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ABSTRACT

This report describes Phase I work ~~~~ under Contract
OASG-78—C-0146 for the scale-up studiesS~in thermolysis of
tetraethylammonium borohydride(l-), (Et NBH~) to tetraethy l aninonium
decahydrodecaborate(2t~), [(Et~I~J)~B10 H 10~, during the period from
October 1978 to June 1979.

-

—~The objective of this Phase I program was to solve the heat
transfer requirements occurring during thermolysis. The nature of this
requirement was to identify and optimize the reaction conditions of
scale-up using boron and non-boron based solvents in the convers i on of
Et~NBH~, by thermolysis to (Et~N)~B 10 H~10 .

The critical steps in this requirement were to dissipate
exothermic heat to minimi ze (Et~,N)2B 12 H12 by-product formation and to
maximize the desired (Et~N)2B 10H 10 product.

Thermolysis of Et~NBH~, using triethy lamine borane
(Et3NBH3) as a boron-based solvent was demonstrated on a 50 g scale
with (Et~N)2B 10H10 yields up to 60%.

Thermolysis of Et~NBH~ us ing mineral oil as the non-boron
based solvent, demonstrated 47~ yields.
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SUMMARY

The objective of this program was to solve a heat transfer
problem involved in the scale-up of one step in the process developed
by Aurburn University for the . synthesis of carboranes before undertaking
the batch production of 15 pounds of carboranylmethyl propionate , (CMP).
Specifically, the problem involves heat transfer during the thermolysis
convers ion of Et~NBH~ to (Et~N)2B 10H 10.

A reac tion system was fabr icated suc h that measurements of
physical factors and by-products of the reaction could be made to fol l ow,
the course of the thermolys is reac tion :

1O(C2H5)~NBH~ >[(C2H5)~N]2B13H 1o + 8(C2H5)3N + 8C2H5 + 11H2

Evaluation of the heat transfer-solvents Et3NBH 3 and mineral
oil was accomplished by thermalizing 50 g of Et~NBH4 in 25 to 200 g of
the candidates and comparing (Et~N)2B 10H10 yields. Thermolysis was
carried out at slightly above one atmosphere in a 3 inch diameter pyrex
glass process pipe , one liter and 3 neck 300 ml round bottom sti rred
reactors heated by an oil bath . Temperature profiles of both the bath
and the internal reaction media were measured to gather data useful in
determining the course of the thermolysis for engineering evaluations.

Variations in temperature, reaction duration and quantity
of heat transfer solvent were studied to optimize the reaction conditions.

Approximate yields of (Et~N)2B10H 10 were determined by product
weight and an estimate of B 10 H 10 2 vs Et~N+ and B12H12 2- and other
impurities by an in-house infrared analysis method . Simultaneously,
samples were submitted to Auburn University for liquid chromatograph (L.C.)
and the University of Utah for nuclear magnetic resonance (N.M.R.)
analyses to cross-check the results .

The first studies in the thermolysis of Et~NBH~ to the(Et~N)2B10H10 sal t gave intractable mixtures of materials containing
large amount of oxyborates due to the fact that our supplier of Et14NBH~provided starting material of less than 80% purity . Consequently, the
program was delayed for several months until this vendor was able to supply
Et~NBH~ of acceptable purity (99+%).

Early thermolyses of Et~NBH~ were discouraging . The evolution
of off gas H2 and C2H6 ceased at 60 to 80% of theory, the triethylamine
recovered ranged between 10 and 50% of theory. Product solids recovered
containing approxImately 50% (Et~N)2B 10H10 were 30 to 80% of the expected
amounts. Variations in temperature , reac ti on duration and solven t quanti t ies
did not appreciably alter the trend of incomp l ete reaction . Apparently

• thermolysis reaction was supressed at an intermediate stage by the
containment of triethylamine in the glass pipe reactor.

-2-
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A 300 ml glass reactor design was then desi gned that
approximated a single plate distillation system to facilitate triethyl-
ami ne borane removal , and more compl ete reac tion resu lt ed . Off gas
H~ and C2H6 increased to near theoretical and the ami ne recovered was
substantially greater , but still only 70 to 80% of theory . Product
solid recovery was 80 to 100% with overall yields of (Et~N)2B 10 H 10
about 60%.

To define and optimi ze the thermolysis of Et~NBH~ to(Et~N)2B10H 10 the reaction temperature and duration was varied to
determine the effect on yield. From the data a trend toward higher
overall yield of (Et4N)2B 10 H 10 was observed when reac ti on tempera tures
of 180 to 185°C was rapidly attained with shorter overall reaction times .

When the thermolysis was run at lower temperatures (150-165°C)
the total solid product was not only much less than theory , 35%,
but the yield of B 10 H 10 2 vs B 12H 12 -2 favors the B 12. Al though the
B 10 H 10

_L is thermally stabT~ at these temperatures , too l ong a heat soakcauses further interreaction with 40—50% yields of (Et~N)2B 12H12.

The higher yields, in Et 3NBH3, of B 10 H 10 2 over B 12 H 12 -2
was obtained at 180 to 185°C with minimum reaction times . For i nstance
compar ing Runs 23, 25 and 16 at 177°C and 4 hours reaction time the product
conta ins more B 10 H 10 —2 than at 7-1/2 hours , with 36% and 24% yields
respectively.

Heat transfer-solvent Et3NBH3 was also varied to find the
optimum concentration . A trend toward higher overall yield of
(Et~N)2B 10H 10 resulted when the concentration of heat transfer solvent
Et3NBH 3 was reduced. With a Et~NBH~ to Et 3NBH3 ratio of 1:3, a yield
of 27%, B 10 H 10 2 results , compared to 40% with a 1:0.67 concentration.

Mineral oil was evaluated as a non-boron heat transfer solvent
in the thermolysis of Et~NBH4. All the favorable process variabl es
developed for Et 3NBH3 were comb ined , and mineral oil was substituted
for comparison . Al though reaction time required for complete reaction
was much l onger with mineral oil , 8 hours at 183°C, the single run
(Et~N)2B10H 10 yield of 47% was encouraging. Further evaluation of
minera l oil as a heat transfer-solvent medium is planned in the on-going
carborane studies . Minera l oil would be a preferred heat transfer-
so l vent based on cos t, handli ng and di sposal in a scale d process.

-3— 
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TECHNICAL BAC KGROUND AND PROCESS CONCEPT

A potential technological breakthrough for synthesis of carboranes
from a hydroborate(l~ ), which does not involve diborane(6) or decaborane(14)
intermediates , has emanated from the program sponsored by BMDATC at Auburn
University (SOW-SW-A-66-76). Dr. W. E. Hill and Dr. F. A. Johnson have
demonstrated in the laboratory that Et~NBH~ can be conver ted to (E t~N):Bjo H i~in the manner published by Callery Chemical Company in 1967. In the earlier -

•

work difficulty was encountered in the conversion of this (Et~N):B io H~derivative to a decaborane(12) intermedjate pr~çu rser to carboranes , andmaximu m yields were of the order of 30%I.1, 2, ~~~) . However Dr. Hill and
Dr. Johnson showed that if the tetraethy l ammonium salt is first converted
to the lithium salt by ion exchange , yields of decaborane(12) derivative,
B~~H .(Et~S)’, yields can be achieved in excess of 80%.

As a result of these findings simple reaction equations can be
written for the production of carboranes from Et~NBH~, which do not involve
diborane(6) and decaborane(l4) intermediates .

1. 10 Et~NBH , > (E t~N)~B i~H~~ + SEt~~ + SC~H~ + 11 H~

2. (Et~N)2B 1~H~ , + Li4 )- Li~ B 1~H 1~ + Et~N~

3. Li’B 1~H~~ + HC1 + Et~S ——i 2 LiC 1 + B 10H~~(Et~S)~

4. ~~~~~~~~~~ + HC:CCH~O~CC 2H5—+CMP

Equation (4), the conversion of 81~H 1~ (Et~S)~ to a carborane , has
been demonstrated on a multipound scale.

Scale—up of the reaction of equation (1), thermolysis of Et~NBH~todecahydrodecaborate(2-) had been ~tydied previously with decreasing y ields V

of the decahydrodecaborate(.-” . ~~ Thus, this work (DASG-60-78-C-0146)
was to demonstrate the thermolysis of Et~NBH4to (Et~N)~B 1~H 1~ on at leasta 50 g scale.

The process concept in the conversi on of the Et~NBH~to the(Et~,N)~B 1~H 1~ derivative was to study the effect of using boron and non-boron based solven ts as hea t trans fer agents to contro l the reac ti on
temperature.

—7—
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Solution of the thermolysis problem in the synthesis of
(Et~N)2B 1J H 1~J was done in two stages :

(1) The conditions of concentration , time and temperature
were optimized for conversion of 50 g quantities of
Et~NBHhto (Et~N):B io Hjo using a high boiling boron based
solvent, triethy l amine borane, in vary ing amounts.

(2) Us i ng optimum conditions , non-boron solvents compatible
wi th the system were used in place of the borane solvent
to determine if comparable yields were obtained . Solvents
such as mi nera l o il, high boiling amines and ethers were
to be evaluated .

-8-
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RES ULTS AN D DISCUSS IONS

A process has been demonstrated for the production of carboranes
from simple hydroborates , by-passing diborane (6) and decaborane(14)
intermediates . The process consists of the following reaction sequence,
starting with EtL~NBH~ and going to the des i red carborane product , CMP :

1. 10 Et~NBH~ ~ (Et~N).B 10 H 1, + S Et 3N + 8 C.H 6 + 11 H-.

2. (Et~N)~B 10 H~ + 2 Li4 ~ Lj ~ B 1~ H 1~ + 2 Etz N~

3. ~~~~~~~ + 2 HC1 + 2 Et.S ~~~~ LiC 1 + B 1~H 1~ (Et~S).

4. B’~H~~(Et~S), + HC~CCH~O:CC.H 5 — +CMP

The process is made possible by the successfu l production of
(Et~~)~B 1~H~~ by the thermolysis of EtL NBHI~ (step 1) and the conversion of
Li .B .-~H1~ to B1~0H~~(Et~S). (step 3). For this first phase of the scale-up
feasibility study , only the step 1 thermolysis of Et 4NBH~ was evaluated .

Preparation of (Et~~j~B 10 H 10 - Occurs in excellent yield on a 2 g scale
upon heating Et4NBH~., as dry powder , to temperatures of 185-190°C. Ideally
the reaction is as step 1 above illustrates . In the dry process , the
reactants pass through a phase change w~en heated to 185-l9O~C. During
heat up, at a temperature of around 120~C , the solid starting material
melts to a bubbling opaque mass , then quickly resolidifies . Gas evolution
starts below 100°C and continues throughout the thermolysis. Yields of
(Et~.N)’B10 H1~ were of the order of 80% on a 2 cj scale in the 1966—67 work (3).
Recent thermolysis under autogenous pressure has produced up to 97% yields
of (Et~N)~B 10 H 1~ , on a 5 g scale (4)•

The earlier scale-up with increasingly larger dry powder charges
of Et~NBH~ gave increasingly higher yield s of dodecahydrododecaborate(2 ).
The product distribution was obta i ned from infrared and N .M.R. analyses .
The failure to dissipate exothermic heat during thermolysis on the larger
scale was suspected of causing the production of the (Et~,N):B 1:Hi: by-product.

Solu tion Therinolysis of Et~NBH~ was proposed to solve the heat transferproblem in the synthesis of (Et~N)~B1~H 10. In terreaction of Et4NBH~, andtriethylamine borane did not occur at temperatures up to 170°C in earlier
studies (3)• Therefore, the excellent solvent and high boilin g properties
of triethylamine borane recommended it as the boron-based solvent to be
evaluated . Optimized yields of (Et~N)2B 10 H~0 in the 60% range were obtained
when Et~NBHL thermolysis was carried out in triethy l amine borane.

-9-
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Minera l oil was selected as the non-boron solvent of first
choice for heat transfer during thermolysis. Economics and intermediate
so lubi lities recommended minera l ~i1 . A yield of (Et,.N):B :~H :~ in the
33 to 4 ’  range was demonstrated by substituting mineral oil in the above
triethy lamine borane optimized process.

Thermolysis of Et~NBH~ in Et 3 N B H~~ Solvent - Reactions were run at slightl y
above one atmosphere in a pyrex reaction kettle. Figure 1 illustrates the
basic reactor design.

The one liter , glass pipe reactor was stirred by a teflon covered
magnet. Temperatures were constantly monitored in the center of the reactor
in the liquor , just above the stirrer and outside the reactor in the oil
bath. Heat was supplied by electric immersion heater. Reactor pressure ,
O.S to 1.2 PSI, was maintained by a back pressure regulator , consisting of
an appropriate sized mercury bubbler.

By-product triethy lamine was condensed out of the off-gas stream
in a -78°C cooled cold trap. Triethylamine borane was found in the condensate
also , as much as 5O’~. The non-condensed ethane and hydrogen were measured
by a wet-test gas meter to follow the rate of reactions. When the reaction
was terminated , the product -solution was quickly cooled to room temperature
by removing the hot oil bath.

Recovery of the thermolysis products by filtration was facilitated
by their insolubility in the triethylamine borane heat trinsfer solvent.
N.M .R. spectra confirmed their complete in solubility . The resulting filter
cake, containing the ~~~~~~~~~~ was washed three times with hexane to
remove residual triethylamine borane. Following drying , agoçoximate yields
were determined by product weight and estimates of B 1~H 1~ (- ) and by-products
by in-house infrared analyses . Simultan eously, samples of the products were
submitted to Auburn University to confirm these results by Nuclear ~laqneticResonance (N.M .R.) and a liquid chromatograph method developed by
Dr. W. E. Hill et al . Additional confirmation of the product was obtained
by submitting samples to Ors . R. W. Parry and G. Kodama of the Univers i ty
of Utah, for nuclear magneti c reasanance analysis. Figure II shows a
typical N .M.R. spectra of the thermolysi s product , obtained from the
University of Utah.

-10- 
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The top spectrum in Figure II shows H-B coupling while the
bottom spectrum shows the proton decoupled spectrum. Interpretation of
the data on spectra rela tive to BF 3 standard was made by Dr. Parry . V

Relative yields of (Et~N)2B 13H 10 and by-products was obtained by
calcula ting the area ratios under eac h ass igned compound . Detrimental
nuclear Overhouser effects were reportedly kept at a minimum by system
decoupling at the appropriate proton field strength . These results
are in general agreement with Auburn Univers ity N.M.R. and liquid
chromatographic results . Any differences in results were most likely
due to solution problems in introducing the thermolysis product to the V

respective analytical instrument. - 

—

The initial scale—up investigated the variables temperature,
reaction duration and triethy l amine borane concentration to minimize
B12H12(~~) formation and maximize B 10 H10(2 ) yield. Thermolysis results
are descr ibed in Tab l e I, in terms of (Et1~N)2B 10H10 yield and boron
distribution ratio of the variou s compounds synthesized . N.M.R. provided
the basis for identifying the compounds produced . Process development
rel ied on in—house infrared analyses to determine comparitive B 10 H 10

2
yields for near-term evaluation.

Run data has been omitted from Table r for the first six runs .
These first scale-up thermolyses of Et~NBHk gave intractable mixtures of
materials , largely contaminated with hydroxy borates , due to below
specification grade Et~NBH~ from the supplier . Run 7 utilized an in-house
purified Et~NBH1.~, while those followi ng used specified purity 99 plus %starting material.

The recommended reaction temperature of 185°C was evaluated by
maintaining the heating oil bath at that temperature in Runs 7, 9, 12 and

• 13. As can be seen in Table I, the internal reaction temperature was 3,
8, 1 2 and 17°C lower. The same effects were noted in runs of 167° and
195°C.

Several trends were observed in the results from these 6 runs .
The evolution of gas , non-condensed H2 and C2H6, ceased at 60 to 85% of
theory, and the triethylamlne by-product recovered was only a fraction of
theory. The sol id s recovered , containing the (EtkN)2B IO HIO, were only
30 to 80% of the amount expected.

Run 13 showed the most promise with a 50% yield based on N.M.R.
and a 37% yield based on L.C. and gross product weight.

-12-  
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Consideration of the refluxing liquid observed in the reactor
wi th a 137 to 145CC temperature profile suggested that the refluxing
liquid in the ullage was other than triethylami ne , which boils at 89.5 C. -

The amine recovered in the cold trap conta i ned as much as 50% trIeth~lami ne
— borane . Since the triethy lamine borane has a boiling point over 200 C ,

the formation of a triethylam ine-triethylamine borane constant boilin g
mixture was suspected of preventing the theoretical amount of the
triethylamine from escaping the reactor in the off gas stream . 

V

V 

Therefore the constant return of triethylamine to the reaction
liquor might suppress the thermolysis reaction at some intermediate stage.
Equilibrium shift and reaction completion were assumed to be possible by
removing the byproduct triethylamine from the reactor.

Thus a reactor was designed to facilitate amine removal as
shown in Figure III.

The reac tor , illustrated in Figure in , considered of a 300 ml ,
3 neck round bottom flask. Stirring was provided by a teflon covered
magnet. An immersion thermometer measured the temperature of the reactor
liquor. Heating was provided by total immersion in an oil bath , which
was electrically heated and stirred . Off gas left the reactor through
a connection lagged with electric heating tape to reduce reflux , to an
air cooled cross-over and finally to a room temperature receiver.
Following were a 0°F and -78°C cooled va po~ traps then the wet test gasmeter to measure noncondensed H2 and C2H6.

Resizing and redesigning the reactor for thermolysis of 50 g
charges of Et~NBH~ changed the reaction characteristics . Off gas and
triethylamine by-products released were near theoretical valves , as
Table II illustrates .

Heating bath and interna l reaction temperatures were notably
similar due probably to the lack of cooler reflux liquid returning
to the area.

Runs 16 through 20 eva l uated reaction temperature as the
controll ing var iab le to increase d (E t~N)2B 10 H 10 yields. Temperatures
below 177 C did ~fl~t Increase the yield , nor did stepwise increases as
in Run 20.

Run 21 repeated Run 13 reactor temperature and trfethylam ine
borane content conditions. Apparently Run 13 reaction temperature was
somewhat above the recorded temperature because Run 21 never ~ttaineds imi lar off gas or sol id produc t proporti ons .

-15-
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Run 22 short duration high temperature reaction , produced
predomi nately (Et~N)~B,0H10, but in very low overall tota l yield.
However the higher 1 90°C temperature did not adversely effect the
(Et~N)2B 10 H 10 synthesis , based on in-house infrared analysis. N.M .R.
conformation was not requested because of the small amount of product
produced during the 35 minute run.

Thermolysis temperatures near 180°C appeared optimum in the
single plate distillation reactor. Shorter reaction times at this
temperature with l ower concentrations of triethy lamine borane produced
the maximum yield of (Et~N)2B 10H 10 and minimum amount of B 12 H 12(~~)derivative. The improved yields for runs 27, 28 and 29 were mainly
attributed to the time-temperature relationship.

Evaluation of the heat transfer requirements with respect
to the ratio of triethylamine borane to Et4NBH4, at the above conditions ,
was further investigated at this point. The amount of triethylamine borane
was reduced stepwise in Runs 28, 29, 31 and 33.

The maximum yield of (Et~N)2B 10 H 10 was obtained in Run 31
where the triethylamine borane was reduced to 50% of the weight of
Et~NBH~. This amount of solvent just wets the solid starting material
providing heat transfer benefits , but is not stirrable initially. It
requ i red 75 minutes of heat up time for the reactor mass to reach the
desired 180°C temperature range , although off gasing starts below 100°C.
Physical changes occur as the thermolysis proceeds. First a wet bubbl i ng
mass , developing at 75 minutes , slowly thins out to a readily stirrable
slurry at 105-120 minutes . A longer reaction time was required , as less
heat transfer solvent was used , to release an equivalent amount of
triethylarnine , H2 and C,H6 (2.5 hours compared to 1.5 hours).

Using much less triethylam ine borane as in Run 3~, only 5 gheat transfer-solvent , 10% of the weight of starting Et~NBH4, was notsuccessfu l in promoting conversion under similar reaction conditions .
Product recovered after 3.5 hours of thermolysis at 180°C con ta ined
a large amount Et~NBH~ according to in-house infrared and iodometric
titration analyses .

A repeat of the potentially optimized run conditions of Run 31
was successfull y carr ied out in Run 34. (E t~N)2B 10H10 yields , accor di ng
to in-house infrared , suggested yields substantially above the 60% range.
N.M.R. and L .C. analyses confirm these conditions with yields in the
36 to 56% range.

The presence of stainless steel in a finely divided form has
been reported by Dr. Hill , et.al ., to be advantageous in synthesizing
(Et~N)2B 10H 10 in the thermolysis of Et~NBH~. Evalua tion of stainless
steel media present during thermolysis was made in a single test Run 30
with little obvious effect. Runs 29 and 30 were duplicates except for
presence and absence of stainless steel catalyst. Stainless steel might
be advantageous when Et~NBHL, is pyrolysed in the dry state. However
scale-up problems using large amounts of dry powder Et~NBH~ and sta inless
steel media were considered more difficult than solvent thermolysis.
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Thermolys is of Et~NBH~ in Minera l Oil - A non-boron based solvent, was
accomplished In a ~T~gle Run 35 wi th favorable results. Mineral oil was
selected for desi rable economic and engineering factors. Solubility of
some intermediates in mineral oil during the thermolysis process may aid
in (Et~N)2B 10H 10 synthesis.

For comparison purposes the optimized reactor and reaction
cond itions of Run 31 and 34 were used to evaluate mineral oil as a
potential heat transfer solvent . Heating at the same rate r~qu i red
75 minutes for both solvent systems to reach the desired 180 C reaction

V temperature range. However minera l oil solvent required a longer reaction
V time for an equiva lent off gas ratio. It required 8 hours of reaction

to release near theoret ical off gas , compared to 2.5 hours in Runs 31 and
34 using triethylamine borane solvent. The (Et~N)2B 10 H 10 content in the
thermolysis product was reported to be appreciable according to in-house
infrared analyses , N.M .R. based yield was 33.5% and L. C. based 47.3’~ on
the solid product recovered.
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CONCLUS IONS

At its present state of development , the expected yield of
(Et1N)2B 10H 10 from the Et~NBH~, thermolysis process is about 60%.

Optimized ratios of heat exchange solvent and starting
Et~NBH~ presents a reactor stirring problem . Initially the reaction
mixture is a slush not stirrable by usual laboratory methods. When
heated to near 100°C it turns solid. As the reactant temperature is
increased to near 180°C a l iquid phase forms and stirring is possible.

Further successful scale-up of Et,NBH~ thermolysis will be
dependent , to a large extent, on reactor geometry and variable speed
stirring capability.
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