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[CONTRIBUTION FROM THE GEORGE HERBERT JONES LABORATORY OF THE UNIVFRSITY OF CHICAGO) 

Hydrides of Boron. VII. Evidence of the Transitory Existence of Borine 
(BH,) : Borine Carbonyl and Borine Trimethylammine 

BY ANTON B. BURG AND H. I. SCHLESINGER~ 

On account of its position in the periodic 
system and the composition of its most widely 
known compounds, boron has generally been 
regarded as a trivalent element; its hydrides 
therefore might have been expected to have the 
“normal” formulas BH3, B2Ha, B3Hs, etc. Ac- 
tually, however, the simplest known hydride 
of boron is diborane (BPHB), a substance whose 
formula is characteristic of some compounds of 
tetravalent elements. This formula has not as 
yet been explained by any generally accepted 
rules of molecular structure, nor has there been 
any obvious reason for the failure of all pre- 
vious attempts to find evidence for the existence 
(whether stable or transitory) of the “normal” 
hydrides, or borines. I t  is therefore of interest 
to discover what conditions may be sufficient for 
the existence of such borines and their derivatives. 

Progress in this direction is now given new im- 
petus by the discovery of a gaseous compound 
having the molecular formula BHsCO. This 
new substance is produced by the treatment of 
diborane with carbon monoxide (present in great 
excess) , which acts according to the equation 
B2He f 2CO 2BH3C0. The reaction reaches 
equilibrium rapidly a t  100’; a t  room tempera- 
ture, the reverse reaction is slow enough to per- 
mit the isolation and study of the product. The 
molecular formula was established by observing 
the volumes of diborane and carbon monoxide 
produced by the decomposition of a known vol- 
ume of the gas; the result was checked by hy- 
drolytic analysis, and by the determination of 
the vapor density. 

The initial rate of decomposition of BH3CO 
at room temperature is relatively high, but de- 
creases very rapidly, long before the final equilib- 
rium is reached. The inhibiting agent is the 
carbon monoxide produced by the reaction ; the 
other product, diborane, has no appreciable effect 
upon the rate in the early stages of the process. 
These observations suggest that the reactiori 
occurs in two steps, the first of which results in 
the transitory existence of the hitherto unknown 

( 1 )  Presented in condensed form at  the Chicago Meeting of the 
National Academy of Sciences, Nov. 17, 1936. 

compound borine, according to the equation 
BHICO BH3 + CO. This presumably rapid 
and easily reversible reaction is carried forward 
by the removal of borine, as a result of the al- 
most irreversible secondary reaction 2BH3 C_ 
BaHa,2 a reaction whose rate determines the rate 
of the entire process in its early stages. As the 
concentration of carbon monoxide increases, 
during the course of the whole reaction, its in- 
creasing effectiveness in reversing the primary 
reaction makes the borine less and less available 
for the secondary reaction, whose rate therefore 
decreases rapidly. 

This interpretation implies the transitory ex- 
istence of molecules of borine, and a t  the same 
time suggests that its isolation is not feasible. 
Since we are, therefore, unable to present this 
most direct proof of its existence, we offer the 
following additional indirect evidence. Any sub- 
stance capable of uniting with molecules of borine 
to form a compound more stable than BHsCO, 
should displace carbon monoxide from BH3CO. 
Ammonia might have been expected to react in  
this manner, for it is known to form many stable 
addition products by reaction with “normal” 
boron compounds, but the actual reaction of 
ammonia with BH&O does not liberate carbon 
monoxide. Instead, there appears a solid ma- 
terial, stable a t  room temperature, having the 
empirical composition represented by the for- 
mula B H ~ C O ( N H & L ~  Considering that this re- 
sult might be due to  the labile character of hy- 
drogen in ammonia, we tried the effect of tri- 
methylamine upon BH3C0 and found that it 
displaces the carbon monoxide rapidly and com- 
pletely a t  ordiriary temperature, according to the 
equation, BH3C0 + (CH3)3N + (CH&NBH3 

(2) Our reason for supposing this reaction to be nearly irreversible 
is based upon an experiment by Stock and Kusz, Bcr. ,  SSB, 799 
(1923), in which a sample of diborane was heated as high as 155’ ,  
without showing the slightest evidence of the formation of borine 
Our only evidence that the reaction is reversible at all. is the fact 
that BHaCO actually is  formed from diborane and carbon monoxide. 

It reacts 
with sodium in liquid ammonia to produce the quantity of hydrogen 
corresponding to two ammonium ions per molecule of BHaCO, and 
therefore appears to have the character of a dibasic acid. Neverthe- 
less, it  is not yet possible to  decide whether it is a pure compound, or 
a mixture of substances formed by the decomposition of BHaCOdur- 
ing its reaction with ammonia. 

(3) This material is in need of further investigation. 
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+ CO. This reaction is in agreement with our 
assumption of the transitory existence of borine. 
The high speed of this displacement seems to 
justify the conclusion that the reaction BH3CO 
1_ BHa + CO is far more rapid than the asso- 
ciation of borine to form d i b ~ r a n e . ~  

The reactions here described support the as- 
sumption that BH&O has the structure of a 
“borine carbonyl,” a compound in which borine 
and carbon monoxide are joined by a coordinate 
link consisting of electrons furnished by the 
carbon monoxide.5 Another structure which 

might be considered is H : B : C :  : 6; :, which is an 
aldehyde type. Aside from the difficulty that 
such a substance should not easily produce 
diborane and carbon monoxide, there is the posi- 
tive objection that it would be expected to add 
diborane, as acetaldehyde and other organic 
compounds containing the =C=O group have 
been found to do.6 The absence of such a re- 
action makes the aldehyde structure highly im- 
probable. Other alternative structures which 
might suggest themselves seem too unlikely for 
discussion. 

The compound (CH&NBH3, borine trimethyl- 
ammine, is extraordinarily stable. During the 
determinations of molecular weight and vapor 
tensions, it was heated for hours a t  a time a t  
temperatures as high as 125”, without showing 
the slightest sign of a change in physical proper- 
ties. 

The studies here presented are being continued 
along several major lines. One of these is the 
investigation of the behavior of the alkyl dibo- 
ranes and some of the higher boranes with car- 
bon monoxide and with trimethylamine. The 
methyl derivatives of diborane already have been 
found to react with carbon monoxide, but the 

H H  

(4) The compound (CHs)rNBHa is also formed very easily by the 
action of trimethylamine upon diborane, even at  temperatures as 
low as  - 110’. This reaction probably does not depend entirely up- 
on the dissociation of diborane to  free borine molecules a i  such a low 
temperature; i t  is more reasonable to  suppose that  the trimethyl- 
amine acts upon diborane directly. Similarly, trimethylamine may 
react directly with BHzCO. On account of thispossibility, the forma- 
tion of (CHdzNBHa is not in itself a clear proof of the free existence 
of borine. 

( 6 )  For the present purpose, we consider it unnecessary lo decide 
whether the carbon atom or the oxygen atom is linked directly to  
boron. Our use of the term “carbonyl“ is solely a matter of con- 
venience. 

We have found 
that  diborane reacts rapidly with acetaldehyde to  give diethoxy- 
borine. d t h  acetone to give a compound which seems to  be diisci- 
proporyborine, and far more slowly with methyl formate to give 
dimethoxyborine. The aldehyde and ketone reactions are completed 
in ten minutes a t  room temperature. 

(6) These results have not yet been published. 

result is a series of compounds far different from 
BH3C0.’ In addition to this program, we are 
searching for other compounds which, like carbon 
monoxide and trimethylamine, may unite with 
the borine molecule to form compounds capable 
of isolation and study. These lines of work 
should lead to a better understanding of the 
nature of the boron hydrides and of the numer- 
ous “addition compounds” which they seem to 
be capable of forming. 

Experimental Part8 
Preparation of Borine Carbonyl.-Comparison of the 

results of a number of preliminary experiments showed 
that the equilibrium represented by the equation BZHB + 
2CO 2BHsCO is closely approached in fifteen min- 
utes at go”, but that less severe heating is not adequate 
for the purpose. Longer heating, or the same duration 
at  a higher temperature, leads to  no improvement in the 
yield; on the contrary, the increased production of less 
volatile material9 involves a loss. At room temperature the 
reaction is very slow: after three hours the yield was only 
1% of that obtained from a parallel experiment in which 
equilibrium was attained at 100”. 

This preliminary study was followed by experiments in 
which mixtures of diborane with high concentrations of 
carbon monoxidelo were heated in bomb tubes. In each 
of these experiments, a known quantity of diborane, and 
then a much larger, measured volume of carbon monoxide 
were condensed into the bomb at --21O0.l1 The bomb was 
sealed off, removed from the low temperature bath, and 
inverted just as the diborane melted, in order that the 
liquid running down might evaporate and mix thoroughly 
with the carbon monoxide. Adequate mixing was made 
still more certain by allowing the tube to remain for ten 
hours or longer a t  room temperature, before the reaction 
was carried on by a twenty-minute heating in a steam-bath. 
After the heating, the bomb was cooled to --196’, and the 
contents introduced into the vacuum apparatus by means 
of the vacuum tube opener. In two of these experiments, 
in which data for the calculation of the equilibrium con- 
stant were recorded, the first fraction of the carbon mon- 
oxide was analyzed for hydrogen by combustion. The 
diborane and the borine carbonyl were isolated with un- 

(7) Experimental work of F. L. McKennon. 
( 8 )  The high vacuum methods used in this work have been de- 

scribed quite adequately in the papers of Stock and in earlier papers 
of this series. All volumes mentioned in this paper refer to gases 
at standard conditions. 

Like borine 
carbonyl, i t  begins to decompose rapidly at room temperature, and 
this initial reaction is soon hindered by the carbon monoxide which i t  
produces. Unlike BHaCO, the material produces a white, non-vola- 
tile solid which turns brown when heated. These observations sug- 
gest a carbonyl of a boron hydride fragment heavier than BHs. 

(10) The diborane was prepared by our usual method [Schlesinger 
and Burg, THIS JOUBNAL, 6S, 4321 (193l)l. The carbon monoxide 
was prepared ia vacuo hy the action of hot sulfuric acid upon formic 
acid. and purified by distillation from a tube a t  - 196’ to a receiver 
a t  -210’ (liquid nitrogen, whose temperature had been lowered by 
pumping). 

(11) The uncondensed carbon monoxide was removed by a Tijpler 
primp and measured over mercury. The purity of the sample was 
checked by combustion of this remainder. 

(9) This material in itself is worthy of further study. 
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usual care,12 and the purity of each was checked before the 
volume was measured. The conditions and results of the 
bomb tube experiments are shown in Table I. Comparison 
of the last experiment with the others, shows very clearly 
the value of a high concentration of carbon monoxide. 

TABLE I 
-Conditions- , Kesults---- 7 

Capa- Vol- Vol- Vol- Resid- Resid- Vol- Volume 
city of ume ume ume ual vol- ua! vol- lime of lesb 
bomb, of of of ume of ume of of volatile 

CC. BzHa CO BHaCO BrHs CO H? material 
93.0 73.7 297 36.3 49.0 258 5 2 . 7  
87 .3  8 2 . 4  308 38.6 54.4 263 0 . 5  3 . 4  
61.5 70 .7  670 77 .8  24 .9  (585) . . . , , . 
All volumes it1 this table are expressed in cc 

The equilibrium constant for the reaction 
BZHB 4- 2CO J_ 2BH3CO may be calculated 
from the data of the first two experiments in  
Table I. Expressing the concentrations in terms 
of partial pressures (in mm.), we have from the 
first experiment 

The second experiment gave the result K = 3.0 
X lo4. Neither result is to be regarded as very 
precise, because the side reactions, the possible 
lack of perfect mixing, the chance that equilib- 
rium was not perfectly attained, and even some 
slight decomposition of the borine carbonyl during 
purification, all must be considered as sources 
of error. The tendency is toward high results; 
we therefore consider the lower value to be more 
dependable, and take it  to represent a maximum 
value of the constant. 

This result means that a sample of pure BHsCO, 
having an initial pressure of 200 mm. at  looo, 
would be approximately 93% decomposed if 
brought to equilibrium at  that temperature (sec- 
ondary and side reactions neglected). 

Physical Properties.-The uniformity of vari- 
ous samples of the new compound was indicated 
by the consistent checking of the vapor tension 
of 25.4mm. at  - 111.8' (m. p. of carbon disulfide). 
As a further check on the uniformity of the ma- 
terial, the melting points of three separately 
purified samples were measured by the magnetic 
plunger method of Stock.13 The three readings 
of the carbon tetrafluoride vapor tension ther- 
mometer were 382, 382 and 3S1 mm., corre- 
sponding to -137.0, - 137.0 and -136.Ci". 

K = (Pco2 X P R ~ ~ ) / P H H ~ c o ~  = 2.8 X 10' 

(12) The materia1 less volatile than borine carbonyl seemed to be 
trapped out completely at - 120O; its elimination was made certain 
by passing the more volatile materids very slowly through a trap 
at -145". Nearly all of the borine carbonyl condensed in pure 
condition at - 155', but the purification of the diborane required 
a very slow distillation through a C-tube at -165'. The fraction 
trapped out at that temperature required further separation. 

(13) Stock, Ber., 60, 157 (1917) 

In addition to these tests, the vapor tensions 
a t  a number of different temperatures were 
measured, and the results found to be consistent 
with the Clapeyron equation. The rapid de- 
composition of the vapor made such measure- 
ments difficult, but it was possible, by rapid es- 
tablishment of the thermal equilibrium, by very 
fast readings of the temperature and pressure, 
and by careful repurification between measure- 
ments, to obtain satisfactory check values. 111 
order to establish equilibrium rapidly enollgh, 
it was necessary to choose samples so small that 
the thermal capacity of the liquid would be 
negligible. I t  was thus possible to obtain each 
reading within half a minute after warming the 
sample from -196'. The values, corrected for 
the expansion of mercury above O o ,  are shown 
in Table 11. The equation representing them 
is log,, flmm. = i.85 - (1040/T), from which we 
calculate the normal boiling point to be -&to, 
the heat of vaporization 4730 cal./mole, and the 
Trouton constant 33.0 cal./deg. mole. The high 
value of the Trouton constant suggests that the 
complete curve relating log p to 1/T would be 
slightly concave downward, and that the true boil- 
ing point may be one or two degrees higher. 

TABLE I1 
t o  -137 -122 -121 .2  -120 .3  -112 .8  
Pmtn .  (obsd.) 1 . 4  9 . 0  9 . 7  1 0 . 7  22 .5  
Pmm. (calcd.) 1 . 6  (J.3 10.0  1 1 . 1  2 3 . 0  

10 -111 .8  -103 .5  -95.G - 8 7 . 5  - 8 7 . 2  -78 .8  
p ,,,,". (obsd.) "3.4 3 2 . 8  98.G 175 181 314 
p ,,,,,,. (calcd.) 2 5 . 4  31 .9 9 8 . 2  177 180 316 

Analyses and Molecular Weight.-The most 
direct evidence of the identity of the new com- 
pound came from a quantitative experiment on 
its decomposition. 

The sample was allowed to stand at  room temperature 
for an hour. The carbon monoxide was then removed 
(ihrough a trap at -196") by a Topler pump, and col- 
lected over mercury in a gas-measuring tube. The ma- 
terial in the trap was warmed again to room temperature, 
and the process of decomposing the original substance, 
and remo;ing the carbon monoxide, was repeated again 
and again until the mixture no longer gave off more than 
traces of carbon monoxide. The latter stages of the proc- 
ess were facilitated by heating the mixture to 50". 

A 23.9-cc. sample thus yielded 24.1 cc. of non-con- 
densable gas, 10.4 cc. of diborane, 0.7 cc. of material less 
volatile than the original sample, and a residue of 0.5 CC. 
of the original substance. The non-condensable material 
was analyzed by combustion and found to consist of 22.2 
cc. of carbon monoxide and 1.9 cc. of hydrogen. The 
hydrogen and the least volatile material were unavoidable 
results of the heating. 
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TABLE I11 
Time, min. 0 0 . 5  1.5 2.5 3.5 4 .5  5 .5  6.5 7 . 5  10.5 
Pressure, mm. 161.3 162.3 164.3 165.3 166.0 167.1 168.2 168.8 169.3 170.3 
% decomposed“ 0 1 . 2  3.7 5 . 0  5 . 8  7.2 8 . 6  9 .3  10.0 11.2 

Time 17.5 27.5 57.5 87.5 118 148 210 270 360 450 - 520 
Pressure 171.2 172.4 174.4 176.0 177.2 178.0 180.2 181.8 183.5 184.5 186.0 
% decomp. 12.3 13.8 16.2 18.2 19.7 20.7 23.4 25.4 27.5 28.8 30.6 

The percentage decomposed at each point was calculated by dividing the total increment of pressure (multiplied by 
100) by one-half the initial pressure. 

Neglecting these side-reaction products, the 
results give the empirical molecular formula 
Bo.seH~.~~(CO)~.Be. The neglected material could 
easily represent the difference between this em- 
pirical result and the rounded formula, BHaCO. 
At the same time, there could be some doubt 
that the observed quantities represented all of 
the material in the original sample, for non- 
volatile products could have remained unobserved 
in the form of a thin film on the glass walls of 
the container. The results therefore were sup- 
plemented by a determination of the molecular 
weight. 

The molecular weight was calculated from 
the vapor density, determined in the usual 
manner. The sample (20.0 cc.) had a weight 
of 37.5 mg.: the molecular weight therefore was 
42.0 (theoretical for BHsCO, 41 3 5 ;  considering 
the instability of the substance, such close agree- 
ment probably was fortuitous). 

The formula BHBCO was checked more defi- 
nitely by the complete hydrolysis of a measured 
sample of the pure compound, followed by the 
combustion of the non-condensable gases and 
the titration of the boric acid. A 15.95-cc. 
sample, which was inclosed in a 250-cc. bulb 
with a liberal excess of water and heated for three 
hours a t  100°,14 produced 47.3 cc. of hydrogen, 
15.7 cc. of carbon monoxide, and 16.0 “ c c . ” ~ ~  
of boric acid. These results agree well enough 
with the expected equation BHsCO + 3HOH + 
B(0H)a + 3H2 + CO, to remove any doubt con- 
cerning the molecular formula of the compound. 

The Rate of Decomposition.-The change in 
the rate of the reaction 2BH3C0 + 2CO + 

(14) The use of such a large bulb, and the drastic heating, seemed 
to be necessary for complete hydrolysis. since a somewhat smaller 
sample, heated with water for half an hour at looe, in a space of 
17 cc. ,  was only 92% hydrolyzed. Hydrolysis thus appears to  be an 
indirect reaction, in which a product of the decomposition (borine or 
diborane) is the material reacting with water. The high concentra- 
tion of carbon monoxide built up in the smaller tube would stabilize 
the BHiCO to  such a degree as to  account for the observed difficulty 
of hydrolysis. 

(15) The symbol “cc.”is used to  represent the standard gas volume 
equivalent to  a substance determined by titration. 

BeHG, a t  room temperature, was studied by 
observing the relation of the total pressure to 
the time. The reaction evidently was not simple, 
for there occurred 8% decomposition during the 
first five minutes, 11% in ten minutes, 13% 
by the end of twenty minutes and only 13.8% 
a t  the half-hour point: a further eight-hour period 
was required to reach 30% decomposition. The 
detailed results are shown numerically in Table 
111, which records the progress of the decom- 
position of a 17.8-cc. sample at  23’) and graphi- 
cally by curve I in Fig. 1. 

The small rate of change toward the end of 
this experiment was shown not to be due to a 
close approach to equilibrium, by the behavior 
of the mixture after it had been heated for four 
hours a t  50-60O. This treatment caused the 
extent of decomposition to increase from 30.6 
to 78%. Nevertheless, the decomposition con- 
tinued after the resulting mixture had been 
cooled to 24’. 

The cause of the rapid decrease in the velocity 
of decomposition was made clear by further ob- 
servations of the pressures registered by the 
same sample, after the carbon monoxide (ac- 
cumulated in the course of the experiment de- 
scribed above) had been removed by pumping 
through a trap a t  - 196”. The materials con- 
densed (6,s cc. BZHa, 3.7 cc. BH3C0, and a trace 
of less volatile material) were returned to the 
reaction tube. The results of observations a t  
24’ are shown in Table IV, and as curve 11 in 
Fig. 1 .  The sharp change in the behavior of 
the sample, as a result of removing carbon mon- 
oxide, leaves but little doubt that carbon mon- 
oxide is the main cause of the rapid slowing of 
the rate of decomposition, for the new rate curve 
is much like the original.16 

The effect of carbon monoxide was tested more 
(16) The rate of decomposition was considerably higher at any 

point in the present experiment than at the corresponding point in 
the original experiment. The difference no doubt was due mainly 
to  the fact that the smaller sample in the same space built up a far 
lower partial pressure of carbon monoxide 
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TABLE IV 
Time, min. 0 0.6 1 .0  3 . 0  8 . 0  16 23 
Pressure, a m .  104.5 105.5 106.0 107.0 108.3 109.0 108.5 
% decomposed" 0 B 8 15 23 27 30 
'lime, min. 32 43 53 76 191 370 540 
Pressure,'mm 110.0 110.3  110.6 1 1 1 . 0  112.8 113.5 114.5 
yo decomposed" 33 34.5 36 38 49 54 59.6 

The % decomposed was calculated by dividing the 
total increment of pressure (multiplied by 100) by half 
the estimated initial partial pressure of BHBCO (that is, 
by 0.5 X 33.6). I t  may be that the decomposition of the 
trace of less volatile material contributed to the rise of 
pressure: if so, these calculated values might be high by 
as much as 10 units. This uncertainty has no effect upon 
our conclusions, for a suitable correction would not alter 
the character of the curve. 

directly in an experiment in which borine car- 
bonvl and carbon monoxide were allowed to mix 

Comparison of these results (curve 111, Fig. 
1 )  with those of the other rate experiments, fully 
confirms the conclusion that carbon monoxide 
is the inhibitor in the decomposition of borine 
carbonyl. 

The Action of Ammonia upon Borine Car- 
bonyl.-The original purpose in the treatment of 
borine carbonyl with ammonia was discussed in 
the introduction. The experimental details are 
as follows. 

A pure sample of borine carbonyl (20.5 cc.) was 
treated with a large excess (114.1 cc.) of sodium-dried 
ammonia, a t  -124". After an hour, the temperature 
was raised gradually to --80", and the excess ammonia 
sublimed off into a trap at  -196". No trace of uncon- 
densed gas was observed during this process. The solid 

by diffusion at -80 0 (during twelve hours), residue now contained three moles of ammonia per mole of 
borine carbonyl originally used: this ratio was further de- after which the mixture was warmed to creased by warming the residue slowly to room tempera- 

room temperature* The Of the ture and condensing the ammonia liberated in the process. 
pressure to the time was then observed as before. This second stage in the removal of ammonia was ac- 

companied by the formation of 0.25 cc. 
60.0 of non-condensable gas, and a small 

sublimate of slightly volatile material. 
50.0 The solid residue in the original reaction 

tube now had an empirical formula ap- 
proximating (BH~CO)O.~(NH~)WI,. I t  ap- 
peared to be fairly stable a t  room tem- 
perature. 

In considering the possible ways 30.0 

2 in which ammonia might add to 
$ 20.0 borine carbonyl, without liberating 

carbon monoxide, it seemed worth 
10.0 while to learn whether the product 

contained any ammonium ions. 
0.0 Accordingly, we tried the action 

of sodium upon a fresh sample of 
the material, dissolved in liquid 
ammonia. 

Table V shows the results obtained with such a The new sample was made from 14.0 cc. of borine car- 
mixture of 15.0 cC. BH,CO and 22.2 cc. of carbon bonyl and a large, undetermined excess of a n m m h .  

The solid was washed down to the bottom of the reaction 
tube by melting ammonia which had been condensed above nanoxide at  26 '. 
it, and the solution was frozen during the introduction of 

Time, min. 15 2o 25 2oo 380 36.1 mg. of pure sodium (by a technique which blank tests 
Pressure, mm. 320 322 322.3  322.7 322 .8  323 323 .5  had previously shown to be suitable for the purpose). 
Partial pressure of When the solution was melted (allowing the sodium to 

enter the liquid phase at -77'), there occurred a very 
rapid reaction which produced one gram atom of hydrogen 
per gram molecule of borine carbonyl originally used. 
A secondary reaction produced a second gram atom of hY- 

TABLE VI 

-6 40.0 

B 
U 

0 100 200 300 400 500 
Time, min. 

Fig. 1. 

TABLB V 

BHaCo 11' 115.4 ' I 4 . '  114.2 '14 
% decomposition 0 3 . 3  3 . 8  4.5 4 . 8  5.0 5 . 8  

At the end of this experiment, the diborane Was 
isolated and measured as 0.4 CC., corresponding 
well with the 3.5 mm. increase of pressure. The 
rather rapid beginning of the decomposition prob- 

mixing was not thorough enough for a perfect 

-77 -79 -77 -50 -49 
ably is best explained by supposing that the Totaltime,min. 4 45 180 1560 3060 

Tempetature, oc.  

 atoms to 
7.16 7.30 7.50 14.50 15.08 

result. BHaCO used 1.02 1.04 1.04 2.07  2.16  
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drogen in the course of a day. Thc course of the whole 
reaction is shown in Table VI.  

The excess over two atoms of hydrogen is properly to be 
attributed to amide formation. 

The sodium reaction thus demonstrated that 
the product of addition of ammonia to borine 
carbonyl contains two ammonium ions per mole- 
cule of borine carbonyl. The question whether 
the material is a diammonium salt or a mixture 
of two salts, has not been decided. 

Borine Trimethylammine 
Preparation.-The reaction of trimethylamine 

with borine carbonyl appears to require tem- 
peratures as high as those a t  which the decom- 
position of the latter compound is observable. 
For example, there is 110 observable displace- 
ment of carbon monoxide by trimethylamine at 
-80" , but the reaction proceeds very rapidly 
a t  room temperature. 

Thus 14.0 cc. of borine carbonyl and 25.0 cc. 
of trimethylamine, condensed into the tubulature 
of a reaction bulb (which was sealed while the 
reactants remained at  - 196O), and then warmed 
suddenly to room temperature, produced the 
solid material so rapidly that there was no 
further change after one minute. The reaction 
bulb was opened by a tube-opener, and the car- 
bon monoxide was passed through a trap a t  
- 196', by means of a Topler pump, and meas- 
ured as 14.2 cc. The residual trimethylamine 
was isolated by distillation through a trap a t  
-SOo, and measured as 10.8 cc.; the quantity 
which reacted hence was 14.2 cc., in perfect 
agreement with the quantity of carbon mon- 
oxide. The solid product therefore had the 
empirical composition (CH 3)  (NB H 3 ) x ,  within 
the probable error. 

Physical Properties and Molecular Weight.- 
The vapor tensions at  various temperatures, and 
the total volumes of samples used in the deter- 
minations of the molecular weight, were measured 
by the aid of the device represented in Fig. 2. 
During such work, the sample contained in 
the bulb B registers its pressure upon the adjacent 
manometer, whose mercury levels are compared 
by means of a cathetometer. The complete 
immersion of the parts containing the sample 
makes i t  possible to work a t  elevated tempera- 
tures. In order to introduce or remove the 
sample, the mercury is lowered in the manometer 
to the point M, by applying a pump connection 
at  P, and opening the ground-glass valve V. 

The measurements so obtained for the vapor 
tensions of the solid product of the reaction of 
borine carbonyl and trimethylamine, were cor- 
rected for the varying density and vapor tension 
of mercury a t  different temperatures. The re- 
sults are presented in Table VII. In the course 
of these measurements, the melting point was 
observed to lie between 94 and 94.5". 

TABLE VI1 
10 23 27 34 39 51 60.3 G9.R 77.6 82 .7  
pmm.(obrd.) 0.8 1.0 1 .5  2 . 6  6 . 5  9 . 4  18.7 28.5 37 .9  
fimm.(calcd.)  0 .7  1 . 0  1 . 6  2 .4  3 . 3  10.1 17.8 28 .4  37.8 

10 86.8 96.9 99.3 104.0 111.2 117.2 118.7 119.7 
P (obsd.) 47.8 76 .5  84.7 101.7 130.0 159.8 166.0 171.8 
p (calcd.) 47.9 78.2 85.3 101.4 130.6 160.0 167.5 173.4 

The values of the vapor tension below the 
melting point led to the equation loglo pmm, 
= 10.187 -3061/T. The values above the 
melting point gave the equation log,, pmm, 
= 7.846 -2202/T. Eliminating log p from 
these equations and solving for T gives a cal- 
culated melting point of 94', in close agreement 
with direct observation. The heat of vapori- 
zation below the melting point is calculated to 

A P W ? " S  

-CLAMP 

P 

Fig. 2. 

be 13,991 cal./mole, and above the melting 
point, 10,064 cal./mole. The calculated heat 
of fusion therefore is 3927 cal./mole. From the 
equation corresponding to the vapor tensions 
above the melting point, we calculate the Trou- 
ton constant to be 22.7 and the normal boiling 
point, 171 ', The slightly high value of the Trou- 
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ton constant suggests that the true boiling point 
may be as much as one degree higher. 

The sharpness of the melting poiat, and the 
character of the vapor tension curves, left no 
doubt of the uniformity of the material. 

The molecular weight was determined by 
weighing portions of the sample in a small, de- 
tachable bulb with stopcock (the grease was 
not in the least affected), and then measuring the 
volume by the aid of the special device described 
above. The data and results of two such de- 
terminations are presented in Table VIII. The 

TABLE VI11 

of bulb, Teomp., Corr. vol., wt., Mol. 
cc. C. press. cc. mg. wt. 

118.0 120.0 111.0 11.97 39.6 74.0 
118.6 99.5 74.9 8.56 28.6 74.8 

VOl. Sample Sample 

volume measurements for both of these samples 
were carried out a t  temperatures only a little 
way above the condensation points for the 
pressures observed; it is therefore reasonable 
that the results are somewhat higher than the 
value 72.85, calculated for the formula of borine 
trimethylammine, (CH3)3NBH3. 

This new compound forms hexagonal crystals 
which may appear in a variety of shapes, from 
long needles to short lumps having the appearance 
of broken quartz. Observations indicated that 
it is very stable, for i t  was heated a t  125" for 
hours a t  a time, without the least permanent 
effect. 

The Reaction of Diborane with Trimethyl- 
amine.-Diborane is absorbed by trimethyl- 
zmine (present in 5070 excess) rapidly and com- 
pletely at  any temperature a t  which the latter 
exerts an appreciable vapor tension. After re- 
moval of the excess of trimethylamine, there 
remains a solid residue having the empirical con- 
stitution and properties of borine trimethyl- 
ammine. It was thought possible that the pri- 
mary product of the reaction might be an ana- 
log of the ammonium salt which is formed by 
the absorption of diborane by solid ammonia 
under similar conditions, but an investigation 
of the behavior of the product toward sodium in 
liquid ammonia, soon gave an answer to the 
contrary.'' The details of an experiment rep- 

(17) The diammoniate of diborane reacts with sodium in liquid 
ammonia to produce hydrogen; the experimental details and con- 
clusions will be published in a separate paper. The product of the 
reaction of diborane with trimethylamine at low temperature does 
not react at all with sodium in liquid ammonia. The difference can- 
not be due to a failure of trimethylammonium ion t o  react with so- 

resenting these observations are as follows. 
A 7.1-cc. sample of diborane was condensed completely 

upon 20.8 cc. of trimethylamine in the bottom of a plain 
vertical tube. The tube was then warmed from -196 
to -110"; the pressure developed by the evaporated 
diborane diminished practically to zero during five min- 
utes. The excess trimethylamine was then distilled off 
at -80°, and measured as 6.5 cc. The residue hence had 
the empirical constitution B,Ha.2N(CH3)s, or BH3.N- 
(CH&, within the probable error. 

Ammonia was now distilled into the tube, in quantitv 
sufficient to form 3-4 cc. of solution, and approximately 
20 mg. of pure sodium was introduced into the tube, which 
was kept full of pure hydrogen and at  -196' during the 
process. After the tube was resealed and evacuated, it 
was warmed to -75";  the melting ammonia dissolved 
tPe sodium and the solid compound. During five minutes 
a t  -75', the solution yielded 0.185 cc. of hydrogen; after 
half an hour the total hydrogen was only 0.203 cc. It 
appears reasonable to attribute the hydrogen to impurity, 
rather than to any appreciable quantity of trimethyl- 
ammonium ion. 

After the solvent ammonia had been removed (by dis- 
tillation at -60'), the residual solid compound was sub- 
limed into the device represented in Fig. 2, and found to  
exert a vapor tension of 86 mm. at  100"; the melting 
point was 95'. The volume was measured as 13.2 cc. 
These results left no doubt that the product of reaction 
of diborane with trimethylamine is borine trimethyl- 
ammine. In addition, the molecular weight of a similar 
sample, which had not been exposed to sodium in liquid 
ammonia, was measured as 75.6, in good agreement with 
the values obtained for samples derived from borine car- 
bonyl. 

The behavior of trimethylamine toward diborane is thus 
found to be strikingly different from that of ammonia. 
At the present time, we see no very clear explanation for the 
wide contrast between the two reagents. 
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Summary 

The new compounds borine carbonyl, BHaCO, 
and borine trimethylammine, (CH&NBH3, have 
been prepared and characterized. The former 
decomposes easily, to form diborane and carbon 
monoxide; the variation in the rate of this de- 
composition is such as to suggest that free mole- 
cules of borine, BH3, may be involved in the 
process. Borine trimethylammine, a very stable 
compound, is formed very easily by the action 
dium, for a separate experiment showed that trimethylammonium 
chloride reacts with sodium in liquid ammonia in just the same 
manner as ammonium chloride does. 
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Principal Optical and Physical Properties of the Carbon Tetrachloride Solvate of 
Rotenone 

BY ERNEST L. GOODEN AND CHARLES M. SMITH 

For several years chemists and manufacturers 
working with rotenone have been familiar with 
the carbon tetrachloride solvate, in which one 
molecule of rotenone is combined with one mole- 
cule of carbon tetrachloride of crystallization 
(GHaO&ClJ.' Since this solvate is of great 
practical importance, especially in the analysis 
of derris and CUM, it was considered necessary 
to determine its principal optical and physical 
properties. 

The material used for the study was a sample 
of rotenone that had been recrystallized several 
times and subjected to microdetermination of 
carbon and hydrogen to gain assurance of purity.' 
A portion of this analyzed sample was recrystal- 
lized from carbon tetrachloride to form the 
carbon tetrachloride solvate. 

Optical Crystallographic Properties 
The optical properties investigated were such 

as are determinable by the use of the petrographic 
microscope. The solvate crystals were colorless. 
with a typical elongated, somewhat flattened 
prismatic shape (Fig. 1). The crystals were 
found to be biaxial with the following refractive 
indices (white light): u = I.563, ,9 = 1.612, 
y = 1.631. The indication of negative optical 
character obtained by the selenite plate is fairly 
distinct, and the observed value of @ is so much 
nearer y than u as to allow no doubt that the 
character is truly negative. In all cases ob- 
served the elongation is negative, the long edges 
of the crystal lying in the vibration direction for 
u. Extinction is sensibly parallel at  all stages 
of rotation about the axis of crystal length, which 
is the vibration direction for u. It is concluded 
that the crystal belonp in the orthorhombic sys- 
tem. 


