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The use of phosphoramidic acids in the chemical synthesis of pyrophosphate bonds has been investigated. The reaction 
of adenosine-5' phosphate with an excess of phosphoramidic acid gave a mixture of adenosine-5' di-, tri- and higher phosphates. 
In experiments directed toward the specific synthesis of nucleoside-5' diphosphates and nucleotide coenzymes, adenosine­
s ' phosphoramidate was synthesized by the phosphorylation of 2',3'-di-0-acetyladenosine with monophenyl phosphoro-
dichloridate followed by treatment of the resulting nucleoside-5' monopheuylphosphorochloridate with an excess of ammonia 
and subsequent alkaline removal of the acetyl and phenyl groups. A satisfactory synthesis of adenosine-5' diphosphate 
by the reaction of adenosine-5' phosphoramidate with an excess of phosphoric acid is described. 

Of the methods developed for the synthesis of 
nucleoside pyrophosphates4-6 and related com­
pounds, that involving the use of carbodiimides6 

has proved to be the most generally useful. In 
this method, no protecting groups are required 
and the desired products (general formula III) 
may be obtained directly after a one-step conden­
sation reaction (eq. 1). However, the lack of 
specificity in effecting condensation between two 
dissimilar components is a serious drawback in the 
method and often leads to complex mixtures of de­
sired and side products. The formation of the de­
sired products (III) can in many cases be pro-

O 
Il / O H 

ROP < + 
T X)H 

O 
HOxJI 

> P 0 C H 2 

II 

C 6 H n N = C = N C 6 H n 

OH OH 
O O 

R O P - O - P O C H 2 

I I 
OH OH 

I I I i n OH OH 
R = H or sugar residue, etc.; R ' = purine or pyrimidine 

moted by using an excess of one of the components, 
and utilizing this principle satisfactory syntheses of 
ribo- and deoxyribonucleoside-5' triphosphates1 

and certain nucleotide coenzymes7'8 have been 
realized. Still, the problems of the isolation of the 
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desired products from large amounts of side prod­
ucts (e.g., inorganic polyphosphates in nucleoside 
pyrophosphate syntheses) are unavoidable. 

We have therefore devoted attention to devising 
an alternative method which, while retaining the 
desirable features of the procedure discussed above, 
would bring about the specific synthesis of unsym-
metrical pyrophosphates. The underlying aim in 
this research has been to convert one of the com­
ponents (e.g., I) to a derivative of the general 
type IV,9 which now contains a highly reactive 
P —»• X linkage, with the phosphorus being rendered 
electrophilic, and then to bring about pyrophos­
phate V synthesis, in a second step, through anionic 
attack (phosphorolysis) on IV by phosphoric acid or 
another phosphomonoester (eq. 2). Necessary at­
tributes of an intermediate such as IV were there-
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fore considered to be that it should be stable under 
a given set of conditions, so as to enable its isolation 
and storage, and yet it should be reactive enough 
to form a pyrophosphate bond under relatively 
mild conditions. 

Phosphoramidic acid and its esters (IV, X = 
NH2) appeared to meet the above criteria. Thus, 
the high energy character of the P —*• N bond in 
such compounds is well-known10 and the ability 
of biological systems to utilize the phosphorami-
dates such as creatine phosphate for the synthesis 
of pyrophosphate bonds was demonstrated many 
years ago by Lohmann.11 In addition, many of 
the phosphoramidates such as phosphoramidic acid 
are stable under neutral or alkaline conditions, but 
extremely reactive in acid.12 The experiments 

(9) In the synthesis of pyrophosphates using dicyclohexylcarbo-
diimide, an adduct, VI or its protonated /-> tx XT r^-K^-ur^ tx 
form, must be an intermediate, H. G. 
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Khorana, Chem. Revs., SS, 145 (1953). Such 
an intermediate, if isolated, could be used 
in the specific synthesis of unsymmetrical 
pyrophosphates. Attempts to prepare com­
pounds of the type VI have, however, been unsuccessful so far. 

(10) For areview, see P. Oesperin "Phosphorus Metabolism," Vol. I, 
The John Hopkins Press, Baltimore, Md., 1951, p. 523. 

(11) K. Lohmann, Biochem. Z., 271, 264 (1934). 
(12) See e.g., 0 . Meyerhof and K. Lohmann, ibid., 196, 22 (1928). 
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now described have demonstrated the usefulness of 
these derivatives in the specific chemical synthesis 
of nucleoside-5' pyrophosphates and related com­
pounds. 

Phosphoramidic acid, a readily available sub­
stance,13 was selected for our initial experiments. 
Its monotriethylammonium salt was allowed to re­
act with 85% phosphoric acid in dimethylform-
amide. Paper chromatography indicated the for­
mation of pyrophosphoric acid as well as of some 
higher polyphosphates, the latter probably arising 
from the anionic attack of the initially formed pyro­
phosphoric acid on unreacted phosphoramidic 
acid. 

In order to demonstrate that a similar reaction 
occurred with phosphomonoesters such as mono­
nucleotides, the reaction between AAlP14 and an ex­
cess of phosphoramidic acid at room temperature 
was investigated. The products after three days 
were found, by ion exchange analysis, to be: 
AMP, 34%; ADP, 27%; ATP, 2 1 % ; higher 
nucleoside polyphosphates, 17%. 

The above results were encouraging in 
that they established the feasibility of using 
phosphoramidates for the formation of un-
symmetrical nucleoside pyrophosphates un­
der mild conditions. However, this particu­
lar approach using nucleotide anions offered 
no practical advantage over the carbodiimide 
method.6 since the specific formation of any 
one of the nucleoside polyphosphates could 
hardly be expected. The alternative ap­
proach, namely, the activation of nucleotides 
by conversion to amidate derivatives, ap­
peared to be much more attractive. For 
example, in the synthesis of nucleoside di­
phosphates, only the anions of phosphoric 
acid would be required and the formation 
of inorganic polyphosphates would be 
avoided. Further, the only possible side re­
action would be the condensation of the nu­
cleoside phosphoramidate with itself to form a 
symmetrical dinucleoside pyrophosphate15 and it 
seemed likely that under suitable conditions this 
reaction could be minimized. 

Since the nucleoside-5' phosphoramidates were 
unknown, an unequivocal synthesis utilizing ap­
propriately blocked intermediates was undertaken. 
The protective groups used were such that they 
could be removed by alkaline treatment, condi­
tions under which the nucleoside-5' phosphorami­
dates themselves were expected to be stable. 
Accordingly, 2',3'-di-0-acetyladenosine16 (VII) was 
phosphorylated with phenylphosphorodichlori-
date17 in the presence of one mole of quinoline and 
the intermediate, presumably 2',3'-di-0-acetyl-
adenosine-5' phenylphosphorochloridate (VIII), 
was treated directly with dry ammonia in dioxane. 
The product of this reaction (presumably IX) was 
treated with lithium hydroxide at room tempera-

(13) R. Klement arid K. H. Becht, Z. anorg. CUm., 254, 217 (1947). 
(14) Abbreviations used are: AMP, adenosine-5' phosphate; ADP1 

adenosine-5' pyrophosphate; ATP, adenosine-5' triphosphate. 
(15) For a fuller discussion of the formation of this side product see 

the accompanying paper, J. G. Moffatt and H. G. Khorana, T H I S 
JOURNAL, 80, 3756 (1958). 

(16) H. Bredereck, E. Berger and J. Ehrenberg, Ber., 73, 269 (1940). 
(17) E. Baer and H. C. Stancer, T H I S JOURNAL, 75, 4510 (1953). 

ture to remove the acetyl and phenyl groups, and 
adenosine-5' phosphoramidate (X) finally was iso­
lated as its chromatographically pure cyclohexyl-
ammonium salt in 25% yield based on diacetyl-
adenosine. 

The reaction between adenosine-5' phosphorami­
date and 85% phosphoric acid was then studied 
under a variety of conditions. The most satisfac­
tory procedure devised so far employs o-chloro-
phenol as the solvent and an excess (5 equiv.) of 
phosphoric acid. When this reaction is carried out 
at 0° for about three hours, ADP can be isolated on 
a preparative scale in about 50% yield based on the 
amidate. It should be emphasized that in this 
synthesis no side reactions were observed other 
than some hydrolysis of AMP-NH2 to AMP, 
caused undoubtedly by the presence of water in 
the phosphoric acid used. Thus, AMP, ADP and 
unreacted phosphoric acid were the only products 
present and because of the simplicity of this mix­
ture, ADP could be isolated readily without any 
significant losses. 
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The main obstacle in the practical application 
of the present approach to the synthesis of unsym-
metrical pyrophosphates obviously lay in the rela­
tive inaccessibility of the nucleoside-5' phosphor­
amidates. However, the work reported sep­
arately18 has provided a simple one-step synthesis 
of these intermediates in high yield. The exten­
sion of the present work to the synthesis of nucleo­
tide coenzymes is reported in the following paper.16 

An abbreviated account of this work appeared in 
195619 and subsequently Clark, et a/.,20 described 
the use of monobenzylphosphorarnidate for the 
synthesis of ADP and ATP. 

Experimental 
Methods.—Paper chromatography was performed using 

descending technique and the following solvent systems: 
(1) isopropyl alcohol (75 ml.)-water (25 ml.^trichloro­
acetic acid (5 g.)-ammonia (0.25 ml., sp. gr., 0.9)21 (solvent 
A); (2) isopropjd alcohol-ammonia-water, 7-1-2 (v. /v . ) 2 2 

(18) R. W. Chambers and J. G. Moffatt, ibid., 80, 3752 (1958). 
(19) R. W. Chambers and H. G. Khorana, Chemistry &• Industry, 

1022 (1956). 
(20) V. M. Clark, G. W. Kirby and A. R. Todd, J. Chem. Soc, 1497 

(1957). 
(21) J. P. Ebel, Bull. soc. Mm. {France), 991 (1953). 
(22) R. Markham and J. D. Smith, Biochem. J., 52, 552 (1952); 

D. M. Brown and A. R. Todd, J. Chem. Soc, 2040 (1953). 
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(solvent B); (3) 1% ammonium sulfate-isopropyl alcohol, 
1-2 (v . /v . ) 2 3 (solvent C). 

Paper electrophoresis was carried out as previously de­
scribed.24 

Preparation of Phosphoramidic Acid. Method A.— 
Dibenzyl phosphoramidate was prepared by the method of 
Atherton, et al.ih It (1.385 g., 5 mmoles) was dissolved in 
10 ml. of anhydrous methanol and hydrogenated in the 
presence of 0.71 ml. (5.1 mmole) of triethylamine and 100 
mg. of palladium-charcoal ( 5 % palladium on acid-washed 
Norite A). After the theoretical uptake of hydrogen (40 
minutes), the catalyst was removed by filtration and washed 
with methanol. The filtrate and washings were concen­
trated to a white powder and dried over phosphorus pent-
oxide in vacuo at room temperature; 834 mg. (84% for 
rnonotriethylammonium salt). 

Method B.—The method of Klement and Becht13 was 
modified somewhat: Diphenyl phosphorochloridate26 (168 
ml.) was added dropwise (about 2 hr.) to a rapidly stirred 
ice-cold solution of ethanol (300 ml. of absolute) previously 
saturated at 0° with ammonia gas. After the addition was 
complete the reaction mixture had become slightly acidic 
and it was immediately resaturated with ammonia. Addi­
tion of an excess of ice-cold water gave the crystalline di­
phenyl phosphoramidate which was collected by filtration 
and then dried over phosphorus pentoxide in vacuo at room 
temperature; yield 176 g. (89%), m.p. 141-148°. Re-
crystallization from 95% ethanol (700 ml.) gave the amidate 
(158 g.) with m.p. 148.7-149.3°, reported13 m.p. 148°. 

The diphenyl phosphoramidate was converted to potas­
sium monohydrogen phosphoramidate as described by 
Klement and Becht.13 This material did not give a test for 
inorganic phosphate with silver nitrate nor any test 
for ammonia with Nessler reagent. After heating a small 
sample for a few minutes in 0.1 N hydrochloric acid, the 
Nessler test was positive. Titration with standard acid 
gave pKJ 8.16, reported27 8.2; neut. equiv. calcd. for 
KHPOsNH2 135, found 134. 

Formation of Pyrophosphoric Acid from Phosphoramidic 
Acid.—A small sample of the rnonotriethylammonium 
phosphoramidate was suspended in a little freshly distilled 
dimethylformamide and dry hydrogen chloride gas was 
passed into the mixture for about 1 min. Most of the 
solid dissolved. After 24 hr. at room temperature, an 
aliquot was removed from the reaction mixture and examined 
by paper chromatography in solvent A. Spots correspond­
ing to ortho- and pyrophosphoric acid were detected as well 
as some other unidentified slower travelling phosphorus 
containing material. 

In a similar experiment, 1 drop of 8 5 % orthophosphoric 
acid was added instead of the hydrogen chloride. The 
chromatographic results were similar to those described 
above. 

Reaction of Adenosine-5' Dihydrogen Phosphate and 
Phosphoramidic Acid. Experiment I.—Adenosine-5' di­
hydrogen phosphate (70 mg., 0.2 mmole) and phosphor­
amidic acid (dihydrogen form prepared according to Klement 
and Becht,13 460 mg., 4 mmoles) were dissolved in 7 ml. of 
freshly distilled formamide containing 4 mmoles of hydrogen 
chloride. Monopotassium phosphoramidate (about 50 
mg. each) was added after 30 and 60 hr. After 72 hr., the 
nucleotides were precipitated with acetone, removed by 
centrifugation and washed with acetone followed by ether. 
The product was dried briefly in vacuo at room temperature 
and then dissolved in water. An aliquot containing about 
150 optical density units (at 260 rmj) was removed and 
adjusted to pll 8.5 with ammonium hydroxide. The 
mixture was analyzed by ion exchange chromatography on a 
3 cm. long X 1 cm. diameter column of Dowex-2 resin 
(chloride form) using a linear gradient elution technique 
similar to that described by Paar.28 The mixing vessel 
contained 500 ml. of 0.003 N HCl and the reservoir an equal 
volume of 0.003 A1HCl + 0.1 M NaCl. The peak fractions, 

(23) N. Anand, V. M. Clark, R. H. Hall and A. R. Todd, J. Chem. 
Soc, 3665 (1950). 

(24) R. W. Chambers, J. G. MofTatt and H. G. Khorana, T H I S 
JOURNAL, 79, 3747 (1957). 

(25) F. R. Atherton, H. T. Openshaw and A. R. Todd, / . Chem. Soc, 
382 (1945). 

(26) E. Baer, Biochem. Preps., 1, 50 (1949). 
(27) O. Meyerhof and K. Lohmann, Biochem. Z., 196, 49 (1928). 
(28) C. W. Paar, Biochem. J., 56, xxvii (1954). 

as determined by their optical density at 260 rm», were 
pooled. The percentages of the various products on the 
basis of total optical density recovered were: AMP, 34; 
ADP, 27; ATP, 21; and higher polyphosphates 18%. 

Experiment II.—Triethylammonium phosphoramidic acid 
was prepared by passing an aqueous solution of monopotas­
sium hydrogen phosphoramidate through a column of 
Dowex-50-triethylammonium resin and evaporating the 
total effluent and washings under reduced pressure. Crys­
tallization from aqueous acetone gave the product as 
needles (hygroscopic). A solution of this material (19.8 
mg., 0.1 mmole) and AMP (17.5 mg., 0.05 mmole) in 
freshly distilled formamide (3 ml.) was kept at room tem­
perature. Aliquots were removed at intervals, examined 
by paper electrophoresis at £H 4.4 and the products analyzed 
after elution from paper by their optical density at 260 van; 
ADP was the only new product and its yield was 13% after 
2.5 hours, 24% after 16 hours and remained constant 
thereafter up to 72 hours. 

Preparation of Adenosine-5' Phosphoramidate.—2',3'-
Di-O-acetyladenosine (351 mg., 1 mmole) was dissolved in 
3 ml. of anhydrous dioxane and 0.118 ml. (1 mmole) of 
purified quinoline29 was added. This solution was added 
dropwise over a 30-min. period to a stirred solution of 
phenylphosphorodichloridate" (231 mg., 1.1 mmoles) in 
dioxane (2 ml.) . The precipitate which formed after about 
5 minutes redissolved to give a clear solution after about 1.5 
hr. After 2 hr. at room temperature the solution became 
cloudy and after 4 hr. an oil had separated. The entire 
reaction mixture was cooled in an ice-bath and dry ammonia 
gas30 was passed into the solution for 5 minutes. The 
ammoniacal solution was allowed to stand at room tempera­
ture for 20 min. and then the fine white precipitate of am­
monium chloride was removed by centrifugation. The solid 
was washed thoroughly with dioxane and the combined 
supernatant and washings were concentrated to a thick 
sirup. Hydrolysis of a trace of this oil in a mixture of 
acetone and 1 N lithium hydroxide followed by chromatog­
raphy in solvent B and C revealed a spot corresponding to 
adenosine and another spot having the expected mobility of 
the amidate X. The total oil was triturated with dry ether 
to give a powder which was collected by centrifugation and 
washed 3 times with dry ether. The yield was 480 mg., 
theoretical for 2',3'-di-0-acetyladenosine-5' phenylphosphor-
amidate is 506 mg. 

A portion (226 mg.) of the crude product was dissolved in 
1 ml. of dioxane and 1.5 ml. of 1 N lithium hydroxide was 
added. After 1 hr. at room temperature, the p~H was 
adjusted to 6.8 with glacial acetic acid and the solution 
evaporated under reduced pressure. The residue was 
dissolved in water and the pH of the solution readjusted to 
6.8. Phenol was removed by five extractions with chloro­
form and the aqueous layer evaporated under reduced 
pressure. Last traces of water were removed by re-evapora­
tion after the addition of absolute ethanol and the residual 
white powder was triturated with methanol 3 times to 
remove the lithium acetate. Finally, the product was 
washed with acetone and then ether; 72 mg. Paper chro­
matography in solvent B indicated that the product consisted 
mainly of the amidate X although a small amount of adeno­
sine also was detected. This powder was dissolved in 0.2 
ml. of water and brought to turbidity with acetone. A 
small amount of solid was removed by centrifugation and 
the product was precipitated by addition of more acetone. 
Centrifugation gave 50 mg. of the lithium salt of X, which 
now contained only a trace of impurity. I t was converted 
to the cyclohexylammonium salt as follows: the solid was 
dissolved in 5 ml. of water and passed slowly through a 
Dowex-50-cyclohexylammonium ion exchange column (2.5 
cm. long X 1 cm. diameter). The column was washed with 
5 ml. of water and the effluent was concentrated to a sirup 
under reduced pressure. Re-evaporation after addition of 
ethyl alcohol gave a white powder; 50 mg. (78% recovery 
based on the lithium salt). This material was purified for 
analysis by dissolving it in 1 ml. of methanol and removing 
a small amount of insoluble material by centrifugation. 
Addition of anhydrous ether gave an amorphous solid 
(39 mg.) which was chromatographicallj' homogeneous in 
solvent B, i? f0.24. 

(29) Commercial synthetic quinoline was fractionated through a 24-
inch Podbielniak column. 

(30) Ammonia gas was dried by passing it through a barium oxide 
tube. 
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Anal. Calcd. for C16H28N7O6P (445.40): P , 6.95; 
adenine (Ad)/P, 1.00. Found: P , 6.96; Ad/P , 1.00 
(adenine was determined spectrophotometrically). 

Preparation of Adenosine-5' Diphosphate.—1,3-Dicyclo-
hexylguanidinium adenosine-5' phosphoramidate was pre­
pared from 1.05 g. of adenosine-5' dihydrogen phosphate 
(monohydrate) using the conditions described by Chambers 
and Moffatt18; the yield was 1.38 g. (89% based on ultra­
violet measurements). This material was chromatographi-
cally identical with the material prepared by the method 
described above. 

The amidate was dissolved in 5 ml. of twice-distilled 
o-chlorophenol contained in a 15-ml. pear-shaped flask and 
the solution cooled in an ice-bath. Orthophosphoric acid 
(2.7 ml. of 85%) was added and the two-phase mixture 
stirred vigorously. After 3.5 hours 10 ml. of chloroform 
was added and the oil which was deposited was triturated 
with acetone to give a gum, which was dissolved in 20 ml. 
of 1 N ammonium hydroxide and made up to 25 ml. with 
water. The pVL was adjusted to 8 with ammonia and the 
solution (TOD3133,000) applied to the top of a 7 cm. long X 
4 cm. diameter column of Dowex-1 (chloride form) resin 
at the rate of about 2 ml./min.; AMP and inorganic phos­
phate were eluted with 0.003 N hydrochloric acid + 0.03 
M lithium chloride at a flow rate of about 8 ml. /min. 
The total effluent was 3 liters and contained 36%. of the 
total optical density applied to the column; ADP was then 
eluted with 0.003 N hydrochloric acid +0 .05 M lithium 
chloride (3.25 liters, TOD 3 1 21,000). 

The ADP fraction was neutralized with lithium hydroxide 
and concentrated to 25 ml. under reduced pressure (bath 
temperature below 37°) and the gelatinous mixture was 
transferred to a 40-ml. centrifuge tube with the aid of three 
2-ml. portions of water. The suspension was centrifuged 
and the solid was washed with 5, 2 and then 1 ml. of water. 
Barium acetate (3 ml. of 2 M) was added to the combined 
supernatant and washings (TOD, 19,900) and the mixture 
kept at 0° overnight in a stoppered tube. The precipitate 
was then collected by centrifugation and washed ( 2 X 5 ml.) 
with 50% ethanol and then once each with 5 ml. of 95%. 
ethanol, acetone and ether. The solid was dried at room 
temperature over phosphorus pentoxide; 690 mg. (TOD 
12,500). An equal volume of 95%; ethanol was added to 
the mother liquor (TOD 7,030) from the first precipitation 

(31) This refers to total optical density units as measured at 260 m,u 
at ^H 2, FOOTNOTE ADDED IN PROOF.—An alternative more satisfac­
tory procedure for isolation of ADP was developed: The ADP frac­
tion is neutralized with lithium hydroxide, concentrated to a small 
volume and dried to a powder in vacuo over phosphorus pentoxide. 
The dry solid is triturated with absolute methanol, filtered and washed 
with methanol until the filtrate is chloride negative. The recovery 
of lithium ADP is almost quantitative and the product is electro-
phoretically pure. 

and the precipitate collected in the usual manner except for 
two additional cold water washes (1 ml. and then 0.5 mi. i 
at the beginning. The dry solid weighed 347 mg. (TOU 
6,280). The total recovery was 18,780 O.D. units (89% .); 
yield 49% based on AMP. The first crop was electrophn-
reticallv homogeneous while the second crop contained a trace 
of AMP. 

The main crop was dissolved in 4 ml. of ice-cold water by 
addition of 1 ml. of cold 2 N hydrochloric acid. A small 
amount of insoluble solid was removed by centrifugation in 
the cold and washed with 1 ml. of cold water containing 5 
drops of 2 N hydrochloric acid. The pli of the combined 
supernatant and wash was 1.6. Cold 95%, ethanol (5 ml.) 
was added and the precipitate was collected in the usual 
manner; 413 mg. (TOD 10,800, 86%, recovery). Au 
additional 25 mg. of material (TOD 609) was recovered from 
the supernatant by addition of 5 ml. of 95% ethanol. 
The total recovery was 438 mg., TOD 11,409 (91%). 
Electrophoresis of these two solids indicated the presence of 
trace amounts of AMP and material having the same 
mobility as ATP. The material was very hygroscopic 
and unstable. Ou standing overnight at room tempera­
ture significant conversion to AMP and ATP (identified 
by electrophoresis) occurred. 

Anal. Calcd. for B a H A D P 2 H , 0 : mol. wt., 600; 
BaVaHjADP-eHsO, mol. wt. , 604; Ad:labile P: total P, 
1.0:1.0:2.0. Found: equiv. wt., 597 (ultraviolet measure­
ments); Ad:labile P: total P , 1.0:1.0:1.9. 

This barium salt was converted to the sodium salt by 
dissolving 100 mg. in 5 ml. of water and passing the solution 
through a 0.8 X 4 cm. long column of Dowex-50 (Na + ) 
and washing the column with water until the optical density 
dropped to 1.5. The effluent was lyophilized to a fluffy, 
white, extremely hygroscopic powder, 09 mg. 

Anal. Calcd. for Na.,HADP.3H..O: mol. wt., 525; 
Ad:labile P: total P , 1.0:1.0:2.0. Found: equiv. wt., 
530; Ad:labile P: total P, 1.0:0.95:2.0. 

These data do not rule out NaH2ADPS-IlI2O as the 
correct formula. Electrophoresis indicated a trace of ATP 
and a small amount of AMP (less than 10%). Biological 
assay using phosphoenol pyruvate kinase and lactic de­
hydrogenase and measuring the disappearance of reduced 
diphosphopyridine nucleotide indicated 107% ADP.32 

The high value is attributed to the presence of AMP in the 
ADP and myokinase in the enzyme system. This syn­
thetic ADP rapidly formed AMP polymer with polynucleo­
tide phosphorylase.82 '33 

(32) This assay was kindly performed by Dr. Sana Mii. 
(33) M. Grunberg-Manago and S. Ochoa, Bimhem. Biophys. Acta, 

20, 269 (195(3). 
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The Synthesis of Adenosine-5' and Uridine-5' Phosphoramidates 
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RECEIVED JANUARY 27, 1958 

A simple, one-step synthesis of adenosine-5' and uridine-5' phosphoramidates utilizing a novel reaction between the ap­
propriate 5'-nucleotide, ammonia and dicydohexylcarbodiimide is described. 1,3-Dicyclohexylguanidine was formed 
simultaneously and hence the amidates were isolated as the crystalline salts of this base. Preparations of adenosine-5' 
methyl phosphate and a compound tentatively identified as adenosine-5' phosphoroimidazole are reported and some proper­
ties of these compounds are discussed. 

T h e nuc l eos ide p h o s p h o r a m i d a t e s ( 1 , R = p u r i n e 
o r p y r i m i d i n e , R ' = N H 2 ) a r e e n d o w e d w i t h cer­
t a i n p r o p e r t i e s w h i c h m a k e t h e m i d e a l l y s u i t e d for 
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