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Synthesis of Phosphopeptides
II. * O-Phosphorylated Dipeptides of 1,-Serine

GEORG FOLSCH

Department of Medical Biochemistry, University of Gothenburg, Gothenburg, Sweden

Diphenylphosphoryl and dibenzylphosphoryl chlorides have been
used for phosphorylation of six N-carbobenzoxy dipeptide benzyl
esters of L-serine with amino acid sequences shown to occur in phos-
phoproteins. Catalytic hydrogenolysis of the dibenzylphosphoryl
derivatives yields pure phosphopeptides, whereas the products obtai-
ned from the diphenyl analogs frequently contain partially hydro-
genolysed derivatives.

Phosphoproteins and phosphopeptide fractions obtained from phospho-
proteins usually have a high content of the two dicarboxylic acids glutamic
acid and aspartic acid -8, and several peptides have been isolated after degra-
dation of such proteins in which O-phosphorylated serine residues were bound
by peptide linkages to these acids., The peptide O-phosphoryl-1-seryl-i-
glutamic acid was isolated from casein as early as 19336-7. Also the reverse
sequence, Glu-SerP, seems to be present in casein as well as SerP-Asp apart
from other sequences, such as Leu-SerP and SerP-SerP 8-°, The last-mentioned
sequence seems to build up a large portion of phosvitin **, whereas, in pep-
sin, the lone phosphorylserine residue, again, is bound to glutamic acid in
the sequence Thr-SerP-Glu °. Finally, after acid hydrolysis, the two phos-
phorus atoms of ovalbumin are found in the fragments Glu-SerP-Ala and
Asp-SerP-Glu, of which only the former is dephosphorylated by prostatic
phosphatase 19,

For a more detailed study of the biological and chemical properties of phos-
phorylated peptides, e. g. their behaviour towards different phosphatases and
proteolytic enzymes or their metal binding properties 1'-17, synthetic prep-
aration of these compounds seemed to be of interest. Synthetic preparation
also permits considerable structural variations. In previous papers 17-21, a

* Paper I, see Ref.??, Abbreviations and symbols used as previously. The symbol SerP is
used for an O-phosphorylserine residue, —NH . CH[CH,OPO(OH),]CO—; Z for carbobenzoxy,
CeH,CH,0CO —; Bz for benzyl, C¢gH;CH,- and Ph for phenyl C¢H;-groups (cf. also Goodman, M,
and Kenner, G. W. Advances in Protein Chem. 12 (1957) 509—518).

** Mellander, O. and Strid, L. of this laboratory; Personal communication.
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1408 GEORG FOLSCH

general route to O-phosphorylated serine peptides, applicable also to threonine
peptides 22 has been reported. The synthesis of the 1, D and b1 forms of
O-phosphorylserine 1? as well as of di and tri-peptides of this amino acid and
glycine 18,20 were described. In the route followed, the peptide sequence in
question is first synthesized by resorting to coupling methods which allow
the use of unprotected serine hydroxyl groups. Protecting groups for the amino
and carboxyl functions (N-carbobenzoxy groups?; benzyl esterification 24)
are selected, which are stable under the conditions of phosphorylation but
which afterwards are eliminated by mild treatment (catalytic hydrogenolysis).
The compounds so obtained, i. e. the N-¢arbobenzoxypeptide benzyl esters,
are then phosphorylated with dibenzylphosphoryl 25 or diphenylphosphoryl 26,27
chloride, and the resulting triesters of phosphoric acid finally catalytically
hydrogenolysed into free phosphopeptides, and into the volatile degradation
products of the protecting groups, benzene (or cyclohexane in platinum cata-
lysed hydrogenation), toluene (methylcyclohexane) and carbon dioxide:

Z - Ser . OH —— Dicyclohexyl- OBz
carbodiimide
—0Bz |————> Z.Ser—Glu:.-0Bz 4 Dicyclohexylurea
H.Glu.0Bz — I |
o (0}
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BzO PhO
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BzO_ | PhO #
. —O—
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Z . Ser—Glu . OBz Z . Ser—Glu - OBz
' H,, Pd H,, | Pd 4+ Pt
o
4 5 CHCH, HO | 2 CgH,,
Co, >1>—o + 8 C,H,,CH,
HO OH c

H . Ser—Glu - OH

Such procedures are avoided as much as possible, that are suspected of
causing racemization, hydrolysis of phosphate ester or peptide bonds, and
acyl migrations 28-29 or B-elimination 22, e. g. treatment with strong acids or
alkalies. The present paper describes the use of this procedure in the synthesis
of six dipeptides of O-phosphorylated L-serine, combined with 1.-glutamic acid,
L-aspartic acid and L-leucine.

DIPEPTIDE DERIVATIVES OF 1-SERINE

The N-carbobenzoxy dipeptide benzyl esters required for the phosphorylation
were prepared from N-carbobenzoxyamino acids 22 and amino acid benzyl
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esters by the application of the carbodiimide procedure 3°-31, which, besides
its simplicity, allows the use of unprotected serine hydroxyl groups. The yields
obtained by this procedure are frequently excellent, providing acylurea forma-
tion 3922 can be avoided. For this purpose a mixture of tetrahydrofuran and
acetonitril as recommended by Zahn and Diehl 32, was used as solvent in coupl-
ings with N-carbobenzoxy-I-serine, and in no case could a formation of
N(N-carbobenzoxyseryl)-N,N’-dicyclohexylurea 32 be observed. Couplings
with more soluble carbobenzoxy derivatives were made in a methylene chloride
solution. Although serine is considered to be one of the most easily racemizing
e-amino acids 33, no signs of racemization were observed in the coupling reac-
tions, a fact which supports the general view that N-acylamino acids, in con-
trast to N-acyl peptides, produce fully optically pure compounds when coupled
by the carbodiimide or mixed anhydride procedure *. It should, however, be
kept in mind, that minor quantities of diastereoisomers possibly formed may
be eliminated in the isolation and purification of the reaction product, as the
solubility of diastereoisomeric peptide derivatives is often sufficiently different
to allow their separation (cf. the following paper #!). The optical purity of two
of the protected peptide derivatives was clearly demonstrated by hydrogenol-
ysis forming the free peptides L-seryl-r-glutamic acid and r-seryl-L-serine,
which had already been prepared by the azide procedure 33-39. The additional
four dipeptides of L-serine, obtained in the present work, had not been pre-
viously reported. The peptides and their protected derivatives are listed in
Tables 2 and 3.

PHOSPHORYLATION OF PROTECTED 1-SERINE PEPTIDES AND HYDRO-
GENOLYSIS OF THE TRIESTERS OBTAINED

Among the various methods of phosphorylation reported in the literature,
only those could be considered at the present time, in which a monofunctional
phosphoryl chloride 25-27, 4042 or g gsuitably protected pyrophosphate 43-45
was used for the phosphorylation of the free hydroxyl groups. Diphenyl-
phosphoryl and dibenzylphosphoryl chlorides were used exclusively for the
experiments, owing to their availability and simplicity in operation.

A. Peptide derivatives of diphenylphosphoric acid

Diphenylphosphoryl chloride reacts readily with primary (serine) and se-
condary (threonine) alcohols, yielding 90 %, or more of O-diphenylphosphoryl
derivatives 17 19-22, For the conversion of such triesters into free O-phosphoryl-
ated amino acids and peptides, two different routes have been reported. Riley
et al.?? have used alkaline dephenylation with simultaneous saponification of
carboxylic ester groups, the N-carbobenzoxy group having first been removed

* Partial racemization has been observed when N-acylated peptides have been coupled by
these methods -3¢, On the other hand, two tetrapeptide derivatives were recently condensed by
carbodiimide, yielding an apparently optically pure octapeptide derivative %7,
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1410 GEORG FOLSCH

with hydrogen bromide in glacial acetic acid. Keeping the well established
sensitivity of serine peptide derivatives to alkali in mind * the low yields
of the two phosphopeptides obtained by this process, H-SerP-Gly-OH and
H.SerP-Glu-OH and the low melting point of the former and optical rotation
of the latter as compared with the compounds prepared by hydrogenolysis
may be explained. Furthermore, this route can be used for N-terminal O-
phosphorylserine peptides only, as a free ¢-amino group at the phosphorylated
serine residue is necessary to avoid the f-elimination reaction in alkaline
solution 22,

A second method for the removal of the phenyl, benzyl and N-carbobenzoxy
groups consists in applying catalytic hydrogenolysis. Although exceptionally
mild conditions can be used in such a case, this route shows a disadvantage in
the difficulty by which complete hydrogenolytic removal of the phenyl groups
is obtained 17, 19-21,

The hydrogenolysis of diphenylphosphorylated derivatives of amino acids
and peptides is usually performed in two stages, first using a palladium catalyst
and then a platinum catalyst 194%. It has been stated 59, that only benzyl
groups are eliminated by palladium-catalyzed hydrogenolysis:

@‘O\P/O_D Q_O\P/O_D
RN

7N\
(@) (0]
| 3 H, |
Z . Ser—Glu . OBz _— H . Ser—Glu. OH
OBz bd | _ou

+ 3 @—CH,, + CO,

Mostert ef al. 5 suggest that the claimed inertness of phenylic esters to
H,/Pd/C depends on the fact that the phenyl ring has to be converted to
cyclohexyl derivative prior to elimination, and that only platinum ** catalyzes
this ring hydrogenation. (see p. 1411).

Our work does not confirm the absolute selectivity of the palladium (on
charcoal) catalyst, but the cleavage of phenyl groups seems to be very slow,
as indicated, for example, in the following experiment. Palladium catalyzed
hydrogenolysis of O-diphenylphosphoryl-N-carbobenzoxy-Dr-serine benzyl
ester 1® in ethanol-water solution was followed by measuring the hydrogen

* Saponification of N-carbobenzoxypeptide esters containing serine frequently produces low
yields of carbobenzoxypeptide owing to side reactions 46-47, Selective racemization of the serine
residue in N-carbobenzoxy-I-serylglycyl-L-alanine ethyl ester has been produced by treatment
with triethylamine 48,

** The palladium catalyst of Kuhn and Haas, which catalyzes hydrogenolytic cleavage of
N-aryl groups has been shown to catalyze ring hydrogenation of several aromatic compounds .
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uptake and by paper chromatographic analysis, the results of which are shown
in Table 1.

Table 1.
Derivatives of serine identified by paper
Roeaction Hydrogen chromatography
time icn min consumption -
ml (moles) Diphenyl- Monophenyl-
phosphoryl phosphoryl O-phosphoryl
10 200 (1.8) +4+++ 0 0
20 235 (2.05) +++ -+ Traces 0
60 245 (2.1) +++ + 0
180 250 (2.2) + 4+ ++ Traces

From the final product 56 9, of recrystallized O-diphenylphosphoryl-pr-
serine was isolated. The appearance of monophenyl derivative after prolonged
reaction time is very probably a result of hydrogenolytic cleavage and not of
hydrolysis *, since diphenylphosphorylserine is comparatively stable in neutral
solution. In alkaline solution **, however, phosphate is readily released
(Fig. 1).

Results obtained by palladium catalyzed hydrogenolysis of peptide deriv-
atives are very similar although hydrolysis forming unphosphorylated peptide
and free amino acids thereby seems to occur to a somewhat greater extent as
evidenced by paper chromatography.

Platinum catalysts have been successfully used for hydrogenolytic cleavage
of numerous O-diphenylphosphorylated sugar derivatives. Complete removal
of the phenyl groups of O-diphenylphosphorylated peptide derivatives,
however, is very difficult ***. Appreciable amounts of O-monophenylphosph-

* Bevan et al.5? obtained O-monophenylphosphoryl derivatives in similar experiments either
with a palladium or platinum catalyst.

** Zervas and Katsoyannis 53 converted N-diphenylphosphorylated amino acid derivatives
to N-monophenylphosphorylated compounds by treatment with barium hydroxide. Similar
results have been obtained by Moffatt and Khorana 45,

*** Moffatt and Khorana 4* observed a similar difficulty in the hydrogenolysis of di-p-nitro-
phenylphosphorylated derivatives, the addition of a strong acid, such as hydrochloric acid, being
necessary to eliminate the aryl group from the mono-p-amino-phenyl-phosphoryl derivatives
initially formed.
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HYDROLYSIS IN PER CENT
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" Beerenblum and Chain, Biochem. J. 32
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orylated peptide remain unaffected after hydrogenolysis with palladium on
charcoal as catalyst, removal of this catalyst together with possibly occurring
catalyst poisons and the repeated hydrogenolysis with platinum oxide as
catalyst, regardless if acetic acid, ethanol-water or ethanol-water-hydro-
chloric acid is used as the solvent. This incomplete hydrogenolysis cannot
be the result of insolubility 52, since several monophenylphosphorylated
derivatives, e.g. those of serylglutamic and serylaspartic acid, are easily dissolv-
ed by the solvents used. Furthermore, isolated and purified monophenyl-
phosphorylated derivatives are rapidly and completely hydrogenolysed to
form free phosphopeptides in either of these solvents.

B. Derivatives of dibenzylphosphoric acid

In contrast to the diphenylphosphates, dibenzylphosphorylated derivatives
of peptides are rapidly and completely hydrogenolysed to form free phospho-
peptides in a single stage, using a palladium catalyst. Although it has been
stated to the contrary %5, dibenzylphosphoryl chloride does react with serine
hydroxyl groups!®. By careful working at low temperature the triester
yield will be as high as 75 9,. Some of the triesters have been obtained in a
crystalline state (Table 5). They can rapidly be hydrogenolysed with the use
of palladium on charcoal as catalyst, 1/2—2 h being sufficient. As a conse-
quence of the rapid hydrogenolysis, very slight hydrolysis, if any, takes place.
The yield of purified phosphopeptide is about 80 9,, which corresponds to an
overall yield of about 40 9, calculated from L-serine.

PURIFICATION AND PROPERTIES OF O-PHOSPHORYLATED PEPTIDES

The only by-products observed when preparing phosphopeptides via
hydrogenolysis of dibenzylphosphorylated derivatives have been traces of
unphosphorylated peptides and amino acids. By recrystallization, or by
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Fig. 2. Anion exchange chromatographic separation of the products obtained by platinum

catalyzed hydrogenolysis of O-diphenylphosphoryl-N-carbobenzoxy-1-seryl-L-glutamic

acid dibenzyl ester, as indicated by quantitative ninhydrin reaction. The two main

products are: (8)O-phosphoryl-L-seryl-L-glutamic acid and (9) its monophenyl deriva-

tive. Fractions (5) and (6) are probably glutamic acid and O-phosphorylserine. Fraction
7 has not been identified.
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treatment in water solution with a cation exchange resin (Amberlite IR 120
or Dowex 50, H*-form), followed by evaporation and recrystallization (or
precipitation), the phosphopeptides are easily obtained in a chromatographically
and analytically pure state.

The reaction products obtained after hydrogenolysis of O-diphenylphosp-
horylated derivatives contain variable amounts of amino acids, unpho-
sphorylated and monophenylphosphorylated peptides in addition to the
desired phosphopeptides (Fig. 2). The latter have in several cases been
successfully purified by fractional crystallization, with or without additional use
of cation exchange resin 17, 19-20, Several O-phosphorylated peptides, especially
those of the more acidic type, containing glutamic and aspartic acid, however,
are hygroscopic compounds and therefore difficult to crystallize. Separation of
the reaction products is then most successfully accomplished by chromato-
graphic procedures. Partition chromatography on cellulose has been applied
to the reaction products obtained by hydrogenolysis of O-diphenylphosphoryl-
N-carbobenzoxy-p1-serylglycine benzyl ester, using =»-butanol-acetic acid-
water as an eluent *. Another process 57, using anion exchange resin, has also
been successfully used in several cases in this laboratory, (cf. Fig. 2).

* The author, unpublished experiments. Jones and Lipkin % have used acetone-acetic acid-
water for similar purposes.
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Purification of phosphorylated peptides may also be achieved, with the
use of barium, lead and brucine salts 87,22,

Among the peptides reported in this paper, the O-phosphoryl-r-seryl-1-
glutamic acid (compound 13, Table 4) may be of special interest, being the
first phosphopeptide isolated from casein. The peptide isolated by Levene
and Hill 8 and by Schmidt 7 was shown by Posternak and Pollaczek 1! to have
the serine in N-terminal position, since this amino acid was absent in the
hydrolysate of the peptide subsequent to deamination with nitrous acid. The
analytical data of the barium and brucine salts, and the melting point of the
latter, 171—172° were reported. Riley et al. 22 have obtained this phospho-
peptide by the alkaline dephenylation process mentioned above. Their peptide,

isolated as the barium salt, [a]g—1.3° (1 N HC1, ¢ 3.12), was converted to
free peptide, m.p. 145—147°, and to the brucine salt, m.p. 160—162°.

Our compound (13) which does not posess a sharply defined melting point
but sinters at about 145° without decomposition has a much higher value of

optical rotation, [a]p—9.5°4-0.5° (1 N HCI, ¢ 4.2, ] 1). Although this higher
value, by no means, is proof of higher optical purity in view of the fact that
two asymmetric centers are present, a comparison with the rotation of un-
phosphorylated L-seryl-r-glutamic acid (compound 7, Table 3) indicates that
the value of rotation appears to have the correct magnitude since substitution
of the §-hydroxyl group in serine peptides with phosphoric acid has little
influence on the molar rotation. Compound (13) was also converted to its
brucine salt, which, after a single recrystallization from water-acetone, melted
at 171—173° with decomposition, thus confirming the results achieved by
Levene and Hill. The action of intestinal alkaline phosphatase on O-phos-
phorylated peptides and their derivatives1%, and the acid hydrolysis 5% and acid
ionization constants !’ of some of the phosphopeptides have been reported
elsewhere. :

EXPERIMENTAL

Where not otherwise stated, the compounds were dried at room temperature in vacuo
over phosphorus pentoxide. The melting points were determined by the use of capillary
tubes and are uncorrected. In the matter of paper chromatography on Whatman No. 1
paper, the following solvent systems were used: (I) Phenol-water (80/20 v/v), ascending,
6 h and (II) n-butanol-acetic acid-water (40/10/60/ v/v), descending, 18 h (cf. Table 6).

L-Serine benzyl ester

The racemic form of serine benzyl ester has been prepared by various pro-
cedures 22,%2,55,%, The pure optical antipodes have been obtained as hydrochlorides after
separation of the dibenzoyl-p-tartrates %®. The r-form was ﬁrepared in this laboratory
several years ago by the process evolved by Cipera and Nicholls ¢:

a) Benzenesulphonic acid salt. A mixture of 4.2 g (40 mmoles) of L-gerine, 8.0 g (44
mmoles) of recrystallized benzenesulphonic acid and 20 ml of benzyl alcohol was distilled
with carbon tetrachloride on a water bath until no more water was formed (3—5 h). The
ester salt was precipitated with dry ether and was, after some hours at +4°, filtered off,
washed with ether and dried. The yield amounted to about 13.5 g, m. p. 85—90°. After
recrystallization from ¢-propanol-ether, 10.2 g (72 %), m.p. 110—112° was obtained.
(Found: N 4.1. Cale. for C,¢H,,O,NS (353.4): N 4.0.) The reaction product is frequently
difficult to crystallize, since no doubt by-products caused by, for example, selfesterifica-
tion (forming O-peptide derivatives,) and O-benzylation ** are formed.
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b) p-Toluenesulphonic acid salt. With the use of the above process, but employing
p-toluenesulphonic acid monohydrate instead, 11.0 g (75 %) of recrystallized L-serine
benzyl ester p-toluenesulphonate, m. p. 94— 95° was obtained. (Found: N 3.8. Calc. for
C,;,H,,O,NS (367.4): N 3.8.)

¢) Hydrochloride, prepared from a) and b). To a cold solution of 10 mmoles of a)
(3.5 g) or b) (3.7 g) in 20 ml of chloroform and 1.4 ml (10 mmoles) of triethylamine, 100 ml
of dry ether was added. The cooled and filtered solution was then saturated at 0° with
hydrogen chloride. The precipitate was collected and recrystallized from ¢-propanol-

ether, yielding 1.7 g (74 %), m. p. 172—174°, [a]; —4.1° 4 0.5° (Methanol, ¢ 4.4, 1 1);
reported ®° [a]g —4.19° (Methanol, ¢ 4.53). (Found: N 6.1. Calc. for C,oH;,O;N Cl
(231.7): N 6.1.)

N-Carbobenzoxy dipeptide benzyl esters

Procedure a) To a solution of 20 mmoles of an amino acid benzyl ester salt (r-serine
benzyl ester benzenesulphonate, 7.1 g; L-leucine benzyl ester p-toluenesulphonate ,
8.7 g; L-aspartic acid dibenzyl ester p-toluenesulphonate ¢!, 8.7 g ; L-glutamic acid
dibenzyl ester p-toluenesulphonate ¢, 9.0 g), 2.8 ml (20 mmoles) of triethylamine and 4.8 g
(20 mmoles) of N-carbobenzoxy-L-serine ¢ in 80— 100 ml of tetrahydrofuran-acetonitril
(1:1), was added 4.2 g (20 mmoles) of dicyclohexylcarbodiimide. On the following day
the precipitate of urea derivative was removed by filtration and the solution poured into
2 1ofice-cold water under vigorous stirring. After 4—12h at --4° the precipitated peptide
was collected, dried and recrystallized from ethyl acetate-light petroleum. The compounds
obtained are listed in Table 2.

Table 2. N-Carbobenzoxy dipeptide benzyl esters. All compounds are of 1, —IL configuration.

Compound Yield M. p. Molecular formula  Analysis, % N

% °C Found Cale.

1 Z - Ser-Glu - OBz 78 125 C3oH3,04N,, 548.6 5.2 5.1
2 7 .Ser-Asp- OBz 80  128—129 C,H,OGN,, 534.5 5.2 5.2
3 Z . Ser-Leu - OBz 90 83—84  C,HgOgN,, 442.5 6.3 6.3
4 Z - Ser-Ser - OBz 71 138—139 C,H,,0,N,, 416.2 6.5 6.7
5 Z - Glu-Ser - OBz 76 127 CyoH3,05N,, 548.6 5.2 5.1
6  Z-Leu-Ser - OBz 86 122123 C,HyO,N,, 4425 6.1 6.3

Procedure b) To a solution of 7.1 g (20 mmoles) of 1-serine benzyl ester benzenesulpho-
nate and 2.8 ml (20 mmoles) of triethylamine in 100 ml of methylene chloride was added,
first, 20 mmoles of a carbobenzoxy derivative (N-carbobenxoxy-L-leucine, 5.3 g; N-carbo-
benzoxy-r-glutamic acid y-benzyl ester ¢, 7.4 g) and then 4.2 g (20 mmoles) of dicyclo-
hexylcarbodiimide. On the next day the solution was filtered, washed with hydrochloric
acid, water, sodium bicarbonate and water, and finally, after drying over sodium sulphate,
evaporated to dryness ¢n vacuo. The residue was then recrystallized from ethyl acetate-
light petroleum (Table 2).

Peptides of 1serine
Catalytic hydrogenolysis of the protected peptides (compounds 1-—6; 2—5 mmoles)
in ethanol-water solution, using & 10 9% palladium on charcoal catalyst, after filtration,

evaporation to dryness and recrystallization from water-ethanol, resulted in the free
peptides (compounds 7—12) listed in Table 3.

Phosphorylation with diphenylphosphoryl chloride

To a solution of 10 mmoles of an N-carbobenzoxypeptide benzyl ester (compounds
1—-3, 5—6) in 10 ml of anhydrous pyridine was added 3.2 g (12 mmoles) of diphenyl-
phosphoryl chloride, the temperature being kept below 40°. In the case of compound

Acta Chem. Scand. 13 (1959) No. 7
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Table 3. Dipeptides of 1-serine

a Analysis
Compound  Yield [a], (I N HCL, 1 1) Molecular formula Found Calc.
% C H N C H N
7 H-Ser-Glu-OH 82 —10.8 (c 4.4) * CgH,,O4N,, 234.2 40.8 6.0 11.9 41.0 6.0 12.0
8 H-Ser-Asp-OH 78 + 1.5 (¢ 4.0) **  C,H,,0,N,, 220.2 37.9 5.4 12.7 38.2 5.5 12.7
9 H-Ser-Leu-OH 79 —18.8 (c 2.4) C,H,,O,N,, H,O 236.3 45.9 8.4 11.9 45.7 8.5 11.9
10 H-Ser-Ser-OH 174 +14.8 (c 6.4) *** C,H,,0;N,, 192.2 37.1 6.3 14.5 37.5 6.3 14.6
11 H.Glu-Ser-OH 80 +29.0 (c 5.1) CgH,,OgN,, 234.2 40.7 6.2 11.8 41.0 6.0 12.0
12 H.Leu-Ser-OH 74 +27.8 (¢ 6.9) CoH,3O,N,, 218.3 48.6 8.3 12.6 49.6 8.3 12.8

* Reported * for the peptide prepared by the azide route [a]:; —9.4° (1 N HC], ¢ 6).
** Rotation in water solution [a];; + 8.0 & 0.6 (c 3.5, 1).
*** Reported * for the peptide prepared by the azide route [a]g +14.2° (1 N HC, ¢ 7).

4, only 5 mmoles (2.1 g) were used, the two equivalents of chloride reacting readily with
strong heat evolution. After 4 h at room temperature, the excess of acid chloride was
destroyed by adding 1 ml of water, and half an hour later the reaction mixture was taken
up in 100 ml of water and 100 ml of ethyl acetate. The ethyl acetate layer was washed
with cold 5 N sulphuric acid, water, bicarbonate solution and water, then dried over
sodium sulphate and evaporated to dryness ¢n vacuo. The triesters remained normally
as colourless or slightly yellowish oils, of which those obtained from compounds 2
and 5 crystallized spontaneously (c.f. Table 5). The yield varied between 90 and 95 %.

Phosphorylation with dibenzylphosphoryl chloride

A solution of 10 mmoles of an N-carbobenzoxypeptide benzyl ester (compounds 1, 3
and corresponding derivatives of 1p-serylglycine and glycyl-pr-serine) in 10 ml of anhydr-
ous pyridine was cooled to just above the freezing point in an ethanol-carbon dioxide
bath, and dibenzylphosphoryl chloride, prepared from 3.7 g (14 mmoles) of dibenzyl
phosphite ¥, was added. The mixture was shaken at this temperature for 15 min and
then left over nigh at 0°. On the following day the almost colourless solution was worked
up as above, yielding 75 % of triesters as colourless oils (if the oils are considered to be
100 9% pure; they may contain some unphosphorylated neutral material). Two of them
crystallized readily (Table 5).

In early experiments, phosphorylations were made at 0°. The yield of triester was
then appreciably lower (about 50 %) and the product always more or less coloured.

Hydrogenolysis of O-diphenylphosphorylated deriv-
ativesof amino acids and peptides

OPO(OPh),

a) Palladium catalyzed hydrogenolysis of Z.Ser.-OBz. To a solution of 2.8 g
(5 mmoles) of O-diphenylphosphoryl-N-carbobenzoxy-pL-serine benzyl ester !* in 75 ml
of ethanol, water was added to slight turbidity, and hydrogenolysis started with
0.5 g 10 9% palladium on charcoal. The shaking was stopped at intervals for the purpose
of taking samples for paper chromatography, and then restarted. The results are shown
in Table 1. After 3 h, the catalyst was filtered off and washed with hot acetic acid-water
(1:1), the solution evaporated to dryness and the residue recrystallized from acetic acid-
water, yielding, in the cold, 0.95 g (56 9) of O-diphenylphosphoryl-p1-serine, m.p.
130—131° (decomp.), reported * 129 —130°.

b) Palladium catalyzed hydrogenolysis of O-diphenylphosphorylated peptide derivatives.
In the hydrogenolytic conversion of the triesters obtained from diphenylphosphoryl
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Table 5. Dibenzyl, diphenyl and monophenyl phosphorylated derivatives.

Yield Molecular formula  Analysis,% N
Compound * % M. p. Found Cale.
19 Z . Ser-Gly - OBz 76 104—105° ** C3HysO4N,P 646.6 4.3 4.3
L_opo(0Ba),
20 Z - Gly-Ser - OBz 76 81— 82° CyqH 350N, P 646.6 4.4 4.3
|_oPo(0Bz),
21 Z . Ser-Asp(OBz), 93 62— 63° CyHgy0y N,P 766.7 3.6 3.7
L_oro(oPh),
22 Z . Glu-Ser - OBz 90 75— 176° C4:H 04, N,P 780.7 3.7 3.6
Bzo—| |_oPo(oPh),
23 H - Ser-Glu(OH), 48 182—185° (decomp.) CyoH,304N,P 466.4 59 6.0
L_oPo(oPh),
24 H . Sor-Glu - (OH), *** 21 174—178° (decomp.) C; H,,0,N,P 3903 7.2 7.2
I—OPO(OPh)OH
25 H - Ser-Asp - (OH), 28 167—171° (decomp.) CysH,;0,N,P 3763 74 T4
L_opo(oPhjor
26 H . Ser-Leu - OH 11 202—204° (decomp.) C;sH,0,N,P,H,0 3924 7.1 7.1
L_opoophyor

* Compounds 19 and 20 are derivatives of racemic serine. All the other are of LL con-
figuration.
Compounds 24 and 25 were isolated by anion exchange chromatography 57 (cf. Fig. 2).
** M. p. 90—93° when mixed with Z * Ser-Gly - OBz %, m. p. 102—103°.
*xxx o]} —7.6° (1 N HCL ¢ 2.1, 1 1).

chloride and compounds (1—86) to free phosphorylated peptides, palladium on charcoal
was used in the first stage as per above. When the hydrogen uptake ceased, the catalyst
was filtered off, and the solution and washings were evaporated to dryness. (The residue
was then hydrogenolysed with & platinum catalyst as described below (c¢)). Paper chrom-
atographic analysis of the residue showed at this stage the presence of large amounts
of O-diphenylphosphorylated peptides, one of which was isolated and purified by recryst-
allization (comp. 23). Appreciable quantitites of other ninhydrinpositive compounds
were also present.

¢) Platinum catalyzed hydrogenolysis. The palladium-hydrogen treated product above
(b) was dissolved in glacial acetic acid and rehydrogenolysed, now with Adams platinum
oxide as catalyst. After an initial rapid hydrogen consumption lasting from 1/2 to 2 h,
the reaction slowed down, and after 4—8 h no further hydrogen was consumed. The
addition of a new catalyst or water had no marked effect. The filtered solution was eva-
porated to dryness and the residue analyzed by paper chromatography. In addition
to the desired O-phosphorylated peptide, and its monophenylphosphoryl derivative,
hydrolysis products were present. Re-hydrogenation with new catalyst in either acetic
acid, ethanol-water or ethanol-water-hydrochloric acid did not increase the yield of
phosphopeptide. Pure phosphopeptides (compounds 13—18, Table 4) were obtained by
treatment in water solution with cation exchange resin (Dowex 50, H+-form), evapora-
tion to dryness and repeated recrystallization or precipitation from water with ethanol-
ether, Compounds 13, 14, 16, 24 and 25, being difficult to obtain chromatographically
pure by this method, were also obtained by separation of the products of hydrogenolysis
by anion exchange column chromatography on a 2 x 30 cm column of Dowex 1, X 2
resin in formate form, using gradient elution with pyridinium formate 5. The fractions
emerging from the column were tested by quantitative ninhydrin reaction and the peaks
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Table 6. Rser values of peptides, O-phosphorylated -peptides, and other ninhydrin-positive
derivatives of I-serine.

Dipeptides Phosphopeptides Derivatives
Compound Rger * Compound Rger Compound Rser

No. I I1 No. I II No. I II

7 0.6 1.2 13 0.3 04 23 3.5 .

8 0.5 1.1 14 0.2 0.3 24 1.4 1.6

9 2.2 3.3 15 0.8 1.8 25 1.3 1.4
10 0.6 1.0 16 0.1 0.1 26 1.6 3.3
11 0.6 1.2 17 0.2 0.3
12 2.0 3.0 18 0.7 14

. R Rp for the compound
ser = Rp for serine
(I) phenol-water (80/20 v/v) and (II) n-butanol-acetic acid-water (40/10/50 v/v). Rp for serine is
(I) 0.35; (II) 0.18.

. Solvent systems used for the paper chromatography are

thus obtained (Fig. 2) analyzed by paper chromatography. Those fractions containing
phosphopeptide or monophenylphosphorylated peptide were evaporated to dryness in
vacuo. The residues, probably being monopyridinium salts as indicated by elementary
analysis, were dissolved in & small volume of water and converted to free acid by passage
through a small column of Dowex 50 (H+) resin and then lyophilized (Tables 4 and 5).

d) Rehydrogenation of O-monophenylphosphorylated derivatives. The solution of 1
mmole of compounds (24—26) in 15 ml of glacial acetic acid, water or ethanol-water
was shaken with 0.1 g of platinum oxide in an atmosphere of pure hydrogen. Complete
removal of the phenyl group was effected in 1/2—2 h, as shown by paper chromatography
and by isolation of pure phosphopeptide in about 85 %, yield by evaporation to dryness
of the filtered solution.

When left for shaking in solvents containing water, appreciable hydrolysis into unphos-
phorylated peptide and into amino acids occurred, as found by paper chromatography.

Preparation of O-phosphorylated peptides from O-
dibenzylphosphorylated derivatives

A solution of 5 — 10 mmoles of an (oily or solid) O-dibenzylphosphoryl-N-carbobenzoxy
dipeptide benzyl ester in 75—100 ml of ethanol, water being added to slight turbidity,
was shaken together with 0.5—1 g of 10 % palladium on charcoal in an atmosphere of
pure hydrogen. In the first hour, at least 85 % of the theoretical amount of hydrogen
(4—5 equiv. H,) was absorbed, and the reaction was normally completed within & further
hour, no more hydrogen being used. The catalyst was filtered off and washed with a
small amount of hot distilled water, and the filtrate and washings evaporated to dryness.
The crystalline residue was washed with acetone or ethanol-ether, and dried. Paper
chromatography of the product showed the presence of traces of unphosphorylated peptide
and (or) free amino acids. In the case of well crystallizing compounds such as
H.SerP —Gly.OH 18, 20, 22 H.Gly —SerP-OH * and H-.SerP —Leu-OH (compound 15), one
or two recrystallizations from hot water-ethanol produced chromatographically and
analytically pure phosphopeptides. Since H.SerP —Glu-OH (compound 13) did not
crystallize well from solvents containing water * it was purified as follows. The solution

* No other solvents have been found sufficiently effective; although boiling methanol
dissolves appreciable amounts of phosphopeptides, we cannot at the present time exclude
the possibility of partial esterification of these strongly acidic compounds.
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of 1.0 g in 40 ml of water was shaken with 2 ml of Dowex 50 cation exchange resin
(H+-form) for 10 min. The mixture was then filtered through a column, the resin washed
with 5 ml of water and the solution evaporated to dryness, yielding 0.9 g. The compound
was dissolved in 4 ml of water and precipitated with 25 ml of ethanol and 25 ml of ether,
the byield of collected and dried precipitate of pure phosphopeptide then being 0.85 g
(Table 4).

Brucine and barium saltsof H-SerP-Glu-OH

a) Brucine salt. The solution of 0.95 g (3 mmoles) of compound 13 (Table 4) in 25 ml
of water was treated with an excess of brucine (6 g) dissolved in 25 ml of methanol.
Further 75 ml of water was added, and the excess of brucine extracted with 3 x 30 ml
of chloroform. The water solution was filtered and evaporated to dryness, and the remain-
ing crystalline product recrystallized by dissolving in 15 ml of water and adding aceton
at the boiling point. After 4 h at +4°, the compound was collected and dried, the yield
then being 2.3 g, m.p. 171 —173° (decomp. ), after a slight change in colour at 165°. (Found:
N 7.9. Calculated, according to Levene and Hill ¢, for the monobrucine salt, C3;H,,0,;N,P
708.7): N 17.9.)

b) Barium salt. The above brucine salt (2.0 g) was dissolved in 25 ml of water and
neutralized (to phenolphthalein) with barium hydroxide solution. The precipitate of
brucine was extracted with chloroform, the water solution concentrated #n vacuo to 35 ml
and the barium salt of compound 13 precipitated with 100 ml of ethanol. After centri-
fugation and reprecipitation from 50 ml of water with 50 ml of ethanol, the salt was
collected by centrifugation and dried, yielding 0.9 g. (Found: N 5.4. Calculated for the
tribarium salt (C4H,0,,NPBa),Ba (1034.4): N 5.4.)
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