesium and ethylmagnesium bromide form differ- methylpropane*

Table IV
Alcohols from  1,2-Epoxypropane

Derivative
,------B. p.— -s ZnCla-HGl M .p ., Mixed

Source °C. Mm. w25d 4 Rl sec. °c. m. p., °C.
2-Pentanol

Lit. 118.9 760 1.412720 0.81119 61 60
Ref. cpd. 117.8 750 1.4051 .8082 26.72 210 a 59 60 a +  b
Et2Mg 118.0 749 1.4042 .8085 26.66 285 b 61 59 b -h e
EtMgBr 116.1 1.4061 .8121 28.64 65 d 72 59-66 a +  c

3-Pentanol
Lit. 116 1.4057 0.8157 d 97
Ref. cpd.

T able  V

* 71 69-71 c +  e

A lcohols from 1 ,2 -E po xy -2-m et h y l pr o p a n e

TO „ ZnCh-HCl
sec.

Derivative 
M. p., Mixed 
°C. m. p., °C.Source °c. n. p.- 

Mm. 70 mm. h25d d2h Rl

2-Methyl-2-pentanol
Lit. 122.0 758 0.8194
Ref. cpd. 119.3 748 65.0 1.4089 .8051 31.39 0
Et2Mg 119.4 748 65.2 1.4089 .8071 31.27 0

2-Methyl-3-pentanol
Lit. 127.2 721 1.4134 0.8243
Ref. cpd. 124.6 747 67.8 1.4151 .8193 31.22 50 a 79 80 a -f- b
EtMgBr 124.5 747 67.1 1.4150 .8207 31.16 10 b 80

T a ble  VI
A lcohols from  cis a n d  /raws-2,3-EpoxYBUTANEa

ZnCl2-H C l
sec.

Derivative 
M. p., Mixed 

°C. m. p., °C.Source °C.
...P-“

Mm.. 50 mm. «25d d2»4 R l

3-Methyl-2-pentanol
Lit. 134 760 1.4205 0.8307
Ref. cpd. 134.2 749 74.9 1.4178 .8264 31.13 65 a 41 40 a +  b
Et2Mg cis 134.4 749 75.6 1.4179 .8235 31.24 55 b 45 41 b +  c
Et2Mg trans 133 749 73 1.4180 .8240 31.23 10 c 51 40-44 a +  c

3-Methyl-3-pentanol
Lit. 121.8 758 0.8494
Ref. cpd. 120.0 749 63.8 1.4165 .8240 31.13 0
EtMgBr cis 117.5 751 63.6 1.4161 .8245 31.09 0
EtMgBr trans 121.3 749 64.3 1.4161 .8234 31.13

a Trans is the lower boiling oxide.

T a b le  VII
Alcohols from  2,3-Epoxy-2-methylbutane

-------------- B. p.----------------ZnCk-HCl
Source °C. Mm. 70 mm. «25d d254 Rl sec.

2,3-Dimethyl-2-pentanol
Lit. Not reported in the literature
Ref. cpd. 139.0 744 70.4 1.4234 0.8285 35.72 0
Et2Mg 139.7 744 72 1.4231 .8276 35.74 0

2,3-Dimethyl-3-pentanol
Lit. 139 750 0.832921
Ref. cpd. 138.5 743 68.3 1.4263 .8366 35.59 0
EtMgBr 137.7 68.2 1.4262 .8382 35.51 0

Anal. Calcd. for C7Hi60: C, 72.34; H, 13.88. Found: 0*72,01; H, 13.86.
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T a b le  VIII
A lcohols from  2 ,3 -D im ethyl-2 ,3-e pq x y b u t a n e

Boiling point,
Source °C. mm. 50 mm. w26d d‘zh Rl

2,3,3-Trimethyl-2-pentanol
Lit.
Ref. cpd. 159.4 750

79
78.5

1.441020
1.4360 0.8151 41.75

Lit.
Ref. cpd.

151
152.4

760
743

2,2,3-Trimethyl-3-pentanol 
7640 1.435320 
77.0 1.4330 0.8423 40.16

EtMgBr 151.8 743 76.9 1.4330 .8434 40.10

Z11CI2-HCI
sec.

0

o
o

Table VI is the basis for the following discussion.
3-Methyl-2-pentanol is the only alcohol ob­
tained from cis or trans 2,3-epoxybutane and 
diethylmagnesium. There are four possible iso­
mers : the cis should give one set of racemic forms 
while the trans yields the other set. The reference 
eompound should be a mixture of the four iso­
mers. The physical properties of the 3-methyl- 
2-pentanols check each other closely. The melt­
ing points and mixed melting points of their 
derivatives also tend to show that they are 3- 
methyl-2-pentanols.

3-Methyl-2-pentanol is obtained from ethyl­
magnesium bromide. All of the physical proper­
ties are very nearly identical with the exception 
of the boiling point of the alcohol produced from 
the cis form. In this case only 3.5 g. of the alco­
hol was obtained from the distillation at reduced 
pressure. This quantity was insufficiënt for an 
accurate determination of the boiling point.

The alcohols listed in Table VIII are identified 
entirely by their physical properties. All the al­
cohols which were isolated were tertiary deriva­
tives, as shown by the zinc chloride-hydrochloric 
acid method.

I t is evident from the data compiled in Table 
V that diethylmagnesium reacts with 2,3-di- 
methyl-2,3-epoxybutane to produce 2,3,3-tri- 
methyl-2-pentanol. Ethylmagnesium bromide, on 
the other hand, forms 2,2,3-trimethyl-3-pentanol.

In the reaction of diethylmagnesium upon the 
unsymmetrical expoxyalkanes only one product 
was isolated. In every case there is a possibility 
of two products. The alcohol formed by the re­
action is tertiary if possible, and secondary if 
there is a choice and tertiary is impossible.

Summary
1. Dialkylmagnesiums react with epoxyal­

kanes to form addition products which yield al­
cohols when hydrolyzed. These alcohols are the 
result of the Splitting of the oxide linkage and not 
of rearrangement such as occurs with alkylmagne­
sium halides.

2. Diethylmagnesium reacts with 1,2-epoxy- 
propane to give 2-pentanol, l,2-epoxy-2-methyl- 
propane to form 2-methyl-2-pentanol, cis-2,3- 
epoxybutane to produce a stereoisomeric mixture 
of 3-methyl-2-pentanols, trans -2,3- epoxybutane 
to yield a different racemic mixture of 3-methyl- 
2-pentanols, 2,3-epoxy-2-methylbutane to make
2,3-dimethyl-2-pentanol, and 2,3-dimethyl-2,3- 
epoxybutane to engender 2,3,3-trimethyl-2-pen- 
tanol.

3. When there is a difference between the two 
carbon valences holding the epoxy oxygen atom, 
the primary valence breaks rather than the sec­
ondary or tertiary and the secondary rather than 
the tertiary.

4. Ethylmagnesium bromide reacts with 2,3- 
dimethyl-2,3-epoxybutane to produce 2,2,3-tri- 
methyl-3-pentanol.

5. Certain physical properties of ten alcohols 
have been determined.

6. A new alcohol, 2,3-dimethyl-2-pentanol, 
has been synthesized for the first time.

7. The synthesis of Bartlett and Berry,
namely, the reaction of dialkylmagnesium upon 
an alpha epoxy eompound has been extended to 
the epoxyalkanes and has been shown to be widely 
applicable as a method of synthesizing secondary 
and tertiary alcohols free from isomers. 
L a fa y e tt e , I n d ia n a  R e c e iv e d  J uly  23, 1936
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[C o n t r ib u t io n  N o . 145 from  t h e  M a ssa c h u setts  I n st it u t e  of  T ec h n o lo g y , R e se a r c h  L a bo r a t o r y  o f  Or g a n ic
Ch e m ist r y ]

The Compound of Cuprous Chloride with Phosphorus Trichloride1

B y  T e n n e y  L. D avis a nd  P ercy  E hrlich

More than fifty years ago in a series of brilliant 
papers Schutzenberger,2 and Schutzenberger and 
Fontaine,3 described the preparation of carbonyl 
derivatives of platinous chloride and reported that 
phosphorus trichloride displaced carbon monoxide 
from these substances to form compounds which 
retained their essential structure through a variety 
of Chemical transformations. Their experiments, 
demonstrating the Chemical equivalence of carbon 
monoxide and phosphorus trichloride in complex 
formation, suggest that phosphorus trichloride 
may perhaps in general displace carbon monoxide 
from the carbonyls and that it may in general 
combine with the elements and compounds with 
which carbon monoxide enters into direct com­
bination. The interesting possibilities do not 
appear to have been investigated.

Cuprous chloride forms complex compounds with 
ammonia and with carbon monoxide. Tropsch 
and Mattox4 have recently reported that it com­
bines with ethylene in which, it may be noted, 
the two valences available for coördination are 
on different atoms. Phosphorus trichloride, like 
ammonia and carbon monoxide, has two avail­
able valences on its central atom. We find that 
it also combines directly with cuprous chloride. 
When phosphorus trichloride is poured upon a 
quantity of cuprous chloride in a test-tube, the 
solid immediately commences to swell, heat 
enough is evolved to produce incipient boiling, 
and at the end of two hours the solid material 
occupies two or three times its original volume. 
On Standing overnight, if an excess of phosphorus 
trichloride is present, the material swells still fur­
ther, but the reaction appears to be complete after 
twenty-four hours. In certain experiments in 
which bottles were used, the material formed hard 
cakes which by their swelling broke the bottles. 
Some samples of cuprous chloride reacted more 
readily than others. When purified cuprous

(1) For financial aid in this work we wish to make grateful ac- 
knowledgment of a grant from the Permanent Science Fund of the 
American Academy of Arts and Sciences.

(2) Schutzenberger, Bull. soc. chim., 14, 97, 178 (1870); Compt. 
rend., 70, 1414, 1287 (1870).

(3) Schutzenberger and Fontaine, Bull. soc. chim., 17, 386, 482 
(1872); 18, 148, 529, 1287 (1872).

(4) Tropsch and Mattox, This Journal, 57, 1102 (1935).

chloride was used, the complex was procured as a 
white powder having a strong odor of phosphorus 
trichloride. Washed with benzene or with some 
other inert solvent, warmed in a stream of carbon 
dioxide or left to itself in a vacuum desiccator, the 
compound lost much of its phosphorus trichloride.

The complex is attacked by atmospheric mois­
ture, and cannot be weighed in the ordinary man­
ner because of its high dissociation pressure. 
Samples for analysis were secured by allowing cu­
prous chloride undersaturated with phosphorus 
trichloride to take up more of that material from 
the vapor phase, and by allowing cuprous chloride 
oversaturated with phosphorus trichloride to give 
up a portion of that material through the vapor 
phase to other cuprous chloride and by introduc- 
ing samples of the resulting materials into weigh­
ing tubes at the temperature of dry ice. The re­
sults of analysis showed that the complex has the 
composition (CuCl)2*PCl3.

The dissociation pressures of the complex at 
various temperatures were determined by the 
static method which has been used in this Labora­
tory for determining the dissociation pressures of 
metal pyridine thiocyanates, etc.5 The measure­
ments were rendered difficult by the circumstances 
(1) that the phosphorus trichloride attacked the 
mercury of the manometer, and (2) that the rate 
of dissociation of the complex when it was warmed 
was much greater than the rate of re-association 
of the components when they were cooled to­
gether. The first difficulty was met to some ex­
tent by working rapidly, but the second difficulty 
became more important when the work was 
rapid. The experimental results were plotted, a 
smooth curve drawn, and the figures for the dis­
sociation pressures at the even temperatures were 
read from the curve and found to be 16 mm. at 
0°, 28 mm. at 10°, 47 mm. at 20°, 73 mm. at 
30°, 117 mm. at 40° and 170 mm. at 50°. These 
data plotted on a semilogarithmic chart, ln p vs. 
l/T , gave a straight line practically parallel with 
the straight line corresponding to Regnault’s6 data

(5) Davis and Batcheider, ibid., 52, 4069 (1930); Davis and Ou, 
ibid., 56, 1061, 1064 (1934).

(6) Regnault, Jahresber., 65 (1863). Other data by Antoine, 
Compt. rend., 36, 676 (1853); 167, 681, 778, 836 (1888).
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for the vapor pressure of phosphorus trichloride, 
a fact which shows that the affinity which holds 
the phosphorus trichloride in combination with 
the cuprous chloride is practically constant over 
the temperature range 0 to 50°.

The complex reacts violently with a small 
quantity of water and goes entirely into solution. 
With a solution of aniline in benzene its reaction is 
vigorous enough to cause the benzene to boil. It 
reacts vigorously with methyl and ethyl alcohols, 
[ess vigorously with isopropyl, #-butyl and iso­
amyl alcohols, and with phenol in benzene solu­
tion only very slowly in the cold and more strongly 
on warming. The product of the reaction with 
methyl alcohol is a mixture of cuprous chloride 
with a eompound having the formula CuCl*P- 
(OCH3)3, m. p. 216-217°, crystals from acetone or 
methyl alcohol, identical with the material pre­
pared by Arbusow7 by the direct combination of 
cuprous chloride with methyl phosphite. Ar­
busow reported m. p. 190-192°. He reported 
complexes of cuprous chloride, bromide and iodide 
with a number of alkyl phosphites, complexes 
generally having the formula CuX-P(OR)3, but in 
a few cases the formula CuX* [P(OR)3]2. In our 
experiments with alcohols other than methyl, no 
solid products except cuprous chloride could be 
isolated from the reactions of (CuCl)2*PCl3 with 
the alcohols.

The white crystalline eompound CuCl-P- 
(OCH)3 oxidizes slowly in the air, turning green 
and finally black, but appears to be otherwise 
stable and odorless. The tendency toward its 
formation is so great that powdered cuprous chlo­
ride added to an ether solution of methyl phos­
phite wholly deprives it of its offensive odor. The 
eompound dissolves in ammonia water to yield a 
colorless solution which quickly turns blue in the 
air, and it produces at the same time an extremely 
offensive carbylamine-like odor. It dissolves in 
warm aniline or dimethylaniline without the pro­
duction of any odorous substance, and the solu­
tion on boiling deposits a copper-colored material. 
I t hisses with strong nitric acid. On pyrolysis 
the eompound does not decompose into cuprous 
chloride and methyl phosphite as might be ex­
pected, but leaves a residue which contains me­
tallic copper, and produces methyl chloride and 
volatile compounds of phosphorus. The latter 
are now being studied further in this Labora­
tory.

(7) Arbusow, Ber., 38, 1121 (1905).

Experiments
Analysis of the Complex (CuCl)2*PCl3.—Although it was 

not found possible to procure the complex in a state of 
complete purity, satisfaetory indications of its composi­
tion were secured by approaching the equilibrium from 
both sides and analysing the resulting materials. A quan­
tity of freshly purified, finely powdered cuprous chloride 
was introduced into a short tube open at the top and this 
was placed within a wide tube which contained some 
liquid phosphorus trichloride ; the wide tube was stoppered 
and allowed to remain in the refrigerator for ten days. A 
similar arrangement was set up with cuprous chloride in 
the outer tube and cuprous chloride plus an excess of phos­
phorus trichloride in the inner one. After ten days the 
smaller tubes which contained the complex were removed 
and cooled in dry ice. Samples of the complex were intro­
duced quickly into previously weighed small glass tubes 
which had also been cooled in dry ice. These tubes were 
immediately sealed at the blast lamp, weighed again and 
marked with identifying marks. In making the analyses, 
the tubes were scratched with a file, warmed at the scratch 
with a blowpipe flame and dropped into strong ammonia 
water, whereupon they cracked open and the contents 
dissolved in the liquid. Chlorine was determined in the 
usual way by precipitation as silver chloride in the presence 
of dilute nitric acid. The samples to be analyzed for copper 
and phosphorus were evaporated to dryness; concd. nitric 
acid was added and the mixtures were again evaporated 
to dryness, the residues were taken up in dilute nitric 
acid, and the copper in them was determined electro- 
lytically. Phosphorus was determined in the residual solu­
tion by precipitation as magnesium ammonium phosphate 
and the ignition of this material to magnesium pyrophos- 
phate. The results of the analyses, indicated in Table II, 
correspond fairly closely to the composition, two mole­
cules of cuprous chloride and one of phosphorus trichloride, 
and differ widely from the composition, one molecule of 
each of the two.

T a b l e  I
A n a l y sis  of t h e  C o m pl e x , (CuC1)2-PC13

✓------ ----------------Found, %----------------------- .
....................... ...................................Average

Chlorine 51.88 53.91 51.02 49.75 51.39
Copper 36.33 35.80 40.52 40.79 38.36
Phosphorus 9.71 9.00 8.13 8.23 8.77

(CuCl)2-PcC CuCl*PCl3
Chlorine 52.89 59.99
Copper 37.88 26.88
Phosphorus 9.23 13.13

The Complex Methyl Ester CuC1-P(OCH3)3.—When the 
complex (CuCl)2PCl3 was treated with absolute methyl 
alcohol, a violent reaction ensued, clouds of hydrogen 
chloride were evolved and a heavy, white, crystalline pow­
der remained in the bottom of the vessel. Extraction 
of the solid with boiling methyl alcohol, ethyl acetate or 
acetone yielded liquids which on cooling deposited white 
prismatic crystals of the crude complex ester. Acetone 
is the best solvent which we have found; on cooling it 
deposited, sometimes in handsome needles, about one-
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half of the material which it dissolved at boiling tempera­

ture. In m ethyl alcohol or ethyl acetate solution the 

methyl ester tended to oxidize readily and to turn green. 

The crude ester melted at about 180-190° and did not 

appear to decompose at this temperature. A t distinctly 

higher temperatures it decomposed to yield a red residue 

and to produce a very offensive odor. Recrystallization 

from acetone or m ethyl alcohol raised the melting point 

of the material, 197-202°, 202-207°, 203-209°, etc., and 

in one instance 2 16 -2 17°. The latter material showed 

almost no red color when heated to its melting point.

Chlorine was determined by dissolving a sample of the 

ester in ammonia water and precipitating as silver chloride 

in the presence of dilute nitric acid. Copper was deter­

mined electrolytically in the solution which resulted from 

treating the ester with concd. nitric acid and diluting with 

water. The residual liquid gave no test for phosphate 

with ammonium molybdate, for the trivalent phosphorus 

had not been oxidized b y  the cold concd. nitric acid. 

Experiment showed that evaporation to dryness with 

concd. nitric acid, or evaporation to fuming with concd. 

sulfuric acid, would not accomplish the result. Satis- 

factory phosphorus determinations were finally made by  

evaporating the sample with a mixture of nitric and sul­

furic acids until fumes of sulfuric acid were given off, or 

by evaporating with fuming sulfuric acid until the liquid

boiled freely, and then diluting with water, precipitating 

as magnesium ammonium phosphate, etc.

A n a l.  Calcd. for C u C h P (O C H 3)3: Cl, 15.89; Cu,

28.49; P, 13.91. Found: Cl, 15.36, 16.26, 16.00; Cu, 

28.69, 28.63; P, 13.60, 13.59, 14.22, 13.87, 13.41.

Summary
Phosphorus trichloride combines directly with 

cuprous chloride to form the eompound (CuCl)2* 
PC13.

The dissociation pressure of this eompound has 
been measured from 0 to 50°. The affinity which 
holds the phosphorus trichloride in combination 
with the cuprous chloride is practically constant 
over that temperature range.

The complex reacts with methyl alcohol, losing 
one of its molecules of cuprous chloride and form­
ing a complex ester CuC1-P(OCH3)3.

The pyrolysis of the complex ester yields me­
tallic copper, methyl chloride and volatile com­
pounds of phosphorus which we have not yet 
identified.
Cambridge, M ass. Received July 28, 1936

[Contribution N o. 144 from the Massachusetts Institute of Technology, R esearch Laboratory of Organic
Chemistry]

Metal Pyridine Complex Salts. V.1 Volume Change During Formation of Cyanates
and Thiocyanates

B y T e n n e y  L. D avis and  A lbert  V . Logan

The fact that cobaltous thiocyanate forms com­
pounds only with two and with four molecules of 
pyridine, while cobaltous cyanate forms com­
pounds with two, with four, and with six mole­
cules, has suggested that the affinity of pyridine 
for the metal in complex thiocyanates is probably 
less than it is in the complex cyanates. Experi­
ments reported in the second and third papers 
of this series showed that cobaltous, cupric and 
nickelous pyridine cyanates have lower dissocia­
tion pressures than the corresponding thiocya­
nates containing the same number of pyridine 
molecules—and support the conclusion that the 
pyridine coördinately attached to the metal is 
held in the complex cyanates by a stronger affin­
ity than it is held in the complex thiocyanates. 
The Substitution of an oxygen atom in place of a 
sulfur at the remote end of the electrovalently 
connected acid radical considerably increases the 
residual affinity of the metal atom available for

(1) Earlier papers of this series: I, Davis and Logan, This Jour­
nal, 50, 2493 (1928); II, Davis and Batchelder, ibid., 52, 4069 
(1930;; III and IV, Davis and Ou, ibid:, 56, 1061, 1064 (1934).

combination with pyridine through its coördina­
tion valence.

We now find that the greater forces of affinity 
at work in the complex cyanates, by pulling the 
parts of the molecules more closely together, pro­
duce greater contractions than do the forces which 
hold together the complex thiocyanates. The 
proportionate decrease in volume when the com­
plex cyanate is formed from the simple salt plus 
pyridine is greater than when the complex thio­
cyanate is similarly formed. The cyanate radi­
cal, then, exhausts to a less extent than the thio­
cyanate radical the total affinity of the metal 
atom, and leaves more of it available for holding 
the pyridine with those internal forces which re­
duce both the dissociation pressure and the volume 
of the resulting compounds.2

The fact that water and all organic liquids (ex-
(2) Compare the ideas of T. W. R ich ard s on compressible atoms 

developed in his Faraday Lecture, delivered before the Chemical 
Society of London June 14, 1911, and in his Presidential Address to 
the American Chemical Society, published in T h is  J o u r n a l , 36, 
2417-2439 (1914), where a bibliography of his papers on the subject 
is also printed.
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cept pyridine) which we have tried removed 
some of the pyridine from the complex salts, and 
also dissolved more or less of them, greatly limited 
the choice of liquids which might be used in the 
density determinations, and practically confined 
the choice to saturated Solutions of the complexes 
in pyridine itself. This meant that it was gen­
erally possible to work only with the most highly 
pyridinated of the compounds. We have there­
fore determined the densities at 25° of cupric, 
nickelous and cobaltous hexapyridine cyanates 
and tetrapyridine thiocyanates, by meäsuring in 
a pycnometer the amount of a saturated solution 
of the complex in pyridine (the density of that 
solution having been determined previously) 
which was displaced by a known weight of each 
of the complex salts. The densities of the simple 
cyanates and thiocyanates were determined simi­
larly under benzene. From the densities, the 
molecular volumes at 25° of the complexes, of the 
simple salts, and of the pyridine with which the 
latter combine to form the complexes have been 
calculated, and the shrinkages which occur during 
the formation of the complexes have been deter­
mined, and are reported in Table I.

T a b l e  I

V o l u m e  C h a n g e  D u r in g  F o r m a t io n  o f  C o m p l e x  

C y a n a t e s  a n d  T h io c y a n a t e s

Molecular volumes at 25°, cc.
Components 

Pyri­
dine Salt Total

Com­
plex

Volume
De­

crease

De­
crease,

%

Cu(NCO)2-6Pyr. 485.0 61.0 546.0 486.3 59.7 10.9
Co(NCO)2 6Pyr. 485.0 58.8 543.8 474.7 69.1 12.7
N i(NCO )2-6Pyr. 485.0 62.0 547.0 469.2 77.8 14.2
Cu(NCS)2-4Pyr. 323.3 76.2 399.5 366.7 32.8 8.2
Co (N CS) 2-4Pyr. 323.3 73.9 397.2 354.5 42.7 10.7
Ni(NCSh-4Pyr. 323.3 73.2 396.5 352.7 43.8 11 .1

From these data it appears that the absolute 
shrinkage in cc. and the per cent. shrinkage cal­
culated on the basis of the volume of the compo­
nents are both greater for the hexapyridine cya­
nates than for the tetrapyridine thiocyanates. 
The per cent. shrinkage during the formation of 
cupric hexapyridine cyanate (10.9) is 1.33 times 
the per cent. shrinkage during the formation of 
cupric tetrapyridine thiocyanate (8.2); the ratio 
for the cobaltous compounds is 1.19, for the 
nickelous compounds 1.28; average 1.27; that 
is, the per cent. shrinkage during the formation of 
cupric, cobaltous and nickelous hexapyridine cy­
anates from the simple salts and pyridine is about 
1.27 times the per cent. shrinkage during the 
formation of the corresponding tetrapyridine 
thiocyanates. The shrinkage, however, in the

case of the hexapyridine cyanates involves six 
molecules of pyridine while that in the. case of the 
tetrapyridine thiocyanates involves only four. 
If each molecule of pyridine in all of the com­
pounds were compressed by the respective Chemi­
cal forces in exactly the same amount, the abso­
lute shrinkage in cc. during the formation of the 
hexapyridine cyanates would be 1.5 times the 
absolute shrinkage during the formation of the 
tetrapyridine thiocyanates. The ratios calculated 
from the data are for the cupric compounds 1.82, 
for the cobaltous 1.62, and for the nickelous 1.78; 
average 1.74, or about 16% more shrinkage for 
each molecule of pyridine combined in the com­
plex cyanates than for each molecule combined in 
the complex thiocyanates. The absolute shrink­
ages per mole of combined pyridine are shown in 
Table II where they are compared with the disso­
ciation pressures of the several substances.

Table II
S h r in k a g e  D u r in g  C o m b in a t io n  w it h  P y r id in e  C o m ­

p a r e d  w it h  D is s o c ia t io n  P r e s s u r e  o f  t h e  C o m p l e x

Shrinkage, 
cc., per 
mole of

combined Dissociation pressure, mm.pyridine 20° 25° 30° 50°

C u(N C O )2-6Pyr. 9.9 7.0 10.0 13.4 49.6

C o(N CO )2-6Pyr. 1 1 .5 5 .8 (7.7) 10.0 2 5 .7

N i(N C O )2-6Pyr. 13.0 5.0 7.3
C u (N C S )2-4Pyr. 8.2 5 .1 (8.4) 12.0 58.0

Co(N CS)2-4Pyr. 10 .7 1 .9 (2.6) 3 .4 10.6

N i(N C S )2-4Pyr 11.0 5.0 (5.4) 6 .1 9.8

The shrinkage per mole of pyridine during the 
formation of the complexes of the three metals is 
least for the cupric salt, next for the cobaltous, 
and most for the nickelous salt—both in the hexa­
pyridine cyanate and in the tetrapyridine thiocy­
anate series. For the cyanates the dissociation 
pressures at 25° (the figures in parenthesis being 
estimated) fall in the inverse order; the complex 
showing the greater shrinkage has the lower dis­
sociation pressure. The dissociations of the thio­
cyanates at 25° do not fall in line; at 50°, how­
ever, they are in the inverse order of the shrink­
ages.

Correction.—The facts that cupric, cobaltous, 
and nickel cyanates behave alike in forming 
complexes with six molecules of pyridine, and that 
cobaltous and nickelous thiocyanates behave 
alike in forming complexes with four, have led us 
to believe, contrary to previously existing infor­
mation, that cupric thiocyanate also forms a com­
plex with four molecules of pyridine. In the
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second paper of this series Davis and Batchelder1 
reported analyses and dissociation pressures for 
the complexes of cupric thiocyanate with one and 
with two molecules of pyridine. We now find 
that the dissociation pressures which they re­
ported for the dipyridine eompound are actually 
those of the tetrapyridine eompound. They iso­
lated and analyzed the dipyridine eompound but 
failed to observe its dissociation pressure. Their 
data for the monopyridine eompound are correct. 
The correct data for the three complexes are now 
summarized in Table III.

T a b l e  III

D is s o c ia t io n  P r e s s u r e s  o f  C u p r ic  P y r id in e  T h io ­

c y a n a t e s

Dissociation pressures, mm.
20 30 40 50 60 70

5 .1  12.0 27.0  58.0 106.0 ..

. . .  5.0  10.0 23.0 . . .

. . .  3 .4  5.0 10 .1 20.0 36.0

Experiments
The pyridine was fractionated twice, and the portion 

boiling between 115.25 and 115.40° taken for the density 

determination.

The complex salts were prepared as described in earlier 

papers, crystallized from chloroform containing pyridine, 

dried superficially between filter papers, and kept in desic- 

cators containing pyridine and potassium hydroxide.

Cupric tetrapyridine thiocyanate exists in very dark 

moss-green crystals which lose pyridine rapidly in the air 

to produce the dipyridine eompound. A n al. Calcd. for 

Cu(N C S )2-4Pyr: Cu, 12.82; pyridine, 63.77. Found:

Cu, 13.05, 12.99; pyridine, 63.98, 64.96. Cupric di­

pyridine thiocyanate has an emerald-green color and loses 

pyridine slowly to form the monopyridine eompound. 

A n al. Calcd. for C u (N C S )2-2Pyr: Cu, 18.80. Found: 

Cu, 18.74, 18.90. The change to the monopyridine com­

pound is hastened b y subjecting the dipyridine eompound 

to reduced pressure. A n a l.  Calcd. for C u fN C S V P yr:  

Cu, 24.58. Found: Cu, 24.34, 23.56. The compounds 

are only moderately soluble in chloroform, but dissolve 

more readily if pyridine is added. T he substances which 

were described b y  Davis and Batchelder were the mono- 

and dipyridine compounds.

Cupric, cobaltous and nickelous cyanates were prepared 

by warming the complex salts and pumping off the pyri­

dine. It was found that temperatures above 80° caused 

decomposition with the production of carbon dioxide and 

the cyanides of the metals. A t lower temperatures it 

was necessary to continue the pumping for several days in 

order to remove all of the pyridine. Cupric cyanate 

has a dark moss-green color, nickelous cyanate pale 

green, and cobaltous cyanate pale laven der.

Cobaltous thiocyanate was prepared as a yellow-brown 

powder b y  heating the pyridine complex in vacuum at 

about 300 ° at which temperature no decomposition of the 

salt was found to occur. Nickelous thiocyanate, mustard 

yellow, was procured by heating the pyridine complex in a 

well ventilated oven at 250° for two or three hours.

Cupric thiocyanate could not be prepared b y  any of 

these methods. It  breaks down at slightly efevated tem ­

peratures to produce a reddish-brown eompound which 

has been described b y Speter3 as having the composition 

C u(C N S )2'C u C N S. W hen precipitated from aqueous 

solution, it decomposes to a greater or less extent forming 

cuprous thiocyanate. W e have prepared the substance b y  

treating freshly precipitated and moderately dry cupric 

hydroxide with the very strong thiocyanic acid procured 

b y distilling potassium thiocyanate, phosphorus pentoxide 

and concd. sulfuric acid in an atmosphere of hydrogen at 

about 60 mm. pressure.4 The intensely black cupric 

thiocyanate was transferred quickly to a suction filter, the 

excess acid was removed, and the unwashed solid was dried 

in a desiccator over concd. sulfuric acid.

The composition of the salts was verified b y  analysis for 

the metals. Cobalt was determined as sulfate, copper b y  

titration with iodide and sodium thiosulfate, and nickel by  

titration with potassium cyanide. Results are summarized 

in Table IV.

T a b l e  IV

A n a l y s i s  o f  C y a n a t e s  a n d  T h io c y a n a t e s

Cupric cyanate 42.84

Metal, %  
Found

43.47

Calcd.

43.08

Nickelous cyanate 4 1.2 4 41.09 4 1 .5 1 4 1 .13

Cobaltous cyanate 4 1 .1 6 4 1.9 8  . . . 4 1.2 3

Cupric thiocyanate 35.59 35.50 . . . 35.40

Nickelous thiocyanate 33.50 3 3 .5 7  33.70 33.59

Cobaltous thiocyanate 33 .6 1 33.55  . . . 33.69

The densities at 25 ° of the simple salts, and of the com­

plexes except nickelous tetrapyridine thiocyanate, wrere 

determined as has been described briefly in the early part 

of the present paper. Nickelous tetrapyridine thiocyanate 

when allowed to stand in contact with pure pyridine 

forms the heptapyridine derivative which has been de­

scribed in the second paper of this series.1 It  is unaltered 

even b y long standing in contact with its solution in a 60/40 

mixture of pyridine and benzene, and its density was de­

termined by the use of this solution. The density de­

terminations are summarized in Table V.

T a b l e  V  

D e n s i t ie s  a t  25 °
Experimental values Average

Pyridine 0.9774 0.9772 0.9773

C u(N C O )2 2.4 19 5 2.4 172 2 .4 18

N i(N C O )2 2.3018 2.3021 2.302

C o (N C O )2 2.4325 2.4322 2.432

C u(N C S )2 2.3589 2.3536 2.356

N i(N C S )2 2.3866 2.3845 2.386

C o(N C S )2 2.3673 2.3656 2.366

C u (N C O )2-6Pyr. 1.2 78 1 1.2780 1.2 78

N i(N C O )2-6Pyr. 1.3 14 2 1.3 14 7 1.3 14

C o (N C O )2-6Pyr. 1.2995 1.2994 1.299

C u (N C S )2-4Pyr. 1 .3 5 1 1 1.3509 1.3 5 1

N i(N C S )2-4Pyr. 1.3922 1.3901 1.3 9 1

C o (N C S )2-4Pyr. 1.3846 1.3844 1.384

(3) Speter, Z. M ed. Chem., 3, 14; Chem. Zentr .,  96, I, 2069 (1925).
(4) Rosenheim and Levy, Ber., 40, 2166 (1907).

Temp., °C.

Cu(N C S )2-4Pyr.

Cu(N C S )2*2Pyr.

C u (N C S V P yr.
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Summary
The decreases in volume which occur at 25° 

when cupric, cobaltous and nickelous cyanates 
and thiocyanates combine with pyridine to form 
hexapyridine cyanates and tetrapyridine thio­
cyanates have been determined.

The shrinkage in cc. during the formation of the 
hexapyridine cyanates is about 1.74 times as 
great as during the formation of the tetrapyridine 
thiocyanates. This corresponds to about 16% 
more shrinkage for each molecule of pyridine in 
the complex cyanates than for each molecule in 
the complex thiocyanates. This fact, and the 
fact that the complex cyanates have the lower

dissociation pressures, both indicate that the py­
ridine in the complex cyanates is held by greater 
forces of Chemical affinity than in the complex 
thiocyanates. The thiocyanate radical to a 
greater extent than the cyanate radical exhausts 
the total affinity of the metal atom and leaves 
less of it available for coördinative combination 
with pyridine.

For the three cyanates and thiocyanates alike, 
the shrinkage during combination with pyridine 
is least in the case of the cupric compounds, next 
in the case of the cobaltous, and most in the case 
of the nickelous compounds.
C a m b r id g e , M a s s . R e c e iv e d  J u l y  28, 1936

[ C o n t r ib u t io n  f r o m  t h e  C h e m ic a l  L a b o r a t o r y  o f  B r o w n  U n iv e r s it y ]

The Heats of Dissociation of Hexaarylethanes

B y  C harles B ush nell  W ooster

In a recent paper Conant1 has estimated the 
heats of dissociation of a number of substituted 
ethanes from cryoscopic data on the basis of the 
following assumptions: (1) that the heat of dis­
sociation, A H ,  the free energy of dissociation, 
A F ,  and the corresponding entropy change, A S ,  

were all approximately independent of the nature 
of the solvent in which the ethane was dissolved;
(2) that A H  and A S  were independent of the 
temperature over the range involved in the ex­
periments and (3) that A S  w a s  independent of the 
substituents attached to the two carbon atoms 
which dissociate from each other, at least in solu­
tion in organic solvents. The work of Ziegler,2 
on hexaphenylethane had furnished confirma­
tion of the first two assumptions, but Conant 
offered no experimental basis for the third. The 
last assumption has also been made by Pauling 
and Wheland3 but, on the other hand, Hückel4 
states that variations in the entropy change may 
be expected to accompany alterations in the struc­
ture of the molecules.

As a matter of fact, it is possible to calculate 
values for the heats of dissociation of four hexa­
arylethanes by independent and somewhat more 
direct methods from data at present available in

(1) Conant, J .  Chem. Phys . ,  1, 427 (1933).
(2) Ziegler, A n n . ,  373, 163 (1929).
(3) Pauling and Wheland, J .  Chem. Phys . ,  1, 362 (1933).
(4) Hückel, “ Free Radicals, a General Discussion,” The Faraday 

Society, 1933, p. 40.

the literature. It is the purpose of this paper to 
present and discuss the results of such calculations.

The Heat of Dissociation of Di-/3-naphthyl- 
tetraphenylethane.—Gomberg and Sullivan5
have measured the intensity of color of Solutions 
of di-ß-naphthyltetraphenylethane over a wide 
temperature range in toluene and in chloroform 
Solutions. A sufficiently close approximation to 
the dissociation constant K ,  expressed in mole 
fractions, may be obtained from these measure­
ments by the use of equation 1

_  4A(I/Io>  

1 - 1 / 7

where N  is the concentration in moles of the 
ethane per mole of solvent, I  is the intensity of 
color per mole of the ethane (in arbitrary units) 
and I q is the limiting value of I  on dilution.6 In 
order to test the consistency of the data, A H  is 
best determined graphically by plotting values of 
—log K  against l / T  which should yield a straight 
line in accordance with equation 2

- lo g  K  *  (A H /2 .3 0 3 R T )  +  const. (2)

when A H  is independent of the temperature. 
The value 70 = 195 was obtained from equation 1 
by setting K  equal to the value 3.50 X 10“4 based 
on Ziegler’s photometric measurements at 20° in

(5) Gomberg and Sullivan, T h is  J o u r n a l , 44, 1810 (1922).
(6) The value of I q is assumed to be independent of the tempera­

ture and of the nature of the solvent. These assumptions were also 
made by Ziegler in his study of hexaphenylethane.
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cyclohexane7 and substituting the observed value 
of 7 at that temperature. A plot of —log K  
against l / T  appears in Fig. 1. The points ob­
tained in the two solvents lie on the same curve 
which is linear within the limits of error over a 
range of 56° in toluene and 52° in chloroform. 
The value of ATI corresponding to the slope of 
this line is 12.9 kcal.

The method suggested for the estimation of 70 
neglects any Variation in K  which might occur as 
a result of changing the solvent from cyclohexane 
to toluene and to chloroform. Some justification 
for neglecting this Variation may be found in the 
correspondence between the measurements in 
toluene and chloroform which shows that the 
values of K  in these two solvents do not differ 
sufficiently to influence appreciably the value of 
AH. However, Ziegler found much wider differ­
ences in the values of K  for hexaphenylethane in 
various solvents, so it is necessary to examine 
carefully the influence of the choice of 70 on the 
value of A H  as calculated from the data of Gom­
berg and Sullivan.

As a matter of fact, A H  is not very sensitive 
to the choice of 70 when this constant is not too 
small. The expression for A H  may be written 
A H  =  R T *(d ln K / d T )  =

R T *  ^  [2 In I  -  ln  (1 -  / / / „ ) ]  (3 )

and in the limiting case when 70 is sufficiently 
great, 1 — 7/70 may be replaced by unity so that 
on integration a linear relation between log 7 and 
l/T , similar in form to equation 2, is obtained. 

—log I  — (A H /A .d Q d R T ) F  const. (4)

Plots of log 7 against 1 / T  for the ß-naphthyl com­
pound in toluene and in chloroform are actually 
linear in accordance with equation 4 and the value 
of A H  thus obtained is 12.3 kcal. The term 
1 — 7/70 cannot exceed unity so the neglected term 
always makes a positive contribution to A H  when 
7 increases with the temperature. Therefore, 
the value 12.3 kcal. may be regarded as a reliable 
m in im u m  within the limits of experimental error, 
regardless of the true value of 70.8

(7) This value of the equilibrium constant is somewhat uncertain 
because Ziegler did not determine the concentration of his solution 
by direct analysis. The concentration has been estimated from the 
amount of triarylmethyl chloride used, assuming a theoretical yield 
of the ethane. Since Gomberg and Sullivan obtained the yields 
99.6, 102 and 100% in three quantitative studies of this reaction, it is 
believed that the error thus introduced is actually quite small; in any 
event, this value of K in cyclohexane may be regarded as a reliable 
m a x im u m .

(8) T he Solutions used b y  G om berg and Su llivan  w ere ab out 0.034  
m olar w ith respect to  th e  eth an e and th e  va lu es of I  increased ap-

A third method of approximation may be used 
tp set a maximum limit for AH. Gomberg and 
Sullivan also gave data regarding the intensity of 
color of Solutions of the ethane in cyclohexane at its 
freezing point 5.8°. Taking the value of K  in

Fig. 1.— Plot of — log K  against l / T  for 

di-/3-naphthyltetraphenylethane in toluene 

(open circles) and in chloroform (crossed 

circles).

cyclohexane at 293 °K. as 3.50 X 10~4 and using 
the minimum value of AH  =  12.3 kcal., a maxi­
mum value of 1.22 X 10 ~ 4 may be calculated for 
K  in cyclohexane at 279 °K. By the use of 
equation 1 the value of 7o may be determined9 

from the values of 7 in cyclohexane at 5.8°. Un- 
fortunately, these values of 7 and consequently 
the resulting values of 70 are not expressed in the 
same units as those given for the toluene and chlo­
roform Solutions. This difficulty may be cir- 
cumvented in the following way. From the data 
on benzene Solutions at the freezing point, 5.3 °, 
neglecting the temperature difference of 0.5°, the
proximately ten-fold in passing from th e lowest to the highest 
temperature so th at the degree of dissociation, a =  /  //o, in toluene, 
calculated on the basis I o =  195, varies from 0.0205 at —26° to  
0.2100 at +30°. Although it m ay seem  a very arbitrary procedure 
to set 1-a equal to  unity when a =  0.21, th is simplification is justi­
fied by the fact that the extreme Variation in 1 — « from 0.979 to  0.790 
is accompanied by a Variation in a 2 from 4.2 X 10 ~4 to 4.4 X 10 ~ 2 
and, accordingly, the neglected Variation in 1 - a  contributes but 
4.4% of the total Variation in —log K.

(9) It has been pointed out previously [Wooster, T h is  J o u r n a l , 
51, 1163 (1929)] that these measurements are not sufficiently accu­
rate to permit the determination of I q by direct extrapolation be­
cause the concentration range is so narrow that the moderate experi­
mental errors are greatly magnified by the process of extrapolation.
A similar magmfication of the experimental errors is not involved in  
the direct calculation of / o  from I  and K .
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ratio of K h (the dissociation constant in benzene) 
to K c (the dissociation constant in cyclohexane) 
may be calculated by the use of equation 5.

K h/ K 0 = ( N h/ N c) ( I h/ I cn i 0 -  J0)/(7o -  h )  (5) 
where 7b and 7C are the color intensities in the re­
spective solvents corresponding to the concen­
trations (in moles ethane per mole solvent) N h 
and N c. The three available intercomparisons 
yield the value K h/K c =  1.14 ±  0.06.

Fig. 2.—Plot of log I  against l / T  for symmetrical 
tetramethoxyhexaphenylethanes. Curve I is plotted 
with respect to the horizontal scale given. Each suc- 
ceeding curve is displaced two-tenths of a unit to the 
right with respect to this scale. The vertical scale is 
the same for all six curves: I, the 2,5-compound in 
toluene; II, the 2,5-compound in bromobenzene; III, 
the 3,4-compound in bromobenzene; IV, the 3,4-com- 
pound in toluene; V, the 2,4-compound in toluene; 
Vï, the 2,4-compound in bromobenzene.

Since the color intensities of the toluene Solu­
tions (concentration 2 g. per 100 cc.) were deter­
mined by matching a 17-mm. column against a 
column of a Standard solution of the same free 
radical in benzene (concentration 0.5 g. per 100 
cc.) at room temperature (21-22°) and the diame­
ters of the two tubes of the colorimeter were equal, 
the ratio K t/ K h (Kt = the dissociation constant 
in toluene) at this temperature may be calculated 
from these data by using a simplified form of 
equation 5.

K t/ K b ^  ( N t/ N h) ( I t/ I h)> (6)
The simplification is possible because at the tem­
perature in question 7t <  7b so that (70 — 7b) /  
(70 — 7t) is less than unity ; consequently the 
simplified expression yields a maximum value for 
K t/ K h at that temperature. The value of 7t/7b 
is equivalent to the height of the benzene solution 
divided by four times the height of the toluene 
solution, since the latter contains four times as

much solute as the former. At 22 ° the height of 
the benzene solution would be 30 mm.10 so K t/K h 
<! 0.925. If AH  is independent of the nature of 
the solvent K b/K c will have the same value at 
22° as at 6° and K t/K c ^  1.06 ±  0.06. The 
maximum Variation in AH  due to the nature of 
the solvent observed by Ziëgler with hexaphenyl­
ethane was 1.5 kcal. Assuming that AH  for the 
ß-naphthyl eompound in benzene exceeds by 1.5 
kcal. the value in cyclohexane, the ratio K h/K c 
would become 1.32 =*= 0.07 at 22° so it is reason­
able to conclude that K t/K c does not exceed 1.30 
at the latter temperature. The difference be­
tween this ratio and the value of unit previously 
assumed is negligible for the purpose of calculat­
ing AH  since it changes the result by less than 0.1 
kcal. Therefore, as far as uncertainties in the 
value of 70 are concerned AH  for the ß-naphthyl 
eompound probably lies between the limits 12.3 
and 12.9 and, making allowance for experimental 
error, it may be taken as 12.9 =* l . 11

The Heats of Dissociation of Tetramethoxy­
hexaphenylethanes.—Similar colorimetric meas­
urements have been made by Gomberg and 
Forrester12 with three symmetrically substituted 
tetramethoxyhexaphenylethanes. A plot of log 7 
against 1/7" appears in Fig. 2. The curves are 
nearly linear at the higher temperatures and the 
slopes correspond to the following minimum 
values of AH  in kcal.: di-(2,5-dimethoxyphenyl)- 
tetraphenylethane in toluene 12.8, in bromoben­
zene 11.6; di- (3,4-dimethoxyphenyl) -tetraphenyl­
ethane in toluene 11.4, in bromobenzene 11.3; di- 
(2,4-dimethoxyphenyl)-tetraphenylethane in tolu­
ene 12.7, in bromobenzene 13.0. The measure­
ments at the lower temperatures have been dis- 
regarded because when the color intensities are 
low the experimental errors produce larger devia­
tions in the plot. The behavior of the 2,4-com­
pound in bromobenzene is exceptional, the color 
intensities, for some unexplained reason, pass 
through a minimum at about 5° and rise rapidly

(10) Obtained from the value 28 mm. at 20° by interpolation 
using the experimentally observed linear relation between log I and 
l /T .

(11) The temperature of the Standard benzene solution was not 
given directly by Gomberg and Sullivan who stated that it was at 
“room temperature.” In order to obtain the most probable value 
for the ratio K t / K b, the value 21-22° for the room temperature 
given elsewhere in the same paper has been used. However, it is 
practically certain that the temperature of the Standard did not ex­
ceed 30°, the highest temperature employed in the measurements. 
Since at that temperature the height of the Standard was 41 mm., 
( K t / K b)m  ^  1.73. ( K t / K 0)m  ^  2.56, (K t / K a)m  ^  2.78 and AH ^  
13.3, which is within the limits of error of the final value.

(12) Gomberg and Forrester, T h is  J o ur n a l , 47. 2373 (1925),
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at lower temperatures. Nevertheless, the meas­
urements above 10° yield a linear plot and corre­
spond to the same value of AH  as those made in 
toluene where the color intensities do not exhibit 
a minimum. In any event, the discrepancies at 
low temperatures cannot be ascribed to the failure 
of the approximation involved in equation 4, be­
cause such effects would be most pronounced at 
the higher temperatures.

Discussion of Results
The averaged values of AH  are collected in 

Table I together with the corresponding values 
AH* estimated according to Conant’s method by 
setting AS — 17 E. U. in the expression13

A H  =  A F  +  T A S  (7)

T a ble  I
H eats of D isso cia tio n  o f  H ex a ary leth an es- T etra - 

ph e n y l  Se r ie s  o f  t h e  G en er a l  F ormula

(C6H6)2C-C(C,H5)s 
R R

R
AH,
kcal.

AH*,
kcal.

AF,
kcal.

AS,  
E. U.

i8-Naphthyl 12.9 8.9 4.5 28
2,5-Dimethoxyphenyl 1 2 .2 9.3 4.4 26
3,4- Dimethoxy phenyl 11.3 9.3 4.3 23
2,4-Dimethoxyphenyl 13.9 9.4 4.6 28

The values of AH* are all low and the actual dis­
crepancies for the methoxy compounds may be 
even greater, since values of I q sufficiently low to 
alter appreciably the values of AH  based on equa­
tion 4, would correspond to higher values of AH  
and lower values of AF. The discrepancies may 
be due in part to errors inherent in the cryoscopic 
method of determining AF, but use of the value of 
AF for the ß-naphthyl eompound computed from 
Ziegler’s photometric measurements reduces the 
difference between AH  and AH* by only 0.6 kcal. 
The value of AS — 17 is approximately the mean 
value for hexaphenylethane; the extreme limits in 
the nine different solvents investigated by Ziegler, 
obtained by combining the highest AF with the 
lowest AH  and vice versa, are 12.4 and 22.5. Since 
all of the values in Table I exceed the highest limit, 
it seems likely that the entropy of dissociation is 
not entirely independent of structural influences.

For the saké of completeness, a number of as­
sumptions have been introduced in order to esti­
mate the most probable value of AH  for the 
ß-naphthyl eompound. However, the minimum

(13) The value of AH*  for the /3-naphthyl eompound is taken from 
Conant’s paper and was based on AF as calculated from Gomberg 
and Sullivan’s cryoscopic data in naphthalene solution. The other 
values have been calculated in the same manner from the cryoscopic 
data ©f Gomberg and Forrester in dichlorobenzene.

values based on equation 4 are dependent on but 
two assumptions, namely, that the variations in 
color are due to a simple binary dissociation of 
colorless ethane molecules into colored free radi­
cals (equation 1) and that I q is independent of the 
temperature. Of course, the conclusions drawn 
from these values are subject to the validity of 
these two assumptions, but, since the same two 
assumptions are involved in all of Conant’s cal­
culations, the minimum values of AH  may prop- 
erly be employed to test whether or not the results 
of Conant’s method are entirely consistent with 
all the assumptions which he has made. Fur­
thermore, Ziegler has shown that the absorption 
of the ß-naphthyl eompound is actually in quanti­
tative agreement with the requirements of a bi­
nary dissociation over a dilution range of approxi­
mately 100-8850 liters in cyclohexane at 20°.

Pauling and Wheland’s Theory.—Pauling and 
Wheland3 have suggested that the low heats of 
dissociation of the hexaarylethanes are due en­
tirely to a stabilization of the free radicals by 
resonance14 and pointed out that the dissociation 
qualitatively paralleled the calculated resonance 
energy for a number of substituted ethanes as was 
to be expected if these ethanes had the same en­
tropy of dissociation. It has just been shown 
that this condition may not be generally fulfilled.

They took 84 kcal. as the heat of dissociation of 
the normal C-C bond and gave the values 1.1078 
a and 1.1715 a for the resonance energies of the 
triphenylmethyl and diphenyl-ß-naphthylmethyl 
radicals, respectively. The symbol a represents 
the single exchange integrals involving adjacent 
atoms which are necessarily equal for the sym- 
metrical benzene molecule and have been as­
sumed equal in all other molecules. Using Zieg- 
ler’s value of AH  for hexaphenylethane in solution, 
Pauling and Wheland found a =  — 32.S kcal., in 
rough agreement with values of a from other 
sources. Since this experimental evidence2 also 
presupposes the independence of T  and I q , it is a 
fair test to compare the value 7.0 kcal., calculated 
according to Pauling and Wheland’s method for 
the ß-naphthyl eompound, with the experimen­
tal minimum value 12.3 kcal. This discrepancy 
certainly casts doubt on the significance of the 
rough agreement in the values of a noted above. 
As a matter of fact, Ziegler’s studies on penta- 
phenylcyclopentadienyl2 indicate that the varia-

(14) See, however, Bent and co-workers [T h is  J o u r n a l , 57, 1242  
(1935); 58, 165, 170 (1936)] for evidence regarding the importance 
of ©tber faetora than msoftirace«
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tiöii of the absorption curve with the temperature 
is not sufficiënt to affect the values of AH  by 
more than about 1 kcal. Accordingly, it seems 
very unlikely that the theory of Pauling and 
Wheland can be applied without modification to 
the calculation of heats of dissociation of hexa­
arylethanes in solution.

Summary
1. The heat of dissociation of di-ß-naphthyl- 

tetraphenylethane and minimum values for the

heats of dissociation of three other hexaarylethanes 
have been calculated from data available in the 
literature.

2. The results indicate that the entropy of dis­
sociation of hexaarylethanes is not entirely inde­
pendent of the nature of the aryl groups.

3. The heat of dissociation of di-ß-naphthyl- 
tetraphenylethane in solution does not agree with 
the value calculated on the basis of Pauling and 
Wheland’s resonance theory.
Providence, R. I. Received M ay 5, 1936

[Contribution from the Research Laboratory of Inorganic Chemistry, Massachusetts Institute of T ech­
nology, No. 55]

Preparation and Properties of Cobalt Nitrosyl Carbonyl and of Cobalt Carbonyl
Hydride

B y  George W. Coleman and  A rthur  A . B lanchard

Blanchard and Windsor1 in summarizing the 
properties of the volatile carbonyls, nitrosyl car- 
bonyls and carbonyl hydrides of the metals, noted 
that in the volatile CoNO(CO) 3 the total of the 
atomic numbers is the same as in the volatile 
Ni (CO) 4; also that in the suspected volatile 
HCo(CO)4 the same total of atomic numbers pre- 
vails.

In order to add further evidence of the similarity 
of the structure of Ni(CO)4 and CoNO(CO)3 the 
present study was undertaken to determine 
whether the action of bromine would liberate 
nitric oxide as well as carbon monoxide

Br2 +  Ni(CO) 4 ----NiBr2 -f 4CO
Br2 +  CoNO(CO) 3 — >  CoBr2 + N O +  3CO

Complete proof has been found that bromine does, 
in fact, give the expected reaction.

Incidentally, in preparing an additional supply 
of cobalt nitrosyl carbonyl, a greatly improved 
procedure has been worked out through adapting 
methods employed by Schubert2 in studying the 
action of carbon monoxide with cysteine com­
plexes of cobalt.

Also in the course of this procedure it has been 
possible to isolate the volatile hydride of cobalt 
carbonyl, HCo(CO)4, in pure form and contribute 
to a knowledge of its properties.

Windsor and Blanchard3 and Blanchard, Rafter 
and Adams4 studied the formation of carbonyls

(1) Blanchard and Windsor, T h is  J o u r n a l , 56, 826 (1934).
(2) Schubert, ibid., 55, 4563 (1933).
(3) Windsor and Blanchard, ibid., 55, 1877 (1933).
(4) Blanèhard, Raftfer and Adams; ibid., 56, 16 (1934).

when alkaline suspensions of nickel and cobalt 
sulfides and cyanides are treated with carbon 
monoxide. They did not attempt to identify in­
termediate complexes. Schubert, using cysteine 
compounds instead of sulfides or cyanides, iso­
lated the intermediate stages, and defined the 
course of the reaction with cobalt salt with the 
equations, in which R =  [-CH2CHNH2COO-]:
C0CI2 +  2HSRHHC1 +  6KOH — >-

K2Co(SR) 2 +  4KC1 +  6H2O 
9K2Co(SR) 2 +  8 CO +  2H2 O — ►

6 K3Co(SR) 3 +  2HCo(CO) 4 +  Co(OH) 2 

K8Co(SR) 3 +  6 CO +  7KOH — >
HCo(CO)4 +  2K2COa +  3K2RS +  3H20

The present authors would make a Summation 
of the above steps in the equation
2CoC12 -f 1 2 KOH +  HCO — ^

2KCo(CO) 4 +  3K2C03 +  4KC1 +  6H20  (1 )

which shows a complete regeneration of the cys­
teine, a reduction of cobalt and a corresponding 
oxidation of carbon monoxide.

Schubert acidified the alkaline solution con­
taining the complex KCo(CO)4, and noted that a 
very bad odor was produced and that crystals 
separated which he identified as the dimeric co­
balt tetracarbonyl Co2(CO)8. He was unable to 
detect either free hydrogen or any product to ac­
count for the hydrogen liberated from the postu­
lated hydride HCo(CO)4.

Experimental
Auxiliary Substances Promoting Absorption of Carbon 

-Monoxide.—Several auxiliary substances other than
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cyanides, sulfides and cysteine were tried, and the rate of 
absorption of carbon monoxide by an alkaline solution or 
suspension of cobaltous salt in the shaking apparatus6 
was measured. The results are shown in the tabulation. 
The shaking apparatus was filled with carbon monoxide, 
concentrated Solutions of the various ingredients were 
run in, the volume was made up to 80 cc. and shaking 
was started with the cock open from the carbon monoxide 
reservoir. Concentrations are given in f. w. of the added 
substance per liter of the final volume of the mixture.

Cyanide, tartrate and cysteine produced the most 
notable absorption. Following the absorption of carbon 
monoxide, treatment of the alkaline cyanide solution with 
nitric oxide immediately produced brown vapors of cobalt 
nitrosyl carbonyl as already noted by Rafter and Adams, 
but similar treatment of the tartrate and cysteine Solutions 
with nitric oxide was without effect.

Acidification of the cysteine solution following treatment 
with carbon monoxide and nitric oxide produced brown 
vapors which, when swept with carbon monoxide and 
nitric oxide through a tube filled with phosphorus pentox­
ide, and through a trap immersed in solid carbon dioxide 
and alcohol, Condensed in the latter to a yellow solid which 
melted to a deep red liquid. When this liquid came to 
room temperature it very quickly changed to a dark colored 
crystalline mush. In this run the vapors blackened the 
connecting tubes and the phosphorus pentoxide tube 
through which they passed on the way to the trap. In the 
runs described later this blackening did not occur. Later 
experiments confirmed the conjecture that the dark red 
vapors contained both Co(CO)3NO and HCo(CO)4.

equation (1)). One half of this solution was run into an­
other tube for a later experiment (air being at all times ex­
cluded), and the half left in the shaking apparatus was 
treated with concentrated hydrochloric acid. Violent 
local effervescence took place at first, the carbon dioxide 
re dissolving in the rest of the solution on shaking. Finally, 
the gas came off violently and one-half of the solution was 
lost by being blown out of the apparatus. The odor was so 
noxious that work had to be suspended until the laboratory 
was thoroughly ventilated.

After a slight excess of acid had been added to the one- 
half of the solution that was saved, the color was yellow and 
a black scum fioated on top. Not more than a trace of 
solid had been collected in the trap during the acidification. 
A new trap was now introduced, and nitric oxide was run 
into the shaking apparatus which immediately became 
filled with reddish-brown vapors. The vapor was swept 
with nitric oxide through a phosphorus pentoxide tube into 
the trap cooled with dry ice, where a yellow solid collected. 
Thirty minutes later more reddish-brown vapors had col­
lected which were again swept into the trap. The reddish- 
brown vapors continued to form for several days and were 
occasionally swept into the trap. In all 0.7 g. of yellow 
solid, melting sharply at approximately —11° to a deep 
red liquid, was collected. Thus a yield of Co(NO)(CO)3 
of about 54% based on the cobalt nitrate taken, was ob­
tained.

Preparation of Cobalt Carbonyl Hydride
First Run.—The one-half of the solution reserved in the 

first part of the first run as above described was again in-

Co(N 03)2
0.5

Auxiliary substance and concentration 

K2 C2O4 2.0
KOH

6
Absorption of CO 

None in 1 hour
.25 K 2 C2O4 1.0 3 None in 2 .5  hours
.5 H 2C4H 6O6 2.0 6 5 cc. in 1 hour
.5 H 2C4H 6O6 2.0 24 147 cc. in 5.25 hours
.5 H 2C4H 6O6 2.0 16 1700 cc. in 144 hours
.5 CH2N H 2 COOH 2.0 6 None in 0.5 hour
.5 CHaNHaCOOH 2.0 12 3 cc. in 0.5 hour
.5 CH2N H 2COOH 2.0 24 20 cc. in 2 hours
.5 c h 2n h 2c o o h 2.0 3 10 cc. in 0 .5  hour
.1 CH2N H 2COOH 0.4 6 5 cc. in 0.5 hour
.5 CH3 CHNH 2 2.0 6 None in 0.5 hour
.5 KCNS 0.5 6 15 cc. in 2 .5  hours
.5 C6H 4 (OH) 2 2.0 6 10 cc. in 2 hours
.5 KCN 0.5 2 355 cc. in 1.25 hours
.5 h 3b o 3 0.5 2 None in 1 hour
.5 C6H5COONa 2 .0 6 5 cc. in 2 hours
.5 HOOC.CH2CH2 CHNH 2 2.0 6 None in 2 hours

.5
COOH

HSCH2 CHNH 2COOHHCI 0.75 16 5465 cc. in 149 hours

Preparation of Cobalt Nitrosyl Carbonyl
First Run.—Sixty cc. of a solution 0.5 formal in cobalt 

nitrate, 0.75 formal in cysteine hydrochloride and 16 formal 
in potassium hydroxide absorbed carbon monoxide in the 
shaker at the rate of 160 cc. per hour at the start and the 
rate had diminished to 5 cc. per hour at the end of one 
hundred and forty-nine hours. In all, 5500 cc. of car­
bon monoxide was absorbed (4100 calculated according to

( 5 )  Rafter, Thesis, Massachusetts Institute of Technology, 1932.

troduced into the shaking apparatus without coming in 
contact with air. The train of phosphorus pentoxide tube 
and trap cooled with dry ice was again attached. Concen­
trated hydrochloric acid was added, this time with very 
great caution until an additional 1 cc. produced no more 
effervescence. After five minutes of shaking, a very pale 
yellow gas was noted, and this, swept with carbon monox­
ide into the trap, Condensed to a pale yellow solid. Addi­
tion of more acid gave rise to more yellow gas. In all 11 
cc. of normal hydrochloric acid was used before the yellow
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gas ceased to be produced (thus making the solution about 
1 normal in free hydrochloric acid). The remaining solu­
tion was yellow with some black scum (Co2[CO]) floating 
on top. The yellow solid collected in the trap melted 
sharply at — 33° to a sulfur yellow liquid; after it was re- 
solidified it was yellow; it became somewhat reddish after 
a few remeltings. At room temperature it showed efferves­
cence and soon changed to a brown solid. This solid was 
then heated to 51° at which temperature it melted. Of 
the total gas evolved up to 51° a sample of 24.8 cc. was 
collected. Of this 10.3 cc. was absorbed by ammoniacal 
cuprous chloride, thus indicating 41.6% of carbon monox­
ide, and explosion with oxygen indicated 48.8% of hydro­
gen. The gas evolved on thus warming the hydride had a 
pale yellow color. Surrounding the upper part of the eudi­
ometer with a cooling bath a thin deposit of yellow solid 
appeared at —23° and the remaining gas was colorless. 
This solid had completely revaporized when the bath tem­
perature reached —11°. The volume decrease, due to the 
lowering of temperature of the upper one quarter of the gas 
tube and the condensation of the yellow constituent, was 
only 0.8 cc. Heating the tube to 250° caused no deposi- 
tion of a cobalt mirror. This yellow constituent of the gas 
was not absorbed by concentrated potassium hydroxide 
nor by ferrous sulfate solution but it was removed by am­
moniacal cuprous chloride solution.

The brown residue left after warming the hydride 
weighed 0.6605 g. It melted again at 51° and gave off gas 
freely at 60°; after it was heated to 250°, a brilliant black 
mirror covered the inside of the entire heated part of the 
tube; weight of mirror 0.2408 g. Calcd. for Co in Co2- 
(COs), 0.2275. Volume of gas (all absorbed by ammo­
niacal CuCl) 385.5 cc. Calcd. for CO, 371 cc. Yield of 
HCo(CO)4 = 26% based on Co(N03)2 taken.

Second Run.—Fifty cc. of a solution 0.5 formal in cobalt 
nitrate; 0.3 formal in cysteine hydrochloride and 16 formal 
in potassium hydroxide absorbed a total of 4445 cc. of 
carbon monoxide [3400 calculated according to equation 
(1)]. Adding 12 normal hydrochloric acid until the solu­
tion was acid caused only a slight deposition of the hy­
dride in the trap. On adding 20 cc. excess of 12 N  hy­
drochloric acid and sweeping with carbon monoxide a yield 
of 0.4215 g. of the hydride was collected in the trap (10% 
yield), Again only a part of the gas from the decomposition 
of the hydride was collected and this proved to contain 
50% hydrogen, and 50% carbon monoxide. This gas also 
contained the same yellow constituent as in the first run.

Third Run.—Fifty cc. of a solution 0.5 formal in cobalt 
nitrate; 2.0 formal in tartaric acid and 16 formal in potas­
sium hydroxide absorbed 1700 cc. of carbon monoxide in 
one hundred and forty-four hours. The solution was a 
clear cherry red. Strong acidification and sweeping with 
carbon monoxide gave 0.2074 g. of the hydride or a 10% 
yield. The remaining solution was pink. The melting 
point and the odor of the hydride were identical with those 
of the product obtained in the first and second runs with 
cysteine. On letting the trap warm up to room tempera­
ture, 18.4 cc. of a light yellow gas was obtained. The 
light yellow constituent again Condensed to a solid at —-11°. 
Analysis gave 3.4 cc. of carbon monoxide and 12.8 cc. öf 
hydrogen; calculated for 0.2074 g. of HCo(CO)4 = 14.9 
cc. H*.

Treatment of Cobalt Nitrosyl Carbonyl with Bromine
Experiment 1.—0.0208 gram of Co(NO)(CO)3, prepared 

by Adams by the cyanide method = 0.000122 f. w., dis­
solved in 5 cc. of carbon tetrachloride. Add 0.0750 g. 
Br2 = 0.00041 f. w., dissolved in 15 cc. of carbon tetra­
chloride. Effervescence was noted. Found, 2.6 cc. NO; 
calculated for Co(NO)(CO)3, 2.9 cc. Found 8.7 cc. CO; 
calcd., 8.7 cc.

Experiment 2.—0.0624 gram of Co(NO)(CO)3, pre­
pared by Adams by the cyanide method — 0.000361 f. w., 
dissolved in 15 cc. of CC14. Add 0.225 g. Br2 =  0.0015 
f. w. dissolved in 15 cc. of CCI4. Found, 8.4 cc. NO; calcd.
8.7 cc. Found, 25.9 cc. CO; calcd. 26.2 cc.

Experiment 3.—0.2129 gram of Co(NO)(CO)3, prepared 
by the cysteine method in first run above =  0.00123 f.w., 
dissolved in 15 cc. of CC14. Titrated with a solution of 
Br2 in CC14 containing 0.01855 g. of Br2 per cc. The 
end-point is the disappearance of the red color of the ni­
trosyl carbonyl followed by the appearance of the red color 
of bromine. It is difficult to observe because of the green 
precipitate of anhydrous CoBr2. End-point at 10.65 cc. =  
0.00123 f. w. Br2; added 1 cc. more Br2. Found, 26.0 cc. 
NO; calcd., 29.5 cc. Found, 88.4 cc. CO; calcd 88.7 cc. 
Found, 0.260 g. CoBr2; calcd., 0.268 g.

Experiment 4.—0.2163 gram = 0.00125 f. w. of Co(NO) 
(CO)*, dissolved in 15 cc. of CC14. Add 0.2022 g. of Br2, 
dissolved in 10.9 cc. of CCk =  0.00126 f. w., which just gave 
end-point. Found, 29.9 cc. NO; calcd. 30.1 cc. Found, 
89.3 cc. CO, calcd., 90.3 cc. Found, 0.2743 g. CoBr2; 
calcd., 0.2735 g.

The above experiments show that nitric oxide and carbon 
monoxide are dislodged quantitatively by bromine both 
when the exact amount and when an excess of the latter is 
used. The same results were obtained with samples of co­
balt nitrosyl carbonyl prepared by different methods.

Comments
The small amount of yellow gas admixed with 

the hydrogen obtained on warming HCo (CO) 4 to 
room temperature is very perplexing. lts melt­
ing point at above —23° is too high for it to be 
some undecomposed hydride. Since it does not 
give a cobalt mirror even at 250°, it is unlikely 
that it contains cobalt. One might surmise that 
it came from some side reaction of the cysteine, 
were it not for the fact that it is also obtained 
when tartaric acid instead of cysteine is used as 
the auxiliary substance. lts amount is small and 
its presence does not invalidate the main conclu­
sion as to the formation of the volatile hydride 
and the decomposition of the latter into hydrogen 
and dimeric cobalt tetracarbonyl. Nevertheless 
its nature should be studied as soon as opportu- 
nity offers.

It appears that cobalt carbonyl hydride is a 
somewhat stronger acid than carbonic acid, for it 
is hardly displaced from its salt at all by carbonic 
acid, and it is not wholly driven from the solution
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until free hydrochloric acid in 1 N  concentration 
is present.

The net result of the use of tartaric acid ap­
pears to be the same as that from the use of cys­
teine and can be represented by the same equa­
tion (1). Probably intermediate complexes of a 
similar nature are formed.

The metering of the carbon monoxide was only 
approximate. If in the first and second runs the 
excess of CO absorbed over that required by equa­
tion (1 ) is real, it is doubtless due to the formation 
of some potassium formate. Blanchard and 
Gilliland6 noted the formation of a little nickel 
formate in the slow oxidation of nickel carbonyl 
by air where the principal reaction was

Ni(CO)4 +  V2O2 +  H20  — >  Ni(OH)2 +  4CO

Summary
Bromine reacts quantitatively with cobalt 

nitrosyl carbonyl, displacing nitric oxide and car­
bon monoxide.

(6) Blanchard and Gilliland, T h is  J o u r n a l , 48, 872 (1926).

The absorption of carbon monoxide by alkaline 
cobalt salt Solutions is promoted by the presence 
of cysteine, tartrate and several amino acids as 
well as the presence of cyanide and sulfide.

Acidification of the KCo(CO)4  solution ob­
tained by treating alkaline cobalt salt solution 
containing cysteine or tartrate with carbon mon­
oxide sets free the very volatile hydride HCo- 
(CO)4. This hydride can be Condensed to a light 
yellow crystalline solid which melts at —33° to a 
sulfur yellow liquid and decomposes at room tem­
perature into the non-volatile dimeric cobalt tetra- 
carbonyl and hydrogen. The hydride is dis- 
tinctly an acid, its acid strength being markedly 
greater than that of carbonic acid.

Cobalt nitrosyl carbonyl is most advantage- 
ously prepared by the use of cysteine as above: 
after acidification, the hydride is allowed to de­
compose in the shaking apparatus, then treat­
ment with nitric oxide yields the nitrosyl carbonyl.
Cambridge, M ass. R eceived J u l y  28, 1936

[C o n t r ib u t io n  from  t h e  Chem ical  L aboratory  of H a r v a r d  U n iv e r s it y ]

The Action of Bromine in Methyl Alcoholic Solution on Phenanthrene; a New Route 
to 9-Phenanthrol and 9-Phenanthrylamines1

B y  L. F . F ie se r , R . P. Jaco bsen2 a n d  C. C. P rice

In connection with a study of the reaction be­
tween phenanthrene and bromine in carbon 
tetrachloride solution, 3 a trial was made of the ac­
tion on the hydrocarbon of a solution of bromine 
in methyl alcohol. Considering the ready forma­
tion of phenanthrene dibromide, and in analogy 
with known cases of the addition of methyl hypo- 
bromite to aliphatic and alicylic ethylenic link­
ages, 4 it seemed possible that the hydrocarbon 
might add the reagent in a similar fashion.

In the first experiments fine, colorless needles 
of a reaction product were observed to separate 
after mixing methyl alcoholic Solutions of bromine 
and phenanthrene at room temperature, but the

(1) The bromination reaction described in this paper was dis- 
covered in the course of other work by C. C. Price, who made ia pre­
liminary study of the formation of the product and of its conversion 
to 9-methoxyphenanthrene (Dissertation, 1936). A more detailed 
investigation of the formation, nature and preparative uses of the 
eompound was subsequently made by R. P. Jacobsen, and these ex­
periments form the basis of the present report.—L .  F . F.

(2) Du Pont Research Fellow.
(3) Price, T h is  J o u r n a l , 58, 1834 (1936).
(4) Conant and Jackson, ibid., 46, 1727 (1924); Jackson, ibid., 

48, 2166 (1926); Jackson and Pasiut, ibid., 49, 2071 (1927); Meinel, 
A n n . ,  510, 129 (1934).

yield was poor. The results were somewhat im­
proved by working at a lower temperature and by 
using a large excess of bromine, and it was found 
that the yield is increased very substantially by 
carrying out the reaction in the presence of so­
dium acetate to displace the bromine equilibrium 
in favor of the hypobromite. Eventually an 
easily reproducible procedure was developed by 
means of which a colorless product can be ob­
tained in a quantity amounting to about one and 
one-third the weight of hydrocarbon employed. 
This material was granulär and possibly different 
from that first observed. Purified by careful 
recrystallization, the substance melted at 107.5- 
108°, dec., and when stored in the cold room (5°) 
it remained apparently unaltered for about one 
day. At room temperature decomposition set in 
after a few hours. Although the analysis of the 
unstable substance presented difficulties, the re­
sults for carbon, hydrogen, bromine and methoxyl 
all point to the formula of a molecular eompound 
composed of equivalent parts of phenanthrene
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methoxybromide and phenanthrene dibromide, 
and the reaction thus appears to proceed as fol­
lows.

C6H4—CH
2 | || +  2Br2 +  CH3O H ---->

C6H4—CH
C6H4—-CHOCH3 C6H4—CHBr 
I I -I I + H B r

C6H4—CHBr C6H4—CHBr

This formulation is consistent with such obser­
vations as have been made of the properties of the 
substance. When warmed with a solution of po­
tassium hydroxide and potassium acetate in 
methyl alcohol, it yielded a mixture of about 
equal parts of 9 -methoxyphenanthrene and phen­
anthrene. The former substance presumably is 
produced by the elimination of hydrogen bromide 
from the methoxybromide component, while the 
latter evidently comes from the dibromide by loss 
of bromine When treated in the same way, pure 
phenanthrene dibromide afforded bromine-free 
phenanthrene in nearly quantitative yield. While 
the mixture of the ether and the hydrocarbon is 
not readily separated, pure 9-phenanthrol can be 
obtained very easily by short treatment of the 
crude mixture with hydrobromie-acetic acid 
followed by extraction with alkali, and the phen­
anthrene can be recovered in a satisfaetory state 
of purity. Since the most satisfaetory of the pre­
vious methods of preparing 9-phenanthrol 
(through phenanthrenequinone and dichlorophen- 
anthrone5) leaves much to be desired, the new re­
action series was studied with a view to the de­
velopment of a better source of the hydroxy com­
pound. It was found that all three reactions can 
be carried out rapidly with reasonably large 
amounts of material and that 9 -phenanthrol can 
be obtained with regularity in a pure condition 
in over-all yields of 28-30%, based on the phen­
anthrene consumed. In its present state the 
process seems to have definite advantages over 
previous methods, and it is not impossible that 
further improvements can be made.

With 9-phenanthrol more readily available, the 
use of this material as a source of 9 -phenanthryl- 
amines was investigated. Such substances are of 
particular interest because of the structural rela­
tionship, in at least one important respect, to 
morphine. The conversion of 9-phenanthrol into
9-phenanthrylamine is described in the early lit­
erature, but the results were unsatisfactory (25%

(5) Lachowicz, J .  p r a k t .  C h e m .,  28, 168 (1883); Schmidt and 
Lumpp, B e r . ,  41, 4215 (1908); Goldschmidt, Vogt and Bredig, A n n . ,  
445, 135 (1925).

yield) , 6 and methods of preparing the amine 
through 9-nitro- , 7 9-nitro-10-bromo- , 8 or 9-acetyl­
phenanthrene9 all suffer from the fact that the 
starting materials are not easily available. Fol­
lowing the general procedure of Bucherer, 10 we ob­
tained the amine from 9-phenanthrol in 90% 
yield. N-Alkylphenanthrylamines (methyl, ethyl, 
n-propyl and ^-butyl) were obtained in about 
70% yield by heating 9-phenanthrol with the ap­
propriate primary amine and aqueous sodium 
bisulfite at 135-140° for about one day. N- 
(/THydroxyethyl)-9-phenanthrylamine was pre­
pared from 9-phenanthrylamine and ethylene 
oxide, but only in poor yield.

The investigation of the bromination reaction 
is being continued and the preparation of further 
9-amino derivatives more closely related to the 
alkaloids of the morphine group is in prospect.

Experimental Part11
Preparation of the Complex.—After a number of trials 

at different temperatures and varying the amounts of the 
reagents, the following procedure was adopted as the most 
satisfaetory both as to yield and quality of the product. 
For efficiënt washing of the product, larger amounts are 
best handled in portions of the size indicated.

A solution of 50 g. of phenanthrene (m. p. 97.5-98°) 
and 15 g. of anhydrous sodium acetate in 900 cc. of warm 
methyl alcohol was cooled quickly to about 35-40° with­
out allowing much phenanthrene to crystallize, and a solu­
tion of 25 g. of bromine in 100 cc. of cold methyl alcohol 
was added all at once. The mixture was cooled rapidly 
in a salt-ice bath and the temperature was brought to 
—5°. The complex began to separate from the red-brown 
solution during the cooling process, and after standing at 
—5° for twenty to thirty minutes the yellow solid was col­
lected and washed, after removing the filtrate, with three 
100-cc. portions of a 5% solution of sodium acetate in 70% 
methyl alcohol. This removed the yellow color and left 
a nearly white solid. The original filtrate was treated with 
75 cc. of 20% aqueous sodium acetate solution and an 
additional 15-cc. portion of bromine in 50 cc. of cold methyl 
alcohol, and cooled to —10° for thirty minutes. A second 
crop of the complex separated, about equal in amount to 
the first, and it was washed as before. The total product 
weighed 63-65 g. (71-74%, calculated on the basis of the 
formula indicated) and melted at 105-107° with loss of 
hydrogen bromide. This crude product was employed in 
the next step without purification.

The material prepared in this way did not appear to 
undergo change when crystallized from ether-petroleum

(6) Japp and Findlay, J .  C h e m . S o c . ,  71, 1115 (1897).
(7) Schmidt and Strobel, B e r . ,  34, 1461 (1901); 36, 2508 (1903); 

Schmidt and Heinle, i b i d . ,  44, 1488 (1911).
(8) Schmidt and Lodner, i b i d . ,  37, 3575 (1904); Austin, J .  C h e m .  

S o c . ,  93, 1762 (1908).
(9) Bachmann and Boatner, T h is  J o u r n a l , 58, 857 (1936).
(10) Bucherer, J .  p r a k t .  C h e m ., 69, 49 (1904).
(11) All melting points are corrected. Analyses by Mrs. G. M. 

Wellwood.
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ether, using Norite for clarifying the solution and avoiding 
undue heating, and after several recrystallizations it was 
obtained as a colorless, granulär solid, m. p. 107.5-108°, 
dec. One sample melted at this temperature without 
showing signs of decomposition. Samples dried in vacuum 
and kept at room temperature began to turn brown within 
a few hours, and the sample used for the following analyses 
was prepared the evening before it was used and stored at 
5°. All of the analyses were made on the same sample, 
but this was recrystallized prior to the second methoxyl 
determination (the last of the series reported), although 
no darkening had been observed.

A na l. Calcd. for Ci4HioBr2-C14Hio(OCH3)Br: C, 55.51; 
H, 3.70; Br, 38.24; OCH3, 4.95. Found: C, 56.11, 56.23; 
H, 4.62,4.97; Br, 38.06, 36.74; OCH3, 4.96, 5.49.

The lack of concordance in the results may be connected 
with the difficulty in drying the sample completely at a 
low temperature, with its instability, or, particularly in 
the case of the carbon-hydrogen determinations, with a 
difficulty inherent in the combustion itself. The bromine 
content is about 10% higher than that calculated for the 
pure methoxybromide and this fact, and the definite 
methoxyl content found, provide convincing indications 
of the presence of the two components.

One sample, prepared at an earlier stage of the work, 
crystallized from ether in fine needles, m. p. 113-115°, 
uncorr., and the carbon value found in a single determina­
tion was about 5% higher than found above, but other 
analyses were not made and it is not known if this was the 
same or a different product.

In bromination experments conducted at room tempera­
ture in methyl alcohol containing no sodium acetate the 
yields of the solid product which separated ranged from 
20 to 30%. When the solution was cooled to 0° soon after 
mixing the reagents the yield was increased to 50%.

Debromination.—The crude, undried complex prepared 
in four lots from 200 g. of phenanthrene was suspended 
in 1 liter of methyl alcohol containing 40 g. of potassium 
hydroxide and 10 g. of potassium acetate. The mixture 
was heated with stirring at 50-55° for one hour, after 
which the temperature was raised to 60° for thirty minutes. 
The warm, deep yellow-red solution was decanted from 
precipitated potassium bromide, the latter being washed 
with methyl alcohol, and the Solutions were combined and 
diluted with 200 cc. of water and cooled. The oil which 
separated soon solidified and the material was crystallized 
from methyl alcohol, using Norite. An additional quan­
tity of material was obtained by further dilution of the 
mother liquor, and recrystallized. The total yield of 
material, consisting of a mixture of plates and needles and 
melting indefinitely at 60-80°, was 110 g. This was found 
from the subsequent treatment described below to be com­
posed of nearly equal amounts of phenanthrene and 9- 
methoxy phenanthrene.

In two early experiments by different workers, both 
using sodium acetate in methyl alcoholic solution, 9- 
methoxyphenanthrene, m. p. 93-94° (calcd.: C, 86.50;
H, 5.76. Found: C, 86.16; H, 5.76) was obtained as the 
sole product, but the results could not be repeated later. 
The starting materials were not fully analyzed and may 
have been different from that described above.

As the formation of phenanthrene from the dibromide

component seemed surprising, a test experiment was made 
with the phenanthrene dibromide prepared by adding 5 
g. of bromine to 5 g. of phenanthrene in 25 cc. of carbon 
tetrachloride solution and cooling. The crystalline prod­
uct was washed well and heated for thirty minutes with a 
solution of 4 g. of potassium hydroxide and 0.5 g. of 
potassium acetate in 50 cc. of methyl alcohol. On decant- 
ing the solution and adding an equal volume of water, 4 g. 
of halogen-free phenanthrene separated as small leaflets. 
Once recrystallized it melted at 95.5-97° and gave no 
depression when mixed with authentic phenanthrene.

9-Phenanthrol.—The crystalline mixture (110 g.) ob­
tained as described above was heated under reflux with 400 
cc. of glacial acetic acid, and 60 cc. of 48% hydrobromic 
acid was added gradually. After boiling the mixture for 
two hours an equal volume of water was added and the 
precipitate was collected after cooling, washed, and the 
moist product was taken up in 300 cc. of ether. After 
thorough washing with water, the ethereal solution was 
extracted with three 50-cc. portions of 10% sodium 
hydroxide and the green alkaline extract, after one wash­
ing with ether, was acidified and extracted with 100 cc. of 
ether. The washed ethereal solution, after dilution with 
25 cc. each of benzene and hexane, was dried over sodium 
sulfate and decolorized by filtration through a column of 
activated alumina. An impurity giving the solution an 
orange color was retained in a greenish band, and from the 
filtrate 48-50 g. of 9-phenanthrol was obtained in the form 
of faintly salmon-colored needles melting at 153-155°. 
From the washed ethereal solution remaining after extrac­
tion with alkali, 45 g. of crude phenanthrene was recovered, 
making the over-all yield of 9-phenanthrol 28-30%, 
based on material consumed. The crude phenanthrene 
after being distilled in vacuum and crystallized once from 
methyl alcohol was satisfaetory for use in the bromination 
reaction.

9-Phenanthrylamine.—A mixture of 10 g. of 9-phenan­
throl, 50 g. of 40-45% ammonium sulfite, and 50 cc. of 
concentrated ammonium hydroxide solution was heated in 
a sealed tube at 135-140° for twenty to twenty-five hours. 
The cooled mixture was extracted, with ether and the solu­
tion, after being washed with dilute sodium hydroxide 
and with water, was dried over sodium sulfate, decolorized 
with Norite and concentrated somewhat. On adding 
hexane and cooling, there was obtained 9.1 g. (90%) 
of 9-phenanthrylamine, m. p. 135-136.8°. One recrystal­
lization from ether-petroleum ether or benzene-hexane 
gave very faintly yellow needles, m. p. 137.5-138.5°.

In similar experiments conducted at 100° the yield of 
amine after heating for five hours was 20%, after twenty 
to twenty-five hours it rose to about 50%.

N-Alkyl-9-phenanthrylamines.—For the preparation of 
these substances a mixture of 2 g. of 9-phenanthrol, 10 g. 
of sodium bisulfite and either 10 cc. of water and 10 cc. 
of a 33% aqueous solution of the amine, or a mixture of 
20 cc. of water and 5 cc. of the pure amine, was heated 
in a sealed tube at 135-140° for twenty to twenty-five 
hours. The reaction products, recovered as above, were 
obtained directly in a good condition and the melting point 
subsequently rose only 1-3° on further recrystallization. 
The first three substances were crystallized from benzene- 
ligroin or ether-petroleum ether, while 80% methyl alcohol
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was used in the case of the butyl eompound. The amines 
all form heavy, pale yellow needles.

N -A l k y l -9 -p h e n a n t h r y l a m in e s
Alkyl Yield, .-------% O---- —- .----- % H------ .
group % M. p., °C. Calcd. Found Calcd. Found

Methyl 70 88 .5 - 89.5 86.91 86.85 6.33 6.27
Ethyl 70 97 -  98 86.87 86.96 6.84 7.11
w-Propyl 70 109.5-110.5 86.76 86.61 7.29 7.09
n -Butyl 62 102 -103 86.69 86.52 7.69 7.51

N - (jÖ-Hy droxy ethyl) -9-phenanthrylamine.—After heat­
ing a mixture of 2 g. of 9-phenanthrylamine, 5 cc. of ben­
zene and 10 cc. of ethylene oxide in a sealed tube at 100° 
for seven hours, the excess ethylene oxide was expelled 
and the residue was extracted with ether. The solution 
was dried, decolorized and treated with petroleum ether, 
when 0.25 g. (10%) of a solid was obtained in the form of 
fine needles melting at 99.5-101°. The substance has a 
tendency to separate in a gelatinous condition. After two 
recrystallizations from ether-petroleum ether it was ob­
tained as long, slender, colorless needles, m. p. 101-102°.

A n a l. Calcd. for CieHuON: C, 80.97; H,6.38. Found: 
C, 81.22; H, 6.34.

When the reaction mixture was heated at 100° for only 
five hours considerable 9-phenanthrylamine was recovered 
along with some of the ß-ethanol derivative. On conduct­

ing the reaction at 135-140° for either ten or twenty hours 
the ethereal extract of the product yielded only a resinous 
residue on evaporation. This distilled without apparent 
decomposition at about 250° (2 mm.) but the viscous, 
pale yellow distillate set to a glass and did not crystallize.

Summary
Treated with bromine in methyl alcoholic solu­

tion, phenanthrene is converted in about 70% 
yield into a very unstable substance which ap­
pears to be a complex containing one molecule 
each of phenanthrene methoxybromide and phen­
anthrene dibromide. The complex yields 9- 
methoxyphenanthrene and phenanthrene when 
warmed with alcoholic potassium hydroxide- 
acetate, and 9-phenanthrol is easily obtained 
from the mixture in a sufficiently satisfaetory 
over-all yield to make this a useful preparative 
method. 9-Phenanthrylamine and typical N- 
alkyl derivatives can be obtained in good yield 
from 9-phenanthrol by the Bucherer reaction.
C o n v e r se  M em o ria l  L a bo r ato r y
Ca m br id g e , M a s s . R e c e iv e d  A u g u st  17, 1936

[ C o n t r ib u t io n  from  t h e  C o n v erse  M em orial L aboratory  of  H a r v a rd  U n iv e r sit y ]

The Acylation and Alkylation of Beta Diketones and Beta Sulfonyl Ketones

B y  E . P . K öhler and  H . A. P otter

In a recent paper, 1 in which we described the 
action of benzoyl chloride on the magnesium de­
rivatives of a series of monoketones, we showed 
that there is a conspicuous difference in the be­
havior of phenyl and mesitylenic ketones, the 
former being converted into diketones and the 
latter largely into benzoates. We have now ex­
tended the comparison to the corresponding ß- 
diketones and, as these diketones form copper de­
rivatives which can be purified by crystallization, 
we were able to compare the behavior of phenyl 
and mesitylenic ketones when they are benzoyl- 
ated by means of metallic derivatives that are 
very different from the magnesium compounds in 
their activity.

We also included in the comparison the corre­
sponding ß-sulfonyl ketones—-tosyl acetophenone 
and tosyl acetomesitylene. These compounds 
are of special interest because the sulfonyl group 
increases the acidity of the hydrogen on an adjoin- 
ing carbon atom but is incapable of participating 
in any process akin to enolization.

(1) Kohier, Tishler and Potter, T h is  J o urn al ., 57, 2517 (1935).

The nature of the products and the yields in 
which they were obtained are shown in the follow­
ing table. In many cases the primary benzoyla­
tion products deprived some of the initial metallic 
derivatives of their metal and thus prevented 
complete acylation; the proportion of C-benzoyl 
to O-benzoyl derivatives is therefore more sig­
nificant than the total yield. In the case of the 
copper compounds the great differences in solu­
bility introducé an additional complication be­
cause in the very slow reactions a part of the in­
itial material is lost through halogenation by the 
mechanism recently established by Michael and 
Carlson. 2 An attempt to obviate this difficulty 
by substituting benzoyl bromide for the chloride— 
in the cases marked with an asterisk—was un­
successful because, while the bromide reacts far 
more rapidly than the chloride, the resulting cu­
pric bromide is also a much better halogenating 
agent than the chloride.

An examination of this table shows that the 
difference in the mode of benzoylation of phenyl

(2) Michael and Carlson, ibid., 58, 353 (1936).
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T a b le  I
O-Acyla­

tion
Substance Product

C-Acylation 
Per cent. Product

Per
cent.

[ (C6HsCO)2CH] M gX (C6H6CO)3CH 80.5  .................... 0
[(C6H6CO)2CH]2Cu (CeH3CO)3CH 80 .................... 0
[(C6H8CO)2CH]2Cu * (C6H5CO)3CH 60 (C6H6C=CH CO C6H 6 (I) 22

C 6H 6C ( \
> C H  M g X  

_ (C H 3) 3C 6H 2CC>/ .
C6H5COx

> C H  Cu  
J C H 3) 3C6H 2C (X  

CeHöCOv
> C H  Cu*

L(c h 3)3c 6h 2cck .
(C H 3) 3C 6H 2COx

> C H  M g X  
(C H 3) 3C 6H 2C (X  .
(CH3)3C6H2COv

> C H  Cu  
L (C H 3) 3C 6H 2CCK 

C7H 7SO 2N "1

/ C H  M g X  
_ C 6H 5 C (X  J

c 7h 7s o 2x n
> C H  M g X  

(C ^ )sC6H2C ck J 
[ (C 7H 7S 0 2) 2CH] M g X

c7h 7so2x 
c6h 5c o > c 

L c 6H 6a x
C7H 7S0 2 V 
C7H 7S 0 2> C  
C 6H 6C O ^  ,
c 6h 5so2<

_ C 6H 5S02'H

MgX

M gX

MgX

(C6H5CO)2CHCOC6H2(CH3)3 

(C6HsCO)2CHCOC6H2(CH3)3 

(C6H6CO)2CHCOC6H2(CH3)3

C7H7S 02CH(C0CeH6)2 (IV) 

C7H7SO2CHCOC0H2(CH8)3 (V) 

COC6H5
(C7H7S 02)2CHC0C6H6

65

60

45

0

0

81

16

80

0

OCOCeHs
C6H6COv

:0>chL(CH3)3C6H20  
C6H 5COv

>C H
L(CH3)3C6H2C(X J  

C6H 5COv
/C H

_(CH3)3C6H2CCK 
(CH3)3C6H2C— CHCOCeH2(CH3)3 (III)

OCOCeH*
(CH3)3C6H2C =C H C O C 6H2(CH3)3 (III)

O COCeHg

COC6H 5 (II) 18

COCeHg (II) 30

COCeHg (II) 30

C7H 7S 0 2C H = C C 6H 2(CH3)3

OCOCeHg

C7H 7S 02C =C— C6H ö (VII)

CgHgCO OCOCeHg 
(C7H7S 0 2)2C = C — CeHg (VIII)

OCOCeHg

96

49

64

0

96

(C 6H 5 S 0 2)2C H C 0 C 6H 2(C H 3) 3 ( IX )  80

and mesitylenic ketones is just as marked in the 
ß-diketones and the /3-sulfonyl ketones as it is in 
the monoketones. It shows also that the course 
of the benzoylation of the metallic derivatives of 
these compounds is not greatly affected by the 
nature of the metal; it depends almost entirely 
on the character of the hydrocarbon residues and 
the mesityl group effectively promotes O-benzoyl- 
ation.

For reasons stated earlier, the /3-sulfonyl ke­
tones are especially interesting. As they be- 
haved toward benzoylating agents essentially 
like the polyketones, we also examined the be­
havior of tosyl acetomesitylene in reactions in­
volving alkylation. In alcohol the sodium com­
pound reacted rapidly with methyl iodide and the 
sole product of the reaction was the C-alkyl de­
rivative. We were unable to induce either the 
magnesium or the sodium eompound to react with 
methyl iodide in ether or benzene but both re­
acted with dimethyl sulfate in these non-polar 
solvents and formed O-methyl derivatives ex­

clusively. Mesitylenic ketones, therefore, differ 
from phenyl ketones also in their tendency to 
form O-alkyl derivatives.

These ß-sulfonyl ketones also provided a means 
of examining the view that sulfonyl groups do not 
promote the enolization of a carbonyl group in 
the /3-position because they cannot serve as part­
ners in conjugation. In support of this view 
Arndt and Martins3 described the behavior of a 
series of mono- and disulfonyl compounds toward 
alcoholic ferric chloride. The behavior of our 
series of sulfonyl compounds in Solutions of ferric 
chloride in methyl alcohol—or better in freshly 
prepared Solutions in acetone—was as follows: 
with C7H7S02CH2C0C6H5, C7H7S02CH2COC6H2- 
(CH3)3 and (C7H7S02)2CHC0C6H5 the tests were 
negative; C7H7S02CH(C0C6H5)2 slowly de­
veloped a red color which was feeble in alcohol, 
stronger in acetone; both C7H7S02CH(C0C6H5)- 
COC6H2(CH3)3 and (C6H5S02)2CHC0C6H2(CH3)3 
rapidly developed deep red colors in both solvents.

(3) Arndt and Martius, A n n . ,  499, 244 (1932).
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The view that sulfonyl groups cannot promote 
enolization is manifestly no longer tenable be­
cause the difference between acetomesitylene 
which does not respond to any tests for enoliza­
tion and disulfonyl derivative which enolizes 
must be due to the two phenylsulfonyl groups. It 
is doubtless true that the sulfonyl group is far less 
effective than the carbonyl group in promoting 
enolization; the introduction of another benzoyl 
group into the completely enolic dibenzoylmeth- 
ane merely stabilizes the ketonic form while the 
introduction of a tosyl group completely inhibits 
enolization. But when the same group is intro­
duced into benzoyl acetomesitylene, the product 
still enolizes in solution—an indication that the 
tendency to enolize is much more pronounced in 
mesitylenic than in phenyl ketones.

From the foregoing account and the facts pre­
sented in the earlier paper it is evident that all 
types of ketones which contain the group CH- 
COC6H2(CH3)3 differ from those which have the 
group CH-COC6H5 in that they have a greater 
tendency to enolize and to form acyl and alkyl 
derivatives of the enolic modification. The rea­
son for this peculiarity is not clear but it appears 
probable that the predominant O-acylation and
O-alkylation is associated with the tendency to 
enolize.

Experimental Part
I. Preparation of Materials

The diketones and their copper derivatives which were 
known were prepared by conventional methods but the 
copper derivative of dibenzoylmethane was recrystallized 
before use by solution in pyridine and reprecipitation with 
ether. Tosyl acetophenone was made by Arndt and Mar- 
tius3 (p. 281) by treating chloroacetophenone with sodium 
toluene Sulfinate. In order tö sëcüre the intermediates, 
We undertook to prepare it by means of a series of reac­
tions which can be represented as follows
C7H7SNa +  C1CH2C0C6H5----C7H7SCH2CÖC6H5 —

C7H7SOCH2COC6H5 — >  C7H7S02CH2C0C6H5 
We found, however, thät, Owing to oxidation and reduction 
in the alkaline solution, the principal products of the first 
step were the sulfoxide and acetophenone. The procedure 
was as follows.

A solution of 172 g. of chloroacetophenone in boiling 
methyl alcohol was treated with an equivalent quantity of 
sodium ^-thiocresolate. The mixture Was boiled for seve­
ral hours, then freed from most of the methyl alcohol by 
distillation. An ethereal extract of the residue, distilled 
under diminished pressure, gave 50 g. of acetophenone and 
168 g. of the sulfoxide. The sulfoxide melts at 46° and 
boils at 182-184° (5 mm.). It is oxidized to the sulfone by 
hydrogen peroxide.

A n a l. Calcd. for Ci5Hi40 2S: C, 69.7; H, 5.6. Found: 
C, 69.6; H, 6.0.

Tosyl Acetomesitylene: C7H7S02CH2C0C6H2(CH3)3.--- 
Sodium toluene sulfinate reacts much less readily with 
chloroacetomesitylene than with chloroacetophenone. 
The best results were obtained by heating equivalent quan­
tities of the reactants and a small quantity of alcohol 
(about one-third of the volume of the solids) in sealed 
tubes for seventy-five hours at 100°. The contents öf the 
tubes were acidified with dilute acid and extracted with 
benzene. The benzene solution, in turn, was extracted 
with bicarbonate to remove sulfinic acid and finally with 
normal aqueous sodium hydroxide. From the yellow alka­
line solution acids precipitated the sulfonyl ketone. It 
crystallized from methyl alcohol in needles and it melted at 
180°. The yield was about 50%.

A n a l. Calcd. for C i8H 2o0 3S: C, 68.4; H, 6.3. Found: 
C, 68.2; H, 6.3.

Tribenzoyl Methyl Chloride: (C6H5C0)3CC1.—A slow
stream of chlorine was passed through a suspension of tri- 
benzoylmethane until all of the sölid disappeared. The 
chloroform was evaporated and the residue was recrystal­
lized from methyl alcohol. The product separated in 
needles melting at 122 °.

A n a l. Calcd. for C22Hi50 3C1: C, 72.8; H, 4.1. Found: 
C, 72.5; H, 4.2.

The chloride did not serve the purpose for which it was 
made because sodium toluene sulfinate reduced it rapidly 
and quantitatively tö tribenzoylmethane and when it was 
treated with sodium thiocresolate in benzene it reacted in 
accordance with the equation
(C6II5C0)3CC1 +  2NaSC7H7---->- NaCl +

(C6HBCO)3CNa +  C7H7S—SC7H7
II. Benzoylation

In order tó get significant results with the magnesium 
derivatives it was necessary to prepare and benzoylate 
them in ether at low temperatures because at higher tem­
peratures both the magnesium derivatives themselves and 
their benzoylation products are cleaved in part into new 
magnesium derivatives which then undergo further ben­
zoylation. Thus when the magnesium derivative of ben­
zoyl acetomesitylene was benzoylated in boiling benzene 
the principal products were the magnesium derivatives of 
dibenzoyl and tribenzoyl methane.

For manifest reasons some diketone or sulfo ketone was 
regenerated in all cases in which one of the products was 
formed by C-benzoylation. In many of these cases also— 
especially in the benzoylation of the sulfonyl compounds— 
the primary product suffered further benzoylation. The 
final result, thêrefore, was a mixture which might contain 
diketone and one or more of its stereoisomeric benzoates* 
triketone and its benzoates, and the excess of acid chloride. 
And, in the case of the copper compounds, usually it also 
contained a halogen derivative of the diketone.

T he Separation of these  m ix tures, frequen tly  trouble- 
some, was in  p a r t  Chemical. In  general e ther, w hen pres­
ent, was rem oved a n d  rep laced  w ith  benzene. T h e  ben­
zene Solutions were boiled w ith  w ater to  decom pose excess 
of chloride or brom ide, th en  cooled an d  ex tracted  w ith  d i­
lu te  b icarbonate  u n til free from  benzoic acid. T h e  ben­
zene layer w as th en  shaken  w ith  sodium  carbonate  which 
converted a p a r t  of th e  trik e to n e  in to  th e  sparingly  soluble 
ketonic m odification an d  rem oved th e  rem ainder as a  solu-
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ble sodium salt. Extraction with aqueous sodium hy­
droxide then removed both the regenerated diketone and its 
halogen eompound and these substances were separated 
either by crystallization or when necessary by converting 
the diketone into its copper derivative. The benzene solu­
tion then contained only benzoates. The Separation of the 
isomeric benzoates by crystallization was always trouble- 
some and sometimes impossible but the nature of the prod­
ucts and the quantities in which they were present could 
always be established by hydrolysis with cold dilute methyl 
alcoholic sodium hydroxide. The important constants of 
the new products are recorded in the following table. The 
Roman numerals ref er to structural formulas in Table I.

T a b l e  II 

M .p.,
Formula Crystal form °C.

C22H160 3 (I) (a) Yellow
tables 108 

(b) Colorless
cubes 125

C26H220 3 (II) Yellow
prisms 91

C28H280 3 (III) Yellow
plates 136

C22H180 4S (IV) Thin
needles 196

C25H24O4S (V) Prisms 147
C26H240 4S(V I)(a) Needles 12 0

(b) Prisms 126
C29H220 6S (VII) Needles 166
C2gH2i0 6BrS

(VIII) Prisms . 189
C22Hi70 4BrS (IX) Needles 2 1 2

C29H210 6BrS (X)
(a) Needles 182
(b) Prisms 2 0 1

Composition, %  
Calcd. Found

C H C H

00
0 .5 4.8 80 .3 4.9

0
0

0 ,5 4.8 80.,2 4.8

81 .1 6 .0 81 .0 6.3

81 .6 6 .8 81 .5 6 .8

69,.8 4.8 69,.6 4.5
71,.4 5.7 71..2 5.7
71,.4 5.7 71..4 5.8
71. 4 5.7 71. 6 5.7
72,,2 4.6 72. 1 4.6

62. 0 3.7 61. 7 3.8
57,.8 3.7 58,,1 3.9

62. 0 3.7 61. 9 3.9
62. 0 3.7 61. 8 4.0

III. Proof of Structure
In most cases the products formed by O-acyla- 

tion were readily distinguished from the C-acyl 
derivatives by their lack of solubility in aqueous 
alkali. This test, however, was not applicable 
to those tosyl compounds which contained four 
acyl groups. There was little doubt concerning 
the structure of these compounds because they 
were readily formed also by benzoylation in pyri­
dine but we nevertheless decided to establish with 
certainty the manner in which the fourth acyl 
group enters the molecule. To this end we em­
ployed p -bromobenzoyl chloride in accordance 
with the scheme
C7H7SO2CH2COC6H5

C^SOsCHCOQjHfi ■

■> C7H7S02CH(C0C6H5)2 — >  
[C7H7S 0 2C(C0C6H5)2]C0C6H 4Br 

V III

► C7H7S02CHC0C6Hö---->

COC6H4Br

r  C7H7SO2CCOC6H5 "lCOCeHs

L COC6H4BrJ
X

As the final products of the two series are different, 
the fourth group evidently enters as benzoate. 
The constants of these compounds have been 
included in Table II.

IV. Alkylation of Tosylacetomesitylene

Alkylation with Diazomethane: C7H7SO2CH—C(OCH3)- 
C6H2(CH3)3.—An excess of diazomethane was passed into a 
solution of the sulfonyl ketone in cold benzene. The solu­
tion evolved gas slowly but regularly. It was left to itself 
overnight, then diluted with petroleum ether. The prod­
uct crystallized from benzene-petroleum ether in large 
prisms and it melted at 137°. The yield was 93%.

A n a l. Calcd. for Ci9H220 3S: C, 69.1; H, 6.7. Found: 
C, 69.2; H, 6.8.

This product is evidently an ether because it is insoluble 
in alkalies and regenerates the sulfonyl ketone when it is 
digested with hydrochloric acid. When it was heated for 
six hours to 130° in a vacuum it was transformed into an 
isomer which crystallized from methyl alcohol in sparkling 
cubes and melted at 147°. This isomer likewise is an 
ether; it also is insoluble in alkalies but is hydrolyzed by 
acids. Neither of these ethers was rearranged to the C- 
methyl derivative by prolonged boiling with alcoholic 
sodium methylate.

A n a l. Calcd. for C19H2203S: C, 69.1; H, 6.7. Found: 
C, 69.0; H, 6.7.

Alkylation of the Magnesium Derivative.—A solution of
6.3 g. of the tosyl eompound in benzene was added to a 
small excess of ethylmagnesium bromide and the solution 
was distilled until all of the excess ethyl bromide and the 
ether had been expelled. It was then treated cautiously 
with excess of dimethyl sulfate, boiled for seven hours and 
decomposed in the usual manner. The benzene layer con­
tained 6.2 g. of the methyl ether melting at 147°—a yield 
of 94%.

Alkylation of the Sodium Derivative in Benzene.—A so­
lution of 3.2 g. of the tosyl eompound in benzene was 
treated with an equivalent quantity of sodium and left to 
itself until all of the metal had disappeared. Excess of 
dimethyl sulfate was added then and the mixture was 
boiled for four hours and decomposed in the usual manner. 
The benzene layer contained 3 g. of the methyl ether melt­
ing at 137°—a yield of 90%.

Alkylation with Methyl Iodide in Alcohol: C7H7SO2CH- 
(CH3)COC6H2(CH3)3.—A boiling methyl alcoholic solu­
tion of 3.2 g. of the tosyl eompound and 3 g. of methyl 
iodide was treated gradually with two equivalents of so­
dium methylate and boiled for two hours. The solution 
remained clear until it was diluted with ice water. It then 
deposited a very sparingly soluble product which was re­
crystallized from acetone-methyl alcohol. It separated 
in lustrous needles melting at 171°. The yield was 96%.

A n a l. Calcd. for C19H22O3S: C, 69.1; H, 6.7. Found: 
C, 69.2; H, 6.9.

The methyl derivative is extracted from its ethereal solu-IX
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tion by aqueous sodium hydroxide and although very 
slightly soluble in methyl alcohol it dissolves freely in 
methyl alcoholic sodium hydroxide. The crude product 
contained no material that was not extracted from ether 
by aqueous sodium hydroxide; it therefore contained 
neither ethers nor dimethyl derivatives.

Summary
This paper contains an account of the results 

obtained in a study of the acylation and alkylation 
of a series of ß-diketones and ß-sulfonyl ketones. 
Cambridge, M ass. R eceived August 1, 1936

[Contribution No. 32 from the D epartment of Chemistry of the P olytechnic Institute of Brooklyn]

Reduction of Nitroguanidine. VII* Preparation of Aminoguanidine by Catalytic
Hydrogenation

By Eugene Lieber and G. B. L. Smith

The catalytic hydrogenation of nitroguanidine 
to nitrosoguanidine with nickel and platinum 
catalysts in neutral media has been reported.1 
The further reduction to aminoguanidine has not 
been studied extensively.2 Recently McGill3 
has suggested the manufacture of aminoguanidine 
by catalytic hydrogenation with a catalyst of 
nickel dispersed on kieselguhr (all of the ordinary 
hydrogenating catalysts are also claimed) at tem­
peratures between 25 and 125° (the preferred 
temperature is 80°) in the absence of any sub­
stantial amounts of acid. However, it has been 
found that the optimum conversion to amino­
guanidine is obtained in media of relatively high 
acid concentration. McGill,3 in the examples 
cited in the patent, gives no yields but claims that 
for nickel catalyst the use of elevated pressure is 
essential for increased yields. We have found 
that the yields for a nickel catalyst are condi- 
tioned not solely by pressure but by the type of 
solvent used.

The molar ratio of hydrogen to hydrogen ac­
ceptor obtained in the catalytic hydrogenation of 
nitroguanidine depends upon the environmental 
conditions of the solvent. For the first molar 
proportion of hydrogen the reduction proceeds as
follows.

Media Principal product Ratio, H-2 : Acceptor
Neutral Nitrosoguanidine 1:1
Basic Nitrosoguanidine 1:1
Acid Aminoguanidine 3:1

In acid media of such a concentration that the 
molar ratio of nitroguanidine to acid is one or 
higher the reduction proceeds without the forma-

(1) Lieber and Smith, This J o u r n a l , 57, 2479 (1935).
(2) Audrieth and Schmidt, University of Illinois, private communi­

cation, used Raney nickel in ethyl alcohol and identified the amino­
guanidine through the melting point of the benzalazine obtained by 
hydrolysis of the reduction mixture.

(3) McGill, U. S. Patent 2,033,203, March 10, 1936.

tion of nitrosoguanidine. This is a new observa­
tion and is of significant importance for the prepa­
ration of aminoguanidine by catalytic hydrogena­
tion. If the molar ratio of acid to nitroguanidine 
be below one then the distribution of reduction 
products depends upon the acid concentration. 
At ratios of acid above one, the hydrazino forma­
tion was found to be linear with hydrogen absorp­
tion.

Raney nickel catalyst can be used in both neu­
tral and alkaline media. The Adams platinum 
oxide catalyst can be used in neutral and add 
media but is completely poisoned in alkaline 
media of even low concentrations. The reduc­
tion in neutral aqueous media at atmospheric 
pressure and room temperature gives low yields 
of aminoguanidine, the principal products appear- 
ing to be ammonia and guanidine. At higher 
hydrogen pressures superior yields of aminoguani­
dine are obtained with platinum oxide in 15% 
aqueous acetic acid as compared with Raney 
nickel in neutral solvents. With increasing tem­
peratures to 125° the yields of aminoguanidine 
with Raney nickel fall off more rapidly than with 
platninum oxide as shown by Fig. 1. This also 
illustrates the effect of type of solvent, especially 
at 75 °.3

Experimental
Method.—The Adams platinum oxide and Raney nickel 

catalysts were prepared in the usual manner. The ap­
paratus employed has been described previously,1 while 
the high pressure equipment was of the Adkins type.

The experimental technique and procedures devised for 
the recovery of the aminoguanidine with minimum loss 
will be made clear by the description of typical reductions 
obtained with platinum and nickel catalysts.

Reduction in Acid Media with Platinum Oxide Catalyst. 
—20.8 g. of nitroguanidine and 1 g. of platinum oxide are 
suspended in 125 ml. of 15% aqueous acetic acid. The 
reduction is carried out at 125 atm. and room temperature
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and is allowed to continue until I
no further hydrogen is ab- /N H 2

, A or U1 .u o C==NH +  Catalystsorbed. Slightly more than 3 \ n HNO
molar quantities of hydrogen is 
usually taken up. A small
amount of Norit is added and the solution filtered from 
catalyst into a 500-ml. volumetric flask. After washing the 
filter paper the volume is adjusted and a 2-ml. portion is 
titrated with 0.1 N  potassium iodate solution.4 From the 
titer required the titration yield of aminoguanidine was 
found to be 81.8%. From these data the amount of sulfuric 
acid required for the formation of aminoguanidinium sulfate 
is calculated (the addition of too large an excess of sulfuric 
acid causes the formation of the less easily crystallizable 
primary salt) and is added after concentrating the solution 
of the acetate under 10 mm. pressure on a water-bath 
maintained at 50-60°. The sulfate should be reconcen- 
trated until crystallization of the salt takes place in the 
warm solution. An equal volume of ethyl alcohol is added 
and after cooling the white crystals are filtered on a Büch­
ner funnel, pressed dry and washed with a small amount of 
cold absolute alcohol, dried in a vacuum desiccator and 
then at 100° for three hours to remove the water of crys­
tallization; yield 16.8 g. or 68.3%; m. p. (Dennis bar) 
206°. A n a l. Calcd. for (CH6N 4)2H2S0 4 : H2S04, 39.84; 
N2H4, 26.02. Found: H2S 04, 39.77; N2H4, 26.11, 26.07. 
B enzal-am inoguanidine.—C6H5CH=NNHC(NH)NH2; m. 
p., found, 177-78°, reported 178°.5 A n a l. Calcd. for 
C8Hi0N4: C, 59.26; H, 6.17; N2H4, 19.75. Found:
C, 59.60; H, 6.79; N2H4, 20.16, 20.02.

Reduction in Absolute Methyl Alcohol with Raney 
Nickel.—20.8 g. of nitroguanidine and 10 g. of Raney 
nickel are suspended in 125 ml. of methyl alcohol and re­
duced at 125 atm. and room temperature. The reduction 
mixture is treated with Norit and filtered. The solution 
is saturated with carbon dioxide for several hours and the 
voluminous white precipitate which forms is filtered and 
washed with alcohol and ether; yield 15 g. or 55.2%. 
A n a l. Calcd. for CH6N4H2C03: N2H4, 23.53. Found: 
N2H4, 22.78.

Distribution of Reduction Products with Acid Concen­
tration.—Ten grams of nitroguanidine and 0.5 g. of plati­
num oxide are suspended in 100 ml. of water, 0.1 and 1 N  
hydrochloric acid, respectively, and reduced at 1 atm. 
until 1 molar proportion of hydrogen has been absorbed 
(2300 ml.). The reduction mixture was examined for 
nitrosoguanidine, aminoguanidine and unreacted nitro­
guanidine. The results obtained were:

Molar ratio HCl/nitroguanidine 0 0.1
Acid concentration, N 0 .1
Reduction products:

% Nitrosoguanidine 59 17.5
% Aminoguanidine None Present
% Nitroguanidine recovered None 11.5

1.0
1

Absent
46.2
61.5

Discussion
The catalytic hydrogenation of nitroguanidine 

may be summarized as follows

/N eu tra l ^  N H2
+  H2 V -B asic — ^  C==NH

\NHNO
---- Acid---------------

III

? — > C f N H

IV 
/N H 2
/ n h

n h n h 2

In neutral and basic media, nitrosoguanidine is 
the first product of reduction and may be readily 
isolated in good yield,1 while in acid media the 
reduction proceeds directly to aminoguanidine. 
Of the substances I and II, nitrosoguanidine is the 
least stable and it is therefore reasonable that 
route I to IV by way of II should yield less of IV, 
than its direct formation in acid media in which 
II does not appear as an intermediate reduction

Fig. 1.—Hydrogenation of nitroguanidine 
at 125 atm.: O, Pt in 15% acetic acid; 3 ,
Raney Ni in water; ö , Raney Ni in CH3OH.

product. The increased yields of IV with Raney 
nickel using alcohol as a solvent may be explained 
on the basis that II is less subject to dearrange­
ment in alcohol than it is in water. The products 
obtained in the reduction of II with one molar 
proportion of hydrogen (II — > III) have never 
been studied and we are at present engaged upon 
that phase of this investigation. Preliminary 
experiments have yielded small quantities of un­
known reduction products of nitroguanidine in­
cluding a reddish-orange substance having dye 
and indicator properties.

Summary
(4) Jamieson, “Volumetric Iodate M ethods/’ Chemical Catalog 

Co., New York, N. Y., 1926, p. 36.
(5) Thiele, A n n . ,  270, 35 (1892).

The catalytic hydrogenation of nitroguanidine 
in neutral, acid and basic media to aminoguani-
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dine has been studied and optimum conditions factory yields by that method are described. 
for the preparation of aminoguanidine with satis- B r o o k ly n , N e w  Y ork  R e c e iv e d  A u g u st  1, 1936

[ Co n t r ib u t io n  from  t h e  R e se a r c h  L aboratory  of Or ganic  Ch e m ist r y , M a ssa c h u se t t s  I n st it u t e  of  T echnolo gy ,
No. 147]

The Condensation of Certain Aromatic Methyl Ketones

B y  D a n ie l  B . Clapp  a n d  A very  A . M orton

Bernhauer, Müller and Neiser1 have studied re­
cently the condensation of aromatic methyl ke­
tones by means of potassium pyrosulfate and 
sulfuric acid. They were successful by this 
method, in obtaining 1,3,5-tri-^-diphenylbenzene 
from /acetyldiphenyl, but failed in an attempt 
to prepare 1,3,5-tri-a-naphthylbenzene and 1,3,5- 
tri-ß-naphthylbenzene from a- and ß-acetyl- 
naphthalene, respectively. In the course of 
other work we have prepared the above three 
compounds by the method of Reddelien,2 which 
involves the use of aniline and aniline hydrochlo­
ride. This method is more suitable for the prepa­
ration of 1,3,5-tri-^-diphenylbenzene than that 
with potassium pyrosulfate, since in the former 
case purification involves only a few recrystalliza­
tions of the crude product.

Experimental
1,3,5-Tri-^-diphenylbenzene.—^-Acetyldiphenyl (120

g., 0.61 mole), aniline hydrochloride (6.4 g.), and freshly 
distilled aniline (86 g.) were heated together at 175° under 
a carbon dioxide atmosphere for three hours. The aniline 
was removed by distillation, and the residue was poured, 
while still hot, into a pan, where it quickly set to a brittle, 
red-brown resin. On grinding the resin in a mortar with 
ether, and filtering, 43.5 g. of crude product was ob­
tained. Three recrystallizations from toluene gave 25 g. 
of pure l,3,5-tri-£-diphenylbenzene; yield 23%; white 
needles; m. p. 230.5-231°; gives no color with cold 
concentrated sulfuric acid; almost insoluble in ether, 
alcohol and acetone; slightly soluble in glacial acetic 
acid; soluble in benzene and toluene.

A n a l. Calcd. for C42H3o: C, 94.34; H, 5.66; mol. wt., 
534. Found: C, 94.50, 94.31; H, 5.71, 5.68; mol. wt. 
(Rast), 536, 538.

1,3,5 - Tri - ol - naphthylbenzene.— a  - Acetylnaphtha- 
lene3 (26 g., 0.153 mole), aniline (21.4 g.) and aniline

(1) Bernhauer, Müller and Neiser, J .  p r a k t .  C h e m ., 145, 301 
(1936).

(2) Reddelien, A n n . ,  388, 194 (1912); c f . Vorländer, Fischer and 
Wille, B e r . ,  62, 2836 (1929).

(3) Fröschl, M o n a t s h . ,  59, 275 (1932).

hydrochloride (1.6 g.) were heated for one and one-half 
hours under carbon dioxide at 175°. The aniline was 
then removed by distillation under atmospheric pressure, 
and the remaining tar refluxed with 100 cc. of glacial acetic 
acid for one hour. On cooling, 4 g. of solid separated, 
which gave 2.8 g. of pure material after four recrystalliza­
tions from a mixture of equal parts of glacial acetic acid 
and acetic anhydride; yield 18%. In preparations in 
which impure a-acetylnaphthalene (contaminated with 
the /3-isomer) was used, only tars separated from the acetic 
acid solution on cooling. However, it was found that an 
attempt to purify the acetic acid solution by boiling with 
decolorizing carbon caused the adsorption of the 1,3,5- 
tri-a-naphthylbenzene on the carbon, from which it could 
be recovered in a relatively pure condition by extraction 
with a glacial acetic acid-acetic anhydride mixture. The 
substance crystallizes in white, flat needles with rounded 
ends; m. p. 190.5-191 °; it gives no color with concentrated 
sulfuric acid.

A nal. Calcd. for C36H24: C, 94.69; H, 5.31; mol. wt., 
456. Found: C, 94.61; H, 5.40; mol. wt. (Rast), 466, 
450.

1,3,5 - Tri - ß - naphthylbenzene.— ß - Acetylnaphtha- 
lene (Eastman Kodak Co.) (19.2 g., 0.113 mole), aniline 
(15.6 g.) and aniline hydrochloride (1.2 g.) were heated 
for four and one-half hours under carbon dioxide at 175°. 
After the reaction mixture had stood in the ice box for 
one day, 5.5 g. of crystalline material had separated. 
Three recrystallizations from toluene gave 3.4 g. of pure 
substance; yield 20%; white needles; m. p. 234-235°; 
gives no color with cold concentrated sulfuric acid; less 
soluble than tri-a-naphthylbenzene in common solvents.

A na l. Calcd. for C36H24: C, 94.69; H, 5.31; mol. wt., 
456. Found: C, 94.58; H, 5.38; mol. wt. (Rast),
462, 468.

Summary

1,3,5-T ri-^-diphenylbenzene, 1,3,5-tri- a-naph-
thylbenzene and 1,3,5-tri-ß-naphthylbenzene 
have been prepared from ^-acetyldiphenyl, a-ace- 
tylnaphthalene and ß-acetylnaphthalene, respec­
tively, by the action of aniline and aniline hydro­
chloride.
Ca m br id g e , M a s s . R e c eiv ed  A u g u st  8, 1936
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[C o n t r ib u t io n  fr o m  t h e  D epa r t m e n t  of P hy sic a l  Ch e m ist r y , H a r v a rd  M e d ic a l  S chool]

Studies in the Physical Chemistry of Amino Acids, Peptides and Related Substances. 
VII. A Comparison of the Solubility of Amino Acids, Peptides and their Derivatives

B y  T homas L. M cM e e k in , E d w in  J. C o h n  a n d  J o h n  H . W e a r e

I. Introduction
The solubilities of a-amino acids1 and certain 

of their derivatives2 in water and ethyl alcohol 
have been reported previously. Although the 
solubility measurements themselves suggest cer­
tain generalizations, such as that solubility in 
water increases with the dipole moment, and di- 
minishes with the length of the paraffin chain, the 
exceptional behavior of certain molecules has been 
noted and associated with differences in crystal 
lattice energy. If the ratio of solubility in two 
solvents be compared, this disturbing factor is 
eliminated and more precise rules may be deduced. 
One of these states that the ratio of the solubility 
in alcohol to that in water is increased threefold 
for each CH2 group in hydrocarbon chains ter- 
minating in methyl groups. This rule holds not 
only for amino acids but for other sufficiently in­
soluble compounds such as the formyl amino acids, 
hydantoins and hydantoic acids.2 In terms of 
mole fraction of solute in water, N 0, and ethanol, 
N a, it may be written

log N o/ N a = K 2 +  0.49 (CH2)„ (1)

where n is the number of CH2 groups and A2 a 
constant depending upon the nature of the polar 
groups.

A further rule is implicit in the above equation, 
for it suggests that changes in the logarithm of the 
solubility ratio are additive not only for non-polar 
but for polar groups. Thus the change in the 
ratio of solubility from water to alcohol, tenta- 
tively ascribed to dipolar ionization, has been es­
timated by a comparison of a-amino acids and 
their hydantoic acids. Subtracting the logarithm 
of the solubility ratio of the uncharged hydantoic 
acids (NßA/ Nfjio) from that of a-amino acids 
(NzA/N z0), we obtained 
lo g /e  =  log  N zA / N z0 -  lo g  N p A /N fJ L 0 =

3.85 -  1.12 = 2.73 (2)

This calculation neglects the influence of the amide 
linkage and also the movement of the proton 
which results in the dipolar ion structure of amino 
acids and peptides. The amide group and the

(1) C ohn, McMeekin, Edsall an d  Weare, T h is  J o u r n a l , 56, 2270  
(1934).

(2) McMeekin, Cohn and Weare, i b id . ,  57, 626 (1935).

peptide linkage, which generally decrease solu­
bility, are further considered in the present investi­
gation, in which the above rules are extended to 
both solvents and solutes of different dipole mo­
ments. On the one hand, we have extended 
equation (1) to a variety of solvents, including 
higher alcohols, acetone and a solvent more polar 
than water, namely, formamide. On the other, 
we have extended the applicability of equation
(2) to amino acids and peptides of long dipole 
moments.

II. Methods and Materials
The same methods of determining solubility were em­

ployed as have been described previously.1,2 The concen­
trations of the hydantoic acids were usually determined by 
direct titration, advantage being taken of their acidic 
properties. The concentrations of the amino acids and 
peptides were determined by dry weight, or by Kjeldahl 
nitrogen analysis. In cases where the solubilities were 
very small, the concentrations were determined by diges­
tion followed by direct Nesslerization. The solubility of 
amino acids in formamide was determined by precipitating 
the amino acids with one volume of alcohol and four vol­
umes of ether. After standing for twenty-four hours, and 
washing, the insoluble amino acids were weighed. Nitro­
gen analyses and melting point determinations on the pre­
cipitates from formamide demonstrated that they were pure 
amino acids.

Solvents.—Density or boiling point determinations were 
always used to verify the purity of the solvents employed. 
In all cases the appropriate blank determination was 
made on the solvent. The butanol was redistilled and the 
fraction used boiled at 117-118 °. The formamide prepared 
by crystallization at —5° was neutral in reaction, free 
from ammonium salts, melted from — 3 to —1° and had a 
specific conductivity of 4 X 10 ~5.

Substances.—The purification of the a-amino acids and 
the preparation of hydantoic acid, methylhydantoic acid, 
formylglycine and formylaminobutyric acid have been 
described previously.1,2 The same method sufficed for 
all the hydantoic acids, save those of peptides. In the case 
of peptide hydantoic acids the reaction was carried out at 
room temperature for two hours before acidification. For 
convenience in comparing amino acids with their eor- 
responding uramido acid derivatives, the uramido acid is 
designated as a hydantoic acid of the amino acid. The 
more accurate Chemical names are given in parentheses 
in the description of preparations.

iS-Alanine Hydantoic Acid (ß-Uramidopropionic Acid).— 
There was a slight Variation in the solubility of this com­
pound, indicating decomposition during the solubility 
determination, or an impure product. The preparation
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T a b l e  I
S o l u b il it y  of A mino A cids a n d  P e p t id e s  in  D if f e r e n t  S o l v en t s

Solvent
Density of 

satd. soln., p
Soly. moles 
per liter, C

Log soly. mole 
fraction, N

Density of 
satd. soln., p

Soly. moles 
per liter, C

Log soly. mole 
fraction, N

Glycine dl-CL--Aminocaproic acid
Water 1.0831 2.886 -1 .2 4 7 0.9991 0.0866 -2 .8 0 1
Formamide 1.13306 0.0838 -2 .4 7 6 1.13089 .0173 -3 .1 6 1
Methanol 0.78696 .00426 -3 .7 6 2 0.78730 .00854 -3 .4 5 8
Ethanol .7851 .00039 -4 .6 3 8 .7851 .00104 -4 .2 1 5
Butanol .80674 .0000959 -5 .0 5 5 .80674 .000336 -4 .5 1 2
Acetone .78566 .0000305 -5 .6 4 8 .78566 .0000793 -5 .2 3 3

ß-Alanine e-Aminocaproic acid
Water 1.1581 6.123 -0 .8 1 6 1.0895 3.848 -0 .9 7 5
5% Ethanol 1.1509 5.827 -  .836 1.0834 3.733 -  .983
10% Ethanol 1.1416 5.620 -  .848 1.0794 3.625 -  .991
20% Ethanol 1.1361 5.180 -  .876 1.0662 3.439 -  .998
40% Ethanol 1.0520 3.531 - 1 .0 1 1 1.0326 2.852 -1 .0 5 0
60% Ethanol 0.9596 1.687 -1 ,2 8 3 0.9707 1.909 -1 .1 8 5
70% Ethanol .9086 0.814 -1 .561
80% Ethanol .8638 .242 -2 .0 3 3 .8742 0.485 -1 .7 1 9
90% Ethanol .8271 .0382 -2 .7 5 9 .8304 .0713 -2 .4 8 7
95% Ethanol .80848 .0139 -3 .1 3 4
Ethanol .7856 .00189 -3 .9 5 5 .7851 .00194 -3 .9 4 7

Triglycine
Water 1.0229 0.309 -2 .241
80% Ethanol 0.8554 .000608 -4 .6 3 6
90% Ethanol .8249 .0000381 -5 .6 7 2
Ethanol .7851 .00000106 -7 .2 0 6

was repeated a number of times, always giving a product 
of the same properties, and melting between 168-169°.

A n a l. Calcd. for C4H80 3N2: N, 21.2; eq. wt., 132.07. 
Found: N, 21.1; eq. wt., 132.1.

«-Aminocaproic Hydantoic Acid (a-Uramidocaproic 
Acid).—The pure substance melted at 169-170°.

A n a l. Calcd. for C7Hi40 3N 2: N, 16.08; eq. wt., 174.1. 
Found: N, 16.0; eq. wt., 174.2.

e-Aminocaproic Hydantoic Acid (c-Uramidocaproic 
Acid).—The pure substance melted at 179-180°.

A n a l. Calcd. for C7Hi40 3N2: N, 16.08; eq. wt., 174.1. 
Found: N, 16.1; eq. wt., 174.6.

5-Aminovaleric Hydantoic Acid (5-Uramidovaleric 
Acid).—The pure substance melted at 179-180°.

A n a l. Calcd. for C6H120 3N2: N, 17.49; eq. wt., 160.1. 
Found: N, 17.4; eq. wt., 160.8.

Diglycine Hydantoic Acid (Carbamidoglycylglycine).— 
The substance melted at 194-195°.

A n a l. Calcd. for C5H90 4N3: N, 24.0; eq. wt., 175.09. 
Found: N, 23.9; eq. wt., 175.0.

Triglycine Hydantoic Acid (Carbamidodiglycylglycine). 
The substance melted at 204-205°.

A n a l. Calcd. for C7H12OöN4: N, 24.1; eq. wt., 232.08. 
Found: N, 24.0; eq. wt., 231.9.

0-Alanine was prepared by a modification of the method 
of Mulder.3 /3-Bromopropionic acid was allowed to stand 
for seven days with a large excess of ammonia. The am­
monia was removed and the substance purified by crystal-

(33 Mulder, B e r . ,  9, 1903 (1876).

lization. After three crystallizations from alcohol-water 
mixtures the pure substance melted at 197-198°. Nitro­
gen: found, 15.5; calcd., 15.7.

e-Aminocaproic acid was prepared by the method of 
Wallach.4 Later samples were obtained from the Univer­
sity of Illinois. After three crystallizations, the substance 
melted at 201-202 °. Nitrogen: found, 10.56; calcd., 10.69.

Triglycine was prepared by the method of E. Fischer.6 
Nitrogen: found, 22.1; calcd., 22.2.

III. Experimental Results
The solubility measurements upon amino 

acids and peptides are recorded in Table I and 
those upon their derivatives in Table II. Ap­
parent molal volumes, calculated from the den­
sities of many of the Solutions studied, are re­
corded in Table III. The values previously as- 
cribed to the CH2, CONH, COOH and NH2 
groups6 yield satisfaetory estimates of the appar­
ent molal volumes, <F, of the hydantoic acids.

The observed apparent molal volumes of the 
amino acids and peptides are smaller than those 
calculated, as a result of the electrostriction of 
solvent molecules due to the charged groups of 
dipolar ions.6

(4) Wallach, A n n . ,  312,171 (1900).
(5) Fischer, B e r . ,  36, 2982 (1903).
(6) Cohn, McMeekin, Edsall and Blanchard, T h is  Jo u r n a l , 56, 

784 (1934).
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T a b l e  II
S o l u b il it y  of H y d antoic  A cids a n d  F ormyl C o m po u n d s  in  D if f e r e n t  S o l v en t s

Solvent
Density of Soly. mole? 

satd. soln., p per liter, C
Log soly. mole 

fraction, N
Density of 

satd. soln., p
Soly. moles 
per liter, C

Log soly. mole 
fraction, N

Formylglycine Formyl-«-aminobutyric acid
Water 1.0570 1.849 -1 .4 3 2 1.0043 0.256 -2 .3 2 5
Methanol 0.8280 0.710 -1 .5 3 3 0.8222 .646 -1 .5 3 9
Ethanol .8023 .295 -1 .7 6 2 .8018 .355 -1 .6 7 4
Heptanol .82412 .0347 -2 .3 1 1 .82473 .0500 -2 .1 5 2

Hydantoic acid «-Aminocaproic hydantoic acid
Water 1.0112 0.329 -2 .2 1 7 0.99727 0.00690 -3 .9 0 3
Formamide 1.15405 .837 -1 .4 6 2 1.13141 .165 -2 .1 7 5
Methanol 0.79178 .0797 -2 .4 8 8 0.79390 .1123 -2 .3 3 5
80% Ethanol .85947 .0867 -2 .4 7 2
90% Ethanol .82887 .0710 -2 .4 8 5 .82920 .0803 -2 .4 2 7
Ethanol .7865 .0242 -2 .851 .78885 .0477 -2 .5 5 1
Butanol .80674 .00643 -3 .2 2 8 .80739 .01786 -2 .7 8 5
Acetone .78566 .00248 -3 .7 3 7 .78588 .00463 -3 .4 6 6

a-Alanine hydantoic acid (Methylhydantoic acid) ß - Alanine hydantoic acid
Water 1.00454 0.193 -2 .451 1.00287 0.158 -2 .5 3 9
Ethanol 0.7877 .0440 -2 .5 9 0 0.78692 .0170 -3 .0 0 2

5-Aminovaleric hydantoic acid e-Aminocaproic hydantoic acid
Water 0.99763 0.0174 -3 .5 0 2 0.99725 0.00690 -3 .9 0 3
80% Ethanol .85690 .0322 -2 .9 1 0
90% Ethanol .82619 .0228 -2 .9 7 9
Ethanol .78622 .00762 -3 .3 5 0 .78639 .00756 -3 .3 5 4
Butanol .80643 .00278 -3 .5 9 3

Diglycine hydantoic acid Triglycine hydantoic acid
Water 1.0050 0.126 -2 .6 3 8 1.0011 0.0446 -3 .0 9 2
80% Ethanol 0.85695 .0220 -3 .0 7 5
90% Ethanol .82564 .00851 -3 .4 1 0
Ethanol .7857 .00115 -4 .1 7 1 0.7851 .000077 -5 .3 4 5

T a b l e  III

Solute

CH*
groups,

cc.

CONH
groups,

cc.

NH* -f COOH 
groups, 

cc.

Apparent molal 
volume, cc.

Calcd. Obsd.
Hydantoic acid 16.3 20.0 40.7 77.0 77.6
a - Alanine hydantoic acid 32.6 20.0 40.7 93.3 94.2
ß-Alanine hydantoic acid 32.6 20.0 40.7 93.3 95.8
«-Aminocaproic hydantoic acid 81.5 20.0 40.7 142.2 146.4
e-Aminocaproic hydantoic acid 81.5 20.0 40.7 142.2 146.4
Diglycine hydantoic acid 32.6 40.0 40.7 113.3 112.4
Triglycine hydantoic acid 48.9 60.0 40.7 149.6 149.5

The aminocaproic hydantoic acids are so insol­
uble in water that no great confidence can be 
placed on the values of $  estimated for this sol­
vent. The apparent molal volumes of those 
molecules, sufficiently soluble to be studied in 
more than one solvent, vary to a small extent in 
the different solvents employed (Table IV).

Solubility in Alcohol-Water Mixtures.—Our 
previous Communications have been concerned 
largely with a-amino acids and their derivatives. 
Two series of molecules, in which the ammo­
nium groups are at a greater distance from the 
dissociated carboxyl groups, are here reported.

In the one only non-polar CH2 groups intervene 
between the charged groups, in the other (peptide) 
series, there is an altemation of CH2 and CONH 
groups. Solubility in the first series appears to 
increase with increase in the dipole moment. 
Peptides of glycine on the other hand are less 
soluble the larger the number of glycine residues 
in the chain. This would appear to depend, at 
least in part, on close packing in the crystal lat­
tice since peptides containing side chains of un- 
equal lengths are often more soluble than those 
of glycine.7 The hydantoic acids of both series

(7) Fischer, “Untersuchungen über Aminosäuren, Polypeptide 
und Proteine," Julius Springer, Berlin, 1906, Vol. I, p. 333.
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have been prepared and are far less soluble in

derived.

Table IV
Apparent Molal Volumes of Hydantoic Acids at 25°

Solvent
Concentration, 
moles per liter

Molal volume, 
cc.

Formamide
Hydantoic acid 

0.837 79.8
a - A m ino­ Water .250 77.6
caproic hy- Methanol .0797 68.2
d an t o i c 80% Ethanol .1256 75.7
add. 90% Ethanol .071 76.1

Ethanol .0242 (63.2)°
e - A m ino­
caproic hy- a -Aminocaproic hydantoic acid
d an t o i c Formamide 0.165 150.6
acid. Water .0069 (146.4)°

Methanol .1123 139.2
80% Ethanol .0867 144.8
90% Ethanol .0803 146.7

Hydantoic Ethanol .0477 138.5
acid. ® Concentration too low for accurate measurements

D iglycine

of molal volume.

through these segments of the curves of glycine
hydantoic
acid.

and its peptides.
The curves describing the behavior of hydantoic

e-Aminoca- 
proic acid, 
ß-Alanine. 
Glycine.

Diglycine.

Triglycine.

Fig. 1.

The ratio of the solubility, N, of these three 
classes of molecules in alcohol-water mixtures, 
to that in water, N 0, is plotted in Fig. 1 against 
mole fraction alcohol. The shapes of the glycine, 
diglycine and triglycine curves are very similar. 
All have steep segments at low mole fractions of 
alcohol, with comparable points of inflection in 
the range in which the solvent molecules are ap­
proximately equal in number. In Systems con­
taining larger amounts of ethanol the logarithm 
of the solubility may as a first approximation be 
considered to vary inversely as the mole fraction 
of alcohol. Straight lines have been drawn

acids in alcohol-water mixtures also form a family 
though their shape is quite different from that of 
the amino acids and peptides from which they 
were derived. The additional peptide linkage in 
the hydantoic acid of diglycine, as compared with 
hydantoic acid, is reflected in decreased solubility; 
and the additional CH2 groups of a-amino caproic 
hydantoic acid in increased solubility in systems 
rieh in alcohol. The curve of the latter substance 
is very similar to that of formylleucine or benz- 
amide. The isomer, e-aminocaproic hydantoic 
acid, in which the CH2 groups all lie between 
polar groups, behaves far more like formyl- a- 
aminobutyric acid, that is to say, like a molecule 
with two less CH2 groups. Its solubility in 80% 
ethanol is approximately tenfold that in water 
and threefold that in ethanol, a type of behavior 
characteristic of a class of proteins, the prolamines.

The measurements on ß-alanine and e-amino­
caproic acid cannot be considered as accurate as 
those upon the other substances studied, in part 
because their large dipole moments render diffi­
cult their purification, in part because the great 
solubility which results from these moments ren- 
ders difficult accurate solubility measurements.

The curves for ß-alanine and e-aminocaproic 
acid clearly belong to a third family. In systems 
rieh in alcohol these curves approaeh the straight 
lines characteristic of glycine and its peptides. 
Small amounts of ethanol, however, have but 
very slight precipitating action on these amino
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acids of long dipole moment, presumably because 
of their very great solubility and, therefore, the 
very high dielectric constants of their saturated 
Solutions in water. Assuming that the dielectric 
constant increments of these two substances re­
main the same in concentrated as in dilute solu­
tion,8 the dielectric constants of a saturated aque­
ous ß-alanine solution would be 300 and of e- 
aminocaproic acid 370, or more than four times 
that of water. A comparable calculation yields 
an estimate of 72 for the dielectric constant of 
80% ethanol saturated with e-aminocaproic acid. 
Only at alcohol concentrations higher than these 
do the compositions of the Solutions containing 
these amino acids approaeh those of the pure 
solvents. The shapes of these curves in Solutions 
containing small amounts of alcohol appear to de­
pend in large part upon the high dielectric con­
stants of the Solutions.

Solubility in Pure Solvents.—The conditions 
that obtain in pure solvents are simpler than those 
in alcohol-water mixtures. Water is by far the 
best solvent for the amino acids. Their solubility 
in alcohols is smaller the longer the hydrocarbon 
chain of the latter, but is smaller in acetone than 
in butanol, although the former has a higher di­
electric constant. The solubilities of the amino 
acids are also smaller in formamide than in water, 
despite its higher dielectric constant.

Certain of the less polar derivatives of the 
amino acids are more soluble in other solvents 
than in water. Thus hydantoic acid is more 
soluble in formamide than in water, as is the hy­
dantoic acid of ö'-aminocaproic acid which is 
moreover more soluble in all of the alcohols than 
in water. The influence of the hydrocarbon 
chain of the solute in increasing solubility in a 
solvent with a hydrocarbon chain of somewhat 
the same length is also reflected by the meas­
urements upon formyl a-aminobutyric acid.

Influence of the Hydrocarbon Chain.—The 
influence of the hydrocarbon chain is more readily 
examined, as we have previously shown1,2 if we 
consider the solubility ratio. Values of log N /N 0 
are plotted against the number of CH2 groups, 
in the molecule wCH2 in Fig. 2. The values for 
glycine, alanine, diglycine and hydantoic acid are 
from Studies II and III of this series.1,2 Straight 
lines are drawn connecting the experimental values 
even when only two members of the series have 
been studied, since no exception has been found

(8) Wyman and McMeekin, T h is  J o u r n a l , 55, 908 (1933).

to the rule that provided CH2 groups are in hy­
drocarbon chains terminating in methyl groups, 
the increase in log N/No  for each additional CH2 
group is, within the limits of error, identical, 
whether we are comparing amino acids or their 
derivatives (Table V). This influence of the CH2 
group is smaller for formamide than for metha­
nol, and for methanol than for ethanol. There 
is no significant difference between the previously 
published coëfficiënt for CH2 groups between water 
and ethanol, 0.49,1 and that for acetone. The co­
ëfficiënt for the higher alcohols is slightly greater. 
The value of 0.53 appears to be reached with buta­
nol, and is not increased by further increase in the 
CH2 groups of the solvent. It is probable that 
still greater influences of the CH2 groups of the 
solvent might, however, be observed were we to 
study solutes of longer hydrocarbon chains.

non2.

Fig. 2.—Solubility ratios of amino acids O, and hy­
dantoic acids prepared from them • ,  in different 
solvents.

The influence of the CH2 groups would appear 
to increase inversely as the dielectric constant of 
the solvent (Table IX), were we considering only 
the alcohols and acetone. Formamide, however,
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T a b l e  V
I n f l u e n c e  of  t h e  CH2 G r o u p s  of th e  S o lute  u po n  S o l u b il it y  R atio  in  D if f e r e n t  S o lv en ts

Number of 
CH2 groups,

Log. of 
soly. ratio, A log N / N o

Solute «CHs
Formamide

log N / N  0 A»CH*

Glycine 1 -1 .2 2 9
«-Aminocaproic acid 5 -0 .3 6 0 0.217
Hydantoic acid 1 4- .755
«-Aminocaproic hydantoic acid 5

Methanol

+1.728 .243

Glycine 1 -2 .5 1 5
«-Aminocaproic acid 5 -0 .6 5 7 0.464
F or my lgly eine 1 -  .101
Formyl «-aminobutyric acid 3 4* .786 .444
Hydantoic acid 1 -  .271
«-Aminocaproic hydantoic acid 5

Ethanol
4-1.568 .460

Formylglycine 1 -0 .3 3 0
Formyl «-aminobutyric acid 3 -I- .651 0.491
Hydantoic acid 1 -  .630 .491
«-Alanine hydantoic acid 2 -  .139 .496
«-Aminocaproic hydantoic acid 5

Acetone
4-1.352 .497

Glycine 1 -4 .4 0 1
«-Aminocaproic acid 5 -2 .4 3 2 0.492
Hydantoic acid 1 -1 .5 2 0
«-Aminocaproic hydantoic acid 5

Butanol
4-0.437 .489

Glycine 1 -3 .8 0 8
«-Aminocaproic acid 5 -1 .7 1 1 0.524
Hydantoic acid 1 -1 .0 1 1
«-Aminocaproic hydantoic acid 5

Heptanol
4-1.118 .532

Formylglycine 1 -0 .8 8 0
Formyl «-aminobutyric acid 3 +0.173 0.527

has a higher dielectric constant than water, and 
we must therefore conclude that its behavior in 
these studies is determined, at least in part, by 
factors other than the dielectric constant.

Influence of Dipolar Ion Structure.—The same 
solubility ratios may be employed in estimating 
the influence of dipolar ion structure, by means of 
equation (2). This calculation is carried out in 
Table VI, which in conjunction with Table V 
demonstrates the additivity of the influence of 
the paraffin chain and of dipolar ionization. The 
value of 2o73, derived from the previous compari­
son1 of all a-amino acids (corrected for the in­
fluence of the CH2 group) with hydantoic and 
methyl hydantoic acid, holds also for the measure­
ments in Table VI.

The comparison of the peptides of glycine with 
their hydantoic acids reveals no difference in the 
free energy change from water to ethanol with

change in the dipole moment. This is contrary 
to what was expected on the basis of theoretical 
calculations, which suggested that this quantity 
would increase with increase in the dipole mo­
ment1 (p. 2275).9,10 The influence of dipolar 
ionization does not appear to be greater in the 
case of triglycine than of diglycine, or of diglycine 
than of glycine.

Influence of the Amide Group.—Hydantoic 
adds terminate in an amide group not present in 
the amino acids or peptides from which they are 
derived. In this, as in previous calculations, we 
have considered that the terminal CONH2 group 
has but very small influence. This notion was 
deduced from a comparison of the solubility in 
water and ethanol of glycine with glutamine and 
asparagine. The measurements upon asparagine

(9) Scatchard and Kirkwood, P h y s i k . Z . ,  33, 297 (1932).
(10) Kirkwood, J .  C h e m . P h y s . ,  2, 351 (1934).
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T a b l e  V I

I n fl u e n c e  of D ipo la r  I o n iza tio n  u po n  t h e  S o l u bility  
R atio  in  D if f e r e n t  S o lv en ts

Substance

Log of 
soly. ratio 
log N/N o

Influence 
of dipolar 
ionization

Formamide
Glycine -1 .2 2 9
Hydantoic acid +0.755 -1 .9 8
«-Aminocaproic acid -  .360
«-Aminocaproic hydantoic acid +1.728 - 2 .0 9

Methanol
Glycine -2 .5 1 5
Hydantoic acid -0 .2 7 1 -2 .2 4
«-Aminocaproic acid -  .657
«-Aminocaproic hydantoic acid +1.568 -2 .2 3

Ethanol
Glycine -3 .3 9 1
Hydantoic acid -0 .6 3 0 -2 .7 6
«-Alanine -2 .8 5 6
ol-Alanine hydantoic acid -0 .1 3 9 -2 .7 2
/3-Alanine -3 .1 3 9
ß-Alanine hydantoic acid -0 .4 6 3 -2 .6 8
ol- Aminocaproic acid -1 .4 1 4
«-Aminocaproic hydantoic acid +  1.352 -2 .7 7
Diglycine -4 .3 6 7
Diglycine hydantoic acid -1 .5 3 3 -2 .8 3
Triglycine -4 .9 6 5
Triglycine hydantoic acid -2 .2 5 3 -2 .7 1

Butanol
Glycine -3 .8 0 8
Hydantoic acid - 1 . 0 1 1 -2 .8 0
«-Aminocaproic acid —1.711
«-Aminocaproic hydantoic acid +  1.118 -2 .8 3

Acetone
Glycine -4 .4 0 1
Hydantoic acid -1 .5 2 0 -2 .8 8
«-Aminocaproic acid -2 .4 3 2
«-Aminocaproic hydantoic acid +0.437 -2 .8 7

T a b l e  VII
S o lubility  R a tio s of D ipo la r  I ons 

E tha n o l

in  W a ter  a n d

Log 2Va/No A Log N a / N o

Glycine —3.391
Asparagine —3.402 -0 .0 1 1
Glutamine -3 .4 6 6 -  .064
Diglycine -4 .3 6 7 -  .976
Triglycine -4 .9 6 5 -1 .5 7 4

are perhaps the more accurate and the difference 
between its solubility ratio and that of glycine 
must be considered within the errors of experi­
ment. The influence of the amide group was, 
therefore, considered negligible.

If we assume the influence of dipolar ion struc­
ture on the solubility ratio to be that estimated in 
Table VI, we may subdivide the influence of the 
amide group into two parts. Thus, subtracting

2.73 from the value for glycine should yield —0.66 
for its hypothetical uncharged isomer; a value 
not very different from that determined for gly­
col amide, which has the same composition though 
a different structure. The value for formylgly­
cine is —0.33. The difference +0.33 might be 
considered to yield the effect of the carbonyl 
group. Comparable calculations could be made 
by comparing the other formyl compounds that 
have been studied with the corresponding amino 
acids.

Formylglycine and hydantoic acid differ by an 
NH group. The change in their solubility ratios 
is given below:

Log N A / N o  A  Log N A / N o

Formylglycine —0.33
Hydantoic acid — .63 —0.30

According to this calculation the influences of the 
CO and NH groups are opposite in sign, as might 
have been expected from the small apparent in­
fluence of terminal amide groups on the solubility 
ratios reported.

Influence of the Peptide Linkage.—Quite 
different is the influence of the peptide linkage. 
Glycylglycine and asparagine are isomers. The 
comparison of glycine and its peptides with their 
hydantoic acids (Table VI) indicates that Varia­
tion in the dipole moment of the molecule has no 
measurable influence on the change in free energy 
in passing from water to ethanol. The great 
difference in A log N a/ N q between glycine and 
its peptides (Table VII) would therefore appear 
to be due to the CONH group between polar 
groups. The negative value of log N A/ N 0 for di­
glycine is larger than that for glycine by —0.976. 
The comparable value for triglycine, —1.574, is 
only —0.598 larger. The smaller influence of the 
second peptide linkage presumably is related to 
the greater distance of CH2 and CONH groups in 
the larger molecule from the polar terminal groups.

Influence of CH2 Groups between Polar 
Groups.—That CH2 groups situated between 
polar groups have but slight influence on the solu­
bility ratio has previously been demonstrated by 
comparison of aspartic with glutamic acid, and of 
asparagine with glutamine. Since there is no 
appreciable change in the solubility ratio, when 
instead of one CH2 group two are present between 
polar groups, we assumed that the first also be- 
haved as though it was not subject to the rule 
valid for CH2 groups in the paraffin chain. With 
increase in the number of groups between polar
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groups intermediate behavior should obtain. 
This phenomenon has been investigated by study- 
ing the hydantoic acids of a, ß, ö, and e-amino 
acids. It will be observed that the larger the 
number of CH2 groups between polar groups the 
greater the influence of each upon the solubility 
ratio (Table VIII). The coëfficiënt per CH2

T a b l e  VIII
I n f l u e n c e  o f  t h e  P o sit io n  o f  G r o u ps  u po n  the  

S o l u b il it y  R atio  i n  E th a n o l  a n d  W ater
Number Log of 
of CH2 soly. ratio, 

groups, n  log N / N q

Hydantoic acid 1 —0.6301
(3-Alanine hydantoic acid 2 — . 4631
6-Aminovaleric hydantoic acid 4 +  . 1521
e-Aminocaproic hydantoic acid 5 +  . 5491

Aminocaproic hydantoic acid 5 +1.352

group between the hydantoic acid of an a- and ß- 
amino acid is but 0.167, whereas that between 
comparable <5- and €-compounds is more than 
twice as great, namely 0.397, approaching that 
characteristic of the paraffin chain.

Comparison of the solubility ratio of e-amino­
caproic acid in water and ethanol with that of its 
hydantoic acid constitutes the one exception 
noted thus far to the rule deduced in Table VI, 
and suggests that CH2 groups between the charged 
groups of a dipolar ion have a smaller influence 
than those between other polar groups at this dis­
tance from each other. This is not unexpected

Log N a / N o A Log N a / N o 

€-Aminocaproic acid —2.972
e-Aminocaproic hydantoic acid +  0.549 —3.521

since the moment of the former is more than ten 
times that of the widely separated polar groups of 
this hydantoic acid.

Discussion.—The influence of the polar and 
non-polar groups of molecules upon solubility has 
been stressed previously. 11“ 13 “A comparison of 
various insoluble substances has proved that the 
spreading tendency depends upon the presence 
of certain active groups of radicles in the organic 
molecule, these being the groups which tend to 
increase the solubility of organic substances in 
water. For example, pentane, C5Hi2, is practi­
cally insoluble in water, but amyl alcohol, 
C5H11OH, is relatively soluble. Thus the hy­
droxyl groups in organic molecules exert strong

(11) Freundlich, E r g e b n i s s e  e x a k t .  N a tu r w i s s e n s c h a f t e n ,  12, 82 
<1933).

(12) Hildebrand, "Solubility of Non-Electrolytes,’’ Reinhold Pub­
lishing Corp., New York, N. Y., 2 ed., 1936.

(13) Langmuir, C h e m .  R e v . ,  13, 147 (1933).

log N / N o  

Ancm

0.167
.308
.397
.495

attractive forces on the hydroxyl groups in the 
water molecules and these manifest themselves 
by an increase in solubility. Similarly the car­
boxyl group, COOH, tends to make the lower 
fatty acids much more soluble in water than the 
corresponding hydrocarbons” 13 (p. 161).

“Traube found that with molecules of aliphatic 
compounds having different lengths of hydrocar­
bon chains” the decrease in the surface tension of 
the pure liquid, divided by the osmotic pressure 
of the dissolved substance in the underlying solu­
tion, “for dilute Solutions increases about three- 
fold for each CH2” 13 (p. 164). Our investiga­
tions confirm the applicability of Traube’s rule14 

to the ratio of solubility in water and organic sol­
vents.

The accuracy with which the above rule appears 
to hold even when solubility is not very low was, 
however, not foreseen. Thus in all the solvents 
studied there was no appreciable difference be­
tween the coëfficiënt for the CH2 group calculated 
from glycine and a-aminocaproic acid and from 
the far less soluble hydantoic acids (Table V), de- 
spite the high solubility of glycine and the high di­
electric constant of its aqueous solution. This 
result may mean that the logarithm of the ac­
tivity coëfficiënt of glycine in saturated aque­
ous solution is not very large. Scatchard15 esti­
mates this quantity to be about —0.15 from freez­
ing point determinations.

The CH2 rule appears to hold for monoamino 
monocarboxylic a-amino acids as well as for their 
derivatives, but not for dicarboxylic acids, where 
the hydrocarbon chain terminates in a carboxyl 
group. The study of the hydantoic acids of ß-, 3- 
and €-amino acids suggests that interaction be­
tween the carboxyl, amide and CH2 groups ex- 
tends to the neighboring CH2 groups, but not 
very much farther. The term interaction is used 
since the present studies yield no evidence as to 
whether polar groups are masking the effect of 
non-polar groups, or non-polar those of polar 
groups.

This interaction appears to extend to a greater 
distance, in the case of CH2 groups between the 
charged groups of a dipolar ion. None the less, 
the fields of force set up must be restricted largely 
to the intervening atoms and cannot extend very 
far beyond them. Otherwise, the simple CH2 

rule would not apply to a-amino acids, for the co-
(14) Traube, A n n . ,  265, 27 (1891).
(15) Scatchard and Prentiss, This J o u r n a l , 56, 1486 (1934).
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efficiënt relating glycine and alanine would be dif­
ferent from that relating norvaline and norleucine.

Finally the results reported as solubility ratios 
may be transformed into calories and compared 
with the studies of Butler and his co-workers, 16 

who have considered the free energy change, AF, 
from the gaseous state to aqueous solution. Our 
results recalculated (Table IX) suggest that the 
free energy increment for the CH2 group in aque- 
oüs Solutions referred to alcohols, ranges from 600 
to 700 calories. Butler estimates the free energy 
in aqueous solution referred to the gaseous state 
as 200 calories per CH2 group. Butler further 
estimates a change in free energy of about 6000 
calories if NH2 be substituted and 7400 calories if 
COOH be substituted in the paraffin chain.

The free energy in aqueous solution referred to 
alcohols due to dipolar ionization we estimate at 
— 3000 to —4000 calories. This estimate is 
based on the comparison of the amino acids and 
the hydantoic acids and includes, as has pre­
viously been pointed out, effects due to the amide 
group and to the movement of the proton from the 
carboxyl to the ammonium group.

T a b l e  IX

Solvent
Dielectric
constant®

Influence of 
CH2 groups 
A log A F ,  
N / N o  cal.

Influence~of 
dipolar ionization 

A log A F ,  
N / N o  cal.

Formamide > 84 + 0 .23 314 -2 .0 3 -2768
Methanol 32.71 +  .44 600 -2 .2 4 -3054
Ethanol 24.28 +  .49 668 -2 .7 3 -3722
Acetone 20.83 +  .49 668 -2 .8 7 -3913
Butanol 17.51 +  .53 723 -2 .8 2 -3845
Heptanol 9.33 -f- .53 723

° We are indebted to Dr. Wyman for meäsuring the di­
electric constants of the solvents employed. The value 
for formamide is taken from “Int. Critical Tables,” Vol. 
VI, p. 83.

These quantities define all the solubility meas­
urements reported. They reveal no exceptional 
behavior such as was expected, due either to inter­
action between dipolar ions in concentrated aque­
ous solution, or to the changing ratio of dipolar 
ions and uncharged molecules in solvents of low 
dielectric constant. Moreover they do not reveal 
change in A log N /N Q or of AF with change in 
the reciprocal of the dielectric constant, such as

(16) Butler, Ramchandani and Thomson, J .  C h e m . Soc./®\280 
(1935).

would be expected. The relations that obtain, 
however, appear to be far simpler than could have 
been predicted.

Summary
1. The solubilities of amino acids and peptides 

of different dipole moments have been studied in 
various solvents at 25°.

2. The logarithm of the ratio of solubility in 
any solvent, N, to that in water, N q, is increased 
by a constant amount for each CH2 group in hy­
drocarbon chains terminating in methyl groups. 
This amount is 0.53 for butanol and heptanol, 0.49 
for acetone and ethanol, 0.44 for methanol and
0.23 for the most polar solvent studied, form­
amide.

3. When only one or two CH2 groups are situ- 
ated between polar groups the solubility ratio is 
but little affected. The larger the number of 
CH2 groups situated between polar groups the 
more nearly the solubility is influenced, as in 
hydrocarbon chains ending in methyl groups.

4. CH2 groups situated between the charges of 
a dipolar ion influence the solubility ratio far less 
than those between other polar groups. The 
electric moments of dipolar ions are generally 
more than fivefold as great as the moments of the 
carboxyl, hydroxyl, amine or amide groups.

5. Solutions of dipolar ions such as /3-alanine 
and 6-aminocaproic acid are so concentrated and 
have such high dielectric constants that condi­
tions existing in them must be considered different 
from those in the pure solvent.

6 . The peptides of glycine are all less soluble 
than glycine and so are other a-amino acids and 
the hydantoic acids derived from them. Com­
parison of the solubility ratios of these dipolar 
ions with their hydantoic acids yields, as esti­
mates of the influence of dipolar ionization upon 
the logarithm of the solubility ratio, —2.03 from 
water to formamide, —2.24 to methanol, —2.73 
to ethanol, —2.82 to butanol and —2.87 to ace­
tone.

7. The comparison of the peptides of glycine 
with their hydantoic acids has revealed no change 
in solubility ratio with change in the dipole mo­
ment of the peptide.
B o st o n , Mass. R e c e iv e d  J u n e  29, 1936
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Acid Catalysis in Sulfuric Acid-Acetic Acid Solutions. The Rate of Bromination of
2̂-Nitroacetophenone1

B y  M a r t in  A. P aul  a nd  Lo uis  P . H ammett

Previous papers have given applications of in­
dicator measurements to the study of acid cataly­
sis in Solutions containing water. 2 - 4  Over wide 
ranges of composition, direct proportionality was 
found between the acidity of the medium as meas­
ured by simple basic indicators2 and the speeds 
of certain reactions. These results led us to make 
a similar investigation in a solvent, glacial acetic 
acid, which is of great Utility as a medium for or­
ganic reactions and in which the pioneer work of 
Hall and Conant5 on super-acid Solutions was 
carried out.

The reaction studied was the bromination of m- 
nitroacetophenone, which proceeds at a rate suit­
able for measurement in dilute Solutions of sul­
furic acid in acetic acid. It is a case of the fre­
quently studied acid-catalyzed ketone halogena­
tion.6 It is characteristic of this type of reaction 
that the rate is independent of the halogen con­
centration, but is proportional to the concentra­
tion of ketone. The reaction in dilute aqueous 
Solutions exhibits the phenomena of general acid 
catalysis in the Brönsted sense and is also subject 
to a pronounced catalysis by bases.

With this ketone and under the conditions of 
low ketone concentration necessary to keep the 
rate within reasonable limits at the high acidities 
encountered, the method used by previous inves­
tigators, 6 namely, dilution of a sample of the reac­
tion mixture with water containing a small ex­
cess of potassium iodide and some sodium acetate 
and titration with thiosulfate of the liberated io­
dine, was entirely unsatisfactory. The difficulty 
arises from the fact that the monobrominated

(1) From part of a thesis submitted by Martin A. Paul in partial 
fulfilment of the requirements for the degree of Doctor of Philosophy 
in the Faculty of Pure Science of Columbia University.

(2) Hammett and Deyrup, T h is  J o u r n a l , 54, 2721 (1932).
(3) Hammett and Paul, i b i d . ,  56, 830 (1934).
(4) Hammett, C h e m .  R e v . ,  16, 67 (1935).
(5) Hall and Conant, T h is  J o u r n a l , 49, 3047 (1927); Conant and 

Hall, i b i d . ,  49, 3062 (1927).
(6) (a) Lapworth, J .  C h e m . S o c . ,  85, 30 (1904); (b) Dawson with

Leslie, i b i d . ,  95, 1860 (1909); (c) with Wheatley, 97, 2048 (1910); 
(d) with Ark, 99, 1740 (1911); (e) with Carter, 2282 (1926); (f) 
with Dean, 2872 (1926); (g) with Hoskins, 3166 (1926); 213, 458, 
756, 1146, 1290 (1927); (h) T r a n s .  F a r a d a y  S o c . ,  24, 640 (1928); (i) 
Hughes and Watson, J .  C h e m . S o c . ,  1945 (1929); (j) Watson, C h e m .  
R e v . ,  7, 173 (1930); (k) Hughes, Watson and Yates, J .  C h e m . S o c . ,  
3318 (1931); (1) Watson and Yates, i b i d . ,  1207 (1932); (m) Nathan 
and Watson, i b i d . ,  217 (1933); (n) Evans, Morgan and Watson,
i b i d . .  1167 (1935); (o) Morgan and Watson, i b i d . ,  1173 (1936).

acetophenone derivative halogenates further in 
the diluted aqueous solution at a rate which seri- 
ously affects the titers obtained. The same phe­
nomenon exists with co-bromoacetophenone as 
with its nitro derivative, but the magnitude of the 
effect is smaller. In the original sulfuric-acetic 
acid mixtures, the rate of bromination of these 
brominated ketones is small relative to that of the 
unbrominated compounds while the latter use up 
iodine at a negligibly small speed in the Solutions 
diluted with water. Apparently bromine Sub­
stitution in the methyl group of these compounds 
shifts the catalytic minimum (the acid concentra­
tion separating the region of predominantly acid 
catalysis from that in which basic catalysis is most 
important) to quite high acidities, especially for 
the ketone brominating more slowly. This is in 
accord with the trend noted by Watson and 
Yates61 for the brominated acetones. An aque­
ous acetate buffer acts therefore as a powerful 
basic catalyst for the halogenation of a>-bromo-m- 
nitroacetophenone. Applied to Watson’s data6m,n 
on halogenation in an acetic acid, water, hydro­
chloric acid mixture, our observations indicate 
that, for the ketone m-nitroacetophenone, toward 
the end of a run the rate of disappearance of iodine 
from the Solutions diluted for titration may have 
been nearly as great as the rate of disappearance 
of bromine from the undiluted reaction mixture. 
Unless only initial titers were used in computing 
rate constants, his value for this ketone may there­
fore be high.

A colorimetric method of the sort used by Bart­
lett and Vincent7 in the study of the iodination of 
menthone proved entirely satisfaetory and was 
therefore used throughout this work.

Experimental
Apparatus.—The colorimeter was the Bauseh and Lomb 

instrument used in previous work.8 The mirror was re­
placed by an iUuminator similar to that described by 
Beaver.9 The scales were calibrated and had no error ex- 
ceeding =*=0.1 mm. For indicator measurements in acetic 
acid Solutions, a closed cell with plane parallel ends, 
described by Hammett and Deyrup,2 was employed.

(7) Bartlett and Vincent, T h is  J o u r n a l , 55, 4992 (1933).
(8) Hammett and Paul, i b i d . ,  56, 827 (1934).
(9) Beaver, J . O p L  S o c .  A m . ,  18, 41 (1929).
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For the rate measurements, one cup of the colorimeter 
was fitted with a jacket having a bottom made of optically 
clear glass (Fig. 1). Water from a thermostat was circu- 
lated through it by means of an air-lift pump and, with 
suitable insulation, the contents of the cup could be kept 
at 25.00 =«= 0.01°. This precision was quite adequate for 
our purpose, estimating the temperature coëfficiënt of the 
bromination of acetophenone derivatives in solution to be 
about 20% per degree.6n

To reduce evaporation of bromine, each cup had a closely 
fitting glass cap with a hole bored through of diameter 
slightly larger than that of the plungers. Loss of bromine 
from the cups so equipped was less than 2% per hour, 
negligible since no runs lasted longer than an hour.

Method: Indicator Measurements.—Indicator measure­
ments were made essentially according to the method of 
Hammett and Deyrup.2 The reference solution was acetic 
acid containing enough sodium acetate (about 0.5 molar) 
to completely convert the bases to their colored uncharged 
forms. Absorption of water from the atmosphere by this 
solution during a set of observations was found to be too 
small to affect readings.

Method: Rate Measurements.—As a reproducible color 
Standard for meäsuring the concentration of bromine in 
acetic acid Solutions, bromine water prepared freshly as 
needed from a Standard potassium bromate solution by 
addition of potassium bromide (100% excess) and sulfuric 
acid (final concentration about 0.5 molar) was adopted. 
The specific color intensities of bromine in the two media 
are different due, no doubt, to a shift in the absorption 
spectrum, but the yellow colors nevertheless may be 
matched without difficulty.10 Accordingly, Solutions of 
bromine in acetic acid were made up and their concentra­
tions determined by titration. The apparent concentra­
tions of 0.00500 and 0.00250 molar bromine water were de 
termined against each of these by colorimetric compari­
son. These experiments tested the constancy of the con- 
centration-color intensity ratio (Beer’s law) for bromine 
dissolved in acetic acid. For six concentrations of bromine 
covering the range 0.006-0.001 molar, the concentration 
cg of bromine in glacial acetic acid colorimetrically equiva­
lent to 0.00500 molar bromine water was 0.00381 =*= 
0.00004 molar and to 0.00250 molar bromine water, 
0.00191 =*= 0.00003 molar. Deviation from Beer’s law in 
the range examined is thus within the precision of match- 
ing (2-5%). The 0.00500 molar bromine water was found 
to be equivalent to 0.00415 molar bromine in the mixed 
solvent acetic acid-water in the mole ratio 1-1.

The precedure was to make up a solution of ketone, 
sulfuric acid and acetic acid by weight in a 25-ml. glass- 
stoppered volumetric flask and to bring to mark with 
acetic acid at 25°. The flask was then kept in the thermo­
stat for at least fifteen minutes while water was circu- 
lated through the jacket of the reaction cup. Standard 
bromine water was prepared and introduced into the other 
cup of the colorimeter. A drop of bromine was then 
added to the flask, a stop watch (calibrated by telephone 
time) started, the solution thoroughly shaken and a sample 
poured into the jacketed cup. The latter was immediately 
racked to a convenient height, r, and left there during the

(10) Flexser, Hammett and Dingwall, T h is  J o ur n a l , 57, 2111
(1935).

run. Readings of the length, h, of the Standard solution 
required to balance colorimetrically the “unknown” 
were taken at times, t, read to the nearest one-tenth minute. 
The first reading could be made 
within one and one-half to two 
minutes after addition of the bro­
mine, while mixing and transfer of the 
solution took about one-half minute.
The initial ketone concentration, c°k, 
was between 0.005 and 0.05 molar and 
was always so chosen as to have the 
run last between twenty and sixty 
minutes.

Rate Calculations.—Previ­
ous investigators have used 
ketone concentrations so much 
larger than the bromine concen­
tration that the reaction rate, 
which is independent of the lat­
ter concentration, is essentially constant through­
out the run. This procedure would give rates at 
the higher acidities much too large to be measured, 
but its abandonment requires some variations in 
the usual calculation of the rate constant. The 
fundamental equation is

— _  _  dCßr2
dt d/

of colorimetric 
action cup.

— kcjz ( 1)

where cK is ketone concentration and cBrs is bro­
mine concentration. Using superscript zero to de- 
note initial concentrations at time zero we have

dCBn/dt — kcj£ — k {C°K (c°Br2 ^Brz)} (2)

The integrated equation is

ln ( l  -  ------kt (3)

Experimentally the bromine concentration is 
given by

cbt3 =  c8(h /r )  (4)

where h and r are the previously defined colorime­
ter readings. Substituting in (3) we obtain

ln jl -  (Äo — h) 0ca/rc°K)} = -k t  (5) 
For the initial readings (h0 — h small) this reduces 
to

(kQ — h) (ca/rc°K) = kt (6 )
In calculating the constant for a run, equation 

6  was applied to the initial experimental points 
and the value of ho thus obtained was used in 
equation 5  to obtain the value of k , all experimen­
tal points being used. Both calculations were 
made by the method of least squares. In no 
case did the mean error in k from a single run 
exceed 5%. Figure 2, in which h and the quan­
tity c == —log { 1  — cs (h0 — h)/rc°K} are plotted 
against tf is a graphical representation of the re-
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sults of a typical experiment. Conformity of the 
data with equation (5) for different initial ketone 
and bromine concentrations establishes the va- 
lidity of the assumptions that the rate of reaction 
is independent of the latter and proportional to 
the former. That co-bromo-m-nitroacetophenone 
is the product was proven by obtaining this com­
pound on dilution with water when a run was 
tried using a relatively high concentration of 
m-nitroacetophenone. In the range of acidity 
studied, the rate of bromination of this prod­
uct is negligibly small at the concentrations at 
which it was present, but at higher acidities, it 
is great enough to make independent measure­
ments of the rate for the unbrominated ketone 
impossible. Lower acidities were not tried for 
fear of auto-catalysis by hydrobromic add.

Materials.—Acetic acid was prepared from commercial 
99.5% reagent by the method of Orton and Bradfield.11 
Samples reacting with bromine were rejected. The water 
content, estimated by the freezing-point method, was 
between 0.3 and 0.1%. No extraordinary precautions 
other than rapid manipulation were taken to keep out 
water from the atmosphere during experiments. No effect 
on the measurements from this source could be detected. 
In fact, many of the runs were made with just sufficiënt 
acetic anhydride (prepared by fractional distillations of 
the commercial c. P. reagent) added to react with the 
quantity of water present. Orton and Jones12 have shown 
that this reaction is very rapid in acetic acid in the presence 
of a small concentration of sulfuric acid. No significant 
difference could be detected between rates of bromination 
in this medium and in 99.8% glacial acetic acid. Of course, 
measurements were impossible on very humid days.

(11) Orton and Bradfield, J .  C h e m . S o c . ,  983 (1927).
(12) Orton and Jones, i b i d . ,  101, 1708 (1912).

Sulfuric acid was prepared by distillation of 50% fum­
ing acid into c. p . concentrated reagent and dilution with 
more of the latter to maximum freezing point.

w-Nitroacetophenone was recrystallized to constant 
melting point, 77.3° from ethyl alcohol and water.

Bromine was of analytical reagent grade.
Potassium bromate was recrystallized twice from water 

and dried at 180°. Its equivalent weight was within 0.1% 
of the theoretical value when checked with that of potas­
sium iodate purified in the same way. The latter was 
used as primary Standard for calibration of thiosulfate 
Solutions. Potassium bromide was recrystallized from 
water and was bromate free.

Results

Table I contains the results of indicator meas­
urements in sulfuric acid-acetic acid Solutions. 
M  is molality of sulfuric acid, cBH+ and cB are 
concentrations of indicator acid and base, and H0 

is the acidity function. The 
p K f of —0.17 for 0 -nitroaniline 
is from previous work.8 The 
difference in basic strength of 
the two indicators employed is 
the same within experimental 
error as for aqueous Solutions 
of strong acids.2,3 Data for 
Solutions containing sodium 
bisulfate (prepared by mixing 
an acetic acid solution of so­
dium acetate with excess of a 
solution of sulfuric acid in 
acetic acid) and for Solutions 
of sulfuric acid in the mixed 
solvent, acetic acid-water in 
mole ratio 1-1, are included. 
Table II gives mole fractions 
of sulfuric acid required to pro­

duce the same simple basic indicator acidity in the 
three media, water, acetic acid and their equi- 
molar mixture.

Table III summarizes the results of measure­
ments of the rate of bromination of the ketone m- 
nitroacetophenone in sulfuric acid-acetic acid 
Solutions. The unimolecular velocity constants, 
ky are expressed in natural logarithms and min­
utes. Measurements in Solutions containing the 
salt sodium bisulfate and in Solutions of sulfuric 
acid in mole-to-mole acetic acid-water are also 
given. In Fig. 3, log k is plotted against H 0 of the 
medium. We have measured the reaction rate 
in the medium used by Evans, Morgan and Wat­
son,611 0.5 molar hydrochloric acid in 75% acetic 
acid-water by volume and our value for m-nitro-

0.300

0.200

vi

0.100

0.000
0.0 10.0 20.0 30.0 40.0 50.0

t in min.
Fig. 2.—Graphical representation of typical bromination experiment: c°k =

0.01015 mole/liter; ch2so4 = 0.0609 mole/liter.
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T a b l e  I
I oniza tio n  of  I n d ic a t o r s  in  H 2SO 4- C H 3 CO O H  S olu­

t io n s

m Log m Log (cbh+Ab) 
o-Nitroaniline (pK*  = —0.17)

Ho

0.0195 - 1 .7 1 + 0.71 - 0 .8 8

.0262 - 1 .5 8 .85 - 1 . 0 2

.0290 - 1 .5 4 .89 -1 .0 6

.0412 - 1 .3 8 .98 - 1 .1 5

.0506 - 1 .3 0 1.16 -1 .3 3

.0591 -1 .2 3 1 . 2 0 -1 .3 7

.0680 - 1 .1 7 1.26 -1 .4 3

.0837 - 1 .0 8 1.34 -1 .5 1
,0901 - 1 .0 5 1.37 -1 .5 4
.1132 - 0 .9 5 1.44 -1 .6 1
.1273 -  .90 1.48 -1 .6 5
m Log m Log (cbh+Ab ) 

£-Chloro-o-nitroaniline ( p K '  = —0.91)
Ho

0.0721 - 1 .1 4 + 0 .52 -1 .4 3
.1036 - 0 .9 8 .64 - 1 .5 5
.1197 -  .92 .77 - 1 . 6 8

.1429 -  .84 .8 8 -1 .7 9

.1705 -  .77 .94 -1 .8 5

.1981 -  .70 1.06 - 1 .9 7

.247 -  .61 1.15 - 2 .0 6

.283 -  .55 1.26 -2 .1 7

.348 -  .46 1.34 -2 .2 5

.496 -  .30 1.58 -2 .4 9

.641 -  .19 1 . 6 6 -2 .5 7

.756 -  . 1 2 1.83 -2 .7 4

.932 -  .03 1.95 - 2 .8 6

1 . 1 1 0 +  .05 2.05 -2 .9 6
1.332 +  . 1 2 2.18 -3 .0 9
1.593 +  .2 0 2.27 -3 .1 8

E ffe c t  of NaHS04 o n  H o ; I n d i cator- ö-N  itro  a n il in e
Mole/liter of solution 

at 25°H2SO4 NaHSOa Log (cbh+Ab ) H o

0.0266
.0266
.0266

0 .0 0 0 0

.0266 + 0 .8 6  

.0797 +1 .05

—0.99 (interpolated) 
-1 .0 3  
- 1 . 2 2

I o n izatio n  of  o-N it r o a n il in e  i n  S olutions of H2SO* 
in  t h e  S o l v en t  CH3OOOH-H2O, M ole R atio  1-1

Moles of H2SO4
per 1000 g. of solvent Log (CBH+/c b )  H o

1.707 + 1 .09  - 1 .2 6
1.912 1.26 -1 .4 3
2.790 1.78 -1 .9 5
2.998 2.00 -2 .1 7

T a b l e  II
E ffect  of C o m position  of M e d iu m  on  H o of 

H2S04-H20-C H 3C 00H  S olutions
Mole fraction of H2SO4 in

Ho
h 2o CHsCOOH-mO 

Mole ratio 1-1
CH3COOH

-1 .2 6 0.059 0.063 0.0028
-1 .4 3 .067 .070 .0042
-1 .9 5 .094 .098 .0118
- 2 .1 7 .104 .105 .0169

acetophenone is about 20% lower than theirs, a 
result possibly due to failure of dilution to arrest 
the reaction in the latter stages of their runs.

Ho.
Fig. 3.—Relations between I1Q and log h in 

bromination of m-nitroacetophenone: O, H2SO4 
in CH3COOH, M  = 0.0161-0.146; 3 ,H2S0 4in 
CH3COOH +  H2O, molar ratio 1-1; ©, H2S04 
in CH3COOH +  NaHS04 (data taken from 

Table III).

T a b l e  III
R a te  of B r o m in a t io n  o f  ra-N  itro  a c e t o p h e n o n e  in  

H 2S04“ Ö H 3C 0 0 H  S o l u tio n s

Concentration 
of H2SO4 in 
mole/liter k Log k
0.0161 0.00160 - 2 .8 0

.0251 .00244 -2 .6 1
.00246 -2 .6 1

.0282 .00268 - 2 .5 7
.00296 -2 .5 3

.0322 .00372 - 2 .4 3

.0392 .00567 - 2 .2 5
.00643 - 2 .1 9

.0405 .00622 - 2 . 2 1

.00666 - 2 .1 8
.0434 .00606 - 2 . 2 2

.00645 -2 .1 9

.00682 - 2 .1 6
.0484 .00709 - 2 .1 5
.0609 .00848 - 2 .0 7

.01089 - 1 .9 6
.0731 .0105 - 1 .9 8

.0116 - 1 .9 3

.0 1 2 0 -1 .9 2
.0786 .0151 - 1 .8 2
.0810 .0146 - 1 .8 4
.0914 .0237 - 1 .6 2
.1032 .0288 - 1 .5 4

.0319 -1 .5 0
.1196 .0297 - 1 .5 3

.0352 - 1 .4 5
. 1454 .0409 - 1 .3 9

.0421 - 1 .3 7
. 1462 .0594 - 1 .2 3
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T a b l e  III (Concluded)

E ff e c t  of  NaHSC>4 o n  R a t e  of B r o m in a tio n  of m -  

NlTRO ACETOPHENONE IN H2SO4-CH 3COOH SOLUTIONS

H2S0 4
Mole/liter

N aH S04 k Log k

0.0266 0.0000 0.00260 —2.58'
.0266 .0266 .00284 -2 .5 5

.00294 -2 .5 3
.0266 .0797 .00278 -2 .5 6

.00286 -2 .5 4

R a t e  of B r o m in a t io n  of w -N itr o a c eto ph en o n e  in  
S o l u tio n s  of H 2S 0 4 in  t h e  S o l v en t  CH3COOH-H2O, 

M ole  R a tio  1-1
Concn. of 
H2SO4 in mole/liter k log k

1.68 0.00622 -2 .2 1
.00617 -2 .2 1

1.88 .00868 -2 .0 6
.01002 -2 .0 0

2.52 .0264 -1 .5 8
.0243 -1 .6 1

2.82 .0341 -1 .4 7
.0332 -1 .4 8

R a te  of  B r o m in a t io n  of w -N itr o a c eto ph en o n e  in  
0.5 M olar  HCl in  t h e  M e d iu m  

75% A cetic  A cid  in  W a t e r  b y  V olume 

k =  0.000396 ±  0.000005 
.000395 =*= .000007

In terms of “fall of 0.02 N  thiosulfate titer per minute per 
20 cc. of solution containing 0.1 molar ketone concentra­
tion,” this constant would have the value 0.079. Evans 
Morgan and Watson611 have reported 0.099.

Discussion
As was to be expected and has been reported by 

Hall and Spengeman13 on the basis of more ex­
tensive data than ours, a solution of sulfuric acid 
in glacial acetic acid is much more acid than one 
of the same sulfuric acid concentration in water. 
Our measurements on Solutions in the equimolar 
mixture of the two solvents show that this me­
dium resembles water much more nearly than it 
does acetic acid. This is true no matter what 
concentration scale is used, but is especially true, 
as Table II shows, on the basis of mole fractions. 
The mole fraction of sulfuric acid necessary to pro­
duce a given value of H q in the mixed solvent is 
nearly identical with that required to produce the 
same acidity in water alone, whereas a much 
smaller mole fraction of the strong acid is re­
quired in glacial acetic acid.

Qualitatively the behavior of the reaction rates
(13) Hall and Spengeman, reported at the Kansas City meeting of

the American Chemical Society, April, 1936.

is parallel. The concentration of sulfuric acid 
required to produce a given rate is much higher 
in the mixed solvent than in glacial acetic acid, 
and in either solvent an increase in H q is accom- 
panied by an increase in rate. The kind of simple 
quantitative correlation between reaction rate 
and indicator acidity which we have previously 
found in mixtures of strong acids with water is 
however lacking. In the first place, we note that 
two Solutions, one in glacial acetic acid, the other 
in the equimolar acetic acid-water mixture, which 
possess the same value of H 0, do not necessarily 
give rise to equal reaction rates. Obviously we 
have to deal with specific effects of the solvent 
upon the rate.

Furthermore, the plot (Fig. 3) of log k  against 
ZZo for the experiments in glacial acetic acid, while 
satisfactorily linear, possesses a slope consider­
ably greater than unity (about 1.6), a phenome­
non not susceptible to any simple interpretation. 
Barring specific solvent effects, a reaction of ke­
tone with solvated hydrogen ion would lead to 
unit slope in this plot, and unit slope has, indeed, 
been found for a number of reactions in mixtures 
of strong acids with water.2-4 Although the data 
are too scanty for assurance, our few measure­
ments in the mixed acetic acid-water solvent are 
not inconsistent with unit slope in this medium 
also. That the effect is due to catalysis by mo­
lecular sulfuric acid seems improbable for two 
reasons. In the first place, the activity of mo­
lecular sulfuric acid in the solvent acetic acid 
is known from the measurements of Hutchison 
and Chandlee,14 and is fairly closely proportional 
to the molality of the sulfuric acid in dilute Solu­
tions. Our reaction rates, on the other hand, in­
crease considerably more rapidly than the first 
power of the sulfuric acid molality. Furthermore, 
the magnitude of a catalysis by molecular acid 
should be increased by the addition of sodium bi­
sulfate, and our results show that the salt has 
relatively little effect upon the rate.

It follows that specific effects are present in 
these acetic-sulfuric acid Solutions which were 
absent in the aqueous Solutions in which we have 
found simple proportionality between rate and 
acidity.2-4 Further work will be necessary in 
order to determine the region within which these 
simple relations apply and to account for the ex­
istence of the specific effects.

(14) Hutchison and Chandlee, T h is  J o u r n a l , 53 , 2881 (1931). 
See also La Mer and Eichelberger, ibid., 54, 2763 (1932).



Nov., 1936 Energy Levels in Electrochemistry 2187

Summary

By a colorimetric method the rate of bromina­
tion of the ketone m-nitroacetophenone has been 
measured in Solutions of sulfuric acid in acetic 
acid of concentration varying from 0.016 to 0.15 
molal. Measurements to establish the effect of 
sodium bisulfate upon the rate of the reaction in 
these Solutions and a limited series of measure­

ments in Solutions in a mixed acetic acid-water 
solvent have also been made.

It has been found that in the acetic acid solu­
tion the rate of reaction increases with increasing 
sulfuric acid concentration more rapidly than does 
either the acidity function H 0} the stoichiometric 
concentration of sulfuric acid, or the activity of 
sulfuric acid.
N ew Y ork , N. Y . Received July 23, 1936

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

Energy Levels in Electrochemistry. II
By Wilder D. Bancroft and James E. M agoffin

In aqueous Solutions sulfuric acid can only be 
reduced electrolytically when the concentration 
is very high. Raising the temperature is equiva­
lent to increasing the concentration. Sodium 
sulfate and ammonium sulfate Solutions cannot 
be reduced electrolytically at any concentrations 
and temperatures that can be reached in open 
vessels.

On the other hand sulfurous acid and sodium 
sulfite can easily be oxidized electrolytically to 
sulfuric acid and sodium sulfite. A sulfite-sulfate 
electrode is therefore a one-way electrode, the 
reaction being irreversible electrolytically.1 It 
was shown in our previous paper2 that at constant, 
temperature and constant pH, the potential 
difference at a sulfite-sulfate electrode should 
be a function of the concentration of the 
sulfite and independent of the concentration of 
the sulfate as an oxidation product. Lewis, 
Randall and Bichowsky3 found that at constant 
temperature and constant pH the change of elec­
tromotive force with change of concentration of 
sulfurous acid was described very well by the 
theoretical formula. They did not find that sul­
fate concentration had no effect because they 
varied the pH at the same time. This gap was 
filled by Noyes and Steinour4 who showed that, 
“provided the hydrogen-ion concentration is 
nearly the same, hydrochloric acid and sulfuric 
acid produce (in association with sulfurous acid) 
substantially the same electromotive force.” 

Schaum5 and von der Linde6 found that the
(1) Conant, C h e m . R e v . ,  3, 4 (1926).
(2) Bancroft and Magoffin, T h is J o u r n a l , 57, 2561 (1935).
(3) Lewis, Randall and Bichowsky, i b i d . ,  40, 356 (1918).
(4) Noyes and Steinour, i b i d . ,  51, 1418 (1929).
(5) Schaum, Z . R le k tr o c h e m ., 7, 483 (1901).
(6) Von der Linde, Inaugural Dissertation, Marburg, 1902

electromotive force of a sodium sulfite electrode 
varies with the concentration as it should, and 
that it makes no difference whether one dilutes 
with water or with sodium sulfate. The addition 
of a drop of benzyl alcohol was found to shorten 
the time necessary to reach equilibrium. We 
have not been able to confirm this effect of benzyl 
alcohol; but our experiments were made with 
smooth platinum electrodes and not with plati­
nized electrodes.

The case of the cysteine-cystine electrode is 
more striking, because the same general results 
have been obtained by all workers. Dixon and 
Quastei7 found that the electromotive force of 
this electrode at constant temperature and con­
stant pH. is a function of the concentration of 
cysteine and is independent of the concentration 
of cystine. This is the more interesting because 
cystine can be reduced to cysteine with tin and 
hydrochloric acid. The discrepancy between the 
potential difference generated by cysteine and that 
necessary to reduce cystine to cysteine is there­
fore not very large; but it is sufficiënt to change 
the electrode from the reversible to the irrever­
sible class. Dixon thought that cysteine was a 
stronger reducing agent at a mercury electrode 
by about 200 mv. than at a gold electrode. He 
ascribed this, apparently erroneously, to the high 
hydrogen over-voltage which can be observed at 
a mercury electrode.

Dixon found that glutathione behaved like 
cysteine. Michaelis and Flexner8 have confirmed 
Dixon on the important points; but they offer 
a different and apparently better explanation for

(7) Dixon and Quastei, J .  C h e m . S o c . ,  123, 2943 (1923) ; Dixon, 
P r o c .  R o y .  S o c . (London), B101, 57 (1927).

(8) Michaelis and Flexner, J .  ß i o l  C h e m ,,  79, 689 (1928)
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the behavior of a mercury electrode. They re­
port, p. 721, that “a solution of cysteine in ab­
sence of oxygen establishes a definite potential 
at an indifferent electrode. This potential is in­
dependent of the concentration of cystine and 
depends logarithmically on the concentration of 
cysteine [over the range from 0.1 to 0.002 M  a t a 
pH of 4.6] and of hydrogen ions. The potential 
is identical at electrodes of blank platinum, gold- 
plated platinum, and mercury, and reproducible 
to within 5 mv. Slight tracés of oxygen displace 
the potential to the positive side. Mercury is 
much less sensitive to oxygen than platinum or 
gold-plated platinum and has the advantage of 
yielding final values in a relatively short time.”

If the explanation offered by Michaelis and Flex­
ner for the behavior of mercury electrodes is 
right, it should be general and should apply to all 
reducing agents. This is the more important be­
cause many measurements of the electromotive 
forces of reducing agents are made in the presence 
of air. The measurements given in our previous 
paper in Table II were repeated, using mercury 
electrodes instead of smooth platinum önes. 
The results are given in Table I.

T a b l e  I
Pt | M  Na2S03 +  A | Calomel electrode: A =  concentra­
tion of other salt; B =  E c with smooth platinum electrode; 
C == E c with mercury electrode. The calomel electrode is 

always cathode
A B c

Zero 0.146 0.313
M / 10 Na2S 04 .153 .320
M  NaS04 .149 .310
M  NaCl .182 .323
M  NaBr .188 .341
M  NaCNS .228 .347
M  NaOH .271 .278
M  Nal .302 .499

electromotive forces obtained with
mercury electrodes, with the exception of the cell 
containing sodium hydroxide, are 120-200 mv. 
higher than the corresponding ones with plati­
num electrodes. This agrees with the results of 
Dixon and of Michaelis. The constant values 
are reached much more quickly with mercury 
than with platinum, so that a mercury electrode 
is more convenient to use than a platinum one. 
Mercury electrodes should be tried in measure­
ments of photographic developers.

It seemed desirable to know something about 
the temperatures at which sodium sulfate and 
somè other salts could be reduced by so energetic 
a reducing agent as metallic sodium. . A small

oven was constructed of asbestos board and a 
glow-coil heater installed. The dry salts were 
mixed with approximately an equal weight of 
metallic sodium and placed in a hard-glass test- 
tube which was lowered into the oven through a 
small aperture in the roof. The mixture was 
stirred thoroughly throughout the heating, and 
the temperature was measured by inserting the 
bulb of a thermometer into the salt-sodium mix­
ture. No correction was made for emergent 
stem and the temperatures given are only first 
approximations. After heating, the apparatus 
was allowed to cool and the mixture was then 
poured into water to decompose any excess so­
dium. The resulting solution was made acid with 
nitric acid and tested for reduction products. 
In the case of the sulfates and sulfites the test 
was made for sulfides, while chlorides were tested 
for in the case of chlorates and perchlorates. 
Reduction of potassium chlorate was also at­
tempted with a 0.7% sodium amalgam at tem­
peratures below the melting point of sodium. 
The data are given in Table II.

T a b l e  II
A ppr o x im a te  R e d u c t io n  T e m pe r a t u r e  w it h  S o dium

Salt Temp., °C.
Sodium sulfate 370
Sodium sulfite 300
Potassium perchlorate 280
Potassium chlorate 100 (70)

The temperatures of reduction given in Table 
II show that sulfites are reduced more readily 
than sulfates and chlorates than perchlorates. 
This was to be expected, because chlorates break 
down when heated at a lower temperature than 
perchlorates and because sulfates seem to go di­
rect to sulfides when heated. It would be pos­
sible to do decomposition-voltage measurements 
for sodium sulfate in the presence of fused caustic 
soda; but this delightful task was left for somebody 
eise. I t was hoped to determine the approximate 
temperature at which hydrogen reduces platinized 
sodium sulfate; but the time at our disposal did 
not permit of this.

Potassium chlorate can be reduced by sodium 
amalgam at temperatures below the melting point 
of sodium; but the reduction is very slow, only 
tracés of chloride being formed on heating for 
three hours at 70°. At 100° sodium amalgam 
reduces potassium chlorate quantitatively in a 
few minutes.

In the light of what we now know, Quastel,
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Stephenson and Whetham9 were very elose to the 
truth a dozen years ago. “It was found [by 
Quastei and Whetham10] that in the presence of 
resting bacteria succinic acid donates hydrogen 
to methylene blue with the production of fumaric 
acid. It was also found that in the presence of 
the bacteria fumaric acid oxidizes leucomethylene 
blue, so that finally an equilibrium is established 
between succinic acid, fumaric acid, methylene 
blue and leucomethylene blue. " ’

Bernheim and Dixon11 made use of the same 
concept in their study of the reduction of nitrates 
to nitrites in animal tissues. “If it is assumed 
that the nitrate invariably requires activation 
before it can be reduced in the tissues, it is clear 
that the catalyst responsible must be associated 
in a very special way with the particular oxidase 
systems in the cell. . . .

“Nitrates differ from methylene blue in giving 
no oxidation potential at a platinum electrode, 
in this respect resembling the aromatic nitro- 
compounds. The latter are nevertheless easily 
reduced, both in vitro, for example by -SH com­
pounds (cysteine, glutathione, etc.) and also by 
the dehydrases. Nitrates are not reduced by 
cysteine unless a nitrate-activating catalyst is 
present (Quastei, Stephenson and Whetham).”

The colloid chemist—and still more the physi­
cal chemist—is not yet accustomed to considering 
“resting" " bacteria, of which he has never before 
heard, as acting as catalytic agents to succinic 
acid in something the same way that platinum 
does to hydrogen. It is evident, however, that 
some day there will be an extensive study of the 
catalytic action of “resting’" bacteria.

From our point of view the formulation of all 
oxidation-reduction systems is very simple. If a 
substance does not pass through a more strongly 
reducing stage while being oxidized, it will give an 
electromotive force with an inert electrode quite 
apart from any catalytic action of the electrode or 
of the solution. If the substance does pass 
through a more strongly reducing stage while 
being oxidized, it will not act electromotively as a 
reducing electrode unless the electrode metal or

(9) Quastei, Stephenson and Whetham, Biochem. J., 19, 305 
(1925).

(10) Quastei and Whetham, ibid., 18, 519 (1924).
(11) Bernheim and Dixon, ibid., 22, 132 (1928).

the solution is a sufficiently powerful catalytic 
agent to eliminate the effect of the energy hump. 
The converse is also true. If a substance does 
not pass through a more strongly oxidizing stage 
while being reduced, it will give an electromotive 
force with an inert electrode quite apart from any 
catalytic action of the electrode or of the solution, 
If the substance does pass through a more 
strongly oxidizing stage while being reduced, it 
will not act electromotively as an oxidizing elec­
trode unless the electrode metal or the solution 
is a sufficiently powerful catalytic agent to elimi­
nate the effect of the energy hump.

Any given oxidation-reduction system may be 
reversible both ways as with the ferrous-ferric 
electrode; it may be reversible one way as with 
the cysteine-cystine electrode; or it may be irre­
versible both ways as with the chloride-chlorate 
or chlorate-perchlorate electrode.

This accounts for potassium nitrate, nitroben­
zene and acetic acid not giving oxidation poten­
tials, and for ammonia, aniline, and alcohol not 
giving reduction potentials. On the other hand, 
phenylhydroxylamine and nitrosobenzene is a 
completely reversible system and so is hydro­
quinone and quinone.12

Summary
The general results of this paper are :
1. Since the reduction of cystine to cysteine 

is not strictly reversible, the electromotive force 
of a cysteine-cystine electrode is theoretically a 
function of the temperature, the pH and the con­
centration of cysteine but not a function of the 
concentration of cystine.

2. If an electron transfer between an inert 
metal and an oxidizable or reducible substance 
involves passing through an energy hump under 
the conditions of the experiment, a reducing po­
tential or oxidizing potential characteristic of 
that substance will not be set up; otherwise, it 
wilL

3. “Resting” bacteria are catalytic agents for 
some systems and we shall some day have a bac- 
terial chemistry based on this property.
Ithaca , N. Y. R e c e iv e d  J u n e  30, 1936

(12) Gladstone and Hickling, “Electrolytic Oxidation and Reduc­
tion,” 1936, p. 159.
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The Effect of Halogen Substituents on the Rearrangement of Allyl Aryl Ethers. II.
Ethers which Behave Abnormally

B y  Charles D. H urd  and  Carl N. W e b b

The previous paper1 of this series dealt with 
three halogen-substituted allyl aryl ethers which 
rearranged normally into allylphenols. Eleven 
related compounds, nine ethers and two phenols, 
are taken up in this paper. The list is given in 
Table I.

2,4-dibromophenyl ether during pyrolysis1 in 
spite of the large yield of L, but in this case 
hydrogen bromide was absent. With hydrogen 
bromide present the change, in part, of L into M 
would be anticipated.4 The rearrangement of L 
into M by hydrogen bromide was confirmed by

Symbol

T a ble  I

C om pounds S t u d ie d
Name Formula

A Allyl 2,4,6-tribromophenyl ether CH2=CH CH 2—o—C Ä B r,
B Allyl 2-methyl-4,6-dibromophenyl ether CH2—CHCH2—O—C«H2MeBr2
C Allyl 2,6-dibromophenyl ether CH2=CHCH 2—O—C«H,Br2

D Allyl 2-methyl-6-bromophenyl ether CH ^CH CH ,—O—C6H,MeBr
E ß-Chloroallyl phenyl ether c h 2= cci—c h 2—O—C,H6

F /3-Bromoallyl phenyl ether CH2=C Br—CH2—O—CtH6

G 7 -Chlor oallyl phenyl ether c h c i= c h c h 2—0 —c«h 6

H y-Chloroallyl p -tolyl ether CHC1=CHCH2—O—CeHiCH,
I y-Bromoallyl phenyl ether CHBr=CHCH2—O—CeHs
J 0-(/3-Chloroallyl)-phenol HO—C6H4—CH2CC1=CH2
K o-( 7 -Chloroallyl)-phenol HO—C6H4—CH2CH=CHC1

The results show that none of the nine ethers 
rearranges in the normal fashion. All give 
greater or less amounts of hydrogen halide and 
polymeric products. No C3- or Cö-hydrocarbons 
were liberated, a matter of some significance2 with 
A and B. Differing from the three ethers men­
tioned in the previous paper, none of the etheïs 
A-D possessed unsubstituted ortho positions but 
C and D possessed available para positions. 
Therefore, they might be expected to give normal 
rearrangement products. Actually D did rear- 
range in part to 2-methyl-4-allyl-6-bromophenol. 
In the case of C, the phenolic mixture which was 
obtained seemed to be a mixture of 4-allyl-2‘,6- 
dibromophenol3 and 2-allyl-6-bromophenol but 
it could not be separated satisfactorily.

That the ortho bromine may be replaced by the 
incoming allyl group was definitely established 
with the tribromo ether (A) since 2-allyl-4,6- 
dibromophenol (L) was a reaction product. An 
isomeric product, probably 2-methyl-5,7-dibromo- 
cumarane (M), was also isolated. It will be 
recalled that none of it was formed from allyl

(1) Hurd and Webb, T h is  J o u r n a l , 58, 941 (1936).
(2) Claisen and Tietze, A n n . ,  449, 81 (1926), reported such hydro­

carbons from an allyl 2,4,6-trialkylphenyl ether.
(3) Raiford and Howland, T h is  J o u r n a l , 53, 1051 (1931), re­

ported non-rearrangemeqt of (C) bilt they included no details.

experiment. The transformation of A into L in­
volves a dehydrogenation of the solvent or reac­
tant: (A) +  2H —> (L) +  HBr.

Br

fV°H
Br—lN JCH2CH=CH5 

(L )

Br~

X'CHCH3

c h 2

The haloallyl aryl ethers (E-I) apparently 
underwent rearrangement as an initial effect but 
only with E was the isomeric phenol (J) isolable. 
In this case also much of it isomerized to 2- 
methylcumarone (N). Part of the N polymer­

ized but the fact that some of it was isolable was 
due to its comparative dilution, since when pure

(4) For similar ring-closures, see Claisen and T ietze , B e r . ,  58, 280 
(1925).
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T a b le  II
P r o pe r t ie s  of t h e  E t h e r s

Ether
-------------B- p- -°c. mm. J*20d Halogen

---- Analyses, %----
Calcd. Found

Moles of HX envolved 
per mole of ether

A — — (a ) Br 64.67 64.72 0.74
B 137-141 4 ( b ) Br 5 2 .2 6 52.40 .58
C 112-113 2 1.5830 Br — — .62
D 81-85 0 .5 1.5451 Br 35.22 35.68 .15
E 89-91 12 1.5329 CI 21.04 21.28 .54
F 83-88 7 1.5557 Br — — .39
G 122-127 27 1.5421 CI 21.04 21.15 .24
H 101-106 7 1.5360 CI 19.42 19.41 .44
I 101-103 7 1.5620 Br 37.52 37.68 .03

° M. p. 76-77°. b M. p. 34-37°.

J was pyrolyzed only the polymers were found. 
Considerable search was made for o-(ß-bromo- 
allyl)-phenol from F but none was found, con- 
trary to von Braun.5 Complex phenols were 
found in 18-29% yields and also neutral polymers 
but phenol itself was the only phenol actually 
isolable. The N formed from G contained a 
persistent chlorine-containing impurity. It was 
formed normally via 0-(a:-chloroallyl)-phenol, and 
not via K. On heating, the chief reaction of K 
was isomerization to 2-(chloromethyl)-cumarane,

/ ° \
C6H4< >CHCH2C1.

\ ch/
Significant amounts of phenol and 1,3-dibromo- 

propene were formed from (I), evidently by reac­
tion of the liberated hydrogen bromide on the 
unused ether: CeHsOC^CIF—CHBr +  HBr
—> C6H5OH +  BrCH2CH=CHBr.

Experimental Part
Eastman 2,3-dibromopropene and tribromophenol were 

used in this work. The 2-methyl-6-bromophenol6 was 
generously supplied by Dr. R. C. Huston of Michigan 
State College. It was redistilled before use: b. p. 204-
207° (742 mm.). The 1,3-dibromopropene,7 2,6-dibromo- 
phenol3 and 2-methyl-4,6-dibromophenol8 were prepared 
by methods described in the literature; the percentage 
yields, respectively, were 23, 35 and 82.

2,3-Dichloropropene.—Although this is not new, there 
are no satisfaetory directions for its preparation. It was 
found that the excellent directions for 2,3-dibromopro­
pene9 were adaptable. The following procedure, out of 
several tried, gave the best results. A mixture of 144 g. 
of trichloropropane, 13 g. of water and 90 g. of crushed 
(not powdered) sodium hydroxide was placed in a 500-cc. 
round-bottomed flask under a 3-ball Snyder floating-ball 
column. The mixture was heated with a smoky flame at 
such a rate that slow distillation took place. The distillate 
was washed with water, dried and fractionated through the

(5) Von Braun, Kuhn and Weismantel, A n n . ,  449, 264 (1926).
(6) Huston and Neeley, T h is  J o u r n a l , 57, 2177 (1935).
(7) Von Braun and Kuhn, B e r . ,  58, 2170 (1925).
(8) Zincke and Hedenström, A n n . ,  350, 273 (1906).
(9) Lespieau and Bourguel, O r g a n ic  S y n th e s e s ,  5, 49 (1925).

column. That portion which was collected at 92.5-97° 
weighed 86 g. (80% yield), Redistillation gave these 
constants: b . p. 93-96°, n 21 d 1.4600.

Trichloropropane.—Several modifications of the direc­
tions of Pfeffer and Fittig10 were used. Distilled glycerol 
dichlorohydrin (b. p. 170-176°) was used instead of the 
crude material. After treatment of this with phosphorus 
pentachloride most of the phosphorus oxychloride was 
distilled off before washing the product with water; 
From 170 g. of dichlorohydrin, 110 g. of trichloropropane 
(57% yield) was obtained; b. p. 153-158°.

1,3-Dichloropropene.—This was made by the method of 
Hill and Fischer11 but in much lower yields. The best 
yield obtained was 34% for material boiling at 106-109°, 
or 39% for material boiling at 106-112°. Much larger 
amounts of trichloropropane and recovered glycerol 
dichlorohydrin were obtained than Hill and Fischer re­
ported. Also, there was 60-65 g. of a high-boiling residue 
from 330 g. of dichlorohydrin.

Preparation of the Ethers
The ethers were prepared as before.1 In the case of the 

chloroallyl and bromoallyl ethers, the limiting factor for 
yield was the dihalopropene rather than the phenol. In 
these cases 1.1 moles of the phenol was used for each mole 
of halide. Slight modification was necessary in the case 
of (A). It, being a solid and insoluble in ether, was worked 
up by solution in chloroform, and was recrystallized there- 
from for purification.

In the synthesis of B, dibromo-ö-cresol acted peculiarly. 
When the potassium carbonate was added to it in acetone 
solution, the mixture warmed, a gas was evolved and a 
sticky, brown precipitate formed. After the subsequent 
nine hours of refluxing with allyl bromide, much of the 
latter was unused. The yield of ether was very low and 
there was much tar.

Ethers A,12 C,3 F,5 G13 and H 13 have been made pre­
viously and analyzed. Ether A was prepared in a 0.7- 
mole run, and E in a 1.0-mole run. The other runs were 
0.2-0.5 molar. The percentage yields, respectively, for 
the various ethers (A to I) were: 91, 11, 91, 77, 60, 85, 
72, 65, 77. The constants and analytical data are sum­
marized in Table II.

(10) Pfeffer and Fittig, A n n . ,  135, 359 (1865).
(11) Hill and Fischer, T h is  J o u r n a l , 44, 2582 (1922).
(12) Varda, G a z z .  c h im .  i t a l . ,  [2] 23, 495 (1893); Raiford and 

Birosel, T h is  Jo u r n a l , 51, 1776 (1929).
(13) Bert, C a m p t ,  r e n d . ,  192, 1565 (1931).
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Pyrolyses
The apparatus and procedure were the same as de­

scribed in the previous paper. 1 Experiments were per­
formed at 200-220°, usually for two hours. Ethers E and 
H were heated without solvents, ethers A, F, G, I both 
with and without solvents (tetralin, decalin, fluorene), 
and ethers B, C, D only with solvents. The HX evolved 
was absorbed in 0.5 N  alkali. Solvents, in the case of 
A, F, G, I, did not affect the quantity of hydrogen halide 
evolved (see Table II). An exothermic reaction was 
not iced only in the case of A, but the other allyl ethers 
(B, C, D) might have behaved similarly had no solvent 
been present. The maximum temperature attained on a 
25-g. sample of A, heated by a bath at 202-223°, was 270°. 
The inside temperature of the chloro- or bromoallyl ethers 
(E-I) always lagged below the bath temperature.

In all the runs, phenolic and neutral tars were produced. 
Also, from A, C, and D a liquid product was formed in 
tracés which appeared to be allyl bromide. A similar 
product, namely, 1,3-dibromopropene, was formed in 
greater quantity from (I). Results with the various ethers 
will be listed.

Allyl 2,4,6-Tribromophenyl Ether.—A 25-g. portion of 
the ether was heated for two hours at 197-211° in 63 g. 
of tetralin. The principal phenolic product distilled at 
125-130° (2 mm.); 13.5 g., 6 8 % yield. It was essentially
2-allyl-4,6-dibromophenol. When treated with chloro­
acetic acid it gave 2-allyl-4,6-dibromophenoxyacetic acid, 1 

m. p. 114-116°.
The neutral fraction weighed 6 .6  g., about half of which 

was 2-methyl-5,7-dibromocumarane, b. p. 130-135° (1 
mm.). This was synthesized for comparison. When (A) 
was heated without a solvent, the only identifiable product 
was a small amount of tribromophenol.

2-Methyl-5,7-dibromocumarane.—A sample of 2-allyl-
4,6-dibromophenol was boiled for two hours with an aque­
ous acetic acid solution of hydrogen bromide according to 
Claisen’s general method.4 The cumarane (M) was col­
lected in 47% yield at 129-134° (1 mm.); n 20D 1.6075.

A n a l. Calcd. for CgHsOB^: Br, 54.77. Found: Br, 
54.75.

Allyl 2-Methyl-4,6-dibromophenyl Ether.—Sixteen
grams of (B), mixed with 24 g. of tetralin and heated for 
two hours, yielded 5.5 g. of phenolic products and 8.1 g. 
of neutral material. No pure products were isolable from 
the fractions.

Allyl 2 ,6-Dibromophenyl Ether.—From 47 g. of (C), 
heated with 66  g. of tetralin, there was isolated 17.2 g. of 
crude phenolic material. Distillation at 2 mm. gave these 
fractions (°C., g., n 20D, %  Br): 96-98, 2.9, 1.5784, 39.97; 
98-104, 6.2, 1.5842, (no anal.); 107-112, 2.4, 1.5953, 
44.61; 112-117, 2.3, 1.6057, 46.14; residue, 3 g. The 
lowest fraction appeared to be chiefly 2 -allyl-6 -bromo- 
phenol (calcd. Br, 37.54), and the highest fraction chiefly
4-allyl-2,6-dibromophenol (calcd. Br, 54.77).

Distillation of the neutral products at 1-2 mm. yielded 
3  g. of naphthalene (formed by dehydrogenation of the 
tetralin), and 7 .4  g. of the recovered ether, b. p. 10 2- 1 1 2 °.

Allyl 2 -M ethy 1-6-bromophenyl Ether.—Thirty-three 
grams of (D), mixed with 33 g. of tetralin, yielded 7.7 g. 
(23%) of 2-methyl-4-allyl-6-bromophenol; b. p4 101— 
U0° (1.5 mm.)» n 20d 1*5711»

A n a l. Calcd. for CioHnOBr: Br, 35.2: Found: Br, 
35.3.

Evidence was obtained for about 1 g. of 2-methyl-6- 
bromophenol but there was no evidence for 2 ~methyl-6 - 
allylphenol, which would be anticipated if there were re­
placement of the bromine in (D) as in (A). No pure 
products were isolated from the 14.2 g. of crude neutral 
material.

ß-Chloroallyl Phenyl Ether.—When heated for two 
hours at 216-223°, this ether (52 g.) yielded a colorless 
phenolic oil (12.4 g.) which boiled at 130-134° (12 mm.); 
n 20d  1.5778. Analysis showed this to have the compo­
sition of ö-(j3-chloroallyl)-phenol. When allowed to stand, 
this material gradually became viscous and finally changed 
to a solid.

From the neutral material, 8 g. of 2-methylcumarone 
was isolated; b. p. 190-193°, b. p. 56-57° (8  mm.), n 20D 
1.5590.

A n a l. Calcd. for C9H80: C, 81.8; H, 6.06. Found; 
C, 81.4; H, 6.21.

This material reacted with bromine in carbon disulfide 
to give an oil; b. p. 116-119° (15 mm.); n 20D 1.5873.
2-Methylcumarone (b. p'. 190-193°, n2hd 1.5552) and its 
bromination product (b. p. 114-118° (15 mm.); n 20D 

1.5875) were prepared for comparison by the method 
of Adams and Rindfusz. 14

ß-Bromoallyl Phenyl Ether.—When this ether was 
heated without a solvent, only a tar resulted. When 15 g. 
of (F) was heated with 3 g. of decalin or 5 g. of fluorene,
2-3 g. of a bromine-containing, infusible solid resembling 
carbon accumulated on the sides of the flask. Consider­
able phenolic substances (18-29%) were extracted from 
the reaction mixture. Distillation gave rise to a trace of 
phenol, identified as tribromophenol. Nothing distilled 
at 135° (14 mm.), the b. p. of ö-(/3-bromoallyl)-phenol. 
The residue was a tar.

Less than 1 g. of (F) was recovered on attempted dis­
tillation of the neutral material. The thick tarry residue 
weighed 3.5 g.

7-Chloroallyl Phenyl Ether.—Fourteen different runs 
were carried out with (G). Practically no phenolic products 
were obtained except in the runs with fluorene as solvent. 
Thus, from 31-33 g. of G (in 11-14 g. of fluorene), heated 
for forty, ninety and four hundred forty minutes, there 
was formed 0.5, 1.2 and 2.3 g. of phenols. The 0.5 and 1.2- 
g. portions were thick, dark oils which gave good chlorine 
tests. The 2.3-g. portion yielded 0.53 g. of phenol (identi­
fied as tribromophenol) on steam distillation.

The principal product from (G) was a neutral material 
of lower b. p. It could not be separated completely from 
unchanged G either by vacuum distillation or by Chemical 
means. On distillation at atmospheric pressure, it poly­
merized. Data from two runs will be listed, with and 
without a solvent.

Without Solvent.—In this run, 30.8 g. of G, n 21 d 1.5424, 
was heated for three hours at 215-225°, then distilled at 
27 mm. (°C., g., n 21 d) :  103-112, 0.5, 1.5606; 112-115, 
3.5, 1.5598; 115-118, 3, 1.5573; 118-120, 4, 1.5493; dark 
residue, 17 g. The 3.5-g. fraction (112-115°) possessed a

(14) Adams and Rindfusz, T h is  J o u r n a l , 41, 648 (1919). See 
also Claisen, A n n . ,  418, 84 (1919); B e r . ,  53, 322 (1920).



Nov., 1936 Abnormal Rearrangement of Allyl Aryl Ethers 2193

refractive index 0.0174 higher than G. Analysis (Cl, 
12.8%) indicated 39.4% of chlorine-free material.

With Solvent.—In this run, 30.8 g. of G, n 23D 1.5392, ad­
mixed with 11.5 g. of fluorene, was heated at 250-255° 
for forty minutes. From it there was collected at 9 mm. 
about 23 g. of distillates ( °C., g., n 23d). 68-74, 1.9, 1.5718; 
74-77, 3.3, 1.5657; 78-82, 5.0, 1.5572; 83-85, 8.7, 1.5468; 
85-88, 4.8, 1.5437. The residue, nearly colorless, was 
chiefly fluorene. None of the fractions, in common with 
G, possessed activity toward alcoholic or ammoniacal 
silver nitrate. This and other evidence suggests that the 
chlorine-containing impurity in the fractions is (G). 
The 1.9-g. fraction (68-74°) possessed a refractive index 
0.0326 higher than the original ether. Analysis (Cl, 
7.72%) indicated 63.3% of chlorine-free material.

Y-Chloroallyl £-Tolyl Ether.—From 25 g., only 0.3 g. of 
phenolic material was found. In the neutral portion, 10.4 
g. of (H) was recovered. There was 10.8 g. of a black 
residue the mol. wt. of which, determined cryoscopically 
in benzene, was 424. This suggests a trimer of 2,5- 
dimethylcumarone (mol. wt., 438).

Y-Bromoallyl Phenyl Ether.—From 18.9 g. of (I), the 
most interesting neutral material was 1.41 g. of liquid, 
b. p. 157°, which was satisfaetory for 1,3-dibromopropene. 
About 27% of (I) was recovered. The neutral tar weighed 
2 g. The only recognizable phenolic product from this 
ether was phenol itself, formed in 9-18% yields.

The ö-Chloroallylphenols
ö-(/3-Chloroallyl)-phenol (J), b. p. 95-100° (1 mm.), 

130-134° (12 mm.), was a product of pyrolysis of ß- 
chloroallyl phenyl ether (E).

A n a l. Calcd. for C9H9OCl: Cl, 21.04. Found: Cl,
21.02.

o-( Y-Chloroallyl)-phenol (K) was prepared in 17% yield 
by reaction of 47 g. of phenol, 11.5 g. of fine sodium, 250 
cc. of dry benzene and 56 g. of 1,3-dichloropropene for 
seventeen hours. The first half of the reaction was per­
formed at room temperature, the last half at refluxing 
temperature. On working up the products (alkali-extrac- 
tion and vacuum distillation), 14.5 g. of (K) was obtained; 
b. p. 151-156° (31 mm.), n 23d 1.5638. Concurrently, 4,5 
g. of the isomeric ether (G) was obtained from the alkali- 
insoluble portion. The phenol (K) was analyzed.

A n a l. Calcd. for C9H 9 OCI: Cl, 21.04. Found: Cl,
21.05.

Pyrolyses.—Phenols J and K were heated without sol­
vents in the manner described above for the ethers. The 
hydrogen chloride evolved from J was 0.73 mole (per 
mole of J) during ninety minutes, whereas that from K 
was only 0.023 mole during two hundred minutes.

Approximately equal amounts of molasses-like phenolic

and neutral products were formed from J. The phenolic 
material gradually became quite hard and resinous. 
There was 54% recovery of K. From a 6 -g. run, the prin­
cipal product was 1.03 g. of a neutral, halogen-containing 
material; b. p. 106-108° (9 mm.), w23d  1.5595. Analysis 
and comparison with synthetic material showed it to be
2 -(chloromethyl)-cumarane.

A n a l. Calcd. for C9H9OCl: Cl, 21.04. Found: Cl,
20.15.

Synthetic 2-(Chloromethyl)-cumarane.—Five grams of 
K, mixed with 20 cc. of acetic acid and 10 cc. of 48% 
hydrobromic acid, was heated for two hours. This is 
Claisen’s method4 of ring-closure. There was 2.3 g. of 
K recovered. From the neutral material, 1.5 g. of the 
desired cumarane was collected between 140-155° (28 
mm.), two-thirds of which was collected at 145-155°. 
This fraction, n u D 1.5615, was analyzed.

A n a l. Calcd. for C9H9OCI: Cl, 21.04. Found: Cl,
20.94.

Summary
Allyl aryl ethers were prepared wherein the 

aryl groups were 2-methyl-6-bromophenyl, 2,4- 
dibromophenyl, 2-methyl-4,6-dibromophenyl and
2,4,6-tribromophenyl. Also, ‘ ‘allyl” phenyl ethers 
were synthesized wherein the “allyl” group rep­
resented ß -  and 7 - chloroallyl, ß -  and 7 -bromo- 
allyl. 7 -Chloroallyl p-tolyl ether was also studied. 
All nine of these ethers evolved hydrogen halide 
on heating and gave rise to a complex mixture of 
products. The only cases which rearranged into 
isolable phenolic isomers were allyl 2 -methyl-6- 
bromophenyl ether, /3-chloroallyl phenyl ether and 
possibly allyl 2 ,6-dibromophenyl ether. Other 
phenolic products and neutral materials were 
formed. Cyclization was encountered in many 
cases and tarry polymeric products invariably 
were formed.

The chief organic products formed during the 
pyrolysis of allyl tribromophenyl ether were 2 - 
allyl - 4,6 - dibromophenol and 2 - methyl - 5,7- di- 
bromocumarane.

For purposes of comparison, study was also 
made of the pyrolysis of 0- (ß-chloroallyl) -phenol 
and o-(7 -chloroallyl)-phenol.
E v a n st o n , I l l in o is  R e c e iv e d  J u n e  1, 1936
O x fo r d , Oh io
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Phenanthrene Derivatives. VI. The Preparation of 1-, 2- and 3-Phenanthryl
Halides

B y  W. E. B a c h m a n n  a n d  C h a r l o t t e  H. B o a t n e r 1

During the sixty-four years that have elapsed 
since the discovery of phenanthrene only one 
mono-halogen derivative, other than the 9-phen- 
anthryl halides, has been prepared. This is not 
due to lack of effort, for numeröus attempts have 
been made to obtain these compounds. An ex­
tensive study of the halogenation of phenan­
threne and of phenanthrene derivatives was un- 
dertaken by Sandqvist2 who succeeded in obtain­
ing 3-chlorophenanthrene from 3-phenanthrene- 
sulfonic acid. The attempts at the total synthesis 
of the phenanthryl halides met with no more suc- 
cess. Pschorr3 applied his method of synthesis 
to the preparation of 1- and 3-bromophenan- 
threne but the attempt failed in the last step of 
the process. Berger4 likewise was unable to pre­
pare 2-bromophenanthrene by a similar procedure. 
Nylen,5 somewhat more successful, obtained a 
small amount of 3-chlorophenanthrene by the 
Pschorr synthesis.

The idea of preparing the phenanthryl halides 
through the diazo reaction was first conceived by 
Schmidt6 but he abandoned the investigation be­
cause of the difficulty of obtaining the phenan­
thryl amines. Werner and Kunz7 reported that
3-aminophenanthrene could not be diazotized. 
Although Schmidt8 reported the successful di­
azotization of this amine, he did not state the 
yield of the coupling product obtained with ß- 
naphthol, and his method of diazotization is 
laborious. In view of these results no attempt 
was made in the present investigation to use the 
ordinary methods of diazotization. Instead, we 
resorted to the method of de Milt and van Zandt9 
which was developed recently for the diazotiza­
tion of weakly basic and insoluble amines. Using 
their procedure we were able to diazotize 1-, 2- and
3-amino-phenanthrenes successfully.

(1) From part of the Ph.D. dissertation of Charlotte H. Boatner.
(2) Sandqvist, A n n . ,  369, 104 (1909).
(3) Pschorr, B e r . ,  39, 3106 (1906).
(4) Berger, J .  P r a k t .  C h e m .,  133, 331 (1932).
(5) Nylen, B e r . ,  53, 198 (1920).
(6) Schmidt, i b i d . ,  12, 1153 (1879).
(7) Werner and Kunz, i b i d . ,  34, 2524 (1901).
(8) Schmidt, i b i d . ,  34, 3531 (1901).
(9) De Milt and van Zandt, T h is  J o u r n a l , 58, 2044 (1936). In a 

private communication, Professor de Milt informed us that she had 
secured quantitative diazotization of some 3-aminophenanthrene 
which we had sent her.

Although the iodophenanthrenes were obtained 
by treating the phenanthrene diazonium sulfates 
with potassium iodide, the Sandmeyer reaction 
proved to be unsatisfactory for the preparation of 
the chloro- and bromophenanthrenes. These hal­
ides were obtained by using the procedure of 
Schwechten,10 which involves the intermediate 
formation and subsequent decomposition of a 
complex formed by interaction of the diazonium 
compound and mercuric halide and potassium 
halide. In Table I are presented the yields and 
properties of the phenanthryl halides that were 
prepared. By heating the aqueous Solutions of 
the diazonium salts the corresponding 1-, 2- and
3-phenanthrols were obtained. We are now en­
gaged in the preparation of the 4-phenanthryl 
halides and are also investigating other methods of 
preparation.

Experimental Part
Preparation of Chlorophenanthrenes and Bromophen­

anthrenes.—The 1-, 2- and 3-aminophenanthrenes11 were 
all diazotized in exactly the same manner. One and five- 
tenths grams of sodium nitrite was added with stirring 
to a cold mixture of 7.5 cc. of water and 15 cc. of concen­
trated sulfuric acid. The mixture was then heated with 
stirring on a steam-bath until a clear solution of nitro­
sylsulfuric acid was obtained. This solution was cooled to 
0° and stirred mechanically as a solution of 1.93 g. (0.01 
mole) of aminophenanthrene (1-, 2- or 3-isomer) in 10 cc. 
of pyridine was added drop by drop in the course of an 
hour. After addition was complete the mixture was 
stirred for one hour longer; it was then diluted to a volume 
of 200 cc. by addition of ice and water and treated with 
a solution of 1 g. of urea in 25 cc. of water in order to de­
stroy the excess of nitrous acid. After the solution had 
been stirred at 0° for another hour, the diazonium salt 
solution was ready for reaction.

To the yellow solution of the phenanthrene diazonium 
sulfate from 1.93 g. of aminophenanthrene was added 
a solution of 11 g. of mercuric chloride and 11 g. of potas­
sium chloride in 50 cc. of water. The mixture was 
allowed to stand in the cold for an hour in order that the 
deeply colored (yellow, orange or orange-red) precipitate 
of the double salt which formed could coagulate. The pre­
cipitate was filtered off, washed with water and air-dried 
for twelve to twenty hours. The dry double salt (6 g.) 
was intim ately mixed with 12 g. of potassium chloride and 
the mixture was heated cautiously in a 50-cc. distilling 
flask with a free flame, keeping the temperature just high

(10) Schwechten, B e r . ,  6 5 , 1605 (1932).
(11) Bachmann and Boatner, T h is  J o u r n a l , 58, 2097 (1936).
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T a b l e  I
P h e n a n t h r y l  H a l id e s

All of the compounds were obtained as colorless crystals by recrystallization from alcohol.
Yield, Analyses, %

Compound Cryst. form M. p., °c. % Formula Calcd. Found
1 -Chlorophenanthrene Plates 120-120.5 41 C14H9C1 Cl 16.7 16.7
2-Chlorophenanthrene Plates 85.5-86 42 16.7
3-Chlorophenanthrene Needles 80.5-81.5a 48 16.9
1-Bromophenanthrene Needles6 109.5-110 72 Ci4H9Br Br 31.1 30.6
2-Bromophenanthrene Plates 95-96 70 31.2
3-Bromophenanthrene Needles 83-84 70 31.1
1 -Iodophenanthrene Fine needles 112.5-113 53 c 14h 8i 1 41.8 41.0
2-Iodophenanthrene Prisms U6-116.5 47 40.9
3-Iodophenanthrene Stout needles 83.5-84 47 41.8

° Nylen5 reported a melting point of 80-81° for the product obtained by the Pschorr synthesis. Sandqvist2 reported 
the two values, 70.5-71 and 81°, for the product prepared by interaction of 3-phenanthrenesulfonyl chloride and phos­
phorus pentachloride. 6 The eompound also crystallizes in the form of plates.

enough for evolution of nitrogen to take place. When no 
more nitrogen was evolved, the chlorophenanthrene was 
distilled from the mixture under reduced pressure (4 mm.). 
The distillate was extracted with benzene in order to 
remove inorganic salts, the benzene solution was boiled 
with charcoal, filtered and evaporated and the residue of 
chlorophenanthrene was then recrystallized from alcohol. 
All of the halides are readily soluble in benzene and in ace­
tone but only slightly soluble in cold alcohol.

The bromophenanthrenes were prepared in a similar 
manner. For larger runs the procedure was modified 
somewhat. Thus, the doublé salt (63 g.), which was 
obtained by addition of a solution of 55 g. of mercuric 
bromide and 55 g. of potassium bromide in 200 cc. of 
water to the diazonium salt solution from 9.65 g. of 2- 
aminophenanthrene, was mixed with twice its weight of 
potassium bromide, and the mixture was then heated 
cautiously in an evaporating dish on a sand-bath until 
evolution of nitrogen had ceased. The reaction product 
was digested with hot water, the residue was taken up in 
benzene, the filtered benzene solution was evaporated 
and the residue of 2-bromophenanthrene was purified 
by distillation, b. p. 185° (4 mm.), followed by recrystal­
lization from alcohol; yield 9.0 g.

Preparation of Iodophenanthrenes.—A pale yellow pre­
cipitate was formed on addition of 10 g. of potassium iodide 
in 25 cc. of water to the diazonium salt solution from 9.65 
g. of 3-aminophenanthrene (or its 1- or 2-isomer). After 
standing overnight at room temperature the reaction

mixture was heated at 100° until no more nitrogen was 
evolved. The precipitate which had formed was filtered 
from the cooled solution and dissolved in benzene; the 
benzene solution was washed with a solution of sodium 
bisulfite and with water and then evaporated to dryness. 
The residue of 3-iodophenanthrene was purified by dis­
tillation, b. p. 190° (4 mm.), followed by recrystallization 
from alcohol; yield 7.2 g. By using the procedure in­
volving the intermediate formation and subsequent de­
composition of a double salt with mercury iodide and 
potassium iodide a 31% yield of 3-iodophenanthrene was 
obtained.

Preparation of Phenanthrols.—The phenanthrene di­
azonium sulfate solution from 1.93 g. of aminophenan­
threne was diluted to a volume of 400 cc. and heated at 
100° until decomposition was complete. The precipitate 
of phenanthrol was filtered off and purified through its 
water-soluble potassium salt. The yields were: 1-
phenanthrol, 11%; 2-phenanthrol, 40%; 3-phenanthrol, 
39%. The properties of the compounds agreed with those 
described in the literature.

Summary
By means of the diazo reaction 1-, 2- and 3- 

chlorophenanthrene, 1-, 2- and 3-bromophenan- 
threne, 1-, 2- and 3-iodophenanthrene and 1-, 2- 
and 3-phenanthrol have been prepared.
A n n  A r b o r , M ic h ig a n  R e c e iv e d  S e pt e m b e r  8, 1936
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[C o n t r ib u t io n  from  t h e  M oore  L aboratory  of  Ch e m ist r y , A m h e r st  C o l leg e]

Heats of Adsorption at —183°. Carbon Monoxide on Copper
B y  R alph  A. B e e b e , G eorge W . Low , Jr ., and  Seym ore  G old w asser

Recent investigation1 has shown that the reac­
tion H2 +  D2 = 2HD is catalyzed by chromium 
oxide and supported nickel a t temperatures as 
low as —183°, giving evidence for an activated as 
well as a van der Waals adsorption even at this 
low temperature. Because in general the magni­
tude of the heat effect is approximately one order 
higher for activated adsorption than for van der 
Waals, experimental data on heats of adsorption 
have been considered important in deciding which 
type is predominant in any given case. However, 
Gould, Bleakney and Taylor,1 by indirect reason­
ing from their results on the catalytic activity of

chromium oxide at low temperatures, have sug­
gested that the heat of activated adsorption of 
hydrogen on this catalyst is very small at —183° 
and therefore of the magnitude commonly be­
lieved to attend van der Waals adsorption. For 
a more complete understanding of the phenomena 
at —183° it is apparent that experimental data 
on the heats of adsorption are needed. These

(1) Gould, Bleakney and Taylor, J .  C h e m . P h y s . ,  2, 362 (1934).

are often calculated by application of the Clapey- 
ron-Clausius equation to pressure data at two 
temperatures; however, this procedure cannot be 
used if the residual pressure is too small to meas­
ure as is often the case especially for the initial 
portions of the surface covered. The authors 
have therefore considered it important to de- 
velop a direct calorimetric method for meäsuring 
the heat values at low temperatures.

Because the problems attendant upon the heat 
measurements at 0° have been studied carefully 
by one of us2 for carbon monoxide on copper, this 
case has been chosen as a point of attack in de- 
veloping a method a t —183°.

Experimental
Apparatus.—The apparatus was identical with that of 

Beebe and Wildner2b except for the method of leading in 
the thermocouple wires. In one method (Fig. 1) tungsten 
wire bridges were substituted for the “Picein” seals which 
had been satisfaetory at 0° 
but would not hold the vac­
uum at —183°. Because it 
seemed reasonable to ques­
tion the reliability of results 
for which the tungsten 
bridge wires were used, a 
second method (Fig. 2) was 
also employed. In this 
method, the copper-con­
stantan thermo-junction, 
inserted at the point A, was 
pushed to the bottom of the 
platinum finger F, which 
was closed at its lower end.
The platinum finger fitted 
loosely into a thin-walled 
copper sleeve which was 
embedded in the catalyst, 
the loose fit being necessary 
to facilitate the assembly of 
the apparatus. A reference 
junction not shown in Fig. 2 
was inserted into the heavy 
copper jacket mentioned be­
low. This calorimeter had 
the advantage that the gases 
never came in contact with 
the thermoelement. Both 
calorimeters contained the

Fig. 2.—B, liquid oxygen 
level; C, ring seal; D, Py­
rex to soft glass seal; E, soft 
glass to platinum seal.

copper adsorbent granules 
in layers separated by copper gauze disks to improve the 
conditions for heat distribution.215 A heavy copper jacket

(2) (a) Beebe, T r a n s .  F a r a d a y  S o c . ,  28, 761 (1932); (b) Beebe and 
Wildner, T h is  J o u r n a l , 56, 642 (1934).
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1.1 cm. thick, suspended in the liquid oxygen bath and 
fitting closely around the Pyrex calorimeter chamber, 
served to integrate local variations in the bath tempera­
ture. The liquid oxygen3 was contained in a large Dewar 
flask of 4.5 liters capacity. This large volume of liquid 
was essential to maintain sufficiënt constancy and uni- 
formity of bath temperature.

The sensitivity of the single junction copper-constantan 
thermoelement was of course much less at —183° than at 
0°; but this unfavorable factor was partially compensated 
because of the lower heat capacity of copper at the lower 
temperature. In the case of cylinder 1, for instance, the 
water equivalent was 3.93 as compared to 6.59 calories at 
0°. The galvanometer deflection was 1 mm. per 0.0069° 
at a distance of one meter. The voltage sensitivity of the 
thermocouple in the region of —183° was calibrated 
against a secondary Standard copper-constantan couple 
kindly provided by Professor Evald Skau of Trinity Col­
lege, Hartford, Conn.

Materials.—In all, four different calorimeter cylinders 
filled with copper granules were used. Cylinder 1 with its 
charge of copper had been used for the measurements at 0° 
reported by Beebe and Wildner.2b This active copper, 
designated as copper 1, had been exposed to the atmos­
phere for some time, and after again reducing with hydro­
gen it had lost about 30% of its activity at the time of the 
previous measurements. At no time had the adsorbent 
been removed from the cylinder. On this as well as on all 
the other copper samples used, the rate of adsorption at 
— 183° was practically instantaneous. Copper 2, used in 
cylinders 2 and 3, came from the same original batch as 
copper 1 but had been sealed in glass for nearly three 
years. lts adsorptive capacity was approximately the 
same as that of copper 1. Copper 4 used in cylinder 4 
was prepared at the time of these experiments by reduc­
tion of copper oxide granules in hydrogen, first at 120°, and 
finally at 170°; its adsorptive capacity was about half that 
of copper 1. Cylinders 1 and 2 were used in method 1 
(Fig. 1), and cylinders 3 and 4 in method 2 (Fig. 2). 
Because all the cylinders had the same dimensions, their 
weight when assembled varied little from that of cylinder 
1 which was 71.5 g., of which 40.0 g. was due to active 
copper adsorbent.

Procedure.—Before each series of measurements the 
catalyst was outgassed for five hours at 170°. To hasten 
the establishment of thermal equilibrium between the 
calorimeter and its surroundings a small pressure of pure 
helium was admitted to the calorimeter which was then 
allowed to stand overnight in the liquid oxygen bath. 
In experiments by method 1, this helium was pumped out 
before the first increment of carbon monoxide was ad­
mitted, but with method 2 it was necessary to leave a 
small helium pressure (0.02 mm.) in the calorimeter ves­
sel at the start of a series; otherwise the rate of transfer 
of heat from the active copper mass to the platinum finger 
containing the thermocouple was too slow to produce 
satisfaetory time-temperature curves. In method 1 the 
uninsulated copper wire of the thermocouple was crowded

(3) This liquid oxygen guaranteed 99% pure was purchased from 
the Air Reduction Sales Company. Because of the high degree of 
purity of the oxygen and because a relatively small percentage of it 
was evaporated, no change in its boiling point was noticeable during 
the measurements.

against the copper gauze cylinders of the calorimeter prob­
ably in several places making much better thermal con­
tact between the calorimeter and the thermocouple than 
the loosely fitting platinum finger of method 2. As in the 
previous work2b the time-temperature curves were photo- 
graphically recorded.

Discussion of the Method
Previous experiments2a have demonstrated that 

two factors, (a) slow conduction of heat and (b) 
non-uniform adsorption, are unfavorable to satis- 
factory conditions for the heats of adsorption 
measurements; and the efficiency of our calorime­
ter in minimizing the effects of these factors a t 0° 
has been discussed.2b Compared to 0°, effective 
heat transfer is favored at —183° by the greater 
thermal conductivity of copper at that low tem­
perature; but this favorable factor is offset by 
the much lower rate of heat transfer by radiation 
and by the residual gases in the calorimeter. 
Judging from the similarity in form between the 
time-temperature curves obtained a t the two 
temperatures, it would seem that the factors 
favorable and opposed to good heat distribution 
just about balanced each other. For the initial 
stages of adsorption at 0°, it was shown by experi­
ment that the process was non-uniform, i. e., ad­
sorption occurred on those successive layers of 
adsorbent with which the carbon monoxide first 
came into contact.2a Although not demonstrated 
experimentally, it is probable that the same phe­
nomenon is present at —183°. The calorimeter 
is designed to minimize, but does not completely 
eliminate, this effect with the result that the differ­
ential heats for the initial increments measured 
and reported below, are probably lower than the 
true differential heats for reasons previously 
given.2b

The time-temperature curves obtained by 
method 1 (Fig. 1) were similar to those a t 0°, 
having the form of curves I, II and III in Fig. 2 of 
the paper by Beebe and Wildner,2b for initial, in­
termediate, and final increments of carbon mon­
oxide added to the surface. Using method 2, all 
the time-temperature curves had the form of 
curve III mentioned above, the more rapid rise to 
a maximum and the subsequent more rapid cool­
ing being due to the presence of the helium gas 
(0.02 mm.). Unlike those at 0°, these curves a t 
— 183° contained irregularities which were prob­
ably due to lack of complete uniformity in tem­
perature of the liquid oxygen bath. The am­
plitude of these variations varied from 0.5 mm.



2198 R alph A. Beebe, George W. Low, Jr ., and Seymore Goldwasser Vol. 58

in most of the curves to 2 mm. in the worst cases. 
I t  is roughly estimated that they introduced ran­
dom errors of 5 to 10% in reading the tempera­
ture changes from the curves.

Results
Three series of differential heats were measured 

for cylinder 1, and two each for cylinders 2, 3 and 
4, making nine series in all. The results for the 
four series on copper 2 are shown in Fig. 3 in 
which the total heat evolved is plotted against cc. 
of carbon monoxide adsorbed. The total heat

4 8 12
Cc. adsorbed on 40.0 g. of copper.

Fig. 3.—O, Cylinder 2, series 1 ; A, cylinder 2, series 2;
©, cylinder 3, series 1; ▲, cylinder 3, series 2.

was calculated by summation of the measured 
heats for separate successive increments of gas. 
I t  is important to observe that method 1 (Fig. 1) 
was used in the measurements on cylinder 2, but 
th a t method 2 (Fig. 2) was used for cylinder 3; 
however, copper 2 was used in both cylinders. 
The fair concordance of the data obtained by the 
two methods is evidence for the reliability of both 
methods of measurement. The failure of the re­
sults for the four series to check more closely than 
they do is probably due to the lack of complete 
similarity of the copper surfaces used in the two 
cylinders, although they came originally from the 
same batch of copper, and also to the lack of com­
plete reproducibility of these surfaces in succes­
sive series. In Table I is given a comparison of 
the volumes adsorbed at the arbitrarily chosen

Table I
Cylinder no. Series no. Cc. adsorbed

2 1 12.40
2 2 12.20
3 1 13.45
3 2 11.80

pressure of 0.8 mm. This table does not of
course give any information concerning the rela­
tive percentages of active points in the surfaces 
used. In Table II are shown more complete de­
tails of two typical series. After the completion 
of series 2, cylinder 1 (Table II), the copper was 
outgassed for two hours at —183°. The incre­
ments a, b and c, then added, yielded low differ­
ential heats of the order of 3 kcal. per mole. 
Measurements on copper 4 which had lower ad­
sorptive capacity than the others gave the follow­
ing differential heats for successive increments:
7.3, 5.5, 4.9, 3.8, 4.0 kcal. per mole.

T a b l e  II
Volume of gas 

Admitted Adsorbed

Resid. 
press, mm. 

X 10»

Galv.defl.,
mm.

Diff. heat 
of adsorp., 
kcal/m ol.

Total 
vol. ads. cc.

Cylinder 1, Series 2
1 1.32 1.32 0 22.3 8.7 1.32
2 1.44 1.44 0 25.6 8.9 2.75
3 1.34 1.34 0 17.2 6.5 4.10
4 1.40 1.40 0 16.2 5.9 5.51
5 1.28 1.28 16 10.0 4.0 6.79
6 1.40 1.37 43 10.7 4 .0 8.16
7 1.34 1.26 158 9.7 3 .9 9.42
8 1.37 1.20 395 7.8 3.3 10.62
9 1.46 1.16 836 8.0 3.5 11.78

Outgassed to 27
a 1.52 1.46 103 9.9 3.3 9.3
b 1.40 1.25 331 7.9 3.2 10.6
c 1.40 1.12 751 7.1 3.3 11.7

Cylinder 3, Series 1
1 1.57 1.57 0 23.0 7.0 1.57
2 1.58 1.58 0 22.5 6.8 3.15
3 1.58 1.58 0 20.0 6.1 4.73
4 1.62 1.62 0 20.5 6.1 6.35
5 2.02 2.00 1 21.5 5.1 8.35
6 1.98 1.91 99 15.0 3.7 10.26
7 2.16 1.86 450 11.6 3.0 12.13
8 1.97 1.44 1050 10.1 3.4 13.56

Discussion
In all our measurements for carbon monoxide on 

copper at —183° the differential heats for the first 
few cc. of gas added to the surface have been of 
the order of 8 kcal. which, although less than the 
values at 0°,2b*4 is several times greater than the 
heat of vaporization of carbon monoxide. It

(4) Measurements of differential heats at 0° on copper 1 and 
copper 2 using the tungsten bridge calorimeter (Fig. 1), confirmed 
the previous work of Beebe and Wildner which showed that the 
heats were of the order of 19 to 14 kcal. per mole.
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therefore seems probable that the adsorption is 
a combination of activated and van der Waals 
adsorption favoring the former for initial stages 
but changing in ratio progressively to the latter 
as successive increments of gas are added to the 
surface. This is in agreement with the conclusion 
of Benton and White5 based upon indirect ex­
perimental evidence.

The technique worked out in detail for carbon 
monoxide on copper should be applicable to other 
gas-solid combinations at —183°. For reasons 
given in the introduction, direct experimental 
measurements of heats of adsorption are needed 
at low temperatures on chromium oxide. The 
technique described above is now being applied 
to the latter adsorbent.

(5) Benton and White, T h is  J o u r n a l , 54, 1385 (1932).

Our thanks are due to the Committee on 
Grants-in-Aid of the National Research Council 
for supplying funds for technical assistance in 
this work.

Summary
1. A method has been described for the direct 

measurement of the differential heats of adsorp­
tion of carbon monoxide on copper at —183°.

2. The differential heats are of the order of 
8 kcal. per mole in the initial stages, and decrease 
to 3 kcal. in the later stages of the adsorption.

3. The results seem to indicate that a consid­
erable part of the adsorption for the initial incre­
ments of gas is of the activated type even a t the 
low temperature of —183°.
A m h e r st , M a s s . R e c e iv e d  A u g u st  29, 1936

[C o n t r ib u t io n  from  the  Chem ical  La b o r a t o r y , U n iv e r s it y  o f  I l l in o is ]

X-Ray Diffraction Studies of Built Up Films1
B y G. L. Clark  and P. W. L eppla

The development by Langmuir and Blodgett2 
of a technique for the preparation of foliated 
films of any desired number of molecular layers 
permits for the first time the study of x-ray dif­
fraction effects produced by a known number of 
planes. Clark, Sterrett and Leppla3 reported 
distinct diffraction patterns from nine or more 
layers of stearates prepared by Blodgett’s method. 
Langmuir and Schaefer4 have since shown by 
Chemical analysis of the unimolecular layer 
skimmed from Solutions containing calcium or 
barium ions that the built up films vary continu- 
ously in composition from pure acid at p¥L 2 to 
pure soap at pH 11. In view of the fact that the 
soaps and the acids crystallize in different systems, 
and since, furthermore, several modifications of 
the fatty acids are known, the structure of the 
composite built up films was investigated by 
diffraction methods.

Experimental.—Films were prepared of stearates of lead, 
calcium and barium by means of a motor-driven device to 
ensure freedom from Vibration and the highest possible

(1) From a thesis presented by P. W. Leppla to the Graduate 
School of the University of Illinois in partial fulfilment of the require­
ments for the degree of Doctor of Philosophy, July, 1936. Presented 
before the 91st meeting of the American Chemical Society, Kansas 
City, Mo., April, 1936.

(2) Blodgett, T h is  J o u r n a l , 57, 1007 (1935).
(3) Clark, Sterrett and Leppla, i b id . ,  57, 330 (1935).
(4) Langmuir and Schaefer, i b i d . ,  58, 284 (1936).

perfection of the individual layers. To eliminate the 
necessity for oscillating the specimen in the path of the 
x-ray beam, curved surfaces were used as originally pro­
posed by Trillat.6 For the measurement of the long 
spacing, d , a radius of 15 mm. was employed. To each 
order corrections were applied for the actual position of the 
origin of the difïracted spot. To increase the intensity of 
the pattern for the study of films of only a few layers, the 
radius was increased to a maximum of 50 cm. Copper Ka 
radiation was used.

A double lining of lacquer overlaid with paraffin was 
used in the brass trough to prevent contamination of the 
Solutions with copper ions. For the measurement of p H  
an antimony electrode was employed.

Since films do not adhere to glass at low p H ,  lacquered 
surfaces were used in the acid range. Molecules adhere to 
glass or metal by their polar groups and exist in an odd 
number of layers. On lacquer the hydrocarbon end of the 
chain is attached to the surface and the films exist in an 
even number of layers.

Composition of the Surface Film.—Unimolecular 
stearate films were skimmed from the surface of dilute 
calcium, barium and lead salt Solutions at varying hydro­
gen-ion concentrations, the material air-dried, packed into 
tiny cells and transmission diffraction patterns registered. 
Side spacings characteristic of both the acid and the soap 
appeared in each case, the intensities indicating complete 
agreement with Langmuir and Schaefer’s4 conclusions.

Structure of the Built Up Films.—From the 
mechanism of the transfer process the gross struc­
ture readily may be inferred to be the alternating

(5) Trillat, J .  p h y s . r a d iu m , [61 10, 32 (1929).
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type common to fatty acids and derivatives. In 
the ordinary crystal modification of stearic acid 
the chains are tilted at about 27° from the normal 
to the base and d is about 40 Ä. In stearates of 
divalent metals the chains are perpendicular or 
very nearly so to the base and d is approximately 
50 Ä. The spacings observed for built up films 
and for ordinary preparations are given in Table 
I.

Table I

Stearic acid Built up film 
Melted on glass

Calcium stearate
Built up film 
Powder by trans­

mission

Ä.
39.7 =fc 0.2  
39.5 ±  .2
49.4 ±  .2

50.0 ±  0.5

Lead stearate Built up film 49.6 =•= .2
Powder by transmission 49.7 ±  . 5

Based upon the spacing observed and the relative 
intensities of the odd and even orders, it was con­
cluded that the structure of the composite films 
varies discontinuously with the pH, being that of 
the acid below pH 3 and that of the soap above 
pH 6. As might be expected from the difference 
in lattice energies, the stearates power in imposing 
the soap structure on the film is the greater, and 
films containing even a relatively high proportion 
of the acid still have the structure of the soap. 
At intermediate hydrogen-ion concentrations a 
pattern was obtained characterized by low inten­
sity of the higher order reflections, indicating a 
distorted transition structure. Lead stearate films 
at pH 4 gave a totally different pattern indicative 
of an entirely distinct configuration.

3 layers 50 layers
Fig. 1.-—Diffraction patterns of built up films 

of lead stearate.

By an ingenious method of interference of 
monochromatic light, Blodgett2 has measured 
the over-all thickness of calcium stearate films, 
obtaining 48.8 Ä. per double layer. It has been

suggested that comparison of such measurements 
with those of x-ray diffraction affords a direct 
approaeh to absolute x-ray wave length values. 
No significance can be attached to the discrepancy 
between Blodgett’s value and those of this investi­
gation since different samples of stearic acid were 
employed, and it has been shown adequately that 
d values for fatty acids vary greatly with the 
purity of the specimen, and for at least three 
polymorphic structures.

Pure stearic acid films were transferred to 
lacquered surfaces from perchloric acid Solutions 
of pH 2 to 5. Two side spacings appeared on the 
photographic film in a position indicating that all 
the chains were tilted in the same direction, slop­
ing down with respect to the plane in which the 
surface was raised and lowered during the trans­
fer process.

Intensity Measurements.—The use of a large 
radius of curvature resulted in such high intensi­
ties that good patterns were obtained from as few 
as three layers of lead stearate. Figure 1 is a 
reproduction of such a pattern secured in three- 
fourths hour from a Philips Metalix tube operating 
at 28 kv. and 25 ma., as compared with a pattern 
for 50 layers.

From a series of films with increasing numbers 
of layers the data shown graphically in Fig. 2 were 
obtained. The intensities were read from micro-

3 7 11 15 19 23
N 2 for curve 2.

Fig. 2.
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photometer tracés and a blackening curve estab- 
iished from similar films developed simultane­
ously. In the experimental series the exposure 
time was varied systematically from one minute 
to one hour to keep the blackening between 25 
and 50%. If intensities of interferences for the 
thinnest films are plotted against the square in­
stead of the first power of the number of layers, 
the points between ten and thirty layers fall on 
a straight line. This is characteristic of an ideally 
imperfect diffracting medium. From a greater 
number of layers the intensity falls off, the upper 
layers shielding those below from the x-ray beam. 
Thus the irregularity of the first layers applied 
has become smoothed out and the planes ap- 
proach perfection.

Test of the Laue Partiele Size Equation.—The
theoretically derived equation, B = b +  (0.9 X/ 
D cos 6/2)6 has been used to calculate partiele 
size in the colloidal range from the observed 
breadth of x-ray interferences. Until now it has 
been impossible to test the equation because of a 
lack of a comparison method. The expression is 
equally valid for the thickness of a built up film. 
The results of line breadth measurements are 
given in Table II. In general, agreement of ob­
served and calculated values is good except for 
very thin films where the excess broadening ob-

(6) B  = breadth of interference at points of half-maximum in­
tensity; h =  apparatus constant for minimum width under experi­
mental conditions; X = x-ray wave length; d =  diffraction angle for 
given interference; D  =  size of partiele, or thickness of film.

served is attributed to the previously mentioned 
distorted nature of the first layers applied.

T a b l e  I I
Number of ,-------------------Broadening--------------------

layers Obsd. Av. Calcd.
3 0.21 0.28 0.25 0.186
4 .27 .17 .22 .139
5 .10 .16 .13 .112
6 .15 .10 .13 .093
7 .04 .05 .05 .080
8 .06 .05 .06 .070
9 .05 .08 .06 .062

10 .05 .02 .04 .056
17 .04 .02 .03 .035
20 .02 .03 .03 .028
25 .01 .03 .02 .022
30 .02 .02 .02 .019
35 .02 .02 .02 .016

Summary
The structures of Blodgett’s composite films of 

stearic acid and stearates have been investigated 
by x-ray diffraction methods. The structure and 
hence the thickness have been found to be that 
of the constituent present in greater proportion. 
The d spacings agree closely with those of the 
crystalline material.

Intensity measurements have been made from 
successively increasing numbers of planes and the 
degree of perfection inferred therefrom.

Laue’s partiele size equation has been tested by 
the use of films of known thickness.
U r b a n a , I l l in o is  R e c e iv e d  A u g u s t  6 , 1936

[C o n t r ib u t io n  fr o m  t h e  Chem ical  L aboratory  o f  t h e  J o h n s  H o p k in s  U n iv e r s it y ]

Reactions of Nickel Carbonyl with Oxides of Nitrogen1
B y  J. C. W . F razer and  W m . E . T ro ut , J r .2

M. Berthelot3 passed nitric oxide into nickel 
carbonyl and obtained a solid product. Subse­
quent admission of small amounts of oxygen to 
the reaction vessel produced another solid. Ber­
thelot characterized both solids as complex com­
pounds but did not give analyses. Some eonfu- 
sion has arisen in the literature concerning these 
experiments, apparently due to the mistaken 
translation of “bioxyde d’azote” as nitrogen per-

(1) Abstract of a dissertation submitted by Wm. E. Trout, Jr., in 
partial fulfilment of the requirements for the degree of Doctor of 
Philosophy at the Johns Hopkins University.

(2) Present address: Department of Chemistry, Mary Baldwin 
College, Staunton, Virginia.

(3) Berthelot, C o m p t .  r e n d . ,  112, 1343 (1891); B u il .  so c . c h im . ,  7, 
431, 434 (1892),

oxide.4 Attempts to determine the nature of 
the solids have not been wholly successful.5,6

This paper reports further observations con­
cerning the reactions of nickel carbonyl with 
oxides of nitrogen.

Experimental
Nitrogen Peroxide and Nickel Carbonyl.—Nitrogen per­

oxide and nickel carbonyl reacted exothermally at tem­
peratures as low as —78°. The reaction was carried out

(4) Muhlert, C h e m . Z e n t r . ,  Vol. II, 1063 (1892); Gmelin-Kraut, 
“Handbuch d. anorg. Chem.,” Heidelberg, Carl Winter, 1909, Vol. V, 
p. 107; Mellor, “ Comprehensive Treatise of Inorganic Chemistry,” 
Longmans, Green and Co., London, 1928, Vol. VIII, p. 546.

(5) Mond and Wallis, J .  C h e m . S o c . ,  121, 32 (1922).
(6) Reihlen, Gruhl, Hessling and Pfrengle, A n n . ,  482, 161 (1930).
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in four ways: (1) nitrogen peroxide was permitted to ex- 
pand into the vapor of nickel carbonyl at low pressures; 
(2) the gaseous reactants, transported in carbon monoxide 
or in nitrogen, were introduced into the reaction vessel in 
opposing jets; (3) nitrogen peroxide diluted with nitrogen 
was passed over liquid nickel carbonyl at or near 0°; (4) 
nitrogen peroxide was admitted to Solutions of nickel 
carbonyl in hexane. Methods 2 and 3 appeared to be 
most satisfaetory. Special care was taken to exclude air 
and moisture and to purify all materials.1

The gaseous products of this reaction contained as 
much as 97.8% of the carbon monoxide originally com­
bined with the nickel in the reacting nickel carbonyl. 
Some carbon dioxide was detected, the amount appearing 
to vary with the rate of admission of nitrogen peroxide, or 
perhaps with the temperature attained by the glass near 
the reaction zone.

The solid products of the reaction were obtained as a 
light, bulky, greenish-yellow solid which adhered to the 
walls of the reaction vessel. When covered with liquid 
nickel carbonyl, the product was apparently insoluble and 
unchanged. Failure to obtain x-ray patterns of the solid 
suggested that the material was amorphous. The solid 
was hygroscopic, dissolving in the water absorbed, then 
appearing to hydrolyze to form a green gelatinous precipi­
tate resembling nickelous hydroxide. When treated with 
dilute sulfuric acid, the solid readily dissolved and oxides 
of nitrogen escaped. This reaction was made use of in 
analysis. Analyses of the solid are indicated in Table I.

T a b l e  I
A n a ly ses  of S olid s R e su l t in g  from  R eaction  of 

N ic k el  C a r b o n y l  w it h  N itr o g en  P er o x id e  

Numbers ref er to methods of preparation listed above.
Sample

no. Ni
-Percentage composition- 

N o
302 36.43 17.55 47.82
312 34.52 18.04 47.44
322,° 35.50 17.26 47.24
342 36.86 18.24 44.90
354 32.25 18.84 48.91
364 32.69 19.09 48.22
373 35.20 17.88 46.92

a Adsorbed oxides of nitrogen were removed from this
sample before analysis.

The ratio of nitrogen as nitrate to that as nitrite was 
determined on Sample 37 and was found to be: N (ni­
trate)/N  (nitrite) — 0.7469.

Nitric Oxide and Nickel Carbonyl.—Reaction between 
these compounds was markedly inhibited by carbon mon­
oxide. In the presence of carbon monoxide under partial 
pressure of approximately half an atmosphere, reaction 
between nitric oxide and gaseous nickel carbonyl was not 
detected below 62°, at which temperature a bronze film 
appeared on the heated glass. Addition of moisture 
to the gases did not alter the results. When nitrogen was 
substituted for the carbon monoxide, reaction between 
nickel carbonyl and nitric oxide began immediately but 
was soon retarded or stopped and was far from complete 
after twenty-four hours. Pure nitric oxide and gaseous 
nickel carbonyl reacted rapidly but incompletely at room 
temperature, although reaction was not detected at 0°.

When nitric oxide was passed over liquid nickel car­
bonyl, a greater pressure of carbon monoxide was neces­
sary to inhibit the reaction than when both reactants were 
in gaseous form. When pure nitric oxide was passed over 
liquid nickel carbonyl at 0°, twenty-five and one-half 
hours were required for the preparation of a maximum 
yield of 0.2775 g. of the solid product mentioned below.

Reaction took place as usual between nitric oxide and 
nickel carbonyl at room temperature in a vessel from which 
the light was carefully excluded.

Analysis of the gaseous products of the reaction indicated 
that most of the carbon monoxide initially combined with 
the nickel was set free. A trace of carbon dioxide was de­
tected.

Pure nitric oxide and liquid nickel carbonyl reacted at 
temperatures between —11 and 0° to form a blue gelati­
nous solid product which became pale blue, almost white, on 
removal of the excess liquid nickel carbonyl. At room 
temperature the reaction was complicated by the forma­
tion of bronze, brown or olive-green solids. Analyses 
of the solid products showed large variations as shown in 
Table II. The pale blue solid formed at 0° was insoluble in 
water, but dissolved readily in dilute sulfuric acid, liber­
ating oxides of nitrogen. Concentrated sulfuric acid 
reacted slowly with the solid forming a yellow suspension 
and liberating oxides of nitrogen and tracés of carbon 
monoxide and carbon dioxide. When heated in hydrogen 
a sample of the solid slowly turned brown: at 140° re­
action was rapid, leaving a dark brown solid and liberating 
nitric oxide. When heated in oxygen another sample of 
the solid rapidly turned brown at 150° and nitrogen per­
oxide was formed. It is interesting to note that the similar 
solid prepared by Mond and Wallis5 decomposed violently 
at 90° in an inert atmosphere.

T a b l e  II
A n a ly ses  of S olids R e su l t in g  from  R eaction  of 

N itr ic  Ox id e  w it h  N ic k el  Ca r bo ny l

9, 10 prepared at room temperature; 11-13b at 0°
Sample

no. Ni
-Percentage composition- 

N O
9 28.83 11.04 60.13

10 25.15 10.61 64.24
11 58.62 13.19 28.65
12 45.94 12.47 41.59
13a 39.19 14.35 46.46
13b 38.89 12.94 48.17

Ammonia, Nitric Oxide and Nickel Carbonyl.—In an
attempt to stabilize the initially formed blue solid product 
of the reaction between nitric oxide and nickel carbonyl, 
ammonia at a partial pressure of 0.06 atm. was introduced 
into the nitric oxide and the resulting mixture was passed 
over liquid nickel carbonyl. Reaction occurred above 
— 14° with the formation of a blue, gelatinous precipi­
tate, lighter in color and more bulky than that obtained 
with nitric oxide alone. When the excess liquid nickel 
carbonyl was removed, a finely divided white solid re­
mained, which dissolved readily in dilute sulfuric acid 
with the liberation of oxides of nitrogen. When exposed 
to the air the solid turned pink. Analyses of samples are 
indicated in Table III.
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T a b l e  III
A n a l y s e s  of S olid s F orm ed  b y  the  R eaction  of a 
M ix t u r e  o f  N itr ic  O x id e  a n d  A mmonia w ith  N ick el  

C a r bo n y l
Sample /-------------Percentage composition----------- -v

no. Ni NH3 N (additional) O
17 27.07 34.82 14.09 24.02
22 25.06 37.23 9.89 27.82

Ammonia and Nickel Carbonyl.—No reaction was de­
tected with either gaseous or liquid reagents. The solu­
bility of nickel carbonyl in liquid ammonia at its boiling 
point was apparently negligible.

Nitrogen Trioxide and Nickel Carbonyl.—Reaction of 
nitrogen trioxide with nickel carbonyl took place at —78° 
with the formation of a bright red solid, apparently formed 
only at temperatures at which the molecule N 2 O3 exists. 
The solid slowly lost its bright red color and became red- 
dish-yellow when warmed to 60°. We were unable to 
analyze the red eompound, but obtained a brown solid 
(apparently formed by the action of nitrogen peroxide on 
the red solid) which had the composition: Ni, 28.95; 
N, 22.95; O, 48.10.

Nitrous Oxide and Nickel Carbonyl.—Reaction be­
tween these substances was not observed at 0°, and at 
room temperature the rate of reaction was negligible. A 
mixture of nitrous oxide and gaseous nickel carbonyl ex- 
ploded when ignited with a gas flame.

Nitric Oxide, Nickel Chloride and Grignard Reagents.— 
Nitric oxide was passed through suspensions formed by 
addition of nickel chloride (1) to an ether and benzene 
solution of phenylmagnesium bromide,7 and (2) to an ether 
solution of ethylmagnesium bromide. The green solution 
obtained in the latter experiment was not as intense in 
color as that in the former. Attempts to isolate the green 
substances were unsuccessful due to their high solubility 
and sensitivity to air. That Job and Reich,7 as they sug­
gested, prepared the eompound obtained by Mond and 
Wallis,5 is made doubtful by the facts that the green sub­
stance in solution was not decomposed by dilute sulfuric 
acid, and that oxides of nitrogen were not liberated by this 
treatment.

Discussion of Results
The temperatures at which reaction was first 

detected between nickel carbonyl and oxides of 
nitrogen studied were roughly in the inverse order 
of the degree of oxidation of the nitrogen atom: 
N02, -78°; N2O3, -7 8 °; NO, -11°; N20, 
above room temperature.

Nitrogen peroxide reacted with nickel carbonyl 
at —78° and above to form a solid in which the 
ratio of nitrate to nitrite was in agreement with 
the assumption that the solid consisted of a mix­
ture of the nickel salts of these ions (calculated 
for Ni(NO2)2-0.7469Ni(NO3)2, Ni, 35.20%: found 
Ni, 35.71). Most of the carbon monoxide com­
bined with the nickel was liberated as such. The 
products of the reaction in hexane contained more

(7) Job and Reich, C o m p t . r e n d . ,  177, 1439 (1923).

nitrogen and oxygen than samples obtained by 
other methods.

Nitrogen trioxide reacted with nickel carbonyl 
apparently at temperatures at which the molecule 
N2O3 exists. The behavior of this solid suggests 
the possibility that it is an addition product.

Nitric oxide reacted with nickel carbonyl above 
— 11° to liberate carbon monoxide and tracés of 
carbon dioxide and to form solids which varied 
greatly in composition, even when prepared in 
consecutive vessels under the same conditions 
(13a and 13b, Table II). I t will be noticed that 
the solid obtained at room temperature contained 
less nickel than that formed at 0° (9,10, Table II).

The marked inhibiting effect of carbon monox­
ide on the reaction between nickel carbonyl and 
nitric oxide is somewhat similar to that reported 
by Dewar and Jones8 on the reaction between 
nickel carbonyl and carbon disulfide. The phe­
nomena in both cases are probably, as these 
authors suggested, explained by the influence of 
carbon monoxide on the stability of the nickel 
carbonyl in accordance with its reversible decom­
position.

Ni(CO)4 Ni +  4CO 

for which the equilibrium relationship is
K  =  P nï X T£0/P Ni(co)4

The possibility is suggested that the nitric oxide 
reacts not entirely with the nickel carbonyl but 
with its products of decomposition.

The appearance, analyses and manner of for­
mation of the solids formed by the action of am­
monia and nitric oxide on nickel carbonyl suggests 
the formation of complex compounds, such as 
[Ni(NH3)5N 0]N 02 and [Ni(NH3)öN0]N03 (Ni: 
calcd., 26.69 and 24.88%; found, 27.07 and 
25.06%).

Ammonia did not react with nickel carbonyl a t 
0°, and the reaction between ammonia, nitric ox­
ide and nickel carbonyl began at the same tem­
perature as that between nitric oxide and nickel 
carbonyl. These facts suggest that the nickel 
carbonyl first reacts with the nitric oxide to form 
a product which further reacts with ammonia to 
form a complex eompound, perhaps as indicated 
in the tentative equations

Ni(C04) +  2NO — >  Ni(NO)2 +  4CO 
Ni(NO)2 +  5NH3---->  [Ni(NH3)5NO]NO

The [Ni(NH3)5NO]NO may then be oxidized to 
form the compounds [Ni(NH3)öN0 ]N0 2 and

(8) Dewar and Jones, J .  C h e m . S o c . ,  97, 1226 (1910).
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[Ni (NH3) 5NO ]N03. Briner and co-workers9 
have found that nitrogen peroxide is formed 
slowly in pure nitric oxide under pressure at or­
dinary temperature, and also in liquid nitric ox­
ide under atmospheric pressure below its boiling 
point. The presence in the reacting gases of ni­
trogen peroxide so formed may explain the oxida­
tion of the complex eompound first formed, and 
may also explain the failure to obtain a pure solid 
product from the reaction of nitric oxide with 
nickel carbonyl.

In view of the unexplained erratic behavior of 
oxygen and nickel carbonyl, 10 the observations 
concerning mixtures of nitrous oxide and nickel

(9) Briner, e t  a l . ,  C o m p t .  r e n d ., 149, 1372 (1909); 156, 228 (1931); 
J .  c h im .  p h y s . ,  23, 157 (1926).

(10) Hieber and Kaufmann, Z .  a n o r g .  a l lg e m . C h e m ., 204, 174 
(1932); Berthelot, B u l l .  s o c .  c h i m . ,  7, 434 (1892); C o m p t.  r e n d . ,  113, 
679 (1892); Lenher and Loos, T h is  J o u r n a l , 22, 114 (1900); 
Blanchard and Gilliland, i b i d . ,  48, 872 (1926).

carbonyl cannot be taken as final. Nitrous oxide 
may react equally unpredictably with nickel 
carbonyl.

Acknowledgments.—The authors wish to ac- 
knowledge their indebtedness to Drs. C. B. Jack­
son and O. G. Bennett for assistance in the prepa­
ration of the nickel carbonyl used, and to Messrs. 
P. M. Goodloe, J. H. Hopkins and J. W. Daum 
for assistance in the laboratory.

Summary
Some observations have been reported concern­

ing the reactions of nickel carbonyl with nitrogen 
peroxide, nitric oxide, nitrous oxide, ammonia and 
a mixture of ammonia and nitric oxide.

The suggested relationship of the results of 
Job and Reich7 to those of Mond and Wallis5 was 
also investigated,
Baltimore, M d . Received April 18, 1936

[Contribution from the B iochemical Laboratory, State University of Iowa]

Antioxidants and the Autoxidation of Fats. VII. Preliminary Classification of
Inhibitors1

B y H. S. Olcott and  H. A. M attill

It was recently proposed2 to give the name “in- 
hibitols” to those as yet unidentified constituents 
of the unsaponifiable matter of various vegetables 
and vegetable oils which possess the capacity to 
delay oxidative rancidity in certain fats. This 
term indicates their activity as inhibitors and also 
the invariable occurrence of hydroxyl groups upon 
which their inhibiting action depends. Methods 
of preparation of inhibitol concentrates and some 
of their physical and Chemical properties have been 
described in some detail.2

Inhibitol concentrates are effective antioxidants 
for animal fats and for highly purified unsatu­
rated fatty acids and esters, but they have con- 
sistently failed to show any antioxygenic activity 
when added, even in relatively large amounts, to 
the vegetable oils from which they were obtained 
(Table I). The inactivity of inhibitols in vege­
table oils is also implied in the experiments of 
Royce,3 who added a crude sterol fraction of 
cottonseed oil to hydrogenated cottonseed oil

(1) Presented before the Division of Agricultural and Food Chem­
istry at the 92nd meeting of the American Chemical Society, Pitts­
burgh, Pa., September 7 to 11, 1936.

(2) H. S. Olcott and H. A. Mattill, T h is  J o u r n a l , 58, 1627 
(1936).

(3) H. D. Royce, O U  a n d  S o a p ,  9, 25 (1931).

without observing any Prolongation of the induc­
tion period, in those of Greenbank and Holm4 who 
reported an unsuccessful attempt to isolate an 
antioxidant from cottonseed oil, using vegetable 
oils as the assay Substrate, and in those of Bau-

Table I
Effect of Inhibitols on D ifferent Fats

Substrate
Per cent. 

inhibitol con­
centrate added®

Induction period, days 
With

inhibitor Control
Organoleptic method, 63°

Cottonseed oil 0.10 C58 3 .5 ,4 4, 4.5
.05 W5-10 3 3.5
.05 W5-10 672 8
.05 C44 8Vi 8

Hydrogenated .02 W48 27, 31 28, 32
cottonseed oil .03 W5-10 42, 49 41, 49

Lard .02 W5-10 9 ,9 3, 3
.01 W5-10 10.5, 11 4 ,4

Oxygen absorption method, 75°
Hrs. Hrs.

Lard6 0.02 W5-10 50 10
Oleic acid .03 W5-10 10 4
Methyl oleate .02 W5-T0 30 4

a W indicates wheat germ oil inhibitol, C that from cot­
tonseed oil. 6 See also reference 2, Tables V and VI.

(4) G. R. Greenbank and G. D. Holm, I n d .  E n g .  C h e m .,  26, 243 
(1934).
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mann and Steenbock5 who found that, in cotton­
seed oil, carotene losses were not reduced by 
an inhibitol-containing material like wheat germ 
oil.

These facts prompted an investigation of the 
factor or factors in the vegetable oils responsible 
for their refractoriness to protection by inhibitols 
and conversely, a study of the types of inhibitors 
which could protect these oils. The experiments 
to be described deal with the second of these 
two questions. Refined and hydrogenated cot­
tonseed oils were used in most of the experiments, 
but the same phenomena were also demonstrable 
with palm, sesame, soy bean and other vegetable 
oils.

The oxygen absorption method which we have 
used6 in the study of lard and its protection by 
inhibitors could not be applied satisfactorily to 
the study of vegetable oils. Whereas lard dem- 
onstrates a definite induction period after which 
the absorption of oxygen is rapid, vegetable oils 
absorb oxygen slowly and the end of the induction 
period is not sharply defined. Furthermore, 
vegetable oils are more stable than lard so that 
the oxygen absorption method is time consuming 
unless high temperatures are used. Since, in our 
hands, a temperature of 70-80° has proved to be 
a convenient one at which to measure oxygen ab­
sorption, we investigated several methods of re­
ducing the induction period of these oils to con­
venient lengths at 75°, attempting at the same 
time to retain the properties of the original oils 
with regard to inhibitors, especially their absolute 
refractoriness to protection by inhibitols.

The most satisfaetory method proved to be the 
use of the ethyl esters of the fatty acids, prepared 
as follows. Two parts of absolute alcohol con­
taining 2- 3% hydrogen chloride were added to 
one part of the fat and refluxed on a steam-bath 
for eighteen to twenty-four hours. The mixture 
was cooled and diluted with water. The ester 
layer was washed repeatedly with water to remove 
hydrochloric acid and ethyl alcohol, then centri­
fuged free from occluded water, and finally heated 
on a steam-bath in a vacuum to remove tracés of 
solvents. Theoretically this light brown, mobile 
liquid, hereafter referred to as crude esters, con­
tained the ethyl esters of the fatty acids, the un­
saponifiable constituents of the original fat and

(5) C. H. Baumann and H. Steenbock, J . B i o l .  C h e m . ,  101, 561 
1933).

(6) R. B. French, H. S. Olcott and H. A. Mattill, I n d .  E n g .  C h e m . ,  

2 7 ,  724 (1935).

possibly tracés of unhydrolyzed glycerides; the 
glycerol and any water-soluble constituents should 
have been removed.

The product so obtained from a hydrogenated 
cottonseed oil could be used to assay inhibitors by 
the oxygen absorption method, since it had a con­
venient induction period at 75° (four to sixteen 
hours), and a rapid rate of oxygen absorption at 
the end. Furthermore, the protection afïorded 
the crude esters by various inhibitors was qualita- 
tively parallel to that conferred on the original 
fat; the crude esters were not protected by rela­
tively large amounts of inhibitol concentrates but 
were protected to a remarkable degree by several 
substances which have been suggested for use as 
antioxidants in vegetable fats, namely, oxalic acid,7 
maleic acid,4 sulfuric and phosphoric acids and 
their acid salts,8 and lecithin.9’10

The effectiveness of so many substances that 
are alike only in the possession of an ionizable 
hydrogen atom prompted an investigation of 
the antioxygenic activity of other acids, both 
organic and inorganic. The results, summarized 
in Table II, permit of no generalizations, but sug­
gest certain interesting relationships. In the ali­
phatic series, pyruvic acid is the only active com­
pound not containing two free carboxyl groups; 
the adjacent carbonyl apparently has an activat­
ing effect. The two carboxyl radicals must not 
be separated by more than one CH2 group unless 
an active group or groups, such as hydroxyl, or 
an unsaturated bond is also present. The inac­
tivity of the salts and esters of the dicarboxylic 
acids indicates that the carboxyl grodps must 
be free. Among the inorganic acids tested, sul­
furic and phosphoric acids were the only ones to 
show marked antioxygenic action. Calcium acid 
phosphate was effective in contrast to the in­
activity of the sodium and potassium salts, pre­
sumably due to its greater acidity. Any ex­
planation of the action of these acids must take 
account of the fact that the medium in which 
they act is practically anhydrous. The solubility 
of cephalin doubtless accounts in part for its 
efficiency.

With the exception of hydroquinone, the phe-
(7) T. H. Rogers, U. S. Patent 1,826,258; C .  A . ,  26, 613 (1932).
(8) E. W. Eckey, U. S. Patent 1,982,907; 1,993,152; A. S.

Richardson, F. C. Vibrans and J. T. R. Andrews, U. S. Patent 
1,993,181; C. A . ,  29, 518, 2770 (1935).

(9) H. Bollman, U. S. Patent 1,464,557; C .  A . ,  17, 3234 (1923).
(10) The antioxygenic action of commercial lecithin has been 

shown to be due to its contained cephalin, and the activity of cephalin 
in turn, appears to depend on the monobasic phosphoric acid radical 
[H. S. Olcott and H. A. Mattill, O i l  a n d  S o a p ,  13, 98 (1936)].
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T able  II
T h e  A ntioxygenic  E ffect of A cidic and  Phenolic 
Compounds on  the  Crude  E sters of H ydrogenated 

Cottonseed Oil 
Inactive Compounds®

Hydrochloric acid Azelaic acid
Hydrobromic acid Dihydroxystearic acid
Hydriodic acid Aspartic acid
Iodic acid Benzoic acid
Nitric acid Phthalic acid
Boric acid Isophthalic acid
Arsenious oxide a-Naphthoic acid
Tungstic oxide ^-Naphthoic acid
Sodium dihydrogen phosphate d-Camphoric acid
Potassium dihydrogen phos- Tannic acid

phate Ethyl oxalate
Formic acid Ethyl malonate
Acetic acid Ethyl tartrate
Lactic acid Sodium bitartrate
Succinic acid Sodium oxalate
Adipic acid Oxamide
Mucic acid Inhibitol concentrates

Active Compounds and Indices6
Sulfuric acid (95%)c 15-20 Maleic acid 4-6
Phosphoric acid Citric acid 10-15

(85%r 15-20 Malie acid 8-12
Calcium dihydrogen Pyruvic acid 10-15

phosphate 4-6 Hydroquinone 1.2-1.6
Cephalin 4-6 Catechol 12
Perchloric acid 3 Pyrogallol 26
Arsenic acid 3 a-Naphthol 9
Oxalic acid 15-20 1,5-Naphtha-
Malonic acid 10-15 lenediol 5
Tartaric acid 10-15

“ For the most part these compounds were assayed by 
adding 1 mg. to 5 g. of the crude esters (0.02%). The in­
duction period of the “protected” sample was never more 
than twice that of the control sample; in most cases, no 
antioxygenic action could be observed. When 5 mg. was 
used (0.1%), some of the compounds exhibited slight anti­
oxygenic activity. Among these were lactic and phthalic 
acids, sodium and potassium dihydrogen phosphates, and 
ethyl tartrate.

6 The index represents the ratio of the induction period 
with inhibitor to that of the control. For example, the 
data for several runs of tartaric acid: with inhibitor, 
130, 100, 170 hours; without, 6, 9, 10. Most of the in­
hibitors were assayed at a 0.02% level. 1,5-Naphthalene- 
diol was tested at 0.01 %. All results were obtained at 75°.

c Dilution of the sulfuric and phosphoric acids with an 
equal amount of water did not decrease their activity.

nolic inhibitors were relatively as active on the 
ester preparations as on lard.11,12

The reactions of the vegetable oil crude esters 
to inhibitors thus provided an entirely different 
picture from that presented by lard and purified 
fatty acids, in which the acid inhibitors men-

(11) H. A. Mattill, J .  B i o l .  C h e m . ,  90, 141 (1931).
(12) H. S. Olcott, T h is  Jo u r n a l , 56, 2492 (1934).

tioned above are only very slightly antioxygenic 
if at all, while the phenolic inhibitors and the in­
hibitols are very efficiënt.2 Crude methyl and 
ethyl esters prepared from lard responded to in­
hibitors in the same manner as did the original 
lard (Table III), indicating that the process of 
esterification was not responsible for the reaction 
toward inhibitors of the vegetable oil esters. 
Crude methyl esters of the vegetable oils reacted 
exactly like those prepared with ethyl alcohol.

T able III
T he E ffect of I nhibitors on  Lard and on the Crude 

E sters of Lard
Induction period, 

hours
Substrate % inhibitor added

With
inhibitor Control

Lard (75°) 0.20 cephalin 8 5
. 20 tartaric acid 15 9
. 20 malonic acid 13 9
.20 citric 16 11
. 20 phosphoric acid 19 10
. 20 oxalic acid 38 13
.20 W5-10 62 15
.01 hydroquinone 410 14

Crude methyl . 20 cephalin 10 9
esters of lard .20 tartaric acid 14 9
(60°) . 10 W5-10 45 9

Crude ethyl . 10 tartaric acid 4 2
esters of lard . 10 malonic acid 4 1.5
(65°) . 10 citric acid 4 1.5

. 10 phosphoric acid 5 1.5

. 10 oxalic acid 25 2

. 10 W5-10 12 1.5

. 02 hydroquinone 60 2

When the crude esters were distilled in vacuo, 
95% distilled below 160° at 0.1 mm. The prop­
erties of the water-white distillate, with regard to 
its amenability to protection by various inhibitors, 
were strikingly different from those of the crude 
esters. The inhibitols were effective, although 
not as active as in lard. Hydroquinone was an 
efficiënt inhibitor, and the dibasic and inorganic 
acids were relatively ineffective (Table IV). 
This table also demonstrates the same significant 
difference in the reactions of palm oil esters to 
different inhibitors before and after distillation.

From these results it is apparent that, unless 
some destruction or alteration occurred during the 
distillation, the residue should contain compounds 
which could (a) inhibit the antioxygenic activity 
of inhibitols and hydroquinone and (b) activate 
the acid type inhibitors.

It was possible to demonstrate (b) but not (a) 
by adding small amounts of the residue to the dis­
tilled esters. The acid type inhibitors were effec-
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T able IV
T he E ffect of Inhibitors on the D istilled E sters of 
H ydrogenated Cottonseed Oil , and  on the Crude 

and  D istilled  E sters of P alm Oil
Induction period, hrs. 

With
Substrate % inhibitor added inhibitor Control

Distilled ethyl es- 0.02 citric acid 3 3
ters of hydro- . 20 tartaric acid 6 6
genated cotton- . 02 maleic acid 4 3
seed oil . 20 cephalin 5.5 6

. 10 malonic acid 6 6

. 10 W5-10 52 6

. 02 hydroquinone 77 2
Palm oil crude . 02 tartaric acid 94 11

ethyl esters . 10 W5-T0 11 11
. 02 hydroquinone 16 11

Distilled ethyl . 02 tartaric acid 18 6
esters of palm . 10 W5-10 24 6
oil . 02 hydroquinone 280 6

T able V

E ffect of M ixtures of I nhibitors on Various

Substrates
Induction period,

% inhibitor added
hrs.

With
inhibitor Control

Distilled ethyl esters of hydrogenated cottonseed oil
0.04 W5-10 9.5 5

. 10 tartaric acid 8 5

.04 W5-10 +  0.10% tartaric acid 148 5

. 02 W5-10 7.5 5

. 10 cephalin 4 5

.02 W5-10 +  0.10% cephalin 78 5

. 02 citric acid 3.5 3

.02 W5-10 + 0 .0 2 %  citric acid 98 3

.02H 3PO4 4.5 4

. 02 W5-10 + 0 .0 2 %  H3PO4 73 4
Lard

0.02 W5-10 30 7
. 10 tartaric acid 17 7
.02 W5-10 +  0.10% tartaric acid 84 7
. 10 cephalin 5 7
.02 W5-10 +  0.10% cephalin 69 7
. 10 malonic acid 5 4
.02 W5-10 +  0.10% malonic 89 4
.02 Ca(H2P 04)2H20 11 10
.02 W5-10 +  0.02% Ca(H2P 04)2H20 93 10

Palm oil fatty acids
0.10 W5-10 8 3

. 10 tartaric acid 7 3

. 10 W5-10 +  0.10% tartaric acid 88 3

Methyl oleate
0.02 W5-10 22 10

.02 W5-10 + 0 .1 %  tartaric acid 136 10
Octadecene

0.10 W5-10 86 13
. 10 tartaric acid 13 13
. 10 W5-10 + 0 .1 0 %  tartaric acid 304 13

tive for this mixed Substrate but the antioxygenic 
action of inhibitols was not suppressed. A series 
of investigations designed to determine the na­
ture of the eompound present in the residue and 
responsible for the activation of the acid type in­
hibitors, disclosed that it occurred in the non- 
sterol unsaponifiable fraction and that it was de­
stroyed by acetylation but not by hydrogenation. 
These were also properties of the inhibitols, and it 
was possible to demonstrate that a highly concen­
trated inhibitol fraction exhibited this remarkable 
synergism with acid type inhibitors when the dis­
tilled esters of hydrogenated cottonseed oil were 
used for the Substrate fat (Table V). Apparently 
the inhibitol originally present in the vegetable 
oil and remaining in the residue when the crude 
esters were distilled, is responsible for the activa­
tion of the acid type inhibitors in the crude esters.

This synergistic effect of inhibitol and some one 
of the acid inhibitors could also be demonstrated 
in lard, purified fatty acids and esters and octa- 
decene (Table V), but not in vegetable oils.

The close relationship between hydroquinone 
and the inhibitols led to an investigation of the 
effect of mixtures of phenolic and acid inhibitors. 
The synergistic effect could easily be demon­
strated, for example, with orcinol and phosphoric 
acid (Table VI). Other combinations of phenolic 
and acidic inhibitors varied in their effectiveness. 
Citric and tartaric acids did not show the syner­
gistic effect with orcinol when assayed on lard 
fatty acids.

I t is thus apparent that the observation of 
Holmes, Corbet and Ragatz13 on the superior 
stabilizing effect of combinations of lecithin and 
hydroquinone on vitamin A over that of either 
alone, is only an individual case of a more or less 
general phenomenon.

Based upon our experiments we have tenta- 
tively classified the inhibitors studied into three 
groups: (1) the acid type inhibitors, (2 ) inhibitols 
and hydroquinone, and (3) the phenolic type in­
cluding a-naphthol, pyrogallol, catechol and 
others. Table VII outlines the qualitative differ­
ences in behavior of these kindö of inhibitors on 
various Substrates. The boundaries between the 
three types are not especially well defined. For 
example, oxalic acid has a definite antioxygenic 
action on lard, greater than that of the other acid 
type inhibitors. The anomalous behavior of hy-

(13) H. N. Holmes, R. E. Corbet and R. A. Ragatz, I n d .  E n g .  

C h e m . ,  28, 133 (1936).
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T able VI
S ynergistic E ffect of Orcinol and P hosphoric A cid

Induction period, hrs. 
With

Substrate % inhibitor added inhibitor Controi
Lard (75°) 0.02 orcinol 75 12

. 10 phosphoric acid 21 12

.02 orcinol + 0 .1 0 %  phosphoric acid 314a 12
Lard fatty acids (60°) .02 orcinol 29 2 .5

. 10 phosphoric acid 5 2 .5

.02 orcinol + 0 .1 0 %  phosphoric acid 300" 2.5

.02 orcinol +  0.10% citric acid 30 2.5

.02 orcinol + 0 .1 0 %  tartaric acid 41 2.5
° When discontinued, these samples were still fresh.

droquinone in contrast to the other phenolic in­
hibitors is in accord with the observations of 
others concerning hydroquinone in gasoline.14

T able VII
Qualitative D ifferentiation  of T hree T ypes of 

Inhibitors

Acid
Inhibitols 

and hydro- Phenolic
type® quinone& typec

Vegetable oils + — +
Crude vegetable oil esters + - +
Distilled vegetable oil esters — + +
Lard and lard esters — + +
Purified fatty acids and es­

ters — + +
a Oxalic acid protects lard to an appreciable extent 

(Table III).
b Hydroquinone is effective in vegetable oils, but is in­

cluded in this grouping because it is relatively inefïective 
on crude vegetable oil esters.

c Includes some natural products, such as gossypol, 
gallic acid, as well as catechol, pyrogallol, ce-naphthol, etc.

In general, any type 1 inhibitor when used with 
any type 2 or 3 eompound, prolongs the induction 
period of certain fats and other unsaturated com­
pounds to a much greater extent than would be 
expected from a summation of the effects of each 
used alone.

There is, of course, an almost infinite number 
of possible combinations of antioxidants, some of 
which should be utilizable not only in the edible 
fat industry, but wherever compounds or mix­
tures are subject to oxidative deterioration.

In conclusion, it may again be emphasized that 
the complex reactions which result in rancidity 
are subject to many factors, some unknown, 
which operate to make duplication of results un­
certain at times. The data recorded in this paper 
are merely representative of those obtained from 
a large number of experiments and assays.

Further observations on the causes of the funda-
(14) C. D. Lowry, Jr., G. Egloff, J. C. Morrell and C. G. Dryer, 

I n d .  E n g .  C h e m . ,  25, 804 (1933).

mental differences between vegetable and anima! 
fats, with respect to their reactions toward differ­
ent inhibitors, will appear in subsequent publica- 
tions.
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Summary
The crude esters of hydrogenated cottonseed 

and other vegetable oils, prepared by refluxing 
the oil with absolute methyl or ethyl alcohol con­
taining dry hydrogen chloride, are protected to 
a remarkable degree by oxalic, malonic, maleic, 
citric and other aliphatic dibasic acids, by phos­
phoric and sulfuric acids and cephalin, and by 
some phenolic inhibitors. Hydroquinone is only 
slightly effective and inhibitol concentrates pre­
pared from the unsaponifiable fraction of vege­
table oils are inactive.

When the esters are partially purified by frac­
tional distillation in vacuo, they are only slightly 
protected by the acids or cephalin, but are pro­
tected by hydroquinone and the inhibitols.

The acid inhibitors and inhibitol concentrates 
have a pronounced synergistic effect when used 
together in the distilled ester preparation; the 
protection afforded by the mixture is much greater 
than by either alone. This phenomenon can 
also be demonstrated in lard, and in purified 
fatty acids and esters* and also with certain mix­
tures of phenolic and acid type inhibitors.

Based upon these observations, a tentative 
classification of inhibitors into three groups is pro­
posed: Group 1, acid type inhibitors; Group 2, 
inhibitols and hydroquinone; Group 3, other 
phenolic inhibitors.
Iowa City, Iowa Received September 2, 1936
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[ Contribution from the D epartment of Chemistry, Columbia U niversity]

The Kinetics of the Benzilic Acid Rearrangement

B y F. H. W est h e im e r1

Introduction
In 1932 Whitmore2 advanced a general theory 

which postulated a positive ion as the inter­
mediate in all molecular rearrangements. Not 
only a large amount of qualitative evidence, but 
also the quantitative work of Meerwein,3 support 
this hypothesis, at least for the Wagner-Meerwein 
(retropinacol) rearrangement. Ingold,4 in 1928, 
put forth another general theory of rearrange­
ments in which a negative ion was assumed as 
the intermediate; later5 he pointed out that it is 
difficult to reconcile Whitmore’s views with the 
facts of the benzilic acid rearrangement. The 
present work, a quantitative study of the benzilic 
acid rearrangement, supports Ingold’s conten-
tion that the intermediate is the negative ion

O—

C6H5—C—C—C6H5. Another study, which will be 
HO O

presented elsewhere, deals with the rearrange­
ment of benzil o-carboxylic acid, especially as con­
cerns the salt effect.

Method
Lachman,6 in 1924, showed that there are 

three reactions which take place when benzil, in 
aqueous alcoholic solution, is treated with alkali

C6H5COCOC6H 5 +  KOH — ^ (C6H5)2COHCOOK 
CeHöCOCOCeHs +  KOH — >  C6H5COOK +  C6H5CHO 

2C6H5COCOC6H5 +  C2H5OH — ^ C30H24O4

The second of these three reactions, a cleavage, 
goes on only in the presence of alcohol, and to the 
extent of only a few per cent. when the alcohol is 
less than half of the total solvent. The third 
reaction, the production of “ethyl dibenzil,” 
also a minor reaction, again occurs only in the 
presence of alcohol. The structure of “ethyl 
dibenzil”7 is unknown. The first reaction, the 
rearrangement of benzil to benzilic acid, is quan­
titative in aqueous solution; in aqueous alcohol 
yields of 90-95% are obtained. Since benzil,

(1) National Research Fellow in Chemistry.
(2) Whitmore, T h is  J o u r n a l , 54, 3274 (1932).
(3) Meerwein and van Ernster, B e r . ,  53, 1815 (1920); i b id . ,  55, 

2500 (1922).
(4) Ingold, A n n .  R e p .  C h e m . S o c . ,  25 , 124 (1928).
(5) Ingold, i b i d . ,  30, 177 (1933).
(6) Lachman, T h is  J o u r n a l , 46, 779 (1924).
(7) Jena, A n n  , 155, 77 (1870); Owens and Japp, A m .  C h e m . J . ,  

7, 16 (1885-86).

even in the absence of salt, is soluble only to the 
extent of 0.3 g./l. at 100°, it was necessary to 
employ 32% alcohol in this kinetic study. The 
secondary reactions interfered but slightly with 
the results obtained.

The rate of rearrangement of benzil was meas­
ured at 100° in 32% alcoholic Solutions of potas­
sium and barium hydroxides, and in phenol- 
phenolate ion and 0-chlorophenol-0-chlorophenol- 
ate ion buffers. While many studies have been 
made of the pK  of phenol and chlorophenol at 
room temperature,8 the value of these constants at 
100° was unknown. In order to ascertain the 
hydroxyl ion concentrations of the buffer Solu­
tions, the hydrolysis constants of phenolate and of
o-chlorophenolate ions were measured at 100° 
in 32% alcohol by conductivity.

Ampoules, filled with the reacting solution, 
were removed from the thermostat at stated times 
for analysis. Since it would have been difficult 
if not impossible to determine the concentration 
of benzilic acid, acidimetrically, by difference, es­
pecially in the buffered Solutions, an extraction 
method was employed. The contents of the 
ampoules were acidified and the organic matter 
brought into ether using a continuous extractor. 
Subsequently the ether was distilled off, the 
benzilic acid taken up in alcohol-water and 
titrated with 0.01 M  carbonate-free alkali, using 
thymol blue as the indicator. When buffered 
Solutions were employed, they were neutralized, 
bicarbonate solution added, and the mixture 
extracted. This removed the phenol or o- 
chlorophenol; after acidifying again, the benzilic 
acid was obtained by a second extraction.

A difficulty, encountered in connection with 
the buffers, was the air oxidation of the alkaline 
phenol solution. This produced a red indicator- 
type dye which effectively obscured the thymol 
blue end-point. I t was impossible to obtain con­
sistent results until the ampoules were evacuated 
and filled with nitrogen before sealing. The 
ampoules were of a type which prevented mixing 
of the phenol with the alkali until they were in- 
verted.

(8) M u rray  and  G ordon, T h is  J o u r n a l , 57, 110 (1935), and  refer­
ences contained  therein.
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Table I
T ypical Velocity D etermination

Cc. stands for the number of cc. of 0.01 M  potassium hydroxide used in titration, x, for the concentration of benzilic 
acid, a — x  the concentration of benzil, h — x the concentration of potassium hydroxide present at any time; t is quoted 
in minutes. The Standard equation, employing natural logarithms, was used for the calculation.

Cc. X a  — x b — x
_ a  (b  — x )  
Log b ( a  -  x ) D k X 10 Dev.

2.72 0.00149 0.00505 0.0485 0.099
4.06 .00222 .00432 .0478 .160 0.061 15.2 2.13 0.18
5.00 .00274 .00380 .0473 .211 .112 33.3 1.78 .17
5.91 .00323 .00331 .0468 .267 .168 45.7 1.94 .01
6.62 .00362 .00292 .0464 .319 .220 61.3 1.89 .06
7.48 .00409 .00245 .0459 .389 .290 76.8 2.00 .05

Average 1.95 0.09 or 5%

Since the analyses proved accurate to 1%, 
velocity constants could be obtained.

Experimental
The thermostat is a large copper tank designed as in 

Fig. 1. A hot plate boils water in the lower compart­
ment. Steam fills the boiler, heats the wells (which are 
filled with paraffin) and the condensate is returned from 
the reflux to the lower compartment. The cold end of the 
condenser is attached to a pressure regulator, of the type 
designed by Coffin,9 with picein. By maintaining constant 
pressure, constant temperature was assured. The thermo­
stat, which required no attention whatsoever, operated at
100.04 =*= 0.03° for a period of five months. The absolute 
temperature was determined with a Bureau of Standards 
calibrated thermometer.

ditions, could be removed quantitatively in one hour. 
The precision was 1%. When buffers were used, the solu­
tion was brought to the methyl orange end-point, and 10 
cc. of 0.1 M  sodium bicarbonate solution added. The 
solution was extracted for two hours in the case of phenol, 
three hours in the case of o-chlorophenol. Three cc. of 
1 M  hydrochloric acid was 
then added through the 
funnel and the solution ex­
tracted for one hour after 
the acid had permeated the 
entire aqueous layer (as 
shown by the methyl orange 
color). Blanks showed that 
this method removed the 
benzilic acid from phenol 
with an accuracy of 1%.

Materials.—The benzil 
was an Eastman Chemical, 
recrystallized twice from 
carbon tetrachloride, twice 
from alcohol. The cor­
rected m. p. was 94.4°.
Eastman chlorophenol was 
three times vacuum dis­
tilled from an ordinary 
Claisen flask; the corrected freezing point was 9.1° over 
a few hundredths of a degree range. After five vacuum 
distillations and subsequent fraction freezing, Eastman re­
crystallized phenol froze at 40.5° over 0.1° range. The 
alcohol was freed of aldehyde by the method of Dunlap.11 
All salts were recrystallized from water. Only carbonate- 
free alkali was employed.

e-Hie*- 
(aqer
tvafev*

Solotic»«

g'?«sm rd l

Fig. 2.—Continuous extrac- 
tor.

Results
Conductivity Apparatus.—The conductivity cell was a 

Washburn10 type B cell, made of Jena glass, with 1.3-cm. 
smooth platinum electrodes 8 cm. apart. The conduc­
tivity apparatus was of the Standard Washburn type.

Extractors were designed as in Fig. 2. They were 
constructed entirely of glass, using interchangeable 
ground-glass joints. Blanks showed that benzilic acid, in­
troduced with alcohol as in the actual experimental con-

(9) Coffin, T h is  J o u r n a l , 55, 3646 (1933); Crist and Roehling, 
ibid., 57, 2196 (1935).

(10) Washburn, ibid., 38, 2431 (1916); Washburn and Parker,
ibid., 39, 235 (1917).

The reaction between benzil and OH“" ion is 
bimolecular. This conclusion is based not only 
on the fact that a constant is obtained with a 
bimolecular equation, but also on the fact that 
the constant remains sensibly the same while the 
concentrations of the reactants are varied tenfold. 
The small deviations observed which are outside 
the possible experimental error may be due to the 
fact that the side reactions, referred to above,

(11) Dunlap, ibid., 28, 395 (1906)
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are more prominent in one case then in the other. 
A typical run, in which the average deviation 
is of the usual magnitude, is recorded.

The rate constants obtained using varying 
initial concentrations of benzil and of hydroxyl ion 
(but a constant ionic strength of 0.3) are shown in 
Table II.

T a b l e  II
B im olecular  R a t e  C o n st a n t  fo r  t h e  B enzilic  A cid 

R ea r r a n g e m en t
Concn. 

of benzil
Concn. 

of KOH
Concn. 
of KC1 k

0.008 0.15 0.150 2.17 X 10-1
.006 .05 .250 1.95 X 10-1
.006 .015 .285 1.79 X 10-1
.003 .005 .295 2.12 X 10-1
.02 .05 .250 1.85 X 10-1

While the Variation is somewhat greater than 
the experimental error, it is indeed small for a 
tenfold change in the concentration of both re­
actants. Such Variation as there is in the rate 
constant with change in hydroxyl-ion concentra­
tion must be discounted in view of the evidence, 
reported below, obtained with buffered Solutions. 
A small change in the extent of the side reactions 
with increasing concentration of benzil would 
account for that part of the Variation in the con­
stant which exceeds the experimental error. 
The effect of increased salt concentration upon 
the reaction is small, but positive, as is shown in 
Table III.

T a b l e  III
T h e  S alt  E f f e c t  in  t h e  R ea r r a n g e m en t  of B e n zil

Concn. 
of benzil

Concn. 
of O H -

Concn. 
of KC1 k

0.008 0.05 0.05 1.89 X 10-1
.006 .05 0.25 .30 1.97 X 10-1
.007 .05 .70 .75 2.15 X 10-1

If the reaction is truly a bimolecular one be­
tween benzil and hydroxyl ion, the rate should be 
the same regardless of what metallic hydroxide is 
employed. In Solutions of low ionic strength, the 
rate with barium hydroxide indeed proved ap­
proximately equal to that with potassium hy­
droxide; there is, however, a large positive salt 
effect with increased concentration of barium 
chloride. The results are tabulated below.

T a b l e  IV
T h e  Salt E ffe c t  w it h  B a r iu m  C hloride  on the  

R e a r r a n g e m en t  of  B en zil
Concn. 

of benzil
0.006

Concn. 
of O H -
0 .0 1 0 0

Concn. 
of BaCb

0.015 2.61
k
X ïo-i

.007 .0 1 0 0 0.050 .165 3.69 X 1 0 - 1

.007 .0 1 0 0 .242 .740 5.13 X 10" 1

In buffered solution, the pseudomonomolecular 
rate constants drifted to lower values of k as the 
run progressed. Some, at least, of this effect was 
due to the fact that the buffer does not hold the 
hydroxyl ion concentration constant, but this 
concentration diminishes during the run. I t is, 
however, possible to separate this effect from any 
real drift which may occur. The following ap­
proximation formula was developed to compen- 
sate for the change in hydroxyl ion concentration 
during the course of the reaction
Let x  — concentration of benzilic acid 

a  =  original concentration of benzil 
b =* original concentration of phenolate ion 
c = original concentration of phenol 
K h  = hydrolysis constant of phenolate ion

(Phenolate ion)dx
dt = ß (Benzil) (OH- ) and (OH- ) = K h

80 d7 kKh,(a — x)
(b -  x) 
(c +  x)

(Phenol)

Since b and c are large compared with x, little 
error is introduced by replacing (b — x)/(c  +  x)

by the expression b Makingc 1 +  [{b +  c)/bc]x' 
this Substitution, and integrating the resultant 
equation, we obtain

2.303 ( 1 +(> b + c 
bc a ) log/ i

b -f- c b—r—  x  =  -  kKhthr. r.

Here the left side of the equation embodies the 
correction; the product (b/c)kKh can be con­
sidered a new constant k r. The results obtained 
with this equation still have, on the average, some­
what of a drift, although this hardly exceeds the 
experimental error. Typical values for k f, ob­
tained over about 50% reaction, are 1.70, 1.31, 
1.46, 1.45, 1.38. The values of kr in various buf­
fer Solutions are recorded below.

T a b l e  V

R a te  of  R e a r r a n g e m e n t  of  B e n z il  in  B u f f e r e d  
S o l u tio n s

Concn. 
of benzil

Concn. 
of KC1

Concn. of 
phenolate 

ion

Ratio of 
phenolate 

ion to 
phenol

0.012 0.185 0.115 2.00 4.71 X 10-«
.010 .250 .050 1.00 2.40 X 10~4
.011 .118 .182 1.00 2.32 X ÏO-4
.009 .300 1.00 2.44 X ÏO“4
.009 .268 .032 0.50 1.40 X 10~4
.009 * .108 .192 .50 1.46 X ÏO'4

Using 0-chlorophenol and o-chlorophenolate ion, 
the results given in Table VI were obtained.

The results with phenol were easier to re- 
produce than the very slow rates obtained with 
0 -chl orophenol.
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Table VI
R ate of R earrangement of B enzil in Buffered 

Solutions
Benzil concn. 0.008 0.010
o-Chlorophenolate ion concn. . 026 .190
Ratio of o-chlorophenolate ion to o-chloro-

phenol 3.00 3.00
Potassium chloride concn. 0.274 0.110
k ' X 104 .92 .72

It is at once obvious from these figures that the 
rate is dependent upon the buffer ratio but not

of their separate conductivities, and that there is a 
certain solvent effect due to the presence of un­
dissociated phenol or <?-chlorophenol. Further­
more, these effects are magnified in Solutions of 
moderate concentration.12

In the calculations using the data of Table VII 
below, the conductivities of the phenolate and o- 
chlorophenolate ions were corrected for the hy­
droxyl ions in the buffer Solutions before calculat­
ing the percentage hydrolysis.

Table VII
H ydrolysis of Phenolate and o-Chlorophenolate Ions at 100° in 32% Alcohol

Compound Concn. Compound Concn. Resistance
KOH 0.01500 776.8
KOH .003106 3602.8
Phenolate .2620 Phenol 0.3640 120.46
Phenolate .2617 Excess KOH .00151 107.41
o-Chlorophenolate .3055 o-Chlorophenol .1670 106.30
o- Chlorophenolate .3038 Excess KOH .00150 102.46

Phenolate ion is 7.3% hydrolyzed in the presence of 0.6% excess potassium hydroxide. o-Chlorophenolate ion is 
1.7% hydrolyzed in the presence of 0.5% excess potassium hydroxide.

upon the concentration of the phenolate ion 
present. That is to say, the reaction is not one 
involving general base catalysis, for, if it were, 
the rate would increase, at constant buffer ratio, 
as the concentration of the phenolate ion increases. 
Furthermore, the change in rate with change in 
buffer ratio is approximately that which would 
be predicted if the reaction is strictly between 
benzil and OH“ ion.

The rates in buffered and unbuffered Solutions 
enable us to determine the hydrolysis constant 
of phenolate and of 0-chlorophenolate ions. 
From Table V, the average value for phenol of 
ck'/b (which is equal to kKh) is 2.54 X 10“4, 
with an average deviation of 8%. Likewise, 
from Table I, the average value of the bimolecu­
lar constant k is 1.98 X 10"1, with an average 
deviation of 7%. The value for Kh from kinetic 
measurements, then, is 1.28 X 10 “3 for phenol, 
and likewise is 1.37 X 10~4for 0-chlorophenol.

The hydrolysis constant of a weak acid can be 
determined independently by meäsuring, by 
conductivity, the degree of hydrolysis of the potas­
sium salt. A difficulty arose here in the manner in 
which the measurements should be made. For, 
to be comparable to the kinetic data, the con­
ductivity measurements should be made at an 
ionic strength of 0.3. While these were the 
experimental conditions used, it is necessary to 
bear in mind that the conductivities of two salts 
in the same solution are not necessarily the sum

(Phenol) (OH ~)/(Phenolate ion = K h. The final 
results are, then, given in Table VIII.

Table VIII
Hydrolysis Constants of Phenolate and o-Chloro­

phenolate Ions

*---------------Kh--------------- v
Compound Kinetics Conductivity

Phenol 1.28 X 10"3 1.61 X 10“3
o-Chlorophenol 1.37 X 10 "4 1.15 X 10 ”4

Before the significance of these figures can be 
appreciated, the possible errors must be evalu­
ated. The error in the quotiënt of the two 
velocity constants may well be 10 or 15%. An 
error of 0.1% in the percentage hydrolysis of 
phenolate ion would mean an error of about 3% 
in the value of K h; a similar error in the case of 
ö-chlorophenolate ion would represent an error 
of a little more than 10%. If, then, there are no 
errors introduced because of the divergence from 
ideality of Solutions as concentrated as 0.3 molar, 
we would expect that the constants obtained by 
the two different methods would agree within 
about 20%. The disagreement, while a trifle 
greater than this, is of this order of magnitude, 
and the pK  of phenol and chlorophenol deter­
mined by the two methods agree within 0.1 pK  
unit.

Since the values of the hydrolysis constants 
determined by the two methods agree as well as

(12) Maclnnes, Shedlovsky and Longsworth, C h e m . R e v . t 13£1 
29 (1933).
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can be expected, we are justified in the assump­
tion, used in the calculation of the hydrolysis con­
stants from the kinetic data, that the bimolecular 
rate constant holds throughout the entire range 
of acidities studied. Essentially, the hydroxyl 
ion concentration has been varied 425-fold with­
out changing the velocity constant by more than 
the experimental error.

Peroxide Effect.—The work of Kharasch and 
Foy13 on the oxygen catalysis of the Cannizzaro 
reaction suggested that the effect might be pres­
ent in the benzilic acid rearrangement. Using 
the same precautions with which the results of 
Kharasch were repeated, no retardation was 
noted in the rearrangement. If such a catalysis 
exists, it levels off too rapidly to invalidate the 
kinetic data recorded above.

Discussion of Results
In aqueous solution, benzil undoubtedly exists 

in equilibrium with its hydrate, and with the 
negative ion which results from the ionization of 
the hydrate

CO—CO-
+  h 2o :

OH O—

Whitmore2 suggested that the first reaction is 
one between a positive ion and benzil, followed 
by a shift of electrons to form a carbonium ion, 
the true, unstable intermediate.

However, regardless of whether this primary 
addition is the slow step, or merely an equilibrium 
supplying the starting product for some other 
slow step, the theory would demand a strong 
positive ion catalysis. Such does not exist, 
and Whitmore’s hypothesis cannot possibly be 
correct in this case. As a carbonium ion is the 
most likely intermediate in the Wagner-Meerwein 
rearrangement,3 it is necessary to postulate more 
than one type of ionic intermediate for molecular 
rearrangements.

(13) Kharasch and Foy, T h is  J o u r n a l , 57, 1510 (1935).

Ingold4 suggested that the negative ion which 
results from the ionization of benzil hydrate is 
the first intermediate; a shift of electrons so 
that ten surround one C atom forms the true, 
unstable intermediate.

The kinetic data give no indication of whether 
this second hypothesis is correct, but they do 
very definitely point to this negative ion as the 
intermediate.14 No other assumption would ex­
plain the fact that the rearrangement of benzil 
is bimolecular over more than a four hundred- 
fold change in hydroxyl ion concentration.

This ion could be formed by one of three 
mechanisms, namely, by general base catalysis, 
in which case a base would remove a hydrogen 
ion from the hydrate, by addition of an hydroxyl 
ion to benzil, or by direct ionization of the hy­
drate. The fact that the rate is independent of 
the concentration of phenolate ion is definite 
proof that the reaction is not an example of 
general base catalysis. The kinetic data afford 
no means of differentiating between the other two 
possibilities.

Furthermore, the ionization cannot be ex­
tensive in any of the Solutions studied. For, 
if it were, a simple calculation shows that the 
rate would vary with less than the first power of 
the hydroxyl ion concentration; such is not the 
case. Moreover, a doubly ionized benzil mole­
cule is also impossible, for if such an ion were 
involved, the reaction would of necessity show 
a large positive salt effect. Therefore, not only 
can the reaction adequately be explained on the 
basis of this ion as intermediate, but most other 
likely hypotheses can be eliminated definitely.

(14) Dr. P. D. Bartlett has pointed out in discussion that the fact 
that this migration occurs in a negative rather than a positive ion 
is not so foreign to Whitmore’s generalization as might appear. 
According to this viewpoint, the essential feature of rearrangements 
is the migration of some group R : with an electron pair to a position 
having electron-attracting character. In the pinacol rearrangement 
such a position must be produced by the formation of a positive 
ion. Benzil, on the other hand, has an electron-attracting center 
permanently in the starred carbon atom of the carbonyl group:

OH

The appearance of a negative charge on the other CO group facili- 
tates the release of the adjacent phenyl group with its electron pair.
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Summary
1. The rate of the rearrangement of benzil to 

benzilic acid has been measured in Solutions of 
hydroxyl ion and in phenol-phenolate and o-  
chlorophenol-0 -chlorophenolate ion buffers, all

in 32% alcohol at 100%. The reaction is strictly 
bimolecular.

2. The hydrolysis constants of phenolate 
and of o-chlorophenolate ions have been measured, 
in 32% alcohol at 100°, by conductivity.

3 The conclusion is drawn that the rearrange-
o-

ment proceeds through the ion C6H5—C—-C—C6H6.
I II

HO O
N ew Y ork, N. Y. R eceived July 27, 1936

[Contribution from the Chemical Laboratory of the University of California]

The Rate of Exchange between Chloride Ion and Chlorine in Aqueous Solution
By F. A. Long and  A. R. Olson

Two investigations dealing with the rate of 
exchange between halide ions and halogens have 
been published recently. Grosse and Agruss1 
studied the exchange between bromine and 
bromide ion and Huil, Shiflett and Lind2 that be­
tween iodine and iodide ion. Both of these in­
vestigations employed radioactive indicators to 
follow the reactions. We can conclude from the 
results of these investigators that considerable 
interchange takes place during the course of 
several minutes, but no attempt was made in 
either investigation to ascertain the order of 
magnitude of the rate of the interchange reaction.

In studying the mechanism of the rearrange­
ment of chloroacetylaminobenzene, Olson, Porter, 
Long and Halford3 found that it was necessary 
to know whether such an interchange was fast 
or slow compared to the rate at which chlorine 
reacts with acetanilide in aqueous solution. 
Since this latter reaction is itself extremely fast, 
it is obvious that we could draw no inferences 
from the published investigations which would be 
valid in this work. We have therefore deter­
mined the relative speed of these two fast reac­
tions by passing non-radioactive chlorine into an 
aqueous solution of acetanilide and radioactive 
chloride ion, followed by an examination of the 
distribution of the radioactivity in the products of 
the reaction. Radioactivity in the resulting 
chloroacetanilide will thus indicate that the 
chlorine has interchanged with the chloride ions

(1) A. V. Grosse and M. S. Agruss, T h is  J o u r n a l , 57, 591 (1935).
(2) D. E. Huil, C. H. Shiflett and S. C. Lind, ibid., 58, 535 (1936).
(3) A. R. Olson, C. W. Porter, F. A. Long and R. S. Halford, to be 

published soon.

before chlorinating the acetanilide. Even though 
the chlorination of acetanilide is immeasurably 
fast, we found the exchange reaction to be com­
plete within the limits of experimental error.

Experimental
0.033 Mole of acetanilide was dissolved in 35 cc. of 95% 

alcohol, 515 cc. of 1 N  sulfuric acid added and 0.0825 mole 
of radioactive sodium chloride was dissolved in this mix­
ture. The concentrations in the resulting 550 cc. of solu­
tion were thus 0.06 M  acetanilide and 0.15 M  chloride ion. 
Fifty cc. of this solution was withdrawn for radioactive 
analysis and, to the remaining 500 cc., 0.00617 mole of 
chlorine was added with vigorous shaking. The chlorine 
disappeared rapidly and a precipitate of chloroacetanilide 
appeared almost immediately. The organic matter, chloro­
acetanilide and unreacted acetanilide, was then extracted 
with two portions of ether, the ethereal solution evaporated 
to dryness and the solid material fused with potassium hy­
droxide in a nickel crucible. The resulting fused mass was 
dissolved in water and acidified with nitric acid. To this 
solution, containing chloride ion from the chloroacetanilide 
only, and to the 50-cc. initial sample, excess silver nitrate 
solution was added. Weighed amounts of the dried silver 
chloride precipitates were dissolved in ammonium hydrox­
ide and radioactive determinations were then made by the 
method described by Olson, Libby, Long and Halford.4 
The control sample was made by using 0.4 g. of silver 
chloride. From the fusion we were able to obtain only 
0.33 g. of silver chloride and so 0.07 g. of non-radioactive 
silver chloride was added. In comparing the radioactive 
analyses this factor must be taken into account.

In Fig. 1 we have plotted the time against the logarithm 
of the net count times the dilution. The circles repre­
sent the observed data and the straight lines have been 
drawn with a slope corresponding to the known half-life 
of radioactive chlorine (thirty-seven minutes). Our 
radioactive material exhibited some gamma radiation but

(4) A. R. Olson, W. F. Libby, F. A. Long and R. S. Halford, This 
J o u r n a l , 58, 1313 (1936).
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any contribution due to this was ignored in calculating our 
results. During the nm the counting apparatus developed 
some instability as was shown by a Variation of the back­
ground count and so the accuracy is not as great as we 
could have expected for this type of experiment. How­
ever, the errors are not large enough to throw any doubt on 
our conclusions.

Figure 1 shows immediately that considerable inter­
change must take place since the chlorine in the final 
product is highly radioactive. A comparison of the read­
ings for the two samples at any given time shows that the 
activity of the silver chloride from the chloroacetanilide is 
about 79% of that of the control sample.

Discussion and Calculations
The particular concentrations that we used 

were chosen, first, so that the ratio of chloride 
ion to acetanilide would be small enough so that 
the chlorine would not have too great a chance of 
interchanging before colliding with an acetanilide 
molecule, and second, with the ratio of radioactive 
chloride ion to the amount of chlorine rather 
large so as to permit simplification in calculating 
the results. Every molecule of chlorine that 
reacts with acetanilide forms one molecule of 
chloroacetanilide and sets free one chloride ion. 
Thus, if a is the initial amount of radioactive 
chloride ion and x is the amount of chlorine 
introduced at any time, then, since all chlorine 
that goes into solution reacts almost immediately, 
the total amount of chloride ion, radioactive or 
non-radioactive, is a +  x. If all of the chlorine 
becomes radioactive before reacting with the 
acetanilide, the amount of radioactive chloride 
ion in solution would be a — x. To correct for 
the fact that as the reaction progresses the 
chlorine has a decreasing probability of becoming 
radioactive, we must alter the above amount 
to a — x {a — x)/{a + x). As the reaction pro­
gresses the probability that the chlorine will be­
come radioactive decreases for two reasons: 
first, because the total amount of chloride ion in­
creases and, second, because the amount of 
radioactive chloride ion decreases. Thus the 
probability that a chlorine molecule will become 
radioactive is equal to [a — x (a — x)/(a +  x)]/

(a +  x). Then the decrease in radioactiv­
ity of the chloride ion in solution will be very 
nearly equal to the integral from zero to x of 
-----— — -x) dx. This, of course, will also
be the total amount of radioactivity to be found 
in the chloroacetanilide. In our experiment the 
ratio of x to a is 1 to 13.35. Putting these values

Log (count X dilution).
Fig. 1.—The upper curve, which is for the control 

sample, has been displaced to the right by one-half a 
unit.

into the above integral we find that the radio­
activity of the chlorine in the chloroacetanilide 
should be 93% of the original radioactive chloride 
ion. When we apply the further correction of 
33/40 due to the undersized sample we find that 
the radioactivity of the silver chloride from the 
chloroacetanilide should be about 77% of that 
for the control sample, assuming complete inter­
change between chlorine and chloride ion. This 
agrees very well with our experimental value of 
79%. Therefore we can conclude that the estab­
lishment of the equilibrium between chlorine and 
chloride ions in an acidified aqueous solution is 
extremely rapid.

In conclusion we express our indebtedness to 
Professor E. O. Lawrence and his colleagues for 
supplying us with the radioactive sodium chloride. 
B erkeley, Calif. R eceived August 19, 1936
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The Activity of Sodium in Dilute Sodium Amalgams

By H. E. Bent and E. Swift, Jr.
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The thermodynamic properties of sodium amal­
gams have been investigated previously by a num­
ber of workers.1 The potentiometric method of 
Richards and Conant used, as an electrolyte, an 
aqueous solution of sodium hydroxide. Lewis 
and Kraus,2 in determining the Standard electrode 
potential of sodium used a solution of sodium 
iodide in ethylamine. By combining these two 
sets of data one can calculate the activity of so­
dium in dilute sodium amalgams referred to the 
pure metal as the Standard state. Recently, how­
ever, it has been shown that the potential of a 
concentration cell may be affected by the nature 
of the electrolyte.3 The explanation for this be­
havior is not known but presumably the electro­
lyte either alters the number of equivalents of 
alkali metal transferred per faraday due to the 
formation of a complex ion or gives rise to some 
side reaction. I t  therefore seemed desirable to 
check data previously reported by the use of 
other solvents and with varying concentrations of 
electrolyte.

A further reason for again studying these amal­
gams arose in the effort to interpret the shape of 
the curve obtained by plotting the values of the 
logarithm of the activity coëfficiënt against the 
concentration of the sodium. The Variation in 
the values determined for the most dilute Solu­
tions on account of reaction with the aqueous 
electrolyte made it impossible to distinguish be­
tween a physical and a Chemical explanation for 
the deviations from Raoult’s law in this region.

Finally, it seemed worth while to develop the 
technique of these measurements to a considerably 
higher point before studying further amalgams of 
the other alkali metals. We are interested in hav­
ing data on the thermodynamic properties of alkali 
metal amalgams in connection with a program of 
studying the free energy of formation of various 
organo metallic compounds with the aid of amal­
gams.

The most accurate element in this investigation 
seemed to be the determination of the potential

(1) (a) Richards and Conant, T h is  Journal, 44, 601 (1922); (b) 
Bent and Hildebrand, i b i d . ,  49, 3011 (1927); (c) Gilfillan and Bent, 
i b i d . ,  56, 1505 (1934).

(2) Lewis and Kraus, i b i d . ,  32, 1459 (1910).
(3) Bent and Gilfillan, i b i d . ,  5 5 , 247 (1933).

between amalgams of various concentrations. 
We therefore attempted to bring the various other 
errors down to the order of 0.01%. We first in­
vestigated a number of solvents in order to find 
one which would dissolve sufficiënt sodium iodide 
to give a good conductivity and still not react with 
the sodium amalgam or metallic sodium. Great 
care was exercised in filling the cells and in Con­
trolling the temperature during measurement. 
Finally, considerable time was spent in improving 
the accuracy of the analysis and discovering the 
sources of error in this determination.

Solvent.—The solvents heretofore used in the 
study of amalgam concentration cells have been 
water, ethylamine and ether. Water obviously 
is far from ideal on account of its rapid reaction 
with amalgams. Ethylamine, used by Lewis and 
Kraus, is very much better but even this solvent 
reacts slowly with metallic sodium. Ether is 
better from the standpoint of reaction with the 
metal. However, as shown by Gilfillan, the elec­
tromotive forces obtained by dissolving organo 
metallic compounds in ether are not reproducible 
and do not agree with those obtained with other 
solvents.

Dimethylethylamine was prepared by treating di­
methylamine with diethyl sulfate at 80° for twenty-four 
hours. The yield was very poor—about 1%. The prod­
uct was purified by distillation and dried before using. 
Dimethylamine, diethylamine and ethylamine were pur­
chased from Eastman Kodak Co. and purified and dried 
before use. The amine was first dried by distillation onto 
calcium oxide or activated alumina and then onto sodium 
benzophenone. It was sealed in glass capsules which were 
later broken into an evacuated system. The sodium iodide 
was fused in vacuum in a platinum boat according to the 
method of Forziati.4 As will be seen from Table I only 
ethylamine and dimethylamine dissolve sufficiënt sodium 
iodide to be suitable solvents.

Table I
Specific Conductance

Mhos
Dimethylethylamine -f Nal (satd.) < 10“10
Diethylamine 3 X 10-12
Diethylamine -f* Nal (satd.) 3 X 10 ~9
Dimethylamine 1 X 10-!0
Dimethylamine +  Nal (satd.) 2 X 10-4
Ethylamine 1 X 10 ~9
Ethylamine +  Nal (satd.) >1 X 10“4

(4) Forziati, i b i d . ,  58, 2220 (1936).
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These two amines were then compared to determine the 
relative speed of the reaction with alkali metal. For 
this purpose sodium-potassium alloy was introduced into 
a small tube connected to a second tube carrying a pair of 
platinum electrodes. The amine could be distilled into 
the tube containing the electrodes to measure its con­
ductivity or the solution could be poured in and the course 
of the reaction followed by the change in conductivity. 
It was found that ethylamine reacted about one hundred 
times faster than dimethylamine and gave Solutions which 
were of the order of one hundred times more conducting 
as a result of reaction with the alloy. This treatment is 
probably much more severe than necessary but gives a 
rapid method of comparing the inertness of the two liquids. 
The ethylamine very quickly became colored and at times 
bubbles could be observed rising from the surface of the 
alloy in contact with this liquid, while the dimethylamine 
remained perfectly clear. The results of these experiments 
are recorded in Table II and indicate clearly that dimethyl­
amine is much to be preferred

T able  II
Specific Conductance of A m ines in  Contact with 

NaK A lloy
Time, hrs. Dimethylamine Ethylamine

0
1

24
48

lO-io
10~9

2 X 10~9
3 X 1CT9

10“9
5 X 10“8 
4 x io~7
6 X 10~7

Analysis,—Since the analysis of the amalgams is the 
part of the problem which introducés the greatest part of 
the experimental error, a great deal of time was spent in 
improving this procedure. A great many precautions 
were taken in standardizing the acid used in the titration 
and in extracting the sodium from the amalgam. Only a 
few of these will be mentioned here. The carefully puri­
fied sodium carbonate was fused in a stream of dry carbon 
dioxide. All titrations were carried out in quartz flasks 
with air, free from carbon dioxide, passing through the 
flask at the end-point. Weight burets were used, one 
containing sulfuric acid approximately 0.5 N  and the 
other acid approximately 0.01 N. Standard base was 
not used in the titration, the initial alkaline solution being 
decanted from the amalgam in order that an excess of acid 
could be added to remove the last of the sodium. The 
initial alkaline solution was then added and the titration 
carried just to the end-point with brom thymol blue. All 
amalgams were prepared by distilling mercury onto sodium 
which had been filtered through several constrictions. The 
amalgam was then transferred to storage flasks and cap­
sules which had been baked and evacuated at 450°. 
Samples were removed for analysis or for the preparation 
of a cell by means of tips broken by magnetic hammers. 
The general style of cell was the same as that used by 
Gilfillan.5 No stopcocks were used at any point in the line, 
however. With the aid of the above precautions the pre­
cision of the analysis appeared to be 0.02% as judged by 
the agreement of successive runs.

Thermostat.—The temperature of the thermostat 
was controlled by means of a 24-junction copper-con-

(5) Bent and Gilfillan, T h is  J o u r n a l , 55, 3989 (1933).

stantan thermocouple. The potential from this thermo­
couple was balanced by a small Potentiometer which was 
kept, with dry cells used for its Operation, in another ther­
mostat at 25°. When off balance the current generated 
deflected a spot of Hght thrown by a spot light onto a 
galvanometer and reflected to a photocell. The remainder 
of the control is illustrated in Fig. 1. This use of the 
thyratron in a phase-shift circuit results in an adjustment 
of the current sixty times a second. This arrangement 
was worked out with the details as shown in the figure by 
Professor W. B. Nottingham of Massachusetts Institute 
of Technology and proved very satisfaetory. There was 
no tendency of the temperature to oscillate and the tem­
perature could be kept constant at any desired point to 
0.01°. Greater precision could have been obtained by 
using a larger thermostat and a thermocouple with a 
greater number of junctions or a more sensitive galvanome­
ter. All that was necessary to operate the cell at lower 
temperature was to adjust the temperature roughly by an 
increase in the flow of cooling water and then to set the 
Potentiometer for the desired temperature. Switch “G” 
was added in order to allow the temperature to be raised 
rapidly.

Fig. 1.—Control circuit used for thermostat:
A, 0.0001 mfd. variable condenser; B, 50,000- 
ohm variable resistance; C, 125-watt “lagless” 
heater (in bath); D, 10-megohm resistance;
E, 2-megohm resistance; F, photoelectric cell, 
type 71-A; G, switch used for rapid heating.

Experimental Results
Seven cells were constructed including eight 

amalgams of varying concentrations, one of which 
was two phase. One cell was designed to permit 
successive dilution of the electrolyte. Over a 
range of one thousandfold in the concentration of 
sodium iodide there was no change in the e. m. f. 
which was greater than the experimental error. 
However, in the case of the most dilute Solutions 
the resistance was so high that it was difficult to 
obtain measurements which were reproducible to 
better than about 1%. This experiment proves 
that there is no Variation in e. m. f. with this elec­
trolyte comparable to the 50% Variation found by 
Gilfillan with ether Solutions of organo metallic
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Table III
M o le  F r a c tio n  of A malgams a n d  Ob se r v e d  E . M . F .

No. Nu 5° 15° 25° Reference electrode
1 Two phase 0.01600 ±  20 0.02348 ±  1 0.03157 =*= 5 4
2 0.0489708 .05582 .05732 5
3 .0394227 .03920 .04020 .04131 5
4 .0336062 .02980 .03066 .03151 5
5 .0177086 .0 0 0 0 0 .00000 .0 0 0 0 0 5
6 .0120373 -  .01418 -  .01460 -  .01501 5
7 .0042270 -  .04631 -  .04777 -  .04921 5
8 .00042375 -  .10497 -  .10844 -  .11193 5
3 .0394227 . — .81600 -  .81445 -  .81338 Sodium
3 .0394227 -  .81336
7 .0042270 -  .89418 Sodium

compounds. The cross checks obtained by com- 
paring various pairs of amalgams in a single cell 
were usually good to 0.01 mv. The values for 
pairs of amalgams occurring in different cells were 
good to 0.03 mv. From all of these cells data were 
obtained over many weeks and at 5, 15 and 25°. 
Two cells contained metallic sodium. The results

S2 = -4.57393 log N2 

-43658.57

5294.27 711.574

H2 =

y  1.138

+  835.3A2F°-46

yo.54 N2 -  32.0N2*

yo.i38

Fi = 4.57393 [F log Ni -  169.1iV22 FM6 -
(338.2F0-46 +  14F) x (iV23/ 3 +  iV24/ 4 . . .)]

Si = -4.57393 [log JVi -  NJ -

are given in Condensed form in Table III. From 
these data three equations were obtained by the 
method of least squares to represent log 0,2/ N2 as 
a function of N2. The form of expression found 
satisfaetory is of the familiar type, log a2/N 2 = 
a +  bN2 +  cN 22, the last term contributing rela­
tively little to the expression. The average de­
viation of the experimental points from the curve 
was 0.0015, which corresponds to about 0.06 mv. 
error in the e. m. f. or about 0.1% in the analysis 
of the more concentrated amalgams. I t was 
found possible to combine these three equations, 
obtained by least squares

loga2/i\r225o =  -12.81441 +  15.6130 iV2 +  7.530W22 
log a2/N 2l50 =  -13.32030 +  15.87260iV2 +  7.110iV22 
log a2/N 25o =  -13.86807 +  16.1820N2 +  5.970iV22

into a single simple equation involving the tem­
perature without seriously sacrificing the accuracy 
of the data. This equation is

- /7vr -8387.6 . 338.2 Ar , _ nAT9
log a2/N 2 ----- yïjiïi- " "F ~yö754 ^ 2 “F .̂OiV̂ 2

Values of log a2/N 2 calculated by means of this 
equation usually differed from those calculated 
by the three separate equations given above by 
less than 0.001. From this more genera! equation 
the following equations have been derived for the 
partial molal free energy, entropy and heat con­
tent of sodium and mercury, following the meth­
ods used by Bent and Gilfillan.

F2 =  4.57393 F log N2 - 38364.30
yo.i38 +

1546.9JV2r°-4« +  32.0 N^T

( t I et +  14) w / 3  +  W / 4. . .)]

H i  = 4.57393 [-91.3 iV22F0-4« -  182.6F0-4« (iV23/3 +
iV24/4. . .)]

Introducing the values for the e. m. f.’s of sodium 
to the saturated amalgams into the equation ob­
tained by the method of least squares for each 
temperature and solving for the concentration, 
three values were obtained for the solubility of 
sodium in mercury .

T a b l e  IV
S o l u b il it y  of S o d ium  i n  M er cu r y
Temp., °C. Mole fraction of Na

5 0.043955
15 .04870
25 .05380

Our results may be compared first with those 
of Lewis and Kraus. They report an e. m. f. be­
tween an amalgam whose concentration is 0.2062 
wt. % sodium and pure sodium of 0.8456 which is 
equal to 0.8453 international volt.6 We find 
from our equation a value for this e. m. f. of 0.8448 
using the equation derived from the experimental 
data at 25° and a value of 0.8449 v. using our more 
general equation which includes the temperature. 
The disagreement between our value and that of 
Lewis and Kraus is considerably more than the 
experimental error which they attribute to their 
result. A check on our result has been obtained 
by A. F. Forziati using entirely different appara­
tus in work soon to be reported. His measure-

(6) Lewis and Randall, ''Thermodynamics," McGraw-Hill Book 
Co., Inc., New York, 1923, p. 415.
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ments agree with our results for the e. m. f. be­
tween sodium and an amalgam of a given concen­
tration to 0.1 mv. Our agreement with Lewis 
and Kraus in the temperature coëfficiënt of this 
cell is not entirely satisfaetory. They report a 
value of —0.0000408 v. per degree for the range 10- 
35°. As will be seen from Table V the tempera­
ture coëfficiënt is changing rather rapidly with the 
temperature. The average value which we ob­
tained by calculating the activity at 10 and 35° 
does not agree well with that of Lewis and Kraus 
and the value at 25° is still further from their 
value.

T a b l e  V

C a l c u l a t e d  V a l u e s  o f  dE /dT
T em p .,

5
15
25

10-35

5C. - d E / d T

0.000059
.000043
.000029
.000032

We have also compared our data with those of 
Richards and Conant. Their experimental data 
are shown by crosses on our plot in Fig. 2. They 
did not determine the potential of any amalgam 
against sodium. Their points have been placed 
on our plot by arbitrarily adding a constant to the 
values of log which would give the best
agreement with their data. The agreement of 
their data with those reported in this investiga­
tion seems remarkably good considering the 
difficulties which they encountered in working 
with water Solutions. Their data have been cal­
culated in a similar manner by Bent and Hilde- 
brand but these results do not entirely agree with 
our present calculations, apparently due to some 
error in the earlier calculations.

We have also compared our temperature coeffi­
cients with those observed by Richards and Co­
nant. The agreement here is remarkably good, 
probably within our experimental error.

T a b l e  VI
C o m p a r i s o n  o f  dE /dT  w i t h  D a t a  o f  R ic h a r d s  a n d  

C o n a n t

A m algam s of 
R . and C.

d E / d T  
R . and C.

d E / d T  
B. and S.

18-20 0.093 0.091
18-19 .156 .151
20-21 .164 .158
21-22 .059 .062

Finally, from our equations we have calculated 
the free energy of formation of NaHg4 and values 
for the solubility of sodium in mercury. These 
data were obtained from measurements on the

two-phase amalgam. The potential between 
the two-phase amalgam and sodium is shown in 
Fig. 2 and gives, with the aid of the equation for 
the curve, the concentration of the liquid phase. 
From the activity of sodium and mercury in this 
amalgam we then calculate the value —18,296 
kcal. for AF.

0 0.02 0.04
N 2, mole fraction of sodium.

Fig. 2.— O, Experimental values; ©, values of Richards 
and Conant.

The choice of explaining the deviation from 
ideal solution by either eompound formation or a 
more general physical picture seems to be pretty 
clearly answered by our data. Whatever com­
pounds may be present at higher concentrations 
the behavior of the dilute amalgams cannot be 
explained by such assumptions alone. The plot 
of log 0 2 / 'N2 is perfectly straight down to our most 
dilute amalgam. It has been shown by Bent and 
Hildebrand that even a eompound containing as 
much mercury as NaHgi6, which is about as much 
as one can reasonably postulate, still gives a 
slight upward curvature in the very dilute range 
of concentration.

Summary

1. The thermo dynamic properties of dilute 
sodium amalgams have been determined by means 
of concentration cells containing sodium iodide in 
dimethylamine as the electrolyte.

2. The solubility of sodium in mercury has 
been determined at 5, 15 and 25°.

3. The experimental results are compared with 
those of Richards and Conant on concentration 
cells and Lewis and Kraus on the sodium elec­
trode.

4. The data on very dilute amalgams indicate 
that deviations from Raoult’s law, which can be
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largely attributed to the existence of compounds, 
cannot be quantitatively explained by the as­
sumption that compounds exist which dissolve

in mercury to give ideal Solutions.
M a llinckrodt  C hem ical  L aboratory
Ca m br id g e , M a s s . R e c e iv e d  A u g u st  14, 1936

[C o n t r ib u t io n  from  t h e  Chem ical  L aboratory  of H a r v a rd  U n iv e r sit y ]

The Activity of Sodium and Mercury in Solid Sodium Amalgams
By H. E. Bent and A. F. Forziati

The number and composition of the solid 
phases containing sodium and mercury have been 
the subject of much difference of opinion.1 A 
study of the activity of sodium in the solid phase 
might well be expected to throw added light on 
this complex system.

A second reason for studying the solid com­
pounds of sodium and mercury arises in connection 
with the investigation of organo-metallic com­
pounds. It is possible to determine the free 
energy change associated with the addition of 
sodium to various organic compounds by shaking 
the materials to be investigated with liquid sodium 
amalgams.2 Many compounds, however, ex­
hibit a stability which would necessitate the use 
of solid sodium amalgams in such an equilibrium 
determination. Recently the investigation of 
unsaturated hydrocarbons3 has emphasized the 
need of studying such solid sodium amalgams.

(1) P aranjp e and Joshi, J .  P h y s .  C h e m . ,  36, 2 4 7 4  (1932).
(2) B en t et a l., T h is  J o u r n a l , 52, 1498 (1930); 53, 1786 (1931) ; 

54, 3250  (1932); 57, 1217, 1242, 1259 , 1452, 1455 (1935); 58, 1367 
(1936).

(3) B en t and K eev il, i b i d . ,  58, 1367 (1936).

We have constructed cells in which one elec­
trode is a dilute sodium amalgam and the other a 
solid amalgam, Fig. 1. The solid amalgams may 
be diluted by small additions of known quanti­
ties of mercury, thus covering the whole concen­
tration range with one cell. The electrolyte is a 
solution of sodium iodide in dimethylamine. 
This solvent has been found to be well suited to 
cells of this type.4 From the activity of the 
sodium the activity of the mercury can be cal­
culated and the free energy of formation of the 
various solid phases.

Materials
All materials were handled in carefully evacuated and 

baked out glass apparatus. Stopcocks were replaced by 
glass tips to be broken by magnetic hammers.

Mercury was purified by washing with nitric acid and 
distillation.

Sodium was melted and allowed to flow through several 
constrictions in order to remove surface impurities. In 
one cell sodium was prepared by repeated distillation and 
this material compared with that which had only been 
filtered. These results justify the procedure of using 
material which has been subjected only to the removal of 
surface impurities.

Ethylamine and Dimethylamine.—Ethylamine was used 
in the earlier cells but is not entirely satisfaetory as it 
reacts slowly with the amalgams. Dimethylamine has 
been shown by E. Swift, Jr., to be much less reactive and 
still to dissolve enough sodium iodide to serve as a good 
electrolyte. The amines were prepared in each case by 
treating the hydrochloride with sodium hydroxide. Much 
of the water vapor is removed by a reflux condenser. 
The amine is dried by allowing it to stand first over cal­
cium oxide or activated alumina and then distilling it into 
a tube containing benzophenone and sodium-potassium al­
loy. The ketyl dissolves in the amine and indicates by 
its intense violet color the absence of all water. The 
amine is next shaken with fused sodium iodide in order to 
produce practically a saturated solution.

Sodium Iodide.—This material was first recrystallized 
and then fused in a covered platinum boat in a vacuum. 
Considerable difficulty is encountered in the process of 
fusion unless adequate precautions are taken. The vapor 
pressure of the iodide is so great at its melting point that it 
distils out of the platinum boat and condenses over the

(4) B en t and S w ift, ib i d . ,  58, 2216 (1936).
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surface of the quartz tube. This difficulty was avoided 
by covering the platinum boat with a tight fitting platinum 
cover. A small hole in the cover allowed a heavy plati­
num pin to project above the cover. When the iodide 
fuses the pin drops down into the boat thus indicating that 
the process is complete.

Experimental Procedure

The technique of handling cells containing solid sodium 
amalgams requires some comment as a great deal of dif­
ficulty was encountered. The high melting point of some 
of the amalgams (355°) makes it impossible to melt such 
an amalgam without distillation of mercury. Further­
more the amalgam adheres to the glass if clean and on cool­
ing will crack even very rugged cells. It is almost im­
possible to keep amalgams in capsules and then introducé 
them into the cell as distillation is serious at the melting 
point and the labor of preparing and analyzing amalgams 
over the whole concentration range would be almost pro- 
hibitive.

Many types of cells were constructed and in most cases 
some useful data were obtained. The early cells contained 
ethylamine as the solvent. Later cells contained di­
methylamine which is much more inert. Without going 
into the details of all of the types of cells investigated we 
will describe only the type used in constructing cells 10 
and 11. Figure 1 illustrates the chief features of the cell. 
Contact is made with the solid amalgam by means of a long 
spiral which dips into the amalgam at the bottom. This 
was the only style of cell which was not cracked by the 
solidification of the amalgam. A stirrer which may be 
moved magnetically is also included in this cell in order to 
ensure homogeneity of the amalgam. A sintered Pyrex 
disk prevents any liquid amalgam from spattering or being 
dumped into the wrong electrode. A connecting tube above 
the level of the electrolyte equalizes the pressure on both 
sides and prevents undue stirring and bubbling of the elec­
trolyte. The chief point of interest, perhaps, in this cell is 
the dilution device. Two types have been tried in different 
cells. The first type is perhaps a little more simple to con­
struct but not quite so convenient to operate. By tipping 
the whole apparatus mercury in the reservoir is allowed 
to run into a short section of capillary which is within 
the reservoir. On turning the apparatus rapidly into a 
vertical position this slug of mercury runs down into a hori­
zontal calibrated section of capillary tubing where it is 
measured by determining its length. Further tipping 
then pours this mercury into the cell. By this device it 
is possible to start with a small amount of a concentrated 
amalgam and carry it through practically the whole con­
centration range, admitting either large or small quantities 
of mercury as desired. A second device which accom- 
plishes the same purpose is a little magnetic lift. In this 
case the apparatus need not be tipped. The reservoir is 
set at an angle of about 45 0 and within the mercury reservoir 
is a glass cylinder containing soft iron. To the end of this 
cylinder is attached a glass rod which terminates in a ring 
of glass which is ground to fit the inside of the tube and to 
be flat on its upper surface. This gives a right angle at 
the point of contact of ring and tube. When the cylinder 
is raised a drop of mercury is carried upward to the point at 
which it runs into the side-arm and down into the capillary

to be measured. After a little practice this was found to 
be a much easier method of diluting the amalgam.

Other experimental details were very similar to those 
previously recorded.5. A type K Potentiometer was used 
with a type HS galvanometer sensitive to 10 ~10 amp. 
The resistance of the cells was of the order of one megohm. 
Usually a cell could be measured to 0.01 mv. However, 
the e. m. f. fluctuated from day to day in the most favor­
able cases by several hundredths of a millivolt and, in the 
case of some unstable amalgams to be discussed later, 
by several hundredths of a volt.

In the case of low melting amalgams the electrolyte was 
poured into the side bulb before diluting the amalgam. 
The amine could then be cooled with Dry-Ice while the 
mercury was being added and the amalgam melted and 
stirred. The highest melting amalgams could only be 
studied by admitting nitrogen into the system as other­
wise it was impossible to melt the amalgam without a 
great deal of distillation.

Experimental Results
The experimental results are recorded in Table 

I and in Fig. 2. It would be impossible to give 
all of the observations without taking up an in- 
ordinately great amount of space. Eleven cells

T a b l e  I
Ob se r v e d  E l ec tr o m o tiv e  F orce

C om position  of 
solid  electrod e

M ole  fraction  of 
reference e lectrod e O bsd . e. m . f.

Na +  liq. 0.03270 0.8150
Na3Hg +  Na3Hg2 .03270 .7950
Na3Hg2.+  NaHg .03270 .7600
NaHg +  Na7Hg8 .03270 .7400
Na7Hg8 +  NaHg2 .03270 .6500
NaHg2 -f NaHg4 .03206 .1800
NaHg4 +  liq. .03206 .0350
The error in the e. m. f. in most cases is probably not 

greater than 1 mv. although it may be as large as 5 mv. in 
the case of the fourth value in the column.

were studied, in some cases over a period of several 
months. In the early part of the work it seemed 
almost impossible to discover any meaning in the 
data. The e. m. f.’s were frequently very fluctuat- 
ing and often an amalgam gave a higher e. m. f. 
after adding mercury than it did before. Gradu­
ally, however, as data were accumulated, it be­
came evident that cells were likely to be very 
unstable when the composition was very near that 
of one of the compounds. When the composition 
was about half-way between that of two com­
pounds the e. m. f. was usually very satisfaetory. 
Frequently just after diluting an amalgam the 
e. m. f. would be very low and gradually rise and 
become steady when it came to the value at 
which other amalgams had become steady. A 
possible explanation for this phenomenon would

(5) B en t and  G ilfillan, T h is  J o u r n a l , 55, 3989 (1 9 3 3 ).
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be that on cooling a liquid amalgam a solid solu­
tion is first formed which gradually goes over into 
the two stable crystalline compounds. Another 
curious phenomenon was that frequently an 
e. m. f. was observed corresponding to a pair of 
compounds which could not possibly represent 
the over-all composition of the electrode. In 
fact further dilution would in these cases some­
times raise the e. m. f. to that to be expected from 
the total composition of the electrode, as is shown 
by the points in Fig. 2. This phenomenon can

we hope to use in interpreting reactions involving 
solid sodium amalgams.

Knowing the activity of sodium over the 
whole range of concentration one would expect to 
be able to calculate the activity of mercury by a 
process similar to that employed in using the 
partial molal equation7

~n *N2 (h
log^  = ~ f ‘ I d logivs

trt 0.8
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0.0
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only mean that, on cooling, the liquid becomes 
supersaturated with respect to several compounds 
simultaneously and that it is more or less a matter 
of chance which compounds are formed. The 
curious part of this behavior, however, is that 
these metastable compounds are able to dominate 
the Situation and determine the value of the 
e. m. f. of the cell.

The experimental results given in Fig. 2 and in 
Table I give the e. m. f. produced by the differ­
ence in the activity of sodium in a dilute amalgam 
and a solid amalgam. A typical half cell reac­
tion at the solid amalgam electrode is 2NaHg2 = 
NaHg4 +  Na+ +  (—) and at the dilute amalgam 
electrode is Na+ +  ( —) = Nadii. amaig.* Since 
it has been shown6 that the activity of sodium in a 
saturated amalgam in which the mole fraction of 
sodium is 0.857 is the same as that of solid sodium, 
our measurements may all be referred to pure 
metal by taking our first electrode as our point of 
reference. This then gives the activity of sodium 
in the various two-phase solid amalgams as shown 
in the first five entries in Table II. These data

(6) G ilfillan  an d  B en t, T h is  J o u r n a l , 56, 1505 (1934).

In this case the process is one of summation due 
to the formation of definite compounds. Table 

II gives the data for the activity 
of mercury over the whole range 
of concentration and also the 
free energy of formation of the 
various solid compounds. The 
first five equations represent 
the reactions involved in our 
cells, giving rise to the observed 
e. m. f.’s. The values of A F  are 
calculated from the experi­
mental measurements. The 
value for reaction 6 has been 
taken from the data of Bent and 
Swift.4 Reactions 7-11 are of 
interest in indicating the rela­
tive stability of the various com­
pounds and are also useful in cal­

culating the activity of mercury in these solid 
amalgams. Reactions 12-16 describe the changes 
involved in starting with sodium and adding mer­
cury. If a cell were possible which would be 
reversible to mercury rather than to sodium the 
e. m. f. would be determined by these equations. 
The next-to-the-last column in the table gives 
the method of computing the various values of 
AF. The numbers in parentheses ref er to 
equations given in the same table. The equa­
tions when combined as indicated give the 
desired reaction and the corresponding value 
for AF.

The last column of the table gives the activity 
of sodium (a2) and the activity of mercury (a±) 
in solid amalgams of various concentrations. The 
liquid phase, occurring at 85 atom % sodium is 
not discussed here as it has been reported pre­
viously.6 The activity of sodium in this liquid 
amalgam is practically the same as that of the 
pure metal.

The equations written in Table II are deduced
(7) L ew is and R and all, “T h erm od yn am ics,” M cG raw -H ill B ook  

C o., In c ., N ew  Y ork , N . Y ., 1923, p. 269.
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— AF, kcal. Equations used Ö2

1 Na3Hg2 +  3Na =  2Na3Hg 1.384 0.459
2 2NaHg +  Na =  Na3Hg2 1.269 .117
3 Na7Hg8 +  Na =  8NaHg 1.730 .0539
4 4NaHg2 +  3Na =  Na7Hg8 11.417 .00162
5 NaHg4 +  Na =  2NaHg2 14.672 1.75 X 10~]
6 4Hg - f  Na -  NaHg4 18.296
7 2Hg +  Na =  NaHg2 16.484 ‘A((5) +  (6»
8 8Hg +  7Na -  Na7Hg8 77.353 (4) +  4(7)
9 Hg +  Na =  NaHg 9.885 Vs((3) +  (8))

10 2Hg +  3Na =  Na3Hg2 21.039 (2) +  2(9) a i
11 Hg +  3Na =  Na3Hg 11.212 7 j((1) +  (10)) 6 .0  X 10
12 NaIIg2 +  2Hg =  NaHg4 1.812 (6) -  (7) 0.217
13 Na7Hg8 +  6Hg =  7NaHg2 38.035 7(7) -  (8) 2 .25 X 10“5
14 7NaHg -f- Hg =  Na7Hg8 8.158 (8) -  7(9) 1.05 X 10~6
15 Na3Hg2 +  Hg =  3NaHg 8.616 3(9) -  (10) 4 .8  X 10~7
16 Na3Hg +  Hg =  Na3Hg2 9.827 (10) -  (11) 6 .2  X 10~8

partly from the work of Vanstone,8 Schüller9 and 
Kurnakow10 and partly from the results of this 
investigation. Vanstone and Schüller agree very 
well in the formulas to be assigned to the vari­
ous compounds. Both agree in writing NaHg4, 
NaHg2, NaHg, Na3Hg2 and Na3Hg. The com­
pound Na7Hg8 is perhaps not quite so certain. 
Schüller writes Nai2Hgi3. Kurnakow agrees with 
the above list although he does not report either of 
these last two compounds or Na3Hg2.

The results of our investigation agree per­
fectly with the list of Vanstone. We are not able 
to contribute anything very definite to the dis­
cussion of the eompound Na7Hg8 although we did 
have a few points which could most readily be 
interpreted as due to some such eompound. 
The evidence is very good, however, in the case of 
the eompound NaHg4. The change in e. m. f. 
was abrupt and large at 20 atom % sodium and 
the e. m. f. beyond this point is that observed 
between a saturated amalgam and one in which 
the concentration of sodium is 3.27 atom %.4 
This clearly indicates that no eompound was 
present such as NaHg5 or NaHg6 as has been pre­
viously suggested.

The activities listed in the last column give 
information which will be useful in studying 
Chemical reactions involving solid amalgams. 
The activity of mercury gives a measure of the 
efficiency of sodium in replacing liquid air or 
Dry-Ice as a mercury trap in a vacuum line.11 
At 25° the vapor pressure of mercury above liquid

(8) Vanstone, Trans. Faraday Soc., 7, 42 (1911).
(9) Schüller, Z. anorg. Chem., 40, 385 (1904).
(10) Kurnakow, ibid., 23, 434 (1900).
(11) Poindexter, Phys. Rev., 28, 208 (1926).

85 atom per cent. amalgam is 1.2 X 10” 11 mm. 
while the vapor pressure of mercury a t the tem­
perature of Dry-Ice is 10~9 mm. Hence this 
liquid amalgam should be one hundred times as 
good as Dry-Ice in removing mercury vapor in a 
vacuum line. We may also conclude from the 
data in the last column that on heating a solid 
amalgam the metal which will distil will probably 
be mercury. This follows from the fact tha t a t 
room temperature the ratio of the vapor pres­
sure of mercury to that of sodium is about 10u . 
Consequently, even in amalgams rich in sodium 
the mercury will have the higher vapor pressure. 
At elevated temperatures it is not as easy to make 
predictions. Undoubtedly the mercury will have 
the higher pressure from all amalgams except pos­
sibly those richest in sodium. The higher heat of 
vaporization of sodium would tend to increase its 
vapor pressure faster than that of mercury but 
this would be complicated by the change in the 
stability of the various compounds which would 
probably tend to increase the vapor pressure of 
mercury.

Conclusions
1. A potentiometric method is described 

for studying intermetallic compounds a t room 
temperature.

2. Values are given for the free energy of 
formation of NaHg4, NaHg2, NaHg, Na3Hg2 
and Na3Hg. The value for Na7Hg8 is not so 
reliable.

3. The activity of mercury and sodium in 
solid amalgams of all concentrations is computed.
M a l lin c k r o d t  C h em ic a l  L a b o r a t o r y
Cambridge, Mass, Received August 15, 193§
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The Stereochemistry of Complex Inorganic Compounds. II. The Reaction of 
Carbonates with Dichlorodiethylenediaminocobaltic Chloride

B y  J ohn  C. B ailar , Jr ., F rank  G. J onelis and  E. H . H uffm an

The factors which commonly determine whether 
a Walden inversion will occur when a group at­
tached to an asymmetrie atom is replaced by an­
other group are the nature of the reagent, its 
concentration, the temperature and the solvent. 
That the first of these factors is effective in bring- 
ing about a Walden inversion in the reactions of 
complex inorganic compounds was shown by the 
discovery that le vo - dichloro die thy lene diamino co - 
baltic chloride reacts with silver carbonate to give 
a levo carbonato product, while potassium carbon­
ate gives the corresponding dextro salt1

[Coen2Cl2] +  ^  2[Coen2C03] +
K2CO3

l ~c .. ........-> d
alc. HCl 
Ag2C 03l ----------i

The present study had for its purpose the deter­
mination of the influence of the second two fac­
tors mentioned above, viz., the effect of changing 
concentration of the reagent and the effect of 
temperature.

Effect of Concentration.—The dichlorodi- 
ethylenediaminocobaltic chloride was treated with 
varying amounts of silver carbonate and the opti­
cal rotation of the product was determined. 
Table I shows that increasing the number of moles 
of silver carbonate changed the rotation of the 
product from dextro to levo.

T a b l e  I
Molar ratio Ag2CC>3 

complex salt
0.75
1.12
1.5
3.0
4.5

Specific rotation 
of product

+362°
+288°
- 102°

-160°
-180°

The data show that changing the concentration 
of the reagent silver carbonate is certainly an im­
portant factor in determining whether a Walden 
inversion takes place.

On the other hand, potassium carbonate pro­
duced the dextro salt at all concentrations (Table 
II).

(1) Bailar and Auten, T h is  J o u r n a l , 56, 774 (1934).
(2) The symbol “en” represents ethylenediamine.

T a b l e  II
Molar ratio K 2CO3 

complex salt

1.0
1.5
3.0
5.0

Specific rotation 
of product

+240 0
+140°
+ 110°
+  80°

The marked racemization during the reaction 
with the higher concentration of potassium car­
bonate may be due to the formation of the opti­
cally inactive trans hydroxy-aquo complex 
[Coen2(H20)(0H )]++ by the strongly basic solu­
tion.

Holmberg3 and Bancroft and Davis4 have 
shown that /-bromosuccinic acid and silver oxide 
react to give /-malie acid if the silver oxide is 
present in limited amount, but ei-malie acid if it is 
present in large amount. The rotation of the 
product is apparently a function of the acidity of 
the solution. It is evident that neither the acidity 
nor the carbonate ion concentration is the deter­
mining factor in the reaction of carbonates with 
levo-dichlorodiethylenediaminocobaltic chloride, 
for the more silver carbonate is present, the more 
strongly levorotatory the product is, while potas­
sium carbonate, which furnishes an abundance of 
both hydroxyl and carbonate ions, yields a dex- 
trorotatory product.

Effect of Temperature.—The same reaction 
was carried out at six different temperatures. 
The data which are summarized in Table III 
show that the chief effect of low temperatures is 
to decrease the rate of reaction, and the effect of 
higher temperatures is to cause racemization.

T a b l e  III

Temp., °C.
Specific rotation 

of product

0 -  10°
15 - 1 0 0 °
25 -106°
50 -  78°
75 -  28°
90 0°

Using a smaller amount of silver carbonate, 
dextrorotatory products were obtained, the com­

es j Holmberg, J. prakt. Chem., 87, 456 (1913).
(4) Bancroft and Davis, J. Phys. Chem., 35, 1253 (193]-)?
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potmd prepared at 0° having a smaller rotation 
than that prepared at 25°.

The reaction of mercurous carbonate with the 
dichloro salt is of some interest. Mercurous ion 
and silver ion are both univalent and form in­
soluble chlorides and carbonates, and they have 
about the same ionic radii.5 They might, there­
fore, be expected to behave similarly. It was 
found, however, that /-dichlorodiethylenediamino- 
cobaltic chloride reacts with an excess of mercur­
ous carbonate to give the dextrorotatory carbon- 
ato salt. The reaction is much slower than that 
with silver carbonate.

The discovery that the amount of reagent em­
ployed affects the rotatory power of the product 
in this reaction suggested a reëxamination of the 
reaction between oxalates and dichlorodiethylene- 
diaminocobaltic chloride.1 Varying the relative 
amounts of the reactants did not bring about an 
inversion in this case, however, though the mag­
nitude of the rotatory power was varied somewhat.

Experimental
The materials used were prepared as described in the 

earlier paper. It has been found that the dextro-ammo- 
nium-a-bromo-camphor-7r-sulfonate used in resolving the 
dichloro salt can be recovered in 85-90% yield by adding 
an excess of ammonium carbonate to the solution and 
evaporating to crystallization. Attempts to recover the 
complex inorganic salt have not been successful. The levo- 
dichlorodiethylenediaminocobaltic chloride used in this 
study had a specific rotation of +650°, as measured for a 
0.05% solution for the D line of sodium.6

All measurements reported in this paper are for the D 
line of sodium, and, unless otherwise stated, for Solutions 
having a concentration of 0.1%. In most cases, the car- 
bonato salts were not isolated, but the Solutions containing 
them were simply diluted to the proper concentration.

Effect of Varying the Proportions of j^ C o^ Jci and
Silver Carbonate.—Three grams of levo-a+dichlorodi- 
ethylenediaminocobaltic chloride was ground in a mortar 
with 2.14 g. of silver carbonate (molar ratio 1:0.75). The 
mixture was shaken in 10 cc. of water until the color 
change indicated that reaction was complete. The solu­
tion was allowed to stand for a day to ensure racemization 
of the unreacted dichloro salt, and the silver chloride was 
removed by filtration. One hundred cubic centimeters of 
absolute alcohol was added to precipitate the carbonato- 
diethylenediaminocobaltic chloride, which was filtered off 
at once. On standing, the filtrate yielded a second crop of

(5) Pauling, T h is  J o u r n a l , 49, 765 (1927).
(6) Mathieu, who confirmed the results of our earlier investiga­

tion [Buil. soc. chim., [5] 3, 495 (1936)], commented on the great 
discrepancy between the rotation of the dichloro salt as given by us 
(M d —600°) and as found by him (M d +2500°). This is no doubt 
due to differences in the concentrations of the Solutions, which affect 
the specific rotatory power enormously, causing a change in sign at 
about 0.17%. This will be discussed in detail in a subsequent paper.

the material. The first precipitate had very little optical 
activity; the second had a specific rotation of +362°. 
The experiments using larger amounts of silver carbonate 
were carried out in the same way. The negative ion of the 
complex eompound is chloride in some cases, and carbonate 
in others, but this does not affect the specific rotations.

A sample of the dextro carbonato eompound was pre­
pared for analysis by adding 3.8 g. of silver carbonate in 
small portions to 2.4 g. of levo [Coen2Cl2]Cl while the mix­
ture was ground with water in a mortar. The complex 
eompound was present in excess until the very end of the 
reaction. The product had a specific rotation of -+-370° 
and showed C, 22.34; H, 6.30, and N, 19.22. Calcd. for 
[Coen2C03]C03*3H20 : C, 22.29; H, 6.47; N, 18.92. A 
sample of this material was reconverted to the dichloro 
salt by alcoholic hydrogen chloride. This salt had a spe­
cific rotation (0.05% soln.) of T240°. Chlorine, 37.08. 
Calcd., 37.37.

A sample of the levorotatory carbonato salt (C, 22.12; 
H, 6.43; N, 19.08) with a specific rotation of —180° was 
converted to the dichloro eompound (Cl, 37.60) having a 
specific rotation (0.05%) of —132°.

The Effect of Varying the Concentration of Potassium  
Carbonate.—Samples of 0.3 g. of £-(Coen2Cl2)Cl were mixed 
with varying amounts (0.145, 0.218, 0.436 and 0.725 g.) of 
potassium carbonate and dissolved in 10 cc. of water at 
room temperature. At the completion of the reaction, 1 
cc. of each solution was diluted to 33 cc. to give a 0.1% 
solution and the rotation was taken. The excess car­
bonate remaining in solution does not affect the rotation, 
as was shown by adding potassium carbonate to the Solu­
tions and taking the rotations again.

The Effect of Changing Temperature.—Intimate mix­
tures of 0.3 g. /-[Coen2Cl2]Cl and 0.5 g. of silver carbonate 
were shaken in 10 cc. of water at 0, 15, 25, 50, 75 and 90° 
until the color of the reaction mixture indicated complete 
reaction. This required eight hours at 0°, but only a few 
seconds at 90°. At the three higher temperatures, the 
solution was cooled as quickly as possible after the reaction 
was ended. The silver salts were filtered out and 1 cc. of 
each filtrate was diluted to 33 cc. to give a 0.1% solution.

In the same manner 0.3 g. of Z-[Coen2Cl2]Cl was allowed 
to react with 0.3 g. of silver carbonate at 0 and 25°. In 
this case the Solutions were allowed to stand until the un­
reacted dichloro salt had racemized. The observed rota­
tions were +0.13 and +0.24°.

The Reaction with Mercurous Carbonate.—An intimate 
mixture of 0.4 g. of [Coen2Cl2]Cl and 4 g. of mercurous 
carbonate was moistened with enough water to make a 
paste and ground intermittently until the color indicated 
completion of the reaction. This required about eight 
hours. Enough water was added to dissolve the complex, 
the solution was filtered, and the carbonato salt precipi­
tated by adding alcohol and ether. It has a specific rota­
tion of +120°.

The Reaction with Oxalates.—Samples of [Coen2Cl2]Ch 
each weighing 0.30 g., were allowed to react with 0.245, 
0.49 and 0.735 g. of K2C20 4H20  in 10 cc. of water at room 
temperature. After dilution of 1 cc. of each solution to 
33 cc., they showed specific rotations of +160, + 200  and 
+220°. The soluble potassium salts remaining in the So­
lutions do not affect the rotatory power, as was shown by
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adding a large amount of potassium oxalate to each of 
them and taking the rotations again.

Likewise, three samples» were ground with 0.31, 0.62 and 
0.93 g. of silver oxalate and allowed to react in 10 cc. of 
water. After filtration and dilution (1 to 33 cc.) the Solu­
tions showed specific rotations of +170, +390 and +430°.

Another sample, weighing 0.6 g., was dissolved in 20 cc. 
of water. Eight-tenths of a gram of silver oxalate was 
added in small portions while the mixture was ground con- 
tinuously, so that the complex was present in great excess 
until the end of the reaction. The solution was diluted as 
before and showed a rotation of +240°.

Summary
It has been shown that levo-dichlorodiethylene- 

diaminocobaltic chloride reacts with a limited 
amount of silver carbonate to give the dextro

carbonato salt, whereas a larger amount of silver 
carbonate causes inversion in the direction of ro­
tation to give the levo salt.

The reaction with potassium carbonate gives 
the dextro salt, no matter what the concentration 
of the reagent.

It appears that temperature is not an impor­
tant factor in determining whether a Walden in­
version occurs in this reaction.

Mercurous carbonate, present in large excess, 
reacts with levo-dichlorodiethylenediaminocobal- 
tic chloride to give the dextro-rotatory carbonato 
salt. In this respect it is like potassium carbon­
ate, and unlike silver carbonate.
U rbana , I I I .  R eceiv ed  A ugust 4, 1936

[C o n t r ib u t io n  from  t h e  C hemical L aboratory o f  t h e  U n iv ersity  of I l l in o is ]

The Stereochemistry of Complex Inorganic Molecules. III. The Reaction of 
Ammonia with Levo-Dichlorodiethylenediaminocobaltic Chloride

B y  J o h n  C. B a il a r , Jr ., J. H . H aslam a n d  E ldon  M . J o nes

One of the mechanisms suggested for the 
Walden inversion postulates that every reaction 
which involves a single step in the Substitution 
of one group by another on a tetrahedral atom 
should lead to inversion.1,2 Accordingly, if the 
over-all reaction takes place in an odd number 
of steps the product should be the enantiomorph 
of the original material, but if it takes place in 
an even number of steps, the starting material and 
the product should have the same configuration.

The object of the present study was to see 
whether this theory might be applied to reactions 
of the octahedral complex inorganic compounds. 
The reaction studied was that between ammonia 
and levo-dichlorodiethylenediaminocobaltic chlo­
ride3
[Coen2Cl2]C l---->■ [Coen2(NH3)Cl]Cl2 ---->

levo cis trans, levo cis
or dextro cis

[Coen2(NH3)2]Cl3 
trans, levo cis, or 

dextro cis

The two chloride groups of the complex ion are 
attached to the cobalt in exactly the same way 
and occupy like positions in the molecule. It 
seems logical to assume, therefore, that the same

(1) Bergmann, Polanyi and Szabo, Z. physik. Chem., B20, 161 
(1933).

(2) Olson, J. Chem. Phys., 1, 418 (1933).
(3) The symbol “en” represents ethylenediamine.

mechanism functions in their displacement from 
the complex. If this is correct, the conversion 
of the dichloro salt to the diammino salt must take 
place in an even number of steps, and the theory 
mentioned would allow no inversion. However, 
as the data in Table I show, the reaction does lead 
to a Walden inversion, the product prepared at 
low temperatures being levorotatory while that 
prepared at higher temperatures is dextrorota- 
tory. I t is of some interest to note that this is 
the first case of a Walden inversion of complex in­
organic compounds brought about by a change in 
temperature.

T able  I
Reagent Temp., °C. [a]25°E (av.)

Liquid NH3 -7 7 -3 2
Liquid NH3 -3 3 -2 2
Liquid NH3 +25 +29
Gaseous NH3 +80 +43
NH3 in CH3OH +25 +31
NH3 in C2H5OH +25 +29

It is possible, of course, that the displacement 
of a negative chloride group by a neutral ammonia 
molecule produces such a profound change in the 
complex ion that the second step of the reaction 
does not follow the same mechanism as the first. 
The theory of Bergmann, Polanyi and Szabo and 
of Olson might be more applicable if the chlo­
ride groups were displaced by other univalent
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negative groups. A search for an example of the 
Walden inversion in such a case is now under way. 
I t seems probable that the two steps of the reac­
tion here reported do not follow the same mecha­
nism, or that the theory of Bergmann, Polanyi 
and Szabo and of Olson cannot be applied to this 
case.

A study of the octahedral model will show that 
if the Substitution of the ammonia molecules for 
the chloride groups follows purely mechanical 
laws, both cw and trans isomers will be formed at 
each step of the reaction. The formation of a 
trans form at any point would, of course, cause 
racemization. Fortunately, the formation of the 
cis isomer is favored under the conditions of this 
reaction. In no case did the diammino eompound 
contain more than 10% of the trans form, and the 
rotations, while small, were unmistakable.

Experimental
The dichlorodiethylenediaminocobaltic chloride used 

was prepared and resolved as previously described.4 5 
Several different batches were used, but all had about the 
same specific rotation: +650° for a 0.05% solution for the 
D line of sodium. The diamino eompound rotates yellow 
light very feebly, so rotations on it were taken at the E 
line (5270 A.). The instrument used was a Schmidt and 
Haensch polarimeter graduated to one-thousandth of a 
degree, and fitted with a prism to select the desired wave 
length. The Solutions used had a concentration of 0.1%.

The amount of trans diamino salt formed in the experi­
ments was determined by precipitating it from the mixture 
with sodium dithionate in acid solution, according to the 
directions of Wemer.6 The Separation afforded by this 
method is not entirely quantitative, but was deemed satis- 
factory for the purposes of this investigation. Since the 
amount of trans salt in every case was very small, it was 
not removed from those samples which were examined for 
optical activity, but allowance was made for it in making 
up the Solutions. That the presence of the trans salt does 
not affect the rotation of the cis salt was shown by po­
larimetric examination of various mixtures of the two.

The Reaction of Liquid Ammonia and levo cis (CoenaCb)- 
C1 at —77°.—One-half gram of levo as(Coen2Cl2)Cl was 
placed in a small flask in a bath of solid carbon dioxide. 
Fifty cubic centimeters of liquid ammonia was added and 
the flask was stoppered and allowed to stand until the re­
action was complete—forty-eight to sixty hours. It is 
easy to follow the progress of the reaction as the original 
purple color of the solution changes to bright red (the 
chloro-ammino eompound) and then to yellowish-brown 
(the diammino eompound). The ammonia was allowed 
to evaporate, and the material was examined. Four 
samples gave specific rotations of —35, —29, —30 and 
-3 4 ° .

(4) Bailar and Anten, T h is  J o u r n a l , 56, 774 (1934;.
(5) Werner, Ann., 386, 204 (1912).

The Reaction with Liquid Ammonia at —33°.—The re­
action was carried out as before, but the ammonia was al­
lowed to evaporate freely from a well insulated flask, which 
was fitted with a trap to avoid entrance of moisture. The 
amount of ammonia used for one-half gram of the sample 
was varied between 10 and 50 cc. without appreciably 
affecting the results. Specific rotations of —21, —27, 
—24, —17, —22, —20 and —25° were obtained.

The Reaction with Liquid Ammonia at + 25°.—Two- 
tenths of a gram of the dichloro salt was placed in one arm 
of a Y-tube and from 6 to 12 cc. of liquid ammonia in the 
other. After sealing, the tube was allowed to come to 
room temperature. The salt is deliquescent toward am­
monia and some of the gas distilled over before room tem­
perature was reached. When the temperature reached 
25°, the whole of the liquid was poured onto the solid. 
In other respects the experiment was like the preceding 
ones. Six samples gave specific rotations of -f-17, +24, 
+13, +40, + 42  and +37°.

The Reaction with Gaseous Ammonia at + 8 0 °.—A half 
gram of finely powdered dichloro salt was placed in a tube 
in a bath at 80°. Dry ammonia gas was passed over it un­
til the reaction was complete. Six samples gave specific 
rotations of +31, +43, +40, +53, +56, + 49  and +52°.

Samples of the dichloro salt were placed in an atmos­
phere of ammonia at room temperature over a year ago. 
The first step of the reaction was complete in about a 
month—the second step is now progressing very slowly.

The Reaction with Ammonia Dissolved in Absolute 
Methyl and in Absolute Ethyl Alcohols at +25°.-—One- 
half gram of the dichloro salt was placed in 35 cc. of the 
saturated alcoholic ammonia solution. The salt did not 
dissolve appreciably, so the reaction was slow. After three 
or four days, the alcohol was evaporated, and the residue 
examined. Four samples prepared in methyl alcohol gave 
specific rotations of +29, +27, + 34  and + 36°. The 
samples prepared in ethyl alcohol gave rotations of +21, 
+28, +36 and +33°.

We are indebted to Mr. J. P. McReynolds for 
some of the polarimeter readings.

Summary
It has been shown that a Walden inversion 

takes place in the reaction of ammonia with levo- 
dichlorodiethylenediaminocobaltic chloride, the 
optical rotatory power of the diamminodiethylene- 
diaminocobaltic chloride formed being condi- 
tioned by the temperature at which the reaction 
is carried out. Prepared at the temperature of 
boiling ammonia or lower, the product is levorota- 
tory; at 25° and higher, it is dextrorotatory.

It seems probable that the two steps of the re­
action do not follow the same mechanism, or that 
the mechanism of the Walden inversion proposed 
by Bergmann, Polanyi and Szabo and by Olson 
is not applicable to this case.
Urbana, I I I , R e c e iv e d  A u g u s t  4f 1936



2228 Oliver L. I. Brown and Wendell M. Latimer Vol. 58

[C o n t r ib u t io n  fr o m  t h e  Chem ical  L aboratory  of t h e  U n iv e r sit y  o f  Ca l if o r n ia ]

The Heat Capacity of Lithium Carbonate from 16 to 300°K. The Entropy and Heat 
of Solution of Lithium Carbonate at 298°K. The Entropy of Lithium Ion

B y  Ol iv e r  L. I . B row n  and  W e n d e l l  M. Latim er

The heat capacity of lithium carbonate has been 
determined from 16 to 300°K. in order to evalu- 
ate more accurately the entropy of lithium ion in 
aqueous solution.

Material.—A c. p . grade of lithium carbonate 
was shaken with distilled water saturated with car­
bon dioxide. The solution was filtered through 
sintered glass and the filtrate boiled to precipitate 
lithium carbonate. This procedure was repeated 
with the product thus obtained. The final product 
was dried a t 110° and for a short time at 200°. 
The carbonate was definitely crystalline, and 
analysis by titration with weight burets, using 
sulfuric acid standardized against sodium carbon­
ate, showed 99.82, 99.82 and 99.79% lithium car­
bonate.

Heat Capacity Measurements.—The measure­
ments were made with a calorimeter and cryostat 
similar to that previously described.1 One calorie 
was assumed equal to 4.1833 int. joules. The 
molecular weight of lithium carbonate was taken 
as 73.88. Measurements were made on a sample 
of 61.814 g. (weight in vacuo). The heat capacity 
measurements are summarized in Table I, and 
are plotted as a function of temperature in Fig. 1.

Fig. 1.—Molal heat capacity of lithium carbonate.

Entropy of Lithium Carbonate.—The entropy 
at 298.1°K. was obtained by graphical Integration 
of the integral S  = J*C$d ln T  between 16.68 
and 298.1 °K. combined with an extrapolation 
from 16.68 to 0°K. using the Debye specific heat

(1) Latimer and Greensfelder, T h is  J o u r n a l , 50, 2202 (1928).

equation. The calculation is summarized in 
Table II.

T a b l e  I

M olal H e a t  C a pa c ity  of L it h iu m  Ca r bo n a t e

T, °K.
, Cp

cal./mole/deg. T, °K.
Cp

cat./mole/deg.
16.68, 0.16 136.89 12.02
20.10 .25 143.65 12.66
22.30 ,33 149,97 13.31
24.77 .44 156.44 13.83
28.59 .67 163.38 14.44
3 2 . 3 5 .94 170.12 15.04
35.04 1.18 176,09 15.52
40.49 1.74 181.98 15.98
46.56 2.32 187.97 16.48
49.33 2.73 194.44 17.00
53.58 3.24 200.85 17.40
56.96 3.70 206.78 17.74
60.16 4.03 212.47 18.21
63.18 4.35 217.84 18.48
69.90 5.03 223.23 18.64
76.94 5.83 229.21 19.16
83.96 6.61 235.84 19.50
91.32 7.41 244.66 19.94
98.90 8.21 253.68 20.73

105.47 8.92 262.21 21.31
111.32 9.53 270.72 21.76
117.68 10.16 279.51 21.96
123.83 10.74 289.58 22.76
130.59 11.40 300.20 23.69

T a b l e  I I
E n t r o py  of L it h iu m  C arbo na te

0-16.68 °K. Debye extrapolation 0.05
.68-298.l c>K. Graphical from data 21.55 =fc 0.05

Entropy at 298.1 °K. 21,60 E, U.

Heat of Solution of Lithium Carbonate,—
The heat of solution of lithium carbonate was 
determined with the calorimeter previously de­
scribed.2

The integral heat of solution of one mole of 
lithium carbonate in 1900 moles of water at 
298.1°K. was found to be -3371 and -3395 cah 
The average value —3383 cal. was corrected for 
the heat of hydrolysis of carbonate ion and extra­
polated to infinite dilution on the assumption that 
the heat of dilution was the same as for lithium 
sulfate. In this way the theoretical heat of solu­
tion of lithium carbonate in an infinite amount of 
water with no hydrolysis was found to be —4200

(2) Brown, Smith and Latimer, ibid., 58, 1758 (1936).
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cal./mole. The probable error resulting from these 
corrections is difficult to estimate, but may be as 
high as 200 cal.

Entropy of Solution of Lithium Carbonate.— 
Seyler and Lloyd3 measured the solubility of 
lithium carbonate at 298.1°K., in water Solutions 
containing various amounts of carbon dioxide. 
They measured the total carbonate and bicar­
bonate by titration. By plotting the reciprocal 
of the mean molality of lithium ion and carbonate 
ion against the square root of the ionic strength, 
a fairly good straight line was obtained, from 
which the activity coëfficiënt of lithium carbonate 
at Saturation was found to be 0.59. The calcula­
tion is not of high accuracy but fortunately this 
does not affect greatly the free energy of solution. 
For example, a change of 10% in the activity coëf­
ficiënt would change the free energy of solution 
only about 180 cal., which corresponds to 0.3 
E. U. in the entropy of lithium ion. The solubility 
of lithium carbonate in pure water is 0.169 M  
according to the same authors, so that AF° = 
3280 cal./mole.

The entropy change when the solid salt dis­
solves to form a hypothetical one molal solution 
is given by the expression
AS0 = (AH  -  AF°)/T  =

(-4200  -  3280)/298.1 = -25.1  E. U.

(3) Seyler and Lloyd, J. C h e m .  Soc., 111, 994 (1917).

Entropy of Lithium Ion.—-The entropy of car­
bonate ion4 is —12.7 E. U., so that the entropy 
of lithium ion is given by the expression
A °L i+  =  1 / 2 ( A S °  -f- A °L i2C03 ~  A °C 0 3 — ) —

y 2( —25.1 -f 21.6 -f 12.7) =  4.6 E. U.
Because of the absence of calorimetric data on 

lithium compounds, the entropy of lithium ion 
previously has been calculated from the entropy 
change of the lithium electrode reaction, even 
though the uncertainties were quite large.5 The 
value thus obtained (—1.8 E. U.) differs by 6.4 
E. U., or about 1900 calories, from the value cal­
culated above. Since we believe the possible un­
certainty introduced into the entropy of solution 
of lithium carbonate by the troublesome correc­
tions for hydrolysis are not greater than one E. U. 
in M°Li+, we must conclude that the discrepancy 
is due to errors in the entropy change of the elec­
trode reaction.

Summary
The heat capacity of lithium carbonate has been 

measured from 16 to 300°K. The entropy of 
lithium carbonate at 298.1°K. obtained from these 
data is 21.60 E. U. The heat of solution in water 
at 298.1°K. has been determined. The entropy 
of lithium ion calculated from these and other 
data has been found to be 4.6 E. U.

(4) Latimer, Schutz and Hicks, J .  Chem. Phys., 2, 82 (1934).
(5) Latimer, C h e m .  Rev., 18, 351 (1936).

B erkeley , Ca lif . R eceived  Septem ber  8, 1936

[Contribution from Valencia H igh S chool]

The Boyle Temperature and a General Equation of State
B y  G e o r g e  W o o l s e y

If a general equation of state is possible the 
Boyle temperature, the temperature at which

— 0, at zero pressure must be either
T

the same temperature or a function of RTc/p cvc (n 
in my notation) for all pure non-associating 
and non-disso ciating substances. Empirically the 
older data seem to indicate that the Boyle tem­
perature, Tb (reduced), is a function of n. For 
example, taking TB as the temperature for which 
the second virial coëfficiënt equals zero, Holborn 
and Otto1 found
Substance Ne He H2 0 2 A N2

T b  3.00 3.65 3.21 2.72 2.73 2.56
n 3.254 3.261 3.282 3.423 3.424 3.428
(1) Holborn and Otto, Z .  P h y s i k ,  33, 9 (1925); 38, 365 (1926).

(è P V /T \  
\  öP )

Recomputing the values for oxygen and argon, 
using more recent values for critical tempera­
tures, gives 2.74 and 2.72, respectively. These 
figures seem to indicate quite definitely tha t TB is 
a function of n.

However, using data compiled by Beattie and 
Bridgeman,2 approximate values of TB are ob­
tained which indicate that the other possibility, 
that Tb is a constant, is the correct one.

Substance Ne h 2
Between

o2 A n 2
Between

c h 4

T b < 2.77 3 .7  and 
2.5

> 2 .4 2 .5 2.56 and 
2.33

2.48

n  3.245 3.282 3.423 3.424 3.428 3.448

(2) Beattie and Bridgeman, “A New Equation of State for Fluids,” 
P r o c .  A m .  A c a d .  A r t s  S e i . ,  63, No. 5 (1928).
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An additional value is found from the work of 
Bartlett, et al., T his Journal, 52, 1363-1374 
(1930).

Substance CO
TB Between 2.78 and 2.41
n 3.404

These data indicate that the value TB — 2.5 for 
all of these substances is very nearly correct. 
The use of this relationship, TB =  2.5, enables the 
constants of the equation3
P V + ____ é J A z A ë _______

^  TxV2 +  CTyV  +  JT)T z
nT  +  (B +  K) P  +  qlog(P  +  1 ) /T ” 

to be determined in a way which is much more

1 1 0.386691 (C2 -  17.3125C +  8.078125 -  D)
0 1.5 . 643843 ( C2 — 5.125C +5.03125 -  D)
0.5 1.5 .407191 (C2 -  9.8467C + 6.21168 — D)
1 1.5 .257535 (C2 -  17.3125C +  8.078125 -  D)

Work with w = 0 or 0.5 is found to lead to unusable 
results.

The constants for the equation of state are 
determined for the various values of x, w and q 
from this table by substituting V — 0.36 at 
P = 20 and V = 0.4 at P  = 10, with T = 1 for 
both, and solving the resulting simultaneous 
equations for C and D . These values are then 
checked at three points on the critical isotherm as 
indicated.

X w C D Q tB +  K) A - A B
0 1 0.9237' 2.4824 1.2875 0.2861 4.1419 8.7402
0 .5 1 .8390 0.2943 1.0027 .2871 5.9266 0.1298
1 1 .9859 —4.1268 1.5046 .2829 11.0564 -17.4489
0 1.5 .9298 +3.1629 1.3085 .2859 3.4910 +11.4296
0 .5 1.5 .8973 1.1216 1.1972 .2869 5.3753 3.3713
1 1.5 1.0210 -2 .2272 1.6299 .2804 9.3327 -  9.9556

( P  exp. 0.5 5 2
P  (calcd.) at F 5.2“ 0.454 0.55

x w [ r 1 1 1
0 1 0.544 4.9 1.85
0 .5 1 .499 4.95 2.00
1 1 .417 8.24 Impossible
0 1.5 .539 4.86 1.78
0 .5 1.5 .511 4.94 1.94
1 1.5 .455 12.5 Impossible

“ Additional data obtained since the preceding paper3 indicate that V = 5.2 at P  =  0.5 is a better value than the previ­
ously used V — 5.4,

convenient than that used before. (The equation 
as given here contains the expression Tw which 
was not previously used. Work with the equa­
tion indicates that the logarithmic term should 
be an inverse function of the temperature.)

To make use of the above relationship the 
equation is divided by T  and the expression for 
{öP V /T /hP )T is obtained by differentiation and 
set equal to zero a t P  =  0 when T  =  TB. Two 
substitutions, P V  =  n T  when P  — 0 and dV/dP  
=  T /P (ö P V/TföP)T  — V/P  are used to obtain 
the final expression. This is

q =  2.30259 TB» {A /nT Bi9+1) -  (B +  K)} 
Letting n = n0 = 3.25, TB =  2.5, A = C2 +  
3C +  3 - D  and B  +  K  =  C +  3 -^-0 .30103 q, 
the following expressions for q are found for 
various values of x and w.

x  w  — <Z
0 1 0.966720 (C2 -  5 .125C +  5.03125 -  D)
0.5  1 .61140 (C2 -  9 .8467C +  6.21168 -  D)

(3) W oolsey , T h is  J o o k n a l , 68, 9 8 4 -9 8 7  (1936).

This table shows that x  =  0.5 is a much 
better value than * = 0 or x =  1. A point in 
the liquid phase in equilibrium with the vapor, 
T  = 0.85, P  = 0.3745 and V = 0.49048, is 
used to determine one relation between y and
0. When these values are substituted in the 
equation of state the equations 0.85y +  0.7152 X
0.85* = 2.0509 when w =  1 and 0.85y +  2.5484 X
0.85z =  4.2074 when w = 1.5 are obtained. An­
other relation between y and z is obtained by 
making use of the fact that for F  = 1 the 
(AV  -  A B )/(T I/lV l +  CTyV + DT*) term 
must be a maximum at the critical tempera­
ture. Difïerentiating the denominator with re­
spect to T  and setting it equal to zero gives 
the relation 0.5 +  yC +  zD == 0. Solving 
these two equations in y and z gives y = 0.333 
and 0 = —2.67 when w =  1; and y — 1.8 and 
0 = —1.88 when w — 1.5. The table below 
shows that the values with w — 1.5 give the 
better solution.
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T 8 8 4 4 0.85 0.85
V 1.56 2.80 0.91 1.54 5.8264 .49048
P  (calculated) (w = 1) 19.77 10.15 18.3 9.50 0.355 ( .373)
P (calculated) (w — 1.5) 20.34 10.31 20.04 10.07 .366 ( .379)
P  (experimental) 20 10 20 10 .3745 . 3745®

* Used to obtain the relation between y and z.

The use, then, of the Boyle temperature has re­
sulted in a modification of the form of the general 
equation of state by showing that the logarithmic 
term is a function of T  and it has simplified con­
siderably the determination of the constants of the 
equation. Using the critical point, the ideal gas 
value at low pressure, two points on the critical 
isotherm at high pressure, the Boyle temperature,

one point in the liquid phase and the second term 
maximum at the critical point, an equation
p v  . 5.3752 V +  3.3713
r v  +  r°-57 2 +  0.8973 F1*8 f  +  ï . m e r - 1-88

3.25 F +  0.2869P +  1 .1972r-1*5log(P +  1)

is found which fits fairly closely at the eight other 
widely divergent points which were tested. 
P l a c e n t ia , C a l if . R e c e iv e d  J u n e  23, 1936

[C o n t r ib u t io n  from  t h e  D iv isio n  of P lant  N u t r it io n , U n iv e r s it y  o f  C a l if o r n ia ]

Age and the Chemical Composition of White Fir Wood
B y  Ir v in g  H . I s e n b e r g

The effect of age on the Chemical composition of 
wood has been studied by few investigators. The 
composition of sapwood and heartwood has been 
compared,1-4 separate trees examined4,5 or a 
single constituent determined in one tree.6,7 
It would seem that differences due to age may be 
studied best by demarking zones of various ages 
on a cross-section from a definite height in a 
selected tree, in order to eliminate environmental 
factors as far as possible. The material should 
be examined for all important constituents.

Selection of Material
In the past, little effort has been made to record 

data on the environment in which the wood to be 
analyzed was grown. Since there is a possibility 
that environment and Chemical composition may 
be correlated, such data may be of value in the 
future.

The wood used for this study was obtained from a white 
fir tree (Abies concolor) growing in a mixed conifer stand 
near Quincy, California. It was a healthy tree, ap­
proximately 100 feet tall and 185 years old. The diame­
ter, breast high, was 23 inches (58 cm.). Classed as a 
dominant number three,8 it had a long, pointed crown of 
medium width. The site was such that a tree dominant 1 2 3 4 5 6 7 8

(1) E. Gäumann, Flora, 23, 344 (1928).
(2) G. J. Ritter and L. C. Fleck, Ind. Eng. Chem., 15, 1055 (1923).
(3) G. J. Ritter and L. C. Fleck, ibid., 18, 576 (1926).
(4) C. G. Schwalbe and E. Becker, Z. angew. Chem., 33, 14 (1920).
(5) P. Klason, Cellulosechem., 12, 36 (1931).
(6) G. De Chalmot, Am. Chem. J ., 16, 611 (1894).
(7) B. Johnsen and R. W. Hovey, J. Soc. Chem. Ind., 37, 132T 

(1918).
(8) D. Dunning, J. Agric. Research, 36, 755 (1928).

throughout its life had an average height of 125 feet (38 
meters) at 300 years of age; the elevation 3900 feet (1150 
meters); the slope 50%; and the exposure northwesterly. 
The average annual precipitation is 35 to 40 inches (89 to 
101 cm.), with little during the summ er season.

Preparation of Material
A section 7 inches (17.8 cm.) thick and 17 inches (43 

cm.) in diameter, without the bark, was sawed from the 
white fir tree described above, at a point 12 feet (3.66 m.) 
above the ground level. The age at this point was one 
hundred and sixty years. This cross-section was carefully 
marked, following the 15th, 40th, 85th and 125th annual 
ring from the periphery, thus dividing the piece into five 
bands or zones. These zones were chiseled to sticks 
approximately 0.2 X 0.2 X 3.5 inches (0.51 X 0.51 X 8.9 
cm.) and after drying at room temperature, chopped in a 
Wiley mill until all the sawdust passed a 60-mesh screen. 
In common with Standard procedure, all sawdust passing 
an 80-mesh screen was discarded. Knots and compression 
wood areas were eliminated.

Data concerning these zones are listed in Table I. 
The total (T) was mixed from weighted proportions of the 
zones. The wood was 65.4% sapwood and 34.6% heart­
wood. The average apparent specific gravity of the sap­
wood was 0.425 and of the heartwood 0.440.

T a b l e  I

M e a s u r e m e n t s  o n  A g e  Zo n e s
No. of 
rings 
from 

periphery
Sym­

bol

Sap- or 
heart­
wood

Radial 
width 

of zone, 
in.

Area of 
zone, 

sq. in.
% of
total

% of 
sap- or 
heart­
wood

1-15 A s 0.5 23.0 1 0 .1 15.5
16-40 B s 1.25 60.6 26.8 40.9
41-85 C s 1.75 64.6 28.5 43.6
86-125 D H 2.38 57.0 25.1 72.5

126-160 E H 2.62 21.6 9 .5 27.5
1-160 T 8.50 226.8 1 0 0 .0
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Methods
Methods of the Forest Products Laboratory9 were used 

to determine ash, solubility in cold water, hot water, 1% 
sodium hydroxide, ether, and alcohol-benzene, pentosans 
(thiobarbituric acid used as precipitant), cellulose and 
lignin.10 Nitrogen was determined by the method given 
in Schorger.11 The Zeisel method, as modified by Dore,12 
was used to determine methoxyl content. Acetic acid 
was determined by the toluenesulfonic acid method of 
Freudenberg.13

Carbon dioxide determinations, using Dore’s modifica­
tion14 of the LeFevre method for the determination of 
uronic acid, were made on the total sawdust. Mannan 
was determined on this material by Schorger's method11 
(p. 537).

Results
The averages for all data collected on age zones 

are gathered in Table II. In each case the value 
calculated for the total from the zones is listed 
so that it may be compared with the figure deter­
mined experimentally. All results are the aver­
age of at least two check determinations. Values 
are expressed in per cent. of oven-dry (105°) 
weight of the wood.

T a b l e  I I

S u m m a r y  of R e su l t s
✓------------------------Solubility in ----------------------- -
Cold

Zone Ash water
Hot

water Ether
Alcohol-
benzene

i%
NaOH

Acetic
acid

A 0 .38 1.46 2.35 0.21 0.92 11.28 1.64
B .37 0.51 1.29 .19 .96 10.66 1.70
C .38 .21 1.19 .20 .94 9.95 1.71
D .63 2.16 2.83 .26 1.74 11.72 1.33
E .64 1.55 2.04 .22 1.49 10.77 1.25
T .43 1.12 1.89 .23 1.43 11.38 1.64

Calcd. T .46 1.04 1.83 .22 1.20 10.79 1.56

Zone Methoxyl
Nitro­

gen
Pen­
tosan Lignin

Pentosan- 
Cellu- in- 

lose cellulose
A 4.68 0.08 8.68 26.62 64.63 6.96
B 4.62 .06 8.46 27.29 64.56 6.33
C 4.40 .06 8.62 27.65 64.60 7.18
D 4.68 .06 8.83 27.31 64.53 5.75.
E 5.06 .06 10.98 28.00 63.65 9.16
T 4.57 .06 8.86 27.43 64.47 7.31
Calcd. T 4.62 .06 8.73 27.40 64.49

The total sawdust contained 5.98% mannan 
and yielded 0.86% carbon dioxide in the uronic 
acid determination. The methoxyl content of 
the lignin isolated from total sawdust was 14.81%,

(9) M. W. B ra y , “ Chemical Analysis of Pulps and Pulp Woods,” 
Mimeographed, Forest Products Laboratory, Madison, Wisconsin, 
1928.

(10) G. J. Ritter, R. M. Seborg and R. L. Mitchell, Ind. Eng. 
Chem., Anal. Ed., 4, 202 (1932).

(11) A. W. Schorger, “ Chemistry of Cellulose and Wood,” 
McGraw-Hill Book Co., Inc., New York, 1926, p. 507.

(12) W. H. Dore, J..Ind. Eng. Chem., 12, 472 (1920).
(13) K. Freudenberg, Ann., 433, 230 (1923).
(14) W. H. Dore, T h is  J o u r n a l , 48, 232 (1926).

or 4.06% calculated on the total wood. Com­
pared to 4.57%, 89% of the methoxyl content was 
retained in the lignin.

Discussion
No previous data have been reported in the 

literature for the proximate analysis of the wood 
of white fir. The values found for the total wood,
i. e., the sample commonly used for analysis, 
compared favorably with the data recorded for 
other coniferous woods11 (p. 34). In many points 
the composition of white fir resembled that of 
white spruce.

The carbon dioxide from total sawdust 
amounted to 0.86%. If the carbon dioxide is 
assumed to be due principally to uronic acid 
residues, the value for pentosan must be corrected. 
The total sawdust yielded 5.09% of furfural (equal 
to 8.86%, pentosan). The carbon dioxide con­
tent of 0.86% is equal to 3.44% uronic anhydride. 
Norris and Resch15 found that the furfural re­
sulting from galacturonic anhydride, on distilla­
tion with 12% hydrochloric acid, was only 43% 
of the theoretical, or 23.50% of the uronic an­
hydride. Using this figure, 0.81% of furfural 
was due to uronic anhydride. Apparently the 
difference, 4.28%, was the furfural due to pento­
sans. Accordingly the pentosan content was 
7.33%, instead of 8.86%. Anderson16 found 
1.00% carbon dioxide in the wood of white spruce.

Inspection of the data for the five age zones 
showed the ash content to be constant within 
the sapwood and within the heartwood, but the 
values for the latter were approximately 50% 
higher than those of the sapwood. Other inves­
tigators1“"8 have found ash content higher in the 
sapwood in some instances and higher in the 
heartwood in others. The wood from oïder trees 
often is lower in per cent. ash than that from a 
younger tree of the same species.

The values for solubility in cold water, hot 
water, and 1% sodium hydroxide decreased 
from the outer to the inner sapwood, then rose 
sharply in the outer heartwood to their highest 
value and dropped slightly in the inner heartwood. 
Solubility in ether and alcohol-benzene had a con­
stant value in the sapwood with an increase in 
the outer heartwood followed by a slight de­
crease in the inner heartwood.

Acetic acid values were constant within the 
sapwood and within the heartwood but were ap-

(15) F. W. Norris and C. E. Resch, Biochem. J., 29, 1590 (1935).
(16) E. Anderson, J. Biol. Chem., 91, 559 (1931).
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preciably higher in the former. This holds in all 
American conifers examined.2,3 When the sap­
wood sawdust or the total sawdust was heated 
with absolute alcohol and ^-toluenesulfonic acid 
in the Freudenberg method, a violet coloration 
first appeared. The reaction which caused this 
is unknown but the coloration suggests a possible 
method for distinguishing sapwood from heart­
wood in doubtful cases.

The methoxyl and pentosan values were prac­
tically constant in the four outer age zones, but 
both showed a sharp rise in the inner heartwood. 
This trend in the methoxyl content paralleled, 
to a certain extent, that of lignin, especially in 
regard to the final rise in the inner heartwood.

Nitrogen content was practically the same 
throughout the section but was slightly higher in 
the outer sapwood. One might expect this since 
most of the living cells were in this zone and con­
duction of nitrates occurred there also.

The lignin content showed appreciable in­
crease from the periphery to the pith.

The cellulose content was nearly constant in 
the four outer zones but showed a considerable 
decrease in the inner heartwood. The pentosan 
in cellulose was irregulär. Johnsen and Hovey7 
determined the cellulose in a balsam fir 10.5 
inches (26.6 cm.) in diameter with 64 annual rings 
and found an increase from pith to sapwood, as 
follows : pith to 15th ring, 51.14%, 20th to 35th, 
53.26% and sapwood, 54.21%.

Since in most determinations the values calcu­
lated for the total wood from the data of the 
individual age zones agreed very well with the 
values determined experimentally (compare last 
two rows, Table II), it was decided to calculate 
values for the sapwood and heartwood so that 
they might be compared with values found by 
Ritter and Fleck for other American conifers.2,3 
This was done from the data in Table I, Column 7.

In the American conifers they examined, Ritter 
and Fleck2,3 found that the cold-water, hot-water, 
ether and alkali-soluble components were higher 
in the heartwood than in the sapwood and that, 
with the exception of lignin in white cedar, the 
cellulose and lignin contents were lower in the

T able III
Calculated V alues  for Sapwood and  H eartw ood  

(% Oven-dry Weight)
Determination Sapwood Heartwood

Ash 0.38 0.63
Cold water .53 1.99
Hot water 1.41 2.61
Ether 0.20 0.25
Alcohol-benzene .94 1.67
1% NaOH 10.45 11.46

Determination Sapwood Heartwood
Acetic acid 1.70 1.31
Methoxyl 4.53 4 .78
Pentosan 8.56 9.42
Nitrogen 0.06 0.06
Lignin 27.34 27.50
Cellulose 64.59 64.29

heartwood. White fir showed similar results for
the extractives and cellulose but the lignin be-
haved like that of white cedar and was higher in 
the heartwood. Apparently, then, white cedar
and white fir can be classed in a separate group 
from the others examined. Acetic acid was also 
higher in the sapwood of white fir as it was in 
all the woods they analyzed. In white fir both 
methoxyl and pentosan values were higher in the 
heartwood. Ritter and Fleck found fluctuations
for these determinations. In general, the cal­
culated sapwood and heartwood values agree 
with the data reported for American conifers.

Comparison of our data for Abies concolor with 
those of Gäumann for Abies pectinate,1 although 
different methods were used, showed the ash, 
lignin and solubility in ether to be higher in the 
heartwood in both cases. Gäumann found other 
extractives to be higher in the sapwood while the 
opposite was true in white fir. The values he 
found for pentosan and cellulose fluctuated 
throughout the year.

Summary
The effect of age on the Chemical composition 

of white fir wood was studied. Values, calculated 
from the age zone data, for the composition of 
the sapwood and heartwood agree in general with 
the data reported by other investigators for 
American conifers.
B er k eley , Ca lif . R eceived  A u g u st  18, 1936
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Studies of the Pernicious Anemia Principle in Liver. III. The Isolation and Prop­
erties of a Substance with Primary Therapeutic Activity1
By Y. Subbarow, Bernard M. Jacobson and Vilma Prochownick
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This communication is a detailed account and 
an extension of results previously reported in a 
preliminary form.2

It has already been found3 that a therapeuti- 
cally active extract of liver can be prepared by ad­
sorption of Cohn’s fraction G on norit, elution of 
the adsorbate by hot ethyl alcohol, and subse­
quent concentration of the elute by vacuum dis­
tillation (fraction B). The copious precipitate 
appearing on further concentration of the elute 
(fraction C) has been characterized as a complex 
purine.4 The filtrate (fraction D) from 100 g. of 
fresh liver concentrated to 3 cc. is light brown in 
color, and contains 10 to 12 mg. of total nitrogen. 
This filtrate is the starting point of the prepara­
tion described below.

Experimental
After acidification of 150 cc. of the filtrate (derived from 

5 kg. of liver) to pH 2 with hydrochloric acid, 16 g. of 
English fuller’s earth was added, and the mixture was 
stirred mechanically for thirty minutes at room tempera­
ture. The precipitate was filtered off and washed once 
with 50 cc. of water. To the filtrate and washings were 
added 10 volumes of 95% ethyl alcohol and 10 volumes of 
ether, and the mixture was left in the cold room for twenty- 
four to thirty-six hours. The resulting precipitate was 
then filtered off. The precipitate (fraction H 5) was ob­
tained in a yield of 1 g. (20 mg. from 100 g. of liver) and 
contained 12 to 13% nitrogen.

One gram of this precipitate was dissolved in 50 cc. of 
water and the solution was brought to pFL 3 with 10 N  
sulfuric acid. A crystalline precipitate immediately sepa­
rated. This precipitate consisted mainly of calcium sul­
fate, and on the basis of spectroscopie examination con­
tained tracés of silver, copper, iron, aluminum and lead, 
all of the latter in a concentration of less than 0.01%, and 
probably derived from the fuller’s earth. The filtrate of 
the calcium sulfate precipitate was then added to 40 cc. of 
water containing 1 g. of Reinecke salt6 at 40°. After re-

(1) This investigation has been supported by grants from the Ella 
Sachs Plotz Foundation, the Proctor Fund of the Harvard Medical 
School, the Milton Fund of Harvard University and the Lederle 
Laboratories, Inc.; and by Therapeutic Research Grant No. 267 of 
the Council on Pharmacy and Chemistry of the American Medical 
Association.

(2) Subbarow and Jacobson, J. Biol. Chem., 114, cii (1936).
(3) Subbarow, Jacobson and Fiske, New Eng. J . Med., 214, 194 

(1936).
(4) Subbarow, Jacobson and Fiske, ibid., 212, 663 (1935).
(5) Due to the possibility of conflict in terminology with the frac­

tion G of Cohn, we have omitted the use of the letter G in designating 
our fractions.

(6) Dakin and West, J. Biol. Chem., 109, 489 (1935).

maining in the cold room for twenty-four hours a crystal­
line precipitate formed which was filtered off and washed 
once with 50 cc. of ice-cold water. The precipitate was 
suspended in 300 cc. of 0.03 N  sulfuric acid at 30-35°, and 
the Reinecke acid was removed by repeated extraction 
with 500 cc. of a mixture of equal volumes of amyl alcohol 
and ether. After several such extractions the color was 
entirely removed, and the solution was concentrated in 
vacuo to a volume of 25 cc. To this concentrate were 
added 10 volumes of acetone and 10 volumes of ether, and 
the mixture was kept in the cold room for forty-eight hours. 
A microcrystalline precipitate separated in a yield of 100 
mg. (2 mg. from 100 g. of fresh liver). This precipitate is 
termed fraction I.

Fraction I was also prepared without the use of fuller’s 
earth. To 1 liter of fraction D were added 7 liters of 
95% ethyl alcohol and the mixture was kept at room tem­
perature for five hours. The resulting precipitate, which 
contain none of fraction I, was filtered off. To the filtrate 
3 liters of ethyl alcohol and 10 liters of ether were added, 
and the mixture kept in the cold room for forty-eight hours. 
The resulting precipitate, termed fraction E, was filtered 
off and dissolved in 500 cc. of water. To this was added 
200 cc. of a 5% solution of rhodanilic acid in methyl alcohol. 
After forty-eight hours in the cold room a crystalline pre­
cipitate separated which was filtered off, and freed of rho­
danilic acid by means of pyridine, with subsequent removal 
of the pyridine by ether, the method of regeneration de­
scribed by Bergmann.7 The regenerated rhodanilate solu­
tion was then precipitated by Reinecke salt as described 
above, and the subsequent procedure was followed. The 
yield of fraction I was approximately the same as that 
obtained by the previous method.

Properties of Fraction I.—The microcrystalline mate­
rial, derived from either the crystalline rhodanilate or di­
rectly from the crystalline reineckate, is white and dissolves 
readily in water, forming a colorless solution. The sulfate 
is readily soluble in dilute alcohol, but is very little soluble 
in absolute alcohol. The sulfate can be precipitated from 
an aqueous solution acidified to pH. 2.5 with sulfuric acid by 
the addition of acetone and ether. Repeated precipita­
tion did not change the nitrogen content. The sulfate de­
composes without melting above 290°. In 0.8% aqueous 
solution the sulfate has an optical activity [« ]28d —85.4 
=*=2°. Anal. Found: C, 41.56; H, 6.74; N, 13.13; S, 4.6. 
3.4% of the 4.6% S is present as inorganic sulfate. The 
ash content of this sample was 1.6%. Spectroscopie 
examination disclosed that almost all of the ash consisted 
of chromium, evidently derived from the decomposition of 
the Reinecke salt. The amino nitrogen (Van Slyke8) was 
determined after interaction with nitrous acid at the end of

(7) Bergmann, ibid., 110, 471 (1935).
(8) The authors are indebted to Mr. Leon Rosenfeld for assistance 

in these determinations.
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five minutes and at the end of sixty minutes, with the fol­
lowing results:

P e r  C e n t . A m in o  N F o und
5 min. 60 min.

Before hydrolysis 5 14.7
After hydrolysis for 6 hours

in 2 N  HCl 75 87

Under the usual conditions fraction I does not 
show a ninhydrin reaction, but after neutraliza­
tion to pH. 7 a slight reaction is observed. Frac­
tion I reduces the Folin-Ciacalteau phenol re­
agent,9 gives a positive orcin test, and a weak 
diazo reaction. The Sagakuchi, Millon, glyox­
ylic acid and biuret tests are negative.

Fraction I is readily precipitated by phospho- 
tungstic acid and is partially precipitated by 
Hopkins’ reagent (HgSCh in H2SO4). The rein- 
eckate can be recrystallized readily from hot 
water, but due to the decomposition products 
formed during the successive regenerations this 
salt is not suitable for further purification. A 
crystalline rufianate is readily obtained with the 
following composition: C, 46.5; H, 4.84; N, 
4.23; S, 6.6. For further purification the rufian­
ate is also not practicable due to the necessity of 
using large amounts of amyl alcohol in regenera­
tion. Furthermore, if the rufianic acid is re­
moved with barium the resulting barium rufianate 
precipitate adsorbs the fraction I.

An aqueous solution of fraction I, when ex­
posed to ultraviolet light, exhibits an intense blue 
fluorescence. The absorption Spectrum in the 
ultraviolet of an aqueous solution of fraction I 
(C 0.5 mg. per cc., L 1 cm.) as depicted in Fig. 1, 
shows an inflection between 2480 and 2560 Ä.10

Therapeutic Activity.—That fraction H is 
therapeutically active is evidenced by satisfaetory 
clinical and hematological improvement in four 
patients suffering from pernicious anemia, follow­
ing the administration of the material by intra- 
muscular injection. The therapeutic activity of 
fraction I has been tested similarly in two pa­
tients, with resulting moderate clinical and hema­
tological improvement. The data are presented 
in Table I.

It is to be noted that all of the experimental 
periods of therapeutic trial are of short duration, 
and are not adequate for an estimate of the ca­
pacity of fraction H and of fraction I to induce a

(9) Folin and Ciacalteau, J. Biol. Chem., 73, 627 (1927).
(10) For the determination of the absorption Spectrum the authors 

are indebted to Prof. George R. Harrison of the Massachusetts In­
stitute of Technology.

T a b l e  I
T h e  T h e r a p e u t ic  A c t iv ity  o f  F r a c t io n  H a n d  

F r a c tio n  I
Fraction no. H H H H I I
Patient no.
Total a m o u n t  

fraction ad-

16 15 21 22 23 13

ministered, mg. 
R. b. c. at begin­

ning, millions

60 20 20 20 7 .6 4

per cu. mm.
R. b. c. at end, 

millions per cu.

1.05 1.28 1.15 0.88 2.41 1.40

mm.
Reticulocytes at

2.42 1.93 1.80 1.60 3.10 2.35

peak, %
Day of reticulo-

31.0 24.4 30.2 24.6 6 .6 12.0

cyte peak 
Length of period,

6th 7th 5th 5th 4th 5th

days 18 8 8 8 10 10
Since this paper has gone to press fraction I regenerated 

from the rufianate has been tested for its therapeutic ac­
tivity on two patients. The resulting hematopoietic re- 
sponses were similar to the responses to fraction I described 
in Table I.

complete clinical and hematological remission. 
It has already been reported11 that the complete 
therapeutic activity of commercial liver extract 
probably depends upon its content of several 
chemically distinct substances. Fractions H and 
I, in the light of the present evidence, probably 
exert a primary or initiating therapeutic action,

Fig. 1.

which is augmented by the addition of several 
other substances derived from crude liver ex­
tract. The evidence for this view, and the de­
tails of the therapeutic activities of fractions H 
and I, will be discussed in a fortheoming publica­
tion.

(11) Fiske, Subbarow and Jacobson, J . Clin. Investigation , 14, 709
(1935).
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There has recently been reported by Laland 
and Klem12 the Separation from liver of an amor­
phous, reddish-yellow material, in a yield of 0.35 
mg. from 100 g. of fresh liver, with the following 
composition: C, 53.64; H, 6.85; N, 13.33; S,
0.74 (ash content 2.05%), The absorption Spec­
trum in the ultraviolet showed two points of in­
flection, one between 2500 and 2650 Ä. and an­
other between 3450 and 3500 Ä. The similarity 
between the nitrogen content and one point of 
inflection of the absorption Spectrum of the mate­
rial of Laland and Klem and fraction I is worthy 
of note. The material of Laland and Klem has 
been found to be therapeutically active, in doses

(12) Laland and Klem, Acta Med. Scand., 88, 620 (1936).

of 0.7 mg., by Strandeil, Poulsson and Schartum- 
Hansen.13 Proof is still lacking that the chemi­
cally active material reported in this paper is a 
single pure Chemical substance.

Summary
There is described the isolation from commer­

cial liver extract of a microcrystalline white sub­
stance, as a sulfate, in a yield of 2 mg. from 100 g. 
of fresh liver, exhibiting intense blue fluorescence 
when exposed to ultraviolet light, and exerting 
therapeutic activity in pernicious anemia.

(13) Strandeil, Poulsson and Schartum-Hansen, ibid., 88 , 624 
(1936).

B o st o n , M a ss . R e c e iv e d  A u g u st  19, 1936

[C o n t r ib u t io n  from  t h e  Chem ical Labo r ato r ies of C o lu m bia  U n iv e r s it y ]

Investigations in the Retene Field. VII. Certain Fluorenones and Phenanthridones
from Retenediphenic Acid

B y  D avid  E. A delso n1 and  M arston T aylor  B ogert

In a previous publication2 it was shown that 
the oxidation of retenequinone in glacial acetic 
acid solution with 30% hydrogen peroxide yielded 
retenediphenic acid. This paper is concerned 
with the preparation and proof of structure of 
some additional derivatives of retenediphenic 
acid and with the establishment of the configura­
tion of compounds previously reported.2

When retenediphenic acid (I) was treated with 
95% sulfuric acid, a rotation of one of the rings 
of the biphenyl nucleus took place and the hypo­
thetical intermediate (II) thus formed lost a 
molecule of water in two ways to yield 6-methyl- 
2-isopropylfluorenone-5-carboxylic acid (III) and 
1 - methyl - 7 - isopropylfluorenone - 5 - carboxylic 
acid (IV).
CHs CHs

CH

J—COOH

-COOH

\  y —CHs
(I)

(1) Fritzsche Fellow in Organic Chemistry, Columbia University, 
1935-1936.

(2) Adelson, Hasselstrom and Bogert, T h is  J o ur n a l , 58, 871' 
(1936).

At 110° the principal product was the keto acid
(III), while the isomeric acid (IV) was isolated 
when the reaction was carried out at room tem­
perature. At 60° there resulted a mixture of 
acids which could not be separated by fractional 
crystallization; at 175° complete sulfonation took 
place. These keto acids, (III) and (IV), were 
characterized by conversion into the oximes, the 
methyl esters and the oximes of the latter.

At 110° the action of 95% sulfuric acid on 
the 3 - methyl - 4 ' - isopropyl-2' - carbomethoxybi- 
phenyl-2-carboxyiic acid (V) resulted in a mixture 
of the keto acids, (III) and (IV), and the methyl 
ester of (IV). This is similar to the experience of 
Underwood and Kochmann,3 who studied the ac­
tion of sulfuric acid on methyl acid diphenate. 
At room temperature, however, 95% sulfuric acid 
converted the acid ester (V) into the methyl ester

(3) Underwood and Kochmann, ibid., 46, 2074 (1924).
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of (IV) in quantitative yield. The last reaction 
furnished the important link essential to the de­
termination of the structures of the compounds 
reported in this and the previous paper.2

CH3 c h 3
\ /

CH

CHs CHs

CH

CO NH 2

V -C O O H  

-CHs

(V I)

CHs CHs
\ /

CH

N H

■CO

CHs

(V II)

CO

Q— N H  

-C H ,

(V III)
Concentrated ammonium hydroxide converted 

the acid methyl ester (V) into 6-methyl-5 '-iso­
propyl- 1'-diphenamic acid (VI) which yielded 8- 
methyl-2-isopropylphenanthridöne (VIÏ) when 
subjected to the Hofmann degradation. This 
phenanthridone (VII) was isomeric but not iden­
tical with the product obtained from the Beck­
mann rearrangement of l-methyl-7-isopropyl- 
flüörenonoxime.4 The previously reported phen­
anthridone is therefore 1 -methyl-7-isopropylphen- 
anthridone (VIII). Oxidation of (VII) yielded 
hemimellitic acid, thus indicating that the amide 
group in the amic acid (VI) and the ester group in 
the acid methyl ester (V) were in the same ben­
zene nucleus as the isopropyl group. From this 
it followed that the action of 95% sulfuric acid on
(V) at room temperature should yield the methyl 
ester of (IV) and that the acid (III), isomeric with
(IV), should not yield retefie ketone (l-methyl-7- 
isopropylfluorenöne) upon decarboxylation, and 
such was actually found to be the case.

As a by-product in the action of 95% sulfuric 
acid on retenediphenic acid at 110°, there was 
formed a small amount of a neutral body. lts 
structure has not yet been determined.

Pyrolysis of retenediphenic acid yielded retene 
ketone.5,6 This is analogous to the behavior of

(4) Bogert and Hasselstrom, T h is  J o u r n a l , 56, 983 (1934).
(5) Bamberger and Hooker, Ann., 229, 135 (1885).
(6) Komppa and Fogélberg, T h is  Jo ü r n a l , 54, 2900 (1932).

diphenic acid, which yielded flüörenöïie iitidër 
similar treatment.7,8 A better yield of retene 
ketone was obtained by dry distillation of retene­
diphenic anhydride.2 Fluorenone has been ob­
tained from diphenic anhydride in similar fashion.7 8 
The over-all yield of the ketone, based on retene, 
was 21%, whereas the older method of prepara­
tion6 gave a yield of 13%.

So far as öür experiments ha.vë gone, only one 
of the possible stereoisomers was encountered in 
these reactions.

Acknowledgments—We are indebted to Dr.
Torsten Hasselstrom for preliminary work on the 
preparation of 6-methyl-2-isöpröpylfluorenone-5- 
carboxylic acid and for authentic samples of 1- 
methyl-7-isopropylphenanthridone and retene ke­
tone.

Experimental
6 - Methyl - 2 - isopropylflüorenone - 5 - carboxylic 

Acid (III).—A solution of 10 g. of retenediphenic acid in 
25 cc. of 95% sulfuric acid was maintained at 110-115° for 
twenty minutes, cooled and poured onto cracked ice. The 
yellow solid which this precipitated was dissolved in ether, 
and the solution washed with water and dried over anhy­
drous magnesium sulfate. Evaporation of the solvent 
yielded 9 g. of a mixture of keto acids, (III) and (IV). 
Because of the similarity of their solubilities in organic 
solvents, their Separation proved very difficult. Frac­
tional crystallization of the mixture from benzene gave 
3 g. of the keto acid (III), which was then recrystallized 
fióm 90% förmic acid, appearing as long, yellow needles, 
m. p. 156-156.5° (corr.).

A n a l .  Calcd. for Ci8H160 3: C, 77.11; H, 5.76. Found: 
C, 76.78; H, 5.86.

Üpon dry distillation of this acid, carbon dioxide was 
evolved and there appeared in the distillate a neutral, yel­
low oil, which could not be obtained in the crystalline state 
even when seeded with a crystal of retene ketone.

When the combined benzene mother liquors from the 
above operations was evaporated to dryness and the resi­
due boiled with 10% sodium carbonate solution, there re- 
mained a small amount of undissolved material. This 
neutral body, which was also insoluble in hot dilute caustic 
alkali, appeared as small, yellow leaflets from 95% ethanol, 
m. p. 194-195° (corr.). Its structure has not yet been de­
termined. Upon acidification of the carbonate filtrate, the 
mixture of acids was reprecipitated. Attempts to isolate 
the isomeric acid (IV) from such ä mixture were unsuceess- 
fül.

Méthyl Estef.-^-The dry potassium salt (1 g.) of the keto 
acid- (III) Was boilêd with 5 g. of dimethyl sulfate for fifteen 
minutes, cooled and the excess dimethyl sulfate destroyed 
by pouring the réaetioii mixture into water. The resulting 
suspension was extracted with ether, the ethereal solution 
washed with 10% sodium carbonate solution, water and

(7) Fittig and Obermeyer, Ber., 5, 933 (1872); Ann., 166, 372 
(1873).

(8) Huntress, Hershberg and Cliff, T h is  J o u r n a l , 53, 2720 (1931).
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finally dried over anhydrous magnesium sulfate. Evapo­
ration of the solvent, followed by recrystallization of the 
residual yellow solid (0.7 g.) from methanol, yielded tiny 
glistening flakes, m. p. 86.5-87.5° (corr.).

Anal. Calcd. for Ci9Hi80 3: C, 77.51; H, 6.17. Found: 
C, 77.37; H, 5.91.

Oxime of the Methyl Ester.—A suspension of 0.6 g. of 
the above methyl ester, 1 g. of hydroxylamine hydro­
chloride and 1.5 g. of anhydrous barium carbonate in 20 
cc. of absolute methanol was refluxed for eight hours, fil­
tered and the filtrate diluted with water. This precipi­
tated the oxime in nearly theoretical yield. Recrystallized 
from dilute ethanol, it appeared as short, pale yellow 
needles, m. p. 173-174° (corr.).

Anal. Calcd. for Ci9H190 3N: C, 73.75; H, 6.20.
Found: C, 73.86; H, 5.92.

The oxime of the free acid, prepared similarly, appeared 
as short, cream-colored needles from dilute ethanol which 
darkened slightly over 250° and melted with decomposition 
at 268-269° (corr.).

Anal. Calcd. for Ci8Hi70 3N: C, 73.19; H, 5.81.
Found: C, 73.19; H, 6.09.

1 - Methyl - 7 - isopropylflüorenone - 5 - carboxylic 
Acid (IV).—Retenediphenic acid (2.5 g.) was dissolved in 
10 cc. of 95% sulfuric acid at room temperature and, after 
twenty-four hours, the clear solution was poured onto 
cracked ice. The yellow precipitate thus formed was fil­
tered, washed with water and recrystallized from 90% for­
mic acid, from which it appeared as broad, yellow leaflets, 
m, p. 200,5-201° (corr.); yield 1.0 g.

Anal. Calcd. for C18H160 3: C, 77.11; H, 5.76. Found: 
C, 76.62; H, 5.94.

When retenediphenic acid was heated with 95% sulfuric 
acid at 60° for twenty minutes and the reaction mixture 
worked up as described for the above keto acid (III), a 
mixture of products resulted which could not be separated 
by fractional crystallization. At 175° complete sulfona- 
tion resulted even when heat was applied for only two 
minutes.

Methyl Ester.—This was prepared from the potassium 
salt of the keto acid (IV) in a manner similar to the syn­
thesis described above for the isomeric methyl ester. Re­
crystallized from methanol, it appeared in tufts of short, 
bright yellow needles, m. p. 104-104.5° (corr.).

Anal. Calcd. for Ci9Hi80 3: C, 77.51; H, 6.17. Found: 
C, 77.31; H, 6.27.

Two grams of the acid methyl ester (V) was dissolved in 
8 cc. of 95% sulfuric acid at room temperature and, after a 
day, the crimson solution was poured into water, a yellow 
precipitate forming. This was dissolved in ether, the 
ethereal solution was washed with 10% sodium carbonate 
solution, water and dried over anhydrous magnesium sul­
fate. Evaporation of the solvent gave the keto methyl 
ester in practically quantitative yield; recrystallized from 
methanol, it appeared as tufts of short, bright yellow 
needles, m. p. 104-104.5° (corr.). Mixed with a sample 
of the above methyl ester of m. p. 104-104.5° (corr.), it 
gave no depression.

Anal. Calcd. for Ci9Hi80 3: C, 77.51; H, 6.17. Found: 
C, 77.34; H, 6.45.

The oxime of the methyl ester, prepared similarly to the 
isomeric oxime described above and crystallized from dilute 
ethanol, appeared as clusters of long, cream-colored 
needles, m. p, 151.5-152° (corr.).

Anal Calcd. for C19H190 3N: C, 73.75; H, 6.20.
Found: C, 73.72; H, 6.52.

The oxime of the keto acid (IV), prepared similarly, crys­
tallized from dilute ethanol in short, pale yellow needles 
which melted with decomposition at 249-250° (corr.).

Anal. Calcd. for CjsHnOsN: C, 73.19; H, 5.81.
Found: C, 73.12; H, 5.78.

6 - Methyl - 5' - isopropyl - 1' - diphenamic Acid (VI).—
The acid methyl ester (V) was dissolved in concentrated 
ammonium hydroxide and allowed to stand with occa­
sional shaking for a week. Dilution of the solution fol­
lowed by acidification yielded a white precipitate which 
appeared as colorless, hard prisms (yield 25%) from 95% 
ethanol, m. p. 197-198° (corr.). Mixed with an authentic 
specimen of the amic acid (VI) of m. p. 201-202° (corr.), 
it melted at 200-201° (corr.).

8-Methyl-2-isopropylphenanthridone (VII).—To a solu­
tion of 3.5 g. of the amic acid (VI) in 30 cc. of 10% potas­
sium hydroxide, there was added slowly a solution of 3 g. 
of bromine in 30 cc. of 10% potassium hydroxide. The 
clear solution was cooled in an ice-bath for thirty minutes, 
heated at 60-65° for another thirty minutes, cooled, 1 g. 
of sodium bisulfite added and the resulting solution acidi­
fied with concentrated hydrochloric acid. The volumi­
nous white precipitate was boiled with 50 cc. of 5% potas­
sium hydroxide solution, filtered, washed with water, dried 
at 110°, and recrystallized from benzene, 95% ethanol and 
finally from benzene, from which it appeared as long, 
silky white needles, m. p. 230-231° (corr.). A mixture of 
this and an authentic specimen of l-methyl-7-isopropyl- 
phenanthridone4 (VIII) of m. p. 221-222.5° (corr.) melted 
at 187-188° (corr.).

Anal. Calcd. for Cr/HnON: C, 81.23; H, 6.82. (Calcd. 
for the amino carboxylic acid, CnH iAN: C, 75.79; H, 
7.12). Found: C, 81.17; H, 7.10.

Two grams of the above phenanthridone was dissolved in 
7 cc. of 95% sulfuric acid and the solution poured into 150 
cc. of water. The finely-divided suspension was made al­
kaline with 10% potassium hydroxide, diluted to a volume 
of 400 cc., 17 g. of potassium permanganate added and the 
mixture was stirred and refluxed for twenty hours. The 
solution was filtered, the colorless filtrate evaporated to a 
small volume, cooled, extracted with 350 cc. of ether and 
the latter dried with anhydrous magnesium sulfate. Eva­
poration of the ether yielded 0.7 g. of a white solid which 
appeared as white tablets from an ether-petroleum ether 
mixture. After drying at 110° it melted at 188-189° 
(corr.), with decomposition. Upon cooling, the fused ma­
terial solidified and melted at 196-197° (corr.). The re­
corded melting points for hemimellitic acid and hemi- 
mellitic anhydride9 are 190 and 196°, respectively. The 
acid gave an excellent fluorescein test on fusion with resor­
cinol and sulfuric acid. Upon treating an aqueous solution 
of the acid with a concentrated potassium chloride solu­
tion, there resulted tiny, glistening flakes which are charac­
teristic of the mono-potassium salt of hemimellitic acid.9

(9) Graebe and Leonhardt, Ann., 290, 220 (1896).
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Anal Calcd. for C9H60 6: C, 51.42; H, 2.88. Found: 
C, 51.36; H, 2.97.

Retene Ketone (l-Methyl-7-isopropylfluorenone).—
Two grams of retenediphenic anhydride was dry distilled, 
yellow vapors coming over accompanied by carbon di­
oxide. The distillate soon solidified to a yellow, crystal­
line material; yield, 1.5 g. (90%). From 95% ethanol 
it appeared as long, flat, sulfur-yellow prisms, m.p. 89-90° 
(corr.). Mixed with an equal amount of an authentic 
specimen of retene ketone of m. p. 88-89° (corr.), it melted 
at 89-90° (corr.).

When retenediphenic acid or an intimate mixture of its 
anhydride and soda lime were distilled, retene ketone also 
resulted. In these cases, however, losses due to charring 
were appreciable and the yields lower.

Summary
1. Dehydration of retenediphenic acid with 

95% sulfuric acid yields two isomeric methyliso- 
propylfluorenone carboxylic acids.

2. These keto acids have been characterized

by their oximes, methyl esters and the oximes of 
the latter.

3. Ammonia converts methyl acid retenedi- 
phenate into the previously reported retenedi- 
phenamic acid which undergoes the Hofmann 
degradation to yield 8-methyl-2-isopropylphenan- 
thridone. Oxidation of the latter yields hemi­
mellitic acid, thus establishing the structures of 
the compounds concerned.

4. Treatment of methyl acid retenediphenate 
with 95% sulfuric acid at room temperature yields 
the methyl ester of l-methyl-7-isopropylfluore- 
none-5-carboxylic acid. The isomeric acid is there­
fore 6-methyl-2-isopropylfluorenone-5-carboxylic 
acid.

5. Pyrolysis of retenediphenic anhydride gives 
retene ketone in 90% yield.
N e w  Y or k , N. Y. R e c e iv e d  A u g u s t  4, 1936

[C o n t r ib u t io n  from  t h e  D e pa r tm en t  of B iological Ch e m ist r y , C o l u m b ia  U n iv e r s it y ]

The Reaction between «-Ketonic Acids and «-Amino Acids
B y Robert M . Herbst

In a previous paper1 it was shown that a reac­
tion takes place between certain «-ketonic acids 
and «-amino acids. The first step in the reaction 
was assumed to be interaction between the car­
bonyl and the amino groups to form a Schiff base. 
The second step involved the migration of a hy­
drogen atom from the «-carbon of the amino acid 
to the «-carbon of the ketonic acid residue, and 
the third the elimination of carbon dioxide from 
the intermediate and the addition of water result­
ing in fission with the formation of an aldehyde 
and an amino acid.
R— CH— N H 2 o = C — R ' - H 20

I +  I --------->
COOH COOH

R— CH— N — C— R ' R—0 = N —CH—R ' - C 0 2

COOH COOH COOH COOH + H 20

f f O H2N—CH—R
1 +  1

H COOH

Certain results reported in the previous paper 
made it desirable to continue the investigation in 
order to gain greater insight into the mechanism 
of the reaction. In experiments with /-cystine 
and pyruvic acid acetaldehyde was always ob­
tained in appreciable amounts. In the absence of

(1) Herbst and Engel, J. Biol. Chem., 10T, 505 (1934).

any product, other than carbon dioxide, which 
could be attributed to the cystine molecule, it was 
concluded that the acetaldehyde was derived in 
some way from this source. This view has now 
been shown to be incorrect, for in the reaction be­
tween cystine and both phenylpyruvic and ben- 
zoylformic acids no acetaldehyde could be found. 
Moreover, small amounts of acetaldehyde have 
been isolated from the products of the reaction of 
pyruvic acid with ^-methoxyphenylalanine, «- 
amino-^-methoxyphenylacetic acid, ethylcysteine, 
benzylcysteine and phenylcysteine, while with «- 
aminophenylacetic acid no acetaldehyde could be 
detected. These results point to pyruvic acid or 
some intermediate formed with the above amino 
acids as the principal source of acetaldehyde. 
The possibility remains that acetaldehyde could 
be formed by the secondary interaction of pyruvic 
acid with alanine formed during the primary re­
action. In a separate experiment with this pair 
acetaldehyde was formed, but too slowly to ac­
count for its rapid formation in the reaction of 
pyruvic acid with cystine, S-phenylcysteine and 
S-benzylcysteine. The conclusion is therefore 
unescapable that the formation of acetaldehyde 
is largely a direct result of the primary reaction of 
pyruvic acid with the above amino acids.
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To determine the probable fate of the cystine 
structure, the reaction of several S-substituted 
cysteine derivatives with pyruvic acid was studied. 
Of these, ethylcysteine gave the clearest results 
since it was possible to demonstrate the formation 
of considerable quantities of ethylthioglycolic al­
dehyde as well as acetaldehyde. The analogous 
aldehydes from phenylcysteine and benzylcys­
teine, which were not found in the usual experi­
ments, could be obtained only by continuous dis­
tillation of the volatile products from the reac­
tion flask, and then only in small yield. In both 
cases considerable decomposition took place with 
the formation of thiophenol and diphenyl disul­
fide in the first, and of benzyl mercaptan in the 
second. No analogous aldehyde could be ob­
tained from cystine even in distillation experi­
ments.

The results outlined above make it desirable to 
formulate a more labile mechanism for the reac­
tion than the rather static mechanism given 
above.2 It is now suggested that decarboxyla­
tion takes place while the molecule is momen­
tarily in an unbalanced state during the shift of 
the double bond. The nature of the substituents 
R and R ' will influence the extent of decarboxyla­
tion in the direction of either Scheme I or II.

tion of Scheme II. When a methoxyl group is in­
troduced in the para-position in aminophenyl- 
acetic acid, the tendency to form a conjugated 
system is possibly less strong, for the reaction 
proceeds partly in the direction of Scheme I.

Of particular interest are the results obtained 
in the reaction between a-amino-a-phenylbutyric 
acid and pyruvic acid, whereby propiophenone is 
produced in considerable quantity, together with 
mere tracés of acetaldehyde. Here the tendency 
for the double bond to shift to the conjugated Po­
sition is great, but this shift can occur only with 
simultaneous decarboxylation of the amino acid 
structure

C6H 5-

c 2h 6
I

-C — N = C -
I I

COOH COOH

-CHs

R - -CH— N = C — R '
I I

COOH COOH

R —  CH— N=

COOH

R — CH— N H 2
I

COOH

J,+H2o

+  R 'C H — O R—CH

Such a mechanism would explain the observed 
formation of both aldehydes RCHO and R'CHO.

Schiff bases from a-phenyl- a-amino acids un­
doubtedly possess a strong tendency to form con­
jugated Systems. Thus in the reaction of a- 
aminophenylacetic acid with pyruvic acid, the 
side chain double bond of the initial Schiff base is 
not conjugated with the benzene ring, and the 
tendency to form a conjugated system may ex­
plain the completeness of the reaction in the direc-

(2) Ingold and his co-workers [ /. Chem. Soc., 1778 (1935)] in a 
study of methyleneazomethine (C = N —C) systems from a kinetic 
point of view have found no evidence in support of an intermediate 
between tautomeric forms of simple Schiff bases. However, none of 
the Systems considered involved carboxyl groups on the carbon atoms 
adjacent to the nitrogen [cf. also, Baker, Nathan and Shoppee, 
ibid., 1847 (1935), and Turcan, Bull. soc. chim., [5] 3, 283 (1936)].

c 2h 5

C6H 5— C = N — CH— CH3 +  C0 2
I

COOH

Contrary to a previous statement1 it has now been 
found that a-aminoisobutyric acid also reacts 
(though very slowly) with pyruvic acid. In this 
case a minute amount of acetaldehyde is formed, 
but no acetone could be detected. Clarke, Gilles- 

pie and Weisshaus3 have observed a simi­
lar difference in the action of formalde­
hyde in formic acid on this pair of amino 
acids.

Further support for the view that de­
carboxylation occurs exclusively during 
tautomeric shift is the almost complete 
absence of decarboxylation on treating 
alanine with benzoylformic acid. The 
Schiff base formed by this pair is conju­

gated, hence there is no tendency for the double 
bond to shift; practically no carbon dioxide is 
eliminated, and only a trace of benzaldehyde is 
formed. That this result probably is not due to 
failure of benzoylformic acid to form a Schiff base 
is shown by the fact that it reacts with a-amino- 
^-methoxyphenylacetic acid, cystine and ethyl­
cysteine.

Experimental
The experiments were carried on in the apparatus pre­

viously employed,1 modified to permit gravimetric estima- 
tion of carbon dioxide. The gas coming from the reaction 
flask was passed through a series of wash bottles contain­
ing, respectively, 5% sodium bisulfite, 2% potassium per-

(3) Clarke, Gillespie and Weisshaus, T h is J o ur n a l , 55, 4571 
(1933),
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manganate in 2.5% sulfuric acid, two bottles with concen­
trated sulfuric acid and a Geissler absorption bulb charged 
with 40% potassium hydroxide. Suitable blank runs 
showed that only carbon dioxide was absorbed by the pot- 
ash bulbs. The gas capacity of the whole train when 
charged was about 100 cc. Carbon dioxide was estimated 
periodically by changing the Geissler bulbs and weighing 
them. This method of estimating carbon dioxide was 
quicker and more convenient than that previously em­
ployed, and seemed to give more accurate results.

Pyruvic acid alone in aqueous solution slowly gives off 
carbon dioxide under the conditions of the experiment. 
The values obtained during actual experiments have been 
corrected, therefore,, by subtraction of a suitable blank 
value, on the assumption that the amino acid has no effect 
on the rate of carbon dioxide production from pyruvic acid 
as such,

The reactions of pyruvic acid with a-aminophenylacetic 
acid and with cystine were repeated in the modified appa­
ratus for purpose of comparison. Both experiments were 
in all other respects duplicates of those previously reported.

The isolation of reaction products followed in general the 
methods previously employed. After completion of the 
reaction aldehydic products were isolated as derivatives 
with dimedon (dimethyldihydroresorcinol) or 2,4-dinitro- 
phenylhydrazine. Derivatives already described in the 
literature were identified by their melting points and mixed 
melting points with authentic specimens; others, were 
identified by elementary analysis.4 Aldehydes of low 
molecular weight were found in the sodium bisulfite wash 
bottle; less volatile aldehydes were isolated from the re­
action mixture. To estimate quantitatively the amount of 
volatile carbonyl derivatives taken up in the bisulfite trap, 
the excess and bound bisulfite were titrated with Standard 
iodine solution, as in the estimation of acetaldehyde in 
lactic acid determinations.5 No acetaldehyde or other 
volatile carbonyl derivative is formed from pyruvic acid 
alone under the experimental conditions, as determined by 
suitable blank experiments,

Amino acids were isolated from the reaction mixture as 
previously described (except as noted in specific instances), 
either as such or in the form of derivatives with phenyl iso­
cyanate or benzenesulfonyl chloride. Identity was estab­
lished by elementary analysis, or by melting point and 
mixed melting point, respectively.

Mercaptans were isolated from the ether soluble portion 
of the reaction mixtures by vacuum distillation after re­
moval of the solvent. Identification as 2,4-dinitrophenyl 
derivatives6 rested upon melting points controlled by ad­
mixture of authentic specimens.

Reactions with Pyruvic Acid
In general 10 mml. of amino acid and 40 mml. of pyruvic 

acid were employed, exceptions being the reaction with a- 
aminophenylacetic acid where 30 mml. of pyruvic acid 
was employed, and the reaction with cystine where 5 mml. 
of the amino acid was employed. The yields of carbon 
dioxide and duration of the reactions are indicated by the 
curves in Figs. 1 and 2.

(4) The author wishes to thank Mr. William Saschek ot this de- 
partment for the micro-analyses included in this report.

(5) Clausen, J. Biol. Chem., 52, 263 (1922).
(6) Bost, Turner and Norton, This J o u r n a l , 54, 1985 (1932).

5 10 15 48 56
Hours.

Fig. 1.—Rate of carbon dioxide evolution during 
reaction of pyruvic acid with : 1, a'-aminophenyl-
acetic acid; 2, a-amino-^-methoxyphenylacetic 
acid; 3* ^-methoxyphenylalanine; 4, glutamic 
acid; 5, alanine; 6, leucine; 7, a-aminoisobutyric 
acid; 8, a-amino-a-phenylbutyric acid.

tt-Aminophenylacetic Acid.—No acetaldehyde could be 
found. The yields of alanine (7.5 mml.) and benzaldehyde 
(7 mml.) were about the same as in earlier experiments.

Alanine.—Titration of the excess and bound sodium 
bisulfite in the trap indicated the presence of 4.4 mml. of an 
aldehyde, subsequently identified as acetaldehyde. Prac­
tically all of the alanine could be recovered in pure form.

Leucine.—Most of the isovaleric aldehyde was carried 
over into the bisulfite trap. Titration of an aliquot of the 
bisulfite solution indicated 12.2 mml. of aldehydes, how­
ever, since a permanent end-point in the titration was 
reached only after the solution began to smell strongly of 
isovaleric acid, much of the iodine was probably used to 
oxidize the aldehyde. Acetaldehyde could not be found. 
About 4 mml. of alanine was isolated.

a-Amino-^-methoxyphenylacetic Acid.—The high yield 
of carbon dioxide (11 mml.) may be explained by the forma­
tion of acetaldehyde according to Scheme I. Alanine was 
isolated in good yield, while anisaldehyde was obtained in 
70-75% yield.

ethoxyphenylalanine.—Acetaldehyde was found in 
appreciable amounts. Alanine was isolated in small yield. 
^-Methoxyphenylacetaldehyde was obtained in the form 
of a condensation product with pyruvic acid, the lactone 
of «~keto-Y-hydroxy-<5-(£-methoxyphenyl)-valeric acid, 
which crystallized from the reaction mixture as it cooled, 
giving needles from hot water, m. p. 160 °.7

AnaL Calcd. for C12H120 4: C, 65.45; H, 5.50; OCH3, 
14.1; neut. eq., 220. Found: C, 65.66; H, 5.24; OCH3, 
13.83; neut. eq. (by back titration), 233.

With phenylhydrazine in 95% alcohol, slightly acidified 
by the addition of a few drops of glacial acetic acid, the 
phenylhydrazone is formed, m. p. 163° (dec.).

AnaL Calcd. for CiaHi8N2Q3: C, 69.65; H, 5.85; N, 
9.03; OCH3, 10.0. Found: C, 69,74; H, 5.82; N, 9.03; 
OCH3, 10.29.

An attempt to prepare the 2,4-dinitrophenylhydrazone 
by boiling a solution of the ketolactone in 50% acetic acid 
with an equivalent amount of 2,4-dinitrophenylhydrazine 
resulted in the decomposition of the ketolactone; only

(7) All melting points are corrected.
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pyruvic acid 2,4-dinitrophenylhydrazone, m. p. 222°, could 
be isolated.

Glutamic Acid.—The amino acid mixture obtained by 
the usual procedure was treated with zinc oxide to re­
move glutamic acid, after which alanine could be isolated 
as the benzenesulfonyl derivative. No aldehydic products 
could be isolated.

a-Aminoisobutyric Acid.—The yield of carbon dioxide 
was 2.5 mml., as compared with only 0.3 mml. of alde­
hyde. The bisulfite solution was fractionated carefully 
after alkalinization with sodium bicarbonate, and the dis­
tillate caught in a trap immersed in a solid carbon dioxide- 
alcohol bath. Although the distillate smelled of acetal­
dehyde, not sufficiënt 2,4-dinitrophenylhydrazone for 
purification and identification could be obtained. As in 
earlier experiments the aminoisobutyric acid was recov­
ered almost quantitatively.

ö'-Amino-a-phenylbutyric Acid.—From the reaction 
mixture 1.4 mml. of propiophenone and a small amount of

alanine were isolated. 
The bisulfite solution 
contained 0.6 mml. of 
carbonyl compounds, 
of which 0.05 mml. 
could be identified as 
acetaldehyde.

Cystine.—The bisul­
fite trap yielded 1 mol. 
of acetaldehyde. The 
formation of 11 mml. 
of carbon dioxide, an 
excess of 1 mml. over 
that expected in ac­
cordance with Scheme 
II, together with the 
formation of acetalde­
hyde, indicates partial 
reaction in the sense of 
Scheme I. No hydro­
gen sulfide was formed 
during the reaction; 
the only sulfur-con- 
taining material found 
was a black resin from 
which no definite com­
pound could be isolated.

S-Ethylcysteine.—Acetaldehyde was found in the bi­
sulfite trap together with a small amount of ethylthiogly- 
colic aldehyde. Quantitative estimation of the aldehyde 
content of the trap was impossible because of secondary 
oxidations. Steam distillation of the reaction mixture 
yielded considerable quantities of an oil, the dimedon de­
rivative (m.p. 93—94°) of which analyzed correctly as that 
of ethylthioglycolic aldehyde.

AnaL Calcd. for C20H30O4S: C, 65.52; H, 8.26; S, 
8.75. Found: C, 65.63; H,8.17; S, 8.61.

Alanine was isolated in good yield. The odor of ethyl 
mercaptan was evident in the reaction mixture.

S-Phenylcysteine.—No aldehydic product, except acet­
aldehyde, of which there was 2.3 mml. in the bisulfite trap, 
could be found among the reaction products. Alanine was 
isolated in good yield. A large amount of brown oil, from

which thiophenol and diphenyl disulfide were isolated, was 
formed during the reaction.

When the reaction was run with continuous distillation 
of the volatile products, instead of under reflux as was usu­
ally the case, phenylthioglycolic aldehyde was found in 
small amount in the distillate, and isolated as the dimedon 
derivative, m. p. 127-128°.

Anal. Calcd. for C24H30O4S: C, 69.51; H, 7.30; S,
7.74. Found: C, 69.43; H, 7.34; S, 7.73.

In this case the reaction was run over a period of two to 
three hours, and the volume in the reaction flask was kept 
constant by the slow addition of water through a dropping 
funnel. A small amount of phenylthioglycolic aldehyde 
was prepared for purpose of comparison by boiling a solu­
tion of 5.5 g. of thiophenol with 7.6 g. of chloroacetal in 
absolute alcohol containing 1.15 g. of sodium for fifty 
hours, followed by hydrolysis with hydrochloric acid. The 
product, obtained in poor yields, was isolated as the dime­
don derivative and proved to be identical with the sub­
stance obtained in the above reaction.

S-Benzylcysteine.—Acetaldehyde, 1.6 mml. by titra­
tion, was the only aldehydic product which could be iso­
lated. Alanine was formed in good yield. A large 
amount of brown oil separated during the reaction, and 
upon careful examination yielded only a small quantity of 
benzyl mercaptan. By applying the technique of con­
tinuous distillation to this reaction it was possible to obtain 
a small amount of benzylthioglycolic aldehyde, dimedon 
derivative, m. p. 88-89°; and 2,4-dinitrophenylhydrazone, 
m. p. 156-157°.

AnaL Calcd. for C ^Ü M aS: C, 70.04; H, 7.53; S, 
7.49. Found: C, 70.23; H,7.51; S, 7.69.

AnaL Calcd. for C15H14N4O4S: C, 51.99; H, 4.08; S, 
9.26. Found: C, 51.98; H,4.12; S, 9.28.8

Reaction with Phenylpyruvic Acid
Cystine.—During the reaction of cystine (2.5 mml.) 

with phenylpyruvic acid (10 mml.), 2.5 mml. of carbon 
dioxide was evolved in the course of ten hours (Fig. 2, 
Curve 5). The reaction was not continued over a longer 
period since phenylpyruvic acid gradually condenses with 
itself under the conditions of the experiment. No acet­
aldehyde nor other aldehydic products could be found 
among the products of the reaction. Some difficulty was 
encountered in separating the small amount of phenyl­
alanine formed from tracés of cystine. Analytically pure 
phenylalanine was obtained after decomposition of the 
cystine by boiling the amino acid mixture with a suspen­
sion of calcium hydroxide to which a few crystals of lead 
acetate had been added. After removal of the calcium and 
lead, phenylalanine separated upon concentrating the so­
lution.

Reactions with Benzoylformic Acid
Usually 10 mml. of amino acid and 10 mml. of benzoyl- 

formic acid were employed in the reactions; in the case of 
cystine 5 mml. of the amino acid was employed. Except 
where specifically stated the duration of the reactions and 
yields of carbon dioxide are shown in Fig. 2.

Alanine.—After nine hours, only a trace of benzalde­
hyde (about 0.05 mml.) could be isolated, and the carbon

(8) Micro Dumas determinations on 2,4-dinitrophenylhydrazine or 
derivatives thereof are not reliable.

Fig. 2.—Rate of carbon diox­
ide evolution during the reaction 
of: 1, cystine with pyruvic acid; 
2, S-ethylcysteine with pyruvic 
acid; 3, S-phenylcysteine with 
pyruvic acid; 4, S-benzylcys- 
teine with pyruvic acid; 5, cys­
tine with phenylpyruvic acid; 6, 
cystine with benzoylformic acid; 
7, a-amino-^-methoxyphenyl- 
acetic acid with benzoylformic 
acid.
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dioxide evolved was less than could be estimated (0.1- 
0.2 mml.).

a-Amino-^-methoxyphenylacetic Acid.-—From the reac­
tion mixture an aldehyde fraction consisting of benzalde­
hyde and anisaldehyde was isolated as a mixture of the
2,4-dinitrophenylhydrazones, m. p. 231-233°. The corre­
sponding derivatives of benzaldehyde and anisaldehyde 
melt at 242-243° and 255°, respectively. The yield of 
hydrazones calculated as benzaldehyde was 0.5 mml. A 
methoxyl determination showed 3.5% OCH3, indicating a 
mixture of 64% benzaldehyde and 36% anisaldehyde. 
The amino acid fraction (8.0 mml.) consisted chiefly of 
aminomethoxyphenylacetic acid (OCH3, 15.64; N, 7.43).

Cystine.—No benzaldehyde nor hydrogen sulfide could 
be detected. From the reaction mixture about 0.5 mml. of 
a'-aminophenylacetic acid was isolated after removal of the 
last tracés of cystine by treatment with lime and lead ace­
tate.

S-Ethylcysteine.—During twelve hours only 0.7 mml. of 
carbon dioxide was formed. From the bisulfite trap a 
small quantity of ethylthioglycolic aldehyde was isolated. 
Neither benzaldehyde nor acetaldehyde could be identified 
as reaction products.

Summary
The investigation of the reaction between a- 

amino acids and a-ketonic acids has been ex­

tended in such a manner as to demonstrate more 
clearly the mechanism involved. The first steps 
in the reaction appear to lead to the formation of 
a vSchifï base with a carboxyl group on each of the 
carbon atoms adjacent to the central nitrogen 
atom. The double bond of the methyleneazo- 
methine system has a tendency to shift (C—N = C  
—> C = N —C) with the simultaneous elimination 
of carbon dioxide from either carboxyl group, both 
processes being dependent upon the nature of the 
other carbon substituents. In the case of a- 
amino-a-phenylbutyric acid this tendency is so 
pronounced that it takes place in spite of the ne~ 
cessity of forcing the displacement of the carboxyl 
group. Two new Schiff bases are assumed to re­
sult. Of these, one hydrolyzes to give the original 
amino acid and the aldehyde formed by decar­
boxylation of the ketonic acid; the other decom­
poses to form a new amino acid, derived from the 
ketonic acid by amination and reduction, and the 
aldehyde resulting from the oxidative deamination 
and decarboxylation of the original amino acid. 
N e w  Y o r k , N. Y. R e c e iv e d  J u l y  25, 1936

[C o n t r ib u t io n  from  t h e  F rick  Chem ical  L a b o r ato r y  o f  P r in c e t o n  U n iv e r s it y ]

Further Observations Concerning the Crystallization of Undercooled Liquids
By William T. Richards, Edward C. Kirkpatrick and Carl E. Hutz

Introduction
The belief that homogeneous crystallization1 of 

metastable liquids could be described successfully 
in Statistical terms originated with the Kinetic 
Theory of Heat. With the writings of de Coppet, 
Ostwald and Tammann, which are too well 
known to require summary here, this belief be­
came increasingly articulate. Recently Volmer2 
and Stranski3 have expressed it in terms of Fluc- 
tuation Theory, and theoretical aspects of homo­
geneous crystallization have now advanced as far 
as the imperfect state of the Kinetic Theory of 
Liquids permits. Experiment has failed to keep 
pace with this development. A few cases of 
homogeneous crystallization, notably those de­
scribed by Tammann4 in very viscous melts, where

(1) The term "homogeneous crystallization" will be used through­
out to designate crystallization occurring in the free liquid, as op- 
posed to "heterogeneous crystallization" which occurs at an inter­
face.

(2) M. Volmer, Z. Electrochem., 35, 55 (1929).
(3) I. N. Stranski and R. Kaischew, Z. physik. Chem., B26, 100, 

317 (1934).
(4) G. Tammann, "Kristallisieren and Schmelzen,” 1903.

the linear crystallization velocity is extremely 
small, have been reported. In general, however, 
a considerable body of scattered experimental 
work has served only to confuse the issue by the 
introduction of heterogeneous effects. The mecha­
nism of heterogeneous crystal nucleus formation 
presents, however, certain points of interest in its 
own right, although the language for its descrip­
tion is at present less unequivocal and aesthetic 
than that for homogeneous crystallization. When 
the immense practical importance of the problem 
of efficiently inducing crystallization in meta­
stable liquids, affecting, as it does, most organic 
preparations and many technical processes, is re- 
called it will be clear that any investigation con­
cerning crystallization which contributes to the 
present knowledge, however imperfectly its re­
sults may be formulated, deserves attention. 
The object of the present communication was 
initially to determine the homogeneous crystalli­
zation rates of a number of liquids. I t was 
found necessary, however, to interpret the re-
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sults in heterogeneous terms. This interpreta­
tion is incomplete in many respects but, since 
independent experiments from Germany have ap­
peared during the progress of the investigation, 
it has been decided to report its present status, 
indicating in the discussion the directions in which 
future progress appears most probable. As an 
introduction a brief résumé of various heterogene­
ous effects which have been reported will be given. 
This review can, owing to the scattered and usu­
ally wholly independent investigations with which 
it deals, make no claim to completeness.

I t was Tammann himself who first threw seri- 
ous doubt upon the homogeneous mechanism, al­
though he does not appear to have been willing to 
accept the full implications of his work. He re­
ported that, with betol, quartz powder greatly 
increased the number of crystal nuclei and that 
powdered glass effectively prevented their forma­
tion.5 Simultaneously Schaum reported that 
tubes of benzophenone showed a marked decrease 
in their tendency to crystallize with increasing 
number of meltings;6 this phenomenon of “aging” 
will receive further attention below. Continuing 
his studies with Schoenbeck, Schaum then dem­
onstrated that crystallization repeatedly oc­
curred at the same spots, and that these spots 
could be deactivated with increased heating above 
the melting temperature.6a Similarly Jaffé 
showed that mechanical cleaning, such as inten­
sive filtration, served to increase the range of tem­
perature in which a solution could be maintained 
in a supersaturated condition,7 and Füchtbauer 
extended these observations to undercooled 
liquids.8 Both authors seem clearly to have 
recognized the heterogeneous character of the 
process of crystal nucleus formation, and Fücht­
bauer cites the effect of preheating noticed by 
Schaum and Schoenbeck, although apparently un- 
conscious of earlier work on the subject. Young 
and Burke,9 R. Marcelin,10 Hinshelwood and 
Hartley11 and Schaum and Riffert12 independently 
not only of each other but of most previous work 
in the field, have described various aspects of the

(5) G. Tammann, Z. physik. Chem., 25, 441 (1898).
(6) K. Schaum, ibid., 25, 722 (1898).
(6a) K. Schaum and F. Schoenbeck, Ann. Physik., 8, 652 (1902).
(7) G. Jaffé, Z. Physik. Chem., 43, 565 (1903).
(8) C. Füchbauer, ibid., 48, 549 (1904).
(9) S. W. Young and W. E . Burke, T h is  J o u r n a l , 29, 329 (1907).
(10) R. Marcelm, Compt. rend., 148, 631 (1910).
(11) C. N. Hinshelwood and H. Hartley, Phil. Mag., 43, 78 

(1922).
(12) K. Schaum and P. Riffert, Z. anorg. allgem. Chem., 120, 241 

(1922).

effect of preheating, and appear to agree that the 
crystallization center is situated on an interface 
of some sort. In apparent contradiction to this 
Orthmer13 and Kornfeld14 report a Statistical 
distribution when the crystallization of a large 
number of samples was observed for long periods 
of time. Orthmer, however, admits the influence 
of foreign solids without attempting to account 
for it. It is believed that these various findings 
have been successfully explained by a communica­
tion from this Laboratory15 in which it was dem­
onstrated not only that the presence of overheat- 
able nuclei was due to the presence of an interface 
but that, by the introduction of suitable solid 
adsorbents which had previously been infected 
with crystalline material, the number of crystal 
nuclei could be increased to almost any extent de­
sired. A theory was given based upon the exist­
ence of two hypothetical modifications of the ad- 
sorbate which were called “crystalline”16 and 
“liquid,” respectively. Several consequences of 
the theory, especially its implication that crystal 
nuclei could be developed above the melting tem­
perature, were confirmed experimentally. The 
subsequent publications of Biilmann and Klit17 and 
Roginsky, Sena and Zeldowitsch18 confirm this 
standpoint, and it does not at present appear to 
require modification.

Two questions remain unanswered by the work 
which has been summarized above. When the 
“crystalline adsorbate” has been destroyed by 
heating until all overheatable germs have disap­
peared, will crystallization take place in a homo­
geneous and consequently Statistical manner? 
If not, is there a connection between the presence 
of adsorbents which contribute to the formation 
of overheatable germs and the process of crystalli­
zation, even when the overheatable germs them­
selves have been destroyed ? I t is believed that con- 
clusive negative answers to both these questions 
may be inferred from the evidence presented below.

Experimental
The experiments were conducted with a large number of 

tubes, usually about a hundred, which were immersed si-

(13) P. Orthmer, Z. anorg. Chem., 91, 209 (1915).
(14) G. Kornfeld, Monatsh., 37, 609 (1916).
(15) W. T. Richards, T h is  J o u r n a l , 54, 479 (1932).
(16) The term "crystalline adsorbate" is not here intended to im- 

ply identity in structure with that of the crystal, but merely a variety 
of the adsorbate which yields the crystal on contact with free under­
cooled liquid.

(17) E. Biilmann and A. Klit, Kgl. Danske. Videnskb. Selskab 
Math.-fys. Medd., 12, 1 (1932).

(18) S. Roginsky, L. Sena and J. Zeldowitsch, Phys. Z. Sov., 1, 
630 (1932).
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multaneously in a constant temperature bath. They were 
then photographed on successive single frames of a 16-mm. 
motion picture camera at intervals of four minutes. A 
telechron motor, fitted with appropriate gears and con­
tacts, provided that the bath should be stirred for three 
minutes and fifty seconds; the stirring was then discon- 
tinued and the illumination switched on, and, after ten 
seconds in which the agitation of the bath subsided, the 
picture automatically taken. The cycle then began anew. 
The apparatus was capable of functioning continuously for 
weeks without failure. The thermostat was a Dewar flask 
of about 20-liters capacity, and the tubes were held in this 
by a black Bakelite rack perforated to receive 100 tubes, 
each of which contained about 10 cc. of undercooled liquid. 
The photographic negative revealed clearly the difference 
between crystallized and uncrystallized material although 
it did not generally permit the location of the point at 
which crystallization began. Several other pertinent ob~ 
jects such as a clock, written information concerning the 
nature and conditions of the determination, etc., were also 
photographed. Thus, in the relatively small compass of a 
few feet of film, a complete record of the performances of 
each tube in a determination could be secured. A de­
tailed record of this character would have been essential if 
Statistical crystallization had been found; actually visual 
observation often provided sufficiënt evidence more con­
veniently.

Experiments were carried out with four substances. 
Salol, of the U. S. P. grade, was studied without attempt at 
purification. Several sources provided different samples of 
salol, but, in spite of minor variations in the melting point, 
the behavior of the various samples was uniform. Benzo­
phenone, which had been twice distilled in vacuo with as 
little ebullition as possible, was also employed. Benzene, 
initially of the reagent grade, was shaken successively with 
sulfuric acid, dilute sodium hydroxide and water. It was 
then twice distilled from phosphoric anhydride. Purified 
carbon tetrachloride was also used, but since it was found 
to crystallize in too narrow a temperature range to permit 
differentiation in the behavior of individual samples, ex­
periments with this substance will not be reported. The 
tubes were of Pyrex glass, and were steamed out for five 
minutes each by a jet of live steam, and dried at 110° by 
blowing in clean compressed air. They were evacuated 
and sealed after being filled with liquid. Ordinary clean- 
liness was maintained during their filling, but especial pre­
cautions to exclude dust were taken only in one case, which 
will receive individual mention below.

In reporting the experimental findings two al­
ternatives are possible, neither of which is wholly 
satisfaetory. Either detailed accounts of each of 
the various experiments may be given, or the gen­
eral conclusions from a group of experiments may 
alone be stated. The first method would fill an 
immense amount of space with virtually unread- 
able material and, since the results are clearly not 
reproducible in detail, the space would largely be 
wasted. The second suppresses the facts and 
places too much emphasis on the judgment of the 
experimenters; details of importance may thus be

lost by oversight. I t has been decided to adopt 
the second alternative and to state the results in 
a series of conclusions, for which the experimental 
basis will be sketched only briefly. The reader is 
cautioned that few of these conclusions are wholly 
without exception; none, however, have been 
stated which do not represent an overwhelming 
majority of cases. A few specific experiments, 
which are not easily generalized in this way, will 
then be cited.

1. All samples of salol, benzophenone and 
benzene could be crystallized by immersing in a 
slush of solid carbon dioxide and acetone, and re- 
turning slowly to room temperature. (It will be 
apparent in the discussion why this seemingly ob- 
vious statement is included.)

2. Ten per cent. of the salol and benzophenone 
samples and 50% of the benzene samples could be 
activated by low temperature crystallization to 
produce crystals at relatively small undercoolings. 
For example 8 of 94 tubes containing benzophe­
none could be undercooled at —17° for twenty-four 
hours, and would remain apparently indefinitely 
at room temperature, without crystallization. 
After crystallization in a carbon dioxide-acetone 
mixture they could be heated to 100° and yet 
would crystallize within twenty-four hours at 
room temperature. A temperature of 140° was, 
however, sufficiënt to destroy this activity. Simi­
lar behavior with salol and benzene was found. 
Activity of this kind was destroyed with benzene, 
however, at about 25°, and, when present, mani- 
fested itself by permitting only two or three de­
grees of under cooling. This type of behavior is 
believed to depend on the presence or destruction 
of a “crystalline adsorbate.” 15

3. Crystallizations were conducted at various 
temperatures with each substance to determine a 
convenient temperature for a large number of 
identical determinations. Such a temperature 
was low enough to ensure the crystallization of 
at least half the tubes within forty-eight hours, 
and yet not so low that 15% of the tubes crystal­
lized in the first hour. This permitted the estab­
lishment of a definite order of crystallization in 
the case of each substance. The temperatures 
were: salol —5°, benzophenone —“17°, benzene 
-4 ° .

4. Repeated crystallizations at these tempera­
tures showed, in agreement with the result which 
led Hinshelwood and Hartley11 to postulate a het­
erogeneous mechanism, that initially the rate of
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crystallization was three to ten times that reached 
after a few hours. A fairly constant rate was 
sometimes established after the first burst of ac­
tivity, but it is believed that this is without sig- 
nificance.

5. Each sample behaved in an extremely in­
dividual and surprisingly consistent manner. For 
example, some six of the first ten to crystallize 
were almost always the same. Some 20% of the 
total number never crystallized at the tempera­
ture specified in the last sentence of (3) and these 
were also consistèntly the same samples. Among 
the intermediate cases the order of crystallization 
was surprisingly consistent throughout. It is be­
lieved, therefore, that a heterogeneous mechanism 
is responsible for crystallization in all three liquids 
at these temperatures.

6. No correlation could be found between the 
ability to form overheatable nuclei, as described 
in (2), and outstanding rapidity of crystallization 
at low temperatures. The lack of correlation 
between the two types of crystallization was, 
indeed, so striking that no doubt can remain 
that a different mechanism is involved in the two 
cases.

A few additional experiments also should be 
reported.

In the hope of eliminating dust, fifty tubes 
containing benzophenone which had been filled 
in vacuo in a mammoth all-glass apparatus 
from twice vacuum-distilled benzophenone were 
studied. Their behavior differed in no important 
respect from those filled in the air without special 
precautions.

The effect of the addition of washed powdered 
glass and cleaned active charcoal to salol and to 
benzophenone was also studied. Powdered glass 
served slightly to increase the tendency to crystal­
lize, and active charcoal very greatly increased it 
in both cases. I t should be added that these sub­
stances were added to samples which showed total 
inability to crystallize under ordinary conditions.

One experiment with benzene also should be 
cited. After 30% of the samples had crystallized 
at —4° all tubes were placed in a bath at +17° 
for twelve hours. On re-immersion in the bath 
at —4° all thirty of the previous tubes plus four­
teen more (44% of the total 100) had crystallized 
within five minutes. This appears to indicate a 
slow formation on the adsorbent even above the 
melting temperature of a form of adsorbate favor­
able to crystallization.

Discussion
The experiments outlined above lead inescap- 

ably to the conclusion that crystallization from 
undercooled liquids proceeds commonly by a het­
erogeneous, not by a homogeneous, mechanism. 
Although only three substances have been studied, 
two represent the unusual liquid which permits 
great undercooling, and one the typical symmetri- 
cal compound which can be undercooled only a 
few degrees. There can be little question, there­
fore, of the generality of the results. As a conse- 
quence it is necessary to limit the applicability 
of any theory describing homogeneous crystal­
lization to very viscous liquids in which the crys­
tal growth velocity is small enough to permit the 
spontaneous formation of a large number of nuc­
lei before a few of them have grown to sizes which 
are comparable with the total volume of liquid. 
It is necessary furthermore to suppose that the 
“nucleation numbers” found by Tammann, which 
for thirty years have formed the ground-work for 
discussion of the subject, are not natural constants 
but represent only the properties of the particular 
combination of interfaces which happened to 
constitute the System which he was observing. 
Finally, it is indicated ihescapably that investiga­
tions like the present one, where the crystalliza­
tion of a large number of tubes is studied as a func­
tion of time in the hope of establishing a signifi­
cant crystallization rate at a given temperature, 
do not give results which characterize the liquid.

It is, indeed, a questionable matter whether a 
liquid composed of highly unsymmetrical mole­
cules unconfined by solid surfaces would be cap­
able of forming the solid phase by thermal fluctua­
tions within a reasonable time. In this connec­
tion a recent series of papers by Meyer and 
Pfaff19 which greatly extend the work of Jaffé and 
Füchtbauer cannot receive too great attention. 
These investigators have shown that, by employ­
ing sintered glass filters passing particles of 1.5 
or less, water which may be undercooled 33°, and 
benzophenone and salol which may be vitrified 
and returned to room temperature without crys- 
taliization, may be obtained. It is the stated be­
lief of these writers that crystallization ordinarily 
occurs on minute dust particles of unspecified 
composition, and that removal of the dust pre- 
cludes the possibility of crystallization.

(19) J. Meyer and W. Pfaff, Z. anarg. allgem. Chem., 217, 257 
(1934); 222, 382 (1935); 224, 305 (1935). A recent paper on water 
bjr G. Tammann and A. Büchner, ibid., 222, 371 (1935), expresses 
agreement with this standpoint.
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To this point of view the investigation reported 
above contributes the following additional facts. 
The crystallization centers vary greatly in ac­
tivity. They are so few in number that two 10- 
cc. portions of a liquid poured into separate tubes, 
with an effort to have all conditions identical 
may comport themselves wholly differently. 
This is doubtless also the reason for the aging ef­
fects so often described. The low-temperature 
crystallization centers bear no direct relation to 
the type of adsorption which permits the forma­
tion of overheatable nuclei, although carbon ap­
pears to be active in both respects. Finally, it is 
necessary to suppose that the walls themselves 
can assist in the formation of crystal centers, since 
dust-free benzophenone, obtained by distillation 
in vacuo, showed no more uniformity than that 
prepared without special precautions. It should 
be mentioned in this connection that Meyer and 
his associates, who were especially concerned with 
obtaining great undercooling, flamed their glass- 
ware intensively before introducing the liquid, 
whereas we merely cleaned it as described above. 
This may be the reason why they found no nuclei 
due to the presence of the containing vessel.

Attempts to account for this behavior must at 
present be disagreeably speculative. The crystal­
lization centers are so small and so few in number 
that they defy direct study. It is natural to 
speak of oriented adsorption of liquid molecules 
at the interface, but to do so is little more than to 
give a resounding name to ignorance. The pic­
ture outlined in this paragraph is therefore pre­
sented in the most humble and tentative spirit, 
and is included merely to show that one type of 
adsorptive force is sufficiënt to account both for 
the reten tion of the “crystalline adsorbate” and 
for the apparently wholly unrelated activity in 
forming the crystallization centers at low tem­
peratures. Let us consider a wedge-shaped crev- 
ice on the surface of the adsorbent. The adsorp­
tion forces will be strongest at the bottom of this 
crevice and become progressively weaker as the 
surface is approached, as Polanyi20 and others have 
shown. Let us further suppose that the adsor­
bate molecules are oriented in the crevice in much 
the same way that fatty acid molecules are ori­
ented by glass;21 this assumption can scarcely 
meet with objection. Finally let us assume, en­
tirely ad hoe, that this orientation causes the ad-

(20) M. Polanyi, Trans. Faraday Soc., 28, 316 (1932).
(21) J. J. Trillat, "Les Applications des Rayons-X,” 1931.

sorbate to resemble the crystal increasingly as the 
orientation increases; let us suppose, in other 
words, that the orientation provides the greater 
part of the surface work, work necessary for the 
destruction of molecular aggregates, etc., which 
together may be called the “activation energy of 
crystallization.”22 Now the conditions are such, 
in the type of investigation reported above, that 
the entire liquid will crystallize from a single nu­
cleus in a time much shorter than that necessary 
for the nucleus to become active. The portion of 
the adsorbate which most rapidly can project 
crystals into the free liquid will then cause the 
crystallization of the entire liquid. The lower the 
temperature, in the range with which we are at 
present concerned, the greater the instability of 
the undercooled liquid and the less the orientation 
of the adsorbate necessary to produce crystalliza­
tion. But it already has been inferred from ex­
perimental evidence that the rate of rearrange­
ment in the adsorption space is extremely slow.15 
In terms of the present over-simplified picture 
this involves the rearrangement of molecules 
bound by powerful adsorptive forces in a crevice 
of molecular dimensions. I t is in all probability, 
however, exactly these molecules which form the 
overheatable nuclei. This may be inferred both 
from the high temperatures necessary to destroy 
them, and from the fact that weeks must some­
times elapse before they manifest their presence. 
If all this is granted as plausible, it is not surpris­
ing that the strongly bound molecules cannot pro­
ject crystals into the free liquid with the rapidity 
of their more loosely bound neighbors, even 
though the energy conditions may favor them.

The course for future investigations is clear. 
There is little to be gained at present in multiply­
ing experiments of the type which are here re­
corded. Rather, a detailed study should be made 
of the various surfaces which most effectively con- 
tribute to the formation of crystallization centers. 
This should embrace not only a wide variety of 
substances, but also as great variations in surface 
configuration and partiele size as possible. The 
information so accumulated should, on the one 
hand, permit the elimination of heterogeneous 
effects in crystallization and, on the other, con- 
tribute vitally to the important practical prob­
lem of securing the crystallization of difficultly 
crystallizable liquids.

(22) M. Volmer and M. Marder, Z. physik. Chem., A154, 97 
(1931).
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We are indebted to Mr. A. L. Loomis of Tuxedo 
Park, N. Y., for helpful ad vice concerning the 
photographic device described in the Experimen­
tal Section.

Summary
It has been shown that salol, benzophenone 

and benzene crystallize spontaneously by a hetero­
geneous mechanism even in the absence of over­
heatable nuclei. The tendency to form overheat­

able nuclei and the spontaneous tendency to crys­
tallize, appear to be entirely unrelated, since the 
former may be destroyed by heating without 
affecting the latter. A tentative mechanism is 
suggested whereby one type of absorptive force 
might result in both forms of activity. The 
study has been related to previous investigations 
on the subject.
Princeton , N. J. R eceived July 7, 1936

[Contribution  from the Geophysical Laboratory of the Carnegie Institution  of W ashington]

Phase Equilibrium Relationships in the Binary System, Sodium Oxide-Boric Oxide, 
with Some Measurements of the Optical Properties of the Glasses

B y  G. W. M orey and  H. E. M er w in

The literature contains a number of observa­
tions on some of the compounds in the system, 
Na20 -B 203, which will be referred to in connec­
tion with those compounds, but there has been 
no systematic study of the system as a whole, ex­
cept that by Ponomarefï,1 the results of which 
are as near correct as would be expected from his 
experimental method.

Most of the information relating to the phase 
equilibrium relations in the system was obtained 
by the usual quenching method. In this method 
a small sample of the material, usually in the form 
either of a homogeneous glass, or the product ob­
tained by crystallizing such a glass, is held at 
constant temperature long enough for equilibrium 
to be attained, then cooled quickly enough to 
freeze that equilibrium. The quenched charge is 
then examined with the petrographic microscope. 
If it originally contained crystals and has become 
all glass, the temperature of heat treatment was 
above the liquidus; if both crystals and glass, 
below the liquidus. The crystals may be posi- 
tively identified by their optical properties, and 
thus assurance given as to the crystalline phase 
present. The quenching method is preferred by 
experienced workers whenever it can be applied, 
but in some cases crystallization takes place so 
rapidly that the melt cannot be quenched. In 
such cases recourse must be had to the method of

(1) J. F. Ponomarefï, Z. anorg, allgem. Chem., 89, 383 (1924); J. 
Soc. Glass Techn., 11, 39 (1927). The second reference apparently 
represents no new experimental work, contains several errors, e. g., 
p. 43, where the eompound Na20  7B2O3 is claimed, probably a mis­
print for Na20-4B203, and without justification claims the crystal­
lization of B2O3, reproducing in support a picture of a crystal given in 
the earlier paper as Na20-4B203.

heating curves, and it was necessary to study the 
metaborate in this manner. The heating-curve 
method can give good results with sodium di- 
borate, when the necessary care is exercised, as 
was shown by Day and Allen;2 and it has been 
applied by the present authors to sodium tetra- 
borate with satisfaetory results. With interme­
diate mixtures, however, the heating-curve 
method is of doubtful assistance.

Preparation and Analysis of Materials
The raw materials used were sodium carbonate, borax 

(Na2O*2B2O3T0H2O) and boric acid (H3BO3). The sodium 
carbonate was from a specially purified stock which con­
tained less than 0.009% Fe20 3 -f* A120 3. The borax and 
boric acid were from several sources, but were purified by 
recrystallization before using. The mixtures were made by 
adding sodium carbonate or boric oxide to fused Na20- 
2B20 3, with careful mixing, and the composition was usu­
ally known from the synthesis having been carried on under 
controlled conditions.

The composition of some of the mixtures was established 
by analysis, using a novel method. It was found that 
when a mixture of Na20  +  B20 3 containing an excess of 
boric oxide over the ratio of 1:1 was evaporated on the 
steam-bath with hydrofluoric acid, it was changed quan­
titatively to sodium borofluoride, NaBF4. The properties 
of this eompound will be discussed by us in another place. 
For our present purpose, it is sufficiënt to say that it 
can be dried to constant weight at 110°, and that numerous 
checks made by converting it to sodium sulfate established 
ks constancy of composition. It melts, with some decom­
position, at 373°. The original weight can be restored by 
adding a little boric acid and again evaporating with hydro­
fluoric acid. For example, a sample of borax, prepared by 
recrystallization of a commercial preparation and dehydra-

(2) “The Isomorphism and Thermal Properties of the Feldspars,” 
by Arthur L. Day and E. T. Allen, Carnegie Institution of Washing­
ton, Publ. No. 31, 1905, p. 29.
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Table T
T h e  Ch a n g e  of B e ta -S odium  D ibo r a te  to A l p h a -S o dium  D ib o r a t e

Run
Temp.,

°C. Time Results; remarks Run
Temp.,

°C. Time Results; remarks
Original material beta-sodium diborate Original material a mixture of alpha- and beta-sodium diborate

1 720 40 Hl Changed to alpha
2 660 20 m Changed to alpha
3 640 20 m Changed to alpha, but still

cloudy
4 600 20 m Cloudy; partly changed to

alpha
7 580 30 m Tracés of beta remain
6 590 30 m Much beta remains
5 575 30 m Mostly beta; trace of alpha 8 575 36 hr AH alpha

12 525 6 da All changed to alpha 9 525 16 hr All alpha
10 510 48 hr Practically all alpha

16 500 7 da Unaltered beta; no alpha 16 500 7 da Trace of beta remains, but has
different look. Indices seem to 
be lowered somewhat

14 475 9 da Unaltered beta; no alpha 11 475 16 hr Beta is partly changed to alpha
15 450 3 da All grains of beta seem to have re­

mained beta, but many of them 
have a different appearance 
from the original beta. Trans­
formation may have begun.

13 360 5 da Remains beta
° We are indebted to our colleague, Dr. Earl Ingerson, for carrying out these experiments.

tion, gave 30.77% Na20  by the method of evaporation 
with hydrofluoric acid, to be compared with the theoretical 
value of 30.78%. A mixture made up by controlled syn­
thesis, with a composition calculated to be 27.91% Na20, 
gave 27.88% by the method using hydrofluoric acid. An­
other mixture gave 29.80% Na20  when decomposed by 
hydrofluoric acid and sulfuric acid, when the Na20  was 
weighed as Na2SC>4, and 29.82% when the Na20  was 
weighed as NaBF4.

Temperature measurements were made with platinum 
v s .  platinum +  10% rhodium thermocouples, with the cold 
junction in ice. Electromotive forces were measured on a 
White Potentiometer. The thermocouples were calibrated 
at the following points: zinc,3 melting point 419.4°; NaCl,4 
melting point, 800.4°; gold,3 melting point, 1062.6°, and 
used with a deviation curve, as described by Adams.3

Properties of the Compounds
The hygroscopicity, and the existence of more 

than one form, of some of the compounds has 
caused confusion as to the identity of the material 
on which some of the physical properties recorded 
in the literature have been determined. Because 
of this uncertainty we have made no comments on 
the discrepancy between the optical properties 
observed by us and by others. For the same rea­
son we have not attempted to verify the x-ray 
patterns given by Cole, Scholes and Amberg,0 or 
by Menzel.6

(3) L. H. Adams, T h is  J o u r n a l , 36, 65 (1914).
(4) H. S. Roberts, P h y s .  R e v . ,  23, 386 (1924).
(5) S. S. Cole, S. R. Scholes and C. R. Amberg, J .  A m .  C e r a m .  

S o e . , 18, 58 (1935).
(6) H. Menzel, Z.  a n o r g .  a l lg e m . C h e m ,, 224, 1 (1935).

1. Sodium Orthoborate, 2Na20*B2O3.— This 
is the only new eompound found in the present 
study, It is easily obtained by fusing borax with 
sodium hydroxide or sodium carbonate in the 
theoretical proportions. It is remarkable for its 
low melting pqint, 625°, and the fact that in 
small quantities it can be obtained as glass. The 
system Na20 -B 20 3  is thus in marked contrast to 
the system Na20 -S i0 2,7 in which the (incongruent) 
melting point of the ortho-compound is higher 
than that of the meta-compound, and the tend­
ency toward crystallization increases regularly 
with content of Na20. Sodium orthoborate is 
very hygroscopic, and attaeks the index liquid. 
It is biaxial, positive: y = 1.55q, ß =  1.52o, a =  
1.500.

The eutectic between sodium orthoborate and 
sodium metaborate is dose to the composition of 
the orthoborate, but its exact composition was 
not determined. The liquids in this composition 
region contain about 1 % carbon dioxide, but in 
spite of this the orthoborate melted fairly sharply, 
with the first sign of sintering not more than 5° 
below the melting point. Mixtures intermediate 
between the ortho- and metaborates yield thin 
liquids which crystallize readily, and the presence 
of a small amount of metaborate makes it impos­
sible to cool the melt to yield a glass. No liquidus

(7) F. C. Kracek, J . P h y s .  C h e m .,  34, 1583 (1930).
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determinations were made in this region, which is 
not indicated in Fig. 1.

2. Sodium Metaborate, Na20-B 20 3.—A melt­
ing point for this composition was approximately 
determined by Burgess and Holt8 as 930°. Van 
Klooster9 found for the eompound 966°, a value 
confirmed by Cole, Scholes and Amberg5 (965 
=*= 2°), and by us (966°). It crystallizes too readily 
to be obtained as glass. It is uniaxial, negative, 
co =  1.568, e =  1.457. It is very hygroscopic, 
and it slowly attacked the immersion liquid used 
for refractive index determination.

3. Sodium Diborate, Na2O2B20 3, a-Form.— 
This is the well-known “dehydrated borax,” 
whose melting point was determined to be 742° 
by Day and Allen. 2 Other investigators have re­
ported lower melting points. Ponomareff1 found 
732°, Cole, Taylor and Scholes, 5 735 ±  5°, Men­
zei, 6 738°. Burgess and Holt8 found roughly 
791°, but considered that this was not a true com­
pound, but a eutectic mixture. This higher melt­
ing point is difficult to explain, but the lower ones 
are accounted for by the ease with which the com­
pound takes up water from moist air. This is 
illustrated by the following observations, made to 
determine the suitability of the eompound for the 
Standardization of thermocouples.

A sample of borax was purified by recrystalli­
zation, dehydrated carefully, melted and crystal­
lized, and the melting point of this product de­
termined by the quenching method. It was 
found to melt sharply; at 741° it was not sin­
tered, at 742° there was a very little sintering, 
while at 742.7° it was completely melted. The 
melting point is inferred to be 742.5°. The 
sample was then left in a screw-topped vial over 
the summer, when it showed a melting point of 
736°. On remelting a part of the stock and re­
crystallizing, a melting point of 741.2° was ob­
tained. A study of the rate of drying of some of 
the stock exposed over the summer showed a loss, 
from 10 g., at 115°, of 26 mg. in three hours, 
followed by 1.3 mg. in eighteen hours; subse­
quent heating at 300° gave an initial loss of 32.5 
mg., in twenty-four hours, but on further heating 
the sample gained 2.1 mg. in weight. This was 
during a period of very humid weather, and it was 
found that during such weather not only would 
the crystalline material take up water at 300°, 
but the melt itself would take up water. For

(8) C. H. Burgess and A. Holt, P r o c .  R o y .  S o c . (London), 74, 285 
(1904).

(9) H. S. Van Klooster, Z .  a n o r g .  C h e m .,  69, 135 (1911).

example, a 1 0 -g. crystalline sample, dried at 700° 
(at which temperature the whole of the water was 
lost), on melting increased in weight 5.6 mg. The 
melt had been cooled quickly, so that it remained 
glassy; on heating to just below the melting 
point until it crystallized, a matter of about two 
hours, the crucible had returned to within 0.3 mg. 
of the previous weight. Quenching experiments 
gave a liquidus only slightly lower than the origi­
nal material. There was some formation of glass 
at 736°, indicating a small range of melting. It is 
evident that during humid weather crystalline 
anhydrous sodium diborate will take up enough 
water to lower its melting point appreciably; that 
some water is taken up even at 300°; that the 
water can be entirely driven off from the crystal­
line eompound at 700°; and that the just molten 
glass can take up some water. It is not a favor­
able material for the Standardization of thermo­
couples.

Another sample of 4 g. on heating at 700° 
showed, in eighteen hours, a loss of 2.4 mg.; 
further twelve hours, no change in weight; 
twenty-two hours, loss of 0.5 mg. It is evident 
that the rate of evaporation from molten borax 
near its melting point is small. At 1200° in 
twenty-two hours the same sample lost 0.7215 g.; 
further heating for twenty hours showed a loss 
of 0.5235 g. The total loss was 1.2479 g., and 
analysis showed the composition to be 25.30% 
Na20. The original pure diborate contained 
30.81% Na20, hence this indicates that more 
sodium oxide than boric oxide had evaporated, 
and calculation shows the average composition 
of the vapor to be 43% Na20. Experience has 
shown that while boric oxide passes into the vapor 
phase readily in the presence of water, anhydrous 
boric oxide, which can be obtained from the hy- 
drous crystals only by prolonged heating at tem­
peratures above 1 2 0 0 °, is not especially volatile 
even at 1 2 0 0 °.

The above discussion has referred to the form 
of crystalline sodium diborate ordinarily ob­
tained, which should be called a-sodium diborate. 
The granulär crystals have two or more good 
cleavages, and are biaxial, positive, a =  1.471, 
ß =  1.493, 7  =  1-528.

Another form of crystalline sodium diborate is 
sometimes obtained when a borax glass is crystal­
lized. We have obtained it in pure form only 
once, and it has occasionally been observed mixed 
with the aj-form. That it is probably monotropic
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is shown by the experiments of Table I. Above 
600° it changes to the a-form in twenty minutes. 
At lower temperatures the change is slower, but is 
accelerated by the presence of the a-form. At 
low temperatures the change is very slow, or does 
not take place within a few days, but in no case 
was the transformation from the a-form to the ß- 
form observed.

T a b l e  II
E x pe r im e n t a l  .R e su l t s  in  t h e  S ystem  Na20 -B 20 3
Weight fraction Liquidus

Na2Ü B2O3 temp., °C. Solid phases

0.4721 (0.5279)“ 9666 Na2O B 203
.3664 ( .6336) 839 Na2O B203
.325 .675 744 Na2O B 203

.3077 ( .6923) 742 Na20-2B20 3

.3001 ( .6999) 739 Na20*2B20 3

.2982 ( .7018) 737 Na20 2 B 20 3

.2788 ( .7212) 723 Na20-2B20 3

.2746 ( .7254 725 Na20*3B20 3
719 Na2O2B20 3 4“ Na20

3B20 3. No glass
.2688 ( .7312) 736 Na20-3B20 3
.2507 ( .7493) 759 Na2O3B20s
.2476 ( .7524) 761 Na20 3 B 20 3
.2360 ( .7640) 766 Na2O3B20 3 -}- Na20

4B20 3 +  liquid
769 Na2O4B20 3

.2308 .7692 766 Na20 3 B 20 3 +  Na20
4B20 3 +  liquid

776 Na2O4B«03
.2274 ( .7726) 766 Na20.3B20 3 4“ Na20

4B20 s 4“ liquid
777 Na20 4 B 2C>3

.2168 .7832 792 Na2O4B20 3

.2009 .7991 803 Na2O4B20 3

.1862 .8138 814 Na2O4B20 3

.1820 .8180 815 Na2O 4 B203

.1778 .8222 814 Na20  -4B 20 3

.155 .845 800 Na2O 4 B203

.1175 ( .8825) 753 Na20 -4 B203

.0701 ( .9299) 661 3 N a20-4B 20 3

.0524 ( .9476) 620 =*= 3 Na2O4B20 3

.0299 .9701 585 ±  5 Na2O4B20 3

.01 .99 560 d= 10 Na2O4B20 3
a The weight fraction B2O3 in parentheses indicates that 

the Na20  was determined by analysis, B20 3 by difference. 
The other compositions represent controlled syntheses.

6 Determined by heating-curve method,

A careful search for an enantiotropic inversion 
was made from below 500° to the melting point, 
using a differential thermocouple and a neutral 
body. No indication of an inversion was ob­
tained.

Beta-sodium diborate forms granulär crystals, 
a =  1.50, ß =  1.52-3, 7  =  1.555.

A third form of sodium diborate, 7 -, was ob­
tained under conditions which cannot be speci­

fied precisely. A stock of the crystalline mate­
rial was prepared as usual by recrystallizing com­
mercial borax, dehydrating, melting and crystal­
lizing. This was to be used in making some other 
mixtures; and because the weather at the time 
was humid it was kept in a covered beaker on a 
hot plate, at about 300°. Some of this material 
was left for two and a half years, after which it 
was found to have the following optical proper­
ties: positive, with large axial angle, a =  1.526, 
ß = 1.544, 7  =  1.576. It has one fair cleavage.

Analysis gave 30.84% Na20, which indicates 
that the composition had not changed. On 
heating at 700° for fifteen minutes the material 
was unaltered; but in four hours it contained 
both the a-form and unaltered material. Heated 
for fifteen minutes at 725° it was entirely changed 
to the ordinary form. In both cases in which 
alteration was observed there were indications 
that fusion had preceded recrystallization. Since 
the material remained largely in discrete grains, 
the fusion was probably local with immediate 
crystallization.

In one experiment sodium metaborate crystal­
lized from a melt of the composition of sodium di­
borate. 10 There was, of course, much glass, but 
no other crystals. An attempt to determine the 
metastable liquidus of sodium metaborate at this 
composition failed, because of formation of so­
dium diborate.

4. Sodium Triborate, N a2O 3 B20 3 .—Ponoma- 
reff gave 694° for the melting point of this com­
pound, while Cole, Taylor and Scholes found 720 
=*= 5°. We have found that it has an incongruent 
melting point at 766°, decomposing at that tem­
perature into crystals of sodium tetraborate and 
a liquid containing 76% B20 3. It is biaxial, nega­
tive, a — 1.453, ß =  1.525, 7  = 1.551.

5. Sodium Tetraborate, Na2O 4 B20 3 .—This 
compound was first obtained by Le Chatelier. 11 

Burgess and Holt gave for it a melting point of 
858°, and Cole, Taylor and Scholes gave 810 =±= 
5°; our determination is 816 =*= 0.5°. The form 
which separates from the melt at high tempera­
tures is biaxial, positive, a =  1.499, ß =  1.525, 
7  = 1.582. This same compound was usually 
obtained on crystallizing all mixtures containing

(10) H. Menzel, Z. a n o r g .  a l lg e m . C h e m .,  224, 1 (1935), claimed to 
have obtained two new allotropic forms of sodium diborate, which 
melted at 710 and 663°, respectively. One of these may have been 
the above 0-sodium diborate, the other, sodium metaborate, but the 
information as to their properties is so meager that identification is 
not possible.

(11) H. Le Chatelier, B u l l ,  s o c . c h i m . ,  21, 34 (1899).
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up to 99% B20 3; but in some cases a second form 
was obtained, which crystallized in thin blades, 
ol =  1.52, ß  = 1.54, 7  =  1.56. It was at first 
thought that this might be a higher borate, but 
when a mixture containing 98% B2O3 was held 
for ten months at a little below 300°, boric oxide 
evaporated, leaving crystals which had these 
properties, together with a little glass. Analysis 
gave 14% Na20 , 8 6 % B20 3, near the composition 
of the tetraborate. On heating for two hours at

Fig. 1.—Phase equilibrium relations in the binary 
system, Na20 -B 20 3.

630° the crystals were unaltered, but the glass 
was more evident; at 685° the crystals were 
about one-half altered to the high-temperature 
form of the tetraborate; while in thirty minutes at 
770° it was more than three-quarters glass, and 
the crystals were all the high form of the tetra­
borate. The most probable conclusion is that 
these two crystals are an allotropic form of the 
tetraborate. Thus the form appearing at low 
temperatures is either monotropic, or it is enantio- 
tropic, with a slow rate of inversion.

A careful search for an enantiotropic inversion 
was made from below 500° to the melting point, 
using a differential thermocouple and a neutral 
body. No indication of an inversion was ob­
tained.

The Phase Equilibrium Diagram
The phase equilibrium relations between the 

various crystalline compounds and liquids are 
shown in Fig. 1, and the experimental results on 
which that figure is based are assembled in Table 
H .

The lowest melting eompound is the orthobo­
rate, and the eutectic between it and metaborate 
is close to the composition of the orthoborate. 
The liquid in this part of the diagram contains 
about 1 % of carbon dioxide, but in spite of this 
the orthoborate melted fairly sharply, with the 
first sign of sintering not more than 5° below the 
melting point, so that its melting point is fairly 
accurate. Mixtures intermediate between ortho- 
and metaborate yield thin liquids which crystal­
lize readily, and the presence of but a small 
amount of metaborate makes it impossible to 
cool the melt to form a glass.

The metaborate, Na20-B20 3, has the highest 
melting point of any of the compounds, and it 
crystallizes so readily that it is not possible to 
obtain it as glass. The eutectic between it and 
sodium diborate is at 740° 6 8  weight per cent. 
B20 3. The melting point then rises to that of 
sodium diborate, 742.5°; then falls to the eu­
tectic between diborate and triborate, at 722°, 
72.3% B20 3. Sodium triborate melts incongru­
ently at 766°, giving crystals of sodium tetrabo­
rate, Na2O4B20 3, and a liquid containing 76% 
B20 3. From this incongruent melting point the 
liquidus rises to the melting point of the tetra­
borate, at 816°. This eompound remains the 
primary phase up to 99% B20 3, but below 700° 
a second sort of crystals, probably of the same 
composition, sometimes appears. In all the mix­
tures whose liquidus temperatures were deter­
mined, however, the crystalline phase which was 
present was the high-temperature form.

The phase equilibrium diagram shows the melt­
ing point curve of sodium tetraborate extending 
to within about 1% of the B20 3 side. Whether 
or not the lower part of this curve is metastable 
cannot be stated because boric oxide has not been 
crystallized from these melts. If the above curve 
is not metastable and the melting point of boric
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oxide and the eutectic between Na20 *4 B2 0 3 and 
B20 3 lies at a temperature considerably lower than 
500°, then the melting point curve must be nearly 
vertical at the eutectic. This is to be expected 
from thermodynamic considerations. As the 
liquid phase approaches one of the components in 
composition, while the crystalline phase contains 
a finite amount of the other component, the slope 
of the T -X  curve must approaeh infinity.

All our attempts to crystallize boric oxide have 
failed. They include long heating of the anhy­
drous material at many temperatures. In one 
series of experiments, boric oxide glass was heated 
from a month to six weeks at a series of tempera­
tures differing not more than 1 0 °, and covering the 
range from 700 to 200°. In other experiments 
boric oxide glass was heated on a hot-plate, whose 
temperature ranged from 260 to 285°, for a year 
and a half. The material was in a covered cru­
cible, and this in turn was in a covered glass dish. 
Under these conditions the glass took up some 
water during the humid summer months but no 
indication of crystallization was observed. It is 
elsewhere mentioned that under the same condi­
tions a glass rich in boric oxide lost enough of this 
component to attain practically the composition 
of the crystalline tetraborate. It is probable that 
this loss in boric oxide was caused by the presence 
of moisture in the atmosphere. A glass contain­
ing 99% B2O3 grew beautifully formed crystals of 
Na20 -4 B20 3  in three months at 525°; and, when 
heated for a year at a little below 300° in a sealed 
tube, crystals of the low-temperature form of 
Na20 *4 B2 0 3  were formed. If these heatings had 
been below the melting point of boric oxide, cer- 
tainly it might have been expected to crystallize, 
especially since the tetraborate did grow.

Other experiments include attempts to condense 
it from the vapor phase. In all work with anhy­
drous boric oxide emphasis must be placed on its 
extremely hygroscopic character. In making mi- 
croscopical examination of the various products 
the material is usually crushed to a powder in an 
oil. In determining the properties of anhydrous 
boric oxide it is necessary to take the most ex­
treme precautions to prevent the contamination 
by water, and that such contamination had not 
taken place should be proved. It was found that 
molecular distillation methods in which proper 
precautions were taken to exclude moisture gave 
only glassy boric oxide.

Other methods were tried. One was a pro­

longed pounding in a heated mortar, with exclu- 
sion of air, but this was a failure. Temperatures 
ranged from 80 to 250°, and at the highest tem­
perature the glass was pounded into a cake, aU 
most clear glass. Attempts were made to find 
“mineralizers” other than water. These included 
toluene, which was boiled for six weeks with the 
anhydrous glass, under a reflux condenser, pro­
vided with a guard tube, without result except for 
a slight film of boric acid. Other organic solvents 
were tried in bombs, usually at 2 0 0 °, but no crys­
talline boric oxide could be found.

These experiments overlapped the temperature 
range in which Taylor and Cole believed they 
had crystallized boric oxide. The procedure de­
scribed by them was tried several times, but crys­
talline boric oxide was not obtained. In our opin- 
ion, the crystallization of boric oxide is yet to be 
proved.

Refractive Dispersions of Glasses
The only Na2 0 -B 20 3  glasses for which refrac­

tive dispersions (C, D, F) are recorded12 are B20 3 

and Na2 0 *2 B20 3. Three sets of these dispersions 
are fairly close to ones we have made. Errors 
of copying seem to appear in the other two, but 
values for nv> seem unaffected: for B20 3 1.463 + ,  
and for “borax glass'’ 1.515+. Corresponding 
densities are 1.850 +  and 2.370. The density of 
boric oxide glass is greatly affected by annealing. 13

T a b l e  III
R e fr a c tiv e  D is p e r s io n s  of B oric  Ox id e  a n d  B o r a te  

G l a sse s

B 2O3

------x 10 - 4—
Na20-4B2C>3 N a 2 0 -2 B 203

4046 Hg 169 + 173 + 179
4340 (G') 137 140 + 145
4358 Hg 135 138+ 143
4861 (F) 93 + 9 5+ 9 8 +
4916 Hg 89 + 91 + 9 4 +
5461 Hg 58 59 61
5876 He 39 + 40 41
5893 (D) 38+ 39 40
6563 (C) 15 15 15
6678 He 11 11 11
7065 He 0 0 0
7682 (A') - 1 4  +

f lD 1.458 1.501 1.516
C, D, F, G' are interpolated.
(12) P. P. Bedson and Carleton W illiam s, Ber., U B , 2549 (1881).
(13) Arnold Cousen and W. E. S. Turner [ J .  S o c .  G l a s s  T e c h . ,  12, 

169 (1928)] found for chilled droplets <1.81, which was raised to 
>1.84 by annealing. Very recent work by P. Wulff and S. K. Ma- 
jumdar [Z . p h y s ik .  C h e m ., 31B, 319 (1936)] records a range of 1.778- 
1.838 for d , and 1.4502-1.4633 for wd. Further study is required to 
show the effect of annealing and of small content of water on the spe­
cific refraction.
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The measurements of Table III were made on 
prisms, from a few grams of glass cooled in air from 
fusion. The boric oxide prisms were protected 
from filming by oil and cover glasses.

Summary
A study of the phase equilibrium relationships 

in the system Na20 -B 20 3 has shown the existence 
of the compounds: sodium orthoborate, 2Na20- 
B2O3, with a congruent melting point at 625°; 
sodium metaborate, Na2O B 2C>3, with a congruent 
melting point at 966°; sodium diborate, Na20* 
2B20 3, with a congruent melting point at 742°; 
sodium triborate, Na2O 3B 20 3, with an incongru­
ent melting point at 766°, 76 weight per cent. 
B20 3; and sodium tetraborate, Na2O4B20 3,

with a congruent melting point at 816°. The 
orthoborate, which is a newly discovered com­
pound, can be cooled to a glass, as can mixtures 
containing more boric oxide than the diborate. 
The metaborate and compositions near it crystal­
lize too readily to be quenched to a glass. In 
addition to the forms stable at the liquidus, so­
dium diborate may occur in two, and the tetra­
borate in one, additional form which are prob­
ably monotropic. Attempts to prepare crystal­
line boric oxide were not successful, and doubt is 
expressed as to previous claims to its crystalliza­
tion. Refractive dispersions were measured for 
boric oxide, sodium tetraborate and sodium di­
borate glasses.
Washington, D. C. R eceived August 3, 1936

[Contribution from the George H erbert J ones Laboratory, T he University of Chicago]

Heat Content and Heat Capacity of Aqueous Sodium Chloride Solutions
B y T. F. Y oung and J. S. M achin

Computations of activity coefficients from cryo­
scopic and thermal data have been greatly limited 
by a lack of adequate measurements. 1 This in­
vestigation was undertaken primarily to supply 
the heats of dilution required for a reliable deter­
mination of relative activities of sodium chloride 
in aqueous Solutions. Because electromotive 
force methods2,3 have been employed extensively 
in thermodynamic investigations of that electro­
lyte, sodium chloride is especially suitable for a 
critical comparison of the cryoscopic and electrical 
methods of evaluating activity coefficients.

The calorimetric data presented are of further 
interest because they furnish information concern­
ing the Variation with composition of apparent and 
partial molal heat capacities, and consequently 
have an important bearing upon the validity of 
the Debye-Hückel theory. 4

The advantages of the chord-area method for 
the precise evaluation of partial molal properties 
from heats of dilution have been discussed by 
Young and Vogel. 5 The procedure they employed 
depends upon the determination of the derivative, 
S, of the apparent molal heat content with respect 
to the square root of the molality, m. Each heat 
of dilution experiment furnishes one average value

(1) Young, C h e m . R e v . ,  13, 103 (1933).
(2) Harned and Nims, T his Journal, 54, 423 (1932).
(3) Brown and Maclnnes, i b i d . ,  57, 1356 (1935).
(4) Debye and Hückel, P h y s i k .  Z . ,  24, 185 (1923).
(5) Young and Vogel, T his Journal, 54, 3030 (1932).

of S  which may be represented on a derivative 
plot by the ordinate of a horizontal line (called 
a “chord”) extending between limits representing 
the initial and final values of y/m, i . e., y/nh  and 
y/m 2. A special procedure was suggested by 
Young and Vogel5 (p. 3037) to facilitate the draw­
ing of a derivative curve so as to balance appropri­
ate areas accurately. That procedure depends 
upon the drawing of a preliminary 5  curve, and 
the evaluation (by successive approximations, if 
necessary) of 5', the first derivative, and S ", the 
second derivative of S. The final S  curve is drawn 
in accordance with a series of points which have 
been plotted a distance, Pi — Piy above the center 
of each chord, computed from the equation

P i  -  P i * -  S '  ( A V m y / 2 4 :  (1)
where P* represents the ordinate of a point on the 
derivative curve above the center of the t̂h chord, 
and Pi is the ordinate of the chord. For an ap­
plication of this method it was desirable to produce 
chords so short that the uncertainties in values of 
P  — P  would not be large in comparison with the 
probable errors in the experimentally determined 
values of P. For experiments with concentrated 
Solutions, a dilution vessel having a volume about
0.03 that of the final diluted solution was used; 
for experiments with relatively dilute Solutions, a 
larger vessel having a volume about 0.085 that of 
the final diluted solution was employed.
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Experimental Procedure
The apparatus and procedures were similar to those de­

scribed by Young and Vogel. The more important 
changes are described below.

Instead of the thin glass containers used in the earlier 
work, two silver capsules were employed. The smaller 
one, of about 25-cc. capacity, was used for the dilution 
of the more concentrated Solutions. It consisted of a 
pure silver tube which could be closed with two spun silver 
caps, each provided with two small tabs for the attach­
ment of wires. The tube was supported by a glass rod 
to which it was held by clamps and screws of pure silver. 
The larger vessel, of about 75-cc. capacity, was constructed 
of silver sheet and “silver solder” (largely copper and 
silver). lts cross section was a flattened ellipse. Rounded 
shoulders at the top and bottom terminated in vertical 
necks whose cross sections were similar in shape to, but 
smaller than, that of the body of the vessel. These 
were closed by soldered silver caps, to which wires were 
attached. After each experiment with this capsule the 
residual solution was tested with ammonium sulfide. No 
trace of copper was ever detected.

The covers were sealed to the body of the capsules with 
paraffin. For work at low temperatures the paraffin 
was covered with petroleum jelly to prevent leaks through 
small cracks produced in the paraffin. A gentle pull on a 
rod projecting through the calorimeter cover and attached 
by wires to the caps, detached first one and then the other. 
When blank experiments ( i .  e., experiments with water 
both inside and outside the capsules) were made, no heats 
of opening were perceptible. To avoid errors due to lag- 
ging of the temperature of the contents of the dilution ves­
sel, the caps were not removed for a dilution experiment 
until the temperature Variation within the calorimeter had 
been reduced to less than 0.03 microvolt per minute.

The calorimeter was equipped with three tantalum pro­
pellers mounted on a single shaft. The submerged por­
tion of the shaft was a tantalum tube on which the pro­
pellers were mounted. It was cemented to an upper por­
tion made of glass tubing. A small synchronous motor 
geared directly to the stirrer rotated it at 450 revolutions 
per minute.

The calorimeter heater was similar to that used by 
Young and Vogel. Its flattened case was of platinum 
sealed with gold. lts leads were encased in a long thin 
tube of platinum-iridium, which projected through one 
of the openings of the calorimeter top. The tube extended 
to the bottom of the calorimeter where it terminated in a 
short U-shaped portion sealed to the bottom of the 
vertical case. The heater current was controlled by a 
semi-automatic set of switches. A manually operated 
switch caused the seconds pendulum of a weight driven 
clock, upon its next passage through a pool of mercury, to 
actuate an automatic switch which closed the heater cir­
cuit. Another manual switch was then closed to provide 
a by-pass for the current while two of the three leads to 
the automatic switch were interchanged. After a selected 
interval the pendulum, operating the automatic switch 
as before, opened the circuit.

Following each dilution there were usually two heating 
periods of three minutes each, from which the heat re­
quired for a temperature change of one microvolt was de­

termined. The average deviation of 104 measurements 
from 52 respective means is 0.024%.

For work near 12.5 ° the thermostat was cooled by water 
pumped from an ice-water mixture through the copper 
coils immersed in the thermostat fluid (either water or an 
alcohol-water mixture), and returned to the source. For 
the measurements near 0 °, brine was pumped through the 
coils. Temperature regulation was maintained by elec­
trical heating and a large mercury regulator.

Materials.—The objectives of this investigation re­
quire a knowledge of the Variation of the derivative, S, 
with temperature. It was desirable, therefore, to deter­
mine S  at each of the three temperatures for Solutions of 
as nearly the same composition as possible. Consequently, 
large quantities of the Solutions were prepared and in 
general, two dilutions of each were made at each tempera­
ture. (An accident caused the omission of one duplicate 
at 25 °.) Since the ratio of the volume of the solution in the 
calorimeter to the volume of the diluting water varied 
slightly, the centers of the chords derived from each stock 
solution were not quite the same. Corrections for these 
differences were computed and applied, as described below, 
but were extremely small. In some ranges of composition, 
analytical errors may introducé large errors into the 
chords5 (p. 3036). In general, the use of the same Solutions 
at all three temperatures reduced the effects of such errors 
upon the determinations of the variations of S  with tem­
perature, since partial cancellation ensued.

All Solutions were prepared from distilled water and 
C. p . sodium chloride. All but the two most dilute were 
analyzed by the residue method of Richards and Hall.6 
Those two were prepared by weight dilution from more 
concentrated Solutions. The quantities of solution (usu­
ally about 0.8 liter) and water introduced into the calorime­
ter were determined with weight burets.

Results
The experimental data are in Table I: A<j)H 

represents the heat absorbed in fifteen degree 
calories per gram formula weight of sodium 
chloride, t is the temperature of the solution and 
diluting water just before mixing; and y /m {  and 
y /m *  are the square roots of the initial and final 
molalities, respectively. The numbers of signifi­
cant figures in the y / m  columns were determined 
by the necessity for a precise computation of the 
difference, y / m ï  ~  y /m -i. Because the second
solution was produced by the dilution of the first, 
the difference, y/nn  — y / m l ,  was determined to 
more decimal places than either y / m .

Since the measurements were not performed at 
exactly the selected temperatures, it was necessary 
to apply a jsmall correction to each determination 
to obtain P  for one of the three temperatures, 
0, 12.5 and 25°. The procedure was facilitated by 
the facts that Solutions of the same composition 
were diluted in each of these temperature regions

(ê) Riéhards and Hall, T h is  J o u r n a l , 51, 709 (1929).
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and that the compositions of the respective Solu­
tions formed in each temperature range were* 
nearly the same. For each dilution range, for 
example, the dilution of the 1.5742 molal solu­
tion (\/m  =  1.2547) to Solutions approximately 
1.432 molal, the average value of the derivative 
dP/dt between 0 and 12.5 and the average value 
of dP/dt between 12.5 and 25° were computed 
from the data in column 4 of Table I. The two 
chords so obtained were plotted as ordinates with 
temperatures as abscissas and the dP/dt curve 
was drawn in accordance with the chord-area prin-

T a b l e  I
V  mi V rö t A(0H) Pao

2.46569 2.42189 0.19 17.865 -4 1 0 .7
2.42229 . 2 2 17.697 -4 1 1 .0

2.35009 2.30872 .18 20.152 -4 9 0 .0
2.30840 .16 20.339 -4 9 0 .4

2.12964 2.09288 .16 22.650 -6 1 8 .9
2.09281 .16 22.692 -6 1 8 .9

1.89025 1.85832 .19 23.290 -7 3 3 .2
1.85801 . 2 0 23.537 -7 3 3 .9

1.57834 1.55201 .15 21.833 -8 3 2 .6
1.55243 .14 21.503 -8 3 3 .1

1.25467 1.19683 . 2 0 49.593 -8 6 2 .4
1.19682 .19 49.532 -8 6 0 .9

0.90208 0.86122 .17 31.21 -7 6 8 .5
.86113 .19 31.24 -7 6 7 .9

.72157 .68904 .18 20.78 -6 4 3 .3
.68891 .17 20.91 -6 4 4 .3

.45192 .43164 .18 7.40 -3 6 9
.43158 . 2 0 7.27 -3 6 2

.31608 .30184 . 2 0 2.28 -1 6 4
.30187 . 2 2 2.89 -2 0 7
.30187 . 2 1 1.97 -1 4 2

P12.5

2.46569 2.42229 12.63 10.104 -2 3 4 .5
2.42244 12.60 10.056 -2 3 3 .8

2.35009 2.30921 12.63 12.354 -3 0 4 .0
2.30920 12.64 12.376 -3 0 4 .6

2.12964 2.09343 12.61 15.065 -4 1 7 .7
2.09333 12.61 15.107 -4 1 7 .7

1.89025 1.85873 12.56 16.055 -5 1 0 .3
1.85883 12.58 16.014 -5 1 0 .0

1.57834 1.55249 12.56 14.874 -5 7 6 .4
1.55252 12.56 14.844 -5 7 6 .0

1.25467 1.19651 12.58 33.721 -5 8 1 .3
1.19667 12.57 33.519 -5 7 9 .3

0.90208 0.86099 12.57 19.62 -4 7 8 .8
.86112 12.56 19.59 -4 5 9 .5

.72157 .68893 12.55 12.19 -3 7 4 .5
.68879 12.55 12.37 -3 7 8 .2

.45192 .43158 12.55 3.10 -1 5 3
.43159 12.55 3.03 -1 5 0

P25.0

Vol. 58

2.46569 2.42241 25.02 3.4684 -  80.34
2.42246 25.02 3.4699 -  80.48

2.35009 2.30936 25.03 5.861 -1 4 4 .3
2.30933 25.02 5.919 -1 4 5 .4

2.12964 2.09343 25.01 9.028 -2 4 9 .4
2.09343 25.01 9.033 -2 4 9 .6

1.89025 1.85891 25.01 10.439 -3 3 3 .2
1.85875 25.01 10.447 -3 3 1 .8

1.57834 1.55258 25.06 9.998 -3 8 8 .9
1.55239 25.06 10.082 -3 8 9 .2

1.25467 1.19674 25.03 21.983 -3 7 9 .9
1.19678 25.03 21.993 -3 8 0 .2

0.90208 0.86089 25.02 11.77 -2 8 6 .0
.72157 . 6 8 8 8 8 25.04 6.49 -1 9 9 .1

.68890 25.06 6.46 -1 9 8 .4
.45192 .43156 25.05 0.47 -  23

.43154 25.04 .28 -  14

ciple. From the straight line so obtained, a value 
of dP/dt was determined, for example, for the in­
terval between 12.50 and 12.58°, the actual tem­
perature of one of the observations. This value of 
the temperature coëfficiënt multiplied by the dif­
ference, 12.50-12.58°, was added to theP observed 
at 12.58 to yield P  at 12.50°. No correction at 
25 or 12.5° amounted to more than two units and 
none at 0 ° to more than five units. Consequently 
the inaccuracy introduced by the treatment of 
dP/dt as a linear function of temperature is very 
small.

The P values are given in the last column of 
Table I, and are plotted as chords on Fig. 1, the 
curves of which represent the derivative S  — 
d{(f)II)/ d-s/m as a function of y/m. The results 
of duplicate experiments with concentrated Solu­
tions differed so little that they are not distin- 
guishable on the plot. Individual chords are 
discernible however in the dilute solution region. 
Measurements of the heats of dilution at 0° of 
the most dilute solution represented in Table I 
are relatively inaccurate because the temperature 
changes produced were very small (equivalent to 
galvanometer deflections of about 2  mm.). Cor­
responding data for 12.5 and 25° have been omit­
ted entirely because of the availability of the 
equations recently derived by Young and Groenier7 

from the data obtained by Gulbransen and Robin­
son8 with their calorimeter designed specially for 
very small thermal effects. The circles represent 
values calculated for 25° from Young and 
Groenier’s equation 8  and for 12.5° from the fol-

(7) Young and Groenier, This Journal, 58, 187 (1936),
(8) Gulbransen and Robinson, ibid., 56, 2637 (1934);
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lowing equation which is the mean of their equa­
tions 1 0  and 1 1

S  »  385 -  1591 y /m  +  758 m  (2)
The accuracy of this equation is restricted, especi­
ally for relatively large molalities, by the excessive 
length of Gulbransen and Robinson’s chords, and 
is further limited by the necessity for 
interpolation. Nevertheless, because
of the superior precision of Gulbransen 
and Robinson’s apparatus for the meas­
urement of very small thermal effects, 
equation 2  was given greater weight in 
the drawing of the 12.5° curve near 
y/m  = 0.44 than was given to the data 
of Table I. If the small discrepancy 
apparent in this region be entirely due 
to errors in the observed galvanometer co —2 0 0  

deflections produced by the dilution of 
the 0.204 molal solution (y/m  =  0.452), 
the mean error is less than 0.75 mm.
In the same concentration range, the 
25° data of the two investigations 
merge, somewhat fortuitously, with no 
significant discrepancy.

The final curves as shown in Fig. 1 
were drawn with reference to points 
calculated, by means of equation 1 , 
from values of S ' and S " determined 
from preliminary plots. The sizes of 
the dilution vessels had been so chosen 
that the average value of P  — P  was less than
0.04, and the largest was but 0.15, which is less 
than the precision of measurement. The experi­
mental dilutions were nearly equivalent, therefore, 
to direct determination of the derivative, S.

For calculations involving a large scale repro­
duction of Fig. 1, the original data in Table I 
are not convenient. The dilution of the 1.5742 
molal solution, for example, leads to values of 5  
which correspond to six slightly different molalities. 
Each datum corresponds to a y/m  which is the 
mean of y/m / and y/m ï of the dilution experiment 
from which it was derived. Let X j denote this 
mean y/m  of thejth dilution. The mean of the six 
X j values is 1.2257- For the small interval be­
tween each X j and 1.2257, S ' was determined from 
curves previously mentioned. This value of S', 
multiplied by (1.2257 Xj),  was added to S  
previously computed for Xj,  The sum is the 
derivative, S, which corresponds exactly to y/m  
= 1.2257. All six experiments thus yielded deriva­
tives for this same value of y/m, The experiments

0

had been so designed that all of the increments 
were insignificant: the largest was but 0 .2 1 .

Table II contains the resulting values of the 
derivative, S, corrected as described for tempera­
ture, curvature (by equation 1 ), and composition. 
These are not data read from smooth curves but

\ /
\ /

\
\

\ y
/

\ / /

\ \ / /
V

\
\ /

/

/ /

\

25°

12.5°

0 .0 °

0.4: 0.8 1.2 1.6 2.0
y /m .

Fig. 1.

T a b l e  II
c

2.4

18>

0.0 1 2 . 5 25.0
2.4440 -4 1 0 .5 -2 3 4 .6 -  80.41

—411.0 -2 3 3 .9 -  8 0 .5 7

2.3296 -4 8 9 .9 -3 0 4 .1 -1 4 4 .4
-4 9 0 .2 -3 0 4 .7 -1 4 5 .5

2.1114 -6 1 8 .8 -4 1 7 .8 -2 4 9 .5
-6 1 8 .8 -4 1 7 .7 -2 4 9 .7

1.8744 -7 3 3 .1 -5 1 0 .4 -3 3 3 .3
-7 3 3 .8 -5 1 0 .1 -3 3 1 .8

1.5654 -8 3 2 .6 -5 7 6 .4 -3 8 8 .9
-8 3 3 .1 -5 7 6 .0 -3 8 9 .3

1.2257 -8 6 2 .5 -5 8 1 .4 -3 8 0 .0
-8 6 1 .1 -5 7 9 .4 -3 8 0 .3

0.8816 -7 6 8 .6 -4 7 8 .9 -2 8 6 .1
-7 6 7 .9 -4 7 9 .5

.7052 -6 4 3 .3 -3 7 4 .5 -1 9 9 .1
-6 4 4 .4 -3 7 8 .3 - 1 9 8 .5

.4418 -3 6 9 -1 5 3 -  23
-3 6 2 -1 5 0 - 1 4

.3090 -1 6 4
-2 0 7
-1 4 2
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are the original experimental quantities plus very 
small, usually insignificant, increments derived 
from smooth curves. For activity coëfficiënt 
calculations a few values of 5  derived from the 
curves of Fig. 1 for round values of m are shown 
in Table III.

T a b l e  III

a/  m 0.0
S

12.5 25.0

0.3162 -1 9 6 -  39 91
.3500 -2 4 3 -  77 59
.4000 -3 1 1 -1 2 8 13
.4500 -3 7 6 -1 7 7 -  28
.5000 -4 3 5 -2 2 0 -  66
.6000 -5 4 5 -3 0 2 -136

Table II is suitable for a test of the precision of 
the calorimetric measurements. The average 
fractional discrepancy between duplicate measure­
ments of heats of dilution of Solutions more con­
centrated than 0 . 6  molal is about 0 .2 %, i. e., 
the average deviation from the mean is 0 .1 %. 
The discrepancies in the data for the three most 
dilute Solutions, i. e., those producing very small 
temperature changes, are better expressed in 
terms of either equivalent temperature differences 
or galvanometer deflections. The average devia­
tion from the mean of those data is equivalent to 
a deflection of about 0 . 2  mm.

Discussion
Three general methods have been used to test 

the validity of the Debye-Hückel theory for 
infinitely dilute Solutions. Experimentally deter­
mined activity coefficients, heats of dilution and 
heat capacities have been compared with theo­
retical predictions. Many uni-univalent electro­
lytes in aqueous solution have been shown to meet 
the first two tests. The activity coefficients of 
sodium chloride have been compared by Brown 
and Maclnnes, 3 and the heats of dilution by Young 
and Groenier7 with the theoretical equations for 
extremely great dilutions.

From precise determinations of </>C, the ap­
parent molal heat capacity, Randall and Rossini9 

have calculated limiting values of the derivative, 
d(0 Q /d \/m , as m approaches 0. Though the 
dielectric constant of water has not been deter­
mined with sufficiënt precision to permit an ac­
curate theoretical calculation of the limiting slope, 
Randall and Rossini demonstrated that their 
estimates were of the 4‘proper order of magnitude” 
and that they showed “about the right” variations

(9) Randall and Rossini, T h is  J o u r n a l , 51, 323 (1929).

with changes of valence type. Their estimates 
depended upon extrapolations based upon the as­
sumption that 4>C is approximately a linear func­
tion of s/m . In a subsequent examination of 
various published data for 19 uni-univalent electro­
lytes, Rossini10 concluded that 4>C “can be repre­
sented within the accuracy of the best experi­
mental data, as a linear function of ^/m t from the 
lowest measured concentration to about 2 . 5  

molal. ’ * Employing strictly linear extrapolations, 
he derived new values of the limiting slopes which 
are very similar to those of Randall and Rossini. 
Gucker and Schminke11 also investigated several 
electrolytes of the 1 - 1  valence type, and found 
linear relationships between 4>C and y/m  to repre­
sent their very precise measurements throughout 
wide ranges of concentration. For three of their 
solutes they found the linear relationship valid 
over the whole range investigated, and by extra­
polation estimated the respective limiting deriva­
tives. The largest of their values is over three 
times the smallest. A similar Variation exists in 
the limiting slopes tabulated by Rossini. Randall 
and Rossini did not investigate the electrolytes 
whose limiting slopes were found in the later 
investigations to be the smallest. Nevertheless, 
the largest limiting value in their table is 65% 
larger than the smallest. If these differences are 
significant, the data are in conflict with the Debye- 
Hückel theory, which demands that the limiting 
slopes be the same for all strong electrolytes of a 
given valence type. It is important, therefore, 
to investigate the validity of the linear relation­
ship upon which the various extrapolations were 
based. Gucker12 has pointed out the difficulty 
of obtaining the precision necessary for this pur­
pose from direct heat capacity measurements. 
The heat of dilution data, however, may be used.

If, at each temperature between 12.5 and 25°, 
d ( ( p C ) /d - y /m  is independent of molality, the 
vertical distance between the two upper curves of 
Fig. 1 must be constant. In Fig. 2 the solid line 
exhibits the difference between the two smooth S  
curves divided by 12.5; it therefore represents 
for each molality, the average value of d (c j> C )/  

d y / m  throughout the temperature range between 
12.5 and 25°. The open circles show, for com­
parison, data calculated directly from values of P  
in Table II, and the filled circles denote cor-

(10) R ossin i, B u r .  S t a n d a r d s  J .  R e s e a r c h , 7, 47 (1931).
(11) Gucker and Schminke, T h is  J o u r n a l , 54, 1358 (1932); 

55, 1013 (1933).
(12) Gucker, C h e m . R e v . ,  1 3 ,T U  (.1933).
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responding data derived from Young and Groen» 
ier’s equations. The dashed line represents the 
constant value 14.4 which Rossini found to be 
valid for the various sodium chloride data at, 
and somewhat below, 25°. The measurements re­
ported here and represented by the open circles, 
are in themselves evidence of the failure of the 
linear relationship, 13 but the smallness of the 
thermal effects observed made corroboration de­
sirable. This has now been supplied by the 
measurements of Gulbransen and Robinson which 
reveal similar evidence of the Variation of d(<t>C)/ 
d y / m  with composition. The Variation observed 
within the concentration range of either investi­
gation alone might not seem conclusive, because 
it might be ascribed to experimental error. A 
single horizontal line drawn through both sets 
of points, however, would imply the existence of 
very large and improbable errors, and would be 
untenable. Manifestly, the derivative d(</>C)/ 
dy/m  does vary with composition.

0 0.5 1.0 __ 1.5 2.0 2.5
y /m .

Fig. 2.

On Fig. 3 is plotted <t>C — <t>C° vs. y / m .  The 
dashed line represents Rossini’s equation for 
temperatures between 18 and 25°; the solid line 
represents the integration of the solid curve of 
Fig. 2 , i. e., the average value oï <j>C — 4>C° 
throughout the range between 12.5 and 25°. 
Because of the temperature difference the two 
curves should not correspond exactly. It is to 
be observed that their shapes are similar through­
out the range between y/m  =  0 . 2  and y/m  =
1 .6 , i. e.y the range investigated experimentally 
by Randall and Rossini. Within this limited 
region the integrated (solid) curve is, in fact,

(13) This was pointed out at the meeting of the American Chemie 
cal Society in March, 1933; c f. Young, ref. 1. The purpose of 
Rossini’s investigation of existing heat capacity data was to collect 
and arrange them conveniently for various thermochemical calcula­
tions. He did not discuss the relation of his equations to the 
Debye-Hückel theory. The influence upon his calculations of the 
differences between the two curves of Fig. 2 (and the correspond- 
ing curves of Fig. 3) are small and probably quite negligible.

approximately straight and its average slope does 
not differ greatly from that of the dashed line. 
Since there is some difference between the tem­
peratures to which the two lines correspond, the 
agreement within the concentration range be­
tween y/m  =  0 . 2  and y/m  — 1 . 6  is quite satis- 
factory. There is, therefore, no conflict between 
Randall and Rossini’s precise measurements14 

and the heats of dilution.

0 0.5 1.0 _  1.5 2.0 2.5
y /m .

Fig. 3.

The slope of the $C vs. y/m  curve for sodium 
chloride varies so rapidly near the origin that the 
limiting slope determined by linear extrapolation 
of apparent molal heat capacities is much larger 
(about twice as large) than the value derived from 
heats of dilution. Yet the heat capacity measure­
ments for sodium chloride—especially those at 
25°—are among the best in existence. The dif­
ferences found between the limiting slopes of the 
various salts are, therefore, not significant and 
constitute no evidence of failure of the Debye- 
Hückel theory. That the theoretical limiting law 
is valid for sodium chloride at least is indicated by 
other data; the activity coefficients determined 
by Brown and Maclnnes and the apparent molal 
heat content equations of Young and Groenier. 
More investigations of the latter type are de­
sirable to supply further information concerning 
the Variation with concentration of the heat 
capacities of electrolytic Solutions.

These heat of dilution data have already been 
utilized1 for a preliminary computation of activity 
coefficients from available freezing point tables. 
The computation revealed errors in older activity

(14) It is interesting that three of the four actual measurements 
(not average values) corresponding to Randall and Rossini’s two 
smallest concentrations indicate a curvature in the expected direc­
tion. The fourth measurement yields a point which is well below 
even the straight line drawn by Rossini. Randall and Rossini did 
actually put some curvature into the line drawn to represent their 
measurements, but the heat capacity data were not capable of deter­
mining the change of slope quantitatively. Indeed, Rossini later 
represented the same data by a linear equation.
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coëfficiënt calculations introduced by the use of 
inaccurate and inadequate thermal data. A sub­
sequent communication will describe the applica­
tion of these dilution measurements to some 
freezing point determinations recently made in 
this Laboratory.

Summary
Differential heats of dilution to be used with 

cryoscopic data for the evaluation of activity coef­
ficients of sodium chloride in aqueous solution have 
been obtained (by the chord-area method) from 
appropriate calorimetric measurements at 0, 12.5 
and 25°.

These dilution data have been combined with

those of Gulbransen and Robinson (extrapolated 
to infinite dilution by the method of Young and 
Groenier) to demonstrate that the apparent molal 
heat capacity of sodium chloride in aqueous solu­
tion is not a linear function of the square root of 
the molality. Many of the discrepancies between 
various precise measurements of the heat capaci­
ties of electrolytes, and the limiting law derived 
from the Debye-Hückel theory arose from linear 
extrapolations. Others are probably due to extra­
polations which are too nearly linear. The theory 
is in agreement with measurements of the heats of 
dilution of aqueous sodium chloride Solutions.
Chicago, I I I .  R e c e iv e d  Se pt e m b e r  8, 1936

[C o n t r ib u t io n  from  t h e  R e se a r c h  L aboratory  of P hysical  Ch e m ist r y , M a ssa c h u se t t s  I n st it u t e  of  T e c h ­
nology , N o. 374]

The Normal Vapor Pressure of Crystalline Iodine1

By L o uis  J. Gillespie  and  Le w is  H. D. F raser

The normal vapor pressure of iodine is the pres­
sure of the pure vapor in equilibrium with pure 
solid or liquid iodine when this is subjected to 
the pressure only of the pure vapor. But few 
attempts have been made to measure it directly. 
Ramsay and Young2 appear to have determined 
the pressure of air necessary to stop the Sublima­
tion of iodine at various temperatures from 58 to 
113°. Haber and Kerschbaum3 used a vibrat- 
ing quartz fiber as manometer below 0  to —48°. 
They report some data by Naumann4 from 19 to 
—40°. The precision of none of this work is 
within the theoretical uncertainties of the better 
indirect methods.

These uncertainties are due to the assumption, 
necessary in the indirect methods as ordinarily 
practiced, that iodine vapor behaves as an ideal 
gas—more particularly, that a mixture of iodine 
vapor and a permanent gas behaves as an ideal 
gas mixture. Gerry and Gillespie5 showed how 
the uncertainties may be removed by applying 
thermodynamic corrections. They derived the 
corrections from the extensive data of Braune 
and Strassmann6 and applied them to the precise

(1) From a thesis submitted by Mr. L. H. D. Fraser in partial 
fulfilment of the requirements for the degree of Doctor of Philosophy.

(2) Ramsay and Young, J .  C h e m .  S o c . ,  49 , 453 (1886).
(3) Haber and Kerschbaum, Z. E le k tr o c k e m . ,  20, 296 (1914).
(4) Naumann, Dissertation, Berlin, 1907.
(5) Gerry and Gillespie, P h y s .  R e v . ,  40, 269 (1932).
(6) Braune and Strassmann, Z. p h y s ik .  C h e m .,  A143, 225 (1929).

indirect results of Baxter and co-workers. 7 They 
applied to these corrected results the rational 
equation of Giauque, 8 which has only one adjust­
able constant—the coëfficiënt of the reciprocal 
temperature—and found the following equation 
to fit the corrected results very well

log p  =  -3 5 1 2 .8 /T -  2.013 log T  +  13.3740 (1) 
where p is the vapor pressure of the solid iodine 
in atmospheres, log is to the base 10 and T  =  
273.1 +  t°.

The present paper deals with some direct 
measurements of the normal vapor pressure of 
solid iodine, of relatively high precision, made by 
means of a flexible metallic diaphragm to re- 
strain the iodine vapor and devices for meäsuring 
precisely the low pressures of dry air on the 
opposite side of the diaphragm when the position 
of a pointer on the diaphragm, observed with a 
microscope, indicates a state of balance.

Apparatus
Corrosion experiments showed that platinum is not at­

tacked by iodine, and gold becomes slightly tamished, but 
the tamish disappears on standing in air. These metals 
and glass were used to contain the iodine.

Figure 1 shows the diaphragm A, a disk of platinum- 
rhodium foil (4% Rh) 0.01 mm. thick with an effective 
diameter of 5.7 cm. It is mounted between two brass

(7) Baxter, Hickey and Holmes, T h is  Journal, 29, 127 (1907); 
Baxter and Gross, ibid., 37, 1061 (1915).

(8) Giauque, ibid., 53, 507 (1931).
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rings B and B'. Through six holes in these rings screws 
pass into the block C. By tightening these screws the 
diaphragm is stretched over the curved surface of C like 
a drumhead and free from wrinkles. All brass surfaces 
against which iodine vapor may come are gold-plated. 
The tube D is of glass. It is ground well to the gold-plated 
conical hole in C, and the annular space at the bottom is 
tightly packed with gold dental moss and sealed with 
deKhotinsky cement, protected in turn with several coats 
of shellac.

Fig. 1.—Diaphragm pressure balance.

The pointer F is a very light über of blue glass ce- 
mented to the diaphragm. The pointer and the tube E 
extend well up out of the thermostat. The top of the 
pointer is cut off square and is observed through the 
flattened wall of the top of the tube E through a micro­
scope with the aid of a scale in the ocular.

T h e sen sitiv ity  of th e  d iaphragm  has been  from  0.001 
to  0.004 m m . of m ercury pressure, depending on th e  in itia l 
Stretch given th e  foil.

The portion of the apparatus shown in Fig. 1 is well im­
mersed in the oil of the thermostat.

Figure 2 shows a manometer used by Professor F. G. 
Keyes in unpublished research and kindly lent to us. The 
arms A and B are 3.2 cm. in diameter. A vacuum is 
maintained over the mercury in B. The pointer P is 
operated by a 12.7-cm. dial D through a mercury-protected 
packing gland G. This can be tightened at any time by 
means of a special wrench. The periphery of the dial has 
200 equal divisions; the thread of the screw is about 1 mm. 
in pitch, and the position of the screw can easily be esti­
mated to 0.001 mm.

The manometer and the compression chamber C are 
in an air-bath. By means of the compression chamber the 
pressure of the dry air can be multiplied about 7 times 
before measurement with the manometer.

Experience showed that the zero reading of the dial (for 
equal pressures on both sides) varies with time, particularly 
because of necessary retightening of the packing. Hence 
in many cases it was preferred to find the pressure without 
the zero reading, by meäsuring in turn the dial reading for 
the original pressure and for the pressure after compression

in the chamber C, and dividing the difference of the two 
dial readings by a number equal to the compression ratio di­
minished by unity. The pitch of the screw has been care­
fully calibrated by means of a good cathetometer with in- 
var scale and found to be uniform. From the tempera­
ture of the air-bath and the value of gravity at Cambridge, 
pressures in international millimeters of mercury were 
calculated from the dial readings. These pressures are 
those of the dry air in the apparatus. When the vapor 
pressure of mercury is added we obtain the total pressure 
which balances the iodine pressure across the diaphragm.

A portion (not shown) of the tube D in Fig. 1 is bent to 
give elasticity and communicates through two special stop­
cocks either to a tube containing the supply of pure iodine 
or to the vacuum line, which includes condensing trap, 
gage and mercury and oil pumps. The stopcocks are op­
erated under the oil of the thermostat but are protected 
by shields so that no oil can touch the plugs. By means of 
these cocks the tube D can be evacuated for a null-point 
determination of the diaphragm or connected with the 
iodine reservoir for a vapor pressure measurement. These 
cocks are lubricated with a mixture of meta- and pyro- 
phosphoric acids obtained by heating two parts by weight 
of 85% ortho- with one part of metaphosphoric acid to 
various temperatures and for different lengths of time.9 
The mixtures used are very viscous and the cocks readily 
freeze if not turned frequently. The volume of the tubing 
D and its ratio to the volume of the system including the 
McLeod gage are known, so that any permanent gas 
present with the iodine after an experiment can be de­
termined.

The pressure of the air used to balance the vapor pres­
sure is steadied by means of a large bulb in the thermostat.

(9) Stephens, T h is  J o u r n a l* §2, 635 (1930).
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T h e stirrer o f th e  th erm o sta t and its  m otor  are hung on a 
separate support to  av o id  Vibration.

The Experiments
The iodine used was purified and dried by subliming it 

in  vacuo from a mixture of resublimed iodine, anhydrous 
potassium iodide and phosphorus pentoxide. Sublima­
tion was between temperatures of about 45 and —78° and 
required about three days. The bulb containing the pure 
product was brought into communication with the rest 
of the apparatus by breaking a glass tip in  vacuo by a 
solenoid arrangement.

Before admitting iodine vapor to the tube D of Fig. 1 
for a measurement, it was necessary to find the reading of 
the pointer on the scale in the ocular of the microscope 
when equal pressures were on either side of the diaphragm. 
Zero pressure was chosen for this. The null-point of the 
diaphragm should not vary with the small pressures in 
question at constant temperature, because of the simple 
and symmetrical geometry of the strong metal apparatus.10

Iodine vapor was then admitted to the tube D from the 
reservoir, dry air being admitted to the air system on the 
other side of the diaphragm, and by use of a mercury in- 
jector the diaphragm was again brought to the null-point. 
When equilibrium had been reached the pressure of the dry 
air was measured as described above, and the vapor pres­
sure of mercury at the temperature of the gage of Fig. 2 
added to obtain the vapor pressure of iodine. After a 
series of such measurements the null-point was observed 
again and the results discarded if a significant change 
had occurred during the series.

No effort was spared to obtain the greatest precision of 
which the apparatus was capable. Thus twenty-four 
experiments involving over 500 settings of the dial were 
performed to determine the two compression ratios used 
in the multiplication of the pressure (about 7, in each 
case). The corrections for deviations from Boyle’s law 
were negligible. Eighty-one vapor pressure measurements 
involving over 1600 settings of the dial were performed at 
four temperatures from 30 to 60°. Of these, 32 were dis­
carded either because the null-point of the diaphragm had 
changed or because equilibrium seemed not to have ar- 
rived. At each temperature the exact value of the 
temperature varied slightly from run to run, and the mean 
reciprocal temperature was found for the mean value of the 
logarithm of the pressure. This calculation is slightly 
better than direct averaging of the pressure and tempera­
ture but gave practically the same results, because of the 
smallness of the temperature Variation.

At the end of the experiments at 30 and 40° no partial 
pressure of permanent gas was found in the iodine cham­
ber. When the pressures of permanent gas found at the 
end of the groups of experiments at 50 and 60° were di­
vided by the time elapsed since the previous evacuation, 
the rates of air leakage appeared to be constant at each 
temperature, and from these rates corrections were applied 
to each result according to the time elapsed, Dalton’s 
law being used for the small corrections. At 50° the cor­
rection was 0.3% of the final value of the presssure on the

(10) Mr. Joseph E. Goossens found in this Laboratory that a glass 
diaphragm with ä flattened working surface may change in null- 
point as the pressure is changed on both sides at constant tempera­
ture.

average, and reached about 1% in a single case. At 60° 
it was about 1 % on the average and reached 3 % toward the 
end of one series.

The results are shown in Table I. A thermo- 
dynamic check for consistency is given by cal­
culating from each result the value of AE? in the 
following equation of Giauque
AF °  »  - R T  ln £atm. «  AJEo +  429 +

4.0 J* ln T1 — 61.1867* (2)

T a b l e  I
V apor  P r e s s u r e  of S olid  I o d in e  in  M m . a n d  AEJ 

Temp., °C. 29.967 40.017 50.154 60.119
Pressure, mm. 0.46709 1.02614 2.21318 4.30723 
A ES 15643.29 15645.56 15630.91 15644.50

The value of AE? at 50° is inconsistent with the 
others, pointing to too high a value of the vapor 
pressure (by about 0.045 mm.). At this tem­
perature the same inorganic stopcock lubricant 
was used as for the two lowest temperatures, and 
it proved too fluid, finally failing altogether. 
We believe that this was associated with a per- 
ceptible vapor pressure of water which caused the 
high results. In any case, a stiffer batch of 
lubricant was prepared and used at 60°, and the 
results here are consistent with those at the lower 
temperatures. From the mean result for AE®, 
exduding the value for 50°, the latent heat of 
Sublimation of iodine at 25° is found to be AÜZ298.16 

= 14880.8 =*= 0.8 cal. 15 per gram mole. In the 
above calculations 273.16 was used for the ice 
point and 1.98690 cal.15 for E.

The mean result for the coëfficiënt of l / T  in 
the simple equation of Giauque for the vapor 
pressure is 3512.859, nearly the same as that in 
equation (1) above derived by Gerry and Gillespie. 
The following table afïords a comparison be­
tween the observed vapor pressures and those cal­
culated by equation (1) and by equation (1) but 
with the modified value of the coëfficiënt (marked
0.859). All pressures are in international milli­
meters.

T a b l e  II
Ob se r v e d  a n d  Ca lcu la ted  V a po r  P r e ssu r e s  of S olid 

I o d in e
Temperature, °c . Observed Caicd. Eq. 1 Caicd. 0.859

29.967 0.4671 0.4663 0.4661
40.017 1.0261 1.0284 1.0279
50.154 2.2132 2.1682 2.1673
60.119 4.3072 4.3107 4.3089

The agreement of the results with the calculated 
values is very good, with the exception of the 
data for 50°, which are excluded from all further
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averages and calculations. The average per­
centage deviation from equation (1) is only 0.16, 
the greatest deviation being 0.0035 mm. and the 
greatest percentage deviation being 0.22. (The 
excluded value at 50 differs tenfold.)

The agreement of the data with equation (1) 
derived from the gas-stream data of Baxter and 
collaborators is noteworthy. The mean devia­
tion (observed minus calculated) taken with 
respect to sign is only --0.044%. Now, in the 
reduction of these data by Gerry and Gillespie, 
the values of pxi received corrections for non- 
ideality of the gas of 0.58, 0.51 and 0.37% at the 
temperatures 30, 40 and 60°, respectively, as may 
be found from their Table III. The agreement is 
therefore within the magnitude of the correc­
tion for failure of the ideal gas laws in the gas- 
stream method.11

The average percentage deviation of the results 
from the equation using the modified value of 
the coëfficiënt of l / T  is 0.14%. The improve­
ment (over 0.16) is not great. The use of a mean 
value (or of either) should afford very good vapor 
pressure values, probably from 0 to 100° or 
higher. Below 0° the equations do not agree 
well with the data of Haber and Kerschbaum and 
of Naumann—thus at —48.3° the observed pres­
sure is only 72.7% of that calculated from equa­
tion (1) (or 72.3% of that calculated from the 
original equation of Giauque), and the true vapor 
pressure is in turn estimated by Haber and 
Kerschbaum to be about 12% lower than that 
observed (at room temperature), by reason of the 
Knudsen effect.12

The equations also disagree somewhat at 90°
(11) Air was the inert gas in this case. The corrections depend 

in part on the nature of the inert gas.
(12) The calculated pressure at —48.3° is only 7.84 X IO-6 mm.; 

the observed, 5.7; the observed after Knudsen correction, 5.0 X 
10 ~6 mm.

and above with the data of Ramsay and Young, 
the calculated values becoming progressively 
greater than the observed, the difference reaching 
6.4% of the observed pressure at 113.8°.

These facts suggest that equation (1) is per­
haps too simple in form for such a range of tem­
perature as from — 48 to 114°.

Nevertheless, the best values at present avail­
able for the normal vapor pressure of iodine are 
probably those calculable from equation (1) with 
the value 3512.830 for the coëfficiënt of — 1 /T , 
which averages the results of Baxter and collabo­
rators and the present work. Table III gives 
such values for even values of the temperature.

T a b l e  III
N ormal V a po r  P r e ssu r e  of S olid  I o d in e  in  I n t e r n a ­

t io n a l  M il l im e t e r s  of  M e r c u r y  
/, °C. 0 10 20 25 30 40 50 60
p ,  mm. 0.0307 0.0814 0.201 0.309 0.467 1.027 2.144 4.276  
/, °C. 70 80 90 100 110 114.15 (m .p .)
p , mm. 8.175 15.04 26.73 45.97 76.76 94.18

Summary
The normal vapor pressure of solid iodine has 

been measured directly by means of a flexible 
metallic diaphragm at 30, 40 and 60° with a 
precision of better than 0.004 mm. of mercury, 
or better than 0.22%. The results agree with 
the equation deduced by Gerry and Gillespie from 
the data of Baxter and collaborators, as corrected 
for failure of the ideal gas laws, within the magni­
tude of these corrections. A table is given of 
vapor pressures derived from a combination of 
the new data with the corrected older data, as 
embodied in the modified equation of Giauque 

logio£*tm. =  —3512.830/T -  2.013 log T  +  13.37400

The corresponding value of AH  for the S u b ­

limation of iodine at 25° is 14880.7 cali5/mole. 
Ca m br id g e , M a ss . R e c e iv e d  A u g u s t  12, 1936
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The System Dioxane and Water

B y F ra n k  H ovorka, R alph  A. S chaefer  a nd  D ale  D r eisbac h

Introduction
There has been a considerable interest shown 

in the use of symmetrical dioxane (1,4) after it 
was recommended by Anschütz and Broeker1 as 
an excellent organic solvent for molecular weight 
determinations. The first important workers, 
Herz and Lorentz,2 unfortunately overlooked the 
highly hygroscopic nature and the slow decom­
position with time of dioxane. These two proper­
ties were later pointed out by Roth and Meyer3 
and consequently some of the results of Herz and 
Lorentz are in error because of the questionable 
purity of their dioxane.

Since dioxane is completely miscible with water 
it cannot only serve as a solvent for investigating 
the properties of the various solutes in it, but 
can also be used when it is desirable to know the 
properties of solutes in the mixed solvents, dioxane 
and water. Thus in view of the importance of 
dioxane in its various applications it was thought 
desirable to determine various physical properties 
not only in the pure state but also in its various 
mixtures with water over a wide range of tempera­
tures.

Experimental
Materials.-—The dioxane was purified by a modification 

of the Kraus and Vingee4 method. Commercial dioxane 
was refluxed over sodium hydroxide and after distillation 
boiled for a long period over metallic sodium, fresh metal 
being added from time to time. It was then crystallized 
several times. The final product melted at 11.78 ±  0.01 °.

The water used in this investigation was prepared by 
repeated crystallizations from selected pieces of ice.5 
The fifth crop proved very pure. The conductivity of the 
liquid from this ice was 0.95 X 10 “6 mhos at 25°.

Procedure.—The apparatus was cleaned and dried 
and allowed to stand overnight in dry air. The different 
concentrations were prepared by weighing the desired 
amounts in small glass-stoppered bottles. Transfer of 
liquids and all the weighings were performed in an atmos­
phere of purified air. The dioxane was recrystallized 
each time before being used.

Temperatures in all cases were kept constant to 0.01 ° 
up to 40° and =±=0.02° above 40°, and were referred to a 
thermometer calibrated by the Bureau of Standards.

(1) Anschütz and Broeker, B e r . ,  59, 2844 (1926).
(2) Herz and Lorentz, Z .  p h y s ik .  C h e m ., A140, 406 (1929).
(3) Roth and Meyer, Z. E le k tr o c h e m ., 39, 35 (1933).
(4) Kraus and Vingee, T h is  Jo u r n a l , 56, 511 (1934).
(5) Ephraim, "Inorganic Chemistry,” translated by P. C. Thorne,

Gurney and Jackson, London, 1932, p. 356.

Densities were determined by the difatometer method. 
The dilatometer was calibrated with purified mercury. 
The working volume was 7.7 to 8.7 cc. and the total height
23.3 cm. The smallest volume capable of being read was 
0.0001 cc., which corresponds to an accuracy of approxi­
mately one part in fifty thousand.

The capillary rise method was used for surface tension 
measurements as outlined by Richards and Coombs.6 
The large tube had a diameter of 3.8 cm. and the capillary 
tube a radius of 0.01815 cm. as determined by careful 
calibration with a mercury thread. The length of the 
thread was measured by means of a precision micrometer.

A static method similar to the one previously described 
by Hovorka and Dreisbach7 was used for meäsuring the 
vapor pressure.

For the measurements of the three properties above 
a cathetometer with a reproducible accuracy of ±0.01 
mm. was used. All of the determinations were carried 
out with the apparatus sealed off in  vacuo.

The index of refraction was determined with an Abbe 
refractometer accurate to ±0.0001. Measurements were 
carried out at 25 ±  0.05° using sodium light as a source 
of illumination.

The freezing point curve was investigated with the usual 
Beckmann apparatus. The temperature was controlled 
by cooling ethyl alcohol with solid carbon dioxide in a 
gallon (4-liter) Dewar flask and was maintained three 
degrees lower than the freezing point of the solution under 
investigation. Precautions were taken to prevent mois­
ture from entering the freezing point tube.

Experimental Results.—The experimental re­
sults are summarized in Tables I-VI and Figs.
1-3. The temperature is in degrees centigrade 
and vapor pressure in mm. of mercury. The 
vapor pressure data, Table III, are for round values 
of concentration obtained by graphical interpola­
tion.

Discussion of Results
The results obtained deviate widely from the 

ideal solution laws as was to be expected, since 
dioxane is non-polar while water is a highly polar 
substance. A study of the experimental data 
shows a pronounced difference in internal pres­
sures of the dioxane and water. Table IV of the 
partial molal volumes of the 25° isotherm shows 
this phenomenon exceedingly well. (F  — F° is 
the partial molal volume of each constituent, F, 
less the molal volume of that constituent in the 
pure state, F°.) From the curves in Fig. 1 we 
see that the maximum change in the partial molal

(6) Richards and Coombs, T h is  Jo u r n a l , 37, 1656 (1915).
(7) Hovorka and Dreisbach, i b i d . ,  56, 1664 (1934).
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T able  I
S u r fa c e  T e n sio n  of the  D io x a n e - W a t e r  S y st e m

Dioxane 
mole fr. 10 20 25 30

—Temperature,
40

°C.---------------
50 60 70 80

0.1011 48.09 46.52 45.73 44.91 43.44 42.24 40.62 39.09 37.71
.1916 42.66 41.38 40.45 39.81 38.29 36.92 35.56 34.22 33.02
.3219 39.30 37.99 37.13 36.52 35.26 33.98 32.73 31.41 30.16
.4065 38.09 36.82 36.25 35.52 34.28 32.89 31.69 30.39 29.05
.4319 37.87 36.69 36.05 35.32 34.02 32.75 31.40 30.14
.5251 36.94 35.77 35.31 34.63 33.21 32.08 30.58 29.43 28.11
.6091 36.55 35.38 34.74 33.96 32.72 31.34 30.08 28.86 27.42
.7417 34.62 34.06 33.31 32.45 30.60 29.20 27.78
.8748 35.21 34.02 33.52 32.80 31.25 30.11 28.57 27.09

1.0000 33.39 32.85 32.19 30.73 29.35 27.81 26.25 24.76

T able  II
D e n sit y  of th e  D io x a n e - W a t e r  S y stem

Dioxane 
mole fr. 10 20 25 30

Temperature, C. 
40 50 60 70 80

0.1011 1.03324 1.02738 1.02447 1.02136 1.01491 1.00860 1.00176 0.99439 0.98858
.1916 1.04467 1.03708 1.03314 1.02961 1.02208 1.01388 1.00553 .99669 .99006
.3219 1.02420 1.03722 1.03355 1.02468 1.01464
.4065 1.04063 1.03634 1.03123 1.02164 1.01161 1.00140 .99091 .98054
.4319 1.05015 1.04042 1.03553 1.03063 1.02034 1.01025 1.00001 .98721 .97902
.5021 1.03785 1.03296 1.02790 1.01758 1.00690 0.99601 .98648 .97558
.6074 1.04486 1.03521 1.02995 1.02427 1.01416 1.00315 .99168 .98233 .97107
.7633 1.04379 1.03361 1.02806 1.02285 1.01094 1.00038 .98981 .97840 .96766
.8760 1.04307 1.03328 1.02788 1.02210 1.01074 0.99974 .97733 .96598

1.0000 1.03318 1.02766 1.02189 1.01045 .99948 .98781 .97693 .96486

T a ble  III
V apor  P r e ssu r e  of th e  D io x a n e - W a t e r  S y st e m  

(Corrected to 0°)

Dioxane 
mole fr.

—  i otai pressure----------
— o r '

rartiai pressure 
o e o n

10 20 25 30
x  c x u p c i  a i u i c ,

40 50 60 70 80 Dioxane Water
0.000 9.2 17.5 23.8 31.8 55.4 92.6 149.6 233.8 355.1 0 . 0 23.8

.100 14.8 27.7 37.0 49.2 84.1 138.8 218.8 336.1 501.5 11.1 25.9

.200 18.0 32.9 42.8 57.6 95.7 156.8 245.4 373.7 550.0 17.7 25.1

.300 19.5 35.4 45.7 61.3 101.8 164.0 255.9 387.9 569.5 22.5 23.2

.400 20.1 36.5 47.3 62.5 104.3 165.1 257.7 390.8 575.5 26.2 21.1

.500 20.3 36.7 47.7 62.9 104.6 165.3 257.9 390.9 576.5 28.6 19.1

.600 20.4 36.8 47.7 62.9 104.6 165.3 257.9 390.7 571.0 30.1 17.6

.700 20.5 36.9 47.7 62.9 104.4 165.0 257.4 386.7 556.0 31.6 16.1

.800 20.6 36.7 47.5 62.4 103.0 163.6 252.0 374.1 526.5 33.2 14.3

.900 19.5 34.4 45.2 59.0 97.4 150.2 230.9 345.2 476.0 35.0 10.2
1.000 17.0 28.1 36.9 47.6 76.6 119.8 181.3 266.9 382.8 36.9 0 . 0

T a b l e  IV T a b l e  V
P a r tia l  M olal V olum e  in  Cc. R e fr a c t iv e  I n d e x

Dioxane Dioxane Dioxane
mole fr. Water Dioxane mole fr. Refr. index mole fr. Refr. index

0.0000 18.05 79.78 0.0000 1.3325 0.5021 1.4080
.1011 17.95 82.77 .0132 1.3380 .6052 1.4116
.1916 17.77 83.84 .1011 1.3670 .7417 1.4153
.3219 17.46 84.72 .1916 1.3840 .7633 1.4155
.4065 16.92 85.65 .3219 1.3980 .8760 1.4173
.4319 16.76 85.97 .4065 1.4038 1.0000 1.4198
.5021 16.75 85.95 .4319 1.4049
.6074
.7633

16.78
17.20

85.88
85.75 volume of water is about 8%, whereas that of the

.8760 17.43 85.70 dioxane is about 4%. The greatest deviation is
1.0000 17.48 85.69 in the region of low concentration of dioxane.
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T a b l e  VI
F r e e z in g  P o in t s  o f  D io x a n e - W a t e r  S ystem

Dioxane Freezing Eutectic
mole fr. point, °C. temp., °C.
0.0000 0.0

.0855 - 1 0 .1 -1 4 .9

.0905 - 1 0 .8

.1011 - 1 1 .6 - 1 4 .9

.1140 - 1 2 .7 -1 4 .9

.1515 - 1 4 .9 - 1 4 .9

.1830 - 1 1 .1

.2500 -  3 .6

.3219 -  0 .7

.4007 1.0

.4285 1.5 -1 4 .9

.5202 2 .8

.6074 3 .7

.6351 3 .9

.7296 5.0

.7633 5.4

.8760 7.5 - 1 4 .9

.9208 8 .7
1.0000 11.78

The partial pressure of water, Fig. 2, is abnormally 
high in this neighborhood, while dioxane follows 
the natural course for Systems having a maximum 
vapor pressure. There is also a decided maximum

Fig. 1.—Partial molal volumes of dioxane and water.

in the density curve of this System. Geddes8 re- 
ports a maximum in the viscosity of this system 
as well as an inflection point in the fluidity curve. 
The latter is “an unusual type of behavior/’ It

(8) Geddes, T h is  J o u r n a l , 55, 4832 (1933).

is to be noted that this point of inflection may be 
due entirely to the densities given by Geddes. 
In the region between 0 and 5% water he gives

Fig. 2.—Total and partial vapor pressure curves of 
dioxane-water mixtures at 25°.

two points which are decidedly higher than his 
values at 0 and 5%. No such high values were 
found in this work nor in that of Gillis and

Fig. 3.—Freezing point curve of dioxane-water mix­
tures.
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Delaunois.9 The density curve is quite normal 
in this region.

The refractive index does not possess a maxi­
mum but for both refractive index and surface ten­
sion the deviations from the ideal are very great.

The eutectic point at 0.152 mole fraction of 
dioxane and a temperature of —14.9° agrees well 
with that found by Gillis and Delaunois. How­
ever, these workers report a peculiar trend in the 
curve between 0.8 and 1.0 mole fraction dioxane. 
This has not been confirmed and the results ob­
tained here are in excellent agreement with those 
found by Bell and Wolf enden.10 Gillis and 
Delaunois in calling attention to this peculiar ir- 
regularity base their conclusions on one point 
only which may well be in error by 10%. Fur­
ther, it is difficult to understand why they report 
two densities for their pure dioxane at 20°, 
namely, 1.0345 and 1.03215. The maximum 
deviation from the ideal linear freezing-point 
curve, Fig. 3, occurs at 0.37 mole fraction of 
dioxane corresponding to the maximum found in 
the density measurements.

Values for the vapor pressure of pure dioxane, 
Table III, are higher at low temperatures and 
lower at higher temperatures than the correspond­
ing values given by Herz and Lorentz.2 The 
vapor pressure may be expressed by means of the 
equation

(9) Gillis and Delaunois, R e e .  t r a v .  c h im . ,  53, 186 (1934).
(10) Bell and Wolfenden, J .  C h e m . S o c . ,  822 (1935).

logio P  (mm.) =  — 1933.8/F +  8.0588

with a maximum deviation of one per cent. over 
the temperature range 10 to 80°.

Dioxane itself is a very normal liquid. The 
Eötvös constant as calculated is 2.11 for the 
temperature range investigated. The parachor 
is 205.7, which agrees fairly well with the cal­
culated value of 202.1. The molecular refraction 
according to the expression of Lorentz and 
Lorenz gives an experimental value of 21.678, 
which is in excellent agreement with the theoretical 
value of 21.690.

The authors wish to express their appreciation 
to Dr. J. O. Morrison, of Yale University, for 
furnishing the purified dioxane.

Summary

1. The density, surface tension and total vapor 
pressure of the dioxane-water system were inves­
tigated for the temperature range 10 to 80°.

2. The partial vapor pressure and the index 
of refraction for this system were determined at 
25°.

3. The freezing point curve of the dioxane- 
water system was studied.

4. The dioxane-water system was discussed 
and the possible errors of other workers in the 
case of freezing points, density and fluidity were 
pointed out.
Cleveland, Ohio R eceived September 4, 1936

[C o n t r ib u t io n  from  t h e  S chool of Ch em istr y  o f  R u t g er s  U n iv e r s it y ]

The Reaction of 2,3-Epoxybutane with the Grignard Reagent
By D. L. Cottle and Leo S. Powell

The rearrangement of certain ethylene oxides 
in Grignard reactions is well known. Among the 
simple alkyl or aryl substituted ethylene oxides,
2,3-epoxybutane,1 l,2-epoxy-2-methylpropane,2
1,2-epoxy-2-methylbutane,3 1,2-epoxy-2-phenyl-
propane,4 and styrene oxide,5 have been reported 
to rearrange in Grignard reactions to produce one 
alcohol, while 1,2-epoxypropane6“8 and 1,2-epoxy- 
butane8 have been reported not to rearrange.

(1) L. Henry, C o m p t .  r e n d . ,  145, 406 (1907).
(2) L. Henry, i b id . ,  145, 21 (1907).
(3) Fourneau and Tiffeneau, i b i d . ,  145, 438 (1907).
(4; Tiffeneau, i b i d . ,  140, 1460 (1905).
(5) Fourneau and Tiffeneau, i b i d . ,  146, 698 (1908).
(6) Hess, B e r . ,  46, 3117 (1913).
(7) Levene and Walti, J .  B i o l .  C h e m ., 90, 81 (1931).
(8) Levene and Walti, i b i d . ,  94, 367 (1931).

In order to explain the rearrangement of cyclo­
hexene oxide in a methylmagnesium iodide reac­
tion reported by Bedos, Bartlett and Berry9 
adopted the Blaise10 structure for the primary in­
termediate.11,12

(9) Bartlett and Berry, T h is  J o u r n a l , 56, 2683 (1934).
(10) Blaise, C o m p t .  r e n d . ,  134, 552 (1902).
(11) This theory was criticized by Grignard [ B u l l .  s o c .  c h i m . ,  [3] 

29, 944 (1903)] who preferred to depict the oxide ring as breaking at 
much higher temperatures. Boord and Summerbell readvanced the 
Blaise theory (Golumbus, Ohio, meeting of The American Chemical 
Society, May, 1929) and Ribas and Tapia placed it on a more secure 
basis as a result of extensive experiments with ethylene oxide, epi- 
chlorohydrin and 3-methoxy-1,2-epoxypropane [ A n a l .  s o c .  e s p a n .  f i s ,  
q u im . ,  30, 778 (1932); 30, 944 (1932)].

(12) Boord and Summerbell and Ribas and Tapia suggested as 
likewise possible the structures BrMgOCHaCELBr and Mg(OCH2- 
CHsBrH for ethylene oxide intermediates.
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✓ c h 2— c h 2

CH2<^ ^>CHOMgR
\C H 2— CHX  

I

These workers further assumed that I rearranged 
to cyclopentylformaldehyde instead of reacting 
through replacement of the halogen by the methyl 
group. These assumptions were based on experi­
mental work by Bedos13'14 who found that the 
alkoxide formed from cyclohexene chlorohydrin 
and ethylmagnesium bromide gave a 40% yield of 
cyclopentylformaldehyde when the ether was 
evaporated from its mixture with magnesium 
bromide. The oxide treated similarly with mag­
nesium bromide etherate gave a 34% yield of al­
dehyde. These magnesium bromide reaction mix­
tures, both chlorohydrin and oxide, reacted vig­
orously with methylmagnesium iodide to form 
methylcyclopentylcarbinol.

If the reaction path outlined by Bartlett and
M gX 2 +

CH3— CH— CH— CH3 CHa— CH—CH— CHa

R M gX  +
CHa— CH— CH— CH3 ■

\ o /

R M gX +
CHa— CH— CH— CHa

0
1

H

X

0  X
1

X —Mg
II

CH*— CH—CH— CHa
I I

0  X
1

R—Mg
III

CHa— CH— CH— CHa +  RH

i ^
i

X — Mg
IV

R 2Mg +  2CHa— CH— CH— CHa

H— O X
(CHa— CH— CH— CH3)2Mg +  2RH

O X

(13) Bedos, C o m p t .  r e n d . ,  189, 255 (1929).
(14) Berry and Bartlett are confused in the history of this reaction 

for they credit Bedos with their explanation as well as with the ex­
perimental work. There is nothing in the reference13 cited by Berry 
and Bartlett or in other articles by Bedos to indicate that he wished 
to advance the explanation credited to him. The statement by 
Berry and Bartlett9 (p. 2684), ‘‘Bedos has further elucidated the 
mechanism of this rearrangement by showing that, as in the aliphatic 
series, the primary product of reaction between cyclohexene oxide 
and a Grignard reagent is the halohydrin derivative. .. . is mis- 
leading in another respect inasmuch as in only one case, 1,2-epoxy- 
2-methylbutane, are there sufficiënt data in the literature to support 
a qualified explanation of an aliphatic ethylene oxide rearrangement. 
Moreover, no reference is given to the work of Ribas and Tapia of
1932 which is the only successful attempt to refute the unsatisfac­
tory theory advanced by Grignard in 1903.

Berry is applicable to 2,3-epoxybutane, 3-bromo -
2-butanol should react with a Grignard reagent 
and yield a tertiary alcohol since Henry1 obtained 
tertiary amyl alcohol when methylmagnesium 
bromide reacted with the oxide. The interme­
diates, II and III, would have structures similar 
or identical to IV and V.

We found that 3-bromo-2-butanol reacted with 
the second mole of ethylmagnesium bromide with­
out application of heat, and the end-products 
consisted of 2-butanone, postulated by Henry as 
an intermediate in the oxide reaction, and 3- 
methyl-3-pentanol. We were unable to isolate 
any 3-methyl-2-pentanol, which would have re­
sulted from a replacement of the halogen by the 
alkyl group of the Grignard reagent. Thus, the 
explanation of Berry and Bartlett applies to 2,3- 
epoxybutane.

The Grignard reaction of this bromohydrin 
without application of heat undoubtedly is due 
to the secondary bromine atom. Ethylene bromo­
hydrin is well known to require higher tempera­
tures for reaction of the bromine atom.15 The 
magnesium salt of 3-bromo-2-butanol, prepared 
from 2,3-epoxybutane and magnesium bromide 
in ether benzene solution decomposed practically 
quantitatively at slightly above room tempera­
ture. The product was 2-butanone. Rector16 
was able to prepare 3-bromo-2-butanol in 60% 
yield by this method by working at 0°.

Although the Blaise theory is satisfaetory in 
predicting the behavior of 3-bromo-2-butanol the 
isolation by Henry, Fourneau and Tiffeneau and 
others of only one alcohol in the oxide reactions 
which involved rearrangements is not in satisfac- 
tory agreement with known experimental data. 
Ribas and Tapia11 found in treating 2 moles of 
ethylene oxide with one of ethylmagnesium bro­
mide in the cold that the magnesiumalkyl bond 
also reacted. Later, Bartlett and Berry9 ob­
tained no rearrangement in the reaction of cyclo­
hexene oxide with diethylmagnesium or dimethyl- 
magnesium. Ribas and Tapia obtained a 5% 
yield of n -butyl alcohol when ethylene oxide was 
reacted with ethylmagnesium bromide in a 1 to 1 
ratio in the cold. This may be assumed to repre­
sent the percentage of reaction of C2H5Mg bond 
when in competition with a similar quantity of 
MgBr bond. Consequently, we considered it 
probable that small amounts of normal products

(15) Grignard, B u i l .  s o c .  c h im . ,  [3] 34, 918 (1905); Conant and 
Kirner, T h is  J o u r n a l , 46, 240 (1924).

(16) Rector, Master of Science Thesis, Rutgers University, 1933.
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in the rearrangements cited were overlooked by 
the early workers.

2,3-Epoxybutane was selected for investiga­
tion of this and related points for the following 
reasons: the recent description17 of a source of 
pure 2-butene made its preparation in larger than 
usual quantities feasible; 3-bromo-2-butanol is 
the only bromohydrin that it can form; and the 
difference in boiling points of the possible alcohols 
produced by the Grignard reagent is greater than 
if a higher molecular weight oxide were used.

In the present work 2,3-epoxybutane was found 
to react with diethylmagnesium and dimethyl- 
magnesium to yield secondary alcohols. These 
results are in complete agreement with the pre­
dictions of Bartlett and Berry9 and have been re­
ported by other investigators.18 Secondary al­
cohols were also isolated in 2,3-epoxybutane reac­
tions with ethylmagnesium chloride and bromide 
and methylmagnesium bromide. A trace of sec­
ondary alcohol probably was present in an ethyl­
magnesium iodide experiment. A tertiary alcohol 
also was produced in each of these reactions. 
That the formation of the secondary alcohol was 
due to a direct reaction of the alkylmagnesium 
bond with the oxide was demonstrated by the ab­
sence of the secondary alcohol in the 3-bromo-2- 
butanol reaction with ethylmagnesium bromide. 
The formation of appreciable yields of the ter­
tiary alcohol (see Table I) without heating of the 
bromide and iodide reactions was predicted on 
the basis of the results obtained with 3-bromo-2- 
butanol.

T a b l e  I
Yield, %

Expt. RMgX
Secondary

alcohol
Tertiary
alcohol

1 C2H5MgCl 27° 30®
2 C2H5MgBr 2 31
3 C2H5MgI Trace 27
4 CHaMgBr 7® 44®

Based on refractive index of the mixture.

In view of the discovery by Brönsted and co- 
workers19 that of the aqueous potassium halides, 
iodide adds faster than bromide and bromide 
faster than chloride to glycid and epichlorohydrin 
it is not surprising that of the three ethyl Grig­
nard reagents, the iodide gave the least alkyl­
magnesium reaction. However, several factors

(17) Young and Lucas, T h is  J o u r n a l , 52, 1964 (1930); cf. 
Komarewsky, Johnstone and Yoder, i b i d . ,  56, 2705 (1934), and 
Young and Winstein, i b i d . ,  58, 102 (1936).

(18) Norton and Hass, i b id . ,  58, 2147 (1936).
(19) Brönsted, Kilpatrick and Kilpatrick, i b id . ,  51, 443 (1929).

need evaluation before a valid conclusion can be 
drawn.

The discovery by Schlenk and Schlenk20 that 
the dioxane precipitate from a Grignard solution 
behaved like a Grignard reagent with esters and 
ketones caused us to treat 2,3-epoxybutane with 
the precipitate from an ethylmagnesium bromide 
solution. The precipitate contained a larger 
amount of magnesium halide bond compared with 
magnesiumalkyl than the original Grignard and 
a tertiary alcohol with very little if any of the 
secondary was expected. However, the precipi­
tate was apparently too insoluble for reaction and 
dissociated to form soluble diethylmagnesium for 
only the secondary alcohol was formed.

In the reaction of 3-bromo-2-butanol there was 
obtained, besides 2-butanone, a small amount of 
liquid which boiled around 155-165°. From the 
boiling point, reduction of permanganate and the 
formation of a solid with semicarbazide solution 
this product contained an octenone. Pariselle 
and Simon21 obtained a similar product in the re­
action of isopropylmagnesium bromide with 2- 
butanone and analogous observations have been 
made by many other workers although generally 
with Grignard reagents with more complex alkyls 
than ethyl. In the present work similar material 
was obtained from the reaction of 2,3-epoxybu­
tane with ethylmagnesium iodide and of 2-bu­
tanone with diethylmagnesium. In the latter re­
action the yield of alcohol was only 8%.

Experimental
The Preparation of Crude 3-Bromo-2-butanol.—Bro­

mine water was treated with 2-butene by the method 
given by Read and Williams22 for ethylene bromohydrin.
2-Butene, generated by heating 4 moles of 2-butanol with 
60% sulfuric acid,17 was passed into the bottom of a well 
stirred, 5-liter, 3-necked flask which contained 4 liters of 
water. At the same time, air, regulated by a needle valve, 
carried bromine into the reaction vessel at such a rate as to 
give the solution a faint yellow color. The air and butene 
bubbles were broken up by Jena G-4 gas distribution 
tubes. In order to prevent the dibromide from extracting 
the butene and bromine from the water the flask was 
fitted with a siphon for the intermittent removal of the by- 
product.

At the end of the reaction the remaining dibromide was 
separated and the water layer saturated with salt and ex­
tracted with ether. After drying over sodium sulfate the 
ether was expelled on a water-bath. The residue, in 7 
preparations, averaged 164 g. or 27% of the theoretical 
based on the 2-butanol used.

(20) Schlenk and Schlenk, B e r . ,  62B, 920 (1929).
(21) Pariselle and Simon, C o m p t .  r e n d . ,  173, 88 (1921).
(22) Read and Williams, J .  C h e m . S o c . ,  117, 359 (1920).
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The Preparation of 2,3-Epoxybutane.—Crude 3-bromo-
2-butanol (360 g.) was added drop by drop to a well- 
stirred solution of 450 g. of sodium hydroxide in 1050 cc. 
of water in a 2-liter, 3-necked flask heated on a water- 
bath. The oxide and some water distilled over at 50- 
60°. After drying over potassium carbonate it was frac­
tionated with a 3-bulb Snyder column and gave a 75% 
yield of oxide, b. p. 55-59°, n 20d 1.3765, d 2\ 0 0.8144.

The Preparation of Pure 3-Bromo-2-butanol.—The 
method of Thayer, Marvel and Hiers23 for the prepara­
tion of ethylene bromohydrin was used. 2,3-Epoxybu- 
tane (6 6  g.) was added to 172 cc. of 48% hydrobromic 
acid kept at 0-2°. The yield was 123 g. or 8 8 % of the 
theoretical of 3-bromo-2-butanol, b. p. 46-50° (8  mm.); 
n 2QD 1.4780, d 2%  1.4500.

A n a l. Calcd. for C4H9OBr: Br, 52.24. Found: Br, 
52.2, 52.3.

This eompound has been prepared previously. 24

The Preparation of Reference Compounds.—In order to 
facilitate the identification of the various alcohols obtained 
in the experiments described below it was necessary to pre­
pare some new urethans.

3-Methyl-3-pentanol was prepared from ethylmagnesium 
bromide and 2-butanone. The «-naphthyl urethan was 
prepared by heating 1 g. of the alcohol with 1.7 g. of «- 
naphthyl isocyanate for three hours. It melted at 83.5°.

A n a l. Calcd. for Ci7H2i0 2N: N, 5.17. Found: N, 
5.05, 4.85.

The phenylurethan, similarly prepared, melted at 43.5°.
A n a l. Calcd. for C13H19O2N : N, 6.33. Found: N, 

6.37, 6.32.
3-Methyl-2-pentanol was prepared from s-butylmagne- 

sium bromide and acetaldehyde by an adaptation of the 
method for 3-methyl-2-butanol.25

The «-naphthylurethan melted at 72°.
A na l. Calcd. for Ci7H2i0 2N: N, 5.17. Found: N,

5.21, 4.98.
3-Methyl-2-butanol was prepared according to the direc­

tions of Drake and Cooke. 25 The «-naphthylurethan 
melted at 108-109°.

A n a l. Calcd. for Ci6Hiö0 2N: N, 5.45. Found: N,
5.39, 5.24.

The phenylurethan melted at 6 8 °.
A n a l. Calcd. for Ci2Hi70 2N: N, 6.76. Found: N,

6.67, 6.87.
These derivatives and the «-naphthylurethan of 2- 

methyl-2-pentanol, described by Neuberg and Kansky,26 

were used in mixed melting point determinations with 
urethans prepared from the products of the experiments 
described below.

The Reaction of 3-Bromo-2-butanol with Ethylmagne­
sium Bromide.—The bromohydrin (0.65 mole), prepared 
from the oxide and hydrobromic acid, was added drop by 
drop to 480 cc. of an ice-cooled ether solution containing
1.3 moles of ethylmagnesium bromide. A precipitate

(23) Thayer, Marvel and Hiers, O r g a n ic  S y n t h e s e s , 6,12-14 (1926).
(24) Fourneau and Puyal, B u i l .  s o c .  c h i m . ,  [4] 31, 427 (1922); 

Likhosherstov and Alekseev, C . A . ,  28, 3054 (1934).
(25) Drake and Cooke, O r g a n ic  S y n t h e s e s , 12, 48-50 (1932).
(26) Neuberg and Kansky, B io c h e m . Z \ ,  20 , 448 (1909).

gradually formed which filled half of the solution. S0011 

after removal of the ice-bath the reaction mixture refluxed 
violently for an hour. After standing overnight it was 
hydrolyzed, the ether extract dried over sodium sulfate 
and the ether removed on the water-bath. The residue 
was treated with 30% sodium hydroxide in order to re­
move unchanged bromohydrin. After extracting with 
ether and drying over potassium carbonate distillation was 
made through a 6-bulb Snyder column.

A portion of a 1.0-g. fraction boiling at 65-78° gave a 
semicarbazone which melted at 138-139°. A mixed 
melting point with an authentic semicarbazone of 2-buta­
none did not vary.

The fraction distilling at 121-122° weighed 17.4 g. which 
corresponds to a 26% yield of alcohol. It was identified as
2- methyl-2-pentanol. The 122-131° fraction weighed 0.9 
g. and the material boiling from 131-136°, 0.6 g. The lat­
ter gave an «-naphthylurethan melting at 81.5°. A mix­
ture with the «-naphthylurethan of 3-methyl-3-pentanol 
melted at 82.5°. When a mixture of equal quantities of
3- methyl-3-pentanol and 3-methyl-2-pentanol was reacted 
with «-naphthyl isocyanate no derivative melting above 
52° could be obtained.

A residue of 1.0 cc. was investigated and is reported 
below.

The Reaction of 2,3-Epoxybutane with Magnesium 
Bromide.—One mole of oxide was added drop by drop to 1 
mole of magnesium bromide, prepared in 300 cc. of ether 
by the method of Zelinsky27 and diluted with 300 cc. of 
benzene. The original object of this experiment was the 
preparation of 3-bromo-2-butanol but cooling was ineffi­
ciënt and the hydrolysis product consisted of 16 g. of un- 
investigated liquid which did not volatilize on the steam - 
bath. 2-Butanone was extracted from the ether and ben­
zene distillate with sodium bisulfite and identified by the 
melting point of its semicarbazone and a mixed melting 
point determination. The oxide dissolved in ether and 
benzene did not give a precipitate with sodium bisulfite.

The Reaction of 2,3-Epoxybutane with Diethylmagne­
sium and Dimethylmagnesium.—The oxide was added 
drop by drop to the dialkylmagnesium in ether in an atmos­
phere of tank nitrogen using ordinary Grignard technique.

To 0.105 mole of dimethylmagnesium, prepared accord­
ing to the method of Gilman and Schulze,28 in 200 cc. of 
ether was added 0.20 mole of oxide. After addition of the 
oxide the reaction mixture was refluxed for a short time. 
A crude yield of 6.1 g. or 35% of the theoretical of alcohol 
identified as 3-methyl-2-butanol was obtained.

Diethylmagnesium, in 1 liter of ether (0.62 mole), was 
prepared from ethylmagnesium bromide by filtering off the 
dioxane precipitate. The oxide (0.62 mole) was added and 
the solution concentrated by distillation to 200 cc. of clear 
solution. On hydrolysis it gave a 50 g. or 79% yield of 
alcohol, b. p. 132-34°. In a similar experiment in which 
part of the alcohol was dehydrated during distillation, the 
alcohol was identified as 3-methyl-2-pentanol.

The Reaction of 2,3-Epoxybutane with the Grignard 
Reagents.—In each of the four experiments reported in 
Table I the ratio of Grignard reagent to solution was ap­
proximately 1 mole to 300 cc. The amount of the reagent

(27) Zelinsky, C h e m . Z e n t r . ,  74, II, 277 (1903).
(28) Gilman and Schulze, T h is  J o u rn al , 49, 2329 (1927).



Nov., 1936 Reaction of 2,3-Epoxybutane with the Grignard Reagent 2271

was determined by the titration method of Gilman and co- 
workers.29 The oxide was added drop by drop to the re­
agent cooled in ice and the mixture allowed to come to 
room temperature. On warming up to room temperature 
a reaction set in which refluxed the ether violently for about 
an hour in each case. With the exception of the methyl­
magnesium bromide experiment, which stood overnight, 
the reaction mixtures were hydrolyzed at the end of this 
spontaneous reaction and worked up as described under the
3-bromo-2-butanol experiment.

The results were obtained with the following quantities 
of oxide and Grignard reagent: no. 1, 0.68 mole; no. 2, 
0.30 mole; no. 3, 0.86 mole; no. 4,1.0 mole. The yields of 
tertiary alcohol in expts. 2 and 3 were calculated on the 
basis of the product boiling at 121-122°. In expt. 2, the 
secondary alcohol boiled at 132-140°. The yields of second** 
ary and tertiary alcohol in expts. 1 and 4 were determined 
from the refractive indices of the alcohol mixtures which 
were previously separated by distillation from low and 
high boiling substances. These mixtures then were frac­
tionated until sufficiënt quantities of pure alcohols were 
obtained for the formation of a sharp melting «-naphthyl 
or phenylurethan. These derivatives were identified 
further by mixed melting point determinations with au­
thentic samples. Experiment 3 produced 1 g. boiling at 
131-140°, which gave an «-naphthylurethan melting at 
56-66° after many recrystallizations. The experience 
with this material was similar to that recorded in the 3- 
bromo-2-butanol experiment for synthetic mixtures of the 
two possible alcohols. Experiment 3 also produced a resi­
due of 4 g., the investigation of which is reported below.

The Reaction of 2,3-Epoxybutane with a Dioxane Pre­
cipitate from Ethylmagnesium Bromide.—The dioxane pre­
cipitate from a diethylmagnesium preparation by calcula­
tion contained 0.80 mole of active ethylmagnesium bro­
mide. Enough ether was added to facilitate stirring and 
0.80 mole of oxide added. At the end of nine to ten hours 
of refluxing the reaction mixture gave a negative Gilman 
and Schulze30 test for R-Mg bond. The hydrolysis prod­
uct was treated in the same manner as that in the 3-bromo-
2-butanol experiment. Fractionation showed 0.6 g. boiling 
at 110-120°, 0.3 g. at 120-125°, 1.6 g. at 125-130° and 7.6 
g. at 130-135°. The first two and last fractions gave 
sharp-melting «-naphthylurethans of 3-methyl-2-pentanol. 
The yield of alcohol based on the fractions boiling from 
125-135° was 11% of the theoretical.

The Reaction of 2-Butanone with Diethylmagnesium.— 
2-Butanone (0.46 mole) was added to 0.195 mole of di­
ethylmagnesium in 300 cc. of ether. The reaction mixture 
set to a gelatinous mass after standing overnight. At this 
time it gave a positive Gilman and Schulze color test. It 
was hydrolyzed and treated in the usual manner and 7.9 
g. or a yield of 8% of 3-methyl-3-pentanol, b. p. 118-124°, 
and some unreacted ketone were obtained. There also 
was obtained 10.1 g. of some higher boiling material the 
investigation of which is reported below.

Examination of the Residues.—The major portion of the 
residues collected from the 3-bromo-2-butanol, ethylmag­
nesium iodide and diethylmagnesium experiments distilled 
at 155-165°. All three of these small fractions gave a test

(29) Gilman, Wilkinsno, Fishel, and Meyers T h is  J o ur n a l , 45, 
156 (1923).

(30) Gilman and Schulze, i b i d . ,  47, 2002 (1925).

for unsaturation with potassium permanganate, evolved 
hydrogen bromide when treated with bromine in carbon 
tetrachloride and gave a small yield of crystals when treated 
with an excess of semicarbazide solution. After thorough 
washing with water, alcohol and chloroform, in all of which 
they were quite insoluble, they melted with decomposition 
at 250.5-251.5°, corr. The melting point varied with the 
rate of heating.

2-Butanone was treated with ethoxymagnesium bro­
mide and the product, h. p. 170-173°, gave a good yield of 
crystals with semicarbazide solution which melted at the 
same temperature. This appears to be a new derivative 
of a 2 -butanone condensation product. 31

A n a l. Calcd. for C9H17N 3O: N, 22.95. Found: N, 
22.79, 22.76.

Mixtures of the latter with the crystals from the three 
residues mentioned above did not cause a change in melt­
ing point behavior.

Summary
1. The reaction of 3-bromo-2-butanol with 

ethylmagnesium bromide produced only the ter­
tiary alcohol.

2. In complete agreement with the prediction 
of Berry and Bartlett, secondary alcohols were 
obtained from the reaction of 2,3-epoxybutane 
with diethylmagnesium and dimethylmagnesium.

3. The reaction of 2,3-epoxybutane with ethyl­
magnesium chloride and bromide and methyl­
magnesium bromide produced both secondary and 
tertiary alcohols. Henry obtained only the ter­
tiary alcohol in the latter case.

4. The formation of tertiary alcohols in the 
Grignard reactions is interpreted as the result of a 
rearrangement of the halohydrin derivatives, i. e.> 
the Blaise intermediate, formed from the reaction 
of the magnesium halide bond with the oxide.

5. 2,3-Epoxybutane and magnesium bromide 
in ether and benzene solution produced 2-buta- 
none. The same ketone was isolated in the reac­
tion of 3-bromo-2-butanol with ethylmagnesium 
bromide.

6. 3-Bromo-2-butanol and 2,3-epoxybutane 
gave appreciable yields of alcohols when treated 
with Grignard reagents without the application of 
heat.

7. The reaction of 2,3 -epoxybutane with ethyl­
magnesium iodide, of 2-butanone with diethyl­
magnesium and of 3-bromo‘-2-butanol with ethyl­
magnesium bromide produced, in addition to 3- 
methyl-3-pentanol, condensation products of 2- 
butanone.

(31) Colonge, B u i l .  s o c . c h im . ,  [4] 49, 432 (1931). This paper 
summarizes the data on semicarbazones of the octenones from 2- 
butanone. All of the semicarbazones listed melt below the melting 
point of our derivativ®*
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8. 3-Methyl-2-pentanol was the only alcohol 
obtained from the reaction of 2,3-epoxybutane 
with a dioxane precipitate from ethylmagnesium 
bromide.

9. Some new urethans of 3-methyl-2-pentanol,
3-methyl-3-pentanol and 3-methyl-2-butanol were 
described.
New Brunswick, N. J. Received A u g u st  25, 1936

[C o n t r ib u t io n  fr o m  t h e  B a k e r  L aboratory  of Ch e m ist r y  a t  Co r n e ll  U n iv e r sit y ]

The Isolation of 1,2-Diketones from the Ozonization of Disubstituted Acetylenes

B y  T homas L. Jacobs

In a recent paper, Hurd and Christ1 have dis­
cussed the course of the ozonization of acetylenes. 
They formulate the reaction as proceeding 
through a 1,2-diketone which is assumed to be 
oxidized by the hydrogen peroxide produced from 
the decomposition of the ozonide. From the six 
acetylenes ozonized, they isolated only acids in 
yields of 42-61%. The isolation of glyoxal in 
81% yield from the ozonization of acetylene2 is 
the only instance in which a 1,2-dicarbonyl com­
pound actually has been obtained.

I have ozonized diphenylacetylene and benzyl- 
phenylacetylene3 under carefully controlled condi­
tions, and have isolated benzil and benzylphenyl 
diketone. At —78° the action of ozone on di­
phenylacetylene produced an unstable ozonide 
which decomposed to a black tar shortly after the 
solvent was removed. When the ozonization was 
carried out in petroleum ether at 5-15°, the prod­
uct was a yellow oil which on hydrolysis gave ben­
zoic acid in 65% and benzil in 5% yield. The 
unstable ozonide apparently produced the same 
yellow oil as an intermediate when treated 
with water. When benzylphenylacetylene ozo­
nide, prepared at —30 to —40°, was decomposed 
with water, the sole products were a mixture of 
acids and tar. From the acid mixture were iso­
lated benzoic acid in 60% and phenylacetic acid 
in 10% of the theoretical yield.

O s
C6H6C===CCH2C6H5 — >  CeHsCOOH +  C6H5CH2COOH 

H20

When the product of ozonization was decomposed 
with neutral potassium iodide solution, benzyl­
phenyl diketone was isolated in 25% yield. In 
addition, a small amount of acidic material and

(1) Hurd and Christ, J .  Ö r g . C h e m .,  1, 141 (1936).
(2) Briner and Wunenburger, H e lv .  C h im .  A c t a ,  12, 786 (1929).
(3) The synthesis, properties and reactions of this eompound and 

related acetylenes will be described in a paper by Johnson, Schwartz 
and Jacobs. See also Sehwartz, CorneH Thesis* 1931; Jacobs, Cor- 
jM J Thesis* 1935;.

much tar were obtained. One attempt was also 
made to decompose the ozonide by distillation 
under reduced pressure. A mixture of acid and 
neutral material resulted, from which a low yield 
of a mixture of acids was obtained. The neutral 
portion was accidentally lost.

Ozone was never absorbed completely by any 
of the acetylenes investigated. The rate of ab­
sorption was nearly constant until one mole of 
ozone had been taken up for each mole of acetyl­
ene treated, and then began to fall off rapidly. 
In one experiment in which the ozonization was 
continued beyond this point, the initial absorption 
was 83% and dropped to 25%, but decreased only 
slowly from this point. The residual absorption 
probably represents attack of the benzene rings.

The isolation of 1,2-diketones does not prove 
that such compounds are always intermediates 
in the production of acids by the ozonization of 
acetylenes, but the brilliant yellow color of the 
oil which appears during the preparation or de­
composition of the ozonides does suggest that this 
is the case. In this connection it should be noted 
that benzil is not attacked by ozone under the 
conditions of the experiments. The detailed 
mechanism postulated for the reaction by Hurd 
and Christ1 assumes the formation of only mono­
molecular species, and this appears subject to 
some question. The amorphous character of the 
unstable product of ozonization at low tempera­
tures indicates that it is probably polymeric.

An extension of the investigation has been tem- 
porarily interrupted, and a report of experiments 
already completed is made at this time in consid- 
eration of the publication of Hurd and Christ.1

Experimental
An ozonizer of the Henne4 type yielding 6.5 to 8% of 

ozone when oxygen was supplied at 18 to 14 liters per hour 
was used. Ozone concentrations were determined by the

(4) H enne, T h is  J o u r n a l , 51, 2676 (1929).
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potassium iodide method of Smith.5 The amount of ozone 
used was easily found by successive determinations on the 
oxygen stream first as it came from the ozonizer and second 
after it had passed through the solution of the acetylene. 
Dry oxygen was used. In experiments below 0°, the 
stream of ozonized oxygen was passed through a glass coil 
immersed in solid carbon dioxide-acetone before entering 
the reaction flask.

The Ozonization of Diphenylacetylene
Diphenylacetylene was prepared from benzil by the 

method of Schlenk, Bergmann and Rodloff6 or by the ac­
tion of alcoholic potassium hydroxide on stilbene dibro­
mide.

The Isolation of Benzil.—A solution of 35.6 g. (0.2 mole) 
of diphenylacetylene in 350 cc. of purified petroleum ether 
was ozonized at 5-15 °. The solvent was attacked almost 
as rapidly as the eompound, but impurities thus introduced 
were volatile with steam. The ozonized solution, which 
contained a heavy, yellow, insoluble oil, was steam dis­
tilled, and the residue extracted with hot water. The oil 
remaining was dissolved in ether and extracted with 2% 
sodium hydroxide. The total benzoic acid obtained was
31.9 g. (65.5% yield). The ether solution gave 8.4 g. of 
neutral material from which 2.3 g. (5.5% yield) of benzil 
was obtained, m. p. 94-95°, mixed m. p. the same. The 
quinoxaline derivative was prepared, m. p. and mixed 
m. p. 124.5-125°. The residual neutral material was a 
mixture from which a very little more benzil was obtained 
by distillation.

Ozonization at —78°.—A solution of 5.2 g. of diphenyl­
acetylene in 100 g. of methyl chloride was ozonized at 
—78°. The resulting mixture was opaque, and contained 
an amorphous white precipitate. The solvent was allowed 
to evaporate and the product was a pasty, yellowish, almost 
odorless mass, which after remaining at room temperature 
for about fifteen minutes decomposed suddenly with a con­
siderable heat effect and the evolution of acrid white 
fumes. Benzoic acid was isolated in poor yield from the 
black tar remaining. The unstable ozonide was found to 
ignite with a puff and much liberation of carbon when 
heated on a platinum foil; it liberated iodine from neutral 
potassium iodide solution, reacted violently with concen­
trated sulfuric acid, and on heating in water was converted 
into a brilliant yellow oil, apparently the same as that ob­
tained directly by ozonization at the higher temperature.

The Ozonization of Benzylphenylacetylene
All experiments with this eompound were carried out in 

purified ethyl chloride at — 30 to —40°.
Decomposition of the Ozonide with Potassium Iodide.— 

By ozonization of 5 g. (0.027 mole) of benzylphenylacetyl­
ene and evaporation of the solvent was obtained 5 cc. of a 
yellow oil containing considerable solid material. This

(5) Smith, T h is  J o u r n a l , 47, 1844 (1925).
(6) Schlenk, Bergmann and Rodloff, A n n . ,  463, 76 (1928).

product was decomposed by standing for fifteen hours with 
dilute, slightly acid potassium iodide solution; titration 
with thiosulfate (19.2 cc. of 0.4177 N  required) gave the 
iodine liberated as 0.004 mole, equivalent to about one- 
seventh of the acetylene taken. The solution was ex­
tracted with ether and this extract washed with water and 
10% sodium carbonate solution and dried over anhydrous 
potassium carbonate. Distillation gave 1.5 g. of a yellow 
oil, b. p. 161° (4 mm.). The product gave a quinoxaline 
derivative, m. p. 97-98°. Kohier and Barnes7 report the 
boiling point of benzylphenyl diketone as 175° (8 mm.), 
and the melting point of the quinoxaline derivative as 
97-98°. A mixed melting point of the quinoxaline deriva­
tive with that prepared by Kohier and Barnes showed no 
depression.

Decomposition of the Ozonide with Water.—The mate­
rial from the ozonization of 19.2 g. (0.1 mole) of benzyl­
phenylacetylene was extracted several times with hot 
water. Impure benzoic acid resulted on cooling and the 
acid was purified by crystallization from water. All 
aqueous residues were then extracted with ether in a con­
tinuous extractor for two hours. A total of 3.13 g. of 
mixed acids resulted; in order to effect a Separation, the 
mixture was esterified in ether with diazomethane, and the 
mixture of esters distilled through a smaU, simplified Pod- 
bielniak-type column8 * (35 cm. long, 3 mm. internal diame­
ter, containing a spiral of No. 28 platinum wire). This 
gave 0.94 g. of methyl benzoate, b. p. 72-73 ° (8 mm.), and 
1.57 g. of methyl phenylacetate, b. p. 90-90.5° (8 mm.). 
Known methyl phenylacetate distilled through the same 
column at 89-90° (7.5 mm.). The recovery of pure, sepa­
rated esters from the mixture of acids was 90%. The 
methyl phenylacetate from the ozonization had a refrac­
tive index of w16d  1.5102, compared with n u d  1.5100 for the 
sample prepared by Standard methods (lit., w16d 1.5091). 
Both of these samples were converted to phenylacetamide 
by reaction with concentrated ammonium hydroxide. 
The melting point and mixed melting point was 159-160°. 
The total benzoic acid (including methyl benzoate) iso­
lated from this ozonization was 7.3 g. (0.06 mole), a yield 
of 60%, assuming complete conversion of the acetylene to 
one mole of each acid. The phenylacetic acid recovered 
amounted to 0.01 mole (10% yield). The oily residue 
from the water extraction was not further examined.

Summary
From the decomposition of the products of 

ozonization of diphenylacetylene and benzyl­
phenylacetylene, the corresponding 1,2-diketones 
have been isolated, as well as the expected acids. 
H a r v a r d  C h em ic a l  L abor ato r y
C a m b r id g e , M a s s . R e c e iv e d  A u g u st  18, 1936

(7) K oh ier an d  Barnes, T h is  J o u r n a l , 56, 211 (1934).
(8) Podbielniak, I n d .  E n g .  C h e m .,  A n a L  E d . ,  3, 177 (1931 ); 5,

119 (1933).
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Investigations on the Stereoisomerism of Unsaturated Compounds. II. The Com­
position of Dipropenyl Glycol1

B y  W illiam  G. Y oung, L eo Levanas and  Ze n e  J asaitis

In continuing the study of methods of synthe­
sis of pure isomers of the aliphatic polyene hydro­
carbons of known configuration2 it was important 
to know the composition of dipropenyl glycol. 
Since Kuhn and Rebel3 reported that only one of 
the expected isomeric glycols was formed during 
the pinacolic reduction of aldehydes, we would 
expect that the reduction of /rtms-crotonaldehyde 
would produce only dly trans-trans-dipropenyl 
glycol. However, if this were the case it would 
be difficult to explain the formation of two tetra- 
bromides4 or of two dimethylhexatrienes5 from 
dipropenyl glycol. Since Kuhn and Rebel’s 
method of oxidizing the dipropenyl glycol to 
racemic tartaric acid (by several steps) resulted 
in poor yields, they were not justified in conclud- 
ing that only one stereoisomeric form was present 
in the original glycol. Accordingly, we reinves- 
tigated the composition of dipropenyl glycol pre­
pared by the pinacolic reduction of crotonaldehyde 
and reported6 the formation and isolation of both 
meso and ^/-dipropyl glycols from the catalytic 
reduction of dipropenyl glycol. The reactions in­
volved were as follows

H H H Zn-Cu
HC—C =C —C = 0 ----------- >

H H HAc
/raws-crotonaldehyde

H H H H H H H2
HC—C =C —C—C—C =C —CH ---->

H H OH OH H H Pt
meso and ^/-dipropenyl glycol

H H H H H H H H  
HC—C—C—C—C—C—C—CH 

H H H OHOHH H H 
meso and dZ-dipropyl glycol

Contrary to the opinion expressed by Kuhn and 
Rebel,3 several other investigators have clearly 
demonstrated that both meso and dl forms are

(1) This work was started in 1930 by the senior author during the 
tenure of a National Research Council Fellowship at Stanford Uni­
versity. The authors are indebted to Colorado College for the use 
of library and Stenographie facilities during the preparation of this 
manuscript.

(2) Young, T h is  J o u r n a l , 54, 2498 (1932).
(3) Kuhn and Rebel, B e r . ,  60B, 1565 (1927).
(4) Charon, A n n .  c h im .  p h y s . ,  [7] 17, 260 (1899).
(5) Urion, C o m p t .  r e n d . ,  196, 353 (1933); A n n .  c h im . ,  [11] 1, 5 

(1934).
(6) A preliminary report of this work was presented before the 

Organic Division at the Denver meeting of the American Chemical 
Seeisfcy, August, 1932.

produced by the pinacolic reduction of aldehydes. 
The duality of divinyl glycol has been established 
by Separation into the meso and dl forms,7 by hy­
drogenation to meso and dl-diethyl glycols8 and by 
conversion into c/Z-mannitol9 and allodulcitol.10 
The duality of dipropenyl glycol has also been con- 
clusively established since our oral report6 was 
made. Wiemann11 treated the glycol with phenyl 
isocyanate and isolated a solid phenylurethan 
from which he recovered on hydrolysis meso-di­
propenyl glycol, m. p. 48°. By catalytic reduc­
tion12 of his dipropenyl glycol he obtained both 
the solid meso- and the liquid ^/-dipropyl glycols 
which had been prepared from butyroin by Bou- 
veault and Locquin13 and identified by Veibel.14

Although the above-mentioned workers have 
established the fact that the pinacolic reduction 
of aldehydes gives both meso- and (ZZ-glycols, they 
have not answered the important question which 
originally prompted the work on this subject. 
Kuhn and Rebel3 had suggested that, from purely 
geometrical grounds, in such reactions there 
should be formed 25% each of the d- and l- and 
50% of the meso-g\ycoL It is the purpose of this 
paper to show that in the case of the pinacolic 
reduction of crotonaldehyde, at least, the meso- 
and ^/-glycols actually are formed in equal quan-

T a b l e  I

M eltin g  P o in t s  of  Bi-3,5-dinitrobenzoates from  
Known M ixtures o f  D ipr o py l  G lycols

% m e s o -  
dipropyl glycol

M. p., °C. of
dinitrobenzoate

0 125 -125.3
3 124.3-126.5
5 124.8-131
7 124.1-135

10 124.2-143
50 123.7-182

100 200.3-200.4
Eutectic 124 -128
Original mixture 123 -181

(7) Van Romberg and Van Hasselt, P r o c .  A c a d .  S e i .  A m s te r d a m ,  
35, 40 (1932).

(8) Farmer, Laroia, Swift and Thorpe, J .  C h e m . S o c . ,  2937 (1927).
(9) Lespieau and Wiemann, C o m p t .  r e n d . ,  194, 1946 (1932).
(10) Lespieau and Wiemann, i b i d . ,  195, 886 (1932).
(11) Wiemann, i b i d . ,  197, 1654 (1933).
(12) Wiemann, i b i d . ,  196, 118 (1933).
(13) Bouveault and Locquin, i b i d . ,  140, 1699 (1905).
(14) Veibel, B io c h e m .  Z . t 339, 456 (1931).
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tities. This has been accomplished by determin­
ing the phase relationships existing between the 
meso- and (ZZ-dipropyl glycols (Fig. 1) prepared 
from the dipropenyl glycol and by comparing 
the melting points of the bi-3,5-dinitrobenzoates 
prepared from the pure meso- and ^/-dipropyl gly­
cols and from various mixtures of these glycols 
(Table I). In this work the dZ-dipropyl glycol, 
m. p. 28°, was obtained in a pure form for the 
first time.

Experimental Part
The Preparation of Dipropenyl Glycol.—Several kilo- 

gräms of dipropenyl glycol were prepared by the reduction 
of 200-g. portions of /raws-crotonaldehyde2 in a dilute 
solution of acetic acid according to Charon’s method.4 
Special care was exercised to prepare an active zinc-copper 
couple15 16 and to keep the temperature of the reaction mix­
ture between — 5 and —10° during the reduction. After 
the reaction mixture was filtered to remove the zinc- 
copper residue, it was extracted 7-8 times with 250-ml. 
portions of ether to assure the removal of the constituents 
which absorb bromine. It was also advantageous to neu- 
tralize the ether extract with potassium carbonate before 
removing the solvent. A fractional distillation of the 
product through a 90-cm. Claisen-head column filled with 
glass rings and equipped with a Hopkins condenser gave 
the two main fractions; crotyl alcohol, b. p. 117-120° 
(15% of theoretical), and dipropenyl glycol b. p. (9 mm.)
113.4-114.4° (67%). These yields are similar to those re­
ported by Charon4 but contrary to those reported by Kuhn 
and Rebel.3

Fractional Distillation of Dipropenyl Glycol.—Several 
distillations of dipropenyl glycol, b. p. (9 mm.) 113.4- 
114.4°, d 204 0.9744, through the fractionating column 
described above, failed to produce any evidence of Separa­
tion into meso- and (//-isomers. The failure to separate the 
isomers by distillation is not surprising, since Van Rom­
berg and Van Hasselt7 have shown that in the case of the 
closely related meso- and d l-divinyl glycols the isomers pos­
sess the same boiling point.

Catalytic Hydrogenation of Dipropenyl Glycol and the 
Isolation of meso- and (//-Dipropyl Glycols.—Freshly dis­
tilled dipropenyl glycol (72 g.) was reduced with the aid 
of a platinum catalyst16 in 200 ml. of 95% ethanol. The 
solvent was removed through a Hempel column and the 
mushy residue, m. p. 20-90 °, was filtered. The solid por­
tion after recrystallization from petroleum ether was found 
to be meso-óipropyl glycol, m .p. 123.5-124.5°.

A na l. Calcd. for C8Hi80 2: C, 65.69; H, 12.42. Found: 
C, 65.67; H, 12.41.

(15) The zinc-copper couple was prepared by the method of Glad- 
stone and Tribe, J .  C h e m . S o c . , 31, 561 (1877), except that the copper 
sulfate solution was added to 80-mesh zinc in smaller portions and 
the reaction mixture was allowed to become decolorized completely 
before another portion was added. Although the yields of glycol 
decreased 10-15% if the sulfate solution were added in too large 
portions, nevertheless, we never obtained yields as low as those re­
ported by Kuhn and Rebel.3

(16) Adams, Voorhees and Shriner, “Organic Syntheses,” John 
Wiley and Sons, Inc., New York City, Vol. VIII, 1928, p. 92.

Mole per cent. of meso-dipropyl glycol.
Fig. 1.—The melting point diagram of the system 

meso-dl-dipropyl glycols.

The filtrate was then fractionally distilled several times 
through the column described above. A fraction (1), 
b. p. (9.5 mm.) 110-111 °, was obtained which was thought 
to be the pure (//-isomer. When a cooling curve was made 
the liquid supercooled easily due to its high viscosity but 
when seeded it solidified at 20.0-20.5°. The temperature 
remained constant for several hours when the bath tem­
perature was held slightly above or below 20°, the only 
difference being in the quantity of crystals present in the 
mixture. However, when some of this fraction was con­
verted into the bi-3,5-dinitrobenzoate, the product melted 
over a range indicating that the glycol fraction might not 
be a pure product, as suggested by the melting point. 
Consequently, a cooling curve was made using another 
fraction (3) which had some solid meso-glycol present even 
at 43°. As the mixture was cooled the quantity of solid 
increased until the temperature reached 15°. At this 
point a sudden evolution of heat occurred, the temperature 
rose to 20.0-20.5°, and the mixture solidified completely. 
The most likely explanation of this result is that 20.0- 
20.5° is the eutectic temperature for the system dl- and 
raeso-dipropyl glycol. The (//-component failed to form 
when the eutectic temperature was reached, causing a 
metastable condition to exist, but as soon as some of the 
(//-component was formed an equilibrium was established 
immediately at the eutectic temperature. Fraction 1 
was therefore subjected to several more fractional distilla­
tions until the main fraction had the same melting point 
after two consecutive distillations. This fraction was 
(//-dipropyl glycol, b. p. (9 mm.) 109.8-110°, m. p. 28°.

A n a l. Calcd. for CsHi802: C, 65.67; H, 12.42. Found: 
C, 65.59; H, 12.43; w24-5d 1.4419.

In a series of experiments the yield of meso-g\yo.o\ was 
approximately 95% of that expected if the dipropenyl gly­
col contained equal quantities of meso- and (//-forms. The
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yield of (//-isomer was about 10% lower than the meso- 
form due to unavoidable losses during the many fractiona- 
tions.

Analysis of Mixtures of the Dipropyl Glycols by Conver­
sion into 3,5-Dinitrobenzoates.—In order to follow the de­
gree of Separation of the dipropyl glycols during the frac­
tional distillation of large batches of material, it was de­
sirable to have a convenient method of analysis. The 
preparation of the bi-3,5-dinitrobenzoates proved satis- 
factory for this purpose. It was found that 3,5-dinitro­
benzoic acid, its acid chloride and the mono-ester of the 
glycols were all fairly soluble in a mixture of alcohol and 
nitrobenzene, while the di-esters of both glycols were in- 
soluble. It was therefore possible to recrystallize the di- 
esters made from glycol mixtures without changing their 
composition. The crude esters were prepared from 0.3 
g. of the glycol, 6 ml. of dry pyridine, and 1.2 g. of 3,5-di­
nitrobenzoyl chloride in the usual manner. The crude 
product thus obtained was dissolved in 4-5 ml. of warm 
nitrobenzene and then 40-50 ml. of alcohol was very 
slowly added to ensure the formation of crystals instead of 
oil. The product was finally filtered, washed with cold 
alcohol and dried in a vacuum desiccator; yield, 90-95% 
of theoretical based on the di-ester. . Bi-3,5-dinitrobenzo- 
ate from meso-6xpxopy\ glycol, m. p. 200.3-200.4°.

A n a l. Calcd. for C22H22Oi2N4: C, 49.42; H, 4.15; N, 
10.49; mol. wt., 530. Found: C, 49.40; H, 4.10; N, 
10.69; mol. wt., 540 (in nitrobenzene). Bi-3,5-dinitro 
benzoate from (//-dipropyl glycol, m .p. 125-125.3°. A na l. 
Found: C, 49.58; H, 4.21; N, 10.59; mol. wt. 538 (in ni­
trobenzene). The melting points of esters made from 
known mixtures and from the original mixture of dipropyl 
glycols are given in Table I. It will be seen that the eu­
tectic mixture contains about 4.5% mesó-glycol and the 
original mixture 50% meso-glycöl.

The Melting Point Diagram for the System meso-dl-Di­
propyl Glycol.—In view of the fact that distillation meth­
ods did not give a satisfaetory estimate of the composition 
of the dipropyl glycol mixture obtained from the catalytic 
reduction of dipropenyl glycol, it was necessary to con­
struct a melting point diagram for the system meso-dl- 
dipropyl glycol. The eutectic temperature for mixtures of 
meso and (//-dipropyl glycols was determined by the Beck­
mann method on ten different mixtures of glycols. The 
average value for these runs was 20.7 =*= 0.5°. Due to the

extreme viscosity of the glycol mixtures and since the 
Beckmann method is subject to more or less error,17 the 
remaining data were obtained by the melting point method. 
Known mixtures of dl- and meso-dipropyl glycols were 
sealed in small tubes which were heated slowly in a water- 
bath under constant agitation. The temperature at which 
the last partiele of solid disappeared was recorded as the 
melting point. The temperature of the bath was raised 
slowly (never faster than 1 ° in five to ten minutes) and all 
melting points were duplicated with at least two different 
tubes. In all mixtures richer in meso than the eutectic, 
the solid phase in equilibrium with the liquid was found to 
be the meso-isomer. The results are recorded in Fig. 1. 
The composition of the eutectic mixture was found to be 
about 5% meso- and 95% (//-dipropyl glycol. The compo­
sition of the crude glycol mixture obtained from the reduc­
tion of dipropenyl glycol proved to be 50% meso and 50% 
dl since the final melting point of this mixture was 90°. 
It may therefore be concluded that the pinacolic reduction 
of crotonaldehyde gives equal quantities of meso- and dl- 
dipropenyl glycol.

The authors are indebted to Mr. Harold Milner, 
of the Division of Plant Biology of the Carnegie 
Institution of Washington, for the micro-analysis 
of meso-dipropyl glycol and to Drs. G. Ross Rob­
ertson and J. B. Ramsey for their helpful sug- 
gestions.

Summary

Dipropenyl glycol obtained from the pinacolic 
reduction of crotonaldehyde has been found to 
contain equal quantities of the meso- and dl-gly- 
cols.

Pure dl-dipropyl glycol and the bi-3,5-dinitro- 
benzoates of both meso- and dl-dipropyl glycols 
have been prepared for the first time.

The melting point diagram of the system meso- 
dl-dipropyl glycol is given.
Los A n g e l e s , Ca l if . R e c e iv e d  J u l y  13, 1936

(17) Skau and Rowe, T h is  J o u r n a l , 57, 2437 (1935).
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[C o n t r ib u t io n  from  the  Chem ical  L aboratory  of  t h e  U n iv e r sit y  o f  I l l in o is]

Ammonium Salts from Bromopropylamines. VI. Salts of Polymeric Tertiary
Amines1

B y  John  Charles Cowan a nd  C. S. M arvel

Previous work in this Laboratory has shown 
that halogenated tertiary amines of the type Br- 
(CH2)mNR2 undergo self-condensation inter- 
molecularly or intramolecularly to give polymeric 
or cyclic quaternary ammonium salts, depending 
on the numerical value of n and the nature of the 
R group. The work described in this communi­
cation was undertaken in order to learn whether 
linear polymeric or cyclic tertiary amines would be 
obtained by a similar self-condensation of halo­
genated secondary amines.

It should be noted that halogenated secondary 
amines may be expected to give far more complex 
products than were obtained from related halo­
genated tertiary amines. For, whereas the latter 
give stable quaternary ammonium salts, the former 
give tertiary amine salts which may react further 
with unchanged bromoamine. On the basis of 
our earlier work, bromopropylalkylamines (I) 
would be expected to condense intermolecularly to 
give long-chain polymeric compounds (II), or 
with certain R groups to form monomeric cyclic 
salts (III) containing a four-membered ring. In

R"l+ R ]
Br(CH2)3N H R ---->  J Br (CH2)3N |-(CH2)3-N  ^»[Br]'

, l L H l  HJ
1 j -w H B r 11

r Rl r
Br|_(CH2)3—N j n—(CH2)3—NH 

IV
~*+ -H B r  / CH2\

B r - --------- >  CH2 >N—R

V

H

y

/ CHa\  
c h 2 \ n /

L \ c h /  X r .
III

the presence of an excess of the bromoalkylamine, 
these products might be expected to undergo 
double decomposition reactions to yield the hydro­
bromide salt of the simple bromoamine and the 
free polymeric (IV) or cyclic (V) tertiary amine, 
which then would react further with the bromo­
alkylamine to give quaternary ammonium salts 
of very complex type.

Our experiments have shown that when a free 
bromoalkylamine of type I in which R is methyl, 
ethyl, ^-propyl, ^-butyl or isobutyl is allowed to 
stand at room temperature in concentrated solu-

(1) For the fifth paper in this series, see T h is  J o u r n a l , 57, 1137 
(1935).

tion, the polymerization reaction occurs fairly 
smoothly, and is accompanied by few side re­
actions. However, in dilute solution, the products 
become very complex, due to the occurrence of 
secondary reactions, the exact nature of which 
has not as yet been elucidated. This observation 
is in accordance with the views which Salomon2 
has recently expressed in connection with rates of 
reactions of primary amines containing a haloalkyl 
group.

The polymers which are formed by the inter- 
molecular condensation reactions vary greatly in 
size, depending on the size of the R group. In 
Table I are given the calculated values for the 
number of monomeric units in and the molecular 
weights of the various polymeric tertiary amine 
salts which have been prepared. The values 
for the number of monomeric units (n  +  1) in 
the polymers were calculated from the formula 

n __ % ionic halogen 
n -H l % total halogen

Since in a few cases the percentage of total halogen 
which we found in a polymer was lower than the 
theoretical value, we have used the theoretical 
value for total halogen in our calculations. It 
seems probable that any loss of halogen must be 
from the alkyl halide end-group, and not from the 
ionic fraction of the halogen.

T a b l e  I

M o le c u l a r  W e ig h t s  of P olym eric  T e r t ia r y  A m in e  
S a lts

Br {[(CH2)3NRH ]n +( CH2)3N H R} n [Br ] ~

R * + 1
Approximate 

mol. wt.
CHs 71-100 10800-15200
c2h 6 22-23 3650-3820

w-C3H7 16-17 2880-3060
n - C4H 9 20-21 3900-4100
*-c4h 9 7-8 1350-1550

The polymeric salt from bromopropylmethyl- 
amine was treated with silver oxide to give the 
free base, which proved to be a viscous, semi- 
solid, hygroscopic material. In 0.1 N  solution, it 
gave a pH  of approximately 9.3, indicating that 
it is a tertiary amine, and that it does not contain 
quaternary ammonium groups.

(2) Salomon, H e lv .  C h im .  A c t a , 17, 851 (1934); T r a n s .  F a r a d a y  
S o c . , 32, 153 (1936).
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T a b l e  II

R =
Yield of 

amine, % °C.

CH3 6 0 .5 1 3 3 -1 3 8
C2H 5 6 6 1 4 7 -1 4 8

W-C3H 7 6 6 1 5 4 -1 5 5
W-C4H 9 5 6 .5 1 3 4 -1 3 5
•LC4H 9 7 9 .8 1 5 3 -1 5 6

7 -P h e n o x y pr o py la lk y la m in es

C6H 60C H 2CH2 CH2NHR

Mm. w2°D d*>A

23 1 .5 2 5 5 1 . 0 0 2

26 1 .5 1 2 7 0 .9 8 1
25 1 .5 0 9 8 .971

5 1 .5 0 6 0 .9 5 8
2 0 1 .5 0 3 8 .9 5 5

M. p. of 
hydrobromide, 

°C.
Br analyses, %  

Calcd. Found

150-151 17.60® 1 7 .6 5 °
1 5 4 -1 5 5 3 0 .7 7 3 0 .7 1
160-161 2 9 .2 0 2 9 .2 7
170-171 2 7 .7 8 2 7 .8 3
17 4 -1 7 5 2 7 .7 8 2 7 .6 5

a Chlorine in the hydrochloride was determined in this case. The hydrochloride melted at 155-156°.

The bromoalkylamines were prepared from 
phenoxypropylalkylamines by cleavage with hy­
drobromic acid by the general methods which 
have been described previously3 for related com­
pounds.

Experimental Part
7 -Phenoxypropylalkylamines.—The phenoxypropylam- 

ines were prepared by adding four times the theoretical 
amount of an alcoholic solution of the appropriate primary 
amine to 7 -phenoxypropyl bromide and allowing the solu­
tion to stand for about twenty-four hours until reaction 
was complete. The alcohol and excess amine were re­
moved by distillation from a steam-bath, and the residue 
was treated with a 25% aqueous solution of sodium hy­
droxide. The phenoxypropylamine was collected in 
ether, the ether removed and the amine distilled under re­
duced pressure. For analysis, the amines were converted 
to the hydrobromides, and ionic halogen was determined 
by direct titration with silver nitrate. The amines thus 
prepared are described in Table II.

7 -Bromopropylalkylamine Hydrobromides.—The 7 -
phenoxypropylamines were cleaved with hot 48% hydro­
bromic acid solution by the procedure used in previous 
work.3 The best results were obtained when these cleav­
age reactions were carried out in an oil-bath held at 137- 
142 °. The distillate was tested with bromine water from 
time to time, and when no phenol was distilling, the re­
action was complete. The reaction mixture was diluted 
with water and evaporated under reduced pressure. The 
residue was again dissolved in water and evaporated under 
reduced pressure to remove the excess hydrogen bromide. 
If the distillate at this point was not neutral to methyl 
orange, this process was repeated. The dry residue, free 
from excess hydrogen bromide, was dissolved in absolute 
alcohol (dried with magnesium methylate4) and treated 
with Norite until the filtered solution was pale amber or 
yellow. After removal of the Norite, a part of the alcohol 
was distilled off under reduced pressure and a large excess 
of dry ether was added to the remaining solution. In 
some cases, the bromoamine hydrobromides precipitated 
at once; in other cases, the salts came out on standing. 
For analysis the salts were recrystallized by taking up in 
alcohol and precipitating with ether until no change in 
melting point was observed on repeating the purification. 
Less highly purified salts were used for conversion into

(3) Littmann and Marvel, T h is  J o u r n a l , 52, 287 (1930).
(4) ‘‘Organic Syntheses,” Coil. Vol. I, John Wiley and Sons, New 

York, 1932, p. 244.

polymers. The properties of the bromoamine hydro­
bromides are listed in Table III.

T a b l e  III
7 -B rom o pr o py la lk y lam in e  H ydr o br o m id es 

[BrCH2CH2CH2NH2R ] +Br -
_ Analj-sis

R = p V 0 0

Ionic Bromine, % 
Calcd. Found

CHa 6 4 -6 6 3 4 .3 3 3 4 .2 5
c 2h 5 14 4 -1 4 6 3 2 .3 8 3 1 .7 7

»-C3H 7 2 2 5 -2 2 6 3 0 .6 5 3 0 .6 5
W-C4H 9 253-255® 2 9 .0 9 2 9 .1 5
t-C4H9 255-257® 2 9 .0 9 2 9 .5 9

® Bloc Maquenne.

Polymeric Tertiary Amine Salts.—Each of the free
7 -bromopropylalkylamines in which the alkyl group was 
methyl, ethyl and w-propyl, respectively, was obtained 
by treating the crude hydrobromide with 50% sodium 
hydroxide solution and then distilling the free bromo­
amine from the reaction mixture under reduced pressure. 
The amines thus obtained contained some water, and they 
were allowed to polymerize without drying. The n- 
butyl and isobutyl derivatives polymerized very rapidly 
at the temperatures at which they distilled. Hence, in 
these cases the free amines were obtained by treating the 
salts with 25% sodium hydroxide solution at about 0°, 
and then extracting the amine with ether. About 15 
cc. of 95% alcohol was added to the ether extract and then 
the solution was evaporated to 10-15 cc. Titration in­
dicated that this gave 1.5-2 molal Solutions of the bromo­
amine. On standing for two or three days, these bromo- 
amines polymerized.

All of the polymeric amine salts were colorless to light 
amber, sticky, hygroscopic solids. The experiments are 
summarized in Table IV.

In dilute solution the products of polymerization were 
complex, and the nature of the physical properties pre- 
cluded the possibility of crystallizing and separating the 
substances which were formed. A solution of 5 g. of 7 - 
bromopropylethylamine was treated with an excess of cold 
(0 °) 25% sodium hydroxide solution, and the free amine 
was taken up in ether and diluted to 145 cc. Titration 
with Standard acid showed that this ether solution was 0.14 
molar. This dilute solution was allowed to stand for three 
days at room temperature. Then the ether was removed 
and the residue dried over phosphorus pentoxide at 1 0 0 ° 
under reduced pressure. This crude mixture contained 
51.66% bromine, but the bromide ion was only 45.45%. 
When this product was taken up in absolute alcohol and
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T RT  R 1Brj (CH2)3N (CH2)3NH U [B r]~

R =

Amine
salt,
g.

B. p„
Bromoamine, 
°C. Mm.

Yield,
amine,

g-
M. p. of 

polymers, 
°C. Formula

Calcd.
total

Analyses

Total
CHS 10 29-30 4 2.5 205-210 dec. (C4H10NBr)„ 52.63 52.56
C2H5 10 31-32 2 7.0 195-199 (C6Hi2NBr)„ 48.19 47.00

«-C8H7 8 37-38 3 1 (CeHwNBr)» 44.44 43.31
W-C4H9 5.2 3.6 100-120 (CeHwNBr)* 41.23 41.33

6 .4 4.4 (C7H16NBr)„ 41.23 41.30

precipitated with dry ether, the total bromine remained 
approximately constant at 51.96%, but the bromide ion 
feil to 43.38%. Further attempts to purify the mixture 
did not lead to any definite product.

A sample of the free polymeric tertiary amine was pre­
pared from the polymeric salt obtained from 7 -bromopropyl- 
methylamine. The salt used in this experiment con­
tained 50.3% bromine, and 49.07% bromide ion. A solu­
tion of 5 g. of this salt in water was treated with an excess 
of silver oxide, and then the solution was filtered. The 
filtrate was again treated with silver oxide to ensure com­
plete removal of bromide ion. The mixture was centri­
fuged and the liquid filtered. The water was then re­
moved under reduced pressure at room temperature 
(about 25°). The residue was an amber-colored, viscous, 
sticky, hygroscopic solid. This material still contained 
bromine which would react slowly with alcoholic silver 
nitrate. The water solution of the free polymer was 
tested with thymolphthalein, and showed a p H  of about

1. Br %
Found

Ionic
51.89-52.10  
46.04 
41.74 
39.16 
35.23

9.3. This is slightly less basic than an aqueous solution 
of trimethylamine, showing that the polymer did not carry 
quaternary ammonium hydroxide groups. The polymeric 
amine could not be purified by reprecipitation, and the 
analysis was not especially significant.

A n a L  Calcd. for (C 4H 10N)*: N, 19.44. Found: N, 
15.98.

Summary

Y-Bromopropylalkylamines in concentrated 
solution react intermolecularly to produce poly­
meric tertiary amine salts. The molecular weight 
of the linear polymeric salt is dependent on the 
alkyl group attached to the nitrogen atom, being 
about 10,000-15,200 when R is methyl, and falling 
to about 1350-1550 when R is isobutyl.
U r b a n a , I l l in o is  R e c e iv e d  A u g u st  31, 1936

The Extraction of Europium from Monazite Residues and the Preparation of Pure
Europium Compounds

By H erbert  N. M cCoy

The method of Separation of europium from 
other rare earths by reduction with zinc and 
precipitation as europous sulfate has been de­
scribed in a preliminary note.1 An account of 
further studies of some of the properties of europ­
ous salts is given in a later paper.2

The extraction of europium has now been car­
ried out on a larger scale so that a more detailed 
description of the process of refinement can be 
given. In the earliest experiments, the starting 
material had been subjected to long-continued 
fractional crystallization as double magnesium 
nitrates in the presence of bismuth nitrate. It 
contained little besides Samarium, europium and 
gadolinium. For this material, reduction in a 
Jones reductor two or three times repeated suf- 
ficed to give a pure product.1

(1) McCoy, T h is  J o u r n a l , 57, 1756 (1935).
(2) McCoy, ibid., 58, 1577 (1936).

When, later, material less rich in europium 
was used, it was found that modification of the 
process gave better recoveries of the desired ele­
ment. Instead of running the rare earth solution 
through a reductor, it was found more expedient 
with low grade material to add zinc dust to the 
solution along with magnesium sulfate. It was 
also found that the addition of barium chloride 
as suggested by Selwood3 for use in the electrolytic 
Separation of europium was helpful in giving in­
creased yields. The subsequent purification of 
the enriched europium concentrates so obtained 
was carried out in a large reductor as will be de­
scribed later.

After europium had been extracted successfully 
from 12 to 15 lots of material varying in amounts 
from 20 g. to several kilograms and of varying 
degrees of richness, the Separation of the europium

(3) Selwood, i b i d . ,  57, 1145 (1935).
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content of 386 kg. of rare earth oxalate was under- 
taken. This material was accumulated during 
several years as the residue from the technical 
production of La, Ce, Pr and Nd from Monazite 
sand from Travancore, India. The large scale 
operations were carried out in the works of the 
Lindsay Light and Chemical Co., Chicago.4

As the rare earths had been precipitated once 
as double sodium sulfates, the material doubtless 
contained but little ytterbium and lutecium, the 
compounds of which are easily soluble in a solu­
tion of sodium sulfate. The material had been 
freed from all but tracés of cerium and thorium. 
Lanthanum, praseodymium and neodymium had 
been separated by systematic fractional crystal­
lization of the double magnesium nitrates. The 
final mother liquors were precipitated with oxalic 
acid.

The material consisted essentially of the oxalates 
of Nd, Sa, Eu, Gd, Tb, Dy, Ho, Y and Er, in which 
the salts of Sa and Gd predominated. The euro­
pium oxalate content amounted to about 0.5%. 
Small amounts of thorium and lead were also 
present. The material was in the form of a light 
buff powder.

The 386 kg. of oxalates were boiled in an iron tank, fitted 
with a stirrer, with 210 kg. of caustic potash and about 
1500 liters of water for about an hour, and filtered and 
washed in an iron suction filter. The hydroxides which 
resulted were dissolved in hydrochloric acid in a wooden 
tank to give 1070 liters of chloride solution of density 
1.20. The solution settled clear, leaving but a very 
small residue which was discarded. It was but slightly 
acid to congo paper.

The chloride solution was reduced in 140-liter portions in 
a 210-liter stoneware jar, fitted with a cover and stirred 
vigorously by a 0.25 h. p. motor with stainless steel shaft 
and propeller.

In making a reduction there was added to the 140 liters 
of solution, 4 kg. of magnesium sulfate, 0.5 liter of glacial 
acetic acid and 0.65 kg. of zinc dust. The reduction be­
gan at once as was shown by the bleaching of litmus paper. 
To minimize reoxidation by air, the latter was displaced 
by a stream of carbon dioxide run into the jar. During 
the reduction, which required about five hours, a solution 
of 1 kg. of barium chloride in 20 liters of water was run in 
slowly. The reaction was judged to be finished when 
litmus was no longer bleached. The stirring was then 
stopped and the solution allowed to settle. The residue 
consisted largely of excess zinc, barium sulfate and euro­
pium sulfate, together with considerable rare earths. 
Usually the solution did not settle clear and had to be fil­
tered. In such case the filter cake was returned to the

(4) In this plant work I enjoyed the helpful and efficiënt Coopera­
tion of Mr. Mark W. Eichelberger, secretary and superintendent of 
the Company, to whom I wish to express my wärmest thanks. Mr. 
Sterling Nails also assisted materially.

jar. The reduction and filtration required the working 
time of one day.

To the whole of the residue left in the jar was added 
140 liters of fresh rare-earth chloride solution, together 
with magnesium sulfate,. acetic acid and zinc dust in 
amounts the same as for the first reduction and the process 
continuously repeated until, after eight runs, the whole 
of the solution had been worked up.

The accumulated residue was finally filtered and washed. 
It was a dark colored mass of high density. The wet 
cake weighed about 30 kg. It was returned to the jar in 
which it had been made, and covered with 170 liters of 
water, 1 kg. of sodium chlorate dissolved in a little water 
was added, followed by 15 liters of concentrated hydro­
chloric acid. A vigorous reaction took place as the re­
maining zinc dust dissolved. At the same time part of 
the europous sulfate was oxidized and passed into solution. 
The residue was now pure white. The solution settled 
clear overnight. The clear solution was drawn off and 
the rare earths precipitated by adding oxalic acid.5

The barium sulfate residue still contained much euro­
pous sulfate which was extracted by repeated treatments 
with hydrochloric acid and sodium chlorate in hot dilute 
solution. For 140 liters of water 14 liters of concentrated 
hydrochloric acid and 0.5 kg. of sodium chlorate were 
used. Each solution after it had settled was drawn off 
and treated with oxalic acid. A total of five extractions 
was made and 9 kg. of oxalic acid was used, giving 16 kg. 
of moist white oxalates.6

The oxalates so obtained were converted into hydrox­
ides in a 175-liter glass-lined steam-jacketed kettle where 
they were boiled with 10 kg. of potassium hydroxide. 
The washed hydroxides after being dried weighed 7.2 kg. 
In all the large scale operations only technical grades 
of Chemicals and ordinary water were used.

The dry hydroxides were now shipped to the laboratory 
for further treatment. They were still quite impure. 
An analysis2 showed about 20% of the whole to be euro­
pium hydroxide. The remainder consisted of the same 
rare earths and other impurities as were contained in the 
original oxalates. The 7.2 kg. of hydroxides was dis­
solved in 7.5 liters of concentrated c. p . hydrochloric acid, 
diluted with water. The solution had a density of 1.27. 
It was filtered from a small residue. The chloride solution 
contained a small percentage of lead, which had to be re­
moved in order to avoid trouble in the next Operation. 
This was done by stirring with about 100 g. of amalga­
mated zinc. The europous salt first formed reacts with 
the lead chloride to give a black colloidal solution of 
metallic lead.

2EuC12 -F PbCl2 ----^  2EuC13 +  Pb
The latter coagulates slowly, but after two days it could be 
filtered clear by the aid of filter-cel. The filtered solution 
contained but a trace of lead.

The solution was now ready for reduction. The reduc­
tor consisted of a 1-liter percolator holding 3.5 kg. of

(5) Zinc can be precipitated as oxalate, but if the solution contains 
sufficiënt acid it does not come down nearly as readily as do rare- 
earth oxalates. By filtering promptly a Separation may be made.

(6) The difficulty in extracting the europium is due to the fact 
that europic sulfate is the least soluble of the rare-earth sulfates 
[Jackson and Reinacker, J .  C h e m . S o c . ,  1687 (1930)] and is much less 
soluble hot than cold. Hot water was used to facilitate oxidation.



Nov., 1936 Extraction and Purification of Europium from M onazite 2281

amalgamated, c. p ., 10-mesh zinc. The receiving vessel 
was a 4-liter wide-mouthed bottle. Into it was put a liter 
of a hot solution containing 400 g. of magnesium sulfate 
and 50 ml. of 6 N  sulfuric acid. The exit tube of the re­
ductor (with rubber tubing connector and screw clamp) 
reached nearly to the bottom of the receiving bottle. 
The bottle was closed with a cardboard cap having a hole 
for the tube. In this case no carbon dioxide or barium 
chloride was used.

It was found that a hot acidulated magnesium sulfate 
solution gave rise to the /3-form of europous sulfate,2 
rather than the a-form. This is desirable as the former is 
less soluble and much denser than the latter. Two re­
ceiving bottles were used alternately.

The charge in a receiver was sufficiënt for 1.5 liters of 
rare earth solution of density 1.27. A precipitate of 
europous sulfate forms as the first drop of reduced solution 
enters the bottle. The rate of flow of solution is such that
1.5 liters are reduced in about forty minutes. The solution 
settles clear in about an hour longer. The precipitated 
europous sulfate is very dense and occupies but a small 
volume. While the first run is settling another 1.5-liter 
lot of chloride solution is run through the reductor into 
the alternate receiver charged with magnesium sulfate solu­
tion and sulfuric acid as before. The process was thus 
continued until the whole solution was converted into 
europous sulfate.

The accumulated filtrates from the process were saved 
to be again reworked for the small amount of europium 
they contained. The reduction of the europium by zinc is
probably complete, 2EuC13 -f Z n ---->  2EuC12 +  ZnCl2,
but apparently a small amount (about 1%) is reoxidized 
before it reacts to form sulfate. The amount is so small 
that it scarcely pays to try to prevent the re-oxidation.

The europous sulfate is filtered and the cream of wet 
sulfate poured into a boiling solution of sodium carbonate 
and sodium hydroxide. The amount of europous sulfate 
resulting from one run of 1.5 liters of rare earth solution— 
about 200 g. of moist filter cake—requires 80 g. of sodium 
carbonate, 15 g. of sodium hydroxide and 1.5 liters of 
water. It quickly turns light greenish-yellow when boiled 
due to change into europous carbonate. After ten minutes 
of boiling it is washed three times by decantation, filtered 
and washed free of sulfate with hot water. The car­
bonate is granulär and very dense.

When it is dissolved in hydrochloric acid, a light yellow 
solution of the europous chloride is formed. Considerable 
other rare earths, as well as thorium, aluminum and per­
haps other weak bases are present. If lead is present the

solution will be dark and cloudy. lts purity may be 65 to 
70%. It is now oxidized at the boiling point by 8 or 10 ml. 
of 6 N  nitric acid.7

The nearly colorless oxidized solution is next freed from 
weak bases by neutralizing it (to congo paper) with basic 
magnesium carbonate, adding 10 g. of magnesium acetate, 
and boiling it for a few minutes. The rather heavy pre­
cipitate (42 g. wet, in one case) containing but a trace of 
europium is filtered out. To remove remaining rare earths, 
the crude europium trichloride is again run through the 
reductor, precipitated as europous sulfate with 160 g. of 
magnesium sulfate and 8 g. of sulfuric acid, the sulfate 
converted into carbonate, the latter dissolved in hydro­
chloric acid, and the whole process repeated several times. 
Re-oxidation of the europous chloride solution with nitric 
acid before running it through the reductor is unnecessary.

After the eighth precipitation as europium sulfate no 
further rare earths were recoverable from the filtrate, and 
the solution of europium trichloride resulting showed no 
absorption bands of other earths. It was again reduced 
and precipitated as sulfate. This was washed finally with 
methyl alcohol. The yield was 88 g. of dry europous 
sulfate. Upon analysis, a portion dried in the oven at 
100° and titrated with 0.04 N  permanganate2 showed a 
purity of 99.7%.

Another lot, made from 1.5 liters of chloride solution of 
20% purity, was treated similarly excepting but six pre- 
cipitations as sulfate were made. The product, 104 g., 
titrated with Standard permanganate, showed a purity of 
96.6%. About a week’s time is sufficiënt to prepare ap­
proximately 100 g. of pure europous sulfate from the 1.5 
liters of chloride solution resulting from 0.5 kg. of crude 
hydroxide of 20% purity.

Summary
1. A process is described for the extraction of 

europium from rare earth residues from monazite 
by reduction of this element to the bivalent state 
with zinc and subsequent Separation as insoluble 
europous sulfate.

2. Pure europium compounds have been pre­
pared by several repetitions of these reactions.
P r iv a t e  L a b o r a t o r y  
1226 W e s t c h e s t e r  P l a c e

Los A n g e l e s , C a l if o r n ia  R e c e i v e d  A u g u s t  3, 1936
(7) If the solution is sufficiently acid no oxides of nitrogen are 

formed. I t  is probable that the reaction 10Eu + + +  10H + +  
2H N 03 -► 10Eu + + + +  N 2 +  6H2O occurs.
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[C o n t r ib u t io n  from  t h e  D e pa r tm en t  of Ch em istr y  of  D u k e  U n iv e r s it y ]

The System Nickel Oxalate, Potassium Oxalate and Water at 30°

B y  W. C. V osburgh , K ate I srael a n d  Ol ive  G. B irch

A complex oxalate with the formula K2Ni- 
(C2O4V 6H2O was reported by Rammelsberg,1 and 
an analogous sodium salt, Na2Ni(C204)2-8H20 , by 
Dodson, 2 but no satisfaetory study of the system 
nickel oxalate, potassium oxalate and water by 
the phase rule method seems to have been made. 
Deakin, Scott and Steele3 made some determina­
tions of the solubility of nickel oxalate in potas­
sium oxalate Solutions. They found the approaeh 
to equilibrium very slow, and obtained evidence 
of the formation of solid Solutions of nickel and 
potassium oxalates.

Experimental.—Nickel sulfate was treated to remove 
cobalt by the method used by Deakin, Scott and Steele.3 
Potassium oxalate was recrystallized. Nickel oxalate 
was prepared by adding a solution of nickel sulfate to a 
solution of oxalic acid at a slow rate with mechanical 
stirring. Samples of the complex salt were prepared by 
dissolving nickel oxalate in saturated potassium oxalate 
Solutions at an elevated temperature, filtering and allow­
ing to crystallize at room temperature.

Fig. 1.—The system nickel oxalate, potassium oxalate 
and water at 30°. The large circle represents the theoreti­
cal composition of the eompound KaNi^C^h^HaO.

The experiments consisted in solubility determinations 
in which both the saturated Solutions and wet solid phases 
were analyzed. The procedure was essentially as described 
in a previous paper4 except as mentioned below. For 
Solutions containing more than 12.4% of potassium oxa­
late, the samples were prepared as follows. A portion of 
either nickel oxalate or the complex salt was dissolved

(1) Rammelsberg, Ann. Physik, 95, 198 (1855).
(2) Dodson, Proc. Chem. Soc., 27, 260 (1911).
(3) Deakin, Scott and Steele, Z. physik. Chem., 6 9 , 129 (1909).
(4) Vosburgh, Newlin, Puette, Peck an d  Dick, T h is Jo u r n a l ,

58, 2079 (1936).

completely in a potassium oxalate solution by heating. The 
solution was allowed to cool in the Pyrex tube in which the 
sample was to be brought to equilibrium. In some of the 
experiments seeds were added. Seeding was found de­
sirable, as otherwise erratic results were frequent. The 
excess complex salt was allowed to crystallize while the 
tube was rotated mechanically. The crystals were slow 
in forming, even after seeding. All samples were rotated 
for at least a week and some for much longer times. 
When the right solid phase was present, a week’s rotation 
undoubtedly was sufficiënt, as the results were independ­
ent of the time of rotation.

For the more dilute potassium oxalate Solutions (less 
than 12.4% potassium oxalate) the solid phase was 
nickel oxalate prepared either as described above or by 
slow addition of a nickel sulfate solution to a large excess 
of a potassium oxalate solution. Samples prepared by 
the second method were brought to equilibrium with Solu­
tions of about the same concentration as those from which 
they had been precipitated. The nickel oxalate was not 
dissolved completely and reprecipitated as in the more con­
centrated Solutions.

The temperature was maintained at 30 =±= 0.1° for at 
least a day previous to sampling, in either an oil-bath or 
an air-bath.

In the analysis of the samples,5 the oxalate content was 
determined by titration with permanganate and the 
nickel content either by means of dimethylglyoxime or by 
cyanide titration.6 Both methods for nickel were checked 
by the analysis of known samples to which potassium oxa­
late had been added. For some of the samples it was found 
necessary to evaporate to fumes with sulfuric acid to de­
stroy the oxalate before titration with cyanide. The 
results are given in Table I and Fig. 1. In the fifth column 
of Table I the letter A represents solid Solutions of nickel 
oxalate and potassium oxalate, B the complex salt, K2Ni- 
(C204)2-*H20 , and C potassium oxalate, possibly contain­
ing nickel oxalate in solid solution. In Fig. 1 the larger 
circle represents the theoretical composition of the com­
pound K2Ni(C204)2*4H20 .

In the last column of Table I are given values 
for the percentage of water in the complex salt, 
calculated by algebraic extrapolation on the as­
sumption of the formula K2Ni (C20 4)2 -xH20 . The 
theoretical value for x = 4 is 18.7% water and 
that for x ~  6 is 25.7%. The results may be 
divided roughly into two groups, one indicating 
four and the other six molecules of water. In 
nearly all of the results that indicate six molecules, 
the percentage of nickel oxalate in solution is a 
little larger than that in comparable results indi-

(5) The authors are indebted to Mr. Herbert A. Pohl for making 
some of the analyses.

(6) Hillebrand and Lundell, “Applied Inorganic Analysis,'” John 
Wiley & Sons, Inc., New Vork, 1929, p. 320.
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T a b l e  I
C om position  öf S a t u r a t e d  S o l u t io n s  a n d  W e t  S olid 

P h a se s

-------------W eight per c e n t----------------- —*
Solution  W et solid  Solid D ry  solid

K 2C204 N iC 20 4 K 2C2Ó4 N iC 20 4 phase h 2o , %

2.26 0.08 1.76 40.34 A
3.77 .55 5,42 12.52 A
5.67 .57 4.42 32.84 A
8.40 1.38 13.48 23.26 A

11.08 2.55 18.82 30.95 A
12.44 3.53 12.45 24.79 A +  B
12.44 3.53 21.88 15.82 A +  B . . .

14.22 3.80 26.79 18.81 B 20.3
16.74 3.28 26.67 16.27 B 17.6
18.77 3.48 30.41 21.68 B 28.5
18.78 3.39 34.05 24.93 B 17.6
19.95 3.84 28.46 16.57 B 20.2
20.50 3.77 29.62 17.66 B 19.3
20.62 3.87 31.71 21.98 B 25.2
22.12 4.02 30.95 18.82 B 21.6
23.24 4.55 32.94 20.78 B 18.2
25.82 4.67 36.54 25.56 B 19.4
26.83 4.93 36.21 22.74 B 14.7
26.94 5.13 35.83 25.55 B 24.5
26.98 5.13 33.53 20.07 B 24.1
27.11 5.20 34.42 21.91 B 23.8
30.55 5.85 35.87 18.69 B 16.5
34.08 7.39 36.84 16.01 B 16.8
33.03 6.64 41.24 18.19 B + c
33.31 6.81 47.91 15.80 B + c
33.57 6.37 43.00 18.44 B + c
31.07 3.34 68.80 1.30 C
32.51 5.56 73.19 2.22 c

cating four molecules. This suggests that the 
solid phases having the larger percentages of 
water were metastable and leads to the conclusion 
that the stable solid phase at 30° is the tetra- 
hydrate. However, the variability in the calcu­
lated percentage of water could have been caused 
by a small Variation in the ratio of nickel oxalate 
to potassium oxalate in the solid phase, and the 
conclusion as to the amount of water in the dry 
solid is uncertain.

In the experiments corresponding to the two 
tie-lines that approaeh the nickel oxalate corner 
of Fig. 1, the solid phase introduced was nickel 
oxalate prepared from nickel sulfate and oxalic 
acid. Since nickel oxalate is a hydrated salt, the 
direction of the lines indicates the presence of 
potassium oxalate in the solid phase, probably 
in solid solution. Other similar experiments gave 
similar results. The time allowed was insufficiënt 
for the establishment of equilibrium in the solid 
phases in these experiments.

Samples of nickel oxalate precipitated from 
potassium oxalate Solutions were contaminated 
with potassium oxalate, the amount of contamina­
tion varying with the concentration of the solution. 
Portions of these precipitates were washed with 
water, dried at 110° and analyzed. The results 
are given in Table II.

T a b l e  II
Co m position  of N ic k e l  Ox a l a t e  P r e c ip it a t e d  fr o m  

P ota ssiu m  Ox a la t e  S o l u t io n s  

K2C20 4, concn., % a 3 5 7 10
N iinppt., % 31.83 29.37 26.74 23.44 20.26
C20 4 in ppt., % 46.67 47 .88 49.20 50.80 51.50

a Precipitated from oxalic acid solution.

The conclusion of Deakin, Scott and Steele that 
solid Solutions are formed of potassium oxalate in 
nickel oxalate is confirmed.

Summary
Solid Solutions of nickel oxalate and potassium  

oxalate can exist in equilibrium at 30° with  
aqueous Solutions containing less than 12.5% of 
potassium oxalate and saturated with the nickel 
salt. From 12.5% to Saturation with potassium  
oxalate the stable solid phase is the complex salt 
K2Ni(C 20 4 V #H 2 0  in which x  is probably four. 
D u r h a m , N . C. R e c e iv e d  S e p t e m b e r  14, 1936
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[C o n t r ib u t io n  from  t h e  Chem ical  L aboratory  of N o r t h w e st e r n  U n iv e r sit y ]

Electrolysis of Methylmagnesium Iodide in ^-Butyl Ether

B y  W a r d  V . E v a n s

The electrolysis of the methyl Grignard reagents 
in ether solution has been studied1 thoroughly for 
the three halides in ethyl ether using bright 
platinum electrodes. The products of the 
electrolyses in ethyl ether pointed definitely to the 
fact that the solvent played an important role. 
The ether appeared to be directly responsible for 
the ethylene, ethyl alcohol and isopropyl alcohol 
found, as a result of decomposition after the loss of 
a hydrogen to a free methyl radical to form 
methane. In order to bear this out and investi­
gate further the mechanism involved, an electroly­
sis was carried out using #-butyl ether as the sol­
vent.

I t was also shown previously that the ratio 
between the methane and ethane formed depended 
on the current density independent of the con­
centration of the solution. This fact drew at­
tention to the function of the surface of the elec­
trode in the electrolysis. With this in view the 
effect of platinizing the anode where the gases 
evolved was determined by performing another 
electrolysis in ethyl ether.

Experimental
The apparatus and procedure were the same as 

that previously described. For the experiment 
with a platinized anode a platinized electrode of 
identical size and shape, dried by washing in 
anhydrous ether, was slipped over the anode.

On attempting the electrolysis of methylmag­
nesium iodide in butyl ether it was found neces­
sary to introducé a new variable, that of tempera­
ture. At 40° polarization was so great that 110 
volts would pass a sustained current of only 0.005 
ampere. On raising the temperature to 90° 
polarization was still pronounced, a current of 0.2 
ampere passing initially, dropping off to 0.05 
ampere in one minute. The composition of the 
gases evolving at 90° was determined so as to 
enable an estimation of the effect of temperature 
to be made. The temperature was then raised 
to 143°, at which the solution refluxed gently. 
Polarization was almost completely absent and 
currents approaching 0.5 ampere could be main­
tained. A series of current densities was used at 
this temperature.

£1) Evans and Field, T h is  J o u r n a l , 58, 720 (1936).

a n d  E d m u n d  F i e l d

Methane and ethane predominated in the gases 
and small and erratic amounts of carbon dioxide 
were obtained just as in ethyl ether. Ethylene, 
formerly present, was absent; butane and 
butene-1 (the absence of butene-2 was not defi­
nitely proved) were new products, proved by a 
Podbielniak distillation of the 5 liters of gas col­
lected during the run not used for Orsat analyses. 
The absence of ethyl ether vapor made the ab­
sorption analysis simple. The presence of the 
three saturated gases made it necessary to assume 
the amount of butane present before the simple 
combustion analysis could give the ratio of meth­
ane to ethane. The purely arbitrary assumption 
was made that butane was present to one-half 
the extent of the butene because this reduced the 
observed variations in the combustion values 
under apparently identical conditions to a mini­
mum. The analyses are shown in Table I, where 
the arbitrary value for butane is given as well as 
the observed and corrected values for n in the 
formula CWH2n + 2- The corrected value of n,
representing the methane and ethane only, was 
used to calculate the fraction of methyls coupled, 
Fc, which is shown plotted as curve 1, Fig. 1.

The efficiency of the electrolysis was 43.3% 
based on the change in basic magnesium deter­
mined by titration. This is much lower than in 
ethyl ether. On the basis of the gas evolved using 
the corrected analysis for ethane and making use 
of the previously demonstrated1 equivalency of 
methyls evolved to Grignard decomposed, the ef­
ficiency was 42%. The excellent agreement con­
firmed the assumptions made.

When the electrolysis was completed the solu­
tion was hydrolyzed in a nitrogen atmosphere 
and fractionally distilled through a 75-cm. 
vacuum jacketed spiral coil column; 2.6 cc. 
(0.043 equivalent per faraday) of butanol-1 was 
isolated (b. p. 116-116.5°, 3,5-dinitrobenzoate 
m. p. 63.5-64° and confirmed by a mixed melting 
point). A small amount of pentanol-2 was also 
found present, estimated at 0.2 cc. The presence 
of a secondary alcohol was first proved by the 
ZnCl2*HCl reagent; fractional crystallization of 
the dinitrobenzoate followed by means of mixed 
melting points with the known pentanol-2 deriva-
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T a b le  I

E l ec tr o ly sis  of  M eth yl m a g n esiu m  I o dide  in  B u t y l  E t h e r  w it h  B r ig h t  E l ec tr o d es

Initial concn. 1.900 N; final concn. 1.056; average concn. 1.422. Over-all efficiency: 0.433 equiv. decomp./faraday; 
0.343 mole gas/faraday; 0.42 methyl/faraday; 0.97 methyl/equiv.

Temp.
°C.

143

90

Order
taken Amp./sq. dm. CO2 C4H8 C4H10

11 1.60 0.2 9.5 4.8
7 1.60 .4 13.5 6.8

10 1.20 .7 4.2 2 .1
9 1.20 2.1 6.7 3 .4

3 0.80 0.0 4.4 2 .2
8 .40 .0 2.7 1 .4

5 .12 .0 5.2 2 .6
4 .12 .0 4.5 2 .3

6 .04 .0 3.8 1.9
2 .20 .0 1.0 0.5
1 .20 .0 0.9 0.4

C 2H 6 C H 4 n, obsd. n, corr. lOOFc

23.1 62.4 1.41 1.27 43
23.0 56.3 1.51 1.29 45
17.7 75.3 1.25 1.19 32
19.3 68.5 T .32 1.22 46
19.6 73.8 1.27 1.21 35
15.4 70.5 1.20 1.16 28
4 .6 87.6 1.13 1.05 10
5 .6 87.6 1.13 1.06 11
5 .8 88.5 1.12 1.06 11

23.7 74.8 1.25 1.24 39
22.7 76.0 1.24 1.23 37

T a b l e  I I

E lectrolysis of  M e th y l m a g n esiu m  I odide  in  E thyl  
E t h e r  w it h  P l a t in iz e d  A n o d e

Initial concn. 1.794 N; final concn. 0.892; average 
concn. 1.34. Over-all efficiency: 0.467 mole gas/faraday;
0.761 equiv. decomp./faraday; 0.772 methyl/faraday;
1.01 methyl/equiv. decomp.

Order
taken

C. d. 
amp./ 

sq. dm. Ethane

Gas constituents 

Methane Ethylene
Carbon
dioxide lOOFc

4 0.060 25.7 73.0 1.1 0.2 41
3 .12 29.6 68.9 1.3 .2 46

5 .24 40.4 58.2 1.1 .3 58
2 0.40 50.4 48.7 0.9 0.0 68
9 .60 58.6 40.6 0.6 .2 74

1 .80 63.0 35.5 1.3 .2 78
8 .80 63.6 35.7 0 .5 .2 78

7 1.60 72.3 26.8 .6 .3 84
6 2.40 77.3 22.3 .7 .1 88

tive proved its presence. There was also found 
5 cc. of high boiling liquid products.

Decomposition of the Ether.—The products 
obtained were in excellent agreement with the 
mechanism proposed for the electrolysis in ethyl 
ether. Applied to the a- and ß-hydrogens in 
butyl ether we have

CH3 +  C4H9OCH2CH2CH2CH3 — ^

C H 4 +  C4H9O C H  C H 2 C H 2 CH a

i
C 4H 9------ f- C H 3C H 2C H 2C H O

j, j c H 3MgI
C4B.8 or C4II10 C3H,CH(CH3)OMgI

J h 2o

C3H7CHOHCH3
Pentanol-2

C H 3 +  C 4H 9O C H 2C H 2C H 2C H 3 ----->
CH4 +  C4H9OCH2CHCH2CH3

1 1 ■
c 4h 9o— + c h 2= c h c h 2c h 3

i
C4H9OMgI

| h 2o

c4h 9o h
Butanol-1

These two sets of reactions account for all the 
products identified and explain the absence of 
ethylene. There can be no question that the 
solvent furnishes the fourth hydrogen for the 
methane and that its subsequent decomposition 
is responsible for the secondary products formed.

The above mechanism applied to the other two 
kinds of hydrogen present in the ether molecule 
predicts products which were not found; this 
would seem to cast some doubt on the free radical 
mechanism and suggest another such as an ionic 
reaction. I t is not necessary, however, to assume 
that these positions were not subject to attack, 
but merely that the intermediate radicals thus 
formed were stable enough to polymerize in some 
manner instead of breaking down, explaining the 
appreciable amount of high molecular weight 
liquid compounds obtained.

Fraction of Methyls Coupling.—The amount 
of coupling to form ethane was much lower in 
butyl ether than in ethyl ether, as is shown when 
curves I and II are compared with III and IV in 
Fig. 1. This indicates a greater rate of reaction 
of the butyl ether with the methyl radicals. Since 
this effect was obtained by changing both solvent 
and temperature, the individual effect of each 
remained to be determined. The two tempera-and
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tures used showed that the coupling decreased as 
the temperature increased. An extrapolation down 
to the 40° used with ethyl ether by means of the 
Arrhenius equation gave a value for Fc, the frac­
tion of methyls coupled, of 0.62; the observed 
value in ethyl ether at the same current density 
was 0.77. This may be interpreted to show that 
the loss of a hydrogen to a methyl radical takes 
place more readily in the case of butyl ether 
even at the same temperature. The slope of 
the line determined by the two points gave the 
low value of 1100 calories per mole for this reaction.

0 50 100
100 Fc.

Fig. 1.—Effect of current density in electrolysis of 
methylmagnesium iodide: I, in butyl ether at 143°, 
bright electrodes; II, in butyl ether at 90°, bright 
electrodes; III, in ethyl ether, platinized anode; 
IV, in ethyl ether, bright electrodes.

Platinized Anode.—As was expected, the 
effect of platinizing the anode was a significant

change in the methane-ethane ratio. The results 
are given in Table II. The perfect agreement be­
tween the first and eighth sample taken was good 
evidence that the platinized electrode was un­
changed during the course of the electrolysis. 
One and one-half liters of gas was evolved before 
samples were taken in order to allow the electrode 
surface an opportunity to come to equilibrium.

The efficiency of electrolysis was entirely unaf­
fected by platinizing the anode since an interpola­
tion to the same concentration on our previously 
determined curve1 also gives an efficiency of 
76%. Fc showed the same dependence on cur­
rent density as with bright electrodes, but is some­
what lower as may be seen in curves III and IV, 
Fig. 1. The platinizing seemed merely to cut 
down the apparent current density by exactly 
5 in comparison with the bright electrode through­
out the whole range studied. Evidently platiniz­
ing the anode served to increase its effective area 
by five so that the effective current density was 
decreased by that amount. Apparently the elec­
trode merely provides an inert surface on which 
the reactions take place.

Summary

1. The theory that the solvent ether furnished 
the fourth hydrogen for the formation of the 
methane, with subsequent decomposition to give 
the secondary liquid and gaseous products found, 
was confirmed.

2. Butyl ether was more readily attacked by 
methyl radicals than was ethyl ether.

3. Increase in temperature favored the reac­
tion with the solvent, increasing the proportion 
of methane.

4. The electrolysis efficiency was much less in 
butyl than in ethyl ether.

5. Platinizing the anode had no effect other 
than to increase the effective area by exactly five, 
with a resultant decrease in effective current 
density by that factor.
E vanston , I I I .  R eceived  J uly  30, 1936
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[C o n tr ib u tio n  from  th e  B u rea u  of Chem istry  and So ils , U. S. D epa r tm en t  o f  A g r ic u l t u r e ]

The Effect of Ortho Substitution on the Absorption of the OH Group of Phenol in the
Infrared1

By Oliver  R . W u l f , U rner  Liddel  and  Ster ling  B. H e n d r ic k s

Infra-red absorption that is characteristic of 
the presence of NH and OH groups in organic 
molecules exhibits in general a dependence upon 
the character of the rest of the molecule, particu­
larly upon that of neighboring groups.2 In the 
present researches the spectra of such molecules 
are being measured quantitatively, giving the re­
sults as curves of the molal absorption coëfficiënt 
against position in the spectrum. This depend­
ence of the spectra upon the Constitution of the 
rest of the molecule indicates that this type of 
measurement will be powerful as a means of 
studying molecular structure, when a satisfaetory 
theory of this type of spectrum is developed. 
Among the compounds showing the influence of 
neighboring groups on NH or OH absorption, the 
ortho substituted derivatives of phenol are, in 
some respects, the simplest.

Certain groups, when substituted ortho to the 
phenolic OH, lead to the formation of a hydrogen 
bond.3 In these cases it has been shown that the 
absorption normally characteristic of the pres­
ence of the OH group in the region 6500-7500 
cm.-1 is absent, and this has been developed as an 
empirical criterion for the presence of such hydro­
gen bonds. On the other hand, other groups, 
when substituted ortho to the phenolic OH, do not 
cause the OH absorption to disappear, but they 
frequently do alter it in an interesting way. 
These cases are important in that they give posi­
tive results, that is, they afford some absorption 
which may be studied quantitatively to investi­
gate this dependence on neighboring groups in 
the molecule. In a previous paper2 the simplest 
representative of this latter dass of eompound was 
ö-chlorophenol. In the present paper results are 
given for a number of ortho substituted phenols.

It is the purpose of this research to present as 
broad a survey as possible of this general type of 
absorption in organic molecules rather than to 
undertake as yet a detailed study of a few. It

(1) Preliminary report of this work was presented before the Di­
vision of Physical and Inorganic Chemistry of the American Chemi­
cal Society at Kansas City, Mo., in April, 1936.

(2) Wulf and Liddel, This Journal, 57, 1464 (1935).
(3) Hilbert, Wulf, Hendricks and Liddel, N a t u r e ,  135, 147 (1935); 

T his Journal, 58, 548 (1936); 58, 1991 (1936). See also Errera and 
Mollet, C o m p t .  r e n d . ,  200, 814 (1935); J .  p h y s .  r a d i u m , 6, 281 (1935).

seems wiser to adopt this attitude, leaving an in­
tensive study of single compounds until the 
theory of the absorption is developed to a point 
that warrants this. However, under these con­
ditions it is necessary to emphasize, as has already 
been done, that minor characteristics of the ab­
sorption curves, such as slight displacements or 
dissymmetries, should not be given credence until 
an exhaustive study of the particular eompound 
is made. Similarly, failure to show any absorp­
tion at some particular point must not be con- 
strued as meaning that very weak absorption may 
not be present there.

Experimental Procedure
The experimental details have already been described.2 

The absorption is measured in dilute carbon tetrachloride 
solution usually of the order of 0.01 molal. In the case of 
each eompound presented below, at least two separate 
records were taken using two different Solutions.

Certain of the compounds used were purchased from the 
Eastman Kodak Company and others were synthesized 
by methods already outlined in the literature. In every 
case some of their properties were checked with those re­
corded in the literature. In a few cases where there was 
some question as to the purity of the product, as was true 
in the case of pyrogallol and pyrogallol dimethyl ether, the 
absorption was studied before and after recrystallization 
and where no noticeable alteration in the spectrum was 
effected, it was assumed that the observed spectrum was 
essentially due to the eompound itself. It is important to 
emphasize that the presence of very small amounts of im­
purities is not of great consequence in this work. Inso- 
far as they do not contain the group being studied (i . e., 
OH or NH) their presence can practically be neglected, 
while if they do contain such a group, their effect is simply 
proportional to the amounts present. If present in small 
amount, their effect will be a small alteration of the ab­
sorption curve, and minor characteristics, found in any of 
these curves, must be checked by further experimental 
work before being given importance, because of the rather 
wide limits of experimental error in the quantitative deter­
mination of the absorption coefficients themselves.2

Since pyrogallol and 1,8-dihydroxynaphthalene are only 
slightly soluble at room temperature, they were run at 60 ° 
as well, in order to secure an adequate concentration of the 
substance and hence of the absorption. Since no definite 
effect of temperature was observed, the runs at room tem- * 
perature and at 60 ° were used together in determining the 
final or average curve.

Results
The curves, given in Fig. 1, present the results
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Fig. 1.—Molal absorption coefficients for some ortho substituted phenols.

in sufficiënt detail so that little further descrip­
tion need be given. In those cases where one of 
the ortho hydrogens of phenol remains, an absorp­
tion peak at approximately the phenol frequency 
is present. In most of the others this peak is 
missing, the evident exception being 2,6-dimethyl- 
phenol. In Table I the areas under the absorp­
tion curves are given, as was done in reference 2 
where the areas for those compounds whose curves 
were published in that paper may be found.

A word must be said regarding the region 7100- 
7400 cm.-1. Atmospheric water vapor absorp­

tion lies here, and makes observation difficult. 
Additional absorption of considerable strength 
would not be missed, and could be read though 
with less accuracy than that in other regions. It 
would, however, be possible to miss weak absorp­
tion, especially on days of high humidity, and 
therefore our curves must not be construed as in­
dicating no absorption in this region. This 
applies to all results which we have published. 
Very weak absorption due to OH lies in this 
region. During an attempt to study in detail the 
effect of temperature upon the 0-chlorophenol ab-
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T a b l e  I

Substance
Molal absorption area, 

liter/sq. cm. mole

o-Bromophenol 125
ö-Iodophenol 125
Guaiacol 145
Tetrabromoguaiacol 145
2,4,6-Tribromophenol 125
2,4,6-Triiodophenol 120
Pyrogallol dimethyl ether 140
o-Cresol 155
2,6-Dimethylphenol 150
Thymol 150
o-Phenylphenol 130
0-Fluor ophenol 160
2,4-Dibromonaphthol-l 130
1,8-Dihydroxynaphthalene 235
Tetrabromocatechol 290
Pyrogallol 440

sorption, two further weaker peaks to higher fre­
quencies were discovered while working on a very 
cold and dry winter day and at high concentra­
tions. The weakest of these is probably due to 
OH, while the other might be ascribed to either 
OH or CH. There is indication that weak ab­
sorption in this region occurs in several if not all 
of the present compounds. It is not practical to 
measure this, however, at the concentrations used 
in this work, and no effort has been made to indi­
cate its presence in the absorption curves. Hence 
reiteration of the words at the beginning of this 
paragraph must be made here to avoid misunder- 
standing.

Discussion
In reference 2 a simple theoretical discussion of 

the characteristics of this type of spectra was 
given, in which possible causes for the appearance 
of more than one single peak after Substitution, as 
well as for pronouncedly broadened peaks, were 
mentioned. It was suggested that the appearance 
of several frequencies (peaks) of absorption was 
due to a coupling of the OH or NH group with a 
near-by group of similar frequency. Pauling has 
suggested recently4 that the complexity of the 
spectra is due rather to two or more types of OH 
or NH groups having different characteristic fre­
quencies. He points out that, because of reso­
nance with other structures besides those of the 
Kekulé type, the C-O bond in phenol possesses 
some double bond character, which tends to cause 
the OH group to lie in the plane of the ring. The 
OH group then can oriënt itself stably in two posi­
tions which in phenol, however, are equivalent.

(4) Pauling, T his Journal, 58, 94 (1936).

Though different from phenol, these two positions 
are also equivalent for a symmetrical ortho di­
substituted phenol, but not for the unsymmetri- 
cal case and are thus different for mono-ortho 
substituted phenols. In general, the OH group 
in the two forms of such a molecule, called by 
Pauling cis and trans forms, will lead to different 
characteristic absorptions. Furthermore, the 
amounts of the two different forms of molecule, 
present in equilibrium with one another, evidently 
will depend upon the difference in free energy be­
tween the two forms. There is, however, no 
evident quantitative relation between the free 
energy difference of any one pair of cis and trans  
forms and the frequency difference of their ab­
sorptions.

This interpretation is the only specific descrip­
tion of this type of absorption which we now have. 
It will therefore be helpful to attempt to interpret 
the present results as far as possible in accordance 
with it, in order to see to what extent it accounts 
for the observations.

Attempting now to interpret the absorption 
curves in terms of this picture, 0 -bromo- and o- 
iodophenol show in a similar way as does 0 -chloro- 
phenol2 two distinct peaks, one {trans form) ap­
proximately at the normal phenol frequency. 
The other peak {cis form) lies to lower frequencies 
and by a progressively increasing amount in the 
order 0 -chloro-, 0 -bromo-, 0 -iodophenol, indicat­
ing a progressively increasing proton attraction 
in this order. The increasing polarizability of 
the ortho substituent is the most evident way of 
accounting for this, and the result indicates that 
the dipole moments in the ortho groups C+ — ~ X , 
where X  is the halogen, are relatively unimportant 
since the dipole moments for these groups are in 
the opposite order, thus that of C-Cl being con­
siderably greater than that for C-I. This may 
seem reasonable from the circumstance that the 
dipole is oriented approximately at right angles 
to the direction toward the H atom. A rough 
measure of the increase in polarizability is given 
by the change in the molecular refractivities of 
the three monohalogen substituted benzenes, 
which are 0 -chloro 31.1, 0 -bromo 34.0 and 0 - 
iodo 39.2, respectively, for sodium D, these values 
being computed from data taken from the “In­
ternational Critical Tables,” Vol. VII, p. 34.

In the case of 0 -fluorophenol a single peak oc­
curs but this peak is somewhat broad and has its 
maximum at about 7015 cm."1, an appreciably
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lower frequency than that of the trans peak in 
the other three analogous ortho substituted 
phenols. The broadening is in accord with the 
hypothesis that the o-fluorophenol absorption is 
comprised of two frequencies as in the case of the 
other three compounds, one at about 7050 cm."1 
and the other at 7015 cm."1 and that in this case 
they largely overlap one another.

In the symmetrical 2,4,6-trichloro-, tribromo- 
and triiodophenols but one peak appears, the cis 
peak, since the two positions of the OH group are 
now the same, and are cis in character. The peak 
in each case lies moreover at approximately the 
same position as the cis peak of the respective 
three mono-ortho substituted derivatives. Ac­
tually in all three cases the peak in the symmetri­
cal tri-substituted compounds is slightly but defi­
nitely at a lower frequency than the cis peak of the 
respective ortho substituted compound. The 
difference, while rather small, appears to be real.

Where the ortho substituent is a group of atoms 
rather than a single atom, the Situation is more 
complicated. In this case it is difficult to see 
what the combined effect of polarizability and of 
the several variously oriented dipoles within the 
group might be. However, several such com­
pounds were measured and it is interesting to con­
sider the character of the absorption which they 
afforded.

0-Cresol and thymol show only a single promi­
nent peak at about the normal phenol frequency. 
In the case of o-cresol it is probable that proton 
repulsion would characterize the cis form because 
of the rather close proximity of the hydrogen of 
the hydroxyl group to the hydrogen atoms of the 
methyl group. The single peak could be inter­
preted either as due to equal amounts of cis and 
trans forms of practically the same frequency, 
analogous with phenol, or as due to the trans form 
alone, the cis form being of different frequency 
and of much greater free energy, hence not pres­
ent in appreciable amounts. From the geometry 
of ö-cresol the first alternative presumably is the 
more reasonable. While the Situation in thymol 
is not so simple as in 0-cresol, the absorption ap­
pears to be of the same type. But the choice be­
tween the two possible interpretations in the case 
of ö-cresol is substantiated by the absorption of
2,6-dimethylphenol. Here both positions of the 
O-H group are cis positions, and still a single 
peak of roughly the phenol area and at approxi­
mately the phenol frequency appears.

Again, in 0-hydroxybenzonitrile5 the absorp­
tion consists of two peaks, a small one {trans) at 
approximately the normal phenol frequency and 
a larger one {cis) at a somewhat lower frequency, 
indicating a small proton attraction by the sub­
stituent group.

The spectrum of 0-phenylphenol (2-hydroxydi- 
phenyl) interpreted in terms of the same picture, 
also shows appreciable amounts of both cis and 
trans forms of the molecule present. This is of 
considerable interest since it suggests a conclu­
sion as to the structure of the rest of the molecule. 
If the two rings were coplanar as they are crystal­
line diphenyl, the hydrogen atoms of the hydroxyl 
group would be in very close proximity to the 
near-by hydrogen of the substituted ring, even 
allowing severe distortion of the valence angles. 
The strong resultant repulsion would ensure the 
presence of only a trans form. Since both forms 
are found it is to be concluded from the picture 
that the two rings do not lie in the same plane, and 
indeed, from the geometry of the system, that they 
are considerably removed from such position even 
as they are in optically active diphenyl deriva­
tives. With the two rings swung far out of a 
common plane the first carbon atom of the ortho 
substituted ring lies closest to the hydroxyl hy­
drogen, and if this near-by carbon atom exercises 
an appreciable proton attraction, this would lead 
to a cis form of lower energy than the trans form, 
and could give rise to the two peaks.

Especial interest attachés, moreover, to guaia­
col. Proton attraction by the oxygen of the 
methoxy group might be expected, and this ap­
pears to be present. A comparison with the ab­
sorption of catechol helps to make the guaiacol 
absorption more understandable. As presented 
in reference 2, catechol shows two peaks of equal 
intensity, one at the normal phenol frequency, 
the other at a considerably lower frequency. 
Pauling has interpreted these as arising from a 
cis and a trans form within the same molecule, 
the hydrogen of one of the hydroxyl groups being 
in the cis position owing to the proton attraction 
of the neighboring oxygen, but the hydrogen at­
tached to this second oxygen having only the 
trans position left to it, strong proton repulsion 
presumably preventing both hydroxyls turning 
toward one another. This second {trans) OH 
group is thus essentially the same as the OH

(5) Hendricks, Wulf, Hilbert and Liddel, T h is  Jo u r n a l , 58, 1991 
(1936).
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group of phenol. In guaiacol one of the two hy­
droxyl hydrogens of catechol is removed, leaving, 
however, the corresponding hydroxyl oxygen in 
its old position. This leaves for the remaining 
hydroxyl group the cis position as the position of 
lowest energy. The guaiacol peak (cis) lies at a 
slightly lower frequency than the cis peak of 
catechol.

Important in a closely similar way is the ab­
sorption of 3-nitrocatechol, the curve for which 
has already been published.3 Its absorption is 
very nearly the same as that of guaiacol. In 3- 
nitrocatechol the hydrogen of the hydroxyl group 
nearest the N 02 group engages in a hydrogen 
bond, removing the OH absorption of this hy­
droxyl group. The remaining OH group shows 
the cis form absorption just as does guaiacol.

It appears, however, that in guaiacol and 3- 
nitrocatechol the difference in free energy be­
tween the cis and trans forms of the available OH 
group is greater than it is for instance in o-chloro- 
phenol, o - hydroxybenzonitrile or even o - iodo- 
phenol, since no absorption due to a trans form 
can be seen. This is a necessary conclusion of the 
stereochemical interpretation unless the absorp­
tion coefficients for the two forms are greatly 
different from one another, in contrast to what is 
presumed to be true in the case of catechol. It 
has already been shown2 that the absorption co­
ëfficiënt can be somewhat altered by the presence 
of another neighboring group.

In guaiacol the O-C of the methoxy group must 
be thought of as in the trans position, and this 
leaves an appreciable dipole moment (the O-C 
moment) so oriented as to give a resultant proton 
attraction. This might account for the deeper 
energy minimum in which the cis OH of guaiacol 
seems to lie as compared with the OH of o-iodo- 
phenol. Furthermore, it seems necessary to con­
clude that this greater free energy difference does 
not necessarily mean a greater shift in the absorp­
tion frequency for here the guaiacol peak is at a 
considerably higher frequency than is, for ex­
ample, the peak of the cis form of o-iodophenol. 
It would appear that this could be the case. The 
form of the potential curve in which the vibrating 
hydroxyl swings will be different where simply 
the polarization of a near-by atom, such as the 
iodine atom, is concerned than it will where, as in 
guaiacol, the permanent dipole moment of an­
other group, here the O-C moment, is so oriented 
as to exert attraction for the proton of the hy­

droxyl group. In this respect 3-nitrocatechol is 
similar except that here the active cis OH faces 
an OH locked in a hydrogen bond with the oxygen 
atom of the N 02 group.

Pyrogallol shows a particularly interesting ab­
sorption. It is clear that, from the explanation 
suggested by Pauling for catechol, one would ex­
pect in pyrogallol a molecule possessing two cis 
OH groups and one trans group. In other words 
the third OH group when added to catechol finds 
the cis position available for it just as the cis posi­
tion was available to the second group when added 
to phenol. The absorption of pyrogallol shows 
two peaks, one {trans) at approximately the normal 
phenol frequency and possessing an area approxi­
mately equal to phenol. The other peak {cis) is 
at lower frequencies and not far from the position 
of the cis peak of catechol. The area of this latter 
peak, moreover, is roughly twice that of phenol, 
and thus the absorption of this molecule is in 
rather striking accord with what might be ex­
pected, using Pauling’s interpretation as a guide.

It is also interesting to compare the absorption 
of 1,8-dihydroxy naphthalene with that of cate­
chol. It will be recalled that in catechol the con­
figuration in which both OH groups were in trans 
positions appeared to occur in too small amounts 
to be noticeable, the two peaks possessing about 
the same area. That is, the catechol molecules 
were interpreted as being essentially all of one 
sort, this possessing one cis and one trans OH 
group. As mentioned above, this conclusion 
contained the assumption that the absorption co­
efficients of the two groups were the same. In 
1,8-dihydroxynaphthalene the two OH groups 
are even closer together than in catechol, and the 
configuration in which the two groups turn to­
ward one another is even more improbable than 
in catechol. The configuration possessing one 
cis and one trans group would certainly seem to 
be a possible one, and two peaks are indeed ob­
served. However, while the total area is approxi­
mately that of two phenol-like OH groups, the 
area of the cis peak is considerably smaller than 
that of the trans peak. This would indicate that 
the configuration possessing two trans groups is 
also present in considerable amount, that is, that 
the difference in free energy between the cis­
trans and trans-trans configuration is less than the 
corresponding free energy difference in catechol. 
It does not, however, seem probable that the 
hydrogen atom of the «Vhydroxyl group is suffi-
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ciently close to the oxygen atom of the adjacent 
group that repulsion offsets somewhat the proton 
attraction of this atom. Furthermore, the shift 
of the cis peak to lower frequencies is greater than 
that in catechol. It may be that here the absorp­
tion coefficients of the cis and trans forms are 
considerably different. If this is not the case, we 
are again confronted with the circumstance that 
a relatively large displacement of the cis peak 
from the normal phenol frequency does not neces- 
sarily mean a correspondingly large free energy 
difference between the-cis and trans forms.

A further interesting opportunity to test the 
interpretation suggested by Pauling is to be had 
in some of the derivatives of the above mentioned 
compounds. In pyrogallol dimethyl ether the 
remaining hydroxyl group of pyrogallol would 
have only the cis position available to it, this cis 
position being similar to the cis position in guaia­
col. The absorption does, indeed, consist of a 
single peak of approximately the area of a single 
OH group and at approximately the position of 
the guaiacol peak.

In tetrabromoguaiacol the position of the hy­
droxyl group which occurs in guaiacol itself (cis) 
presumably is not greatly changed, but in the po­
sition turned away from the oxygen atom of the 
O-CH3 group, which position is essentially ab­
sent in guaiacol, the OH group finds a bromine 
atom adjacent in tetrabromoguaiacol. One 
would in first approximation expect proton at­
traction by the bromine atom similar to that in 
0-bromophenol and a cis peak at about the same 
position. The positions of the guaiacol peak and 
of the cis peak of 0-bromophenol (or 2,4,6-tri- 
bromophenol) are not far removed from one an­
other, and the broad peak observed for this com­
pound may be interpreted as two overlapping 
peaks of approximately this frequency Separa­
tion. I t seems apparent, however, that, if this 
is the case, both peaks have been shifted some­
what to lower frequencies, recalling the observa­
tion that the cis peak in the monohalogen ortho 
substituted phenols seems to shift slightly to 
lower frequencies in the respective 2,4,6-trisub- 
stituted phenols where both ortho positions are 
occupied by the halogen.

In 2,4-dibromonaphthol-l the cis position of 
the OH group would be expected to be similar to 
the cis position of 0-bromophenol, but in the 
trans position the adjacent hydrogen atom is 
considerably closer than in 0-bromophenol, pre­

sumably leading to stronger proton repulsion. 
This would be expected to reduce the fraction of 
the molecules in the trans position, and indeed 
the trans peak is not observed, a single peak (cis) 
showing at approximately the position of the cis 
peak of 0-bromophenol.

Finally in tetrabromocatechol the cis position 
of catechol should be present with roughly the 
same character, in first approximation, as in cate­
chol itself, but the trans position no longer has a 
hydrogen atom adjacent, but a bromine atom, 
which exercises proton attraction, and which 
should lead to a cis peak at roughly the position of 
the cis peak of 0-bromophenol. Two peaks are 
observed, but here again, as seemed probable also 
in tetrabromoguaiacol, the two peaks are shifted 
to somewhat lower frequencies than those occur­
ring in the respective mono-ortho substituted 
compound, a characteristic apparently frequently 
to be. found in phenols in which both ortho posi­
tions are occupied by a group exercising proton 
attraction. Moreover, it is to be noticed that 
here the configuration in which the two OH 
groups are turned away from one another would 
not be expected to possess as much excess free 
energy over the configuration one cis-one trans 
as was the case in catechol because of the attrac­
tion here exercised by the bromine atom. A simi­
lar remark applies of course to tetrabromoguaia­
col as well. In other words, keeping in mind the 
suggested interpretation of the absorption of cate­
chol, there seems to be no reason why the two 
peaks in these two compounds should be expected 
to possess the same area, and it may be that the 
small apparent difference in area of tetrabromo­
catechol is to be explained in this way. Finally, 
it is interesting to note that in both tetrabromo­
catechol and tetrabromoguaiacol, one quite defi­
nite prediction could be made beforehand on the 
basis of Pauling’s interpretation, namely, that 
neither of these should possess characteristic OH 
absorption at the position of the normal phenol 
peak.

Thus the spectra of these compounds appear 
to possess characteristics which are rather strik- 
ingly in accord with Pauling’s interpretation. 
At the same time they raise points which are not 
clear and which await further elucidation.

The authors are much indebted to Professor 
Linus Pauling for discussion of this type of 
spectra and for helpful advice as to its Inter­
pretation.
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Summary

The absorption, characteristic of the presence 
of the OH group and in the region of its iirst vi­
brational overtone, has been measured quantita­
tively for certain ortho substituted phenols and 
the results have been presented as curves of the

molal absorption coëfficiënt against position in 
the spectrum.

The results have been discussed in the light of 
Pauling’s recent interpretation of this type of 
spectra. For the most part the correspondence is 
remarkably close.
W a sh in g t o n , D . C. R e c e iv e d  S e pt e m b e r  10, 1936

I C o n t r ib u t io n  from  t h e  Chem ical  L aboratory  of  t h e  U n iv e r sit y  of  C a l if o r n ia ]

The Heat of Fusion and Vapor Pressure of Stannic Iodide

B y  George

The investigations of Hildebrand and co- 
workers1 in this Laboratory during recent years 
upon the subject of intermolecular forces and solu­
bility have included a study of tetrahalides as 
examples of molecules having widely differing 
volumes and intermolecular fields but with a 
common highly symmetrical structure. Stannic 
iodide is one of the substances concerning which a 
considerable body of solubility data has been ac­
cumulated; however, its evaluation has been un­
satisfactory on account of lack of accurate knowl­
edge of its heat of fusion and vaporization. The 
work herein described has been carried out in 
order to fill this gap.

Preparation and Purification of Stannic Iodide.—This 
eompound was prepared and purified by the method de­
scribed by Dorfman and Hildebrand,1 followed by two 
fractional distillations under high vacuum (10 “5 mm.). 
The purity of the final product was undoubtedly high, as 
indicated by sharp breaks in the cooling curve, and by the 
absence of premelting in the heat of fusion determinations.

The Melting Point.—The sample was distilled under 
high vacuum into a Pyrex tube, in the center of which ex­
tended a narrow Pyrex tube almost to the bottom. The 
temperature of the freezing mixture was measured by 
means of an alumel-chromel thermocouple inserted into 
the central narrow tube. The couple was calibrated 
against the melting points of water and tin, the boiling 
point of water and the transition point of sodium sulfate 
decahydrate. The thermoelectric current was measured by 
means of a Leeds and Northrup Student Type Potentiom­
eter. A change in temperature of 0.1° could be de­
tected. The sample was heated in a copper cylinder 20 
cm. high, 5 cm. in diameter and 9 mm. thick, provided 
with a heating coil and thermally insulated with Sil-o-ceL 
The temperature was regulated by means of a rheostat. 
During the measurements the temperature of the furnace 
was lowered rather rapidly to the freezing point of the

(1) M. E. Dorfman and J. H . Hildebrand, T h is  J o ur n a l , 49, 
729 (1927); Miriam E. Dice and J. H. Hildebrand, ibid., 50, 3023 
(1928); J. H . Hildebrand and J. M. Carter, ibid., 54, 3592 (1932);
J. H. Hildebrand, ibid., 57, 866 (1935).

R. N e g ish i

stannic iodide, after that at about 0.05° per minute. The 
apparatus was shaken continuously on a rocker except 
when the readings were taken. The melting point was 
determined from the *‘break” in the cooling curve. The 
plot of the curve is shown in Fig. 1. The melting point 
thus determined was 144.5°. This value is to be compared 
with the values of 143.5,1 145.32 and 146.2°,3 from other 
sources.

Minutes. 
Fig. 1.

The vapor pressure was determined by means of a glass 
click gage as described by Smith and Taylor.4 The click 
constant was determined at the pressures and temperatures 
of the actual runs. The constant increased with both in­
creasing pressure and temperature up to a point where a 
permanent change set in. The “click-in” constant was 
found to be more reliable than that of “click-out,” so only 
the former was calibrated. The space above the click 
gage (the manometer side) was evacuated to 10~2 mm. 
before each “click-in” was made. This was not necessary 
at lower temperatures, but above 200° it was essential.

(2) M. G. Raeder, Z. anorg. allgem. Chem., 130, 325 (1923).
(3) W. Biltz, ibid., 203, 277(1932).
(4) D. F . Smith and N. W. Taylor, T h is  J o u r n a l , 46, 1393 (1924).
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The click gage used seemed to have experienced fatigue 
above 200°.

A tube containing the sample was broken off in an atmos­
phere of nitrogen, inside of a box dried with phosphorus 
pentoxide, and some of the solid was transferred to the ap­
paratus. After evacuating it down to 10 “5 mm. the side 
pieces were sealed off. The lower half of the apparatus 
was wrapped in a thin copper sheet. The apparatus up 
to 3.8 cm. from the stopcock was then placed in a furnace, 
which was similar to the one described above except that 
the height of the copper cylinder was 35.5 cm. The tem­
perature of the sample was measured with a mercury ther­
mometer inserted in the cylinder next to the bulb of the 
apparatus. All the thermometers used were calibrated 
against the Bureau of Standards calibrated mercury ther­
mometers. The mercury columns in the manometer were 
read by means of a cathetometer which was graduated to 
0.1 mm. The readings were reduced to 0°.

The temperature was kept within =*= 0.05° for at least 
thirty minutes before runs were made. Usually it re­
quired from one and one-half to two hours to complete a 
series of three to five runs at a given temperature. Two 
complete sets of determinations were made over the range 
of temperature, one ascending, the other descending. The 
readings agreed within 0.1 mm. in most cases.

The results of the measurements are shown in Table I.

T a b l e  I

V apor  P r e s s u r e  of  St a n n ic  I o d id e  from  160 to 250
Temp., °C. Obsd. P, mm. Calcd.

160.22 6.00 6.04
170.07 8.76 8.62
185.35 14.25 14.38
200.86 23.52 23.53
225.75 48.52 48.52
250.35 93.59 92.33

o

The last column of the table is calculated from the 
equation

log P m m . = 7.6571 2971.36 3689.1
T y2 ( 1)

empirically derived from the experimental data. 
The influence of the term in l / T 2 is very small. 
The extrapolated value of the boiling point is

found to be 348° in comparison with 340°6 and 
346°2 found elsewhere. The last two values are 
of unknown reliability since no experimental de­
tails are given and no special precautions to ex- 
clude oxygen and water vapor are mentioned, al­
though stannic iodide decomposes readily in the 
presence of even slight amounts of oxygen or 
water vapor in the neighborhood of its boiling 
point. In our case, although the vapor pressure 
measurements made within the temperature range 
are reliable, the extrapolation beyond the range 
was so large that the uncertainty in the value of 
the boiling point might be appreciable. The 
heat of vaporization, calculated from equation 1, 
is 13,700 cal. per mole at 25° and 13,650 at the 
boiling point.

The heat of fusion was determined by the method of 
mixtures. The furnace was made of a heat-insulated solid 
copper block 12 cm. in diameter and 33 cm. long. In the 
center of the block to two-thirds of the way up from the 
bottom, was drilled a 1.5-cm. hole, which was 1 mm. 
larger than the diameter of the tube containing the sample. 
The tube was supported in the furnace by the wire inserted 
at the side of the block. Two holes of small diameter 
were drilled down from the top, one of them as closely as 
possible to the central bore. A No. 20 chromel-alumel 
calibrated thermocouple cased in a 5-mm. thin Pyrex tub­
ing was inserted into this in order to measure the tempera­
ture of the furnace. A similar thermocouple for regulating 
the temperature of the furnace was inserted into the other. 
The block was heated electrically. The central bore was 
extended 3 cm. beyond the bottom with a monel tube of 
the same bore closed with a brass cap.

The calorimeter was made of a half-pint (210-cc.) silvered 
Dewar flask with a tightly fitting copper cover consisting of 
two copper sheets at 1 cm. apart. A “basket” of copper 
gauze was suspended from the cover near the bottom of the 
flask to catch the tube of stannic iodide as it dropped in 
from the furnace above. The heat capacity of the calorime­
ter was determined by the aid of a copper rod weighing 
55 g. The rise in the temperature of the water was meas­
ured with a 6-junction (No. 32 copper-No. 26 advance) 
thermocouple whose junctions were cased in a thin 6-mm. 
Pyrex tube filled with pure naphthalene. The thermo­
couple was calibrated against the melting point of ice and 
the transition point of sodium sulfate decahydrate. The 
heat content of the Pyrex tubing used was determined at 
several temperatures.

The temperature of the furnace was regulated with a 
regulator built by Mr. Abrams of this Department. A 
diagram of it is shown in Fig. 2, which is self-explanatory 
except, perhaps, for the clock. This was so connected that 
it made a contact with the magnetic hammer every minute, 
which tapped the Weston relay in order to keep the fine 
wire of the relay from “sticking” to the contact. By 
means of this regulator, the temperature of the furnace was 
kept within =±= 0.05° without any difficulty.

(5) “Tnt. Crit. Tables/’ Vol. 1 ,1926, p. 163.
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Measurements.—The tube containing the distilled 
sample of stannic iodide was heated in the furnace at a 
given temperature (within =*= 0 . 0 5 ° )  for at least one and 
one-half hours before it was dropped into the calorimeter, 
which contained a measured quantity of water at approxi­
mately the thermostat temperature, 2 5  ± 0 . 0 2 ° .  The 
calorimeter was placed in the water thermostat; part of 
the copper cover was immersed in the water of the thermo­
stat in order to keep its temperature uniform. The stirrer 
was then connected to the motor and the thermocouple 
was inserted into the calorimeter. The temperatures of 
both the water in the calorimeter and the furnace were 
read on the Leeds and Northrup type K2 Potentiometer, 
which was graduated to 0 . 5  microvolt, and it could be esti­
mated easily to 0 . 1  microvolt. The Potentiometer was 
connected to a sensitive galvanometer. With this set-up 
temperature changes of 0.001° in the calorimeter and of 
0.01° in the furnace could be detected. Readings were 
made every two minutes until the rate of the change in 
the temperature of the water became uniform, then the 
sample tube was dropped into the calorimeter. About one 
minute elapsed between the time the stirrer was stopped 
and started again. The temperature change was recorded 
every two minutes until a uniform cooling rate was ob­
tained. A complete run required from twenty-five to 
thirty-five minutes. The rate of heating due to stirring 
was on the average 0.001° per minute, and the rate of 
cooling was from 0 . 0 0 1  to 0 . 0 0 1 2 °  per minute. The total 
temperature change in the calorimeter was from 0.6 to 2°.

Results and Discussion.—The value of the 
total heat capacity of the calorimeters used in­
cluding 325 cc. of water, was approximately 340 
cal., with the largest deviation amounting to 1.6 
cal. for the first calorimeter and 0.15 cal. for the 
second. The specific heat of the Pyrex glass used 
could be expressed within ±0.1% from the meas­
ured values by CP = 0.1141 +  0.00025323T. 
The total heat of the copper rod used was derived 
from its specific heat equation

4A2
Cp =  0 . 0 9 2 0 2  +  0 . 0 0 0 0 1 3 6  T -  ~

determined empirically by Bronson, Chisholm, 
and Dockerty6 from the results of their measure­
ments.

The heat content of the solid with a mean de­
viation of ±20 cal. in the temperature interval 
between 25 and 144.5° is given by 

Cp =  1 9 . 4  +  0 . 0 3 6 P

where CP is the molal heat capacity of the solid. 
The average deviation of the measured values 
from this equation is ±0.8% with the maximum 
deviation 1.5%. The curve for the total heat 
content of the liquid is a straight line, giving
40,1 ± 0.5 cal. per mole for the molal heat ca­
pacity in the range of temperature from 144.5 to

(6) H. L. Bronson, H. M. Chisholm and S. M. Dockerty, Can. J. 
Research,  8, 282 (1933).

170°. We get 4600 ±  20 cal. for the molal heat 
of fusion. Hildebrand7 estimated the value of 
A//m from the entropy of fusion of other tetra- 
halides (chlorides and bromides) of the fourth 
group and from the solubility of stannic iodide in 
carbon disulfide, and obtained the value 3850 cal. 
per mole. This value is, of course, only an ap­
proximation and it is likely to be too small. If 
the melting and boiling points, the entropy of 
fusion and other physical properties of the halo­
gens (except fluorine) are plotted, it is seen that 
changes from bromine to iodine are always 
greater than those from chlorine to bromine. A 
similar state of affairs results when the melting 
and boiling points of the tetrahalides of the fourth 
group are plotted. This indicates that the inter­
molecular forces are determined to a large extent 
by those halogen atoms surrounding the central 
atom and independent of it.8 Moreover, these 
curves are roughly parallel to those of the halo­
gens, but not coincident with them. This is to be 
expected from the fact that the molecular size and 
bond energies of these tetrahalides have some 
effect on their intermolecular forces and Orienta­
tions in the liquid state.9 Since the entropy of 
fusion of iodine is much greater than those of 
bromine and chlorine, we may assume that the 
entropy of fusion of stannic iodide should be 
greater than those of tetrachlorides and bromides.

If intermolecular forces of tetrahalides are de­
termined largely by the halogen atoms surround­
ing the central atom, we should expect the 
solubility of stannic iodide in iodine and also that 
of iodine in stannic iodide10 to obey closely the 
ideal law. This corresponds to the facts. The 
slope of the former solubility curve gives AH m 
approximately equal to 4250. This value is 
lower than ours, but it is within their experimental 
accuracy.

Parks and Dodd11 obtained AHm — 4110 cal. 
per mole from their rough experimental measure­
ments employing also the method of mixtures. 
However, they have stated that there was a con­
siderable amount of premelting near the melting 
point of the solid and so their results were not 
very reliable. We shall, therefore, take AH m = 
4600 as the heat of fusion of stannic iodide a t its 
melting point.

(7) J. H. Hildebrand, T his Journal, 51, 66 (1929).
(8) W. M. Latimer, ibid., 44, 90 (1922).
(9) A. Peterlin, Physik. Z .t 37, 43 (1936).
(10) (a) Van Klooster, Z. anorg. Chem., 79, 223 (1912); (b) W. 

Reinders and S. de Lange, ibid., 79, 230 (1912).
(11) Parks and Dodd, personal communication.
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Summary
The melting point of stannic iodide has been de­

termined by the cooling method, and the value ob­
tained was 144.5 ±  0.1°.

The vapor pressure of stannic iodide from its 
melting point to 250° has been determined by

means of a glass click gage. The molal heat of 
vaporization calculated from the vapor pressure 
is 13,750 ±  50 cal. per mole at 25° and varies but 
little with temperature.

The heat of fusion of stannic iodide was found 
to be 4600 ± 20 cal. per mole at the melting point. 
The molal heat capacity of the solid can be ex­
pressed within 0.8% of the measured values in the 
temperature range 25° to the melting point by Cp
19.4 +  0.036T, while that of the liquid, from the 
melting point to 170° is 40.1 ± 0.5 cal. per mole. 
B e r k e l e y , Ca lifo rn ia  R eceiv ed  J uly  28, 1936

[C o n t r ib u t io n  from  th e  D epartm ent  of Ch em istry , M ount H olyoke C o lleg e]

The Ultraviolet Absorption Spectra of Substituted Biphenyls1

B y Lucy W. P ickett, Gertrude F. Walter and H elen  F rance

Investigations by Adams and others2 have 
shown that those unsymmetrical derivatives of 
biphenyl which have substituents above a certain 
limiting size in the positions adjacent to the bond 
joining the two benzene nuclei may be resolved 
into stereoisomers. This phenomenon is ex­
plained as a result of the restriction of the rota­
tion of the two benzene rings by the interference 
of the substituting groups. Some absorption 
spectra measurements made in a study of the 
physical properties of biphenyl derivatives showed 
unexpected differences in absorption which led to 
further investigation.

Methyl and chloro derivatives of biphenyl were 
chosen for the comparison because these groups 
do not show selective absorption in the region 
under investigation and are known to introducé 
comparatively slight modifications in the Spec­
trum of benzene. Furthermore, these groups are 
sufficiently large to restrict the rotation of the 
benzene nuclei when they are in the 2,2',6,6'-posi- 
tions. The spectroscopie study was made with 
the simplest compounds available which had the 
above characteristics.

Experimental
Preparation of Compounds.—After purification the com­

pounds were in each case crystallized from the optically 
pure solvent used in the measurements. After the absorp­
tion spectrum had been photographed, the material from

(1) This paper was presented at the New York meeting of the 
American Chemical Society, in April, 1935.

(2) An extensive review of this subject is given by Adams and 
Yuan. C h e m . R e v . , 12, 261 (1933).

which the sample was taken was further distilled or crys­
tallized and photographs again taken. The second re­
sults agreed with the first in all cases except one as noted 
below in the discussion of the source and treatment of in­
dividual substances.

Biphenyl, m. p. 69-69.5°, obtained from Eastman Kodak 
Co., was purified by vacuum distillation and repeated crys­
tallization from alcohol.

S^'-Bitolyl,3 b. p. 154° at 14 mm., was prepared by the 
condensation of ̂ -iodotoluene with activated copper bronze 
and purified by two vacuum distillations. Although the 
product boiled constantly, a photograph taken at this time 
indicated slightly different absorption from that which was 
obtained from material distilled a third time. A fourth 
distillation yielded material identical with the latter.

4,4'-Bitolyl, m. p. 119.5-120°, was prepared by the con­
densation of />-bromotoluene and purified by vacuum dis­
tillation and crystallization from alcohol.

Bimesityl, m. p. 100-100.5°, was prepared from bromo- 
mesitylene by the method described by Moyer and Adams4 
and crystallized repeatedly from alcohol.

4,4'-Dichlorobiphenyl, m. p. 146.5-147°, was obtained 
from Eastman Kodak Co. and purified by recrystallization 
from alcohol.

2,4,6,2',4',6'-Hexachlorobiphenyl, m .p. 111.5-112°, was 
prepared from trichloroiodobenzene by condensation with 
copper bronze and recrystallized from alcohol. The tri­
chloroiodobenzene was obtained from diazotization of tri- 
chloroaniline.

o-, m- and £-*diphenylbenzenes, m. p. 58.87, 211.5°, were 
obtained from Eastman Kodak Co., and recrystallized re­
peatedly from benzene and alcohol.

Mesitylene, b. p. 66.4° at 24.5 mm., was obtained from 
Eastman Kodak Co., and vacuum distilled,

Absorption Spectra Measurements.—The absorption 
measurements were made with a Hilger quartz spectro-

(3) This compound was prepared and photographed by Mary Dun­
lap.

(4) Moyer and Adams, T his Journal, 51, 630 (1929).
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graph (E-2) using a comparison method which has been de­
scribed.5 The source of light for most of the measurements 
was a Condensed copper spark. In order to detect the pres­
ence of weak bands in the region of the band maxima the 
continuous light from a discharge through hydrogen was 
used for a series of closely spaced exposures made through 
slightly varying thicknesses of solution for each eompound. 
Both ethyl alcohol and hexane were used as solvents and 
it was found that the curves obtained in the two solvents 
agreed closely except for very slight shifts toward the 
visible for the alcohol Solutions. The absorption curves 
presented show the logarithm of the molecular extinction 
coëfficiënt plotted against the wave number. Each curve 
represents over sixty experimental points which are not 
shown because they are so closely spaced.

Photographs of the solid biphenyl were made by mount- 
ing a very thin uniform crystal on a fluorite plate placed 
before the slit of the spectrograph normal to the light beam. 
The thickness was calculated from the interference color 
between crossed nicol prisms using the refractive indices 
determined by Hendricks and Jefferson.6

32 36 40 44
V* X KT3 cm.-1.

Cl Cl

Discussion of Results
The absorption curves of 2,4,6,2/,4',6'-hexa- 

chlorobiphenyl and bimesityl in alcohol solution
(5) Carr, This Journal, 51, 3041 (1929).
(6) Hendricks and Jefferson, J. Optical Soc. Am., 23, 299 (1933); 

cf. Narasimham, Indian J. Physics, 6, 233 (1931); Sundarajan, Z. 
Krist., 93, 238 (1936).

are shown in Fig. 1. Each has a group of three 
absorption bands whose positions are as follows

Compound Band maxima (1/A cm .-1)
Bimesityl 36070 36480 37800
Hexachlorobiphenyl 35260 36350 37360

The position of the bands is practically the same 
in hexane and alcohol Solutions, the difference 
being less than the error of measurement. It was 
especially noticeable in the chlorine eompound 
that the bands had very sharp edges on the short 
wave length side.

For comparison are shown the absorption curves 
of the corresponding benzene derivatives, 1,3,5- 
trichlorobenzene and mesitylene as measured by 
Conrad-Billroth7 and Wolf and Strasser.8 The 
curve of the second eompound is continued into 
the shorter wave region from data obtained in 
this Laboratory. I t will be noticed that the band 
maxima of the most intense bands in the benzene 
derivative correspond to similar ones in the bi­
phenyl eompound which are displaced toward the 
visible. This shift is small and fairly constant 
(340, 350, 300 cm.-1) for the chloro compounds 
but larger for those with methyl groups so that 
the second band of bimesityl almost coincides in 
frequency with the first band of mesitylene. The 
extinction coëfficiënt of the band maxima of the 
biphenyl derivative is two or three times that of 
the corresponding benzene indicating that the 
absorption is nearly additive for the two benzene 
rings.

A similar comparison would be expected be­
tween monosubstituted derivatives of benzene 
and disubstituted derivatives of biphenyl but 
Fig. 2 shows that the curves for 3,3'- or 4,4'-bi- 
tolyl and 4,4'-dichlorobiphenyl in alcohol solution 
differ markedly from those of toluene9 and mono- 
chlorobenzene.10 In each case the narrow band 
structure is lost completely and the intensity in­
crease is of the order of 100-fold. A difference 
of this kind is known to exist between benzene 
and biphenyl11 and a recent article12 by Seshan 
notes that the loss of banded structure is charac­
teristic of the absorption of terphenyl and s- 
triphenylbenzene as well.

A study of the o-, m- and ^>-diphenylbenzenes in 
hexane solution with biphenyl included for com-

(7) Conrad-Billroth, Z. physik. Chem , BI9, 76 (1932); B29, 170 
(1935); 831, 475 (1936).

(8) Wolf and Strasser, ibid., B21, 389 (1933).
(9) Wolf and Herold, ibid., B13, 201 (1931).
(10) Conrad-Billroth, ibid., B19, 76 (1932).
(11) “International Critical Tables,” Vol. V, p. 359.
(12) Seshan, Proc. Indian Acad. Sei., 3A, 148 (1936).
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32 36 40 44
VX X IO-3.

Fig. 2.—I, H3C<̂  )>— <̂  )>CH3;

ciiia- ci< Z > - < Z > c,!

IV, Q a

parison is illustrated in Fig. 3. The absorption 
band of the meta compound is similar in position 
to that of biphenyl but of greater intensity while 
that of the para compound is displaced toward 
the visible and still slightly higher. In the ortho 
compound there is a second rise in absorption 
overlapping the band so that the minimum is not 
developed but the band which corresponds to 
those of the other isomers is of lower intensity.

In a study of several complete series of halo­
genated and methylated benzenes, Conrad-Bill- 
roth7,13 has shown that the number and position 
of substituting groups causes some modification 
in the position and intensity of the absorption 
bands and has called attention to the para effect, 
namely, a heightened intensity exhibited by para 
compounds. The Variation among biphenyl, di- 
chlorobiphenyl and the bitolyls is of this order and 
is probably due to a similar cause. The magnitude 
of the intensity difference noted in the present 
paper is thought to require a different explanation.

An attempt at such explanation is hardly justi­
fied at present. The evidence shows that a mole­
cule such as bimesityl absorbs light as two mesity­
lene molecules while bitolyl has a greatly in­
creased probability of absorption compared to two 
toluene molecules. If the increased intensity of

(13) Also Z. physik. Chem., B20, 222, 227 (1933).

absorption directly results from the free rotation 
of the molecule, solid biphenyl should show less 
intense absorption than in solution. Measure­
ments of single crystals showed that the absorp­
tion curve of solid biphenyl was shifted toward 
the visible by about 550 cm.-1 from that of the 
solution and although the measurements did not 
extend to the top of the band there was no evi­
dence of decrease in intensity of absorption. It is 
possible that the increased absorption may be de- 
pendent on the planar form of the molecule14 
since the most stable position for biphenyl in solu­
tion is probably planar, a form which the 2,2',6,6'- 
derivatives cannot assume because of the inter­
ference of substituting groups. Similarly, o- 
diphenylbenzene is less likely to be planar than 
the m- or ^-isomers. Regardless of explanation, 
these results suggest a possible means of distin­
guishing compounds of restricted rotation.

32 36 40 44 48
VX X IO“3.

Fig. 3.— I, o-Diphenylbenzene; II, #?-diphenyl- 
benzene; III, £-diphenylbenzene; IV, biphenyl.

The effect of Substitution of chloro and methyl 
groups on the wave length of the band maxima is 
just that which would be predicted from the re­
sults of a study of benzene derivatives.13 The 
band is displaced toward the visible in all cases. 
This shift is greater for the chloro than the methyl 
derivatives, greater for the para than the meta 
compound, and approximately twice as great for 
the hexasubstituted as for the disubstituted com­
pounds.

(14) We are indebted to Dr. G. B. Kistiakowsky for suggesting 
this possibility.
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The writers wish to express their appreciation 
to Dr. E. P. Carr and Dr. H. Stücklen for helpful 
suggestions.

Summary

Absorption curves showing molecular extinc­
tion coefficients in the region 32-46,000 cm.-1 are

given for five methyl and chloro derivatives of 
biphenyl and three diphenylbenzenes.

The compounds with restricted rotation differ 
markedly in the intensity and structure of the 
absorption band from those capable of free rota­
tion.
S ou th  H a d l e y , M a s s . R e c e iv e d  A u g u s t  3, 1936

[C o n t r ib u t io n  from  th e  D epa r t m e n t  of Ch e m ist r y , M o u n t  H o ly o k e  C o l l e g e ]

An X-Ray Study of Substituted Biphenyls

B y Lucy W. P ickett

The explanation advanced for the stereoisom- 
erism observed in certain unsymmetrical de­
rivatives of biphenyl1 is that the rotation of the 
benzene rings is restricted by the interference of 
sufficiently large groups in the 2,2/,6,6'-positions. 
The crystal structure of biphenyl derivatives with 
restricted rotation is thus of interest in confirming 
this explanation but so far no derivatives of this 
type have been solved completely. Magnetic 
measurements have been published recently2 
which may offer a clue to the orientation of the 
molecules and it thus seems advisable to make 
available the x-ray findings on substances of this 
type. The results of a continued investigation 
of some derivatives of biphenyl which were de­
scribed in an earlier paper by Clark and Pickett3 
are here presented together with measurements 
on two similar compounds, racemic 3,3'-diamino- 
bimesityl and quaterphenyl.

Experimental
Well-known experimental methods using single 

crystals and the Ka radiation of copper were em­
ployed. Rotation and Weissenberg photographs 
were used in the interpretation, and measure­
ments of the relative intensity of reflections were 
made with the integrating photometer designed 
by Robinson.4 Since the measurements made in 
this way are relative, the structure factors given 
in the paper include arbitrary constants. The 
preparation and melting points of the compounds 
are described in an earlier paper.5 The optical

(1) An extensive review of this subject was made by Adams and 
Yuan, Chem. Rev., 12, 261 (1933).

(2) Krishnan and Banerjee, Trans. Roy. Soc. (London), A234, 265 
(1935).

(3) Clark and Pickett, T his Journal, 53, 167 (1931); Huggins, 
ibid., 53, 3823 (1931); Clark, ibid., 53, 3826 (1931).

(4) Robinson, J. Sei. Instruments, 10, 233 (1933).
(5) Pickett, Walter and France, T his Journal, 58, 2296 (1936).

observations were made with a Leitz petrographic 
microscope (GM).

The results of the unit cell and space group de­
terminations are summarized in Table I while 
those results which present especial points of in­
terest are considered individually in the following 
discussion. Most of the data in the table are like 
those presented in the earlier paper3 but are in­
cluded for convenient reference.

Bimesityl is reported in Groth6 as monoclinic 
prismatic, exhibiting the forms (001), (100) and 
(110). A goniometrie examination confirmed 
the angular measurements within the limits of ex­
perimental error and together with the x-ray data 
showed that the form designated as (110) was 
rather (012) (the a- and c-axes have been re- 
named to correspond with the usage for other 
biphenyls).

An optical examination of the tablets with ex­
tended (001) faces which are formed by crystalli­
zation from an alcohol-water mixture showed 
parallel extinction and positive elongation. The 
typical interference figure obtained shows one 
optie axis emerging at the edge of the field but by 
rotating the crystal on the 5-axis an acute bisec­
trix figure was obtained which showed that the 
crystal is biaxial negative with small optie angle. 
The optie axes are in the (010) plane of this mono­
clinic crystal with the X-direction approximately 
36° from the c-axis in the obtuse angle ß,

Analysis of the x-ray photographs showed that 
the most probable space group is or de­
pending on the questionable existence of a very 
weak (030) reflection. The conclusion is there­
fore that the b spacing is either exactly or practi­
cally halved. The intensities of the reflections

(6) Groth, “Chemische Krystallographie,” Engelmann, Leipzig, 
1919, Vol. V, p. 38.
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T a b l e  I
S um m ary  of Crystal  Str uc tu r e  D ata

Unit cell Classification of Probable
Compound dimensions n missing reflections Crystal class space group

Bimesityl 8.19 =*= 0.03
8.54 =b .03 4 hOl, 1 odd Monoclinic prismatic

22.10 ± .08 0k0, k odd (?) c 25„
95°46'

1-3,3 '-Diaminodimesityl 8.28 ±  .02
8.63 ±  .03 4 None Monoclinic sphenoidal c p

22.50 =*= .08
90°3G'

Racemic 3,3'-diaminodimesityl 8.45 ±  .02 hO0, h odd
8.45 =*= .02 4 0k0, k odd

22.35 =*= .08 00/, / odd
Hexachlorobiphenyl 15.82 =*= 0.04

8.42 =±= .04 8 hkl, k +  1 odd Monoclinic prismatic Cj,'
21.50 .06 hOl, h or 1 odd

91°49'
2,2'-Diphenic acid 13.70 ±  .07

11.95 =*= .05 8 hOl, h odd Monoclinic prismatic rso b '-'2 h
14.05 =*= .07 0k0, k odd

91°40'
Quaterphenyl 8.05 *  .02 2

5.55 =*= .02 hOl, h odd Monoclinic prismatic cL
17.81 *  .05 0M), k odd

95.8° (app.)
a The space group assignments differ from those in the early paper by Clark and Pickett,3 cf. discussion. 6 This

space group is the second alternative suggested by Clark.3

from a large number of planes have been measured 
and structure factors calculated therefrom. .At­
tempts have been made to locate the positions of 
the individual atoms but the results thus far have 
been negative. Trial and error analyses show 
that the length of the molecule is not parallel to 
the £-axis although the unit cell dimensions indi­
cate that the length is more or less parallel to this 
direction. One-dimensional Fourier projections 
of the density of the scattering matter along the 
normal to the (001) plane were made using all 
possible combinations of signs of terms but none 
of the contour maps obtained suggested the form 
of the molecule, probably because the projections 
so obtained were confused composites of more 
than one molecule.

/-3,3 '-Diaminobimesityl was prepared by Moyer 
and Adams.7 Not only in unit cell dimensions 
but in the intensity of reflections from correspond­
ing planes does this compound show a striking 
resemblance to bimesityl. It was first observed 
that like bimesityl the (hOl) and (OkO) planes 
where l and k are odd were missing but with long 
exposures, faint (101) and (010) reflections were 
unmistakably found. Since no other spacings

(7) M oyer and Adams, T h is  J o u r n a l , 51, 630 (1929).

were consistèntly halved, the space group C2 was 
indicated with the molecules occupying two sets of 
equivalent positions, a possibility suggested by 
Dr. Huggins.3 The evidence of the similar inten­
sities shows that the molecules of the two com­
pounds, bimesityl and Z-3,3'-diaminobimesityl, 
must have very similar spatial arrangements. 
The two are alike in Chemical structure except 
for the Substitution of two hydrogen atoms by 
amino groups in the second. This suggests that 
whereas the second molecule of bimesityl in the 
unit cell may be derived from the first by reflec­
tion and a translation of one-half, corresponding 
molecules of the optically active compound would 
bear the same relation if the NH2 groups could be 
ignored, thus simulating the C2h symmetry. The 
presence of the asymmetrically placed amino 
groups makes reflection of the entire molecule 
impossible and lower real symmetry exists.

Racemic 3,3'-diaminobimesityl also prepared 
by Moyer and Adams7 yields ambiguous results. 
Recrystallized from alcohol on a microscope slide, 
it forms square or rectangular tablets with parallel 
extinction and positive elongation from which 
acute bisectrix interference figures are obtained 
which indicate that the crystal is biaxially nega-
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tive. A Laue photograph with the x-ray beam 
parallel to the a-axis showed the two-fold sym­
metry. However Weissenberg photographs about 
perpendicular a- and ö-axes appeared identical. 
It is possible that some type of twinning might 
give rise to these anomalous results.

2,4,6,2' ,4' ,6 '-Hexachlorobiphenyl crystallizes 
from alcohol to form crystals with (001), (101),
(111), (100) and (011) faces. Since no measure­
ments of its crystal form have been reported,8 
goniometrie measurements were made on six 
crystals which showed good reflections and the 
angular measurements recorded in Table II.

T a b l e  II

A n g u lar  M e a su r e m e n t s  of  H ex ac h l o r o b iph e n y l
No. of Average Cal-

Angle
measure

ments Range
Mean

observed
devia­
tion

culated
value

(100):(001) 16 91°41'-91°56' 91°49' 4'
(101):(111) 14 56°01'-56°11' 56°08' 3'
(001) :(101) 6 52025'-52033' 52°30' 2'
(101) :(100) 5 35°37'-35°46' 35°41' 4' 35°41'
(001) :(011) 4 68°34'-68°47' 68°40' 4' 68°36'
(100) :(011) 2 90°00'-90°34' 90°17' 17' 90°16'
(100):(111) 3 62°57/- 6 3 ° l l / 63°03' 5' 63°05'

These showed that the crystal is monoclinic pris­
matic with an angle ß of 91°49' and an axial ratio 
1.8785:1:2.554. Extinction is unsymmetrical in 
the principal views. An acute bisectrix figure may 
be seen from the (101) face, which shows that 
the crystal is negative with a small optie angle. 
Examination of the x-ray photographs showed 
that of the planes with indices up to and including 
h = 6, k = 3, l = 7, those which may be classified 
as (hkl) where k +  / is odd and (hOl) where h or 
l is odd are missing. This led to the assignment 
of space group Clh instead of that reported in the 
earlier paper.

Quaterphenyl,9 m. p. 310°, was kindly sup­
plied by Dr. Robertson. It is very difficultly 
soluble and was finally crystallized in tiny flakes 
with (001) faces from monobromobenzene. Op­
tical examination showed that the crystal is bi- 
axially positive with the direction of Vibration 
of the slow ray that which was later known to be 
the long axis of the molecule. The unit cell whose 
dimensions are shown in Table I is similar to those 
of biphenyl3,10 or terphenyl11 differing only in the

(8) A private communication from Dr. Wherry which stated that 
the crystal was monociinic with ß =  about 92° agrees with the pres­
ent finding.

(9) This report was presented at a meeting of the American 
Chemical Society in September, 1933.

(10) Dhar, Indian J. Physics, VU  (1), 43 (1932).
(11) Pickett, Proc. Roy. Soc. (London), A2.42, 333 (1933); Hertel 

and Römer, Z. physik. Chem., B21, 292 (1933).
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length of the c-axis. Hertel and Romer12 have 
reported the unit cell dimensions and space group 
of quaterphenyl.

The extremely small size of the crystal made it 
difficult to obtain reflections of measurable in­
tensity from more than a small number of planes. 
Relative intensity values, measured photometri- 
cally are listed in Table III together with visual 
estimates of intensity of those reflections not suita­
ble for measurement.

T a b l e  III
Ob se r v e d  a n d  C a lcu la ted  I n t e n s it ie s  of R e fl e c t io n s  

from  Qu a t e r p h e n y l

Plane Observed intensity

Calcd. 
intensity 
0 «  34°

hkl 2 sin 0 Visual Measured 0 = 12°
001 0.086 Strong 42 98
002 .173 Medium 21 55
003 .259 Medium 20.1 51
004 •346 Strong 72 128
005 .432 Missing 0 0
006 .519 V. weak 1.5 3
007 .605 Weak 4.3 5
008 .692 Medium 21.6 22
009 .778 Medium 21.6 22
0010 .865 V. weak 1.7 1
200 .380 Weak 12
20l .385 Weak 7
202 .407 Weak 9
203 .444 Medium 20
204 .490 Missing 1
205 .550 Missing 3
206 .620 V. weak 5
207 • 680 Medium 15.0 17
208 • 760 M. strong 32.0 33
209 .837 Missing 0
2010 .910 Missing 0
2011 .990 Missing 0
20Ï2 1.070 V. weak 5
201 0.388 ¥ . strong 682
202 .429 Missing 9
203 .475 Missing 1
204 .532 Missing 0
205 .598 Missing 0
206 .665 Missing 3
207 .740 Missing 1
208 .814 Missing 0
209 .890 Missing 2
2010 .964 Missing 0
2014 1.130 Weak IQ
406 0.963 Weak 10

The position pf the individual molecules in the 
unit cell was found through the assumption that 
their orientations are similar to biphenyl and ter­
phenyl with a probable slighter tilt to the c-axis, 
After some trial and error experimentation, planar 
molecules with a carbon-carbon distance of 1.42

(12) Hertel and Römer, ibid., B23, 226 (1933).
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Ä. in the ring and 1.48 Ä. between rings were 
postulated, with centers of symmetry at the Co­
ordinates (000) and (1/2,1/2,0) and rotated 34°
(0) about the £-axis and 12° (</>) about the &-axis 
from an original position in the (100) plane with 
length parallel to the c-axis. The intensity of re­
flections from such a structure agreed well with 
the experimental values as shown in Table III. 
The lack of agreement in the lower orders of the
(001) planes is not significant as the factors used 
in the calculation are uncertain in this region.

Fig. 1.—The projection öf the electron density 
of quaterphenyl upon the line normal to the (001) 
plane is shown together with a diagrammatic rep- 
resentation of carbon atoms in an arrangement 
consistent with the projection. X  is center of 
symmetry.

A one-dimensional projection of the electron 
density of the scattering matter in the crystal was 
made upon the normal to the (001) face. Relative 
F values were calculated from the measured intensi­
ties (I) of the first ten orders of the (001) planes 
according to the formula, F = ^7/1 +  ^

using the signs determined in the trial and error 
analysis described above. The electron density 
was found at points approximately 0.1 Ä. apart 
(the unit cell length being divided into 180 parts), 
along the direction chosen for the projection, from 
the summation, d — SA(00d cos 2ir l z / c ,  The
values so obtained are plotted in Fig. 1 together 
with a molecular model which is consistent with 
the projection. The two molecules in the unit 
cell project as a single molecule since the atoms 
have like s-coördinates. Each peak apparently

represents three unresolved atoms of carbon in 
each molecule.

From this experimental curve it is evident that 
the four benzene rings are extended coaxially 
while the equal width of peak suggests that the 
rings are coplanar. The length of projection of a 
single ring corresponds to that of a molecule with 
1.42 Ä. between the carbon atoms of the same ring 
and 1.48 Ä. between those of adjacent rings if this 
molecule is placed at a tilt of 17.3° from the nor­
mal to the (001) face or 11.5° from the c-axis.

The above evidence does not exclude the possi­
bility of a shorter molecule at a lesser tilt. For 
this reason, comparisons of observed and calcu­
lated structure factors were made for slightly 
differing structures (e. g., for molecules with a 
distance between rings of 1.42 Ä. and a tilt of 
8.5°), using those planes which are accurately 
measurable and especially sensitive to change in 
length of the molecule, namely, (008), (009), (207) 
(208). The model described above with 0 = 34°, 
</> = 11.5°, C-C = 1.48 Ä. showed the best agree­
ment with the experimental data. The structure 
factors of the above mentioned planes are insensi­
tive to small changes in 0.

Krishnan and Banerjee2 from measurements of 
magnetic susceptibilities independently reached 
the conclusion that the orientation of the quater­
phenyl molecule was ±32° from the plane of sym­
metry and 17.1° from the normal to the (001) 
plane, results in close agreement with these.

The structure factors have been recalculated 
recently using the atomic ƒ values for carbon in 
anthracene published by Robertson13 and a car­
bon-carbon distance of 1.41 A. which has been gen­
erally accepted for the aromatic carbon atom. 
Since there is less evidence for the distance 1.48 
as existing between benzene rings these calcula­
tions were designed as a test of this distance. A 
comparison of structure factors for molecular 
models with 0 — 32°, <f> = 11.3°, a carbon-carbon 
distance in the ring of 1.41 Ä. and the two alter­
natives 1.41 and 1.48 between rings is shown in 
Table IV with the experimental values. The 
results show conclusively that if the orientation 
of the molecule found from the magnetic suscepti­
bility results and indicated independently by the 
x-ray work is correct, the distance between rings 
must be 1.48 rather than 1.41 Ä. This is in ac- 
cord with results of analyses of biphenyl10 and 
terphenyl.11

(13) Robertson, Proc. Roy. Soc. (London), A150, 106 (1935).
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T able IV
hkl F ,  exptl.

F ,  calcd. 
C-C = 1.48

F ,  calcd. 
C-C = 1.41

008 49.5 49.3 37.4
009 53.0 53.1 65.0
20? 40.5 38.1 27.3
208 63.6 66.0 75.3

Probable positions for the 48 carbon atoms in
the unit cell are x,y,z; x,y,z; 1/ 2 + Vs -  y,z;
lA -  x, V2 +  y,z; the values of x,y,z for the twelve
carbon atoms in the half molecule are as follows

Atom X y z
1 -0.018 0 0.040
2 + .043 +0.186 .089
3 + .009 + .186 .165
4 -  .087 0 .192
5 -  .149 -  .186 .144
6 -  .115 ~ .186 .067
7 -  .123 0 .272
8 -  .061 + .186 .321
9 -  .096 + .186 .398

10 -  .192 0 .425
11 -  .254 -  .186 .376
12 -  .220 -  . 186 .300

The writer wishes to acknowledge with appre-

ciation the grant of the European Fellowship from 
the American Association of University Women 
which made possible the work; and to express to 
Sir William Bragg and the Managers of the Royal 
Institution her thanks for the privilege of making 
the measurements in the Davy Faraday Labora­
tory, and to Dr. K. Lonsdale for her helpful in­
terest in the work.

Summary
Additional experimental data concerning the 

crystal structures of five biphenyl derivatives 
are presented.

The unit cell of quaterphenyl has the dimen­
sions a = 8.05 Ä., b = 5.55 Ä., c — 17.81 Ä., ß = 
approximately 95.8° and contains two centro- 
symmetrical molecules. Trial and error analyses 
together with a one-dimensional Fourier projec­
tion indicate that the molecules are oriented at an 
angle of 17.3° to the normal to the (001) plane in 
the acute angle ß and that the carbon-carbon dis­
tance between benzene rings is 1.48 Ä.
South H adley, Mass. R eceived August 3, 1936

[Contribution from the Chemical Laboratory of Wellesley College]

Ultraviolet Absorption and Rotatory Dispersion of 3-Methylcyclohexanone1
B y  H. S. F rench  a n d  M. N aps

The rotatory dispersion within an absorption 
band has thus far been recorded for only a limited 
number of compounds. We have been especially 
interested in such work on compounds containing 
the carbonyl group. I t has been proved con- 
clusively for several of these carbonyl compounds, 
especially camphor,2 camphor-ß-sulfonic acid,3 
and carvomenthone,4 that the zero molecular ro­
tation (and also the maximum of circular dichro- 
ism) occurs at a wave length greater by 60 to 
110 Ä. than the wave length of the maximum for 
the carbonyl absorption band. At least a slight 
shift in this direction may be noted in almost all 
the carbonyl compounds5 thus far reported upon,

(1) This work is included in a thesis submitted by Miss Naps to 
the Faculty of Wellesley College in partial fulfillment of the require­
ments for the degree of Master of Arts.

(2) Kuhn and Gore, Z. physik. Chem., B12, 389 (1931).
(3) Lowry and French, J. Chem. Soc., 2654 (1932).
(4) Lowry and Lishmund, ibid., 709 (1935).
(5) Lowry and Gore, Proc. Roy. Soc. (London), A135, 13 (1932); 

Hudson, Wolfrom and Lowry, J. Chem. Soc., 1179 (1933); Baldwin, 
Wolfrom and Lowry, ibid., 696 (1935); Mathieu and Perrichtet, 
Com.pt. rend., 200, 1583 (1935); J. phys. radium, 7, 138 (1936); Le­
vene and Rothen, J. Org. Chem., 1, 116 (1936); J. Chem. Phys., 4, 
48 (1936).

although it is not so marked in the simpler ke­
tones. This shift has been interpreted by some 
investigators2,6 to mean an induced dissymmetry 
of the chromophore and a difference between the 
two carbon-oxygen valences. The use of rota­
tory dispersion curves in these cases shows there­
fore the non-homogeneity of an absorption band, 
or the fact that it is actually made up of two over­
lapping bands.

The present study was undertaken in order to 
collect further evidence concerning the carbonyl 
group by the use of a different cyclic ketone, 3- 
methylcyclohexanone,7 simpler in structure than 
most of the carbonyl compounds previously used.

Previous determinations of the absorption 
Spectrum of 3-methylcyclohexanone8 were done

(6) Lowry and Walker, Nature, 113, 565 (1924); Kuhn and Leh­
mann, Z. Elektrochem., 37, 549 (1931); Lowry, ibid., 40, 475 (1934); 
Chemistry and Industry, 477 (1935); Lowry and Allsopp, Proc. 
Roy. Soc. (London), A146, 313 (1934).

(7) This compound was kindly suggested to One of us by Professor 
T. M. Lowry of Cambridge University.

(8) Gelbke, Jahrb. Radioakt. Elektronik, 10, 1 (1913); Henderson, 
Henderson and Heilbron, Ber., 47, 876 (1914); Purvis, Proc. Cam­
bridge Phil. Soc., 23, 588 (1927).
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either by the older Hartley-Baly method, or in 
solvents other than cyclohexane. Previous de­
terminations of its rotatory power9 have been 
carried out only for a limited number of wave 
lengths in the visible region of the spectrum. 
There have been no previous determinations of 
its rotatory dispersion in the ultraviolet.

2.0

1.8

1.6

1.4 *
O
bibo

1.2 ^

1.0

0.8

0.6

3500 3300 3100 2900 2700 2500
Wave lengths in Ä.

Fig. 1.—3-Methylcyclohexanone in cyclohexane: 
absorption spectrum, --------— ■ ; rotatory dispersion,

The method for obtaining the absorption spec­
trum data has already been described in a com­
munication from this Laboratory.10 The rota­
tory dispersion data were obtained by the same 
method used in a previous publication.3 The 
ultraviolet polarimeter was a new instrument, 
but was made by Hilger according to Lowry’s 
specifications, and no new method was involved.

The 3-methylcyclohexanone is readily obtained 
in its optically active form by the hydrolysis of 
naturally-occurring optically active pulegone, and 
it is easily purified through its bisulfite addition 
eompound.11 The cyclohexane solvent used in

(9) Wallach, Ann., 332, 337 (1904); Tschugaeff, Z. physik. Chem., 
76, 469 (1911); Rupe and Kambli, Ann., 459, 195 (1927); Tschu­
gaeff and Chesno, Trans. Sei. Chem. Pharm. Inst. (Moscow), No. 19, 
181 (1928).

(10) Acly and French, T his Journal, 49, 847 (1927).
(11) Rupe and Glenz, Ann., 436, 202 (1924); Rupe and Kambli, 

ibid., 459, 206 (1927).

both determinations was purified by the usual 
method.12

The results are shown in Tables I and II and 
in the curves.

Table I
Absorption Spectrum of  3-Methylcyclohexanone in 

Cyclohexane
Concn. (a) 0,1003 M; (b) 0.0501 M; (c) 0.0114 M

(a)
X

3355
Logio e 

0.30 (b)
X

2965 1
Logio e'

(a) 3310 .48 (b) 2815 \ 1.30
(a) 3260 .70 (b) 2660 J
(a) 3220 .84 (b) 2641 1.34
(a) 3210 .90 (b) 2635 1.38
(a) 3185 .95 (b) 2620 1.45
(a) 3170 1.00 (b) 2612 1.48
(a) 3145 1.04 (c) 2595 1.64
(a) 3135 1.08 (c) 2550 1.79
(a) 3130 1.11 (c) 2545 1.85
(a) 3125 1.15 (c) 2539 1.90
(a) 3095 1.18 (c) 2535 1.95
(b) 3065 1.20 (c) 2515 2.02
(b) 3015 ] (e) 2499 2.06
(b) 2785 \ 1.25 (c) 2488 2.09
(b) 2678 J (c) 2470 2.12

Table II
Rotatory Power of 3-Methylcyclohexanone in  Cy­

clohexane
Concn.: (a) 0.0928 g. per cc.; (b) 0.0093 g. per cc.; (c) 

0.00093 g. per cc.; (d) 0.00037 g. per cc.; (e) 0.00019 g. per 
cc.

(a)
X

4447
[«]

45.7 (b)
X

3314
[«]

564.5
(a) 4118 67.2 (c) 3068 689.6
(a) 4032 78.0 (c) 3076 \ 797.1
(a) 4022 88.8 (c) 3306 f
(a) 3878 99.6 (c) 3084 1 905.2
(a) 3786 121.1 (c) 3271 ƒ
(a) 3737 131.9 (c) 3116 r 1013.0
(a) 3704 142.7 (c) 3239 ƒ
(a) 3646 164.2 (c) 3166 ) 1120.5
(a) 3609 175.0 (c) 3212 J
(a) 3595 185.8 (c) 2987 -6 4 .7
(a) 3546 207.3 (d) 2965 -1 6 1 .7
(a) 3521 218.1 (e) 2948 -3 2 3 .3
(a) 3497 239.7 (d) 2941 -4 3 1 .0
(a) 3458 261.2 (d) 2918 -7 0 0 .5
(b) 3445 327.6 (d) 2852 -9 6 9 .8
(b) 3413 349.1 (d) 2805 -1 2 3 9 .6
(b) 3393 370.7 (e) 2667 1 -1 4 0 1 .0
(b) 3380 456.8 (e) 2598 ƒ

As expected, the positive and negative maxima 
of rotation occur approximately at the wave 
lengths corresponding to the half-width of the 
absorption band. The zero rotation is at 2970 Ä., 
while the maximum of absorption is at 2890 Ä. 
(logio e = 1.34). The zero rotation is thus dis­
placed 80 Ä. toward the red end of the spectrum.

(12) Lowry and Hudson, Trans. Roy. Soc. (London), A232, 126 
(1933).
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There is therefore by this study added one more 
bit of evidence for the induced dissymmetry of the 
carbonyl group, and for the non-homogeneous 
nature of its absorption band.

Work is being continued along the same lines 
in this Laboratory on other cyclic ketones, and 
on similar compounds involving doubly-bound 
oxygen.

Summary
Tables and curves are given for the ultraviolet 

absorption and rotatory dispersion of 3-methyl­
cyclohexanone in cyclohexane solution. These 
afford further evidence for the non-homogeneous 
nature of the carbonyl absorption band, and for 
the induced dissymmetry of the carbonyl group. 
W e l l e sl e y , M a s s . R e c e iv e d  Se p t e m b e r  15, 1936

[F rom  t h e  L a bo r ato r y  of  B iological Ch em istr y , W a sh in g t o n  U n iv e r sit y  S chool of M e d ic in e ]

The Oxidation-Reduction Potentials of Derivatives of Thioindigo. I. Thioindigo
Tetrasulfonate

B y  P a u l  W. P r e is l e r  a n d  L o u i s  H . H e m p e l m a n n

Until the mathematical formulation of the 
potential changes of the two-step oxidation-re­
duction process, involving one electron per step, 
by Michaelis1 and by Elema,2 resulting from their 
work upon the natural pigment pyocyanine, the 
potentials of all organic oxidation-reduction 
systems previously measured, which required two 
electrons per molecule for reduction, were con­
sidered to be one-step processes involving a pair 
of electrons.

Sullivan, Cohen and Clark,3 who originally in­
vestigated systems of indigo sulfonate-leuco indigo 
sulfonate, considered these to be of the one-step 
two-electron class. Preisler and Shaffer4 found 
that in the pH range of 10 to 12, red intermediate 
colors were formed, between the blue colors of 
the oxidants of indigo sulfonates and the yellow 
colors of the fully reduced reductants, when the 
oxidants were reduced by gradual addition of 
sodium hydrosulfite. A determination of the 
oxidation-reduction potentials in alkaline buffers 
revealed that these systems exhibited the char­
acteristics of a two-step process.

An investigation of the potentials of simple and 
substituted sulfonates of the closely related thio­
indigo5 is being conducted, to ascertain whether 
these exhibit the two-step oxidation-reduction 
process, to obtain further information on the 
nature of intermediary reduction products, and to 
study the effects of Substitution on the potentials.

(1) L. M ichaelis, J .  B io l .  C h em .,  96, 703 (1932).
(2) B. E lem a, Ree . trav.  ch im . P a y s - B a s ,  50, 807, 1004 (1931); 

J .  B io l .  C h em .,  100, 149 (1933).
(3) M . X . S u llivan , B . Cohen and W . M . Clark, U .  S .  P u b l i c  

H ealth  R ep o r t s ,  38, 1669 (1923).
(4) P, W. Preisler and P. A. Shaffer, ab stracts of papers presented  

a t th e A m erican C hem ical S ocie ty  m eeting, C hicago, 111., 1933 
(m anuscript in  preparation).

(5) P. Friedländer, B e r . ,  39, 1060 (1906): A n n . ,  351, 410 (1907).

Since the initiation of this work, Remick6 has 
reported on the potentials of thioindigo disulfo- 
nate and its reduction product and has concluded 
that his results with this eompound show . . that 
the dye underwent a dimolecular reduction, in­
volving but one electron per molecule of dye. 
The experimental data conform with the following 
mathematical formulation and establish this as 
the first system observed to undergo a thermo- 
dynamically reversible, dimolecular, oxidation- 
reduction reaction. No evidence of a second step 
was found.” His mathematical formulation is 
developed on the assumption that this type of 
Chemical reaction occurs.

This unusual interpretation of the thioindigo- 
leuco thioindigo system prompts the presentation 
at this time of results of work on the potentials of 
thioindigo tetrasulfonate, a representative deriva­
tive, which have been found to follow the same 
general mathematical formulations to which other 
previously studied organic systems seem to con­
form.

The potentials of the thioindigo tetrasulfonate- 
leuco thioindigo tetrasulfonate mixtures in acidic 
buffers of pH below 3 give typical curves approach- 
ing in shape those of a one-step two-valent process 
and in buffers of pH above 10.5 give curves showing 
transition into the shapes characteristic of the 
two-step process. In the pH range below 3, the 
E'0-pH  curve of the system oxidant-semiquinone 
lies in a region of more negative potential, and 
the E'Q-pH. curve of the system semiquinone- 
reductant in a region of more positive potential, 
than that of the resultant oxidant-reductant 
curve; in the pEL range above 10.5 the relative

(6) A. E . R em ick , T h is  Jo u r n a l , 58, 733 (1936).
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positions are reversed. The much deeper red 
colors of the partly reduced Solutions in buffers 
above p H  10.5 offer additional evidence of semi- 
quinone formation.

Experimental
Thioindigo tetrasulfonate may be prepared as a well- 

crystallized tetrapotassium salt by the following method. 
Suspend 10 g. of powdered thioindigo7 (Rowe: Colour 
Index No. 1207) in 100 cc. of metallic-salt-free 30% 
excess sulfur trioxide, fuming sulfuric acid, in a long- 
necked flask lightly stoppered with a glass bulb. Heat for 
four hours or longer in a suitable bath at 145-150 ° under a 
hood since sulfur trioxide fumes are evolved copiously. 
Cool, pour the mixture into 1 liter of water and filter. Add 
small portions of 50% filtered potassium carbonate solution 
until but little carbon dioxide is evolved on addition and 
the mixture is still slightly acid to congo red. Filter off the 
light red precipitate and wash with a filtered 5% KAc- 
0.3% HAc solution to remove sulfate. Dissolve the pre­
cipitate in 1 liter of water, heat to boiling, add 100 cc. of 
a filtered 50% KAc-3% HAc solution and allow to cool 
slowly. Filter off the crystalline red salt and wash at 
least ten times with filtered 5% KAc-0.3% HAc solution 
and then at least ten times with 95% alcohol followed by 
some absolute alcohol; yield about 80%.

Analyses of material prepared by this method were 
made for sulfur and potassium: sulfur by fusion with 
sodium dioxide, potassium perchlorate and benzoic 
acid, in a Burgess-Parr bomb, precipitating as barium 
sulfate, igniting and weighing; for potassium by ashing 
to potassium sulfate and weighing. Samples were dried 
for five hours at 200° or at 135° and 5 mm. The moisture 
of different preparations varied from 6 to 9%.

Potassium: found, 20.03, 19.97, 20.01, average 20.00%; 
calcd., 20.34%. Sulfur: found, 24.66, 24.68, average 
24.67%; calcd., 25.02%. Sulfur-potassium atomic ratio, 
1.505, corresponding to 6.02 S to 4.00 K, calcd. 6 to 4. 
The slightly low values for potassium and sulfur are per­
haps due to incomplete drying. Some of the moisture in 
the original sample is probably in the combined state, 
since the sample becomes much darker red on heating. 
The position of the KS03-groups was not determined 
but by analogy to indigo they are considered to be in the 
5,5' ,7,7'-positions.

The potentials of two platinum electrodes, immersed 
in the buffered solution of the thioindigo tetrasulfonate 
and its reduction products, were measured by a Potenti­
ometer system against a saturated calomel cell connected 
to the solution by a 5% agar-saturated potassium chloride 
bridge. Electrodes usually agreed to within 0.0002 volt. 
The calomel cell was standardized against a hydrogen 
electrode in 0.05 M  acid potassium phthalate. The pH 
values of the buffers were determined by a hydrogen elec­
trode.

The mixture of oxidant and its reduction products was 
made by titrating the deoxygenated, buffered, oxidant 
solution with a reducing agent similarly prepared. The 
volume at the beginning of the titration was 55 cc. and

(7) Obtained through the courtesy of the Society of Chemical 
Industry in Basle.

about 10 to 15 cc. was added. The E'0 values and slopes 
were determined graphically; the table summarizes the 
results.

P otentia ls  of M ix t u r e s  of E q u iva len t  A m o u n ts  of 
Ox id a n t s  a n d  R e d u c t a n t s  in  B u f f e r s  at V a r io u s  pH

Ei
ox-red (£ i/ 4 -  £' El

pH volt E^/i)/2 ox-semi semi-red Type buffer
0.04 0.408 (Between HCl

.78 .362 0.014-0.015) HCl
1.09 .345 HCl
1.48 .323 Citrate
2.05 .290 Citrate
2.97 .236 Citrate
3.56 .2 0 0 Citrate
4.00 .177 Citrate
4.46 .162 Citrate
4.73 .147 Citrate
5.42 .116 Acetate
6.53 .084 Phosphate
7.48 .047 Veronal
8.52 .018 0.015 -0 .0 3 7 +0.073 Veronal
9.75 - .0 1 9 .018 -  .037 -  .001 Carbonate

10.29 - .0 3 4 .024 -  .040 -  .028 Carbonate
10.93 - .0 5 4 .030 -  .034 -  .074 Phosphate
11.18 - .0 5 9 .036 -  .029 -  .089 Phosphate

The buffers were 0.05 to 0.10 M  in buffering ion and 
the reactants about 0.0005 M; no correction was made 
for the pH changes accompanying the reduction. An 
equivalent amount of sodium hydroxide was added to the 
titanium trichloride titrating Solutions to compensate for 
the excess hydrochloric acid (7.493 N) in the commercial 
titanium trichloride (1.29 M) preparations. Titanium 
trichloride was used as reducing agent in buffers from pH 
0.04 through 4.73; sodium hydrosulfite in the more alka­
line buffers.

Commercial tank nitrogen, deoxygenated by passing 
over heated copper, was used to deoxygenate and stir the 
Solutions. Temperature variations were less than 0.1° 
and the bath was maintained at 30.0°.

The number of equivalents involved in the complete 
reduction of indigo tetrasulfonate was determined by 
comparing the quantity of Standard titanium trichloride 
solution required to reduce a known quantity with that re­
quired by a Standard ferric chloride solution: 0.404 g. of 
thioindigo tetrasulfonate containing 5.6% moisture, was 
made up to 100.00 cc. Of this solution, 5.00 cc. was added 
to 50.00 cc. of hydrochloric acid, the final pH. of this mix­
ture being 0.78. At this pH , the potential mixture 
curve most closely resembled a two-electron shape curve, 
as given by E h  =  E'0 — ( RT/nF) loge [(Red)/(Ox)], 
the Eq values calculated from experimental measurements, 
taken at 1-cc. intervals, were within 0.001 volt of the theo- 
reticai Eq for all mixtures containing from 6.3 to 94.9% of 
reductant. This solution required for complete reduction 
to a pale yellow solution, 15.8 cc. of a titanium trichloride 
solution in similar buffer. Five cc. of a 0.0101 N  ferric 
chloride solution added to 50.00 cc. of about 1 N hydro­
chloric acid with titrated titanium trichloride of the same 
strength as used in the indigo tetrasulfonate determina­
tion required 15.6 cc., both end-points being determined 
graphically. Calculation shows that within the limits of
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experimental error, two equivalents of reducing agent per 
mole of indigo tetrasulfonate were used. Similar rela- 
tionships hold at all other pH values studied. The data of 
Knecht and Hibbert8 on the use of titanium trichloride 
for determination of thioindigo led to the same conclusion.

The initial concentration of the oxidant was changed 
by adding 35 cc. of the above solution of hydrochloric acid 
of proper strength to make final pH  of 0.78 and diluted to
55.00 cc. and then titrated with a titanium trichloride so­
lution of seven times the concentration of the previously 
used solution. The Ei of this titration was within 0.001 
volt of the Eq of the above titration. The maximum cal­
culated pH change would correspond to 
about 0.002 volt. Concentration appar­
ently has but little effect on potential in 
this pH region. All other titrations were 
made at about 0.0005 M  initial oxidant 
concentration. The effect of concentra­
tion changes in the region of apparent 
semiquinone formation was not studied 
because of certain decompositions of the 
materials in the alkaline buffers, which 
would make the results questionable. The 
occurrence of semiquinones, rather than 
meriquinones, is not absolutely established 
but the results fit the general theoretical  ̂
considerations and are analogous to those ^  
with indigo sulfonates where semiquinone 
formation seems the most likely explana­
tion.

Discussion
The relationships existing between 

the two component oxidation-reduc­
tion systems and their resultant can 
be more easily recognized by a study 
of the graph showing the correspond­
ing curves of E'Q against pH.

The change in slope of the result­
ant oxidant-reductant E'0-pH  curve 
at pH 4.5 indicates an ionization in 
the reductant; a color change to 
deeper yellow accompanies the ion formation. 
The experimental points from pH 8.5 to 11.2 
set the slopes of the two primary E'0-pH curves in 
this region. The pK  of the semiquinone may be 
either lower or higher than this first pK  at 4.5 
of the reductant: if lower, the slopes of the semi- 
quinone-reductant E'0~pH curve (shown by the 
long-dash line), as it extends into more acid regions 
from pH 8.5, will change from 0.06 to 0.12 at the 
pK  of the reductant and then to 0.06 again at 
the pK  of the semiquinone; and, if higher, it 
will change (shown by the short-dash line), from
0.06 to 0.00 at the pK  of the semiquinone and 
from 0.00 to 0.06 at the pK  of the reductant. 
The slope of the oxidant-semiquinone E'0~pll

(8) E. K n echt and E. H ibbert. Ber., 40, 3821 (1907).

curve is 0.00 at pH 8.5 or higher pH and will change 
to a slope of 0.06 at the pK  of the semiquinone, 
The relative positions of the pK  values will deter­
mine which order of slopes will prevail, the curves 
drawn are for illustration of the effect only and 
do not represent accurate location.

An exact estimation of the pK  of the semi­
quinone cannot be made with the data at hand: 
the instability of the potentials and the momen- 
tary deepening of the red color on addition of

pH.
Fig. 1.

reducing agent in buffers about pH 5 suggests 
that a different ionic species of the semiquinone 
with somewhat slower reaction rate is perhaps 
present in this region, although its relative posi­
tion to the first pK  of the reductant is indeter- 
minate. This would suggest that'the pK  of semi­
quinone is higher than the pK  of reductant and 
that the System is of the type indicated by the 
short-dash lines.

The decomposition of materials in buffers of pH 
greater than 11.5 prevents the estimation of the 
second pK  of the reductant. At higher pH than 
this pK , all E'tf-pH slopes would be 0.00 (shown by 
short-dash long-dash line).

The above interpretation seems consistent with 
the results obtained and follows the general theory
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which apparently holds for other readily reversible 
electromotively active organic oxidation-reduc­
tion systems. Preliminary experiments with cer­
tain other substituted thioindigo sulfonates indi­
cate that these also exhibit semiquinone formation.

The formulation by Remick for the thioindigo 
disulfonate-leuco thioindigo disulfonate system 
was developed by considering that the reduction of 
two molecules of oxidant involving two electrons, 
one for each molecule, resulted in the formation of 
one molecule of reductant. This interpretation 
cannot be applied to the data presented for the 
tetrasulfonate, which show that one molecule of 
oxidant requires two reducing equivalents for con­
version into one molecule of reductant. The 
introduction of the additional two sulfonic acid 
groups probably would not change the funda­
mental character of the reduction process of the 
thioindigo nucleus. The oxidation-reduction proc­
ess for the several homologous indigo sulfonates 
has been found to be of the same type.

A comparison of the constants of indigo tetra­
sulfonate (Eq = 0.365 volt and pKm  = 6.9) and 
thioindigo tetrasulfonate ( E q = 0.409 volt and 
pKjii = 4.5) reveals that the Substitution of S 
for N into the two heterocyclic organic nuclei

would increase the E q value and the acidic dis­
sociation of the reductant.

The instability of the oxidant or its reduction 
products and the semiquinone formation make 
thioindigo tetrasulfonate unsuitable for use as 
an oxidation-reduction potential indicator, ex­
cept in acid pH regions below about pH 2.5.

Summary
The tetrapotassium salt of thioindigo tetra­

sulfonate has been prepared after direct sulfonation 
of thioindigo with fuming sulfuric acid. The 
oxidation-reduction potentials of the system thio­
indigo tetrasulfonate-leuco thioindigo tetrasul­
fonate have been determined for the pH range 0.0 
to 11.5. The orange-red oxidant is converted 
into the yellow reductant by a reaction involving 
two reduction equivalents per molecule. The con­
stants of the system established are E q — 0.409 
volt and the first pK  of the reductant is 4.5. 
Formation of a deeper red semiquinone was 
noted in the pH region from 8.5 to 11.5. Except 
in acid solution of pH less than 2.5, the material 
is not particularly suitable as an oxidation- 
reduction indicator.
St . L o u is , M o . R e c e iv e d  A u g u st  31, 1936

[C o n t r ib u t io n  fr o m  t h e  R e se a r c h  L a bo r ato r ies  of t h e  S chool of P harm acy  of  th e  U n iv e r sit y  of M a r y l a n d ]

The Preparation of Some Organic Mercurials from Diazonium Borofiuorides

By M e l v in  F. W. D u n k e r , 1 E dgar

Of the many methods of making aromatic 
mercury compounds, only two have made use of 
the diazonium salts. McClure and Lowy2 no- 
ticed that on reducing electrolytically a diazo­
nium solution using mercury electrodes, a small 
amount of mercurial was formed. They were 
also successful in preparing the corresponding 
mercury derivatives by stirring the diazonium 
solution with finely divided mercury produced 
mechanically. Nesmejanow3 has succeeded in 
preparing the mercury derivatives of nuclei con­
taining no group or groups such as alkyl, halogen, 
hydroxyl, etc., by treating the diazonium chlo- 
ride-mercuric chloride double salt with precipi­
tated copper powder; but when the nuclei con-

(1) Abstracted in part from a thesis submitted by Melvin F. W. 
Dunker to the Graduate School of the University of Maryland for the 
degree of Master of Science.

(2) McClure and Lowy, T his Journal, 53, 319 (1931).
(3) Nesmejanow, Ber., 62, 1010 (1929).

3. Stark ey  a n d  G l e n n  L. Je n k in s

tained groups such as carboxyl, nitro, sulfonic 
acid, etc.,4 temperatures ranging from —10 to 
— 70° were necessary.

Using more stable diazonium compounds such 
as the diazonium borofiuorides of Balz and 
Schiemann,5 and by producing very finely di­
vided mercury by reduction with stannous chlo­
ride directly in the reaction mixture, it was found 
that some aromatic mercurials could be prepared 
in better yields. The replacement of the di­
azonium group with mercury was carried out at 
room temperature. In the course of the prepara­
tion of the necessary diazonium borofiuorides, 
better yields were obtained by diazotizing in boro- 
fluoric acid.

The probable equations are illustrated by the 
following

(4) Nesmejanow and co-workers, ibid., 67, 130 (1934).
(5) Balz and Schiemann, ibid., 60, 1186 (1927),
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n̂ h 2
+  N aN 02 +  2HBF4 ■

n1n 2b f 4
+

NaBF4 +  2H20

nN2BF4 /V - H g C l
+  2HgGl2 +  3SnCl2 — ^ 2 | | +V

2N2 +  2SnCl4 +  Sn(BF4)2

Experimental
Diazonium Borofluorides.—The preparation of phenyl 

diazonium borofluoride illustrates the improved method 
referred to above.

To a mixture of 21.6 g. of aniline in 115 ce. of 50% fluo- 
boric acid cooled in an ice-bath and stirred vigorously was 
added slowly a solution of 18 g. of sodium nitrite in 36 cc. 
of water. The diazonium eompound was collected on a 
Büchner funnel, washed once with fluoboric acid, twice 
with alcohol and then thoroughly with ether. The yield 
was 90 to 97% of the theoretical amount as compared to 
63% reported by Balz and Schiemann.5 The yields of the 
other diazonium borofluorides are given in the table.

and precipitated with hydrochloric acid. The mercurial 
was crystallized from acetone and then from alcohol.

In an attempt to prepare 2-chloromercuri-£-phenol- 
. sulfonic acid by the above method, the product obtained as 
indicated by analysis seemed to be 2,6-dichloromercuri-p- 
phenolsulfonic acid. Rupp and Herrmann6 reported the 
mono-mercury eompound to be unstable, changing to the 
di-mercury eompound on crystallization from water.

p-Chloromercuri-diphenyl.—Five grams of ^-diphenyl- 
diazonium borofluoride and 5 g. of mercuric chloride were 
mixed with 50 cc. of glacial acetic acid and added slowly 
to 5 g. of mercuric chloride and 8 g. of SnCl2*2H20  in 50 cc. 
of acetone. The mixture was stirred for two hours and 
filtered. On standing in a refrigerator, the filtrate de­
posited shiny white plates. The mercurial was crystal­
lized from acetone. The crystals melted at 329° with de­
composition. When copper powder was used, no mer­
curial was obtained. If the reaction mixture was cooled 
strongly, the decomposition was very slow. It is believed 
that this is the first report of the preparation of this com­
pound.

Further applications of this method of synthesis of mer­
curials are being studied.

Phenylmercuric Chloride.—To a rapidly stirred suspen­ T a b l e  I
sion of 12.7 g. of SnCl2-2H20  and 7.0 g. of mercuric chloride Yield of 

diazonium
Chloromercuri compds.

% vield based % U s  % U sa
in 50 cc. of acetone and 25 cc. of water was slowly added a Aryl radical compd., % on amine Calcd. Found
solution of 5.0 g. of C6H6N2BF4 and 10.5 g. of mercuric Phenyl 90-97 60 64.1 64.5
chloride in 200 cc. of acetone. When the effervescence had ^-Sulfophenyl 99 46 50.6 49.9
ceased, the mixture was refluxed for about ten minutes and (as Na salt)
filtered hot, washing the residue with small portions of hot o-Carboxy phenyl 46 34 56.2 55.1
acetone. On standing, 5.25 g. of phenylmercuric chloride ^-Carboxy phenyl 76 Not detd. 56.2 55.8
crystallized out, representing 60% of the theoretical based ^-Phenylphenyl 94 Small 51.6 51.8
on aniline as compared to 51% obtained by Nesmejanow3 3 - Carboxy-4-hy-
and 70% obtained by the same author4 at —70°. When droxyphenyl 75-85 26 53.7 53.4
the above reaction was carried out at 0 to 5°, a yield of 2-Hydroxy-5-
16% was obtained. sulfophenyl (In soln.) Not detd. 62.3 60.0

^-Chloromercuri-benzenesulfonic Acid, a-Chloromer- 
curi-benzoic Acid, ^-Chloromercuri-benzoic Acid.—These 
compounds were prepared in the same manner, except that 
the diazonium borofluorides and mercuric chloride were 
added as a suspension rather than a solution, the volume 
of the solvent being reduced from about 300 to 100 cc. or 
less. The mercurial was extracted from the mixture with 
ammonium hydroxide and then converted to the free acid.

5-Chloromercuri-salicylic Acid.—In this case no appre­
ciable yield was obtained using stannous chloride. To a 
suspension of 0.04 mole of precipitated copper powder and 
0.016 mole of mercuric chloride in 150 cc. of water was added 
a dry mixture of 0.016 mole of the diazonium eompound 
and 0.016 mole of mercuric chloride. The solid was filtered 
out and extracted with 10% sodium hydroxide. The so­
dium hydroxide solution was decolorized with charcoal

“ The mercury analyses were made by the method of 
Tabern and Shelberg, Ind. Eng. Chem., Anal. Ed., 4, 401 
(1932).

Summary
1. Several aryl mercurials have been prepared 

by replacing the diazonium borofluoride group 
using freshly reduced mercury.

2. A new eompound, p-chloromercuri-diphenyl 
has been prepared.

3. An improved method for the preparation 
of diazonium borofluorides is reported.
B altim o r e , M a r y la n d  R e c e iv e d  J u n e  15, 1936

(6) Rupp and Herrmann, Arch. Pharm., 254, 500 (1916).
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The Reaction of Potassium Amide in Liquid Ammonia with Diarylbromoethenes

B y  G eorge H. C olem an , W illiam  H . H olst and  R oy D. M axwell
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The behavior of certain diarylchloroethenes 
and ethanes with potassium amide in liquid am­
monia has been reported in a previous paper.1 
These compounds are not affected by boiling al­
coholic potassium hydroxide but are very rapidly 
changed with the loss of hydrochloric acid by 
potassium amide in liquid ammonia to the corre­
sponding tolanes. To illustrate, l,l-di-£-tolyl- 
2-chloroethene forms />,/>'-dimethyltolane. A se­
ries of such para substituted compounds was 
studied and as anticipated only symmetrical 
tolanes were obtained.

The present paper is a report of work with di­
arylbromoethenes having substituents in the 
ortho and in the meta positions of the aryl radi­
cals. The bromoethenes were used since they 
could be prepared more easily than the corre­
sponding chlorine compounds. In order to de­
termine whether bromoethenes would undergo 
the rearrangement with potassium amide as 
readily as chloroethenes, the reaction was first 
tried with 1, l-diphenyl-2-bromoethene and 1,1- 
di-^-tolyl-2-bromoethene. Good yields of tolanes 
were formed.

The following ortho and meta substituted 
bromoethenes were used: 1,l-di-o-tolyl-2-bromo- 
ethene; 1,1 -di-ö-methoxyphenyl-2-bromoethene ;
1, l-di-m-tolyl-2-bromoethene; and 1,1-di-m- 
methoxyphenyl-2-bromoethene. In each case the 
corresponding symmetrical tolane was obtained.

With respect to the mechanism of the reaction 
the question of whether a proton or the halide ion 
is first removed from the molecule was considered. 
The loss of a proton due to the presence of a base 
(in this case the amide ion, NH2_) has been pro­
posed as the initial step in several related reac- 
tioris.2 However, the mechanism given by Whit­
more and Fleming3 for the formation of trimethyl­
ethylene and £-amyl acetate in the reaction of 
neopentyl iodide with silver acetate in acetic acid 
seems more applicable to the present case. Ac­

Cl) Coleman and Maxwell, T his Journal, 56, 132 (1934).
(2) (a) Mills, J. Soc. Chem. Ind., 51, 750 (1932); (b) Hauser and

Moore, T his Journal, 55, 4526 (1933); (c) Drake and McElvain, 
ibid., 56, 699, 1810 (1934); (d) Olivier, Rec. trav. chim., 53, 1093
(1934); (e) Hauser, Le Maistre and Rainsford, T his Journal, 57, 
1056 (1935).

(3) Whitmore and Fleming, J. Chem. Soc., 1269 (1934). See also 
T his Journal, 54, 3274 (1932).

cording to this mechanism the diarylbromoethene 
first loses the halide ion leaving a carbon atom. 
with a sextet of electrons. This carbon attracts 
a pair of electrons from the next carbon atom, the 
aryl group held by the shifting electron pair mov­
ing with it. The System thus formed is still elec- 
tronically deficiënt. This deficiency is satisfied by 
the shift of an electron pair to form a triple bond 
and liberate a proton, thus forming a tolane.

If the loss of a proton is assumed as the first 
step the formation of a tolane can also be ex­
plained by a somewhat similar mechanism. How­
ever Buttenberg4 obtained a mixture of diphenyl- 
vinyl ethyl ether and tolane when l,l-diphenyl-2- 
chloroethene was heated with sodium ethylate at 
about 200°. The formation of dipheriylvinyl 
ethyl ether is not readily explained if the removal 
of a proton is assumed as the first step. In the 
present work with potassium amide no amine was 
found in the reaction product but this would not 
necessarily exclude the mechanism proposed.

In the work with diarylchloroethenes1 it had 
been observed that the yields of tolanes were 90% 
or above for all the compounds used except those 
containing the ^-ethylphenyl, ^-77-propylphenyl 
and ^-77-butylphenyl groups. From these com­
pounds liquid mixtures were formed containing 
not more than 60% of the pure tolanes. In seek- 
ing the cause for this difference the purity of the 
starting material was considered. Since these 
diarylchloroethenes were liquids the purity could 
not be as easily determined as with solids. There­
fore several diaryldibromoethanes and diaryldl- 
chloroethanes, all of which were solids were pre­
pared, carefully purified and treated with potas­
sium amide in liquid ammonia. The compounds 
used were: l,l-diphenyl-2,2-dibromoethane, 1,1- 
diphenyl-2,2-dichloroethane, 1 ,l-di-£-tolyl-2,2- 
dibromoethane, l,l-di-^-tolyl-2,2-dichloroethane, 
1, l-di-£-ethylphenyl-2,2-dibromoethane and 1,1- 
di-£-ethylphenyl-2,2-dichloroethane. From the 
phenyl and p - tolyl compounds the yields of tolanes 
were about 90-95% of the theoretical. With the 
^-ethylphenyl compounds the products were 
again oily mixtures from which yields of only 50- 
70% of pure tolanes could be separated.

(4) Buttenberg, Ann., 279, 327 (1894).
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T able  I

D ia r y l b r o m o e t h e n es , s^w -D ia r y l d ib r o m o e th a n e s  a n d  T o l a n e s

B. p. and m. p. Br Analyses, %
Substances °C. Mm. Calcd. Found

1, l-Di-ö-tolyl-2-bromoethene 150-155 1.5 27.87 28.01
1, l-Di-w-tolyl-2-bromoethene 186-191 10 27.87 28.22
1, l-Di-0-methoxyphenyl-2-bromoethene M. p. 101.6-102.6 25.08 25.25
1, l-Di-w-methoxyphenyl-2-bromoethene 225-230 6 25.08 25.86
1,2-Di-o-tolyl-l ,2-dibromoethane M. p. 171-172 43.48 43.41
1,2-Di-w-tolyl-1,2-dibromoethane M. p. 166.5-167 43.48 43.64
m ,m '-Dimethyltolane M .p. 73.5-74
m,m '-Dimethoxytolane M. p. 63-63.5
o,o '-Dimethoxytolane M. p. 124.5-125
o,o'-Dimethyltolane 138-142 0.75 w20d  1.6228

The structures of the tolanes were proved by 
two methods. One was the synthesis of the corre­
sponding stilbene from monochloroacetal and 
Grignard reagents and the conversion of the stil­
bene to the symmetrical dibromoethane from 
which the tolane was formed by treatment with 
alcoholic potassium hydroxide. The other 
method was the reduction of the tolanes to bi- 
benzyls with boiling absolute alcohol and sodium.5 
This method was also used to prove more con- 
clusively the structures of some of the tolanes re­
ported in the previous paper.1

Experimental Part6
Diarylbromoethenes.—The bromoethenes were prepared 

by treating the corresponding unsymmetrical diarylethenes 
with bromine by a modification of the method used by 
Hepp.7 The dibromo compounds formed by the addition 
of bromine were unstable and lost hydrogen bromine either 
during the reaction or the subsequent heating.

The unsymmetrical diarylethenes were prepared by 
treating the methyldiarylcarbinols with phosphorus 
pentachloride or thionyl chloride to form the methyldiaryl- 
chloromethanes followed by subsequent Splitting out of 
hydrochloric acid by treatment with alcoholic potassium 
hydroxide or pyridine. The methyldiarylcarbinols were 
prepared by the method of Allen and Converse.8

The general procedure used in preparing the diaryl­
bromoethenes is illustrated by the following preparation of 
l,l-di-ö-tolyl-2-bromoethene. Fourteen and one-half 
grams of di-o-tolylmethylcarbinol was dissolved in 100 cc. 
of carbon tetrachloride. After cooling the mixture to 
0°, 7.6 g. of thionyl chloride was slowly added with occa­
sional shaking. After addition, the reaction was allowed 
to proceed at room temperature for four hours. Fifteen 
grams of pyridine was added and the mixture was allowed 
to stand overnight. A solid, pyridine hydrochloride, 
formed and was filtered off, after which the solution was 
washed with water to remove excess pyridine and then dried 
with calcium chloride. After separating from the calcium

(5) Aronstein and Holleman, Ber., 21, 2833 (1888).
(6) All melting points and boiling points are corrected.
(7) Hepp, Ber., 7, 1410 (1874).
(8) Allen and Converse, Organic Syntheses, Coil. Vol. I, 1932, p.

221 .

chloride 11 g. of bromine was added and the mixture al­
lowed to stand one hour with occasional shaking. A little 
cyclohexene was added to remove the excess bromine and 
the solvent evaporated under reduced pressure. Thirteen 
grams of crude liquid remained. Upon distillation under 
reduced pressure, two fractions were obtained: Fraction 
(1) 1.9 g. boiling below 120° (1.5 mm.). Fraction (2) 10.9 
g. boiling at 140-155° (1.5 mm.) (90% at 150-155°).

Anal. of Fraction (2). Calcd. for CieHisBr: Br, 27.87. 
Found: Br, 28.01.

The physical properties and analyses of the bromo­
ethenes not previously recorded are given in Table I.

Tolanes.—The general procedure used in carrying out 
the reaction of potassium amide with bromoethenes was es­
sentially the same as that reported by Coleman and Max­
well1 with chloroethenes. The following preparation of 
m ,m dim ethyl tolane will illustrate. Two grams of metal­
lic potassium was dissolved in 350 cc. of liquid ammonia 
contained in a Dewar flask. The potassium was converted 
to the amide and 5 g. of 1,1 -di--ra -tolyl-2-bromoethene dis­
solved in ether was slowly added. After evaporation of the 
ammonia, the product was extracted with ether and the 
ethereal solution washed and dried. The solvent was 
evaporated under reduced pressure and 3.4 g. (91%) of 
crude solid, melting at 68-70 °, remained. Upon recrystal­
lization from 95% alcohol, 3.2 g. (89%) of pure i-
methyltolane melting at 73.5-74° was obtained. The 
tolanes prepared are given in Table I.

Stilbenes.—The preparation of the symmetrically sub­
stituted stilbenes was carried out by the method described 
by Späth.9 '-Dimethylstilbene and m,m'-dimethylstil- 
bene were both obtained in this manner.

Bromination of Stilbenes.—The procedure followed is 
illustrated by the following preparation of 1,2-di-o-tolyl-
1.2- dibromoethane. One gram of 0,o'-dimethylstilbene 
was dissolved in 10 cc. of dry carbon tetrachloride. To 
this solution 0.8 g. of bromine in 10 cc. of carbon tetra­
chloride was added. A white crystalline solid melting at 
171-172° was obtained; yield 1.6 g. The two 5ym-diaryl- 
dibromoethanes prepared are given in Table I.

Tolanes from sym-Diaryldibromoethanes.—One gram of
1.2- di-m-tolyl-l,2-dibromoethane was refluxed with alco­
holic potassium hydroxide for three hours. The solution 
was decanted from the potassium bromide and 50 cc. of 
ether added. This solution was washed with water, sepa-

(9) Späth, Monatsh., 35, 469 (1914).
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rated and dried. The solvent was evaporated under re­
duced pressure. One-half gram of the crude tolane melt­
ing at 66-68° was obtained. Upon recrystallization from 
95% alcohol, 0.48 g. of pure mym '-dimethyltolane melting 
at 73.5-74° was obtained. A mixed melting point with 
m,m'-dimethyltolane prepared from l,l-di-w-tolyl-2-bro- 
moethene showed no depression.

The same procedure was used with l,2-di-0-tolyl-l,2-di- 
bromoethane. o,o'-Dimethyltolane was obtained, w20d 
1.6214. The index of refraction of the tolane prepared 
from l,l-d i-0-tolyl-2-bromoethene was w20d 1.6228.

Bibenzyls.—All tolanes were reduced by the following 
method which is a modification of the one described by 
Aronstein and Holleman.5 One gram of tolane was dis­
solved in 15 cc. of absolute alcohol. The solution was 
heated to boiling and immediately poured, with caution, 
into a flask containing 1.5 g. of metallic sodium, cut in 
small pieces and freed from oxide and ligroin. The flask 
was then attached to a reflux condenser and the mixture 
refluxed until all the sodium was dissolved.

The mixture was cooled and 60 cc. of distilled water was 
added to decompose the sodium ethylate after which the 
entire solution was extracted with 100 cc. of ether. The 
ethereal solution was dried, filtered and the solvent evapo­
rated under reduced pressure. One and one-tenth grams 
of crude bibenzyl melting at 49-51 ° remained. One gram 
of pure bibenzyl melting at 51.5-52.5° was obtained upon 
recrystallization from 95% alcohol. A mixed melting 
point with pure bibenzyl showed no depression. The bi­
benzyls prepared by this procedure are given in Table II.

T a b l e  II 
B ib e n z y l s

Reported 
in litera-

Substance M. p., °C. ture, °C.
Bibenzyl 51.5-52.5 52.5
£,£'-Dimethylbibenzyl 81-81.5 82

im e thy lbib enzy 1 Oil Oil
0,o'-Dimethylbibenzyl 65.5-66 66.5
£,£'-Dimethoxybibenzyl 126.4-126.8 126-127
w,w'-Dimethoxybibenzyl 39.5-39.8 39-40
0,o'-Dimethoxybibenzyl 84-84.4 86-87
3,3 ',5,5 '-T etramethylbibenzyl 86-86.6 .
p ,p  '-Diethylbibenzyl 69.8-70.2 .

wzsyra-Diaryldichloro ethane s.—The following unsym­
metrical diaryldichloroethanes were prepared from di- 
chloroacetal and aromatic hydrocarbons by the methods 
described by Buttenberg4 and by Wiechell:10 1,1-diphenyl-
2,2-dichloroethane, l,l-di-£-tolyl-2,2-dichloroethane and 
1,1 -di-£-ethylphenyl-2,2-dichloroethane.

Mwsyra-Diaryldibromoethanes.—Three unsymmetrical 
diaryldibromoethanes corresponding to the chloroethanes 
were prepared from dibromoacetal and aromatic hydrocar­
bons. The following procedure for the preparation of 1,1- 
di-/>-tolyl-2,2-dibromoethane is typical.

Twenty-five grams of dibromoacetal11 was dissolved in 
20 g. of toluene in a 500-cc. Erlenmeyer flask. This mix­
ture was cooled to 5-8° and 75 cc. of concd. sulfuric acid 
added with stirring at such a rate that the temperature did 
not rise above 50 °. The mixture was stirred for one hour 
after addition of the acid. It was then poured into 600 cc. 
of ice and water, whereupon a solid separated; 16.8 g. 
(50%) melting at 93-96° was obtained. After recrystal­
lization from 95% alcohol the melting point was 95.5- 
96.5°.

Tolanes from Diaryldibromoethanes and Diaryldichloro­
ethanes.—The reactions of these compounds with potas­
sium amide were carried out in essentially the manner de­
scribed for the ethenes except that the relative amount of 
potassium amide was doubled. The results for the six 
compounds used are listed in Table III. The products 
were identified by mixed melting points with authentic 
samples.

T a b l e  III
D iar y l d ic h l o r o e t h a n es  a n d  D ia r y ld ibr o m o eth a n es  

w ith  P o t a ssiu m  A m id e  i n  L iq u id  A m m onia

Substance M. p., °C.
Yield of 

tolanes, %
1, l-Diphenyl-2,2-dibromoethane 79.5-80.5 95
1, l-Diphenyl-2,2-dichloroethane 74-75 91
1, l-Di-£-tolyl-2,2-dibromoethane 95.5-96 92
1, l-Di-£-tolyl-2,2-dichloroethane 80-80.5 86
1, l-Di-£-ethylphenyl-2,2-dibromo-

ethane 79-79.5 73
1, l-Di-£-ethylphenyl-2,2-dichloro-

ethane 56-56.5 52

Summary
1. The action of potassium amide in liquid

ammonia on l,l-diaryl-2-bromoethenes causes the 
loss of a molecule of hydrogen bromide and the 
rearrangement of the molecule to form substi­
tuted tolanes.

2. A mechanism for the reaction is suggested. 
A given substituent in the phenyl group of the 
ethene is found in the same position relative to 
the point of attachment of the phenyl radical in 
the corresponding tolane.
I ow a  C it y , I ow a  R e c e iv e d  A u g u st  31, 1936

(10) Wiechell, Ann., 279, 337 (1894). (11) Dworzak, Monatsh., 46, 255 (1925).
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Reduction of Acetobromoarabinose by Zinc and Acetic Acid1

B y  G eorge E. F elton
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The reaction of a suspension of zinc dust in 
acetic acid on an acetobromo sugar was carried 
out first by Emil Fischer.2 The object of his ex­
periment was to replace the bromine atom of the 
acetobromoglucose by hydrogen to obtain thereby 
an acetylated anhydrosorbitol derivative, tetra- 
acetyl styracitol. As is now well known the prod­
uct sought was not obtained by this method. 
However, a good yield of an unsaturated acety­
lated glucose derivative, named triacetyl glucal, 
was secured. The glucal and similar derivatives 
of other hexoses, pentoses and disaccharides have 
since proved of great value in the synthesis of 
new compounds, so that the discovery of this re­
action is now considered a very fortunate occur­
rence in carbohydrate chemistry.

As a step in the preparation of /-arabinal, to be 
used for degradation to /-erythrose by means of 
ozone Splitting3 acetobromoarabinose was re­
duced numerous times by means of zinc and acetic 
acid. The yields obtained by Austin and Hu- 
moller4 with zinc containing 5% of a copper-zinc 
couple were practically exactly duplicated by 
using a few drops of chloroplatinic acid for each 
preparation as had been suggested by Bergmann, 
Schotte and Rennert5 in the preparation of rham- 
nal.

Gehrke and Aichner6 reported that the prod­
ucts of the zinc and acetic acid reduction of aceto­
bromoarabinose were a low boiling eompound of 
watery consistency, diacetylarabinal and a higher 
boiling very viscous eompound, triacetylarabinose. 
The triacetylarabinose was identified by acetylat- 
ing to give a known tetraacetate. Besides the 
two reported compounds a third product has now 
been obtained. This product remained in the 
distilling flask after the diacetylarabinal and tri­
acetylarabinose had been driven off as much as 
possible. The new eompound was secured in 
crystalline form by taking up the residue in hot

(1) This investigation was supported in part by a grant from the 
Iowa State College Industrial Science Research fund for the study of 
carbohydrate degradation and utilization.

(2) Fischer and Zach, S i t z b .  k g l .  p r e u s s .  A k a d .  IFÏss., 16, 311 
(1913).

(3) Felton and Freudenberg, T h is  J o u r n a l , 57, 1637 (1935).
(4) Austin and Humoller, i b i d . ,  56, 1152 (1934).
(5) Bergmann, Schotte and Rennert, A n n . ,  434, 86 (1923).
(6) Gehrke and Aichner, B e r . ,  60, 918 (1927).

alcohol and allowing the solution to cool. If a 
large amount of sirup remained in the flask, the 
alcohol solution had to be seeded to effect a Sepa­
ration of the crystalline eompound.

The properties of this new eompound were as 
unexpected as those of the first glucal preparation. 
The derivative contained no halogen, unsaturated 
linkages, or free reducing groups detectable by 
boiling Fehling’s solution. From benzene it was 
obtained in the form of needles melting at 167- 
169°, whereas from absolute alcohol it appeared as 
diamond-shaped plates melting at 184.5-185.5°. 
Each form was readily converted into the other 
and neither contained any solvent of crystalliza­
tion. The eompound was obtained from 95% 
alcohol occasionally in the lower melting form but 
most often in the higher.

After acid hydrolysis the eompound reduced 
Fehling’s solution, thereby suggesting a glyco­
sidic linkage. The freezing point lowering in 
benzene showed a molecular weight of about 390. 
Four acetyl groups were found by alkaline hy­
drolysis. Carbon and hydrogen analyses agreed 
most closely with the values calculated for a 
tetraacetyl desoxypentose disaccharide.

The acetyl groups were removed by barium 
hydroxide hydrolysis and the acetyl free sugar 
obtained in crystalline form. I t  possessed an 
unsharp decomposition point of about 177-180°. 
The acetyl free product did not reduce Fehling’s 
solution until after acid hydrolysis. The carbon 
and hydrogen analysis agreed with the values 
calculated for a desoxypentose disaccharide.

Attempts to prepare a benzylphenylhydrazone, 
after hydrolyzing by refluxing with dilute hydro­
chloric acid, failed to yield a crystalline deriva­
tive. This negative result may have been due to 
decomposition of the simple sugar formed by the 
hydrolysis.

Experimental
Reduction of Acetobromo-/-arabinose.—The reduction 

of acetobromoarabinose was carried out according to the 
procedure of Levene and Mori7 for the preparation of di- 
acetylxylal. The diacetylarabinal and triacetylarabinose 
formed from 90 g. of acetobromoarabinose were distilled

(7) Levene and Mori, J . B io l .  C h e m ., 83, 809 (1929).
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off in a vacuum as complefely as possible without heating 
the bath to over 150°. The residue remaining in the dis­
tilling flask was dissolved in 10 cc. of warm 95% alcohol. 
This solution was allowed to stand at room temperature 
until crystallization of the new eompound reached comple­
tion. Cooling to 0° would precipitate sirupy reducing 
compounds which had not been removed by the distilla­
tion. The crystallization at room temperature was very 
satisfaetory although low yields of the non-reducing com­
pound necessitated the use of seed crystals. The solid 
product was then filtered and purified by recrystallization 
from a small amount of absolute alcohol. One recrystal­
lization served to free the product from reducing materials 
and further recrystallizations caused no more change in its 
physical constants. The crystals were diamond-shaped 
plates and melted at 184.5-185.5°; [<x]23d +69.2° (0.1705 
g. in 9.98 cc. of chloroform in a 1.1-dm. tube rotated 1.30° 
to the right). Recrystallized from benzene the eompound 
formed needles which melted at 167-169°; [a ]23D 4-69.5° 
(0.1774 g. in 9.98 cc. of chloroform in a 1.1-dm. tube ro­
tated 1.36° to the right). Neither crystalline form lost 
any weight on drying over phosphorus pentoxide at 78° 
in a vacuum.

The new eompound was secured in yields of from 0.1 to 
1 g. for each 90 g. of acetobromoarabinose reduced. The 
yields of diacetylarabinal and triacetylarabinose were 34 
g. and 8  g., respectively.

The eompound was easily soluble in chloroform, warm 
alcohol, ethyl acetate and acetic acid, slowly soluble in 
benzene, insoluble in cold alcohol and ether and very in­
soluble in water.

The non-reducing material gave a molecular weight of 
390 (0.5706 g. in 80.5 g. benzene gave a freezing point 
lowering of 0.094°). A tetraacétyl desoxypentose disac­
charide would have a molecular weight of 418.

A n a l. Calcd. for CxsHaeOii (418): C, 51.65; H, 6.26; 
CHsCO, 41.1. Found: C, 51.44; H, 6.25; CH8CO, 40.7.

Desoxypentose Disaccharide.—Three-tenths gram of 
tetraacetyl desoxypentose disaccharide was deacetylated 
by dissolving in 25 cc. of water containing 1 g. of barium 
hydroxide. The solution was freed of excess barium hy­
droxide by carbon dioxide, The barium carbonate was re­
moved by filtration and the water evaporated off under re­
duced pressure. The residue, which still contained inor­
ganic salts, was extracted several times with warm absolute 
alcohol and the alcohol was removed by a vacuum distil­
lation. The residue remaining in the distilling flask was 
extracted with a small amount of water to free the prepara­
tion from any eompound which had not been deacetylated. 
The water solution was evaporated slowly in a vacuum 
desiccator over phosphorus pentoxide. After the water 
had been removed the eompound solidified. The yield 
was 0.16 g. or 90%. After recrystallization from isopropyl 
alcohol and ether the desoxypentose disaccharide melted at 
177-180°. The melting point was not sharp and there was 
a great deal of decomposition.

A naL  Calcd. for Ci0Hi(SO7 (250): C, 48.00; H, 7.25. 
Found: C, 47.80; H. 6.81.

Acknowledgment—The author wishes to ex­
press his appreciation to Dr. R. M. Hixon and 
Dr. W. Freudenberg for their advice and sugges- 
tions and to Dr. I. B. Johns for the micro-analy- 
ses.

Summary
The reduction of acetobromoarabinose was 

found to yield a non-reducing eompound which 
had not been previously reported. The analysis 
of the new eompound showed it to be a tetra­
acetyl desoxypentose disaccharide. The free 
disaccharide was also prepared in crystalline form. 
A m es , I ow a  R e c e iv e d  S e pt e m b e r  29, 1936

[C o n t r ib u t io n  from  the  Chem ical  L aboratory  o f  H a rvard  U n iv e r s it y ]

The Synthesis of Phenanthrene and Hydrophenanthrene Derivatives. IV. Hy­
droxy late d Compounds

By L. F. F ie se r  and  E. B. H ersh berg

This work was undertaken with the idea that 
the introduction of hydroxyl or methoxyl groups 
into the phenanthrene dicarboxylic anhydrides1 
and the hexa- or octahydrophenanthrene dicar­
boxylic anhydrides2 previously described might 
afford substances of oestrogenic activity, the 
presence of hydroxyl and carbonyl groups in 
different parts of the molecule establishing at 
least a superficial resemblance to oestrone. One 
such eompound was prepared from the condensa­
tion product of succinic anhydride and a-meth-

(1) Fieser and Hershberg, This Jo u r n a l , 57, 1851 (1935).
(2) Fieser and Hershberg, ibid , 57, 2192 (1935).
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oxynaphthalene, I, by reduction, esterification, 
condensation with ethyl oxalate, cyclization and 
dehydrogenation, giving 9-methoxyphenanthrene-
1,2-dicarboxylic anhydride, II.

An anhydride of a second type was obtained
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from 7-(4-methoxyphenyl)-butyric acid, readily 
prepared from anisole and succinic anhydride, 
through the oxalyl derivative III, the unsaturated 
anhydride IV, and the butadiene addition product
V. After Saturation of the active double bond 
this was demethylated satisfactorily, giving VI.

The 6,7-dihydroxyoctahydrophenanthrene-l 1,12- 
dicarboxylic anhydride VII was prepared simi­
larly starting with veratrole, while VIII was ob­
tained from Martin’s 7- (3-methyl-4-methoxy- 
phenyl)-butyric acid.3 The only noteworthy 
observation to be recorded in connection with the 
syntheses is that in the Bougault cyclization of 
oxalyl derivatives such as III, or that from I, 
with sulfuric acid the unsaturated anhydride is 
often accompanied by a considerable amount of

the corresponding aromatic anhydride. Since this 
has not been observed in other cases it appears 
that methoxyl groups render the dihydro deriva­
tives particularly susceptible to the dehydrogenat- 
ing action of sulfuric acid. By using acid just 
strong enough to effect the cyclization, the aro- 
matization in some cases can be prevented or at 
least minimized. It should be noted that by 
heating the unsaturated compounds or the crude 
mixtures with sulfur, naphthalene derivatives of 
use in general synthetic work can be obtained 
easily in good yield. The 6-methoxy-, 7-methoxy- 
and 6-methoxy-7-methyl derivatives of 1,2-naph- 
thalic anhydride (naphthalene-1,2-dicarboxylic an­
hydride) are described in this paper.

(3) Martin, T h is  J o u r n a l , 58, 1438 (1936).

In the first paper of this series1 we cited a pre­
liminary report from Dr. G. Pincus regarding the 
physiological activity of phenanthrene-1,2-dicar- 
boxylic anhydride and its 3,4-dihydro derivative. 
The statements unfortunately were incomplete 
and misleading, as it was implied that the Standard 
technique of bio-assay had been employed. 
Actually the anhydrides have given only negative 
results when injected subcutaneously into either 
spayed mice or immature rats even in large 
dosages. The reported cornifications were ob­
served following the intraperitoneal injection into 
spayed mice of two 0.1-cc. doses of a solution of 
the material in sesame oil made twelve hours 
apart, and the appearance of a single cornified 
smear in any individual in six days was considered 
positive. In later experiments Pincus and 
Werthessen4 abandoned the first technique as 
unreliable and developed a second special test 
method, also based on intraperitoneal injections, 
which seems to have promise as a preliminary 
guide. They report that in this more rigid test 
phenanthrene-1,2-dicarboxylic anhydride and its 
dihydro eompound are inactive in relatively large 
dosages but that the compounds II, VI, VII and 
VIII described in the present paper give positive 
results and seem to be comparable with 1-keto-
1,2,3,4-tetrahydrophenanthrene in oestrogenic ac­
tivity, as judged by the special test. According 
to their ratings the dihydroxy eompound VIII 
is the most active substance of the group and is 
more potent than ketotetrahydrophenanthrene.

Experimental Part5
Condensation of Phenol Ethers with Succinic Anhy­

dride.—The Friedel and Crafts reactions of anisole and 
veratrole with succinic anhydride have been conducted in 
carbon bisulfide6 or benzene7 solution (no yields given) 
and, apparently with better results, using nitrobenzene8’ 9 

or tetrachloroethane. 10 After many trials in this Labora­
tory with these and other ethers, we found the following 
procedure very satisfaetory and convenient: 0.4 mole of 
anisole (or veratrole) is dissolved with 0.42 mole of suc­
cinic anhydride in 400 cc. of tetrachloroethane and 100 cc. 
of nitrobenzene. The stirred solution is cooled to 0-5° 
(thermometer in liquid) and 0.84 mole of aluminum chlo­
ride (A1C13) is added gradually, keeping the temperature 
at 0-5°. At the end of the addition (one to two hours) a 
clear solution usually is obtained and it is allowed to stand

(4) Pincus and Werthessen, S c ie n c e ,  84, 45 (1936).
(5) All melting points are corrected. Analyses by Mrs. G. M. 

Wellwood.
(6) Bargellini and Giua, G a z z .  c h im .  i t a l . ,  42, I, 197 (1912).
(7) Krollpfeiffer and Schäfer, B e r . ,  56, 630 (1923).
(8) Haworth and Mavin, J .  C h e m . S o c . ,  1485 (1932).
(9) Rosenmund and Schapiro, A r c h .  P h a r m . ,  272, 313 (1934).
(10) Mitter and De, J .  I n d i a n  C h e m . S o c . ,  12, 747 (1935).
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at 0-5 ° (packed in ice in the cold room) for three days, dur­
ing which time a complex sometimes separates, After add­
ing ice and hydrochloric acid and removing the solvent with 
steam, the product is either allowed to crystallize directly 
or it is dissolved in soda solution, the solution is clarified 
with Norite and acidified. The keto acid is obtained in a 
colorless or nearly colorless condition quite satisfaetory for 
further use. In this way j0-(4 -methoxybenzoyl)-propionic 
acid was obtained as colorless needles, m. p. 146-147°, in 
85% yield. The results were duplicated by W. P. Camp­
bell and by H. L. Holmes, the latter using as much as 173 g. 
of anisole in one experiment. By the same procedure ß -  

(3,4-dimethoxybenzoyl)-propionic acid, m. p. 157-159°, 
was obtained in 67% yield, and H. L. Holmes obtained 
the same yield using 341 g. of veratrole. In other ex­
periments with veratrole it was found that when using the 
tetrachloroethane-nitrobenzene mixture the yield dropped 
to 40% or less when the amount of aluminum chloride was 
changed from two equivalents to either one or three equiva­
lents, and that the yield was also decreased by conduct­
ing the reaction at room temperature (43%, m. p. 152- 
154°). Following the procedure of Haworth and Mavin,8 

using nitrobenzene alone and operating at room tempera­
tute, we obtained material somewhat inferior (brown, m. p. 
150-155°) to that above in slightly better yield (73%). 
Using carbon bisulfide6 the yield was low (46%) and prod­
uct of poor quality.

jS-(4-Methoxy-l-naphthoyl)-propionicu acid was pre­
pared by the above procedure but using tetrachloroethane 
alone as the solvent, the yield of material melting at 170- 
172° being 98%; the recrystallized acid melted at 171- 
172°.

Clemmensen Reduction,—A report has already been 
made8 of the yields obtained by Martin’s modified method 
of reduction in the preparation of y-(4 -methoxyphenyl)- 
butyric acid (ethyl ester, b. p. 177-178°, 15.5 mm.), 
'y-(3,4-dimethoxyphenyl)-butyric acid (ethyl ester, b. p. 
186-189°, 8,5 mm.) and 7 -(4-methoxy-l-naphthyl)-butyric 
acid (ethyl ester, b. p. 239-242°, 16 mm.). Crystallized 
from alcohol and from benzene-ligroin, y-(4-methoxy-l- 
naphthyl)-butyric acid formed small colorless plates, m.p. 
129-130°.

A n a L  Calcd. for C15Hi60 3: C, 73.74; H, 6.59. Found: 
C, 73.92; H, 6.18.

y-(3-Methoxy-4-methylphenyl)-butyric acid (ethyl es­
ter, b. p. 171-173°, 1 1  mm.) was prepared from ß - ( p -  

toluyl)-propionic acid (230 g.) according to Martin, 3 

the yields throughout being essentially as reported.
Conversion of the 7-Arylbutyric Esters into Cyclic 

Unsaturated Anhydrides.—The condensations of the 
esters with ethyl oxalate were carried out with the use of 
potassium ethylate, although in subsequent experiments 
in this Laboratory it was found that sodium ethylate is 
satisfaetory with at least some of the methoxy compounds 
(H. L. Holmes). In the Standard procedure 0.104 mole 
of potassium, cleaned by boiling with purified dioxane, 
was powdered under toluene in a nitrogen atmosphere 
and treated in ether suspension under reflux with 0.104 
mole of absolute ethyl alcohol. At the end of the re­
action 0 .1 5  mole of ethyl oxalate was added and the re­

en) R u z ick a  a n d  W aldm ann, Helv.  C h im .  A c ta ,  15, 907 (1932).

sulting clear solution was treated with 0 .1  mole of the 7 - 
arylbutyric ester in absolute ether. In all 300-350 cc. of 
ether was used. The solution usually was refluxed for 
eight to ten hours to complete the reaction, and the potas­
sium derivative of the product often separated during this 
time in a solid condition or as an oil. In this case the salt 
was separated by filtration or decantation, washed with 
dry ether, and decomposed with ice-cold 60% sulfuric 
acid in the presence of ether, the oxalyl derivative 
being recovered by extracting with ether and flashing 
off the solvent at the water pump. Any material remain­
ing in the mother liquor was similarly recovered and 
worked separately. Some experimentation was necessary 
in each case to determine the strength of sulfuric acid most 
suitable for effecting the cyclization of the oxalyl deriva­
tive, and the specific data are noted below. Unlike the 
unsubstituted unsaturated anhydrides, the methoxylated 
compounds have a tendency to undergo partial dehydro­
genation under the influence of the sulfuric acid and the 
aromatic anhydrides are often present in the crude reaction 
products.

7 - Methoxy - 3,4 - dihydronaphthalene - 1,2 - di­
carboxylic Anhydride.—The potassium salt of the oxalyl 
derivative separated nearly completely as a solid, and 24.5 
g. of the salt was added in small portions to 75 cc. of 60% 
sulfuric acid, stirred mechanically and cooled in an ice- 
salt bath. The resulting oily suspension was heated for 
fifteen minutes on the steam-bath, cooled, treated with 150 
cc. of 80% sulfuric acid and heated fifteen minutes longer, 
when the oil had changed to a yellow solid. On pouring 
the mixture into water, collecting and washing the product, 
13.6 g. (77% yield from the butyric ester) of good an­
hydride was obtained. The material from the ether 
mother liquor yielded 0.8 g. of less pure anhydride. After 
repeated crystallization from benzene-ligroin (readily 
soluble in benzene) thé eompound was obtained as bright 
yellow, heavy prismatic needles, m. p. 164.5—165°.

A naL  Calcd. for Ci3Hi0O4: C, 67.79; H, 4.39. Found: 
C, 67.93; H, 3.97.

In one experiment cyclization of the oxalyl derivative 
with concentrated sulfuric acid at 20° was tried. The 
material was largely sulfonated and the water-insoluble 
product was found to contain a considerable amount of the 
aromatic anhydride (see Table I), which was obtained 
pure after five crystallizations from benzene.

6,7 - Dimethoxy - 3,4 -  dihydronaphthalene - 1,2- 
dicarboxylic Anhydride.—The potassium salt separated 
as an oil and this was washed and converted into the free 
oxalyl derivative which, for cyclization, was heated for 
twenty minutes on the steam-bath with 70% sulfuric acid. 
The product separated as a bright red, crystalline solid 
and was washed with 60 % acid and with water; yield crude 
(m. p. 180-186°) 56%, The anhydride is moderately 
soluble in benzene and gives a pure yellow solution; the 
recrystallized material forms bright red needles from this 
solvent, m. p. 192.5-193.

A naL  Calcd. for Ci4Hi20 5: C, 64.59; H, 4.65. Found: 
C, 64.79; H, 4.67.

When the ester condensation was interrupted after three 
and one-half hours, the anhydride obtained from the cycli­
zation of the potassium salt which separated corresponded
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to a 43% yield. Treatment of the material from the 
ether mother liquor with 70% sulfuric acid gave 6,7-di- 
methoxy-l-tetralone,8 m. p. 99.5-100° (purified) in 34% 
yield. This undoubtedly came from unreacted anisyl- 
butyric ester.

6 - Methoxy - 7 - methyl - 3,4 - dihydronaphthalene - 1,2- 
dicarboxylic Acid.—In the ester condensation the red- 
orange ethereal solution deposited no salt and the crude 
oxalyl eompound was obtained by adding cold dilute sul­
furic acid and extracting with ether. For cyclization the 
oil was heated with 78% sulfuric acid at 70-80° for thirty 
minutes, giving very nearly pure anhydride in 82% yield. 
After two crystallizations from benzene (moderately sol­
uble) the substance melted constantly at 189.8-190.3° 
and formed thin, yellow diamond-shaped plates. The 
cyclization was also accomplished by heating nearly to 
boiling for a few minutes with a solution of zinc chloride in 
glacial phosphoric acid.

A n a L  Calcd. for Ci4Hi20 4: C, 68.82; H, 4.96. Found: 
C, 69.07; H, 5.17.

6 - Methoxy - 3,4 - dihydronaphthalene - 1,2 - dicarboxy­
lic Anhydride.—The oxalyl derivative prepared from 
ethyl Y-(m-methoxyphenyl)-butyrate3 on cyclization with 
75% sulfuric acid at 80° for fifteen minutes gave a mixture 
of the unsaturated and aromatic anhydrides. A fairly 
sharp Separation was accomplished with ether, in which 
the dihydro eompound alone dissolves easily. The aro­
matic anhydride, described in Table I, was identified by 
comparison with a sample obtained by sulfur dehydro­
genation of the dihydro derivative. The latter, purified by 
repeated crystallization from benzene-ligroin, formed 
yellow needles, m, p, 164-165°.

A n a l  Calcd, for C13Hio0 4: C, 67.79; H, 4 39, Found: 
C, 67.83; H, 4.49.

9 - Methoxy - 3,4 ~ dihydrophenanthrene - 1,2 - di­
carboxylic Anhydride.—The potassium derivative of the 
oxalyl ester largely separated as a solid after two hours of 
refluxing, and after standing for six hours longer the salt 
was collected, washed and decomposed with cold acid. 
The crude product, a pale yellow oil, was stirred with 84% 
sulfuric acid on the steam-bath for fifteen minutes, when 
conversion to an orange solid was complete. Washed 
with 84% acid and with water, this melted in the range 
185-205° and proved to be a mixture of the unsaturated 
and the aromatic anhydrides. The latter is the less soluble

of the two and was obtained pure after repeated crystalli­
zation from benzene (Table I); the former was isolated by 
fractional crystallization from glacial acetic acid (readily 
soluble). It forms reddish orange needles, m. p, 194- 
197°, which separate in a brilliant condition but become 
opaque on drying.

A naL  Calcd. for Ci7Hi20 4: C, 72.83; H, 4.32. Found: 
C, 73.07; H, 4.42.

Aromatic Anhydrides.—The substances isolated as by- 
products in the cyclization experiments are listed in Table 
I. They can be obtained also by heating the unsaturated 
anhydrides with the calculated amount of sulfur in a bath 
at 240-250 ° for fifteen to twenty minutes, followed by dis­
tillation at diminished pressure and crystallization. Ben­
zene was found to be a good solvent in each case.

Diels-Alder Reaction.—The addition products listed in 
Table II were prepared as follows (or with double the 
quantities). About 25 g. of fresh butadiene was distilled 
into a mixture of 10 g. of the appropriate unsaturated an­
hydride and 15 cc. of dioxane contained in a Pyrex tube 
and cooled in a bath of solid carbon dioxide with the eutec­
tic mixture of chloroform and carbon tetrachloride (equal 
parts), and the tube was sealed and heated at 160-180° for 
thirteen to fifteen hours. After opening the tube in the 
same cooling mixture the excess butadiene was evaporated 
by gentle warming and the product was obtained as a 
clean solid free from polymer by distillation in high vacuum 
in 75-85% yield. This material invariably contained a 
small amount of a colored impurity having the properties 
of the aromatic anhydride corresponding to the starting 
material and evidently arising by a dehydrogenation or dis 
proportionation in the course of the reaction. This is 
considerably less soluble in benzene-ligroin than the addi­
tion product and can be eliminated by crystallization, but a 
more convenient method is based upon the greater re­
sistance of thé addition product to hydrolysis. The crude 
material is crystallized once from a concentrated benzene- 
ligroin solution and shaken with warm dilute aqueous- 
alcoholic alkali until the yellow or orange material has 
been hydrolyzed and dissolved and the largely unattacked 
addition product is left in a completely colorless condition. 
Crystallization from benzene-ligroin then gives pure ma­
terial.

The 6-methyl-7-methoxy derivative was converted into 
the dipotassium salt of the corresponding acid by re-

T a b le  I
-1,2-Dicarboxylic Anhydrides

Analyses-

Compound Cryst. form M. p., °C. Calcd. Found Calcd. Found
7-Methoxynaphthalene- Yellow needles 194-195 68.39 68.57 3.54 3.55
6-Methoxy-7-methyl- Yellow prisms 215-215.5 69.39 69.63 4.17 4.31
6-Methoxynaphthalene- Yellow micro needles 210-210.5 68.39 68.67 3.54 3.77
9-Methoxyphenanthrene- Orange-yellow needles 251-252 73.35 73.07 3.63 3.60

Table II
-1,4,9,10,11,12-Hexahydrqphenanthrene-1 1,12-dicarboxylic Anhydrides

Analyses

Substituent Cryst. form (all colorless) M. p„ °C. Calcd.
% C

Found Calcd.
% H

Found
6-Methoxy- Diamond-shaped prisms 126.5-127 71.81 72.21 5.67 5.88
6,7-Dimethoxy- Prisms 138.6-138.8 68.79 68.44 5.77 5.61
6-Methyl-7-methoxy- Prisms 152-152.5 72.43 72.38 6.11 6.11
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T a b l e  III
-1,2,3,4,9,10,11,12-Octahydrophenanthrene-11,12-dicarboxylic Anhydrides

-Analyses-

Substituent
Cryst. form 

(all colorless) M. p., °C.
% c

Calcd. Found
% H

Calcd. Found
6 -Methoxy- Needles or prisms 159-159.5 71.28 71.48 6.33 6.65
6,7-Dimethoxy- Prismatic clusters 146.5-147 68.31 68.30 6.38 6.53
6-Methyl-7 -methoxy- Needles 149.5-150 71.95 71.78 6.73 6.81

fluxing with 4 N  potassium hydroxide until dissolved and 
adding stronger alkali, and the dry salt (iridescent leaflets) 
was heated slowly in a bath from 350 to 420°, applying suc­
tion. The small amount of yellow oil which distilled was 
heated with selenium at 300° and the extracted product, 
2-methoxy-3-methylphenanthrene, after Sublimation and 
crystallization from methyl alcohol, melted at 132-132.5°.

A naL  Calcd. for Ci6H140: C, 86.49; H, 6.31. Found: 
C, 86.55; H, 6.54.

The picrate formed orange needles, m. p. 142.5-143°, 
from benzene-ligroin.

A naL  Calcd. for C22H17O8N 3: N, 9.31. Found: N, 
9.25.

2,3 - Dimethyl - 6 - methoxy - 1,4,11,12,13,14 - hexa- 
hydrochrysene-13,14-dicarboxylic anhydride, obtained by 
heating the corresponding unsaturated anhydride with
2,3-dimethylbutadiene at 1 0 0 ° for two days, formed color­
less prisms, m. p. 181-182°, from benzene-ligroin.

A n a l. Calcd. for C23H220 4: C, 76.48; H, 6.13. Found: 
C, 76.48; H, 6.13.

Octahydrophenanthrene Anhydrides.—The three addi­
tion products listed in Table II were converted into the 
saturated compounds of Table III by hydrogenation in 
glacial acetic acid solution in the presence of Adams cata­
lyst at atmospheric pressure. The absorption of gas 
was complete in five to ten minutes (3-g. samples) and the 
products were obtained in nearly quantitative yield. Ben­
zene-ligroin was used for recrystallization.

Dimethyl 6,7-dimethoxy-1,2,3,4,9,10,11,12-octahydro- 
phenanthrene-11,12-dicarboxylate, obtained by convert- 
ing the anhydride into the free acid and esterifying with 
diazomethane, formed colorless microcrystals, m. p. 134.5- 
135.5°.

A naL  Calcd. for C2oH2606: C, 66.26; H, 7.24. Found: 
C, 66.32; H, 7.56.

Demethylation.—The ethers of Table III were de- 
methylated by refluxing 1 g. of the material with 10  cc. 
each of glacial acetic acid and 48% hydrobromic acid for 
three to five hours. On dilution with water the product 
separated as an oil which became crystalline after standing 
for several hours; average yield 80%.

6 - Hydroxy - 1,2,3,4,9,10,11,12 - octahydrophenan- 
threne-11,12-dicarboxylic anhydride crystallized from ben­
zene as colorless prismatic needles, m. p. 160-160.5°.

A naL  Calcd. for Ci6Hi60 4: C, 70.56; H, 5.92. Found: 
C, 70.69; H, 5.66.

6,7 - Dihydroxy - 1,2,3,4,9,10,11,12 - octahydrophenan- 
threne-11,12-dicarboxylic anhydride formed small round 
crystal clusters, m. p. 147.5-148.5°, from benzene. It is 
very soluble in alcohol, moderately soluble in hot benzene, 
slightly soluble in hot water.

AnaL  Calcd. for Ci6H160 5: C, 66.04; H, 5.59. Found: 
C, 66.69; H, 5.58.

The diacetyl derivative, prepared with the use of acetic 
anhydride and sodium acetate, formed colorless iridescent 
plates from alcohol, m. p. 151.5-152°.

A naL  Calcd. for C20H2o07: C, 64.48; H, 5.43. Found: 
C, 64.63; H, 5.55.

The dibenzoyl derivative was prepared by boiling the 
substance in pyridine solution with benzoyl chloride for 
five minutes, adding water, and treating the precipitated 
oil with alkali, when it at once solidified. Crystallized 
from alcohol, it formed clusters of short needles, m. p. 
175-175.5°.

AnaL  Calcd. for C30H24O7: C, 72.55; H, 4.88. Found: 
C, 72.65; H, 4.93.

6 - Methyl - 7 - methoxy - 1,2,3,4,9,10,11,12 - octahydro« 
phenanthrene-11,12-dicarboxylic anhydride formed color­
less microcrystals from benzene-ligroin, m. p. 134.5- 
135.5°.

A naL  Calcd. for Ci7Hi80 4: C, 71.30; H, 6.33. Found: 
C, 71.30; H, 6.33.

Summary
Hydroxyl or methoxyl derivatives of phenan­

threne-1,2-dicarboxylic anhydride and of octa- 
hydrophenanthrene-11,12-dicarboxylic anhydride 
which are of interest in the study of oestrogenic 
activity are described in this paper.
Co n v e r se  M em o rial  L abor ato r y
Ca m br id g e , M a ssa c h u se t t s  R ec eiv ed  J u ly  27, 1936
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Having found that derivatives of maleic an­
hydride in which the active ethylenic linkage is 
incorporated in an alicyclic ring are capable of 
entering into the Diels-Alder reaction with dienes,1 
the possibility of effecting a similar addition in 
the case of cyclic «,ß-unsaturated esters has been 
investigated in the hope that this might provide 
a route to hydrophenanthrene derivatives of a 
type hitherto inaccessible by synthesis. The re­
action was tried first with ethyl A^dihydro-l- 
naphthoate (I) prepared by reducing «-naphthoic 
acid with sodium amalgam and rearranging the 
labile A2-dihydro derivative with alkali according 
to v. Baeyer and Schoder,2 followed by Fischer 
esterification.3 With both butadiene and 2,3- 
dimethylbutadiene addition to the double bond 
of the ester was found to occur slowly, giving 
hexahydrophenanthrene carboxylic esters of the 
type II. The reactions did not proceed as well as

RC^

Rè.

c h 2

+

^C H 2 

R = H, CHS

in the case of A^dihydronaphthalene-l^-di- 
carboxylic anhydride1 and the conversion in- 
variably was far from complete, but the pure 
esters (II) were obtained in 21-27% yield by 
heating the components at 100° for eight days 
or at 150° for forty-one hours. The addition 
products, one of which was obtained as a liquid 
and the other as a low-melting solid, are easily 
separated from the starting material by taking 
advantage of the great resistance to hydrolysis 
of the tertiary ester group. By refluxing a mix­
ture of I and II with 10% potassium hydroxide 
the unsaturated ester can be completely hy­
drolyzed without appreciably afïecting the addi-

(1) Part II. Fieser and Hershberg, T h is  Jo u r n a l , 57, 2192 
(1935).

(2) v. Baeyer and Schoder, A n n . ,  266, 176 (1891).
(3) Rabe, B e r . ,  31, 1896 (189 8).

tion product. The corresponding acids were ob­
tained as crystalline solids by saponification of 
the esters with sodium ethylate at 180°. The 
substances have not yet been investigated in 
sufficiënt quantity to determine whether more 
than one dl-mixture is present. That the addition 
products have the expected structures was 
established by their conversion on dehydrogena­
tion with selenium, either as the esters or as the 
free acids, into phenanthrene and 2,3-dimethyl- 
phenanthrene.1,4

These observations are of particular interest 
in connection with the morphine problem. In 
the Gulland-Robinson formula (IV) for this 
alkaloid the ethanamine chain is assumed to be 
attached to the phenanthrene skeleton at a posi­

tion (Ci3) corresponding to that occupied by the 
carbonyl group of the synthetic compounds de­
scribed above. The location of this end of the 
C-C-N chain, however, is the one point regarding 
the structure which still remains to be unambigu- 
ously established. The present synthesis makes 
available for the first time substances of known 
structure having a carbon substituent a t the 
position which is indicated as being the most 
likely point of attachment of the ethanamine 
chain, and it offers promise of providing a route to 
compounds which may be obtainable from mor­
phine, for example by the further degradation of 
«-methylmorphimethine, V.

In order to approaeh sufficiently closely to the 
morphine type of structure it seemed essential 
to develop a flexible method of procuring sub­
stituted dihydro- «-naphthoic esters suitable for 
the preparation of hydrophenanthrene carboxylic

(4) Haworth, Mavin and Sheldrick, J . C h e m . S o c . ,  454 (1934).
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acids carrying a hydroxyl or methoxyl group in 
the 3-position (morphine numbering, see formula 
II), and possibly also in the 4-position. The 
method used by v. Baeyer and Schoder2 in the 
case of the parent eompound would require diffi­
cultly accessible or unknown aromatic acids as 
starting materials, if indeed it is applicable to 
such substances, and we turned to synthesis. 
a-Oxalyl-7-phenylbutyric esters of the type VII 
are readily obtainable by the ester condensation 
from the 7-phenylbutyric esters easily prepared

COOEt

R.\ / \
COOEt

+
CH2COOEt

/CH2 
sC H /

VI (R =  H, OCH3)

COOEt

15% H2S 0 4 
>

VIII

from benzene or anisole and succinic anhydride, 
and after some trial it was found that hydrolysis 
and decarboxylation can be accomplished by 
boiling the esters for fifteen to eighteen hours with 
15% sulfuric acid. a-Keto-ö-phenylvaleric acid 
(VIII) and its ^-methoxy derivative were ob­
tained in this way in over-all yield from VI of 
about 70%. Cyclization to the dihydro-a- 
naphthoic ester (IX) was brought about by warm­
ing the keto esters (VIII) with 65% sulfuric acid 
for one to two hours on the steam-bath, and the 
yields again were good. The A1-dihydro-l- 
naphthoic acid obtained by this synthesis was 
fully identified by comparison with the product 
prepared by the previous method.2 The 7- 
methoxy-Ax-dihydro-l-naphthoic acid yielded on 
dehydrogenation with sulfur an acid having the 
properties recorded for 7-methoxy-1 -naphthoic 
acid.5 Contrary to the experience of Darzens6

(5) Davies, Heilbron and Irving, J .  C h e m . S o c . ,  2715 (1932).
(6) Darzens, C o m p t .  r e n d . ,  199, 1132 (1934).

in an analogous case, no decarboxylation occurred 
in the course of the dehydrogenation of the above 
acid or of 7-methoxy-l,2,3,4-tetrahydro-l-naph- 
thoic acid. The synthesis pro vides a convenient 
route to aromatic acids of the type indicated as 
well as to their dihydro derivatives, and further 
applications are being investigated.

Butadiene was successfully added, if in low 
yield, to ethyl 7-methoxy-A^dihydro-1 -naphtho- 
ate, affording after hydrolysis 3-methoxy-5,8,9,- 
10,13,14 - hexahydrophenanthrene -13 - carboxylic

/ \
COOH

\ A

CH3'

A

acid (X). With the introduction 
of a methoxyl group in the position 
occupied by a similar group in the 
case of codeine, a part of the pro­
posed program has been realized.
A start has been made in the direc­
tion of introducing a second meth­
oxyl group at C4 by the synthesis 
of 5-bromo-7,8-dimethoxy-3,4-di- A
hydro-1-naphthoic acid, but a report of this work 
will be deferred to a later publication. In addition 
to the proposed inquiry regarding the structure of 
morphine it is planned to investigate the use of 
acids such as X as starting materials for the syn­
thesis of basic substances of possible morphine-like 
actions.

Experimental Part7
Synthesis of A^Dihydro-a-naphthoic Acids

a-Keto-d-phenylvaleric Acid.—One hundred grams 
of ethyl Y-phenylbutyrate was Condensed with ethyl 
oxalate in the presence of sodium ethylate according to the 
procedure previously outlined1 and the crude ce-oxalyl-7 - 
phenylbutyric ester, after removal of the solvent ether and 
the excess diethyl oxalate by vacuum distillation, was 
refluxed vigorously with 700 cc. of 15% sulfuric acid 
for fifteen hours, when the at first steady evolution of 
carbon dioxide had practically ceased. The keto acid 
appeared as a viscous brown oil. This was taken up in 
ether, washed with water, and the acid was extracted with 
200 cc. of 10% sodium hydroxide solution. The alkaline 
extract was clarified with Norite and acidified, and the 
light yellow oil was taken up in ether and dried. Evapora­
tion of the solvent left an oil which failed to solidify, and 
this was consequently esterified with ethyl alcohol and 
hydrogen chloride. The ethyl ester distilled at 165-170° 
(12 mm.); yield 72 g. (62.5%). On redistillation the chief 
fraction boiled at 164° (13 mm.), and 5 g. of the purified 
ester was saponified by refluxing for one hour with 25 cc. 
of 20% alkali. The solution was clarified and acidified, 
and after thorough cooling the keto acid solidified; yield
4.3 g. (98%). The substance crystallized from hexane 
in the form of colorless blades, m. p. 68-69.5°._ It is 
very soluble in alcohol or benzene in the cold and moder-

(7) All melting points are corrected.
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ately soluble in boiling hexane. A sodium salt crystallizing 
in plates separates from an aqueous solution containing 
a moderate excess of sodium carbonate.

A naL  Calcd. for CnHi20 3: C , 68 .75; H, 6.25. Found: 
C, 68.56; H, 6.25.

A^Dihydro-a-naphthoic Acid.—For cyclization 72 g. 
of ethyl oj-keto-d-phenylvalerate was stirred mechanically 
with 450 cc. of 65% sulfuric acid and heated for two hours 
on the steam-bath. The material did not dissolve and 
changed little in appearance in the course of the reaction. 
The mixture was cooled and poured onto 1 kg. of ice, and 
the light green oil was extracted with ether and the solution 
washed with water. The ethereal extract was mixed with 
500 cc. of 5% sodium hydroxide and after boiling off the 
ether the mixture was refluxed for two hours to hydrolyze 
some ester present and the solution was clarified with 
Norite, cooled and acidified. The product separated as a 
solid (56.5 g.) which was obtained in a nearly pure condi­
tion by crystallization from hexane; yield 48.5 g. (85%). 
After several recrystallizations the acid melted constantly 
at 12 0 - 1 2 1 °.

A n a l. Calcd. for ChHio0 2: C, 69.86; H, 6.72. Found: 
C, 69.71; H, 7.07.

A sample of the unsaturated acid prepared according to 
v. Baeyer and Schoder2 and crystallized from ethyl 
acetate and from hexane melted at the same temperature 
as the synthetic substance and did not depress its melting 
point. The observations are in agreement with the state­
ment of v. Auwers and Möller8 that the acid melts at 121 ° 
rather than 125 ° .2

The ethyl ester was prepared according to Rabe3 in 91% 
yield, b. p. 170-172° (19 mm.), w25d 1.5561. Dehydro­
genation of the unsaturated acid (1 g.) with sulfur (0.19 g.) 
at 230-240° gave after vacuum distillation 0.93 g. of light 
yellow ö:-naphthoic acid which on crystallization was ob­
tained colorless, m. p. 161.4-161.6°.

a-Keto-d-(4-methoxyphenyl)-valeric Acid.—Ethyl y- 
(4-methoxyphenyl)-butyrate (90 g.) was Condensed with 
ethyl oxalate (90 g.) using the ethylate from 9.88 g. of 
sodium (twenty hours of refluxing) and following the pro­
cedure1 for the parent eompound. After removing the 
ether from the reaction product the crude oxalyl derivative 
was refluxed vigorously with 800 cc. of 15% sulfuric acid 
for eighteen to twenty-four hours. The oily layer was 
taken into ether and dried, and on removing the solvent 
the keto acid was obtained as a solid; yield, after one 
crystallization, 72.2 g. (80%). The acid is sparingly sol­
uble in hexane and crystallizes as thin colorless plates. 
The melting point is like that of camphor;9 the substance 
begins to liquefy at about 65 0 and the last crystal skeleton 
disappears at 74°. Addition of sodium chloride to the 
sodium carbonate solution causes the Separation of char­
acteristic hair-fine needles of the sodium salt.

A naL  Calcd. for Ci2Hi40 4: C, 64.87; H, 6.35; neut. 
eq., 222. Found: C, 64.70; H, 6.46; neut. eq., 219.

The ethyl ester was prepared by esterification with 
absolute alcohol and hydrogen chloride, washed and dried 
in ether with magnesium sulfate, and distilled; b. p. 190-

(8) v. Auwers and Möller, J .  p r a k t .  C h e m .,  217, 144 (1925).
(9) This was not recognized at the time of the preliminary report,

S c ie n c e , 83, 558 (1936).

192° (10 mm.), w20d 1.5080, yield 92%. In another ex­
periment 150 g. of ethyl y - (4 -methoxyphenyl)- butyrate, 
run in two portions, gave 169 g. (72%) of the keto ester.

7-Methoxy-A ̂ dihydro-1 -naphthoic Acid.—A mixture 
of 25 g. of ethyl a-keto-d-(4-methoxyphenyl)-valerate and 
200 cc. of 65% sulfuric acid was stirred vigorously on the 
steam-bath (75-80°) for one hour and then poured onto 
ice. The oily product, which appeared to be partially 
hydrolyzed ester, was taken into ether and, after removal 
of solvent, refluxed for two hours with 100 cc. of 9% sodium 
hydroxide, and the alkaline solution was clarified with 
Norite and acidified. The acid separated as an oil which 
soon solidified (19.8 g.). On crystallization from water, 
in which the substance is moderately soluble, 14 g. (68.5%) 
of pure material was obtained as colorless plates, m. p. 
116-117°. It also crystallizes well from hexane (sparingly 
soluble) in plates; it is very soluble in benzene in the cold.

A naL  Calcd. for Ci2Hi20 3: C, 70.54; H, 5.94. Found: 
C, 70.09; H, 5.96.

The ethyl ester was obtained by Fischer esterification 
in 85% yield, b. p. 186-187° (9 mm.).

7-Methoxy-l-naphthoic Acid.—7-Methoxy-A1-dihydro-
1 -naphthoic acid (0 .6  g.) was heated with 0 .1  g. of sulfur at 
230-240° for one-half hour and the product distilled at 9 
mm. and crystallized from hexane, yielding 0 .5  g. of yellow 
needles. After further recrystallization the substance 
was obtained as long, slender, colorless needles, m. p. 
169-170° (lit. 167-168°, uncorr. ) . 5 Demethylation with 
hydrobromic and acetic acids and crystallization from 
water gave 7-hydroxy-l-naphthoic acid, m. p. 255-256° 
(lit. 253-254°, uncorr.10).

7-Methoxy~l,2,3,4-tetrahydro-l-naphthoic acid, pre­
pared by hydrogenation with Adams catalyst, crystallized 
from dilute alcohol as colorless prisms, m. p. 137.5-138.5°.

A naL  Calcd. for Ci2Hi40 3: C, 69.86; H, 6.72. Found: 
C, 69.75; H, 6.96.

Like the dihydro derivative, the tetrahydro eompound 
gave 7-methoxy-l-naphthoic acid on dehydrogenation 
with sulfur. In neither case was any /3-naphthol methyl 
ether detected in the mother liquors.

Diels-Alder Reaction
5, 8 , 9, 1 0 , 13, 14 - Hexahydrophenanthrene - 13 - car­

boxylic Acid.—A mixture of 11 g. of ethyl A^dihydro-l- 
naphthoate and 10  g. of butadiene was heated in a sealed 
tube at 150° for forty-one hours. After evaporating the 
butadiene still present the liquid material was distilled 
from the polymer, the boiling range being 155-214° at 8 

mm. (7 g.). This was refluxed for four hours with 30 cc. 
of 1 0 % potassium hydroxide and the unsaponified oil 
remaining was washed and dried in ether and distilled. 
The ethyl ester was obtained after redistillation as a vis­
cous oil, b. p. 164-166° (5 mm.), yield 3 g. (21%).

A naL  Calcd. for Ci7H20O2: C, 79.99; H, 7.99. Found: 
C, 79.40; H, 7.89.

For saponification 0.48 g. of the ester was heated with a 
solution prepared from 2 g. of sodium and 30 cc. of absolute 
alcohol at 170 ° for eighteen hours. On diluting the alka­
line solution and acidifying, the acid separated as a solid 
(0.4 g.). Crystallized from dilute methyl alcohol it

(10) Royle_and Schedler, J .  C h em . S o c ., 123, 1641 (1923).
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formed rectangular microprisms, m. p. 137-138°. Fur­
ther crystallization from hexane, in which the acid is readily 
soluble, gave compact clusters of microprisms, m. p.
141.5-142.5° with some previous softening. An extensive 
fractionation was not undertaken.

A n a L  Calcd. for CuHuOj: .C, 78.97; H, 7.02. Found: 
C, 79.37; H, 7.40.

On dehydrogenation with selenium at 300° for twenty- 
one hours the once crystallized acid (0.55 g.) yielded a 
hydrocarbon (0 .2 1  g.) which after crystallization melted 
at 96-97° and was identified as phenanthrene by mixed 
melting point.

6 , 7 - Dimethyl - 5, 8 , 9, 10, 13, 14 - hexahydrophenan- 
threne-13-carboxylic Acid.—The ethyl ester was prepared 
as above from 15 g. of the unsaturated ester and 18 cc. of
2,3-dimethylbutadiene, heating being continued for eight 
days at 100°. After treatment with 10% potassium hy­
droxide the ethyl ester was distilled as a liquid which 
solidified; b. p. 166° (4 mm.), m. p. 49.5-50°, yield 5.7 g. 
(27%).

A n a L  Calcd. for C19H2402: C, 80.23; H, 8.51. Found: 
C, 79.61; H, 8.84.

The free acid, prepared as above (85% yield), crystal­
lized from very dilute alcohol as small, colorless prisms, 
m. p. 162-163°. Recrystallization from hexane (readily 
soluble) gave small, hard, crystalline clusters, m. p. 168- 
169° with some previous softening.

A naL  Calcd. for C17H20O2: C, 79.70; H, 7.81. Found: 
C, 80.17; H, 7.87.

On dehydrogenation with selenium for thirty-six hours,

1.7 g. of the crude acid yielded 0.7 g. of purified crystals 
melting at 78-78.5° and identified by mixed melting 
point determination as 2 ,3 -dimethylphenanthrene. 1

3 - Methoxy - 5 , 8 , 9, 1 0 , 13, 14 - hexahydrophenan- 
threne-13-carboxylic Acid (X).—A mixture of 20 g. of 
ethyl 7-methoxy-A ̂ dihydro-1 -naphthoate and 15 g. of 
butadiene was heated for twenty-one hours at 220-245°. 
The crude ester mixture (18.6 g.) was refluxed with 70 cc. 
of 2 0 % alkali for four hours and the residual oil was dried 
and distilled, b. p. 202-204° (14 mm.); yield 3.3 g. (13%). 
On saponification of the ethyl ester with sodium ethylate 
as above the free acid was obtained from dilute alcohol 
as colorless microprisms, m. p. 139.5-141° with previous 
softening.

A naL  Calcd. for Ci6Hi80 3: C, 74.41; H,7.03. Found: 
C, 74.03; H, 7.01.

Summary
Hydrophenanthrene derivatives having a car­

boxyl group at the 13-(or 12-) position can be 
obtained by the addition of dienes to A1-dihydro-l- 
naphthoic esters. A convenient synthesis of the 
unsaturated esters consists in the acid hydrolysis 
of a-oxalyl-7-arylbutyric esters to a-keto-5-aryl- 
butyric acids and cyclization of the keto esters 
with sulfuric acid. These methods afford a new 
approaeh to substances having some features of 
the morphine structure.
Ca m br id g e , M a s s . R e c eiv ed  A u g u st  5,1936

[C o n t r ib u t io n  from  the  Chem ical  L aboratory  o f  H a r v a r d  U n iv e r sit y ]

The Synthesis of Phenanthrene and Hydrophenanthrene Derivatives. VI.
Diketocyclopentenophenanthrenes

By L. F. F ieser, M. F ieser and E. B. Hershberg

Having found a convenient method of preparing 
phenanthrene-1,2-dicarboxylic anhydride by syn­
thesis,1 it was of interest to undertake the con­
version of the substance into a eompound having 
the 1,2-cyclopenteno ring system. The anhydride 
was converted into the dimethyl ester I either 
by the Fischer esterification of the corresponding 
acid, obtained through the dipotassium salt, or 
by the direct action of methyl alcoholic hydrogen 
chloride. On condensation with ethyl acetate in 
the presence of sodium I yielded a diketo ester II 
which was hydrolyzed to l'^'-diketo-l^-cyclo- 
pentenophenanthrene, III (or the enolic form). 
The pure diketone was obtained in 76% yield. 
Employing anhydrides prepared from interme-

(1) Fieser and Hershberg, T h is  Jo u r n a l , 57, 1851 (1935).

diates already described,1,2 the isomeric diketone 
IV and the dimethylene (ace-) derivative V were 
synthetized in good yield.

(2) Fieser, Fieser and Hershberg, ibid., 58, 1463 (1936).
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The isomeric phenanthrindanediones III and IV 
dissolve in dilute alkali even in the cold to give 
red Solutions. On refluxing for several hours the 
color fades and acetylphenanthroic acids are 
formed in good yield. The substance obtained 
from the 3,4-isomer IV proved to be a single indi­
vidual of the structure VI, for on decarboxylation 
with copper carbonate and quinoline it yielded the 
hitlierto unknown 4-acetylphenanthrene (VII).

CH3CO
COOH

NaOH 
IV — —>-

CH3CO

VII

HOOC

VIII

The structure of the latter eompound follows from 
the non-identity with the 3-isomer and from the 
fact that on hypochlorite oxidation it yields a 
substance having the properties of the known
4-phenanthroic acid.3 The material resulting 
from the cleavage of the diketo-1,2-cydopenteno- 
phenanthrene had the composition and properties 
of a mixture of the two possible acetylphenan­
throic acids and evidently there is no great pref­
erence for cleavage at one or the other ketonic 
group. The contrasting behavior of the isomer 
IV is interpreted as being due to the protection 
of the carbonyl group in the hindered 4-position, 
and this constitutes another example of the 
blocking effect of the neighboring aromatic ring.4

In the special test for oestrogenic activity de­
veloped by Pincus and Werthessen5 l ' ,3 '-diketo-

(3) Kruber, Ber., 61, 1000 (1934).
(4) Fieser, T h is  J o u r n a l , 51, 1898, 1938 (1929).
(5) Pincus and Werthessen, Science, 84, 45 (1936).

1,2-cydopentenophenanthrene appears to be com­
parable in potency with 1-keto-1,2,3,4-tetrahydro­
phenanthrene, while the isomer IV is entiiely in­
active.

Experimental Part6
Phenanthrene-3,4-dicarboxylic anhydride was obtained 

in 90% yield by Heating the dihydro eompound1 with the 
calculated amount of sulfur in a bath at 320-330° and 
distilling the product when the evolution of gas was com­
plete. The anhydride is sparingly soluble in glacial acetic 
acid, fairly readily soluble in xylene, and it crystallizes 
from the latter solvent as fine, lemon yellow needles, m. p.
253.5- 254°.

A naL  Calcd. for Ci6H80 3: 0,77.39; H, 3.25. Found: 
C, 77.37; H, 3.19.

8 ,9-Acephenanthrene-l,2-dicarboxylic anhydride, pre­
pared similarly in equally good yield, formed fine orange- 
yellow needles, m. p. 297-298°, uncorr., from dioxane 
(moderately soluble).

A naL  Calcd. for C18H10O3: C, 78.82; H, 3.68. Found: 
C, 78.62; H, 3.97.

Dimethyl phenanthrene-1 ,2 -dicarboxylate was at first 
prepared through the dipotassium salt, which was obtained 
by refluxing the anhydride ( 1  g.) with a solution of potas­
sium hydroxide (7 g.) in water (20 cc.) and methyl alcohol 
(1 0  cc.) for one-half hour and adding saturated potassium 
chloride solution. The crystalline salt (1.3 g.) which sepa­
rated on cooling was added to methyl alcohol saturated 
with hydrogen chloride, and after two days at room tem­
perature the mixture was refluxed for five hours. On dilu­
tion with water the ester separated as a pale yellow solid. 
On crystallization from methyl alcohol two forms were 
obtained, the less soluble substances appearing as pale 
yellow needles, m. p. 131.8-132.2 °, and the material from 
the mother liquor forming colorless, pearly plates, m. p.
132.5- 133°. No depression was observed on mixing the 
samples, and on hydrolysis both yielded, after dehydration 
of the acid on heating, the original anhydride. A better 
method of preparation consists in refluxing the anhydride 
(2  g.) with methyl alcohol saturated with hydrogen chlo­
ride for about twenty hours. The anhydride slowly dis­
solved and the solution after being concentrated and cooled 
deposited the yellow needle-form of the ester (2 .1  g.).

A naL  Calcd. for Ci8Hi40 4: C, 73.44; H, 4.79. Found: 
(yellow needles) C, 73.10; H, 4.43; (colorless plates) C, 
73.87; H, 5.07.

The 3,4-dihydro derivative, obtained in good yield 
through the dipotassium salt of the unsaturated acid, crys­
tallized from methyl alcohol as colorless needles or plates, 
both melting at 109.8-110°.

A naL  Calcd. for Ci8Hi60 4: C, 72.95; H, 5.45. Found: 
C, 72.75; H, 5.58.

Dimethyl phenanthrene-3 ,4-dicarboxylate was best pre­
pared directly from the anhydride by boiling with methyl

(6) The melting points are corrected except as noted, using the 
precision apparatus of Hershberg, In d . Eng. Chem., A n a l. E d ., 8, 
312 (1936), and employing 0.1° Anschütz thermometers (total 
immersion) calibrated with a thermometer with the Bureau of 
Standards certificate. Analyses by Mrs. G. M. Wellwood.
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alcohol and hydrogen chloride; yield quantitative. It 
formed large, transparent prisms, m. p. 114.5-114.8°, from 
ether-petroleum ether. The substance is very soluble in 
alcohol or glacial acetic acid.

A n a l. Calcd. for Ci8H140 4: 0,73.45; H, 4.80. Found: 
C, 73.34; H, 4.80.

'The ester was also obtained by esterification of the free 
acid with diazomethane, and the samples were identical. 
Phenanthrene-3,4-dicarboxylic acid was prepared by 
hydrolyzing the anhydride with boiling alkali and carefully 
neutralizing the filtered solution with acetic acid. Very 

. faintly yellow, glistening plates of a monohydrate were de­
posited on cooling.

A n a l  Calcd. for Ci6Hi0O4-H2O: C, 67.59; H, 4.26.
Found: C, 67.50; H, 4.40.

Dimethyl 8,9-acephenanthrene-l,2-dicarboxylate, pre­
pared from the anhydride, alcohol and hydrogen chloride 
(thirty-six hours), separated as fine, faintly yellow needles 
from glacial acetic acid, m. p. 170.6-171°.

A n a l  Calcd. for C2oHi60 4: C, 74.98; H, 5.04. Found: 
C, 74.68; H, 5.10.

1  ',3 '-Diketo- 1 ,2 -cy clopentenophenanthrene (III).—Di­
methyl phenanthrene-l,2-dicarboxylate (4.85 g.) was dis­
solved in 50 cc. of ethyl acetate and 2 g. of fine sodium shav- 
ings was added. After refluxing for two hours on the 
steam-bath 25 cc. more ethyl acetate and 1 g. of sodium 
were added. This was repeated two hours later and the 
reaction was stopped after refluxing for six hours. The 
mixture was pasty with the precipitated sodium derivative 
of the diketo ester and this was collected after cooling and 
washed with dry ether. The salt was then decomposed 
by boiling with 200 cc. of 95% alcohol and 5 cc. of con­
centrated hydrochloric acid for about ten minutes, during 
which time carbon dioxide was evolved and the heavy 
sodium salt partly dissolved and was eventually all trans- 
formed to a bulky, light yellow solid. After cooling, the 
precipitated diketone was collected and washed well with 
water and then with alcohol. After crystallization by dis­
solving the substance in 75 cc. of dioxane and adding 50 
cc. of 95% alcohol to the hot solution, there was obtained 
3.1 g. (76% yield) of the pure diketone. Smaller runs 
gave yields up to 85%.

The diketone crystallizes well from the above mixture or 
from benzene and forms short, light yellow needles melting 
at 240.5-241.5°, dec., when heated in a Pyrex capillary. 
In a soft glass capillary the sample does not melt but gradu­
ally decomposes in the range 240-245 °. It dissolves 
slowly in dilute alkali in the cold, easily on warming, to a 
cherry red solution. If acidified at once the solution de­
posits the unchanged material.

A  n a l  Calcd. for Ci7Hi0O2: C, 82.93; H, 4.11. Found: 
C, 82.75; H, 4.08.

1 ',3 '-Diketo-3,4-cyelopentenophenanthrene (IV).—The
condensation of the appropriate ester (3 g.) was conducted 
as above except that in these (earlier) experiments only 
one addition of fresh sodium and ethyl acetate was made. 
The orange diketo ester salt (5 g.) was rubbed to a paste 
with 15 cc. of alcohol and 5 cc. of a solution of 10 cc. of 
concentrated hydrochloric acid in 50 cc. of water was added 
with stirring. The salt dissolved in the cold to a clear 
yellow solution and on gentle boiling carbon dioxide was

evolved and the diketone separated as light yellow needles 
in a very pure condition; yield 1.26 g. (50%). The sub­
stance is moderately soluble in benzene and readily soluble 
in glacial acetic acid; it crystallizes from these solvents 
as light yellow needles, m. p. 201.4-202°. The solubility 
is greater than that of the isomer and the other properties 
are as above.

A n a l  Calcd. for C i 7 H i o 0 2 :  C, 82.93; H, 4.11. Found: 
C, 82.92; H, 4.26.

A monosemicarbazone was deposited from a solution of 
the components in glacial acetic acid on short boiling. 
The substance separated as small, pale yellow plates, 
dec. 300-305°, in a condition suitable for analysis. It is 
very sparingly soluble in the usual solvents.

A n a l  Calcd. for Ci8HiS0 2N3: N, 13.87; Found: N, 
13.58.

1 ',3 '-Diketo-1,2-cyclopenteno-8,9-acephenanthrene (V)
was obtained by the procedure described immediately 
above in 65% yield. The substance is very sparingly 
soluble in the usual solvents and moderately soluble in 
tetrachloroethane, from which it crystallizes as fine, bright 
yellow needles melting at 338-340°, dec., uncorr.

A n a l  Calcd. for Ci9Hi20 2: C, 83.80; H, 4.45. Found: 
C, 82.68, 82.76; H, 4.37, 4.41.

4-Acetyl-3-phenanthroic Acid.—The red solution of 1 g. 
of the diketone IV in 50 cc. of 1 N  sodium hydroxide 
turned pale brown after refluxing for six hours. The 
material which precipitated on acidification was dried 
and crystallized from benzene-ligroin giving pale yellow 
crystals melting at 201-202°; yield 0.9 g. (84%). After 
two recrystallizations from benzene the keto acid was 
obtained as clusters of colorless, prismatic needles, m. p.
201.5-202.5°.

A n a l  Calcd. for C17H12O3: C, 77.24; H, 4.58. Found: 
C, 77.29; H, 4.81.

4-Acetylphenanthrene.—As attempted decarboxylation 
of the keto acid without solvent was unpromising, a solu­
tion of 0.48 g. of the substance in 3 cc. of quinoline was 
treated with about 50 mg. of basic copper carbonate and 
heated at 240-260 ° for forty-five minutes, most of the 
carbon dioxide being eliminated in about fifteen minutes. 
The quinoline solution was diluted with ether, filtered, 
and extracted with dilute mineral acid to remove the quino­
line and with dilute alkali to remove any unchanged acid. 
After distillation of the ether the residue was distilled at 
2  mm., giving a light yellow oil which readily solidified on 
cooling. After crystallization from ligroin or petroleum 
ether, in which the substance is moderately soluble, there 
was obtained 0.27 g. (6 8 % yield) of ketone, m. p. 88.5- 
90.5°. After two recrystallizations it formed large 
clusters of heavy colorless plates, m. p. 89.8—90.3°.

A n a l  Calcd. for Ci6Hi20: C, 87.23; H, 5.50. Found: 
C, 87.19; H, 5.01.

A solution of the acetyl eompound and phenylhydrazine 
after being boiled for a few minutes and diluted with water 
yielded only the unchanged ketone.

The picrate forms easily using methyl alcohol as the 
solvent. It crystallizes as long, slender, yellow needles 
melting at 129.5-130.5°.

A n a l. Calcd. for C Ä O  CeHsOyNs: N, 9.35. Found: 
N, 9.33.
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For conversion to 4-phenanthroic acid, 0.1 g. of 4- 
acetylphenanthrene was boiled for one and one-half hours 
with a sodium hypochlorite solution prepared from 1 g. of 
the commercial calcium salt (H. T. EL). After cooling, 
filtering and destroying the excess reagent, the product was 
precipitated by acidification and crystallized from dilute 
alcohol. It formed glistening, colorless plates, and after 
thorough drying at 130 ° to remove solvent, the acid melted 
at 171.5-173°. Kruber3 reports the value 170-171°, un­
corr.

Cleavage of 1 ',3 '-Diketo-1,2-cyclopentenophenanthrene.
-—After refluxing a solution of the diketone (1.2 g.) in 
1 N  sodium hydroxide for ten hours the light brown solu­
tion was filtered from a small amount of purple material 
and acidified. The acidic product which precipitated was 
crystallized from benzene, giving 0.96 g. of material. 
After a second crystallization the substance, m. p. 190- 
193°, had approximately the composition of a mixture of 
acetylphenanthroic acids.

A naL  Calcd. for Ci7Hi20 3: C, 77.24; H, 4.58. Found: 
C, 77.63, 77.40; H, 5.22, 5.36.

In further recrystallizations the melting point of the less 
soluble portion rose to about 216 °, but an assuredly homo­
geneous product was not obtained.

Summary

The condensation of the 1,2- and 3,4-dicar­
boxylic esters of phenanthrene with ethyl acetate 
proceeds smoothly, affording diketocyclopenteno- 
phenanthrenes of interest in the study of oestro- 
genic activity. The alkaline cleavage of the 1,2- 
derivative proceeds in both possible directions, 
whereas with the 3,4-diketone steric hindrance at 
the 4-position is so pronounced that the reaction 
affords pure 4-acetyl-3-phenanthroic acid. This 
on decarboxylation yields the new 4-acetyl­
phenanthrene.
Converse M emorial Laboratory
Cambridge, M ass. R eceived August 12, 1936

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

The Rearrangement of l-Phenyl-5-benzoylcyclopentene Oxide

By S. H. Babcock, Jr ., and Reynold C. Fuson

The chief product in the reduction of 1,4-di- 
bromo-1,4-dibenzoylbutane with zinc dust and 
sodium iodide has been shown to be 1-phenyl-5- 
benzoylcyclopentene oxide (I) .1 The oxide was 
accompanied by an isomer which appeared to be 
derived from it by rearrangement. This isomer 
was obtained also (1) by the action of alcoholic 
hydrogen chloride on the oxide; (2) by treatment 
of a solution of the oxide in glacial acetic acid with 
ozone; and (3) together with I by the action of 
perbenzoic acid on 1 -phenyl-5-benzoylcyclopen- 
tene. It has now been shown that the oxide 
readily undergoes rearrangement when dissolved 
in hot glacial acetic acid, and that the rearrange­
ment product is identical with that reported by 
Fuson and Farlow. The eompound has proved to 
be 2-phenyl-3-benzoylcyclopentanone (II).

CH2CH---- O
| LcZCeHs 

CH2CH
X'COC6H6

I

CH2—CO 
| ^>c h c 6h 6 

CH2—CH
^COCsHs

II

The structure of this eompound has been es­
tablished by a degradation process leading to the 
formation of a-phenyl-ß-benzoylglutaric acid (V),

(1) Fuson and Farlow , T h is  J o u r n a l , §6, 1593 (1934).

The ketone C o n d e n s e d  r e a d i l y  w i t h  ƒ > -chloro - 
benzaldehyde t o  g iv e  a c h lo r o b e n z a l  d e r iv a t iv e

(III).
CH2—C=CH  C6H4C1

i y ° °
CH— CHC6H5

COCeHg

III

/ c o \  
c h 2 o

CH CO
\  /  

\ c h c 6h 5
COCeHg

IV

COOH
I

c h 2
I

CH—CH<

COCeHg
V

'COOH

CeHg

When treated with ozone this eompound gave p- 
chlorobenzaldehyde, p-chlorobenzoic acid and an 
anhydride (IV) corresponding to that of a-phenyl- 
ß-benzoylglutaric acid (V). By hydrolysis of the 
anhydride the acid was obtained in the two forms 
required by theory. One of these melted at 176- 
177°, and, when heated in the presence of alkali, 
isomerized to the other, which melted at 135-136°.

Mention should be made of the fact that under 
certain conditions the rearrangement of the oxide
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to the cyclopentanone could be interrupted at an 
intermediate state. The intermediate eompound 
has not been investigated fully, but it appears 
likely that it is the theoretically possible geo- 
metrical isomer of II.

Experimental
l-Phenyl-5-benzoylcyclopentene Oxide.—The general 

procedure of Conant and Lutz,2 and Fuson and Farlow3 
was followed. It was found, however, that the reactants 
could be used in more nearly equivalent quantities—a 
modification which increased the yield of oxide by render - 
ing its purification less troublesome. From 200 g. of 1,4- 
dibromo-l,4-dibenzoylbutane, 40 g. of zinc dust and 186 g. 
of hydrated sodium iodide was obtained 44 g. of the pure 
oxide.

Rearrangement of l-Phenyl-5-benzoylcyclopentene Oxide
(a) By the Action of Hydrogen Chloride in Alcohol.—

One gram of the oxide was shaken for ten minutes with 25 
cc. of absolute alcohol saturated with dry hydrogen chlo­
ride. The mixture was then quickly filtered and poured 
onto 100 g. of cracked ice. The product, after crystalliza­
tion from methanol, melted at 159-159.5° (corr.) and, when 
mixed with the sample prepared by Fuson and Farlow, 
showed no lowering of the melting point.

A n a l. Calcd. for Ci8Hi602: C, 81.8; H, 6.1; mol. wt., 
264. Found: C, 81.7; H, 6.2; mol. wt. (Rast), 260, 270.

(b) By Heating with Glacial Acetic Acid.—A solution of 
1 g. of the oxide in 25 cc. of glacial acetic acid was heated in 
such a manner that at the end of two minutes the tempera­
ture had reached 100 °. It was then poured onto 50 g. of 
ice. After repeated recrystallization from methanol the 
product melted at 123.5-124.5°.

A n a l. Calcd. for Ci8Hi602: C, 81.8; H, 6.1. Found: 
C, 81.8; H, 6.4.

This method of treatment usually gave a product melting 
at 116-119 ° which was very difficult to purify. This sub­
stance was dissolved in boiling glacial acetic acid, and the 
solution was then diluted with hot water until a slight 
cloudiness was noted. This was discharged by heating, 
and the solution was allowed to cool. The product sof­
tened at 110-113°, and melted at 152-154°. This com­
pound, when subjected to a second treatment similar to 
that just described, melted at 153-155°. A mixture of 
this with the oxide melted at 154-157°.

That the substance melting at 116-119° was an inter­
mediate in the conversion of the oxide to the cyclopenta­
none was further supported by the fact that a hot, slightly 
alkaline solution of alcohol converted it into the pure cyclo­
pentanone.

(2) Conant and Lutz, T h is  J o u r n a l , 49, 1090 (1927).
(3) Fuson and Farlow, ib id . ,  56, 1593 (1934).

Reactions of 2-Phenyl-3-benzoylcyclopentanone
(a) With Alcoholic Hydrogen Bromide.—Treatment 

with this reagent for four days at 0 ° produced no change.
(b) With Bromine.—Bromination in chloroform solution 

gave a product which crystallized from alcohol in the form 
of yellow-orange needles melting at 136.5-137.5°.

A naL  Calcd. for Ci8Hi40 2Br2: C, 51.0; H,3.3. Found: 
C, 51.4; H, 3.0.

Attempts to dehalogenate the dibromide by treatment 
with pyridine, zinc dust or sodium iodide all failed to give 
products which could be characterized.

(c) With />-Chlorobenzaldehyde.—One-half gram of the 
ketone and 0.5 g. of the aldehyde gave 1 g. of a solid which, 
after two recrystallizations from benzene and high-boiling 
petroleum ether, melted at 207-207.5°.

A naL  Calcd. for C25H190Cl: C, 77.6; H, 5.0. Found: 
C, 77.5; H, 4.9.

Ozonization of 8 g. of the /»-chlorobenzal derivative gave 
a mixture of p-chlorobenzaldehyde, ^-chlorobenzoic acid 
and 5.5 g. of a'-phenyl-0-benzoylglutaric anhydride. The 
anhydride crystallized from benzene in needles melting at 
183-184°.

A n a l. Calcd. for CigHnOu C, 73.4; H, 4.8. Found: 
C, 73.3; H, 5.1.

The anhydride was dissolved in a 10% sodium hydroxide 
solution and the solution was filtered and acidified. The 
free a-phenyl-/3-benzoylglutaric acid, af ter recrystallization 
from a mixture of ethyl acetate and petroleum ether, 
melted at 176-177°.

A naL  Calcd. for CigHieOs: C, 69.3; H, 5.1; neut. 
equiv., 156. Found: C, 69.0; H, 5.3; neut. equiv., 156.

Concentration of the mother liquors yielded an isomeric 
acid melting at 135-136° (from benzene).

A naL  Calcd. for CisHieOs: C, 69.3; H, 5.1; neut. equiv., 
156. Found: C, 69.3; H, 5.4; neut. equiv., 155, 159.

The acid melting at 176-177° was heated for six hours 
with a 6% solution of alcoholic potassium hydroxide. 
Acidification of the resulting mixture gave the isomeric 
acid (melting at 135-136°).

Summary
It has been shown that 1-phenyl-5-benzoyl- 

cyclopentene oxide (I) rearranges to 2-phenyl-3- 
benzoylcyclopentanone (II) when treated with 
alcoholic hydrogen chloride.

The structure of the rearrangement product 
has been established by a degradation process 
leading to the formation of a-phenyl- ß-benzoyl- 
glutaric acid which has been obtained in the two 
forms predicted by theory.
U r b a n a , I I I .  R e c eiv ed  J u n e  22, 1936
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Bisulfite Compounds of Azo Dyes. V. Bisulfite Reaction of Azo Dyes Containing
Two Auxochromes

By N ikolai N. Woroshtzow and Anatole S. Tsherkasski
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While investigating the reaction of azo dyes 
with sodium bisulfite, it was determined in 1911 
that the presence of a naphthalene component 
containing an amino or hydroxy group is necessary 
for the formation of bisulfite compounds.1 On 
treatment with bisulfite, aminoazo dyes hydrolyze, 
giving off ammonia, and are converted to hydroxy- 
azo dyes which form bisulfite compounds. In 
refuting the hypothesis of Spiegel, accepted at 
that time, according to which sodium bisulfite 
adds on to the azo group, giving the salt of 
hydrazo-N-sulfonic acid of the type RN(S03Na)- 
NHR', in 1915 the inadequacy of this theory was 
proved by a number of facts.2 Of these, we con­
sider the following most significant.

(1) The analogous physical and Chemical 
properties of bisulfite compounds of dyes obtained 
by treating azo dyes with bisulfite and compounds 
obtained by coupling diazotized bisulfite com­
pounds of aminonaphthols with benzene azo com­
ponents (e . g . y phenol).

(2) The diazo dye obtained from a-naphthol 
and two molecules of diazotized aniline, HOC10H5- 
(N=NPh)2, gives bisulfite compounds with only 
one molecule of sodium bisulfite, not with two as 
it should according to Spiegel, given two azo 
groups.

(3) All bisulfite compounds of azo dyes are 
colored—yellow, orange, red—while hydrazo com­
pounds are colorless.

These and other considerations, developed in 
detail in former investigations, led us to the con­
clusion that the reactivity of azo dyes of the 
naphthalene series toward bisulfite is caused not 
by the azo group but by the auxochrome (NH2 
or OH) group in the naphthalene component of 
the dye and that the azo group of the dye plays a 
secondary role in this reaction, similar to that of 
the sulfo group in sulfonic acids of naphthols or 
naphthylamines, aiding or hindering the reaction 
according to the relative positions of the groups 
N—N and the reactive group OH or NH2.

In a further work with S. W. Bogdanow, we
(1) N. N. Woroshtzow, J.  R u s s .  P h y s . - C h e m .  S o c . , 43, 771 (1911); 

J .  p r a k t .  C h e m ., [2] 84, 514 (1911).
(2) N. N . Woroshtzow, J .  R u s s .  P h y s . - C h e m .  S o c . , 47, 1669 (1915); 

A n n .  c h im . ,  [9] 6, 381 (1916); i b id . ,  7, 50 (1917).

succeeded in broadening this analogy to cover 
the bisulfite reaction of nitrosonaphthols.3

The analogous behavior of naphtholsulfonic 
acids and naphthol azo dyes in the bisulfite re­
action was confirmed by physico-chemical in­
vestigation of the bisulfite eompound of 2- 
naphthol-1-sulfonic acid.4

In the products of the reaction between bisul­
fite and naphtholsulfonic acids, nitrosonaphthols, 
or naphthol azo dyes, we find in all cases addition 
compounds of one molecule of bisulfite and one 
molecule of the original naphthol derivative. Here 
we definitely disagree with Bucherer who, on the 
basis of one incomplete analysis of the bisulfite 
eompound of aminonaphthol, considers these 
compounds to be salts of acid esters of sulfurous 
acid and regards the reactivity of azo dyes with 
bisulfite from the point of view of Spiegel.5

Below we consider in greater detail the proof of 
the structure of the bisulfite compounds. Already 
in 1915, on the basis of the above-emphasized 
importance of the hydroxyl group in the reaction 
of the azonaphthol dye with bisulfite, it was sug­
gested that dyes with one azo group and two 
hydroxyl groups can give compounds with bisul­
fite, containing two molecules of bisulfite and one 
molecule of dye.

This view has lately been disputed by A. King, 
an investigator who has contributed much inter­
esting material in the field of bisulfite compounds 
of azo dyes.

King obtained the bisulfite eompound of a dye 
obtained from diazotized l,2-aminonaphthol-4- 
sulfonic acid and ß-naphthol (I)

(3) Woroshtzow, (a) J .  R u s s .  P h y s . - C h e m .  S o c . , 61, 497 (1929); 
(b) B e r . ,  62, 57 (1929).

(4) N. N. Woroshtzow and A. G. Kassatkin, i b i d . ,  61, 484 (1929); 
N. N. Woroshtzow and P. A. Bjelow, J .  G e n . C h e m . (Z7. S .  S .  R . ) ,  
63, 39 (1931); B e r . ,  64, 77 (1931); N. N. Woroshtzow, B u i l .  s o c .  c h i m . ,  
[4] 35, 996 (1924).

(5) H. T. Bucherer, J .  p r a k t .  C h e m ., [2] 69, 49 (1904); H. T. 
Bucherer and M. Schmidt, i b i d . ,  [2] 79, 385 (1909); Bucherer and 
E. F. Sonnoiiborg, i b id . ,  81, 8 (1910); Bucherer and W. Zimmer 
mann, i b i d . ,  103, 285 (1921).
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and found only one bisulfite group although the 
dye contains two hydroxyl groups.6

However, we do not see in King’s experiment 
a refutation of our point of view, since the struc­
ture of this compound (I) has one peculiarity 
which allows us to foretell the inactivity of one 
of the hydroxyls, namely, the one present in the 
sulfonated nucleus.

It has long been known, from the work of 
Bucherer, that sulfo groups in the meta position 
to amino or hydroxyl groups in the naphthalene 
ring influence the bisulfite reaction unfavorably. 
It is possible, for example, using the ammonium 
salt of sulfurous acid, to exchange only one OH 
group for an amino group in 2,8-dihydroxy- 
naphthol-6-sulfonic acid. Thus not diamino-

*OH OH

naphthalenesulfonic acid but aminonaphtholsul- 
fonic acid is obtained, for the OH group in the
8-position marked by the star is paralyzed by 
the sulfo group in the meta position. Therefore 
we do not consider King’s experiments final and 
have again taken up this work, formerly abandoned 
for various reasons, on the reactivity of monoazo 
dyes with two free auxochrome groups.

Before passing to a description of our experi­
ments, we will attempt to give a short summary of 
the present state of the question of the structure 
of bisulfite compounds of azo dyes, Naphtholazo 
dyes give bisulfite compounds with the formula 
HOCioH6N=NR*NaHS03. It is simplest to con­
sider them according to the scheme correspond­
ing to the quinoid (hydrazone) formula of azo 
dyes or the keto formula of naphthols, e. g.,

N-NHC6H5 
OH

'SOsNa

NNHCeHö

\ / X /

II Ha

Here we employ the structure C/ and
x S03Na

✓ OH
not the formerly used C<( , as better answer-

J x 0S02Na
ing the facts on the basis of the proof of the struc-

(6) A. King, J .  C h e m . S o c . ,  1271 (1932).

ture of carbonyl bisulfite compounds by Raschig.7 
But earlier we saw that bisulfite compounds of 
azo dyes can be formed which do not differ in 
physico-chemical properties from the above- 
mentioned compounds formed by introducing 
a bisulfite group into the diazo component before 
coupling, e. g.,

n h 2

n h 2
HO SOsH HO S03Na

+PhOH <
(NaCl)

H2

III

C1N2
I h 2

N

N—PhÖH

The compound III may be considered in its 
hydrazone form (lila) corresponding to ana- 
naphthoquinone

HO SOsNa

HOPhNH—N NaOsS OH N=NPhOH

But such a transformation cannot be allowed 
for the analogous 1,8-aminonaphthol derivative, 
e. g.} (IV) where the quinone-hydrazone structure 
is excluded by the impossibility of the existence 
of 1,8-naphthoquinone. Later investigation of 
the bisulfite reaction of nitroso-ß-naphthol led
S. W. Bogdanow to suggest another form for the 
structure of naphthol bisulfite compounds and 
hence for bisulfite compounds of azo dyes.8

Bogdanow considers these compounds of a- or 
/3-naphthol to have the structures V and VI.

OH H2

H2 H S03Na
V VI

In favor of this view we note the unfavorable 
influence of the sulfo group in the meta-position

(7) F. Raschig, B e r . ,  59, 859 (1926).
(8) S. W. Bogdanow, J .  G e n i C h e m . ( U .  S .  S .  R . ) ,  64, 9 (1932).
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to the OH on the formation of bisulfite com­
pounds, which can be explained by the com­
parative ease with which the sulfo group enters 
the 4-position in reduction reactions of bisulfite 
ß-naphthol derivatives, e. g., in the conversion 
of the bisulfite eompound of nitroso-/3-naphthol 
to 1,2-aminonaphthol-4-sulf onic acid.9 Accord­
ing to Bogdanow the structures of the compounds 
II, Ha and IV are

H SOsNa OH

VII 1 1 V ila  I
-O H  1 J.

N-NHCeHe

/SO sN a

y ^ H
N-NHCflHs

H2

H\ A ^ X
NaOgS'/ VIII

V '
OH N=NPhOH

Thus, from the reactivity of the naphthalene 
component of azo dyes, with an OH group, we 
may consider permissible in various cases two 
different structural forms of bisulfite compounds 
of azo dyes—the hydrazone form in the quinoloid 
bisulfite (II, Ila) and hydroxyquinoidosulfonic 
acid (VII, Vila) variants and the azoid form in 
the keto bisulfite (IV) and dihydronaphthol- 
sulfonic acid (VIII) variants. A final choice of 
variants or determination of their stability under 
various conditions remains to be decided by fur­
ther investigation.

We set ourselves the task of studying the be­
havior of dyes with the structure IX in the 
bisulfite reaction. We shall also study mono-

<Z>-°H <z>
N- N— ° H

bisulfite azo dyes obtained from the diazotized 
compounds of X or Xa and a-naphthol or a-

naphthylamine. The bisulfite eompound of 1,8- 
aminonaphthol (X or Xa) was obtained by one

(9) Schmidt, J .  p r a k t. C h em ., [2] 44, 513 (1891); M. Boeniger,
Ber.. 27, 23, 3050 (1894).

of the authors in 1915 from 1, Smaphthylenedi- 
atnine by Bucherer’s method and its composition 
determined by analysis. Thus dyes which are 
derivatives of this bisulfite eompound have the 
structure

H2=

and

H:

S03Na

OH
-N =N -

XI
- /  V  OH

resp.

— /

H SOsNa
\ /

h 2= /  V - o h

\_ -N = N -
X la

OH

SOsNa

OH
•N =N -

/ "
rasp.

XII

H SOsNa

- /
-NH2

X lla
-NH2

The diazotization of eompound X  takes place 
smoothly and quickly and requires no especially 
low temperatures since the diazo eompound is 
stable. Coupling with a-naphthylamine to give 
the dye X II is carried out in an acid medium. 
An azo eompound containing a bisulfite group
(XII) is precipitated. On recrystallization, ir­
regulär reddish-violet needles are obtained. Coup­
ling with a-naphthol to give the dye XI required 
a search for the proper medium since an alkaline 
soda medium affects the stability of the bisulfite 
radical. In an acid medium, coupling takes place 
very slowly. The best medium proved to be 
acetic acid to which a large quantity of sodium 
acetate was added. On recrystallization from 
alcohol, the orange-red dye XI precipitates in 
the form of fine, irregulär needles. Both cou- 
pling products were treated with a 35% solution 
of bisulfite.

The aminoazo dye, XII, dissolves even in the 
cold in three to four times the theoretical amount 
of bisulfite solution, giving a yellow solution from 
which the new eompound settles out in yellow 
crystals.

The hydroxyazo dye XI reacts only upon warm­
ing. In this case yellow crystals settle out more 
quickly.
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The mother liquor obtained from the product 
prepared from the aminoazo dye contains an 
amount of ammonia corresponding to one mole­
cule of ammonia for each molecule of aminoazo 
body.

The mother liquor from the product prepared 
from the hydroxyazo dyes does not contain am­
monia. Therefore, the reaction of aminoazo dyes 
is accompanied by hydrolysis of the amino group 
in naphthalene dyes, in this case under extra- 
ordinarily mild conditions.

The compounds obtained from both dyes 
proved to be identical in composition and proper­
ties. The substance crystallizes in yellow, well- 
formed needles. It is soluble in water and alcohol.

On diluting and warming the aqueous solution 
to 70°, the substance darkens and decomposes, 
giving off bisulfite. It is stable toward acids. 
Alkaline carbonate Solutions decompose it, Split­
ting off sulfur in the form of SO3“ ions, and a red 
substance is formed which crystallizes out when an 
excess of alkali carbonate is added. On heating 
the soda solution, the sulfur is completely split 
off as SO3” ions, and a violet solution of a dye 
containing no sulfur is obtained. On treatment 
with caustic Solutions, the substance decomposes 
rapidly, Splitting off sulfurous acid. On heating 
with an excess of alkali or alkaline carbonates 
above 100°, a reddish-brown tarry mass is ob­
tained.

The composition of the yellow bisulfite com­
pound of both XI and X II is HOCi0H6N =  
NCi0H6OH-2NaHSO3.

Thus the substance is an addition product of 
two molecules of bisulfite and one molecule of 
the dihydroxy dye.

In favor of this theory we eite the yellow color 
of the new compound compared to the red color 
of the original monobisulfite compound and the 
increased solubility in water.

The formation of the dibisulfite compound ac­
cording to the first variant may be represented 
as

XIII

or according to the second variant (Bogdanow)

H S 03Na

NaOsS H 
X llla

In the reaction between bisulfite and the amino­
azo dye, according to the above scheme, in which 
the dibisulfite compound is formed, hydrolysis 
of the amino group either precedes or accompanies 
the reaction, for example (according to the first 
variant)

The possibility of obtaining from compounds 
XIII and X llla  first the monobisulfite compound 
and then the dihydroxyazo compound, free of 
sulfur, by stepwise hydrolysis with alkaline re­
agents, is in agreement with this theory of the 
structure of X III and X llla.

On treating the water solution of the yellow 
dibisulfite compounds with a soda solution at a 
temperature not greater than 40°, the solution 
turns red. On adding a large excess of saturated 
soda solution, orange-red, irregulär needle-like 
crystals settle out. These proved to be the mono­
bisulfite compound of the dihydroxyazo dye. Its 
properties did not differ from the above-mentioned 
original dye (XI). Evidently the molecule of 
bisulfite combining with the a-naphthol nucleus 
is less stable than that combined with 1,8-amino- 
naphthol.

If the product obtained by partial hydrolysis 
of the dibisulfite compound is treated with bisul­
fite, the yellow crystalline dibisulfite compound 
is obtained again.

When bisulfite is split off completely from the 
dibisulfite compound (or the monobisulfite com-
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pound XI) by treatment with an aqueous solution 
of soda above 70° or sodium hydroxide solution 
in the cold, the solution turns violet. On addition 
of excess concentrated sodium hydroxide solution, 
the monosodium eompound of the dihydroxyazo 
dye, NaOCioHe^CioHeOH, settles out in beauti­
ful violet needles.

It is interesting to note that it was not possible 
to recrystallize either the free dye or its sodium 
eompound in sufficiently large quantities from 
organic solvents. As might be expected, the 
products obtainedf rom the dibisulfite compounds 
of both the aminoazo and oxyazo dyes proved to 
be identical.

When the sodium eompound of the dihydroxy- 
azo dye is treated with an alcoholic water solution 
of bisulfite, a mixture of the same yellow dibi­
sulfite eompound described above and the mono­
bisulfite eompound is obtained. At the same time 
reduction processes take place which greatly 
lower the yield of bisulfite eompound. The prod­
ucts of reduction were not further investigated. 
The presence of ammonia and an aminohydroxy 
eompound in the reaction mixture was confirmed.

On longer treatment of the dihydroxyazo dye 
with bisulfite, no bisulfite eompound at all could 
be isolated because reduction processes dominate.

Experimental
The original product, the bisulfite eompound of 1,8- 

aminonaphthol (X) was prepared as described in our 
second communication by treating 1,8-naphthylenedi- 
amine with bisulfite.

(1) Aminoazo Dye (XII) (Monobisulfite Compound).—
Two grams of eompound X  was dissolved in 70 cc. of water 
at 70°. After filtering off the insoluble residue, the hot 
solution was cooled. Two cc. of hydrochloric acid (sp. 
gr. 1.19) was then added and the mixture treated with
3.6 cc. of a 16% solution of sodium nitrite. The solution 
of the diazo eompound is brownish-red in color.

An alcoholic solution of 1.2 g. of «-naphthylamine was 
prepared separately and added with rapid stirring to the 
solution of the diazo eompound at a temperature not ex- 
ceeding 12°. Stirring was continued for three hours 
longer. The reddish-purple dye formed on coupling 
settles out completely on standing at 0 °. The precipitate 
is filtered, washed free of excess chlorine ions with water 
and the paste treated with bisulfite (according to 4).

The dye dissolves poorly in water and rather well in al­
cohol. It is difficult to crystallize it from alcohol. Only 
50 mg. of reddish-violet, irregulär needles was obtained 
from alcohol. On treatment with sodium hydroxide solu­
tion, part of the precipitate dissolves, giving a reddish- 
violet color. On heating it dissolves completely in the 
alkaline solution.

Cold soda solution has no effect in the cold. On heating, 
a reddish-violet solution is formed.

The dye undergoes no change on treatment with hydro­
chloric acid.

(2) Hydroxyazo Dye (XI) (Monobisulfite Compound).—
To the solution of diazo eompound prepared in (I) from 2 g. 
of eompound X  a solution of sodium acetate was added 
to neutralize the hydrochloric acid. The solution was 
tested with congo red. Five cc. of acetic acid (80%) 
and 8 g. of crystalline sodium acetate were then added. 
A solution of 1.4 g. of «-naphthol in 12 cc. of water contain­
ing 0.4 g. of sodium hydroxide was added gradually, and 
an orange-red solution was formed. A crystalline dye 
settles out of the solution almost quantitatively on allow­
ing to stand in the cold ( — 5°) for twenty-four hours and 
adding 10 g. of solid sodium chloride. The precipitate was 
filtered, washed with small portions of ice water and the 
paste treated with bisulfite. If coupling with «-naphthol 
is carried out in acetic acid solution without adding 
sodium acetate (or adding only a small amount of sodium 
acetate), the reaction is slowed up considerably and will 
go to an end on addition of an excess of «-naphthol. 
About four times the theoretical quantity of «-naphthol 
is required. However, the yield is small, and the product 
is contaminated by «-naphthol. On coupling with «- 
naphthol in sodium bicarbonate solution, the same results 
are obtained.

The dye dissolves fairly well in water, giving an orange- 
red solution. It dissolves readily in hot and cold alcohol. 
It does not crystallize well from alcohol. Only 30 mg. 
of pure substance was obtained in the form of fine, needle- 
like, reddish-orange crystals.

The dye does not dissolve in cold soda solution but gives 
a violet solution on heating. A deep violet solution is ob­
tained on dissolving the dye in cold or hot sodium hy­
droxide solution.

On heating above 75°, the neutral aqueous solution 
darkens and becomes orange-brown in color. The dye is 
unchanged by hydrochloric acid.

Determination of sulfur in the bisulfite group of the dye 
is carried out in all cases in the following manner. A 
sample, weighed exactly, is dissolved in a definite volume 
of water so as to obtain a very dilute solution (0.005- 
0.01%) since at higher concentrations the violet color of 
the Solutions makes it difficult to titrate with starch. 
A definite volume is treated with excess sodium hydroxide 
solution and heated for half an hour to 75°.

The sodium sulfite formed is titrated iodometrically. 
The solution containing the sulfite is added from a buret 
to a 0.01 N  solution of iodine acidified with hydrochloric 
acid to disappearance of the blue color.

A n a L  Calcd. for C2oHi5N 2S0 4N a: S, 7.65. Found: 
S, 7.24.

(3) Dihydroxyazo Dye (IX) (1,5 '-Dihydroxy-4,4'-azo- 
naphthalene).—-Ten cc. of a solution of the diazo com­
pound obtained according to (1) from 2 g. of eompound 
X, was treated with an excess of alkali (5 cc. of a 30% 
sodium hydroxide solution). The solution turned deep 
red. The theoretical quantity of «-naphthol (1.2 g. of 
«-naphthol +0.34 g. of NaOH + 10 cc. of water) was 
added gradually to the solution. Coupling takes place 
rapidly. However, the dye does not settle out quantita­
tively even after standing for twenty-four hours in the 
cold. When the mixture is treated with excess hydro-
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chloric aeid, the dye settles put quantitatively in the form 
of a reddish-violet powder, which gives with concd. sulfuric 
acid a bluish-green solution.

(4) Dibisulfite Compound of the Dihydroxyazo Dye
(XIII). (a) Preparation from the Aminoazo Dye (XII).— 
A paste of the dye (prepared as in (1 )) was shaken with IQ 
cc. of 35% sodium bisulfite solution at room temperature, 
The dye gradually goes into solution, and the color, which 
is orange-brown at first, turns orange-yellow, After 
eight to ten hours the dye is dissolved completely. On 
further standing, light yellow crystals of the dibisulfite 
compound settle out. When tests taken from the re* 
action mixture were observed under the microscope, the 
gradual disappearance of the reddish-violet crystals of 
monobisulfite compound and the precipitation of the yel­
low needles of dibisulfite compound could be followed. 
After three to four days the precipitation of the product 
is complete and the solution turns yellow. The crystals 
were filtered off, washed with small quantities of ice 
water and dried at room temperature over sulfuric acid 
in a desiccator. On drying with exposure to air above 
40-50°, the product turns brown. When alkali is added 
to the mother liquor, ammonia is liberated.

The dibisulfite compound cannot be precipitated from 
the mother liquor by addition of sodium chloride. After 
half the water had been distilled off in  vacuo, a mixture 
of crystals of sodium bisulfite and dibisulfite compounds 
settled out. When all the water had been distilled off 
at 35 °, the residue was extracted with absolute alcohol to 
which 2 cc. of glacial acetic acid had been added. After 
filtering off the mineral salts, three-fourths of the alcohol 
was distilled off. On standing in the cold, orange-yellow 
crystals settled out of the remaining solution. These 
crystals were darker than those obtained in the first crop.

Quantitative Determination of the Ammonia Obtained 
by Hydrolysis of the Aminoazo Dye (XII) with Bisulfite.— 
A small quantity of thoroughly washed dye paste was 
dried to constant weight at 40° and a sample of the dry 
substance (0.5240 g,) mixed with 5 cc. of 35% sodium bi­
sulfite solution and allowed to stand overnight. After 
twenty-four hours the mixture was treated with a large 
excess of sodium hydroxide solution and heated to boiling, 
the ammonia liberated being absorbed in 75 cc. of 0.04 N  
hydrochloric acid solution. The excess hydrochloric 
acid was titrated with 0.1 N  sodium hydroxide solution, 
Calcd. for C2oHHN2(S03Na)NH2: NH3, 4.2. Found:
NH*, 3.9.

Iodometric Determination of Sulfur (see above).— 
Calcd. for C2oHi6N2S208Na2: S, 12.26. Found: S, 11.15.

(b) Preparation from Hydroxyazo Dye (XI).—To a
paste of the dye (obtained from 2 g. of the bisulfite com­
pound of 1,8-aminonaphthol according to (2)) was added 
10 cc. of 35% sodium bisulfite solution and the mixture 
refluxed on a water-bath at 70 °, After three hours the 
precipitate gradually dissolved,

After heating for twenty-four hours, the red crystals of 
the monobisulfite compound in the mixture disappeared, 
and their place was taken by pale-yellow crystals of the di- 
bkulfite compound- The course of the reaction was fol- 
lowed under the microscope by observing test samples 
taken every hour,

The yellow crystals were filtered off, washed with a small

quantity of ice-water, and dried at room temperature in a 
desiccator. On standing, a small quantity of yellow 
crystals settled out of the mother liquor. No ammonia 
was liberated on warming the mother liquor with alkali.

The dibisulfite compounds obtained according to (a) 
and (b) are absolutely identical. The compound is 
readily soluble in water, giving a yellow solution. It is 
readily soluble in alcohol. Its solubility in hot and cold 
alcohol is almost the same. It is difficult to recrystallize 
the compound from alcohol but it crystallizes from water 
in long pale yellow needles. The product was purified 
by recrystallization from small portions of alcohol. On 
cooling, only 60 mg. of pure substance was obtained.

Long boiling with alcohol or concentration of the alcohol 
solution of the product by distillation even in  vacuo causes 
the product to darken and lose its crystalline form.

On heating with soda or sodium hydroxide solution, a 
violet solution is obtained. A solution of the dibisulfite 
compound does not change color on treatment with hydro* 
chloric acid in the cold; on heating it reddens noticeably.

On heating 0.5-2% water Solutions of the dibisulfite 
compound to 65°, the Solutions redden.

Iodometric Determination of Sulfur.—Calcd. for C20Hi6- 
N2S20 8Na2: S, 12.26. Found: S, 11.40.

(c) Preparation from 1,5 '-Dihydroxy-4,4'-azonaph- 
thalene (IX).—A paste of the dye obtained according to
(3) undergoes no change when treated with bisulfite solu­
tion in the cold. On long heating at 70-95° the solution 
turns orange-brown, and the product is converted to a 
tarry mass. The reaction with sodium hydroxide indi­
cates the presence of only tracés of bisulfite compound, 
Ammonia was found in the reaction mixture. A solution 
of ferric chloride gives a dirty blue color with the reaction 
mixture.

Better results were obtained when four times the re­
quired amount of sodium bisulfite in alcoholic water solu­
tion (ratio of alcohol to water 3; 2) was used and the mix­
ture heated to 70 ° at a pressure of 100-120 mm,

After ten hours most of the dye had dissolved, giving a 
brown solution. Part remained in the form of black, 
tarry lumps. After filtering the cooled solution and, al­
lowing it to stand for twenty-four hours, a large quantity 
of orange-yellow crystalline bisulfite compound settled 
out, The course of the reaction was controlled by observ- 
ing test samples of the reaction mixture under the micro­
scope. The product was collected and dried as described 
above, It consisted of a mixture of mono and dibisulfite 
compounds.

(5) Hydrolysis of the Dibisulfite Compound of 1,5'- 
Dihydroxy-4,4'-nzonaphthalene« (a) Partial Hydroly­
sis.—Two grams of dibisulfite eompound prepared ac­
cording to 4a and 4b was dissolved in 25 cc. of water, 
treated with 30 cc, of saturated soda solution in the cold 
and heated to 40 °, The solution turns orange-red, After 
ten to fifteen minutes no further precipitation takes place, 
Sodium chloride and soda precipitate no more crystals 
from the filtrate- The crystalline precipitate is washed 
with ice water and dried as above.

The eompound does not differ from the one described in
(2 )  in crystalline form, solubility in water and alcohol, be- 
havior toward alkalies and acids, behavior of its Solutions 
on heating.
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Iodometric Determination of Sulfur —Calcd. for C20H15- 
N2S08Na: S, 7.65. Found: S, 7.31.

Two grams of the monobisulfite compound was treated 
with 10 cc. öf 35% sodium bisulfite eompound at 70°. 
After twenty-four hours the product dissolved cotm 
pletely. Yellow needles in all respects similar to those ob­
tained in (4) settled out of the solution.

When treated with bisulfite ïii the cold, the monobisulfite 
eompound is not converted to the dibisulfite eompound 
even after forty-eight hours.

(b) Complete Hydrolysis.—The same results are ob­
tained from hydrolysis of both the monobisulfite ahd di­
bisulfite compounds of 1,5 '-dihydtoxy-4,4'-azöhfipMBè* 
lene (XI).

One gram of the bisulfite eompound was treated with 
10 cc. of 25% sodium hydroxide solution. Very fine violet 
needles settled out in the cold, and on heating with excess 
sodium hydroxide, a violet solution was obtained. On 
cooling this solution, large violet needles with a metallic 
luster settled out. The product was recrystallized from 
hot alkali solution, washed with water to neutral reac­
tion, and dried at 100°. According to the analysis, the 
product is the monosodium salt of the dihydroxyazo dye.

Analysis of the products obtained from the dibisulfite 
( 1 ) and monobisulfite (2 ) compounds of the dihydroxyazo- 
naphthalene: (1) Calcd. for C2oHi3N2 0 2Na: Na, 6.84; 
N, 8.5. Found: Na, 6.95; N, 8.3. (2) Calcd. for
C2oHi3N20 2Na: Na, 6.84. Found: Na, 7.04.

On treating the hot (80°) alkaline solution of the dye 
with excess hydrochloric acid, all of the dye settles out 
in the form of reddish-violet powder which is absolutely 
identical with the product obtained in (3). The pre­
cipitate is washed thoroughly with water and dried at 1 0 0 °.

The monosodium eompound of the dye is insoluble in 
both hot and cold water, readily soluble in alcohol, ether, 
ethyl acetate and chloroform. It dissolves with difficulty 
in cold, better in hot benzene, toluene, nitrobenzene and 
glacial acetic acid. It is insoluble in cold alkalies but dis­
solves completely in hot alkalies. It is insoluble in both 
hot and cold soda solution.

The free dihydroxyazo dyè behavés iike the sodium com­
pound toward solvents.

Summary

1. It has beeii showil, éöntrary tö thé staté= 
ment of Ä. King, that it is possible to obtaiii ad­
dition products containing two molecules öf 
bisulfite from monoazo dyes with two auxo­
chromes. This proves the dominant importance 
of the auxochrome group (and the nucleus contain­
ing it) in the reaction of naphthaleneazo dyes with 
bisulfite and disproves Spiegel’s theory.

2. The dibisulfite eompound of the dye pre­
pared from diazotized 1,8-aminonaphthol and a- 
naphthol may be obtained easily from the mono­
bisulfite eompound. Due to side reactions, a 
pure product cannot be obtained from the dye 
which contains nö bisulfite group.

3. The formatiön of thé dibisulfite eompound 
from thé monobisulfite cömpóund of the a- 
naphthylamine dye is accompanied by hydrolysis 
of the amino group and the transition of the 
organic nucleus to the dihydroxy dye.

4. On hydrolysis of the dibisulfite eompound 
of the dye in alkaline solution, stepwise decom­
position takes placé. First one molecule of bi­
sulfite splits off, giving the monobisulfite com­
pound. Then the second molecule splits off, form­
ing the free dye.

5. The formation öf bisulfite compounds cor- 
résporidiüg to both the azoid and hydrazone 
forms is possible.
Moscow, U. S. S. R. R e c e i v e d  J u l y  24, 1936

[ C o n t r i b u t i o n  f r o m  t h e  R e s e a r c h  L a b o r a t o r y  o f  M e r c k  & Co., I n c .]

Preparation and Properties of Xyloseen-(l,2) Tribenzoate

By R andolph T. M ajor and Elmer W. Cook

In the course of the investigation of various 
new syntheses of ascorbic acid an attempt was 
made to prepare xyloseen-(l,2) triacetate. Only 
a gum was obtained. The preparation of xylo- 
seen-(l,2) tribenzoate was then undertaken in the 
hope that it might crystallize. This proved to 
be the case. Xyloseen-(l,2) tribenzoate was 
prepared by a procedure similar to that described 
by Maurer and Petsch1 for the preparation of 
glucoseen tetrabenzoate.

(1) Maurer and Petsch, B e r . ,  66, 998 (1933).

Experimental
d-Xylose Tetrabenzoate.—d-Xylose (50 g.) was added 

gradually to a mixture consisting of 190 cc. of benzoyl 
chloride, 200 cc. of anhydrous pyridine and 380 cc. of 
anhydrous chloroform, cooled in an ice-bath. The xylose 
soon dissolved and the solution was allowed to stand for 
twenty-four hours. Chloroform (600 cc.) was then added 
and the solution was washed successively with cold dilute 
sulfuric acid, sodium bicarbonate and water. After 
drying over calcium chloride the chloroform was removed 
by evaporation in  vacuo. The crystalline residue of at-d- 
xylose tetrabenzoate was recrystallized from dioxane with 
the addition of methanol. It was also recrystallized either
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from absolute alcohol containing 10% pyridine or from ben­
zene with the addition of petroleum ether; yield, 90%. 
The product was quite insoluble in water or petroleum 
ether and only slightly soluble in warm methanol. It was 
soluble in chloroform, dioxane and benzene; in. p. 115- 
116°; [ et] 20d +115 ° in dry chloroform, c — 2.

A na l. Calcd. for C83n 260 9 : C, 69.94; H, 4.63. Found: 
C, 70.15; H, 4.74.

/-Xylose Tetrabenzoate.—«-/-Xylose tetrabenzoate was 
obtained in a similar manner; m. p. 115-116° and with 
the same rotation, but of opposite sign. However, on one 
occasion when crystallizing the reaction product from abso­
lute alcohol containing 10% pyridine, the ß-isomer was 
obtained; yield 29%; m. p. 173-174°; [a]™D +44.5°, in 
dry chloroform, c — 2.

A na l. Calcd. for C33H260 9: C, 69.94; H, 4.63. Found: 
C, 69.91; H, 4.64.

Benzobromo-J-xylose.—«-J-Xylose tetrabenzoate (25 
g.) was dissolved in a mixture of anhydrous dioxane and 
chloroform. A saturated solution of hydrogen bromide in 
glacial acetic acid (50 cc.) was added and the wliole al­
lowed to stand for twenty-four hours. By this time 
benzobromo-d-xylose had precipitated. The mixture was 
cooled, filtered and washed with petroleum ether. The 
product was recrystallized from benzene by the addition of 
petroleum ether; yield 60%; m. p. 134-135°; [ a ] 20D

+  117°, in dry chloroform, c =  2.
A n a l. Calcd. for C26H210 7Br: C, 59.42; H, 4,03; Br, 

15.22. Found: C, 59.62; H, 4.22; Br, 15.08.
The benzobi omo-ö -̂xylovse was soluble in dioxane, chloro­

form, acetone and fairly soluble in methanol. It was in­
soluble in water, and only slightly soluble in petroleum 
ether.

Benzobromo-/-xylose.—Both a -l-x ylose tetrabenzoate of 
m. p. 115-116° and ß-/-xylose tetrabenzoate of in. p. 173- 
174° gave the same benzobromo-Z-xylose of m. p. 134- 
135 ° and [ct] 20d —116 ° in dry chloroform, c = 2.

d-Xylose Tribenzoate.—Benzobromo-J-xylose (20 g.) 
was dissolved in 50 cc. of acetone and 0.8 cc. of water was 
added. The solution was cooled in an ice-bath and 12 g. of 
silver carbonate was added. After short stirring efferves­
cence stopped. The mixture was then shaken an hour at 
room temperature. The insoluble silver salts were filtered 
and the filtrate evaporated in  vacuo until a crystalline resi­
due was left. The product was recrystallized from anhy­
drous benzene; yield, 98%; m. p. 188-189° (Pyrex capil­
lary tube); M 20d +39.5 °, in dry chloroform, c = 2.

A n a l. Calcd. for C26H2208: C, 67.51; H, 4.80. Found: 
C, 67.54, 67.62; H, 4.85, 5.02.

Xyloseen-(l,2) Tribenzoate.—Benzobromo-d-xylose (20 
g.) and anhydrous diethylamine (8.7 cc.) were dissolved in 
anhydrous benzene contained in a tightly capped bottle. 
The solution was heated at 55 0 for three hours, at the end 
of which time about 75% of the theoretical amount of di­
ethylamine hydrobromide had precipitated. After cooling 
150 cc. benzene was added and the mixture filtered. The 
filtrate was washed with iced dilute sulfuric acid and twice 
with ice water. The benzene extract was dried over cal­
cium chloride and evaporated in  vacuo to a gum. The 
gum was dissolved in 50 cc. of warm absolute ethanol and 
petroleum ether added to a faint turbidity. Upon allow­
ing this to stand two to three days in an ice box, xyloseen-
(1.2) tribenzoate precipitated. It was recrystallized from
absolute ethanol; yield, 11%; m. p .  126-128°; [ « ] 20d

-280°, in dry chloroform, c = 0.5.
A naL  Calcd. for C26H20O7: C, 70.24; H, 4.54. Found: 

C, 70.34, 70.15; H, 4.80, 4.71.
Similarly /-xyloseen-(l,2) tribenzoate of the same melt­

ing point, and optical rotation, [ce]20D +280°, in dry 
chloroform; c = 2 was prepared.

Xyloseen^(l,2) Tribenzoate Dichloride.—/-Xyloseen-
(1.2) tribenzoate (2.5 g.) was dissolved in 200 cc. of anhy­
drous benzene and chlorine was passed in until a perma­
nent greenish-yellow color remained. After evaporating 
the solution in  vacuo the gummy residue was crystallized 
from absolute ethanol. The l-xyloseen-(l,2) tribenzoate 
dichloride was recrystallized from anhydrous benzene with 
the addition of petroleum ether; yield, 17%; m. p. 178- 
180 ° ; [ « ]  20d  + 110 ° , in dry chloroform, c  — 1.5.

A nal. Calcd. for CÄoO/Cb: C, 60.57; H, 3.91; Cl, 
13.77. Found: C, 60.70; H, 4.07; Cl, 13.26.

Summary
1. Dextro and levo xylose tetrabenzoate have 

been synthesized. The a form of the former has 
been isolated and both the a and ß forms of the 
latter were made.

2. Benzobromo-<i- and /-xylose have been made.
3. d-Xylose tribenzoate has been made from 

J-benzobromo-d-xylose.
4. Dextro and levo xyloseen-(1.2) tribenzoate 

have been synthesized.
5. /-Xyloseen-(l,2) tribenzoate dichloride was 

made by the addition of chlorine to l-xyloseen-
(1.2) tribenzoate.
R a h w a y , N. J. R e c eiv ed  S ept e m b e r  25, 1936
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NOTES

Polymorphism of Acetaldehyde
2,4-Dinitrophenylhy drazone

B y  W. M. D. B r y a n t

In two earlier papers the writer reported the 
melting point and optical crystallographic con­
stants of acetaldehyde 2,4-dinitrophenylhydra­
zone.1 I t was shown in the second paper that 
this derivative exists in at least two distinct crys­
talline modifications designated as stable and 
metastable, respectively. Shortly afterward In­
gold, Pritchard and Smith2 reported two crystal­
line modifications and commented on their pos­
sible identity with the above polymorphs. Their 
4 ‘metastable” modification, however, melted at 
146°, while only one melting point (168.5°) was 
obtained from both of the writer’s products. 
Campbell has recently stated3 that only one 
modification exists and that the writer’s meta­
stable modification was merely contaminated 
material. This statement is completely at vari- 
ance with the writer’s previous work and with ex­
periments to be reported below. Further, Camp­
bell has incorrectly quoted this modification as 
melting at 147° instead of 168.5°. He suggests 
crotonaldehyde 2,4-dinitrophenylhydrazone as a 
possible contaminant.

Extending the work reported earlier, it has been 
possible to duplicate the preparation of the low 
melting material obtained by Ingold, Campbell, 
and also by Purgotti.4 This material recrystal­
lized once from benzene is optically indistinguish- 
able from the stable modification as judged by 
refractive indices, optie axial angle and the 
highly characteristic inclined dispersion, but is 
quite distinct from the writer’s metastable form. 
The material melts fairly sharply at 147° and the 
melting point is not noticeably depressed on mix­
ing with some of the higher melting stable mate­
rial. No similar product was obtained on mixing 
a small amount of crotonaldehyde derivaffT 
(m. p. 199.6°) with some of the stable mod' 
tion.

While it is not proposed that the low ' 
material is necessarily pure, it appears lih

(1) Bryant, T h is  J o u r n a l , 54, 3758 (1932); 55, 3201 (.
(2) Ingold, Pritchard and Smith, J .  C h e m . S o c . , 86 (19;
(3) Campbell, A n a l y s t ,  61, 391 (1936).
(4) Purgotti, G a z z .  c h im .  i t a l . ,  24, 569 (1894).

the contaminant is of a catalytic sort (perhaps a 
trace of sulfuric acid) and that the low melting 
point is due to an inhibition of the transition from 
the stable to the metastable form rather than 
contamination by another “hydrazone.” The 
fact that the stable and metastable forms pre­
viously reported both melted at 168.5° suggests 
that the transition ordinarily occurs in the solid 
state prior to fusion in the case of the pure stable 
modification and that the observed melting point 
is in both cases really that of the metastable form. 
It may well be that 147° approximates the melt­
ing point of the unchanged stable form. Accord­
ing to this reasoning the two products described 
by Ingold and by Campbell would both be the 
stable variety, with the difference that the low 
melting samples may contain a trace of negative 
catalytic material.
A m m o nia  D e pa r t m e n t
E. I. d u  P o nt  d e  N e m o u r s  & Co.
W ilm in g to n , D e l . R e c e iv e d  S e pt e m b e r  19, 1936

Kinetic Medium Effects in the Reaction between 
Bromoacetate and Thiosulfate Tons

B y  S a m  E a g l e  a n d  J . C .  W a r n e r

An examination of the results of recent 
studies1-3 on the rate of reaction of thie 
ion with bromoacetate ion in water p 
solvents has led us to the con 
facts are in better a g r e e m e  

theory4 than is implied ir 
La Mer and Kamner 
tion is revealed by r " 
either for our d 
aqueous alcob 
constants 
search r 
(25 °>
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In testing the theory, La Mer and Kamner have 
used rate constants over the range ß = 0.002-0.05. 
In most of their experiments in solvents of dielec­
tric constant less than water, the primary salt 
effect is larger than the effect of decreasing the 
dielectric constant and as a consequence the ex­
perimental rates are higher in the mixed solvents 
than in water. I t must be emphasized that the 
k°s in equation (1) from Scatchard’s theory are 
rate constants at zero ionic strength. We have 
calculated k° values from the data of the above 
investigators1“3 by the well-known relation 

€2ZaZb Klog k/k° = (2)2.3£>"&'T1 +  Ka 

using Straup and Cohn’s value, a = 5.6 Ä. The 
rate constants at zero ionic strength (k°) show a 
uniform decrease with decrease in dielectric con­
stant. In the figure, we have plotted log k°
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points to the inadequacy of equation (2) for ex- 
trapolating to zero ionic strength. The “theo­
retical” slope using a = 5.6 A. in equation (1) is 
shown in the figure.

In mixed solvents of dielectric constant greater 
than water there is good agreement with the 
theory. The somewhat steeper experimental 
slope may be attributed to the “salting in” of the 
highly polar non-aqueous constituents of the sol­
vent. In solvents of dielectric constant less than 
water, the rate decreases less rapidly with de­
crease in dielectric constant than required by the 
approximate equation (1). This deviation might 
be expected for a variety of reasons. It may be 
due to a “salting out” of the non-aqueous solvent 
so that the effective dielectric constant about the 
reacting ions is less than the dielectric constant 
according to solvent composition.5 Since k° 

values are calculated from experi­
mental values at finite ionic strengths, 
the influence of salting out will be to 
give calculated values which are 
higher than the true k°. Scatchard4 
has already pointed out the limita- 
tions imposed upon equation (2) 
through the neglect of “higher terms” 
in its derivation. Due to these limita- 
tions, equation (2) becomes less ade­
quate for calculating k° from an ex­
perimental k at constant dielectric 
constant as the dielectric constant of 
the solvent is decreased. Due to each 
of these causes, one would expect the 
true k° to be lower than any calcu­
lated by equation (2). This conclu­
sion is supported by our calculations, 
especially those using Kappanna’s 
data which cover a considerable range 

of ionic strength. Almost invariably, the lowest 
k° (calculated) is obtained from the experimental 
k at lowest ionic strength.

The difference in rate constants found by Straup 
and Cohn in isodielectric solvents is of the same 
order of magnitude as found by Warner and War- 
:~k5 for the conversion of ammonium cyanate 

urea in isodielectric mixtures of water and 
' alcohols. These differences might be 
d whether the deviations for the simple 
is were due to salting in and salting out or 
.nadequacy of equation (2). In addition 
factors already discussed, one might at-

irner and Warrick, This Jo u r n a l , 57, 1491 (1935).

0.018
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tempt to attribute deviations to a change in ‘V ’ 
with solvent or to ion associations which might 
change the factor from 2 to 1. Considering
all of the limitations imposed in obtaining equa­
tions (1) and (2) from the theory, one must con­
clude that the agreement is as good as could rea- 
sonably be expected.
C h e m i s t r y  L a b o r a t o r y  
C a r n e g i e  I n s t i t u t e  o f  T e c h n o l o g y  
S c h e n l e y  P a r k , P i t t s b u r g h , P a .

R e c e i v e d  J u l y  13, 1936

The Fries Rearrangement of 4-Benzoyloxy- 
diphenyl

B y  L. F .  F i e s e r  a n d  C h a r l e s  K. B r a d s h e r

Having recently reported that the Fries rear­
rangement of 4-acetoxydiphenyl yields a mixture 
of 4-hydroxy-3-acetyldiphenyl and 4-hydroxy-4'- 
acetyldiphenyl,1 we were interested to note that, 
in a paper published prior to ours but after the 
completion of our work, Hey and Jackson2 ob­
tained only 4-hydroxy-3-benzoyldiphenyl on heat­
ing 4-benzoyloxydiphenyl with aluminum chlo­
ride in tetrachloroethane solution at 140° and 
found no evidence of the heteronuclear migration 
of the benzoyl group. No trace of the alkali-sol- 
uble product, m. p. 193-195°, claimed by Blicke 
and Weinkauff3 to be produced under identical 
conditions was observed. The latter investiga­
tors had assigned to their product, albeit without 
satisfaetory evidence, the structure of 4-hydroxy- 
4'-benzoyldiphenyl and had regarded this as a case 
of heteronuclear rearrangement.

In view of the discrepancy in these two reports 
and the divergence of our results with the acetate 
from those of Hey and Jackson with the benzoate, 
we investigated the rearrangement of the latter 
ester under conditions similar to those employed 
with the former.1 The reagents were brought to­
gether in the presence of carbon bisulfide, the 
solvent was distilled, and the residue heated at 
160°. From the resulting mixture a substance 
identified as 4-hydroxy-4'-benzoyldiphenyl (II), 
m. p. 194-195° when pure, was isolated in 22% 
yield. As in other cases, the 4'-derivative is 
easily separated by virtue of its relatively low 
solubility. The structure of the substance was 
established by conversion to the methyl ether
(III), which was compared with a sample syn-

(1) Fieser and Bradsher, T h is  J o u r n a l , 58, 1738 (1936).
(2) Hey and Jackson, J .  C h e m . S o c . ,  802 (1936).
(3) Blicke and Weinkauff, T h is  J o u r n a l , 54, 330 (1932).
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thesized by the condensation of the chloride of
4-methoxy-4'-carboxydiphenyl1 (IV) with ben­
zene. The two samples were found to be identi­
cal. The same substance resulted from the 
Friedel and Crafts reaction of 4-methoxydiphenyl 
with benzoyl chloride, as stated by Blicke and 
Weinkauff and by Hey and Jackson, but our re­
sults differed from those of the previous investiga­
tors in that we isolated not only the 4'-benzoyl 
derivative (37% yield) but also 4-methoxy-3- 
benzoyldiphenyl (39% yield).

We are in agreement with both pairs of investi­
gators regarding the properties of the various 
compounds, and the differences in the results 
appear to be due to variations in the conditions of 
the reactions and the methods of separating the 
products. We are inclined to believe that the 
conditions for the Fries rearrangement specified 
by Blicke and Weinkauff are not very satisfaetory, 
for although these workers undoubtedly obtained
4-hydroxy-4 '-benzoyldiphenyl, we were no more 
able to duplicate their results, at least in one 
small-scale experiment, than were Hey and Jack­
son.

That under slightly different conditions the 
benzoyl group migrates to an appreciable and 
unmistakable extent to the 4'-position is consist­
ent with the findings regarding the acetyl migra­
tion.1 We do not, however, regard these ex­
amples of heteronuclear migration as having any 
great theoretical significance, for the evidence 
available indicates that the Fries reaction is not 
a true rearrangement but an intermolecular acyla­
tion.4

Experimental Part
Fries Rearrangement.—4-Benzoyloxydiphenyl (5 g.) 

was mixed thoroughly with finely powdered aluminum 
chloride (4.7 g.) and carbon bisulfide (25 cc.) and the sol­
vent was removed by distillation from the steam-bath. 
The residue was heated for thirty minutes in an oil-bath 
maintained at 160°, and after cooling and adding ice and

(4) Rosenmund and Schnurr, A n n . ,  460, 56 (1928); Cox, This 
Jo u r n a l , 52, 352 (1930).
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dilute hydrochloric acid the product was taken up in ether. 
The ethereal solution was washed with dilute acid and with 
water and extracted with 2.5% sodium hydroxide, and on 
acidifying the alkaline extract there was obtained 4 g. of 
grayish material. On two crystallizations from benzene 
this afforded nearly pure 4-methoxy-4 '-benzoyldiphenyl, 
m. p. 193-195°, yield 1.1 g. (22%). A small amount of 
a highly colored impurity was removed on reprecipitation 
from an alkaline solution, and further crystallization from 
benzene gave round, faintly yellow crystal-clusters, m. p. 
194-195°.

A nal. Calcd. for Ci9Hl40 2: C, 83.18; H, 5.14. Found: 
C, 83.42; H, 5.14.

No pure products were isolated from the mother liquor. 
On conducting the rearrangement according to Blicke and 
Weinkauff3 the alkali-soluble product amounted to only 
about 2% of the ester used and it consisted largely of 4- 
hy droxy diphenyl.

The acetate formed colorless plates, m. p. 127-128°, 
from methyl alcohol.

A nal. Calcd. for C2iH160 3: C, 79.72; H, 5.09. Found: 
C, 80.00; H, 5.39.

The methyl ether, prepared with the use of dimethyl 
sulfate and alkali, crystallized from benzene as colorless 
needles, m. p. 165-166°. It was identified by comparison 
with the samples described below.

Friedel and Crafts Reaction.—A solution of 10 g. of 4- 
methoxydiphenyl and 6.9 cc. of benzoyl chloride in 130 
cc. of tetrachloroethane was cooled to —10° and 8 g. of 
aluminum chloride was added all at once. The mixture 
was stirred mechanically and allowed to come to room 
temperature. After eighteen hours ice and acid were 
added, the solvent was removed with steam, and the moist 
product was taken up in benzene. On concentrating the 
solution to a volume of 50 cc. and cooling, 5.8 g. of nearly 
pure 4-methoxy-4'-benzoyldiphenyl, m. p. 165-167°, 
crystallized. The mother liquor was concentrated to a 
volume of 25 cc. and treated with petroleum ether. 
The material which separated on one crystallization from 
methyl alcohol gave 6.1 g. of a product melting at 91-92° 
(flat needles). This substance is insoluble in alkali and 
depresses the melting point of 4-methoxydiphenyl; it 
is undoubtedly 4-methoxy-3-benzoyldiphenyl, which Hey 
and Jackson2 prepared by a synthesis establishing the 
structure and for which they report the melting point 
93°.

Synthesis of 4-Methoxy-4'-benzoyldiphenyl.—-A solu­
tion of 0.5 g. of 4-methoxy-4'-carboxydiphènyl1 in 10 cc. 
of thionyl chloride was refluxed gently for one hour and the 
excess reagent was removed at reduced pressure. The 
residue was dissolved in 25 cc. of thiophene-free benzene, 
0.3 g. of aluminum chloride was added and the mixture 
was refluxed for one hour. The reaction product, recov­
ered in the usual way, crystallized from alcohol or benzene 
as colorless needles, m. p. 165-166°. Mixed melting point 
determinations of this 4-methoxy-4 '-benzoyldiphenyl with 
both of the samples obtained above indicated the identity 
of all three preparations.

C o n v e r se  M em o rial  L abo r ato r y  
H a r v a rd  U n iv e r sit y
Ca m b r id g e , M a s s . R e c e iv e d  A u g u st  12, 1936

A New Synthesis of Morpholine
B y B u r t  L. H a m pton  a n d  C. B . P ollard

Morpholine was first prepared by L. Knorr1 
by heating diethanolamine and an excess of con­
centrated hydrochloric acid in a sealed tube and 
then refluxing the reaction mass with potassium 
hydroxide. Because of low yields Knorr aban­
doned this method for the sulfuric acid method.2 
In both cases he failed to state his yields. How­
ever, Jones and Burns3 have shown that morpho­
line is formed in about a 10% yield by the action 
of sulfuric acid on diethanolamine following the 
directions of Knorr. Therefore the yield using 
hydrochloric acid and potassium hydroxide must 
have been considerably lower. The only other 
methods for the preparation of morpholine are 
indirect ones and need not be reviewed here.

In his first preparation Knorr assumed the 
chlorohydrin of diethanolamine to be formed. 
Ring closure with loss of hydrogen chloride was 
then effected by refluxing in potassium hydroxide 
solution. He based this assumption on the fact 
that he was able to isolate the chlorohydrin of N- 
phenyldiethanolamine in a similar reaction; 
however, he was unable to isolate the chlorohy­
drin of diethanolamine because of its similarity 
in properties to the parent substance.

We have shown in this investigation that the 
chlorohydrin does not necessarily have to be 
formed and that no dehydrating agent other than 
that of heat on the hydrochloride is necessary for 
the formation of morpholine from diethanolamine. 
This was surprising in view of the work of Knorr.

Preparation.—Diethanolamine (2 moles) is 
placed in a round-bottomed flask fitted with a 
thermometer and an air-cooled condenser. Con­
centrated hydrochloric acid is added slowly until 
the solution is acid to litmus. The solution is then 
heated rapidly until the water is driven off, and the 
temperature of the solution is kept at 200- 210° 
for fifteen hours. The reaction mass is now al­
lowed to cool, an excess of calcium oxide is added, 
and the mixture subjected to dry distillation. 
The resulting liquid is dried over solid sodium 
hydroxide and refluxed over metallic sodium for 
thirty minutes; it is then subjected to fractiona­
tion. The entire product boils at from 126-129° 
and is practically anhydrous. The yield is 
around 48%. This procedure offers a rapid

(1) Knorr- B e r . ,  22, 2081 (1889).
(2) Knorr, A n n . ,  301, 1 (1898).
(3) Jones and Burus, T h is  J o u r n a l . 47, 2966 (1925).



Nov., 1936 Notes 2339

method for the preparation of morpholine and 
obviates many steps necessary in other methods.

If instead of subjecting the mixture to dry dis­
tillation concentrated sodium hydroxide is added 
and the solution distilled with steam into hydro­
chloric acid, a yield of 65% of the hydrochloride 
of morpholine is obtained. This, when distilled 
over calcium oxide, gives about 45% of morpho­
line (based on diethanolamine).

If to the original reaction mass cold sodium 
hydroxide is added, and the resulting amine layer 
is extracted with ether, pure morpholine is ob­
tained.

The picrate melts at 145-147°. Knorr gives 
the melting point of the picrate as 145-147°. N- 
(2-Chlorocinchoninyl)-morpholine was used for 
the analysis.

A n a l. Calcd. for Ci4Hi3C1N20 2: N, 10.13. Found: N, 
10.07.
Orga n ic  Ch e m ist r y  L aboratory  
U n iv e r sit y  of F lo r id a
G a in e sv il l e , F lo r id a  R e c eiv ed  A u g u st  20, 1936

Alkylation of Aromatics with Olefins in the 
Presence of Boron Fluoride1

B y  V. N. I p a t ie f f  a n d  A. V. G rosse

In the course of our investigations on hydro­
carbon reactions in the presence of metallic hal­
ides2 the alkylation of aromatic hydrocarbons 
with olefins in the presence of boron fluoride was 
also accomplished. This fact is interesting in con­
nection with recent similar work of Nieuwland3 
in which the addition of acids, especially sulfuric 
acid, was considered to play an important part 
in these condensations.

As has been recently shown in our laboratories4 
the sulfuric acid per se is an excellent alkylating 
catalyst under the conditions used by Nieuwland 
and the presence of boron fluoride is not necessary. 
On the other hand, boron fluoride without acids is 
also an alkylating catalyst.5

The alkylation of aromatic hydrocarbons with 
olefins, including ethylene,6 takes place in the

(1) A nnounced b y  V. N . Ipatieff before th e  Organic Section  of the  
A m erican C hem ical S oc ie ty  a t th e  K an sas M eetin g on April 22, 
1936.

(2) V. N . Ipatieff, A. V. Grosse and co-w orkers, T h is  J o u r n a l , 
57, 1616, 1722, 2415 (1935); 58, 913, 915 (1936); I n d .  E n g .  Chem.,  
28, 461 (1936).

(3) S. J. S lan ina, F . J. Sow a and J. A, N ieu w lan d , T h is  J o u r n a l , 
57, 1547 (1935).

(4) V. N . Ipatieff, B. B. C orson and H. P ines, i b i d . ,  58, 919 (1936).
(5) For a lk y la tions o f paraffins, see R ef. 1, p. 1616.
(6) As con trasted  to  th e  actions of sulfuric acid, see R ef. 3.

presence of boron fluoride in a nickel-lined7 auto­
clave at room temperature and also at tempera­
tures up to 250°.

In one particular experiment 250 cc. (219 g.) of 
benzene was treated in a rotating nickel-lined 
bomb with ethylene in the presence of 18.5 g. of 
boron fluoride and 2.0 g. of water for eight hours 
at 20-25°. The initial ethylene pressure was 20 
atmospheres, which dropped readily to 10 atmos­
pheres when fresh ethylene was pressed in. In 
all five refillings were made and 22 g. of ethylene 
was absorbed.

The reaction product, after washing and drying, 
was separated into the following fractions :
Charge, 250.0 cc.
Frac­ Boiling Volume: % 0f # 20<0d R e m a r k s :
tion points in cc. total (All fra c ­

at 760 product tions water
mm., white and

°C sta b le  to  
KM n04 so­
lution)

1 80 =*= 1.5 180.0 72.0 1.5002 Pure ben­
zene, solidi- 
fies in ice

2 81.5-135 1.0 0.4 1.4985
3 136 =*= 1 52.0 21.0 1.4960 Monoethyl 

b e n z e n e ;  
<Z20-°40.8674

4 137-182 3.5 1.5 1.4958
5 183 =*= 1 7.5 3.0 1.4974 Diethylben-

zenes
Bottoms >184 4.0 1.6 1.5032
Lösses 2.0 0.8

Total 250.0 100

As can be seen from these results over 25% of 
the benzene was alkylated to monoethyl-, diethyl 
and higher alkylbenzenes. The constants of our 
monoethylbenzene (see table) are in complete 
agreement with the values given in the literature 
(see “I. C. Tables/' boil. point at 760 mm. 136°, 
n20D 1.4959, d20\  0.8669). As a further check 
oxidation with boiling potassium permanganate 
solution gave only benzoic acid, melting at 122.0°, 
proving the absence of xylenes.

(7) For the role of nickel, see Ref. 1, pages 1617 and 1618.

U n iv e r sa l  Oil  P r o d u c ts  C o .
Riverside, III. R eceived July 22, 1936

Thermal Type Silver-Silver Chloride Electrodes
B y C. K . R u l e  a n d  V ictor  K. L a  M e r

In connection with an investigation of the tem­
perature coefficients of the e. m. f. of quinhydrone-
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silver chloride cells in deuterium oxide, we have 
tested the reliability of silver-silver chloride elec­
trodes made by a thermal method analogous to 
that recommended by Owen1 and by Keston,2 re­
spectively, for the corresponding iodide and bro­
mide electrodes. An electrode formed from a coil 
of platinum wire sealed into a tube of Jena normal 
glass was covered with a paste composed of seven 
parts of silver oxide and one part of silver chlorate 
and heated to decomposition in an electric fur­
nace. No appreciable differences were observed 
when the percentage of silver chlorate was varied 
between 8 and 15.

Twelve electrodes immersed in 0.01 M  hydro­
chloric acid solution exhibited =*=0.02 mv. as the 
average deviation from the mean. After standing 
for six weeks this value increased to not more than 
=*=0.04 mv. Freshly made electrodes agreed with 
the old within this limit.

A comparison of the “thermal' ' type electrodes 
with those made by decomposing a paste of silver 
oxide by heat and then electrolyzing for five hours 
in 0.2 M  hydrochloric acid solution at 1.8 milli­
amperes per electrode showed that the electro­
lytic type tended to drift and were on the average 
about 0.04 mv. more positive.
Chandler Laboratory R eceived October 6, 1936 
Columbia U niversity 
N ew Y ork, N. Y.

(1) Owen, T h is  J o u r n a l , 57, 1526 (1935).
(2) Keston, ibid., 57, 1671 (1935).

The Heat of Fusion of Stannic Iodide
B y Samuel S. T odd and George S. Parks

The changes in heat content of stannic iodide 
were measured by us in 1928 for the tempera­
ture intervals between 27 and 80, 120, 155 and 
171°, respectively. A method of mixtures was 
used with a water calorimeter, the details of the 
apparatus and experimental procedure being given 
in a previous paper by Parks and Todd.1 The 
sample of stannic iodide studied had been kindly 
prepared for us by Professor J. H. Hildebrand.

Although the error in the calorimetric measure­
ments themselves was within 1%, considerable 
uncertainty as to the premelting effect in the 
crystalline material precluded at that time a 
reliable calculation of the heat of fusion of stannic 
iodide from our heat content data. Recently, how­
ever, Negishi2 has obtained accurate information 
concerning the heat capacities of solid and liquid 
stannic iodide over a range of temperatures. 
Using his data and taking the melting point as 
144°, we have now calculated the following fusion 
values from our four determinations pertaining to 
the 27-155° range: 7.23, 7.19, 7.24 and 7.25 cal. 
per gram. The mean heat of fusion is 7.23 
(=*= 0.14) cal. per gram or 4530 cal. per mole.
Department of Chemistry 
Stanford University, California

R eceived September 2, 1936
(1) G. S. Parks and S. S. Todd, Ind. E n g .  C h e m ., 21, 1235 (1929).
(2) G. R. Negishi, T h is  J o u r n a l , 58, 2293(1936). Prof. J. H. 

Hildebrand kindly sent us these essential data prior to publication.

NEW BOOKS

Physical Aspects o f  Organic Chemistry. By W i l l i a m  A. 
W a t e r s , M.A., Ph.D. (Cantab.), University of Dur- 
ham. Introduction by Professor T. Martin Lowry, 
George Routledge and Sons, Ltd., Broadway House. 
68-74 Carter Lane, London E.C., England, 1935. xv +  
501 pp. 14 X 22 cm. Price, 25s.

The title of this book does not indicate very clearly the 
nature of its contents. Actually it is largely concerned 
with current electronic ideas of valence and their applica­
tion to organic chemistry, especially to details of reaction 
mechanism. The chapter headings are: Chemical Af­
finity, Physical Theories of Molecular Structure, Valency, 
Electrical Dipoles, Chemical Reactivity, Unsaturation, 
Free Radicals and Their Non-ionic Reactions, Ionization

and Ionic Reactions, Acidity, The Reactivity of Halogen 
Compounds, General Polarity, Hydrolysis and Esterifica­
tion, Ionotropic Change, Molecular Rearrangement, Con­
jugation, Aromatic Compounds—I, Aromatic Compounds 
—II.

But this list does not furnish an adequate indication of 
the range of topics dealt with. Many of these subjects are 

exceedingly broad, have a lengthy and complicated history 
and even today have not reached any state of agreed opin- 
ion. One is therefore especially impressed with the skill of 
presentation. The author States in his preface: “The
historieal aspect of a rapidly developing subject has been 
kept continually in view, with the intention of giving a 
general outline of theoretical organic chemistry rather than
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one ad hoe point of view.” In general, he succeeds ad- 
mirably in this aim. Any final interpretations are usually 
those of the English schools, whose recent writings on elec­
tronic mechanisms have been so extensive and ingenious, 
though sometimes obscure and not always in mutual agree- 
ment. Here the obscurity is resolved or avoided, con- 
flicting viewpoints are judiciously weighed, and the at­
tempt to interpret is seldom pushed to such a degree of 
detail that it ceases to be profitable or becomes devoid of 
plausibility.

No book is perfect, and this one errs perhaps in a tend­
ency toward excessive conciseness. Thus the discussion 
of atomic structure is probably too brief to inform anyone 
not already informed.

In so extensive an effort it is natural also to find some 
errors in apportioning or assigning credit. For example, 
the Diels-Alder reaction, which is neatly, if rather sketch- 
ily, summarized in about two pages was not first discovered 
by Diels and Alder in 1928, but by v. Euler and Josephson 
in 1920. Incidentally also, this reaction is not diagnostic 
of conjugated systems, since even apart from side reactions 
consisting of complex polymerization it sometimes fails.

Again it seems scarcely correct to state that what are 
here called stable mixed double bonds were first suggested 
by Lowry in 1922. It is no doubt true that he first called 
attention to some special implications of this type of struc­
ture. But the arithmetical existence of a charge on atoms 
having unconventional valences could hardly escape the 
attention of anyone making the count of electrons neces­
sary to write the structure. Besides, Langmuir1 had al­
ready in 1921 presented a generalized formula for the cal­
culation of such residual charges.

No one will, however, deny that Professor Lowry has 
made important innovations in the application of electronic 
ideas to Chemical structures and reactions. Moreover, he 
laid the foundation for this book, completed by Dr. Waters, 
which is the first clear and comprehensive summary in its 
field.

(1) Langmuir, S c ie n c e , 54, 62 (1921). In his original paper 
[ T r a n s .  F a r a d a y  S o c . ,  18, 285 (1923)] Lowry says “It is difficult to 
believe that Langmuir can have overlooked the fact . .  . that the 
nitrogen atom is positively charged . . . but I cannot find in any of 
Langmuir’s papers a clear recognition of the phenomenon of intra- 
molecular ionization.” Apparently then he had not noted the paper 
cited above.

W . H . Carothers

Die Bierhefe als Heil-, Nähr- und Futtermittel. (Beer 
Yeast as a Medicinal Agent, Food and Feeding Stuff.) 
By Dr. Julius Schülein, Munich. Verlag von Theodor 
Steinkopff, Residenzstrasse 32, Dresden-Blasewitz, Ger­
many, 1935. viii +  194 pp. 29 figs. 15 X 22.5 cm. 
Price, RM. 9; bound, RM. 10.

The author has brought together a large amount of 
widely scattered material dealing with the use of yeast as a 
food and as a medicinal agent. Much of this information 
has heretofore not been assembled. He has attempted to 
give a general view of the subject, and discusses the state of 
research in connection with this field. The subjects dis­
cussed are vitamins, the use of yeast as a therapeutic agent, 
the use of yeast and yeast extracts in human nutrition and 
as a food for animals. The work on vitamins is fairly com­

prehensive, but some of the conclusions are based on vita­
min researches carried on a number of years ago, and conse­
quently certain statements should be interpreted with this 
fact in mind. This also applies to some of the statements 
concerning yeast. The term yeast is used indiscriminately. 
It is not always clear whether he refers to baker’s yeast or 
beer yeast.

The data given on page nine require correction. In 
paragraph three it is stated that McCollum designated the 
antirachitic vitamin as vitamin D in 1922, whereas in the 
tabulation following paragraph four the date is given as 
1925. In a number of instances it is believed the author 
has been too brief, consequently the reader does not obtain 
a clear conception of the papers cited and of the subject 
under discussion.

The author discusses the value of vitamin B for the preg­
nant mother and for the child. He also discusses the 
vitamin B/2 complex. Whether or not vitamins A, C and 
D are present in yeast is taken up in considerable detail. 
Mineral salts, glutathione, amino acids, enzymes, hor- 
mones and choline are discussed. The therapeutic use of 
yeast is given considerable attention.

In describing the production of vitamin D milk by the 
yeast feeding method the type of yeast employed for irra­
diation is not given. Statements in regard to the quality 
of the mineral yeast and top yeast grown on molasses to 
which mineral salts are added, should be modified as they 
do not apply to modern conditions.

The author reviews some of the most valuable work 
pertaining to the use of yeast in animal nutrition, and the 
preparation of yeast extracts rieh in vitamin B. Fortifica- 
tion of diets deficiënt in certain vitamins by means of yeast 
is also discussed.

It is believed that this work will stimulate research in the 
fields which the author has reviewed. 436 references are 
given. A complete author and subject index is included.

C. N. Frey 
G. W. K irby

Le Metabolisme de L’Azote, Physiologie des Substances 
Protéiques. I. Aliments, Digestion, Absorption, 
Enzymes Digestif. No. XX, Les Problèmes Biologiques. 
(Nitrogen Metabolism. Physiology of Protein Mate­
rials.) By Emile F. T erroine. Published by Les 
Presses Universitaires de France, 49 Boulevard Saint- 
Michel, Paris. Price, 80 francs.
This is the second book by the author on nitrogen 

metabolism. The first dealt with the exeretion of nitrogen 
and the protein requirements of animals. The object of 
the book under review is to consider the physiological 
phases of the utilization of nitrogen and the changes that 
take place in nitrogenous substances from the time of 
ingestion through their utilization. The subject is dis­
cussed under four headings: (a) Protein foods and their
digestibility; (b) The nature of nitrogenous substances 
absorbed by the body; (c) The processes of digestion and 
absorption; (d) The factors in digestion (enzymes), their 
respective roles, and conditions necessary for their activity.

The first part of the work discusses protein foods in 
general, followed by the consideration of digestibility, the 
effects of various factors, physical, Chemical and physio-
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logical, on the digestion of proteins, and a table of digestion 
coefficients.

The second part takes up the question of absorption of 
unmodified protein, a short discussion of food sensitization, 
and the absorption of the intermediate and final products 
of protein degradation, including evidence for the presence 
of these products in the blood.

The third part of the book is devoted to the processes of 
digestion and absorption in the various parts of the ali- 
mentary tract with particular attention to the extent of 
digestion and absorption and the interrelationship of the 
processes in one portion of the digestive tract to those in 
another.

The last section of the book is concerned with enzymatic 
processes, the role of the gastric, pancreatic and intestinal 
juices, and the enzymes responsible for digestion, and their 
mode of action.

The style of the book is monographic. The author has 
gathered a wealth of material and presented it critically 
from a functional and dynamic point of view. The sub- 
jects are discussed by topics and often through the use of 
the question and answer method to focus the attention of 
the reader on a specific point.

P a u l  E . H owe

Röntgens Briefe an Zehnder. (Röntgen’s Letters to 
Zehnder.) Edited by L u d w ig  Ze h n d e r . Rascher et 
Cie., Verlag, Limmatquai 50, Zürich 1, Switzerland, 
1935. 198 pp. Illustrated. 16 X 23 cm. Price,
Swissfr. 5; bound, 7.50.

This is a collection of the more important and interesting 
letters written by W. C. Röntgen to Ludwig Zehnder. 
The first letter was written in 1887 shortly after the two 
men had become acquainted during a summer vacation at 
Pontresina. In this letter Professor Röntgen offered Dr. 
Zehnder a position as Assistant and Demonstrator in his 
Laboratory at the Realgymnasium in Mainz. Zehnder 
was only slightly Röntgen’s junior and they became close 
friends, this friendship being terminated only by Röntgen’s 
death in 1922.

The letters referring to Röntgen’s epoch-making dis­
covery of x-rays are of course of particular interest, but all 
of the letters are valuable in disclosing the vigorous, earn- 
est and high-minded Personality of Röntgen. Some of the 
important letters are reproduced in facsimile and Zehnder 
has interspersed a sufficiënt account of the circumstances, 
together with a few of his own letters, so that the subject 
matter of Röntgen’s letters can be adequately appreciated.

This indirect biography of Röntgen is eminently satis- 
factory and the only item that leaves one dissatisfied is the 
inexplicable action of his executors, as reported by Dr. 
Zehnder, in destroying, apparently on their own initiative, 
all documents bearing on Röntgen’s discovery of x-rays, 
including the letters of Zehnder to Röntgen during the 
period of 1889-1902.

Incidentally, this collection of letters depicts an almost 
ideal friendship between these two men and reflects the 
admirable though quite different Personalities of each of 
them.

A r th u r  B. L amb

Atomspektren und Atomstruktur. Eine Einführung für 
Chemiker, Physiker und Physikochemiker. (Atomic 
Spectra and Atomic Structure. An Introduction for 
Chemists, Physicists and Physical Chemists.) By Dr. 
G e r h a rd  H e r zb e r g , Lecturer in Physics at the Tech­
nical Institute, Darmstadt. Verlag von Theodor Stein­
kopff, Residenzstrasse 32, Dresden-Blasewitz, Germany, 
1936. xvi 4- 188 pp. 79 figs. 15.5 X 22.5 cm. 
Price, RM. 13; bound, RM. 14.

This is the first of two monographs by the author on 
atomic and molecular spectra. The second, on molecular 
spectra, is in preparation.

As the title suggests, the book is intended primarily to 
serve as an introduction to atomic spectroscopy for those 
who wish to obtain a working knowledge of the subject 
which has, more than any other, thrown light on the extra- 
nuclear structure of atoms. No attempt is made to give a 
rigorous presentation of the theory of atomic spectra. 
Only an elementary physical description of the fundamen­
tal principles of the quantum mechanics is set forth, but 
brief descriptions of this method of treating certain Prob­
lems, including the hydrogen spectrum, the Zeeman effect 
and the Pauli exclusion principle are given. The vector 
model is used in treating the main body of spectroscopie 
phenomena and the building of the periodic system of the 
elements. The last chapter gives an application of atomic 
theory in its discussion of valency and collision processes.

The author takes pains to explain clearly the funda­
mental spectroscopie terms and concepts. A feature of 
the book is the large number of term diagrams which are a 
great aid in visualizing spectroscopie phenomena.

R obert  B. K ing

Annual Tables of Constants and Numerical Data, Chemical 
Physical, Biological and Technological. Published 
under the patronage of the International Union of Chem­
istry. N. T h o n , Editor-in-Chief. The McGraw-Hill 
Book Company, Inc., 330 West 42nd Street, New York, 
N. Y., 1936. 23 X 28.5 cm. Advance Reprints from
Vol. XI. “Numerical Data on Rotatory Power,” 1931- 
1934, by E. Darmois. 68 pp. $2.00. “Numerical 
Data on Radioactivity, etc.,” 1931-1936, by I. Joliot- 
Curie, B. Gr inberg and R.-J. Walen. 57 pp. $2.00. 
“Numerical Data on the Raman Effect, etc.,” 1931- 
1934, by M. Magat. 112 pp. $3.00.

The Committee of Annual Tables, recently appointed by 
the International Union of Chemistry, announces that 
owing to the fact that Annual Tables has lagged behind its 
schedule of publication since Volume X (1930), the data 
for 1931 to 1936 are to be published in a more Condensed 
form and more critically edited, in a series of fascicules by 
subjects, partly separately for 1931-1934 and 1935-1936, 
and partly for the wholly period 1931-1936. The full set 
of these fascicules will constitute Volumes XI and XII of 
Annual Tables. It is planned to complete this program in 
1937, whereby the numerical material published by Annual 
Tables will then be brought strictly up to date.

In addition, an Index Volume by Substances for the Vol­
umes VI-X (1923-1930), like the one published for the 
Volumes I-V (1910-1922), is to appear toward the end of
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1936. A similar Index Volume will be prepared for the Vol­
umes XI and XII, to be published in 1937.

The present three fascicules represent preprints from 
Volume XI. The section on Transmutations, in the fascic- 
ule by Joliot-Curie, giving a systematic, complete and 
critical account of the numerical data relative to nuclear 
reactions and artificial radioactive disintegrations, is par­
ticularly timely and noteworthy. The compilation of data 
on Rotatory Power, by Darmois, will be of great value to 
students of stereochemistry; while the compilation of data 
on the Raman Effect, by Magat, cannot fail to interest 
keenly those workers seeking a deeper knowledge of the 
structure of Chemical compounds.

Arthur B. Lamb

Catalytic Reactions at High Pressures and Temperatures.
By Vladimir N. I patieff, Professor, Northwestern 
University, and Director of Chemical Research, Uni­
versal Oil Products Company. The Macmillan Com­
pany, 60 Fifth Avenue, New York, N. Y., 1936. xxii -j- 
786 pp. 56 figs. 14.5 X 22.5 cm. Price, $7.50.
This book makes no pretense, except possibly in its title, 

of being a comprehensive survey of catalytic reactions at 
high pressures and temperatures. It is primarily a collec­
tion and review of the author’s own researches in the field 
of catalysis. The author prepared this book because, as 
he expresses it: “Much of my published work is inacces- 
sible” ; a circumstance which probably explains why he has 
sometimes failed to receive the recognition which he so fre­
quently in this book feels to be his due.

In the 700 odd pages of this book are disclosed the au­
thor’s methods of work, his habits of thought, his concepts 
of catalytic reactions. These should be of interest to all 
workers in this field. The book is in every sense what the 
author intended it to be, namely, his “chemical auto- 
biography.” Accordingly, the presentation is more or less 
chronological, beginning with his early work on dehydra­
tion and dehydrogenation of alcohols and closing with his 
more recent work on destructive hydrogenation, poly­
merization and alkylation. In between, appear sections 
devoted to isomerization, condensation and pressure hy­
drogenation. A chapter is devoted to the author’s theories 
of catalysis, particularly as applied to liquid phase hydro­
genation. The book reports a very large number of ex­
periments, the results of which are in many cases given in 
considerable detail. For the specialist, these should be of 
considerable interest. The arrangement is such, however, 
that the general reader will be able to maintain reasonable 
continuity.

One cannot read this book without a feeling of regret 
that the author’s early researches were not more generally 
known by the other pioneer workers in the field of catalysis. 
The author was one of the first to appreciate that the mate­
rial out of which the apparatus is constructed might have 
catalytic properties which must not be disregarded. His 
early experiences illustrate how equipment problems may 
determine the whole course of subsequent research. In 
studying the decomposition of alcohols he observed that 
considerable carbon was deposited when the reaction 
occurred in an iron tube. In order to determine whether 
the catalytic effect was due to the iron tube or to the car­

bon deposited, he lined the tube with graphite. The 
graphite contained kaolin as a binder, to which (so he 
states) he attached no catalytic significance. Why, is 
difficult to understand in view of his earlier observations 
that the material of the apparatus might have pronounced 
catalytic effects. Be that as it may, experiments with the 
new apparatus disclosed that iron and not carbon was the 
catalyst with which he had been dealing in his previous 
experiments. The carbon tube, however, gave an entirely 
different result than the iron, in that it produced almost 
exclusively ethylene and water. The author ascribed this 
reaction to the kaolin binder rather than the carbon. In 
his search for the active constituent of the kaolin, he dis- 
covered the catalytic properties of alumina. Then fol­
lowed an extended study of alumina during which he dis­
closed that its catalytic properties were related in an im­
portant manner to its state of hydration which in turn 
could be controlled by its method of preparation. Like­
wise in his hydrogenation studies the author found that the 
method of preparation of metal and oxide catalysts was 
very important. For example, in the case of nickel, the 
state of oxidation, its previous heat treatment, rate of re­
duction—each of these had an influence on its catalytic 
properties. The author was one of the earliest, maybe the 
first, To recognize the so-called promotèr action of certain 
substances which, by themselves, have no obvious cata­
lytic effect and yet in contact with a catalyst do modify 
its properties favorably. There is frequent reference 
throughout the book to substances which have an adverse 
effect upon the catalyst, such as accidental impurities origi­
nally present in the catalyst or in the reactants involved, 
Since he recognized that certain substances could slow up a 
reaction, even stop it completely, it seems stränge that he 
did not consistèntly avoid such materials in his own inves­
tigations. For example, on page 171, in referring to certain 
work of Sabatier and Senderens (whose investigations, by 
the way, receive considerable critical attention in this 
book), the author states: “Sabatier and Senderens were 
careful about the purity of the reduced nickel; I paid no 
attention to its purity.” Again on page 182, referring to 
the work of Schröter, he states: “In my first experiments 
on the hydrogenation of naphthalene, I used the naphtha­
lene as obtained from Kahlbaum, whereas Schröter paid 
serious attention to the purity of his naphthalene and was 
therefore able to hydrogenate it at a lower pressure.”

In considering the mechanism of catalytic reactions the 
author feels that many investigators have been too much 
concerned with physical concepts. Catalysts, says he, 
must have very special Chemical as well as physical prop­
erties. To understand a catalytic process one must con­
sider the “mutual Chemical action of the components par- 
ticipating in the reaction.” In advancing theories ex- 
plaining some of his own reactions he has adhered to the 
proposition that it is as impossible to formulate a single 
theory covering all catalytic reactions as it is to formulate a 
general explanation for all known types of Chemical reac­
tions. In the case of hydrogenation the author assumes a 
role for water which some investigators in this field may 
question.

Some readers may feel that the author has been a little 
too controversial at times. Some, that he has insisted too 
frequently upon the priority of his own investigations. On
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the whole, however, the book affords interesting and in- 
structive reading. This reviewer believes it to be an im­
portant and timely contribution. Its reading and careful 
study are strongly recommended.

A l fr e d  T . L a r so n

Die Fermente und ihre Wirkungen. (Enzymes and their 
Action), Supplement. Lieferung 2 (Bd. 1. Specieller 
Teil: Hauptteil VIII). By Prof. C a r l  Op p e n h e im e r , 
Dr. Phil, et Med. W. Junk Verlag, Scheveningsche 
Weg 74, The Hague, Holland, 1935. 160 pp. 13 figs.
20.5 X 28 cm. Price, $6.80. Lieferung 3 Supplement 
(Bd. 1. Specieller Teil: Hauptteil VIII, IX). 1936. 
160 pp. 25 figs. Price, $6.80. Lieferung 4 Supplement 
(Bd. 1. Specieller Teil: Hauptteil IX-XII). 1936. 
160 pp. 10 figs. Price, $6.80.
Since the publication of Lieferung, or Part 1 dealing 

with the recent chemistry of the esterases [reviewed in 
T his J o u r n a l , 58, 538 (1936)], three additional parts: 
2, 3 and 4 have appeared. The same plan has been fol­
lowed as in the first part. Parts 2, 3 and the first part of 
4 are devoted to the chemistry of the carbohydrases 
and their Substrates. The subject matter covered in 
Part 2 is chiefly the recent literature on the oligases, i .  e., 
enzymes specific to the hydrolysis of glycosidic linkages 
in the simpler sugars and glycosides. Part 3 takes up the 
chemistry of the amylases as well as some of the recent 
views concerning the constitutions of different starches 
as revealed by their enzymatic behaviors. The first part of 
Lieferung 4 also deals with the chemistry of poylases, al­
though more particularly the glucanases, like cellulase, the 
fructanases, the polyuronidases and pectinases. The 
remainder of Part 4 takes up first nucleosidases, nucleic 
acids, aminases, acylic amidases, etc., followed by a dis­
cussion of some of the more recent views concerning the 
constitutions of proteins. The latter is intended to serve 
presumably as a background for a review of the more re­
cent work in the field of proteolytic enzymes to be taken 
up in the next Lieferung.

As mentioned in the previous review of Part I, the au­
thor has succeeded in mentioning practically all of the large 
mass of literature which has appeared, in this part of 
enzyme chemistry, during the ten years elapsing since the 
publication of the original Hauptwerk. Although he has, 
by means of discussion in the text, tried to correlate and 
integrate as much as possible the more significant data 
contained in the literature, the supplement will be wel- 
comed by chemists as an excellent and complete source 
of references, rather than as a critical review.

J. M. N elso n

Semi-Micro Qualitative Analysis. By Ca r l  J. E n g e ld e r , 
PhJD., Professor of Analytical Chemistry, University of 
Pittsburgh, T o b ia s  H. D u n k e l b e r g e r , B.S., University 
of Pittsburgh, and W illiam  J. S c h il l e r , Ph.D., Mount 
Mercy College, Pittsburgh, Pennsylvania. John Wiley 
and Sons, Inc., 440 Fourth Avenue, New York, N. Y., 
1936. x +  265 pp. 15.5 X 24 cm. Price, $2.75 net.
In the words of the authors, it has been their ahn in this 

textbook “to apply the methods and technique of micro-

analysis to the ordinary (macro) schemes of qualitative 
analysis with the objects: first, of confining the operations 
to drops or, at most, to one or two cubic centimeters of 
solution; second, of developing a micro scheme which could 
be placed in the hands of undergraduate students taking 
their first course in qualitative analysis; and, third, by 
dispensing with the use of microscopes, of bringing the 
micro technique within practical pedagogie and economic 
reach of large laboratory classes of sophomore or even 
freshman students.”

The book is divided into four parts: fundamental prin­
ciples of qualitative analysis, reactions of the cations, reac­
tions of the anions and systematic microanalysis. Ap­
proximately ninety pages are devoted to the fundamental 
theory of qualitative analysis, embracing the customary 
topics; there is a brief discussion of the Werner theory of 
valence, and of chelate compounds. The group separa­
tions of the cations follow the conventional macro scheme. 
The separations employed within the groups are again the 
usual ones in most instances. For the identification tests 
extensive use is made of the new spot reactions developed 
by F. Feigl and others, which are carried out on drop-reac- 
tion paper or a spot plate. In most cases two or three such 
tests are described for each cation, and in addition many 
other drop reactions are mentioned together with litera­
ture references. Inclusion of the sensitivities of the tests 
described would have added greatly to the practical value 
of the book.

Doubtless there will be a difference of opinion among 
teachers concerning the advisability of introducing the 
student to practical qualitative analysis via the semi- 
micro technique. The reviewer believes many will feel 
that the operations of qualitative analysis as ordinarily 
carried out are effected on an unnecessarily large scale, and 
that semi-micro and micro procedures have great advan- 
tages over the older technique in point of certainty and 
economy of time. To those favoring the new departure in 
analysis the present work is recommended.

E . B. S a n d ell

Inorganic Chemistry for Colleges. A Textbook for Stu­
dents who have had a Preparatory Course in Chemistry. 
Second edition. By W illiam  F o st e r , Ph.D., Russell 
Wellman Moore, Professor of Chemistry in Princeton 
University. D. Yan Nostrand Company, Inc., 250 
Fourth Avenue, New York, N. Y., 1936. xi -f- 925 pp. 
Illustrated. 14 X 22.5 cm. Price, $3.90.
In this revised edition, the general plan of the former 

edition has been followed (confer the review on p. 1617 of 
T h is  J o u r n a l , 1931). Many of the sections of the book 
have been rewritten so as to incorporate any theories that 
have been enunciated.

An entire chapter is devoted to atomic structure, and the 
subject matter has been considerably extended along with 
many other things. This chapter contains a modified 
Bohr-Thomsen and Periodic Tables; the Electron Theory 
of Valence; the Main Facts Concerning Heavy Hydrogen 
and Heavy Water; A Discussion of the Transmutation of 
the Elements as well as a brief statement of the Quantum 
Theory. The chapters on Ionization have been thoroughly 
modified, and the new definitions of acid and base are given.
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New problems and questions have been introduced; the 
reading references have been thoroughly revised, and ex­
tended; and the appendix enlarged. The Textbook has 
been modernized by an attem pt not to include too large an 
amount of physical chemistry and physics, while at the 
same time, retaining an adequate amount of descriptive 
and industrial chemistry.

H e r m a n  S c h l u n d t

An Introduction to Organic Chemistry. By A l e x a n d e r  

L o w y , Ph.D., University of Pittsburgh, and B e n j a m i n  

H a r r o w , Ph.D., College of the City of New York. 
Fourth edition. John Wiley and Sons, Inc., 440 Fourth 
Avenue, New York, N. Y., 1936. xiv -j- 429 pp. 15.5 
X 24 cm. Price, $3.00.

The fourth edition of this well known text follows closely 
early editions which have been reviewed in T h i s  J o u r n a l , 

47, 900 (1925); 54, 4468 (1932). Considerable additional 
material has been added including formulas proposed for 
Certain of the vitamins and hormones.

R .  R .  R e n s h a w

Allgemeine Untersuchungsmethoden. Erster Teil. 
Physikalische Methoden. (General Research Pro­
cedures. P art I. Physical Methods.) Edited by A. 
B ö m e r . Vol. II, Börner-Juckenack-Tillmans, "‘Hand­
buch der Lebensmittelchemie.” Verlag von Julius 
Springer, Linkstrasse 23-24, Berlin W 9, Germany, 
1933. x +  536 pp. 401 figs. 17.5 X 26 cm. Price, 
RM. 66; bound, RM. 69.
This volume, comprising approximately half of the sec- 

ond one of a series of eight which when completed will 
constitute an encyclopedie treatise on food chemistry, is 
devoted exclusively to comprehensive discussions of the 
underlying principles and descriptions of those methods 
and tools of the physical chemist which find application 
in this field as the Germans define it. Some eleven authors 
have contributed to the compilation of this volume of 21 
chapters, each of which is practically a small monograph 
on the subject in hand.

The chapter headings and the author responsible for the 
contents are: specific gravity (16 p.), viscosity (12 p.), 
ultra-filtration (12 p.), dialysis and electrodialysis (16 p.) 
and surface tension, adsorption phenomena and capillary 
analysis (20 p.), by K. Täufel; solubility (11 p.), melting 
point and boiling point (23 p.), and heat of combustion 
(14 p.) by A. Bömer and R. Grau; cryoscopy (11 p.) by 
R. Strohecker; bathometry or measurement of p H  (36 p.), 
indicators (22 p.) and electrolytic conductivity (28 p.) by 
A. Thiel; acidimetry and alkalimetry (20 p.) and oxida­
tion-reduction potentials (17 p.) by P. Hirsch; refractome- 
try (31 p.) by F. Löwe; spectroscopy and spectropho- 
tometry (58 p.) by H. Ley; polarimetry (47 p.) and color 
measurement (20 p.) by F. Volbert; colorimetry and ne- 
phelometry (16 p.) by H. Freund; luminescence analysis 
(24 p.) by P. W. Danckwortt; and microscopy (74 p.) 
by C. Griebel.

The general treatment of the several subject matters is 
uniformly excellent. Illustrations have been generously 
used throughout this work. A few chapters follow some­

what the literature review pattern, yet this does not seem 
to detract from their interest or value. Some authors, as 
for example Täufel, Griebel, Freund and Volbert, have 
added to  their literature citations brief references to  the 
book literature for amplification, if the reader is so dis- 
posed. Danckwortt accomplishes this end by referring 
him to his larger work on luminescence analysis (1929). 
The field of micro-analysis has not been overlooked for in­
cluded herein are its applications to cryoscopy, spectro- 
scopy and the determinations of melting points and heats of 
combustion.

I t  is the opinion of the reviewer tha t this volume, per­
haps under another less specialized caption and certainly 
enlarged as to make it more serviceable, by the addition 
of an index, would arrest the attention of others and serve 
them equally as well as the food chemist to whom it is 
obviously addressed.

H. A. S c h u e t t e

Ebulliometry. By W o j c i e c h  S w i e t o s l a w s k i , Professor
of Physical Chemistry at the Polytechnic Institute of
Warsaw. The Jagellonian University Press, Krakow,
Poland, 1936. x -j- 196 pp., 52 figs. 18 X 25.5 cm.
In recent years ebulliometric technique has been im­

proved in convenience and precision, as well as extended in 
its applications, by Professor Swietoslawski and his co- 
workers. Modern methods and applications of ebulliome­
try are described comprehensively in this book, which is a 
revised and enlarged English edition of the monograph 
“Ebuljometrja” published in Polish in 1935. I t  is written 
in a straightforward and logical style. The description of 
experimental technique and the illustrations of apparatus 
are of such clarity and detail tha t the book serves as a 
laboratory manual as well as a text of principles and an 
interesting source of information, data, and references.

Perhaps the most important uses of Swietoslawski’s 
ebulliometers are the determination of exact boiling points 
(=±=0.002°), of d p / d t  ratios, and the degree of purity of 
liquid substances. The last determination usually de­
pends on the measurement of the difference between the 
boiling point and condensation temperature. For an 
absolutely pure liquid, these temperatures are, of course, 
identical, but in the presence of impurities their difference, 
and in many cases particularly the condensation tempera­
ture, changes markedly and uniformly with the quantity 
of the impurity. For example, by this method 0.002 per 
cent. of benzene is readily detected in toluene, and by simi­
lar measurements the moisture content of solids as well as 
of liquids can often be determined with high accuracy, 
even when of the order of only 0.001 per cent. In addition 
to measurements customarily classified as ebulliometric, 
many others, of which the following are noteworthy, can 
be made by these methods: the degree of thermal decom­
position of substances, the solubilities of solids, the 
amounts of substances adsorbed on the surface of solids or 
occluded in crystals, the calibration of thermometers, es­
terification constants, deviations from RaoulFs law, os­
motic coefficients, the detection and analysis of azeotropic 
mixtures and the displacement of azeotropic points with 
change in pressure.

An excellent discussion is given of the phenomenon of
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azeotropy and its application to the purification of liquids, 
particularly with respect to the dehydration of liquids like 
toluene and ethanol by azeotropic distillation. Important 
data on accurate boiling points and d p / d t  ratios of pure 
liquids are tabulated. A bibliography of the 64 references 
cited in the text is given at the end.

The increasing recognition in physical chemistry of the 
convenience and precision of comparative methods of 
measurement with the use of water as a primary Standard 
may well lead to the universal adoption of Swietoslawski’s 
ebulliometric technique for the determination of many 
physical constants of liquid substances and mixtures as 
well as for the examination of their purity.

E d g a r  R . S m it h
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The Critical Concentration for Micelles in Solutions of Cetane Sulfonic Acid
By G. S. Hartley

The existence of a fairly critical transition 
with change of concentration in Solutions of some 
micelle-forming substances was first demon­
strated by Bury and collaborators,1 who explained 
the phenomenon by application of the mass- 
action law to the equilibrium between micelles 
and single ions or molecules. The critical phe­
nomenon is strikingly apparent in the conductivity 
of unhydrolyzed higher paraffin chain salts, the 
equivalent conductivity showing a sudden fall 
when the concentration is increased beyond a 
certain value, as was first observed by Lotter­
moser and Püschel2 in various salts of higher 
alkyl sulfuric acids and later by the author and 
collaborators in other salts.3 Ekwall4 found a 
sudden inflection in the equivalent conductivity- 
concentration curves for soaps in dilute solution, 
a phenomenon which has probably the same ex­
planation, but is modified by the enhanced con­
ductivity due to hydrolysis.5 Murray and Hart­
ley extended in some respects the theoretical 
treatment of Bury and applied it to the abnormal 
solubility-temperature curves of paraffin chain 
salts, and Murray6 has also applied it to the sur­
face tension data of Lottermoser and collaborators.

(1) Jones and Bury, Phil. Mag., 4, 841 (1927); Grindley and 
Bury, J. Chem. Soc., 679 (1929); Davies and Bury, ibid.. 2263 (1930).

(2) Lottermoser and Püschel, Kolloid Z., 53, 175 (1933).
(3) (a) Malsch and Hartley, Z. -physik. Chem., 170A, 321 (1934);

(b) Murray and Hartley, Trans. Faraday Soc., 31, 183 (1935);
(c) Hartley, Collie and Samis, ibid., 32, 795 (1936).

(4) Ekwall, Z. physik. Chem., 161, 195 (1932).
(5) See Hartley, “Aqueous Solutions of Paraffin Chain Salts,“ 

Hermann, et Cie, Paris, France, 1936, p. 29.
(6) Murray, Trans. Faraday Soc., 31, 206 (1936).

McBain’s well-known theories of the Constitu­
tion of soap Solutions were based on data ob­
tained at higher concentrations than those with 
which most of the' work quoted above has been 
concerned. This work has necessitated a con­
siderable modification of McBain’s former con- 
ception of the nature of the dilute Solutions, 
chiefly in that we now know colloidal aggre- 
gates to be formed in considerably lower concen­
trations than was previously thought to be the 
case. McBain and Betz,7 in discussing their 
conductivity, f. p. and e. m. f. data on several 
paraffin sulfonic acids, have in part accepted 
the newer point of view, but they make no men­
tion of the critical phenomenon, although such of 
their data as are given in detail are not inconsis­
tent with its existence. McBain8 now considers 
the “bulk of the transition from simple electrolyte 
to colloid” to take place between 0.05 and 0.15 N  
in the case of the Cu and C12 acids and at a still 
lower concentration in the Cm acid. From the re­
sults of earlier work on the Ci6 acid he previously 
concluded9 that at so high a concentration as 0.1 N  
there was still less than 15% of the acid in col­
loidal form. The Cm acid is, however, almost 
certain to be more aggregated than the Cm.10

(7) McBain and Betz, This J o u r n a l , 57, 1905, 1909, 1913 (1935).
(8) McBain, ibid., p. 1916.
(9) See the diagrams in the “International Critical Tables,“ Vol. 

V, 1929, p. 448.
(10) Unless the difference is to be attributed to the effect of tem­

perature, the diagram for the Ci6 acid being worked out from data 
at 90° and the recent work on the other acids referring to 0 and 25°. 
The influence of temperature is dealt with later in this paper.
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The object of this paper is to present the re­
sults „of a closer study than has previously been 
made of the conductivity in the immediate neigh- 
borhood of the critical concentration and of the 
influence on this concentration of changes of 
temperature and addition of other solutes. Since 
McBain (in a private communication) has sug­
gested that the observations recorded on the criti­
cal phenomenon may have been due to incom­
plete solution at the higher concentrations, and 
Ekwall4 made a similar Suggestion with re­
gard to his own work, particular attention has 
been paid to the question of reversibility.

Experimental
Cetane sulfonic acid was prepared by a modification of 

the method described by M urray.11 Fifty grams of pure 
cetyl bromide30 was stirred for three hours at 60° with 
1 liter of 0.5 N  solution of caustic potash in 95% alcohol, 
previously saturated with hydrogen sulfide and kept 
saturated during the reaction. Sufficiënt strong hydro­
chloric acid was then added to drive off the hydrogen sul­
fide and solid iodine added till its color persisted in order 
to oxidize the mercaptan to the stable disulfide which is 
less soluble in alcohol. The mixture was cooled and fil­
tered, the residue washed with hot water to remove salts 
and recrystallized from ethyl acetate, a yield of about 40 
g. of disulfide melting a t 54° being obtained. The disul­
fide was oxidized on the steam-bath with redistilled nitric 
acid and the product dried in a vacuum desiccator over 
solid caustic soda. The resulting solidified foam was re­
crystallized from redistilled (40-50°) petroleum. The 
warm solution (which goes brown if kept warm) deposits 
lustrous plates on cooling, but these are impossible to re­
move by filtration. Accordingly the warm solution was 
placed in warmed centrifuge cups and allowed to cool 
during centrifuging. A hard crust of crystals was ob­
tained from which the mother liquor could be poured off 
fairly completely. The process was several times re­
peated, drying the product if necessary in between as it 
takes up water readily from the air and its solubility in 
petroleum ether may in consequence rise inconveniently 
high. The product, after drying i n  vacuo over anhydrous 
calcium chloride, was white in color and free from ash and 
from nitrate. I t  gave, however, a milky solution in hot 
water which became clear only if kept hot and concen­
trated for a long time. A clear solution, a t temperatures 
above about 36°, was given more quickly by acid which 
had been fused and kept molten for some minutes, but the 
molten acid becomes rapidly brown.

A weighed sample of the product, which melted about 
53-54°, was heated slowly in a high vacuum. I t  did not 
then melt till 74° and was found to have lost in weight by 
5.8%. This is in good agreement with Noller and Gor- 
don’s12 finding th a t the acids ordinarily obtained are 
monohydrates (theoretical loss on conversion to anhydrous 
form 5.5%). The fused anhydrous acid also went brown 
on continued heating, but without further loss of weight*

(11) Murray, J. Chem. Soc., 739 (1933).
(12) Noller and Gordon, T h is  Jo u r n a l , 55, 1090 (1933).

Titration of a 0.01 N  solution of the anhydrous acid with 
Standard alkali, using brom cresol purple as indicator, 
gave the equivalent weight as 305 (theoretical 306). The 
anhydrous acid went into perfectly clear solution when 
kept at about 80° for three hours, initial opalescence 
gradually disappearing during this time, probably a simi­
lar phenomenon to tha t attributed by McBain and Betz 
to the slow solution of an anisotropic phase. Once the 
clear solution has been obtained, it may be allowed to form 
an opaque curd by cooling, but the curd, if stored in Pyrex 
or quartz vessels, will, no m atter how old, always quickly 
become completely clear on warming. If stored in soft 
glass vessels, small crystals, presumably of alkali salt, 
are slowly produced and these require a higher temperature 
for solution. The color of the resulting solution a t a con­
centration of ca. 0.3 N  was about the same as that of 
iV/300,000 methyl orange (alkaline).

As there seemed room for doubt, from the behavior de­
scribed, about the purity of the resulting solution, stock 
Solutions (ca. 0.01 N )  were made up from the hydrated 
acid by four different methods. These stock Solutions, 
all becoming clear above 35°, were standardized by titra­
tion with alkali and their conductivities were determined 
at different dilutions a t 60°, the intrapolated values at 
two concentrations being given in Table I. Within

T a b l e  I
Method of treatment Equiv. cond. at 60°
of recrystallized acid 0.0005 N 0.003 N

I 80 ° in air for 5 minutes 535.3 225.0
II 80 ° in air for 10 minutes 534.3 255.5
III Concd. soln. a t 90 ° for 48 hrs. 535.1 255.0
IV Dehydrated and melted in  

vacu o  at 74° 535.0 255.2

experimental error the two different Solutions gave the 
same results and we can conclude tha t no appreciable 
amounts of unstable impurities of a nature which might 
affect the conductivity are present. The concentrations 
as determined by titration with Standard barium chloride 
solution (using the simultaneous disappearance of foaming 
power and coagulation of precipitate as end-point) agreed 
with those determined by alkali titration within the ex­
perimental error (=±=0.5%) of the former. The extra­
polated value of the equivalent conductivity at infinite 
dilution was 543 =±= 3, to which the hydrogen ion alone 
would, according to intrapolation of Johnston’s13 data, 
contribute 507. Johnston’s figures however were cal­
culated from conductivity data on the assumption that the 
potassium and chloride ions are equally mobile at higher 
temperatures. If the value of Maclnnes and Longsworth14 
of 0.490 for the cation transport number in potassium 
chloride a t 25° held good a t 60°, we should have to reduce 
the hydrogen value to 504. The maximum probable 
value for the infinite dilution equivalent conductivity of 
the cetane sulfonate ion a t 60° is thus seen to be 42. 
The value for the cetylpyridinium ion, which will have 
about the same mobility, was found3a to be 21 a t 25°. 
Multiplying by the viscosity ratio, we should expect a value 
of 40 a t 60°. There is therefore little room for the pres­
ence of other anions of higher mobility. The absence of

(13) Johnston, ibid., 31, 1010 (1909).
(14) Maclnnes and Longsworth, Chem. Rev., 11, 211 (1932).
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sulfate, the most probable anion arising from oxidation of 
cetane sulfonic acid, was confirmed by addition of 0.1 N  
magnesium nitrate solution to an equal volume of 0.001 
N  cetane sulfonic acid, evaporation to 0.1 of the initial 
volume, cooling, filtering and testing the filtrate with 
barium chloride solution. No immediate precipitate 
resulted. A slight precipitate appeared slowly but similar 
behavior resulted when the magnesium cetane sulfonate 
on the filter was washed with N  magnesium nitrate and 
was therefore considered due to the slight solubility of the 
magnesium cetane sulfonate itself. Addition of sulfate 
in amount equivalent to 0.3 equivalent % of the original 
sulfonate gave an immediate precipitate. I t  can be con­
cluded tha t sulfate certainly is not present in greater 
amount than this.

Cetyl pyridinium chloride was prepared from the 
bromide* 30 by recrystallizing several times from hydro­
chloric acid and then drying the product i n  vacuo over 
solid caustic soda until a ca. 0.1 N  solution was no longer 
appreciably acid to «-naphthylamine-azo-/>-benzyltri- 
methylammonium nitrate15 ( i .  e ., pH. >  5). A 0.01 N  
solution was standardized by electrometric titration with 
Standard silver nitrate solution (equivalent weight, found 
359, calcd. for monohydrate 358).

Conductivity water, free from ammonia and collected 
in carbon dioxide-free air (k25 ° 0.11-0.16 X 10”® ohm”1 
cm ."1), was used throughout but no attempt was made 
to exclude atmospheric carbon dioxide from the conduc­
tivity cell as it is almost completely undissociated in the 
acid Solutions examined.

Dilution was carried out by weight in a 250-cc. stoppered 
conical Pyrex flask. The densities of the Solutions used are 
not appreciably. different from tha t of water and no cor­
rection for this very small difference was made. Dilution 
was always made so as to have the flask nearly full and 
thus reduce the volume of froth formed on shaking, since 
otherwise considerable depletion of solute from the bulk 
of the solution was found to occur when dealing with very 
dilute Solutions. All concentrations are expressed in 
gram equivalents per liter at the temperature studied, 
allowance being made for the expansion of water.

The conductivity cell used was of Jena 16III  glass, fitted 
with smooth platinum electrodes of about 1 cm. diameter, 
having a cell constant of 1.431 cm .”1 and a capacity of 
about 25 cc. I t  was filled from the top by means of a 
pipet and closed by a ground stopper sunk within a pro- 
tecting collar so tha t the cell could be placed in the thermo­
stat with the ground neck below the level of the liquid 
without danger of contaminating the solution. At least 
three fillings a t each concentration were measured and 
the solution heated above the temperature of the thermo­
sta t before filling to prevent formation of air bubbles on 
the electrodes. Water was used in all cases for the 
thermostat liquid, but for work a t 60 and 80° was covered 
with a layer of paraffin oil.

Resistance measurements were made on a direct-read- 
ing Wheatstone bridge with 6-dial non-inductive decade 
resistance box and equal ratio, fed by a valve-oscillator 
giving three frequencies of about 1000, 1000 X \ / 2  and

(15) An indicator whose color change is associated with a change 
from a univalent to a divalent cation and is not therefore displaced 
by cationic paraffin chain salts; see Hartley, Trans. Faraday Soc.,
30. 444 (1934).

2000 cycles per second, detection being by tuned amplifier 
and telephones. The common point of the variable re­
sistance and cell was directly earthed and error from 
capacitative coupling between oscillator and output coils 
was eliminated by commutating the leads from output coil 
to bridge, and taking the mean of the readings. Error 
due to  non-ideal capacity between the leads to the cell 
was determined by calibration with a Standard resistance 
box in the cell position. Error in measurement of high 
resistances due to resistance-capacity shunts in the cell was 
eliminated by extrapolation against square of frequency to 
zero frequency. Error due to polarization in measure­
ment of low resistances was eliminated by extrapolation 
against inverse square of frequency to  infinite frequency. 
Except for the polarization error, which amounted to only 
0.3% in the lowest resistances measured, the error, for a 
given leads system, frequency and oscillator-bridge con­
nection, is a single-valued function of the measured re­
sistance and so, by previous calibration, the procedure was 
considerably simplified.

Results and Discussion
In order to decide whether cetane sulfonic acid 

is behaving as a strong electrolyte in dilute solu­
tion, it is necessary to know what fall of equivalent 
conductivity with concentration is to be expected. 
Owing to the absence of reliable data for the di­
electric constant of water a t higher tempera­
tures, it is not possible to apply Onsager’s equa­
tions directly. The behavior must therefore be 
compared with that of an acid known to be 
strong-—e. g., hydrochloric acid. Data for 100°

T a b l e  II
E q u iv a l e n t  C o n d u c t iv it ie s  a t  60 ° in  W a t e r

C X 103 X Xo -  a V c Difference
HCl, A -  250

0.0000 640.0 640.0 0 .0
.0939 637.4 637.6 4- .2
,2791 635.8 6 3 5 . 8 .0
.5708 633.8 634.0 +  .2

1.0870 631.5 631.7 4  .2
2.359 628.0 627.7 -  .3
3.921 624.7 624.4 -  .3

C16H33S 03H, A =  230
0 .0 0 0 0 543,0 543.0 0 .0

.0860 * 540.7 540.9 4 -  .2

.1132 540.5 540.6 4- .1

.1928 538.9 539.8 4- .9

.3187 538.2 538.9 4- .7

.5131 534.8 537.8 4- 3 .0

.7410 526.4 536.7 4- 10.3

.831 512.6 536.4 4- 23.8

.8615 499.4 536.3 4- 36.9
,970 467.8 535.8 4- 68,0

1.184 416.2 535.1 4-118.9
1.450 366.7 534.2 4-167.5
1.899 315.2 533.0 4-217.8
2.580 273.8 531.3 4-257.5
3.098 251.3 530.2 4-278.9
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already available13 show that the relative fall 
of equivalent conductivity with concentration is 
not much greater than at room temperature, 
but no accurate measurements were available on 
very dilute Solutions at intermediate tempera­
tures. Accordingly measurements were made 
a t 60 °. The results of these, and of the measure­
ments on cetane sulfonic acid (solution IV) at this 
temperature, are given in Table II. C is the 
concentration in gram equivalents per liter and 
X the equivalent conductivity. In the third 
column are given the values calculated from the 
equation X = Xo — A \/C ,  X0 being the infinite dilu­
tion value of X and A  a constant. In the fourth 
column the experimental values have been sub- 
tracted from the values given by this equation.

(C X 103).
Fig= 1.—Equivalent conductivity of hydrochloric 

acid ( □ )  a t 60° and of cetane sulfonic acid (O ) at 
40, 60 and 80°. Dotted line represents approximate 
conductivity if cetane sulfonic acid behaved as a nor­
mal strong acid. ( A) ,  data of Reychler at 60°;
( V ), data of McBain and Williams at 90°.

The data for hydrochloric acid are fitted, within 
the experimental error, by Xo = 64U.0 and A = 
250, except at the two highest concentrations. 
The value of X0 obtained by intrapolation of 
Johnston’s13 figures is 640.5. At 25°, where X0 = 
426, Onsager’s formulas give A = 157. ^4/X0 
is thus, as expected, slightly greater at 60 than 
at 25°. I t was assumed that the ratio of A for 
cetane sulfonic acid to A for hydrochloric acid

would be the same at 60 as at 25°. Taking X0 
for cetane sulfonic acid at 25° to be 371, we ob­
tain A = 144, and therefore, at 60°, A =  230. 
Below 0.0003 N, the agreement is within the 
experimental error. At 0.0005 N  the observed 
conductivity is appreciably smaller. At 0.00074 
N  the deviation amounts to 2% of the whole 
conductivity, increases to about 12% for a 
further increase of 30% in concentration, and is 
no less than 30% at twice this concentration. 
This behavior, almost equivalent to a sudden 
change of direction of the \-c  curve at about
0.0008 N, is to be expected if the deviation is due 
to the formation only of fairly large aggregates. 
That association is playing a considerable part 
in these low concentrations is now recognized by 
McBain, but his conclusion that, in sufficiently 
dilute solution, the behavior is that of a “simple 
partially dissociated electrolyte” could only be 
maintained if there were a range of concentration 
in which the deviation is proportional to concen­
tration. The effect of aggregation extends to too 
low a concentration for it to be possible to sepa­
rate a deviation proportional to the first power of 
concentration from that proportional (when 
small) to a much higher power. It is improb- 
able that, in the lower sulfonic acids examined 
by McBain and Betz, it would be any more simple 
to separate these effects, because, although the 
region of great deviation is displaced to higher 
concentrations, it will also spread over a greater 
range of concentration, both absolutely, and, 
owing to the micelles being smaller, relatively. 
The experimental points of McBain and Betz 
are, in any case, insufficiently close together in the 
dilute Solutions for this Separation to be at­
tempted.

That there is an appreciable formation of co­
valent acid, except in the aggregates, is extremely 
improbable from theoretical considerations5 (p. 
17). An experimental test was made by ex- 
amining the behavior in a solvent appreciably 
less polar than water, namely, a mixture of 
glycerol and water. Simple dissociation will cer- 
tainly be less complete than in water. Aggrega­
tion will probably also be less, since the solvent 
will have less tendency to expel the paraffin 
chains from solution. The conditions will there­
fore be more favorable for a Separation of the 
two effects. It was found that the X-C curve is 
of the same form as in water, but the critical con­
centration is increased some three times. Below
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0.002 N, however, cetane sulfonic acid in the 
glycerol-water mixture is as strong as hydro­
chloric acid, and apparently stronger than in water. 
Since the solvent (water diluted to twice its 
volume at room temperature with ordinary “pure” 
glycerol, containing ca. 56.3% by weight of 
glycerol) had a considerable residual conductivity 
(17.1 ohm-1 cm.-1 at 60°), the procedure adopted 
was to sub tract the value of k/C  (i. e., the equiva­
lent conductivity without correction for solvent 
conductivity) for cetane sulfonic acid from that 
for hydrochloric acid at the same concentration. 
If the two acids have, at the same concentration, 
the same effect on the solvent conductivity,16 
this difference will be equal to that of the cor­
rected X values. The data are given in Table III 
and the difference plotted against concentration in 
Fig. 2.

T a b l e  I I I

E q u iv a l e n t  C o n d u c tiv it y  of C e t a n e  S ulfonic  A cid 
in  56.3% G lycerol  at  60°

,----—HCl
C X  103 k/C  ' C X 108

— C16H38SO3H---------
k/ C  k/ C  for HCl Diff.

5.615 180.8 5.886 96.6 181.4 84.8
5.590 180.9 5.870 96.8 181.4 84.6
3.460 182.4 4.490 112.7 181.7 69.0
2.150 183.9 3.394 132.6 182.4 49.8
1.374 186.4 2.964 142.3 182.9 40.6
1.135 187.8 2.486 151.6 183.3 31.7
0.422 202.4 1.800 156.1 183.8 27.7

.275 220.0 1.391 158.8 186.3 27.5
0.665 166.7 194 27

.332 182.9 210 27

Quite different is the effect of another non- 
electrolyte, w-amyl alcohol, which, unlike gly­
cerol, has a highly unsymmetrical distribution of 
affinity and will therefore tend to be sorbed by 
the aggregates and so, in sufficiënt concentra­
tion, will facilitate their formation. The con­
centration may be kept too low for there to be any 
possible effect on the unaggregated acid. In this 
case the additional solute was used at a constant 
concentration with respect to the cetane sulfonic 
acid, dilution being by addition of water only. 
The data are given in Table IV and plotted in 
Fig. 2. I t will be seen that the effect is, as ex­
pected, to lower the critical concentration.17

(16) This is due mainly to a weak acid, as the X values obtained 
by subtracting the whole conductivity of the solvent are too low 
in low concentrations, but not entirely, as k/C  curves sharply up- 
ward. The two acids will certainly have nearly the same effect be­
low the critical concentration and above it the correction is in any 
case small.

(17) It is possibly this effect which may be responsible for the data 
obtained by Reychler [Buil. soc. chim. Belg., 27, 113 (1913)] being 
consistèntly lower than mine, as is seen in Fig. 1. Reychler’s 
final stage of preparation was the evaporation of an alcoholic solution

The critical concentration is also lowered by 
the presence of another strong acid. In Table 
IV are given the results of measurements on a 
solution containing hydrochloric acid in about the 
same concentration as cetane sulfonic acid and 
on dilutions of this solution with water. From 
the observed conductivity was subtracted the 
product of the concentration of hydrochloric 
acid by its equivalent conductivity in a pure 
solution of concentration equal to the total

( C  X 103.)
Fig. 2.—Equivalent conductivity of cetane sulfonic 

acid at 60°: ( O ), in water; ( A ), in dilute aqueous
amyl alcohol; ( V ), in dilute aqueous hydrochloric 
acid; (□ ), XcieHaaSOsH “ ^hci +  100 in glycerol-water 
mixture. Also, (O-), equivalent conductivity of cetyl 
pyridinium chloride at 80° in water.

acid concentration of the mixture. The quan­
tity X is the quotiënt of this difference by the 
cetane sulfonic acid concentration and is plotted 
in Fig. 2. The critical concentration of sul­
fonate18 in this mixture is lower than in pure
and his product (which was in any case only 90% pure) may have 
contained some ethyl ester, which, being far more absorbable than 
amyl alcohol, might have a profound influence on the conductivity 
when present in even small amount. The data for dilute Solutions 
of McBain and Williams [This Journal, 55, 2250 (1933)] at 90° 
are also obviously not in agreement with mine, but their internal 
consistency is obviously not good. The neutralization by glass men­
tioned below may have played a part. The work here described 
was repeated on the other three Solutions with results agreeing 
everywhere to within 0.5%. A measurement by Mr. C. S. Samis 
on solution III at a concentration of 0.02 N  was in good agreement 
with McBain and Williams’ data, if the latter’s value at 0.047 N  
is set aside as being a misprint or otherwise in error.

(18) This result is not in conflict with that of McBain and Searles 
[J. Phys. Chem., 40, 493 (1936)], who found that the conductivity
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cetane sulfonic acid solution, but that of total 
acid is greater, as is to be expected if the ag­
gregates, primarily of cetane sulfonate ions, are 
partly neutralized by hydrogen ions, attached 
either electrostatically or by covalent linkage or 
even only forming a close “atmosphere.”

T able IV
Equivalent Conductivity of Cetane Sulfonic Acid 
at 60° in Water in Presence of  Hydrochloric Acid 

and Amyl Alcohol
Concn. CeHnOH = 8.4 X Concn. HCl = 0.958 X concn. 

concn. Ci«H33SOsH Ci6H33S 0 3H
c  x  10* X C X 10* K X 10« Xh c i X
0.000 543.0 0.000 543

.398 534.8 .306 348.7 636.6 532

.597 525.7 .511 577.8 631.8 526

.817 482.4 .680 735.2 630.7 478
1.180 382.6 1.172 1073.4 628.1 313

Measurements were also made on cetane sul­
fonic acid at 40 and 80° (Table V, Fig. 1) and on 
cetyl pyridinium chloride at 80° (Table V, Fig. 2). 
The curves for cetane sulfonic acid at the three 
temperatures are very similar. The critical con­
centration at 80° is about 1.5 times that at 60°, 
and that at 60° is 1.3 times that at 40°. The 
temperature coëfficiënt of the critical concentra­
tion therefore increases with increasing tempera­
ture in this range and is about 2% per degree at 
60°. This is more than twice as great as the co­
ëfficiënt for the higher alkyl sulfates obtained, 
though with less certainty, from the data of Lotter- 
moser and Püschel.2 That cetane sulfonic acid is 
a t least not unique in having this high temperature 
coëfficiënt is evident from the increase in the 
critical concentration of cetyl pyridinium chloride 
from 0.0009 at 25o3a to 0.0022 at 80°.

Table V
Equivalent Conductivities at Other Temperatures

Ci6H33S03H Ci6H33SOsH C16H33NC5H5CI
40° 80° 80°

C X 10* X c  X 10* X C  X 10* X
0.263 440.9 0.628 623.4 0.906 218.8

.454 439.3 .884 620.2 1.411 217.9

.641 414.2 1.155 612.1 1.889 216.9

.902 331.5 1.224 606.6 2.455 206.1
1.178 283.6 1.647 517.7 3.536 182.1

2.307 426.3 4.580 164.9

That the critical phenomenon is due either to 
supersaturation or to incomplete solution is ex­
tremely improbable since it is equally evident 
a t 40, 60 and 80°, while the curd form of cetane 
sulfonic acid gives place to a perfectly clear solu-
of soaps and a simple salt with common ion were approximately 
simply additive, because we are here dealing with the increased 
degree of aggregation of the partly aggregated acid, whereas Mc­
Bain and Searles are dealing, in higher concentration, with an effect 
on the fully aggregated soap.

tion some 4Ö below the lowest of these tempera­
tures. Although the clear solution has not been 
examined in the ultramicroscope, that of cetyl 
pyridinium chloride, the macroscopic crystals of 
which dissolve at about 18°, showed no ultra- 
microns, yet it has a well-defined critical concen­
tration, even at 80° (see Fig. 2).

In cetane sulfonic acid Solutions, a slow in­
crease of resistance of the solution in the glass 
cell was always found, greatest at the highest tem­
perature and amounting in the most dilute Solu­
tions examined to some 3% in twenty-four hours. 
This drift was not peculiar to the colloidal elec­
trolyte, being found to almost as great an extent 
in hydrochloric acid. I t was Undoubtedly due to 
slow neutralization of the acid by alkali from the 
glass, and, in the case of cetane sulfonic acid, min­
ute crystals of the alkali salt became visible after 
about forty-eight hours at 60°. The solution a t­
tained a resistance, constant except for this steady 
drift, within ten minutes after introduction into 
the cell. All the results recorded were obtained 
from measurements made after this time, except 
in the work with glycerol, when twenty minutes 
was allowed. A sample of one solution, kept in a 
quartz vessel in the thermostat for twenty-four 
hours, had a resistance only 0.03% less than that 
of a sample freshly heated from room temperature.

In the case of the neutral salt, cetyl pyridinium 
chloride, the glass solubility introducés no dis- 
turbing effect, and a more satisfaetory test of 
reversibility can therefore be made. A solution 
of concentration about 0.0014 N  was cooled down 
slowly in the cell from 80°. At about 60° a 
fairly abrupt increase in the rate of change of 
conductivity with temperature indicated that 
below this temperature aggregates are formed. 
The bath Was therefore kept constant at a some­
what lower temperature, 53.7°, where aggre­
gated and unaggregated salt must exist in com­
parable amount, so that the resistance would be 
very sensitive to changes of aggregation. The 
cell was then maintained at 80° for half an hour, 
put back into the thermostat and the resistance 
measured at one-minute intervals. After eight 
minutes the resistance had reached a value which 
was constant to 1 part in 6000 for the next half 
hour. The cell was then cooled19 to 20°, main-

(19) The cell had been almost completely filled for this experiment, 
and thé stopper was sealed with mercury before cooling, so that solu­
tion of air was prevented, a precaution rendered necessary because 
air bubbles, if formed, adhere very tenaciously to the electrodes in 
this solution.
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tained at that temperature for half an hour, put 
back in the thermostat and resistance readings 
taken as before. In eleven minutes the resistance 
had fallen to identically the same steady value 
previously reached, and decreased by only 2 
parts in 6000 during the next twenty-four hours.

The high temperature coëfficiënt of the criti­
cal concentration in cetane sulfonic acid gives 
rise to the existence also of a fairly definite critical 
temperature at one concentration. In Fig. 3 
is plotted the specific conductivity of a 0.00073 
N  solution as a function of temperature, ob­
tained by allowing the bath in which the cell 
was contained to cool slowly (about 10° per hour). 
The temperature coëfficiënt in the range AB is the 
normal one (ca. 0.7% per degree) for a fully dis- 
sociated acid, while in the range BC it is very 
much greater (ca. 1.7% per degree). At B, ag­
gregation commences and increases as the solu­
tion is cooled further. Once in the AB range and 
once in the BC range the fall of temperature was 
arrested and in each case the conductivity re­
mained constant, after a slight fall as the tem­
perature of the cell, which was of course slightly 
higher than that of the bath during cooling, feil 
to bath temperature. Quite different is the be­
havior when the second break, at C, occurs. 
Here curd fibers form slowly in the supersaturated 
solution. By quick cooling, values irregularly 
spaced below the dotted extension of the BC 
curve were obtained, but these feil in about half an 
hour to approximately constant values lying on 
the füll line CD. I t  is a discontinuity of this 
latter type, more pronounced in the higher con­
centrations examined, which has been described 
by Reychler20 and by Laing and McBain.21 I t is 
quite distinct from the break at B, which is 
caused by the rapid reversible formation of 
amicroscopic aggregates.

The formation of large aggregates in equilib­
rium with the simple ions is the only satisfaetory 
explanation22 which has been advanced of the ex-

(20) Reychler, Buil. soc. chim. Belg., 26, 193 (1912); 27, 113 
(1913).

(21) Laing and McBain, J. Chem. Soc., 117, 1506 (1920).
(22) In a recent publication [Proc. Roy. Soc. (London), 155A, 386 

(1936)] Howell and Robinson have advanced an entirely different 
theory of the critical phenomenon. They believe that the paraffin 
chain ions, owing to their great “rotational volume,” form a loose 
network which obstructs the passage of the small ions of opposite 
charge. They do not state how this theory can explain an abrupt 
change of properties, and the theory does not explain the observed 
increase of mobility of the paraffin chain ions when the critical 
concentration is exceeded,30 nor the increase of equivalent con­
ductivity in high fields.80 Howell and Robinson’s experimental 
data confirm the small temperature coëfficiënt of the critical con­
centration in the case of the alkyl sulfates.

istence of a fairly well-defined critical concentra­
tion. I have in the foregoing avoided the use of 
the word ‘ ‘micelle’ ’ as it was presumably my 
previous use of this word which led McBain and 
Betz to consider that I regarded aggregates as 
containing paraffin chain ions only.23 I do not 
identify the aggregates formed in these dilute 
Solutions with either the “ionic micelle” or the 
“neutral colloid” of McBain, as I do not be­
lieve that the separate existence of these entities 
is established. Evidence of a more direct nature 
has been put forward elsewhere,3,5 that, just 
above the critical concentration, what I have 
there called micelles do in fact exist, and their 
nature has also been discussed5 as fully as our 
present knowledge permits.

Fig. 3.—Specific conductivity of 0.00073 N  
cetane sulfonic acid on cooling.

I t  is reasonably certain that nearly all the 
paraffin chain ions in excess of the critical con-

(23) McBain and Betz7 (p. 1907) quote values for A in the 
equation X =  Xo — A y /C  calculated by Mukherjee for uni-deci, and 
unicenti-vaient electrolytes from Onsager’s limiting formulas. 
They then combine these with the Xo value for the univalent acid 
and obtain X values far lower than the experimental ones. They 
conclude that the ionic micelle does not behave as an “ordinary” 
polyvalent ion. Mukherjee’s figures, however, were derived from 
formulas containing no term for the radius of the ion, and other 
simplifying approximations which made these formulas possible 
are certainly not applicable in Solutions of very high-valent elec­
trolytes in concentrations accessible to measurement. In an at­
tempt, admittedly tentative, to estimate the real magnitude of 
effects of the Debye-Hückel type in colloidal electrolytes [Trans. 
Faraday Soc., 31, 55 (1935)], I concluded that the fall of conduc­
tivity in dilute Solutions of paraffin chain salts could not be ex­
plained adequately in this way, and that the adherence of a con­
siderable number of oppositely charged ions to the micelles must 
be assumed.
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centration exist in micelles, and the concentration 
of single paraffin chain ions probably decreases 
absolutely.24 By extrapolation of the figures 
given here, the critical concentration for cetane 
sulfonic acid at 90° will be about 0.0015 N. 
The aggregation will therefore be almost com­
plete in a 0.01 N  solution. According to Mc- 
Bain’s diagram9 it is only just appreciable at this 
concentration.

Summary
The critical fall of conductivity in dilute Solu­

tions of paraffin chain salts has been examined in 
considerable detail in the case of cetane sulfonic

(24) See refs. 3b, 5 (pp. 25-29), and, in particular, ref. 6.

acid. A stable equilibrium has been shown to 
exist in the solution in the neighborhood of the 
critical concentration. The critical concentra­
tion, about 0.008 N  in water at 60°, has been 
shown to increase with temperature by about 2% 
per degree. Addition of glycerol raises the criti­
cal concentration, while addition of amyl alco- 
chol or hydrochloric acid lowers it.

The conductivity data lend no support to the 
belief that the acid is not a strong one in con­
centrations where it is not aggregated.

It is concluded that aggregation must be prac­
tically complete in a 0.01 N  solution.
L o n d o n , E n g l a n d  R e c e iv e d  Ju l y  13, 1936

[C o n t r ib u t io n  from  t h e  S chool of  Chem istr y  a nd  P h y sic s  of th e  P e n n s y l v a n ia  State  Co lleg e]

Heat Capacities and Entropies of Organic Compounds. II. Thermal and Vapor 
Pressure Data for Tetramethylmethane from 13.22°K. to the Boiling Point. The

Entropy from its Raman Spectrum

B y John G. Aston and George H. M esserly1

The high symmetry of tetramethylmethane 
along with the absence of polarity makes this com­
pound an inviting one for a comparison of the en­
tropy calculated from its Raman spectrum and 
moments of inertia2 and from calorimetric data 
using the third law of thermodynamics. In the 
present paper the necessary measurements are 
described and such a comparison is made.3

Tetramethylmethane.—The partially purified eompound 
was kindly furnished by Dr. F. C. Whitmore and his stu- 
dents.4 About 700 cc. was fractionally sublimed. The 
resulting material (freezing point about —23°) was twice 
distilled, at 370-400 min., through an efficiënt glass frac­
tionating column (packed with glass spirals) in which frac­
tionation could be carried out in the absence of air in an 
all glass system.6 The middle fraction was collected in a 
glass bulb. A 30-cc. middle portion was distilled from this 
fraction into a weighed 30-cc. sample bulb connected to the 
line by a ground glass joint. This sample was cooled to 
liquid air temperature and pumped out to less than 10~6 
mm., melted, cooled again and repumped to remove the 
last tracés of air.

The bulb was sealed off at a constriction below the 
ground glass joint and reweighed along with the joint. A

(1) Submltted in partial fuifiiment of the requirements for the 
Ph.D. degree.

(2) (a) Kassel, J. Chem. Phys., 3, 115 (1935); (b) Eidinoff and 
Aston, ibid., 3, 379 (1935); (c) Kassel, ibid., 4, 276 (1936).

(3) For a report of the preliminary results of this comparison see 
Aston and Messerly, ibid., 4, 391 (1936).

(4) Whitmore and Fleming, T h is  J o u r n a l , 55, 3803 (1933). 
These authors discuss the previous work on this compound.

(5) We wish to thank Professor J. H. Simons for the loan of the
column and help in the purification.

correction to vacuum weights was made to ascertain the 
weight of tetramethylmethane. The sample bulb was 
equipped with a side arm closed by an inner-sealed capil­
lary. For introduction into the calorimeter, the side arm 
was attached to the filling line which was evacuated to less 
than 10 ~5 mm. After cooling the tetramethylmethane to 
liquid air temperature the inner-sealed capillary was 
broken by a piece of iron sealed in glass and activated by a 
solenoid. The weight of sample was checked on removal 
from the apparatus. The impurity was 0.73 mole per 
cent. as estimated from the melting point range.

The Apparatus.—This was similar to that described by 
Giauque and Wiebe6 except for details mentioned below. 
The calorimeter was made from 2.5-cm. copper tubing 
(0.025 cm. wall) and was 8 cm. long. Heat conduction 
was furnished by thirty-nine perforated disks (0.008 cm. 
thick) which made a spring fit with the walls and with a 
central tube, re-entrant from the bottom, which served as 
the well for the Standard thermocouple.7 The latter was 
fastened in with Wood’s metal. A 3-mm. soft glass filling 
tube was sealed onto a short platinum tube brazed to the 
top. The whole was gold plated inside and out.

The calorimeter was wrapped with a gold resistance ther- 
mometer-heater (No. 40 B. and S. gage, double silk insu­
lated annealed gold wire, containing 0.175% silver and 
drawn using only jewel dies). It was similar to that used 
by Giauque and Wiebe, except that a gap was left in the 
center in which a constantan resistance thermometer- 
heater for use below 25°K. was wound. It had a resist­
ance at room temperature of 140 ohms, and 20 ohms at 
25°K. The lower half, with a resistance of 81 ohms at 
room temperature, was used for heat of vaporization

(6) Giauque and Wiebe, T his Journal, 50, 101 (1928).
(7) Parks, ibid., 47, 338 (1925).
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measurements. The constantan resistance thermometer- 
heater, which was of No. 40 B. and S. gage double silk 
insulated thermocouple wire had a room temperature re­
sistance of 114 ohms and below 25°K. an approximately 
constant temperature coëfficiënt of 0.00145 deg.”1. Both 
were wound as described by Ahlberg and Latimer,8 and 
cooled several times to liquid air temperatures before use. 
However, both were continuously calibrated during the 
calorimetric measurements against the Standard copper- 
constantan thermocouple S-2 whose calibration has al­
ready been described.9a The temperature scale was ex­
tended above 273 °K. using carbon bisulfide vapor pres- 
sures.9b

The temperature head between the gold heater wire and 
the inside of the calorimeter was about 0.05 °K. for a one 
cal. per minute energy input. In the case of the constan­
tan heater below 25 °K. it was several times this value.

The radiation shield together with the massive cylinder, 
which formed its top and with which the lead wires and the 
filling tube made good thermal contact, contained 1890 g. 
of copper and 4800 g. of lead.

The built-in hydrogen liquefier and cryostat were ex­
actly as described by Latimer and Greensfelder.10

In cooling the calorimeter after filling it was found neces­
sary to keep the entire filling tube hotter than the calorime­
ter at all times. Otherwise solid tetramethylmethane Con­
densed in the tube as a solid plug which was very difficult to 
drive back into the calorimeter. A stream of warm air 
passing over the tube leading to the cryostat and onto the 
top of the cryostat allowed the temperature of these to be 
kept considerably above the temperature of the calorime­
ter, while allowing the cooling to proceed from the bottom. 
Liquid air was added a t the bottom of the Dewar. In 
addition the tube and the heavy top of the radiation shield 
were electrically heated while cooling.

The Heat Capacity Measurements.—The electrical con­
nections and method of measurement were as described by 
Giauque and Wiebe.6»11

The White Potentiometer and Standard resistances were 
calibrated by (or against Standards calibrated by) the 
Bureau of Standards. The one-tenth second stop watch 
was calibrated frequently against an astronomical clock 
set with the Arlington time signals.

Three Standard cells were constantly intercompared and 
frequently checked by the Bureau of Standards during the 
measurements. A thermometer current was chosen to give 
in most cases a sensitivity of 0.001° in reading the tem­
perature rise.

The various corrections described by Giauque and Wiebe 
have been applied. In addition a correction was applied 
to the resistance for the temperature of the pair of 5-cm. 
leads from the terminals on the radiation shield to each of 
the resistance thermometers. This was taken as the mean 
of the shield and calorimeter temperatures. This correc­
tion was necessary because these leads formed part of the 
measured resistance, and during calibration the shield was 
at the same temperature as the calorimeter; it reduced the 
heat capacity by 0.14% at all temperatures above 60°K. 8 9 10 11

(8) Ahlberg and Latimer, T h is  J o u r n a l , 56, 856 (1934).
(9) (a) Aston, Willihnganz and Messerly, ibid., 57, 1642 (1935); 

(b) Henning and Stock, Z. Physik, 4, 226 (1921).
(10) Latimer and Greensfelder, T h is  Jo u r n a l , 50, 2202 (1928).
(11) See also Gibson and Giauque, ibid., 45, 93 (1923).

For the calorimeter of G. and W. this correction was neg­
ligible (0.025%). The shield was kept above the calorime­
ter at all temperatures above 110°K. to prevent conden­
sation. The vapor pressure measuremenfs described later 
were used in correcting for material vaporized into the 
filling line, whose volume was determined accurately. In 
the calculation the density taken for the liquid was that 
given by Whitmore and Fleming4; tha t for the solid (0.73 
g./cc.) was ascertained by the contraction on freezing.

The molal heat capacities are given in Table I 
and Fig. 1.

ot------L.---- ------J—— — L_----,
0 100 200 300

Temperature, °K.
Fig. 1.—Heat capacity of tetramethylmethane.

In this and all other tables the molecular weight 
of tetramethylmethane was taken as 72.09, and 
the ice point as 273.16°K. One calorie (15°) was 
taken equal to 4.1852 absolute joules and one 
international joule to 1.00041 absolute joules.12a 
The present United States Standards were taken 
as yielding energy in international joules.12b

The error in these measurements from the vari­
ous sources depends on the temperature. Below 
25°K. the results may be in error by more than 
1% due largely to the short range of calibration 
of the constantan resistance thermometer (10.9- 
26.2°K.) and the comparative insensitivity of the 
thermocouple in this range. Between 25 and 
40°K. the lower points may be in error by about 
1% due to the rapid change of derivative of the 
gold resistance thermometer. From 40 to 240°K. 
the error does not exceed a few tenths of a per 
cent. In the case of the points for the liquid the 
error may be somewhat above 0.5%. The error

(12) (a) Birge, Rev. Modern Phys., 1, 30 (1929); (b) V inal, Bur. 
Standards J. Research, 8, 729 (1932).
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T a b l e  I

H e a t  C a pa c ity  o f  T e t r a m e th y l m et h a n e  
Molecular weight 72.09. 0°C. -  273.16°K. 

Series I, 0.2419 mole; Series II  and III , 0.2578 mole.
Temp., Rise, Cp, Series

°K. °K. cal./deg./mole number
13.14 0.453 1.688 I
15.24 2.244 2.134 I
18.05 2.042 3.281 I
20.28 2.206 4.061 I
22.40 2.615 4.734 I
25.22 3.873 5.583 I
29.12 3.160 6.203 I
33.83 4.695 7.579 I
38.12 3.852 8.380 I
42.28 4.951 9.087 I
47.30 5.170 9.854 I
52.11 4.407 10.544 I
57.45 6.244 11.190 I
59.29 3.377 11.403 II
62.72 5.138 11.946 III
63.17 5.336 11.965 I
64.19 5.891 12.126 II
65.56 4.849 12.303 I
68.03 4.572 12.696 I
69.69 5.125 12.906 II
70.05 4.183 12.918 III
70.86 5.454 13.043 I
72.90 5.111 13.336 I
74.70 4.560 13.623 II
74.81 4.780 13.615 III
78.12 4.569 14.009 I
79.47 4.965 14.266 T l
82.13 4.079 14.712 III
82.50 4.163 14.673 I
87.12 5.327 15.623 I
87.34 5.263 15.501 II
87.81 3.615 15.632 III
92.20 4.838 16.407 I
92.21 4.629 16.287 II
94.57 4.561 16.772 III
96.70 4.445 17.191 I
97.39 4.283 17.372 II

103.89 5.280 18.488 I
104.14 3.842 18.514 III
106.53 5.326 18.808 II
108.95 4.846 19.350 I
111.14 4.516 19.711 III
118.22 4.035 21.20 III
121.35 7.441 21.96 II
124.00 3.686 22.53 III
128.07 3.453 23.59 III
128.84 3.571 23.40 IHy
129.09 3.348 23.52 IIIx
130.87 6.376 24.53 II
132.87 3.200 24.90 III
135.50 1.533 25.72 III
137.06 1.485 26.36 III
138.81 1.438 27.15 III
140.02 “Transition”
143.75 4.446 24.32 III
149.59 2.768 24.83 II
149.99 5.245 24.85 III

Vol. 58

155.97 4.201 25.11 II
156.89 4.947 25.28 III
161.82 4.996 25.62 II
164.56 4.659 25.77 III
168.07 3.802 26.08 II
171.41 5.313 26.34 III
173.61 4.501 26.94 II
179.14 5.021 26.84 III
179.26 5.496 26.77 II
185.26 5.257 27.21 II
187.20 4.733 27.32 III
196.09 4.457 27.79 III
203.35 3.396 28.23 III
206.59 4.556 28.56 II
210.29 4.309 28.72 III
213.14 4.360 29.05 II
217.38 5.148 29.16 III
221.19 6.249 29.62 II
227.61 4.777 30.07 III
228.15 5.976 30.19 II
234.54 4.569 30.89 II
243.04 4.099 33.55 III
256.53 Fusion
258.96 2.600 36.10 II
263.76 3.650 36.67 II
272.57 4.385 37.59 II
278.92 4.091 39.17 II
282.61 Boiling point

due to the increased heat leak correction at the 
higher temperatures has been reduced by an ac­
curate treatment of the drifts where these were 
non-linear.13

The High Energy Absorption near 140°K.— 
The abnormal rise in the heat capacity curve for 
the solid precedes what is perhaps an isothermal 
transition at 140.02°K.14 However, the “transi­
tion” may be purely of the ammonium chloride 
type,15 with very high heat capacities over a short 
range. In this connection it is noteworthy that 
up to almost 140°K. equilibrium was rapidly at­
tained, whereas when energy was supplied in the 
neighborhood of 140.02°K. equilibrium was at­
tained much more slowly (almost an hour). Table 
II records equilibrium temperatures at various 
fractions “transformed” as estimated from the frac­
tion of the “transition” heat supplied, assuming 
this to be isothermal. The temperature at 80% 
transformed may be high due to difficulty in attain- 
ing equilibrium and less probably due to impurity.

(13) See Keesom and Kok, Comm. Phys. Lab. Univ. of Leiden, 
219c (1932).

(14) Wahl, Z. physik. Chem.t 88, 135 (1914), states that solid tetra­
methylmethane is probably tetragonal (slightly birefringent) at low, 
and cubic (isotropic) at high, temperatures but no transition tem­
perature is given.

(15) (a) Simon, Ann. Physik, 68, 241 (1922); (b) see also Giauque 
and Blue, T h is  J o u r n a l , 58, 833 (1936) for a very similar region of 
high energy absorption in the case of hydrogen sulfide between 126 
and 127°K.
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T a b l e  II
T e m p e r a t u r e s  in  t h e  R e g io n  of  H ig h  E n erg y  A b so r p­

t io n
Per cent. Temp., ÖK. Temp., °K.

transformed Thermocouple S~2 Resistance thermometer
10 139.954 139.959
30 140.008 140.006
50 140.020 14Ö.016
60 140.020 140.025
80 140.112 140.087

Mean 140.023 140.017
Mean 140,020 

T a b l e  I II
H e a ts  of “T r a n s it io n ” a n d  F u s io n  öf  T etram ethyl­

m e t h a n e

(Mol. wt. 72.09; 0.25778 mole)
Corrected n  Pre-

heät J  CpdT melting,
Temperature input, cal./ cal./ AH,
interval, °ÏC cal./mole ïnöle mole cal./mole

“Transition” a t 140.02° K. 
133.661-145.871 1054.5 438.6 615.9
135.534-146.911 1023.7 407.9 615.9

Mean 615.9 =*= 0.6
Fusion a t 256.53 °K.

240.407-259.847 1609.9 854.1 23.5 779.3
240.913-261.442 1662.7 910.7 25.0 777.0

Mean 778.2 =*= 3.5

Table III contains a summary of data on the 
heat of “transition.” For the calculation of 
f C pdT  the heat capacity curves on either side 
were extrapolated linearly to 140.02°K.

The two heat capacity measurements II Ix and 
Uly recorded in Table I are lower than the best 
curve through the other series by 1.3%. This 
may indicate hysteresis in the neighborhood of the 
“transition” point. For this reason a history of 
the cooling for, and of the course of, the various 
series of heat capacity determinations is of in­
terest. Before series I the solid material was 
heated until melting started and then cooled over 
two days to 10°K. Up to 70°K. the points were 
taken continuously. The apparatus was then 
cooled to 60°K. and the rest of the points of 
series I taken. Series II and III were taken 
on another filling from the same sample. In 
series II the cooling procedure was essentially 
the same except the calorimeter was cooled only 
to slightly below 60°K. Points were taken con­
tinuously to below the “transition” point; the 
material was carried through the transition with 
one application of energy. In series III the cool­
ing to. 60°K. occupied nine days. Points were 
taken continuously to just above the “transition” 
point. The calorimeter was then slowly cooled 
to obtain the point III*, which was taken at the

temperature where cooling stopped. The first 
heat of “transition” measurement was then 
taken. Point U ly was taken after a similar 
cooling, and followed by the second heat öf 
“transition” measurement. The rest of the 
points of series III  were taken continuously to the 
melting point. Apparently hysteresis occurs only 
in the neighborhood of the “transition” point.

The Melting Point.—The equilibrium tem­
perature of the system was observed with 50 and 
97% of the sample melted as ascertained by meas- 
uring the heat required to melt the remaining 
solid as in a regulär heat of fusion measurement. 
From the results and the heat of fusion the im­
purity present was found to be 0.727 mole per 
cent., assuming no solid solution. The melting 
point of pure tetramethylmethane calculated on 
this basis is 256.53 =*= 0.10°K. (The freezing 
point of our sample was 255.31 °K.) Previous 
melting points recorded in the literature4 are: 
253°K. (Lwow, 1871); 253.7°K. (Whitmore and 
Fleming, 1933).

Heat Capacities in the Premelting Range.—In
the range between 200°K. and the melting point 
the tabulated heat capacities require correction 
for heat absorbed in fusion. The lower curve in 
Fig. 1 has been obtained from the upper one 
through the experimental points by subtracting 
this correction, obtained from the thermodynamic 
freezing point equation and the heat of fusion at 
the melting point without allowance for its change 
with temperature. (The heat capacity of the in­
creasing quantity of liquid could be assumed 
equal to that of the solid without serious error.) 
This lower curve was extrapolated to the melting 
point as indicated by the extension to obtain heat 
capacities used in calculating the heat of fusion.

The Heat of Fusion.—-The method described 
by Gibson and Giauque11 was used. The results 
are recorded in Table III.

The correction for premelting (col. 4) is the 
area between the upper and lower curves (Fig. 1) . 
The estimated error does not include the error due 
to our estimation of this correction. This may 
produce about 1% error in the heat of fusion, but 
does not seriously affect the entropy. Indeed if 
the whole fusion had been treated as a heat ca­
pacity in calculating the entropy, the effect on the 
final entropy would have been only to add the 
almost negligible entropy of mixing of the im­
purity— (-0.0073 R  ln 0.0073 -  0.9927 R  ln
0.9927 = 0.088 e. u.).
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The Vapor Pressure Measurements.—The
measurements were made as already described.9 
The results for the liquid are given in Table IV. 
Column 1 gives the absolute temperature as read 
by the thermocouple; col. 2 gives the observed 
pressure, and col. 3 the pressure calculated from 
equation (1).
logio P mm. «  -1 5 2 5 .0 /T  -  2.16979 logio T +  13.59527

( 1)
Column 4 gives the temperature deviation corre­
sponding to the pressure difference. Since the 
boiling range of the sample used was about 0.1°, 
as ascertained by vapor pressure measurements on 
fractions distilled from it, these measurements 
should hold for pure tetramethylmethane to 
about 0.1° in the temperature. Vapor pressure 
data were also obtained on the solid, but are 
without significance as the partial pressure of im­
purity above the liquid is steadily increased as 
the solid crystallizes. For completeness we give 
equation (2), which represented our data on the 
solid between 230°K. and the melting point. 
logio P mm. -  11642.30/r - f  258.6890 logioT  -  0.241380 T

-604.2570 (2)
The only other data on tetramethylmethane are 

the measurements of Whitmore and Fleming.4 
A comparison of their results on the solid with 
equation (2) shows that their material contained 
more impurity than ours, as does also the freez­
ing point which they record for it. In col. 5 of 
Table IV are given the deviations (W. and F.-A. 
and M.) between the pressures observed by Whit­
more and Fleming at their nearest temperature 
and those calculated from equation (1). From 
equation (1) the boiling point has been found to 
be 282.61°K. Previous boiling points recorded 
in the literature4 are: 282.7°K. (Lwow, 1871); 
282.6°K. (Whitmore and Fleming, 1933).

T a ble  IV
V a po r  P r e s s u r e s  of L i q u i d  T e t r a m e t h y l m e t h a n e  

(g for S tate College, 980.124 (“I. C. TT)) (0°C. -  
273.16°K.). Boiling point 282.61 °K.

Temp.,
°K.

Pressure 
(obsd.) 

int. mm.

Pressure 
(calcd.) 

int. mm.
AT., °K. 
(calcd. — 

obsd.)
AP (mm.) 

(W. and F -  
A. and M.)

258.036 283.71 283.64 - 0 . 0 1 1 10.7
262.766 348.41 348.33 - .0 0 5
267.847 430.66 430.46 - .0 0 9 8 .1
272.292 515.02 514.48 -.0 2 1 9.0
277.865 637.77 637.70 - .0 0 3 4.7
280.396 700.30 700.82 +  .017
282.897 767.72 767.93 +  .006 0.3

The Heat of Vaporization.—Our procedure 
differed from that described by Giauque and

Wiebe (method II)6 only in the method of collect­
ing the vaporized material. A thin-walled glass 
bulb, connected to the line by a vaseline sealed 
glass joint, was used for this purpose. It was im­
mersed in a well-stirred bath of benzene and ben­
zene ice, along with excess water, contained in a 
silvered dewar. During vaporization the pres­
sure remained constant to within a few millimeters 
except during the initial period required to build 
up the head necessary for heat transfer across the 
bulb, when it rose by about 20 mm. Before a 
measurement the calorimeter was brought to 
within a degree of the temperature of the bath of 
benzene-benzene ice. The surroundings were at 
such a temperature as to be above that of the 
calorimeter at all times during the vaporization. 
The drift of the calorimeter was observed with 
the resistance thermometer until a sudden de­
crease in its value indicated that material had 
started to condense in the bulb. The heater was 
then turned on. The energy for the vaporization 
before the heater was turned on was calculated 
from the heat leak. At the end of the measure­
ment the heater was shut off at a predetermined 
time and a stopcock connecting the calorimeter to 
the rest of the line (manometer, condensing bulb, 
etc.) simultaneously closed. The drifts were 
followed until the calorimeter reached equilibrium. 
The correction for the varying pressure and hence 
temperature of the surface from which vaporiza­
tion occurred was simply made as follows.

Consider n moles of liquid whose initial tempera­
ture is T' and whose vaporization temperature 
varies from T' to T. Let Q be the heat absorbed 
in heating the n moles from T' and vaporizing 
them. Let Cp be the heat capacity of the gas 
(assumed constant), and AH' the heat of vapori­
zation at the temperature T'. Then

Q  =  J ”[ A i? ' +  Cp(r -  T ’) ] d n  (3)

Over the small range of temperatures involved 
(T  -  T') = k(P -  P')> where P  and P' are the 
vapor pressures at T  and T'. Substituting in
(3) and integrating

O  =  A i? '»  -  a P 'n  +  f ” a P  d n  ( «  =  k C p) (4) 
J o

As the number of moles vaporized is proportional 
to the time of energy input

Q =  AH 'n  — a P 'n  +  ß j *  P  d t  (5)

where ß is a new constant. If P  had a constant 
value P e
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Q *  AH ' n -  a P ' n  -  ß P e t (6)
Comparing (5) and (6) it is seen that the vaporiza­
tion may be considered as occurring at an effec­
tive pressure

Pe =  1/t J ‘p  dt (7)

The integral (7) accordingly was evaluated 
graphically to obtain the effective pressure (and 
temperature) of the vaporization.

The number of moles of liquid vaporized was 
calculated from the increase of pressures in the 
line. and the weight of material Condensed in the 
bulb. The pressure in the calorimeter line up to 
the closed stopcock was obtained from its equilib­
rium temperature at the end of the vaporization 
period; that in the manometer and bulb from 
the manometer reading when the bulb was sealed 
off.16 The results are given in Table V.

T a ble  V
H ea t  of Va po riza tio n  o f  T etram ethylm ethane  

(662.2 int. mm. (278.59°K.)) (mol. wt. 72.09)
Time of T o ta l r

Moles energy in- input, J  CpdT, AH,
vaporized put, min. cal./mole cal./mole cal./mole
0.05545 25.50 6281 797 5484

.06378 28.00 5980 447 5528“
Mean 5506 =*= 30 

Corrected to one atm. (282.61°K.) 5438 =*= 30 
Calculated at one atm. from equation (1)

and thermodynamics; Berthelot cor­
rection = 2 4 4  cal. 5 4 9 0

a A correction of — 5 cal. applied for difference in effec­
tive pressure.

The correction for raising the temperature of 
the liquid remaining in the calorimeter to the 
final temperature and the number of moles of 
liquid vaporized to the effective temperature of 
vaporization are given in col. 4. The mean value 
has been corrected to the boiling point using the 
measured heat capacities for the liquid and for the 
gas the heat capacities calculated by adding to 
12/2 R  (the translational and rotational heat 
capacity +  Cp — Cv) the vibrational heat ca­
pacity calculated from the Raman spectrum using 
the equation

Cvib. =  R  X>? **/(** -  l ) 2 (*i =  h c V /k T )  (8)

with frequencies and constants discussed later. 
(The correction to the real gas state is here neg­
ligible.) It is of interest to compare the meas­
ured heat of vaporization with the one calculated 
from the vapor pressures (equation (1)) and

(16) To seal off the bulb a stopcock leading to it was closed before 
cooling in liquid air and sealing off at a constriction.

thermodynamics using the modified Berthelot 
equation

P V  — R T  [1 -  9 P r c(l -  6T2c/ r 2)/128Pcr ]  (9)
Pc -  432°K.; P c =  33 atm .17

to calculate the volume of the gas. The heat of 
vaporization, thus calculated from the vapor 
pressures, at the boiling point, is included in 
Table V. The agreement justifies the equation 
of state chosen for the later correction of the en­
tropy.

The Entropy.—Table VI summarizes the 
calculation of the entropy of the gas at the boiling 
point from the experimental data. The correc­
tion to the perfect gas state has been made using 
equation (9) and thermodynamics.6

T a b l e  VI
T h e  E n t r o py  o f  T e t r a m e t h y l m e t h a n e

(Mol. wt. 72.09)
E. u./mole

0-13.14°K. Debye function höm/ k  =
106.7 (six degrees of freedom) 0.56

13.14-140.02°K. graphical“ 24.13
“Transition” 615.9/140.02 4.39
140.02-256.53 °K. graphical“ 16.55
Fusion 778.2/256.53 3.03
256.53-282.61 °K. graphical“ 3.63
Vaporization 5438/282.61 19.24

Entropy of actual gas a t boiling point 71.53 =*= 0.3
correction for gas imperfection 0.18

Entropy of ideal gas a t boiling point 71.71 *  0.3
* AS =  y * C Pd  l n  T

The classical rotational and translational en­
tropy of the gas at 298.16°K. and one atm. has 
been calculated by Kassei to be 73.957 e. u.2c using 
1.53 and 1.11 Ä. for the C-C and C-H distances 
respectively. We have used 1.54 Ä. for the former 
throughout, but have retained the latter.

The equation for the translational and classical 
rotational entropy, assuming zero potential asso­
ciated with the rotation of the methyl groups, 
neglecting nuclear spin, and using 972 for the sym­
metry number, is thep
ST , r  =  2 7 . 4 5 0 1 1  l o g i o  T -  4 . 5 7 5 0 4  l o g i o  P a t m .  +  6 . 0 5 7 5 1

(10)
The vibrational entropy has been calculated by 

the equation
(17) Tc and P c were ascertained as follows. An inspection of the 

data in the “I. C. T .” reveals that for isomers of a given class P c and 
Tc/Xb are respectively about the same (where Tb is the normal boiling 
point); e. g., for w-pentane P c — 33.0; Tc/T b 5=3 1.521, while for iso­
pentane P c =  32.8 , and Tc/ T h =  1-529. For «-butane and isobu­
tane P c = 35.5 , 37; Tc/T b  — 1-558, 1 .546. With some confidence 
therefore we take P Q and T jT b  for neopentane the same as for iso­
pentane.
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5vib. — R  — 1) — ln (1 — e~*i) (xi =  h c v i /k T )
(11)

using the Raman frequencies determined by Rank 
and Bordner.18 These are, respectively, 335 (2), 
414 (3), 733 (1), 925 (3), 1252 (4), and 1455 (8) 
cm.“1, where the figures in parentheses give the 
multiplicities. For the first four frequencies 
which are due to the carbon skeleton this assign­
ment is that of Rank and Bordner and is based 
on analogy with the Raman spectrum of carbon 
tetrachloride. The two higher frequencies, as 
Rank and Bordner point out, undoubtedly are 
due to deformation of the methyl groups, but they 
hesitate to estimate the multiplicity. Two simi­
lar frequencies appear in methyl chloride, namely, 
1355 (1) and 1460 (2) . 19 I t seems justifiable to 
take four times these multiplicities in the case of 
tetramethylmethane where there are four methyl 
groups. The effect of the higher frequencies is 
negligible. In the calculation the constants R  = 
1.9869-caLis/deg./mole, hc/k = 1.4325 cm. deg., 
were used. A comparison of the calorimetric and 
spectroscopie values of the entropy is given in 
Table VII.

T a b l e  VII
C o m pa r iso n  o f  Ca lo r im etr ic  a n d  “ S pectroscopic” 
E n t r o p ie s  o f  T e t r a m e th y l m et h a n e  a t  On e  A tm os-

PHERE
282.61 298.16

Temperature, °K. E. u./mole E. u./mole
I Translational and rotational 73.34 73.98
II Vibrational (carbon skeleton) 5.38 5.89
III Vibrational (other modes) 0.17 0.25
IV Absolute 95.42 96.65
V Total (less nuclear spin) 78,89 80.12
VI Calorimetric corrected to ideal

gas state 71.71
VII Discrepancy 7.18 

(5 R  ln 2 -  6.89)

Discussion.—The spectroscopic entropy ex­
ceeds that calculated from the calorimetric data 
by 5 R  ln 2 within experimental error. The chief 
experimental errors lie in the heat of vaporization 
and in the extrapolation. That due to the former 
could hardly exceed 0.2 e. u. Any serious error 
in the extrapolation (on the basis of the actual 
crystal) is unlikely as the results fit a Debye func­
tion, calculated for six degrees of freedom, within 
experimental error.

The specific entropy of the impurity (probably 
isobutylene, 6298.1,1 atm. = 67.3 e. u. per mole) 20

(18) Rank and Bordner, J. Chem. Phys., 3, 248 (1935).
(19) For discussion and references see Void, T h is  J o urn al , 57, 

1192 (1935).
(20) Parks and Huffman, "The Free Energies of Some Organic 

Compounds," The Chemical Gatalog Co., New York, 1932, p. 81,

would be sufficiently similar so that the error on 
this account should be less than 0.1 e. u.; the 
entropy of mixing has already been eliminated 
without appreciable error as evident from its 
magnitude.

In the absence of any other calorimetric data on 
tetramethylmethane which might serve as an 
over-all check, we have made several isolated heat 
capacity measurements on methyl alcohol be­
tween 90°K. and room temperature, and the re­
sults have always been in agreement with those of 
Kelley21 within the estimated accuracy of the re­
spective observers.

An examination of the assignment of the four 
Raman frequencies due to the carbon skeleton 
also furnishes no obvious method of eliminating or 
materially reducing the discrepancy. Of the 
single frequency there is little doubt. Indeed 
this is true of the two highest pentatomic fre­
quencies, of which the lower is a singlet and the 
higher a triplet, in the case of both methane and 
carbon tetrachloride. Inversion of the multi­
plicities of the two lower frequencies would raise 
the entropy calculated by 0.33 e. u.

If the above agreement of the discrepancy with 
5 R  ln 2 is not fortuitous, it might be taken to in­
dicate 25 possible arrangements in the crystal such 
as have been proposed by Giauque to explain 
discrepancies of a similar nature in the case of 
carbon monoxide,22,23 and nitrous oxide;24,25 and 
by Pauling for water,26,27 although the possibility 
of rotation of the methyl groups in certain of the 
symmetry varieties must not be overlooked. A 
Situation similar to the latter for the case of hy­
drogen has been discussed by Giauque and John­
ston.28,29

In this connection it is to be noted that for 
methane the calorimetric and spectroscopic en­
tropies are in agreement,30 but there is a peak in 
the heat capacity curve at 20.4°K.31

The entropy corresponding to the area between 
the peak and the normal heat capacity curve is 
1.78 e. u. This is close to the sum (1.63 e. u.) of 
the entropy of mixing of the degenerate lowest

(21) Kelley, T h is  J o u r n a l , 51, 180 (1929).
(22) Clusius, Z. physik. Chem., B6, 135 (1929).
(23) Clayton and Giauque, T k is  J o u r n a l , 54, 2610 (1932).
(24) Clusius, Z. Elektrochem., 40, 98 (1935).
(25) Giauque and Blue, T h is  J o u r n a l , 57, 991 (1935).
(26) Pauling, ibid., 57, 2680 (1935).
(27) Giauque and Stout, ibid., 58, 1144 (1936).
(28) Giauque and Johnston, ibid., 50, 3221 (1928).
(29) Giauque, ibid., 52, 4816 (1930),
(30) Giauque, Blue and Overstreet, Phys. Rev., 38, 197 (1932).
(31) (a) Clusius, Z. physik. Chem., B3, 65 (1929); (b) Clusius and 

Perlick, ibid., B24, 313 (1934).
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rotational states of the triplet (9/16 R  ln 3 = 1.23 
e. u.) and the corresponding quantity for the 
quintet variety (2/16 R  ln 5 = 0.40 e. u.) assum­
ing the high temperature equilibrium mixture. It 
therefore seems probable that rotational states are 
present in methane down to this temperature and 
there rotation practically ceases. The energy 
differences between the Orientations of minimum 
potential energy are then evidently sufficiently 
large compared with kT  to cause a unique arrange­
ment of all but a small fraction of the molecules.

It is likely that the abnormal heat capacity rise 
prior to the 4 ‘transition’ ' of tetramethylmethane 
is caused by rotation starting for at least one de­
gree of freedom and perhaps not unreasonable 
that this is one of the angular coördinates for the 
carbon skeleton.

It would be of interest to investigate the heat 
capacity of methyl deutende from 10 to 30°K. as 
the symmetry Situation is changed and hence if 
the above interpretation for methane is correct it 
should present a peak of quite a different kind.

Data on the heat capacity of ethane32 below 
67°K. would make possible a third law compari­
son which might throw light on the tetramethyl­
methane discrepancy.

The apparatus for the investigation of both of 
these compounds down to 10°K. is now practi­
cally complete. I t is also planned in the near 
future to investigate tetramethylmethane, and, 
if necessary, ethane, down to 1°K.
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Silier and Maxwell Eidinoff with the experimen­
tal work. Mr. J. E. Key (late of the Department

(32) For data above 67 °K. see Wiebe, Hubbard and Brevoort, 
T h is  J o urn al , 52, 611 (1930).

of Industrial Engineering), Messrs. G. F. Nelson 
and W. J. Cummings of the University of Cali­
fornia are responsible for the excellent construc­
tion of certain parts of the apparatus essential to 
the work. The many suggestions of Professor 
W. F. Giauque have been invaluable. We wish 
to thank the National Research Council for 
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have been impossible.

Summary
1. The heat capacities of tetramethylmethane 

have been determined from 13°K. to the boiling 
point.

2. The vapor pressure of liquid tetramethyl­
methane has been determined from the melting 
point to the boiling point, and an equation de­
rived to represent the data. An equation for the 
vapor pressure below the freezing point is given 
but not considered significant.

3. The melting point of tetramethylmethane 
is 256.53°K. (—16.63°C.) and the boiling point 
282.61 °K. (9.45°C.). There is an energy absorp­
tion which is perhaps isothermal at 140.02°K. 
(-* 133.14°C.) but which is preceded by an ab­
normal rise in the heat capacity.

4. The molal entropy of the ideal gas at the 
boiling point, calculated from the experimental 
data, is 71.71 =±= 0.3 e. u. This value is, within 
experimental error, 5 R  ln 2 lower than the corre­
sponding value of 78.89 e. u. calculated from the 
Raman spectrum and moments of inertia.

5. The “spectroscopie” entropy, calculated 
from the Raman spectrum and moments of in­
ertia, is 80.12 e. u. per mole at 298.16°K. and one 
atmosphere neglecting nuclear spin.
State  C o l l eg e , P e n n a . R e c e iv e d  A u g u s t  17, 1936
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A Vertical Microelectrophoresis Cell with. Non-Polarizable Electrodes

B y  H a r o l d  A . A b r a m s o n , L a u r e n c e  S. M o y e r  a n d  A n d r . V o e t 1 2 3

The measurement of the electric mobility of 
microscopie particles in horizontal electrophoresis 
cells may be complicated by the settling out of 
the particles under observation. I t would be of 
advantage to have the cell constructed so that the 
same partiele could be studied for periods even 
as long as one hour. Furthermore, it is of im­
portance that non-polarizable electrodes be em­
ployed. An apparatus of this type in which the 
electrophoresis cell itself is vertical is described 
in this communication. It should not be con- 
strued from this paper that the vertical cell is 
more suitable for all Systems, but it may be of 
advantage in the investigation of particles similar 
to those described here.

Description.—The instrument is constructed and 
calibrated similarly to tha t previously described by 
Abramson2,3 (a modification of a type developed by 
Northrop and Kunitz) and discussed recently in some de­
tail by Moyer.4 As shown in Fig. 1, the apparatus is pro­
vided with the arrangement of electrodes developed for the 
horizontal cell. This arrangement combines the features 
of non-polarizability and use of piaster of Paris plugs de­
signed to eliminate disturbances at the electrodes due to 
precipitation of sols. In addition, the instrument is con­
structed of one piece of glass with no rubber or other con­
nections. This pro vides a device which may be fixed 
rigidly onto the stage of the microscope and hence elimi- 
nates completely the disturbing vibrations which are so 
commonly encountered in three-piece instruments. Clean­
ing is therefore facilitated and the cell may readily be re­
moved for filling or for cleaning. For a detailed de­
scription of construction, electrical connections and cali-

(1) R esearch  F ellow , N eth erlan d -A m erican  F oundation.
(2) H . A. A bram son, J .  Gen. P k y s i o l . ,  12, 469 (1929); H . A. 

A bram son  and E. B. G rossm an, ib id . ,  14, 563 (1931).
(3) H . A. A bram son, “ E lectrok in etic  P h en om en a ,” C hem ical 

C ata lo g  C o., N ew  Y ork, 1934.
(4) L. S. M oyer, J . B a d . ,  31, 531 (1936).

bration, see references 2, 3 and 4. The cell is used with 
the microscope tilted horizontally. The bar running 
across the top (Fig. 1) is fused onto the (L-shaped bore) 
stopcock sleeve. This bar (stippled) can then be sus­
pended by hooks, made to fit from strap brass, in front of 
the objective and clamped to the stage by a spring brass 
clip. The clip can be adapted to the size and shape of the 
microscope stage and to glass microscope slides (not shown 
in the figure) which may be cemented to the horizontal 
bar and side arms to provide a flat resting surface for the 
cell against the stage of the microscope. The connections 
of the cell itself with the two electrodes may be altered to 
fit the needs of the investigator. Thus, the funnel may be 
made larger or replaced by other devices for filling; 
the side arms may be run directly to the cell from the stop­
cocks, etc. Both the horizontal and vertical instruments 
may be obtained from Mr. J. D. Graham of Haddonfield, 
New Jersey. Dimensions of the central chambers of the 
vertical and horizontal instruments used in these experi­
ments are given in Table I.

T a b l e  I

D im e n sio n s  of  C e n tr a l  Ch a m ber s  of C ells D isc u sse d

Dimension
Length 
Av. depth 
Width 
k

Vertical 
cell, mm.
42

0.615
12.0
20

Horizontal 
cell, mm.
37

0.795
12.0
15

Use of the Cell.*—Since the central chamber is 
of nearly rectangular cross section, the position of 
the stationary levels may be calculated. Calcula­
tion of the stationary levels from Komagata’s 
equation5 (which has been checked by Komagata 
as well as more recently by van Gils6)

y(rw _ o) -  *M(V.) +  (128/7T5 k)Yh (1)
where y is the level measured from the central 
axis, k is the ratio of half the width to half the 
thickness, b (see Table I for values of k), yields 
levels which do not differ significantly from 0.2 
and 0.8 of the total depth.

Any difficulties encountered in finding the true 
focus of the ceiling and fioor may be obviated by 
filling the cell with powdered glass or quartz 
suspended in water and laying it flat for a suffi­
ciënt time to permit a few particles to stick on 
both walls.

Since the electrical and gravitational forces 
operating on the partiele are superimposed, the

(5) S. Komagata, Researches Electrotech. Lab. (Tokyo), No. 348 
(1933).

(6) G. S. van Gils, “Electrophorese metingen.” Thesis, Utrecht, 
1936.
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partiele, although falling, tends to remain in the 
same level of the cell with respect to its thickness. 
If it is at the stationary level it will remain there 
and may be kept under observation for long 
periods of time. However a correction must be 
made for gravitational forces. This is done by 
timing the partiele while moving it in one direction 
and then reversing the electrical field and timing 
for the same distance in the opposite direction. 
The effects of small convection currents, if not 
large enough to produce turbulence, are apparently 
also canceled out by this method, although such 
forces may be largely eliminated at the start by 
carefully equilibrating both the instrument and 
Solutions to room temperature before filling the 
cell. Particles which move too rapidly under 
gravity may set up local turbulence which dis- 
turbs the normal mobility of smaller particles in 
their neighborhood. When such effects occur, 
letting the apparatus stand for a time without 
applying the field frequently eliminates the diffi­
culty by allowing the large particles to settle out. 
Water-cooled lighting devices should be used, of 
course, for illuminating the sol.

In a given medium large particles are affected 
more by gravity than small particles of the same 
substance, even when both have the same electric 
mobility, so that the electric mobility appears 
to be dependent on size. However, when large 
and small particles are timed over the same dis­
tance, it is found that the differing effect of 
gravity cancels out and the resultant electric 
mobilities are not dependent upon size and shape. 
This is similar to the effects noted by Mooney.7 
Hence it is not sufficiënt to time a series of par­
ticles moving in one direction and then a series in 
the other and average, but each partiele should 
be timed over the whole distance. For long ob­
servation where the eye is kept constantly at the 
microscope, a metronome may be used instead of 
a stop watch.

Interesting observations of these effects were 
made in a system consisting of gelatin-coated 
collodion particles (about 0.5 fi) and gelatin- 
coated, long asbestos needles (up to 50 ju). In the 
horizontal cell, both collodion partiele and needle 
under these conditions migrate with the same 
mobility in either direction. On the other hand, 
in the vertical cell the long needles are operated 
on by a greater gravitational component which 
; creases the observed mobility to such an extent,

(7) M. Mooney, Phys. Rev., 23, 396 (1924).

when particles are falling, that they migrate faster 
than the collodion particles. On reversing the 
current, however, so that the particles now migrate 
against gravity, the asbestos needles experience 
greater retardation and both particles are thus 
made to travel over the total distance in the same 
time.

Table II gives comparative measurements made 
on a mixed suspension of gelatin-coated collodion 
and asbestos particles in 0.01 M  acetic acid. I t 
will be noted that both types of particles move 
with the same mobility, irrespective of size, shape 
or orientation.

T a b l e  II
T im e s  R e q u ir e d  fo r  G e l a t in -coated  P a r t ic l e s  o f  
D if f e r e n t  S iz e s  to T r a v e l  a  F ix e d  D is t a n c e  in  a

Average

C o n st a n t  E lec tr ic  F ie l d
Collodion 

particles, sec.
12.5 11.6
12.3 12.2  
11.8 11.2
13.4 12.5
12.3 12.5

12.23

Asbestos 
needles, sec.
11.8 12.6
12.1 11.8
12.0 12.6 
12.2 12.1
12.9 12.5

12.26

Comparison with Other Cells.—As far as the
writers are aware, the instruments under discus­
sion here are the only ones which have been shown 
to yield values comparable with those obtained 
in U-tubes (although Buil8 checked his cell against 
Streaming potential) and therefore may well be 
used as Standards in measurements of this kind.

The recent measurements of Howitt9 of the 
electric mobility of mammalian red blood cells 
by a moving boundary method in a U-tube af- 
ford an additional direct comparison of the validity 
of the entire method. It had been shown3 pre­
viously that the mobility of various mammalian 
red blood cells is constant for each species in­
vestigated. For instance, the human erythrocyte 
exhibits the same mobility in isotonic phosphate 
buffer at pH 7.4 independent of sex, blood group, 
age or race of the individual. Table III presents 
data obtained on the réd cells of different mam­
mals, suspended in 0.067 M  phosphate buffer at 
pïï 7.4. Note the agreement, well within the 
usual limits of error of the methods concerned.

To demonstrate the symmetry and flatness of 
the vertical cell, collodion particles were coated 
with 1% Coignet. gelatin, which was also used to 
coat the walls of the cell. The gelatin was then

(8) H. B. Bull, J. Phys. Chem., 39, 577 (1935).
(9) F. O. Howitt, Biochem. J., 28, 1165 (1934).
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T a b l e  III
C o m pa r a b le  M o b il it ie s  (j u / S e c .) of  R e d  B lood Ce l l s , 
F o u n d  b y  D if f e r e n t  Ob se r v e r s  w ith  S e v er a l  T y pe s

Moving boundary9
Man Rat

1.45
Rabbit
0.60

Mouse
1.42

Guinea
pig

1.16
Horizontal3 1.31 1.45 .55 1.35 1.11
Horizontal4 1.30 , . . .
Vertical 1.25 . . . . . .

diluted to 0.1% by adding acetic acid so that its 
final concentration was 0.01 M. While keeping 
the field strength constant, mobilities were deter­
mined at various levels in the cell. It is clearly 
seen in Fig. 2 that no significant differences were

Fig. 2.

Discussion
It is of some importance that the needle-shaped 

particles such as the asbestos ones investigated 
here assume a position with both ends of the needle 
at the same electroösmotic level. This is not found 
in the horizontal cell where needles are frequently 
observed with one end in one level and the other 
end at another level. The fact that the needles 
in the vertical cell thus assume a position with 
practically no velocity gradiënt acting upon them 
makes the vertical cell more suitable for investiga­
tions of this type of partiele. It should be em- 
phasized, however, that within the limits of time 
ordinarily adopted for a single experiment and 
within the. limits of the field strengths employed, 
little or no orientation of these rod-shaped pär- 
tides occurs. It is very remarkable indeed to see 
asbestos needles up to 50 microns in length 
migrate independently of their orientation under 
these new and more favorable conditions, thus 
confirming previous experiments.3 In accord 
with our previous results10 on the ratio of electro- 
osmosis to electrophoresis, recently confirmed 
independently by van Gils,6 a ratio of 1.0 was 
found for gelatin-coated surfaces in dilute Solu­
tions (here at an ionic strength of about 3 X 
10 “4M). Under the seconditions, no motion was 
ever observed near the wall in either cell.

observed between measurements made in the two 
instruments (vertical, open circles, and horizon­
tal, closed circles). The smooth curve has been 
drawn from the equation

V (x ) =  10.65 (x  -  x*) (2)

where V is the mobility at any depth, x, after a 
plot of the data in the form of a straight line, as 
discussed in a previous paper,10 showed that the 
intercept was not significantly different from 0 
(i. e., the ratio of the electroösmotic to the electro­
phoretic mobility was 1.0). It may be observed 
that the electrophoretic mobility (at the 0.2 and 
0.8 levels, =  1.70 ju/sec.) agrees with that found 
for the asbestos needles in the previous experi­
ment.

(10) L, S. Moyer and H. A. Abramson, J . Gen. PhysioL, 19, 727 
(1936).

Summary
The horizontal microelectrophoresis cell has not 

been adapted to the measurement of particles 
which settle out of suspension. A vertical cell has 
been devised which embodies all of the useful 
characteristics of the one-piece glass cell described 
previously by Abramson and discussed more 
recently by Moyer. This vertical cell has been 
checked by comparing measurements on protein- 
coated collodion particles, asbestos needles, and 
blood cells with measurements obtained in a cali­
brated horizontal cell and a U-tube. Agreement 
within the usual limits of experimental error was 
obtained. The advantages and disadvantages of 
the vertical cell are discussed.
Cold S pr in g  H a r bo r  
L ong  I sl a n d , N. Y . R e c e iv e d  S e pt e m b e r  21, 1936
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Studies in the Physical Chemistry of Amino Acids, Peptides and Related Substances. 
VIII. The Relation between the Activity Coefficients of Peptides and their Dipole

Moments

By Edwin J. Cohn, Thomas L. M cM eekin,

Whereas the activity coefficients of ions de­
pend upon their valence, those of dipolar ions de­
pend largely upon their dipole moments. This had 
been suggested on the basis of theoretical con­
siderations,1,2 but further development of the 
field had to await more detailed experimental 
studies.

For ions, the effect of electrostatic forces can be 
distinguished from that of non-electrical forces 
since the former varies as the square root of the 
concentration, whereas the latter varies as the 
concentration. This distinction cannot be so 
readily made for dipolar ions because the effect 
of electrostatic forces is linear with the concentra­
tion and does not vary as its square root. It 
follows that even in very dilute aqueous Solutions 
of amino acids and proteins the forces are not 
necessarily purely electrostatic in nature.

Electrostatic forces due to dipolar ions increase 
not with the quantity k of Debye’s theory,3 but 
with K2. k2 increases not only with increase in 
concentration but with decrease in temperature 
and in dielectric constant. Electrostatic forces 
thus become more important the lower the tem­
perature and the lower the dielectric constant.

The study of the influence of neutral salts upon 
glycine in ethanol-water mixtures demonstrated 
that at sufficiently low dielectric constants the 
logarithm of the solubility ratio multiplied by the 
dielectric constant ratio (D/Dq) log N /N 0 was 
a function of k2. So plotted measurements in 
60, 80, 90 and 95% ethanol containing neutral 
salts essentially coincide suggesting that under 
these conditions the activity coefficients of the 
amino acids studied were largely ascribable to 
electrostatic forces.2,4

These preliminary experiments oii amino acids 
led to the choice of conditions for the studies of 
peptides here reported. The solvent employed 
was 80% ethanol containing varying concentra­
tions of sodium chloride. At this alcohol concen-

(1) Scatchard and Kirkwood, Physik. Z ., 33, 297 (1932).
(2) Kirkwood, J. Chem. Phys., 2, 351 (1934).
(3) The term proportional to k has been shown by Scatchard and 

Kirkwood1 to vanish when the net charge is zero.
(4) Cohn, Naturwissenschaften, 20, 663 (1932).

Jesse P. Greenstein and John H. Weare

tration sodium chloride Solutions up to 0.25 molar 
can be prepared, and the solubility of glycine in 
this most concentrated salt solution was 3.73 g. 
per liter, or approximately one-fourth the concen­
tration of salt. In the absence of salt glycine 
is soluble only to the extent of 2.00 g. per liter in 
80% ethanol. I t is this solvent action associated 
with change in ionic strength with which we are 
here concerned, and not with the effect of change 
in medium which reduces the solubility of glycine 
in 80% ethanol one hundred-fold from its solu­
bility in water of 216.6 g. per liter at 25°.

The peptides of glycine have been chosen for 
comparison rather than aliphatic amino acids of 
long dipole moment because of their far lower solu­
bility in both water and alcohol-water mixtures. 
This is related to the far greater density of glycine 
peptide crystals.5 As a result, although ß-ala- 
nine and e-aminocaproic acid are far more soluble 
than the corresponding a-amino acids (though 
they have closely the same densities in the solid 
state), the tightly packed glycine peptides are 
progressively less soluble in water the longer 
their molecules, despi te their larger dipole mo­
ments. This is not true, as Fischer6 pointed out, 
of certain peptides with paraffin side chains.

Lysylglutamic acid is extremely soluble in 
water. lts  solubility in 80% ethanol is none the 
less very low, the very rapid falling off of solu­
bility with dielectric constant depending upon its 
multipolar nature. In this its behavior resembles 
to a considerable extent proteins such as egg al- 
bumin, with which it is compared in a subse­
quent communication. The solubility of all of 
the peptides studied is so small in 80% ethanol 
that the composition of the Solutions approaches 
closely those of the pure solvents.

I. Methods and Materials
Solubility has been determined by methods 

that have been described previously.7,8 Fresh
(5) McMeekin, Cohn and Weare, T h is  J o u r n a l , 57, 626 (1935).
(6) Fischer, Ber., 36, 2982 (1903).
(7) Cohn, McMeekin, Edsall and Weare, T h is  J o u r n a l , 66, 2270 

(1934).
(8) McMeekin, Cohn and Weare, ibid., 58, 2173 (1936).
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aliquots of solvent were repeatedly saturated 
with the solute. It was demonstrated that solu­
bility was independent of the amount of saturating 
body and the time of equilibration. The tem­
perature for these experiments was 25.00 =±= 0.05°.

Glycine and its peptides were prepared and 
purified by the methods that have been described 
previously.5,7 Lysylglutamic acid was prepared 
by the method of Bergmann, Zervas and Green­
stein.9

The hydantoic acids of glycine and of diglycine 
were the same preparations as were studied in the 
previous paper.8 The heptyl esters of the hy­
dantoic acids were prepared by the method de­
scribed by Fischer for the preparation of the 
ethyl esters of hydantoic acids.10

Hydantoic Acid Heptyl Ester.—The heptyl ester hydro­
chloride of glycine was dissolved in water and an equiva­
lent of potassium cyanate was added. On standing, the 
heptyl ester of hydantoic acid crystallized out. After re­
crystallizing from benzene, it melted a t 98-99°.

A nal .  Calcd. for CioH2o03N 2: N, 12.96. Found: N, 
12.80.

«-Aminocaproic Hydantoic Heptyl Ester («-Uramido- 
caproic Acid Heptyl Ester).—The substance melted at 
70-71°.

A n a l .  Calcd. for C1 4H 2 8 O3N 2 : N, 10.29. Found: N, 
10. 10.

Glycylglycine Hydantoic Acid Heptyl Ester (Uramido 
Glycylglycine Heptyl Ester).—The substance melted at 
123-125°.

A n a l .  Calcd. for Ci2 H 2 3 0 4N3: N, 15.39. Found: N, 
15.12.

II. Composition of Solvents
The three-component solvents employed in 

this investigation are most conveniently charac­
terized by first considering the ethanol-water 
mixture and then the changes in the properties of 
the ethanol-water mixture brought about by the 
neutral salt.

The densities of ethanol-water mixtures are re­
ported in the “International Critical Tables.” 
Over the range in the neighborhood of 80% eth­
anol, they are given by the relation

po' =* 0.85510 -  0.1672 ( N 2 -  0.5197) 
where 0.5197 is the mole fraction of ethanol, 
0.85510 the density of 80% ethanol and po' that 
of some other mixture of not very different mole 
fraction, N2.

The addition of sodium chloride to an 80% 
ethanol-water mixture increases its density. 
The weight of ethanol in such mixtures is 628.05

(9) Bergmann, Zervas and Greenstein, Ber., 65, 1692 (1932).
(10) Fischer, ibid., 35, 1095 (1902).

g. per liter. In a subsequent paper in this series, 
we shall compare the results when the ratio of the 
weight of water to alcohol is retained constant with 
those here reported in which the weight of water 
is diminished as the concentration of salt increases. 
Solubility in solvents defined in either way may 
be computed from both sets of measurements, 
and yield the same result. In many of the experi­
ments recorded in this paper, especially those with 
the peptides, it proved convenient to prepare the 
large volumes of solvent required by weighing the 
salt and ethanol into volumetric flasks, and then 
adding water to volume. All weights were cor­
rected for air buoyancy.

Concn. of 
NaCl,

Water g. 
per liter,

Density of 
solvent, P -  p o '°

Apparent 
molal volume 

of NaCl,a
C g- P C <ï>

0 . 0 0

.05
227.04
225.92

0.85510
.85690 0.0408 20.7

. 1 0 224.75 .85864 .0402 21.3

.15 223.52 .86033 .0398 2 1 . 8

.25 220.97 .86364 .0393 22.5
a The values of po' calculated from “International 

Critical Tables” for the weight per cent. of alcohol and 
water in the mixture were, respectively, 0.85486, 0.85462, 
0.85436, 0.85382.

Since dielectric constant measurements cannot 
be made in the presence of electrolytes, it remains 
an open question whether Solutions would be more 
nearly isodielectric where the volume occupied by 
the salt is considered to have the same properties 
as the water replaced, or whether the effect of the 
salt on the dielectric constant should be consid­
ered negligible.

III. Apparent Molal Volumes
When the apparent molal volumes of the so­

dium chloride in these solvents were at first cal­
culated, we questioned the results since they were 
so much higher than those in water, defined by 
Gucker11 by the equation

^NaCi — 16.28 -{- 2.22 \ / C

For this reason a 25-cc. pycnometer was con­
structed which was employed in most of the above 
measurements. The remaining density deter­
minations were carried out with 10-cc. pycnome- 
ters. The more accurate results confirm the 
order of those calculated from our routine den­
sity determinations, and indicate a higher ap­
parent molal volume in 80% ethanol than in 
water, although the reverse might have been ex-

(11) Gucker, Chem. Rev., 13, 111 (1933).
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pected as a result of increased electrostriction 
of the solvent. These measurements as well as 
those to be reported subsequently may tentatively 
be defined by the equation

feaci -  19.5 +  6 V C

Solubilities in these solvents of all of the pep­
tides are smaller than those of glycine, and the 
densities of the Solutions deviate appreciably 
therefore from those of the solvent only in the 
case of glycine and the hydantoic acids. The 
densities of these saturated Solutions are given in 
Table II and apparent molal volumes in 80% 
ethanol calculated.

Table II
A p p a r e n t  M olal V o lu m es  in  80% E thanol

Concn. of 
NaCl in 
solvent

Density of 
solvent solution

Soly., g. 
per liter

Apparent 
molal vol., 

*
Glycine

0.05 0.85690 0.85801 2.34 46.0
.15 .86033 .86175 3.00 46.0
.25 .86464 .86537 3.73 46.6

Hydantoic acid
.05 .85690 .86392 15.42 74.9
.15 .86035 .86823 16.44 71.5
.25 .86364 .87145 17.09 74.4

a-Aminocaproic hydantoic acid
.05 .85690 .86148 15.52 143.4
.15 .86035 .86500 16.24 144.2
.25 .86364 .86831 16.83 145.8

IV. Solubility Measurements
The solubilities in the various solvents are re­

ported in Table III, as well as the ratio of solu­
bility, expressed as mole fraction, in systems con­
taining salt to that in the salt-free ethanol-water 
mixtures. The results would be essentially the 
same if the solubility ratios were calculated as 
volume concentrations, S /S ', since the very large 
medium effects considered in the previous Com­
munications7,0,8 are retained as nearly constant 
as possible in this study in which we are concerned 
only with the influence of salts upon amino acids, 
peptides and their derivatives.

The logarithm of the solubility ratio is plotted 
as ordinate in Fig. 1 and the concentration of 
sodium chloride as abscissa. The curves appear 
to belong to the same family and reveal effects of 
two kinds. In the first place the longer the pep­
tide the greater the solvent action of the neutral 
salt. In the second place the larger the peptide 
the more this solvent action diminishes with in­
creasing salt concentration. The solvent action 
of sodium chloride upon the hydantoic acids

T a b l e  I II
I n f l u e n c e  of NaCl u po n  t h e  S o l u bil it y  of G l y c in e , 
P e p t id e s  a n d  H ydantoic  A cids in  80% E t h a n o l  a t  25°
Concn.

of
NaCl,

C

,--------- Solubility-------Logarithm
Moles Mole of soly. 

per liter, fraction, ratio, 
(Do/D)C S N  log N /N '

(D/Do)
log

(N /N ')
Hydantoic acid

0.00 0.126 0.00485
.05 0.110 .131 .00511 0.0227 0.0103
.15 .330 .139 .00538 .0451 .0205
.25 .550 .145 .00561 .0633 .0288

Hydantoic acid of ce-aminocaproic acid
.00 .0867 .00337
.05 .110 .0891 .00346 .0115 .0052
.15 .330 .0933 .00364 .0335 .0152
.25 .550 .0966 .00378 .0499 .0227

Hydantoic acid of diglycine
.00 .0220 .00084
.05 .110 .0247 .00945 .0506 .0230
.15 .330 .0269 .00103 .0880 .0400
.25 .550 .0294 .00113 .128 .0584

Glycine 8 — 22.6
.00 .0267 .00102
.05 .107 .0312 .00119 .0682 .0316
.10“ .213 .0361“ .00138 .123 .0576
.15 .321 .0400 .00153 .177 .0824
.25 .532 .0497 .00190 .272 .127

Diglycine 8 =  70.6
.00 .00374 .000143
.05 .109 .00500 .000191 .126 .0579
.10 .217 .00650 .000248 .236 .109
.15 .325 .00780 .000298 .319 .147
.25 .539 .01060 .000406 .454 .211

Triglycine 8 — 113.3
.00 .000608 .0000231
.05 .110 .000899 .0000343 .171 .0780
.10 .219 .00129 .0000492 .328 .150
.15 .328 .00180 .0000687 .473 .216
.25 .545 .00278 .000106 .661 .303

Lysylglutamic acid 5 — 345
.00 .0000778 .00000296
.05 .110 .000137 .00000522 .247 .113
.10 .219 .000210 .00000801 .433 .197
.15 .329 .000288 .0000110 .570 .260
.25 .547 .000531 .0000203 .837 .383
“ Calculated.

studied is far smaller than that upon these di­
polar ions. It is greatest for the hydantoic acid 
of diglycine, which has two peptide linkages, and 
smallest for the hydantoic acid of a-aminoca­
proic acid which contains a larger number of non- 
polar CH2 groups.

Hydantoic acid contains one less CH2 group 
than diglycine and the hydantoic acid of diglycine 
one less CH2 group than triglycine. Additional 
CHg groups might be expected to decrease slightly
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the solvent action of neutral salts. The far 
greater influence of sodium chloride upon the 
peptides may be ascribed, therefore, to their di­
polar ion structure.

Fig. 1.—Solubility in 80% ethanol con­
taining NaCl of 1, lysylglutamic acid; 2 , tr i­
glycine; 3, diglycine; 4, glycine; 5, diglycyl 
hydantoic acid; 6, hydantoic acid; 7, a  - 
aminocaproic hydantoic acid.

The logarithm of the activity coëfficiënt varies 
as the reciprocal of the second power of the dielec­
tric constant in Debye’s theory. The dielectric 
constant of 80% ethanol is 35.72 and of water
78.54 at 25°.12 The logarithm of the solubility 
ratio is therefore multiplied by D/D0 in the last 
column of Table III. The concentration of salt, 
multiplied by D0/D, given in the second column 
yields a quantity proportional to k2 in Debye’s 
theory. The dielectric constants of the solvents 
are corrected in this calculation for the influence 
of glycine and the peptides. The values of 6 
tentatively adopted are those for water. The 
only amino acid sufficiently soluble to be studied 
thus far in 80% ethanol, a-aminobutyrie acid, 
has a value of 24.0 in this solvent as compared 
with 23.5 in water.13 Although the dielectric con­
stant increments, <5, also given in Table I I I14 are 
greater the longer the peptide, the solubility of

(12) Wyman, T h i s J o u r n a l , 53, 3292 (1931).
(13) Wyman, ibid., 56, 536 (1934).
(14) Wyman and McMeekin, ibid., 55, 908 (1933).

all the peptides studied is so small in these sol­
vents that the correction is appreciable only in 
the case of glycine. Correction for difference in 
volume between solvent and solution is negligible 
in 80% ethanol, though not in the lower ethanol- 
water mixtures subsequently to be reported. In 
order to facilitate comparison the hydantoic 
acids are also multiplied by the dielectric constant 
ratio of the solvent. Their own contributions to 
the dielectric constant of Solutions is still in doubt.

Although it is certain that the longer peptides 
have the greater dipole moments, no satisfaetory 
method is available for estimating the moments 
of dipolar ions. In a recent discussion of the 
problem two approximations were compared.15 
In the one, the molecules are considered extended 
in solution, as in the solid state, and the incre­
ment in the distance separating successive pep­
tides taken as 3.5 Ä. Structural considerations 
suggest that the dipole distance of glycine lies 
between 3 and 3.3 Ä. The intermediate value 
of 3.17 Ä. estimated by Kirkwood2 from our solu­
bility studies may be tentatively adopted. The 
ratio [(D/Dq) log N /N ']/R ', where R f represents 
the dipole distance estimated in this way, is calcu­
lated in Table IV. This ratio is plotted against 
(D0/D)C in Fig. 2. The agreement at low con­
centrations of salt indicates that the logarithms of 
the activity coefficients of amino acids and peptides 
are, as a first approximation, proportional to their 
dipole moments. At higher concentrations the in­
fluence of the larger molecules in diminishing their 
activity coefficients is reflected by the greater cur- 
vatures in Fig. 2.

T a b l e  IV
I n fl u e n c e  of t h e  M om ents of  D ipolar  I on s  on  T h e ir

A ctiv ity  C o ë ff ic ië n t
Concn. 

of NaCl Glycine Diglycine Triglycine
Lysylglutami!

acid

[(2?/D„) log N / N ’] / K

0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0
.05 .0 1 0 0 .0105 .0111 .0092
.1 0 .0182 .0197 .0214 .0161
.15 .0260 .0267 .0308 .0212
.25 .0402 .0383 .0432 .0312

[ (D /D o)  log N / N ’ \ /R '

.0 0 .0 0 .0 0 .00 .0 0

.05 .0 1 0 0 .0087 .0077 .0063

.1 0 .0182 .0163 .0147 .0111

.15 .0260 .02 2 1 .0213 .0147

.25 .0402 .0316 .0298 .0216

(15) Cohn, “Annual Review of Biochemistry,” Vol. IV, Stanford 
University, California, 1935, p. 93.
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The dipole distances of lysylglutamic acid have 
been estimated from structural considerations by 
Greenstein, Wyman and Cohn.16 The longest 
dipole is 14.23 Ä. The shorter dipole, which has 
the same configuration as glycylglycine, has a 
length in the direction of the chain of 3.5 Ä. The 
logarithm of the solubility ratio divided by the 
vector sum, 17.73 Ä., also is plotted in Fig. 2.

These estimates of R ' may be considered maxi­
mal. Presumably there is at least some bending 
around the free bonds in these molecules, result­
ing in smaller dipole moments than those esti­
mated from structural considerations. As a 
lower limit we may tentatively adopt the square 
root rule proposed by Wemer Kuhn17 for very 
long hydrocarbon chains. Assuming again the 
dipole distance of glycine to be 3.17 Ä. and that 
of the peptides to increase as the square root of 
their dielectric constant increments, values of R  
have been calculated for these peptides.15 The 
ratio [(D/Dq) log N /N '] /R  is also given in Table
IV.

The results in Fig. 2 and Table IV suggest that 
in dilute solution, as a first approximation, the 
logarithms of the activity coefficients of dipolar 
ions increase as the concentration of the salt, and 
the dipole distance, R  or R', of the peptides. The 
limiting slopes [(D/D0) log N /N ']/(D 0/D)C are 
0.30 to 0.32 for glycine, 0.57 to 0.59 for diglycine, 
0.75 to 0.80 for triglycine and 1.12 to 1.2 for lysyl­
glutamic acid. These slopes will be proportional 
to the first term of any equation for the change in 
free energy of dipolar ions with change in ionic 
strength. They are approximately one-tenth the 
dipole distances estimated as proportional to the 
square root of dielectric constant increments and 
taken as 3.17 for glycine and 12.25 for lysylglu­
tamic acid.

Kirkwood has developed an equation for this 
effect for spherical molecules and applied it to 
glycine.2 The first term for this equation is 
0.125 R 2/a, where a is the sum of the radii of ion 
and dipolar ion. The peptides that have now 
been studied cannot be considered spherical. 
Rather they are cylindrical or ellipsoidal, depend­
ing on whether they are stretched or somewhat 
constricted in solution as a result of rotation 
around free bonds. Kirkwood has now calcu­
lated the effect for an elliptical model18 and finds

(16) Greenstein, Wyman and Cohn, T h is  J o u r n a l , 57, 637 (1935).
(17) Kuhn and Martin, Ber., 67, 1526 (1934).
(18) Personal communication. These results will be recalculated 

by Kirkwood in terms of this equation in another place.

that under these circumstances the first term in 
the free energy equation is proportional to R, as 
indicated by these experiments.

Fig. 2.—Solubility ratios of amino acids and 
peptides in 80% ethanol, containing sodium 
chloride, divided by their dipole distances as 
estimated by structural considerations: 1, gly­
cine; 2, diglycine; 3, triglycine; 4, lysylglu­
tamic acid.

The dipole moments of dipolar ions may be 
estimated by multiplying these distances by the 
charge on the electron. On this basis the moment 
of glycine is 15 X 10“18 e. s. u., and tha t of di­
glycine between 26 and 32 X 10 ~18 e. s. u. These 
moments are far greater than those due to the 
polar groups of these molecules. The moment of 
the ethyl ester of glycine, and those of other a- 
amino acids have been studied in benzene by Wy­
man and McMeekin19 and estimated to be 2.1 X 
10~18 e. s. u. That of the ethyl ester of diglycine 
they estimated to be 3.2 X 10~18 e. s. u.

Hydantoic acids terminate in NH2 and COOH 
groups. That is to say, their structure is tha t 
dassically ascribed to amino acids before the 
studies of Adams and of Bjerrum. With the ex­
ception of the movement of a proton, hydantoic 
acid differs from diglycine by possessing one less 
CH2 group. The ester of hydantoic acid and of 
hydantoic a-aminocaproic acid might therefore

(19) Wyman and McMeekin, T h is  J o u r n a l , 55, 9 1 5  (1 9 3 3 ) .
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be expected to have moments dose to that of di­
glycine. Their heptyl esters have therefore been 
prepared and measured in benzene and found to 
have moments of 3.6 and 3.5 X 10~18 e. s. u., re­
spectively.20 The moments of these larger mole­
cules in benzene fall off rapidly with concentration. 
They suggest a value of 1.4 or 1.5 X 10"18 e. s. u. 
for the peptide linkage, whereas the dipole mo­
ment of the amide group has been estimated to be 
3.221 in the gaseous state and 3.6 to 3.8 in non- 
polar solvents.22,23 The solvent action of neutral 
salts upon the hydantoic acids studied also sug­
gests higher moments than are indicated by the 
measurements in benzene.

The moments of the esters of amino acids, pep­
tides and of their hydantoic acids are, however, 
small in comparison with the superimposed ef­
fects due to dipolar ionization, and it is for the 
most part the latter which are responsible for the 
very large activity coefficients of peptides in salt 
Solutions in regions of low dielectric constant. In 
regions of high dielectric constants, where the 
solubilities of amino acids and peptides are rela-

(20) We are indebted to Dr. Wyman for making these measure­
ments.

(21) Zahn, Trans. Faraday Soc., 30, 804 (1934).
(22) Devoto, Gazz. chim. ital., 63, 491 (1933).
(23) Kumler and Porter, T h is  J o u r n a l , 56, 2549 (1934).

tively high, the same contributions of Coulomb 
forces to activity coefficients presumably obtain, 
but are there supplemented by forces other than 
those due to the purely electrostatic interaction 
of ions and dipolar ions.

Summary

1. The interaction between ions and dipolar 
ions has been studied in regions of low dielectric 
constant in order to estimate the electrostatic 
forces involved.

2. Solutions of sodium chloride in 80% ethanol 
at 25° were employed as solvents, and glycine, 
diglycine, triglycine and the tetrapole lysylglu­
tamic acid as solutes.

3. Hydantoic acids prepared from glycine and 
diglycine were studied in the same solvents in 
order to estimate what proportion of the effect 
was due to the dipolar ion structure of amino 
acids and peptides and what to the polar groups 
of these molecules.

4. The solvent action of neutral salts upon 
amino acids and peptides in dilute solution ap­
pears, as a first approximation, to be a function of 
their dipole moments.
B o ston , M a s s . R e c e iv e d  A u g u st  8 , 1936

[C o n t r ib u t io n  from  t h e  D e pa r tm en t  of P hysical  C h e m ist r y , H arv a rd  M ed ic a l  S chool]

Studies in the Physical Chemistry of the Proteins. XIII. The Solvent Action of 
Sodium Chloride on Egg Albumin in 25% Ethanol at —5°

B y  R ona ld  M . F e r r y , E d w in  J. C o h n  a n d  E t h e l  S. N ew m a n

Introduction.—The relation of the properties 
of amino acids and peptides to their Chemical 
structure, and to the number and distribution 
of the electrostatic charges which they bear, has 
been considered in recent investigations.1-3 Even 
when they have no net charge, these molecules, by 
virtue of their dissociated ammonium and car­
boxyl groups, have large electric moments and con- 
tribute markedly to the dielectric constants of their 
aqueous Solutions, thereby diminishing electro­
static forces. The solubility of these dipolar 
ions diminishes, however, with diminution of the 
dielectric constant of the solvent, and under these 
conditions the properties of the Solutions ap-

(1) Cohn, Naturwissenschaften, 20, 663 (1932).
(2) Kirkwood, J. Chem. Phys., 2, 351 (1934).
(3) Cohn, McMeekin, Greenstein and Weare, T his Jo urn al , 58, 

2365  (1936).

proach those of the pure solvents, and the effects of 
electrostatic forces are more readily observed.

It is of interest to extend these investigations to 
more complex dipolar and multipolar ions.4 
We have, accordingly, studied the solubility of 
isoelectric egg albumin in 25% ethanol-water 
mixtures at —5°. Egg albumin is a well-defined, 
easily purified, protein. lts molecules are roughly 
spherical with a radius of about 22 Ä.5 Early 
estimates revealed twenty-seven dissociable acids 
and the same number of dissociable basic groups,6 
whereas a recent study suggests a slightly higher 
number of dissociable groups.7 Albumins are de-

(4) Such amino acids as cystine, such peptides as lysylglutamic 
acid, and all proteins are in reality multipoles. None the less they 
have an effective resultant dipole moment.

(5) Svedberg, Kolloid Z„ 51, 10 (1930).
(6) Cohn, Physiol. Rev., 5, 349 (1925).
(7) Cannan, Biochem. J ., 30, 227 (1936).
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fined as proteins “soluble in pure water and coagu- 
lable by heat.” Aqueous Solutions containing 
40% of egg albumin are readily prepared, but in 
the experiments reported in 25% ethanol the solu­
bility of egg albumin was only 0.13 g. per liter, and 
neutral salts increased its solubility many fold, as 
they do with globulins in aqueous solution.

Although knowledge of their Chemical structure 
is incomplete, it appears possible from this study 
and those subsequently to be reported that pro­
teins may be completely characterized in terms of 
their size, shape, the length of their paraffin side 
chains, and the number and distribution of their 
polar, and especially of their charged, groups.

Methods and Materials.—The egg albumin used in these 
experiments was crystallized five times from ammonium 
sulfate Solutions according to the procedure described by 
S0rensen.8 Subsequently it was dialyzed in cellophane 
membranes against distilled water until the dialysate gave 
a negative sulfate test. In our early experiments it was 
then concentrated in negative pressure dialyzers8 and dialy- 
sis continued until heat coagulated albumin yielded no 
sulfate or chloride to large volumes of hot water, even after 
its concentration from a volume of about 300 to 1-2 cc.

Our early experiments suggested that the saturating 
body contained tracés of protein salt as well as uncombined 
isoelectric protein. Electrodialysis was therefore also 
used. The material obtained after dialysis in cellophane 
membranes was placed in a Pauli electrodialysis apparatus 
with a potential of 110 volts between electrodes. The 
contents of the cell were stirred at intervals, and dialysis 
continued against conductivity water, until the current 
passing through the cell became constant. A very small 
amount of insoluble material often appeared during this 
process and was filtered off. The soluble material was 
readily crystallizable.

After electrodialysis the egg albumin was concentrated in 
negative pressure dialyzers as before, where it reached a 
concentration of about 40% by weight. I t was next dried 
according to the method of Adair9 a t about 2° in a vacuum 
over phosphorus pentoxide. The dry material was ground 
to a fine powder in a porcelain mortar and stored in vac­
uum desiccators over phosphorus pentoxide. I t  was 
readily soluble and crystallizable from ammonium sulfate 
Solutions. Of the crystal forms figured by S0rensen and 
Hoyrup10 the rhombic plates, rather than the needles, were 
most often observed.

The solvents employed were made up to contain 25% 
ethanol by volume at 20° and varying amounts of c. p . 
sodium chloride. The systems containing most salt there­
fore contained slightly less water. I t may ultimately be 
desirable to calculate solubilities in systems having the 
same ethanol-water composition.3

The thermostat employed was maintained a t — 5 =*= 
0.05°, and contained kerosene. Weighed amounts of dry 
powdered egg albumin were placed in double stoppered

(8) Sjzfrensen, Compt. rend. trav. lab. Carlsberg, 12, 1 (1917).
(9) Adair, J. Physiol., 72, 2P (1931).
(10) S^rensen and Hoyrup, Compt. rend. trav. lab. Carlsberg, 12, 

164 (1917).

Pyrex centrifuge bottles. One of these is shown in Fig. 1. 
These were placed in a holder in the bath and completely 
filled with solvent which already had been cooled to  —5°. 
The outer caps (B) were well greased, but not the inner 
ground glass stoppers (A). The bottles were slowly ro­
tated in a horizontal position until equilibrium was a t­
tained.

Fig. 1.—A, ground glass stopper; B, outer ground cap; 
C, springs; D, Pyrex bottle; 1, sintered filter; 2, yoke to  
hold stopper; 3, rubber stopper; 4, weighing bottle.

Although ninety hours of rotation apparently sufficed for 
Saturation, rotation was continued for five to seven days. 
At the end of this time, rotation was stopped, the bottles 
were placed in a vertical position, and undissolved egg al- 
butnin allowed to settle. Sintered Jena glass filters (poros- 
ity G  4)—previously cooled to  —5°—were then introduced 
into the equilibrium bottles without removing the la tter 
from the bath (see Fig. 1). The supernatant fluid was 
filtered under 15 lb. (1 atm.) pressure of nitrogen gas into 
glass-stoppered weighing bottles, and the content of pro­
tein in the weighed sample determined.

After removing the supernatant fluid as completely as 
possible from the equilibrium bottles, they were again 
filled with solvent a t —5° and again equilibrated. Equi­
librium was always approached by the Saturation of sol­
vents, the Operation often being repeated as many as 
twelve times with a single sample of egg albumin. Even 
at the end of months of rotation in the therm ostat by far 
the greater part of the undissolved material remained 
soluble and crystallizable. The small amount of dena- 
tured protein had no marked influence on these experi­
ments. The solubility óf egg albumin, denatured in 25%  
ethanol a t room temperature, did not exceed 0.004 g. for 
1000 g. solution under the conditions of our experiments, a 
quantity small in comparison with the solubilities here re­
ported. Moreover, under these conditions, no solvent 
action of salt on the denatured egg albumin was detected.

Two different analytic procedures were employed. In  
case the solvent contained no salt, egg albumin was esti­
mated gravimetrically. Weighed aliquots were dried to 
constant weight in an oven a t 95°.

In the case of Solutions containing salt the alcohol was 
first evaporated. A few cubic centimeters of acetate 
buffer of p H  4.85 and about 0.5 g. of potassium sulfate were



2372 Ronald M . Ferry, Edwin J . Cohn and Ethel S. N ewman Vol. 58

then added in order to ensure complete coagulation of the 
protein over the steam-bath. The coagulated protein was 
transferred quantitatively to weighed sintered glass cru­
cibles, of porosity G4, and washed until the filtrate gave a 
negative sulfate test. The crucibles and contents were 
dried to constant weight a t 95°. The results obtained ac- 
corded satisfactorily with those based on Kjeldahl nitrogen 
analysis. Aliquots containing from 0.02 to 0.6 g. of dry 
protein were analyzed. Duplicate analyses accord within 
0.3 to 0.4 mg. The errors due to change in weight of cru­
cibles and losses in transfer did not exceed 0.5 mg., or at 
most 3%. Other factors not so well defined, such as 
Variation in p H ,  presence of tracés of protein salt, etc., gave 
rise to larger discrepancies and will be discussed subse­
quently. . Change in the apparent dissociation constants of 
buffer acids in alcohol rendered their use undesirable as 
solvents in these investigations. The p H  of each solution 
was, however, colorimetrically estimated a t room tempera­
ture against Standard buffers—0.05 N  in acetate—in 25% 
ethanol.11 The apparent isoelectric point of egg albumin 
in 25% ethanol is presumably increased by something less 
than one p H  unit, the estimated values being more acid the 
larger the concentration of salt and protein in the systems.

Solubility Measurements.—The solubility of the first 
preparation studied diminished with each successive equili­
bration with solvent. An experiment of this kind is re­
ported in Table I. Often more than a month would 
elapse until solubility became constant in successive sol­
vents. Since the saturating body always contained egg 
albumin, which was both soluble and crystallizable, the 
slow diminution in solubility was believed to be due to the 
washing out of a more soluble impurity, and not to denatu- 
ration of the protein. Accordingly electrodialysis was re- 
sorted to in order to reduce the conductivity of the prepa­
rations as far as possible, even a t the risk of denaturating 
some of the egg albumin. The electrodialyzed material

T a b l e  I
C o m pa r iso n  of D ia l y z ed  a n d  E lectrodialyzed  E gg 
A l b u m in  i n  25% E t h a n o l  C o n t a in in g  0.005 N  NaCl

at —5°

generally exhibited constant solubility, as is indicated by 
the experiment reported in Table I. Thus prepared egg 
albumin had from the beginning the same solubility as was 
ultimately reached by the earlier preparation.

In Table II are reported solubility measure­
ments upon four e g g  albumin preparations, the 
last of which, on which most measurements were

T a b l e  I I
T h e  I n f l u e n c e  of NaCl o n  t h e  S o l u bil it y  of  E gg 

A l b u m in  in  25% E thanol  a t  — 5°
Concn. of

NaCl /--------------- Egg Albumin Preparation-------- -------s
moles/liter CVB CVA CVB2 CVIa Average 

Solubility: g. per 1000 g. of solvent
0.0 0.119 

. 129 

.118

0.109
.147
.112
.148

0.151
.123
.114
.128
.138
.149
.109

(.063)
.110

.00505

.0101

.0202

166 .174 .157
175 .146 .173
165 (210) .157

.150 .175

.151 .151
.174

(.125)
224 .200 .203
222 .153 .199
222 (.128) (.324)

.194 .225

.221 .176
.292
.293
.244
.223

0.13

.16

.20

Hours of Estimated Soly., .243
equilibration i>H g./1000 g. soln. .233 .26

Preparation CVB .0505 0.527 . 569 (.649)
89 5.63 0.358 .504 .523 .519
93 5.69 .269 .497 (.684)

112 5.75 .234 .509
212 5.80 .209 (.632)
259 5.87 .228 .556
162 5.67 .268 .535
498 5.70 .253 .461 .52
185 5.74 .166 .101 1.32
233 5.74 .175 1.04
282 5.72 .165 1.20

Preparation CVI, electrodialyzed 1.28 1.2
138 5.68 0.157 .201 4.11
210 5.90 .173 4.10 4.1
191 5.86 .157 3co 18.5
209 5.86 .175 18.2 18.4
188 5.84 .151 .489 38.9254 .174 43.8 41.4

(11) Michaelis and Mizutani, Z. physik. Chem., 116, 135 (1925). a Electrodialyzed.
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made, was electrodialyzed. In the case of the 
earlier series in which non-electrodialyzed mate­
rial was used we have tabulated only those values 
which indicated that a reasonably constant solu­
bility had been attained. In later experiments 
with electrodialyzed material at low salt concen­
trations a few points, which were clearly discor- 
dant, are given in parentheses and not included in 
the averages* These were probably due to tem­
porary failure in the thermoregulator, a source of 
trouble only recently overcome by removing the 
relay from the cold room. At the highest salt 
concentrations only the first value for solubility 
is given, since at such high solubilities it was diffi­
cult to provide sufficiënt saturating body for re­
peated equilibration.

The deviations are far greater than in most 
studies from the laboratory, because of the diffi­
culty of achieving equilibrium and of Controlling 
small deviations in pH and in alcohol concentra­
tion. None the less, because of the very large 
solvent action at low sodium chloride concentra­
tions, these determinations yield a very satisfac- 
tory estimate of the influence of salt on the solu­
bility of egg albumin. Average values of solu­
bility, expressed as grams per 1000 g. of solution, 
are given in the last column of Table II. Taking 
the density of the solvents as given by the ap­
proximate relation

p =  0.9761 +  0.043 C

and the apparent specific volume of egg albumin 
as 0.7512 and its molecular weight as 34,000, its 
solubility has been computed as moles per liter 
at —5° and mole fraction in Table III.

T a b le  I I I
T he Influence o f  NaCl on the S olubility of E gg 

Albumin  in  25%  E thanol at —5°
Soly. of egg aibumin

Concn. 
of NaCl 

C
(Dq/D )C

- 5 °
m

at 20° C.

Moles 
X ÏO» 

per liter

Mole 
fraction 
N  X 10*

(D/Do)
log

N /N '
0 .0 0 .0 0 5 .9 0 .3 7 4 0.788 0 .0 0

.00505 .0058 5 .8 .460 .969 .08

.0101 .0116 5 .7 .573 1.21 .16

.0202 .0231 .745 1 .57 .26

.0505 .0578 5 .6 1 .4 9 3 .1 5 .53

.101 .116 5 .5 3 .4 4 7 .2 6 .84

.201 .230 5 .4 11 .9 2 5 .3 1.31

.349 .399 5 .3 5 3 .7 115.0 1.89

.489 .559 5 .3 122 .0 2 6 6 .0 2.21

Results.—The influence of neutral salts on 
each other increases with the square root of the 
ionic strength of the solvent, and with the va-

(12) Svedberg and Niehols, T h is  J o u r n a l , 48, 3081 (1926).

lence type of the salt.13,14 A tenth molal solution 
of potassium nitrate increases the solubility of 
thallous chloride approximately 20%,15 of barium 
iodate 80%.16 The solubility of luteo-hexacyano- 
cobaltiate, a tri-trivalent electrolyte studied by 
Brönsted and Peterson,17 is increased over nine- 
fold by 0.1 mole of potassium chloride. Only an 
electrolyte of such high valence type approxi- 
mates the behavior of proteins18 at finite concen­
tration.

The influence of neutral salts upon dipolar ions 
is not identical with that upon ions* Dipolar 
ions in the isoelectric condition have no net charge. 
In an extension of Debye’s theory to the interac­
tion between ions and dipolar ions, Scatchard and 
Kirkwood19 have shown that the first term in the 
equation for the logarithm of the solubility ratio 
is proportional to the ionic strength, and not to its 
square root. The results upon egg albumin re­
ported here are consistent with this prediction.

Fig. 2.—The influence of NaCl on 
the solubility of egg albumin in 25%  
ethanol a t —5°.

In Fig. 2 the logarithm of the solubility is plotted 
against the square root of the concentration of

(13) Debye and Hückel, Physik. Z., 24, 185 (1923).
(14) Debye, ibid., 25, 97 (1924).
(15) Bray and Winninghoff, T h is  J o u r n a l , 33, 1663 (1911).
(16) Harkins and Winninghoff, ibid., 33, 1827 (1911).
(17) Brönsted and Peterson, ibid., 43, 2265 (1921).
(18) Cohn and Prentiss, J. Gen. Physiol., 8, 619 (1927).
(19) Scatchard and Kirkwood, Physik. Z . , 33, 297 (1932).
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sodium chloride. The logarithm of solubility 
does not appear to be proportional to \ /C  when 
the latter is less than 0.1. In high concentrations 
of salt, where Debye’s law for ions would not be 
expected to hold, however, the points so plotted 
apparently fall on a straight line as noted in an 
earlier study.18

Cystine, a tetrapole, is the least soluble of the 
naturally occurring amino acids. Its solubility 
also demonstrates that the logarithm of the ac­
tivity coëfficiënt is not linear in the square root, 
but is a function of the concentration (see Fig. 2, 
ref. 20).20 Although the solubility of cystine is 
only increased 10% by 0.1 mole of sodium chlo­
ride, the same concentration of salt increases the 
solubility of egg albumin almost ten-fold.

0.0 0.2 0.4 0.6
CD o / D ) C

Fig. 3.—Solvent action of NaCl on: (1) 
glycine; (2) diglycine; (3) triglycine; (4) 
lysylglutamic acid and (5) egg albumin.

Many amino acids and peptides are so soluble 
in water, and increase the dielectric constant of 
the Solutions to such an extent that electrostatic 
forces due to the interaction between ions and di­
polar ions cannot be studied in this medium. 
They have accordingly been studied in alcohol- 
water mixtures in which their solubility was re-

(20) Cohn, “Annual Review of Biochemistry,” Vol. IV, Stanford 
University, California, 1935, p. 93.

duced and electrostatic forces due to this inter­
action increased. Under these circumstances it 
has been demonstrated for glycine that as a first 
approximation the logarithms of the solubility 
ratio increase as the second power of the recipro­
cal of the dielectric constant, as demanded if the 
effect is due primarily to Coulomb forces. Meas­
urements made in from 60 to 95% ethanol, and 
plotted with (D/Dq) log N/No as ordinate, and 
(Do/D)r2—a quantity proportional to k2 in De­
bye’s equation—as abscissa, fall on the same 
curve.1,2

The measurements on egg albumin in 25% 
ethanol are plotted in this manner in Fig. 3. This 
method of plotting has the advantage that it pre­
sumably yields that part of the activity coëfficiënt 
due to Coulomb forces that also obtain in aqueous 
solution. The dielectric constant of 25% ethanol 
at —5°, obtained by interpolation from Wyman’s 
data,21 is taken as 78.6. That of water at —5° 
was estimated by Wyman by extrapolation to be
90.0.21 Accordingly the value 0.874 for D/D0 has 
been employed tentatively in our calculations 
without any correction for the influence of salt 
or of egg albumin on the dielectric constant. It 
is conceivable that measurements upon egg albu­
min at still lower dielectric constant would reveal 
even greater changes in solubility with change in 
ionic strength, and that the maximum slope has 
not been attained even in 25% ethanol at —5°. 
The solubility of egg albumin falls off so rapidly 
with further decrease in dielectric constant, how­
ever, that the accuracy of the measurements 
would be still further reduced, and it seemed 
preferable therefore to study another protein, 
hemoglobin, in a series of alcohol-water mixtures. 
This study will be reported subsequently.

The curve for egg albumin is compared in Fig. 3 
with that of the peptides of glycine and with the 
tetrapole lysylglutamic acid that has been studied 
in 80% ethanol at 25°.3 The solvent action of 
neutral salts on these molecules is in the order of 
their influence on the dielectric constant of Solu­
tions, and presumably of their electric moments. 
The shapes of the curves suggest that the general 
phenomenon is the same for amino acids, pep­
tides and proteins, and the far greater influence 
of salts upon the latter suggests that they have 
far greater dipolar and multipolar moments. 
Their size is also far greater and this presumably 
accounts for the very rapid falling off of protein

(21) W ym an , T h is  J o u r n a l , 53, 3292 (1931).
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solubility curves from their limiting slopes with 
increase in salt concentration.

This phenomenon is more readily analyzed if we 
plot some function of change in solubility with 
change in concentration against some function of 
concentration. This has been done in Fig. 4. 
The forces which lead to the salting out of pro­
teins are clearly manifest even in dilute Solutions 
of protein and salt at low temperature. Whereas 
the measurements upon glycine fall on an essen­
tially straight line, when plotted as in Fig. 4, and 
those upon lysylglutamic acid show some curva­
ture; the curvature in the case of egg albumin is 
far greater.

There is no uncertainty in determining the 
limiting slope of glycine to be 0.30 to 0.32 by this 
method, or of lysylglutamic acid to be 1.1 to 1.2. 
The estimate for egg albumin, however, is not 
independent of the method of extrapolation. 
The average values of (D/Dq) log N /N ' in Table 
III appear to be linear in (D0/D)C for values of 
the latter less than 0.02, and to yield 14 for the 
limiting slope.

The study of peptides3 led to the conclusion 
“that, as a first approximation, the logarithms of 
the activity coefficients of dipolar ions increase as 
the concentration of the salt, and the dipole dis­
tance.” Assuming the same rule to hold for egg 
albumin, and the dipole distance, R , of glycine2 to 
be 3.17, would yield 140 Ä. The peptides studied 
were, however, roughly rod shaped, whereas 
glycine and egg albumin are roughly spherical. 
Kirkwood has developed a theoretical equation 
for the activity coefficients of dipolar ions con­
sidered as spheres,2 the first term of which gives 
the limiting slope for a single dipole as proportional 
to R 2/a. For egg albumin a, the sum of the radii 
of the protein and salt, may be taken as 23 Ä. On 
this basis R would be 52 Ä. or only slightly greater 
than the diameter of the molecule. Although the 
large number of charges involved precludes a 
unique solution of the distribution of the charges 
on the surface of the vast protein molecule, a pre­
liminary study22 suggests that egg albumin should 
not be treated as a single dipole, but that the 
quadropole and octopole moments dominate the 
interaction with salts.

The influence of dipolar ions on the dielectric 
constant of Solutions may also be considered, as a

(22) Kirkwood, personal communication. The analysis of these 
results in terms of this theory will be presented elsewhere.

first approximation, a function of the electric 
moment, presumably of its second power.23 In 
the case of peptides, plotting the limiting slope 
against the square root of the dielectric constant 
increment, 8, yields a roughly linear relationship.3 
Errera24 reports dielectric 
constants from which val­
ues of 8 can be calculated 
of 10,000 and Shutt25 of 
4000. Assuming 8 pro­
portional to 2.3 R 2,20
yields values of R  of 42 Ä. 
and 66 Ä. on the basis, re­
spectively, of Shutt’s and 
Errera’s dielectric con­
stant measurements. This 
result is in as good agree­
ment as can be expected 
with the value 52 Ä. on 
the basis of our solubility 
studies and the first term 
of Kirkwood’s equation.
There is thus little doubt 
that it is the distribution 
of charges and the effec­
tive electrical moments of 
the molecule that deter­
mine both its influence on 
the dielectric constant of 
interaction with ions and other dipolar ions.

Summary

1. The solubility of egg albumin has been 
studied in 25% ethanol at —5°. Under these 
conditions denaturation was slight and the solu­
bility of the albumin so low, 3.7 X 10~6 mole 
per liter, that its contribution to the dielectric 
constant of the solution was neglected.

2. Neutral salts increased the solubility of 
egg albumin under these conditions much as they 
do the solubility of globulins in water.

3. The solvent action of the neutral salt has 
been considered a measure of the electrostatic 
forces between the ions and the protein and com­
pared with the comparable forces between ions, 
amino acids and peptides.
B q sto n , M a s s . R e c e iv e d  A u g u s t  8 , 1936

(23) Wyman, T h is  J o u r n a l , 56, 536 (1934).
(24) Errera, J. Chim. Phys., 29, 577 (1932).
(25) Shutt, Trans. Faraday Soc.t 30, 893 (1934).

0 0.2 0.4 0.6
(Dq/D)C.

Fig. 4.—Diminution of 
solvent action of NaCl 
with increase in concen­
tration upon: (1) glycine;
(2) lysylglutamic acid;
(3) egg albumin.

Solutions and on the
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The Synthesis of 1,2-Benzanthracene Derivatives Related to Cholanthrene

B y  L o u i s  F .  F i e s e r  a n d  M e l v i n  S. N e w m a n 1

Of the various hydrocarbons known to possess 
cancer-producing properties, the most potent are 
methylcholanthrene and cholanthrene (I).2 In 
the regularity and rapidity with which they pro­
duce tumors in experimental mice these substances 
so far outshadow all of the many other deriva­
tives of 1,2-benzanthracene thus far investigated 
(largely by Cook and co-workers2) that it is a 
matter of considerable interest to attempt to de- 
fine the features of structure responsible for their 
striking activity. Clearly the methyl group pres­
ent in methylcholanthrene in the 6-position of the 
1,2-benzanthracene nucleus is relatively unimpor- 
tant, for cholanthrene is as active, or very nearly 
as active, as methylcholanthrene.2 Of other car- 
cinogenic derivatives of the itself inactive 1,2- 
benzanthracene the 5-methyl eompound is weakly 
active, the 5,6-dimethyl and 5,6-trimethylene de­
rivatives are slightly more so, and the 8,9-di- 
methylene eompound shows some activity,3 but 
none of these hydrocarbons is comparable with 
cholanthrene (I) in potency. It should be pos­
sible to determine whether the special activity of

cholanthrene is associated with the presence of the 
five-membered ring including carbon atoms 5 and 
10, or merely with the presence of alkyl substitu­
ents at these positions, by investigating the bio­
logical actions of 5,10-dimethyl-l,2-benzanthra- 
cene, II. With this end in view we undertook the 
synthesis of the latter hydrocarbon and of the 
likewise interesting 10-methyl-1,2-benzanthra- 
cene.

Considering the success of the modified Elbs re­
action developed by one of us with Seligman2b for 
the preparation of cholanthrenes, it seemed pos­
sible that 10-methyl anthracenes or benzanthra-

(1) Lilly Research Fellow.
(2) For reviews and references, see (a) Cook, Ber., 69A, 38 (1936); 

(b) Fieser, “The Chemistry of Natural Products Related to Phenan­
threne,” Reinhold Publishing Corp., New York, 1936, pp, 81-110.

(3) Shear, J, Biol, Chem., 1,3,4, Ixxxix (1936).

cenes might be obtainable by the pyrolysis of 
suitable o-ethyl diaryl ketones, for example 2- 
ethyl-3-methylphenyl-a-naphthyl ketone. As a 
preliminary trial of the reaction in a simple case, 
the ketone (III) from a-naphthoyl chloride and

I II  IV

ß-ethylnaphthalene was submitted to pyrolysis, 
but the resulting hydrocarbon, obtained in a 
yield quite good for such reactions, proved to be 
identical with 1,2,5,6-dibenzanthracene (IV), in­
dicating the loss of a methyl group from the 10- 
position. Similarly the ketone from 2,5-dimethyl- 
benzoyl chloride and ß-ethylnaphthalene gave in 
small amounts an unidentified hydrocarbon hav­
ing the composition of a monomethyl rather than 
a trimethyl 1,2-benzanthracene. This type of re­
action was therefore abandoned, although from 
more recent work in this Laboratory (A. M. Selig­
man) it appears that in some cases the condensa­
tion proceeds without degradation of an w-alkyl 
group.

As another possible approaeh we investigated 
a method used by Cook and Haslewood4 for the 
synthesis of cholanthrene. a-(o-Tolyl)-a-(2- 
naphthyl)-ethane, V, was prepared by the addition

CHs CH» 
V

of o-tolylmagnesium bromide to methyl ß- 
naphthyl ketone, dehydration of the resulting 
carbinol, and hydrogenation of the olefin. At­
tempts were made to introducé a carboxyl group 
in the 1-position of the naphthalene nucleus by 
the bromination of the hydrocarbon and carbona-

(4) Cook and Haslewood, J. Chem, Sac., 770 (1935).
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tion of the Grignard reagent, and by the hypo­
chlorite oxidation of the (crude) acetyl derivative 
obtained by the Friedel and Crafts reaction, but 
a crystalline acid was not isolated. On submit- 
ting the acid mixture obtained by the first pro­
cedure to cyclization and reduction, there was 
isolated in very small amount through the pic­
rate a hydrocarbon having the expected compo­
sition of a dimethylbenzanthracene, but the sub­
stance did not have the properties of a pure in­
dividual.

Following these unpromising results a success­
ful synthesis was developed starting with 1 ,2 - 
naphthalic anhydride (naphthalene-1 ,2 -dicarbox­
ylic anhydride), a eompound easily prepared syn- 
thetically in any desired quantity.5 On reaction 
with one mole of 0 -tolylmagnesium bromide this 
gave a mixture from which the desired keto acid 
VI was easily isolated in 40% yield. Reaction at 
the more hindernd carbonyl group took place to 
a less extent, only about 3% of the isomeric 2 -o- 
toluyl-l-naphthoic acid being isolated. The struc­
tures of the acids were established by decarboxyla­
tion to the known o-tolyl cc- and ß-naphthyl ke­
tones.6 1,2-Naphthalic anhydride thus behaves 
in the Grignard reaction7 much as it does in the 
Friedel and Crafts condensation with hydrocar­
bons. 8 On condensing the anhydride with cu- 
mene, Cook9 isolated the keto acids resulting from 
condensation at the ß -  and o:-carbonyl groups, re­
spectively, in 23 and 10% yields.

The addition of the methyl Grignard reagent 
to the ketonic group of 2 -o-toluyl-l-naphthoic 
acid (VI) was at first accomplished by using the 
ester, but about 2 0 % of the keto acid usually was 
recovered unchanged and no more than 50% of 
the material utilized was converted into the 
desired reaction product, 2 - (a-hydroxy-0 , <x-di- 
methylbenzyl)-l-naphthoic acid lactone (VII). 
The yield was considerably improved by treating 
the keto acid (VI) itself with two moles of methyl­
magnesium iodide, and when methylmagnesium 
bromide was employed no appreciable amount of 
acid was recovered and the yield of good product 
rose to 8 6 %. The lactone VII exists in two ap­
parently polymorphic modifications. Attempts

(5) Fieser and Hershberg, This Journal, 57, 1851 (1935).
(6) Fieser and Martin, i b i d . ,  58, 1443 (1936).
(7) The preparation of o -aroyl carboxylic acids by the addition of 

Grignard reagents to symmetrical aromatic anhydrides has been 
investigated recently by Weizmann, E. Bergmann and F. Bergmann, 
J .  C h e m . S o c . , 1367 (1935); see also Weizmann and E. Bergmann, 
i b id . ,  567 (1936).

(8) Waldmann, J .  p r a k t .  C h e m .,  127, 195 (1930); 131, 71 (1931).
(9) Cook, J .  C h e m . S o c . ,  456 (1932).
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to prepare 2 - (o , a-dimethylbenzyl) - 1  -naphthoic 
acid (VIII) by the reduction of the lactone with 
zinc dust and alkali were unpromising, but as 
Martin10 has shown recently that 7 -phenylbutyro- 
lactone can be reduced to 7 -phenylbutyric acid 
with amalgamated zinc and hydrochloric acid, 
this method was tried. The desired acid was ob­
tained in this way in excellent yield (76%) and 
purity and the reaction proceeded particularly 
smoothly in acetic acid solution. The acid VIII 
was cyclized with concentrated sulfuric acid at 
room temperature to an anthrone (IX) which 
was not isolated in a pure condition but reduced 
with zinc dust and alkali to the desired 5,10-di- 
methyl-1,2-benzanthracene (X). The hydrocar­
bon was obtained in good yield and was easily 
purified.

10-Methyl-1,2-benzanthracene was prepared 
by using phenylmagnesium bromide in the first 
step of the synthesis and proceeding as above. 
The free 2-benzoyl-l-naphthoic acid gave a good 
yield in the Grignard reaction and the normal 
ester, prepared with the use of diazomethane, gave 
a moderately satisfaetory result. It was ob­
served that the substance obtained by esterifying 
the acid with alcohol-hydrogen chloride and de­
scribed in the literature8 as methyl 2 -benzoyl-l- 
naphthoate does not react with methylmagnesium 
iodide, except possibly to undergo hydrolysis.

(10) Martin, T h is  J o u r n a l , 58, 1438 (1936).
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The substance is thus regarded as the lactol ether 
XI. The formation of such a eompound in the 
Fischer esterification reaction is in striking con­
trast to the behavior of 0 -benzoylbenzoic acid. 11

In the hope of introducing a long aliphatic chain 
in the 1 0 -position, the keto acid VI or its methyl 
ester was treated with octadecylmagnesium bro­
mide, but the only product isolated proved to be the 
lactone of the hydroxy acid resulting from the re­
duction of the carbonyl group of VI to a carbinol 
group by the reagent. This was reduced further 
with zinc and acid to 2 -ö-tolylmethyl- 1-naphthoic 
acid, and the identical substance was obtained 
by the action of the same reagents on the keto 
acid VI. This acid was put through the remain­
ing steps of the synthesis and afforded the known
5-methyl-1,2-benzanthracene. 12 A reducing ac­
tion also was noticed in a preliminary study of the 
reaction of ethylmagnesium bromide with 2 -0 - 
toluyl-l-naphthoic acid (VI), but in this case some 
addition also occurred.

While the reducing action of at least certain 
alkyl Grignard reagents imposes some limits on 
the synthetic method, it may be possible to avoid 
this difficulty by reversing the order of the two 
Grignard reactions. We hope to investigate this 
possibility and to explore other applications of 
the synthesis.

The new hydrocarbons are being tested for 
carcinogenic activity by Dr. M. J. Shear, and a!~ 
though the experiments have been in progress 
only for a comparatively short time the prelimi­
nary results are of considerable interest. 5,10- 
Dimethyl-1,2-benzanthracene was injected sub- 
cutaneously into mice, using approximately 1 0  

mg. of the crystalline material per animal. Se­
vere ulceration at the cite of injection was noted 
in all of the mice after the first month. After 
three and one-half months tumors had been pro­
duced in seven of fifteen mice, the first two tu­
mors making their appearance at the end of two 
and one-half months. From these results it ap-

(11) H. Meyer, M o n a t s h ., 25, 475 (1904); 28, 1231 (1907).
(12) Cook, J .  C h e m .  S o c . ,  1592 (1933).

pears that the new hydrocarbon is at least roughly 
comparable in carcinogenic activity with the most 
potent of the compounds previously investigated, 
namely, methylcholanthrene, cholanthrene and 3,-
4-benzpyrene, 13 and that it is considerably more 
powerful in its action than any of the known 
monomethyl or dimethyl derivatives of 1 ,2 -benz­
anthracene. 2 5-Methyl-1,2-benzanthracene, in­
jected subcutaneously into twenty mice in 5-mg. 
dosages, produced no noticeable effect in thirty- 
seven days, while 1 0 -methyl-1 ,2 -benzanthracene 
in the same dosage produced either ulceration, 
thickening of the tissue, or both, in thirteen of 
twenty mice during the same period.

From the present indications, it appears that 
the five-membered ring characteristic of the chol­
anthrene system is of importance in contributing 
to the carcinogenic potency of hydrocarbons of 
this type only in that it includes carbon substitu­
ents at the 5- and 10-positions. The presence of 
the intact ring is by no means essential, for simple 
alkyl groups at these positions produce nearly the 
same effect. Substitution at the meso position 
1 0  seems to be particularly important, and it is 
interesting to note that 3,4-benzpyrene may be 
regarded as a 1 ,2 -benzanthracene derivative with 
a carbon substituent at one of the meso positions 
(9). Heretofore the hypothesis that cancer-pro- 
ducing hydrocarbons may be formed in the organ­
ism by the abnormal metabolism of cholesterol or 
of bile acids has found support in the demonstra- 
tion that two different bile acids can be trans­
formed by Chemical means into methylcholan­
threne, 2 and in the striking circumstance that this 
outstandingly potent hydrocarbon carries as a 
mark of its possible origin the cyclopenteno ring 
characteristic of the sterols. While the possibility 
of the biological formation of methylcholanthrene 
remains undisputed, if, to be sure, quite unestab- 
lished, the observation that comparable activity 
is exhibited by a simpler hydrocarbon lacking 
both the C2o-niethyl group and the cyclopenteno 
ring characteristic of the sterols, and of a type not 
likely to arise in the process of metabolism, 
weakens somewhat the circumstantial evidence 
favoring acceptance of the hypothesis.

(13) In previous publications from this Laboratory the carcino­
genic hydrocarbon isolated from coal tar by J. W. Cook, C. L. Hewett 
and I. Hieger has been referred to as "1,2-benzpyrene,” in accord­
ance with the system of numbering originally employed by the dis- 
coverers of the substance. Following a plea for unanimity from the 
editor of "Beilstein,” and in agreement with Dr. J. W. Cook, we will 
employ hereafter the numbering system for pyrene favored in Ger­
many and used in C h e m ic a l  A b s t r a c t s , according to which the carcino­
genic hydrocarbon becomes 3,4-benzpyrene.
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Experimental Part14

Pyrolysis of 1 -(2-Naphthoyl)-2-ethylnaphthalene (III).-
ß-Ethylnaphthalene, b. p. 122-125° (14 mm.), picrate, 
yellow needles, m. p. 76.5-77° from alcohol, was prepared 
in 52% yield by the Clemmensen-Martin procedure10 and 
Condensed with /3-naphthoyl chloride with aluminum 
chloride in carbon bisulfide solution. The crude ketone, 
b. p. 235-240° (2-2.5 mm.), resulted in 91% yield but did 
not crystallize, and on pyrolysis at 425-430 ° for one and 
one-half hours 6 g. of the material gave 1.3 g. (23%) of a 
hydrocarbon melting at 261-262° and identified by analy­
sis and mixed melting point determinations as 1,2,5,6- 
dibenzanthracene.

Pyrolysis of l-(2,5-Dimethylbenzoyl)-2-ethylnaphtha- 
lene.—2,5-Dimethylacetophenone was prepared more satis- 
factorily than previously reported15 by adding 45 g. of 
aluminum chloride during one and one-half hours to a 
stirred solution at 0 ° of 31 g. of p -x ylene and 25 g. of acetyl 
chloride in 450 cc. of carbon bisulfide. After three hours 
at 0° with stirring, twelve hours at 0-5°, and one to two 
hours at 25°, thé light yellow complex was collected with 
suction, washed with carbon bisulfide, and decomposed 
with dilute hydrochloric acid. A small additional amount 
of the ketone was recovered from the filtrate and the com­
bined product distilled at 106.2° (14 mm.), yield 40.8 g. 
(95%). The ketone was converted to 2,5-dimethylben- 
zoic acid, m. p. 132-133°, with potassium hypochlorite 
from the commercial calcium salt in 93% yield by the 
general procedure reported.16 The acid chloride (b. p. 
101.5° at 11-12 mm.), prepared with thionyl chloride, was 
Condensed with /3-ethylnaphthalene as above and the ke­
tone, b. p. 188-192° (2 mm.), yield 84%, was pyrolyzed at 
450-455° for fifteen minutes. From 5.9 g. of the ketone
1.3 g. of hydrocarbon, m. p. 124-126°, was obtained after 
two crystallizations from alcohol. This yielded a picrate 
which after two crystallizations from benzene-ligroin 
formed red needles, m. p. 155-156°, and had the compo­
sition of a methylbenzanthracene picrate.

A n a l. Calcd. for CigHwCeHsOyN*: C, 63.68; H, 3.64. 
Found: C, 63.93, 63.86; H, 3.80, 3.60.

Attempted Synthesis from «-(ö-Tolyl) - <*- (2-naphthyl)- 
ethane, V,—The Grignard reagent from 94 g. of o-bromo- 
töluene, 13.4 g. of magnesium, and 500 cc. of ether was 
added to 85 g. of methyl ß-naphthyl ketone in 225 cc. of 
benzene during one and one-half hours and after distilling 
the ether the benzene solution was refluxed for one hour. 
After hydrolysis with dilute hydrochloric acid the carbinol 
was heated at 200-250° to effect dehydration and the re­
sulting a-(o-tolyl)-a-(2-naphthyl)-ethene was distilled at 
2 mm., giving 83 g. (68%) of a colorless oil which imme­
diately crystallized. Recrystallization from alcohol gave 
colorless prisms, m. p. 66-66.5°.

A n a l  Calcd. for Ci9Hi6: C, 93.40; H, 6.60. Found: 
C, 93.51; H, 6.57.

Hydrogenation of the olefin proceeded smoothly in gla-

(14) AU melting points are corrected unless otherwise noted, using 
the precision apparatus of Hershberg, In d . Eng. Chem., A n al. E d ., 
8, 312 (1936). Analyses by Mrs. G. M. Wellwood.

(15) Claus and Wollner, B er., 18, 1856 (1885); Freund, Fleischer 
and Gofferje, A n n ., 414,1 (1916).

(16) Fieser, Holmes and Newman, This Journal, 58, 1055 
(1936).

cial acetic acid solution with Adams catalyst and the result­
ing liquid hydrocarbon boiled at 177-179° (1.5-2 mm.), 
yield 86%. In attempted Friedel and Crafts condensa­
tions of the hydrocarbon with acetyl chloride under vari­
ous conditions, naphthalene was always obtained as a fore­
run, there was much resinous material, and the portion 
boiling in the range 160-200° (1.5-2 mm.) yielded no ap­
preciable amount of acid on hypochlorite oxidation in 
aqueous medium or in pyridine,17 or by other methods.18 
Chloroacetylation was also unsuccessful.

In other experiments the hydrocarbon V was brominated 
according to Cook and Haslewood4 and the product was 
treated with pyridine, converted into the Grignard reagent, 
and this was carbonated and submitted to hydrogenation, 
as described by these authors. The acidic material ob­
tained did not crystallize, even when seeded later with the 
pure acid VI. After several preliminary tests, cyclization 
was effected by warming the crude acid mixture for one- 
half hour with 90% sulfuric acid at 40°. The solid mate­
rial which precipitated on treatment with ice was boiled 
with zinc dust and alkali for ten hours with added toluene. 
The resulting product yielded a picrate which after re­
peated crystallization formed apparently homogeneous, 
red needles, m .p. 152-153 °, but the hydrocarbon recovered 
from it, although it formed excellent pale yellow needles 
from alcohol, melted over the range 149-168°.

A n a l  Calcd. for C20H16: C, 93.70; H, 6.30. Found: 
C, 93.56; H, 6.53. Picrate, calcd.: C, 64.32; H .3.95; N,
8.66. Found: C, 64.56; H,4.08; N, 8.53.

The product does not correspond at all with the pure
5,10-dimethyl-l,2-benzanthracene described below and as 
the yield was very poor the substance was not investigated 
further.

Synthesis of 5,10-Dimethy 1-1 ,2-benzanthracene
Reaction of 1,2-Naphthalic Anhydride with o-Tolylmag- 

nesium Bromide.—The 3,4-dihydronaphthalene-l,2-dicar­
boxylic anhydride was prepared with the use of sodium 
ethylate as described by Fieser and Hershberg6 and with 
the same yield (81%) when employing as much as 254 g. of 
ethyl Y-phenylbutyrate. With large quantities it was 
found convenient to powder the sodium under xylene by 
simply agitating the mixture with a Hershberg wire stir­
rer.19 The dehydrogenation was conducted as described,5 
using 213.5 g. of material. The product twice distilled and 
once crystallized from benzene was sulfur-free and suitable 
for the Grignard reaction; yield 163.5 g. (77.5%). The 
mother liquor afforded 11.5 g. of anhydride of the same 
melting point but giving a slight test for sulfur.

After a number of trials and variations the following pro­
cedure for the addition reaction was adopted as the most 
satisfaetory. The Grignard reagent prepared from 19 g. 
of 0-bromotoluene, 3.5 g. of magnesium, and 100 cc. of 
ether was filtered through a plug of glass wool under nitro­
gen pressure and forced a ll a t  once under pressure of 
the gas into a well-stirred (Hershberg stirrer) solution 
of 20 g. of sulfur-free 1,2-naphthalic anhydride in 400 
cc. of warm thiophene-free benzene. A yellow complex

(17) Fuson, Lewis and DuPuis, i b i d . ,  54, 1114 (1932).
(18) Babcock, Nakamura and Fuson, i b i d . ,  54, 4407 (1932); 

Kröhnke, B e r . ,  66, 604 (1933).
(19) Hershberg, I n d .  E n g .  C h e m .,  A n a l .  E d . ,  8, 313 (1936).
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separated immediately. The mixture was heated with 
stirring, the ether was allowed to distil, and the benzene 
was then kept refluxing for two hours. After cooling and 
treating with dilute hydrochloric acid, the benzene layer 
was diluted with 200 cc. of ether and extracted thoroughly 
with potassium carbonate solution. The residual ether- 
benzene solution contained no easily recovered products 
(some anhydride was obtained in early runs with less effi­
ciënt stirring). The combined carbonate extracts were 
acidified and the keto acid mixture was taken into ether 
and the solution was washed with saturated sodium chlo­
ride solution and evaporated. A solution of the residue in 
150 cc. of hot benzene was treated with 20-30 cc. of warm 
hexane to produce a saturated solution, and the crystalline 
material (m. p. 130-145°) which separated on standing 
overnight was taken up in 50 cc. of glacial acetic acid. 
After standing for twelve to sixteen hours (no longer) the 
dense, diamond-shaped prisms of 2-o-toluy 1-1 -naphthoic 
acid (VI) which separated were collected; yield 11-12.5 
g. (38-43%), m. p. 147-149°. This material was used for 
the next step. A sample for analysis was crystallized to 
constant melting point from glacial acetic acid, m. p. 149.5- 
150.5°.

l-ö-Toluyl-2-naphthoic acid, m. p. 210- 211°, was ob­
tained from the first acetic acid mother liquor and purified 
by repeated recrystallization from the solvent. It forms 
heavy diamond-shaped prisms resembling those of VI; 
yield about 1 g. (3%).

A n a l. Calcd. for C19H14O3: C, 78.60; H, 4.86. Found 
(VI): C, 78.69; H, 5.05. (Isomer): C, 78.17, 78.31; H, 
4.83, 5.29.

Methyl 2-ö-Toluyl-l-naphthoate was obtained in 97% 
yield as a very viscous, pale yellow oil, b. p. 215-216° 
(2.5 mm.), by refluxing the acid with methyl alcohol- 
hydrogen chloride for five hours. An ester similar in ap­
pearance and in its behavior in the Grignard reaction was 
obtained using diazomethane.

Decarboxylation of the Acids.—The reaction proceeded 
well on a small scale (0.5 g.) using as catalyst a small 
amount of the blue copper salt of the appropriate acid and 
heating a mixture of the salt and free acid in a bath at 230- 
245°. After about ten minutes the product of decarboxy­
lation was distilled at 9 mm* pressure and taken into hex­
ane. The ketones crystallized slowly but well. The acid 
VI afforded a product identical with Martin’s10 o-tolyl-ß- 
naphthyl ketone, m. p. and mixed m. p. 67-68°, while I-0- 
toluyl-2-naphthoic acid gave o-tolyl a-naphthyl ketone, 
m. p. and mixed m. p. 51.5-52.5 °.

Lactone of 2-(a-Hydroxy-o,a-dimethylbenzyl)-l-naph- 
thoic Acid, VII.—The condensation of methyl 2-o-toluyl-
1-naphthoate with slightly more than one equivalent of 
methylmagnesium iodide, filtered through a plug of glass 
wool under nitrogen and added inversely, was tried in 
ether, ether-benzene and ether-xylene at temperatures 
from 25 to 100 ° for two to three hours with nearly the same 
results. After decomposing the reaction mixture with 
dilute hydrochloric acid the organic layer was washed with 
water and extracted with potassium carbonate solution. 
The carbonate extract yielded 15-18% of the original keto 
acid resulting from the hydrolysis of the ester, and the 
ether or ether-benzene solution on drying and removing the 
solvent gave the lactone, which was crystallized from

benzene-alcohol or benzene-hexane. The lactone appar­
ently is formed directly in the course of the reaction or 
during the hydrolysis of the magnesium derivative; hy­
drolysis of the keto ester also occurs prior to the working 
up of the reaction mixture. The yields were from 40 to 
51%, based on the acid consumed. Methyl zinc chloride 
gave none of the desired reaction product.

When the free keto acid was used and treated in benzene- 
ether solution with two equivalents of methylmagnesium 
iodide, distilling the ether and refluxing four or five hours, 
10-40% of the acid was recovered unchanged and the 
yield of lactone, allowing for the recovery, rose to 70-80%. 
The most satisfaetory results were obtained using methyl­
magnesium bromide and employing a considerable excess 
of the reagent (using the ester, an excess of Grignard re­
agent caused a decrease in the yield). For the preparation 
of the reagent 0.032 mole of magnesium was covered with 
ether and methyl bromide was introduced slowly by distil­
lation until the magnesium was very nearly all dissolved. 
The solution was filtered under nitrogen pressure and added 
gradually to a benzene-ether solution of 0.01 mole of 2-0- 
toluyl-1 -naphthoic acid. A white precipitate of the MgBr- 
salt separated and changed to a greenish-yellow and then a 
bright yellow complex. After stirring for three and one- 
half hours at room temperature, the mixture was refluxed 
for one-half hour and treated with dilute acid. The potas­
sium carbonate extract contained no appreciable quantity 
of keto acid, and the lactone was obtained in a good con­
dition in 86% yield.

The lactone dissolves readily in benzene and crystallizes 
well after the addition of either alcohol or hexane. At 
first the substance was obtained in a low-melting form 
which separated as large, flat, elongated, transparent 
prisms, or as small needles, m. p. 103-104°. In later ex­
periments a second modification appeared more frequently, 
either alone or together with the low-melting form. This 
separated as long, square, transparent prismatic rods, m. p. 
119-120°. When a solution of the pure low-melting form 
was seeded with the other material either the high-melting 
form crystallized directly or a mixture melting between 110 
and 117 ° resulted and gave the pure high-melting form only 
on further crystallization. On one occasion the low-melt­
ing form was obtained as clusters of needles on seeding a 
solution of the high-melting modification, but usually it 
was difficult to obtain any but the high-melting form once 
it had been isolated.

A n a l. Calcd. for C20H16O2: C, 83.30; H, 5.60. Found 
(m. p. 103-104°): C, 83.25; H, 5.62; (m. p. 119-120°): 
C, 83.43; H, 5.90.

2-(0,a-Dimethylbenzyl)-l-naphthoic Acid, VIII.—Using 
Martin’s modification10 of the Clemmensen method, 0.9 
g. of the lactone VII was refluxed with a mixture of 40 g. 
of amalgamated zinc, 20 cc. of water, 40 cc. of toluene, 10 
cc. of glacial acetic acid, and 40 cc. of concentrated hydro­
chloric acid for twenty-one hours, adding two 30-cc. por­
tions of concentrated acid. The organic material was col­
lected in toluene-ether and the reduction product obtained 
by extraction with potassium carbonate solution. Un­
changed lactone was recovered in a good condition from the 
toluene-ether. The results were variable, for in one case 
the pure reduction product was obtained in 80% yield and 
no lactone was recovered, while more usually 20-26% of
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starting material was recovered and the yield, allowing for 
this, was 40-76%. It seems better to use a homogeneous 
solution. Using 1.5 g, of lactone, 50 g. of amalgamated 
zinc, 50 cc. of glacial acetic acid and 25 cc. of concentrated 
hydrochloric acid, and refluxing for eleven hours with the 
dropwise addition of 150 cc. more acid during this period, 
the nearly pure reduction product, isolated as above and 
crystallized from benzene-hexane, amounted to 1.15 g. 
(76%).

A sample of the acid recrystallized for analysis from bem 
zene-hexane formed clusters of transparent prisms, m. p.
183.5-184°.

A naL  Calcd. for C20Hi8O2: C, 82.72; H, 6.25. Found: 
C, 82.71; H, 6.30.

5,10-DimethyH,2-benzanthracene.—To 10 cc. of con­
centrated sulfuric acid at 20° 0.8 g. of powdered 2 
dimethylbenzyl)-l-naphthoic acid was added with swirling, 
and after five minutes the material had all dissolved to an 
orange solution. After two hours this was poured onto 100 
g. of crushed ice, and after standing for two hours at 0° the 
precipitated, light yellow anthrone was collected and 
washed with water. As the substance is very sensitive and 
alterable, the moist anthrone was at once transferred to a 
flask and a mixture of the substance with 2 g. of zinc dust, 
10 g. of sodium hydroxide, and 100 cc. of water was refluxed 
vigorously for six hours. The yellow, at first oily, mate­
rial gradually disappeared and gave way to light-colored 
crystals of the hydrocarbon. The mixture was treated 
with excess hydrochloric acid to dissolve most of the zinc, 
and the crude product was collected, dried and crystallized 
from benzene-alcohol. The yield of colorless material 
melting at 146-147°, uncorr., was 0.45 g. (64%).

The hydrocarbon forms a picrate which separates from 
benzene as deep reddish-black flat needles, m. p. 173.7- 
174.2°. The hydrocarbon regenerated from the purified 
picrate crystallized from benzene-alcohol or benzene-hex­
ane as colorless plates, m. p. 147-147.5°, having an intense 
blue fluorescence in ultraviolet light.

A naL  Calcd. for C20Hi6: C, 93.70; H, 6.30. Found: 
C, 93.72; H, 6.64. Picrate, calcd. for C^Hie-CeHsOTNs: 
C, 64.32; H, 3.95; N, 8.66. Found: C, 64.13; H, 3.74; 
N, 8.82.

Synthesis of 10-Methyl-l,2̂ benzanthracene
Reaction of 1,2-Naphthalic Anhydride with Phenylmag- 

nesium Bromide.—The Grignard reaction was carried out 
as above and the chief reaction product, 2-benzoyl-l - 
naphthoic acid, was isolated in 30% yield. The pure sub­
stance melted at 141.8-142.8° (Waldmann8 and v. Braun20 
report the value 139-140°, uncorr.), and gave ß-benzoyl- 
naphthalene, m. p. 82-83 °, on decarboxylation. The iso­
meric l-benzoyl-2-naphthoic acid, m. p. 223.5-224.5° 
(Waldmann,8 219-220°, uncorr.), seemed to be present to a 
greater extent than in the case noted above.

Waldmann8 obtained these two acids by the Friedel and 
Crafts condensation of 1,2-naphthalic anhydride with 
benzene, and he reports that the esterification of 2- 
benzoyl-l-naphthoic acid with methyl alcohol and hydro­
gen chloride gave an ester, m. p. 153-154°, uncorr. We 
prepared the substance by this method (m. p. 156-156.5°) 
and found that after being refluxed for four hours in ben-

(20) v. Braun, Manz and Reinsch, Ann., 468, 277 (1929).

zene-ether with one equivalent of methylmagnesium io­
dide, no addition occurred and after saponification nearly 
all öf the material was recovered as 2-benzoyl-l-naphthoie 
acid. The compound therefore is regarded as the lactol 
ether XI. The true methyl 2-benzoyl-l-naphthoate, pre­
pared using diazomethane, was found to react normally 
with the Grignard reagent, The substance forms slender 
colorless needles from methyl alcohol, or better from hex­
ane, m. p. 72.5-73.5°.

A n aL  Calcd. for C19H14O3: C, 78.60; H, 4.86. Found: 
C, 78.38; H, 5.16.

Lactone of 2-(a-Hydroxy-o:-methylbenzyl)-l-naphthoic 
Acid.—The reaction of the normal ester with one equiva­
lent of methylmagnesium iodide was conducted as above. 
No acid was recovered and the yield of purified lactone 
was 56%. On treating the free acid in benzene-ether with 
three equivalents of methyl bromide and refluxing for three 
and one-half hours, no appreciable amount of acid was re­
covered and the lactone was obtained in a very satisfaetory 
condition in 89 % yield. Once recrystallized from benzene- 
alcohol, the substance formed colorless prisms, m. p. 173.8- 
174.2°.

A naL  Calcd. for C19H14O2: C, 83.18; H, 5.15. Fotind: 
C, 83.49; H, 5.34.

2-(oj-Methylbenzyl)-l-naphthoic Acid.—On reducing the 
lactone with amalgamated zinc and acid in the presence of 
toluene 33% of the lactone was recovered and 90% of the 
material consumed was obtained as the acid. Using dilute 
acetic acid the process was simpler and the yield of acid 
based on the lactone taken was 74%. The acid gives well- 
formed prisms from benzene-hexane but these contain sol­
vent which is lost only with difficulty. After drying in 
vacuum at 60° for three hours the product sintered at 118° 
and melted at 122-124°, and after two crystallizations from 
glacial acetic acid it finally formed dense prisms melting at 
128-129°. This melting point is reached at once when the 
solvated material is melted and then crystallized from ace- 
tic acid.

A naL  Calcd. for Ci9Hi602: C, 82.58; H, 5.84. Found: 
C, 82.76; H, 6.32.

10-M ethyl-l,2-benzanthracene was prepared from the 
above acid exactly as described for the higher homolog, 
the total yield of pure product, collected partly as such and 
partly as the picrate, being 66%. The hydrocarbon crys­
tallizes from benzene-hexane as long, flat, very nearly 
colorless needles, m. p. 140.2-140.8°, bright blue fluores­
cence in ultraviolet light. Slender needles are formed 
from benzene-alcohol. The picrate separates from ben­
zene as dark red needles, m. p. 173.5-174°.

A n al. Calcd. for C19H14: C, 94.17; H, 5.83. Found: 
C, 94.08; H, 6.03. Picrate, calcd. for C19H14C6H3O7N3.* 
C, 63.68; H, 3.64. Found: C, 63.47; H, 3.87.

Other Experiments; 5-M ethyl-l,2-benzanthracene
2-(c-Toluy!)-l-naphthoic Acid with Ethyl- and with 

Octadecyl-magnesium Bromide.—The reaction of the ester 
of the above acid with octadecylmagnesium bromide pro­
ceeded very poorly and better results were obtained by 
treating the free acid in benzene-ether with three equiva­
lents of the reagent. In contrast with the experiences 
above the complex in this case dissolved completely. The
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material from the neutral fraction of the reaction mixture 
was refluxed for one hour with alcoholic potassium hydrox­
ide, and from the alkaline extract there was obtained on 
acidification and crystallization (28% yield) a substance 
identified as the lactone of 2 -( «-hydroxy-^-methylbenzyl)- 
1-naphthoic acid. The substance forms colorless, pearly 
plates from benzene-hexane, m. p. 157-157.8°.

Anal. Calcd. for Ci9H i40 2: C, 83.18; H, 5.15. Found: 
C, 83.23, 83.16; H, 5.27, 5.32.

From the residue unsaponified in the above treatment 
there was isolated in small amount a substance having the 
properties of w-hexatriacontane, pearly white plates, m. p. 
77-78°.

A reducing action also was observed in the reaction of 2- 
(ö-toluyl)-l-naphthoic acid (free acid) with ethylmagne­
sium bromide (3 equivalents), but in this case some of the 
normal reaction product also was isolated. The neutral 
fraction from the reaction mixture was first crystallized 
from a rather dilute solution in benzene-hexane, when 
crystals of 2 - (a-hydroxy-o-methylbenzyl)- 1 -naphthoic acid 
lactone were deposited in nearly pure condition and in 34% 
yield. The material in the mother liquor was recovered 
and crystallized from alcohol, affording fairly pure 2 -(a- 
hydroxy-ö-methyl-a-ethylbenzyl)- 1 -naphthoic acid lactone 
in 23 % yield. On further crystallization from alcohol the 
substance formed thin hexagonal plates, m. p. 124-125°.

AnaL Calcd. for C2 iH i80 2: C, 83.41; H, 6.00. Found: 
C, 83.24; H, 6.13.

2 -(ö-Methylbenzyl) -1 -naphthoic Acid.—This was ob­
tained in 38% yield by the Clemmensen-Martin reduction 
of 2 -(ce-hydroxy-o-methylbenzyl)-l-naphthoic acid lactone 
and also, in very poor yield, by the zinc amalgam acid re­
duction of 2 -<?-toluyl-l-naphthoic acid in acetic acid solu­
tion. Attempted reduction with zinc dust and alkali was 
unsuccessful. The acid forms clusters of small, thick 
needles from benzene-hexane, m.p.  144-145°.

AnaL Calcd. for Ci9Hi60 2: C, 82.58; H, 5.84. Found: 
C, 82.56; H, 6.05.

5-Methyl-l,2-benzanthracene was obtained by cycliza­
tion and reduction exactly as described above, the yield of 
purified product being 78%. Crystallized from benzene- 
hexane, the hydrocarbon formed fluorescent, colorless 
plates, m. p. 158.5-159.1°; picrate, m. p. 165.8-166.3°. 
Cook12 reports the melting point 157.5-158.5°, uncorr., for 
the hydrocarbon and 163-163.5°, uncorr., for the picrate.

AnaL Calcd. for Ci9Hi4: C, 94.17; H, 5.83. Found: 
C, 93.80; H, 6.20.

Summary

A rather general method is described for the 
synthesis of substituted 1 ,2 -benzanthracenes, 
with or without a methyl group at the 1 0 -position, 
starting with 1 ,2 -naphthalic anhydride (naphtha­
lene-1 ,2 -dicarboxylic anhydride) and an arylmag- 
nesium halide. The methyl group is introduced 
if desired by the reaction of the free 2 -aroyl-l- 
naphthoic acid with an excess of methylmagne­
sium bromide. The 5-methyl, 10-methyl and
5,10-dimethyl derivatives of 1,2-benzanthracene 
have been prepared in this way for comparison 
with the carcinogenically active 5,10-dimethylene 
derivative (cholanthrene). Preliminary results 
of biological tests indicate that 5 ,1 0 -dimethyl-1 ,2 - 
benzanthracene has cancer-producing properties 
and is comparable in potency with methylcholan­
threne, cholanthrene and 3,4-benzpyrene.
Co n v e r se  M em o rial  L a bo r ato r y
Ca m br id g e , M a s s . R e c eiv ed  A u g u st  4, 1936

[C o n t r ib u t io n  fr o m  the  Chem ical  L aboratory  o f  H a r v a rd  U n iv e r s it y ]

The Synthesis of Phenanthrene and Hydrophenanthrene Derivatives. VII. 5,9- 
Dimethoxy-1 ',3 '-diketo-1,2-cyclopentenophenanthrene

By L. F. F ie se r  and  E. B. H er sh ber g

In continuation of other work1,2 it seemed de­
sirable to prepare for bio-assay a methoxylated 
derivative of the previously described l',3 '-diketo-
1,2-cyclopentenophenanthrene. 2 It was thought 
that the keto acid I would afford a convenient 
starting point for the synthesis of such a com­
pound, but, although this acid was obtained in 
nearly quantitative yield by the condensation of
1 ,5 -dimethoxynaphthalene with succinic anhy­
dride, an unexpected difficulty was encountered

(1) Part IV. Fieser and Hershberg, T h is  J ournal , 58, 2314 
(1936).

(2) Part VI. Fieser, M. Fieser and Hershberg, ibid., 58, 2322 
(1936).

in the reduction of the substance with amalga­
mated zinc and hydrochloric acid, using toluene 
with or without the addition of acetic acid. 3 Con­
siderable resinification occurred and the desired 
product of normal reduction (II) was isolated in 
only 20-25% yield from the distillable material 
present, although it crystallized well and could be 
separated readily from more soluble substances. 
The acid was converted successfully by the se­
quence of reactions previously described2 into
5,9 - dimethoxy - 1',3' - diketo - 1,2 - cyclopen- 
tenophenanthrene (III), although an unexpected

(3) Martin, ibid., 58, 143$ (1936).



Dec., 1936 5,9-Dimethoxy- 1 ',3 '-diketo- 1,2-cy clopentenophenanthrene

II
/C H 2

c h 2\ c h 2c o o h c h 3o

K M n 0 4  
•------------>

/ V COOH

v \
V

COOH

ether-interchange necessitated the repetition of 
some of the steps of the process. On boiling 1,5- 
dimethoxyphenanthrene - 1 ,2  - dicarboxylic an­
hydride with ethyl alcoholic hydrogen chloride 
for conversion to the corresponding diethyl ester, 
a methyl — >- ethyl interchange occurred at one of 
the two methoxyl groups, probably that located 
at the more reactive 9 -position. This was es­
tablished by the analyses and by the observa­
tion that the diketone obtained diff er ed from 
the true dimethoxy eompound (III) subsequently 
prepared through the corresponding dimethyl 
ester.

The Clemmensen reduction of methoxylated 
keto acids has been observed to proceed rather 
poorly in certain other cases, 3 but the present re­
duction appeared exceptional not only because of 
the very low yield but because the normal reac­
tion product evidently was accompanied by a con­
siderable amount of monomeric material. In the 
hope of discovering the nature of the side reaction 
this material was examined carefully and, after 
some trials, the principal constituent was isolated 
in a pure, crystalline condition. The substance 
is acidic, and from the analyses and properties, 
and from the conversion of the eompound by 
alkaline oxidation into 3-methoxyphthalic acid
(V), it can be assigned the structure of 7 -(8 - 
methoxytetralyl-1) -butyric acid (IV). While Ha- 
berland4 has reported that the 6 -substituted iso­
mer, which he prepared synthetically, is smoothly 
dehydrogenated by sulfur to the corresponding
7 -naphthylbutyric acid, the acid IV on similar 
treatment gave no crystalline products and the 
formation of butyric acid was indicated by the 
odor. Selenium, acting on.a crude acid fraction

(4) Haberland, Ber., 69, 1380 (1936).

O containing IV, gave a-
methoxynaphthalene as 
the only identified 
product.

The abnormal prod­
uct of the Clemmensen 
reduction probably is 
formed as a result of 
the primary addition of 
hydrogen to the conju­
gated system formed by 
the carbonyl group and 
the nuclear double link­
ages, the elimination of 
methyl alcohol and the 

complete Saturation of the hydro-aromatic ring 
occurring at some stage of the process. The 
mechanism is still obscure. Boiling hydrochloric 
acid alone slowly attacks the keto acid I with 
cleavage to 1 ,5-dimethoxynaphthalene, and con­
sequently it is not likely that the abnormal 
reduction proceeds through a partially demethyl- 
ated intermediate. There are no indications 
that a similar side reaction takes place to an 
appreciable extent even with similarly con- 
stituted compounds. /3-^-Methoxybenzoylpro- 
pionic acid and ß -  (4-methoxy-1 -naphthoyl) -pro- 
pionic acid give the normal reduction products in 
85% and 53% yields, 3 and the by-products are 
resinous. The reduction of ß - (2,6 -dimethoxy-1 - 
naphthoyl) -propionic acid was investigated but 
no by-product comparable with IV was dis- 
covered. In view of these observations it is 
hardly possible to define any general features of 
structure responsible for the abnormal hydro- 
genating action noted in this one example of the 
Clemmensen reduction.

Experimental Part5

/3-( l,5-Dimethoxy-4-naphthoyl)-propionic Acid.— 1,5-
Dimethoxynaphthalene was prepared conveniently by 
methylating the technical dihydroxy eompound, distilling 
the product at 25 mm., and crystallizing the ether from 
glacial acetic acid. Colorless material melting at 178- 
180° was obtained in 65-70% yield by weight. A solution 
of 0.4 mole of the ether and 0.41 mole of succinic anhydride 
in 400 cc. of tetrachloroethane and 80 cc. of nitrobenzene 
was cooled and kept at 0 to 5° while adding 0.85 mole of 
aluminum chloride. After standing at 0° for forty hours, 
the red-brown solution was poured onto ice and 1 0 0  cc. of 
concentrated hydrochloric acid, the solvent was removed 
with steam, and the product was precipitated from a so­
dium carbonate solution after clarification. A pale brown

(5) All melting points are corrected. Analyses by Mrs. G. M. 
Well wood.
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product, m. p. 168-170°, was obtained in 93% yield. 
Using three equivalents of aluminuiii chloride instead of 
two, the yield of material, m. p. 172-175°, was 98%. 
Crystallized twice from benzene, the acid formed clusters 
of small, colorless leaflets, m. p. 175-176°.

Anal. Calcd. for CieHieCV C, 66.64; H, 5.59. Found: 
C, 66.33; H, 5.30.

The ethyl ester, obtained in 87% yield by the Fischer 
method, distilled at 2 0 0 - 2 1 0 ° at about 7 microns without 
decomposition and separated from ether-petroleum ether 
as lustrous leaflets, m.p. 53-53.5°.

Anal. Calcd. for Ci8H2o0 5: C, 68.31; H, 6.39. Found: 
C, 68.06; H, 5.82.

Clenunenseli Reduction.—In a typical experiment 20 g. 
of /3- (1,5-dimethoxy-4-naphthoyl) -propionic acid was sus­
pended in a mixture of 125 g. of amalgamated zinc, 100 cc. 
of concentrated hydrochloric acid, 50 cc. of water, 75 cc. 
of toluene and 5 cc. of glacial acetic acid. The keto acid 
dissolved after refluxing the mixture for about two hours; 
the boiling was continued for a total of twenty-five hours, 
during which time 1 0 0  cc. more acid was added in portions. 
The toluene layer was separated after some cooling and the 
aqueous layer was diluted and extracted with benzene. 
After washing the hydrocarbon solution with water, 25 cc. 
of 6  N  sodium hydroxide and 50 cc. of water were added, to­
gether with 0.5 g. of sodium hydrosulfite, and the solvent 
was removed with steam. For remethylation the alkaline 
solution was treated with 13 cc. of dimethyl sulfate, and the 
solution was then acidified. The crude acid which precipi­
tated was dried in vacuum in a distilling flask and distilled 
at 3 mm. There was obtained at 200-240° 13.5-14.5 g. of 
ä colorless distillate which partially solidified in the re­
ceiver, and a considerable amount of resinous material was 
left as a residue. The distillate was triturated with aboüt 
50 cc. of ligroin, which dissolved some of the oil and left 
a somewhat oily solid. On dissolving this material in 35 
cc. of benzene and adding an equal volume of ligroin there 
was deposited on cooling 3.9-4.8 g. (20-25%) of 7 -(l, 5 - 
dimethoxy-4-naphthyl)-butyric acid in a nearly pure con­
dition, m. p. 152-154°. Very little of this acid appeared 
to be left in the ligroin or benzene-ligroin mother liquors 
while the by-product was isolated from both sources, as 
described below.

In other experiments the conditions were varied by 
doubling the time of refluxing, by using as much as 2 0  cc. 
of acetic acid, by substituting 50 cc. of methyl alcohol 
for this solvent, or by omitting a water-miscible solvent, 
but there was no material change in the total amount óf 
distiilable product or in the yield of the easily isolated 
normal reduction product. The results also were essen­
tially the same when the ethyl ester of the keto acid was 
employed.

7- ( l ,5-Dimethoxy-4-naphthyl)-butyric Acid (II).—
Purified by crystallization from benzene, the acid formed 
small, glistening, colorless blades, m. p. 154-154.5°.

Anal. Calcd. for C16H18O4 : C, 70.07; H, 6.57. Found: 
C, 69.93; H, 6.95.

The methyl ester, obtained in 94% yield, formed large 
thin plates from methyl alcohol, m. p. 65-65.5°.

Anal. Calcd. for C17H20O4 : C, 70.78; H, 7.01. Found: 
C, 70.72; H, 7.06.

The ethyl ester (90% yield), b. p. 201-203° (1 mm.), 
crystallized as thin plates, m.p. 47-47.5°.

7-(8-Methöxytetralyl-l)-butyric Acid (IV ).-T his by- 
product of the Clemmensen reduction was first isolated 
from the benzene mother liquors remaining after the 
crystallization of the normal product II resulting from 50 
g. of the keto acid. The solution was concentrated to a 
small volume and diluted with ligroin, and on standing 1 2  

g. of crystalline material separated. After two crystalliza­
tions from ligroin, in which it is moderately soluble even 
when pure, the acid was obtained as thick, colorless plates, 
m. p. 74.5-75.5°.

Anal. Calcd. for C15H20O3 : C, 72.52; H, 8.14. Found: 
C, 72.56; H, 8.24.

In earlier experiments the mother liquor remaining after 
triturating the crude distillate with ligroin was evaporated 
and the residual oil was fractionally distilled. A fraction 
taken at 183-184° (1 mm.) apparently contained a con­
siderable amount of the above acid along with other sub­
stances (found: C, 73.63; H, 8.47), for on standing for 
several weeks it partially crystallized, and the solid material 
after purification was identical with the substance de­
scribed above.

Attempts to dehydrogenate the tetralin derivative with 
sulfur at temperatures up to 230° were unsuccessful. No 
crystalline products were isolated and the formation of 
butyric acid was evident from the odor. Dehydrogenation 
with selenium was tried only with a liquid fraction of the 
crude acid, b. p. 203-204° (3 mm.). Considerable butyric 
acid was formed, and there was isolated after demethyla- 
tion a small amount of a substance identified as a-naph- 
thol. At a time when the identity was still in doubt, 1 - 
methyl-4-methoxynaphthalene, b. p. 164.5-165° (21 mm.) 
(found: C, 83.55; H, 6 .8 8 ) was prepared for comparison; 
its picrate forms red needles from alcohol, rn. p. 148-149° 
(found: N, 10.61).

Evidence of the structure of the acid IV was obtained by 
exhaustive oxidation of the substance in dilute alkaline 
solution with potassium permanganate (steam-bath). 
The manganese dioxide was removed by centrifugation and 
on acidifying the filtrate a clear solution resulted. (When 
the oxidation is incomplete a gummy precipitate appears.) 
The solution was extracted with ether in a continuous ex- 
tractor, and the residue remaining on evaporation of the 
ether was sublimed in vacuum and then extracted with 
water in order to remove oxalic acid. On twice crystal­
lizing the residue from ether, elongated prismatic needles 
softening at 155° and melting at 160-161° were obtained. 
The substance did not depress the melting point of 3- 
methoxyphthalic anhydride prepared from 3-nitrophthalic 
acid.

5,9 - Dimethoxy - 3,4 - dihydrophenanthrene - 1,2 - di­
carboxylic Anhydride.—Ethyl 7-(l,5-dimethoxy-4-naph- 
thyl)-butyrate (14.2 g.) was Condensed with ethyl oxalate 
in the presence of potassium ethylate, following the Stand­
ard procedure,1 and the crude oxalyl derivative obtained by 
acidification and extraction was warmed on the steam- 
bath with 30 cc. of 70% sulfuric acid and then with 300 cc. 
of 78% acid. After one to two hours the at first oily prod­
uct of cyclization became completely solid. After cooling 
it was collected and washed with acid, water and alcohol. 
The crude product (6.5 g.) gave satisfaetory material on
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one crystallization from 100 cc. of glacial acetic acid; yield
5.3 g. (36%), m. p. 227-230°. Recrystallized from the 
same solvent, the anhydride formed carmine-colored 
needles, m. p. 231-232°.

A naL  Calcd. for CisHmOb: C, 69.66; H, 4.55. Found: 
C, 69.69; H, 4.62.

Incidentally it was noted that the ester condensation pro­
ceeded less satisfactorily using the methyl ester of the 
starting material (II) and ethyl oxalate. Using methyl 
oxalate the solubility of the potassium methylate addition 
eompound was so slight that no appreciable reaction oc­
curred on adding the ester of II.

5.9 - Dimethoxyphenanthrene - 1,2 - dicarboxylic Anhy­
dride.—A mixture of 500 mg. of the unsaturated red an­
hydride and 55 mg. of sulfur was heated at 250-300° for 
three minutes and the product was distilled at 1 mm. and 
crystallized from glacial acetic acid. It formed cottony 
clusters of fine yellow needles, m. p. 288-289°, yield 430 
mg. (85%). Recrystallized from dioxane the eompound 
melted at 289-290°.

A n al. Calcd. for Ci8H120 5: C, 70.11; H, 3.93. Found: 
C, 69.98; H, 4.24.

Dimethyl 5,9 - Dimethoxy - 3,4 - dihydrophenanthrene -1 ,- 
2-dicarboxylate.—The ester was obtained in 72% yield 
by refluxing the corresponding anhydride with methyl 
alcohol saturated with hydrogen chloride for two days. 
It separated from benzene-ligroin as long, greenish-yellow 
prisms melting at 151-153° and turning red during the 
process.

A naL  Calcd. for C2oH2o06: C, 67.38; H, 5.68. Found: 
C, 67.41; H, 5.98.

Dimethyl 5,9 - Dimethoxyphenanthrene - 1,2 - dicar- 
boxylate.—The unsaturated ester described immediately 
above (500 mg.) was dehydrogenated with sulfur (45 mg.) 
as described for the anhydride; yield 82%. Recrystal­
lized from methyl alcohol, it formed light greenish-yellow 
prisms, m. p. 133-134°.

A naL  Calcd. for C2oHi806: C, 67.78; H, 5.12. Found: 
C, 67.52; H, 5.23.

5.9 - Dimethoxy - 1',3' -  diketo - 1,2 -  cyclopentenophe- 
nanthrene (III).—The above ester (1.15 g.) was refluxed 
with 8 cc. of ethyl acetate and 0.5 g. of sodium for two 
hours, and then 5 cc. of ethyl acetate and 0.3 g. of sodium 
were added and the refluxing was continued for four hours 
longer. A yellow sodium derivative separated during the 
process, and after adding 50 cc. of dry ether to the cooled 
mixture this was collected; additional material was re­
covered from the ethereal filtrate. Decarboxylation to the 
diketone was effected by boiling the sodium derivative with 
dilute hydrochloric acid for a few minutes and the product 
was crystallized from dioxane; yield 0.56 g. (58%). The 
fully purified material formed deep yellow needles which 
softened at about 265° and melted at 281-283° with de­
composition.

A naL  Calcd. for Ci9Hi40 4: C, 74.49; H, 4.61. Found: 
C, 74.47; H, 4.91.

A Case of Ether-Interchange.—In an early experiment 
5,9-dimethoxyphenanthrene-l,2-dicarboxylic anhydride

(3.75 g.) was refluxed for twenty-four hours with 150 cc. of 
ethyl alcohol saturated with hydrogen chloride, in the ex- 
pectation of obtaining the corresponding diethyl ester. 
The crude product (4.29 g.) contained a persistent yellow 
impurity which was removed after six crystallizations from 
methyl alcohol, and the product was obtained as thick, 
colorless needles, m. p. 109.5-110°. Analysis indicated 
that one of the two phenolic ether groups had been trans­
formed from methoxyl to ethoxyl in the course of the es­
terification and that the substance obtained is 5(9)- 
methoxy-9( 5 )-ethoxy-l,2-dicarbethoxyphenanthrene.

A n a l. Calcd. for C23H24O6: C, 69.67; H, 6.11. Found: 
C, 69.59,69.71; H, 6.28,6.02.

This conclusion was confirmed by conversion of the ester 
into a phenanthrindanedione as above, for the product 
(yield 81%) differed from the dimethoxy eompound (III) 
already described and had the composition of 5(9)- 
methoxy -  9(5) - ethoxy - 1 ',3' - diketo - 1,2 -  cyclopenteno- 
phenanthrene. The substance crystallized from dioxane- 
alcohol as fine, fluffy, yellow needles, m. p. 207-208°.

A n a L  Calcd. for C20H16O4: C, 74.98; H, 5.03. Found: 
C, 74.61; H, 4.83.

ß -(  2,6-Dimethoxy-1 -naphthoyl)-propionic Acid.—Pre­
pared as above by the Friedel and Crafts reaction in 82%  
yield, this acid crystallized from benzene as colorless 
needles which became opaque on drying, m. p. 156—156.5°.

A n a L  Calcd. for C16H160 5: C, 66.64; H, 5.59. Found: 
C, 66.40; H, 5.83.

y  - (2,6 - Dimethoxy - 1 - naphthyl) - propionic Acid.—
Clemmensen reduction of 34 g. of the above keto acid by 
Martin’s procedure3 gave, after remethylation and vacuum 
distillation, 17.5 g. of crude, solid reduction product, the 
residue being resinous. Crystallization from benzene gave, 
in the first crop, 11 g. of the normal reduction product in a 
nearly pure condition, and evaporation of the mother 
liquor yielded further crops of the same substance. No  
trace of a by-product comparable with that obtained in the 
other series was observed. The acid formed needles from 
benzene, m. p. 122-124°.

A n a L  Calcd. for Ci6H180 4: C, 70.04; H, 6.61. Found: 
C, 70.25; H, 6.92.

Summary
The diketone mentioned in the title was syn­

thesized by Standard methods and in the course 
of the work an interesting side reaction was ob­
served to occur in the reduction of /3-(l,5- 
dimethoxy-4-naphthoyl)-propionic acid by the 
Clemmensen method. In the formation of the 
abnormal product the ketonic group is reduced 
as usual, but the aromatic ring to which it is at­
tached is hydrogenated in the course of the reac­
tion and a methoxyl group in the para position is 
eliminated as well.
Co n v e r s e  M e m o r ia l  L a b o r a t o r y
Ca m b r id g e , M a s s . R e c e iv e d  S e p t e m b e r  25, 1936
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The Solubility of Nicotine Silicotungstate in Solutions of Dilute Hydrochloric Acid
B y  J oseph  R . Sp ie s

In determining small quantities of nicotine by 
the silicotungstic acid method, 1 it was necessary 
to know the solubility of nicotine silicotungstate 
in dilute hydrochloric acid. No exact quantita­
tive data on the solubility of this substance appear 
in the literature. Bertrand and Javillier2 first 
determined the sensitivity of silicotungstic acid

0 0.02 0.04 0.06 0.08 0.10
Concentration of acid, N .

Fig. 1.—Effect of dilute hydrochloric acid on the solu­
bility of nicotine silicotungstate.

as a reagent for nicotine by noting the maximum 
dilutions at which turbidity could be obtained 
when Solutions of the two substances containing 
different concentrations of hydrochloric acid were 
mixed. The maximum sensitivity was obtained 
in 1-1000 hydrochloric acid, and it decreased with 
increasing acid concentration. Chapin3 later

(1) While the results of the determinations reported in this paper 
express the “maximum solubility,” or the solubility of pure nicotine 
silicotungstate in Solutions of dilute hydrochloric acid, they also 
accurately represent the actual amount of nicotine lost in analytical 
determinations involving only nicotine. From analytical data pre­
sented by the author (paper accepted for publication in the Analyti­
cal Edition of Industrial and Engineering Chemistry) the excess (up 
to  ten times) silicotungstic acid used apparently does not produce a 
detectable decrease in solubility of nicotine silicotungstate. The 
analytical results also indicate that the usual practice of permitting 
freshly precipitated nicotine silicotungstate to stand overnight 
(eighteen hours) to crystallize allows sufficiënt time for even un- 
stirred Solutions to attain equilibrium. The solubility values as de­
termined in this paper, therefore, can be used in applying corrections 
for lost nicotine in analytical procedures where nicotine alone is 
present.

(2) G. Bertrand and M. Javillier, Ann. chim. anal. Appl., 14, 165 
(1909).

(3) R. M. Chapin, U. S. Dept. Agr. Bur. Animal Ind., Bull., 133, 
22 pp. (1911).

used silicotungstic acid for the precipitation of 
nicotine as the basis of the widely used gravi­
metric method for its determination. He found 
that the loss due to the solubility of nicotine silico­
tungstate was negligible in the macro method.

The solubility of pure nicotine silicotungstate 
has been determined at 25 =»= 0.02° 4 in distilled 
water ( p H  6.5 as determined colorimetrically with 
brom thymol blue) and in 0.001 to 0 . 1  N  hydro­
chloric acid Solutions. The results are sum­
marized in Table I and shown graphically in Fig. 1.

T a b l e  I

S o l u bil it y  o f  N ic o tin e  S ilic o tun g sta te  in  D ilu t e  
S o l u tio n s  of  H ydrochloric  A cid

Evapora­
tions®

Concn. Soln.
- of acid, evapor- 

N  ated, ml.

Av. weight 
of residue, 

mg.

Av. 
soly. fi 

mg./liter

Av. deviation from 
mean (2d/N ) 

mg./liter %
6 0.10 40 0.543 13.4 0.3 2.2
2 .070 40 .448 11.0 .0 0 .0
6 .050 50 .481 9.41 .28 3.0
4 .030 50 .400 7.80 .08 1 .0
2 .025 60 .466 7.59 .06 0.8
6 .020 60 .422 6.81 .36 5.3
2 .015 60 .427 6.96 .11 1.6
4 .010 60 .349 5.56 .04 0.7
2 .0050 60 .333 5.30 .00 .0
4 .0010 60 .373 6.08 .08 1.3
8 c 30 1.049 38.5 1.6 4.2

a Two evaporations were made from each saturated so­
lution, and the average weights given in the fourth column 
are based on the total number of evaporations. h Calcu­
lated as Si02- 12W03-2H20-2CioHi4No. Factor = 1.127. 
The residue (column 4) was corrected for blank (dissolved 
glass) at the rate of 0.80 mg. per liter for water and 1.70 
mg. per liter for 0.1 jV acid. Intermediate acid concentra­
tions were corrected proportionately. c Distilled water, 
p H  of 6.5.

The maximum solubility, 38.5 mg. per liter, was 
found with water, and the minimum between 
0.015 and 0.001 N  acid. The lowest value ob­
tained was 5.30 mg. per liter in 0.005 N  acid. 
The results obtained for from 0.015 to 0.1 N  acid 
fall on a straight line, the solubility increasing 
from 6.96 to 13.4 mg. per liter. It is probable 
that the break in the curve between 0.015 and 
0.001 N  acid is real and not due to experimental 
error, since the value obtained at 0.01 N  is 14.5% 
lower than it would be if it feil on the straight 
line passing through the other points. The maxi-

(4) The thermometer used, graduated in 0.1°, was checked against 
a National Bureau of Standards calibrated thermometer.
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mum deviation from the mean found in all the 
other determinations is 5.3% while the average 
of the deviations is only 1.8%. No explanation 
is offered for the occurrence of this minimum solu­
bility. It was more difficult to duplicate satu­
rated Solutions in water than when acid was pres­
ent. This is shown in Table I by the greater de­
viation from the mean in this case.

At acid concentrations below 0.025 N  the solid 
phase settled more slowly when stirring was in- 
terrupted. In a preliminary study some colloidal 
particles passed through the fritted-glass filter 
used to filter off the saturated Solutions. These 
Solutions showed a Tyndall cone when examined 
with a powerful light beam. At higher acid con­
centrations this difficulty did not occur, as settling 
was rapid and clear Solutions readily were ob­
tained. In the work reported in this paper a 
porcelain filterstick with a dense filtering surface 
was used, and the saturated Solutions obtained 
even at concentrations below 0.025 N  showed no 
distinct Tyndall cone.

Solutions saturated at 25° were prepared both 
by cooling Solutions saturated at higher tempera­
ture and by stirring nicotine silicotungstate with 
the solvent at 25°. Where more than one satu­
rated solution was prepared at a given acid con­
centration, both methods generally were used. 
The close agreement of the results indicates that 
true equilibrium was attained.

Experimental
Preparation of Nicotine Silicotungstate.—1.26 g. of 

nicotine5 (n22d 1.5241) was dissolved in 700 ml. of 0.086 
N  hydrochloric acid, and 14.2 g. (slight excess) of silico­
tungstic acid (4H20'S i02T2W03'22H20) in 200 ml. of dis­
tilled water was added slowly with stirring. After stand­
ing twenty hours with occasional stirring, the precipitate 
was filtered off and washed with dilute hydrochloric acid 
on the filter. It was stirred up once with dilute hydro­
chloric acid, filtered, washed and dried by exposure to air 
at room temperature. The crystalline character of the 
precipitate was shown by the familiar scintillating effect 
produced when the solid was stirred with the dilute acid 
solution, and was verified by microscopie examination.

A n a l. Calcd. for S i0 2 A 2 W O s-2H20 -2 C 1oH .u N r5n 20 :  
C, 7.29; H, 1.28; N, 1.70; Si02-12W03, 86.32. Found: 
C, 7.29, 7.24; H, 1.28, 1.29; N, 1.75, 1.76;6 Si0212W03, 
86.48, 86.28.

Apparatus.—Pyrex glassware was used throughout. To 
minimize solution of glass each vessel was leached on the 
steam-bath with dilute hydrochloric acid for several hours

(5) Purified by the method of Lowry and Lloyd, J. Chem. Soc., 
1381 (1929).

(6) The author is indebted to D. F. Houston for the micro Dumas
determinations.

before being used. All apparatus used for measurement of 
Solutions was calibrated.

Preparation of Saturated Solutions.—One-tenth gram 
of nicotine silicotungstate was agitated with 250 ml. of 
distilled water on the steam-bath in a 1-liter three-necked 
Pyrex flask equipped with a glass mechanical stirrer. 
After about five minutes of warming the flask was placed 
in the constant-temperature bath at 25 =*= 0.02° and the 
solution stirred until cooled to bath temperature. Suffi­
ciënt constant-boiling hydrochloric acid was then added to 
give the desired acid concentration. The alternative pro­
cedure was to place the nicotine silicotungstate directly in 
the hydrochloric acid solution without warming. In either 
case the Solutions were stirred for at least twenty hours, 
which experiment had shown to be ample for the attain­
ment of equilibrium. A 9-cm. porcelain filterstick was 
used for withdrawal of the saturated solution so that filtra­
tion by suction could be made without removing the flask 
from the constant-temperature bath. The saturated Solu­
tions were stored in glass-stoppered Erlenmeyer flasks in 
the constant-temperature bath.

Evaporation of Saturated Solutions.—Accurately meas­
ured volumes, in 10-ml. portions, were pipetted from the 
flasks into 15-ml. platinum crucibles that had previously 
been ignited to constant weight at 650°. To protect the 
crucibles from dust the evaporations were carried out in an 
electrically heated (95-105°) glass cylinder of 50 mm. 
diameter to which two glass wells were sealed to hold the 
crucibles upright. Air was aspirated through the cylinder 
to remove the water vapor. To avoid contamination by 
dust the air was filtered through cotton and a fritted-glass 
plate, respectively, before it entered the evaporation 
chamber. With this apparatus 10 ml. of water could be 
evaporated from a crucible in five hours with no danger of 
spattering or contamination by dust.

Ignition and Weighing of Residue.—When evaporation 
of the solution was complete, the crucibles were ignited for 
fifteen minutes in an electric furnace at 646-652°. This 
procedure was chosen for the following reasons. It is well 
known that tungstic oxide is appreciably volatile at the 
temperature attainable with a Meker burner. Platinum 
also shows sufficiënt loss of weight to be detectable on the 
microchemical balance when ignited for ten minutes at this 
temperature. In view of these facts, and because of the 
small amounts of oxides of tungsten and Silicon weighed, it 
was necessary to find a temperature at which small quan­
tities of nicotine silicotungstate could be completely ig­
nited without loss in weight of the residual oxides. Ex­
periments in which weighed quantities of nicotine silico­
tungstate were ignited in platinum crucibles and weighed 
under conditions simulating those used in the solubility 
determinations showed 650° to be a suitable temperature.7 
The nicotine silicotungstate was weighed into the platinum 
crucibles, which contained residues from previous igni- 
tions. After ignition the crucibles were cooled in air for 
thirty to forty minutes and then weighed. Table II gives 
the results of some of these experiments.

The residues were weighed on a Kuhlmann microchemi-

(7) C. F. Hillebrand and G. E. F. Lundell, “Applied Inorganic 
Analysis,” John Wiley and Sons, Inc., New York, 1929, p. 538. The 
ignition of nicotine silicotungstate is more fully discussed in the paper 
referred to in footnote 1.
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T a b l e  II
I g n it io n  o f  N ic o t in e  S ilic o t u n g sta t e  at  650°

Time of Nicotine
ignition, silicotungstate ------ Residue, mg.----- -

min. mg. Found Calcd.
15 2.737 2.366 2.363
15 3.172 2.741 2.738
45 2.107 1.818 1.819
45 2.146 1.869 1.852

cal balance the rider of which was checked against a 10- 
mg. weight calibrated by the National Bureau of Stand­
ards. The tares were adjusted so as to avoid the use of 
fractional weights. Since weighings were by difference and 
were sometimes made several days apart, it was necessary 
to use similar platinum crucibles for tares to eliminate 
errors due to change in pressure, temperature and humid­
ity. The use of the usual glass lead-shot tares was found 
to introducé an appreciable error due to these causes. 
Throughout the experiments the crucibles were handled 
with platinum-tipped forceps.

The Distilled Water.—Stock distilled water was care­
fully redistilled into a leached 12-liter flask, with the use of 
a block-tin condenser. When about half the determina­
tions had been made, blanks were run on the water alone

and with 0.1 normal Solutions of the hydrochloric acid 
used. The procedure and apparatus were the same as 
were used in the preparation of the saturated Solutions. 
On the basis of three runs each, the values of the blanks 
were 0.80 =*= 0.14 mg. per liter for the water and 1.70 =*= 
0.14 mg. per liter for the acid. The amount of the correc­
tion for dissolved glass was applied in proportion to the 
acid concentration of the solvent.

The author wishes to acknowledge the interest 
of Nathan L. Drake in this work.

Summary
The solubility of nicotine silicotungstate in 

water and in 0.001 to 0.1 N  hydrochloric acid Solu­
tions has been determined. The maximum solu­
bility, 38.5 mg. per liter, is found in water and a 
minimum of 5.30 mg. per liter in 0.005 N  hydro­
chloric acid. The solubility increases from 6.96 
mg. per liter in 0.015 N  acid to 13.4 mg. per liter 
in 0 . 1  N  hydrochloric acid.
C ollege  P a r k , M d . R e c e iv e d  S e pt e m b e r  5, 1936

[C o n t r ib u t io n  fr o m  t h e  C hem ical  L aboratory  of T h e  Oh io  S ta te  U n iv e r s it y ]

The Mechanism of Carbohydrate Oxidation. XXIII.1 A Contribution to the Alkaline
Hydrolysis of Oligosaccharides1*

B y  H arry  G eh m a n , Leonard C. K r e id e r  a n d  W m . L loyd E v a n s

After studying the action of aqueous potassium 
hydroxide on maltose (4-a-glucosidoglucose) to 
form lactic acid, Benoy2 and one of us came to the 
conclusion that the hexose (reducing) portion of 
the molecule was first degraded by the alkali to 
form the following fragments; formaldehyde, 
glycolaldehyde and 2-glucosidoerythrose. Hy­
drolysis of the latter was then assumed to occur 
to produce glucose and erythrose. As it was 
quite certain from previous work3 that formalde­
hyde, glycolaldehyde and erythrose would pro­
duce no lactic acid in alkaline solution, it was 
probable that when maltose was degraded by 
alkali the entire reducing half of the molecule was 
lost to lactic acid production. The hexosido- 
(non-reducing) portion, being released by hy­
drolysis as glucose, should then produce lactic 
acid as glucose was known to do. The fact that a

(1) Number X X II of this Series, H. W. Arnold and W. L. Evans» 
T h is  J o u r n a l , 58, 1950 (1936).

(la) Presented before the Organic Section of the American 
Chemical Society, Pittsburgh Meeting, 1936.

(2) W. L. Evans and M. P. Benoy, ibid., 52, 294 (1930).
(3) J. U. Nef, Ann., 376, 40 (1910); J. E. Hutchman, Ph.D. Dis­

sertation, O. S. U., 1927.

solution of maltose (0.25 M )  yielded approxi­
mately half as much lactic acid as was obtained 
under identical conditions from an equivalent 
amount of glucose (0.50 M ) lent considerable 
weight to this argument.

Later in a similar study of the alkaline degrada­
tion of cellobiose (4-ß-glucosidoglucose) and lac­
tose (4-galactosidoglucose) Hockett4 and one of 
us showed that these disaccharides also yielded 
only such amounts of lactic acid as would have 
been expected from their hexosido (non-reducing) 
portions alone.

The 6 -hexosidohexoses, like gentiobiose (6 -glu- 
cosido-glucose) and melibiose (6 -galactosidoglu- 
cose), present a different type of behavior, for 
here the amount of lactic acid produced is con­
siderably greater than that expected from the 
hexosido portion of the molecule alone. This was 
explained by pointing out that the reducing por­
tion of these molecules contributed a part of the 
lactic acid. Simultaneous with the degradation

(4) W. L. Evans and R. C. Hockett, T h is  J o u r n a l , 53, 4384 
(1931).
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of the reducing half of the molecule, or following it, 
hydrolysis would liberate the non-reducing half 
and make it subject to alkaline degradation so it 
too could make its normal contribution of lactic 
acid to the total.

This paper offers a mechanism for the alkaline 
hydrolysis postulated above and presents addi­
tional evidence to support and extend the previous 
theories2,4 of the action of alkali on Oligosaccha­
rides. The use of the recently synthesized gluco- 
sidodihydroxyacetone pentaacetate,5 cellobiosido- 
dihydroxyacetone octaacetate,5 and gentiobiosi- 
dodihydroxyaeetone octaacetate5 was invaluable 
in the latter phase of this work.

Experimental Part
Carbohydrate Materials.—Glucosidodihydroxyacetone 

pentaacetate, gentiobiosidodihydroxyacetone octaacetate, 
and cellobiosidodihydroxyacetone octaacetate were pre­
pared according to directions already published.5 Dihy­
droxyacetone monoacetate,6 cellobiose octaacetate, lactose 
octaacetate,7 and glucose pentaacetate, were specimens 
prepared in the conventional ways and recrystallized until 
pure. The gentiobiose octaacetate was obtained from 
The Laboratory Products Co., Cleveland, Ohio.

Analytical Procedure.—The general procedure outlined 
by Nadeau, Newlin and Evans8 was followed for the isola­
tion of the lactic acid. The use of acetylated sugars ne- 
cessitated a normality correction due to the neutralizing 
action of the acetyl groups and also to the greater expan- 
sion of the reaction mixture in these cases. The normali- 
ties of alkali reported are corrected values. A nitrogen 
atmosphere was also used in the reaction flasks instead of 
an air atmosphere as had formerly been customary. AU 
the work was carried out at a temperature of 50°. The 
amount of carbohydrate material and volume of alkali 
used to degrade it are as foUows: glucosidodihydroxyace­
tone pentaacetate, 1.4443 g. (0.25 M )  in 12.5 cc. KOH; 
glucose tetraacetate, 1.0878 g. (0.25 M )  plus dihydroxy­
acetone monoacetate, 0.4125 g. (0.25 M )  in 12.5 cc. KOH; 
glucose pentaacetate, 2.4375 g. (0.50 M )  in 12.5 cc. KOH; 
gentiobiose, 1.0687 g. (0.25 M )  in 25.0 cc. KOH;4 ß-gen- 
tiobiose octaacetate, 1.6957 g. (0.20 M )  in 12.5 cc. KOH; 
ß-gentiobiosidodihydroxyacetone octaacetate 1.5002 g. 
(0.20 M )  in 10.0 cc. KOH; ß-cellobiose octaacetate, 1.6957 
g. (0.20 M )  in 12.5 cc. KOH; ß-cellobiosidodihydroxyace- 
tone octaacetate, 1.8760 g. (0.20 M )  in 12.5 cc. KOH; 
gentiobiose octaacetate 1.6957 g. (0.20 M )  plus dihydroxy­
acetone monoacetate, 0.3302 g. (0.20 M )  in 12.5 cc. KOH; 
ß-cellobiose octaacetate, 1.6957 g. (0.20 M )  plus dihydroxy­
acetone monoacetate, 0.3302 g. (0.20 M )  in 12.5 cc. KOH; 
glucose pentaacetate, 1.56 g. (0.40 M )  plus dihydroxy-

(5) Number XX of this Series, L. C. Kreider and W. L. Evans, 
T h is  J o u r n a l , 58, 1661 (1936).

(6) H. O. L. Fischer, E. Baer and L. Feldman, Ber., 63, 1732 
(1930); A. Wohl and C. Neuberg, ibid., 33, 3095 (1900),

(7) C. S. Hudson and J. M. Johnson, T h is  J o u rn al , 37, 1270 
(1915).

(8) G. F. Nadeau, M. R. Newlin and W. L. Evans, ibid., 55, 4957
(1933).

acetone monoacetate, 0.3302 g. (0.20 M )  in 12.5 cc. KOH; 
glucosidodihydroxyacetone pentaacetate, 0.924 g. (0.20 
M )  plus glucose pentaacetate, 0.78 g. (0.20 M ) in 10.0 cc. 
KOH; ß-lactose octaacetate 2.197 g. (0.25 M )  in 12.5 cc. 
KOH.

The isolation of non-volatile saccharinic acids other than 
lactic acid was carried out according to the procedure out­
lined by Plunkett.9

Experimental Results.—The quantitative data obtained 
in this work are shown in graphical form in Figs. 1 to 6. 
The lactic acid yields in moles per mole of sugar used are 
plotted as functions of the corrected alkali normalities.

Theoretical Part
The hydrolysis of glucosides and Oligosaccha­

rides usually is achieved with dilute acid and by the 
aid of enzymes in a neutral solution. Hydrolysis 
in an alkaline medium has been reported in rela­
tively fewer instances, and hence it is not so well 
known. The evidence obtained from the action 
of aqueous alkali on certain disaccharides was of 
such a nature as to compel Benoy,2 Hockett4 and 
one of us to postulate alkaline hydrolysis during 
the alkaline degradation of the carbohydrates 
studied, and results reported here are in complete 
harmony with this view.

The following comparison of certain of our ex­
perimental data is of much interest in connection 
with the main purposes of this paper. Since 
glucosidodihydroxyacetone (I) yields lactic acid 
in alkaline solution, while allyl glucoside (II) does 
not produce this acid under the same conditions, 
an explanation for this difference in Chemical be­
havior of these two compounds was sought in 
some possible change in molecular structure which 
one of them might undergo in alkaline Solutions. 
If (I) is written in the customary keto-form. it is 
evident that the structure of both compounds is 
the same at the glucosidic link

CH2—O—G1 CH2—O—G1

CH2OH CH2
(I) (II)

and hence alkaline hydrolysis would be expected 
in both cases if it were known to occur in either 
one. From our experimental results it was con­
cluded that glucosidodihydroxyacetone in alka­
line solution must possess a different structure at 
the glucosidic link than does allyl glucoside. If 
glucosidodihydroxyacetone should undergo enoli­
zation in alkaline solution10 a possible enolic iso-

(9) R. J. Plunkett, Ph.D. Dissertation, The Ohio State Univer­
sity, 1936.

(10) Cf. A. Kusin, Ber., 69B, 1041-1049 (1936).
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mer would be 1 -triosenediol glucoside, a change 
which may be shown as follows

CH2—O—Gl H—C—OGI
I II

(A) CO ----^  C—OH
I ^ — 1

c h 2o h  c h 2o h

It may then be assumed that 1-triosenediol gluco­
side undergoes hydrolysis as shown by the equa­
tion
(B) CH20H C (0H )=C H 0G 1 +  HOH -->

CH20 H C (0 H )= C H 0 H  +  C6H i20 6

Both the triosenediol and glucose thus formed are 
sources of lactic acid. Since allyl glucoside does 
not yield lactic acid under our experimental con­
ditions, it is to be concluded that hydrolysis did 
not take place, i. e., there was no structural op- 
portunity for isomerization to yield an enolic 
form.

For these reasons the authors examined the 
literature to ascertain whether certain given types 
of compounds existed which would undergo alka­
line hydrolysis, and on the other hand whether 
certain other definite types would resist such hy­
drolysis. The reduction of heated Fehling’s solu­
tion was accepted as a criterion of hydrolysis in 
the absence of direct statements, or other experi­
mental evidence that was decisive, such as the 
production of lactic acid. This statement would 
of necessity assume that the aglycone was inac­
tive toward the oxidizing solution. Our examina­
tion makes it fairly certain that the literature of 
alkaline hydrolysis is not yet sufficiently under- 
stood to justify a conclusive Statement concerning 
the existence of sharply defined classes of com­
pounds that on the one hand undergo alkaline 
hydrolysis. while another group resists this action. 
The following facts verify this point of view. (a) 
Methyl, 11 ethyl, 11 glycol, 11 propyl12 and benzyl13 

glucosides and trehalose14 are representatives 
chosen from a large number of similar compounds 
that undergo no hydrolysis in aqueous alkali. In 
our experiments we found that methyl, glycol and 
allyl glucosides, and trehalose, when treated with 
aqueous Solutions of potassium hydroxide (4.0 N  

and above) for forty-eight hours at 50°, yielded 
no lactic acid. These results confirm the ab­
sence of hydrolysis in these cases. It should be

(11) E. Fischer, Ber., 26, 2400 (1893).
(12) E. Fischer and L. Beensch, ibid., 27, 2478 (1894).
(13) E. Fischer and B. Helferich, Ann., 383, 68 (1911).
(14) C. S. Hudson, T h is  J o u r n a l , 38, 1571 (1916).

noted that all of these compounds cannot iso- 
merize to an enolic form as given above for gluco­
sidodihydroxyacetone. (b) There are other gly- 
cosides that contain a still different type of an 
aglycone, some of which undergo alkaline hy­
drolysis while others do not. Helferich and Kühle­
wein15 found that the glycosides of theophylline 
(galactose, glucose and arabinose), chlorotheo- 
phylline ^-glucoside, tetraacetyl-trichloropurine 
d-glucoside, dichloroadenine d-glucoside did not 
reduce Fehling’s solution, while the glycosides of 
theobromine (galactose and glucose), and tetra- 
acetylhydroxycaffeine ^-glucoside did reduce the 
same reagent. In those cases where reduction 
took place, the compound could be isomerized to 
contain the group | , while in the
cases where no reduction occurred the glycosidic 
portion reacted with the purine compound to 
form the link N-C, thus exduding the possibility 
of isomerization after the manner indicated above. 
Fischer and Helferich16 found that theobromine 
glucoside is decomposed by water into its com­
ponents at ordinary temperature in the course of 
a few hours. Levene and Sobotka17 report that 
tetraacetylhydroxycaffeine was found so unstable 
that it could not be deacetylated at all without 
opening the purine linkage. (c) The phenolic 
glycosides present much interest in this connec­
tion. Helferich and Schmitz-Hillebrecht18 found 
that the acetylated glucosides of phenol, a -  and 
ß-naphthol, methyl arbutin, guaiacol and a -  and 
ß-galactosides of phenol and certain other similar 
glycosides reduce Fehling’s solution. On the 
other hand Helferich and Winkler19 report that 
tetraacetyl-phenol-ß-d-mannoside would not re­
duce Fehling’s solution without previous acid
hydrolysis. In the phenolic glycosides we find 

= C -0 -T 1the group | , which was postulated to
form in alkaline Solutions of compounds possess­
ing the structure which would yield the enolic 
isomer, and hence were expected to undergo 
hydrolysis.

More recently Gardner and his collaborators20 

have made a study of hydrolysis of a-hydroxyan- 
thraquinone ß ,^-glucoside and ß,^-arabinoside,

(15) B. Helferich and M. von Kühlewein, Ber., 53, 17 (1920).
(16) E. Fischer and B. Helferich, ibid., 47, 210 (1914).
(17) P. A. Levene and H. Sobotka, J. Biol. Chem., 65, 463 (1925).
(18) B. Helferich and E. Schmitz-Hillebrecht, Ber., 66, 378 (1933).
(19) B. Helferich and S. Winkler, ibid., 66, 1556 (1933).
(20) (a) J. H. Gardner, T. F. McDonnell and C. J. W. Weigand, 

T h is  J o u r n a l , 57, 1074 (1935) ; (b) H. Foster with J. H. Gardner, 
ibid., 58, 597 (1936); (c) J. H. Gardner and W. H. Demaree, ibid., 
58, 757 (1936).
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1,5- and 1 ,8 -dihydroxyanthraquinone glucoside, 
and ß-hydroxyanthraquinone ß,d-glucoside in 
aqueous Solutions of potassium hydroxide, borax 
and hydrochloric acid. These compounds were 
found to undergo hydrolysis in the three reagents 
chosen. (d) In striking contrast to the resistance 
toward alkaline hydrolysis of certain compounds 
noted in (b) that contain the group N-C at the 
purine-glycosidic union is the behavior observed 
by Maurer21 and Scheidt21 of certain glycosides of 
amino acid esters which were found to undergo 
hydrolysis in alkaline Solutions.

It is evident from this brief survey that it is 
possible for alkaline hydrolysis of O lig o sa c c h a r id e s  

to occur in molecules where the biosidic link exists
either in the form | , or where the struc­
ture can be transformed by the alkaline medium 
to assume that arrangement.

Such a structure could be induced in the frag­
ment 2 -glucosidoerythrose, which was postulated 
as an intermediate in the alkaline degradation of 
maltose2 and of cellobiose. 4 The reactions that 
probably take place are shown in the following

c h 2o h

(E) C—OH +  H20

H—cü—OGl
3-Glucosido- 

triose 1,2-enediol

The actual isolation of the monosaccharides set 
free in such an hydrolysis is not possible when 
working with the stronger alkaline Solutions. 
However, Lobry du Bruyn and Alberda van 
Ekenstein, 22 using much weaker alkalies, isolated 
galactose from lactose (4-galactosidoglucose) Solu­
tions, but obtained no glucose. This result was 
a reasonable one because the latter undoubtedly 
was partially degraded before the alkaline hy­
drolysis occurred.

Discussion of Experimental Data
Glucosidodihydroxyacetone and Gentiobiose.

—-From previous studies of the action of alkali 
on gentiobiose, 4 it was assumed that the reducing 
half of the molecule was the first to suffer degra­
dation. This action produced fragments of two 
types: (1 ) those that form monosaccharides, and

CH2OH
I

—>  C—OH +  Glucose 

H—C—OH |
Triosenediol Lactic

Acid

OIIo
- c h 2o h CH2OH|

H—C—OG1 — 
(C) | ■<- 

H—C—OH

j
C—OG1

-  || +  h 2o — >
C—OH

C—OH
II +
C—OH

Glucose
1|

c h 2o h

|
c h 2o h

|
c h 2o h

T
Lactic Acid

2-Glucosido-
erythrose

2-Glucosidoerythrose
2,3-enediol

Erythrose ---->■
2,3-enediol

Saccharinic
Acids

In like manner the various fragments postu­
lated in the degradation of disaccharides of the 
gentiobiose type4 could undergo enediolization
to form the grouping oi_o-c= which will then 
permit hydrolysis in the alkaline medium to lib- 
erate the non-reducing portion to the attack of the 
alkali. For example, if gentiobiose should frag­
ment as postulated4 to yield glyceraldehyde 
and 3-glucosidoglyceraldehyde, the latter could 
undergo the following reactions culminating in ah 
alkaline hydrolysis to form glyceraldehyde and 
glucose as shown in following reactions

h —c=o c h 2o h  c h 2o h

(D) H—C—OH C—OH i = 0
I II I

H2C—OG1 HC—O—G1 H2C—OG1
3-Glucosido- 3-Glucosido-triose Glucosido-dihy- 

glyceraldehyde 1,2-enediol droxyacetone

(21) (a) Kurt Maurer, Ber., 59B, 827-829 (1926); (b) K. Maurer 
and B. Scheidt, Z. physiol, Chem., 5506, 125 (1932); C, 4-, 36, 3482
(1932).

(2 ) those that result in the formation of disac­
charides. By the action of alkalies on the mono­
saccharides so formed, glycol aldehyde yields no 
lactic acid, the triose gives much lactic acid, and 
the tetrose no lactic acid. Of the possible disac­
charides, 5-glucosidopentose, 3-glucosidotriose and 
glucosidoglycol aldehyde, the 3-glucosidötriose 
yields much lactic acid. The newly formed di­
saccharides could then suffer a similar degrada­
tion in the reducing portion of their molecules, or 
they could undergo alkaline hydrolysis according 
to the mechanism outlined above. Reactions D 
and E may be considered the steps in a typical 
example of such an hydrolysis. The glucose thus 
liberated could then undergo fragmentation in the 
presence of alkali with the resulting production of 
lactic acid.

An experimental study of the amounts of lactic 
acid produced by the alkaline degradation of the

(22) Lobry dn Bruyn and Alberda van Ekenstein, Ree. trav. chim 
18, 147 (1899).
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individual disaccharide fragments should yield 
important data regarding the mechanism of the 
alkaline degradation of gentiobiose itself. One of 
these compounds, a glucosidotriose, is now avail­
able for study in the recently prepared glucosido­
dihydroxyacetone pentaacetate. 4 In discussing 
Fig. 1 three cases will be noted.

o
Q*

*§ci
1.6

o
A4 0.8 o
a

o

GIUCO:s id o d jf ly d ro x ;y a c e to ne (0.25M) n

/? * l \

1 jc o se +
(<j

Dihydt 
»ach 0.2

■“o xya ceton e  
5M7 | y

I
Gen' t io b io s e  (0 .25M )V,^ 

(H o cke tt) J

$■
2  4

Normality of KOH.
Fig. 1.—A comparison of the lactic acid yields ob­

tained from 0.25 M  Solutions of glucosidodihydroxy­
acetone with those of a mixture of glucose and dihy­
droxyacetone, and with those of gentiobiose in the 
presence of potassium hydroxide at 50°.

(a) This keto sugar should react in alkaline 
solution in accordance with Reaction D to produce 
the corresponding aldo sugar, 3-glucosidoglyceric 
aldehyde, 23 one of the postulated intermediates 
formed in the alkaline degradation of gentiobiose. 
If the remaining fragments obtained from the 
gentiobiose molecule consisted chiefly of formal­
dehyde and glycol aldehyde, the yields of lactic 
acid from glucosidodihydroxyacetone at different 
alkalinities should be approximately the same as 
those obtained from gentiobiose itself provided 
the concentration of this glucosidotriosenediol in 
this very complex mixture were the same in both 
cases. From Fig. 1 it may be fairly concluded 
that at alkalinities below I N  gentiobiose mole­
cules have not undergone a sufficiënt degree of 
fragmentation to yield a concentration of the 
glucosidotriosenediol molecules at a given alka­
linity equal to that produced by the glucosidodi­
hydroxyacetone used. (b) At favorable alkalini­
ties, it is conceivable for the gentiobiose molecules 
to undergo fragmentation in the direction of 
yielding one molecule each of 3-glucosidoglyceric 
aldehyde and gly ceric aldehyde. Since gly ceric 
aldehyde itself is also a source of lactic acid, the 
total yield of this acid under these conditions may 
be greater than in the previous case, provided the

(23) L. C. Kreider and W. L. Evans, T h is  J o u rn al , 57, 229 
(1935).

degree of fragmentation of the gentiobiose mole­
cules is sufficiently great to furnish the required 
concentration of the enediolic isomers of glyceric 
aldehyde and of the glucosidoglyceric aldehyde 
necessary for this purpose. This explanation 
would account for the greater yields of lactic acid 
from gentiobiose between 1.2 and 4 N  (Fig. 1 ) than 
those from glucosidodihydroxyacetone in the same 
alkaline range, (c) If at the highest alkalinities 
the fragmentation of gentiobiose molecule yields 
a tetrose and giucosidoglycol aldehyde the yields 
of lactic acid should tend toward that obtained 
from the glucose molecule (a hydrolytic product) 
under the same conditions. It will be shown later 
that in addition to the effect of such a postulated 
fission on the yields of lactic acid produced in these 
cases, the formation of saccharinic acids exercises 
a marked influence in this connection.

The assumption that glucosidoglyceric alde­
hyde is a possible intermediate in the alkaline 
degradation of gentiobiose seems justified by the 
discussion set forth above concerning the experi­
mental facts presented in Fig. 1. Unfortunately, 
the other disaccharide fragments have not yet 
been synthesized in a pure form, so that they too 
could be tested for lactic acid production. How­
ever, by making use of the accumulated experi­
ence of previous workers, 2,4,24 we can predict with 
a fair degree of assurance that the glucosidobioses 
will yield about the same amount of lactic acid as 
their constituent glucose portions alone would 
produce and that glucosidotetroses and glucosido- 
pentoses would probably yield somewhat more 
lactic acid than their constituent glucose portions.

Glucosidodihydroxyacetone and Cellobiosido- 
dihydroxyacetone.-—Benoy, 2 Hockett, 4 and Ev­
ans postulated that in the alkaline degradation 
of 4-glucosidoglucoses, such as maltose and cello­
biose, the reducing section of the molecule would 
decompose into fragments which were not sources 
of lactic acid, while the hexosido portion of the di­
saccharide molecule was the only available source 
of this acid. The recent syntheses5 of glucosido­
dihydroxyacetone pentaacetate and cellobiosido- 
dihydroxyacetone octaacetate has made it pos­
sible to test this assumption in a very simple 
manner.

If glucosidodihydroxyacetone pentaacetate un­
dergoes alkaline hydrolysis in the manner indi­
cated in Reactions D and E, two lactic acid pro­
ducing compounds, namely, dihydroxyacetone

(24) W. L. Evans, Chem. Rev.t 6, 281 (1929).
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and glucose, would be formed in the reaction mix­
ture . If cellobiosidodihydroxyacetone octaacetate 
were subjected to the same treatment under the 
same experimental conditions, dihydroxyacetone 
and glucose derived from the hexosido section of 
the molecule would be present in the reaction 
mixture in addition to the non-lactic acid pro­
ducing fragments into which the hexose section 
of the molecule was decomposed. Thus it is seen 
that both systems would contain the same com­
mon lactic acid sources. A comparison of the 
structural formulas of these two carbohydrates 
will make this point more clear. The mono- 
saccharide sections designated A and C produce 
lactic acid when degraded by alkali, while section 
B produces no lactic acid under the same condi­
tions. 4

(A)

CHr-OAg
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CHü
I

O
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c h 2
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Under these circumstances the yield of lactic acid 
in each case should be the same within the limits
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Cellobiosidodihydroxyacetone and Gentiobio- 
sidodihydroxyacetone.—In Fig. 3 we note that 
gentiobiose (0 . 2 0  M )  produces between 0.5 and 
0 . 6  mole more lactic acid at the maximum than 
does cellobiose (0.20 M ) .  Since a comparable 
difference exists between the gentiobiosidodihy- 
droxyacetone and the cellobiosidodihydroxyace­
tone it is evident that whatever may be the mecha­
nism of the fragmentation of these molecules its 
effects on the parent disaccharides are analogous. 
The degradation proceeds so that the cellobiosidic 
portion reacts as cellobiose and the gentiobiosidic 
portion reacts as gentiobiose. This is evidence 
that the mechanism of break at the oxygen link 
connecting the dihydroxyacetone is such that the 
non-reducing portions of the residual disaccha­
rides are not disturbed until after their hydroly­

sis has taken place, and 
that all alkaline degra- 
dations originate at the 
reducing regions only.

Relative Yields of 
Lactic Acid from Oligo­
saccharides and their 
Hydrolytic Fractions.—  
The lactic acid yields 
from these Oligosacchar­
ides can be shown to 
differ markedly from 
those of their possible hy­
drolytic fractions. The 
yield of lactic acid from 
glucosidodihydroxyace­

tone is much higher than the yield obtained from 
an equivalent mixture of glucose plus dihydroxy­
acetone (Fig. 1). The lactic acid produced by the

------- O -
Ac
O H

Ac
O

\  I I I
O—C—C—C—C—C—CH2-----OAc

O H 
Ac

(C)

H

0 62 4
Normality of KOH.

Fig. 2.—A comparison of the lactic acid yields ob­
tained from 0.20 M  Solutions of glucosidodihydroxy­
acetone with those of cellobiosidodihydroxyacetone in 
the presence of potassium hydroxide at 50°.

0 8

of experimental error, 
case in Fig. 2.

This is shown to be the

2 4 6
Normality of KOH.

Fig. 3.—A comparison of the lactic acid yields ob­
tained from 0.20 M  Solutions of gentiobiosidodihydroxy- 
acetone with those of gentiobiose, and cellobiosidodi­
hydroxyacetone with those of cellobiose in the presence 
of potassium hydroxide at 50°.
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alkaline degradation of cellobiosidodihydroxy­
acetone differs greatly from the possible hydroly­
tic products that might be formed (Fig. 4). In

Ce11obiose (0.20M)+Dihydrox^acetone (0.20M)

2 4
Normality of KOH.

Fig. 4.—A comparison of the lactic acid yields ob­
tained from 0.20 M  Solutions of cellobiosidodihydroxy­
acetone in the presence of potassium hydroxide at 50° 
with mixtures of its theoretically possible saccharidic 
components.

the same way there is an absence of any corre­
lation between the lactic acid yields obtained 
from gentiobiosidodihydroxyacetone and from 
any of its possible hydrolytic products is shown 
in Fig. 5. These facts can best be interpreted

2 4
Normality of KOH.

Fig. 5.—A comparison of the lactic acid yields ob­
tained from 0.20 M  Solutions of gentiobiosidodihydroxy­
acetone in the presence of potassium hydroxide at 50° 
with mixtures of its theoretically possible saccharidic 
components.

as evidence that, in general, Oligosaccharides 
do not hydrolyze immediately and entirely when 
they are placed in alkali, but rather that hydroly­
sis is a relatively slow process and is probably 
preceded by a partial alkaline degradation of 
the reducing end of the molecule. It should also 
be pointed out that the possible hydrolytic frac­
tions and their degradation products tend to

undergo rearrangements in alkaline Solutions to 
form their respective saccharinic acids, thus pro- 
portionally reducing the yields of lactic acid, 
which itself may be considered the saccharinic 
acid of the trioses.

The yields of lactic acid obtained from gluco- 
sido-dihydroxyacetone, cellobiosidodihydroxyace­
tone, and gentiobiosidodihydroxyacetone are in 
general greater than those obtained from mix­
tures simulating the products obtained in the first 
step in the alkaline hydrolysis of these Oligo­
saccharides, i. e.t glucose and dihydroxyacetone, 
cellobiose and dihydroxyacetone, and gentiobiose 
and dihydroxyacetone, respectively (Figs. 1, 4 
and 5). In the case of mixtures representing 
other possible hydrolytic reactions, the yields of 
lactic acid tend to be higher than those obtained 
from the Oligosaccharide itself.

0 2 4 6
Normality of KOH.

Fig. 6.—A comparison of the lactic acid and saccha­
rinic yields obtained from a mixture of cellobiose octa­
acetate (0.20 M )  and dihydroxyacetone monoacetate 
(0.20 M )  in the presence of potassium hydroxide 
at 50°: 1, percentage of the sugars returned as lac­
tic acid; 2, percentage of the sugars returned as 
saccharinic acids other than lactic acid; 3, total 
saccharinic acids recovered; 4, zinc oxide content of 
the salts obtained in 2.

The much slower release of the carbohydrate 
material of the parent Oligosaccharide into the 
alkali sensitive hydrolytic portions makes pos­
sible a more efficiënt formation of lactic acid. 
This result is in agreement with an earlier observa­
tion of Shaffer and Friedemann25 concerning the 
effect of the concentration of sugar molecules on 
the yields of lactic acid.

Lactose (4-Galactosidoglucose).—The use of 
an improved technique enabled us to obtain well 
crystallized zinc lactate in small amounts from

(25) P. A. Shaffer and T. E. Friedemann, J. Biol. Chem., 86 , 345 
(1930).
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the alkaline degradation of this sugar. Lactose 
being a disaccharide linked in the same fashion as 
cellobiose, it was expected that its lactic acid 
yields plotted on a molar basis should closely ap­
proximate those of galactose just as those of cello­
biose4 and maltose2 approximate those of glucose. 
This was found to be true.

Non-volatile Saccharinic Acids Other than 
Lactic Acid.—The materials extracted at this 
stage were found to be distinctly salt forming in 
nature with the zinc oxide content of these salts 
varying widely according to the carbohydrate 
source. As stated above it is reasonable to as­
sume that the formation of these other saccharinic 
acids occurs at the expense of lactic acid forma­
tion so that a reciprocal relationship with the 
latter would be established. This condition was 
not always realized experimentally, but Fig. 6  

shows the results from the cellobiose octaacetate 
and dihydroxyacetone monoacetate mixture. The 
acids involved here are undoubtedly of varying 
carbon content.

The zinc oxide content of the acids obtained in 
the case mentioned above remains constant at 
about 2 0 % (approximately that required for a 6 - 
carbon saccharinic acid). However, in some cases 
the cellobiosidodihydroxyacetone, for example, 
these salts showed a regulär rise from about 1 0 % 
zinc oxide content at the lower alkalinities to that 
required for the C6 acids. Undoubtedly the lower 
zinc oxide indicates the formation of glycosidic 
saccharinic acids, the lactic acid yields always 
being low in these cases. The method used here 
for their isolation was not such as to permit their 
identification, a feature of the work that should 
be investigated further. It was not possible to 
account for 1 0 0 % of the sugar because of its re­
moval by decolorizing agents of tars which 
probably consist of polymeric acetol, formalde­
hyde, and Condensed forms of other carbonyl 
compounds. The formation of acetic and formic 
acids in the alkali reactions is well known.

Summary
1. Following the interpretation of Benoy, 2 

Hockett and Evans4 for the alkaline degradation

of reducing disaccharides, a mechanism has been 
proposed for the alkaline hydrolysis of the theo­
retically possible intermediates that may form. 
These intermediates are assumed to form gluco­
sidic enediols that in turn are hydrolyzed to glu­
cose and an enediol which in the case of triosene- 
diol is converted to lactic acid, and in that of 
tetrosenediol is converted to the corresponding 
saccharinic acids. The glucose released in the 
hydrolysis is also a source of lactic acid.

2 . A comparative study of the lactic acid 
yields obtained from gentiobiose and glucosidodi­
hydroxyacetone justifies the assumption that the 
corresponding glucosidoaldotriose, 3-glucosido­
glyceric aldehyde, is a fragmentation product of 
gentiobiose in alkaline solution.

3. A comparative study of the lactic acid 
yields obtained from alkaline Solutions of glucosi­
dodihydroxyacetone and cellobiosidodihydroxy­
acetone confirms2,4 the view that the hexosido 
section of the 4-hexosidohexoses is the source of 
the lactic acid and not the hexose section.

4. A comparative study of the yields of lactic 
acid obtained from gentiobiosidodihydroxyace­
tone and gentiobiose, and also those from cello­
biosidodihydroxyacetone and cellobiose confirms 
the general view expressed in 3.

5. The yields of lactic acid obtained from mix­
tures of the possible hydrolytic products of the 
Oligosaccharides investigated are greater than 
those from the parent carbohydrate in each case 
except in those instances involving the release 
of dihydroxyacetone as the first step in these al­
kaline hydrolyses. This may be ascribed either 
to a slow degradation of the Oligosaccharides, or to 
the concurrent rearrangements taking place with 
the resulting formation of saccharinic acids, or 
both.

6 . A study of alkaline Solutions of varying 
normalities which contained a mixture of cellobi­
ose octaacetate and dihydroxyacetone monoace­
tate shows that there is a definite relation be­
tween the yields of lactic acid obtained and those 
of the saccharinic acids.
Co l u m b u s , O hio R e c e iv e d  A u g u s t  5, 1936
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[Contribution from Gates and Crellin Laboratories of Chemistry, California Institute of T echnology,
No. 557]

Stereochemical Relationships of the Isomeric 2,3-Butanediols and Related Com­
pounds; Evidence of Waiden Inversion
B y  C h e s t e r  E. W ilson  a nd  H oward J. Lucas

This investigation has been undertaken for the 
purpose of synthesizing c i s -  and t r a n s - 2 -butene in 
a pure state and of studying the Waiden inver­
sion. Incidentally, the work has constituted an 
independent confirmation of the observation that 
the butene produced in the dehydration of 1 - 
butanol in the presence of sulfuric acid is approxi­
mately 6 8 % t r a n s - 2 -butene and 32% cis-2 -butene. 1 

The reliability of this result has been questioned, 2 

on the basis that the dibromide method of analysis3 

is faulty. 4 This confirmation rests upon the ob­
servation that cis-2 -butene is converted through 
the chlorohydrin to cfy-2 ,3 -epoxybutane and that 
the crude epoxybutane mixture obtained from 
the crude butene mixture is approximately 6 5 %  

t r a n s - 2,3-epoxybutane and 35% as-2,3-epoxy- 
butane, with little or no 1 ,2 -epoxybutane.

The M ethod of Synthesis.—This is outlined 
below:

HOC1
-------->. 3 -chloro-

— H 20
1 -butanol ------ >  2 -butenes

—HCl distn.
2 -butanols —------ >  2,3-epoxybutanes-------- >■

H30+
c i s  (or t r a n s )  -2,3-epoxybutane ------:----->  d l  (or

A c20
raeso)-2,3-butanediol----------- >  d l  (or m e s o ) - 2 ,3 -

HBr
butanediol diacetate --------- >  m e s o  (or d l ) -2 ,3 -

Zn
dibromobutane ------- t r a n s  (or c is ) '-2 -butene.
The butene mixture from the decomposition of 1- 
butanol was converted into a mixture of chloro- 
hydrins and this into a mixture of epoxybutanes 
by hot potassium hydroxide solution. Frac­
tionally distilling the oxides is more satisfaetory 
than distilling the butenes because the former are 
liquids, whereas the latter are gases, and because 
the difference in boiling points of the isomeric
2 ,3 -epoxybutanes is 6 °, whereas it is 2.7° for the 
isomeric 2-butenes. Each oxide, contaminated 
with a small amount of its stereoisomer, was hy-

(1) Young and Lucas, T h is  J o u r n a l , 52, 1964 (1930). A similar 
conclusion has been drawn independently by H. B. Hass, who has 
separated the isomeric 2,3-epoxybutanes and has converted each to 
a glycol (private communication).

(2) Komarewsky, Johnstone and Yoder, ibid., 56, 2705 (1934); 
Pines, ibid., 55, 3892 (1933).

(3) Dillon, Young and Lucas, ibid., 52, 1953 (1930).
(4) See also Young and Winstein, ibid., 58, 102 (3 936).

drated to a 2,3-butanediol, which could be puri­
fied from the small amount of its diastereomer by 
crystallization. Conversion of the glycol to its 
diacetate afforded another opportunity for puri­
fication, especially in the case of the lower melting 
(liquid) glycol, for its diacetate is a solid. Each 
pure diacetate was converted into a pure 2,3-di- 
bromobutane by saturated, aqueous hydrobromic 
acid. The dibromides are known to yield the 
isomeric 2 -butenes.5

A necessary condition of obtaining pure com­
pounds at the different steps is the avoidance of 
racemization, that is, there must be, at each asym­
metrie carbon atom, either zero or 100% Waiden 
inversion. Fortunately, under the conditions 
employed, this condition held. No attempt was 
made to modify conditions so as to bring about 
racemization.

Possibility of Waiden Inversions.—An odd
number of Waiden inversions are involved, start­
ing with a pure 2 -butene and passing, through the 
changes outlined above, to a pure 2 -butene, since 
as-2 -butene is obtained from t r a n s - 2 -butene. 
Because of the symmetrical structure of the com­
pounds involved, it should be possible to deter­
mine whether only one Waiden inversion takes 
place during the following changes:

Epoxybutane---->  butanediol
Butanediol---->  butanediol diacetate
Butanediol diacetate —->  dibromobutane 
Dibromobutane---->  2-butene

In order to establish the possibility of Waiden in­
versions, the compounds involved (except the 2 - 
butene) must be prepared with optical activity. 
An epoxybutane and a diol have been obtained 
with optical activity, although not in the pure 
form. The hydration of the epoxybutanes to 
the butanediols takes place through a Waiden 
inversion, which is 100% in each case. 6 Although

(5) The purity of the dibromides was regarded as proof that pure 
butenes would result, for it has been shown already, Ref. 1, that a 
butene and its dibromide are interconvertible. Since this work was 
started, Kistiakowsky, et al., ibid., 57, 879 (1935), have obtained these 
hydrocarbons in a high state of purity.

(6) Waiden inversions have been observed in the hydration of 
epoxy compounds to glycols: Kuhn and Ebel, Ber., 58B, 919 (1925); 
Van Loon, Thesis, Delft, 1918; Böeseken, Rec. trav. chim., 47, 683 
(1928).
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the hydration of the oxide is the only step for 
which there is a definite proof of Walden inversion 
in this work, it is probable that a total of five 
single inversions are involved in passing from c is -  

2-butene to t r a n s -2-butene, as outlined in Fig. 1, 
in which the stereochemical relationships of the 
different compounds are shown. Similar stereo­
chemical relationships are outlined in Fig. 2 for 
the conversion of t r a n s - 2 -butene to c i s - 2 -butene. 
In this case the second eompound, the chlorohy­
drin, has not yet been obtained pure. A Walden 
inversion is indicated by the letters W. I. In 
the case of the riZ-compounds, the configuration 
of but one of the two possible antipodes is shown.

double bond.7 If this is true, then an inversion is 
involved at the second step, that is, during the 
closing of the oxide ring. At the third step, i .  e . ,  

the opening of the oxide ring through hydration, 
a Walden inversion is definitely proved, by es- 
tablishing the configuration of the oxides and 
glycols.

Configurations of the Isomeric 2,3-Epoxy- 
butanes.—These were established by obtaining 
one (the lower boiling isomer) with optical ac­
tivity, although not as a pure isomer. For this 
purpose the oxide was converted by the usual 
steps to a corresponding dZ-3-dimethylamino-2- 
butanol, d l - a , ß -dimethylcholine iodide and d l - a ,

H3Cv /CH 3 HOC1
> C = C < (  --------- ^

h /  >H W.I.?

cw-2-Butène
3-Chloro-2-butanol, b. p. 51.5-52.5° (30 mm.)

H3Cv /C H s h 3o +
> C — ^ - C <  ----------- >H/ \ 0/  Na w.i.

cfs-2,3-Epoxybutane, b. p. 59.9-60.4°

H Cl

H3C---- C -— C------CHa
I I
OH H

—HCl
--------- >■
W.I.?

h 3c-

H

- i .

OH

-C ----- -CH8

OH H
^/-2,3-Butanediol, m. p. 7.6°

Ac20
— ---------->
or AcCl

H OAc
i i

H3C----- C------C----- CHs
I I
OAc H

^/-Diacetate, m. p. 41.5°

H H
HBr | | Zn H3Cv /H

------------ H3C— -C ------------C-------CH3 ---------->  > C = C <
one(?) W.I. | | W.I.(?) H Z \C H 3

Br Br
-2,3-Dibromobutane, b. p. 73.2-73.4° (50 mm.) /raws-2-Butene 

Fig. 1.—£raws-2-Butene from cZs-2-Butene.

H3CV JH
> = = <

H r XCH*

tran s-2-Butene

H  H
H O C 1 | | - H C l  H 3Cv ,H

----------- ^  H 3C -------C -------C ------- C H 3 ------------ >  > C --------C <
W .I.(?) | | W .I.(? )  H '  \ ^ /  N C H 3

O H  C l U

tra n s-2 ,3-Epoxybutane, b. p. 53.6-54.1°
H H

H30+  I | Ac20
----- - >  H3C----- C-----C— c h 3 --------- >
W.I. I I or AcCl

OH OH
m eso-2,3-Butanediol, m. p. 34.4°

H

H3C------C CH 3

ÓAc ÖAc
w&so-Diacetate, m. p. 3.0°

HBr
—--------------- >
one(?) W.I.

H Br

H3C----- CH3
Zn HaCv  /C H 3

-----------^  x Cm C x

W.I.(?) H /  \H
Br H

^/-2,3-Dibromobutane, b. p. 76.4-76.6° (50 mm.) cZs-2-Butene 
Fig. 2.—cis-2-Butene from tra n s -2 -Butene.

Although no evidence is available as yet to 
show that a Walden inversion is involved in the 
conversion of the butenes to the chlorohydrins, 
and of these to the oxides, it is reasonable to postu­
late an inversion at the first step, in conformity 
with the general rule of t r a n s  addition to the

/^dimethylcholine. The latter was partially re­
solved with tartaric acid. Distillation of the ac­
tive base with aqueous sodium hydroxide gave 
trimethylamine and an o p t i c a l l y  a c t i v e  butene

(7) Michael, J. prakt. Chem., 52, 344 (1893); Chavanne, Rev. 
. sei., 35, 229 (1924).
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oxide. 8 It was shown further that each d l - a , ß -  

dimethylcholine gave the pure oxide from which 
it had been prepared. Therefore the original 
lower boiling oxide, b. p. 54°, as well as the re­
covered active oxide, must have the t r a n s  con­
figuration, and the higher boiling, b. p. 60°, must 
have the c i s  configuration.

Configurations of the Isomeric 2,3-Butane- 
diols.—These have been established by three 
independent observations, as follows: (a) when 
the optically active oxide is hydrated, the inac­
tivity of the resulting glycol, which is the higher 
melting isomer, shows that it is the internally 
compensated form; (b) when the lower melting 
glycol is partially esterified by ^-camphor sulfonic 
acid, the optical activity developed in the unesteri- 
fied glycol shows that this is the d l - g ly c o l ;  (c) 
when the higher boiling, c i s - o x i d e  undergoes hy­
dration in the presence of either -̂camphor sul­
fonic acid or d - tartaric acid, the optical activity 
possessed by the resulting, lower melting glycol 
shows that it is the d l - g l y c o l .  These results con- 
firm those of Böeseken and Cohen,9 who resolved 
the acid sulfate of the liquid glycol by means of 
brucine. An independent confirmation of their 
results seemed desirable because of the possi­
bility that a Waiden inversion may have taken 
place in their work, and also because it is some­
times assumed that the solid glycol is the d l- 
isomer since it is produced by bacterial fermenta­
tion, and possesses some optical activity. 9,10

A Waiden Inversion.—The hydration of the 
optically active, v i z ., the t r a n s  oxide, to the inac­
tive, v i z . ,  the m e s o  glycol, proves that a complete 
Waiden inversion, i .  e . , a t r a n s  opening of the 
oxide ring, takes place. If there were no Inver­
sion, i .  e ., if there were c i s  opening of the ring, 
the resulting glycol should possess optical activity, 
since an optically active glycol would be present. 
The optical activity could disappear only by con­
version to the m e s o  form through racemization at 
one carbon atom or to its antipode through racemi­
zation at both asymmetrie carbon atoms. Ra­
cemization, even at one carbon atom, was never 
observed during the hydration of the inactive 
oxides, for a pure d l - or m e s o - g l y c o l  was obtained.

Other Possible Inversions.—Inspection of 
Figs. 1 and 2  shows that either zero or an even

(8) See Rabe and Halbensieben, Ber., 43, 2622 (1910); Read and 
Campbell, J. Chem. Soc., 2377 (1930).

(9) Böeseken and Cohen, Rec. trav. chim., 47, 839 (1928).
(10) Harden and Walpole, Proc. Roy. Soc. (London), 77B, 399 

(1906). The optical activity is due to contamination by an active 
form.

number of inversions are involved between the 
glycols and the final butenes. It is hardly likely 
that an inversion accompanies the formation of 
the diacetate, since the C-O bonds are not al­
tered. It is probable that an inversion accom­
panies the conversion of each butene to its di­
bromide, and v ic e  v e r s a ,1 in line with similar 
changes7. If this is the case, then only one Wai­
den inversion is involved in the formation of the 
dibromides from the diacetates. This would 
constitute an unusual and unexpected type of 
Waiden inversion. 11 It is planned to investigate 
this possibility by attempting to prepare an op­
tically active diacetate and dibromide.

It seems probable, therefore, that five Waiden 
inversions in all are associated with the changes 
shown in each of Figs. 1 and 2. Of these, the 
first two are not susceptible of direct proof by the 
stereochemical method, whereas the last three are. 
A Waiden inversion has been shown to accom­
pany the third step; the fourth and fifth steps re­
quire further study.

This research has been aided by a grant from 
Dr. George Piness, of Los Angeles, whose finan­
cial aid is gratefully acknowledged. For the ad- 
vice and assistance of his colleague, Dr. Gordon
A. Alles, the authors desire to express their appre- 
ciation and thanks.

Experimental
Preparation of 2-Butene.—The 2-butene,1 obtained by 

heating a mixture of 444 g. (6.0 moles) of 1-butanol,12 
400 ml. of water, and 600 ml. of concd. sulfuric acid, and 
purified by passing through a sodium hydroxide solution, 
sulfuric acid, 50-55% by wt., and a drying tower, is Con­
densed, at —15 to —20°, in previously weighed ampoules; 
yield 130-180 g. (38-48%).

Preparation of 3-Chloro-2-butene.—In a 2-liter three- 
neeked flask provided with a mercury-sealed stirrer, a de- 
livery tube and a reflux condenser cooled by carbon dioxide 
and alcohol,13 is placed 400-500 g. of a mixture of water and 
ice, and 295 g. of H. T. H.14 (1.34 moles of calcium, hypo­
chlorite). The flask is cooled by a freezing bath at —10 
to —15° and 150 g. (2.68 moles) of liquid butene is poured 
into the flask through the delivery tube from the weighed

(11) A similar change in configuration has been observed in the 
case of the 4,5-octanediols and corresponding dibromooctanes by 
Young, Jasaitis and Levanas, who will publish their results soon.

(12) 2-Butanol was not used because it might possibly be contami­
nated by 2-methyl-2-butanol.

(13) The condenser is made of two large concentric glass tubes in 
the shape of a Dewar flask, except that there are two small tubes 
leading into the annular space, viz., a vertical tube at the bottom, up 
which the warm gas rises and a horizontal tube near the top, out of 
which the uncondensed gas passes. A mixture of solid carbon 
dioxide and alcohol is placed in the inner tube.

(14) H. T. H., 65% available chlorine, manufactured by the 
Mathieson Alkali Works, is a mixture of calcium hypochlorite and 
sodium chloride.
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ampoule. The tube is then replaced by a dropping funnel 
and 175 ml. (2.9 moles) of glacial acetic acid is slowly run 
in during vigorous agitation and good cooling. The time 
is two to three hours, unless one does not object to exces- 
sive refluxing.

Nitric acid is added to break the emulsion, the chlorohy­
drin is separated and the aqueous phase is extracted with 
three 100-ml. portions of isopropyl ether. After adding a 
small amount of water to the combined chlorohydrin- 
ether extracts, the contained acid is neutralized by the 
addition of potassium carbonate, in small portions. A part 
of the dissolved water is removed by the addition of calcium 
chloride and the mixture is then fractionally distilled under 
reduced pressure. After dichlorobutane, b. p. 50-60° at 
80 mm., 30-40° at 30 mm., has been removed, the mixture 
of the two dZ-chlorohydrins distils at 50-60 ° under a pres­
sure of 30 mm. ;15 yield, 160 g. (55%).

Some attempt was made to separate the mixture of 
chlorohydrins by fractional distillation, but when it was 
found that the oxides could be separated more easily, the 
purification of the chlorohydrins was abandoned. Later, 
when a good supply of wV2-butene was available, its chloro­
hydrin was prepared and the properties determined as fol­
lows: b. p. 51.5-52.5° (30 mm.); d204 1.0626; ra20d 1.4403.

Preparation of 2,3-Bpoxybutane.—In a 2-liter three- 
necked flask provided with a mercury-sealed stirrer, a bent 
tube leading to a condenser, a dropping funnel, and a ther­
mometer extending nearly to the bottom of the flask, 1000 
g. (16-17 moles) of technical potassium hydroxide flakes 
(or pellets) is dissolved in 500 ml. of water, with stirring. 
With the solution at a temperature of 90°, 400 g. (3.72 
moles) of 3-chloro-2-butanol is slowly added during vigor­
ous agitation, over a period of about two hours. A slow 
current of air drawn through the apparatus at the end will 
carry over some additional oxide. The liquid is dried by 
anhydrous potassium carbonate (calcium chloride must 
not be used, as it forms an addition product with the higher 
boiling oxide), filtered and distilled. The 50-60° fraction 
is collected;16 yield 235 g. (87-90%).

The Isomeric 2,3-Epoxybutanes.—A quantity of 1700 
g. of the mixed epoxybutanes was subjected to three frac­
tional distillations through a 2-meter column filled with 
glass rings and under total reflux, using a high reflux ratio, 
and making cuts at 0.5° intervals. Bromobenzene was 
added to the last fraction, as a still base. The distillation 
curves are shown in Fig. 3. The over-all recovery at the 
end of the third distillation was 90%. No 1,2-epoxybu- 
tane could be isolated. The physical properties of the 
isomeric oxides are given in Table I.

T a b l e  I
Properties of t h e  Isomeric 2,3-Epoxybutanes

trans cis
B. p., ° C., 747 mm. 53.6-54.1 59.9-60.4
Sp.gr., 20/20 0.8053 0.8272
Refractive index, w20d 1.3736 1.3826
Molar refraction, M n  20.45 20.34
M .p .,°C . —85 (?) —80 (?)
Weight recovered, g. 661 280
Estimated purity, % 96 90

(15) Fourneau and Puyal, Buil. soc. chim., 31, 424 (1922), reported 
138-140° as the boiling point of the chlorohydrin.

(16) Fourneau and Puyal16 report 56° as the boiling point.

The specific gravities were determined with a 10-ml. 
pycnometer; the refractive indices with an Abbé refrac- 
tometer; and the melting points, which are approximate 
only, with a pentane thermometer immersed in a small 
test-tube of the material cooled with liquid air in a Dewar 
flask. The tube was raised or lowered until crystals sur- 
rounded the lower half of the thermometer bulb, and the 
reading was taken after it had remained constant over a 
period of time while there was no appreciable melting or 
freezing. The purity of each oxide was estimated from the 
melting point of the crude glycol obtained when the oxide 
was hydrated.

Later, after the pure chlorohydrin had been prepared 
from pure cw-2-butene, pure cis-2,3-epoxybutane was pre­
pared in 75% yield. Because of the relatively small 
amount, v iz ., 10.7 g., the yield was low and the constants 
were not as satisfaetory as those in Table I; b. p. 58.4- 
61.3°; w20d  1.3822.

Percentage of original epoxybutane mixture.
Fig. 3.—Fractionation of epoxybutanes: -O -O -O -, 

first distillation; - 3 - 3 - 3 - ,  second distillation; 
third distillation.

Optically Active 2 ,3-Epoxybutane
Preparation of d/-3-Dimethylamino-2-butanols.— In a

pressure bottle are placed 30 g. (0.417 mole) of crude 2,3- 
epoxybutane (c is  and tra n s  mixture) and 75 ml. of approxi­
mately 30% (6.1 normal) aqueous dimethylamine solution 
(0.457 mole). The bottle is placed in a water-bath which 
is slowly brought to boiling and kept at this temperature 
for about one hour. After cooling, several batches are 
united, nearly saturated with potassium carbonate and 
extracted three times with ether. The ether extracts, 
after drying with powdered potassium hydroxide, are 
fractionated under a pressure of 30 mm. through a 2-meter 
column with total reflux, yielding 33% of product distilling 
at 53.7-54.7°, 47% at 72.0-72.3°, total recovery, including 
intermediate fractions, 86%. At 743 mm. the two main 
fractions distilled at 141.0-142.0° and 152,5-153.5°, re­
spectively.17 These dimethylamino alcohols were also 
prepared from the pure oxides, but since these amino alco­
hols are more easily purified than the oxides, it is prefer- 
able to proceed as described above.

Since the c is  oxide yielded the lower boiling and the tra n s

(17) Forneau and Puyal16 report the boiling point of 3-dimethyl- 
amino-2-butanol as 53° under 18 mm., and 145° under ordinary 
pressure.
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oxide the higher boiling dimethylamino alcohol, it is pos­
sible to assign a provisional configuration to each of these 
d l-amino alcohols, assuming that a Waiden inversion takes 
place here, as it does when the oxides are hydrated. In 
conformity with the nomenclature adopted for the ct,ß- 
dihydroxybutyric acids18 the amino alcohol corresponding 
to the d l glycol is called the threo and the one corresponding 
to the m eso  glycol is called the erythro  amino alcohol (Fig. 
4).
H3C>

►C— - C
\ o /

/CH,

N h

(Ch ,)2n h  

w .i .(?) '

B. p. 59.9-60.4°
H N(CH,)ü

HsC----- <L-----L — -CH , +  antipode
I I

OH H

c— c 
\ o /

dZ-/Äre0-3-Dimethylamino-2-buta- 
nol, b. p. 141.0-142.0°
(CH3)2NH  

--------------- >.
W.I.(?)

B. p. 53.6-54.1°
H H

H3C----- C------C------CH3 +  antipode

OH N(CH3)2
dl-erythro-S  - Dimethy amino-2-bu- 

tanol, b. p. 152.5-153.5°
Fig. 4.— Configurations of the J/-3-dimethylamino-2-bu- 

tanols.

Preparation of d/-a,ß-Dimethylcholine Iodides.—A solu­
tion of 29.5 g. (0.252 mole) of a pure d/-3-dimethylamino- 
2-butanol in 150 ml. of absolute ether is added to a similar 
solution of 36 g. (0.254 mole) of methyl iodide. A cloudi- 
ness develops at once. The higher boiling alcohol reacts 
much more rapidly than the lower boiling isomer and it is 
necessary to cool the solution of the former. After stand­
ing for several days at room temperature the solid is fil­
tered off and dried, Yields are 93 and 84%, respec­
tively. Iodine,19 found, 48.8%; calculated for C7H18ONI, 
49.0%.

Regeneration of 2,3-Epoxybutanes from d/-a,/3-Dimeth- 
ylcholine Iodides.—An aqueous solution of the choline, 
obtained by adding 9 g. (an excess) of silver oxide to 20 g. 
of a pure iodide in 20 ml. of water and filtering out the sil­
ver iodide, is distilled through a well-cooled condenser. 
On saturating the aqueous distillate with potassium car­
bonate, a lighter phase of trimethylamine and epoxybutane 
separates. This is dried with solid potassium carbonate 
and fractionally distilled. The yield of oxide is 2.4 g. 
(43%). The iodide prepared from the lower boiling di­
methylamino alcohol yielded an oxide, b. p. 56.0-58.3°, the 
glycol from which melted at about 4°, while the one from 
the higher boiling alcohol yielded an oxide, b. p. 51.3- 
53.8°, whose glycol melted at 28°. This shows that the 
original oxide was regenerated in each case,

Resolution of d l-ery th ro -a ß -T > im eth ylch o lm e .—To 128 
g. (0.497 mole) of dimethylcholine iodide prepared from

(18) Braun, T h is  J o u r n a l , 51, 228 (1929).
(19) Analysis by D. Pressman.

JZ-ery^r<?-3-dimethylamino-2-butanol dissolved in 350 
ml. of absolute alcohol is added an excess of silver oxide 
which has been washed with alcohol. The mixture is 
agitated until the solution fails to give a precipitate with 
silver nitrate in dilute nitric acid and the solid is filtered 
out. To the solution is added 76.5 g. (0.510 mole) of d, 
tartaric acid. The resulting bitartrate, at first an oil, is 
recrystallized many times from absolute alcohol. The spe­
cific rotation of the first fraction was [a]Hg 4*17.9°, and 
of the final fraction, 4-19.1°, after nine crystallizations. 
Although this final product was probably contaminated 
with some of its stereoisomer, it was used for preparing an 
oxide having optical activity.

A naL  Calcd. for C10H21O7N: N, 5.24. Found:19 N, 
5.11.

Optically Active 2,3-Epoxybutane.—The pyrolysis of 
cholines, by the method of Rabe and Halbensleben and of 
Read and Campbell,8 was applied to the «,/5-dimethylcho- 
line obtained from the tartrate of higher rotation, without, 
however, isolating the choline. To a solution of 14 g. 
(0.05 mole) of ct,ß-dimethylcholine bitartrate, [<x]Hg
4-18.8°, from the lower boiling oxide, in water, made neu­
tral to phenolphthalein with dilute sodium hydroxide, was 
added an aqueous solution of 19 g. (0.112 mole) of silver 
nitrate. After filtering off the silver tartrate, the specific 
rotation, lct]ag, of dimethylcholine nitrate, was 4-3.0°. 
The Volume was reduced to 15 ml. by evaporation under re­
duced pressure, 5 g. of sodium hydroxide was added and the 
solution was distilled at atmospheric pressure. The aque­
ous distillate, 12-14 ml., was diluted to 18 ml. Its ob­
served rotation, <x, was —1.40° in a 2-dm. tube. Assum­
ing a 50% yield of oxide, as in other experiments, the spe­
cific rotation [«]Hg of the oxide is approximately —7°. 
The distillate obtained by the same procedure from unre­
solved dl-erythro-ct,ß-dimethylcholine d-tartrate had zero 
rotation. The active oxide was not isolated, but was hy­
drated to a glycol.

The 2,3-Butanediols and the 2,3-Dibromobutanes
Preparation of the Inactive 2,3-Butanediols.—The 2,3- 

epoxybutanes hydrate readily to the corresponding glycols, 
in the presence of a strong acid. The best acid to use is 
perchloric acid20 and the weight ratio of water to oxide 
should not be much below 3, otherwise undesirable by- 
products, probably ethers, result. To a mixture of 3Ö0 
ml. of water and 90 g. (1.25 mole) of 2,3-epoxybutane is 
added 6 drops of 60% perchloric acid and the mixture is 
cooled under the tap from time to time so that the stopper 
will not be forced from the flask. After five or ten minutes 
the undissolved oxide goes into solution. The solution is 
neutralized at the end of an hour and then fractionally dis­
tilled at reduced pressure, the pressure being decreased 
gradually so that the temperature of the liquid does not 
rise above 100°. The water fractions are used for hy- 
drating subsequent batches of the same oxide; yield 101-  
107 g. (90-95%).

The glycols are purified by crystallization from dry iso­
propyl ether.21 The m eso glycol, m. p. 34.4°, is but mode-

(20) Brönsted, Kilpatrick and Kilpatrick, ibid., 51, 428 (1929).
(21) Drying is easily accomplished by distillation through an 

efficiënt fractionating column and discarding the fraction distilling 
below 67°.
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rately soluble and a good recovery is obtained when the 
solution is cooled from about 27 to 0 °. Four crystalliza­
tions give a very pure product. The dl-g lycol, m. p. 7.6 °, 
is very soluble and the solution must be cooled to tempera­
tures approaching that of solid carbon dioxide. Five or six 
crystallizations are necessary.

Properties of the 2,3-Butanediols.—Some physical 
properties of the inactive glycols and derivatives are shown 
in Table II. The melting point of each crude glycol shows 
that the purity of the m eso  isomer was about 96%, and of 
the dl isomer about 90% (from Fig. 5), assuming that no 
water was present. Since water was present, the purity 
was actually higher than indicated by the above figures.

T a b l e  II
Properties of the Inactive 2,3-Butanediols

Glycol, configuration meso dl
Oxide from which obtained trans c is
Glycol, b. p., ° C., 742 mm. 181.7 176.7
Glycol, b. p., ° C., 16 mm. 89 86
Glycol, m. p., ° C. 34.4 7.6
Glycol, m. p., ° C., crude 31.8 3.0
Diacetate, m .p., ° C. 2 .5 -3 .0 41.0-41.5
Diacetate, b. p., ° C., 5.5 mm. 66 70
Dibenzoate, m. p., ° C. 75.5-76.2 53.0-54.0
Di-^-bromobenzoate,® m .p ., 

° C. 139.0-139.8 205-209
° Analysis19 of the di-£-bromobenzoates for bromine by 

the Carius method gave: m eso ester, 36.5%; dZ-ester,
34.2%; calculated for Ci8Hi60 4Br2, 35.1%.

The esters were prepared by the use of a large excess of 
the corresponding acid chloride in the presence of either 
pyridine or dimethylaniline. The yields were above 100% 
on the basis of monoesters. The liquid diacetate was 
crystallized from isopropyl ether by cooling with solid 
carbon dioxide. The lower melting dibenzoate cannot be 
obtained crystalline unless the glycol is quite pure. It is 
surprising that the higher melting glycol yields a lower 
melting diacetate and di-^-bromobenzoate, but a higher 
melting dibenzoate.

For larger scale preparation of the diacetates, the follow­
ing procedure gave good results: to a mixture of 117 g. 
(1.15 moles) of acetic anhydride and 45 g. (0.50 mole) of 
the glycol is added a drop of concd. sulfuric acid. It is 
necessary to cool the flask after a short time. After stand­
ing a day the mixture is fractionally distilled under reduced 
pressure. When this is 5.5 mm., the meso diacetate distils 
at about 66° and the d l at about 70°; yield 78-83 g. (90- 
95%). A given glycol yields the same diacetate, whether 
prepared with acetyl chloride in the presence of a tertiary 
amine or with acetic anhydride, as above. The d l-diace­
tate is easily purified by crystallization from petroleum 
ether. It is more convenient to purify this diacetate than 
to attempt to purify the corresponding glycol. Harden 
and Walpole10 give 181-183° as the boiling point, and 28° 
as the melting point of their glycol, obtained by bacterial 
fermentation. Böeseken and Cohen9 report a boiling 
point of 177-180° and a melting point of 25° for a similar 
product. Ciamician and Silber22 report that one di­
benzoate melts at 77 ° and that the other is a liquid.

(22) Ciamician and Silber, Ber., 44, 1280 (1911).

Melting Point Curve.—The effect of mixing each inactive 
glycol with a small amount of the other is shown in Fig. 5. 
The readings were obtained by slowly warming, in a stop­
pered test-tube provided with a calibrated thermometer, a 
partially solidified mixture of the two glycols. The glycols 
are very hygroscopic and must be protected from the 
moisture of the air. When water is added, the curve ob­
tained with the m eso glycol, on a molal basis, is almost 
identical with the one shown.

Fig. 5.—Melting point curve of the inactive 2,3-butane- 
diols.

Configurations of the 2,3-Butanediols; Hydration of 
the Active Oxide.—The aqueous distillate obtained from 
the decomposition of the partially resolved dimethylcho­
line (page 2400) contained trimethylamine and an optically 
active 2,3-epoxybutane. It was carefully acidified with 
60% perchloric acid and the solution was allowed to stand 
for a day. The solution was cooled, freed from trimethyl- 
ammonium perchlorate by filtration, and was then found to 
have zero rotation. The resulting solid glycol was there­
fore the internally compensated form. If it were not, then 
it should possess optical activity. Partial Resolution 
of the Liquid Glycol. A mixture of 11.1 g. (0.123 mole) 
of the liquid glycol and 13.8 g. (0.059 mole) of d-camphor- 
sulfonic acid was placed in a small flask in an oven at 65 °, 
and left there for three weeks. The unreacted glycol was 
then distilled out of the mixture under a pressure of 3 
mm. The 2.9 g. of recovered glycol was dissolved in 18 
ml. of water; the solution had an observed rotation of 
+0.13 =•= 0.02°. When the solid glycol was similarly 
treated, the product had zero rotation. Asymmetrie 
Hydration of m -2 ,3-Epoxybutane (Higher Boiling). 
When 10 g. (0.139 mole) of the c is  oxide was added to a 
solution of 5 g. of d-camphorsulfonic acid in 25 ml. of water, 
heat developed at once. The observed rotation of the re­
sulting glycol, 9.5 g. (0.105 mole) in a 1-dm. tube, was 
+0.06°, and of 11 g. of glycol, from another experiment, 
was +0.13° in a 2-dm. tube. The glycol was a liquid. 
The tra n s  oxide, under the same treatment, yielded a solid 
glycol of zero rotation. Likewise, when the c is  oxide was 
hydrated in the presence of d -tartaric acid, and the tar­
trate ion was removed as insoluble silver tartrate before dis­
tillation, the observed rotation of the resulting liquid glycol 
was —0.05°; the solid glycol from the tra n s  oxide had zero 
rotation.
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Preparation of the Isomeric 2,3-Dibromobutanes.—
When attempts were made to prepare these from the gly­
cols by the usual methods, i .  e ., concentrated hydrobromic 
acid, concentrated hydrobromic acid and zinc bromide, 
phosphorus tribromide or phosphorus pentabromide, the 
mixtures became dark colored and only very small yields 
of the dibromides were obtained. Moreover, the products 
were mixtures, A pinacol rearrangement was responsible 
for the low yields. This was established by isolating 
methyl ethyl ketone from the reaction mixture. The di­
bromides can be prepared in good yield by the action of 
hydrobromic acid upon the diacetates.

Saturated aqueous hydrobromic acid is prepared by satu­
rating the constant boiling acid with dry hydrogen bromide 
(from tetralin and bromine). In 200 ml. of this solution is 
dissolved 52 g. (0.3 mole) of a diacetate and the mixture is 
allowed to stand at room temperature for three or four 
days. In a short time the solution becomes cloudy and 
after some time a layer of dibromobutane rises to the top. 
This is separated, washed with water, aqueous sodium car­
bonate and water and then dried with calcium chloride; 
yield of crude dibromide, 61 g., 94%. When fractionated 
through a 40-cm. Weston column23 with total reflux, about 
50 g. distils within a range of 0.2°.

Properties of the Dibromides.—The properties of the di­
bromides, shown in Table III, are practically identical 
with the properties of the dibromobutanes obtained by a 
wholly different synthetic method.24 The configurations 
of the butenes, assumed in a previous paper, are now known

T a b l e  III
P roperties o f  the Inactive 2,3-D ibromobutanes

Dibromide configuration d l meso
Diacetate from which obtained m eso dl
Dibromide, b. p., ° C., 50 mm. 73.2-73.4 76.4-76.6
Dibromide, sp. gr., d 2h  1.7783 1.7922
Dibromide, « 25d  1.5098 1.5120
Dibromide, ka 0.0541 0.0285

a Specific reaction rate constant with KI; see ref. 3; the 
authors are indebted to Mr. Saul Winstein for these values.

(23) Weston, Ind . Eng. Chem., Anal. Ed., 3, 177 (1931).
(24) Young, Dillon and Lucas, T h is  J o u r n a l , 51, 2528 (1929). 

Their butenes boiled (when corrected to 760 mm.) at the same tem­
peratures as the butenes prepared by Kistiakowsky, et al.6

to be the correct ones, for they have been settled by Brock­
way and Cross25 through electron diffraction studies.

The dibromobutanes shown in Table III are reassigned 
the configurations previously given them. These configu­
rations still appear to be the correct ones, in the absence 
of new evidence, on the usual assumption that one Waiden 
inversion takes place when bromine adds to a pure 2- 
butene.1»17

Summary

t r a n s -2-Butene has been obtained from c i s -2- 
butene through a series of changes, as follows: 
m-2-butene — >  3-chloro-2-butanol — >  c i s -2,3- 
epoxybutane — >  ö7-2,3-butanediol -—>  d l -butane­
diol diacetate — >  raßSö-2,3-dibromobutane — >  

t r a n s -2-butene. Through a similar series of 
changes, m -2 -butene has been obtained from 
t r a n s - 2 -butene.

The iower boiling 2,3-epoxybutane has been 
shown to have the t r a n s , and the higher boiling to 
have the c i s  configuration. The liquid 2,3-butane- 
diol has the d l  and the solid the m e s o  configuration.

It has been shown that a Waiden inversion is 
involved in the formation of the d l - g l y c o l  from the 
c i s  oxide and of the m e s o  glycol from the t r a n s  

oxide. It is believed that five inversions are in­
volved when either of the 2 -butenes is converted 
into its stereoisomer, as outlined above.

The inactive 2,3-butanediols undergo a pinacol 
rearrangement in contact with concentrated hy­
drobromic acid.

The butene mixture resulting from the decom­
position of 1 -butanol by hot sulfuric acid (60 
by volume) is approximately 35% c i s -2-butene 
and 65% t r a n s -2-butene.
P a sa d e n a , C a l if . R e c e iv e d  A u g u st  10, 1936

(25) Brockway and Cross, ibid., 58, 2407 (1936). The melting 
points, by Kistiakowsky, et al., ref. 5, lead to the same conclusion.
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The hydrides of boron are especially interesting 
to the chemist because of the failure of the usual 
valence theory to account for their observed for­
mulas and properties. Despite the large amount 
of experimental1 and theoretical2 work which has 
been done in this field in recent years, little prog­
ress has been made in assigning structural formu­
las to these substances, and it seems probable 
that in order for this to be done with confidence 
it will be necessary to obtain information about 
the structure of the molecules by the application 
of physical methods. Electron diffraction and 
x-ray methods have been applied in a few cases: 
the boron-boron distance in B2H6 has been evalu­
ated as 1 .8 - 1 .9 Ä. from x-ray powder photo­
graphs, 3 the structure of B3N3H6 has been shown to 
be similar to that of benzene by an electron- 
diffraction study, 4 and the unit of structure and 
space-group symmetry of Bi0Hi4 have been de­
termined. 5 We have now investigated the penta­
borane B5H9 by the electron diffraction method, 
and have found a model which accounts satis- 
factorily for our photographs and which can be 
accepted with considerable confidence as repre­
senting correctly the atomic arrangement in mole­
cules of this substance.

Preparation of the Photographs.—We were 
provided with 18 cc. (S. T. P.) of B5H9 gas through 
the generosity of Dr. Anton B. Burg of the Univer­
sity of Chicago. The substance (with melting 
point —46.9° and vapor pressure 65 mm. at 0°) 
had been prepared from diborane by the method 
of Schlesinger and Burg6 and purified by repeated 
fractional condensation. The amount of boron 
trichloride and foreign boron hydrides present is 
believed to have been very small.

Eleven useful photographs, of varying density, 
were prepared with the electron diffraction ap­
paratus designed and recently described7 by 
Brockway, using the Standard technique of han-

(1) A. Stock, “Hydrides of Boron and Silicon,” Cornell Uni­
versity Press, Ithaca, N. Y., 1932; Stock and collaborators, Z .  
anorg. allgem. Chem., 225, 221-270 (1935); H. I. Schlesinger and col­
laborators, T h is  J o u r n a l , 58, 407 (1936), and earlier papers.

(2) See R. S. Mulliken, J. Chem. Phys., 3, 635 (1935), and refer­
ences quoted by him.

(3) H. Mark and E. P ohland , Z .  Krist., 62, 103 (1925).
(4) A. Stock and R. Wierl, Z. anorg. allgem. Chem., 203, 228 (1931).
(5) H. Möller, Z .  Krist., 76, 500 (1931).
(6) I. Schlesinger and A. B. Burg, T h is  J o ur n a l , 53, 4321 (1931).
(7) L. O. Brockway, Rev. Modern Phys., 8, 231 (1936).

dling the borane.8 The gas was kept at liquid-air 
temperature in a bulb connected with the nozzle 
of the apparatus through a stopcock and was 
warmed to room temperature only long enough 
for each exposure to be made, in order to minimize 
the chance of decomposition and reaction with 
stopcock grease. The film distance was 10.43 
cm. and the electronic wave lengths used about
0.06 .A.

Description and Interpretation of the Photo­
graphs.—The photographs show five rings, with 
the qualitative character sketched in Fig. 1. The

Fig. 1.—Curve representing the visual appearance of elec­
tron diffraction photographs of BfiH9.

first ring appears as a small maximum followed by 
a barely perceptible minimum, the second ring 
looking like a shelf. The third ring is sharp and 
strong, with well-pronounced minima on each side. 
The fourth ring appears broad, and the fifth sharp. 
Values o f  s  (=  (47r sin 6 / 2 ) / X )  for the apparent 
maxima and minima are given in Table I; these 
are averages of closely-agreeing measurements 
made on eleven photographs by two experienced 
observers (Brockway and Pauling). Estimated 
apparent intensities (/) of the rings are also given 
in the table.

T a b l e  I
s, calcd. for

B -B , A.Max. Min. I s, obsd. model R
1 1 3 .36 4 .18 (2 .21)
2 3 5 .34 5 .59 (1 .86)

3 6 .80 6 .75 1.767
3 5 8 .00 7 .94 1.766

4 9 .67 9 .40 1.730
4 3 11.49 11.40 1.766
5 1 15.61 15.54 1.771

Average 1.760

The five-term radial distribution function9 cal-
(8) See A. B. Burg, This J o u r n a l , 56, 499 (1934), and references 

quoted therein.
(9) L. Pauling and, L. O. Brockway, ibid., 57, 2684 (1935).
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culated for these 5  and I  values is shown in Fig. 2. 
The peaks at 1.17 and 1.73 Ä. can be accepted as 
representing bonded B-H and B-B interactions, 
respectively, and that at 2.52 Ä. as representing 
in the main the interaction of boron atoms sepa­
rated by another boron atom in a chain or ring, 
the ratio 2.52/1.73 corresponding to a B-B-B 
bond angle of 93°. The outer peaks are not re­
liable, and the curve provides no further evidence 
for choice among various ring and chain models.

Fig. 2.—Radial distribution curve for BÖH9. The small 
rectangles below represent interatomic distances for the 
final model R.

Intensity curves were calculated for eighteen 
models, described below. In all of these models 
except B the B-H distances were taken as 1.18 Ä., 
the sum of the single-bonded radii,10 this value 
being supported by the radial distribution value 
1.17 Ä. Bonded B-B distances were assumed in 
the neighborhood of 1.78 Ä. (the sum of single- 
bond radii), 1.73 Ä. (as given by the radial dis­
tribution curve), or 1.60 Ä. (sum of double-bond 
radii). The hydrogen atoms were located at 
tetrahedron comers for boron atoms forming four 
bonds and at coplanar triangulär comers for boron 
atoms forming three bonds. The B-B-B bond 
angles were taken as 109°28' for boron atoms 
forming four bonds and 120° for those forming 
three bonds except where otherwise noted.

a

/ B H \
A-D, Models of type e  BH2 BH2 b

BH2-----BH2
d  c

A. All angles 108 0; all B-B bond distances 1.78 Ä.
B. Same as A, except all B-H distances 1.25 Ä.
C. Angles c and d  107°, b and e  105°, «116°; B-B dis­

tances ab  and ae  1.66 Ä., others 1.78 Ä.
(10) L. Pauling and M. L. Huggins, Z. Krist., 87, 205 (1034).

D. Angles e and d  106°, b and e 104°, a  120° 
tances ab  and ae  1.60 Ä., others 1.78 Ä.

B-B dis-

E-G, Models of type

a c e 
BH3 BH b h 3

BH BH 
b d

E. All B-B-B angles tetrahedral; B-B distances 1.78 Ä.
F. Angles at c  120°, others tetrahedral; B-B distances 

bc and cd  1.66 Ä.f others 1.78 Ä.
G. Same as F, but with bc and cd  1.60 Ä.

BH2 /B H *
H-J, Models of type ^ \ b —BH2 *

B ffi d

H.

I.

J.

K.

L.

M.

N.

O.

B-B-B angles at c  120°, others tetrahedral; B-B dis­
tances ca t cb, and cd  1.60 Ä., de  1.78 Ä.
All B-B-B  angles tetrahedral; all B-B distances 1.78 
Ä.; boron atom e oriented to minimize distances ae  
and be.
Same as I, but with maximum values of ae  and be.

b h 8

-b h 2
d

Boron atoms abcd  coplanar, with 120° 
angles at c, and bond ce perpendicular 
to plane; B-B distances ac, be and cd  
1.60 Ä., ce 1.78 Ä.

BH2

°>
b h 2
b
Same as K but with all angles at c  tetrahedral and all 
B-B distances 1.78 Ä.

/ B H d

b h |
" \ b h  

c\ b h ,
e

Same as M except d  above and e below plane of tri­
angle.
Square pyramid, with BH above plane 
of BH2’s.
All B-B distances 1.78 Ä.

Angles tetrahedral except for distortion 
to 60° in triangle; B-B distances 
1.78 A.; atoms d  and e both above 
plane of triangle.

BH2-
\

-B H 2 

B , /

bC Vb h 2
P-R. Models

BH *
® \

BH,
’\ b - ]  
/ d  ,

BH,
c

BH3
e

Angles in coplanar square 90°; 
HBH angles tetrahedral; all B-B 
distances 1.78 Ä.

P. Boron atom e above plane of square, with angle ade  
90°.

Q. Same as P but with ade  135 °.
R. All boron atoms coplanar.

In calculating the intensity curves, shown in 
Figs. 3, 4 and 5, all terms in the expression111  = 
'E ijZ iZ jisin l i jS ) / l i jS  were used except those corre­
sponding to two hydrogen atoms separated by 
three or more boron atoms. Only one orientation 
of each BH3 group was considered, the effect of 
rotation being negligible.

(11) L. Pauling and L. O. Brockway, J. Chem. Phys., 2, 867 
(1934).
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All models A to N are eliminated by compari­
son of their curves (Figs. 3 and 4) with the photo­
graphs (Fig, 1), there being not even rough quali­
tative agreement in any case. The discrepancies 
are so striking as to show that not only these 
models but also others obtained from them by 
small changes in distances and angles or by rear­
rangement of hydrogen atoms are unsatisfactory. 12

Fig. 3.—Calculated intensity curves for models A to G, 
with vertical scale twice that in Figs. 4 and 5.

On the other hand, each of the models involving a 
four-membered square boron ring (Fig. 5) shows 
rough agreement with the photographs, especially 
in regard to the strong and sharp third ring. 
Whereas models O, P and Q are not completely 
satisfaetory, however, the agreement shown by 
model R is extremely good, the visual appearance 
of the photographs being well reproduced for all 
five rings. (The absence on the photographs of 
a  small peak shown at about s = 14 on the curve

(12) Models A to G were also eliminated by application of the ana- 
lytic method [S. H. Bauer, ibid., 4, 406 (1936)].

for R may be attributed to the weakness of the 
photographs in this region, the much larger peak 
at s  = 16 appearing only faintly.) We accord-

Fig. 4.—-Calculated intensity curves for models H to N .

ingly accept model R as representing the structure 
of the B5H9 molecule. The quantitative com­
parison of sobsd and Scaicd. values shown in Table I 
leads to the value 1.76 Ä. for the B-B distances, 
with an estimated probable error of =*= 0 . 0 2  Ä.

Fig. 5.—Calculated intensity curves for models O to R
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Discussion of the Structure.—We have shown 
that the various ring and chain models which 
suggested themselves to us for test are unsatisfac­
tory except for those involving a four-membered 
ring of boron atoms, and that of these the model 
in which the fifth boron atom is coplanar with the 
ring is definitely superior to the others. In this 
structure

/ B H *

b h 2 ^>b —b h 3 
\ b h 2

we have not tested the assumed distribution of 
the hydrogen atoms among the boron atoms; that 
shown seems to us to be the only reasonable one. 
The value 1.76 =*= 0.02 Ä. found for the boron- 
boron bond distances may be an average of several 
which differ slightly from one another. For the 
B-H bond distance the comparison of Table I 
leads to 1.17 Ä., which is, however, determined to 
a large extent by the assumed model. The radial 
distribution curve also leads to the value 1.17 Ä. 
We have not endeavored to test the possibility of 
distortion of the four-membered ring from a 
square. From experience with other substances 
we would estimate from the agreement shown by 
model R that the angles are equal to within about 
10° and the B-B distances are equal to within 
about 5%.

At present discussion of the electronic structure 
of the boron hydrides is still speculative. We 
might point out that the structure

Hv HH • N\ /H
h /  \ 7  \ H

for B5H9, involving electron-pair bonds between 
boron atoms and electron-pair or one-electron 
bonds between boron and hydrogen atoms, 13 

with no more than one one-electron bond per 
boron atom, is closely similar to the structure 
H\  / H
H-B—B - H suggested for B2H6 by Sidgwick14 and
h/  N h
Pauling, 15 and that these structures are supported 
by the observed interatomic distances, which 
correspond to single bonds.

(13) There is, of course, resonance between the B :H  and B-H 
bonds, making the hydrogen atoms equivalent. In these formulas 
we have used a line to represent an electron-pair bond and a dot to 
represent a one-electron bond.

(14) N. V. Sidgwick, “The Electronic Theory of Valency,” Lon­
don, 1929, p. 103.

(16) L. Pauling, T h is  J o u r n a l , 53, 3225 (1931).

Starting with the basic assumption that a four- 
membered ring of boron atoms such as is found in 
B5H9 brings about a stability of the hydride as 
contrasted with a straight or forked chain ar­
rangement which introducés in the other boranes 
a characteristic lack of stability, we tentatively 
suggest the related structures

H y H .

H\ / B\ / h
H -B --B  B --B -H
h / \ B/ \ h

H ’ N h

(or the corresponding 1 ,2 -structure) and

H
H y K  H . yB L

\  / B\  / B\  / H
H • B—B B—B B—B H
h /  N b /  N b /  N e i

\ hh NH H
for B6Hio and B10H14, respectively. Of the entire 
class of hydrides these show the closest analo- 
gies to B5H9 in most Chemical properties. These 
structures are compatible in the main with the 
Chemical behavior of the substances. Besides 
the factor of stability we may mention that the 
number of molecules of ammonia these boranes 
add is reported to be equal to the number of one- 
electron bonds present in the above structures. 
Further, the reported synthesis of B5H9 from B5Hn 
is reasonably accounted for in the following way

Hv
H

H

H
/LH _H k

>b / H
N b — b <
/  . Nb -h

H Na
1 /

H H

B—B y
I I

B—B

Hv - • / H
V r— j } /

/ H

H / h  \ h
Nh

+  h 2

and a similar reaction can be written for the for­
mation of BßHio from B6Hi2. The facts that BöHn 
is produced under very similar but milder condi­
tions than is B5H916 and that under the less 
stringent circumstances the higher hydride is 
always present along with the lower one lend 
strong support to the above equation.

We wish to thank Dr. Anton B. Burg for giving 
us the pentaborane and for a number of interest­
ing Communications, and Dr. L, O. Brockway for 
the use of the electron diffraction apparatus and 
for his aid during the investigation.

Summary
From the study of electron diffraction photo­

graphs of B5H9 it is concluded that the substance
(16) A. Stock and W. Mathing, Ber., 69, 1456 (1936).
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/ B H 2

has the structure BH2 )̂>B—BH3, the fifth boron
\ b h 2

atom being coplanar with the square four-mem­

bered ring. The values found for interatomic 
distances are B-B = 1.76 ±  0.02 Ä. and B-H =  
1.17 ±  0.04 Ä.
P a sa d e n a , Ca l if . R e c e iv e d  Se p t e m b e r  8, 1936

[C o n t r ib u t io n  from  t h e  G a t e s  a n d  Cr e l l in  L abo r ato r ies of C h e m ist r y , Ca l if o r n ia  I n s t it u t e  o f  T e c h n o l o g y ,
No. 567]

The Molecular Structures of the 2-Butenes and the 2,3-Epoxybutanes

B y  L. O. B rockway and  P a u l  C. Cross

During an investigation of the reactions of the 
2 -butenes and some of their derivatives conducted 
in this Laboratory by Professor Howard J. 
Lucas1,2 and his collaborators it was necessary 
to distinguish between the c i s  and t r a n s  forms of 
the 2-butenes and also of the 2,3-epoxybutanes. 
At the request of Professor Lucas these substances 
have been investigated by the electron diffrac­
tion method of determining the molecular struc­
ture of gas molecules. The ex­
perimental procedure has been de­
scribed in detail. 3

2 -Butenes.—The two isomers 
of 2 -butene have boiling points of
3.0 and 0.3°, respectively, at 745 
mm. The compounds were photo­
graphed at a camera distance of 
10.43 cm. with electrons having a 
wave length of about 0.06 Ä. The 
photographs from each of the com­
pounds show four maxima and in 
general are very similar in appear­
ance . Two distinguishing features 
were observed, however. Photo­
graphs from the lower boiling 
butene show a pronounced inner 
maximum (preceding the first 
measured maximum at s  = 5.67 in 
Fig. 1) which does not appear on 
the other photographs. The fourth 
minimum in the photographs of 
this eompound is broad and flat 
in comparison with the sharp, distinct fourth 
minimum in the photographs of the higher boiling 
eompound.

Calculations of the theoretical diffraction curves 
were made with the aid of the formula,

(1) W. G. Young, R. T. Dillon and H. J. Lucas, T his Journal, 
51, 2528 (1929).

(2) C. E. Wilson and H. J. Lucas, ibid., 58, 2396 (1936).
(3) L. O. Brockway, Rev. Modern Phys., 8, 239 (1936).

ein •
I  = Z iZ j - --*••> in which r# is the distance be-

S T i j  J

tween the ith and jX h  atoms; the summations ex­
tend over all of the atoms in the molecule. The 
curves for 2-butene in Fig. 1 are based on models 
in which the four carbon atoms are coplanar with 
a distance of 1.38 Ä. between the two center atoms 
and 1.54 Ä. for the bond distances connecting the 
outer atoms. The C-H distances are 1.06 Ä.

The angle between adjacent carbon-carbon bonds 
is 125° and the H3C-C-H bond 110°. In the c i s  

model the two methyl groups lie on the same side 
of the line joining the center atoms and on oppo­
site sides in the t r a n s  model. All of the inter­
atomic interactions were included in the calcula­
tion with the exception of those with small coeffi­
cients corresponding to the H-H separations.

Fig. 1.—Theoretical electron diffraction curves for 2-butenes and 2,3-epoxy­
butanes. The arrows mark the positions of the observed maxima and minima.
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The curves are very much alike because most 
of the interatomic distances are the same in the 
c i s  and the t r a n s  models. Comparison of the co­
efficients of the terms in the scattering formulas 
shows that 80% of the total scattering is repre­
sented by terms which are identical for the two 
models. For this reason there are only small 
differences by which the c i s  and t r a n s  compounds 
can be distinguished. One such difference is the 
maximum at x  = 3.13 which occurs only in the 
t r a n s  curve. Accordingly we conclude that the 
lower boiling eompound has the t r a n s  configura­
tion. The comparison of the fourth minima for 
the two compounds supports this assignment. 
As mentioned above the photographs of the lower 
boiling eompound have a fourth minimum which 
is less sharp and distinct than the corresponding 
minimum from the higher boiling eompound. 
The difference between the theoretical curves 
at this point is not marked but the t r a n s  curve 
definitely has the broader fourth minimum. The 
eompound boiling at 0.3° (745 mm.) is, there­
fore, the t r a n s  isomer and the eompound boiling 
at 3.0° (745 mm.) is the c i s  isomer.

G. B. Kistiakowsky and co-workers4 have made 
the same assignment of the molecular configura­
tions of the 2-butenes on the basis of their heats 
of hydrogenation. The eompound whose heat 
of hydrogenation is nearly the same as that of 
cyclohexene was chosen as the c i s  isomer. These 
authors report c£s-2-butene, b. p. 3.73° (759.8 
mm.), f. p. —139.3°; and t r a n s -2-butene, b. p. 
0.96° (760mm.), f. p. -105.8°.

The determination of the size of the molecule 
is given in Table I. The observed s values are 
defined by 4 7r(sin 0/2)/X, in which 0 is the ob­
served angle of scattering for the successive 
maxima and minima and X is the effective wave 
length of the bombarding electrons. The cal­
culated s  values depend on the interatomic dis­
tances assumed in the molecular model described 
above. The general agreement between the ob­
served points and the maxima and minima on the 
theoretical curves indicates that the model is prob­
ably the correct one. The final column in Table 
I shows the measured values of the carbon- 
carbon single bond distance for all of the ob­
served points. The average value in the c i s  

modification is 1.54 =*= 0.03 Ä., and the double 
bond distance is accordingly 1.38 =*= 0.03 Ä.

(4) G. B. Kistiakowsky, J. R. Ruhoff, H. A. Smith and W. E. 
Vaughan* T h is  J o u r n a l , 87, 879 (1935).

The final values for the t r a n s  modification are
1.56 and 1.40 Ä., respectively, but an extra 
uncertainty in the accelerating potential during 
the exposures allows a somewhat larger error than 
in the results from the c i s  eompound; the devia­
tions from the accepted value, 1.54 Ä., for the 
single carbon-carbon bond is not significant.

T a b l e  I 
2-B utenes

C is b. p. =  3.0° (746 mm.)
Max. Min. s, obsd. s, calcd.® C-C, Ä.

1 5.67 5.72 1.527
2 7.22 7.33 1.517

2 8.16 8.32 1.511
3 9.13 9.06 1.556

3 10.08 9.93 1.565
4 11.30 11.15 1.560

4 12.62 12.70 1.531
Average 1.538
Av. dev. 0.019

a See text for description of model.
Final result: C—C = 1.54 ±  0.03 Ä.; C =C  = 1.38 =*= 

0.03 Ä.
T ra n s  b. p. =  0.3° (744 mm.)

Max. Min. s, obsd. s, calcd.® C-C, Ä.
1 5.77 5.67 1.566

2 7.18 7.29 1.516
2 8.27 8.23 1.547

3 9.11 8.83 1.588
3 10.02 9.72 1.588

4 11.42 11.16 1.578
4 12.89 12.75 1.556

Average 1.563
Av. dev. 0.019

a See text for description of model.
Final result: C—C =  1.56 =*= 0.04 Ä.; C =C  = 1.40 =*= 

0.04 Ä.

2,3-Epoxybutanes.—The photographs of the
2,3-epoxybutanes show an extra maximum be­
yond those observed for the butenes. The 
second and third maxima of the butene photo­
graphs are only partly resolved in one of the epoxy­
butanes and not at all resolved in the other. 
Photographs of the two modifications are very 
similar but they are distinguishable by the partial 
resolution of the second maximum and the ap­
pearance of a marked inner maximum (preceding 
the first measured maximum at s  =  5.80) in the 
photographs of the lower boiling modification.

The molecular models for which theoretical 
curves were drawn consist of a chain of four car­
bon atoms separated by distances of 1.54 Ä. and 
with angles of 109°28'. An oxygen atom is con­
nected to the two center atoms by bonds 1.43 Ä. 
in length. The two center carbon atoms also
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have a hydrogen atom attached to each at 1.06 Ä. 
and angles of 109°28' and the end carbon atoms 
each hold three hydrogen atoms. The CCO plane 
bisects the H-C-CH3 angles on each of the 
center carbons and the two models differ in having 
the methyl groups on the same or opposite sides 
of the CCO planes. Terms for all interactions 
were included in the calculation with the ex­
ception of the H -H terms.

Table II
2,3-Epoxybutanes

C is  b. p. =  54° (747 mm.)
Max. Min. st obsd, s, calcd.® c-c, Ä.

1 5.80 5.52 (1.467)
2 7.37 7.04 (1.471)

2a 8.02 8.42 (1.617)
2b 10.06 9.86 1.508

3 11.54 11.35 1.516
3 13.10 13.08 1.538

4 16.09 16.33 1.563
4 17.68 17.91 1.560

Average 1.537 
Av. dev. 0.020

a See text for description of model.
Final result: C—C = 1.54 =*= 0.03 Ä.; C—-0 = 1.43

i.03 Ä.
T ra n s  b. p. =  60 ° (747 mm.)

Max. Min. s, obsd. 5, calcd.a C-C, Ä.
1 5.89 5.55 (1.451)

2 7.46 6,98 (1.442)
2 9.59 9.58 1.538

3 11.69 11.47 1.513
3 13.16 13.05 1.526

4 16.25 16.32 1.547
4 17.89 18.07 1.556

Average 1.536 
Av. dev. 0.013

° See text for description of model.
Final result: C—C = 1.54 =*= 0.03 Ä.; C—O = 1.43 =*= 

0.03 Ä.

The curve in Fig. 1 corresponding to the cis 
modification shows the inner maximum (at s 
equals about 3.0) and the slightly resolved second 
maximum. Accordingly, the correct assignment 
of the isomers of 2,3-epoxybutane is the following: 
cis—b. p. 54° (747 mm.) ; trans—b. p. 60° (747 
mm.). In the work reported in reference 2 the 
same identification of these isomers was made by 
a study of the optical activity of the glycols ob­
tained on hydrolysis of the epoxybutanes.

The results of the quantitative comparison of 
the photographs and the curves are contained in 
Table II. The observed distances from the first 
two points are much smaller than the average 
from the remaining points because of the con­
trast effect of the dense central image on the 
measurement of heavy photographs taken at short 
distances. The averages for each eompound 
lead to the values: C—C =  1.54 =*= 0.03 Ä. and 
C—O =  1.43 ±  0.03 Ä.

Summary

The direct determination of the molecular 
structures by electron diffraction of the vapors 
has led to the following identification of the 
isomeric forms and molecular sizes of cis and 
trans 2-butene and cis and /ra^-2,3-epoxybutane:

B. p., °C. Mm. C-C, Ä. C=C, Ä.
2-Butene

C is 3.0 746 1.54 ±  0.03 1.38 =*= 0.03
T ra n s 0.3 744 1.56 =*= .04 1.40 ±  .04

2,3-Epoxybutane
C-O, Ä,

C is 54 747 1.54 =±= .03 1.43 =*= .03
T ra n s 60 747 1.54 ±  .03 1.43 ±  .03

Pasadena, Calif. Received September 15, 1936



2410 Vol. 58J. Allen Wheat, II, and A. W. Browne

[C o n t r ib u t io n  fr o m  the  R esea rc h  L aboratory  of  M e r c k  & Co., Inc.]

A New Method for the Preparation of Aldehydo Sugar Acetates

B y  E l m e r  W. C ook  and  R a n d o lph  T. M a jo r

Aldehydo sugar acetates have been prepared by 
acetylation of the aldehydo mercaptals1 followed 
by removal of the thio-acetal groups and also by 
acetylation of the aldehydo semicarbazones or 
oximes2 with the subsequent removal of the semi­
carbazone or oxime groups.

A new method based upon Rosenmund’s3 
method for the reduction of acyl chlorides to al­
dehydes by means of hydrogen in the presence of 
palladiumized barium sulfate has been found. 
The acetyl derivatives of the sugar acid chloride 
may be reduced almost quantitatively to alde­
hydo sugar acetates.

Experimental
Aldehydo-d-glucose Pentaacetate.—Pentaacetyl-d-glu- 

conyl chloride4 (5 g.) in 25 cc. of anhydrous xylene (dried 
over sodium) was heated under reflux in the presence of

(1) Wolfrom, T his J ournal, 51, 2188 (1929).
(2) Wolfrom, Georges and Soltzberg, ibid., 56, 1794 (1934).
(3) Rosenmund, Ber., 51, 585 (1917).
(4) Major and Cook, T his J ournal, 58, 2474 (1936).

2 g. of 5% palladiumized barium sulfate. Hydrogen was 
passed in a t such a rate tha t the catalyst was kept in a 
lively suspension. The reduction was complete within 
one and one-half hours as shown by the absence of ammo­
nium chloride fumes when a rod moistened with ammo­
nium hydroxide was held in the escäping gases. Complete 
reduction may also be determined by passing the exit 
gases through water and testing for chloride ion. After 
reduction the hot xylene solution was filtered. Upon 
cooling aldehydo-glucose pentaacetate5 crystallized. I t 
was recrystallized from xylene; yield was nearly quanti­
tative; m. p. 117-118°; [oJ 20d  —3° (dry chloroform, c , 2); 
[a]20D +10° (in methanol, 5 min., c, 2) changing slowly in 
the dextro direction.

A n al. Calcd. for Ci6H220 i i : C, 49.21; H, 5.68. Found: 
C, 49.52, 49.34; H, 5.85, 5.60.

Summary
Aldehydo-d-glucose pentaacetate has been pre­

pared by the reduction of pentaacetyl-d-gluconyl 
chloride.

(5) Wolfrom, ibid., 51, 2191 (1929).

Rahway, N. J. Received September 25, 1936

[C o n t r ib u t io n  fr o m  t h e  B aker  L aboratory  of Ch e m ist r y  a t  C o r n e ll  U n iv e r sit y ]

Temperature-Concentration Equilibria in the Systems Chloroform-Chlorine and 
Chloroform-Bromine. The Chloroform Chlorinates1

B y  J. A l l e n  W h e a t , I I ,  and  A . W . B r o w n e

In view of the well-known fact that chlorine 
occupies a higher position than bromine in the ac­
tivity series of electronegative elements and radi­
cals2 arranged in the descending order of electro­
negativity, it has seemed reasonable to suppose 
that dissolved chlorine should be removed from 
chloroform more readily than dissolved bromine 
on treatment with metallic sodium. Quite the 
opposite is true.

As the result of an extended series of experi­
ments in which chloroform Solutions containing 
free bromine and chlorine in molar ratios (Br2: 
Cl2) ranging from about 0.25 to 2.50 were sub-

(1) This article is based upon the thesis presented to the Faculty 
of the Graduate School of Cornell University by Joseph Allen Wheat, 
II, in partial fulfilment of the requirements for the degree of Master of 
Science.

(2) Birckenbach and Kellermann, Ber., 58,  786, 2377 (1925).

jected at room temperature to the action of me­
tallic sodium in excess, it was found that a con­
siderable amount of free chlorine remained in 
solution in every case after complete removal of 
the bromine had been effected.

This entirely unanticipated result might con- 
ceivably be attributable either (1) to Chemical 
action of the chlorine upon the chloroform and 
lack of similar action on the part of the bromine, 
or (2) to formation of one or more coördination 
compounds between molecular chlorine and 
chloroform and either (a) non-formation of similar 
bromine compounds, or (b) formation of relatively 
less stable bromine compounds. The first ex­
planation is clearly invalidated by the presence of 
“free” (though possibly coördinated) chlorine in 
the residual Solutions, as already noted, and by
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the absence of hydrogen chloride and carbon 
tetrachloride from these Solutions, as well as from 
Controls to which no sodium was added.

In order to test the validity of the second ex­
planation an investigation of the temperature- 
concentration equilibria in the binary systems 
chloroform-chlorine and chloroform-bromine has 
been undertaken. The results of this investiga­
tion are presented herewith.

Experimental Procedure—Freezing points in 
the systems under investigation were determined 
in the conventional manner with the aid of a cali­
brated pentane thermometer, and with liquid 
air or solid carbon dioxide as refrigerant. The 
mixtures of chloroform and chlorine were quanti­
tatively synthesized either (1) by introducing suc­
cessive measured volumes of chlorine gas into a 
known amount of chloroform, or (2) by adding 
successive measured volumes of chloroform to a 
known amount of liquid chlorine. The compo­
sition of the system was accurately determined 
at the end of each series of temperature measure­
ments, by treatment with potassium iodide in ex­
cess, and titration of the liberated iodine against 
Standard sodium thiosulfate. The absence of 
hydrogen chloride and carbon tetrachloride from

Table I
Tbmperature-C oncentration or Solubility Data of

the System CHC13-C12

Concn.,
Temp., °C. mole. % Ch Curve (Fig. 1)

• 63.5 0.0
■ 64.8 3 .8
• 67.5 7.5
■ 70.5 1 1 . 0

■ 74.0 14.3
• 77.5 17.5
• 81.0 20.3
■ 84.0 23.2

• 90.0) 25.0

■ 88.5 25.3
84.5 25.8
82.0 28.6
81.0 30.6
79.5 32.7
80.5 32.9
82.0 34.9
84.5 37.9
87.5 40.0
91.0 42.7
94.0 44.3
97.5 45.5

1 0 2 . 0 47.5

A. (Solid CHCI3 , liq., vapor)

AB. (Solid CHCI3 , satd. soln., 
vapor)

B. (Eutectic: solid CHC13, solid 
(CHCI3VCI2, satd. soln., vapor)

BCD. (Solid (CHClaVCh, satd. 
soln., vapor)

D. (Eutectic: solid(CHChVCk, 
solid CHCI3 CI2 , satd. soln., 
vapor)

- 1 0 0 . 0 48.0
-  98.0 48.6
-  97.0 49.0
-  99.0 51.8
- 1 0 1 .5 54.1
-1 0 5 .0 56.6 ►
-1 0 7 .5 58.5
- 1 1 1 . 0 60.5
- 1 1 2 . 0 61.6
-1 1 4 .5 63.0
-1 1 7 .0 64.0

\

( -1 1 8 .0 ) 64.7 >

-1 1 6 .0
)

65.3 '
-1 1 3 .0 66.4
-1 1 5 .5 6 8 . 0  ‘
-1 1 8 .5 68.9

( - 1 2 1 .0 ) 69.3 1

-1 1 8 .0
J

7 0 .8 '
-1 1 6 .0 72.9
-1 1 6 .0 76.0 ■
-1 1 8 .5 78.0
- 1 2 1 . 0 79.0

(-1 2 3 .0 ) 79.1 1

-1 2 1 .7 81.0
-1 1 8 .0 84.2
-1 1 4 .5 87.8 ►
-1 0 8 .4 93.5
-1 0 4 .5 97.8 ,
- 1 0 2 . 0 1 0 0 . 0  }

DEF. (Solid CHC13 -C12, satd. 
soln., vapor)

F. (Eutectic: solid CHCI3 CI2 ,
solid CHC13*2C12, satd. soln., 
vapor)

FGH. (Solid CHC13‘2C12, satd. 
soln., vapor)

H. (Eutectic: solid CHC13*2C12, 
solid CHC13-3C12, satd. soln., 
vapor)

H IJ. (Solid CHCU-3C12, satd. 
soln., vapor)

J. (Eutectic: solid CHC1S-3C12, 
solid Cl2, satd. soln., vapor)

JK . (Solid Cl2, satd. soln., vapor)

K. (Solid CI2 , liquid, vapor)

the Solutions justifies the conclusion that no Mo- 
ridation3 of the chloroform has taken place under 
the conditions prevailing in the experiments.

Fig. 1.—Freezing point vs. composition in system of 
CHCI3-CI2.

(3) Since the term chlorination seems appropriate as a means of 
designating the process by which solvates (“chlorinates”) are formed 
in liquid chlorine Solutions, it is suggested that chloridation be used 
for the process of chloride formation.
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The mixtures of chloroform and bromine were 
prepared in each case by bringing together ac­
curately measured volumes of the two liquid com­
ponents.

Results Obtained.—Temperature-concentra- 
tion data of the system chloroform-chlorine are 
presented in Table I and are plotted in Fig. 1.

Temperature-concentration data of the system 
chloroform-bromine are presented in Table II 
and are plotted in Fig. 2.

(3) chloroform dichlorinate, CHC13-2C12, —112.5°
(4) chloroform trichlorinate, CHC13-3Cl2, —115.0°

While no evidence whatsoever concerning the 
structure of these compounds is furnished by the 
current investigation, the authors venture to 
make the following tentative statement. It 
seems rather improbable that the chlorine mole­
cules should be attached to the chloroform by 
other than coördinate links.

That the chlorine does not coördinate through 
the hydrogen of the chloroform is at- 
tested (1) by the paucity of evidence, 
up to the present time, that coördina­
tion through hydrogen attached to 
carbon is likely to occur;4 (2) by the 
failure of the authors to obtain a 
chloroform tetrachlorinate; and (3) 
by the existence of a carbon tetra­
chloride tetrachlorinate.5

On the assumption that coördina­
tion takes place through the chlorine 
of the chloroform it is conceivable 
that this chlorine might serve either 
(1) as the acceptor, or (2) as the donor. 
For reasons that may be reserved for 
later discussion it seems that the latter 
alternative is preferable. The follow­

ing tentative formulas are therefore suggested as 
the best present means of indicating the structure

Fig. 2.—Temperature-concentration curves of system chloroform-bromine. 

T a b l e  I I

T e m pe r a t u r e - C o n c e n t r a t io n  o r  S o lu bility  D ata  of

Temp.,
the System CHCl3-Br2

Concn., Temp., Concn.,
°C. mol. %Br2 °c. mol. %Bn

- 6 3 .5 0.0 - 5 3 .0 32.0
- 6 4 .0 2.1 - 5 2 .0 34.0
- 6 5 .5 4 .5 - 4 9 .5 37.1
- 6 7 .0 6 .5 - 4 6 .0 41.5
- 6 9 .0 8 .5 - 4 2 .5 45.1
- 6 9 .5 10.6 - 3 8 .0 51.5
- 7 0 .5 12.4 - 3 5 .0 56.4
- 7 0 .0 14.0 - 3 4 .0 58.0
- 6 8 .5 15.9 - 3 1 .5 62.2
- 6 6 .0 17.5 - 2 7 .5 67.5
- 6 4 .5 18.9 - 2 3 .0 73.4
- 6 3 .0 20.5 - 1 8 .5 80.6
- 6 1 .0 22.0 - 1 5 .0 84.6
- 5 9 .5 24.8 - 1 2 .5 89.4
- 5 7 .5 27.3 - 1 0 .0 94.4
- 5 5 .5 29.7 -  7 .0 100.0

of the four chlorinates of chloroform
Cl Cl

H—C—Cl — .  Cl—Cl —  Cl—C—H

A, A,
Cl

H—C—Cl — .  Cl—Cl

A.
H

Cl—Cl ^ —  Cl—C—C l— >  Cl—Cl
I
Cl
H

Cl—Cl ^ —  Cl—C—Cl — >  Cl—Cl

I
Cl

Discussion of Results.—It is obvious from the 
foregoing that bromine forms no solvates with 
chloroform, while chlorine forms four solvates, 
with congruent melting points, as follows:

(1) chloroform hemichlorinate, (CHClsh-Ch, —80.0°
(2) chloroform monochlorinate, CHCI3CI2, —96.5°

___________  Cl
(4) See N . V. Sidgwick, “The Electronic Theory of Valency/' 

Oxford University Press, Oxford, England, 1927, p. 117.
(5) It has been established by a series of preliminary experiments 

performed in this Laboratory that carbon tetrachloride forms a 
tetrachlorinate, CCU’éCl*, which shows a congruent melting point at 
—113°. Investigation of this system, and of various binary systems 
containing inorganic and organic halides is now in progress in this 
Laboratory, and results will be communicated in later articles.
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Summary

The formation of four chlorinates of chloroform 
has been demonstrated during an investigation of 
the temperature-concentration relations of the 
system chloroform-chlorine:

(1) chloroform hemichlorinate, (CHC13)2*C12 (m. p. —80.0°)
(2) chloroform monochlorinate, CHCI3 CI2 (m. p. —96.5°)
(3) chloroform dichlorinate, CHCI32CI2 (m. p. —112.5°)
(4) chloroform trichlorinate, CHC13-3C12 (m. p. —115°)

The five eutectic points are located, respec­
tively, a t —90, —102, —118, —121 and —123°.

On the assumption that one or more atoms of 
chlorine in the chloroform may act as donor to the 
free chlorine, tentative structural formulas for the 
chlorinates have been suggested.

Bromine forms no coördination compounds with 
chloroform. The eutectic point of the system 
chloroform-bromine is located at —72°.
Ithaca , N. Y. R e c e iv e d  J u n e  22, 1936

[C o n t r ib u t io n  from  t h e  D epa r t m e n t  of C h e m ist r y , C o l u m b ia  U n iv e r s it y ]

Temperature Dependence of the Energy of Activation in the Rearrangement of N-
Chloroacetanilide

B y  J o h n  O. P e r c iv a l  a n d  V ic t o r  K . L a  M e r

Introduction
Until recently it has been an almost universal 

assumption to consider the energy of activation, 
defined as E act =  R T 2(d ln k/dT), as independent 
of the temperature. In 1933 La Mer1,2 showed 
that Tolman’s Statistical development3 demanded 
in general that E act must be a function of tem­
perature. He pointed out the importance of 
considering not only the energy but also the en­
tropy and consequently the free energy of acti­
vation as concepts important for the interpreta­
tion of reaction velocity. A similar treatment 
involving a more explicit use of Statistical formu­
las,4’0 or the concept of an energy surface6 for the 
calculation of the properties of the state and the 
reactivity of the intermediate complex for gaseous 
reactions7 has proved useful in the hands of the 
authors cited.8

The reluctance in many quarters toward ac- 
cepting Eact as a function of temperature arises 
from the fact that the precision obtainable in the 
study of the kinetics of gaseous reactions is rarely 
sufficiënt to establish small variations. On the 
other hand, the Situation is quite different for re­
actions in solution.

A reinvestigation of the depolymerization of
(1) V. K . La M er, J. Chem. Phys., 1, 289 (1933).
(2) V. K . La M er, T h is  J o u r n a l , 55, 1739 (1933).
(3) R . C . T olm an, “ S ta tis t ica l M ech an ics ,’’ C hem ical C atalog  

C o., N ew  Y ork, 1927, pp. 2 5 9 -2 6 9 .
(4) W . H . R odebush , J. Chem. Phys., 1, 440 (1933).
(5) O. K. Rice and H. Gershinowitz, ibid., 2, 853 (1934).
(6) H . E yring and N . P o lan y i, Z. physik. Chem., 12B, 279 (1931),
(7) H . E yring, J. Chem. Phys., 3, 107 (1935).
(8) W ynne-Jones and E yrin g , ib id . ,  3, 492 (1935).

diacetone alcohol in the presence of dilute sodium 
hydroxide has established that cLEact/d T  not 
only may be surprisingly large, but that E act 
reaches a maximum at about 35°.9

Since further information regarding the be­
havior of the E act for different types of reaction is 
of importance for the elucidation of Chemical 
kinetics, we have studied the rearrangement of 
N-chloroacetanilide to C-chloroacetanilide in 0.2 
molal hydrochloric acid, a reaction which requires 
simultaneous catalysis by H + and C1“ ions. 
Harned and Seltz10 found that E act increases with 
temperature, but their E act values do not agree 
with those which we calculate from Rivett’s11 
earlier work, as shown in Fig. 1. The length of 
the arrows indicates the probable experimental 
error.

A preliminary study disclosed disturbing fac­
tors which had not been considered previously: 
e. g. (a) the possibility of interfering side reactions 
which might invalidate conclusions regarding 
Eact; (b) the unreliability of certified thermome­
ters as temperature Standards. We will present 
evidence that side reactions are insignificant, and 
will submit more precise values for E act over a 
carefully selected set of temperatures, using an 
improved analytical technique.

Mechanism
The mechanism of the conversion has received

(9) V. K . La Mer and  M. L. Miller, T h is  J o u r n a l , 57, 2674  
(1935).

(10) H. S. Harned and H. Seltz, ibid., 44, 1475 (1922).
(11) A. G. D; Rivett, Z. physik. Chem., 82, 201 (1913).
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attention in Orton’s laboratory.12“16 In acetic 
acid solution, the reaction proceeds in two stages, 
the first of which is the rate determining step

(A) CeHsNClAc +  HCl C6H5NHAc +  Cl2
j------>  ö-C1C6H 4N H A c

(B) CeHgNHAc +  Cl2 —
»------>  £-C1C6H 4N H A c

N-Chlorinated anilides oxidize iodide ion to 
iodine while C-chlorinated anilides do not. The 
reaction is followed by titrating the iodine liber­
ated with sodium thiosulfate when a sample is 
run into potassium iodide solution. Although 
direct proof is lacking, considerable circumstan- 
tial evidence exists to indicate that the above 
mechanism applies to aqueous Solutions also.14,16,17

Blanksma18 using 20% acetic acid as solvent 
and Rivett11 using aqueous Solutions found the 
rate of disappearance of the N-chloroacetanilide 
to be first order and proportional to the square of 
the hydrochloric acid concentration. Harned 
and Seltz10 show for aqueous Solutions that the 
observed rate is proportional to the activity of the 
hydrochloric acid

k  — &obsd ./«H  Cl (1 )

where aHci = öH+*^ci“ = a2*(HCl) =  m2/ 2± (a is 
thermodynamic activity, ƒ is activity coëfficiënt, 
m is molality).

Soper and Pryde19 state that the observed rate 
is proportional not only to the activity of hydro­
chloric acid but also to the activity coëfficiënt of 
the N-chloroacetanilide

k  — & obsd./#H C l/:N C l (2 )

and that the following interfering side reactions 
occur for which corrections should be made

(C) C6H5NC1Ac +  OH" CeHöNHAc +  OC1“
(D) C1C6H4NHAc +  Cl2---->  C1C6H4NC1Ac +  HCl20

Pryde and Soper19 conclude that (C) causes a
(12) K. J. P. Orton, Proc. Roy. Soc., 71, 156 (1902).
(13) K. J. P. Orton and W. J. Jones, J. Chem. Soc., 95, 1456 

(1909).
(14) F. S. Kipping, K. J. P. Orton, S. Ruhemann, A. Lapworth 

and W. J. Jones, Brit. Ass. Adv. Sei. Reports, 1910, p. 85.
(15) F. S. Kipping, K. J. P. Orton, S. Ruhemann, J. T. Hewitt 

and W. H. Grey, Chem. News, 108, 155 (1913).
(16) F. G. Soper, J. Phys. Chem., 31, 1192 (1927).
(17) K. J. P. Orton and W. J. Jones, J. Chem. Soc., P25, 233 

(1909).
(18) M. J. J. Blanksma, Proc. Akad. Sei. Amsterdam, 5, 178, 359 

(1902); Ree. trav. chim., 22, 290 (1903); ibid., 21, 366 (1902).
(19) F. G. Soper and D. R. Pryde, J. Chem. Soc., 2761 (1927).
(20) (B) and (D) have been studied in the following references: 

13, 14, 16, 21, 22, 23, 24, 25; and (C) in 15, 16, 19; the rate of (B) 
is found (16) to be about one hundred times that of (D).

(21) K. J. P. Orton and H. King, J. Chem. Soc., 99, 1369 (1911).
(22) K. J. P. Orton and A. E. Bradfield, ibid., 986 (1927).
(23) K. J. P. Orton, F. G. Soper and G. Williams, ibid.. 998 

(1928).
(24) G. Williams, ibid., 37 (1930).
(25) D. R. Pryde and F. G. Soper, ibid., 1510 (1931).

6% rate decrease in one tenth molar acid by a 
study of the rate of disappearance of N-chloro- 
acetanilide in the presence of sulfuric, nitric, and 
chloric acids using phenol to remove hypochlorite. 
Soper16 and Pryde and Soper26 find the rate of 
hydrolysis in neutral Solutions to be very small. 
We measured the hydrolysis at each temperature. 
It is only 0.1% of the rate of (A) in 0.2 molal hy­
drochloric acid.

It does not seem reasonable to suppose that the 
6% decomposition of N-chloroacetanilide in acid 
solution was due to reaction (C), which is the re­
verse of the preparative reaction. Reaction (C) 
is analogous to (E)

(E) Cl2 +  OH- C l- +  CIO" +  H +

One would expect hydrogen ion to reverse both
(C) and (E). Jakowkin27 found this to be true 
for (E). Accordingly the effect they observe can 
be explained by (F) proposed by Rivett11 where 
X is any acid anion

(F) CeHfiNClAc +  HX — >- C6H4NXAc +  HCl 
followed by reaction (A) et cetera. Belton reports28 
instability of N-chloroacetanilide in sulfuric acid 
Solutions even with no phenol present. Chatta­
way and Orton29 have detected the formation of 
hydrochloric acid in Solutions of N-chloroacetanil­
ide in other acids. Soper16 states that (D) causes 
a decrease in k of about 9% for 0.2 molal hydro­
chloric acid. If reaction (D) occurs, since its 
rate is a function of the concentration of the ortho 
and para chloroacetanilides, which increase with 
time by (B), the contribution of the N-chloro- 
chloroacetanilide to the titer will become pro­
gressively greater causing k to drift downward.

However, since no time drift in k has been re­
ported to date, nor detected in the present investi­
gation after a careful search, we conclude that 
Soper"s postulated side reaction (D) cannot occur 
to any perceptible extent.

Equation (2) of Soper and Pryde received ex­
perimental support from data making these two 
extensive corrections. Belton,30 using NaCl- 
HC1 mixtures and making no corrections, obtains 
data more satisfactorily explained by equation (1) 
than (2). For the present investigation, the re­
action rates were obtained at constant activity of 
hydrochloric acid by equation (1).

(26) D. R. Pryde and F. G. Soper, ibid., 1514 (1931).
(27) A. A. Jakowkin, Z. physik. Chem., 29, 613 (1899).
(28) J. W. Belton, Proc. Leeds Phil. Lit. Soc., 2, 178 (1931).
(29) F. D. Chattaway and K. J. P. Orton, Proc, Chem. Soc., IS, 

200 (1902).
(30) J. W. Belton, / .  Chem. Soc., 116 (1930).
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The above considerations show that the rate of 
disappearance of N-chloroacetanilide catalyzed 
by hydrochloric acid may be followed through its 
reaction with iodide ion without interfering side 
reactions and is suitable for a temperature coëffi­
ciënt study.

Precision Analysis
The important variables are: temperature (T), 

time (/), analyses for the concentration of the re­
acting eompound (A, A —x), thermodynamic ac­
tivity of the hydrochloric acid. The relation of 
these variables to E  is shown in equations (1), (3) 
and (4)

E _  RTJTt ln (fe)/(fa) ’ (3)
72 — Ti

kob*a. =  j  ln (J -  /  x ) (4)

The influence of errors in determination of the 
variables on E  was investigated by partial dif- 
ferentiation of these equations. The experimen­
tal procedure was then adjusted so that the com­
bined effect of all calculable errors would be less 
than the effect of the uncertainty in the activity 
of hydrochloric acid given in the literature. 
Table I shows the effect of significant errors on k 
and E.

T able I
Calculated Probable Errors

%
et(m) db 0.06
e*(f) d= .12
e*(A) =fc .05
ek{A — x) d= .05
e*(T) d= .06
eic(t) dz .01
Ak - V s ( « t (  ))2 =±=16

(102) / S E\
ejï(} E  \S ( ) /  A( ^
es(T) =i= .06
eE{k) =±= .38
AE -  V z f e o  )2 =t .42

TJ
100 ^ ±84.0 cal.

Experimental
The saturated solution of the eompound was prepared by 

agitation at the temperature of the runn ; a calculated 
amount was taken such that when mixed with the constant 
boiling hydrochloric acid, weighed out in a sealed thin glass 
capsule, would give a solution 0.2 w in hydrochloric acid.

(31) The solution is customarily prepared by boiling several hours 
in water.10*11 Porter and Wilbur,32 and Bradfield33 show that com­
plete decomposition occurs within one-half to two hours at 100°.

(32) C. W. Porter and P. Wilbur, T h is  J o u r n a l , 49, 2145 (1927).
(33) A. E. Bradfield, J. Chem. Soc., 351 (1928).

The reaction was terminated by pipetting samples into po­
tassium iodide in the larger compartment of a special 125- 
cc. glass-stoppered Erlenmeyer flask34 and by immediate 
mixing with a sodium hydroxide-sodium acetate solution 
contained in a side arm compartment. The final concen­
tration of iodide was 4%35; the sodium hydroxide-sodium 
acetate was calculated to leave the solution at a pH of 
5.75 =±= 0.20.36 This was verified by e. m. f. measurements 
using a glass electrode.

The liberated iodine was titrated with sodium thiosulfate 
from a weight buret using a starch indicator within fifteen 
minutes after taking the sample. The weight in vacuo of 
thiosulfate per gram of sample was substituted directly 
in equation (4). The precipitate formed during the reac­
tion—of which no mention occurs in the literature—is ex­
cluded from the sample by drawing it through a sintered 
glass filter funnel. The extent of hydrolysis was deter­
mined by a second analysis of the saturated solution at the 
end of the experiment.

Preparation of the iV-Chloroacetanilide.—The A solu­
tion was prepared according to directions of Barnes and 
Porter37; the remainder of the procedure was modified as 
follows. B solution, 9.6 g. of sodium hydroxide and 3.2 g. 
of sodium carbonate are dissolved in 150 cc. of solution. 
C solution, 1.9 g. potassium iodide in 37 cc. water; add 
0.1 cc. of concentrated sulfuric acid immediately before 
addition of sample; add 2 cc. of 0.5% starch solution at the 
end-point. Chlorine is passed into B solution at 5° until 
1 cc. added to C solution requires between 1.6 /M  and 
1.8/M  cc. of M  molar thiosulfate. Add (220/M n) cc. 
{n is the number of cc. of thiosulfate used) of solution B to 
solution A at 5°. Preserve the eompound in a darkened 
vacuum desiccator over phosphorus pentoxide. If solu­
tion B is made from sodium carbonate only, the chlorine 
causes vigorous evolution of carbon dioxide which inter- 
feres with sampling.

Any method of recrystallizing involving heat treatment 
gave colored products with excessive melting point 
changes of from —10 to +70° due to decomposition. 
Addition of excess water at room temperature to an abso­
lute alcohol solution was found to be the only satisfaetory 
method of purification. The crystals were always white 
needles of reproducible m. p., 89.5°.

Temperature.—The temperature Variation of the ther- 
mostats was =±=0.005° or less. Baudin thermometer No. 
18537 was used as a Standard of temperature. The method 
of calibration leaves no doubt regarding the self-consis- 
tency of the scale.

The pipets were constructed from eight and twenty- 
four mm. Pyrex with no constriction of the tip to reduce 
errors of timing and heat losses in the fast runs. The 
main body was removed 4 to 5 cm. from the line of sterns 
and was suspended in the thermostat before use long 
enough to reach temperature equilibrium. The pipets 
delivered 26 =*= 2 cc. in less than two seconds, the exact 
value being determined by weight.

(34) V. K. La Mer and M. E. Kamner, T his J ournal, 57, 2664 
(1935); Fig. 1.

(35) R. M. Chapin, J. Chem. Soc., 41, 351 (1919).
(36) I. M. K olth off, I. H. M enzel and N. H. Furm an, “ V o lu m etrie  

A n a ly sis ,” John  W iley  and Sons, N ew  Y ork, 1929, Vol. II, p. 354.
(37) C. D. B arn es and C. W. P orter, This Journal, 52, 1721 

(1930).
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Buffer.—A buffer is required for the following reasons. 
(a) Oxidation of iodide ion to iodine by dissolved oxygen 
will occur in the solution before the end-point is reached, 
unless the hydrochloric acid catalyst is neutralized. (b) 
Thiosulfate titrations36 of dilute iodine require a definite 
acidity for quantitative results. (c) Hydrogen ion is 
needed for the reaction between the N-chloroacetanilide 
and iodide
C6H6NC1Ac +  21- +  H + — >  C6H5NHAc -f Cl" +  I2
If N-chloroacetanilide is run into neutral potassium io­
dide, the pH. rises to 10.75 and the reaction stops with only 
60% of the eompound reduced. Subsequent addition of 
acid will not yield the theoretical amount of iodine. (d) 
The fast running pipets used do not deliver reproducible 
quantities of solution (within =*=2 cc.). The sodium ace- 
tate-sodium hydroxide mixture meets these requirements.

Fig. 1.—Energy of activation-temperature: +, Harned 
and Seltz; O, Rivett.

Analysis.—The starch-iodine end-points are obseryed 
by holding the flask on a line with the eye and a lamp be- 
hind translucent glass in an otherwise light-tight box; the 
room is darkened. As the reaction progresses, the solution 
becomes slightly yellow so that successive end-points can­
not be compared to obtain reproducibility. The solution 
is over-titrated with one drop of thiosulfate; a few cc. are 
placed in the side-arm and iodine added in 0.003-g. portions 
to the main body until the first perceptible difference in 
shade is observed between the two portions. This end- 
point is highly reproducible; when reaction products are 
present, it is red-yellow. A normality change of 1 X 10 “6 
is readily detected. The a. d. of four iodine-thiosulfate 
titrations was one-half this quantity. Light.—No differ­
ence was found on comparing runs in clear and blackened 
flasks. Reagents.—Eimer and Amend Technical Purity 
grade sodium thiosulfate was twice recrystallized between 
60 and 5°. Approximately 0.02 M  Solutions were made in 
carbon dioxide-free water38 which were kept free of carbon

(38) F. O. R ice , M . K ilp a tr ick  and W . Lerakin, T h is  Jo urn al , 45,
1361 (1923).

dioxide with soda-lime tubes. No decomposition of these 
Solutions could be detected during the period of any run. 
Iodine was distilled from potassium iodide and copper sul­
fate36 and sublimed three times. Potato starch ground for 
five hundred hours in a ball mill readily forms a suspension 
in water at room temperature. The blank for 2 cc. of a 
0.5% solution is 2.1 X 10 ~7 equivalent of iodine. The 
constant boiling hydrochloric acid was prepared by the 
Standard methods.39*40

T a b l e  II
kt E , B a t  C o n st a n t  A ctivity  HCl

Ak =fc AE A B =•=
T, °C. &av (%) Fact (%) B (%)
0.305 0.008550 0.79
6.333 19170 1.36 13.23 1.5

12.362
12.645

.03792 .39
19790 0.68 13.73 0.72

18.673 20440 .86 14.21 .91
18.925 20090 .49 13.96 .50
24.954
24.984 .1742 .42

20590 .51 14.33 .56

31.264
37.545 .7178 .52

20750 1.09 14.45 1.10

Calculation of Results
Values of k, E act and B at constant activity of 

hydrochloric acid are shown in Table II with 
their experimental error. The errors represent 
the deviation between duplicate runs. k and E  
were calculated from (4), (1) and (3); B  from (5).

B = log k +  (Eact/ 2.3 RT) (5)

The activity coefficients were calculated to within 
±0.0005 by the equation of Harned and Ehlers.41 
Eact and B are plotted against temperature in 
Figs. 2 and 3, respectively. The data of Rivett 
were recalculated to a molal basis. The Eact 
from Rivett, and Harned and Seltz were calcu­
lated using the activity coefficients of Harned and 
Ehlers41 and are plotted in Fig. 1. The error in 
Rivett’s data was calculated from the a. d. of a 
single run at each temperature. Harned and 
Seltz do not indicate whether they made duplicate 
runs, merely stating that ‘‘the maximum Varia­
tion in a series was ±1% .” This figure was used 
to calculate their AE. Our k values and those of 
Harned and Seltz agree at 25° to 3% when the 
latter are multiplied by 2.303. Time is in min­
utes.

Discussion
The increase of E  from 19,170 to 20,750 cal. for 

the temperature range 6.333 to 31.264° corre­
sponds to a mean molar heat capacity of activa-

(39) C. W. Foulk and M. Hollingsworth, ibid., 45, 1220 (1923).
(40) W. D. Bonner and A. C. Titus, ibid., 52, 633 (1930).
(41) H. S. Harned and R. W. Ehlers, ibid., 55, 2179 (1933).
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tion of 63 cal./deg. Figure 1 compared with 
Fig. 2 shows our data to give the most precise 
values of E. The change with temperature is 
unquestionably greater than experimental error, 
and cannot be due to side reactions nor to incon- 
sistencies in the temperature scale used.

5 10 15 20 25 30 45
T ,  °C.

Fig. 2.—Energy of activation-temperature.

By integrating ö ln k/dT  = E ^ J R T 2 under 
the general assumption that E act — f  (T), La Mer 
obtained
ln k  = frequency constant + (•S'act/ R )  ~  { E &Qt/ R T )  (6) 
where 5act is the entropy of activation. When 
Eact is considered independent of temperature, 
S ^ J R  vanishes, since it is equal to

He evaluated the constant of integration by as­
suming a collisional mechanism for the reaction, 
in which case the frequency term = ln Z°. Com­
parison of eq. (5) with eq. (6) shows that for this 
mechanism

B =  log Z° +  5act/2.3i? (7)
The experimental value of B, equal to 13.23 

at 6.33°, compares favorably with the value of 
log Z° equal to 13.10, assuming a equal to 5A°. 
However at 31.26° B  has increased 1.22 units, 
whereas log Z°, which varies as has increased 
but 0.02 unit. This constitutes further experi­
mental proof of the existence of an appreciable 
entropy of activation. The simple collision 
theory of reaction kinetics obviously is quite in­
adequate.

Eyring has proposed a Statistical theory which 
avoids the collisional mechanism for evaluating 
the frequency constant in eq (6). His theory 
yields

Here kT/h  is a universal frequency which varies 
as T; k is a transmission coëfficiënt representing 
the probability that the activated complex will not 
be reflected back after passing the energy barrier. 
Calculations of k  are not available except for ex­
tremely simple reactions.

The entropy of activation in (7) differs from 
that in (8) in that the collisional mechanism for the 
process A  +  B <—iSH X  apportions the entropy con­
tribution associated with the ordinary transla­
tional degrees of freedom of A, B  and I  to Z°, 
whereas in eq. (8) these contributions are in­
cluded under 5act.

I t  is of interest to note the striking similarity 
between the form of the curve, E act versus T  
(Fig. 2), and that for the depolymerization of di- 
acetone alcohol.9 Our reaction involves a neu­
tral molecule and two oppositely charged ions, 
while the latter reaction concerns a neutral mole­
cule and one negative ion.

Fig. 3.— ^-Temperature.

Summary and Conclusions

1. The rate of conversion of N-chloroacetanil­
ide in the presence of aqueous 0.2 molal hydro­
chloric acid has been measured at 0, 12.5, 25, 
37.5°. The temperature dependence of the en­
ergy of activation has been calculated for a con­
stant activity of hydrochloric acid.

2. The analytical procedure has been refined 
so that the velocity constants can be reproduced 
to 0.5%.

3. The complete absence of time drifts of the 
velocity constant shows that the secondary N- 
chlorinations postulated recently by Soper do not 
exist.

4. The EACt rises steadily from 19,170 cal.

21.500 

21,000

20.500 

20,000

19.500

B = log likT/h +  5 .ot/2.3ie (8)
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for the interval 0-12.5° to 20,750 cal. for 25- 
37.5°, corresponding to a mean heat capacity of 
activation of 63 cal./deg.

5. The form of the curve E  versus T  for this 
reaction is similar to that for the depolymeriza- 
tion of diacetone alcohol by hydroxyl ion.

6. The action constant B—which is equal to

the entropy of activation plus a frequency term— 
varies from 13.2 at 6.33° to 14.45 at 31.3°. The 
magnitude and temperature dependence of B  fur­
nish additional evidence of the inadequacy of the 
collision theory, and of the existence of an appre­
ciable entropy of activation.
N e w  Y o r k , N. Y. R e c eiv ed  A u g u st  24, 1936

[C o n t r ib u t io n  from  t h e  D epa r t m e n t  of Ch e m ist r y , C o l u m b ia  U n iv e r sit y ]

Orthobaric Densities of Substances as a Function of Reduced Temperatures

B y  H arold A. F ales and  Clara S. Shapiro

In the present investigation it is our purpose to 
make a comparative study of the equilibrium be­
tween the liquid and vapor phases of different ele­
ments and Chemical compounds over the entire 
range of coexistence of the two phases from the 
melting point to the critical temperature with 
particular reference to the relationship between 
the orthobaric densities and the “reduced” tem­
peratures.

Cailletet and Mathias studied the densities of 
the liquid and gaseous phases and discovered in 
18861 that the arithmetical mean of their sum is 
a function of centigrade temperature. Likewise, 
they found that the “reduced” mean density can 
be expressed as a function of “reduced” tempera­
ture; this relationship is discussed in detail by 
Van Laar.2 Recently two interesting papers 
have appeared along the lines of our subject. 
One is by C. H. Meyers3 in which orthobaric 
volumes are connected with “reduced” pressures 
and absolute temperatures. This author shows 
for twenty-three substances that provided the 
vapor pressure-temperature relation for the satu­
rated fluid, the critical pressure, and approximate 
values for liquid densities are known, the specific 
volume of the saturated vapor can be calculated, 
except near the critical temperature, with the de­
termination of one empirical constant in the equa­
tion

log io  ( l  -  ( i  -  % p )  =  A togio 2 .7 1 8pe

where p =  Saturation pressure, pc =  critical pres- 
sure, v and v' — specific volumes of liquid and 
vapor respectively, R = gas constant, T  =  ab-

(1) Cailletet and Mathias, Compt. rend., 102, 1202 (1886); 
104, 1563 (1887); Mathias, ibid., 200, 1643 (1935); 200, 1902 
(1935).

(2) Van Laar, “Zustandgleichung,” ed. 1924, pp. 74, 342-350.
(3) C. H. Meyers, Bur. Standards J . Research, 11, 691 (1933).

solute temperature and A  = empirical constant 
which varies slightly from 0.72 for noble gases to 
0.61 for methanol, with an average value of 0.69 
for twenty-three substances. The above rela­
tionship is very accurate up to one-fourth to one- 
half the critical pressure, which corresponds to 
0.8 to 0.9 the absolute critical temperature.

The second paper is by J. Horiuchi4 and deale 
with the expression ln v jv x. Assuming that 
Maxwell’s distribution law and van der Waals’ 
equation apply to the equilibrium liquid ZZ*1 satu- 
rated vapor, and introducing a certain correction 
Horiuchi develops an equation which expresses 
ln vjv\ in terms of two variables: the volumes 
themselves and the absolute temperatures, namely

ln v jvy  =  ß jr  ( Pl -  E ~  ve -  e )  ®

where A  and E  are constants characteristic for 
each substance. This equation holds well for a 
large number (60) of organic and inorganic 
liquids up to 0.8-0.9 of the critical temperature. 
It deviates considerably in the case of methyl 
alcohol and does not hold at all for water; accord­
ing to Horiuchi this discrepancy is due to the 
strong association of these liquids. As to con­
stants A and E  they differ in numerical value for 
different substances. For normal organic liquids 
A = 32.3 TqT/P er and E  =0 .17  Fcr, so that a 
“reduced” equation is obtained for these liquids4

4>g _  1.47 /  1___________1 \  ' x
<f>x Rt U i “  0.17 0g - 0 .1 7 /  w

where r, <j>gJ <t>\ are the reduced temperatures and 
reduced volumes, respectively.

The expression ln v jv x has previously received 
considerable attention in the literature, mostly in

(4) J. Horiuchi, Bull. Chem. Soc. Japan, 1, 189 (1926); and 2, 213 
(1927). Sei. Papers, Inst. Phys. Chem. Research, Tokyo, 15, 89 
(1931).
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the effort to connect it with the latent heat of 
evaporation. Of the numerous though only 
partially successful attempts in this direction the 
most interesting is perhaps the equation of Cromp- 
ton5

* Vg __ M-le\ 
vi ~~ 2RT (4)

where M  is the molecular weight, /ev the latent 
heat of evaporation, R  the gas constant, and T  
the absolute temperature.

This equation is approximately true for many 
organic liquids, giving particularly good agree­
ment in the neighborhood of the critical point, 
but it shows considerable deviation for alcohols, 
acetic acid, ammonia, water and other liquids 
commonly called “associated” although the de­
viations become small as the critical point is ap­
proached.

Considering the relationships which Horiuchi 
and Crompton have sought to develop one might 
infer that liquids fall into two types, commonly 
known as associated and non-associated, since 
equations (2) and (4) give agreement with ob­
served values in a certain number of cases but not 
in others. On the other hand, no such division 
into classes follows from the equation of Meyers 
because it applies equally well to twenty-three 
diverse substances including alcohols, ammonia 
and water.

The question may now be asked: is there some 
inherent peculiarity in the function ln v jv x which 
necessitates that liquids be divided into two 
classes? We will attempt to show in this paper 
that it is possible to use the function ln v jv x in 
conjunction with “reduced” temperature and ob­
tain a relationship which is equally applicable to 
substances of the utmost Chemical diversity and 
that on the basis of this there is no support to 
the contention that liquids are divisible into two 
classes.

We have selected thirty substances which repre­
sent every type of element, inorganic substance 
and organic eompound for which measurements 
of orthobaric densities are available.

These substances arranged in the ascending 
order of the volume ratio are:

1 Helium
2 Hydrogen
3 Neon
4 Argon
5 Oxygen

6 Carbon monoxide
7 Nitrogen
8 Ethylene
9 Ethane

10 Hydrogen chloride

11 Nitrous oxide 21 Methyl formate
12 Acetylene 22 Ethyl ether
13 Methyl ether 23 «-Hexane
14 Carbon tetrachloride 24 Acetic acid
15 Benzene 25 Ethyl propionate
16 ^-Pentane 26 Sulfur trioxide
17 «-Pentane 27 Water
18 Monofluorobenzene 28 Methyl alcohol
19 Sulfur dioxide 29 Ethyl alcohol
20 Ammonia 30 Nitrogen tetroxide

In studying the ratio of the volumes we have 
employed the natural log of the ratio v j v x instead 
of the ratio itself, since the Variation of the latter 
with temperature is far too fast. We have also 
employed the reduced temperature instead of the 
absolute temperature in order to have a common 
scale of comparison. It is obvious that at the 
critical point the ratio becomes unity and its 
natural log becomes zero for all substances; there­
fore in plotting the ln vs/vx against the reduced 
temperature r = T /T cr for different substances 
we obtain a series of curves all having a common 
origin at the point r =  1.000. Comparing these 
curves we find that they all belong to one and the 
same family as illustrated by the eight representa- 
tive curves a,. . .h, in Fig. 1.

r.

Fig. 1.™ in(z/gaSA>üq.) — k [ ( l  —r2)m/r"]: a, helium;
b, hydrogen; c, neon; d, nitrogen; e, carbon tetra­
chloride; f, «-hexane; g, water; h, ethyl alcohol.(5) Crompton, Proc. Chem. Soc. London, 17, 61 (1901).
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The domain bounded by the curves a and h in­
cludes all the curves for the thirty typical sub­
stances, while the more restricted domain bounded 
by c and g includes a majority of the curves. The 
eight representative curves a, . . .h portray the 
behavior of the following substances:
a—Helium 
b—Hydrogen 
c—Neon 
d—Nitrogen

e—Carbon tetrachloride 
f—«-Hexane 
g—Water 
h—Ethyl alcohol

Analytical Expression of the Curves.—We find 
that all these curves can be represented by the 
equation

ln V̂i
_  (1 -  T2)™ (5)

where vg and vx are the orthobaric volumes; r = 
T /T cr is the reduced temperature and k} m and 
n are constants characteristic for a given liquid.

If we use “reduced” volumes instead of ortho­
baric volumes we get the same functional rela­
tionship, namely

t'gas
ln p  =  in = k

<f> 1

VII
yci
l̂iq.

Z>ci

(1 2̂wi
(6)

where <£g and 4>\ are the “reduced” volumes.

Equation (5), as well as (6), is applicable to all 
substances tried and in most cases represents the 
data within the experimental accuracy as will be 
seen from the ensuing Tables I to III. It em- 
braces substances of utmost diversity in physical 
and Chemical properties. Thus the critical tem­
perature ranges from 5.19°K. for helium to 
674.2°K. for water; the number of atoms from 1 
for helium to 20 for hexane; and the molecular 
weight from 2 for hydrogen to 153 for carbon 
tetrachloride.

This equation holds equally well for associated 
and non-associated liquids. I t will be seen from 
the tables that the typical associated substances— 
acetic acid, water, ethyl alcohol, ammonia—show 
just as good an agreement between calculated 
and experimental curves, as do the representa- 
tives of normal liquids—benzene, carbon tetra­
chloride or hexane.

In Table I we give an example of our calcula­
tions in detail for water represented in Fig. 1 by 
curve g. In this table the three reference points 
used for calculating k, m and n are marked with an 
asterisk; at these points thedeviation is, of course, 
always zero. Also in this table are given the de-

T a b l e  I
Water, Curve (g) Fig. 1. k = 4.122, m = 0.3770, n =  1.338

ras volumes in parentheses have been extrapolated by the Bureau of Standards. The corresponding observe» 
5 are also in parentheses.

ln — ln —
êas obsd.» fc'liq. o b sd ., 1̂ Differences

t, °C. T cc./g. CC./g. obsd. calcd. Actual“ Percentage?»

0 0.4220 (206430) 1.000 (12.24) 12.15 -0 .0 9 -0 .7 %
+  20 .4529 (57872) 1.002 (10.97) 10.92 -  .05 -  .4
+  40 .4838 (19550) 1.008 (9.873) 9.871 -  .002 -  .0
+  60 .5147* 7678.8 1.017 8.930* 8.930* .000 -0 *
-f- 80 .5456 3409.4 1.029 8.106 8.118 +  .012 + 0 .1
+100 .5765 1673.3 1.0434 7.380 7.399 +  .019 +  .3
+120 .6074 891.79 1.0603 6.735 6.755 +  .020 +  .3
+  140 ‘ . 6383 508.61 1.0798 6.155 6.172 +  .017 +  .3
+160 .6692 306.78 1.1021 5.629 5.641 +  .012 +  .2
+180 .7001 193.80 1.1275 5.147 5.153 +  .006 +  .1
+200 .7310* 127.16 1.1565 4.700* 4.700* .000 0*
+220 .7619 86.060 1.1900 4.281 4.276 -  .005 - 0 .1
+240 .7928 59.674 1.2291 3.883 3.872 -  .011 -  .3
+260 .8237 42.145 1.2755 3.498 3.484 -  .014 -  .4
+280 .8546 30.124 1.3321 3.119 3.104 -  .015 -  .5
+300 .8855 21.634 1.4036 2.736 2.722 -  .014 -  .5
+320 .9164 15.454 1.4992 2.333 2.323 -  .010 -  .4
+340 .9473 10.776 1.6409 1.882 1.879 -  .003 -  .2
+350 .9628* 8.798 1.7468 1.617* 1.617* .000 0*
+360 .9782 6.941 1.9070 1.292 1.298 +  .006 + 0 .5
+374.11 1.0000 3.1975 3.1975 0 0

A ln v jv i 
ln v jv iValues are the differences, ln0bsd. — lncaicd.. b Values are the percentage differences, 

Asterisks signify the reference points used for calculating k, m and «.

X 100.



Dec., 1936 Orthobaric Densities of Substances 2421

viations between calculated and observed values 
of ln Vg/vi. They are expressed as actual differen­
ces in the natural log, and also as percentage differ­
ences. By percentage difference we mean the pro­
portional error in the logarithm of the ratio of the 
volumes X 100, namely, A ln vg/v{/\n v jv \  X 100.

If it is desired to find the percentage difference 
in the ratio of the volumes themselves, multiply 
the differences lnobsd- — lncaicd. in column 7 of 
Table I by 100. This follows from the property 
of natural logarithms that for two nearly equal 
numbers the difference between their natural 
logarithms is sensibly equal to the proportional 
difference of the numbers themselves, thus

ln (x +  Ax) — ln x =  ln x +  ln ^1 +  — In x =

, /.. , Ax\ Ax 1 /  A x \2 , . Ax
+

In Table II we give the differences between ob­
served and calculated values of ln v jv \  for the 
remaining seven substances of Fig. 1 represented 
by curves (a) helium, (b) hydrogen, (c) neon, (d) 
nitrogen, (e) carbon tetrachloride, (f) w-hexane, 
(h) ethyl alcohol, and one additional substance, 
acetic acid, the curve for which is closely adjacent 
to that for water (g). The differences lnobsd — 
lncaicd. were obtained from an enlarged graph 
giving the differences as ordinates against r as 
abscissa and then selecting for each substance the 
values of the differences corresponding to r = 
0.400, r = 0.450, et cetera. The average differ­
ence in each case was obtained by integrating the 
area under a curve and dividing this area by the 
appropriate length of the abscissa.

T able II
Actual D ifferences: ln v jv \  obsd. ln vjv \ calcd.
Substance: <*>Helium (b)Hydrogen (c)Neon (d)Nitrogen
Constants: k

m
n

2.659
0.4003
.8215

3.166
0.430
.900

3.134
0.3735
1.247

3.203
0.351
1.315

r = 0.400 +0.003
.450 —0.066 .000
.500 .000 + .002 +  0.045
.550 + .016 + .008 — .005
.600 + .035 + .018 +  0.012 — .011
.650 + .051 + .035 ~  .008 _ _ .004
.700 + .020 + .035 -  .020 — .023
.750 .000 + .005 -  .030 — .030
.800 — .005 + .010 -  .004 + .001
.850 — .002 + .012 +  .014 + .004
.900 + .005 + .040 +  .029 .000
.950 — .002 + .010 +  .015 — .020

1.000 .000 .000 .000 .000
Av. diff. .023 .014 .019 .012

Substance: (e) Carbon 
tetrachloride (f) *- Hexane

(g) Acetic 
acid**

(h) Ethyl 
alcohol

Constants: k 3.724 
m 0.3896 
n 1.290

3.837
0.386
1.376

3.960
0.388
1.396

4.266
0.388
1.558

r *  0.400 .  .  . .  .  .

.450 .  .  .

.500 +0.016

.550 + .003 0.000

.600 — .004 -  .026

.650 0.001 0.000 — .015 -  .013

.700 +  .008 +  .006 — .002 -  . 008

.750 +  .010 +  .003 — .001 -  .004

.800 +  .001 +  .002 + .006 +  .002

.850 +  .006 +  .012 + .006 -  .003

.900 +  .002 +  .010 + .005 -  .002

.950 +  .001 +  .003 + .002 +  .013
1.000 .000 .000 .000 .000

Av. diff. .005 .006 .006 .010
a The curve for acetic acid is closely adjacent to that for 

water.
If it is desired to find the percentage difference in the 

ratio of the volumes themselves, multiply the differences
lnobsd. ~ hicaicd. by 100.

Table III gives a summary of the results ob­
tained for all 30 substances. For each substance 
its calculated curve was constructed from only 
three known density data, and the differences 
between observed and calculated values were ob­
tained for the whole experimental range exactly 
as illustrated in Table I, but for lack of space the 
results are given only in very Condensed form.

The liquids are arranged in the ascending order 
of the curves in the coördinate system. In each 
case are given: the critical temperature, the mo­
lecular weight, the number of atoms, the value of 
ln vjv \ at t — 0.600, the values of the constants 
k, m, n, the average difference lnobsd — lnca]cd , and 
the average percentage difference. These two 
sets of values were obtained by the use of graphs 
in a manner entirely analogous to that described 
in the preceding paragraph for Table II. For 
the saké of comparison estimated deviations are 
also given in the last column. These estimates 
are based upon the assumption that the effects of 
errors in vg and Tcr upon ln vg/v{ are additive as 
explained subsequently in the text.

Evaluation of the Constants k , m and n.—In 
evaluating the constants k, m and n it has been 
our purpose to find a method applicable to any 
known substance for which only three density 
measurements have been made (at three different 
temperatures). With this view in mind, we have 
used only three known data for densities and corre­
sponding temperatures in calculating the constants 
k, m  and n of each substance given in Table III .
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In selecting the three reference points we have 
been guided by the following considerations: (1) 
to use a uniform procedure for all substances, so 
as to obtain comparable results; (2) to use only 
those density values as reference data which have 
been actually observed, or calculated from a trust- 
worthy equation of state; (3) to have the first 
reference point always between the melting and 
the boiling point, i. e., at r  =  0.5 to 0.65; to have 
the third point always in the abrupt region of the 
curve, namely, the third point should always lie 
between r  =  0.96 and 0.97 but not any closer to 
unity. This is an important precaution to ob­
serve, since in the region between r  =  0.97 to
1.000 the expression 1 — r2 becomes so small as to 
be very much influenced by the errors in measure­
ments of the critical temperature. Hence, in this 
small region the equation is not expected to hold 
with the same accuracy as in the other parts of 
the curve. The second point is always to be

chosen as close as possible to midway between the 
two extreme points. This was found by experi­
ence to be the best procedure. (4) To choose 
the intervals between the points 1 and 2 and the 
points 2 and 3 as large as possible, which is in 
accordance with the mathematical theory of equa­
tions. In a few cases one or more of these condi­
tions could not be observed, for lack of correspond­
ing density data. In such cases the calculated 
constants were considered slightly inaccurate and 
in Table III they are enclosed in parentheses.

Accuracy of the Proposed Equation.—In the 
two columns preceding the last of Table III we 
have given the averages of the actual and the 
percentage differences of the function ln v ji\ .  
We see upon examining the differences that they 
vary from substance to substance. This Varia­
tion is tö be expected since the equation

ln vt/vi = k (5)

T a b le  III
S ummary of R e su l t s

A =  number of atoms. The substances in this table are arranged in the ascending order of the curves.

Substance a Ter, °K. Mol. wt. A
ln Vg/vi obsd. 
for r = 0.600

1 Helium (i) 5.19 4.00 1 3.35
2 Hydrogen (2) 33.18 2.0156 1 4.100
3 Neon (3) 44.38 20.18 1 5.03
4 Argon (2) 150.65 39.94 1 5.10
5 Oxygen (2) 154.19 32.00 2 5.25
6 Carbon monoxide (4) 132.89 28.00 2 5.40
7 Nitrogen (2) 125.99 28.02 2 5.43
8 Ethylene (5) 282.6 28.03 6 5.56
9 Ethane (6, 12) 405.3 30.05 8 5.67

10 Hydrogen chloride (6) 324.6 36.46 2 5.85
11 Nitrous oxide (6) 309.6 44.02 3 5.87
12 Acetylene (6) 309.1 26.02 4 Below triple point
13 Methyl ether (6) 400.0 46.05 9 6.00 (extrap.)
14 Carbon tetrachloride (7) 556.2 153.83 5 6.05
15 Benzene (7) 561.6 78.05 12 6.17
16 f-Pentane (7) 460.6 72.09 17 6.20
17 ^-Pentane (7) 470.3 72.09 17 6.30
18 Monofluorobenzene (7) 559.6 96.04 12 6.37
19 Sulfur dioxide (8) 430.3 64.06 3 6.38
20 Ammonia (9) 406.1 17.03 4 6.43
21 Methyl formate (7) 487.1 60.03 8 6.45
22 Ethyl ether (7) 466.9 74.08 15 6.49
23 n-Hexane (7) 507.9 86.11 20 6.53
24 Acetic acid (7) 594.7 60.03 8 6.78
25 Ethyl propionate (7) 546.0 102.08 17 7.03
26 Sulfur trioxide (6) 491.4 80.06 4 7.50 (extrap.)
27 Water (10) 647.2 18.02 3 6.83
28 Methyl alcohol (7) 513.2 32.03 6 7.75
29 Ethyl alcohol (7) 516.2 46.05 9 7.95
30 Nitrogen tetroxide (11) 431.3 92.02 6 8.00 (extrap.)

a The numbers in column 3 indicate the corresponding references on orthobaric densities and critical data, given in 
Table V.
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T a b le  III (Concluded)

t a * - * « 1 - ^
m,

V\ Tn

"" Constsiits^
Average

differences
actual®

Average
percentage
differences

actual^

Average
percentage
deviations
estimated®k tn n

1 Helium 2.659 0.4003 0.8215 0.023 0.56 4 .0
2 Hydrogen 3.166 .4300 .9000 .014 .54 0 .9
3 Neon 3.134 .3735 1.247 .019 .61 1.0
4 Argon 3.297 .3767 1.198 .027 1.5 1.1
5 Oxygen (3.084) (.3407) (1.345) (.010) (0.54) 1.0
6 Carbon monoxide 3.251 .3790 1.320 .016 .58 1.0
7 Nitrogen 3.203 .3510 1.315 .012 .37 1.0
8 Ethylene (3.421) (.3881) (1.298) .020 .52 0 .7
9 Ethane 3.345 .3492 1.331 .018 .64 .5

10 Hydrogen chloride 3.623 .3855 1.264 .010 .32 .7
11 Nitrous oxide 3.691 .4068 1.262 .010 .40 .7
12 Acetylene 3.677 .3946 1.331 .012 .40 .7
13 Methyl ether 3.641 .3856 1.353 .017 .50 .5
14 Carbon tetrachloride 3.724 .3896 1.290 .005 .14 .5
15 Benzene 3.798 .3932 1.300 .008 .18 .5
16 ï-Pentane 3.707 .3863 1.343 .002 .06 .5
17 «-Pentane 3.755 .3867 1.352 .004 .18 .5
18 Monofluorobenzene 3.687 .3763 1.397 .004 .10 .5
19 Sulfur dioxide 3.977 .4111 1.257 .027 .80 .5
20 Ammonia (3.881) (.3858) (1.331) .004 .05 .25
21 Methyl formate 3.807 .3853 1.367 .005 .18 .5
22 Ethyl ether 3.757 .3833 1.403 .010 .24 .5
23 «-Hexane 3.837 .3861 1.376 .006 .07 .5
24 Acetic acid 3.960 .3879 1.396 .006 .11 .5
25 Ethyl propionate 3.967 .3842 1.443 .004 .05 .5
26 Sulfur trioxide (4.297) (.4012) (1.102) .017 .73 .5 '
27 Water 4.122 .3770 1.338 .017 .26 .25
28 Methyl alcohol 4.329 .3780 1.460 .004 .08 .5
29 Ethyl alcohol 4.266 .3883 1.558 .010 .20 .5
30 Nitrogen tetroxide (4.910) (.4197) (1.240) .010 .20 .5 '
6 Values of the constants k, m , « in parentheses are not quite reliable, since the corresponding substances have only

a very short range of observed densities. Consequently the intervals between the three reference points are too 
small. Also, in the case of ethylene, ammonia and nitrogen tetroxide, the third reference point lies below r =  0.96, i. e., 
above the characteristic abrupt portion of the curve, because the corresponding vapor densities are not accurately known 
near Tct. e Values are the average of the differences ln0bsd. — lncaicd.. d Values are the average of the percentage differ­
ences ( A In Vg/»i)/(ln v j i \ )  X 100. e Values are estimated deviations based on the assumptions that the effects of errors 
in vg and Tct upon ln v jv x are additive as explained subsequently in the text. /  The figures given for sulfur trioxide and 
nitrogen tetroxide in the last 3 columns are for the range of temperatures: 100-218.3 ° and 0-60°, respectively.

is influenced largely by errors in the measure­
ments of critical temperature and to some extent 
by errors in the measurements of vapor density; 
and these errors are not the same in all cases.

The effect of an error in r can be obtained by 
differentiation of equation (5) whence

A In v jv i  Ar f  2mr2 , \  ^
tar«/«, ' = “  V  \ T ^  +  V  (7)

One finds that for a given absolute error in r, the 
corresponding proportional error in ln ve/v\ is 
large either for t =  0 or 1 and is a minimum be­
tween these values, while for a given proportional 
error in r, the corresponding proportional error 
in ln vg/vi is n times as large when r — 0 and in­
finite when t =s L

In this connection we should like to point out 
the following: although in general the tempera­
ture can be measured very accurately, yet a t the 
critical point the procedure is a very difficult one. 
It follows from the survey of critical data by 
Pickering6 that even the most careful observers 
do not always check each other, since for some 
substances the critical temperature values differ 
by one or more degrees. Therefore, we believe it 
is fair to assume that the critical temperature is 
known accurately to within =±=0.1-0.5° only. 
The effect of an error in Tcr upon r is obviously

A t/ t = A Ter/ Tcp (8)

(6) Pickering, Bur. Standards Sei. Papers» No. 541, p. 598 (1926)®
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or the proportional error in r is equal to the pro­
portional error in Tcr.

On the basis of equations (7) and (8) we can 
figure out the effect of an error in the measure­
ment of the critical temperature upon the calcula­
tion of ln vg/vx. Taking ten representative sub­
stances we get the results tabulated in Table IV.

T a b l e  IV

Substance

Error in 
Crit. crit. 

temp., temp., 
Tc r, ATcr, 
°K. °K.

Effect upon ln vg/v\ 
A ln vg/vi
ln v t/n  X 1 % 

r « 0.5 0.75 0.9 1.0
Helium 5.19 0.1 2 . 0 3.6 9.6 00
Hydrogen 33.18 .1 1 .2 2 .0 4.5 co
Neon 44.38 .2 0 .5 0 .6 1.5 00
Nitrogen 125.99 .5 .5 .6 1.5 00
Ethylene 282.6 .5 .25 .35 0.70 00
Ammonia 406.1 .2 .08 .1 2 .23 00
Sulfur dioxide 430.3 .5 .16 .23 .46 00
«-Hexane 507.8 .5 .13 .18 .37 00
Acetic acid 594.7 .5 .1 2 .17 .35 00
Water 647.2 .3 .08 .1 2 .23 00

The effect of separate errors in the measure­
ments of Vg and vx upon the ln vg/vx can be shown 
to be

A ln vjvx  _  AVg/vg -{- Avi/vi . .
ln Vg/v\ ln v jv i  ' '

The liquid density can be measured very easily 
to 1 part in 2000 or better, so that the term Avx/vx 
is usually negligible and (9) reduces to

A ln v jv \  =  Avg/vs ( m
ln v jv \  ln v jv \  ^

which involves only the error in the vapor volume.
For large values of ln v jv x and a given pro­

portional error in vg the corresponding propor­
tional error in ln vg/vx is small, while at the criti­
cal temperature where ln vg/vx = 0, the correspond­
ing proportional error in ln v%/vx is infinite.

In applying equation (10) we must have 
knowledge of the proportional error Avg/vg for 
each individual case. The most accurate work is 
probably that of the Bureau of Standards for 
ammonia and water where the errors in vg do not 
exceed a few tenths of one per cent.7 In Young’s 
work on organic liquids the vapor density is known 
to 0.0001 which amounts to about 2% in the 
neighborhood of the normal boiling point and to 
only about a few tenths of one per cent. as we ap- 
proach the critical point.8

(7) The Bureau of Standards data for v& are calculated from the 
measured latent heat of evaporation. For details, see Bur. Stand­
ards Circ. No. 142, 1923; and Osborn, Stimson and Ginnings, Mech. 
Eng., 57, 162 (1935).

(8) Correspondingly, we find only two significant figures at the 
normal boiling point in Young’s vapor densities as given by “Int.

The Leiden laboratory gives only two signifi­
cant figures for the vapor densities of hydrogen, 
nitrogen and oxygen in the region below the boil­
ing point.9 We assume, therefore, that the ac­
curacy of their data is of the same order as Young’s 
density measurements for the range normal boiling 
point to critical point.

We see that for most substances the propor­
tional error in vg for r = 0.6 is of the order 2 to 
3% and decreases with increasing r until at r = 
0.95 it is about 0.3-0.5%. From Fig. 1 it is evi­
dent that the least value of ln vs/vx for r  =  0.6 is 
3.25 for helium, and the greatest value is 7.95 for 
ethyl alcohol, while for r =  0.95 the values range 
from 1.0 for helium to 1.7 for ethyl alcohol; 
therefore from equation (10) the proportional 
error in ln v jv x will be between 0.25-0.50% for 
r = 0.6 and between 0.2-0.5% for r = 0.95. For 
water and ammonia because of the high accuracy 
of the vg data the proportional error in ln v jv x 
will not exceed 0.1% for the same range of r. 
The above shows that the proportional error in 
ln Vg/vx is practically constant for r = 0.6-0.95, 
and can be taken as equal to 0.1% for water and 
ammonia, and equal to 0.3% for the remaining 
substances.

We can now estimate the total effect of errors 
in the measurement of critical temperature and 
of vapor volumes upon the calculated values of 
ln Vg/vi. I t is obvious that the total proportional 
error in ln v jv x will not exceed the sum of the two 
effects: effect a due to error in the critical tem­
perature as shown in Table IV and effect b due to 
errors in the vapor volumes as discussed above.

For each substance we estimated effect a as a 
percentage difference for intervals of r  equal to 
0.05 and obtained the average. Effect b was con­
sidered constant and equal to 0.1% for water and 
ammonia and 0.3% for the remaining substances; 
these values were added to the average of effect a 
in the respective cases. The sums thus obtained, 
we believe, represent fair estimates of the upper 
limits of the proportional errors in ln vg/vx arising 
from errors of experimentation. They give a view 
of the reliability of the proposed equation (5) for 
the range melting point to 0.95 critical point and 
therefore are included in Table III (last column)
Crit. Tables,” Vol. III, 1928, p. 244. Other observers usually give 
less accurate measurements. For the estimate of error in density 
measurements of Young and others, see J. Timmermans, ibid., p. 
244.

(9) The density tables and the discussion of experimental errors 
are given in the papers by Mathias and co-workers: Ann. phys., 17, 
416-474 (1922).
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for comparison with the percentage differences 
actually found.

Both the actual and estimated deviations refer 
to temperature ranges for which the vapor den­
sities are accurately known, namely, measured or 
calculated from a reliable equation of state. 
Some of the substances investigated by Young, 
such as benzene, carbon tetrachloride, etc., have 
vapor densities roughly extrapolated (by Young) 
in the region below the boiling point. The corre­
sponding values of ln vg/vi are unreliable and were 
not taken into account in making the computa­
tions.

We see upon examination of the table that 
twenty-seven substances show smaller actual de­
viations than the estimated, while three, argon, 
sulfur dioxide and sulfur trioxide, show greater.

A few words should be said regarding sulfur 
trioxide and nitrogen tetroxide. Each of these 
substances gives a curve which in part follows the 
typical shaped curves shown in Fig. 1 and in part 
deviates more or less as shown by the dotted lines 
in Fig. 2.

In the case of sulfur trioxide the explanation of 
this behavior seems to be that part of the data 
(100-218.3°) was observed10 while the rest of the 
data (44-100°) was apparently calculated by 
means of an equation involving mean density.11 
In plotting the ln values against r we find that the 
observed values (100-218.3°) give the typical 
shape while the calculated values (44-100°) depart 
from it. The constants k, m and n in Table III 
were evaluated from the observed data; accord­
ingly we find upon applying the proposed equa­
tion (5) that it holds fairly well only for the range 
(100-218.3°) and not at all for the range (44- 
100°).

As to nitrogen tetroxide, its densities have been 
observed all along the Saturation line by Mittasch 
and co-workers (0 to 55°),12 and by Bennewitz and 
Windish (30 to t° crit.).12 In constructing the 
corresponding curve we find that the portion (0 
to 60°) falls right along that of ethyl alcohol, but 
the portion (60 to 158.2°) is very unusually shaped 
(Fig. 2 dotted line). We expected our equation 
to fit in the range (0-60°) and this was found to 
be the case with very good agreement, but above 
60° the deviation from observed values of ln is

(10) Berthoud, Helv. Chim. Acta, 5, 513 (1922); J. chim. phys., 
20, 77 (1923).

(11) “Int. Crit. Tables,” Vol. III, 1928, p. 228; see bottom line of 
the sulfur trioxide table.

(12) Mittasch, Kuss and Schieuter, Z. anorg. Chem. 159, 29 
(1927); Bennewitz and Windish, Z. physik. Chem., A166, 401 (1933).

very large. I t is possible that this discrepancy 
is caused by partial dissociation of N2O4 —> 2NO2 
under Saturation pressure13 which is probably 
small below 60° and hence does not affect the 
corresponding value of ln vgHJ v iiq.

0.400 0.600 0.800 1.000
T.

Fig. 2.-------------— Part of experimental curve
which follows e q u a tio n ;------------part of ex­
perimental curve which deviates from equation.

Comparison of the Constants k, m and n .—
When we compare the values of the three con­
stants for different substances given in Table III, 
we see that each of them varies but little in com­
parison with the wide Variation in physical and 
Chemical properties.

Thus k increases from about 3.2 to 4.3 with the 
two exceptions helium, k =  2.66; nitrogen te­
troxide, k =  4.9.

m ranges from 0.347 to 0.420 and for many 
organic substances it is equal to about one-tenth 
of k .

n ranges from 0.821 to 1.558.
The curves are described accurately by the pro­

posed equation and consequently the order of ar­
rangement should bear close relationship to the 
corresponding values of the constants k, m and n. 
We find that m and n do not show any striking 
regularity, but k is quite characteristic. I t in­
creases regularly in about the same order in which 
the curves succeed each other with a few excep­
tions. Further, we observe that in general closely 
adjacent curves such as those for nitrogen and 
carbon monoxide, or normal and ^-pentane, have 
almost identical values of &.

(13) Nitrogen tetroxide dissociates partially under Saturation 
pressure as is indicated in the corresponding pressure-temperature 
table (bottom line). See "Int. Crit. Tables,” Vol. III, 1928, p. 229.
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The close parallelism between the values of k 
and the location of the curve ln v%/v \ suggests at 
once that the constant k itself is a function of the 
physical and Chemical properties of substances.

This supposition proves to be correct. We 
find that both the position of the curve and the 
value of the constant k depend very closely on the 
properties of substances in the critical state, 
namely, on their critical constants.

Relation between the Constant k and the 
Critical Coëfficiënt.—Upon examining the values

for k we find that they are almost identical with 
the critical coëfficiënt for gases K cr defined by the 
equation

K er =  R Terdet/Mpcx (11)
In Table V we give the results of this compari­

son. The thirty substances studied are the same 
as before. They are arranged in the ascending 
order of the curves. In columns 3-5 we give the 
number of atoms in the molecule and the values 
of k and K cr. The ratio K cr/k  is calculated for 
each substance and is given in column 6.

T a b le  V

A =  number of atoms. k = [ln di/dg] /[ ( l  -  r2) m/ r n]. K er =  RTCrdCT/Mpcr. 
The substances in this table are arranged in the order of ascending position of curves

Substance® A k Kcr
Ratio
Kcr/k Literatur©

1 Helium 1 2.659 3.270 1.230* (i)
2 Hydrogen 1 3.166 3.276 1.035 (2)
3 Neon 1 3.134 3.249 1.037 (3)
4 Argon 1 3.297 3.425 1.039 (2)
5 Oxygen 2 (3.084) 3.346 1.085 (2 )
6 Carbon monoxide 2 3.251 3.395 1.044 (4)
7 Nitrogen 2 3.203 3.420 1.068 (2 )
8 Ethylene 6 (3.421) 3.524 (1.030) (5)
9 Ethane 8 3.345 3.587 1.072 (12)

10 Hydrogen chloride 2 3.623 3.801 1.049 (6)
11 Nitrous oxide 3 3.691 3.630 0.9835 (6 )
12 Acetylene 4 3.677 3.635 .9886 (6)
13 Methyl ether 9 3.641 3.719 1.022 (6)
14 Carbon tetrachloride 5 3.724 3.680 0.9882 (7)
15 Benzene 12 3.798 3.755 .9887 (7)
16 i-Pentane 17 3.707 3.735 1.007 (7)
17 «-Pentane 17 3.755 3.766 1.003 (7)
18 Monofluorobenzene 12 3.687 3.796 1.030 (7)
19 Sulfur dioxide 3 (3.977) 3.600 (1.140)6 (8)
20 Ammonia 4 (3.881) 4.125 (1.067) (9)
21 Methyl formate 8 3.807 3.922 1.030 (7)
22 Ethyl ether 15 3.757 3.798 1.011 (7)
23 «-Hexane 20 3.837 3.830 0.9982 (7)
24 Acetic acid 8 3.960 4.991 1.2606 (7)
25 Ethyl propionate 17 3.967 3.923 0.9889 (7)
26 Sulfur trioxide 4 (4.297) 3.805 (0.8855)6 (6)
27 Water 3 4.122 4.234 1.027 (10)
28 Methyl alcohol 6 4.329 4.559 1.053 (7)
29 Ethyl alcohol 9 4.266 4.026 0.9437 (7)
30 Nitrogen tetroxide 6 (4.910) 4.385 (0.8727)6 (11)

° The value for K or =  RTcvdcr/M pcr is calculated from the corresponding critical data. The bibliography is given 
below. b Values show disagreement between k and K cr.

B iblio g r a ph y  on  E x p e r im e n t a l  D a ta  

Orthobaric Densities and Critical Data; References
(1) Helium: Leiden Lab. Comm. No. 172b (1925); 179c (1926).
(2) H2, A, 0 2, N2: Ann. phys., [9] 17, 416 (1922).
(3) Neon: ibid., [9] 19, 231 (1923).
(4) Carbon monoxide: Leiden Lab. Comm. No. 221b (1932).
(5) Ethylene: Ann. phys., [9] 11, 343 (1929).
(6) Acetylene, hydrogen chloride, methyl ether, nitrous oxide, sulfur trioxide, ethane: Tables and references, see 

'Tut. Crit, Tables,1” Vol. III, 1928, pp. 228-236.
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(7) Carbon tetrachloride, benzene, monofluorobenzene, i- and «-pentanes, «-hexane, methyl formate, ethyl pro­
pionate, methyl and ethyl alcohols, and acetic acid: see original tables of Young, Proc. Roy. Dublin Soc., 12, 374 (1910).

(8) Sulfur dioxide: observed volumes—(0°C. to t° Crit.) also critical data tables and references, see “Int. Crit. 
Tables,” Vol. III, 1928, p. 236. Liquid volumes and vapor volumes (calcd. by means of equation of state between 
—40 and 0°). See the S 02 table, “Refrigerating Data Book,” 1934. Also original paper by Fiske, Refrigerating Eng., 
December, (1924).

(9) Ammonia: observed volumes ( —59 to +53°), tables and references; also critical data, see Bur. Standards, 
Circ., No. 142, 1923.

(10) Water: observed liquid volumes: (0 to 30°) see Keenan Steam Tables, ed. 1930. Observ. liquid volumes 
(+30 to +360°); also crit. vol. and t° crit., Smith and Keyes, Proc. Am. Acad. Arts Sei., 69, 285 (1934). Vapor volumes 
(0 to +360°) calcd. from observed latent heat and pressure with the aid of liquid volume data of Keyes and Smith. See 
preüm. report of the Bur. Standards (Osbom, Stimson and Ginnings), Mech. Eng., 57, 162 (1935). Critical pressure for 
water, see Keyes, Smith and Gerry, Proc. Am. Acad. Arts Sei., 69,139 (1934).

(11) Nitrogen tetroxide: observed densities (+ 3  to +55°) see Mittasch, et al., Z. anorg. Chem., 159, 29 (1927). 
Observed densities (+60°C. to t° crit.). Also critical data, see Bennewitz and Windish, Z. physik. Chem., A l66, 401 
(1933).

(12) Critical data for ethane by Cardozo, see Pickering’s table, “Int. Crit. Tables,” Vol. III, 1928, p. 248.

The agreement between k and K cr is as follows:

% Difference 0 .5-6  6-10 10-15 23-26
Number of substances 21 4 3 2

The deviations from unity can in part be ac­
counted for by errors in the critical coefficients, 
these errors being mostly due to errors in the de­
termination of the critical density. Beattie and 
co-workers14 discuss this question and assign an 
estimate of error of about 1-2% for the best 
values of critical volumes; however, it must be 
said that in some of the earlier work the critical 
volumes are probably in error by as much as 5- 
10%. It appears, therefore, that for the large 
majority of cases the ratio of K cr to k is very 
nearly equal to unity.15 This fact leads to an 
important conclusion.

The theory of corresponding states requires that 
the critical coëfficiënt be a constant for all sub­
stances and all known equations of state lead to a 
constant value of K cr, independent of the nature 
of the substance.16 (Thus van der Waals’ equa­
tion gives K cr =  2.67; Dieterici’s and WobTs 
equations lead to the values K ct =  3.69 and 3.75, 
respectively.)

Actually, however, the critical coëfficiënt is far 
from being a constant. Table V shows that it 
changes from about 3.0 for monoatomic to about
4.0 for polyatomic substances and in some cases 
it is greater than 4.0. In general organic sub­
stances have an almost constant value of K cr

(14) Beattie, Poffenberger and Hadlock, J. Chem. Phys., 3, 96 
(1936).

(15) With respect to the five discrepant cases, where k and K cr 
differ by more than 10%, namely helium, sulfur dioxide, acetic acid, 
sulfur trioxide and nitrogen tetroxide, we can offer no explanation at 
present.

(16) A collection of the best known equations of state and a dis­
cussion of the critical coëfficiënt are given in the “Handbuch der 
Experimental-Physik,*' Vol. VIII (2), 1929, pp. 224-234.

averaging 3.7. These substances are considered 
normal.16

As to the values of K cr departing from the con­
stant value 3.7, the corresponding substances are 
classed as abnormal. It is customary to explain 
these departures as being due to the association of 
the given liquid.16 As far as we know, a rational 
treatment of this question has not yet been at­
tempted.

The investigation of the ratio of orthobaric den­
sities here presented leads to another view of this 
matter.

Comparing the values of k and K cr we see that 
they change quite parallel to each other as we go 
from substance to substance. Since the ratio 
Kcr/k  is close to unity and both factors in the 
ratio are established by independent methods, it 
follows that K ct cannot be a constant. lts  grad- 
ual rise follows the order of the curves (ln vjvf) in 
the coördinate system. Therefore, it appears to 
be a normal phenomenon not at all indicative of 
the molecular association of the given liquid. I t 
further appears that a correct equation of state 
should take account of the Variation of Ko from 
substance to substance.

We should like to express our appreciation to 
Mr. David L. Fiske, Editor of the Refrigerating 
Data Book, New York, for many valuable sug- 
gestions and for his interest in this work. We 
should also like to thank Dr. Henry Fleishmann 
and the Educational Alliance, New York, for the 
financial assistance given to one of us (C. S.) dur­
ing this work.

Conclusions
1. The ratio of orthobaric densities is a func­

tion of reduced temperature and consequently



the vapor volume can be expressed as a function 
of reduced temperature and liquid volume along 
the Saturation line, namely

2428

i / , ( 1  r 1 2) mln Vg/Vi = k ------- -— —Tn (5)
(1 _  Ti)m

= v\ exp. k n (12)

2. The constant k of the suggested equation is 
almost identical with the critical coëfficiënt K cr, 
their ratio being nearly equal to unity for most 
substances investigated.

The critical coëfficiënt is not a constant but

varies from substance to substance, increasing 
with the order of curves (ln vg/v{) in the coördi­
nate system.

3. There seems to be a definite similarity in 
the mechanism of evaporation of substances as 
shown by the fact that the respective expansion 
curves can be expressed by one and the same 
equation and that the constants of this equation 
have values very close to each other for substances 
of the most diverse Chemical and physical prop­
erties.
N e w  Y o r k , N. Y. R e c eiv ed  M a y  26, 1936
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The Kinetics of Thermal C is -T ra n s  Isomerization. VI
By G. B. Kistiakowsky and Walter R. Smith

In one of the earlier papers1 of the present series, 
evidence was presented indicating that the first 
order rate of isomerization of methyl cinnamate 
began to fall off at a pressure of 6 mm. Un- 
fortunately, due to the analytical method em­
ployed, it was not feasible to study the reaction 
at still lower pressures. This eompound and 
dimethyl maleate2 have been the only two in a 
series of geometrie isomers in which this phe­
nomenon, characteristic of unimolecular reactions, 
has been observed.

In ß-cyanostyrene the number of contributing 
degrees of freedom could be expected to be ap­
preciably less than in methyl cinnamate, because 
of Substitution of a CN group for the COOCH3 
group. Hence, with ß-cyanostyrene the rate might 
begin to fall off at a higher pressure and an ex­
tensive study of the rate-pressure dependence 
could be made.

The present paper describes a number of experi­
ments on the rate of isomerization of ß-cyano- 
styrene performed at various temperatures and 
over an extensive range of pressures.

Experimental Details
Preparation of ß-Cyanostyrene.—The nitrile was 

prepared according to the method of Ghosez3 by the con­
densation of benzaldehyde and cyanoacetic acid in the 
presence of pyridine. Sixty per cent. of the theoretical 
yield was obtained.4 *

(1) Kistiakowsky and Smith, T his J ournal, 57, 269 (1935).
(2) Kistiakowsky and Nelles, Z. physik. Chem., Bodenstein Fest­

band, 369 (1931), and T his J ournal, 54, 2208 (1932).
(3) Ghosez, Bull. soc. chim. Belg., 41, 477 (1932).
(4) We are greatly indebted to Dr. George F. Wright for prepar­

ing the compound for us.

The resulting mixture of the geometrie isomers was 
distilled in an all glass still 3 m. tall and 18 mm. in diameter, 
packed with Pyrex glass spirals.6 A 20-1 reflux ratio was 
used. Two fractions were obtained, one boiling at 139.1 ° 
at 30 mm. and the other at 152 ° at 30 mm. The high boil­
ing fraction was further purified by freezing and allowing 
it to melt at 20°. The solid portion remaining was dis­
tilled at 122 ° at 2 mm. in a Claisen flask. The weight ratio 
of high to low boiling isomers was 62:38. Ghosez3 obtained 
63% high boiling compound.

The high boiling isomer melted at 22° and had w20*2d 
1.6031. For the low boiling isomer the melting point was 
—4.4° and « 20*2d  1.5843. According to Ghosez and in con­
formity with other evidence6 the low boiling isomer must be 
assigned the cis configuration. This is also in agreement 
with equilibrium data presented below.

Analytical Method.—The appreciable difference in the 
refractive indices of the two isomers provided a rapid and 
convenient method of analyzing the reaction mixtures. 
An Abbe refractometer, thermostated to 20.2° and em­
ploying a sodium vapor lamp, was calibrated with a series 
of known mixtures of the isomers. A strictly linear rela­
tionship between composition and refractive index was 
found. It was possible to detect 0.5% of either isomer.

The melting points of these mixtures were also deter­
mined by means of a single junction copper-constantan 
thermocouple. The couple was used sometimes to check 
the values obtained from the refractometer, as described 
below.

The apparatus was of the usual static type. Both it 
and the experimental procedure have already been de­
scribed elsewhere.2

Some of the earlier runs were analyzed both by the re­
fractive index method and the freezing point. In all cases 
the two methods gave analyses agreeing to 1%, which is 
to be regarded as indicating the absence of side reactions.

The reaction was further established by connecting the 
nitrile to cinnamic acid. The product from a run on the

(5) Kistiakowsky, et al., T his J ournal, 57, 877 (1935).
(6) Wright, ibid., 57, 1993 (1935).
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high boiling isomer gave a refractive index indicating the 
presence of 21% low boiling isomer; 1.69 g. of this product 
was refluxed for twenty-four hours with 25 cc. of an aqueous 
7% sodium hydroxide solution. The solution was then 
neutralized with dilute hydrochloric acid and the precipi­
tated cinnamic acid was washed free of chloride ion and 
dried. An 82% yield was obtained. The product melted at 
133 °. A sample of pure high boiling isomer gave a yield 
of 81% cinnamic acid, melting at 133°. This evidence, 
together with the agreement of the refractive index and the 
melting point methods, indicates clearly that the reaction 
studied is primarily isomerization.

Experimental Results
No real pressure change could be noted in any 

of the runs. The product of all runs, except those 
at the lowest pressure, was clear and colorless. In 
the latter case a slight grayish turbidity appeared. 
This settled out on standing and did not interfere 
with the refractometer readings.

The position of thermal equilibrium at 352° 
was determined by heating known mixtures of 
the isomers, in the gas phase, for varying lengths 
of time. The results of these experiments are re­
produced in Fig. 1. At 352° equilibrium exists 
at 63% high boiling isomer.

A few runs on the low boiling isomer at 352° 
and at a pressure of 390 mm. gave average veloc­
ity constants of 4.03 X 10“5 sec.“ 1. The average 
constant for the high boiling isomer at these condi­
tions is 2.89 X 10“5 sec.“1. The equilibrium 
concentration of 60% high boiling isomer obtained 
from these values is in satisfaetory agreement 
with the more accurate value obtained above.

Since these values are nearly identical with 
the value obtained in preparing the eompound at 
temperatures lower than 100°, it is obvious that 
the value of AH  is too small to be determined by 
studying the equilibrium over any convenient 
temperature range.

The results of all runs on the high boiling (trans) 
isomer are presented in Table I. The velocity 
constants have all been calculated allowing for 
equilibrium at 63% high boiling isomer.

Runs were made over a pressure range of 450 
to 20 mm. At the lower pressures there is a 
marked increase in the velocity constants. At 
the lowest temperature this increase is nearly 
threefold. At the highest temperature the con­
stants are nearly identical at all pressures. Runs 
in a packed flask with about six times the surface 
gave a marked increase in the constants at the 
lowest pressure, while such an increase was not 
noted at the higher pressures.

Fig. 1.-—Equilibrium composition at 352°.

It is evident that at the lower pressure a wall 
reaction occurs to some extent. I t does not inter­
fere with the rate measurements of the homogene­
ous reaction at higher pressures, but makes very 
uncertain the detection of a possible falling off of 
the rate constant with pressure. Hence the 
originally intended study of the falling off was 
abandoned and only the high pressure rate studied.

Temp. , Press.,
T a b l e  I

Time, %  HB k corr.
Run °K. mm. min. isomer sec. “ 1

6 581.3 372 1020 89.8 1.52 X ÏO"6
7 581.3 380 1371 89.0 1.59

32 597.4 413 960 79.0 5.30 X ÏO"6
31 597.0 399 1031 78.0 5.40
34 596.0 154 1180 78.4 4 .58
35 596.3 155 1266 75.8 5.17
36 597.4 20.1 1119.5 64.6 17.3 X ÏO“6
38 598.0 19.0 1180 64.0 18.9
12 626.4 364 91 84.2 3 .78 X 10~6
10 625.0 391 109 84.8 2.99
8 623.7 379 195 81.0 2 .28
9 625.0 390 338 71.0 2.80

13 626.9 36 213 72.8 3.85
11 625.1 36 399 66.2 3.79
21 625.2 17.5 163 75.0 4.02
19 625.2 18.2 229 69.0 4.90
20 624.6 18.6 258.5 66.8 5.43
23 650.2 446 34.5 80.6 1.33 X 10~4
24 650.6 458 21.0 84.2 1.64
41® 651.2 334 63.0 69.4 1.72
25 650.6 153 61.0 73.1 1.31
26 651.2 156 31.5 82.8 1.22
27 651.0 37 31.5 77.4 1.85
28 651.0 38 64.0 68.3 1.87
29 651.2 19.5 32.5 77.4 1.79
30 650.2 20.0 60.5 73.1 1.32
39® 650.2 21.0 30.8 74.8 2.29
40® 651.2 
® Six times

20.0
surface.

66.5 66.8 2.11
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Figure 2 shows the temperature dependence of 
the rate of isomerization. Only the runs at the 
highest pressures have been used. The activa­
tion energy is found to be 46,000 =*= 1000 cal., 
which is somewhat higher than those obtained

0.10 0.50 1.00 1.50 2.00
Log kav. +  6.

Fig. 2.—Log k - l /T  plot of the first order isomerization 
rate constant.

earlier for other cis-trans isomerizations involving 
phenylethylene groups.1 With this value for the 
activation energy, the reaction rate constant at 
high pressures receives the form

k  =  io11*« *  °-4 e-C46’000 *  i m ) / r t

Little new can be added to the comments which

were made in earlier papers on the cis-trans isom­
erization, but we wish to point out once more 
that apparently in all reactions involving rotations 
of heavy groups, the “A” factor is considerably 
lower than the 4‘normal” value, 1013, to be ex­
pected from Statistical considerations.

The Eyring7 theory, which in a simplified Ver­
sion, possibly applicable to the present case, gives 
the rate constant as

k ss Ve~-E/RT

v being here presumably the frequency of the tor- 
sional Vibration around the double bond, leads 
to values of this frequency which are of the order 
of 1-10 cm.-1, hence rather too small.

Summary
1. The rate of isomerization of ß-cyanostyrene 

has been studied and found to be of the first order. 
The velocity constant at higher pressures is given 
by

k =  lon.esb o.4 e-(4#,ooo=«= i°°o)/Br sec."1

2. The equilibrium mixture at 352° contains 
63% high boiling {trans) isomer. The equilibrium 
composition appears to be practically independent 
of temperature.

(7) Eyring, J. Chem. Phys., 3, 107 (1935).

Ca m br id g e , M a s s . R e c e iv e d  O ctober  7, 1936

[C o n t r ib u t io n  fr o m  t h e  C hem ical  L aboratory  of  R h o d e  I sl a n d  S ta te  C o l l e g e ]

Some Characteristics of the Residue from the Cracking of Castor Oil1

B y  A r t h u r  A . V er n o n  and  H a l k e y  K . R oss

Much work has been done to determine the 
Chemical nature of castor oil and the results of 
Krafft,2 Walden3 and Kasansky4 have shown 
that it consists mainly of the glyceride of ricinoleic 
acid. More recently Eibner and Münzing5 
have shown that the fatty acid content of castor 
oil is 95%; 80% is ricinoleic acid and the remain­
ing 15% is a mixture of oleic, linoleic, stearic and 
dihydroxystearic acids. The structural formula 
indicates that the probable place of breaking under 
the influence of heat would be between the twelfth 
and thirteenth carbon to yield an aldehyde as is

(1) From a thesis submitted by Halkey K. Ross to the faculty of 
Rhode Island State College in partial fulfilment of the requirements 
for a Master of Science degree.

(2) Krafft, Ber., 10, 2034 (1877).
(3) Waiden, ibid., 27, 3471 (1894).
(4) Kasansky, J. soc. phys. chim. russe, 32, 149 (1901).
(5) Eibner and Münzing, Chem. Umschau Fette, öle. Wachse 

Harze, 32, 166-176 (1925).

the case with hydroxy acids. The glyceryl por­
tion of the molecule6 should rupture readily to 
give acrolein and such is experimentally found 
to be true on this basis. The third product of 
decomposition should be undecylenic acid but in 
actual practice the residue from atmospheric 
Cracking, after removal of heptaldehyde and 
acrolein, is a complex mixture. Perkins and Cruz7 
found that the distillation at 400° under a pressure 
of 50 mm. produced a distillate composed of about 
40% heptaldehyde and 20% of undecylenic acid. 
Roy8 studied the changes in castor oil when 
heated to 140° in the presence of oxygen and 
nitrogen. The viscosity, iodine number, acid 
number and index of refraction were found to

(6) Charles D. Hurd, “The Pyrolysis of Carbon Compounds,” 
Chemical Catalog Co., New York, 1929, Chapter 15.

(7) Perkins and Cruz, T his Journal, 49, 1073 (1927).
(8) Roy, Compt. rend., 196, 1423-1424 (1933).
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increase in the presence of oxygen. It was feit 
that an investigation of the properties of the prod­
ucts of the pyrolysis of castor oil might give in­
formation concerning the mechanism of the break- 
up under the influence of heat and therefore an 
investigation was made of the acid value, saponi­
fication value, acetyl value and iodine number of 
the residue. Barbot9 has suggested a molecular 
rearrangement as the way in which the molecule 
may break up under the influence of heat and the 
results of this work may be of value for his inter- 
pretations.

Apparatus.—The castor oil was allowed to flow at a con­
stant rate into a heated silica tube 65 cm. long and 2 cm. 
inside diameter and the product Condensed in a 
water-cooled condenser. The temperature in­
side the tube was measured with a chromel- 
alumel thermocouple enclosed in glass.

Material.—The castor oil was Baker Chemical 
grade with these constants: acid value, 12.5; 
saponification number, 178.3; acetyl value,
152.1; iodine value, 87.13.

Procedure.—The tube was heated to the de­
sired temperature and the oil allowed to flow 
into the tube at a rate of 505 g. per hour. The 
first 10-15 cc. of the cracked product was dis­
carded and then about 150 cc. of the material 
was collected.

This substance was steam distilled until the 
removal of heptaldehyde was complete. The 
remaining material was washed, then dried with 
anhydrous sodium sulfate in an oven at about 
100°. According to Woodman10 this is the 
customary method of drying oils and fatty 
acids. Samples were then analyzed to deter­
mine the Chemical constants.

The acid and saponification values were de­
termined according to the A. O. A. C. Book of Methods.11

The acetyl values were made according to the method

Table I
D ata Concerning the R esidue

Temp.,
0°

Acid
number

Saponification
number

Acetyl
value

Iodine
value

299 3 .4 6 178 151.0 85
340 12.40 176 140.0 92
405 5 5 .30 130.5 107
410 164
450 148.80 82 9 3 .8
475 155.50 79 4 1 .3 113
510 170.00 70 3 3 .2
540 171.20 117
620 187.50 48 2 3 .5 119
675 217 .00 42 124
750 123

(9) Barbot, Compt. rend., 197, 65-67 (1933).
(10) A. G. Woodman, “Food Analysis,” McGraw-Hill Book Co., 

Inc,, New York, 1931, p. 174.
(11) Association of Official Agricultural Chemists, Book of 

Methods, Second Edition, XX, 19-20, 288 (1925).

of Andre-Cook.12 The iodine numbers were found accord­
ing to the Wijs Method.11

The results of the determinations are summarized in 
Table I.

The results of the acid number, saponification 
number and acetyl value determinations are 
plotted in Fig. 1 to show how these three charac­
teristics vary with the temperature of pyrolysis.

I t was noted that dark brown fumes were 
emitted and that there was no smell of acrolein in 
the distillate above 800°. A decomposition took 
place above 800° which resulted in the production 
of some aromatic compounds.

In order to determine the place of undecylenic

acid in the pyrolysis, a test was made in which it 
was subjected to the same temperatures as castor 
oil at the same rate of 505 g. per hour, and the 
iodine value of the residue was determined. The 
results of this experiment are shown in Table II.

Table II
Iodine Value of U ndecylenic A cid

Temp., °C. Iodine value
135 126.6
214 127.2
280 126.9
355 129.0
505 127.8
565 135.0
640 142.0
735 113.6

A plot of the values of Table II appears in Fig. 
2 together with the determinations of the iodine 
number of cracked castor oil.

(12) Andre-Cook, J. A. O. A. C , 326 (1927).

Temp., °C.
Fig. 1.—Variation of characteristics of castor oil residue with tempera­
ture of pyrolysis: ©, free acid value; <8>, saponification number; O, acetyl 
value.
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Discussion of Results
Figure 1 shows a sharp drop in saponification 

value at about 425° and this would indicate that 
the glyceryl portion of the molecule is broken off 
a t this temperature. Figure 1 also shows an in­
crease in the acid value at the same temperature, 
which is added evidence for the formation of free 
acid. I t would seem from this that the first 
pyrolytic action to occur is the decomposition of 
the glyceryl portion and the production of acrolein. 
Figure 1 further shows that the acetyl value drops 
at 465°, which means that the hydroxyl grouping 
of the castor oil disappears at this point. This

140

130

JÜ120
1
I110

Mioo

90

80

Fig. 2.—Variation of iodine number with tempera­
ture of pyrolysis: undecylenic acid; O, castor
oil.

would indicate the formation of heptaldehyde and 
undecylenic acid. A valuable check on this 
hypothesis can be made if the characteristics of 
the residue after the removal of heptaldehyde and 
acrolein can be shown to be similar to the char­
acteristics of the product of the pyrolysis of un­
decylenic acid alone. If the acetyl value of the 
castor oil residue is taken at some temperature 
and the amount of undecomposed castor oil is 
calculated, then the amount of iodine number 
contributed by that undecomposed castor oil can 
be calculated. If the remainder of the iodine 
value is attributed to undecylenic acid and its 
decomposition products, this value can be ob­
tained from Fig. 2 at the corresponding tempera­
ture. The sum of these two values should agree 
with the corresponding iodine value of the castor 
oil residue.

The agreement shown in the table is within 
the precision of the iodine number determinations.

Temp., °C.

T a b l e  III
Calculated  a n d  Ob se r v e d  I o d in e  V a l u e  of t h e  C astor

Temp., °C.

Oil  R e sid u e

Calcd. iodine value 
of residue

Observed value 
of residue

300 85 85
450 104.7 HO
475 115.7 113
500 117 115
550 123.4 118
600 126.6 120.5
650 130 122
700 125 123
725 114.5 121

Ho, Wan and Wen13 have shown that the iodine 
value is influenced by the amount of excess iodine 
solution used for a given sample. The weight of 
the sample taken for these determinations was 
always approximately the same, and the iodine 
solution added was always the same. Since the 
unsaturation of the samples varied, therefore the 
iodine excess must have been greater in some 
samples than in others. This undoubtedly in­
fluenced the values obtained. Part of the dis­
crepancy might be attributed to the 20% of the 
other substances present in castor oil.

The most favorable yield of heptaldehyde ob­
tained was 28.9% by weight of castor oil while 
the theoretical yield would be 34%.

Work is at present in progress to determine 
quantitatively the amounts of acrolein and hept­
aldehyde which are produced at various tempera­
tures. It is hoped that in this way a careful check 
can be made on the possible mechanism which 
seems to be indicated by the results obtained. 
These would be valuable since Shepard14 has 
stated that ricinoleic acid has not been cracked 
successfully to give heptaldehyde. However, 
the conditions of the pyrolysis in the cracking of 
castor oil may not be the same as the Chemical 
condition when ricinoleic acid is pyrolyzed.

Summary
1. Castor oil was submitted to pyrolysis at 

various temperatures in a heated silica tube. 
The acrolein and heptaldehyde were removed and 
the iodine number, acetyl value, saponification 
value and acid value of the residue was determined.

2. Undecylenic acid was submitted to pyrolysis 
under the same conditions.

3. The results may be explained by assuming
(13) K. Ho, C. S. Wan and S. H. Wen, Ind. Eng. Chem., Anal. 

Ed., 7, 97 (1935).
(14) M. G. Shepard, private communication.



Dec., 1936 The Lead-U ranium Ratio of Henvey Cyrtolite 2433

that acrolein splits off first and then the molecule reaction requires a higher temperature. 
breaks down to give heptaldehyde. The latter K in g st o n , R . I .  R e c e iv e d  J u l y  21, 1936

[C o n t r ib u t io n  from  t h e  Chem ic a l  L a bo ratory , U n iv e r sit y  of  M is s o u r i, a n d  t h e  N e w  M e x ic o  N o r m a l
U n iv e r sit y ]

The Lead-Uranium Ratio of Henvey Cyrtolite1
By O. B. M u e n c h

In September, 1931, Dr. H. V. Ellsworth of the 
Department of Mines, Canada, sent a lump of 
cyrtolite obtained from the Besner Mine, Henvey 
Township, Ontario, to the University of Missouri. 
At that time work on the Hybla Cyrtolite2 was 
planned and partly under way, so it was found 
impossible to do more than a little preliminary 
work on the Henvey Cyrtolite. Work on this 
cyrtolite was carried to definite results during 
the summer of 1935. A lead-uranium ratio on 
this cyrtolite is interesting for comparison with 
the one on a Besner Uraninite3 which has been 
available for some time.

The occurrence of this cyrtolite and its mineral 
associates are described by Spence4 and also 
Ellsworth3 (p. 173).

The Sample.—The sample was mostly in one 
large piece with feldspar at one end. It was very 
homogeneous, of black pitchy luster and seemed 
to be altered very little, if any. Only the black 
homogeneous part was taken, and pulverized in 
an iron mortar until all of it passed through an 
80-mesh sieve. This sieve had no solder from 
which contamination might be derived. The 
pulverized sample of cyrtolite weighed 242 g.

Methods of Analysis
In general, the procedure followed in the de­

termination of the uranium, after the sample was 
in solution was as follows. The zirconium and 
hafnium were removed as phosphates in acid 
solution, and then after the removal of the iron, 
etc., as sulfides in ammonium carbonate solution, 
the uranium was precipitated as the phosphate 
in a solution slightly acid with acetic acid. The 
phosphate method was used because phosphate 
had been introduced in the removal of the zircon-

(1) This work is a portion of a project assisted financially in part 
by a grant from the National Research Council.

(2) Muench, Am. J. Sei., 25, 487 (1933).
(3) Ellsworth, “Rare-element Minerals of Canada,” Geological 

Survey, Department of Mines, Canada, Series, No. 11, 1932,
p. 268.

(4) Spence, Am. Min., 15, 11, 51.3 (1930).

ium and hafnium and it was therefore the most 
direct method to follow. The thorium, after the 
sample was in solution, and the zirconium and 
hafnium had been removed by precipitation as 
phosphates in sulfuric acid solution, was precipi­
tated as the oxalate in oxalic acid solution. Two 
different methods were followed from this point 
on. In the peroxide method, the oxalate was 
converted to the nitrate and the thorium precipi­
tated with hydrogen peroxide from a neutral 
solution of ammonium nitrate. The precipitate 
on ignition changes to the oxide. In the iodate 
method, the oxalate was first converted to the 
nitrate, and then precipitated with potassium 
iodate in strong nitric acid solution. The iodate 
precipitate was dissolved in hydrochloric acid and 
the thorium precipitated with ammonium hy­
droxide. Finally this precipitate was dissolved 
in hydrochloric acid and then the thorium pre­
cipitated with oxalic acid. The oxalate was ig­
nited to the oxide and weighed. The lead was de­
termined by the usual procedure of Separation as 
a sulfide, conversion to a sulfate, extraction with 
ammonium acetate and final precipitation as a 
chromate.

Uranium.—One-gram samples were fused with 
sodium peroxide (which oxidized all the carbon) 
in a nickel crucible. The fused samples were then 
dissolved in hydrochloric acid, baked in a porce­
lain dish, taken up with dilute hydrochloric acid 
and filtered. The residue, after volatilization 
with hydrofluoric and sulfuric acids, was added 
to the filtrate. The solution was made alkaline 
with pure ammonium hydroxide. After three 
precipitations with pure ammonium hydroxide, 
the precipitate was dissolved in 30 ml. of concd. 
sulfuric acid. From this point on, the procedure 
as given in the paper, “The Age of a Canadian 
Cyrtolite,’'2 near the bottom of p. 489 was fol­
lowed.

Thorium.—Five-gram samples were taken for 
analysis. The method as given in the above
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paper2 was followed, except that after the treat­
ment with hydrofluoric acid the samples were 
treated with nitric and sulfuric acids and heated 
to fuming in order to remove carbon. After the 
samples were taken to the point described at the 
bottom of p. 491, two samples were analyzed by 
the iodate method.5 The third sample was an­
alyzed by Fenner’s6 modification of the peroxide 
method. His method was followed for this 
sample from p. 376, when the residue is taken up 
with 100 ml. of 20% ammonium nitrate solution.

R e su l t s  of  A n a l y s e s

Uranium
Sample, g. (U02)2P207, g. Uranium, %
1.0068 0.0268 1.77
1.0090 .0283 1.87
1.0025 .0278 1.85
1.0002 .0273 1.82
2.0003 .0545 1.83

Average 1.83

Thorium
Sample, g. TI1O2, g. Thorium, %
5.0100 0.0007 0.01
5.0010 .0008 .01
5.0012 .0007 .01

Average .01

Lead
Sample, g. PbCrOé, g. Lead, %
30.0000 0.0165 0.035
10.0000 .0059 .037
10.0000 .0058 .037
10.0000 .0057 .036

Average .036

S u l f u r  D e t e r m in a t io n s  (S um m ary)7
Insoluble By difference

Total Soluble sulfides, soluble sulfides
sulfur, sulfates, pyrite, etc., and insol. sul­

%S as %S %s fates as %S
0.079 0.007 0.006 0.066
Loss at 110°,

three hours .46
Loss on igni-

tion 9.79

Lead-uranium ratio,
Ra G 0.036

U +  0.36Th' 1.83 +  0.36 X 0.01
*  0.019

(5) Method of Meyer and Speter as given by Hillebrand and 
Lundell, “Applied Inorganic Analysis,” John Wiley and Sons, Inc., 
New York, 1929, p. 420.

(6) Fenner, Am. J. Sei., 16, 369 (1928).
(7) Muench, Am. Min., 21, 374 (1936).

Lead.—The method used for the lead deter­
mination was essentially that described in the 
paper “The Age of a Canadian Cyrtolite.”2

Recoveries of lead were made on the filtrates 
and are included in the weights of the lead chro­
mate precipitates. Carefully tested, lead-free 
reagents were used.

Approximate Age of the Mineral.—We have 
no atomic weight determination of the lead from 
this cyrtolite. Assuming the absence of ordinary 
lead, the approximate age calculated from the 
above lead-uranium ratio is

0.019 X 1.15 million years
1.57 X 10-* 139 million years.

Acknowledgment.—The writer wishes to ex­
press his gratitude to Dr. H. Schlundt for his in­
terest in this work and also the use of the Labora­
tories and other facilities of the University of 
Missouri. The author is indebted to Dr. A. C. 
Lane for his many suggestions and to Dr. H. V. 
Ellsworth for furnishing the mineral sample. 
Thanks are here expressed to the National Re­
search Council for financial aid.

Conclusion

As pointed out by Lane,7 the lead ratio is ab- 
normally low and only about a sixth of that of the 
uraninite from the same mine. He gives a pos­
sible explanation of this.

Practically the entire sample was used for the 
determinations described in this paper, leaving 
an insufficiënt amount for an atomic weight de­
termination of the lead. The approximate age 
of this mineral in the absence of an atomic weight 
determination of the lead, is calculated from the 
analysis as one hundred and thirty-nine million 
years.

The amount of thorium is so small that no 
critical test of the two methods is indicated by 
the results.

The percentage of sulfur is higher in this cyrto­
lite than in the other cyrtolites which were an­
alyzed at the same time for sulfur.
Las V e g a s , N. M. R e c e iv e d  O ctober  14, 1936
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On the Application of the Raman-Krishnan Theory to Dipole Moment Measure­
ments by the Dilute Solution Method

By H. O. Jenkins and S. H. Bauer
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It has been suggested by Le Fèvre and Le Fèvre1 
that the Raman-Krishnan theory of anisotropic 
dielectrics2 pro vides an explanation of the effect 
of the medium on the determination of the moment 
by the dilute solution method. We wish to point 
out that strong theoretical objections to the 
Raman-Krishnan treatment itself can be raised 
and to demonstrate empirically that the particu­
lar application is not useful since accurate pre­
dictions cannot be made by means of it.

To begin with, it is difficult to justify the ex­
pression given by the latter investigators for the 
local field (equation 11, note 2) when the parame­
ters are given the meaning they intend them to 
have. An extended argument for the model they 
had in mind is presented by Krishnan and Rao,3 
who attempt to show that the field at the center 
of an ellipsoidal cavity of the dimensions of a 
single molecule immersed in a medium of uniform 
polarizability is the proper value to be taken for 
the local field. We should like to draw attention 
to the restrictions to which the equations used in 
obtaining the field in a cavity are subjected, 
viz.: the cavity must be so large that it contains 
many of the volume elements over which the 
necessary integrations are to be performed and 
hence must contain many molecules, while at the 
same time it must be sufficiently small so that 
the polarization does not vary appreciably 
across it. As the cavity is made smaller quadru- 
pole and higher order terms should be taken into 
consideration, and when its dimensions approaeh 
those of a single molecule the integration of the 
polarization over the surface of the cavity should 
further be replaced by a summation. If these 
latter troublesome evaluations are to be avoided, 
the cavity must be made of dimensions of the order 
of thousands of molecules and then, obviously, 
the local field will be independent of the shape 
chosen.

Hence, as far as we can see, for Solutions one 
cannot escape calculating the contribution to the

(1) C. G. Le Fèvre and R. J. W. Le Fèvre, J. Chem. Soc., 1747 
(1935), and subsequent papers in the same journal.

(2) C. V. Raman and K. S. Krishnan, Proc. Roy. Soc. (London), 
A117, 589 (1927).

(3) K. S. Krishnan and S. R. Rao, Indian J. Physics, 4, 39 (1929).

local field of the material inside the cavity (called 
F3), which requires that special assumptions be 
made regarding the distribution of charges around 
the dipole in question. To emphasize the com- 
plexity of the Situation we shall list the factors 
which must be taken into consideration in ex- 
pressing the mean volume polarization of a suffi­
ciently dilute solution (one in which dipole- 
dipole interactions may be neglected) in terms of 
molecular constants: (a) the effect of the im-
pressed field upon the solvent molecules; (b)
the effect of the dipoles on the solvent molecules 
in their immediate vicinity; (c) the effects of sol­
vent molecules on each other (usually quite small);
(d) the effect of the impressed field upon the solute 
molecules; (e) the effect of the polarization of the 
solvent on the solute molecules (due to factors 
a, b and c); (f) the statistical fluctuations in the 
above effects (those of a and c are usually con­
sidered; the others are neglected). Since a rigor- 
ous treatment of all the above factors would be 
indeed a formidable task,4 an empirical or semi- 
empirical method of approaeh seems the most 
promising at present. I t  is encouraging to note 
that F. E. Hoecker5 has obtained highly accurate 
measurements on extremely dilute Solutions of 
ethyl alcohol in various non-polar solvents and 
found that in the usual treatment an apparently 
anomalous behavior often takes place a t great 
dilutions. By slightly modifying the analysis he 
was able to perform the extrapolation to zero con­
centration to obtain for the electric moment a 
value which agreed very well with the accepted 
one for the gas.

Since the ultimate value of a theory may best 
be ascertained by investigating its usefulness in 
predicting the results of experiments, we assumed 
the final form of the R-K  formula (equation 23) 
and made the following empirical test. I t  was, 
however, first necessary to derive from the latter 
an expression which is applicable to a dilute solu­
tion. [We here wish to indicate that the Le 
Fèvre equation is not the one which is obtained

(4) Lars Onsager, T his J ournal, 58, 1486 (1936), considered 
some of these factors but restricted his discussion to spherical iso- 
tropic molecules immersed in an isotropic medium.

(5) F. E. Hoecker. J. Chem. Phys., 4, 431 (1936).
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t h r o u g h  t h e  s t r i c t  a p p l i c a t i o n  o f  t h e  t h e o r y  s in c e  
i t  g iv e s  o n l y  t h e  m o s t  s ig n i f ic a n t  t e r m  b u t  o m i t s  
o t h e r s  w h ic h  m a y  b e  a p p r e c ia b l e  (s e e  t a b l e s  b e ­
lo w )  ; a ls o  t h a t  o n e  s h o u ld  k e e p  in  m in d  t h a t  tw o  
a s s u m p t io n s  m u s t  b e  m a d e  in  a t t e m p t i n g  t h e  s u g ­
g e s t e d  a p p l i c a t i o n :  (a )  t h e  v o lu m e  p o la r iz a t io n s  
o f  t h e  c o m p o n e n t s  a r e  a d d i t i v e  (i . e . ,  n o  i n te r -  
a c t i o n s  b e tw e e n  s o lu t e  a n d  s o l v e n t  m o le c u le  
t a k e s  p l a c e  w h ic h  w il l  a l t e r  t h e i r  m o m e n ts )  ; 
(b )  t h e  n e w  c o n s t a n t s  e n t e r in g  i n t o  t h e  f o r m u la ­
t i o n  a r e  t o  b e  c h a r a c t e r i s t i c  o f  t h e  m o le c u le s  t h e m ­
s e lv e s  a n d  n o t  o f  t h e  s t a t e  o f  a g g r e g a t io n .  ] U n d e r  
t h i s  c i r c u m s t a n c ë

1 M\ji  +  M% h
+  2

4ttN  
3

| t +  djj -f- dkk
)/■ +

( au +  a„ +  + N €12 ~  1 
«12 +  2 (tlfl +  ^2/ 2) +

N

SkT
É5 „s 4. SïJZ,
3 «12 +  2\ 9i\ (1)

(su f f ix  1  r e f e r s  t o  s o l v e n t ;  2 t o  s o l u t e ;  i2 t o  s o lu ­
t i o n ) ,  a n d  M ,  ƒ , N ,  p, k , T  h a v e  t h e i r  u s u a l  s ig -  
n i f ic a n c e .

# 2  =  ( ß i < r i  +  P j f f j  +  v l a k  +  n e g l ig ib le  c ro ss  t e r m s ) 2 
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V i ,  j ,  k  a r e  t h e  c o m p o n e n t s  o f  t h e  p e r m a n e n t  e le c ­
t r i c  m o m e n t  o f  t h e  s o lu t e  m o le c u le  r e s o lv e d  
a lo n g  t h e  p r i n c i p a l  a x e s  o f  e le c t r ic  p o l a r i z ­
a b i l i t y

p i j , k  a r e  t h e  f a c t o r s  d e t e r m i n i n g  t h e  p o l a r i z a ­
t i o n  f ie ld  a c t i n g  a lo n g  a n y  p a r t i c u l a r  a x is  
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T h e  xf/’s  a n d  d 2 a r e  t h e r e f o r e  m e a s u r e s  o f  t h e  
a n i s o t r o p y  o f  t h e  m o le c u le s  c o m p o s in g  t h e  m ix ­
t u r e . 6 E q u a t i o n  (1 )  m a y  b e  r e w r i t t e n
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(6) One may indicate at this point why the R-K equation as 
applied for the purpose at hand breaks down. Although in the 
first paper on the subject written by these authors it is stressed that 
the 0 ’s and 0’s are to depend on the state of aggregation as well as 
on the characteristics of the particular molecules, in the subsequent 
work, however, these quantities were treated consistèntly as molecu­
lar constants and, in fact, must be so considered if their values are 
to be calculated theoretically.

f r o m  w h ic h  i t  m a y  a p p e a r  t h a t  o n e  m a y  s o lv e  f o r  
P f  f r o m  t h e  v a lu e  o f  ei2 a t  a n y  c o n c e n t r a t io n  
p r o v id e d  t h e  m o le c u la r  a n i s o t r o p y  c o n s t a n t s  a r e  
k n o w n . T h e  m o le c u la r  p o l a r i z a t io n  s y m b o ls  a r e  
t h e r e f o r e  p l a c e d  in  p a r e n t h e s e s  t o  i n d ic a te  t h a t  
t h i s  is  n o t  l e g i t im a te  a s  d i p o le - d ip o le  a n d  o t h e r  
i n te r a c t io n s  h a v e  n o t  b e e n  t a k e n  in to  c o n s id e r a ­
t io n  in  e q u a t i o n  (2 ) .  T h e  u s u a l  p r o c e d u r e  o f  e x - 

t r a p o l a t i n g  to  in f in i t e  d i l u t i o n  m u s t  b e  r e s o r t e d  
to .  S in c e  in  t h e  r a n g e  o f  c o n c e n t r a t io n s  u s e d  i t  
h a s  b e e n  e x p e r i m e n t a l l y  v e r i f ie d  t h a t 7
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which is an expression for the “gas” value of the 
polarization obtained by extrapolating data on 
dilute Solutions using the R - K  equation. But the 
first term of the right member of (3) is equal to  
c P ! Ql;8 whence

P so l2 (Pf) +
€ 1 — 1 
€ 1 + 2 N <Xp2 -\~ 02

3  k r

3 e 1NK1 ,

W - F W * 1
(4)

(7) The use of a quadratic form is somewhat unusual. It is, how­
ever, a simple matter to show that this is essential in a number of 
cases. The authors wish to stress particularly that the graphical 
methods of extrapolation which are almost universally employed 
in this work are not sufficiently sensitive to detect deviations from 
linearity which may introducé as much as five per cent. error in the 
values of K i  and R i .  Thus, for nitrobenzene in «-hexane, the K i  
derived from measurements on a solution for which f% = 0.046, 
was 7.566 when a linear relation was used but reduced to 7.232 
when a quadratic one was assumed.

(8) With the aid of (2a), an expansion results in the following 
analytic expression for the quantity usually referred to as

Pt°l =  to +  tif2 +  <£2ft  +  trfl  +  • • • w h e re
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It is clear then that although in the final value of the second
order coefficients of ƒ2 do not appear, they do make a contribution to 
P®01 and their non-vanishing may introducé significant changes in 
the values of K i  and Pi which will affect the limiting value. Again, 
for nitrobenzene in «-hexane, 02 varies by approximately 12% in 
going from ƒ2 = 0.046 to 0.015 (H. O. Jenkins, J .  C h e m . S o c . , 480 
(1934)). It is thus of interest to raise the question whether the 
extrapolations made heretofore on the assumption of a linear Varia­
tion of Pfo1 with ƒ2 are valid in the range of concentrations investi­
gated. Apparently, even though the slope of the line may vary by 
large amounts as indicated above, the limiting value actually changes 
slightly due to the fact that the ratio 0 2 / 2 / ( 0 0  +  0i) is a small quan­
tity.
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As a rule, the -1 L -  N\p2 term is of the order of a
€i +  2

cc. and may be neglected.9
In making the test of the applicability of the 

theory we calculated values of 02 for a number of 
polar solutes and compared them with the values 
which one must assume in order to explain the 
solvent effect. To obtain and d2, one must first 
compute the appropriate <7 and a terms. There 
are several possible sources for these: (1) x-ray
diffraction data for the liquid, giving closest dis­
tances of approaeh, as recommended by Krish­
nan and Rao. We desire to stress that such 
values are only significant when derived through 
the use of the Ehrenfest-Keesom equation, 
within the limitations indicated by Warren;10
(2) light scattering data on the liquids; (3) the 
Variation of the polarization of the liquids with 
pressure;11 (4) molecular geometry as derived 
through the use of tables of covalent radii12 and 
electron diffraction data (published by Pauling, 
Brockway and others). The eccentricity of the 
ellipsoidal cavity produced by the removal of 
the molecule of interest from the body of the 
medium which is considered as continuous may be 
assumed to be determined by the molecular di­
mensions only; the formulas given by Lord 
Rayleigh13 are to be used. Method (4) enabled 
the authors to calculate the V s while the a’s 
were determined from light scattering data ac­
cording to the procedure outlined by Krishnan 
and Rao. The following values were obtained.

By analogy with the corresponding chloro 
compounds the gas electric moments of a- and ß- 
nitronaphthalene have been assumed to be 4.1 D 
and 4.5 D, respectively. The shape of the ß- 
compound was considered to be approximately 
ellipsoidal while that of the ol an oblate spheroid.

The following two tables give the values of 02 
which are required to explain the experimental 
facts for nitrobenzene and chlorobenzene. The 
total polarization of these at 25° in the gas phase 
are 400 cc. and 91 cc., respectively.14

T a b l e  I I

N it r o b e n z e n e  in  V a r io u s  S o l v e n t s

Solvent
p so l00*

SNpiKiei 
(«  +  2)2 dl x 1036 e'i x  io3«

«-Hexane 372.5 -  3.4 - 2 1 .4 - 2 4 .4
Cyclohexane 360.0 -  2 .4 - 3 0 .1 - 3 2 .0
Carbon tetrachloride 353.1 -  0 .0 - 3 2 .7 - 3 2 .7
Benzene 353.8 - 1 1 .6 - 2 3 .5 - 3 1 .4
Carbon disulfide 310.0 - 1 9 .3 - 4 0 .6 - 5 1 .6

C h l o r o b e n z e n e  in  V a r io u s  S o l v e n t s

«-Hexane 86 -  0.7 -  3 .8 -  4 .4
Cyclohexane 84 -  0 .7 -  5 .0 -  5 .6
Carbon tetrachloride 81 -  0 .0 -  7 .0 -  7 .0
Benzene 81 -  1.7 -  5 .6 -  6 .8
Carbon disulfide 75 -  2.3 -  7 .6 -  9 .0

From Table II it can be seen that whether the 
effect of the solvent has been taken into considera­
tion in the $ 1  term (column 3) or whether it has 
been neglected (column 4), within the range of 
50% 02 is not a molecular constant.6

Experiments also indicate that the polarizations
T a b l e  I

Compound
an a j j

(X  KP*)
aick

ax <T2 az

«-Hexane - 2 .1  X 10~24 13.9 10.8 10.8 - 1 .6 8 0.82 0 .82
Cyclohexane - 1 .3 12.0 12.0 10.0 - 0 .5 8 - 0 .5 8 1.12
Carbon tetrachloride - 0 . 0
Benzene - 5 .2 12.9 12.9 6.38 - 1 .1 8 - 1 .1 8 2.32
Carbon disulfide - 7 .0 5.74 5.74 13.0 1.47 1.47 - 2 .9 2

02 <r*
Nitrobenzene - 4 3 .4  X 10~36 -2 .4 6
Chlorobenzene -  7.6 -2 .3 6
4-Chlorodiphenyl -  8.9 - 3 .4 8
4-N itrodiphenyl - 6 8 .2 -3 .5 2
a-Nitronaphthalene - 3 1 .6 -1 .8 8
ß-N itronaphthalene - 4 9 .5 -2 .4 6

* In making these calculations, the coördinate system was so chosen as to oriënt one of the major axes parallel to the 
direction of the resultant dipole. Then only one <r term appears in the expression for 02. The appropriate ones are listed.

(9) Le Fèvre and Le Fèvre neglected the term involving as of many substances are closely alike in benzene
we(10) B. E. Warren, Phys. Rev., 44, 969 (19i>3). a n d  C a r b o n  t e t r a c h lo r id e  S o lu t io n s  b u t  S ltlC e f r

(11) Data for a number of hydrocarbons are given by Ch. Francke, jS 5.2 X 10~24 for the former and Zero for the 
Ann. phys., 77, 177 (1925),

(12) L. Pauling and M. L. Huggins, Z. Krist., 87, 205 (1934). (14) H. Müller, Physik. Z., 34, 689 (1933); H. O. Jenkins, J.
(13) Scientific Papers, Vol. 4, p. 307. Chem. Soc., 480 (1934).
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latter, the theory predicts that a difference should 
always exist. For nitrobenzene this difference is 
predicted to be 11 cc. but only 1 cc. has been 
found experimentally. The theory also indicates 
the presence of considerable divergences in the 
behavior of substituted diphenyl and naphtha­
lene derivatives from that of the corresponding 
benzene compounds. That this is unlikely is 
demonstrated by the fact that the polarization of
4-chlorodiphenyl in benzene is close to that of 
chlorobenzene; further experimental work will 
be undertaken shortly to test this point.

Acknowledgments.—The authors wish to ex­
press their thanks to Professors Pauling and 
Houston and to Dr. Wheland for the many dis- 
cussions relating to the material here presented.

One of us (H. O. J.) is indebted to the Common­
wealth Fund for a fellowship.

Summary
Theoretical objections to the Raman-Krish­

nan theory of anisotropic dielectrics are raised.15 
Empirical tests further indicate that the applica­
tion of the above theory to dielectric constant 
measurements of dilute Solutions of polar solutes 
in non-polar media would enable one to predict the 
difference between the moments as determined by 
the dilute solution method and those derived from 
gas measurements only as to order of magnitude.

(15) Subsequent to the submittal of this manuscript to the Edi­
tor a paper by Hans Mueller appeared [Phys. Rev., 50, 547 (1936) ] 
in which essentially similar conclusions were reached through the 
use of arguments quite unlike those presented here.
P a sa d e n a , Ca l if . R e c e iv e d  Se pt e m b e r  4, 1936

[C o n t r ib u t io n  from  t h e  P h y sic o -C hem ical L aboratory  of th e  N e w  Y or k  S ta te  E x pe r im e n t  S t a tio n ]

The Influence of Neutral Salts on the Optical Rotation of Gelatin. V. Rotatory 
Dispersion of Gelatin in Sodium Bromide Solutions1

By D. C. Carpenter

Previous work from this Laboratory2 has shown 
that a single term Drude equation [a]x = 
k/(K2 — Xo) expressed the rotatory dispersion of 
gelatin dissolved in sodium iodide Solutions and 
that the dispersion was governed by an absorption 
band at 2200 Ä. At 40° the rotatory dispersion 
constant k was linearly related to sodium iodide 
concentration and at 0.5° was found to be ex­
pressed by the sum of two equations, CNaI = k 
log [a/(l — a)] — log (l/K ) and the linear equa­
tion K q.5° = K  — &oCNai- R  was concluded that 
the tremendous effect of sodium iodide on the ro­
tation of gelatin at 0.5° was due to an association 
or dissociation of the gelatin molecule.

The purpose of the present investigation was to 
continue the rotatory dispersion studies using 
sodium bromide Solutions as solvent and ascertain 
if the above equations were applicable to other 
alkali metal halide systems.

Experimental
The procedure for preparing the Solutions and for the 

measurement of rotations, density, pH, etc., was the same 
as has been described before.3

(1) Approved by the Director of the New York State Experiment 
Station for publication as Journal Paper No. 153.

(2) Carpenter and Lovelace, T his J ournal, 57, 2342 (1935).
(3) Carpenter, J. Phys. Chem., 31, 1873 (1927); Carpenter and 

Kucera, ibid., 35, 2619 (1931); Carpenter and Lovelace, T h is  J our­
n a l , 67, 2337 (1935).

and  F. E. L ovelace

The specific rotations of gelatin Solutions at 0.5 and 40° 
were measured at five different wave lengths in the visible 
spectrum, v i z . :  red lithium line, X = 6707.86 Ä.; sodium D 
line, X = 5892.617 Ä. (optical mean); yellow mercury line, 
X = 5780.13 Ä. (optical mean); green mercury line, X =  
5460.73 Ä.; and the deep blue mercury line, X = 4358.34 
A. The various light filters employed have been de­
scribed. The gelatin concentration of the Solutions was 
0.7824 g. per 100 g. of solution.

Discussion and Conclusions
In Tables I and II are given our data for 0.5 and 

40°, respectively, for the wave lengths employed. 
In Figs. 1 and 2 these data are graphed, plotting 
the reciprocal of specific rotation against the 
squares of the wave lengths at which the rotations 
were obtained. The relationship is linear, which 
means that a single-term Drude equation ade- 
quately expresses the results.

As with sodium iodide Solutions of gelatin, the 
straight lines cut the x-axis at the same point, 
corresponding to X0 = 2200 Ä., the location of the 
absorption band of gelatin. The same value for 
X0 was obtained by solving our data mathemati- 
cally by the method used before. The values of 
ky numerator in the Drude equation, were calcu­
lated for each concentration of sodium bromide 
and appear in Table III and are graphed in Fig.
3. At 40° the k values bear a linear relation to
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T a b le  I
Spe c ific  R o tation  of  G e l a t in  S olu tio n s  C o n ta in in g  S odium  B r o m id e  a t  0.5° fo r  D if f e r e n t  W a v e  L e n g t h s

of L ight

Soln.

Concn. 
of NaBr, 

molal
Density
at 25° pB

X 6707.86 Ä. 
(«) [«]

X 5892.62 Ä. 
(ä) M

---- Levo degrees-----
X 5780.13 Ä.
(a) [«]

X 5460.73 Ä.
(0) [cc]

X 4358.34 Ä. 
(a) [cc]

1 0.00 1.0023 6.50 3.83 248.01 5.14 332.84 5.38 348.38 6.15 398.24 10.86 703.23
2 .50 1.0414 6.28 3.94 241.80 5.30 325.27 5.54 339.99 6.33 388.47 11.18 686.11
3 1.01 1.0869 6.18 3.91 229.89 5.25 308.68 5.49 322.79 6.28 369.24 11.09 652.05
4 1.34 1.1186 6.21 3.78 215.98 5.08 290.25 5.31 303.39 6.08 347.39 10.72 512.60
5 1.65 1.1490 6.14 3.49 194.13 4.70 261.43 4.91 273.11 5.62 312.61 9.91 551.22
6 1.95 1.1790 6.09 3.02 163.17 4.06 220.10 4.24 229.85 4.85 262.92 8.57 464.58
7 2.20 1.2048 5.90 2.54 134.74 3.41 180.89 3.57 189.38 4.08 216.43 7.19 381.42
8 2.45 1.2321 6.02 2.18 113.07 2.93 151.97 3.06 158.71 3.50 181.53 6.18 320.53
9 2.68 1.2608 5.88 1.94 98.33 2.61 132.29 2.73 138.37 3.12 158.14 5.50 278.77

10 3.05 1.3050 5.93 1.71 83.74 2.29 112.15 2.40 117.54 2.74 134.19 4.84 237.04
11 3.40 1.3518 6.04 1.61 76.11 2.17 102.59 2.26 106.85 2.59 122.45 4 .57 216.19
12 4.20 1.4626 5.67 1.48 64.67 1.99 86.95 2.08 90.88 2.38 104.00 4.20 183.52

T a ble  II
Specific Rotation of Gelatin Solutions Containing S odium  Bromide at 40° for Different Wave Lengths of

L ight

Soln.

Concn. 
of NaBr, 

molal
Density 
at 25° P B

X 6707.86 L  
(a) [cc]

X 5892.62 Ä. 
(a ) [cc]

---Levo degrees---
X 5780.13 Ä.
(a) [a]

X 5460.73 Ä. 
(«) [«]

X 4358.34 Ä. 
<«) [a]

1 0.00 1.0023 6.50 1.71 110.73 2.30 148.94 2.41 156.06 2.75 178.07 4.86 314.71
2 .50 1.0414 6.28 1.72 105.56 2.31 141.76 2.42 148.52 2.77 170.00 4.88 299.48
3 1.01 1.0869 6.18 1.70 99.95 2.28 134.05 2.39 140.52 2.73 160.51 4.82 283.40
4 1.34 1.1186 6.21 1.68 95.98 2.26 129.13 2.36 134.84 2.70 154.27 4.77 272.54
5 1.65 1.1490 6.14 1.66 92.33 2.23 124.04 2.34 130.16 2.67 148.51 4.71 261.99
6 1.95 1.1790 6.09 1.64 88.90 2.21 119.80 2.31 125.22 2.64 143.11 4.66 252.62
7 2.20 1.2048 5.90 1.62 85.93 2.18 115.64 2.28 120.95 2.61 138.49 4.60 244.02
8 2.45 1.2321 6.02 1.59 82.46 2.14 110.99 2.24 116.18 2.56 132.78 4.52 234.43
9 2.68 1.2608 5.88 1.59 80.59 2.14 108.47 2.24 113.54 2.56 129.76 4.52 229.10

10 3.05 1.3050 5.93 1.57 76.89 2.11 103.33 2.20 107.74 2.52 123.41 4.45 217.93
11 3.40 1.3518 6.04 1.54 72.80 2.07 97.86 2.17 102.59 2.48 117.25 4.38 207.07
12 4.20 1.4626 5.67 1.48 64.67 1.99 86.95 2.08 90.88 2.38 104.00 4.20 183.52

concentration of sodium bromide as given by the 
equation

faoo = 44.517 -  4.415CNaBr (1)
At 0.5° the curve for the k values is made up of 
two simultaneously occurring effects, the one a 
linear relationship to concentration of sodium 
bromide

&0.5O = 46.330 -  4.8476CNaBr (2)
similar to the one above except for the fact that 
the constants are slightly different in magnitude 
from those at 40°, and a second relationship

CNaBr = ~ 3  log -  log (.l/K) (3)

where a represents the fraction dissociated as 
shown by the change in magnitude of the disper­
sion constants &0.5°- In Table III are given the a 
values for the dissociated fraction and the calcu­
lated values obtained for log (l/K ). The latter 
agree very well with one another and indicate a 
mean value of 2.002. The factor 1/1.33 preced­
ing the dissociation term regulates how rapidly 
the dissociation or association takes place.

Table III
Rotatory D ispersion Constants a t  0.5 a n d  40°

Concn.

Soln.
XN cl-Dr,
molal ko.50 a Log (l/K) k40°

1 0 99.541 44.517
2 0.50 97.117 42.407
3 1.01 92.261 0.045 2.010 40.110
4 1.34 86.723 .116 1.995 38.553
5 1.65 78.023 .254 2.002 37.122
6 1.95 65.723 .458 2.005 35.756
7 2.20 54.064 .654 1.992 34.548
8 2.45 45.375 .795 2.008 33.167
9 2.68 39.502 .884 2.016 32.411

10 3.05 33.558 .962 1.993 30.842
11 3.40 30.568 .987 2.002 29.275
12 4.20 25.971 1.000 25.974
ko.b = 99.541 — XCNaBr where X = 4.8476
&40 == 44.517 — X  CNaBr where X = 4.4149
Mean log ( l / K)  = 2.002.

Attention is called to the identity of the ratio, 
for the salts sodium iodide and sodium bromide, 
between the respective constants for the linear 
equation (eq. 1 and 2); &40/&0.50 = 0.92 for sodium 
iodide and 0.91 for sodium bromide. Attention
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Fig. 1.—Graph of reciprocal of specific rotation ver­
sus wave length squared at 0.5°.

is also directed to the change in the value of the 
constant preceding the logarithmic term, log 
[a /(l — a)] (eq. 3), in going from sodium iodide 
to the bromide. With sodium bromide this con­
stant (1/1.33) is exactly double that found for 
sodium iodide (1/2.66). Our preliminary experi­
ments with sodium chloride indicate a value of 
1/0.67, a further doubling of the value of this 
constant. The log ( l /K)  term mean while changes 
from 0.9983 for sodium iodide to 2.002 for sodium 
bromide, an almost exact doubling; a preliminary

X2 X 10~4 cm.
Fig. 2.—Graph of reciprocal of specific rotation ver­

sus wave length squared at 40°.

value of 4.0 is indicated for sodium chloride, again 
a doubling. I t is clear that for all the sodium hal­
ides the various log (l /K)  terms can be re written 
now as a common constant k' log (l /K)  of value 
2.66, k'  being the reciprocal of the former k.

It is clear that in our experiments the influence 
of salts on the optical rotation cannot be ex­
plained as the polarization of the optically active 
molecules in an ionic atmosphere. According to 
Debye and Hückel, such an effect would require 
a greater effect for ions with small radii and large 
charges. If this were the case chlorides would be 
expected to have a greater effect on the rotation 
than iodides, which is contrary to fact.

It is not at present clear as to why the k con­
stants preceding the dissociation term (1/0.67, 
1/1.33 and 1/2.66) bear this mathematical regu- 
larity, respectively, for chlorides, bromides and 
iodides. It is pointed out that the sixth power of

Molal concentration.
Fig. 3.—Rotatory dispersion constant óf gelatin in 

sodium bromide Solutions at 0.5 and 40°.

the ionic radii of the halogens as recorded by 
Wasastjerna4 (Cl = 1.72; Br = 1.92; I = 2.19 
Ä.) gives a ratio 26:49:109, almost exactly the 
1:2:4 ratio given by the respective denominators 
of the above k constants. While the principal effect 
of neutral salts on gelatin at 0.5° is no doubt due 
to the anion of the salt, nevertheless, the cation 
has a slight influence which is not accounted for 
in the sixth power relationship mentioned above.

Smith5 concluded that the effect of heating 
gelatin was to cause a bimolecular reaction to take 
place in which two molecules of the original pro­
tein were united together into one molecule at 
elevated temperatures. We have noted before6 
that heating to 40° caused a doubling of the mo­
lecular weight of the simplest species of casein. 
Weber and Stover7 record osmotic pressure data

(4) Wasastjerna, Soc. Sei. Fennica Commentationes Phys. Math., 
38, 1 (1923).

(5) C. R. Smith, T h is  Jo u r n a l , 41, 135 (1919).
(6) Svedberg, Carpenter and Carpenter, ibid., 52, 241, 701 (1930)
(7) Weber and Stover, Biochem. Z.,.259, 269 (1933).
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giving the molecular weight of muscle protein as
81,000 in water solution and as 300,000 in am­
monium thiocyanate solution. We have shown3 
that potassium thiocyanate has the same sort of 
effect on the optical rotation of gelatin at 0.5° 
and of about the same magnitude as potassium 
iodide and that the effect of the sodium halides 
follows the dissociation (association) formulation 
stated before. The effect of the halide salts on 
the rotation at 0.5° also appears to be the same 
effect as that of raising the temperature, recorded 
by Smith. It seems fairly well established that 
the influence of the halide salts on gelatin at low 
temperatures is to cause an association of the pro­
tein molecule.

On applying the Lucas formulation8 for two 
optically active components

k = [ M i -  M « ~| =  [ M i  ~  M 2]
LWl [4]«_Jxa LMl [öE-]«. INb

[ M i  -  M 2I  
L W l  [# ]n jx c

e t c . ( 4 )

to our data, the constants given in Table IV were

T a b l e  I V

Calcu la tio n  of t h e  L u c a s  C o n st a n t  for  G e l a t in -  
S o dium  B rom ide  S ystem  C o n t a in in g  T wo Optically

A c tive  C o m po n e n t s  (0.5°)
Combination0 X 6708 Ä. X 5893 Ä. X 5780 Ä. X 5461Ä. X 4358 Ä.
1 -2 /1 -1 2 0.0338 0.0307 0.0325 0.0332 0.0329
1 - 3 /1 -1 2 .0988 .0982 .0993 .0985 .0984
1-4/1-12 .175 .173 .175 .173 .175
1 - 5 /1 -1 2 .294 .290 .292 .291 .292
1 - 6 /1 -1 2 .463 .459 .460 .460 .459
1-7/1-12 .618 .618 .617 .618 .619
1 - 8 /1 -1 2 .736 .736 .737 .737 .734
1-9/1-12 .816 .816 .816 .816 .817
1 -1 0 /1 -1 2 .896 .898 .896 .897 .897
1 -1 1 /1 -1 2 .938 .937 .938 .937 .937

“ T h e  n u m b e r s  in  t h i s  c o lu m n  r e f  e r  t o  c o r r e s p o n d in g  s o ln .  
n o .  in  T a b le  I .

(8) Lucas, Ann. phys., [10] 9, 381 (1928); Trans. Faraday Soc., 
26, 418 (1930).

obtained for the various combinations employed. 
It is obvious that a constant is actually obtained 
for any combination for a series of different wave 
lengths, as is required for a mixture of two op­
tically active substances. We conclude there­
fore that the behavior of gelatin at 0.5° in the 
presence of sodium bromide is entirely analogous 
to its behavior with sodium iodide, that two 
and only two optically active species are present 
and that one optically active form is converted 
to the other by the action of the neutral salt and 
that one active form is the associated form of the 
other.

Summary
The rotatory dispersion of gelatin has been ex­

amined in various concentrations of sodium* bro­
mide at 0.5 and 40°, at five different wave lengths 
in the visible spectrum.

As was previously shown with sodium iodide 
Solutions, a single term Drude equation expressed 
the experimental results. An absorption band 
at 2200 Ä. governed the dispersion.

The rotatory dispersion constants of gelatin 
at 4 0 °  follow the linear equation &4o° = 44.517 — 
4 . 4 1 5  C N a B r -

The rotatory dispersion constants at 0.5° were 
found to be expressed by the sum of two equations

CNaBr = ~  log ( j ~ ^ )  ~  >°g ( W

and the linear equation
Ko.5o =  46.330 -  4.8476CNaBr

It was concluded that the great change in rota­
tion caused by halides at 0.5° is due to an asso­
ciation of the gelatin molecule.

Based on the Lucas formulation, two and only 
two optically active species exist in gelatin Solu­
tions and gels.
G e n e v a , N .  Y . R e c e iv e d  J u l y  31, 1936
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[C o n t r ib u t io n  from  t h e  L a b o r a t o r ie s  of  the R . & H . Chem icals D e p a r t m e n t , E. I .  d u  P ont de  N em o ur s  & Co .,
I n c .]

S o d i u m  N a p h t h a l e n e .  I .  A  N e w  M e t h o d  f o r  t h e  P r e p a r a t i o n  o f  A d d i t i o n  C o m ­

p o u n d s  o f  A l k a l i  M e t a l s  a n d  P o l y c y c l i c  A r o m a t i c  H y d r o c a r b o n s

B y  N. D. S cott, J. F. W a l k e r  a n d  V. L. H a n s l e y

The direct reaction of alkali metals with certain 
aromatic hydrocarbons has been reported pre­
viously in the literature, the reaction of sodium 
with anthracene in ethyl ether solution1 being an 
example. Efforts to extend this reaction to sim­
pler hydrocarbons such as naphthalene and di­
phenyl have met with very limited success. 
Schlenk and Bergmann were able to cause lithium 
to react with these hydrocarbons to a sufficiënt ex­
tent to make some examination of the products2 
but reported no detectable reaction with sodium 
under similar conditions.

A solution of sodium in liquid ammonia also 
has been used to bring about the addition of 
sodium to naphthalene but in this case the re­
action is complicated by the rapid ammonolysis 
of the products.3 Liquid ammonia as a solvent 
has the added disadvantage of reacting with 
carbon dioxide, interfering with the use of this 
reagent in characterizing the sodium compounds.

We have found that when methyl ether is used 
as the solvent medium the previously known so­
dium reactions take place many times faster than 
in ethyl ether. Furthermore, with this solvent 
it is possible to increase the scope of the reaction 
to include naphthalene and diphenyl as well as 
many other aromatic hydrocarbons. This strik­
ing difference of methyl ether compared with 
ethyl ether is more than a difference in the rate of 
the reaction, for if ethyl ether is added to a solu­
tion of sodium naphthalene in dimethyl ether the 
rate of formation of the sodium eompound is 
gradually decreased. If sufficiënt ethyl ether is 
added the formation of the sodium eompound is 
inhibited completely and the eompound already 
formed decomposes with the liberation of the 
original hydrocarbon and elementary sodium. 
With concentrated Solutions of hydrocarbons in 
pure methyl ether it is possible to dissolve one or 
two gram atoms of sodium per liter in two hours 
or less. It is already known that the first member 
of most homologous series of organic compounds 
shows the more characteristic properties of the

(1) Schlenk, Appenrodt, Michael and Thai, Ber., 47, 479 (1914).
(2) Schlenk and Bergmann, Ann., 463, 91 (1928).
(3) Wooster and Smith, T h is  J o u r n a l , 5 3 ,179-187 (1931).

series to a unique degree but the surprising differ­
ence between methyl ether and ethyl ether has 
not been fully appreciated by previous investiga­
tors. Methyl ethyl ether is the only other mono- 
ether in which these reactions occur readily. 
The formation of sodium naphthalene is slow but 
detectable in the methyl propyl ethers.4

In seeking for suitable solvents that are liquid 
at ordinary temperatures, we discovered that the 
dimethyl ether of ethylene glycol (b. p. 85°) is 
substantially equivalent to dimethyl ether as a 
solvent for sodium reactions. Contrary to the 
conclusions that might have been drawn from the 
behavior of monoethers it was found that all fully 
alkylated glycols and polyhydric alcohols are 
effective solvents for sodium addition reactions.5 
It was also found that trimethylamine and a few 
other amino compounds are effective although 
they offer little advantage over the ethers.

For most purposes dimethyl ether and the di­
methyl ether of ethylene glycol are the most suit­
able solvents for the reaction, and the latter is the 
more convenient by reason of its boiling point. 
It is, however, slowly attacked by sodium naph­
thalene at room temperature with the. formation 
of methyl vinyl ether, presumably in accordance 
with the equation
CioH8Na2 +  2 CH3OCH2CH2OCH3 — >

C10H10 - f  2 C H 3O N a  +  2 C H 3O C H = C H 2

The methyl vinyl ether was identified by its boil­
ing point and unsaturation toward bromine.

The presence of the special solvent is required 
not merely for the initiation of the reactions but 
for the existence of sodium naphthalene. This 
can be shown by preparing a solution of sodium 
naphthalene in dimethyl ether and then completely 
evaporating the ether at room temperature. The 
dark green solution deposits a very dark green 
solid which changes to gray in color with loss of 
the last tracés of ether. The solid will then on 
treatment with water evolve nearly the theoreti­
cal amount of hydrogen as such. When sodium 
naphthalene solution is treated with water no hy-

(4) Scott,U . S. patent 2,019,832 (1935).
(5) Scott, U. S. patent 2,023,793 (1935).
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drogen is evolved. If the solid be extracted with 
heptane a residue is obtained consisting almost en­
tirely of sodium. For most purposes the isolation 
of sodium naphthalene in the solid state is not at­
tempted since its reactions are conveniently car­
ried out iii solution.

The special solvents which are effective for the 
reaction of sodium with naphthalene can be used 
in similar fashion with the other alkali metals. 
In place of naphthalene one may use methyl 
naphthalenes, acenaphthene, diphenyl or phenan­
threne, none of which react with sodium in ethyl 
ether solution. The special solvents also have a 
striking effect in facilitating the addition reactions 
öf sodium with anthracene and with benzophe­
none, causing much more rapid reaction than oc­
curs in ethyl ether. The special solvents do not 
appear to facilitate the reaction of sodium with 
hydrocarbons such as triphenylmethane, fluorene, 
or acetylene where the characteristic reaction is 
one of Substitution.

Solutions of sodium naphthalene display many 
unusual properties. The Solutions are dark green 
in color and have good electrical conductivity. 
No quantitative measurements have been made 
of the heat of the reaction by which they are 
formed, but it is not large. This is consistent 
with the ease of dissociation of the eompound 
either by removing the ether solvents by evapora­
tion or by dilution with a large volume of hydro­
carbon solvent, or by removing the sodium, for 
example by shaking with mercury. The amount 
of sodium which will dissolve readily in a solution 
of naphthalene or diphenyl is only one atom per 
molecule of hydrocarbon. Inasmuch as many of 
the reactions of the solution correspond with a 
disodium naphthalene addition eompound, this 
raises the question of the formula of the com­
pound. The formula CioH8Na2*CioH8 correctly 
represents the proportions of sodium and naph­
thalene while avoiding the question of structure. 
Discussion as to structure will largely be deferred 
to later papers dealing more fully with the reac­
tions.

The reactions of sodium naphthalene can be 
divided into two classes. In the first the naph­
thalene is recovered unchanged, the solution be- 
having much like dissolved sodium. In this class 
one may mention the reactions with mercury, 
with oxygen, and with benzyl chloride. In the 
second class of reactions the naphthalene is re­
duced to dihydronaphthalene or its derivatives

depending on the reagent used. With water, 
alcohols or the wide ränge of organic com­
pounds capable of forming sodium derivatives 
where sodium replaces hydrogen, the products are 
dihydronaphthalene and the sodium eompound 
of the material used as source of hydrogen. For 
example with acetylene the reaction can be repre­
sented by the equation
CioHsNarCxoHg +  2C 2H 2 — >  C10H 10 +  Ci0H 8 +  2C2H N a  

This is a convenient method for the preparation of 
a variety of sodium derivatives.

In general, the only requirements for the forma­
tion of sodium naphthalene and related com­
pounds in dimethyl ether and other active ether 
solvents are that the solvent be pure and dry and 
that the hydrocarbon be reasonably pure. It is 
also imperative that a clean surface of alkali metal 
be exposed to initiate the reaction. Once started, 
the reaction thoroughly cleans any metal surface 
that was not originally clean. When pieces of 
sodium that are reacting come in contact in the 
reaction mixture, they fuse together, even at 
— 30° and lower. Impurities such as water, 
methanol and carbon dioxide prevent the reac­
tion from starting by forming products which 
coat the surface of the alkali metal as soon as it is 
exposed. If they are only present in tracés, how­
ever, persistent scratching of the metal surface 
will eventually lead to their destruction and the 
reaction will proceed.

Experiments
P r e p a r a t io n  o f  S o d i u m  N a p h t h a l e n e  S o l u t i o n s

A . I n  D i m e t h y l g l y c o l  E t h e r .— O n e  l i t e r  o f  a  m o l a l  s o l u ­
t io n  o f  n a p h t h a l e n e  i n  p u r e  d r y  d i m e t h y l  g l y c o l  e t h e r  i s  

p la c e d  in  a  t w o - l i t e r  t h r e e - n e c k e d  f la s k  e q u i p p e d  w i t h  a  

m e r c u r y - s e a le d  s t ir r e r  i n  w h i c h  a n  a t m o s p h e r e  o f  p u r e  d r y  

n i t r o g e n  i s  m a i n t a i n e d .  A b o u t  25 g .  o f  s o d i u m  i s  t h e n  

a d d e d ,  t h e  m e t a l  b e i n g  c u t  i n  t h e  f o r m  o f  s t i c k s  2 -3  c m .  

lo n g  a n d  3 -5  m m . s q u a r e  o n  t h e  e n d .  A f t e r  t h e  s o d iu m  h a s  

b e e n  a d d e d  t h e  m ix t u r e  i s  a g i t a t e d  m e c h a n i c a l l y .  T h e  

s t ir r in g  s h o u ld  b e  r a p id  a t  t h e  s t a r t  b u t  s h o u l d  b e  d e ­

c r e a s e d  c o n s id e r a b ly  a f t e r  t h e  r e a c t i o n  h a s  c o m m e n c e d .  

W it h  a  g o o d  g r a d e  o f  d i m e t h y l g l y c o l  e t h e r  t h e  r e a c t i o n  

s h o u ld  s t a r t  i n  o n e  t o  t h r e e  m i n u t e s .  S o m e  c o o l i n g  i s  r e ­

q u ir e d , a n d  t h i s  c a n  b e  a c c o m p l i s h e d  s a f e l y  b y  t h e  u s e  o f  a  

m e t h a n o l  c o o l in g  b a t h  t o  w h i c h  s o l id  c a r b o n  d io x i d e  i s  

a d d e d  a s  r e q u ir e d .  T h e  r e a c t i o n  m ix t u r e  s h o u l d  b e  k e p t  

b e t w e e n  —10 a n d  T 3 0 ° . A t  t e m p e r a t u r e s  b e l o w  —10°  
th e  r e a c t i o n  r a t e  f a l l s  o f f  c o n s id e r a b ly  in  d i m e t h y l g l y c o l  

e th e r .  A t  2 0 -2 5 ° t h e  r e a c t i o n  i s  c o m p l e t e  i n  a b o u t  t w o  
h o u r s .  U n r e a c t e d  s o d iu m  w h ic h  i s  u s u a l l y  s t u c k  t o g e t h e r  

in  a  s in g le  p ie c e  c a n  t h e n  b e  r e m o v e d  e a s i l y  f r o m  t h e  m i x ­

tu r e  w i t h  fo r c e p s .
T h e  p r o g r e s s  o f  t h e  r e a c t i o n  c a n  b e  m e a s u r e d  f r o m  t i m e  

t o  t i m e  b y  r e m o v a l  o f  s m a l l  s a m p le s  o f  t h e  r e a c t i o n  m i x t u r e
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a n d  d e t e r m i n a t i o n  o f  t h e i r  s o d iu m  c o n t e n t ,  a f t e r  d i l u t io n  

w i t h  a l c o h o l ,  b y  t i t r a t i o n  w i t h  S t a n d a r d  a c id  u s in g  m e t h y l  

r e d .  T h i s  d o e s  n o t  d i s c r i m i n a t e  b e t w e e n  s o d iu m  n a p h t h a ­
l e n e  a n d  o t h e r  s u s p e n d e d  o r  d i s s o l v e d  a lk a l in e  s o d iu m  

c o m p o u n d s  i n  t h e  s o l u t i o n  b u t  w h e n  p u r e  s o lv e n t  i s  u s e d  i t  

g i v e s  a  c lo s e  a p p r o x i m a t i o n  o f  t h e  s o d iu m  n a p h t h a l e n e  t h a t  

h a s  b e e n  f o r m e d .

B. In Dimethyl Ether.— T h e  p r e p a r a t io n  o f  s o d iu m  

n a p h t h a l e n e  i n  d i m e t h y l  e t h e r  i s  c a r r ie d  o u t  in  m u c h  t h e  

s a m e  w a y  a s  i n  d i m e t h y l g l y c o l  e t h e r  e x c e p t  f o r  t h e  c h a n g e s  

o c c a s i o n e d  b y  t h e  l o w  b o i l i n g  p o i n t  ( — 2 5 ° ) .  T h e  f la s k  in  
w h i c h  t h e  r e a c t i o n  i s  t o  b e  c a r r ie d  o u t  i s  c o o le d  t o  a b o u t  

— 5 0  ° i n  a  b a t h  o f  s o l i d  c a r b o n  d io x i d e  a n d  m e t h a n o l ,  a n d  

t h e  s o l v e n t  i s  l e d  i n  a s  a  g a s  f r o m  a  c y l in d e r  a n d  C o n d e n se d .  
T h e  r e a c t i o n  i s  b e s t  c a r r ie d  o u t  a t  a  t e m p e r a t u r e  o f  — 3 0 ° .  

T h e  n a t u r e  o f  t h e  s o l v e n t  m a k e s  i t  d i f f i c u l t  t o  m a k e  a n a ly ­

s e s  in  t h i s  c a s e ,  b u t  a n  a p p r o x im a t e  m e a s u r e  o f  t h e  r e a c t e d  

s o d i u m  c a n  b e  o b t a i n e d  e a s i l y  b y  w e i g h i n g  t h e  u n r e a c te d  

s o d i u m  r e c o v e r e d  a f t e r  t h e  c o m p l e t i o n  o f  t h e  r e a c t io n .

Dimethylglycol Ether.— T h is  r e a g e n t  w a s  p r e p a r e d  b y  
t h e  m e t h y l a t i o n  o f  t h e  m o n o m e t h y l  e t h e r  o f  e t h y le n e  g ly  

c o l .  I t  m u s t  b e  p u r if ie d  a n d  t h o r o u g h ly  d r ie d  fo r  u s e  in  a l ­

k a l i  m e t a l  r e a c t io n s .  I t  i s  a  c o lo r le s s  f lu id  w i t h  a  c h a r a c ­
t e r i s t i c  e t h e r - l ik e  o d o r  b o i l in g  a t  8 5 ° .

Dimethyl Ether.— T h is  e t h e r  w a s  s u f f i c i e n t ly  p u r e  a s  o b ­

t a in e d  f r o m  t h e  A m m o n ia  D e p a r t m e n t  o f  E .  I .  d u  P o n t  

d e  N e m o u r s  &  C o m p a n y ,  I n c .

Summary
The reaction of aromatic hydrocarbons with 

sodium is so greatly facilitated by employing di­
methyl ether or dimethylglycol ether as the sol­
vent, in place of diethyl ether, that with the use of 
these special solvents even such hydrocarbons as 
naphthalene and diphenyl can be converted 
easily into sodium compounds.
N iag ara  F a l l s , N .  Y .  R e c e iv e d  S e pt e m b e r  2 3 ,  1 9 3 6

[C o n t r ib u t io n  fr o m  t h e  B u r r o u g h s  W ellcome a n d  C o ., U . S .  A . ,  E x p e r im e n t a l  R e se a r c h  L a b o r a t o r ies]

T h e  S e p a r a t i o n  o f  P r i m a r y  A r y l  A m i n e s  f r o m  S e c o n d a r y  A l k y l a r y l  A m i n e s

By C l a y t o n  W. F e r r y

In the course of the preparation of a series of 
unsymmetrical alkylaryl ureas and thioureas1,2 a 
number of secondary alkylaryl amines, substan­
tially free from primary aryl amines, was required 
(small amounts of tertiary amines are unimpor- 
tant, since they form no ureas). When alkoxy 
and certain N-alkyl groups are present in the 
secondary amine, the usual methods of prepara­
tion (e. g .y via the acyl derivatives, nitroso com­
pounds, etc.) are not satisfaetory1 2 and it is neces­
sary to alkylate the primary aryl amine directly 
and to remove unchanged primary amine from 
the product. A method for carrying out this 
removal, suggested by the work of Eibner and by 
several patents3 and outlined by DeBeer, Buck, 
Ide and Hjort2 is here described, whereby the 
primary amine is removed readily by shaking the 
crude secondary amine with benzaldehyde-sodium 
bisulfite eompound and water. The primary 
amine combines with the reagent and is recover- 
able, while the secondary amine remains unat- 
tacked.

Experimental
T w e n t y  g r a m s  e a c h  o f  p r im a r y  a r y l  a m in e  a n d  s e c o n d ­

a r y  a l k y l a r y l  a m i n e  ( t h e  s e c o n d a r y  a m in e s  m e n t io n e d  in

(1) Buck, Hjort and DeBeer, J. P h a rm a co l54, 188 (1935).
(2) DeBeer, Buck, Ide and Hjort, ibid., 57, 19 (1936).
(3) German Patent 181,723, 132,621, 157,909; Eibner, Ann., 316, 

89 (1901).

a n d  J o h a n n e s  S .  B u c k

t h i s  r e p o r t  w e r e  a l l  p u r if ie d  v ia  t h e  n i t r o s o  e o m p o u n d )  w e r e  

m ix e d  a n d  s h a k e n  m e c h a n ic a l ly  w i t h  w a t e r  a n d  b e n z a ld e ­

h y d e - s o d i u m  b is u l f i t e  e o m p o u n d  a t  r o o m  t e m p e r a tu r e .  

T h e  m ix t u r e  w a s  t h e n  f i l t e r e d  fr o m  t h e  s o l id  w i t h  s u c ­
t io n ,  t h e  s o l id  w e l l  w a s h e d  w i t h  e t h e r  a n d  t h e  f i l t r a t e  e x ­

t r a c t e d  w i t h  e t h e r .  T h e  t o t a l  e t h e r  w a s  w a s h e d  w i t h  

b r in e ,  t h e  e t h e r  e v a p o r a t e d  a n d  t h e  r e s id u a l  a m in e  t e s t e d  

fo r  p r im a r y  a m in e .

I n  t h e  f ir s t  s e r ie s  o f  e x p e r i m e n t s ,  d e s ig n e d  t o  in v e s t i g a t e  

t h e  c o n d i t io n s  o f  r e a c t io n ,  t h e  a b o v e  p r o c e s s  w a s  r e p e a t e d  

u n t i l  t e s t s  s h o w e d  t h e  a b s e n c e  o f  a n y  a p p r e c ia b le  a m o u n t  o f  

p r im a r y  a m in e  ( <  0 .5 % ) .  I n  t h e  f ir s t  t r e a t m e n t  5 0  c c .  o f  

w a t e r  a n d  o n e  m o l  o f  b i s u l f i t e  e o m p o u n d  ( c a lc u la t e d  o n  t h e  

p r im a r y  a m in e  p r e s e n t )  w e r e  u s e d .  I n  t h e  s e c o n d  t r e a t ­

m e n t  3 0  c c .  o f  w a t e r  a n d  0 .5  m o l  o f  b i s u l f i t e  e o m p o u n d  a n d  

in  t h e  t h ir d  a n d  s u b s e q u e n t  t r e a t m e n t s ,  3 0  c c .  o f  w a t e r  a n d  

0 .2 5  m o l  o f  b i s u l f i t e  e o m p o u n d  w e r e  u s e d .  I n  a l l  c a s e s  t h e  

s h a k in g  w a s  f o r  t w o  h o u r s  p e r  t r e a t m e n t .

W h e n  t h i s  m e t h o d  w a s  a p p l ie d  t o  m ix t u r e s  o f  m e t h y l  

a n i l in e ,  w - b u t y la n i l in e ,  e t h y l - m - t o lu id i n e ,  e t h y l - ^ - t o lu id in e  

a n d  e t h y l - 0 - p h e n e t id in e ,  w i t h  t h e  c o r r e s p o n d in g  p r im a r y  

a m in e ,  o v e r  8 0 %  o f  t h e  s e c o n d a r y  a m in e ,  c o n t a in in g  le s s  

t h a n  0 .5 %  o f  t h e  p r im a r y  a m in e  w a s  o b t a in e d  a f t e r  t h e  

t h ir d  t r e a t m e n t .  S im i la r  m ix t u r e s  f r o m  e t h y l - ^ - p h e n e -  

t id in e  a n d  i s o p r o p y l - £ - a n i s id in e  r e q u ir e d , r e s p e c t iv e ly ,  
fo u r  a n d  f iv e  t r e a t m e n t s ,  a b o u t  5 4 %  o f  t h e  s e c o n d a r y  a m »  

in e  b e i n g  r e c o v e r e d .  A  m ix t u r e  fr o m  e t h y l - ö - t o lu id in e  

w a s  n o t  p u r if ie d  t o  l e s s  t h a n  1 0 %  o f  p r im a r y  a m in e ,  e v e n  

a f t e r  f iv e  t r e a t m e n t s .
T h e  s e c o n d  s e r ie s  o f  e x p e r i m e n t s  w a s  c a r r ie d  o u t  in  o r d e r  

t o  s im p l i f y  t h e  p r o c e s s  p r a c t i c a l ly ,  a n d  t o  r e d u c e  t h e  lo s s e s  

in  m a n ip u la t io n .  I t  w a s  f o u n d  t h a t ,  u s in g  t h e  s a m e  m ix ­
tu r e  (2 0  g . p r im a r y  a m in e ,  2 0  g . s e c o n d a r y  a m in e ) ,  e ff i­

c ië n t  S e p a r a t io n  c o u ld  b e  o b t a in e d  b y  s ix  h o u r s  o f  s h a k in g
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w i t h  t w o  m o ls  ( c a l c u la t e d  o n  t h e  p r im a r y  a m in e  p r e s e n t )  

o f  b i s u l f i t e  c o m p o u n d  a n d  1 4 0  c c .  o f  w a t e r .  T h e  y i e l d  a ls o  

w a s  m u c h  im p r o v e d .  T h u s ,  w i t h  m ix t u r e s  o f  m e t h y la n i -  

l in e ,  w -b u ty la n i l in e ,  e t h y l - r a - t o lu id in e ,  e t h y l - £ - t o lu id in e  

a n d  e t h y l - £ - p h e n e t id in e  w i t h  t h e  c o r r e s p o n d in g  p r im a r y  

a m in e ,  t h e  c o n t e n t  o f  p r im a r y  a m in e  w a s  r e d u c e d  t o  0 .5 %  

o r  le s s .  T h e  r e c o v e r y  w a s ,  r e s p e c t iv e ly ,  8 0 ,  9 4 ,  9 2 ,  9 0  a n d  

7 8 %  o f  t h e  s e c o n d a r y  a m in e  t a k e n .  I n  p r a c t ic e ,  5 0 %  o f  
p r im a r y  a m in e  in  a  m ix t u r e  is  r a r e ly  e n c o u n t e r e d  a n d  t h e  

a m o u n t  is  u s u a l l y  m u c h  le s s ,  s o  t h a t  t h e  S e p a r a t io n  w o u ld  

b e  c o r r e s p o n d in g ly  f a c i l i t a t e d .
T h e  m a j o r  p a r t  o f  t h e  p r im a r y  a m in e  m a y  b e  r e c o v e r e d  

f r o m  t h e  a q u e o u s  l iq u o r s  fr o m  t h e  e x t r a c t io n s  a n d  fr o m  t h e  
s o l id  f i l t e r e d  o f f , b y  a d d in g  t o  t h e s e  2 0 0  c c .  o f  w a t e r  c o n ­
t a in in g  2 5  c c .  o f  c o n c d .  s u l fu r ic  a c id  a n d  s t e a m - d i s t i l l in g  

t h e  m ix t u r e .  B e n z a l d e h y d e  c o m e s  o v e r  a n d  m a y  b e  

la r g e ly  r e c o v e r e d .  T h e  a c id  l iq u id  in  t h e  f la s k  is  t h e n  

m a d e  a lk a l in e  w i t h  3 0 %  s o d iu m  h y d r o x id e  s o lu t io n  a n d  t h e  

s t e a m  d i s t i l l a t io n  c o n t in u e d ,  t h e  r e c e iv e r  b e in g  c h a n g e d .  

T h e  p r im a r y  a m in e  m a y  b e  r e c o v e r e d  b y  s a t u r a t in g  t h e  

d i s t i l l a t e  w i t h  s a l t  a n d  e x t r a c t in g  fo u r  t im e s  w i t h  e th e r .  

A f t e r  d r y in g ,  t h e  e t h e r  i s  e v a p o r a t e d  a n d  t h e  r e s id u a l  

a m in e  d is t i l le d .  F r o m  t h e  m ix t u r e s  c i t e d  a b o v e  t h e r e  w a s  

r e c o v e r e d  a n i l in e ,  9 2 % ;  a n i l in e  8 7 % ;  w - t o l u id in e ,  8 8 % ;  

^ - t o lu id in e ,  9 0 % ;  a n d  /> -p h e n e t id in e ,  7 5 % , r e s p e c t iv e ly .
T h e  b o i l in g  p o in t s  o f  t h e  r e c o v e r e d  s e c o n d a r y  a m in e s  

w e r e  t h e  s a m e  a s  t h o s e  o f  a u t h e n t i c  s p e c im e n s 4 ( t h e  y ie ld s  

t h r o u g h o u t  r e f e r  t o  d i s t i l l e d  a m in e s  o f  t h e  c o r r e c t  b o i l in g  

p o in t ) .  A s  a n  a d d i t io n a l  c h e c k  t h e  r e c o v e r e d  s e c o n d a r y  

a m in e s  fr o m  t h e  f ir s t  s e r ie s  o f  e x p e r im e n t s  w e r e  c o n v e r t e d  

in t o  t h e  « - n a p h t h y l  u r e a s  a n d  t h e s e  w e r e  c o m p a r e d  w i t h  

s p e c im e n s  p r e p a r e d  fr o m  a u t h e n t i c  a m in e s .  T h e  m e l t in g  
p o in t s  o f  t h e  u r e a s  fr o m  t h e  r e c o v e r e d  a m in e s  w e r e  in  

g e n e r a l  o n ly  t w o  o r  t h r e e  d e g r e e s  lo w e r  t h a n  t h o s e  o f  th e  

c o r r e s p o n d in g  p u r if ie d  u r e a s ,  e x c e p t  in  t h e  c a s e s  o f  e t h y l - ö -  

p h e n e t id in e  a n d  e t h y l - ^ - p h e n e t id in e ,  w h e r e  t h e  m e l t in g  

p o in t s  w e r e ,  r e s p e c t iv e ly ,  e ig h t  a n d  f iv e  d e g r e e s  lo w e r .  

T h e  y ie ld s ,  in  a l l  c a s e s ,  w e r e  s u b s t a n t i a l l y  t h e  s a m e  fr o m  
e i t h e r  r e c o v e r e d  o r  a u t h e n t i c  a m in e .

« - N a p h t h y l  U r e a s .— T h r e e  c c .  o f  « - n a p h t h y l  i s o c y a n a t e  

( 2 0 - 2 5 %  e x c e s s )  w a s  a d d e d  t o  2  c c .  o f  a m in e  (w e ig h e d )  in  

1 5  c c .  o f  h e x a n e .  T h e  o i l  w h ic h  s e p a r a t e d  s o o n  c r y s t a l ­
l iz e d ,  a n d  w a s  f i l t e r e d  o ff  a n d  w e l l  w a s h e d  w i t h  p e tr o le u m  

e t h e r  a n d  i t s  m e l t i n g  p o in t  d e t e r m in e d .  T h e  u r e a s  (fro m  
a u t h e n t i c  a m in e s ) ,  r e c r y s t a l l i z e d  f r o m  a lc o h o l ,  f o r m  s m a ll ,  
g l i s t e n in g ,  g r a n u lä r  c r y s t a l s ,  r e a d i ly  s o lu b le  in  h o t  a lc o h o l  

a n d  in  h o t  b e n z e n e ,  t h a t  f r o m  e t h y l - ö - t o lu id in e  b e in g  c o n ­
s id e r a b ly  m o r e  s o lu b le  t h a n  t h e  o t h e r s .  T h e  « - n a p h t h y l  

u r e a s ,  n o t  p r e v io u s ly  d e s c r ib e d ,  a r e  t a b u la t e d  b e lo w .

«-Alkyl- «-aryl- ß- ( «-naphthyl) U r eas
M. p., Analyses, %N

a- Groups Formula °c. Calcd. Found
M e t h y l ,  p h e n y l C18H16ON2 9 9 1 0 .1 4 1 0 .2 9
w - B u ty l ,  p h e n y l C21H22ON2 9 9 8 . 8 0 9 . 0 3
E t h y l ,  ö - t o ly l C20H20ON2 8 5 . 5 9 . 2 1 9 . 2 7
E t h y l ,  m - t o ly l C20H20ON2 9 5 . 5 9 . 2 1 9 . 3 9
E t h y l ,  £ - t o l y l C20H20ON2 1 0 3 9 . 2 1 9 . 5 1
I s o p r o p y l ,  ^ - a n i s y l C21H22O2N2 1 4 7 8 . 3 8 8 . 4 8
E t h y l ,  ö - p h e n e t y l C21H22O2N2 1 3 6 . 5 8 . 3 8 8 . 4 3
E t h y l ,  ^ - p h e n e t y l C 2 lH 22 0 2N 2 1 1 1 8 . 3 8 8 . 4 3

(4) Hjort, DeBeer, Buck and Ide, J. Pharmacol., 55, 152 (1935),
gijd t-o be published later.

B e n z a l d e h y d e - s o d i u m  b i s u l f i t e  e o m p o u n d  w a s  p r e p a r e d  

in  t h e  u s u a l  m a n n e r  a n d  w e l l  w a s h e d  w i t h  w a t e r .  T h e  

p r o d u c t  i s  s a t i s f a e t o r y  fo r  o r d in a r y  p u r p o s e s ,  b u t  f o r  t h e  

p r e s e n t  w o r k  i t  w a s  r e c r y s t a l l i z e d  f r o m  w a t e r ,  t h e n  w a s h e d  

w i t h  e t h e r  w h e n  d r y .

P r i m a r y  a m in e s  w e r e  t e s t e d  f o r  b y  a  s p o t  m e t h o d ,  a n  

a d a p t a t i o n  o f  t h e  m e t h o d  o f  C u m m in g ,  H o p p e r  a n d  

W h e e l e r ,5 u s i n g  b o t h  “ R ”  s a l t  a n d  ( b e t t e r )  “ H ”  s a l t  a n d  

c o m p a r in g  t h e  c o lo r s  p r o d u c e d  w i t h  t h o s e  g i v e n  b y  k n o w n  

m ix t u r e s .  T h e  c a r b y la m in e  r e a c t i o n ,  a l s o  u s e d ,  w a s  c a r ­
r ie d  o u t  i n  t h e  u s u a l  m a n n e r ,  w i t h  a l c o h o l i c  p o t a s s i u m  h y ­

d r o x id e  a n d  c h lo r o f o r m .  B o t h  t e s t s  r e a d i ly  s h o w e d  t h e  

p r e s e n c e  o f  0 . 5 %  p r im a r y  a m in e .

I n  a t t e m p t i n g  t o  p u r i f y  e t h y l - ö - t o l u i d i n e  s e v e r a l  b i ­

s u l f i t e  c o m p o u n d s  w e r e  t r i e d  ( f r o m  a n i s a ld e h y d e ,  r a - n i t r o -  

b e n z a ld e h y d e ,  a n d  s a l i c y l a l d e h y d e )  b u t  w i t h o u t  m u c h  

im p r o v e m e n t .  T h e  r e a c t i o n  o f  e t h y l - ö - t o l u i d i n e  w i t h  i s o -  

c y a n a t e s  i s  r e l a t i v e l y  s lu g g is h ,  a n d  t h i s  f a c t  a l l o w s  a  f a i r  

S e p a r a t io n  f r o m  p r im a r y  a m in e  t o  b e  m a d e .  A  s p e c i m e n  

o f  e t h y l - ö - t o l u i d i n e ,  c o n t a i n i n g  1 0 %  ö - t o lu id i n e ,  i n  4  

v o lu m e s  o f  p e t r o l e u m  e t h e r  w a s  w e l l  c o o le d  a n d  p h e n y l  i s o ­

c y a n a t e  ( 1 .5  t i m e s  c a lc d :  f o r  t h e  p r im a r y  a m i n e  p r e s e n t )  

a d d e d  i n  o n e  l o t .  A f t e r  t w o  a n d  o n e - h a l f  m i n u t e s  s t r o n g  

a m m o n iu m  h y d r o x i d e  w a s  a d d e d  ( t w i c e  t h e  v o l u m e  o f  t h e  

a m in e ) ,  t h e  w h o l e  c h i l l e d  a n d  t h e  c r y s t a l l in e  m a t e r i a l  f i l ­
t e r e d  o f f  a n d  w a s h e d  w i t h  p e t r o l e u m  e t h e r .  T h e  t o t a l  
p e t r o le u m  e t h e r ,  a f t e r  w a s h i n g  w i t h  w a t e r  a n d  d r y i n g  

( p o t a s s iu m  h y d r o x id e )  w a s  e v a p o r a t e d  a n d  t h e  r e s i d u a l  

a m in e  d i s t i l l e d .  T h e r e  w a s  o b t a i n e d  i n  8 0 %  y i e l d ,  e t h y l -  

o - t o lu id in e ,  b .  p .  1 0 3 - 1 0 4 . 5 °  ( 1 6  m m .) ,  c o n t a i n i n g  a b o u t  
1 %  ö - t o lu id i n e .

T h e  r e c o v e r e d  s e c o n d a r y  a m in e s  u s u a l l y  c o n t a i n  s m a l l  

a m o u n t s  o f  b e n z a l d e h y d e ,  w h i c h  c a n  b e  r e a d i ly  r e m o v e d  i f  
n e c e s s a r y  b y  d i s s o l v i n g  t h e  a m in e  i n  a c id .  E s t i m a t e d  a s  

a c id - i n s o i u b le  m a t e r ia l ,  t h e  b e n z a ld e h y d e  v a r i e d ,  w i t h  
d i f f e r e n t  a m in e s ,  b e t w e e n  0 .3  a n d  1 .7 % , b u t  w a s  u s u a l l y  

c lo s e  t o  t h e  l o w e r  f ig u r e .

A tte m p ts  to  e x te n d  th e  m eth o d  to  th e  Separation  o f  a li­
p hatic  am ines w ere finally  ab an d o n ed . In  g en era l th e  
so lubility  of th e  am ines in  w a te r, th e  in s tab ility  o f  th e  
azom eth ine com pounds u su a lly  fo rm ed  a n d  th e  so lu b ility  
of th ese  com pounds in  o rganic so lven ts ren d er a  p ra c tic a l 
Separation n o t feasible. T h e  use of fo rm ald eh y d e -so d iu m  
bisulfite eom p o u n d  helps m a tte rs  som ew hat, b u t  th e  
m ethod  still i s  n o t p rac tica l.

Summary
An expeditious method for separating mixtures 

of primary aryl amines with secondary alkylaryl 
amines is here described. The method depends 
on the preferential combination of benzaldehyde- 
sodium bisulfite eompound with primary aryl 
amines, and is very generally applicable. An 
alternative method, involving the use of phenyl 
isocyanate, is suggested for mixtures of ö-toluidine 
and ethyl-ö-toluidine. Some a-naphthyl ureas 
derived from the secondary amines are described. 
Tuckahoe, N . Y . R eceived  October 10, 1936

(5) Cumming, Hopper and Wheeler, "Systematic Organic Chem­
istry,” 2d ed., D. Van Nostrand Co., New York, 1928, p. 501.
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It can now be stated with a fair degree of cer­
tainty that the structural formulas of cholesterol, 
ergosterol and stigmasterol are well established. 
Our knowledge, however, of the most common 
plant sterol, sitosterol, is still unsatisfactory. This 
is due to the fact that sitosterol is in reality a mix­
ture of several sterols, and that their Separation is 
effected with great difficulty. This observation 
was first made by Anderson, Shriner and Burr.2 
These investigators showed that sitosterol ob­
tained from various sources is not a homogeneous 
substance but that it contains dihydrositosterol 
and at least three other sterols. They named 
these latter compounds a y ß -  and 7-sitosterol. 
Y-Sitosterol, which is the least soluble, was iso­
lated by them in nearly a pure state. The purifi­
cation of ß-sitosterol was not so complete. The 
a-sitosterol was obtained only in a very impure 
condition; no satisfaetory method for its purifica­
tion was discovered.

Recently certain information has become avail­
able regarding the Constitution of ß -  and 7 -sitos­
terol. Bengtsson3 has compared derivatives of 
ß-sitostanol with stigmastanol. From his experi­
ments he has come to believe that these com­
pounds are identical, and that, therefore, ß -  

sitosterol is in reality 22-dihydrostigmasterol (I).

This conclusion has indeed a high degree of prob­
ability.

A valuable contribution to our knowledge 
of 7 -sitosterol has been made recently by Oppen- 
auer. 4 This investigator prepared dehydroan- 
drosterone (II) from sitosterol If we assume that 
a sufficiently pure 7 -sitosterol was used in these

(1) Merck Fellow in Organic Chemistry.
(2) R. J. Anderson, R. L. Shriner and G. O. Burr, Th is  Jo ur n a l , 

48, 2987 (1926); see also Anderson and Shriner, ibid., 48,2987 (1926); 
Anderson, tbid., 46, 1450 (1924).

(3) B. E. Bengtsson, Z. physiol. Chem., 237, 46 (1935).
(4) R. V. Oppenauer, Nature, 135, 1039 (1935).

experiments, this fact proves that the ring system 
of both ß -  and 7-sitosterol is the same, and that 
they differ only in the structure or stereochemical 
arrangement of the side chain.

In this connection mention should be made also 
of certain other observations. Bonstedt5 has 
reported that 7-sitostane and stigmastane, when 
mixed together, give a strong depression of the 
melting point. This fact supports the idea that 
ß -  and 7-sitosterol are different compounds, and 
not more or less impurê specimens of the same 
substance. Anderson2 expresses the opinion that 
the different sitosterols are isomers.

In this paper we wish to report certain experi­
ments which show that such a conclusion cannot 
be reached for the most soluble fraction of the 
sitosterol complex, called by Anderson and co- 
workers, 2 a-sitosterol. 6 From recrystallization of 
500 g. of a sitosterol obtained from wheat germ 
oil we separated 36 g. of a material rieh in a- 
sitosterol. A method of purification of this mate­
rial had to be developed since Anderson and his 
co-workers2 were unsuccessful in effecting a Sepa­
ration by crystallization of the acetates, and by 
bromination. Preliminary experiments showed 
that this could be accomplished by means of a 
fractional crystallization of the corresponding 

benzoates. Accordingly this mixture 
of sterols (36 g.) was converted into 
the corresponding benzoates. By a 
single crystallization 23 g. of a ben­
zoate, m. p. 144°, which was mainly 
ß-sitosteryl benzoate, was removed. 
The a-sitosteryl benzoate remained 
in the mother liquor. This more solu­
ble benzoate was then hydrolyzed 

and converted into the corresponding m-dinitro- 
benzoate. By fractional crystallization two new 
dinitrobenzoates were isolated in a pure state. 
The least soluble cn-sitosteryl m-dinitrobenzoate 
was obtained in a yield of 1 g. The more soluble 
«2-sitosteryl m-dinitrobenzoate, which seems to 
be the more plentiful constituent, was obtained 
only in a yield of 0.4 g. It is possible that other

(5) Bonstedt, Z. physiol. Chem., 205, 137 (1932).
(6) Burian [Monatsh., 18, 551 (1897)], who also observed the 

difference in the solubility of this fraction from the bulk of the sitos­
terol, named it para-sitosteroj.



Dec., 1936 a-SlTOSTEROL

sterol m-dinitrobenzoates were present in the 
mother liquors.

The properties of oq- and a2-sitosterol and their 
derivatives are given in the table.

ai-Sitosterol a2-Sitosterol
Derivative M. p., °C. [a]25D M. p. °C. [apSD

S te ro l 16 6 -  1 . 7 15 6 4 - 3 . 5

A c e t a te 1 3 7 + 2 9 12 6 +  1 7

B e n z o a te 1 7 2 4 -4 2 16 6 + 2 7

ra - D in itr o b e n z o a te 2 2 2 4 -3 7 206 + 2 6

We also wish to report certain other important 
observations. These two new sterols are not 
isomers of ß-  and 7 -sitosterol. oq-Sitosteröl is an 
isomer of stigmasterol, C29H48O, and a2-sitosterol 
is in all probability a homolog, C30H50O. Titra­
tion with perbenzoic acid shows that two double 
bonds are present in both sterols. Both sterols 
give the same color reaction (Liebermann). The 
final color is a dark blue with a reddish tint. The 
Salkowski reaction for both oq- and c*2-sitosterol 
is similar to that of ergosterol; the sulfuric acid 
layer becomes colored, while the chloroform stays 
colorless. The opposite is true for cholesterol, 
7 -sitosterol, and stigmasterol; a±- and a2-sitos- 
terol are precipitated by digitonin.

Experimental Part
F iv e  h u n d r e d  g r a m s  o f s ito s te r o l , 7 iso la te d  fro m  w h e a t  

g e rm  o il (m . p . 1 3 4 - 1 3 7 ° ,  [a ]20D — 3 0 ° in  ch lo ro fo rm ), w a s  

s u b je c te d  t o  a  s y s t e m a t ic  c r y s ta lliz a tio n  fro m  a  m ix tu re  of 

a lco h o l a n d  b e n z e n e , a n d  fro m  a lc o h o l. T h e  m o st so lu b le  

fra ctio n s  w ere  c o lle c te d . T h e y  h a d  a  t o t a l  w e ig h t  of 36  

g., a n d  m e lte d  u n s h a r p ly  a t  1 4 1 ° ,  [o ]20d — 2 4 °.

T h e  sh a p e  o f th e se  c r y s ta ls  is  d iffe re n t fro m  th o se  of th e  

m a in  p o rtio n . T h e y  are  s m a ll n eed les. ß- a n d  7 -s ito ­

ste ro l c r y s ta lliz e  in  la rg e  le a fle ts .

T h is  m a te r ia l (3 6  g .)  w a s  d is so lv e d  in  15 0  cc. o f p y r id in e  

a n d  to  th e  s o lu tio n  w a s  a d d e d  30 cc. of b e n z o y l ch lo rid e. 

T h e  m ix tu re  w a s  k e p t  on  a  b o ilin g  w a te r -b a th  fo r a n  h our. 

T h e  b e n z o a te , so fo rm e d , w a s  ta k e n  u p  in  e th er, a n d  re ­

c r y s ta lliz e d  fr o m  a  m ix tu r e  o f b e n z e n e  a n d  alco h o l. 

T w e n t y -th r e e  g r a m s  o f a b e n z o a te  w a s  o b ta in e d  in  w ell-  

d efin ed  le a fle ts  w h ic h  m e lte d  a t  1 4 4 ° . T h is  is m a in ly  ß- 
s ito ste ry l b e n z o a te . T e n  g r a m s  o f a  cru d e  b e n z o a te , m . p .  

1 1 5 - 1 4 0 ° ,  w a s  a lso  is o la te d  fro m  th e  m o th e r  liqu ors. T h is  

la tte r  fr a c tio n  w a s  h y d r o ly z e d  w it h  5 %  a lco h o lic  p o ta ssiu m  

h y d r o x id e  so lu tio n . I t  y ie ld e d  7 .5  g . o f a  ste ro l w h ich  

m e lte d  u n s h a r p ly  a t  1 5 0 °. T h is  ste ro l w a s  d isso lv e d  in  

50 c c. of p y r id in e  a n d  tr e a te d  w it h  7  g . of m -d in itr o b e n z o y l  

ch lo rid e . T h e  m ix tu r e  w a s  k e p t  o n  a  b o ilin g  w a te r -b a th  

fo r  on e h o u r. T h e  d in itr o b e n z o a te  w a s  ta k e n  u p  in  e th er, 

a n d  th e  s o lu tio n  d e c o lo rize d  w it h  a n im a l c h a rco a l. O n  

e v a p o r a tio n  o f t h e  s o lv e n t, 10 .8  g . o f  m a te ria l, m . p . 1 7 0 -  

1 8 0 °, w a s  o b ta in e d .

Isolation of ai-Sitosteryl ra-Dinitrobenzoate.— T h e

c ru d e  d in itr o b e n z o a te  d e s cr ib e d  a b o v e  w a s  d is so lv e d  in  1 0 0

(7) The sitosterol used in these experiments was purchased from 
the University of Iowa.

cc. o f  h o t  e t h y l  a c e t a t e . T h e  s o lu tio n  w a s  a llo w e d  t o  

c o o l; 3 .4  g . o f y e llo w is h  b r it t le  p la te s  c r y s t a l liz e d , m . p .  

1 9 7 - 2 0 7 ° .  T h is  m a te r ia l w a s  r e c r y s ta lliz e d  fr o m  t h e  

s a m e  s o lv e n t  u n til  th e  m e lt in g  p o in t  a n d  r o t a t io n  w e r e  

c o n s ta n t. T h e  p u r e  c r y s t a ls  m e lte d  a t  2 2 2 ° .  2 5 .8  m g .

d is so lv e d  in  2  cc . o f  ch lo ro fo rm  s o lu tio n  g a v e  a 24D + 0 .4 8 ;  

[ce]24o  + 3 7 . 2 ° .

Anal. C a lc d . fo r  C36H6oN 20 6: C ,  7 1 .2 4 ;  H ,  8 .3 1 ;  N ,

4 .6 2 . F o u n d : C ,  7 1 . 1 6 ;  H , 8 . 3 1 ;  N ,  4 .7 8 .

o-i-Sitosteryl m-Dinitrobenzoate Dioxide.— T w e n t y - f i v e  

a n d  e ig h t-t e n t h s  m illig r a m s  o f  t h e  a b o v e  d in it r o b e n z o a t e  

w a s k e p t  fo r  th r e e  d a y s  a t  0 °  w it h  a n  e x c e ss  o f  a  c h lo r o fo r m  

s o lu tio n  o f p e r b e n z o ic  a c id . T h e  s u b s ta n c e  c o n s u m e d  

1.3 3  m g . o f o x y g e n  (th e o r e tic a l a m o u n t  fo r  2  a t o m s  o f  

o x y g e n  is 1 .3 6  m g .) . T h e  c h lo r o fo r m  s o lu tio n  w a s  w a s h e d  

w ith  s o d iu m  c a r b o n a te  s o lu tio n . T h e  d io x id e  w a s  r e ­

c r y s ta lliz e d  fr o m  a  m ix tu r e  o f  b e n z e n e  a n d  p e tr o le u m  

e th e r. S m a ll n e e d le s  w e r e  o b ta in e d  w h ic h  m e l t e d  a t  2 0 9 -  

2 1 2 ° .
AnaL C a lc d . fo r  C 36H 50N 2O 8 : C ,  6 7 .6 7 ;  H ,  7 .8 9 ;  N ,  

4.39. F o u n d : C ,  6 7 .7 0 ; H , 8 .0 0 ; N ,  4.44.

«i-Sitosteryl Benzoate.— T h e  a b o v e  m -d in itr o b e n z o a te  

w a s  h y d r o ly z e d  a n d  t h e  fr e e  s te r o l so  o b ta in e d  w a s  d is ­

s o lv e d  in  p y r id in e  a n d  t r e a t e d  w it h  b e n z o y l  c h lo r id e .  

T h e  m ix tu r e  w a s  k e p t  o n  a  b o ilin g  w a t e r -b a t h  fo r  o n e  h o u r .  

A f t e r  w o r k in g  u p  t h e  p r o d u c t  in  t h e  u s u a l m a n n e r  a  b e n ­

z o a te  w a s  o b ta in e d  w h ic h  c r y s t a l liz e d  fr o m  a lc o h o l a n d  

b e n z e n e  in  t h e  fo r m  o f fla t  n e e d le s ; m . p . 1 6 8 - 1 7 2 ° ; [ o l] 27d

4 -4 1 .8 °  (28.2 m g . in  2  c c . c h lo r o fo r m  s o lu tio n  g a v e  « 27d

-FO.59 0).
Anal. C a lc d . fo r  C 36H 52O 2 : C ,  8 3 .6 8 ; H , 1 0 .1 5 .  F o u n d :  

C , 8 3 .9 3 ; H , 1 0 .1 6 .

ai-Sitosterol.— T h e  p u r e  b e n z o a te  (m . p . 1 7 2 ° )  w a s  h y ­

d r o ly z e d  b y  r e flu x in g  i t  fo r  o n e  h o u r  w it h  a  5 %  a lc o h o lic  

s o lu tio n  o f p o ta s s iu m  h y d r o x id e . T h e  s te r o l w a s  t h e n  

p r e c ip ita te d  b y  t h e  a d d it io n  o f  w a te r . P u r if ic a t io n  w a s  

a c c o m p lish e d  b y  c r y s t a l liz a t io n  fr o m  a lc o h o l. N e e d le s  

w ere o b ta in e d  w h ic h  m e lte d  a t  1 6 4 - 1 6 6 ° ;  [ck] 28d  — 1 . 7 °

(23.6 m g . in 2  cc. o f  c h lo ro fo rm  s o lu tio n  g a v e  ck28d  — 0 .0 2 ° ) .  

a i-S ito s te r o l is p r e c ip ita te d  b y  d ig ito n in .

AnaL C a lc d . fo r  C 29H 480: C ,  8 4 .3 8 ; H , 1 1 .7 3 .  F o u n d :  

C , 8 3 .8 ;8 H , 1 1 .5 .

«i-Sitosteryl Acetate.— T h is  a c e t a t e  w a s  p r e p a r e d  by 
h e a tin g  a  s a m p le  o f « i-s ito s te r o l fo r  o n e  h o u r  o n  t h e  w a t e r -  

b a t h  w ith  a c e tic  a n h y d r id e . T h e  a c e t a t e  c r y s t a l l iz e d  o n  

co o lin g. R e c r y s t a lliz a t io n  fro m  a lc o h o l g a v e  le a f le t s  w h i c h  

m e lte d  a t  1 3 7 ° ;  [ a ] 28D + 2 8 .6 °  (2 7 .3  m g . in  2  c c . o f  c h lo r o ­

fo rm  s o lu tio n  g a v e  ck28d  + 0 .3 9 ° ) .

AnaL C a lc d . fo r  C 31H 50O 2 : C , 8 1 .8 7 ;  H , 1 1 .0 9 . F o u n d :  

C , 8 1 .9 5 , 8 1 .6 8 ; H , 10.98, 1 1 .0 5 .

a^-Sitosteryl ra-Dinitrobenzoate.— T h e  m o th e r  l iq u o r  o b ­

ta in e d  fro m  t h e  firs t c r y s t a lliz a t io n  o f c v i-sito ste ry l m -d in i­

tr o b e n z o a te  w a s  c o n c e n tr a te d , a n d  a lc o h o l w a s  a d d e d  u n t i l  

n e e d le s  s ta r te d  t o  c r y s t a lliz e  fr o m  t h e  b o ilin g  s o lu t io n .  

T h e  m a te r ia l so  o b ta in e d  (m . p . 1 8 0 - 1 9 0 ° )  w a s  r e c r y s t a l ­

lize d  s e v e r a l t im e s  fro m  e t h y l  a c e t a t e  a n d  a lc o h o l, a n d  

fro m  a c e to n e  u n til  t h e  m e lt in g  p o in t , a n d  r o t a t i o n  r e -

(8) As is so often the case with sterols, ai-sitosterol seems to retain 
a small amount of solvent of crystallization. This is very difficult 
to remove completely and lowers the value for the percentage of 
carbon.
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m a in e d  u n c h a n g e d . T h e  y ie ld  o f p u re  c ^ -sito ste ry l ra- 

d in itr o b e n z o a te  w a s  o n ly  0 .4  g. A n  a t t e m p t  t o  in cre ase  

t h e  y ie ld  b y  r e c r y s ta lliz a tio n  o f th e  m a te r ia l in  th e  m o th e r  

liq u o r s  w a s  u n s u cc e ss fu l.

c*2-S ito s t e r y l r a -d in itr o b e n z o a te  m e lte d  a t  2 0 6 °. I t  is 

m u c h  m o r e  s o lu b le  th a n  « i-s it o s te r y l  ra -d in itr o b e n z o a te , 

a n d  fo rm s n e e d le s  w h ic h  a r e  w h ite  w it h  a  y e llo w is h  tin t.  

I t  g iv e s  a  d e p r e s sio n  o f th e  m e ltin g  p o in t  w h e n  m ix e d  w ith  

t h e  a i-r a -d in it r o b e n z o a t e ; [o:]30d  + 2 6 . 4 °  (24.2 m g . in  2

c c . o f c h lo ro fo rm  s o lu tio n  g a v e  ck30d + 0 .3 2 ° ) .

Anal. C a lc d . fo r  C 37H 52N 20 6: C , 7 1 . 5 7 ;  H , 8 .4 5 ; N ,  

4 .5 1 .  F o u n d :  C ,  7 1 .7 0 , 7 1 . 7 1 ;  H , 8.24, 8 .2 0 ; N .4 .8 1 .

Titration with Perbenzoic Acid.— T w e n t y - f o u r  a n d  tw o -  

t e n t h s  m illig r a m s  t o o k  u p  1 .3 8  m g . o f o x y g e n  on s ta n d in g  

fo r  fo u r  d a y s  a t  0 °  w it h  a n  e x c e ss  o f p e r b e n z o ic  acid . T h is  

is  e q u iv a le n t  t o  2 .2 6  a to m s  o f o x y g e n . I n  a n o th e r e x ­

p e r im e n t  3 4 .4  m g . to o k  u p  1 .6 5  m g . o f o x y g e n  on s ta n d in g  

fo r  t w o  d a y s  a t  0 ° .  T h is  is  e q u iv a le n t  t o  1.8 2  a to m s  of  

o x y g e n . T h e s e  v a lu e s  a re  n o t  a s  g o o d  a s  in  cn -sito ste ry l  

r a -d in itr o b e n z o a te . T h e y  d o  s h o w , h o w e v e r , th e  p resen ce  

o f t w o  d o u b le  b o n d s .

a2-Sitosterol.— T h e  ra -d in itr o b e n z o a te  d e scrib e d  a b o v e  

w a s  h y d r o ly z e d  o n  t h e  w a t e r -b a t h  w it h  a  5 %  a lco h o lic  

s o lu tio n  o f  p o ta s s iu m  h y d r o x id e . T h e  fre e  ste ro l w a s  re ­

c r y s t a l liz e d  fr o m  a lc o h o l a n d  p e tr o le u m  e th e r .

a 2-S ito s te r o l m e lts  a t  1 5 6 ° .  I t  is s o lu b le  in  th e  c o m m o n  

s o lv e n ts ;  [a]25D + 3 . 5 °  (2 2 .6  m g . in  2 cc. o f ch lo ro fo rm  

s o lu tio n  g a v e  «25d + 0 .0 4 ° ) .

Anal. C a lc d .  fo r  C 30H 50O : C , 8 4 .4 3 ; H , 1 1 .8 2 . F o u n d :  

C ,  84 .4 0 ; H , 1 1 .9 1 .

«•rSitosteryl Benzoate.— a 2-S ito s te r o l w a s  d isso lv e d  in  

p y r id in e  a n d  t r e a t e d  w it h  b e n z o y l  ch lo rid e . T h e  so lu tio n  

w a s  k e p t  o n  t h e  w a t e r -b a t h  fo r o n e  h o u r. T h e  p ro d u c t  

w a s  w o r k e d  u p  in  th e  u s u a l m a n n e r. T h e  b e n z o a te  w as  

p u r ifie d  b y  r e c r y s ta lliz a tio n  fr o m  a  m ix tu r e  o f  b e n ze n e  an d  

a lc o h o l.

Q ö -S ito steryl b e n z o a te  is v e r y  so lu b le  in  b e n ze n e , a n d  

s p a r in g ly  s o lu b le  in  a lc o h o l. I t  fo rm s n ee d le s w h ic h  m e lt  

a t  1 6 4 - 1 6 6 ° .  T h e  m e ltin g  p o in t  is n o t  d ep ressed  b y  a\- 
s ito s te r y l b e n z o a te . [<*]26d + 2 7 . 4 °  (25.6  m g . in  2  cc. 

ch lo ro fo rm  s o lu tio n  g a v e  o:26d + 0 .3 5 ° ) .

Anal. C a lc d . fo r  C 37H 54O 2 : C ,  8 3 .7 1 ;  H , 10.26. F o u n d :  

C , 83.59, 8 3 .3 9 ; H , 1 0 .1 9 , 10 .3 2 .

«2-Sitosteryl Acetate.— a 2-S ito s te r o l w a s  c o n v e r te d  in to  

its  a c e ta te  b y  h e a tin g  w it h  a c e tic  a n h y d r id e  fo r on e h o u r in  

a  b o ilin g  w a te r -b a th . T h e  a c e t a t e  w a s  re c r y s ta lliz e d  from  

alco h o l. I t  fo r m s  s m a ll le a fle ts  w h ic h  m e lt  a t  1 2 4 - 1 2 6 ° .  

I t  is so lu b le  in  m o s t s o lv e n ts , b u t  o n ly  s p a r in g ly  s o lu b le  in  

m e th y l a lc o h o l [qj]27d + 1 6 . 5 °  (2 4 .2  m g . in  2  cc. o f ch lo ro ­

form  s o lu tio n  g a v e  «27d +  0 .2 0 °) .

Anal. C a lc d . fo r C 32H 520 2: C , 8 1 .9 8 ; H , 1 1 .1 9 .  F o u n d :  

C , 8 1 .7 5 , 8 1 .8 3 ; H , 1 1 .0 7 , 1 1 .2 8 .

We wish to express our thanks to Merck and 
Company, Inc., Rahway, N. J., for all the an­
alyses in this article and for a grant-in-aid for this 
work.

Summary
Two new double unsaturated sterols have been 

isolated in a pure state from the most soluble 
fraction of the sitosterol complex obtained from 
wheat germ oil and formerly named by Anderson 
a-sitosterol.

The acetates, benzoates and ra-dinitrobenzo- 
ates of these two sterols have been prepared and 
characterized.

oq-Sitosterol is an isomer of stigmasterol.
a2-Sitosterol is probably a homolog.

P r in c e t o n , N . J. R e c e iv e d  O ctober  19, 1936

[C o n t r ib u t io n  from  th e  P e d ia t r ic  R esea rc h  L aboratory  of t h e  J e w is h  H o spit a l  o f  B r o o k ly n ]

T h e  S y n t h e s i s  o f  B e n z a l p h t h a l a n e

B y  S a m u e l  N a t e l s o n  a n d  A a r o n  P e a r l

In a recent paper1 the relationship between 
benzalphthalide and certain naturally occurring 
materials was pointed out and a procedure for its 
conversion to compounds related to this series was 
demonstrated.

Since the hitherto unknown benzalphthalane of­
fered promise of becoming a valuable intermedi­
ate in this field of research, its synthesis appeared 
desirable. An unsuccessful attempt was made to 
obtain this product by condensation of phthalide 
with phenylacetic acid as follows

(1) Natelson and Gottfried, T h is  J o u r n a l , 58, 1432 (1936).

/ \ / c h 2

X
>0  +  C 6H 6C H 2C O O H  ■

\ c o

>0 +
, x /  h 2o  +  
X / N c  . • C 0 2

CHCeHg

In this reaction carbon dioxide and water, along 
with large yields of phthalide and toluene, were 
formed. Since phenylacetic acid under similar 
conditions does not evolve carbon dioxide, ben­
zalphthalane was probably the initial reaction 
product but immediately hydrolyzed in accord­
ance with the equation
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/ C H 2

> o  +  h 2o  ■

''CH
II
C H C e H s

w
o

> o  +  c 6h 5c h 3

However, a very satisfaetory synthesis was 
effected by conversion of phthalide through a 
Grignard synthesis, employing benzylmagnesium 
chloride, to 1-benzyl-1-hydroxyphthalane, fol­
lowed by dehydration of this product with the 
use of selenium.

x-v /C H 2 / d * 2
\  C 6H 5C H 2M g C l  f \

J > ------- H >°
o
c h 2

/ \
H O  C H 2C 6H 5

o
- h 2o

w
/ \

H O  C H 2C 6H 5

S e ( 1 4 0 °  C .)

v y

HO7

r O

v '
II

c h c 6h 5

Benzalphthalane is observed to be split readily, 
to yield phthalide, by numerous acidic or basic 
reagents, or even on exposure to air for several 
months. Because of this instability and the ex­
cellent results now obtained with derivatives of 
benzalphthalide, the application of the former 
in synthesis has been abandoned in favor of the 
latter.

R e a c t io n  b e t w e e n  P h t h a l i d e  a n d  P h e n y la c e t i c  A c id .— I n

fo u r  e x p e r im e n t s  2 7  g .  o f  p h t h a l id e ,  2 7 .5  g . o f  p h e n y la c e t i c  
a c id ,  2  g .  o f  f r e s h ly  f u s e d  s o d iu m  a c e t a t e ,  a n d  a  p in c h  o f  

p u m ic e  w e r e  h e a t e d  in  a  s a n d - b a t h  u n t i l  t h e  m e l t  r e a c h e d  

1 4 0 , 1 6 0 ,  1 8 0  a n d  2 3 0 ° ,  r e s p e c t iv e ly .  A t  1 4 0 °  s o m e  w a t e r  

a n d  c a r b o n  d io x id e  w e r e  e v o lv e d  a n d  a t  1 8 0  0 a l l  o f  t h e  c a r ­
b o n  d io x id e  w a s  e v o l v e d .  E v e n  w h e n  a  t e m p e r a tu r e  o f  

2 3 0  ° w a s  m a in t a in e d  fo r  t h r e e  h o u r s ,  t h e  r e a c t io n  m ix t u r e ,  
r e c r y s t a l l i z e d  f r o m  c a r b o n  b is u l f id e ,  y i e ld e d  2 5  g .  o f  

p h t h a l id e  ( m .  p .  7 4 . 5 ° ) .  { A n a l .  C a lc d .  fo r  C sH 60 2 : C ,  

7 1 .6 4 ;  H ,  4 .5 5 .  F o u n d :  C , 7 1 .7 3 ;  H ,  4 .6 1 . )  D i s t i l l a ­
t i o n  o f  t h e  f i l t r a t e  g a v e  a  f r a c t io n  o f  b .  p .  1 1 0 °  w h ic h  w a s  
id e n t i f i e d  a s  t o lu e n e .  I n  n o  c a s e  w a s  b e n z a lp h t h a la n e  

o b t a in e d .
I n  c o n f ir m a t io n  o f  t h e  a s s u m p t io n  t h a t  b e n z a lp h t h a la n e  

i s  a n  in t e r m e d ia r y  p r o d u c t  in  t h e  a b o v e  r e a c t io n s ,  i t  w a s  

f o u n d  t h a t  p h e n y l a c e t i c  a c id  e i t h e r  a lo n e  o r  a d m ix e d  w i t h  

f u s e d  s o d iu m  a c e t a t e  d o e s  n o t  e v o l v e  c a r b o n  d io x id e  w h e n  
h e a t e d  t o  1 8 0 ° .

1 - B  e n z y l - 1 - h y d r o x y p h t h a la n e .— A n  e t h e r  s o l u t i o n  o f  

b e n z y lm a g n e s iu m  c h lo r id e ,  p r e p a r e d  b y  d i s s o l v i n g  1 0  g .  o f  

m a g n e s iu m  in  a  s o l u t i o n  o f  6 0  g .  o f  b e n z y l  c h lo r id e  i n  3 0 0  

c c .  o f  a n h y d r o u s  e t h e r  w a s  a d d e d  d r o p  b y  d r o p  w i t h  v i g o r ­

o u s  s t i r r i n g  t o  a  c o o le d  s u s p e n s io n  o f  5 2  g .  o f  p h t h a l i d e ,  p r e ­

p a r e d  b y  t h e  m e t h o d  o f  R u s s e r t , 2 i n  2 0 0  c c .  o f  a n h y d r o u s  

e t h e r .  A s  t h e  G r ig n a r d  r e a g e n t  h i t s  t h e  p h t h a l i d e  s u s p e n ­

s io n  a  v ig o r o u s  r e a c t i o n  e n s u e s  a n d  a n  o r a n g e  c o lo r  a p p e a r s  

w h ic h  d i s a p p e a r s  o n  s t ir r i n g .  A f t e r  t h e  a d d i t i o n  w a s  c o m ­
p le t e  t h e  r e a c t i o n  m ix t u r e  w a s  s t i r r e d  fo r  t h i r t y  m i n u t e s  

lo n g e r  a n d  t h e n  a l lo w e d  t o  s t a n d  w e l l  c o r k e d  o v e r n i g h t .  

C r u s h e d  i c e  a n d  3 8 0  c c .  o f  1 0 %  s u l f u r ic  a c id  w e r e  t h e n  

a d d e d ,  t h e  m i x t u r e  w a s  w e l l  s h a k e n  a n d  t h e  e t h e r  l a y e r  

s e p a r a t e d .  T h e  lo w e r  la y e r  w a s  a g a in  w a s h e d  w i t h  e t h e r  

a n d  t h e  c o m b in e d  e t h e r  w a s h in g s  w e r e  d r ie d  o v e r  a n h y ­

d r o u s  s o d i u m  s u l f a t e  a n d  e v a p o r a t e d  o n  a  s t e a m - b a t h .  

T h e  o i l y  r e s id u e  c r y s t a l l i z e s  o n  s t i r r i n g  a n d  c o o l i n g  w i t h  

a lc o h o l  a n d  p e t r o l e u m  e t h e r  m ix t u r e  a n d  m a y  b e  r e c r y s ­

t a l l i z e d  f r o m  a lc o h o l  o r  f r o m  c a r b o n  b i s u l f id e  i n  l o n g  w h i t e  

n e e d le s ;  m .  p .  1 3 7 °  y i e l d  5 0  g . ;  in s o l .  p e t r o l e u m  e t h e r ,  s o l .  
a lc o h o l  a n d  c a r b o n  b i s u l f id e .

A n a l .  C a lc d .  f o r  C i 5H h 0 2: C ,  7 9 .6 4 ;  H ,  6 .1 9 .  F o u n d :  

C , 7 9 .3 3 ;  H ,  6 .4 4 .

B e n z a l p h t h a l a n e .  M e t h o d  1 .— F i f t y  g r a m s  o f  1 - b e n z y l -  

1 - h y d r o x y p h t h a la n e  i s  g r o u n d  w i t h  5  g .  o f  s e l e n i u m  a n d  
h e a t e d  o n  a  s a n d - b a t h  t o  1 4 0  ° . T h e  w a t e r  g i v e n  o f f  i s  c o l ­
l e c t e d  t h r o u g h  a  b e n t  t u b e  i n t o  a  g r a d u a t e d  c y l i n d e r .  

W h e n  t h e  w a t e r  c e a s e s  t o  c o m e  o f f ,  t h e  m a t e r ia l  i s  a l l o w e d  

t o  c o o l  a n d  i s  r e c r y s t a l l i z e d  f r o m  a lc o h o l ,  i n  w h i c h  i t  i s  

r a th e r  in s o lu b le  w h e n  c o ld .  B e n z a l p h t h a l a n e  c r y s t a l l i z e s  

a s  w e d g e - s h a p e d  g o ld e n  c r y s t a l s ,  m .  p .  9 4 ° ;  y i e l d  4 2  g .

A n a l .  C a lc d .  f o r  C i &Hi20 :  C ,  8 6 .5 3 ;  H ,  5 .7 7 .  F o u n d :  

C , 8 6 .3 3 ;  H ,  5 .9 3 .

M e t h o d  2 .— T o  5 0  g .  o f  1 - b e n z y l - 1 - h y d r o x y p h t h a l a n e  

w a s  a d d e d  2 0  g .  o f  c o ld  c o n c d .  s u l f u r ic  a c id .  T h e  m i x t u r e  

w a s  s h a k e n  a n d  t h e n  g e n t l y  w a r m e d  t o  4 0  ° f o r  a  f e w  m i n ­
u t e s .  T h e  m i x t u r e  w a s  a l lo w e d  t o  c o m e  t o  r o o m  t e m p e r a ­
t u r e  a n d  w a s h e d  f r e e  o f  s u l f u r ic  a c id  w i t h  w a t e r  a n d  r e ­

c r y s t a l l i z e d  f r o m  a lc o h o l ;  m .  p .  9 4 ° ;  y i e l d  1 0 - 1 8  g .

Summary
1. Benzalphthalane is prepared by dehydration 

of 1-benzyl-1-hydroxyphthalane formed by the ac­
tion of benzylmagnesium chloride on phthalide.

2. The reaction between phthalide and phenyl­
acetic acid in the presence of sodium acetate is 
studied and a rationale proposed for the inability 
to obtain benzalphthalane from this reaction mix­
ture.
N e w  Y o r k ,  N ,  Y .  R e c e iv e d  A u g u s t  1 ,  1 9 3 6

(2) Russert, Ber., 46, 1489 (1913).



2450 R eynold  C. F uson , R. E. Christ  and G. M. W hitman Vol. 58

[C o n t r ib u t io n  from  t h e  Chem ical L aboratory  of t h e  U n iv e r sit y  of I l l in o is]

T h e  C o n d e n s a t i o n  o f  P r o p e n y l  K e t o n e s  w i t h  E t h y l  O x a l a t e

By Reynold C. Fuson, R. E. Christ1 and G. M. Whitman

Propenyl ketones and their higher vinylogs2 
might be expected to exhibit the properties char­
acteristic of methyl ketones. Thus condensa­
tion with ethyl oxalate would lead to the synthe­
sis of substances of the type RCO(CHCH=)M-  
CH2COCOOC2H 5 analogous to the unsaturated 
keto esters of the type R02C(CH==UH)wCH2- 
COCOOR derived from crotonic ester and its 
vinylogs.3 The realization of this expectation 
would open the way to the preparation of keto 
acids of the type RCO(CH==CH)wCOOH.

As a first step in this process we have studied 
the action of ethyl oxalate on two propenyl ke­
tones—phenyl propenyl ketone (I) and mesityl 
propenyl ketone (V). Phenyl propenyl ketone 
was treated with ethyl oxalate in ether solution, 
potassium ethoxide being employed as a catalyst. 
The reaction led to the formation of the potas­
sium salt (II); this demonstrates that the methyl 
group of I possesses the activity which was to be 
predicted.

C6H6CO—CH=CH—ch3 
I

I OK
C6H6COCH=CHCH=CCOOC2H6---

I I

OCOC6H5
C 6H 6C O C H = C H C H = C C O O C 2H 5

I I I
T

C6H6COCH=CHCH2COCOOC2H6
I V

When treated with benzoyl chloride, the salt 
was converted into the benzoate (III). The free 
keto ester (IV) was produced by dissolving the 
potassium salt in water and acidifying with acetic 
acid. This is a somewhat unstable substance. 
As first obtained, it is a light yellow crystalline 
eompound. Upon exposure to air, it assumes a 
brilliant orange color and finally changes to a 
reddish oil. lts alcoholic solution is colored a 
light brown by ferric chloride, showing that it 
exists to some extent, at least, in its enolic form. 
It is readily soluble in alkali.

Phenyl propenyl ketone was found to give a
(1) Du Pont Post-doctorate Fellow, 1935-1936.
(2) Fuson, Chem. Rev., 16, 1 (1935).
(3) Kuhn and Grundmann, Ber., 69, 1757 (1936).

positive iodoform test; however, the production 
of iodoform is slow. Undoubtedly, the alkali 
employed in this reaction is capable of Splitting 
the ketone into acetophenone and acetaldehyde, 
both of which would give the iodoform reaction. 
At any rate, the hydrolytic cleavage of the double 
bond conjugated with the carbonyl group was ac­
complished by refluxing the ketone with potas­
sium carbonate solution. The acetophenone was 
actually isolated and characterized, but the alde­
hyde underwent condensation in the presence of 
the carbonate solution. This is in accord with 
the results of Meyer4 on the hydrolytic cleavage 
of similar unsaturated ketones.

Mesityl propenyl ketone (V), a new eompound, 
was prepared from crotonyl chloride and mesity­
lene, employing the Friedel-Crafts synthesis.

( C H 3)3C 6H 2— C O — C H = C H — c h 3
V

( C H 3) 3C 6H 2— C O — C H = C H — C H 2— C O — C O O C 2H 6

V I

( C H 3) 3C 6H 2C O O H

V I I

This ketone was Condensed with ethyl oxalate 
in an alcoholic solution, using potassium ethoxide 
as a catalyst. The product isolated was the ex­
pected keto ester (VI). It is a light yellow crys­
talline substance, which, unlike the corresponding 
phenyl eompound, is quite stable in air. It is 
readily soluble in alkali, showing that it exists 
in its enolic form. Oxidation with hydrogen per­
oxide leads to the formation of ß-isodurylic acid
( V U ) .

Experimental
Crotonyl Chloride.— T h i s  s u b s t a n c e  w a s  p r e p a r e d  b y  a  

s l ig h t  m o d i f ic a t io n  o f  t h e  m e t h o d  o f  K o h i e r .5 C r o to n ic  

a c id  a n d  t h i o n y l  c h lo r id e  w e r e  u s e d  in s t e a d  o f  s o d iu m  c r o -  

t o n a t e  a n d  p h o s p h o r u s  o x y c h lo r id e .
O n e  m o le  ( 8 6  g . )  o f  c r o t o n ic  a c id  w a s  h e a t e d  u n d e r  r e f lu x  

w it h  3 0 0  c c .  o f  t h i o n y l  c h lo r id e  in  a  1 - l i t e r ,  t h r e e -n e c k e d  

f la s k ,  e q u ip p e d  w i t h  a  s t ir r e r  a n d  r e f lu x  c o n d e n s e r ,  u n t i l  

t h e  e v o lu t i o n  o f  h y d r o g e n  c h lo r id e  c e a s e d .  T h e  m ix t u r e  

w a s  t h e n  f r a c t io n a l ly  d i s t i l l e d  fr o m  a  m o d i f ie d  C la is e n  

f la s k .  T h e  e x c e s s  t h i o n y l  c h lo r id e  d i s t i l l e d  a t  7 5 - 8 0 ° .  
T h e  t e m p e r a t u r e  t h e n  r o s e  r a p id l y  t o  1 2 4 ° ,  w h e r e  t h e  c r o ­

t o n y l  c h lo r id e  b e g a n  t o  d i s t i l l .  T h e  y ie ld  w a s  9 0  g . ,  b . p .  
1 2 4 - 1 2 6 ° ,  o r  8 6 %  o f  t h e  t h e o r e t i c a l  a m o u n t .

(4) Meyer, Helv. Chim. Acta, 18, 461 (1935).
(5) Kohier, Am. Chem. J., 42, 395 (1909).
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Phenyl Propenyl Ketone.—T h e  d ir e c t io n s  o f  K o h i e r 5 

w e r e  u s e d  t o  p r e p a r e  t h i s  k e t o n e  w i t h  t h e  m o d i f ic a t io n  t h a t  

b e n z e n e  w a s  s u b s t i t u t e d  fo r  c a r b o n  d is u lf id e  a s  s o lv e n t .

T w o  h u n d r e d  g r a m s  o f  a lu m in u m  c h lo r id e  w a s  p la c e d  in  

a  1 - l i te r ,  t h r e e - n e c k e d  f la s k  w i t h  6 0 0  c c .  o f  b e n z e n e .  T h e  

m ix t u r e  w a s  c o o le d  t o  0  ° a n d  e x p o s e d  t o  t h e  r a y s  o f  a  m e r ­

c u r y  v a p o r  la m p .  W i t h  v ig o r o u s  s t ir r in g ,  1 4 6  g . o f  c r o ­

t o n y l  c h lo r id e  w a s  r u n  in  o v e r  a  p e r io d  o f  t h i r t y  m in u t e s .  

T h e r e  w a s  b r i s k  e v o lu t i o n  o f  h y d r o g e n  c h lo r id e  a n d  t h e  

d e p o s i t io n  o f  a  c o lo r le s s  a lu m in u m  c h lo r id e  c o m p le x .  
A fte r  f i f t e e n  m in u t e s ,  t h e  c o n t e n t s  w a s  p o u r e d  in t o  a n  i c e -  

h y d r o c h lo r ic  a c id  m ix t u r e ,  e x t r a c t e d  w i t h  e t h e r ,  w a s h e d  

w i t h  1 0 %  s o d iu m  h y d r o x id e  s o lu t io n ,  d r ie d  a n d  d is t i l l e d  

u n d e r  r e d u c e d  p r e s s u r e .  T h e  f r a c t io n  h a v in g  a  b o i l in g  

p o in t  o f  9 0 - 9 5  ° ( 2  m m .)  w a s  c o l l e c t e d  a s  t h e  d e s ir e d  k e t o n e .  
T h e  t o t a l  w e i g h t  w a s  1 2 4  g . ,  r e p r e s e n t in g  a  6 1 %  y ie ld ;  

w26d 1 .5 4 7 5 .
T h e  r e s id u e  i n  t h e  f la s k  s o l id i f i e d  u p o n  c o o l in g .  R e c r y s ­

t a l l i z a t io n  f r o m  a lc o h o l  g a v e  6 5  g .  o f  a  p r o d u c t  h a v in g  a  

m e lt i n g  p o in t  o f  7 4 ° .  T h i s  w a s  t h e  p r o d u c t  ( C 6H ÖC H -  

(C H ^ C E b C O C e H ö )  o b t a in e d  b y  K o h ie r  b y  t h e  c o n d e n s a ­
t i o n  o f  t w o  m o le c u le s  o f  b e n z e n e  w i t h  o n e  o f  c r o t o n y l  
c h lo r id e .

Hydrolytic Cleavage of Phenyl Propenyl Ketone.— I n  a n
a l l - g la s s  r e f lu x in g  a p p a r a t u s  w e r e  p la c e d  4 .0  g . o f  p h e n y l  

p r o p e n y l  k e t o n e ,  1 0  g . o f  p o t a s s iu m  c a r b o n a t e  a n d  5 0  c c .  o f  

w a te r .  T o  t h e  t o p  o f  t h e  r e f lu x  c o n d e n s e r  w a s  a t t a c h e d  a  

t u b e  le a d in g  i n t o  a  s o lu t io n  o f  4  g . o f  s e m ic a r b a z id e  h y d r o ­

c h lo r id e  a n d  4  g . o f  s o d iu m  a c e t a t e  d i s s o lv e d  in  5 0  c c .  o f  

w a te r .  T h e  o b j e c t  o f  t h i s  w a s  t o  c o l l e c t  a n y  a c e t a ld e h y d e  

w h ic h  m ig h t  b e  f o r m e d  f r o m  t h e  h y d r o ly s i s .  T h e  s o lu t io n  

w a s  r e f lu x e d  fo r  a  p e r io d  o f  t w e n t y - o n e  h o u r s .  T w ic e  

d u r in g  t h i s  t im e ,  t h e  w a t e r  w a s  r e m o v e d  fr o m  t h e  c o n d e n s e r  

t o  a l lo w  a  s m a l l  a m o u n t  o f  v a p o r  t o  p a s s  o v e r  in t o  t h e  

s e m ic a r b a z id e  s o lu t io n .  I t  w a s  h o p e d  t h a t  in  t h i s  w a y  a n y  

a c e t a ld e h y d e  w o u ld  b e  d e t e c t e d .  H o w e v e r ,  t h e  s e m ic a r ­

b a z o n e  i s o la t e d  p r o v e d  t o  b e  t h a t  o f  a c e t o p h e n o n e ;  m . p .  

2 0 1 ° .
T h e  s o lu t io n  r e m a in in g  in  t h e  f la s k  w a s  e x t r a c t e d  tw ic e  

w it h  e th e r ,  w a s h e d  a n d  t h e n  d r ie d  o v e r  c a lc iu m  c h lo r id e .  

U p o n  d is t i l l a t io n ,  2 .1 1  g . o f  p r o d u c t  w a s  o b t a in e d ,  h a v in g  

a  b o i l in g  p o in t  o f  1 9 6 - 2 0 3  °. A b o u t  0 .5  g . o f  h ig h e r  b o i l ­

in g  m a t e r ia l  r e m a in e d  in  t h e  f la s k .  T h e  s e m ic a r b a z o n e  
o f  t h e  1 9 6 - 2 0 3 °  f r a c t io n  w a s  p r e p a r e d ,  a n d  w a s  fo u n d  t o  

h a v e  a  m e l t i n g  p o in t  o f  2 0 0  °. A  m ix e d  m e l t i n g  p o in t  w i t h  
a n  a u t h e n t i c  s a m p le  o f  a c e t o p h e n o n e  s e m ic a r b a z o n e  ( m . p .  

2 0 2 ° )  w a s  f o u n d  t o  b e  2 0 1 ° .  T h i s  p r o v e d  t h a t  a c e t o ­
p h e n o n e  w a s  fo r m e d  b y  t h e  h y d r o ly t i c  c le a v a g e  o f  t h e  
p h e n y l  p r o p e n y l  k e t o n e .  T h e  o t h e r  p r o d u c t ,  w h ic h  w o u ld  

h a v e  t o  b e  a c e t a ld e h y d e ,  w a s  n o t  i s o la t e d .  I t  p r o b a b ly  

u n d e r w e n t  c o n d e n s a t io n  i n  t h e  p r e s e n c e  o f  a lk a l i ,  a c c o u n t ­
in g  fo r  t h e  r e s id u e  r e m a in in g  in  t h e  d i s t i l l in g  f la s k .

Iodoform Reaction with Phenyl Propenyl Ketone.— I n  

t h i s  t e s t  t h e  r e a g e n t  o f  F u s o n  a n d  T u l lo c k 6 w a s  u s e d .  A  

s m a l l  a m o u n t  o f  i o d o f o r m  w a s  o b t a in e d .
Condensation of Ethyl Oxalate with Phenyl Propenyl 

Ketone.— T w e n t y - s i x  g r a m s  o f  f in e l y  c u t  p o t a s s iu m  w a s  
p la c e d  in  a  f la s k  w i t h  1 7 0  c c .  o f  d r y  e t h e r  a n d  c o o le d  t o  0 ° ;  

1 1 6  c c .  o f  a b s o lu t e  a lc o h o l  w a s  a d d e d ,  w i t h  s h a k in g .

T o  t h e  e th e r  s o lu t io n  o f  p o t a s s iu m  e t h o x id e  w a s  t h e n  

a d d e d  4 8 .8  g . o f  e t h y l  o x a la t e  d i s s o lv e d  in  2 0  c c .  o f  e th e r .

F i f t e e n  m i n u t e s  la t e r ,  4 8 .8  g .  o f  p h e n y l  p r o p e n y l  k e t o n e  

d i s s o lv e d  i n  2 0  c c .  o f  e t h e r  w a s  a d d e d ,  w i t h  c o n t i n u e d  

s h a k in g .  T h e  c o lo r  o f  t h e  s o l u t i o n  b e g a n  t o  d a r k e n  a f t e r  

a  p e r io d  o f  t im e .  T h e  m ix t u r e  w a s  a l lo w e d  t o  s t a n d  in  a n  

ic e  b o x  fo r  t w e n t y - f o u r  h o u r s ;  a  h e a v y  la y e r  o f  b r i l l i a n t  

o r a n g e  c r y s t a l s  o f  t h e  p o t a s s i u m  s a l t  ( I I )  s e t t l e d  o u t .
T h e  m ix t u r e  w a s  f i l t e r e d  r a p id l y ,  a n d  t h e  p o t a s s i u m  s a l t  

w a s  t h e n  w a s h e d  s e v e r a l  t i m e s  w i t h  d r y  e t h e r .  A f t e r w a r d  

i t  w a s  d r ie d  in  a  d e s ic c a t o r  fo r  t w e l v e  h o u r s  u n d e r  r e d u c e d  

p r e s s u r e .  T h e  w e i g h t  o f  t h e  f in a l  p r o d u c t  w a s  7 7  g . ;  

y ie ld  8 1 .3 % .
Reaction of the Potassium Salt (II) with Benzoyl Chlo­

ride.— T e n  g r a m s  o f  t h e  s a l t  w a s  m ix e d  w i t h  5 .3  g . o f  

b e n z o y l  c h lo r id e  d i s s o lv e d  i n  7 5  c c .  o f  e t h e r  a n d  a l l o w e d  t o  

s t a n d  fo r  a  p e r io d  o f  t w e l v e  h o u r s  a t  r o o m  t e m p e r a t u r e .

T h e  s o lu t io n  w a s  p r a c t i c a l ly  c o lo r le s s  b y  t h i s  t i m e ,  a n d  

a  p r e c i p i t a t e  o f  p o t a s s iu m  c h lo r id e  c r y s t a l s  w a s  o n  t h e  b o t ­

t o m  o f  t h e  f la s k .  A f t e r  a d d i t i o n  o f  w a t e r ,  t h e  i n s o lu b le  

e t h e r  la y e r  w a s  s e p a r a t e d  a n d  w a s h e d  s e v e r a l  t i m e s .  T h e  

s o lv e n t  w a s  t h e n  e v a p o r a t e d ,  l e a v i n g  a  y e l l o w  c r y s t a l l i n e  

m a s s  o f  t h e  b e n z o y l  d e r iv a t iv e .  T h i s  w a s  c o l l e c t e d  o n  a  

f i l te r ,  w a s h e d  w i t h  1 0 %  s o d iu m  h y d r o x id e  t o  r e m o v e  a n y  

b e n z o y l  c h lo r id e  o r  b e n z o ic  a c id  p r e s e n t  a n d  t h e n  r e c r y s ­
t a l l i z e d  t h r e e  t i m e s  f r o m  a lc o h o l .

T h e  f in a l  p r o d u c t  w a s  a  l i g h t  y e l l o w  c r y s t a l l i n e  s u b s t a n c e  

h a v in g  a  m e l t i n g  p o in t  o f  1 2 3  °. T h e  t o t a l  w e i g h t  w a s  5 .2 8  
g ., r e p r e s e n t in g  a  4 3 %  y ie ld .

A n a l ,  ( s e m i - m ic r o )  C a lc d .  f o r  C 2iH i80 5 : C ,  7 1 . 9 9 ;  H ,  

5 .1 8 .  F o u n d :  C , 7 1 .7 5 ;  H ,  5 .3 0 .

Preparation of the Keto Ester (IV) from the Potassium 
Salt.—T e n  g r a m s  o f  t h e  s a l t  w a s  d i s s o l v e d  i n  1 0 0  c c .  of 
w a te r .  T h e  a d d i t io n  o f  a n  e x c e s s  o f  2  N  a c e t i c  a c i d  c a u s e d  

a  y e l lo w  s e m ic r y s t a l l in e  m a s s  t o  b e  t h r o w n  o u t  o f  s o l u t i o n .  

T h e  w e ig h t  o f  c r u d e  m a t e r ia l ,  o b t a i n e d  b y  f i l t e r i n g  a n d  
d r y in g  b y  s u c t io n ,  a m o u n t e d  t o  7 .8  g .

T h e  k e t o  e s t e r  i s  s o m e w h a t  u n s t a b le .  E v e n  d u r i n g  t h e  

c r y s t a l l i z a t io n  a  c h a n g e  a p p e a r s  t o  t a k e  p la c e .  T h e  b e s t  

s o lv e n t  w a s  f o u n d  t o  b e  a l c o h o l  t o  w h ic h  a  f e w  d r o p s  o f  

a c e t ic  a c id  h a d  b e e n  a d d e d .  T h e  c r y s t a l s ,  a s  f i r s t  o b ­
t a in e d ,  h a v e  a  f a i n t l y  y e l l o w  c o lo r  a n d  m e l t  a t  1 0 6 ° ,  w i t h  

d e c o m p o s i t io n .  U p o n  e x p o s u r e  t o  a ir ,  t h e y  a s s u m e  a  

b r i l l ia n t  o r a n g e  c o lo r ,  a n d  f in a l ly  m e l t  t o  f o r m  a  r e d d i s h  o i l .  
W h e n  t h e  e o m p o u n d  i s  s t o r e d  i n  a  d e s i c c a t o r  a t  r e d u c e d  

p r e s s u r e ,  n o  c h a n g e  o c c u r s .  T h e  e o m p o u n d  d i s s o l v e s  in  

a lk a l i ,  g i v i n g  a  l i g h t  y e l lo w  c o lo r a t io n .

A n a l ,  ( s e m i - m ic r o )  C a lc d .  f o r  C u H u C h :  C ,  6 8 . 2 6 ;  H ,  
5 .7 3 .  F o u n d :  C ,  6 8 .1 4 ;  H ,  5 .7 9 .

Preparation of Mesityl Propenyl Ketone.— T h i s  i s  a  n e w  

e o m p o u n d .  I t  w a s  p r e p a r e d  f r o m  c r o t o n y l  c h l o r i d e  a n d  

m e s i t y l e n e  b y  u s e  o f  t h e  F r i e d e l - C r a f t s  s y n t h e s i s .

T w o  h u n d r e d  e i g h t y  g r a m s  o f  a lu m in u m  c h l o r i d e  w a s  

p la c e d  in  a  2 - l i t e r ,  t h r e e - n e c k e d  f la s k  w i t h  8 0 0  c c .  o f  c a r ­

b o n  d is u lf id e .  T h e  m ix t u r e  w a s  c o o le d  t o  0 °  a n d  e x p o s e d  
t o  t h e  r a y s  o f  a  m e r c u r y  v a p o r  la m p .  W i t h  v i g o r o u s  s t i r ­

r in g ,  2 0 9  g . o f  c r o t o n y l  c h lo r id e  a n d  2 4 0 .2  g .  o f  m e s i t y l e n e  

d is s o lv e d  in  2 0 0  c c .  o f  c a r b o n  d is u l f id e  w e r e  r u n  i n  s l o w l y  

o v e r  a  p e r io d  o f  t w o  h o u r s .  T h e r e  w a s  a  v i g o r o u s  e v o l u ­
t io n  o f  h y d r o g e n  c h lo r id e .  T h e  s o l u t i o n  w a s  s t i r r e d  f o r  a n  

a d d i t io n a l  t w o  h o u r s  a t  r o o m  t e m p e r a t u r e .  T h e  c o n t e n t s  
w e r e  t h e n  p o u r e d  in t o  i c e d  h y d r o c h lo r ic  a c id  s o l u t i o n ,  e x ­
t r a c t e d  w i t h  e t h e r ,  w a s h e d  w i t h  a lk a l i ,  d r ie d  o v e r  c a l c iu m  

c h lo r id e  a n d  d is t i l l e d  u n d e r  r e d u c e d  p r e s s u r e .  A  t o t a l  o f(6) Fuson and Tullock, T h is  J o u r n a l , 56, 1638 (1934).
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2 8 4  g . o f  t h e  d e s i r e d  k e t o n e  w a s  o b t a in e d ;  b .  p .  1 2 8 °  ( 5  

m m .) ;  w20d  1 .5 3 3 0 ;  d 2h  0 .9 8 1 9 .  T h i s  r e p r e s e n t s  a  y i e ld  o f  

7 5 % .

A n a l ,  ( s e m i - m ic r o )  C a lc d .  f o r  C i3H i60 :  C , 8 2 .9 2 ;  H ,  

8 .5 7 .  F o u n d :  C ,  8 2 .6 1 ;  H ,  8 .4 6 .

C o n d e n s a t io n  o f  M e s i t y l  P r o p e n y l  K e t o n e  w i t h  E t h y l  

O x a la t e .— A  t o t a l  o f  6 .5  g .  o f  f in e l y  c u t  p o t a s s iu m  w a s  

p la c e d  i n  a  f la s k  w i t h  4 5  c c .  o f  d r y  e t h e r .  A b s o lu t e  a l c o ­
h o l  ( 2 9  c c . )  w a s  a d d e d ,  w i t h  s h a k in g ,  t o  c o n v e r t  t h e  p o t a s ­

s iu m  t o  p o t a s s i u m  e t h o x id e .
T o  t h e  e t h e r  s o l u t i o n  w a s  t h e n  a d d e d  1 2 .2  g . o f  e t h y l  

o x a la t e  d i s s o l v e d  i n  1 5  c c .  o f  e t h e r .  F i f t e e n  m in u t e s  la t e r ,
1 5 .7  g .  o f  m e s i t y l  p r o p e n y l  k e t o n e  d i s s o l v e d  in  1 5  c c .  o f  

e t h e r  w a s  a d d e d ,  w i t h  c o n t in u e d  s h a k in g .  T h e  c o lo r  o f  

t h e  s o lu t io n  s o o n  c h a n g e d  t o  a  d a r k  r e d .  T h e  m ix t u r e  
w a s  a l lo w e d  t o  s t a n d  fo r  a  p e r io d  o f  t w e n t y  h o u r s  in  a n  ic e  

b o x .
T h e  s o l u t i o n  w a s  t h e n  t r e a t e d  w i t h  w a t e r  a n d  n e u t r a l i z e d  

w i t h  a c e t i c  a c i d .  T h e  e t h e r  l a y e r  w a s  s e p a r a t e d  a n d  d r ie d .  

E v a p o r a t i o n  o f  t h e  s o l v e n t  l e f t  a  c r y s t a l l in e  m a s s .  C r y s ­
t a l l i z a t i o n  f r o m  a lc o h o l  g a v e  2 2  g . o f  b e a u t i f u l  l i g h t  y e l lo w  

c r y s t a l s  w h ic h  m e l t e d ,  w i t h  d e c o m p o s i t io n ,  a t  1 5 6 ° ;  y ie ld  

9 0 % .

A n a l ,  ( m ic r o )  C a lc d .  fo r  C 17H 20O 4 : C , 7 0 .7 8 ;  H ,  6 .9 9 .  

F o u n d :  C , 7 0 .7 4 ;  H ,  6 .9 6 .

O x id a t io n  w i t h  H y d r o g e n  P e r o x i d e .— O n e  g r a m  o f  th e  

e s t e r  w a s  p l a c e d  i n  a  f la s k  w i t h  2 0  c c .  o f  1 0 %  s o d iu m  h y ­

d r o x id e  s o l u t i o n  a n d  1 0 0  c c .  o f  3 %  h y d r o g e n  p e r o x id e  s o lu ­

t io n .  T h e  m ix t u r e  w a s  a l lo w e d  t o  s t a n d  fo r  a  p e r io d  o f  
t w e lv e  h o u r s  a t  r o o m  t e m p e r a t u r e .

T h e  s o lu t io n  w a s  t h e n  a c id i f i e d  w i t h  a c e t ic  a c id .  T h e  

p r e c i p i t a t e  w h ic h  f o r m e d  w a s  c o l l e c t e d  o n  a  f i l t e r  a n d  r e d i s ­
s o lv e d  i n  a lk a l i .  I t  w a s  t h e n  t h r o w n  o u t  o f  s o lu t io n  a g a in  

b y  t h e  a d d i t i o n  o f  m o r e  a c e t i c  a c id .  R e c r y s t a l l i z a t io n  

f r o m  ä  m ix t u r e  o f  b e n z e n e  a n d  lo w - b o i l in g  p e tr o le u m  e th e r  

g a v e  0 .3 4  g .  o f  b e a u t i f u l  c o lo r le s s  c r y s t a l s  o f  ß - is o d u r y l ic  

a c id ;  m .  p .  1 5 2 ° .

Summary

Phenyl propenyl ketone (I) has been prepared 
from crotonyl chloride and benzene by use of 
Friedel-Crafts synthesis. The ketone was Con­
densed with ethyl oxalate in ether solution, po­
tassium ethoxide being employed as a catalyst.

The potassium salt (II) was converted into the 
benzoate (III) by treatment with benzoyl chlo­
ride. When the salt was acidified with acetic 
acid, the free keto ester (IV) was produced.

Mesityl propenyl ketone (V) has been prepared 
in an analogous manner. It was, likewise, Con­
densed with ethyl oxalate, producing a keto ester
(VI).
U r b a n a , I I I .  R e c e iv e d  O ctober  5 ,  1 9 3 6

[C o n t r ib u t io n  from  th e  A m monia  D epa r t m e n t  of E . I .  d u  P on t  de  N e m o u r s  & Com pa n y ]

Q u a n t i t a t i v e  D e t e r m i n a t i o n  o f  A n h y d r i d e s  o f  C a r b o x y l i c  A c i d s

B y  D o n a l d  M i l t o n  S m i t h  a n d  W .  M .  D .  B r y a n t

Organic acid anhydrides ordinarily are esti­
mated analytically either by hydrolysis followed 
by titration of both acidic groups, or by the use of 
a reaction which converts one acidic residue into 
a neutral substance leaving only one carboxyl 
as a measure of the anhydride present. While 
both analytical schemes are bases of accepted 
methods, it is apparent that neither alone is suffi­
ciënt to differentiate sharply between anhydrides 
and free acids. However, by using the two prin­
ciples in combination, it becomes possible to de­
termine the -CO-O-CO- content of a mixture, 
even though the exact nature and composition 
of the mixture is unknown. Radcliffe and Med- 
ofski1 have made a careful investigation of the 
above-mentioned procedures as applied to acetic 
anhydride. The majority of these procedures 
make use of the fact that an anhydride reacts

(1) Radcliffe and Medofski, J. Soc. Chem. Ind., 36, 628 (1917).

with aniline to form a mole each of anilide and 
acid, respectively2
R C O — O — C O R  +  =

R C O O H

The action of alcoholates of the alkali metals 
upon anhydrides is analogous to that of aniline, 
a mole of ester and a mole of alkali salt resulting 
from the reaction carried out as a titration.3

Except for the closely related work of Holde4 
on the titration of higher fatty acid anhydrides 
with alcoholic sodium hydroxide, little use has 
been made of the above reaction in an analytical 
way.

In the present investigation a Standard solution 
of sodium methylate was used in place of aniline,

(2) Menschutkin and Vasiliev, J, Russ. Phys.-Chem. Soc., 21, 190 
(1889).

(3) Caudri, Ree. trav. chim., 48, 778 (1929).
(4) Holde and Smelkus, Ber., 53, 1889 (1920); Holde and Tacke, 

ibid., 5 3 , 1898 (1920).

< /  ^ > N H C O R  +
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since it offered the advantage of combining into 
a single step the cleavage and neutralization proc­
esses of the older method while sharing its high 
reactivity. Total acidity was determined on a 
separate sample by titration with aqueous sodium 
hydroxide. In this connection it was found that 
the addition of a large amount of pyridine just 
before titration greatly accelerated the hydrolysis 
of anhydrides rendering it in most cases instan- 
taneous. The two basic reactions involved are 
R C O — O — C O R  +  C H 3O N a  =  R C O O C H 3 +  R C O O N a

(1)
and
R C O — O — C O R  +  2 N a O H  =  2 R C O O N a  +  H 20  (2 )

It is readily apparent that in mixture with other 
acidic materials the distinctive measure of an­
hydride present is the amount of acyl radical 
rendered unavailable as ester, or the equivalent 
difference between the titers of the above reac­
tions. The initial presence of free acids is with­
out effect upon this determination.

A group of ten anhydrides selected for wide 
differences in structure were analyzed by this 
method with an average precision of ±0.2%. 
The method is stoichiometric within this limit 
as shown by results obtained with glutaric, phtha­
lic and camphoric anhydrides, the substances ob­
tained in the highest purity. All of the com­
pounds except camphoric anhydride were ti­
trated directly in the cold. Due to steric hin­
drance arising from the presence of an adjacent 
tertiary carbon atom, the latter material required 
thirty minutes of heating at 60° with an excess of 
reagent, followed by back-titration with Standard 
acid. The analytical data are given in Table I.

T a b l e  I

A n a ly t ic a l  D a ta  fob  A n h y d r id e s
Millimoles per gram sample % of

Anhydride
NaOH

(a)
NaOCHs

(b)
-co-o-co-

(a-b)
theoretical

-CO-O-CO-
A c e t ic 1 9 .6 1 9 . 8 8 9 . 7 3 ( 4 ) “ 9 9 . 3  ±  0 . 2
P r o p io n ic 1 5 . 4 0 7 . 7 9 7 . 6 1 ( 3 )  9 9 . 0 .2
w -H e p t y l ic 8 . 2 1 4 . 2 1 4 . 0 0 ( 1 )  9 6 . 9
S u c c in ic 1 9 .8 3 1 0 . 3 5 9 . 4 8 ( 4 )  9 4 . 8 .2
M a le ic 2 0 . 2 0 1 0 . 2 2 9 . 9 8 ( 2 )  9 7 . 8 .0
G lu ta r ic 1 7 . 4 2 8 . 6 7 8 . 7 5 ( 2 )  9 9 . 8 .1
C a m p h o r ic 1 0 . 9 9 5 . 4 9 5 . 5 0 ( 2 ) 1 0 0 . 2 .4
B e n z o ic 8 . 8 4 4 . 4 5 4 . 3 9 ( 2 )  9 9 . 3 .1
P h t h a l i c 1 3 . 5 0 6 . 7 5 6 . 7 5 ( 2 )  9 9 . 9 .3
F u r o ic 9 . 6 1 4 . 9 7 4 . 6 4 ( 4 )  9 6 . 6 .2

a F ig u r e s  in  p a r e n t h e s e s  i n d i c a t e  n u m b e r  o f  in d iv id u a l  
d e te r m in a t io n s .

The matter of interfering substances was also 
investigated and as the probable titration be­

havior of lactones was in doubt several examples 
of this class were examined and the results re­
corded in Table II. Ordinary esters and stable 
lactones like phthalide and coumarin are inert 
toward the reagents as ordinarily employed, hence 
do not interfere. Readily hydrolyzed compounds 
of these classes such as alkyl formates and glu- 
cono-5-lactone although unaffected by sodium 
methylate undergo hydrolysis in aqueous solu­
tion and so lead to ambiguous results in mixtures. 
ß-Methylumbelliferone, a substituted coumarin, 
reacts as an acid with both reagents, hence does 
not affect the determination of anhydrides.

T a b l e  II
A n a l y t ic a l  D a t a  f o r  L a c t o n e s

Lactone

Millimoles per gram sample 
NaOH NaOCH* A 

(a) (b) ( a - b )
G lu c o n o - 5 - la c t o n e 5 . 6 5 0 . 0 5 5 . 6 0
P h th a lid e ® 0 . 1 1 .0 2 0 . 0 9
C o u m a r in . 0 5 . 0 2 . 0 3
/3 - M e t h y l u m b e l l i f e r o n e 5 . 6 3 5 . 6 2 . 0 1

® O b t a in e d  f r o m  B r i t i s h  D r u g  H o u s e ,  L t d . ;  r e m a i n i n g  

l a c t o n e s  E a s t m a n  p r o d u c t s .

Experimental
Compounds Investigated.— W i t h  t w o  e x c e p t i o n s  a l l  o f  

t h e  a n h y d r id e s  s t u d i e d  i n  t h e  p r e s e n t  r e s e a r c h  w e r e  E a s t ­

m a n  p r o d u c t s ,  a n d  w e r e  u s e d  w i t h o u t  f u r t h e r  p u r i f i c a t i o n .

Phthalic anhydride ( “ A e r o ”  B r a n d )  w a s  o b t a i n e d  f r o m  

A m e r ic a n  C y a n a m i d e  a n d  C h e m ic a l  C o r p .,  a n d  glutaric 
anhydride w a s  p r e p a r e d  f r o m  t h e  a c id  b y  t h e  m e t h o d  o f  

M o l .6 I n  t h i s  c o n n e c t i o n ,  e v i d e n c e  w a s  o b t a i n e d  t h a t  

s o l id  a n h y d r id e s  a d s o r b  la r g e  q u a n t i t i e s  o f  w a t e r  v a p o r  o n  

s h o r t  e x p o s u r e  t o  m o i s t  a ir .  D e c o m p o s i t i o n  i s  n o t  in -  

s t a n t a n e o u s  b u t  t a k e s  p la c e  t o  a  s e r io u s  e x t e n t  d u r i n g  s u b ­

s e q u e n t  s t o r a g e .  T o  m i n i m i z e  t h i s  d i f f i c u l t y ,  s a m p l e s  f o r  

a n a ly s i s  w e r e  d i s p e n s e d  b y  m e a n s  o f  a  s im p le  “ d r y  m a n i p u ­
la t o r .”

Analytical Procedure
O n e  t o  t h r e e  g r a m s  o f  s a m p le  i s  w e ig h e d  i n t o  a  d r y  2 5 0 -  

c c . g .  s . v o lu m e t r i c  f la s k  ( c a l i b r a t i o n  u n n e c e s s a r y )  o r  s i m i ­
la r ly  d e s ig n e d  v e s s e l .  I f  t h e  s a m p l e  i s  a  s o l id ,  2 0  t o  3 0  c c .  

o f  d r y  m e t h a n o l  o r  a c e t o n e  i s  a d d e d ,  w a r m in g  i f  n e c e s s a r y  

t o  c o m p le t e  s o lu t io n .  T h e  s o l u t i o n  i s  t h e n  t i t r a t e d  d i ­

r e c t l y  w i t h  0 .5  N  s o d iu m  m e t h y l a t e  i n  m e t h a n o l  t o  a  

P h e n o lp h t h a le in  o r  t h y m o l  b lu e  e n d - p o i n t .  T h e  i n d i c a t o r  

s h o u ld  b e  m a d e  u p  in  d r y  d io x a n e  o r  a c e t o n e  ( a n  a l c o h o l  

s o lu t io n  w o u ld  b e  u n s u i t a b le  f o r  u s e  in  t h e  n e x t  s t e p ) .  

T h is  t i t e r  i s  a  m e a s u r e  o f  t h e  a n h y d r id e  p lu s  a n y  f r e e  a c id  
p r e s e n t .

A  s e c o n d  w e i g h e d  s a m p le  i s  m i x e d  w i t h  2 5  c c .  o f  c .  p . 
p y r id in e  a n d  t i t r a t e d  w i t h  0 .5  N  a q u e o u s  s o d i u m  h y d r o x i d e  

t o  t h e  in d ic a t o r  p r e v i o u s l y  e m p l o y e d .  A l c o h o l  s h o u l d  b e  

o m i t t e d  in  o r d e r  t o  a v o id  e s t e r  f o r m a t i o n .  T h i s  t i t e r  i s  a  

m e a s u r e  o f  t h e  t o t a l  a c i d i t y  o f  t h e  s a m p le .  T h e  t r u e  a n ­
h y d r id e  c o n t e n t  i s  m e a s u r e d  b y  t h e  d i f f e r e n c e  b e t w e e n  t h e  

t w o  t i t e r s  e x p r e s s e d  i n  m o le s  p e r  g r a m  o f  s a m p le .

(5) Mol, Ree. trav. chim., 26, 373 (1907).



2454 D. T. E wing and F rances W . L amb Vol. 58

T h e  s o d iu m  m e t h y l a t e  s o l u t i o n  i s  p r e p a r e d  b y  d i s s o lv in g  

t h e  r e q u ir e d  a m o u n t  o f  m e t a l l i c  s o d iu m  in  d r y  c . p . m e t h a ­
n o l .  A l t h o u g h  p r e c a u t io n s  s h o u ld  b e  t a k e n  t o  k e e p  t h e  

s o l u t i o n  d r y ,  t h e  p r e s e n c e  o f  u p  t o  1 %  o f  w a t e r  in t r o d u c é s  

o n l y  a  s m a l l  e r r o r .  T h e  t w o  a lk a l i e s  s h o u ld  b e  c o m p a r e d  

f r e q u e n t l y  w i t h  S t a n d a r d  0 .5  N  a c id .  A n h y d r id e s  t h a t  a r e  

u n r e a c t i v e  b e c a u s e  o f  s t e r i c  h in d r a n c e ,  m a y  b e  h e a t e d  w i t h  

a n  e x c e s s  o f  e i t h e r  a lk a l i  a n d  b a c k  t i t r a t e d  c o ld  w i t h  S ta n d ­

a r d  a c id .  I n  s u c h  c a s e s ,  h o w e v e r ,  e s t e r s  m u s t  b e  a b s e n t  

t o  a v o i d  in t e r f e r e n c e .  C a m p h o r ic  a n h y d r id e  w a s  t h e  s o le  

e x a m p l e  o f  t h i s  c l a s s  e n c o u n t e r e d .

Summary
1. A rapid and precise method for the deter- 

mination of anhydrides of carboxylic acids based 
on sodium methylate titration has been developed.

The method has been applied successfully to the 
following anhydrides: acetic, propionic, w-hepty- 
lic, succinic, glutaric, maleic, camphoric, benzoic, 
phthalic and furoic.

2. In connection with the above method, the 
hydrolytic cleavage of anhydrides was found to 
be accelerated by the use of pyridine.

3. The interference of lactones has been in­
vestigated. Phthalide and coumarin do not re­
act. jÖ-Methylumbelliferone reacts but does not 
interfere. Glucono-ö-lactone interferes with an­
hydride determinations.
W i l m i n g t o n ,  D e l .  R e c e i v e d  O c t o b e r  7 ,  1 9 3 6

[C o n t r ib u t io n  from  t h e  K ed zie  Chem ical  L a boratory , M ic h ig a n  S ta te  College]

T h e  S u r f a c e  T e n s i o n s ,  D e n s i t i e s ,  F r e e  S u r f a c e  E n e r g i e s  a n d  P a r a c h o r s  o f  S o m e

D e r i v a t i v e s  o f  B e n z y l a t e d  P h e n o l s 1

By D. T. E w i n g  a n d  F r a n c e s  W. L a m b

In this paper data are presented for the meas­
urement of the surface tension and density at 
different temperatures of a series of new organic 
compounds, which are derivatives of benzylated 
phenols. From these values the molal free sur­
face energy and parachors have been calculated. 
Although these physical factors have been evalu­
ated for a number of organic compounds, reliable 
surface tension values of only four diphenyl and 
two triphenyl compounds have been reported pre­
viously.

The compounds used in these investigations 
were those prepared by R. C. Huston and asso- 
ciates in a series of investigations in this Labora­
tory. These substances were found to be of 
sufficiënt purity to warrant direct measurement 
without further purification. In each case the 
compounds had been carefully distilled many 
times.

Density measurements were made at different 
temperatures with a pycnometer which was es­
sentially a bulb of glass blown on a capillary. A 
special pycnometer was made partly because in 
several cases the sample of liquid was limited to a 
few ml. and partly because the best density bulb 
is one which is spherical in form with only a fine 
capillary opening. In each case the pycnometer

(1) A portion of Part I of a thesis submitted to the Graduate Fac­
ulty of the Michigan State College by Miss Frances W. Lamb in 
partial fulfilment of the requirements for the Ph.D. degree, June, 
1933.

was carefully calibrated with water at the several 
temperatures. Density measurements were made 
at 25, 35 and 50°. For this purpose the sub­
stances were equilibrated in constant-temperature 
water-baths which did not vary in temperature 
more than 0.005°.

Surface tension measurements were made with 
a metal drop weight apparatus2 supported on a 
heavy concrete pillar free from the floor of the 
laboratory to avoid any Vibration. The radius 
of the tip was carefully determined with a Gaert- 
ner comparator and found to have a value of 
0.26740 cm. The drop weight assembly with the 
liquid was lowered below the surface of the water 
in the thermostat and allowed to remain until the 
temperature of the liquid was a constant when the 
drop weight determinations were made. For 
each liquid, when the volume available permitted, 
25 to 30 drops were formed very slowly into a 
weighing bottle and from this weight that of the 
drop was determined.

From the weight of the drop and the density of 
the liquid the surface tension y  was calculated 
by the equation

_  m g  
^ 2 w r f ( r  / v 1/*)

w h e r e  m  =  m a s s  o f  d r o p  i n  g r a m s  

g =  9 8 1  d y n e s

r  — 0 .2 6 7 4 0  c m . t h e  r a d iu s  o f  t h e  t ip  

v  =  v o lu m e  o f  t h e  d r o p

(2) Harkins and Brown, T h is  J o u r n a l , 41, 519 (1919)
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T able  I
w t. Surface

(m/d)  V 8Temp., 1 drop, tension,
P, calcd.Compound °C. g. dynes d ergs P , obsd. AP

1 2 - C h lo r o p h e n y l  b e n z y l  e t h e r ,  b .  p .  1 7 8 - 1 7 9 ° 2 5  0 .0 4 2 8 4 1 4 1 . 6 9 9 1 . 1 5 4 9 4 1 3 7 4 . 4 4 8 0 . 8 5

3 5 .0 4 1 7 3 2 4 0 . 6 2 6 1 . 1 4 6 0 7 1 3 4 5 . 9 4 8 1 . 4 1 4 7 6 . 2 +  5 . 2 1

5 0 .0 4 0 1 4 7 3 9 . 0 9 2 1 . 1 3 3 3 8 1 3 0 4 . 7 4 8 2 . 1 3

2 2 - C h lo r o b e n z y lp h e n o l  e t h e r ,  b .  p .  1 4 1 - 1 4 5 ° 2 5 .0 4 2 9 7 4 4 1 . 8 3 6 1 . 1 8 0 4 4 1 3 5 9 . 0 4 7 0 . 8 4

3 5 .0 4 1 7 4 2 4 0 . 6 4 4 1 . 1 7 1 9 9 1 3 2 6 . 6 4 7 0 . 8 2 4 7 6 . 2 -  5 . 3 8

5 0 .0 4 0 0 9 6 3 9 . 0 5 0 1 . 1 5 7 6 4 1 2 8 5 . 1 4 7 2 . 9 1

3 2 - C h lo r o - 4 - b e n z y lp h e n o l ,  b .  p .  1 4 5 - 1 4 8 ° 2 5 .0 4 4 9 3 8 4 3 . 7 2 2 1 . 1 8 8 0 5 1 4 1 4 . 1 4 7 3 . 0 1

3 5 .0 4 3 8 6 9 4 2 . 7 0 0 1 . 1 7 9 1 5 1 3 8 8 . 0 4 7 3 . 7 9 4 7 6 . 2 -  2 . 4 1

5 0 .0 4 2 2 2 8 4 1 . 1 1 1 1 . 1 6 6 5 3 1 3 4 6 . 0 4 7 4 . 4 0

4 2 -o - C h lo r o b e n z y lp h e n o l ,  b .  p .  1 4 6 - 1 5 1 ° 2 5 .0 4 4 4 1 6 4 3 . 2 3 6 1 . 2 1 2 1 9 1 3 7 9 . 8 4 6 3 . 2 0

3 5 .0 4 3 7 8 2 4 2 . 6 2 3 1 . 2 0 4 9 4 1 3 6 5 . 7 4 6 3 . 4 2 4 7 6 . 2 - 1 2 . 7 8

5 0 .0 4 2 4 4 4 4 1 . 3 2 8 1 . 1 9 5 6 3 1 3 3 1 .1 4 6 3 . 4 3

5 B e n z o y l  e s t e r  o f  2 - o - c h lo r o b e n z y l p h e n o l , b . 2 5 .0 4 3 7 0 8 4 2 . 5 5 1 1 . 2 0 5 9 2 1 7 6 6 . 5 6 8 3 . 1 7

p .  1 7 3 - 1 7 6 ° 3 5 .0 4 3 1 3 7 4 1 . 9 9 8 1 . 1 9 9 1 1 1 7 5 0 . 0 6 8 4 . 8 1 6 9 3 . 9 -  9 . 0 9

5 0 .0 4 2 0 1 4 4 0 . 9 1 0 1 . 1 8 6 9 6 1 7 1 6 . 4 6 8 7 . 3 0

6 2 - M e t h y l - 4 ,6 - d ib e n z y lp h e n o l ,  b .  p .  2 2 5 - 2 2 7 ° 2 5 .0 4 3 6 3 0 4 2 . 3 9 3 1 . 0 9 8 6 6 1 7 3 7 . 0 6 6 9 . 2 1

3 5 .0 4 3 0 0 8 4 1 . 7 9 6 1 . 0 9 1 3 7 1 7 2 0 . 2 6 7 1 . 3 1 6 8 9 . 9 - 1 8 . 5 9

5 0 .0 4 1 8 7 0 4 0 . 7 0 9 1 . 8 0 0 4 3 1 6 8 6 . 8 6 7 3 . 8 6

7 3 - M e t h y l - 2 ,6 - d ib e n z y lp h e n o l ,  b .  p .  2 1 6 - 2 1 8 ° 2 5 .0 4 0 4 1 0 3 9 . 3 3 6 1 . 0 9 5 5 2 1 6 1 4 . 9 6 5 8 . 7 2

3 5 .0 3 9 9 3 8 3 8 . 8 7 8 1 . 0 9 1 5 9 1 5 9 9 . 8 6 5 9 . 5 6 6 8 9 . 9 - 3 0 . 3 4

5 0 .0 3 9 1 1 2 3 8 . 0 7 7 1 . 0 8 1 3 3 1 5 7 6 . 8 6 6 1 . 9 3

8 4 - M e t h y l - 2 ,6 - d ib e n z y lp h e n o l ,  b .  p .  2 3 6 - 2 3 8 ° 2 5 .0 4 1 7 6 0 4 0 . 6 2 4 1 . 0 9 6 5 1 1 6 6 6 . 7 6 6 3 . 4 4

3 5 .0 4 1 2 3 4 4 0 . 1 1 9 1 . 0 8 9 9 8 1 6 5 2 . 8 6 6 5 . 3 2 6 8 9 . 9 - 2 4 . 5 8

5 0 .0 4 0 2 4 9 3 9 . 1 7 6 1 . 0 7 9 9 0 1 6 2 3 . 7 6 6 7 . 5 4

9 6 - B e n z y l - 2 - p h e n y lp h e n o l ,  b .  p .  1 9 3 ° 2 5 .0 4 4 9 9 1 4 3 . 6 9 7 1 . 1 1 6 6 2 1 6 5 4 . 4 5 9 8 . 9 5

3 5 .0 4 4 0 9 2 4 2 . 8 4 0 1 . 1 0 9 2 6 1 6 2 9 .1 5 9 9 . 9 1 6 1 1 . 9 - 1 1 . 9 9

5 0 .0 4 2 6 1 3 4 1 . 4 2 9 1 . 0 9 6 9 3 1 5 8 7 . 2 6 0 1 . 6 0

1 0 4 - B e n z y l - 2 - p h e n y lp h e n o l ,  b . p .  2 0 0 ° 2 5 .0 4 5 0 6 6 4 3 . 7 7 5 1 .1 2 3 2 1 1 6 5 0 . 7 5 9 5 . 7 0

3 5 .0 4 4 3 4 9 4 3 . 0 8 9 1 . 1 1 5 9 0 1 6 3 2 . 0 5 9 7 . 2 1 6 1 1 . 9 - 1 4 . 6 9

5 0 .0 4 3 1 0 5 4 1 . 9 0 3 1 . 1 0 4 2 4 1 5 9 8 . 3 5 9 9 . 3 4

11 6 - B e n z y l - 4 - b r o m o - 2 - p h e n y lp h e n o l ,  b .  p .  2 1 5 ° 2 5 ° 1 . 3 9 8 3 4

3 5 .0 4 4 8 7 8 4 3 . 7 3 2 1 . 3 9 0 2 0 1 7 0 7 .1 6 2 7 . 1 5 6 6 2 . 8 - 3 5 . 6 5

5 0 .0 4 3 7 2 4 4 2 . 6 1 5 1 . 3 7 7 5 5 1 6 7 3 . 6 6 2 8 . 8 3

1 2 6 - B r o m o - 4 - b e n z y l  2 - p h e n y lp h e n o l ,  b .  p .  2 2 5 ° 2 5 a 1 .3 4 8 3 5

3 5 .0 4 4 3 8 7 4 3 . 2 4 4 1 . 3 4 1 0 9 1 7 2 9 . 0 6 4 8 . 2 7 6 6 2 . 8 - 1 4 . 5 3

5 0 .0 4 3 6 6 0 4 2 . 5 3 9 1 . 3 2 8 4 2 1 7 1 1 . 6 6 5 1 . 9 0

13 0 - H y d r o x y l - 1 - d ip h e n y lb u t a n e ,  b .  p .  1 4 4 - 1 4 6 ° 2 5 .0 3 8 3 8 2 3 7 . 3 6 3 1 . 0 4 9 3 7 1 3 4 3 . 0 5 3 2 . 8
3 5 .0 3 7 7 2 9 3 6 . 7 4 0 1 . 0 4 0 7 2 1 3 2 8 . 0 5 3 4 . 9 7 5 5 6 . 0 - 2 1 . 0 3

5 0 .0 3 6 4 1 3 3 5 . 4 5 4 1 . 0 3 0 5 5 1 2 8 9 . 8 5 3 5 . 4 6

° R e l ia b le  d a t a  n o t  o b t a i n e d  b e c a u s e  o f  h ig h  v i s c o s i t y  o f  c o m p o u n d s  a t  2 5 ° .

The ƒ functions of r /v  were those determined 
by Harkins and Brown.2

The thirteen compounds investigated are as 
follows: 2-chlorophenylbenzyl ether and 2-chloro-
4-benzylphenol, both prepared by G. W. Warren,3 
2-chlorobenzylphenyl ether, 2-p-chlorobenzyl- 
phenol and the benzoyl ester of 2-o-chlorobenzyl- 
phenol, all prepared by P. S. Chen,4 2-m-methyl-
4,6-dibenzylphenol prepared by Huston, Swart- 
out and Ward well,5 3-methyl-2,6-dibenzylphenol

(3) G. W. Warren, Master’s thesis, 1931.
(4) P. S. Chen, Master’s thesis, 1930.
(5) Huston, Swartout and Wardwell, T h is  J o u r n a l , 52, 4484 

(1930).

as prepared by Huston and Houk,6 4-methyl-2,6- 
dibenzylphenol prepared by Huston and Lewis,7 
6 - benzyl - 2 - phenylphenol, 4 - benzyl - 2 - phenyl- 
phenol, 6-benzyl-4-bromo-2-phenylphenol and 6- 
bromo-4-benzyl-2-phenylphenol, all prepared by 
G. W. Warren,8 and o-hydroxy- 1,1-diphenylbu- 
tane by Strickler.9

The values obtained for the surface tension and 
density at the three temperatures are tabulated 
for each of the compounds. The molal free sur-

(6) Huston and Houk, ibid., 54, 1506 (1932).
(7) Huston and Lewis, ibid., 53, 2379 (1931).
(8) G. W. Warren, Senior report, 1930.
(9) Strickler, Master’s thesis, 1927,
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face energies y ( m / d )2f3 and the parachors are 
evaluated from these experimental values and also 
tabulated. The parachor observed is calculated 
from Sugden’s formula P(obsd.) = m / d y 1/4 in 
which m  is molecular weight, d  the density and 
7  the surface tension.

In Table I it should be noted that compounds 
1, 2, 3 and 4 are isomeric and have a molecular 
weight of 218.5. Compounds 6, 7 and 8 are iso­
meric, and have a molecular weight of 288.2. 
Compound 9 is isomeric with eompound 10 
(mol. wt. 260.1), and eompound 11 is isomeric 
with eompound 12 (mol. wt. 339.0).

A summary of the molal free surface energies 
and parachors (observed) at 35° together with the 
respective names of the liquids is given in the 
above table. The parachors (calculated) are 
given, column no. 8. These are obtained by add­
ing the proper atomic and structural parachors 
for each eompound.10 In the last column the 
difference A P  between the parachor (observed) 
at 35° and parachor (calculated) is tabulated.

In the table it is noted that in general as the 
molecular weights increase, the differences in the 
calculated and observed parachors increase. The 
values for A P  are negative except in the first case 
and range from + 5  to —35. Since the parachor 
values are proportional to molecular volume these 
negative values for A P  would seem to indicate 
that these molecules are more closely packed to­
gether than is accounted for by the present struc­
tural parachors. In a calculation of parachor ob­
served and parachor calculated for diphenyl- 
methane11 and diphenylethane,1 Harkins and 
Ewing show negative values for A P  of the same

(10) Sugden, J. Chem. Soc., 125, 1177 (1924).
(11) Harkins and Ewing, T h is  J o u r n a l , 41, 1977 (1919).

order as those found here. These results seem to 
indicate a need for the application of an addi­
tional structural parachor for compounds having 
two or more phenyl groups.

The parachor (calculated) is the same for com­
pounds isomeric with one another; however, it is 
interesting to note the Variation of the values for 
parachor (observed) for the different isomers. 
The observed parachor for eompound 1, in which 
the chlorine and CH2 groups are not on adjacent 
carbon atoms in the benzene ring, is 481.41 while 
in eompound 2, in which they are on adjacent 
carbon atoms in the benzene ring, the value is 
470.8, a difference of 10.59. Upon comparing 
compounds 3 and 4 in the same manner, it is noted 
that eompound 4, where the chlorine and CH2 

group are on adjacent carbon atoms of the ben­
zene ring, the value is 463.42, and for eompound 
3, in which these groups are not on adjacent car­
bon atoms, the value is 473.79. Here the differ­
ence is 10.37 and agrees with the above value of 
10.59. Thus it would seem that with sufficiënt 
data some important relations could be evaluated 
for isomeric compounds in regard to their para­
chors.

The molal free surface energies range from 132.6 
to 138.8 ergs for those compounds containing two 
phenyl groups, while the molal free surface ener­
gies for all compounds containing three phenyl 
groups range from 160 to 175 ergs.

Conclusion
1. Surface tensions and densities of 13 new de­

rivatives of benzylated phenols have been de­
termined, and their molal free surface energies 
and parachors have been evaluated.
E a st  L a n s in g , M ic h . R e c e iv e d  Octo ber  1 2 , 1 9 3 6
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T h e  P o t e n t i o m e t r i c  I o d i d e - S i l v e r  T i t r a t i o n  a t  E x t r e m e  D i l u t i o n s

B y  I .  M .  K o l t h o f f  a n d  J .  J .  L i n g a n e

In a study of the solubility of slightly soluble 
(10~3 to 10-5 N )  silver salts in Solutions of various 
electrolytes and in water it was necessary to de- 
velop an accurate method for the determination 
of very small amounts of dissolved silver. We 
have found that the potentiometric titration of 
silver with iodide is very suitable for this purpose, 
and as little as one part of silver in twenty million 
parts of solution (5 X 10-7 N )  may be titrated 
with an accuracy of a few per cent. when 500 ml. of 
the solution is taken for analysis. At this high 
dilution the potentiometric method is more ac­
curate than any other method of analysis, espe­
cially in the presence of large amounts of indiffer­
ent electrolytes.

Experimental
Apparatus and Materials.—T h e  p o t e n t io m e t r i c  a p p a r a ­

t u s  a n d  t h e  g e n e r a l  t e c h n iq u e  o f  t h e  i o d i d e - s i l v e r  t i t r a t io n  

h a v e  b e e n  d e s c r ib e d  a l r e a d y .1 S i l v e r  io d id e  e le c t r o d e s  

w e r e  u s e d ,  s in c e  o u r  e x p e r i e n c e  h a s  s h o w n  t h a t  t h e s e  a r e  

s o m e w h a t  m o r e  s a t i s f a e t o r y  t h a n  p la i n  s i lv e r  e le c t r o d e s .  
A  s a t u r a t e d  c a lo m e l  e le c t r o d e ,  w i t h  a  s a t u r a t e d  p o t a s s iu m  

n i t r a t e  b r id g e ,  w a s  u s e d  a s  r e f e r e n c e  e le c t r o d e .  T i t r a t io n s  

w e r e  p e r fo r m e d  in  t h e  a b s e n c e  o f  l i g h t  in  t h e  o n e  l i t e r  

t i t r a t io n  b e a k e r  p r e v io u s ly  d e s c r ib e d .1 T h e  p o t a s s iu m  

io d i d e  t i t r a t in g  s o lu t io n  w a s  d e l iv e r e d  fr o m  a  1 0 -m l .  m i ­
e r  o b u r e t ,  w i t h  w h ic h  v o lu m e s  c o u ld  b e  r e a d  e a s i l y  t o  

± 0 . 0 0 5  m l.

T h e  n it r ic  a c id ,  w a t e r  a n d  s a l t s  w e r e  p u r if ie d  c a r e fu l ly  

b y  t h e  u s u a l  m e t h o d s .  M a l l in c k r o d t  r e a g e n t  q u a l i t y  p o ­
t a s s iu m  io d id e  ( g r o u n d  a n d  d r ie d  a t  2 0 0 ° )  w a s  u s e d  in  

m o s t  o f  t h e  e x p e r i m e n t s  s in c e  in  t i t r a t i n g  t h e  v e r y  d i lu t e  

s i lv e r  S o lu t io n s  i t  g a v e  t h e  s a m e  r e s u l t s  a s  t h e  c a r e f u l ly  

s y n t h e s iz e d  s a l t . 1
Approximately 0.01 N  stock Solutions of silver nitrate 

and potassium iodide were prepared by weighing out the 
dried salts. The more dilute Solutions were prepared by 
diluting the stock Solutions in carefully calibrated volu­
metric apparatus. The potassium iodide titrating Solu­
tions varied in concentration from 10 “3 to 5 X 10 ~ 5 N ,  de­
pending on the concentration and volume of silver solution 
to be titrated. These Solutions were stable for several 
weeks when made up in pure water that was entirely frée 
from tracés of copper and stored in the dark. The con­
centrations of the various Solutions were known to ±0.1%.

Data of the Titrations.—F o r  t h e  p u r p o s e  o f  i l lu s t r a t in g  a  

t y p ic a l  t i t r a t io n  w e  m a y  c o n s id e r  t h e  c a s e  o f  t h e  m o s t  d i l u t e  

s i lv e r  s o lu t io n  t h a t  w a s  t i t r a t e d ,  w h ic h  w a s  o n ly  5 .1 5  X  

10 ~ 7 N  in  s i lv e r .  T h e  d a t a  o b t a in e d  in  t h i s  t i t r a t io n  a r e  

g iv e n  in  T a b le  I  a n d  F i g .  1 . T h e s e  d a t a  s h o w  t h a t  t h e

(1) I. M. Kolthoff and J. J. Lingane, T h is  Jo urn al , 58, 1524 
(1936).

T a b l e  I

D a ta  o f  T y pic a l  T it r a t io n  at  E x t r e m e  D il u t io n

5 0 0  m l .  o f  5 . 1 5  X  1 0 -7  N  s i l v e r  n i t r a t e ,  c o n t a i n i n g  2  m l .  
o f  c o n c d .  n i t r i c  a c i d ,  t i t r a t e d  w i t h  4 .9 9  X  1 0 ~ 5 N  p o t a s ­
s iu m  i o d i d e  a t  r o o m  t e m p e r a t u r e  in  p r e s e n c e  o f  a ir .

4.99 X ÏO-« iV
:i, ml. E, v.

0 + 0 . 1 8 2 4

1 . 0 .1 7 6 6

2 . 0 . 1 6 9 5

3 . 0 .1 6 0 0
3 . 8 .1 4 9 0

4 . 2 .1 4 1 2

4 . 6 .1 3 0 7

5 . 0 . 1 1 3 8
5 . 4 .0 8 8 2

5 . 8 .0 6 4 8
6 . 2 .0 5 0 5
6 . 6 .0 4 1 0

7 . 0 .0 3 3 0
8 . 0 .0 2 0 3

9 . 0 .0 1 1 5

. AE/AV, 
mv. per 0.4 ml.

7 8

1 0 5

1 6 9
2 5 6
2 3 4

1 4 3
9 5
8 0

V  =  5 .0  -f '
2 5 6  - 1 6 9

( 2 5 6  -  1 6 9 )  +  ( 2 5 6  -  2 3 4 )  
m l.;  c a l c d .  =  5 .1 6  m l .  E r r o r ,  + 3 . 2 % .

X  0 .4  =  5 .3 2

2  4  6 8 10
4 .9 9  X  1 0 “ 5 N  K I ,  m l .

F i g .  1 .— T i t r a t i o n  o f  5 0 0  m l .  o f  5 .1 5  X  1 0  7 N  s i l v e r  

n i t r a t e  w i t h  4 .9 9  X  1 0  " 5 N  p o t a s s i u m  io d i d e  ( d a t a  

f r o m  T a b l e  I ) .
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T a b l e  II

Summary of T itr a tio n s

5 0 0 - m l .  s a m p l e  o f  s o l u t i o n  c o n t a in in g  2  m l .  o f  c o n c d .  n i t r i c  a c id  i n  a l l  e x p e r i m e n t s
Series Concn. of

no. AgNOa, N
1 1 . 0 2 9  X  Ï O “*6

2  1 . 0 2 9  X  1 0 ~ 6
3  1 . 0 3 0  X  1 0 ~ 6
4  1 . 0 3 0  X  1 0 - 6

o  1 . 0 3 0  X  Ï O ' 6
6  1 . 0 3 0  X  Ï O “ 6
7  1 . 0 3 0  X  1 0 - 6
8  5 . 1 5  X  Ï O “ 7
9  2 . 0 5 8  X  Ï O “ 5 1

1 0  1 . 0 2 9  X  Ï O " 6 2
1 1  9 . 4 1  X  ÏO " 6 i

1 2  9 . 4 1  X  Ï O " 6 1

f l R .  T .  =  r o o m  t e m p e r a t u r e .

e n d - p o in t  o f  t h e  t i t r a t i o n  ( m a x i m u m  v a l u e  o f  A E / A V )  i s  

s t i l l  w e l l  d e f in e d  a t  t h i s  e x t r e m e  d i l u t io n ,  a n d  t h e  err o r  o f  

+ 3 . 2 %  i s  r e m a r k a b ly  s m a l l  w h e n  i t  i s  r e a l iz e d  t h a t  t h e  

t o t a l  a m o u n t  o f  s i l v e r  t i t r a t e d  w a s  o n l y  0 .0 2 8  m g . in  a  
v o lu m e  o f  5 0 0  m l .

A  s u m m a r y  o f  t h e  r e s u l t s  o b t a i n e d  i n  t w e n t y - s ix  t i t r a ­
t io n s  in  w h i c h  t h e  c o n c e n t r a t i o n  o f  s i l v e r  t i t r a t e d  w a s  

v a r ie d  b e t w e e n  5  X  1 0  “ 7 a n d  1 0  ~ 5 N, i s  g i v e n  in  T a b le  II. 
S o m e  o f  t h e s e  t i t r a t i o n s  w e r e  c a r r ie d  o u t  i n  t h e  a b s e n c e  

o f  a ir ,  b y  b u b b l in g  a  r a p id  s t r e a m  o f  c a r b o n  d io x id e  th r o u g h  

t h e  s o lu t io n ,  i n  o r d e r  t o  s e e  w h e t h e r  a tm o s p h e r ic  o x y g e n  

h a d  a n y  in f lu e n c e  o n  t h e  a c c u r a c y  o f  t h e  t i t r a t io n .  T i t r a ­

t io n s  w e r e  a l s o  m a d e  i n  S o lu t io n s  t h a t  c o n t a in e d  la r g e  

a m o u n t s  o f  v e r y  p u r e  b a r iu m  n i t r a t e  a n d  p o t a s s iu m  s u l ­

f a t e .  A  f e w  t i t r a t i o n s  w e r e  a l s o  m a d e  a t  6 0  ° .
T h e  c o lu m n  h e a d e d  “ a v .  E e . p . ”  i n  T a b l e  II, c o n ta in s  t h e  

a v e r a g e  v a l u e s  o f  t h e  e .  m .  f .  a t  t h e  e n d - p o in t  o f  t h e  t i t r a ­
t io n s  ( e q u iv a le n c e  p o t e n t i a l ) ;  t h e  s ig n i f i c a n c e  o f  t h e s e  

v a lu e s  w i l l  b e  e x p la in e d  la t e r .

Remarks a 
R .  T .  in  a ir  

R .  T .  in  C 0 2 

R .  T .  in  a ir  

R .  T .  in  C 0 2 

R .  T .  in  C 0 2 

R .  T .  in  C 0 2 

R .  T .  in  C 0 2 

R .  T .  in  a ir  

6 0 °  in  a ir  

6 0 °  in  a ir  

6 0 °  in  a ir  

5 5 °  in  C 0 2

solubility equilibrium is attained more rapidly 
at the higher temperature. A titration at room 
temperature requires about one to one and one- 
half hours, but at 60° this time is reduced to 
about one-half. In titrating a 10“5 N  silver solu­
tion at 60° the maximum value of A E / A V  is only 
about one-third as great as at room temperature, 
but is still sufficiently sharp to allow an accurate 
determination of the end-point.

An inspection of the data of Table II shows that 
a 10 ~5 N  silver solution can be titrated at room 
temperature with an accuracy of at least ±0.2%; 
a 10 ”6 N  solution can be titrated with an accuracy 
of about 1-2% and a 5 X 10 ~7 A solution with 
an accuracy of about 3%. Since the percentage 
error is a linear function of the amount of silver

No. of Other salts,
titrations g.

6 ........................
1 ....................
3
5  .............................
2  2 0  g .  B a ( N 0 3) 2
2  1 0  g .  B a ( N O a) 2

1 2 0  g .  K 2S 0 4
1 ........................

Av. error,
% Av. Ee . P., v.

± 0 . 1 4  0 . 0 9 9
-  . 6 4  . 0 9 7

+ 2 . 3  . 0 9 5
+ 1 . 2  . 0 9 5

+ 1 . 0  . 0 9 6

± 1 . 3  . 0 9 8
+ 8 . 1  . 0 9 0
+ 3 . 2  . 0 9 3

- 0 . 3 2  . 0 9 8
-  . 2 5  . 0 9 7

+  . 5 1  . 0 9 7

+  . 0 6  . 0 9 9

Discussion
Steady e. m. f . readings are obtained relatively 

rapidly in these “dilute” titrations, except in the 
immediate vicinity of the end-point where ten to 
fifteen minutes are required between each addi­
tion of the potassium iodide solution. The e. m. f. 
becomes steady more quickly in these “dilute” 
titrations than in titrations of ordinary amounts 
of silver because the amount of solid silver iodide 
present is so extremely small that adsorption ef­
fects are negligible. The time required for the 
e. m. f. to become steady simply corresponds 
tö the time required to re-establish solubility 
equilibrium after each addition of potassium 
iodide. This is substantiated by the fact that 
the direction of the drift is toward decreasing 
values of the e. m. f., i .  e ., toward decreasing silver 
ion activity.

When the titration is carried out at 60° the 
e. m. f. becomes steady more quickly, because

titrated, it is evident that the absolute error is 
constant and independent of the amount of silver 
titrated in this range of concentrations.

The data also show that air has no marked effect 
on the accuracy of the titration, although a com­
parison of series nos. 3 and 4 and nos. 11 and 12 
indicate that somewhat better results are ob­
tained in the presence of carbon dioxide when 
titrating very small amounts of silver or when ti­
trating at 55-60°.

Large amounts of barium nitrate have no in­
fluence on the results. Potassium sulfate (sulfate 
ion) in large amounts on the other hand causes a 
large positive error (no. 7). The deleterious in­
fluence of the sulfate ion on the behavior of silver 
electrodes appears to be rather general; it has 
been observed previously in work with the silver 
electrode.2

The interference of large amounts of sulfate
(2) I. M. Kolthoff, Z. anorg. allgem. Chem., 119, 202 (1921); 132, 

117 (1923).
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ion at these high dilutions is to be attributed to 
the reaction

A g +  +  S O r  A g S 0 4-

which results in a decrease of the silver ion activ­
ity, an increase in the solubility of silver iodide, 
and an asymmetrie location of the equivalence 
point; i. e., the equivalence point no longer corre­
sponds exactly to the maximum value of A E /  AF.

We have also found that the titration can be 
carried out with the same degree of accuracy in 
dilute potassium bicarbonate medium (pH  about 
8.3) as in dilute nitric acid.

The titration may be simplified and made more 
convenient by simply titrating to the equivalence 
potential instead of recording the data of the en­
tire titration curve.3 The average value of the 
equivalence potential found was +0.097 ± 0.005 
v. against the saturated calomel electrode, as 
shown by the data of Table II. This value is in 
excellent agreement with that found in the titra­
tion of ordinary amounts of silver.1 We have 
found that the value of the equivalence potential 
is practically the same (within ±5 mv.) in dilute 
potassium bicarbonate medium as in dilute nitric 
acid, and it is evident from Table II that it is also 
practically independent of temperature, and the 
presence of large amounts of barium nitrate. 
Titrations to the equivalence potential gave iden- 
tically the same results as by the ordinary method, 
and are more convenient because the constant 
attention of the operator is not required.

(3) I. M. Kolthoff, Ree. trav. chim., 47, 397 (1928); I. M. Kolt­
hoff and J. J. Lingane, T h is  J o u r n a l , 57, 2126 (1935).

It is evident from these results that this titra­
tion should be a valuable analytical method of in- 
vestigating the solubility and activity relations of 
slightly soluble silver salts. We are using the 
method in a study of the activity of silver chloride 
and silver iodate in various salt Solutions. Ob- 
viously the method could also be applied to the 
determination of very small amounts of iodide by 
adding an excess of silver nitrate solution to the 
unknown iodide solution and back-titrating the 
excess silver.

Acknowledgment.—We wish to express our 
appreciation to the Graduate School of the Uni­
versity of Minnesota for financial assistance in 
this work.

Summary
♦

1. The accuracy of the potentiometric iodide- 
silver titration at extreme dilutions has been in­
vestigated. Using a 500-ml. sample, a 10-5 N  
silver solution can be titrated with an accuracy 
of ±0.2%, a 10“6 N  solution with an accuracy of
1-2% and a 5 X 10 ~7 N  solution with an accu­
racy of about 3% at room temperature. Large 
amounts of barium nitrate have no influence on 
the results, but a large positive error was found 
in the presence of high concentrations of sulfate 
ions.

2. The titration is recommended as an analyti­
cal tool in investigations of the solubility and 
activity relations of slightly soluble silver salts.
M in n e a p o l is , M i n n . R e c e iv e d  S e p t e m b e r  2 8 ,  1 9 3 6

[C o n t r ib u t io n  from  t h e  E a stm an  L aboratory  of P hysics a n d  Ch e m ist r y , M a ssa c h u se t t s  I n s t it u t e  o f  T e c h ­
nology]

T h e  S t r u c t u r e  o f  C r y s t a l l i n e  B r o m i n e

By B. Vonnegut and B. E. Warren

Introduction
There is very little crystallographic information 

available concerning crystalline bromine. The 
material melts at —7.3° and single crystals are 
readily obtained from the vapor. It would be 
expected that the crystalline structure of bromine 
should be very similar to that of orthorhombic 
iodine.1 This has turned out to be the case, and 
the structure analysis has been considerably sim­
plified by making comparison with the known 
structure of iodine.

(1) Harris, Mack and Blake, T h is  Jo u r n a l . 50, 1583 (1928).

Experimental
Bromine crystals were formed from the vapor 

on the surface of a round-bottomed flask filled with 
dry ice and placed over the mouth of a beaker 
containing liquid bromine. The crystals showed 
a pronounced elongation along the direction of 
the c-axis, and were thus readily oriented for ro­
tation and oscillation patterns about c. They 
were mounted by being placed upon a smooth 
surface of dry ice, and cemented to a fine glass rod 
with a soft vaseline which froze upon cooling. 
The crystal was maintained at about —150°
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during the exposure by being placed in the ex- 
haust stream from a liquid air container. Since 
the crystal is bathed completely in a stream of dry 
cold air, there is no trouble from water vapor 
freezing out upon the crystal. The vapor pres­
sure of the bromine crystal was sufficiently re­
duced by the cooling, so that a single crystal 
would last through a twelve-hour oscillation ex­
posure. The experimental arrangement is shown 
schematically in Fig. 1.

t u r e  x - r a y  d i f f r a c t io n  p a t t e r n s  o f  b r o m in e  b y  
• p l a c i n g  c r y s t a l  in  l iq u id  a ir  e x h a u s t .

Three 38° oscillation photographs were made 
in a cylindrical camera of radius 8.61 cm. The 
radiation used was Mo Ka with 0.30 mm. alumi­
num sheet in front of the film to reduce the black­
ening by fluorescent bromine radiation.

Unit Cell and Space Group.—From the layer 
line separations on the three oscillation patterns, 
the length of the c-axis was determined directly 
as 8.72 Ä. By assuming that the axes of bromine 
would all stand in about the same ratio to the 
corresponding axes in iodine, tentative values of 
a  and b were obtained which allowed a satisfac- 
tory indexing of all the spots on the oscillation 
patterns. Final values of the axes were then

calculated from hOO and OkO reflections; a — 
4.48 Ä., b =  6.67 Ä.

All reflections hkl were missing except for h +  
k =  even. In addition, the reflections 0kl and 
hkO were missing except for even indices. These 
vanishings are consistent with the space group 
Ccma (Vh18) which is the space group found pre­
viously for orthorhombic iodine.1

Since the isomorphism of the bromine and io­
dine structures is completely established by the 
intensity comparisons which are given below, one 
can assume 8 atoms per unit cell as in iodine and 
calculate the density of bromine at about —150°.

=  ____________8  X  7 9 .9  _
p  0 .6 0 6  X  8 .7 2  X  6 .6 7  X  4 .4 8

This is in satisfaetory agreement with most of the 
values given in the literature; 4.107 (—194°),2
4.13 (—253°).3 The value 3.4 for the density 
of crystalline bromine given in the “Interna­
tional Critical Tables” is much too low.

Atomic Arrangement.—The eight atoms in the 
bromine unit cell are in the 8-fold position ƒ of 
Vh18. The coördinates are
xt0,z x,0,z —  z +  z
i  +  x,i,z \  —  x,%,z i  +  x ,0 ,J  —  z i  —  x,0,i +  z

Structure factors were calculated for several 
values of the parameters x  and z. The best gen­
eral agreement between calculated and observed 
intensities was given for the values x  = 0.135, z  
=  0 .1 1 0 .

The intensities of the spots on the oscillation 
patterns are given roughly by the relation4 

I a F 2/£

No attempt was made to apply any correction for 
temperature motion or absorption in the crystal. 
By looking for close agreement only among spots 
in the same row line, the neglect of these factors 
is not serious. Table I gives a comparison of 
values of F/£1/ 2 calculated for x = 0.135, z  =  
0.110 and the visually estimated intensities of the 
spots. The agreement is sufficiently good to 
substantiate the proposed structure. No serious 
attempt was made to deduce precise values of the 
parameters x and z as the absorption in the sample 
was large, and only low order reflections were pres­
ent on the oscillation patterns.

Discussion of Structure,—The resulting struc­
ture for bromine is shown in Fig. 2, projected on

(2) Sapper and Biltz, Z. anorg. Chem., 198, 184 (1931).
(3) W. Heuse, Z. physik. Chem., A147, 273 (1930).
(4) £ is a coördinate in the reciprocal lattice; J. D. Bernal, Proc. 

Roy. Soc. (Bondon), A113,117 (1926).
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T a b l e  I

C om parison  of Ca l c u l a t ed  a n d  Ob se r v e d  I n t e n sit ie s

hkl Obsd. F/£  1/2 hkl Obsd. F /$  1/2 hkl Obsd. F /P / i
2 0 0 a b s 6 7 0 2 0 VS 7 8 0 2 4 2 a b s 8
2 0 1 m 3 4 4 0 2 2 v w 1 4 2 2 4 3 m 3 0 6
2 0 2 a b s 13 0 2 4 s 6 4 0 2 4 4 a b s 3 9
2 0 3 m s 4 5 7 2 2 0 a b s 5 9 4 4 0 m 2 5 2
2 0 4 a b s 5 6 2 2 1 m s 3 0 5 4 4 1 a b s 4 0
4 0 0 m s 3 1 0 2 2 2 a b s 11 4 4 2 a b s 4 5
4 0 1 a b s 4 6 2 2 3 m s 4 0 5 4 4 3 a b s 5 3
4 0 2 a b s 5 5 2 2 4 a b s 5 0 4 4 4 w 2 2 6
4 0 3 a b s 6 4 4 2 0 m 2 7 2 1 5 1 v w 1 7 8
4 0 4 m 2 7 7 4 2 1 a b s 4 3 1 5 2 m 2 5 0
1 1 1 s 4 0 7 4 2 2 a b s 5 1 1 5 3 a b s 1 0 5
1 1 2 VS 5 5 6 4 2 3 a b s 5 9 1 5 4 a b s 9 1
1 1 3 w m 2 3 6 4 2 4 m 2 5 2 0 6 0 m 3 0 0
1 1 4 w 1 7 5 1 3 1 w 2 6 6 0 6 2 a b s 5 4
3 1 1 m s 2 4 9 1 3 2 m 3 7 0 0 6 4 m 2 7 0
3 1 2 m 2 1 2 1 3 3 a b s 1 5 6 2 6 0 a b s 3 3
3 1 3 w m 1 4 8 1 3 4 a b s 1 3 5 2 6 1 w 1 7 2
3 1 4 a b s 7 8 0 4 0 s 6 8 0 2 6 2 a b s 6
5 1 1 a b s 8 7 0 4 2 a b s 7 9 2 6 3 w 2 3 6
5 1 2 m 2 1 2 0 4 4 m s 3 8 0 2 6 4 a b s 2 7
5 1 3 a b s 5 4 2 4 0 a b s 4 4 0 8 0 w 2 3 0
5 1 4 a b s 7 8 2 4 1 m 2 3 0 0 8 2 a b s 4 3

the 010 plane. Each atom has one nearest neigh- 
bor at a distance 2.27 Ä., the other member of the 
Br2 molecule. The x-ray crystal value of the Br- 
Br distance 2.27 Ä. is to be compared with the 
band spectrum value5 2.28 Ä. and the electron 
diffraction value6 2.28 Ä. The close agreement 
is fortuitous as the x-ray value is probably un­
certain by =*=0.10 Ä.

Each atom has three other close neighbors in 
the same reflection plane (plane of paper) at dis­
tances: 3.30, 3.30, 3.75. Eight more neighbors 
in the planes above and below are at slightly 
larger distances: 4.00, 4.00, 3.98, 4.10.

Crystalline bromine is definitely a molecular 
structure, the Br2 molecule being easily recog­
nized in the crystalline structure from considera­
tion of the observed interatomic distances. The 
structure of orthorhombic bromine is isomorphous 
with that of iodine,1 but apparently different from 
the structure of crystalline chlorine.7 The struc­
ture of bromine forms one more example of the

(5) L. Pauling and M. Huggins, Z. Krist., 87, 205 (1934).
(6) L. O. Brockway, Rev. Modern Phys., 8, 231 (1936).
(7) Keesom and Taconis, Physica, 3, 237 (1936).

application of the 8-N law to the structures of the 
B sub-group elements in columns IV-VII.

F ig .  2 . — S t r u c t u r e  o f  c r y s t a l l i n e  b r o m in e  p r o ­
j e c t e d  u p o n  t h e  0 1 0  p la n e .  F u l l  c ir c le s  r e p r e ­
s e n t  a t o m s  in  t h e  p la n e  o f  t h e  p a p e r ,  b r o k e n  

c ir c le s  r e p r e s e n t  a t o m s  a b o v e  a n d  b e l o w  t h e  

p la n e  o f  t h e  p a p e r  b y  b / 2 .  T h e  B r 2 m o l e c u l e s  

a r e  in d ic a t e d  b y  t h e  c o n n e c t i n g  l in e s .

Summary
Oscillation patterns about the e-axis were made 

of a bromine crystal held at about —150°. The 
lattice is orthorhombic with axes: a  =  4.48 Ä., 
b = 6.67 Ä., c — 8.72 Ä. The 8 atoms are in the 
position 8/ of the space group Ccma (Vh18), with 
x  = 0.135 and z  = 0.110. The structure is iso­
morphous with that of iodine, and shows a defi­
nite Br2 molecule with Br-Br distance of 2.27 =*= 
0.10 Ä. The x-ray density at about —150° is 4.05.. 
Ca m br id g e , M a s s . R e c e iv e d  O c t o be r  1 5 , 1 9 3 6
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Introduction
Although the photodecomposition of ammonia 

was one of the first photochemical reactions to be 
studied carefully and the initial investigation of 
Warburg1 has been followed by many others, the 
nature of the reaction has remained in doubt. 
The results of the various investigations are sum­
marized in Table I.

cases the partial pressure of the non-condensable 
products was as low as 10~4 mm. of mercury.

Materials and Apparatus

C o m m e r c ia l  a n h y d r o u s  a m m o n ia ,  f r e e  fr o m  h y d r a z in e  

a n d  h y d r o x y la m in e ,  w a s  d r a w n  u n d e r  v a c u u m  i n t o  a  s t o r ­

a g e  b u lb  c o n t a in in g  c .  P. p o t a s s iu m  h y d r o x id e  a n d  w a s  

p u r if ie d  b y  r e p e a t e d ly  f r e e z in g  i n  a  l iq u id  a ir  t r a p  a n d  

p u m p in g  o f f  t h e  n o n - c o n d e n s a b le  g a s e s .  S e v e r a l  s a m p le s

T a b l e  I

S um m ary  of P r e v io u s  I n v e st ig a t io n s  
P h o t o c h e m ic a l  u n le s s  o t h e r w is e  n o t e d

Investigator

NHa
pressure,

mm.

Minimum 
products 

for H-2 detn., 
mm. X 103

h 2
yield,

%
n 2h 2
yield

Quantum
yield

W a r b u r g 4 5 - 9 0 0 0 . 2 5

K u h n 2 5 - 9 0 0 . 2 - 0 . 5

D i c k i n s o n  a n d  M i t c h e l l 3 0 -  1 5 7 0  ( s e n s . )  

8 7  ( d i r . )

B a t e s  a n d  T a y l o r 4 4 0 9 6  ( d i r . )  

8 9  ( s e n s . )

A m t .  s m a l l

K o e n i g  a n d  B r i n g s 5 2 5 0 S m a l l  a m t .

G e d y e  a n d  R i d e a l 6 4 4 0 - 5 7 %  o f  N H 3 d e c o m p .

W i ig  a n d  K i s t i a k o w s k y 7 0 - 7 6 0 1 5 7 5 . 2 4

O g g , L e i g h t o n  a n d  B e r g s t r o m 8 1 -  9 L a r g e 7 5 . 1 4

W i i g 9 0 - 9 0 0 20 7 5

coco4

Date

1 9 1 1  
1 9 2 6

1 9 2 6

1 9 2 7

1 9 3 1

1 9 3 2  
1 9 3 2

1 9 3 4

1 9 3 5

Several investigators obtained as products only 
hydrogen and nitrogen in 3:1 molal ratio and a 
quantum yield of about 0.25 molecule of ammonia 
decomposed per quantum absorbed. Others ob­
tained higher hydrogen to nitrogen ratios and still 
others obtained hydrazine in varying amounts.

The present investigation includes a study of 
the reaction products and determination of the 
quantum yields for both the direct photochemical 
decomposition and the mercury sensitized de­
composition. Evidence is presented which makes 
possible a reconciliation of some of the apparently 
conflicting data of earlier investigations and which 
sheds new light on the nature of the decomposi­
tion. The results are of particular interest when 
the amount of decomposition is small; in some

(1) Warburg, Sitzber. preuss. Akad. Wiss., 746 (1911).
(2) Kuhn, J. chim. phys., 23, 521 (1926).
(3) Dickinson and Mitchell, Proc. Nat. Acad. Sei., 12, 692 (1926).
(4) Bates and Taylor, This J o u r n a l , 49, 2438 (1927).
(5) Koenig and Brings, Z. Physik. Chem., 541 (1931).
(6) Gedye and Rideal, J. Chem. Soc., 1158 (1932).
(7) Wiig and Kistiakowsky, T h is  J o u r n a l , 54, 1806 (1932).
(8) Ogg, Leighton and Bergstrom, ibid., 56, 318 (1934).
(9) Wüg, ibid., 57, 1559 (1935).

o f  a m m o n ia  fr o m  d i f f e r e n t  s o u r c e s  w e r e  u s e d  d u r in g  t h e  

c o u r s e  o f  t h e  i n v e s t i g a t i o n  w i t h  c o m p le t e ly  c o n c o r d a n t  

r e s u lt s .
M o s t  o f  t h e  a p p a r a t u s  e m p lo y e d  h a s  b e e n  d e s c r ib e d  

p r e v i o u s l y .1011 T h e  v a c u u m  s y s t e m  in c lu d e d  m e r c u r y  

d i f fu s io n  p u m p ,  M c L e o d  g a g e ,  q u a r t z  f ib e r  g a g e ,  a  r e a c t i o n  

c e l l  o f  q u a r t z  ( a t t a c h e d  t o  t h e  r e s t  o f  t h e  s y s t e m  t h r o u g h  a  

q u a r t z - P y r e x  g r a d e d  s e a l ) ,  a  s t o r a g e  b u lb  fo r  t h e  a m ­
m o n ia ,  a n d  s e v e r a l  s t o p c o c k s  a n d  m e r c u r y  c u t - o f f s .  T h e  

c u t - o f f s  w e r e  s o  p la c e d  t h a t  n o  s t o p c o c k s  w e r e  in c lu d e d  in  

t h a t  p a r t  o f  t h e  s y s t e m  i n  w h ic h  m e a s u r e m e n t s  w e r e  m a d e .
T h e  d ir e c t  d e c o m p o s i t io n  o f  a m m o n ia  w a s  s t u d i e d  w i t h  

t h e  a id  o f  r a d ia t i o n  f r o m  a  h ig h - v o l t a g e  C o n d e n s e d  s p a r k  

b e t w e e n  w a t e r - c o o le d  a lu m in u m  e le c t r o d e s .  E n e r g y  fo r  

t h e  s p a r k  w a s  s u p p l ie d  b y  a  1 3 ,0 0 0 - v o l t ,  1 0 -k v a .  t r a n s -  
f o r m e r  w i t h  a  0 .1 - m f .  c o n d e n s e r  p la c e d  in  p a r a l le l  w i t h  t h e  

s p a r k . T h e  s e n s i t i z e d  d e c o m p o s i t io n  w a s  p r o d u c e d  b y  t h e  

2 5 3 7  Ä . r e s o n a n c e  r a d ia t i o n  fr o m  a  w a t e r - c o o le d  q u a r t z  

m e r c u r y  a r c .  R a d i a t i o n  o f  w a v e  l e n g t h  s h o r te r  t h a n  

2 4 0 0  Ä . w a s  r e m o v e d  b y  a n  a c e t i c  a c id  f i l te r .

I n  t h e  q u a n t u m  y i e l d  e x p e r im e n t s  m o n o c h r o m a t ic  r a d ia ­

t io n ,  v a c u u m  t h e r m o p i le s  a n d  h ig h - s e n s i t i v i t y  g a lv a n o m e ­
t e r s  w e r e  u s e d .  T h e  t h e r m o p i le s  h a d  f u s e d  q u a r t z  W in ­

d o w s  a t t a c h e d  w i t h  w a x  a n d  w e r e  c o n t in u o u s ly  e v a c u a t e d  

b y  a n  o i l  d i f fu s io n  p u m p .  M o n o c h r o m a t ic  r a d ia t i o n  w a s

(10) Weimer and Beckman, ibid., 54, 2787 (1932).
(11) Myers and Beckman, ibid., 57, 89 (1935).
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o b t a in e d  b y  m e a n s  o f  a  q u a r t z  m o n o c h r o m a t o r  a n d  w a s  

f o c u s e d  o n  t h e  v a n e  o f  o n e  o f  t h e  th e r m o p i le s ,  T t  ( t r a n s ­

m is s io n ) .  T h e  f u s e d  q u a r t z  r e a c t i o n  c e l l ,  p r o v id e d  w i t h  

p la n e  W in d o w s , w a s  i n s e r t e d  in  t h i s  l i g h t  p a t h .  T h e  fr o n t  

w in d o w  o f  t h e  c e l l ,  a t t a c h e d  a t  a n  a n g le  o f  4 5 ° ,  r e f le c t e d  

a  f r a c t io n  o f  t h e  in c id e n t  r a d ia t i o n  o n t o  t h e  v a n e  o f  t h e  

s e c o n d  ( r e f le c t io n )  t h e r m o p i le ,  T r. A  r e c o r d in g  d e v ic e  

p r o v id e d  c o n t in u o u s  r e c o r d s  fo r  b o t h  t h e r m o p i le s .

Experimental Method
S in c e  t h e  d e c o m p o s i t io n  p r o d u c t s  w e r e  v e r y  s m a l l  in  

a m o u n t ,  i t  w a s  e s s e n t ia l  t o  k e e p  t h e  s y s t e m  th o r o u g h ly  

o u t g a s s e d .  T h i s  w a s  a c h ie v e d  b y  a lm o s t  c o n t in u o u s  e v a c u a ­
t i o n  d u r in g  t h e  i n v e s t ig a t i o n .  T h e  r e a c t io n  s y s t e m  w o u ld  

r e t a in  fo r  h o u r s  a  v a c u u m  b e t t e r  t h a n  1 0  ~ 6 m m .
I n  e x p e r im e n t s  t o  d e t e r m in e  t h e  c o m p o s i t io n  o f  t h e  n o n -  

c o n d e n s a b le  p r o d u c t s ,  a  s a m p le  o f  p u r if ie d  a m m o n ia  w a s  

i r r a d ia t e d  a n d  t h e  p r e s s u r e  a n d  c o m p o s i t io n  o f  t h e  p r o d u c t s  

n o t  c o n d e n s a b le  in  l iq u id  a ir  w e r e  d e t e r m in e d  b y  c o m b in e d  

u s e  o f  t h e  M c L e o d  a n d  q u a r t z  f ib e r  g a g e s .  T h e s e  p r o d u c t s  

w e r e  a s s u m e d  t o  c o n t a i n  o n l y  h y d r o g e n  a n d  n i t r o g e n ;  

i t  h a s  b e e n  s h o w n 12 t h a t  t h i s  m e t h o d  o f  a n a ly s i s  g iv e s  

a c c u r a t e  r e s u l t s  w i t h  s u c h  m ix t u r e s .  T h e  q u a r t z  f ib e r  

g a g e  w a s  c a l ib r a t e d  f r e q u e n t ly ,  u s i n g  b o t h  n i t r o g e n  a n d  

h y d r o g e n .
Q u a n tu m  y i e l d s  w e r e  m e a s u r e d  b y  a n  a b s o lu t e  m e th o d .  

I n  e a c h  e x p e r im e n t  t h e  r a t io  o f  t h e  t r a n s m is s io n  a n d  r e ­
f le c t io n  t h e r m o p i le  r e a d in g s  w i t h  t h e  e m p t y  c e l l  w a s  f ir s t  

d e te r m in e d .  T h e  p u r i f ie d  a m m o n ia  w a s  t h e n  a d m it t e d  

a n d  ir r a d ia te d ,  a  c o n t in u o u s  p h o t o g r a p h ic  r e c o r d  b e in g  

t a k e n  o f  b o t h  t h e r m o p i le  r e a d in g s .  L iq u id  a ir  w a s  a p ­
p l i e d  a n d  t h e  p r e s s u r e  a n d  c o m p o s i t io n  o f  t h e  n o n - c o n ­
d e n s a b le  p r o d u c t s  d e t e r m in e d .  C a l ib r a t io n s  o f  t h e  q u a r t z  

f ib e r  g a g e  w e r e  a l t e r n a t e d  w i t h  q u a n t u m  y ie ld  r u n s .  B la n k  

e x p e r im e n t s  w e r e  a l s o  r u n ,  in  s o m e  o f  w h ic h  t h e  s h u t t e r  o f  

t h e  m o n o c h r o m a t o r  r e m a in e d  c lo s e d  t h r o u g h o u t  t h e  e x ­
p e r im e n t ;  in  o t h e r s  t h e  s h u t t e r  w a s  o p e n e d  a s  u s u a l  b u t  

t h e  a m m o n ia  w a s  k e p t  f r o z e n .  T h e  s e n s i t i v i t y  o f  t h e  

t r a n s m is s io n  t h e r m o p i le  w a s  m e a s u r e d  f r e q u e n t ly  w i t h  t h e  

a id  o f  s t a n d a r d iz e d  c a r b o n  la m p s  s u p p l ie d  b y  t h e  B u r e a u  

o f  S t a n d a r d s .  T h e  t r a n s m is s io n  f a c t o r s  o f  t h e  r e a r  w in ­
d o w  o f  t h e  c e l l  a n d  o f  t h e  w in d o w  o f  t h e  tr a n s m is s io n  

th e r m o p i le  fo r  t h e  r a d ia t i o n s  u s e d  w e r e  d e te r m in e d  e x p e r i­

m e n t a l ly .

Experimental Results
Products of the Photochemical Decomposi­

tion.—When the amount of ammonia decomposed 
was relatively large (i. e ., partial pressure of 
products greater than 0.05 mm.) the non-con­
densable products contained approximately 75% 
hydrogen and 25% nitrogen, in agreement with 
the results reported by several of the previous in­
vestigators (Table I). However, when the amount 
of decomposition was successively decreased, the 
percentage of hydrogen increased, approaching 
100% in the limiting case. The data for the 
photochemical decomposition are represented by 
the circles in Fig. 1, in which the ordinates are

(12) Beckman and Dickinson, T h is J o u r n a l , 50, 1870 (1928).

the percentages of hydrogen in the non-condens­
able decomposition products and the abscissas 
are the total pressures of the non-condensable 
products as measured with the McLeod gage. 
The lowest pressure on which accurate analyses 
could be made was about 3 X 10~4 mm.

F i g .  1 .— C o m p o s i t i o n  o f  t h e  n o n - c o n d e n s a b le  g a s e s :  

• ,  d ir e c t  p h o t o c h e m i c a l  d e c o m p o s i t io n ,  4  m m .  N H 3; 

O , d ir e c t  p h o t o c h e m i c a l  d e c o m p o s i t io n ,  2 0  m m .  N H 3 ; 

* ,  m e r c u r y  s e n s i t i z e d  d e c o m p o s i t io n ,  4  m m . N H 3, f r e s h  

c e l l ;  X ,  m e r c u r y  s e n s i t i z e d  d e c o m p o s i t io n ,  2 0  m m .  N H 3.

To prove that the results could not be attrib­
uted to easily decomposed impurities in the am­
monia, experiments were made not only with 
fresh samples of ammonia but also with the resid­
ual ammonia remaining from previous experi­
ments, in which large amounts of decomposition 
had taken place and in which 75% hydrogen had 
been obtained. In all cases, the percentage of 
hydrogen was considerably greater than 75% 
for very small amounts of decomposition and de­
creased progressively toward 75% as the amount 
of decomposition was increased.

Percentages of hydrogen in excess of 75% indi­
cate the formation of hydrazine during decomposi­
tion. Varying amounts of hydrazine in the de­
composition products of ammonia have been re­
ported by certain investigators who used a flow 
method. Thus Bates and Taylor4 and Koenig 
and Brings5 obtained small amounts of hydrazine, 
while Gedye and Rideal6 reported hydrazine 
yields ranging from 0 to 57% of the amount 
stoichiometrically possible from the amount of 
ammonia decomposed. Other investigators ob­
tained no evidence of hydrazine formation.
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Hydrazine, if present, might be expected to 
eondense with the undecomposed ammonia when 
liquid air is applied to the freezing-out trap. 
In several experiments the trap containing the 
Condensed material was removed from the vacuum 
system and the contents dissolved in dilute acid. 
Tests with iodate, ammoniacal silver, and gold 
chloride failed to give a positive indication for 
hydrazine. Since the amount of hydrazine 
theoretically present (calculated from the pressure 
and composition of the non-condensable gases, 
assuming that the hydrazine is the only other 
product formed in the decomposition) is not 
greatly in excess of the minimum amount capable 
of detection (about 10~8 mol) by these methods, 
and since hydrazine is known to be strongly ad­
sorbed on glass and quartz, it appeared probable 
that failure to detect hydrazine was due to the fact 
that most of the hydrazine remained in the re­
action cell. Consequently, tests were made in 
which acidified, de-aerated water was added 
directly to the reaction cell and the aqueous liquid 
withdrawn and tested for hydrazine with am­
moniacal silver nitrate. Positive indications for 
hydrazine were obtained in all cases. Control 
experiments made under identical conditions 
except that the ammonia was not irradiated gave 
no tests for hydrazine.

Quantum Yield for the Photochemical De­
composition,—The results of the quantum yield 
determinations for the direct decomposition 
of ammonia, using monochromatic radiation of 
1990 Ä., are given in Table II. In these experi­
ments the amount of decomposition was always

very small and the percentage of hydrogen in 
the non-condensable gases was large, averaging 
about 95%. Assuming that hydrazine, hydrogen 
and nitrogen are the only products, this means 
that 16 molecules of ammonia decompose to give 
hydrogen and hydrazine for every molecule that 
decomposes to hydrogen and nitrogen. The 
number of molecules of ammonia decomposed 
may be found by means of the stoichiometric 
relation

N NB3 =  6 ( f -  O M D N ^ f ,  (1)

where N  is Avogadro’s number, p  is the total 
pressure of non-condensable gas and ƒ is the mole 
fraction of hydrogen.

The number of quanta of 1990 Ä. radiation ab­
sorbed may be calculated from the relation

N  =  ( ß D r S r  ~  D t  S t ) t
Q ctia%hc/\ (2)

where ß is the ratio of galvanometer deflections 
with the empty cell, D r and D t are the galvanome­
ter deflections for the reflection and transmission 
thermopiles, S r and S t are the sensitivities of the 
transmission thermopile at deflections of D r and 
D t, i .  e., the number of ergs per second required 
to give unit deflection, t is the time of irradiation, 
ai and a 2 are the transmission factors for X 1990 
Ä. of the rear window of the reaction cell and the 
window of the transmission thermopile, h is 
Planck’s constant, c the velocity of light and X 
is the wave length 1990 Ä. The quantum yield 
is obtained by dividing iVNHj by N q .

In the first four experiments listed in Table II 
the reaction cell was thoroughly outgassed by

T a b le  I I

Q u a n t u m  Y ie l d s  fo r  t h e  P hotochemical D ecom position  of  A m m o nia  (  X =  1 9 9 0  Ä .)

Expt.
no.

Pressure
NHs,
mm.

Time,
min.

Pressure 
products, 

mm. X 104

H2 in 
products, 

%
Molecules 
NHs dec. 
X 10“14

Quanta
absorbedx 1 0-14

Quantum
yield

6 ° 5 . 0 3 3 3 . 5 9 5 . 2 3 3 . 8 4 7 . 0 0 . 7 2
10* 1 2 . 7 2 9 . 7 5 3 . 6 9 1 . 5 2 9 . 9 4 1 . 0 .7 3

5* 3 0 . 3 4 6 6 . 1 9 6 . 5 6 0 . 9 7 6 . 4 . 8 09« 1 1 1 . 2 2 4 3 . 8 6 9 2 . 9 3 4 . 2 5 1 . 8 .6 6
A v .  . 7 0

1 8 2 . 2 2 9 . 5 4 . 2 9 4 . 5 3 9 . 4 5 4 6 . 5 5 0 . 8 5
1 7 5 . 9 2 8 5 . 6 5 9 6 . 8 5 7 . 5 6 1 . 2 5 . 9 4
1 3 6 . 0 2 9 6 . 3 7 9 6 . 8 6 4 . 7 5 6 8 . 3 7 . 9 5
11 1 3 . 8 1 8 4 . 6 3 9 2 . 6 7 4 0 . 9 5 5 1 . 9 5 . 7 9
1 5 1 4 . 3 2 9 8 . 2 9 5 , 5 8 0 . 1 5 8 5 . 7 8 . 9 4
12 2 9 . 3 2 3 6 . 4 9 4 . 4 5 6 0 . 2 6 9 . 5 5 . 8 7
1 6 3 0 . 0 1 8 . 5 5 . 0 9 5 . 6 4 9 . 0 3 5 4 . 5 5 . 9 0
1 4 6 0 . 7 1 9 . 5 4 . 4 6 9 4 . 1 4 1 . 4 5 5 . 7 7 . 7 4
1 9 1 2 8 . 2 2 9 . 5 8 . 7 9 0 . 5 7 0 . 2 8 1 . 9 . 8 6

A v .  . 8 7

a F r e s h  c e l l  u s e d  in  f i r s t  f o u r  e x p e r i m e n t s ,  c e l l  w a l l s  s a t u r a t e d  w i t h  h y d r o g e n  a t o m s  fo r  r e m a in in g  e x p e r im e n t s .
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Q u a n t u m  Y ie l d s  fo r  t h e  S e n sit ize d  D e c o m po sit io n  o f  A m m o nia  (X =  2 5 3 7  Ä .)

Expt.
no.

Pressure
NHa,
mm.

Time,
min.

Pressure 
products, 

mm. X 104

H2 in 
products, 

%

Molecules 
NHa dec. 
X 10~14

Quanta 
absorbed 
X 10~14

Quantum
yield

2 6 0 . 2 5 2 6 0 . 3 2 ( 9 5 . 0 ) “ 2 . 1 4 4 4 . 4 5 0 . 0 5

2 5 .6 0 2 1 .5 1 ( 9 5 . 0 ) “ 3 . 4 3 4 . 8 5 .1 0

2 4 1 . 3 21 . 6 4 ( 9 5 . 0 ) “ 4 . 2 8 3 8 . 5 .1 1 2

1 9 1 . 4 2 3 . 6 5 .8 4 ( 9 5 . 0 ) “ 7 . 5 5 4 8 . 2 . 1 5 6

2 3 2 . 1 2 1 .7 8 ( 9 5 . 0 ) “ 5 . 2 4 4 1 . 7 . 1 2 5

1 8 4 . 9 2 1  , 1 . 0 1 ( 9 5 . 0 ) “ 6 . 4 5 4 8 . 6 .1 3 3

2 8 8 . 3 21 1 . 1 5 ( 9 5 . 0 ) “ 7 . 5 5 6 6 . 4 . 1 1 4

2 9 8 . 3 3 9 0 .8 8 ( 9 5 . 0 ) “ 5 . 7 8 5 4 . 3 .1 0 5

1 7 1 4 . 3 1 6 .8 7 ( 9 5 . 0 ) “ 5 . 5 8 4 3 . 7 3 . 1 2 7

1 6 3 8 . 5 2 1 1 . 3 5 ( 9 5 . 0 ) “ 8 . 7 8 0 . 0 . 1 0 9

2 2 1 0 3 . 3 2 6 1 . 7 8 ( 9 5 . 0 ) “ 1 1 . 7 7 1 0 9 . 5 . 1 0 7

3 1 a 3 . 1 1 5 0 7 . 4 5 9 4 . 7 6 8 . 7 4 4 5 . 1 5 4

3 1 b 3 . 1 2 1 2 1 0 . 6 9 6 . 7 - 1 0 5 . 3 6 2 8 . 1 6 8

3 0 a 8 . 5 1 0 0 4 . 5 6 8 4 . 7 3 4 . 5 5 3 5 9 . 0 9 6

3 0 b 8 . 5 1 4 5 7 . 5 9 3 . 0 6 4 . 2 5 2 0 .1 2 3

2 7 a 2 0 . 6 1 0 0 3 . 8 8 9 0 . 0 3 0 . 0 3 6 0 .0 8 3

2 7 b 2 0 . 6 2 4 0 9 . 5 7 9 5 . 0 9 0 . 3 8 6 5 . 1 0 4

A v .  =  . 1 2

a F o r  t h e s e  e x p e r i m e n t s  t h e  h y d r o g e n  in  t h e  n o n -c o n d e n s a b le  p r o d u c t s  w a s  a s s u m e d  t o  b e  9 5 % . F o r  t h e  r e m a i n i n g  

e x p e r im e n t s  t h e  p e r c e n t a g e  o f  h y d r o g e n  w a s  d e t e r m in e d  b y  a n a ly s i s .

baking and evacuating prior to the experiment.
Since it is known that hydrogen readily “cleans 
up” on fresh quartz surfaces,13 it was feit that the 
observed quantum yields (av. = 0.70) might be 
low for that reason. Therefore, for the remainder 
of the experiments, prior to the admission of 
ammonia to the cell, hydrogen at a pressure of a 
few millimeters in the presence of mercury vapor 
was irradiated for several hours with intense mer­
cury resonance radiation, followed by thorough 
evacuation. With such treatment of the cell, 
the observed quantum yields rose to an average 
value of 0.87. Blank experiments showed that 
irradiation of the empty treated cell produced 
negligible amounts of gas, proving that the 
increased quantum yield was not due to out- 
gassing of adsorbed hydrogen. In Fig. 2 the 
quantum yields for the direct decomposition of 
ammonia are represented by the circles. The 
yields seem to approaeh unity as a limit and are 
not affected by changes in ammonia pressure nor 
the amount of products, when the latter is less 
than 10 ~3 mm.

Mercury Sensitized Decomposition.—The
products of the sensitized decomposition were 
the same as in the direct decomposition. The 
percentage of hydrogen in the non-condensable 
products again varied from nearly 100% down to 
about 75% as the amount of decomposition in­
creased, as shown in Fig. 1, where the crosses

(13) Cario and Franck, Z. Physik, 11, 161 (1922).

represent sensitized decompositions. It will 
be noticed that the same curve fits either type of 
decomposition, except when the ammonia pressure 
is low and a fresh cell is used. In this event,

1.0  

0 .8

3  0 .6

I
ö  n .
cd 0 .4

êt

0 .2  

0 .0
0  5 0  1 0 0

P r e s s u r e  o f  a m m o n ia ,  m m .

F 'ig . 2 . — Q u a n t u m  y i e l d  o f  t h e  p h o t o d e c o m p o s i t i o n  

o f  a m m o n ia :  O , d i r e c t  d e c o m p o s i t io n ,  f r e s h  c e l l ;

• ,  d ir e c t  d e c o m p o s i t io n ,  c e l l  s a t u r a t e d  w i t h  H  a t o m s ;

* ,  s e n s i t i z e d  d e c o m p o s i t io n ;  X ,  s e n s i t i z e d  d e c o m p o ­

s i t i o n ,  9 5 %  Ü 2 a s s u m e d .

hydrogen is cleaned up on the walls to such an 
extent that its fraction in the gases drops con­
siderably below 0.75 on continued irradiation 
with X 2537 Ä. When hydrogen alone is similarly 
irradiated in the cell, its pressure slowly falls off.

•  .
••

•
•

--------m—

0  0
•

0

A
? * x * X X
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The quantum yield of the sensitized decomposi­
tion was, however, much smaller than that of the 
direct decomposition, having an average value of 
0.12, as shown in Table III, and in Fig. 2, where 
the crosses again represent sensitized decomposi­
tions. This value of the yield was independent 
of the amount of decomposition, if small, and of 
the ammonia pressure, except below 1 mm., 
where it feil rapidly to zero-

Discussion
The primary process in the photochemical de­

composition of ammonia may be assumed to be a 
dissociation, since the absorption spectrum of 
ammonia is of the predissociation type,14,15 in­
volving the rupture of one of the hydrogen- 
nitrogen bonds.

N H 3 +  hv  — >  N H 2 +  H

The most direct experimental evidence for this 
primary process is the work of Geib and Harteck,16 
who showed that the photochemical decomposition 
products of ammonia could effect the conversion 
of para to ortho hydrogen and therefore pre­
sumably contained hydrogen atoms.

In the lower limit of small amounts of decompo­
sition, the products are substantially only hydro­
gen and hydrazine. The following mechanism 
accounts for their formation

N H *  +  h v ------N H 2 +  H
H  +  H  +  M ------>  H 2 +  M

N H 2 +  N H 2 +  M ------^  N 2H 4 +  M

This mechanism accounts satisfactorily for the 
additional experimental fact that the quantum 
yield is unity, independent of ammonia pressure. 
Other reaction steps assumed by previous in­
vestigators4,7’8 are not needed. In particular, 
the reaction

H  +  N H ,  +  M  — >  N H 3 +  M

leading to the re-formation of ammonia, does not 
play an important role, since the quantum yield 
is nearly unity.

The decomposition, with the exception of the 
primary process, probably proceeds heterogene- 
ously on the walls of the reaction vessel at the low 
pressures of these experiments. Hydrogen atoms 
are known to be strongly adsorbed on glass17 
and are probably also adsorbed on quartz. The 
fact that no reducing substance was obtained in

(14) Leifson, Astrophys. J ., 63, 73 (1926).
(15) Dixon, Phys. Rev., 43, 711 (1933).
(16) Geib and Harteck, Z. physik. Chem., Bodenstein Festband, 

849 (1931).
(17) Bonhoeffer, ibid., U 3, 199 (1924).

freezing-out traps may be taken as evidence that 
either NH2 or N2H4 or both are adsorbed on the 
cell walls.

A little of the hydrazine will probably be de­
composed by the hydrogen atoms, as shown by 
Dixon,18 even when its amount is small. The de­
composition of hydrazine in this way will give 
ammonia and some nitrogen, thus slightly reduc­
ing the hydrogen fraction below 100% and reduc­
ing the quantum yield below the value of unity. 
With larger amounts of products the effect is ex- 
aggerated, and the lower quantum yields obtained 
by previous investigators may be due in part to 
this effect. There is general agreement in recent 
investigations7,9 that the non-condensable gase­
ous products contain 75% hydrogen and 25% 
nitrogen when relatively large amounts of prod­
ucts are obtained. These percentages also appear 
as the limiting values in the present experiments 
as the amount of decomposition successively in­
creases. For small amounts of decomposition, 
however, the percentage of hydrogen is much 
greater, a fact which has a marked influence upon 
the calculation of the quantum yields. From 
equation 1 above, it is to be seen that for a given 
volume of non-condensable gas, the calculated 
number of ammonia molecules decomposed will 
be four times as large when the gas is 100% 
hydrogen as when it is 75% hydrogen. If the 
quantum yields given above in Table II had been 
computed on the assumption that the non- 
condensable gas consisted of 75% hydrogen and 
25% nitrogen, the calculated quantum yields 
would have been reduced to approximately 0.25, 
in agreement with the results of others. Since 
the analyses showed that the non-condensable gas 
was substantially all hydrogen, the actual quantum 
yields are much larger, nearly unity.

The marked change in the composition of the 
products in the region of small amounts of de­
composition illustrates a point which is often over- 
looked in photochemical investigations. Because 
of the difficulties which usually attend the analysis 
of the small amounts of products obtainable from 
quantum yield experiments, it is a common prac- 
tice to get relatively large amounts of products for 
analysis, often radically changing the intensity of 
radiation, degree of monochromatization, con­
centration of the reactants, etc., from the condi­
tions of the quantum yield experiments. Yet it is 
usually assumed that the reaction follows the

(18) Dixon, T his Journal, 64, 4262 (1932).
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same course in both cases. The present experi­
ments show that this assumption must be viewed 
with suspicion. The safe plan is to perform the 
experiments leading to a deduction of reaction 
mechanism under the same conditions as the 
quantum yield experiments, or better still to com­
bine them in the same experiments.

The mercury-sensitized decomposition differs 
from the photochemical decomposition in the 
nature of the primary processes and by the fact 
that marked fluorescence was observed.3

H g  -f  hvi — ^  H g '
H g '  +  N H 3 — >  N H 3' +  H g

N H 3'  > N H 3 +  hr2
N H 3'  ^  N H 2 +  H

The low quantum yield for the photosensitized 
decomposition may be attributed to fluorescence 
and suggests that the quantum of X 2537 Ä.

(approximately 112,000 cal. per mole) is barely 
sufficiënt to produce decomposition.

Summary
The photochemical and mercury photosensi­

tized decompositions of ammonia have been in­
vestigated in the region of very small amounts of 
decomposition. In contrast to the results ob­
tained with large amounts of decomposition, 
namely, a quantum yield of 0.25 and gaseous 
products consisting of 75% hydrogen and 25% 
nitrogen, with small amounts of decomposition 
the quantum yield approaches unity and the 
gaseous products approaeh pure hydrogen, in the 
case of the photochemical decomposition. For 
the photosensitized decomposition a quantum 
yield of 0.12 was obtained.
P a sa d e n a , Ca l if . R e c e iv e d  O c to ber  6 ,  1 9 3 6

[C o n t r ib u t io n  from  t h e  Chem ical  L aboratory  of t h e  U n iv e r sit y  o f  C a l if o r n ia ]

T h e  R e a r r a n g e m e n t  o f  A c e t y l c h l o r o a m i n o b e n z e n e  i n  t h e  P r e s e n c e  o f  R a d i o a c t i v e

H y d r o c h l o r i c  A c i d

B y  A. R. O l s o n , C. W. P o r t e r , F. A. L o n g  a n d  R. S. H a l f o r d

The mechanism of the Hofmann rearrangement 
of N-substituted aromatic amines has been under 
investigation, intermittently, over a period of 
sixty years. As early as 1881 Michael1 advanced 
the theory that in the rearrangement of methyl- 
aniline hydrochloride into the hydrochloride of 
^-toluidine, the first step is a dissociation into 
methyl chloride and aniline. The methyl chloride 
is then supposed to act upon the aniline, substi­
tuting the methyl group for the para hydrogen 
atom. In 1920 Michael2 reaffirmed this con­
clusion and referred to the dissociation mecha­
nism as a “self-evident explanation.”

Orton and his colleagues3 outlined a mecha­
nism for the rearrangement of acetylchloroamino­
benzene which has become almost universally 
accepted. They envisage the reaction as pro- 
ceeding in three steps: (1) the hydrolysis of the 
chloroamine; (2) the production of chlorine from 
hydrochloric and hypochlorous acids; (3) the 
chlorination of acetanilide.

(1) A. Michael, Ber., 14, 2105 (1881).
(2) A. Michael, T h is  J o u r n a l , 42, 787 (1920).
(3) F. O. Chattaway and K. J. P. Orton, Proc. Chem. Soc., 18, 

200 (1902); K. J. P. Orton and W. J. Jones, Brit. Assn. Adv. Sei. 
Repts., 1910, p. 85; F. S. Kipping, et. al., Chem. News, 108, 155 
(1913).

C 6H 5N C 1 A c  +  H 20  7 - ^  CßHßNHAc - f  HCIO ( 1 )  

HCIO +  H + +  C l “  7 " ^  H 20  +  C l2 ( 2 )  

C 6H 5N H A c  +  C l2 ------^  C 1C 6H 4N H A c  +  H +  +  C l ~  ( 3 )

At the Richmond meeting of the American 
Chemical Society (1927) one of us presented 
the view that the arrangement is intramolecular.4 
It was postulated that a bond is formed between 
the chlorine atom and the para carbon atom while 
the chlorine is still attached to the nitrogen. 
Similarly it was assumed a bond is formed be­
tween the nitrogen atom and the para hydrogen 
atom in advance of any dissociation process. 
These weak bonds are represented by dotted lines 
in formula I. When molecules in state I become

I II

sufficiently activated the bonds represented by 
dotted lines become füll valence bonds and the re­
arrangement is accomplished. In the Richmond

(4) C. W. Porter, paper read at the April meeting, 1927.
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meeting this mechanism was referred to, derisively, 
as the “flip-flop theory.”

The discovery of methods for producing arti­
ficial radioactivity has furnished a new tooi for 
investigating problems of this type. Thus in 
this rearrangement, if we use ordinary acetyl­
chloroaminobenzene and radioactive hydrochloric 
acid as a catalyst, we can determine the distribu­
tion of radioactivity among the products as the 
reaction progresses. This distribution will de­
pend on the following factors: (1) the reaction
mechanism or mechanisms; (2) the amount of 
exchange between radioactive chloride ion and 
chlorine (a) on the nitrogen of the chloroamino- 
benzene, (b) on the carbon of the chloroacetani­
lide and (c) of the molecular chlorine or hypo- 
chlorous acid in solution.

Of these factors 2b and 2c need no further in­
vestigation. Olson and Long5 have shown that 
the exchange between chloride ion and chlorine 
on an aliphatic carbon is very slow. The ex­
change on an aromatic carbon is probably even 
slower and so it can be neglected in the present 
investigation. Also Long and Olson6 have just 
shown that the equilibrium between chlorine 
and chloride ion is completely established before 
the chlorine can react with acetanilide. The re­
maining factors are considered in the present work.

F i g .  1 .— T h e  c i r c le s  a r e  t h e  e x p e r i m e n t a l  r e s u l t s  fo r  

t h e  C h e m ic a l  r a t e  a s  t a k e n  f r o m  T a b l e  I .  T h e  s o l id  

l in e  h a s  b e e n  c a l c u l a t e d  fr o m  a  u n im o le c u la r  r a t e  c o n ­
s t a n t ,  ki — 0 .0 3 1 6  m i n . - 1 .

Experimental
T h e  a c e t y l c h lo r o a m in o b e n z e n e  w a s  p r e p a r e d  b y  t h e  

m e t h o d  o f  B a r n e s  a n d  P o r t e r .7

(5) A. R. Olson and F. A. Long, T h is  J o u r n a l , 66, 1294 (1934).
(6) F. A. Long and A. R. Olson, ibid., 58, 2214 (1936).
(7) C. D.'Barnes and C. W. Porter, ibid., 52, 1721 (1930),

T h e  r a d io a c t iv e  c h lo r in e  w a s  p r e p a r e d  i n  P r o fe s s o r  E .  O . 
L a w r e n c e ’s  r a d ia t i o n  la b o r a t o r y ,  b y  b o m b a r d in g  s o l id  

s o d iu m  c h lo r id e  w i t h  d e u t e r o n s .
T h e  c o n c e n t r a t io n s  o f  t h e  r e a g e n t s  a n d  t h e  t e m p e r a t u r e  

w e r e  c h o s e n  s o  t h a t  t h e  h a l f - l i f e  o f  t h e  r e a c t io n  w a s  s o m e ­
w h a t  s h o r te r  t h a n  t h e  h a l f - l i f e  o f  t h e  r a d io a c t iv e  c h lo r in e .  

T h e  s o l v e n t  w a s  a q u e o u s  a lc o h o l  ( 2 0 %  a lc o h o l  b y  v o lu m e ) .
I n  m a k in g  a  r u n ,  t h e  a c e t y lc h lo r o a m in o b e n z e n e  w a s  d i s ­

s o lv e d  in  t h e  a q u e o u s  a l c o h o l  s o lu t io n  t o  w h ic h  e n o u g h  

s u lfu r ic  a c id  h a d  b e e n  a d d e d  t o  m a k e  i t  1 N  w i t h  r e s p e c t  

t o  h y d r o g e n  io n .  T h e  r a d io a c t iv e  s o d iu m  c h lo r id e  w a s  d i s ­
s o lv e d  s e p a r a t e ly  i n  a  p r e d e t e r m in e d  v o lu m e  o f  t h e  s a m e  

s o lv e n t ,  s o  t h a t  a f t e r  a  p o r t io n  o f  t h e  s o lu t io n  h a d  b e e n  

u s e d  fo r  t h e  i n i t i a l  r a d io a c t iv e  a n a ly s i s ,  t h e  r e m a in in g  

p o r t io n ,  w h e n  m ix e d  w i t h  t h e  c h lo r o a m in e ,  w o u ld  p r o d u c e  

a  s o lu t io n  0 .0 4  m o la r  w i t h  r e s p e c t  t o  b o t h  a c e t y l c h lo r o ­
a m in o b e n z e n e  a n d  r a d io a c t iv e  s o d iu m  c h lo r id e .  T h e  

S o lu t io n s  w ë r e  b r o u g h t  t o  t h e  t e m p e r a t u r e  o f  t h e  t h e r m o ­

s t a t  b e fo r e  m ix i n g  a n d  t h e  t im e  o f  m ix i n g  w a s  t a k e n  a s  t h e  

z e r o  t im e  fo r  t h e  r e a c t io n .
A t  t im e s  s h o w n  i n  T a b le  I ,  5 - c c .  s a m p le s  w e r e  w i t h ­

d r a w n  a n d  a n a ly z e d  i n  t h e  u s u a l  m a n n e r  b y  a d d in g  e x c e s s  

p o t a s s iu m  io d i d e  s o lu t io n  a n d  t i t r a t i n g  t h e  l ib e r a t e d  i o ­
d in e  w i t h  S t a n d a r d  t h io s u l f a t e .  T h e  r e s u l t s  a r e  g iv e n  in  

T a b le  I  a n d  p l o t t e d  i n  F i g .  1 . T h e  s o l id  l in e  i n  t h i s  f ig u r e  

h a s  b e e n  c a l c u la t e d  u s in g  a  u n im o le c u la r  r a t e  c o n s t a n t ,  

h  =  0 .0 3 1 6 .
T a b l e  I

D a ta  fo r  Chem ic a l  R ate
Time, Thio used, % CeHeNAc'
min. cc. unreacted

0 3 . 9 0 1 0 0

1 . 5 3 . 5 0 8 9 . 8

1 4 2 . 5 5 6 5 . 4

2 3 1 . 9 0 4 8 . 7

3 0 1 . 5 0 3 8 . 5

4 6 0 . 9 0 2 3 . 0

I n  a d d i t io n  t o  f o l l o w i n g  t h e  r a t e  o f  r e a r r a n g e m e n t  in  t h e  

u s u a l  C h e m ic a l w a y ,  w e  d e t e r m in e d  t h e  r a t e  o f  c h a n g e  w i t h  

t im e  o f  t h e  r a d i o a c t i v i t y  o f  t h e  c h lo r id e  io n  i n  s o lu t io n .  
T h is  c h a n g e  w a s  d u e  n o t  o n l y  t o  t h e  n a t u r a l  r a d io a c t iv e  

d e c a y  b u t  a l s o  t o  t h e  f a c t  t h a t  s o m e  r a d io a c t iv e  c h lo r id e  

io n s  w e r e  u s e d  i n  t h e  r e a c t i o n  a n d  w e r e  r e p la c e d  b y  n o n -  

r a d io a c t iv e  c h lo r id e  io n s .  A t  r e g u lä r  in t e r v a l s  1 0 0 -c c .  

s a m p le s  w e r e  w i t h d r a w n  f r o m  t h e  r e a c t i o n  v e s s e l ,  s i lv e r  

n i t r a t e  s o lu t io n  w a s  a d d e d  a n d  t h e  s i lv e r  c h lo r id e  w a s  

f i l t e r e d  o f f ,  w a s h e d  a n d  d r ie d .  A  w e ig h e d  a m o u n t  o f  t h i s  

s i lv e r  c h lo r id e  w a s  t h e n  d i s s o lv e d  in  a  k n o w n  v o lu m e  o f  

a m m o n iu m  h y d r o x id e  a n d  t h e  r a d i o a c t i v i t y  o f  t h e  c h lo ­

r id e  io n  w a s  d e t e r m in e d  b y  t h e  m e t h o d  o u t l in e d  b y  O ls o n ,  
L ib b y ,  L o n g  a n d  H a l f o r d .8

I n  a d d i t io n  t o  t h e s e  m e a s u r e m e n t s ,  t w o  d e t e r m in a t io n s  

o f  a  d i f f e r e n t  t y p e  w e r e  m a d e .  I n  t h e  f i r s t  o f  t h e s e  t h e  

r a d i o a c t iv i t y  o f  t h e  r e a r r a n g e d  p r o d u c t ,  ^ - c h lo r o a c e t a n i ­

l id e ,  w a s  o b t a in e d .  T h i s  w a s  d o n e  b y  t a k in g  a  s o m e w h a t  

la r g e r  s a m p le  t h a n  u s u a l ,  d e s t r o y in g  t h e  c h lo r o a m in e  w i t h  

io d id e  io n ,  r e d u c in g  t h e  l ib e r a t e d  io d in e  w i t h  t h io s u l f a t e ,  

t h e n  e x t r a c t in g  t h e  r e a r r a n g e d  p r o d u c t  w i t h  b e n z e n e .  

A fte r  e v a p o r a t in g  t h e  b e n z e n e ,  t h e  c h lo r o a c e t a n i l id e  w a s  

fu s e d  w i t h  p o t a s s iu m  h y d r o x id e ,  d i s s o lv e d  in  w a t e r  a n d

(8) A. R. Olson, W. F. Libby, F. A. Long and R. S. Halford, ibid. , 
58, 1313 (1936),
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a c id if ie d  w i t h  n i t r i c  a c id .  E x c e s s  s i lv e r  n i t r a t e  w a s  t h e n  

a d d e d ,  t h e  s i lv e r  c h lo r id e  f i l t e r e d  o ff , d r ie d  a n d  e x a m in e d  

fo r  r a d i o c t i v i t y  i n  t h e  u s u a l  m a n n e r .  T w o  s o u r c e s  o f  in -  

a c c u r a c y  e n t e r e d  i n t o  t h i s  d e t e r m in a t io n .  F i r s t ,  t h e  s i lv e r  

c h lo r id e  w a s  q u i t e  d a r k ,  i n d ic a t in g  t h e  p r e s e n c e  o f  s o m e  

s i lv e r  s u lf id e ,  S e c o n d ,  t h e  a m o u n t  o f  s i lv e r  c h lo r id e  o b ­

t a in e d  fr o m  t h i s  e x p e r i m e n t  w a s  o n ly  o n e - f i f th  a s  m u c h  a s  
w e  o t h e r w is e  u s e d  fo r  a  r a d io a c t iv e  d e te r m in a t io n .

T h e  s e c o n d  e x p e r i m e n t  w a s  d e v i s e d  t o  d e t e r m in e  t h e  

r a t e  w i t h  w h ic h  r a d io a c t iv e  c h lo r in e  r e p la c e s  t h e  n o n -  

r a d io a c t iv e  c h lo r in e  o n  t h e  n i t r o g e n  o f  t h e  a c e t y lc h lo r o ­

a m in o b e n z e n e .  A f t e r  t h e  r e a c t i o n  w a s  a b o u t  o n e - f o u r th  

o v e r ,  a  s a m p le  o f  t h e  r e a c t i o n  m ix t u r e  w a s  r e m o v e d  a n d  

s u f f ic ië n t  s o d iu m  c a r b o n a t e  w a s  a d d e d  t o  m a k e  t h e  s o lu ­

t io n  s o m e w h a t  a lk a l in e .  T h i s  w a s  d o n e  t o  c o n v e r t  a n y  

s l i g h t  a m o u n t  o f  c h lo r in e  i n t o  h y p o c h lo r i t e  a n d  c h lo r id e  

io n s .  T h e  c h lo r o a m in e  a n d  c h lo r o a n i l id e  w e r e  t h e n  e x ­

t r a c t e d  w i t h  b e n z e n e .  T h i s  b e n z e n e  e x t r a c t  w a s  s h a k e n  

t h o r o u g h ly  w i t h  a n  a q u e o u s  s o lu t io n  o f  s o d iu m  s u lf i t e  

w h ic h  r e d u c e d  t h e  c h lo r o a m in e  t o  c h lo r id e  io n  a n d  a c e t ­

a n i l id e .  T h e  a q u e o u s  s o lu t io n  w a s  a c id if ie d ,  t h e  c h lo r id e  

p r e c ip i t a t e d  a s  s i l v e r  c h lo r id e  a n d  i t s  r a d io a c t iv i t y  d e t e r ­
m in e d .

F ig .  2 , — T h e  n u m b e r s  o f  t h e  c u r v e s  r e f e r  t o  t h e  

c o r r e s p o n d in g ly  n u m b e r e d  s a m p le s  in  T a b le  I I .
T h e  c u r v e s  h a v e  b e e n  d i s p la c e d  u p w a r d  b y  0 .6  u n i t  

f r o m  t h e  p r e c e d i n g  c u r v e  w i t h  t h e  e x c e p t io n  o f  

C u r v e  6  w h ic h  h a s  b e e n  d is p la c e d  t w ic e  t h i s  

a m o u n t .

I n  F ig .  2  w e  h a v e  p l o t t e d  t h e  t i m e  o f  c o u n t in g  a g a in s t  

t h e  lo g a r ith m  o f  t h e  p r o d u c t  o f  t h e  n e t  c o u n t  t im e s  t h e  

d i lu t io n  fo r  a l l  t h e s e  s i lv e r  c h lo r id e  s a m p le s .  I n  e v e r y  

c a s e  t h e  s lo p e  o f  t h e  l in e  c o r r e s p o n d s  t o  t h e  k n o w n  h a lf -  

l i f e  o f  r a d io a c t iv e  c h lo r in e .  I f  w e  c a l l  t h e  r a d io a c t iv i t y  o f  

t h e  c o n t r o l  s a m p le  1 0 0 % , t h e n ,  fr o m  t h e  in t e r c e p t s  o f  

t h e s e  l in e s  o n  th e  t =  0  a x is ,  w e  c a n  c a lc u la t e  im m e d ia t e ly

T a b l e  I I
No. of 

corresp. 
curve in 
Fig. 2 Source of AgCl

Time,
min.

% radio­
activity com­
pared to con­

trol sample

1 S o lu t io n 0 1 0 0

2 S o lu t io n 6 . 6 7 7 9 . 2

3 S o lu t io n 2 0 7 2 . 7

4 S o lu t io n 4 4 6 0 . 2

5 S o lu t io n 8 1 . 2 5 5 . 7

6 C h lo r o a c e t a n i l id e 3 0 4 0 . 5

7 C h lo r o a m in e 1 1 . 1 6 4 . 0 9

t h e  p e r c e n t a g e s  o f  r a d i o a c t i v i t y  i n  e a c h  o f  t h e s e  s a m p l e s  a s  

c o m p a r e d  w i t h  t h e  c o n t r o l .  T h e  r e s u l t s  o f  t h e s e  c a l c u l a ­
t io n s  a r e  g iv e n  in  T a b le  I I ,  a n d  t h e  d a t a  fo r  t h e  c h lo r id e  

io n  i n  s o lu t io n  h a v e  b e e n  p l o t t e d  i n  F i g .  3 .

T i m e ,  m in .

F i g .  3 .— G r a p h ic  r e p r e s e n t a t i o n  o f  t h e  r e s u l t s  f o r  

v a r io u s  m e c h a n is m s .  C u r v e  1 i s  f o r  i n t r a m o l e c u l a r  
r e a r r a n g e m e n t  w i t h  e x c h a n g e  o n  t h e  n i t r o g e n .  

C u r v e s  2  a n d  3  g i v e  t h e  u p p e r  a n d  lo w e r  l i m i t s  f o r  

t h e  c h lo r in e  i n t e r m e d i a t e  p a t h .  C u r v e  4  i s  f o r  t h e  

t w o  m e c h a n i s m s  p r o c e e d i n g  s i m u l t a n e o u s l y .  T h e  

c ir c le s  a r e  t h e  e x p e r i m e n t a l  r e s u l t s  a s  s h o w n  i n  
T a b le  I I .

With the datum given in Table II it is possible 
to calculate the specific rate of the exchange re­
action

C 6H 5N A c C1 +  * C 1 - ------^  C 6H 5N A c C 1* +  C l ~

with an accuracy sufficiënt for our purpose, by 
assuming that the concentration of radioactive 
chloride ion is, over this short time interval, 
constant and equal to its initial value. Table 
II shows that approximately 4% of the chlorine 
of the acetylchloroaminobenzene is radioactive 
after 11.16 minutes. This corresponds to a
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specific rate constant for this reaction of k2 = 
0.094 mole-1 min.-1.

In addition to the data given above several 
preliminary runs were made. The data for these 
runs are not included here, for, while the results 
are in accord with this run, they are not suffi­
ciently accurate to merit inclusion.

Detailed Consideration of Possible Mechanisms
(1) Intramolecular rearrangement without ex­

change on the nitrogen of the chloroamine : This 
mechanism alone cannot possibly account for 
the experimental facts since, then, there would 
be no decrease of the radioactivity of the chloride 
ion in solution as the reaction progressed.

(2) Intramolecular rearrangement, allowing for
exchange on the nitrogen: Schematically this
mechanism can be represented by

x  ____  w
~TT

C6HbNAcC1 +  *C1- — ^ C6HbNAcC1* +  Cl-

h i  h 1
C1C6H4NAcH C1*C6H4AcH

y  z

The specific rate of interchange of chlorine on the 
nitrogen of the chloroamine is given by k2 and the 
specific rate of the rearrangement is given by 
ki.

To obtain the rate expression for this mech­
anism, let #, y, w  and 2  be the concentrations of 
C6H5NAcC1, C1C6H4NAcH, C6H5NAcC1* and 
C1*C6H4AcH, respectively, at time, t. In addi­
tion, let a  be the initial concentration of C6H5- 
NAcCl and b be the initial concentration of radio- 
active chloride ion.

We can therefore write
d x / d t  =  — k\X  —■ k 2(b  — w  — z ) x  
d w / d t  — k2(b  — w  ~  z ) x  — k iw  
d y / d t  — + k i x  
d z / d t  =  -\-k\W

Since the hydrogen ion and the total chloride 
ion concentrations do not change during a run 
(except very slowly due to side reactions) we have 
included the magnitude of these factors in ku 
the chemically determined rate constant. The 
equations then represent the fact that under 
these conditions the Chemical rate is unimolecu­
lar, depending only on x w> the total concentra­
tion of chloroamine. The rate at which chloro­
amine is converted into the radioactive variety 
depends not only on the concentration of the 
inactive chloroamine, but also upon b — w  ~  z, the

concentration of the radioactive chloride ion, 
since this, as distinguished from b, the total chlo­
ride ion concentration, is a function of the time.

This set of equations can be solved conveniently 
by a series of approximations. In the first ap­
proximation we set the radioactive chloride ion 
concentration, *C1- , equal to b. Integration 
with this assumption gives

-(ki + &2&)q
x  =  a e~ (kl+k2b)t

g-kit — Q-

k2b
Jk 1 “1- k 2b 

y  =  a  — ( x - \ - w - \ - z )

+ ( 1  _  M  4
\  ki T  k2b)

-(fcj -f kzb)t
■4

Making use of the values k\ = 0.0316 and k2b 
= 0.00376, as given in earlier paragraphs, we 
can calculate the concentrations of radioactive 
chloride ion which should be present at any time 
t according to this mechanism. This we have 
done. The dotted line, labeled 1, in Fig. 3 shows 
the results of these calculations. The very large 
discrepancy between the calculated and observed 
percentages cannot be accounted for by the ap­
proximation which we have introduced in order 
to simplify the calculations, for k2b would need 
to be almost ten times as large as the value found, 
in order to obtain an agreement between the ob­
served and calculated values. It is obvious, 
therefore, that this mechanism by itself cannot 
account for the data observed under these ex­
perimental conditions.

(3) The reaction proceeds through the inter­
mediate formation of chlorine: (a) The concen­
tration of chlorine is large. All of the Chemical 
evidence is against this assumption. However, 
it may not be amiss to point out that if all the 
chloroamine reacted to give chlorine before any 
of the final product were formed, then the radio­
activity of the chloride ion in solution would drop 
to 50% of its original value and thereafter remain 
constant. The assumption of a large concentra­
tion of chlorine is equivalent mathematically, 
so far as the distribution of radioactivity in the 
products is concerned, to assuming that the 
equilibrium

C 6H 5N A c C 1 +  H + C 1 “  ^ ± 1  C l2 +  C 6H 5N a c H  

is established rapidly. Therefore any mechanism 
which depends upon such a rapid  reversible re­
action must be wrong.

(b) The concentration of chlorine is small. 
In order to get the limiting value under this as­
sumption we shall assume that the concentration 
of chlorine is infinitesimal and that no exchange on
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the nitrogen occurs. We can represent the 
mechanism as

C e H jN A c C l +  H +  +  [ * q I ] ------>-

C 6H 5N A c H  +  (1 )

C e H ßN A c H  +  [ ^ ] < ^
* C 1 C 6H 4N A cH

C 1 C 6H 4N A cH
-K

r*ci-
h * + 1_ - : ]  ® .

[ *012*1 includes all the varieties of chlorine
molecules. We do not wish to commit ourselves 
to any particular mechanism by which molecular 
chlorine may be formed from the chloroamine, 
but wish to assume merely that molecular chlorine 
is an intermediate.

Since the concentration of chlorine remains 
small, the total rate of production of the chloro­
anilide must be equal to the rate of disappearance 
of chloroamine, and therefore equal to the Chemi­
cal rate.

Designating, as before, the concentrations at 
time *, of C6H5NAcC1, C1C6H4NAcH and *C1- 
CöIHLjNAcH as x, y  and s, respectively, we ob­
tain

—d x / d t  =  + h b x  — d y / d t  - f  d z / d t

where, for convenience, we have replaced ki of 
a former section by k\b. The ratio {d z /d t ) / {dy /d t)  
is equal to the ratio of the probability that a 
chlorine atom in molecular chlorine is radioactive, 
to the probability that it is inactive. Since we 
have shown that there is a very rapid inter­
change between chloride ion and chlorine, this 
ratio of probabilities is merely the ratio of the 
concentrations of radioactive chloride ion to in­
active chloride ion, which in turn is (b —z ) / z .

Our rate equations are then
d x / d t  =  — kr bx  
d z / d t  =  -\~ki(b — z ) x  
d y / d t  =  +& i z x

The integrated expressions are 
x  =  a e ~ k'bt
b -  * =  b e - d -e-kibt) =  (*C1~) 
y  =  a  — x  — z

Curve 3 in Fig. 3 represents the values for the 
percentages of radioactive chloride ion in solu­
tion calculated under this assumption. Curve 2 
is a plot of the percentages of radioactive chlo­
ride ion under the assumptions of paragraph (a) 
or the equivalent assumption that the exchange 
on the nitrogen is very fast. Any assumption

with respect to the concentration of chlorine or 
with respect to the speed of the exchange on the 
nitrogen, but which retains the chlorine inter­
mediate as the sole path of the reaction, must 
give a curve which lies intermediate between 
curve 3 and curve 2. Since our experimental 
curve lies outside of these limits, we can conclude 
that the reaction cannot go solely by a chlorine 
intermediate. It is thus evident that no single 
mechanism so far proposed is sufficiënt to explain 
the experimental facts which we have observed.

(4) Intramolecular rearrangement and the 
chlorine intermediate mechanism acting simul­
taneously: We can represent such a combination 
of these two mechanisms schematically as

X w
* C l - £ 2

C 6H bN A c C1 --------------- C 6H 6N A c C 1*

C 1C «H 4N A cH  *C 1C 6H 4N A cH

y  z

As before, since chlorine does not accumulate 
in the solution, the Chemical rate of disappearance 
of the chloroamine, — { d x /d t  +  d w / d t ) f must be 
equal to the rate at which chloroacetanilide is 
formed by all paths, i .  e., d y / d t  +  d z /d t .  Accord­
ing to this mechanism it also will be equal to {k\ +  
kzb)(x +  w). If we set d y / d t  =  d y ' / d t  +  dy"/d/ 
and d z / d t  =  d z ' / d t  +  d z" [d t  where dy"/d/ and 
dz" /d t are the contributions of the chlorine inter­
mediate mechanism to the rates, we see that {dz"/  
d t) / {d y " /d t )  must as before be equal to (*C1~)/ 
(Cl~) which now becomes {b — w  ~  z ) / { w  +  z).

The differential equations, with the same sym­
bols as used originally, are

d x / d t  =  — k\X  — k ‘2x ( b  — w  — z )  — kzbx  
d w / d t  =  x {b  ~  w  — z )  — k \w  — kzbw  
d z / d t  — d - k i w  +  k z{x  -f- w ) { b  — w  — z )  
d y / d t  =  d~k\X +  k z(x  +  w ) ( w  +  z )

Assuming that the concentration of radioactive 
chloride ion is constant and equal to the initial 
value, the following approximate expressions for 
x and w, as functions of time, are obtained.

x =  ae~(ki + * 2& + k3b)t 
w  =  a \ e ~  (ki+k$b)t — e~ (kl +fc2& +

Substituting these expressions in the equation for 
d z /d t f we get an expression to integrate which 
contains an exponential to an exponential. Ex- 
panding one exponential by a series and integrat- 
ing, we finally obtain
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ki
m  +  n

W

r  ( 1  -  e ~ mt) -  —  ( 1  -  e - M )
L m

— e ~ imt) +  . . .

*** ( i + ^ d -

z  = ae+(k »a/iri)e-mt

(1  — e -0 »  + »)*) - f
2 m  +  n

e ~(2 m+n)t)

m(3m +  » )  ( X +  Ê )  ( 1  ~  ^ (3” +n)‘) +  • • • ]  '

where m  =  &i +  fab and n =  fab. The specific 
Chemical rate is given by f a  +  fab. f a  has been 
evaluated from the experiment on the exchange of 
the chlorine on the nitrogen of the chloroamine.

The fraction of chloride ion in solution which is 
radioactive is given by [b— (w +  z) ]/b. This ob- 
viously depends upon the values chosen for fa 
and fa. If we chóose fa = 0.0136 and fab = 0.0180 
we get curve 4 in Fig. 3 which agrees well with the 
experimental data. The values of the rate con­
stants chosen above correspond to 43% of the 
acetylchloroaminobenzene rearranging intra- 
molecularly and 57% disappearing through the 
chlorine intermediate path. It is quite likely that 
changes in the experimental conditions would 
change not only the actual values of these three 
rate constants but also the relative amounts 
going by the two paths.

By calculating, according to the combined 
mechanisms of the preceding paragraph, z / ( y  +  z) 
for t = 30 minutes we obtain the value, 48.2%. 
The experimental value of this quantity, taken

from Table II, is 40.5%. Considering the in- 
accuracies of this particular determination we 
feel that the check is sufficiently close.

In all of this work we must not overlook the 
fact that we are placing a heavy bürden on the 
single determination of fa. However, calcula­
tions show that a 100% change in the value of 
this rate constant will not affect our conclusions 
materially.

Summary
The rearrangement of ordinary acetylchloro­

aminobenzene has been induced by the action of 
radioactive hydrochloric acid.

The time rates of change of the percentages of 
radioactivity in the products have been measured. 
The rate with which the chlorine on the nitrogen 
of acetylchloroaminobenzene interchanges with 
the chloride ion in solution also has been meas­
ured.

For these measurements it has been shown 
that under the conditions of this experiment the 
rearrangement of acetylchloroaminobenzene does 
not proceed exclusively either by an intramolecu­
lar rearrangement or by a chlorine intermediate.

A combination of these two mechanisms, with 
43% of the reaction going by direct rearrange­
ment, and 57% through a chlorine intermediate, 
will explain all our results.
B e r k e l e y , Ca l if . R e c eiv ed  A u g u st  2 4 ,  1 9 3 6

[C o n t r ib u t io n  from  the  Chem istry  D e pa r t m e n t , Oh io  S ta te  U n iv e r s it y ]

V a p o r  P r e s s u r e s  o f  S a t u r a t e d  S o l u t i o n s

By A lfred E. H irschler

Roehl1 has pointed out the interesting fact that 
when all the scanty available data on vapor 
pressures of saturated aqueous salt Solutions are 
plotted as log P  against l / T ,  straight lines are 
obtained which are all parallel to the water curve. 
He was unable to offer an explanation for this 
“unexpected” result.

While this fact does seem somewhat surprising 
at first sight, it is the purpose of this paper to show 
that a closer scrutiny reveals that this is just 
what would be expected from the magnitudes of 
the heat effects involved.

The change in fugacity of water from a continu-
(1) Roehl, T h is  J o u r n a l , 58, 1291 (1936).

ously saturated solution of a solid solute as the 
temperature rises is given by the equation2a 
d  ln  / i / d T  =  ( H f  -  H i ) / R T 2 +  N 2( m  -  H * ) / N i R T 2

(1 )
where/i is the fugacity of water from the solution, 
H *  the molal heat content of attenuated water 
vapor, I I 2 the molal heat content of the solid 
salt, H i, N i  and H 2f N 2 the partial molal heat 
contents and mole fractions of water and solute, 
respectively. In this equation and those to 
follow, constant pressure is assumed. We may 
choose pure liquid water, and an infinitely dilute

(2) (a) Lewis and Randall, “Thermodynamics and the Free 
Energy of Chemical Substances/' McGraw Hill Book Co., New 
York, 1923, p. 220; (b) p. 222; (c) p. 201; (d) p. 92; (e) p. 477.
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aqueous solution as Standard states for solvent 
and solute, respectively, and represent the cor­
responding molal heat contents by iJj and Hl. 
We then have
d ln /i/d P  = [(Hf -  HÏ) -  (Hi -  H tn /R T 2 +

m m ' ,  -  Hl) -  (H2 -^ H bym R T *  
= ( AH, -  fa )/R T 2 +  N2(U  -  L2)/N iRT2 

where ALT* is the molal heat of vaporization of 
water into a vacuum (the so-called ideal heat of 
vaporization), and Li, L 2 and L'2 are the relative 
heat contents of the substances involved. Re- 
arranging slightly
d ln / i /d r  = AHi/RT2 -  (HiZi +  A2L2 -  N2LÏ)/N iRT2 

= AHJRT2 — (L — N2L 2)/N iRT2 (2)
where L is the relative heat content of one mole 
of the solution.

Now, L  — N 2L 2 is the total or integral heat of 
solution involved in the formation of one mole 
of the saturated solution. The mole fraction is 
numerically equal to the number of moles of each 
substance taken. Using sodium chloride as an 
example, we may write

N2 NaCl(s) +  HiH20(1) = 1 mole saturated solution 
The integral heat of solution is the value of AHS 
= AL for this process, where the symbol AHS 
represents the heat absorbed in the formation of 
one mole of the saturated solution from its com­
ponents.

AHS = AL = L -  N2L ’ -  NiLi -  L — N2L 
since Li for the liquid water is zero by choice of 
Standard state.

Hence
d ln f i/d T  — (AHi — AH JN i)/R T 2 (3)

The corresponding equation for pure water is2C 
d ln /i/d T  =  A H i / R T 2 (4)

These equations are exact. For practical pur­
poses they may be modified slightly. Assuming 
water vapor to be a perfect gas, we can replace the 
fugacity by the vapor pressure, and the latter by 
the total pressure P  if the solute is not appreciably 
volatile. At the same time, to be consistent, we 
may replace the ideal heat of vaporization by that 
ordinarily determined. 3 Then

d ln P /d T  =  (AH — AHs/N i)/R T 2 (5)
d ln P /d T  =  AH /RT2 (6)

If we plot log P  against l / T  for equations (5) 
and (6 ), the plot in each case should be a straight 
line of slope — (AH  — A H JN i) /2.303H in the 
case of equation (5) and of slope — A///2.303H 
for equation (6).

(3) Since pressure has such a small effect on vapor pressures, we 
may apply the equation to a liquid under a variable vapor pressure.

I t  is now obvious that if the term A H J N i  
is small compared to AH , the vapor pressure 
curves of saturated solution and pure solvent 
will be nearly parallel, the more nearly so the 
smaller the integral heat of solution. For a 
solution of a non-volatile solid which forms a 
perfect solution the two curves should be exactly 
parallel, as the heat of solution is then zero.2b

For most aqueous salt Solutions, Ni is not far 
from unity, so that the magnitude of A H S prac­
tically determines the size of the correction factor, 
the solubility having small effect. Further, the 
heat effect in forming one mole of solution must 
always involve less than 18 g. of water. Since 
most heats of solution, expressed in terms of 1000 
g. of water, are much smaller than the heat of 
vaporization of water, it can be seen that A H J N i  
usually will be quite small compared to  A H .

This conclusion may be illustrated by a specific 
example. The necessary heat quantities for so­
dium chloride, one of the cases cited by Roehl, 
have been determined.2d The saturated solution 
is 6.12 m at 25° Li =  11.5 cal., L2 = —702 cal., 
L' = -1019 cal., Ni = 0.9007 and N2 =  0.0993.

AHa = NÏLi +  N2L2 -  N2V  =  42.6 cal.
AHS/A i -  47.3 cal.

We may take the molal heat of vaporization of 
water at 25° as 10,450 cal.2e The difference in 
slope of the vapor pressure curves for pure water 
and for saturated solution at 25° should thus 
only differ by 47.3/10,450, or 0.45%, which is 
less than the usual experimental error.

In the foregoing discussion it has been assumed 
that A H  and A H S are independent of tempera­
ture. This is only true as a first approximation. 
A H  at 100° is 9730 cal.2e While exact data on 
AHS are lacking, it is known that in general 
Solutions become more ideal as the temperature 
is raised, so that we would expect A H S to decrease 
also. The percentage deviation of the slopes of 
the vapor pressure curves might well remain 
sensibly constant up to the boiling point of the 
solution.

Sodium chloride may be taken as typical of a 
strong electrolyte in aqueous solution. The heats 
of solution of many electrolytes will be found to 
be of the same order of magnitude. However, 
a heat of solution eleven times that of sodium 
chloride will give rise to a difference in slope of 
only 5%. We may thus state as a working rule 
that vapor pressures of saturated aqueous salt 
Solutions plotted as log P vs. l / T  will be parallel
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to the curve for pure water. In the absence of 
data a determination of the vapor pressure of 
the saturated solution at any one temperature 
will enable the entire curve to be drawn with a 
good degree of approximation.

It may be remarked that equations (5) and (6) 
apply equally well to the case of non-aqueous 
Solutions, with the same assumptions, when the 
corresponding heat quantities are used. We may 
again predict a fairly close parallelism between 
the l o g P - l / r  curves for pure solvent and satu­
rated solution. For a given value of AHS, we 
would expect the deviation in slope for a non- 
aqueous solution to be much greater than for an 
aqueous solution. The heat of vaporization of 
water is abnormally high, and the solubility of 
electrolytes (or other solutes) expressed in terms 
of mole fractions are lower in water than in most 
other liquids. Consequently, for non-aqueous 
Solutions, AHJNi would be larger, and at the 
same time AH smaller, than for water. On the 
other hand, it must be pointed out that devia­
tions of Solutions from ideality are as a rule much 
less in other liquids than in water, particularly 
in the case of organic liquids, where many approxi­
mately ideal Solutions are known. Therefore, 
for a great many Solutions of organic substances, 
AHS will be very small or zero, and for them the

slopes of the vapor pressure curves will be sensibly 
parallel.

Finally, the assumptions under which equation 
(1) was derived make it possible to apply it to the 
case where a liquid is the saturating phase, pro­
vided only that its composition does not change 
with temperature. Owing to the phenomenon of 
mutual solubility, this will not ordinarily be true. 
Nevertheless, if the change in composition is not 
great, we may expect an approximate parallelism 
between the log P - l /T  curves if the “solute” 
is non-volatile; and between the log p i- l /T  
curves for the instance of an appreciably volatile 
solute.

Summary
1. An explanation is offered for the parallelism 

of the log jP-T /  T  curves for some saturated aque­
ous Solutions and pure water.

2. An equation is developed from which it is 
predicted that this phenomenon will be true in 
general for saturated Solutions, both aqueous and 
non-aqueous.

3. It is suggested that in the absence of data, 
a knowledge of the vapor pressure of a saturated 
solution at one temperature will make it possible 
to obtain the entire curve to a good degree of 
approximation.
B l u fft o n , Oh io  R e c eiv ed  A u g u st  31, 1936

[Co n t r ib u t io n  fr o m  t h e  R e sea rc h  L aboratory  of  M e r c k  & Co., I n c .]

The Acetyl Derivatives of Gluconic and Xylonic Acids

B y  R a n d o l ph  T . M ajo r  a n d  E l m e r  W . C ook

The only record in the literature of an acety­
lated sugar acid is that described by Upson and 
Bartz. These investigators prepared 2,3,4,6- 
tetraacetyl-d-gluconic acid monohydrate by the 
acetylation of 5-d-gluconolactone. 1 This reac­
tion has been repeated in this Laboratory. Tetra- 
acetyW-gluconic acid monohydrate with practi­
cally the same melting point reported by the pre­
vious workers was obtained but the optical activ­
ity found was different. Since the previous in­
vestigators did not report the solvent used for the 
measurement of the optical activity it seems prob­
able that a different solvent was used in this 
Laboratory than the one used by Upson and 
Bartz. Tetraacetyl-rf-gluconic acid monohydrate

(1) Upson and Bartz, T h is  J o u r n a l , 53, 4226 (1931).

was also prepared by the oxidation of tetraacetyl- 
J-glucose.

Pentaacetyl-d-gluconic acid has been prepared 
by two different processes. The first was by the 
oxidation of aldehydo-d-glucose pentaacetate. 2 

In the course of attempts to improve the methods 
of obtaining aldehydo-d-glucose pentaacetate, it 
was found that ^-glucose tetraacetate gave the 
ring form of tetraacetyl-rf-glucose semicarbazone 
with semicarbazide. This had been prepared 
previously by Wolfrom, Georges and Soltzberg by 
acetylation of ^-glucose semicarbazone.2b

The second method of preparing pentaacetyl- 
d-gluconic acid was by further acetylation of

(2) (a) Wolfrom, ibid., 51, 2190 (1929); (b) Wolfrom, Georges
and Soltzberg, ibid., 56, 1795 (1934).
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tetraacetyl-d-gluconic acid. All attempts to 
acetylate d-gluconic acid directly by means of 
acetic anhydride with either zinc chloride or pyri­
dine gave a gummy mixture.

Ethyl pentaacetyl-d-gluconate was prepared 
by esterification of the corresponding acid. This 
ester had been prepared previously by Volpert by 
acetylation of ethyl cf-gluconate.3 Pentaacetyl- 
d-gluconic phenylhydrazide was synthesized by 
acetylating gluconic phenylhydrazide.

The tetraacetylxylonic acids have been syn­
thesized by the oxidation of the corresponding 
aldehydoxylose tetraacetates. Aldehydo-J-xylose 
tetraacetate was prepared first by Wolfrom, New­
lin and Stahly.4 A more satisfaetory method of 
obtaining this eompound, as well as its levo and 
racemic isomers, was found to be by acetylation of 
xylose triacetate semicarbazone followed by 
treatment with nitrous acid2b (p. 1794). In the 
acetylation of xylose semicarbazone the principal 
product obtained was a xylose semicarbazone 
tetraacetate with a ring structure.

Experimental
2,3,4,6-Tetraacetylgluconic Acid Monohydrate

Acetylation of 5- Gluconolactone.—Fused zinc chloride 
(20 g.) was dissolved in 250 cc. of acetic anhydride and the 
solution cooled to 0°. 5-Gluconolactone (50 g.) was added 
with stirring and the mixture kept at 0° for thirty minutes. 
Thereafter the mixture was allowed to come to room tem­
perature. With occasional shaking all of the lactone soon 
dissolved. After standing for twenty-four hours the solu­
tion was poured into 1000 cc. of ice water. The mixture 
was stirred for one and one-half hours when tetraacetyb 
gluconic acid monohydrate separated; yield 80%; m. p. 
114-115°.5

Oxidation of Tetraacetylglucose.—Tetraacetylglucose6 
(5 g.) was dissolved in 125 cc. of hot water in a flask and the 
solution quickly cooled to room temperature. Potassium 
bicarbonate (4.4 g.) was added and allowed to dissolve; 
this was followed by the addition of 1.5 g. of bromine. 
The flask was stoppered and shaken, the stopper being re­
moved occasionally to relieve the pressure from the carbon 
dioxide. As soon as the bromine had reacted, additional 
bromine (0.9 g.) was introduced to complete the reaction. 
The oxidation was complete in about forty minutes. The 
solution was cooled to 0° and 23 cc. of 1.93 normal hydro- 
chloric acid was added. Upon standing tetraacetylglu- 
conic acid monohydrate separated; yield 0.7 g. An addi­
tional quantity was recovered from the mother liquors by 
extraction with chloroform; m. p. 114-115°; [a]20d —5° 
(alcohol; c, 2).

(3) Volpert, B e r . ,  19, 2622 (1886).
(4) Wolfrom, Newlin and Stahly, T h is  Jo u rn al , 53, 4382 

(1931).
(5) Upson and Bartz1 give 114-117° as the melting point of tetra- 

acetylgluconic acid monohydrate.
(6) Fischer, B e r . ,  45, 914 (1912).

Anal. Calcd. for C14H22O12: C, 43.96; H, 5.80. Found; 
0,44.10; H, 5.97.

Pentaacetylgluconic Acid
(/-Glucose Semicarbazone Tetraacetate.—Glucose tetra­

acetate (0.5 g.) was dissolved in 5 cc. of warm water and the 
solution cooled quickly to room temperature. Semicarba­
zide hydrochloride (0.16 g. or 1 mol) and potassium ace­
tate (0.22 g. or 1.6 mol) were added and the mixture shaken 
until dissolved. Soon glucose semicarbazone tetraace­
tate separated as an oil which on standing for two to three 
days crystallized. The product was recrystallized from 
water. Thus crystallized the hydrated eompound sintered 
at 118-120° and melted around 163°. When dried at 110° 
the melting point became 171°; [ a ] 2QD — 53° (alcohol; c,  

2); [ä ] 20d  —6.5° (alcohol-free chloroform, c, 2).7
Anal. Calcd. for C15H23O10N3: C, 44.45; H, 5.72; N, 

10.37. Found: C, 44.63; H, 5.98; N, 10.30.
Oxidation of Pentaacetylaldehydoglucose.—Penta-

acetylaldehydo-d-glucose was oxidized with bromine by the 
same method previously described for the oxidation of 
tetraacetyl-d-glucose. The pentaacetylgluconic acid 
monohydrate obtained was recrystallized from water; m. 
p. 72-73°; [a]20d  -{-7.5° (alcohol-free chloroform; c, 2); 
yield 64%.

AnaL Calcd. for C16H24O13: C, 45.26; H, 5.69. Found: 
C, 45.42; H, 5.80. An acetyl determination showed five 
acetyl groups.

Acetylation of Tetraacetylgluconic Acid.—Tetraacetyl- 
d-gluconic acid monohydrate (50 g.) was dissolved in 188 
cc. of acetic anhydride (ice-bath) containing 18 g. of zinc 
chloride in solution. After standing in the ice-bath for 
thirty minutes the solution was allowed to come to room 
temperature and remain at this temperature for twenty- 
four hours. The solution was then poured into 1000 cc. of 
ice water and thoroughly stirred. Pentaacetylgluconic 
acid crystallized after about one hour and an additional 
amount was recovered from the mother liquor by extrac­
tion with chloroform. The crude product thus obtained 
from the acetylation melted at 93-95° but on standing the 
melting point changed, finally becoming as low as 55°. 
By recrystallizing from water the monohydrate of melting 
point 72-73° was obtained. A mixed melting point with a 
specimen obtained as described in the preceding paragraph 
showed no depression; yield 90%.

Anhydrous Pentaacetylgluconic Acid.—Pentaacetylglu­
conic acid monohydrate (50 g.) recrystallized from absolute 
alcohol was dissolved in 500 cc. of hot toluene. About 100 
cc. of the toluene was distilled on an oil-bath. Upon cool­
ing anhydrous pentaacetylgluconic acid separated. The 
product was filtered and washed successively with toluene 
and petroleum ether; m. p. 110-111°; [ck] 20d  +11.5°
(alcohol-free chloroform; c, 2). Upon standing in the air 
for several days the anhydrous acid did not take up water 
of crystallization as its melting point remained unchanged.

Anal. Calcd. for Ci6H22Oi2: C, 47.27; H, 5.46. Found: 
C, 47.30; H, 5.53.

Ethyl Pentaacetylgluconate.—Pentaacetyl-d-gluconic
acid (10 g.) was dissolved in 30 cc. of absolute alcohol con-

(7) Wolfrom, Georges and Soltzberg2b give 171-172° as the 
melting point and [«]25d —9° (chloroform, c , 3.8) as the optical ro­
tation of d-glucose semicarbazone tetraacetate.
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taining 2% hydrogen chloride and the solution warmed at 
60° for four minutes. Upon cooling and stirring a solid 
crystallized. It was filtered and washed with a little 
alcohol; m. p. 103-104°; [a]20D +20.5° (alcohol-free
chloroform, c, 2).8 Ethyl pentaacetylgluconate was also 
prepared by acetylating ethyl gluconate in the usual man­
ner with either pyridine or fused zinc chloride. For 
analysis a sample fused and dried at 120° was allowed to 
cool and solidify in vacuo over sulfuric acid.

Anal. Calcd. for C12H26O12: C, 49.75; H, 6.04. Found: 
C, 49.84; H, 6.19.

Pentaacetylgluconicphenylhydrazide.—Gluconicphenyl- 
hydrazide (10 g.) was added to 50 cc. of acetic anhydride 
containing 4 g. of zinc chloride (fused) in solution. The 
mixture was kept cold during the first thirty minutes and 
then was allowed to stand for twenty-four hours at room 
temperature. A gum formed when the acetylation mix­
ture was poured into ice water. The mixture was ex­
tracted with chloroform and the chloroform extract washed 
with sodium bicarbonate in ice water and finally with 
water. The extract was evaporated in vacuo, when the 
gummy residue slowly started to crystallize. It was re­
crystallized from alcohol by the addition of ether accom- 
panied by cooling; yield of pentaacetylgluconic phenyl­
hydrazide, 90%; m. p. 152-154°; [«]%> +28° (alcohol, 
c, 2).

AnaL Calcd. for C22H28O11N2: C, 53.20; H, 5.69; N,
5.64. Found: C, 53.14; H,5.65; N, 5.65.

<Z-Xylose Semicarbazone Tetraacetate.—Finely pow­
dered J-xylose semicarbazone (26 g.) was stirred into 180 
cc. of pyridine and 120 cc. of acetic anhydride at 60-70° 
for six hours. At the end of this time practically all the 
xylose semicarbazone had dissolved. After the solution 
had stood at room temperature for one to two days 10 g. 
of crystalline material separated. The acetylation mix­
ture was poured into ice water and after standing for one 
hour was extracted with chloroform. The extract was 
washed successively with cold dilute sulfuric acid, sodium 
bicarbonate and ice water. After it had been dried over 
calcium chloride the extract was evaporated in vacuo and 
the residue crystallized from absolute alcohol. The prod­
uct (3 g.) was the same as that separated from the acetyla­
tion mixture. It was recrystallized from absolute alcohol; 
m. p. 232-233°; [ a ] 20D +21° (methanol, c, 1). Treat­
ment in aqueous solution with nitrous acid did not produce 
aldehydo-*/-xylose tetraacetate.

AnaL Calcd. for Ci4H2i0 9N3: C, 44.78; H, 5.64; N, 
11.20. Found: C, 45.03; H, 5.70; N, 11.37.

However, the mother liquors from the tetraacetate, m. p. 
232-233°, gave a sirup which on treatment with dilute 
nitrous acid yielded aldehydo-</-xylose tetraacetate.

Aldehydo-/-xylose Tetraacetate.—/-Xylose triacetate 
(51 g.)9 was added to a warm alcoholic solution containing 
a 10% excess of semicarbazide. After warming for fifteen 
to twenty minutes the solution was evaporated in vacuo 
to a gum. The gum was dissolved in 86 cc. of pyridine 
and treated with 57 cc. of acetic anhydride accompanied

(8) Volpert3 gave 103.5° as the melting point of ethyl pentaacetyl­
gluconate.

(9) Prepared by the method described by Hudson and Dale, T h is

J o u r n a l , 40, 999 (1918), for the preparation of d-xylose triacetate.

by cooling. After the solution had stood for twenty-four 
hours at room temperature it was poured into ice water. 
The mixture was allowed to stand for an hour and then 
extracted with chloroform. The extract was washed 
successively with cold dilute sulfuric acid, sodium bicar­
bonate and water. After it had been dried over calcium 
chloride the extract was evaporated in vacuo to a gum. 
The gum was refluxed for twenty minutes, in a solution of 
6.5 g. of oxalic acid in 250 cc. of methanol. The gum which 
was obtained by evaporation in vacuo was dissolved in 800 
cc. of water; 75 g. of sodium nitrite in 200 cc. of water was 
added. Accompanied by slow stirring and cooling to 15- 
20°, 180 cc. of 6 normal hydrochloric acid was added 
gradually. This was followed by portionwise addition of 
60 g. of sodium nitrite and gradual addition of 120 cc. of 6 
normal hydrochloric acid. Again 60 g. of sodium nitrite 
was added and 120 cc. of 6 normal hydrochloric acid. 
Finally 60 g. of sodium nitrite was added and the solution 
stirred vigorously with norite. The mixture was filtered 
and the filtrate extracted with chloroform. After the ex­
tract had been dried over calcium chloride it was evapo­
rated in vacuo. Aldehydo-/-xylose tetraacetate soon crys­
tallized out of the resulting gum and with the addition of 
dry ether was filtered. It was recrystallized from dry 
ether; yield 33%; m. p. 90-91°; [a] 20d  +22.5° (alcohol- 
free chloroform, c, 2).10 Aldehydo-*/,/-xylosetetraacetate 
made by mixing equal quantities of the d and / forms 
melted at 85-86°.

AnaL Calcd. for C13H18O9: C, 49.03; H, 5.70. Found: 
C, 49.09; H, 5.53.

Tetraacetylxylonic Acid.—Aldehydoxylose tetraacetate 
(18.7 g.) was dissolved in 400 cc. of warm water at 50° in 
a flask and the solution quickly cooled to room tempera­
ture. Bromine (10.5 g.) was added followed by 9.5 g. of 
calcium carbonate. The mixture was stirred occasionally 
and after two hours the oxidation was nearly complete. 
The mixture was extracted with chloroform to remove any 
unreacted aldehydoxylose tetraacetate. It was then made 
acid with 104 cc. of 1.9 normal hydrochloric acid and ex­
tracted with chloroform. The extract was dried over 
calcium chloride and evaporated in vacuo to a gum. Pe­
troleum ether was added and upon stirring tetraacetyl­
xylonic acid crystallized. It was recrystallized from ben­
zene; yield 90%.

TetraacetyM-xylonic acid melted at 8 6 - 8 8 ° ;  [ « ] 20d

+5° (alcohol, c, 2); [o:]20d —2° (alcohol-free chloroform, c,
2).

AnaL Calcd. for Ci3Hi8Oi0: C, 46.69; H, 5.43. Found: 
C, 46.46; H, 5.52.

Tetraacetyl-/-xylonic acid melted at 86-88°; [q:]20d
—4.5° (alcohol, c, 2).

Tetraacetyl-*Z,/-xylonic acid melted at 134-135°; [«]20d 
0° (alcohol, c, 2).

AnaL Calcd. for Ci3Hi8Oi0: C, 46.69; H, 5.43. Found: 
C, 46.77; H, 5.39.

A mixture of equal quantities of tetraacetyl-*/-xylonic 
acid and tetraacetyl-Z-xylonic acid crystallized out of tolu­
ene also melted at 134-135°.

(10) Wolfrom, Newlin and Stahly4 give 87-89° as the melting 
point and [ a ]26D —15.9° in chloroform as the optical rotation of 
aldehydo-d-xylose tetraacetate. -.«>
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Summary
1. TetraacetyW-gluconic acid has been pre­

pared by the oxidation of tetraacetyl-d-glucose 
with bromine.

2. Pentaacety 1-i-gluconic acid was obtained by 
the oxidation of aldehydo-d-glucose pentaacetate 
and by acetylation of tetraacetyl-d-gluconic acid.

3. Ethyl pentaacetyl-d-gluconate and penta- 
acetyl-d-gluconic phenylhydrazide were prepared.

4. The ring form of d-xylose semicarbazone 
tetraacetate was isolated.

5. Aldehydoxylose tetraacetates have been 
prepared by the treatment of the corresponding 
semicarbazones with nitrous acid.

6. Tetraacetylxylonic acids have been ob­
tained by the oxidation of aldehydoxylose tetra­
acetates.
R ahway, N. J. Received September 17, 1936

[Contribution from the Research Laboratory of M erck & Co., Inc.]

Preparation and Properties of Pentaacetyl-2-keto-^-glucoheptonic Acid

By R andolph  T. M ajor a n d  E lm er  W. C ook

The 2-keto-sugar acids have acquired in recent 
years considerable interest due to the fact that 
the enol forms of these acids have been shown to 
be vitamin C and its homologs.1

A new method of preparing the acetyl deriva­
tives of these acids has become possible since the 
recent synthesis of the fully acetylated sugar 
acids.2

The acetyl sugar acid was converted into its 
acid chloride with phosphorus pentachloride; it 
is noteworthy that thionyl chloride was not a 
satisfaetory agent for the purpose. The chloride 
was converted into the corresponding cyanide by 
means of silver cyanide. This was hydrolyzed in 
turn to the corresponding acid. This acid could 
be esterified readily.

The series of reactions described above has 
been carried through to completion starting with 
pentaacetyl-d-gluconic acid and through, except 
for the last step, with tetraacetyl-d,/-xylonic acid.

Attempts are being made to hydrolyze the acetyl 
groups and enolize the keto group of pentaacetyl-
2-ketoglucoheptonic acid and its ester to give a 
homolog of vitamin C.

Experimental
Acetylated Sugar Acid Chloride.—The dry fully acety­

lated sugar acid was added with cooling to a suspension of 
one molecular equivalent of phosphorus pentachloride in 
ten times its weight of dry ether. The reaction was soon 
complete as shown by disappearance of the phosphorus 
pentachloride.

Pentaacetyl-d-gluconyl Chloride.—After the solution 
had stood at room temperature for two or three hours the 
ether was evaporated in vacuo. Dry xylene was then

(1) Hirst, Chemistry and Industry, 221 (1933); Haworth, ibid., 
482 (1933).

(2) Major and Cook, T his Journal, 58, 2474 (1936).

added. This and the phosphorus oxychloride formed in 
the reaction were removed by evaporation at 45 to 50° in 
vacuo. The addition of xylene followed by evaporation in 
vacuo was repeated twice. The residual gum was dissolved 
in dry ether. Upon evaporation in a slight vacuum beau­
tiful white crystals separated; m. p. 68-70°; yield, 88%; 
[a] 20d + 2° (alcohol-free chloroform, c, 2).

Anal. Calcd. for C iÄ iQ u d : C, 45.22; H, 4.99; Cl, 
8.35. Found: C, 45.60; H, 4.90; Cl, 8.27.

With water the acid chloride gave pentaacetyl-d-gluconic 
acid monohydrate, m. p. 72-73°.2

Tetraacetyl-*Z,Z-xylonyl Chloride.—White crystals ap­
peared soon after solution of the phosphorus pentachloride. 
The precipitate was recrystallized from dry ether; m. p. 
90-92°; yield, 71%; [«]%> 0° (alcohol-free chloroform,
c, 2).

Anal. Calcd. for CuHiACl: C, 44.26; H, 4.86; Cl, 
10.08. Found: C, 44.25, 44.33; H, 4.80, 5.03; Cl, 10.18, 
10.32.

Ethyl Ester of Acetylated Sugar Acids.—When a solu­
tion of an acetylated sugar acid chloride in absolute alco­
hol was evaporated in vacuo a crystalline residue was left 
which was washed with cold water and recrystallized from 
absolute alcohol.

Ethyl pentaacetyl-J-gluconate melted at 103-104°.3
Ethyl tetraacetyl-d,/-xylonate melted at 70-72°; [<x]20d 

0° (alcohol, <?, 0.06).
Anal. Calcd. for C15H22O10: C, 49.70; H, 6.12. Found: 

C, 49.53; H, 6.13.
Pentaacetyl-d-gluconamide.—Dry ammonia was bub­

bled through a solution of pentaacetyl-J-gluconic acid 
chloride in dry ether. The white precipitate which formed 
was washed with water to remove ammonium chloride. 
The pentaacetyl-J-gluconamide which remained melted at 
183-184°.4

TetraacetyW,/-xylonamide.—This eompound was pre­
pared in the same way as pentaacetyW-gluconamide ex­
cept that it did not precipitate from the ether with the

(3) Volpert, Ber., 19, 2622 (1886), gives 103.5° as the melting 
point of ethyl pentaacetyl-d-gluconate.

(4) Zemplén and Kiss, Ber., 60, 170 (1927), give 183.5—184° as the 
melting point of pentaaeetyl-d-glueonamide.
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ammonium chloride but could be recovered from the ether 
filtrate by evaporation. It was recrystallized from ben­
zene; m.p. 130-132°; [a]20DÖ° (alcohol-free chloroform, c, 
0.05).

Anal. Calcd. for Ci3Hi90 9N: C, 46.83; H, 5.75; N, 
4.20. Found: C, 46.82; H, 5.76; N,4.11.

Pentaacetyl - 2 - keto - d - glucoheptonitrile.—Penta- 
acetylgluconyl chloride (10 g.) was heated for one hour 
with 4.7 g. of silver cyanide in a closed tube at 120 to 125°. 
The fused contents were shaken frequently to ensure good 
contact of the acid chloride with the silver cyanide. After 
cooling the gummy material was extracted thoroughly with 
anhydrous ether and filtered from the silver salts. Petro­
leum ether was added carefully to precipitate a part of the 
product as a dark colored sirup, thereby removing most of 
the color. Then an excess of petroleum ether was added 
with cooling. A gum was precipitated along with some 
crystalline product. The supernatant liquor was poured 
off and on evaporation yielded crystalline pentaacetyl-2- 
keto-d-glucoheptonitrile. The gum was dissolved in a 
small quantity of absolute alcohol and upon standing in the 
ice box for twenty-four hours yielded a quantity of penta- 
acetyl-2-keto-glucoheptonitrile. The product was puri­
fied by recrystallizing it from absolute alcohol; yield 34%; 
m. p. 116°; [cx] 20d + 7° (alcohol-free chloroform, c, 2). 
When this eompound was heated in water with either dilute 
acid or base, hydrogen cyanide was evolved.

Anal. Calcd. for Ci7H2iOuN: C, 49.14; H, 5.10; N, 
3.37. Found: C, 49.32; H, 5.24; N, 3.16.

Tetraacetyl-2-keto-d,/-gulononitrile.—This nitrile was 
prepared from tetraacetyl-*Z,/-xylonyl chloride in the same 
way as pentaacetyl-2-keto-d-glucoheptonitrile except that 
the filtrate obtained after the addition of sufficiënt petro­
leum ether to the ether extract to produce slight turbidity 
was treated with another larger portion of petroleum ether 
which precipitated a gum. Trituration of this gum with 
absolute alcohol yielded a solid precipitate. It was re­
crystallized from alcohol; m. p. 125-126°.

Anal. Calcd. for C14Hi70 9N: N, 4.08. Found: N, 3.83.
Pentaacetyl-2-keto-d-glucoheptonic Acid.—Pentaacetyl- 

2-keto-d-glucoheptonitrile (7.55 g.) was dissolved in 20 cc. 
of pure dioxane. To this 13.1 cc. of 1.39 normal hydrogen 
chloride in dioxane was added. The solution was cooled 
and 0.33 cc. of water added. After this had stood in the 
ice box for twenty-four hours an additional 0.33 cc. of 
water was added. The solution was allowed to stand for 
another twenty-four hours, by which time ammonium 
chloride had precipitated. Ether was added and the 
ammonium chloride filtered. The filtrate was evaporated 
in vacuo to a gum. The gum was dissolved in ether and 
evaporation in vacuo repeated. The gum that remained 
crystallized upon scratching; m. p. 136-138°. After re­
crystallization from water the product melted at 160-161°; 
[a]20D 0° (alcohol, c, 2); yield 40%. A solution of the 
keto acid in water was acid to congo red paper. It was 
extremely soluble in alcohol, ether, chloroform and acetone.

Anal. Calcd. for C17H22O13: C, 46.98; H, 5.11. Found: 
C, 46.98; H, 5.05.

Ethyl Pentaacetyl-2-keto-d-glucoheptonate.—A solution 
of 1 g. of pentaacetyl-2-keto-*Z-glucoheptonic acid in 10 
cc. of absolute alcohol containing 2% hydrogen chloride 
was warmed at 55-60° for five minutes. The solution was 
cooled quickly to nearly room temperature and then al­
lowed to crystallize; yield, 60%; m. p. 97-98°; [ck]20d 
0° (alcohol, c, 2).

Anal. Calcd. for Ci9H260i3: C, 49.33; H, 5.67. Found: 
C, 49.19, 49.38; H, 5.91, 5.67.

Methyl Tetraacetyl-2-keto-d-gluconate.—One gram of 
methyl 2-keto-*7-gluconate5 6 * was added to 5 cc. of acetic 
anhydride containing 0.4 g. of zinc chloride at 0°. As 
soon as solution was complete (about thirty minutes) the 
mixture was allowed to come to room temperature and re­
main there for twenty-four hours. It was then poured into 
25 cc. of ice water; a white solid separated which was re­
crystallized from absolute alcohol; m. p. 168-169°; yield, 
61%; [q:]20d —133° (alcohol-free chloroform, c, 2).8

Anal. 'Calcd. for CifiHsoOn: C, 47.90; H, 5.36. Found: 
C, 47.79; H, 5.30.

Summary

1. Pentaacetyl-d-gluconyl chloride and tetra- 
acetyl-*Z,/-xylonyl chloride have been prepared 
from the corresponding acids.

2. Ethyl pentaacetyl-J-gluconate and ethyl 
tetraacetyl-d,/-xylonate have been prepared 
from the corresponding acid chlorides.

3. Pentaacetyl-i-gluconamide and tetra- 
acetyl-d,/-xylonamide have been prepared from 
the corresponding acid chlorides.

4. Pentaacetyl - 2 - keto - d - glucoheptonitrile 
and tetraacetyl-2-keto-d,/-gulononitrile have been 
prepared from the corresponding chlorides.

5. Pentaacetyl-2-keto-d-glucoheptonic acid 
has been synthesized by hydrolysis of the corre­
sponding nitrile.

6. Ethyl pentaacetyl-2-keto-d-glucoheptonate 
has been prepared by esterification of the corre­
sponding acid.

7. Methyl tetraacetyl-2-keto-<i-gluconate has 
been prepared by acetylation of methyl 2-keto-d- 
gluconate.
Rahway, N . J. Received September 17, 1936

(5) Ohle and Wolter, Ber., 63B, 843 (1930).
(6) Ohle and Wolter5 reported that the methyl tetraacetyl-2-

keto-d-gluconate they obtained was an oil; [o:]18d —38.8° (chloro­
form, c, 2.552). Since this was formed in pyridine it is possible that 
this was an acetyl derivative of an enol form of methyl 2-keto-d- 
gluconate.
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New Derivatives of /-Allonic and /-Altronic Acid. I1
B y F red L. H umoller, W. F. M cM anus and W. C. A ustin2
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In a previous communication3 from this Labo­
ratory we announced the preparation of a crystal­
line lactone of /-allonic acid as well as the calcium 
salt of /-altronic acid and their conversion into 
crystalline Z-allose and /-altrose, respectively. 
At that time lack of material prevented us from 
making a more detailed study of /-allonic and /- 
altronic acids and their derivatives. The present 
study was undertaken in order to determine in 
greater detail the physical constants of the two 
acids and their derivatives in general, and the 
rotational behavior of the Z-allonolactone, pre­
viously reported, in particular.

The allonic and altronic acids used in this study 
were prepared from /-ribose by methods already 
published.3,4 The /-allonic acid can be isolated 
in the form of the crystalline lactone previously 
reported, if the aqueous solution of the acid is 
evaporated and the resulting sirup heated on the 
steam-bath for several hours. This lactone has 
an initial specific rotation of +7.2°, which be­
comes constant in twenty-four days at +3.6°. 
The melting point of this compound is at 129- 
130°.

When, however, a freshly prepared aqueous 
solution of the free acid is concentrated rapidly 
under reduced pressure and the resulting sirup 
taken up in absolute ethanol without being ex­
posed to a temperature higher than 50°, a crystal­
line substance is obtained having a composition 
corresponding to the formula C6Hi0O6. It is 
therefore a lactone of /-allonic acid. In contra- 
distinction to the previously reported lactone it 
shows an initial specific rotation of —54.8°. A 
further distinction from the known lactone is its 
behavior toward dilute Solutions of bases; for, 
whereas the former cannot be titrated in ice-water 
solution using phenolphthalein as indicator, the 
new lactone can be titrated practically quantita­
tively under these conditions. When freshly

(1) These studies, a portion of which was reported on the program 
of the meeting of the American Chemical Society in Pittsburgh, 
Sept. 7, 1936, were in part abstracted from a dissertation submitted 
by Mr. McManus to the Graduate School of Loyola University in 
partial fulfilment of the requirements for the degree of Master of 
Science.

(2) Dr. W. C. Austin, whose untimely death occurred in Novem­
ber, 1935, participated in the initial phases of this problem.

(3) Austin and Humoller, T h is  J o u r n a l , 56, 1153 (1934).
(4) Austin and Humoller, ibid., 56, 1152 (1934).

dissolved in water both lactones are neutral to  
litmus. Rehorst5 has found a similar differential 
instability toward dilute Solutions of bases among 
the 8 -  and y-lactones that he studied.

Further evidence that this new lactone belongs 
to the ö-series and that the lactone previously re­
ported belongs to the y-series is furnished by the 
rate of mutarotation of these two substances as 
shown in Fig. 1. The relatively rapid change in 
rotation of the new lactone as compared with the 
small and slow change of the previously reported 
lactone indicates that they belong to the 8- and 
y-series of lactones, respectively.6 Obviously 
further direct evidence would be highly desirable 
before definitely ascribing a certain ring structure 
to these lactones, but the instability of the 
strongly mutarotating lactone would make direct 
methylation studies of doubtful value. There­
fore until evidence to the contrary is brought 
forth we shall call the new, strongly mutarotating 
lactone the 6-lactone of /-allonic acid and the 
previously reported lactone the y-lactone of /- 
allonic acid.

The ease with which the ring can shift in the 
case of the ö-lactone is shown by its peculiar be­
havior during the determination of its melting 
point. If a sample of this lactone is heated 
slowly (increasing the temperature about 1° per 
minute), it melts at 129-130°, that is, at the same 
temperature at which the y-lactone melts. If, 
however, the temperature is raised more rapidly 
it will melt unsharply at 140-144°. An investi­
gation revealed that slowly heating the 5-lactone 
to its melting point (130°) was sufficiënt to change 
it into the y-form. This observation explains 
why we were unable to observe a depression of the 
melting point of a mixture of the two lactones.

The mutarotation of free /-allonic acid is of in­
terest in several respects. Its initial rotation of 
+  11° is less levo-rotatory than that of either of 
its lactones, hence it follows Hudson’s lactone 
rule as modified for lactones of small rotation.7 
The allonolactones were considered to be the only

(5) Rehorst, Ber., 63, 2279 (1930).
(6) Haworth, "The Constitution of Sugars/’ E. Arnold & Co., 

London, 1929, pp. 23-24.
(7) Hudson, "Relation between Rotatory Power and Structure in 

the Sugar Group,” Scientific Papers of the Bureau of Standards, No. 
533, Government Printin g Office, 1926, p. 288.
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doubtful exception among the aldonic acid lac­
tones cited, although Hudson already had pre­
dicted at that time that allonic acid would show a 
rotation in agreement with his theory. The pecu­
liar type of mutarotation of /-allonic acid as shown 
in Fig* 1 strongly indicates that an aqueous solu­
tion of the acid changes upon standing in part into 
the ö-lactone and this in turn changes into the 
more stable y-lactone.

Fig. 1.—The mutarotation of /-allonic acid and its 
lactones: curve I, /-allonic acid; curve II, 7-/-allono- 
lactone; curve III, 5+allonolactone.

Attempts to prepare a crystalline lactone of /- 
altronic acid according to the method generally 
employed to prepare the stable form of lactones 
were not successful. However, when a freshly 
prepared aqueous solution of the acid is concen­
trated rapidly under reduced pressure without 
exposing the acid to elevated temperature a crys­
talline substance is obtained. An analysis of the 
substance for G and H indicates that this com­
pound is not a lactone but the free /-altronic acid. 
This conclusion is confirmed by the finding that 
this substance is aeid to congo red and can be 
titrated like any organic acid.

Recently Posternak8 pointed out in a very 
brief announcement that the allomucic acid pre­
pared by E. Fischer9 by heating mucic acid in 
aqueous pyridine is actually a mixture of equal 
parts of d- and /-talomucic acid. Posternak did 
not report, however, the preparation of allomucic

(8) Posternak, Naturwissenschaften, 23, 287 (1935).
(9) Fischer, Ber., 24, 2136 (1891).

acid. Therefore it was thought desirable to pre 
pare allomucic acid from allonolactone and com­
pare it with the substance obtained by the pyri­
dine rearrangement of mucic acid. Allomucic 
acid prepared by the oxidation of /-allonolactone 
with nitric aeid melts at 187.5° with decomposi­
tion and charring, and it crystallizes in rectangu- 
lar prisms, whereas the substance prepared by 
Fischer’s method from mucic acid melts at 166- 
171° with decomposition but no charring. A 
mixture of the two substances melts at 173°. 
Obviously both substances are optically inactive. 
The findings of Posternak together with our re­
sults seem to show that Fischer was mistaken in 
assuming that in the pyridine rearrangement of 
mucic aeid both of the hydroxyl groups adjacent 
to the carbonyl groups are inverted. At present 
work is in progress to prepare derivatives of allo­
mucic acid.

Experimental

Preparation of ^-/-Allonolactone.—A concentrated solu­
tion of the lactone in hot water was treated with a slight 
excess of sodium hydroxide. The solution was then chilled 
in ice water and an amount of sulfuric acid equivalent to 
that of the base was added. The solution was poured im­
mediately into 10 volumes of absolute ethanol. After 
filtering off the precipitated sodium sulfate, the filtrate 
was concentrated rapidly under reduced pressure to a thin 
sirup. The sirup was taken up in four volumes of absolute 
ethanol and clarified. The filtrate was again concentrated 
under reduced pressure. During this second evaporation 
the lactone usually crystallizes out spontaneously. After 
crystallization was complete the crystals were filtered off 
and washed with alcohol and then with ether. The mother 
liquors yielded further crops on concentration. Recrystal­
lization of the lactone from absolute ethanol did not 
change its physical constants. These together with ana­
lytical data are given in Table I.

Conversion of the 5-Lactone into the 7-Lactone.—A 
sample of 0.2028 g. of the 5-lactone having a specific rota­
tion [a:]20-25D —46.9° was heated slowly in a small flask to 
130°. The lactone melted at this temperature. How­
ever, it failed to crystallize on cooling. The material was 
dissolved in water and the solution made up to 25 cc. 
After clarification to remove a slight amount of color, it 
was found that the solution now had a specific rotation of 
[a]20- 25D +3.7°.

Preparation of the Phenylhydrazide of /-Allonic Acid.10— 
The phenylhydrazide of /-allonic acid was prepared from 
the S-lactone by the usual method. Its specific rotation 
and melting point are given in Table I. They are identical 
with those of a sample of the phenylhydrazide prepared 
from the 7-lactone. A mixture of the two did not show 
any depression of the melting point.

(10) The melting point of this compound given by Austin and 
Humollèr3 was an unfortunate error, and we take this opportunity to 
correct: it here.
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Table I
Analyses and Physical Constants of N ew Substances

.---------------Analyses, %—-------
[a ]20-25D in Water Calcd. Found

Substance M. p., °C. Init. Final Formula C H C H
^-/-Allonolactone 140-144 -5 4 .8 ° +3.66° CöHioOe 40.4 5.7 40.9 5.9
/-Altronic acid 110 - 8 . 1 ° C6H12O7 36.7 6.2 37.3 6.5
Allomucic acid 187.5 Inactive C6H io0 8 34.3 4 .8 34.2 5.1
/-Allonic acid phenyl-

hydrazide 142-145 —23.6°
/-Altronic acid phenyl-

hydrazide 151-152 +18.4°

Preparation of /-Altronic Acid.—A solution of 17 g. of
calcium /-altronate in 400 cc. of hot water was treated with 
sufficiënt oxalic acid to remove the calcium quantitatively. 
The filtrate from the calcium oxalate was concentrated 
under reduced pressure to a thin sirup. The sirup was 
poured into ten volumes of absolute alcohol. A small 
amount of insoluble material was filtered off. Upon con­
centration under reduced pressure the filtrate yielded 10 g. 
of crystalline material by spontaneous crystallization. Z- 
Altronic acid was recrystallized from absolute ethanol to 
constant melting point. The physical constants and the 
analysis are given in Table I.

Preparation of the Phenylhydrazide of /-Altronic Acid.— 
/-Altronic acid readily formed a phenylhydrazide when 
treated with phenylhydrazine in the usual manner. The 
substance was recrystallized from hot absolute ethanol to 
constant melting point of 151-152°. It has a tendency to 
separate out from a hot alcohol solution in jelly-like masses 
which upon standing assume crystalline form.

Rearrangement of Mucic Acid in Aqueous Pyridine.— 
The reaction was carried out in general according to the 
procedure of Fischer.9 If the reaction mixture was allowed 
to come into contact with the metal of the pressure vessel 
during the heating period extensive destruction took place. 
If the reaction mixture was kept in a glass vessel during the 
heating, a yield of about 12% of a substance showing all the 
properties described by Fischer was obtained. This race­
mic talomucic acid was recrystallized from hot water for the 
melting point determination. It is interesting to note that 
racemic talomucic acid resembles allomucic acid much more 
in solubility than it does d- or /-talomucic acid.

Preparation of Allomucic Acid.—A .solution of l  g. of 
7-/-allonolactone in 50 cc. of nitric acid of sp. gr. 1.15 was 
heated on the steam-bath. When the evolution of brown 
fumes of oxides of nitrogen became too vigorous, the reac­
tion was controlled by removing the reaction mixture from 
the steam-bath and cooling. The solution was evaporated 
in this manner to about half its volume. It was then di­
luted to about 50 cc. and concentrated to a few cc. under 
reduced pressure. This process of diluting and concen­
trating was repeated once more. During the second con­
centration allomucic acid began to crystallize in the dis­
tilling flask. After crystallization had gone to completion, 
the crystals were filtered off and washed thoroughly with 
water. About 0.6 g. of allomucic acid was thus obtained. 
The acid was recrystallized by dissolving it in hot water,

concentrating the solution under reduced pressure and 
then cooling it for several days. The melting point and 
analysis of allomucic acid are given in Table I. Allomucic 
acid is quite insoluble in cold water but is much more 
soluble in hot water probably due to lactone formation, for 
after it has been thus dissolved it takes many days before it 
begins to crystallize again, even after concentrating the 
solution. For rotational studies 0.3461 g. of allomucic 
acid was dissolved in 10 cc. of a sodium hydroxide solution. 
No significant rotation could be observed.

All melting points cited in this paper are un­
corrected for stem exposure. The authors wish 
to express their gratitude to Mr. D. Peterson of the 
Department of Biochemistry, The University of 
Chicago, for carrying out the micro carbon and 
hydrogen determinations cited in this paper.

Summary
1. A new crystalline lactone of /-allonic acid 

has been prepared and some of its physical con­
stants determined. From its behavior toward 
dilute alkali and from its rate of mutarotation it 
has been concluded that this substance is the 5- 
lactone and that the previously prepared lactone 
is the y-lactone of /-allonic acid.

2. Methods for Converting one lactone into the 
other have been presented.

3. /-Altronic acid has been prepared and 
some of its physical constants recorded.

4. The phenylhydrazides of /-allonic and of /- 
altronic acids have been prepared and their melting 
point and specific rotation recorded. Their rota­
tions show that these two substances follow the 
phenyl-hydrazide rule of rotation.7

5. Allomucic acid has been prepared. From 
a comparison of its properties with those of the 
substance obtained by the pyridine rearrange­
ment of mucic acid it has been concluded that the 
two are not identical.
Chicago, I I I . R eceived October 5, 1936
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[C o n t r ib u t io n  from  t h e  Chem ical  L aboratory  of H a r v a rd  U n iv e r sit y ]

An Improved Method for the Synthetic Preparation of Methylcholanthrene
By Louis F. F ieser and Arnold M. Seligman

Numerous requests for supplies of methyl­
cholanthrene and inquiries concerning the two 
methods of preparation developed in this Labora­
tory have caused us for some time to give atten­
tion to the problem of producing the hydrocarbon 
in quantity sufficiënt to meet the wide-spread de- 
mand for material required for various forms of 
biological experimentation. The preparation 
from cholic acid1 affords a fairly simple and rapid 
method of obtaining a few grams of the carcino­
genic hydrocarbon, but the purification of the 
material obtained in this way is somewhat trouble- 
some, the yield amounts to less than 4 g. from 100 
g. of the bile acid, and the process becomes cum- 
bersome when working on a large scale. The 
synthetic method2 affords a better yield (11%, 
over-all) and a more easily purified product, but 
the process as originally described had the dis- 
advantage of being rather lengthy, involving eight 
separate steps.

As the synthesis seemed to offer more possi­
bility for improvement than the degradative 
method, a search was made for a shorter route to 
the required intermediates. In the initial stages 
of the original process, p-bromo toluene was con­
verted into 4-bromo-7-methylhydrindene through 
a mixture of hydrindones (I) obtained through the 
following sequence of reactions
£-CH3C6H4B r---->- CH3C6H3(Br)CH2C l---->-

CH3C6H3(Br)CH2CH(COOR)2
(2 steps)
------ — > CH3C6H3(Br)CH2CH2COOH----►

4 (7) CH3 'l CH2
f C6H2<f)C H 2 I 

7 (4) Brj CO
As an alternate route to the ketone mixture I 

we investigated the hydrindone synthesis of 
Mayer and Müller,3 but all attempts to cyclize 
the chloro ketone mixture (II) obtained from p- 
bromotoluene and ß-chloropropionyl chloride 
were unsuccessful. No trace of either of the two

(1) Fieser and Newman, T h is  J o u r n a l , 57, 961 (1935). Diffi­
culty may be experienced in effecting the hydrogenation of dehydro- 
cholic acid unless this material is reasonably free from impurities. 
An adequate purification of the crude oxidation product of cholic 
acid consists in precipitation of the acid from a solution in dilute 
alkali and crystallization from acetone. Four 40-g. lots of the puri­
fied acid have been hydrogenated in succession with one 3-g. charge 
of catalyst.

(2) Fieser and Seligman, ibid., 57, 228, 942 (1935).
(3) Mayer and Müller, Ber., 60, 2278 (1927).

previously described2 (crystalline) methylbromo- 
hydrindones (I) was observed and the only sub­
stance isolated as a solid is an isomer of these 
compounds and probably is a vinyl ketone (III).4 
CH3C6H3(Br)COCH2CH2Cl —>  CH3C6H3(Br)COCH==CH2 

II III
This unfavorable result was rather surprising, for 
Mayer and Müller report that the corresponding 
chloro ketone from ^>-chlorotoluene can be 
cyclized readily. On trying the latter reaction 
for comparison, the results were so generally 
satisfaetory that it seemed worth while to inves­
tigate the use of a chlorohydrindene in place of a 
bromo compound in the methylcholanthrene syn­
thesis, and eventually a very convenient process 
was evolved.

The Friedel and Crafts reaction with ß-chloro- 
propionyl chloride can be conducted easily with 
as much as one-half kilogram of ^-chlorotoluene 
in one lot and the cyclization of the crude chloro 
ketone mixture (oil) likewise proceeds well on a 
large scale. A purified mixture of the hydrin­
dones IV and V was obtained in over-all yield of 
61%. Although Mayer and Müller report the 
isolation of only one isomer (m. p. 128°), two 
compounds actually are formed and a fairly sharp 
Separation can be accomplished by fractional dis­
tillation in vacuum. Dr. W. F. Bruce has kindly 
informed us that he has synthesized both isomers 
by another method and established the fact that 
the higher melting compound of Mayer and 
Müller is 4-methyl-7-chlorohydrindone-1 (IV), 
while the isomer is 7-methyl-4-chlorohydrindone 
(V). On this basis, and from the results of our 
fractionation, it appears that in the original Frie­
del and Crafts reaction Substitution ortho to the 
methyl group predominates in the ratio of about 
2:1. The course of the reaction seems to be 
quite similar to that observed by Wahl5 in a care- 
ful study of the chlorination of ^-chlorotoluene 
(58% Substitution ortho to the methyl group). 
It is interesting that in the Blanc reaction with

(4) This substance, m. p. 129-132° (from alcohol), was obtained in 
small amounts by heating crude II with concentrated sulfuric acid 
at 100° for one-half hour (found: C, 53.61; H, 4.35), the bulk of the 
product being an oil. Steam distillation of II gave a viscous oil 
which polymerized on standing (probably a mixture of the vinyl 
ketones III) and which could not be cyclized with sulfuric acid or 
aluminum chloride.

(5) Wahl, Compt. rend., 202, 2161 (1936).
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Methylcholanthrene

^-bromotoluene the Situation is reversed, Sub­
stitution occurring chiefly adjacent to the bro­
mine atom in the ratio 1.8:1.2

For the purpose of the present synthesis a 
Separation (or distillation) is not required, and 
4-chloro-7-methylhydrindene (VI) was obtained 
in 95% yield from the mixture of hydrindones. 
For the preparation of the ketone VIII the chloro 
eompound VI was first converted into the ni­
trile VII by the Rosenmund-von Braun method. 
Fairly satisfaetory results were obtained using 
cuprous cyanide without a solvent6 at 265°, but 
a better procedure was encountered by Dr. E. B. 
Hershberg in the course of work on a related prob­
lem and applied by him to the present reaction. 
Using pyridine as solvent, as suggested in the 
patent literature,7 the reaction took place at a 
lower temperature (220-230°) and the nitrile was 
obtained (pure) in 78% yield. The condensation 
of the nitrile with a-naphthylmagnesium bro­
mide proceeded very smoothly and the ketimine 
was obtained as a crystalline yellow hydrochlo­
ride. This was hydrolyzed in the presence of tolu­
ene, and on vacuum distillation the ketone VIII 
was obtained in a satisfaetory condition in 89% 
yield, based on the nitrile. The yield of the ke­
tone is about twice as great as that obtained from 
7-methyl-4-bromohy drindene and a-naphthoyl 
chloride,2 and the yield in two steps from the 
chloro eompound (69%) is better than in the 
single step previously employed.

(6) V on Braun and M an z, A n n . ,  488, 111 (1931).
(7) Ger. Pat. 271,790  (1914), 293,094 (1916).

No difficulty was experienced in conducting 
the pyrolysis of the ketone VIII on a large scale. 
The bulk of the methylcholanthrene was ob­
tained in a very pure condition after one or two 
crystallizations of the crude distillate and the 
remainder was purified as the picrate, the total 
yield being 49%. In working with large quanti­
ties of material it was observed that the hydro­
carbon invariably is accompanied by an oily sub­
stance. This was collected from the mother 
liquors and purified by removing tracés of methyl­
cholanthrene by its preferential reaction with sul­
furic acid. The resulting pale yellow oil, b. p. 
221-226° (4 mm.), had the composition of a 
tetrahydro derivative of methylcholanthrene, 
but, as it proved to be quite resistant to dehydro­
genation with selenium, such a structure is un­
likely. The hydrocarbon, which unfortunately 
yielded no picrate, more probably is 4-methyl-7- 
(1-naphthylmethyl)-hydrindene, formed by the 
reduction of the carbonyl group of the starting 
material (VIII). That some form of reduction 
process occurs during the pyrolysis is clear from 
the composition of the hydrocarbon, and it is 
interesting that products both of reduction and of 
oxidation8 (anthrones) have been observed as 
by-products in the Elbs reaction, suggesting a 
process of disproportionation as a side reaction.

Each of the six steps of the new synthesis can 
be carried out rapidly and on a reasonably large 
scale, and the over-all yield (20%) is quite satis-

(8) M organ  and C oulson , J .  C h em . S o c . ,  2 5 5 1  (1929); F ieser  and  
Peters, Tm ,s J o u r n a l , 54, 3742 (1932).
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factory. Using ordinary equipment, 75 g. of 
methylcholanthrene can be prepared conveniently 
from 176 g. of ^-chlorotoluene, and the first three 
reactions can be conducted easily with amounts 
three times as great. The ß-chloropropionic acid 
required as starting material can be prepared 
readily from trimethylene chlorohydrin in 79% 
yield by a modification of the usual method9 for 
which we are indebted to Professor E. H. Hunt­
ress and Dr. E. B. Hershberg. Also included in 
the experimental part is a procedure developed 
by Dr. M. S. Newman for the preparation of 
methylcholanthrene-choleic acid,10 a eompound 
of interest for biological experimentation in the 
form of the water-soluble sodium salt.

The modifications reported in this paper widen 
somewhat the scope of the general synthesis, and 
various further applications are at present under 
investigation. We are indebted to Drs. Hersh­
berg and Newman for the contributions noted, and 
to Mr. Phillip A. Shaffer, Jr., for able assistance 
in conducting the experiments.

Experimental Part11
ß-Chloropropionyl Chloride.—Following the procedure 

recommended by Huntress and Hershberg, 250 g. of tri­
methylene chlorohydrin was added gradually from a drop­
ping funnel to 775 cc. of concentrated nitric acid (sp. gr. 
1.42) contained in a 3-liter long-necked flask provided with 
a mechanical stirrer and a thermometer suspended in the 
liquid, and cooled in an ice-bath (hood). The temperature 
óf the reaction mixture was carefully controlled to 25-30° 
throughout the addition, which required about three hours. 
Stirring was continued for a short time, and after stand­
ing overnight the mixture was heated for one-half hour on 
the steam to complete the reaction. The solution was 
combined with that from a second oxidation of the same 
amount of material and the nitric acid was removed by dis­
tillation up to about 100° at 25 mm. The /3-chloropro- 
pionic acid then distilled at 115° (25 mm.), or 120° (30 
mm.); yield 445-465 g. (78-81%).

The acid prepared in this way (465 g.) was refluxed with 
800 g. of purified thionyl chloride (all-glass apparatus) for 
three hours and the excess thionyl chloride was removed 
by careful fractionation from a modified Claisen flask at 
the pressure of the water pump. The ß-chloropropionyl 
chloride then distilled at 53° (23 mm.) or 87° (95 mm.); 
yield 525 g. (96%).

Friedel and Crafts Reaction.—A 5-liter three-necked 
flask provided with a mercury-sealed Hershberg wire- 
stirrer12 and a calcium chloride tube was charged with 525 
g. of jS-chloropropionyl chloride, 525 g. of ^-chlorotoluene 
and 2100 cc. of carbon bisulfide, and 1050 g. of aluminum

(9) * ‘Organic S y n th eses ,” C oil. V ol. I , 1932, p. 162,
(10) F ieser and N ew m an , T h is  Jo u r n a l , 57, 1602 (1935).
(11) A ll m e l t i n g  p o in ts  are corrected. A nalyses by M rs. G. M . 

W ellw ood.
(12) Hershberg, Ind. Eng. Chem., A nal. Juk, 8, 313 (1936).

chloride was added to the stirred solution in 100-g. por­
tions over a period of three hours. Stirring was then con­
tinued at room temperature for ten hours, by which time 
the greater part of the aluminum chloride had been con­
verted into a liquid complex. To complete the reaction 
the mixture was warmed to 40-45° and stirred for two 
hours without further heating. It was then cooled thor­
oughly by stirring in an ice-bath and the liquid was de­
canted into dry flasks and then poured cautiously through 
a funnel into a stirred mixture of ice and concentrated 
hydrochloric acid, using in all 12 liters of ice and 1.5 liters 
of acid distributed among several beakers. The residue 
in the reaction flask, containing aluminum chloride, was 
decomposed separately with ice and acid. The aqueous 
liquor was separated in portions and washed once with 
ether. The carbon bisulfide layer was extracted once with 
water, combined with the ethereal extract and, without 
drying, evaporated at the pressure of the water pump. 
The residual red-brown oil containing a mixture of the 
two ß-chloropropionyl derivatives and weighing about 
910 g. (theoretical, 897 g.) was used at once or else stored 
in the ice box.

Cyclization.—Approximately one-half of the above oil 
(910 g.) was added from a separatory funnel with efficiënt 
stirring (wire stirrer) to 2600 cc. of concentrated sulfuric 
acid contained in a 5-liter flask and preheated to 105° 
(hood). The addition was completed in thirty minutes, 
and the solution was kept at 105-110° with stirring for 
twenty-five minutes longer. The mixture was then care­
fully cooled by applying wet towels, then water, then ice, 
while stirring, and after reaching a temperature of 25° 
(twenty minutes) it was poured onto about 12 liters of 
cracked ice and the volume was made up to about 16 
liters with water. The reaction product separated as a 
crystalline, tan precipitate, and this was collected on a 
large Büchner funnel and washed thoroughly with water. 
The washing removed a considerable amount of very dark 
tar (which is reprecipitated by the dilute acid in the fil­
trate) and left a light tan, granulär product. This was 
combined with the material obtained in the same manner 
from the second half of the chloro ketone mixture and the 
product without being dried was dissolved in boiling alco­
hol, using a considerable excess of the solvent. For clari- 
fication the dark solution was filtered by suction through a 
2-cm. pad of Norite, changing the pad frequently, as re­
quired. After a second filtration the solution was light 
yellow, and after suitable concentration and cooling there 
was deposited a first crop of nearly colorless crystals (390 
g.). A second crop was obtained after clarification and 
concentration of the solution, and finally the remainder 
was precipitated with water. The total yield of light 
colored hydrindone mixture suitable for the next step was 
460 g. (61%).

In another experiment the crude, tan hydrindone mix­
ture from 490 g. of />-chlorotoluene was taken up while 
wet in benzene and the solution was washed with aqueous 
sodium chloride solution, dried and after removing the 
solvent the product was distilled at reduced pressure from 
a modified Claisen flask. There was obtained in the 
first fraction, b. p. 152-157° (8 mm.), 213 g. of colorless 
solid melting at 75-79° and consisting very largely of 7- 
methyl-4-chlorohydrindone-1 (V). Recrystallized several
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times from alcohol, a sample of the substance formed long 
needles, m. p. 82-82.4°.

AnaL Calcd. for Ci0H9OC1: C, 66.47; H, 5.03. Found: 
C, 66.31; H, 5.10.

Thé second fraction distilled largely at 172-180° (8 
mm.), and the colorless distillate weighed 112 g. and melted 
at 110-120°. Crystallization from alcohol afforded pure 
4-methyl-7-chlorohydrindone-1 (IV), which formed leaf-like 
prisms melting at 128° as recorded by Mayer and Müller.3 
The substance is considerably less soluble than the isomer. 
As the total yield in this experiment was low (46%), and as 
a considerable residue remained from the distillation, it 
is probable that much material was lost during the pro­
longed process of fractionation, possibly through biindone 
formation under the influence of impurities in the crude 
material. For this reason the approximate ratio of the 
isomers V and IV (66:34) in the total distillate may be 
only a rough indication of the course of the original Sub­
stitution. In an earlier small-scale experiment in which 
the distillation was carried out more rapidly without at­
tention to the Separation of isomers, the yield from 140 g. 
of ^-chlorotoluene was 59%. Purification of the crude 
hydrindone mixture by rapid distillation thus appears to 
be satisfaetory when handling small quantities, but in 
large-scale Operation it is safer to crystallize the material.

4-Methyl-7-chlorohydrindene (VI).—For the Clemmen­
sen reduction the 460-g. batch of mixed hydrindones de­
scribed above was divided into three portions, each of 
which was dissolved in 750 cc. of alcohol. The Solutions 
were kept hot on the steam-bath and in the course of four 
to five hours each solution was added in portions through a 
reflux condenser to a gently boiling mixture prepared by 
shaking 1600 g. of granulated zinc with a warm solution of 
80 g. of mercuric chloride, decanting, washing once with 
water, and adding 500 cc. of water, 200 cc. of alcohol and 
1100 cc. of concentrated hydrochloric acid. After the 
addition the mixtures were kept boiling for ten hours, 
during which time 900 cc. of concentrated hydrochloric 
acid was added in portions to each flask. After standing 
overnight to cool, the aqueous liquors were decanted, di­
luted with water to twice the original volume and ex­
tracted twice with ether. The greater part of the reaction 
product was recovered from the zinc residues by thorough 
extraction with ether, taking care to break up any lumps 
of metal. The various ethereal extracts were combined, 
the solvent was removed by distillation and the residual 
oil was steam distilled from a solution of sodium hydroxide. 
The colorless oil in the distillate, together with that ex­
tracted from the aqueous layer with ether, was dried and 
distilled, the yield of colorless, mobile liquid, b. p. 132- 
133° (25 mm.), being 403 g. (95%).

AnaL Calcd. for C10HnCl: C, 72.09; H, 6.66. Found: 
C, 71.76; H, 6.98.

4-Methyl-7-cyanohydrindene (VII).—In the most satis- 
factory experiment (by E. B. H.) 27.8 g. of thoroughly dry, 
powdered cuprous cyanide was poured into a 30-mm. 
Pyrex bomb tube constricted near the top, and 49.3 g. of
4-methyl-7-chlorohydrindene was added. After shaking 
vigorously to wet all of the powder, 40 cc. of dry pyridine 
was added, taking care not to mix the layers. The tube 
was then sealed and given a few quick shakes to mix the 
contents. A pyridine eupious cyanide complex forms

with much evolution of heat and the mixture sets to a solid 
mass. On being heated in a furnace to 220-230° this dis­
solves to a clear, dark brown solution. After twenty hours 
at this temperature the tube was cooled and opened and, 
after adding 20-30 cc. of pyridine, warmed over a flame 
until the solid had dissolved. The hot solution was poured 
into a separatory funnel containing water and the mixture 
was extracted with ether. The filtered ethereal extract 
was washed with concentrated ammonia solution to re­
move copper salts, then with water, and finally with dilute 
hydrochloric acid. The ethereal solution was filtered to 
remove some precipitated solid, washed with saturated 
salt solution, filtered and evaporated. The residue on dis­
tillation gave 36.2 g. (78%) of distillate, b. p. 162-164° 
(21 mm.), which solidified at once to a colorless solid. 
This material was suitable for use in the Grignard reaction.

When no solvent was employed (A. M. S.), the best re­
sults were obtained by heating 80 g. of 4-methyl-7-chloro- 
hydrindene and 41 g. of dry cuprous cyanide at 265° for 
eighteen hours. Before the tube was sealed it was evacu­
ated several times to mix the reagents, and after the first 
ten hours of heating the tube was removed and shaken well. 
It was found convenient to isolate the reaction product by 
vacuum distillation (2 mm.) directly from the bomb-tube, 
and for this purpose an end section of the tube was drawn 
down to a diameter of 6 mm. and bent upward so that it 
subsequently could be cleaned easily and sealed to a de- 
livery tube leading to a bulb receiver. The reaction prod­
uct, together with some starting material, distilled readily 
in a colorless condition and was accompanied by only a 
small amount of inorganic sublimate (56 g.). The mate­
rial was collected and dried in ether and on fractionation 
there were obtained 7.5 g. of starting material and 46.5 g. of 
nitrile (3° range); yield 68%, based on the chloro com­
pound actually consumed. At the above temperature the 
conversion invariably was incomplete, and at higher tem­
peratures considerable material was destroyed. The col­
lection of the product by distillation from the bomb tube 
seemed to give yields just as good as the very tedious proc­
ess of extraction with benzene.

4-Methyl-7-cyanohydrindene crystallizes well from pe­
troleum ether, and a dilute solution deposits large, flat, 
rectagonal prisms with a characteristic design resembling 
the section of an hourglass. The pure substance melts at 
72.9-73.2°.

AnaL Calcd. for CnHnN: C, 84.01; H, 7.06. Found: 
C, 83.80; H, 7.21.

The corresponding amide was obtained by refluxing the 
nitrile with concentrated hydrochloric acid. It formed 
colorless needles from alcohol, m. p. 176-177.4°.

AnaL Calcd. for CnH^ON: C, 75.40; H, 7.48. Found: 
C, 75.35; H, 6.85.

Hydrolysis of the amide with alkali gave 4-methylhy- 
drindene-7-carboxylic acid; irregulär prisms from alcohol, 
m. p. 227-229°.

AnaL Calcd. for CnHi20 2: C, 74.97; H, 6.87. Found: 
C, 74.82; H, 6.87.

4-Methyl-7-(a-naphthoyl)-hydrindene (VIII).2—To the
Grignard reagent prepared from 195 g. of a'-bromonaph- 
thalene, 37 g. of magnesium and 800 cc. of dry ether, 100 
cc. of dry benzene was added and about half of the ether
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was removed by distillation. A solution of 120 g. of 4- 
methyl-7-cyanohydrindene in 650 cc. of benzene was then 
added rapidly with stirring, the heat of the reaction bring- 
ing the mixture nearly to the boiling point. After reflux­
ing overnight, the mixture was poured onto 1 kg. of ice 
and 500 cc. of concentrated hydrochloric acid, when the 
ketimine hydrochloride separated as fine yellow crystals. 
The organic solvents were removed with steam and, after 
cooling, the yellow solid was collected on a Büchner funnel 
and transferred to a 5-liter flask. To effect hydrolysis 1 
liter of water, 500 cc. of concentrated hydrochloric acid, 
500 cc. of glacial acetic acid, and 600 cc. of toluene were 
added and the mixture was refluxed until the ketimine hy­
drochloride had completely disappeared (three hours). 
The acetic acid was found to facilitate the hydrolysis, while 
the toluene dissolves the ketone as it is formed and also 
floats the solid material and prevents bumping. The 
aqueous layer was extracted once with ether and the com­
bined ether-toluene solution was washed with water and 
submitted to steam distillation from a mixture with dilute 
alkali. After removal of the solvent the distillation was 
continued in order to eliminate some naphthalene. The 
residual oil was dried in ether and distilled at 2 mm., b. p. 
211-214°, the yield of light yellow, viscous oil being 194 
g. (89%). On one occasion, after evaporating the bulk of 
the ether prior to the distillation of the crude ketone, the 
material crystallized to a hard solid on standing for a day 
or so. After this product had been distilled it remained as 
a glass when kept for over a week. The analytical sample 
from the earlier work2 began to crystallize after about 
twenty months.

Methylcholanthrene.—The pyrolysis of 168.5 g. of the 
ketone was conducted in three lots and the products were 
combined for purification. In a 100-cc. flask with a sealed- 
on receiving bulb a portion of the ketone was warmed over 
a free flame and then placed in a preheated nitrate bath 
and heated at 405-410°, uncorr., for forty minutes. A ni­
trogen atmosphere is unnecessary. Since the true tem­
perature of the bath was not determined, it may be noted 
that the pyrolysis temperature is sharply defined by brisk 
bubbling which is hardly noticeable at a temperature 5° 
lower. The water and hydrocarbon cleavage products 
collecting in the receiver amounted to 6 g. in a typical
56.5-g. run. At the end of the period of heating the flask 
was removed from the bath and cooled somewhat with a 
blast of air. A capillary was inserted, the receiver was 
rinsed with acetone and the hydrocarbon was distilled at 
2-3 mm. pressure. It is convenient to distill the material 
rather rapidly and to remove tracés of entrained tar in a 
second distillation. There was a fair amount of tarry resi­
due in the first distillation, and the first few drops of the 
distillate failed to solidify.

The redistilled material from the three pyrolyses con­
sisted of a bright yellow solid weighing 113.3 g. This was 
dissolved in 400 cc. of benzene, and after cooling slightly 1 
liter of ether was added. The bulk of the methylcholan­
threne separated in a nearly pure condition as fine yellow 
needles (72 g.). This was dissolved in 500 cc. of benzene 
and 300 cc. of ether was added; on cooling, the hydrocar­
bon separated as beautiful yellow needles of high purity, 
m. p. 178.5-179.5°; yield 63 g. The mother liquor from 
this crystallization was concentrated and treated with 12

g. of picric acid, affording 12.5 g. of methylcholanthrene 
picrate, m. p. 176-177°. The original mother liquor was 
evaporated and the residual oil was submitted to pyrolysis 
at 405-410°, uncorr., for thirty-five minutes, but no appre­
ciable amount of water was formed. Vacuum distillation 
gave an oil which solidified only partially, and on warming 
this with 100 cc. of ether and cooling, there was obtained 
in all 14.6 g. of solid, consisting of quite impure methyl­
cholanthrene. Treated with picric acid in benzene solu­
tion, this yielded, after suitable recrystallization, 14.5 g. of 
satisfaetory methylcholanthrene picrate, m. p. 178-179°. 
The total yield of the hydrocarbon, collected as such or as 
the picrate, amounted to 77.1 g. (49%).

The ethereal mother liquor remaining after the removal 
of the impure methylcholanthrene left on evaporation 26 
g. of a somewhat dark oil which set to a glass on cooling. 
Only tracés of picrate could be obtained from this material, 
and in earlier experiments it had been found that heating 
the oil with selenium resulted in no noticeable increase in 
the quantity of methylcholanthrene still present. To re­
move this hydrocarbon completely a solution of the oil in 
about 150 cc. of tetrachloroethane was shaken mechani­
cally with 3-cc. portions of concentrated sulfuric acid, each 
time decanting the solution as well as possible and washing 
the acid residue with fresh solvent. The acid liquor at 
first was colored a dull reddish-black, but after repeating 
the process a few times it acquired a clear, brilliant, crim­
son color similar to that given by pure methylcholan­
threne under the same conditions. After about ten extrac­
tions the material was recovered for inspection and dis­
tilled. The product (11 g.) was then treated as before 
until fresh acid acquired only a light red color (about ten 
extractions). The decanted solution was then filtered 
twice through Norite on a sintered glass funnel to remove 
tracés of acid and the nearly colorless filtrate was subjected 
to steam distillation. The residual oil was dried in ether 
over calcium chloride and twice distilled in vacuum. The 
pale yellow distillate (7.4 g.) formed a glass. No picrate 
could be obtained from the material in either alcohol or 
benzene. After two careful fractionations the main por­
tion of the oil (5.2 g.) distilled at 221-226° (4 mm.). The 
analysis is that of 4-methyl-7-(l-naphthylmethyl)-hydrin- 
dene.

Anal. Calcd. for C2iH20: C, 92.60; H, 7.41. Found: 
C, 92.71; H, 7.34.

A sample of the oil was treated in glacial acetic acid with 
sufficiënt dichromate for conversion to the ketone VIII, 
but the recovered product gave no methylcholanthrene on 
pyrolysis and resembled the starting material. The oily 
hydrocarbon is attacked only slowly on being heated with 
dilute nitric acid; after oxidation finally had been ac­
complished the clear solution was evaporated and the resi­
due sublimed. Phthalic anhydride was identified in the 
first sublimate and there was then obtained a substance 
which crystallized from benzene as colorless prisms which 
became opaque on drying and melted at 189-191° (found: 
C, 54.27; H, 1.33).

Methylcholanthrene-choleic Acid.—Conditions have not 
been found under which the choleic acid crystallizes di­
rectly from a solution of the components, and the following 
process has been employed. Fifteen grams of commercial 
desoxycholic acid is dissolved in 200 cc. of absolute alcohol,
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the solution is filtered, 0.4 g. of methylcholanthrene is 
added, and the mixture is refluxed for a few minutes in 
order to bring the hydrocarbon into solution. On stand­
ing undisturbed overnight the solution deposits a few large 
clusters of long, fine, rather pale yellow needles of pure 
methylcholanthrene. This material is collected, and the 
filtrate is concentrated to a volume of about 125 cc. and 
allowed to stand overnight without disturbance. Methyl- 
cholanthrene-choleic acid separates at this point as small 
clusters of fine, colorless needles amounting to 0.7-2.1 g. 
The melting point usually is 196.5-197°, sometimes
197.5-198°. There is some drawing together of the 
particles a few degrees lower, and some darkening at the; 
melting point. From 0.1 to 0.2 g. of methylcholanthrene, 
depending on the size of the first crop of the choleic acid, is

dissolved in the mother liquor and on slow cooling a fur­
ther crop of the choleic acid is obtained. This procedure 
can be repeated about four times, keeping the volume about 
125 cc. If the solution darkens, it is clarified with Norite.

Summary
By a modification of the synthetic method pre­

viously described, methylcholanthrene can be 
prepared rapidly and on a large scale using p- 
chloro toluene, ß-chloropropionyl chloride, and 
a-bromonaphthalene as the starting materials. 
The over-all yield in the six-step process is 20%. 
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The Synthesis of Pyrrolidines, Piperidines and Hexahydroazepines1'2
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sumably may be converted into cyclic amines by 
catalytic hydrogenation. The present paper is 
concerned primarily with the synthesis of such 
amines from diamides of succinic, glutaric and 
adipic acids. Attention has been also given to 
the hydrogenation of imides to cyclic amides over 
nickel or to cyclic amines over copper-chromium 
oxide. In addition a new process for the prepara­
tion of cyclic amines bythe alkylation of amines 
with glycols has been developed.

Piperidines from Glutaramides.—The eight 
substituted piperidines prepared by ring closure 
from glutaramides as indicated in Table I have 
substituents on the nitrogen and (or) in the 
gamma position.

(1) A zep ine is  th e  seven -m em b ered  ring con ta in in g  one nitrogen  
atom  and three double bonds. H exahyd roazep in e w as suggested  b y  
D r. A ustin  M . P a tter son  in  preference to  th e  synon ym ou s term s  
h exam ethyleneim ine or hom opiperid ine.

(2) T he W isconsin  A lum ni R esearch  F ou n d ation  a llotted  funds  
lor a research assistan tsh ip  held  b y  J. H , P .

Presumably piperidines bearing substituents in 
the beta position could be prepared similarly, 
while it is obviously impossible to prepare alpha 
substituted piperidines from glutaramides. 
Among the piperidines prepared, the group on 
the nitrogen was n-amyl, benzyl or phenethyl, 
while the substituents on the central carbon were 
methyl, dimethyl or phenyl. The yield of piperi­
dines was not much modified by the character of 
the substituent, being approximately 70%, which 
was also the yield of piperidine obtained from 
glutaramide itself. The lowest yield (62%) of a 
piperidine was due to incomplete hydrogenation 
and becomes the highest (81%) if allowance is 
made for the recovered amide.

The other products of reaction, isolated in the 
yields given in Table I, can be accounted for by 
cleavage at the nitrogen to carbon bond in the 
amide or the piperidine. The effect of structure 
upon the extent of this type of reaction will be 
considered in a subsequent section.

Three dipentamethylene glutaramides of the 
type
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T able  I
H y d r o g e n a t io n  of A m id es over C o ppe r - C hr o m iu m  Ox id e  

The reactions were carried out at 250-260° under 200-400 atm. of hydrogen using 700-800 cc. of dioxane per 
mole of diamide.

G lutaram ides

Glutaramide
(substituents) Moles

Cata­
lyst, g.

Time,
hrs. Yield of products, %

Unsubstituted3 0.068 4 2 70 Piperidine
Di-N-phenethyl .18 11 1.5 77 1-Phenethylpiperidine4

Di-N-phenethyl-ß-m ethyl . 10 6 3

19 Piperidine 
25 Phenethylamine 
15 Diphenethylamine 
8 Ethylbenzene

7 0 1 -Phenethyl-4-methylpiperidine

Di-N-phenethyl- ß-phenyl .084 5 2.5

11 4-Methylpiperidine8 
23 Phenethylamine 
19 Diphenethylamine 
5 Unchanged amide

70 l-Phenethyl-4-phenylpiperidine

Di-N-w-amyl .13 9 3

3 4-Phenylpiperidine6 
8 Phenethylamine 
7 Diphenethylamine

74 1-w-Amylpiperidine7,8

Di-N- w-amyl- ß-methyl .114 6 2

37 Di-w-amylamine 
9 n-Amylamine 

Trace of piperidine 
62 l-w-Amyl-4-methylpiperidine

Di-N-w-amyl-ß-phenyl .10 6 2.25

18 Di-w-amylamine 
24 Unchanged amide
72 l-w-Amyl-4-phenylpiperidine

Di-N-w-amyl- ß, ß-ditn ethyl .115 6 4.6

7 4-Phenylpiperidine6 
32 Di-w-amylamine
69 l-w-Amyl-4,4-dimethylpiperidine

Di-N -benzyl-ß-phenyl .065 5 2

23 Di-w-amylamine 
9 Unchanged amide

65 l-Benzyl-4-phenylpiperidine

Di-N-pentamethylene .18 9 1.5

16 4-Phenylpiperidine6 
30 Benzylamine 
20 Dibenzylamine
46 1,5-Di-N-piperidinopentane9

Di-N-pentamethylene-ß-methyl .118 6 5

30 5-(N-Piperidino)-pentanol-l10 
20 Piperidine
711,5 -Di-N -piperidino-3-methylpentane

Di-N-pentamethylene- ß, ß-dimethyl .11 6 5.5 45 l,5-Di-N-piperidino-3,3-dimethylpen-

M isc el l a n eo u s  A m id e s

tane

Di-N-w-amyl adipamide 0.36 18 4 34 1 - Amy lhexahy droazepine

l-ß-Cyclohexylethylpyrrolidone-2 .067 3 1
41 Di-w-amylamine 
96 1-ß-Cyclohexylethylpyrrolidine

l-w-Amylpyrrolidone-2 .04 3 1 87 1 -n - Amylpy rrolidine11
l-ß-Cyclohexylethyl-4-methylpiperi-

done-2 .057 3 1 89 l-ß-Cyclohexylethyl-4-methylpiperidine

(3) Pinner, Ber., 23, 2943 (1890).
(4) Pollard and Robinson, Chem. Soc., 2770 (1927).
(5) Ladenburg, Ann., 247, 69 (1888).
(6) Bally, Ber., 20, 2590 (1887); Schlinck, ibid., 32, 952 (1899).
(7) Robinson and Robinson, Chem. Soc., 123, 542 (1923),

(8) Coffman, T his Journal., 57, 1978 (1935).
(9) Von Braun, Kühn and Goll, Ber., 59, 2337 (1926).
(10) Adkins, Kuick, Farlow and Wojcik, This Journal, 56, 2425 

(1934).
(11) Wojeik and Adkins, 56, 2419 (1934). . . . . . . .
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O o
c6h 10n - i - -CHa—C—CH2—C—NCfiH10

did not undergo ring closure but gave open chain 

diamines of the type .CeHioN(CH2)2((^CH2)2-
NC0H10, i. e., substituted cadaverines. Di-N- 
pentamethyleneglutaramide also gave a 30% 
yield of an amino alcohol, C5Hi0N(CH2)4CH2OH.

A Hexahydroazepine from an Adipamide.—  
The yield of 1-w-amylhexahydroazepine from di- 
w-amyl adipamide was half as large as that of the 
piperidines from the glutaramides. The forma­
tion of a hexahydroazepine was overlooked in 
earlier experiments11 since it has approximately 
the same boiling point as di-w-amylamine which 
is also produced in the hydrogenation.

Pyrrolidones and Piperidones from Imides.—  
Cramer12 observed that phthalimide was con­
verted to phthalimidine by treatment with a 
nickel catalyst in methylcyclohexane solution at 
200° under 200-250 atm. of hydrogen.

/ \ C/ °  ^ \ c H ‘v 200° ' 
N H -------- >

\ / c \ 0
Ni

\ /

^>NH
0 = 0

are cyclic amides which do not react further under 
the conditions of the experiments.

As is indicated in Table II three imides were in­
vestigated and the yields of products were 46- 
79%. The reactions were rather slow at 200-220° 
and would probably have been much more rapid 
at a higher temperature, but dioxane is the only 
available solvent which is satisfaetory for this 
type of reaction and it may not be used with 
Raney nickel above about 220°. The reaction 
with N-w-amylsuccinimide was incomplete after 
two applications of catalyst. The low yield re­
ported is due to the difficulty of separating the 
pyrrolidone from the imide. The yields of prod­
ucts from N-phenethylimides were quite satisfac- 
tory and no difficulty was encountered in purify- 
ing them by fractionation since their boiling 
points differed much more from that of the start­
ing material than was the case with 1-w-amylpyr- 
rolidone-2.

The first reaction in the hydrogenation of the 
two N-phenethylimides was the Saturation of the 
benzene ring which occurs very rapidly at 200°. 
It was found possible to isolate 1-ß-cyclohexyl- 
ethylsuccinimide (II) in a yield of 93% when the 
hydrogenation of N-phenethylsuccinimide (I) 
was interrupted after twenty minutes. Longer

Attempts to obtain a similar reaction c
with succinimide or succinamide were |o=cnot successful. It has now been found 
that succin- and glutaramides which
bear an alkyl group on the nitrogen
atom may be converted successfully at
200-220° over nickel to 2-pyrrolidones and
piperidones, respectively.

c h 2—c h 2i i 220° c h 2—c h 2

o II. o
-

o
- II o Ni >

I I
CHa 0 = 0

\ s r /1 \ s f /11
R

1
R
/C H *^

c h2 c h 2I I 220° c h 2 c h 2
1 1o II o- o

- II 0 Ni ^ c h 2 c==o

\ N/ \ N/
R

. 1 
R

This behavior is similar to that observed in the 
pyrrole series where the presence of a group on 
the nitrogen atom greatly facilitates hydrogena­
tion. The resulting pyrrolidones and piperidones

(12) Cramer and Adkins, T his J ournal, 52, 4354 (1930).

H2—CH2 200° CH2—CH2 200° CH2—CH2
I — ZT+ I I — ^  I I
c = o  Nl o = c  c = o  Nl c h 2 c= o

\ n /  \ n /  N s f /
I I I
CH2CH2C6H5 CH2CH2C6Hn CH2CH2C6Hn
I II III

2- treatment resulted in the removal of one carbonyl
oxygen and in the formation of 1-ß-cyclohexyl-
ethylpyrrolidone-2 (III).

These reactions are examples of two selective 
hydrogenations. First, the hydrogenation of a 
phenyl group in the presence of an imido carbonyl 
group which is labile to hydrogen under the condi­
tions of the reaction. This is possible because of the 
difference in rate of reaction. Secondly, we have 
the hydrogenolysis of an imido carbonyl group 
while the amido carbonyl remains unchanged.

In the hydrogenation of N-phenethyl-ß-methyl- 
glutarimide (IV) no attempt was made to isolate 
the N-cyclohexylethylimide. The reaction was 
allowed to proceed to completion and the product 
was 1 - ß - cyclohexylethyl - 4-methylpiperidone-2
(V).

Piperidines from Glutarimides.—In a glu­
tarimide (VI) the ring system of the piperidine
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The reactions occurred at 200-220 
imide.

T a b le  II

H y d r o genation  of I m ides över  R a n e y  N ic k el

under 200-400 atm. of hydrogen using 50-80 cc. of dioxane per tenth mole of

Cata-
Imide Moles lyst, g. hrs. Yield of products, %

N-Phenethylsuccinimide 0.1 4 0.3 93 N-ß-Cyclohexylethylsuccinimide
N-ß- Cyclohexylethylsuccin imide .1 2 12 5 79 1 -ß-Cyclohexylethylpyrrolidone-2
N-n- Amylsuccinimide .15 7 9 46 l-w-Amylpyrrolidone-2
N-Phenethyl-ß-methylglutarimide .11 7 10 74 l-ß-Cyclohexylethyl-4-methylpiperidone-2

T a b le  III
H y d r o g e n a t io n  of Glu taram ides over  C o ppe r - C hrom ium  Ox id e

The reactions were carried out at 250-260° under 200-<
of imide.

Glutarimide Catalyst,
(substituents) Moles g.

ß-Methyl13 0.118 6
ß-Phenyl15 .118 6
N-Benzyl-ß-phenyl .110 6

N-w-Amyl-ß, ß-dimethyl .148 8

N-Phenethyl-ß, ß-dimethyl .130 7

N-Benzyl-ß, ß-dimethyl .081 4

c h 3
1

CH,
11

CH
1
CH

/ \ / \
CH2 CHa 2 0 0 \ c h 2 c h 2

o = c  d = o  Ni
1 1 

c h 2 c = o

\ n / \ n /
1

CH2CH2C6H5 CH2CH2C6Hh
IV V

(VII) is already present, and it might be expected 
that the yields of piperidine would be somewhat 
greater than in the case of the amides, due to the 
lessening of any side reactions which might pre-
cede ring closure.

r 2i r 2
1

/ c \
CH2 CHa 250° c h 2 c h 2
1 1 > 

0 = c  C==0 CuCrO
1 1 

c h 2 c h 2
N s ; / N s ; /

I
R

VI
R

VII

Time,
hrs.

1.5
1.5
3

3.5

1.5

(13) Sircar, J. Chem. Soc., 600 (1927).
(14) Ladenburg, Ann., 247, 69 (1888).
(15) Vorländer, ibid., 320, 86 (1902).
(16) Bally, Ber., 20, 2590 (1887).
(17) Komppa, Ann. acad. sei. Fennicae, A, 3 (1911); cf. C. A., 7, 

1359 (1913).

Yield of products, %

46 4-Methylpiperidine14 
55 4-Phenylpiperidine16 
42 l-Benzyl-4-phenylpiperidine 
32 4-Phenylpiperidine 
67 l-«-Amyl-4,4-dimethylpiperidine 

7 4,4-Dimethylpiperidine17 
11 Unchanged imide 
55 l-Phenethyl-4,4-dimethylpiperidine 
16 4,4-Dimethylpiperidine 
7 Unchanged imide 

32 l-Benzyl-4,4-dimethylpiperidine 
31 4,4- Dimethylpiperidine

Inspection of Table III, however, shows that this 
is not the case. The yields of the corresponding 
piperidines from N-benzyl-ß-phenyl-, N-w-amyl- 
ß,ß-dimethyl- and N-phenethyl-ß,ß-dimethylglu- 
tarimide were of the order of 70-75% of ring 
compounds. The cleavage of the phenethyl and 
benzyl groups from the nitrogen atom giving the 
piperidines free from substituents in the 1-posi­
tion is quite noticeable in these compounds. An 
attempt to remove the benzyl group to a larger 
extent was made with N-benzyl-ß, ß-dimethylglu- 
tarimide by running the reaction for a longer 
time. That much of it was removed is shown by 
the low yield of l-benzyl-4,4-dimethyl-piperidine.

The hydrogenation of ß-methyl- and ß-phenyl- 
glutarimides was not very satisfaetory. Since 
the simple amides of glutaric acids are quite in­
soluble substances and so are difficult to purify by 
crystallization, it was hoped that the easily puri­
fied imides would furnish a convenient method for 
preparing the piperidines which are unsubstituted 
in the 1-position. The yields of 4-methyl- and 4- 
phenylpiperidines from these substances were 
rather low, however. In both cases the catalyst 
was found to be red after the reaction was over, 
indicating that it had been deactivated. This 
might be due to the hydrolysis of the imide by the



Since 1,5-glycols may be prepared readily by 
the hydrogenation of glutaric esters, it was de­
cided to ascertain whether glycols would react 
with amines to give piperidines. The reactions 
were carried out under the same conditions as 
were used for hydrogenation of amides. The re­
sults of four such reactions are summarized in 
Table IV. I t is seen that pentanediol-1,5 and its
3-methyl and 3-phenyl derivatives react with n- 
amyl-, benzyl- or phenethylamine to give yields 
of 70-75% of piperidines. This is the same order 
of magnitude as the yields obtained from amides 
or imides (Tables I and II).

The preparation of piperidines from glycols and 
amines is a rather more convenient method than 
by the hydrogenation of amides: first, because 
glycols are in general more easily purified and 
handled than amides, and second, because only 
one mole of amine is necessary for this reaction, 
whereas four moles of amine are necessary to pre­
pare a glutaramide from the corresponding ester.

Pyrrolidines may be prepared in a similar man­
ner. The data in Table IV shows that butane­
diol-1,4 reacted with phenethyl- and benzylamine 
to give yields of 71 and 76% of the corresponding 
Pyrrolidines. These yields are similar to those 
previously obtained by the hydrogenation of N- 
phenethylsuccinimide and N-^-amylsuccinimide.

I t Was thought that the reaction of glycols and 
amines might occur under milder conditions than 
were necessary for the hydrogenation of amides. 
Consequently, phenethylamine and butanediol-1,4

T a ble  IV

R eaction  of G lycols w it h  A m in e s

Equimolecular amounts of glycol and amine were heated at 250° for one hour under 200-400 atm. of hydrogen, 
using 600-800 cc. of dioxane and 30-60 g. of CuCrO per mole.
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Amine Glycol Moles Yield of products, %
Phenethyl Pentanediol-1,5 0.25a 76 1-Phenethylpiperidine 

15 Phenethylamine
Benzyl Pentanediol-1,5 .4 71 1-Benzylpiperidine
Benzyl 3-Methylpentanediol-l,5 .2 68 1-Benzyl-d-methylpiperidine 

5.5 4-Methylpiperidine
w-Amyi 3-Phenylpentanediol-1,5 .1 73 l-w-Amyl-4-phenylpiperidine 

3 4-Phenylpiperidine 
14 Di-w-amylamine

Benzyl Butanediol-1,4 .2 76 1-Benzylpyrrolidine 
4 Benzylamine

Phenethyl Butanediol-1,4 .15* 71 1-Phenethylpyrrolidine
Phenethyl Butanediol-1,4 .15“ 35 4- (N-Phen ethylamino) -butanol-1 

19 1-Phenethylpyrrolidine 
43 Unchanged amine and glycol

Benzyl Hexanediol-1,6 ,22d 23 1-Benzylhexahydroazepine
° A 25% excess of amine was used, but this is disadvantageous. 6 Time of reaction was three and one-half hours. 

c 200° for half an hour. d One and one-half hours.

water formed in the reaction, the resulting acid 
and ammonia deactivating the catalyst. Resi­
dues of high boiling material were left after the 
product had been distilled, amounting to 33% of 
the starting material in the case of ß-methylglu- 
tarimide, and 24% with ß-phenylglutarimide.

Since the amides of ß,ß-dimethylglutaric acid 
are difficult to obtain, and the imides may be pre­
pared in satisfaetory yields in most cases (see 
Table V), tbe hydrogenation of the imides seems tö 
be the best method of preparing N-alkylated de­
rivatives of 4,4-dimethylpiperidine.

Pyrrolidines and Piperidines from Pyrroli­
dones and Piperidones.—Three cyclic amides, 
1 - ß-cy clohexyle thyl-pyrrol idone-2, 1-n-amyl-pyr- 
rolidone - 2 and 1 - ß - cyclohexylethyl - 4 - methyl- 
piperidine-2, were almost quantitatively converted 
over copper chromium oxide to pyrrolidines and 
a piperidine (Table I).

Pyrrolidines, Piperidines and a Hexahydro­
azepine from Glycols and Amines.—Speculation 
as to the course of the reaction involved in the 
formation of piperidines from glutaramides led 
to the development of another useful method for 
obtaining piperidines. As indicated in a later 
section, it seemed possible that the cyclic amines 
were formed from glycols and amines produced by 
the hydrogenolysis of the carbon to nitrogen bond 
in the amides

O O
II II

RHNCCH2CH2CH2CNHR — >- 2RNH2 +  
HOCH2(CH2)2CH2O H ----(CH2)6NR +  r n h 2 +  h 2o
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were heated at 200° for one-half hour, but the re­
action was not complete. A yield of only 19% 
of 1-phenethylpyrrolidine was obtained, and 43% 
of the amine and glycol were recovered. A 35% 
yield of the amino alcohol formed by reaction at 
only one end of the glycol, was also obtained: 
C6H5CH2CH2NHCH2CH2CH2CH2OH. No more 
experiments along this line were carried out, but 
it is quite possible that by modifying the condi­
tions, higher yields of amino alcohols of this type 
might be obtained.

It was of interest to determine whether or not 
hexanediol-1,6 would react with an amine to give 
a hexahydroazepine in the same manner as pen­
tanediol-1,5 gives piperidines. I t was found that 
benzylamine and hexanediol-1,6 reacted (Table 
IV) to give a 25% yield of 1-benzylhexahydroaze- 
pine. The structure of this substance was 
proved by removal of the benzyl group by treat­
ment with copper-chromium oxide at 275°.

H2
(CH?)6NCH2C6H5 -------- ^  (CH2)6NH +  c6h 5c h 3

CuCrO

The hexahydroazepine formed was characterized 
by the preparation of three derivatives which 
corresponded with those reported in the literature.

When a reaction should lead to a ring contain­
ing more than six atoms, rearrangements fre­
quently occur resulting in the formation of five- 
or six-membered rings containing the extra atoms 
in a side chain. Thus Müller and Feld18 found 
that on thermal decomposition 1,6-diaminohexane 
dihydrochloride gave 2-ethylpyrrolidine instead of 
hexahydroazepine.

CH2-----CH2

(CH2CH2CH2NH3C1)2 — ^ CH2 CHC2H5
N sfh/

Also, a rearrangement to give a 2,3 or 4-methyl- 
piperidine might be possible. All of these possi­
bilities are ruled out by the derivatives of the 
hexahydroazepine mentioned above. The struc­
ture of the 1-amylhexahydroazepine might be 
assumed to be proved through analogy with the
1-benzyl derivative. It was found to differ in 
properties from 1 - w-amyl-4-methylpiperidine
which was formed from the corresponding glu- 
taramide. A sample of l-amyl-2-methylpiperi- 
dine was prepared by alkylating 2-methylpiperi- 
dine with w-amyl alcohol and this was different 
from the 1-amylhexahydroazepine.

As was mentioned above the same yields of
(18) Müller and Feld, Monatsh., 58, 12 (1931).

piperidines were obtained whether the glutar- 
amide or an amine and a glycol were used. In the 
formation of the seven-membered ring, however, 
a substantially higher yield was obtained from 
the amide than from the amine and glycol.

Mechanism of Conversion of Amides to Cyclic 
Amines.—The conversion of an amide to an am­
ine of the same carbon content may proceed 
either through hydrogenolysis of the oxygen to 
carbon bond in the amide or through hydrogenoly­
sis of the carbon to nitrogen bond followed by 
interaction of the alcohol and amine so formed.

2H2
— ^ RCH2NHRi +  h 2o 

RCCCONHR1 A
2H2 I

---- ^  RCH2OH +  RlNH2

There are no experimental observations avail­
able which definitely rule out one of these mech­
anisms as contrasted with the other. In support 
of the two-step process may be cited these facts. 
(1) Alcohols of the type RCH2OH and amines of 
the type R lNH2 have been obtained as the result 
of the hydrogenation of amides. (2) Alcohols or 
glycols and amines react under the conditions 
used for the hydrogenation of amides to give 
amines in yields similar to those obtained di­
rectly from the amides. (3) Benzoylpiperidine 
is cleaved completely to toluene, piperidine and 
water far more rapidly than benzylpiperidine 
undergoes hydrogenolysis. This indicated that 
the primary cleavage in benzoylpiperidine is at 
the carbon to nitrogen rather than at the carbon 
to oxygen linkage. Against the two-step process 
may be cited the fact that ammonia does not react 
with glycols (at 250° over copper-chromium oxide 
in dioxane) to give good yields of the correspond­
ing amines.

Since the hydrogenolysis of carbon to nitrogen 
bonds takes place under the same conditions as 
those effective for the breaking of carbon to oxy­
gen bonds, it seems reasonable to assume that 
both types of reaction occur. Further studies in 
the reaction of alcohols and amines and of hydro­
gen with amides must be made before a definite 
conclusion can be drawn as to the relative im­
portance of the two types of reactions.

Insofar as the formation of cyclic amines from 
open chain amides is concerned, it appears that 
hydrogenation precedes ring closure. There are 
two pieces of evidence which indicate that N- 
substituted glutaramides are not converted to 
imides. In the first place, di-N-w-amylglutar-
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T a b l e V

P r e pa r a tio n  of G luta r a m id es a n d  I m id e s  from  E st e r s  
The ester (0.1 to 0.3 mole) was heated with amine (0.4 to 1.2 moles) under 100-150 atm. of hydrogen.

Diethyl glutarate 
(substituents) Amine Temp., °C.

Time,
hrs.

Yield of products, %  
Amide Imide

Unsubstituted Ammonia 175 4 96“
Unsubstituted Phenethyl 250 9 836
Unsubstituted n- Amyl 250 3 94'
Unsubstituted Piperidine 250 10 81'
ß-Methyl Phenethyl 250 3 946
ß-Methyl w-Amyl 200 3 93“
ß-Methyl Piperidine 200 4 93'
ß-Methyl Benzyl 200 5 426
ß-Phenyl Phenethyl 180 4 936
ß-Phenyl tt-Amyl 200 3 87'
ß-Phenyl Piperidine 200 4 86/
ß-Phenyl Benzyl 200 5 85‘
ß,ß-Dimethyl Phenethyl 250 5 7 1 "
ß,ß-Dimethyl tt-Amyl 250 7 3 5 " 61/
ß,ß-Dimethyl n-Amyl 250 1 36' 61'
ß,ß-Dimethyl Piperidine 250 7 86/

3 9 "ß,ß-Dimethyl Benzyl 200 2.5
ß,ß-Dimethyl Benzyl 250 9 53' 4 4 "

ö This product was washed with ethyl acetate, acetone and ether. b Recrystallized from 95% ethyl alcohol. c Re­
crystallized from 95% ethyl alcohol to which two volumes of acetone was added. d Recrystallized from acetoné. 9 Re­
crystallized from 95% ethyl alcohol to which two volumes of ether was added. /  The product was fractionated. 9 Re­
crystallized from a small amount of methyl alcohol.

amide was recovered unchanged after heating at 
200° for eight hours, so apparently heat does not 
cause the formation of imides from glutaramides. 
Secondly, when one mole of diethyl-ß,ß-dimethyl- 
glutarate was heated with four moles of w-amyl- 
amine in a bomb at 250° (Table V), the same 
yields of imide and amide were obtained after 
heating either for one or for seven hours. Similar 
results were obtained with the same ester and 
benzylamine. Evidently none of the amide 
cyclicized during the extra hours of heating, and 
it would seem that the two products were prob­
ably formed by different reactions.

There appears to be no experimental observa­
tion that definitely answers the question as to 
whether the ring closure involves an aminoamide, 
an hydroxy amide, a diamine or a glycol and an 
amine. All of these reactions may occur under 
the conditions used for the conversion of amides 
to cyclic amines.

Hydrogenolysis of N-Substituted Piperidines.
—The preparation of pure primary glutaramides 
is difficult. The N-monosubstituted glutaramides 
are readily prepared in high purity. Moreover, 
primary glutaramides are not as readily hydro­
genated as are the substituted amides. Thus it 
is better to use N-substituted amides even though 
a piperidine is desired which contains no substitü- 
ent on the nitrogen. This necessitates using an

amine such as benzyl or phenethyl in which the 
carbon to nitrogen bond has been rendered liable 
toward hydrogenolysis by the presence of a phenyl 
group. The tendency of such amides and amines 
to undergo cleavage is shown in Table I by the 
formation of 19% piperidine along with 77% 
1 - phenethylpiperidine, 11 % 4 - methylpiperidine 
along with 70% l-phenethyl-4-methylpiperidine 
and 16% 4-phenylpiperidine along with 65% 1- 
benzyl-4-phenylpiperidine.

Data are given in Table VII which indicate 
the conditions necessary for the cleavage of the 
amines. A comparison of these data with those in

T a b l e  VI
P r e pa r a tio n  of  I m id e s  from  A c id s

One mole of acid was heated with one mole of amine at 
250° under 100-150 atm. of hydrogen using 350-400 cc. of 
dioxane per mole of acid.

Yield of

Acid Amine
Time,
hrs.

products, % 
Amide Imide

ß-Phenylglutaric Benzyl 7 6 2 "
Glutaric n-Amyl 6.5 14' 42“
ß-Methylglutaric

anhydride Phenethyl 4 10“ 58“
Succinic Phenethyl 5.5

hCCi00

° This product was fractionated. b Recrystallized from
95% ethyl alcohol. c Recrystallized from a mixture of 
equal volumes of 95% ethyl alcohol and acetone. d These 
products were partially separated by fractional crystalliza­
tion from methyl alcohol. The yields given here are of the 
pure substances (see Experimental Part).
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T a b l e  VII
H y d r o g e n o ly sis  of 1-P h e n et h y l - a n d  1 -B e n z y l p ip e r id in e s  
Forty cc. of dioxane was used as the solvent in each experiment

Yields, %

Piperidine Moles Catalyst, g.
Time,
hrs.

Temp.,
°C. Piperidine

Unchanged
material

1-Phenethyl 0.104 4CuCrO 4.3 250 18 68
1-Phenethyl .104 4Ni 4 165 7 87
1-Benzyl .118 4CuCrO 6 250 36 54
1-Benzyl .149 7Ni 7 170 43 49

Table I would indicate that hydrogenolysis oc­
curred more rapidly with the amides than with the 
piperidines.

Experimental Part
The reaction products from the hydrogenations 

were in general centrifuged and fractionated 
through a Widmer column. Low boiling basic 
compounds carried over in the dioxane fraction 
were recovered as hydrochlorides which were re­
crystallized from ethanol and ether. The various 
amines were characterized by their neutral equiva­
lents and in most cases by the formation of solid 
derivatives. The hydrochlorides of all the piperi­
dines and pyrrolidines except 4-phenylpiperidine 
were prepared. The properties and analyses of 
those substances which apparently have not been 
previously reported are given in Table VIII.

In a number of cases where Separation could 
not be effected by fractionation, it was necessary 
to purify tertiary amines through the use of ben­
zenesulfonyl chloride. In the case of 1-phenethyl-
4-phenylpiperidine it was necessary to distil the 
amine away from the sulfonamide since the hydro­
chloride of the amine is insoluble in water. In a 
few cases the yield of secondary amine reported 
in the tables is based upon the yield of its benzene- 
sulfonamide isolated. 4-Phenylpiperidine was 
separated from dibenzylamine by cooling the 
mixture in ice and salt.

The l-benzyl-4-phenylpiperidine from di-N-benzyl-ß- 
phenylglutaramide gave the correct neutral equivalent of 
251 and the hydrochloride gave the correct chlorine analy­
sis, but it was contaminated with some substance appar­
ently of the same molecular weight. The hydrochloride 
melted at 198-201 ° and the melting point was lowered by 
recrystallization. This substance when prepared by hy- 
drogenating N-benzyl-/S-phenylglutarimide gave a hydro­
chloride melting at 210-211°. The l-benzyl-4-phenyl- 
piperidine was purified by treatment of 8.8 g. with 3.0 g. 
of C6H5SO2CI and 20 cc. of 10% sodium hydroxide solu­
tion. The benzenesulfonamide of the impurity was a red 
oil which was insoluble in ether, dilute hydrochloric acid 
and dilute sodium hydroxide. It was carried through the 
Separation procedure (with appreciable mechanical loss, 
due to its insolubility) until the piperidine was in solution

in dilute hydrochloric acid. At this point, it formed a 
lower insoluble layer which was separated. It did not crys­
tallize. This treatment gave 7.6 g. of the pure piperidine 
which corresponded to a yield of 10.6 g. (0.042 mole) in the 
original fraction of 12.2 g. from 0.065 mole of amide. The 
yield was thus 65% of the theoretical. The hydrochloride 
now melted at 211-212°.

The principal fraction from the hydrogenation of di-N- 
«-amyladipamide distilled at 80-88° (9 mm.) and weighed
53.5 g. This was divided for purposes of preliminary in­
vestigation into two fractions: (1) 37.3 g., b. p. 80-88° 
(9 mm.), and (2) 16.2 g., b. p. 88° (9 mm.). Both frac­
tions gave the pure phenyl isocyanate derivative of diamyl- 
amine, m. p. and mixed m. p. 78-79°. By titration, it was 
found that fraction (1) was 36% 1-w-amylhexahydro- 
azepine and 64% diamylamine. Fraction (2) was found 
to contain 89% of the hexahydroazepine and 11% of di­
amylamine. These figures indicated that 28.0 g., or 46%, 
of the hexahydroazepine, and 25.5 g., 45%, of diamyl­
amine were formed in the reaction.

To separate these two substances 50.4 g. of fractions (1) 
and (2) were combined and treated gradually with 55.0 
of benzenesulfonyl chloride and 185 cc. of 10% sodium 
hydroxide solution. On working up the reaction mixture 
in the usual manner, there was obtained 19.0 g. of l~n- 
amylhexahydroazepine b. p. 94-95° (13 mm.). This corre­
sponded to 21.0 g. in the original fraction or 34% of the 
theoretical. Forty-three and nine-tenths grams of the 
benzenesulfonamide of diamylamine was obtained which is 
41% of the theoretical. That the 1-w-amylhexahydro- 
azepine is not identical with either l-amyl-2- or -4-methyl- 
piperidine is shown by the difference in the refractive in­
dices and the wide divergence in the melting points of the 
hydrochlorides (see Table VIII). The picrate of 1-n- 
amylhexahydroazepine melts at 109-110° (corr.).

The 25% excess of phenethylamine used in the prepara­
tion of 1-phenethylpiperidine19 from amine and glycol was 
detrimental since the yield was not increased, and the ex­
cess amine contaminated the product.

The fraction from the reaction of 3-phenylpentanediol-
1.5 and «-amylamine boiling at 133-137° at 2 mm. was 
found to contain 3% of 4-phenylpiperidine and 73% of 1- 
w-amyl-4-phenylpiperidine. Two grams of this fraction 
was treated with enough benzenesulfonyl chloride to react 
completely if all the fraction was 4-phenylpiperidine. 
After reaction was complete, the material was dissolved in 
ether and the unreacted tertiary amine extracted with 
dilute hydrochloric acid. The ether solution was dried 
and the ether evaporated, leaving 0.12 g. of the benzene­
sulfonamide of 4-phenylpiperidine, m. p. and mixed m. p. 
108-109°, after one recrystallization. This amount corre-

(19) Pollard and Robinson, J. Chem. Soc., 2770 (1927).
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T able  VIII
A nalytical  D ata

Glutaramides

Glutaramide
(substituents) Formula B. p. or m. p.,° °C. « 25 D

Nitrogen, % 
Calcd. Found

Hydrochloride
Analysis for 

chlorine
M. p., °C. Calcd. Found

Di-N-phenethyl O21H26O2N2 M 158.5-159.5 8.28 8.29
Di-N-w-amyl C15H39O2N2 M 147-148 10.37 10.43
Di-N-pentamethylene C15H26O2N2 B 193-197 (1 mm.) 

M 53-54
10.53 10.69

Di-N -phenethyl-ß-
methyl C22ÏÏ28O2N2 M 190-191.5 7.95 7.82

Di-N- w-amyl-ß-methyl C16H32O2N2 M 149-150 9.85 9.70
Di-N-benzyl- ß-m ethyl 
Di-N-pentamethy lone-

C20H24O2N2 M 194-195 8.64 8.52

ß-methyl O16H28O2N2 B 188-190 (1 mm.) 1.5122 9.99 10.00
Di-N-phenethyl-/S-phenyl C27H3o02N2 M 177.5-178 6.76 6.63
Di-N-w-amyl-ß-phenyl C2iH340 2N2 M 166-167 8.09 8.07
Di-N-benzyl-/3-phenyl 
Di-N-pentamethylene-

C2Ä6O2N2 M 159.5-160.5 7.25 7.10

ß-phenyl C21H30O2N2 B 240-248 (1 mm.) 8.18 8.02
Di-N-w-amyl-ß, j8-di- Ci7H3402N2 B 210-212 (2 mm.) 9.38 9.55

methyl
Di-N-pentamethylene-

M 39-41

ß, ß-dimethyl Ci7H3o02N2 B 183-187 (1 mm.) 1.5083 9.52 9.36

Glutarimides
(substituents)

N-Phenethyl-/3,/3-di-
methyl c 15h 19o2n M 80.5-81.5 5.71 5.81

N-w-Amyl-ß, ß-dimethyl C12H21O2N B 115-116 (2 mm.) 1.4638 6.63 6.56
N-Benzyl-ß, ß-dimethyl C14H17O2N B 148-151 (2 mm.) 

M 63-64
6.06 6.25

N-B enzyl-ß-phenyl c 16h 17o2n M 98-99 5.00 4.95
N-Phen ethyl-ß-methyl Ci4Hi70 2N M 98-100 6.06 6.20
N-w-Amyl C10H17O2N B 105-106 (1 mm.) 1.4754 7.64 7.58

Piperidines
(substituents)

1-w-Amyl7 C10H21N B 76-76.5 (13 mm.) 1.46168 223-224
1-Phenethyl4& c 13h 19n B 127-128 (10 mm.) 232-233 15.72 15.57
4-Methyl5 c 6h 13n 186-189.5 26.15 26.22
1 -n- Amyl-2-methyl CuHmN B 92-93 (16 mm.) 1.4500 8.27 8.09 166.5-167.5 17.24 17.18
1 -Phenethyl-4-m ethyl 
1 - ß-Cyelohexylethyl-4-

ChH21N B 141-142 (12 mm.) 1.5114 6.89 7.02 254-256 14.79 14.55

methyl c 14h 27n B 135.5-137 (12 mm.) 1.4735 6.69 6.55 277-278 14.43 14.39
1 -Benzyl-4-methyl c 13h 19n B 128-129 (14 mm.) 1.5126 7.40 7.36 166.5-168 15.72 15.46
1-n-Amyl-4-methyl CnH23N B 83-84 (10 mm.) 1.4443 8.27 8.36 239-241 17.24 17.16
l-Amyl-4,4-dimethyl Ci2H26N B 96-97 (12 mm.) 1.4445 7.64 7.80 302 16.16 16.17
1 -Phenethyl-4,4-dimethyl Ci6H23N B 149-150 (12 mm.) 1.5074 6.45 6.63 252 14.00 13.85
l-Benzyl-4,4-dimethyl C14H21N B 114-115 (5 mm.) 1.4822 6.89 6.91 335-336 14.80 14.75
1 -n-Amyl-4-phenyl C61H25N B 129-130 (1 mm.) 1.5113 6.06 5.88 245-246 13.28 13.18
1 -Phenethyl-4-phenyl c 19h 23n B 170-174 (2 mm.) 

M 74-75
5.28 5.18 270-271 11.75 11.63

1 -Ben zyl-4-phenyl c 18h 21n B 157-159 (1 mm.) 1.5585 5.57 5.42 212-213 12.34 12.30

Pyrrolidines
(substituents)

1 - ß - Cy clohexylethyl c12h 23n B 116-117 (12 mm.) 1.4748 7.75 7.62 224-225 16.29 16.20
1-Benzyl6 CnHifiN B 98-100 (10 mm.) 153.5-154.5 17.95 18.08

Hexahydroazepines
(substituents)

l-n -Amylc CuH23N B 94-95 (13 mm.) 1.4551 8.27 8 .2 0 217-218 17.24 17.40
1 -Benzyl Ci3h 19n B 130-132 (12 mm.) 1.5243 7.40 7.57 158.5-159.5 15.71 15.63
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Hydrochloride
Analysis for

Pentanes Nitro Ken, % chlorine
(substituents) Formula B. p. or m. p.,a °C. W25D Calcd. Found M. p., °C. Calcd. Found

1.5- Di-N-piperidino9d
1.5- Di-N-piperidino-3-

C15H30N2 B 130-131 (2 mm.) 252-253 22.83 22.79

methyl
1,5-Di-N-piperidino-3,3-

G16H32N2 B 123-125 (1 mm.) 1.4810 11.10 11.02 246-248 21.82 21.77

dimethyl CnH34N , B 133-134 (1 mm.) 1.4839 10.52 10.48 314-316 20.90 20.77
Miscellaneous compounds 

N-jÖ-Cyclohexylethylsuc- C12H19O2N B 145-148 (2 mm.) 6.70 6.78
cinimide

1-/3- Cyclohexylethylpyr-
M 53-54

rolidone-2 CijHjjON B 136-138 (2.5 mm.) 1.4907 7.18 7.29
1 - n- Amylpyrrolidone-2 
1 - j3-Cyclohexylethyl-4-

CsHnON B 87-88.5 (1 mm.) 1.4619 9.03 9.18

methylpiperidone-2 
4- (N-Phenethylamino) -

ChHhON B 146-149 (2 mm.) 1.4872 6.27 6.17

butanol-1 c ,2h 19o n B 176-178 (9 mm.) 1.5243 7.25 7.30 127-128 15.45 15.33
4- (N-Phenethylamino) - 

butyl benzoate 
4-Phenylpiperidine-ben-

c I9h 23o2n 153-155 10.31 10.73

zenesulfonamide Ci,H190 2NS M 108-109 4.65 4.79
a All melting points below 250° are corrected. b The picrate melted at 147-148°. Pollard and Robinson19 gave 144- 

145°. c The picrate melted at 109-110°. d Melting point of the picrate, 188-189°; von Braun, Kühn and Goll9 gave 
185°.

sponds to 0.064 g. of 4-phenylpiperidine in 2.00 g. of the 
mixture, or 3.2%.

The following fractions were obtained from the reaction 
of phenethylamine and butanediol-1,4 at 200°:

B. p., °C. M. G. Product
1 79- 81 9 7.8 43% Phenethylamine
2 110-119 9 10.6 1-Phenethylpyrrolidine +  butane­

diol-1,4
3 175-179 9 10.1 35% 4-(N-Phenethylamino)-bu­

tanol- 1
Fraction 2 was extracted three times with ether (15-cc. 

portions), the glycol being mostly insoluble. This ether 
solution of 1-phenethylpyrrolidine was dried over sodium 
sulfate and filtered. Into the ether solution a stream of 
dry hydrogen chloride was passed. A liquid layer sepa­
rated which solidified in an ice-bath. It was filtered and 
recrystallized, m. p. and mixed m. p. 159-170°.11 The 
yield was 4.3 g. or 14%. This amount of hydrochloride 
corresponds to 3.8 g. of the free amine so that fraction (2) 
contained, by difference, 10.8 — 3.6 — 7.2 g. of butanediol- 
1,4, which would be 55% of the starting amount. Since, 
however, 35 +  14 = 49% of the glycol is accounted for in 
the two amines, it is evident that this makes a total of 
104% of butanediol. The discrepancy is probably due to 
incomplete recovery of 1-phenethylpyrrolidine from frac­
tion (2). Assuming that an amount of diol corresponding 
to the phenethylamine (43%) was unreacted, we obtain a 
yield of 23% for 1-phenethylpyrrolidine. The average of 
14 and 23% is reported as the yield of the pyrrolidine in the 
table. The hydrochloride of the benzoate of 4-(N- 
phenethylamino)-butanol-1 was prepared by heating 1.0 
g. of the amino alcohol with 1.0 g. of benzoyl chloride at 
175° for 1 hour.20 On cooling, the product was recrystal­
lized from absolute alcohol and ether.

(20) McElvain, T h is  J o u r n a l , 48, 2182 (1026),

The main fraction from the reaction of benzylamine with 
hexanediol-1,6 distilled at 119-133° (9 mm.) and weighed
12.5 g. Twelve grams of this fraction was treated with 
20.0 g. of benzoyl chloride and 100 cc. of 10% sodium hy­
droxide and shaken for thirty minutes. It was then 
warmed on the steam-bath for half an hour to hydrolyze 
all the benzoyl chloride. On cooling, the alkaline solution 
was extracted three times with ether, and the unreacted 
amine extracted from the ether with 5% hydrochloric acid. 
This solution was made alkaline, the insoluble layer sepa­
rated and the aqueous layer extracted three times with 
ether. The ethereal solution of the amine was dried, the 
ether distilled and the residue fractionated under reduced 
pressure. Eight and two-tenths grams of 1-benzylhexa- 
hydroazepine was obtained, b. p. 131-134° (13 mm.). 
This corresponded to 8.55 g. in the original fraction, or a 
yield of 23% of the theoretical. On refractionation, this 
substance distilled at 130-132° (12 mm.).

To prove the structure of this substance, the benzyl 
group was removed by treatment with copper-chromium 
oxide at 275° for six and one-half hours. Five and three- 
tenths grams of the material in 9.7 cc. of dioxane was hy­
drogenated in a small bomb designed for quantitative hy­
drogenations. One and four-tenths moles of hydrogen per 
mole of compound instead of the calculated value of 1.0 
was absorbed. This excess of hydrogen was undoubtedly 
due to reaction of the dioxane with hydrogen, which 
proved to be very detrimental in this case.

After all the material was distilled which would come 
over at atmospheric pressure (with the oil-bath at 20°), 
there remained 5.1 g. of high boiling residue, of which 2.0 
g. distilled between 130 and 217° at 2 mm. The residue 
was even higher boiling. This material was probably 
formed by alkylation of the hydroxyl groups, formed in the 
reaction of dioxane with hydrogen, with the amino group 
in the hexahydroazepine formed.
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However, when dry hydrogen chloride was passed into 
the dioxane fraction and the solvent removed under re­
duced pressure, 0.25 g., 6.6% of hexahydroazepine hydro­
chloride remained. After two recrystallizations it melted 
at 229-231° (corr.). Müller and Sauerwald give the 
melting point of this substance as 236° (corr.). Von Braun 
and Goll give the melting point as 222° while Wallach gives 
221-224°. This substance could not be either 2-, 3- or 4- 
methylpiperidine hydrochloride because samples of the 2- 
and 4-derivatives were available for comparison and 3- 
methylpiperidine hydrochloride melts at 171-172°. Also, 
it apparently is not 2-ethylpyrrolidine hydrochloride be­
cause this substance is described as a hygroscopic solid 
which melts below 100°.

The ^-toluenesulfonamide melted at 75° in agreement 
with the value of 75° reported in the literature by Ziegler,21 
and the chloroplatinate melted at 199° (corr.). Müller 
and Sauerwald22 gave the melting point at 197° (corr.).

A sample of 2-ethylpyrrolidine was prepared in this 
Laboratory by Mr. James Rainey, by the hydrogenation of 
2-acetylpyrrole. The picrate of this substance melted at 
85-86° and the chloroplatinate at 190-191°. Both of 
these melting points agree with those reported by Müller 
and Wachs.23 The chloroplatinate apparently was pure 
since the melting point was not raised by further recrystal­
lization. The melting point was not depressed by mixing 
with the chloroplatinate of hexahydroazepine, however. 
The mixed melting point was 193°.

Preparation of Amides and Imides
In making simple amides, the ester was treated with 

gaseous ammonia in a bomb at 250° (Table V). The am­
monia was introduced into a bomb as a liquid. The ester 
was placed in a test-tube in a bomb, and the latter was 
cooled in an ice-calcium chloride bath for about three 
hours. Then liquid ammonia was run into the bomb 
slowly until the interior was well cooled. The ammonia 
was then run in rapidly and the bomb closed immediately. 
No hydrogen was placed in the bomb in these experiments. 
When either an amide or imide is prepared (under pressure) 
from the free acid (Table VI), it is necessary to use dioxane 
as a diluent for the water formed.

If the amides prepared as above were solids in the bomb 
they were removed, cooled, filtered and recrystallized from 
the solvent indicated in Table V. The ethyl alcohol and 
excess of amine from the filtrate of the reaction product 
were removed under reduced pressure and the residue 
purified by recrystallizing. The products which were 
present as liquids when the bomb was opened were purified 
by fractionation.

N-Benzyl-/3-phenylglutarimide and N-w-amylglutarim- 
ide were purified by fractionation through a Widmer col­
umn. N-Phenethyl-/3-methylglutarimide was separated 
from the amide by fractional crystallization from methyl 
alcohol. Since the imide is more soluble than the amide 
it could not be freed entirely from the latter.

The amide present as an impurity was neither converted 
into the imide nor hydrogenated under the conditions used 
(Table II), and was recovered unchanged. Some of the 
amide was insoluble in the dioxane, so when the bömb was

(21) Ziegler and Ortli, B e r ., 66B , 1867 (1933).
(22) M üller and Sauerw ald , M o n a t s h . ,  48, 526, 730 (1927).
(23) M üller and W achs, ib id . ,  53, 420 (1929).

opened after hydrogenation of this eompound reported in 
Table II, the catalyst and amide were filtered off. The 
amide was dissolved immediately in 95% ethyl alcohol and 
the catalyst filtered off. The two filtrates were combined 
and fractionated. There was obtained 18.7 g. of 1-ß- 
cyclohexylethyl-4-methylpiperidone-2, b. p. 158-162° (3 
mm.). The residue from the first fractionation was 3.9 
g. On recrystallization from methyl alcohol it melted at 
180-185°, and mixed with di-N-phenethyl- /3-methyl- 
glutaramide it melted at 186-188°. Since 30.1 g. of the 
mixture of amide and imide was used, 13% of the mixture 
was amide. Thus 26.2 g. of imide was present in the mix­
ture, and the yield of piperidone calculated on this basis 
was 74%.

All the amides, and the imides of j3,/3-dimethylglutaric 
acid, were prepared by heating the corresponding diethyl 
ester (1 mol) with four moles of the amine at temperatures 
of from 180—250° under 125 atm. of hydrogen. Twice the 
calculated amount of amine is necessary because some of it 
is alkylated by the ethyl alcohol set free.24 The esters were 
previously treated with about 5% of their weight of Raney 
nickel under 100 atm. of hydrogen at 150° for about six 
hours to remove any impurities which might poison a cata­
lyst, and to ensure the purity of the amides. It was found 
that in most cases a temperature of 200° was sufficiënt for 
the preparation of amides, but since there were a few ex­
ceptions it was considered pref er able to carry out the reac­
tions at 250°. Also, most of the reactions were probably 
complete in much less than the time indicated, but since 
longer heating does no harm, no particular attempt was 
made to stop the reactions as soon as they were complete.

/3-Phenylglutarimide, m. p. 174-175° (from methanol), 
was prepared by the method of Vorländer15 in yields of 62 
to 72%. /3-Methylglutarimide, m. p. 144-145° (from 
acetone and ether), was similarly prepared in 72% yield.13

Preparation of Acids, Esters and Glycols
Diethyl glutarate was prepared by the hydrolysis of ethyl 

methylene-dimalonate with 38% sulfuric acid.25 By this 
procedure 67-75% of the ester could be obtained directly. 
Three hundred thirty-two grams (1.0 mole) of the ester and 
532 g. of 38% sulfuric acid (prepared from 330 cc. of 
water and 110 cc. of concentrated sulfuric acid, sp. gr. 
1.84) were placed in a 2-liter round-bottomed flask and re­
fluxed vigorously for ten hours. The contents of the flask 
should be shaken vigorously several times until refluxing 
starts. Otherwise the bottom layer may become greatly 
superheated, causing the material to boil out through the 
condenser. The solution became clear in six hours, but 
if the reaction was stopped at this point the yields 
were greatly reduced. When the contents of the flask 
had cooled to room temperature, the oily layer was sepa­
rated and the aqueous layer extracted three times with 
150-cc. portions of benzene. The benzene and ester were 
combined, dried over anhydrous sodium sulfate and the 
benzene distilled at atmospheric pressure. The residue 
was placed in a flask under a Widmer column and heated in 
an oil-bath at 150° under reduced pressure until the 
evolution of carbon dioxide ceased. The ester was then 
fractionated. This distillation is accompanied by con-

(24) W inans and A dkins, T his J o u r n a l , 54, 306 (1932).
(25) W elch , J .  C h e m .  S o c . ,  673 (1931).
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siderable foaming so a column of some sort is necessary. 
The material boiling at 104-108° (8 mm.) was collected. 
On refractionation the ester boils at 105-106° (8 mm.). 
The refractionation of four runs of the size described above 
gave 563 g. (75% of theoretical) of pure diethyl glutarate, 
b. p. 105-106° (8 mm.).

ß-Phenylglutaric acid was prepared from benzylidene- 
bismalonic ester by hydrolysis with hydrochloric acid.26 
The reaction was carried out in a manner similar to that de­
scribed in “Organic Syntheses” for the preparation of tri- 
carballylic acid.27 Three hundred and seventy grams (0.9 
mole) of the ester, 125 cc. of water, and 125 cc. of concen­
trated hydrochloric acid were placed in a 2-liter round- 
bottomed flask carrying a Widmer column and a condenser 
set for downward distillation. The mixture was boiled at 
such a rate that the temperature at the head of the column 
remained at 80-100 °. In this manner the alcohol was re­
moved as formed, but very little water was allowed to dis­
til. This was continued until the solution became clear 
and no more carbon dioxide was evolved (thirty hours). 
Twice during this time further 100-cc. portions consisting 
of 50 cc. of water and 50 cc. of concentrated hydrochloric 
acid were added.

The flask was cooled in an ice-bath and the crystals were 
filtered and dried by suction. The dried acid was dissolved 
in 200 cc. of hot acetone, treated with charcoal and filtered. 
Half the acetone was distilled and an equal volume of ben­
zene added. One hundred twenty-five grams (67%) of 
pure ß-phenylglutaric acid separated, m. p. 139-140°. 
(Melting points of 138 and 143 ° are given in the literature.) 
The filtrate gave an additional 44.5 g. of acid, m. p. 138- 
139° (24%). The total yield was 91% of the theoretical.

In preparing diethyl ß-phenylglutarate the above pro­
cedure was followed except that the crude acid was not 
purified. Four hundred five grams (1 mole) of benzyli- 
denebismalonic ester was hydrolyzed as above. To the 
crude, dry acid was added a mixture of 460 cc. of 95% 
ethyl alcohol and 25 cc. of concentrated sulfuric acid. The 
mixture was refluxed for six hours on the steam-bath. 
Then the excess alcohol and the water formed were re­
moved under reduced pressure by warming on the steam- 
bath until the temperature of the residue was 50 ° (20 mm.). 
Then 200 cc. of absolute ethyl alcohol and an additional 
10 cc. of concentrated sulfuric acid was added and the 
mixture refluxed for three hours. The excess alcohol was 
removed under reduced pressure and the residue poured 
into water. The oily layer was separated and the aqueous 
layer extracted twice with ether. The ether solution of the 
ester was extracted twice with 5% sodium carbonate solu­
tion, twice with water and dried over anhydrous sodium 
sulfate. The ether was removed at atmospheric pressure 
and the residue distilled in vacuo. One hundred sixty 
grams of ester was obtained (85%) which distilled at 143- 
145° (1.5 mm.); von Braun and Weissbach28 report the 
boiling point of this ester as 148-150° at 0.5 mm.

ß-Methylglutaric acid was made as by Boorman, Lin- 
stead and Rydon except that the triethyl 2-methylpropane- 
tricarboxylate obtained as an intermediate was purified 
before hydrolysis. The triester b. p. 117-119° was ob-

(26) Kötz, J. prakt. Chem., [2] 75, 486 (1907).
(27) “Organic Syntheses,” 508 (1932).
(28) Von Braun and Weissbach, Ber., 64, 1787 (1931).

tained in 80-85% yield. The yield of acid m. p. 86.5- 
87.5° was 80%, based on the triester used.29

Diethyl-/3-methylglutarate was prepared in a manner 
analogous to that used in the preparation of diethyl-|8- 
phenylglutarate, in a yield of 90% from the pure acid. 
It boils at 117-118° (13 mm.).

Diethyl-0,ß-dimethylglutarate was obtained through the 
kindness of Dr. Roger Adams.

/3-Methylglutaric anhydride was prepared by the method 
of Darbishire and Thorpe30 in a yield of 92%, b. p. 141- 
142° (8 mm.) and m. p. 41-43 °.

The glycols were prepared by the hydrogenation of es­
ters.31

Summary
Glutaramide gave a 70% yield of piperidine 

by treatment with hydrogen under 200-400 atm. 
pressure over copper-chromium oxide at 250° 
in dioxane solution. Eight N-monosubstituted 
amides of glutaric, ß-methyl-, ß-phenyl- and 
ß,ß-dimethylglutaric acid in which the substitu­
ents on the nitrogen atom were the w-amyl, ben­
zyl or phenethyl group, gave 65-80% yields of 
piperidines substituted in the 1 and 4 positions. 
Glutarimides gave yields of piperidines of the same 
order of magnitude. The di-N-pentamethylene 
amides of glutaric, ß-methyl- and ß,ß-dimethyl- 
glutaric acid gave rise to 45-71% yields of di-N- 
pentamethylenecadaverines.

Under the same conditions two 2-pyrrolidones 
and one 2-piperidone have been converted to the 
corresponding pyrrolidines and piperidine in yields 
of 88-96%.

Primary amines have been found to react with
1,4- or 1,5-glycols under the conditions used for 
the hydrogenation of amides, to give 68-77% 
yields of pyrrolidines or piperidines.

The hydrogenation of di-N-w-amyladipamide 
was shown to give a 45% yield of 1-^z-amylhexa- 
hydroazepine. Thirty-four per cent. of this mate­
rial was isolated in the pure state from the ói n 
amylamine which was formed to the extent of 
41%.

Treatment of hexanediol-1,6 with benzylamine 
gave a 23% yield of 1-benzylhexahydroazepine 
which was converted to hexahydroazepine by 
treatment with hydrogen over copper-chromium 
oxide at 275°.

Two N-substituted succinimides and one 
glutarimide have been converted to the corre-

(29) Auwers, Köbner and Meyerburg, ibid., 24, 2888 (1891); Day 
and Thorpe, J. Chem. Soc., 117, 1469 (1920); Boorman, Linstead and 
Rydon, ibid., 573 (1933).

(30) Darbishire and Thorpe, ibid., 87, 1717 (1905).
(31) Adkins, Folkers and Wojcik, T h is  Jo ur n a l , 54, 1145, 4939 

(1932).
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sponding pyrrolidone-2 or piperidone-2 by treat­
ment with hydrogen over Raney nickel at 200- 
220°.

When diethyl glutarate, or diethyl ß-methyl- 
or ß-phenyl-glutarate, was heated with four moles 
of a primary amine at 250°, amides were formed 
to the extent of 83-94%. When diethyl ß,ß-di- 
methylglutarate was so treated, yields of 39-71% 
of the glutarimides were formed.

Glutarimides were formed in yields of 42 to 
62% by heating glutaric, ß-methyl- or ß-phenyl- 
glutaric acid with one mole of primary amine at 
250°. This is appreciably less than the yields of 
succinimides obtained from succinic acid and pri­
mary amines.

An improved method for preparing diethyl 
glutarate has been developed.
M a d is o n , W i s . R e c e iv e d  O c t o be r  1, 1936

[Co n t r ib u t io n  from  t h e  Chem ical  L aboratory  o f  t h e  U n iv e r sit y  of Ca l if o r n ia ]

The Rates of Alcoholysis of Acyl Chlorides
G. E. K . B r a n c h  a n d  A. C . N ix o n

We have recently published the results of a 
study1 in which we investigated the effect of the 
para-substitution of certain groups on the rates 
of alcoholysis of triphenylmethyl chlorides. In 
this paper we pointed out that predictions con­
cerning rates in which I and T effects are used 
merely on the direction of electrical forces tending 
to prevent or assist the Separation of an ion are 
not necessarily sound, although the actual results 
we obtained with the trityl chlorides could have 
been predicted on this basis. As we strongly sus- 
pected that this crude method of using I and T 
effects would be entirely erroneous when applied 
to the alcoholysis of acyl chlorides, we have used 
an identical method to measure the rates of alco­
holysis of some acyl chlorides. The compounds 
studied are mainly para substituted benzoyl 
chlorides but measurements on some aliphatic 
compounds are also included.

We employed the same solvent as before, 
namely, a mixture containing by volume at 25°, 
60% ether and 40% absolute ethyl alcohol. 
The reactions were followed by observing the 
rate of change of the electrical conductivity of 
Solutions containing acid chloride. This method 
was used on the assumption that the hydrochloric 
acid produced had a much higher conductivity 
than any of the other constituents of the solu­
tion and hence the concentration of the acid could 
be determined from the conductivity of the solu­
tion by reference to a previously determined con- 
ductivity-concentration curve for hydrochloric 
acid. The concentration of the organic chloride 
at any time could then be determined as the

(1) A. C. Nixon and G. E. K. Branch, T h is  J o u rn al , 58, 492 
(1936).

difference between the hydrochloric acid con­
centration at that time and the final hydro­
chloric acid concentration after completion of 
the reaction. This method is very suitable for 
meäsuring low concentrations. We used concen­
trations around 0.001 ikf, and could follow the 
reactions accurately to more than 95% completion.

The reaction was found to be irreversible at 
the concentrations used since the conductivity 
of a 0.001 N  hydrochloric acid in the alcohol- 
ether mixture was found to be unchanged by the 
addition of an equivalent quantity of ethyl p- 
nitrobenzoate. The irreversibility of the re­
action has been shown more definitely by Norris 
and his co-workers,2 who showed that ethyl p - 
nitrobenzoate was unaffected when hydrogen 
chloride gas was bubbled through the molten 
ester. Their tests also showed the absence of 
side reactions.

A detailed description of the method and ap­
paratus used is given in our previous communica­
tion.1 The method consisted essentially of 
mixing 20 cc. (25°) of alcohol with 30 cc. (25°) 
of an ether solution of the chloride at the bath 
temperature and then meäsuring the resistance 
of the solution at convenient intervals. The cell 
resistance was determined by means of the usual 
Wheatstone bridge arrangement, an a. c. gal­
vanometer being used as a null instrument.

Preparation of Materials

(a) Alcohol and Ether.—These were prepared 
as reported previously and had within limits of 
error the same physical constants.

(2) J. F. Norris, E. V. Fasce and C. J. Staud, ibid., 57, 1415 
<1935).
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(b) Acid Chorides.—These were obtained, 
whenever available, by distillation and/or crys­
tallization of the Eastman product. In the other 
cases they were prepared from the pure acids by 
use of thionyl chloride. The melting and/or 
boiling points are given below. The boiling points 
are at 760 mm. unless otherwise specified.

Chloride
Trichloroacetyl
Dichloroacetyl
Chloroacetyi
Acetyl
£-N 02-benzoyl
£-F-benzoyl
^-Br-benzoyl
p- I-benzoyl
>̂“CH3-benzoyl

£-CH30-benzoyl

°c.
117-118 (b. p.)

108 (b. p.)
106 (b .p .)
55 (b. p.)

71.5 (m. p.)
70-71 (6 mm.), 8-9 (m. p..)
37.5 (m .p.)
64.5 (m. p.)a 
70-71 (4 mm.)
21 (m. p.), 144 (b. p.)

a The melting points given for this eompound in Beil- 
stein range from 71 to 83° but repeated crystallization 
from hexane and Sublimation did not change this value. 
It was prepared from two different lots of Eastman p-1- 
benzoic acid (m. p. 278°). It yielded 99.9% of the theo­
retical quantity of the methyl ester (m. p. 114.5-115.5°).

All the acid chlorides gave, within the limits of 
error, the theoretical quantity of hydrochloric 
acid upon alcoholysis as measured by conduc­
tivity.

Time, minutes.
Fig. 1.—The alcoholysis of £-nitrobenzoyl chloride. 

The initial concentrations were (1) 0.00104 M p-N 0 2- 
benzoyl chloride, (2) 0.000474 M  £-N02-benzoyl 
chloride, (3) 0.000474 M  £-N02-benzoyl chloride, 
0.000493 M  HCl, (4) 0.000388 M  p-N 02 benzoyl 
chloride, 0.001636 M  HCl. The points for run (2) 
have been lowered by 0.2 unit. The curves are ruled 
lines, the dotted curves being the continuations of the 
ruled lines through the earlier points.

Kinetics
When the logarithms of the concentrations of 

the acid chlorides were plotted against the elapsed

times, the straight lines characteristic of uni­
molecular and pseudo-unimolecular reactions were 
not obtained for the aromatic chlorides. Instead 
a plot was obtained in which the earlier points 
fall on one straight line and the later points on 
another straight line of slightly greater slope, 
the transition between the two being sharp. The 
curves in Fig. 1 for ^-nitrobenzoyl chloride are 
typical examples. In Fig. 1 the negative loga­
rithms have been plotted, so that the slopes have 
the same signs as unimolecular rate constants. 
It would appear that after some time the re­
action settles down to a simple pseudo-unimolecu­
lar type. We have therefore used the final slopes 
multiplied by 2.303 for comparing the relative 
rates of reaction of the various acid chlorides. 
Norris and his co-workers2 using 100% alcohol 
and higher concentrations of acid chlorides found 
the reactions to be pseudo-unimolecular over their 
entire course. Our conditions differ from those of 
Norris and co-workers since we diluted the alcohol 
with ether and used much smaller concentrations 
of acid chloride. The difference in the kinetics 
observed probably arises from the fact that under 
the conditions employed by Norris considerable 
hydrochloric acid had already been formed at 
the time of even the earliest measurements. 
Thus in the table given by Norris, Fasce and 
Staud2 the concentration of hydrochloric acid at 
the time of the first measurement is 0.005 N , 
while in our experiments the first measurements 
are only about a hundredth of this value and the 
final concentrations of hydrochloric acid do not 
exceed 0.0021 N. The conditions used by Norris 
and co-workers, resulting as they do in simpler 
kinetics, are better than ours for obtaining rela­
tive rates. On the other hand, our conditions 
might shed some light on the beginning kinetics 
of the reaction. However, we do obtain approxi­
mately the same values for the relative rates 
of reaction as did Norris for those compounds 
which are common to both investigations (see 
Table II).

In seeking an explanation of the effect we must 
first eliminate the possibility that it is due to ex­
perimental error. The most obvious explanation 
would be that it is due to a lowering of the tem­
perature on mixing the two Solutions which would 
result in a smaller rate at the beginning of the re­
action; however, this explanation is not tenable 
since the effect occurs with compounds whose 
reactivity is so small that several hours elapse



Dec., 1936 Rates of Alcoholysis of Acyl Chlorides 2501

before the final rate is atta ined  I t  could be 
caused by differences between the conductivities 
of the reaction mixture and those of the Stand­
ard hydrochloric acid Solutions having the same 
concentrations of hydrochloric acid. These differ­
ences might be due either to the conductivities of 
the acid chloride and ester or, more likely, to 
their effects on the conductivity of hydrochloric 
acid. The conductivity of the ester and its effect 
on the conductivity of hydrochloric acid is easily 
shown to be quite negligible, a t the concentrations 
we employ, by direct test; but it is impossible to 
determine directly the effect of the acid chloride 
since it  begins to react immediately. But, irre- 
spective of any effect of this kind, near the end 
of the reaction the concentration of acid chloride 
is so small that its effect on the conductivity must 
be negligible and the observed conductivities 
must be correct. If the reaction is strictly first 
order, an extrapolation of the later portion of the 
curve to zero time should give the initial concen­
tration of the acid chloride, whatever errors had 
been introduced in the earlier measurements. 
Such an extrapolation always gives an erroneously 
high value of the initial concentration. This 
shows that a real delay in the formation of hydro­
chloric acid occurs in the earlier stages of the re­
action. In the case of acetyl chloride in which no 
Variation from first order was observed, this ex­
trapolation gives the correct value for the initial 
concentration of acid chloride.

It is unlikely that the delay could be caused by 
impurities in the solvents such as peroxide or 
water since runs performed immediately after 
careful redistillation of the alcohol and ether gave 
the same results. It is also improbable that it is 
due to an impurity in the acid chloride since re­
crystallization produced no change in the effect 
and the addition of a small amount of the most 
likely impurity, the organic acid, similarly pro­
duced no change.

^-Nitrobenzoyl chloride was selected as a typi­
cal eompound to use in investigating the rate 
changing effect and numerous runs were made 
with this eompound under varying conditions. 
The average value of the constants from the initial 
slopes for ten runs at concentrations varying be­
tween 0.004 to 0.0021 molal was 0.1103 reciprocal 
minutes, having a mean deviation of 2.5% with 
a maximum deviation of 4.8%, while the average 
value for the final constant in 14 runs in the same 
concentration range was 0.1223 reciprocal minutes,

with a mean deviation of 2*0%, the greatest de­
viation being 3.6%. The position of the transi­
tion point decreased from 78% completion in the 
most dilute solution to 31% completion for the 
most concentrated solution. The average values 
of the final constants include those of four runs 
in which hydrochloric acid was added initially; 
the values of the initial constants for the.se runs 
are not included in the former average. Hydro­
chloric acid has a slight catalytic effect on the 
reaction, not noticeable in a single run but appear­
ing as a slight increase in the values of the final 
rate constants as the initial concentration of 
either acid chloride or hydrochloric acid is in­
creased. Thus five runs with ^-nitrobenzoyl 
chloride at 25° having an average concentration 
of 0.0008 M  have an average value for kf of 
0.1205, whereas five runs having an average con­
centration of 0.0019 M  show an average value 
for kf of 0.1249.

When hydrochloric acid is added initially the 
initial rate is decreased but the final rate is a t­
tained much earlier in the reaction. This is illus­
trated by plots 2 and 3 in Fig. 1. In run 3 the 
initial concentration of />-nitrobenzoyl chloride 
was 0.000474 M  and of hydrochloric acid 0.000493 
Mt which gave an initial constant of 0.088 and a 
final constant of 0.120, the change occurring at 
29% completion, whereas run 2 which started 
with an identical quantity of acid chloride but no 
hydrochloric acid gave a value of 0.114 for the 
initial constant and 0.119 for the final constant, 
the change occurring at 44% completion. With 
larger proportions of hydrochloric acid the effect 
was more pronounced; run 4, in which the initial 
concentration of ^-nitrobenzoyl chloride was 
0.000388 M  and of hydrochloric acid 0.001636 
My gave 0.069 for the value of the initial constant 
and 0.127 for the final constant, the transition 
occurring at 15% completion.

We believe that the results given above may be 
interpreted on the basis of a mechanism which in­
volves two reaction paths for the acid chloride. 
This may be expressed as follows 

ki /O H
(1) RCOC1 +  C2H5OH RCe-OC2H6

k2 \ c i
/OH k* j O

RC^-OC2H 5----^ RC^OC2H5 +  H+ +  CR
\ c i

k 1
(2) RCOC1 (R C =0) + +  Cl-

kl
H /O

(R C =0)+ +  C2HjOH— > RC/-OC2H5 +  H +
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If the reaction follows the mechanism outlined 
above the rate of formation of products would be 
given by the equation 

dP /dt = H A )k 3/(k 2 -f h) +  U (A )kï/(kl +  U){CX~) 
where (A) represents the concentration of acid 
chloride at any time after the intermediates have 
reached a steady state concentration. The first 
term on the right-hand side of the equation repre­
sents rate of formation of products through path 
(1) and the second term the contribution through 
path (2). The formation of products through 
path (1) increases in rate until a steady state con­
centration ratio of intermediate to reactant is 
reached, the value being ki/k2 +  h . If the re­
action forming the intermediate, and its reverse, 
are catalyzed by hydrogen ion but the change 
from intermediate to product is not, the period 
over which the velocity constant for path (1) 
increases is prolonged. Constancy is reached 
when kz becomes negligible with respect to fe, 
and &i,/&2 +  kz becomes equal to K e, the equilib­
rium constant for the change of reactant to inter­
mediate. There is thus a limited catalysis by 
hydrogen ion as is shown by the trend in the final 
rate constants with increase in final concentration 
of hydrochloric acid. The final rates which we 
have obtained are probably a little lower than the 
maximum rates beyond which the reaction is not 
increased by acid. The contribution to the re­
action by the second path diminishes with hydro­
chloric acid, and eventually is negligible. The 
reaction by path (1), were it the only source of 
electrolyte, would show a short induction period, 
followed by a more prolonged approaeh to a 
maximum rate. The induction period is masked 
by the reaction by path (2), which is then at its 
maximum, and the slow rise to a maximum rate 
of path (1) is to some extent compensated by the 
falling off in the rate by path (2). These factors 
tend to make the change from one value of 
d ln c /d t  to another abrupt. Further, the vagaries 
of d ln c /d t  that may exist in the earlier part of 
the reaction are not observable, as the accuracy 
is not sufficiënt to allow its evaluation between 
adjacent measurements, and one is reduced to 
using the slopes of the best straight lines drawn 
through the several points on the curve of log c 
against time. The apparent first order character 
of the earlier portion of the reaction is best con­
sidered fictitious. We do, however, believe that 
the lines shown in the figure are drawn through a 
sufficiënt number of points to warrant the state­

ment that the earlier part of the reaction is slower 
than the later part beyond any reasonable doubt. 
The first order rate constants, heats of activation 
and probability factors which we obtain by ignor- 
ing the first part of the reaction are those for the 
reaction by path (1). If our theory is correct, 
Norris and his co-workers must also have obtained 
the rate constants for the reaction by path (1).

The Effects of Substituent Groups
The first order final rate constants at 0 and 25° 

in reciprocal minutes are given in columns 2 and 
3 of Table I for all compounds for which these 
quantities could be obtained. The table also 
gives the heats of activation and the logarithms 
of the probability factors in the Arrhenius equa- 
tion , k  = Ze~E/RT.

T able I
R eaction R ates and  H eats of A ctivation

The values of log Z were calculated by the use of the 
equation log Z .== log k25 +  jE/2.3 KT, in which &25 is in 
reciprocal seconds.

Chloride k°, min.-1 k2b, min.-1 E, cal. Log Z
T r ichlor oac e t y 1 0 5 )
Dichloroacetyl 0 5 )
Chloroacetyi 2 .8 9
Acetyl 0 .143 0 .986 12,500 7 .4
£-N02-benzoyl .0222 . 1225 11,100 5 .5
£>-Br-benzoyl .00167 .0134 13,450 6 .2
^-Cl-benzoyl .00145 .0123 13,850 6 .5
£-I-benzoyl .00158 .0126 13,450 6 .2
£-F-benzoyl .000761 .00732 14,650 7 .8
Benzoyl .000700 .00648 14,400 6 .6
£-CH3-benzoyl .000332 .00386 15,900 7 .5
p-CH30-benzoyl .000180 .00320 18,650 9 .4

T able II
R elative R ates of Alcoholysis at 25°

Chloride

Relative 
rates in 
alcohol- 

ether

Relative 
rates in 
absolute 
alcohol

Relative rates 
of correspond­

ing trityl 
chlorides

T richlor oacetyl 0 8 0 0 0 )
Dichloroacetyl (> 8 0 0 0 )
Chloroacetyi (4100)
Acetyl 171 0 .00007
£-N02-benzoyl 1 9 .0 2 1 . 6 .011
£-Br-benzoyl 2 .1 2 .1 .28
p- Cl-benzoyl 1 .9 1.9 .32
p- I-benzoyl 1 .9 1 .9 .34
£-F-benzoyl 1 .1 .76
Benzoyl 1.0 1.0 1.0
£-CH3-benzoyl 0 .6 0 0 .7 8 4 .1
/>-CH30-benzoyl .49 .81 ( > 9 0 )

From the data of Table I we have constructed 
Table II which gives the rates of alcoholysis, a t 
25°, relative to benzoyl chloride. In column 3 
are given the values determined by Norris and co-
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workers, of the relative reactivities of a number of 
the same acid chlorides for the reaction in absolute 
alcohol. I t  also gives, in column 4, the rates of 
alcoholysis, relative to triphenylmethyl chloride, 
of a number of para substituted triarylmethvl 
chlorides the substituent groups of which are the 
same as the groups substituted in the benzoyl 
chlorides, the compounds in each row having the 
same substituent. Thus the rate of alcoholysis 
of ^-nitrotriphenylmethyl chloride relative to 
that of triphenylmethyl chloride is put in the same 
row as the relative rate of ^-nitrobenzoyl chloride. 
We have taken diphenylmethyl chloride as the 
analog of acetyl chloride.

It is noticed that the order we have obtained 
for the relative rates of alcoholysis of the acyl 
chlorides parallels the order obtained by Norris, 
except that in our solvent ^-methoxybenzoyl re­
acts less rapidly than p-methylbenzoyl chloride, 
while in absolute alcohol the two reactions have 
approximately the same rate.

A comparison of columns 2 and 4 in Table II 
shows that a para substituent affects the alcoholy­
sis of aryl acid chlorides and triarylmethyl chlo­
rides in opposite ways. Groups that increase the 
rates of alcoholysis of the acid chlorides decrease 
those of trityl chlorides. In our preceding paper 
we have shown that in the trityl chlorides the 
influence of the para substituent follows the abil- 
ity of the group to transfer a positive charge 
from the methyl carbon atom to the other parts 
of the molecule. In this way the groups assist 
the removal of chloride ion, and increase the rates 
of alcoholysis. The alcoholysis of a chloride in­
volves not only the removal of chloride ion, but 
also the addition of alcohol. The influence of the 
group on the addition of alcohol may be opposite 
to its effect on the removal of chloride ion, and 
may be the predominant factor governing the 
relative rates of alcoholysis. The existence of 
these two factors is obvious in our suggested 
equation for the rates, rate = K ehA, in which 
K & is the equilibrium constant for an addition of 
alcohol and kz the rate constant for the decomposi­
tion of the addition eompound into hydrochloric 
acid and ester. The effect of a para substituent 
group on kz must be assumed to be in the same di­
rection as its effect on the alcoholysis of a trityl 
chloride, though its magnitude may be much less, 
as the removal of the chloride ion is largely as- 
sisted by the tendency of the unshared electrons 
of the oxygen atoms to relieve the lack of elec­

trons induced on the carbonyl carbon atom by the 
removal of chloride ion.

The effect of a para substituent group on K e 
is best understood if one uses the combination

formula,

instead

The above resonance stabilizes the acid chloride, 
and does so to a greater degree the more stable

o -
the internally ionized structures,

■o-

\ c r

< = X a .
etc., are. In this way the

resonance decreases K e, as it is absent or negligible 
in the addition eompound. Any para substituent 
which by the direction of its group dipole or by a 
resonance increases the stability of the structure

yO~
decreases the value of K e.

^ C l  ’
Examples of such groups are CH3 and OCH3. 
On the other hand, strongly negative groups 
increase the value of K e. In this way the effect of 
a para substituent on K e is opposite to its effect 
on the velocity constant of alcoholysis of a trityl 
chloride, or on kz.

Whether the effect of a para substituent on K e 
or on kz will be the predominant factor in the al­
coholysis can only be decided by experiment. 
Our experiments show that the first factor is 
predominant for groups having effects within the 
range studied. Outside of this range it is possible 
for the influence on kz to become the predominant 
factor, in which case the order of alcoholysis rates 
of the acid chlorides would follow those of the 
trityl chlorides. This possibility is suggested in 
our results. The increase of rate from ^-methyl- 
benzoyl chloride to p-nitrobenzoyl chloride is 
thirty-fold, the increase in rate from ^-nitrotri- 
phenylmethyl chloride to ^-methyltriphenyl- 
methyl chloride is somewhat larger, about four 
hundred-fold, but the increase of rates from p- 
methoxy to ^-methylbenzoyl chloride is only 
20% which is very much smaller than the twenty- 
fold increase from ^-methyltriphenyl chloride to 
^-methoxy triphenylmethyl chloride. Under the 
conditions used by Norris and his co-workers p- 
methoxybenzoyl chloride reacts as rapidly as p- 
methylbenzoyl chloride.

We have avoided consideration of ortho groups.
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In these derivatives the substituent and reacting 
groups are brought into very close proximity, and 
what might be called O-effects are introduced. 
Norris’ results and previous work on so-called 
“steric hindrances” indicate that O-effects are 
greatly enhanced by duplication. The alcoholysis 
rates of 2,4,6-trisubstituted benzoyl chlorides3 
have entirely different orders of magnitude to 
those of the monosubstituted derivatives. These 
trisubstituted benzoyl chlorides may react either 
very much faster or very much slower than the 
monosubstituted compounds.

The work on the trityl chlorides shows that the 
phenyl group can lower the positive potential of 
an adjacent atom more than the methyl group can. 
Assuming that the addition of alcohol is still the 
predominant factor, the alcoholysis rates of ali­
phatic acid chlorides should be faster than those 
of the aromatic. In chloroacetyi chloride the 
potential energy of the internally ionized form,

+ yO
C1CH2C<

X C1
is increased by the dipole of the

a-chlorine atom, its +  pole being directed toward 
the carbonyl carbon atom. This decreases the 
resonance, and increases the rate of alcoholysis. 
Further introduction of chlorine atoms should still 
further increase the rate. These relationships 
were found, except that di- and trichloroacetyl 
chlorides reacted so rapidly that it was impossible 
to determine which was the more reactive.

Heats of Activation
The heats of activation given in Table I were 

calculated from the values of the final rate con­
stants determined at 0 and 25° by solving for E  
in the equation In k = ln Z  — E/RT.

There is a rough correlation between low activa­
tion energy and rapid reaction in the alcoholysis 
of the acid chlorides. In the aromatic compounds

(3) J. F. Norris and H. H. Young, T h is  J o urn al , 57, 1420 
(1935),

the differences in the rates cannot be attributed 
only to the differences in the heats of activation. 
In general the differences in the rates are much 
smaller than would be expected from the differ­
ences in the activation energies. This can be seen 
by comparing the probability factors (Z). These 
show a trend, being higher for the slower reactions. 
For instance, if we dfvide the reactions into four 
classes, (1) the very fast reaction, that of p-nitro- 
benzoyl chloride, (2) the moderate reactions, those 
of para Cl, Br and I benzoyl chlorides, (3) the 
slow reactions, those of ƒ>-F and benzoyl chlorides, 
and (4) the slowest reactions, those of p-CKz 
and OCH3, the average values of log Z for these 
classes are 5.5, 6.3, 7.2 and 8.4. Although errors 
accumulate in the determination of Z, this trend 
lies well beyond the experimental limits. In the 
alcoholysis of the trityl compounds this trend is 
not noticeable, the figures for the corresponding 
compounds, in that series, being 8.4, 7.5, 7.9 and
8.0. (The value for the methoxy eompound was 
not obtained.) For acetyl chloride the value of 
log Z is 7.4, that is, the value is much higher 
than that of the slower reacting ^-nitrobenzoyl 
chloride. The value of E  is also greater for acetyl 
chloride than it is for the nitrobenzoyl chloride, 
the difference being greater than any likely experi­
mental error.

The values of Z for the alcoholyses of the acid 
chlorides are much less than those usually found 
for reactions of ions with neutral molecules. The 
alcoholyses of acid chlorides belong to Moelwyn- 
Hughes’ class of slow reactions.

Summary
The rates of alcoholysis of several acyl chlorides 

have been measured, at great dilutions, in a mix­
ture of 60% ether and 40% alcohol.

The kinetics of the reaction and the relative 
reactivities of the acyl chlorides are discussed. 
B e r k e l e y , C a l if . R e c e iv e d  Se pt e m b e r  8, 1936
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Thermal Data on Organic Compounds. XVII. Some Heat Capacity, Entropy and
Free Energy Data for Five Higher Olefins1

B y G eorge S. P ark s, Sam uel S. T odd and  C. H oward  S homate

The heats of hydrogenation of some representa- 
tive olefins have recently been measured with re- 
markable accuracy by Kistiakowsky2 and his 
collaborators; and in this connection they have 
kindly loaned us samples of these compounds for 
the determination of the heat capacities at low 
temperatures and thereby the calculation of the 
corresponding entropies and free energies of 
formation. In the present study we shall present 
data for »-heptene-1, 1,4-pentadiene, tetramethyl- 
ethylene and the two diisobutylene isomers.

Materials
The preparation and properties of the w-heptene-1, 1,4- 

pentadiene and tetramethylethylene have already been 
described by Kistiakowsky, Ruhoff, Smith and Vaughan.2 
From the change in melting point during our fusion deter­
minations we have estimated the purity of the heptene-1 
to be at least 99.85 mole % and that of the pentadiene 
99.90 mole %. While the purity of the tetramethylethyl­
ene was probably of a similar high order, a quantitative 
estimate in this case was prevented by the existence of a 
transition between its two crystalline forms at a tempera­
ture only 1.9° below the melting point, 198.5 °K. Inci- 
dentally this proximity of the transition and melting points 
enabled us to perform an interesting qualitative experi­
ment in which a narrow tube containing the olefin was 
immersed in an alcohol-bath cooled with solid carbon 
dioxide. By careful maintenance of a suitable temperature 
gradiënt in the bath it was then possible to obtain, coexist- 
ent in the tube, (1) a supernatant layer of liquid tetra­
methylethylene, (2) a middle layer of the crystals melting 
at 198.5° and (3) a bottom layer of the low temperature 
crystals.

The Harvard investigators also separated the two di­
isobutylene isomers from a large quantity of commercial 
material by a series of careful fractional distillations. 
As they will describe the properties of these compounds in 
detail in a subsequent paper, we shall simply say here that 
our fusion determinations indicated a purity of about 
99.5 mole % for the low boiling isomer (supposedly 2,4,4- 
trimethylpentene-1) and about 98 mole % for the high 
boiling isomer (supposedly 2,4,4-trimethylpentene-2).

Experimental Results
In principle, the method of Nernst was em­

ployed with an aneroid calorimeter in determin-
(1) This investigation represents a continuation of Project No. 

29 of the American Petroleum Institute Research. Financial as­
sistance in this work has been received from a fund donated jointly 
by the Standard Oil Company of California and the Shell Develop­
ment Company.

(2) Kistiakowsky, Ruhoff, Smith and Vaughan, T h is  J o u r n a l , 
57, 876 (1935); 58, 137, 146 (1936),

ing the “true” specific heats and the fusion data. 
The apparatus and details of experimental pro­
cedure have been fully described in other places.3 
In view of the accuracy of the various measure­
ments involved, the error in the experimental 
values thereby obtained is probably less than 
0.5% at all temperatures.

These heat capacity data, expressed in terms 
of the defined calorie4 and with all weights re­
duced to a vacuum basis, appear in Tables I and 
II. The specific heat values are also represented

T a b l e  I

Spe c ific  H e a t s  in  Ca l o r ie s  p e r  G ram  of S u b st a n c e

T, °K. Cp T, °K. Cp T, °K. Cp
n--Heptene-1 : Crystals

80.4 0.1841 105.0 0.2215 128.9 0.2518
85.6 .1922 112.3 .2317 135.8 .2617
91.8 .2017 121.1 .2436 142.7 .2726
98.2 .2120

Liquid
151.1 0.4383 196.9 0.4485 242.5 0.4719
155.5 .4378 201.9 .4515 256.8 .4819
159.8 .4387 206.1 .4511 261.2 .4855
166.5 .4409 215.1 .4557 274.9 .4983
174.8 .4400 219.3 .4588 280.4 .5033
181.1 .4421 234.2 .4656 287.6 .5092
186.2 .4436 238.3 .4695 295.1 .5181

1,4-Pentadiene: Crystals
82.4 0.2197 101.0 0.2553 110.7 0.2782
88.3 .2308 103.9 .2620 117.2 .2970
94,5 .2424

Liquid
125.4 0.4506 188.2 0.4471 255.6 0.4830
131.6 .4469 194.6 .4498 260.7 .4870
137,6 .4454 200.3 .4526 265.7 .4913
149.5 .4438 214.4 .4587 275.3 .5002
155.5 .4437 219.7 .4609 284.9 .5065
161.7 .4429 225.0 .4630 288.7 .5091
177.4 .4456 238.4 .4709 292.5 .5144
182.6 .4468 243.6 .4742

Tetramethylethylene: <Crystals
82.6 0.2222 115.0 0.2824 156.3 0.3453
87.5 .2330 123.0 .2939 164.7 .3610
93.8 .2461 131.6 .3089 171.6 .3774

101.2 ,2596 140.7 .3220 178.2 .3977
108.1 .2709 148.6 .3340 184.2 .4130

(3) Parks, ibid.t 47, 338 (1925); also Parks and Kelley, J. Phys. 
Chem., 30 ,47  (1926;.

(4) The factor 1.0004/4.185 has been used in converting the 
international joule to the calorie (defined unit).
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T a b l e  I (Concluded)
T, °K. Cp r, °k . Cp 

Liquid
T, °K. Cp

202.4 0.4395 232.3 0.4522 277.0 0.4829
209.8 .4412 241.9 .4570 282.8 .4877
214.6 .4430 247.3 .4605 291.2 .4955
226.8 .4492 263.9 .4722 295.5 .4991

Diisobutylene (low boiling isomer): Crystals
80.9 0.1674 111.8 0.2302 148.1 0.2804
86.5 .1765 119.8 .2395 154.2 .2891
92.6 .1884 127.1 .2502 160.3 .3026
98.4 .2091 134.6 .2608 165.8 .3242

105.2 .2220 141.2 .2700

Liquid
178.4 0.4043 216.4 0.4288 265.2 0.4691
187.1 .4102 222.1 .4338 275.2 .4783
192.6 .4137 235.7 .4431 280.9 .4844
200.8 .4185 253.3 .4575 288.3 .4919
206.1 .4227 259.5 .4637 296.0 .5013

Diisobutylene (high boiling isomer): Crystals
81.1 0.1761 104.3 0.2295 131.0 0.2789
86.5 .1853 111.3 .2409 137.6 .2986
92.3 .1962 116.8 .2487 143.8 .3256
98.1 .2095 123.9 .2604

Liquid
170.0 0.4085 216.7 0.4411 260.8 i0.4744
175.0 .4121 222.1 .4445 276.3 ,4898
190.8 .4233 236.7 .4551 282.1 .4952
200.3 .4293 241.9 .4585 289.6 .5021
205.6 .4335 255.6 .4696 298.6 .5116

T a b l e  I I

F u sio nr D a ta

Heat of fusion (cal. per g.)
Substance M. p., °K. I II Mean

w-Heptene-1 153.4 30.77 30.86 30.82
1,4-Pentadiene 124.3 21.55 21.54 21.55
Tetramethylethylene 198. 5 15.50 15.53 15.51
Diisobutylene, 1. b. 178.9 18.68 18.67 18.67
Diisobutylene, h. b. 166 14.44 14.49 14.47

graphically in Figs. 1 and 2. It is interesting 
to note that the curve for liquid pentadiene shows 
a marked minimum similar to that found previ­
ously with butene-1, cis-butene-2 and propylene.5 
Another noteworthy point is that the specific 
heat curves for both diisobutylene isomers ex­
hibit some sort of minor transition with a slight 
but appreciable rise at about 101 °K. The heat 
effect associated with this transition seemed al­
most negligible—1.85 cal. per mole in the case 
of the low boiling isomer. A sample of diiso­
butylene, which was in reality a mixture of the 
isomers with the low boiling predominating, has 
been studied previously by Parks and Huffman.6

(5) Todd and Parks, T h is  J o u r n a l , 58, 134 (1936).
(6) Parks and Huffman, ibid., 52, 4381 (1930).

In the present case our values for the low boiling 
compound agree for the most part to within 1% 
with these earlier, less reliable data.

In the calculation of the fusion values, the 
somewhat more rapid rise in the specific heat of 
the crystals as the melting point is approached 
was attributed to premelting; and the heat ab­
sorbed in this region in excess of that obtained 
by extrapolation of the specific heat data at lower 
temperatures was added to the heat absorbed at 
the melting point. In the case of tetramethyl­
ethylene the transition point in the crystals at 
196.6°K. was so close to the melting point that 
entirely independent determinations of the heat 
of transition and heat of fusion were impractical. 
Accordingly the sum of these heat effects was 
measured and from the relative time intervals 
for these two steps the fusion results in Table II 
were then derived. The corresponding values 
obtained for the heat of transition of tetramethyl­
ethylene were: I, 13.00 cal.; II, 13.01 cal.;
mean, 13.00 cal. per g.

Entropy Data
Using the heat capacity data contained in the 

preceding section in conjunction with the third 
law of thermodynamics, we have calculated the 
entropies at 298.1°K. for these five substances. 
The detailed entropy values are given in Table
III. In these calculations we have employed the 
extrapolation method of Kelley, Parks and Huff­
man7 for estimating the entropy increases for the 
crystals (Column 2) from 0 to 80 °K. The vari­
ous increments from 80 to 298.1°K., which ap­
pear in the next three columns, were obtained by 
the usual methods directly from the experimental 
data. The results for the total entropy in calories 
per degree per mole are then given in the sixth 
column under the heading “S°2$s olefin” ; they 
are probably reliable to within 1.0 e. u. in an 
absolute sense and to 0.5 e. u. for comparative 
purposes.

In the seventh column of Table III we have 
tabulated entropy values,6,8 derived previously 
in this Laboratory, for ^-heptane, n-pentane, 
and 2,2,4-trimethylpentane, the paraffin hydro­
carbons produced on the hydrogenation of four 
of these olefins. The last column then shows the

(7) Kelley, Parks and Huffman, J. Phys. Chem., 33, 1802 (1929).
(8) Parks, Huffman and Thomas, T h is  J o u r n a l , 52, 1032 (1930). 

Corrections made since this earlier publication have altered the 
entropy values for w-heptane and 2,2,4-trimethylpentane by —0.1 
to +0.2 e. u., respectively.
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T a b le  I I I

E n t r o pie s  of th e  L iq u id  Ol e f in s  p e r  M ole

Substance
Crystals

0-80°K. Above 80°K. Fusion Liquid
Sm

olefin
S298

paraffin
AS

paraffin-olefm
n-Heptene-1 14.00 14.70 19.71 30.18 78.6 78.8 0 .2
1,4-Pentadiene 11.26 7.65 11.80 27.44 58.2 62.0 1.9 X 2
Tetramethylethylene 13.97 23.24 12.13° 15.80 65.1
Diisobutylene, low boiling 14.28 21.79 11.70 25.44 73.2 75.4 2 .2
Diisobutylene, high boiling 14.94 20.10 9.77 29.68 74.5 75.4 0.9

a This value includes the entropy of transition (5.56 e. u.) between the two crystalline forms at 196.6 °K.

differences between the molal entropies of these 
corresponding paraffins and olefins or, in other 
words, the entropy decreases for the formation 
of the olefin double bond. Undoubtedly this 
effect depends considerably upon the position 
of the double bond in the molecule and upon 
symmetry considerations.9 In the present case 
the average entropy decrease per double bond is
1.4 e. u. and this figure, while it cannot be con­
sidered very significant, is probably preferable 
to the decrease of 2.7 e. u. suggested previously 
by Parks and Huffman6 from data pertaining 
mainly to crystalline unsaturated acids and vari­
ous cyclic compounds.

100 150 200 250 300
Temp., °K.

Fig. 1.—The specific heat curves for «-heptene-1 
(circles) and tetramethylethylene (heavy dots).

Free Energy Data
We have also calculated the free energies of 

formation of four of these olefins in the liquid 
state by means of the fundamental equation, AF 
=  AH — TAS. The essential thermal data are 
given in Table IV.

The values for the AH29S of formation of these 
compounds were obtained by a combination of 
the A7/298 values for the corresponding or parent

(9) In this connection see Kassel, J. Chem. Phys., 4, 435 (1936).

T a b l e  IV
Thermal Data at 298.1°K. for the Olefins

In calories per mole with all weights reduced to a vac­
uum basis.

Substance AH°9 8, cal. A 8, e. u. AF°98, cal.
«-Heptene-1 (1) —25,520 -1 4 9 .5 19,050
1,4-Pentadiene (1) 18,060 -  73.5 39,970
Diisobutylene 1. b. (1) -36,360 -1 8 7 .5 19,530
Diisobutylene h. b. (1) -35,250 -1 8 6 .2 20,260

paraffins with the heats of hydrogenation of Kis­
tiakowsky and collaborators.10 The heats of 
formation of these particular liquid paraffins have 
already been calculated by Parks11 with the aid 
of the highly accurate combustion data obtained 
in recent years by Rossini and his collaborators

100 150 200 250 300
Temp., °K.

Fig. 2.—The specific heat curves for 1,4-pentadiene 
(crossed circles) and the low boiling diisobutylene (plain 
circles). The specific heat values for the high boiling 
diisobutylene (m. p. 166°) are represented by the heavy 
dots without a curve.

at the U. S. Bureau of Standards. To these 
values for the parent paraffins we have then added

(10) The heats of hydrogenation for the diisobutylene isomers 
have not been published yet. A private communication from the 
Harvard laboratory gives these as 27,236 cal. per mole for the low- 
boiling and 28,352 cal. per mole for the high-boiling isomer in the 
gas phase at 355°K. In the latter case there is considerable un­
certainty as to the effect of the impurities on this hydrogenation 
value. The data for the three other olefins are available in ref. 2.

(11) Parks, Chem. Rev., 18, 325 (1935).
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Kistiakowsky’s hydrogenation results, reduced 
by a uniform 250 cal. (500 cal. in the case of 
pentadiene) to convert the data from 355 to 298°
K. In this connection we have assumed that these 
heats of hydrogenation, although determined for 
the gas-phase reaction, can be applied without 
alteration to the process involving the hydro­
carbons in the pure liquid state.

The AS298 values represent simply the differ­
ences between the 5298 for each olefin and the 
corresponding values for the entropies of the 
elements contained Hierein. For this purpose 
we have used 15.615 e. u.12 for the entropy of 
V2H2 and 1.36 e. u.13 for C (ß-graphite).

The molal free energies appear in the last 
column of the table. The errors in these values 
are probably within 800 cal. for ^-heptene-1 
and 1,4-pentadiene, within 1500 cal. for low boil­
ing diisobutylene and within 2000 cal. for high 
boiling diisobutylene.

Comparing the free energy of heptene-1 with 
that calculated by Parks11,8 for w-heptane, we 
find A7*298 = 20,620 cal. for the dehydrogenation 
process

«-heptane — >  «-heptene-1 +  H2

Likewise in the case of 1,4-pentadiene and n- 
pentane the difference is 2 times 21,400 cal. 
Previously Parks11 has estimated 21,040 cal. and 
21,360 cal., respectively, for the propylene- 
propane and butene- 1-w-butane differences. 
Hence, the free energy change in the formation 
of a normal a olefin by dehydrogenation of a 
paraffin is apparently around 21,000 cal. irre- 
spective of the length of the paraffin chain.

The addition of more methyl or other radicals 
to the carbon atoms adjacent to the double bond, 
however, leads to definitely lower values for this 
A7298 of dehydrogenation. Thus with branched 
molecules, such as isobutene and 2,4,4-trimethyl- 
pentene-1, the free energy difference drops notice- 
ably, being 18,180 cal. in the latter case. The same 
trend appears also when the double bond is shifted 
from the a- to the ß-position, as shown by Todd 
and Parks5 in the cases of cis- and /raws-butene-2.

(12) Giauque, T his J o ur n a l , 52, 4825 <1930).
(13) Jacobs and Parks, ibid., 56, 1513 (1934).

Next with the trimethylethylene methylbutane 
combination, involving three methyl substituents 
on the ethylene group, we calculate A72̂8 = 
17,360 cal., using the hydrogenation data of the 
Harvard laboratory2 in conjunction with the 
proper experimental entropy values.14 Of course, 
the end-point in this series is the tetramethyl - 
ethylene-tetramethylethane combination for 
which an exact calculation of the A72°98 of de­
hydrogenation is at present impossible in the 
absence of an experimental entropy value for the 
paraffin compound. However, for the dehydro­
genation in this case AH^s is only 26,380 cal. 
and, if we assume equal entropies for the olefin 
and parent paraffin (an assumption that cannot 
involve us in any serious error), A F ^  is esti­
mated as approximately 17,100 cal.—a figure 
about 4000 cal. lower than with the dehydrogena­
tions that yield the normal a olefins. In other 
words, with additional spatial protection to the 
ethylene group the olefins become progressively 
less unstable with reference to the parent paraffin 
hydrocarbons.

Summary
1. The specific heats of w-heptene-1, 1,4- 

pentadiene, tetramethylethylene and the two di­
isobutylene isomers have been measured between 
80 and 298°K. The corresponding heats of fusion 
have also been determined.

2. The entropies of these five olefins in the 
liquid state at 298.1 °K. have been calculated 
from the foregoing heat capacity data.

3. The corresponding free energies (except 
in the case of tetramethylethylene) have also 
been calculated. Among the a olefins the free 
energy difference between an olefin and the cor­
responding paraffin is uniformly about 21,000 cal. 
As the number of radicals attached to the carbon 
atoms of the ethylene linkage increases this free 
energy of dehydrogenation falls off progressively 
to about 17,100 cal. as a limit.
Sta nfo r d  U n iv e r s it y , Ca l if .

R e c e iv e d  October  19, 1936 * 6

(14) It should be noted here that Sm  for liquid 2-methylbutane is 
59.5 e. u. instead of 60.8 e. u., as erroneously reported in References
6 and 8.
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In order to study more thoroughly the proper­
ties of electrolytes and other compounds in aque­
ous solution, thermochemical characteristics of 
these Solutions have been examined. Among 
these, the heats of solution and dilution have been 
determined experimentally. Such data are scarce 
in the study of the properties of liquid ammonia 
Solutions.

Kraus and Ridderhof designed a liquid ammonia 
calorimeter and some heats of solution and reac­
tion were measured.2

In the present work the authors have made some 
measurements of the heats of solution of several 
electrolytes and non-electrolytes over a fairly 
wide range of concentrations with this same calo­
rimeter. From the curves obtained the heats of 
dilution may be calculated.

Experimental Details
The calorimeter described by Kraus and Ridder­

hof2 was used and was further improved by silver- 
ing, thus making the correction for the heat flow 
out of or into the instrument practically negligible. 
The new radiation constant was found to be 0.125 
cal./deg./min. The other constants and the ex­
perimental procedure were the same as in the 
earlier investigation of Kraus and Schmidt.3

Temperatures were measured by means of a 
copper-constantan thermocouple (0.0385 mv./ 
deg.) similar to that of Kraus and Prescott,3 in 
conjunction with a “Queen" potentiometer and 
a matched sensitive galvanometer. Tempera­
tures were read directly from the calibration curve 
of this thermocouple and were accurate to 0.01°; 
the heat capacity of the calorimeter being 6.73 cal. 
The error in heat measurement was 0.33 cal. 
The calorimeter contained 24.89 g. of liquid am­
monia.

The heats of solution of ammonium bromide 
and ammonium chloride; lead iodide and absolute 
ethyl alcohol were measured over the maximum 
range of concentration allowed by the construc­
tion of the calorimeter. Trial heat effects were

(1) This present investigation was made possible by a Grant-in- 
Aid from the Society of the Sigma Xi and by aid received from the 
Warren Fund of the American Academy of Arts and Sciences.

(2) C, A. Kraus and J. A. Ridderhof, T h is  Jo u r n a l , 56, 79 (1934).
(3) Kraus and Schmidt, ibid., 56, 2297 (1934); Kraus and Prescott, 

ibid., 56, 86 (1934).

made on a few other electrolytes and on pyridine. 
The ammonium salts were of reagent quality and 
were recrystallized three times from distilled 
water. They were pumped and dried at 100° to 
constant weight. The ethanol was dried over 
lime and then anhydrous copper sulfate. It was 
then distilled into weighed bulbs out of contact 
with the air, and introduced directly into the 
calorimeter for measurement.

Experimental Results
The heats of solution of ammonium chloride 

and ammonium bromide are presented in Table 
I, those for absolute ethyl alcohol in Table II, 
and those of lead iodide and miscellaneous com­
pounds in Table III.

T a b l e  I
M olar  H e a t s  o f  S o l u t io n  o f  A m m onium  C h l o r id e  a n d  

B r o m id e

(A ) A m m o n iu m  C h lo r id e

Wt„ g.
Mols NHs 

per mol salt
Obsd. 

heat effect
Molar 

heat effect
0.2888 270.5 36.5 6754

.4592 169.6 57.3 6663

.7710 101.6 93.3 6475

.7773 99.8 96.6 6652
1.2599 61.2 146.9 6240
1.4486 53.1 166.9 6165
1.5547 49.4 174.3 5993
1.5559 49.3 176.9 6083
1.7948 42.7 196.9 5870
2.5665 29.6 240.4 5009
3.0565 25.4 258.9 4532

(B )  A m m o nium B rom ide

0.4957 228.4 52.6 10435
.8101 175.4 83.3 10066

1.2523 112.9 121.6 9512
1.4959 94.4 135.5 8873
1.8070 78.0 157.9 8560
2.4423 57.4 195.9 7858

T a b l e II
M olar H e a t s  of S o l u t io n  of  A b so l u te  E t h a n o l

Wt. sample, 
g.

Mols NH3 
per mol alcohol

Obsd. 
heat effect

Molar 
heat effect

2.3784 28.3 60.9 1180
2.1062 32.0 52.0 1137
1.8322 36.8 43.3 1086
1.7695 38.0 42.5 1160
1.6539 40.8 36.6 1020
1.4357 46.9 25.0 803
1.4327 47.0 27.0 867
1.3139 51.3 15.0 530
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T a b l e  III
S ome M o lar  H e a t s  o f  S o l u t io n

Subs. Wt., g.

NH»
vap.

g-,

Obsd.
heat
effect

Molar
heat
effect

Lead iodide 2.4281 0.4077 137.0 26020
Lead iodide 2.1772 .3429 123.5 26151
Lead iodide 1.0755 .1616 63.8 27370
Lead iodide 0.7733 .1067 45.9 27360
Mercuric iodide 2.0202 .2598 97.0 20123
Lithium iodide 0.9225 .3231 124.7 18090
Lithium bromide .5454 .3317 123.8 19715
Rb bromide .6271 .0000 1.7 440
Pyridine 1.1150 .0000 - 1 7 .6 -1250

Discussion
As will be noted on examining Fig. 1, the heats 

of solution of the ammonium salts vary regularly 
over the range of concentration measured, in­
creasing with decreasing concentration. These 
curves are similar to the heat of solution curves of 
the strong acids in aqueous solution. These re­
sults are in accord with the view that the am­
monium salts are ammoniated acids in the nitro­
gen system of compounds.4

50 100 150 200 250
Moles of NH3 per mole of salt.

Fig. 1.—Showing Variation in the molar heat of solu­
tion with concentration: (A) ammonium chloride;
(B) ammonium bromide.

From these heat of solution curves it is possible 
to obtain the heats of dilution of these salts in 
liquid ammonia. The heat of solution of am­
monium chloride in dilute solution is approach- 
ing 6800 calories per mole, while that of ammo­
nium bromide at infinite dilution has a value of 
about 10,500 calories per mole. The absolute

(4) Franklin, “Nitrogen System of Compounds,” Reinhold Pub­
lishing Corp., New York, 1935, p. 26.

ethanol shows also a positive molar heat of solu­
tion which varies decidedly with the concentra­
tion. The slope of the curve for this eompound, 
as is shown by Fig. 2, is negative. Ethanol has a 
negative heat of dilution in contrast with the posi­
tive dilution heat effect displayed by the am­
monium salts. Apparently, energy must be sup­
plied in order to disassociate the ethyl alcohol 
aggregates as the solution is diluted. The heats 
of solution of lead iodide, mercuric iodide and the 
lithium salts are high and are of the order of 
magnitude of heats of reaction. The lead and 
mercury salts are known to react with ammonia 
to form fairly stable ammoniates. The lithium 
salts, no doubt, show a high heat effect due to the 
solvation of the positive lithium ion with am­
monia molecules. Metallic lithium itself has the 
highest heat of solution in liquid ammonia of all 
the alkali metals measured so far.3

30 40 50
Moles of NH3 per mole of ethanol.

Fig. 2.—-Showing Variation in the heat of 
solution of ethanol with the concentration.

The authors wish to thank Dr, C. A. Kraus of 
Brown University for his kindness in the loan of 
the liquid ammonia calorimeter.

Summary
The molar heats of solution of ammonium chlo­

ride and ammonium bromide have been measured 
in liquid ammonia over a fairly wide range of 
concentration and show a marked heat of dilution.

The molar heat of solution of ethyl alcohol has 
been measured over a range of concentration and 
it has been shown that this eompound has a de­
cided negative heat of dilution.
S c h e n ec t a d y , N. Y. R e c e iv e d  A u g u st  22 , 1936
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Oxidation of Selenium in the Glow Discharge. II. A Study of Variables and Further
Characterization of Product1

By E arl Olson  and V. W. M eloche

In a previous study of the oxidation of selenium 
in the glow discharge,2 it was found that a mixture 
of selenium dioxide and selenium trioxide was 
produced. Since very little was known concern­
ing the mechanism of the reaction, it was thought 
that the study could be extended profitably. 
The present paper includes a description of the 
effect of variables, pressure, current, electrode 
distance, shape of tube, and distance of selenium 
from the electrodes on the production of selenium 
trioxide, and also gives some general facts con­
cerning Chemical action in the glow discharge.

Tube I
Fig. 1.

' Tube III

Apparatus.—The apparatus was essentially the same as 
that used by Kramer and Meloche.2 A 25,000-volt trans- 
former served as the source of alternating current. For 
direct current, a single phase füll wave rectifier circuit 
(two RCA-866 tubes) was used. Three types of discharge 
tubes were used in this investigation.

Materials and Analysis.—The preparation of materials 
and the methods of analysis are the same as the ones de­
scribed by Kramer and Meloche. Ordinary analytical 
methods were later augmented by X-ray examination of 
the product.

Procedure.—In general, the procedure used was the same 
as that described by Kramer and Meloche, viz., elementary 
selenium was supported between the two electrodes of a 
tube and subjected to the glow discharge at a definite oxy-

(1) This investigation was supported in part by the Wisconsin 
Alumni Research Foundation. This paper is presented in partial 
fulfilment of the requirements for the degree of Doctor of Philosophy.

(2) Kramer and Meloche, T h is  J o u r n a l , 56, 1081 (1934).

gen pressure, the walls of the tube being at the temperature 
of liquid air. In order to provide a constant pressure for a 
given experiment, pure dry oxygen was allowed to enter 
the apparatus through a Hoke micro-valve at such a rate 
that the inflow of oxygen was balanced by its removal with 
the pumps. It should be noted that it was possible to pass 
a current of oxygen into the bottom of tube II by sealing 
the small side-arm to the micro-valve and sealing the large 
exit to the pump line of the apparatus. In this manner a 
current of oxygen passed over the sample whereas in tubes 
I and III the oxygen reached the sample by diffusion. 
Other details of procedure will be given in connection with 
the individual experiments.

Effect of Pressure.—Using tube I, a 25,000-volt trans- 
former and a constant alternating current of 44 m. a., ele­
mentary selenium was melted on a rod which was sup­
ported in a vertical position between the electrodes and 
subjected to the action of oxygen at a definite pressure. 
The curves shown in Fig. 2 represent the analyses of vari­
ous products which wère obtained at various pressures of 
oxygen.

Fig. 2.—O, % Se03; 0 , Se02 andSe03, g.; □, millimoles 
of Se.

Kramer and Meloche have reported a maximum in se­
lenium trioxide concentration at a pressure of 1.2 mm. 
This maximum is shown in Fig. 2 at 1.1 mm. Curves 2 
and 3 show the Variation of weight of product and the 
Variation of millimoles of selenium in the product with the 
change in pressure. For these two curves, maxima are 
found at 0.9 mm. pressure. A difference in the maxima for
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curves 2 and 3 as contrasted to curve 1 is to be expected since 
the weight of product depends primarily upon the vaporiza­
tion of selenium while the percentage of selenium trioxide 
depends upon both vaporization and activation of selenium.

Two factors affect the vaporization of selenium, thermal 
radiation from the cathode and electron bombardment. 
The percentage of selenium trioxide depends to a large 
extent upon activation by electron bombardment after 
vaporization. Using tube I, thermal vaporization of se­
lenium is greatest at 0.9 mm. Maximum activation of the 
selenium is obtained at 1.1 mm. pressure.

Maxima may also be noted in Fig. 3. In this case tube 
II was used and selenium was suspended on a glass holder 
midway between the electrodes. The maximum concentra­
tion of selenium trioxide was produced at 0.8 mm. pressure. 
Since the electrodes were farther apart than in tube I, a 
lower pressure was required to keep the selenium vapor in 
the negative glow, which is the most reactive region of the 
discharge.

0.5 1.0 1.5
Pressure, mm.

Fig. 3.

Shape of the Tube.—The curves of Fig. 2 using tube I 
and of Fig. 3 using tube II show that a higher concentra­
tion of selenium trioxide was obtained in tube II, identical 
conditions of current and temperature having been main­
tained. This was probably due to the fact that the elec­
trodes in tube II were smaller than those in tube I and 
since the discharge column in tube II was smaller, the cur­
rent density was higher.

When tube III was used, large amounts of selenium were 
found mixed with the oxides of selenium. In this tube, the 
walls were very close to the discharge column. It is there­
fore likely that some of the deposited product was decom­
posed or that some elementary selenium Condensed on the 
walls before combination with oxygen could occur.

Still another factor exists other than the proximity of the 
walls to the region of glow. As has been noted, the small 
side-arm of tube II could be connected to the Hoke micro- 
valve and the large opening of the tube could be connected 
to thé pump side of the apparatus, thereby making it pos­
sible to have a positive flow of oxygen through the tube in 
the direction of the pumps. It was also possible to seal off

the small side-arm and when the large outlet of the reaction 
tube was sealed to the system, the oxygen reached the 
sample by diffusion. In Fig. 2, the upper curve shows that 
ä steady flow of oxygen through tube II caused a marked 
increase in the percentage of selenium trioxide. The lower 
curve represents results obtained when the oxygen diffused 
into the tube. If it may be assumed that the flow of oxy­
gen through the tube provides an excess of unactivated 
oxygen, whereas, in the second case, the oxygen diffuses into 
the tube and is largely activated, the above results prob­
ably indicate that selenium combines more readily with 
unactivated oxygen than with activated oxygen to form 
selenium trioxide.

Fig. 4.—O, Percentage SeOa; ®, millimoles of Se; □, Se02 
and Se03, g.

Electrode Distance.—It is well known that the extent of 
the negative glow is independent of the distance between 
the electrodes and is dependent on the nature of the gas 
and the pressure. In tube I a relatively large selenium 
surface is exposed and the region of negative glow repre­
sents a relatively large volume. In contrast the electrodes 
in tube II are smaller and, therefore, for the same power, the 
region of negative glow is smaller in volume but more con­
centrated in electrons for the same current. Results ob­
tained under identical conditions of pressure and current 
show consistèntly a larger amount of product for tube I 
than for tube II and a higher percentage of selenium tri­
oxide for tube II than for tube I. As might be expected, 
the change of distance between the electrodes of tube II 
does not affect the percentage of selenium trioxide in the 
product, pressure and current being the same.

Distance of Selenium from the Electrodes.—It was 
found that no perceptible reaction took place unless the 
selenium was in the region of the negative glow. Using 
direct current, excessive volatilization of selenium took 
place when the selenium was too near the cathode and se­
lenium was found in the product.

Effect of Current.—The curves of Fig. 3 show distinctly 
that the percentage of selenium trioxide, the weight of
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Electrode Distance of

Table I 
Tube I

Wt. of product, g., % SeO*,
Pressure,

mm.
Current,

ma.
distance,

cm.
Se from 

cathode, cm. Anode
behind

Cathode Anode
behind

Cathode

1.5 45 d. c. 2 1 0.1169 0.1736 4.66 11.15
1.5 45 d. c. 2 1 .1663 .2996 3.35 7.69

Tube II
Between

electrodes
Behind
cathode

Between
electrodes

Behind
cathode

1.0 44 a. c. 6.5 1 .2 0.0151 0.1633 16.16 19.9
0.9 45 d. c. 4 1 .0317 .0302 8.15 13.23
1 .2 45 d. c. 4 .0381 .0700 4.47 14.58

product, and millimoles of selenium increase with an in­
crease of current. In these experiments special care was 
taken to maintain identical conditions, varying only the 
amperage and voltage. Using the same tube, the voltage 
must be increased to produce a higher current. Brewer,3 
in his studies of various reactions, also has reported a larger 
rate with an increase of current. Particularly significant 
is the relation between percentage of selenium trioxide and 
current. Evidently the percentage of selenium trioxide is 
dependent on the power factor, which would lead one to be­
lieve that the activation of selenium is an important fac- 
tor in the production of selenium trioxide. Calculations 
of m /N  ratios have not been attempted because of the 
complications introduced by the solid reactant and the 
heterogeneous product.

Deposition of Product.—Using tube I, Kramer and 
Meloche2 have reported a higher percentage of selenium 
trioxide in the product behind the electrodes. Using direct 
current instead of alternating current, as was the case in 
the above experiments, a higher percentage of selenium 
trioxide and a larger weight of product was found behind 
the cathode. Some typical results, using tubes I and II, as 
shown in Table I, show conclusively that the product con­
centrates behind the cathode.

Using tube II, the deposit, in many cases, formed in dif­
fuse rings. The majority of the product was usually con­
centrated in a ring just below the cathode.

Characterization of the Product.—In the earlier work 
with alternating current, the products of the oxidation of 
selenium in the glow discharge were analyzed chemically 
and reported to be a mixture of selenium dioxide and se­
lenium trioxide. In the present study using direct current 
the same type of product was obtained. However, since 
it was realized that Chemical analyses could not alone es­
tablish the character of the product, X-ray powder photo­
graphs were taken of typical samples. A characteristic 
which interfered with Chemical analyses also made the 
X-ray examination difficult, namely, the strong affinity of 
the product for water. In the solution of samples for 
Chemical analysis it was necessary to place the weighed dry 
sample in a weighing bottle and place a drop of water on 
the wall of the bottle, allowing the sample to stand long 
enough for the water vapor to reach the product and thus 
provide slow hydration. When this occurred the sample 
could be moistened and diluted to the desired volume. If 
this precaution was not taken and water was added di­

(3) Brewer, et al., J. Phys. Chem., 36, 2133 (1932); and earlier 
papers.

rectly to the fresh sample, the reaction was so violent that 
some sample would be lost.

When samples were prepared for the X-ray examination, 
the usual thin-walled tubes were filled in a desiccator box 
to avoid contamination of the sample with water. It was 
necessary to prepare a Standard photograph of selenium 
dioxide, as there is no X-ray data on this oxide in the litera­
ture. A molybdenum target tube was used with a zirco­
nium oxide filter, thereby producing monochromatic light of 
0.70997 k . wave length. An unusually long exposure was 
required, discernible lines appearing after twenty-four hours.

Thé data in Table II give the actual diameters 
of diffraction rings and the calculated interplanar 
distances of the planes producing these rings.

T a b l e  II

Distance 
between 

lines, cm.

Se02
Interplanar

distance,
Ä.

Discharge product 
Distance Interplanar 
between distance, 

lines, cm.

6.24 1.1560
5.92 1.2164
5.66 1.2710 5.66 1.2710
5.44 1.3213 5.44 1.3213
5.18 1.3865 5.18 1.3865
4.58 1.5643 4.54 1.5780

4,00 1.7865
3.64 T .9602

3 .2 2 2.2163 3.26 2.1889
2.76 2.5773 2.82 2.5247
2.38 2.9909 2.38 2.9909
2.20 3.2350 2.20 3.2350
1.90 3.7375 1.90 3.7375
1.74 4.0864 1.74 4.0864

The above table shows that selenium dioxide 
crystals are produced by the oxidation of selenium 
in the glow discharge since selenium dioxide 
lines are found in the photograph of the glow dis­
charge product. I t is doubtful that a double ox­
ide forms, since the selenium dioxide lines on the 
two photographs were of practically equal inten­
sity (a double oxide would decrease the selenium 
dioxide percentage). It is more reasonable to 
suppose that, since there are three additional 
lines in the selenium dioxide and selenium trioxide 
photograph, selenium trioxide exists as crystals.
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Summary
In the reaction between selenium and oxygen in 

the glow discharge, the effects of the variables, pres­
sure, current, electrode distance, shape of tubes,

were studied. From these studies, optimum con­
ditions for the production of selenium dioxide and 
trioxide were ascertained. The characterization 
of these products, by means of Chemical analysis, 
was supplemented by X-ray diffraction studies.

The reaction is best initiated in the negative 
glow and is completed by the deposition of product 
on the cold tube walls.
M a d iso n , W i s . R e c e iv e d  A u g u st  28, 1936

[Co n t r ib u t io n  from  t h e  D epa r tm en t  of  Ch e m ist r y , U n iv e r sit y  of  W is c o n s in ]

The Oxidation of Selenium in the Glow Discharge. III. Striated Deposits and
Possible Mechanism1

By E arl Olson and  V. W. M eloche

Although the glow discharge may be said to 
comprise a rather complex field for Chemical reac­
tion, the use of solid selenium as one of the reac­
tants and the cooling of the walls of the tube in 
liquid air greatly reduce the complexity of the 
system. In a homogeneous system, it is difficult 
to determine the nature of the reaction in the vari­
ous parts of the discharge column. Since the 
products of the oxidation of selenium are solids, 
it has been possible to study the deposits which 
formed as striations in the column and to study the 
effect of the change of pressure and power on 
these striations. We propose to describe the re­
sults of this study and use these data together 
with results published in a previous paper in sup­
port of a proposed mechanism for the oxidation of 
selenium in the glow discharge.

Pressure, mm.
Fig. 1.—Ü, Oxides of selenium; | ,  elementary selenium.

Apparatus.—The apparatus used in this research was the 
same as that described in previous papers.2 3*8 The data to 
be presented were obtained with the discharge tube III,

(1) This investigation was supported in part by the Wisconsin 
Alumni Research Foundation. This paper is presented in partial 
fulfilment of the requirements for the degree of Doctor of Philosophy.

(2) Kramer and Meloche, T h is  Jo u r n a l , 56, 1081 (1934).
(3) Olson and Meloche, ibid., 58, 2511 (1936).

illustrated in the second paper, having a distance of 10 
cm. between the electrodes. Direct current was used.

Striated Deposits in the Discharge
Selenium was fused on the bottom of a glass suspension 

0.5 cm. from the cathode as shown in Fig. 1. The basket 
was suspended in the center of the discharge column. 
After subjecting the selenium to the glow discharge for an 
hour and a half, it was found that oxides and elementary 
selenium deposited not only on the walls of the tube but 
also on the vertical glass supports directly in the path of 
the discharge. Distinct striations of white selenium oxide 
and elementary selenium were sharply defined if the pres­
sure were held constant during the run. The striation 
dimensions of four constant pressure runs are given in 
Fig. 1. The lined areas represent deposits of oxides, while 
the solid black areas represent deposits of elementary 
selenium. For example, the striations occurring at 0.35 
mm. pressure consisted of a 1.5-cm. deposit of black ele­
mentary selenium, then 0.5 cm. of white oxide of selenium, 
0.5 cm. of red elementary selenium, and above this another 

selenium oxide deposit of 0.4 cm. No deposit was detect­
able higher on the glass support. It is well known that 
red selenium is transformed to the black variety byheat. 
In agreement with this is the fact that the black selenium 
deposited close to the cathode where the temperature was 
relatively high and the red selenium deposited farther 
away from the cathode where the temperature was un­
doubtedly lower.

It is believed that this is the first report of striated depo- 
sitions occurring directly in the discharge column. 
Brewer4 has reported a well defined band of deposit on the 
wall of the tube in the region of the negative glow; also, 
under special conditions, striated deposits on the wall in the 

positive column region. The above figure represents striated 
deposits in the head of the positive column. The lower 
black area is in the region of the negative glow and Fara- 
day’s dark space. The two oxide deposits (lined areas) 
and the upper black area are in the region of the head of the

(4) Brewer, et al., J. Phys. Chem.,Zi, 153, 2343 (1930); 35, 1281, 
1293 (1931).
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positive column. These striated deposits must have been 
produced by the luminous and non-luminous regions of the 
discharge. It is well known that these regions move away 
from the cathode with decreasing pressure. Figure 1 
shows that the deposits of selenium and of selenium oxide 
were affected in a similar manner, supporting the conclu­
sion that the deposits are regulated by the striations of the 
discharge.

In order to determine whether the oxides of selenium 
were deposited in a luminous or non-luminous region, the 
potential drop between two probes was measured with an 
electrostatic voltmeter. The two probes were placed at 
distances 2 and 2.5 cm. from the cathode and the discharge 
moved past them by varying the pressure. Figure 2 shows 
the Variation of potential drop between the probes as the 
discharge was moved past them.

Fig. 2

Figure 3 shows a continuous graph of the striated de­
posits in Fig. 1.

From the voltage measurements, it can be seen that a 
non-luminous stratum existed between the probes at pres­
sures of 0.3 and of 1.5 mm. Also, a luminous region filled 
the space between the probes at a pressure of 0.9 mm. 
Now, upon inspection of Figure 3, it may be definitely con­
cluded that selenium was deposited in luminous regions 
and selenium oxide in the non-luminous. This fact gives 
an indication as to the mechanism of the oxidation of 
selenium in the glow discharge; the selenium was activated 
in the negative glow or other luminous regions and then 
combined with oxygen in a dark space or outside of the 
discharge column. If any combination of activated selen­
ium and oxygen takes place in a luminous region, decom­
position immediately follows.

Facts Pertinent to Mechanism
1. Using a glass suspension located in the d. c. dis­

charge, selenium metal was deposited in luminous portions 
and selenium oxide deposited in the dark spaces, indicating 
that selenium was activated in the luminous regions and 
combined with oxygen in the dark regions.

2. Using a discharge tube with rod electrodes and em­
ploying alternating current, higher concentrations of selen­
ium trioxide were found behind the electrodes. This indi­
cated that selenium trioxide was formed near or behind the 
electrodes; also, the particles were propelled parallel to 
the electric field.

3. Using the same rod electrodes but employing direct 
current, larger weights of product and higher percentages 
of selenium trioxide were found behind the cathode than

behind the anode. The larger amount of product behind 
the cathode indicates that the selenium was attracted to­
ward the cathode and, therefore, was pösitively charged. 
Deposition of product in other parts of the tube does not 
contradict the above for it is certainly feasible that gas 
neutralization may also take place and, therefore, mere 
diffusion of product to all parts of the walls.

The higher percentage of selenium trioxide behind the 
cathode indicates that the selenium was more highly 
activated in the negative glow, thereby producing a higher 
concentration of selenium trioxide. This is also indicated 
by the effect of pressure upon the concentration of selenium 
trioxide in the product; higher concentrations were ob­
tained at that pressure at which the selenium is in or near 
the negative glow.

4. A higher concentration of selenium trioxide was pro­
duced when a steady current of oxygen was passed through 
the discharge tube than when oxygen was simply allowed 
to diffuse into the tube from one opening. (2) This sup­
ports the view that the oxides of selenium are formed in the 
dark spaces or outside the discharge column.

5. Selenium was placed 2 cm. from the cathode and a 
discharge run at 1.4 mm. pressure; no vaporization or 
oxidation of selenium occurred. (2) When the pressure 
was reduced to 0.4 mm. vaporization and the oxidation of 
selenium took place. Evidently the selenium must be in 
the region of the negative glow or no appreciable reaction 
will occur. Brewer4 has also found the negative glow to be 
the most reactive region.

Fig. 3.

6. When pure selenium dioxide was placed in the nega­
tive glow, a red coloration developed, indicating reduction 
to metallic selenium. If selenium dioxide is unstable in the 
glow, certainly selenium trioxide is unstable and, therefore, 
only selenium ions exist in the luminous regions, oxides 
being formed in the dark spaces or outside the discharge 
column.

7. Increase of power caused an increase of percentage of 
selenium trioxide and of weight of the product.2

8. Previous experiments have shown that selenium tri­
oxide is not formed by the action of ozone on selenium. This 
fact supports our belief that activated selenium is neces­
sary for the formation of selenium trioxide.

The Mechanism
The selenium is vaporized and activated in the
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luminous portions of the discharge, the rate being 
at a maximum in the negative glow. It is highly 
probable that positive ions are formed and pro- 
pelled toward the cathode. Once outside the re­
gion of the discharge, the activated selenium com­
bines with oxygen forming either the dioxide or 
trioxide; more trioxide is formed at higher activa- 
tions of the selenium, as indicated by the effect 
of current and voltage on the per cent. of selenium 
trioxide in the product. The particles are posi- 
tively charged, gas or wall neutralization taking 
place. Undoubtedly there is decomposition of 
selenium trioxide occurring. I t seems logical 
that there will be less decomposition of a selenium 
trioxide partiele if it is neutralized on the wall, 
which is at a low temperature and will take up the 
heat of neutralization. On the other hand, if 
gaseous neutralization takes place, the heat can­
not be dissipated and therefore might decompose

the selenium trioxide molecule. I t  may be men­
tioned that only very low percentages of selenium 
trioxide were found when the tube was at room 
temperature during the reaction.

Summary
1. Banded deposits of selenium metal and 

selenium oxide were obtained in the glow dis­
charge column. This afforded a means of deter­
mining the region in which the oxidation of sele­
nium takes place. A correlation of voltage meas­
urements and the character of the striated de­
posits shows that vaporization and activation öf 
selenium takes place in the luminous regions. 
Combination with oxygen takes place in the dark 
regions.

2. After considering the experimental facts, a 
mechanism is suggested.
M a d is o n , W i s . R e c e iv e d  A u g u st  28, 1936

[C o n t r ib u t io n  from  t h e  G a t e s  a n d  C r e l l in  L abo r ato r ies of Ch e m ist r y , Ca l if o r n ia  I n st it u t e  of T echnology
No. 568]

The CN Bond in Methyl Cyanide and Methyl Isocyanide
B y  L. O. B rockway

The bond between the carbon and nitrogen 
atoms in methyl cyanide and other organic nitriles 
has long been regarded as a triple electron pair 
bond, the structural formula for these compounds, 
R—C =N , being considered satisfaetory because 
in it carbon shows its normal valence of four and 
nitrogen one of its two normal valences, three. 
The isocyanides, on the other hand, according to 
the same considerations might have either one of 
two formulas, R—N =C  and R—N =C. In the 
former the carbon atom is again quadrivalent 
while the nitrogen is quinquivalent; the latter 
formula is distinguished by the bivalent carbon 
atom. This formula, suggested by Nef, was 
favored because it was thought that the unusual 
Chemical reactivity of the isocyanides was perhaps 
due to the ‘‘unsaturated” bivalent carbon atom.

In 1919 Langmuir1 considered the possibility 
of a third formula for the CN radical on the basis 
of the Lewis theory of valency, namely, R—C -N . 
Langmuir, however, noted the isosterism of cya­
nide ion and nitrogen molecule and rejected the 
triple bond structure because of the pronounced 
chemical differences between nitrogen molecule

(1) I. Langmuir, T h is J o u r n a l , 41, 868, 1543 (1919).

and acetylene, for which a triple bond structure 
was accepted. He proposed a structure in which 
one pair of electrons was shared between the two 
atoms and the remaining eight formed an octet 
around the two atoms together. This structure 
was not generally accepted and Lewis in 19232 
supported the validity of the triple bond formula­
tion for the cyano radical. In accordance with the 
octet theory this formula originally considered by 
Langmuir is preferable to the first two mentioned 
above since it is the only one of the three in which 
each of the atoms is surrounded by four electron 
pairs. This is evident when the formulas are 
written to show both the shared and the unshared 
electrons, as follows

R : N : : : :  C R : N  :: C : R : N ::: C :

The interpretation of the octet theory by quantum 
mechanics in terms of the application of the Pauli 
exclusion principle to the elements of the first row 
of the periodic table still excludes the first but 
admits the second and third structures.

The first direct attempt to decide among these 
three bond types for methyl isocyanide was made

(2) G. N. Lewis, "Valence and the Structure of Atoms and Mole­
cules," Chemical Catalog Co., New York, 1923, p. 127.
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in 1930 by Lindemann and Wiegrebe,3 who con­
cluded from a determination of the parachor that 
only the triple bond structure was correct. Ham- 
mick, New, Sidgwick and Sutton4 measured the 
parachor of ethyl isocyanide and decided on the 
same bond type. These authors also measured 
the dipole moment of several para-substituted 
aromatic cyanides and isocyanides. By a com­
parison of the moments they showed that the 
direction of the moment in the C-N link is differ­
ent for the two classes of compounds; the nitro­
gen is negative with respect to the carbon in the 
cyanides and positive in the isocyanides. Nitro­
gen in isocyanide with a double bond would be 
negative but in the triple bond structure nitrogen 
has become positive by the loss of 
an electron to the carbon atom, 
thé electron transfer being com- 
pensated energetically by the 
formation of the third electron 
pair bond. The positive nitrogen 
in the isocyanide accordingly sup­
ports the triple bond structure.

Dadieu,5 who regarded the fore­
going evidence as “indirect,” 
found support fór the triple bond 
structures of both methyl cyanide 
and isocyanide in the Raman spec­
tra of the two compounds. Ac­
cording to Dadieu every com­
pound which is definitely known 
to contain a triple bond shows a 
strong Raman line in the range 
between 1960 and 2400 cm.-1.
Each of these compounds shows 
a strong line in this region; there­
fore, each has a triple bond struc­
ture. Professor R. M. Badger of 
this Laboratory is making an 
analysis of the normal vibrations 
of these molecules in interpreting their infra-red 
absorption spectra. The evaluation of the force 
constants öf the individual bonds will make the 
spectral evidence somewhat more satisfaetory.

Another test for bond type in covalent com­
pounds is found in the relation between bond type 
and internuclear distance. The bond distances 
for single, double and triple bonds are known 
quite accurately from the table of covalent radii

(3) H. Lindemaan and L. Wiegrebe, Ber., 63, 1650 (1930).
(4) D. L. Hammick, R. C. A. New, N. V. Sidgwick and L. E. 

Sutton, J. Chem. Soc., 1876 (1930).
(5) A. D adieu , Ber., 64B, 358 (1931).

due to Pauling and Huggins.6 The distances for 
bonds of intermediate types are known from in­
vestigations7 of the effect of resonance on bond 
distances.

In the present investigation I have measured 
the internuclear distances in methyl cyanide and 
isocyanide by electron diffraction of the vapors. 
The experimental procedure and methods of 
interpreting the diffraction patterns have been 
described in detail.8

Methyl Cyanide.—Eastman methyl cyanide was frac­
tionated and a sample boiling at 80.4-80.5° (uncorr.) 
was used at room temperature for the electron diffraction. 
The camera distance was 10.85 cm. and the electron wave 
length was 0.0611 Ä. The photographs show five rings of 
a very characteristic appearance. The first is strong and

diffuse, the second weak and sharp, the third strong and 
sharp with a shelf on the outside edge, the fourth diffuse 
and the fifth sharp. Reproducible measurements of the 
diameters could be made only on the sharp rings, i . e., 
the second, fourth and fifth.

The theoretical curve (Fig. 1) was calculated for a linear 
arrangement of two carbon atoms and a nitrogen atom 
with distances of 1.54 and 1.16 A. for the carbon-carbon 
and carbon-nitrogen bonds, respectively. The distance
1.06 A. was used for the carbon-hydrogen bonds in the

(6) L. Pauling and M. L. Huggins, Z. Krist., 87, 224 (1934).
(7) L. Pauling, Proc. Nat. Acad. Sei., 18, 293 (1932); L. Pauling, 

L. O. Brockway and J. Y. Beach, T h is  Journal, 67, 2705 (1935).
(8) L. O. Brockway, Rev. Modern Phys., 8, 231 (1936).

5 10 15 20

Fig. 1.—Theoretical electron diffraction curves for methyl cyanide and iso- 
cyanide with the positions of the maxima and minima measured on the 
photographs indicated by arrows.



2518 L. O. Brockway Vol. 58

methyl group, with H-C-H angles of 109 °28'. The 
linear configuration is supported by the known linear form 
of HCN9 and by preliminary results of the analysis of the 
infra-red absorption spectrum of methyl cyanide now in 
progress. Non-linear models were not considered.

The characteristic qualitative features observed in the 
photographs are well reproduced in the curve. The 
positions of the observed maxima and minima are indi­
cated by the arrows; the points which did not afïord re­
producible measurements are shown by dashed arrows 
and were not used in the quantitative comparison in Table 
I. The final values observed, 1.54 =*= 0.02 Ä. and 1.16 =*= 
0.02 Ä., are exactly those for a single carbon-carbon bond 
and a triple carbon-nitrogen bond, respectively.

T a b l e  I

M eth y l  C y a n id e

Max. Min. s, obsd.

s, calcd. for 
C-C = 1.54 and 

C -N  = 1.16 C-C, Ä. C-N, Ä.
1 7.19 (6.20)

2 8.60 9.00 (1.613)
2 9.84 9.78 1.530 1.152

3 11.17 10.88
3 12.44 12.43 1.539 1.159

Shelf
4

14.53
15.75 15.40 1.507 1.135

4 17.16 17.65 1.584 1.193
5 21.77 21.68 1.533 1.155

Average 1.539 Ä. 1.159 Ä.
Av. dev. 0.018 0.014

Final value: C-C = 1.54 =i= 0.03 Ä.; C-N = 1.16 =■=
0.02 1 .

Methyl Isocyanide.—Methyl isocyanide was pre­
pared by Dr. C. E. Wilson using methylamine, chloro­
form, and alcoholic potash. The electron diffraction 
photographs were taken with a camera distance of nearly 
20 cm. and the three rings observed covered the negative. 
Of these three rings the third is considerably stronger 
than the second although weaker than the first.

Three molecular models were considered. The first 
corresponds to the triple bond structure of isocyanide and 
is linear (except for the hydrogen atoms). The second is 
also linear but has the double bond N-C distance, 1.31 Ä. 
For the third model a CNC angle of 125° was chosen with 
the doublé bond distance since the angle between a single 
and a double bond is usually observed to have about this 
value.

The second and third models are quite definitely elimi­
nated. The third maximum in these curves is weaker than 
the second whereas it is observed to be stronger. In the 
case of the third curve the second and third maxima both 
appear to be somewhat asymmetrie but in the photographs 
they are sharply defined. The positions of the outer rings 
are not correct in either curve as indicated by the arrows 
showing the observed 5 values.

Model I corresponding to a single and a triple bond in 
the molecule shows good qualitative and quantitative 
agreement with the photographs. The quantitative com-

(9) R. Badger and J. Binder, Phys. Rev., 37, 800 (1931).

parison of Table II leads to a CH3-N  distance of 1.48 =*= 
0.03 Ä. and a N-C distance of 1.17 =*= 0.02 Ä.

T a b l e  II
M e th yl  I so c y a n id e

Max. Min. s, obsd.

s, calcd. for 
C-N = 1.46 and 

N -C  = 1.16
CH3-N ,

Ä.
N-C,

Ä.
1 6.17 6.24 1.476 1.173

2 8.88 9.00 1.480 1.176
2 10.04 10.21 1.485 1.180

3 11.27 11.26 1.459 1.159
3 12.51 12.73 1.485 1.180

Average 1.477 Ä. 1.173 Ä.
Av. dev. 0.008 0.006

Final value: CH3-N  = 1 .4 8  ^ 0.03 A.; N-C = 1.17 =*=
0.02 Ä.

Discussion.—The bond distances for single, 
double and triple carbon-nitrogen bonds are 
1.47, 1.32 and 1.16 Ä., respectively. The dis­
tance 1.16 Ä. observed in methyl cyanide sup­
ports the triple bond structure and the structure 
represented by the formula CH3—C=e=N: is now 
well substantiated.

The observed distance of 1.17 Ä. in the iso­
cyanide is also very close to the triple bond dis­
tance, but the apparent discrepancy of 0.01 Ä. 
suggests the possibility of resonance with the 
double bond structure. A 60% contribution of 
this structure would increase the observed bond 
distance by only 0.02 Ä. above the value for a 
triple bond so that the double bond structure may 
well be important in the normal state of the iso­
cyanide molecule. The linear configuration indi­
cates, however, that the triple bond structure pre- 
dominates in determining the properties of methyl 
isocyanide.

I wish to thank Dr. Chester Wilson for the 
preparation of the isocyanide and Professor 
Linus Pauling for his kindly criticism of the 
investigation.

Summary
The electron diffraction determination of the 

molecular structures and bond distances of 
methyl cyanide and isocyanide shows that a triple 
bond exists in the cyano group of each eompound. 
The observed distances in the first are CH3-C 
= 1.54 ± 0.02 Ä., C-N = 1.16 =fe 0.02 Ä.; in 
the second CH3-N  = 1.48 =*= 0.03 Ä., N-C = 
1.17 =*= 0.02 Ä. Both compounds are linear ex­
cept for the hydrogen atoms.
P a sa d e n a , Ca l if . R e c e iv e d  S e pt e m b e r  28, 1936



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

The Separation of Lithium Isotopes

By Gilbert N. Lewis and Ronald T. Macdonald

Dec., 1936 Separation of Lithium Isotopes 2519

Except in the case of hydrogen the Separation of 
isotopes will always be a laborious and expensive 
undertaking. However, even a partial Separation 
will in many cases permit an answer to important 
questions relating to the difference between iso­
topes in Chemical behavior, in spectra, and in 
nuclear transformations. The methods leading 
to effective Separation will also be interesting in 
themselves; for even a casual inspection of the 
literature shows how unsystematic has been the 
exploration of the methods of separating similar 
substances.

Most Chemical separations have depended upon 
a difference in the solubility of solids or in the 
vapor pressure of liquids. Fractionation by selec- 
tive distribution between two liquid phases is 
only now being developed in some important 
industrial processes. The method which we have 
chosen for the Separation of lithium isotopes in­
volves a system of two liquids, but it is not a 
simple case of selective distribution. In principle 
it depends, as the first Separation of hydrogen 
isotopes chiefly depended, upon the difference in 
electrode potentials between the two isotopes.

If a solution of a lithium salt is shaken with an 
amalgam of lithium, the ratio of Li7 to Li6 will 
not in general be the same in the two phases. The 
quotiënt of the two ratios, a, is the fractionating 
factor. If we use such a system in a continuously 
operating column of n cells, and equilibrium is 
established in each cell, then the maximum frac­
tionating effect which can ultimately be obtained 
from the column is an. However, as in the similar 
case of distillation, when only small quantities of 
material are employed it is simplest to use a 
column without definite Separation into cells, so 
that the number of theoretical cells or “plates” 
depends upon the conditions of Operation and can 
only be determined experimentally.

In our column in which small drops of lithium 
amalgam feil through a long column containing a 
solution of lithium salt, we were never able to 
determine the actual plate efficiency, but several 
preliminary experiments indicated that the effi­
ciency would be high. For example, when the fine 
drops of lithium amalgam such as we have used 
in our experiments feil through one meter of

aqueous sodium chloride, analysis of the amalgam 
which had passed through showed that 96% of 
the alkali metal in the amalgam was sodium and 
only 4% lithium. We may assume that this 
rapid interchange between lithium and sodium 
indicates a similar rapid interchange between 
lithium and lithium in our actual column.

The stocks of lithium amalgam, containing 
from 0.5 to 0.7 mole per liter, were prepared by 
electrolyzing a saturated aqueous solution of 
lithium carbonate, in the presence of excess solid 
carbonate, between platinum and mercury elec­
trodes. The mercury was placed in flat crystalliz­
ing dishes, covered with about 2 cm. of water con­
taining powdered lithium carbonate. Horizontal 
disks of platinum served as anodes. Four such 
cells were operated in series and these were placed 
in a trough of ice water to diminish the reaction 
between the water and the lithium amalgam al­
ready formed. Using a cathode current density 
of about 0.1 amp./sq. cm., the amalgams reached 
the desired concentration in six or eight hours, 
provided that reasonable care was taken to ex- 
clude such impurities as catalyze the reaction be­
tween water and amalgam. The process required 
little attention, but nevertheless was one of the 
more onerous parts of the investigation, during 
which over half a ton of the lithium amalgam was 
prepared.

The Column
The fractionating column consisted of a vertical glass 

tube 18 meters high and 4 mm. in internal diameter, which 
was filled with a solution of lithium salt. Through this 
solution a fine spray of lithium amalgam feil. It might 
be thought that the falling drops of mercury would 
cause serious mixing of the solution at top and bottom, 
but, on the contrary, when the stream of droplets is prop- 
erly regulated they actually prevent such mixing. If the 
drops are of the right size and number they produce 
a condition of complete turbulence. Each drop of amal­
gam, as it passes down through the electrolyte, which is 
itself rising through the tube, assumes a zig-zag course, 
so that it takes four or five minutes to fall through the 
length of the column. This condition of turbulence, 
while causing intimate local mixing, prevents the mixing 
of the solution in one section of the column with that in 
another.

A state of turbulence is always very sensitive to slight 
changes in conditions and if the number of falling drops is 
increased much above that required for turbulence, the
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drops begin to pile up, with or without coalescence, thus 
ruining the whole experiment. In order to avoid dangerous 
spots it was necessary that the sections of glass tubing 
used in building the column be welded together with care 
to prevent any constriction or irregularity.

The top of the column, as shown in Fig. 1, is a continua- 
tion and enlargement of the main column, L. The shape 
of the funnel between L and M is important, since any dis- 
continuity in the stream line causes too great an accumu- 
lation of amalgam drops. There is always some accumula- 
tion of these drops from the bottom of the funnel to a point 
which varies with the rate of production of drops at the 
source M. If the accumulation rises as high as M, or in 
any case if the droplets remain long enough in the top to

coalesce into larger drops, 
the result is fatal and the 
whole experiment must be 
begun anew.

Each experiment was car­
ried out with 10 liters of 
lithium amalgam, stored in 
a carboy, and protected 
against air and moisture. 
From this carboy the amal­
gam entered the tube P 
through a rubber tube fitted 
with a stopcock, so mounted 
that the rate of flow of the 
amalgam could be regulated 
carefully. Except in one 
case when a new rubber 
tube contaminated the 
amalgam this cock gave a 
nearly constant rate of flow, 
although it was customary 
to make a fine regulation 
about once an hour.

The amalgam entered the 
column at M through a fine 
silk fabric tied at the end 
of the glass tube. Drops of 
amalgam about 0.1 mm. in 
diameter were desired, and 
many kinds of silk were 
tried before one was ob­

tained which gave drops of the necessary size and uniform- 
ity. As the amalgam falls through the column it displaces 
an equal volume of the solution which leaves by the over­
flow at N.

The lower end of the column is also shown in Fig. 1. 
In this part of the apparatus there are five cocks, A, B, 
C, D and E. The pressure ät the bottom is about 2 atmos­
pheres when the whole column is filled with the solution of 
lithium salt, and this pressure is approximately doubled 
when the amalgam is Streaming down. Pressure stop­
cocks of glass were tried but it was found that the best 
cock for our purposes was afforded by a heavy walled 
rubber tube reinforced on the outside with adhesive tape 
and closed by a simple screw clamp (not shown in the 
diagram). The rubber tubing used in the cocks was 
boiled first with alkali and then with the solution which 
was to be used in the system. The cocks so prepared

caused no appreciable contamination of the mercury and 
showed no evidence of any rapid deterioration.

At the beginning of the experiment the solution of 
lithium salt fills the whole column, the bulbs F and G, 
and connecting tubes as far as the cocks C, E and D. 
Then, all cocks being closed, the amalgam spray is started 
at the top, of the column. The droplets fall without 
coalescence as far as the diagonal tube K, which is sealed 
to, and is larger than, the main column L. Here the 
coalescence begins and continues as the mercury accumu- 
lates in F so that under satisfaetory working conditions 
the amalgam in F becomes a single mass except for a small 
layer of individual drops at the top. A great deal of time 
was spent in finding the proper conditions for the coales­
cence. In one experiment with a solution of lithium chlo­
ride in amyl alcohol which was supposed to be ready for a 
complete run, the drops formed an emulsion in F and no 
simple method was found which would make the drops 
coalesce. On the other hand, in some Solutions there is 
danger of too rapid coalescence, for if it begins in the 
vertical column the experiment is also ruined.

Our present system has one valuable characteristic 
which is unique. Ordinarily if a material is distributed 
between two liquid phases the concentration is different 
in the two, and if a fractionating column is set up it re­
quires a complicated feeding device to ensure that the 
amount of material rising through the column is just equal 
to that which is descending. In our present case the con­
centrations of lithium in the amalgam and in the other 
phase are independent. We therefore make the concentra­
tion of lithium the same in the two phases, and since the 
falling amalgam displaces an equal volume of the other 
phase, there is exact equality in the amount of lithium 
ascending and descending.

The remaining problem is to withdraw a certain volume 
of amalgam from the bottom of the column, extract its 
lithium in the form of a salt, dissolve this salt in the same 
volume of the other solvent, and return this solution to 
the column without disturbing its Operation.

Starting with all the stopcocks closed, the amalgam is 
allowed to accumulate in the bulb F until it exceeds 100 
cc. Stopcocks A and B are then opened until 100 cc. of 
amalgam flows into the bulb G, being replaced by an equal 
volume of the solution rising through B. The cocks A and 
B are now closed, and the cock C is opened to the air, the 
standpipe H serving to catch any liquid which may be 
carried up by hydrogen that has been evolved. The 
cock D is then opened until the amalgam is withdrawn 
from G. The lithium must now be extracted rapidly 
from the amalgam, converted into the salt which is being 
used, and this salt dissolved in 100 cc. of the solvent. The 
resulting solution is introduced into the system through 
the cock E, after which, closing E and C, the system is in 
its original state. This whole maneuver must be exe- 
cuted before the next 100 cc. of the amalgam is collected 
in the bulb F. This took in our various experiments from 
thirteen to fifteen minutes.

Attempts were made to find some automatic method of 
effecting, at the bottom of the column, the exchange from 
lithium amalgam to a solution of lithium salt. One method 
which seemed promising was to allow the amalgam drops 
to fall through a saturated solution of the corresponding
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salt of a heavy metal such as zinc. In such experiments, 
however, the zinc, instead of entering the amalgam, often 
formed a precipitate in the solution itself. Such methods 
were finally abandoned and we returned to the laborious 
but reliable methods of hand control.

If we are using, for example, a solution of lithium chlo­
ride in one óf the alcohols, the simplest plan would be to 
treat the amalgam with an equivalent amount of an alco­
holic solution of hydrochloric acid, but this process proved 
to be too slow. The reaction is rapid as long as the con­
centration either of lithium in the amalgam or free acid in 
the solution is high, especially when the system is kept at 
the boiling point of the solvent. However, even with 
amyl alcohol boiling at 130° it was found impossible to 
remove all the lithium from the amalgam by an equivalent 
amount of the acid solution during the fourteen or fifteen 
minutes available. Even a slight excess of acid could not 
be tolerated as it caused a violent evolution of hydrogen 
from the stream of amalgam drops. This evolution of 
hydrogen occurred to some extent in all of our experiments, 
but every effort had to be taken to keep it at a minimum.

The method finally employed is illustrated in Fig. 2. 
Two vessels A and B, operating on the counter current 
plan, are provided with small centrifugal stirrers which 
draw in amalgam at the bottom and spray it violently into 
the acid solution through a number of small openings. 
The burets C and D permit the introduction of measured 
volumes of a molal acid solution in the chosen solvent. 
In the vessel B, amalgam, from which most of the lithium 
has been removed in the vessel A, comes in contact with 
fresh acid until the last trace of lithium is removed. 
Through the stopcock F the mercury is withdrawn and 
discarded while the still acid solution is transferred to 
vessel A. Here 100 cc. of fresh amalgam enters directly 
from the column through the tube G.

The stirrer is then set in motion and a certain volume of 
acid introduced from the buret C. After a few minutes this 
acid is used up, as shown by an indicator, more acid is 
added, and the process repeated as long as time permits. 
The indicators used were phenolphthalein and chlor- 
phenol red. Both are destroyed by violent agitation with 
lithium amalgam, so that they must be added near the 
end-point. At one of these end-points the stirrer is 
stopped, the nearly spent amalgam is transferred to vessel 
B, and the neutral solution is made up to 100 cc. and 
introduced into the column. The whole Operation with 
both stirrers operating simultaneously took about ten 
minutes, leaving three or four minutes for the handling 
of the material at the bottom of the column.

All these operations had to be continued on Schedule 
time and without the slightest departure from routine 
throughout the twenty-four hour run. At the end of each 
run, when the whole 10 liters of original amalgam had 
passed through the column, the two last samples of amal­
gam were withdrawn for analysis, as well as the solution 
which remained in the bottom of the apparatus and the 
lower end of the column.

The Isotopic Analysis
After the method of fractionating lithium isotopes had 

been developed it became an equally difficult task to as- 
certain the degree of enrichment of the light lithium iso­
tope in the samples obtained from the column, for it is

necessary to determine the atomic weight in a sample 
which contains originally only about 0.4 g. of lithium 
even before the processes of purification are begun.

Formerly, in an entirely different attempt to separate 
the isotopes of lithium, we had met the problem of deter­
mining the atomic weight in a sample containing less than 
a milligram of lithium, and we used a simple method which 
would only be able to show a large change in the isotopic 
ratio. In that method the sample was purified as lithium 
fluoride and the fluoride was fused on a platinum foil in 
an inert atmosphere. The drop of fluoride, on freezing, 
was usually transparent in the center with some opacity at 
the edges. By breaking the crystal into small pieces and 
selecting the transparent ones, it was possible to determine 
their density by a flotation method, using a mixture of a 
heavier and a lighter organic liquid. The reproducibility 
thus obtained was about 0.1%. With the larger samples 
available in the present research a higher degree of ac­
curacy was sought by some more conventional method of 
atomic weight determination.

The method chosen consisted in titrating a weighed 
quantity of pure dry lithium carbonate against a solution 
of hydrochloric acid about 1.8 N. Since it was desired to 
obtain results reproducible to 0.01% it was necessary to 
take special precautions in the purification, the drying 
and the titration.

In order to test the method three samples of ordinary 
lithium carbonate containing 3 or 4 g. each were inde­
pendently purified in the following manner. Each sample 
was dissolved in the requisite amount of pure water in a 
quartz flask. The solution was filtered through a small 
fine hardened filter paper, fastened by a clean rubber band 
to the end of a quartz tube. The filtrate was placed in a 
platinum flask of 900-Cc. capacity and was then boiled 
until only 10 cc. of liquid remained. Most of the lithium 
carbonate was now in the form of a granulär solid or a co­
herent layer on or near the bottom of the flask. The liquid 
was poured off and the remaining solid was rinsed with 10 
cc. of pure water. The flask was next refilled with water to 
dissolve the carbonate and again boiled down for a second 
recrystallization. Each sample was crystallized three or 
four times. After two or three crystallizations the ma­
terial gave every evidence of purity. It showed no flame
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test for sodium and in certain other experiments in which 
Br“ and SO4 were originally present, these ions could 
no longer be detected. All of the water used in these re­
crystallizations was prepared in a still of block tin and was 
free from non-volatile impurities.

The purified sample consisting of 1 or 2 g. of lithium 
carbonate was dried in a platinum crucible at 200°. It 
was then transferred to a weighed crucible and heated in 
an electric furnace for thirty minutes at a temperature 
about 50 0 below the melting point. The drying and heat­
ing were both carried out in an atmosphere of pure carbon 
dioxide. Previous experiments had shown that without 
this precaution some of the carbonate is converted into 
oxide and causes etching of the crucible. If the carbonate 
is heated to fusion the crucible is always slightly etched, 
even in an atmosphere of carbon dioxide. Our method 
proved to be the only one leading to strictly reproducible 
weighings.

After the carbonate was so prepared and weighed it was 
titrated against the Standard solution of hydrochloric 
acid. Aside from the ordinary difficulties inherent in such 
a titration, the chief source of error lies in the carrying 
away of carbonate or acid by the spray resulting from the 
evolution of carbon dioxide. This danger was avoided by 
allowing the reaction to occur in a closed vessel. The 
crucible containing lithium carbonate was lowered until 
it stood upright at the bottom of a 1-liter quartz flask. 
A small excess of the Standard acid was then introduced 
from a weight buret so as to flow around the crucible with­
out meeting its contents. The flask was then closed with a 
rubber stopper through which passed a glass tube fitted 
with a rubber tube and a pinchcock. The flask was ex- 
hausted until the first bubbles of air began to rise from the 
acid. The cock was then closed, the crucible overturned, 
and the flask gently agitated until the carbonate was dis­
solved entirely. The cock was now opened and the stopper 
removed and tested for tracés of acid or alkali. This test 
was always negative if the flask was so tilted during the 
neutralization that there was no direct path from the 
effervescing liquid to the stopper. The drops adhering 
to the sides of the flask were washed down and the small 
excess of acid remaining was now titrated with no more 
than ordinary precautions, the carbon dioxide being boiled 
off from the acid solution and phenolphthalein being used 
as indicator. Dflute Solutions of barium hydroxide and 
hydrochloric acid, standardized with respect to the Stand­
ard solution of concentrated hydrochloric acid, were used.

The titration of the three samples gäve as the ratio of 
the weight of the Standard acid solution to the weight 
of the lithium carbonate the three values 13.129, 13.127 
and 13.128. In later experiments the Standard acid was 
checked against ordinary lithium carbonate prepared from 
ordinary lithium amalgam, in order to follow the exact 
procedure used in preparing the samples of lithium car­
bonate of unknown isotopic composition from the amalgam 
taken at the bottom of the column. The procedure was 
as follows. The lithium amalgam was treated with pure 
distilled water in a wax bottle. After a day or two the 
reaction was complete and the solution of lithium hydrox­
ide was filtered into a quartz flask through fine hardened 
filter paper attached to the end of a quartz tube. This 
treatment will remove any impurity of magnesium,

which is the hardest element to separate from lithium. 
The filtrate was then immediately transferred to the 
platinum flask, converted into carbonate by a stream of 
carbon dioxide, and recrystallized by the method that we 
have already described.

The Three Operations of the Column
The First Run.—We first operated with half normal 

lithium amalgam and the same concentration of lithium 
chloride in ethyl alcohol. The method of transferring 
lithium from the amalgam to the electrolytic solution was 
in an experimental stage and broke down early in the 
run. In consequence a very crude and laborious method 
was necessary. The amalgam was treated with an excess 
of concentrated hydrochloric acid in a casserole which 
was heated until the excess acid had been driven off and 
the alcohol was added while the material was still hot and 
then brought to the proper concentration. About half 
way through the run one of the amalgam samples was lost 
completely. In addition to these difficulties the alcohol 
was not entirely free from water and there was therefore 
a large evolution of hydrogen in the column. This evolu- 
tion of hydrogen does not seriously disturb the lower part 
of the column, for here the gas is under pressure and rises 
as small bubbles with the ascending solution, but as the 
bubbles rise they not only expand, but coalesce to form 
larger bubbles which produce much irregularity in the 
falling of the amalgam drops. In spite of these vexations 
the experiment was continued until the whole 10 liters of 
amalgam had passed through the column and the final 
amalgam at the bottom was analyzed. This analysis 
showed that Li6 was being carried preferentially by the 
amalgam and that the ratio of Li6 to Li7 had approxi­
mately doubled. We were therefore encouraged to con­
tinue the experiments, avoiding as far as possible the 
difficulties of this run.

The Second Run.—Many experiments were now made 
with a variety of solvents and lithium salts, chiefly with 
the purpose of limiting the evolution of hydrogen. It 
was found in general that a solution which could be kept 
for hours in contact with lithium amalgam without ap­
preciable reaction would react rapidly with the amalgam 
in the form of a fine spray. The rate of this reaction 
proved to be nearly independent of temperature, but 
depended markedly upon the presence of water and other 
impurities in the solvent, and was greatly increased by 
even a slight acidity.

Pure dioxane, which we prepared by a method similar 
to that of Kraus,1 gives no reaction with lithium amalgam, 
but it is too poor a solvent to give the desired concentration 
of lithium salt. The system which seemed to suit our 
purpose best was a solution of lithium bromide in a mixture 
of four parts dioxane to one of ethyl alcohol, and our second 
run was started with this solution. However, the amalgam 
drops would not coalesce at the bottom of the column and 
it was necessary to begin anew with a solvent composed of 
two parts of dioxane and one of ethyl alcohol. This 
caused a somewhat greater evolution of hydrogen but not 
enough to cause serious trouble. One reason for using 
dioxane was that it seemed likely, on theoretical grounds, 
that it would enhance the Separation of the two isotopes

(1) K raus, T h is  Jo u r n a l , 55, 21 (1933).
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We shall see, however, that this proved not to be the 
case.

At the bottom of the column the lithium was trans­
ferred from the amalgam to the electrolytic solution by the 
new method which we have already described. The stock 
acid solution was made by passing dry gaseous hydrogen 
bromide into absolute alcohol at —40° and this solution 
was then mixed with dioxane and kept at 0 °, since at higher 
temperatures the hydrogen bromide reacts rapidly with 
both dioxane and alcohol. The run was satisfaetory in 
every respect and two samples of amalgam were obtained 
at the end. These were purified carefully.

The pure lithium carbonate obtained in this experiment 
was titrated against our Standard acid and its weight was 
compared with the weight of lithium carbonate of ordinary 
isotopic composition neutralizing the same amount of 
Standard acid. For the ratio of the equivalent weight of 
the latter to the equivalent weight of the former we found 
in the first sample 1.0015, and in the second sample 1.0014. 
The calculation of the isotopic composition from these 
figures will be made presently.

The Third Run.—Since we found that contrary to our 
expectations the dioxane-alcohol mixture gave less 
fractionation than pure alcohol, it was decided to make 
one more run with lithium chloride in absolute ethyl 
alcohol, although the evolution of hydrogen is greater 
in this solvent. In the third run ten liters of 0.6 N  amal­
gam were passed through the column in twenty-three 
hours. At the end, two 100-cc. samples of amalgam were 
obtained, and also a third sample containing the alcohol 
solution remaining in the bottom, together with some 
from the column itself.

The lithium carbonate from the first sample of amalgam 
was purified and at the end of the recrystallization 1.37 g. 
was left. The ratio of the weight of ordinary lithium car­
bonate to the equivalent weight of this sample was 1.0022. 
With the second sample of amalgam the process of re­
crystallization was carried further than we intended, 
leaving only 0.69 g., which gave 1.0026 as the ratio of 
equivalent weights.

On account of the small amount of the second sample a 
new determination seemed desirable. Therefore the ma­
terial left from the titration of these two samples, contain­
ing chiefly lithium chloride and barium chloride, was 
treated with sulfuric acid and evaporated nearly to dry­
ness. To the residue, water and an excess of barium car­
bonate were added, and carbon dioxide was bubbled 
through overnight. The solution was boiled, filtered and 
subjected to the usual recrystallizations. The resulting 
carbonate gave the lower ratio 1.0016. It is to be noted 
that every impurity that can be imagined to be present 
will diminish the value of the ratio. It seems probable 
that this sample, which was obtained by a different pro­
cedure from the others, still contained some impurity.

Finally, the lithium chloride which was present in the 
electrolytic solution at the bottom of the column was 
purified by the following method. An aqueous solution of 
the lithium chloride was treated with an excess of silver 
oxide, and carbon dioxide was bubbled through for many 
hours. The solution was then filtered, boiled and re- 
filtered. To remove the last tracés of silver carbonate 2 
cc. of 0.01 N  hydrobromic acid was added. After filtration

the treatment was continued as in previous cases through 
four recrystallizations, during which all tracés of Br“ dis­
appeared. This carbonate gave, for the ratio of equivalent 
weights, 1.0019. Since this sample contained some liquid 
from the column where there would be less Separation of 
the isotopes, this experiment tends to confirm the higher 
ratio obtained in the first two analyses.

Unfortunately at this point it was necessary to dis­
continue the experiments owing to the departure of one 
of the authors, but it seems that we can make no great 
error in taking as our final ratio for this run the weighted 
mean of the first two ratios, namely, 1.0023.

Interpretation of the Results
The ratio of Li7 to Li6 in ordinary lithium is

11.6, according to the most recent work of Brewer.2 
This identical value is also obtained by comparing 
the accepted atomic weight of lithium, 6.940, 
with the values 7.0182 for Li7 and 6.0170 for Li®, 
obtained from mass spectra and nuclear disintegra- 
tions.3

In our third run, in which the highest concentra­
tion of Li6 was obtained, we found the value 1.0023 
as the ratio between the equivalent weights of or­
dinary lithium carbonate and of that from the 
column. Using the latest International atomic 
weights, we thus find that in our experiment the 
atomic weight of lithium was brought from 6.940 
to 6.855. This means that the concentration of 
Li6 has been raised from 8% in the original lithium 
to 16.3% in our new material. In other words, 
the ratio of Li7 to Li6 in our sample has been re­
duced to 5.1.

In our second run, using lithium bromide in a 
solvent containing one part of ethyl alcohol to 
two parts of dioxane, the ratio of Li7 to Li6 was 
brought to the value 6.6. Whether the smaller 
fractionation in this case was due to a smaller 
fractionating factor or to a lower efficiency in the 
column we cannot state.

Concerning the theory of the fractionation in 
our column, there is little to be said. In some 
experiments on the Separation of the nitrogen iso­
topes, which will shortly be published by Lewis 
and Schutz, it was found possible to make in ad- 
vance a rough calculation of the sign and the 
magnitude of the fractionating effect. In the 
present case there was no sure way even of predict- 
ing whether Li6 would be concentrated at the top 
or bottom of the column. Since the fractionation 
must depend chiefly upon differences in zero- 
point energy, the zero-point energy always being 
greater in a substance containing a heavier isotope,

(2) Brewer, P h y s .  R ev ., 49, 635 (1936).
(3) See, for exam ple, B onner and Brnbaker, ib id . , 50, 308  (1 9 3 6 ).
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our experiments indicate that lithium is held more 
tightly to oxygen in the electrolytic solution than 
it is to mercury in the amalgam. Since, presum­
ably, in alcohol the lithium is held between two or 
more atoms of oxygen and attached ordinarily to 
only one oxygen in dioxane, it seemed likely that 
the fractionating effect would be higher with di­
oxane than with alcohol; but, as we have seen, 
this proved not to be the case.

Our experiments did not proceed far enough to 
enable us to determine either the exact fractionat­
ing factor or the number of theoretical plates in 
our column. We can, however, obtain a minimum 
value for the fractionating factor, as follows. We 
estimate that in our last run 0.012 equivalent of 
Li6 accumulated at the bottom of the column in 
excess of the amount present in ordinary lithium. 
This figure is to be compared with the total of 
0.48 equivalent of Li6 which was present in the 
original ten liters of amalgam. If the column is 
assumed to have an infinite number of theoretical 
plates, the fractionating factor is then 1.025. 
If, on the other hand, the column was less efficiënt, 
and some of the excess Li6 found its way to the 
overflow at the top of the column, then the frac­
tionating factor is larger. Corresponding to a 
fractionating factor of 1.025, the electrode poten­
tial between lithium amalgam and a solution of 
lithium chloride in alcohol would, at room tem­
perature, and under equivalent conditions, be 
0.0006 volt higher for Li7 than for Li6. Hence we 
may conclude that the difference in potential is 
at least as great as this.

The material obtained in this investigation will 
be used in several experiments to determine the 
difference in physical and Chemical properties of 
the two lithium isotopes. Recently Mr. Brewer,2 
studying positive rays, has obtained indications of

the existence in ordinary lithium of the isotope 
Li5. If we attribute the concentration of Li6 
in our experiments mainly to differences in zero- 
point energy, a simple calculation shows that if 
Li5 exists in the original lithium, it would be con­
centrated five-fold by our fractionation. We 
have, therefore, sent a sample of material from 
our third run to Mr. Brewer, who has been kind 
enough to examine it. He writes that in his first 
experiment conditions were unfavorable for ob- 
serving Li5, but it is interesting that he finds in 
this sample exactly the same ratio of Li7 to Li6 
which we found by the atomic weight method, 
namely, 5.1.

Summary
From the ordinary mixture of lithium isotopes, 

Li6 has been enriched in an 18-meter column, 
where fine drops of lithium amalgam fall through 
a solution of lithium chloride in absolute ethyl 
alcohol or of lithium bromide in a mixture of 
alcohol and dioxane. At the bottom of the 
column, the lithium is extracted from the amal­
gam and added as lithium salt to the ascending 
electrolytic solution. After the passage of 10 
liters of amalgam through the solution, the 
material at the bottom of the column is removed 
for the analysis, which consists in determining 
the atomic weight of this lithium relative to that 
of ordinary lithium. This was accomplished by 
the exact titration of dry lithium carbonate against 
a solution of hydrochloric acid. In the final ex­
periment, the isotopic ratio Li7 to Li6 was changed 
from 11.6 in ordinary lithium to 5.1 in our ma­
terial. The results show that, under equivalent 
conditions, the electrode potential between amal­
gam and alcohol solution is greater for Li7 than 
for Li6 by at least 0.0006 volt.
B e r k e l e y , C a l i f . R e c e i v e d  S e p t e m b e r  28, 1936
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The Reaction of Hydrogen Peroxide with Chromic Anhydride in Dry Ethyl Acetate

By Douglas G. N icholson
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The Chemical literature contains many refer­
ences to the deep blue colored metastable com­
pound formed when acidified chromate Solutions 
are treated with hydrogen peroxide. Many of 
these references1-6 imply that the chromium in 
this eompound is in a valence state higher than 
six; while others7-10 show quite conclusively that 
the chromium is present in the hexavalent state.

An investigation was undertaken to prepare 
and, if possible, study the properties of this per- 
oxychromic eompound in a non-aqueous medium. 
The solubility of chromic anhydride and hydrogen 
peroxide in dry ethyl acetate led to the selection 
of this material as the solvent for this work.

Experimental
A solution of hydrogen peroxide in ethyl acetate was 

prepared by shaking a mixture of 100 ml. of 30% hydrogen 
peroxide, 3-5 ml. of water, and 900 ml. of ice cold ethyl 
acetate for about fifteen minutes, allowing the liquids to 
separate, then carefully pouring off the acetate layer. This 
acetate solution of hydrogen peroxide was then dried over 
anhydrous copper sulfate for at least thirty minutes. 
After filtration, to remove the cupric sulfate, a small por­
tion of this solution was titrated (in dilute aqueous sulfuric 
acid solution) with Standard permanganate solution. 
This titration showed the peroxide content of the ethyl 
acetate solution to be between 0.95-0.99 normal. Upon 
standing for several days this solution showed no material 
loss in peroxide content.

From one-half to one gram of solid chromic anhydride 
was added to the remaining bulk of the ethyl acetate per­
oxide solution. The resulting intensely blue colored solu­
tion was maintained at the temperature of the ice-bath, 
while a solution of ammonia in absolute alcohol was added 
in slight excess. This alcoholic ammonia solution was pre­
pared by adding liquid ammonia to absolute alcohol. 
Upon the addition of the ammonia, the intensely blue color 
faded leaving a water clear solution and a tan colored pre­
cipitate.

The peroxide solution was maintained in excess at all 
times in order to retain the chromic anhydride in combina­
tion as the blue colored peroxy eompound.

The tan precipitate was carefully washed with cold 
ethyl acetate and dried in an atmosphere of nitrogen while 1 2 3 4 5 6 7 8 9 10

(1) R iesen feld , Ber., 41, 394 1 -5 1  (1908).
(2) R iesen feld , ibid., 38, 4068  (1905).
(3) R iesen feld , ibid., 47, 548, 553 (1914).
(4) Schw arz and G iese, ibid., 65B, 8 7 1 -7 6  (1932).
(5) R um p f, Compt. rend., 198, 1694-7  (1934).
(6) R iesen feld , Chem.-Ztg., 32, 914 (1908).
(7) M oissan , Compt. rend., 97, 96 (1883).
(8) Schwarz and G iese, Ber., 66, 310 (1933).
(9) R osenheim , Z. anorg. Chem., 209, 175 (1932).
(10) Bancroft and M u rp h y, J. Phys. Chem., 39, 377-397  (1935).

retained in a vessel jacketed with dry ice. Samples of the 
dry material were analyzed for ammonia as well as for 
the chromium content.

Discussion
Since chromic anhydride unites with water 

forming chromic acid, it seems likely that the 
anhydride may unite with hydrogen peroxide in a 
non-aqueous medium to form a peroxy acid analo­
gous to Caro’s acid in the case of sulfur triox­
ide. Addition of the alcoholic ammonia solution 
should form an ammonium salt of this acid. The 
tan precipitate which formed upon addition of the 
ammonia was studied to evaluate some of its 
physical and Chemical properties.

The ammonia content of the tan precipitate was 
determined using the Standard method of absorb- 
ing the ammonia in a known volume of Standard 
acid, then back titrating with Standard alkali 
solution.

The chromium was determined by reduction 
and precipitation of chromic hydroxide, with sub­
sequent ignition to chromic oxide; as well as by 
oxidation to chromate, precipitation of mercurous 
chromate, and ignition to chromic oxide.

On the basis that hydrogen peroxide would unite 
with chromic anhydride forming a peroxychromic 
acid thus: H20 2 +  Cr03 —->■ H2Cr05, and that 
the tan precipitate would have the formula 
H2Cr05-2NH3, the calculated chromium content 
would be 30.95% while the ammonia content 
would be 20.23%. The average chromium con­
tent found by analysis was 30.93%, and the aver­
age ammonia content 20.15%.

Considerable difficulty was encountered in the 
analysis of the tan material due to its extremely 
unstable nature. Several samples took fire spon­
taneously during the course of weighing. Other 
samples gave poor results due to absorption of 
moisture and subsequent decomposition.

The tan colored ammonium salt dissolves in 
water with evolution of oxygen, forming a yellow- 
orange chromate solution. When added to acidic 
Solutions it evolves oxygen with the formation of 
the unstable blue peroxychromic acid, and the 
resulting decomposition gives rise to a green chro­
mic salt. At temperatures slightly above room 
temperature, the salt decomposes spontaneously
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and bursts into flame. This decomposition takes 
place in two stages—swelling and ignition. The 
particles appear to swell considerably, and finally 
flash rapidly leaving a residue of finely divided 
chromic oxide. If struck a sudden blow the 
material decomposes with explosive violence. 
If allowed to remain for some time below, or at 
room temperature, the material becomes more 
stable and behaves in much the same manner as 
does ammonium dichromate. X-Ray diffraction 
patterns show the tan colored material to have a 
structure quite different from that of ammonium 
chromate or ammonium dichromate.

The physical and Chemical properties of this 
material resemble those described by Riesenfeld11 
for the compound chromic tetroxide triammine. 
The formula given this compound is 

H3N n
H3N-~Cr|=0 
HsN'' V > 2

Since the molecular weight of this material would
(11) Riesenfeld, Ber., 41, 3536-52 (1908).

be 167, and that of H2Cr06*2NH3 168, it follows 
that the chromium content would not be a decid- 
ing factor in the determination of structure. 
Since but two ammonia groups could be accounted 
for by accurate ammonia analysis in the case of 
the material prepared in this study; it is assumed 
that these compounds are different in Chemical 
Constitution although very similar in Chemical 
properties.

Summary
The reaction between hydrogen peroxide and 

chromic anhydride has been studied using dry 
ethyl acetate as the solvent. A tan ammonium 
salt of the blue colored peroxychromic acid has 
been prepared. Analyses of this salt are in accord 
with the formula H2Cr05*2NH3. From this in­
formation the formula of the blue peroxychromic 
acid probably is H2 Cr0 5  or CrCVH^Ĉ . Some 
physical and Chemical properties of the am­
monium salt have been determined.
U rb  An a , I l l in o is  R e c e iv e d  J u l y  29, 1936

[C o n t r ib u t io n  fr o m  t h e  D epa r t m e n t  of Ch e m ist r y , C o l u m b ia  U n iv e r sit y ]

Basic Beryllium and Complex Beryllate Hydrosols; an Additional Contribution to the 
Concept of Polyolated and Polyoxolated Structures

B y  Arthur W. Thomas and Hoke S. Miller

In previous publications from this Laboratory 
the properties of certain colloidally dispersed 
metallic 1 ‘oxides’ ’ have been readily explained ac­
cording to the concept that the micelles are 
polyolated and/or polyoxolated structures.1 Ap­
plication of this theory which involves the 
Werner-Pfeiffer ideas of hydrolysis and olation 
together with Stiasny’s concept of the oxolation 
of ol groups, has produced a new and fundamen­
tal knowledge of beryllium “oxide” hydrosols.2 
Accepting the coördination number of 4 usually 
assigned to beryllium, the formation of a diol 
from triaquo monohydroxo beryllium ion would 
be

(1) (a) A. W. Thomas and T. H. Whitehead, J. Phys. Chem., 35,
27 (1931); (b) A. W. Thomas and A. P. Tai, T h is  J o u r n a l , 54, 
841 (1932); (c) A. W. Thomas and F. C. von Wicklen, ibid., 56,
794 (1934); (d) A. W. Thomas and R. D. Vartanian, ibid., 57, 4
(1935); (e) A. W. Thomas and C. B. Kremer, ibid., 57, 1821, 2538 
(1935); (f) A. W. Thomas and H. S. Owens, ibid., 57, 1825, 2131 
(1935).

(2) For convenience, those hydrosols in which the beryllium is in 
the cationic micelle will be called basic beryllium hydrosols and the 
name complex beryllate will signify hydrosols in which the beryllium 
exists in the form of an anionic micelle.

f H20>B<'!_h 2ck x h 2oI
H,

h 2o

H
/H 20

y Be<
< y  x h 2o

+2H 20

H
(diol)

The dissociation of an aquo group in this di~ 
nuclear diol ion, or the replacement of one of its 
aquo groups by OH would produce an ion such as

H
h 2° v

h 2c>< y  N x  \
H

OH

h 2o

According to the theory, two of these in turn can 
olate, the result in this case being a tetranuclear 
olated ion. Since removal of H + ion favors ola­
tion, one would expect increase in size of the 
olated ions when a solution of a beryllium salt is 
made increasingly basic. Increases in basicity, 
however, and especially elevation of temperature
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favor oxolation, which, taking the diol for sim- 
plicity, is represented by the reaction

the intermediate product, containing one ol and 
one oxo group being omitted to save space. Quite 
unlike metals having coördination numbers of 
6 and 8, it is seen that the complete oxolation of a 
diol structure of beryllium with its coördination 
number of 4 produces a complex without a charge. 
This would suggest that oxolation of colloidal 
basic beryllium complexes would result in pre­
cipitation of the micelles. This prediction has 
been found to be correct because our basic beryl­
lium hydrosols precipitate immediately when 
boiled, and in about two hours at 60°.3

According to the polynuclear theory proposed 
at this Laboratory, the formation of a hydrosol 
by peptization of the hydrous oxide with the acid, 
HA, consists in the interaction between the H + 
ion of the peptizing acid with OH groups of the 
hydrous oxide gel, thus converting the polynu­
clear olated hydrous oxide to a polynuclear cat- 
ionic micelle. A cationic micelle arises, however, 
only when the anion, A ~ of the acid is not a strong 
coördinative binder. If it, by displacing aquo 
groups, becomes coördinatively bound to the same 
extent that the H + ion reacts with the OH groups 
of the gel, then no colloidal dispersion occurs. 
However, if A“ has great tendency to displace 
aquo groups, it may actually produce anionic 
micelles, and in the case of even neutral salts of 
such anions, an anionic micelle arises by pep­
tization of the oxide.le Such phenomena pre­
viously reported for zirconium and thorium 
“oxide” hydrosols have also been found in the 
case of beryllium “oxide” hydrosols.

Preparation of Basic Beryllium Hydrosols.— 
Three methods were employed as follows:

(a) Sodium hydroxide was added dropwise to a 
mechanically stirred aqueous solution of beryllium 
nitrate until a decided turbidity was produced. 
The stirring was continued for about twenty 
hours, after which the hydrosol was dialyzed 
against running distilled water, using nitro- 
cellulose membranes.

(b) Beryllium hydroxide was precipitated from 
aqueous beryllium nitrate solution, washed by 
centrifuging and peptized with tenth molar beryl­
lium nitrate solution. During the peptization

(3) Some of our basic beryllium hydrosols precipitated after stor­
age for two months at room temperature.

the system was stirred mechanically. The stir­
ring was continued for twenty hours after the 
beryllium nitrate was added. The hydrosols 
thus formed were dialyzed as previously men­
tioned.

(c) Beryllium hydroxide precipitated by am­
monium hydroxide from beryllium nitrate solu­
tion was washed by centrifuging until the super­
natant liquid no longer gave the ferrous sulfate 
ring test for nitrate. A known amount of 0.05 N  
hydrochloric acid was added while the solution 
was stirred mechanically. I t  was observed that 
the ratio of equivalents of beryllium as the hy­
droxide, to the equivalents of chloride, as the 
acid, should be approximately 50:1. When too 
much acid was added, deolation seemed to occur. 
After peptization had continued for about 
twenty hours the hydrosols were dialyzed against 
distilled water.

In all cases, the dialysis was carried out by 
allowing distilled water to flow through nitro- 
cellulose bags which were immersed in the colloi­
dal Solutions, the latter being stirred mechanically. 
All sols were centrifuged after dialysis to remove 
coarse suspended matter.

Table I summarizes briefly some of the prop­
erties of these hydrosols.

T a b l e  I

D a ta  C o n c e r n in g  H y d r o so ls® C o n t a in in g  C a t io n ic  
B e r y l l iu m  M ic e l l e s

Desig-
nationï»

Method
prepa­
ration

Hours
dia­

lyzed Bec Clc NOsc

Ratio 
equiv. 
Be/Cl 

or N O 3 pHd
cA a 84 27.2 0.1 272 6.1
cB a 70 41.7 5.6 7 5.9
cC c 360 21.9 e 6.6
cD b 40 22.3 6.0 4 5.6
cE b 70 12.3 1.9 6 5.6
cM c 72 84.7 0.40 212 6.0
cN c 56 86.3 0.99 87 6.1
cO c 50 60.4 7.88 8 5.8
cR a 72 10.1 1.8 6 5.7

° AU the hydrosols displayed particles in lively Brownian 
motion in a brilliant Tyndall cone. They were cloudy in 
appearance. b The initial letters (c) and (a) are used in 
Tables I and III to signify that the beryUium is in the 
cationic (c) or in the anionic (a) micelle. c In milli- 
equivalents per liter. d pH values were measured imme­
diately after centrifuging the dialyzed hydrosols. e 500 
cc. of sol cC when decomposed with nitric acid gave no 
test for chloride with silver nitrate, nor did a portion of it 
give the ferrous sulfate ring test for the nitrate ion.

Effect of Neutral Salts upon Hydrosols.—In
previous publications1 it was shown that neutral 
salts raise the pH values of certain metallic
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“oxide” hydrosols, the action being ascribed to the 
displacement of OH groups in the micelle by the 
added neutral salt anions. The relative poten- 
cies of neutral salt anions to raise the pH value 
have been ascribed to their relative coördinative 
binding tendencies.

Final salt concentration in equivalents.
Fig. 1.—Effect of potassium salts on the 

pH  of sol cA. Sol six days old. Broken 
lines represent pH  values of pure aqueous 
salt Solutions. Continuous lines record pH 
values of sol-salt mixtures. ■, Citrate;
O, chloride; □, oxalate; • ,  sulfate; D, tar­
trate.

In the experimental work, with the exception 
of all the data given in Fig. 1 and that for the 
potassium citrate solution in Fig. 3, 0.08 N  stock 
Solutions of the salts were adjusted to pH values 
below 7 and above 6 by the addition of potassium 
hydroxide or of the appropriate acid. The pH 
values of these stock Solutions are recorded in 
Table II. These Solutions with added water, 
when necessary, were added to equal volumes of 
the hydrosol in small bottles and rotated at 7 
r. p. m. for twelve to twenty hours at 25°.4 The 
hydrogen ion activity was then measured by the 
quinhydrone electrode if the pH value was less

Table II
pH  Values of 0.08 N  Potassium Salt Solutions

Acetate 6.3 Maleinate 6.5
Citrate 6.3 Malonate 6.7
Chloride 6.3 Nitrate 6.6
Formate 6.1 Oxalate 6.3
Fumarate 6.2 Sulfate 6.2
Lactate 6 .7 Tartrate 6.4
Malate 6.4

than 7.5 and by the hydrogen-platinized-plati- 
num electrode when it was above 7,5.

Final salt concentration in equivalents.
Fig. 2.—Effect of potassium salts on pH 

of sol cE. Sol one day old. Salt Solutions 
were those described in Table II. CD, Acetate; 
■/citrate; O, chloride; ©, formate; O, fumar­
ate; <8>, malate; *r, maleinate; □, oxalate; # , 
sulfate; D, tartrate.

Figures 1 to 3 provide some typical results. 
In Fig. 1, the broken curves show the pH values 
of pure aqueous Solutions of the salts while the 
continuous curves represent the pH values of the

Final salt concentration in equivalents.
Fig. 3.—Effect of potassium salts on pH 

of sol cC. Sol one day old and apparently 
devoid of chloride or nitrate ion. Salt Solu­
tions used were those described in Table II 
with exception of the citrate solution which 
in this instance was at pH  = 6.9.

salt-hydrosol mixtures. There can be no doubt 
concerning the pH increasing effect of the added 
anions. The marked buffer effect of the pH =(4) The reaction is practically complete in one to three hours.
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6.3 citrate solution used in the experiments 
plotted in Fig. 2 led us to use a stock citrate solu­
tion of pH = 6.9 in the work recorded in Fig. 3. 
The arrows on Figs. 1, 2, 3 and 7 indicate where 
precipitation was observed. In the cases of 
added citrate and malate, precipitation occurred 
at extremely low concentrations of the added salt, 
higher concentrations of these salts producing no 
precipitate but having converted the cationic 
beryllium micelles to anionic citrato (or malato) 
beryllate micelles. A summary of all of our meas­
urements showed that the pH raising order for the 
anions upon cationic beryllium hydrosols is citrate
>  malonate >  oxalate >  malate >  tartrate >  
maleinate >  acetate >  formate ^  fumarate ^  sul­
fate >  chloride è  nitrate. This series resembles 
that found in this Laboratory for thorium oxy­
chloride solsle and for zirconium oxychloride sols.lf

With the cis-trans isomers, potassium maleinate 
proved to be more effective than potassium fu­
marate. This is in agreement with the action 
of these salts on thorium oxychloride sols as re­
ported by Thomas and Kremer.le

One might ask whether there is any relationship 
between the pH raising effect of the added salts 
and their precipitating potencies upon basic 
beryllium hydrosols. A few experiments were 
performed to throw light upon this question.

Liminal Values5 of Salts.—The procedure 
adopted for the measurement of liminal values 
was as follows. Into each of four 30-cc. volume 
test-tubes was placed 5 cc. of the hydrosol. Five 
cubic centimeter portions of varying concentra­
tions of the salt were placed in four other tubes. 
The salt solution was poured into the hydrosol; 
the contents were poured back into the salt solu­
tion tube; then back to the hydrosol tube, after 
which they were centrifuged for two minutes at 
1000 r. p. m. (radius, 21 cm.). This procedure 
was repeated until the liminal value was finally 
obtained.

From the results given in Table III it can be 
seen that the effectiveness of certain potassium 
salts as precipitants of cationic basic beryllium 
hydrosols is in general: citrate >  malate = tar­
trate > oxalate > sulfate > fumarate > maleinate
> chloride. It is interesting to note that tar­
trate is a more powerful precipitant than oxalate 
although the reverse is true for their pH raising

(5) “Liminal value” as used in this paper is defined as the lowest 
concentration of salt, expressed in millimoles per liter of final mixture, 
that just completely precipitates the micelles under the described 
procedure.

potencies. Inasmuch as inorganic micelles are, 
in general, precipitated when the charge is re­
duced to a certain extent, and since in this in­
stance the positive charge must be reduced by 
displacement of aquo groups of negatively charged 
ions, it would seem that tartrate is a more potent 
displacer of aquo groups than is oxalate. The 
same may be said for sulfate as compared with 
maleinate where the precipitating potency is 
sulfate >  maleinate, the reverse of the pH  raising 
tendency.

Table III 
Liminal Values

Ci­ Tar­ Mal­ Oxa­ Sul­ Fuma­ Malei­ Chlo­
Sol trate trate ate late fate rate nate ride
cA 0.08 0.19 0.33 0.53 600
cB .41 .62 1.08 .78 >1500
cR .36 .58 0.76 1.64 >1000
cD .27 .76 1.62 1.64 >1000
cE .25 .44 0.44 0.76 0.88 1.24 1.96 >1000

Conductance Titrations.—Another means of 
comparing the tendencies of anions to displace 
aquo groups from the central metallic ions of the 
micelle is offered by measurement of changes in 
conductivity resulting upon addition of very 
small amounts of salts to the hydrosol and to 
water. Such measurements are shown in Fig. 4 
where the conductivities of mixtures of hydrosol 
“cN” and potassium salts (solid lines) are com­
pared with the conductivities of the pure salt 
Solutions (broken lines). If the anion of an 
added salt enters the micelle, displacing an aquo 
group therefrom, the conductivity of the salt- 
hydrosol mixture will obviously be less than if 
there were no reaction between the added anion 
and the colloidal micelle. Convergence of the solid 
line and broken line curves in Fig. 4 is evidence 
for such displacement, while parallelism of the 
solid and broken lines for a given salt means no 
such reaction. Inspection of the figure reveals 
that the nitrate curves have practically identical 
slopes and hence at the low concentrations used, 
nitrate has only a negligible (if any) effect in re- 
placing aquo groups from the central beryllium 
ions of the micelle. The tartrate curves are not 
of the same slope, showing that tartrate has an 
aquo group replacing tendency which is, however, 
less than that of citrate where the curves con- 
verge at the concentration of 15 milliequivalents 
of potassium citrate per 50 cc. of solution. I t  
must be remembered that some replacement of 
OH groups also is effected by an ion such as ci­
trate (and to a less extent by tartrate). This
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would cause the curves to diverge with increasing 
concentration, however. In view of the fact that 
both OH replacement and aquo group replace­
ment may occur, one is obliged to be content with 
the solely qualitative nature of the evidence given 
in Fig. 4, namely, aquo group replacement po­
tency is citrate >  tartrate >  nitrate.6

Milliequivalents of salt in final solution, 25 cc. sol 
“cN” +  25 cc. salt.

Fig. 4.—Potassium salt conductivity titrations of 
sol cN. Sol three days old. Continuous lines repre­
sent mixtures of sol and salt Solutions. Broken 
lines represent salt Solutions diluted with water.

Another method of meäsuring the tendency of 
anions to replace aquo groups is by means of the 
observation of the effect of added silver salts 
upon the conductivity of the hydrosol. By 
means of a technique previously described15 the 
results shown in Fig. 5 were given by sol “cM.”

All the chloride in the hydrosols was precipi­
tated by each of the silver salts added since the 
value of the chloride content determined by the 
conductivity method agreed with the gravimetric 
results. When an amount of silver salt just in 
excess of equivalence to the chloride content of the 
hydrosol was added, a sharp change in direction 
of the curve occurred.

It is seen that added amounts of silver nitrate
(6) The reaction between citrate ion and the micelle was rather 

slow, four hours being required for attainment of equilibrium at the 
highest concentration of added citrate.

caused an increase in conductivity in the first 
segment of the curve, while the reverse was found 
true for lactate and citrate. These experimental 
data may be explained as follows. When silver 
ion is added to the hydrosol it combines with the 
unbound chloride ion to form silver chloride. As 
the chloride ion is removed from solution, any 
coördinatively bound chloride moves out of the 
micelle. This reaction continues until all the 
chloride has been converted to silver chloride, 
when the inflection point occurs; further addi- 
tions of silver salt obviously increase the conduc­
tivity of the system. Since the nitrate ion has 
only a very feeble tendency to become coördina­
tively bound, we may assume that as the chloride 
groups move out of the micelle, aquo groups enter 
to satisfy the coördination number of the beryl­
lium atom, thus the positive charge of the micelle 
increases, and consequently the conductivity in­
creases also. This is, of course, superimposed 
upon the increase in conductivity resulting from 
the addition of silver and nitrate ions.

Milliequivalents of silver salts added.
Fig. 5.-—Conductivity titrations of sol cM with silver 

salts. Sol three days old.

The decrease in conductivity when either silver 
lactate or silver citrate is added may be explained 
in the following manner. As the coördinatively 
bound chlorido groups move out of the complex 
they are replaced by negatively charged lactate or 
citrate ions as the case may be. The combina­
tion between chloride and silver ions reduces the
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conductivity of the system as in the first instance. 
At the same time, since lactate or citrate ions dis­
place aquo groups, the charge of the micelle is 
reduced. These ions no longer contribute to the 
conductivity of the system and hence there are 
introduced two additional conductivity-lowering 
factors.

The steeper slope for citrate is ascribed to its 
greater tendency than lactate to become coördina­
tively bound to the central beryllium ions and to 
replace aquo groups therefrom.

A similar series of titrations of sol “cO” is given 
in Fig. 6. This sol differed from “cM” in its 
lower basicity or higher ratio of chloride to beryl­
lium. It is noted that nitrate ion showed a slight 
tendency to combine with the micelles.

Complex Beryllate Hydrosols

Thomas and Owenslf and Thomas and Kremerle 
found that a reversal of the sign of charge of 
cationic zirconium ‘‘oxide’’ and thorium “oxide’’ 
micelles occurred upon the addition to the hydro­
sols of specified concentrations of salts and acids 
of strong coördinative binding anions. These 
authors also demonstrated that upon direct pepti­
zation of zirconium or thorium hydrous oxides 
with certain salts or acids, anionic basic “oxide” 
sols were produced. Thomas and Owens reported 
also that anionic zirconium micelles could be 
produced by boiling a crystalloidal solution of 
a complex zirconeate.

Search of the literature failed to locate any 
statement concerning the reversal of the sign of 
the charge of cationic beryllium “oxide” micelles 
other than the report that attempts to accomplish 
such a result by use of potassium ferrocyanide7 
did not meet with success. Following the theo­
retical prediction that anions which are power­
ful coördinative binders should produce anionic 
micelles provided that they replace a sufficiënt 
number of aquo groups from the cationic micelle 
or from the hydrous oxide, it was found that 
stable hydrosols of anionato complex beryllate 
micelles could be produced. Some remarks con­
cerning these systems follow.

Preparation of Complex Beryllate Hydrosols. 
—These hydrosols can be prepared by either of 
the following methods: (1) by the addition of 
either potassium citrate, malate or tartrate to a 
cationic beryllium hydrosol, producing a precipi-

(7) W. H. Madson and F. C. Krauskopf, J. Phys. Chem., 35, 3237 
(1931).

täte which redisperses;8 (2) by the peptization of 
freshly precipitated hydrous beryllium oxide with 
an aqueous solution of either potassium citrate 
or malate, or tartrate; (3) by dropwise addition 
of ammonium hydroxide solution to a complex 
crystalloidal beryllate, prepared by adding po­
tassium tartrate to beryllium nitrate solution, 
with immediate and subsequent dialysis. Care 
must be exercised not to add too much ammonium 
hydroxide. An excess of this reagent precipitates 
the beryllium as hydroxide.9

Milliequivalents of silver salts added.
Fig. 6.—Conductivity titration sof sol cO 

with silver salts. Sol three days old.

A description of a few of these sols is given in 
Table IV.

T a b l e  IV
D a ta  C o n c e r n in g  C o m pl e x  B er yl l a te  H ydrosols®

Desig-
nation

Method of 
preparation

Hours
dialyzed Be& p n c

aj 3 186 40.1 7.8
aK 2 (citrate) 237 19.5 6.3
aH 2 (tartrate) 113 41.6 6.4
aL 2 (malate) 223 29.1 6.9
aQ 2 (tartrate) 77 74.5 6.9

These hydrosols were cloudy in appearance, displaying
particles in lively Brownian motion in a brilliant Tyndall 
cone. b In milliequivalents per liter. c The pH values 
were measured immediately after centrifuging the dia­
lyzed hydrosols.

Some Properties of Complex Beryllate Hydro­
sols.—It was found that addition of potassium 
salts to these hydrosols results in an increase in 
pH value. A typical result is shown in Fig. 7

(8) The redispersion of the precipitate with potassium tartrate is 
slow, several days being necessary for the formation of a hydrosol.

(9) T h is  affords a  m ean s for th e  Separation of b erylliu m  from  eer  
tain o th er  m eta ls  w hich  is  to  b e d escribed  b y  on e o f u s (H. S. M.) in a 
subsequent paper.
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where the effectiveness of the anions is seen to be 
citrate > malate >  malonate >  tartrate > oxa­
late >  lactate >  formate >  maleinate. In the 
concentration range shown in Fig. 7, precipita­
tion of the micelles occurred only with the last 
four salts mentioned and then only slightly a ta  
concentration of 0.028 milliequivalent.

Final salt concentration in equivalents.
Fig. 7.—Effect of potassium salts on the 

pH of sol aK. Sol five days old. Salt Solu­
tions used were those described in Table II. * 
■, Citrate; ©, formate; # , lactate; 0, mal­
ate; w, maleinate; malonate; □, oxalate;
D, tartrate.

It will be recalled that hydrosols of the cationic 
metallic micelles become more acid on storage at 
room temperature owing to oxolation and possibly 
to dissociation of aquo groups. The complex 
beryllate hydrosols, on the contrary, become less 
acid on aging at 25°. The p ü  value of sol “aK” 
which was 6.3 at the conclusion of dialysis rose 
to 7.2 in one month. Six weeks later it was 7.4. 
Sols “aL” and “aQ” also increased in pH value 
but to a less extent.

This increase in pHL might be ascribed to the 
action of free citrate, malate or tartrate ions 
(possibly present) in replacing coördinatively 
bound OH groups. But the phenomenon of 
aquotization would seem to offer a more plausible 
explanation. An aquotization reaction of a hypo­
thetical basic citrato beryllate10 may be illustrated 
as follows, where R = C6H50 7

OH OH OH 
H | H | H |

R = B  e—O—B e—O—B e—O B c H20 + H 20 ^ ± :

OH OH HaO

(10) It is to be understood that the hypothetical eompound formu*
lated is hot ïntended to describe the structure of a complex beryllate
micelle.

OH OH H20  
H I H I H I

ReeeB e—O—B e—O—B e—O—Be—H20

OH OH H20

+ O H -

As a precedent for this type of reaction we would 
cite Sandved’s11 measurements of the equilibrium 
constants of the reversible aquotization reactions

H W ]  +H2°  ^  [ Co(NH ,)s] + * -
where x — Cl or NO3

Heating of beryllate sols produced an unex­
pected change in that cationic beryllium micelles 
arose. Sols “aK” and “aL” were heated at 95° 
in sealed containers for ninety-six and fifteen 
hours, respectively. As a result of the heating, 
the conductivities rose in the case of “aK” from 
4.24 X 10“5 to 5.84 X 10~5 mho and in the case 
of “aL” from 13.76 X 10~5 to 13.98 X 10~5 mho.

Upon electrophoresis of the sols which had been 
heated, it was observed that about half the beryl­
lium in the case of sol “aK” and about four-fifths 
in the case of “aL” migrated to the anode, the 
remainder being cationic.12 These results may 
be explained on the assumption that heating 
causes some of the citrato or malato groups to 
move out of the micelles, thus reducing the nega­
tive charge and even reversing it on some of the 
particles. The citrato or malato groups which 
move out of the micelles cause an increase in 
conductivity, the increase depending upon the 
length of time of heating the hydrosols. Thus, 
oppositely charged micelles may exist in basic 
beryllium hydrosols as previously mentioned for 
basic zirconium complexes.lf

Action of Acids upon Hydrous Beryllium Ox­
ide.—It was shown previously that acids con­
taining weakly coördinative binding anions pep- 
tize hydrous alumina at room temperature to the 
colloidal state while those whose anions have 
powerful coördinative binding tendency do not.ld 
The following experiment was performed in order 
to see whether hydrous beryllium oxide acted 
similarly. A suspension of freshly precipitated 
and washed hydrous beryllium oxide (precipitated 
from the nitrate with ammonium hydroxide) equal 
to 0.1 g. equivalent of beryllium oxide was agi­
tated for forty-eight hours at 25° with 195 cc. of 
water containing 0.005 g. equivalent of acid. 
The reaction mixtures were filtered and examined.

(11) K. Sandved, Tids. K jtm i Bergvesen, 15, 21 (1935).
(12) The colloidal nature of the migrating particles was evidenced 

by the turbid appearance of the contents of both arms of the eleetro-
phoresis (T tuhe.
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In the cases of citric and malie acids (citrate and 
malate ions have powerful coördinative binding 
affinity for beryllium) the filtrates contained some 
beryllium ion but no colloid. In the case of tar­
taric acid (tartrate ion is not so powerful a co- 
ordinative binder as citrate or malate), the 
slightly turbid filtrate was found to consist of a 
dispersion of colloidal complex beryllate micelles 
(“negatively charged beryllium oxide”)- In the 
case of lactic acid (lactate ion is not a strong co- 
ordinative binder to beryllium), the very turbid 
filtrate was a dispersion of cationic basic beryl­
lium micelles (“positively charged beryllium ox­
ide”).

Thus, it is indicated that the reaction of hy­
drous beryllium oxide to acids can be included 
under the same theoretical treatment as alumi­
num oxide. More will be reported on this topic 
in a subsequent publication.

Summary
For convenience of expression the term “beryl­

lium hydrosol” will be used to designate hydro­
sols wherein the beryllium is in the complex 
cationic micelles; and the term “beryllate hydro- 
sol” will ref er to those hydrosols wherein the 
beryllium is in the anionic micelles.

1. Some methods for the preparation of beryl­
lium and beryllate hydrosols have been described.

2. Addition of neutral salts to beryllium and 
to beryllate hydrosols produces marked decreases 
in hydrogen ion activity, the decrease being de­
pendent upon the nature and concentration of the 
anion of the salt added.

3. The effectiveness of potassium salts in de­

creasing the hydrogen ion activity of beryllium 
hydrosol-salt systems was in general : citrate >  
malonate >  oxalate >  malate >  tartrate >  malei­
nate >  acetate >  formate ^  fumarate ^  sulfate 
> chloride ^  nitrate; while that for a beryllate 
hydrosol-salt system was: citrate >  malate >  
malonate >  tartrate >  oxalate >  lactate >  for­
mate >  maleinate.

4. Heating to 60° precipitated the beryllium 
hydrosols, whereas the beryllate hydrosols did not 
precipitate13 when raised to 100°.

5. Aging at 25° caused an increase in hydro­
gen ion activity of the beryllium hydrosols, while 
in case of the beryllate hydrosols a decrease in 
hydrogen ion activity was noted on aging.

6. The order of silver salts in decreasing con­
ductivity is: nitrate < lactate < citrate; and 
nitrate < acetate < tartrate.

7. Conductance titrations of beryllium hydro­
sols with potassium salts indicate the following 
order with respect to the tendency of the anions of 
the salts to become coördinatively bound to the 
beryllium atom: citrate >  tartrate >  nitrate.

8. It has been shown that heat increases the 
conductivity of beryllate hydrosols, converting 
some of the anionic beryllium to the cationic 
state.

9. It is evident that the order of peptization 
of hydrous beryllia with acids is the reverse of the 
pH raising potencies of the corresponding neutral 
salts of the acids.
N ew  Y ork , N. Y. R e c e iv e d  J u n e  24, 1936

(13) After standing for two months at room temperature tartrato 
beryllate began to precipitate, while the citrato and malato beryllates 
were still stable.
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[C o n t r ib u t io n  from  the  N a tio n a l  I n st it u t e  of H e a l t h , U. S. P u b l ic  H ea lt h  Se r v ic e ]

The Rearrangement of Sugar Acetates by Aluminum Chloride. Crystalline Celtro-
biose and Some of its Derivatives1

B y  N e l s o n  K. R ic h t m y e r  a n d  C. S . H u d s o n

Although it is stated in well-known texts2 that 
celtrobiose is d-glucosido-d-altrose, the evidence 
rests on the single observation3 that after hy­
drolysis of acetochloroceltrobiose with 0.5 N  
hydrochloric acid for two and a half hours at 98° 
the solution is levorotatory. By analogy with 
neolactose (d-galactosido-d-altrose),4 both in its 
preparation through the rearranging action of 
aluminum chloride, and in its behavior on hy­
drolysis, whereby a levorotatory solution also is 
obtained, such a formulation seemed probable. 
We now know that this negative rotation is due, 
not to d-altrose itself which rotates40,5 +32.6°, 
but to a non-reducing derivative, and that the 
rotation —98° originally ascribed to ff-altrose4b 
refers to the equilibrium mixture of d-altrose and 
its anhydro form that results from sufficiently 
strong acid conditions. The present report, 
dealing with celtrobiose and some of its deriva­
tives, proves conclusively that celtrobiose is d- 
glucosido - d-altrose.

Acetochloroceltrobiose has now been obtained 
in yields of 40-45% by the action of a mixture of 
aluminum chloride and phosphorus pentachloride 
on a chloroform solution of cellobiose octaacetate. 
From this acetochloro compound with acetic an­
hydride and sodium acetate the a-octaacetate was 
prepared; by Converting the acetochloro deriva­
tive to the ß-heptaacetate with silver carbonate 
and aqueous acetone, and then acetylating with 
acetic anhydride and pyridine the ß-octaacetate 
was prepared. The rotations of these carefully 
purified substances are recorded in Table I, and 
from them values for the rotations of the end 
asymmetrie carbon atoms 04 ac and A Ci ) have 
been obtained in the usual way.6

(1) Publication authorized by the Surgeon General, U. S. Public 
Health Service. Presented in part before the Division of Organic 
Chemistry, at the Pittsburgh meeting of the American Chemical 
Society, Sept. 7-11, 1936.

(2) E. g., Tollens-Elsner, "Kurzes Handbuch der Kohlenhy­
drate,” 4th edition, Johann Ambrosius Barth, Leipzig, 1935, p. 476; 
Abderhalden "Biochemisches Handlexikon,” Vol. XIII, edited by 
Zemplén, Verlag von Julius Springer, Berlin, 1931, p. 606.

(3) Hudson, T his Journal, 48, 2002 (1926).
(4) (a) Kunz and Hudson, ibid., 48, 1978 (1926); (b) Kunz and 

Hudson, ibid., 48, 2435 (1926); (c) Richtmyer and Hudson, ibid., 
57, 1716 (1935).

(5) Throughout the article the rotations are specific rotations at 
20° for sodium light.

(6) Hudson, T his Journal, 46, 462 (1924).

It is noted that the value for A Ac is in agree­
ment with those obtained for cellobiose, lactose, 
and neolactose, and the two octaacetates may be 
assumed to represent a normal a,ß-pair. The 
value for A C\ is much smaller than in the case of 
cellobiose and lactose, but agrees closely with that 
found for neolactose; it seems probable that this 
A qx value is a characteristic of the acetochloro-d- 
altrose portion of the disaccharide derivative, and 
that the A Ci value for acetochloro-^-altrose itself 
will be of the same magnitude, namely, about
30,000.

Although aluminum chloride was originally 
suggested as being the reagent which causes the 
double epimerization at the second and third car­
bon atoms, the best yields of rearrangement prod­
ucts have been obtained by using a mixture of 
aluminum chloride and phosphorus pentachloride. 
On the other hand, the use of aluminum chloride 
alone is recommended for the preparation of the 
normal chlorination product; for example, aceto­
chloroceltrobiose has been obtained in 90% yield 
by warming a chloroform solution of celtrobiose 
octaacetate with twice its weight of commercial 
aluminum chloride.

In our study of the a- and ß-octaacetates of 
celtrobiose six different crystalline modifications 
were isolated. The «-octaacetate separates from 
alcohol in large prisms which melt at 130°, or in 
prisms which melt at 112°, then resolidify and 
melt at 130°; either form can be obtained at will. 
The ß-octaacetate crystallizes from aqueous al­
cohol in prisms as a monohydrate melting at 87- 
93°, or as solvent-free needles melting at 114°; 
from ether it separates in fine needles melting at 
103-105°. Here also any of the three forms is 
obtainable as desired. In addition to the pure 
a- and ß-forms, a double compound is known, and 
serves to identify readily one octaacetate in the 
presence of the other. It crystallizes from ether 
in typical rectangular plates melting at 70° with 
evolution of gas; it has the composition 2 a- 
octaacetateT ß-octaacetate *3ether, as shown by 
analysis, and rotation of +24.9° as compared 
with the value +25.0° calculated from the known 
rotations of the two octaacetates. This appears
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T a ble  I

Derivative of celtrobiose 
Molecular weight 
[«]20d in CHC13 
[Af]20D
Rotation of end carbon 

A for corresponding derivatives of

«-Octaacetate
678
+ 48 .0  
+32,540 
AAe =  +20,700 

f Cellobiose 19,100“
{ Neolactose 20,500c
( Lactose 19,800d

/3-Octaacetate 
678 
— 13.0 
-8810

«-Acetochloro 
655 
+ 64 .2  
+42,050 
Aci =  +30,200 
37,600&
30,900c
38,400®

a Hudson and Johnson, T h is  J o u r n a l , 37, 1276 (1915). b Calculated from the rotation +71.7° for acetochloro- 
cellobiose, found by Brauns, ibid., 48, 2776 (1926). c Kunz and Hudson, ref. 4a. d Hudson and Johnson, T h is  J o u r n a l , 
37, 1270 (1915). 6 Kunz and Hudson, ibid., 47, 2052 (1925).

to be the first example of a double eompound of 
two octaacetates, and indicates that considerable 
caution is required lest two isomers crystallizing 
together be mistaken for a pure Chemical indi­
vidual. Similar molecular compounds reported 
from this Laboratory include the novel modifica­
tions of methyl-d-xyloside,7 lactose,7 anhydrous 
/-rhamnose,8 and the so-called neolactose “a ”-hep- 
taacetate.4c Also, Fischer’s rhamnose ß-tri- 
acetate rotating —19.4° was considered by him 
to represent a mixed eompound.9

Exchange of the Cl atom in acetochloroceltro­
biose by an OH group leads to the formation of 
celtrobiose ß-heptaacetate which has been crys­
tallized only in combination with one mole of 
ether; on a solvent-free basis the ß-heptaacetate 
in chloroform rotates +3.9° changing to +15.1°. 
The a'-heptaacetate crystallizes as a dietherate 
and also solvent-free; it mutarotates downward 
in chloroform from +22.3 to +15.1°.

Another heptaacetate of celtrobiose has been 
obtained, in very small yield, through the silver 
carbonate-aqueous acetone reaction with the 
chloro eompound; it melts considerably higher 
than the other acetates, rotates +1.0° in chloro­
form without mutarotation, and on cautious 
acetylation with acetic anhydride and pyridine 
is transformed quantitatively to celtrobiose ß- 
octaacetate. These properties, combined with the 
fact that the normal a- and ß-heptaacetates are 
known, lead to the belief that this acetate may 
well have an ortho ester structure involving the 
1,2- or even the 1,6-positions of the altrose mole­
cule which are spatially much closer than the 
customary formula would indicate.

The previously known ortho esters of the sugar 
series in which one hydroxyl group remains un­
substituted appear to be limited to the hepta­
acetate of the ketone sugar turanose described by

(7) Hockett and Hudson, T h is  J o u r n a l , 53, 4454, 4455 (1931).
(8) Jackson and Hudson, fortheoming publication.
(9) Fischer, Bergmann and Rabe, Ber., 53, 2362 (1920).

HO
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Pacsu10 and to a tetraacetate of glucose described 
by Helferich and Klein11 as l,2,3,6,(?)-tetraacetyl- 
ß-^-glucose, but to which Haworth, Hirst and 
Teece12 have assigned a 1,6-ortho ester structure. 
Reactions which were expected to prove an ortho 
ester linkage in these compounds were disap- 
pointing because derivatives of the normal form 
were usually obtained. Methylation with silver 
oxide and methyl iodide produced the normal 
acetylated ß-glycoside in each case. Acetylation 
of the glucose tetraacetate did not lead to a new 
glucose pentaacetate but only to the well-known 
ß-pentaacetate. In these reactions it has been 
assumed that a facile rearrangement from the 
ortho ester to the normal form has been brought 
about by the reagents employed. The lack of 
reactions suitable for proving an ortho ester 
structure together with the scarcity of our own 
extra heptaacetate make necessary a postpone- 
ment of its further study.

Deacetylation of the hepta- or octaacetates 
with barium methylate solution resulted in 
crystallization of the parent disaccharide. Cel­
trobiose monohydrate, well-formed prisms from 
75% alcohol, rotates +13.6° in water; although 
mutarotation was not observed the sugar is un­
doubtedly the ß-form since on cautious acetyla­
tion it produced an 85% yield of celtrobiose ß- 
octaacetate. The component hexoses liberated 
from celtrobiose by hydrolysis with dilute hydro-

(10) Pacsu, T h is  J o u r n a l , 55, 2451 (1933).
(11) Helferich and Klein, Ann., 450, 226 (1926); 455, 177 (1927).
(12) Haworth, Hirst and Teece, J. Chem. Soc., 1408 (1930).



2536 N elson K. Richtmyer and C. S. Hudson Vol. 58

chloric acid at 100° had a rotation of —22.8°; 
the value —22.7° would be expected from an 
equilibrium mixture of d-glucose (+52.5°) and 
d-altrose ( — 98° in acid solution).4c The oxida­
tion of celtrobiose with bromine water, followed 
by acid hydrolysis of the bionic acid, yielded 
crystalline ^-glucose, and ^-altronic acid which 
was isolated as the crystalline calcium salt. 
Since the biose linkage should not be affected by 
the aluminum chloride rearrangement of cello­
biose octaacetate, these data prove conclusively 
that celtrobiose is 4-ß-d-glucosido-d-altrose.

Preliminary experiments have shown that cal­
cium d-altronate, obtainable through the alumi­
num chloride rearrangement of lactose or cello­
biose octaacetates, is a convenient source for the 
preparation, by degradation, of d-ribose.

Experimental
«-Acetochloroceltrobiose.—The modified procedure is as 

follows. To a solution of 50 g. of recrystallized cellobiose 
octaacetate13 in 400 cc. of alcohol-free dry chloroform in a 
one-liter flask is added 100 g. of powdered commercial 
aluminum chloride and 50 g. of powdered phosphorus 
pentachloride. The flask is shaken for a few minutes to 
ensure thorough mixing, then heated for one hour in a 
bath at 60-63°. The granulär mixture is decomposed 
carefully with ice and water, the resulting solution ex­
tracted with chloroform, and the chloroform extracts 
washed several times with water, dried with granulär cal­
cium chloride and concentrated in vacuo to a thin sirup. 
Dry ether is then added cautiously in order to obtain a 
small crop (ca. 10 g.) of acetochlorocellobiose which carries 
down most of the colloidal impurities derived from the 
cellulose. After a few minutes the solid is removed by 
filtration, and the mother liquor diluted to 500 cc. with 
dry ether. Crystallization is allowed to proceed overnight 
at room temperature and then for a week in the refrigera­
tor. The mixture of acetochloro derivatives thus obtained 
is separated mechanically; partial disintegration of the 
crystals with a spatula allows the fine needles of aceto­
chlorocellobiose to be fioated away in ether suspension, 
leaving the heavier prismatic crystals of the celtrobiose 
compound. A small additional crop of the latter may be 
obtained by combining the two fractions of crude aceto­
chlorocellobiose and shaking them with ether for several 
hours at room temperature; the more soluble celtrobiose 
derivative is dissolved, together with some of the cellobiose 
compound, and the two are separated by crystallization. 
The yield of crude acetochloroceltrobiose is 19-22 g. (40- 
45%). Two recrystallizations from chloroform-ether give 
a product, rotating about +61°, which is pure enough for 
subsequent transformations. However, thirteen recrys­
tallizations brought the rotation to +63.9°, a figure which 
was not appreciably changed by eight additional recrys-

(13) Prepared in about 30% yield by the acetolysis of alpha sul­
fite, soda, or kraft paper pulp which had been furnished through the 
courtesy of Mr. Warren E. Emley of the Division of Organic and 
Fibrous Materials of the National Bureau of Standards.

tallizations, and the value -j-64.2°, obtained after the 
twenty-first recrystallization is accepted for the rotation of 
«-acetochloroceltrobiose in U. S. P. chloroform (c, 4). 
The m. p. is 141-142°, with no visible decomposition.

«-Acetochloroceltrobiose from Celtrobiose «-Octaace­
tate.—A solution of 25 g. of pure «-octaacetate (see below) 
in 200 cc. of alcohol-free dry chloroform was heated with 
50 g. of powdered commercial aluminum chloride for two 
hours at 60-63°, then decomposed carefully with ice and 
water. The chloroform extracts, after being washed with 
water and dried with calcium chloride, were concentrated 
in vacuo to a thin sirup. Upon the addition of dry ether 
the solution deposited typical hexagonal plates of aceto­
chloroceltrobiose in a yield of 21.6 g. (90%) plus a few 
centigrams of the acicular crystals of acetochlorocellobiose. 
After five recrystallizations the acetochloroceltrobiose 
melted at 141-142°, and rotated +64.2° in U. S. P. chloro­
form (c, 4); these values were unchanged by five additional 
recrystallizations.

Celtrobiose «-Octaacetate.—A mixture of 25 g. of aceto­
chloroceltrobiose, 25 g. of fused sodium acetate and 200 cc. 
of acetic anhydride was heated on the steam-bath for two 
hours, then boiled gently for five minutes and poured into 
two liters of ice and water. The solution was neutralized 
by adding solid sodium bicarbonate, whereupon most of the 
octaacetate separated as a spongy, light brown mass. 
This was extracted with chloroform, and the chloroform 
solution washed with water, dried with granulär calcium 
chloride, and concentrated in vacuo. The resulting sirup 
was dissolved in alcohol and the solution, inoculated with 
a crystal already obtained, deposited 22.1 g. of heavy clus­
ters of prisms, melting at 127-129°. Recrystallized from 
three volumes of warm alcohol, it melted at 129-130° and 
rotated +48.0° in U. S. P. chloroform (c, 4); these values 
were unchanged by eight additional crystallizations.

A second modification of the «-octaacetate, melting at 
112°, was obtained in a preliminary experiment; the same 
form appeared during recrystallizations when the 130 ° 
form was left in contact with its mother liquor, especially 
in a cool place, the original sharp-edged prisms assuming a 
“weather-beaten” appearance and showing the lower 
melting point. It was later discovered that either the 112° 
or the 130 ° modification could be obtained at will by seed­
ing an alcoholic solution of the octaacetate with a crystal 
of the desired form. This second modification crystallizes 
in prisms which melt at 112°, then resolidify and melt 
again at 129-130°; it contains no solvent of crystallization, 
and its melting point was unchanged after four hours of 
heating at 100° in vacuo. After five recrystallizations it 
rotated +48.0° in U. S. P. chloroform (c, 4).

Anal. Calcd. for C28H38O19: C, 49.54; H, 5.65; acetyl, 
11.79 cc. of 0.1 N  NaOH per 100 mg. Found: (130° 
form) C, 49.39; H, 5.64; acetyl, 11.83 cc.; (112° form) 
C, 49.31; H, 5.63; acetyl, 11.84 cc.

Celtrobiose ß-Octaacetate.—A mixture of 50 cc. of acetic 
anhydride and 125 cc. of pyridine, cooled to —10°, was 
added to 25 cc. of twice recrystallized celtrobiose ß-hepta- 
acetate monoetherate (see below), also at —10°. The so­
lution was kept in the refrigerator overnight, then poured 
into ice water and extracted with chloroform. The chloro­
form solution was washed in succession with water, cold 
dilute hydrochloric acid until free from pyridine, water.
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aqueous sodium bicarbonate, and water, dried with 
granulär calcium chloride, and the chloroform evaporated 
in vacuo. The thick sirup was dissolved in 75 cc. of 
warm alcohol and treated with a little activated carbon, 
filtered, and diluted with an equal volume of water. After 
being inoculated with a crystal obtained in a preliminary 
experiment the solution deposited 21.9 g. of ß-octaacetate 
rotating —10°, This material was recrystallized once 
from dry ether, then four times from 50% alcohol; the 
rotation in U. S. P. chloroform (c, 6) was —13.0°, and was 
unchanged by four additional crystallizations from 50% 
alcohol.

The ß-octaacetate, like the «-octaacetate, may crystal­
lize in more than one form. Originally it separated from 
the aqueous alcohol solution in prisms melting at 87-93°; 
analyses showed it to be a monohydrate. Upon recrys­
tallization from ether it crystallized in solvent-free needles 
melting at 103-105°. Recrystallization from 50% alcohol 
then produced a third modification, anhydrous needles 
melting at 113-114°. Any of the three forms can be 
obtained as desired, by suitable manipulation.

AnaL Calcd. for C28H380 i9-H20: C, 48.25; H, 5.79; 
H20, 2.59. Found (87-93° prisms): C, 48.36; H, 5.85; 
H20  (4 hours in pistol at 100 °), 2.49. Calcd. for C28H38Oi9: 
C, 49.54; H, 5.65; acetyl, 11.79 cc. of 0.1 N  NaOH per 
100 mg. Found (103-105° needles): C, 49.30; H, 5.83; 
(113-114° needles): C, 49.36; H, 5.68; acetyl, 11.88 cc.

The Double Octaacetate: 2«-OctaacetateTß-Octaace- 
tate*3(C2H5)20.—In the preparation of celtrobiose ß-octa­
acetate just described the original alcoholic mother liquor 
was evaporated in vacuo to a thick sirup which was dis­
solved in the mother liquor from the crystallization from 
ether, and the solution concentrated. In addition to 
needles of ß-octaacetate it deposited 1 g. of rectangular 
plates which, after one recrystallization from ether, 
melted with decomposition at 70 °, and rotated +24.9 ° 
in U. S. P. chloroform (c, 4). From the known rotations 
of the ol- and ß-octaacetates the rotation calculated for a 
double octaacetate of celtrobiose having the composition 
2«-octaacetate*lß-octaacetate*3(C2H5)20  is +25.0°. The 
eompound was then synthesized by mixing pure «- and ß- 
octaacetates in the proportions indicated and crystallizing 
from ether; the product formed in plates melting at 70° 
with evolution of gas, rotated +25.8° and lost the calcu­
lated amount of ether when heated for several days at 56° 
in a Fischer pistol; the ether-free eompound melted over 
the range 70-85 °.

AnaL Calcd. for C28H38Oi9'C4HioO: ether, 9.85%;
acetyl, 10.63 cc. of 0.1 N  NaOH per 100 mg. Found: 
ether, 9.80%; acetyl, 10.66 cc. For the ether-free com­
pound, calcd. for C28H380 i9: C, 49.54; H, 5.65. Found: 
C, 49.30; H, 5.66.

Celtrobiose ß-Heptaacetate Monoetherate.—The hepta- 
acetates of celtrobiose were prepared by shaking 10 g. of 
acetochloroceltrobiose with 5 g. of silver carbonate in 190 
cc. of acetone and 10 cc. of water for twelve hours. The 
silver salts were removed by filtration and the clear solu­
tion concentrated in vacuo at 25 ° to a sirup from which the 
crude heptaacetate could be obtained in nearly quantita­
tive yield by adding ether and cooling. The product 
could not be purified by simple recrystallization, and from 
a mixture of acetone and ether there usually separated at

the same time four crystalline forms melting, when pure, 
at 60° (dec.), 80° (dec.), 131, and 216°, respectively. 
However, the several heptaacetates were finally isolated 
and purified by the following procedure. The crude prod­
uct was packed into the thimble of a Soxhlet apparatus and 
extracted with boiling anhydrous ether for two or three 
hours. The ethereal solution was set aside, and the undis­
solved residue, containing mostly 80° heptaacetate, was 
then extracted with fresh ether for six or eight hours; 
during this extraction the 80 ° eompound crystallized 
slowly from the warm ether solution in the form of rec­
tangular plates. By decanting the ether while still warm 
the plates could be separated from the more soluble «- 
forms which stayed in solution and from the tiny needles of 
the 216° eompound which floated away with the ether. 
From 50 g. of acetochloroceltrobiose there was thus ob­
tained 25 g. of plates which were purified by two additional 
crystallizations in the same manner. Analyses showed the 
substance to be a heptaacetate which contained one mole of 
ether of crystallization. The rotation of the mono­
etherate in U. S. P. chloroform (c, 10) was +3.5°, changing 
in the course of a week at 20° to +13.5°; calculated for the 
solvent-free heptaacetate these values become +3.9°  
changing to +15.1 °. It could not be obtained crystalline 
in the absence of ether, and the ether of crystallization 
could be removed completely only by melting the sub­
stance at 80° in vacuo; during this process mutarotation 
took place and the glassy solid when dissolved in chloro­
form rotated +14.5° changing overnight to +15.0°.

AnaL Calcd. for C26H360i8-C4HioO: ether, 10.43%;
acetyl, 9.85 cc. of 0.1 N  NaOH per 100 mg. Found: 
ether, 10.19, 10.30%; acetyl 9.95 cc. For the ether-free 
eompound, calcd. for C26H360i8: C, 49.03; H, 5.70; acetyl,
11.00 cc. of 0.1 N  NaOH per 100 mg. Found: C, 48.84; 
H, 5.70; acetyl, 10.99 cc.

Celtrobiose «-Heptaacetate.—-The ethereal Solutions 
left after isolation of the ß-heptaacetate monoetherate as 
described above were united, concentrated and a mixture 
of crystalline heptaacetates obtained in which the «-form 
predominated. The material was placed in the Soxhlet 
thimble and extracted with ether; this time, after one or 
two hours of boiling, the «-heptaacetate began to separate 
in tiny crystals which united to form small granules. By 
filtering the warm solution most of the ß-heptaacetate 
which had been extracted remained in the mother liquor. 
Five recrystallizations by this method were carried out, the 
final product melting at 130-131 ° and rotating in U. S. P. 
chloroform (c, 5) +22.3°, changing in the course of five 
days at 20° to +15.1 °.

AnaL Calcd. for C26H360i8: C, 49.03; H, 5,70; acetyl,
11.00 cc. of 0.1 N  NaOH per 100 mg. Found: C, 48.83, 
48.67; H, 5.83, 5.68; acetyl, 11.07 cc.

Celtrobiose «-heptaacetate may be converted to celtro­
biose ß-heptaacetate, or vice versa, by allowing a chloroform 
solution to mutarotate until equilibrium is reached, con­
centrating to a sirup, and isolating the mixture of hepta­
acetates with ether. Extraction in a Soxhlet with dry 
ether according to the procedures outlined above will 
then furnish the desired form.

Celtrobiose «-Heptaacetate Dietherate.—In the ordi­
nary crystallization of the «-heptaacetate there is formed 
not the 130-131° eompound just described but trans-
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parent elongated prisms which melt at 60 ° with the evolu­
tion of gas, then resolidify, and melt again at 130-131°. 
Upon Standing in the air, or more rapidly in vacuo below 
60°, the prisms lose their transparency while retaining 
their crystalline structure and then show the higher melt­
ing point 130-131 °. Analyses show the loss of two moles of 
ether of crystallization from each mole of the heptaacetate 
(calcd. for QeHseOis^CÄoO: ether, 18.89%. Found:
ether, 18.79, 18.80%). Crystallization from a warm 
ethereal solution, as shown above, produces the solvent- 
free form, but left overnight in the presence of ether at 
20°, or below, the granulär heptaacetate disappears and 
beautiful prisms of the diëtherate modification are de­
posited. Under certain intermediate conditions both 
forms thus are present at the same time.

Celtrobiose ß-Heptaacetate with Ortho Ester Structure. 
—In addition to the «- and ß-heptaacetates described 
above, there always appeared a small amount (5%) of an­
other substance, melting at 216°, which also had the com­
position of a heptaacetate. It was obtained by the action 
of silver carbonate in aqueous acetone even from aceto­
chloroceltrobiose which had been subjected to twenty-one 
recrystallizations, and from acetochloroceltrobiose recrys­
tallized ten times after being prepared by the action of 
aluminum chloride on pur est celtrobiose «-octaacetate. 
This new heptaacetate is very sparingly soluble in ether, 
and was recovered from the material left in the Soxhlet 
thimble after extraction of the more soluble «- and ß- 
forms, or filtered from the ethereal Solutions wrhich were 
decanted during recrystallization of the 80 ° ß-heptaacetate 
monoetherate. From a mixture of chloroform and ether 
it separated in small needles, melted at 216°, and after 
three recrystallizations showed the constant rotation of 
+  1.0° in U. S. P. chloroform (using a 4-dm. tube; c, 1). 
Unlike the normal «- and ß-heptaacetates of celtrobiose, 
which in chloroform solution mutarotate to the equilibrium 
value +15.1°, this ß-heptaacetate showed no evidence of 
mutarotation on standing eight days. It reduces Fehling’s 
solution readily at 65°, An alkoxyl determination was 
negative.

Anal. Calcd. for C2ßH360i8: C, 49.03; H, 5.70; acetyl,
11.00 cc. of 0.1 N  NaOH per 100 mg. Found: C, 48.81;
H. 5.74; acetyl, 11.04 cc.

Acetylation of the Heptaacetates.—In order to relate the 
normal «- and ß- and the ortho ester ß-heptaacetates with 
the corresponding «- and ß-octaacetates, a 1-g. sample of 
each of the five compounds was cooled to —10°, and to it 
was added a mixture of 5 cc. of acetic anhydride and 15 
cc. of pyridine, also at —10°; the solution was kept at 
—10° for one hour, then at 4° overnight. The next morn­
ing the temperature was allowed to rise to 20°, the volume 
adjusted exactly to 25 cc., and the rotation observed. 
After twenty-four hours a second reading of the rotation 
showed no change in any case.

Acetylation óf the normal «-heptaacetate (m. p. 130- 
131°) gave a solution of specific rotation +33.3°, as com­
pared with the rotation +38.3° for pure «-octaacetate and 
— 18.6° for pure ß-octaacetate in the same acetylating 
solvent (all rotations calculated on the basis of the amount 
of octaacetate present), The rotation +33.3° thus cor­
responds to a mixture containing 91 % «-octaacetate and 
9% ß-octaacetate. By working up the acetylation mix­

ture from 2.09 g. of «-heptaacetate in the usual way and 
crystallizing from ether there was isolated 1.84 g. of a- 
octaacetate and 0.20 g. of the 2«~Tß-octaacetate trietherate 
described above. One recrystallization from alcohol 
yielded 1.58 g. of «-octaacetate with the correct melting 
point, and rotating in chloroform +47.4° as compared 
with +48.0° for the pure eompound.

Acetylation of the ß-heptaacetate monoetherate (m. p. 
80° with decomposition), a method already used in the 
preparation of celtrobiose ß-octaacetate, gave a solution 
of specific rotation —13.9°, corresponding to a mixture of 
92% ß-octaacetate and 8% «-octaacetate. How much of 
this «-octaacetate is derived from «-heptaacetate present 
as an impurity, and how much is due to mutarotation pre­
ceding the acetylation is difficult to estimate; a similar 
problem arises in considering the acetylation of the «- 
heptaacetate.

Acetylation of the ß-heptaacetate with ortho ester struc­
ture (m. p. 216°) produced a solution having the rotation 
—18.3 °, as compared with the value —18.6 °, for the pure 
ß-octaacetate; these figures are identical within the limits 
of error and represent a quantitative transformation to the 
ß-octaacetate. When isolated in the usual way, the prod­
uct from 2.01 g. of heptaacetate consisted of 2.05 g. of 
octaacetate (theoretical 2.14 g.). After recrystallization 
from 50% alcohol it was identified completely as the ß- 
octaacetate by its melting point and mixed melting point 
of 113-114°, by its rotation in U. S. P. chloroform ( — 13.2° 
as compared with —13.0° for the known ß-octaacetate), 
and by its characteristic change of melting point to 103- 
105° when crystallized from ether and back to 113-114° 
again on crystallization from 50% alcohol. In addition, a 
small sample was mixed with twice its weight of pure «- 
octaacetate and crystallized from ether; typical plates of 
the double octaacetate etherate were obtained, melting at 
70° (dec.), having the rotation +24.9° (calcd. +25.0°) 
and losing the theoretical amount of ether at 65 ° in vacuo 
(calcd. 9.85%; found 9.81%).

Celtrobiose Monohydrate.—Deacetylation of any of the 
hepta- or octaacetates with barium methylate as catalyst 
in absolute methyl alcohol, followed by removal of the 
barium by adding the exact amount of dilute sulfuric acid 
required, led to the isolation of the parent disaccharide in 
practically quantitative yield. Celtrobiose crystallizes 
readily as a monohydrate from water, or better by adding 
three volumes of alcohol to its aqueous solution. The 
monohydrate is the stable form, and a dehydrated sample 
quickly reverts to the hydrate on exposure to moist air. 
It forms large well-shaped prisms which begin to soften at 
133 °, then slowly melt to a thick sirup which evolves gas 
at 148 °. The rotation was unchanged by three recrystal­
lizations, and the accepted value is +13.6° in water (c, 5). 
No mutarotation was observed in twenty-four hours, the 
first reading being taken five minutes after adding the 
water to dissolve the sugar.

Anal. Calcd. for Ci2H220 n -H20: C, 39.98; H, 6.72; 
H20, 5.00. Found: C, 39.93; H, 6.88; H20 , 4.98 (six 
hours in pistol at 110°).

Acetylation of Celtrobiose.—Since celtrobiose shows no 
mutarotation, evidence for its designation as the «- or ß- 
form was sought by acetylation studies. To this end a 
cooled mixture of 5 cc. of acetic anhydride and 15 cc. of
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pyridine was added to one-half gram of the monohydrate. 
Most of the sugar dissolved when shaken for an hour at 
room temperature. After standing overnight the solution 
was diluted with pyridine to 25 cc. and found to rotate, in 
duplicate experiments, —11.9° and —11.4°; this corre­
sponds to a mixture containing 88% of the ß-octaacetate 
and 12% of the «-octaacetate. When the solution was 
poured into ice water and examined in the usual way it 
yielded 85% of the theoretical amount of octaacetate as the 
ß-form (identified by melting point, mixed melting point 
and rotation) and about 2% as the double octaacetate 
etherate.

Hydrolysis of Celtrobiose.—After 0.2594 g. of celtrobiose 
hydrate was heated with 8 cc. of 1 N  hydrochloric acid for 
two and one-half hours at 100° and the solution diluted 
exactly to 10 cc. at 20°, it rotated —22.8° and did not 
change when heated for another hour. This rotation is in 
agreement with the value —22.7° calculated for an equi­
molecular mixture of d-glucose (+52.5°) and J-altrose 
( —98°) under the same conditions.

Oxidation to Celtrobionic Acid and Subsequent Hy­
drolysis to ^-Glucose and ^-Altronic Acid.—The method of 
Hudson and Isbell14 was adopted. Thus, to 9.2 g. of ben­
zoic acid and 11.8 g. of barium hydroxide octahydrate, 
combined by dissolving in 350 cc. of hot water, and cooled, 
was added 9 g. of the crystalline sugar and 2 cc. of bromine. 
The solution was kept in the dark, with occasional shaking, 
for forty-four hours. Excess bromine was expelled with a 
current of air; precipitated benzoic acid was removed by 
filtration; the barium ions were completely precipitated 
by adding a slight excess of sulfuric acid; bromide ions 
were removed by shaking the solution with 10 g. of silver 
carbonate; the filtered solution was freed from silver ions 
with hydrogen sulfide, and the excess hydrogen sulfide 
blown out with air. The dissolved benzoic acid was com­
pletely removed by extraction with chloroform and the 
solution concentrated to about 240 cc. No attempt was 
made to isolate the celtrobionic acid, but instead it was 
hydrolyzed by adding 6.7 cc. of concentrated sulfuric acid 
to make the solution about 1 normal, and refluxing gently 
for three hours. To the pale yellowish solution was added 
38 g. of barium hydroxide octahydrate, the barium sulfate 
removed by filtration, and the slight excess of barium pre­
cipitated by titration with 0.5 N  sulfuric acid, using sodium 
rhodizonate as an external indicator.16

The solution should now contain only d-glucose, and d- 
altronic acid and its lactone. The acid and lactone were 
neutralized by adding lime water until the solution would 
remain faintly alkaline to phenolphthalein for one hour. 
By concentrating to a small volume and adding alcohol 
there was obtained 4 g. of crystalline calcium d-altronate 
which was identified completely as described below.

The mother liquor was freed from the remaining calcium 
altronate by concentrating to a thin sirup and adding 
methyl alcohol, filtering the granulär salts, and repeating 
the operations. The methyl alcoholic solution of glucose 
was then evaporated in vacuo to a very thick sirup which 
was extracted with 250 cc. of hot 95% alcohol; from this 
extract, upon concentrating and inoculating, was obtained 
2.2 g. of fine needles. The product was identified as d-

(14) Hudson and Isbell, Bur. Standards J . Research, 3, 59 (1929).
(15) Giblin, Analyst, 58, 752 (1933).

glucose through the melting point and mixed melting 
point 146-147°, through its phenylosazone with melting 
point and mixed melting point 208° (dec.), and finally by a 
study of its mutarotation. At 23° the initial rotation 
+70.3° in water (c, 5) showed it to be a mixture of the a- 
and ß-forms; the equilibrium rotation +53.0° is in accord 
with the known value +52.5° for ^-glucose; and the muta­
rotation constant 0.0087 is in excellent agreement with the 
value 0.0085 for 23°, as calculated from the equation log 
(k\ +  h ) ~  11.0198 — (3873/T) given by Hudson and 
Dale.16

Identification of Calcium Altronate *3.5H2 O.—The cal­
cium altronate obtained above was recrystallized Twice 
from water, and then found to be identical in its properties 
with a sample of calcium altronate prepared from neo­
lactose by oxidation and hydrolysis in the same manner. 
The air-dried calcium salt contains three and one-half 
moles of water of crystallization17 which it loses on heating 
one hour at 110 ° in vacuo; upon exposure to the moist air 
of the laboratory it quickly regains its original water con­
tent. This property of losing and regaining 3.5H20  as 
described can be used to distinguish calcium {/-altronate 
(and presumably calcium /-altronate) from the known cal­
cium salts of other aldohexonic acids except possibly 
gulonic.18

AnaL Calcd. for (C6Hn0 7)2Ca-3.5H20: H20 , 12.78.
Found: 12.79 for calcium altronate from celtrobiose, 12.78 
for calcium altronate from neolactose.

The solubility of hydrated calcium {/-altronate in water 
at 20° is very nearly 2 g. in 100 cc lts  rotation in water 
(c, 1.8; 4-dm. tube) was determined as —2.36° from celtro­
biose and —2.35° from neolactose, as compared with 
+2.08° for calcium /-altronate.17c

T a b l e  II
R otation  of C a lciu m  d-A l t r o n a t e• 3.5H20  i n  1 AT HCl 

(c, 3)
Steiger and Reichstein

Time, From From From From
min. celtrobiose neolactose d-ribose “levo-lactone”

5 +  11.7 +  1 1 .1
10 14.0 13.8 + 14 .1 + 1 4 .6
15 15.7 16.1
20 17.5 17.8
30 2 0 .1 19.4 19.8
45 22.4 21:7 22.3 22.3
60 23.2 23.6
90 24.3 24.4

Constant 24.8 24.9 24.7 24.3

Final Rotation, Calculated as Lactone
+ 3 4 .4  + 34 .5  +34.2° + 33 .7 °

3 5 .1&
a These values have been recalculated from the data 

given by Steiger and Reichstein.
6 Levene and Jacobs, Ber., 43, 3142 (1910).

(16) Hudson and Dale, T h is J o u r n a l , 39, 320 (1917).
(17) (a) Levene and Jacobs, in Ber., 43, 3142 (1910), reported 3.5 

H2O for calcium cü-altronate; (b) Austin and Humoller, T h is  J o u r ­
n a l , 56, 1152 (1934), reported 3.5H2O for calcium /-altronate; (c) 
Isbell, however, in Bur. Standards J. Research, 14, 308 (1935), wrote 
calcium /-altronate 3H2O.

(18) Cf. Fischer and Stahel, Ber,, 24, 528 (1891).
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Very convincing evidence of the identity of calcium al­
tronate from celtrobiose with the calcium altronate from 
neolactose, as well as for their identity with samples of 
calcium altronate from d-ribose and from the 1,4-lactone 
of ^-talomucic acid19 is given in Table II. Here are re­
corded the changes in rotation which occur when calcium 
altronate is dissolved in 1 N  hydrochloric acid and the 
liberated altronic acid undergoes lactone formation.

This work has been materially aided by a grant 
to one of us (N. K. R.) from the Cyrus M. Warren 
Fund of the American Academy of Arts and Sci­
ences.

Summary
1. Acetochloroceltrobiose has been obtained 

in 40-45% yield by the action of a mixture of 
aluminum chloride and phosphorus pentachloride 
on cellobiose octaacetate in chloroform.

2. Both the a- and the ß-octaacetates of 
celtrobiose have been prepared. A double

(19) Steiger and Reichstein, Helv. Chim. Acta, 19, 195 (1936).

compound of the two acetates crystallizes with 
the composition 2a-octaacetateTß-octaacetate*3- 
ether.

3. Both the a- and the ß-heptaacetates of 
celtrobiose have been prepared. A third hepta­
acetate is believed to possess an ortho ester struc­
ture.

4. Celtrobiose monohydrate has been ob­
tained in crystalline form. It has [ « ] 20d  +  13.6°, 
without mutarotation. Acetylation shows it to 
be the ß-form.

5. Acid hydrolysis of celtrobiose indicates that 
the component hexoses are d-altrose and <f-glu- 
cose. Oxidation to celtrobionic acid, followed 
by acid hydrolysis, yielded d-glucose, and d-al- 
tronic acid which was identified as calcium d - 
altronate*3.5H20. These data lead to the con- 
clüsion that celtrobiose is 4-ß-d-glucosido-d- 
altrose.
W a sh in g t o n , D . C. R e c e iv e d  October  19, 1936

[C o n t r ib u t io n  from  the  N a tio n a l  I n st it u t e  of  H e a l t h , U. S. P u b l ic  H e a lt h  Se r v ic e ]

The Asymmetrie Oxidation of Sugars by Optically Active Alkaline Copper Solutions1

B y  N e l s o n  K. R ic h t m y e r  a n d  C. S. H u d s o n

In a recent paper dealing with neolactose and 
d-altrose2 we had occasion to compare the reduc­
ing powers of the d- and /-forms of altrose toward 
the alkaline copper reagent of Shaffer and Hart­
mann. 3 The (/-altrose was found to have only 
about 56% the reducing power of /-altrose; simi­
larly, d -arabinose was found to have only 76% 
the reducing power of /-arabinose. The Sugges­
tion was made that, since the copper carbonate 
reagent contains an optically active substance, 
namely, d -tartaric acid, the d- and /-forms of the 
reducing sugars may behave differently in its 
presence.

A number of investigators4 have compared the 
reducing powers of various sugars as determined 
by the methods of Hagedorn-Jensen, Folin-Wu, 
Shaffer-Hartmann, and others, but the behavior

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

(2) Richtmyer and Hudson, T h is  J o u r n a l , 57, 1716 (1935).
(3) Shaffer and Hartmann, J. Biol. Chem., 45, 377 (1921).
(4) E. g., Bertrand, Bull. soc. chim., 35, 1285 (1906); Thomas and 

Dutcher, T h is  J o u r n a l , 46, 1662 (1924); Willaman and Davison, 
J. Agric. Research, 28, 479 (1924 ); Greenwald, Samet and Gross, J. 
Biol. Chem., 62, 397 (1924); Rowe and Wiener, T h is  J o ur n a l , 47, 
1698 (1 9 2 5 ); Pucher and Finch, Proc. Soc. Exptl. Biol. Med., 23, 468  
(1926 ); Hawkins, / .  Biol. Chem., 84, 79 (1929).

of a pair of antipodal sugars toward these reagents, 
and toward copper reagents containing other 
than the ordinary ^-tartaric acid, has not been 
studied previously. The results of our experi­
ments, in which cZ-glucose, d- and /-altrose, and 
d- and /-arabinose were compared by oxidation 
with the Hagedorn-Jensen-Hanes ferricyanide 
reagent, and with four modifications of the 
Shaffer-Hartmann-Somogyi Reagent 50 with 1 g. 
of potassium iodide, containing the d-, /-, racemic, 
and meso tartaric acids, respectively, are shown 
in Tables I and II.

The first three columns of figures in Table I 
show clearly that with the ferricyanide reagent, 
and with the alkaline copper reagents containing 
meso and racemic tartaric acids, the d- and /- 
forms of altrose have identical reducing powers, 
and the same is true of the d- and /-forms of ara­
binose, within the limits of experimental error. 
In the fourth and fifth columns, however, striking 
differences appear between d- and /-altrose in 
their behavior with the alkaline copper Solutions 
containing d- and /-tartaric acids, respectively. 
Thus, (/-altrose (1.2 mg.) requires 5.82 cc. of
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T a b l e  I
Cc. of 0.005 N  Thiosulfate Equivalent to Amount of 

Reagent Consumed in 15 Minutes

Sugar 
1.20 mg.

Ferri- Meso 
cyanide tartaric

—Reagenb
Racemic
tartaric

d-
tartaric

l-
tartaric

(/-Glucose 7.12 10.50 10.97 10.94 10.82
(/-Altrose 5.67 8.44 7.34 5.82 9.47
/-Altrose 5.63 8.34 7.26 9.41 5.78
(/-Arabinose 6.58 8.07 8.42 8.00 9.18
/-Arabinose 6.56 8.03 8.29 9.09 7.89

T a b l e  II
R e l a t i v e  R e d u c i n g  P o w e r s  T o w a r d  V a r i o u s  R e ­

a g e n t s , w i t h  G l u c o s e  a s  S t a n d a r d  i n  E a c h  C a s e

Sugar
Ferri­

cyanide
Meso

tartaric

-Reagent-
Racemic
tartaric

d-
tartaric

i-
tartaric

(/-Glucose 100 100 100 100 100
(/-Altrose 79.6 80.4 66.9 53.2 87.5
/- Altrose 79.1 79.4 66.2 8 6 .0 53.4
(/-Arabinose 92.4 76.9 76.7 73.1 84.8
/-Arabinose 92. r 76.5 75.6 83.1 72.9

® This is in accord with the value of 92 found by Pucher 
and Finch, ref. 4, and the value of 94 found by the ferri­
cyanide gasometric method of Hawkins, ref. 4.

0.005 N  thiosulfate* which is a measure of the 
amount of oxidation brought about by the re­
agent containing (Z-tartaric acid, whereas the same 
amount of /-altrose requires 9.41 cc. of thiosul­
fate; the ratio 5.82:9.41 indicates that toward 
the d -tartaric reagent the (Z-altrose has only 
61.8% the reducing power of its /-isomer. On the 
other hand, using the copper reagent containing 
/-tartaric acid, the relations are reversed, the /- 
altrose requiring 5.78 cc., and the (Z-altrose 9.47 
cc. of thiosulfate; the ratio of these values shows 
that toward the /-tartaric acid reagent the /-altrose 
has only 61.0% the reducing power of its (/-isomer. 
It is noted that the figure for the (/-sugar with the 
(/-reagent, 5.82 cc., is identical, within the experi­
mental limits, with the value 5.78 cc. for the /- 
sugar plus the /-reagent; likewise, the (/-sugar 
with the /-reagent, and the /-sugar with the d- 
reagent, give practically identical values of 9.47 
and 9.41 cc., respectively.

In the case of the arabinoses, the differences in 
behavior are strictly parallel, although not so 
marked. Using the d-reagent, the ratio 8.00:9.09 
gives the (/-arabinose 8 8 .0 % the reducing power of 
the /-arabinose, 5 with the /-reagent the Situation 
is reversed, and the ratio 7.89:9.18 shows /-ara-

(5) The discrepancy between the value 88% and the value 76% 
previously reported may be due in part to the fact that the samples 
of arabinose used earlier were not purified by us, and in part to the 
difference in composition of the alkaline copper reagents as used in 
the two sets of experiments. The present values are believed to be 
correct at least to within =*=2%.

binose to have 8 6 .0 % the reducing power of its 
(/-isomer. For both the altroses and the ara­
binoses, with the reagent containing racemic tar­
taric acid, the values lie between those found for 
the (/-reagent and those for the /-reagent.

In the case of (/-glucose, the values in Table I 
show no difference, within the experimental limits 
of accuracy, between its behavior with the copper 
reagents containing the (Z-, /- and racemic tar­
taric acids. The value obtained with the meso 
tartaric acid is somewhat smaller; this is not un­
expected, since meso tartaric acid differ from the 
other tartaric acids in Chemical and physical prop- 
erties, and a reagent containing it might be ex­
pected to differ as much as would a reagent con­
taining citric, trihydroxyglutaric, or other hy­
droxy acid which might be used to prevent pre­
cipitation of the copper hydroxide.

Table II shows the relative reducing powers 
found for the pairs of altroses and arabinoses, 
compared with glucose as a Standard with each of 
the five oxidizing agents. The relationships are 
similar to those already discussed, and show, for 
example, that each of the two altroses has about 
80% the reducing power of (/-glucose toward the 
ferricyanide reagent and toward the copper re­
agent containing meso tartaric acid, and about 
66.5% of the reducing power of (/-glucose toward 
the racemic tartaric acid reagent. However, 
toward the (/-tartaric reagent the (/-altrose has 
53% the reducing power and /-altrose 8 6 % the re­
ducing power of (/-glucose, while toward the /- 
tartaric reagent the reverse Situation exists, the 
(/-altrose having 87% and the /-altrose 53% the 
reducing power of (/-glucose.

Having accomplished the primary objects of 
the research, and having a certain amount of 
copper reagents on hand, we decided to examine 
the behavior of other available sugars as far as 
the supply of reagents would permit. These addi­
tional results are presented in Table III. In the 
last three columns are compared the reducing 
powers of a single sugar against each of the three 
alkaline copper reagents employed, which is a 
somewhat different method of interpreting a por­
tion of the data previously discussed.

The most striking examples were found in the 
cases of d- and /-altrose and Z-allose. For ex­
ample, (/-altrose reduces the copper reagent con­
taining /-tartaric acid 163% as much as it does 
the reagent containing (/-tartaric acid; on the 
other hand, /-altrose reduces the /-tartaric reagent
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T a b l e  III
C om pa r iso n  of S ug a r s

Sugar

Time
of

heat­
ing,
min.

Cc. of 0.005 N  thiosulfate 
equivalent to amount of 

reagent consumed by 
1.20 mg. of sugar 

Reagent
d- l- tar- Ra- 

tartaric taric cemic

Relative reducing 
powers of the sugar 

toward the three 
copper reagents, 

with the ^-tartaric 
acid reagent 
as Standard 

Reagent
d-tar- /-tar- Ra- 
taric taric cemic

{/-Glucose 15 10.94 10.82 10.97 100 99 100
{/-Mannose 15 8.21 8.69 9.01 100 106 110
{/-Mannose 35 10.45 10.62 10.88 100 102 104
«/-Galactose 35 9.21 7.64 8.67 100 83 94
{/-Altrose 15 5.82 9.47 7.34 100 163 126
{/-Altrose 25 5.78 9.50 100 164
/-Altrose 15 9.41 5.78 7.26 100 61 77
/-Altrose 25 9.41 100
/- Ailose 35 7.84 4.77 6.37 100 61 81
{/-Fructose 15 10.57 10.91 11.23 100 103 106
{/-Fructose
{/-Manno­

35 10.61 10.86 11.29 100 102 106

heptulose
{/-Manno­

15 7.94 6.99 8.10 100 88 102

heptulose 35 7.94 6.88 8.17 100 87 103
{/-Arabinose 15 8.00 9.18 8.42 100 115 105
{/-Arabinose 35 8.49 9.83 9.37 100 116 110
/-Arabinose 15 9.09 7.89 8.29 100 87 91
/-Arabinose 35 9.69 8.34 9.50 100 87 99
{/-Xylose 35 10.65 10.51 10.76 Too 99 101
/-Rhamnose 35 9.07 9.41 9.88 100 104 109
Z-F ucose 35 6.86 7.73 7.48 100 113 109
Neolactose 15 5.47 4.95 5.51 100 90 101
Celtrobiose 15 5.86 5.65 6.03 100 96 103
Lactose 15 5.27 4.87 5.25 100 92 100

only 61% as much as it does the d -tartaric reagent; 
yet the fourth column shows that the d- and /-al­
trose Solutions reduce to the same extent the re­
agent containing racemic tartaric acid. The 
Z-allose also reduces the Z-tartaric reagent only 
61% as much as it does the (/-reagent.

The arabinose pair of sugars behaves like the 
altrose pair, although to a lesser extent, the values 
being 115 and 87%, respectively, for the (Z- and 
/-sugars. (Z-Galactose and /-fucose also showed 
very marked differences in their behavior toward 
the copper reagents, with values of 83 and 113%, 
respectively. /-Rhamnose, the ketone sugar d- 
mannoheptulose, and the disaccharides lactose, 
neolactose, and celtrobiose all show differences 
well outside the limits of error.

The time of heating was varied in several cases, 
since Shaffer and Somogyi6 have found that with 
their Reagent 50, glucose and fructose are oxi­
dized completely in fifteen minutes, while man­
nose and xylose require thirty-five and thirty 
minutes, respectively. With the altroses, fruc-

(6) Shaffer and Somogyi, J* Biol. Chem*, 100, 695 (1933).

tose and mannoheptulose the reaction appeared to 
be complete within fifteen minutes; with the two 
arabinoses, and (/-mannose, a longer period was 
required, the time of thirty-five minutes being 
chosen arbitrarily. For the three disaccharides 
the fifteen-minute period only was tried, while for 
(/-xylose, /-rhamnose and /-fucose a thirty-five 
minute heating was allowed.

Certain correlations between the configurations 
of the sugars and the relative reduction of the (Z-, 
/- and racemic reagents may be cited. (/-Xylose 
and (/-glucose, each with the (/-xylose configura­
tion on the second, third, and fourth carbon atoms, 
show practically no difference in their behaviors, 
the ratios being 100:99:101 and 100:99:100, re­
spectively. (/-Arabinose, (/-altrose, and /-fucose, 
each with the (/-arabinose configuration on the 
second, third and fourth carbon atoms, form a 
series with the ratios 100:115:105, 100:163:126, 
and 100:113:109, while /-arabinose, /-altrose and 
(/-galactose, each with the /-arabinose configura­
tion, form another series with the ratios 100:87: 
91, 100:61: 77, and 100:83:94, respectively. The 
other aldoses including lactose, and the two ke­
toses, are not closely related to themselves or any 
of the foregoing series, so a further and complete 
correlation will require more data. All the facts 
given, however, are in full accord with the recog­
nized theories of stereochemistry.

The above examples of asymmetrie oxidation 
may be considered as belonging to the larger 
group of phenomena called asymmetrie degrada- 
tions. Pasteur’s classical experiment on the 
preference of P en icilliu m  glaucum  for the (Z- over 
the /-form of tartaric acid, the selective fermen­
tation of the (Z- but not the /-forms of glucose, 
mannose and fructose, and the peculiarities of 
other enzymes and micro-organisms in their be­
havior toward optical antipodes, are well known. 
A purely Chemical asymmetrie degradation was 
first studed by Bredig and his associates.7 They 
were able to show that the rates of decomposition 
of the (/- and /-forms of camphor- and bromo- 
camphor-carboxylic acids were unequally acceler- 
ated by the addition of a small amount of optically 
active base as catalyst; for example, the /-cam­
phor carboxylic acid in acetophenone at 75° de­
composed about 46% faster than did the d-acid

(7) Bredig and Fajans, Ber., 41, 752 (1908); Fajans, Z. physik. 
Chem., 73, 25 (1910) ; Creighton, ibid., 81, 543 (1913); Bredig and 
Joyner, Z. Elektrochem., 24, 285 (1918); Pastanogoff, Z. physik. 
Chem., 112, 448 (1924). See also Rona and Reuter, Biochem. Z., 
249, 455 (1932;,
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when quinine was added, while the reverse effect 
was produced when quinidine was added.

Recently Y. Shibata and his co-workers8 have 
described the asymmetrie oxidations brought 
about by the oxidase-like action of ammono- 
chlorodiethylenediamine cobaltic bromide [Co- 
en2NH3Cl]Br2. Their experiments have led to 
the conclusion that the /-form of 3,4-dihydroxy- 
phenylalanine is oxidized more rapidly than the 
(/-form by the /-cobalt complex; and that d- 
catechin is oxidized more rapidly by the (/-cobalt 
than by the /-cobalt complex.

To return to the data in Table III, we find that 
in the members of the d- and /-arabinose series, 
and also in the case of Z-allose, the reducing power 
of each sugar toward the racemic tartaric acid 
reagent was intermediate between the value 
found for the (/-reagent and that found for the /- 
reagent. In other cases, notably those of d- 
fructose, /-rhamnose, (Z-mannoheptulose and the 
three disaccharides, the reducing power was not 
intermediate in value, but was equal to or even 
greater than the reducing power toward either 
the d - or the /-reagent. The reason for this 
might be learned if we knew more about the 
mechanism underlying these sugar oxidations. 
Nef9 states that the oxidation of /-arabinose by 
alkaline copper hydroxide solution leads to the 
formation of carbon dioxide, formic and glycolic 
acids and the optically active arabonic, ribonic, 
erythronic, t.hreonic and glyceric acids. Thus are 
produced a number of other optically active acids 
which would intensify or mitigate the effects al­
ready initiated by the tartaric acids, and the re­
action becomes so complex that almost any final 
result would be conceivable.

Similarly, Shibata reports that the oxidation 
of (Z-catechin by the d ,/-cobalt complex takes a 
course closely resembling that of the system d- 
catechin plus /-complex as if there were no d- 
complex salt in the solution. Willstätter, Kuhn 
and Bamann10 found that if racemic mandelic 
ester is subjected to the action of an esterase ex­
tracted from liver, the (+)-ester is hydrolyzed 
more rapidly than the ( — )-ester, but the relation 
is reversed if the two forms are examined sepa­
rately: here the ( — )-ester is hydrolyzed faster. 
This is explained by assuming that the ratio of re-

(8) Shibata and Tsuchida, Buil. Chem. Soc. Japan, 4, 142 (1929); 
Shibata, Tanaka and Goda, ibid., 6, 210 (1931); Shibata and Sakai, 
J . Chem. Soc. Japan, 55, 841 (1934), in C. A. 30, 6354 (1936).

(9) Nef, Ann., 357, 251 (1907).
(10) Willstätter, Kuhn and Bamann, Ber., 61, 886 (1928). Cf. 

Rona and Ammon, Biochem. Z., 181, 49 (1927).

action velocites with which the d- and /-forms in 
the racemate are cleaved is conditioned by (1 ) 
the ratio of affinities of the esterase for the d- and 
/-forms, and (2 ) the ratio of the velocities at which 
the esterase—(/-ester complex and the esterase— 
/-ester complex are hydrolyzed.

It is possible that the asymmetric oxidation of 
sugars by alkaline copper Solutions containing 
optically active tartrates, or even by alkaline 
ferricyanide reagents to which tartrates have 
been added, may become a practical method for 
identifying sugars, especially in working with 
very small amounts and before isolation of the 
crystalline material. The behavior of a (/-galac­
tose solution toward the d - and /-reagents would 
clearly distinguish it from Solutions containing 
(/-glucose, (/-mannose, (/-fructose, (/-xylose, /- 
rhamnose and (/-arabinose, although /-arabinose 
would remain a possibility. Because of the diffi­
culties involved in preparing /-tartaric acid from 
the common d-acid, it might be advantageous to 
use other antipodal acids, such as the d- and Z- 
araboglutaric acids which may be prepared by 
oxidation of the now readily procurable d- and 
/-arabinoses. The use of (/- and /-alanine might 
also be suggested, since Benedict11 has substituted 
alanine for tartaric acid, in part at least, in his 
sugar reagent.

Experimental
Tartaric Acids.—The racemic and meso tartaric acids

were Eastman Kodak Co. products; the former had no de­
tectable optical activity, while the latter appeared to have 
the very slight specific rotation of +0.07°. The {/-tar­
taric acid was a commercial brand, thrice recrystallized 
from water, having [q:]20d -f-13.5° in water (c, 10.1). The 
Z-tartaric acid was obtained by resolving racemic tartaric 
acid with cinchonine according to Marckwald.12 The re­
crystallized cinchonine /-acid tartrate monohydrate was 
decomposed with excess ammonia and the cinchonine re­
moved by filtration. The filtrate was made barely acid 
with acetic acid, and lead acetate solution added until no 
further precipitation occurred. Upon standing overnight 
the amorphous lead tartrate changed to fine needles which 
were filtered, washed, suspended in water and the lead 
removed by hydrogen sulfide precipitation. The clear 
solution was evaporated in vacuo to a small volume and the 
/-tartaric acid allowed to crystallize slowly in a desiccator. 
After several recrystallizations from water it showed 
M 20d -1 3 .5 °  in water (c, 10.3).

Sugars.—The /-altrose and /-allose were samples kindly 
supplied by the late Dr. W. C. Aüstin.13 The {/-altrose 
and the disaccharides neolactose and celtrobiose have been

(11) Benedict, J. Biol. Chem.. 92, 141 (1931).
(12) Marckwald, Ber., 29, 42 (1896); cf. Bremer, ibid., 13, 351 

(1880); Pasteur, Ann. chim., [3] 38, 437 (1853).
(13) Austin and Humoller, T h is  J o u r n a l , 56, 1153 (1934).
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described by the present authors.14 The d-arabinose, pre­
pared in this Laboratory by the method of Hockett and 
Hudson,15 showed [ a ] 20D —103.4°; the /-arabinose, from 
the Difco Laboratories in Detroit, after one recrystalliza­
tion, rotated -f-104.2° in water (c, 6). The other sugars 
were either high grade commercial products or prepared 
by other workers in this Laboratory. All sugar Solutions 
were made up to contain 1.20 mg. of anhydrous substance 
in each 5 cc. of solution.

The Alkaline Ferricyanide Reagent.—The procedure of 
Hagedorn and Jensen16 as modified by Hanes17 was used, 
except that the oxidizing solution contained 6.60 g. instead 
of 8.25 g. of potassium ferricyanide per liter; thus 5 cc. of 
this solution was equivalent to 5 cc. of the alkaline copper 
Solutions, each requiring about 20 cc. of the same 0.005 
N  thiosulfate solution in the blank determinations.

The Alkaline Copper Reagents.-—According to the latest 
procedure of Shaffer and Somogyi,6 four Solutions were pre­
pared, the only Variation being in the use of an equivalent 
amount of the sodium tartrates instead of the sodium 
potassium tartrate (Rochelle salt) recommended. Thus, 
3.32 g. of d-tartaric acid (or 3.32 g. of the /-acid, or 3.72 g. 
of the meso or racemic acid monohydrates) was dissolved 
in 50 cc. of water, and neutralized with N  sodium hydrox­
ide, with phenol red as indicator. Then were added in 
succession 6.25 g. of anhydrous sodium carbonate, 1.875 
g. of copper sulfate pentahydrate in 20 cc. of water, 5.00 g. 
of sodium bicarbonate, 0.25 g. of potassium iodide and 50 
cc. of Standard potassium iodate solution, 0.1 N  as to io­
dine. The mixture was diluted exactly to 250 cc., and 
allowed to stand for several days before filtering through 
washed and dried filter paper into a Pyrex flask. This 
reagent should be the exact equivalent of the “Shaffer-

(14) Richtmyer and Hudson, ref. 2, and T h is  J o u r n a l , 58, 2534 
(1936).

(15) Hockett and Hudson, ibid., 56, 1632 (1934).
(16) Hagedorn and Jensen, Biochem. Z., 135, 46 (1923).
(17) Hanes, Biochem. J., 23, 99 (1929).

Somogyi Copper Iodometric Reagent 50 with 1 g. KI;” 
5 cc. of it required about 20 cc. of 0.005 N  thiosulfate in a 
blank determination. The preparation and Standardiza­
tion of the Solutions, and the oxidations of the sugars, were 
carried out as directed, observing all the precautions noted 
by the original writers. The Solutions were kept, and the 
titrations performed, in a room equipped with a white 
light and kept constant at 20 °.

Summary
1. A study of the oxidation of the d- and /- 

forms of altrose and of arabinose by an alkaline 
ferricyanide reagent and by four modifications of 
an alkaline copper reagent containing the d -, /-, 
racemic and meso forms of tartaric acid, respec­
tively, has been made.

2. The reagents which are optically inactive 
show no difference in their relative oxidizing 
power on the d- and /-forms of the sugars.

3. The reagents which are optically active 
oxidize the d~ and /-forms of the sugars asym- 
metrically. Striking relationships have been 
noted in the four systems composed of the d- and 
/-sugars with the d- and /-reagents. The results 
are in füll accord with the classical theories of 
stereochemistry.

4. The behavior of twelve other sugars to­
ward the d-, /- and racemic copper reagents has 
been studied.

5. The practical adaptation of this asym­
metric oxidation for the identification of sugars 
has been suggested.
W a sh in g t o n , D . C . R e c e iv e d  O ctober  19, 1936

[C o n t r ib u t io n  from  t h e  D epa r tm ent  of Ch e m ist r y , U n iv e r sit y  of K a n sa s]

On the Formation and Reactions of the Substituted Thiazolidones. IV

B y F loyd A. E berly  and  F . B . D a in s

Previous papers from this Laboratory1 have 
shown that the alkylation of the 2 -arylthiazo- 
lidones gave both the 2 -aryl-2 -alkyl and the 2 - 
aryl-3-alkyl derivatives. This paper is a study 
of the influence of allyl groups, of acyl groups and 
of phenyl and diphenylchloroacetyl chlorides in 
the formation and properties of such thiazolidones. 
Thus from mono-allylthiourea was obtained the
3 -allyliminothiazolidone (the unstable form of 
Wheeler and Johnson) which did not rearrange; 
while allylphenylthiourea formed a thiazolidone

(1) E b erly  and Dains, T h is  Jo u r n a l , 55, 3859 (1933); Davis and 
Dains, ibid., 67, 2627 (1935); Long and Dains, C. ,1., 28, 2356 
(1934); Kan. Acad. Sei., 16, 119 (1933)'.

in which the allyl group assumed position 2  with 
the phenyl at 3. Allyl iodide and the sodium salt 
of monophenyl thiazolidone gave the two remain­
ing isomers of phenylallylthiazolidone.

The symmetrical benzoyl and carbethoxy- 
phenylthiourea yielded thiazolidones with the 
acyl radical at 2. Dixon had erroneously as­
signed the reverse formula to his carbethoxy- 
phenyl thiazolidone.

Our work also indicated that the stable form of 
phenyl-5-phenylthiazolidone is the 2-phenyl iso­
mer and not the 3-phenyl as was suggested by 
Wheeler and Johnson since it gave alkylation
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products with the phenyl group at 2  and the alkyl 
radical entering at either 2 or 3.

The 2 -arylthiazolidone from diphenylchloro- 
acetyl chloride was obtained by the action of 
aniline upon thiocyanodiphenylchloroacetic ester, 
and not from the acid chloride and phenyl thio­
urea. The isomeric 2-thio-3-phenyl-5-diphenyl-
4-imidazolone unexpectedly resulted from the 
action of ammonium thiocyanate upon diphenyl- 
chloroacetanilide.

Symmetrical phenylmethyithiourea and di- 
phenylchloroacetyl chloride gave the two possible 
isomeric thiazolidones, the only case noted thus 
far.

Experimental
1. 2-Imino-3-Allyl-4-Thiazolidone HCl I,

SC (NH)NC3H6COCH2-HCl.
Allyl thiourea and chloroacetic acid on warming, either 

in water or in alcohol solution, gave an oil, the above labile 
form of Wheeler and Johnson, which is very easily hydro­
lyzed to the 2,4-diketo compound II with loss of ammonia. 
Benzaldehyde Condensed with II under the influence of 
alkali or piperidine yielding 5-benzal-3-allyl-2,4-thiazole- 
dione III, colorless needles melting at 88°. The Constitu­
tion of III was shown as follows: 2,3-diallyl-thiazolidone, 
an oil at —10°, prepared from chloroacetyi chloride and 
diallyl thiourea in acetone and pyridine solution, gave a
5-benzal derivative V, m. p. 53°, which on hydrolysis 
with hot 50% sulfuric acid yielded allylamine and the di­
keto compound III.

N-Phenyl-N'-Allyl Thiourea and Chloroacetyi Chloride.
—These compounds were refluxed in acetone solution with 
two moles of pyridine for thirty minutes. The 2-allyl-3- 
phenyl-4-thiazolidone VI melted at 151° and was soluble 
in dilute hydrochloric acid. In the majority of cases pre­
viously the alkyl group has been found at position 3 and 
the aryl group at 2. The ring was easily ruptured with 
alkali but heating with benzaldehyde, sodium acetate and 
acetic anhydride gave a 5-benzal eompound VII (m. p. 
141°).

Heating VII with 50% sulfuric acid at 140° gave 5- 
benzal-3-phenyl-2,4-thiazoledione VIII (m. p. 208°),2 thus 
proving the structure.

Further evidence was obtained by the synthesis of the 
two possible isomers. When the sodium salt of 2-phenyl- 
thiazolidone was treated with allyl iodide in absolute alco­
hol solution, two compounds were isolated: (A) 2-phenyl- 
2-allylaminothiazolidone IX (95% yield), soluble in dilute 
acid and melting at 92°; and (B) 2-phenylimino-3-allyl-4- 
thiazolidone X  (5% yield), an oil insoluble in acid which 
gave a 5-benzal derivative XI (m. p. 106.5°). Hydrolysis 
of XI with acid yielded the diketo compound III and ani­
line. The isomeric benzal derivative XII melted at 165°.

2. The Benzoyl and Carbethoxy Thiazolidones.—In 
these cases it is noteworthy that ring closure occurred with 
the acyl group at position 2.

(2) Andreasch, Monatsh., 39, 419 (1918).

2-Benzoylimino-3-^-bromophenyl - 4 - thiazolidone XIII,

SC(NCOC6H£)NC6H4BrCOCH2, m. p. 213°, was made by 
heating N-benzoyl-N'-^-bromophenylthiourea3 in acetone 
solution with chloroacetyi chloride and two moles of pyri­
dine.

Alkaline Hydrolysis.—The compound dissolved in dilute 
alkali on boiling due to the formation of a thiohydantoic 
acid, but on continued heating there was deposited N- 
benzoyl-N'-£-bromophenyl urea XIV which melted at 
233-234° with decomposition.

Acid Hydrolysis.—The benzoyl compound XIII was 
treated with boiling concentrated hydrochloric acid for 
three hours. Benzoic acid and ammonia were split off 
with tracés of p-bromoaniline. The residue (m. p. 163°) 
gave figures on analysis corresponding to 3-/>-bromophenyl-
2,4-thiazoledione, XV. The 5-benzal derivative XVI 
crystallized from dioxane in needles melting at 253°. 
Hydrolysis with 60% sulfuric acid at 160° gave 5-benzal-
3-£-bromophenyl-2,4-thiazoledione XVII (m. p. 247°).

2-Carbethoxy-3-phenyl-4-thiazolidone, XVIII, is best 
prepared by heating phenylthioallophanic ester with chloro­
acetyi chloride and pyridine in benzene solution.4 5 The plates 
from dioxane decomposed slowly above 230° and melted 
completely at 256 °. Dixon had formulated it as a 2-phenyl- 
imino-3-carbethoxy compound and stated that on hydroly­
sis it gave phenyl “dioxy thiazole,” SC(NC6H5)OCOCH2.

i_____________ ._]
Alkaline hydrolysis disrupted the ring completely but 

acid treatment gave the known 3-phenyl-2,4-thiazoledione 
(m. p. 146°), identical with a synthetic preparation. 
Additional evidence for our structure was afforded by the 
hydrolysis of its benzal derivative X IX  (m. p. 225°), which 
gave the known 5-benzal-3-phenylthiazoledione, VIII.

Heating the carbethoxy compound XVIII with aniline 
at 150° or at 180-200° gave only diphenyl urea.

3. Derivatives of 5-Phenyl Thiazolidones
2-Phenylimino-5-phenyl-4-thiazolidone, XX.6—Wheeler 

and Johnson had prepared a diphenylthiazolidone (m. p. 
185-186°), by the action of phenylchloroacetic ester on 
phenylthiourea, to which they assigned a 2-imino-3- 
phenyl structure since it gave a 3-phenyl-2,4-diketo com­
pound (m. p. 173°) on hydrolysis. This work was re­
peated and the thiazolidone (m. p. 185°), X X , hydrolyzed 
by heating with 40% sulfuric acid at 140° for four hours. 
The acid solution contained both aniline and ammonia 
while from the solid residue were isolated two compounds; 
one, soluble in dilute alkali and in cold alcohol, proved to 
be 5-phenyl-2,4-thiazoledione XXI (m. p. 130°), obtained 
also by the hydrolysis of 5-phenylthiazolidone (m. p. 233- 
234°); the other compound was Wheeler’s product (m. p. 
173°), 3,5-diphenyl-2,4-thiazoledione, XXII. These re­
sults are due to the formation of the thiohydantoic acid, 
loss of either ammonia or aniline and subsequent ring clo­
sure. Approximately one part of XXI and two parts of 
XXII were found.

The original compound X X  has the phenyl group at Po­
sition 2. This was shown by the fact that its sodium salt

(3) D ouglass, T h is  J o u r n a l , 56, 719 (1934).
(4) Dixon and Kennedy, J. Chem. Soc., 117, 74 (1920).
(5) Wheeler, Am. Chem. J., 26, 353 (1901); Wheeler and Johnson

This Journal, 24, 690 (1902).
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No. Thiazolidone Formula M. p., °C.
<

Calcd.
Vc N

Found
I 2-Imino-3-allyl*HCl CsHjNsOSHCl 176 14.58 14.58
II 3-Allyl-2,4-diketo c »h 7n o 2s Oil
III 5-Benzal-3-allyl-2,4-diketo c ,3h „n 2o s 88 5.71 5.76
IV 2,3-Diallyl C,Hi2ON2S Oil
V 2,3-Diallyl-5-benzal CttHuNiOS 53 9.86 9.80
VI 2-Allyl-3-phenyl C12HI2N2OS 151 12.07 11.85
VII 2-Allyl-3-phenyl-5-benzal c 1#h 16n 2o s 141 8.75 8.71
VIII 3-Phenyl-5-benzal-2,4-diketo Ci6H „N 02S 208 4.98 4.92
IX 2-Phenyl-2-allyl c 12h 12n 2o s 92 12.07 11.89
X 2-Pheny 1-3 -allyl Ci2Hi2N2OS Oil
XI 2-Phenyl-3-allyl-5-benzal Ci,Hi6N2OS 106.5 > 8.75 8.56
XII 2-Phenyl-2-allyl-5-benzal CI9HleN2OS 165 8.75 8.53
XIII 2-Benzoyl-3-£-bromophenyl Ci«HnBrN20 2S 213 7.47 7.40
XIV N-Benzoyl-N'-/>-bromophenyl urea CuHuBrN20 2 233-234 8.78 8.78
XV 3-/>-Bromophenyl-2,4-diketo C9HeBrN20 2S 163 5.15 5.28
XVI 2-Benzoyl-3-/>-bromophenyl-5-benzal C23H)6BrN20 2S 253 6.05 6.01
XVII 3-£-Bromophenyl-5-benzal-2,4-diketo CieHioBrNOüS 247 3.89 3.84
XVIII 2-Carbethoxy-3-phenyl- Ci2H12N2OS 256 10.61 10.83
XIX 2-Carbethoxy-3-phenyl-5-benzal Ci9H16N20 3S 225 7.95 7.95
XX 2-5-Diphenyl Ci6H12N2OS 185 See Wheeler and Johnson
XXI 5-Phenyl~2,4-diketo c 9h 7n o 2s 130 7.25 7.34
XXII 3,5- Diphenyl-2,4-diketo CiBHuN2OS 173 5.17 5.19
XXIII 2-Phenyl methyl-5-phenyl c 16h 14n 2o s 144 9.93 9.71
XXIV 2-Thio-3-phenyl-5-diphenyl-4-imidazolone QxHieNiOS 254 8.14 8.02
XXV 3-Phenyl-5-diphenyl-2,4-imidazoledione C2iHieN20 2 203.5 8.54 8.26
XXVI 2-Methyl mercapto-3-phenyl-5-diphenyl-4-imidazolone C22H18N2OS 143 7.82 7.57
XXVII 2-Phenyl-5-diphenyl-4-thiazolidone QüHkNsOS 253 8.14 8.09
XXVIII 2-Methyl-phenyl-5-diphenyl C22H18N2OS 191 7.82 7.87
X XIX 2-Phenyl-3-methyl-5-diphenyl C22H i,N2OS 134 7.82 7.88
X X X 3-Methyl-5-diphenyl-2,4-diketo CkHuNOjS 102 4.95 4.80
XXXI 2-Methyl-3-phenyl-5-diphenyl C^HisNaOS 119 7.82 7.77
XXXII 3-Phenyl-5-diphenyl-2,4-diketo C21Hi5N2OS 150 9.27 9.25

on methylation gave a 2-phenyl-2-methylaminothiazoli- 
done XXXII (m. p. 144°), soluble in dilute acid and identi­
cal with the product from phenylbromoacetic ester and 
unsymmetrical phenylmethylthiourea.

4. Derivatives of Diphenyl Chloroacetyi Chloride6
The acid chloride failed to give a thiazolidone with 

phenylthiourea by the usual methods. However, 2-thio-
3-phenyl-5-diphenyl-4-imidazolone, HN CSN (CöHb) COC- 
(CßHö ,̂ XXIV, was the unexpected product resulting 
when diphenylchloroacetanilide7 was refluxed one hour in 
dry acetone solution with ammonium thiocyanate, and its 
formation would seem to be due to the rearrangement of 
th e —SCN grouping in the initial product to — NCS and 
subsequent ring closure. It was soluble in dilute alkali 
and crystallized from alcohol in thick needles melting at 
254°. It was desulfurized by heating with concentrated 
nitric acid for thirty minutes, yielding 3-phenyl-5-diphenyl-
2,4-imidazoledione, XXV, prisms from alcohol (m. p. 
203.5°).

The structure of the 2,4-imidazoledione was proved by 
its synthesis from monophenyl urea and benzilic acid8 
which were fused together one hour at 180-190°.

2 - Methylmercapto - 3 - phenyl -  5 - diphenyl - 4 - imi- 
dazolone, XXVL—Methylation of the 2-thioimidazolone,

(6) Bickel, Ber., 38, 1735 (1905); Staudinger, ^4«n., 356, 73 
(1907).

(7) Klinger, Ann., 389, 253 (1912).
(8) Method of Biltz, Ber., 41, 1379 (1908),

either alone or with the aid of potassium hydroxide, gave 
the thio ether, soluble in acid and melting at 143°. Hy­
drolysis with 50% sulfuric acid at 150° yielded XXV.

2-Phenylimino-5-diphenyl-4-thiazolidone, XXVII (m. 
p. 253°).—This eompound, prepared according to the 
method of Wheeler and Johnson,9 is an isomer of XXIV 
but mixed melting point and properties showed that they 
are not identical. This eompound behaved as a normal 
thiazolidone, the sodium salt yielding: (a) 2-methyl-
phenylamino-5-diphenyl-4-thiazolidone XXVIII (m. p. 
191°) and (b) 2-phenylimino-3-methyl-5-diphenyl-4-thia­
zolidone XXIX (m. p. 134°).

The Constitution of XXVIII was shown by its synthesis 
from unsymmetrical methylphenylthiourea and that of 
XXIX proved by its synthesis from symmetrical methyl­
phenylthiourea and to the fact that it hydrolyzes to give
3-methyl-5-diphenyl-2-4-thiazoledione, XXX (m. p. 102°). 
The synthesis of XXIX from methylphenylthiourea and 
diphenylchloroacetyl chloride in benzene solution with 
two moles of pyridine resulted in the formation in 25% 
yield of the 2-phenyl-3-methyl eompound, insoluble in 
dilute acid, while the isomeric 2-methyl-3-phenyl deriva­
tive, XXXI (m. p. 119°), soluble in dilute acid, was 
formed in 75% yield. XXXI on hydrolysis gave methyl­
amine and 3-phenyl-5-diphenyl-2,4-thiazoledione, XXXII 
(m. p. 150°).10 The isolation of the two isomers is of

(9) Wheeler and Johnson, T his Journal, 24, 690 (1902).
(10) Becker and Bistrzyki, Helv. Chim. Acta, 2, 114 (1919).
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special interest since in the previous cases, doubtless due 
to the selective action, only one eompound has been iso­
lated from such reactions.

Summary
A study has been made of allyl and acyl 

substituted thiazolidones and of the use of 
mono- and diphenyl halogen acetyl chlorides 
and esters in the synthesis of thiazolidones and

in one case of an imidazolone.
The diphenylchloroacetyl chloride gave with 

methylphenyl thiourea the two possible thiazoli­
dones. It was noted also that the two phenyl 
groups at position 5 stabilize the thiazolidone 
ring toward hydrolysis as does the benzal group 
at the same position.
La w r e n c e , K a n . R e c e iv e d  S e pt e m b e r  30, 1936

[Co n t r ib u t io n  fr o m  t h e  W a l k e r  Chem ical  L aboratory  of t h e  R e n s s e l a e r  P olytechnic  I n s t it u t e ]

Ethyl Imidocyclopropanecarboxylate Hydrochlorides1

By J o h n  B. C l o k e , E d w in  C. K n o w l e s  a n d  R a y m o n d  J. A n d e r s o n

Preparation.—The imido ester salts were pre­
pared by the general method of Pinner. 2 Thus, 
the ethyl imidocyclopropanecarboxylate hydro­
chloride (I) was obtained by the action of dry 
hydrogen chloride on an ether solution of ethanol 
and cyclopropyl cyanide as follows 
CH2CH2CHCN +  HOC2H5 -f HCl — ►
i_______i

CH2CH2CH— C (= N H 2C1)0C2H5 (I)I_______I

Similarly, the ethyl imido-1 -phenylcyclopropane- 
carboxylate hydrochloride

CH2CH2C(C6H5)—C (=N H 2Cl)OC2H6 (II)
1_______1

was obtained from 1 -phenyl-1 -cyanocyclopropane. 3

Decomposition by Heat.—Pinner4 many years 
ago found that the ordinary alkyl imido ester 
hydrochlorides are decomposed by the action of 
heat to give an amide and an alkyl chloride. His 
equation for the pyrolysis was
R—C (=N H 2Cl)OR/ +  h ea t---->  R—CO—NH2 +  R'Cl
Several years later, however, Stieglitz5 in a much 
more critical study of this reaction pointed out 
that certain facts are more in harmony with the 
carbonium, (R)(NH2)(OR')CCl, than with the 
enammonium structure for the pyrolyzing imido- 
ester salt. His present view, which differs from 
this one, will be considered in a subsequent com­
munication on this problem.

Following the observation6 that a cyclopropyl
(1) The data reported herein have been taken from theses pre­

sented to the Rensselaer Polytechnic Institute by Edwin Chandler 
Knowles and Raymond J. Anderson. The work on the unsubstituted 
cyclopropane derivatives was done by R. J. A. and that on the 
phenylated compounds by E. C. K.

(2) Pinner, “Die Imidoäther und ihre Derivate,“ Berlin, 1892.
(3) Knowles and Cloke, T h is  J ournal, 54, 2028 (1932).
(4) Pinner, Ber., 16, 355, 1654 (1883).
(5) Stieglitz, Am. Chem. J ., 21, 101 (1899); Lengfeld and Stieglitz, 

ibid., 16, 76 (1894).
(6) Cloke, T h is  Journal, 61, 1174 (1929).

ketimmonium chloride CH2CH2CH—C(=NH2C1)—R,

rearranges when heated to give the isomeric pyr- 
rolinium chloride, CH2CH2CH=C(R)NH2C1, it ap­

peared to be quite possible that the analogous 
imido ester derivatives such as (I) and (II) might 
likewise undergo a ring rupture in addition to the 
Pinner-Stieglitz reaction. However, the work re­
ported in this paper, which was undertaken largely 
to provide an answer to this question, has demon­
strated that (I) and (II) decompose normally ac­
cording to the Pinner-Stieglitz reaction to give 
cyclopropanecarbonamide, CH2CH2CH—CONH2,

and 1 -phenylcyclopropanecarbonamide 
CH2CH2C(C6H5)—CONH2,i_______i

respectively. No ethoxypyrrolinium salts were 
detected in the cases thus far investigated. In 
future work an effort will be made to obtain a 
definite explanation of this notable ring sta­
bility.

Decomposition by Water.—In aqueous solu­
tion the imido esters undergo two concurrent 
reactions. In the first place, they decompose 
into a nitrile and an alcohol or phenol; and, in the 
second, they react with water to give the ordinary 
ester and ammonia, R—C(=NH)-OR'+ H20  =  
RCOOR' +  NH3. The first of these reactions is 
accelerated by bases, whereas the second is 
favored by acids. The imido ester hydrochlo­
rides, therefore, are normally decomposed by 
water to give the ordinary ester and ammonium 
chloride in accordance with the monomolecular 
law, although some of them undergo a significant 
decomposition into nitrile, hydrochloric acid and 
an alcohol or phenol. Many years ago Stieglitz
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and his collaborators7 made an extensive study 
of the decomposition of a variety of imido ester 
salts. The measurements reported in this paper 
were made in order to compare the characteristics 
of the cyclopropyl radicals with the alkyl and aryl 
radicals previously investigated. Upon the basis 
of these results, the cyclopropyl radicals would be 
classified with the so-called electronegative aryl 
radicals.

Experimental Part
Ethyl Imidocyclopropanecarboxylate Hydrochloride.—A

solution of 0.2 mole of cyclopropyl cyanide8 and 0,205 mole 
of absolute alcohol in four volumes of absolute ethyl ether 
in a moisture-proof vessel was then cooled in an ice-bath, 
when a current of carefully dried hydrogen chloride was 
passed in until no more gas was absorbed, which required 
about three hours. The solution was then allowed to 
stand overnight, which led to the Separation of a crop of 
white crystals. These were collected on a filter, which 
was supported in a moisture-proof housing, when they were 
washed with anhydrous ether, dissolved in anhydrous 
acetic acid and reprecipitated therefrom by the addition of 
anhydrous ether. These crystals, which again were col­
lected on a filter and dried under diminished pressure, 
melted at 120°, which, however, is actually the melting 
point of the pyrolysis product, viz., the cyclopropanecar- 
bonamide.9

AnaL Calcd. for C6Hi2ONC1: N, 9.36. Found: N, 
9.43, 9.47.

Pyrolysis of Ethyl Imidocyclopropanecarboxylate Hy­
drochloride.—The imido ester hydrochloride was heated in
a test-tube, whereby a white solid Condensed on the walls 
of the tube. The solid melted at 120°, which corresponds 
to the melting point of the cyclopropanecarbonamide.

AnaL Calcd. for C4H7ON: N, 16.45. Found: N,
16.31.

Ethyl Imido-1-phenylcyclopropanecarboxylate Hydro­
chloride.—A solution of 13.72 g. of 1-phenyl-1-cyanocyclo­
propane3 and 4.45 g. of absolute alcohol in 80 cc. of anhy­
drous ether was treated on several successive days with 
carefully dried hydrogen chloride. Since only a small 
amount of white solid had separated at the end of ten days, 
about 300 cc. of anhydrous ether was added to the mixture, 
whereby a voluminous white precipitate separated. The 
crystalline mass was collected on a filter under anhydrous 
conditions, washed with anhydrous ether and dried in a 
vacuum desiccator over phosphorus pentoxide for several 
hours. In view of the fact that the substance, which 
weighed 11 g., contained 17.6% chlorine as compared with 
a theoretical value of 15.8%, it was dissolved in warm gla­
cial acetic acid and reprecipitated by the addition of an-

(7) Stieglitz, Report International Congress of Arts and Science, 
St. Louis, 4, 276 (1904); Am. Chem. J., 39, 29 (1908); Stieglitz with 
Derby, McCracken and Schlesinger, ibid., 39, 29, 166, 402, 437, 586, 
719 (1908); Stieglitz, T h is  J o u r n a l , 32, 221 (1910); ibid., 34, 1687 
(1912); ibid., 35, 1774 (1913); Carr, doctoral dissertation, Uni­
versity of Chicago, 1910.

(8) Cloke, Anderson, Lachmann and Smith, T his Jo u r n a l , 53, 
2791 (1931).

(9) Dalle, C h em . Zentr., 73, Ï, 913 (1902); Kishtier, ib id ., 72, II, 
579 (1901), gives 124-124.6°.

hydrous ether and petroleum ether. The purified com­
pound was collected and dried as before.

AnaL Calcd. for C12H15ONCI: N, 6.21; CI, 15.72.
Found: N, 6.51, 6.37; CI, 16.1, 15.88.

Action of Heat on above Hydrochloride.—The ethyl 
imido-1-phenylcyclopropanecarboxylate melted in the vi­
cinity of 110° with some effervescence. When the residue 
was recrystallized from boiling water and then thoroughly 
dried, it melted from 98.5-99.5°, which is the melting point 
of the 1-phenylcyclopropanecarbonamide.

Ethyl Imido-2-methyl-1 -phenylcyclopropanecarboxylate 
Hydrochloride.—A mixture of 7.83 g. of 2-methyl-l- 
phenyl-1-cyanocyclopropane and 2.3 g. of absolute alcohol 
was saturated at 0° with dry hydrogen chloride and allowed 
to stand in a stoppered flask for eight days. The addition 
of 200 cc. of anhydrous ether to the solution gave 1.5 g. of 
white crystals, which were washed with dry ether and 
dried under diminished pressure.

Anal. Calcd. for C13Hi8ONC1: CI, 14.8. Found: CI, 
15.93.

Reaction Rates of Imido Ester Hydrochlorides with
Water.—The velocity with which the imido ester hydro­
chlorides reacted with water, R—C (=N H 2C1)0R/ +  
H20  =  RCOOR' +  NH4CI, was ascertained by the 
method of Stieglitz and Derby10 for analogous compounds. 
This method is based upon the fact that an imido ester can 
be liberated from its hydrochloride by the action of sodium 
hydroxide and that the free ester is much more soluble in 
carbon tetrachloride than it is in water, whereas the reverse 
solubility behavior holds for ammonia. The reaction 
velocity constant, k, was calculated from the equation for a 
monomolecular reaction

where vi and v2 represent the relative concentrations of the 
imido ester hydrochloride at times h and t2.

In the work which is recorded in the following tables, a 
0.05 molar aqueous solution of the imido ester salt wäs 
prepared and maintained at a definite temperature in a 
thermostat. Without delay a 10-20 cc. volume of the re­
acting solution was pipetted into a Squibb funnel which 
contained a carefully measured volume of 0.1 N  sodium 
hydroxide and a suitable quantity of carefully purified 
carbon tetrachloride. At once the mixture was well

T a b l e  I

Reaction: CH2CH2CHC(=NH2Cl)OC2H5 +  HaO =

CH2CH2CHCOOC2H5 +  NH4CI; temp., 25°; concentra- 
tion of initial solution, 0.05 M; volume of individual sam­
ples, 10 cc.; t =  time in minutes from moment of dissolv­
ing; Vb =  volume of 0.1 N  NaOH in cc.; va — volume of 
0.1 HCl.

t »b »b ~ v& k
2 7.17 2.19 4.98

60 7.17 2.69 4.48 0.00182
180 7.17 3.55 3.62 .00179
420 7.17 4.83 2.34 .00181
780 7.17 5.86 1.31 .00172

Average k = 0.00178 

(10) Derby, A m. Chem. J., 39, 439-441 (1903).
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Run Compound
2 CH2CH2CHC(=NH2C1)0C2H5
3 L---------- 1

t  CH2CH2C(C6H5)C (=N H 2Cl)OC2H5
5 i______ i
6
7 CH2CH(CH3)C(C6H5)C(=NH2Cl)OC2H5
8 i------------------1

shaken, the carbon tetrachloride layer was drawn off, and 
the extraction was repeated twice with fresh portions of this 
solvent. Finally the residual aqueous alkaline solution 
was titrated with 0.1 N  hydrochloric acid. Table I gives 
the data for a typical run.

Table II presents a summary of runs similar to that re­
corded in Table I.

In view of the fact that eompound (II) appeared to be 
relatively pure, the drift in the values of the constants of 
runs 4, 5 and 6 suggests a secondary concurrent reaction, 
although this has not been ascertained experimentally. 
Runs 7 and 8 on the methylated derivative are of qualita­
tive value only.

Summary
1. The hydrochlorides of ethyl imidocyclo­

propanecarboxylate and ethyl imido 1 -phenyl-

°c. Successive constants X 104 Average k
25 16.3 1 7 .8 17 .4 1 8 .7 0 .00176

0 0 .9 3 9  1 .054 0 .9 6 8  1 .0 0 3 .0000991
25 2 9 .7 2 9 .1 2 6 .9 2 4 .2  2 3 .8 ,00265
25 2 5 .7 2 4 .5 2 5 .0 2 3 .8 .00247
25 2 5 .7 2 4 .0 2 1 .8 19 .0 .00226
25 17 .2 14 .3 12 .6 .00147
25 1 6 .8 1 2 .6 13 .3 1 1 .6 .00136

cyclopropanecarboxylate are pyrolyzed normally 
according to the Pinner-Stieglitz reaction to give 
the corresponding amides and ethyl chloride. 
No evidence was obtained of a ring rupture to give 
pyrrolinium salts.

2. A study of the reaction velocity constants 
of our imido ester salts with water and those pre­
viously determined by Stieglitz and his collabora­
tors for other compounds shows that by this cri- 
terion the cyclopropyl radicals should be classified 
with the electronegative aryl radicals.

Unfinished work on the free esters and amidines 
will be completed and reported at a later date. 
Troy, N . Y . R eceived October 5, 1936

[Contribution from the Avery Laboratory of Chemistry, University of N ebraska]

Acetyl Derivatives of the Monobasic Sugar Acid Lactones

B y  F r e d  W . U p s o n , J o h n  M . B r a c k e n b u r y  a n d  C a r l  L i n n

The preparation of a number of acetyl deriva­
tives of the monobasic sugar acid lactones is de­
scribed in this paper and their properties are com­
pared with those of the parent lactones. Since 
these derivatives are easily prepared, they are 
useful in identifying the lactones and in synthe- 
sizing other compounds. 1 Furthermore, since no 
other derivatives have been prepared directly 
from the 5-lactones the preparation of the acetyl 
derivatives of these lactones is of interest.

It has been shown2 that the monobasic lactones 
having an amylene oxide structure, the 5-lactones, 
are rapidly hydrolyzed in water solution. Loder3 

found that methylation of d -mannonic 5-lactone 
yielded a derivative having the properties of the 
7 -lactone. A study of the acetyl compounds was 
undertaken in an effort to prepare derivatives di­
rectly from the ö-lactones4 and this paper is a

(1) Paal and Kinseher, Ber., 44, 3548 (1911); 39, 1361, 2823, 
2827 (1906).

(2) Levene and Simms, J . Biol. Chem., 66, 31 (1925).
(3) Loder, unpublished thesis, University of Nebraska, 1927.
(4) Upson and B a r t/ , This J o u r n a l , 63, 4226 (1931).

continuation of the earlier work of Upson and 
Bartz. A non-crystalline substance identified 
as the 2,3,4,6-tetraacetyl derivative was obtained 
by direct acetylation of (/-gluconic 5-lactone. 
This eompound though non-crystalline, showed a 
very rapid mutarotation in 80% acetone-water 
solution, and was otherwise characterized as a 
derivative of a 5-lactone.

The acetyl derivatives of thirteen sugar acid 
lactones have been prepared and their specific 
rotations have been determined in comparison 
with those of the parent lactones. The following 
compounds prepared for this study are already 
described in the literature: 2 ,3 ,5 -triacetyl-(Z-
xylonic5 and Z-arabonic, 6 7 -lactones; the 2,3,5,6- 
tetraacetyl derivatives of the 7 -lactones of d- 
gluconic, 4 (Z-mannonic, 4 a-(Z-glucoheptonic, 4 and 
a-Z-rhamnohexonic acids;7 and 2,3,4,6-tetraacetyl- 
(Z-gluconic 5-lactone. 4 In addition the following

(5) Hasenfratz, Compt. rend., 196, 350 (1933).
(6) Simon and Hasenfratz, ibid., 179, 1165 (1924).
(7) Miksie, Vestnik Kr al. Ces., Spol. Nuuk. Cl. II» 18 pp. (1926).
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new compounds have been synthesized: the
2,3,5,6-tetraacetyl derivatives of the y-lactones of 
tZ-galactonic, </-gulonic, d-talonic and l-rhamnonic 
acids and the 2 ,3 ,4 ,6 -tetraacetyl derivatives of the
5-lactones of /-rhamnonic and tZ-mannonic acids.

Experimental
Acetylation was accomplished by means of acetic anhy­

dride in the presence of a catalyst. Anhydrous zinc 
chloride, pyridine and sulfuric acids have been used. The 
acetylated product is separated from the catalyst by means 
of water, a process which tends to cause hydrolysis of the 
lactones. Dry hydrogen chloride in acetic anhydride was 
found to be a suitable acetylating agent and the possibility 
of hydrolysis is avoided since excess reagent may be re­
moved by distillation under reduced pressure.

Preparation of the Acetyl Derivative.—Dry hydrogen 
chloride was passed into acetic anhydride for several min­
utes. After cooling to 0° the pure lactone was added, 5 
cc. of acetic anhydride being used for each gram of lactone. 
The lactone went into solution at room temperature, the 
time required varying from a few hours to two weeks, de- 
pending upon the lactone used. After the substance had 
been completely in solution for at least one day the solu­
tion was transferred to a distilling flask of appropriate 
size and the acetic anhydride excess removed under 15- 
20 mm. pressure. During this distillation the temperature 
was controlled by a water-bath, the temperature of which 
was raised slowly to a maximum of 80°. Occasionally the 
derivative would crystallize during this process. After 
all acetic anhydride had been removed, the residue was 
dissolved in chloroform, filtered and the product finally 
thrown out of solution by the addition of petroleum ether. 
The product in most cases was solid at this point and was 
filtered off, dried in vacuum over potassium hydroxide and 
finally recrystallized from absolute ethanol. Butanol was 
usedf or the derivatives of /-rhamnonic and «-/-rhamno- 
hexonic lactones since these are very soluble in ethanol. 
If the product thrown down by the petroleum ether was 
non-crystalline, it was washed several times with petroleum 
ether, the latter removed by heating at 40° under 20 mm. 
pressure and the resulting liquid kept in a vacuum over 
potassium hydroxide, with frequent stirring. Various 
solvents were tried when the product was persistently non- 
crystalline.

The following new acetylated lactones were prepared 
using the method above described. In each instance the 
corresponding pure lactone was used and the acetylated 
products were characterized by analyses for carbon and 
hydrogen as well as by their optical properties.

The acetylation of (/-gluconic 5-lactone using zinc 
chloride as the catalyst gives a tetraacetylgluconic acid

monohydrate as shown by Upson and Bartz.4 This pos­
sesses a melting point of 114-117° and the specific rotation 
is very nearly zero. On heating in vacuum for some hours 
at 100° water is given off and there remains a colorless 
glass-like solid which analyzes correctly for a tetraacetyl­
gluconic lactone. Furthermore, it exhibits the very rapid 
mutarotation characteristic of 5-lactones. Acetylation ac­
cording to the method described in this paper using hy­
drochloric acid as the catalyst produced the same non- 
crystalline solid which checked in every particular with the
2.3.4.6- acetylated lactone described by Upson and Bartz. 
The rotation of this substance is recorded in this paper. 
The acetyl derivatives of y-gluconic, y-talonic and y- 
rhamnonic lactones are also liquid, but the non-crystalline 
character of these compounds does not appear to be related 
to asymmetric structure.

Two acetyl derivatives prepared in this study, namely,
2.3.5.6- tetraacetyl-y-Z-rhamnohexonic lactone and 2,3,5,6- 
tetraacetyl-d-talonic y-lactone possess unusually low initial 
rotations, and there is little change in the rotation with 
time. These low rotations are characteristic of free acids 
rather than of lactone derivatives. Neverth eiess, analy­
ses show that these two compounds are acetylated lactones. 
Of the remaining compounds the acetyl derivatives of 
galactonic and glucoheptonic lactones are the only ones 
which possess significantly lower rotations than do the 
parent lactones. The acetylated /-rhamnonic, y and <5- 
lactones have rotations somewhat higher than those of the 
parent lactones whereas the remaining lactones and 
acetylated derivatives correspond fairly closely as regards 
specific rotation.

The mutarotation of the lactones and their acetyl deriva­
tives is recorded by means of graphs in Figs. 1 and 2. The 
graphs in Fig. 2 are plotted without reference to the sign of 
rotation. The sign of rotation is negative in the case of 
rhamnonic lactone and its acetyl derivative and is positive 
for the mannonic and gluconic derivatives.

Time is plotted in days in Fig. 1 and in hours in Fig. 2 
because of the more rapid change of rotation with time in 
the case of the delta lactones. Polariscopic readings were 
taken at intervals during a period of several days and the 
Solutions of the various lactones were maintained at a 
temperature of 25° during this period. Water was the 
solvent used in the case of the lactones whereas the solvent 
for the acetyl derivatives was a mixture of acetone and 
water in the proportions of 80 and 20%.

An inspection of Fig. 1 brings out a number of points. 
In all cases the sign of rotation of the lactone and its acetyl 
derivative is the same. In a number of instances the spe­
cific rotation of the acetyl derivative is notably less than 
that of the parent lactone. The derivatives of galactonic 
(1 and la), gulonic (2 and 2a), talonic (4 and 4a) and 
rhamnohexonic (10 and 10a) fall in this group. In the case

T a b le  I

Tetraacetyl lactone M. p., °C. Min. Days
2,3,5,6-(Z-Gulonic y- 103-104

oco1 5 -3 5 .5 ° 5
2,3,5,6-(Z-Galactonic y- 67-68 -  21.7° 13 -1 9 .9 ° 6
2,3,5,6-(Z-Talonic y- Non-cryst. sirup -  8° 10 -  3° 5
2,3,5,6-/-Rhamnonic y- Non-cryst.

O6I 20 -5 7 .9 ° 5
2,3,4,6-/~Rhamnonic 5- 71 -113 .8° 10 -8 9 .3 °  31 hrs. -4 0 .8 ° 8
2,3,4,6-(/-Mannonic <5- 99-101 +  96.3° 6 +60° 22 hrs. +31.3° 6
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Time in days.
Fig. 1.—Gamma lactones and their acetyl derivatives: 1, la , d-galactonic; 2, 2a, d-gu-

lonic; 3, 3a,/-rhamnonic; 4, 4a, d-talonic; 5, 5a,/-xylonic; 6, 6a,/-arabonic; 7,7a, a-d- 
glueoheptonic; 8, 8a, d-gluconic; 9, 9a. d-mannonic; 10, 10a, a-Z-rhamnohexonic.

of xylonic (5 and 5a), gluconic (8 and 8a) and mannonic 
(9 and 9a) the acetyl derivatives possess specific rotations 
somewhat higher than their lactones. In all cases there is 
a relatively slow change in rotation with time, the lactones 
and their acetyl derivatives showing a similar behavior. 
The only exceptions are found in the case of xylonic (5 and 
5a) and gluconic (8 and 8a) where the rotation of the lac­

tone changes somewhat more rapidly than that of the 
acetyl derivative. It is to be noted, however, that in all 
cases the mutarotation is relatively small in the first forty- 
eight to seventy-two hours.

In marked contrast is the behavior of the delta lactones 
and their acetyl derivatives as illustrated in Fig. 2. As has 
been noted in numerous investigations the specific rota-

Fig. 2.—-Delta lactones and their acetyl derivatives: 11, 11a, d-mannonic; 12, 12a, /-rhamnonic;
13, 13a, rf-gluconic.
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tions of the ö-lactones of gluconic (13), mannonic (11) and 
rhamnonic acids (12) are relatively high initial specific 
rotations which show rapid diminution in value during the 
first few hours after solution. In comparison with the 
parent lactones, the acetyl derivatives of mannonic (11a) 
and rhamnonic (12a) do not show as rapid diminution 
of specific rotation. The behavior of acetyl 5-gluconic 
lactone, however, parallels very closely that of the parent 
lactone. In comparison with the corresponding acetyl 
7-lactone derivatives these acetylated 5-lactones all show 
a much more rapid rate of mutarotation and the initial ro­
tations are all very close to those of the parent lactones. 
Thus the acetylated 5-mannonic lactone (2-1 la) changes 
in rotation from 4-97 to 4“ 63° in twenty-four hours, 
whereas the corresponding gamma derivative (l-9a) has 
an initial specific rotation of +60° which shows no change 
even after ten days. In like manner the rotation of 
acetylated 7-rhamnonic lactone (2- l 2a) has an initial 
value of —114° which changes to —94° in twenty-four

hours, while the acetyl derivative of the corresponding 
7-lactone (l-3a) exhibits an initial specific rotation of 
— 60 ° which shows no change even after five days. These 
acetylated 5-lactones are of special interest since they are 
the first derivatives to be prepared directly from the delta 
lactones themselves.

Summary
1. Thirteen acetylated monobasic sugar acid 

lactones have been prepared, ten of the 7 -variety, 
and three of the ö-configuration.

2. The change in specific rotation with time 
at 25° has been determined.

3. It has been shown that the acetylated lac­
tones parallel rather closely the parent lactones 
as regards change of rotations with time.
L in c o l n , N e b . R e c e iv e d  O ctober  8 , 1936

[A C o n t r ib u t io n  from  t h e  Chem ical  L aboratory  of  N o r t h w e st e r n  U n iv e r sit y ]

Deuterium Abundance Ratios in Organic Compounds. III. Cholesterol
B y  M a l c o l m  D o l e  a n d  R o b e r t  B . G i b n e y

The interesting possibility of variations in the 
isotopic abundance ratios of deuterium in naturally 
occurring organic compounds as compared to the 
value of this ratio in normal water has been real- 
ized and investigated by a number of workers, 1 

but there has not yet been published definite 
proof of an abnormal deuterium content in any 
organic compound. The hydrogen of benzene 
has been analyzed by one of us using a method 
presumably free of isotopic error1 but its deuter­
ium content is practically normal. In this paper 
we report data for the abundance of deuterium in 
cholesterol which appear to demonstrate the ex­
istence of a compound containing a slightly low 
abundance of deuterium although the observed 
effect is scarcely greater than the experimental 
error. 2 We chose cholesterol for this study be­
cause it is definitely an animal product, 3 and be-

(1) See M. Dole, T h is  J o u r n a l , 58, 580 (1936), for a review of all 
previous work and a critical discussion of existing data.

(2) See M. Dole, Science, 83, 31 (1936), for calculations showing 
that the work of Washburn and Smith apparently indicated a smaller 
than normal abundance of deuterium in dry wood of the willow tree 
after proper allowance had been made for the difference in atomic 
weights of oxygen of the air and of water. However, the isotopic 
composition of the oxygen in the willow tree water is still uncertain 
even after this correction has been made.

(3) L. F. Fieser, “The Chemistry of Natural Products Related to
Phenanthrene,“ Reinhold Publishing Corporation, New York, 1936, 
States, p. 122: “Although the evidence is conclusive that the
Cholesterol present in higher animals is synthesized ïn the animal 
organism, the site and mechanism of cholesterol formation are un- 
knowni“

cause its high molecular weight and complexity 
of structure led us to believe that if any animal 
product would be abnormal in its deuterium con­
tent, cholesterol would be that compound. 
Cholesterol is also interesting because of its ap­
parently important relations to the hormones and 
other physiologically active substances. As com­
pared to benzene cholesterol has a relatively high 
percentage of hydrogen; the small amount of oxy­
gen present introducés a negligible error.

Experimental
Combustion of the Cholesterol.—The method of deter­

mining the deuterium content previously used was followed 
here. The source of the cholesterol was the Wilson 
Laboratories, Chicago, highest grade “Cholesterin” which 
comes 95% from the spinal fluid of cattle and 5% from the 
brains of pigs. The purity of this product was claimed by 
the manufacturers to be 99.9%, but Fieser states3 (p. 
113) that commercial cholesterol contains small amounts 
of closely related substances which cannot be eliminated 
by repeated crystallization, to the extent perhaps of 1 to 
2%. Since these related compounds would probably con­
tain similar isotopic proportions of deuterium, this small 
impurity can be neglected. The melting point tempera­
ture of the cholesterol was 149°. The combustion of the 
cholesterol was carried out using four different methods in 
order to make it fairly certain that the water obtained 
contained a representative sample of the hydrogen. Deu­
terium containing substances apparently burn more slowly 
than similar compounds made of protium, so that unless 
all or practically all the cholesterol suffers combustion, the
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resulting water might not contain all the deuterium it should 
contain.

The first combustion of cholesterol was carried out by 
one of us in 1934 by heating the cholesterol to 350° in 
a Pyrex flask and leading the vapors over hot copper 
oxide by means of a stream of air which was passed over 
the surface of the hot cholesterol.4 The cholesterol burned 
on the catalyst and tank oxygen of an unknown source 
(probably Linde oxygen) was added in relatively small 
amounts whenever the oxygen in the air was insufficiënt 
to keep the catalyst in the oxide form. The burning of 
the cholesterol was repeated by this method in 1936 
using air to sweep the vapors of the cholesterol over the 
copper oxide. Air was also admitted to the middle portion 
of the combustion tube in just sufficiënt quantities to 
maintain the catalyst in the oxide form. An excess of air 
was avoided in order to prevent a Separation of the iso­
topes of water by a fractional condensation of its vapors. 
In the case of this second combustion a large charred 
residue remaining in the cholesterol flask was removed, 
ground fine and burned in a modified apparatus using air. 
The yield of water was approximately 75% of the theo­
retical.

The third combustion of the cholesterol was carried out 
in a specially designed apparatus using instead of air 
Airco oxygen, whose isotopic composition in reference to 
that of atmospheric oxygen was known. The cholesterol 
burned at a jet made out of capillary tubing in a chamber
6.4 cm. in diameter, 10.2 cm. long which was sealed onto 
the combustion tube containing the copper oxide catalyst. 
Oxygen was supplied through a side arm. The cholesterol 
was kept in a liquid state in a flask by means of a cotton­
seed oil-bath heated to 180°. Nitrogen forced the choles­
terol from the flask into the combustion system through a 
glass tube while more nitrogen entering into the tube half- 
way to the combustion chamber, broke the stream of 
cholesterol into bubbles and blew the cholesterol vapor 
which was now formed from the heat of the combustion 
furnace through the jet where the cholesterol burned in a 
flame steadily and brilliantly. Sometimes it was found un­
necessary to add nitrogen at the half-way point. Oxygen 
was added just rapidly enough to keep the copper oxide 
catalyst in the oxide form. The yield of water was about 
75%. Some of the cholesterol was occasionally blown 
through the apparatus unburnt due to slight explosions 
which occurred when the flame went out. Considerable 
attention was required to maintain a flame at the jet; 
the flame was lighted by explosions of the oxygen-choles- 
terol vapor mixture traveling back to the capillary tip.

The fourth method of burning the cholesterol (number 
III of Table I) consisted in dropping liquid cholesterol 
onto a copper oxide catalyst heated to about 500°. Air 
was admitted into the tube to keep the copper catalyst 
oxidized, and the water formed in the combustion was 
partially Condensed in a water condenser, and the un- 
condensed residue completely frozen out in a dry ice- 
acetone trap. This trap was quite necessary as the con­
densing water was so warm due to the fact that the ex­
periment was done in the summer that only 66% of the 
water was collected in the water condenser. This method of 
combustion produced about 75-80% of the theoretical yield.

(4) M. Dole, / .  Chem. Phys., 2, 548 (1934).

Measurement of the Density.—The water was distilled 
from alkaline permanganate over hot copper oxide until 
all odor disappeared. It was then purified according to 
our previous method. The method of meäsuring the 
density was also the same as previously described except 
that the apparatus was rebuilt to accommodate smaller 
volumes of water, a smaller float was made and the motion 
of the float was observed with the aid of a cathetometer. 
The temperature measurements and corresponding values 
of 7 are given in Table I where y is the density of the water 
under investigation less the density of normal water at 
the same temperature, the difference expressed in parts 
per million.

T a b l e  I
D e n sit y  of W a t e r  Ob t a in e d  in  t h e  C o m b ustio n  of 

C holester o l
Cholesterol +  air

I

Av.

At
+ 0.007  
+  .004 
+  .005

y

+  1.1
II

Av.

+  .005 
+  .004 
+  .004 + 0 .9

III

Av.

+  .005 
+  .003 
+  .004 +  1.2

IV

Cholesterol -f- Airco oxygen 
At

(+0 .019)
+  .008 
+  .009 

Av. +  .008

y

+  1.8
Corr. for oxy: -  .002 ~ 0 .5
Final result: +  .006 +  1.3

The method of meäsuring and the value for the correc­
tion to Airco oxygen to bring its atomic weight to that of 
atmospheric oxygen have already been published.1 Oxygen 
from the same Airco tank was used in this experiment.

The density measurements for the combustion number 
III of Table I were made at 29.9° which accounts for the 
different relation between At and 7 .

Interpretation of the Results
In interpreting the very slight difference be­

tween the density of the cholesterol-water and 
normal water calculated from the data of the 
first combustion, one of us4 originally concluded 
that the deuterium content of cholesterol was 
normal, but at that time we were ignorant of the 
relatively large difference between the atomic 
weight of atmospheric oxygen and oxygen of water 
which has since been observed. 5 In order to cor­
rect for this effect 6 . 0  7  must be subtracted from
1 . 1  7 , the average of the four data from the three 
combustions, yielding —4.9 7  as the apparently 
correct value for the difference in density between

(5) M. Dole, ibid., 4, 268 (1936).
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water made from the hydrogen in cholesterol and 
normal water. However, there is the possibility 
that the oxygen isotopes may have separated 
during the combustion of the cholesterol as one 
of us has already pointed out. 1 We have investi­
gated this source of error by electrolyzing the 
cholesterol water along with normal water, com­
bining the liberated oxygen with the same tank 
hydrogen in both cases and comparing the den­
sity of these waters. Two independent experi­
ments were carried out, the second series being the 
more reliable since more measurements were 
made in determining the density. Much to our 
surprise we found that the oxygen in the choles­
terol which originally came from the air was not 
as heavy as we had suspected so that instead of 
subtracting 6 . 0  y  from the value of 1 . 1  y  given 
in Table I we should subtract only 2.5 y  (the 
average of the results given in Table II, giving 
double weight to the more accurate value of the 
second series) which is the extent in p. p. m. to 
which the density of water made from the oxygen 
in the cholesterol water exceeds the density of 
water made from the oxygen in normal water, 
the hydrogen in the two waters being identical.

T a b l e  II
D e n sit y  D ata  Ob t a in e d  in  t h e  A n a l y sis  of the  

Ox y g e n  C o n t a in e d  in  t h e  C h o lesterol  W ater

First series (at 23.4°)
Type of water At 7

Aqueous oxygen after electrolysis
combined with tank hydrogen — 0.045 -1 0 .4

Cholesterol water oxygen after elec­
trolysis combined with tank hydro-
gen — .036 -  8.3

Difference — .009 - 2.1
Second series (at 29.9°)

Aqueous oxygen after electrolysis — .040 - 12.0
combined with tank hydrogen I — .042 - 12.6

— .0426 - 12.8
II - .040 - 12.0

— .039 -1 1 .7
Average — .0407 - 12.2

Cholesterol water oxygen after elec- ( — 
trolysis combined with tank hydro- —

.027)

.032 -  9.6
gen — .0315 -  9.5

Average — .032 -  9.5
Difference — .009 -  2.7

Average of both series -  2 .5

The result of this calculation is —1.4 y  which is 
the extent in p. p. m. to which the density of 
water made from the hydrogen in cholesterol is 
lighter than water made from normal hydrogen, 
the oxygen in the two waters being identical in

isotopic composition. Considering all the correc­
tions which must be made to the measured values 
in addition to the errors which are inherently pres­
ent in the measurements themselves, we cannot 
consider this value of —1.4 y  as proving definitely 
that the isotopic abundance of deuterium in 
cholesterol is lower than normal. Indeed, when 
one considers the complicated nature of choles­
terol, it is surprising that the hydrogen is not more 
abnormal.

We have also burned halibut liver oil residues 
in the same way that combustion III of Table I 
was carried out using Airco oxygen, however, in­
stead of air. The water, after correcting for the 
Airco oxygen as in Table I, was 3.6 7  heavier than 
normal. The volume of the water obtained, 
however, was so small because of the limited 
amount of the oil at our disposal that we were 
unable to analyze the oxygen in the water with 
respect to its isotopic composition. Assuming 
that the oxygen behaved in this combustion simi­
larly to the cholesterol combustion, and sub­
tracting 2.5 7  for the excess density because of the 
different oxygen present, we obtain only + 1 . 1  7  

for the excess density of water made from the 
hydrogen in the halibut liver oil residues over 
normal water, the oxygen in each water being of 
identical isotopic composition. Once again we 
find the hydrogen to be surprisingly normal in its 
isotopic composition.

Since we have now analyzed benzene, a plant 
product, cholesterol, an animal product, and hali­
but liver oil residues, a fish product, without find­
ing the hydrogen isotopic composition to be defi­
nitely abnormal, we are forced to the conclusion 
that the role of heavy hydrogen in nature cannot 
be very significant. There is definitely no indica­
tion here of the accumulation or rejection of deu­
terium in the building of these compounds utilizing 
hydrogen from the ultimate source of water.

In the combustion of the benzene one of us 
found no Separation of the oxygen isotopes,1 but 
the benzene burned in a blue flame at a much 
higher temperature than the temperature at 
which the cholesterol burned. The cholesterol 
burned at a catalyst about 500-600°, but even 
this temperature is so high that one would not ex­
pect an appreciable fractionation of the oxygen 
isotopes, at least from equilibrium theory, since 
the fractionation factor for the isotopic equilib­
rium reaction

COai6 +  2HaOl8(g) CO*18 +  2HaOie(g)
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falls from 1.054 at 25° to 1.014 at 3230.6 At 
600° it would probably be even smaller. Per- 
haps an isotopic exchange takes place at lower 
temperatures before the carbon dioxide and steam 
are separated, but if such an exchange takes place, 
it would have to be catalyzed by products formed 
in the combustion since a simple mixing of carbon 
dioxide and steam for a short period of time pro­
duces no isotopic exchange. 1 The magnitude of 
the effect, about 4  p. p. m. in terms of water den­
sity, is small enough to be accounted for by such 
an exchange and it is in the direction expected.
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for supplying the halibut liver oil residues, to 
Mr. Stanley Cristol for carrying out the combus­
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(6) H. C. Urey and Lotti J. Greiff, T h is  J o ur n a l , 57, 321 
(1935).

of the electrolysis cells, and to Mr. B. Z. Wiener 
for carrying out the second electrolysis men­
tioned in Table II.

Summary
Cholesterol has been examined for its deuterium 

content, but after all the necessary corrections 
have been applied to the data it appears that the 
deuterium content of cholesterol is normal. The 
measurements indicate a slight deficiency of 
heavy hydrogen, but the magnitude of the de­
ficiency is hardly greater than the experimental 
error. Halibut liver oil residues have also been 
analyzed isotopically, but again the hydrogen 
appears to be normal in its deuterium content.

We have found, however, that there is a marked 
fractionation of the oxygen isotopes on combus­
tion of the cholesterol.
E v a n st o n , I I I .  R e c e iv e d  S e pt e m b e r  21, 1936

[Co n t r ib u t io n  from  t h e  D epa r t m e n t  of P hysical  Ch e m ist r y , th e  U n iv e r sit y  o f  L iv e r p o o l ]

The Reactivity of Hydrogen Peroxide in Bromine-Bromide Solutions

By Robert Owen Griffith and Andrew McKeown

A recent paper by Livingston and Schoeld1 on 
the photochemical behavior of H20 2-HBr-Br2 

mixtures in aqueous solution prompts us to com- 
municate briefly the results of some experiments 
which we carried out in 1933-34 on this same 
system, especially as (a) our conclusions regarding 
the photochemical reaction are diametrically 
opposed to those of Livingston and Schoeld, and 
(b) our observations on the thermal reaction differ 
in some respects from those of Bray and Living­
ston. 2

Dealing first with the thermal reaction, we find 
that H20 2 ~HBr-Br2 Systems at constant tempera­
ture and in the dark never attain “steady state“ 
conditions as defined by Bray and Livingston, 
that is, the concentration of bromine [SBr2], 
and correspondingly that of hydrobromic acid, 
never reach stationary values so long as any 
hydrogen peroxide remains undecomposed. Ac­
cording to our measurements, if no bromine is 
originally present in the system, [2Br2] at first 
rapidly increases toward a pseudo-stationary 
value, but instead of remaining at this value it 
then slowly but progressively increases with

(1) Livingston and Schoeld, T h is  J o u r n a l , 58, 1244 (1936).
(2) Bray and Livingston, ibid., 45, 1264 (1923).

diminishing concentration of hydrogen peroxide. 
If excess of bromine is originally present, [2Br2] 
at first rapidly falls to a pseudo-stationary value, 
passes through a minimum, and then as before 
slowly increases. In either case, provided the sum 
[HBr] +  1/ 2 [SBr2] has the same value and pro­
vided enough hydrogen peroxide be present initi­
ally, the concentration of bromine becomes after a 
sufficiënt lapse of time the same function of the 
hydrogen peroxide concentration, independent of 
the previous history of the system.

For our experiments we have employed, with 
identical results, hydrogen peroxide from the 
following sources: (1) Merck 30% Perhydrol
free from preservatives, (2 ) a preparation from 
sodium peroxide following the method of Rice, 
Rieff and Kirkpatrick, 3 and (3) a sample obtained 
from an A. R. hydrogen peroxide by distillation 
under reduced pressure. Our measurements of 
bromine concentration were carried out (a ) 
analytically by the method described by Bray and 
Livingston, 2 and (ß ) spectrophotometrically.

Table I gives the results of four typical experi­
ments. It will be noted that, after the attain­
ment of pseudo-stationary conditions, the con-

(3) Rice, Rieff and Kirkpatrick, ibid., 48, 3019 (1926).
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T em p . = 2 0 ° ;

T a b l e  I
[HBr]init. = 0.202 M ;  [SBr2]init- — 0.004

[H2o2]
Merck’s [H202jinit. = 0.40 M 

[SBr2]anal. [SBr2]phot. Mini. X 10®

0.337 0.00332 0.00323 695
678
663
641

.147 .00361 .00369

.054 .00406 .00416

.021 .00436 .00446

.008 .00446 .00456

[H2O2]
vSynthetic [H20 2]init. — 0.54 M 

[SBr2]anal. [SBr2]phot. Mini. X 10®
0.239 0.00344 0.00341 682

668
660

.089 .00383 .00387

.033 .00420 .00432

.013 .00448 .00449

.0 0 2 .00465 .00472

00II ; [HBr]mit. =  0.1616 M ;  

0.0011 M

Synthetic [mOdinit. = 0.38 M

[SB^init.

[H2O2] [SBnJphot. /euni. X 10«
0.335 0.00091 456

447
442
436

.189 .00102

.092 .00119

.052 .00131

.026 .00145

.002 .00168
Distilled [H202]imt. = 0.4 M

[H2O23 [SBnJphot. Mini. X 10®
0.360 0.00095 458

449
442
431

.213 .00103

.114 .00117

.028 .00144

.017 .00153

centration of bromine steadily increases in every 
case; in some of our experiments the increase in 
[2 Br2] amounts to more than 100%. The rate of 
increase of [2Br2] with time (beyond the pseudo- 
stationary state) is practically a constant in each 
experiment while the hydrogen peroxide concen­
tration changes over the range 0.3 — >  0.03 M . 
When the hydrogen peroxide becomes very weak, 
however, d[ZBr2]/df falls off in each case. For 
the two concentrations of hydrobromic acid in 
Table I the constant rate d[2Br2]/d/ equals 
31 and 9.3 X 10- 8  moles per minute, respectively, 
and from other experiments not listed this rate 
appears to be roughly proportional to the fifth 
power of [HBr].

Attention may also be directed to a further 
point. The last column for each experiment gives 
values of &uni. (natural logs; time in minutes) 
for the rate of disappearance of hydrogen peroxide, 
viz,, —d[H20 2]/d t =  kuni  [H20 2]. It will be seen 
that k nni falls with time, that is, with diminish- 
ing [H20 2]. The fall is considerably greater than 
that which might be due to the slight decrease in

the concentration of hydrobromic acid resulting 
from the increasing concentration of bromine. 
Thus in the first experiment [HBr] decreases 
about 1%, but kuni. falls by 8 %. We have ob­
served this fall in knni  in all our experiments and 
we believe it to be real and of significance for the 
mechanism of the reaction.

We have also studied the photochemical be­
havior of H20 2-HBr-Br2 systems from various 
aspects. One of the methods employed was to 
allow a H20 2-HBr-Br2 mixture to attain, at con­
stant temperature and in the dark, a pseudo- 
stationary state in which under our experimental 
conditions [2 Br2]̂  is changing but slowly, then 
illuminate with monochromatic light and measure 
by photometric means (thermopile-galvanometer) 
the in itia l rate of disappearance of bromine. The 
apparatus used was similar to that of Griffith, 
McKeown and Winn4 the main difference being 
that e. m. fs. generated in the thermopile were 
balanced by a compensator, similar to that de­
scribed by Goodeve and Nagai, 5 and recorded on 
a Weston precision millivoltmeter used in con- 
junction with a Zernicke Z c  galvanometer. The 
thermopile was standardized by means of the 
uranyl oxalate reaction and checked with a carbon 
filament lamp standardized by the N. P, L. Table 
II gives the results ( 7  = quantum yield, molecules 
of bromine disappearing per quantum absorbed) 
of six experiments using blue light (X = 436 m/*).

T a b l e  II

[H2O2] [SBr2]</
Quanta 
absorbed 

per minute

Molecules of Br2 
disappearing 
per minute

initially 7
Temp. == 20°; [HBr] init. =  0.1437; [SBr2]imt. =  (

0.15 0.000523
2-cm. cell 

2.04 X 1016 1.61 X 1017 7.9
.15 .000523 4.14 X 1015 4.74 X 10“ 11.5
.042 .000714 2.17 X 1016 4.42 X 10« 2.0
.042 .000714 4.67 X 1015 1.53 X 10“ 3.3

Temp. = 17°; [HBr] init. =  0.1071; [SBrJinit. =  2 X 10-

0.19 0.0001194
10-cm. cell 

2.57 X 1016 4.4 X 1017 17
.19 .0001194 5.66 X 1015 1.9 X 1017 34

The data show that quantum yields consider­
ably in excess of unity are obtained, and that 7  

is roughly proportional to [H20 2] and increases 
with decreasing light intensity. On these grounds 
there appears therefore to be no doubt that the 
photochemical action between hydrogen peroxide 
and bromine is a chain reaction.

(4) Griffith, McKeown and Winn, Trans. Faraday Soc., 29, 369 
(1933).

(5) Goodeve and Nagai, ibid., 27, 508 (1931).
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Results analogous to the above were also ob­
tained by a method similar to that used by Living­
ston and Schoeld. A photostationary state (de­
noted by suffix l) was attained from a given 
pseudo-stationary state in the dark (suffix d) 
by illumination with monochromatic light of con­
stant intensity. Both [SBr2]<* and [2Br]/ were 
measured photometrically. On the basis of the 
Bray-Livingston mechanism for the thermal re­
action, it can easily be shown, from the condi­
tion that the rate of formation of bromine equals 
its rate of disappearance both for the thermal and 
for the photostationary state, that the purely 
photochemical reaction of hydrogen peroxide and 
bromine is given by

d[SBr^  -  \  [h 2o2] jj _  d[SBfä]|
phot. ^ ( [H ^]d[B r h
[H+b[B r-]4SBr2k{X3 +  [Br~h} 
[H+MBr-]z[SBr2]rf{A:3 +  [Br “ ]/} (1)

where K% is the equilibrium constant of tribromide 
formation. From a knowledge of the energy ab­
sorbed in the photo-stationary state the quantum 
yield can therefore be calculated. Table III gives 
the results of a few experiments of this type.

T a b l e  III
Temp. = 17°; X = 436

Quanta Molecules of Bn 
absorbed disappearing

[2Br2]dt [SBnjj per minute per minute y
[H20 2] = 0.167; [HBr]init. = 0.149; knni. = 2.9 X 10~4;

2-cm. cell
0.000715 0.000088 5.41 X 1015 4.33 X 1016 8

.000715 .000231 2.81 X 10™ 3.36 X 1016 12
[H20 2] = 0.19; [HBr] mit. = 0.1071; [SBr2]init. =  

2 X 10“4; Ami. = 1.53 X 10“4; lOcm.cell 
0.0001194 0.0000179 4.59 X 1015 1.18 X 1017 26

.0001194 .0000414 2.25 X 1015 0.91 X 1017 40

It will be remarked that at the bromine con­
centrations and light intensities employed, the 
photostationary concentration of bromine has 
been reduced as much as eight-fold below the 
thermal value. This is in marked contrast with 
the much smaller relative changes in bromine 
concentration effected by Livingston and Schoeld, 
these authors using higher concentrations of 
bromine and green light which is less strongly ab­
sorbed than blue. However, the much smaller 
quantum yields recorded by them are not wholly 
to be ascribed to these differences. Our method of 
calculating the photochemical action at the photo­
stationary state is quite different from that used 
by Livingston and Schoeld, who write

{-d [S B r2]/dq phot. = (kt -  M [H 20 2] (2)
where ki and kd are the (measured) unimolecular

constants of decomposition of hydrogen peroxide 
in the light and dark, respectively. There ap­
pears, however, to be no theoretical justification 
for this relation even as an approximation, and 
indeed a closer scrutiny of their data shows that 
equation (2 ) must give far too low an estimate of 
the photochemical action. Thus, in their experi­
ment 2 where [2Br2] has been reduced by the 
light from 0.0008 to 0.0005, that is, by 38%, it 
is obvious that approximately this same fraction 
of that reaction which uses up bromine in the 
thermal stationary state must now in the light 
be replaced by photochemical action. The re­
action forming bromine in the dark is given by 
V2^[H 20 2], hence the photochemical action is, 
at least as regards order of magnitude, about 19% 
of &d.[H20 2] and not 2% as taken by Livingston 
and Schoeld. Recalculation of their data for ex­
periments 2 , 4, 7, 10, 13 and 16 on the basis of 
equation (1) leads to y  =  5.1, 1.9, 1.8, 1.8, 2.4 
and 0.46, respectively, in place of the recorded 
values 0.68, 0.34, 0.48, 0.26, 0.70 and 0.34. There 
seems little doubt therefore that, even with green 
light as used by Livingston and Schoeld, quantum 
yields greater than unity can be obtained, espe­
cially for low values of the energy absorbed.

The evidence presented above shows that under 
both thermal and photochemical conditions the 
kinetics of H20 2-HBr-Br2 mixtures are likely to 
be of complex character. Photochemically, chain 
reactions must occur involving Br atoms and prob­
ably radicals such as H02 and OH. Under thermal 
conditions, while doubtless the excellent work of 
Bray and his co-workers has elucidated the main 
outlines of the kinetics, additional processes must 
be assumed to occur in order to explain the absence 
of a true stationary state. It seems likely that 
it is the reaction between hydrogen peroxide and 
bromine which—thermally as well as photo­
chemically—is of complex nature. We do not 
wish, however, to discuss the mechanism further 
at present, as we are continuing our study of 
these reactions and hope to be able to publish a 
more detailed report in the near future.

Summary
1. Data are presented to show that for H20 2-  

HBr-Br2 mixtures in aqueous solution, the “sta­
tionary state” characteristic of the Bray-Living­
ston mechanism for the thermal reaction does not 
in fact occur.

2. The photochemical reaction of hydrogen
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peroxide and bromine under the influence of blue 
light gives quantum yields considerably in excess 
of unity. A recalculation of Livingston and 
Schoeld’s data gives quantum yields greater than

unity for green light also. A chain mechanism 
is indicated, contrary to the conclusion of Living­
ston and Schoeld.
L iv e r po o l , E n g l a n d  R e c e iv e d  A u g u st  29, 1936

[C o n t r ib u t io n  from  t h e  M allinckrodt  Chem ical  L aboratory  of  H a r v a rd  U n iv e r sit y ]

The Viscosity of Aqueous Solutions of Electrolytes as a Function of the Concentra­
tion. IV. Potassium Ferrocyanide

By Grinnell Jones and Robert Eliot Stauffer

Introduction
This paper describes a continuation of the 

earlier researches1 carried out in this Laboratory 
on the viscosity of Solutions of electrolytes. An 
historical introduction and a discussion of the 
general objects of the investigation and the prog­
ress already made will be found in the earlier 
papers of this series and is therefore omitted here. 
In this paper the investigation is extended to a 
salt of a higher valence type and measurements 
are made at both 25 and 0° on the same solution 
in order to permit the study of the influence of 
temperature on the phenomena. Potassium ferro­
cyanide was selected as the most suitable uni- 
tetravalent salt since it is sufficiently soluble and 
stable and is only slightly hydrolyzed. More­
over, measurements on viscosity were needed for 
use in the interpretation of data on the conduc­
tance of this salt which were being obtained in 
this Laboratory (see the following paper).

Experimental
The apparatus and experimental procedure was the same 

as that described in the earlier papers with some modifica­
tions and improvements in detail. The most important 
innovation was the construction of an ice thermostat per 
mitting the viscometer to be placed in succession in the 
25 and 0° thermostats so that measurements could be 
made in succession on the same solution.

The ice thermostat consisted of a tank of about 180- 
liter capacity firmly supported on a three-point support of 
Monel metal and surrounded on all sides except the top 
with diatomaceous earth at least 8 cm. thick. The top 
had insulating covers built in sections permitting tempo­
rary removal in parts when necessary to insert the vis- 
cometers or to add fresh ice. The tank had small double 
Windows of plate glass in front and rear to permit observa­
tion and Operation of the optical system necessary for the 
automatic timing described in the earlier papers. The

(1) Grinnell Jones and M. Dole, T h is  J o u r n a l , 51, 2950 (1929); 
Grinnell Jones and S. K. Talley, ibid., 55, 624, 4124 (1933); Physics, 
4 , 215 (1933); Grinnell Jones and H. J. Fornwalt, T h is  Jo u r n a l , 
57, 2041 (1935); 68, 619 (1936).

thermostat when in use was filled with a well-stirred mix­
ture of ice and water. Wire sereens of 14-mesh were ar­
ranged as near to the viscometer as possible to protect the 
fragile instrument from fracture by the moving ice and 
also to keep open narrow paths for the beam of light needed 
for Operation of the automatic timing system and for in- 
spection of the upper bulb of the viscometer. Water was 
kept circulating vigorously through the ice and around the 
viscometer by three motor-driven stirrers. A very good 
thermometer having an open scale 6 cm. long per degree 
was mounted totally immersed near the viscometer and 
read through the window to thousandths of a degree by a 
telescope. The readings of the thermometer and the con- 
sistency of the viscometric data prove that our thermostat 
can maintain a temperature safely within 0.003 of 0°. It 
requires about 50 pounds (25 kg.) of ice per day in hot 
summer weather.

Our old instrument has an inconveniently long period at 
0° and therefore a new viscometer of vitreous silica was 
constructed with a slightly wider capillary (0.052 cm. di­
ameter and 17.9 cm. long) and therefore a shorter period 
(428.7 sec. for water at 25° and 862.9 sec. for water at 0°). 
The ice thermostat had its own optical system, photoelec­
tric cell and amplifiers but the same Chronograph and clocks 
served both thermostats. Three different viscometers 
could be used interchangeably in either thermostat and 
measurements with different instruments could be going on 
simultaneously in both thermostats if desired.

The best potassium ferrocyanide available by purchase 
was twice recrystallized by dissolving in water at 60°, 
cooling and adding ethyl alcohol, followed by centrifugal 
drainage. It was dried by heating to 90° in nitrogen at 
low pressure for several hours. The Solutions were made 
up by weight.

The experimental data at 25 and at 0° are recorded in 
Tables I and II, respectively. The values for the density 
given in parentheses were not actually measured but were 
computed by the formula given below. The third column 
gives the relative viscosity before applying the kinetic 
energy correction, which is shown in column 4. The rela­
tive viscosity after applying the kinetic energy correction 
is given in column 5. In some cases a small correction was 
necessary to bring the data to a round concentration. 
The results after applying this correction are shown in the 
last column.

Interpretation of the Data.—The experimental 
data given below on the density of potassium
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T a b l e  I T a b l e  II
R elative V iscosity and D ensity  of Potassium Ferro­

cyanide S olutions in  W ater at 25°
Density,

Concn., c d 2h d ctc1 doto K. E.
Relative 
17 obsd.

7) at round 
concn.

0 .000200 (0 .99712) 1.00053 0 1.00053 1.00053
1.00053 0 1.00053 1.00053

.000350 ( .99716) 1.00082 +  1 1.00083 1.00083

.000349 ( .99716) 1.00070 1 1.00071 1.00071
1.00081 1 1.00082 1.00082

.000500 ( .99720) 1.00102 1 1.00103 1.00103
1.00102 1 1.00103 1.00103

.000749 ( .99726) 1.00133 2 1.00135 1.00135
1.00140 2 1.00142 1.00142

.000997 .997376 1.00161 2 1.00163 1.00163
1.00161 2 1.00163 1.00163

.001995 .997562 1.00238 3 1.00241 1.00241
1.00243 3 1.00246 1.00246

.004991 .998317 1.00455 4 1.00459 1.00459

.004963 .998304 1.00442 4 1.00446 1.00447
1.00442 4 1.00446 1.00447

.009938 .999556 1.00736 6 1.00742 1.00744
1.00736 6 1.00742 1.00744

.019768 1.001979 1.01231 10 1.01241 1.01252

.019975 1.002079 1.01249 10 1.01259 1.01259

.049935 1.009326 1.02615 18 1.02633 1.02634

.049916 1.009308 1.02610 18 1.02628 1.02630

.099212 1.021107 1.04778 30 1.04808 1.04839

.099822 1.021248 1.04804 30 1.04834 1.04840

.199543 1.044628 1.09339 58 1.09397 1.09412

.199588 1.044675 1.09353 58 1.09411 1.09416

.198806 1.044321 1.09272 58 1.09330 1.09414
1.09272 58 1.09330 1.09414

.499582 1 .112550 1.26143 178 1.26321 1.26350
1.26138 178 1.26315 1.26344

R elative V iscosity and  D ensity  of P otassium F erro­
cyanide Solutions a t  0°

Density, Relative rj at round
Concn!, c d h d ct G/doto K. E. ri obsd. concn.

0 .000200 (0 ,99992) 1.00054 0 1.00054 1.00054
1.00052 0 1.00052 1.00052

.000351 ( .99996) 1.00061 0 1.00061 1.00061

.000350 ( .99996) 1.00056 0 1.00056 1.00056
1.00062 0 1.00062 1.00062

.000502 (1 .00000) 1.00091 0 1.00091 1.00091
1.00089 0 1.00089 1.00089

.000751 (1 .00007) 1 .00098 0 1.00098 1.00098

.000751 (1 .00007) 1.00092 0 1.00092 1.00092

.001000 1.000200 1.00120 0 1.00120 1.00120
1.00120 0 1.00120 1.00120

.002002 1.000405 1.00165 0 1.00165 1.00165
1.00163 0 1.00163 1.00163

.004978 1.001225 1.00260 0 1.00260 1.00260
1.00245 0 1.00245 1.00245

.005005 1.001199 1.00255 0 1.00255 1 .00255

.009968 1.002520 1 .00374 0 1.00374 1.00375
1.00376 0 1.00376 1.00377

.019830 1.005108 1.00554 0 1.00554 1.00557

.020037 1.005165 1.00550 0 1.00550 1.00550

.050110 1.012846 1.01018 - 1 1.01017 1.01016

.050091 1.012846 1.01006 - 1 1.01005 1.01004

.099610 1.025199 1.01800 - 2 1.01798 1.01801

.100224 1.025353 1.01807 - 2 1.01805 1.01804

.200532 1.049802 1.03918 - 4 1.03914 1 .03902

.200578 1.049856 1.03921 —4 1.03917 1.03904

0.0639c2 fits the data over the entire range up to 
and including 0.5 molar (or 2  N )  with an average 
deviation of only 0.006% as is shown in column 6

ferrocyanide Solutions may be expressed with an 
average deviation of 0.003% by the equations

d™4 = 0.99707 +  0.25074c 0.02776c1/*
d°4 = .99987 +  .26836c -  .04313c3A

The agreement with the Root equation is not 
quite so good as has been found for other salts of 
simpler valence type in previous work in this 
Laboratory. The deviations although small are 
apparentfy systematic in this case and greater 
than the experimental error.

Column 4 of Tables III and IV shows that the 
“Grüneisen Effect” is more pronounced than for 
the salts of lower valence type which have been 
studied in this Laboratory.

The results at 25° can be expressed in terms of 
relative fluidity by the equation having the form 
proposed by Jones and Dole, namely

<£>=1/^ = 1 -  0.03995 y/c ~  0.33518c

up to 0.1 molar (or 0.4 N )  with an average devia­
tion of only 0.004% as is shown in column 5 of 
Table III. The extended form of the equation 
<p =  l/i? = 1 — 0.03995 y /c  -  0.32859c -

T able III
Relative V iscosity and  R elative F luidity of P otas­

sium  F errocyanide S olutions at 25 °
1 Jones and Dole equation 

*1 ~~ 1 Simple Extended
c V V c A<p X 105 A <p X 105

0.00020 1.00053 0 .99947 2 .6 5 + 10 + 1 0
.00035 1.00079 .99921 2 .2 6 + 7 +  7
.00050 1.00103 .99897 2 .0 6 + 3 +  2
.00075 1.00138 .99862 1 .8 4 — 3 -  4
.001 1.00163 .99837 1 .63 — 3 -  1
.002 1.00244 .99757 1 .22 + 3 +  1
.005 1.00451 .99551 0 .9 0 + 1 -  2
.01 1.00744 .99261 .744 — 4 - 1 0
.02 1.01255 .98761 .628 — 4 - 1 4
.05 1.02632 .97435 .526 + 4 - 1 3
.1 1.04839 .95384 .484 — 1 -  3
.2 1.09414 .91396 .471 — 114 + 1 0
.5 1.26347 .79147 .527 - 1 2 7 0 -  1

Range of Average % 
Jones and Dole equations validity deviation

v =  1 -  0.03995 V c  -  0.33518c 0.1 0.004
<p = 1 -  .03995 Vc -  ,32859c -

0.0639c* .5 .006
r, = 1 +  .03695 Vc +  ,3660c .1
r, = 1 +  .03695 Vc  +  33538c +

0.27832c2 .5 .023
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of Table III. If the results are expressed in 
terms of relative viscosity instead of relative 
fluidity the agreement is not quite so good. The 
equation y = 1 +  0.03695 ^ /c  +  0.3660c fits 
the data up to 0 . 1  molar with an average devia­
tion of 0.008% and the equation r\ = 1 +  0.03695 
V'c +  0.33538c +  0.27832c2 fits the data up 
to 0.5 molar with an average deviation of 0.023%.

After our experimental work was completed 
Hood and Williams2 published measurements of 
the viscosity of Solutions of potassium ferrocya­
nide at 18 and 25°. Their results for the viscosity 
at 25° are slightly lower than ours. They state 
that their results at 25° are in agreement with the 
equation <p = 1 — 0.0245 ^ /c  — 0.3720c.

Our results show that as usual the relative 
viscosity at 0 ° is lower than at 25°, the difference 
being mainly in the effect responsible for the linear 
term. At 0° both the simple and extended forms 
of the Jones and Dole equation seem to be equally 
good whether expressed in terms of viscosity or 
of fluidity. At 0° the simple form only holds up 
to 0.02 molar, whereas at 25° the simple form 
holds up to 0.1 molar. These equations are given 
below Table IV.

T able IV
Relative Viscosity and Relative Fluidity of Potas­

sium F errocyanide Solutions at 0°
Jones and Dole equation

V.___ i  Simple Extended
c 17 <p c A<p X 105 A<p X 105

0.0002 1.00053 0 .99947 2.6 — 3 -  3
.00035 1.00060 .99940 1.7 + 6 + 6
.0005 1.00090 .99910 1.8 — 10 -1 1
.00075 1.00096 .99904 1.28 T 2 +  2
.001 1.00120 .99880 1.20 — 7 -  7
.002 1.00164 .99836 0.82 — 2 -  3
.005 1.00255 .99746 .508 + 7 +  6
.01 1.00376 .99625 .375 + 2 +  2
.02 1.00554 .99449 .275 — 2 + .7
.05 1.01010 .99000 .202 — 82 +  5
.1 1.01803 .98229 .180 -  414 -  3
.2 1.03903 .96244 .195 — 1651 + 1

Jones and Dole equations
Range of 
validity

Average % 
deviation

<t> =  1 -  0.03502 V c --  0.02679c 0.02 0.005
<P ~  1 “ .03502 V c --  .02266c -

0.4340c2 .2 .005
i? = l + .03508 V c +  ,02768c >02 .005
n = 1 + .03508 V c +  .02123c +

0.4778c2 .2 .004

An attempt was made to fit an equation of the 
form suggested by Onsager and Fuoss3 to the data

(2) G. R. Hood and J. C. Williams, Ohio J. Sei., 35, 415 (1935).
(3) L. Onsager and R. M. Fuoss, J. Phys. Chem., 36, 2689 (1932).

without success. In previous papers of this se­
ries it has been shown that the Onsager-Fuoss 
equation is useful for Solutions of several salts 
in methanol but that it  failed for aqueous Solu­
tions of potassium permanganate and of cesium  
iodide.

It now remains to compare the values of the 
coëfficiënt of the square root term (.A ) determined 
by experiment with that computed by the Falken- 
hagen and Vernon equation. 4 Although we can 
probably estimate the equivalent conductance of 
the ferrocyanide ion at infinite dilution more ac­
curately than that of any other tetravalent ion, 
nevertheless the difficulty of extrapolating the 
conductance of a 1-4 salt is so great that this 
equivalent conductance is not known as well as 
for ions of lower valence (see the following paper). 
If the equivalent conductance of the ferrocyanide 
ion at 25° is assumed to be 117, the value of A  
computed by Falkenhagen and Vernon’s equation 
is 0.033. If the equivalent conductance is as­
sumed to be 1 2 2  (which is probably too high), 
then the computed value comes out to be 0.032. 
The experimentally determined value is 0.037. 
At 0° the computed value of A  (based on the 
equivalent conductance of the ferrocyanide ion 
of 64) is 0.030, whereas the experimental value is 
0.035. Although the agreement is not perfect, 
nevertheless the experimental results do harmon- 
ize with the prediction of the theory that increas­
ing the valence of the ions involved should in­
crease greatly the value of A  and that raising the 
temperature should cause a moderate increase in 
A .

Summary
1. The absolute density and relative viscosity  

of many Solutions of potassium ferrocyanide 
have been determined at 0 and 25°, covering a 
range of concentration from extreme dilution 
nearly to Saturation.

2. The “Grüneisen Effect“ is especially pro­
nounced in this salt of high valence type.

3. The Jones and Dole equation is found to 
fit our data.

4. The results confirm approximately the 
equation of Falkenhagen for the computation of 
the influence of interionic attraction on the vis­
cosity.
Cambridge, Mass. R eceived August 12, 1936

(4) H. Falkenliagen and K. L. Vernon, Physik. 33, 140 (1932).
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The Conductance of Aqueous Solutions as a Function of the Concentration. II.
Potassium Ferrocyanide

B y  Gr in n ell  J ones and  F rederic  C. J e l e n

Introduction
The conductance of Solutions is greatly influ- 

enced by the valence type of salt and therefore 
data on salts of a high valence type may serve as a 
severe and useful test of the validity and general- 
ity of the various equations which have been pro­
posed for the conductance as a function of the 
concentration. For an historical review of the 
more important of these equations and the back­
ground of the problem the reader is referred to a 
recent paper by Jones and Bickford. 1 Potassium 
ferrocyanide seemed to be the most suitable salt 
of the 1-4 valence type because it is only very 
slightly hydrolyzed and is sufficiently soluble and 
stable and was therefore selected for this investi­
gation.

Experimental
Potassium ferrocyanide was prepared for this investiga­

tion by two different methods. The best material avail­
able by purchase was twice recrystallized from conduc­
tivity water by dissolving at 60 °, filtering through a sin­
tered glass filter and cooling to 0°, followed by centrifugal 
drainage. Since there was a slight indication of insta­
bility of these Solutions at 60 °, we also prepared other 
samples by dissolving the salt in cold water and precipi­
tating it by adding redistilled ethyl alcohol followed by 
centrifugal drainage. The entire process was then re­
peated. This method gave small crystals which were al­
most white in color. No difference in the conductivity 
could be detected between the salt prepared by the two 
methods of purification.

The salt was then placed in a platinum boat in a tube and 
heated at 90° in a stream of dry nitrogen for about two 
hours. The salt was cooled in nitrogen and the nitrogen 
replaced by dry air. The boat and salt was then bottled 
without exposure to the moist air of the laboratory in a 
Richards bottling apparatus. Repeated experiments 
demonstrated that a repetition of the heating and drying 
process did not change the weight by as much as 0.01%. 
The preparation of the Solutions and the measurement of 
their conductivity at 25 and 0 ° were so similar to the pro­
cedure used by Jones and Bickford that no further de­
scription is needed. The cell constants were determined 
by the use of the values for the conductance of Standard 
potassium chloride Solutions determined by Jones and 
Bradshaw.2 The density of each solution was determined 
by means of a large (65 cc.) pycnometer at both 25 and 0°.

(1) Grinnell jones and G. F. Bickford, T his Jo ur n a l , 56, 602 
(1934).

(2) Grinnell jones and B. C. Bradshaw. ibid., 55, 1780 (1933).

At each concentration at least two but sometimes three or 
four independent Solutions were prepared. The actual 
concentrations were commonly slightly different from the 
round concentrations desired. Slight corrections were 
applied to bring the results for the conductivity to the 
round concentration. These corrections were rarely more 
than 0.01% and in only one case more than 0.05%. The 
detailed data on each solution and the corrections to round 
concentration are omitted to save space in printing.

No corrections have been applied for hydrolysis because 
tests made by indicators and a quinhydrone electrode on a 
0.01 molar solution gave a pH  of 7.5, from which it may be 
inferred that the effect of hydrolysis would be negligible. 
The results are shown in Tables I and II, in which c is the 
concentration in moles per liter and A is the molar conduc­
tance.

Interpretation of the Data
Figure 1 is a plot of the molar conductance 

against the square root of the concentration. 
The experimental data at 25° are represented by 
the centers of the circles. This gives a curve 
which is similar to the curves given by salts of 
lower valence types except that the slope and 
curvature in the dilute end are greater than has 
been found for salts of lower valence type. The 
curve is nearly straight at the dilute end but there 
is evidently some curvature even below 0 . 0 0 1  

molar. Putting a straight line through the four 
lowest concentrations gives the equation A =
741.9 — 4637 y /c  (line K in Fig. 1). This 
method of extrapolation must give a value for the 
limiting conductance and limiting slope at infinite 
dilution which is too low unless there is a change 
in curvature at extreme dilution for which there is 
no experimental evidence or theoretical warrant. 
This equation, which has the form suggested by 
Kohlrausch, fails completely above 0.001 molar 
as is evident from the figure.

The coefficients of the Jones and Dole equation 
were determined by the method of least squares 
using all the experimental points including c =  
0.5 molar or 2  N , giving the equation

A = 785.16 - 9171.38 V c  
1 +17.106 V c 12.84c.

The curve marked J in Fig. 1 is the plot of this 
equation and as will be seen it agrees with the 
experimental data so closely that the deviations 
are not apparent on the scale that eau be printed.
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T a b le  I
C on d u c ta n c e  of  P otassium  F erro cy a n id e  S o lu tio n s  a t  2 5 °

1 2 3
J + D

4 5 6
J + D

7
Onsager

A0'
8

O + Fc A AA V At? AA ij AA
0.00025 668.94 - 2 .0 8 1.00055 669.31 -2 .0 7 724.45 +15.76

.00036 65,3.52 -0 .2 6 1.00080 654.04 -0 .3 3 719.95 -1 0 .5 3

.0005 638.04 + 1 .22 1.00103 638.70 + 1 .08 716.14 +  5.83

.00075 615.11 + 1 .00 1.00138 615.96 +0.81 710.40 -  1.83

.001 598.33 +1 .40 1.00163 599.31 + 1 .15 708.21 -  6.25

.002 554.18 +1.43 1.00244 555.53 +1.11 709.70 +15.04

.005 491.29 - 0 .3 0 1.00451 493.52 -0 .4 0 742.39 -1 8 .1 0

.01 445.28 -1 .4 0 1.00744 448.59 - 1 .1 8 817.10 -1 0 .6 7

.02 403.72 - 1 .8 4 1.01255 408.79 - 1 .2 5 981 +  2.56

.0475

.05
360.45

(358.14)
- 1 .3 5 1.02525 369.55 - 0 .5 7 1507 +18.53

.1 332.01 +0.63 1.04839 348.08 + 0 .87 +12.09

.2 310.90 + 2 .48 1.09414 340.17 +1.41 -1 7 ,8 9

.5 282.63 -0 .9 0 1.26347 357.09 - 0 .6 0 +  2.63

Equations: Jones and Dole, column 3; A = 785.16 -
9171.38 V c  

1 +  17.106 V c
-  12.84c

Jones and Dole, column 5: At; =  783.75 ------------ :--------- — +  133.9c
1 +  16.8424 V c

Onsager and Fuoss, column 8; A = 709.96 — 3954.98 V~c +  3063.41c — 5542.93c log c

T a b le  II
C o n d u c ta n c e  ö f  P ota ssiu m  F erro cy a n id e  S olu tio n s

1 2 3
AT 0° 

4 5 6 7
c A AA V AV AAt?

A25
A°

0.001 321.00
J + D
- 0 .2 5 1.00120 321.39

J + D 
-0 .1 9 1.8640

.002 298.01 +  .38 1.00164 298.50 + .32 1.8596

.005 264.83 + .10 1.00255 265.50 .00 1.8551

.01 240.34 -  .17 1.00376 241.24 - .16 1.8527

.02 218.23 -  .18 1.00554 219.44 — .07 1.8500
.0477 195.26 -  .08 1.00981 197.17 + .03
.05
.1

(194.19)
181.08 + .33 1.01803 184.34 + .22

1.8443
1.8355

.2 171.96 -  .13 1.03903 178.67 - .05 1.8080
Equations: Jones and Dole 

A = 420.40 -  

Jones and Dole; column 6, 

Kt) «  418.79 -

4 7 6 8 .7 3  Vc 
1 +  1 6 .4 5 8 6  Vc

4 6 3 5 .8 9  V c  

1 +  1 6 .0 3 3 5  V c

3 3 .8 7 c

- f  6 8 .4 0 c

Nevertheless, an examination of column 3  in 
Table I indicates that there are deviations which 
are probably greater than the experimental error. 
These deviations are substantially greater than 
were found for lanthanum chloride, and barium 
chloride and potassium bromide. This equation 
is clearly the best formula known to us for the 
more concentrated Solutions of salts of all valence 
types but there are indications that it gives too 
great a curvature in the dilute end and too high 
a value of the limiting conductance and limiting 
slope.

Since the concentrated Solutions of this salt are 
exceptionally viscous, the effect of applying a 
viscosity correction is of special interest. The 
viscosities of these Solutions, 77, have been deter­
mined for this and other purposes (see the pre­
ceding paper) as is shown in column 4 of Table I 
and the values of A77 are shown in column 5  and 
are plotted as the points within the triangle in 
Fig. 1. The Jones and Dole equation was then 
fitted to these values, giving

Arj = 783.75 - 9000.35 V c  
1 +  16.8424 Vc +  133.9c

The upper curve in Fig. 1 is the plot of this equa­
tion and, as will be seen, the deviations are so 
slight that they are not apparent on the scale that 
can be printed. Column 6  in Table I shows the 
computed deviations. The application of the 
viscosity correction substantially reduces the de­
viations in the more concentrated Solutions but 
has little effect in the dilute range where the 
viscosity correction is small. It should be no- 
ticed that the curve depicting A77 has a flat mini­
mum at about 0 . 2  molar.

It is next of interest to apply the Onsager- 
Shedlovsky method of extrapolation to the data. 
If the Onsager equation is transformed by using 
molar concentrations (gram molecules per liter) 
and molar conductances, and by introducing the 
appropriate numerical values for water at 25°, 
namely, 77 = 0.008949 and D  — 78.57 and T  —
298.1, the Onsager equation becomes
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A = Ao — [0.27446w A0 +  21.138ziz2(zi +  z2)] V Ziz2(zi +  z jc  
where w =  2qziz2/ ( l  +  Vq)

, _ __________ ______ZiZ2Aq____ ___________
 ̂ (zi -f* z2) {Ao +  (z% — z2)Ai -f- (z\ ~  Zi)A\\

for potassium ferrocyanide we substitute z\ =  
1 and Z2 = 4 giving A = Ao — (1.22742 w  Ao +  
1890.64) y /c

. Sq
w  = r—;---~pi +  Va

4A0
3 “  5(Ao +  12A^)

It is evident that the limiting slope cannot be 
computed from these equations without first as­
suming that the values of the 
limiting conductances of the 
two ions are known because 
the value of w  depends on A0 

and A°k  in the complicated 
manner indicated by the 
equations. However, the 
value of w  is rather insensi- 
tive to the value of Ao so that 
we may proceed by a method 
of successive approximations 
and obtain a result if the 
equations are really valid.

If we take as a first ap­
proximation the value of 
A 0 = 741.9 obtained by put­
ting a straight line through 
the four lowest points and 
assume that the limiting con­
ductance of the potassium 
ion is 73.5 then q = 0.36549 
and w  =  1.82226 and the 
Onsager equation becomes 
A = A 0 (2.23668 A 0 +  1890.64) y /c  or A0 =  
(A +  1890.64 y /c ) /{1 -  2.23668 y /c ) .

If the Onsager equation were valid over any 
range accessible to experimentation, the values 
of Ao computed from this equation should be a 
constant over the range of validity of the equa­
tion. The values of Ao computed by this equa­
tion are given in column 7 of Table I. As will be 
evident from the table, the values of A0 are far 
from being constant. Attempts were made to 
obtain constancy by varying the value of A0 as­
sumed in the computation of w  but no appreciable 
improvement could be obtained in this manner. 
This proves that Onsager’s equation is not valid 
for potassium ferrocyanide even up to 0 . 0 0 1  molar.

It has been demonstrated previously that the 
values of A0 computed by this method are not 
constant for salts of any valence type. Shedlov­
sky3 found for many uni-univalent salts that if 
the values of Ao computed by the Onsager formula 
were plotted against c a straight line was ob­
tained up to about 0 . 1  molar and he proposed to 
use this method to obtain A0 by extrapolation 
and also suggested a modified Onsager equation
Ao = Bc fitted the data up to
about 0.1 A. In this Shedlovsky equation defi­
nite numerical values can be assigned to a  and ß  
from the Onsager theory and only A0 and B  are

arbitrary parameters selected to fit the data for 
each salt. Some uni-univalent salts did not obey 
this equation. Shedlovsky suggests that this 
exceptional behavior is due to association.

Jones and Bickford applied Shedlovsky’s 
method to lanthanum chloride, obtaining a curve 
which was approximately straight between 0.0025 
and 0 . 0 1  molar but had a definite positive curva­
ture in the more dilute range and a negative 
curvature between 0.01 and 0.1 molar. At the 
dilute end the plot appeared to be curving so as 
to enter the axis horizontally, which is the be­
havior to be expected if Onsager’s law is valid as 
a limiting law. However, Shedlovsky’s method

(3) T. Shedlovsky, T h is  Jo u r n a l , 54, 1405, 1411 (1932).
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of straight line extrapolation could not be applied 
to this tri-univalent salt.

Shortly afterward Shedlovsky and Brown4 re­
ported measurements on the chlorides of four 
divalent metals which when plotted gave a simi­
lar curvature at the dilute end. They, therefore, 
abandoned extrapolation along a straight line and 
recommended extrapolation along a curve and thus 
in effect for divalent salts abandoned the Shed­
lovsky equation, although they are not clear as to 
whether or not this curve is assumed to enter the 
axis horizontally. They propose a modification 
of the original Shedlovsky equation by the addi­
tion of two more terms each containing an arbi­
trary parameter giving the equation

Ao = t  +  ß '/,C- + B c  +  Dc log c -  Ec*

This equation, of course, can be made to fit the 
data better than the original Shedlovsky equa­
tion because it contains two more parameters se­
lected to fit the data for their four divalent salts. 
But they do not give a detailed comparison of the 
data for the four divalent salts with the results 
computed by their equation.

Shedlovsky, Brown and Maclnnes5 have shown
(4) T. Shedlovsky and A. S. Brown, THrs J o u r n a l , 56,1066 (1934).
(5) T. Shedlovsky, A. S. Brown and D. A. Maclnnes, Trans. Am. 

Electrochem. Soc., 165 (1934).

that this equation may be applied successfully to 
potassium chloride up to 0 . 1 2  N .

The results of an attempt to apply the Shedlov­
sky method of extrapolation to obtain A0 by plot-
ting = y  _  ayf-c against c with our data on
potassium ferrocyanide are shown in Fig. 2. In 
this case the plot has a very definite minimum 
and the portion of the curve which must be ex­
tended for extrapolation has a pronounced curva­
ture. Any attempt to extrapolate such a curve 
depends too much on a guess as to the curvature 
to have much value. The influence of making 
other assumptions as to the value of Ao in the com­
putation of w  and hence of AJ was tried but there 
was no change in the character of the curves. 
These curves are so close together that only one 
can be shown without confusion on the scale which 
can be printed and, therefore, only one curve is 
shown in Fig. 2.

Onsager and Fuoss6 have suggested a gener- 
alized equation for the properties of Solutions of 
the form F(c) = F  (o) — A  y /c  +  B c — D c log c 
+  . . • . It seemed worthwhile, therefore, to 
attempt to apply this generalized equation to con­

ductance in the form A = A0 — A  y /c  +  
B c — D c  log c. Although in principle the 
value of A  might be computed theoret­
ically if the value of A0 were known, yet 
since A0 is not known and the results de­
pend so greatly on the value of A , it 
seemed best to treat A  as a parameter 
and evaluate it from the data by the 
method of least squares. The result is 
A = 709.96 -  3954.98 +  3063.41 c -
5542.92 c log c. The values computed 
by this equation and the deviations be­
tween the experimental and computed re­
sults are shown in column 8  of Table I. 
As will be seen, the results are disappoint- 
ing. The average deviation is more than 
eight times as great as for the Jones and 
Dole equation, although both are four 
parameter equations. The value of A0 is 
substantially below that given by Kohl- 
rausch’s method of extrapolation (741.9), 
although there is strong reason for believ- 
ing that the Kohlrausch method gives too 
low a result. Moreover, • the equation 

gives a curve having a minimum at about 0 . 1  

molar and a maximum at about 0.25 molar whereas
(6) L. Onsager and R. M. Fuoss, J. Phys. Chem., 36, 2689 (1932).

0.004 0.008
Concentration of K4Fe(CN)6. 

Fig. 2.
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the experimental data show no such minimum 
and maximum in this or other cases.

The data for 0° are given in Table II. These 
data cover a smaller range of concentration than 
for 25°, and therefore give a less severe test of 
the equations. The solubility is not great enough 
at 0° to make it possible to work with 0.5 molar 
Solutions and the data below 0.001 molar were not 
obtained. These data are probably not quite so 
reliable as the data at 25°, because it is harder to 
control the temperature inside an oil bath at 0  

than at 25°. The Kohlrausch method of extrapo- 
lating to infinite dilution using the data from 
0.001 to 0.01 molar gives A0 = 353 but this figure 
is undoubtedly much too low. The Jones and 
Dole equation for this case is A = 420.40 —
4768.7 v V ( l  +  16.459 V c )  +  33.87c. The 
differences between the observed results and the 
results computed by this equation are given in 
column 3 of Table II. The deviations are much 
less than were found at 25°, but this is probably 
due to the fact that the data cover a smaller range 
of concentration and are therefore easier to fit to 
an equation. The deviations are probably some­
what greater than the experimental error.

By the use of the values of the relative viscosity 
given in the preceding paper we have computed 
the values of Arj given in column 5 of Table II. 
With the viscosity correction applied the Jones 
and Dole equation becomes Arj =  418.79 — 
4635.89 V c / ( 1  -f 16.0335 V c) +  68.40c. As 
will be seen by a comparison of columns 3 and 6  

the deviations are substantially reduced by the 
application of the viscosity correction especially 
in the more concentrated Solutions.

The last column in Table II gives the ratio 
between the conductance at 25 and at 0°. As 
will be seen the temperature coëfficiënt of the 
conductance decreases with increasing concentra­
tion.

Summary

1. The conductance of potassium ferrocyanide 
Solutions has been determined at 25 and at 0° 
from great dilution up to nearly Saturation.

2. The data have been used to test various 
equations which have been proposed to express 
the conductance as a function of the concentra­
tion.
Ca m b r id g e , M a s s . R e c e iv e d  A u g u st  12, 1936

[C o n t r ib u tio n  from  t h e  R e se a r c h  L aboratory  of P hysical  C h e m is t r y , M a ssa c h u se t t s  I n st it u t e  of T e c h ­
nology , No. 375]

The Palladium-Hydrogen Equilibrium and New Palladium Hydrides1

B y L o uis  J. G illespie  and  Lio n e l  S. G a lstau n

The early work of Troost and Hautefeuille, 
Hoitsema, Sieverts, Lambert and Gates and 
others was reviewed in the paper of Gillespie and 
Hall. It may be remembered that Troost and 
Hautefeuille2 claimed the existence of Pd2H on 
the basis of evidence just short of that demanded 
by the phase rule, which was about to be an- 
nounced by Gibbs, and that this claim was us­
ually disallowed after the paper of Hoitsema, 3 al­
though Lambert and Gates4 pointed out that their 
descending isotherms show “breaks’’ at approxi­
mately the same composition (about Pdi.gH) at

(1) Part of this article is taken from the thesis presented by L. S. 
Galstaun in partial fulfilment of the requirements for the degree of 
Doctor of Philosophy at the Massachusetts Institute of Technology. 
The work at 270, 280 and 285°, upon which the finding of new hy­
drides mainly rests, was done since presentation of the thesis.

(2) Troost and Hautefeuille, Compt. rend., 78, 686 (1874); Ann. 
chim. phys., [5] 2, 273 (1874).

(3) Hoitsema, Z. physik. Chem., 17, 25 (1895).
(4) Lambert and Gates, Proc. Roy. Soc. (London), 108A, 456 

(1925).

75, 103 and 120°. Gillespie and Hall5 worked 
with finely-divided palladium, allowed much time 
—often one to three days or longer—to elapse be­
fore recording pressures, and obtained for the 
first time a phase diagram for the system in ob- 
vious conformity with the phase rule. This dia­
gram indicates the existence of Pd2H capable of 
formation in definite proportions from about 80 to 
180° or higher; at lower temperatures the phase 
contains a progressively greater excess of hydro­
gen.

In their first work at 0° they established the 
first break between the first rising isotherm and 
the relatively horizontal one as a sharp angle, 
which could be demonstrated reversibly at con­
stant temperature. Large additions of hydrogen 
produced hysteresis effects. They discovered 
that if some hydrogen were withdrawn and the

(5) Gillespie and Hall, T h is  J o u r n a l , 48, 1207 (1926).
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system heated for a short time to 360° and ex­
posed again to 0°, the pressure returned to the 
same level as that of the first break. They were 
able by the use of this “heat treatment” to follow 
along a truly horizontal isotherm. Now the pres­
sure at the first break was proved by the classical 
method, and the results of the heat treatment 
must be correct—so long at least as the isotherm 
remains horizontal—as they maintained in an 
extended discussion. This method was then used 
for other temperatures, and for the second rising 
isotherms.

Some writers have since feit misgivings because 
of this use of heat treatment, yet no one has tried 
unsuccessfully to reproduce the results. Nc 
theoretical objection to the heating has been pre­
sented, except that Gillespie and Hall pointed out 
that the results ref er palladium that has re­
cently been heated and that this must in any case 
be so, as heating in  vacuo is a necessary prelimi­
nary to the experimentation. This being granted, 
it cannot be admitted further that there is any 
theoretical advantage in conducting the additions 
of hydrogen isothermally. A practical advantage 
is that of greater consistency of data at a given 
temperature.

Since the work of Brüning and Sieverts,6 who 
established the existence of a critical solution tem­
perature at about 300° and found that equilib­
rium is very quickly reached above this even in 
the case of wire, it is possible to understand why 
the heat treatment was beneficial in the case of 
large additions of hydrogen.7 The heating to 
360° must have brought about uniformity of com­
position throughout the mass. On cooling, the 
mass had to separate into two phases, but these 
phases could form equally well at all points in the 
mass, whereas a crust may form on direct iso- 
thermal addition. There is still of course a diffi­
culty due to the necessary exchange of gas be­
tween solid and dead space, which would make 
the treatment nearly or quite useless for small 
additions.

Linde and Borelius8 obtained very exact X-ray 
data that show at 100, 150 and 200° the presence 
of two mutually saturated solid Solutions. The 
lattice constant of that richer in hydrogen is 
about the same at all three temperatures, and they 
suggested without further evidence that perhaps 
Gillespie and Hall were mistaken in supposing the

(6) Brüning and Sieverts, Z. physik. Chem., 163A, 409 (1933).
(7) We cannot say it was really beneficial for small additions.
(8) Linde and Borelius, Ann. Physik , [4] 84, 747 (1927).

richer phase to contain, at temperatures below 
80°, an excess of hydrogen over the composition 
of Pd2H. This appears impossible, however, as 
the proof of the excess seems to be perfect, ac­
cording to the discussion above. Linde and 
Borelius found the lattice constant practically the 
same at the two higher temperatures for the hy- 
drogen-weak phase. This is quite consistent with 
the original data plotted in the Fig. 3 of Gillespie 
and Hall (though not consistent with the broken 
line that interprets the compositions of this 
phase). This fact indicates the existence of 
Pd8H, which will be discussed later in connection 
with new data.

Brüning and Sieverts6 have studied the pres­
sures, compositions and electrical resistance of 
palladium wire containing hydrogen. In their 
work at 210 to 310° the compositions were esti­
mated from the resistances with the aid of ex­
trapolated relations determined at lower tempera­
tures. Thus no great accuracy can be claimed 
for the calculated compositions, particularly in 
some cases where the relations involved an angle 
whose magnitude must change with the degree of 
hysteresis (see their Fig. 9), since the hysteresis 
vanishes at the highest temperatures. Never­
theless they found with certainty that there is a 
cirtical solution temperature between 290 and 
310°, estimated at about 300°.

In their work at 160, 180 and 200° they meas­
ured the compositions directly. Hysteresis was 
very marked when two solid phases were obviously 
present. They forebore to compare their results 
with those of Gillespie and Hall at the two lower 
temperatures on the grounds that the latter used 
finely divided palladium heated to 400° in a vac­
uum and did not carry out the measurements iso­
thermally. But along the first rising isotherm 
there was no hysteresis; their results with wire 
should not differ from the results in this Labora­
tory. Figure 1 shows one of their two series at 
180°, their points being joined with broken lines, 
and the final results of Gillespie and Hall being 
shown by a solid line. The agreement along the 
first rising isotherm is not bad; in the case of their 
other series at 180° it is better; at 160°, as also 
shown in Fig. 1, it is very good; and at 200° the 
agreement is equally good, when in this case the 
data presented below are used for comparison. 
Although Gillespie and Hall believed they 
reached the second rising isotherm, it is doubtful 
whether Brüning and Sieverts did so, except prob-
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ably at 160°. Only in this case is there a hint 
of agreement along the second rising isotherm, and 
here their break is estimated at the atomic ratio 
H: Pd = 0.49—nearly at Pd2H. Figure 1 indi­
cates very clearly that the experiments at 180° 
were not carried along with sufficiënt addition of 
hydrogen to convert the whole of the wire into the 
second solid phase. For, if from the point A hy­
drogen had been subtracted instead of added a 
false break at a ratio of 0.4 or less would probably 
have been obtained; whereas if from B hydrogen 
had been added again instead of withdrawn it ap­
pears entirely possible that another hysteresis 
loop might have been observed, followed by a 
break at a ratio greater than 0.49. Figure 1 shows 
that at 160° the rising and falling isotherms at the 
top of the figure nearly coincide, and therefore 
complete conversion, or nearly so, may have 
been obtained at the point D. Even here, all 
that can be concluded is that the second break 
lies somewhere within the area of hysteresis, 
probably at a level higher than the line EC. In 
short, Fig. 1 indicates a complete confirmation of 
the 160° isotherm of Gillespie and Hall within 
the error of hysteresis. In the other three cases 
not enough hydrogen was ever added to produce 
rising and falling isotherms at the top of the 
diagrams in approximate coincidence and the re­
sults do not really speak against the existence of 
Pd2H.

This matter has been discussed at length be­
cause, interpreting the phase relationships for this 
system, Brüning and Sieverts allow the picture in 
their Fig. 13 to be obscured by the inclusion of the 
unexplained early results of Hoitsema and some 
irrelevant data9 concerning palladium charged 
with hydrogen by electrolysis and draw their 
temperature-composition line in disregard to 
data of Lambert and Gates and of Gillespie and 
Hall (particularly at 80°) and of the existence of 
Pd2H.

It seems significant that when they draw the 
locus of the resistance of mutually saturated solid 
phases as function of the pressure in their Fig. 11 
they avoid the second break-points plotted at 180 
and 200° to prevent an unnatural change of curva­
ture. We think the corresponding points should

(9) We do not call these data irrelevant simply because hydrogen 
was added by a special method (electrolysis), but because the line in 
question is supposed by phase theory to be the locus of compositions 
of mutually saturated solid phases There appears not the slightest 
reason to suppose that the substance prepared by electrolysis is a 
pure phase in equilibrium with the so-called first, hydrogen-poor 
phase. It is probably not even in internal equilibrium.

be similarly avoided in the composition-pressure 
locus of their Figs. 12 and 13.10

Ipatieff and Tronow11 have measured some 
rising isotherms at various temperatures and 
at pressures up to about 25 atm. Hysteresis 
was not discussed but was evidently great. 
Thus at 150° the pressure could be reduced from
3.5 atm. (at the atomic ratio 0.79) to 1 atm. 
without changing the amount of hydrogen ab­
sorbed by more than about 1 part in 250. The 
object of the authors was not to study the phase 
diagram and they do not refer to recent work 
on it.

Fig. 1.—Comparison of previous data.

Tromp and De Loor12 criticize the interpreta­
tion of Gillespie and Hall, but the criticism is 
really not specially directed against them, being 
a general attack on orthodox interpretations of 
phase diagrams, and is based on a misunderstand- 
ing of the mass action law.13

Hüttig14 has given a general review of hydrides.
Valensi15 has given a general discussion of the 

action of gases on metals and has pointed out the 
similarity of the chromium-nitrogen diagram 
studied by him—with its compound CrN and 
critical solution temperature—to the palladium- 
hydrogen system.

(10) Their reference to the material of Gillespie and Hall as 
gesinterter Mohr is not understood by us. Our palladium black will 
undergo great volume contraction and sinter when heated in air or 
oxygen, but nothing like this happens when it is heated much over 
400° in vacuo, in carbon dioxide or in hydrogen, and sintered material 
has not been used by us for absorption experiments.

(11) Ipatieff and Tronow, J . Phys. Chem., 38, 623 (1934).
(12) Tromp and De Loor, J. Chem. Met. Mining Soc. S. Africa, 

35, 169 (1934).
(13) The mass action law for homogeneous systems admits of no 

discontinuities. This is taken to deny certain orthodox discontinui- 
ties in the diagrams representing heterogeneous systems.

(14) Hüttig, Z. angew. Chem., 39, 67 (1926).
(15) Gabriel Valensi, Thesis, Paris, 1929,
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Experimental
Apparatus.—The apparatus for the generation, measure­

ment and confinement of hydrogen is shown schematically, 
not to scale, in Fig. 2. Hydrogen is made by electrolysis of 
10% NaOH containing some barium hydroxide between 
nickel electrodes, the generator being run continually to 
keep out air. It can be passed through a heated platinized- 
asbestos tube M, but in the present experiments it has

been passed through a thin palladium tube, L heated to 
about 300°. Some is rejected through H, the rest is 
passed through two phosphorus pentoxide tubes, one of 
which is shown at J, and hence to the storage bulb K or the 
gas buret E. From this a measured portion can be passed 
into the steel-protected glass bulb B by means of a mer­
cury compressor G. By closing the stopcock 2 and open­
ing 1 the gas can then be compressed into the heavy Pyrex 
reaction bulb A until the mercury stands in the glass capil­
lary tube at the level of the dotted line above B.

The stopcocks 1 and 2 are of steel, worked from below, 
and are provided with mercury seals to keep gas from 
the waxed packing gland. The volumes 1, 2 and 3 were de­
termined by expanding dry hydrogen from the gas buret 
in a series of experiments, volume 3, extending to the 
dotted line, having first been determined by weighing 
water. Stopcock 1, when opened, is open always to the 
same extent, likewise stopcock 2. In this case the change 
of volume on closing is 0.02 cc. The volumes 1, 2 and 3 
contain 2.4383, 1.5834 and 0.8906 cc., respectively, the last 
without palladium. 0.96670 g. of palladium was added to 
the bulb and the capillary resealed without appreciable 
change of volume. Assuming the density of palladium to 
be 11.78, we find the free volume 3 to be 0.8085 cc. This is 
assumed to be at the temperature of the palladium in the 
thermostat, as the level of demarcation was suitably 
chosen after exploration with a thermocouple.

The riser block D contains the junction between mercury 
on the left and oil on the right. The oil line leads to a 
dead-weight pressure gage. The junction can be main­
tained at a known level at the end of a steel needle, by 
means of a vacuum tube circuit which requires only a grid 
current across the junction. Corrections were made for 
all oil and mercury columns and the barometric pressure 
exerted on the gage and the pressures are reported in inter­
national atmospheres.

The glass-to-steel joint A' is shown in detail in Fig. 3. 
A small steel baffie A. slightly greased, is used to catch and

detect any chance droplet of mercury from the stopcocks, 
but none was found at the end of the experiments.

The thermostat is of steel, provided with an efficiënt 
stirrer and wells of steel for the reception of two platinum 
thermometers, a knife-blade heater and the reaction bulb. 
Steady heating is provided by an external coil, operated 
through a Raytheon voltage regulator of 250 watts, working 
at füll load by means of an adjustable shunt load. One 
of the platinum thermometers is used for meäsuring the 
temperature, having been carefully calibrated and com­
pared with other good thermometers. The other is part of 
a bridge circuit, the galvanometer in which actuates a 
selenium cell Controlling, in a “phase-shift” circuit, a thy- 
ratron tube which furnishes the auxiliary current for the 
knife-blade heater. The thyratron furnishes about 15 to 
20% of the total heat. The bath is a mixture of sodium, 
lithium and potassium nitrates. Under favorable circum­
stances of room temperature, regulation to better than 
0.001° is obtained at the experimental temperatures.

The dead space at room temperatures is protected by the 
use of aluminum foil and the temperature measured.

Materials.—The hydrogen was purified by diffusion 
through a hot palladium tube as described above. In some 
preliminary work at 310° such hydrogen was found to give 
the same isotherm as hydrogen passed over platinized 
asbestos (and in either case, over phosphorus pentoxide).

P Y R E X
C A P I L L A R Y

/. 5  MM. / D. 
8 '  MM.O.D.

TO  SC A L E

B O T T O M
G L A S S -S T E E L  JO IN T

Fig. 3 .—Detail of glass to metal joint.

Ammonium chloropalladate was obtained through the 
kindness of the National Bureau of Standards. It was 
stated to be free of other metals, particularly platinum- 
like metals, though not of alkali metals. From this the 
yellow palladosammine chloride was prepared, reprecipi­
tated twice from ammoniacal solution with hydrochloric 
acid, thoroughly washed in conductivity water and dried 
at 100°. A weighed sample was reduced in a stream of 
hydrogen at 150°, the temperature then slowly raised to a



Dec., 1936 Palladium-H ydrogen Equilibrium and N ew Palladium Hydrides 2569

maximum of 500° and a stream of carbon dioxide substi­
tuted for the hydrogen. After ten minutes at 500° it was 
then slowly cooled in the stream of carbon dioxide and 
weighed. Vacuum corrections were applied. Palladium 
found, 50.353 and 50.344%; calculated by 1935 atomic 
weights 50.407%.

Palladium reduced in this way was placed in a Pyrex 
bulb, and the bulb was evacuated and heated with a hand 
torch until it partly collapsed. This was an effort to re­
move any trace of ammonium chloride. The material was 
allowed to cool in a vacuum, weighed and transferred to 
the reaction bulb.

In this type of experiment the palladium is easily con­
taminated with mercury through accident. Furthermore, 
mercury may be transferred with hydrogen to the palla­
dium, or may distil to it during evacuation. We have not 
introduced a liquid air-bath to prevent this because of the 
damaging increase of dead-space corrections and increased 
liability of accident to the glass apparatus. A palladium 
mercuride occurs naturally in British Guiana, containing
54.4 to 65.2% Hg.16 An excess of mercury can react with 
palladium, especially readily if the palladium contains 
hydrogen and if heated. After driving off mercury with a 
fairly strong Bunsen flame we have found to remain 58.2 
and 59.1%, most of which could be removed by the 
strongest Bunsen flame on a small crucible. The formula 
Pd4Hg3 corresponds to 58.5% Hg. Our preparation was 
hard, sank in the excess of mercury and appeared to have a 
very low solubility in it. The natural mercuride is hard 
and denser than its elements.

If the hydrogen which actually entered the palladium 
during our experiments had been saturated with mercury 
at 1 atmosphere total pressure, the palladium would 
have contained about 0.01% of mercury at the end of the 
experiments. Even ten times as much would not—we 
have reason to suppose—influence the pressures seriously, 
though it might hinder equilibrium.

After the last pressure measurement the palladium was 
exhausted at 290°, cooled in a vacuum and exposed to air. 
It was then weighed in a porcelain boat with a suitable 
tare. Then it was conditioned at about 370° in hydrogen, 
followed by carbon dioxide for half an hour and finally 
cooled in carbon dioxide, conditioned in the balance case 
and weighed again with undisturbed weights and rider. 
The loss of weight was only 0.03 mg. on 942 mg. of sample. 
Such heating will not remove small amounts of mercury. 
The boat was placed in a narrow quartz tube and strongly 
heated with a Meker burner to bright red heat in a current 
of carbon dioxide, the palladium conditioned with hydro­
gen and carbon dioxide, cooled in carbon dioxide and 
weighed as before. The loss of weight was about 2 mg. 
The palladium was then heated again in the quartz tube in 
a current of oxygen, followed by hydrogen and carbon 
dioxide as before. The further loss of weight was about 
0.3 mg. The total loss of weight was 0.26% of the weight 
of the palladium. Previous experience with the elimina­
tion of known quantities of mercury showed that this pro­
cedure is sufficiënt.

The loss in weight in this case cannot be due mainly to 
mercury, as this should have been collected in a narrow

(16) Harrison and Bourne, O ff. G a z e t te ,  B r i t .  G u ia n a ,  No. 71, Feb.
27, 1925; C . A . ,  19, 3075 (1925).

water-cooled part of the quartz tube, and none could be 
found by inspection with the low-power microscope. As 
the tube at this place appeared etched, about 2 mg. of 
mercury was intentionally distilled and collected in this 
part, without cleaning it. Under the low power, the mer­
cury made a striking display, no substantial fraction of 
which could have been missed in the analysis. In the 
analysis the gas was passed into a test-tube of water for 
cooling, and this gave a test with Nessler’s reagent.

We conclude that part of the loss of weight was due to 
elimination of ammonium chloride, and that the amount 
of mercury in the palladium was much less than 0.2%.

Measurements of Equilibrium Pressure.—We consid­
ered the pressure worthy of record as equilibrium pressure 
when it remained constant for one-half hour. Weighings 
of the pressure were made to 1 g., corresponding to about 1 
mm., though in most cases not reported so precisely in the 
table. At the higher temperatures equilibrium was evi­
dently reached very quickly, and this was confirmed by co- 
incidence of the rising and falling isotherms. In the two- 
solid-phase region hysteresis was increasingly evident as 
the temperature was lowered, until it was very serious at 
200°. The “heat treatment” of Gillespie and Hall was 
not used at all in this work, as it was very inconvenient 
with the new apparatus. The mercury compressor al­
lowed of a withdrawal of hydrogen followed by return of the 
same amount to the palladium plus dead space. This 
seems to be of some assistance in gaining proper equilib­
rium, but proof of this is lacking, and in the interpretation 
of the measurements no particular weight has been given 
to data secured in this way. Such points are shown in the 
diagrams by circles without tails—they should in most 
cases be regarded as additions. Additions are shown by 
tails pointing upward; subtractions, by tails pointing 
down ward.

Calculation of Concentrations.:—The hydrogen admitted 
to the apparatus during an experiment is partly in the 
palladium and partly in the dead space. Frequently only 
one-fourth of it was in the palladium. The dead space is in 
two parts, one at bath temperature and one at room tem­
perature. The density of palladium with adsorbed hydro­
gen is not well known, and perhaps cannot be. Measure­
ments of Wolf17 on palladium wire show marked hysteresis 
and lack of reproducibility. However, they lead us to 
believe that the error we make in assuming constant den­
sity is not serious. We have given above enough 
apparatus constants to allow of easy correction of our 
concentrations, if better density data become available. 
The error of neglecting the thermal and pressure expansion 
of the glass reaction bulb should be much smaller. At the 
higher pressures it is necessary to correct for the non- 
ideality of hydrogen and this correction has been made 
throughout. It amounted to an increase of 0.0086 in the 
atomic ratio at 32 atm. and 310° and was a strong function 
of the pressure and a weak function of the temperature.

The concentration is reported throughout as the atomic 
ratio: atoms hydrogen per atom palladium.

Experimental Results.—The data are pre­
sented in Table I in the order in which they were 
taken, except for some measurements at 0°, made

(17) Wolf, Z. p h y s ik .  C h e m ., 87, 575 (1914),



2570 Louis J. Gillespie and Lionel S. Galstaun Vol. 58

between those at 200° and those at 280°. When 
the mercury compressor was used as described 
above to withdraw and return hydrogen the ratio 
is followed by an asterisk. In the last few cases 
the entries do not begin with zero pressure. This 
means that the preceding experiment was con­
tinued at a new temperature without exhaustion.

T a b l e  I
Equilibrium Pressures in Atmospheres and Corresponding 

Atomic Ratios (r)
313.02° 310° 295'D

P r P r P r

0 0 9.47 0.0606 19.805 0.2856
5.78 0.0398 5.51 .0417 19.818 .2961

10.86 .0621 300° 19.811 .2934
15.60 .0914 0 0 19.846 .3101
19.59 . 1253 0.31 0.0123 19.95 .3308
22.44 .1690 4.76 .0384 20.20 .3532
24.43 .2179 10.08 .0660 22.42 .4194
25.16 .2818 15.05 .0993 27.90 .4721
25.85 .3303 18.84 .1427 25.10 .4526
27.01 .3669 20.51 .1804 22.69 .4243
30.44 .4196 21.01 .2316 20.75 .3804
27.65 .3814 21.20 .2845 19.868 .3214
25.91 .3362 21.62 .3391 19.867 .3179
24.98 .2719 22.83 .3863 19.805 .2978
23.67 .1946 0 0 19.792 .2793
22.54 .1679 4.23 0.0359 19.794 .2716
19.41 .1253 9.33 .0614 19.791 .2746
16.63 . 1031 14.15 .0960 19.767 .2627
13.47 .0833 18.45 .1368 19.777 .2629
10.69 .0679 20.84 .2121 19.753 .2503
8.39 .0576 21.12 .2617 19.455 .2034
6.32 .0500 21.15 .2738 290o

310° 21.15 .2740 0 0
0 0 21.18 .2850 0.464 0.0105

0.296 0.0078 21.23 .2967 5.96 .0466
.538 .0106 21.25 .3001 11.22 .0777
.740 .0125 21.31 .3105 15.57 .1217
.891 .0138 21.38 .3185 17.10 .1477
0 0 21.44 .3244 18.18 .1873

0.30 0.0078 21.62 .3379 18.20 .1915
3.72 .0306 22.71 .3822 18.39 .2092
7.89 .0511 24.12 .4116 18.38 .2096

11.81 .0706 22.65 ,3822 18.45 .2256
16.77 .1020 22.03 .3619 18.49 .2444
20.67 .1409 21.61 .3400 18.51 .2609
23.02 .1925 21.21 .2961 18.53 .2790
24.06 .2720 20.86 .2162 18.53 .2933
25.29 .3506 18.18 .1370 18.54 .3198
28.58 .4146 14.01 .0926 18.57 .3363
31.87 .4449 295° 18.57 .3376
28.43 .4129 0 0 18.79 .3594
25.94 .3724 0.514 0.0108 19.03 .3739
24.83 .3341 6.54 .0484 19.61 .3995
24.25 .2955 10.20 .0719 21.89 .4415
23.79 .2426 14.33 .0991 21.80 .4392
22.98 .1942 17.72 .1393 26.30 .4792
21.46 .1561 19.647 .2199 30.58 .5040
19.43 .1280 19.739 .2368 25.23 .4749
14.44 .0879 19.787 .2609 21.86 .4434

290° 250° 280°
P r P r P r

19.32 0.3894 8.63 0.0992* 16.30 0.3625
18.76 .3605 6.27 .0615 16.38 .3646*
18.75 .3570 200° 16.72 .3853
18.57 .3390 0 0 18.82 .4379
18.52 .3247 0.35 0.0140 21.84 .4704
18.52 .3180 3.22 .0608 26.44 .5024
18.51 .2983 4.40 .1068 20.35 .4586
18.52 .2960 4.36 .1074 16.89 .3961
18.50 .2765 4.44 .1286 16.36 .3702
18.52 .2771* 4.47 .1549 16.36 .3700
18.51 .2699 4.52 .2583 16.12 .3406
18.51 .2639 4.53 .3465 16.11 .3312
18.50 .2586 4.58 .4299 16.10 .3261
18.49 .2538 4.55 .4553 16.14 .3269*
18.49 .2527 4.40 .4723
18.45 .2328 4.51 .4706*

250° 4.58 .4773 14.01 0.3633
0 0 4.66 .4955 13.93 .3540

8.88 0.0958 4.89 .5150 13.88 .3299
10.27 .1446 6.06 .5399 13.94 .3379
10.36 .1555 8.02 .5626 13.95 .3438
10.39 .1624 12.55 .5794 14.04 .3604
10.41 .1778 11.33 .5820 13.96 .3537
10.36 .1793 8.43 .5648 14.00 .3536*
10.44 .1965 5.76 .5357 13.93 .3209
10.48 .2377 5.04 .5206 13.88 .2852
10.38 .2002* 4.67 .5119 13.93 .2838*
10.44 .2127 4.41 .5032 13.97 .2746
10.40 .2140* 4.31 .4992 13.93 .2713
10.49 .2891 4.49 .4962* 13.93 .2711*
10.38 .2915* 3.95 .4434 13.93 .2590
10.55 .3580 4.46 .4338* 13.88 .2490
10.49 .3591* 3.81 .3116 13.88 .2413
10.55 .4257 4.43 .3003* 13.91 .2415*
12.61 .4805 3.76 .2344 13.89 .2344*
12.58 .4835 4.39 .2229* 13.88 .2256*
15.97 .5138 4.35 .1456 13.78 .2005*
20.62 .5385 3.80 .0782 285°
20.51 .5396 280° 16.02 0.1651
16.83 .5215 0 0 16.94 .2110
16.82 .5214* 3.05 0.0327 17.07 .2252
14.27 .5031 6.42 .0552 17.19 .2420
14.23 .5031 8.19 .0684 17.21 .2478
11.72 .4686 11.06 .0931 17.25 .2585
11.75 .4691* 13.75 .1271 17.29 .2828
10.78 .4435 15.61 .1784 17.74 .3689
11.06 .4513 15.87 .1985 19.63 .4284
10.19 .4171 15.98 .2127 17.53 .3562
10.44 .4128* 16.02 .2191 17.54 .3563*
10.44 .4294 16.01 .2263 17.46 .3489
10.62 .4383 16.09 .2435 17.39 .3404
10.56 .4356 16.13 .2597 17.32 .3252
10.44 .4306 16.13 .2748 17.30 .3137
10.39 .3684 16.20 .3489 17.29 .3021
10.27 .2756 0 0 17.28 .2922
10.39 .2737* 5.18 0.0458 17.22 .2638
10.25 .1869 9.94 .0803 17.23 .2606
10.28 .1852* 13.62 .1223
10.07 .1675 16.05 .2178 290°
10.27 .1650* 16.04 .2340 18.33 0.2436
8.63 .0996 16.11 .2503 18.33 .2436*
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At 0° no attempt was made to investigate the 
whole curve, or to find again the first break, but 
we have tried to find the pressure of the horizontal 
isotherm more accurately than did Gillespie and 
Hall, who found the average 3.95 mm. by the use 
of capillary tubes and a meter stick. In this case 
we have used wide tubes and a good cathetometer. 
We find that the equilibrium pressure cannot be 
greater than about 3.56 mm. “Heat treatment” 
was not used, but the palladium was heated in 
vacuo at 360° before the experiments. The mate­
rial absorbed hydrogen over a wide range of com­
position at much lower pressures than in the 
former investigation, as did the material used by 
Gillespie and Ambrose.18 For instance, when the 
atomic ratio was increased from 0.047 to 0.408 the 
pressure feil in twelve and a half hours to only 
4.03 mm. This is probably a result of the better 
elimination of ammonium chloride. On with- 
drawing hydrogen, however, even from the ratio 
0.07, the material showed hysteresis, the pressure 
falling to 3.0 mm. with a decrease of only 0.002 in 
the ratio.

The last entry of Table I is for a check on the 
condition of the palladium in comparison with 
the earlier 290° isotherm. It is not plotted in 
the diagrams. This result is about 1% lower 
than the curve at 290°. If plotted in Fig. 5 the 
center of its circle would lie on the circumference 
of one of the circles shown. This result points 
to some small change in the material. The palla­
dium was found to be packed together after the 
experiments. The mass could be broken up al­
most entirely by shaking the container so that 
most of it was removed through the capillary tube. 
Care was taken to include all of the packed mate­
rial for the test for mercury.

Discussion

The data cannot be properly judged by a single 
diagram of constant scale. Hence the experi­
mental points in the neighborhood of the hetero­
geneous region are plotted in Fig. 4 with different 
pressure scales for the different isotherms. Even 
here, the magnification is not quite sufficiënt to 
make evident the horizontal portion at 295°, and 
one must examine the numbers. The scale at 
300° is the same as at 295°, though displaced, and 
the difference between these isotherms, one above 
the critical point, and one just below it, is very 
clear. The isotherm at 285° is the last one ob-

(18) Gillespie and Ambrose, J .  P h y s .  C h e m ., 35, 3105 (1931).

tained. It is not so consistent as the others—in­
deed, taken by itself, it suggests a continuous 
curve. In order to locate the breaks as well as 
possible in this and some other cases, we have 
sought to take advantage of the fact that the 
pressure level of the horizontal portion is very 
well defined at some temperatures. A plot was 
made of log p against l / T  for the horizontal por-

Fig. 4.—Detail of breaks. The square denotes a point 
in the 250° isotherm. All other points belong on the 
nearest curve.

tions, and the doubtful levels were chosen so that 
all the pressures lie within 0.2% of the pressure 
given by the equation

log p  «  4.6018 -  1877.82/F 
At the seven temperatures increasing from 200 to 
295° the pressures chosen differ from those given 
by this equation by the respective percentages: 
0, +0.24, —0.11, 0, —0.06, 0, 0. This equation 
prescribes a pressure of 4.05 mm. at 0°, which is 
too high. It agrees with the experimental value
3.56 mm. about as well as any linear equation can, 
the true equation being that of a curve. On this
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plot the results of Gillespie and Hall at the higher 
temperatures, particularly 180°, appear too low.

The breaks may be sharper than we have drawn 
them, but it would seem that the heat of absorp­
tion per mole of hydrogen is nearly the same at a 
given temperature, whether the palladium is 
nearly saturated or whether it is already a two- 
phase mixture and hydrogen is being used for com­
pound formation. One would therefore expect it 
legitimate to use a continuous function for 
smoothing in the manner just described.

The main results of the measurements are shown 
in summary in Fig. 5, a diagram of uniform scale. 
Although the exact location of the breaks is very 
difficult, requiring a smoothing in two variables,

yet we think it certain that the boundary of the 
two-solid-phase region is substantially as shown in 
Figs. 4 and 5 and that the boundary has steep tan­
gents at ratios 0.125, 0.250, 0.333 and 0.5, corre­
sponding to the compounds Pd8H, Pd4H, Pd3H 
and Pd2H. The existence of the first and last of 
these depends in part on the results of Gillespie 
and Hall, which are likewise shown in Fig. 5, and 
is supported in both cases by the X-ray diagram 
of Linde and Borelius.8 The short vertical lines 
across the isotherms at 160 and 180° show the 
limits allowed by the original data.

We have drawn the tangent much steeper at 
Pd4H than at Pd3H, but such comparisons depend 
upon the smoothing and are perhaps not fully 
justified. We think it possible that the tangents 
are vertical in all cases except Pd3H, which would 
mean that the corresponding compounds follow 
the law of definite proportions. In such a case as 
shown for Pd3H there is evidence of Chemical 
individuality, even if the law of definite propor­
tions seems to hold only at a point—i. e., not at all 
from a practical standpoint. The curve for it is 
like the curve for FeO in the Fe-H -0 system 
shown by Eastman and Evans,19 and Pd3H seems 
to have as great a claim for existence as FeO.

It may be noted that the tangent cannot be as­
sumed vertical at PdrH or Pd9H. The 
next eompound in the obvious series 
would be PdieH. This was not observed 
by Gillespie and Hall, and their data in 
the neighborhood of 80° are not sufficiënt 
to give any information about its possi­
ble existence.

The critical solution temperature is 
estimated by us to be 295.3°, the cor­
responding pressure 19.87 atm. and the 
atomic ratio, 0.270.

No eompound PdH has ever been 
shown, nor any phase diagram presented 
that gives evidence of it. Palladium has 
been heavily loaded with hydrogen by 
electrolysis by Fischer20 to an atomic ratio 
of 0.84. On standing, hydrogen was lost 
until the ratio was 0.81. Paal and 
Gerum21 report a single experiment in 
which hydrogen was absorbed by palla­
dium black suspended in water and 
shaken until the ratio reached 0.98, indi­
cating PdH. But when their absorptions 
are plotted against the time, a curve is 
obtained which suggests that further ab­

sorption might have been observed in a longer 
time. Thus there is no evidence here of the ex­
istence of PdH even if one grants the enormous 
absorption, which appears quite inconsistent with 
the results of electrolysis. This process ought to 
be capable of saturating palladium under vir- 
tually very great pressure—indeed, von Samson-

(19) Eastman and Evans, T his Journal, 46, 888 (1924). In this 
case the temperature is replaced with per cent. of H2 in the gas phase 
as variable, the temperature and partial pressure of water being held 
constant in the 3-component system, but the curves are analogous.

(20) Fischer, A n n .  p h y s . ,  [4] 20, 503 (1906).
(21) Paal and Gerum, B e r , ,  41, 818 (1908).

big. 5.—Pressure-concentration diagram of palladium-hydrogen
system.
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Himmelstern22 has found an increase of pressure 
from 1 tö 968 atm. to increase the atomic ratio 
found on electrolysis by a negligible amount (from 
0.7 to not more than 0.707).

Summary
Seven isotherms, from 200 to 313°, have been 

traced on the pressure-composition diagram for 
palladium and hydrogen, in most cases from zero 
pressure through the heterogeneous region and 
well into the second homogeneous solid phase. 
The diagram, including the previous results at 
lower temperatures of Gillespie and Hall, indi­
cates that the compounds Pd2H, Pd3H, PcLtH and 
PdgH have Chemical individuality, even though 
in the second case, and possibly others, the tan­
gent to the boundary curve is not vertical, the 
curve then resembling the analogous curve for 
FeO in the Fe-H -0 system. In all cases the

(22) Von Samson-Himmelstern, Z .  a n o r g . C h e m ., 186, 337 (1930).

eompound is to be regarded as a solid solution 
that has a stoichiometrical composition over a 
limited range of temperature. The finding of 
Brüning and Sieverts of a critical solution tem­
perature for the solid phases near 300° is con­
firmed, and the critical constants are found to be: 
temperature, 295.3°; pressure, 19.87 atm. and 
atomic ratio H : Pd, 0.270.

In the discussion the validity is denied of (1) 
certain evidence against the existence of Pd2H, 
and (2) certain evidence in favor of the existence 
of PdH.

Mention is made of palladium mercuride, prob­
ably PdéHgs, of very low decomposition pressure. 
The palladium investigated was found at the con­
clusion of the experiments to contain a presumably 
harmless amount of mercury, much less than 
0.2% .

Ca m br id g e , M a s s . R e c e iv e d  A u g u s t  14, 1936

[Co n t r ib u t io n  from  t h e  G a t e s  a n d  Cr e l l in  L aboratories of C h em ist r y  o f  t h e  C a l if o r n ia  I n s t it u t e  o f  T e c h ­
nology , No. 548]

The Extraction of Ferric Chloride from Hydrochloric Acid Solutions by Isopropyl
Ether

B y R ichard W. D odson , G érard J. F orney  and  E r n e st  H. Sw ift

Introduction
The extraction of ferric chloride from Solutions 

approximately 6 formal in hydrochloric acid by 
ethyl ether has been studied repeatedly,1-5 but, 
although such an extraction process offers ob- 
vious advantages over precipitation methods, this 
Separation has not been used as widely in general 
qualitative and quantitative procedures as would 
seem justified. This has been due to several fac­
tors: the efficiency of the extraction process is 
critically dependent on the hydrochloric acid con­
centration; the solubility of ether in the acid is 
of such magnitude that the volume of the aqueous 
phase is increased by as much as 25%, making the 
concentration of the acid after an extraction un­
certain or requiring the use of acid previously 
saturated with the ether; it has been feared that 
peroxide or alcohol which are frequently present 
in ether would reduce the iron to the ferrous state,

(1) Skey, C h e m . N e w s ,  36, 48 (1880).
(2) Rothe, M i t t .  k ö n ig .  te c h . V e r . ,  10, 32 (1892); C h e m . N e w s ,  66, 

182 (1892); S ta h l  u n d  E i s e n ,  12, 1052 (1892).
(3) Langmuir, T his Journal, 22, 102 (1900).
(4) Kern, i b id . ,  23, 689 (1901).
(5) Speller, C h e m . N e w s ,  83, 124 (1901).

in which form it is not extracted; finally, the 
volatility of ethyl ether makes the quantitative 
technique of the extraction somewhat difficult at 
room temperatures, and especially for student use, 
involves a serious fire hazard. Because of these 
facts, it has seemed worth while to investigate the 
use of other, less volatile ethers for this Separa­
tion, and this paper presents the results of experi­
ments with isopropyl ether. This ether is readily 
available, and the present cost of the best tech­
nical grade is somewhat less than that of ethyl 
ether of a comparable grade.

The Experimental Method
Materials.—Concentrated hydrochloric acid, c. p. grade, 

was standardized against sodium carbonate. Ferric chlo­
ride Solutions were prepared and standardized, by per­
manganate, using the Zimmermann-Reinhardt method, or 
by thiosulfate, using the iodometric method.6 In every 
case the ferric chloride used was shown to be free from fer­
rous salt by testing with ferricyanide. Except when test- 
ing the suitability of the technical product for routine 
analyses, the isopropyl ether used was prepared from a 
technical grade by fractional distillation, the fraction

(6) E. H. Swift, T his Journal, 51? 2682 (1929).



2574 R ichard W. D odson, Gérard J. Forney and Ernest H. Swift Vol. 58

taken distilling over a temperature range of 0.1°. The 
ethyl ether used had been distilled over sodium, and before 
use was shaken with mercury to remove peroxide. Solu­
tions of the chlorides of copper, cobalt, manganese, nickel, 
aluminum, chromium and zinc were prepared by dissolving 
appropriate amounts of these substances in distilled water, 
and adding such amounts of concentrated hydrochloric 
acid and water that the final acid concentration was 7.75 
ƒ, and the metal ion was present in the desired concentra­
tion. Hydrochloric acid Solutions were prepared similarly 
of technical titanic sulfate solution, vanadol and vanadyl 
ions (from ammonium vanadate), sodium molybdate, 
sodium hydrogen sulfate and sodium dihydrogen phos­
phate.

Extraction Technique.—Twenty-five ml. of a solution of 
hydrochloric acid and ferric chloride in definite concentra­
tions was introduced into a 50-ml., glass-stoppered, gradu- 
ated cylinder, 25.0 ml. of ether added and the mixture 
shaken vigorously 500-1000 times. After a Separation of 
the layers was obtained, the phase volumes were read and 
the mixture transferred to a dry separatory funnel. Por­
tions for analysis were withdrawn from each phase. Ex­
cept where otherwise stated, the extractions were per­
formed at room temperatures. The same technique was 
used in the extractions of the other substances tested.

Analytical Procedure.—Small amounts of iron were de­
termined colorimetrically with thiocyanate, larger amounts 
either by the Zimmermann-Reinhardt method or by the 
iodometric method. The peroxide content of the ethers 
used was estimated colorimetrically by means of titanium 
sulfate. In studying the reducing effect of peroxide and 
alcohol, ferrous iron was estimated by adding ferri­
cyanide to the solution to be tested and comparing the 
precipitate so obtained with the precipitate obtained under 
similar conditions with known amounts of ferrous iron, 
also by the difference between thiocyanate determinations 
of ferric iron and, after permanganate oxidation, of total 
iron.

The Experimental Results
Effect of Varying the Acid Concentration.— 

Since the efficiency of the extraction with ethyl 
ether is known to be very dependent on the acid 
concentration, extractions using isopropyl ether 
were performed with 125 and 250 mg. of ferric 
iron over a wide range of acid concentrations. 
The results of these extractions are recorded in 
Table I. As noted, with these amounts of iron, 
three phases appear at hydrochloric acid concen­
trations above 7.5 formal. In these cases, the 
two upper layers are considered as ether phases, 
and the sum of their volumes is recorded. The 
volumes of these two phases at acid concentra­
tions of 7.5-8.0 formal are approximately equal 
and the distribution ratio for iron between them 
varies from about 2.5 to 7.5, the ratio favoring the 
bottom layer of the two and increasing with in­
crease in hydrochloric acid concentration.

For purposes of comparison there are recorded

in Table II values obtained under similar condi­
tions for the distribution of ferric iron between 
aqueous hydrochloric acid Solutions and ethyl 
ether.

T a b l e  I

T h e  D ist r ib u t io n  of  F e r r ic  I r o n  b e t w e e n  I so propyl  
E th er  a n d  A q u e o u s  H ydrochloric  A cid S o l u tio n s

Initial HCl 
concn., 
moles

Volume after 
shaking, ml. 

Ether Water
Iron found, mg. 

Ether Water '%

jjistnuu-
tion ratio 
(F eether)/

per liter layer layer layer layer extracted Ewater)
2.0 24.8 25.3 0 252.0 0
3.0 24.5 25.4 1.1 250.9 0.44 0.0045
4.0 24.6 25.3 30.5 221.6 12.1 .142
5.0 24.8 24.9 203.9 48.1 80.9 4.25
5.5 24.7 24.9 235.2 16.8 93.3 14.1
6.0 24.7 25.0 247.3 4.7 98.1 53.3
6.5 23.9 25.9 124.7 1.1 99.1 123
6.6 24.5 25.2 250.4 1.6 99.4 161
7.0 24.2 25.5 251.1 0.92 99.6 287
7.0 23.7 26.0 123.7 0.65 99.5 208
7.5 23. 7“ 25.8 248.4 0.39 99.8 690
7.5 23.7 26.2 123.6 0.79 99.4 173
7.75 23.4“ 26.2 248.6 0.24 99.9 1160
8.0 23.3“ 26.2 251.9 0.16 99.9 1770
8.0 23.2“ 26.6 124.2 0.19 99.8 750
8.25 22.5“ 26.9 248.5 0.30 99.9 990
8.5 22.0“ 27.4 247.9 0.88 99.6 351
8.5 22.4“ 27.2 123.8 0.61 99.5 246
9.0 19.1“ 30.1 238.5 13.5 94.6 27.8
9.0 18.5“ 30.8 116.1 8.3 93.3 23.3

° Two ether phases. The sum of the volumes is re­
corded.

T a b l e  II
T he  D ist r ib u t io n  of F er r ic  I r o n  b e t w e e n  E thyl

E ther  a n d  A q u e o u s  H ydrochloric  A cid S o lu tions

Initial HCl Volume after 
concn., shaking, ml. 
moles Ether Water

per liter layer layer

Iron
found, mg. 
Ether Water 
layer layer

Distribu­
tion ratio 

% (F eether)/
extracted (Fewater)

0.0 23.3 26.5 Trace 250 0.0 0.0
2.0 23.2 26.7 2 .4  248 .96 .011
3.0 22.9 26.8 44.5 205 17.8 .25
4.0 22.7 26.7 204 46.4 81.5 5.18
5.25 21.2 28.0 246 4.4 98.2 74
6.2 19.6 29.4 247 2.6 99.0 143
7.0 17.3 31.7 244 5.5 97.8 81
7.1 17.1 31.8 244 5.9 97.6 72
8.0 11.8 36.6 218 32.4 87.0 20.9
8.6“ 8.0 40.4 169 80.6 67.7 10.6
9.3“ 5.3 43.2 35.0 215 14.0 1.33

“ Separate ether phase metastable.

Values for the phase volumes and extraction 
percentages with ethyl ether at acid concentra­
tions of 8.6 and 9.3 formal are recorded in Table 
II. In subsequent experiments it was found that 
at these concentrations the ether phase very 
slowly but completely dissolves in the other phase 
on continued shaking. The values given for
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these concentrations represent, therefore, extrac­
tion under metastable conditions.

In Fig. 1 are plotted the extraction percentages 
given in Tables I and II.

In order to determine the suitability of the 
technical grade of isopropyl ether for this extrac­
tion, experiments similar to those previously de­
scribed were made using commercial isopropyl 
ether. The results of these experiments are 
given in Table III.

T a b l e  III
T h e  D is t r ib u t io n  o f  F e r r ic  I r o n  b e t w e e n  T e c h n ic a l  

I s o p r o p y l  E t h e r  a n d  A q u e o u s  H y d r o c h l o r ic  A cid  

S o l u t io n s

Initial HCl Volume after Iron Uon^ratio
concn., shaking, ml. found, mg. .
moles Ether Water Ether Water %  K ^ ^ ether)/

per liter layer layer layer layer extracted ( F e toaeer)

6.0 24.7 25.0 244.0 7.76 96.9 31.8
8.0  23.5 26.1 251.5 0.52 99.8 540

Effect of Varying the Iron Concentration.—
In order to determine the effect on the distribu­
tion of varying the iron concentration, a series of 
extractions were made with isopropyl ether in 
which the acid concentration was kept constant 
and the amount of iron was varied. In these ex­
periments the Solutions were kept at 25° during 
the extraction process. A hydrochloric acid con­
centration (5.0 formal) below that for optimum 
extraction was selected in order that more accur­
ate values for the distribution ratio might be 
obtained. The results of these experiments are 
given in Table IV. The isopropyl ether used in 
obtaining the data presented in Table IV was 
found to be 0.03 N  in peroxide.

Because it was seen from the data recorded in 
Table IV that the distribution varies with the 
total amount of iron, extractions were performed 
with one milligram of iron with both ethyl and 
isopropyl ethers. The results are given in Table
V.

The Effects of Peroxide and Alcohol.—To de­
termine the reducing effects of peroxide and 

T a b l e  V

T h e  E x t r a c t i o n  o f  O n e  M il l ig r a m  o f  F e r r ic  I r o n  

f r o m  A q u e o u s  H y d r o c h l o r ic  A c id  S o l u t io n s  b y  E t h y l  

a n d  I s o p r o p y l  E t h e r s

Ether used

Initial HCl 
concn., 
moles 

per liter

Volume after 
shaking, ml. 

Ether Water 
layer layer

Iron found 
in water 

layer,
mg. % extracted

Ethyl 4 .0 22.1 27.4 0.6 40
Ethyl 6.0 17.9 31.2 .2 80
Isopropyl 7.0 23.5 26.3 .1 90
Isopropyl 7.5 22.9 26.9 .04 96
Isopropyl 8 .0 21.8 27.8 .04 96
Isopropyl 8.5 20.4 29.2 .1 90

alcohol, extractions were made with ethers con­
taining known amounts of these impurities. A

Initial HCl concentration, moles per liter.
Fig. 1.—Extraction of ferric chloride from aqueous 

hydrochloric acid Solutions by ethyl and isopropyl 
ethers: -®-, ethyl ether; -O-, isopropyl ether.

thirty-minute extraction of 250 mg. of ferric iron 
was performed with ethyl ether from hydrochloric

T a b l e  IV
T h e  D is t r ib u t io n  o f  V a r y in g  A m o u n t s  o f  F e r r ic  I r o n  b e t w e e n  I s o p r o p y l  E t h e r  a n d  5.0 F o r m a l  H y d r o c h l o r ic

A c id  S o l u t io n s ®

Initial HCl 
concn., moles 

per liter

Amount of 
iron taken, 

mg.

Volume after shaking, ml. 
Ether Water 
layer layer

Iron found, 
Ether 
layer

mg.
Water
layer % extracted

Distribution
ratio

(F e.e th er) /  (F Gw aler)

5.0 500 25.4 24.1 451 49 90.2 8 .7
5.0 243 24.8 24.9 200 43 82.4 4.7
5.0 203 24.8 25.0 161 42 79.5 4 .0
5.0 102 24.6 25.2 69 33 67.5 2.1
5.0 41 24.5 25.4 16 25 39 0.7
5.0 22 24.4 25.5 8 14 36 0.6

® It is to be emphasized that these data do not represent extraction under the most favorable conditions. of acid con­
centration (see Table I).
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acid 6.0 ƒ and with isopropyl ether from hydro­
chloric acid 8.0 ƒ. A small amount of ferrous 
iron was found in the aqueous layer after the 
ethyl ether extraction, less than 0.3 mg. when 
the ether was 0.003 N  in peroxide and contained 
ethyl alcohol 4% by volume, and a like amount 
when no alcohol was present. With isopropyl 
ether, 0.1 N  in peroxide, both with and without 
isopropyl alcohol present 4% by volume, no test 
for ferrous iron was obtained, or less than 0.0 mg. 
was formed.

The Behavior of Elements Other than Iron.—
In order to determine the behavior of other ele­
ments with isopropyl ether, extraction experiments 
were performed with copper, cobalt, nickel, man­
ganese, aluminum, chromium, zinc, molybdenum, 
vanadium, titanium, sulfur and phosphorus.

T a b l e  VI
T h e  E x tra c tio n  of E l e m e n t s  o th er  t h a n  Iron  from  
7.75 ƒ  H ydrochloric  A cid S o l u tio n s  b y  a n  E qual 

V olum e  of I so pr o py l  E t h e r
Amount, Amount found %Element taken mg. in ether, mg. extracted

Cu11 500 0.0 0.0
Co11 500 .0 .0
Mn11 500 .00 .00
Ni11 500 .00 .00
Al111 500 .00 .00
Crm 500 < .03 <.01
Zn11 500 .0 .0
Vv 250 54 22

ƒ Vv 48.5 21 43
\  Fe111 500

v IV 258 < 0 .2 <0.08
f v IV 51.5 .2 .4
1 Fe111 500

Mo71 250 53 21
ƒ MoVI 125 56 45
\  Fe111 250

TiIV 125 0.00 0.00
ƒ S (as H2S04) 62.5 .2 .3
\  Fe111 250

P (as H3P 04) 125 .1 .1
/  P (as H3P04) 62.5 39 62
Ï F e m 250

These extractions were performed at an initial 
hydrochloric acid concentration of 7.75 formal. 
The results are given in Table VI.

Discussion

It is to be seen from Tables I and II and from 
Fig. 1 that with 250 mg. of iron the extraction 
with ethyl ether reaches an efficiency of 99% or 
slightly greater at an initial hydrochloric acid 
concentration of 5.5-6.5 formal. Above 6.5

formal the efficiency of extraction falls off quite 
rapidly. With isopropyl ether the efficiency of 
extraction reaches 99% at an initial acid concen­
tration of 6.5 formal, rises above the curve for 
ethyl ether, and does not fall off appreciably until 
an acid concentration of 8.5 formal is reached. 
Under optimum conditions (acid 7.75-8.0 formal) 
the extraction is 99.9% complete. From the 
standpoints both of maximum efficiency of ex­
traction and of range of acid concentration over 
which a favorable extraction is obtained, iso­
propyl ether is seen to be markedly superior to 
ethyl ether.

Technical isopropyl ether was found to give an 
extraction almost as efficiënt as that obtained 
with the redistilled ether.

Tables IV and V show that, with both ethers, 
the percentage extraction decreases with decrease 
in total iron. However, as for the extraction of 
large quantities, isopropyl ether is also found to 
be superior for the extraction of small quantities 
of iron, the extraction of one milligram under 
optimum conditions being 96% with isopropyl 
ether as compared with 80% with ethyl ether. In 
view of the completeness of extraction of quanti­
ties of iron as small as one milligram it can be 
said that with isopropyl ether a very satisfaetory 
Separation of iron is possible. Shaking with 
three successive portions of isopropyl ether should 
give a Separation that is practically quantita­
tive.

Under conditions of maximum extraction the 
volume changes of the ether and aqueous layers 
are considerably less with isopropyl than with 
ethyl ether. This is an advantage in analytical 
separations in which it is desired to know the ap­
proximate acid concentration after an extraction. 
An optimum final acid concentration correspond­
ing to an initial concentration of 8.0 ƒ is calculated 
to be 7.4 ƒ. (The assumption is made that the 
formula of the extracted complex is approximately 
HFeCl4; the concentration of hydrochloric acid in 
isopropyl ether saturated from aqueous 7.5 ƒ solu­
tion has been determined by us to be 0.0246 mole 
per liter at 25°.)

The reduction of ferric iron in the ether layer 
does not occur even when isopropyl alcohol and 
peroxide are both present in moderate amounts. 
With ethyl ether, reduction is slight.

The data recorded in Table VI indicate that a 
very satisfaetory Separation of iron from copper, 
cobalt, manganese, nickel, aluminum, chromium,
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zinc, quadrivalent vanadium, titanium and sul­
fur is to be obtained. Large amounts of penta­
valent vanadium are extracted; phosphoric 
acid and molybdenum pass into the ether layer 
with ferric iron.

Experiments are in progress to determine the 
formula of the iron eompound in the ether phase, 
and to study the factors affecting the distribution 
between phases and the formation of two ether 
phases under certain conditions. Experiments 
are planned to determine the efficiency of iso­
propyl ether in the Separation of other elements, 
such as gallium and thallium.

Summary
It has been shown that isopropyl ether offers 

marked advantages over ethyl ether for the extrac­
tion of ferric iron from aqueous hydrochloric acid 
Solutions, giving a more efficiënt extraction over 
a wider range of acid concentrations than does 
ethyl ether. Data are given which show the ef­
fect of varying the hydrochloric acid concentra­
tion, the amount of ferric iron, the effect of the 
presence of alcohol and peroxide and the behavior 
of other elements commonly occurring with or 
alloyed with iron.
P a s a d e n a , Ca l if . R e c e iv e d  S e p t e m b e r  22, 1936

[C o n t r ib u t io n  from  t h e  P hysical  Chem istry  I n st it u t e  of t h e  U n iv e r sit y  of  C o p e n h a g e n ]

The Strength of Acids in Formamide
By F rank  H. V erh o ek

As a part of the study of the behavior of acids 
and bases in various solvents being carried on in 
this Institute, it was undertaken to investigate 
the strengths of acids in formamide. This sub­
stance is particularly interesting in that it is re­
ported by Walden1 to have a dielectric constant 
greater than that of water. I t is a colorless, 
odorless, hygroscopic liquid, denser and more 
viscous than water, freezing at +2.55°, and it 
is a good solvent for both inorganic and organic 
salts. The study is concerned with the deter­
mination of the strength constants of representa- 
tive groups of acids in formamide, from measure­
ments of the conductivity of acid-base mix­
tures in that solvent, and from measurements of 
the potential differences set up between a Stand­
ard buffer solution and buffer Solutions made up 
with the different acids.

Purification of the Solvent.—Formamide obtained com- 
mercially is frequently acid and contains ammonium for­
mate. The latter is volatile enough so that it is not readily 
removed by distillation at reduced pressure; further, it is 
so largely solvolyzed that the ammonia is pumped off in 
the distillation, leaving formic acid, which then appears in 
the acid distillate. Any water present in the solvent 
during the distillation reacts with the formamide to form 
ammonium formate, Formamide reacts with strong bases 
and with phosphorus pentoxide. The method adopted 
finally for the purification was to add solid brom thymol blue 
directly to the formamide, and neutralize with sodium hy­
droxide, avoiding an excess. The neutral liquid is heated 
at 80-90° under an oil pump vacuum until distillation is 
about to begin, ammonia and some of the water formed by

(1) Walden, Z .  p h y s ik .  C h e m ., 46, 175 (1903).

the neutralization being pumped off. During this time the 
formamide has turned acid again, by loss of ammonia both 
from the ammonium formate originally present and from 
that formed by reaction with the water from the neutraliza­
tion. , The neutralization with sodium hydroxide is re­
peated, and the liquid heated in a vacuum to incipient dis­
tillation. This time less water is formed by the neutraliza­
tion, and consequently less acid from the reaction water —>* 
ammonium formate —>  formic acid. With a repetition of 
the process four or five times, even quite impure samples will 
remain neutral when distillation begins. The whole of the 
formamide is now distilled from the sodium formate by 
evaporation from the surface at 80-90° in a vacuum, neu­
tralized again with sodium hydroxide and redistilled in the 
same fashion, collecting the last four-fifths. This material 
is neutral, melts at about 2.2°, and has a specific conduc­
tance of about 5 X 10 ”5. The neutral distillate is now fur­
ther purified by fractional crystallization in a water- and 
carbon dioxide-free atmosphere. From 400-500 cc. five 
or six fractions are removed, giving a final 100 cc. with a 
specific conductance of 1 or 2 X 10 ~6. The fractions re­
moved, together with the first portion from the distillation, 
are returned again for treatment with sodium hydroxide, 
distillation, and recrystallization.

Residues were recovered by the same method as that for 
the purification of the original substance.

The pure material is not stable; the conductance in­
creases by a factor of eight or ten in ten days or two weeks. 
It was found, however, that if a stream of air, purified by 
passing through a train containing soda lime, calcium 
chloride, phosphorus pentoxide and cotton, was bubbled 
rapidly through the liquid, the conductance would remain 
low for a longer period. With certain samples a decrease 
of conductance occurred at first on bubbling air through 
the formamide, followed by an increase. The solvent was 
considered still sufficiently pure for use when the specific 
conductance was less than 3.5 X 10“6; the large majority 
of the experiments, however, were made on material having
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a conductance between 1.0 X 10~6 and 2.0 X 10 “6. The 
lowest value found for the conductance in the course of the 
work was 6.2 X 10~7; already the next day, however, the 
conductance of this sample had risen to 1.17 X 10“®. 
The best previously reported value2 is 1.58 X 10 “6. Data 
reported below indicate that the specific conductance of 
pure formamide is in the neighborhood of 10 “l0.

The hygroscopic nature of formamide was tested by ex­
posing 5.6 g. in a small beaker to the room atmosphere, the 
liquid having a free surface of about 9 sq. cm. There was 
a gain in weight of 0.2% in one hour, 1% in five and one- 
half hours, and 10% in one hundred and forty-one hours. 
It was found, however, that amounts of water even up to 
1 % had no large effect in either the conductance or poten­
tiometric experiments, so no special precautions, beyond a 
reasonable care in preventing unnecessary exposure to air 
on transferring and pipetting, were taken to prevent con­
tamination with moisture.

Conductance Experiments.—By meäsuring the conduc­
tivity of a solution containing an acid and a base, and 
knowing the equivalent conductance at various concentra­
tions of the salt formed by the reaction between the acid 
and the base, the amount of salt present in the acid-base 
mixture can be calculated. Using the same base and 
several different acids, the amount of salt formed with the 
several acids will depend upon the strengths of the acids, so 
that the relative strengths of the acids with respect to that 
base may be obtained. With the help of suitable transi­
tion systems the strengths of another group of acids with 
respect to another base may be referred back to thé first 
group and a continuous scale of acid strengths set up over 
the whole range. If the solvent is itself basic or acidic, a 
detectable part of the conductivity of the acid-base mix­
ture may be due tö the free acid or base still present, so 
that the measured value must be corrected for this in order 
to get the true value for the salt.

In the case of formamide the bases used were the solvent 
itself, pyridine, and a-picoline, covering a range of acids 
from the strongest down to £-nitrophenol. To study still 
weaker acids, stronger bases would be required; piperidine 
and benzylamine, however, were found to react with for­
mamide, forming ammonia and a substituted formamide, 
while the strong tertiary amines, which would not be ex­
pected to react, were too insoluble, except for triethyl­
amine, which volatilized so rapidly from the solution that 
the data were not reliable. The equivalent conductances 
in formamide of the salts formed by the acid-base reac­
tion are not known; since the formamide could not be ob­
tained in a really pure state, these values could not be ob­
tained accurately. Extrapolation to infinite dilution of 
the equivalent conductances of potassium dichloroacetate, 
potassium benzenesulfonate and potassium picrate Solu­
tions, using the Onsager equation with an assumed dielec­
tric constant of 90 and making no corrections for the self- 
conductance of the solvent, gave the values 22.1, 20.7 and 
19.8. Davis, Putnam and Jones3 report for the equivalent 
conductance at infinite dilution for tetramethylammonium 
iodide 24.3, and for sodium iodide 24, the lowest concentra­
tion observed being only 0.1 M  in the first case and 0.02 M  
in the second. The value 22 has then been chosen as rea-

(2) G. F. Smith, J .  C h e m . S o c . ,  3257 (1931).
(3) Davis, Putnam and Jones, J .  F r a n k l in  I n s t . ,  180, 567 (1915).

sonable for the equivalent conductance; it has been taken 
the same for all the salts, and it has been assumed to be un­
changed with change in concentration. The protolysis 
constants are increased by a factor of two by changing the 
value of the equivalent conductance used in calculating 
them from 25 to 20; no accuracy greater than, say, 0.2 
pK  unit can therefore be claimed for the results.

Since formamide is itself both an acid and a 
base, an acid or a base alone dissolved in forma­
mide gives an appreciable increase in conductivity, 
so that the measured conductance of the acid- 
base mixture is not that due to the presence of the 
salt alone. To get the true value the increase in 
the conductance of the solvent due to the addi­
tion of acid alone was added to the increase in 
conductance due to the addition of base alone, 
and the sum subtracted from the increase in con­
ductance when both acid and base were present 
at the same concentrations as in the first two 
cases. From these values of the conductance at 
the various concentrations, and the assumed value 
for the equivalent conductance, the concentra­
tion of the ions may be obtained; subtraction of 
this value from the stoichiometric concentrations 
of the acid and base added gives the concentration 
of the free acid and base present, so that the pro­
tolysis constant for the reaction

Ai +  B2

K a\B2

> A 2 + B i
[A2][Bi]
lAiUB*]

may be calculated. If the extent of salt forma­
tion is large, as with strong acids, the value ob­
tained in this manner is a first approximation, 
since in correcting for the conductance due to the 
addition of acid alone and base alone, values have 
been used corresponding to concentrations of 
acid and base higher than those actually present 
in the final solution. A second approximation 
using values for the acid and base concentrations 
found in the first approximation could be made, 
but the difference between the first and second 
approximations amounts at the most to 0.03 pK  
unit; the error introduced by virtue of the un­
certainty in the value for the equivalent conduct­
ance is greater than this, and such a second ap­
proximation has been omitted. In general, 
equivalent amounts of acid and base were used; 
in representative cases, an excess of one of the 
components was introduced. The protolysis con­
stants for those experiments containing an excess 
checked with those in which equivalent amounts 
were present. The detailed data for an experi­
ment with benzoic acid and picoline are given in
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T a ble  I
P rotolysis C onsta n t  of B enzoic  A cid a n d  « -P ic o l in e

Sp. cond. X 106
Concn. Salt Acid Base Salt
0.0 1.82 1.88 1.90 0.00

.001 5.55 1.94 2.03 3.73

.002 9.36 2.08 2.10 7.54

.005 21.10 2.50 2.25 19.28

.01 40.57 3.09 2.44 38.75

.02 78.8 4.07 2.66 77.0

.05 189.5 6.54 3.61 187.7

.1 361.0 10.17 4.51 359.2

Increase X 106 Corr. cond. Concn of
Acid Base of salt ions K  X 102
0.00 0.00 0.00

.06 .13 3.54 0.000161 3.68

.20 .20 7.14 .0003246 3.76

.62 .35 18.31 .0008324 3.99
1.21 .54 37.00 .001686 4.11
2.19 .76 74.0 .003364 4.08
4.66 1.71 181.3 .008242 3.90
8.29 2.61 348.3 .01583 3.53

Table I. I t is evident that a possible increase 
in the protolysis constant with increasing salt 
concentration is not greater than the experimen­
tal error.

For the strong acids, where formamide itself 
acts as the base, a conventional dissociation con­
stant was calculated, using Ostwald’s dilution law 
and the value 22 for the equivalent conductance. 
There was some indication, from a comparison 
of the equivalent conductance-concentration 
curves for the strong acids benzenesulfonic and 
picric with those for the corresponding potassium 
salts, that the equivalent conductance at infinite 
dilution of an acid is two units less than that of its 
potassium salt, but no account has been taken of 
this difference. Table II gives the data for o- 
nitrobenzoic acid dissolved in formamide. The 
constants at lower concentrations are inaccurate, 
since the solvent itself has such a high conduc­
tivity that it amounts to a large fraction of the 
total.

T a b l e  II
T h e  D isso c ia tio n  C o n st a n t  of  o-N itr o ben zo ic  A cid in  

F orm am ide

Sp. cond. of solvent: 1.54 X 10 ~6
Concn. Equiv. cond. lOOce K  X 108

0.000831 5.59 25.22 7.07
.001689 3.84 17.45 6.23
.002602 3.08 14.00 5.93
.00539 2.13 9.69 5.60
.01147 1.47 6.66 5.45
.02349 1.04 4.71 5.46
.04899 .73 3.31 5.55
.0929 .54 2.45 5.72
.1030 .51 2.34 5.76

pKo.05 = 4.26

The conductivity experiments were carried out at 20° 
in a small narrow cell of 15-cc. capacity with platinized 
electrodes, and a constant of 0.3827. To 5 cc. of solvent 
was added from a weight buret a solution roughly 0.2 M  
in acid and base, giving concentrations in the cell from 
slightly less than 0.001 up to 0.1 M. In the particular 
case of trichlorophenol a saturated solution of the acid is 
only 0.06 M , putting an upper limit to the concentration

at which the experiments could be carried out. The 
density of the final solution in the cell was measured at 
the end of the experiment, and the density assumed to 
vary linearly with the concentration in calculating the con­
centrations from the weight data. Values at round con­
centrations for correcting for the conductances of the free 
acid and base were obtained from these original data by 
straight line interpolation. The three experiments re­
quired for the determination of the protolysis constant of 
an acid-base pair, namely, an experiment with both acid 
and base, one with acid alone and one with base alone, 
were always made on the same day, so as to have the sol- 
vent as nearly identical for the three as possible.

The negative logarithms of the strength con­
stants determined from the conductance meas­
urements are given in the second, third and fourth 
columns in Table V. The values given are those 
for the arbitrarily chosen stoichiometric concen­
tration of acid or of acid and base 0.05 M. Pic­
ric acid and trichloroacetic acid are so strongly 
dissociated in formamide that the values given 
for them are uncertain; benzenesulfonic acid 
appears to be dissociated completely at all con­
centrations up to 0.1 M. The values in the third 
column have been obtained from the protolysis 
constants of the acids reacting with pyridine by 
the relation

PKku — pKxp p K  sp •+* pKsu
where pKAM is the negative logarithm of the con­
ventional dissociation constant given in that 
column, K ap is the protolysis constant for acid A 
reacting with the base pyridine, K SF is the con­
stant for salicylic acid and pyridine, and K SM is 
the constant for salicylic acid and the pure sol­
vent. An extension of this equation through 
benzoic acid chosen as a Standard connects the 
data for pyridine with that for a-picoline, and so 
back to the pure solvent.

Potentiometric Experiments.—The potentiometric ex­
periments were carried out with hydrogen electrodes in 
each of two compartments connected through stopcocks to 
a narrow U-tube filled with saturated potassium chloride 
(0.88 M) as a bridge. The potential was found to depend 
in part upon the rate at which the hydrogen was bubbled
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through the Solutions in the two compartments. If the 
rate of bubbling was the same in the two compartments, a 
value of the potential difference constant over several hours 
was obtained; if the rate at which the hydrogen passed 
through one solution was greater than that in the other 
the potential difference rose or feil at a constant rate, but 
would return to a value near to the original value when the 
rate of bubbling was made equal in the two compartments 
again. The experiments were made using the same con­
stant and equal rate for all. The Substitution of quinhy­
drone for the hydrogen electrode proved to be of no ad­
vantage, since quinhydrone gradually darkens on standing 
with formamide, and there is a slow change in the poten­
tial difference. It is possible, however, to extrapolate 
back to an initial value, and a dissociation constant deter­
mined with the quinhydrone electrode in a case where 
hydrogen would have been unsuitable is included in the 
data reported. Junction potentials were neglected in all 
cases.

The Standard buffer was a solution 0.05 M  in potassium 
chloride, 0.05 M  in anhydrous potassium salicylate and 
0.05 M  in salicylic acid. The pH of the salicylic acid- 
salicylate buffer was determined by meäsuring against 
benzenesulfonic acid, assuming complete dissociation of 
the latter. With this strong acid there was a slow de­
crease in potential with time, and the value used in calcu­
lating the pH is that obtained by extrapolating to zero 
time. The average of three experiments for which the 
maximum difference was 0.071 unit gave 4.358 for the pH 
of the Standard buffer. The Standard salicylate solution 
was made up anew for each experiment at the same time 
as the test solution, so as to have the two Solutions as 
nearly comparable as possible. The test buffers in the case 
of the carboxylic acids were 0.05 M  in potassium chloride, 
and 0.05 M  in the potassium salt of the particular acid; 
they were made 0.02, 0.05 and 0.1 M  in the acid by adding 
weighed amounts of acid to 5 cc. of salt Solutions in the 
apparatus. The hydrogen ion concentrations in the test 
Solutions were calculated from

log [H+] =  J3/0.05814 +  log [H+Jsaücylic-salicylate 
where log [H+]saiicyiic-saiicyiate is —4.358. The pK  for the 
acid is then found from
pK — —log K  = — log [H+] — log [base] 4  log [acid] 

the stoichiometric concentrations of the acid and base pres­
ent being corrected where necessary for the dissociation of 
the acid. The constants calculated for the three buffer 
ratios checked to about 0.1 logarithmic unit, and dupli­
cate experiments checked with the same accuracy. An 
experiment with salicylic and benzoic acid buffers in which 
the buffer ratio was changed by adding salt to a 0.05 M  
acid solution showed that the effect of changing ionic 
strength on the dissociation constant is not greater than the 
experimental error. Table III gives the results for meas­
urements on salicylic acid-benzoic acid buffer pairs under 
various conditions.

For the anilinium acids, the test Solutions were made 0.05 
M  in potassium chloride, and 0.1 M  in the anilinium chlo­
ride or benzenesulfonate; to a known volume of this solu­
tion in the electrode compartment was added one, two, or 
three drops of piperidine from a weight pipet, forming free 
base by the reaction

RNH3+ +  C5H11NH — C5HnNH2+ 4  RNH2

This reaction is complete with the strong acids and piperi­
dine, and the piperidinium ion plays no part in deter­
mining the hydrogen ion concentration of the solution in 
the presence of the strong acids. Addition of piperidine 
in excess of 0.1 M  gave a buffer solution in piperidine- 
piperidinium ion, from which the acid strength of piperi­
dinium ion could be obtained. For benzylamine, tri­
ethylamine, and pyridine, the pure bases were added from a

T a ble  III
D isso cia tio n  C onstant o f  B enzoic  A cid

Salicylic
acid,
m./l.

Potas­
sium

salicylate,
m./l.

Benzoic
acid,
m./l.

Potas­
sium

benzoate,
m./l.

E. m. f., 
mv. / ^ b e n z o i c  a c u l

0.05 0.05 0.02 0.05 131.4 6.220
.05 108.8 6.229
.1 90.6 6.217

.05 .05 .02 .05 135.6 6.292
.05 112.1 6.286
.1 92.4 6.248

.02 .05 .05 .05 88.8 6.283

.05 112.6 6.294

.1 130.8 6.307

.05 .02 .05 .05 133.7 6.260
.05 111.9 6.282
.1 96.7 6.288

weight buret to Solutions 0.05 M  in potassium chloride 
and 0.05 M  in the amine salt. With the amine bases pres­
ent there is a change in potential difference with time due 
to the reaction with formamide. This change is not great; 
even with the strongest base piperidine it amounts only to 
one and one-half or two millivolts an hour, so that an ex­
trapolation to the initial time is carried out easily. Read­
ings were taken at fifteen-minute intervals until the rate 
of change remained constant for an hour, and the value 
obtained by extrapolating to zero time used in the calcu­
lations. About one-half hour was usually required for the 
system to come to equilibrium. With triethylamine, the 
triethylamine was bubbled out by the hydrogen so rapidly

T a ble  IV
D isso cia tio n  C onstant o f  ö-C hloro  a n il in iu m  I on

pK

Time, 0.04371 M  piperidine 0.07638 M  piperü
min. E. m. f., mv. E. m. f., mv.

10 125.1
15 151.4 124.7
20 150.8
30 150.4 124.8
45 150.6 124.6
60 150.5 124.4
75 150.4 124.2
90 150.2 124.0

105 150.1 123.8
120 149.9

. at zero time 151.0 125.2
1.566 1.527

that the potential difference decreased by 10 mv. an hour. 
The correctness of the value reported for this substance, 
however, is indicated by the fact that the addition of fur­
ther triethylamine to the solution, and extrapolation back 
to the moment of addition, gave values for the dissociation
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constant of the triethylammonium ion which agreed with 
the first, when the concentration of triethylamine added the 
first time was corrected for the amount which had bubbled 
away. Table IV gives the data for an experiment in 
which the dissociation of d-chloroanilinium ion was studied. 
To a solution 0.1 M  in ö-chlor oanilinium chloride was added 
in the first half of the experiment piperidine corresponding 
to 0.04371 M  per liter; to this solution was later added 
piperidine corresponding to 0.03267 M  per liter. No cor­
rection was applied for the reaction of the amine with the 
formamide during the first half of the experiment in calcu­
lating the concentrations in the second half.

The pK  values from the electrometric measurements are 
included in Table V. The values given for the carboxylic 
acids in the table are those for buffer Solutions containing 
equal quantities of acid and salt; for the cation acids the 
values are those obtained from the first addition of piperi­
dine or other amine.

T a b l e  V

T h e  D isso c ia tio n  C o n st a n t s  of A cids in  F ormamide
p K  in formamide

P K Sol­ Pyri­ Pico­ Potenti­
Acid in H2O vent dine line ometric

Picric acid 0.3® (1.20)
Trichloroacetic acid 0.7® 1.46
Dichloroacetic acid 1.3 2.85 2.60
2,4- Dichlor oanilinium

ion 2.14 1.08
a,/3-Dibromopropionic

acid 2.17 4.08
<?-Nitrobenzoic acid 2.19 4.28
o - Chlor oanilinium ion 2 .6 8 1.57
Monochloroacetic acid 2 .8 6 4.56 4.50 4.74
Salicylic acid 2 .9 8 4.46 4.46e 4.36
m-Nitrobenzoic acid 3.45 5.30 5.41
m-Chlor oanilinium ion 3.54 2.75
2,6-Dinitrophenol 3.58 4.17
m-Chlorobenzoic acid 3.81 5.75 5.72 5.70
2,4-Dinitrophenol 4.02 4.50 4.54
^-Chloroanilinium ion 4.03 3.26
Benzoic acid 4.19 6.21 6.2F 6.27
Succinic acid I 4.20A 5.90
Anilinium ion 4.69 4.10
Propionic acid 4.87 7.02 6.98 7.18
Trimethylacetic acid 5.01 7.39 7.33 7.43
2,5- D initr ophenol 5.12 6.00 5.94
Pyridinium ion 5 .26& 4.48
Succinic acid II 5.57a 7.89
2,4,6-Trichlorophenol 6.41 7.28 7.28
^-Nitrophenol 7.15 8.53 8.51°
Benzylammonium ion 9.37c 9.77
Triethylammonium

ion 10.97d 9.99
Piperidinium ion 11.13* 11.08

* Hall, Chem. Rev., 8, 191 (1931). b Hall and Sprinkle,
T h is  J o u r n a l , 54, 3478 (1932). e Carothers, Bickford 
and Hurwitz, ibid., 49, 2408 (1927). d Äkerlöf, ibid., 50, 
739 (1929). 6 Standard value for transposing from base 
pyridine to base formamide. f Standard value for trans­
posing from base picoline to base pyridine. 9 Measured 
with quinhydrone electrode. h Simms, J. Phys. Chem., 
32, 1128 (1928).

The Ion Product of Formamide.—The ion
product of the solvent, K M = [M+] [M~], was 
determined directly by meäsuring the potential 
difference between a solution of potassium hy­
droxide and the Standard salicylate buffer, and 
combining these data with those for benzenesul­
fonic acid measured against the Standard buffer. 
The reaction between potassium hydroxide and 
formamide does not have such a great effect on 
the potential difference as might be expected; 
the potential dropped at a steady rate of about 
8 mv. an hour, and a value extrapolated back 
to the moment at which the solution was made 
was easily obtained. The potential difference

Fig. 1.—Logarithmic dissociation constants in forma­
mide and water.

Circles, average of conductimetric values; dots, potentio­
metric values.

1, Trichloroacetic acid
2, Dichloroacetic acid
3, a./S-Dibromopropionic acid
4, o-Nitrobenzoic acid
5, Monochloroacetic acid
6, Salicylic acid
7, m-Nitrobenzoic acid
8, ra-Chlorobenzoic acid
9, Benzoic acid

10, Succinic acid I
11, Propionic acid
12, Trimethylacetic acid
13, Succinic acid II
14, Picric acid

15, 2,6-Dinitrophenol
16, 2,4-Dinitrophenol
17, 2,5-Dinitrophenol
18, 2,4,6-Trichlorophenol
19, ^-Nitrophenol
20, 2,4-Dichloroanilinium ion
21, o-Chloroanilinium ion
22, w-Chloroanilinium ion
23, i>-Chloroanilinium ion
24, Anilinium ion
25, Pyridinium ion
26, Benzylammonium ion
27, Triethylammonium ion
28, Piperidinium ion

between 0.0976 M  KOH and the salicylate buffer 
was 669.7 mv.; between 0.0303 M  KOH and the 
buffer 632.2 mv. For 0.02498 M  benzenesul­
fonic acid against the buffer the potential differ­
ence was 157.6 mv.; for 0.06956 M  benzenesul­
fonic acid 187.0 mv. These data make possible 
two independent calculations of the ion product. 
Even combining them to pairs in such a way that 
the difference between the two values of the ion 
product is greatest, the values obtained for pK M
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are: for 0.0303 M  KOH and 0.02498 M  C6H5S03H : 
16.70; for 0.0976 M  KOH and 0.06956 M  C6H5- 
S03H: 16.90. The agreement is good.

If pKM = 16.8, and the equivalent conductance 
of a mixture of M + and M~ ions is 22, the value 
calculated for the specific conductance of the pure 
solvent is 9 X 10~u .

for the other two acid types is at least not incon­
sistent with the positions of the points, with the 
exception of the point plotted for picric acid. A 
valid dissociation constant for picric acid cannot 
be calculated from conductivity data, since tht 
degree of dissociation is too large. Direct com­
parison of the equivalent conductances at various

Discussion
The data of Table V are plotted against the 

corresponding pK  values for water in Fig. 1. Ex­
cept as otherwise noted, the pK  values for water 
for the carboxylic and cation acids are taken from 
the paper of Br0nsted, Delbanco and Tovborg- 
Jensen;4 the values for the phenols are from the 
Landolt-Börnstein * ‘Tabies.'' Some of the values 
for acids not included in the paper cited are for 
temperatures other than 20°. The slope of the 
curves as drawn is 1.19, i. e., greater than unity. 
The slope usually found on plotting the logarithm 
of acid or basic dissociation constants in a non- 
aqueous solvent against the corresponding values 
in water is unity, and the latter slope is also pre­
dicted theoretically if the assumption is made that 
the effect of changing the medium is only to 
change the activity coefficients of the ions by 
virtue of the change in dielectric constant. It 
has been difficult to decide whether the unusual 
slope found in the formami de-water diagram is the 
result of experimental error. For the carboxylic 
acids, the only point which is greatly in doubt is 
that for trichloroacetic acid. The pK value for 
trichloroacetic acid in water is not too well known. 
The value given for formamide is probably too 
high rather than too low, since the change in the 
equivalent conductance with concentration has 
not been considered; consideration of this change 
would give the acid a larger dissociation constant. 
A determination of the potential difference be­
tween a trichloroacetic acid solution and the 
Standard salicylate buffer using quinhydrone in­
dicated that trichloroacetic acid is completely 
dissociated at 0.02 M ,  but as stated previously, 
the potential values with quinhydrone are not 
dependable. Consideration only of the pK 
values of the carboxylic acids obtained by po­
tentiometric measurements would definitely give 
a curve with a slope greater than unity. For the 
phenols, the data are perhaps not numerous 
enough to serve as a basis for discussion; a curve 
drawn through the points with the same slope as

(4) Brönsted, Delbanco and Tovborg-Jensen, Z . p h y s ik .  C h e m .,  
A169, 361 (1934).

T a b l e  V I

C o n d u c ta n c e  of S tro n g  A cids in  F orm amide
Benzenesulfonic acid 
Sp. cond. of solvent 

1.62 X 10-6
Equiv. 

Concn. cond.
0.000938 18.93 

.001979 18.23 

.002928 18.00 

.006031 17.69

.01298 17.20

.02658 16.52

.05935 15.59

.1170 14.52

Picric acid 
Sp. cond. of solvent 

2.31 X ÏO“6
Equiv. 

Concn. cond.
0.000789 18.58 

.001360 18.04 

.002114 17.60 

.004509 17.12

.009988 16.33 

.02137 15.85

.04205 14.98

.09118 13.60

Trichloroacetic acid 
Sp. cond. of solvent 

2.87 X ÏO"»
Equiv. 

Concn. cond.
0.000880 19.67 

.001742 18.86 

.002603 18.43 

.005235 17.57 

.01127 16.25

.02240 14.64

.04828 12.35

.1026 9.90

concentrations of the three acids picric, trichloro­
acetic and benzenesulfonic given in Table VI 
shows picric acid to be much stronger than tri­
chloroacetic acid, and nearly completely disso­
ciated. In comparing the data it should be noted 
that the equivalent conductance at infinite dilu­
tion is evidently greater for trichloroacetic acid 
than for picric and benzenesulfonic acids. The 
value of pK  actually calculated from the data for 
picric acid is given in Table V and plotted in the 
figure, but it is evident that it should be much 
less. In the curve for the cation acids, only the 
points for the primary amines can properly be 
compared, that is, the curve must be drawn 
through the points for the substituted anilines 
and benzylamine. One would of course expect 
a difference in slope if primary are compared with 
secondary or tertiary amines, A curve drawn 
through the points for the anilines and benzyl­
amine must have a slope greater than unity.

One is inclined to believe, then, that the an­
omalous slope of the curves is real. The curves 
have been drawn in such a way as to give all three 
the same slope; the possibility of some Variation 
in slope in the three cases is not, however, ex­
cluded. The literature records another case in 
which the slope of a curve in a plot similar to that 
in Fig. 1 differs from unity, namely, the case of 
the singly charged cation acids in acetonitrile,5 
where the slope is only 0.47. The reason for this 
deviation is probably to be sought in a consti-

(5) Kilpatrick and Kilpatrick, C h e m . R e v . ,  13, 131 (1933).
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tutional effect on the activity coefficients of the 
components of the solution. Such effects of struc­
tural differences in changing from one solvent to 
another are quite common, and must in any case 
be adduced to explain the difference between the 
carboxylic acids and the phenols. The unex­
pected in the case of formamide and acetonitrile 
is that such an effect should be operative over 
such a large range, and so consistèntly parallel 
to the acid strength. One usually finds a scatter­
ing of points on both sides of a line of the pre­
dicted unit slope, rather than a single fine of a 
different slope. It is possible, of course, that the 
inclusion of more acids would give such a chance 
scattering about curves of unit slope.

The figure shows that if a carboxylic acid, a 
phenol, and a singly charged positive acid have 
the same strength in water, the phenol will be 
twenty-five times stronger than the carboxylic 
acid in formamide, and the cation acid five hun­
dred times stronger. The difference between the 
carboxylic acids and the phenols must be due, ac­
cording to the equation of Br0nsted6 K A — Aa- 

/ a / / b  where K a is a thermodynamic dissociation 
constant independent of the medium, K A is the 
dissociation constant in the solvent concerned, 
and / A and / B are activity coefficients of the acid 
and the base in that solvent, to a change in the 
ratio of the activity coëfficiënt of the acid to that 
of the base to a different extent for the two sorts of 
acids on passing from water to formamide. This 
change must be due to influences other than those 
of electric charge and dielectric constant, since, 
as far as the latter forces are concerned, the sys­
tem is the same for carboxylic acids and phenols. 
An increase in the strength of certain phenols 
relative to carboxylic acids has been found for 
several other solvents—ethyl and methyl alcohols, 
w-butyl alcohol, acetonitrile—and has been at­
tributed by Wynne-Jones7 in the case of picric 
acid to the greater effective radius of the picrate 
ion compared to a carboxylate ion. The same 
treatment applied to the data in formamide, 
however, would require the phenolate ions to be 
smaller than the carboxylate ions.

In passing from an uncharged to a charged 
acid, the effect of the electric charge and dielectric 
constant should ordinarily become noticeable. 
In the particular case of a change from water to 
formamide, however, comparatively little effect

(6) Brönsted, Z .  p h y s ik .  C h e m ., A169, 52 (1934).
(7) Wynne-Jones. P r q c .  R,Qy .  S ,oc. (London), A140, 440 (1933),

resulting from the change in the dielectric con­
stant should be observed. If the dielectric con­
stant of formamide is taken as 100, the strength 
of a cation acid relative to an uncharged acid 
should be decreased by 0.125 logarithmic unit on 
passing from water to formamide, the calculation 
being made according to the equations developed 
by Br0nsted,6 using 5 X 10“8 cm. as the ionic 
radius. The actual difference found between the 
anilinium ions and the carboxylic acids is an in­
crease of 2.7 units, which would correspond to a 
value of 15 for the dielectric constant of formam­
ide. The dielectric constant of formamide has 
not been measured in this investigation, but it is 
hardly likely that it can be as low as this. Salts 
are, in general, easily soluble in formamide— 
simple salts such as potassium and sodium chlo­
ride are about one-fifth to one-sixth as soluble in 
formamide as in water, while the cobaltammines 
are either as soluble or often much more soluble in 
formamide than in water—which would indicate 
that it has a high dielectric constant. Experi­
ments on the change of solubility with ionic 
strength of the 2-1 salts chloropentammine cobalt 
chloride, bromopentammine cobalt bromide and 
£raws-dinitrotetrammine cobalt sulfate in Solutions 
of potassium thiocyanate and sodium formate 
gave limiting slopes at infinite dilution of 0.7, 0.6 
and 0.9. The results are obscured by the initial 
contamination of the solvent with salt, as ob­
servable in its high conductivity, but the slopes 
are in all three cases less than the value 1.0 cal­
culated for a 2-1 salt in water, indicating that 
the dielectric constant is higher than that of water. 
At concentrations above 0.005 M t where the con­
ductivity of the solvent is no longer such a dis- 
turbing factor, the change of conductance with 
concentration of the three salts potassium di- 
chloroacetate, potassium benzenesulfonate and 
potassium picrate is in fair agreement with that 
to be expected from the Onsager equation, assum­
ing the dielectric constant to be 90. From cryo­
scopic measurements Walden8 concluded that 
potassium iodide, tetramethylammonium iodide, 
and other alkyl ammonium salts are as highly 
ioni-zed in formamide as in water, indicating a high 
dielectric constant. The dielectric constant of 
formamide’s nearest homolog, acetamide, is 60 
in the liquid phase, and it is reasonable to expect 
that that of formamide should be at least as 
great. The increase in the strength of a cation

(8) Walden, / .  C h e m , S o $ . t 102, II, 26 (1912),
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acid with respect to a carboxylic acid in passing 
from water to formamide must then be attributed 
to a more marked effect of the same influence 
which causes the increase in strength of a phenol 
as compared tö a carboxylic acid, and to be not 
at all the result of a change in the dielectric con­
stant. If the change in structure represented by 
a change from benzoic acid to 2,4-dinitrophenol, 
which have nearly the same strength in water, 
causes the strength to change by a factor of 25, it 
is evident that one cannot exclude the possibility 
of a further change by a factor of 20 on passing 
from 2,4-dinitrophenol to ^-chloroanilinium ion.

Further light on this question would be given 
by a study of negatively charged acids such as 
acid salts of dicarboxylic acids. The theoreti­
cally predicted effect of the change in dielectric 
constant on the relative strengths of monocar­
boxylic acids and the acid salts of dicarboxylic 
acids is of the same (small) magnitude but oppo­
site in sign to that predicted for a change to a 
cation acid. Further, one would not expect any 
enormous change in activity coëfficiënt ratios in 
going from a mono- to a dicarboxylic acid, since 
these two are in any case more nearly similar than 
a carboxylic acid and a phenol or a carboxylic 
acid and an amine ión. The prediction would be, 
then, that a group of acids including both mono­
carboxylic acids and acid salts of dicarboxylic 
acids would show nearly the same relative 
strengths in formamide as in water. Unfortun- 
ately, of the normal salts of dibasic acids which 
were available-—sodium and potassium oxalate, 
sodium tartrate, sodium malonate and sodium 
succinate—only the last named was sufficiently 
soluble for use in an acid salt-normal salt buffer, 
and the short time left did not permit the prepa­
ration of other salts. Values for the somewhat 
“overlapping” strength constants for succinic 
acid were calculated by the method of Simms9 
from the potential difference between sodium 
suecinate-succinic acid mixtures and the Stand­
ard buffer, and are given in Table V. On plot­
ting the value for the second dissociation constant 
öf succinic acid, the point is found to lie directly 
upon the curve for the other carboxylic acids, in 
agreement with the above prediction.

The observed difference between the carboxylic 
acids, the phenols and the cation acids in forma­
mide shows that extreme care is necessary when 
attributing solely to a difference in charge type

(9) Simms, T his Journal, 48, 1245 (1926),

effects which may be due to the change in Chemical 
type which is inextricably connected with the 
change in charge type.

The author wishes tö express his gratitude to 
Professor J. N. Brpnsted for help and criticism in 
the course of the work.

Summary
1. A simple method for the preparation of 

formamide having a specific conductance of 10~6 
has been described. It consists in the distillation 
of formamide treated with sodium hydroxide, 
followed by a fractional crystallization.

2. From measurements of the conductivity 
of formamide Solutions of free carboxylic acids 
and of mixtures of acids with pyridine and 
a-picoline, and the assumption of certain values 
for the equivalent conductances of the salts 
formed in the Solutions, dissociation constants of 
the acids in formamide have been calculated.

3. Dissociation constants of a group of phenols 
in formamide have been obtained by the same 
procedure.

4. From measurements of the potential differ­
ence between buffer Solutions of various carboxylic 
acids and a Standard potassium salicylate- 
salicylic acid buffer, which was in turn compared 
with a benzenesulfonic acid solution, a scale of acid 
strengths in formamide independent of the con­
ductivity measurements has been obtained. The 
dissociation constants obtained by the two meth­
ods are in agreement within the experimental error.

5. Dissociation constants of a group of singly 
charged cation acids have been obtained by the 
potentiometric method.

6. The value 10 ~17 has been found for the ion 
product of formamide by measurements of the 
potential difference between Solutions of potas­
sium hydroxide and benzenesulfonic acid and the 
Standard buffer.

7. On plotting the negative logarithms of the 
dissociation constants of acids in formamide 
against the corresponding values in water, three 
straight lines of slope greater than unity, corre­
sponding to the carboxylic acids, the phenols and 
the cation acids, have been obtained. The rela­
tive positions of the lines indicate that if a car­
boxylic acid, a phenol and a singly charged cation 
acid have the same strength in water, the phenol 
will be 25 times Stronger than the carboxylic acid 
in formamide, and the cation acid 500 times 
stronger.
Copenhagen , D enmark R eqeivep Octqber 14, 1930
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The Molecular State of the Vapor of Acetic Acid at Low Pressures at 25, 30, 35 and
40°

B y  F . H . M acD ougall1

Introduction
In a previous publication2 it was pointed out 

that our knowledge of the equilibrium between 
single and double molecules of acetic acid in the 
vapor phase at room temperatures was far from 
being exact. The published data were discord- 
ant and could lead to only a very rough estimate 
of the equilibrium constants. It seemed desir­
able to undertake an accurate investigation of the 
behavior of acetic acid vapor at room tempera­
tures and under pressures ranging from that of 
the saturated vapor to three or four millimeters of 
mercury.

The Preparation of Acetic Acid
The method of Chandlee and Hutchison3 was employed 

in the purification of glacial acetic acid. A tail fraction 
from the final distillation was further purified by fractional 
crystallization until an acid melting at 16.60 =±= 0.01° 
was obtained. Two samples prepared by Dr. Füller had 
melting points of 16.612° (sample A) and 16.616° (sample 
B), respectively. These were used in the final measure­
ments. The “International Critical Tables”4 give 16.60° 
as the melting point of the pure acid.

In order to free the acid from dissolved gases, a 200-ml. 
sample was introduced into a small flask, which had been 
cleaned previously, dried and filled with dry nitrogen. 
The flask was fitted with two glass break-ofï seals. After 
the introduction of the acid, the flask was sealed and was 
then attached to the distillation system shown in Fig. 
1 by means of one of the break-ofï joints. The flask in 
question is shown at A, Fig. 1. When the entire system 
had been evacuated and flamed out, so that over a period 
of twenty-four hours it was able to maintain a vacuum 
of the order of 10 ~5 mm. of mercury as read on the McLeod 
gage G, the break-ofï seal was broken, and the acid was 
distilled into one of the bulbs B. The distillation was 
accomplished by freezing the acid into B by means of a 
bath of ether and solid carbon dioxide. After the residual 
nitrogen had been pumped off, the acid was sublimed re­
peatedly in the evacuated system back and forth between 
the two bulbs B . After each Sublimation the residual 
pressure due to permanent gases was read on the McLeod 
gage, and the system was again exhausted to 10 ~4 mm. 
This procedure was repeated until the residual pressure

(1) This research has been made possible by grants from the Re­
search Fund of the Graduate School of the University of Minnesota. 
Credit for the devising, constructing and testing of the apparatus 
should go chiefly to Dr. C. P. Roe. Dr. Donald Füller prepared 
several samples of very pure acetic acid. Mr. Herbert Sargent 
carried out the final series of measurements.

(2) MacDougall and Blumer, T his Journal, 55, 2242 (1933).
(3) Chandlee and Hutchison, i b i d . ,  53, 2881 (1931).
(4) “International Critical Tables,’* Vol. IV, p. 6,

after a Sublimation did not exceed 10 “5 mm. Finally 
about one-half of the sample was collected in the original 
flask and sealed ofï from the distillation system. It was 
then ready to be connected by means of the second break- 
ofï joint to the apparatus for determining the pressure- 
volume data, Fig. 2.

The Experimental Apparatus for Obtaining the Density 
Data

The Specific Information to be Obtained.—By a suit­
able manipulation of this apparatus and by means of cer­
tain auxiliary operations it was possible to obtain the 
following three pieces of information about each sample 
of acetic acid employed in these experiments: (1) the
pressure and (2) the volume at three different pressures at 
a given constant temperature and (3) the absolute quan­
tity of acetic acid in the sample.

General Plan of the Apparatus.—In Fig. 2 there is a 
diagrammatic sketch of the apparatus Used in making the 
density measurements. The three glass bulbs, A, B, C, 
of known volume, part of one of which, Ai, also served as

one arm of a U-type differential mercury manometer, were 
connected to each other in series by mercury Y-seals of 
the usual type. Thus if B were evacuated and if A con­
tained a sample of gas, the opening of the seal between 
A and B would allow free expansion of the gas from A 
into B. These bulbs were set into a water-bath in which 
the temperature could be controlled to within 0.05° be­
tween 25 and 40°. The water-bath, which was 36* X 
18" X 18" (91 X 46 X 46 cm.) and was made of galvanized 
iron, contained a large glass window on one side, through 
which the Operation of the mercury seals could be observed. 
Holes were punched in the bottom of the bath for the tubes 
for the control of the mercury seals and for the manometer, 
the other arm of which was outside of the bath, and the 
cracks about these holes were sealed with picein wax. 
The metal walls of the bath were insulated with heavy feit.

The manometer used to obtain the pressure data was of 
the differential U type. One arm, Ai, was inside the bath,
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and the other arm, M, was outside. The inside arm was 
considerably larger than the outside one, so that most of 
the movement took place in the outside arm. The reading 
of the mercury level in the latter was accomplished by 
means of a traveling microscope which could be focused 
alternately on the meniscus or on a steel meter bar which 
was graduated in 0.5-mm. divisions and which was rigidly 
fixed with respect to the manometer. The microscope 
also contained a scale on which it was found that 13.3 
divisions were equal to 0.5 mm. on the steel meter bar. 
Thus the position of the meniscus could be estimated to 
0.004 mm., but in practice it was found that results which 
were reproducible to 0.01 mm. were the best that could be 
obtained. In order to obtain consistent results with the 
manometer it was found necessary to surround the greater 
part of the outside arm with a wooden jacket lined with 
wax, through which a stream of water from the bath was 
kept moving by means of a circulating pump. In this 
way the temperature of the manometer was kept constant. 
The manometer was calibrated for the reading of absolute 
pressures against the McLeod gage, G, with help of pure 
nitrogen as a permanent gas.

Between the bulb C and the pumps there was inserted 
a line of small sample bulbs of 1 to 2 ml. each. These 
bulbs were blown on the ends of stubs of heavy-walled 
Pyrex tubing of about 4 mm. inside diameter. A sample 
of acetic acid, following the taking of pressure readings on 
it, was frozen into one of the sample bulbs, sealed off from 
the line and subsequently analyzed for its acetic acid con­
tent by titrating with a Standard barium hydroxide solu­
tion.

The remainder of the apparatus consisted of a mercury 
condensation pump, an oil pump, a glass reservoir N  for 
nitrogen and the necessary mercury traps for the control 
of the McLeod gage and the mercury seals.

Details of the McLeod Gage.—This instrument, shown 
at G in Fig. 2, served the two-fold purpose, (1) of testing 
the state of evacuation of the entire density apparatus, 
and (2) of calibrating the differential manometer so that 
readings taken directly from the manometer could be 
converted to absolute pressure. In order to gain the 
necessary precision for the latter purpose, two unusual 
features in the construction of the gage were introduced.

The first was that the capillary tube of the ordinary Mc­
Leod gage was replaced by a tube some 30 cm. long and of 
approximately 6 mm. inside diameter. By means of hydro­
fluoric acid three fine scratches were etched on this tube, 
and the volume from each scratch to the sealed-off end of 
the tube was determined by finding its mercury capacity.

The total volume of the gage was also determined with 
mercury. The scratches were so located that when the 
instrument was in use for the measurement of pressures 
lying in the range from 1-15 mm., the meniscus in the gage 
could always be set on one of the scratches and the pressure 
could then be read on the special comparison barometer 
for the gage, which was taken from the same piece of stock 
as the etched tube. A cathetometer with scale and vernier 
attached was used for this purpose. It should be noted 
that the special barometer, although drawing on the same 
mercuiy well as the gage, had no connection with the gage. 
The necessity for this arrangement is obvious when one 
considers the magnitude of the pressures to be measured. 
The high pressure readings on the gage always lay in the 
range from 8 to 45 cm., and it is to be noted that the 
precision of the gage was always much greater than that 
of the manometer.

The second unusual feature of the gage was an arrange­
ment for making fine adjustments of the meniscus near 
the scratches. Credit is due to Dr. George Glöckler for 
suggesting the method of doing this. The essential part 
of this arrangement was a short length, 13 cm., of semi- 
collapsible corrugated brass tubing about 2.5 cm. in diam­
eter which was mounted between two rigidly connected 
brass plates. One end of the tube was soldered to one of 
the plates, while the other end was closed up and attached 
to a screw which operated in the other plate as a base. 
A small outlet tube, which was cemented to a suitable 
glass connection, was inserted in the brass plate which was 
fixed to the collapsible tube. This arrangement was sealed 
to the low vacuum side of the mercury well controlling 
the gage. By suitable Operation of the screw, the brass 
tubing could be expanded or collapsed within certain lim­
its, and corresponding changes could thus be produced in 
the menisci of the gage and its barometer.

In the calibration of the etched tube on the gage it was 
necessary to hold the tube in a position which was just 
inverted from that which it occupied when in use. Thus 
each of the volumes determined from the mercury cali­
bration had to be given a positive correction of twice the 
volume of the meniscus. The data on this point were 
obtained in the “International Critical Tables.”5

Details of Calibration and Use of Manometer.—The 
manometer, the arms of which are shown at Ai and M 
in Fig. 2, was of the differential U-type; but it was unusual 
in that the two arms were of different diameters. This 
had the effect of confining the movement resulting from 
changes in pressure on the meniscus in the larger arm, Ai, 
largely to the meniscus in the smaller arm, M. The diam­
eter of the larger arm was approximately 6 cm., while that 
of the smaller arm was 16 mm. The considerable size of 
the larger arm had the advantage of reducing the relative 
importance of edge effects, which presumably varied with 
varying conditions, to a negligible order of magnitude. 
The manometer was prepared by evacuation and suitable 
flaming out of the glassware, and subsequent vacuum dis­
tillation of the mercury into the U. When the distillation 
had proceeded far enough, the arm M was sealed off per- 
manently from the still and from the high vacuum system.

Since the position of the meniscus in the smaller arm had 
to be read with an accuracy of 0.01 mm., if possible, a

(5) “International Critical Tables," Vol. I, p. 72.
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small traveling microscope which magnified to the extent 
of about twenty-five diameters was mounted on a wooden 
frame at a convenient place in front of M. The immediate 
Standard of comparison in the reading of heights with 
microscope was a steel meter bar prepared by the Gaertner 
Scientific Corporation of Chicago, and graduated in 0.5- 
mm. divisions. This was mounted rigidly just behind 
the smaller manometer arm as referred to the microscope. 
The microscope could be focused either on the meniscus or 
on the steel meter bar by means of a screw adjustment, 
and the vertical motion was controlled by a similar device.

The calibration of the manometer between 1 and 15 mm. 
was accomplished by admitting pure nitrogen to the system 
up to the desired pressure and then reading both the 
rise in the manometer column and the absolute pressure 
as indicated by the McLeod gage. The upper reaches of 
the manometer were calibrated after the volumes of the 
density bulbs had all been determined. When these 
volumes were known, it was necessary only to allow a 
sample of nitrogen to expand from one bulb to another and 
measure the change in the manometer and repeat the proc­
ess as often as it seemed desirable in order to complete the 
calibration.

In the manipulation of the manometer the following pro­
cedure was used. The microscope was first set at approxi­
mately the level of the meniscus and was then focused on 
the steel scale. A given mark on the microscope scale, in 
practice 6.00, was set on the nearest scratch on the steel 
scale. The microscope was then focused on the meniscus. 
In order to get a sharp image of the latter the aid of a strip 
of black paper with a slit in it was required. The paper 
was wrapped and pasted about the tube M so that the slit 
was in a horizontal position and so that the whole strip 
could be moved up and down the tube at will. When the 
meniscus was under observation, the slit, which was about 
2 mm. in width, was so placed with respect to the meniscus 
that the band of light between the meniscus and the upper 
edge of the slit as seen in the field of the microscope always 
had the same width. The position of the meniscus could 
then be read, and its displacement from the zero position, 
which was determined in the same manner, could be calcu­
lated from a direct count of the number of scratches on the 
steel scale past which the reference mark on the microscope 
scale had been moved and from the displacements of the 
meniscus from the reference mark. It should be mentioned 
that the vertical carriage of the microscope carried a small 
light, so that optical effects in the microscope were always 
the same.

Details of Temperature Control.—The temperature of 
the water thermostat was controlled by the suitable turn­
ing on and off of a bank of several 100-watt light bulbs, 
connected in parallel and immersed in the water. A small 
telephone relay was used to open and close the tilting 
mercury switch which controlled the power circuit upon 
which the heater lamps drew. The relay was in turn 
operated by the grid circuit of a Commander 71a power 
vacuum tube, the circuit being opened and closed by the 
thermal contraction and expansion of a Standard mercury 
control placed in the bath.

Calibration of the Density Bulbs.—The final calibrations 
of the bulbs A2, B, C, were made during a period when the 
apparatus was temporarily disman tied, but after it had

once been set in place. Hence the validity of the various 
water and mercury calibrations was only negligibly affected 
by subsequent glass blowing operations which were neces­
sary to make the seals between the various parts of the 
apparatus. The explanatory material in connection with 
the presentation of the data is sufficiënt to indicate the 
details of these calibrations.

Since the volume of Ai or of A taken as a whole could be 
found only after the whole system was in place (this was 
on account of the impossibility of controlling precisely 
the amount of mercury distilled into the manometer) 
it was necessary to resort to the use of the expansion of 
pure nitrogen for this purpose. The procedure was as 
follows. A sample of nitrogen was admitted to Ai, the seal 
between Ai and the nitrogen reservoir was closed and the 
pressure was read by means of the manometer. Then the 
seal between Ai and A2 was opened, and the pressure 
was again read. It was necessary in making calculations 
to take account of the change in capacity of A with 
pressure. This change was due to the vertical movement 
of the large meniscus in the manometer, and could be 
found directly from the movement in the small one, the 
diameter of which was known to be 16 mm. Now let Ri 
and R2 be the rises observed on the manometer when the 
gas occupies Ai and the whole of A, respectively. From 
the known diameter of the outside manometer tube, a 1- 
mm. rise produces an increase in the volume of A of 0.2 
ml. Let Fa2 and Vx be the zero pressure volumes of A2 
and A, respectively. Then

Va  =  VA£ -  0.2(Ä  +  J?2)

The Experimental Procedure
The entire system was exhausted to a point 

where no pressure could be detected on the Mc­
Leod gage. A sample of acetic acid vapor from 
the reservoir of liquid acid at R was then ad­
mitted to the bulb A, and when the desired pres­
sure was approximately reached, the mercury 
seal between A and R was closed. The mercury 
levels in the seals confining the vapor to the bulb 
A were adjusted to their proper marks, and after 
sufficiënt time had elapsed to ensure that the 
vapor had come to the temperature of the bath, 
the change in the manometer meniscus from its 
zero position was read and recorded. The seal 
between bulbs A and B was then opened, so that 
the vapor occupied the combined volumes of 
these two bulbs. The manometer was again read 
and recorded. When this procedure had been re­
peated for the bulb C, the seal leading to the line 
of sample bulbs was opened, and the vapor in the 
apparatus was Condensed into one of them by 
means of liquid air. The liquid air was allowed 
to remain on the sample bulb for at least fifteen 
minutes after the meniscus in the manometer 
had returned to its zero position. The sample
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bulb was then sealed off and detached from the 
line. The bulb was broken while submerged in a 
weighed amount of barium hydroxide solution. 
The broken bulb was then rinsed with distilled 
water and the acid yet unneutralized was titrated 
with Standard base using phenol red as indicator. 
The solution was boiled when near the end-point 
and was then cooled to room temperature under 
a soda-lime tube. The titration was completed 
under a stream of nitrogen.

Barium acetate, purified by recrystallization, 
was dissolved in carbon dioxide-free water, 
phenol red was added and the volume and concen­
tration were adjusted to the conditions obtaining
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P  =  pressure of the gas in the system in mm. at 0° 
before being compressed in the gage. P  =* P' X -F 
X 0.9955

ƒ = P /R  =  factor used to convert manometer rise to 
pressure in mm. at 0°

From seventeen determinations of the value of 
the factor ƒ at 25°, we obtain an average value of 
1.0956. The average value of the deviations was 
=±=0.0014. The accepted value of ƒ at 25° was 
1.096. The values of ƒ at 30, 35 and 40° are cal­
culated to be 1.095, 1.094 and 1.093, respectively.

Experimental Data
In the following tables, R  is the rise in the man­

ometer, p is the pressure in mm., F is the volume 
in ml. of the bulb or bulbs contain­
ing the acetic acid vapor, g is the 
weight in grams of barium hydrox­
ide solution (0.007925 equivalent 
per kilogram of solution) required to 
neutralize the sample of acetic acid, 
and (pV) m is the pressure-volume 
product for 60.03 g. of acetic acid 
when 760 mm. X 22,414 ml. is 
taken as unity. It will be evident 

20 that
2(pV)u ~ (1 +  «)r/273.1 (1)

Fig. 3.—Isothermals of acetic acid vapor.

at the end-point of the titrations. This solution 
was stored under carbon dioxide-free air and was 
used in estimating end-points.

Calibration of the McLeod Gage
Va =  total volume
V\ =s volume from uppermost scratch to the top 
F2 = volume from middle scratch to the top 
Vs — volume from lowest scratch to the top

These volumes were determined with mercury 
at 25°. The values obtained (corrected for in­
version of meniscus by adding 0.023 ml.) were F4 
= 326.4, T i = 3.804, V2 =  7.700, V3 = 11.734 
ml. The factors, Fl/F 2 = 0.01165, F2/F 4 = 
0.02359 and F3/F 4 = 0.03595 are needed. These 
factors are represented by the symbol F.

where a is the degree of dissociation 
of (HOAc)2 into HOAc.

In Table I are given the complete data for two 
runs, one at 25° and the second at 35°. In the 
presentation of the rest of the experimental results 
we give the number of the run, the temperature, 
the pressure and the value of 2(pV)M. The work 
at 25 and at 35° was carried out with sample A, 
that at 30 and 40° with sample B of the acid pre­
pared by Dr. Füller.

T a b l e  I
Run t, °G. R P V g 2 ( p V)  m

I 25 10.38 11.38 652.5 91.32 1.204
5.88 6.44 1194 1.248
3.16 3.46 2315 1.300

VIII 35 11.32 12.39 652.8 91.14 1.314
6.47 7.08 1194 1.374
3.52 3.85 2315 1.448

Calibration of Manometer by Means of the 
McLeod Gage at 25° Using Nitrogen

R — manometer rise in millimeters
P' = pressure observed on McLeod gage in millimeters 

of mercury at 25° after the nitrogen in the gage 
had been compressed from the volume F4 to the 
volume Vs or V2

F = F3/F4 or F2/F4 (see preceding section)

In Fig. 3 we have plotted the experimental 
values of 2(pV)M against p for each of the four 
temperatures, 25, 30, 35 and 40°. Included in 
the figure are values (indicated by triangles) ob­
tained by Dr. Roe at 25 and 30°. From curves 
drawn on a large scale plot, we have read off the 
“best” values of 2 (pV)M for integral values of the 
pressure, These values are given in Table IV.
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From the Chemical equation (HOAc)2 = 
2HOAc we find for the dissociation constant, K P 

K p =  4«2£ /U  ~  <*2) (2)
where a, the degree of dissociation, is given by the 
equation

« = 2(pV)M X (273.1 /T )  -  1 (3)
In Table V are given values of a corresponding 

to the data of Table IV and the values of X P cal­
culated by means of equation 2.

T a b l e  II
Runs I to VII at 25°; VIII to XIV at 35°

Run P 2 ( P V )  m Run p 2 ( p V )  m
II 10.15 1.216 IX 16.25 1.289

5.73 1.258 9.24 1.340
3.08 1.310 5.01 1.408

III 12.56 1.204 X 13.43 1.311
7.09 1.242 7.65 1.366
3.80 1.290 4.14 1.433

IV 13.59 1.196 XI 14.83 1.300
7.68 1.236 8.44 1.353
4.13 1.288 4.58 1.423

V 9.38 1.224 XII 11.16 1.324
5.32 1.270 6.37 1.383
2.81 1.302 3.46 1.456

VI 14.59 1.182 XIII 10.28 1.337
8.31 1.230 5.88 1.400
4.44 1.272 3.19 1.473

VII 14.61 1.190 XIV 5.33 1.401
8.33 1.240 3.07 1.478
4.45 1.284 1.68 1.568

T a b le III
Runs I and II at 30° ; in to XI at 40o

Run P 2 { p V ) u Run P 2 ( p V ) u

I 19.63 1.208 VII 16.85 1.348
11.25 1.265 9.63 1.409
6.03 1.313 5.24 1.485

II 14.38 1.237 VIII 15.08 1.357
8.14 1.280 8.63 1.402
4.37 1.333 4.69 1.495

III 20.52 1.332 IX 14.19 1.355
11.74 1.392 8.13 1.419
6.39 1.468 4.43 1.499

IV 22.74 1.318 X 11.66 1.370
12.97 1.372 6.70 1.440
7.06 1.447 3.67 1.429

V 18.85 1.331 XI 8.50 1.407
10.78 1.391 4.88 1.479
5.85 1.463 2.66 1.563

VI 17.37 1.343
9.92 1.402
5.39 1.476

Since the saturated vapor pressures of acetic 
acid (see a later section of this paper) are 15.5 at 
25°, 20.6 at 30°, 27.0 at 35° and 35.2 at 40°, it 
will be observed that the pressures recorded in 
Tables II and III for 25 and 30° approaeh quite

closely th e Saturation pressures whereas for 35 
and 40° the h ighest pressures measured are a p ­
proxim ately 60% of th e Saturation pressures. 
It w ill be noticed  th a t a t 25 and 30° th e ealcu- 

T a b l e  IV
Values of 2{pV)u  Obtained from Graphs

P 25° 30° 35° 40°
3 1.319 1.471
4 1.295 1.369 1.442 1.516
5 1.272 1.342 1.413 1.484
6 1.255 1.321 1.390 1.458
7 1.242 1.306 1.372 1.438
8 1.231 1.294 1.357 1.421
9 1.222 1.284 1.345 1.407

10 1.214 1.275 1.334 1.396
11 1.208 1.267 1.325 1.386
12 1.201 1.260 1.317 1.378
13 1.194 1.253 1.310 1.370
14 1.188 1.248 1.303 1.364
15 1.182 1.242 1.297 1.358
16 1.236 1.292 1.351
17 1.230 1.346
18 1.225 1.340
19 1.219 1.335
20 1.213 1.330
21 1.325
22 1.320
23 1.316

lated values of K p fall off rapidly as the saturated 
pressure is approached. This may be due to an 
increasing deviation from ideal behavior, but 
whatever the reason may be, it seems plausible to 
derive the best value of K P for 25° from the values 
for pressures in the range 3 to 9 mm. and the best 
value of Kp for 30° from the values for pressures 
in the range 4 to 11 mm. For 40° the best value
of K p was taken to be the average of the values
corresponding to pressures from 10 to 23 mm. On 
this basis, we obtain

K p at 25° =  0.547 mm. K p at 35° =  1.37 mm.
K p at 30° =* 0.909 mm. K p at 40° =  2.08 mm.

When logioK*, is plotted against l/T , the points 
obtained fall, within the experimental error, on a 
straight line given by the equation

logioXp =  11.789 -  (3590/T) (4)
The values of K p calculated by means of equation
(4) for 25, 30, 35 and 40° are, respectively, 0.557, 
0.881, 1.37 and 2.10 mm.
The Measurement of the Saturated Vapor Pressure of 

Acetic Acid
The density bulbs and the line leading to the mercury 

seal separating the reservoir R from the density bulbs 
were exhausted as completely as possible. After the tem­
perature of the bath had been constant for fifteen minutes, 
the height of the mercury meniscus in the manometer was 
read. With the pump going, the mercury seals separating
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T a b l e  V
Degree of Dissociation and Dissociation Constant

25°
*, mm. cc Kp

3 0.208 0.543
4 .186 .573
5 .165 .560
6 .150 .552
7 .138 .544
8 .128 .533
9 .120 .526

10 .112 .508
11 .107 .510
12 .100 .485
13 .094 .464
14 .088 .437
15 .083 .416
16
17
18
19
20 
21 
22 
23

30°CL Kp CL
0.304

0.233 0.919 .278
.209 .914 .252
.190 .899 .232
.177 .906 .216
.166 .907 .203
.157 .910 .192
.149 .908 .182
.142 .906 .174
.135 .891 .167
.129 .880 .161
.124 .875 .155
.119 .862 .150
.114 .843 .145
.108 .802
.104 .787
.098 .737
.093 .696

40°
Kp cc Kp

1.22
1.34 0.322 1.85
1.36 .294 1.89
1.37 .272 1.92
1.37 .254 1.93
1.38 .239 1.94
1.38 .227 1.96
1.37 .218 2.00
1.37 .209 2.01
1.38 .202 2.04
1.38 .195 2.06
1.38 .190 2.10
1.38 .185 2.13
1.37 .178 2.09

.174 2.12

.169 2.12

.164 2.10

.160 2.16

.156 2.10

.151 2.05

.148 2.06

(1) the line of sample bulbs from the high vacuum line, and
(2) the line of sample bulbs from density bulb C, were 
closed. Acetic acid vapor from the reservoir R was ad­
mitted to the bulbs by opening the seal between the reser­
voir and the line leading to the density bulbs. Cold water 
was allowed to run over bulb C until a sufficiënt amount 
of acetic acid had Condensed and collected above the 
mercury surface of the seal separating bulb C from the 
line of sample bulbs. The seal between the line leading 
to the reservoir and the bulb Ai was then closed. The 
bath was again brought to the original temperature, and, 
after thirty minutes had elapsed to allow the system to 
become uniform and constant in temperature, the height 
of the manometer meniscus was read.

The seal separating the line of sample bulbs from the 
bulb C was opened and the acetic acid in the bulb system 
was frozen into one of the sample bulbs by means of liquid 
air. After the sample bulb had been cooled for fifteen 
minutes the height of the manometer meniscus was again 
read as a check on the original reading.

Subsequent runs were made using this same sample of 
acid. The acid was frozen into a sample bulb and, while 
it remained cooled by the liquid air, the seal separating 
the system from the high vacuum line was opened and the 
entire sample bulb and density bulb system was subjected 
to evacuation for thirty minutes, although the manometer 
readings taken during this time showed negligible changes. 
The seal separating the system from the vacuum line was 
closed, and the sample of acid was transferred from the 
sample bulb to the density bulbs by removing the liquid 
air and running cold water over one of the density bulbs. 
The seal between the density bulb system and the sample 
bulbs was then closed, confining the vapor to the bulbs 
inside the water bath.

In each nm enough acid was Condensed into the system 
so that a visible amount of liquid was present after equi­
librium had been established. In practice it was found

that liquid acetic acid collected on the surface of the 
mercury in the inner manometer arm, causing an indetermi- 
nate error in the manometer reading. It was impossible 
to avoid this entirely, although it was minimized by using 
as little excess acid as possible. The maximum thickness 
of this layer of liquid on the surface of the mercury was 
estimated to be 1 mm. and the usual thickness much less 
than 1 mm.

The thermometer used in these experiments was com­
pared with thermometer 40316 in Bureau of Standards 
set 19691, marked C343, and was found to require a correc­
tion of —0.06° at 25 and 30°, of —0.03° at 35° and of 
—0.07° at 40°.

T a b l e  VI
Data on Vapor Pressure of Acetic Acid 

t -  24.94 t = 29.94
Manometer Vapor Manometer Vapor

rise pressure rise pressure
14.20 15.56 18.90 20.70
14.13 15.48 18.84 20.63
14.09 15.44 18.76 20.54

Average 15.49 18.71 20.49
t = 34.97 18.70 20.48

Manometer
rise

Vapor
pressure Average 20.57

24.75 27.08 t =
Manometer

39.93
Vapor

24.72 27.04 rise pressure
24.56 26.87 32.20 35.19
24.58 26.89 32.19 35.18
24.50 26.80 31.95 34.92
24.60 26.91 31.95 34.92
24.65 26.97 Average 35.05

Average 26.94

In Table VI are given the results obtained for 
the vapor pressure of acetic acid at 24.94, 29.94, 
34.97 and 38.93°. We readily obtain for 25.00°,
15.54 mm., for 30.00°, 20.64 mm., for 35.00°,
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26.98 mm. and for 40.00°, 35.18 mm. The “In­
ternational Critical Tables”6 give for these tem­
peratures 15.6, 20.6, 26.9, 34.8. The equation 

logio£s(in mm.) =  8.5723 -  (2200/T) (5)
reproduces our results very accurately, the aver­
age deviation corresponding to ±0.04 mm., which 
is wel 1 within the experimental error.

Thermochemical Calculations 
Heat of Dissociation.—Representing by 

AH the heat absorbed in the dissociation of a mole 
of (HOAc)2 into two moles of HOAc, we find from 
equation (4) for a temperature between 25 and 
40°

AH -  16,400 cal. (6)
We judge that this value may be in error by as 
much as 800 cal.

Heat of Vaporization.—If  we assume that the 
saturated vapor of acetic acid does not deviate 
much from an ideal gas, we can calculate the 
latent heat of vaporization of one mole (120 g.) 
of acid by means of the equation

L  =  - ( 1  +  a)R  (7)

In view of equation (5), we obtain
L =  10,060(1 +  a) (8)

Inserting in equation (2) the measured values of 
K P and of ps, we find for 25°, a = 0.093; for 30°, 
a = 0.104; for 35°, a = 0.112 and for 40°, a = 
0.121. From equation (8) we obtain

L a t 25° =  11,000 cal.
L at 30° =  11,110 cal.
L at 35° =  11,190 cal.

___________  L at 40° =  11,270 cal.
(6) "International Critical Tables," Vol. III, p. 217.

Brown7 obtained by direct measurement at 117.4° 
a value of 97.05 calories per gram, equivalent to 
11,650 calories per 120 g. of the acid.

From Ramsay and Young’s8 measurements of 
the saturated vapor pressure, psy at 100, 110, 120 
and 130°, we readily find for 118°, assuming the 
vapor to be ideal, L  =  9344 (1 +  a). Combin­
ing this result with that of Brown we infer that at 
118° and 1 atm. the value of (1 +  a) is 1.247. 
On the other hand, the value of pV  at 118° and 
1 atm. obtained by Ramsay and Young9 is about 
0.319 liter-atm. per gram which leads to a value 
of (1 +  a) equal to 1.194. The difference in the 
calculated values of (1 +  a) is probably due to an 
appreciable departure from ideal behavior when 
the vapor is saturated.

Summary

1. Values o ip V  have been determined for the 
vapor of very pure acetic acid at 25, 30, 35 and 
40° and at pressures as low as 3 mm.

2. The equilibrium constant for the reaction: 
(HOAc)2 2HOAc, has been determined for 
25, 30, 35 and 40°. The heat of dissociation is 
calculated to be about 16*400 cal.

3. The vapor pressure of acetic acid has been 
measured at 25, 30, 35 and 40°. The heat of 
vaporization per 120 g. of acid at these tempera­
tures is calculated to be 11,000, 11,110, 11,190 
and 11,270 cal.
M inn ea po lis , M in n . R eceived  Septem ber  4 , 1936

(7) Brown, J .  C h e m . S o c . ,  83, 987 (1903),
(8) Landolt-Börnstein, “Tabellen," 1912, p. 388.
(9) "International Critical Tables," Vol. III, p. 437.

[C o n t r ib u t io n  from  t h e  Ch em ist r y  D epa r t m e n t  of t h e  U n iv e r sit y  o f  Ca l if o r n ia  a t  L os A n g e l e s ]

The Use of Chromous Sulfate in the Removal of Oxygen from a Stream of Gas. 
A Comparison with Other Oxygen Absorbents

By H osmer W. Stone

The frequent need of a stream of inert gas of 
low oxygen content led the author to the observa­
tion that not only did the commercial nitrogen 
contain appreciable quantities of oxygen, but 
even the gas from the liquid carbon dioxide was 
contaminated. The usual methods of purifying 
the nitrogen proved unsatisfactory. This, to­
gether with the lack of data on the relative effec­
tiveness of oxygen-absorbing reagents, led to the 
work reported in this paper.

A cylinder of commercial nitrogen, containing 
0.3% oxygen, was chosen for reference. This 
gas was passed through the apparatus containing 
the absorbent to be tested, at a constant rate. 
The time which elapsed before sufficiënt oxygen 
escaped the absorbing reagent to color a very 
sensitive oxygen indicator has been taken as a 
measure of the effectiveness of that absorbent for 
removing oxygen from the stream of nitrogen. 
All of the reagents allowed detectable quantities
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of oxygen to pass, but in the case of the chromous 
solution the amount was so small that this re­
agent was selected as a Standard for the com­
parison of the others. If the time required to 
color the indicator by the oxygen escäping the 
chromous sulfate absorbent is taken as 100%, 
then under the conditions used, none of the other 
reagents investigated exceeded 4% in their rela­
tive efficiency. The work deals with the relative 
rates of oxygen absorption and makes no attempt 
to compare the completeness of the reaction at 
equilibrium conditions.

Apparatus and Reagents
The illustration of the apparatus used requires some 

explanation. A single cylinder of commercial nitrogen, 
containing 0.3 volume percentage of oxygen, was used 
throughout the investigation. The flow of gas through 
the apparatus was maintained at a rate of 300 ml. per min-

Fig. 1.—Apparatus for the determination of the effici­
ency of oxygen absorption.

ute by the adjustment of a pressure reducing valve at the 
nitrogen cylinder. A pressure of about eight pounds per 
square inch (414 mm.) was required to produce the de­
sired rate of gas flow. This rate refers to that which was 
measured on the flowmeter after the oxygen had been 
absorbed.

The nitrogen entered the absorbing solution through a 
sintered glass bubbler. The bubbler, a product of the Jena 
Glass Works, catalog number 33cG4, was listed as having 
a pore size to from five to ten microns. The glass wool 
above the absorbing solution was introduced to overcome 
the troublesome foaming which occurred when the pyro- 
gallate and the hyposulfite reagents were used as absorb- 
ents. The glass wool, together with the tower above it, 
prevented appreciable amounts of the absorbing solution 
from being carried into the indicator. The ammoniacal 
cuprous ammonium chloride reagent liberated so much 
ammonia gas that it was necessary to introducé a wash 
bottle containing 2 N  sulfuric acid between the absorbing 
solution and the indicator when this reagent was used.

When this was not done the basic effect of the ammonia 
changed the indicator from red to amber at a pH of from 
6 to 7 and precipitated the hydroxides of the chromium 
ions.

The Jena glass bubbler in the indicator tube was listed 
as having pore sizes varying from 100 to 120 microns in 
diameter. A coarser pore size was used here than in the 
absorbing tube to reduce the amount of back pressure.

The indicator solution was 0.05 M  in sulfuric acid and 
about 0.00025 M  in the ö-semidine indicator. The o- 
semidine used in the preparation of the indicator was o- 
amino-w-ethoxydiphenylamine and was prepared as 
described by Jacobsen.1 A hydrochloric acid solution of 
this 0-semidine1 was oxidized by ferric chloride and the 
oxidation product recrystallized and thoroughly dried. 
A stock solution of this oxidation product dissolved in 
glacial acetic acid was used in making the indicator solu­
tion. The properties of this oxidation-reduction indicator 
were discussed by the author before the Division of 
Physical and Inorganic Chemistry at the 90th meeting 
of the American Chemical Society, San Francisco, Cali­
fornia, August 19 to 23, 1935. This work has not yet been 
published.

The indicator was decolorized by the addition of 0.023 
N  chromous sulfate solution. (This chromous sulfate 
reducing reagent was used to decolorize the indicator in 
all of the experiments and should not be confused with the 
chromous reagent used as an oxygen absorbent.) At the 
end-point of the reaction in which the indicator was re­
duced by the chromous ion, one drop of the reducing re­
agent was sufficiënt to remove the last trace of indicator 
red and leave a slight excess of unoxidized chromous ion. 
This excess of chromous ion had to be oxidized by oxygen 
escäping the absorbing reagent before an indicator color 
change could appear.

The sensitivity of the indicator was determined by 
meäsuring the amount of distilled water, saturated with 
air, which was required to oxidize the slight excess of 
chromous ion at the end-point and to produce a distinct 
color change in the indicator. It required 0.2 ml. of this 
water which was 0.001 N  in dissolved oxygen.

Procedure
The following method was used in testing each of the 

oxygen absorbing reagents. (1) 300 ml. of the reagent 
to be tested was placed in the absorbing tube. (2) The 
pressure of the nitrogen gas entering the apparatus was 
regulated to produce a flow of 300 ml. per minute as indi­
cated on the flow meter. (3) After fifteen minutes of gas 
flow at this rate and with the gas still flowing the plug 
in the stopper of the indicator tube was removed and the 
indicator reduced by a dropwise addition of the 0.023 N  
chromous sulfate solution. Contamination by oxygen of 
the air during this Operation was prevented by the gas 
which escaped from the opening.

(4) The opening in the stopper of the indicator tube 
was then closed and the gas allowed to flow through the 
system until the oxygen escäping the absorbing reagent 
was sufficiënt to produce a faint color change in the 
indicator. This first faint color change was the starting 
point in all of the runs at which the recorded number of

(1) Paul Jacobsen, A n n . ,  287, 145 (1895); i b i d . ,  427, 76 (1922).
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drops of the reducing agent were added to the indicator 
solution. The desired number of drops of the 0.023 N  
chromous sulfate reagent were then added to the indica­
tor and the time interval before the first faint color ap­
peared in the indicator determined. From this observa­
tion, the time required to color the indicator, per drop of 
chromous reagent, was calculated.

(5) The indicator was again decolorized by the addi­
tion of a recorded number of drops of the chromous re­
ducing agent and the time interval again determined. 
This Operation was repeated until a nearly constant time 
interval was obtained. It usually required at least forty- 
five minutes of gas flow at 300 ml. per minute before this 
nearly constant value was reached. Up to this time, the 
intervals were shorter, due to the necessity of removing 
the air from the system. The data reported represent 
successive experiments on a single solution of the reagent, 
obtained after the nearly constant interval had been 
reached.

The potassium pyrogallate solution which was tested 
was prepared according to the specifications of Wolf and 
Krause,2 who recommend a solution containing 18% 
potassium hydroxide, 15% pyrogallol and 67% water as 
absorbing oxygen most rapidly. The reagent containing 
50% potassium hydroxide is the approved reagent for 
absorbing oxygen because it yields less carbon monoxide 
during its oxidation, even though it is slower in its ab­
sorption of oxygen.

The pyrogallate Solutions gave trouble by foaming, by 
forming a precipitate in the glass filter plates, and by 
yielding a gaseous decomposition product which modified 
the indicator change. The foaming was overcome by the 
use of the glass wool. The clogging of the filter plate 
and the resulting diminution in the flow of gas was taken 
care of by increasing the nitrogen pressure. The unde- 
sirable effect of the decomposition gases on the indica­
tor was minimized by using freshly prepared pyrogallate 
solution.

The interval of time required to bring back the color 
to the indicator was 0.30, 0.325, 0.325, 0.28, 0.33, 0.30, 
0.28, 0.28 minute per drop of 0.023 N  chromous sulfate 
solution. These values represent successive determinations 
on the same solution after the time interval had become 
nearly constant.

The oxygen-absorbing sodium hyposulfite reagent recom­
mended by L. F. Fieser3 consisted of 48 g. of sodium hypo­
sulfite, 12 g. of /3-anthraquinone-sodium sulfonate, 40 g. 
of sodium hydroxide and 300 ml. of water. He states that 
a train of three Friedrichs bottles containing this solution 
removed all tracés of oxygen gas, even when the velocity 
was at its maximum. He also reported that, in a bubbling

pipet, the absorption of oxygen by this reagent was more 
rapid than by the pyrogallate reagent.

This reagent, as the oxygen absorbent in a series of 
successive experiments on the same solution and using 
from six to fifteen drops of 0.023 N  chromous reagent, 
showed the following time intervals in minutes per drop: 
0.50, 0.50, 0.50 and 0.47.

The ammoniacal cuprous ammonium chloride reagent 
used to absorb the oxygen was prepared as directed by 
Badger.4

Five hundred ml. of 15 N  ammonium hydroxide was 
mixed with an equal volume of ammonium chloride solu­
tion saturated at 23°. Sixty grams of copper ribbon 
(0.1 by 1 mm.) was immersed in the solution and air blown 
through the reagent until it became a dark blue in color. 
Nitrogen was then bubbled through the mixture for several 
hours so that much of the cupric ammonium complex was 
reduced to the cuprous form. This solution was siphoned 
into the absorption tube of the apparatus and the capacity 
of the absorbing reagent determined by titration against 
an acidified solution of potassium permanganate.

In experiments with this absorbent, the drops of 0.023 N  
chromous reagent.added to the indicator solution varied 
from eleven to thirty. The minutes required to return the 
color to the indicator solution per drop of chromous re­
ducing agent were 0.49, 0.36, 0.55, 0.57, 0.40, 0.55, 0.59. 
As in the other cases these data represent a series of 
successive experiments where the rate of nitrogen flow was 
300 ml. per minute.

The chromous sulfate-sulfuric acid absorption solution 
was prepared in accordance with the recommendations of 
Stone and Beeson.5 In this method the chromous sulfate 
is obtained by reducing a sulfuric acid solution of violet 
chrome alum with zinc amalgam in a Jones reductor.

Two series of determinations were made with this re­
agent in the absorbing tube. One series was carried out 
before any of the other reagents were tested and another 
series, with a fresh solution, after the other oxygen ab- 
sorbents had been evaluated. The two series served as a 
check on the constancy of the technique used in conducting 
the experiments. The time interval required to color the 
indicator per drop of chromous reagent added was so long 
that only this one drop was used in these experiments. 
The series of experiments carried out before the other 
reagents were tested gave values of 13, 12, 12.5 minutes 
per drop of chromous to coloration of the indicator. The 
runs on the second solution, made after the other absorb- 
ents had been tested, gave 11.5, 13, 13.5, 14.25 minutes 
per drop.

The data obtained with the various reagents tested are 
summed up in the table.

A C om parison  of t h e  E ff ic ie n c ie s  of V a r io u s  Ox y g en  A b so r b e n t s , U sin g  300 m l . of  t h e  A b so r b in g  R e a g e n t , 
a n d  a  R a t e  of F low  of G a s  of  300 m l . p e r  M in u t e

Absorbent used
Normal
capacity

Average 
drops of Cr++

Average min. 
to coloration

Minutes 
per drop

Potassium pyrogallate 6.3 13.2 3.97 0.30
Quinone hyposulfite 4.8 10.2 5.0 .49
Cuprous chloride 1.2 19.3 9.39 .49
Chromous sulfate 0.4 1.0 12.82 12.82

(2) Otto Wolf and Arthur Krause, A r c h .  W a r m e n w ir t ,  10, 19-21 (4) W. L. Badger, I n d .  E n g .  C h e m .,  12, 161-164 (1920).
(1929). (5) H. W. Stone and C. Beeson, I n d .  È n g .  C h e m .,  A n a l .  E d . ,  8,

(3) L. F. Fieser, T his Journal, 46, 2639-2647 (1924). 188-190 (1936).
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The values under the heading “Normal Ca­
pacity" in the table present the maximum con­
centration in equivalents per liter with respect to 
the reaction with oxygen. For the pyrogallate 
solution, the normality is based on von Koväcs- 
Zorkoczy’s6 statement as to the capacity of pyro­
gallol and the quantity of this reagent used. The 
concentration of the hyposulfite reagent is based 
on a determination of the purity of the reagent 
and the amount used. The ammoniacal cuprous 
ammonium chloride was titrated with perman­
ganate before and after the data were taken and 
found to change from 1.16 to 0.98 N. The chro­
mous sulfate value is based on the amount of 
chrome alum used in preparing the reagent, 
though titration before and after one series of 
runs showed a Variation from 0.31to0.12jV during 
the experiment.

Discussion

A comparison of the values set forth in the last 
column of the table shows that, under these con­
ditions, chromous sulfate is at least twenty-five 
times more rapid in absorbing oxygen than any 
of the other reagents used.

No difference was found between Fieser’s re­
agent and the ammoniacal copper chloride. The 
difference between these reagents and the pyro­
gallate is sufficiënt to prove that pyrogallate Solu­
tions are slower in their absorption of oxygen. 
Moreover, this superiority of the hyposulfite re­
agent over the pyrogallate is in agreement with 
the work of Fieser which has been quoted pre­
viously.

No data are given concerning the precise 
changes in the concentrations of the absorbing 
agents during the time that their relative effi- 
ciencies were determined. This is because varia­
tions in the concentration were found to have no 
effect on the results within the limits of the experi­
mental observations. 0.3 N  chromous sulfate was 
no more effective in absorbing oxygen in the ap­
paratus than a 0.1 solution. In either case the 
reaction appeared to be as rapid as one between 
ions.

Experiments in this Laboratory7 showed that 
the rate of absorption of oxygen by chromous 
sulfate Solutions, in an apparatus such as Fieser 
used, is too rapid to be measured. The concen­
tration of the chromous sulfate was varied from

(6) Etelka von Kovacs-Zorkoczy, B io c h e m .  Z . ,  162, 161 (1925).
(7) Ramsey, King and Klain, unpublished work.

0.4 to 0.01 N  and the concentration of the sulfuric 
acid from 3.0 to 0.12 without obtaining any 
measurable change in rate of absorption.

Since each of the reagents used in a particular 
series of determinations yielded a nearly constant 
interval of time for coloring the indicator, rather 
than a decreasing interval, it is clear that the 
change in concentration of the reagent, due to 
oxygen absorbed, did not affect the data pre­
sented.

It is the writer’s opinion that the rate of reac­
tion of the dissolved oxygen with the absorbent 
is so much greater than the rate at which the oxy­
gen is dissolved by the bubbling process that the 
former factor can be neglected entirely. This 
opinion leads one to conclude that the high rela­
tive efficiency of the chromous reagent, as com­
pared to the other absorbents, may be at least 
partially explained by the fact that the physical 
properties of the chromous solution favor a more 
rapid solution of the oxygen in the chromous re­
agent than in the other Solutions.

In addition to the advantage of absorbing the 
oxygen at a much faster rate than the other re­
agents, the chromous sulfate may be used to re­
duce the oxygen content of carbon dioxide and 
other acid gases which could not be treated by the 
reagents which are basic. The liberation of am­
monia gas by the ammoniacal cuprous chloride, 
the clogging of the filter plate pores by the pyro­
gallate and hyposulfite reagents, the formation 
of a troublesome foam, and the evolution of gase­
ous decomposition products are disadvantages 
found in working with the other oxygen absorb­
ents which were not met with when using the 
chromous sulfate.

The desirability of comparing the rates of oxy­
gen absorption, by these reagents, over a wide 
range of conditions was recognized earïy in the 
work. Many experiments were conducted at 
widely varying rates of gas flow, with longer ab­
sorption columns, and with air in place of the com­
mercial nitrogen. Though the results of these 
experiments indicated that relative rates similar 
to those reported in this paper held over a wide 
range of conditions, satisfaetory comparisons were 
obtained only under the method and system de­
scribed. Serious difficulties arising from funda­
mental differences in the properties of the absorp­
tion reagents and from the character of the indi­
cator led to the abandonment of further attempts 
at quantitative comparisons.
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Summary
1. A new oxidation-reduction indicator has 

been shown to be a satisfaetory reagent for the 
detection of small amounts of oxygen.

2. A method of comparing the rates at which 
various reagents absorb oxygen from a stream of 
nitrogen has been described.

3. Chromous sulfate-sulfuric acid Solutions 
have been shown to absorb oxygen from a stream 
of nitrogen at an unusually high rate under cer-
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tain conditions. Adopting the results obtained 
with chromous sulfate reagents, as a Standard, the 
relative oxygen-absorption rates as found in this 
same apparatus under similar conditions may be 
expressed as follows: potassium pyrogallate 2.3%, 
ammoniacal cuprous ammonium chloride 4%, 
alkaline sodium hyposulfite 0-anthraquinone- 
sodium sulfonate 4%, and chromous sulfate-sul­
furic acid reagent 100%.
L o s A n g e l e s , Ca l if . R ec e iv e d  J u ly  15, 1936

C a t a l y t ic  O x id a t io n  o f  A n i l i n e  b y  S u l f u r i c  A c id

[Co n tr ib u tio n  from  t h e  D ohm e L aboratory of P hysical C h em istr y , U n iv e r sit y  o f  M aryland]

A Study of Promoter Action. The Oxidation of Aniline Sulfate by Hot, Concentrated 
Sulfuric Acid in the Presence of Copper and Mercury Sulfates1

B y  M. M. H a r in g  a n d  H. H. K a v e l e r

Oxidation by hot, concentrated sulfuric acid 
has many applications, of which one of the more 
important is the analytical method of Kjeldahl.2 
Numerous modifications of the method have been 
published, the use of copper and mercuric sulfate 
catalysts being emphasized. However, only Bre­
dig and Brown3,4 have made a study of the kin­
etics of the reaction and of the relation between 
catalytic effect and amount of the catalyst. 
They observed, among other things, that mixed 
copper and mercuric sulfates exhibited a catalytic 
effect greater than the additive value. However, 
they published only one set of data on mixed 
catalysts. I t was the primary purpose of this 
investigation to study a wide range of catalyst 
ratios and total amounts.

Reagents.—Mercuric oxide was prepared by adding the 
calculated amount of sodium hydroxide to a solution of 
c. p . mercuric chloride heated to 70°. The precipitated 
red oxide was washed free of alkali and chlorides and 
dried at 100°.

Reagent copper sulfate pentahydrate was used without 
further purification.

The sulfuric acid used was reagent quality (sp. gr. 
1.83-1.84) and was demonstrated to be free of the heavy 
metals.

The aniline sulfate was the purest obtainable. Analysis 
by the Kjeldahl method gave 9.77% nitrogen as against 
9.86% theoretical.

Apparatus.—The apparatus used was similar to that 
described by Bredig and Brown.3'4 The thermostat was

(1) Abstracted from a thesis submitted by H. H. Kaveler to the 
Graduate School of the University of Maryland in partial fulfilment 
of the requirements for the degree of Doctor of Philosophy.

(2) Kjeldahl, Z. a n a l .  C h e m .,  22, 366 (1883).
(3) Brown, Dissertation, Heidelberg, 1903.
(4) Bredig and Brown, Z. p h y s ik .  C h e m .,  46, 502 (1903).

modified to accord with modern practice. It maintained 
the experimental temperature of 275° to =*= 0.1°. The 
reaction vessel and gas meäsuring apparatus are shown in 
Fig. 1, the volume of the reaction bulb being about 75 cc.

All weights and other meäsuring devices were checked 
for precision.

Procedure.—The desired quantity of the catalyst was 
introduced into the reaction flask through a long-stemmed 
funnel, followed by 50 cc. of sulfuric acid. After insertion 
in the bath, the mixture was stirred for one hour.

The stirr in g  w as sto p p ed  a n d  th e  desired  a m o u n t of a 
Standard  so lu tion  of aniline su lfa te  in  sulfuric acid  (a b o u t
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T a b l e  I 
No C a talyst

1 2 3 V K
45 0.4
60 .5 . . . — ..
90 .8

120 1.0 1.1 1.05 0.554
150 1.3 1.4 1.35 .553
180 1.6 1.6 1.5 1.57 .563
240 2.1 2.1 2.0 2.07 .557
300 2.6 2 .6 2.6 2.60 .553
360 3.1 3.3 3.1 3.17 .569

Av. .558

by proportion. Bredig and Brown3*4 showed 
this procedure to be valid. All volumes likewise 
were corrected to Standard conditions. From 
two to nine runs (in most cases four) were made 
for each quantity of catalyst. The volumes for 
each case were averaged at corresponding times, 
plotted on a large scale and the best smooth curve 
drawn. All data given below, save Table I, were 
obtained in this manner. Table I shows all the 
data. The Variation in volumes from the mean 
for corresponding times for the different members

T a b l e  II
M ercuric  Ox id e  C ataly st

1 unit 2 units 4 units 8 units
t V K V K V K V K

5 0.5 6.45 0.5 6.45 0.9 11.52 0.8 10.14
10 1.0 6.45 1.1 6.91 1.8 11.52 1.7 10.82
15 1.5 6.45 1.8 7.68 2 .8 11.98 2.7 11.52
25 2.4 6.17 3.1 7.92 4 .8 12.46 5.7 14.84
45 4.5 6.50 6.2 8.96 9.2 13.46 12.9 19.14
60 6.1 6.60 8.8 9.63 12.8 14.20 18.8 21.30
90 9.4 6.86 14.5 10.82 21.8 16.68 29.2 22.98

120 13.1 7.28 20.2 11.53 29.5 17.41 39.5 23.55
150 25.9 12.09 36.1 17.50 47.9 24.39
180 20.6 7.84 31.6 12.55 42.3 17.53

Av. 6.65 9.80 14.78 21.14

T a b l e  III
C o ppe r  S u l fa t e  P e n ta h y d r a te  C ataly st

1 unit 2 units 4 units 8 units
t V K V K V K V K

5 0.2 2.30 0.5 6.45 0.7 8.75 1.1 13.81
10 0.6 3.68 1.2 7.60 1.4 8.98 1.8 11.52
15 1.0 4.30 1,8 7.68 2.5 10.75 2.6 11.05
25 2.0 5.16 3.4 8.85 4.2 10.87 4.7 12.16
45 4.7 6.76 7.2 10.44 8.5 12.39 10.5 15.40
60 7.1 7.71 10.5 11.55 12.3 13.62 15.5 17.43
90 11.5 8.47 16.9 12.70 19.7 14.97 25.4 19.73

120 15.9 8.94 22.7 13.07 26.4 15.41 34.4 20.72
150 20.1 9.18 27.7 12.99 32.7 15.64 42.0 20.86
180 23.9 9.21 31.7 12.59 38.5 15.70 48.0 20.78

Av. 7.65 11.56 13.66 17.52

8% by weight) was run from a weight buret into the well 
on the side-arm of the stirrer. This was followed im­
mediately by 1.0-1.5 cc. of sulfuric acid and the run 
started. The pressure was maintained at the atmospheric 
value throughout a run. 0.05-0.09 g. of aniline sulfate 
was used in all experiments. The weights of catalyst used 
were always 0.0305 g. of mercuric oxide and 0.0351 g. of 
copper sulfate pentahydrate or integral multiples thereof. 
These unit weights are in the same ratio as the molecular 
weights. The maximum amount of catalyst used in any 
experiment was a very small fraction of the solubility in 
sulfuric acid.5

Data and Calculations 
For comparison purpose, all gas volumes were 

reduced to a weight of 0.0500 g. of aniline sulfate
(5) See “International Critical Tables," Vol. IV, p. 42.

of a series was seldom in excess of 5% and usually 
much less. In the following tables t is for times 
in minutes, V is the average volume in cc. and K  
is the monomolecular reaction constant for times 
in minutes, as obtained from K  — (2.303/t) log 
(C0/C). Purity of the aniline sulfate was con­
sidered in calculating C0. The amount of cata­
lyst is expressed in terms of unit weights as de­
fined previously. The average K  is based on the 
values at 45, 60 and 90 minutes. Early values for 
K  for catalyzed reactions are too unsteady to give 
a good comparison. All values of K  are included 
in the average for the uncatalyzed reaction. K  
values in all tables are X 104.
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Table IV gives the ratios between the average 
velocity constants catalyzed and uncatalyzed.

T a b l e  IV
M e r c u r ic  Ox id e  Catalyst  

1 unit 2 units 4 units 8 units
11.7 17.5 26.4 37.8

Co ppe r  S u l fa t e  P en ta h y d r a t e  Catalyst

1 unit 2 units 4 units 8 units
13.7 20.7 24.2 31.4

The data of Tables I, II and III are portrayed 
graphically in Figs. 2 and 3.

0 40 80 120 160 200
Time, min.

Fig. 2.—Mercuric oxide catalyst: x, units of cata­
lyst; Un, uncatalyzed.

The data for mixed catalysts are given in the 
following tabulation. The various mixtures are

T a b l e  V
3Hg-3Cu 
V  K

5H g-lC u  
V  K

2Hg-4Cu 
V  K

4Hg-2Cu 
V  K

5 1.7 21.7 2.6 33.2 2.0 25.8 2.5 32.2
10 4.7 30.4 5.1 32.9 4.6 29.7 5.0 32.5
15 7.0 30.4 7.9 34.4 7.2 31.3 8.3 36.2
25 13.8 36.9 14.1 37.8 12.4 34.9 15.0 40.4
45 27.2 42.5 26.6 41.4 24.8 38.4 29.4 46.3
60 36.2 43.9 35.9 43.5 33.4 40 1 39.8 48.9
90 52.2 45.2 51.8 44.7 49.5 42.3 55.0 48.2

Av. 43.9 43.2 40.3 47.8

t
lHg-

V
-lC u

K
8Hg-8Cu 

V  K
4Hg-
V

-lCu
K

lHg-4Cu 
V  K

5 1.1 13.8 3.2 41.0 2.2 28.1 1.5 19.3
10 2.5 16.1 8.3 53.5 4.0 26.0 3.0 19.4
15 3.7 16.0 14.6 65.4 6.1 26.4 4.8 20.7
25 6.8 17.3 29.9 84.9 10.9 28.8 8.6 22.6
45 13.8 20.5 53.6 93.4 22.5 34.5 17.6 26.5
60 19.2 21.8 65.8 91.1 30.2 35.8 25.0 28.4
90 29.4 23.1 82.0 82.6 44.6 37.4 39.8 32.6

Av. 21.8 89.0 35.9 29.2

t
lHg-8Cu  

V  K
8Hg-
V

lCu
K

4.5Hg-
V

-4.5Cu
K

5 1.9 24.4 2 .8 35.9 3.1 39.6
10 4.4 28.6 6 .8 44.2 6.8 44.2
15 7.2 31.3 12.1 53.6 11.2 49.4
25 13.1 35.0 25.8 72.2 21.9 60.3
45 27.6 43.1 43.8 73.1 39.3 64.3
60 37.8 46.1 54.6 71.6 51.1 66.0
90 54.3 47.4 70.3 66.4 67.2 62.4

Av. 45.6 70.4 64.3

identified thus: lHg-8Cu means one unit weight 
(0.0305 g.) of mercuric oxide and eight unit 
weights (0.2808 g.) of copper sulfate pentahydrate; 
and so on. Other symbols have the same sig- 
nificance as before.

The fact that the effect of mixed catalysts is 
more than additive is demonstrated by calculat­
ing the promotion factor. This is obtained by 
dividing the average K  for a mixed catalyst (less 
K  uncatalyzed) by the sum of the K  values for 
the appropriate units of the pure catalysts (less

0 40 80 120 160 200
Time, min.

Fig. 3.—Copper sulfate pentahydrate catalyst, x, 
units of catalyst; Un, uncatalyzed.

2 K  uncatalyzed). Where ver these values had 
not been directly determined they were obtained 
by graphic interpolation. The promotion factors 
are given in Table VI.

Table VI
3Hg-3Cu 5Hg-lCu 2Hg-4Cu 4Hg-2Cu

1.80 1.84 1.78 1.87
lHg-lCu 8Hg-8Cu 4Hg-lCu lHg-4Cu

1.62 2.36 1.66 1.49
lHg-8Cu 8Hg-lCu 4 .5Hg-4.5Cu

1.95 2.52 2.22
The effect is more apparent when graphically

portrayed. This is given for the series contain­
ing six units of mixed catalyst. In Fig. 4 the 
volumes of gas liberated at 24, 45, 60 and 90 min­
utes are plotted against the Hg/Cu mole ratio. 
Values for six units of pure catalyst were obtained 
by graphic interpolation.

Discussion
The data of Tables II and III reveal that copper 

is a better catalyst than mercury at the lower con­
centrations but a poorer catalyst at the higher con­
centration, on a mole for mole basis. The cataly­
tic effect increases with concentration of the cat­
alyst, but is not directly proportional as claimed 
by Bredig and Brown.3,4 However, examination 
of their data does not support their contention. 
Mixtures of the two catalysts show the same gen-
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eral proportionality. The mixtures with a high 
mercury content are better catalysts than those 
with a high copper content. Figure 4 shows that 
the most active mixture is approximately two 
moles of mercury to one of copper.

Fig. 4.—Variation of promotèr effect with 
catalyst composition ratio and time.

Since both metals are good catalysts and all 
mixtures, as shown in Table VI, have activities 
far greater than the additive value, it is clear 
that this is a case of coactivation. A very in­
teresting observation is that the promotèr effect 
drops off with time.

Bredig and Brown3,4 claimed this reaction to be 
monomolecular. The results of this study, par­
ticularly the data on the uncatalyzed reaction, 
support their contention. The values of K  for 
the catalyzed reactions are far from constant, 
although they become more so, in most cases, after 
about an hour. Examination of Figs. 2 and 3 re- 
veals that all curves have an inflection at about 
forty minutes. The curves of Bredig and Brown 
show the same inflection. This might be ex­
plained in four ways. (1) The cooling effect of 
introducing the sample might slow up the reac­
tion for a brief interval. (2) The sample, due to 
inadequate stirring, might not be uniformly dis­
tributed immediately. (3) An undisturbed rate 
of gas evolution might not be obtained while the 
gas concentration in the mixture increased to 
Saturation. (4) The inflection is real and due to 
a series of consecutive reactions of differing ve­
locity. (1), (2) and (3) would be errors inherent 
in the method. As such they would be subject to 
Variation. That two groups of investigators 
working entirely independently should duplicate 
these factors is highly improbable. Explanation
(4) is almost certainly correct. Heated to 275°,

a solution of aniline sulfate in sulfuric acid slowly 
darkens, going to green, then to black and finally 
to yellow, thus indicating numerous successive 
reactions. The equation for the reaction given by 
Bredig and Brown is
(C6H5NH2)2-H2SC>4 +  28H2S04 »

12C02 +  28S02 +  (NH4)2S04 +  32H20

which is evidently only the sum of a series. Of 
course, with excess sulfuric acid this reaction 
would be pseudomonomolecular, but the evidence 
is against a single step. The data do not permit 
more than a guess at the probable path. Aniline 
blacks, sulfonated products and quinone are al­
most certainly produced. In fact the yellow 
needles of quinone were observed to crystallize 
out in several of the mixtures after cooling. How­
ever, the very good constancy of K  uncatalyzed 
shows that, in the first stages, the reaction is 
monomolecular or at least pseudomonomolecular.

As to the mechanism of the catalysis and coac­
tivation, the data afford little evidence. Aniline 
has been shown to form numerous complexes 
with mercuric and other metallic salts.6,7,8

Mercuriated aryls are also formed with aniline.9
The copper compounds are less easily prepared 

and are not as stable9 (p. 774).
Such complexes might react to produce a com­

pound more readily oxidized than aniline itself. 
A parallel case has been studied.10

The work of Bohnson and Robertson11,12 on the 
decomposition of hydrogen peroxide by mixtures 
of copper and iron ions affords a possible explana­
tion of the coactivation.

In this case it was shown that one metal con- 
tinually regenerates the other in active form. 
Some support for this Suggestion is found in the 
work of Germuth,13 who showed that the rate of 
oxidation of mercurous to mercuric ion by at­
mospheric oxygen is appreciably increased by 
tracés of cupric ion.

Summary
1. Copper and mercury sulfates are excellent

(6) “International Critical Tables,” Vol. IV, p. 199.
(7) Spacie and Ripan, B u l l .  S o c .  s t i i n t e  C l u j ,  1, 542 (1922); 

see also C. A . ,  18, 1442 (1924) and 19, 1995 (1925).
(8) Mathews and Benger, J .  P h y s .  C h e m ., 18, 263, 667 (1914); 

Mathews and Spero, i b i d . ,  21, 402 (1917); Hahn and Wolf, Z .  a n o r g .  
C h e m ., 144, 128 (1925).

(9) Houben-Weyl, “ Die Methoden der Org. Chem./' Georg 
Thieme, Leipzig, 1924, Vol. IV, pp. 921-945.

(10) Davis, Worrall, Drake, Helmkamp and Young, T his Jour­
nal, 43, 594 (1921).

(11) Bohnson and Robertson, i b i d . ,  45, 2512 (1923).
(12) Robertson, i b i d . ,  47, 1299 (1925).
(13) Germuth, A m .  J .  P h a r m . ,  102, 263 (1903).
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catalysts for the oxidation of aniline sulfate by 
sulfuric acid, mercury being the better. The 
effect is not strictly proportional to the amount 
of the catalyst.

2. Together the two catalysts give effects 
much greater than the additive value. This is,

accordingly, a case of coactivation. Mercury 
and copper in the ratio of two moles to one give 
the most pronounced effect.

3. The reaction is monomolecular or pseudo­
monomolecular in the first stages.
Co l leg e  P a r k , M d . R e c e iv e d  S e pt e m b e r  17, 1936

[C o n t r ib u t io n  from  t h e  R e se a r c h  L aboratory  of Organic  C h e m ist r y , M a ssa c h u se t t s  I n st it u t e  of T e c h n o lo g y ,
N o. 148]

Condensations by Sodium. VIII. Solvent Exchange Reactions, Preparation of 
Phenylmalonic Acid, and Comments on Some Mechanisms of Reactions which

Employ Sodium

B y  A v e r y  A . M o r t o n  a n d  I n g e n u i n  H e c h e n b l e i k n e r

When benzene or a mixture of benzene and 
ligroin was used as the solvent for the prepara­
tion of amylsodium from amyl chloride and so­
dium by the recently described1 synthesis of 
organo-metallic compounds, the product after 
carbonation was benzoic instead of caproic acid. 
Exchange of phenyl for the amyl radical was com­
plete and the yield of benzoic acid, calculated on 
the basis of a molecule of acid for every one of 
amyl chloride used, was as high as 78%. Toluene, 
dimethylaniline, anisole, diphenylmethane and 
fluorene, when used similarly either as solvents or 
as diluents in a ligroin solution, shared this in­
teresting property so that the monocarboxylic 
acids formed as products of carbonation were 
phenylacetic, N-dimethylanthranilic, 0-methoxy- 
benzoic, diphenylacetic and diphenyleneacetic 
acids in yields of 40, 18, 20, 14 and 18.5%, re­
spectively (see Table II). No attempt was made 
to obtain the maximum yields,

In order to illustrate the possibilities of extend­
ing this solvent exchange type of synthesis beyond 
the preparation of acids we have prepared phenyl- 
sodium by interaction of amyl chloride, sodium 
and benzene and then brought about its reaction 
with propyl chloride. Propylbenzene was found 
in substantial quantity. In a like manner phenyl- 
sodium was induced to react with ethylene oxide 
yielding ß-phenylethyl alcohol as one of the prod­
ucts.

Syntheses of this type continued to show prom- 
ise of use in the preparation of malonic acids. A 
notable example was the formation of phenyl­
malonic in addition to phenylacetic acid from the 
reaction in toluene solution. With amyl chlo-

(1) Morton and Hecheübleikner, T his Journal, 58, 1697 (1938L

ride in a mixture of toluene and ligroin a yield of 
33% of phenylmalonic acid was obtained from 
the same run which yielded 40% of phenylacetic 
acid. With isobutyl chloride the yields were 20% 
of phenylmalonic and 11% of phenylacetic acid. 
When the addition of toluene was delayed until 
after all reactions between amyl chloride and so­
dium had ceased, the yields of phenylmalonic and 
phenylacetic acids were 28 and 5%, respectively. 
The method is therefore a far more convenient 
source of this eompound than has hitherto been 
available. I t  is especially interesting to note that 
the yield of the malonic acid is often considerably 
in excess of that for the monocarboxylic acid.

M echanism of Exchange Reactions.—Our 
work has now progressed to a point where we 
have assurance as to the manner in which 
some of the products are formed. The mono* 
Substitution product, benzoic acid, arises from 
metathesis of the sodium eompound with the 
hydrocarbon according to equation 1.

CeHuNa -f  C«H6 — >- C6Hi2 +  C6H6Na (1) 
Important evidence of the correctness of this view 
was furnished by (a) reserving the addition of 
benzene in experiments 3 and 4 until after the 
free radicals had disappeared and the formation 
of amylsodium had been completed, a condition 
which resulted in the entire replacement of ca­
proic by benzoic acid among the products of car­
bonation and (b) by carrying out, as in experi­
ment 6, an exchange reaction in the presence of 
carbon dioxide to remove amylsodium as fast as 
it was formed and thereupon failing to find any 
benzoic acid. Neither was this acid found in six 
experiments made under pressure of carbon di­
oxide. We therefore conclude that the free radi-
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cal amyl did not react with benzene under the 
conditions of our experiments and that the occur­
rence of benzoic acid was due to the reaction of 
the monosodium eompound with benzene accord­
ing to equation 1. A mild form of acidity on the 
part of the hydrogen atom in benzene which per­
mits the formation of a stable salt, sodium phe- 
nide, is thus suggested. The much higher yiëld of 
benzoic acid (78%) than was usually obtained for 
caproic acid in like experiments reported in the 
previous paper may be interpreted as indicating 
the greater stability of phenylsodium in a Wurtz 
synthesis.

Although the free radical amyl was without a 
role in the solvent exchange reactions, some evi­
dence suggesting that the radical amylidene was in 
part responsible for the formation of iso- and tere­
phthalic acids was uncovered. In the aforemen- 
tioned experiments on the interaction of benzene, 
amyl chloride and sodium, under pressure of car­
bon dioxide, a mixture of the two phthalic acids 
was obtained in each instance. On the reason­
able assumption that carbon dioxide would re­
move the organo-dimetallic eompound before it 
could react with benzene as effectively as it had 
in the case of amylsodium, we conclude that free 
amylidene must have reacted with benzene ac­
cording to equation 2, and that the phenylene so 

CsHio< +  C6H6 — ^  C6Hi2 +  C6H4< (2)

formed then added two atoms of sodium yielding 
phenylene disodium which was promptly car- 
bonated, producing the mixture of phthalic acids.

Iso- and terephthalic acids may also be formed 
because of a reaction of amylidene disodium with 
benzene according to equation 3. Although the 
likelihood of benzene reacting with two molecules

CsHioNa2 +  C6H6----^  C5Hi2 +  C6H4Na2 (3)

of amylsodium (equation 4) appeared to be very 
C6H6 +  2C5HnNa — ^  C6H4Na2 +  2C5Hi2 (4)

good, we have so far been unable to produce evi­
dence which would point conclusively to such a 
Chemical change. The facts bearing on this point 
can be stated briefly. (1) When benzene was 
present at a temperature below 5° during or after 
the reaction of amyl chloride with sodium the 
subsequent carbonation yielded benzoic and 
butylmalonic but no phthalic acids. Apparently 
amylidene disodium reacted more sluggishly with 
benzene than did amylsodium so that at this tem­
perature a solvent exchange reaction occurred with 
amylsodium only, (2) When benzene was al­

lowed to react at 65° with the products of the 
reaction between amyl chloride and sodium, 
phthalic acids appeared among the products and 
the amount of butylmalonic acid was decreased. 
These two facts suggested that under these con­
ditions bimetallation of benzene may have oc­
curred by reaction 3. With toluene, it is true, we 
did obtain evidence that disubstitution by means 
of amylsodium had taken place, for the yield of 
phenylmalonic acid in one experiment was 28% 
under conditions which had produced butylmal­
onic acid in yields no higher than 24% and usually 
near 17% (see previous paper).

Mechanism of Malonic Acid Formation — 
As an explanation for the occurrence of butyl­
malonic acid we favor that which pictures an 
initial formation of the free radical amyl, its 
disproportionation to amylidene and pentane, 
the addition of sodium to the former and the 
carbonation of the disodium product shown in 
sequence below.

Na CgHn- Na
C5H11CI • ■■■'—> CgHn—------>■ C5H12 T CgHio< — >-

C02
C5HioNa2 — >  C5Hio(COONa)2 (5) 

Our opinion is founded on (a) the agreement of the 
experimental facts with all the results which 
would be predicted on the free radical basis, and 
(b) the inability to find any evidence to bolster 
up alternative mechanisms, viz., one involving 
amylsodium and another the Splitting out of 
hydrogen chloride.

A füll discussion of our efforts to connect amyl­
sodium with the formation of butylmalonic acid 
was included in the previous paper. That evi­
dence, coupled with additional information in 
this paper, is overwhelmingly against any such 
idea. To conserve space we are limiting our 
present discussion of this point to only one of the 
ways in which amylsodium could conceivably be 
responsible for the occurrence of the dicarboxylic 
acids. The following sequence assumes a certain 
lability of the hydrogen atom on the alpha carbon 
atom of sodium caproate so that it reacts with 
amylsodium.

C02 CgHnNa
CgHnNa---CgHnCOONa----------

C02
C5H12 + CgHioNa(COONa) — ^ CgHnCOONa)* (6)
Four points can be cited against this mechanism: 
(1) the failure as reported in the previous paper 
to get an increased yield of butylmalonic acid 
when sodium caproate, prepared in situ by partial
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carbonation, was present during the addition of 
amyl chloride to sodium; (2) the destruction of 
most of the amylsodium, prior to carbonation by 
fourteen hours of heating at 80° while leaving the 
yield of butylmalonic acid unchanged, a fact 
which we interpreted in the previous paper as 
illustrating the surprising stability of amylidene 
disodium, obviously formed prior to carbonation;
(3) the reaction in benzene solution recorded in 
this paper in which amylsodium was removed by 
complete reaction with benzene below 5° but 
from which butylmalonic acid was isolated among 
the carbonation products, thereby showing again 
that sodium amyl could not be a source of butyl­
malonic acid and that amylidene disodium must 
have been present before carbonation; (4) the 
unlikelihood that amjdsodium would react with 
sodium caproate in the manner above indicated 
since Schorigin2 has already shown in the case of 
phenylsodium and Gilman and Van Ess3 have 
found with alkyllithium that the secondary prod­
ucts in reactions with carboxyl containing com­
pounds were ketones and tertiary carbinols. In 
short, organo-metallic compounds of this type, 
when they do react with alkali salts of carboxylic 
acid, show a tendency to react with the carboxyl 
group after the usual manner of an ester with the 
Grignard reagent rather than with a weakly acid 
hydrogen atom on the alpha carbon atom. The 
above facts confirm the view expressed in the pre­
vious paper that amylsodium is in nowise con­
nected with the formation of butylmalonic acid.

Splitting out of hydrogen halide from an alkyl 
halide was initially proposed by Michael4 as a 
first step in the Wurtz synthesis. Acree5 in a 
study of the action of phenylsodium on ethyl 
bromide suggested a similar role for phenylsodium 
as a means of accounting for the presence of 
ethylene among the products of the reaction. 
Ethylidene was assumed to be the intermediate. 
These assumptions are adaptations of the well- 
known activity of sodium ethylate in double 
bond formation with the exception that hydrogen 
halide is taken from the same rather than from 
adjacent carbon atoms. The equation for the re­
action is

N a  (or N a R )
C .H 11C I---------------------► H C l +  C 5H io<  (7)

The corresponding equation for the formation of
(2) Schorigin, Ber., 41, 2723 (1908).
(3) Gilman and Van Ess, T h is  J o u r n a l , 55, 1258 (1933).
(4) Michael, Am. Chem. J., 25, 419 (1901).
(5) Acree, ibid., 29, 588 (1903).

amylidene in the reaction of sodium on diamyl 
mercury would require the Splitting out of 
HHgC5Hn instead of HCl. Reference to the 
work in the fifth paper6 on the formation of butyl­
malonic acid in the reactions under pressure of 
carbon dioxide is sufficiënt to dispose of the possi­
bility that amylsodium had caused the eviction 
of hydrogen chloride in this manner, since carbon 
dioxide should remove the organometallic com­
pound as fast as it was formed. Other agents 
commonly employed in forming ethylenic bonds 
are not available under all conditions in these 
reactions. Thus sodium ethylate or sodium hy­
droxide could not be present in the autoclave re­
actions6 in the presence of an excess of carbon 
dioxide and sodium carbonate on the other hand 
was not present when the formation of organo- 
alkali compounds1 was carried out in absence of 
carbon dioxide. Metallic sodium, therefore, re­
mains as the sole agent which might function in 
this manner and be present in all cases. Such an 
opinion of the special activity of sodium would 
appear to require considerable tinkering in an en- 
deavor to link the general mechanism of double 
bond formation with the Wurtz synthesis. We 
have thought it worth while, however, to make 
one more attempt under conditions which are or- 
dinarily quite favorable for the Splitting out of 
hydrogen halide. Since the formation of phenyl­
malonic acid occurred with considerable ease we 
elected to try the reaction of benzyl chloride with 
sodium in the presence of sodium alcoholate, 
formed in situ by the addition of a little alcohol. 
A vigorous reaction ensued and the product had 
the customary dark color but no phenylmalonic 
acid could be found upon carbonation. If a sub­
stituted methylene radical were formed under 
these conditions, as might be thought possible 
from the opinion of Bergmann and Hervey,7 me­
tallic sodium did not serve as an interceptor. 
Further investigations of this idea did not appear 
promising.

As stated before the favored explanation for the 
occurrence of malonic acids is that the free radical 
amyl undergoes disproportionation forming an 
idene radical which then adds two atoms of so­
dium. This view is in füll accord with every fact 
which has been brought out by these studies. 
Thus the yields of carboxylic acids in all cases, 
whether in the autoclave reactions (fifth paper) ,6

(6) M orton, LeFevre and Hechenbleikner, T h is Jo u r n a l , 58, 
754 (1936).

(7) Bergmann and Hervey, Ber., 62, 893 (1929).
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the reactions with mercury diamyl (sixth paper) ,8 
the experiments in the isolation of the interme­
diate amylsodium (seventh paper) , 1 or in the ex­
change reactions reported in this paper, have 
never been in excess of that which could be ac­
counted for on this basis. Moreover, the amount 
of pentane recovered in the reaction of sodium 
with diamyl mercury9 was close to that demanded 
by the theory. If we accept the view that the 
free radical mechanism pictures a correct outline 
of events, the isolation of butylmalonic acid means 
that in the disproportionation of free amyl an in­
termediate step is the formation of amylidene 
which then rearranges to amylene. Metallic so­
dium acted as an imperfect interceptor for the 
amylidene stage. The quantity of butylmalonic 
acid on this basis is actually a measure of the free 
radical known to have disproportionated.

Mechanism of the Wurtz Reaction.—In ap­
plying our data to the mechanism of the Wurtz- 
Fittig reaction we shall show that (a) free radi­
cals are formed either before or simultaneously 
with the formation of alkylsodium, and (b) 
the free radical amyl undergoes disproportiona­
tion instead of dimerization to at least 92% (the 
true value may be even higher) from which it 
follows that decane is probably formed by the 
reaction of amylsodium with amyl chloride. 
Schlubach and Goes10 represented the first step of 
the Wurtz-Fittig reaction as the formation of a 
free radical by the action of sodium on an alkyl 
halide according to equation 8 . Subsequently the 
radical added sodium, dimerized or underwent 
disproportionation.

RX +  Na — >- R— +  NaX (8)

See equations 9. In the final step the alkylso­
dium reacted with alkyl halide.

R— +
Na 
R — 
R—■

RNa (a)
RR (b) (9)
R -h  +  R+h  (c)

Goldschmidt and Schön,11 however, gave the first 
phase as shown in equation 10

RX -}- 2Na — -f NaX (10)
and have outlined the possibility of the occurrence 
of free radicals from the reaction

RNa -f RX — R— +  R— +  NaX (11) 

Our experiments under pressure of carbon dioxide 
are equivalent to carrying out a Wurtz-Fittig re-

(8) M orton and Hechenbleikner, T his J ournal, 58, 1024 (1936).
(9) See reaction 20, Table I, ref. 8, p. 1026. B y error the calcu­

lated am ount of pentane was given as 1.08 instead of 0.79.
(10) Schlubach and Goes, Ber., 55, 2889 (1922).
(11) Goldschm idt and Schön, ibid., 59, 948 (1926).

action in the presence of an agent, carbon dioxide, 
which would trap the alkyl sodium but not the 
free radical. Since butylmalonic acid continued 
to be formed under these conditions, even when 
the pressure was as high as 900 pounds (60 atm), 
we conclude that free radicals must have been 
formed either prior to or simultaneously with the 
formation of alkylsodium as given in equation 8 .

That the tendency of the amyl radical under 
these conditions was overwhelmingly toward dis­
proportionation (equation 9c) rather than toward 
dimerization (equation 9b) can be seen by refer­
ence to one12 of the experiments in which we were 
particularly successful in finding conditions under 
which metallic sodium acted as a nearly perfect 
trap for the amylidene. In this instance only 2%, 
calculated on the basis of the sodium, went to 
products13 which were other than acids. When 
recalculated in terms of the amyl chloride con­
sumed we find that 45.5% appeared as amyl so­
dium (caproic acid), 50% as a free radical which 
underwent disproportionation (butylmalonic acid) 
and only 4.5% as unknown (decane, pentane and 
pentene). The combined amount of free radical 
which was present and could either dispropor- 
tionate or dimerize was therefore 54.5% and of 
this amount 92% is known to have taken the 
former path. Because of this great tendency for 
disporportionation it seems likely that decane, 
when synthesized from the action of sodium on 
amyl chloride, is formed largely by way of the 
amylsodium plus amyl chloride path. Particu­
larly is this view made likely by reference to the 
45.5% yield of amylsodium in the same reaction. 
As regards the formation of amylsodium by equa­
tion (9a) or (10) our data do not permit a differ- 
entiation.

Our conclusions on the mechanism of the Wurtz 
reaction can be summarized briefly. This syn­
thesis occurs because of the reaction between 
amylsodium and amyl chloride, a view confirmed 
by (a) our isolation of the organo-metallic com­
pound in quantity and (b) the evidence showing 
that the free radical amyl had scarcely any ten­
dency to combine with itself forming decane. 
Having shown that free radicals are present either 
prior to or simultaneously with the formation of 
amylsodium, it is an entirely reasonable supposi-

(12) See reaction number 6, Table II, T his J ournal, 58, 756 
(1936).

(13) By the term Wurtz in the former paper we included all 
reactions possible in a Wurtz synthesis. The figure was arrived at 
by difference. Hence the column marked Wurtz referred to decane, 
pentane and pentene.
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tion that amylsodium is a consequence of the addi­
tion of an atom of sodium to the free radical.

Experiments
General Direction.-—The usual method of 

carrying out the reactions, unless otherwise 
specified, was the same as described in the 
previous paper,1 2 viz,, addition of amyl chloride to 
fine sodium sand with gentle stirring in the de­
sired solvent. Such changes as were made neces­
sary by the use of a different solvent are indicated 
clearly. The Separation of the products was in 
general made possible by the fact that the ali­
phatic monocarboxylic acids could be extracted 
with petroleum ether, the malonic acids were 
usually soluble in cold or hot water, but could be 
extracted with ether, the phthalic acids were in­
soluble in water or ligroin. The melting points 
of the products were compared with those in 
Beilstein. The sodium sand was made up in 
large batches so that the grade did not change 
through a series of experiments. This precaution 
was necessary because the yields of acids were af­
fected by the fineness of the sand. The data for 
the experiments are given as far as possible in 
tables followed by supplementary notes on each 
reaction. In the paragraph immediately follow­
ing that section attention is called to the signifi- 
cance of each experiment. The numbering is for 
convenience only. Yields are calculated on the 
basis of the sodium employed except in reaction 
3 in which the value is referred to diamyl mercury.

T a b l e  I

E x c h a n g e  R e a c t i o n s  w i t h  B e n z e n e  

Constant factors. Eastman Kodak Co. «-amyl chloride 
used in all experiments except in number 3, where diamyl 
mercury and in number 5 where isobutyl chloride were 
used. Mallinckrodt thiophene-free benzene used.

So- A m yl B en zoic P h th a lic  B u tylm alon ic

No. g, ’ ml. G. % G. % G. %
1 15 30 6.4 21.4 3.5 17.5
2 15 20 15.7 78 0.43 3.2
3 4 10° 2.2 32 0.2 4
4 10 20 2.3 11.5 .9 6.5 1.1 8.2
5 10 15 5.3 32 Tracés
6 5 30 0.0
9 Quantity of diamyl mercury in grams instead of ml.

1. Sodium sand in 150 ml. of benzene with 50 ml. of 
pentane to keep the mixture from solidifying. Tempera­
ture below 5° during addition of the chloride which re­
quired two hours. Stirred for fifteen minutes after addi­
tion was completed.

2. Sodium in 80 ml. of benzene and 50 ml. of pentane. 
Amyl chloride in 50 mL of benzene. Temperature below 
—2° during addition of amyl chloride solution which re­

quired one hour. Stirred for one hour longer at room 
temperature.

3. Diamyl mercury used in place of amyl chloride. 
Sodium sand in 100 ml. of pentane. Mixture stirred for 
two hours following mixing of reagents, after which 100 ml. 
of benzene was added.

4. Sodium sand in 50 ml. of ligroin; amyl chloride in 
50 ml. of same solvent. Addition time one and one-half 
hours, temperature 18-22°. Stood one hour at room tem­
perature. Benzene, 100 ml., then added and mixture 
heated to 65° for one hour. The phthalic acid mixture con­
tained 0.054 g. of the iso- form which was separated by the 
solubility of the barium salt.

5. Isobutyl chloride dissolved in 50 ml. of benzene. 
Sodium sand in 50 ml. of benzene. Time of addition one 
and one-quarter hours; temperature 25-30°. Mixture 
allowed to stand for two hours before carbonation.

6. Sodium sand in 30 ml. of benzene; amyl chloride 
added undiluted; temperature 10-20°. Carbon dioxide 
passed in during the addition of the alkyl chloride; re­
action time one hour. No benzoic acid was obtained. 
Caproic acid, 23%. No analysis was made for butyl­
malonic acid.

Special attention is directed to (a) the absence of phthalic 
acids in 1 and 2 where the temperature of the reaction was 
below 5° and the presence of these acids where the tem­
perature was 65° (experiment 4); (b) the very high yield 
of benzoic acid in number 2 where the concentration of 
benzene was less and the rate of addition of amyl chloride 
was greater than in number 1; (c) the exchange reaction, 
experiment 5, with isobutyl chloride and the small quantity 
of dicarboxylic acids among the products; (d) the failure 
to find benzoic acid when carbon dioxide was bubbled 
through the reaction mixture (experiment 6) indicating 
the ease with which amylsodium could be removed from 
the reaction before the latter could react with benzene;
(e) the combined yields of phthalic and butylmalonic acids 
in experiment 4 which amounted to 14.7%, a value within 
the range of 13-17% noted in the previous paper for the 
yield of butylmalonic acid under the same conditions and 
hence suggestive of the formation of phthalic acids at the 
expense of butylmalonic acid in the exchange reaction;
(f) the delayed addition of benzene to the reaction mixture 
in experiments 3 and 4 which showed that an exchange 
reaction had occurred between benzene and the organo­
metallic eompound.

7. Sodium sand in 25 ml. of ligroin and 25 ml. of tol­
uene. Amyl chloride dissolved in 25 ml. of ligroin and 25 
ml. of toluene. Addition at 0-5° for two and one-half 
hours. Stirred three hours at 40-45° during which time 
100 ml. more ligroin was added because the mixture be­
came so thick it could not be stirred. At the end of this 
time the almost solid greenish-yellow mass was car- 
bonated.

8. Solvent conditions the same as in experiment 7. 
Isobutyl chloride used instead of amyl chloride. Addi­
tion time three hours at 0-5°. Stirred two hours at 40- 
45°. Carbonated at 60°.

9. Sodium sand in 50 ml. of ligroin. Time of addition 
two hours at 0-10°. Stood at room temperature for three 
hours. 100 ml. of toluene added and the mixture heated 
to 50° for ten minutes.
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No.
Sodium,

g.

Amyl
chloride,

ml. Solvent or diluent
M ono-acid 

Ml. G. %
Di-acid

G. %
Butylm alonic

acid
G. %

7 15 20 Toluene 50 9 40 5.0 33
8 15 15 Toluene 50 2 11 2.4 20
9 10 20 Toluene 100 1.2 5.2 4.15 28

10 10 20 Anisole 50 5 20 Trace
11 10 20 Diphenylmethane 20 4.8 14 None Trace
12 10 20 Dimethylaniline 50 5 18
13 15 20 Fluorene 10 (g.) 6.5 18.5 1 7

10. Sodium sand in ligroin-anisole mixture, 25 ml. of 
each. Amyl chloride dissolved in the same mixture was 
added at 20-25° during one hour. o-Methoxybenzoic acid 
obtained. Melting point 99°. Recorded value in litera­
ture 98.5°.

11. Sodium sand and diphenylmethane in 50 ml. of 
ligroin. Amyl chloride in 50 ml. of ligroin added at 25- 
30° during one hour. Mixture stood twelve hours at room 
temperature before carbonation. Diphenylacetic acid 
m. p. 145-146° obtained. Recorded values in the litera­
ture vary from 144 to 149°. The corresponding malonic 
acid is unstable.

12. Sodium sand in a mixture of 50 ml. each of ligroin 
and dimethylaniline. Amyl chloride dissolved in 50 ml. 
of ligroin added at 0-10° during 1.25 hours. The mixture 
was allowed to stand for four hours before carbonation. 
N-Dimethylanthranilic acid of m. p. 68-70° was found. 
Recorded value in the literature is 70°.

13. Sodium sand and amyl chloride separately con­
tained in 50 ml. of ligroin. Addition time one hour at 
0-15°. Stirred twenty minutes at room temperature. 
Fluorene, 10 g., in 100 ml. of ligroin then added. Di- 
phenyleneacetic acid obtained. Melting point of ethyl 
ester 44-45°. Recorded value in literature 43-45°. The 
corresponding malonic acid is unstable.

Special attention is directed to (a) the formation öf sub­
stituted malonic acids with an aromatic eompound con­
taining a methyl group illustrated in experiments 7, 8, 9 
with toluene; (b) the addition of fluorene to the reaction 
mixture after the formation of the organo-alkali compounds 
from amyl chloride and sodium had been completed, a 
method found satisfaetory after other attempts in which 
fluorene was present during the first stage of the reaction 
had failed to give products which could be isolated readily;
(c) the occurrence of ortho Substitution products with 
anisole and dimethylaniline.

Reaction of Benzyl Chloride and Sodium Ethylate.— 
To a mixture of 15 g. of sodium sand and 20 ml. of benzyl 
chloride in 100 ml. of ligroin was added slowly 5 ml. of 
anhydrous ethyl alcohol at room temperature. The re­
action mixture evolved a gas and turned a dark red 
color characteristic of the color present in any of the 
reactions in the absence of alcohol. After carbonation, 
however, scarcely a trace of acid was found to be present.

Propylbenzene from Amyl Chloride, Benzene, Sodium 
and Propyl Chloride.—To 75 g. of sodium sand suspended 
with stirring in 350 ml. of benzene and contained in a 
three-necked flask protected by an atmosphere of nitrogen 
was added 180 ml. of technical w-amyl chloride at 18° 
over a period of three hours. The mixture was then al­

lowed to stand fourteen hours after which 100 g. of n- 
propyl chloride was added. The mixture was heated to 80 ° 
for two hours, after which it was decomposed and the 
hydrocarbon layer distilled. Propylbenzene, b. p. 159°, 
was obtained in a yield of 23% (30 g.). Higher boiling 
fractions were present which were not investigated.

Phenylethyl Alcohol from Amyl Chloride, Benzene, 
Sodium and Ethylene Oxide.—In a similar apparatus 
20 g. of sodium sand was suspended in a mixture of 150 
ml. of benzene and 50 ml. of ligroin. Amyl chloride, 40 
ml., was added at 0° during two hours. The mixture was 
stirred for four hours after which 8 g. of ethylene oxide was 
passed in at 0 0. The yield of phenylethyl alcohol obtained 
from the process was 12.5% (5 g.). About 3 g. of heptyl 
alcohol was also obtained. Higher alcohols insoluble in 
benzene were also present.

Exchange Reactions with Benzene under Pressure of 
Carbon Dioxide.—Six experiments were carried out in the 
autoclave described in a previous publication in this 
series. The amount of sodium sand was varied from 10 
to 15 g. and the quantity of benzene varied from 100 
to 120 ml. Amyl chloride, 120 ml. and carbon dioxide, 
200 lb. (13 atm.) were present in each case. The tempera­
tures varied from 80 to 132°. In no case was benzoic acid 
found to be present among the acids isolated from the re­
action mixture, although caproic, 1 to 2.5 g. of phthalic 
(iso and tere mixture), and butylmalonic acids were 
readily obtainable.

Summary

A yield as high as 78% of benzoic acid can be 
obtained in an exchange reaction between amyl 
chloride, sodium and benzene. In varying yields 
phenylacetic, N-dimethylanthranilic, ö-methoxy- 
benzoic, diphenylacetic and diphenyleneacetic 
acids have been obtained in a similar manner from 
amyl chloride and sodium with toluene, dimethyl­
aniline, anisole, diphenylmethane and fluorene.

Phenylsodium, prepared from amyl chloride 
and sodium has been treated with propyl chloride 
and ethylene oxide to yield propylbenzene and 
phenylethyl alcohol, respectively.

Phenylmalonic acid has been prepared by reac­
tion of toluene with amyl chloride and sodium or 
with the products of the reaction of this chloride 
and the metal.
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Evidence is presented to show that the forma­
tion of phenylsodium occurs from the action of 
amylsodium, but not the free radical amyl, with 
benzene.

The formation of iso- and terephthalic acids in 
the interaction of benzene, amyl chloride and so­
dium has been shown to be due probably to reac­
tions of either amylidene or amylidene disodium 
with benzene.

Further discussion of the mechanism of the 
formation of butylmalonic acid from the reaction 
of amyl chloride and sodium has been made and

the probable path has been judged to be by dis­
proportionation of the free radical amyl.

In the disproportionation of this free radical to 
pentane and pentene, the presence of the interme­
diate state, amylidene, which rearranges to pen­
tene has been indicated.

Application of these studies to the mechanism 
of the Wurtz-Fittig reaction has shown that it 
proceeds by means of the reaction of an alkylso­
dium with the alkyl chloride and that free radicals 
are present during the early stages.
Ca m b r id g e , M a s s . R e c e iv e d  S e p t e m b e r  16, 1936

[C o n t r ib u t io n  N o. 323 from  t h e  D epa r t m e n t  of  C h e m ist r y , U n iv e r s it y  o f  P it t s b u r g h ]

Reactions of Alkyl Sulfates, Tetraethyl Orthosilicate and Diethyl Carbonate in
Friedel-Crafts Syntheses1»2

B y  H oward L. K ane  and  A l e x a n d e r  L owy

Alkylations by the method of Friedel and 
Crafts are generally carried out using the halides 
or olefins. Nevertheless, certain disadvantages, 
especially among the lower members, are inherent 
in both these methods (particularly the necessity 
for pressure apparatus or very high stirring 
speeds).

The use of esters other than the halides as alkyl­
ating agents also has been proposed. Among 
these esters are the alkyl chlorocarbonates,3 ethyl 
toluene-^-sulfonate,4 trialkyl or triaralkyl bor- 
ates5 and the esters of aliphatic acids such as 
ethyl acetate or ethyl valerate.6 An apparent 
exception to this mode of behavior exists in the 
case of ethyl nitrate, which acts as a nitrating 
agent rather than an alkylating agent.7

The purpose of this investigation was to ob­
serve whether the alkyl esters of sulfuric, ortho- 
silicic and carbonic acids were active in this type 
of synthesis. As was anticipated, these sub­
stances proved to be efficiënt alkylating agents. 
The conditions which influenced the yield of 
mono-alkylated benzenes were also observed, such

(1) Abstracted from a thesis presented by Howard L. Kane to the 
Graduate School in partial fulfilment of the requirements for the 
Ph.D . degree.

(2) Presented before the Division of Organic Chemistry of the 
American Chemical Society, September, 1936, in Pittsburgh, Pa.

(3) (a) Rennie, J. Chem. Soc., 41, 33 (1882); (b) Kunckell and 
Ulex, J. prakt. Chem., (ii) 86, 518 (1912).

(4) Clemo and Walton, J. Chem. Soc., 723 (1928).
(5) Kaufmann, German Patent 555,403; French Patent 720,034.
(6) Ka.shtanov, J. Gen. Chem. (Z7. 5 . S. R.), 2, 515 (1932).
(7) (a) Boedtker, Buil. soc. chim., (iv) 3, 726 (1908); (b) Tronov 

and Sibgatullin, J. Russ. Phys.-Chem. Soc., 62, 2267 (1930).

as concentrations of reagents, duration of heating 
and reaction time.

It is probable that many other esters (such as 
the sulfites, phosphates, acid sulfates, etc.) can 
undergo this type of condensation. The excep- 
tional case of the nitrate may likewise become 
normal under different experimental conditions. 
This generalization is in harmony with the obser­
vation of Slanina, Sowa and Nieuwland8 that 
acidic substances promote the olefin-benzene 
condensation in the presence of boron fluoride, 
this probably occurring through the formation of 
alkyl esters.

In the present investigation it has been shown 
that dimethyl, diethyl, diisopropyl and dibutyl 
sulfates, tetraethyl orthosilicate and diethyl car­
bonate will condense with benzene in the presence 
of aluminum chloride. These reactions may be 
summarized by equations
3(R0)2S 02 +  6C6H6 +  2A1C13 ----►

6CflH5R +  6HC1 +  A12(S04)3
3(RO)2CO +  6C6H6 +  2A1C13 ---->

6C6H5R +  6HC1 +  A12(C03)3 
3(RO)4Si +  12C6H6 +  4A1C13 -— ^

12C6H5R +  12HC1 +  Al4(Si04)3

Experimental
The apparatus employed for the alkylations was the 

usual one-liter three-necked flask, into one neck of which 
extended a dropping funnel and thermometer. The een-

(8) (a) Slanina, Sowa and Nieuwland, T h is  J o u r n a l , 57, 1547 
(1935); (b) Wunderly, Sowa and N ieuw land, ib id .,  5 8 , 1007 (1936); 
(c) Ipatieff, Corson and Pines, ib id . ,  58, 919 (1936).
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trat neck was fitted with a glass stopper and mercury seal, 
through which extended a motor-driven glass stirrer. The 
third neck was connected to a modified Hopkins-type re­
flux condenser. This condenser could be cooled by water 
in the usual way, or it could be packed with solid carbon 
dioxide. This latter procedure was employed when 
methyl or ethyl esters were the reactants.

The aluminum chloride used throughout was of 99.5% 
purity. The benzene was dried over sodium and distilled 
at 80-81°. The various esters were purified by vacuum 
distillation before use.

Diethyl Sulfate.—The experiment which gave the high­
est yield of ethylbenzene from diethyl sulfate is described 
below (IIA).

Benzene (574 g.) was stirred (1000 r. p. m.) with alu­
minum chloride (96 g., 0.72 mole), and cooled in an ice- 
bath. Diethyl sulfate (77 g., 0.5 mole) mixed with 50 g. 
of benzene (making a total of eight moles) was then added 
during four hours. The ice-bath was removed an hour 
later, and the mixture warmed slowly. After five and one- 
half hours the temperature had reached 70°, where it was 
maintained for two more hours. After cooling for one- 
half hour the product was poured over cracked ice. The 
total reaction time was thus thirteen hours, during the 
whole of which the reflux condenser was cooled by packing 
with solid carbon dioxide.

The benzene layer, when hydrolysis of the aluminum 
chloride was complete, was washed with dilute sulfuric 
acid, aqueous sodium bicarbonate and water. It was then 
dried over calcium chloride for one day.

The dried benzene layer was then fractionally distilled, 
and yielded 75.7 g. of ethylbenzene, boiling at 133-137°. 
Three and one-half grams of a product boiling in the di- 
ethylbenzene range (175-185°), and four grams of residue 
were also obtained. Calculation of the theoretical yields 
was made on the assumption that all alkyl groups in the 
various esters were active. On this basis 0.5 mole of di­
ethyl sulfate should form 1.0 mole of ethylbenzene (106 g.). 
The above yield of 75.7 g. is thus 71.4% of the theoretical.

The effects of Variation in aluminum chloride concen­
tration are summarized in Table I. Comparison of IA 
with IB shows that low concentrations of aluminum 
chloride result in incomplete reaction. Comparison of 
IIA with IIB, on the other hand, shows that excessive 
amounts of aluminum chloride also cause a reduction in 
yield of ethylbenzene; the yield of higher-boiling products 
is correspondingly increased. The amount of aluminum 
chloride employed in IB and IIA is 2.2 times the stoichio- 
metrical quantity required by the above equation.

T a b l e  I
D i e t h y l  S u l f a t e — E f f e c t  o f  A1C13 C o n c e n t r a t i o n

N o.

D iethyl
sulfate,

g.
A id s ,

g.

Ben­
zene,

g.

Molar 
ratio of 

AlCls to  
diethyl 
sulfate

E thyl­
benzene 

(133- 
137°) 

%  yield

Diethyl-
benzenes

(175-
185°) Residue, 

% yield g.

IA 38.5 24 312 0.72 36.5 21 3.5
IB 38.5 48 312 1.44 62.5 21 1.5

IIA 77 96 624 1.44 71.4 5 4.0
IIB 77 146 624 2.20 31.6 12 12.0

The effects of Variation in temperature were studied in a 
series of experiments summarized in Table XL Best

yields were obtained by conducting the reaction for the 
first few hours at low temperatures, and then heating for a 
short time (IIIA). Heating at 50 or 70° for the entire 
experiment gave much reduced yields of ethylbenzene 
(IIIB, IIIC).

T a b l e  II
D i e t h y l  S u l f a t e — E f f e c t  o f  H e a t i n g  

Diethyl sulfate, 38.5 g.; A1C13, 48 g.; benzene, 312 g.

No.

Time at 
Time higher 

at 10°, tem p., 
hours hours

E thyl- 
Higher benzene 
tem p., (133-137°) 

°C. % yield

D iethyl- 
benzenes 

(175-185°) 
% yield

R esi­
due,

g.
IIIA 5 1 70 66.5 18 2.5
IIIB 0 5.5 50 40.5 6 3.0
IIIC 0 5.5 70 36.7 6 4.5

The addition of calcium carbonate to react with hydro­
chloric acid had very little effect on the reaction. When 
100 g. of calcium carbonate, 96 g. of aluminum chloride, 
77 g. of diethyl sulfate and 624 g. of benzene reacted 
under the usual conditions (similar to IIIA, Table II), the 
yield of ethylbenzene was still 63.7%. Even when 1 g. of 
water and 1 g. of concentrated ammonium hydroxide were 
also added, the yield was 64.2%. This is surprising in view 
of the usual sensitivity of Friedel-Crafts reactions to mois­
ture.

Dimethyl Sulfate.—Benzene (624 g., 8 moles) was stirred 
(1000 r. p. m.) with AICI3 (48 g., 0.36 mole) for one hour. 
Dimethyl sulfate (31.5 g., 0.25 mole) was then added dur­
ing a two-hour period. The flask was kept at 25° during 
this addition, and for three hours longer. The tempera­
ture was raised to 70° during the course of one hour and 
maintained at that temperature for another hour. During 
the entire experiment the reflux condenser was cooled 
with solid carbon dioxide. The mixture was hydrolyzed 
with cracked ice. The benzene layer was separated, 
washed with aqueous sodium bicarbonate and water and 
then dried over calcium chloride for twelve hours. Frac­
tional distillation of the product through a 66-cm. Young 
column gave 27.5 g. of toluene (108-113°), 3 g. in the xy­
lene range (135-145°) and 1.5 g. of residue. The yield of 
toluene was thus 59.8%, based on both methyl groups of 
dimethyl sulfate.

Other reactions in which dimethyl sulfate was employed 
confirmed the result of the diethyl sulfate reactions where 
aluminum chloride concentration was concerned. The 
best yields were obtained with a ratio of aluminum chlo­
ride to ester of 1.44 to 1. Small variations in the neighbor­
hood of this value were not attempted.

Dimethyl sulfate was very slowly reactive below 20°.
Diisopropyl Sulfate.—This ester was prepared by the re­

action of isopropyl alcohol with sulfuryl chloride.* Le- 
vaillant reports 34% yield by this method, but by allowing 
the crude carbon tetrachloride solution to stand for two to 
three days (until the cloudiness disappeared) a yield of 
48.6% was obtained. The product distilling at 74-80° 
under 3-4 mm. was employed.

The usual procedure as described above was effective 
except that it was necessary to reflux the crude product 
with aqueous sodium bicarbonate before washing. The 
ester reacted freely at 0°. The reaction between 91 g. 
(0.5 mole) of diisopropyl sulfate, 96 g. (0.72 mole) of alu- 9

(9) L evaiU ant, C o m p t. r e n d .t 188, 261 (1929).
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minum chloride and 624 g. (8.0 moles) of benzene, gave
53.0 g. of isopropylbenzene (44.2%) boiling at 148-152°. 
Twenty-five grams of higher-boiling products was obtained.

Dibutyl Sulfate.—This ester was prepared by the method 
of Barkenbus and Owen10 in 64% yield (b. p. 110-118° 
at 4-6 mm.).

Thirty-five grams (0.17 mole) of the dibutyl sulfate so 
prepared was treated in the usual way with 208 g. (2.67 
moles) of benzene and 32 g. (0.24 mole) of aluminum 
chloride, except that heating was omitted. The reaction 
was conducted for six hours in an ice-bath, and then for 
fifteen hours at 30°. Stirring was continued at 1000 
r. p. m. The product contained a bright cherry-red lower 
layer. After hydrolysis, refluxing with sodium bicarbo­
nate, washing and drying, the entire mixture was frac­
tionally distilled, yielding the following products: 165-
175°, 19.5 g. (43.6% calculated as isomeric butylbenzenes); 
175-185°, 5.5 g .; higher boiling products, 2.0 g.

Tetraethyl Orthosilicate.—Best yields of ethylbenzene 
were obtained when the ratio of aluminum chloride to tetra­
ethyl orthosilicate was 2.88 moles to one. When 52 g. 
(0.25 mole) of the ester was treated with 624 g. of benzene 
and 96 g. of aluminum chloride, 56.5 g. of ethylbenzene 
(133-137°) was obtained (53.3% based on all ethyl groups 
of tetraethyl orthosilicate). The reaction was conducted 
for sixteen hours at 25° (reaction being slow at lower tem­
peratures); the temperature was raised during five and 
one-half hours to 70°, and maintained there for four hours. 
Hydrolysis and fractionation were accomplished in the 
usual way, as with diethyl sulfate.

Diethyl Carbonate.—Fifty-nine grams of diethyl car­
bonate (0.5 mole), 96 g. of aluminum chloride (0.72 mole) 
and 624 g. of benzene (8.0 moles) were treated as described 
above for twenty-six hours at 25° and three hours at 70° 
(four hours were consumed in gradually raising the tem­
perature from 25 to 70°). The reaction was slow at tem­
peratures below 25°. After hydrolysis, washing, drying 
and fractionation as with diethyl sulfate, 59.8 g. of ethyl­
benzene (133-137°) or 56.4%, and 19.5 g. of higher boiling 
products were obtained.

Naphthalene.—Several experiments in which naphtha­
lene reacted with diethyl sulfate in the presence of alu­
minum chloride and a solvent gave a product boiling in the 
ethylnaphthalene range, from which no pure compound 
could be isolated. The solvents used were carbon disul­
fide and o-dichlorobenzene.

In one experiment 128 g. of naphthalene (1.0 mole), 441 
g. of 0-dichlorobenzene (3.0 moles) and 77 g. of diethyl sul­
fate (0.5 mole) were stirred at 1000 r. p. m. for one hour. 
Then 147 g. of aluminum chloride (1.1 moles) was added in 
small portions during twenty-five and one-half hours. The 
temperature of an ice and salt bath was maintained at 0 
=*= 2° for the first fourteen and the last three hours, being 
permitted to warm up to 25° for the intervening time. 
Stirring was continued throughout the experiment. The 
black product was hydrolyzed and washed in the way de­
scribed in the benzene experiments, and was then steam- 
distilled. The oil layer was separated, dried and frac­
tionally distilled. Thirty-five grams of a hydrocarbon oil 
boiling at 240-270° was obtained along with 10 g. of 
higher boiling products. Redistillation of the 240-270°

fraction gave 25 g. of a product boiling at 245-255°. ß- 
Ethylnaphthalene boils at 251°, «-ethylnaphthalene at 
258-259° corrected.

Flow Method.—An apparatus was devised in which the 
liquid reactants (benzene and diethyl sulfate, for example) 
could be made to flow over the aluminum chloride, con­
tained in a long, narrow, inclined tube. The best yield 
obtained by this method was 25.7% of ethylbenzene.

Action of Aluminum Chloride on Alkyl Esters.—Alumi­
num chloride has been shown to react with tetraethyl or­
thosilicate in the absence of a solvent, the products being 
ethyl chloride and ether.11 Dimethyl sulfate reacts with 
stannic chloride, forming methyl chloride and other prod­
ucts, also in the absence of a solvent.12 To determine 
whether the course of these reactions would be altered at 
the dilutions employed in the alkylations described above, 
the following experiments were conducted.

38.5 g. of diethyl sulfate was treated with 48 g. of alu­
minum chloride in 300 g. of 90-100° olefin-free ligroin. 
The temperature was kept at 10-50°. The volatile prod­
ucts were Condensed with solid carbon dioxide. Five 
grams of a product not ethyl chloride Was obtained. Repe­
tition of this experiment using 29.5 g. of diethyl carbonate 
in place of the sulfate, at temperatures below 50°, also 
gave 3 g. of a product, but no ethyl chloride.

That reaction of some kind did occur was evident from 
the fact that the aluminum chloride became gelatinous as 
the addition of ester proceeded. It is possible that the 
ligroin was not inactive, as had been supposed. Recent 
evidence shows that paraffin hydrocarbons are not inert 
in the presence of aluminum chloride, zirconium chloride 
and boron fluoride.13

Summary
1. The use of esters as alkylating agents in the 

Friedel-Crafts syntheses has been extended to in­
clude a number of new examples.

2. The best yields of mono-alkylated benzene 
obtained with the following esters were: dimethyl 
sulfate, 59.8%; diethyl sulfate, 71.4%; diiso­
propyl sulfate, 44.2%; dibutyl sulfate, 43.6%; 
tetraethyl orthosilicate, 53 .3%; and diethyl car­
bonate, 56.4%.

3. The general conditions afïecting the yield, 
such as reaction time, temperature and propor­
tions of reagents have been studied. The best 
ratio of aluminum chloride to ester was 1.44 
moles to one, except in the case of the silicate, 
where it was 2.88  to one.

4. Attempts to alkylate naphthalene with di­
ethyl sulfate led to hydrocarbon oils which could 
not be fractionated into separate ethylated naph- 
thalenes.

5. Attempts to use a flow method with diethyl 
sulfate gave much reduced yields.

(11) Stokes, Am. Chem. J., 14, 444 (1892).
(12) Boulin and Simon, Compt. rend., 169, 618 (1919).
(13) (a) Grosse and Ipatieff, T h is  Jo u r n a l , 57, 2415 (1935); (b) 

Ipatieff and Grosse, ibid., 67, 1616 (1935).(10) Barkenbus and Owen, T h is  Jo u r n a l , 56, 1204 (1934).
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6 . No ethyl chloride could be obtained by aluminum chloride 
the action of diethyl sulfate or carbonate on P it t s b u r g h , P e n n a .

in ligroin.
R e c e iv e d  O c t o b e r  28, 1936

Syntheses from Ethanolamine. III. Synthesis of N-ß-Chloroethyl Urethan and of
ß-Chloroethyl Isocyanate

By Henry Wenker

In extending a study of syntheses from enthanol- 
amine, it has been found that N-ß-oxyethyl 
urethan reacts with thionyl chloride to form N- 
ß-chloroethyl urethan. Under the influence of 
phosphorus pentachloride, the latter compound 
yields ß-chloroethyl isocyanate, which can also 
be prepared directly from the oxyurethan by 
using 2 moles of phosphorus pentachloride. The 
Constitution of the isocyanate was confirmed by 
the preparation of the respective a-aryl-ß-(ß- 
chloroethyl) ureas from aniline and from p -  

phenetidine. The reactions involved are ex­
pressed by the formulas

Both compounds have not been described hitherto; 
their use for further syntheses is now being in­
vestigated.

Experimental
N-/3-Chloroethyl Urethan.—One hundred and forty- 

three grams of thionyl chloride is added gradually to 133 
g. of N-/3-oxyethyl urethan. The reaction is finished by 
short heating on the water-bath and the product distilled 
in vacuo. With the exception of a small residue, all dis­
tilled from 128-130° at 13 mm. The yield was 138 g. or 
91%.

Anal. Calcd. for C5H10O2NCl: N, 9.3; CI, 23.4.
Found: N, 9.1; CI, 23.2.

N-jÖ-Chloroethyl urethan is a colorless, fairly mobile 
liquid possessing a slightly pungent odor. It dissolves 
readily in ethanol and ether, but not in water.

/3-Chloroethyl Isocyanate.—Preparation from N-ß-oxy- 
ethyl urethan: 133 g. of the urethan is dropped, under 
extemal cooling, on 420 g. of phosphorus pentachloride 
contained in a 2-liter flask. About one-half of the penta­
chloride remains undissolved, but heating on the water- 
bath soon produces a clear homogeneous solution. The

product is then distilled very slowly, using an efficiënt 
fractionating column. Even so, there is a considerable 
intermediate fraction, until finally the pure isocyanate dis­
tils at 135°. The yield was 52 g. or 49%.

Anal. Calcd. for C3H4ONCl: N, 13.3; CI, 33.6.
Found: N, 13.0; CI, 33.4.

The preparation from N-/3-chloroethyl urethan is iden­
tical, except that for one mole of the urethan, or 151 g., one 
mole of pentachloride or 210 g. is used. The yield is the 
same as above.

ß-Chloroethyl isocyanate is a colorless, mobile liquid, 
heavier than water and rapidly decomposed by it under 
evolution of carbon dioxide. The resulting solution is 
clear with silver nitrate, but on standing becomes cloudy. 
The isocyanate has an unpleasant odor and its vapor is 

very irritating on the eyes.
Ten and one-half grams of isocyanate was added 

to 9.3 g. of aniline dissolved in 50 ml. of ether. 
The solution boiled up spontaneously and a sludge 
of white crystals was formed. Crystallized from 
dilute ethanol, the product melted at 124°; the 
literature1 gives 124° for ar-phenyl-/3-(ß-chloro- 
ethyl) urea.

The isocyanate reacts similarly with ^-phenetidine; the 
urea melts at 149°. It forms fine white crystals of silky 
luster.

Anal. Calcd. for C11H15O2N2CI: N, 11.5; CI, 17.9.
Found: N, 11.2; CI, 17.9.

Phosphorus pentoxide, which has been used successfully2 
for the preparation of phenyl isocyanate from phenyl ure­
than instead of the pentachloride,3 was found to be unsuit­
able for the purpose of converting N-/3-chloroethyl urethan 
into the isocyanate; upon heating decomposition with evo­
lution of hydrogen chloride occurred.

Summary
N-ß-Oxy ethyl urethan reacts with thionyl 

chloride to form N-ß-chloroethyl urethan; both 
urethans, the former with 2 moles, the latter with 
1 mole of phosphorus pentachloride, yield ß- 
chloroethyl isocyanate.
E l iz a b e t h , N. J. R e c e iv e d  O c t o b e r  26, 1936

(1) Gabriel and Stelzner, Ber., 28, 2937 (1895).
(2) Hofmann, ibid., 3, 655 (1870).
(3) Lengfeld and Stieglitz, Am. Chem. J., 16, 71 (1894).

2 m o le s  PCI5 SO C l2
-------------------------0 H C H 2C H 2N H C 0 2C 2H 5 — -----------

CICH2CH2NCO
1

j c 6H6NH2 
CICHsCHaNHCONHQHs

1 mole PClg
• CICH2CH2NHCO2C2H5
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The Calcium Binding Power of Egg Albumin

B y  J u l iu s  C . A b e l s
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Since Rona and Takahashi1 demonstrated that 
the calcium in protein systems is for the most part 
non-ionic, the manner by which this calcium is 
bound has aroused much study. The modes of 
linkage which at first present themselves are 
through one or more of the common free groups of 
the protein molecule: probably the amino, car­
boxyl, aliphatic or phenyl hydroxyl. We there­
fore thought it of interest to make protein 
preparations which lack one or more of these 
functional groups and then to note their calcium 
binding power. We have not been able to block 
the carboxyl, but in view of the results obtained 
(see below) we did not feel that this was necessary.

Experimental
A. Preparations.—1. Crystalline egg albumin was 

prepared by the method of Kek wiek and Cannan.2 This 
was recrystallized three times, and was used as the parent 
material for the other preparations as well.

2. Deaminized egg albumin was made in the usual way 
with nitrous acid at 20° in very dilute solution in order to 
avoid premature precipitation. This was then dialyzed in 
cellophane bags against running tap water and distilled 
water, and left in the ice ehest overnight, during which 
time a slight precipitate formed; this was dissolved by 
adjusting the fiïï. of the solution to 8.4 and finally by the 
addition of hydrochloric acid the pïL was lowered to 7.8. 
This protein solution was concentrated by ultrafiltration. 
Amino nitrogen (gasometric Van Slyke) on five such prepa­
rations showed that complete deamination had been ac­
complished.

3. Five separate preparations of acetylated albumin 
were made by the method of Freudenberg.3 Ether-ex- 
tracted albumin was dried and finely suspended in a mix­
ture of equal volumes of glacial acetic acid and quinoline, 
and to this acetic anhydride and quinoline were added 
slowly at 5°, the pH  of the system being kept at about 6.5. 
Aliquots were precipitated daily with 4 volumes of ether, 
filtered, washed with slightly acidified water, and sus­
pended in water at pH  5.0. This was dialyzed overnight 
against running tap water and then distilled water with 
constant mechanical agitation; and finally dissolved in 
water at pH  8.2. Acetyl determinations were made on 
these Solutions by the method of Herriott,4 and when a 
constant value of 28 acetyl groups per molecule of albu­
min (molecular weight 34,500) had been obtained on the 
aliquots of three successive days, the main mass of the 
preparation was treated similarly and concentrated by ul­
trafiltration.

(1) R on a  and T ak ah ash i, B io ch em . Z . ,  31, 336 (1911).
(2) K ekw ick  and C annan , Biochem. J ., 30, 227 (1936).
(3) Freudenberg, Z . p h y s io l.  Chem., 213, 226 (1932).
(4) H erriott, / .  G en . P h y s io l . ,  19, 283 (1935).

4. Gelatin, also employed in this study, was Eastman 
Kodak purified product. This, as well as the other pro­
teins used, was calcium free.

B. Methods.—The method employed in determining 
the bound calcium was essentially that of R. Loeb6 in his 
study of the effect of proteins on the diffusibility of the 
calcium ion. Ten to twenty cc. of protein solution was 
placed in a cellophane bag, and a rubber stopper was 
fitted into the filled bag to avoid subsequent dilution. The 
sac was then suspended in a large volume (300-400 cc.) 
of 0.80% sodium chloride brought to pH. 7.6 with sodium 
bicarbonate and sodium carbonate, and to this latter solu­
tion was added calcium chloride in amounts from 1.0 to
12.0 mml./liter. The use of the sodium chloride in this 
instance serves to reduce the Donnan equilibrium. These 
systems were set aside for thirty hours at 20° (at 30° in the 
case of the gelatin experiments), after which time samples 
were withdrawn from both the protein solution and di- 
alysate for calcium6 and chloride7 determinations.

Results
The results are perhaps best stated in a table of 

typical experiments.
The table is for the most part self-explanatory. 

From the amount of calcium in the dialysate 
(column 2) and from the ratio of chloride in 
dialysate to chloride in protein solution (3), the 
amount of calcium in the protein solution due to 
the Donnan effect may be calculated (4). When 
this value is subtracted from the observed amount 
of calcium in the protein solution (1), the re­
mainder is that bound to some free group or groups 
of the protein molecule.

Discussion
The following points which Loeb5 has noted 

for egg albumin have been confirmed: that on the 
alkaline side of its isoelectric point there is always 
a binding of calcium, and as the protein concen­
tration is increased the total amount of bound 
calcium is increased. The same has also been 
noted for gelatin. The values found for groups 
of calcium to egg albumin molecule (about 1 :1) 
agree fundamentally with those noted by other 
workers using serum proteins and serum.8,9

It is apparent immediately that the calcium is 
not bound through a carbamino linkage, for, if

(5) L oeb, ib id . ,  8 , 541 (1928 ).
(6) K ram er and T isd a ll, J .  B io l .  C h em ., 4 7 , 475 (1921 ).
(7) G . S m ith , “Q u a n tita tiv e  A n a ly s is / '  T h e  M acm illan  C om pan y, 

N ew  Y ork , 1922, p. 55.
(8) M arrack and T h ack er, B io c h e m . J . ,  20, 580 (1926).
(9) G reenberg and G u n th èr, J .  B io l .  C h e m ., 85, 491 (1929-1930).
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T a b l e  I
l

O bserved  
C a m m l./ l .  in  
p ro te in  soln.

2
C a in

d ia ly sa te
m m l./l.

3

C ld/C lp

4
Calcd. Ca in  

protein  soln. 
m m l./l.

5
B ou n d  Ca in  
p rotein  soln. 

m m l./l.

6

Protein
m m l./l.

7
Groups 

of Ca to  
protein

Egg albumin 5.05 3.20 1.06 3.60 1.45 1.18 1.23
4.70 3.56 1.04 3.94 0.76 0.60 1.26

Deaminized albumin 4.95 2.75 1.05 3.10 1.85 0.60 3.10
6.45 3.40 1.08 3.95 2.50 1.16 2.16

Acetylated albumin 4.25 3.80 1.06 4.22 0.03 0.67 0.04
3.15 2.88 1.05 3.18 -  .03 .26 Approx. 0

"Deacetylated” acetylated albumin 4.42 3.27 1.05 3.60 .82 .64 1.29
4.30 3.05 1.06 3.42 .98 .72 1.36

Gelatin 4.82 3.51 1.05 3.88 .94 .70® 1.34
3.54 2.53 1.04 2.70 .84 .60® 1.38

a 34,500 was chosen arbitrarily as the molecular weight of gelatin to provide comparison with the ratios obtained for 
the egg albumin.

this were so, deamination of the albumin should 
result in a decrease of bound calcium instead of 
in an increase. These higher ratios might be in­
terpreted as being due to (a) an increased cal­
cium binding power of the protein resulting from 
the Splitting of the chain in the course of deamina­
tion ; (b) the Substitution of functional hydroxyl 
groups for the amino, which is the result of a de­
amination in aqueous Solutions; or (c) to both.

The Substitution of hydroxyl groups was tested 
by using the acetylated albumin. Such experi­
ments show that these proteins no longer have the 
calcium linkage; and since the acetylation has 
blocked the amino and hydroxyl groups, and not 
the carboxyls, we may conclude that the functional 
group is very probably the hydroxyl. This is 
further shown by the restoration of the calcium 
binding power of the protein when the acetyl

groups are removed by treating the protein solu­
tion with alkali to pIL 11.0 , for two minutes, 
bringing back to pH 8.2, and removing the ace­
tate by dialysis. That the hydroxyl group is not 
necessarily a phenolic one is seen from the fact 
that gelatin, with no phenyl groups, binds cal­
cium to the same extent as does albumin. It 
would be interesting, however, to determine 
whether or not the phenolic radical plays any 
role; this might be done by correlating tyrosine 
values of partially acetylated proteins with their 
ability to bind calcium.

Summary
A study of protein derivatives seems to indi­

cate that calcium is bound to albumin through an 
hydroxyl linkage.
C o l d  S p r i n g  H a r b o r , N. Y.

R e c e i v e d  S e p t e m b e r  19, 1936

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

The Spontaneous Stable Formation of Colloids from Crystals or from True Solution 
through the Presence of a Protective Colloid1

By J. W. McBain and

The subject of colloids has suffered greatly 
from the commonly accepted stigma that colloidal 
systems are inherently unstable and that they 
therefore show the effects of every chance in­
cident in the history of each individual specimen. 
This discouraging view has probably arisen from 
the older habit of regarding colloids merely as 
fine dispersions without mention of any factor 
that should hold them in so unlikely a condition, 
much less cause them, when disturbed or de-

(1) R ead  a t th e  P ittsb u rg h  m eetin g , S ep tem b er, 1936.

M. E. Laing McBain

stroyed, to revert spontaneously to that former 
state.

In 19262 one of us presented the argument that 
certain colloidal Solutions, such as those of soap, 
must be regarded as stable in the strictest thermo­
dynamic sense, because they exist in equilibrium 
with crystalloidal constituents and crystals, and 
hence must be as stable as these. This has 
been accepted by many leading colloid authori-

(2) J. W . M cB ain , "C olloid  S ym p osiu m  M onograph ,” Cam bridge, 
1926, p. 1; K o llo id ^ Z ., 40, 1 (1926).
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ties, such as Freundlich and von Weimarn, who 
agree that a large group of important colloids are 
as stably formed as ordinary Solutions.

However, even now in 1936, according to von 
Buzagh’s “Kolloidik,” 3 “eine sehr allgemein ver­
breitete Anschauung” is that colloidal sols cannot 
be stable.

Our explanation of true stability of a colloidal 
partiele demands a spontaneous orientation of 
the molecules, with the soluble groups exposed to 
the solvent, such that the partiele is seif organiz- 
ing and if disturbed would revert again to this 
equilibrium form. Thus soap Solutions come to 
true reversible equilibrium and exhibit proper­
ties which become fully independent of their 
previous history just like any solution of sugar 
or salt.

In 1917 Pickering4 stated that oils could dissolve 
in concentrated soap systems, as well as forming 
emulsions therein. However, his proof of this 
clear claim was doubtful, because he did not dis­
solve the oils directly but formed his systems by 
very indirect methods involving concentrated 
pastes of semi-solid soap and also mechanical 
working. Hence, his results were not definitely 
differentiated from those of von Weimarn who 
had specialized in producing admittedly unstable 
colloids by indirect methods.

In 1918 and 1921 McBain, Beedle, and Bolam5 
made the obvious Suggestion that a water-soluble 
substance could be sorbed by a soap partiele in 
aqueous solution. In 1932 Lester Smith, in a 
series of important and significant papers,6 showed 
that the solubility of various liquids was much 
increased by the presence of 10% of soap, and, 
like Weichherz in 1929, he suggested that the in­
crease was sorbed upon the soap micelles, pos­
sibly displacing water of hydration. The results 
depended upon the procedure and did not strictly 
demonstrate the existence of any true reversible 
equilibrium.

In Smith’s second paper of 1932 he used a water- 
insoluble indicator dye, methyl yellow (0.32 
part in 107 water), but (p. 1673) he first dissolved 
it in ether along with free fatty acids, aiid after­
ward produced soap by adding aqueous alkali and 
more ether (and usually methyl alcohol). This 
procedure too closely resembles von Weimarn’s

(3) A. von  Buz&gh, “ K o llo id ik ,” T h eod or S teinkopff, D resden, 
G erm any, 1936, p. 41.

(4) S . U . P ick ering, J .  C h em . S o c ., 111, 86 (1917).
(5) J . W . M cB a in  and T . R . B olam , ib id . ,  113, 825 (1918); F. C. 

Beedle and T . R . B o lam , J .  Soc. C h em . I n d . ,  40, 27T  (1921).
(6) E. Lester S m ith , J .  P h y s . C h em ., 36, 1401, 1672, 2455 (1932).

technique of forming unstable colloids in situ to 
carry any conviction as to the spontaneous for­
mation of an inherently stable protected colloid.

We now make the definite Suggestion that 
colloidal particles may be spontaneously and 
reversibly formed in solvents in which they are 
insoluble, provided that a suitable protective col­
loid is present to act as solubilizing or stable pro­
tective agent. For example, a true crystal in­
soluble in water can spontaneously pass into 
water containing a suitable stable colloid, and 
form colloidal particles in association with the 
stabilizing colloid.

Thus crystals of oil-soluble dyes, such as Yellow 
AB, Yellow OB, and Scarlet 9995X, pass directly 
into a 1% aqueous soap solution. Not only so, 
but such dilute soap solution will extract these 
dyes even from unsaturated Solutions in kerosene, 
medicinal paraffin oil, paraffin wax, or benzene, 
etc. Conversely, equilibrium may be attained 
from the opposite direction, since each of these 
non-aqueous solvents will extract from the dye- 
containing soap solution a proportion of dye. 
Thus the two liquid layers, one a true solution, 
and the other a protected colloidal solution (in- 
capable of existing without such protection) come 
into complete reversible equilibrium, the position 
of equilibrium being the same when approached 
from either side.

Therefore, we must conclude that a molecule 
in a crystalline space lattice or a molecule in true 
solution, saturated or unsaturated, is no more 
stable than a molecule in a colloidal partiele suit- 
ably stabilized. The stabilizing force is that of 
adsorption within the particles of stabilizing col­
loids; in some extreme cases it may be direct 
Chemical combination.

It appears likely that the colloidal partiele is 
surrounded by the stable colloid rather than that 
according to the other extreme form of the pre­
vious Suggestion of McBain and of Lester Smith 
the insoluble material coats the stable soluble 
colloid. Gurwitsch7 likewise in showing that the 
amounts of oil which could be incorporated in 
soap Solutions without turbidity were parallel to 
the known ease and extent of association of the 
soap molecules, had assumed that the oil molecules 
formed thick coatings around the soap micelles 
and made the micelles hydrophobic (that is, un­
stable).

(7) L. G urw itsch , K o llo id -Z .  E rgän zu n gb and , 36, 196 (1 9 2 5 ); s e e  
also “ T h e S cientific  P rincip les o f P etro leu m  T e c h n o lo g y ,”  tr a n s -  
lated b y  M oore, D . Van N ostran d  C o., N ew  Y ork , 1927, pp. 95~ 96 .
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Brintzinger and Beier8 systematically studied 
the increase in solubility of a series of acids and 
bases in the presence of gelatine and of gum arabic 
in concentrations ranging from 0.5 to 6.0%. In 
most cases there was a marked increase in solu­
bility, less in the case of gum arabic. In a few cases 
there was no effect and the solubility of anthranilic 
acid was actually lowered by the gum arabic. The 
authors considered that Chemical combination, 
solution in and adsorption by the colloidal particles 
might all be involved. They also mentioned that 
urea is more soluble in blood or protein-containing 
liquids than in pure water. Similarly, in the 
well-known studies by Findlay and collaborators 
(1911-1914) the solubility of gases in water was 
sometimes increased and sometimes diminished by 
various colloids and mechanical suspensions.

To explain the continued existence of colloids 
requires some affinity between the solvent and the 
groups exposed on the outside of the partiele. 
These groups may be supplied by part of the mole­
cule of a stable colloid itself or by a sufficiënt 
amount of such exposed soluble groups supplied 
by a stable protective colloid.

Experimental
Experiments have been carried out both with 

commercial soap and sodium oleate, mostly 1% 
dissolved in water, but occasionally 0.5%. The 
non-aqueous phase has been benzene, toluene, 
kerosene, Nujol, xylene, soft paraffin wax, etc. 
Most of the experiments have been semi-quantita- 
tive, in addition to the significant qualitative ob­
servations mentioned in the text. A study of the 
partition coëfficiënt in its dependence on concen­
tration of dye and of stabilizing colloid is reserved 
for a later communication with T. M. Woo. 
Goncentration of dye was determined colorimetri­
cally against a reference solution of dichromate. 
For example, in four experiments the total system 
consisted of 40 g. of water, 2 g. of toluene, 0.4 g. 
of sodium oleate, and 0.001 g. of scarlet X; in two 
cases the dye was first dissolved in the toluene, 
and in the other two it was admixed with the 
aqueous soap. Thereupon, the two layers were 
brought into contact and placed upon a machine 
which imparted to the system an extremely slow 
swirling motion that avoided all breaking of the 
surface or emulsification. After twenty-four 
hours the colorimeter readings were 1.34, 1.3, 1.8

(8) H . B rintz in ger and H . G. B eier, K o llo id -Z . ,  64, 160, 300
(1933); ib id . ,  68, 271 (1934); N a tu rw is se n s c h a f te n ,  20, 254 (1932), in ­
cludes even  susp en sion s like charcoal.

and 1.6 , respectively, showing that within the 
somewhat large experimental error the same 
equilibrium was obtained from both sides. A 
typical result may be quoted from Mr. Woo’s 
data for the system 0.5% potassium oleate, 40 
g. of water, 0.04 N  potassium hydroxide, 2 g. of 
toluene, and 0.1 g. of dye—the latter placed in 
two cases in the toluene and in two in the aqueous 
soap; the dye remaining in the soap layer after 
forty-eight hours was 0.0232, 0.0232 and 0.0237, 
0.0237 g., respectively.

To avoid misunderstanding, it should be em- 
phasized clearly that the processes pointed out 
above are different in kind from the familiar 
phenomena of peptization or of protective action 
on suspensions such as carbon black suspended 
in soap solution, or silver .chloride in gelatine, or 
the peptizing of a gel to form a sol. In all cases 
of peptization it has been assumed that the peptiz­
ing agent merely separated already existing parti­
cles. Similarly, formation of ordinary (protected) 
colloid particles by the so-called condensation 
methods, whether physical or Chemical, generate 
the colloid in situ from a high state of supersatura- 
tion. I t is clear that both these processes differ 
from the extraction of a molecule from its stable 
space lattice or its unsaturated solution to create 
stable colloidal particles.

Likewise the processes here described differ 
from hydrotropy9 where in general protective 
colloids are not involved. Doubtless however 
many examples there described may belong here, 
and in many cases the same forces, whether van 
der Waals or Chemical, may be operative.

It is evident that if our conclusions are accepted 
there must already exist numerous unrecognized 
examples of such action. Many protected colloids 
containing a sufficiënt amount of truly stable 
protective agent may contain much more stable 
material than has hitherto been suspected.

Summary
Not only are many important colloids truly 

stable in that they form spontaneously and enter 
into reversible equilibrium with crystalloidal con­
stituents and crystals, but otherwise unstable 
colloids may also exhibit similar properties char­
acteristic of true stability if sufficiënt stable pro­
tective colloid is present.
S t a n f o r d  Univ., C a l i f . R e c e i v e d  O c t o b e r  7, 1936

(9) N eu b erg , B io c h e m . Z ., 76, 107 (1916); for later references see 
K ortüm , Z. E le k tro ch em ., 42, 289 (1936); also W ilensky and P aw ­
low a, K o llo id - Z . ,  76, 188 (1936).
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[ C o n t r i b u t i o n  f r o m  t h e  L a b o r a t o r y  o f  P h y s i c a l  C h e m i s t r y , U n i v e r s i t y  o f  W i s c o n s i n ]

The Resistance and Capacity Behavior of Strong Electrolytes in Dilute Aqueous 
Solution.1 I. Method for the Simultaneous Observation of Conductance and Di­

electric Constant at High Radio Frequencies

B y  Orlan  M . A rnold  and  Jo h n  W a r r e n  W illiam s

The interionic attraction theory has been 
utilized by Debye and Hückel2 and by Onsager3 
to demonstrate that a square root law is the 
correct one to explain the change in the electrical 
conductance of very dilute Solutions of strong 
electrolytes with concentration. In such systems 
variations in the mobilities rather than in the 
number of the ions are responsible for the observed 
conductance changes. At the time Debye and 
Hückel first proposed their conductivity theory 
Sand4 realized that if changes in the mobilities of 
the ions were caused by electrostatic forces, then 
measurements at very high frequencies and at 
very high field strengths should lead to enhanced 
conductances since in either event the effect of 
such forces would be reduced. At the present 
writing the existence of such increased conduct­
ances under these conditions has been established 
experimentally and elaborate theories have been 
worked out to describe them. The experiments 
to be discussed in the following article were de­
signed to test further the validity of the theory of 
Debye and Falkenhagen5 which describes the fre­
quency Variation of conductance in dilute Solu­
tions of strong electrolytes.

The ordinary bridge methods such as are used 
for the determination of resistance and capacity 
at audio frequencies are not generally satisfaetory 
at the lower radio frequencies and they fail en­
tirely when observations at the higher radio 
frequencies are required. At such high fre­
quencies the Standard resistance coils react in- 
ductively and capacitatively, changes in the 
position of the contact on a slide wire produce 
changes in the ratio of such inductances and 
capacities in an unknown way, and the arrange­
ment and length of the lead wires can give rise to 
uncertainties. From time to time there have been 
proposed methods, making possible the observa-

(1) M ore com p lete d eta ils  of th is  w ork m ay  be found in  th e  th esis  
of O. M . A rnold, presen ted  to  th e F a c u lty  of th e  U n iversity  of W is­
consin in  partial fu lfilm en t o f th e  requirem ents for th e  degree of 
D octor o f P h ilosop h y  and filed in th e  library of th e  U n iversity  of 
W isconsin , June, 1934.

(2) D eb y e  and H ü ck el, P h y s ik .  Z .,  24, 305 (1923).
(3) Onsager, ib id .,  27, 388 (1926); 28, 277  (1927).
(4) Sand , P h il .  M a g .,  45, 281 (1923).
(5) D eb y e  and Falkenh agen , P h y s ik . Z . ,  29, 401 (1928).

tion of conductance and/or capacity change at 
the radio frequencies.6 7 8 9“ 10 The method finally 
adopted by us resembled that of Sack and his 
collaborators, but it differed in so many important 
respects that we feel it necessary to devote this 
first article to a brief description of the apparatus 
itself and the theory upon which its use is based. 
This comparator-resonance method made possible 
the simultaneous observation of resistance and 
capacity change with frequency, ät the same time 
it was flexible as regards frequency change. It 
did not permit absolute measurements to be made, 
but it did accomplish a comparison of conduct­
ance and dielectric constant of two Solutions, a 
Standard and an unknown.

Description of Apparatus
A schematic diagram of the apparatus is given in Fig. 1. 

As indicated, there are three distinct circuits, a generator, 
(I); an intermediate circuit (II); and a comparator cir­
cuit, (III). In use all parts of this apparatus were 
clamped in fixed position on a firm table.

Fig. 1.—Schematic diagram of high frequency apparatus: 
L, inductance in the meäsuring circuit; C, capacitance 
of the variable precision condenser; R, resistance of the 
solution in the cell; Ri, resistance of the insulation of the 
precision condenser; R2, resistance of the insulation of 
other parts of circuit; r, resistance of the leads in the 
meäsuring circuit; u  resistance of the heater in the 
thermocouple; Ci, capacitance of the meäsuring cell; 
C2, capacitance between leads in the circuit; O, galvanom - 
eter; T. C., thermocouple.

A modified Hartley circuit, using an 01A tube, was found 
to be a satisfaetory source of alternating current. In or­
der to obtain uniform power output, good wave form and 
constant frequency at the high radio frequencies, it was

(6) S ack , ib id . ,  29, 627 (1928); [Brendel, M itte ls ta ed t and Sack, 
ib id ., 30 , 576 (1929 ); B rendel, ib id . ,  32, 327 (1931)].

(7) D eu bn er, ib i d . ,  30, 946  (1929).
(8) W ien, A n n . P h y s ik ,  [5] 11, 429 (1931).
(9) M alsch , i b id . ,  [5] 12, 865 (1932).
(10) Zahn, Z . P h y s ik ,  51, 350 (1928); R ieckh ofï, A n n . P h y s ik ,  

[5] 2, 577  (1929).
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necessary to adjust inductance and capacity to one an­
other, to adjust a variable grid leak resistance, and to main­
tain constant filament and plate supply. The wave 
length range used in the experiments was approximately 
10 to 180 meters.

The intermediate circuit connected the generator with 
the comparator circuit. It consisted of two plug-in vari­
able coupling coils and sensitive thermocouple connected 
in series. The indicating instrument used with the ther­
mocouple was a Rawson multimeter. This intermediate 
circuit was not tuned to the oscillator for several reasons. 
First, too strong coupling, which causes unsteadiness of the 
power output and of the frequency in the oscillator and 
which results in greater fluctuation of current in the 
meäsuring circuit, may be thus avoided. Second, the dis- 
turbing effects due to the presence of harmonies are re­
duced. Third, greater possibility is afforded for more 
complete electrostatic shielding. The comparator circuit 
consisted of an inductance L, a thermocouple of high sensi­
tivity (connected to a Leeds and Northrup Type R gal­
vanometer), a precision condenser of low capacity C, 
a conductance cell Ci, or resistance R, connected as shown 
with very short leads. A beam of light reflected from the 
galvanometer mirror and focused on a curved scale of two 
meter radius and 4,140 divisions served to measure the 
energy in the circuit.

The thermocouples used were of the vacuum type, No. 
22C, manufactured by the Western Electric Company. 
In each case they were placed directly in series with the 
circuit rather than in auxiliary detector circuits as is usu­
ally done. In a long series of experiments the ever present 
possibility of error due to slight mechanical displacement 
of primary and auxiliary circuits is thus avoided; in addi­
tion, the sensitivity of the current measurements is in­
creased to the extent that very feeble currents can be used 
with success. The use of feeble currents is advantageous 
because heating effects in the conductance cells should be 
reduced as much as possible.

The shielding and grounding of the several circuits pre­
sented many difficulties and much attention was given to 
their solution. For the highest efficiency it was found 
necessary to shield separately the various parts of the 
apparatus. The generator, the thermocouples, the induc­
tance of the comparator circuit with its coupling coil of the 
tank circuit and the precision condenser were enclosed in 
copper-lined boxes. An additional electrostatic shield 
was placed about the coupling coil of the intermedia te cir­
cuit adjacent to the inductance of the comparator circuit 
in order to enhance the magnetic induction and reduce the 
electrostatic induction. Those parts of the circuits which 
were grounded were connected to a metal rod sunk in moist 
earth exterior to the building proper. All alternating cur­
rent lines connected to single phase motors in the imme­
diate vicinity of the apparatus were grounded or choked.

Theory of the Circuit and Measurements
The method of interpretation cF precision con­

denser readings in terms of the dielectric constants 
of the Solutions may be described as follows: 
For pure capacities connected as shown in Fig. 1, 
C = C' +  Ci +  C2> when the cell is connected in

parallel, and C = C" +  C2, when the cell is dis- 
connected. Here C' and C" are the precision 
condenser settings for the two observations and 
C is the total capacity of the circuit. It is fur­
ther evident that C" — C' = Ci. When dilute 
electrolyte Solutions are introduced into the cells, 
the Situation becomes much more complicated. 
Nevertheless, one may compare with reasonable 
correctness the susceptibilities of two Solutions of 
the same electrical conductance, provided the 
latter is not too great, by making observations of 
the changes in the apparent capacity C1A, defined 
as CA — Ca- Thus, differences in C1A, from 
solution to solution, using the same cell in identical 
position at the same wave length may be inter­
preted directly in terms of dielectric constant 
change when reference is made to the behavior of 
a Standard solution of known dielectric constant 
and like electrical conductance. The capacity 
C2 is small enough so that C may be considered 
equal to C" when the cell is disconnected from the 
circuit.

Both galvanometer deflections and precision 
condenser settings are made use of for the evalua­
tion of the conductances of the Solutions. The 
mathematical treatment of the comparator circuit 
for the conductance problem is complicated. 
There will be considered a definition of the total 
impedance of the circuit and a definition of the 
impedance from point A to point B in the circuit; 
then there will be described the two specific cases, 
one in which the conductance cell or other re­
sistance is removed from the circuit, and the other 
in which the cell or resistance is connected in the 
circuit. In all these considerations the resistance 
R2 has been neglected, since R2 > >  R. In the 
equations /  is the current in the comparator cir­
cuit, I ' is the current in the intermediate circuit, 
E  is the voltage in the comparator circuit, Z 
designates an impedance, D is a galvanometer de­
flection and k is a proportionality constant.

Definition of Total Impedance of Circuit.— 
We may begin our consideration with the fol­
lowing relations

kD -  P  
r = r 4- n 

Zi = Rq -f- jX o
In these equations zlf R0 and X 0 symbolize total 
impedance, resistance and reactances from A to 
B, respectively. Now, by definition

0'coL +  r +  zi)I +  juM I' *= 0 (1)
After substituting for zi, rearranging the real and
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the imaginary terms, squaring and substituting 
E  for ML', one obtains for the current I  the expres­
sion

W - - 7 = ^ = jg r (2)
V  (r +  Ro)2 +  («Ir F  A 0)2 2T

in which zT is the total impedance.
The current I  is the root mean square of the 

current amplitude. Since one is concerned with 
the current amplitude only, the phase angle may 
be neglected.

From equation (2) the total impedance may be 
expressed by the relationship

zt2 =  (f F  Ro)2 "F (o>L F  X»¥
The total impedance is treated in the form of its 
square since it eliminates the square root term, 
and since the galvanometer deflection expresses 
the square of the current.

By further definition
Xa =  uLi — (1/wCo)

where Li is the inductance and Co is the total 
capacity, both across AB. Since Li is nearly if 
not exactly zero, the reactance for the part of the 
circuit from A to B may be expressed as Ao = 
— 1/coCq. Thus, the expression for the total 
impedance of the circuit becomes

st2 = (r F  Ro)2 F  (o>L -  (l/a>Co))2 (3)
Definition of Impedance from A to B.—The 

quantities R q and Co must be determined for Sub­
stitution in equation (3).

The admittance, F, from A to B may be written

y  = l  +  j» c  = i
R R

or
R ^  R(l — jo>CR) 

1 +  jwRC 1 +  <o2C2R2
in which R represents Ru -E2, and R in parallel, 
C is the effective capacity across AB, and zi is 
the effective impedance, also across AB. 

Rewriting the expression for zu we have

Zi
R

1 F  o,2C2R2
jcoCR2 

1 F  o>2C2R2
Ro "\r jXo — Ro i

«Co
The evaluation of Zi makes it possible to express 
zT in terms of more readily accessible quantities. 
Since

x> R  , 1  wCR2Ro =*--------- =^=r and =  ---------_  —
1 F  <»2C2R2 o>C0 1 F  a 2C2R2

Substitution for R0 and in equation (3) gives 
o)Cq

St5 ( r  F ------ ^=r=^ Y  F  (o>L
\  l  F  **2C2R2J \

»CR2
l F  **2C2R2J (4)

Case 1. Cell Not Connected.—In this case 
Ri is the only resistance to be considered for the 
evaluation of R . Equation (4) becomes

Zti2 Ri_
1 F  a 2C2Ri2

« CRi2 Y
1 F  *>2C2Ri2)

(5)

The subscript 1 is used for the total impedance of 
the circuit when the conductance cell or other 
resistance is not connected across AB. Since Ri 
is high in magnitude, equation (5) reduces to

zti2 = n 2 +  co2!,2 -  A  +  - L  = h 2 +  (<■oL -  A V
C co2C2 V coC)

At resonance coL = -==, and the impedance be- 
coC

comes
sti2 = h 2 (6)

Case 2. Cell Connected in Parallel with Pre­
cision Condenser.—The resistances contained in 
R appearing in equation (4) are now R  and Ru 
Since Ri is large and may be neglected (Ri »  R )f 
the expression for the impedance assumes the 
form

sT22 = (h  F -----^L=— ) +  (<*L -  — )\  1 F  co2C2R2J \  1 F  co2C2R2J
The subscript 2 indicates that the cell or resistance 
is now connected in the comparator circuit If the 
quantity co2C2R 2 is large compared to 1, the ex­
pression reduces, at resonance, to

ZTl2 =  (f-2 +  x _|_ w2C2!?2)  (7)

Relationship between Galvanometer Deflec­
tion and Electrical Conductance.—From Ohm’s 
law

I i 2zt i 2 = -Ei2 and I 22Zt 2 == -E2 2

Therefore
Ii22ti2 = / 2%T,2, since Ei =  Et (8)

The voltage is maintained constant for any set of 
observations having to do with a given solution.

From equations (6), (7) and (8 ) we have 
/-  . R \ 2 

Ir  _ zt22 _ kDt _ V * 1 +  o>2c W
J22 ZT,2 kDi n2 '  W

At any one frequency the total impedance of 
the circuit without the cell is always the same. 
Thus the numerical value for the resistance of 
any solution, as compared to that of a potassium 
chloride solution, may „be obtained from the ratio 
which forms equation (9), provided the resistances 
of the two Solutions are nearly of the same magni­
tude.

The solution of this expression for R  in a series 
qï measurements at any wave length is facüitated
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by the construction of an interpolation table for 
R  and kD2/kDi> to be used at that wave length. 
The values of f  and o>2C2 are constant for any wave 
length and may be obtained either by the proper 
calibration of the members of the circuit or by 
solving for one or the other by the Substitution in 
the equation of known values of R and kD2/kD\. 
The latter known quantities must have been ob­
tained from a series of measurements with a Stand­
ard resistance. The quantities r and ooC do not 
have to be precise for if approximate constant 
values are used throughout, the relative values of 
kD2/kDi and R  will be correct.

We wish to express our indebtedness to Pro­
fessor Edward Bennett of the Department of 
Electrical Engineering of this University and to 
Dr. Ronold King of the Department of Physics 
of Lafayette College for their helpful advice.

Summary
A method is described which serves for the 

simultaneous observation of electrical conduct­

ance and dielectric constant of very dilute electro­
lyte Solutions at high radio frequencies. The 
apparatus which was used may be described as 
being of the comparator-resonance type. It con- 
sists of three distinct units, a variable high 
frequency oscillator circuit, an intermediate cir­
cuit and a comparator circuit with thermocouple- 
galvanometer meäsuring system.

The mathematical theory of the circuits is 
considered. Dielectric constant change is cal­
culated from a comparison of the resonance set­
tings of the Standard variable precision condenser 
in the comparator circuit with the conductance 
cell connected and disconnected. For the evalua­
tion of electrical conductance change there are 
required observations of the comparator circuit 
galvanometer deflections, again at resonance and 
with the cell connected and disconnected. It is 
further pointed out that the method developed 
may be applied to the measurement of high fre­
quency currents through other types of resistances. 
M a d i s o n , Wis. R e c e i v e d  A u g u s t  17, 1936

[C o n t r i b u t i o n  f r o m  t h e  L a b o r a t o r y  o f  P h y s i c a l  C h e m i s t r y , U n i v e r s i t y  o f  W i s c o n s i n ]

The Resistance and Capacity Behavior of Strong Electrolytes in Dilute 
Aqueous Solution. II. The Dispersion of Electrical Conductance1

By Orlan  M. Arnold and  J ohn W a r r en  W illiam s

Some years ago it was pointed-out by Debye 
and Falkenhagen2 that as a necessary consequence 
of the postulated existence about any central ion 
of an ionic atmosphere with a finite time of re- 
laxation, there must result an electrical conduct­
ance which is dependent upon the frequency of the 
field which is used to measure it. If an alternat­
ing field is applied, each ion in the solution will 
acquire a periodic motion. If the frequency is 
low enough (1000 cycles, for example) there will 
be produced in each instant a dissymmetry in the 
ionic atmosphere which corresponds to the 
momentary velocity of the ion. But if this 
frequency is increased to a point where the period 
of oscillation of the ion becomes comparable with 
the time required for the formation of its atmos­
phere any dissymmetry of the latter, necessary

(1) A  p relim in ary and in com p le te  report of th is  work has appeared  
in  an oth er p lace  l W illiam s and  A rnold , A c ta  P h y s ic o c h im ., U . R . S .S . ,  
3, 619 (1 9 3 5 )]. T h is  report g ives  as w ell provisional d ata  for th e  
d ielectr ic  co n sta n ts  of very  d ilu te  electro ly te  Solutions a t tw o  high  
frequencies.

(Äji "D ebye and F ä lk en h ageö , 'P h y s ik .  29, 121, 401 (1 9 2 8 ) >

for the existence of the electrical force of relaxa­
tion, will decrease. Thus, depending upon the 
time of relaxation of the atmosphere about any 
particular ion there will be a frequency at which 
the dissymmetry of the atmosphere no longer can 
be formed in the normal way, and as the frequency 
is increased above this value the electrical force 
of relaxation will diminish and the mobility of 
the central ion will increase until such time as the 
frequency has been made so high that the dissym­
metry of the ionic atmosphere disappears entirely.

The results of the calculations of Debye and 
Hückel3 and of Onsager4 for the molar conductance 
of a solution at zero, or very low, frequency may 
be expressed in the form

A = Ao — Aio — An

Here A is the molar conductance of the solution 
at a finite concentration, A0 is the molar conduct­
ance at infinite dilution, AIo is the electrical
! (3) D eb y e  and  H ü ck el, P h y s ik .  Z . ,  24, 305 (1923).

(4) Onsager, ib id . ,  27, 388 (1926); 28, 277 (1927).
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force of relaxation expressed in conductance units, 
and An is the electrophoretic force, again expressed 
in conductance units. The molar conductance 
of the solution as a function of the frequency co, 
used to measure it may be written in similar 
fashion as

A =  Ao — Ai« — An
in which at zero frequency, AIw = Ai0. When at 
extremely high frequencies the dissymmetry of 
the ionic atmosphere has disappeared entirely, 
AIw — > 0, and the molar conductance approaches 
the limiting value

A =  Ao — An
The mathematical treatment of Debye and 

Falkenhagen has led to the following expression 
for the electrical force of relaxation expressed as 
conductance.

Ai« —3 DkT kAox(w, 0, q)

where

x(w» q) Vg

( ' - D ’ +  co202

R = A = V  Vi" +  u2e2 +  i
V 2  ________

Q =  (1 /V 2 ) V v i  +  « v  -  1

and the other symbols have the significance usually 
assigned to them in the discussion of the interionic 
attraction theories. Thus

and

{LiZi -f L 2zi) Z1Z2 

(zi +  Z2) (L1Z22 -f* L2Z12)
Z!2Z22 x  15.33 X 10 ~8 

*22Z l  +  Z& 2  k T ^ 2

4tt e2Ny
DkfJÖÖÖ XPiZi2

In this article are recorded measurements of the 
electrical conductance of dilute aqueous Solutions 
of potassium chloride, barium chloride, magnesium 
sulfate, lanthanum iodate, cerium sulfate, pras- 
eodymium sulfate and luteo chloride at the wave 
lengths 15, 30, 50, 75, 100, 130 and 170 meters.

High Frequency Conductance Measurements
The comparator-resonance method described in the 

first paper of this series6 was employed for the measure­
ment of the Variation of conductance at the high fre­
quencies. In order to ensure high precision the different 
members of the circuit were carefully calibrated as follows.

T h e  precision condenser w as c a lib ra ted  b y  th e  Substitu­
tio n  m ethod  in  a  h e te ro d y n e  c ircu it fo r its  absolu te value

(5 )  Arnold and Williams, T h is  J o u r n a l , 58, 2013 (1936).

in capacity at several different points. This condenser 
was calibrated twice for its linearity in capacity. The type 
R galvanometer was calibrated for its deflections on a circu­
lar scale by the ordinary differential direct current method. 
Known resistances were introduced in series with the 
galvanometer. From more than three hundred points 
over the whole range a smooth curve showing deviations 
from a linear relation between the current and the deflec­
tion was obtained. This curve gave the correction for the 
galvanometer deflections. The thermocouple in the 
meäsuring circuit and the Type R galvanometer connected 
to this thermocouple were calibrated for forty points on 
the galvanometer scale by reversing the several values of 
direct current through the heater of the thermocouple. 
This thermocouple was also calibrated in terms of micro­
volts in the Electrical Engineering Standards Laboratory 
of the University with the use of a White Potentiometer. 
The thermocouple was twice again calibrated as located in 
the circuit, first with the White Potentiometer and then 
with a microammeter. The procedure in each case was to 
reverse the direct current through the heater.

Careful physical measurements of size, length and Posi­
tion of wires in the circuit were made and independent de­
terminations of 03, L and C showed that at resonance, 
o)L =  1/aC.

Audio Frequency Conductance Measurements
The conductance of the electrolytes at audio frequencies 

was determined by using the ordinary type of bridge ar­
rangement. The measurements were accurate to 0.01%  
as shown by calibrations and results with Standard Solu­
tions. The Standard resistances were a set of Curtis- 
wound coils of resistance 100,000 to 1000 ohms and a dial 
box giving resistances from 1000 to 1 ohm. These re­
sistances previously had been calibrated by the U. S. 
Bureau of Standards. Heavy connecting wire was used 
between members of the circuit. Careful shielding of 
leads was required. Two compensating condensers with 
capacity 3000 fißF and 300 ßixF were used for balancing 
capacity in the different arms of the bridge. A Kohl­
rausch eleven-turn slide wire manufactured by the Leeds 
and Northrup Company was employed to obtain the bal­
ance point. The alternating current was furnished by a 
vacuum tube generator. A vacuum tube amplifier was 
used in the detection of the point of balance.

Design and Construction of Conductance Cells
In the selection of the conductance cells consideration 

had to be given to the magnitude of the resistance de- 
manded at each of the several short wave lengths by the 
characteristics of the circuit. The range of values of re­
sistance required for the highest sensitivity at each wave 
length was determined experimentally. Table I gives the 
approximate ranges at the wave lengths selected for 
measurements.

It has been demonstrated as well that these values are 
theoretically correct, using the other constants of the 
meäsuring circuit and the equation for the currents in the 
circuit. The ranges of the resistance for a particular wave 
length may be changed by Variation of the characteristics 
of the circuit.

At the beginning of the work much attention was given 
to the construction and properties of the conductance cells.
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T a b l e  I
M a g n i t u d e  o f  R e s i s t a n c e s  f o r  C h o s e n  W a v e  L e n g t h s

W ave length A p p rox im ate range of
m eters resista n ces , ohm s.

170 25,000 to 75,000
130 25,000 to 75,000
100 25,000 to 100,000
75 25,000 to 65,000
50 5,000 to 20,000
30 2,500 to 7,500
15 400 to 1,600

The conductance of Standard potassium chloride Solutions 
at audio frequencies was studied in cells constructed with 
different kinds of glass and electrode material in a variety 
of shapes. Many irregularities of conductance were ob­
served. Several important observations, later found men­
tioned in a publication by Jones and Bollinger,* were made 
in this preliminary work.

Many of the cells which are used for the determination 
of low frequency conductance are not suited at all for work 
at high frequencies because of arrangement of electrodes 
and of the proximity of mercury contact arms and filling 
tubes. The closeness of these arms introducés serious 
errors at high frequencies,

The cells finally designed for the high frequency meas­
urements were similar to the one shown in Fig. 1. The 
exterior dimensions, especially with respect to electrode 
position and filling arms, were kept constant. This uni- 
formity of construction was essential, first, in order that 
the cells would fit a Standard clamp in the thermostat 
bath to give reproducible position from experiment to 
experiment, and second, in order that any capacitative 
effects between the electrode leads and filling arms, if not 
entirely eliminated, be reduced to a minimum and be 
nearly the same from cell to cell.

Fig. 1.—Conductance cell.

From conductance data found in Standard tables, it 
was possible to compute the size and spacing of electrodes 
as well as the size of the body of a cell to be used with a 
given electrolyte at any of the wave lengths chosen. The 
cells were constructed with either Jena Geräte or Jena 16m 
glass. Bright platinum electrodes were employed through­
out. Eight cells were so constructed.

Special seasoning of the cells was accomplished by a 
carefully controlled steam-bath in which the cell was first 
brought gradually up to the temperature of steam, after 
which a current of steam was forced through the cell for 
several hours, then the cell was caused to cool slowly. At

(6) Jon es and B ollinger, T h is  Jo u r n a l , 53 , 411 (1931).

times when the cells did not contain a solution they were 
kept soaking with high grade conductivity water.

Calibration of Cells.—For the determination of the ordi­
nary cell constants a 0.01 demal solution of potassium 
chloride served as electrolyte. Conductance values of 
Parker and Parker6 7 were used in these calibrations.8 The 
cell constants given in Table II, obtained by means of two 
different Standard Solutions, show a maximum deviation 
from the average of less than one part in ten thousand 
except in the case of cell number eight.

Temperature Control.—A thermally insulated thermo­
stat bath of 23 liters capacity was filled with light oil in 
order to avoid electrostatic disturbances common to a 
water-bath and to ensure as complete electrical insulation 
as possible for the meäsuring cell. The container was 
grounded further to reduce electrical disturbances. It was 
possible to maintain the temperature of the bath to 0.0010 
for a considerable length of time. The maximum devia­
tion allowed for a measurement was 0.002°.

Preparation and Purification of Materials.—One of the 
prime requisites of conductance measurements is that only 
pure materials be used since foreign substances are apt to 
give large errors from which indefinite or wrong conclu­
sions will be drawn. This is especially true with the 
quantitative measurements of the small conductance effects 
at high frequencies. Since the frequency effect is a func­
tion of the valence of the ions involved, the presence, in 
small numbers, of foreign ions of the higher valence types 
would mask the effect of lower valence types.

Purification of Conductance Water.—The water was 
prepared by four or five distillations. Water, after having 
been distilled for general laboratory purposes, was dis­
tilled in a large block tin condenser. At the same time 
the steam and condensing liquid were washed by a stream 
of purified air. Only the middle portion of the distilled 
water was retained. The water was next distilled through 
a newly designed, all Pyrex, well-seasoned still which had a 
trap of direction reversing type and bafïïe domes for en- 
trapping the spray, Glass dust shields protected the 
ground glass joints. Again only the middle portion of the 
water was retained. This water was then distilled in an 
all quartz distillation apparatus. The quartz condenser 
arm was air cooled. The receiver was always one of the 
transparent quartz flasks used in the work. The rate of 
distillation was maintained so that there was always an 
escape of steam which prevented foreign gases from dif- 
fusing back into the flask ai\d which kept the distilled 
portion at nearly the boiling point. The first and last 
portions were always rejected. The process was some­
times repeated with the glass or quartz still. After cooling 
the water the quartz container was placed in a vacuum de- 
gassing tower and the evacuation was continued until the 
bubbling ceased. A stream of purified nitrogen was in­
troduced into the chamber. The water, which was of ex- 
ceptional quality, was found to depreciate readily in purity. 
Since considerable time was required to make the measure­
ments it was decided to let the water “age” a part of a day 
before the solution was prepared. This procedure was 
followed in order that any unavoidable change of conduc-

(7) Parker.and Parker, ib id . ,  46, 312 (1924).
(8) A t th e  tim e  th e  ex ten s iv e  and in vo lved  com p u tation s required  

b y  th is w ork were m ade, th e  new er and more exact d a ta  of Jones and  
Bradshaw  [ ib id .,  55, 1780 (1933 )] w ere not available.
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T a b l e  I I

C e l l  C o n s t a n t  D a t a
N um b er of
Standard -̂-------------------------------------------------------------------------------------- N um ber of c e ll—
solu tion 1 2 3 4 5 6 7 8

2 0.043467 1.0582 0.57737 1.8265 11.498 1.1326 0.25371 8.3143
3 .043458 1.0583 .57726 1.8263 11.497 1.1323 .25371 8.3169
Av. .043462 1.0583 .57731 1.8264 11.498 1.1324 .25371 8.3156

tance of solvent would take place before, rather than dur­
ing, the measurements. The specific conductance of the 
aged water when used was in the vicinity of 0.360 X 10 “6.

Potassium Chloride.—The potassium chloride (Mal­
linckrodt, “Reagent Quality”) was recrystallized four 
times from aqueous Solutions made with the best grade of 
conductance water obtainable. The salt, after drying in 
an oven at 110 ° and after standing for considerable time in 
a closed container, was analyzed for moisture content. 
The salt contained 0.15% water as shown by three deter­
minations with a maximum deviation of 0.01%. Correc­
tion was made on this basis when a Standard potassium 
chloride solution was prepared.

Magnesium Sulfate.—The magnesium sulfate (Mal­
linckrodt “Reagent Quality”) was further purified by re­
crystallizing four times from the best grade of boiled con­
ductance water. The salt was slowly dried by placing it 
in a desiccator above sulfuric acid and phosphorus pent­
oxide and by passing a stream of purified nitrogen over it. 
Several sets of analyses were performed. The water con­
tent at the beginning was not constant. After the salt 
had stood over the pentoxide for a year an analysis was 
again made by the pyrophosphate method. With three 
determinations the average of a salt in a sample was 
74.23% with a maximum deviation of 0.04%.

Lanthanum Iodate.—The lanthanum iodate was ob­
tained through the generosity of Professor V. K. La Mer of 
Columbia University who furnished a sample of the puri­
fied La(IOs)3 used in a study with Goldman.9 At the time 
of the measurements an analysis was made for the water 
content of the salt. Three determinations by the thiosul­
fate method gave an average of 97.40% lanthanum iodate 
with a maximum deviation of 0.1%. The analytical re­
agents were either of reagent quality or they were further 
purified.

Cerium Sulfate and Praseodymium Sulfate.—Samples of 
these salts were procured from our Division of Analytical 
Chemistry. Further purification of the salts was accom­
plished by repeated crystallizations of the salts from the 
best grade of conductance water. Saturated Solutions of 
the cerium and praseodymium sulfates were prepared at 
0 ° and then the temperature was elevated to 80 ° for the 
former and to 75 ° for the latter. About five-sixths of the 
praseodymium salt precipitated out each time, but the 
amount was somewhat less in the case of the cerium sul­
fate. The purified samples were dried carefully. Due to 
the small quantity of the purified salts Chemical analyses 
were omitted and the determination of the concentrations 
used in the measurements was made by using conductance 
data given in the “International Critical Tables.”

Barium Chloride.—The barium chloride (Mallinckrodt 
“Reagent Quality”) was not purified further. However, 
an analysis of the usual kind for the determination of water

(9) La Mer and Goldman, T h is  J o u r n a l , 51, 2632 (1929).

of hydration was carried out. The average percentage of 
barium chloride in a sample was found to be 85.27% with a 
maximum Variation between the three determinations of 
0.05%.

Luteo Chloride.—The luteo chloride was a Kahlbaum 
preparation. Due to the small quantity available further 
purification or Chemical analysis was not attempted.

Technique Used in Measurements
Preparation of Solutions.—The Solutions were prepared 

by the volumetric method in a 500-ml. calibrated Pyrex 
flask which had been well-seasoned by continued soak- 
ing with conductance water. The conductance water was 
transferred from the quartz container in the nitrogen filled 
degassing chamber through a siphon into the volumetric 
flask, placed in another chamber which was filled with puri­
fied nitrogen gas. The sample of salt was weighed on an 
analytical balance which had been adjusted to a sensi­
tivity of 0.01 mg. The same calibrated set of weights was 
used for all weighings throughout the experimental work. 
After the addition of the sample of salt to the water in the 
volumetric flask the latter was placed in the bath at 25.000 
=*= 0.002°. After temperature equilibrium had been 
reached the total volume was brought to the 500-ml. mark.

The Filling and Handling of Cells.—The cells were first 
rinsed repeatedly with the solution to be used and then 
filled by siphon in a chamber filled with purified nitrogen 
gas. Contamination of the dilute Solutions with foreign 
gases was thus eliminated. The filled cells used in an ex­
periment were placed in the thermostat and the audio fre­
quency resistance of the solution in each cell was deter­
mined.

High Frequency Procedure.—To carry out the measure­
ments at any one of the higher frequencies, the cell adapted 
to that particular wave length was placed in the special 
holder in the thermostat. The zero Position of the gal­
vanometer light beam was noted. After all parts of the 
high frequency circuits were adjusted to the predetermined 
settings for that wave length, the oscillator was started and 
the circuits tuned so that the maximum deflection at reso­
nance was approximately 400.0 on the galvanometer scale. 
The generator was always started two or more hours be­
fore the experiment began so that stability of power output 
could be maintained in all of the high frequency circuits. 
Any lack of stability could be detected by the shift of the 
galvanometer light on the scale. All of the observations 
at the high frequencies were made after midnight in order 
to avoid as far as possible external electrical disturbances.

The galvanometer deflection and the precision condenser 
reading were recorded. The cell was then connected in 
parallel with the precision condenser and the galvanometer 
deflection and precision condenser setting at resonance 
were again noted and recorded. Four to ten consecutive 
sets of .such readings were taken for a particular solution 
at each wave length. Besides the observations for the
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solution, the same type of readings were made for two low 
inductive fixed resistances. The resistances were of the 
same order of magnitude as that for the cell with electro­
lyte. With any series of Solutions these same fixed resis­
tances were inserted repeatedly and observations were 
made at the time the solution was studied at that wave 
length. Thus these fixed resistances served as a check and 
reference for shift or disturbances from experiment to 
experiment. These fixed resistances were checked fre­
quently by resistance determinations with the audio fre­
quency bridge and were found to stay constant to well 
within 0.1%. It is imperative for such comparison 
measurements that the same cell be used for any particular 
wave length with a series of Solutions.

Results
Conductance at Audio Frequency.—Although 

the determination of conductance at an audio 
frequency (1000 cycles), was not the chief object 
of the measurements being reported, it was 
part of the necessary procedure for each solution, 
since these data furnish a basis for reference. To 
illustrate the accuracy of these results data may 
be given for the reference potassium chloride Solu­
tions. For 0.005 normal potassium chloride the 
values of the observed molar conductance are 
143.63 and 143.61 for two experiments as com­
pared to Shedlovsky’s10 observed value 143.64 
and his calculated value 143.65. For 0.002 
normal potassium chloride in another experiment 
the observed value was 145.83 as compared to 
Shedlovsky’s observed value 145.79 and calcu­
lated value 145.81.

Theoretical Values of High Frequency Change 
of Conductance.—In order to interpret the ex­
perimental observations it was necessary to cal­
culate the changes in conductance of Standard 
potassium chloride Solutions at the different 
frequencies. It is assumed in the interpretation 
of the observations made with higher valence 
type salts that the small changes to which potas­
sium chloride Solutions are subject obey the 
Debye-Falkenhagen equation. This assumption 
has been made by other observers. The theoreti­
cal values were calculated for the other salts 
studied.

Because of the difficulty in adaptation and be­
cause of desire for greater accuracy the interpola­
tion table given by Debye and Falkenhagen2 
for the ratio AIö,/Ai0 at definite values of q and 
03$ was not used.

The predicted conductance changes were cal­
culated by using an equation given in the intro­
duction. In addition to certain universal con-

(10) S h ed lovsk y , T h is  J o u r n a l , 54, 1411 (1932).

stants (T =  298, e = 4.770 X 10“10, D = 78.54, 
k = 1.371 X 10~16), it was necessary to have 
figures for the limiting molar conductances, A0 
of the several salts. The following figures were 
obtained from Standard sources of reference: 
KC1, 149.82; BaCl2, 282.13; MgS0 4, 267.0; 
La(I03)3, 336.8; Ce2(S0 4)3, 953.9; Pr2(S0 4)3,
945.5; Co(NH3)6C13, 540.0. The mobility of the 
luteo ion, Co(NH3)6+++, is somewhat uncertain.11 
The value 104.6 for l/ z Co(NH3)6+++ was deduced 
from conductance data given by Harkins, Hall 
and Roberts.

The experimental work was arranged in three 
series of experiments, as shown in Table III. 
Here are presented theoretical and experimental 
values for the increase of molar conductance 
Aio ~  AIü, of the different salts at the several 
high frequencies used in the measurements. 
Thus, these data indicate the amount by which 
the limiting molar conductance is changed due 
to changes in the electrical force of relaxation 
produced by the application of the fields of high 
frequency. I t is also possible to obtain at once 
values for AIco, and Ai«/AIo if it is desired to ex­
press the changes in this way.

Example of the Calculation of the Conductance 
from the Experimental Observations.—In order 
to illustrate the method by which the data of 
the foregoing tables have been obtained, the ob­
servations in the case of the 0.0006443 molar 
magnesium sulfate solution at 50 meter wave 
length are considered in detail. Galvanometer 
deflections with the cell in the circuit and with the 
cell out of the circuit are given in Table IV, 
Part A. Here the two columns at the right give 
the deflections corrected for the zero of the gal­
vanometer as recorded in column two at the left. 
Part B of the same table gives average deflection 
values for the cell and fixed resistances.

In Part C are found the ratios of the galvano­
meter deflections with and without the cell or 
fixed resistance in the circuit for an experiment 
(14) with the Standard potassium chloride solu­
tion and for an experiment (18) with the mag­
nesium sulfate solution. The same cell and 
fixed resistances were used in both runs.

Any shift in the zero of the galvanometer after 
the beginning of the observations or any shift due 
to other disturbances from experiment to experi­
ment should be detected through the ratios ob­
served for the Standard fixed resistances. Thus,

(11) Harkins, Hall and Roberts, ibid., 38, 2643 (1916).
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T a b l e  III
I n c r e a s e  o f  M o l a r  C o n d u c t a n c e  w i t h  C h a n g e  o f  F r e q u e n c y ®

W ave length 170 130 _ 100_ 75_ 50_ 3 0 _ i5 _
S a lt C oncn., m olar Ao Aio Ai0 — Aja» Aio — Aioj Aio — Aic»j Aio Aiw Aio — A l« Aio —Aja» Aiq —Aioo

First Series
No. of cell used 8-5 8-5 8-5 8-5 5 4 6
KCl 0.00500 149.82 2.412 T 0.003 0.005 0.007 0.012 0.027 0.068 0.211

BaCk .00280 282.13 10.522 ƒ T .008 .012 .024 .044 .096 .253 .804
( b .09 .07 .96

MgS04 .00387 267.0 30.248 ■
11

.021

.051
.031
.035

.052 .083 .176 .475
.72

1.611

Second Series
No. of cell used 5 5 5 5 4 6 7
KCl 0.00200 149.82 1.524 T 0.009 0.016 0.026 0.043 0.086 0.181 0.377
KCl .00197 149.82 1.513 T .010 .016 .026 .045 .087 .182 .379

BaCk .00112 282.13 6.653
{ b

.033

.19
.056
,03

.094 .163
.54

.325 .696 1.502
1.67

MgS04 .00155 267.0 19.132 {=
.065
.06

.105

.45
.176
.51

.301

.52
.627 1.450 3.488

3.65
Third Series

No. of cell used 5 5 5 5 4 7 7
KCl 0.000985 149.82 1.070 T 0.025 0.040 0.062 0.096 0.161 0.268 0.432
KCl .00100 149.82 1.079 T .025 .039 .061 .094 .159 .267 .431

BaCk .000561 282.13 4.708
[ b

.090

.20
.147
.41

.230

.18
.360
.54

.620

.73
1.061
1.01

1.762
1.70

MgS04 .000774 267.0 13.528 U
.166 .277

.27
.448
.62

.721
1.08

1.326
1.54

2.466
2.41

4.443

MgS04 .000644 267.0 12.340 { b
.219 .354

.19
.556
.40

.881

.46
1.542
1.91

2.696
2.43

4.554
4.88

La(103)3 .000445 336.8 10.726 ( b
.231
.18

.373

.56
.580 .888

.78
1.512
2.25

2.546
2.56

4.156
5.52

Ce2(S04)3 .000366 953.9 93.448 { b
.428
.60

.725

.38
1.153
1.01

2.010
1.47

4.053
3.47

8.896
8.96

19.868
18.85

Pr2(S04)3 .000366 945.5 92.522 ( b
.392 .719

.65
1.143
1.54

1.992
1.85

4.050
3.88

8.883
9.75

19.857
20.33

Co(NH3)6Cl3 .000253 540.0 12.211
{ b

.299

.44
.476
.83

0.731
0.51

1.123
1.78

1.864 3.065
5.49

4.890
6.04

° T indicates theoretical value; E indicates experimental value.

this added information obtained by using the 
fixed resistances R18 and R17 made it possible 
to correct the magnesium sulfate values for any 
deviation or shift taking place during an experi­
ment. Part D of Table IV shows the ratios of 
the fixed resistances referred to the values ob­
tained in experiment 14 as Standard. The 
average ratio 1.0027 is the factor by which the 
magnesium sulfate ratio is corrected to 0.5303. 
I t is to be regarded as a coincidence that the ther­
mocouple correction exactly cancels the adjust­
ment in opposite sense for the galvanometer. 
The thermocouple correction is determined from 
calibration curves in which the square of the cur­
rent through the thermocouple heater is plotted 
as a function of the galvanometer deflection.

The next step is to evaluate these current ratios 
for the two Solutions in terms of the relative ohmic 
resistances. The relative values of resistance are 
obtained from the relation5

I I  m ________ h*
h 2 ( r 4- R  V  

V 2 ^  1 +  co2C2I?V

kD%
W x

From the portion of the interpolation table 
which förms Part E of Table IV, the ratios for 
potassium chloride and magnesium sulfate (Part 
D) are identified with the relative resistances 12 ,- 
792 and 12,504, respectively. By using the theory 
of Debye and Falkenhagen the actual resistance 
in the cell at 50 meters for the potassium chloride 
solution is calculated to be 13,422 ohms. By 
direct proportion, using this ohmic resistance
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T a b l e  IV
I n t e r p r e t a t io n  of E x pe r im e n ta l  Ob se r v a t io n s  

Part A
No. of cell 

or R placed 
in circuit

Zero of
galv.

Deflection of galv. 
without R or cell 
corrected for zero

Deflection of galv.
with cell or R 

corrected for zero
C4 0.6 402.0 212.4

401.4 212.4
401.4 212.4

R18 .6 401.4 242.9
401.2 242.8
400.2 242.4

R17 .6 400.2 243.6
400.2 243.6

Part B
Av. defl. of 

galv. without 
cell

Av. defl. 
of galv. 
with cell

Av. defl. of 
galv. without 

R18

Av. defl. 
of galv. 

with R18

Av. defl. of Av. defl. 
galv. without of galv. 

R17 with R17
401.6 212.4 400.9 242.7 400.2 243.6

Part C
No. of Cell Ratio of galv. defl. Ratio of galv. defl. Ratio of galv. defl.
expt. solution conductance cell resistance R18 resistance R17

18 MgSO, 0.5289 0.6053 0.6087
14 KCl .5367 .6071 .6101

Part D
No. of Ratio with Ratio with Ratio with
expt. Salt R18 R17 Av. conductance cell
14 KCl 1 .0 0 0 0 1 .0 0 0 0 1 .0 0 0 0 0.5367
18 MgS04 1.0030 1.0023 1.0027 .5303

Part E
*  ( r ,+  R \  ( *  + R V  kÜ2

R R2 «*C2R* 1 +  « 2C2R2 V 1 +  ^ C -K - /  \ l+a>*C*R*/ kDi
12,500 156.25 X 106 6396.1 1.9540 7.3445 53.942 0.5302
12,525 156.88 6421.7 1.9501 7.3406 53.884 .5308

12,775 163.20 6680.6 1.9120 7.3025 53.327 .5363
12,800 163.84 6706.8 1.9082 7.2987 53.271 .5369

for the potassium chloride solution and the two 
relative values given in the table, the actual ohmic 
resistance for the magnesium sulfate solution is 
calculated to be 13,120 ohms. But the resistance 
of the magnesium sulfate solution in the same 
cell at the audio frequency was 13,235 ohms, 
therefore an increase in conductance has been ob­
served. Interpreted m terms of molar conduct­
ance the quantities Ao and Aw are found to be 
225.62 and 227.53, respectively. Then 

Aa» — Ao =  Aio — Aio» =  1.91 
The theoretical value of AIo is 12.34. Thus 
AIw =  12.34 — 1.91 =  10.43. If the data for a 
given solution are referred to figures for several 
Standard potassium chloride Solutions the above 
procedure must be repeated.

D iscu ssio n
Since the appearance, in 1928, of the quantita­

tive theory describing the dispersion of electrical

conductance for dilute Solutions of strong electro­
lytes there have been published the results of a 
number of experimental researches intended to 
test the validity of the theory. Reference may 
be made to important contributions in this field 
by Sack,12 Zahn,13 Rieckhoff,14 Brendel,15 
Deubner,16 M. Wien,17 Malsch,18 Gärtner,19 and 
others. In some cases it was possible to measure 
only the order of magnitude of the conductance 
increase at a single high frequency, in others

(12) Sack, Physik. Z., 29, 627 (1928).
(13) Zahn, Z. Physik, 51, 350 (1928).
(14) Rieckhoff and Zahn, ibid., 53, 619 (1929); Rieckhoff, Ann. 

Physik, [5] 2, 577 (1929).
(15) Brendel, M ittelstadt and Sack, Physik. Z ., 30, 576 (1929); 

Brendel and Sack, ibid., 31, 345 (1930); Brendel, ibid. 32, 327
(1930) .

(16) Deubner, ibid., 30, 946 (1929); 33,223 (1932); Ann. Physik, 
[515,305 (1930).

(17) Wien, Physik. Z., 31, 793 (1930); Ann. Physik, [5] 11, 429
(1931) .

(18) Malsch, Physik. Z., 33, 19 (1932); Ann. Physik, [5] 12, 865
(1932) .

(19) G ärtner, Physik. Z„ 32, 919  (1931).
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complications served to render difficult any 
interpretation in terms of the theory, but in the 
main the results of these studies have been con­
sistent with the requirements of the theory.

It has been our plan to make, in extremely di­
lute aqueous Solutions of strong electrolytes, a 
more systematic study of the theory than has 
hitherto been attempted. Thus, instead of con- 
fining our attention to observations of the behavior 
of the Solutions at one, or at most, several wave 
lengths, we have sought to make the measure­
ments over a considerable frequency range. 
Again, we have been interested in a comparison of 
the magnitude of the conductance increase for 
electrolytes of as many different valence types 
and ion sizes as conveniently possible. To a 
lesser extent we have been able to study the ef­
fect of concentration changes in the solution of 
some of the salts. The results of the experimental 
work are compared with the requirements of the 
theory in Table III.

It is at once evident that the agreement be­
tween theory and the results of our experiments at 
each of the seven wave lengths is as good as can 
be expected when the difficult nature of the meas­
urements is considered. The influence of Variation 
in the valence type of the dissolved salt in chang­
ing the values of AIo — A^ in the dilute Solutions 
is consistent with the requirements of the theory. 
Thus, at any one wave length, barium chloride 
Solutions show much less actual increase in con­
ductance than do Solutions of salts of higher val­
ence types. The lanthanum iodate and luteo 
chloride Solutions (3-1 valence type) show more 
significant increases and, when the relative con­
centration is taken into consideration, the mag­
nesium sulfate Solutions (2-2 valence type) show 
an even greater dispersion. The increased con­
ductance is so pronounced in the case of the cerium 
sulfate and praseodymium sulfate in solution 
(3-2 valence type) that it can be measured with 
a very considerable degree of accuracy.

The measurements are much less complete as 
regards the effect of concentration change, but 
again, insofar as our experiments extend, this 
influence is entirely consistent with the predic­
tions and requirements of the dispersion theory. 
The data for barium chloride and magnesium 
sulfate Solutions are the only ones which are now 
involved. The change of conductance with fre­
quency is very small at the higher concentrations 
in the wave length region in which these studies

were made. The theory predicts that in order to 
observe large changes of conductance at the higher 
concentrations it will be necessary to measure the 
effects at much higher frequencies than were 
available to us. However, this shift of the 
critical frequency range toward the shorter wave 
lengths is indicated clearly by the experimental 
data for both barium chloride and magnesium 
sulfate Solutions, with the more pronounced in­
creases in conductance being observed in the Solu­
tions of lower concentration. For the study of 
the effect of changes in concentration measure­
ments of Wien17 with magnesium sulfate and 
barium ferricyanide Solutions at 10, 20 and 40 
meters are especially deserving of mention.

The significance of experiments of the type made 
by us now can be suggested. In the interionic at­
traction theories the fundamental idea is that the 
ions cannot be distributed at random in a solution, 
since, owing to the coulomb forces, there must be 
an excess of positive ions in the neighborhood of 
a negative ion and vice versa. Thus each ion is 
considered to be surrounded by a symmetrica] 
ionic atmosphere with distribution of charge de­
pending upon the square root of the concentration. 
It order to explain the ordinary conductance 
behavior of an electrolyte solution the number of 
the ions and their mobilities must be considered. 
The interionic attraction theory describes the ef­
fect of the electrical forces on the ionic mobilities 
by assuming the ionic atmosphere to have a defi­
nite time of formation and relaxation * On the 
basis of this assumption, if a constant current 
passes through such a solution the average distri­
bution of ions is changed and the ionic atmosphere 
loses its central symmetry, but if a high frequency 
voltage, with time necessary for one Vibration 
comparable to the time of relaxation, is applied, 
the dissymmetry of the atmosphere is greatly 
reduced and a conductance larger than that 
measured at ordinary low frequencies ought to 
result. If the experimentally observed conduct­
ances show satisfaetory agreement with the re­
quirements of the dispersion theory, as they do 
in the cases investigated by us, it can be claimed 
that the existence of such an atmosphere about 
each ion with finite time of relaxation, is definitely 
proved.

According to the theory the time of relaxation 
of the atmosphere (which is responsible for the 
dispersion effect) depends only on the mobilities 
of the ions and the forces between them. Thus,
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only the valence of the ions, the viscosity and 
dielectric constant of the solvent, and certain other 
physical factors are involved. If we wish to in­
vestigate whether or not in an ionic solution the 
Chemical nature of the solvent and the affinities of 
ions play an important role, experiments of the 
type described above in which these factors are 
varied can give valuable information. In the 
experiments here reported a nearly ideal ionic 
behavior is observed, but it is probably accounted 
for because only extremely dilute aqueous Solu­
tions were considered. But even if the Chemical 
nature of the solvent and the affinities of the ions 
are predominant factors, such experiments as 
these are still of significance because they explain 
and predict the behavior of ideal electrolytes and 
make possible a measure of the deviations from 
ideality in the actual solution.

Sum m ary
1. A quantitative experimental study of the 

dispersions of the electrical conductance for strong 
electrolytes of several valence types in extremely 
dilute aqueous Solutions has been made. The 
conductance of these Solutions was observed at 
frequencies corresponding to the seven wave 
lengths, 15, 30, 50, 75, 100, 130 and 170 meters. 
In addition, observations were made at the 
frequency 1000 cycles.

2. The results of the experiments have been
compared with the requirements of the dispersion 
theory. They are found to be in satisfaetory 
quantitative agreement, indicating once more that 
in all probability the purely physical interionic 
attraction theory does adequately explain and de- 
scribe the behavior of an ideal electrolyte. 
M a d i s o n , Wis. R e c e i v e d  A u g u s t  17, 1936

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

The Thermodynamics of Cadmium Chloride in Aqueous Solution from Electromotive
Force Measurements1

B y  H e r b er t  S. H arned  and  M argaret E . F itzgerald

Measurements of the electromotive forces of 
the cell

Cd-CdsHg (11%) ] CdCl2(w) | AgCl-Ag (1)

have been made at 5° intervals from 0 to 40°, in­
clusive, and throughout a cadmium chloride con­
centration range of 0.0005 to 1 M . From the re­
sults, the Standard potential of the cell, jE0, the 
activity coefficients and other thermodynamic 
properties of cadmium chloride have been com­
puted.

E xperim ental P roced u re

The silver-silver chloride electrodes of the kind 
designated by Harned2 as type (2) were used. 
The cadmium amalgam was prepared from pure 
redistilled Kahlbaum cadmium and distilled mer­
cury. The amalgam electrodes containing 11% of 
total cadmium were made individually in each 
cell vessel.

Mercury and an excess of cadmium were intro­
duced in a suitable glass vessel which was then

(1) T h is com m u n ication  con ta in s  m ateria l from  a D issertation  
presented to  th e  G raduate F a c u lty  of Y a le  U n iversity  in  partial 
fu lfilm ent of th e  requirem ents for th e  degree of D o cto r  of P h ilo sop h y , 
June, 1936.

(2) H arned, T h is  Jo u r n a l , 51, 416  (1929);

evacuated. This mixture was placed in a water- 
bath at 60° for fifteen minutes, and was shaken 
frequently. The saturated amalgam formed in 
this manner was allowed to flow through a sealed 
tube into the amalgam electrode compartments 
of four cells where it covered the sealed in plati­
num wires which made contact with the external 
leads. Since this Operation was carried out in 
vacuo, the amalgam was free of oxide. In the 
case of cells containing dilute Solutions (m < 0.05 
M) the silver chloride electrode was immersed 
in the same compartment as the amalgam. On 
the other hand, with higher concentrations of 
solution the life of the cell was found to be con­
siderably increased by separating the electrode 
compartments by means of a tube and a stopcock 
which was closed at times when actual measure­
ments were not in progress.

A Standard concentrated stock solution was 
made from a high-grade carefully purified cad­
mium chloride and conductivity water. lts 
strength was found by gravimetric determina­
tion of its chloride content. More dilute Solu­
tions were prepared by adding weighed amounts 
of the Standard solution to water. The cell solu-
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tions were then boiled in vacuo to remove dis­
solved air, and kept under hydrogen. Correc­
tions were made for the water boiled off during 
this process and vacuum corrections were made 
for all weighings.

The cells came to equilibrium in one to two 
hours after preparation. Four cells were meas­
ured at each concentration. The temperature 
control was within =*=0 .02°.

Experimental Results
Electromotive forces were determined at thirty- 

odd concentrations ranging from 0.0005 to 1 M  
and at 5° intervals from 0 to 40°. These were 
smoothed to round concentrations from a graph 
of E versus log m. The actual values may be 
expressed conveniently by means of the quad­
ratic equation

E =  F 25 +  a(t -  25) -f b(t -  25)2 (2)

Values of E2&, a and b are given in Table I. In 
the last column are given the average deviation

T a b l e  I

C o n s t a n t s  o f  E q u a t i o n  ( 2 )

E = Electromotive Force of the Cell:
Cd-CdzHg 1 O Cu O ? lAgCl-Ag

m E26 a X 106 b X ÏO« A,mv.
0.0005 0.8539 560 - 3 .4 8 0.14

.001 .82997 494 -3 .4 0 .10

.002 .80701 430 -3 .3 0 .06

.005 . 7 7 8 5 1 356 -3 .1 3 .18

.007 .76862 338 -3 .0 2 .07

.01 .75846 305 -2 .9 3 .07

.02 .73976 242 -2 .5 5 .11

.05 .71739 185 -2 .0 5 .04

.07 .70974 161 -1 .8 8 .05

.1 .70175 136 -1 .6 8 .06

.2 .68656 104 -1 .3 0 .09

.5 .66864 48 -0 .8 0 .13

.7 .66258 29 -  . 62 .08
1.0 .65640 12 -  .44 .15

E o(26) ao X 106 ■ &0 X 106
Eo,: .57390 —394 -3 .6 3 .09

between the observed results and those computed 
by the equation. In other words, A is the sum of 
the magnitudes of deviations at the nine tempera­
tures divided by nine.

Similar cells have been measured at 25° by 
Horsch,8 Lucasse4 and from 0 to 45° by Quintin.5 
Since Horsch and Lucasse used amalgams of 
different compositions which were unsaturated,

(3) H orsch, T h is  J o u r n a l , 41, 1787 (1919).
(4) Lucasse, ib id . ,  51, 2597 (1929).
(5) Quintin, C o m p t. r e n d ., 200, 1579 (1935).

the absolute values of their electromotive forces 
are different from the present results. Graphs 
of the data of Horsch, Lucasse and the present 
results versus log m  were found to be parallel, 
which indicated the same effect of change in con­
centration in all cases. Lucasse did not state 
the strength of the amalgam employed. The 
explanation of the difference between our results 
and those of Horsch is due not only to the differ­
ence in amalgam strength but also to the fact that 
Horsch employed silver-silver chloride electrodes 
prepared in the manner described by Lewis and 
Brighton.6 These were found to be several 
millivolts different from the type of electrode 
employed by us. On the other hand, our results 
are in close agreement with those of Quintin who 
also employed the saturated amalgam.

The experimental accuracy was in general of 
the order of 0.1 mv. At the higher concentra­
tions ( > 0.1 M ), the experimental error was found 
to be somewhat greater than this.

E valuation  of th e  S tan dard  P o te n tia l o f th e  C ell

The electromotive force of the cell may be 
represented by the equation

E — Eo — k log 4m3Ydb3 (3)

where E0 is the Standard potential, m and Y± are 
the molality and stoichiometrical activity coëffi­
ciënt of cadmium chloride and k equals 2.303 
RT/2F. By replacing log 7 =* by (—/jl y/m  +  
B'm) where n is the limiting slope of the Debye 
and Hückel theory, we obtain

E +  k log 4m* — 3ku^/jü — Eo — B'm =  (4)

The left-hand side, plotted against y/m, was 
found to give a curve at all temperatures of which 
the slope increased with decreasing concentration. 
The data of Horsch in very dilute Solutions at 25° 
was plotted in this way and although a fairly 
representative straight line could be drawn, the 
uncertainty of this method of extrapolation was 
great. Further, these graphs possessed slopes 
about twice that predicted by theory. This un­
certainty is shown by earlier extrapolations. 
Getman7 plotted this function against y/ji, using 
Horsch’s data and found E0 to be 0.6215. La 
Mer, Gronwall and Greiff8 plotted the same data 
against y/m  and obtained 0.5790 for E 0 but did 
not consider this a proper value. Instead they 
applied their extension of the Debye and Hückel

(6) L ew is and B righton , T h is  J o u r n a l , 39, 1908 (1917 ).
(7) G etm an, J. Phys. Chem., 35, 588  (1931 ).
(8) L a M er, G ronw all an d  G reiff, ib id . ,  35, 2245  (1931 ).
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theory using an apparent ionic diameter ‘ V ’ of 1 
Ä.„ and obtained 0.6230 for E0-

According to equation (4), if cadmium chloride 
were a completely dissociated electrolyte, a plot 
of E  +  k log 4m3 — Skß\/m  should be linear 
with m in dilute Solutions. That this is not the 
case confirms the view derived from conductance 
data that cadmium chloride is incompletely dis­
sociated.

The dissociation mechanism which from the 
character of the data appears to be most suitable 
is

CdCl2 -  CI" +  CdCl+ ^=±: Cd++ +  Cl~ (5)

according to which cadmium chloride is com­
pletely dissociated while the ion CdCl+ is par­
tially dissociated. I t  is probable that both 
cadmium chloride and CdCl+ are incompletely 
dissociated. The above assumption neglects the 
first dissociation as having a negligible effect com­
pared to the second in dilute solution. If a  is the 
degree of dissociation of CdCl+ and K  the disso­
ciation constant of this equilibrium, then the for­
mer is given by the equation

V ( ‘ + = £ ) ’+*=?=}■ (6)
if 7 XC1 is assumed to equal 7'cdci*

Some idea of the magnitude of K  may be gained 
by considering the conductance data of Wer- 
shoven9 at 18°, from which Noyes and Falk10 cal­
culated degrees of dissociation. These estimates 
place K  between 0.007 and 0.02. From the same 
data, Reghellato and Davies11 found, by means of 
Onsager’s theory and by assuming a reasonable 
value for the mobility of the ion CdCl4 , an equilib­
rium constant of 0.0101 at 25°.

Our first step was to compute a  by equation (6) 
for values of K  in the neighborhood of 0.01 (0.005 
to 0.015). 7 'cd was computed from the Debye 
and Hückel equation

log 7'cd -  -2 u V jP /( l  +  A V »') (7)

employing a value of the mean apparent diameter 
‘V ’ of 5 Ä. The primed quantities are real, while 
the unprimed quantities are stoichiometrical. 
Thus, ß' is %2/2  where represents the ac­
tual ionic concentrations. This required the fol­
lowing procedure. An initial value of a  was as-

(9) W ersh oven , Z . p h y s ik .  C h em ., 5, 481 (1890).
(10) N o y e s  an d  F a lk , T h is  Journal, 34, 475 (1912).
(11) R eg h ella to  and D a v ie s , T r a n s . F a r a d a y  S o c ., 26, 592 (1930).

sumed for values of K  and m under consideration. 
From this, ßf was calculated from the relation

IL =  (2a +  1 )m (8)
and y 'Cd was obtained by equation (7). Then a 
was recalculated by equation (6) using this value 
of 7 'cd- From this value of a another 7 'Cd and /x' 
were found, and equation (7) applied again. This 
process was repeated until the same value of a, to 
a few ten thousandths of a unit, was obtained 
twice. This procedure was carried out at 0, 25 
and 40° to obtain values of a from 0.0005 to 0.5 M  
with various values of K.

Equation (3) is written in terms of the stoichio­
metric activity and coefficients and molality. It 
may also be written in terms of the real activity 
coëfficiënt 7 '* and actual ionic concentrations in 
the form

E =  Eq — k log a ( l +  a)2m37± 3 (9)

From the definition of E H in equation (4) ,we have 
-Eh — Eo — E  — Eo 4- k log 4w3 — 3 k u \/jj. (10) 

which combined with equation (9) gives
En — Eo — k log 4 — log a(a +  l ) 2—3& log 7' — Sku\/Ji

(11)
The right side of this latter equation was computed 
for various values of K  and plotted against y/m, 
using the activity coëfficiënt of barium chloride 
obtained by Tippetts and Newton12 for the real ac­
tivity coëfficiënt of cadmium chloride, 7 '*. This 
Substitution is a reasonable one in dilute Solutions 
and increases in validity with decreasing concen­
tration. In Fig. 1 the general form of these 
curves are illustrated by the smooth lines.

The function, E H, computed from E  by equa­
tion (4) was then plotted for 0, 25 and 40° against 
y/m  and compared to the curves calculated by 
equation (11) and for values of K  varied by one 
thousandth unit. In Fig. 1 plots of this function 
are shown together with the curves which fitted 
them best. The values of the dissociation-con­
stants employed finally were 0.013,0.011 and 0.010 
at 0, 25 and 40°, respectively. The values of the 
right-hand member of equation (11) were read 
off the curves and subtracted from the original un- 
smoothed E H functions. According to equations 
(10) and (11), this gave

Eo =  E +  k log a (l +  ci)2m3y'j=s (12)

The values of E0 obtained in this manner were 
averaged by drawing a straight line of zero slope 
through the points obtained by plotting against 
Vw. The actual plots of these functions com-

(12) T ip p e tts  and N ew to n , T his Journal, 56, 1675 (1934).
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puted from the unsmoothed electromotive forces 
are also shown in Fig. 1.

In order to obtain È0 at the other temperatures, 
the correction factors, £ H — E 0, used for each con­
centration at 0, 25 and 40° were plotted against 
temperature and smoothed curves drawn through 
three points. The correction factors read from 
these curves at the intermediate temperatures 
were then applied in the manner previously de­
scribed to En, and the values of Eq so obtained 
were averaged. These Standard potentials are 
given in the second column of Table II.

T a b l e  II
S t a n d a r d  P o t e n t i a l s  o f :

Cd-CditHg (ll% )|CdCl2 0 )1  AgCl-Ag; £„ 
Cd-CdzHg (ll% )|Cd++; £</.Cd(s)|Cd++; £ 0"

t Eo Eo' Eo" Eo"(2ö)
0 0,58151 0.3452 0.4006 0.40073
5 .58039 .3465 .4010 .398618

10 .57900 .3477 .4013 .39677
15 .57755 .3491 .4016 .39828
20 .57581 .3403 .4018 . 396420
25 .57300 .3515 .4020 .402614
30 .57175 .3326 .4021 .400919
35 .56955 .3539 .4020 .39607
40 .56730 .3553 .4026 .4020a
® This investigation.

These results may be represented by the equation 
Eo = £ o(25 ) + oLo{t -  2 5 )  + bo(t -  2 5 ) 2 ( 1 3 )

similar in form to equation (2). Numerical 
values of the constants of this equation are given 
at the bottom of Table I.

The function computed by equation (11) is cer­
tainly of the same form in dilute Solutions as when 
computed from the observed electromotive forces. 
This gives us confidence that the method of extra­
polation here employed is reasonable and that the 
values obtained for E q are a close approaeh to the 
true values. We note that the dissociation con­
stant seems to decrease with increasing tempera­
ture but do not regard this determination as an 
accurate evaluation of this quantity.
Standard P o ten tia l o f th e  E lectrode: C d(s) |C d++

The Standard potential of the two-phase amal­
gam electrode of 11% total cadmium content, E q ' ,  

can be computed readily from the values of Eq by 
subtracting the Standard potentials of the hydro­
gen silver-silver chloride cell given by Harned 
and Ehlers13 at the corresponding temperatures. 
The potentials thus obtained for the electrode 
Cd-Cd*Hg (11%) /  Cd++ are represented by Eq

(13) H arned and  E hlers, T h is  Jo u r n a l , 55, 2179 (1933).

and are given in the third column of Table II. 
Quintin14 obtained 0.3491, 0.3521 and 0.3553 at 
15, 25 and 35°, respectively, from an apparently 
identical cell by an application of the La Mer, 
Gronwall and Greiff8 method. These values are 
in fair agreement with those obtained by us.

0 0.1 _0.2 0.3
Vm.

Fig. 1.—Extrapolation functions at 0, 25 and 40° 
(scale in millivolts, diameters of circles, 0.8 mv.): (1)
Curves without points are theoretical according to Eq. 
(11). EH- E 0 is plotted. (2) Circles represent plots of 
Eh according to Eq. (4). (3) Dots represent Eo ac­
cording to Eq. (12). (4) The dissociation constants
were 0.010, 0.011 and 0.013 at 40,25 and 0°, respectively.

Parks and La Mer15 have measured the poten­
tial of cadmium amalgam of the same composition 
as that employed in the present investigation 
against cadmium. From their results and the 
values of E q '  in Table II, the values of the Stand­
ard potential, Eo", of the electrode Cd(s) /  Cd++, 
given in the fourth column of this table from 0 
to 30° were computed. The values at 35 and 40° 
were computed from the results of Getman16 for 
7 -cadmium. According to Cohen, 17 cadmium 
metal exists in three forms. Getman16 measured 
cells of cadmium against cadmium amalgam over 
a time interval and found that only 10% main-

(14) Q uintin , C o m p t. r e n d ., 200, 1754 (1935).
(15) Parks and L a M er, T h is  Jo u r n a l , 56, 90 (1934).
(16) G etm an, ib id . ,  39, 1806 (1917).
(17) C ohen, ''P h ysico-chem ica l M etam orphosis,"  M cG raw -H ill 

Book, C o., In c ., N e w  Y ork , 1926, p. 43.
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tained the original high value for the electromo- 
tive force which was due to 7 -Cd, while the po­
tentials of the other 90% dropped in value due to a 
change to ce- or ß-Cd. Parks and La Mer’s re­
sults agreed with those obtained for 7 -Cd by Get­
man, so that the values given by us in Table II 
are taken to refer to 7 -Cd.

There have been many attempts to pro vide a 
sound extrapolation of the existing data on cad­
mium chloride at 25°. The last column of Table 
II contains values of E q' obtained by the investi­
gators mentioned at the bottom of the table. The 
first four values were derived from Horsch’s data, 
the fifth from Horsch’s and Lucasse’s and the re­
mainder each used their own experimental results.

Brewster measured the potential of a cell with a 
liquid junction containing stick cadmium and 
calomel electrodes. German’s second value was 
obtained from measurements of a cell containing 
cadmium in the form of a single crystal and a calo­
mel electrode.

Some of the values have been changed. 
Horsch’s3 and Lewis and Randall’s18 values have 
been recalculated after correcting the silver chlo­
ride and calomel electrodes as indicated by the 
more recent values of the activity coëfficiënt of 
hydrochloric acid. Quintin’s silver chloride elec­
trode was assumed to be the same as the type used 
by us. A correction of 0.0534 volt for the amal­
gam electrode used by Horsch was added to the

(18) L ew is and R and all, “ T h erm od yn am ics ,”  M cG raw -H ill
B ook  C o., Inc ., N ew  Y ork, 1923, p. 360.

value of E q obtained from his data, and one of 
0.0505 volt to those obtained from amalgams of 
11% total cadmium content. All results should 
refer to 7 -Cd, although there remains some doubt 
regarding Getman’s cell containing a single crys­
tal. If this is a-Cd, a correction of 0.0031 volt 
should be added to Getman’s second value.

The principal cause of the difference in values of 
these Standard potentials is due to the methods of 
extrapolation. The first two determinations were 
made without the use of the limiting theoretical 
law of Debye and Hückel. This combined with 
giving too great weight to the determinations at 
extreme dilutions ( <0.0004 M) tends to give re­
sults that are too low. Getman’s extrapolation 

of Horsch’s data and Brewster’s19 
40 extrapolation of his own results 

were made by a plot suggested 
by equation (4). Again, the curve 
through the results in the concen­
tration range available possesses 

250 a slope greater than the theoreti­
cal, and as a result intercepts the 
axis at zero molality at a value of 
E q which is too low. Getman’s 
second value was computed by 
equation (3) from his results, and 
Horsch’s activity coefficients. 
Activity coefficients computed 
from a low value of E q would be 
too large, which would make 
Getman’s second value low also.

La Mer, Gronwall and Greiff 
could only fit the observed results 
with their equation upon the as­

sumption of an apparent ionic diameter of 1 Ä. 
Quintin’s extrapolation seems reasonable, al­
though the uncertainty is somewhat large because 
of the small number of points used. Scatchard 
and Tefft20 used a function similar to equation (11) 
but made a rough application only and in our 
opinion placed too much weight on Horsch’s re­
sults in very dilute Solutions.

This critique of methods of extrapolation along 
with our experience indicates that the higher values 
of E q' ( ~  0.402 volt) are more likely to be correct.
Activity C oëfficiënt, R ela tive Partia l M olal 

H e a t C ontent and Specific H e a t

The stoichiometric activity coëfficiënt 7 =̂ may 
be computed from the values of E  in Table I and

(19) B rew ster, R ec . tr a v . c h im ., 46 , 378 (1927).
(20) S catchard  and T efft, T h is  Jo u r n a l , 52, 2272 (1930).

Fig. 2.—Relative partial molal heat content, Lz, versus \/m .
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the values of E q in Table II by means of equation
(3). Unfortunately, accurate freezing point and 
vapor pressure data have not been obtained for 
cadmium chloride Solutions so that values of the 
activity coefficients derived from the different 
colligative properties are not available for com­
parison. Because of this, we have not tabulated 
activity coefficients.

The relative partial molal heat content, Lz, has 
been computed from equations (2) and (13) by the 
method given by Harned and Thomas.21 For a 
bi-univalent electrolyte, equation (17) of Harned 
and Thomas is

L>2 =  2 <x + 2 ß T * (14)
where the constants a and ß may be computed 
from the constants of equations (2) and (13). 
Equation (14) is a necessary consequence of the 
quadratic temperature Variation o i E  and E q, and

T a b l e  III
1,2, AND (C p — CPQ) in  Calories. Constants of E q. (14)

m ~  OL ß £-2(298) (Cp — Cp^) 298
0.0005 207 0.0035 186 4

.001 277 .0053 387 6

.002 392 .0076 566 9

.005 590 .0115 868 14

.007 710 .0141 1077 17

.01 885 .0160 1075 19

.02 1577 .0248 1254 30

.05 2566 .0364 1446 43

.07 2861 .0401 1505 48

.1 3232 .0449 1556 54

.2 3943 .0538 1634 64

.5 4946 .0652 1689 78

.7 5303 .0693 1708 83
1.0 5674 .0736 1720 88

(21) Harned and Thomas, T h is  Jo ur n a l  58, 761 (1936).

should only be applied to the temperature range 
(0 to 40°) in which the experimental results were 
found to conform closely to the quadratic relation­
ship. In Table III, values of a and ß are given 
at the concentrations designated. Values of Z,2 
at 25° are recorded in the table and plots of this 
quantity at 0, 25 and 40° are shown in Fig. 2. In 
the last column öf the table, values of the relative 
partial molal specific heat, Cp — Cp0, at 25° com­
puted from the equation

C P -  Cpo -  4 ß T  (15)

are also given. We have been unable to find ac­
curate calorimetrically determined values of these 
quantities so that further confirmation or disproof 
of the accuracy of these results and calculations 
cannot be obtained at the present time.

Summary
1. Measurements of the cells Cd-Hg*Cd 

(11%) | CdCl2 (m) | AgCl-Ag from 0  to 40° and 
at concentrations from 0.0005 to 1 M  have been 
made.

2. The Standard potential of the cell from 0 
to 40° has been computed by a method which 
assumes incomplete dissociation of an intermedi­
ate ion, the dissociation constant of which was esti­
mated to be 0.013, 0.011 and 0.010 at 0, 25 and 
40° respectively.

3. The Standard potential of the electrode: 
Cd7(s) | Cd++, has been computed from 0 to 40°.

4. The relative partial molal heat content and 
specific heat of cadmium chloride in aqueous solu­
tion have been calculated.
N e w  H a v e n , C o n n . R e c e iv e d  A u g u s t  20, 1936
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The Nature of Electrode Reactions. I. Factors Affecting the Electrochemical
Reduction of N-Nitrosomethylaniline1

B y  Jo h n  E. W ells , D onald E. B abcock a n d  W e sl e y  G. F rance

Alpha methylphenylhydrazine was first pre­
pared electrochemically by Bäcker2 through the 
reduction of phenylmethylnitramine and later3 
from the corresponding methylphenylnitrosamine. 
Tinned copper cathodes were used in both in­
stances but no detailed study of the reaction was 
made.

The present work consists of the investigation 
of the influence of the following factors on the 
electrochemical reduction of N-nitrosomethyl- 
aniline at copper, lead, cadmium, mercury and 
cadmium amalgam electrodes: (1) temperature, 
(2) current density, (3) acid concentration of the 
catholyte, (4) the extent to which the cathodes 
dissolve during the course of the reduction and the 
amount of Chemical reduction produced thereby,
(5) the magnitude of the potential drop at various 
current strengths resulting from the presence of 
the depolarizer.
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P e r c e n t a g e  o f  t o t a l  q u a n t i t y  o f  e le c tr ic ity .

F ig .  1 .— A  a n d  A ' ,  2  a m p . p e r  2 / 3  d m .2 

a t  c a d m iu m  c a th o d e  ; B a n d  B', 3 a m p . p e r  

2 / 3  d m .2 a t  c a d m iu m  c a t h o d e ;  C  a n d  C ' ,

2  a m p . p e r  2 / 3  d m .2 a t  c a d m iu m  a m a lg a m  

c a t h o d e .

The cell used was similar to that previously 
described.4 The nitrosomethylaniline was spe- 
cially prepared to ensure a high degree of purity by 
the method of Reverdin and de la Harpe.5 A 
weighed sample of the nitrosamine was placed in 
the cathode compartment of the cell with 200 ml.

(1) P resen ted  in  p art before th e  Organic D iv is ion  of th e Am erican  
C hem ica l S o c ie ty  a t th e  C hicago m eeting, Septem ber, 1933.

(2) B äck er, R ee. tra v . ch im . , 31, 142 (1912).
(3) B äcker, ib id . ,  32, 39 (1913).
(4) C ook and France, J .  P h y s . C h em ., 36, 2383 (1932).
(5) R everd in  and de la  H arpe, B e r ., 22, 1906 (1889).
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of electrolyte of known acid concentration, a 
further portion of the same acid solution was 
added to the anode compartment and the cell 
placed in a thermostat. The electrolyte was 
rapidly stirred and a constant current was main­
tained until the theoretical quantity of electricity 
required for the reduction had passed. Through­
out the course of the reduction small samples of 
the catholyte were removed at ten minute inter­
vals and analyzed for cathode metal ions and 
hydrazine content. The hydrazine was deter­
mined by a modified method of Strache,6 and the 
metal ion content by electrotitration. The col­
lected data are contained in the accompanying 
table and curves.

In Fig. 1 curves A, B and C, indicate the yield 
of hydrazine at various time intervals corre­
sponding to the passage of definite percentages 
of the total quantity of electricity theoretically 
required for the reduction. A', B' and C' are 
plots of the concentrations of the metal ions 
present in the catholyte at these same intervals 
in terms of the Chemical equivalents of methyl- 
phenylhydrazine based on the equation
CeH5(CH3)NNO +  4H + +  2Cd -

2Cd++ +  HOH +  C6H5(CH3)NNH2

These data show that during the course of the 
reduction the cadmium at first dissolves but later 
redeposits on the cathode and at the higher cur­
rent densities the dissolution of the electrode is 
diminished and the final yield of the hydrazine 
is increased. The curves in Fig. 2 in which the 
percentage yield is plotted against the current 
density show that the maximum yield for each 
electrode occurs at some definite current density. 
At current densities above or below this value the 
yields are smaller. The decreasing order for the 
optimum current densities of the electrodes is 
lead, cadmium, cadmium amalgam, mercury and 
copper. The same order was observed for the 
decreasing values of the maximum yields at the 
various electrodes.

From the curves in Fig. 3 in which the yields 
are plotted against the temperature it is clearly 
evident that a decrease in the temperature of the

(6) S trach e, M o n a tsh ., 12, 526 (1891); 1 3 ,2 2 9  (1892).
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reduction results in an increase in the yields at 
all electrodes. The temperature is of further 
importance in that it afïects the velocity of the 
undesirable side reactions. The first and most 
important of these is the rearrangement of the 
N-nitrosomethylaniline into />-nitrosomethylanil- 
ine, from which the desired hydrazine cannot be 
obtained. At the higher temperatures at which 
this reaction is most rapid the yields for all elec­
trodes were very low. The nitrosomethylaniline 
solidifies at a temperature of from 7-8° in 1.0 N  
hydrochloric acid, and therefore below this tem­
perature all reductions drop to a negligible value. 
The maximum yields were obtained at tempera­
tures just above the freezing point of the depolar- 
izer.

Current density in amperes 2/3 dm.2
Fig. 2.

The data presented in Fig. 1 indicate con- 
clusively that the electrochemical reduction is 
accompanied by a certain amount of purely 
Chemical reduction when cadmium and cadmium 
amalgam electrodes are used. In order to study 
further the extent of the Chemical reduction the 
following experiments were carried out over a 
selected range of temperatures and acid concen­
trations. The cells were set up exactly as before 
using the same quantity of depolarizer but without 
any current flowing. After a period of ninety 
minutes, the time required for the electrochemical 
reduction, the catholyte solution was analyzed 
for hydrazine content. These results are recorded 
in Table I.

These data together with those of Fig. 1 show 
that the dissolution of the electrode is a direct 
function of the temperature and acid concentration 
and an inverse function of the current density. It 
is interesting to note that whereas cadmium and 
the cadmium from the amalgam dissolved ap­
preciably the other electrodes of copper, lead and 
mercury did not. However tracés of these latter

T a b l e  I
R e d u c t i o n  b y  P u r e l y  C h e m i c a l  M e a n s  w i t h  t h e  S a m e  

E l e c t r o d e s  U s e d  i n  t h e  E l e c t r o c h e m ic a l  R e d u c t i o n s

C urrent p assed  in  th is  case  is  zero, for 90 m in u tes ip  
each  case  w ith  200 ml. of electro ly te

A cid  H C l E lectrod e T em p ., Y ield ,
n orm ality m etal °G. %

'1.0 Cd 20 66.0
0.75 Cd 20 53.3

.50 Cd 20 35.6

. 10 Cd 20 8.4
1.00 Cu 20 0.0
1.00 Pb 20 .0
1.00 Hg 20 .0
0.90 Cd 23 66.7
0.90 Cd(Hg), 22 16.2
1.00 Cd 15 57.5
1.00 Cd 10 31.2
1.00 Cd 5 0.0

metals were usually found in the catholyte Solu­
tions. In the case of the cadmium amalgam the 
magnitude of the Chemical reduction of the nitro­
samine was diminished to a very small value. 
This decrease corresponded to the lowered concen­
tration of cadmium in the amalgam relative to 
that of the pure metal.

Fig. 3.

The copper cathodes appeared to be oxidized, 
presumably by the NO group of the nitrosamine. 
This fact together with the presence of the metal 
ions in the catholyte is strongly suggestive of the 
existence of a tendency on the part of the metal of 
the electrode to combine with the nitrosamine ad­
sorbed on the surface of the electrode.

Liebreich considered the tendency of the metals7 
to dissolve or corrode as being a function of their 
overvoltage values. He regarded the hydrogen 
as acting in two ways, one to reduce the metal 
oxide or form hydrides and two to be evolved as

(7) Liebreich, Korrosion Metalschut*, 3, 78-82 (1927).
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gaseous hydrogen. The same conclusion was 
reached by Theil and Echell.8

The magnitude of the potential drop of the 
cathodes at various current strengths due to the 
presence of the depolarizer was determined and 
found to be appreciable in all cases, the decreas­
ing order of magnitude being cadmium amalgam, 
lead, cadmium and copper. These results are 
expressed graphically in Fig. 4 in which the

potential drop (—AE volts) düe to the presence of 
the depolarizer is plotted against the corre­
sponding current strengths (amperes) at which the 
electrode potentials were measured. When con­
sidered in relation to the dissolution of the cad­
mium amalgam electrodes, these results suggest

(8) T h eil and E chell, K o r ro s io n  M e ta lsc h u tz , 4 , 121-133  (1928).

the possibility that the loss in the overvoltage 
value of the electrode due to the depolarizer may 
be the direct cause of the dissolution. This view 
is given added support by the fact that at the 
higher current densities and hence higher over­
voltage values, the concentrations of the metal 
ions in the catholyte Solutions were lower.

Summary
The results of this investigation may be sum­

marized as follows.
1. The electrochemical reduction of N-nitro­

somethylaniline proceeds most readily at a tem­
perature slightly above the freezing point of the 
depolarizer,

2. For Cd, Cd (Hg)*, Pb, Cu and Hg the opti­
mum current density is a specific characteristic of 
the electrode material.

3. In the main electrochemical reactions the 
acid concentration is not a major factor; how­
ever, the kind and concentration of acid and also 
the temperature may determine the course and 
extent of undesirable side reactions.

4. Purely Chemical reductions and associated 
side reactions may occur along with the electro­
chemical reductions at the active electrodes 
employed in this investigation.

5. The dissolution of the electrodes may be 
the result of the drop in the cathodic overvoltage 
due to the presence of the depolarizer.

6. The electrochemical reduction of N-nitro­
somethylaniline provides a highly satisfaetory way 
of preparing a-methylphenylhydrazine, giving 
yields as high as 85%.
C o l u m b u s , O h io  R e c e i v e d  J u l y  3, 1936
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A Cyclopentane Derivative from l,4-Dibromo-l,4-dibenzoylbutane

By R e y n o l d  C. F u s o n , A r n o l d  L ip p e r t , R. V. Y o u n g  a n d  H. H. H u l l y

A cyclopentane derivative (IV) was obtained 
by rearrangement of the oxide (III), which is 
formed when l,4-dibromo-l,4-dibenzoylbutane (I) 
is treated with zinc.1 It has now been found that 
this transformation of the diketone (I) into the

COCeHg

CH2CHBr NaCN
I -------- >

CH2CHBr
I

COCeHg
I

v Z*
COCeHg

CH2—CH 
] ^>C^-C6H5

c h 2—c h — o
III

/ C H ^
c h 2 c c n

CeHgCOCH CC6H 5  

II
vh 3po 4

COCeHg
1

c h 2-
I

-C H
1 N cHC6H5

c h 2- -CO
IV

cyclopentanone can be effected in another way. 
The first step involves the action of sodium 
cyanide on the dibromo diketone, and gives a 
cyano dihydro-1,4-pyran (II).2 When this nitrile 
is heated with sirupy phosphoric acid, it is con­
verted to the cyclopentanone (IV).

This curious change of II into IV involves 
hydrolysis of the cyano group, opening of the 
dihydro-1,4-pyran ring, decarboxylation of the 
resulting acid and finally closure to the cyclo­
pentanone. It seems probable that these reac­
tions take place in the following sequence

/ CHN
CH2 CCN 

C6 H5COCH CC6H 5

/ C H ^
CH2 CHiCOÖiH
I I ,~ r~ '

CeHgCOCHOH COCeHg

/ / c h 2>
c h 2 CCOOH

CeHgCOCH CC6H 5

CH2
/CH2N

c h 2

CHOH / COC6H6
\  /

x c o

/C H N
HOCH

!
HOC—

CH2

-CHCOCeHg

C5H6
V

c h n  
co  c h 2

c6h 5c h — —CHCOC6H6

C6H 6 IV

(1) Fuson and Farlow, T h is  J o u r n a l , 56, 1593 (1934); Babcock 
and Fuson, ibid., 58, 2325 (1936).

(2) Fuson, Kuykendall and Wilhelm, ibid., 53, 4187 (1931).

In an effort to gain some insight into this com­
plex change, we have prepared the benzoate of 
the hydroxy diketone (V) and subjected it to the 
action of phosphoric acid. The synthesis of the 
benzoate (VI) was accomplished by the following 
series of transformations
C6H5CO(CH2)4COOH — C6H5COCH(CH2)3COOH — >

Br
C6H5COCH(CH2)3COCl C6H5COCH(CH2)3COC6H5 —

Br Br
C6H6COCH(CH2)3COC6Hfi

(!) COCeHg
- • -V. VI

This benzoate should be hydrolyzed by the hot 
85% phosphoric acid to the hydroxy diketone (V), 
and the latter, if really an intermediate in the 
process, should yield the cyclopentanone. The 
result of the test was an 80% yield of the ex­
pected eompound (IV). This lends support to 
the proposed mechanism.

Experimental
The transformation of the cyano eompound (II) into the 

cyclopentanone (IV) can be effected by use of sulfuric acid 
or phosphoric acid. The best yields were obtained by use 
of the following procedure. Ten grams of the cyano com­
pound was dissolved in 300 cc. of 85% phosphoric acid and 
25 cc. of 95% ethyl alcohol. The mixture was stirred for 
eighteen hours and then heated under reflux on a hot-plate 
for eight hours. When the reaction mixture had cooled, it 
was placed in a 2-liter beaker and diluted to a volume of 
1800 cc. by addition of water. The yellow solid which 
separated over a period of several hours was removed by 
filtration and recrystallized from ethyl alcohol. The melt­
ing point was 159-159.5° (corr.) and was not depressed 
by admixture with 2-phenyl-3-benzoylcyclopentanone. 
The yield was 40% of the theoretical amount.

The benzoate of 1-hydroxy- 1,4-dibenzoylbutane was 
synthesized by the following series of reactions.

d-Bromo-5-benzoylvaleric Acid.—Thirty grams of 8- 
benzoylvaleric acid, prepared according to Hill,3 was dis­
solved in 300 cc. of hot carbon tetrachloride. To this 
solution was added 25 g. of bromine through a capillary 
tube extending beneath the surface of the liquid. The re­
action was complete in about ten minutes. Air was then 
drawn through the warm solution until the volume was 
about 150 cc. When cooled, the solution deposited crys­
tals which were purified by precipitation from a cold ethyl 
acetate solution by the addition of petroleum ether (25- 
45°). The yield is 30 g. of product which melts at 109-110°,

(3) Hill, tbid., 54, 4105 (1932).
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AnaL Calcd. for Ci2Hi30 3Br: C, 50.52; H, 4.60; Br, 
28.04. Found: C, 50.63; H, 4.87; Br, 27.83.

l-Bromo-l,4-dibenzoylbutane.—Twenty grams of 5- 
bromo-5-benzoylvaleric acid and 14 cc. of thionyl chloride 
were warmed gently on the steam-bath for one hour; then 
the excess thionyl chloride was removed by heating the 
reaction mixture to 60° under diminished pressure. The 
ö-benzoyl-5-bromovaleryl chloride thus obtained was 
added dropwise to an ice-cold suspension of 18 g. of alu­
minum chloride in 100 cc. of benzene. After the addition 
of the acid chloride the reaction mixture was allowed to 
stand overnight at room temperature. Decomposition of 
the complex gave 13 g. of l-bromo-l,4-dibenzoylbutane 
which melted at 62-63°.

Anal. Calcd. for QgHnOaBr: Br, 23.16. Found: Br, 
23.31.

The Benzoate of 1-Hydroxy-1,4-dibenzoylbutane.—Five 
grams of l-bromo-l,4-dibenzoylbutane was dissolved in a 
solution of 1.2 g. of sodium benzoate in 75 cc. of ethyl al­
cohol and 10 cc. of water. The reaction mixture was 
heated under reflux for three hours. The alcohol was 
then removed from the solution and the residue was 
taken up in ethyl acetate. Addition of petroleum ether 
(b. p. 25-45°) to the solution precipitated crystals which 
melted at 110-111°. Three grams of the keto ester was 
obtained.

AnaL Calcd. for C25H22O4: C, 77.75; H, 5.78. Found: 
C, 77.67; H, 5.89.

2-Phenyl-3-benzoylcyclopentanone.—A solution of 5 g. 
of the benzoate of 1-hy droxy-1,4-dibenzoylbutane in 60 cc. 
of alcohol was added to 200 cc. of 85% phosphoric acid 
and the mixture heated under reflux for twelve hours. At 
the end of this time, the reaction mixture was poured into 
200 cc. of ice water and allowed to stand about thirty 
minutes. The precipitate was decolorized with norite and 
recrystallized from ethyl alcohol. There was obtained 3- 
g. of fine, colorless needles, melting at 156-158°. A mixed 
melting point with an authentic sample of 2-phenyl-3- 
benzoylcyclopentanone showed no depression.

Summary
Hot phosphoric acid couverts 2-phenyl-3~ 

cyano-6-benzoyl-5,6-dihydro-l,4-pyran (II) to a 
cyclopentanone derivative. A mechanism is pos­
tulated which involves the formation of 1-hydroxy-
1,4-dibenzoylbutane as an intermediate. The 
benzoate of this eompound has been prepared and 
treated with phosphoric acid; the product is the 
cyclopentanone in question. This result lends 
support to the proposed mechanism.
U r b a n a , I l l in o is  R e c e iv e d  O ctober  26, 1936

[C o n t r ib u t io n  from  t h e  C hem ical L aboratory  of t h e  U n iv e r sit y  o f  I l l in o is ]

Dihydro-1,4-pyrans. V. The Structure of the 3-Cyano Derivatives

By H. H. H ully , F. H. B rock and  R eynold  C. F uso n

In a previous paper1 the cyano compounds re­
sulting from the action of sodium cyanide on cer­
tain l,4-dibromo-l,4-diaroylbutanes were as­
signed tentatively a dihydro-1,4-pyran structure. 
Strong support for this structure was obtained by 
degradation of the cyano eompound obtained 
from l,4-dibromo-l,4-dibenzoylbutane. Use of 
the Beckmann rearrangement led to a series of 
derivatives whose properties were in accord with 
predictions based on the structure originally as­
signed (I).2 The end-product of this degrada­
tion has subsequently been definitely identified as 
a-hydroxy-5-benzqylvaleric acid (II).3 In view 
of these results, it seems certain that the original 
cyano eompound has the dihydro-1,4-pyran struc­
ture.

In the search for confirmatory evidence, we 
have studied the effects of certain oxidizing and 
reducing agents on this dihydro-1,4-pyran.

(1) Fuson, Kuykendall and Wilhelm, T h is  Jo u r n a l , 53, 4187 
(1931).

(2) Kao and Fuson, ibid., 54, 313 (1932).
(3) Fuson, Wojicik and Turck, ibid., 56, 235 (1934).

Concentrated nitric acid attacks the ethylenic 
bond and produces the nitric ester of a nitro 
alcohol. By analogy with similar cases4 we have 
assigned structure III to this eompound. lts 
formation was the first definite proof of the 
presence of the ethylenic bond in the parent 
substance.

Catalytic hydrogenation, however, did not 
affect the ethylenic bond. On the contrary, the 
carbonyl group was attacked preferentially. The 
resulting alcohol (IV) was found to yield a ure­
than when treated with phenyl isocyanate. Treat­
ment with chromic acid oxidized the alcohol to the 
original ketone. Concentrated nitric acid con­
verted the carbinol (IV) into the same derivative
(III) which was obtained from the original cyano 
pyran (I).

Ozone attacked the ethylenic linkage and pro­
duced an ozonide which led to ring opening in the 
expected manner. The cleavage product (V), 
when treated with alkali, gave benzoic acid (one

(4) See, for example, Van Der Lee, Ree. trav. chim., 47, 920 (1928).
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mole), and a mixture of compounds from which
succinic acid was isolated.

/ c h n
c h 2 c c n

/C H 2.
CH, CH2

1 II
CeHsCOCH CCsHü

| |
ho2cch  coc«h 6

\ > /
1

OH
I II

/ CHN  /C N
c h 2 c<
1 | x n o 2

/ CIN
ch2 c c n

OH I II
/ONO2 1

CeHsCOCH C< C6H5CH—C C—CeHs

\ o /  ' ClH> ■ \ o /
III IV

/C H 2sx
CHa COj |CHa COaHI

CeHöCOCH COCeHß CßHßCOCH 0

N /
V VI

Attempts to synthesize this open-chain deriva­
tive were, however, unsuccessful. 3 To this end 
7 -bromo-y-benzoylbutyric acid was prepared and 
treated with silver benzoate. The only product 
which could be obtained was the 7 -benzoylbutyro- 
lactone (VI).

Experimental
The Action of Nitric Acid on 2-Phenyl-3-cyano-6- 

benzoyl-5,6-dihydro-1,4-pyran.—One gram of 2-phenyl-3- 
cyano-6-benzoyl-5,6-dihydro-1,4-pyran was dissolved in 5 
cc. of glacial acetic acid and a solution of 1 cc. of concen­
trated nitric acid (sp. gr., 1.42) in 3 cc. of glacial acetic 
acid was added slowly. The reaction mixture was heated 
at 100° for one hour. Oxides of nitrogen were evolved 
during this time. The solution was then poured into 200 
cc. of ice water, the precipitate collected on a filter and 
crystallized from ethyl alcohol. There was obtained 1 g. 
of a product melting at 139.5-140°, with evolution of ox­
ides of nitrogen.

AnaL Calcd. for CioHi50 7N3: C, 57.43; H, 3.81.
Found: C, 57.31, 57.29; H, 4.04, 3.93.

This eompound, to which was assigned formula III, was 
also made by the action at 0° of fuming nitric acid on the 
carbinol (IV).

Reduction of 2-Phenyl-3-cyano-6-benzoyl-5,6-dihydro-
1,4-pyran.—Seven and eighteen-hundredths grams of 2- 
phenyl-3-cyano-6-benzoyl-5,6-dihydro- 1,4-pyran was dis­
solved in 300 cc. of ethyl acetate and treated with hydro­
gen under a pressure of three atmospheres for fourteen 
hours in the presence of a platinum oxide catalyst. The 
platinum was removed from the solution, and the ethyl 
acetate removed by distillation. The residue, after

several recrystallizations from dilute alcohol, melted at 
110-113°.

The carbinol could not be purified satisfactorily, since 
deposition of an oil always accompanied crystallization. 
Treatment of the carbinol with phenyl isocyanate, how­
ever, gave the corresponding urethan, which could be satis­
factorily purified by crystallization from ethyl alcohol. 
The melting point is 137-138°.

AnaL Calcd. for C26H220 8N2: N, 6.83. Found: N, 
6.92.

Oxidation of the Carbinol.—One gram of the carbinol 
was dissolved in 10 cc. of glacial acetic acid, and to this was 
added 0.2 g. of chromic anhydride in 40 cc. of acetic acid. 
The solution was warmed on the steam cone for ten min­
utes. The solution was then diluted with 200 cc. of water, 
neutralized with aqueous sodium hydroxide and extracted 
with ether. Evaporation of the ether left a residue which 
melted at 105-106° after recrystallization from ethyl ace­
tate. A mixed melting point with 2-phenyl-3-cyano-6- 
benzoyl-5,6-dihydro-1,4-pyran gave no depression. The 
yield was practically quantitative.

Ozonolysis of 2-Phenyl-3-cyano-6-benzoyl-5,6-dihy- 
dro-1,4-pyran.—Two grams of 2-phenyl-3-cyano-6-ben- 
zoyl-5,6-dihydro-1,4-pyran was dissolved in 40 cc. of gla­
cial acetic acid and a moderate stream of ozone was bub­
bled through the solution for seven hours. The ozonide 
was decomposed by the addition of* water. After several 
hours crystals were deposited; these were dissolved in 
ethyl acetate and reprecipitated by the addition of petro­
leum ether (b. p. 25-45°). After several recrystalliza­
tions, the acid melted at 113 ° ; yield 0.5 g.

AnaL Calcd. for CisHieOg: C, 69.2; H, 5.14; neut. 
equiv., 312. Found: C, 69.39; H, 5.27; neut. equiv., 316.

The semicarbazone melted (from an alcohol-water mix­
ture) at 190-195°, with decomposition.

AnaL Calcd. for C19H190 5N8: C, 61.8; H, 5.15.
Found: C, 62.2; H, 5.4.

Hydrolysis of the Benzoate of Y-Hydroxy-Y-benzoylbu- 
tyric Acid (V).—Sixteen-hundredths of a gram of the 
benzoate of Y-hydroxy-Y-benzoylbutyric acid, which was 
produced by the ozonolysis just described, was treated with 
an excess of sodium hydroxide solution and allowed to 
stand overnight. The solution was then acidified and 
concentrated to a volume of 5 cc.; it was then extracted 
with ether. Evaporation of the ether left crystals which 
melted at 182-184°. A mixed melting point with succinic 
acid showed no depression.

Summary
Further evidence has been obtained in confirma­

tion of the dihydro-1,4-pyran structure previously 
assigned to the cyano eompound derived from
1,4-dibromo-1,4-dibenzoylbutane by the action 
of sodium cyanide.
IJr b a n a , I l l i n o i s  R e c e i v e d  O c t o b e r  30, 1936
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Rearrangements of «-Propylcrotyl Chloride and «-Propylcrotyl Phenyl Ether

B y  Ch arles  D. H urd  a nd  J onathan  W . W illiam s

2636 Charles D. Hurd and Jonathan W. Williams Vol. 58

The rearrangement of several «-alkylcrotyl 
phenyl ethers was studied by Hurd and Cohen.1 
The ethers were synthesized from crotonaldehyde 
by the following series of steps.

RMgX PC15
CH8CH=CHCHO------------- ^  CH8CH=CHCHR------

hydrolysis |
OH

A
PhOH

CH3CH=CHCHC1R-------- ^  CH3CH=CHCHR
I

OPh
B C

Rearrangement of (C) by heating at 230° yielded 
/O H

the phenol (D), C6H4<f . It was
\CH(CH3)CH=CHR

not established whether or not A, B and C were free 
from allylic isomers E, F and G, respectively. 
CH3CHCH=CHR CH3CHC1CH=CHR

I
OH

E F
c h 8c h c h = c h r

OPh
G

This question was significant since an allylic 
rearrangement of a-alkylallyl alcohols, CH2=  
CHCHOHR, does occur during reaction with 
halogen acids. Until recently it was thought that 
the rearrangement into CH2XCH=CHR was 
complete. In the case of «-methylallyl alcohol, 
it has been established2 that the related bromide 
is an equilibrium mixture of l-bromo-2-butene and
3-bromo-l-butene, the former predominating. It 
would be reasonable to assume, therefore, that B 
(as prepared) would be a mixture of B and F, in 
which case C would be admixed with G.

The R-groups in the «-alkylcrotyl compounds 
of Hurd and Cohen were methyl, ethyl and propyl. 
It was decided to study the last of these, although 
the second would have been equally appropriate. 
The first was inapplicable (since B = F). It was 
planned to test for the presence of isomeric pairs 
by ozonolysis. Compounds A to C would yield 
acetaldehyde or acetic acid, whereas E to G 
would produce butyraldehyde or butyric acid. 
Mixtures of isomeric pairs would produce cor­
responding mixtures of acetic and butyric acids.

(1) Hurd and Cohen, T his Journal, 53, 1917 (1931).
( 2 )  Winstein and Young, i b i d . ,  58, 104 (1936).

It was found by this means that the propyl- 
crotyl alcohol was practically pure A. Conver­
sion to the chloride did cause some isomerization, 
but B predominated over F. About the same 
ratio (80:20) was observed in the case of the 
phenyl ether, showing that the latter was a 
mixture of C +  G, with C in considerable 
excess.

The rearrangement of C into D involves an 
inversion of the propylcrotyl group. Claisen3 
was the first to call attention to such an effect. 
He demonstrated that (H), which may be formed

rI J —c h 2c h ===c h c h 3
h

f  N—OH -OH

( ) —CH—CH—CHü •CH—CH=CHCHs

CHa C3 H7

I  J

from phenol by direct crotylation, differs from I, 
the chief product formed on pyrolysis of phenyl 
crotyl ether. Evidence in support of Claisen’s 
viewpoint was obtained in the present work. 
Rearrangement of propylcrotyl phenyl ether (the 
mixture of C +  G) yielded a mixture of phenols 
(D +  J). Analysis showed that the ratio of 
phenols in the (D +  J)-mixture corresponded 
within limits of experimental error to the ratio in 
(C +  G).

Experimental Part
ê-Heptene-4-ol, 4-chloro~2-heptene, or-propylcrotyl 

phenyl ether and a-methyl-5-ethylcrotylphenol were pre­
pared as described by Hurd and Cohen.1 The boiling 
points taken, respectively, were 60-65° (23 mm.), 140- 
145°, 170-173° (35 mm.) and 190-195° (18 mm.). For 
ozonizations, 2 to 3 g. was dissolved in 150-250 cc. of car­
bon tetrachloride and a stream of ozonized oxygen was 
conducted through the solution. The solvent was then 
distilled off and 100 cc. of water added to the residue of 
oily ozonide. After ten hours, 0.5-1 g. of sodium hydrox­
ide and silver oxide (from 10 g. of silver nitrate) were added 
and the mixture refluxed for three hours. It was then fil­
tered, acidified with dilute sulfuric acid and the volatile 
acid distilled. The moist silver oxide served not only to 
oxidize the aldehydes to acids, but also to convert the a- 
chloroaldehydes (from B or F) to non-volatile a-hydroxy

(3) Claisen and Tietze, B e r . ,  58, 275 (1925); 59,2344 (1926).
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acids. Analysis of the volatile acids was by Duclaux 
determinations4 on 100-cc. specimens.

Duclaux values of 6.4, 6.9, 7.3 were obtained for the first 
three 10-cc. portions of distillate collected from the vola­
tile acids from 2-heptene-4-ol. This represents nearly 
pure acetic acid. The slight deviation may be due to the 
presence of a-hydroxyvaleric acid, whose influence in this 
determination is unknown. Confirmation that the vola­
tile acid was acetic was the conversion of 0.5 g. of the so­
dium salts to 0.5 g. of ^-bromophenacyl acetate, m. p. 
84-85°, by reaction in 50% alcohol with ^-bromophenacyl 
bromide.

The volatile acids from the 4-chloro-2-heptene gave a 
Duclaux value of 23.3 for the first 30 cc. of distillate. 
From this, these simultaneous equations are applicable: 
Ac +  Bu = 100%; 0.197 Ac +  0.448 Bu = 23.3%. 
Solving, Ac (for acetic) = 86%; Bu (for butyric) = 14%. 
Hydrolysis of the chloride (3 g.) to the alcohol (1.6 g .; 
62% yield), b. p. 60-65° at 23 mm. and subsequent 
ozonolysis of the alcohol as before gave confirmatory evi­
dence that a mixture was involved. The value for 30 cc. 
of Duclaux distillate was 22.2, indicative of 90% Ac and 
10% Bu.

Duclaux analysis of the volatile acids from a-propylcro- 
tyl phenyl ether (after ozonolysis, etc.) gave 24.7 as the 
value for 30 cc. of distillate. This represents 80% Ac, 
20% Bu and indicates that the ether is a mixture of C and

(4) Virtanen and Pulkki, This J o u r n a l ., 50, 3143 (1928); McNair, 
ibid., 55, 1471 (1933).

G possibly in the ratio of 80:20. The assumption that the 
volatile acids are exclusively acetic and butyric may not be 
entirely correct in this case since a small portion of the 
volatile acid may come from the aromatic part of the 
molecule. The figures, however, seem fairly reliable.

The product of rearrangement, namely, «-methyl-5- 
ethylcrotylphenol, was treated analogously. The Du­
claux value for 30 cc. of distillate was 40.3. Calculation 
gives 18% Ac, 82% Bu, which indicates that the phenol is 
chiefly D together with a smaller amount of J. The pre­
ponderance of butyric acid in the volatile acids was wit- 
nessed by converting the acids to dry sodium salts (0.5 
g.) and treating the latter with p-bromophenacyl bromide. 
p-Bromophenacyl butyrate, m. p. 63°, was formed abun- 
dantly.

Summary
Partial allylic rearrangement of 4-chloro-2- 

heptene into 2-chloro-3-heptene is encountered 
during synthesis of the former from 2-heptene-
4-ol («-propylcrotyl alcohol). «-Propylcrotyl 
phenyl ether and its rearrangement product were 
prepared and their structures determined by 
ozonolysis. The evidence obtained supports the 
contention that the allyl group undergoes inver­
sion during rearrangement of allyl phenyl ether 
into 0-allylphenol.
E v a n st o n , I I I .  R e c e iv e d  S e p t e m b e r  15, 1936

[C o n t r ib u t io n  from  t h e  Chem ical  L aboratory  of H a r v a r d  U n iv e r s it y ]

Adsorption by Dehydrated Chabasite as a Function of the Water Content

B y  A rthur  B . Lamb and  J ohn  C. W oodhouse

Vom Rath1 in 1876 demonstrated that crystals 
of chabasite, a hydrated calcium, sodium, alumi­
num silicate, on dehydration retain their original 
form and clarity unchanged even when the loss of 
water amounts to nearly one-fifth of their original 
weight and a still larger fraction of their original 
volume. Friedel2 in 1896 found that these de­
hydrated crystals adsorb gases with marked 
avidity. Especially interesting is the more recent 
discovery made independently by several investi­
gators3 that such an adsorption does not take 
place with gases whose molecules are larger than 
a certain definite limiting size and so cannot enter 
the pores of uniform and atomic dimensions 
characteristic of this adsorbent.

Impressed by the interesting potentialities of
(1) G. vom Rath, Pogg. Ann., 158, 396 (1876).
(2) Friedel, Buil. Soc. franc, mineral, 19, 93-118, 363-384 (1896).
(3) Lamb, U. S. Patent 1,813,174 (Applied for September 25, 

1925); McBain, Colloid Sym. Mon., 4, 1 (1926); Kolloid Z., 40, 1 
(1926); Schmidt, Z physik. Chem., 133, 280 (1928):

these “crystallogenetic”4 adsorbents as we have 
called them, we have now made a careful study of 
the development of the adsorptive activity of 
chabasite as it is progressively dehydrated. As a 
criterion of this activity we have used the adsorp- 
tions of hydrogen, oxygen and carbon dioxide upon 
it, since they represent gases which are, re­
spectively, very slightly, moderately and largely 
adsorbed.

No similar study, so far as we are aware, has 
been made.

Apparatus
The samples of chabasite were dehydrated and the ad­

sorption of the resultant product measured in the apparatus 
shown in Fig. 1.

The manometer C was of the constantdevel type. The 
mercüry level oil the adsorbent side was kept exactly at (1) 
by the üse of the mërcüry reservoir B, placed ünder afiy dë-

(4) That ïs, adsorbenté wlÜcfi owe their adsorptive activity to thé 
crystal structure öf tHé parent siibstance from which ttiéy have beer) 
prepared.



sired pressure by air supplied from a hand pump. B was 
connected by a valve to C. The side of C away from the 
adsorbent was evacuated through the stopcock A by a dif­
fusion pump sealed to. the system.

Purified and triply distilled mercury was then admitted 
to C from B, and as high a vacuum as possible obtained 
with the diffusion pump. The empty manometer tube had 
been previously eleaned, and dried, by the passage through 
the heated tube öf dry air for long intervals. The mercury 
level was gradually raised by pressure from B, with the 
tube being kept hot, and under the low pressure provided 
by the diffusion pump. ïn about two hours it had risen to 
point (3) where the 7-mm. internal diameter tube joined a 
capillary tube 800 mm. long, leading down ward and ter-
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through the 5 mm. tube and this was sealed off flat at
(C). Since the residual volume of the small tube could 
be computed accurately from its linear dimensions, the 
total volume of the cell could be ascertained to within 
0.005 cc. The density of the undehydrated chabasite was 
determined to the second decimal place and using this value 
and taking the density of the water in the chabasite as 
unity, the free space in the cell containing wholly or par­
tially dehydrated adsorbent was computed. The free 
space in the adsorption apparatus between 1 and 2 was 
also measured accurately by displacement of mercury. It 
amounted to only between 1.2 and 1.6 cc. in the several 
arrangements of apparatus used. The total free space in 
the apparatus ranged between 1.2 and 1.7 cc. per gram of

minating in the stopcock. This downward tube was now 
likewise roasted, still under the low pressure, and any 
residual adsorbed gases removed. Mercury was boiled 
over from (3) to fill the heated downward tube with its 
vapor, the stopcock was closed and the capillary tube filled 
with mercury. Thus a high vacuum was ensured on this 
arm of the manometer. The arrangement was such that if 
by any chance gas entered the evacuated arm, the proce­
dure of evacuation could be conveniently and quickly re­
peated. Pressures between 1000 and 1950 mm. were read 
to 1 mm. and between 100 and 1000 to 0.5 mm. on a cali­
brated millimeter scale. Pressures between 5 and 100 mm. 
were read to 0.1 mm. and below 5 mm. to 0.02 mm. by 
Sneans of a cathetometer.

The adsorption cell D shown above in Fig. 2, usually of 
quartz but sometimes of Pyrex, was attached to the appa­
ratus by interchangeable ground joints. Its volume (5-7 
cc.) from (A) to (B) was first determined accurately; this 
Volume then charged with 10-14 mesh chabasite

anhydrous chabasite with a maximum uncertainty of =*=0.1
cc.

During measurements the cell was surrounded by suit­
able constant temperature jackets employing transition 
points, and preferably boiling points of stable substances.

The mercury-operated gas buret, G, had a capacity of 
103.47 cc. It was provided with a stirred water jacket and 
could be read to about =*=0.01 cc., but readings usually 
were taken only to =*=0.05 cc. Gases were thus measured 
to within 0.02 cc. or less per gram of anhydrous chabasite. 
By means of the leveling bulb gas volumes were measured 
at atmospheric pressure and at the temperature of the 
jacket. Corrections were made to Standard conditions, 
taking account of individual deviations from the gas laws.

In order to be sure whether water and the several gases 
employed were really adsorbed reversibly, it was necessary 
to measure accurately the several temperatures of dehydra­
tion and gas adsorption. Up to 356° (the boiling point of 
mercury) jackets employing vapors from the refluxing of
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stable compounds were employed. Above 356° there was 
used a closed tubulär electric furnace.

Below 300°, temperatures were checked by a nitrogen- 
filled glass thermometer. From 300 to 750° they were 
measured by a nitrogen-filled quartz thermometer and 
above that by a thermoelectric pyrometer.

The vapor jackets gave all temperatures identical with 
the boiling points of the compounds used. When the 
electric furnace was employed, thermometers and cell were 
so placed that no part of the adsorbent was subjected to a 
temperature of more than =*=5° from that recorded.

At higher temperatures, control was important also in 
order to prevent injury to the adsorbent through overheat- 
ing. The observations of earlier experimenters5 regarding 
the reversibility of hydration and dehydration below 
600° were checked quantitatively.

Materials
Chabasite.—-This consisted of six samples which so far 

as we know represent collections made in the vicinity 
of Aussig, Bohemia. The small crystals as received 
were removed from their rocky matrix, crushed suffi­
ciently to pass a 10- and be retained on a 14-mesh-to- 
the-inch sieve and the fragments examined individually 
with a microscope and a polariscope to ensure the absence 
of any foreign material. Each sample thus secured, usu­
ally weighing from 75 to 100 grams, was then exposed in a 
desiccator over 24% aqueous sulfuric acid at about 20° 
(aqueous pressure 15 mm.) for at least two weeks, and 
during the last day as nearly as possible at exactly 20°. 
After this equilibration samples kept for an additional three 
months under the same conditions showed no further gain 
or loss in weight. The water contents of these samples 
were determined by heating 2-4 g. portions at 900-950° 
to constant weight. The following results, each represent­
ing the mean of two concordant duplicate analyses, were 
obtained for the six chabasite samples: 22.25, 22.23,
22.34, 22.27, 22.27 and 22.30; average 22.28% H20.

Hydrogen, Oxygen and Carbon Dioxide.—Selected sam­
ples of the compressed or liquefied commercial gases were 
analyzed carefully and found to be, respectively, 99.0- 
99.25, 99.5 and 99.88% pure as drawn from the cylinders. 
The gases were then dried over phosphorus pentoxide and 
introduced into the adsorption apparatus where they were 
further purified by means of fractional adsorption.

For this purpose they were allowed to enter the appa­
ratus through L and to escape through J until the voided 
gas showed a constant and high degree of purity. Tube H 
charged with 50 g. of activated chabasite and highly 
evacuated was now chilled to —192° for hydrogen, —182° 
for oxygen and —78° for carbon dioxide and the gas ad­
sorbed in it up to a pressure of about 1900 mm. A portion 
of this gas was then discarded, a large fraction of the re­
mainder was drawn into the reservoirs I or K and the 
residue removed from H by evacuation at room tempera­
ture. This procedure was repeated one or more times and 
the finally purified gas stored in I or K. In the case of

(5) The most pertinent previous information appears to be the 
observations of Rothmund [Ree. Trav. Chim., 44, 329 (1925)] that 
chabasite dehydrated at a temperature of 400-600° loses most of its 
water but can regain it fully on exposure to water vapor at room 
temperature. At higher temperatures this reversibility becomes less 
complete and at 800° is wholly lost.

carbon dioxide the purification was also frequently carried 
out using the dehydrated chabasite itself in D. When 
enough of the gas had been added to raise the pressure 
there to the maximum desired, a small measured portion 
containing practically all of the impurities was removed 
and replaced by an equal volume of the pure original gas 
(99.88%). This was repeated (usually two repetitions 
were ample) until the first sample withdrawn showed a 
purity of 99.88%. We could then be cer­
tain that the residual gas was of a consider­
ably higher purity.

Procedure
The water vapor was drawn off from the 

sample through stopcock 2 into the phos­
phorus pentoxide tube E, by means of a 
mercury diffusion pump backed by an oil 
pump. After suitable intervals of heating 
and pumping, tube E was disconnected and 
weighed. By the use of an identical counter- 
poise and by careful control of the humidity 
this could be done with an accuracy of '=**'0.2 
mg. which corresponds to an uncertainty of 
only about 0.004% with the usual 5-g. sample 
of chabasite..

Adsorption Measurements.—The gas after 
final purification was transferred to the buret 
F and from there measured volumes of it 
were admitted to the evacuated cell D con­
taining the suitably dehydrated adsorbent.
Pressure readings were taken until no further 
change could be detected. This was usually Adsorption 
the case within at most twenty minutes. cell. 
Additional amounts of gas were then intro­
duced until the limit of the manometer had been reached. 
The points thus obtained gave an “in-going” isotherm. 
The process was now reversed, measured volumes of gas 
being removed and an “out-going” isotherm obtained.

Experimental Results
A typical set of experimental data as obtained 

for a single “out-going” point on an oxygen iso­
therm is given in Table I in order to illustrate the 
application of the corrections and thé methods of 
calculation.

T a b l e  I

Ox y g e n  I so therm  a t  0° o n  A u ssig  C h a b a sit e

Run 120: 78.4% dehydrated at 255°; 2.775 g. anhy­
drous chabasite; 5.88 cc. free space 
Time:— 1:30-2:30 p .m., Dec. 17 Volume gas
Barometer, corr., Removed, cc. 11.00

mm. 750.5 Removed, corr., cc. 10.10
Manometer, mm. 768.0 Total in system, cc. 23.95
Manometer, mm. 10.0 Free, cc. 5.85
Pressure, mm. 758.0 Adsorbed, cc. 18.10
Pressure, corr., mm. 
Temperature buret,

755.4 Adsorbed cc. per g. 6.52

°C. 19.9

Our experimental data are collected in Tables
II-V  and are shown graphically in Figs. 3-9.

D —
C—

Fig. 2.—
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T a b l e  II
H y d r o g e n  A d so r ptio n  I so t h e r m s  a t  0 °  o n  Ch a b a sit e  D e h y d r a t e d  to  V a r io u s  D e g r e e s

-'Chabasite Sample—
9 9

61.4 78.4
-Dehydration, %-

9 10

180 255

91.3 ' "  96.3
--Dehydration temperature, °C.~

96.7 97.5

380 630
Press.,

634 640

mm. Cc./g. mm. Cc./g. mm. Cc./g. mm. Cc./g. mm. Cc./g. mm. Cc./g.

1833 0.25 1796 1.0 1850 1.9 1918 5.6 1802 5.8 1870 5.2
857.8 .10 1193 0 .8 1203 1.4 1276 4.0 1225 4.2 605.7 2.1
364.7 <  .05 722.5 .5 671.7 0.9 906.8 3.0 780.7 2.8 276.7 0.9

366.4 .3 279.0 .4 542.1 1.9 432.2 1.6 45.0 .4
137.1 .1 101.6 < .1 366.8 1.4 168.4 0.6

188.4
52.8
13.0

0.8
.3
.1

T a b l e  III
A d so r ptio n  I so th er m s  at  0 °  o f  O x y g e n  on  C h a b a sit e  D e h y d r a t e d  to V a r io u s  D e g r ee s

io

40.0 74.0 90.7 94.5

-Chabasite Sample- 
10

-Dehydration, %— 
95.5

9 10
96.3 96.7 97.8

250
Press.,
mm. Cc./g.

306
Press.,

mm. Cc./g.

390
Press.,

. mm. Cc./g.

----Dehydration temperature, °C.-
460 575 

Press., Press., 
mm. Cc./g. mm. Cc./g.

635
Press.,
mm. Cc./g.

635
Press.,
mm. Cc./g.

73C
Press.,

mm.

I

Cc./g.

822.5 1.3 927.0 7.3 1962 19.8 1864 25.9 1950 33.2 1847 36.3 1894 33.0 1315 23.2
575.8 0.8 554.7 4.1 1615 18.2 1545 23.4 1484 29.0 1441 33.3 1510 30.4 801.7 18.5
298.5 .3 356.5 2.8 1235 14.4 1260 20.8 1016 24.5 1144 31.0 1153 27.2 352.6 12.4

10.0 .0 10.5 0.1 876.7 11.1 999.8 18.2 647.6 19.9 906.4 28.6 832.3 23.9
514.0 6.7 779.5 15.6 302.8 13.7 740.4 26.5 462.6 18.9
259.3 3 .4 580.9 12.8 169.4 10.0 551.5 23.8
133.5 1.6 390.7 9.8 79.7 6.3 391.8 20.9
70.8 0.7 239.2 7.1 58.8 5.1 269.1 17.6

138.6 4.7 172.4 14.7
52.8 2.1 64.8 8.9

25.9 5.5

Since however a total of 30 isotherms for oxygen 
and 15 for carbon dioxide were measured at 0°, be-

2000

1600

8
6 1200 

|3 800

400

SW°fc j78.4 % /9I; % OEHYDRAt!ON 97.5 <%/ / /
f / p/§63/96.7 %

/ 7
/ / .

/ A -

/ / -

-

0 1 2 3 4 5 6 7
Cg. of gas adsorbed per gram of anhydrous chabasite. 
Fig. 3.—Adsorption isotherms at 0° of hydrogen by 

chabasite at various degrees of dehydration.

cause of limitations of space only a part of these 
have been included in the tables.6 The tempera-

(6) All of these data in tabular form are available as Science Serv­
ice Document No. 1003 (9 pages, 25 cents in microfilm form or 55 
cents in photoprint form; payable in advance by check or money 
order to Science Service, 2101 Constitution Avenue, Washington, 
D. C.).

tures of dehydration given in the tables are the 
respective maximum temperatures attained dur­
ing the dehydration which was usually continued 
for four to ten hours until no appreciable amount 
of water came off at pressures less than 0.1 mm. 
The volumes of gas adsorbed as given in the tables 
represent the number of cubic centimeters, cor­
rected to Standard temperature and pressure, 
adsorbed at the given pressure, per gram of 
anhydrous adsorbent.

Incomplete results with ammonia, which so far 
as we know is the most highly adsorbed of all 
gases upon these adsorbents, show that it is 
somewhat adsorbed upon chabasite when even less 
than 5% of the total water is removed; and there 
is some evidence that ammonia actually drives 
water out of partially dehydrated chabasite. 
Moreover, ammonia when once adsorbed is held 
with extreme tenacity. It was found, for ex­
ample, that all of the ammonia adsorbed on 90% 
dehydrated chabasite could only be removed by 
prolonged heating of the adsorbent above 400° 
at vacua obtainable by mercury diffusion pumps.
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Table IV
Carbon Dioxide Adsorption Isotherms at 0° on Chabasite Dehydrated to Various Degrees

-------------——-------------------------------------------------------— Chabasite Sample---------------------------------- ------ ----------------------------------
10 10 10 10 9 10 10 9

------------ Dehydration %------------
90.7  91.3

-Temperature of dehydration, °C. 
390  380

33.2

120 
Press., 

mm. Cc./g.
605 . 5*  32 .3

1405* 34 .9
1972 35 .1
1372 3 4 ..6
1092 3 3 ..7
657 .2 32 .7
523.8 3 2 .,0
388.3 3 1 .,1
103.7 2 6 ..4
2 0 .8 19 . 4

61.2

180 
Press., 

mm. Cc./g.
149 . 6 * 65 .9

1202* 79 .0
1574 80 .6
1259 7 9 ..5
916 .4 7 7 ..9
586 .6 7 5 ..8
358 ,.5 7 2 ..9
147 ..5 6 6 . 3

7 4 ,.7 6 1 ..7
3 3 ..9 5 4 ..2
1 4 . 5 4 6 . 1

77.0

250
Press.,jrrcsü. ,

mm. Cc./g.
1010* 105.0
1741 108.1
1315 106.3
924.3 104.6
570.7 101.9
368.5 99 .2
207.1 95 .0
115.4 89 .4

38 .8 82.1
19.9 74.1
12 .5 66 .1

5 .0 49 .9

Press.jn e s s . ,
mm. Cc./g.

2 . 0 * 78 .7
2 0 . 0 * 105.8

762 . 0* 128.0
1892 133.1
1304 131.1
749.8 127.9
402.3 124.5
203.2 120.3

97.7 115.1
38 .8 109.6
12.0 101.7
2 .4 8 5 .8

Press.,
mm. Cc./g.

684 .1* 128.1
1559 132.8
1051 130.6
683 .0 128.4
391 .6 125.2
236 .2 122.1
114..7 118.3
57..3 113.7
33.,8 109.3
14..9 103.0
8. 0 94.6

93.8

512
Press.,

mm. Cc./g.
373 . 5 * 112.1
1922 125.1

1260 123.2
686 .2 117 .8
4 1 1 .2 113.3
24 9 .0 108.7
194.3 106 .0

7 4 .8 9 5 .8
3 9 .9 8 9 .8
14 .0 7 7 .5
4 .3 6 1 .3
1 .6 4 5 .0
1 .2 3 7 .4

95.7

608
Press.,

mm. Cc./g.
109..6* 103.9

1518* 123.1
1901 125.0
1224 122.0
833..4 119.6
415 .8 116.3
240..2 110.8
167..4 107.8
81..7 102.0
47.,8 96.3

96.3

635 
Press., 
mm. Cc./g.
2 5 . 0 *  7 5 .8  

597 . 7 *  114 .0  
1700  123 .0

5 0 1 .0  114 .2  
148.7  10 3 .5

Under these conditions there was actual decom­
position of the ammonia, and very probably a

0 5 10 15 20 25 30 35 40
Cc. of gas adsorbed per gram of anhydrous chabasite.

Fig. 4.—Adsorption isotherms at 0° of oxygen by chabasite 
at various degrees of dehydration.

further removal of water. For these reasons no 
attempt has been made to treat the ammonia

The displacement of water by ammonia and the 
subsequent removal of the latter by evacuation 

at these relatively low temperatures does, how­
ever, facilitate the preparation of highly active 
adsorbents.

Reproducibility of the Measurements
In the measurements upon samples of cha­

basite which were only slightly dehydrated the 
adsorption equilibria adjusted themselves slowly, 
but in the measurements made with samples con­
siderably dehydrated, for instance 50% or 
more, equilibrium was attained rapidly, usually 
in less than twenty minutes.

Hysteresis was also substantially absent, the 
“in-going” points corresponding closely to the 
“out-going.” This has been indicated in the 

case of the data for the adsorption of carbon di­
oxide at 0° by labeling the “in-going” points in

Cc. of gas adsorbed per gram of anhydrous chabasite.
Fig. 5.—Adsorption isotherms at 0° of carbon dioxide 

by chabasite at various degrees of dehydration. Tri- 
angles represent “in-going” values.

Cc. of gas adsorbed per gram of anhydrous chabasite.
Fig. 6.—Adsorption isotherms at 34.5° of carbon di­

oxide by chabasite at various degrees of dehydration. 
Triangles represent “in-going” values.

results quantitatively as has been done with 
hydrogen, oxygen and carbon dioxide.

the Tables with a * and in the figures with a A. 
It can be seen that they agree closely with corre-
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T a b le  V

Ca r b o n  D io x id e  I so t h e r m s  a t  T e m pe r a t u r es  of 34.5 to 306° on Ch a b a sit e  D e h y d r a t e d  to V a r io u s  D eg r ee s

Chabasite Sample 10
. %—

33.2 61.2

180

-------------------Dehydration,
77.0 90.7

-Temperature of dehydration, °C.
93.8 95.5 95.7

250 390 575 608
Press., 

mm. Cc./g.
Press.,

mm. Cc./g.
Press.,

mm. Cc./g.
Press.,
mm. Cc./g.

Press.,
mm. Cc./g.

Press.,
mm. Cc./g.

Press.,
mm.

34.5°
597.7* 20.8 150.1* 47.4 1798 95.8 1250* 118.1 1064* 103.8 314.4:

1398 28.3 1778 69.5 1210 92.5 1840 120.8 1321 105.9 1444
665.8 21.2 926.2 64.5 707.2 88.1 1195 117.8 716.9 99.6 1067
219.0 19.0 572.5 60.5 338.9 80.9 652.3 113.7 483.0 94.7 755.2

278.9 53.6 174.3 73.7 294.8 109.7 288.8 89.1 527.9
139.6 47.2 111.7 65.9 107.6 101.2 104.7 77.3 324.7

65.0 49.8 47.8 93.6 32.9 61.4 204.2
27.9 85.8 14.0 45.0 109.6

7.5 68.6 6.9 37.4 17.0
0.5

61.2°
2020 22.3 1763 56.8 1943 85.2 1593 111.5 1270 93.0 876.5 94.8 1793

981.0 17.3 970.9 52.2 1041 79.7 926.0 107.4 871.3 87.8 498.0 88.1 1331
482.9 45.0 577.8 72.8 378.4 100.8 332.6 76.8 328.7 82.5 941.2

370.6 65.3 169.2 93.1 115.6 61.1 214.2 76.1 632.5
165.5 49.6 99.7 85.6 43.8 44.9 159.5 71.8 400.5

25.9 68.6 23.0 37.4 206.2
110.6
56.8

1.6

1991 40.7 1516
1031
718.0

62.8
55.8
48.4

100
1548
826.7
527.8 
209.0
49.4

0°
98.3
91.7
84.6
68.0
46.1

sponding “out-going” points. A similar repro- 
ducibility was obtained in the other measurements 
with carbon dioxide, oxygen and hydrogen.

Cc./g.

94.0
109.9
107.4
103.9
99.7
94.2
86.8
78.6
50.2
20.8

102.0
99.9
96.7
92.9
87.6
79.2
66.2
50.0
20.8

1900 79.8 796.7 70.4 1803 82.0
1297 74.7 488.1 62.9 1444 7.2
808.4 67.7 323.7 56.1 1056 75.3
499.8 60.2 219.2 50.5 757.0 70.8
320.6 52.7 149.5 44.4 456.3 64.1
211.2 45.0 219.2 52.7
12L6 37.2

218°
86.2 36.5

1949 25.6 1919 32.0 1909 38.1
1111 19.8 1327 28.0 1591 35.9
585.4 14.6 885.2 24.4 1193 28.9
219.0 9.0 404.5 18.5 804.7 25.2
144.4 7.4 237.4 15.6 438.1 20.5
66.7 5.0 189.2 15.5

61.8 11.6
28.9 8.6
18.0 7.5

306°
748.1 7.9 1842 19.1
398.2 5.1 1190 16.2
225.0 3.2 695.2 12.6
119.5 2.2 388.4 10.2
73.8 1.7 154.5 7.3
24.9 1.0 17.0 4.3

Cc. of gas adsorbed per gram of anhydrous chabasite. 
Fig. 7.—Adsorption isotherms for carbon dioxide at 61.2° 

by chabasite at various degrees of dehydration.

Isotherms obtained from different samples of 
chabasite of nearly the same degree of dehydra­

tion were also usually quite concordant. This is 
evidence not only of a still broader reproducibility 
of the phenomenon, but also of the absence of 
any displacement of water from the partially de­
hydrated chabasite during the adsorption and
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desorption of the gases within the range of tem­
peratures and pressures employed. This fixity 
of the residual water was confirmed by passing 
the desorbed gases through weighed tubes con­
taining phosphorus pentoxide and ascertaining 
that there was no increase in weight.

Cc. of gas adsorbed per gram of dehydrated chabasite.
Fig. 8.—Adsorption isotherms of carbon dioxide at 100° 

by chabasite at various degrees of dehydration.

Utilizing large-scale plots for these isotherms, 
isobars were now constructed where the amounts 
adsorbed per gram of anhydrous chabasite were 
plotted against percentages of water removed. 
The resulting curves for hydrogen and oxygen 
on the same scale and for carbon dioxide on a 
four times smaller scale all at 0° are shown in 
Fig. 10. Those for carbon dioxide at succes­
sively higher temperatures are shown in Fig. 11.

These isobars are also indicative of the re- 
producibility of our results. The isotherms from 
which they are derived were obtained in some 
instances from as many as six different samples 
of chabasite. These samples not only were in­
dependent at the start but were independently 
dehydrated at somewhat different temperatures 
and pressures and according to different sched- 
ules. In spite of this, the resultant individual 
points lie smoothly on the isobaric curves. This 
shows that the adsorptive capacity of this variety 
of chabasite at a given degree of dehydration is 
definite and independent, within the limits tried, 
of the mode of dehydration.

It is also of interest that the adsorptive capacity 
of a highly dehydrated chabasite remains un- 
diminished after repeated adsorptions and de- 
sorptions have occurred both with the same gas 
and other gases. Thus for example, using 
chabasite Sample 1, where 19.05% of water of the 
total of 22.25% originally present had been re­

moved, a later isotherm with carbon dioxide 
checked closely an earlier isotherm made with 
this gas, although in the interim several other 
isotherms at other temperatures had been meas­
ured upon the same sample. Similarly chabasite 
Sample 11, where 21.41% of water had been re­
moved, gave an isotherm substantially identical 
with an earlier one although in the meantime a 
dozen isotherms at other temperatures and with 
other gases had been measured upon it.

Discussion
It can be seen from Figs. 10-11 that the ad­

sorption increases steadily as water is removed 
from the chabasite, but that ultimately a sharp 
maximum is reached at a point where only a little 
water remains. From there on the adsorption 
diminishes rapidly until at complete dehydration 
practically no gas is adsorbed. It should be 
pointed out also that while the adsorption equilib­
ria up to the maximum are reversible, as noted 
above, after the maximum is passed the 
reversibility diminishes, and when the water has 
been largely removed, the equilibria are only 
slowly attained and are of somewhat doubtful 
reproducibility. Continued heating after the 
maximum activity has been developed lessens the 
activity even when no measurable loss of water 
occurs.
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Cc. of gas adsorbed per gram of anhydrous chabasite. 

Fig. 9.—Adsorption isotherms at 218 and 306° of carbon 
dioxide by chabasite at various degrees of dehydration: 
broken lines, 306°; solid lines, —218°.

From Fig. 11 it can be seen that the same char­
acteristic maximum adsorption at 93% dehydra­
tion observed at 0° persists at the higher tempera­
tures. There is also a secondary maximum which 
is barely suggested in the curve for adsorption 
at 0° but becomes well marked in the curves for 
34.5, 61.2 and 100°. Incomplete results at 218
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and 300° show that this secondary maximum is 
also well marked at these temperatures. It is 
noteworthy that this secondary maximum occurs 
at nearly the same percentage dehydration (96%)

where the primary and sole maxima occur for 
oxygen and for hydrogen.

A reasonable interpretation of the general course 
of these curves is that the porosity of the adsor­
bent, and hence its inner surface 
and its adsorptive capacity, steadily 
increase as water is removed, so 
long as the original crystal lattice 
persists. At the high temperatures 
required to remove the last tracés 
of water, the crystal lattice begins 
to collapse, with a consequent de­
crease in the adsorptive capacity.
The sharp drop from the maximum 
is then to be attributed to a sinter- 
ing that takes place at the high 
temperatures of dehydration.

Another feature of these curves 
is of great interest. They do not 
run linearly from the origin (no 
water removed), but appear to ap- 
proach the horizontal axis rather 
abruptly at points at some distance 
to the right of the origin. In other 
words, significant quantities of the carbon dioxide, 
oxygen and hydrogen only appear to be adsorbed 
when, respectively, 5, 17 and 50% of the total 
water have been removed. It follows that chaba-

sites dehydrated by these amounts exhibit an 
astonishing specificity in their behavior toward 
these gases. Our data in this range are too meager 
and too inaccurate to fix the exact ratios between 

the adsorptions of these gases 
under these conditions, but at 
17% dehydration 15 cc. of 
carbon dioxide and less than 
0.2 cc. of oxygen are adsorbed 
and at 50% dehydration 6 cc. 
of oxygen and less than 0.1 
cc. of hydrogen are adsorbed. 
These amounts correspond to 
ratios at least of the order of 
75:1 and 60:1, whereas the 
ratios between the volumes of 
these gases adsorbed under 
the same conditions on active 
charcoal are approximately 3 :1 
and 4:1, respectively. This 
remarkable specificity makes 
possible a simple and effective 
Separation of such gases out 
of their mixtures.

A reasonable explanation of the negligible ad­
sorption of these gases at and below these critical 
degrees of dehydration is as follows: The first 
5% of the water removed appears to come from

the “outer” surface of the crystals or crystallites 
and its removal provides only an insignificant in­
crease in surface and a consequent insignificant 
increase in adsorption. The next water removed
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Fig. 10.—Adsorption at 0° and 1600 mm. of CO2, 0 2 and H2 by chabasite at 

various degrees of dehydration: O =  C02; A = 0 2; □ = H2.
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% Dehydration.

Fig. 11.—Adsorption isobars at 1600 mm. of carbon dioxide by chabasite 
at various degrees of dehydration.
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(up to 17%) opens up relatively coarse pores into 
which all three gases readily penetrate. The sur­
face thus developed is sufficiënt to adsorb carbon 
dioxide largely but oxygen and hydrogen only 
in negligible amounts. When more water is 
removed (up to 50%), some additional coarse 
pores are produced into which carbon dioxide can 
enter, but the chief effect is to open up a great 
number of smaller pores into which only oxygen 
and hydrogen can enter. The resultant inner 
surface is sufficiently large to adsorb a significant 
amount of oxygen but is not large enough to 
adsorb more than a negligible amount of hydro­
gen. The removal of still more water (50-95%) 
not only increases the number of coarser and finer 
pores and thus increases the adsorption of carbon 
dioxide and oxygen, but it opens up a multitude of 
the very finest pores into which hydrogen alone 
can enter. This finest porosity provides a cor- 
respondingly great surface with a consequent 
considerable adsorption even of hydrogen.

This explanation does not, on first thought, seem 
to help in understanding the marked specificity 
exhibited by the chabasite dehydrated to 17 
and 50% as compared, for instance, with the ad­
sorption of these gases on active charcoal. The 
negligible adsorption of oxygen compared with 
that of carbon dioxide at 17% dehydration (1: 
60), or of hydrogen compared with that of oxy­
gen, cannot be due to any difficulty in the access 
of the oxygen or the hydrogen, respectively, to 
the inner surface of the adsorbent, for the oxygen 
molecule is smaller than the carbon dioxide mole­
cule and the hydrogen molecule in turn is smaller 
than the oxygen molecule.

Ön further thought, however, it is clear that 
this disparity between the ratio of 60:1 for these 
partially dehydrated chabasites and of 4:1 for 
charcoal is due to the marked difference in the 
nature of the porosity of the two types of adsor­
bent. Whereas in the former at this degree of 
dehydration the two gases compared both have 
ready access to all the porosity, in the latter 
there is a considerable porosity into which only 
the smaller and less adsorbable of the two gases 
can enter. Charcoal therefore appears to be a 
relatively better adsorbent for the less adsorbable 
gas than would otherwise be the case.

Stated somewhat differently, it may be said 
that since the same area of adsorbent surface in 
these specially dehydrated chabasites is available 
to both gases, the observed ratio between the

amount of each gas adsorbed, though extreme, is 
nevertheless presumably normal.

Another interesting feature of these curves is 
the relative location of the point of maximum ad­
sorption as disclosed by the data in Table VL

T a b l e  V I

L ocation  o f  t h e  M a x im a
,----------------- Perc ent ages------------------ -

Water residual
removed water Dehydration

Hydrogen 21.6 0.48 97.8
Oxygen 21.4 .68 96.9
Carbon dioxide 20.5 1.58 92.9

The maxima for hydrogen and oxygen are dis­
placed slightly in the direction of more complete 
dehydration, the maximum for hydrogen being 
displaced somewhat farther than that for oxygen. 
These maxima clearly represent the resultant of 
two opposing effects öf the dehydration, namely, 
the continuing exposure of additional inner sur­
face which increases, and the accelerating collapse 
of the crystal structure which decreases the ad­
sorption. If the second porosity to be developed 
is finer than the first and impenetrable by carbon 
dioxide while the third porosity is still finer and 
impenetrable by oxygen and if these porosities 
are correspondingly more extensive, it would be ex­
pected that with oxygen and even more with hydro­
gen the effect of the increase in porosity and inner 
surface would prevail over the progressive collapse 
of the crystal lattice to higher degrees of dehydra­
tion than in the case with carbon dioxide. This 
displacement then of the maxima is in füll accord 
with the inference drawn from the other parts of 
the curves.

A final point of interest with regard to these 
curves is the very considerable volumes of gases 
adsorbed at the maxima as compared, for in­
stance, with corresponding volumes for charcoal. 
Thus the most highly activated coconut charcoal 
adsorbs at 0° and under atmospheric pressure 
about 1.5 cc. H2, 20 cc. 0 2 and 87 cc. C02, while 
as can be seen from the above curves, dehydrated 
chabasite at the several maxima adsorbs, re­
spectively, 2.7 cc. H2, 27 cc. 0 2 and 130 cc. C02.

Summary
Chabasite shows a  maximum adsorption of 

hydrogen, oxygen and carbon dioxide at 0°, 
when 97.8, 96.9 and 92.9%, respectively, of its 
original water has been removed at suitable tem­
peratures. It shows a similar maximum adsorp-
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tion of carbon dioxide at the same percentage 
dehydration at temperatures of 34.5, 61.2 and 
100°. This behavior is explained as due to the 
collapse of the crystal skeleton when the last frac­
tions of the water are removed.

Slightly dehydrated chabasite exhibits a pro­

nounced specificity of adsorption toward hy­
drogen, oxygen and carbon dioxide. This be­
havior is explained on the assumption of several 
limiting pore sizes and of differing extents of 
the corresponding inner surfaces.
Ca m br id g e , M a s s . R e c eiv ed  A u g u st  19, 1936

N O T E S

The Ethyl Esters of Triiodophenoxyacetic Acids 
and Potassium Triiodophenoxyacetate

B y  T . C. D a n ie l s  a n d  R . E . L yons

Several hitherto undescribed triiodophenoxy 
Substitution products of ethyl acetate have been 
prepared because of their possible opacity to x- 
rays. The procedure followed was similar to that 
used by Hewett, Johnson and Pope1 in preparing 
tribromophenoxyacetic esters. A mixture of 0.05 
mole of triiodophenol, with equivalent quantities 
of sodium and of ethyl mono-, di- or trichloroace- 
tate, dissolved in 50 cc. of absolute alcohol, was 
heated on a water-bath for two, three and one- 
half, or seven hours, respectively, and then 
poured into 250 cc. of cold water. The mono- 
phenoxy derivative, after two recrystallizations 
from alcohol, was obtained in 40% yield as color­
less silky crystals; the diphenoxy, after two re­
crystallizations from chloroform (in which iodine 
was liberated slowly) as colorless needles. At­
tempts to secure the triphenoxy derivative in crys­
talline form were unavailing, only a yellow, amor­
phous mass being obtained i 

The mono-substituted ester was hydrolyzed in­
completely by heating with 30% aqueous potas-

T a b l e  I

Phenoxyacetate M. p., °C.
Ethyl triiodo- 128.5 
Ethyl ditri-

iodo- 160.0
Ethyl tri-tri-

iodo- 208-21l a
Potassium

triiodo- 211 (free acid)
a Decomposition point.

Iodine, %
Formula Calcd. Found

C10H 9O3I3 68 .27  6 7 .98

CioHioOJ* 74 .02  73 .77  

C22H 11O5 1 9 76 .23  76 .06  

C 8H 4O3I 3K  67.07 66.63

(1) Hewett, Johnson and Pope, J. Chem. Soc.t 103, 1630 (1913).

sium hydroxide for several hours. The reaction 
mixture was poured into water, filtered and the 
free acid precipitated by dilute hydrochloric acid. 
Saponification of the di- and tri-substituted es­
ters does not occur under similar conditions. 
I n d ia n a  U n iv e r sit y
B loom ington , I n d ia n a  R e c e iv e d  O ctober  12, 1936

The Effect of Helium on the Kinetics of the 
Thermal Decomposition of Acetaldehyde

B y  G. J . M . F letcher

The extent to which organic molecules decom­
pose by way of a free radical and chain mechanism, 
or by a simple rearrangement, has been a matter 
of considerable debate. Although there is an in­
creasing body of experimental evidence which in­
dicates that free radicals and chain processes do 
exist in the decomposition of such molecules, there 
is still the alternative that molecular rearrange­
ment can compete with the chain mechanism often 
to its virtual exclusion. Acetaldehyde is a sub­
stance for which a chain mechanism has been pro­
posed,1 and it has been suggested that the 
kinetics of its chain decomposition in the presence 
of free radicals produced either photochemically,2 
or by the thermal decomposition of azomethane,3 
support such a mechanism. However, the con­
centration of free radicals present,4 the influence of 
small amounts of nitric oxide,5 and the catalysis 
of acetaldehyde by diethyl ether6 do not support 
this hypothesis.

(1) F. O. Rice and Herzfeld, T h is  J o ur n a l , 56, 284 (1934).
(2) Leermakers, ibid., 56, 1537 (1934).
(3) Allen and Sickman, ibid., 56, 2031 (1934).
(4) Patet, Z. physik. Chem., B32, 294 (1936).
(5) Staveley and Hinshelwood, J. Chem. Soc., 812 (1936).
(6) Fletcher and Rollefson, T h is  J o u r n a l , 58, 2129 (1936).
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The effect of inert gases on the rate of reaction 
also indicates that the decomposition does not 
follow the chain mechanism:

CHsCHO---->- CH3 +  CHO h ■Ex (i)
CH3 +  CHsCHO — CH4 +  CHaCO k2 E* (2)

CHs.CO — CH3 +  CO ks E, (3)
2CHs— c2h 6 ki Ei (4)

2CHs +  M ---- C2H6 +  M kh Eh (5)
but rather the direct rearrangement

CHsCHO CH4 +  CO h  E, (6) 
for whereas at temperatures above 440°, the re­
combination of methyl radicals is mainly a homo- 
geneous reaction which takes place partially at 
ternary collisions so that the rate of the chain re­
action is retarded by helium,7 the thermal de­
composition of acetaldehyde itself is accelerated 
by nitrogen,8 and by helium (Table I).

T a b l e  I
T e m p e r a t u r e  552 °

Increase
^Acet.. mm. Ĥe» mm. n / i , sec. *y2/*y3 in lAy*, %

9 3 .9 429 148 1.97 11
8 2 .0 375 160 1.95 10
9 6 .4 163 1.94
8 3 .0 175 1.93

The last column of Table I gives the increase in 
rate (as determined from values of the time taken 
for the pressure to increase by one-third of the 
initial pressure of acetaldehyde) in the presence of 
helium compared to the rate for the same initial 
pressure of pure acetaldehyde.

The results with helium were obtained with the 
same experimental procedure as that for which it 
was found that the rate of the chain decomposition 
in the presence of ethylene oxide was retarded by 
about 10% at 441° for a 2 :1 helium ratio.7 As the 
heterogeneous recombination of methyl radicals 
decreases with temperature, the acceleration given 
in Table I cannot be accounted for by the inert 
gas preventing the diffusion of radicals to the 
walls. Neither can it be explained on the chain 
mechanism by an increase in the rate of produc­
tion of methyl radicals such as might occur if 
reaction 1 were second order; for the initial rate 
of the chain mechanism is

- (dp /d t )  =  £(*/2) + i k2 V h / l h  +  h  (M)] (1)
where n is the order of reaction 1, so that to ex­
plain the observed order of approximately 1.5 , 
Reaction 1 has to be first order.

As the chain mechanism competes so kief-
(7) Fletcher and  Rollefson, T h is  Jo u r n a l , 58, 2135 (1936).
(8) Hinshelwood and. Askey, Proc, Roy, Soc, (London), A139, 

91 (1930),

fectively with the direct rearrangement, it may be 
assumed that its over-all energy of activation, 
Eald>, is considerably higher. If the Variation 
with temperature of the recombination of free 
radicals at ternary collisions can be neglected, 
then, from equation 1, Eaid. = E2 +  1/<l(E1 — 
E 4). Values of (E2 — 1/ 2Ei).ma,y be obtained 
from the decompositions induced by azomethane 
and ethylene oxide; from the results with azo­
methane, Allen and Sickman3 derived the value 
13,800 cal. on the assumption, which is probably 
justified,9 that all the azomethane decomposes to 
give free radicals. With ethylene oxide the frac­
tion of molecules which gives free radicals is 
approximately 14% :7 if the temperature inde­
pendent factors are the same for both types of 
decomposition, such a proportion would be ob­
tained if the energies of activation differ by about 
3000 cal., i . e.-, that for the production of free 
radicals would be approximately 56,000 cal. 
Making a calculation similar to that for azometh­
ane, (E2 — 1/ 2E4) is therefore 13,500 cal., in good 
agreement with the value from azomethane. Thus 
•Said. — V2S 1 +  13,700 cal., so that for the chain 
mechanism to have a larger energy of activation 
than that actually observed (50,000 cal. 10 or 
45,700 cal.11), the energy of activation (£ 1) for 
the breaking of the C-C bond must be closer to
80,000 cal. than to the value of 70,000 cal. as­
sumed by Rice and Herzfeld.

(9) O. K. Rice and Sickman, J. Chem. Phys., 4, 242 (1936).
(10) Fletcher and Hinshelwood, Proc. Roy. Soc. (London), A141, 

41 (1933).
(11) Letort, Compt. rend., 199, 1617 (1934).

T h e  C h em ic a l  L abo r ato r y  
U n iv e r sit y  of Ca l if o r n ia
B e r k e l e y , Ca l if . R e c e iv e d  S e p t e m b e r  15, 1936

The Standard Electrode Potential of Silver
By J. J. L in g a n e  a n d  W. D. L a r so n

The value for the Standard potential of the 
silver electrode, Ag | Ag+ (a = 1), given by Lewis 
and Randall1 is —0.7995 v., whereas the value 
given in the “International Critical Tables” 2 
is —0.7978 v. Both of these values apparently 
are based on the measurements of Noyes and 
Brann3 on cells involving liquid junction poten­
tials. Evaluation of the Standard potential of 
the silver electrode from these measurements

(1) Lewis and Randall, “Thermodynamics,” McGraw Hill Book 
Co., Inc., New York, 1923, p. 414.

(2) “International Critical Tables,” Vol. VI, p. 333.
(3) Noyes and Brann, T h is  J o ur n a l , 34, 1016 (1912),



2648 Notes Vol. 58

necessitates the use of the Standard potential of 
the calomel electrode, and the difference between 
the two values given above apparently is due to 
the revision of the accepted value of the Standard 
potential of the calomel electrode.

We wish to call attention to a simple unambigu- 
ous method by means of which the Standard elec­
trode potential of silver may be calculated from 
the Standard potential of the silver-silver chloride 
electrode, Ag | AgCl(s), Cl" (a = 1), and the 
activity product of silver chloride. The relation 
between the Standard potential of the silver- 
silver chloride electrode, .EAgci, the activity 
product of silver chloride, K> and the Standard 
potential of the silver electrode E Ag> Ag+, is given 
by the thermodynamic equation

E°AëC1 = E°Ag>As+- ( R T / F ) \ n K  (1)
The value of ,EAgC1 has been determined by 

several investigators4 from measurements of the 
cell H21 HCl, AgCl(s) | Ag. A critical examination 
of the data of these authors has led us to believe 
that the measurements of Carmody, who used 
quartz cells and was the only one of these in­
vestigators who was able to obtain very concordant 
results in extremely dilute Solutions, are the most 
reliable. By graphical extrapolation Carmody 
obtained the value —0.2223 v. for jEAgC1. We 
have recalculated the value of EAgC1 from Car- 
mody’s data for the three most dilute Solutions 
(0.0007280, 0.0005518 and 0.0003288 m) by 
application of the limiting law of Debye and 
Hückel. This leads to the equation

f?rp
R°A,C1 =  - £ oou +

2  X  0 .5 0 4 5  ~  S 1' 2 (2 )

in which S  is the total ionic strength of the 
solution corrected for the solubility of silver 
chloride. This equation leads to the same value 
of £ AgC1 for each of the three most dilute Solu­
tions, namely, —0.2222 v. at 25°. We con­
sider this to be the most reliable value of EAgC1, 
and it is in excellent agreement with the value 
— 0.2221 v. estimated by Randall and Young.5

The activity product of silver chloride has 
been determined recently by Brown and Mac­
Innes6 by a highly precise electrometric titration 
method. They found a value of K  equal to

(4) (a) Noyes and Ellis, T h is  J o u r n a l , 39, 2532 (1917); (b) 
Linhart, ibid., 41, 1175 (1919); (c) Scatchard, ibid., 47, 708 (1925); 
(d) Nonhebel, Phil. Mag., [7] 2, 1085 (1926); (e) Carmody, T h is 
J o ur n a l , 54, 188 (1932).

(5) Randall and Young, ibid., 50, 989 (1928).
(ê) Browxi and Maclnnes;. ibiê^ i t ,  459 (1935)*,

1.721 X 10~10 at 25°, and this result is apparently 
reliable to a few tenths of one per eent.

By substituting these values into equation (1) 
we obtain for the Standard electrode potential of 
silver at 25°
El,,, Ag+ = -0.2222 +  0.05913 log (1.721 X 10"10) =

-0.7996 v.

The close agreement between this result and the 
value given by Lewis and Randall is remarkable 
in view of the fact that the value calculated above 
is based on entirely independent measurements 
by different investigators. This result therefore 
constitutes strong evidence in favor of accepting 
the value —0.7996 v. as the Standard potential 
of the silver electrode, rather than the value 
—0.7978 v. given in the “International Critical 
Tables.”
S chool of Ch e m ist r y  C ollege  of S t . T hom as
I n st it u t e  of T ec hnolo gy  S t . P a u l , M in n e so t a  
U n iv e r sit y  o f  M in n e so t a
M in n e a p o l is , M in n e so t a  R e c e iv e d  A u g u st  1, 1936

Beta-Octyl Thiocyanate
B y  W. G ordon  R o se  a n d  H. L. H a ller

In the course of studies on the relative toxicity 
to insects of optical isomers of secondary alkyl 
thiocyanates, the results of which will be reported 
elsewhere, occasion has been had to prepare the 
dextro and levo forms of beta-octyl thiocyanate 
(alpha-methylheptyl thiocyanate). By the action 
of phosphorus tribromide (138.0 g.) on dextro- 
beta-octanol (66.0 g.), [ < x ] 2 0 d  +9.70° homo­
geneous, [a\20d +11.88° in ethanol (c = 5.67), 
there was obtained 81.3 g. of beta-octyl bromide, 
[a] 2 0 d  —32.15° homogeneous, [ < t ] 2 0 d  —45.30° 
in ethanol (c = 5.99). The latter (81.0 g.), on 
being refluxed in 100 cc. of methanol with 45.0 
g. of potassium thiocyanate, yielded 51.7 g. of 
beta-octyl thiocyanate, b. p. 98.5-99.0° at 4 mm., 
d20 0.919, n20d 1.4635, ikTRD(obsd.) = 51.30, 
i!LRD(calcd.) =  51.09, [ « ] 2 0 d  +51.7° homogene­
ous, [a] 2 0 d  +59.1° in ethanol (c = 5.06). AnaL 
Calcd. for C9Hi7NS: C, 63.08; H, 10.01; N, 
8.18. Found: C, 63.14, 63.17; H, 10.02, 10.08; 
N, 8.44, 8.32.

Beta-octyl thiocyanate has been obtained pre­
viously by the interaction of beta-octyl+- 
toluenesulfonate and potassium thiocyanate.1 
The beta-octyl sulfonate was obtained on oxida­
tion of the corresponding sulfinate, which in turn

(I) Kenden, Phillips and Pittman, J. Chem. Soc., 1081 (1935).
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was obtained from beta-octanol and p-toluene- 
sulfinyl chloride. Starting with a dextro-beta- 
octanol, [a]205893 +9.48° homogeneous, [a]204359 
+22.40° in ethanol (c =  4.992), Kenyon and his 
co-workers obtained, through this series of re­
actions, a levo-beta-octyl thiocyanate, [a]205893 
— 71.41° homogeneous, [a] 205893 —64.68° in ethanol 
(c =  5.010), nl7°D 1.4651, d20°4 0.795.

In the series of reactions used by the writers a 
dextrorotatory octanol yielded a dextrorotatory 
thiocyanate, while in the procedure used by 
Kenyon a levo-octyl thiocyanate was obtained 
from a dextrorotatory octanol. Since an asym­
metric carbon atom is involved in both series of 
reactions, the difference in the results may be ex­
plained by the occurrence or absence of the 
Waiden inversion.

The refractive index of the thiocyanate pre­
pared by the writers agrees with that reported by 
Kenyon and his co-workers, indicating that the 
compounds are of the same degree of Chemical 
purity. The density of the writers’ compound, 
however, was 0.919, whereas Kenyon reported 
0.795.

The molecular refraction of beta-octyl thio­
cyanate, calculated from the revised values of 
Eisenlohr for the atomic refractions2 and employ­
ing 13.21 for the thiocyanate radical, is 51.09. 
The observed molecular refraction for the writers’ 
compound, obtained with the Lorentz-Lorenz 
formula, is 51.31, whereas with the values for 
refractive index and density reported by Kenyon 
59.31 is obtained.

These results indicate that the value for the 
density found by the writers is closer to the true 
value than is that found by Kenyon, et al. Since 
the specific refraction (homogeneous) is depend­
ent on the density, this value is also subject to 
revision.

(2) Landolt-Börnstein, “Physikalisch-chemische Tabellen,” Aufl. 
5, Bd. 2, Julius Springer, Berlin, 1923, p. 985.

D iv isio n  of I n se c tic id e  I n v e st ig a t io n s
B u r e a u  of E ntomology a n d  P l a n t  Q u a r a n t in e
U . S. D epa r t m e n t  of A g r ic u l t u r e
W a sh in g to n , D. C. R e c e iv e d  O ctober 26, 1936

A Stopcock Substitute
B y W a lter  C. S chum b  a n d  H . I rving  Cr a n e

In the course of a certain investigation in this 
Laboratory it was found necessary to devise a 
means of interrupting the flow of a benzene solu­
tion. A stopcock could not be used, since the

ordinary organic stopcock lubricants are readily 
attacked by benzene, and the reactivity of the 
solute toward moisture or reactive hydrogen made 
the use of certain other types of lubricant, such as 
phosphoric acid, out of the question. The de­
vice shown in the diagram is an adaptation of 
Stock’s stopcock for gases [Ber., 58, 2058 (1925)].

To leveling To leveling
bulb bulb

OPEN CLOSED
Fig. 1.

The device, constructed of Pyrex glass, consists 
essentially of a fritted glass plate (A) (80 mesh), so 
placed that mercury can be flowed over it at will 
by means of a suitable leveling bulb.

Obviously the device is applicable to any liquid 
of not too high viscosity, which does not attack 
mercury. The high surface tension of mercury 
prevents any of it passing through the fritted 
plate.
R e se a r c h  L a bo r ato r y  o f  I n o r g a n ic  C h e m ist r y  
M a ssa c h u se t t s  I n st it u t e  of T echnolo gy  
Ca m b r id g e , M a s s . R e c e iv e d  O ctober  30, 1936

The Rearrangement of Alkyl Aryl Thioethers
B y  W e n d e l l  H . T ay lo r

In a recent study of the reaction between aro­
matic mercaptals and formaldehyde, the author1 
postulated a rearrangement of formaldehyde di- 
aryl mercaptals involving the migration of the 
—CH2 group from sulfur to the benzene nucleus, 
with regeneration of the —SH groups. Such a 
change would be essentially similar to the rear­
rangement of the alkyl aryl thioethers and it was 
therefore of interest to investigate such thioether 
rearrangements under conditions comparable to 
those under which the analogous oxygen com-

(1) W. H. Taylor, T h is  J o u r n a l , 57, 1065 (1935).
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pounds isomerize, and comparable also to the 
conditions of the above-mentioned mercaptal 
reaction.

The rearrangement of two allyl aryl thioethers 
has previously been reported,2 both, however, 
involving “pyrolysis” of the compounds at their 
rather high boiling points (215-264°) in the ab­
sence of solvents or rearranging agents. The 
present communication reports briefly on the 
rearrangement of allyl p-tolyl sulfide, s-butyl p- 
tolyl sulfide and s-butyl phenyl sulfide in the 
presence of zinc chloride-acetic acid reagent which 
has been found3 a satisfaetory rearranging medium 
for the oxygen ethers at temperatures as low as 
112°.

In the three cases studied the thioether under­
went partial rearrangement to one or more alkyl- 
substituted thiophenols, obtained finally by pre­
cipitation as lead mercaptides. Simultaneously a 
scission of the thioether molecule appeared to take 
place, fairly large amounts of allene and butylene 
being evolved. This is in sharp contrast to the 
non-production of unsaturated gases reported4 in 
thioether and oxygen ether pyrolysis, but cor­
responds exactly to the observations of Sprung 
and Wallis. The presence of thiophenol and p- 
thiocresol as the other scission products was 
indicated by the high percentage of lead found 
by analysis of the total lead mercaptide precipi­
tate, and by interpolation an approximate ratio 
of rearrangement product to decomposition prod­
uct was obtained. Although a part of the thio­
phenols set free in the reaction suffered oxidation 
to disulfides and could not be weighed as lead 
mercaptides, thereby rendering an accurate esti­
mate of the extent of the rearrangement impos­
sible, the isomerization of —CH2—S—R to 
R(CH2—)SH was definitely established.

For assistance with a part of the experimental 
work the author wishes to thank Messrs. W. A. 
Bastedo, Jr., and R. W. Störer.

Experimental
The thioethers were prepared in good yields by heating 

the appropriate alkyl bromide for twenty-four hours at 
110-120° with the sodium salt of thiophenol or />-thio- 
cresol. Allyl p-tolyl sulfide had the properties described 
by Hurd; s-butyl phenyl sulfide, b.'p. 104-105° (25 mm.); 
s-butyl p-t olyl sulfide b. p. 135-138° (22 mm.). All were 
colorless liquids of not unpleasant odor, giving no reaction 
with alcoholic lead acetate solution. The zinc chloride-

(2) Hurd and Greengard, T h is  J o u r n a l , 52, 3356 (1930).
(3) Sprung and Wallis, ibid., 56, 1715 (1934).
(4) Hurd and Webb, ibid., 58, 943 (1936).

acetic acid reagent contained 10 g. of fused zinc chloride in 
26 cc. of solution.

In a typical experiment 20-30 cc. of the zinc chloride 
solution was heated for three hours at 135-150° in a flask 
provided with a dropping funnel and connected via a re­
flux condenser to a gas buret. After the air thus had been 
displaced partially, 2.5-10 g. of the thioether was run in 
and the heating continued for twenty-four hours more, by 
which time the evolution of gas had practically ceased. 
By passing steam into the reaction flask all remaining gas 
was easily driven over into the buret, the contents of which 
were tested from time to time during the reaction period. 
The heavy, brownish product which remained in the flask 
was extracted with ether, and the portion of this which then 
dissolved in warm 95% alcohol was treated immediately 
with a saturated alcoholic solution of lead acetate. The 
precipitate of lead mercaptides was filtered off, washed, 
dried and analyzed for lead by the usual method of gentle 
ignition followed by treatment with nitric and sulfuric acids 
to give lead sulfate.

In the rearrangement of allyl /»-tolyl sulfide, the volume 
of gaseous product having the properties of allene—odor, 
inflammability with luminous flame, reaction with bro­
mine water and with mercuric chloride, inertness toward 
ammoniacal silver nitrate—amounted to 30-60 cc. per 
gram of thioether originally taken, the yield decreasing as 
the reaction temperature was raised from 135 to 150°. 
The orange lead mercaptide precipitate, presumably a 
mixture of the lead salts of /»-thiocresol and 2-allyl-4- 
methyl thiophenol, gave on analysis 40.2-40.8% Pb. 
Calcd. for Pb(SC6H4CH3)2: Pb, 43.4; calcd. for Pb(S- 
C6H3• C 3 H ö - C H s ) 2: Pb, 38.9. The value obtained by analy­
sis would correspond to a mixed mercaptide precipitate 
containing from 57.5-71% of the lead salt of 2-allyl-4- 
methyl thiophenol.

In the case of the butyl aryl ethers similar results were 
obtained. The gaseous product had the properties of 
butylene but was produced in smaller quantity—from 
25-37 cc./g. of the butyl phenyl sulfide, and from 10-15 
cc./g. of the butyl p-tolyl sulfide. Only in the case of the 
former was a quantitative analysis of the mercaptide pre­
cipitate made. The heavy yellow powder was found to 
contain 41,8% Pb. Calcd. for Pb(SC6H6)2: Pb, 48.7;
calcd. for Pb(SC6H4C4H9)2: Pb, 38.5. This would corre­
spond to a mixture of the two mercaptides containing 69% 
of the lead salt of s-butyl thiophenol.
F rick  Chem ic a l  L a boratory
P r in c e t o n , N . J. R e c eiv ed  A u g u st  8, 1936

The Spinning Top Ultracentrifuge and the Sedi­
mentation of Small Molecules

B y  J . W . W illiam s  a n d  C. C. W a tso n

In recent articles McBain and O’Sullivan1 have 
discussed their development of the air-driven 
spinning top as transparent ultracentrifuge. As 
we read these reports we cannot escape the feeling 
that a certain pronouncement in them requires 
further analysis. In the “Communication” a

(1) McBain and O’Sullivan, T h is  Jo urn al , 57, 780, 2631 (1935),
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“fortunate accident” is mentioned which made it 
possible “to observe the Sedimentation velocity of 
a boundary in aqueous solution of mercuric chlo­
ride:  ̂ = 0.891 X 10~13 cm./sec./dyne; theory 
= 0.890 X 10~13.” Later, in the definitive 
article, McBain and O’Sullivan make the claim 
that they have recorded for the first time the 
Sedimentation velocity of an ordinary molecule 
(mercuric chloride), this as a footnote to the 
statements “For Sedimentation equilibrium of 
ordinary molecules, powers ranging from 100,000 
to 1,000,000 times gravity are essential. Still 
higher powers will be required for observing their 
Sedimentation velocity.”

I t has seemed worth while to examine this ex­
tremely important claim, which is made more 
striking because of the remarkable agreement 
between theory and observation (about 0.1%) 
which is reported. Such examination is extremely 
difficult because definite information is lacking as 
regards the speed at which the rotor was turning, 
how the position of the boundary was observed 
and located at the ends of the several intervals 
of time during the centrifuging, how the distances 
from the center of the cell were measured, how the 
absence of convection effects was proved, what 
was the concentration of the solution and the 
temperature of the cell used in the experiment, 
how long the centrifuging was continued, etc. 
However, by making calculations which involve 
the dimensions of the apparatus, the rotor speeds, 
and strengths of the materials of construction 
mentioned in other parts of the longer article, it 
is concluded that their Sedimentation power was 
not over 350,000 times gravity. For a molecule 
of weight and density of mercuric chloride in 
water at ordinary temperatures, one may calcu­
late that the actual Sedimentation rate with such 
centrifugal force would be of the order of 1 mm. per 
hour.

With the apparatus as described and with the 
assumption of technique and evaluation of the 
data according to the methods developed by Sved­
berg, it is highly improbable that such a rate 
could be measured with the precision claimed. 
Also, a serious difficulty is that the back diffusion 
would so blur the boundary that the distance of 
travel of the latter in any ordinary interval of 
time would be hard to estimate. Experiments of 
Pedersen2 made in the Svedberg laboratory may 
be cited in this connection. Working with

(2) Pedersen, Z. physik. Chem., A170, 53 (1934).

aqueous Solutions of m ercuric chloride and a t
350,000 tim es gravity , this investigator w as able  
to estab lish  equilibrium  in a cell w ith  liquid  colum n  
about 5 m m . in height after som ething like seven  
hours o f centrifuging. H owever, no m en tion  is 
m ade b y  Pedersen of the observations of th e  
v e lo c ity  of th e Sedim entation.

Actually, in view of the very careful Pedersen 
experiments and several statements contained 
in the article in question, there may be some doubt 
that a true Sedimentation velocity was observed. 
In addition to the two sentences quoted above, 
McBain and O’Sullivan define au ultracentrifuge 
as being “any centrifuge of low or high power in 
which convection does not occur, and in which it 
is possible to measure any redistribution of the 
contents.” Again in referring to the behavior 
of a rotor which is described as having several 
advantages (speed, uniformity of temperature, 
strength) over the one in which the experiment in 
question took place, there is the statement 
“With the driving air arbitrarily thermostated to 
within =*=0.02° and the room temperature con­
trolled, the same rotor will sometimes sediment 
molecules as small as purified egg albumin (molecu­
lar weight about 35,000).”

I t  is a m atter o f som e surprise to  find th e  
theoretical Sedim entation ve loc ity  con stan t for 
m ercuric chloride m olecules in  aqueous m edium  
expressed to three significant figures w hen no  
tem perature is specified. T h e value o f th e con ­
stan t varies considerably w ith  tem perature b e­
cause the v iscosity  of th e so lvent is in vo lved . 
T he Variation am ounts to  approxim ately 2%  per  
degree in  aqueous solu tion  a t ordinary centrifuge  
tem peratures. For m ercuric chloride the theo- 
rectical Sedim entation constant expressed to  tw o  
significant figures is 0.73 a t 20°, 0 .82 a t 2 5°  
and 0.89 a t 30°. T h e tem perature o f th e  cell 
during th e experim ent was n o t determ ined w ith  
precision.

Since the records of the experiment and the cal­
culation for the corresponding theoretical specific 
Sedimentation velocity for mercuric chloride are 
so incomplete, we are impelled to suggest that a 
further account of the work be presented before 
it can be given serious consideration as the first 
measurement of the Sedimentation velocity of an 
ordinary molecule.
Department of Chemistry 
University of W isconsin
Madison, W isconsin R eceived M arch 31, 1936
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Addendum to the Note of Williams and Watson

B y  J a m es  W . M cB a in

I do not consider that the note by Williams and 
Watson calls for any detailed comment. The two 
sentences published by McBain and O’Sullivan, 
one sentence in a preliminary communication 
and the other single sentence in a footnote in a 
paper of eleven printed pages entitled “The 
Development of the Air-Driven Spinning Top as 
a Transparent Ultracentrifuge,” still appear to 
be ample notice of the physical phenomenon that 
was observed, on November 15, 1934, with the 
old circular cell whose use was discontinued that 
year. The cell contained pure water and a crystal 
of mercuric chloride. Sufficiënt of the latter dis­
solved in the lower portion of the cell and then 
through an accident of convection currents, the 
absorbing material (HgCl2) was sedimented 
downward again with a fairly sharp boundary as 
shown by the photographs and microphotometer 
photographs, moving 0.102 cm. in 8400 seconds 
at 108,600 r. p. m. with an average radius of 1.054 
cm., giving an observed S  = MD X (1 — V)/ 
R T  = 0.890 X 10“13, which, as a mere scientific 
curiosity, agreed with the value predicted. The 
precise agreement is of course fortuitous and 
should not have been expressed to three signifi­
cant figures, as is obvious to anyone who has any 
knowledge of an ultracentrifuge.

Professor Williams has acknowledged Dr. 
O’Sullivan’s statement that the Sedimentation 
force was 138,000 times gravity, but Williams and 
Watson pref er to state “it is concluded that it 
was not over 350,000 times gravity.”

M cB ain  and O ’Sullivan  sta ted  th a t this result 
w as an accident and th a t in  th e ordinary course, 
where convection  does n ot occur, a higher order 
of m agnitude of centrifugal force than  th a t in  
an y  existing ultracentrifuge anywhere today would  
be required to  obtain  Sedim entation velocities of 
such sm all m olecules regularly.

It is entirely a matter of individual opinion as 
to whether any significance whatsoever attachés 
to this photographed and microphotometered 
observation, and Williams and Watson are con- 
vinced on the basis of their experience that none 
does. We still think that it did offer an actual 
semi-quantitative measurement.

As regards the fourth paragraph of the note of 
Williams and Watson devoted to discussing the 
state of development of our air-driven ultra­

centrifuge as described at the April, 1935, meeting 
of the Society, it is only necessary to say that our 
statements were carefully made and stand ac­
cordingly as referring to the now superseded 
models as developed at that time; and that the 
appreciable modifications and the very simple 
temperature control in the later model referred to 
in the footnote by H. J. Fouts inserted at the end 
of that paper in the final proofs have resulted in 
uniform success in sedimenting smaller protein 
molecules such as carbon monoxide hemoglobin— 
as was, for example, demonstrated at the Western 
Protein Conference, June 6, 1936. There appears 
now to be no reason why any Sedimentation veloc-. 
ity or equilibrium observable in the Svedberg 
ultracentrifuges, or the equally good air-driven 
models now developed, for example, at the Rocke- 
feller Institute for Medical Research [see for 
example J. Exptl. Medicine, 64, 39 (1936)], or 
the model supplied by the Sharples Specialty 
Company of Philadelphia should not also be 
capable of quantitative study in the McBain— 
O’Sullivan-Fouts transparent ultracentrifuge. All 
parts of this cell are easily kept at any desired 
constant measured temperature within 0.02°. 
All forms of the air-driven ultracentrifuge appear 
to be in process of still further rapid improve­
ment.
S tanford  U n iv e r sit y
Ca lifo r n ia  R e c e iv e d  J u ly  21, 1936

Chemical Nature of 5-Follicular Hormone
B y O. W in t e r s t e in e r , E . S c h w e n k , H . H ir sc h m a n n  a n d  

B . W hitm a n

In 1932 Schwenk and Hildebrandt1 reported the 
isolation from the urine of pregnant mares of a 
new oestrogenic substance, isomeric with oestrone 
(theelin), which they designated 5-follicular 
hormone. Wintersteiner, Schwenk and Whitman2 
subsequently showed that this substance (m. p. 
209°) was not a ketone, but a dihydroxy com­
pound. Recently larger amounts of crude phenolic 
fractions from mares’ urine were separated in the 
laboratories of the Schering Corporation into ke­
tones and alcohols. The alcoholic portion was 
worked up for 3-hormone at Columbia University. 
Our present experience with material of this 
type makes it appear doubtful whether the earlier 
preparations represented a Chemical individual,

(1) Schwenk and Hildebrandt, Naturw., 20, 658 (1932).
(2) Wintersteiner, Schwenk and Whitman, Proc. Soc. Exptl. 

Biol. Med., 32, 1087 (1935).
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a possibility discussed in the first publication. 
Fractional crystallization yielded an apparently 
homogeneous product which did not change its 
melting point (226° corr.) on repeated recrystal­
lization from various solvents. However, the 
analytical composition and specific rotation varied 
with different preparations ( [ a ] D  +31 to +37°). 
The preponderant constituent of these mixtures 
appears to be a molecular eompound consisting 
of two components. Only one component forms 
a picrate, and this property as well as its stronger 
acidic character enabled us to isolate this com­
ponent in pure form.

The new eompound melts at 215-217° and has 
the composition Ci8H2o02 (calcd.: C, 80.55; H, 
7.52; found: C, 80.53, 80.47; H, 7.61, 7.52); 
[ a ] 25D —4.7° (0.7% in dioxane). A di+>-nitro- 
benzoate (m. p. 250-252° corr.) and a monobenzo­
ate (m. p. 203-205° corr.) have been prepared. 
The eompound gives the color reactions originally 
attributed to the 5-follicular hormone.1,3 lts 
absorption spectrum coincides with that of 
equilenin. Our measurements on equilenin reveal 
two new bands in addition to those found by 
Dirscherl and Hanusch,4 namely, at 2310 Ä., 
log€ 4.78, and at 2920 Ä., loge 3.58.

The monobenzoate was oxidized with chromic 
acid to a ketone which gave no depression of its 
melting point (223° corr.) when mixed with 
equilenin benzoate. The dihydroxy eompound 
(m. p. 217°) is therefore dihydroequilenin.

OH
C H 3|

Contrary to the rule, established for other 
oestrogenic compounds, that reduction of the 
Ci7 keto group to carbinol enhances the physio­
logical activity, the dihydroequilenin isolated 
from urine possesses only about one-half of the 
potency of equilenin. On the other hand, David5 
found that the oily product which he obtained by 
reduction of equilenin with sodium was about 
three times as potent as equilenin. The possi­
bility that our diol differs from the potent oestro­
genic diols, obtained by reduction, in the configura-

(3) Schwenk and Hildebrandt, Biochem. Z., 259, 240 (1933).
(4) Dirscherl and Hanusch, Z. physiol. Chem.> 233, 13 (1935).
(5) David, Acta brevia Neerl., é, 63 (1934).

tion of the C17 hydroxyl group will be investigated. 
Whether the high potency originally reported for 
the 6-hormone resides in the other, as yet un- 
identified, component of the molecular eompound 
(m. p. 226°) or in other diols present in the impure 
preparations, remains to be determined.

We wish to express our sincere thanks to Dr. A. 
Girard of Paris for sending us samples of equilenin 
and its benzoate for comparison.
D e pa r t m e n t  of B io c h em istr y  
C ollege  of P h y sic ia n s  a n d  S u r g e o n s  
Co l u m b ia  U n iv e r s it y .
R e se a r c h  L a b o r a t o r ies  
S c h e r in g  C orpo ra tio n
B lo o m field , N e w  J e r se y  R e c e iv e d  N o v e m b e r  12,1936

Phenylmercuric Fluoride
B y  G eor g e  F . W r ig h t1

The recent discovery2 of mercuric fluoride as 
a new fluorinating agent recalls the investigation 
in this Laboratory of phenylmercuric fluoride. 
This preparation was incidental in the study of 
the relative strengths of C-Hg and Hg-X bonds 
in organomercuric halides. According to our 
knowledge of organomercurials the tendency to­
ward the dissociation reaction 2RHgX ^ R2Hg 
+  HgX2 decreases in the order Hgl >  HgBr >  
HgCl. I t  was hoped that the introduction of 
fluorine would so stabilize the Hg-X bond as to
favor the primary reaction RHgX — > R----- f
HgX which, it is considered, accounts for the 
interconversion possible with compounds like 
furyl and thienylmercuric halides containing 
more reactive, though unfortunately less stable, 
radicals.3 The eompound did not, however, 
fulfil these expectations. Instead of reacting with 
acetyl chloride to give acetophenone, acetyl fluo­
ride was formed as easily as from mercuric 
fluoride.2 Likewise when the eompound was 
pyrolyzed at a temperature lower than tha t re­
quired to decompose diphenylmercury, only the 
latter substance, and no diphenyl, was produced.

In connection with the assertion of Henne and 
Midgley that pure mercuric fluoride cannot be 
prepared by treating mercuric oxide with aqueous 
hydrofluoric acid it may be significant tha t treat­
ment of such a solution with phenyldiazonium 
fluoride, and subsequent treatment with copper, 
produced no trace of phenylmercuric fluoride.

(1) National Research Fellow in Chemistry.
(2) Henne and Midgley, T h is  J o u r n a l , 58, 884 (1936).
(3) Steinkopf and Bauermeister, Ann., 403, 50 (1914); Gilman 

and Wright, T h is  J o u r n a l , 55, 3302 (1933).
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I wish to thank Professor E. P. Kohier for sug- 
gestions offered during this investigation.

Experimental
Phenylmercuric Fluoride.—A solution of 40.6 g. (0.17 

mole) of freshly precipitated silver oxide and 14 g. (0.35 
mole) of 50% hydrofluoric acid in 400 cc. of water was 
shaken for five hours with 78 g. (0.25 mole) of phenylmer­
curic chloride, previously moistened with ethanol. The 
solid was filtered off and extracted with 400 cc. of boiling 
ethanol. After a small amount of precipitation by cooling, 
the solution was decanted and concentrated in vacuo. 
The residue was extracted with boiling ethanol and fil­
tered. The cooled solution yielded 32 g. of phenylmer­
curic fluoride, m. p. 170°, or 43% of the theoretical. The 
chlorine-free eompound was soluble in hot alcohol, hot 
xylene and hot chloroform and was crystallized from the 
latter solvent for analysis (m, p. 171°). It was insoluble 
in carbon tetrachloride, ethyl acetate, ether and hot ace­
tone. The extracted silver chloride from the reaction 
mixture contained much unreacted phenylmercuric chlo­

ride; no doubt the yield can be increased by a longer period 
of reaction.

AnaL Calcd. for C6H6HgF: C, 24.27; H, 1.70. Found: 
C, 24.25; H, 1.99.

Reaction with Acetyl Chloride.—When 2.96 g. (0.01 
mole) of phenylmercuric fluoride was refluxed with 1.57 
g. (0.02 mole) of acetyl chloride, the acetyl fluoride was 
evolved immediately through the reflux condenser. After 
five hours the reaction was poured into iced sodium car­
bonate solution. No mercuric oxide precipitated. The 
solid was filtered off and crystallized from xylene to 
weigh 2.80 g. and melt at 257°. This 90% yield of phenyl­
mercuric chloride was substantiated by mixed melting 
point.

Diphenylmercury.—When phenylmercuric fluoride was 
slowly destructively distilled at 200° under 10 mm. only 
diphenylmercury, and no diphenyl, could be found in the 
distillate.
Co n v erse  M em o rial  L abor ato r y  
H arvard  U n iv e r sit y
Cambridge, Mass. R e c e iv e d  S e pt e m b e r  14, 1936

C O M M U N I C A T I O N S  T O  T H E  E D I T O R

METAL ION ACTIVATION IN ENZYMATIC 
CATALYSIS. ARGINASE

Sir:
Recent investigations [Hellerman, Perkins, 

and Clark, Proc. Nat. Acad. Sei., 19, 855 (1933); 
Hellerman and Perkins, J. Biol. Chem., 107, 241 
(1934); Bersin, Z. physiol. Chem., 220, 209 
(1933)] support the idea that reversible Chemical 
actions upon substituent thiol groups of certain 
enzymes (urease, papain, etc.) may account 
largely for their reversible inactivations by oxida­
tion and by silver ion, phenylmercuric hydroxide, 
etc. However, the enzyme, arginase [Hellerman 
and Perkins, J. Biol. Chem., 112, 175 (1935)], was 
found to be little sensitive to phenylmercuric 
hydroxide, and most readily activated, not by re­
duction in the usual sense but rather by the use of 
reduced ions of the transition elements, manga­
nese, cobalt or nickel, as well as ferrous ion, which 
had been associated previously with arginase ac­
tivation. This, and other evidence cited, was 
considered to point strongly to metal coördina­
tion as a factor not merely in arginase activation 
but actually in the functioning of the enzyme it­
self. For example, dissociable, labile enzyme-

Substrate intermediates might be constructed by 
the “binding’ ’ to a metal ion of both enzyme and 
substrate through donor groupings of each. If 
so, an effective metal ion should alter the activity- 
pH. curve of arginase in a characteristic way.

We have now studied the effect of such ions 
upon the arginase-arginine reaction in buffers of 
widely varying pH values but having approxi­
mately constant ionic strength (y = 1). Ac- 
tivity-^H curves constructed from the data 
clearly show characteristic differences. Liver- 
arginase action is enhanced greatly by nickelous 
and especially cobaltous ion from pH 5 to 7.7; 
activation by manganous ion is not significant 
below pK  6.7. The optima for cobaltous, nickel­
ous and manganous ion are, respectively, pH
7.5 to 7.7, 6.7 to 7.7 and 10 as compared with the 
optimum for our arginase, without added metal,
7.7 to 9.0. The variations may be considered* in 
relation to the corresponding stabilities of the co- 
ordination complexes of these ions with substi­
tuted ammonias. For example, we ascertained 
(by a potentiometric titration method) that the 
dissociation constants of the complex ions de­
rived from J-arginine with cobaltous, nickelous
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and manganous ion, respectively, are approxi­
mately of the order, 2 X 10~10, 4 X 10“11 and 
1 X 10 “6. Manganous ion apparently cannot 
appreciably activate arginase in the more acid 
pB  range where it coördinates only slightly.

A similar study has also been made with the 
new catalyst for d-arginine hydrolysis, which 
Hellerman and Perkins found was “elicited,” in 
the presence of cobaltous, nickelous or man­
ganous ion from some constituent of their prepa­
rations of jack bean urease. This “urease- 
metal” effect, in contrast to liver-arginase ac­
tivity, is negligible below pB  7.0; “with Co++” 
the curve relating activity (ordinate) with pB  
(abscissa) rises sharply from pB  7.1 to 7.7, the 
optimum. This practically proves the non- 
identity of the two catalysts. Nevertheless, the 
characteristics of the kinetics of arginine hydroly­
sis with either enzyme (plus Co"1"1“) are similar 
(pseudounimolecular at pB  7.5). Moreover, the 
striking specificity of liver-arginase is retained in 
the new catalyst; this was tested with argininic 
acid, S-guanidinovaleric acid, etc.

Thé results will be published in detail in another 
place.
D epa r t m e n t  of P hysiological  Chem istry
T h e  J o h n s  H o p k in s  U n iv e r sit y  L e sl ie  H ellerm an
B altim ore , M a r y la n d  C. Ch e st e r  Stock

R e c e iv e d  O c tober  23, 1936

AN ANTIRACHITIC SUBSTANCE FROM TUNA LIVER 
OIL

Sir:
Drummond and Haslewood [Chem. & Ind., 55, 

598 (1936)] report the isolation of an anti- 
rachitic substance from tuna liver oil and indicate 
that their substance may not be identical with 
that of Broekman [Z. physiol. Chem., 241, 104 
(1936)]. Our own findings may be of interest, 
particularly since we arrivé at essentially the 
same end product as Broekman by a somewhat

different route. We have not used the Chromato­
graphie technique which he deerns essential.

Starting with an alcohol-soluble fraction from 
the non-saponifiable of tuna liver oil, the sterols 
were esterified with phthalic acid, leaving the 
hydrocarbons behind. This was followed by dis­
tribution of the sterol mixture between solvents 
in the manner described for a number of similar 
mixtures by various investigators. Removal of 
cholesterol by digitonin, freezing, treatment with 
decolorizing carbon and finally formation of the
3,5-dinitrobenzoic ester gave a crystalline prod­
uct which melted sharply at 128.5°. The al­
cohol from this showed a narrow absorption band 
with a peak at 2650 Ä. and an extinction co­
ëfficiënt E \ ^  = 350 in Normalbenzin (Kahl­
baum). The dinitrobenzoic ester showed 4.94% 
of nitrogen; calcd. 4.83%. The biological activity 
was 30 X 106 international units per gram. No 
evidence of any considerable amount of bio­
logical activity residing in substances with other 
absorption peaks was obtained, although in the 
stages of lesser purity low absorption peaks at 
both longer (Drummond) and shorter wave lengths 
were very evident.

We agree with Broekman that the material he 
identified essentially characterizes the Vitamin D 
of this type of liver oil. Our slightly higher bio­
logical activity as well as our slightly but dis- 
tinctly narrower absorption band (calculated to 
the same units as Broekman uses), cause a little 
hesitation in concluding that either Broekman’s 
D3 or our material is pure. The difference in 
absorption is not likely to be a solvent effect 
(hexane vs. Normalbenzin), particularly since the 
position of the peak is identical. All these find­
ings have as yet no bearing on the question of 
multiplicity of forms of naturally occurring Vita­
min D.
D e p a r t m e n t  of P athology  E . J . H . S im o n s
C olleg e  of  P h y sic ia n s  a n d  S u r g e o n s  T . F . Zu c k e r  
C o l u m b ia  U n iv e r sit y

R e c e iv e d  N o v e m b e r  14, 1936
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N E W  B O O K S

Collateral Readings in Organic Chemistry. By L. A.
Goldblatt, University of Pittsburgh. Edwards 
Brothers, Inc., Ann Arbor, Michigan, 1936. iii -j- 128 
pp. 21 .5X 27.5  cm. Price, $ 1.00.
This book is an attempt, on the part of the author, to 

place at the disposal of students in Elementary Organic 
Chemistry, at a nominal expense, articles in the current 
literature. The articles have been taken from the journals 
sponsored by the American Chemical Society.

The author states in the preface that he desires to bring 
to the attention of the student of Elementary Organic 
Chemistry the existence of a literature in Organic Chem­
istry. The articles have been carefully chosen. The 
experiment is an interesting one and the book seems worth 
while.

Samuel T. Arnold

An Elementary Chemistry. By A. H. B. Bishop, Head- 
master of Warwick School, and G. H. Locket, Assistant 
Master at Harrow School. Oxford University Press. 
114 Fifth Ave., New York, N. Y., 1936. 398 pp. 133
figs. 13 X 19 cm. Price, $1.75.
This textbook of elementary chemistry, following the 

usual English method, presents more material than the 
ordinary Aynerican secondary school book, and rather less 
than most regulär college texts. The topics and presenta­
tion in general are well adapted for a course emphasizing 
either general knowledge or college preparation. The 
authors have tried to avoid what they believe to be a fault 
of many texts, by offering more than the customary amount 
of information on the metallic elements and their metal- 
lurgy, and stressing the everyday and industrial uses of the 
elements and compounds described. The amount of 
Chemical theory in the book has been minimized by care­
ful presentation and judicious elimination, the latter per­
haps having been carried too far for the best interests of 
college preparatory classes. Questions and problems are 
introduced frequently, many of them taken from various 
examination papers. One useful feature of the book is the 
directions for experiments which are inserted in the text 
at the proper places; many of them being suitable for desk 
demonstration. The book may well be chosen by instruc- 
tors giving a thorough high school or brief college course.

Allen D. Bliss

Das Ausblühen der Salze. (The Efïlorescence of Salts.) 
By Dr, Phil. Karl Schultze, Hygienisches Staatsinsti­
tut zu Hamburg. Separate printing, from Kolloid- 
Beiheften, edited by Prof. Dr. Wo. Ostwald, Leipzig. 
Verlag von Theodor Steinkopff, Residenzstrasse 32, 
Dresden-Blasewitz, Germany, 1936. 99 pp. 36 figs.
15.5 X 23.3 cm. Price, RM. 4.
The German word ausblühen refers usually to the shed- 

ding of blossoms; its intent is probably broader than that 
of the English, creeping of salts, and corresponds more

nearly to that of efflorescence by which we are accustomed 
to designate both the loss of water from hydrated crystals 
with the consequent formation of powder and the depo- 
sition of dissolved salts in masses which resemble Vegeta­
tion, as when we speak of the efflorescence upon a pieee of 
masonry or the walls of a cellar. The phenomena in 
question are of interest to the colloid chemist, the geolo­
gist, the mineralogist, and others; they play an important 
part in the economy of nature and are of practical sig- 
nificance to the artist, the architect and the engineer.

The author of the present brochure has published exten- 
sively on the subject, and now presents an interesting, well- 
illustrated, and well-documented survey of the whole field. 
The seven sections of the monograph deal respectively with 
(1) the multiplicity of the names (for the phenomenon of 
efflorescence) and the first descriptions, (2) Bodenaus- 
blühen (creeping within deep masses of crystals), (3) cli- 
mate and local conditions, (4) efflorescence of structural 
materials, (5) experiments toward an explanation of the 
mechanism of efflorescence, (6) capillary theory of efflores- 
cence, and (7) influence of dispersion. The early work pf 
Lemery on chemieal Vegetation, published with three 
handsome engravings in Ment. Acad. Roy. des Sciences, 
1706, pp. 411-418; 1707, pp. 299-328, is not mentioned in 
the list of references.

Tenney L. Davis

Grundriss der chemischen Technik. (An Outline of 
Chemical Technology.) By Dr. F. A. Henglein, 
Professor and Director of the Institute of Chemical 
Technology, Technical College of Karlsruhe. Verlag 
Chemie, G. m. b. H., Corneliusstrasse 3, Berlin W 35, 
Germany, 1936. viii +  470 pp. 435 figs. 19.5 X 
27.5 cm. Price, RM. 16.80.
This book is the outgrowth of a series of leetures given 

at two well-known German universities and is based on the 
author’s long practical experience in Chemical industry. 
It is divided into two main parts, the first dealing with the 
general technology common to all branches of the industry 
and the second with the more specialized techniques of 
particular industries.

Part I opens with a brief review of some of the more im­
portant physicochemical laws governing Chemical reaction, 
and some general obseryations on the economics of Chemi­
cal processes and on the analysis of processes into unit 
operations. This is followed by a long section describing 
typical equipment for carrying out the more common unit 
operations—a purely descriptive and non-quantitative 
treatment, very well illustrated by diagrams and photo­
graphs.

The remaining sections of Part I deal with a number of 
matters which are of the utmost importance to the success 
of any Chemical manufacturing enterprise, but which are 
frequently omitted or only casually mentioned in typical 
American texts on so-called *‘Industrial Chemistry.” For 
example, such factors as power, water supply, storagej
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transportation, safety, shops and laboratories, Organiza­
tion of personnel, patents, buildings, e tc , are treated 
briefly but with sufficiënt detail to emphasize their impor­
tance.

Part II, dealing with the more specialized procedures, 
has two main subdivisions, the first of which treats the 
more strictly Chemical industries such as nitrogen fixation, 
acids, alkalies, dyestufïs, pharmaceuticals and the like, 
while the second is concerned with those industries pro­
ducing consumption goods with the aid of Chemicals and 
Chemical control, but in which the products are not the 
direct result of Chemical reactions. Examples are the 
rubber, textile, leather, perfume and photographic film 
industries. As an Introduction to Part II, there is a good 
general discussion of the raw materials of Chemical indus­
try.

The most outstanding feature of the book is the excel- 
lence of the illustrations of which there are more than 500. 
They contribute very greatly to its value, but even without 
them the reviewer believes that the book is a distinct con­
tribution to the Chemical engineering literature. It seems 
to him to give an unusually well balanced picture of 
Chemical industry as a whole.

Barnett F. D qdge

Colloid Symposium Monograph. Papers Presented at the 
Twelfth Symposium on Colloid Chemistry, Ithaca, New 
York, June, 1935. Edited by Harry Boyer Weiser, 
Professor of Chemistry, The Rice Institute. The Wil­
liams and Wilkins Company, Mt. Royal and Guilford 
Avenues, Baltimore, Maryland, 1936. 156 pp. 18 X 
26 cm. Price, $3.00.
This volume contains the papers presented at the 

Twelfth Symposium on Colloid Chemistry, held in June, 
1935, at Ithaca, New York. All but two of these papers, 
namely, one entitled “The Adsorption of Water Vapor by 
the Growth Elements of the Sapwood and by the Heart­
wood of Southern Pine,” by C. J. Frosch, and another, “A 
Hydrate Decomposition Mechanism/’ by V. R. Damerell 
and O. F. Tower, have already been published in Volume 
40 of The Journal of Physical Chemistry. It is, however, a 
convenience to have them available in a separate volume, 
particularly for persons who have sets of Colloid Sympo­
sium Monographs and Colloid Symposium Annuals.

Arthur B. Lamb

The Thermochemistry of the Chemical Substances.
By F. Russell Bichowsky, Editor for Thermochemis­
try for the “International Critical Tables,” and Fred­
erick D. R ossini, Scientist in Physical Chemistry 
at the National Bureau of Standards. Reinhold Pub­
lishing Corporation, 330 West 42d Street, New York, 
N. Y., 1936. 460 pp. 15.5 X 23.5 cm. Price, $7.00.
The sub-title of this book “The Assembly of a Self 

Consistent Table of “Best” Values for the Heats of Forma­
tion of the Chemical Substances (Except Carbon Com­
pounds Containing More Than Two Carbon Atoms), 
Including Heats of Transition, Fusion, and Vaporization” 
clearly defines the contents. The authors have retained the 
order of arrangement of the section of thermochemistry in

the “International Critical Tables,” of which this is 
essentially a revision and extension. Accurate descrip­
tions of the electron configurations of many of the sub­
stances are added. The return to the calorie (1 defined 
calorie = 4.1850 absolute joules =  4.1833 International 
joules = 0.04337 absolute volt-electrons) is welcome.

In determining the best value, the authors first recalcu­
lated the experimental data to consistent units, molecular 
weights, etc., so far as possible. The values are tabulated 
as the heat evolved when the clearly indicated reaction 
takes place at a constant temperature of 18 ° and a constant 
pressure of 1 atm. Only the selected best value appears in 
the main table. There follows (pp. 171-405), arranged in 
the same “I. C. T .” order as the main table, a discussion 
of the source and methods of measurement and sometimes 
the individual values from which the selection of the best 
value was made. This section is especially welcome to re­
search workers in thermochemistry. The system of 
references to the original data is clear, concise, and is a 
great improvement over that used in the “I. C. T .” or 
other tables of thermochemical data. The abbreviations 
used are clearly defined, and as the “I. C. T .” order of 
arrangement is used the material is self indexed. But for 
those unfamiliar with the “I. C. T.” Standard arrange­
ment, an index showing the locations of the elements in 
the table and text is given.

The authors are thoroughly familiar with the field and 
have succeeded in assembling, recalculating and tabulat- 
ing the extensive data relating to heat of formation in a 
practical, accurate, and understandable way.

M erle R andall

Experimental Enzyme Chemistry. By H enry Tauber, 
New York Medical College and Flower Hospital, New 
York City. Burgess Publishing Company, 426 South 
Sixth Street, Minneapolis, Minnesota, 1936. v +  118 
pp. Illustrated. Price $3.50.
This mimeographed edition is a successful attempt to 

present certain of the more important advances in enzyme 
chemistry during the past few years. Experimental re­
sults, rather than theoretical considerations, are empha- 
sized and no attempt is made to cover the material given in 
earlier monographs. At times the text is vague and shows 
haste in writing, and certain sections are rather sketchy 
due to the size of the book. However, this is in part offset 
by a well selected list of over 800 references.

The first chapter deals with the nature of enzymes and 
their mode of action as influenced by various factors. The 
protein nature of many enzyme systems, shown largely 
by American workers, is discussed. Such topics as buf­
fers, “anti-enzyme,” activators and inhibitors are either 
omitted or given too scant treatment. Then come chap­
ters on the following specific systems: esterases, proteoly- 
tic enzymes and those acting upon related nitrogen com­
pounds, carbohydrases, catalase, oxidizing enzymes and 
the flavine system, carbonic anhydrase, zymase and lu- 
ciferase.

Especially in the cases of the proteases and the carbohy­
drases certain groupings are attacked by specific enzymes 
and these relationships are pointed out in this book. 
During the past ten years theories as to the role of cyto-
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chrome and the flavine pigment of Warburg and Christian 
in oxidizing enzyme systems have been developed; this 
difficult field is also well summarized.

Dr. Tauber has performed an excellent service in sum- 
marizing the latest material in several fields of enzyme 
chemistry and we can only wish that the manuscript were 
extended to cover more fully certain sections and to in­
clude other topics. An index would greatly increase the 
usefulness of the book. The monograph will scarcely 
serve as an introduction to the study of enzyme chemistry 
but it will be read with profit by those acquainted with the 
field.

W. M. Sandstrom

Enzymologia. Vol. I , Nos. 1-2. Edited b y  Carl Op p e n ­
h e im e r . W. Junk Verlag, 74 Scheveningsche Weg, 
Den Haag, Holland. 160 pp. 20 X 28 cm. Price, per 
volume, Dutch florins, 15.00.
This joumal, first issued in June, 1936, is devoted en­

tirely to enzymes and will cover the whole range of enzyme 
research. Original articles and brief preliminary reports 
will be accepted, but summarizing reviews are to be ac­
cepted only when asked for by the editor, The tnanu- 
scripts, which are to be as concise and comprehensive as 
possible, may be written in German, English, French and 
Italian. Publication will be prompt. Authors are to re­
ceive 120 free copies of their articles as honorarium. The 
editor, Dr. Oppenheimer, well known as the author of 
many authoritative volumes dealing with enzymes, will 
have the assistance of 101 collaborators from various coun- 
tries who are recognized for their interest in enzyme chem­
istry and for past contributions in this field.

The first two numbers of the journal, containing seven- 
teen research papers, have already appeared. These pa­
pers are of such quality that the reviewer believes that 
Enzymologia can be expected to deserve a place in every 
biochemical library. In view of the present high cost of 
German joumals one wonders what the price will be per 
year. Because of the fact that Enzymologia will appear at

indefinite intervals, it is difficult to make any positive 
statement, but it is probable that the cost per year will be 
inconsiderable.

In view of the present broadcast distribution of enzyme 
articles in so many different scientific publications it will be 
a distinct advantage to find a considerable number grouped 
together in one journal. The reviewer is of the opinion 
that Enzymologia deserves the support and interest of 
chemists and biologists, and that the existence of this new 
joumal will raise the Standards of enzyme research.

Ja m es B . S u m ner
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ADDITIONS AND CORRECTIONS

N otice to R e a d e r s .—For the convenience of those who 
may wish to cut out the corrections and attach them to the 
margins of the articles corrected, they have been printed 
only upon one side of the page.

1935, V o l . 57

Madison Hunt and C. S. Marvel. The Reaction be­
tween Sulfur Dioxide and Olefins. II. Propylene.

Page 1696. Column 1, lines 12 and 13 should read: 
“Anal. Calcd. for C4H9S203Na: S, 33.33. Found: S, 
32.82, 32.62.”—C. S. M a r v e l .

J, W. McBain and Margaret D. Betz. Straight-Chain
Sulfonic Acids in Water. III. Electromotive Force.

Page 1914. The authors report: “The activity data of 
Randall and Young quoted in column 3 of Table II are 
those for 0° instead of 25°. This does not affect any of the 
more dilute Solutions, but it increases the discrepancy 
which is emphasized between the best Standard e. m. f. data 
for 1 m hydrochloric acid and accepted theory to no less 
than 10.8 and 11.6 millivolts, leaving it 1.3 or 2.1 milli- 
volts for 0.1 m hydrochloric acid.”—J. W. M cB a in .

Donald D. Coffman. H. B. Dykstra. Acetylene 
Polymers and their Derivatives. XXIII-XXV.

Pages 1978, 1981, 2255. The authors write: “The more 
recent articles in our Acetylene Polymers series have been 
numbered incorrectly:

Page number 1978 1981 2255
Number assigned XXII XXIII XXIII
Correct number XXIII XXIV XXV

“We wish to report also that on page 2257 . .. the data 
given in the last line of Table IB are not for CH2=CHC- 
(OC2Hß)2CH3, as indicated, but for CH2—CHC(OC2Hs)- 
(OC6H6)CH3.”—H. B. D y k st r a .

Louis F. Fieser and Emanuel B. Hershberg. The 
Synthesis of Phenanthrene and Hydrophenanthrene De­
rivatives. II. The Hydrocarbon Synthesis.

Page 2196. Line 25. “Dr. Haworth’s melting point 
for 2,3-dimethylphenanthrene styphnate was given in­
correctly as 137-148° instead of 147-148°.”—L. F. F ie s e r .

1936, V o l . 58
E. D. Farley and C. S. Marvel. Rearrangements of 

Polyynes. VIII. Formation of Diallenes.
Page 30. The authors write: “In the chart the neutral 

eompound in the upper right-hand corner should be 
C33H30O2. Also, in the last line of the chart, the eompound 
C38H42, m. p. 181°, should be C38H42, m. p. 197°.”—C. S. 
M a r v e l .

E. C. Pitzer, N. E. Gordon and D. A. Wilson. The Re­
duction of Üranyl Ion in the Uranyl Oxalate Actinometer.

Page 69. Column 2, line 11 should read “a. = K /[K  +  
(H+) ].” Line 17 should read “ [U02(C20 4)2=] = 0.0201.”— 
E. C. P itzer .

George H. Tomlinson, 2nd, and Harold Hibbert. 
Studies on Lignin and Related Compounds. XXIII. The 
Preparation and Methylation of Spruce Lignin Sulfonic 
Acids.

Page 343. In column 2, line 12, for “100°” read 
“110°.”—H arold  H ib b e r t .

George H. Tomlinson, 2nd, and Harold Hibbert. 
Studies on Lignin and Related Compounds. XXIV. The 
Formation of Vanillin from Waste Sulfite Liquor.

Page 346. In Table I, column 4, item 5, for “Digest 100 
cc, liquor . . . ” read “Digest 1000 cc. liquor . . .  ”—H a r o l d  
H ib b e r t .

B. Sullivan and C. H. Bailey. The Lipids of the Wheat 
Embryo. I. The Fatty Acids.

Page 386. In column 2 the third formula should read 
“Ln =  —(100 — G) +  1.104 (thiocyanogen number).”—  
C. H. B a il e y .

S. R. Benson and H. N. Calderwood. The Chemical 
Examination of the Seed of Abies Balsamea (L) Miller.

Pages 524-525. In item 7 of the Summary the second 
word should be “linolenic” instead of “linoleic,” and in the 
last line for “9-octadecanoic” read “9-octadecenoic.”—H. 
N. C a l d e r w o o d .

Lee Irvin Smith and C. W. MacMullen. The Reaction 
between Quinones and Sodium Enolates. IV. Pseudo- 
cumoquinone, Sodium Acetoacetic Ester and Sodium Ma­
lonic Ester.

Page 630. “In formula I a methyl and hydroxyl group 
should be interchanged so that the hydroxyl will be para to 
the bridge oxygen and not meta.”—L e e  Ir v in  Sm it h .

Walter Fuchs. Investigations Concerning Phenol Lig­
nin and /3-Methoxyethanol Lignin from Spruce Wood.

Pages 673 ff. The eompound described as “Methoxy 
Glycol” should have been named “/5-Methoxyethanol.”—  
T h e  E d it o r .

William F. Bruce. The Preparation of Platinum Oxide 
for Catalytic Hydrogenations.

Page 688. In column 1, footnote 4 should read “ (4) 
The addition of a trace of FeS04 served to promote the re­
action.”—W illiam  F. B r u c e .

R. F. Miller and Roger Adams. Contribution to the 
Multiplanar Isomerism of Cyclohexanes.

Page 788, Column 2, line 18. The sentence, “On the 
basis of only one ‘C’ form, five isomers remain.” should 
read, “On the basis of only two ‘C’ forms produced by in­
terchange of a and b or c and d, six isomers remain.”—R. 
F. M il l e r  and R o ger  A d a m s .
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Earl M. Bilger and Harold Hibbert. Mechanism of Or­
ganic Reactions. IV. Pyrolysis of Esters and Acetals.

Page 825. In the first column of the table, item 4 should 
read “Ethylene w-butyral” instead of “Ethyl ra-butyral.”— 
H arold H ib b e r t .

Samuel C. Hooker. Condensation of Aldehydes with 
/3-Hydroxy-a-naphthoquinone. Synthesis of Hydrolapa­
chol.

Page 1163. Note 1, Lines 10 and 11. The word 
“purification” should read “publication.”

Henry E. Bent and N. B. Keevil. The Electron Af­
finity of Free Radicals. X. A Potentiometric Method for 
Determining AF for the Addition of Sodium to an Organic 
Compound.

Page 1230. Column 1, line 9 from the end, for “1012” 
read “1010.”—H e n r y  E. B e n t .

P. C. Jurs and C. R. Noller. Saponins and Sapogenins.
IV. The Isolation of Amolonin and Determination of the 
Products of Hydrolysis.

Page 1254. In the captions of Figs. 2 and 3 and at the 
bottom of column 1, for “polarigram” and “polarigraph” 
read “polarogram” and “polarograph.”—C. R. N oller .

Henry E. Bent and Norman B. Keevil. The Electron 
Affinity of Free Radicals. XI. The Free Energy of Addi­
tion of Sodium to Ketones and Unsaturated Hydrocarbons.

Page 1371. Column 1, line 4, for “not” read “now.”— 
H e n r y  E . B e n t .

Russell E. Marker, Oliver Kamm, Thomas S. Oakwood 
and Joseph F. Laucius. Sterols. VI. Synthetic Prepa­
ration of Oestrone (Theelin).

Page 1503. The authors write: “In the formulas for 
ergosterol, neoergosterol, dehydro-neoergosterol and tetra- 
hydro-dehydro-neoergosterol, the radical attached to the 
17-position should be C9H17 instead of CgHi8. The an­
alysis formulas also should be changed accordingly.”— 
R u sse l l  E. M a r k e r , Ol iv e r  K amm , T homas S. Oakwood 
and J o se ph  F. L a u c iu s .

Charles M. Mason, Roger D. Gray and Grace L. Ernst. 
The Magnetic Rotation of Lanthanum and Neodymium 
Chlorides in Aqueous Solution.

Page 1602. In column 2, lines 8 and 14, for “X5460.8 Ä,” 
read “ A5460.7 Ä.”

Page 1604. In column 2, lines 12 and 24, for 
“X5460.8 Ä .” read “A5460.7 Ä .”— C. M. M a so n .

James P. Danehy and J. A. Nieuwland. The Reactions 
of Metal Halides with Acetylenic Grignard Reagents. 
Charles A. Young, R. R. Vogt and J. A. Nieuwland. The 
Reaction of Butylacetylene with Hydrogen Bromide.

Pages 1609 and 1806. The first of these two papers 
should have been numbered XVI, and the second XV in­
stead of XIV.—G. F . H e n n io n .

Theodore Soller, Seymore Goldwasser and Ralph A. 
Beebe. A Sensitive Manostat for Low Pressures and its 
Application to the Adsorption of Hydrogen and Deuterium 
on Copper.

Page 1706. In the Summary, paragraph 2, line 3, for 
“3.35” read “5.5.”—R a l ph  A. B e e b e .

G. H. Cartledge and W. P. Ericks. Equilibrium be­
tween the Trioxalatomanganiate and Dioxalatodiaquoman­
ganiate Ions.

Page 2068. Footnote (6) should read “(6) Johnson, 
Trans. Faraday Soc., [5] 28, 845 (1932).”—G. H. C a r t ­
l e d g e .

Frank T. Gucker, Jr, Fred D. Ayres and T. Richard 
Rubin. A Differential Method Employing Variable Heat­
ers for the Determination of the Specific Heats of Solu­
tions, with Results for Ammonium Nitrate at 25°.

Page 2122. In column 1, the third line from the end 
should read “ = 1.24741 -f [0.10(1.2471 -  1)1/79.6 =  
1.24772 = xi.”—F r a n k  T. G u c k e r .

F. H. Norton and H. B. Hass. The Action of Diethyl­
magnesium upon the Methyl Substituted Derivatives of 
Epoxyethane.

Page 2150. In Table VIII, first part, after “Ref. cpd.” 
insert a line reading “Et2Mg 157.1 750 82.5 1.4390
0.8549 40.04 0.”—H . B . H a s s .

David E. Adelson and Marston Taylor Bogert. Investi­
gations in the Retene Field. VII. Certain Fluorenones 
and Phenanthridones from Retenediphenic Acid.

Page 2236. Column 1, in formula (II) the “HOOC—” 
on the upper ring should be ortho to the bond connecting 
the rings instead of ortho to the “—CH(CH3)2.”—M a r s­
ton  T. B oger t .

L. F. Fieser, M. Fieser and E. B. Hershberg. The 
Synthesis of Phenanthrene and Hydrophenanthrene De­
rivatives. VI. 1 ',3 '-Diketocyclopentenophenanthrenes.

Page 2323. In formula V the carbonyl groups should 
be at the 1'- and 3'~positions, rather than at 2' and 3'.— 
L. F. F ie s e r .
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Alkalies. (See also Bases.) action of, on mixts. of 

aromatic aldehydes...................................................... 2110
2683
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Alkali metals, halides, density of solns. of, in liquid
NH3, 15; prepn. of addn. compds. o f.......... 2442

Alkaloids, from aconitum napellus, 533; deltaline, a 
new, 684; monolupine, a new, 686; of Lupinus  
barbiger S. Wats, 1296; of F r it i l la r ia  R oylei, 1306;
cinchona............... ........................ .................... ............ 1977

Alkanes. See Paraffins.
Alkenes. See Olefins.
2-Alkoxycinchoninic acids, esters of................ ............ 1360
Alkoxymethylhydantoins, synthesis of . . . . . .  ............. 474
Alkyl amides, as hypnotics. *........................................  1352
Alkyl sulfates, dialkylacetylenes from, 796; reacns.

of, in Friedel-Crafts synthesis...................... ............ 2605
Alkyl sulfonic acids, salts of higher............................  322
Alkyl sulfonyl chlorides, prepn. of............. .. ............... 1348
Alkylacetylenes, dioxole derivs. of............... ................ 1658
Alkylarylamines, sepn. of primary aryl amines from

5-........... .......................... ; .............. ..............................  2444
Alkylation, of phenolic hydroxy indenes and indanes,

657; of paraffins with olefins in the presence of
AICI3, 913; phosphoric acid as a catalyst for 
destructive, of hydrocarbons, 918; H2SO4 concn. 
upon reacn. between olefins and benzene, 919; 
destructive, with a hydrogenating catalyst, 922, 
accompanying depolymerization, 1056; nuclear 
alkylated morphine derivs., 1457; of 1,4-di- 
phenyl-l,2,4-butanetrione enol, 1885; of /3-di- 
ketones and ß-sulfonyl ketenes, 2166; of aromatics
with olefins in the presence of BF3..........................  2339

/-Alkylbarbituric acids..... . . . . ......................   731
Alkylbarbituric acids, N-substituted, 1354; di- and

tr i- ......... .......................................................................  1358
Alkylbenzenes, halo—Jacobsen reaction....... . 1
ß-w-Alkylcholine chlorides, prepn. and properties of,

and their acetyl esters............... . ..............................  22
Alkylene oxides, addn. of NaHSC>3 t o . ................ . . . .  1873
4-w-Alkylpyrogallols....................................................... 1957
epi-Allocholesterol, a new isomer of cholesterol........... 182
/-Allonic acid, new derivs. of .. ............. ........................ 2479
Allotropy, der chem. Elemente (Neuburger, book

review), 1826; of diphenylsulfone............................. 1869
Alloys, der aufbau der Zweistofflegierungen (Hansen,

book review)...............    1506
Allyl bromide, reacn. of, with acetylenic Grignard

reagents...............         611
/-Altronic acid, new derivs. of.......................................  2479
Aluminum, -legierungen (Patentsammlung) (Grütz-

ner, Apel, book review)........... ..................................  1509
Aluminum chloride, condensation of aliphatic alcs. 

with aromatic compds. in the presence of, 439; 
alkylation of paraffins with olefins in the presence 
of, 913; polymerization of ethylene with, 915;
rearrangement of sugar acetates b y ......................... 2534

Aluminum halides, action of, on w-pentane.. . . . . . . .  1944
Aluminum isopropoxide, reduction of aldehydes

with...............................................    100
Aluminum nitrate, vapor pressures and activity

coeffs of aq. solns. of, (correction)...........................  376
Aluminum salts, soly. of cryolite in aq. . . ........ .. 1695
Alums, Das Buch der, und Salze (Ruska, book re­

view) ............................. ................................................  380
Amalgams, activity of Na in dil. Na, 2216; activity

of Na and Hg in solid . ......................... ...................... 2220
Amides, rel. rates of racemization of substituted di-, 

of 2,2'-dimethoxy-6,6'-dicarboxydiphenyl, 587;
alkyl and aryl, as hypnotics......... ............................ 1352

Amidines, some reacn. products of aromatic, with 
diketones, dialdehydes and their monoximes......... 163

Amines, reacns. of acetyl-3,4-methylenedioxybenz­
aldoximes with, 1419; for distinguishing isomeric 
aldoximes and their acyl derivs., 1772; extensions 
of the Leuckart synthesis of, 1808; diazotization 
of weakly basic and insol.—the use of pyridine, 
quinoline and isoquinoline as solvents for the,
2044; salts of polymeric/-, 2277; sepn. of primary
aryl, from ^-alkylaryl......... .................................... . .  2444

Amino acids, phys. chemistry of, and related sub­
stances—densities and viscosities of aq. solns. of,

415; dielec. const. and electrostriction of, 463; 
total basic, in gelatin, 774; oxidatipn of, with 
NaOBr, 909; photochem. deamination of aq.,
1675; high vacuum distillation of N-acyl, 2104; 
helianthates of, 2107; phys. chemistry of, and re­
lated substances—soly. of, 2173; ct-, reacn. be­
tween «-ketonic and, 2239; phys. chemistry of,
and related substances..............................................  2365

Amino alcohols. See Alcohols.
^-Aminobenzoic acid, ß-amoxyethyl esters of...........  1549
2-Amino-4-chlorothiophenol, sapon. and thermal

decompn. of mixed diacyl derivs. o f . .......... .. 609
2-Amino-4-ethylpyrimidine, synthesis of................  287
Aminoguanidines, synthesis of «-Me-, «-Et-, and «- 

w-Bu-y-, 800; prepn. of, by catalytic hydrogena­
t i on. . . . . .......................................................................  2170

Ammines, some chromous and chromic.. . . . . . . . . . .  1474
Ammonia, density of solns. of alkali metal halides in 

liquid, 15; stability of pinacolates in liquid, soln.,
76; reacn. of Na in liquid, with proteins and re­
lated substances, 309; interaction of cellulose and 
liquid, 333; action of, on the Me diboranes, 409; 
liquid, as a solvent—the dielec. const. of, 776; 
lactones in liquid, 898; soly. isotherm of the sys­
tem : -M 0O3-H 2O, 930; dipole moment of, in soln.,
1049; reacn. of esters with, 1346; alc., as a nitro 
compd. and ketone reagent, 1607; reacn. of, with 
Z-dichlorodiethylenediaminocobaltic chloride, 2226; 
reacn. of K amide in liquid, with diarylbromo­
ethenes, 2310; photodecompn. of, 2462; heats of
soln. and reacn. on liquid............................ 2509

Ammonium nitrate, system: Pb(NÖ3)2-H20 , 1644;
sp. heats of, solns.......... .................. . . . . .................. 2118

Ammonium phosphates, vapor pressure of acid mono-
and di-................................    1291

Ammonium salts, from bromopropylamines........ .. 2277
Amolonin, isolation of, and detn. of the products of

hydrolysis, 1251, (correction)....... .................   2661
/-Amyl chloride, thermal decompn. of................ ........ 43
Amylase, stability of pancreatic.................................. 84
Analysis. (See also Therm al analysis.) use of IC1 

end-point in vol., 113; qual. test for linolenic acid,
364; Microtechnique of Inorg. Qual. (Benedetti- 
Pichler, Spikes, book review), 381; Analytical 
Chemistry. Vol. II. Quant. (Treadwell-Hall, 
book review), 381; Qual. (Deming, book review),
538; Quant. (Hall, book review), 539; titration 
of amino acids in gelatin, 774; micro-, method 
for iron, 826; A Brief Course in Qual. Chem. 
(Curtman, book review), 860; Volumetric (Sut­
ton, book review), 862; Qual., mit Hilfe Tüpfel­
reaktionen (Feigl, book review), 863; precision 
combustion of natural products, 943; improved 
analytical technique for esters, 1015; photoelec. 
starch-I, 1019; new org. reagent for metals, 1046; 
quant. detn. of radioactivity, 1313; for W and 
Mo, 1494; Quant. Inorg., (Kolthoff and Sandell, 
book review), 1506; accuracy of the potentio­
metric iodide-Ag titration, 1524; dissocn. consts. 
of malonic, succinic and glutaric acids by potentio­
metric titration, 1546; improved technique for. 
detg. microgram quantities of I, 1592; titration of 
Mo with Ce2(S04)3, 1689; Colorimetric (Snell,
Snell, book review), 1824; for Fe, V and Mo, 1843; 
of small amts. of Cu, 2009; comparison of the total 
N in wheat seeds by the Gunning (modified 
Kjeldahl) and the Dumas combustion methods,
2075; Semi-Micro Qual., (Engelder, Dunkel- 
berger, Schiller, book review), 2344; quant. detn. 
of anhydrides of carboxylic acids, 2452; potentio­
metric iodide-silver titration at extreme dilns.,
2457; CrSC>4 as O absorbent...................................... 2591

Androsterone. (See also Hormones.) and related
sterols, 338; derivs. of . ............................................ . 480

Anemia, pernicious, principle in liver......... ............... 2234
Anesthetic action, of dialkyl barbituric acids. . . . . . .  585
Anesthetics, Ph urethan, 1079; local, containing the 

morpholine ring, 1360; urethans as, 1610; local,
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containing the ac- tetrahydro- /3-naphthylamine
pressor group............. ............................................ .. 1989

Aniline sulfate, oxidation of, by H2SO4. ................. . . 2595
Anthocyanin, pigment of the winesap apple....... . 1511
Anthracene, oxidation of, 646; structure of........ 749
Antiseptics. (See also Disinfectants.)
Apocodeine, prepn. of pure, and its hydrochloride. . . .  1814
Apple, anthocyanin pigment of the winesap.. . ........  1511
Arginase, metal ion activation in enzymatic cataly­

s i s . . . ............................................................................. 2654
Aromatic acids, prepn. of esters of.............. ................ 271
Aromatics, alkylation of, with olefins.........................  2339
Arsenic acid, phase rule study of Ca arsenates....... .. 1104
Arsenic sulfides, interatomic distances in .................  1590
Arsine, the Hg-photosensitized decompn. of, 454;

mol. rotation in solid............. .. . . ............................. 1723
Aryl amides, as hypnotics............................................. 1352
Aryl amines, sepn. of primary, from s-alkyl... . . . . .  2444
Aryl barbituric acids, N-, 1284; N-substituted........ 1354
Ascorbic acid. See “C” under Vitam ins.
Asymmetric synthesis. See Stereochemistry.
Atomic weights, 6th report of the committee on, of

the International Union of Chemistry,........ . 541
Atoms, Atomspektren und Atomstruktur (Herzberg,

book review).............................   2342
Auxochromes, azo dyes containing 2 ............................ 2327
Azeotropes, an azeotropic mixt, of acetylene and

ethane at atm. pressure.......................   1345
Azide ion, configuration of.......................................... . 779
Azo compounds, formation of cyclic, from 2,2'-di-

aminodiphenyls. .........................      2019
Azo dyes. See Dyes.
Azobenzenes, prepn. of Me substituted...................... 268
Azoxybenzenes, prepn. of Me substituted, and their 

rearrangement.....................................     268

BARBITURIC ACIDS, N substituted, 794; N-alkyl 
and N-aryl substituted, 1354; Ph N Substitution 
and reactivity in thé, series, 1469; tetraalkyl,

1633; p-carbethoxy alkylacetanilido, 1805; N-
aryl............................................ .................................. 2059

Barium ion, entropy of . . .  . ........................................... 1758
Barium chloride, activity of H20  in, solns., 280;

heat capacity of.............................. .................... .. 1615
Barium chloride dihydrate, thermodynamics of........ 1758
Barium nitrate, activity coeffs. of PbCl2 in aq. solns.

o f . . . . ..................   87
Barium salts, adsorption of, on BaSCb.. .................... 1543
Barium sulfate, adsorption of Pb on aged, 499; 

detn. of the sp. surface of, 725; adsorption of Ba
salts on....... .....................    1543

Bases. (See also A lka lies; Hydroxides.) double 
salts of indium and organic, 907; reacns. of
aldoxime derivs. w ith ...................    1419

Beckmann rearrangement, of certain 2-alkyl cyclo­
pentanone and cyclohexanone oximes, 650; of the 
oximes of acetylphenanthrenes and benzoylphen­
anthrenes .............................. ....................................... 2097

Bentonite, rheopexy in ........ .........................................   1822
Benzallepidines, addn, of benzene to ..........................  1979
Benzalphthalane, synthesis of........................    2448
Benzalquinaldines, addn. of benzene to ...................... 1979
1,2-Benzanthracene derivatives, synthesis of.............  2376
Benzene derivatives, heat capacity, entropy and free 

energy data for...........................................    398
Benzene series. (See Hydrocarbons.)
Benzene, hydrogenation of, 146; densities and re­

fractive indices of bromoform-, mixts., 237; con­
ductance of some salts in, 255 ; concn. of D in, 580; 
H2S0 4 in the olefin-, reacn., 919; olefin-, condensa­
tion with H2S04 catalyst, 1007; addn. of, to ben­
zalquinaldines and benzallepidines.......... ............... 1979

Benzilic acid, kinetics of the, rearrangement__ . . . .  2209
Benzoins, new synthesis of mixed, 1295; intercon­

version of mixed....... .................................................. 1986
Benzo-semiflavanthrene, reduction of........... .............. 1325
Benzoylation, of l,4-diphenyl-l,2,4-butanetrione 

enol..... ................................. ................................. 1885

Benzoyl chloride, Raman spectra of . . . . . . . .  ............. 1953
Benzoylformoin........................................     1894
Benzoquinone, behavior of di-PhMgBr with.............  533
4- Benzoyloxydiphenyl, Fries rearrangement of . . . . . .  2337
Benzoylphenanthrenes, Beckmann rearrangement of,

the oximes of.....................................    2097
3,4-Benzphenanthrene derivatives, synthesis o f........  1463
1,2-Benzpyrene derivatives.............................     1463
2-Benzylbutanol-l................................................     1558
Benzylsulfonic, acid, sodium salt of, a case of di­

morphism........... ................     437
5- Benzyl thiuronium chloride, to isolate and iden­

tify org. acids...................................................   1004
Beryllate hydrosols, basic.............. .. ........................... .. 2526
Beryllium hydrosols, basic.....................................   2526
Biochemistry, of the Lipids (Bull, book review), 184;

Annual Review of, (Luck, book review)....... . 2077
Biological methods, Handbuch der (Abderhalden,

book review) . ............................................ .. 1826, 2077
“Bios,” 695; effect of Mg upon yeast in the presence

of................. . . . . . .............. .................... ......................  1356
Biphenyl, Bi derivs. o f ................. .. 1820
Biphenyls, ultraviolet absorption spectra of substi­

tuted, 2296; X-ray study of substituted.. .............  2299
Bismuth, derivs. of diphenyl, 1820; thermodynamics

of the Pb-, system .......................................... 2084
Bisulfite reaction, of azo dyes containing two auxo­

chromes.  ............ ...................... .. 2327
Boiling point, of propane. . ............................................  810
Bonds. (See also Double bonds; T r ip le  bonds; Va- 

lency.) C-C, in hexaphenylethane, 165, 170; the H 
bond between O atoms in some org. compds., 548; 
constancy of nuclear, energies, 1061; nature of the 
H, 1135; activity of the C—H, in methane and 
methane-^4, 1445; single, ener’gies—the C-C, in 
diphenyl di-biphenylene ethane, 1625; the C-H  
and C-C, in ethane and ethane-^, 1795; H, 
formation in derivs. of o-hydroxybenzophenone 
oximes, 1903; H, formation between hydroxyl 
groups and N  atoms in org. compds., 1991; single, 
energies, 2 0 0 0 ; covalent radii of the non-metallic 
elements, 2036; the CN, in Me cyanide and Me
isocyanide. .........................  2516

Boric acids, mol. wts. of the organo-............................ 196
Boric oxide, phase equil. relationships in the system

Na20 - . .............................     2248
Borofluorides, org. mercurials from diazonium. . . . . .  2308
Boron compounds, the ethyl and n-propyl diboranes,

407; action of NH3 on the Me diboranes, 409;
B5H4. . . . . . .  .............................    2403

Boron fluoride, org. reacns. with, 271; alkylation of
aromatics with olefins in the presence of................  2339

Boron hydrides..........................................................407, 409
Boron oxides, structure of the organo-..................  197
Boyle temperature.........................................       2229
Bromate ion, kinetic salt effect in the reacn. Br~ •+■

2H+ + . . . . . . .............................................   667
Bromides. (See also A lk y l halides.)
Bromide, catalytic decompn. of H20 2 in a bromine-, 

soln., 1244; kinetic salt effect in the reacn. 
Br03~ +  2H + -j-, 667; Substitution of, in phenyl­
chloroacetic acid, 1157; reactivity of H20 2 in Br-,
solns. ..............................................................  2555

Bromination, of some alkenyl esters, 891; rate of, of
m-nitroacetophenone  .........................................  2182

Bromine, effect of O on the reacn. between, and 
butadiene, 1095; catalytic decompn. of H20 2 in a, 
-bromide soln., 1244; the phenanthrene-, addn. 
reacn., 1834; effect of substituents on the phen­
anthrene-, addn. reacn., 1838; effect of catalysts 
on the phenanthrene-, reacn., 2 1 0 1 ; action of, in 
Me alc. soln. on phenanthrene, 2163; temp.- 
concn. equil. in the system CHCI3- ,  2410; struc­
ture of crystalline, 2459; reactivity of H20 2 in,
-bromide solns................................... . . . . ..................  2555

Bromoacetate ions, kinetic medium effects in the 
reacn. between, and thiosulfate ions....... . 2335
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ß-Bromobenzalpyruvic acid, action of light on.........  1108
Bromoform, densities and refractive indices of,

-benzene mixts....................., ......................................  237
2-Bromo-9-nitrofluorene..................    1502
ö-Bromophenylbenzylglyoxal, prepn. and properties

of...................................     1300
Bromopropylamines, ammonium salts from.. . . .......  2277
LBromosuccinic acid, the chloride ion-> reacn.........  393
Bufo. (Se t C inobufagin-)
Butadiene, effect of O on the reacn. between Br and.. 1095
Butane, the f. p. curve of dotriacontane in ----. . . . .  2029
2,3-Butanediols, stereochem. relationships of the

isomeric, and related compds....................................  2396
2-Butanone, condensation of, with aldehydes of the

type RR'CHCHO.......................................................  1871
Butenes, dibromide method of analysis of, mixts.,

1 0 2 ; some heat capacity, entropy and free energy
data for the isomeric. . .  .............................................  134

Butene-2, kinetics of thermal cis-trans isomerization
o f . . . . ................   766

2-Butenes, mol. structure of.....................    2407
Butylacetylene, reacn. of, with O, 55; reacn. of, with

HBr, 1806, (correction)..............................................  2661
£-Butyl chloride, thermal decompn. of........................  43

CADMIUM, thermodynamics of the tellurides of__  2081
Cadmium chloride, in the Grignard synthesis of 

alkyl substituted dioxanes, 759; thermodynamics
of, solns. from e. m. f. measurements................. 2624

Cadmium oxalate, system: K2C2O4-H 2O -.................. 2079
Calciferol, synthesis of the ring system proposed for.. 1432
Calcium arsenates, phase rule study of the...............  1104
Calcium binding power of egg albumin. ............... .. 2609
Calcium chloride, system: MgCl2-H 20 -;  KC1-H20-;

NaCl-H20 - ,  318; system: MgCl2-KCl-H 20 - . . . .  2003 
Calcium mercuric bromide, interatom. distance i n . . . 1590 
Calcium nitrate, vapor pressures and activity coeffs.

of aq. solns. of, at (correction)...................................   376
Calcium oxide. See L im e.
Calcium sulfate, dehydration of, hemihydrate..........  1261
Camphane-2,3-^ 2 ...............................    1555
d -Camphor- 10-sulfonanilide, comparison of 2-(N~ 

phenylketimine) - d - camphane - 1 0  - sulfonic acid
with................................................................  62

Capacitance, resistance and capacity behavior of
strong electrolytes in dil. aq. soln.....................2613, 2616

e-Caprolactone...............         183
Caprylene, and S 0 2........................................   996
Caramel, nature of sucrose.................................. . . . .  600
Carbohydrates. (See also Sugars.) oxidation, 

mechanism of, 797; reacns. relating to, 813; 1006; 
oxidation, 1661, 1890, 1950; mechanism of, oxida­
t ion. . . . . . ........................    2388

Carbon, C-C bond in hexaphenylethane, 165, 170; 
Chemie der, -Verbindungen (Anschütz, book re­
view), 382; revision of the at. wt. of, 510; the, 
balance in citric acid fermentation, 5 5 5 ; syn­
theses with malonic acid and aldehydes, 681; 
catalytic oxidation of, 1309; activity of the, -H 
bond in methane and methane-d4, 1445; the C-H
and C-C bonds in ethane and ethane-^__ _____  1795

Carbon compounds. (See also Organic compounds.)
configuration of optically active..................... 976

Carbon dioxide, dissocn. of..........................................  1038
Carbon monoxide, adsorption of, on ZnO, 1753;

heat of adsorption of, on Cu......... ..........................  2196
Carbonates, reacn. of, with dichlorodiethylenedi-

aminocobaltic chloride......... .... . ........................... ... 2224
Carbonic acid, reacn. in Friedel-Crafts synthesis.. . .  2605
3-Carboxyandrostanone, cis and t ra n s .. . . . ..............  1948
Carboxylic acids, assocn. in, 1135; conversion of 

aldoximes to, 1304; quant, detn, of anhydrides of . . 2452
Carboxymethoxylamine.................................  2020

Carotene, comparison of absorption spectra measure­
ments on gl- and ß-carotene and lycopene................. 247

Castor oil, characteristics of the residue from the 
cracking of........................................................  2430

Catalysis, catalytic oxidation in aq. soln., 646; 
catalytic hydrogenation of aromatic ketone sugar 
acetals, 665; Pt0 2 prepn. for catalytic hydrogena­
tions, 687, (correction), 2659; by fusion, 691; 
catalyzed reacn. of EtMgBr with EtBr, 816; 
catalytic decompn. of H20 2 in a bromine-bromide 
soln., 1244; catalytic oxidation of C, 1309; Über 
katalytische Verursachungen Biologischen 
Geschehen (Mittasch, book review), 1318; ac­
tivation of sp. bonds in complex mols. at cata­
lytic surfaces, 1445; catalytic decompn. of dia­
zoacetate ion in aq. soln., 1533; prepn. of 
aminoguanidine by catalytic hydrogenation, 2170; 
acid, in H2S04-Ac0H  solns., 2182; Catalytic 
Reacns. at High Pressures and Temps. (Ipatieff, 
book review), 2343; oxidation of aniline sulfate by 
H2S04 in the presence of Cu and Hg sulfates,
2595; metal ion activation in enzymatic cataly­
sis—arginase ......................................................... 2654

Catalysts, AICI3 in alkylation of paraffins with ole­
fins, 913; phosphoric acid for destructive alkyla­
tion of hydrocarbons, 918; H2S 0 4 in the olefin- 
benzene reacn., 919; destructive alkylation with 
a hydrogenating, 922; nickel, 924; nickel-chromic 
oxide, for hydrogenating an oil, 950; olefin-ben- 
zene condensation with the H2S 04, 1007; pumice 
as a support for copper-chromium oxide, 1053; 
charcoal as a, 1115; PtCl4 on Raney Ni, 1417; re­
duction of aromatic compds. with H and a plati­
num oxide-platinum black, in the presence of 
halogen acid, 1594; effect of, on the phenanthrene-
Br reacn........................................................................ 2 1 0 1

Catechol. (See Pyrocatechol.) mol. wts. of poly­
meric substances in. . . . . . . . . ........ .. 740

Cellobiose aldehydo-, octaacetate............ .................... 1783
Cells, e. m. f. of the cell Zn-Hg (2 phase) | ZnS04(ra) 

PbS04(s) I Pb-Hg (2 phase) and its temp. coeff. 
and concns. from 0.05 to 1.5 M ,  1855; detn. of 
activity coeffs. from the potentials of concn., with 
transference—HCl, 1970; a vertical microelectro-
phoresis.................... ................................................ , . 2362

Cellulose, interaction of, and liquid NH3, 333; 
chem. identity of cotton and wood, 1006; absorp­
tion edges in the X-ray patterns of......................... 1635

Cellulose nitrate, gel system: -copper bronze, 854;
alkaline decompn. of.......... ...................... 1422

Celtrobiose, crystalline, and derivs..............................  2534
Ceric sulfate, titration of Mo w ith .. .. ................ 1689
Cerin..................................................................... . .1681, 1684
Cerium salts, oxidation potential of cerous-ceric

salts.................................................      1265
Cesium, surface ionization of, on W ....... .................... 1057
Cesium iodide, viscosity of....................... . . . ..........— 619
Cetane sulfonic acid, crit. concn. for micelles in

solns. o f . . . . ..........................................    2347
Chabasite, adsorption by dehydrated, as a function

of the H20  content........... ......................................  2637
Charcoal, catalytic properties of................................. 1115
Chemiluminescence. See Luminescence.
Chemistry, General, Emphasizing Industrial Appli­

cations (Deming, book review), 537; Exercises in 
Gen., (Deming, book review), 538; General, for 
Colleges (Briscoe, book review), 860; Cours de, 
Industrielle (DuPont, book review), 1065; En­
cyclopedia for, (Stobbe, book review), 1319; 
Grundriss der chem. Technik (Henglein, book
review).......................        2656

Chemistry, An Elementary, (Bishop, Locket, book
review)......................    2656

Chile seed............ .................    1821
Chloral, action of, on /3-PhEtMgBr, 7 -Ph propyl

MgBr and 5-PhBuMgBr................   332
“Chloramine T,” H20 2 oxidation b y ........... ................  705
Chloride ion, the, -/-bromosuccinic acid reacn., 393, 

Substitution in phenylbromoacetic acid, 1157;
rate of exchange between, and Cl in aq. soln............  2214

Chlorides. (See A cyl chlorides, A lk y l chlorides.)
Chlorination, induced Substitution of pentene by Cl,
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98; liquid-phase, photochem., of 2-chloro-2- 
methylpropane, 1027; exhaustive, of a bituminous 
coal, 1112; photochem., of the dichlorobenzenes. ..  1707 

Chlorine, replacement of, by F in org, compds., 532;
H2Q2 oxidation, by, 705; reactivity of nuclear, in 
the isomeric 1,2- and 2,1-chloronaphthalene­
arsonic acids, 1573; photochem. reacn. of, with 
formic acid, 2140; rate of exchange between chlo­
ride ion and, in aq. soln., 2214; temp.-concn.
equil. in the system CHCI3- ............. ................ 2410

N-Chloroacetanilide, temp. dependence of the energy
activation in the rearrangement of......... .. 2413

Chloroamine, possible rearrangement reacns. of
mono-.........................................     27

ß-Chloroethyl isocyanate............................   2608
N-ß-Chlor oethyl urethan. . . . . ...................................... 2608
Chloroform, temp.-concn. equil. in the systems, -Cl2

and, -Br2—the, chlorinates......................................   241Ö
2-Chloro-2-methylpropane, liquid-phase photochem.

chlorination of, and related compds........................ 1027
l-Chloro-2-methyl-2-propanol, from l,2-dichloro-2-

methylpropane....................   1010
Chloronaphthalenearsonic acids, reactivity of nu­

clear Cl in the isomeric 1,2- and 2,1-............... .. 1573
Cholanthrene, 1,2-benzanthracenë derivs. related to. 2376 
Cholesterol, e^-allocholesterol, a new isomer of,

182; D abundance ratios in. . . . . .  ....................... 2552
epi- Cholesterol............ .............................. ...............481, 1948
Chromic anhydride, reacn. of H20 2 with, in dry ethyl

acetate...................................... ................................. . 2525
Chromic oxide, gas pressure and activated adsorp­

tion on, gel, 697; nickel-, catalysts....................... 950
Chromium compounds, chromous and chromic am­

mines ..........    1474
Chromium oxides, effect of heat treatment on hy­

drous Cr20 3 sols, 18; copper-, catalysts.................. 1053
Chromous sulfate, use of, in removing O from a 

stream of gas—comparison with other O absorb-
ents...............    2591

Chrysene, hydrocarbons of the, series........................  1463
Cinchona alkaloids, opt. crystallographic data for

some salts of...................    1977
Cinnamic acid, condensation of ß-naphthol with. .. . 1326
Cinobufagin, mol. wt. of.................... ...........................  2018
Citric acid, fermentation...............................................  555
Clemmensen reduction, modification of the, method. 1438 
Coal, chem. nature of extracts from a bituminous,

484; the bearing of polymeric mol. wts. in catechol 
on the nature of, and derived products, 740; rela­
tion of extract to residue in a bituminous, 1020;
exhaustive chlorination of a bituminous..............  1112

Cobalt, dichlorodiethylenediamino, chloride.. .2224, 2226
Cobalt carbonyl hydride, prepn. and properties of__  2160
Cobalt nitrosyl carbonyl, prepn. and properties of . . . .  2160 
Cobaltous iodate, soly. of, in the presence of NaCl,

N aI03 and C0SO4....... .............    1868
Cobaltous sulfate, soly. of Co(I03)2 in the presence 

of.........................................   1868
Colloids, effect of heat treatment on hydrous Cr20 3 

sols, 18; Kolloidchemisches Praktikum (Sauer, 
book review), 185; Taschenbuch der, -chem. 
(Kuhn, book review), 538; Be hydrosols, 2526; 
spontaneous stable formation of, from crystals or 
from true soln. through the presence of a protec­
tive, 2610; Colloid Symposium Monograph
(Weiser, book review)................................................   2657

Colorimetry, photoelec., 1017; Analysis, (Snell,
Snell, book review)...............................................   1824

Combustion. (See H eat o f combustion.) precision, of
natural products.......................................................... 943

Concentration, temp.-, equil. in the systems CHC13-  
Cl2 and CHC13-Br2. . . . . , ...........................................   2410

Condensation, of aliphatic alcs. with aromatic 
compds., 439; of diacetone alc. or of pinacol with 
phenols, 657; by Na, 754; of polyhydric phenols 
with acetone, 820; olefin-benzene, 1007; by Na, 
1024; of aldehydes with ß-hydroxy-a-naphtho- 
quinone, 1163; of aldehydes with ß-hydroxy-ce-

naphthoquinone (correction) 2661; of ß-naphthol 
with cinnamic acid, 1326; the Michael, 1386; by 
Na, 1697; of phenols, 1741; of 2-butanone with 
aldehydes of the type RR'CHCHO, 1871; linear, 
polymers, 1877; of certain aromatic Me ketones,
2172; of propenyl ketones with ethyl oxalate,
2450; by N a .............. ...................................... ............  2599

Conductivity, the conductance of some salts in ben­
zene and dioxane, 255; of non-aq. solns., 505; of 
KOAc in D20, 1642; of aq. solns. as a function of
the concn., 2561; at high frequencies....... . . .2613, 2616

Configuration, of optically active C compds.............. 976
Conjugated systems, addn, of piperazine to .......... .. . 1980
Constants, Annual Tables of, (A. T. C.) and Nu­

merical Data (book review), 1319; Annual Tables 
of, and Numerical Data, Chem., Phys., Biol. and
Tech. (book review)........................................ ............  2342

Coördination compounds, of platinous halides with
ethylenes. .............. .................................. ............  1733

Copper, rate of soln. of, in dil. aq. reagents, 602; 
adsorption of H and D on, 1703, (correction) 2661; 
heat of adsorption of CO on, 2196; asymmetric 
oxidation of sugars by optically active alkaline,
solns...................... .. . . . ............... ................... ...........  2540

Copper bronze, gel system: cellulose nitrate-"-.......... .. 854
Copper chlorides, equil. of H isotope with Cu Cl, 460;

the compd. of CuCl with PC13..... ........... .. .............  2151
Copper compounds, the soly. of CuO in alkali and 

the 2d dissocn. const. of HCu02 and analysis of
small amts. of C u ................... .. . 2009

Copper enolates................ . ............. . . . .............. 353
Copper oxide, -chromium oxide catalysts............ 1053
Copper sulfate, as a catalyst in the oxidation of

aniline sulfate by H2SC>4. , . . . ........................... .. 2595
Corrosion, Metallische Werkstoffe. Vol. I. (Bauer,

Kröhnke, Masing, book review).........................  1508
Cotton, chem, identity of, and wood cellulose.. . . . . . .  1006
Cottonseed meal, pyrolysis of.............. ................ 1097
Creatinine derivatives................................................  628
Cristobalite, heat capacity of........... .........................   568
Critical phenomena......................    2418
Crotonaldehyde, photochem. stability of................ .. 73
Crotyl bromide, 104; action of zinc on.......................  441
Crotylmagnesium bromide...................................       289
Cryolite, soly. of, in aq. iron and aluminum salts.. . .... 1695
Cryoscopy. See Freezing points.
Crystal structures, Internationale Tabellen zur

Bestimmung von, (book review), 186; opt. crys­
tallographic data for some salts of cinchona alka­
loids, 1977 ; crystallization of undercooled liquids. . 2243 

Cusparine, synthesis of a quinazoline analogous t o . . 1701
Cyanates, vol. change during formation of.. ............  2153
Cyanine dyes. See Dyes.
3-Cyanodihydro-l,4-pyrans derivatives, structure

of....... ..................... .................................................. .. . 2634
ß-Cyanostyrene..................... ............................ ............  2428
Cyclic compounds. (See also Heterocyclic systems; 

M acrocylic esters; R in g .) azo, from 2,2'-diamino-
diphenyls.............................. .............. .........................  2019

Cyclization. See R ing .
Cyclohexanes, multiplanar isomerism of, 787, (cor­

rection) . : ............... .. . . ..................................... ..........  2659
Cyclohexanone oximes, Beckmann rearrangement of

2-alkyl..........................     650
Cyclohexene, autoöxidation of.........................    219
Cyclohexyltrichloromethylcarbinol.................    1657
Cyclopentadiene, diene reacn. between tetramethyl-

ö-benzoquinone and, 229; kinetics of......... .. ...........  1060
Cyclopentane derivative, from 1,4-dibromo-1,4-di­

benzoylbutane........... ..........................   2633
Cyclopentanone, oximes, Beckmann rearrangement

of 2-alkyl........... .................... .................................... . 650
Cyclopentenotriphenylene......................... . . . .............  1678
Cyclopropane, ultraviolet absorption and b. p. of,

850; Raman spectrum and polymerization of, 852;
vibrational levels of............................ . . . ................  1580

Cyclopropanecarboxylic acid, imido............................  2547
Cyrtolite, Pb-U ratio of Henvey.......  ..........  2433
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DEGRADATION, oxidative, of friedelin....... .. . ... . 1681
Degradation products, /-ephedrine, a, of alkaloids in

aconitum napellus ..........................      533
Dehydration. (See also Cy clodehydration.) of

CaSO4-0.5H2O, 1261; Na fluorenone as a, agent.. . 2072 
Dehydrogenation, pumice as a support for copper- 

chromium oxide catalytic, 1053; of friedelinol,
1684; of ursolic acid...........................    1687

D elp hin ium  occidentale, deltaline, a new alkaloid
from..............................................     684

Deltaline, from D elp h in ium  occidentale S. W ats.......  684
Depolymerization, prepn. of macrocyclic lactones by,

654; alkylation accompanying.................................. 1056
Desoxycodeine-C..................................    192
Deuterium. (See also “heavy,” “D20 ,” etc., under 

W ater.) concn. of, in org. compds., 580; org. 
compds., 736; succinic-a-d2, ctr-d2 acid and its 
derivs., 804; vapor pressure of, water, 1067; 
tetrachloroethane-1,2 -^2, 1289; exchange equil. in 
soln., 1396; C—H bond in methane-*^, 1445; 
succinic-«-d,«'-d acid and derivs., 1551; stereo- 
chemistry of, compds. of the type RR'CHD,
1555; rate pf combination of, with ethylene, 1665; 
adsorption of, on Cu, 1703, (correction) 2661; 
bonds in ethane-d, 1795; redetn. of the H-, ratio in 
water, 1915; abundance ratios in Org. compds . . . . .  2552

Deuterium malonic acid. (See M a lo n ic  acid-d .)
Deuterium oxide. (See “heavy,” “D20 ,” etc., under 

W ater.) effect of, on action of some enzymes,
729; conductances in, 1642; micro detn. öf active
H with, 1819; thermodynamics o f......... .................. 1829

Deutero-acetaldehyde. (See Äcetaldehyde-di.)
Diacetone alcohol, equil. and free energy relation­

ships in the system acetone-, 311; condensation
with phenols.......................... ......................................  657

2,2'-Diamino-6,6'-dimethyldiphenyl, racemization of. 1043 
2,2'-Diaminodiphenyls, cyclic azc? compds. from. .. . 2019 
Dialdehydes. See Aldehydes.
Dialkylacetylenes, from acetylenic Grignard re­

agents and alkyl sulfates. ........................................  796
Dialkyl barbituric acids, relation of the structure of,

to the length of their action................................. 585
Diallenes, formation of, 29, (correction).....................  2659
7,8-Diarylacenaphthenediols, rearrangement of........ 1118
Diarylbromoethenes, reacn. of K amide in liquid

N Hs wi t h . . . . . ................    2310
Diarylphthalins, action of H2SC>4 on........................276, 559
1.3- Diazines, synthesis of, related structurally to

vitamin B i........... ........................    1936
Diazoacetate ion, catalytic decompn. of, in aq. soln... 1533
Diazo compounds, aliphatic..........................    747
Diazotization, influence of degree of acidity on ve­

locity of, 259; of weakly basic and insoluble
amines................................. C............................ 2044

Diazonium borofluorides, some org. mercurials from. 2308
Dibarbituric acid, constitution of................................  525
Dibenzoylcarbinol................. ......................... ................ 81
Dibenzoyl disulfide, synthesis of................    1282
Dibenzylidenehydrazine, action of acetic anhydride

upon....................................................................... .. . .. 562
Dibenzyl ketone, prepn. of .............. ...................... . 1240
Diboranes, the ethyl and w-propyl, 407; action of

NH3 on the M e....... ...........................................   409
1,4 - Dibromo - 1,4 - dibenzoylbutane, cyclopentane

deriv. from.................  ............................ . 2633
Dibromodiphenyls, action of Mg on homonuclear... 1246
3.4- Dibromodiphenyl, prepn. of..................   1249
Dicarboxylic acids, from monohalogen compds..........  754
Dicetyl...............       2029
Dichlorobenzenes, photochem. chlorination of the. ..  1707 
Dichlorodiethylenediaminocobaltic chloride, reacn.

of carbonates with, 2224; reacn. of NH3 with 2226
3,3'-Dichlorodiphenic acid, products of H2S 04 on. .. . 1514 
Dichloroethylenes, effect of radiation on cis and

trans .................................... .................. ........................ 932
Dichlorofluorenone carboxylic acids, constitution of 

the isomeric, formed by the action of H2S04 on 
3,3 '-dichlorodiphenic acid.............................. . . ’ . . .  1514

1.2- Dichloro-2-methylpropane, l-chloro-2-methyl-
2-propanol from, 1010; hydrolysis of............. .. 1631

Dielectric constants, of amino acids and peptides,
463; of liquid NH3, 776; of dioxane-water mixts.,
1241; of liquids, 1482; of aq. solns. at high fre­
quencies ........................................ ............ 2613

Diels-Alder reactions, kinetics of some gaseous...........  123
Dienes. (See also Olefins.) hydrogenation of some. . .  146
Dienes, addn. of, to naphthacenediquinone, 1054; 

mechanism of the, synthesis, 1316; addn. of, to
cyclic a,ß-unsatd. esters.............................................  2319

Dieneynes, hydrophenanthrenes and related ring
Systems from................      972

Diethyl ether. See E th y l ether.
Differential equations, in Applied Chemistry (Hitch­

cock, Robinson, book review)..................   2077
Diffraction, of X-rays, 1129; X-ray, studies of built

up films.......................................................................... 2199
Diffusion, inter-, of acid and base in aq. soln.__ ...  1639
Difluoryls, autoxidation of................................  576
9,10-Dihydrophenanthrene, and amino alcs. derived

from i t . ....................         1857
Dihydro-1,4-pyrans........-.......................................... 2634
Dihydroxyacetone, Oligosaccharide acetates con­

taining, constituents........................................   1661
5,7-Diiodo-8-hydroxyquinoline....... 1314
Diisobutylene, heat of hydrogenation of. . . .  ............. 373
l',3'-Diketocyclopentenophenanthrenes, 2322, (cor­

rection)......... ........................................ .. . . .  ............... 2661
1.3- Diketohydrindene, derivs. of.....................  1395
Diketones. See Ketones.
1,2-Diketo-3-phenylhy drindene...........................   1321
ct,a-Dimethylacetoacetic acid, hydrolysis of the ethyl 

ester; ketonic decompn.; reacn. with I and Br;
dissocn. const....................         240

Dimethyl aziethane, structure of.................................. 948
4.5- Dimethylcytosiné........................   772
2,2'-Dimethoxy-6,6'-dicarboxydiphenyl, rel. rates of

racemization of substituted diamides o f . ........... .. . 587
5,9 - Dimethoxy - 1',3' - diketo - 1,2 - cyclopenteno-

phenanthrene..................................      2382
l,l-Dimethyl-6,7-methylenedioxytetralin.............   2055
2.6- Dimethylphenol.........................        181
Dimorphism, sodium benzylsulfonate..............  437
“Di-ß-naphthoquinone oxide” . .. ............. . . . . . . . . . .  1216
1, l-Dinitro-3,3 '-dibromo-bifluorenyl...........................   1502
2.4- Dinitrophenylhydrazone, polymorphism of,

acetaldehyde.............................     2335
Dioxane, conductance of some salts in, 255; f. ps. of

aq., -alkali chloride mixts., 837; dielec. const. of,
-water mixts., 1241; e. m. f. measurements of HCl 
in, solns., 1908; ionization const. of AcOH in,
-water mixts., 1912; the system, and water............. 2265

Dioxane series.............. ................................ .. 759
Dioxoles, derivs. of alkylacetylenes.. . . . . . . . . . . . . . .  1658
Dipheneins, absorption spectra of........ . ............. . 643
Diphenic acids..................................    642
0-Diphenylamine carbonic acid.....................   928
l,4-Diphenyl-l,2,4-butanetrione enol, alkylation and

benzoylation of..............  ......................................... 1885
Diphenyl di-biphenylene ethane, the C—C bond in. . 1625
Diphenylethane, synthesis of derivs. of sym .-...........  1432
Diphenyl ether. See Phenyl ether.
Diphenyls, elec. moments of some chlorinated.. . . . .  2111
Diphenylsulfone, allotropic forms o f............ .................   1869
Dipoles. See Molecules.
Dipropenyl glycol, compn. of . . . . . .  ............... . . . .  2274
Dipyrrylmethenes, mechanism of the aldehyde syn­

thesis of.............. .. .. ............................................... .. 1086
Disaccharides, prepn. of, antipodes__ ___ .. . . .  . . . . 797
Disinfectants. (See also Antiseptics.)
Dispersion, rotatory, of 3-methylcyclohexanone,

2303; rotatory, of gelatin in NaBr solns., 2438;
of elec. conductance......................................   2616

Dissociation, of C02 in the electrodeless discharge. . . .  1038
Dissociation constants, of substituted aliphatic acids, 

1314; of malonic, succinic and glutaric acids by
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potentiometric titration, 1546; of AcOH, in D20,
1642; the 2d, of HCu02...... ......................................  2009

Distillation, high vacuum, of N-acyl amino acid and
polypeptide esters......................................................  2104

1,4-Dithienes, prepn. of............ ....................................  262
Di-ö-tolyliodonium iodide, decompn. of...................... 157
Dixanthyls, autoxidation of........................    576
Dotriacontane, the f. p. curves of, in propane and

butane..............................    2029
Double bonds. (See also Conjugated systems.) 

photoiodination of the ethylenic bond at low
temps., 182; hydroxylation of the............................  1302

Duroquinone, reduction products of, and Na malonic
ester.......................................     304

Dyes, cyanine series, 659, 662; ketonimine, 1430;
bisulfite compds. of azo................. ............................ 2327

Dynamics, of Rigid Bodies (MacMillan, book re­
view) .....................................      1509

ÈBULLIOMETRY (Swietoslawski, book review).. . 2345 
d-Eicosanol-2, isolation of, from unsaponifiable

matter of the timothy bacillus wax............... 10
Electric moments, of some chlorinated diphenyls,

2111; of mols. in liquid....................... .................. 1486
Electrochemistry (Fajans, Schwartz, book review),

184; Exptl. and Theoretical, (Dole, book review),
537; Principles and Applications of, (Creighton, 
book review), 538; energy levels in .................. .. 2187

Electrode, D exchange equil. and the quinhydrone,
1366; the normal potential of the Ag-AgBr, 1575;
Zn and Zn amalgam, 2093; thermal type Ag-Ag 
Cl, 2339; a vertical microelectrophoresis cell with 
non-polarizable, 2362; reactions, nature of, 2630;
Standard, potential of Ag.......... ................................ 2647

Electrodeless discharge, dissocn. of C02 in ............... 1038
Electrolysis, of MeMg halides in ether solns., 720;

bf MeMgl in w-butyl ether.......................................  2284
Electrolytes, viscosity of aq. solns. of, as a function 

of the concn.—Csl and KM n04, 619; Das optische 
Verhalten gelöster (Kortüm, book review), 696; 
thermodynamic properties of non-, 982; viscosity
of aq. solns. of, 2558; conductance of....................  2561

Electrons, affinity of free radicals, 1228; diffraction 
of paraldehyde, 1270; affinity of free radicals,
1367, (correction)................................................... . . 2661

Electrophoresis, of the tobacco-mosaic virus protein,
1863; a vertical micro-....................................... .. 2362

Electrostriction, of amino acids and peptides............ 463
Energy, some, data for isomeric butenes, 134; free, 

relationships in the system acetone-diacetone 
alc., 311; data for typical benzene derivs. and 
heterocyclic compds., 398; constancy of nuclear 
bond, 1061; the free, of addn. of Na to ketones and 
unsatd. hydrocarbons, 1367, (correction) 2661; 
free, of N-containing org. compds., 1728; free, of 
permanganate ion, 2144; levels in electrochemis­
try, 2187; free surface, of benzylated phenol
derivs., 2454; free, data for 5 higher olefins............. 2505

Energy, single bond,............................. 165,170, 1625, 2000
Enolates, mechanism of reacns. of copper enol 

acetoacetic esters and related compds., 353; 
reacn. between quinones and Na, 629, (correction)
2659; from lactonic esters...................................... 999

Enolization. See Isomerization.
Entropy, data for typical benzene derivs. and 

heterocyclic compds., 398; thermodynamic and 
spectroscopic values of, for H2S, 831; of ß-lactose,
881; of water, 1145; of BaCl2-2H20  and Ba ion,
1758; of D20 , 1829; of KM n04, 2144; of LiC03 
and Li ion, 2228; of org. compds.—tetramethyl­
methane, 2354; data for 5 higher olefins.................. 2505

Enzymes, und ihre Wirkungen, Section I (Oppen­
heimer, book review), 538; effect of D20  on action 
of some, 729; synthetic substrates for protein- 
digesting, 1503; und ihre Wirkungen. Sections
II-IV. (Oppenheimer, book review), 2344; 
Exptl., Chemistry (Tauber, book review), 2657; 
Enzymologia (Oppenheimer, book review). . * *.* * 4 * 2658

/-Ephedrine.......... ............................................................. 533
2,3-Epoxybutane, reacn. of, with the Grignard re­

agent, 2267; mol. structure of............... .. 2407
Epoxy ethane, action of diethylmagnesium on the 

Me substituted derivs. of, 2147, (correction). . . . . . .  2661
l,2-Epoxy-2-methylpropane, isomeric monoalkyl

ethers of 2-methyl-l,2-propanediol from,....... . 671
Equation of state.................................. .................. .984, 2229
Equilibrium, of the reacns. between acetylene and 

heavy water, 282; in the system acetone-di­
acetone alc., 311; in satd. solns. of salts occurring 
in sea H20  : ternary systems, 318; of the light and 
heavy isotopes of H and crystalline CuCl, 460; 
soly., of Na2S 04, 843; radioactive Mn as an indi­
cator in testing for possible, between several va­
lences of Mn, 1372; D exchange, in soln., 1396; 
influoride systems, 1695; in the iron-iodidé sys­
tem, 1760; in satd. salt solns. occuring in sea 
water, 2003; phase, relationships in the binary 
system Na20 -B 20 3, 2248 ; temp .-concn. , in the
systems CHC13-C12 and CHC13-Br2.........................  2410

Esters, use of SiF4 in form|ng, 786; pyrolysis of, 823, 
(correction) 2661; broifiination of some alkenyl,
891; improved analytical technique for, 1015; 
reacn. of, with NH3, 1346; addn. of dienes to cy­
clic a,/3-unsatd.. . . . . . . . . . . . . . . . . . . . . ________2319

Ethane, fluor o derivs. of, 887; an azeotropic mixt. 
of acetylene and, at atm. pressure, 1345; the C-H
and C-C bonds in ethane and ethane-d.................. 1795

Ethanol, adsorption of Ba salts on BaS04 in, 1543;
solvent action of NaCl on egg albumin in . ............ 2370

Ethanolamine, condensation of phenols with, 1741;
syntheses from................................................... .. 2608

Ethers, Ph, series, 54; isomeric monoalkyl, of 2- 
methyl-l,2-propanediol from l,2-epoxy-2-methyl- 
propane, 671; rearrangement of allyl aryl, 941; 
soly. of MgBr in ethyl, 1337; rearrangement of 
Ph allyl, 1388; Ph crotyl, 1392; identification of, 
phenolic, as picrates, 1415; reacn. of halogen, with 
vinylacetylene, 1747; free radicals in the thermal 
decompn. of diethyl, 2129; abnormal rearrange­
ment of allyl aryl, 2190; electrolysis of MeMgl in
w-butyl............................. ..  ............................... ..........  2284

Ethyl alcohol, systems: LiCl-H20 - , and LiBr-
H20 - .................     1692

4-Ethyl-6-aminopyrimidine, synthesis o f......................  78
Ethyl bromide, reacn. of EtMgBr with......................  816
Ethyl dichloroacetate, reacn. of, with alc. Na eth­

oxide .......................   571
Ethylene, spectrum and force consts. of the, mols.,

34; mechanism of sulfonation of, 294; fluoro 
derivs. of, 887; polymerization of, with A1C13,
915; rates of combination of H and D with, 1665; 
coördination compds. of platinous halides with,
1733; diarylbromo-........ .. .  .............. ......................  2310

Ethylene compounds. (See also Olefins.)
Ethylene iodide, decompn. of, 607; photochem.

formation of, in solns. of CC14. .. .............................  693
Ethylene oxide, thermal decompn. of, 534; diffrac­

tion of X-rays by polymerized, 1129; decompn. 
of gaseous paraffins induced by, 1317; production
of free radicals from......... ................................ 2135

Ethylenic bond. See Double bonds.
Ethylenic linkage. See Double bonds.
Ethylhydroperoxide, on a-diketones............................ 947
Ethyl iodide, exchange between N al and..................... 1822
2 - Ethylmercapto - 4,5 - dimethyl - 6 - thiocyano-

pyrimidine, mol. rearrangement of..................  769
2 - Ethylmercapto - 4 - phenyl - 6 - thiocyanopyrimi-

dine, mol. rearrangement of.................................... .. 773
Ethyl methyl ketone, absorption spectrum of.............  1454
2-Ethylsulfonylpyrimidines, reacns. of some.......... 423
Europium, 1577; extraction of, from monazite resi­

dues.....................................   2279

FATS, autoxidation o f ........................... ..............1627, 2204
Fatty acids. (For so-ealled “unsatd, fatty aeids” 

see A cids,)
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Fermentation, citric acid....................... .-......................  555
Ferric complexes, phenanthroline-.......................  1668
Ferric perchlorates, reacn. of, and stannous per­

chlorates ..................................   1787
Films, structure of thin, of metallic oxides and hy-

drates...............................................................   173
Films, compn. of fatty acid, on H20  containing Ca 

or Ba salts, 284; rearrangement of mols. in plastic 
monomol., 1377; polymol., 1817; X-ray diffrac­
tion studies of built up ..............  2199

Fir wood, age and chem. compn. of white.................  2231
Flotation, Schwimmaufbereitung (Petersen, book

review)......... ......................  1065
Fluorenones, from retenediphenic acid, 2236, (cor­

rection).........................    2661
Fluoride systems, equil. in ............................................  1695
Fluorination, of sulfuryl chloride—sulfuryl chloro-

fluoride, 63; HgF2, a new fluorinating agent...........  884
' Fluorine, replacement of Cl, by, in org. compds., 532; 

reactivity of, in aliphatic compds., 882; prepn.
and quant. detn. of elementary........................  1585

Fluorine compounds, of ethane and ethylene, 887; 
fluoroethanes and fluoroethylenes, 889; fluoro-
bromides of Si, 994; Ph mercuric fluoride................  2653

Fluorochloroethanes .................... ................ .. 402, 404
Fluorochloroethylenes............ ................ ................ 402 , 404
Fluoroethanes....................................     889
Fluoroèthylenes........................... . . ........... ....................  889
5-Follicular hormone, chem. nature of................. .. 2652
Food chemistry, Allgemeine Untersuchungsmetho­

den (Bömer, book review).................................  2345
Formaldehyde, condensation of phenols with........... 1741
Formamide, strength of acids in .......... .. . . . ............... 2577
Formic acid, photolysis of, 1655; photochem. reacn.

of Cl with.......................    2140
Fractionating columns, prepn. of glass helices for 

use in, 377; for separating fatty acids. ........  978
Freezing point, of propane, 810; of aq. solns., 837;

the, curves of dotriacontane in propane and butane. 2029 
Friedel and Crafts reaction, orientation of p -meth- 

oxydiphenyl in the, 1738; hydrogenation reversi­
bility of the, 1745; reacns. alkyl sulfates, tetra­
ethyl o-silicate and diethyl carbonate in ................... 2605

Friedelin................................... . . . . .............. . . . .1681,1684
Friedelinol, dehydrogenation of........... ........................ 1684
Fries rearrangement, of 4-benzoyloxydiphenyl..........  2337
F r it i l la r ia  R oy le i, alkaloids o f ........ ..............................  1306
Furan derivatives, synthesis of, of a- and /3-naphtho-

quinones.......................... . .................. . . ...................... 1202
Furfural...............    181
Fusion, catalysis b y .................   691

GADOLINIUM anthraquinone sulfonate, heat ca­
pacity of . . . .  ...........................   1032

Gadolinium nitrobenzene sulfonate heptahydrate,
heat capacity o f ........................................      1032

Galactose dibenzyl mercaptals, structures of the
acetone derivs. of .. . ......................... ......................... 2076

Gases, equation for approximating heat capacities of,
180; general equation of state for, 984; apparatus 
for detg. the absorption of small quantities of, by
solns., 1307; equation of state for. . .  ........................  2229

Gelatin, titration of, in glacial AcOH, 774; influence 
of neutral salts on the optical rotation of—ro­
tatory dispersion of, in NaBr solns....... .................. 2438

Germanium, mol. structure of, the Me derivs. of . . . .  . 2036
Germanium chlorofluorides.......................   90
Glass, some Na20 -B 20 3.........................................   2248
Glow discharge, oxidation of Se in the................ 2511, 2514
Gluconic acid, acetyl derivs. o f . ................................... 2474
Glucosedibenzylmercaptals, structure of the acetone

derivs. of . . ..........■. . . . . ' ........... .'.  .................. 2076
Glucosides. (See also Glycosides.)
1-d-Glucosidocytosine, synthesis of......... .. 60
Glucosidoglyceraldehyde derivatives, synthesis of. . .  1890
Glutaric acid, dissocn. consts. o f.............. 1546
Glyceraldehyde diethyl mercaptal; prepn. and 

reacns* of....................................    1950

Glycofuranosides, new synthesis of.............................. 1823
Glycolic acid, ionization const. o f.................. ............. 987
Glycosides. (See also Glucosides.)
Grignard reagents. (See also M agnesium  com­

pounds.) possible rearrangement reacns. of cer­
tain, 27; on a-pinene oxide, 291; reacn. of allyl 
bromide with acetylenic, 611; use of ZnCl2 and 
CdCl2 in the, of alkyl substituted dioxanes, 759; 
dialkylacetylenes from, 796; SiF4 with the, 897; 
prepn. of acridanes by the, 1278; reacn. of metal 
halides with acetylenic, 1609, (correction) 2661; 
the synthesis of acetylenic ketones from acetylenic,
1861; reacn. of 2,3-epoxybutane with the.............. 2267

Groups. (See also A lk y l groups; Radicals.)
Guanidine, colored compd. formed in the Sullivan

reacn. for........ .............................................................. 47
Gum acacia, aldobionic acid of . ................................... 858

HALIDES. (See M e ta l halides.)
Haloamines, reacn. of, with ketenes............................  1874
Halogenation, of o-suifobenzoic anhydride....... . 1561
Halogens, effect of, substituents in ether rearrange­

ment, 941; kinetics, of the vapor phase reacn. of,
1922; effect of halogen substituents on the rear­
rangement of allyl aryl ethers................................... 2190

Haplophyton cim icidum , quebrachite in the sterns of .. 1009 
Hardy, Collected Scientific Papers of William Bate,

(book review)........................................................... 1318
Heat, thermal data on org. compds.....................398, 2505
Heat capacity, some data for isomeric butenes, 134; 

equation for approximating, of gases, calcd. from 
spectroscopic data, 180; The Discovery of Sp. and 
Latent Heats (McKie, Heathcote, book review), 
185; heat content of NaCl in extremely dil. aq. 
solns., 187; data for typical benzene derivs. and 
heterocyclic compds., 398; of vanadium and its 
oxides at low temps., 565; of PbS04 at low temps., 
567; of quartz, cristobalite and tridymite at low 
temps., 568; of solid and liquid H2S, 831; of Pb- 
S04, 879; of /3-lactose, 881, 879; of water, gado- 
linium nitrobenzene sulfonate heptahydrate and 
gadolinium anthraquinone sulfonate, 1032; of ice, 
1144; of BaCl2, 1615; of urea and mannite, 1620; 
of HCN and H2S, 1714; of BaCl2-2H20, 1758; of
D20, 1829; sp. heats of NH4N 0 3 solns., 2118; of 
KMn04, 2144; of LiC03, 2228; of aq. NaCl solns.,
2254; of org. compds.-—tetramethylmethane,
2354; data for 5 higher olefins...................................  2505

Heat of activation, of related reacns. involved when 
/-bromosuccinic acid is treated with chloride ion,
393; of the gaseous IC1-H reacn................................ 690

Heat of adsorption, CO on Cu.....................................  2196
Heat of combustion, of N-containing org. compd....  1728
Heat of dissociation, of hexaarylethanes....................  2156
Heat of fusion, Discovery of Sp. and Latent Heats 

(McKie, Heathcote, book review), 185; of Snl4,
2293; of Snl4...........................     2340

Heat of hydrogenation, of diisobutylene....................  373
Heat of reaction, of org. compds., 137, 146; on liquid

NH3..........................    2509
Heat of solution, of BaCl2-2H20, 1758; of LiC03,

2228; on liquid NH3.................................    2509
Heat of vaporization, Discovery of Sp. and Latent 

Heats (McKie, Heathcote, book review), 185;
of H2S ............. ...................................... .................... . 831

Helenalin....... ...................................................................  1982
Helenium  autum nale, helenalin in ................................. 1982
Helium, effect of, on the kinetics of the thermal

decompn. of AcH...................     2646
Heptane, isomerization of.............................................. 51
Heterocyclic compounds, heat capacity, entropy and

free energy data for.................................................. , 398
Hexaarylethanes, heats of dissocn. of...................   2156
Hexahydroazepines, synthesis o f ...... ............................  2487
2-Hexahydrobenzylbutanol-l...............................   1558
Hexanes, prepn. of the isomeric...............................  373
Hexaphenylethane, C-C bond in, 165, 170; vapor 

pressure of> 2000; vapor density of . . ; .  t .... . i.. ; . 2073
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History, Discovery of Sp. and Latent Heats (McKie, 
Heathcote, book review), 185; Das Buch der 
Alaune und Salze (Ruska, book review), 380; 
Alchemy, Child of Greek Philosophy (Hopkins,
book review)...................... ..........................................  539

Homologous series, phys. properties of homologs.. . .  153
Hormones. (See also Androsterone.)
Hormone, chem. nature of 5-follicular.........................  2652
Hydantoins, alkoxymethyl, 474; isomerization of

satd. and unsatd. . . . .................... .............................. 647
Hydrates, thin films of metallic................. .................. 173
Hydrazine, parachor and mol. refraction of, and some

aliphatic derivs................ .. ....................................... . 160
Hydrazinium hydroxide, ionization const. of...........  1605
Hydrazonium. See H yd razin iu m .
Hydrides, new Pd......................... . . ............................. 2565
Hydrindenes, substituted—the Mills-Nixon effect. . . 2050 
Hydrobromic acid, thermodynamics of, from e. m. f. 

measurements.................... . . . ............... . . . . . . . . . .  989
Hydrocarbons. (See also Acetylene series; Benzene 

series; Naphthenes; Olefins; P araffins.) destruc­
tive alkylation of, 918; free energy of addn. of Na 
to unsatd., 1367, (correction) 2661; of the chry­
sene, acechrysene and 3,4-benzphenanthrene 
series, 1463; the mutual solubilities of, 2029 ; 
prepn. of addn. compd. of polycyclic aromatic,
2442; the, synthesis (correction). . . . . . . . . . . . . . . .  2659

Hydrochloric acid, H20 2 from the Hg-O- reacn., 429; 
pptn. of AgCl from AgNOs and, 516; thermo­
dynamics of, in MeOH-H20  mixts., 761; thermo­
dynamics of, 1908; detn. of activity coeffs. from 
the potentials of concn. cells with transference,
1970; soly. of nicotine silicotungstate in, 2386; 
rearrangement. of acetylchloroaminobenzene in the 
presence of radioactive, 2467; extraction of FeCl3
from, solns. by isopropyl ether.............................. . 2573

Hydrogen. (See also D euterium ; T r itiu m ; and 
“heavy,” “D20 ,” under W ater.) soly. in H20  of, 
and N mixts., 426; equil. of H isotopes with CuCl,
460; the, bond between O atoms, 548; thermal 
reacn. between gaseous IC1 and, 690; activated 
adsorption of, on Cr20 3 gel, 697; reacns. of, with 
derivs. of pyrrole, 709; nature of the, bond, 1135; 
activity of the C-, bond in methane and methane- 
di, 1445; catalytic reduction in halogen acid 
medium, 1594; rate of combination with ethylene,
1665; adsorption of, on Cu, 1703, (correction)
2661; adsorption of, on ZnO, 1753; the C-, 
bonds in ethane and ethane-d, 1795; micro detn. 
of active, with D20, 1819; bond formation in 
derivs. of o-hydroxybenzophenone oximes, 1903; 
density of H2Ó from, -O combustion, 1920; bond 
formation between hydroxyl groups and N atoms
in org. compds., 1991; Pd-, equil................ .............. 2565

Hydrogenation. (See also H eat of hydrogenation.) 
of some higher olefins, 137; of some dienes and 
benzene, 146; catalytic, for destructive alkyla­
tion, 922; catalytic, of aromatic ketone sugar 
acetals, 665; prepn. of P t02 for catalytic (correc­
tion) 2659; catalytic, of an oil, 950; of a 2-keto-
1,2,3,4-tetrahydropyrimidine deriv., 1558; re­
versibility of the Friedel-Crafts reacn., 1745; 
prepn. of aminoguanidine by catalytic, 2170; of
org. compds...................   2487

Hydrogen azide. See Hydrazoic acid.
Hydrogen bromide, solvent effect in addn. of, to 

isobutylene, 57; radiochem. synthesis and 
decompn. of, 612; reacn. of butylacetylene with,
1806, (correction)...............    2661

Hydrogen cyanide, heat capacity of....................... .. . 1714
Hydrogen ion, kinetic salt effect in the reaction

Br03-  +  Br~ + ...............................     667
Hydrogen-ion concentration, measure of acidity ob­

tained from the e. m. f. of a cell without liquid 
junction, 855; Die Bestimmungen der (Jörgensen,
book review)................................   862

Hydrogenolysis, of a 2-keto-l,2,3,4-tetrahydro- 
pyrimidine deriv..................................................... . .  1558

Hydrogen peroxide, from the Hg-O-HCl reacn., 429; 
its oxidations by “chloramine T” and Cl, 705; 
formation of, in the Ag reductor, 826; catalytic 
decompn. of, 1244; formation, 1843; reacn. of, 
with chromic anhydride in dry ethyl acetate, 2525;
reactivity of, in bromine-bromide solns.................. 2555

Hydrogen sulfide, heat capacity of, 831; heat ca­
pacity of . . ............. .............................................. .. 1714

Hydrolapachol, synthesis of, 1163, (correction)........  2661
Hydrolysis. (See also Saponification.)
Hydrolysis, kinetic salt effect in, of ester ions, 206; 

of the ethyl ester of a, a-dimethylacetoacetic acid, 
240; of some polyhydroxyanthraquinone gluco­
sides, 597; of mixed diacyl derivs. of 2-amino-4- 
chlorothiophenol, 609; of /3-hydroxyanthra- 
quinone-ß-d-glucoside, 757; influence of structure 
on, 1014; of amolonin, 1251, (correction) 2661; 
of l,2-dichloro-2-methylpropane, 1631; steric 
hindrance in alkaline, of ketoximes, 1900; alka­
line, of Oligosaccharides........................... .................  2388

Hydrophenanthrenes, and related ring systems from
dieneynes, 972; synthesis in, derivs..........................  1463

Hydrophenanthrene derivatives, synthesis of hy- 
droxylated compds. of, 2314; 2319, 2322, (correc­
tion) 2661; synthesis of, 2382, (correction). . . . . .  . . 2659

Hydroquinones, oxidation of, and substituted, 646;
color reacns. of, in the solid state............ ................  689

Hydrosols, basic beryllium and complex beryllate. . .  2526 
Hydroxides. (See A lka lies; Bases.) 
ß-Hydroxyanthraquinone-ß-d-glucoside, hydrolysis 

o f . . . . . ..............................    757
3- Hydroxy-2-(3)-benzofuranone, synthesis o f ........ 1292
o-Hydroxybenzophenone oximes, H bond formation

in derivs. o f..................................................................  1903
2 - (4" - Hydroxybenzöyl) - 4' - hydroxybenzophe-

none................................................................................  273
Hydroxybenzyl alcohols, some substituted.......... .. 1565
jS-Hydroxydiphenylfuran.......................................  1933
ß-Hy droxy-/Lß-diphenyl vinyl phenyl sulfone.  ........  1522
Hydroxyfurans.................................................................  1933
Hydroxylation, of the double bond...................   1302
Hydroxyl compounds, infra-red absorption of org.

compds. containing OH and NH groups................. 94
Hydroxyl groups, H bond formation between, and N  

atoms in org. compds., 1991; effect of, on absorp­
tion of phenol in the infra-red................................... 2287

4- Hydroxymandelic acid, synthesis of... ................   1292
/3-Hydroxy-«-naphthoquinone, condensation of alde­

hydes with, 1163, (correction), 2661; action of 
light on................    1212

2-Hy droxy-1,4-naphthoquinone, oxidation of,
derivs.................................................................... 1174, 1179

Hydroxy pyrrole nitrones.......................................... .. . 590
/3-Hydroxytriphenylfuran...............................................  264
Hypnotic properties, compds. w ith ..............................  474
Hypnotics, some alkyl and aryl amides and ureides

as, 1352; narcosis induced b y..................................... 1361
Hypobromous acid, kinetics of the addn. of Me 

ester of, to stilbene.............................................   466

I CE, structure of, 694; heat capacity of.................. .. . 1144
Imidocyclopropanecarboxylic acid...............................  2547
Imino compounds, infra-red absorption of org.

compds. containing OH and NH groups................. 94
Indanes, alkylated phenolic hydroxy...........................  657
Indenes, alkylated phenolic hydroxy...........................  657
Indicator, radioactive Mn as an...................................  1372
Indium salts, some double, and org. bases............. .. . 907
Indium sulfate, thermodynamics of aq., solns...........  2126
Inhibitols, prepn. and properties of, concentrates. . . . 1627 
Inhibitors, preliminary classification of fat oxidation. 2204 
Inorganic chemistry, Introduction to, and Lab. 

Exercises in, (Cartledge, Woodburn, book re­
view), 861; (Mellor, book review), 2078; Com- 
prehensive Treatise on, (Mellor, book review),
2078; for Colleges (Foster, Moore, book review). . .  2344 

Inorganic compounds, reacns. between dry inorg. 
salts, 1341; stereochemistry of complex. . . . . . . . . . .  2224
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Interatomic distance, in some inorg. compds............  1590
Iodide, potentiometric, -Ag titration..........................  1524
Iodination, photo-, of the ethylenic bond at low 

temps...................................... . . . . . ............................  182
Iodine, exchange reacns. of, by the method of radio­

active indicators, 535; starch-, system, 1017; 
kinetics of the trivalent V-, reacn., 1153; im­
proved technique for detg. microgram quantities 
of, 1592; in sensitized org. decompn., 1755; equil. 
in the iron-, system, 1760; normal vapor pressure
of crystalline, 2260; potentiometric, -Ag titration. 2457 

Iodine monochloride, use of, end-point, in vol. 
analysis, 113 ; thermal reacn. between gaseous, and
H ............. .................................... .................... . ; .........  690

Ionization, const. of glycolic acid.......... .. . ................. 987
Ionization, surface, of Cs on W, 1057; const. of 

hydrazinium hydroxide, 1605; surface tension of 
aq. solns. of dipolar ions, 1851; const. of AcOH in
dioxane-water mixts . ................................................  1912

Ions, electrolytic. (See also Brom ide io n , Hydrogen 
ion , etc.) kinetic salt effect in sapon. of ester. . . . . .  206

Iron, the Metal-, (Cleaves, Thompson, book review),
184; micro-anal. method for, 826; Die Korrosion 
Metallische Werkstoffe (Bauer, Kröhnke, Masing, 
book review), 1508; equil. in the, -I system, 1760;
autoxidation of........................................   1843

Iron chlorides, extraction of FeCl3 from HCl solns.
by isopropyl ether. . . . . . . . . . . . .  .. ..................... .. 2573

Iron oxides, ß-, monohydrate...............   777
Iron salts, soly. of cryolite in aq.................................  1695
Isatin, oxindole amines from....................................... . 1236
Isobutylene, solvent effect in addn. of HBr to ....... .. 57
Isobutyraldehyde........................................ .. . ............. . 1631
Isoelectric point, of lecithin, 594; of pptd. A gI........... 1528
Isoindene, attempted synthesis of some, compds........ 1331
“Isolapachone,” structure of Paterno’s .....................   1190
Isomerism, multiplanar, of cyclohexanes, 787, (cor­

rection)................................ .........................................  2659
Isomerization. (See also Rearrangem ent.) of n- 

heptane, 51; of certain satd. and unsatd. hydan­
toins, 647; kinetics of thermal cis-trans, 766; 
kinetics of thermal cis-trans, 1058; comparison of 
rates of enolization and racemization, 1963;
kinetics of thermal cis-trans ................ ...................... 2428

Isomers, phys. properties of........................................ .. 153
Isopropyl ether, extraction of FeCl3 from HCl by . .. 2573
Isoquinoline, use of, as solvent for amines.................  2044
Isotherm, soly., of the system NH3-M o03-H 20  .........  930
Isotopes. (See also D euterium ; Hydrogen; Oxygen; 

T r it iu m ;  and “heavy,” “D20 ,” under W ater.) 
abundance ratio of the, of K in mineral and plant
sources, 365; equil. of the light and heavy, of H 
with crystalline CuCl, 460; sepn. of L i....................  2519

JACOBSEN REACTION..........................      1

KETALS, prepn. of some, of alkylacetylenes with
the higher alcs............................    80

Ketene...............      962
Ketenes, reacn. of haloamines 'with.............................  1874
Ketene diethylacetal, prepn. and properties o f.........  529
Ketones, hydroxy poly-, dibenzoylcarbinol, 81;

reacn. products of aromatic amidines with di-, 163; 
pyrolysis of tetralyl naphthyl, 478; semicar­
bazones of, 596; ethylhydroperoxide on «-di-, 947; 
oxidation of Me «- and ß-naphthyl, 1055; mesityl 
Ph di-, 1233; prepn. of dibenzyl, 1240; methyla­
tion of «-di-, 1300; free energy of addn. of Na to,
1367, (correction) 2661; conversion of tolyl naph­
thyl, into methylbenzanthrones, 1443; absorption 
spectrum of Et Me, 1454; alc. NH3 as a reagent for 
unsatd., 1607; acetylenic, synthesized from ace­
tylenic Grignard reagents, 1861; hydroxy poly-,
1894; acylation and alkylation of ß-di-, and ß- 
sulfonyl, 2166; condensation of certain aromatic 
Me, 2172; isolation of 1,2-di-, from the ozoniza­
tion of disubstituted acetylenes, 2272; condensa­
tion of propenyl, with ethyl oxalate. .*»*. .**. . .* 2450

«-Ketonic acids, reacn. between, and «-amino acids. .  2239 
Ketonimine dyes. See Dyes.
Ketosulfones, «,ß-unsatd.............................................. 1518
Ketoximes. See Oximes.
Kinetics. (See also Electrokinetics; Reaction ve­

locity.)

d- LACTIC acid, production of, from glucose by genus
Rhizopus................................................................. . . .  1286

Lactones, prepn of macrocyclic, by depolymeriza- 
tion, 654; in liquid NH3, 898; sugar acid. . . . . . . .  2549

Lactonic acids, enolates from.......... ................. 999
ß-Lactose, heat capacity and entropy o f . ................. 881
Lanthanum chloride, transference nos. of, 1476; 

magnetic rotation of, 1600, (correction), 2661; 
activity and osmotic coeffs, of aq, solns. of. . . . . . .  2032

Lapachol, constitution of, and its derivs.-—oxidation 
with KMn04, 1168; lomatiol and its relation to— 
synthesis of, 1181; constitution of, and its derivs,. 1190 

Lead, -U  ratio of a siliceous pitchblende and its pos­
sible age, 434; adsorption of, on aged BaS04, 499; 
distribution coefï. of, between the surface of 
BaS04 and soln,, 725; e. m, f. of the cell Zn-Hg 
(2 phase) | ZnS04(w) PbS04(s) | Pb-Hg (2 phase),
1855; mol. structure of the Me derivs. of, 2036; 
thermodynamics of the tellurides of, 2081; ther­
modynamics of the, -B i system, 2084; -U  ratio
of Henvey cyrtolite.................. ................ 2433

Lead chloride, activity coeffs. of................ ............ 87
Lead nitrate, system; NH4N 0 3-H 20 .......... .. 1644
Lead sulfate, kinetics of distribution of Th B through 

fresh, 116; distribution of Th B in, 121; heat 
capacity of, at low temps., 567; heat capacity o f . . 879

Lead tetramethyl, photolysis o f . ............................ .... 448
Lead tetraphenyl, photolysis of........ ......... ................ 448
Lecithin, phys.-chem. studies on.................................. 594
Leuckart synthesis, of amines....................................... 1808
Leucomurexide..............................   1821
Light. (See also Photochemistry, Spectra.) Action 

of, on ß-bromobenzalpyruvic acid, 1108; action 
of, on ß-hydroxy-«-naphthoquinone, 1212; effect 
of, on the steady-state rate of decompn. of H20 2
in a bromine-bromide soln............................. 1244

Lignin, and related compds., 340, 345, 348, (correc­
tion), 2659; phenol, and methoxy ethanol, from 
spruce wood, 673, (correction), 2659, 2661; wood,
894; nature of........................................................ 969

Linolenic acid, qual. test for..............   364
Lipides, of tubercle bacilli, 10; Biochemistry of 

the (Buil, book review), 184; of the wheat em­
bryo, 383, 390, (correction), 2659; of the human
tubercle bacillus..................    636

Liquids, polarization and dielec. consts. of, 1482; 
elec. moments of mols. in, 1486; crystallization of
undercooled........... ......................................................  2243

Lithium, sepn. of, isotopes........ ...........................   2519
Lithium bromide, system: EtOH-H20 . . . . . . . . . . .  1692
Lithium carbonate, heat capacity, entropy and heat

of solns. of........ ........................................................ 2228
Lithium chlorides, f. p. of aq. dioxane soln. of., 837; 

system: H20-EtO H -, 1692; thermodynamics of,
in AgCl . . . . ........................................................   1848

Lithium ion, entropy of. ................................. .............. 2228
Liver, pernicious anemia principle in ..................  2234
Lomatiol, occurrence, constitution and relation tó 

and conversion into lapachol, 1181; oxidation with 
alkaline KMn04, 1198; a violet quinone from the,
oxidation product............................................... . . .  1207

Luciferin, the, -oxyluciferin system.............   1060
Lupine studies.................... .................................686, 1296

Lupinus barbiger, alkaloids of, S. Wats. . ................... 1296
Lupinus caudatus Kellogg, Monolupine, a new

alkaloid from................      686
Lycopene, absorption spectra on ..........................   247

MACROCYCLIC LACTONES, prepn. of, by de-
polymerization.........................    654

Magenta series.......... ............v* < < < < < < < * * * . . .  1427
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Magnesium, action of, on homonuclear dibromo­
diphenyls, 1246; effect of, on yeast growth . . . . . . .  1356

Magnesium compounds. (See also Grignard re­
agents.) addn. of organomagnesium halides to 
pseudocodeine types, 192; crotyl and methyl­
vinylcarbinyl Mg bromides, 289; system: KC1- 
H20-MgCl2; MgCl2-CaCl2-H 20 , 318; action of 
chloral on. ß-PhEtMgBr, y-Ph propyl MgBr and
5-PhBuMgBr, 332; behavior of di-PhMgBr with 
benzoquinone, 533; electrolysis of MeMg halides 
in ether solns., 720; reacn. between triarylmethyl 
halides and PhMgBr, 791; reacn. of EtMgBr 
with EtBr, 816; soly. of MgBr in ethyl ether,
1337; addn. of organomagnesium halides to 
pseudocodeine types, 1457; system: MgS04-  
CO(NH2)2-H 20, 1975; system: MgCl2-CaCl2-  
KC1-H20 , 2003; action of diethylmagnesium, on 
the Me substituted derivs. of epoxyethane, 2147, 
(correction), 2661; electrolysis of MeMgl in n-
butyl ether .  ........ ...................................................... 2284

Magnetic rotation, of La Cis and NdCl3 in aq. soln.,
1600, (correction)................................................ . . .  2661

Magneto-optic apparatus, photography of minima
in th e .------------------- -...— . , ..................................  1924

Malonic acid, reduction products of duroquinone 
and Na, ester, 304; reacn. of Na, ester with 
quinones, 629, (correction), 2659; C syntheses 
with, 681; from Hg dialkyls, 1024; dissocn. consts.
o f . . . . . . . . . . . . .............. .................................... 1546

Malonic acid-d............... .................... ................... .. 736
Manganese, radioactive, as an indicator testing for 

equil. between several valences of, 1372; oxalato 
complex compds. of tervalent, 2061; equil. be­
tween the trioxalatomanganiate and dioxalato­
diaquomanganiate ions, 2065, (correction), 2661:
an oxalato complex of quadrivalent.......................  2069

Mannite, heat capacity of.............. . . . . . .................... 1620
d-Mannose, open chain derivs. of.......... .....................  1781
Mannosedibenzylmercaptals, structures of the ace­

tone derivs. of..................................... .......................  2076
Manostat, application of a sensitive, to the adsorp­

tion of H and D on Cu, 1703, (correction)............  2661
Mass spectrograph, detn. of the constancy of the at.

wt. of K in ocean water..............................................  370
Mercurials, org., from diazonium borofluorides........  23Ö8
Mercury, reducing action of, 429; the, -photo­

sensitized decompn. of AsH3, 454; effect of sur­
face tension and elec. potential on the stability of, 
emulsions, 782; soly. of Th in, 1413; reducing ac­
tion of, 1689; reducing action of, 1843; e. m. f. 
of the cell Zn-Hg (2 phase) ZnSO4(m ) PbS04(s) 
Pb-Hg (2 phase), 1855; kinetics of the vapor 
phase reacn. of, 1922; mol. structure of the Me 
derivs. of, 2036; activity of, in solid Na amalgams. 2220 

Mercury are lamp, method for starting the Daniels-
Heidt capillary........ ....................................................  856

Mercury dialkyls, malonic acids from..........................  1Ó24
Mercuric fluoride, a new fluorinating agent................  884
Mercury sulfate, as a catalyst in the oxidation of

aniline sulfate by H2S04........................................ .... 2595
Mesitylene, vapor pressure of..................................   670
Mesityl phenyl diketone. . ............................................. 1233
Metabolism, de L’Azote (Terroine, book review). . . .  2341
Metaldehyde, crystal structure of.......... ...................  1274
Metal halides, reacn. of, with acetylenic Grignard

reagents, 1609, (correction).......... .............    2661
Metal ion activation, in enzymatic catalysis—

arginase...... ...............   2654
Metals, a new org. reagent for............ .........................  1046
Metal sulfates, activity coeffs. of some bivalent... . 959
Methane, activity of the C—H bond in, and, -d4,

1445; photochem. decompn. of. . . ...................... .. . 1823
Methanol. See M ethy l alcohol. Thermodynamics

of HCl in, -H20  mixts................................................ 761
^-Methoxydiphenyl, orientation of, in the Friedel

and Crafts reacn........................ ........................ . . .  1738
ß-Methoxyethanol, lignin from spruce wood, 673, 

(correction). . . . . . . . . . . ........ . ............. . . . . . .........  2659

Methyl alcohol, addn. of, to alkenyl acetylenes.. . .  892
Methylamine, partial vapor pressures of aq., solns...  1973 
Methylbenzanthrones, conversion of tolyl naphthyl 

ketones into.................................................................  1443
2- Methylbutenes, 2-methylbutene-l, 742; Raman

spectra of 2-methylbutene-l and -2. .. ................. 745
4-Methyl-5-w-butylcytosine, synthesis of..................  1150
Methylcholanthrene, improved method for the

synthetic prepn. of........ ..............................................  2482
Methyl cyanide, the CN bond in................................... 2516
3- Methylcyclohexanone, ultraviolet absorption and

rotatory dispersion of . . . . . . . . . . . .  . ....................... 2303
Methylene, the active, group in sulfones.......... .. 1386
Methylene hydrogen compounds, reacns. of, con­

taining cyanide, thiocyanate or sulfinate radicals.. 1334
1- Methyl inosite................ ............................................ . 1009
Methyl isocyanide, the CN bond i n . . . . . . . . . . . . . . .  2516
a-Methyl d-mannopyranoside, oxidation of........ .. 378
Methyl nonanes..................    635
4- Methyl-6-oxypyrimidine-5-acetic acid........ .................. 1749
9-Methylphenanthridine, dyes derived from..............  659
2- Methyl-l,2-propanediol, isomeric monoalkyl ethers

o f . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ............  671
N-Methyl pyrroles................................................   1081
2-Methyithiazoline, dyes derived from. . . . . . . ____  662
4-Methyluracil-5-methylamine . . . ............ ......... . . . .  1749
Methylvinylcarbinyl bromide, 104; action of zinc on. 441
Methylvinylcarbinylmagnesium bromide. . . . . . . . . .  289
Micelles, crit. concn. for, in solns. of cetane sulfonic

acid....... .............................     2347
Mioroanalysis, Semi- Qual. (Engeider, Dunkelberger,

Schiller, book review)..............    2344
Microchemistry, Microtechnique of Inorg. Qual. 

Analysis (Benedetti-Pichler, Spikes, book review),
381; Mikroskopische Methoden in der (Kofler,
Kofler, Mayrhofer, book review)............................. 1319

Mills-Nixon effect................     2050
Minerals, Schwimmaufbereitung (Petersen, book

review)...............       1065
Molal volumes, calcn. o f . .........................................  375
Molecular rotation, in solid aliphatic alcs., 1597; 

non-, in a no. of solids, 1718; in solid AsH3 and
other hydrides.............................................................. 1723

Molecular volume, of alkanes.......................................  153
Molecular weights, of the organoboric acids, 196; 

of polymeric substances in catechol and their 
bearing on the nature of coal and derived prod­
ucts, 740; detn. by means of the Svedberg ultra­
centrifuge, 1471; of cinobufagin...............................  2018

Molecules, spectrum and force consts. of ethylene, 
34; infra-red absorption of org. compds. contain­
ing OH and NH groups, 94; polarity of the N 0 2 
and N20 4, 197; influence of dipole fields between 
solute, 982; dipole moment of NH3 in soln., 1049; 
rearrangement of, in plastic monomol. films, 1377; 
elec. moments of, in liquids, 1486; non-rotation of, 
in a no. of solids, 1718; mol. size distribution in 
linear condensation polymers, 1877; rearrange­
ment of sulfenanilides, 1960; structure of Me 
derivs. of Si, Ge, Sn, Pb, N, S and Hg, 2036; 
dipole moment and structure of org. compds., 
2111; stereochemistry of complex inorg., 2226; 
dipole moments of peptides, 2365; structures of 2- 
butenes and 2,3-epoxybutanes, 2407; ap'plica- 
tion of the Raman-Krishnan theory to dipole 
moment measurements by the dil. soln. method, 
2435; mol. state of the vapor of AcOH at low 
pressures, 2585; the spinning top ultracentrifuge
and the Sedimentation of sm all...............  2650

Molybdenum, sepn. and detn. of, 1494; method 
for detn. of, 1689; Hg reduction in the detn. o f . . 1843 

Molybdenum trioxide, soly. isotherm of the system
NH3-H 20 - .......................   930

Monazite, extraction and purification of Eu from. . 2279
1 ,2 -Monoacetone - 5,6 - benzophenone - a - d  - gluco-

furanose.................................................    665
Monolupine, a new alkaloid from L u p in us  caudatus 

Kellogg.......... . . . . . . . . . . .................... .............. 686
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Morphine derivatives, nuclear alkylated..................
Morpholine, new synthesis o f.......................................
Murexide............................................................. .. ...........
Mycobacterium, lipides of tubercle bacilli, 10; 

lipides of the human tubercle bacillus....................

NAPHTHACENEDIQUINONE, addn. of dienes
to .....................................................................................

Naphthalene, sodium................................... ..................
^>m-Naphthindene series. ........................................
/3-Naphthol, condensation of, with cinnamic acid. .
Naphthoquinolines...........................................................
Naphthoquinones, synthesis of furan derivs. of a-

and ß - ............................ .............. ........................ ..........
1,4-Naphthoquinone derivatives............ ......................
/3-Naphthoquinone sulfonate, potentiometric study

of.................................................. . ...............................
Naphthyl ketones, pyrolysis of tetralyl, 478; oxida­

tion of Me cl- and ß-, 1055; conversion of tolyl,
into methyl benzanthrones........................... ..............

Naphthylcarbamic acid.................................................
Narcosis, mechanism of, induced by hypnotics........
Neodymium chloride, magnetic rotation of, 1600.

(correction)..................... ............ .................... ............
Nickel, -chromic oxide catalysts, 950; promotèr

action of PtCl4 on Raney. catalyst.......... ................
Nickel carbonyl, reacns. of, with N oxides..................
Nickel oxalate, system: K2C20 4-H 20 - ......................
Nickel oxide, catalysts—effect of temp. on the

crystal size and compn. of......................................
Nicotine silicotungstate, soly. of, in HCl....................
Nitric acid, oxidizing agents in, soln................... 1265,
Nitriles, Application of the Rosenmund-v. Braun,

synthesis....................... .......................... ......................
Nitrites, parachors of Me and E t. ...............................
Nitro compounds, alc. NH3 as a reagent for..............
m-Nitroacetophenone, rate of bromination of..........
Nitrobiurets, alkyl................................................. ..
Nitroethane, parachors o f............ ................................
Nitrogen, soly. in H20  of H and, mixts., 426; org., 

bases from pyrolysis of cottonseed meal, 1097; 
Ph, Substitution and reactivity in the barbituric 
acid series, 1469; H bond formation between 
hydroxyl groups and, atoms in org. compds., 1991; 
adsorption of, on glass spheres, 2023; mol. struc­
ture of the Me derivs. of, 2036; in wheat seeds, 
2075; Le Métabolisme de (Termine, book re­
view) ...............................................................................

Nitrogen fixation, mechanism of symbiotic—the
influence of p N 2................... ........................................

Nitrogen oxides, polarity of N 0 2 and N20 4 mols.,
197; reacns. of Ni carbonyl with...............................

Nitroguanidine, reduction of, 800; reduction of, 1417;
reduction of..................................................................

Nitromethane, parachors of.........................................
Nitrophthalhydräzides, Me and Ph derivs. of the . .. 
N -Nitrosomethylaniline, factors affecting the elec-

trochem. reduction of.................................................
^-Nitrotoluene, Piria reacn. with............ ....................
Nitroureas, alkyl.............................................................

d-OCTADECANOL-2, isolation of, from un­
saponifiable matter of the timothy bacillus wax..

as-Octahydrophenanthrene, trans- and cis- ..............
jÖ-Octyl thiocyanate...  ..................................................
Oestrone, synthesis of, 1503, (correction)........ ..........
Oils, see, of Abies Balsamea, 523, (correction)..........
Olefins. (See also Allenes;  Ethylene compounds; 

Dienes.) dibromide method of analysis of butene 
mixts., 102; hydrogenation of some higher, 137; 
alkylation of paraffins with, 913; H2S 04 in the— 
benzene reacn., 919; S 02 and mono-, 996; -ben­
zene condensation with H2S 04 catalyst, 1007; 
alkylation of aromatics with, 2339; heat capacity, 
entropy and free energy data for 5 higher, 2505;
reacn. between S 02 and, (correction)...............

Oligosaccharide acetates, containing dihydroxy­
acetone constituents................................. ..

Oligosaccharides, alkaline hydrolysis of......................  2388
“Omum” salts, fused, as acids—reacns. in fused

pyridinium hydrochloride......................................... 428
Optical properties, measurements of the, of the

glasses in system Na20 -B 20 3....................  2248
Optical rotation, anomalous muta-, of salts of Rey- 

chler’s acid, 62; of /-threose, 855; influence of 
neutral salts on, of gelatin—rotatory dispersion
of gelatin in NaBr solns......................................   2438

Organic acids, ^-phenylphenacyl esters of. . ........... 1502
Organic chemistry, Lehrbuch der (Karrer, book re­

view), 696; Lehrbuch der (Holleman, book re­
view), 859; Brief Introductory Course of (Conant, 
book review), 1507; (Burrell, book review), 1827; 
Physical Aspects of (Waters, book review), 2340;
An Introduction to (Lowy, Harrow, book review),
2345; Collateral Readings in (Goldblatt, book
review)..........................................................................  2656

Organic compounds. (See also Carbon compounds; 
Unsaturated compounds.) thermal data on, 134;
Org. Syntheses (Noller, et a l., book review), 185; 
thermal data on, 398; Systematic Identification of 
—a Lab. Manual (Shriner, Ftison, book review),
536; the H bond between O atoms in, 548; concn. 
of D in, 580; Org. Syntheses (Johnson, book re­
view), 862; Org. Solvents—Phys. Consts. and 
Methods of Purification (Weissberger, Proskauer,
New, book review), 863; S-benzyl thiuronium 
chloride as a reagent for, org. acids, 1004; a new 
org. reagent for metals, 1046; Dictionary of 
(Heilbron, book review), 1065; new reagent for 
structure detn. of, 1131; heats of combustion 
and free energies of, 1728; H bond formation be­
tween OH and N in, 1991; rel. reactivities of 
organometallic compds., 2074; dipole moment 
and structure of, 2111; thermal data on, 2505;
D abundance ratios in..............................................    2552

Orientation, influence on, by O and S ........................ .. 717
Orpiment, interatom. distance in ..............................  1590
Orthobaric densities, as a function of reduced

temps..........................................................   2418
Orthosilicic acid, reacns. of, in Friedel-Crafts

synthesis....................................... ..„....... .................... 2605
Osazone acetates, estimation of O-acetyl and N-

acetyl and the structure of........................   490
Osmotic coefficients, of aq. solns. of LaCl3. ............. 2032
Oxalic acid, condensation of propenyl ketones with

ethyl.........................    2450
Oxalyl chloride, photochem. decompn. of, vapor... . 443
Oxidation. (See also P er oxidation.) induction period 

in auto-, 219; of a-Me d-mannopyranoside, 378; 
auto-, of some substituted difluoryls and dix-
anthyls, 576; catalytic, of anthracene, hydro­
quinone and substituted hydroquinones, 646; 
of H20 2 by “chloramine T” and Cl, 705; carbo­
hydrate, 797; of amino acids with NaOBr, 909; 
new, -reduction indicators, 928; potential, of 
thallous and thallic salts, 952; of Me a -  and ß- 
naphthyl ketones, 1055; at audible frequencies, 
1069; of lapachol with KMn04, 1168; of 2- 
hydroxy-l,4-naphthoquinone derivs. with alka­
line KMn04, 1174, 1179; of lomatiol with alka­
line KMn04, 1198; mechanism of the Hooker, 
1223; oxidizing agents in H N 03 soln.—potential 
of cerous-ceric salts, 1265; potential of thallous- 
thallic salts, 1268; catalytic, of C, 1309; anti­
oxidants and the auto-, of fats, 1627; carbo­
hydrate, 1661; auto-, of Mo, Fe and V, 1843; 
carbohydrate, 1890; carbohydrate, 1950; anti­
oxidants and the auto-, of fats, 2204; -reduction 
potentials of derivs. of thioindigo, 2305; mecha­
nism of carbohydrate, 2388; of Se in the glow dis­
charge, 2511, 2514; asymmetric, of sugars by 
optically active alkaline Cu solns., 2540; of
aniline sulfate by H2SO4............................................. 2595

Oxides, thin films of metallic . ............................ .......... 173
Oximes, reacn. products of aromatic amidines with 

diketones, dialdehydes and their mono-, 163;
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Beckmann rearrangement of certain 2-alkyl 
cyclopentanone and cyclohexanone oximes, 650; 
action of alkali on acylated ket., 1900, 1903; 
Beckmann rearrangement of some phenanthrene.. 2097

Oxindole amines, from isatin............ ........................... 1236
Oxindoles, quinolone acids from, derivs......................  49
Oxygen, the H bond between O atoms, 548; expla­

nation of the relatively large concn. of O18 in the 
atm., 693; directive influence of, 717; effect of, on 
the reacn. between Br and butadiene, 1095; 
density of H20  from H-, combustion, 1920; use 
of CrS04 in removing, from a stream of gas—
comparison with other, absorbents..........................  2591

Oxyluciferin, the luciferin-, system.................... .. 1060
Ozonation, relative rates of, of unsatd. compds., 24; 

isolation of 1,2-diketones from the, of disubsti­
tuted acetylenes..............   2272

PACKING MATERIALS, prepn. of glass helices
for use in fractionating columns..............................  377

Palladium, -H equil. and new, hydrides....................... 2565
Pancreas, influence of heavy water upon activity and

stability of pancreatic amylase........ ........................ 84
Parachor, of hydrazine and some aliphatic derivs.,

160; of Me and Et nitrites and of nitromethane 
and nitroethane, 802; of benzylated phenol
derivs........... .............       2454

Paraffins, mol. vol. of, 153; alkylation of, with olefins,
913; decompn. of gaseous. . . . . . ........................ .  1317

Paraldehyde, electron diffraction of..................  1270
Peimine, isolation of....................    1306
Pentaacetyl-2-keto-d-glucoheptonic acid, prepn. and

properties of.................................................................  2477
Pentaboranes, structure of B5Hg..................................  2403
Pentane, action of aluminum halides on....................  1944
Pentene, induced Substitution of, by Cl......................  98
Pentenes, thermal rearrangements among the..........  235
Peptides, phys. chemistry of, 415; dielec. const. and 

electrostriction of, 463; phys. chemistry of—soly. 
of, 2173; phys. chemistry of—relation between the
activity coeffs. of, and their dipole moments..........  2365

Permanganate ion, entropy and free energy of..........  2144
“Peroxidase” activity, of charcoal..............................  1115
Peroxide effect, in addn. of reagents to unsatd.

compds..........................................................................  57
Phenanthrene, Chemistry of Natural Products Re­

lated to (Fieser, book review), 859; the, -Br addn. 
reacn., 1834; effect of substitutents on the, -Br 
addn. reacn., 1838; effect of catalysts on the, -Br
reacn., 2101; action of Br in Me alc. soln. on........  2163

Phenanthrene derivatives, synthesis of, 1659, 2097,
2194; synthesis of hydroxylated compds. of, 2314;
2319, 2322, (correction), 2661; synthesis of, 2382; 
synthesis of, (correction)............................   2659

Phenanthrene series, prepn. of phenanthryl amines 
and phenanthryl halides, 857, 1311; synthesis in,
................................................. 1463, 1568, 1570, 1857

Phenanthridones, from retenediphenic acid, 2236,
(correction).......................................... .................. .. 2661

9-Phenanthrol, a new route to ................................ .. 2163
Phenanthroline, -ferric complexes................................  1668
1-, 2- and 3-Phenanthryl halides.................................  2194
9-Phenanthrylamines, a new route to ...................... 2163
Phenobarbital, synthesis of colored derivs. of............ 1361
Phenols, condensation of diacetone alc. or pinacol 

with, 657; lignin from spruce wood, 673; con­
densation of polyhydric, with acetone, 820; con­
densation of, with ethanolamine and formal­
dehyde, 1741; alkyl, 1957; effect of o-substitution 
of the OH group on the absorption of, in the infra- 
red, 2287; surface tensions, densities, free surface
energies and parachors of benzylated, derivs.........  2454

Phenol lignin, (correction)........................ ............... .. 2659
Phenoxthin............................   717
Phenoxybenzene-4,4'-dithiol, and related compds... 54
Phenylacetone, prepn. of. . . .........................................  1240
Phenylacetonitriles, alkylene and alkylidene..............  2014
Phenylanthranilic acid .. .......... . . ............................. . 928

l-Phenyl-5-benzoylcyclopentene oxide, rearrange­
ment of...............................................................   2325

Phenylbromoacetic acids, Substitution of Br in. . .  . 1157 
Phenylchloroacetic acids, Substitution of Cl i n . ..  . 1157 
a-Phenyl-/?-ethylacrylonitrile...................   2014
1- Phenyl-2-ethylcyclopropanecarbonitrile............... 2014
Phenyl isocyanate. See under Isocyanic ac id . 
a-Phenyl-/3-isopropylacrylonitrile........................   2014
2- (N-Phenylket imine)-d-camphane-10-sulfonic acid,

comparison of, with d-camphor-10-sulfonanilide.. 62
Phenylmalonic acid, solvent exchange reacns. and

prepn. o f........................................................................  2599
Phenylmercuric fluoride.................................................. 2653
l-Phenyl-2-methyl-4-ethylpyrazol-5-one, synthesis of. 1152
Phenyl-a-naphthyldiazomethane........... .. 747
N-Phenylpiperazino-N'-ß-ethanol, new synthesis of. 379
Phenyl urethan, anesthetics..........................    1079
Phosphine, data of state of, at low pressures........  . 203
Phosphoric acid, as a catalyst for the destructive

alkylation of hydrocarbons............ ...................... . .  918
Phosphorus trichloride, the compd. of CuCl with. . .  2151
Photochemistry. (See also L ig h t.) reduction of 

uranyl ion in the uranyl oxalate actinometer, 67; 
photochem. stability of crotonaldehyde, 73; 
photoiodination of the ethylenic bond at low 
temps., 182; Photolysis of the aliphatic alde­
hydes, 278; photochem. decompn. of oxalyl chlo­
ride vapor, 443; photolysis of lead tetramethyl 
and lead tetraphenyl, 448; the Hg-photosensitized 
decompn. of AsH3, 454; Die Photoelemente und 
ihre Anwendung (Lange, book review), 536; 
photolysis of AcOH, 692; photochem. formation 
of ethylene iodide in solns. of CC14, 693, 932; 
photoelec. colorimetry, 1017; liquid-phase photo­
chem. chlorination of 2-chloro-2-methylpropane 
and related compds., 1027; photochem. studies—  
decompn. of acetone vapor, 1404; vapor phase 
photolysis of AcOH, 1645; photolysis of formic 
acid, 1655; photochem. deamination of amino 
acids in H20  soln., 1675; photochem. studies—
photochem. chlorination of the dichlorobenzenes,
1707; I in sensitized org. decompn., 1755; photo­
chem. decompn. of CH4, 1823; Die Photoelemente 
und ihre Anwendung, II (Lange, book review),
2078; photochem. reacn. of CI with formic acid,
2140; photodecompn. of NH3. ............................. .... 2462

Photography, of minima in the magneto-optic ap­
paratus.........................................................................  1924

Physical chemistry, for Colleges (Millard, book re­
view)..... .........................................................................  1506

Phthalic acid, esters..............................   1384
Picrates, phenolic ethers as............................................ 1415
Pinacol, condensation with.phenols, 657; -pinacolone

rearrangement...........................    1118
Pinacolates, stability of, in liquid NH3 soln................  76
Pinacolone, pinacol-, rearrangement...........................  1118
a-Pinene oxide, Grignard reacn. on. ............................ 291
Piperazine derivatives, addnl., of, 532.........................  1980
Piperidines, synthesis of. . ............................................  2487
Piria reaction, mechanism studies of...........................  225
Pitchblende, Pb-U ratio of a siliceous, and its age. . .  434
Platinum compounds, promotèr action of PtCl4 on 

Raney Ni catalyst, 1417; reduction of aromatic 
compds. with H and a platinum oxide-platinum 
black catalyst, 1594; coördination compds. of
platinous halides with ethylenes............................... 1733

Platinum oxide, prepn. of, for catalytic hydrogena­
tions, 687, (correction)............................   2659

Plumbagin, synthesis of................................    572
Polarization, cell with non-polarizable electrodes,

2362; of liquids............................................................  1482
Polyazines..................................................    948
Polycyclic compounds, pressure-area and potential

relations for, of the 5-ring series...............................  1377
Polyethylene glycols, mol. wt., molar refraction, 

f. p. and other properties of, and derivs., 813; 
diffraction of X-rays by the higher...........................  1129
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Polyhydroxyanthraquinone glucosides, prepn. and
hydrolysis of some................................................. .

Polymerization, of c\ clopropane, 852; of ethylene
with AICI3 ..................................................................

Polymers, polymeric mol. wts. of substances in 
catechol, 740; mol. size distribution in linear
condensation...................................... ..........................

Polymorphism, of acetaldehyde 2,4-dinitrophenyl­
hydrazone ............................................................... .

Polypeptides, high vacuum distillation of, esters,
2104; helianthates of esters. ................... ..................

Polysaccharides, reacns. relating to......................813,
Polystyrene, structure of. . . . . .  ...................................
Polysulfones, from acetylenes and S 02......................
Polyynes. (See also Acetylenic compds.) rearrange­

ment of, 29, (correction), 2659; rearrangement of.
Porphin, synthesis of. ...................................................
Porphyrins, synthesis of porphin. . . ..........................
Potassium, abundance ratio of istopes of, in mineral 

and plant sources, 365; at. wt. constancy of, in
ocean water.............. ....................................................

Potassium acetate, conductance of, in D2O ................
Potassium amide, reacn. of, in liquid NH3 with di­

arylbromoethenes. . . . ...... ..........................................
Potassium chloride, system: MgCl2-H 20 -;  CaCl2-  

H20 - ,  318; f. p. of aq. dioxane soln. of, 837; sys­
tem: MgCl2-CaCl2-H 20 .............. ............................

Potassium dichromate, the binary system, Na2Cr20 7. 
Potassium ferrocyanide, viscosity of, solns., 2558;

conductance of, solns................................ ..................
Potassium hydroxide, soly. of CuO in........................
Potassium oxalate, system: CdQCh-HoO-, 2079;

system: NiC20 4-H 20 - ........ ....................................
Potassium permanganate, viscosity of, 619; heat

capacity and entropy of.........................................
Potassium salts, system: KI-K2S04-H ?0................
Potassium triiodophenoxyacetate, ethyl esters of. . .  
Potential, reduction, of org. systems—thioindigo di- 

sulfonate, 733; effect of elec., on the stability of 
Hg emulsions, 782; oxidation, of thallous and 
thallic salts, 952; oxidation, of cerous-ceric salts, 
1265; oxidation, of thallous-thallic salts, 1268; 
the normal, of the Ag-AgBr electrode, 1575;
e. m. f. of the cell Zn-Hg (2 phase) | ZnS04(m) 
PbS04(s) I Pg-Hg (2 phase), 1855; Standard, of 
HCl in dioxane-water mixts. from e. m. f. meas- 

, urements, 1908; detn. of activity coeffs. from the, 
of concn. cells with transference—-HCl, 1970; 
oxidation-reduction, of thioindigo tetrasulfonate, 
2305; of CdCl2, 2624; Standard electrode, of Ag. . 

Precipitates, structural changes during the aging of 
freshly formed, 116,121; structural changes during 
the aging of, 499; structural changes during the
aging of.........................................................................

d l-Proline, synthesis of, from pyrrole.............. ...........
Propane, f. p. and b. p. of, 810; the f. p. curve of

dotriacontane in .........................................................
Propanolamines, of the type Ci4H9CHOHCH2CH2-

NR2................................................................................
Propenyl ketones, condensation of, with ethyl oxa­

late. ....................................... . . ........................... . . .
Propionylphenanthrenes, .synthesis o f........................
a-Propylcrotyl chloride, rearrangement of................
a-Propylcrotyl Ph ether, rearrangement of..............
Propylene, ultraviolet absorption and b. p. of, 850,

(correction).............................................. . . . . . ............
Proteins, in liquid NH 3, 309; phys. chemistry of. . .  .
Protium, redetn. of the, -D  ratio in water..................
Protoplasm (Seifriz, book review).............. ..
Pseudocodeine types, addn. of org. Mg halides t o . . 
Pseudocodeine, addn. of organomagnesium halides

to, types........ ........................ ..................................
Pseudocumoquinone, reacn. of, with Na acetoacetic

or malonic ester, 629, (correction)........................ ..
Pumice, as a support for Cu-Cr oxide catalysts in

dehydrogenations........................................ ................
Pyrene, from natural gas pyrolysis.............. . .............
Pyrethrolone, structure of, 1061; structure of*. *. *»

Pyrethrum flowers, constituents of, 1061; structure
of....................................     1777

Pyridine, use of, as solvent for amines, 2044; metal
pyridine complex salts........................................   2153

Pyridinium, reacns. of fused “onium” salts as acids
in, hydrochloride, 428; vanadate..........................   1785

Pyrimidines, 299, 423, 525, 769, 772, 773, 1150; 
hydrogenation and hydrogenolysis of a 2-keto-
1,2,3,4-tetrahydro-...................................1558, 1936, 1940

Pyrogallols, 4-w-alkyl....................................    1957
Pyrolysis, of di-o-tolyliodonium iodide, 157; of 

tetralyl naphthyl ketones, 478; of esters and 
acetals, 823, (correction), 2661; acenaphthylene 
and pyrene from natural gas, 1051; of cottonseed
meal, 1097; of castor oil........................................... • 2430

Pyrrole, reacns. of H with, derivs., 709; (//-proline
from................      1122

Pyrrole series....................... ................................... 1081, 1086
Pyrrolidines, synthesis o f . ............................................ 2487

QUANTUM MECHANICS, Grundlagen der 
(Danzer, book review), 1318; Introduction to, 
with Applications to Chemistry (Pauling, Wilson,
book review)............................................  1508

Quartz, heat capacity of........ ............................ ............ 568
Quebrachite, in the sterns of Haplophyton cim icidum  1009 
Quinazolines, synthesis of a, analogous to cusparine.. 1701 
Quinhydrone, D exchange equil. and the, electrode.. 1396
Quinoline, use of, as solvent for amines...................... 2044
Quinolone acids, from oxindole derivs.........................   49
N-(8-Quinolyl)-carbamic acid. ............ . .................... . 1610
Quinone derivatives, conversion of o- into p-, and of 

p- into o-, 1202; a violet quinone from the lomatiol 
oxidation product, 1207; mechanism of the
Hooker oxidation of naphtho-.................... .............. 1223

Quinones. (See also Benzoquinones.) reacn. between, 
and Na enolates, 629, (correction)..........................  2659

RACEMIZATION, rel. rates of, of substituted di- 
amides of 2,2'-dimethoxy-6,6'-dicarboxydiphenyl,
587; kinetics of, of 2,2'-diamino-6,6/-dimethyldi- 
phenyl, 1043; new types of, reacns., 1814; com­
parison of the rates of, and enolization....................  1963

Radiations, Invisible, of Organisms (Rahn, book
review)............... . . . . ............................................ . . .  1507

Radicals. (See also A cid  radicals; A lk y l groups;  
Groups.) electron affinity of free, 1228, (correc­
tion), 2661; electron affinity of free, 1367, (cor­
rection), 2661; free, in the thermal decompn. of
diethyl ether, 2129; production of free, from 
ethylene oxide and the catalysis of other reacns.
by them........................................... ............................ 2135

Radioactive indicators, exchange reacns. of I by the
method of................ .................................................... 535

Radioactivity, quant. detn. of, 1313; HCl. ............... 2467
Radiochemistry, synthesis and decompn. of HBr. ..  . 612
Raman-Krishnan theory, application of, to dipole 

moment measurements by the dil. soln. method.. 2435 
Raman spectra, of rubber and some related hydro­

carbons, 215; of 2-methylbutene-l and -2, 745; of 
cyclopropane, 852; of benzoyl chloride, 1953;
entropy of tetramethylmethane from ..................... 2354

X-Rays, studies of interaction of cellulose and 
liquid NH3, 333; study of amorphous rubber, 507; 
diffraction of, by the higher polyethylene glycols
and polymerized ethylene oxides.......................... .. 1129

X-Rays, absorption edges in the patterns of cellulose. 1635 
X-Rays, Die Allotropie der chem. Elemente und 

die Ergebnisse der (Neuburger, book review). . . .  1826 
X-Rays, Die Interferenzen von, und Elektronen-

(Laue, book review)................ .................... . . . . . .  2078
X-Rays, diffraction studies of built up films..............  2199
X-Rays, study of substituted biphenyls. . . . . . . . . .  2299
Reactions. (See also H eat of reaction.) thermal 

decompn. of /-butyl and /-amyl chlorides, gaseous 
homogeneous unimol., 43; diene, between tetra- 
methyl-ö-benzoquinone and cyclopentadiene, 229; 
mechanism of the, of H3SO4 on diarylphthalins,
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559; exchange, of I by the method of radioactive 
indicators, 535; mechanism of organic, 823, (cor­
rection), 2661; general method for stopping the 
Wurtz, at the intermediate organo-metallic stages,
1697; solvent exchange, of phenylmalonic acid 
and comments on some mechanisms of, which 
emplöy Na, 2599; of alkyl sulfates, tetraethyl o- 
silicate and diethyl carbonate in Friedel-Crafts
sy n th eses ..................................................................  2605

Reaction velocity. (See also Isomerization.) relative 
rates of ozonation of unsatd. compds., 24; kinetics 
of some gaseous Diels-Alder reacns., 123; kinetic 
salt effect in sapon. of ester ions, 206; ketonic de­
compn. of «/«-dimethylacetoacetic acid ethyl 
ester, 240; acidity and diazotization, 259; l- 
bromosuccinic acid—chloride ion reacn., 393; 
kinetics of the addn. of MeBrO to stilbene, 466; 
rates of alcoholyses of triarylmethyl chlorides,
492; thermal decompn. of ethylene oxide and an 
induced AcH decompn., 534; rel. rates of race­
mization of substituted diamides of 2,2'-di- 
methoxy-6,6'-dicarboxydiphenyl, 587; rate of 
soln. of Cu in dil. aq. reagents, 602; de-- 
compn. of ethylene iodide, 607; of mixed diacyl 
derivs. of 2-amino-4-chlorothiophenol, 609; radio- 
chem. decompn. of HBr, 612; kinetic salt effect 
in the fourth order reacn. Br03~ +  Br"' +  2H +
-■■■> , 667; a kinetic correlation of two reacns. 

involving H20 2—-its oxidations by “chloramine 
T” and by Cl, 705; kinetics of thermal cis-trans 
isomerizations, 766; kinetics of racemization of 
2,2/-diamino-6,6'-dimethyldiphenyl, 1043; ther­
mal decompn. of acetone, 1052; kinetics of thermal 
cis-trans isomerizations, 1058; kinetics of cyclo- 
pentadiene, 1060; effect of O on Br-butadiene 
reacn., 1095; kinetics of the trivalent V-T reacn.,
1153; Cl-Br substitutionè, 1157; catalytic de­
compn. of H20 2 in Br~Br~, spin., 1244; of cellulose 
nitrate, 1422; catalytic decompn. of diazo-acetate 
ion, 1533; rates of combination of H and D with 
ethylene, 1665; kinetics in the iron-iodide system,
1760; reaction of ferric and stannous perchlorates 
in acid soln., 1787; thermal decompn. of acetone,
1815; kinetics of the vapor phase reacn. of Hg 
and halogens, 1922 ; comparison of rates of enoliza­
tion and racemization, 1963; thermal decompn of 
diethyl ether, 2129; thermal decompn. of ethylene 
oxide, 2135; bromination of w-nitroacetophenone,
2182; of the benzilic acid rearrangement, 2209; 
rate of exchange between chloride ion and Cl in 
aq. soln., 2214; kinetic medium effects in the 
reacn. between bromoacetate and thiosulfate ions,
2335; kinetics of thermal cis-trans isomerization,
2428; rates of alcoholysis of acyl chlorides, 2499; 
effect of He on the kinetics of the thermal decompn.
of A c H . . . . .......... ................ ........................................ 2646

Reactivity, of F in aliphatic compds., 882; of nuclear 
Cl in chloronaphthalenearsonic acids, 1573; rel., 
of organometallic compds., 2074; of H20 2 in
bromine-bromide solns............................................ . 2555

Realgar, ijnteratom, distance in..................................  1590
Rearrangement. (See also Beckmann rearrange­

ment; Isomerization.) possible, reacns. of mono­
chloroamine and certain Grignard reagents, 27; 
of polyynes, 29, (correction), 2659; allylic, 104; 
thermal, among the pentenes, 235; of Me substi­
tuted azo- and azoxybenzenes, 268; allylic, 289, 
441; Beckmann, of 2-alkyl cyclopentanone and 
cyclohexanone oximes, 650; mol., of 2-ethyl- 
mercapto - 4,5 - dimethyl - 6 - thiocyanopy- 
rimidine, 769; mol., of 2-ethylmercapto-4-phenyl-
6-thiocyanopyrimidine, 773; of polyynes, 865; of 
allyl aryl ethers, 941; mol., of sulfenanilides, 
1091; the pinacol-pinacolone, 1118; of mols. in 
plastic monomol. films, 1377; of Ph allyl ethers, 
1388, 1392; mol., of sulfenanilides, 1960; inter­
conversion of mixed benzoins, 1986; Beckmann, 
of the oximes of acetyl- and benzoylphenanthrenes,

2097; abnormal, of allyl aryl ethers, 2190; of 1- 
phenyl-5-benzoylcyclopentene oxide, 2325: Fries, 
of 4-benzoyloxydiphenyl, 2337; Walden inversion,
2396; of N-chloroacetanilide, 2413; of acetyl­
chloroaminobenzene, 2467; of sugar acetates by 
A1C13, 2534; of «-propylcrotyl chloride and «- 
propylcrotyl Ph ether, 2636; of alkyl aryl thio­
ethers. ............................... .............................. ............. 2649

Reduction, of uranyl ion in the uranyl oxalate 
actinometer, 67, (correction), 2659; of aldehydes 
with aluminum isopropoxide, 100; by Hg, 429; 
potentials of org. systems—the dimol., of thio­
indigo disulfonate, 733; of nitroguanidine, 800; 
new oxidation-, indicators, 928; of benzo-semi­
flavanthrene, 1325; modification of the Clemmen­
sen method of, 1438; H catalytic, in halogen acid 
medium, 1594; by Hg, 1689; by Hg, 1843; of 
nitroguanidine, 2170; oxidation-, potentials of
derivs. of thioindigo, 2305; of acetobromo­
arabinose, 2313; factors affecting the electro-
chem., of N-nitrosomethylaniline............................. 2630

Refraction, mol., of hydrazine and some aliphatic
derivs.......... ................      160

Refractive indices, of bromoform-benzene mixts.. .. 237
Resins, Chemistry of the Synthetic (Ellis, book

review)........................................ ................................  695
Resin studies. ..................................... ; . ........................ 1310
Resins, wetting characteristics of . ............ .................. 1449
Retene field, 653, 871, 2236, (correction).............. 2661
Retenediphenic acid, and some derivs., 871; fluore- 

nones and phenanthridones from, 2236, (correc­
tion). ............................       2661

Reychler’s acid, anomalous mutarotation of salts
of........................................................   62

Rheopexy, in bentonite....................    1822
Rhizopus, biochem. studies in the genus..................... 1286
Ring. (See also Cyclic compounds; Cyclodehydra- 

tion; Heterocyclic systems.) closure in sugar
benzoates, 39; hydrophenanthrenes and related, 
from dieneynes, 972; the, system proposed for
calciferol........................................................................  1432

Röntgen, Briefe an Zehnder (Zehnder, book re­
view) . . ...........................................................................  2342

Rosenmund-v. Braun nitrite synthesis, applications
of..................................................   1328

Rubber, Raman spectrum of, 215; Chemistry of 
(Freundlich, book review), 381; X-ray study of
amorphous, 507; natural and synthetic.................... 1961

Rubenes, biradical formula o f......................    858
Rubidium, at. wt. of. . . . ............................................. 70, 618
Rubrene, 182; synthesis of.......... ............................ .. . 937

SAFRANINES........... ............................................   1816
Safrole, l,l,2-trimethyl-5,6-methylenedioxyindane

from...................................................  2057
Salts, equil. in satd. solns. of, occurring in sea H20: 

ternary systems, 318; Das Buch der Alaune und
(Ruska, book review), 380; kinetic effect of, in
the fourth order reacn. Br03"~ +  Br~ +  2H +
----> , 667; reacns. between dry inorg., 1341;
thermodynamic properties of fused, soln., 1848; 
equil. in sea water satd. salt solns., 2003; influence 
of neutral, on the optical rotation of gelatin, 2438;
Das Ausblühen der (Schultze, book review)..........  2656

Sapogenins, 1251, (correction).......... ............................  2661
Saponins, 1251, (correction)................    2661
Saponification. (See Hydrolysis.)
Sedimentation, of the tobacco-mosaic virus pro­

tein.......................... .................................. ............... .. 1863
Selenic acid, prepn. of. ................. ..................................  180
Selenium, dehydrogenation of ursolic acid by, 1687; 

mol. rotation in H2Se, 1723; oxidation of, in the
glow discharge..................................... .............. .2511, 2514

Semicarbazones, of certain ketones............................... 596
Semiquinones, 873; of neutral red. .. .........................  1816
Silane, thermal decompn. of........................................ 108
Silicon, fluorobromides of, 994; mol. structure of 

the Me derivs. of . ........ ................... 2036
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vSilicon compounds, org. reacns. with, 786; org. 
reacns. with—SiF4 with the Grignard reagent.. . .  897

Silicon tetrachloride, vapor pressure of......................  374
Silicon tetrafluoride, use of, in the formation of

esters and some absorption reacns............................  786
Silver, a new org. reagent for, 1046; potentiometric 

iodide-, titration, 1524; adsorption of, ions by 
freshly pptd. AgI, 1528; the normal potential of 
the, -AgBr electrode, 1575; thermal type, -AgCl 
electrodes, 2339; potentiometric iodide-, titration 
at extreme dilns., 2457; Standard electrode po­
tential of. . .  . ................................................................ 2647

Silver bromide, the normal potential of the Ag-,
electrode........................................................................  1575

Silver chloride, pptn. of, from AgN03 and HCl, 516; 
thermodynamics of LiCl in, 1848; thermal type
Ag-, electrodes.............................................................. 2339

Silver iodide, adsorption of Ag and iodide ions by
freshly pptd...................................................................  1528

Silver nitrate, pptn. of AgCl from, and HCl.............. 516
Silver reductor, formation of H20 2 in. . .  ............ .......  826
a-Sitosterol........................................................................ 2446
Soap Solutions, reversible adsorption in the surface

of..........................................................        379
Sodium, reacn. of, in liquid NH3 with proteins and 

related substances, 309; condensations by, 754,
1024; potentiometric measurement of AF for, 
addn. to an org. compd., 1228, (correction), 2661; 
free energy of addn. of, to ketones and unsatd. 
hydrocarbons, 1367, (correction), 2661; con­
densations, 1697; reacn. of, with triphenylchloro­
methane and triphenylmethyl in org, solvents,
1943; activity of, in dil. amalgams, 2216; activity 
of, in solid amalgams, 2220; condensations by. ..  2599 

Sodium bromide, rotatory dispersion of gelatin in,
solns....... ........................................................................  2438

Sodium chloride, heat content of, in extremely dil. 
aq. solns., 187; system: -N a l-H 20 , 313; sys­
tem: CaCl2-H 20 - , 318; f. p. of aq. dioxane
solns. öf, 837; soly. of Co(I03)2 in the presence of,
1868; heat content and heat capacity of aq., 
solns., 2254; solvent action of, on egg albumin in
ethanol................................................................... . . . .  2370

Sodium dichromate, the binary system K2Cr2C>7-. .. 1612 
Sodium enolates, reacn. between quinones and, (cor­

rection) .................................................   2659
Sodium ethoxide, reacn. of Et dichloroacetate with

alc.................................................................................... 571
Sodium fluorenone, as a dehydrating agent..............  2072
Sodium hypobromite, oxidation of amino acids with. 909
Sodium iodate, soly. of Co(I03)2 in the presence o f . . 1868 
Sodium iodide, system: NaCl--H20 - ,  313; exchange

between, and E t I . ...................................  1822
Sodium naphthalene. .............................     2442
Sodium oxide, phase equil. relationships in the

system, -B 20 3. ............... ..............................................  2248
Sodium salts, system: NaI-Na2S04-H 2(X ..................  1077
Sodium sulfantimonate enneahydrate, interatom. dis­

tance in ....................................................................... . 1590
Sodium sulfate, soly. equil. of.......................................  843
Sodium sulfite, addn. of NaHS03 to alkylene oxides. 1873 
Solubility, calcn. of the, of a mixt. of H and N in 

H20 , 426; equil. of Na2S 04, 843; method of, meas­
urement in SrCl2-H 20 , 934; of Th in Hg, 1413; 
the mutual, of hydrocarbons, 2029; of nicotine
silicotungstate......................................... .. . ............... 2386

Solution. (See Heat of solution.) properties of electro­
lytic, 255; description of binary, 317; conduc­
tance of non-aq., 505; f. ps. of aq., 837; applica­
tion of the Raman-Krishnan theory to dipole 
moment measurements by the dil., method, 2435; 
vapor pressures of satd., 2472; viscosity of aq., * 
of electrolytes, 2558; conductance of aq., as a
function of the concn. ............ ..........................  2561

Solvates, phys. properties of non-aq..................  1337
Solvation, by means of the Svedberg ultracentrifuge. 1471 
Solvents, the, effect in the addn. of HBr to iso­

butylene, 57; liquid NH3 as.......................................  776

Sonic activation, in chem. systems..............................  1069
Sorbitol, prepn.fof sorbose from................................... 1012
Sorbose, prepn. of, from sorbitol. ..  ............................. 1012
Space chemistry. See Stereochemistry.
Sparteine, numbering of the, mol. and its derivs.. . . .  688
Specific heat. See Heat capacity.
Spectrum, of the ethylene mols..................................... 35
Spectra, infra-red absorption of org. compds. con­

taining OH and NH groups, 94; absorption, on 
a - and ß-carotene and lycopene, 247; absorption, 
of dipheneins, 643; ultraviolet absorption, of cyclo­
propane and propylene, 850; Mol., und ihre 
Anwendung auf Chem. Problems. I (Sponer, 
book review), 861; effect of assocn. on the infra- 
red absorption, of AcOH, 1139; effect of Sub­
stitution on the infra-red absorption, of AcOH,
1143; Mol., und ihre Anwendung auf Chemische 
Probleme. II (Sponer, book review), 1318; 
absorption, of Et Me ketone, 1454; absorption, of 
cyclopropane, 1580; effect of o-substitution on the 
absorption, of the OH group of phenol in the 
infra-red, 2287; ultraviolet absorption, of sub­
stituted biphenyls, 2296; ultraviolet absorption, 
of 2-methylcyclohexanone, 2303; Atomspektren 
und Atomstruktur (Herzberg, book review). .. . 2342 

Spruce lignin sulfonic acids, 340, 348, (correction),
2659; phenol lignin and methoxy ethanol lignin
from, wood, 673, (correction). ........................ 2659

Stannic iodide, heat of fusion and vapor pressure of,
2293; heat of fusion of............................... 2340

Stannous perchlorates, reacn. of ferric and..............  1787
Starch, -I  system........ .................. .................... 1017
Stereochemistry, of the type RR'CHD—of succinic 

a-d,a'-d acid, 1551; of camphane-2,3-d2, 1555; 
of complex inorg. compds., 2224; of complex inorg. 
mols., 2226; stereochem. relationships of the
isomeric 2,3-butanediols and related compds........ 2396

Stereoisomerism, of unsatd. compds...................   2274
Steric hindrance, in alkaline hydrolysis of ketoximes. 1900
Sterol, a-sito-.....................   2446
Sterols, related to androsterone, 338, 480, 481, 1503,

1948, (correction)........................................................  2661
Stilbene, kinetics of the addn. of MeBrO t o . . . . . . . .  466
Stopcock, a, substitute................................................... 2649
Strontium chloride, solubilities in—H20 ....................  934
Structure determination, a new reagent for..............  1131
Substituents, effect of, in the phenanthrene-Br

addn. reacn..............................................................  1838
Substitution, effect of, on the infra-red absorption 

spectrum of AcOH, 1143; mechanism of, of Br and 
CI in phenylbromo and phenylchloroacetic acids 
by CI- and Br- in aq. soln., 1157; effect of o-, on 
the absorption of the OH group of phenol in the
infra-red.. . . . ...............................................................  2287

Substrates, synthetic, for protein-digesting enzymes. 1503
Succinic acid, dissocn. consts. of..................................  1546
Succinic acid-d..........................................................   736
Succinic-a-d2,a'-d2 acid, and its derivs.................. 804
Succinic-a-d,a'-d acid, and its derivs.. ...................... 1551
Sucrose, nature of, caramel.......... ................................ 600
Sugars. (See also Aldoses; Disaccharides; Ketoses; 

Tetroses.) hydrogenation of, acetals of aromatic
ketone, 665; asymmetric oxidation of....................  2540

Sugar acetates, prepn. of aldehydo, 2410; rearrange­
ment of, by A1C13..............................................    2534

Sugar acid lactones, acetyl derivs. of the monobasic. 2549 
Sugar alcohols, chem. constitution and sweet taste

of...............................    1394
Sugar benzoates, ring closure in ...................... ............ 39
Sulfates. See Alkyl sulfates.
Sulfenanilides, mol. rearrangement of, 1091................ 1960
Sulfite liquor, formation of Vanillin from waste, 345,

(correction).........................    2659
0-Sulfobenzoic anhydride, halogenation of.................. 1561
Sulfonanilides. (See also Benzenesulfonanilides.)
Sulfonation, mechanism of the, process........... 294
Sulfones, the active methylene group in, 1386; 

ß-hydroxy-ß,ß-diphenylvinyl P h ............................. 1522
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Sulfonic acids, salts of higher alkyl, 322; prepn. 
and methylation of spruce lignin, 340; formation
of vanillin from spruce lignin, 348; alkane <*,co-di,
488; straight-chain, in H20 — e. m. f., (correction). 2659 

Sulfonyl chlorides, prepn. of a l k y l . . 1348 
Sulfonyl ketones, acylation and alkylation of ß - . .. . 2166 
Sulfur, directive influence of, 717; mol. structure

of the Me derivs. of..................................................... 2036
Sulfur compounds, properties of unsatd................. .. 1518
Sulfur dioxide, and caprylene, 996; polysulfones 

from, 2047; reacn. between, and olefins, (correc­
tion).............................................................................. 2659

Sulfuric acid, action of, on diarylphthalins, 276; 
action of, on diarylphthalins, 559; influence of,
concentration upon reacn. between olefins and
benzene, 919; olefin-benzene condensation with, 
catalyst, 1007; Manufacture (Fairlie, book 
review), 1065; products of, on 3,3'-dichlorodi- 
phenic acid, 1514, acid catalysis in, -AcOH solns. 2182

Sulfuryl chloride, fluorination o f . ................................  63
Sulfuryl chlorofluoride, fluorination of............ .. . 63
Sullivan reaction, colored compd. formed in the,

for guanidine. . .......... ................................................  47
Surfaces, two new methods for the direct measure­

ment of the absolute amount of adsorption in 
liquid, 378; detn. of the sp., of BaS04, 725;
ionization of Cs on W ................................................  1057

Surface tension, reversible adsorption in the surface 
of soap solns., 379; effect of, on the stability of 
Hg emulsions, 782; wetting characteristics of solids 
of low, 1449; of aq. solns. of dipolar ions, 1851; 
of benzylated phenol derivs. . . .......................... 2454

TALC, wetting characteristics of . . . . .  ....................... 1449
Taurine synthesis of.......................................................  191
Tautomerism. See Isomerism.
Tellurides, thermodynamic properties of the, of Zn,

Cd, Sn and Pb............................................................. 2081
Temperature, production of, below 1°A, 1032;

—concn. equil. in the systems CHC13-C12 and 
CHC13-Br2, 2410; dependence of the energy of 
activation in the rearrangement of N-chloroacet­
anilide, 2413; orthobaric densities of substances as
a function of reduced....................................   2418

Temperature coëfficiënt, of conductivity........................ 505
‘ ‘ ß”-2,3,4,6-tetraacetyl-^-glucose.................................  1997
T etrachloroethane-1,2-d2...............................................  1289
1.2.3.4- Tetrahydrodibenzofuran, amino alcs. derived

from................................................   688
ac-'Y etrahydro-ß-naphthylamine, local anesthetics 

containing the, pressor group..............   1989
1.2.3.4- Tetrahydrophenanthrene, amino alcs. from. . 1570
Tetralins, substituted—the Mills-Nixon effect..........  2050
Tetralyl naphthyl ketones, pyrolysis of...............   478
Tetramethyl-o-benzoquinone, diene reacn. between,

and cyclopentadiene.................................................. 229
Tetrapoles. See Molecules.
Thallium compounds, titration of thallous salts with 

permanganate, iodate and ceric sulfate, 113; oxi­
dation potential of.’! ............................   952

Thallium salts, oxidation potential of thallous-thallic
salts...............................................................................  1268

Theelin, synthesis of....................................................... 1503
Therapeutic activity, isolation and properties of a

substance with primary.............................................  2234
Thermochemistry, of the Chem. Substances (Bi­

chowsky, Rossini, book review)...............................  2657
Thermodynamics of HCl in MeOH-H20  mixts. from 

e. m. f. measurements, 761; thermodynamic prop­
erties of non-electrolytes, 982; of HBr, 989; 
third law of, 1144; einheitlicher Stoffe und Binärer 
Gemische (van Laar, book review), 1509; of 
B a 0 2-2H20 , 1758; third law of, 1829; properties 
of fused salt soln., 1848; of HCl, 1908; of the tel­
lurides of Zn, Cd, Sn and Pb, 2081; of the Pb-Bi 
System, 2084; of aq. In2(SÓ4)3 solns., 2126; of
CdCl2 solns. from e. m. f. measurements................ 2624

Thiazoles, obtained by direct thiocyanogenation... . 1364

Thiazolidones, formation and reacns. of the substi­
tuted....... .......................      2544

Thiazolinephenols....................................................  707
Thiobarbiturates.........................................................   1090
Thiocyanates, vol. change during formation of.........  2153
Thioethers, rearrangement of alkyl aryl............... .. 2649
Thioindigo derivatives, oxidation-reduction poten­

tials of...........................................    2305
Thioindigo disulfonate, dimol. reduction of...............  733
Thioindigo tetrasulfonate, oxidation-reduction Po­

tentials of.....................................................    2305
Thiophenols. See Mercaptans.
Thiosulfate ions, kinetic medium effects in the reacn.

between bromoacetate and...............................   2335
Thorium, soly. of, in H g............................  1413
Thorium B, kinetics of distribution of, through fresh 

PbS04, 116; influence of agitation upon aging and
speed of distribution of..........................  121

/-Threose, optical rotation of................   855
Thyminylamine, synthesis of, and its conversion into

uracil........................................       1940
Tin, mol. structure of the Me derivs. of, 2036;

thermodynamics of the tellurides of........................  2081
Tobacco, Sedimentation and electrophoresis of the,

mosaic virus protein....................................    1863
Tolyl naphthyl ketones, conversion of, into methyl­

benzanthrones........................................................   1443
Transference numbers, of LaCl3 as a function of the

concn....................     1476
Triarylmethyl chloride, rate of alcoholysis of . . . . . .  . 492
Triarylmethyl halides, reacn. between, and PhMgBr. 791
Tri-/-butylethynylmethyl halides, dimers of..............  865
l,2,3-Trichloro-2-methylpropane, reacns. and derivs.

of.....................................................................................  1029
Tridymite, heat capacity of...........................................  568
Triglycerides. See Glycerides.
Triiodophenoxyacetic acids, ethyl esters of................  2646
1,1,2-Trimethyl-5,6-methylenedioxyindane, synthesis

of, from safrole.............................................................  2057
Triphenylchloromethane, reacn. of Na with..............  1943
Triphenylmethyl, reacn. of Na w ith ...........................   1943
Tubercle bacilli, lipides of, 10; lipids of the human. 636
Tuna liver oil, an antirachitic substance from..............  2655
Tungsten, surface ionization of Cs on, 1057; sepn. 

and detn. of.............................   1494

ULTRACENTRIFUGE, detn. of bound water by 
means of, 315; solvation and mol. wt. detn. by 
means of the Svedberg, 1471; Sedimentation of
tobacco protein in, 1863; the spinning top, and
the Sedimentation of small mols..................... 2650, 2652

Unsaturated compounds. (See also Acetylenic com­
pounds; Ethylene compounds; Olefins.) relative 
rates of ozonation of, 24; peroxide effect in addn.
of reagents to, 57; stereoisomerism of.................... .. 2274

Uracils, synthesis of aryl substituted dihydro-, and 
their conversion to, derivs., 299; conversion of
thyminylamine into..................................................... 1940

Uranium, Pb-, ratio of a siliceous pitchblende and its 
possible age, 434; and Its Isotopes (Meyer, book
review), 1319; Pb,- ratio of Henvey cyrtolite.........  2433

Uranyl ion, reduction of, in uranyl oxalate actinom­
eter, 67, (correction)....................................................  2659

Uranyl oxalate, reduction of uranyl ion in, actinom­
eter, 67, (correction)....................................................  2659

Ureas, prepn. of, 854; heat capacity of, 1620;
system: MgS04-H 20 —, 1975; monosodium..............  1984

Urea series.........................................................................  1800
Ureides, as hypnotics......................................................  1352
Urethans, as local anesthetics.......................................  1610
Ursolic acid, dehydrogenation of, by Se......................  1687

VALENCY. (See Bonds.)
Vanadate, pyridinium............................  1785
Vanadium, heat capacity of, at low temps., 564; 

kinetics of the trivalent, -I reacn., 1153; autoxida­
tion of............................................................................  1843
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Vanadium oxides, heat capacities of V20 3, V2O4,
V2Oß at low temps. . , . .................... .................... .. 564

Vanillin, formation of, from waste sulfite liquor, 345, 
(correction), 2659; from spruce lignin sulfonic
acids............................................................................... 348

Vapor, kinetics of the, phase reacn. of Hg and halo­
gens, 1922; adsorption of, on glass spheres............ 2023

Vapor pressure, of SiCl4, 374; of aq. solns. of Ca- 
(N 03)2 and A1(N03)3, (correction), 376; of the 
xylenes and mesitylene, 670; of solid and liquid 
H2S, 831; activity coeffs. of bivalent metal 
sulfates in aq. soln. from, measurements, 959; 
of D water, 1067; of acid ammonium phosphates, 
1291; partial, of aq. methylamine solns., 1973; 
of hexaphenylethane, 2000; normal, of crystalline 
I, 2260; of Snl4, 2293; of tetramethylmethane,
2354; of satd. solns.....................................................  2472

Vaporization. See Heat of vaporization.
Vibrational levels, of cyclopropane.............................. 1580
Vinylacetylene, reacn. of halogen ethers with. . . . . . .  1747
Viscosity, of aq. solns. of amino acids, 415; of aq. 

solns. of electrolytes as a function of the concn. - 
Csl and KM n04, 619; of aq. solns. of electrolytes.. 2558 

Vitamins, in Theory and Practice (Harris, book 
review), 860; formation of a sulfate salt of the
antirachitic................    1056

Vitamin Bi, structure of, 1063; synthesis of, 1504; 
the thiazole half of sulfite cleaved, 1803; synthesis
of 1,3-diazines related structurally to .....................  1936

Vitamins, an antirachitic substance from tuna liver 
oil.........................................................................   2655

WALDEN, inversion, in the isomeric 2,3-butane­
diols and related compds...........................................  2396

Water, influence of heavy, upon activity and sta­
bility of pancreatic amylase, 84; activity of, in 
BaCl2 solns., 280; equil. of the reacns. between 
acetylene and heavy, 282; system: NaCl-Nal-, 
313; detn. of bound, by means of the ultracentri­
fuge, 315; structure of ice and liquid, 694; meas­
urement of bound, by the freezing method, 901; 
soly. isotherm of the system: N H 3-M 0 O3- ,  930;

solubilities in SrCl2—, 935; heat capacity of, 1032; 
systems: KI-K2S04-  and NaI-Na2SÓ4-, 1077; 
dielec. const. of dioxane-, mixts., 1241; elimina­
tion of, from aldoximes, 1304; system: Pb(N03)2 - 
NH4N 0 3-, 1644; systems: LiCl-EtOH- and Li- 
Br-EtOH-, 1692; effect of, vapor on adsorption 
on ZnO, 1753; redetn. of the H -D ratio in, 1915; 
density of, from H-O combustion, 1920; system: 
MgS04-C 0(N H 2)2- ,  1975; system: CdC20 4-K 2- 
C2Or-, 2079; the system dioxane and, 2264; sys­
tem: NiC20 4-K 2C20 4- ................................................

Waters, natural, equil. in satd. solns. of salts occur­
ring in sea, 318; at. wt. K in ocean, 370; system:
MgCl2-CaCl2-K C l-.....................................................

Waxes, compn. of the timothy bacillus, 10; wet­
ting characteristics of.................................................

Wetting characteristics, of solids of low surface ten­
sion ............................................................ ....................

Wheat embryo, lipides of, 383, (correction) 2659;
unsaponifiable fraction of.................................. ..

Wood, age and compn. of white fir..............................
Wurtz reaction........... ............................................... ..

2282

2003

1449

1449

390
2231
1697

XYLENES, vapor pressure of.....................................  670
Xylonic acid, acetyl derivs. of................................ 2474
Xyloseen-(l,2) tribenzoate, prepn. and properties of. 2333

YEAST, effect of Mg on, growth, 1356; Die Bier, 
als Heil-, Näfir- und Futtermittel (Schülern, book
review).   ............................................. ...................... 2341

Yttrium, method for sepn. of, from the, earths...........  1751

ZINC, action of, on crotyl and methylvinylcarbinyl 
bromides, 441; e. m. f. of the cell Zn-Hg (2 phase), 
ZnS04(w) PbS04(s), Pb-Hg (2 phase), 1855; 
thermodynamics of the tellurides of, 2081; Zn and 
Zn amalgam electrodes, 2093; reduction of aceto­
bromoarabinose b y ................. ....................................2313

Zinc chloride, in the Grignard synthesis of alkyl sub­
stituted dioxanes.  .................................................... 759

Zinc oxide, effect of H20  vapor on adsorption on........  1753


