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furrn thymidine-3’ phosphate was slow, requiring about 12 
Iir. for completion. When the methyl ester of adenylyl- 
(5‘ -+ 3’)-adenylic-(5’) acid was incubated with the dies- 
tcrase under the above conditions, no hydrolysis was de- 
tected in 2.5 hr.ea 
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experilnents reported here. 
nucleotides terminated in 5‘-phosphornonoester groups are resistant to 
this enzyme‘ 
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(23) I t  has previously been determined by L. A. Hcppel and R. J. 

Hilmoe (“Methods in Enzymology,” Vol. 11, 1965, p. 665) that di- 

[CONTRIBUTION FROM THE DIVISIOX O F  CHEMISTRY, BRITISH COLUMBI.4 RESEARCH COUNCIL] 
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The reaction of monoesters of phosphoric acid and of the corresponding pyrophosphates (symmetrical diesters of pyro- 
phosphoric acid) with varying amounts of acetic anhydride in anhydrous pyridine has been studied. With half a molar 
equivalent of acetic anhydride (or acetyl chloride) symmetrical diesters of pyrophosphoric acid are formed in good yield from 
the monoalkyl esters of phosphoric acid. With increasing amounts of acetic anhydride the amount of the pyrophosphate 
decreases. Both 
synthetic and the degradative reactions, presumably, involve acyl phosphates as the intermediates. The new method of 
pyrophosphate formation has no significance for the specific formation of unsymmetrical pyrophosphates, due to exchange 
reactions. 

In  fact, diesters of pyrophosphoric acid may be degraded by treatment with an excess of acetic anhydride. 

P1,P2-Dithymidine-5’ pyrophosphate (I) was 
treated with an excess of acetic anhydride-pyridine 
mixture with a view to preparing the corresponding 
acetyl compound (11, R-acetyl). The product iso- 
lated in quantitative yield was 3’-O-acetylthymi- 
dine-5’ phosphate (111). This cleavage of the py- 
rophosphate linkage prompted a closer examination 
of the reaction of phosphate esters with acetic an- 
hydride in anhydrous pyridine. The results are re- 
ported in this communication. 
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Results 
Two phosphomonoesters, monoethyl phosphate 

and 3’-O-acetylthymidine-5’ phosphate (111), and 
the corresponding pyrophosphates have been used 
in the present work. 

Initial experiments showed that the treatment of 
pyridinium monoethyl phosphate in anhydrous pyri- 
dine with one-half mol. equiv. of acetic anhydride 
or acetyl chloride resulted in the formation of the 
corresponding pyrophosphate. In Table I are re- 
corded the results of rate study of this reaction. 
Pyrophosphate formation is, thus, a relatively slow 
process. It should be noted that the conditions of 
the work-up (aqueous pyridine a t  room tempera- 
ture) were such that no acyl phosphates would sur- 
vive. I n  a subsequent experiment on a 2-mmole 

(1) Paper VIII,  J. G. Moffat t  and H. G. Khorana, THIS JOURNAL, 
80, 3756 (1958). 

(2) This work has been supported by grants from the National 
Cancer Institute of the National Institutes of Health, U. S. Public 
Health Senice, and the National Research Council of Canada, Ottawa. 

scale, diethyl pyrophosphate was isolated as the 
crystalline cyclohexylammonium salt in 75% yield 
after treating monoethyl phosphate with one-half 
mol. equiv. of acetic anhydride for three days. Sim- 
ilarly, the reaction of 3’-O-acetylthymidine-5’ phos- 
phate in anhydrous pyridine gave the correspond- 
ing pyrophosphate I1 in 55% yield. The lower 
yield in this case could be due to difficulty in ex- 
cluding traces of moisture on the small scale ((I.<? 
mmole) used. 

TABLE I 
T H E  FORMATION OF SYMMETRICAL DIETHYL PYROPHOSPHATE 
FROM hfONoETHYL PHOSPHATE O X  REACTION WITH ACETIC 

ANHYDRIDE OR ACETYL CHLORIDE 
Ahhydrous pyridine solution of monoethyl phosphate 

(0.2 molar) and acetic anhydride or acetyl chloride (0.1 
molar) at room temperature 

Monoethyl Diethyl 
phosphate, pprophos- 

Time % phate, % 
Acetic anhydride 5 min. 100 0 

16 hr. 55 45 
72 hr. 10 90 

Acetyl chloride 5 min. 100 0 
18 hr. 62 36 
72 hr. 26 74 

Table I1 shows the results of a study of the reac- 
tion of pyridinium monoethyl phosphate with vary- 
ing amounts of acetic anhydride, a reaction period of 
three days being used. Thus, the amount of pyro- 
phosphate formed decreases with increasing amounts 
of acetic anhydride. 

Table I11 shows the results of treatment of 
P1,P2-diethyl pyrophosphate and di-(3’-0-acetylthy- 
midine-5’) pyrophosphate (11) with varying 
amounts of acetic anhydride for three days in pyri- 
dine a t  room temperature. The results with the two 
pyrophosphates are in qualitative agreement with 
one another and show (see also above, Table 11) 
that increasing amounts of acetic anhydride cause 
increasing breakdown of the pyrophosphate link- 
age. However, the actual proportions of the mono- 
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TABLE I1 
PRODUCTS OF REACTION OF MONOETHYL PHOSPHATE WITH 
VARYING AMOUNTS OF ACETIC ANHYDRIDE IN AXHYDROUS 

PYRIDI AT 

Anhydrous pyridine solution of monoethylphosphate 
(cu. 0.2 molar) treated with acetic anhydride for three days 
a t  room temperature 

Acetic anhydride, Monoethyl phosphate, Diethyl 
molar equiv. % pyrophosphate, % 

0 .5  21 79” 
1.0 46 54 
5 0  76 24 

The yield of pyrophosphate in this experiment is some- 
what lower than tha t  obtained under these conditions in 
other experiments, e.g., Table I. 

TABLE I11 
DEGRADATION OF SYMMETRICAL DIESTERS OF PYKOPHOS- 

Anhydrous pyridine solution (cu. 0.2 molar) of P’, P2- 
diethyl pyrophosphate or di-(3’-O-acetylthyrnidine-b’) py- 
rophosphate treated with acetic anhydride a t  room tempera- 
ture for three days 

PHORIC A C I D  BY REACTION WITH ACETIC /‘LSHI.DKIDE 

Acetic Dialkyl 

mo!ar phosohate. phosphate, 
anhydride, Monoalkyl pyro- 

equiv. % % 
P1,P2-Diethyl pyro- 1 30 70 

phosphate 5 44 56 
20 > 95 <5 

P l,P*-Di-( 3 ’-0-acetyl- 1 58 42 
thymidine-5‘) 5 88 12 
pyrophosphate 20 100 0 

ester and the pyrophosphate using the same 
amounts of acetic anhydride are somewhat different. 
It is a good possibility that the exact positions of 
equilibria of the reactions (see below) vary with the 
phosphate esters used. 

Discussion 
The possible reactions and intermediates involved 

are shown in eq. 1-4. 
0 0 
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Support for reaction 1 comes from the elegant 
work of Avison3 who showed that mixed anhydrides 
of the type IV can be prepared rapidly in high yield 
in aqueous pyridine. Under anhydrous conditions, 
reaction 1 is presumably a rapid and reversible one. 

The finding that monoesters of phosphoric acid may 
be converted to the corresponding symmetrical py- 
rophosphates in high yield by treatment with 0.5 
equivalent of acetic anhydride is new and deserves 
close examination. Firstly, the pyrophosphate 
formation must involve the reaction shown in eq. 2, 
namely, a displacement of the acetate ion by a phos- 
phomonoester anion. The slow rate of the pyro- 
phosphate formation (Table I) is concluded to be 
due to the slowness of reaction 2 .  That  this reaction 
is practically irreversible was shown by a separate 
experiment in which dithymidine-5 pyrophosphate 
(I) was kept for several days in aqueous pyridine 
with and without an excess of acetate anions. Re- 
versal of reaction 2 would lead to the formation of IV 
which would rapidly hydrolyze in aqueous pyridine 
a t  room temperature (cf. 4vison3 and Berg4). The 
net effect would be one of catalysis of pyrophos- 
phate hydrolysis by acetate ions. No such effect 
was actually found. 

The synthesis of pyrophosphates according to 
equation 2 parallels the recent results of enzymatic 
studies on acyl phosphates of the type IV which 
have been reported from several laboratories. A 
number of mixed anhydrides of adenosine-5‘ 
phosphate and other acids (carboxylic acids, 
a-amino acids, sulfuric acid) have been discovered 
which are formed by the pyrophosphorolysis of 
adenosin-5’ triphosphate5 (eq. 5). The equilibrium 

0 0 0  0 
I /  /I 1 1  I1 

ROP-O--P-O--P-O- + R’C-0- 
I I I 
0- 0- 0- 

0 0  0 0  
II i! I /  II 

I I 
ROP-0-C-R’ + -0-P-0-P-0- ( 5 )  

0- 0- 
R = adenosine-5’ 

of the reaction appears to lie heavily to the left as 
far as has been ascertainedS6 

It must be emphasized that the formation of py- 
rophosphates by reaction 2 is due to the thermody- 
namic stability of the product. Kinetically, nu- 
cleophilic attack is preferred by far a t  the carbonyl 
carbon of the mixed anhydrides of the type IV.; 
This is demonstrated by the formation of hydroxa- 
matesI8 anilides and peptides from aminoacyl phos- 
phate e ~ t e r s . ~  It was also shown to be true, in the 
present work, for attack by phosphate anions (see 
below) and alcohols. Thus, when an excess of 

(3) A. W. D. Avison, J .  Chem. Soc., 732 (1955). 
(4) P. Berg, J .  Bid.  Chem.,  222, 1016 (1956). 
( 5 )  For a recent review see A. Kornberg, Advances in Enzymology, 

18, 191 (1957). 
(6) Cf. P. W. Robbins and F. Liprnann [J. B i d .  Chem., 233, 686 

Cl958)l for a fuller discussion of the energetics of this reaction. See 
also P. Berg [ibid. ,  222, 991 (1956)l who first showed the correspond- 
ence in ATP formation and acetyl adenylate disappearance. The 
correspondence between A T P  formation and a-aminoacyl adenylates 
disappearance has also been demonstrated ia a number of other labora- 
tories recently. 
(7) This is so at least under neutral conditions when IV will be 

ionized. Under acidic conditions the situation could be different: 
see. c.g., K. Bentley (THIS JOURNAL, 71, 2765 (1949)) for mechanisms 
of hydrolysis of acetyl phosphate. 
(8) F. Lipmann and L. C. Tuttle, J .  Bid. Chem., 153, 571 (1944). 
(9) H. Chantranne, Compl.  rend. Iran. lab. Cnrlsoerg, Ser. chim.,  26, 

297 (1948); A’aluvc, 164, 676 (1949): Avison (ref. 3); Th. Wieland 
and F. Jaenicke, A m . ,  613, 95 (1’358). 
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methyl alcohol was added to thymidine-5’ phos- 
phate dissolved in acetic anhydride-pyridine mix- 
ture, none of the methyl ester of the nucleotide was 
formed. 

Acyl phosphates of the type 1V callnot be used ill 
specific synthesis of unsymmetrical pyrophosphates 
by treating them with different phosphate ester 
anions. Kinetic preference for attack at  the car- 
bonyl carbon, as discussed before, would lead to the 
exchange reactions, shown in equation 6 ,  and ulti- 
mately to random pyrophosphate formation. There 

0 0 0 

0 - 0 - 

is the additional possibility of syinnietrical pyro- 
phosphate formation due to reaction 3 .  In one ex- 
periment, the formation of thymidine-3‘ pyrophos- 
phate was attempted by prior formation of the 
acetyl compound VIIIIO and subsequent addition of 
an anhydrous pyridine solutioii of tri-u-butyl- 

0 

arninoniuni orthophosphate. l 1  On working up after 
a reaction period of three days. none of the nucleo- 
side pyrophosphate was found ; instead a consider- 
able amount of inorganic pyrophosphate :md 
smaller amounts of higher polyphosphates had 
formed. These results indicate that, as expected, 
the initial reaction of the orthophosphate anions 
with VI11 led exclusively to the formation of acetyl 
phosphate which was attacked preferentially by or- 
thophosphate anions or by itself to form inorganic 
pyrophosphate and higher polyphosphates. A d a p  
tations of techniques using acetic anhydride can 
however be visualized for preparation of nucleoside 
polyphosphates i n  much the saint way as the carbo- 
diimide reagents‘? have been used. The approach 
is clearly inferior to the specific inethods for UII-  
symmetrical pyrophosphates which hai-e recently 
been developed in this laboratory.’ . ‘ : I  

Reaction 3 is postulated for the cleavage of the 
pyrophosphate bond by treatment with :in excess of 
acetic anhydride and involves a disproportionation 
reaction of two anhydrides to form the mixed anhy- 
dride IV;  the latter will hydrolyze rapidly during 
work-up to give monoalkyl phosphate. As shown 
by the results of Table TI and 111, reaction :i is a11 
equilibrium reaction, a large excess of acetic anhy- 
dride being required to complete the formation of 
the mixed anhydride IV. :\.ti a1ternatiL.e mecha- 

(10) Acetyl chloride was used i n  this exi,rrirnent since the equi- 
librium of reaction 1 then would be exl~ected to be rather irreversibly 
to the right and a t  least t h e  exchange reactions due to reversal of thia  
step would be avoided. 

(11) hI. Smith and H. G. Khorana. THIS J O U R N A L ,  SO, 1141 (1958). 
(12) H. G. Khorana, {b id . ,  76, 3517 (1964). 
(13) R. IY. Chainbcrs and 11. C. Khoraiia, ibrd., 80, 3719 (1958). 

riisiii for cleavage of the pyrophosphates is repre- 
sented by reaction 4. In this case the fully-sub- 
stituted pyrophosphate VI11 would have to hydro- 
lyze on treatment with water to first form acyl 
phosphates IV which will hydrolyze further to give 
inonoalkyl phosphates. Evidence against this 
mechanisni was obtained by treating P1,P2-di- 
(X’-O-acetylthyniidine-5’) pyrophosphate (11) with 
an excess of acetic anhydride and pyridine and sub- 
sequently adding an excess of methyl alcohol. No 
monomethyl ester of thymidine-5‘ phosphate was 
obtained.14 I t  is interesting, however, that a sinal1 
amount of monomethyl ester of di-thymidine-r,’ 
pyrophosphate (IX) was present. Most of the nu- 
cleotide was recovered as thymidine-5’ phosp!iate 
after alkaline treatment of the reaction products. 

0 (? 

IiO- -k- CI--P-OK 
I I 

OCHl 0 IX, I< = tliymidiiie-.i‘ 

Finally, it is interesting to compare the behavior 
of different anhydrides toward esters of phosphoric 
acid. In studies on the synthesis of diesters of 
phosphoric acid from inonoalkyl esters, it has been 
previously shown1” that the reaction of a nionoester 
of phosphoric acid with a half molar equivalent of a 
powerful anhydride such as p-toluenesulfonyl chlo- 
ride leads to the formation of the corresponding dies- 
ter of pyrophosphoric acid. The latter, on further 
reaction with the anhydride, is apparently converted 
to polyphosphates or metaphosphates which are 
powerful phosphorylating agents for hydroxyl 
functions. The present work has shown that while 
acetic anhydride also shares the property of con- 
verting inonoalkyl esters of phosphoric acid to the 
corresponding pyrophosphates, subsequent reaction 
with this anhydride leads only to degradatioii of 
the pyrophosphate linkage. 

Experimental 
Analytical Methods.- Paper cliroinati,gr~pli!. was per- 

formed by the descendiiig technique. The solvent systems 
used routinely were isopropyl alcohol-aiiiinoiiia-\\.ater 
( 7 :  l : ? ,  v.!v.) (solvent A)  and n-butyl alcohol-acetic acid- 
water (5 :2 :3 ,  v . /v . )  (solvent B).  Other salvents used for 
specific purposes are mentioned in tes t .  

Paper tlectrophoresis was carried out using 3” or 3” 
wide strips in an aplmratus similar to that  of Markhain aiid 
Siiiith.16 Phosphorus aiial\ws were carried oiit I)!- King’s 
rnetliod . I 7  

Barium Monoethyl Phosphate.--Co~iiii~ercially available 
hii-upj- t.1 liylpliosplioric acid was purified as follows: Twenty 
grains of the sirup was dissolved in 300 nil. of water aud the 
solutioii lieatetl 011 a Xvater-bath a t  100’ for one hour to  
hydro l~~ze  pyrophosphates. The  cooled solut io11 was lieu- 
tralizetl to pH 8 with saturated barium hydroxide. Tlic 
p-ccipitate of barium phosphate was removed by cciitrifu- 
gation after oiie huur ;rnd the clexr supernatatit colicelitrated 
to aboiit no nil. under reduced pressure, when 1)ariuiil ethyl 
1ihospliate largcl>- crystallized. ;hi equal volullie of ethyl 
.ilcohc~l was added t(J ccitnplete cr\.stalljzation a i i d  the tritnl 
inaterial !vas collected by centrifugation. I t  \vas wushctl 
hucccsii\-ely with 5lJyb ethyl alcohol, ethyl dcohol nilti ether. 

1 I I )  The re  !vas detected u bare trace of a tli~niidint.-cr,ntaiiiiti): 
\ m d u c t  traveling close to the solvent front 011 lidper chr~i~natogr;i~ns. 
l ‘ l i i c  could he dimethyl thymidine-5’ phosphate. 

(1.5) (a) H. G. Khorana, G. R I .  Tener, J. G. Moffatt and IS. H. 1’01, 
( : / w i u i s f y y  3 I i z d i ~ s t v y ,  1523 (1956); (b) P. T.  Gilham and H. G. 
Khorana, THIS JOURNAL, 80, 6212 (1968); (c) G. M. Tener. H. G. 
Khorana, R. Markham and E. H. Pol, ioid,, SO, 13224 (1938). 

... 

(IC!) R. Markham and J. D. Smith, Biochrm J . ,  62, 522  (19.52) 
( 1 7 )  E. J .  King, ibid., 26, 292 (1032). 
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The yield of air-dried material was 21 g. Paper chroma- 
tography showed a trace impurity of P1,P2-diethyl pyrophos- 
phate.’* The material was further purified by recrystalli- 
zation. The total product was dissolved in 400 ml. of water 
at room temperature, the solution was filtered from a little 
suspension and 50 ml. of ethyl alcohol was added cautiously 
under agitation. The slightly turbid solution deposited 
crystals which were collected after three hours at room 
temperature. This crop which was pure was collected and 
washed as described above. The yield was 11 g. Phos- 
phorus analysis showed i t  t o  be a trihydrate. 

Reaction of Monoethyl Phosphate with Acetic Anhydride 
or Acetyl Chloride: General Method.-Pyridinium ethyl 
phosphate was prepared from the barium salt by treatment 
with pyridinium Dowex-50 cation exchanger, and the aque- 
ous solution evaporated to  a gum. The residue was dis- 
solved in anhydrous pyridine and the solution re-evaporated. 
This process was repeated three times and a standard 
solution of the phosphate ester in anhydrous pyridine was 
then prepared. rlppropriate portions containing 1 mmole 
of the substance were again evaporated twice after additions 
of anhydrous pyridine. T o  anhydrous pyridine solutions 
(ca. 5 ml.) were then added appropriate amounts of acetic 
anhydride or acetyl chloride and the sealed reaction flask 
kept at room temperature. Where the amount of acetic 
anhq-dride to be added was below 0.1 ml., a freshly prepared 
10yc solution of acetic anhydride in pyridine was used. At 
the end of appropriate reaction period, the reaction mixture 
was poured into 20 ml. of water and the aqueous pyridine 
solution left a t  room temperature usually for about 30 
minutes to hydrolyze acetyl monoethyl phosphate. For 
analysis, one-fourth uf the total reaction product was ap- 
plied on a 6” wide strip of Whatman 3 MM paper and mono- 
ethyl phosphate and symmetrical diethyl pyrophosphate 
irere separated by chromatograph- in solvent -4. Bands 
corresponding to the phosphate esters were located by 
spraying a thin strip cut out from one edge of the chromato- 
gram. The bands were then eluted and finally made up to  
10 or 25 nil. Phosphorus analysis was performed on suit- 
able aliquots. The results obtained are recorded in the 
tables. 

Preparation of P1,P2-Diethyl Pyrophosphate by Reaction 
of Monoethyl Phosphate with Acetic Anhydride.-Pyri- 
dinium monoethyl phosphate (2 mmoles) was rendered 
coiripletelb- anhydrous as described above and was taken up 
in 20 ml. of anhydrous pyridine and the solution again 
evaporated to about 5 ml. Acetic anhydride (0.11 ml., 1.1 
mnioles) was added and the sealed reaction flask kept a t  
room temperature for three days. The reaction mixture 
was then poured into 20 ml. of water and the solution 
concentrated under reduced pressure after 0.5 hour to about 
I! ml. The total concentrate was applied on two sheets of 
Whatman 3 MM paper sheets and chromatographed using 
solvent A. The major product, P1,P2-diethyl pyrophosphate 
was eluted with water and the total solution concentrated 
to a few ml. and passed through a Dowex-50 (H+)  resin 
column ( 6  X 1 cm.) in the cold at 2”.  The total acidic 
rllluent was neutralized with cyclohexylamine to  pH 5 and 
evaporated under reduced pressure to a sirup which was dis- 
solved in methyl alcohol and re-evaporated. Addition of 
triethyl alcohol (2 nil.) to the residue followed by acetone 
(20 ml.) gave a crystalline crop (400 mg.) which was re- 
crystallized twice from methyl alcohol-acetone in the same 
way. The final yield of pure material (m.p. %O9-21I0) was 
around 325 mg., more material being present in the mother 
liquors. The theoretical yield for pure bis-cyclohexyl- 
:immonium P1,P2-diethyl pyrophosphate is 432 mg. Paper 
chromatography in solvent A showed that the only phos- 
phorus-containing material in the purified sample and 
rnother liquors was the pyrophosphate. 

The above synthetic sample was identical (m.p., mixed 
m.p., and paper chromatography) with a sample which had 
been previously prepared and characterized in this Labora- 
tory by Dr. J. G. Mofiatt by the reaction of pyridinium 
monoethyl phosphate with 0.5 mol. equiv. of p-toluenesul- 
fonyl chloride.16 

Anal. Calcd. for ClSH&207P2: C, 44.45; H, 8.85; 
S, 6.48. Found: C, 44.34; H, 8.91; N, 6.55. 

(18) Higher yields of pure monoethyl phosphate will probably be 
obtained if the heating of the aqueous solution of the acidic commercial 
product is prolonged until paper chromatography in solvent A shows 
the complete breakdown of the pyrophosphates. 

Preparation of P1,P2-Di-(Jf-O-acety1 Thymidine-5’) Pyro- 
phosphate.-The procedure used was similar t o  that  de- 
scribed by Smith and Khorana.” Pyridinium 3’-O-acetyl- 
thymidine-5’ phosphate19 ( 1  mmole) was dissolved in an- 
hydrous pyridine (10 ml.) and purified triethylamine (0.28 
ml., 2 mmoles) and, then, dicyclohexylcarbodiimide (1.125 
g., 5.46 mmoles) added. a f t e r  16 hours at room tempera- 
ture, paper electrophoresis a t  pH 7.5 showed complete con- 
version to the pyrophosphate. Water (20 ml.) was added 
to the reaction mixture and after two extractions with ether, 
the aqueous solution was concentrated in a vacuum. The 
concentrate was passed through a pyridinium Dowex-50 ion 
exchange column and the total effluent and washings lyo- 
philized. The product traveled as a single spot electro- 
phoretically a t  pH 7.5. On treatment with 0.1 N sodium 
hydroxide for 15 minutes at room temperature i t  was quan- 
titatively converted to P1,P2-dithymidine-5’ pyrophosphate 
(I). Incubation with crude snake venom in tris-hydroxy- 
methylamino methane buffer (pH 8.9) gave quantitatively 
3’-O-acetylthymidine-5’- phosphate. The absence of thy- 
midine in this experiment confirms that  none of the 3’4- 
acetyl groups had been removed during the preparation of 
the pyiophbsphate. 

Formation of P1,P2-Di-(3’-O-acetyIthymidine-5’) Pyro- 
ohosohate from J‘-O-Acetvlthvmidine-5‘ Phosphate and 
Acetic Anhydride.--Anhyd;ous pyridine solution ( 5  ml.) 
of 3’-O-acetylthymidine-5’ phosphate (0.5 mmole) T V ~ S  pre- 
pared as described above for ethyl phosphate and was 
treated with 0.275 mmole of acetic anhydride (0.138 ml. of 
a solution prepared by taking 1 ml. of the anhydride and 
diluting with pyridine to 5 ml.). The sealed reaction mix- 
ture was kept for three days and then poured into 10 ml. of 
cold water. A 2-ml. portion of the aqueous solution was 
evaporated under reduced pressure and redissolved in 1 ml. 
of water. The QH of the solution was raised to around 10 
with sodium hydroxide and the solution was then made 0.1 
iV with respect to this baselo and kept for about 20 minutes 
at room temperature to remove the acetyl group. The 
alkali was then removed by treatment with an excess of 
pyridinium Dowex-50 ion exchanger and the solution chro- 
matographed in solvent A. The spots corresponding to 
thymidine-5‘ phosphate and dithymidine-5’ pyrophosphate 
( I ) .  were present. These were eluted and their optical den- 
sities determined. Triplicate analvsis 410i.r ed that con- 
version of the mononucleotide to the corresponding pyro- 
phosphate was 55%. 

Degradation of P1,P2-Di-(3’-O-acetylthymidine-5’) Pyro- 
phosphate by Treatment with Acetic Anhydride .--A seriw 
of exDeriments in which anhvdrous r)vridine solution of the 
pyrophosphate I1 (0.25 mmole) was’ treated with varying 
amounts of acetic anhydride was set up exactly as describcd 
above for monoethyl phosphate. After a reaction period 
of three days, the reaction mixtures were analyzed as de- 
scribed in the preceding experiment. The results are 
recorded in Table I11 along with those obtained on the 
treatment of P1,P2-diethyl pyrophosphate with acetic an- 
hydride. 

Attempted Formation of Thymidine-5’ Polyphosphates. 
Tri-n-butylammonium orthophosphate (600 mg., 5.18 
mmole, of 85‘; orthophosphoric acid + 2.5 nil. of tri-n- 
butylamine i n  10 ml. of pyridine) was rendered anhydrous 
by repeated evaporation of its pyridine solution and finall\- 
dissolved in 5 ml. of anhydrous pyridine. An anhydrous 
pyridine solution of 3’-O-acetyl thymidine-5’ phosphate (0.9 
mmole) was similarly prepared and to it was added 0.08 ml. 
(1.12 mmoles) of acetyl chloride and after 5 minutes thc 
two solutions were rapidly mixed with exclusion of moisturc 
and the sealed reaction mixture kept for three days. Tivent\- 
milliliters of water was then added and one-tenth portions 
of the total solution were examined as follows: (a)  -4 portioti 
was evaporated under reduced pressure, and the concen- 
trate diluted with 2 ml. of water. Sodium hydroxide was 
added to  alkaline pH and more added to bring the concen- 
tration to  0.1 N .  Tri-n-butylamine which separated was 
extracted with ether, and after 30 minutes at room tem- 
perature the aqueous alkaline solution was treated with an 
excess of pyridinium Dowex-50 ion exchange resin and the 

(19) Ref. l5b. A very large excess of acetic anhydride-pyridine 
was routinely used in the experiments on acetylation of mononucleo- 
tides. 

(20) It was separately established tha t  dithymidine-5’ pyrophos- 
phate is completely stable to 0.1 N sodium hydrovide a t  room tem- 
perature for at least 25 hours.  
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supernatant concentrated under reduced pressure. Paper 
chromatography in the solvent system isopropyl alcohol 
(75 m1.)-water (25 m1.)-trichloroaceticacid ( 5  g.)-ammoniaZl 
(0.25 ml.) showed the presence of a strong spot correspond- 
ing to  inorganic pyrophosphate as well as two spots corre- 
sponding to higher polyphosphates. (b)  A second portion 
was treated as above under (a)  up to  the point of alkaline 
hydrolysis of the acetyl group. After two evaporations of 
the aqueous solution to remove last traces of pyridine, di- 
lute hydrochloric acid was added to PH 3. The ultraviolet- 
absorbing material was adsorbed onto Sorite A by succes- 
sive additions of small portions of the latter and the charcoal 
was collected by centrifugation and washed twice with 5-ml, 
portions of water. Four elutions were carried out in the 
centrifuge tube with 5-ml. portions of 50% ethyl alcohol 
containing 2% ammonia. The total eluate was concen- 
trated under reduced pressure and examined in solvents 
A and B and isopropyl alcohol-1% aqueous ammonium 
sulfate ( 2 : l )  and 1 M ammonium acetate (pH 7.5)-ethyl 
alcohol (3:7.5, v./v.) and also by paper electrophoresis at 
acid and neutral PH. Thymidine-5’ phosphate was the 
only ultraviolet-absorbing material present. 

Methanolysis of Reaction Mixtures Containing Phos- 
phate Esters, Acetic Anhydride and Pyridine.-(a) Pyri- 
dinium thymidine-5’ phosphate (0.1 mmole) was treated 
with acetic anhydride (0.5 ml.) in pyridine (2 ml.). After 
11 hr. at room temperature methyl alcohol (2 ml.) was 
added and the mixture kept overnight. Repeated evapora- 
tions under reduced pressure with water gave a gum which 
was treated with 0.1 N sodium hydroxide (2 ml.) for 30 
minutes. An excess of pyridinium Dowex-50 ion exchange 
resin was then added and the supernatant solution chroma- 
tographed in solvent A. The only nucleotidic band present 
was that  of thymidine-5’ phosphate. 

(b) P1,P*-Di-(3’-O-acetylthymidine-5’) pyrophosphate 
(0.03 mmole) was treated in anhydrous pyridine ( 1  ml.) 

(21) J. P. Ebel, Bull. SOC. chim. (France) ,  991 (19.53). 

with 0.45 ml. of acetic anhydride for two days at room tem- 
perature. Methyl alcohol (2 mi.) was then added and after 
a further period of 2 hr. the reaction products treated and 
chromatographed as above under (a).  A very strong band 
corresponding to thymidine-5’ phosphate, a weak band 
corresponding to dithymidine-5’ pyrophosphate, and an- 
other weak band (about 10%) corresponding approximately 
in mobility to methyl thymidine-5’ phosphate (Rr 0.52) 
were present. An evtremely faint band close to the solvent 
front with ultraviolet spectrum of thymidine chromophore 
was also noticeable. A comparison of the hand with Rr 
0.52, after elution, with methyl thymidine-5’ phosphate 
showed it to have slightly lower mobility on paper chromato- 
grams developed in solvents A and B as well as paper 
electrophoresis at pH i . 5 .  The substance on treatment with 
0.5 N sodium hydroxide at 100’ for 15 minutes gave thymi- 
dine-5’ phosphate and methylthymidine-5’ phosphate. A 
similar result was obtained on heating in 20% acetic acid for 
15 minutes a t  100’. Authentic methylthymidine-5’ phos- 
phate was found to be completely stable during the above 
acidic and alkaline treatments. Incubation with a Crotalus 
adamanteus venum diesterase preparationz2 gave first thy- 
mine-5’ phosphate and methylthymidine-5’ phosphate and 
ultimately thymidine-5‘ phosphate as the only ultraviolet- 
absorbing product. From these data the substance was 
concluded to  be I S .  

When, in the above reaction between the pyrophosphate 
I1 and acetic anhydride-pyridine, methyl alcohol was added 
after only 0.5 hr., the yield of I X  was about the same, an 
appreciable amount (20-3057,) of dithymidine-5’ pyrophos- 
phate ( I )  was present and the remainder of the ultraviolet- 
absorbing material was thymidine-5’ phosphate. 

(22) W. E. Razzell and H. G. Khorana, J. B i d .  Chcm., 234, 2114 
(1959). 
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Rearrangement of Isopelletierene Oxime1 
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Isopelletierene oxime, on treatment with phosphorus pentachloride in phenetole, gave the amidine, 2-methyl-1,3-diaza- 
bicyclo [4 :3:0]-2-nonene (IX); I X  is hydrolyzed to  N-(2-pipicolyl)-acetamide and 2-pipicolylarnine. In view of the pel- 
letierene-isopelletierene identity recently proposed, these results are used in a re-evaluation of the evidence presented in 
the determination of the structure of pelletierene. 

Pelletierene, one of several alkaloids found in 
Punica granatum L., was first assigned the structure 
b-(2-piperidyl) -propionaldehyde (I) by Hess in 
1917.2 Since that time numerous attempts have 
been made a t  the synthesis of this compound, all 
of which have ended in failure as the amino-alde- 
hyde underwent self-condensation with great 
facility.3 Thus, some doubt was shed on the re- 
liability of the structure assigned to pelletierene 
as i t  was difficult to see how a material which was 
so unstable as to prevent synthesis could be the 
same material described as a relatively stable, 
mobile liquid with well defined physical character- 
i s t i c ~ . ~  In 1054, Galinovsky and Hollinger re- 
ported that treatment of a commercial sample of 
pelletierene hydrobromide with benzoyl chloride 
gave the benzamide of isopelletierene, 2-acetonyl- 

(1) This work was supported by a grant from the University of 

( 2 )  K. Hess and A. Eischel, BEY., SO, 1192 (1917). 
(3) J. P. Wibaut and M. J. Hirschel, REC.  Irou. chim.,  75, 225 (1956), 

( 4 )  K. Hess, Bev., SO, 368 (1917). 

Texas Research Institute. 

and references cited therein. 

piperidine (V), another of the alkaloids found in 
P u n k  granatum L.5 It was known, however, 
that commercial samples of pelletierene salts con- 
tained various amounts of isopelletierene, pseudo- 
pelletierene, and other materials, as well as pel- 
letierene.3 Thus, the results tended to be incon- 
clusive. 

Confirmation of the identity of pelletierene with 
isopelletierene was accomplished somewhat later 
by ’CVibaut and Hirsche13 who compared a sample 
of synthetic isopelletierene hydrobromide with a 
pure sample of pelletierene hydrobromide ob- 
tained from natural sources. They found no 
depression on mixed melting point determination 
and identical infrared spectra and X-ray powder 
patterns. 

In the light of this evidence it would seem that a 
re-evaluation of the work described by Hess in 
determining the structure of pelletierene would be 
of some interest, His structure proof was based 
primarily on the following reaction sequence. 

( 5 )  F. Galinvosky and K. Hollinger, &fo?zalSh., 86, 1012 ( I Y S 4 )  


