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mg, 625 pmol) using MSC (330 mg, 1.50 mmol) in dry pyridine 
(5 ml). The reaction was stopped after 4 hr by cooling and 
adding water (5 ml). Work-up by paper chromatography (sol- 
vent E)  gave the fully protected tetranucleotide 21, 7500 OUZSC, 
36%. 

Treatment of the preceding com- 
pound (1000 ODZ~O,  18.5 pmol) with a-chymotrypsin (4.0 mg, 
enzyme-substrate ratio 10.8 units/pmol) in phosphate buffer, pH 
7.5 (40 ml), a t  37" for 24 hr gave the partially protected tetra- 
nucleotide d-CEpTpCAnpABpGIB (22), 615 ODZSo, 82%, isolated 
by paper chromatography in solvent E .  

was hydrolyzed with 1 N sodium hydroxide solution (0.5 ml) for 
10 min to give d-pTpCAnpABlpGIB, and isolated by chromatog- 
raphy in solvent D, R, 0.19. 

Treatment of d-pTpCAnpABapGiB with con- 
centrated ammonia for 2 days gave the tetranucleotide d-pTpC- 
pApG, Rr 0.23, solvent B (Rf 0.20, solvent F). The tetra- 
nucleotide was characterized by degradation with snake venom 
phosphodiesterase to give the mononucleotides in the ratio d- 
pT-d-pC-d-PA-d-pG, 1 .OO: 1.01 : 1.01 : 0.96. Further charac- 
terization was by removal of the terminal phosphate to give d- 
TpCpApG (Rr 0.45, solvent B) followed by degradation with 
spleen phosphodiesterase to give d-Tp-d-Cp-d-Ap-d-G, 1 .OO: 
1.10: 1.05: 1.08. 

d-CEpTpCAnpABcpG1B (22). 

d-pTpCA"pABZpG1B. d-CEpTpCAnpABpG'B (22, 50 0Dz80) 

d-pTpCpApG. 
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The reactions of 0 3  with H C s C H ,  CH~CECH, CH&=CCHs, and CtH&=CH have been studied in liquid 
COB at -45'. The initial products were observed by in situ infrared spectroscopy, and subsequent changes 
occurring upon warm-up or flash vaporization of the mixture were followed by ir or gc analysis. The principal 
new spectral feature for all alkynes except acetylene was a strong carbonyl absorption near 1740 cm-l, and all 
alkynes gave relatively weak absorption bands in the carbonyl region which are attributed to the corresponding 
acid anhydrides. The 1740-ern-1 band was shown to be an unstable precursor of the acid anhydrides and other 
products. The overall mechanism, the identity of the precursor, and factors influencing the final product distri- 
bution are discussed. 

Relatively little is known about the detailed mecha- 
nism of alkyne ozonation. According to the Criegee- 
Lederer mechanism,l an acylcarbonyl oxide is produced 
which may react in a variety of ways. 

0 o+o 0 0  
II II 11 11 rearrangement, 

RCOCR 0 3  + RC=CR - RC-CR 
(1) 

polymerization reduction [R!-liO1 1 \ solvent adducts 
0 0  

RC-CR 
II I1 

Anhydride formation, first proposed by Paillard and 
Wieland2 to explain product ratios in the ozonation of 
heptyne-1, has been observed only in the ozonation of 
diphenylacetylene. For the gas-phase ozonation of 
simple alkynes, i t  has been suggested4 that products 
corresponding to fission of the triple bond arise from the 

(1) R. Criegee and M. Lederer, Justus Liebigs Ann. Chem., 683, 29 

(2) H. Paillard and C. Wieland, Helu. Chim. Acta, 21, 1356 (1938). 
(3) E. Dallwigk, H. Paillard, and E. Briner, i b i d . ,  36, 1377 (1952). 
(4) W. B. DeMore, Int. J .  Chem. Kinet. 111, 161 (1971). 

(1953). 

decomposition of an excited anhydride intermediate. 
For example, ketene and acetic acid produced by the 
gas-phase ozonation of dimethylacetylene can be ex- 
plained as follows. 

0 3  + CH&=CCHa + [ CHb(!OkCH3 O 0  I* + 
CH2CO + CHaCOOH (2) 

According to this interpretation, the excited anhy- 
dride is short-lived and decomposes completely at  1-atm 
pressure. However, at  higher pressures or in the con- 
densed phase the excited intermediate should be colli- 
sionally stabilized. The present work was carried out 
in an effort to isolate the anhydride intermediate, and 
to provide additional information on the anhydride 
precursor. The alkynes studied include acetylene, 
methylacetylene, dimethylacetylene, and ethylacety- 
lene. 

Apparatus and Methods 

The experiments involved ozonation of the alkynes 
in liquid COz at  about -45" with in situ ir analysis of 
the products. The reaction cell (Figure 1) was a vac- 
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Figure 1.-Reaction cell for ozonstion studies in liquid COz 
solvent. 

uum-jacketed, stainless steel cell fitted with CaFz win- 
dows. The cell was cooled by liquid COz (separate 
from the reaction cell) held a t  about 120 psi. The ir 
spectra of the liquid mixtures were taken on a Model 
421 Perkin-Elmer spectrometer. The combined trans- 
mission of liquid COz (1 or 3 cm) and the CaFz windows 
gave good spectral observations in the carbonyl region 
and CH stretching region, the former being more useful 
for product analysis. Whenever possible product iden- 
tifications were based on ir spectra of synthetic mix- 
tures. 

In  addition to the in situ analysis, the final product 
distribution following warm-up of the mixture was ex- 
amined in several ways. In  one method, the COz solu- 
tion was rapidly vaporized through an eductor tube 
(Figure 1) into a 40-m long-path ir cell, or else into a 
5-1. bulb. In  the latter case the COY was then sepa- 
rated by pumping the mixture through a U tube at  
-78") followed by analysis of the trapped products in a 
conventional ir cell or by gc. The gc columns were 
Porapak Q (3 or 8 ft) operated a t  140". In some ex- 
periments the COz was pumped away from the low- 
temperature cell, and the residual products were allowed 
to warm up in the cell and later collected for analysis. 

Product yields were based on the initial ozone con- 
centration, which was determined by uv spectrometry 
before addition of the alkyne. We used extinction 
coefficients for Oa dissolved in other inert low-tempera- 
ture s01vents.~ The yields of products following va- 
porization into the long-path ir cell were determined by 
calibration of the ir band strengths 21s. pressure for au- 
thentic samples. The carbon monoxide yield in the 
liquid phase was determined by sampling the gaseous 
mixture above the liquid and calibrating the chroma- 
tographic peak height (8-ft molecular sieve, 40") against 
standard mixtures of CO dissolved in the liquid CO,. 

The initial Oa concentrations were usually about 5 X 
M ,  and either equimolar or excess concentrations 

of alkyne were subsequently added. 

The principal new feature upon ozonation of all the 
alkynes except acetylene was a strong absorption band 
at  1740 cm-' in the liquid-phase spectrum. This band 
is almost certainly a carbonyl absorption. It can be 
distinguished in several ways from the carbonyl bands 
of possible products such as anhydrides, a-dicarbonyls, 
acids (monomeric or dimeric) , or other known products. 
As will be shown later, this band is due to a precursor of 
the anhydride. 

In addition to the 1'740-~m-~ band, relatively weak 
carbonyl absorption bands appeared in every case, 
including acetylene, which we identify (see below) as 
the carbonyl bands of the corresponding acid anhydrides 

Figure 2a shows the spectral changes occurring in the 
carbonyl region for the ozonation of dimethylacetylene. 
The anhydride bands were identified by comparison 
with the spectrum of an authentic sample. Unfor- 
tunately, the biacetyl band is not clearly resolved from 
that of the intermediate, and therefore its presence in 
the original product mixture is uncertain. Figure 2b 
shows the slow thermal rearrangement of the interrne- 
diate to give anhydride and biacetyl. When the mix- 
ture is allowed to warm to room temperaturc (first 
pumping off the COz) and is then redissolved in liquid 
C0zj the spectrum shows strong anhydride and biacetyl 
bands (Figure 2c). Vaporization of the product mix- 
ture through the eductor tube into the long-path ir cell 
gives the spectrum shown in Figure 2d. In addition to 
acetic anhydride and biacetyl, ketene and acetic acid 
are present. The product yields, while approximate, 
account for a substantial portion of the ozone. It should 
be noted that the weak anhydride bands present in the 
original reaction mixture, before vaporization, are much 
too weak to account for the amount of anhydride pres- 
ent after vaporization. This proves that anhydride 
formation occurs during the vaporization process. Fig- 
ure 3 shows a chromatographic analysis of the products 
following vaporization into a 5-1. bulb. 

The behavior of methylacetylene was similar to that 
of dimethylacetylene. The initial product spectrum 
in liquid COz (Figure 4a) shows relatively weak formic- 
acetic anhydride bands and a strong band due to the 
unstable intermediate. The anhydride bands are 
similar to those reported by Stevens and Van Esa for 
formic-acetic anhydride in CHCla solution. Vaporiza- 
tion into the long-path ir cell gave strong bands due to 
the anhydride and methylglyoxal (Figure 4b). No ke- 
tene was formed, which is consistent with the fact that 
the gas-phase reaction4 does not give that product. 

The initial product spectrum for ethylacetylene (Fig- 
ure 5) was similar to that of methylacetylene. The 
two features at  1775 and 1795 cm-1 are believed to  be 
due to formic-propionic anhydride, based on their simi- 
larity to the formic-acetic anhydride bands.' On 
standing, these bands increased in intensity and the 
1740-cm-1 band decreased. However, in contrast to 
the previous cases, vaporization of the mixture into the 
long-path ir cell did not produce strong anhydride ab- 
sorption in the gas-phase spectrum. (As previously 
discussed, the small amount of anhydride corresponding 
to the bands in Figure 5 would not produce appreciable 

(6) W .  Stevens end A. Van Es, Reel. Trau. Chim. Pays-Bas, 83, 863 

(7) R. Sahijf and W. Stevens, ibad., 86, 627 (1966). 
(1964). 

( 5 )  W. B. DeMore and 0. Raper, J .  Phys. Chem., 68, 412 (1964). 
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Figure 2.-Ozonation of CH3CsCCH3 in liquid COz. (a) Dotted line is trace before reaction; solid line after reaction. 
(c) Spectral changes after warm-up to room temperature followed by recooling. 

(b) Dotted 
(d)  line shows spectral change after 6.5 hr a t  -45". 

Spectrum taken in long-path ir cell after flash vaporization of a mixture such as that of a. 

absorption in the gas-phase spectrum.) No a-dicar- 
bony1 was produced, although this product is formed 
when the ozonation of ethylacetylene is carried out in 
the gas phase. The only observable product appeared 
to be propionic acid. 

Acetylene was the only alkyne studied which failed to 
give the 1740-cm-' band. The strong carbonyl bands 
produced (Figure 6) are those of formic acid, probably 
in monomeric and dimeric forms. The weak band of 
1810 cm-' is believed to be due to  formic anhydride, 
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Figure 3.-Gas chromatographic analysis of CH3C=CCH3 + 0 3  reaction products after vaporization into a 5-1. bulb and 
separation of CO?. Column was 3 ft Porapak Q a t  140". 
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Figure 4.-Ozonation of CH3C=CH in liquid COZ. (a) Dotted 
(b) After vapori- line, before reaction; solid line, after reaction. 

zation into long-path ir cell. 

although this identification is based only on the fact that 
the wavelength is approximately correct for a, symmetric 
anhydride. By stoichiometry, CO should also be pro- 
duced in yield equal to that of formic acid. Table I 

TABLE X 
CARBON MONOXIDE YIELDS FOR OZONATION OF 

ALKSNES IN LIQUID CO, AT -45' 
Registry no. Alkyne Yield, 70 

74-86-2 HC=CH 91 f: 18 
74-99-7 CH~CECH 36 f 7 

107-00-6 CH~CK~CECH 12 i 3 
503- 17-3 CH3CzCCHa 3 A l  
-. - -. 

I I I I 

I I I I 
00 1900 I800 1700 1600 15( 

cm 
-1 

Figure 5.-Oaonation of C2H5C=CH in liquid COI. 

shows that such is the case, and that substantial 
amounts of CO are also formed in the ozonation of me- 
thyl- and ethylacetylene. Vaporization of the acetylenc 
product mixture into the long-path ir cell gave only 
formic acid bands, with no more than a trace of glyoxal. 

Discussion 

The Anhydride Precursor.-At this time i t  is not 
possible to specify the structure of the unstable inter- 
mediate responsible for the 1740-em-l band. The 
evident presence of a carbonyl bond tends to rule out 
"ozonide" structures shown below. 

One possibility is that the presursor is the dimer (or 
higher polymeric form) of the acylcarbonyl oxide. 

If so, the tendency of the intermediate to react in a 
manner characteristic of the monomer suggests that the 
polymerization is reversible. 

Anhydride Formation. -Formation of small amounts 
of anhydride in the initial product mixture, before 
vaporization, indicates that not all of the precursor is 
stabilized before some rearrangement occurs (eq 3). 

O3 + RC=CR --t [precursor]* - [precursor] 
stabilization 

I / 

rearrangement II II 
RCOCR 

After thermalization a t  -45", rearrangement to the 
anhydride is slow. 
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For acetylene, essentially none of the precursor could 
be stabilized, showing that either the precursor itself or 
the formic anhydride decomposes largely to HCOOH 
and CO before thermalization. Once equilibrated at 
-&", the formic anhydride is evidently stable, as- 
suming that our identification of the 1810-cm-1 band 
(Figure 6)  is correct. Some decomposition also occurs 
in the cases of methyl- and ethylacetylene, as shown by 
the small amounts of CO present. 

Absence of ketene in the liquid COz in the dimethyl- 
acetylene experiments shows that the type of decompo- 
sition represented by eq 2 does not occur in the liquid. 
However, rearrangement of the precursor following va- 
porization releases sufficient energy to decompose part 
of the acetic anhydride (eq 4). When the ozonation 

[ ii8 I' 
[precursor] + CH3COCCH3 -+ CH&O + CH3COOH 

0 0  r a  
CH3COCCH3 

(4)  

takes place in the gas phase at  1 atm, all the reaction 
exothermicity appears in the anhydride, and dissocia- 
tion is complete. We have, in fact, carried out a few 
gas-phase experiments a t  high pressures (several hun- 
dred psi of COz) in which acetic anhydride was isolated 
as a product of the ozonation of dimethylacetylene. 
This shows that anhydride formation is not unique to 
the liquid-phase experiments. 

The liquid-vaporization technique may serve as a 
useful synthetic method for mixed anhydrides such as 
formic-acetic anhydride. 

Formation of a-Dicarbonyls. -More than one path 
may contribute to production of a-dicarbonyls, par- 
ticularly when both liquid- and gas-phase reactions are 
considered. A probable mechanism in the gas phase 
is eq 5. The exact importance of reaction 5 cannot be 

0 0  
II li 

03+RC=CR+ 

R&CR + O ~ P )  ( 5 )  

assessed because of the possible contribution of surface 
reactions to a-dicarbonyl f ~ r m a t i o n . ~  This reaction 
is considerably exothermic (87 kcal/mol for the biacetyl 
case) and would be expected to dominate the gas-phase 
mechanism were it not for the fact that i t  is spin for- 
bidden. This either lowers the preexponential factor or 
else requires that the a-dicarbonyl be formed in an ex- 
cited triplet state. 

Reaction 5 is interesting in that it regenerates atomic 
oxygen. Occurrence of this reaction in air-pollution 
chemistry would have the novel effect of destruction of 

(PROB.) 

(PROB.) 

-2 
cm 

Figure 6.-Ozonation of HC=CH in liquid COZ. 

hydrocarbon with no attendant loss of ozone, since the 
ozone would be regenerated. 

(6 ) O p P )  -k 02 + 31 --j. 0 3  + &I 

For the thermalized acylcarbonyl oxide, reaction Yj is 
undoubtedly much slower, possibly endothermic. This 
serves to explain why the yields of a-dicarbonyls were 
lower (or zero) in the liquid-vaporization experiments 
than in the gas-phase experiments. Some product may 
be formed by a disproportionation reaction of the ther- 
malized precursor. 

0 o+o 0 0  
II I1 I1 II 

2RC-CR + 2RC-CIt + 02 (7 ) 

Briner and Wunenburger* obtained an 81% yield of 
glyoxal by ozonation of acetylene in CHzClz at Dry Ice 
temperature, in contrast to our yield of zero for that 
product. This emphasizes the strong dependence of the 
reaction course on experimental conditions. A possible 
explanation of the different results is that under their 
experimental conditions Borne stabilization of the inter- 
mediate acylcarbonyl oxide was accomplished, with 
subsequent glyoxal formation by reaction 7 .  
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