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Photo in i t ia ted ch lor inat ion of p-chloronitrobenzene (1 )  in carbon tetrachloride at room temperature produces 
ma in l y  p-dichlorobenzene (2) plus some 1,2,4-trichlorohenzene (3) .  Reaction of p-bromonitrohenzene ( 7 )  under 
the  same condit ions also produces 2 and 3 plus a smal l  amount  of l-chloro-2-bronio-4-nitrohenzeiie (9 ) .  T h e  pres- 
ence o f  rearrangement product  9 and the greater ra t io  of 3/2 from 7 than from 1 are strong evidence for the forma- 
t ion and  rearrangement of an  ipso intermediate (10) in these aromatic free-radical chlorinations. 

Only during the past decade has the importance of ipso 
attack in aromatic substitution reactions been appreciated.? 
Although replacements of a substituent during aromatic 
free-radical substitution reactions have been reported by 
several investigators during the past 75 years, the substantial 
volume of current literature about ipso attack has been largely 
confined to electrophilic substitutions.2 Cationic ipso inter- 
mediates have been trapped, and their rearrangements have 
been shown to account for as much as half of the ortho sub- 
stitution products obtained in some nitratiom2 We have now 
obtained evidence for the formation and rearrangement of an 
ipso intermediate during free-radical chlorination of p-bro- 
monitrobenzene. 

Although the ipso position has been r e g a r d e d  by some in- 

* Address correspondence to Louisiana State University 

vestigators as the most unlikely position for attack by a free 
radical and although a significant role for an ipso intermediate 
in the mechanism of aromatic free-radical substitution reac- 
tions has been advocated only recently,1bsc3-5 the chemical 
literature includes a number of reports of free-radical ipso 
substitutions. The earliest one appears to be about the for- 
mation (in 50% yield) of chlorobenzene by the chlorination of 
bromobenzene,6 and several reports of similar halogen ex- 
changes in preference to or a t  least competitive with hydrogen 
replacement have f ~ l l o w e d . ~  Replacements of halo substitu- 
ents in benzene derivatives by (4-bromopheny1)diphenyl- 
methyl radical,s by aryl  radical^,^ by cyclohexyl radica1,lO by 
elemental sulfur (presumably as a diradical intermediate)," 
by benzenesulfenyl and benzenesulfonyl radicals,l' and by 
hydrogen atom,I3 replacement of the chloro substituent in 
9-chloroanthracene by phenyl radical,14a and replacements 
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in benzene derivatives of arenesulfonyl by chlorine,'c of me- 
thoxy by 3,4,5-trimethoxyphenyl radical,I5 and of nitro by 
triplet methanesulfonylnitreneIfi have been reported. A va- 
riety of 2 substituents in 1-thia-3-azaindenes (benzothiazoles) 
have been replaced by adamantyl and acetyl radicals; the 
lowest yields were obtained with 2-halo substituents.17 Ipso 
substitution of and relocation (to 2 position) of a phenyldi- 
azenyl substituent in 4-phenyldiazenyl-1-naphthol by chlorine 
from tert-butyl hypochlorite in chloroform solution have been 
reported, but speculation about the reaction mechanism was 
meager.'* Several phenol oxidations give products which ap- 
pear to arise from ipso attack by substituted phenyl radi- 
ca1s,14h and some natural product syntheses appear to have 
depended on such reactions.lg Lead tetraacetate oxidation of 
several 2'-subst: tuted 2-biphenylcarboxylic acids leads to loss 
of'the 2' substituent as a lactone is formed; this process has 
been interpreted as ipso attack a t  the 2' position by a carboxy 
radical intermediate."" Similar results have been obtained in 
mass spectral studies of 2'-nitro- and 2'-carboxy-2-bi- 
phenylcarboxylic acids," but these processes have been de- 
scribed alterna5vely as ipso attack by -C(+OH)Oe21a and as 
prior loss of the 2' substituent to generate a substituted phenyl 
cation intermediate.o11) 

In some, but not all, of the above reports, the concept of an 
ipso intermediste (or transition state) was considered, even 
though the term "ipso" was seldom used. As is indicated by 
the alternative proposals for the mass spectral studies," 
mechanisms other than ipso attack by a free radical to form 
an ipso intermediate are conceivable in many of these cases. 
No firm evidence for any behavior of a (proposed) ipso in- 
termediate other than loss of one of the geminal substituents 
was reported, and this behavior alone does not require such 
an intermediate. Rearrangement of the original bromo sub- 
stituent in the present case appears to require the ipso inter- 
mediate mechanism. 

Results and Discussion 
Photoinitiated chlorination of p-chloronitrobenzene (1) in 

carbon tetrachloride a t  room temperature produces as the 
main product p-dichlorobenzene (2) plus a small amount of 
1,2,4-trichlorobenzene (3) and, after long reaction times, de- 
tectable amounts of 1,2-dichloro-4-nitrobenzene (4) and an- 
other product which was probably 2,4-dichloro-l-nitrobenzene 
and/or 1,4-dichloro-Z-nitrobenzene (5).22 A summary of the 

C1 c1 C1 

NO. ('1 CI NO, NO. 
1 2 3 4 5 

product distributions through the progress of the reaction is 
presented in Table I. 

The reaction is mainly one of chlorodenitration, perhaps 
through an ipso intermediate (6 ) .  The small amount of 3 ob- 

C1 

I-*'\ 

C1 3 NO, 

6 

tained could be formed from 2 or 4. Since 2 is the main prod- 
uct, indicating that nitro replacement is much more favored 
than hydrogen replacement, and only traces of 4 can be de- 

Table I. chlorination of l in CC14 at Room Temperature 

time, h 1" 2" 3" 

16.75 0.899 0.071 
28.75 0.888 0.099 
40.75 0.837 0.134 
55.25 0.758 0.260 0.002 
83.00 0.533 0.385 0.006 

121 .00 b 0.428 0.482 0.011 
161.00h 0.178 0.640 0.026 

Mole equivalents based on initial concentration of I 10.1248 
M). Two additional GC peaks, corresponding to trace <Amounts 
of 4 and 5 ,  were detected at these times. 

Table 11. Chlorination of 7 in CCld at Room Temperature 

time, h 7" 2" 3" 1" 8" 

16.75 0.923 0.024 0.020 0.029 
28.75 0.872 0.035 0.025 0.032 
40.7jb 0.873 0.050 0.039 0.035 
55.2jb 0.696 0.114 0.003 0.077 0.027 
83.00b 0.501 0.237 0.011 0.104 0.031 
121.00b 0.419 0.287 0.023 0.141 0.027 
161.00b 0.235 0.434 0.049 0.160 0.016 

Mole equivalents based on initial concentration of 7 (0.1002 
M). b Traces of 9 were detected by GC analysis at these times; less 
than 10-i mol equiv. 

tected after long reaction times, we believe that virtually all 
of 3 is produced by further chlorination of 2. 

Photoinitiated chlorination of p-bromonitrobenzene (7) 

Br Br C1 

KO. 
7 

NO, 
8 9 

under the same conditions and a t  about the same rate also 
produces 2 as the main product.23 The product distributions 
through the progress of the reaction are summarized in Table 
11. Chlorodebromination (to give 1) and chlorodenitration (to 
give 8) are competitive. During the reaction the amount of 1 
continually increased (followed through 76% consumption of 
7), but that  of 8 passed through a maximum a t  about 13% re- 
action.24 The amount of 3, relative to the amount of 2, from 
the chlorination of 7 is 3-4 times that from the chlorination 
of 1. This greater proportion of 3, which implies a more fa- 
vorable route to 3 from 7 than from 1, and the detection of 
rearrangement product 9 are particularly significant to the 
question of ipso intermediates. 

The rearrangement product, 9, appears to require an ipso 
intermediate, 10. The product proportions reveal that loss of 

NOL NO, 
10 11 

1 9 - 3  
1 1  

bromine atom (to form 1) is the principal fate of 10, but some 
bromine migration to the ortho position does occur (inter- 
mediate 11). The substantially larger ratios of 3/2 from 7 than 
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from 1 strongly imply that much of 9 reacts further by ipso 
attacks to produce 3 more readily than 3 is produced from 2. 
(Fast replacement of bromo ortho to bromo has been reported 
previously.lob) If any of intermediate 11 goes to stable product 
by loss of bromine rather than by hydrogen atom (to form l), 
the extent to which the formation of 11 is perceived will )e 
reduced by that amount. The actual amount of rearrangement 
of ipso intermediate 10, therefore, probably exceeds sub- 
stantially the amount of 9 detected in the reaction mixtures 
(up to 35-folc on the basis of increased proportion of 3 
alone).2s 

Pairs of substituted halobenzenes were chlorinated com- 
petitively by the same procedure used for 1 and 7 individually. 
These experiments showed that 2-bromo- 1,4-dichlorobenzene 
(12) reacts over 100 times as rapidly as does 2, that 1,2-di- 

c1 c1 

12 13 14 

chloro-4-nitrobenzene (13) reacts about 6 times as rapidly as 
does 2, and that 1-bromo-4-chlorobenzene (14) reacts about 
20 times as rapidly as does 1. These data demonstrate that, 
in these polysubstituted benzenes, the bromo substituent is 
much more readily replaced by chlorine than nitro and hy- 
drogen are and that the conversion of 9 to 3 is as likely as was 
inferred above. 

We believe that these data establish the formation and re- 
arrangement of an ipso intermediate in these aromatic free- 
radical chlorinations and strongly imply that similar inter- 
mediates play significant roles in other aromatic free-radical 
substitution reactions. 

Experimental Section 
NMR data were obtained with a Varian Associates A60A spec- 

trometer, and chemical shifts are reported relative to internal tetra- 
methylsilane. Gas chromatographic (GC)  data were obtained with a 
Hewlett-Packard 700 instrument equipped with a hydrogen flame 
detector or with a Sargent-Welch instrument equipped with a thermal 
conductivity detector; aluminum columns packed with Carbowax 20M 
on Chromosorb I' (1.8 m), with SE-30 on Chromosorb P-AW (3 m), 
or with Apiezon L on Chromosorb P-AW (2.7 m) were used for all GC 
analyses. Element microanalyses were performed by R. Seab, Loui- 
siana State University. Carbon tetrachloride was distilled and stored 
over 4A molecular sieves. All GC reference compounds, except those 
whose syntheses ,are described below, were used as purchased. 

Chlorinations. In a round-bottom flask equipped with a reflux 
condenser, a drying tube, and a magnetic stirrer a stirred mixture of 
a solution of 1 (6.24 mmol) or 7 (5.01 mmol) in carbon tetrachloride 
(50-mL total volume) and 0.5 mL (-22 mmol) of liquid chlorine was 
irradiated a t  room temperature by a 150-W tungsten lamp placed 4 
in. from the flask. Portions of the solution were removed at various 
times, quenched with 5% sodium thiosulfate solution, washed with 
saturated sodium bicarbonate solution and water, dried (4A molecular 
sieves), and analqzed by GC. In reactions with 7, the mixture devel- 
oped a faint bromine color after some time; the entire (remaining) 
mixture was the? quenched, washed, dried, and recharged with 
chlorine, and irradiation and reaction were resumed. At least three 
analyses per sample portion were averaged to give the data summa- 
rized in Tables I (1) and I1 (7). 

Similar chlorinations were carried out a t  reflux temperature; the 
heating was supplied by the 150-W tungsten lamp placed 0.5 in. from 
t,he flask. The reactions proceeded more rapidly and the mass balances 
were lower (probably because of unmeasured polychlorination 
products), but otherwise the reactions gave results comparable with 
those obtained a t  room temperature. 

Pairs of compounds (12 and 2,13 and 2,14 and 1; 1 mmol of each 
in 25 mL of CCld) were chlorinated competitively a t  about 30 "C by 
the same procedure; the relative rates of reaction were estimated from 

the loss of reactants as revealed by GC analysis. Compound 12 was 
completely consumed before reaction of 2 was detected (replacement 
of Br vs. H),  13 reacted 6.4 f 0.8 times as fast as 2 (NO2 vs. H) ,  and 
14 reacted 20.5 f 2.4 times as fast as 1 (Br vs. NOg). 
2-Bromo-1-chloro-4-nitrobenzene (9) .  A sample of 9 was pre- 

pared by heating a mixture of 1, iron powder. and bromine (added 
slowly) a t  about 100 "C for 2 hand  was recrystallized from EtOH: mp 
57.5-58 "C; 'H NMR (cc14) 6 7.5-8.5 (ABC m). Anal. Calcd for 
C6H9BrCINOg: C, 30.48; H,  1.28: N, 5.92. Found: C, 30.21; H,  1.13; N, 
5.66. 

l-Bromo-2-chloro-4-nitrobenzene. 2-Bromo-5-nitroaniline (mp 
139-140.5 "C) was prepared from rn-nitroaniline, dilute hydrochloric 
acid, and hydrogen peroxidez6 and was converted to the diazonium 
chloride in aqueous solution. One-half of the cold diazonium chloride 
solution was treated with a solution of copperiI) chloride in concen- 
trated hydrochloric acid to form l-bromo-2-chloro-4-nitrobenzene: 
mp 61.5-62.5 "C; 'H NMR (CC14) d 7.7-8.4 (ABC m). Anal. Found for 
C+jHSBrClNOz: C, 30.16; H, 1.19: N, 5.70. 

The other half of the diazonium chloride solution was reduced with 
50% hypophosphorous acid to give 7, mp 125.5-126.5 "C. This reaction 
confirms the desired orientation in the bromination of' rn -nitroani- 
line. 

Hydrolyses of Bromochloronitrobenzenes. A solution of 1- 
bromo-2-chloro-4-nitrobenzene, 50Y0 aqueous EtOH, and NaOH was 
refluxed for 19 h, cooled, neutralized with 6 M HC1, and extracted with 
cCl4. After the extract had been washed and dried (4A molecular 
sieves), GC comparison with purchased samples showed that the 
hydrolysis product was (as expected) 2-chIoro-4-nitropheno1, dis- 
tinguishable from 2-bromo-4-nitrophenol. 

In a similar fashion, the residue obtained by removing solvent from 
the CC14 solution of the product mixture from the chlorination of 7 
was hydrolyzed with sodium hydroxide. GC analysis of the extract 
showed the presence of a small amount of 2-bromo-4-nitrophenol and 
no detectable amount of 2-chloro-4-nitrophenol. 
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The acid-catalyzed dimerization of 10-methyleneanthrone is found to give 'i'-hydroxy-l',2'-dihydrospiro[anthra- 
cene-9(10H),3'-[3H]henz[de]anthracen]-10-one (9a), which in solution is in equilibrium with its keto tautomer 9b. 
Previously proposed structures of the methyleneanthrone dimer are thus being corrected. 

p-Quinone inethides 1, in general, are prone to undergo 
acid-catalyzed reactions with nucleophiles (Nu) to give 1,6- 
addition products 3 via intermediate hydroxybenzyl cations 
2.l-;j By contrast, treatment of 10-methyleneanthrone (4)  with 
acids a t  elevated temperature was reported to give a dimer 
believed to have structure 5a or 5b.4 According to a very recent 
reinvestigation, this dimer is suggested to have the spiro- 
substituted cyclobutane structure 6.5 However, no evidence 
whatsoever in support of this structure has been presented. 

We had reasons to doubt the correctness of the dianthron- 
ylethylene structure 5b when we recently succeeded in syn- 
thesizing the tautomer 7 and found it to be easily dehydro- 
genated by molecular oxygen to give dianthronylideneethane 
(8) rather than tautomerizing to 5b.6 

Repeating the acid-catalyzed reaction of 10-methy- 
leneanthrone according to the literature4 did afford, though 
rather sluggishly, the reported dimeric product; however, its 
270-MHz NMR spectrum turned out to be incompatible with 
any of the previously proposed three structures. Therefore, 
we have reinvestigated the acid-catalyzed reaction of 10- 
methyleneanthrone and found that the dimerization proceeds 
smoothly a t  room temperature in chloroform in the presence 
of trifluoroacetic acid or boron trifluoride etherate. In the 
present paper we describe the structure of the 10-methy- 
leneanthrone dimer prepared by this method and its utiliza- 
tion in the preparation of spiro-substituted benz[de]anthra- 
cenes. 

Results and Discussion 
10-Methyleneanthrone dimerizes upon treatment with 

trifluoroacetic acid or boron trifluoride etherate in chloroform 
solution under nitrogen to give, in about 80% yield, the spi- 
roanthronyl-substituted dihydrobenzanthracene 9a, which, 
in solution, is in equilibrium with its keto tautomer 9b. In the 
crystalline state, the 10-methyleneanthrone dimer predomi- 
nantly exists in the keto form, as we conclude from the absence 
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of a hydroxyl absorption in its IR spectrum. 
I t  is essential to carry out the dimerization of 10-methy- 

leneanthrone in an inert atmosphere. In the presence of oxy- 
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