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(Received June 2nd, 1969) 

As preliminary results obtained following the gas phase bromine/triethyl- 
borane reaction in an IR cell showed that an unusually fast reaction took place with 
hydrogen bromide evolution, we decided to study this system. 

Halogen atoms can react with trialkylboranes through two different reaction 
paths, i.e. 

Br + RCH,BR; + BrBRi + RCH, I 

or 
Br + RCH,BR’, + RCHBRL + HBr II 

where R’ is an alkyl group and R may be an alkyl group or a hydrogen atom. 
Substitution on the boron atom (type I reaction) may explain results obtained 

in liquid phase halogenation of trialkylboranes’~‘. Furthermore, similar reactions 
between oxygenated free radicals and trialkylboranes have been postulated previous- 
ly= . Type II reactions have only been reported in solution’*5, but no kinetic study was 
carried out. 

Both types of reactions were found to occur in our system, and kinetic data 
regarding the type II reaction are reported. 

EXPERIMENTAL 

As the reaction was extremely fast and to avoid most of the inconveniences 
found in the study of gas phase fast bromination@, it was decided to employ a compe- 
titive method. 

The apparatus employed was a conventional high vacuum system attached to 
a gas chromatograph. Grease-free stopcocks were used in the reaction vessel (600 cc) 
and wherever corrosive reagents were stored or measured. Further details on the 
experimental procedure have been previously reported3. 

Triethylborane (Ethyl Corporation) and cyclohexene (B.D.H.) werelpurified 
before each run by degassing them from suitable low temperature baths ; inert gases 
were purchased from Matheson, and the toluene was a Hopkin and Williams product. 

A mixture of bromine (Merck) and inert gas was prepared and kept wholly 
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expanded in a 1000 cc container. For each run a cyclohexene/triethylborane mixture 
was prepared and introduced in the thermostatted reaction vessel. The contact time 
was varied from 12 to 30 minutes with no effect on the results, showing that the reac- 
tion was completed and that no secondary reaction is altering the results. The reaction 
products were then fractionated in traps at - 120° and - 196”. The inert gas (nitrogen, 
carbon monoxide or argon) was pumped out and measured with a Toepler pump, its 
amount being a measure of the quantity of bromine. The same technique was used in 
the runs with pure triethylborane. 

The - 196” fraction (hydrogen bromide and ethane) was measured manome- 
trically; the hydrogen bromide was then absorbed on potassium hydroxide and the 
ethane was measured. Some GLC analysis of the - 120° fraction showed that it con- 
tained unreacted triethylborane and cyclohexene, ethyl bromide and some unidenti- 
fied products. 

RESULTS AND DISCUSSION 

The results obtained in the IR cell clearly showed that a photochemical process 
was involved_ Triethylborane and bromine can be kept together without noticeable 
change in the spectra, provided that light is not admitted_ If the system is illuminated, 
triethylborane is immediately consumed. 

The following set of reactions can be postulated for a long chain process initiat- 
ed photolytically (C6H r o stands for cyclohexene) : 

Brz + tzv - Br- + Br’ 

Br’ + C,H,, --+ CeH,cBr’ 

Br’ + Et3B + BrBEt, + Et- 

Br’ + Et,B - HBr + Et2BCHCH, 

C,H,,Br’ + Brz - C6H1.Br, + Br- 

&H,cBr- + HBr - CBHi,Br + Br- 

Et. + Brz - EtBr + Br’ 

Et* + HBr ’ - EtH + Br’ 

Et,BCHCH, + Br, + Et?BCHBrCH, + Br’ 

CsHI, f Br + C,Hg’ + HBr 

(1) 
(2) 
(3) 
(4 
(5) 
(6) 
(7) 

(8) 

(9) 

(10) 

From previous results’*‘, k7/ks, kg/kt_+ and k5/k6 are probably greater than 
ten. Reaction (10) can be disregarded at room temperatures as in runs with pure 
cyclohexene no hydrogen bromide could be detected. Then, if we assume that reac- 
tions (-4), (6) and (8) are consuming a minor fraction of the hydrogen bromide 
formed, eqn. (11) will hold : 

As our experimental results show that : 

[EtBr] + [EtH] Q [HBr] 

the amount of dibromocyclohexane can be evaluated from eqn. (12) : 
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[C6H,,Br,] = [HBr& - [HBr] (12) 
where [HBrJ, is the amount of hydrogen bromide evolved when only triethylborane 
is present. Then, eqn. (13) can be derived : 

(13) 

This equation will give the right value of k2/kh only when eqn. (11) holds. In 
Fig. l,aplot of [HBr],/[HBr] us. [CsH,,]/[Et,B] isshown.At lowvaluesof[C,H,,]/ 
[EtsB], the slope of the curve will approach the right value of L/k+ The value so 
obtained was 4.5 at 26”. The curvature of the plot can be related to the occurrence of 

0 

0 o.lo 0.20 
@-4ci@tJ~ 

Fig. 1. Plot of [HBr],/[HBr] LX [C~H,,,]/[EtsB] at 26”. Pressure ranges: Et,B, 15 to 26 mm Hg; C,H,,, 
1.9 to 5 mm Hg; Brz, 0.4 to 0.8 mm Hg. Inert gases: acarbon monoxide, (CO/Br2=8 or 40); 0 argon, 
(A/Br, = 25); I nitrogen (NJBr, = 12). 

reaction (6). It should be remarked that if any error was introduced by hydrogen 
bromide consumption, the value of k,/k, should have been even lower. 

The run in which nitrogen was used 6s diluent (see Fig. l), was carried out 
employing a sample of triethyIborane that had been previously treated with 11% 
bromine. The fact that no difference could be detected when fresh or “pi-e-treated” 
triethylborane was used, ruIes out the possibility that the hydrogen bromide can be 
produced from a highly reactive impurity of triethylborane. 

The occurrence of reaction (10) at temperatures higher than 50° did not allow 
the direct measurement of (E, - E2). However, the difference in activation energies can 
be estimated from our result at 26O by assuming a value for the pre-exponential factors 
ratio. From previous resuhs on gas phase halogenationsg*‘O it can be assumed that the 
pre-exponential factors ratio A&A2 is cu. 24, which leads to (E4- E2)=2.8 + 1.4 
kcal/mole. The estimated error was obtained assuming a factor of 10 as the indeter- 
mination of the A factors ratio. Then, taking E, as nearly zero”, E4= 2.8 f 1.4 kcal/ 
mole. Furthermore, an upper limit to E4 can be derived from the information obtained 
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in some runs carried out with toluene instead of TEB, where even at [PhMe]/- 
[C,H1,,] = 15, no hydrogen bromide could be detected. This result contrast with those 
obtained using triethylborane, in which hydrogen bromide could be detected even at 
[Et3Bl/&H 1 ol o f nearly three, showing that reaction (4) is at least 5 times faster than 
reaction (14) 

PhCH3 + Br- - HBr + PhCH; (14) 

From this information and assuming & = A 1 e as suggested by the constancy of A 
factors found for several C-H containing substrates’2”3, it can be concluded that 
E4< 6.2 kcal/mole’4. 

From the preceding discussion and using the relationship derived by Marcus 
et al. between E, and the C-H bond dissociation energy”, an estimate of 80 +_ 3 kcal/ 
mole for the secondary C-H bond energy in triethylborane can be derived. This 
unusually low value can be understood on the basis of the stabiIization ofthe unpaired 
electron due to the presence of an adjacent vacant boron orbital. Comparing this 
result with the value for the secondary C-H bond in propane’ 6, it can be seen that the 
stabilization amounts to ca. 14.5 kcal/mole. 

The fact that minor amounts of ethane and ethyl bromide are evolved; shows 
that reaction (3) takes place, but is remarkably slower than reaction (4). Thus, our re- 
sults are similar to the qualitative determinations of Van Campen ef aI. for the 
bromination of tri-n-butylborane in solution’. 
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