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I n t ramo lecu la r  U l l m a n n  cycl izat ions o f  several o-halobenzoic anhydrides have been shown t o  take  place in 
h i g h  yields a t  temperatures near 60-70" in tetramethylethylenediamine (TMEDA), d ime thy l fo rmamide  (DMF), 
N-methy lpy r ro l i done  (NMP), hexamethy lphosphoramide (HMPA), a n d  pyr id ine.  In a l l  cases except t h a t  of 
pyr id ine,  appreciable (10-30%) t o  large (50-82%) amounts of reduc t i on  products  accompany the  coupl ing prod-  
uc t .  T h e  coupl ing of a l i pha t i c  a-bromo-unsaturated anhydrides under  comparable condi t ions has also been 
demonstrated. 

The Ullmann coupling of 2-halo esters, 1, to dialkyl di- 
phenates, 2, has often been e f f e ~ t e d . ~  In general the reac- 
tion has been carried out by long heating with copper a t  
temperatures over 200". We wished to find out if this type 
of reaction could be carried out under milder conditions 
than usual by changing the reaction from an intermolecu- 
lar to an intramolecular type. In one case tried here ear- 
lier the synthesis of 6,6'-diethyldiphenic acid was marked- 
ly better when 3-ethyl-2-iodobenzoic anhydride was used 
instead of methyl 3-ethy1-2-iodoben~oate.~ A few isolated 
cases in which intramolecular Ullmann reactions were 
tried are mentioned3 but little study of this type of ring 
closure has been made. We had hoped that the synthesis 
of unsymmetrical diphenic acids might be improved by 
the use of unsymmetrical halo anhydrides, but this hope 
was not fully realized (see later, below). 

ROOF qOOR qco0, @@ 
I x 

1 2 

We have found out that Ullmann reactions are carried 
out much more easily if anhydrides are used instead of 
halo esters. Two general types of reactions have been 
studied: method A, in which the 2-halobenzoic acid anhy- 
drides, 3, are cyclized to diphenic anhydrides, 4, in a vari- 
ety of nitrogenous solvents by heating with copper powder 
a t  60-70"; and method B, in which the anhydrides, 3, are 

heated with copper powder in benzene containing catalyt- 
ic amounts of nitrogenous complexing agents. The com- 
plexing agents were chosen with the thought that they 
might complex with any hypothetical organocopper inter- 
mediate which might be involved in the For 
analysis of the results of most experiments the reaction 
mixtures were treated with methanol and with diazo- 
methane to convert anhydrides into the corresponding 
methyl esters. 

co-o-c\o 

5 3 4 

The choice of solvent is important because the ratio of 
ring-closed product, a diphenic anhydride, 4, to reduced 
product, a benzoic anhydride, 5, is markedly solvent de- 
pendent. 

The experiments (method A) which illustrate these 
points are listed in Table I. In our experience, the best 
solvent for this type of reaction is pyridine. In 1 hr a t  60- 
70" not only is the starting anhydride almost completely 
reacted but the ratio of diphenic anhydride to benzoic an- 
hydride formed is greatest (see expt 5 ,  11, and 17 in Table 
I) .  Surprisingly, appreciable to large amounts of reduction 
product were obtained in all of the other solvents stud- 
ied.8 That reduction occurs prior to, and not on, quench- 
ing of the reaction mixture with water was shown in the 
case of 2-bromobenzoic anhydride in tetramethylethylene- 
diamine (TMEDA) by quenching with &So4 in D20. 
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Table I 
Effect of Solvent and Subs t r a t e  in Ul lmann  Reactions of 2-Halobenzoic Anhydrides. 

Expt Substrate Solvent % reactionb % couplingC % reductiond 

1 (2-CICeHaCO)20e Neat 0 0 0 
2 TMEDA 43 83 17 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 

D M F  
D M F  
Pyridine 
Neat 
TMED 
NMPf 
HMPAg 
D M F  
Pyridine 
Neat 
TMED 
HMPA 
D M F  
NMP 
Pyridine 

68 
100 
93 

0 
87 
84 
79 

100 
100 

0 
100 
84 
76 
76 

100 

50 
88 
96 

0 
25 
77 
77 
90 
98 

0 
18 
69 
74 
85 
98 

50 
12 
4 
0 

75 
23 
23 
10 
2 
0 

82 
31 
26 
15 
2 

a The reaction conditions are those described in the Experimental Section under Ullmann Reactions. Method A. * Deter- 
mined (glpc) by subtracting from 100 the per cent of recovered methyl halobenzoate corresponding t o  starting anhydride. 
c Determined (glpc) from the amount of dimethyl diphenate produced. Determined (glpc) from the amount of methyl 
benzoate produced. e In reaction by method A, no reactions occurred in N-methylpyrrolidine (NMP) acid hexamethylphos- 
phoric triamide (HMPA). N-Methylpyrrolidone. 0 Hexamethylphosphoric triamide. 

Table I1 
Effect of Complexing Agent in Ul lmann Reaction 

of 2-Bromobenzoic Anhydrideas* 

70 
Complexing agent reaction % coupling reduction 

D M F  100 85 15 
HMPA 100 87 13 
TMEDA 86 32 68 
4,5-Phenanthroline 100 95 5 
2,2‘-Bipyridine 100 98 2 

a The per cent of reaction, coupling, and reduction were 
determined as described in Table I. * The reaction conditions 
are those described in the Experimental Section under 
Ullmann Reactions. Method B. 

No deuterated methyl benzoate was detected. This exper- 
iment rules out the presence of an arylcopper species just 
prior to quenching. Any arylcopper compound formed 
under our reaction conditions (similar to expt 7, Table I) 
must have been reduced by the solvent prior to addition 
of D2S04. This type of substitutive reduction in Ullmann- 
type reactions has been discussed.6 Apparently NCH3 
groups in solvents readily engage in reductive processes. 

As a standard experiment (method B) a solution of 2- 
bromobenzoic anhydride (6) in benzene containing less 
than 1 equiv of a complexing agent was held a t  reflux over 
copper powder for 24 hr. The results, summarized in 
Table 11, indicate that the complexing agents of choice 
contain nitrogen-heterocyclic rings, e . g . ,  4,5-phenanthro- 
line and 2,2‘-bipyridine. To show the generality of this 
type of reaction, 2,4-dichlorobenzoic anhydride (7)  and 2- 
chloro-5-nitrobenzoic anhydride (8) in benzene containing 
2,2’-bipyridine were converted into the corresponding 
5,5’-dichlorodiphenic anhydride (10) and 4,4’-dinitrodi- 
phenic anhydride (11) in excellent yields. 

The results outlined above make it obvious that the 
Ullmann reaction to form diphenic acid derivatives is 
greatly facilitated by the use of anhydrides instead of es- 
ters. Accordingly, we next studied the use of unsymmetri- 
cal benzoic anhydridesg for obtaining unsymmetric di- 
phenic anhydrides. Although the starting anhydrides used 
were undoubtedly mainly unsymmetric, on heating rapid 
disproportionation took place faster than coupling with 
the result that the two symmetric and the unsymmetric 
diphenic anhydrides were produced. For example, when 

the crude mixed anhydride, 12, formed by treating 2,4- 
dichlorobenzoic acid in pyridine with 2-bromobenzoyl chlo- 
rideg was heated under the conditions of method A or B a 
mixture of diphenic anhydrides was obtained. This mix- 
ture was hydrolyzed with alkali and the free acids ob- 
tained were esterified with diazomethane. Analysis of the 
esters showed that dimethyl diphenate (13), dimethyl 
5,5’-dichlorodiphenate (14), and dimethyl 5-chlorodiphe- 
nate (15) were present in about the statistical ratio 1:1:2, 
respectively. 

12 13 

14 15 
The same mixture of 13, 14, and 15 was obtained when 

an equimolar mixture of 6 and 7 was used as starting ma- 
terial. This fact suggests that, for example, an excellent 
yield of 15 might be obtained if a mixture of 7 and an ex- 
cess of 6, or a mixture of 6 and an excess of 7, were used. 
In a given case the choice as to which anhydride should be 
used in excess would depend on which anhydride was 
least valuable. 

In an effort to use a derivative which might not dispro- 
portionate as readily as do anhydrides, we prepared N- 
phenyl-2-bromobenzimide (16). An attempt a t  cyclization 
(method B) yielded mainly recovered 16 and small 

0 1  
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amounts  of unidentified products, none of which corre- 
sponded to  the  desired N-phenyl diphenic imide.  One at- 
t empt  at cyclization of 2,2'-dibromobenzil (17) failed t o  
produce any  phenanthrenequinone. 

Because of the success in the  synthesis of diphenic 
anhydrides by intramolecular Ullmann reactions de-  
scribed above we carried out a few experiments in the  ali- 
pha t ic  area.  Intermolecular Ul lmann reactions on substi-  
tu ted  vinyl bromides and  iodides have been carried out 
and t h e  stereospecificity of t he  reactions determined and 
d i s c u ~ s e d . ~  We have found that 2-bromo-3-methylbutenoic 
anhydride (18) is  readily coupled t o  2,ij-dimethylhexa- 
2,4-diene-3,4-dioic anhydride (19) as indicated by t h e  iso- 
lation of dimethyl 2,5-dimethylhexa-2,4-diene-3,4-dioate 
(20) after t rea tment  of t h e  reaction product, with metha- 
nol. T h e  results of t h e  a t t empted  cyclizations of (E,E)-2- 
bromocinnamic anhydride (21) and the Z,Z isomer (22) 
were not very promising but are of some interest .  The E , E  
anhydride,  21, is not configurationally stable under the  
reaction conditions (method A). However, by  chromatog- 
raphy of the methyl esters of t he  reaction product,  a 22% 
yield of dimethyl (Z,Z)-1,4-diphenyl-l,3-butadiene-2,3- 
dioate (23) was isolated. T h e  Z,Z anhydride,  22, afforded 
19% of dimethyl (E,E)-1,4-diphenyl-l,3-butadiene-2,3- 
oate (24).1° 

COOCH3 
I 

[(CH3)2C=CBrCO],0 (CH,),C=C-C=C(CH,), 
I 

18 
dOOCH3 

20 
COOCH3 T T  

flu 

21 23 
I T  ,COOCH, _. 

22 24 

In each of t he  above coupling reactions some methyl 
cinnamate was produced. T h e  proportion of this  reduction 
product t o  coupled product was m u c h  larger i n  the  case of 
t he  reaction involving 22, undoubtedly because of greater 
hindrance t o  coupling because of t he  stereochemistry of 
the transit ion s t a t e  which places the phenyl groups in op-  
position to  each other.  

The assignment of structures to  23 and 24 was m a d e  on 
the  basis of uv and p m r  spectra.  T h e  uv max for 23 (312 
nm,  log t 3.5) lies at longer wavelength than t h a t  of 24 
(278 nm,  log t 4.4), as does that of (E,E)-1,4-diphenyl- 
1,3-butadiene (328 n m )  compared to  (Z,Z)-1,4-diphenyl- 
1,3-butadiene (299 nm) . I i  T h e  E,Z form for either of t he  
coupling products from 21 and  22 is ruled out  because 
both  23 and 24 have singlets for t h e  vinylic hydrogen at 6 
6.92 and  7.92, respectively. If a n  E,Z compound were at 
hand  there should be two singlets. 

T h e  fact  that these reactions were effected in a short  
t ime (ea. 1.5 hr)  at 80-90" as compared to  the  longer 
t imes at higher temperatures for intermolecular coupling5 
makes further s tudy  of intramolecular coupling of vinylic 
halides of interest.12 

Experimental Sectioni3 
Preparation of Acid Chlorides. In a typical experiment 38.5 g 

of 2-bromobenzoic acid was slowly added to a stirred slurry of 40 
g of PC15 and 200 ml of dry CH2C12. When the mixture had be- 
come homogeneous (ca. 15 min after addition) the solvent and 

Po& were removed under reduced pressur'e and the residue was 
distilled to yield 34.0 g (82%) of 2-bromobenzoyl chloride,14 bp 
130-133" (15 mm). In a similar way were prepared 2-chloroben- 
zoyl chloride,15 bp 65" (0.05 mm), 2-iodobenzoyl chloride,lG bp 
145" (13 mm), 2,4-dichlorobenzoyl chloride,l7 bp 115-117" (13 
mm), and 2-bromo-3-methyl-2-butenoyl chloride,lB bp 78-80' (15 
mm), ir (neat) 5 . 6 9 ~  (1757 cm-l). 

Preparation of Anhydrides. The methodl9 we used (method 1) 
to prepare some anhydrides is illustrated by the synthesis of 2- 
iodobenzoic anhydride.20 To an ice-cold solution of 8.7 g of 2-iodo- 
benzoic acid and 3 ml of pyridine in 20 ml of benzene was added 
a solution of 9.3 g of 2-iodobenzoyl chloride in 20 ml of benzene. 
After 10 min the mixture was filtered and the filtrate was worked 
up as usual to  yield 14.9 g (88%) of 2-iodobenzoic anhydride, mp 
71-75". In a similar way 2-chlorobenzoic anhydride,21 mp 78-79", 
2-bromobenzoic anhydride, mp 76.0-77.5", and 2,4-dichloroben- 
zoic anhydride, mp 105.0-106.5", were prepared. 

Anal. Calcd for C14H~Brz03: C, 43.7; H, 2.1; m/e  383. Found: C, 
43.3; H, 1.8; m/e 383 (center of triplet). Calcd for C14H&1.&3: C, 
46.2; H, 1.7; m/e 365. Found: C, 46.5; H, 1.6; m/e 365. 

The mixed anhydrides, 2,4-dichloro-2'-bromobenzoic anhydride 
and 3-bromo-2-naphthoic-2'-bromobenzoic anhydride, were pre- 
pared by this method but were not analyzed or characterized be- 
cause of rapid disproportionation on heating. 

By treatment with ethoxyacetyleneZ2 (method 2),  (E)-2-bromo- 
cinnamic acid was converted into (E,E)-2-bromocinnamic anhy- 
dride,23 mp 71-73", the Z isomer into (Z,Z)-2-bromocinnamic an- 
hydride,23 mp 101-102", and 2-chloro-5-nitrobenzoic acid into 2- 
chloro-5-nitrobenzoic acid anhydride, mp 145-146". 

Anal. Calcd for C ~ ~ H & ~ ~ N Z O ? :  C1, 18.4; N, 7.3. Found: C1, 18.3; 
N, 7.1. 

Ullmann Reactions. Method A (See Table I). In a typical ex- 
periment (expt 10, Table I) a mixture of 1.0 g of copper powderz4 
in 5 ml of pure DMF containing 1.4 g of 2-bromobenzoic anhy- 
dride (6) was stirred magnetically in a flask held in a bath at  60- 
70". After 1.5 hr the cooled mixture was diluted with ether and 
filtered. The filtrate was washed with water and the water wash 
was reextracted with ether (repeated once). The combined ether 
layer was washed with saturated salt solution and filtered 
through anhydrous MgS04. After distillation of the ether, the res- 
idue was heated at  reflux with aqueous methanolic KOH for 20 
min. The acids, obtained by ether extraction of the acidified hy- 
drolysis solution, were taken into ether. The dried ether solution 
was treated with a slight excess of diazomethane and the solvent 
was distilled. There remained 0.90 g (92%) of an oil which solidi- 
fied on cooling. Analysis by glpc on a 30% SE-30 (a  silicone oil) on 
Chrome-A support in a 8 ft X 0.25 in. column at 225" using heli- 
um revealed that approximately 10% of methyl benzoate was 
present along with 90% of dimethyl diphenate. No methyl 2-bro- 
mobenzoate was present. The identity of each fraction was deter- 
mined by use of authentic samples. The experiment with 6 in 
which quenching with DzS04 was used (see discussion) was of the 
method A type. 

Method B (See Table 11). In a typical experiment a solution of 
1.0 g (2.6 mmol) of 6 and 0.2 g (1.0 mmol) of 2,2'-bipyridine in 75 
ml of dry benzene was held at  reflux over 0.7 g (10.4 mg-atoms) of 
copper for 24 hr. The reaction mixture was filtered. The filtrate 
was extracted with water and dilute HC1. After the benzene solu- 
tion was filtered through MgS04, the reaction products were 
worked up as described for method A to  yield approximately 98% 
of dimethyl diphenate and 2% of methyl benzoate (expt 5, Table 
11). 

In a similar experiment except that the solvents were removed 
after the unused copper was removed by filtration, there was iso- 
lated by crystallization from benzene 0.5 g (86%) of diphenic an- 
hydride,25 mp 218-220". Similarly, 2,4-dichlorobenzoic anhydride 
(7) yielded 5,5'-dichlorodiphenic anhydride,26 mp 201-203", and 
2-chloro-5-nitrobenzoic anhydride (8) yielded 4,4'-dinitrodiphenic 
anhydride,27 mp 234-236", in 86 and 80% yields, respectively. 

Mixed Anhydride Experiments. The experiments involving 
freshly prepared 2-bromo-2',4'-dichlorobenzoic anhydride (12) 
were carried out in HMPA by methods A and B. The results were 
essentially the same in each case; about 10% of methyl benzoate 
and methyl 4-chlorobenzoate (reduction products) were formed in 
addition to dimethyl diphenate (13), dimethyl 5,5'-dichlorodiphe- 
nate, and dimethyl 5-chlorodiphenate (15), in the ratio of ap- 
proximately 1:1:2. The structure of 15 was assumed from nmr 
(CC14), 6 7.9 and 7.3 (m, 7, ArH), 3.6 (s, 3, OCHa), 3.52 (s, 3, 
OCH3), and mass spectrum, m/e 304. When equimolar mixtures 
of 6 and 7 were treated as described for methods A and B, reac- 
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tion products closely analogous to those obtained with 12 were ob- 
tained. 

N-Phenyl-2-bromobenzimide (16). To a slurry containing 0.2 g 
(5 mmol) of sodium hydride in 10 ml of DMF was added 1.3 g (4.9 
mmol) of N-phenyl-2-bromoben~amide.~~ In a few minutes all of 
the hydrogen had been evolved and the mixture became homoge- 
neous. To this was added 1.1 g (5 mmol) of 2-bromobenzoyl chlo- 
ride. After standing overnight the mixture was heated to 65" for 
30 min. After the usual work-up there was obtained about 2 g of 
an oil which was crystallized from benzene with little loss to yield 
16, mp 107-108", which contained only ArH in the pmr, mass 
spectrum m / e  459, ir 5.92 p .  This compound was recovered un- 
changed from experiments of type A and B above. 
2,2'-Dibromobenzil (17). 2-Bromobenzaldehyde, bp 120-130", 

was prepared in 48% yield (crude) by a slight modification (use of 
aqueous alcoholic potassium hydroxide) of the 2-nitropropane oxi- 
dation29 of 2-bromobenzyl bromide. A mixture of 10.0 g of this 
aldehyde and 1.0 g of sodium cyanide in 50 ml of NMP was held 
a t  90-100" for 9 hr. The mixture was diluted with an equal vol- 
ume of water and the crude product, isolated as usual, was treat- 
ed with saturated aqueous sodium bisulfite to remove unreacted 
aldehyde. The resulting crude benzoin was treated with 35 ml of 
concentrated "03 for 1.5 hr a t  90-100". The product from this 
reaction, isolated as usual, was chromatographed over Florisil to 
yield 12% of pure 17, mp 120-123", m / e  368. No attempt a t  max- 
imization of yield was made. 

Anal Calcd for CIdHsBrzOz: C, 45.7; H, 2.2. Found: C, 45.5; H, 
2.2. 
Dimethyl 2,5-Dimethylhexa-2,4-diene-3,4-dioate (20). Pure 

2-bromo-3-methyl-2-butenoic acid, mp  90-91", prepared essential- 
ly as described,30 was converted by method 2 (using ethoxy- 
acetylene) into the anhydride 18, 8.5 g of which was immediately 
added to 60 ml of DMF containing 6.4 g of copper. After 1.5 hr a t  
80", 60 ml of methanol was added and the mixture was held a t  re- 
flux for 30 min. After cooling and dilution with water the product 
was taken into ether. The ether extract was treated with diazo- 
methane. After the usual work-up distillation afforded 2.9 g (50%) 
of pure 20, mp 73-74", ir (KBr) 5.83 h ,  nmr (CC14) 6 3.70 (s, 6, 
OCHs), 2.15 (s, 6, =CCH3), 1.68 (s, 6, =CCH3), m / e  226, on 
crystallization from pentane. 

Anal. Calcd for C12H1804: C,  63.6; H, 8.1. Found: C, 63.7; H, 
8.0. 

A small amount (ca.  10%) of reduction product, methyl 3- 
methyl-2-butenoate, was formed in the reaction as estimated by 
glpc (comparison of retention time with that of an authentic sam- 
ple). When the reaction of 18 with copper was tried at reflux in 
benzene with 2,2'-bipyridine for 24 hr, no 20 was isolated, as tarry 
material was formed. 
Dimethyl (Z, 2)  1,4-Diphenyl- 1,3-butadiene-2,3-dioate (23). 

(E)-2-Bromocinnamic acid, mp 115-116.5", prepared essentially 
as described,31 was converted into the anhydride with ethoxy- 
acetylene (method 2 above). A mixture of 2.0 g of thib and 1.6 g of 
copper in 10 ml of DMF was stirred at 85" for 1.5 hr. After the 
usual work-up and esterification to methyl esters, the product 
was chromatographed over silica gel. There could be isolated 0.4 g 
(22%) of 23, mp 121-123", uv max 318 nm (log c 3.5), ir (KBr) 5.78 
p ,  pmr 6 7.36 (s, 10, ArH), 6.92 (s, 2, =CH), 3.77 (s, 6, OCHB), 
after recrystallization from ether-hexane. KO attempt was made 
to maximize the yield of this reaction. 

Anal Calcd for C20H1~04: C ,  74.5; H, 5.6. Found: C, 74.7; H, 
5.6. 
Dimethyl (E,E)-1,4-Diphenyl-l,3-butadiene-2,3-dioate (24). 

On heating 8.0 g of (E)-2-bromocinnamic acid at 200" for 30 min, 
the product was crystallized from heptane to yield 5.5 g (69%) of 
(Z)-Z-bromocinnamic acid,31 mp 129-130". After conversion to the 
anhydride with ethoxyacetylene (method 2 above), 5.0 g of the 
anhydride 22, 4.0 g of copper, and 20 ml of DMF were held at 
80-90" for 90 min. The mixture was diluted with methanol and 
refluxed for 1 hr. The resulting product was separated into neu- 
tral and acidic fractions by extraction with K2C03 solution. The 
acid fraction was esterified with diazomethane and the esters 
were chromatographed on silica gel to yield 0.7 g (19%) of 24,32 
mp 113-115", uv max 278 nm (log c 4.4), pmr 6 7.92 (s, 2, =CH), 
7.33 (m, 10, ArH), 3.73 (s, 6, OCH3). 

Regis  try No. - (2 - C 1 C 6H4C 0 ) 2 0 ,  49619-43-4; (2,4- 
ClZCsH&0)20, 51417-52-8; ( 2 - B r C ~ H & 0 ) ~ 0 ,  49619-44-5; (2- 
ICsH4CO)zO, 51417-53-9; 4, 6050-13-1; 8, 51417-54-0; 10, 20872- 
20-2; 11, 27007-55-2; 12, 51417-55-1; 13, 5807-64-7; 14, 27007-54-1; 
15, 1035-83-2; 16, 51417-56-2; 17, 51417-57-3; 18, 51417-58-4; 20, 

6117-26-6; 21, 51417-59-5; 22, 51417-60-8; 23, 51417-61-9; 24, 
51417-62-0; Cu, 7440-50-8; 2-bromobenzoyl chloride, 7154-66-7; 2- 
chlorobenzoyl chloride, 609-65-4; 2-iodobenzoyl chloride, 609-67-6; 
(E)-2-bromocinnamic acid, 15894-30-1; (2)-2-bromocinnamic acid, 
15813-24-8; 2-chloro-5-nitrobenzoic acid, 2516-96-3; N-phenyl-2- 
bromobenzamide, 10282-57-2; 2-bromobenzaldehyde, 6630-33-7; 
2-bromo-3-methyl-2-butenoic acid, 51263-40-2. 
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