
Photochemical Decarboxylation of Orotic Acid J .  Org. Chem., Vol. 44, .Yo. 13, 1979 2133 

hasis of physical and spectrciscopic properties. The  residual tar from 
the reaction \vas not inve 

Kinetic Study. A pur ple of .V,,V-dibromo-cu-aminoiso- 
liutyrcitiitrile (0.8:11 g. 0.0034 mol) was dissolved in 15 m L  of meth-  
ylene chloride. An aliquot (0.20 mL1 was analyzed iodometrically for 
positive hromine with (i.008 N Na$3~O,j solution. The  solution was 
transferred tci a .iO-niI. round-bottom flask (magnetic stirrer, ice bath. 
and drying tutie!, I n  a heparate vial. recrystallized nitrosobenzene 
(0,:367 g. 0,I)O:U tni i l i  MX dissolved in I O  mI, of methylene chloride 
ant i  c~hilled tci il "('. At'ter eyuilihration. the time was recorded and 
the iiilution of' nitrciscrhen as added in one portion to the vig- 
o r o u ~ l > -  stirred hiilution c r t  ihronioamine. Progress of'the reac- 
tion a t  0 "C was tollo\ved I rving the progressive color change: 
(lark preen, light liro\vti. cirange. and I'inally red. I'pon development 
ot'a pronciunced led color. 0.20-rn1, aliyucits of reaction mixture v.we 
quickly ithdra\r-ti a n d  titrated iodometrically. The  process was re- 
Iiratrd ~ v e r ~ '  13 -31  inin until the y tor pcisitive Iiromine was rvithiti 

( i f  t h e  initial value ladjusted tor dilution with 10  mI, o f n i -  
tr~is~rlieii~erie > ( i l l i t  ion!. Hy thih method. reaction time \vas estimated 

( 1  h. Purt1ii.r titration ( 1  2 h i  (it'diqwitb revealed i i r i  atldititrnal 
tlccrcaie in  poii t  i\-e Iiromitie. 

-dil)rotnoamine (0.41() 
2. (i.iici169 m o l i  [\a. re,ic,tett with tiitroscihenzene 10.181 g) in 2,: mI, 
III' nnrthylene cliliiri(lc~. Estimated t t i t a l  reaction time was 5.2: 11. 

I)uplic,ate runs  w i ~ h  wacticiti mixtures initially O.U0:180 (25 mI,1 and 
i1.ti0182 mol 1 2 5  11.1 , I  i n  110th htarting tnaterialh required 6.00 and :.%! 
h .  rv~pect ivvl>.  1 ~ 1 1 ,  coiiiiileticrti. 
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Orotic acid. orotidine. and  orotidine 5'-phosphate are  photochemically converted to uracil. uridine, and uridine 
,5'-phosphate in chemical yields of 13, 45, and 23%, respectively. The  chemical yields for uracil and uridinr forma- 
tion a re  1.6 X IO-: and 1.7 X respectively. The  chemical yield of uracil increases 2.5-fold when the orotic acid 
concentration is decreased IO-fold, indicating tha t  bimolecular reactions limit the uracil yield. The  reaction pro- 
ceeds from the singlet excited s ta te  as  shown hy the absence of quenching by paramagnetic ions and the absence 
of sensitization by benzophenone and acetone. T h e  Fe( I I1 i -  and Cu(I1)-promoted photochemical formation of ura- 
cil from orotic acid proceeds in up to l P 0  yield. Small amounts of harbituric acid are also observed. X plausible 
pathway for the  prebiological formation of uracil and its derivatives from HCIV via orotic acid and its derivatives 
is discussed 

Hydrogen cyanide is considered to  have been a likely 
starting material for the synthesis of biomolecules on the  
primitive Earth. '  I t  is formed in a variety of primitive Earth 
simulation experiments, and it is present in interstellar 
space. Dilute aqueous solutions of H C N  condense to give 
oligomers which in turn undergo hydrolytic decomposition 
to  purines, pyrimidines, and amino acids. In  addition, two of 
the compounds formed by the hydrolysis of H C N  oligomers, 
4-aminoimidazole-5-carboxamide and orotic acid (la), are 
intermediates in the contemporary biosynthesis of purine and 

0022-3263/79/1944-2133$01.00/0 

pyrimidine nucleotides, respectively. Primitive life forms may 
have had enzymes for the utilization of these compounds for 
nucleic acid synthesis once the supply of preformed purines 
and pyrimidines was exhausted.3 Probably the  first enzymes 
were not very efficient and only enhanced the rates of chemical 
processes modestly over tha t  of the rate in the absence of an 
enzyme. I t  is likely that  the same chemical processes also oc- 
curred under primitive Earth conditions in the absence of 
enzymes. The  chemical conversion of 4-aminoimidazole-5- 
carboxamide to  purines under primitive Earth conditions has 

C 1979 American Chemical Society 
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Table I. Photochemical Conversion of Orotic Acid to Table 11. Photochemical Decarboxylation of Orotidine 
Uracil irradiation yield of photoproducts, % 

1 18.6 0.7 

irradiation time, h uridine uracil 
time, h concn, M yield, oh 

2 

4 

12 

24 

36 

48 

60 

6.4 X trace 
6.5 X 10-i 2 0  
6.4 x 10-4 0.25 
6.5 x 10-5 3.9 

6.4 x 10-4 0.45 
6 5 x 10-5 7.8 

6.4 x 10-4 1.1 
6 ,5 X 10-' 12.7 

6.4 x 10-4 2.2 
6.;i x 1 0 - 5  11.3 

6.4 x 10-4 3.6 
6.5 x 10-5 6.7 

6.1 x 10-4 4.7 

6.4 x 10-4 4.9 

6.4 x 10-4 3.3 

already been described.4 In this paper we describe the for- 
mation of uracil, uridine, and uridine 5'-phosphate from the  
corresponding orotate derivatives under plausible prebiolo- 
gical condition?." 

Results and Discussion 

Orotic acid and its derivatives undergo a facile photo- 
chemical decarboxylation. At first it was thought that  the 
photochemical decarboxylation of orotic acid was a new re- 
action, but  careful scrutiny of the literature revealed that  
iiracil formation had been suggested previously but not 
proved.6 This  is probably because lop3 M orotic acid is con- 

0 

R 
1 

R 
2 

a , R = H  
b, R = 1 - r i b o f u r a n o s y l  
c .  R = 1 - r i b o f u r a n o s y l  5 -phosphate 

verted to  the dimer (a O . l ) i  much faster than it is converted 
to uracil ( @  l ( I - j ) . j  The  photodecarboxylation of orotidine 
and orotidine 5-phosphate has not been previously reported. 
T h e  decarboxylation of orotidine to  uridine constitutes a 
formal structure proof of orotidine.8 The  rate of formation of 
uridine from orotidine -c 0.02) is 1000 times faster than the 
rate of formation of uracil. 

Bimolecular reactions decrease the yield of decarboxylated 
products as shown by our observation that  the chemical yield 
of uracil goes from .5 to  13% when the orotic acid concentration 
is decreased from 6 X to  6 X 10-5 M (Table I). In  addi- 
tion, the chemical yields of decarboxylation products from 
orotidine ( l b )  and orotidine 5-phosphate ( I C ) ,  substances 
which do not undergo efficient p h ~ t o d i m e r i z a t i o n , ~  are 5-10 
times greater than that  of uracil from orotic acid (Tables I1 
and 111). In principle, the yield of uracil (2a) from orotic acid 
( l a )  should be equivalent to  the yield of uridine (2b) from 
orotidine ( lb )  since there is photoequilibrium between orotic 
acid and its p h o t ~ d i m e r . ~  The equilibrium was detected in the 
present work by the formation of uracil on irradiation of orotic 
,acid photodimer. A fraction of the orotic acid present a t  
equilibrium should be cleanly photolyzed t o  uracil, but  the  

~~ 

37.8 
44.9 
37.9 
31.6 

1.3 
3.9 
5.6 
1 . 3  
C '  

Table 111. Photochemical Decarboxylation of Orotidine 
5'-Phosphate 

yield. "u 

irradiation uridine orotic 
time, h 5'-phosphate uracil acid 

1 7.3 trace ., 
2 14 1 1 
3 22 2 <1 
4 23 2 :i <1 

photoequilibrium is strongly to  the side of the photodimer so 
that  uracil formation requires 48 h while uridine formation 
requires only 4 h when identical reaction conditions are used. 
This prolonged irradiation time allows for the photodecom- 
position of uracil which lowers its yield.l0 

The decreased yields of dimer formation from orotate anion, 
orotidine, and orotidine 5'-phosphate as compared t o  those 
of orotic acid are readily understood on the basis of the in- 
creasing steric and electrostatic repulsions. Most of the pre- 
vious photochemical studies of orotic acid were performed a t  
p H  1-3, well below p H  4.6, the pK, of the excited s ta te  of or- 
otic acid.l* Dimerization is a higher energy pathway a t  p H  8.5, 
the p H  used in the present research, because of the repulsions 
between the carboxylate anions, and hence the  relative yield 
of uracil is enhanced. The  steric bulk of the ribose moiety and 
the charge repulsions of the phosphate group result in a fur- 
ther decrease in dimer formation from orotidine and orotidine 
5'-phosphate. 

The photochemical decarboxylation of aryl carboxylic acids 
is an uncommon photoreaction and little is known about the 
reaction pathways or excited states involved." T h e  photo- 
decarboxylation of benzoic acid has been shown to proceed 
from a vibrationally excited ground state.' and the same may 
be true for nalidixinic acid since it undergoes a thermal de- 
carboxylation a t  150 "C as well as photodecarboxylation.'3b 
T h e  photodecarboxylation of orotic acid does not proceed 
from the triplet state as shown by the absence of the sensitized 
formation of uracil using benzophenone or acetone and the 
absence of quenching with Fe(I1). The  sensitization experi- 
ment was complicated by the  concurrent photoreaction of 
uracil. However, a 2% yield of uracil would have survived 6 h 
of irradiation. The  photodimer of orotic acid was the  main 
product of the sensitization with benzophenone. Its formation 
proceeds with triplet sensitizers and is quenched with para- 
magnetic i o n ~ . ~ $ ~ * - ' ~  Our observation that  decarboxylation 
proceeds with 254-nm but  not 300-nm light suggests the re- 
action goes via an upper singlet excited state or a vibrationally 
excited ground state." The  vibrationally excited ground state 
is favored because of the literature precedents cited above' 
and because thermal decarboxylation of orotic acid and its 
derivatives is a known reaction pathway." 

T h e  metal ion promoted decarboxylation of orotic acid is 
observed when orotic acid is photolyzed in the presence of 
Fe(II1) or Cu(I1) (Table IV).19 Barbituric acid (3) is also 
formed in small amounts. T h e  uracil yield was enhanced by 
the addition of 2-propanol to  the  raction mixture. T h e  result 
is consistent with the redox pathway proposed in Scheme I. 
This  pathway predicts tha t  Fe(I1) would not facilitate uracil 
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0 
Scheme I 

0 

I 

H H 

H 
3 

formation as was observed. T h e  reducing agent which serves 
as the hydrogen donor in the absence of added 2-propanol (eq 
2)  is unknown. Water is not a likely possibility because its 
bond energy (119 kcal) is much greater than the C-H bond 
energy of most organic compounds.'O 

T h e  previous pathways proposed for the prebiotic forma- 
tion of pyrimidines required bimolecular reactions between 
different chemical reagents.'O It is not always clear that  suf- 
ficient quantities of both reagents would have been present 
at the same location on the primitive earth for reaction to take 
place. The  formation of orotic acid and other pyrimidines from 
H C N  requires only the presence of sufficient H C N  for HCN 
oligomer formation to take place. The slow hydrolysis of these 
oligomers releases orotic acid and other biomolecules.' T h e  
photochemical decarboxylation of orotic acid t o  uracil is a 
plausible extension of the  prebiotic synthesis of pyrimidines 
from HCN. T h e  only additional reagent required, other than 
the HCN and the H20 used to  form the oligomers, is UV light 
which was the  most abundant  source of energy on the primi- 
tive Earth.22 Since photochemical reactions are zero-order 
processes. the  extent of photolysis is not limited by low con- 
centrations of orotic acid. In fact, dilute solutions of orotic acid 
are a real advantage since the rate of competitive bimolecular 
photoprocesses ii; greatly diminished (Table I). T h e  photo- 
decarboxylation of orotidine and orotidine 5'-phosphate ex- 
tends the scope of this prebiotic pyrimidine synthesis. The  
pyrimidine nucleosides and nucleotides may have formed on 
the primitive Earth either before o r  after the photodecar- 
boxylation reaction took place. 

T h e  metal-ion-promoted photodecarboxylation of orotic 
acid is also a plausible prebiotic route to  uracil. Both Fe(II1) 
and Cu(I1) form complexes with orotic acidz3 so tha t  a bi- 
molecular reaction between reactants present in small 
amounts on the primitive Earth would not have been rate 
limiting. The  uracil yield may have been enhanced by hy- 
drogen atom donors similar to  2-propanol in the  primitive 
oceans. Iron and (copper are among the  most abundant  tran- 

Table  IV. Metal-Ion-Promoted Photodecarboxylation of 
Orotic Acid" 

time, '% 
metal salt added reagent h uracil 

6 1.1 
24 3.6 

Fe(C104)e (4.1 X M) 24 ?1.6 
Cu(NO:j)2 6 7.5 

Fe(ClO& (1.3 X IO+ M) 6 7.2 
F e ( C 1 0 h  6 7.9 

Fe(C104):j 1 2  8.1 
Fe( C104):j 2 1  11.9 

Fe(C104 ),i 18 14.1 
Fe (C101 ) , j  $16 17.8 
Fe(C1Od:i 120 7.5 

Fe (C1OA):j ,'36 12.8 

Fe(C1OIh Fe(C104)2 15.9 X 6 (5.7 

Fe(C101),{ '-propanol ( 1.7 X 6 7.1 
MI 

10-2 M) 
Fe(ClOI),i 2-propanol 6 10.5 
Fe(ClOA1,; ?-propanol  21 20.3 

(1 All  reactants were 6.4 X %I unless noted otherwise. 

sition metals in the Earth's crust and were undoubtedly 
present in significant amounts on the primitive Earth.2d The  
metal ions may have initially been present in their lower oxi- 
dation states, but Fe(II1) and Cu(I1) oxidation states necessary 
for uracil formation would have formed after the atmosphere 
became more oxidizing. 

T h e  proposed prebiotic synthesis of uracil and its deriva- 
tives is similar to  the contemporary biotic pathway for the 
conversion of orotidine 5'-phosphate to  uridine 5'-phosphate; 
this similarity provides further support for the validity of the 
proposed prebiotic pathway because there would have been 
no discontinuities in the transition from prebiology t o  biolo- 
gy.:' T h e  change from a photochemical prebiological process 
to  a thermal biological process may appear to  be inconsistent 
with such a simple transition. However. since the photo- 
chemical reaction probably proceeds from a vibrationally 
excited ground state, the  same thermal reaction pathway is 
involved in both the prebiotic and biotic reactions. T h e  only 
requirement is the evolution of the appropriate enzymes to  
catalyze the biological process once life originated."" 

E x p e r i m e n t a l  Sec t ion  
General Procedures. KV spectra were determined on a Unicam 

SP 800 spectrophotometer. Reaction solution.< a e r e  made up in 
doubly distilled water in which the final distillation was performed 
in a glass still. Photolyses were performed using a Rayonet Photo- 
chemical Reactor equipped with lamps with their principal light 
output  (1 .2  X 10P einstein min-') at 251 nm.  Lamps with their 
principal emission at 300 nm were used in the photochemical reactor 
as a source of longer wavelength light. Samples were irradiated in 30 
X 3,,5 cm quartz tubes and were purged with purified nitrogen2fi for 
1 h before photolysis and during the course of the photolysis. Pyrex 
tubes were used when 300-nm lamps were employed. Ascending 
chromatography was performed on LVhatman :1 inm paper using the 
following solvent systems: (1) l -propanol /n 'H~OH ( l 7 " o )  ( 3 1  1;  ( 2 )  
1-butanol/acetic acid/HnO (1235) ;  ( 3 )  ethyl acetate/formic acid/H?O 
( 7 2 1 ) .  Compounds were visualized with tTV light and were identified 
by comparison of the  R/ values of the eluted sample ivith standards 
in the three solvent systems. The products were i'urther identified hy 
comparing the VV spectrum of the eluted sample measured in acidic. 
neutral and basic solution with that of authentic sample. Quantitative 
analyses were obtained from the UV absorbances (if the unknown and 
authentic samples. Paper electrophoresis was used to separate the 
photoproducts of orotidine 5'-phosphate. Electrophoresis was carried 
out for 2 h at 3500 V using a Savant FP-:IOA flat plate system. The  
samples were run on LVhatman :3 mm paper which had been d a m p  
ened with a pH 4.5 buffer made up of9 .1  mL of'acetic acid. l O , 3  g of 
sodium acetate, and l.:i g ofEDT.4 diluted to :i I > .  'The orotic acid was 
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obtained from Aldrich and orotidine and orotidine 5'-phosphate were 
purchased from Sigma. These compounds were shown to  be pure by 
paper chromatograpy and. in the case of orotidine 5'-phosphate, paper 
electrophoresis. Reagent grade salts were obtained principally from 
Fisher Scientific Co. 

Photolysis of Orotic Acid. The photolyses were performed on 6.4 
X M or 6.5 X 1 0 P  M solutions which had been adjusted to  p H  
8.5 with NaOH. After irradiation, the  p H  of the  solutions was found 
to be in the 7-8 range. The uracil yield was 30-40% lower when oxygen 
was present. Oxygen was removed by nitrogen purging since this 
procedure gave :yields comparable to  those obtained when three 
freeze-pump-thaw cycles were used. No uracil was detected when 
lo-' M orotic acid was irradiated in a Pyrex vessel using a 300-nm 
light source. The  absorbance of a lo-' M solution is greater than 1 at  
wavelengths below 330 nm. The  results are given in Table  I. 

Synthesis and Photolysis of Orotic Acid Dimer. The photodimer 
of orotic acid was prepared by irradiating lo-* M orotic acid in a Pyrex 
vessel using a 300-nm light source.27 The  mixture was purged with 
nitrogen prior to irradiation and the  nitrogen was bubbled through 
the solution during the conrse of the irradiation. The dimer was eluted 
from a paper chrclmatogram which was developed with solvent system 
:I. T h e  U V  absorption spectrum of the  eluted sample corresponded 
exactly with that  of the published spectrum when measured in acidic, 
neutral, and basic media.?; 

An aqueous pH 8.5 solution of the dimer was irradiated in a quartz 
tube using a 254-nm light, source for 6 h .  Both uracil and orotic acid 
were identified as photoproducts by paper chromatography. 

Photolysis of Orotidine. T h e  photolyses were performed on 6.4 
X M solutions which had been adjusted to  p H  8.5 with NaOH. 
T h e  structures of the samples of uracil and uridine eluted from the 
paper chromatograms were assigned by UV spectroscopy. In addition, 
the structures of the  photoproducts were assigned by the  identity of 
the gas chromatographic retention times of their silyl derivatives on 
OV-1 and OV-17 a i t h  those of authetic samples.' Uridine was further 
identified by hydrolysis t o  uracil by heating it for 2 h a t  120 "C in a 
sealed ampul. T.he uracil formed was identified by its R/ value in 
system 3 and by fhe UY absorption spectrum of the eluted sample in 
acidic and basic media. The yields of photoproducts are given in Table 
11. 

T h e  uracil obtained by the photolysis of orotidine was probably 
formed by the  photochemical hydrolysis of uridine. Irradiation of a 
4.1 X M aqueous solution of uridine for 12 h resulted in an 87% 
loss of uridine and a 3506 yield of uracil. 

Quantum Yield Measurements. Quantum yields were determined 
using a 0.006 M ferrioxalate actinometer.** T h e  ferrioxalate was ir- 
radiated in the photochemical reactor in the same tube (3.5 X 30 cm) 
used for the irradiation or orotic acid and its derivatives. The  intensity 
of the  254-nm lamps was found to he 1.2 X einstein min-'. The  
quantum yield for uracil formation from orotic acid (6.4 X lo-* M )  
was determined hy measuring the uracil yield a t  different photolysis 
times. The  uracil was determined by its UV absorption after purifi- 
cation by paper <chromatography. A linear plot of uracil formed vs. 
time was o b t a i n d  up to  12 h of irradiation. From the  slope of the 
linear plot, it was determined that  the rate of uracil formation was 1.9 
X mol min-.'. The  quantum yield of uracil formation was cal- 
culated to  he 1.6 X from these data.' 

The quantum yield for uridine formation from orotidine was found 
to be 1.7 X lo-' by the  same procedure. The  rate of uridine formation 
\vas 2..OSi x 10-6 mol miti-', 

Orotic acid exhibits a 1JV maximum a t  278 nm ( 6  8 X 10")' and it 
exhibits molar extinction coefficients of 2.8 X lo3 and 3.1 X lo3 a t  254 
and :IO0 nm,  respectively. A 6.4 X 10-4 M solution with a 3-cm path 
length exhibits ahsorhances of 5.4,16, and 6.0 at  254,278, and 300 nm, 
respectively. A 6.4 x IO-'$ M solution of orotic acid in a 3-cm cell ab-  
sorbs >90% of the light a t  wavelengths <310 nm. Orotidine exhibits 
absorbances of 5 7 X lo,'{, 8 X lo3. and  2.6 X lo2 a t  254, 267 (UVmax), 
and :300 nm,  respectively. .4 6.4 X M solution with a 3-cm path 
length exhibits absorbances of 11, 15.4, and 0.5 a t  254, 267, and 300 
nm, respectively A 6.4 X M solution of orotidine in a 3-cm cell 
absorbs >90% of the light a t  wavelengths <294 nm. T h e  linearity of 
the  plots of yield vs. time confirm tha t  the  irradiated solutions are 
absorbing all the 254-nm light emitted. 

T h e  actual quantum yields are about 25% greater than those cal- 
culated because the low-pressure mercury lamps used in this study 
emit about 25% of their light a t  313 nm.29 This longer wavelength light 
affects the  formation of I'e(I1) from ferrioxolate b u t  does not affect 
the decarboxylation of orotic acid. 

Photolysis of Orotidine ;'-Phosphate. T h e  photolyses were 
performed on 6.4 X M solutions. T h e  initial pH of the  solution 
was 9.1 and this decreased to about 8 during the course of the photo- 

lyses. T h e  photoproducts were analyzed by paper chromatography 
in system 3 and by paper electrophoresis. T h e  reaction products in- 
dicated in Table  I11 were the  only UV absorbing products tha t  were 
detectable. T h e  identity of the  uridine 5'-phosphate was confirmed 
by its hydrolysis to uracil a t  120 "C with 1 N HC1 for 2 h. T h e  uracil 
formed was identified by its paper chromatographic R/ value in system 
3. 

Attempted Sensitized Decarboxylation of Orotic Acid. (a) No 
uracil was detected by the  photolysis of a 6.4 X M solution of 
orotic acid a t  p H  8.5 which contained either 1.1 X lo-* M benzophe- 
none or 1.4 X M acetone. T h e  mixture was analyzed after irra- 
diating with a 300-nm light source in a Pyrex tube. No uracil was de- 
tectable after irradiation for 24 or 96 h when benzophenone was the  
sensitizer and after 96 h when acetone was the sensitizer. Most of the 
orotic acid was converted to  other products after 96 h.  

(b) An aqueous solution which contained 6.4 X 10P M orotic acid 
and M benzophenone was adjusted to pH 8.5, purged with ni- 
trogen, and photolyzed using a 350 nm light source. Aliquots (10 mL) 
were taken every 2 h over the first 8 h and then after 24 h. These were 
concentrated on a rotary evaporator and chromatographed using 
solvent system 3. No uracil was detected in any of the aliquots. A 1% 
uracil yield (based on orotic acid) was the limit of detection. The orotic 
acid was converted to its dimer as  shown by the end absorption a t  
about 200 nm and a product with the R/ of orotic acid dimer (0.06) in 
solvent system 3. The  half-life for dimer formation was 6 h. and most 
of the orotic acid had reacted after 24 h. 

In a control experiment performed at  the same time. the  same 
mixture of orotic acid and benzophenone was irradiated after a 2% 
yield of uracil was added to it. The  uracil could still he detected after 
6 h, hu t  none was present after 8 h and 24 h. 

Metal-Ion-Promoted Decarboxylation of Orotic Acid. The 
photolyses were performed on a 6.4 X M pH 8.5 solution of orotic 
acid in the presence of a 6.4 X M solution of the metal salt. Uracil 
was identified by its R f  value in system 1 and by the UV spectrum of 
an eluted sample. The  yields given in Table I were determined from 
the absorbance of the eluted sample. Barbituric acid was found to he 
a reaction product by irradiating orotic acid with 6.4 X M 
Fe(C10& and 6.4 X M Cu(C104)2 for 6 h. The  reaction mixture 
was chromatographed using system 1, and material with the same R f  
as barbituric acid was eluted and rechromatographed in system 3. The 
material with the same Rf as barbituric acid exhibited UV spectra in 
acid and base identical with those of barbituric acid. Yields of 0.27 
and 1.1% were obtained using Fet 111) and Cu(I1). respectively. 
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Ozonation of Organic Compounds. 2. Ozonation of Phenol in Water1 

Yorihiro Yamamoto, Etsuo Niki,* Hiroyo Shiokawa. and Yoshio Kamiya 

Depurtnient of Reaction Chemistr?,. Facuit? of Engineering, 'nicersiti. of T f i h y ~  
Hongo, Tok?o I J a p a n  

Rece iwd Mu? 19, 1978 

The rates and products of the ozonation of phenol were studied in water a t  30 "C. In contrast to earlier works, it 
was found that  the major product was formic acid with minor amounts of glyoxal, glyoxylic acid, oxalic acid. carbon 
dioxide, and hydrogen peroxide. Several other intermediates were also observed. The ozonation of several model 
compounds was also carried out. It was concluded tha t  the anomalous ozonolysis ot' @,@-unsaturated carbonyl 
groups played an important role in the ozonation of' phenol. The  ratio of anomalous ozontilysis was measured in 
water for several olefins. 

T h e  ozonation of organic compounds, especially of ole- 
fins, has been studied extensively in organic solvents for many 
years."d As pointed out by Bailey,5 however, ozonation in 
water has received less attention. Among the  water-soluble 
organic compounds, phenol has been studied most exten- 
sively.6 Recently, Gould and Weber' carried out careful 
analyses of the  products and found hydroquinone, catechol, 
glyoxal, glyoxylic acid, and oxalic acid. EisenhaueF also 
identified catechol, hydroquinone, and o-quinone as inter- 
mediates. Wako!' observed, although only qualitatively, hy- 
droquinone, p-quinone, muconic acid, maleic acid, and gly- 
oxylic acid. On the other hand,  Skarlatos e t  a1.I0 reported 
acetic acid as one of the ozonation products from aqueous 
phenol. Bernatek and his collaborators1'3l2 ozonized phenol 
in ethyl acetate and found that the products containing active 
oxygen gave formic acid, carbon dioxide, glyoxal, and oxalic 
acid by hydrolysis. They also found tha t  the ozonation of 
catechol, resorcinol, and quinol gave the same products.11,12 
However, they did not find glyoxylic acid. Thus, the results 
hitherto reported are inconsistent, and neither the products 
nor the  mechaniijm of the ozonation of phenol in water has 
been conclusivelli established. 

T h e  objectives, of our present study were to  measure the 
rates and products of the ozonation of phenol and model 
compounds in water quantitatively as well as qualitatively and 
to  elucidate the  ozonation mechanism. It was found that  the 
major products from phenol were formic acid and carbon 
dioxide and that  t,he anomalous ozonolysis of the double bond 
conjugated with carbonyl groups played an important role. 

Results 
Ozonation of Phenol. Figure 1 shows the typical example 

of the ozonation of phenol in water; 0.618 mmol of phenol was 
oxidized with 0.12 mmol/min of ozone in 100 m L  of water a t  
30 "C. I t  shows that  phenol was oxidized quite readily with 
ozone without any noticeable induction period and that  sub- 
stantially all phenol disappeared in 90 min. The major product 

was formic acid with smaller amounts of muconaldehyde 
[cis,cis-6-0~0-2,4-hexadienoic acid (2)],1'3 muconic acid [cis, 
cis-2,4-hexadienedioic acid (3)],Iz3 maleinaldehyde [cis-4- 

I 
R 

3 

n 
L 

R=H or OH 

oxo-2-butenoic acid (511 glyoxylic acid, glyoxal, and oxalic 
acid. Besides the products shown in Figure 1, hydroquinone, 
catechol, carbon dioxide, and hydrogen peroxide were ob- 
served. In contrast to the results of Skarlatos,'O acetic acid was 
not observed. As described later, catechol and hydroquinone 
are more reactive toward ozone than phenol, and hence these 
products are  accumulated only a t  the initial stages of ozona- 
tion. These results are in agreement with those observed by 
Gould and Weber.' 2 and 3 are also readily oxidized, and their 
concentrations decreased after reaching a maximum a t  45-60 
min. Glyoxylic acid and oxalic acid concentrations increased 
with reaction time, whereas formic acid and 5 concentrations 
leveled off. 

Table I shows the final products after a 180-min ozonation. 
T h e  total acid measured by titration was 1.34 mmol, which is 
in excellent agreement with 1.33 mmol observed by isota- 
chophoretic analysis. The  amount of double bond formed was 
approximately the same as tha t  of 5. Therefore, the amount 
of mucondialdehyde [cis,cis-1,6-dioxo-2,4-hexadiene (111 *,'{ 

and maleindialdehyde [cis-1,4-dioxo-2-butene (4) ] ' : '  should 
be small. The  concentration of glyoxal was estimated from the 
total carbonyl groups, 0.90 mmol, and the amounts of glyoxylic 
acid and 5 observed, (0.90 - 0.166 - 0.227)/2 = 0.253 mmol. 
These organic products account for 69% of initial carbon. If 
it is assumed that  the missing carbon is converted to  carbon 
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