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A survey of the literature reveals that there has been one 
study of the addition of bromine chloride to an allene,l and 
many investigations of the addition of this electrophile to 
olefins,2a-e but that no studies on the addition of bromine 
chloride to conjugated dienes have been undertaken. Ear- 
lier established that molecular bromine chloride 
adds to olefins via a bromonium ion-chloride ion ion pair, 
in which the rate-determining step involves formation of 
this ion pair. In the most recent investigation,2a Bellucci et 
al. compared the addition of bromine chloride with that of 
pyridine-bromine chloride complex, and concluded that 
the second, product-determining step is rate determining 
in the case of the ~ o m p l e x . ~  

I t  seemed to us that it would be of interest to investigate 
the reaction of these halogenating agents with the conju- 
gated diene cyclopentadiene. We chose cyclopentadiene be- 
cause it offered the possibility of both cis and trans 1,2 and 
1,4 addition, and because we had recently studied the addi- 

tions of chlorine4 and bromine5 to this diene. In the present 
study we were particularly interested in comparing the ad- 
dition of bromine chloride with amine-bromine chloride 
complexes, since if these reagents do involve different rate- 
determining steps they would likely produce a different 
mixture of stereoisomeric bromochlorocyclopentenes. 

The possibility of anti-Markovnikov addition was also 
considered, since chloride ion could add to either of the 
carbons (bonded to bromine) as illustrated in the following 
reaction. 

Br 

+ B  c1- - ' Q +  dl 

4 
anti-Markovnikov 1 

Markovnikov 

Delocalization of the charge (resulting in unsyrnmetrical 
bridging, Le., weaker bonding between carbon 3 and bro- 
mine) is probable here since a secondary carbonium ion 
would result.6 Extensive delocalization should favor cis at- 
tack of chloride ion (as in the case of the chlorination of cy- 
~lopentadiene~) to give cis 1,2 addition as shown below. 

5 

Results and Discussion 
The addition of bromine chloride and amine--bromine 

chloride complexes to cyclopentadiene resulted in the for- 
mation of only three isomeric bromochlorocyclopentenes: 
trans-4-bromo-3-chlorocyclopentene (l), trans-3-bromo- 
5-chlorocyclopentene (2), and cis-3-bromo-5-chlorocyclo- 

(yBr 
dl - 

2 .l 

pentene (3). The ratios and yields of these isomers formed 
under various conditions are shown in Table I. 

The data in Table I show that all of the amine-bromine 
chloride complexes react with cyclopentadiene to give very 
similar mixtures of bromochlorocyclopentenes, and that 
the product composition from the complexes is cansidera- 
bly different from that of bromine chloride. In paiticular, 
bromine chloride gives significantly more cis 1,4 addition 

Table I 
Addition of Bromine Chloride and Amine-Bromine Chloride Complexes to Cyclopentadiene 

Bromochloro cyclopentenes 
~ ~~ 

Iialogenating agent Solvent Temp, ' C 1 2 3 Yield, % 

BrCl 
BrCl 
BrCl 

Pyridine-BrC1 
Pyridine-Br C1 
Pyridine-BrC1 
BrCl 
Pyridine-BrC1 
Quinoline-Br C1 
3,5-Lutidine-BrCl 
2,6-  Lutidine-BrC1 

C5H12 
CH,C1, 
cc1, 

C 5 H 1 2  
CHzClZ 
cc1, 
CH,Cl, 
CHZC1, 
CHZC1, 
CH2C1, 
CHZC1, 

-15 
-15 
-15 

-15 
-15 
-15 

25 
25 
25 
25 
25 

34 
22 
25 
27 
53 
90 
51 
25 
7 9  
63 
83 
73 

1 8  
15 
12  
1 5  
2 1  
4 

22 
1 5  
10 
16  

9 
13 

4 8  
63 
63 
58 
26 

6 
27 
6 0  
11 
2 1  

8 
14 

78 
68 
76 

8 1  
78  
86  
64 
72 
83 
74 

108 
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(3), and the complexes give more trans 1,2 addition (1). In 
the case of bromine chloride the transition state (rate-de- 
termining step) leading to the ion pair can be described as 
follows. 

b c1 
c1- 

In proceeding from the transition state to the ion pair 
the chloride ion has been generated above the bromine 
atom. Collapse to product (apparently a rapid reaction) can 
occur with least reorientation of the ion pair by cis attack 
of the chloride ion on the 1 carbon atom to give 3 (cis 1,4 
addition), since all that is required is that the chloride ion 
move over to the adjacent a lobe. Trans 1,4 addition (to 
give 2) would require the most extensive reorientation. The 
product ratios seem to reflect the energy requirements for 
reorientation of the ion pair. 

In the case of the amine-bromine chloride complexes the 
structure of the electrophile is uncertain: but we suspect 
that it is the CbHsN+Br ion (in the case of pyridine) whose 
formation is shown in the following reaction. 

6+ 8- 

C,H,IQ-Br---Cl + C5H6Nf-Br C1- 

On the basis of the studies by Bellucci et a1.2a,8 and relat- 
ed studies of our we suspect that the electrophile and 
cyclopentadiene react to form an ion pair in which bonding 
is maintained between the nitrogen and the halogen atom, 
as shown below. 

In this ion pair the chloride ion will certainly not be 
formed above the plane of the cyclopentadiene ring (as oc- 
curred with BrC1) because of steric interaction with the 
ring of the amine and the adjacent a bond, but will be sit- 
uated along the charged “side” of the cation (location of 
the anion will depend on the charge distribution). The un- 
usually rapid attack at  carbon 3 may occur because the 
chloride is situated close to this carbon in the ion pair and 
attack at  this position requires least reorientation of the 
ion pair. On the other hand, the product-determining step 
may be rate determining (as suggested by Bellucci et  al. for 
the cyclohexenes), and attack occurs at  carbon 3 because 
the activation energy is lower for attack at  this carbon than 
a t  carbons 4 or 1 (cis or trans). Our data simply do not 
allow us to choose between these alternatives. 

I t  is also of interest to compare the additions of bromine 
chloride and bromine5 to cyclopentadiene, since both of 
these additions involve identical bromonium ions in the in- 
termediate ion pairs, as shown below 

where X- is C1- from bromine chloride, and Br- (undoubt- 
edly Big- also, depending on conditions) in bromination. A 
summary of the previous study on bromination (averaging 
the percentages in the three solvents) is: trans- 3,4-dibro- 
mocyclopentene (38%); trans-3,5-dibromocyclopentene 
(25%); and cis- 3,5-dibromocyclopentene (37%). In compari- 
son with bromine chloride addition (an average of the re- 

sults), bromination gives approximately 20% less cis 1,4 ad- 
dition, and 10% more trans 1,2 and 10% more trans 1,4 ad- 
dition. We interpret these differences in the following man- 
ner. The large bromide ion (or larger tribromide ion) expe- 
riences steric hindrance (interaction with the nonbonded 
electrons of the bromine in the bromonium ion) as it ap- 
proaches the 3 carbon atom, leading to cis 1,4 addition.1° 
This type of interference is not experienced during attack 
a t  the 1 carbon (trans) or at  the 3 carbon (trans). On the 
other hand, the chloride ion, being considerably smaller, 
experiences no steric hindrance during attack at  any of the 
three positions. 

The principal difference that surfaces in a comparison of 
the additions of bromine chloride and chlorine to cyclopen- 
tadiene relates to the fact that chlorination gives (averag- 
ing the results from the three solvents) extensive cis 1,2 ad- 
dition (55%). Absence of cis attackll by the chloride ion 
(from bromine chloride) at  the 3 carbon to give 5 can result 
from either steric hindrance between the bromine atom (in 
the bromonium ion) and the incoming chloride ion, or from 
sufficiently high electron density between the bromine and 
the 3 carbon atom to discourage attack at  this position. 
From our experience with the bromination of the 2,4-hexa- 
dienes5J2 we would anticipate extensive delocalization of 
charge in the bromonium ion of cyclopentadiene. Therefore 
we conclude that steric hindrance between the bromine 
atom and chloride ion is probably the primary factor in- 
volved in the failure of the chloride ion to undergo cis 1,2 
attack. 

No anti-Markovnikov product was observed.ll Absence 
of this product implies that attack at  the allylic carbon and 
the vinyl carbon is much faster than at  the secondary 4 car- 
bon, both in the cases of bromine chloride and the amine- 
bromine chloride complexes. This result is somewhat sur- 
prising inasmuch as carbons 3 and 4 are both ~ec0ndary.l~ 

Experimental Section 
Materials. All solvents and reagents were obtained commercial- 

ly in high purity, and were used without further purification unless 
indicated. Cyclopentadiene was prepared from its dimer. The 
amine-bromine chloride complex6s were prepared according to the 
procedure of Williams.14 Bromine chloride was prepared by adding 
an equimolar amount of bromine to a chlorine-carbon tetrachlo- 
ride solution (0.5-1.0 M). 

Reaction Conditions. The electrophiles were added to cyclo- 
pentadiene (mole fraction of 0.02 in diene) in the appropriate sol- 
vent (well stirred) and at the indicated temperature. The total 
reaction volumes varied from 10 to 25 ml. Sufficient halogen was 
added to consume 10-20% of the diene, and yields were based on 
the amount of halogen used. Each reaction was run at least twice 
and results were within f2%. 

The amine-bromine chlorides were insoluble in carbon tetra- 
chloride or pentane and reacted slowly (approximately 1 hr to 
react at -15’). Reactions of the amine-bromine chlorides in di- 
chloromethane and bromine chloride in all solvents occurred in- 
stantly. 

Isolation of the Isomers. trans-4-Bromo-3-chlorocyclopentene 
(1) was isolated by fractional distillation, bp 50-55’ (4 mm), from 
a large-scale addition of pyridine-bromine chloride15 to cyclopen- 
tadiene. It was further purified by recrystallization from low-boil- 
ing petroleum ether at -70’. 
cis-3-Bromo-5-chlorocyclopentene (3) was obtained by succes- 

sive recrystallizations (-70’, low-boiling petroleum ether) of the 
product from the addition of pyridine-bromine chloride to cyclo- 
pentadiene in carbon tetrachloride. Separation of the cis isomer 
from the other isomers is possible, since the cis isomer has a higher 
melting point. 

All attempts to isolate pure trans-3-bromo-5-chlorocyclopen- 
tene (2) failed. 

Establishment of the Structures of the Isomers. Gas chroma- 
tographic analyses of the products from the addition of bromine 
chloride and the amine-bromine chlorides to cyclopentadiene 
showed only three peaks (other than dichlorides and dibromides) 
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under all analysis conditions (various column packings and tem- 
peratures). The three peaks had retention times of 4.4,5.4, and 8.1 
min under the following conditions: 6 ft X 0.25 in. column packed 
with 2.5% SE-30 on 60-80 mesh Chromosorb W (AW-DMCS) at  
50' a t  a flow rate of 55 ml/min (Nz). 

The compounds responsible for peaks 1 and 3 were assigned the 
structures of 1 and 3 primarily on the basis of NMR analyses of the 
pure isomers. The spectra assigned to 1 and 3 closely resembled 
those of the corresponding cyclopentadiene dibromides5 and di- 
chloride~.~ Thus, the compound assigned structure 1 exhibited two 
absorptions assignable to methine hydrogens, a doublet (5.5 Hz) at 
4.48 ppm (adjacent to methylene) and a broad singlet a t  5.06 ppm 
(adjacent to vinyl). Absorptions for the methylene hydrogens also 
occur separately, a doublet a t  2.76 ppm and a doublet of doublets 
a t  3.35 ppm. The absorptions centered at  2.76 and 3.35 ppm each 
exhibit the geminal coupling at  18 Hz with the additional splitting 
of 5.5 Hz occurring in the 3.35-ppm absorption. The compound as- 
signed structure 3 was identified particularly by absorptions of its 
methylene hydrogens. A pair of well-separated double triplets 
(2.57 and 3.14 ppm) was observed. The double triplet at 2.57 
showed a small coupling (2.5 Hz) and that at 3.14 a larger coupling 
(6.6 Hz) consistent with their trans and cis vicinal relationship to 
the methine hydrogens, respectively (both double triplets show the 
geminal coupling of 16 Hz). The methine hydrogens have nearly 
the same chemical shift in 3 and appear as an unresolved multi- 
plet. The 60-MHz spectral data (CCb) for 1 and 3 are summarized 
as follows: 1, 6 2.76 [br d, 1, cis-C(Br)C(H)H, J5,5, = 18 Hz], 3.35 
(dd, 1, trans-C(Br)C(H)H, J5,5~ = 18, 545 = 5.5 Hz], 4.48 [d, 1, 
CH&(H)Br, 54,s = 5.5 Hz], 5.06 [br s, 1, CH=CHC(H)Cl], 5.99 [br 
s, 2, CH=CH); 3, 6 2.57 [dt, I, cis-C(Cl,Br)C(H)H, 54,,4 = 16, 
54,,3(5) = 2.5 Hz], 3.14 [dt, 1, trans-C(Cl,Br)C(H)H, J4,41 = 16, 
5 4 3 5 )  = 6.6 Hz], 4.92 (m, 2, CHBr and CHCl), 6.06 (m, 2, 
CH=CH) 

The compound responsible for peak 2 was assigned the structure 
trans-3-bromo-5-chlorocyclopentene (2) on the basis of the fol- 
lowing information. NMR analysis: Although a pure sample of 2 
was not obtained, an NMR spectrum was prepared of a mixture of 
2 (30%) and 1, which indicated absorptions at  2.8,5.0, and 6.0 ppm. 
These absorptions are consistent with the spectrum expected for 2 
on the basis of that observed for the corresponding dibromide5 and 
di~hloride.~ In particular, the spectrum in the methylene region 
showed absorptions clustered near 2.8 ppm which would be consis- 
tent with the near chemical shift equivalency expected for the 
methylene hydrogens. Unambiguous synthesis: We have shown 
previously4 that cis-3,5-dichlorocyclopentene and trans-3,5-di- 
chlorocyclopentene can be prepared from the corresponding di- 
bromides by treatment with lithium chloridk in DMSO. Therefore, 
when trans-3,5-dibromocyclopentene was treated with a limited 
(equimolar) amount of lithium chloride, VPC analysis showed that 
3 was the only isomeric bromochlorocyclopentene that was formed. 
(cis- 3,5-Dichlorocyclopentene and unreacted dibromide were also 
present.) Correspondingly, treatment of cis-3,5-dibromocyclopen- 
tene with limited lithium chloride gave a compound which had an 
identical retention time with that of 2. (The expected dichloride 
and dibromide mixture was also formed.) By analogy to the reac- 
tion of the trans dibromide, we conclude that trans-3-bromo-5- 
chlorocyclopentene (2) is formed in the reaction of the cis dibrom- 
ide. Formation upon rearrangement of 1 and 3: When authentic 1 
and 3 were refluxed in ether, containing a catalytic amount of zinc 
bromide, the compound assigned structure 2 was formed in largest 
amounts (percentages): 1 (15), 2 (46), and 3 (38). Previous experi- 
ence with the equilibration of the dibromides from cyclopenta- 
diene and 1,3-cyclohexadiene suggests that 2 should be the ther- 
modynamically stable isomer, since in our previous studies the 
trans l,4-dibromides were more stable. 

Stability of the  Products to Reaction and Analysis Condi- 
tions. When the amine-bromine chlorides react with cyclopenta- 
diene, pyridine is formed. It seemed possible that pyridine might 
react with the bromochlorocyclopentenes and thus distort the 
composition of the product. We established that this did not occur 
by stirring a mixture of 1, 2, and 3 (of known composition) with 
pyridine under reaction conditions and observing that no change 
in composition or material balance occurred. 

We made this assumption that rearrangement of the isomers did 
not occur during VPC analysis of the bromochlorocyclopentenes, 
since we previously confirmed that rearrangement did not occur 
under identical conditions with many similar systems (dibromides 
and dichlorides of butadiene, isoprene, piperylene, isomer 2,4-hex- 
adienes, and cyclopentadiene). 
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