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The effect upon the title reaction caused by switching from a nonpolar solvent (CC14) to THF is to increase 
the yield of 2-bromonorbornane marginally due to a typical favorable effect of THF on the ionic brominolysis 
pathway combined with a competing radical reaction in CCll leading to alternate products. A yield increase 
upon galvinoxyl addition gives evidence for the latter phenomenon. The above switch in solvent also decreases 
the stereoselectivity for the exo isomer from 95-99% to 76-77%, probably due to involvement of the different 
mechanistic pathways. In THF, yields and stereoselectivities are greater for reaction with bromine generated 
in situ than with bromine chloride generated in situ, but are comparable in CClk A brief study of the effects 
of complexing agents reveals that stronger complexes give more of the endo product. 

Introduction 
Halogenolysis of organometals is a convenient route to 

organohalides,' many of which have important uses, such 
as synthetic intermediates or radiopharmaceuticals.2 
When coupled with hydrometalation, anti-Markovnikov 
alkyl halides are easily obtained from alkenes via orga- 
n ~ b o r o n , ~  organoaluminum,4 and organo~irconium~ com- 
pounds. Y ieids and stereoselectivities of several methods 
of iodinolysis,6 b r o m i n o l y ~ i s , ~ ~ ~ ~  and c h l ~ r i n o l y s i s ~ ~ ~  of 
trialkylboranes have been reported. Polar base-induced 
h a l o g e n ~ l y s i s ~ ~ ~ ~  of tri-exo-2-norbornylborane proceeds 
predominantly via an sE2 (back) mechanism which results 
in inversion of stereochemistry to yield the endo product. 
On the other hand, halogenolysis via radical reactions'@*"h 
favors the exo product by approximately 7:l to 9:1, de- 
pending on the coreactant, but presumably not on the 
stereochemistry of trinorbornylborane. 

Kabalka developed a mild brominolysis of trialkyl- 
boranes,6 which uses bromine chloride generated in situ 
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Table I. Yields' and Exo:Endo Stereoselectivities* of 
Brominolysis of Tri-exo-2-norbornylborane at 0 O C  with 
Acidified Aqueous Solutions of Chloramine T (ClT) and 

Sodium Bromide and with Bromine 
NaBr: C1T:RSB solvent 

no. reagent (equiv) acid THF CCld 
1 ClT 

2 

3 ClT 

4 

5 C1T 

6 C1T 

7 

8 Br,f 

9 Br,,TsNH2 
(1 equiv) 

10 Br2, NaOMef 

1:2:1 

2:2:1 

2 2 1  

2:2:1 

10% HCl 23.2 21.3 
74.7:25.3 85.5:14.5 
26.8' 
74.2:25.8 

73.1:26.9 95.2:4.8 
35.6d (62.8) 
98.2:1.8 
(97.42.6) 

10% HCl 25.8 23.2 

10% HCle 66.2 
65.5:34.5 

79.6:20.4 85.4:14.6 
53.8' 3~5 .0~  
79.6:20.4 89.1:lO.g 
30-40 888 
>99:<1 >99:<1 
11.24 
87.5:12.5 
>99 
25:75 

concd HBr 53.1 23.9 

Yields (in percent) are based on trinorbornylborane. * Exo: 
endo ratios are below the corresponding yields. Trinorbonyl- 
borane was added to the bromination reagent mixture (inverse 
addition). dGalvinoxyl added, 0.01 equiv (0.1 equiv). e 6  equiv of 
acid is used. fReferences 7a,b. BYield is based on alkene. 

from chloramine T and sodium bromide, and this, has 
provided a remarkably simple route to many biologically 
important radiobrominated (*) compounds.2 While the 

chloramine T 
RBr* R3B NaBr*, HC1 * 

reaction is postulated to proceed by an ionic sE2 mecha- 
nism, neither the stereoselectivity nor a mechanistic in- 
vestigation of this synthetically useful reaction has been 
reported. Therefore, we have undertaken and report the 
results of such studies. 

Results and Discussion 
The nature of the brominolysis agent in reactions with 

chloramine T depends upon the stoichiometry of the re- 
action. Thus,  if the ratio of bromide to chloramine T is 
5 1, then bromine chloride is generated in situ.2a A pos- 
sible ionic mechanism for this is similar to the nucleophilic 
attack a t  halogen reported in several other N-halo sys- 
tems.1° If the ratio of bromide to  chloramine T is 2 2, 
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Chloramine T Brominolysis of Tri-exo-2-norbornylborane 

( 3 )  

then molecular bromine is generated as shown in eq 3.11a 
The generation of bromine chloride or bromine is apparent 
from the red or purple color of the organic layer, which 
can be removed and used to convert alkenes to bromo- 
chloroalkanesllb or dibromoalkanes,'l" respectively. Al- 
though radicals are involved in some reactions of N-halo- 
ammonium compounds,12 this is ruled out here, since 
galvinoxyl has no effect on the color of the organic layer. 

While the red or purple color is observed in each reaction 
involving chloramine T, this does not necessarily mean that 
bromine chloride or bromine is the brominolysis agent. It 
is conceivable that a different source of electropositive 
bromine might also be generated and effect brominolysis. 
An excellent differentiating test is to compare the yields 
and stereoselectivities of two sets of reactions that are 
identical except that in one, trinorbornylborane is added 
to the reaction flask first, before the generation of BrCl 
or Br2, while in the other, it is added after the generation 
of the compound. If the values are identical within ex- 
perimental error, assuming that the formation of bromine 
chloride (and that of bromine) is irreversible, then the same 
compound must be the brominolysis agent in both reac- 
tions. 

Yields and stereoselectivities for brominolysis of tri- 
exo-2-norbornylborane with chloramine T under various 
conditions are presented in Table I. Comparing results 
in THF of entry 1 (23%; 75:25) versus 2 (27%; 74:26) and 
those of entry 6 (53%; 80:20) versus 7 (54%; 8020) reveals 
that these reactions do indeed give quite similar yields and 
stereoselectivities. Therefore, the likely brominolysis agent 
in entries 1-5 is BrC1, while bromine is likely in entries 

If the brominolysis agent in entries 7 and 8 in THF is 
the same, the reactions should differ only in that bypro- 
ducts are present in 7. Therefore, comparing these should 
give the effects of the byproducts upon the reaction. One 
reason for the reduction in yield and stereoselectivity 
would be formation of a complex with p-toluenesulfon- 
amide (NH2Ts), which is stronger and less reactive than 
that with THF. Thus, the amount of the endo isomer 

6-10. 

Br 
( 4 )  

formed would be increased in entry 7 relative to 8. To test 
this theory, we carried out a reaction identical with entry 
8 in the presence of 1 equiv of p-toluenesulfonamide. The 
yield was reduced from 30-40% to -11%, and the ste- 
reoselectivity was decreased from >99:<1 (entry 8) to 
87.5:12.5 (entry 9). The results of this reaction (entry 9) 
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are not similar to those involving in situ generation of 
bromine (entry 71, and they are not expected to be since 
the reactions differ in pH, in salt concentration, and in 
overall concentration of p-toluenesulfonamide. The effect 
of methoxide, which forms a stronger complex, is to in- 
crease endo isomer formation to 75% (Table I, entry 10). 
Thus, THF, p-toluenesulfonamide, or methoxide increases 
the reactivity toward the SE2 (back) mechanism and in- 
creases the amount of endo isomer formed, probably due 
to complexation a t  boron. These effects are difficult to 
compare because of differences in concentration of the 
complexing agent. However, it appears that generally the 
stronger complex gives more of the endo isomer. This also 
agrees with earlier reports that complexation with THF 
can retard the rate,13b reduce the selectivity,"Jk or change 
the 

Based upon this, one might expect a reduction in ste- 
reoselectivity of reactions involving chloramine T upon 
switching from CC14 to THF. The reactions in THF sol- 
vent give higher yields (23-54%) and lower stereoselec- 
tivities (-73:27 to -80:20) than those in CCll (21-35%; 
-8614 to -95:5), with the effects being more pronounced 
when concentrated HBr is used than with 10% HC1. Thus, 
while the reduction in stereoselectivity is observed, the 
yield increases. The main reason for the yield increase is 
probably a typical favorable effect of THF upon an ionic 
reaction. However, in CC14 there also could occur a com- 
peting radical reaction that leads to alternate products and 
lower yields of 2-bromonorbornane. 

Indeed, addition of 0.01 equiv of galvinoxyl to the re- 
actions in CC14 increased the yields by -50% and the 
stereoselectivities (entries 3 (23%; 95:5) versus 4 (36%; 
98:2) and 6 (24%; 85:15) versus 7 (35%; 89:ll)). The use 
of additional galvinoxyl (0.1 equiv, entry 4) increases the 
yield further (63%; 97:3). Furthermore, GC/MS analysis 
of the products of entry 3 (in THF and in CC14) identifies 
one of the products as 2-norbornyl-2-norborneo1, which 
would be the product expected from the radical reaction 
reported by Brown and Lane7"J4 upon exposure to water. 

The use of concentrated HBr gives higher yields (53%) 
and stereoselectivities (8020) than 10% HC1 (26%; 73:27) 
in THF (entries 6 and 3) and comparable yields in CC14 
(23-24%). Doubling the amount of 10% HC1 more than 
doubles the yield (from 26% to 66%; entries 3 and 5) and 
lowers the stereoselectivity (from 73:27 to -66:34). 
Therefore, the pH of the reaction mixture must be im- 
portant. Increasing the amount of sodium bromide from 
1 equiv (entry 1) to 2 (entry 3) only increases the yields 
marginally (from 23% to 26%) with little effect on ste- 
reoselectivity (7525 to 73:27). Thus, the yield increase with 
concentrated HBr (entry 6) versus 10% HC1 (entry 3) is 
probably more related to acid concentration than to the 
change in halide. 

The large difference in yield in entries 6 (24% conversion 
of 1 alkyl) and 8 (88% conversion of 3 alkyls) in CCll 
solvent probably reflects the predominance of entirely 
different reaction mechanisms. Reaction 8 is a radical 
reaction involving an a-bromo organoborane  specie^.'^ The 
same intermediate cannot be responsible for norbornyl 
bromide in reaction 6, since it would react with the water 
present as discussed a b o ~ e . ' ~ J ~  

Since the brominolysis agent in these systems is prob- 
ably BrCl or Br2 and since a radical mechanism does not 

of some reactions of organoboranes. 
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lead to  norbornyl bromide, t he  reaction pathway which 
best accounts for the observed stereoselectivities is a 
combination of the  s E 2  (back) mechanism, as proposed 
earlier,'* along with the SE2 (front) and/or the SEi mech- 
anism(s), all with BrCl or Brz. On the basis of the ste- 
reoselectivities of the reactions with chloramine T, the s E 2  
(back) contributes less in CC14 (111% with Brz; 12% with 
BrCl) than in THF (-20% with Brz; 1 2 7 %  with BrCl). 

Experimental Section 
Materials. Norbornene, exo-2-bromonorbornane, chloramine 

T ,  borane-THF complex, and galvinoxyl were purchased from 
Aldrich Chemical Co. p-Toluenesulfonamide and bromine were 
purchased from Eastman Kodak Co. and Fisher Scientific Co., 
respectively. Internal standards (n-alkanes, 99%) were used as 
received from Humphrey Chemical Co. The borane complex was 
standardized according to the published procedure.lS Tetra- 
hydrofuran and carbon tetrachloride solvents were distilled under 
N2 over LAH and phosphorus pentoxide, respectively. 

Procedures. The standard procedureslS for the manipulation 
of air-sensitive compounds were followed. The reactions were 
carried out according to the published procedure? substituting 
concentrated HBr for 10% HCl or increasing the amount of 
sodium bromide as indicated in Table I and increasing the reaction 
times to 30 min, the time required for the red or purple color of 
BrCl or Br, to disappear. Significantly shorter or longer reaction 
times lead to reduced yields, in agreement with results noted 
earlier.% Products were identified by comparison with authentic 
samples, and yields were determined by GC and by GC/MS. 

Radical quenching reactions were carried out as above and by 
adding the indicated amount 0.021 g (0.01 equiv) or 0.21 g (0.1 
equiv) of galvinoxyl (Aldrich) immediately after the internal 
standard (entries 4 and 7). 

The effect of p-toluenesulfonamide on the reaction of trinor- 
bornylborane with bromine (entry 9) was determined by carrying 
out the reaction as described in entry except 1 equiv (0.11 
g) of TsNH2 was added before the addition of bromine. After 
stirring for 24 h at  20 "C, the reaction was quenched by being 
washed with water and the organic layer was analyzed by GC. 

Preparation of Tri-exo -2-norbornylborane (Nor3B). 
Trinorbornylborane was prepared according to literature proce- 
d u r e ~ . ' ~ J ~  In those reactions done in CC4, the trinorbornylborane 

Nelson and Soundararajan 

was prepared as above in THF, the THF was removed under 
vacuum, and CCll was added. 

Preparation, Addition to 1-Hexene, and Attempted 
Quenching of Bromine Chloride. 1-Hexene was added to the 
BrCl generated in situ as described by KabalkaGB and let stand 
for 4 h. The organic layer was washed with water, dried, and 
analyzed by GC/MS. 

In a separate experiment, BrCl was generated as before. To 
one sample was added galvinoxyl before addition of the acid, and 
to another, no galvinoxyl was added. Upon the addition of acid, 
both reaction mixtures showed a clear, intense red color, identical 
in appearance. 

llB NMR Spectra. Approximately 0.5 mL of the trinor- 
bomylborane solution was transferred via a double-ended needle 
to a 5-mm NMR tube that had been heated overnight, fitted with 
a septum, and cooled under a flow of nitrogen. The llB NMR 
spectrum was scrutinized for oxidation of the trinorbornylborane, 
and only the signal for trinorbornylborane (80.3 ppm) was ob- 
served. 

Mass Spectra. The mass spectral data of 2-norbornyl-2- 
norborneol show the following major peaks [m/z  (re1 intensity) 
206 [MI+ 24.7; 188 [M - H20]+ 10.9; 95 [Nor]+ 1001 and those 
of 1-bromo-2-chlorohexane show [m/z (re1 intensity) 165 [M(slBr) 
- Cl]' 6.8; 163 [M(7%r) - C1]+ 6.6; 123 [M(37Cl) - Br]+ 4.3%; 121 
[M(35C1) - Br]+ 5.6; 83 [C6H11]+ 1001. 

Instruments. The llB spectra were obtained on an Varian 
XL-300 spectrometer equipped with a high frequency broad-band 
probe. The "B NMR shifts are reported relative to boron tri- 
fluoride-diethyl ether complex. Product identities and yields were 
determined on a Hewlett-Packard 5790A/3390A instrument 
equipped with a 3.2 mm X 6 m column with 15% Zonyl E-7 on 
80-100-mesh Chromosorb WAW. Mass spectra were obtained 
on a Hewlett-Packard 5985 gas chromatograph/mass spectrom- 
eter/data system equipped with a 4 mm X 2 m column with 3% 
SE-30 on 100-120-mesh Chromosorb W. 
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