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solution was left at room temperature for 15 minutes and 
then evacuated for 10 minutes to remove as much of the 
hydrogen chloride as possible. Four ml. of dilute ammo
nium hydroxide was added to the solution and the benzyl 
alcohol extracted with ether (3 X 10 ml.) . After removal 
of the excess of ammonia under vacuum the aqueous solu
tion was applied to the top of a column (24 X 135 mm.) of 
Dowex 214 ion-exchange resin (200-325 mesh, formate form). 
The sample was washed in with 15 ml. of water and elution 
was carried out successively with 0.02 JV formic acid (250 
ml.), 0.1 JV formic acid (750 ml.) and finally 250 ml. of 0.5 
AT formic acid. Fractions of twenty ml. each were collected, 
the elution being followed spectrophotometrically (optical 
density a t 270 m^u). Cytidylic acid and cytidine-2'-benzyl 
phosphate emerged as separate peaks with 0.1 JV formic acid 
and cytidine-3'-benzyl phosphate was eluted rapidly with 
the 0.5 JV acid.8 The proportions of the components eluted 
were found to be: cytidine-3'-benzyl phosphate, 6 5 % ; 
cytidine-2'-benzyl phosphate, 26%; unreacted cytidylic 
acid, 9%. The Rt values in three solvent systems are re
ported in Table I . 

Adenosine-2'(3')-propyl Phosphates.—Using a solution 
of the mixture of adenosine-2':3'-cyclic phosphate and the 
adenylylureas in anhydrous ra-propyl alcohol, the propyl 

(14) The Dow Chemical Company, Midland, Michigan. 

esters were prepared as described above for cytidine benzy 
phosphates. The esters were isolated by paper chromatog
raphy on large sheets of Whatman paper No. 3MM in the sol
vent system A (Table I) and the eluted material further puri
fied on an ion-exchange column as described above. The tubes 
containing the single broad peak eluted with 2.0 JV formic 
acid were combined and lyophilized. On heating, the prod
uct decomposed above 164°, Xmax in 0.01 JV hydrochloric 
acid, 257 mM; t 13,150. 

Anal. Calcd. for C13H20N5O7P4H2O: C, 38.33; H, 
5.44; P , 7.62. Found13: C, 38.33; H, 5.64; P , 7.63, 7.76. 

By the procedure described above a number of ribonu
cleotide alkyl esters were prepared. The Rf values of the 
esters, the parent nucleotides and the cyclic phosphates are 
listed in Table I . 

Acknowledgment.—This work was carried out 
under a consolidated grant from the National 
Research Council of Canada, Ottawa. We are 
grateful to Dr. G. M. Shrum for his generous 
encouragement of this work. 
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A method for the synthesis of N-phosphoroamino acids and peptides is described. Di-£-nitrobenzylphosphorochloridate 
or di-£-iodobenzylphosphorochloridate was coupled with esters of amino acids or peptides; this was followed by removal of 
the £-nitrobenzyl and ^-iodobenzyl groups through catalytic hydrogenation in alcoholic alkaline medium. 

A number of phosphorylating agents have been 
used for the synthesis of N-phosphoroamino acids 
and peptides. With phosphorus oxychloride2'3 the 
yields were low and the preparation of pure sub
stances was difficult. The reaction of diphenylphos-
phorochloridate4 (DPPCl) or diisopropylphospho-
rochloridate5 with esters of amino acids yielded 
crystalline N-diphenylphosphoro or N-diisopropyl-
phosphoro derivatives; however, it was not possi
ble to split off the isopropyl groups without attack
ing the P-N bond5 and saponification of the ester 
group in the case of the diphenyl compounds was 
not entirely successful.4 In a few cases dibenzyl-
phosphorochloridate6 yielded crystalline dibenzyl-
phosphoroamino acid esters; the benzyl groups 
can be removed easily by catalytic hydrogenation.7 

Non-esterified phosphoroamino acids have not been 
prepared by this method. 

With DPPCl as the phosphorylating agent, we 
prepared N-phosphoroamino acids in some cases. 
The treatment of N-diphenylphosphoroglycine 
methyl ester (I), N-diphenylphosphoro-L-tyrosine 

(1) This paper is based in part on the doctoral dissertation of P. G. 
Katsoyannis, Division of Natural Sciences (Chemistry Section), Uni
versity of Athens, May, 1952. Present address: Department of Bio
chemistry, Cornell University Medical College, New York. 

(2) C. Neuberg and W. Oertel, Biochem. Z., 60, 491 (1914). 
(3) T. Winnick and E. M. Scott, Arch. Biochem., 12, 201 (1947). 
(4) L. T. Sciarini and J. S. Fruton, T H I S JOURNAL, 71, 2940 (1949). 
(5) T. Wagner-Jauregg, J. J. O'Neill and W. H. Summerson, ibid., 

73, 5202 (1951). 
(6) S. O. Li, ibid., 74, 5959 (1952). 
(7) L. Zervas, Naturwissenschaften, 27, 317 (1939); M. L. Wolfrom, 

C. S. Smith, D. E. Pletcher and A. E. Brown, T H I S JOURNAL, 64, 
23 (1942); F. A. Atherton, H. T. Openshaw and A. R. Todd, J. Chem. 
Soc, 382 (1945); S. O. Li, Acta Chem. Scand., 4, 610 (1950). 

ethyl ester (II) and N-diphenylphosphoroglycyl-L-
tyrosine ethyl ester (III) with barium hydroxide 
resulted in saponification of the carboxyl ester 
group and splitting off of one phenyl group8 as il
lustrated below 

(C6H5O)2P. / 
O Ba(OH)2, 25° 

^ N H C H 2 C O O C H 
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Removal of the remaining phenyl group was ac
complished without hydrolysis of the P-N bond by 
heating of the monophenyl derivative in a strongly 
alkaline solution (barium, sodium or potassium hy
droxide)9 as illustrated below for Ia 

Ba(OH)2, 100° 
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In this case the insoluble barium salt (Ib) was con-
(8) This behavior toward alkali is similar to that of triphenyl phos

phate (von Glutz, Ann., 143, 192 (1867); E. Baer, T H I S JOURNAL, 69, 
1253 (1947), and of tribenzyl phosphate (W. Lossen and A. Koehler, 
Ann., 262, 196 (1891); our conditions are milder. 

(9) Considerable hydrolysis of the P -N bond accompanied removal 
of the phenyl group by heating Ia in an aqueous solution; some hy
drolysis occurred when a buffered solution (pH 7.5) was warmed. 
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TABLE I 

N-DlARYLPHOSPHOROAMINO AciD (DlPEPTIDE) ESTER 

D P P = diphenylphosphoro, DIBP = di-£-iodobenzylphosphoro, DXBP = di-^-nitrobenzjdphosphoro 

No. 

I 
lit"'5 '8 

I l l t" 6 ' e 

IV 
V 

VIl" 
V I I I ^ 

Diarylphosphoro 
group 

D P P 
D P P 
I)PP 
DIBP 
DIBP 
DIBP 
DNBP 
DNBP 
DIBP 

Amino acid or 
dipeptide 

Glycine 
L-Tyrosine 
Glycyl-L-tyrosine 
Glycine 
Glycine 
L-Tyrosine 
Glycine 
Glycylglycine 
Glycyl-L-tyrosine 

Ester 
group 

CH3 

C2H5 

C2HS 

CH3 

C6H3CH2 

C2H3 

CH3 

C2H3 

C2H3 

Yield, M.p., 
0C. 

" Prepared with ethyl acetate as the solvent, 
product crystallized after several hours cooling, 
ture contained 0.02 mole of triethylamine. ' 
Ci6Hi6O6NP: C, 56.07; H, 5.02. Found: C, I 
62.75; H, 5.57. 

v e r t e d t o t h e s p a r i n g l y so luble sa l t ( Ic) b y ace t i c 
acid. 

Although heating of the monophenylphosphoro-
barium salts of I I and I I I with dilute alkali resulted 
in the removal of the remaining phenyl group, we 
did not pursue this method because of possible 
racemization of the amino acid component along 
with some hydrolysis of the peptide bond. Removal 
of the phenyl group by catalytic hydrogenation4 

does not have these disadvantages. 
A general method for the synthesis of N-phos-

phoroamino acids and peptides is the reaction of the 
new phosphorylating agents,10 di-/>-nitrobenzyl-
phosphorochloridate (DNBPCl) and di-^-iodoben-
zylphosphorochloridate (DIBPCl) , with esters of 
amino acids and peptides to form the correspond
ing D N B P and D I B P derivatives. Saponifica
tion of the carboxyl ester group is followed by re
moval of the ^-substi tuted benzyl groups through 
catalytic hydrogenation in alcoholic alkali, a reac
tion which is illustrated in the preceding paper. If 
the benzyl ester of the amino acid or peptide is 
used, saponification of the coupled product prior 
to hydrogenation is unnecessary; in tha t case the 
hydrogenation is carried out in alcoholic triethyl
amine solution. 

By this method N-phosphoro derivatives of gly
cine, L-tyrosine, glycylglycine and glycyl-L-tyro-
sine were prepared as the barium salts. Solutions 
of the sodium or potassium salts were used to s tudy 
the stability of the phosphoroamino acids and pep
tides a t various pK's. As expected,3 the N-phos-
phoroamino acids and peptides are stable in alkali, 
fairly stable in a neutral medium, and particularly 
sensitive to acid.11 

Experimental 
The solvents used were dried and freshly distilled; the 

hydrogenation catalyst was freshly prepared, wet palladium 
black. For analysis, the barium salts were dried under 
vacuum at 100°, and the other compounds at 56°. Phos
phorus was determined colorimetrically12 on compounds 

(10) L. Zervas and I. Dilaris, THIS JOURNAL, 77, 5354 (195.5). 
(11) At i>H 7.5 and room temperature N-phosphoroglycine does not 

give a positive ninhydrin reaction, even after several minutes, while 
under the same conditions, the non-phosphorylated amino acid gives 
an intense brownish red color after a few seconds. At pH 4 and 25-30° 
the N-phosphorylated amino acids and peptides release phosphoric 
acid almost quantitatively within 5-10 minutes. 

(12) C. H. Fiske and Y. SubbaRow, J. Biol. Chem., 66, 37.5 (1925). 

Formula 

90 93 C15H1(ANP" 
70 93-94 C23H24O6XP'' 
70 123-124 C23H27O7N2P 
SO 124-125 C17H18O3NPI2 

80 89 C23H22O3NPI2 

75 143 C26H26O6NPI2 

70 89 C17H18O9N3P 
70 112-113 C20H23O10N4P 
75 127-128 C27H29O7N2PI2 

6 The drying step was omitted. Water was added instead of hexane and the 
" A little warm ether was added before the hexane. d The reaction mix-

Recrystallized from ether. / Recrvstallized from ethanol. ' Calcd. for 
6.25; H, 5.15. h Calcd. for C23H24O^NP: C, 62.58; H, 5.48. Found: C, 

Analys 
Nitrogen 

Calcd. Found 

4.35 
3.2 
5.6 
2.3 
2 .1 
2.0 
9.6 

11.0 
3.6 

4.25 
3.3 
5.6 
2.25 
2 .1 
2.05 
9.7 

11.2 
3.75 

:es, % 
Iod 

Calcd. 

42.3 
37.5 
35.21 

32.6 

ine 
Found 

42.4 
37.35 
35.05 

32.4 

which had been hydrolyzed with hydrochloric acid. The 
nitrogen content of the barium salts was determined by 
the Kjeldahl method and that of the other compounds by the 
Dumas method. 

N-Diarylphosphoroamino Acid and Dipeptide Esters.— 
The N-diarylphosphoroamino acid and dipeptide esters 
listed in Table I were prepared from the corresponding di-
arylphosphorochloridate and amino acid (or dipeptide) ester. 
N-Diphenylphosphoroglycine methyl ester (I) was syn
thesized by procedure A. The other compounds were 
prepared essentially by procedure B; the slight modifica
tions used for the individual compounds are indicated in the 
footnotes to the table. 

A. N-Diphenylphosphoroglycine Methyl Ester (I).— 
To a suspension of 2.5 g. (0.02 mole) of glycine methyl ester 
hydrochloride in 15 ml. of anhvdrous pvridine at 0°, was 
added 6 g. (10% excess) of DPPCl.1 3 The mixture was 
shaken for two hours and then poured into 100 ml. of ice-
water. The product, which separated as an oil, soon crys
tallized. I t was collected, washed with water, dried and 
recrvstallized from ether. 

B. N-Di-p-iodobenzylphosphoroglycine Methyl Ester 
(IV).—To a chloroform solution containing at least 1.9 g. 
(0.02 mole) of glycine methyl ester was added 5.5 g. (0.01 
mole) of DIBPCl.10 After 12 hours the precipitated glycine 
methyl ester hydrochloride was filtered and the filtrate 
shaken successively with dilute hydrochloric acid, aqueous 
potassium bicarbonate and water. It was dried over so
dium sulfate and the solvent removed in vacuo. The addi
tion of hexane gave a crystalline product which was recrvs
tallized from methanol. 

N-Monophenylphosphoroamino Acids and Dipeptides. A. 
Barium Salts of N-Monophenylphosphoroglycine (Ia) and 
N-Monophenylphosphoroglycyl-L-tyrosine (Ilia).—A sus
pension of 0.01 mole of I (0.003 mole of I I I ) and 6.7 g. (3 g.) 
of barium hydroxide octahydrate in 60 ml. (30 ml.) of water 
was shaken for four hours. Carbon dioxide was then 
bubbled through the mixture and the precipitated barium 
carbonate filtered. Ia crystallized as the dihydrate upon 
the addition of 60 ml. of methanol to the filtrate; yield 70%. 

Anal. Calcd. for C8HsO3NPBa: N, 3.82; P, 8.40; 
Ba, 37.48. Found: N, 3.68; P, 8.35; Ba, 37.60. 

IHa precipitated upon the addition of acetone; yield 
0 3 % . 

Anal. Calcd. for C17H17O7N2PBa: N, 5.28; Ba, 25.95. 
Found: N, 5.05; Ba, 26.10. 

B. N-Monophenylphosphoro-L-tyrosine Barium Salt 
(Ha).—II (4.3 g., 0.01 mole) was shaken with 30 ml. of 2 
.V sodium hydroxide and 10 ml. of water for three hours. 
The mixture" was filtered and 12 ml. of 5 Ar hydrochloric 
acid and an aqueous solution containing 5.9 g. of barium 
.icetate were added to the filtrate. The product which 
ervstallized as the dihvdrate (small prisms) was washed witli 
cold water; yield 3.3'g. (65%,). 

Anal. Calcd. for C16H14O6NPBa: N, 2.96; P , 6.55; 
Ba, 29.07. Found: N, 2.80; P, 6.48; Ba, 29.30. 

(IS; P. Brigl and H, Mueller, Her., 72, 2121 (1930). 
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Removal of the Carboxyl Ester Group: Di-^-iodobenzyl-
phosphoroglycine (IVa), N-Di-£-iodobenzylphosphoro-L-ty-
rosine (Via) and N-Di-£-nitrobenzylphosphoroglycine (Vila). 
—IV or V was shaken for 10-15 minutes with a slight ex
cess of 0.2 N sodium hydroxide; a mixture of VI , dissolved 
in warm ethanol, and 2 equivalents of alkali was allowed to 
stand for 30 minutes; and VII was shaken for 10 minutes 
with an alcohol-water solution of sodium hydroxide (10% 
excess). The products precipitated upon acidification 
with hydrochloric acid. The yields were IVa and VHa 
80%, and Via 8 5 % . IVa and Vi la were recrystallized from 
ethanol. IVa which was dried in vacuo began melting at 
115° and decomposed a t 175-178°. 

Anal. Calcd. for C6H16O6NPI2: N, 2.38; I , 43.22; 
Found: N, 2.47; I , 42.95. Via began melting a t 80-85° 
and decomposed upon further heating. 

Anal. Calcd. for C23H22O6NPI2: I , 36.61. Found: I, 
36.55. Vi l a melted a t 149°. 

Anal. Calcd. for Ci6H16O9N3P: N, 9.88. Found: N, 
10.00. 

N-Carbobenzoxyglycyl-L-tyrosine Ethyl Ester.—A solu
tion of 4.2 g. (0.02 mole) of carbobenzoxyglycine14 and 2.8 
ml. (0.02 mole) of triethylamine in 20 ml. of chloroform was 
cooled a t 0° and 2.8 ml. (0.02 mole) of ethyl chlorocarbon-
ate16 was added. After storage at 0° for 10 minutes, this 
solution was added to a chloroform solution containing 4.9 g. 
(0.02 mole) of L-tyrosine ethyl ester hydrochloride and 2.8 
ml. of triethylamine. After the evolution of carbon dioxide 
was complete, the solution was shaken successively with 
water, dilute hydrochloric acid, aqueous potassium bicar
bonate and water, dried with sodium sulfate and concen
trated in vacuo. Ethanol was added to the residue and the 
solution was concentrated in vacuo. The product was crys
tallized from ethanol as needles; yield 69-70%, m.p . 124-
125°, reported m.p . 118°.16 

Anal. Calcd. for C21H24O6N2: N, 7.00. Found: N, 7.15. 
Glycyl-L-tyrosine Ethyl Ester Hydrochloride.—This di-

peptide ester was obtained by hydrogenolysis14 of the above 
dipeptide in ethanol containing hydrochloric acid; yield 
quantitative, m.p . 245°, reported 245° . " 

N-Phosphoroglycine Barium Salt (Ib). A. From Mono-
phenylphosphoroglycine Barium Salt (Ia).—A solution of 
4 g. (0.01 mole) of the dihydrate (Ia) and 2 g. of barium 
hydroxide octahydrate in 70 ml. of water was heated at 
100° for 30 minutes under nitrogen. After the mixture had 
been cooled, the precipitate was collected and washed with 
dilute aqueous barium hydroxide and methanol. I t was 
stored in vacuo; yield 3.2 g. (88%). 

Anal. Calcd. for C4H6O10N2P2Ba3: N, 3.91; P , 8.65; 
Ba, 57.55. Found: N, 3.80; P, 8.60; Ba, 57.25. 

B. From the Methyl and Benzyl Esters of N-Di-£-iodo-
benzylphosphoroglycine (PV and V) and N-Di-£-nitrobenzyl-
phosphoroglycine Methyl Ester (VII).—A mixture of 0.005 
mole of IV (VII) and 25 ml. (15 ml.) of N ethanolic sodium 
hydroxide was allowed to stand for 10 minutes18 and then 
hydrogenated catalytically; a suspension of 0.005 mole of 
V in 50 ml. of methanol containing 4 ml. of triethylamine 
(10% excess) was hydrogenated directly. The catalyst 
was filtered and washed repeatedly, first with small quanti
ties of water and then with methanol. Ib precipitated 
upon the addition of a solution of 3.7 g. of barium iodide in 
70 ml. of methanol saturated with barium hydroxide to the 
combined filtrate. Saturation of the methanol with barium 
hydroxide was necessary to prevent the partial hydrolysis 
of Ib to Ic. The yield from IV was 9 3 % . 

(14) M. Bergmann and L. Zervas, Ber., 65, 1192 (1932). 
(15) R. A. Boissonas, HeIv. Chim. Acta, 34, 874 (1951). 
(16) M. Bergmann and J. S. Fruton, / . Biol. Ckem., 118, 405 (1937). 
(17) E. Fischer, Ber., 37, 2496 (1904). 
(18) In the case of VII the mixture was shaken for 10-15 minutes. 

Anal. Found: N, 3.70; P , 8.55; Ba, 57.30. The yield 
of Ib from V was 9 3 % . 

Anal. Found: N, 3.78; P , 8.60; Ba, 57.67. The yield 
from VII was 90%. 

Anal. Found: N, 3.75; P , 8.58; Ba, 57.26. 
N-Phosphoroglycine Barium Acid Salt (Ic). A. From 

Ia.—A solution of 2 g. (0.005 mole) of the dihydrate of Ia 
in 10 ml. of N sodium hydroxide and 30 ml. of water was 
heated a t 100° for 20 minutes. Acetic acid (2.5 ml.) was 
added to the cooled mixture which was filtered quickly; 
40 ml. of ethanol was then added dropwise to the filtrate with 
cooling and stirring. The crystals were collected, washed 
first with 50% and then with anhydrous ethanol and stored 
in a desiccator; yield 0.8 g. (55%). 

Anal. Calcd. for C2H^O5NPBa: N, 4.82; P , 10.67; 
Ba, 47.31. Found: N, 4.90; P , 10.55; Ba, 47.10. 

Heating of a solution of 1 g. of Ia in 12.5 ml. of water at 
100° for 10 minutes gave 0.6 g. of a mixed product contain
ing 2 . 1 % nitrogen and apparently consisting of approxi
mately 4 3 % Ic and 57% inorganic phosphate. The latter 
was removed by shaking the mixture with dilute acetic acid 
for 5 minutes, and 0.15 g. of Ic was thus obtained. When 
phosphate buffer (pH 7.5) was used for the hydrolysis, 0.25 
g. of Ic was obtained. 

B. From lb.—When the amorphous Ib (0.71 g., 0.001 
mole) was shaken either for 2 hours at 1-2° with 20 ml. of 
0.1 Nhydrochloric acid or for 10 minutes with 7 ml. of 30% 
acetic acid, crystalline Ic was obtained. I t was washed 
successively with cold water, 50% ethanol and anhydrous 
ethanol. The yield from the hydrochloric acid hydrolysis 
was 60% and from the acetic acid hydrolysis 84%.. 

Anal. Found: N, 4.96; P , 10.77; Ba, 47.50. 
N-Phosphoro-L-tyrosine Barium Salt.—A mixture of 3.6 

g. (0.005 mole) of DIBP-L-tyrosine ethyl ester (VI) in 60 
ml. of 0.1 N ethanolic sodium hydroxide was allowed to 
stand for 15 minutes and then hydrogenated catalytically. 
The hydrogenation was complete in 45 minutes with the 
absorption of 500 ml. of hydrogen (23°, 756 mm.) . The 
catalyst was filtered and washed repeatedly with 90% eth
anol. To the combined filtrate was added 2 g. of barium 
iodide dissolved in ethanol. The precipitate was centri-
fuged and washed with ethanol until the washings gave a 
negative test for iodide ions; yield 2 g. (85%). 

Anal. Calcd. for C18H18O12N2P2Ba3: N, 3.02; P , 6.67; 
Ba, 44.38. Found: N, 2.95; P , 6.55; Ba, 44.15. 

N-Phosphoroglycylglycine Barium Salt.—DNBP-glycyl-
glycine ethyl ester (VIII) (2.5 g., 0.005 mole) was shaken 
with 30 ml. of 0.5 N ethanolic sodium hydroxide for 15 
minutes, hydrogenated and worked up as described above. 
The hydrogenation was complete in 30 minutes with the 
absorption of 1000 ml. of hydrogen (24°, 754 mm.) . The 
barium reagent was 3 g. of barium iodide in methanol sat
urated with barium hydroxide; yield 2.1 g. (80%). 

Anal. Calcd. for C8H12O12N4P2Ba3: N , 6.74; P , 7.46; 
Ba, 49.60. Found: N, 6.55; P , 7.35; Ba, 49.30. 

N-Phosphoroglycyl-L-tyrosine Barium Salt.—To 3.9 g. 
of DIBP-glycyl-L-tyrosine ethyl ester ( IX) dissolved in 
warm methanol was added 25 ml. of N ethanolic sodium 
hydroxide. The mixture was shaken for 10 minutes, hy
drogenated and worked up as described above. The hy
drogenation was complete in 15 minutes with the absorption 
of 520 ml. of hydrogen (26°, 758 mm.) ; yield 2.5 g. (95%). 

Anal. Calcd. for C22H24O14N1P2Ba3: N , 5.37; P , 5.95; 
Ba, 39.53. Found: N, 5.35; P , 6.17; Ba, 39.20. 
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