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amine was purified by Kugelrohr distillation or flash column 
chromatography. 
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Due to the ease with which aryl-halogen bonds are ac- 
tivated by transition metals, aryl halides have become 
important precursors to a wide variety of synthetically 
useful compounds.' One successful method for the syn- 
thesis of haloarenes is the halogen exchange reaction. 
Although Nio, Nin, and CUI are commonly employed today 
to effect this transformation, reactions of this type were 
originally conducted photochemically.la One of the first 
examples was the conversion of PhBr to PhCl with Cl,/hv. 
Studies by Miller and WallingGb and MilliganGb revealed 
that this reaction most likely proceeds via free radical ipso 
substitution of Br' by C1' (eq l)." Since aryl halides have 

A ~ C I  -= 0'1 + Br. (1) 

this intrinsic propensity to undergo ipso substitution re- 
actions," we became intrigued by the possibility of de- 
veloping a nonphotochemical method that could generate 
halogen radicals catalytically; this could then potentially 
serve as an efficient, catalytic, and inexpensive method for 
the synthesis of haloarenes. 

Recent studies in our laboratory on the mechanism of 
Ni"-catalyzed epoxidation reactions revealed that when 
employing NaOCl as terminal oxidant at reduced pH un- 
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der phase-transfer conditions, chlorine radicals could be 
produced catalytically.' This facile generation of C1' might 
arise from a radical chain mechanism or from homolytic 
bond cleavage of the Ni-Cl bond of 1; we previously pro- 
posed7 that 1 is formed by the reaction of a macrocyclic 
Ni" complex with C120 (Scheme I, pathway A). Pathway 
B was previously proposed to explain rapid epoxidation 
when olefins are the ~ubs t ra te .~  

Also postulated in Scheme I are the equilibria between 
1,2, and 3, which might be attained in the presence of a 
phase-transfer catalyst (PTC) (pathways B and C). This 
would then suggest that the formation of 2 and 3 should 
not limit the success of this approach since anion exchange 
would regenerate 1. Although a Ni'ILCl bond should be 
relatively long-lived, eventual homolytic cleavage to re- 
generate the more stable Nin would also liberate a chlorine 
radical. If a sufficient concentration of C1' could be gen- 
erated before catalyst degradation, such a system should 
render the transformation of aryl bromides to the corre- 
sponding chlorides catalytic in Ni", would obviate the use 
of gaseous chlorine, and should be complimentary to the 
already existing methods. While the actual mechanism 
of Nil1-catalyzed generation of chlorine radicals remains 
speculative, the reaction was put into practice as described 
below. 

Experiments revealed that the optimum reaction con- 
ditions for the quantitative conversion of PhBr to PhCl 
were those in which 6 mol % of nickel catalyst was em- 
ployed in conjunction with domestic bleach adjusted to pH 
9, and the reactions were run under phase-transfer con- 
ditions using CHCIB as the organic phase and benzyltri- 
butylammonium bromide as the phase-transfer catalyst 
(PTC). Omission of the nickel catalyst produced only 
1-2% PhCl and confirmed the feasibility of this approach. 
Furthermore, in the absence of PTC, only a 57% yield of 
PhCl was obtained, which suggested that interconversion 
of 1, 2, and 3 was crucial for the complete conversion of 
bromide to chloride. 

Table I lists the results obtained with several substituted 
aryl bromides using NiTPP as the catalyst. The yields 
ranged from good to excellent and in all cases only ipso 
substitution of Br' was observed. Almost identical yields 
were obtained with [Ni(cy~lam)](NO~)~? but Ni(sa1en)'O 
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Table 11. Comparison of Ni(I1) Catalysts for Reaction of 
Bromobenzene with  Cl10  

catalyst" PhCl yield (%I Ei 11 (VY3 

Table I. Product Yield in Ni(TPP)-Catalyzed Halogen 
Exchanee Reactions" 

selectivi- 
awl bromide Droduct vieldb (W) tV (%) 

100 

85 

85 

95 

100 

50 

47 

10 

100 

85 

85 

95 

100 

61 

68 

48 

"Reaction conditions: 30 min reaction time at 25 OC using 
reactant ratio, Ni catalyst/PTC/aryl bromide/NaOCl (pH 9.0) = 
1:1:17500. bYields based on starting ArBr determined by GC. 
'Selectivity = % yield of corresponding aryl chloride/% disap- 
pearance of starting material. 

afforded slightly lower yields. In the case of PhBr as 
substrate, the reaction rates were consistently about 1 
turnover min-', and the reaction was complete in 20 min. 

Clearly, fluoro and chloro substituents already present 
on the aromatic nucleus are quite stable to the reaction 
conditions. Unfortunately, aryl iodides gave poor yields 
of aryl chlorides (5-lo%), since the alternative pathway 
to produce iodoarene dichloride seems to be preferred.6 
One additional limitation is that haloarenes possessing 
alkyl substituents undergo facile benzylic chlorination to 
afford a mixture of bromo and chloro benzylic  chloride^.^ 
This was not surprising since chlorine radicals had pre- 
viously been shown to exhibit low levels of chemoselec- 
tivity." t-Bu and CH30 substituents gave lower yields 
and selectivity for halogen exchange, presumably due to 
some reaction of these groups giving water-soluble prod- 
ucts. For example, p-bromoanisole was converted to p- 
bromophenol in a nearly 30% yield while the halogen ex- 
change pathway accounted for about 50% of the product. 

Given the intrinsic ability of macrocyclic Nin complexes 
to homolytically cleave Cl2O under phase-transfer condi- 
tions, it was informative to examine the results of direct 
addition of ClzO to the haloarene. Indeed, addition of a 
CCll solution of chlorine monoxide12 to PhBr in the 
presence of 1 mol % NirlTPP resulted in a 38% yield of 
PhCl! (In the absence of catalyst no PhCl was produced.) 
The low yield could be attributed in part to degradation 
of the porphyrin ring by ClzO. A compilation of these 
results with a variety of Nin catalysts can be found in Table 
11. 

[Ni(cyclam)] (NO3), proved to be the most successful 
catalyst in effecting halogen exchange under these ho- 
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NiTPP 
Ni(salen) 
none 

57 
38 
18 
0 

0.6 
1.0 
1.5 

a 1 mol '70 catalyst used relative to PhBr. 
CHzClz/CC14. CCl, was used in all other cases. 

Solvent = 1:l 

mogenous reaction conditions (57% PhCl). The strong 
correlation between the yield of PhCl and the Ellz valued3 
for the catalysts studied supports our hypothesis for the 
one-electron oxidation of Nin to Ni" (Le., formation of 1). 
Hence, it seems reasonable to assume that chlorine radicals 
are catalytically generated via homolytic cleavage of 1. 

Additional studies were conducted to determine whether 
catalysis could be achieved with simple inorganic Nin salta. 
Interestingly, NiCl,, Ni(OAcIz, and Ni(BF4)2 all produced 
a 33-35% yield of PhCl when subjected to the same re- 
action conditions used for Ni"(TPP).l4 As a control, we 
verified that the macrocyclic ligands alone did not result 
in any production of PhC1. These results are in complete 
agreement with previous experiments, which suggested 
that the role of the macrocycle is to stabilize higher oxi- 
dation states of nickel (Ni" - Ni"').' Clearly, simple 
anions cannot offer the same degree of stability and con- 
sequently afford lower yields of PhCl. 

We have examined two additional metalloporphyrins in 
order to compare their potential as catalysts in this system. 
Both Mn(TPP)Cl and Fe(TPP)Cl produced only 10 and 
1% yields of PhCl from PhBr, respectively. This suggests 
that Mn'" and Fe"' porphyrins show preference for 0-C1 
bond cleavage after reaction with hypochlorite to generate 
metal-oxo species (eq 2).l5JS This contrasts with the Nin 

porphyrins, which apparently facilitate homolytic M-0 
cleavage to produce C10'. Hence, aryl bromides should 
find widespread application as mechanistic probes for the 
identification of reaction intermediates formed in these 
and other systems that were designed to mimic the cata- 
lytic properties of cytochrome P-45O.l5 

As expected, attempts to carry out the reverse reaction, 
conversion of aryl chlorides to aryl bromides using sodium 
hypobromite and nickel catalysts, were unsuccessful. 
Owing to the higher stability of the carbon-chlorine bond 
compared to the carbon-bromine bond, decomposition of 
the intermediate (eq 1) favors formation of chlorobenzene 
in the absence of other driving forces! 

As a result of this and previous research in this area,' 
we view macrocyclic Ni" complexes as versatile catalysts 
for a wide variety of synthetically useful transformations. 
In addition to catalyzing the epoxidation of olefins with 
high turnover numbers,' the synthesis of haloarenes can 
now be conducted under conditions that employ readily 
available Ni" catalysts and an inexpensive oxidant such 
as domestic bleach. 
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These findings are significant for two additional reasons. 
First, they suggest the use of simple aryl halides as chlorine 
radical traps in investigations that employ NaOCl as an 
oxidant, thus providing useful mechanistic information. 
Second, they are suggestive of additional synthetic ap- 
plications that utilize this intrinsic ability of Nin catalysts 
to homolytically cleave Cl20 or similar species. Efforts are 
presently underway to fine-tune this catalysis for the 
formation of carbon-carbon bonds via intramolecular 
radical cyclization reactions. 

Additions and Corrections 

olution GC/MS spectra were obtained on a Hewlett-Packard 
5980A spectrometer with 70-eV electron impact ionization. The 
pH of the NaOCl was determined with a Corning 250 pH meter 
and was calibrated before use. All reactions were run in stoppered 
round-bottom flasks (10 mL). 

General Procedure for Halogen Exchange. To a vigorously 
stirred CHC13 (6 mL) solution containing NinTPP (8.0 mg, 0.012 
mmol), p-bromochlorobenzene (38 mg, 0.20 mmol), and benzyl- 
tributylammonium bromide (3.0 mg, 0.0084 mmol) was added pH 
9.0 NaOCl(7.8 mL, 6.0 mmol, 0.77 M). After 30 min, the stirring 
was stopped and the organic layer was passed through a short 
column of neutral alumina (activity 111). Rotary evaporation of 
the solvent afforded a 75% yield (22 mg, 0.15 mmol) of pure 
p-dichlorobenzene. For analytical experiments (resulta reported 
in Table I), a similar reaction was carried out on half scale, using 
various aryl bromides and an internal standard, typically o-di- 
chlorobenzene. An aliquot of the organic layer was passed through 
a short column of alumina and analyzed by GC. Higher yields 
were typically observed by GC analysis compared to preparative 
isolation and weighing. Co-injection of the reaction with an 
authentic sample of the aryl chloride allowed for the unambiguous 
identification of products. Low resolution GC/MS analysis was 
also performed. 
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Experimental Section 
Solvents (HPLC grade) and aryl halides were obtained from 

commercial sources and used without further purification. Ni- 
[cyc!am] (NO3)*: Ni(salen),lo and chlorine monoxide12 were syn- 
thesued according to literature procedures. NYTPP), Fe(TPP)Cl, 
Mn(TPP)CI, and benzyltributylammonium bromide were obtained 
from Aldrich. NaOCl (pH 9.0) was obtained by adding concen- 
trated HCI to commercial bleach (determined to  be 0.77 M in 
NaOCl by iodometric titration). 

Analytical gas chromatography was performed on a 5 %  phenyl 
methyl silicone column (10 m X 0.53 mm), using a Hewlett- 
Packard 5890A gas chromatograph with thermal conductivity 
detection; a linear oven temperature program initiated at 35 "C 
and increased at 10 OC/min to  180 OC was employed. Low res- 
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