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The ribonucleotides of 6-mercaptopurine and 8-azaguanine were prepared by the reaction of 2-cyanoethyl dihydrogen
phosphate with the 2/,3’-O-isopropylidene derivatives of the corresponding ribonucleosides followed by hydrolytic removal
of the blocking groups. Some preliminary biological observations are discussed.

There is much evidence to support the view that,
to inhibit growth, two important anticancer agents,
6-mercaptopurine [purine-6(1H)-thione] and 8-
azaguanine [5-amino-v-triazolo[4,5-d]pyrimidin-7-
(6H)-one], must be metabolized in vivo to their
ribonucleotides (Va and Vb), which may then
inhibit growth by interfering with normal nucleo-
tide mctabolism.?~7 Resistance of certain micro-
biclogical systems and of certain mouse neoplasms
to inhibition by 6-mercaptopurine or 8-azaguanine
has been interpreted as resulting from the inability
of the resistant mutants to metabolize these
“fraudulent purines” to their corresponding ribo-
nucleotides (Va and VDb).?=% One method of cir-
cumventing this resistance might be to treat these
mutants with the nucleotides Va and Vb prepared
synthetically, since Tomizawa and Aronow have
found that, in tissue culture, mouse fibroblasts
that have become resistant to 6-mercaptopurine
cannot utilize hypoxanthine or inosine but can
utilize inosinic acid.®

To investigate this possibility, we have de-
veloped a chemical synthesis based on the elegant
method of Gilham and Tener® for the preparation
of both ribonucleotides in relatively large amounts
not readily prepared by published enzymatic®’3
or chemical-enzymatic methods.'' The same steps
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were employed in the synthesis of both com-
pounds (Va and Vb), but it was necessary to
vary the conditions used in each case. Ior
example, 6-mercaptopurine ribonucleoside [9-8-
p-ribofuranosyl-OH-purine-6 (1H)~-thione,  Iaj®#*
was best converted mnto its 2’,3’-O-isopropylidene
derivative Ila by stirring a suspension of it (Ia) in
acetone at room tempcrature for four hours in the
presence of copper suliate and ethanesulfonic acid.
This procedure failed completely in the case of
8-azaguanosine [5-amino-g-p-ribofuranosyl-3H-v-
triazolo[4,5-d]pyrimidin-7-(6H)-one, 1b],®* pre-
sumably because of its insolubility. The addition of
a minimun of three equivalents of p-toluenesulfonic
acid® to a suspension of Ib in acetone caused
gradual solution and conversion of Ib to its 2/,3'-
O-isopropylidene derivative (IIb). The failure of
IIb to give a positive Schiff’s test and the presence
of bands attributable to primary N—H bonds in its
infrared spectrum was considered proof that the iso-
propylidene group was actually on the sugar moiety
rather than the 3-amino group. There was no
evidence that any diisopropylidene derivative was
formed unless the reaction was run for a longer
period of time,

Reaction of 9-(2',3’-0-isopropylidene-3-p-ribo-
furanosyl)-9H-purine-6(1H)-thione (ITa) with 2-
eyanoethyl dihydrogen phosphate, prepared by a
modification of the method of Cherbuliez, in
pyridine in the presence of dicyclohexylearbodi-
imide gave 9-(2’,3’-O-isopropylidene-3-p-ribo-
furanosyl) - 9H - purine - 6(1H) - thione 5’ - (2-
cyanoethyl)phosphate (1IIa). Although this ma-
terial traveled about the same as Ila on paper

(11) A. Hampton, M. H. Maguire, and J. M. Griffiths,
Abstr. Iuntern. Congr. Biochem., 4th Mecting, 40 (Vienna,
Anstria, Rept. 1U58).

{12y J. A. Johnson and . J. Thomas, J. Awm. Chem. Soc.,
78, 380615 (1056,

(13y J. J. Fox, I. Wempen, A, Hampton, and I. Docrr
J. L. Cheni. Soc., 80, 1669 (1058).

(14) B. R. Baker and R. 12, Schaub, J. Am. Chem. Sor.,
77, 5500 (1035).

(15) J. Davoll, J. Chem. Soc., 1393 (1058). We wizh to
thank Dr. Davoll for a gencrous sample of “8-azagua-
nosine.””’

(16) A, Hampton and D, E. Magrath, J. Am. Chem. Soc.,
79,3250 (1957,

(17) L. Cherbulicz und J. Rabinowitz, Hely. Chim. Acla,
30, 1461 (1930).



JUNE 1961

chromatograms in four solvent systems, the spots
gave a positive phosphate test. In addition, II1a
travels when subjected to electrophoresis, whereas
I1a does not. The isopropylidene group of IITa was
removed by hydrolysis in 0.3N hydrochloric acid at
room temperature for twenty-four hours. The
resulting 9-8-p-ribofuranosyl - 9H - purine - 6 (1 H)-
thione 5'-(2-cyanoethyl)phosphate (IVb) was iso-
lated but not obtained analytically pure. It traveled
as a single spot chromatographically and electro-
phoretically and gave a positive Schiff’s test and a
positive phosphate test.

The cyanoethyl ester (JVa) was hydrolyzed to
6-mercaptopurine  ribonucleotide [9-8-p-ribo-
furanosyl-9H-purine-6(1H) -thione 5’-phosphate,
Va] by heating it (IVa) in 3N aqueous lithium hy-
droxide at 100° for fifteen minutes. The resulting
ribonucleotide was chromatographically and elec-
trophoretically homogeneous and identical in all
respects with enzymatically prepared material.’®
It was isolated analytically pure as its barium salt.
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Treatment of 5-amino-3-(2’,3’-O-isopropylidene-
B-p-ribofuranosyl)-3H-v-triazolo|4,5-d]pyrimidin-
7(6H)-one (IIb) with 2-cyanoethyl dihydrogen
phosphate and dicyclohexylearbodiimide in pyridine
gave 5-amino-3-(2',3’-0-isopropylidene)ribofura -
nosyl-3H-v-triazolo[4,5-d]pyrimidin-7(6H)-one 5'-
(2-cyanoethyl)phosphate (IIIb). This material
was hydrolyzed with acid to give 5-amino-3-8-p-
ribofuranosyl - 3H - v - triazolo[4,5 - d]pyrimidin-
7(6H) - one 5’ - (2 - cyanoethyl)phosphate (IVb),
which, in turn, was hydrolyzed with base to give 8-
azaguanylic acid [5-amino-3-8-p-ribofuranosyl-3H-
v-triazolo[4,5-d]-pyrimidin-7 (6H)-one 5’-phosphate,
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Vb]. This material was chromatographically and
electrophoretically pure and identical in all respects
with an enzymatically prepared sample’; it was ob-
tained analytically pure inthe form of its barium salt.
Again, the intermediates were isolated and charac-
terized chromatographically, but they were not
obtained analytically pure.

Preliminary tests have shown that KB cells
grown in Eagle’s medium are inhibited by both 6-
mercaptopurine ribonucleotide and by 8-azaguany-
lic acid at 1.9 umole/l.,, whereas the lowest con-
centrations at which 6-mercaptopurine and 8-
azaguanine are inhibitory are 0.8 umoles/l. and
3.4 umoles/l., respectively.

EXPERIMENTAL

The ultraviolet ahsorption spectra were determined in
aqueous solution with a Beckman DK-2 spectrophotometer,
but the optical densities at the maxima were determined
with a Beckman DU. The infrared spectra were determined
in pressed potassium bromide disks with a Perkin-Elmer
model 21 spectrophotometer. Meclting points were deter-
mined on a Kofler-Heizbank and are corrected.

The paper chromatograms were run by the descending
technique on Whatman No. 1 paper in the following solvent
systems: A, water-saturated butyl alcohol'®; B, butyl
alcohol-acetic acid-water (5/2/3)%; C, isopropyl aleohol-
ammonium hydroxide~water (14/1/15)%; D, 0.1M phosphate
buffer, pH 6.5.12 Adenine was used as a standard on all
chromatograms and the distance it traveled was assigned a
value of 1.00; all other compounds are expressed relative
to this value (Rag). Paper electrophoresis was carried out
on Whatman 3MM paper in (E) 0.053/ ammonium formate
buffer (pH 3.5) at a potential gradient of approximately
20 volts/cm. for 2 hr. or in (F) 0.05} sodium tetraborate
(pH 90) at a potential gradient of 15 volts/cm. for 1.5 hr.?2
Inosinic acid was used ns a standard on all electrophoresis
strips and the distance it migrated was assigned a value of
1.00; all other compounds are expressed relative to this
value (Mji,). The chromatographie and electrophoretic data
are listed in Table 1.

TABLE I
R4 Values, M, Values,
Solvent System Solvent, System
Compound A B C D E F
Ta 0.47 0.73 0.75 1.68 ~— —
b 0.38 0.70 0.70 1.87 — —
Ila 1.62 1.24 140 1.61 — —
b 1.50 1.25 1.29 1.36 — —
IITa 0.26 0.92 1.04 2.28 0.80 —
b 0.42 0.78 1.05 2.00 — —_
IVa 0 0.42 0.40 205 — —
b 0 039 05 2.2¢ — —_
Va 0 0.26 0.12 2.07 0.97 1.08
b 0 0.232 0 226 0.75 1.00
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2-Cyanoethyl dikydrogen phosphate, Some difficulty was
cncountered in the preparation of 2-cvanocthyl dihvdrogen
phosphate by the method of Cherbuliez,'? since under the
conditions of the reaction the eyano group is cusily hy-
drolyzed to the amide. Infrared studies showed that heating
the reaction mixture promoted hydrolysis. A modification of
this method consistently gave an 119 vield of the harium
slt of 2-cyanoethyl dihydrogen phosphate.

To 80 g. of polyphosphorie acid?® was slowly added 27 g.
of orthophosphoric acid. The mixture was stirred for 15
min. and left stoppered 16 hr. at room temperature. To
the mixture was then slowly added 27 g. of hvdracrylonitrile
at such a rate as to keep the reaction temperature below
40°. The mixture was stirred for 1.25 hr. at room tempera-
ture, then chilled, and diluted carefully with 200 ml. of cold
water. To the resulting solution, which had heen washed
twice with 200 ml. of ether, was added slowly solid barium
carbonate until the precipitate which formed no longer re-
dissolved; this required about 116 g. The solution was then
placed in an ice bath and the pH raised to 8 with warm con-
centrated barium hydroxide solution. The barium phosphate
which formed was filtered off and washed thoroughly with
water. The combined filtrate and washings were evaporated
to about 150 ml. and then diluted with four volumes of
ethanol. The precipitate which formed was collected and
dried for 8 hr. over phosphorus pentoxide at 110°/0.07
mm.; vield, 11.56 g. (11%,). ’

To a suspension of .00 g. (21.0 mmoles) of the barium
salt of 2-cyanocthyl dihydrogen phosphate in 160 ml. of
water was slowly added, with constant stirring, 42.0 ml.
of IN sulfuric acid, After stirring the resulting suspension
for 15 min. at room temperature, the precipitate of barium
sulfate was filtered off and the filtrate evaporated to dryness
in vacuo. To remove the last traces of water, the residue
was dissolved in 50 ml. of pyridine and evaporated to dry-
ness; this process was repeated. The product remained as a
colorless syrup.

9-(8',8'-0-1sopropylider.e-8-p-ribofuranosyl-9H -purine-
6(1H )-thione (1[a).?* To a suspension of 5.50 g. (19.3 mmoles)
of 9-g-p-ribofuranosyl-0H-purine-6(1H)-thione in 275 ml.
of acetone was added 11.0 g. of anhydrous copper sulfate,
and then 5.50 ml. of ethanesulfonic acid. The resulting reac-
tion mixture, protected by a calcium chloride tube, was
stirred at room temperature for 4 hr. and then filtered; the
filtrate was evaporated in vacuo at room temperature to
137 ml. and the residue slowly poured into 732 ml. of 10%
sodium carbonate. The resulting vellow-orange solution was
washed with chloroform (4 X 275 ml.) until the color was
removed from the aqueous layer. Upon neutralization of the
aqueous layer with glacial acetic acid, a precipitate formed
which was collected as a white powder: vield, 3.74 g. (509);
m.p., 275° dec. The analytical sample was obtained by re-
crystallization from water, It was dried at 110°/0.07 mm.
over phosphorus pentoxide for 48 hr.: m.p., 275° dec.

Speciral data. » max in mu (e X 1073%): pH 1-223-224
(10.3), 322 (23.5); pH 7-226-227 (10.6), 319 (22.0); pH
13-231-232 (15.7), 311 (23.2). » in cm.™': 3400 (OH);
2000, 2025, and 2850 (CH); 1605, 1595, and 1530 (C==C,
C==N); 1080 (C—0—C), and 1060 (C—0O of CH,0H).

Anal. Caled. for C:HieNOL8: C, 48.13; H, 4.97; N, 17.27.
Found: C, 47.72; H, 5.01; N, 17.07.

6-Mercaptopurine ribonucleotide [9-8-p-ribofuranosyl-9H-
piurine-6( 1 H )-thione &'-phosphate, Va). To a solution of
21.0 mmoles of 2-cyvanoethy! dihvdrogen phosphate (from
6.00 g. of its barium salt) in 150 ml. of drv pyridine was
added 17.3 g. (83.8 mmoles) of dicyelohexylearbodiimide
followed by 3.39 g. (10.5 mmoles) of 9-(2'-3’-O-isopropyli-
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dene-g-n-riboluranosyl)-OH-purine-6(1H)-thione.  After
about 5 min. a precipitate began to form in the resulting solu-
tion, which was kept in a tightly sealed flask at room temjpera-
ture for 2 days. The reaction solution was diluted with 21
ml. of water and left at room temperature for 1 hr. hefore
the precipitate of dicyclohexylurea which formed was re-
moved by filtration: yield, 12.1 g. (61%,). The filtrate was
evaporated to dryness in vacuo at 30°, and the residue dis-
solved in 200 ml. of water. ‘The aqueous solution was washed
with 100 ml. of ehloroform. The agucous solution of 9-(27,3'-
O-isopropylidene-g-p-ribofuranosyl)-9H-purine-6(1H)-thione
5’-(2-cyanoethyl)phosphate (IIIa) was diluted with hydro-
chloric acid to give 109 ml. of a 3N solution, which was kept
at room temperature for 24 hr. before the hydrochloric acid
was neutralized with 9.95 ml. of 6N sodium hydroxide. The
aqueous solution of 9-8-p-ribofuranosyl-9H-purine-6(1H)-
thione  5/-(2-cyanoethyl)phosphate (I1Va) was diluted
with lithium hydroxide to give 292 ml. of a 0.5N solution,
which was heated in a 100° oil bath for 15 min. A slight pre-
cipitate of lithium phosphate which formed was filtered off,
and the solution stirred for 15 min. with 133 ml. of Amber-
lite TR-120(H) ion-exchange resin added in batches. The
resin was removed by filtration, and the pH of the filtrate
was carefully raised to 7.5 with barium hydroxide solution.
The resulting cloudy solution was filtered through a Celite
pad and the filtrate was evaporated to 260 ml. and diluted
with twice this volume of absolute ethanol. The precipitate
which resulted was collected and washed with ethanol and
then with ether: yield, 2.24 g. (459%). The analytical
sample was obtained by precipitation of this material from
an aqueous ethanol solution. It was dried over phosphorus
pentoxide at 110°/0.07 mm. for 16 hr.

Spectral data. » max in mu: (e X 1073); pH 1-324 (21.5);
pH 7-321 (22.6); pH 13-311 (22.2). v in em. ! 3440 (broad)
(OH); 1595, 1570 (shoulder), and 1540 (shoulder) (C=C,
C=N); 1075 (broad) (P—0—C).

Anal. Caled. for C;eH,BaN.O,PS-2H.0: C, 22.44; H, 2.82;
N, 10.46; P, 5.78. Found: C, 22.20; H, 2.76; N, 10.27; P,
5.20.

5-Amino-3-(2',3'-0O-isopropylidene-8-p-ribofuranosyl)-3H-
v-triazolo(4,6-d) pyrimidine-?(6H )-one (IIb). To a stirring
suspension of 3.62 g. (12.8 mmoles) of 8-azaguanosine in 550
ml. of anhydrous acetone’” was quickly added 7.30 g. (38.4
mmoles) of p-toluenesulfonic acid. After complete solution,
which required about 4 hr., the solution was stirred 1 hr. at
room temperature. The solution was then concentrated to
100 ml. and poured into 300 ml. of cold water containing 70
g. of Amberlite IR-120(OH) ion-exchange resin and addi-
tional resin was added until pH 7 was obtained (total—240
g. of resin). The resin was then filtered off and washed thor-
oughly with water, The combined filtrate and washings,
700 ml., were evaporated n vacuo at 35° to dryness. The
white, solid residue was crystallized from 75 ml. of water
after charcoal treatment: yield, 2.74 g. The solid was re-
crystallized from water: yield, 2.26 g. (54%); m.p., 232°
dec. This material was found by chromatographic analysis
to contain less than 59, of 8-azaguanosine. The analytical
sample was obtained by recrystallizing once more from water.
It was dried over phosphorus pentoxide at 110°/0.07 mm.
for 18 hr.: m.p., 247° dec.

Spectral data. X max in mu (e X 10-2): pH 1-256 (13.5);
pH 7-256 (12.8); pH 13-222 (22.7) and 279 (11.9). » in
em. ™ 3430 (OH); 3330 and 3190 (NH), 2990 and 2930
(CH), 1705 (C==0), 1640 (NH), 1585 and 1535 (C=C,
C=N), 1090 (C—0—C), and 1060 (C—O of CH,OH).

Anal. Caled. for C2HieNeOs: C, 44.44; H, 4.97; N, 25.02.
Found: C. 44.16; H, 5.02; N, 26.22.

8-Azaguanylic acid [5-umino-8-8-p-ribofuranosyl-SH-v-
triazolo[4,5-d) pyrimidin-7(6 H )-one &'-phosphate, Vb]. To a
solution of 17.5 mmoles of 2-cyanoethyl phosphate (from
5.00 g. of its barium salt) in 130 ml. of anhydrous pyridine
was added quickly 7.20 g. (35.0 mmoles) of dicyclohexyl-
carbodiimide followed by 2.84 g. (8.75 mmoles) of 5-amino-
3-(2',3'-0O-isopropylidene-3-p-ribofuranosyl) -3 H-¢-trinzolo -
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(4,5-d])pyrimidin-7(6H)-one. Swirling gave a solution and
after about 5 min. a precipitate began to form. After stand-
ing in a tightly sealed flask at room temperature for 2 days,
the reaction mixture was diluted with 17.5 ml. of water
and left at room temperature for 1 hr. The precipitate of
i,3-dicyelohexylurea (5.88 g.) was removed by filtration.
The filtrate was evaporated to dryness in vacuo, the residue
dissolved in 100 ml. of water, and the resulting solution
washed with chloroform (5 X 100 ml.). The aqueous solu-
tion of 5-amino-3-(2’,3’-O-isopropylidene-g-p-ribofurano-
syl)-3H-v-triazolo[4,5-d] pyrimidin-7(6H)-one  5'~(2-cyano-
cthyl)phosphate (II1Ib) was diluted with enough 1N sulfuric
acid to give 170 ml. of a 0.1N solution. The resulting solu-
tion was left at room temperature for 2 days and then neu-
tralized by the addition of 1.46 g. (8.5 mmoles) of barium
hvdroxide in 150 ml. of water. The precipitate of barium
sulfate was removed by filtration. The aqueous solution of
5-amino-3-8-p- ribofuranosyl- 3H-v- triazolo[4,5- d] pyrimidin-
7(6H)-one 5'-(2-cyanoethyl)phosphate (IVb) was diluted
with 66.7 ml. of 3N lithium hydroxide and enough water to
give 400 ml. of a 0.5N solution, which was heated for 15
min. in a 100° oil bath. After removal of the precipitate
which formed, the solution was stirred for 30 min. with
315 ml. of Amberlite IR-120(H) ion-exchange resin. The
resin was filtered off and washed thoroughly. The combined
filtrate and washings (800 ml.) were diluted with an equal
volume of ethanol, and the precipitate which formed was
collected by filtration; vield, 3.19 g. (739%). To prepare the
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analytical sample, this material was washed with hotling
water and dried at 110°/0.07 mm. over phosphorus pent-
oxide for 8 hr.,

Spectral data. N max in mu (e X 107%): pH 1-255 (12.9);
pH 7T-255 (12.6); pH 13-222 (23.8) and 279 (11.7). » in
em.~t: 3410 (OH); 3300-3100 (NH); 2030 (CH); 1700
(C=0); 1640 (NH); 1600, 1530 (shoulder), and 1540
(C=C, C==N); 1090 (P—0—C).

Anal. Caled. for C,HyBaN:OsP: C, 21.64; H, 2.22; N,
16.82; P, 6.20. Found: C, 21.40; H, 2.56; N, 16.47; P, 6.06.
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6-Mercaptopurine ribonucleotide and six simple ester derivatives have been prepared from 9-(27,3’-O-isopropylidene-g-p
ribofuranosyl)-9H-purine-6( 1H)-thione by reaction with diphenyl, dibuty}, and diethyl phosphorochloridates followed by

appropriate hydrolysis reactions.

It has now been firmly established that neoplasms
susceptible to the action of either 6-mercaptopurine
(purine-6(1H)-thione} or 8-azaguanine (5-amino-
v - triazolo[4,5 - d]pyrimidin - 7(6H) - one) convert
these compounds to their respective ribonucleo-
tides. Neoplasms that are resistant to these two
compounds (whether the resistance is natural or
acquired) do not have the pyrophosphorylase neces-
sary to carry out this conversion.®* It is question-
able whether this resistance can be overcome by
treatment with synthetically prepared ribonucleo-
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tides since it is well known that the nucleotides of
the naturally occurring purines are poorly incorpo-
rated into cell nucleic acids® and, indeed, it has been
shown that they are not incorporated intact.®’
These findings raise serious doubts that nucleotides,
as such, can penetrate the cell membrane. This
difficulty might be overcome if one could prepare
an ester of a nucleotide which could penetrate the
cell wall and then be metabolized to the nucleotide
itself.! Toward this end, some simple esters of 6-
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