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Abstract: The photoinitiated bromination of 1-bromobutane with molecular bromine has been reinvestigated. 
The product distribution obtained at the completion of the reaction was found to be the result of the equilibration 
of the alkyl radicals which were initially produced by hydrogen abstraction. The alkyl radicals were shown to 
equilibrate with the hydrogen bromide produced in the reaction, changing the product distribution from that pre­
dicted by "normal" polar effects to one which showed an abnormally high yield of 1,2-dibromobutane. The ex­
perimental observations clearly rule out participation by a neighboring bromine atom in the rate-determining ab­
straction step in the halogenation of bromoalkanes. These results are discussed in light of the general problem of 
bridged bromine intermediates. 

Neighboring group participation has been extensively 
invoked to explain the unusual product distribu­

tions obtained in the photoinitiated bromination of bro­
moalkanes. s-8 The brominations of c/s-4-bromo-f-
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butylcyclohexane,6 1-bromobutane,7,9 and Zra?«-l-(bro-
momethyl)-4-methylcyclohexane,8 among others all give 
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Table I) having electronegative substituents on the 
terminal carbon have yielded halogenation products 
whose isomer distributions are strongly influenced by 
polar deactivation of the hydrogen on the a and /3 car­
bons. The results of these substitution reactions sug­
gest that the products of kinetically controlled halo­
genation reactions of similarly substituted alkanes 
would show product distributions with low yields of 1,-
1- and 1,2-disubstituted alkanes. Contrary to these 
predictions the bromination of a variety of bromoal­
kanes6-9 gives anomalous results in that the major prod­
uct (>80%) is found to be the 1,2-dibrominated hy­
drocarbon. 

Recently we have reported that anomalously high 
selectivities were obtained in the abstraction reactions 
of chlorine atoms generated from cyanogen chloride.14 

Table I. Product Distributions" in the Chlorination or Bromination of Some Substituted Butanes 

No. 

1 
2 
3 
4 
5 
6 

X 

Cl 
COF 
COCl 
OCOCH3 
CO2CH3 
Br 

CH3— 

0.40 
0.24 
0.44 
0.25 
0.29 
0.46 

- C H 2 -

1 
1 
1 
1 
1 
1 

—CH2 

0.48 
0.37 
0.40 
0.62 
0.70 
0.43 

—CH2X 

0.16 
0.02 
0.06 
0.03 
0.12 
0.09 

Ref 

10 
11 
11 
12 
13 
7 

CH3— 

— 
0.01 
0.01 
0.01 
— 

- C H 2 CH2— 

0.49 
0.33 
0.46 
0.40 
0.46 
5.78 

- C H 2 X 

0.44 
0.42 
0.53 
0.26 
0.53 
0.09 

Ref 

7 
13 
13 
12 
13 
7 

° Relative to the 1,3 isomer. 

remarkably high yields of the corresponding 1,2-di­
brominated alkanes. The chlorination7' 10~13 and brom­
ination7'12,13 of a series of substituted butanes (see 
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The observed selectivities were shown to be due not to 
kinetic control, but to the thermodynamic equilibration 
of the radicals primarily formed. This equilibration of 
the radicals was demonstrated to be due to the reversi­
bility of reactions between atomic chlorine and the hy­
drocarbon substrate. 

RH + Cl-
RH + Cl-

:R ' prim + HCl 

— R ' aec T" HCI 

The well-documented facile reversibility of the reac­
tions of atomic bromine with alkanes15-17 affords an 
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analogous explanation for the unusual product distri­
bution found in the bromination of bromoalkanes. 

In this paper we report the preliminary results of a 
study of the mechanism of the bromination of bromo­
alkanes. We feel that our results are relevant both to 
the question of kinetic acceleration of hydrogen atom 
abstraction from bromoalkanes, and to the general 
problem of the intermediacy of bridged bromine species 
in free-radical reactions. 

Results and Discussion 

The bromination of 1-bromobutane in the neat liquid 
and in acetonitrile was investigated using molecular 
bromine and N-bromosuccinimide as the brominating 
agents. Using essentially the same reaction conditions 
as were used by Thaler in his study of the bromination 
of 1-bromobutane7 and similar to those used by Skell,6 

and Traynham8 in their investigation of the bromination 
of the other aforementioned bromoalkanes, a mixture of 
molecular bromine (1.325 M) and 1-bromobutane (8.1 
M) in sealed degassed Pyrex ampoules was irradiated 
with an incandescent lamp until the reaction mixture 
was colorless (approximately 50 hr). The reaction prod­
ucts were analyzed by glpc, using the reported proce­
dure,7 and the isomer distribution of dibrominated 
butanes was found to be in agreement with that re­
ported by Thaler7 (compare Table II, reaction 9 and 

Table II. Variation of the Isomer Distribution with the 
Percentage Reaction for the Bromination of 1-Bromobutane 
with Molecular Bromine0 

Reac­
tion 

. Isomer distribution6-
1,4 1,3 1,2 
C C C 

1,1 
-CBr 

Reaction, 
% 

1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 

0.53 
0.56 
0.52 
0.67 
1.10 
1.54 
2.05 
4.20 
7.30 

0.52 
0.40 
0.35 
0.43 
0.26 
0.08 
0.08 
0.09 
Tr 

2 
4 
9 

18 
29 
38 
59 
84 
95' 

" Values are averages of triplicate analyses of each mixture. 
6 Fractional ratios relative to the amount of 1,3-dibromobutane. 
cThe value reported represents a material balance for the products 
determined. 

Table I, reaction 6). However, when a series of these 
reactions was carried out and the photolysis stopped be­
fore the bromination was complete, analysis of the reac­
tion mixtures showed a variation of the isomer distri­
bution with the percentage reaction (see Table II, reac­
tions 1-9). The distribution of dibrominated butanes 
found in the reactions run to low conversion (reactions 
1-4) was similar to those found for the "normal" polar 
deactivation of a negatively substituted butane (see 
Table I), while at high conversions the product distri­
bution was found to change gradually to approximate 
that previously reported.7 The variation of the product 
distribution with the percentage reaction clearly dem­
onstrates that the ratio of products which are finally 
formed is not the result of a kinetically controlled sub­
stitution reaction. 

The most reasonable explanation for the dependence 
of the product distribution upon the percentage con­

version involves the equilibration of the primarily pro­
duced radicals with hydrogen bromide (eq 1). In the 

C4H9Br + Br- = ^ : C4H8Br- + HBr (1) 

C4H8Br- + Br2 —>- C4H8Br2 + Br- (2) 

initial stages of the bromination the reversal of reaction 
1 would be unimportant and the transfer reaction of the 
bromoalkyl radicals with molecular bromine (eq 2) 
would reflect the kinetically determined distribution of 
isomeric radicals. As the reaction proceeds to comple­
tion (higher concentration of hydrogen bromide, lower 
concentration of molecular bromine) equilibration of 
the radicals with hydrogen bromide could lead to the 
anomalous isomer distributions found in the dibrom­
inated butanes. The effect of increased concentra­
tion of hydrogen bromide was demonstrated when series 
of duplicate brominations were carried out with and 
without added hydrogens bromide, Table III. 

Table III. Comparison of the Isomer Distribution" for the 
Bromination of 1-Bromobutane with Molecular Bromine with 
and without Added Hydrogen Bromide 

Added hydrogen bromide 
isomer distribution6 

Time, 1,4 1,3 1,2 1,1 
min C C C CBr 

.—Isomer distribution6—-
1,4 1,3 1,2 1,1 
C C C CBr 

1.00 
1.00 
1.00 

0.40 
0.40 
0.62 

1.00 1.58 

0.34 
0.33 
0.15 

1.40 

30 
60 

120 
160 
180 

1.00 
1.00 

1.00 

2.54 
4.55 

6.34 

0.30 
0.20 

0.28 

" Relative to 1,3-dibromobutane. 
licate analyses of each reaction. 

6 Values are averages of trip-

The brominations carried out in the presence of added 
hydrogen bromide (0.34 M) rapidly (160 min) attained 
the isomer distribution found at the completion of the 
reactions without added hydrogen bromide. After 
equivalent times, similar reactions without added hy­
drogen bromide showed product distribution typical of 
those found at the initial stages of the bromination. 

An attempt was made to eliminate the effect of hy­
drogen bromide on product distribution by carrying out 
the bromination with N-bromosuccinimide (NBS). 
The well-established mechanism for aliphatic bromina­
tion by NBS17-19 has been shown to proceed by a bro­
mine atom chain. 

RH + Br- —>- R- + HBr (3) 

,^ 
.0 

,NBr + HBr NH + Br, (4) 

\ O 

R- + Br2 —• RBr + Br- (5) 

Heterogeneous mixtures of NBS and 1-bromobutane 
showed little time dependence in the isomer distribution 
of dibrominated products. At all of the investigated 
reaction times the isomer distributions were close to 
those reported for bromination with molecular bromine 
at complete reaction. Under these conditions the reac-

(18) G. A. Russell and K. M. Desmond, J. Am. Chem. Soc, 85, 
3139(1963). 

(19) R. E. Pearson and J. C. Martin, ibid., 85,3142 (1963). 
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tion of hydrogen bromide with solid NBS (eq 4) is ap­
parently not fast enough to compete with the reversal of 
bromoalkyl radical with the hydrogen bromide. It was 
noted that NBS brominations on this substrate, unlike 
those for allylic substitution, showed, during the course 
of the reaction, the color of molecular bromine. 

It was found that quantitative yields of the isomeric 
dibrominated butanes could be obtained in solvent ace-
tonitrile. The use of this solvent allowed the reactions 
to be carried out in homogeneous solution. It was antic­
ipated that the reverse of eq 3 would be slower than the 
reaction of NBS with hydrogen bromide (eq 4), if the 
reactions were carried out in homogeneous solution. 
At the initial stages of the reaction (high concentration 
of NBS), the reaction of hydrogen bromide with NBS 
does predominate over the reversal reaction and the 
"normal" distribution of dibrominated butanes is ob­
served (see Table IV). At higher conversion (low con­
centrations of NBS) the reaction of hydrogen bromide 
with an alkyl radical competes favorably with its reac­
tion with NBS, and the product distribution changes in a 
manner similar to that obtained upon complete brom-
ination with molecular bromine. Furthermore, as in 
the NBS brominations carried out as heterogeneous 
mixtures, the color of molecular bromine was present 
during photolysis. 

Table IV. Variation of the Isomer Distribution with Timeab 

in the Bromination of 1-Bromobutane with A'-Bromosuccinimide 
in Acetonitrile 

' i a U u i c r t. 
1,4 1,3 
C C 

1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 

istribution— 
1,2 
C 

0.29 
0.28 
0.30 
0.38 
0.95 
1.15 
1.23 
2.09 
2.37 
4.61 
5.15 
5.16 
5.09 
5.51 

1,1 
- C B r 

0.19 
0.23 
0.23 
0.25 
0.24 
0.21 
0.20 
0.15 
0.13 
Trace 
0.12 
0.10 
Trace 
Trace 

Time, hr 

0.5 
1 
2 
3 
5 
8 

12 
14 
24 
26 
32 
48 
72 

111 

Total yields 
of di-

bromides, % 

5.5 
8.0 
8.2 

11.7 
22.6 
23.4 
28.2 
64.7 
75.4 
82.0 
82.3 

95.5 
105.0 

° Values are averages of triplicate analyses of each reaction mix­
ture. * Relative to the 1,3 isomer. 

Brominations of 1-bromobutane with molecular bro­
mine in acetonitrile gave results similar to those ob­
tained in the neat liquid, although quantitative yields of 
dibrominated butane could not be obtained due to the 
reactions of molecular bromine with acetonitrile. 

Although the establishment of the equilibration of the 
initially produced radicals with hydrogen bromide 
clearly rules out a kinetically accelerated abstraction of 
the /3 hydrogen, the question remains unanswered as to 
why the radical leading to 1,2-dibromobutane should 
apparently give rise to preferential product formation 
relative to the a or 7 radicals which lead to 1,1- or 1,3-
dibromobutane. 

Several possible explanations for the preference for /3 
bromination can be proposed although at this time no 
definite conclusion can be reached. One possibility is 

the formation of a bridged intermediate after abstrac­
tion (eq 6), but this seems rather unlikely since no ki­
netic acceleration was observed. 

Br- + C4H9Br HBr + CH3CH2CHCH,Br 

(6) 

CH3CH2CH-CH, 
\ •/ 
Br 

JBr, 

f 
CH3CH2CHCH2 

Br 

Resonance stabilization of the /3 radical by the neigh­
boring bromine atoms (eq 7) is another possible ex­
planation of the enhanced stability of the /3 radical. 
Br- + CH3CH2CH2CH2Br: : HBr + CH3CH2CHCH2Br 

CH3CH2CH=CH2Br- (7) 

An attractive alternative explanation for the observed 
product distribution is in terms of the well-documented 
elimination of a bromine atom by /3-scisson to form the 
olefin20'21 and the subsequent addition of molecular 
bromine to form the 1,2-disubstituted dibromide (eq 
8 and 9). 

CH3CH2CHH2CBr 

CH3CH2CHCH2 + Br2 

• CH3CH2CH=CH2 + Br- (8) 

Br 

• CH3CH2CHCH2 (9) 
I 

Br 

Our results may well be explained by this last pro­
posal. The initially formed radicals undergo rapid 
reaction with hydrogen bromide, and reversibility com­
petes with chain transfer with molecular bromine. 
When the radical formed is /3 to the bromine substituent, 
it has the additional possibility of being able to elim­
inate to give the olefin,22 if it is in the proper steric ori­
entation. 

K -^r? 
The olefin so formed rapidly adds bromine,23 by 

either an ionic or a free-radical mechanism, giving in 
either case a predominantly trans dibromide. A sim­
ilar elimination-addition mechanism has previously 
been put forward in a similar context to explain the re-

(20) B. P. McGrath and J. M. Tedder, Proc. Chem. Soc, 80, 199 
(1961). 

(21) C. Walling, "Free Radicals in Solution," John Wiley & Sons, 
Inc., New York, N. Y„ 1957, pp 302-308. 

(22) P. S. Fredricks and J. M. Tedder, /. Chem. Soc, 144 (1960). 
(23) W. O. Haag and E. I. Heiba, Tetrahedron Lett., 3679 (1965). 
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arrangement products found in the chlorination of t-
butyl bromide by f-butyl hypochlorite.24 Similarly, a 
precedent exists in the chlorination of 1-bromobutane, 
in which 1,2-dichlorobutane is suggested as arising 
through an elimination-addition process.22 

The elimination-addition mechanism could be sub­
ject to further modification. As pointed out by a 
referee the conversion of the alkyl bromide to olefin 
could be catalyzed by hydrogen bromide by a process 
involving simultaneous hydrogen abstraction by Br­
and loss of Br • which is complexed to HBr. 

Finally, in the brominations carried out by means of 
NBS, it might be expected that if elimination to the 
olefin (eq 8) occurs, then the allylic substitution product 
should be formed, as usually happens in NBS bromina­
tions. However, our reactions with the deactivated 
substrate 1-bromobutane were characterized by abnor­
mally long reaction times compared with reactions of 
unsubstituted hydrocarbons. During the reaction 
molecular bromine attained a sufficiently large concen­
tration to be visible, and since allylic bromination is de­
pendent upon the concentration of molecular bromine 
being very small,20 addition of bromine to the olefin is 
the predominant reaction. 

Experimental Section 
Materials. AU chemicals were commercially available. Puri­

fication of 1-bromobutane was accomplished by washing with 
concentrated sulfuric acid followed by fractional distillation. Ace-
tonitrile was distilled from phosphorus pentoxide and stored over 
activated molecular sieve No. 3A. Bromine and N-bromosuccin-
imide were used without further purification. 

Bromination of 1-Bromobutane with Molecular Bromine. The 
reaction mixture consisted of a 1:6 mole ratio of bromine to the neat 
alkyl halide. The solutions were degassed by the freeze-thaw 

(24) W. O. Haag and E. I. Heiba, Tetrahedron Lett., 3683 (1965). 

Electron spin resonance (esr) spectral parameters for 
COT-soIvent-M systems are temperature, solvent, 

and counterion dependent.2 Of particular interest is 

(1) Anion Radicals in Liquid Ammonia. III. Part II: F. J. 
Smentowski and G.R. Stevenson, J. Phys. Chem., 73, 340 (1969). 

(2) (a) T. J. Katz, /. Amer. Chem. Soc., 82, 3784, 3785 (1960); 
(b) H. L. Strauss, T. J. Katz, and G. K. Fraenkel, ibid., 85, 2360 (1963); 

method and irradiated in sealed Pyrex ampoules with a 100-W 
incandescent lamp at 30°. The ampoules were removed after 
various lengths of time, 1,4-dichlorobutane was added as an 
external standard, and the reactions were analyzed on a 10 ft X 
0.25 in. SE-30 glpc column. Molar amounts of the brominated 
products were calculated from calibration plots of area ratios vs. 
the authentic samples. Three of the brominated products were 
identified by comparison of their retention times on three different 
glpc columns with those of commercially available compounds. 
1,1-Dibromobutane was identified by its nmr and ir spectra. The 
results of these brominations are shown in Table II. 

Bromination of 1-Bromobutane with N-Bromosuccinimide. The 
reaction mixtures consisted of a 1:6 mole ratio of N-bromosuc-
cinimide to the neat alkyl halide. The reaction mixtures were de­
gassed by the freeze-thaw method and irradiated in sealed Pyrex 
ampoules with two 200-W incandescent lamps at 30°. After 4 hr, 
the ampoules were analyzed as above and the isomer distribution 
was found to be 1.00:6.19 (1,3:1,2-dibromobutane). 

In a alternative method, reaction mixtures consisted of 1:4 mole 
ratio of N-bromosuccinimide to the alkyl halide in acetonitrile. 
The reaction mixtures were degassed by the freeze-thaw method 
and irradiated in sealed Pyrex ampoules with two 200-W incandes­
cent lamps at 30°. The tubes were removed after varying lengths 
of times and analyzed as above. The results are shown in Table IV. 

Bromination of 1-Bromobutane with Molecular Bromine in Aceto­
nitrile. The reaction mixtures consisted of 1:4 mole ratios of molec­
ular bromine to the alkyl halide in acetonitrile. The reaction mix­
tures were degassed by the freeze-thaw method and irradiated in 
sealed Pyrex ampoules with two 200-watt incandescent lamps at 
30°. The ampoules were removed after varying lengths of time 
and analyzed as above. 

Bromination of 1-Bromobutane with Added Hydrogen Bromide. 
The reaction mixtures consisted of a 1:6 mole ratio of molecular 
bromine to the neat alkyl halide had been saturated with hydrogen 
bromide (0.34 M). The reaction mixtures were degassed by the 
freeze-thaw method and irradiated at 30°, along with identical 
reaction mixtures without added hydrogen bromide. The ampoules 
were removed after varying lengths of time and analyzed as above. 
The results are shown in Table III. 
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the reported rate difference of 104 for the electron trans­
fer (eq 1) (where TT = COT, and w~M+ and 7r2-M2+ 
represent all forms of the ions from tight ion pairs 
and/or higher agglomerates3 to dissociated ions) for the 
(c) R. D. Allendoerfer and P. H. Rieger, ibid., 87, 2336 (1965); (d) 
F. J. Smentowski and G. R. Stevenson, ibid., 89, 5120 (1967). 

(3) N. Hirota, /. Amer. Chem. Soc., 89, 32 (1967). 

Activation Parameters for the Electron Transfer between 
Cyclooctatetraene Dianion and Anion Radical1 
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Abstract: Rate constants and activation parameters have been determined for electron transfer between cyclo­
octatetraene (COT) dianion and the anion radical for various COT-solvent-M (where M = Li, Na, K) systems. 
As determined by electron spin and nuclear magnetic resonance, the rate constant for electron transfer (eq 1) is very 
dependent upon the solvent and the counterion. Even in ammonia, a relatively protic and ionizing solvent, the 
rate of electron transfer is dependent upon the counterion. Possible line-broadening mechanisms in this solvent 
are discussed. 
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