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Introduction 

Haloaromatic compounds, which play an important 
role as industrial products, present considerable envi- 
ronmental problems because of their toxicity, bioconcen- 
tration, and persistence in the biosphere. The microbial 
degradation of these substances has thus received in- 
creased attention. 

Many chloroaromatics have been shown to be degraded 
by bacteria via chloro-substituted catechols as key inter- 
mediates. The catechols are cleaved in a 1,a-dioxygen- 
ation reaction, yielding the corresponding cis,cis-2,4- 
hexadienedioic acids.l Elimination of C1- occurs during 
or directly after cycloisomerization of the cis,cis-chloro- 
2,Chexadienedioic acids. Further degradation of the 
resulting 5-0~0-2(5H)-furanylideneacetic acids proceeds 
through 4-oxo-2-hexenedioic acids.2 

Until now, the interesting intermediate halogenated 
cis,cis-2,4-hexadienedioic acids as well as 5-oxo-2(5H)- 
furanylideneacetic acids were only available with expen- 
diture of time through bioconversion reactions with whole 
cells or purified enzyme preparations in low 
Thus, here we report the chemical synthesis of 2a-d and 
4 ~ - d .  

Results and Discussion 

Probably the best method for stereospecific synthesis 
of cisJcis-2,4-hexadienedioic acids is the oxidative ring- 
cleavage of a phenolic system. 3,5-Di-tert-butylcatechol 
as well as different methylcatechols has been converted 
to cisJcis-2,4-hexadienedioic acids under various con- 
dition~.'-'~ We have applied oxidation with peracetic acid 
or with lead tetraacetate, both proceeding via o-quinones 
as intermediates. 
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Oxidation of aromatic compounds with peracetic acid 
was first developed for phenol by Boeseken and Engel- 
berts16 and applied to catechol by Wacek and Fiedler.16 
The catalytic influence of various metal ions as well as 
the reaction mechanism was extensively studied by 
Pandell."J8 Application of the method for the prepara- 
tion of cis,cis-3-halo-2,4-hexadienedioic acids yielded only 
mixtures of cis,truns-isomers and lactonization prod- 
u~ts.1g~2~ One possible explanation is the instability of 
cis,cis-3-halo-2,4-hexadienedioic acids, which can be at- 
tributed to the steric and stereoelectronic repulsion 
between the 3-hdo substituent and the C-6-carboxyl 
group.21 In cisJcis-2-halo-2,4-hexadienedioic acids this 
interaction is absent; therefore, they should be more 
stable in weakly acidic media. 

Oxidation of the 3-halocatechols was carried out a t  
room temperature by very slow addition of a saturated 
acetic acid solution of the corresponding catechol to a 
stirred solution of peracetic acid containing catalytic 
amounts of Fe(II1). After an additional reaction time of 
24-36 h at room temperature, the precipitated hexadi- 
enedioic acids can be isolated as white solids in moderate 
yield and high purity (Scheme 1). The configuration of 
2a-d was proven by 'H NMR. A typical vicinal 3J4,5 

value of 11.6 Hz indicates cis geometry of the 4-double 
bond. In case of 2b,c the chemical shifts of H-3, H-4, 
and H-5 corresponded with those reported for the identi- 
cal cis,cis isomers isolated from haloaromatic degrada- 
tion.' The configuration of the 2-double bond of 2d was 
shown to be cis by biological activity toward muconate 
cycloisomerase, since only the cis,& isomer shows en- 
zymatic turnover.22 

The 3,4-dihalo-2,4-hexadienedioic acids, expected from 
turnover of the corresponding 4,5-dihalocatechols should, 
like their 3-halo analogues, also be unstable in acidic 
medium. In fact, using the above method with a longer 
reaction time (48 h) for 3c,d, we could only isolate (2)- 
3-halo-5-oxo-2(5H)-fanylideneacetic acids, products of 
a spontaneous lactonization of the 3,4-dihalo-2,4-hexa- 
dienedioic acids and elimination of hydrogen halide. 

The 2 configuration of 4c,d was established by com- 
parison of 'H NMR data with those from (E)- and (2)-3- 
fluoro-5-oxo-2(5H)-furanylideneacetic acid.23 Typical 
chemical shifts of the exocyclic C-6 proton (H-6) were 
measured to be 5.8 ppm for the 2 isomer and 6.2 ppm 
for the E isomer. 

For the synthesis of 3,4-dihalo-2,4-hexadienedioic ac- 
ids, we applied the oxidation of 3,4-dihalo o-quinones k , d  
with lead tetraacetate?O from which the stable dimethyl 
esters were obtained. In a first step 3c,d were oxidized 
with NaI04 at room temperature under phase-transfer 
catalysis to the corresponding labile oquinones Sc,d. The 
in situ generated quinones became directly turned over 
in a second oxidation step at 0 "C with lead tetraacetate 
in methanol to yield the dimethyl cis,cis-3,4-dihalo-2,4- 
hexadienedioic acids 6c,d. The following alkaline hy- 
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Scheme 1 

HOOAc I [  Few 

Notes 

Table 1. Peracetic Acid Oxidation of la and the 
Halocatechols lb-d and 3c-d 

L -  1 
HOAc ' C02H 

\ C02H c q:: r l . ,  24 - 36 hr 

(30 - 65%) 
X X 

la-d 2 a d  
HOOAc I [  Fe3+] 
HOAc 
r.t., 48 h 

X OH (31 - 34%) 
3 c d  4 e d  

X xa: 1." E l l  c CI 1 c C I I  
d Br d Br 

5 c d  4c 

Pb(OAc), 
CH2C12 I MeOH 
O"C, 1 h 

NaOH I H 2 0  

Bed 7c 

drolyses with aqueous sodium hydroxide only succeed 
with the chloro derivative 6c to give the disodium salt 
7c. Weak acidification of an aqueous solution of 7c with 
acetic acid yielded 4c. 

For the dimethyl esters 6c,d, cis,cis configuration could 
be proved only indirectly. Since the lH and 13C NMR 
spectra of 6c and 6d show only two or four signals, 
respectively, both compounds have to be symmetrical. 
Together with the inclination of 7c for lactonization, 
making one cis-fmed double bond necessary, a cis,cis 
configuration can be assumed. 

Experimental Section 
All melting points were determined with a Buchi melting 

point apparatus and are uncorrected. 'H NMR, 13C NMR, and 
19F NMR spectra were recorded on a Bruker AC 250 spectro- 
meter at  250, 63, and 235 MHz, respectively. IR spectra were 
recorded on a Perkin-Elmer 1420 spectrophotometer. Mass 
spectra were obtained with a Varian MAT 311 instrument using 
ionization potentials of 70-80 eV. Elemental analyses were 
performed in the Analytical Laboratory of this university. 
Catechol (la), 3-fluorocatechol (lb), and 2,3-dimethoxybenzoni- 
trile were purchased commercially. The dihalocatechols 3c,d 
were prepared from la by halogenation with sulfuryl chloridez4 
or bromine,26 respectively. 3-Chlorocatechol (IC) and 3-bro- 
mocatechol (Id) were prepared according to the literaturez6 from 
2,3-dimethoxybenzonitrile. 
Peracetic Acid Oxidation of Catechols: General Pro- 

cedure. A solution of 32% peracetic acid (36.0 g, 150 mmol), 
glacial acetic acid (10 g), and ferric ammonium citrate (20 mg) 
was placed in a flask (100 cm3 volume). To the magnetically 
stirred mixture was added a solution of catechol (5.5 g, 50 mmol) 
in glacial acetic acid (15 g) by a syringe pump during 8 h at  
room temperature. After complete addition, the reaction mix- 
ture was stirred for an additional 24 h at  room temperature. 
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3d 

time 
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24 

24 

24 

36 

48 

48 

product 
2a 

2b 

2c 

2d 

4c 

4d 

52 

40 

30 

31 

34 

mp ("C) 
lit. mp ("C) 

180-181 dec 
180 dec17 
185-187 dec 

159-160 dec 
1603 
149-150 dec 

220-222 dec 

220-222 dec 

The resulting suspension was then concentrated in vacuo, 
without heating, to a final volume of approximately 40 mL. After 
the solution was cooled to 0-4 "C, the product was collected by 
suction filtration and washed with ice-cold water until the 
filtrate was colorless. Drying in vacuum over KOH yielded the 
respective cis,cis-2,4-hexadienedioic acid or 5-oxo-2(5H)-fu- 
ranylideneacetic acid (Table 1). 
cis,cis-2,4-Hesadienedioic acid (2a): lH NMR (acetone- 

8.1 Hz, J = 2.4 Hz); IR (KBr) 3200-2500,1680,1590,1250,1200; 
MS mlz 143 (M+ + H), 142 (M+). Anal. Calcd for CsHs04: C, 
50.71; H, 4.26. Found: C, 50.63; H, 4.20. 
cis,cis-2-Fluoro-2,4-hexadienedioic acid (2b): lH NMR 

(acetone-ds) 6 6.04 (m, 1 H), 7.67 (dd, 1 H, J = 11.6 Hz, J = 
11.7 Hz), 7.86 (m, 1 H); 19F NMR (acetone-ds) 6 -106.90; IR 
(KBr) 3200-2500,1695,1595,1240; MS mlz 161 (M+ + HI, 160 
(M+). Anal. Calcd for CsHsFO4: C, 45.01; H, 3.15. Found: C, 
44.96; H, 3.17. 
cis,cis-2-Chloro-2,4-hesadienedioic acid (2c): lH NMR 

(acetone&) 6 6.05 (dd, 1 H, J = 11.6 Hz, J = 1.3 Hz), 7.60 (dd, 
1 H, J = 11.6 Hz, J = 11.7 Hz), 8.27 (dd, 1 H, J = 11.7 Hz, J = 
1.3 Hz); IR (KBr) 3200-2500,1695,1565,1255,1230; MS m l z  
178 (M+, 37Cl), 176 (M+, 36Cl). Anal. Calcd for CsHsC104: C, 
40.81; H, 2.85. Found: C, 40.73; H, 2.90. 
cie,cie-2-Bromo-2,4-hesadienedioic acid (2d): lH NMR 

(acetone-&) 6 6.04 (dd, 1 H, J = 11.5 Hz, J = 0.9 Hz), 7.47 (m, 
1 H), 8.48 (dd, 1 H, J = 11.6 Hz, J = 0.8 Hz); IR (KBr) 3200- 
2500,1695,1255,1230; MS mlz  222 (M+, 81Br), 220 (M+, 79Br). 
Anal. Calcd for C&,BrO4: C, 32.61; H, 2.28. Found C, 32.88; 
H, 2.31. 
(Z)-3-Chlor0-5-0~0-2(5H)-furanylideneacetic acid (40): 

lH NMR (acetone-&) 6 5.80 (s, 1 H), 6.89 (8 ,  1 H); 13C NMR 
(acetone&) 6 100.56,121.40,150.33,155.62,164.27,166.48; IR 
(KBr) 3200-2500,1790,1705,1250; MS m l z  176 (M+, 37Cl), 174 
(M+, 3sCl). Anal. Calcd for C&.C104: C, 41.29; H, 1.73. 
Found: C, 41.18; H, 1.85. 
(Z)-3-Bromo-S-oso-2(5H)-furanylideneacetic acid (4d): 

lH NMR (acetone-ds) 6 5.78 (d, 1 H, J = 0.7 Hz), 7.06 (d, 1 H, J 
= 0.7 Hz); 13C NMR (acetone&) 6 102.04,125.85,139.61,156.81, 
164.39,167.27; IR (KBr) 3200-2500,1800,1710,1250; MS mlz  
220 (M+, 81Br), 218 (M+, 79Br). Anal. Calcd for CsHaBrO4: C, 
32.91; H, 1.38. Found: C, 32.82; H, 1.43. 
Synthesis of 4,5-Dihalo-1,2-benzoquinones: General 

Procedure. To a magnetically stirred solution of the respective 
4,5-dihalocatech01(30 mmol) and tetra-n-butylammonium bro- 
mide (50 mg) in CHzClz (80 mL) was added a solution of NaI04 
(7.5 g, 35 mmol) in water (80 mL). After vigorous stirring of 
the solution at room temperature for 20 min, the dark red 
organic layer was separated and dried with MgS04. Due to the 
lability of the o-quinone, the solution was immediately employed 
for further oxidation. 
Synthesis of Dimethyl cis,cis-3,4-Dihalo-2,4-hesadiene- 

dioic Acids: General Procedure. To the solution of the 
respective 4,5-dihalo-l,2-benzoquinone (crude product from the 
step before) in CHzC12, was added dry methanol (80 mL). The 
stirred mixture was cooled to 0 "C and solid lead tetraacetate 
(16.2 g, 37 mmol) was added. After the solution was stirred at  
0 "C in the dark for 1 h, the solvent was evaporated in vacuo 
and the oily residue was repeatedly extracted with hexanel 
ethylacetate 50:50 (4 x 75 mL). The combined extracts were 

ds) 6 6.05 (dd, 2 H, J = 8.1 Hz, J = 2.4 Hz), 7.91 (dd, 2 H, J = 
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carefully (COz evolution) stirred with an excess of saturated 
aqueous solution of sodium bicarbonate. After being washed 
with water, the organic layer was dried with MgS04. Evapora- 
tion of the solvent and condensing under reduced pressure (70- 
90 "C/0.03 mbar) yielded the respective pure dimethyl cis&- 
3,4-dihalo-2,4-hexadienedioic acid. 

Dimethyl cis,cis-3,4-dichloro-2,4-hexadienedioic acid 
(6c) was prepared from Sc as shown above: 78% yield; oil; lH 

51.84, 121.70, 142.38, 162.71; IR (film) 1720, 1215, 1190, 1165; 
MS m l z  240 (M+, 35C1, Wl) ,  238 (M+, 36Cl). Anal. Calcd for 
CeHsClzO4: C, 40.19; H, 3.37. Found: C, 40.08; H, 3.26. 

Dimethyl cis,cis-3,4-dibromo-2,4-hexadienedioic acid 
(6d) was prepared from Sd as shown above: 52% yield; mp 46- 

(CDC13) 6 51.87, 124.38, 134.20, 162.83; IR (film) 1730, 1220, 
1200, 1170; MS mlz  330 (M+, SIB,), 328 (M+, slBr, 79Br), 326 
(M+, 79Br). Anal. Calcd for CsHsBrzO4: C, 29.30; H, 2.46. 
Found: C, 29.30; H, 2.52. 

Synthesis of Disodium cie,cis-3,4-Dichloro-2,4-hexadi- 
enedioate (7c). A mixture of the dimethyl ester 6c (2.4 g, 10 

NMR (CDC13) 6 3.70 (s, 6 H), 6.23 (8 ,  2 H); 13C NMR (CDCld 6 

48 "C; 1H NMR (CDCl3) 6 3.72 (s, 6 H), 6.36 (s, 2 H); 13C NMR 
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mmol) was stirred with NaOH (0.8 g, 20 mmol) in water (5 mL) 
for 1 h. Extraction of the mixture with CHzClz and evaporation 
of the aqueous phase at  3 mbar yielded 7c (2.4 g, 94%) as a light 
yellow-brown powder. Attempted purification of the disodium 
salt by recrystallization from various solvent systems failed. 'H 
NMR (DzO): 6 5.29 ( 8 ,  2 HI. 

Lactonization of 7c. A solution of the disodium salt 7c 
(1020 mg, 4 mmol) in water (3 mL) was mixed with acetic acid 
(1 mL). After standing at room temperature for 30 min, the 
mixture was cooled to 0 "C. After an additional 15 min, the 
precipitate was collected by suction filtration. It was washed 
with ice-cold water (2 mL) and dried in vacuum. Subsequent 
sublimation (120 "C/0.03 mbar) yielded 4c (200 mg, 29%) as a 
colorless powder, mp 219-221 "C dec. Anal. Calcd for C6H3- 
c104: C, 41.29; H, 1.73. Found: C, 41.22; H, 1.81. 
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