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Coumarin is arylated by free radicals from benzoyl peroxide, N-nitrosoacetanilide, l-phenyl-3,3-dimethyltriazene and the 
The 3-arylcournarins are formed in much lower yields than when the arylating agent is a 

Acrylonitrile and acrylic acid are not arylated by N- 
These results 

correspondng p-nitro compounds. 
diazonium salt promoted by cupric chloride (Meerwein reaction). 
nitrosoacetanilides nor l-phenyl-3,3-dimethyltriazene, although the Meerwein reaction gives good yields. 
imply that fre? radicals are not intermediates in the Meerwein reaction. 

Aromatic rings are arylated by several different 
reagents, notably benzoyl peroxides, N-nitrosoacet- 
anilides, l-aryl-3,3-dimethyltriazenes and diazo- 
nium salts in alkaline medium.3 These reagents 
are thought to decompose to free aryl radicals which 
then attack the aromatic ring. Quinones are aryl- 
ated by diazonium salts, often in high yields.* Still 
less aromatic systems, such as found when olefinic 
double bonds are conjugated with vinyl, aryl, car- 
bonyl and cyano groups, are attacked by diazonium 
salts in the presence of cupric chloride a t  pH 3 with 
substitution of aryl for hydrogen or addition of aryl 
and halide groups to the conjugated system. l s 6  

This so-called Meerwein reaction has been regarded 
as a free-radical processtG though others have stated 
that carbonium ions are i n v ~ l v e d . ~ ~ ~ - ~  

To distinguish these possibilities, it was of in- 
terest to decompose known free radical generators 
in the presence of an olefinic double bond known to 
undergo the Meerwein reaction. Many of the 
common unsaturated systems, such as acrylonitrile 
and acrylic acid, are polymerized by benzoyl perox- 
ide and K-nitrosoacetanilide. lo Therefore, couma- 
rin was selected for this study since it is not readily 
polymerized and since it also affords an opportu- 
nity to compare aromatic ring arylation with double- 
bond arylation. The less reactive radical genera- 
tors also were tried with acrylonitrile and acrylic 
acid. 

Aroyl Peroxides.-Meerwein5 obtained a 26% 
yield of 3-phenylcoumarin and a 50% yield of 3-p- 
nitrophenylcoumarin from the corresponding di- 
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azonium salts in acetone solvent.ll We obtained 
lower yields of 3-arylcoumarins when benzoyl and 
p-nitrobenzoyl peroxides were decomposed in the 
presence of coumarin in acetone, butanone, aceto- 
nitrile and ethyl acetate; the yield in glycol di- 
methyl ether solvent was nil. 

A benzoxycoumarin was a by-product from ben- 
zoyl peroxide decompositions. l 2  After the reaction 
product had been freed from the benzoic acid nor- 
mally formed in peroxide decompositions, it exhib- 
ited bands in the infrared at  7.82, 8.45, 9.40 and 
13.02 p,  in addition to the complete spectrum of 3- 
phenylcoumarin. The first two mentioned are 
said to be characteristic of benzoate esters.13 
These four bands disappeared upon alkaline hy- 
drolysis, and an additional quantity of benzoic acid 
was formed; 3-phenylcoumarin was reformed upon 
acidification, but 3-hydroxycoumarin (or its tauto- 
mer) was not isolated. The benzoxy group is as- 
sumed to be in position 3, since this appears to be 
the most reactive site in the coumarin molecule for 
free radical attack. No evidence was obtained for 
any isomeric phenylcoumarins, hence the conju- 
gated unsaturated “side chain” is more reactive 
toward radicals than the aromatic ring. The quan- 
tity of benzoate ester was larger when the decom- 
positions were carried out in the higher-boiling 

(CaHs,COO), + CaH6COO. CBHI’ 
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solvents butanone and acetonitrile than when per- 
formed in acetone. No 3-p-nitrobenzoxycournarin 
was observed with p-nitrobenzoyl peroxide. 

l-Aryl-3,3-dimethyltriazenes.-Thesa triazenes 
decompose in the presence of acetic acid or hydro- 
gen chloride a t  X0-I0O0 to form free radicals which 
arylate aromatic  ring^.^,'^ I t  appears that dimeth- 
ylamine is displaced from the initially protonated 
triazene by the anion A to forni a covalent diazo 
acetate or chloride which then decomposes homo- 
lytically 
ArS=Nii(CH3)? + HA + 

[ArS=NA] + HN(CH3)y.IIA -.  3- Ar. I U, I -  A 
A = OAc, C1 

Coumarin was not attacked by l-p-nitrophenyl- 
3,3-dimethyltriazene in boiling glycol dimethyl 
ether solvent in the presence of stoichiometric 
quantities of acetic acid or perfluorobutyric acid, 
and only a trace of 3-p-nitrophenylcoumarin was 
obtained using hydrogen chloride in this solvent. 
However, a 25% yield of 3-p-nitrophenylcoumarin 
was obtained, together with substantial amounts 
of nitrobenzene, on heating the triazene and couma- 
rin in acetic acid solvent overnight. Lower yields 
were obtained in formic or propionic acids. A pur- 
ple dye also was formed in these experiments (azo 
coupling?). No 3-phenylcoumarin could be iso- 
lated from similar reactions with l-phenyl-3,3- 
dimethyltriazene, and most of the coumarin was 
recovered. 

In an experiment with 1 -p-nitrophenyl-3,3-di- 
methyltriazene and acrylic acid in acetic acid sol- 
vent, no 9-nitrocinnamic acid was detected15; only a 
little polyacrylic acid was formed. 
N - Nitrosoacetanilides.-N - Nitrosoacetanilide 

produced no 3-phenylcoumarin when allowed to de- 
compose in the presence of coumarin in t-butyl 
alcohol solution. N-Nitroso-p-nitroacetanilide, 
with the same conditions, formed 3-p-nitrophenyl- 
coumarin in 21% yield. Other solvents were less 
satisfactory (see Experimental). An attempt to 
promote the reaction with a small amount of cupric 
acetate caused extensive denitrosation, and the 
yield of product was much lower. N-Nitrosoacetan- 
ilides are relatively inefficient and slow catalysts for 
polymerization, lo but they arylate aromatic rings 
with great speeds3 N-Nitroso-p-nitroacetanilide 
was allowed to  decompose in acetone solutions of 
acrylonitrile or acrylic acid. Neither p-nitrocinna- 
monitrile nor p-nitrocinnamic acid could be de- 
tected. It is unlikely that appreciable quantities 
of either compound would have escaped detection, 
in view of their solubilities. Small amounts of poly- 
acrylonitrile or polyacrylic acid were formed. 
However, a substantial amount of p-nitroacetani- 
lide was recovered, indicating that denitrosation had 
taken place in solution. In  all of these experiments, 
substantial amounts of purple dye were formed; its 
structure was not investigated. 

Discussion 
From our results it appears that “free” aryl radi- 
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cals of the type involved in arylation of aromatic 
rings do not enter into the Meerwein reaction. In 
aromatic arylations, peroxides usually give the best 
yields and alkaline diazonium salts the worst. 
Further, cupric salts are not effective catalysts. 
In arylations of conjugated unsaturated systems, 
the diazonium salts (plus cupric chloride) are far 
superior to peroxides, triazenes and Ii-nitrosoacet- 
anilides. This difference is particularly noticeable 
with the aliphatic compounds acrylic acid and 
acrylonitrile, where diazonium salts give satisfac- 
tory yields but the other reagents give none at  all, 
either owing to polymerization or to the dorninancr 
uf competitive side reactions. The absence of addi- 
tion polymerization in the Meerwein reactions de- 
scribed in the literature, even with readily polymer- 
ized systems, argues strongly against the participa- 
tion of “free” radicals. 

For these reasons, a simple free-radical mecha- 
nism6S16 does not fully explain the Meerwein reac- 
tion. On the other hand, the carbonium ion mech- 
anism is inconsistent with the direction of additioii 
of the supposed aryl cation to compounds such as 
acrylates, cinnamates, etc., since the normal polari- 

zation of these systems C=C-C=O would re- 
quire the opposite orientation. Since Koelsch’s 
mechanism,6 involving addition to form the more 
stable free radical intermediate, accurately accounts 
for all known orientation phenomena, we feel that 
the homolytic character of the reaction is estab- 
lished, but that the reaction is “radicaloid” rather 
than “free” radical. An intermediate complex such 
as that suggested previously’ could accommodate 
these facts and explain the Meerwein rea~t i0n . I~  
A more detailed formulation of this complex will be 
presented at  the close of experimental work now 
in progress. 

Experimental 

a +  a -  

Benzoyl Peroxide and Coumarin. Acetone.-Benzoyl 
peroxide (7.5 9.) and coumarin (4.5 g . )  were boiled with 70 
ml. of acetone for 5 days. The acetone was evaporated, and 
the residue was taken up in ether and shaken several times 
with sodium bicarbonate solution. The residue from the 
ether layer (7.4 9.) was distilled. Unreacted coumarin 
(1.4 9.) was collected below 140’ (0.01 mm.), followed bv 
2.0 g. of a yellow, viscous oil from 150-200”. The residue 
weighed 4.0 g. 

The oil was crystallized from alcohol, xielding 0.30 g. 
(4.570) of 3-phenylcoumarin, m.p. 138-140 , identical with 
3-phenylcoumarin prepared by Meerwein’s procedure.6 

Butanone.-The above procedure was followed with the 
same quantities of materials in 70 ml. of butanone. Follow- 
ing the coumarin fraction, 3.0 g. of a yellow oil distilled from 
140-210” (0.01 mm.) (mostly 170-180°), leaving a residue 
of 3.2 g. The oil, which could not be crystallized readily, 
was hydrolyzed with 1 N aqueous alcoholic alkali by refluxing 
for 2 hr. The solution was concentrated, diluted with water, 
and acidified to cause cyclization of the coumaric acids. 
The mixture was extracted thoroughly with ether, and the 
ether solution was extracted with sodium bicarbonate solu- 
tion. From the bicarbonate solution was isolated 0.35 g. 
of benzoic acid by acidification, extraction with ether, dis- 
tillation and recrystallization. 

(16) Cf. E. Mtiller, Angcm. Chem., 61, 179 (1939); also see reference 
15 and previous papers cited therein. 
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The ether solution of neutral materials was distilled, giv- 
ing 0.30 g. of additional coumari; and 0.25 g. ( 4 7 ~ )  of 3- 
phenylcournarin, m.p. 139-140 after crystallization. 
The recovery is low partly because of decomposition and 
isomerization of the coumaric acids in alkaline medium. 
3-Hydroxycoumarin was not isolated. 

Glycol Dimethyl Ether.-From a similar reaction in boil- 
ing glycol dimethyl ether, no 3-phenylcoumarin could be 
isolated. 

Ethyl Acetate.-From a similar experiment in ethyl ace- 
tate solvent, 0.21 g. (3%) of 3-phenylcoumarin was ob- 
tained by distillation and crystallization. Hydrolysis of 
the residue afforded 0.05 g. of benzoic acid. 

Acetonitrile.-The same quantities were boiled for 5 days 
in 75 ml. of acetonitrile. The solvent was evaporated, and 
the residue was dissolved in ether and extracted with sodium 
carbonate solution to yield 3.3  g. of benzoic acid. The 
ether solution was distilled, giving 3.5 g., b.p. 110-180' 
(0.1 mm.), and 4.0 g. of residue. The distillate was redis- 
tilled, yielding 1.6 g. of coumarin, b.p. 120-135' (0.1 mm.),  
and 1.8 g. of a solid, b.p. 145-160' (0.1 mrn.). The solid 
was recrystallized from alcohol. The first crop, 0.2 g., 
m.p. 166-170', was not investigated further. The second 
crop, 0.72 g., m.p. 123-125", could not be purified further 
by crystallization. The third crop, 0.35 g. (5%) ,  m.p. 
137-138', was 3-phenylcoumarin. 

Microanalysis of the second crop gave low values for car- 
bon and hydrogen, and its infrared spectrum showed the 
presence of benzoate esters. The mixture was heated with 
25".l aqueous sodium hydroxide until it just dissolved, then 
cooled and acidified. The mixture was extracted with 
ether, and the benzoic acid was separated by bicarbonate 
extraction. The ether extract was evaporated and the resi- 
due was crystallized from alcohol, giving pure 3-phenyl- 
coumarin (3670 recovery), m.p. 137-138..5', whose spec- 
trum was identical with that of an authentic sample. The 
total yield was thus 9%. 

p-Nitrobenzoyl Peroxide and Coumarin. Butanone .- 
A solution of 5.1 g. of p-nitrobenzoyl peroxide and 2.3 g. of 
coumarin in -50 ml. of butanone was boiled for 4 days. On 
chilling, the solution deposited 0.58 g. (14y0) of 3-p-nitro- 
phenylcoumarin, m.p. 259-2133'. I t  was crystallized from 
boiling anisole, m.p. 262-263". The residue from evaporat- 
ing the butanone filtrate was completely soluble in acetone. 
(Advantage was taken of the fact that 3-p-nitrophenylcou- 
marin is practically insoluble in cold acetone, while the by- 
products are readily soluble.) The residue, after evapora- 
tion of the acetone, yielded 2.6 g. of p-nitrobenzoic acid, 
m .p. 234-236", through bicarbonate separation. 

Acetone.-A similar experiment in acetone solvent 
yielded 0.71 g. (17%) of 3-p-nitrophenylcoumarin, m.2. 
243-255'; recrystallized from anisole, m.p. 261-263 . 
After removal of p-nitrobenzoic acid from the acetone-soluble 
fraction, distillation afforded 1.5 g. of coumarin and 1.4 g. 
of residue. 

Glycol Dimethyl Ether.-A similar reaction in this solvent 
produced no detectable 3-p-nitrophenylcoumarin. 

Acetonitrile.-A mixture of 10.3 g. of p-nitrobenzoyl per- 
oxide and 4.5 g. (0.03 mole) of coumarin in 120 ml. of aceto- 
nitrile was boiled for 4 days. The solvent was removed 
and the residue was allowed to  stand a t  0' overnight with 
100 ml. of acetone; 1.52 g. of yellow crystals, m.p. 253- 
2%O, were insoluble. After recrystallization from 20 ml. 
of anisole, there remained 1.40 g., m.p. 260-262'. The 
acetone was evaporated and the residue was partitioned be- 
tween ether and potassium carbonate solution. The ether 
layer was filtered, dried and evaporated, leaving 4.85 g. 
of brownish oil which deposited an additional 0.09 g. of 3-p- 
nitrophenylcoumarin (total 1.61 g., 20%) when treated 
with 20 rnl. of cold acetone. The filtrate was distilled, giv- 
ing 2.16 g. of nearly pure coumarin and 2.07 g. of residue. 
The carbonate solution yielded 6.3 g. of p-nitrobenzoic acid 
when acidified. 

1-Phenyl-3,3-dimethyltriazene and Coumarin. Acetic 
Acid.-A solution of 7.5 g. of the triazene and 7.5 g. of 
coumarin was boiled in acetic acid for 7 hours. The solvent 
was removed and the residue was poured into ice-cold 2 g  
sodium hydroxide solution. The crystalline coumarin 
(6.1 g.) was removed, but no 3-phenylcoumarin could be 
isolated. 

l-p-Nitrophenyl-3,3-dimethyltriazene and Coumarin. 
Acetic Acid.-A solution of the triazene (3.01 g.) and cou- 
marin (2.3 8.) in acetic acid was heated on the steam-bath 

for 12 hr. The solvent was removed at  reduced pressure, 
and the residue was triturated with acetone. The crude 3- 
p-nitrophenylcoumarin, m .p. 250-255", was stirred with 
fresh acetone, leaving 0.82 g. (25%) of 3-p-nitrophenylcou- 
marin which, after crystallization from anisole, melted at 
261-263'. When the acetone-soluble portion was distilled, 
0.8 g. of impure nitrobenzene was collected, leaving 3.15 g. 
of brown, oily residue. 

Formic Acid.-A similar experiment, in which double 
quantities of the reagents were boiled in formic acid for 18 
hr., gave 0.82 g. of 3-p-nitrophenylcoumarin (12%) and 0.55 
g. of impure nitrobenzene. 

Propionic Acid.-In boiling propionic acid for 9 hr., the 
same procedure afforded 0.55 g. of 3-p-nitrophenylcournarin 
(16%) and 0.55 g. of impure nitrobenzene from 3.01 g. of 
triazene and 2.3 g. of coumarin. 

Glycol Dimethyl Ether.-When the reagents were boiled 
overnight with an equivalent quantity of acetic acid in glycol 
dimethyl ether, both starting materials were recovered. 
With perfluorobutyric acid in this solvent, reaction took 
place but 3-p-nitrophenylcoumarin was not isolated. When 
dry hydrogen chloride was passed through the boiling solu- 
tion of 6.0 g. of the triazene and 4.5 g. of coumarin in this 
solvent for 12 hr., only 0.3 g. of 3-p-nitrophenylcoumarin, 
m.p. 240-245', was obtained, together with 1.85 g. of nitro- 
benzene; very little coumarin was recovered. 

1 -p-Nitrophenyl-3,3-dimethyltriazene and Acrylic Acid.- 
When 6.0 g. of triazene and 2.6 g. of acrylic acid were boiled 
for 12 hr. in acetic acid solvent, no p-nitrocinnamic acid was 
formed, but a little polyacrylic acid appeared. 

N-Nitroso-p-nitroacetanilide and Coumarin.-+Nitro- 
acetanilide was nitrosated n ith nitrosyl chloride by the 
method of DeTar.lg The nitroso derivative from 17.0 g. of 
p-nitroacetanilide was stirred with 14.6 g. of coumarin in 
200 rnl. of t-butyl alcohol. Nitrogen evolution commenced 
in 10 min. The temperature rose gradually from 25-33' 
during 1 hr. After 3 hr., evolution of nitrogen had ceased, 
but the mixture was stirred overnight a t  room temperature. 
The solvent was removed in  vacuo and the residue wa5 
poured into water. After chilling, the water was decanted 
and the residue treated uith acetone. The acetone-insol- 
uble 3-p-nitrophenylcournarin weighed 5.3 g., m.p. 255- 
258". An additional 0.3 g. was recovered from the acetone 
mother liquor by concentration; total yield, 21y0. The 
acetone was concentrated further, and addition of ether pre- 
cipitated 4.5 g. of a purple dye; an additional 0.8 g. of dye 
was obtained by concentration. Evaporation to dryness 
and addition of anhydrous ether left 2.0 g. of a brown solid. 

The nitroso derivative from 10 g. of p-nitroacetanilide 
was dissolved in 100 ml. of ethylene glycol dimethyl ether 
containing 8.0 g. of coumarin. With stirring, 5 ml. of 1 N 
aqueous cupric acetate was added. Stirring was continued 
overnight. The mixture was concentrated and poured 
into nater. After chilling, the solid was dissolved in ace- 
tone, leaving 0.45 g. (4T0) of 3-p-nitrophenylcoumarin. 
From the acetone, 7 g. of pure p-nitroacetanilide was re- 
covered. 

N-Nitrosoacetanilide and Coumaxh.-The nitroso de- 
rivativelg from 9.0 g. of acetanilide was stirred with a solu- 
tion of 10 g. of coumarin in 100 ml. of t-butyl alcohol over- 
night. The insoluble purple precipitate (2.5 g., m.p. 145- 
1.50') was removed. No 3-phenylcoumarin could be iso- 
lated from the filtrate, although a great deal of coumarin 
mas present. 

N-Nitroso-p-nitroacetanilide and Acrylonitrile .-The ni- 
troso derivative from 18 g. of p-nitroacetanilide in 200 ml. 
of acetone was treated with 5.3 g. (0.1 mole) of acrylonitrile 
in 80 ml. of acetone. After stirring overnight, the mixture 
was evaporated and extracted with chlorobenzene. No p- 
nitrocinnamonitrile could be detected, though 5.2 g. of p -  
nitroacetanilide was recovered. 

N-Nitroso-p-nitroacetanilide and Acrylic Acid.-From 10 
g. of p-nitroacetanilide and 4.0 ml. of acrylic acid in acetone, 
there was obtained 3.0 g. of purple dye, m.p. 185-200". 
No p-nitrocinnarnic acid was found. 
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