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The reaction of thymidine or uridine with 1.5 molar equivalents each of dibenzyl hydrogenphosphate, diethyl
azodicarboxylate, and triphenylphosphine in HMPT at room temperature for 1 day, followed by debenzylation,
afforded dpT and pU in 73 and 789, yields, respectively. Neither nucleoside 3’-phosphate nor 3’,5’-diphosphate
was formed. 5’-0-Benzoylthymidine 3’-(2-cyanoethyl)phosphate also reacted smoothly with thymidine at room
temperature giving d-bzT3p(CNEt)5’T in a 549, yield. Adenosine and Guanosine gave the corresponding
N3,5’-cyclonucleosides as main products, less than 1% pA and pG being formed.

In relation to biosynthesis and genetic control, there
is a need for oligo- and polynucleotides of definite and
specific sequences. For the synthesis of oligonucleotides,
suitably protected nucleosides and/or nucleotides were
condensed with each other to form 3°—5’ phosphodiester
bonds.?) While many organic dehydrating reagents have
been developed so far, only a few are effective in nucleo-
tides and oligonucleotides syntheses.? Since the conden-
sation of nucleosides with phosphate esters and with
nucleotides by these reagents involves initial activation
of phosphate components, a side reaction occurs to
produce pyrophosphate which in turn afford undesirable
by-products.? In some cases, undesirable side reactions
also take place under the conditions necessary for
deprotection.? A procedure for selective phosphoryla-
tion of unprotected nucleosides would thus be desirable.

Recently, the triester method has been reported to
have some advantages over the diester one.2% Because
of the lower reactivity of phosphate diesters as compared
to phosphate monoesters, only arenesulfonyl chlorides
and their derivatives can be utilized in the triester
method. In the triester method, however, these rea-
gents, except for arylsulfonyltetrazoles,”? are slow in
completing the condensation reactions.®

An alternative route for the preparation of nucleotides
is also known in which nucleosides are converted into
activated forms at the first stage of the reaction followed
by the reaction with phosphate esters. In this case,
pyrophosphate formation can, at least in principle, be
avoided. Several attempts have been made to synthesize
nucleotides by this procedure, the reaction conditions
being so drastic as to cause side reactions such as 3'—2’
phosphoryl group migration.?

In this paper, we wish to report selective formation
of pyrimidine nucleoside 5’-phosphates and cyclization
of purine nucleosides by the use of diethyl azodicar-
boxylate (1) and triphenylphosphine (2). The reaction
proceeds through initial activation of the 5’-hydroxyl
group of nucleosides under mild conditions. At the
outset of our work,'® there was only one procedure
available for predominant formation of 3'—5’ inter-
nucleotidic phosphate linkage from unprotected nucleo-
sides and protected nucleotides.’} The present method

has been worked out on the basis of the following facts.

1) Because of the steric hindrance of three bulky
aryl group, the reaction of triarylmethyl chlorides with
nucleosides mainly gave 5’-O-triarylmethylnucleosides.1?

2) The reaction of an alcohol with dibenzyl hydro-
genphosphate (3) in the presence of 1 and 2 at room
temperature, followed by debenzylation, resulted in the
formation of the corresponding alkyl dihydrogenphos-
phate in an excellent yield. It was assumed that the 1: 1
adduct (4) of 1 and 2 initially formed was converted
into an alkoxyphosphonium salt (5) which collapsed to
the phosphate triester as shown in Scheme 1.1%
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Scheme 1.

When an unprotected nucleoside, instead of an
alcohol, is used in this reaction, the nucleophilic attack
of the 5'-hydroxyl group of the nucleoside on the
sterically crowded phosphorus cation of 4 would be
expected to be more favourable than that of 3’- and/or
2’-hydroxyl ones affording the corresponding nucleoside
5'-phosphate. In fact, the reagent formed by combina-
tion of 1 and 2 has been found to be effective for the
condensation of 5’-hydroxyl group of unprotected
thymidine and uridine with 3.

Thymidine was allowed to react with 1.5 molar equiv-
alents each of 1, 2, and 3 in tetrahydrofuran (THF) at
room temperature for 1 day, the benzyl group being
removed by hydrogenolysis.  Examination of the
resulting solution by paper chromatography revealed
the presence of dpT (479,) and thymidine, with no
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formation of dTp and dpTp.1%!% When the reaction
was carried out in dioxane (60 °C) and in hexamethyl-
phosphoric triamide (HMPT; room temperature) for
1 day, followed by debenzylation, dpT was formed in
62 and 739, vyields, respectively. Under the same
conditions, uridine also reacted smoothly with 3 in
dioxane (60 °C) and in HMPT (room temperature) to
give pU in 68 and 789, yields, respectively. The analysis
of the crude reaction solution obtained after debenzyla-
tion was performed by paper chromatography to
indicate the absence of by-products derived from the
nucleoside (Scheme 2). On the other hand, when
thymidine was allowed to react with 3 molar equivalents
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solvent to phosphonium salts.1®) The by-products were
not characterized.

In order to examine the reactivity of 3’-hydroxyl
group of nucleosides, 5’-0-benzoylthymidine (dbzT) was
allowed to react with 1, 2, and 3 in THF at room
temperature, a white precipitate being separated from
the solution as the reaction proceeded. The precipitate
was found to be 5’-0-benzoyl-02,3'-cyclothymidine (7,
46%,), 36% of dbzT being recovered.!”? This result
indicates that the 3’-hydroxyl group of dbzT can also
enter into the reaction to form the corresponding phos-
phonium salt (6), in which an intramolecular displace-
ment leading to 7 takes place more readily than inter-
molecular phosphate attack on 3’-carbon atom (Scheme
3). The results are summarized in Table 1.

Contrary to the case of pyrimidine nucleosides,
purine nucleosides were scarcely converted into 5'-
phosphates, the main products being N3,5-cyclonucleo-
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each of 1, 2, and 3 in HMPT at room temperature, HO o pgo
followed by hydrogenolysis, the formation of a small 3
amount of a by-product was detected by paper chro- 6
matography. The by-product gave a similar UV l_PhaP:O
absorption spectrum, as eluted from paper chromato-
gram, to that of thymidine, but with twice the electro- 0
phretic mobility of dpT at pH 3.2. The by-product was N YrCHs
tentatively assigned to be dpTp or 1-(2-deoxy-3,5-bis- A o
0-dihydroxyphosphinyl-f-p-xylofuranosyl)thymine. The BZO@ +  (PhCH0%P-OH
reaction in pyridine made the solution turn dark, giving ;
dpT in a 199, yield along with several by-products.
This would be the result of nucleophilic attack of the Scheme 3.
TaBLE 1. REACTION OF NUCLEOSIDES WITH 1, 2, AND 3%
Nucleoside Solvent Product Yield, 9% nli?gg;g;d%
dT THF dpT 47 50
dT Dioxane® dpT 62 28
dT HMPT dpT 73(77)® 25(8)®
dT Pyridine dpT 19 22
dbzT THF 5’-0-Benzoyl-02,3’-cyclothymidine 469 36
U THF pU 42 50
U Dioxane® pU 68 27
U HMPT pU 78 18
Trimethyl
U phosphyate pU 26 63
A HMPT PA 0.5 17
N3,5-Cycloadenosine 67
A DMF PA 0.5 10
N3,5-Cycoladenosine 86
G HMPT pG 0.2 50
N3,5’-Cycloguanosine 49
G DMF N3,5-Cycloguanosine 24 75

a) Unless otherwise stated, nucleoside was allowed to react with 1.5 molar equivalents
each of 1, 2, and 3 at room temperature, the yields being determined by paper

chromatography. b) The reaction was carried out at 60 °C.
lents of 1, 2, and 3 were used; A by-product was formed in a small amount.

lated yields.

c) Three molar equiva-
d) Iso-
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sides (9). For example, the reaction of adenosine with
1, 2, and 3 in HMPT at room temperature resulted
in the formation of pA and N3,5’-cycloadenosine (9a) in
0.5 and 679, yields, respectively. The yield of 9a
increased to 869, when the reaction was carriet out
in DMF.'®  Similarly guanosine afforded pG and
N3,5'-cycloguanosine (9b) in 0.2 and 499, yields. The
results are summarized in Table 1.

The formation of 9 can be explained by assuming
intermediacy of a quaternary phosphonium salt (8),
cyclized by nucleophilic attack of the purine base to
5'-carbon atom (Scheme 4, path ii). The predominant
formation of the purine cyclonucleoside would be
attributed, at least in part, to electrostatic interaction
between the phosphorus cation and purine base of 8
which brought the reaction site (5’~-C and 3-N) so close
together as to favor cyclization.!®

worfar xS

Ph3P-0T1.0

R=PhCH;
a) X=H, Y=Nt,
b) X=NH,, Y=0H

Scheme 4.

Since the intermolecular dehydration described above
couples with an oxidation-reduction system,2®) the
redox potentials of reagents are expected to play an
important role. In order to find the best combination,
uridine was allowed to react with 3 in the presence of
2 and various azo compounds for 3 h at room tempera-
ture. After hydrogenolysis, the yield of pU was determin-
ed by paper chromatography. The results are sum-
marized in Table 2. We see that the combination of 1
and 2 affords the best result. When dibenzoyldiazene
was used, 2,5-diphenyl-1,3,5-oxadiazole was isolated in a
50%, yield. The formation of the oxadiazole could be

TABLE 2. REACTION OF URIDINE WITH 3 IN THE
PRESENCE OF 2 AND AZO COMPOUNDS

(0} (0}
R- &-—N:N—(“}—R Yield of pU, 9% Recovered U, 9%,

EtO 60 27

Ph 3.5 90
™\

O N 0 94
N/
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explained in terms of the deoxygenation-cyclization
process via O-phosphonium salt (10) as shown in Scheme
5.2 The oxadiazole was also isolated by the reaction
of dibenzoyldiazene with 2 in nearly quantitative yield.

+
PPh;
Q 2 ¢y
2 + Ph-C-N=N-C-Ph ——> Ph—C‘N N¢C-Ph

—_— Ph‘gQ%‘Ph +  PhP=0
N—N

Scheme 5.

In order to cofirm that the present system is applicable
to the formation of internucleosidic phosphate linkage,
the reaction of 5’-O-benzoylthymidine 3’-(2-cyanoethyl)-
phosphate [dbzTp(CNELt)] with thymidine was carried
out. The dbzTp(CNEt) reacted smoothly with
thymidine in the presence of 1 and 2 in HMPT at room
temperature. After the solution had been kept stirring
overnight, d-bzT3'p(CNEt)5T was isolated in a 549,
yield by column chromatography. Removal of the
protecting groups afforded d-T3'p5'T which was
completely degraded to dT and dpT by snake venom
phosphodiesterase (Scheme 6).

Th
Th 0 BZO-Kf)j
B2070N L NCCH,CHR0-B(0H), —;T*DCC o
0-F
HO “OCH,CHLN

Th
BZO@

g,o
NCCHCHO-B
0

dT+1+2 MeOH-N, 1 3cir

HO
Scheme 6.

The results indicate that the condensation reaction by
the use of 1 and 2 proceeds through the initial activation
of nucleosides. The system is effective in the selective
formation of nucleoside 5’-phosphates and of 3'—5’
internucleotidic linkage by the triester method under
mild neutral conditions with the following limitation.
1) Pyrimidine nucleosides selectively give the corre-
sponding nucleoside 5’-phosphates, while purine nucleo-
sides mainly affords N3,5’-cyclonucleosides. 2)
Phosphate diesters can also be activated giving pyro-
phosphates when hindered nucleosides are used.?? 3)
Since the selectivity originates from the difference in
steric requirements between 5’- and 3’(or 2’)-hydroxyl
groups, the 3’-hydroxyl group can also enter into the
reaction giving nucleoside diphosphates and/or 02,3'-
pyrimidine cyclonucleosides. On hydrolysis, the latter
compounds are converted into xylofuranosylnucleoside.
2’-Hydroxy groups would also undergo the same reac-
tion affording 0%2’-cyclonucleosides which are hydro-
lyzed to arabino epimers.?®) The use of excess condensing
reagent should be avoided.
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In spite of several limitations, the selective prepara-
tion of pyrimidinenucleoside 5’-phosphates by the use
of 1 and 2 was successfully applied to the synthesis of
d-T3’p5'T. In order to extend the nucleoside activation
process, a method of preventing the intramolecular
cyclization of nucleosides should be worked out.24

Experimental

Diethyl azodicarboxylate (1),2®) dibenzoyldiazene,?®) bis-
(morpholinocarbonyl)diazene,2”?  dibenzyl hydrogenphos-
phate,® and 2-cyanoethyl dihydrogenphosphate?® were pre-
pared by the known procedure. Unless otherwise stated, the
reaction was carried out at room temperature. Paper chro-
matography was performed by ascending technique using
Toyoroshi No. 51A paper. Solvent systems: A, 1-propanol-
2M HCI=5: 1; B, Il-propanol-concd NH,~-H,0=6: 3:
1; C, 1-butanol-acetic acid-H,O=5: 2: 3; D, 2-propanol-
concd NH;-H,O=7: 1: 2. The R; values of different
compounds are given in Table 3. Ultraviolet absorption
spectra were obtained on a Hitachi EPS-3T recording spec-
trometer; the extinction coefficients used in calculating yields
are given in Table 3. Tetrahydrofuran (THF) was distilled
from Na; stored over Na and distilled from CaH, immediately
before use. Hexamethylphosphoric triamide (HMPT) was
distilled from CaH, immediately before use. Dioxane was
distilled from Na and stored over Na. It is essential that
moisture be excluded from all coupling reaction systems.

Preparation of Pyrimidinenucleoside 5’-Phosphates. A solu-
tion of 1 (261 mg, 1.5 mmol) in THF (1 ml) was added drop-
wise over a period of 1 h to a suspension of nucleoside (1 mmol),
2 (393 mg, 1.5 mmol) and 3 (417 mg, 1.5 mmol) in THF (1
ml).?» The nucleoside dissolved on addition of 1. After the
solution had been kept stirring overnight, the solvent was
removed under reduced pressure. The residue was dissolved
in 75 9% ethanol (20 ml) and subjected to hydrogenolysis over
PdO (200 mg). After the theoretical amount of hydrogen had
been absorbed, the catalyst was removed by filtration, the
filtrate being made up to 50 ml. A measured volume of the
solution was chromatographed for the determination of
the amounts of nucleoside 5’-phosphate and the recovered
nucleoside. The spots and appropriate blank areas
of the paper were eluted after being cut into short
pieces by soaking in standard volume of water for
about 12h, and their concentrations were determined
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spectrophotometrically.

When the reaction was carried out in dioxane, a solution
of 1 was added over a period of 1 h to a suspension of nucleo-~
side, 2, and 3 in dioxane at 60 °C with stirring. Before the
work-up, the mixture was held at 60 °C for 2 h and then kept
stirring overnight at room temperature.

Thymidine and uridine (1 mmol) nearly completely dissolv-
ed in HMPT (1 ml). Triphenylphosphine oxide which
separated was removed by filtration before hydrogenolysis.

The results are summarized in Table 1.

Comparison of the Combination of Various Azo Compounds with
Triphenylphosphine. A solution of azo compound (1.5
mmol) and 3 (1.5 mmol) in HMPT (2 ml) was added dropwise
to a solution of uridine (1 mmol) and 2 (1.5 mmol) in HMPT
(1 ml) over a period of 2 h at room temperature. After the
solution had been kept stirring for 1 h, followed by hydro-
genolysis, the yield of pU was determined by paperchroma-
tography. 5 ml of HMPT was required to dissolve bis(mor-
pholinocarbonyl)diazene. The results are summarized in
Table 2.

Isolation of 2,5-Diphenyl-1,3,4-oxadiazole. Uridine (1
mmol) was allowed to react with 1.5 molar equivalents each
of 2, 3, and dibenzoyldiazene. The mixture was poured into
water (15 ml) with continuous shaking and left to stand
overnight. The aqueous layer was removed by decantation,
the residue being washed with water (10 ml). To the residue
was added benzene and 4 9%, aqueous NaHCO; solution (5
ml), partitioned, and the aqueous phase was extracted with
ethyl acetate. The combined extracts were dried, evaporated,
and applied to silica gel plates (Merck PFyy,, 20 cm X 20 cm).
2,5-Diphenyl-1,3,4-oxadiazole was isolated by developing the
plates with chloroform, 165 mg, 50%, mp 138 °C (ligroin).
MS; mje 222 (M), 166, 165. The oxadiazole was identified
by comparison of its IR spectrum with a standard chart.

Reaction of Dibenzoyldiazene with Triphenylphosphine. A
solution of dibenzoyldiazene (238 mg, 1 mmol) in THF (2 ml)
was added dropwise to a solution of 2 (262 mg, 1 mmol) in
THF (2 ml). After the reaction solution had been kept
stirring for 6 h, the solution was chromatographed on silica
gel plates (Merck PF,5,, 20 cm X 20 cm, CHCI,) giving 2,5-di-
phenyl-1,3,4-oxadiazole (214 mg, 969%,, mp 136—137.5 °C)
and triphenylphosphine oxide (211 mg, 76 %,).

Reaction of Purine Nucleosides with 1, 2, and 3. A solution
of 1 (270 mg, 1.55 mmol) and 3 (417 mg, 1.5 mmol) in HMPT
(1 ml) was added dropwise over a period of 1 h to a suspension

TaBLE 3. Rf VALUES AND EXTINCTION COEFFICIENTS USED FOR THE CALCULATION OF YIELDS

R, value in system®

Amax/nm (Solvent) ex 10-3
A B C D
dT 267 (H,O) 9.65 0.64
dpT 267 (H,0) 9.00 0.70 0.17
dTp 0.83
U 262 (H,0) 10.1 0.47
pU 262 (H,0) 10.0 .22 0.05
Up 0.31 0.12
A 261 (H,O) 14.9 0.45
PA 262 (H,O) 15.0 0.14 0.03
N3,5-Cycloadenosine 273 (0.05 M HQCI) 13.6 0.26
G 256 (0.05 M HCl) 12.3 0.22
pG 256 (0.05 M HCI) 12.2 0.04
N3,5-Cycloguanocsine 250 (0.05 M HCI) 11.8 0.11

a) The solvent systems are; A, l-propanol-2 M HCl=5: 1; B, 1-propanol-concd NH;~H,O=
6:3:1; C, 1-butanol-acetic acid-H,O=5: 2: 3; D, 2-propanol-concd NH;-H,0=7:1: 2.
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of adenosine (267 mg, 1 mmol) and 2 (393 mg, 1.5 mmol) in
HMPT (2ml). A virtually clear solution was obtained.
Precipitation took place shortly afterwards. After the mixture
had been kept stirring overnight, triphenylphosphine oxide
was removed by filtration and washed with small quantities
of HMPT and water successively. The combined filtrate and
washing were made up to 25 ml with ethanol and water
(solution A). A measured volume was applied to Toyoroshi
No. 51A paper which was developed in system C. Two bands
corresponding to unchanged adenosine and N3,5’-cycloadeno-
sine were eluted with water and 0.05 M hydrochloric acid,
respectively, and subjected to analysis. The yield of pA was
also determined by paper chromatography after the solution
A (20 ml) had been subjected to hydrogenolysis over Pd-C
(300 mg).

When the reaction was carried out in DMF, no precipita-
tion of triphenylphosphine oxide took place.

In a similar manner, the reactions of guanosine with 1, 2,
and 3 were carried out in HMPT and in DMF and the yields
of products were estimated by paper chromatography. The
chromatograms were developed in system D for the estimation
of N3,5’-cycloguanosine and guanosine, and in system B for
pG. Respective bands were eluted with 0.05 M HCI. When
the reaction was carried out in HMPT, a virtually clear
solution was obtained with the progress of reaction. On the
other hand, guanosine was hardly soluble in DMF, the undis-
solved guanosine (65%,) being filtered off before analysis.

The results are summarized in Table 1.

Preparation of dbzTp(CNEL). A mixture of 2-cyanoethyl
dihydrogenphosphate (10 mmol) and dbzT (692 mg, 2
mmol)3D) was dried by repeated evaporation of added portion
of pyridine, dissolved in pyridine (40 ml), and treated with
dicyclohexylcarbodiimide (DCC, 30 mmol) for 2 days at room
temperature. Water (40 ml) was added and, after allowing
the mixture to stand at room temperature for several hours,
N, N’-dicyclohexylurea was removed by filtration. The filtrate
was extracted with petroleum ether (three 40 ml portion) in
order to remove DCC. The residual aqueous pyridine solution
was passed through a column of Dowex-50 (H*) ion exchange
resine and the column was washed with water. The total
effluent was adjusted to pH 7.5 with 0.05 M Ba(OH), at 0 °C.
The solution was concentrated to ¢ca. 5 ml (below 40 °C) and
excess 2-cyanoethyl dihydrogenphosphate (barium salt) was
removed by precipitation with three volume of ethanol and
centrifugation. The supernatant layer was concentrated in
vacuo (below 30 °C) giving a crystalline product. In order to
remove barium ion, the product was applied to Dowex-50
(H+) ion exchange resin column and effluent was lyophilized
affording paper chromatographically homogenious dbzTp-
(CNEt); 680 mg, 71%, R, (system C) 0.70.

Preparation of d-bzT3'p(CNEt)5'T. A solution of 1
(174 mg, 1 mmol) in HMPT (1.5 ml) was added dropwise
over a period of 1 h to a solution of dbzTp(CNEt) (240 mg,
0.5 mmol), thymidine (242 mg, 1 mmol), and 2 (262 mg, 1
mmol) in HMPT (1.5 ml) at room temperature. After the
solution had been kept stirring overnight, triphenylphosphine
oxide precipitated was removed by filtration. Solids separated
by addition of water (80 ml) to the filtrate. However, on
centrifugation followed by removal of the supernatant liquid,
the solids became gum which was taken up in THF (3 ml).
On addition of ethyl acetate (20 ml), white solids precipitated.
They were collected and purified by means of Sephadex LH-20
column (3x40 cm, eluted with THF), giving chromatogra-
phically homogenious d-bzT3’p(CNEt)5T in a 54 9, yield;
softened at 137 °C, turning a clear melt at 150 °C; R, (system
C) 0.78.

The d-bzT3’p(CNEt)5'T thus obtained was treated with
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methanol saturated with NH; overnight at room temperature.
The solution was applied to Toyoroshi No. 51A paper and
developed in system C. The band with R, 0.32 was eluted and
the effluent was liophilized giving d-T3’p5’T, which was
completely degraded to dT and dpT (1:1 ratio) by snake
venom phosphodiesterase (tris buffer, pH 8.1 at 37 °C).

This work was supported financially by the Ministry
of Education Japan.
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