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Rearrangement is observed in the free-radical hydrobromination of propargyl bromide. Between 
-20 and +30 "C in n-pentane or ether solution, 1,2-dibromopropene is the major product. A detailed 
stereochemical and kinetic study of the reaction indicates that the 1,2-dibromopropene is formed via 
bromoallene which results from the loss of a bromine atom from the first formed 1,3-dibromo-2-propenyl 
radical. Only 113 to 112 of the broinoallene diffuses away froin its bromine atom partner. The remainder 
of the bromoallene recombines within the solvent cage with its bromine atom partner at a rate which 
is competitive with its rate of rotation with respect to the bromine atom. When the free radical 
hydrobromination of propargyl bromide is carried out at -78' in liquid hydrogen bromide, the 
1,3-dibromo-2-propenyl radical can be trapped to a large extent by the hydrogen bromide to form 
cis-1,3-dibromopropene. The stereochemistry of this addition reaction > 99 % trans. A small amount 
of 1,2-dibromopropene which is 77 % trmls is also formed. Under the same conditions a 3 :1 mixture of 
1,2- and 1,3-dibromopropenes is produced froin bromoallene. The 1,3-dibroinopropene produced from 
bromoallene is > 95 %cis, while the 1,7-dibromopropene consists of a49:51 cis:tratzs mixture of isomers. 
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In connection with another problem in these 
laboratories a large amount of 1,3-dibromopro- 
pene was required. The free radical hydrobro- 
mination of propargyl bromide appeared to be 
a more convenient route to this compound than 

[I] HC=CCH2Br + HBr -> CHBr=CHCHzBr 

those already available (1-3). Free radical hydro- 
bromination of terminal acetylenes has been 
shown to give anti-Markovnikov products (4-6). 
However, when hydrogen bromide was bubbled 
through propargyl bromide containing benzoyl 
peroxide at 0 "C, only ca. 15% of 1,3-dibromo- 
propene was formed. The major product was 
1,2-dibromopropene which was isolated in 54% 
yield. A rearrangement, presumably migration 
of a bromine atom, has clearly occurred in this 
transformation. In view of the interest in bro- 
mine migrations (7, 8) and the mechanism of 
free radical addition of hydrogen bromide to 
unsaturated systems (7-16), the course of this 
reaction was examined in detail. 

Products and Nature of Reactiotz 
It was found that up to 7 compounds can be 

present in reaction mixtures from the hydro- 

'(a) Presented in part at the 48th Chemical Conference 
of the Chemical Institute of Canada, Montreal, Quebec, 
May, 1965. Abstracts, p. 61. (b) Abstracted from a Thesis 
submitted by S. Grover to the Faculty of Graduate 
Studies of the University of Alberta in partial fulfillment 
of the requirements for the M.Sc. Degree, May, 1966. 

ZHolder of a Province of Alberta Scholarship 1963- 
1964 and 1964-1965 and a NRCC Studentship 1965-1966. 

bromination of propargyl bromide. These are 
cis- and trans-l,2-dibromopropene, cis- and 
trans-l,3-dibromopropene, 2-3-dibromopropene, 
bromoallene, and propargyl bromide. Clean 
separation by gas-liquid chromatography of all 
these compounds could be achieved using a 
9.5 ft x 114 in. column of 10 % UCON 50HB5100 
on Chromosorb W. All analyses reported were 
obtained by gas-liquid chromatography using 
this column. The identification of these com- 
pounds is described in the Experimental. 

Some preliminary experiments were carried 
out in order to confirm that the formation of 
1 ,2-dibromopropene from the hydrobromination 
of propargyl bromide was the result of a free 
radical process. These are summarized in Table I. 

High yields of 1,2-dibromopropene were ob- 
tained only in the presence of benzoyl peroxide 
or under illumination. Addition of the free 
radical inhibitors hydroquinone and ferrous 
chloride to the reaction mixtures resulted in the 
formation of considerable amounts of 1,3- and 
2,3-dibromopropenes, presumably by an ionic 
process or processes. Reaction in the dark is 
very slow in the absence of initiators. This 
evidence confirms that hydrobromination of 
propargyl bromide under free radical conditions 
results in almost exclusive formation of a prod- 
uct of a rearrangement, 1,2-dibromopropene, 
at 0 "C. 

No evidence was found for the formatioil of 
any 3,3-dibromopropene by either the free radi- 
cal or ionic addition of hydrogen bromide to 
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TABLE I 
Product distribution from preliminary hydrobrominations of propargyl bromide a t  0 "C* 

% Dibromopropenet 

Run Solvent Conditions and additives 1,2- 2,3- 1.3- 

1 None Benzoyl peroxide 549 03 15t 
2 None FeCI3 + hydroquinone 59 26 15 
3 Pentane Benzoyl peroxide 98 0.1 2 
4 Ether Dark, FeCI3 + hydroquinone 21 79 0 
5 Acetic acids FeClz + hydroquinone 64 25 11 
6 Pentane Dark, no additive 91 71 57 4 'li 

- 

!Except for run 5 reactions were carried out by passing HBr gas into the reaction mixture. Reactions were complete after 

propargyl bromide. Product balances of 95- 
100% were obtained indicating that little, if any, 
polymer or tribromide was formed in either the 
ionic or free radical reactions and that these 
reactions stopped cleanly at the dibromide stage. 

The 1,2- and 1,3-dibromopropenes produced 
in these reactions are mixtures of cis and trans 
isomers. It was shown that these mixtures are 
equilibrium mixtures. The equilibrium composi- 
tions of the 1,2- and 1,3-dibromopropenes were 
determined by irradiating with a sun lamp, the 
pure geometric isomers in pentane solution 
saturated with hydrogen bromide until no fur- 
ther change in isomer composition was observed. 
These results are shown in Table 11. 

TABLE I1 
Equilibration of isomers of 1,2- and 1,3-dibromopropene 

at  0 "C. 

Starting compound Equilibrium composition 

cis-1,ZDibroinopropene 76.8 % trarzs 
trar~s-l,2-Dibromopropene 77.1 % trrnzs 
cis-1,3-Di bromopropene 84.5% cis 
trans-l,3-Dibromopropene 83.1 % cis 

smoothly decreases and that of 1,2-dibromo- 
propene smoothly increases as the reaction 
progresses. This behavior is independent of the 
rate of hydrogen bromide addition and of the 
initial propargyl bromide and benzoyl peroxide 
concentrations. The propargyl bromide initially 
contained less than 0.5 % bromoallene. These 
observations, coupled with the observation that 
no bromoallene is produced in the dark in the 
absence of benzoyl peroxide under otherwise 
identical conditions (run 6, Table I), show that 
formation of bromoallene from propargyl bro- 
mide also is a free radical process under these 
conditions. 

When pure bromoallene is hydrobrominated 
at 0" in pentane solution in the presence of 
benzoyl peroxide, a mixture of 95% 1,2-dibro- 
mopropene and 5 % 1,3-dibromopropene is 
formed. This product composition is essentially 
identical to that obtained from propargyl bro- 
mide under these conditions (run 3, Table I). 
Only trace amounts of propargyl bromide are 
formed during the hydrobromination of bromo- 
allene under these conditions. 

Bromoallene was detected in reactions which 
were interrupted before completion. Continuous 
monitoring of several hydrobromination reac- 
tions in pentane containing benzoyl peroxide as 
initiator revealed that the concentration of 
bromoallene always increases to a maximum of 
about 10% of the initial propargyl bromide 
concentration at about 20 to 40% reaction, and 
then slowly decreases as the reaction progresses 
further. The amount of propargyl bromide 

Attempts to Trap Radical Intermediate 
I t  seemed possible that all the dibromide 

produced from the free radical hydrobromina- 
tion of propargyl bromide is formed from bro- 
moallene after a prior isomerization of the 
propargyl bromide to bromoallene under the 
reaction conditions, eqs. [2]-[5]. The bromoal- 
lene could be formed from propargyl bromide 
by addition of a bromine atom to the terminal 
carbon atom of the acetylene, followed by loss 
of the bromine atom originally present, see 
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KOPECKY AND GROVER: FREE RADICAL HYDROBROMINATION 

CH2 ,y 
C H B ~ Z C  

\ 
+ HBr -+ CHBr=CBr-CH3 4- Br, 

Br 

reactions [2] and [3]. In the free radical hydro- 
bromination of propyne to form cis-l-bromopro- 
pene (6) the bromine atom adds to the terminal 
carbon atom, and it has been shown that a 
bromine atom is readily lost from a carbon atom 
adjacent to a radical center (17). Addition of a 
bromine atom to  the center carbon atom of 
bromoallene would give a long-lived allylic 
radical, reaction [4], which would react with 
hydrogen bromide to form 1,2-dibromopropene. 

Several attempts were made to  trap the postu- 
lated intermediate cis-1,3-dibromo-2-propenyl 
radical with hydrogen bromide at 25" in solution, 
reaction [6a]. Increasing the rate of introduction 
of hydrogen bromide into hydrobromination 
reactions of propargyl bromide in pentane solu- 
tion did not result in any change in product 
composition. The maximum concentration of 
hydrogen bromide in pentane which could have 
been attained under these conditions is ca. 0.6 M 
(18). More concentrated hydrogen bromide solu- 
tions can be prepared in ether. A hydrobromina- 
tion under illumination by a sun lamp of 
propargyl bromide in ether saturated with hy- 
drogen bromide (ca. 40% HBr) did result in 
formation of significant amounts of 1,3-dibro- 
mopropene. The distribution of dibromides 
formed was 1,2-dibromopropene (1 1 %), 2,3-di- 
bromopropene (19 %), and 1,3-dibromopropene 
(70%). The presence of a considerable quantity 
of 2,3-dibromopropene in the product mixture 
indicates that a significant amount of ionic 
reaction had occurred. This makes uncertain 

what amount of 1,3-dibromopropene was formed 
by trapping of any intermediate radical. A 
hydrobromination under illumination of pro- 
pargyl bromide in ether solution 1.3 M in hy- 
drogen bromide resulted in the formation of a 
90: 10 mixture of 1,2- : 1,3-dibromopropene and 
only traces of 2,3-dibromopropene. This product 
composition is not significantly different from 
those of numerous runs carried out in ether 
solution 0.32 M in hydrogen bromide at 25" (see 
below) or in one run at - 20". Hydrobromination 
under illumination of propargyl bromide in 
ether solution more concentrated than about 
1.3 M in hydrogen bromide always resulted in 
formation of significant amounts of 2,3-dibromo- 
propene. The intermediate radical cannot be 
trapped to any significant extent by hydrogen 
bromide at hydrogen bromide concentrations of 
up to 1.3 M at 25". Above this concentration 
ionic reactions begin to interfere. 

An earlier attempt to carry out free radical 
addition of hydrogen bromide to unsaturated 
systems in ether solution failed (10). In the 
present study free radical hydrobrominations in 
ether solution occurred only if ether was care- 
fully treated prior to reaction (see Experimental). 

The intermediate 1,3-dibromo-2-propenyl rad- 
ical would be expected to have a longer life at 
lower temperatures and experiments designed to 
trap it at  -78" were carried out. 

Attempts to carry out free radical hydro- 
bromination of propargyl bromide in ether or 
pentane solution at low temperature were C
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TABLE 111 
Product distribution and stereochemistry of free radical hydrobromination of 

propargyl bromide and bromoallene in liquid hydrogen bromide at -78' 

% Dibromopropene 

Conversion ( %) Bromoallene ( %) 12- (% trans) 1,3- (% cis) 

From propargyl bromide 
0.3 - 

From bromoallene 
9.3 - 6.8 (51.4) 2.5 (95.5) 

48.0 - 36.1 (50.8) 11.9 (92.6) 

frustrated by the formation of solid phases. When 
a 0.32 M solution of hydrogen bromide in ether 
was cooled to -78" a large amount of white 
precipitate formed. A pentane solution 0.32 M 
in hydrogen bromide was homogeneous at 
-78". However. introduction of even small 
amounts of propargyl bromide resulted in im- 
mediate formation of a precipitate. 

Both bromoallene and propargyl bromide 
form homogeneous solutions with hydrogen 
bromide at -78". A number of free radical 
hydrobrominations of bromoallene and pro- 
pargyl bromide were carried out in degassed 
liquid hydrogen bromide solution at this tem- 
perature. Reactions were initiated by illumina- 
tion from a sun lamp. Similar conditions have 
previously been used for the free radical hydro- 
bromination of propyne (6). No addition or 
isomerization occurred in the absence of illu- 
mination. No reaction products with molecular 
weight higher than that of dibromopropene were 
detected. Results from a number of experiments 
are summarized in Table 111. Propargyl bromide 
and bromoallene gave different product distri- 
butions under these conditions and product dis- 
tributions from both were different from those 
observed in reactions at room temperature in 
solution. The ratio 1,2-: 1,3-dibromopropene 
formed in the radical hydrobromination of either 
bromoallene or propargyl bromide in solution 
at room temperature is always in the range 10 :1 
to 30:l. In reactions at -78" the 1,2-:1,3-di- 
bromopropene ratio obtained from propargyl 
bromide was ca. 1 :12 and that obtained from 
bromoallene was ca. 3:l. Radical hydrobromina- 
tion of propargyl bromide can yield either 1,2- 
dibromopropene almost exclusively or 1,3-di- 

bromopropene almost exclusively depending 
upon reaction conditions. The very predominant 
formation of 1,3-dibromopropene at low tem- 
perature shows that the bromine atom adds at 
the terminal acetylenic carbon atom of propargyl 
bromide. That only small amounts of bromoal- 
lene and 1,2-dibromopropene are formed from 
propargyl bromide in these reactions can be 
explained by postulating that in liquid hydrogen 
bromide at -78" (a) the intermediate cis-1,3- 
dibromo-2-propenyl radical, if formed, abstracts 
a hydrogen atom from hydrogen bromide much 
more rapidly than it loses a bromine atom to 
form bromoallene, or (b) the bromine atom 
reacts with a propargyl bromide-hydrogen bro- 
mide complex and hydrogen atom transfer is 
rapid (10). 

Stereochemistrj) of Hydrogen Bromide Additioi? at 
- 78" 

The proportion of the cis-isomer in the 1,3- 
dibromopropene mixture decreases somewhat as 
the reaction proceeds. This appears to be due 
to a slow isomerization catalyzed by hydrogen 
bromide. Extrapolation of a plot of % cis-1,3- 
dibromopropene vs. % conversion to 0 %  con- 
version gives an intercept of 99.2% cis. This 
value is significantly different from the equilib- 
rium value which is calculated to be ca. 90% cis 
at -78". The radical hydrobromination of 
propargyl bromide under these conditions is a 
stereospecific trans addition reaction. The hy- 
drobromination of propyne has also been shown 
to be a stereospecific traiw addition reaction 
under the same conditions (6). 

Unexpectedly, the 1,3-dibromopropene formed 
from bromoallene under these conditions is also 
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mainly the cis-isomer. Extrapolation to  0 %  
conversion indicates that the proportion of cis- 
isomer formed initially in this reaction is > 96 %. 

The radical addition of hydrogen bromide to  
olefills at low temperature has been shown to be 
a stereospecific trans-process (1 1, 12, 19) and 
there is no obvious reason why addition of a 
bromine atom could not occur equally well at 
either side of the bromoallene molecule to  give 
a mixture of cis- and trans-l,3-dibromo-2-pro- 
penyl radicals, at least in incipient form, reac- 
tions [6a] and [6b]. Perhaps hydrogen transfer 

from hydrogen bromide to the trans-radical is 
sterically hindered. Inspection of Fisher-Hirsch- 
felder-Taylor molecular models indicates that 
there may be some interference by the vinyl 
bromine atom to approach of hydrogen bromide 
to  the adjacent vinylic radical center in the trans 
radical. In the case of the reaction involving a 
hydrogen bromide-allene complex, the hydrogen 
bromide would have to shift from a symmetrical 
position between the terminal and central carbon 
atoms toward the central carbon atom before 
hydrogen atom transfer could occur, and this 
shift would also be more difficult in the process 
leading to the trans-dibromide. 

The 1,2-dibromopropene produced from bro- 
i~loalleile has a different isomer conlposition 
from that produced from propargyl bromide. At 
-78" the equilibrium mixture is calculated to  
contain ca. 82% of the trans-isomer. In neither 
reaction is the equilibrium mixture formed. The 
isomer ratio of 1,2-dibromopropene remains es- 
sentially constant during both reactions, so that 
1,2-dibromopropene is isomerized much more 
slowly than 1,3-dibromopropene under these 
reaction conditions. 

Kinetic Evidence for Radical Intertnecliate iiz 
Solrrtiotz 

The results of the low temperature hydro- 
brominations of propargyl bromide show that 
the initial point of attack of the bromine atom 
is at the terminal carbon atom of the acetylernic 
group. This would indicate that in ether and 
pentane solution bromoallene is formed by way 
of the cis-1,3-dibromo-2-propenyl radical, reac- 

tions [2] and 131. In order to obtain kinetic 
evidence for the formation of this intermediate, 
several runs were made in ether with known 
concentrations of reactants and were continu- 
ously monitored. 

Oxygen-free solutions of propargyl bromide 
and hydrogen bromide in ether were irradiated 
at room temperature. These reactions were 
homogeneous. As was observed in the more 
qualitative runs carried out in pentane, the 
bromoallene concentration increased to  ca. 10- 
12% of the initial propargyl bromide concen- 
tration and then decreased as the reaction pro- 
gressed further. No variation in behavior was 
observed when the initial hydrogen bromide 
concentrations were varied from 0.32 to 1.3 M. 
Results from two runs at the extremes of hy- 
drogen bromide concentration used are shown 
in Fig. 1. No reaction was observed in the 
absence of illumination. 

Although the 1,2-dibromopropenes formed in 
hydrobromination reactions carried out in pen- 
taile solution were always equilibrated, this was 
not the case when the reactions were carried out 
in ether solution. Here the isomer ratio varied 
during the course of a reaction and always con- 
tained less than the equilibrium amount of the 
trans-isomer. 

0 2 0  40 60 80 100 
PER CENT REACTION 

FIG. 1. Disappearance of starting material and forma- 
tion of products in radical liydrobromination of pro- 
pargyl bromide in ether at 25'. 0, run 8, [HBr], = 
1.32 M, [PB], = 0.032 M, 6 %  1,3-dibromopropene pres- 
ent at 80% reaction; 0, run 10, [HBr], = 0.32 M, 
[PB], = 0.032 M, 5 % 1,3-dibromopropene present at 
the end of the reaction. 
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The equilibrium ratio was determined in ether 
by irradiating a solution of pure trans-1,2-di- 
bromopropene and hydrogen bromide in this 
solvent. Equilibration proceeded much more 
slowly than did the equilibration in pentane, but 
afforded esseiltially the same isomer composition 
as formed in pentane: 77.8 % trans- and 22.2% 
cis-1,2-dibromopropene. 

I t  appeared at first that the 1,2-dibromopro- 
pene formed initially contained more of the 
cis-isomer than the equilibrium mixture and that 
equilibration occurred slowly as the reaction 
progressed. However, when the isomer composi- 
tion was monitored early in the reaction, it was 
found that the reaction was more complex. The 
upper curve of Fig. 2 shows the variation of the 
% of trans-isomer in the 1,2-dibromopropenes 
formed from propargyl bromide during ca. the 
first 30 % of reaction. Extrapolation of the curve 
to 0 %  reaction gives an intercept of ca. 74% 
trans-1,2-dibromopropene. The % of trans- 
isomer present actually decreases from near the 
equilibrium % early in the reaction, to 67 %, and 
only later beings to increase again. 

The lower curve of Fig. 2 shows the variation 
during approximately the first 30% of reaction 
of the % of the trans-isomer of the 1,2-dibromo- 
propenes formed in hydrobromination of bromo- 
allene under illumination in ether. The ~esults 
are entirely different from those obtained 
with propargyl bromide. Initially, nearly equal 
amounts of cis- and trans-isomers are present. 
As the reaction progresses the proportion of 
trans-isomer increases slowly. 

It is clear that mechanism of formation of 1,2- 
dibromopropene in the radical hydrobromination 

of propargyl bromide is more complex than is 
indicated by reactions [2]-[5]. In ether solution 
at 25" a significant portion of the product must 
arise by a process not involving free bromoallene. 

Further support for this conclusioil is obtained 
from the kinetic analysis of the reaction. If all 
the product were formed via free bromoallene 
then the reactions may be formulated as in reac- 
tions [2]-[5]. Since the loss of a bromine atom 
from the 1,3-dibromo-2-propenyl radical is fast 
and the amount of bromoallene present in the 
reactions is independent of hydrogen bromide 
concentration, Fig. 1, rate-determining steps 
may be represented as 

where PB = propargyl bromide, BA = bromo- 
allene, and DB = 1,2-dibromopropene. The fol- 
lowing expressions may now be written 

- d [BA] 
[lo] d t  = k,[BA][Br.] - kl[PB:IIBr.] 

d[BA] k2[BA] - k, [PB] 
[I1] ,[,,I = k,[PB] 

d [BA] k2 [BA] 
[I2] ~[PB]-~,[PB]=-~ 

This expression may be integrated (20) using 
[PB,] and [O] as the initial limits, and [PB] and 
[BA] as the final limits of the variables to give 

[13] [BA] = 

! I I I 
I 2 3 4 5 

TIME (minl  

FIG. 2. Variation of isomer composition of 1,2-di- 
bromopropene with time in radical hydrobromination of 
proparpl bromide (upper curve) and bromoallene (lower 
curve) In ether at 25". 

This result is identical to that obtained by 
McMillan (21) using a somewhat different 
method. The ratio k2/kl may be determined from 
the maximum concentration of bromoallene. 

[15] k2/k, = [PB]/[BA] at maximum BA 
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KOPECKY AND GROVER: FREE RADICAL HYDROBROMINATION 3 1 5 9  

Unfortunately the concentration of bromo- 
allene passes through a broad maximum and the 
concentration of propargyl bromide varies con- 
siderably, while the concentration of bromoallene 
varies but little. In each of a number of runs the 
ratio k2/k, calculated in this manner varied from 
about 5 at  the beginning of the broad maximum 
to  about 3.5 at the end of the broad maximum. 
The ratios used for calculations were taken from 
concentrations at the estimated midpoiilt of the 
broad maximum and were 4.0 for three runs and 
4.7 for one run. Using eq. [13] the upper curve 
of Fig. 3 was calculated for the concentration of 
bromoallene during run 10. This curve is clearly 
different from the experimental curve. Bromo- 
allene is neither being formed as rapidly nor 
consumed as rapidly as required were all the 
intermediate cis-l,3-dibromo-2-propenyl radicals 
converted to free bromoallene. I t  appears that 
only a portion of the intermediate radicals formed 
yields free bromoallene. 

PER CENT REACTION 

FIG. 3.  Variation of bromoallene concentration with 
time in hydrobromination of propargyl bromide in ether 
at 25" in run 10 .  0, Observed; 0, calculated using eq. 
[13] ;  0, calculated using eq. [ I 6 1  with F = 112; B, 
calculated using eq. [ I 6 1  with F = 113. The middle curve 
is drawn through the experimental points. 

If only a fraction, F, of the intermediate cis-1,3- 
dibromo-2-propenyl radicals formed is diveited 
to free bromoallene, the following equation may 
be derived to represent the concentration of 
bromoallene during the course of the reaction 

[I61 [BA] = 

A series of curves was calculated for each run 
using various values of F. The ratio k2/1c, in 
these cases is given by 

[17] k,/k, = F [PB]/[BA] at maximum BA 

Figure 3 shows curves obtained using eq. [16] for 
run 10 using different values of F. The curve 
calculated using F = 112 gives a very close fit to  
the experimental curve. For four runs very close 
agreement between the calculated and experi- 
mental curves was obtained, with the values of F 
and k,/k, shown in Table IV. These results 
indicate that about 50 % of the reaction proceeds 
by a process not involving free bromoallene. 

TABLE IV 
Values of F and k J k 1  for hydrobrominations of 

propargyl bromide in ether at 25"  

Run [PB],. * M [HBr],. M F kzlkl 

*Propargyl bromide contained less than 0.5 % bromoallene initially. 

Reactions of the Radical Intertnediate 
There appear to  be two possible processes 

which could account for that part of the reaction 
which does not form free bromoallene. One pro- 
cess involves an intramolecular bromine atom 
migration, Fig. 4, to form the allylic 1,2-dibromo- 
propenyl radical. The other process could be a 

FIG. 4. Stereochemistry of bromine atom migration. 

cage reaction between bromoallene and its 
bromine atom partner which results from loss of 
a bromine atom from the 1,3-dibromo-2-pro- 
penyl radical, Fig. 5. A choice can be made be- 
tween these two processes by considering the 
stereochemistry of the reaction in ether solution 
at short reaction times, Fig. 2, and the geometric 
requirements of the two processes. 

As Fig. 4 shows, bromine atom migration 
must produce the 1,2-dibromopropenyl radical 
with the bromine atoms trans. This would also 
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FIG. 5. Stereochemistry of bromine atom elimination followed by recombination. 

be so if the initial radical were a bridged radical 
instead of a vinyl radical as depicted. However, 
it is difficult to account for the formation of 
bromoallene from a bridged radical without first 
opening it to cis-1,3-dibromo-2-propenyl radical, 
and it is not required to account for any of the 
results. From the stereochemical results illus- 
trated in Fig. 2, it can be concluded that the 
1,2-dibromopropenyl radicals must maintain 
their geometry under these reaction conditions. 
I t  has already been shown that other types of 
allylic radicals are geometrically stable (22). Thus, 
any 1,2-dibromopropene formed via bromine 
atom migration must be completely trans. The 
stereochemistry of the first formed 1,2-dibromo- 
propene can be determined by reference to Fig. 
2. The intercept at 0 % reaction of the upper curve 
gives the stereochemistry of the initial product 
before isomerization and before any reaction of 
bromoallene. The result is 74% trans. I t  can be 
shown in another way from the data illustrated 
in Fig. 2 that the initial stereochemistry cannot 
be 100% trans. The lower curve in Fig. 2 shows 
that isomerization of the products (to 78 % trans) 
is very slow under these conditions and that at 
reaction times of 2-5 min the stereochemistry of 
the 1,2-dibromopropenes formed from bromo- 
allene is about 60% trans. Assuming that 50 % 

of the 1,2-dibromopropenes produced in the 
hydrobromination of propargyl bromide under 
these conditions arises via free bromoallene (a 
maximum amount based on the kinetic results) 
and the other 50% arises via a process giving 
74 % trans, then the net isomer distribution dur- 
ing this time should be about 67% trans. This 
agrees well with the value of 68-69 % trans shown 
by the upper curve of Fig. 2. Were the other 50 % 
to arise via a process giving 100% trans rather 
than 74 % trans, then the net isomer distribution 
would be about 80% trans during the first 2-5 
min of reaction. This is not observed. Clearly the 
stereochemistry of the first formed 1,2-dibromo- 
propenes must be quite different from 100 % trans 
which indicates that a bromine atom migration 
cannot be involved. This is not unexpected as the 
initial radical formed upon bromine atom migra- 
tion would not be the stabilized ally1 radical but 
one in which the odd electron is localized in an 
atomic p orbital which is perpendicular to  the 
plane of the adjacent n-orbital. There is no driving 
force for the migration as the primary radical 
formed would not be expected to show stability 
over the initial vinyl radical. 

This leaves the cage reaction as the only al- 
ternative for the ca. 50% of the reaction which 
does not proceed via bromoallene. The cage 
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reaction must be stereoselective since the ini- 
tial stereochemistry of the 1,2-dibromopropene 
formed from bromoallene is different from that 
of the 1,2-dibromopropene formed from pro- 
pargyl bromide. Loss of a bromine atom from 
the 1,3-dibromo-2-propenyl radical must occur 
from a conformation in which the carbon-bro- 
mine bond that is breaking is parallel to the 
orbital containing the odd electron. The con- 
formation of lower energy is shown in Fig. 5. 
The other conformation in which the bromo- 
methyl group has rotated by 180" with respect to 
the conformation shown is seen by inspection of 
Fisher-Hirschfelder-Taylor models to be severe- 
ly strained due to  steric interference between the 
bromine atoms. In fact, that conformation can- 
not be made with the models. When initially 
formed the bromoallene molecule and the bro- 
mine atom have the steric relationship shown in 
Fig. 5 in which the bromine atom is on the 
opposite side of the molecule from the bromine 
atom in the molecule and in the plane defined by 
the bromomethylene group. Radical A, formed 
by recombinatioil of the bromine atom with the 
p orbital in the plane of the bromomethylene 
group on the side opposite to  the bound bromine, 
will give the trans-] ,2-dibromopropenyl radical 
upon rotation of the methylene group and will 
finally give trans-1,2-dibromopropene. Reaction 
at the same orbital a t  the side cis to the bound 
bromine will give radical C which will then give 
the cis-l,2-dibromopropenyl radical and thus cis- 
1,2-dibromopropene. Reaction with the other p 
orbital will give radical B. Rotation of the bromo- 
methylene group in either direction will give a 
stable allylic radical so that one would expect 
radical B to  give approximately equal amounts of 
cis- and trans-l,2-dibromopropenyl radicals, and 
hence equal amounts of cis- and trans-1,2-di- 
bromopropene. Since the cage recombinatioil 
gives more tratu-1,2-dibromopropene than does 
recombination outside the cage, the cage recom- 
bination to  give radical A must compete with 
rotation of the bromoallene molecule with re- 
spect to its bromine atom partner. This is, then, 
an example of a stereoselective atom-molecule 
cage recombination reaction. 

Relaxation times for molecular rotation of a 
number of small molecules in the liquid phase are 
near lo-'' s (23-25). This corresponds to the 
time that two particles will be confined to a sol- 
vent cage (26). It is thus reasonable that a reaction 

which can compete with diffusion can also com- 
pete with molecular rotation. Cage recombination 
of radicals derived from optically active azo com- 
pounds is a stereoselective process (27). 

The addition of a bromine atom to bromoallene 
must have a very low activation energy if it is to 
compete with diffusion and molecular rotation. 
It has been suggested that the addition of a 
bromine atom to allene requires little or no 
activation energy (28). The energetic requirements 
for the bromine atom - bromoallene addition 
reaction are expected to  be very similar. An 
atom-molecule cage recombination appears to 
occur in the radical chlorination of t-butyl 
bromide by t-butyl hypochlorite (29). 

In  an excellent study of the radical hydrobro- 
mination of allene it was shown that bromine 
atoms add to the terminal and central carbon 
atoms of allene at equal rates, and that the radical 
resulting from addition to the central carbon has 
a longer lifetime with respect to loss of the bro- 
mine atom than the radical resulting from ter- 
minal addition (28). As a result only products 
resulting from an initial addition of a bromine 
atom at the central carbon of allene are isolated 
when the concentration of hydrogen bromide is 
low or at high temperatures (30-32), while prod- 
ucts resulting from initial addition at the terminal 
carbon are observed only at high hydrogen bro- 
mide co~lcentrations and lower temperatures. I t  
was suggested that a bromine-bridged radical was 
not required to account for these results (28). The 
results of the present study are in complete agree- 
ment with these conclusions, and provide stereo- 
chemical evidence against the intervention of 
bromine-bridged radicals in allenic systems. 

The significance of the results obtained in the 
present study with respect to other systems in 
which bromine-bridged radicals or bromine atom 
migrations have been postulated (6-8, 33-35) is 
unclear. As was pointed out above there appears 
to be little, if any, driving force for bromine atom 
migration in the 1,3-dibromo-2-propenyl radical. 
In most of the other systems migration would lead 
directly to  a more stable radical. Also, in the 
present system the orbital bearing the odd elec- 
tron is directed more away from the adjacent 
carbon-bromine bond than is the case in a 
saturated system, Fig. 6. Both factors would make 
either bridging or migration in the 1,3-dibromo- 
2-propenyl radical less favorable than in the 
saturated systems. Thus, although the present 
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FIG. 6. Geometry of the 3-bromo-2-propenyl and 
the I-bronio-2-propyl radicals. 

study provides additional evidence that the loss 
of a bromine atom adjacent to a radical center 
is very rapid (17, 29) and that recombination at 
a different carbon atom is very rapid, the present 
system does not serve as a good model for an 
analogous process in the saturated systems. 

The ratio of terminal to center addition of a 
bromine atom to bromoallene observed in liquid 
hydrogen bromide in this study, 1 :3, differs from 
the ratio of 1 : 1 to be expected from the limiting 
ratio found in the case of allene (28). It is difficult 
to tell if the difference is significant as no effort 
was made in the present study to determine 
whether the ratio found was the limiting ratio. 

Gas P12ase Reactions 
The gas phase hydrobromination of propargyl 

bromide was also briefly studied in an attempt 
to  confirm that a considerable amount of the 
bromoallene formed in solution from propargyl 
bromide is consumed by a cage recombination 
reaction. There can be no cage reaction in the 
gas phase and in the absence of bromine atom 
migration; all the 1,2-dibromopropene formed 
should result from free bromoafiene. If bromine 
atom migration is occurring in solution it should 
also occur in the gas phase, and there would be, 
as in solution, two routes to 1,2-dibromopro- 
pene. Reactions were carried out in an oxygen- 
free system at room temperature under illumina- 
tion. ~ l l  the reactions had an inhibition period 
of ca. 5 min. No reaction was observed in the 
dark. In contrast to the reactions in solution, 
bromoallene was always formed much more 
rapidly than was 1,2-dibromopropene. The iso- 
mer composition of the 1,2-dibromopropene 
formed initially is ca. 54 % trans, Fig. 7. Isomeri- 
zation is rapid and the equilibrated mixture was 
present after only 2.6 % 1,2-dibromopropene had 
been formed. About 35% bromoallene was 
present by this time. No structurally isomeric di- 
bromopropenes were detected at these amounts 
of conversions. At higher conversions a thin film 

P E R  CENT CONVERSION 

FIG. 7. Variation of isomer conlposition of 1,2-di- 
brornopropene with conversion in the gas phase hydro- 
bromination of propargyl bromide at 25". 

deposited on the walls of the reaction vessel so 
the reaction was not investigated at higher con- 
versions. The stereochemistry of the 1,2-dibromo- 
propenes formed is quite similar to that found 
from hydrobromination of bromoallene in solu- 
tion. This indicates that in the gas phase the 
1,2-dibromopropenes are formed entirely from 
free bromoallene and that bromine atom migra- 
tion is unimportant. 

A recent report describes the equilibration of 
propargyl bromide and bromoallene catalyzed 
by hydrogen bromide under illumination a t  
135-200" (36). Equilibrium could be reached 
starting with either component and propargyl 
bromide was found to be more stable than 
bromoallene by 0.83 kcal at 400 OK. No more 
than traces of propargyl bromide were observed 
in any of the radical hydrobrominations of 
bromoallene in solution in the present study, even 
though at 25" the equilibrium mixture should 
consist of about 80% propargyl bromide. The 
route to propargyl bromide from bromoallene 
would be the reverse of reaction [3] followed by 
the reverse of reaction [2 ] .  That this process does 
not occur at 25" indicates that the activation 
energy for the loss of the vinyl bromine atom 
from the 1,3-dibromo-2-propenyl radical to give 
propargyl bromide, reaction [2], is significantly 
greater than is that for loss of the allylic bromine 
atom to give bromoallene, reaction [3]. This is 
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H-CECCHB~ 

H-C=C-CH2Br f Br. HBr + $ 3 B r  f H2C=C=CHBr 

HC=C=CHBr 

to be expected as aryl bromides, and, therefore, 
quite probably, vinyl bromides, have much 
stronger carbon bromine bonds than do allylic 
bromides (37). 

The mechanism proposed for the propargyl 
bromide-bromoallene equilibration (36) consists 
of reversible hydrogen atom abstractions by 
bromine atoms, reactions [18-191. From the re- 
sults of the present study it is clear that propargyl 
bromide can be coilverted to bromoallene simply 
by addition and subsequent elimination of 
bromine atoms, reactions [2] and [3]. These steps 
should be reversible at the temperatures used in 
the equilibration studies (36) and such a revers- 
ible addition-elimination sequence surely con- 
tributes significantly to the equilibration process 
and may well account for almost all the 
equilibration. 

Hydrogen chloride was also reported to 
catalyze the equilibration and a reversible hydro- 
gen abstraction reaction by chlorine atoms was 
invoked to account for it. However, an addition- 
elimination sequence probably coiltributes in this 
case also. Such a sequence would initially produce 
chloroallei~e and bromine atoms, reactions [20] 
and [21]. After only a few per cent conversion to 
chloroallene there would be enough bromine 
atoms produced, so that they would then become 
the exclusive chain carriers. 

Experimental 
Boiling points are uncorrected values. Infrared (i.r.) 

spectra were recorded on a Perkin-Elmer recording in- 
frared spectrophotometer, model 421, equipped with 
sodium chloride optics. Nuclear magnetic resonance 
(n.m.r.) spectra were recorded on a Varian analytical 
spectrophotometer, Model A-60. Tetramethylsilane was 
used as internal standard. 

Analytical gas-liquid chromatography (g.1.c.) was 
carried out with an Aerograph 202 fractometer using a 
9.5 ft x 114 in. stainless steel column packed with 10% 
Ucon-50-HB5100 (Polyglycol) on Chromosorb W. For 
preparative g.1.c. an Aerograph Autoprep equipped with a 
20 ft x 318 in. stainless steel column packed with 10% 
Ucon-50-HB280X (Polyglycol) on Diaport W.A.W. was 
used. The order of elution was the same on both columns 
and was bromoallene, propargyl bromide, tram-1,2- 
dibromopropene, cis-1,2-dibromopropene, 2,3-dibromo- 
propene, cis-l,3-dibron~opropene, and trm~s-1,3-dibromo- 
propene. Heptane was used as internal standard. Areas 
were measured by peak height x width at half-peak 
height. Controls using authentic mixtures showed that 
the thermal response factors of all the above materials 
were within 2 %  of the internal standard and no correc- 
tions were applied. 

Reactions carried out under irradiation were irradiated 
with a General Electric sun lamp. Solutions were dried 
with anhydrous magnesiunl sulfate. Matheson 99.8 % 
hydrogen bromide was used without further purification. 

Pentane was purified by shaking 500 ml technical grade 
material with 50 ml portions of concentrated sulfuric acid 
until the sulfuric acid layer remained colorless. The 
pentane was then shaken several times with water, dried, 
and distilled through a 40 cm vigreaux column. Heptane 
was purified in the same manner. 

Diethyl ether used as solvent for photoinitiated hydro- 
brominations was purified in the following way. Mallin- 
ckrodt absolute reagent grade material was distilled, 
anhydrous hydrogen bromide added to the distillate, and 
the resulting solution irradiated for 1 h. The ether was 
then washed with saturated salt solution until the aqueous 
layer was neutral, dried, distilled, and stored over sodium. 
Photoinitiated hydrobrominations in ether which was not 
purified in this manner had very long induction periods 
and produced impurities which interfered with product 
analysis by g.1.c. 

Propargyl bromide was prepared according to the 
method of Jacobs and Brill (38), b.p. 79" (695 mm), 1 1 ~ ~ ~  

1.4906; reported b.p. 81.8" (750 mm), nDZ0 1.4929 (38). 
This material always contained less than 0.5% bromo- 
allene according to g.1.c. analysis. 

Bromoallene was prepared according to a modification 
of the method of Jacobs and Brill (38). The crude product 
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was purified by preparative g.1.c. to give material con- 
taining less than 0.5% propargyl bromide, nDZ5 1.5182, 
reported ?toZ0 1.5200 (38). 

Hydrobromination Reactions a t  Room Temperature 
Reactions in pentane were carried out by bubbling 

hydrogen bromide through a stirred solution of 5 g 
propargyl bromide or bromoallene and 5 g heptane in 
20 ml pentane in a 3-necked round bottomed flask fitted 
with a dry ice condenser. Peroxide-initiated runs were 
carried out using 0.5 g benzoyl peroxide as additive. 
Dark reactions were carried out in a darkened hood in 
apparatus wrapped with aluminium foil. Before g.1.c. 
analysis the reaction mixtures were poured into ice water. 
The organic layer was washed twice more with ice water, 
once with sodium bicarbonate solution, and dried. Re- 
sults are summarized in Table I. 

Ionic reactions in ether were carried out in the dark 
by adding 0.6 g propargyl bromide or bromoallene to 
lOml of an ether solution saturated with hydrogen 
bromide and containing 0.5 g of hydroquinone and/or 
0.5 g ferrous chloride. Before analysis, solutions were 
freed from hydrogen bromide as described for the 
reactions in pentane. 

Free radical reactions in ether were carried out in a 
3-necked flask attached to a vacuum line using as solvent 
ether purified as described above. The system was purged 
with nitrogen by several cycles of evacuating and filling 
with purified nitrogen before each run. Ether and hy- 
drogen bromide which had been stored under nitrogen 
were distilled into the flask. Propargyl bromide or 
brornoallene were introduced through a serum cap with 
a hypodermic syringe and the solution was irradiated. 
The reactions had induction periods of 1-2 min and were 
complete in about 1 h. Samples were withdrawn through 
the serum cap periodically, freed of hydrogen bromide 
as described above, and analyzed. 

One run was carried out in ether solution at -20" with 
propargyl bromide. The product distribution was the 
same as in the runs carried out at room temperature. 
Homogeneous hydrobrominations of propargyl bromide 
at -78" in pentane and ether solution could not be 
carried out. When propargyl bromide was added to a 
solution of hydrogen bromide in pentane at -78' a white 
precipitate formed immediately. This presumably was a 
complex of hydrogen bromide and propargyl bromide 
(39). A 1 M solution of hydrogen bromide in ether 
formed white crystals on cooling to -40'. 

Hydrobromination Reactions in Liquid Hydrogen Bromide 
A 10 ml pear-shaped flask was charged with 0.83 g 

(0.01 M )  hydrogen bromide and 1.25 g (0.01 M )  pro- 
pargyl bromide. A homogeneous solution formed. The 
solution was degassed with two freeze-thaw cycles, - 195" 
to -78", before irradiation. The flask was then irradiated 
from 20 cm while immersed in a bath at -78'. After 
irradiation the flask was evacuated and the contents dis- 
tilled twice from flask to flask under 2 mrn pressure 
before analysis. Extensive cis-trans isomerization oc- 
curred when analyses were performed without prior 
distillation of the reaction mixture. 

Gas Phase Hydrobromination of Propargyl Bromide 
Hydrogen bromide and propargyl bromide were intro- 

duced into a 200 ml evacuated flask to partial pressures 

of 34 and 49 rnm respectively. The contents were stirred 
for 5 min with a magnetic stirrer. The flask and its con- 
tents were irradiated after which a 5 ml portion of  
anhydrous ether was injected into the flask. The ether 
solution was freed of hydrogen bromide as described 
previously, before analysis. All the reactions had an 
inhibition period of ca. 5 rnin and formed a thin film on 
the wall of the flask after ca. 7 rnin of irradiation. Ir- 
radiations were not carried on beyond this point. 

Product Iderltijicatio~z 
The products of the hydrobromination reactions were 

identified by comparison of their retention times on the 
g.1.c. column used and by comparison of n.m.r and i.r. 
spectra of samples collected from the effluent of the g.1.c. 
with those of authentic samples, with the exception of 
2,3-dibromopropene. 

trarts-l,2-Dibromopropene was prepared by the slow 
addition of bromine to a solution of propyne in methylene 
chloride at -78". The product was 99% tralu-l,2-di- 
bromopropene, b.p. 124125" (688 mm), nD2j  1.5323; re- 
ported b.p. 125.9", 7rD17.4 1.5369 (40). The n.m.r. spectrum 
(neat) showed absorption at r 3.58 (multiplet) and r 7.67 
(doublet, J = 1.1 c.p.s.) with relative areas 1.0:3.0. 

cis-l,2-Dibromopropene was prepared by isomerization 
of the trans-compound. tratzs-l,2-Dibromopropene was 
dissolved in pentane containing some hydrogen bromide 
and the solution was irradiated for 1 h. The solution was 
then washed several times with ice water, dried, and 
distilled. The fraction boiling a t  45' at 18.5 rnm was 
collected and contained 77% tram- and 23% cis-1,2- 
dibromopropene. A sample of the cis-isomer was col- 
lected by preparative g.l.c., b.p. 133-134' (688 rnin), t~~~~ 

1.5290; reported b.p. 135.2", I Z , ' ~ . ~  1.5337 (40). The 
n.m.r. spectrum (neat) showed absorption r 3.91 (multi- 
plet) and r 7.66 (doublet, J = 1.1 c.p.s.) with relative 
areas of 1.0:3.0. 

A mixture of cis- and trans-l,3-dibromopropene pre- 
pared by the method of Hatch (1) was separated into the 
two components by g.1.c. The n.m.r. spectrum (neat) of 
the cis-isomer, I I ~ ~ ~  1.5519, reported f1D25 1.5516 (41), 
liquid at -78", showed absorption at r 3.6 (multiplet) 
and r 5.95 (multiplet) with relative areas 1.O:l.O. The 
n.m.r. spectrum of the trans-isomer, nDZ5 1.5572, reported 
noz5 1.5570 (41), solid at -78", showed absorption at 
.r 3.6 (multiplet) and T 6.15 (multiplet) with relative areas 
of 1.0 :1 .I. Hatch reports that cis-l,3-dibromopropene is 
a liquid at -78" while trans-1,3-dibromopropene is a 
solid at - 78" (1). 

The material with retention time between those of cis- 
1,2-dibromopropene and trans-1,3-dibromopropene was 
identified only on the basis of its n.rn.r. spectrum (neat) 
which showed absorption at .r 3.91 (multiplet), r 4.32 
(doublet, J = 2.2 c.p.s.), and r 5.75 (doublet, J = 1.0 
c.p.s.) with relative areas 1.0:1.0:2.0. The data are in 
agreement with those reported for 2,3-dibromopropene 
(42). 

N o  evidence was obtained in any of the reactions for 
the formation of 3,3-dibromopropene. 

Determination of cis-tra~zs Equilibria 
A stirred solution of 0.29 g of a pure isomer of di- 

bromopropene in 125 ml pentane was irradiated while a 
very slow stream of hydrogen bromide was slowly 
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bubbled into the solution. Aliquots were withdrawn 
periodically and analyzed directly by g.1.c. Irradiation 
was continued until there was no further change in isomer 
composition. 
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