NONGLYCOSIDE ANALOGS OF NUCLEOTIDES
I. 2,3-DIHYDROXYPROPYL DERIVATIVES OF NUCLEIC BASES

A. M. Kritsyn, L. I. Kolobushkina, UDC 547.963.32'854.4.81'857.7
S. N. Mikhailov, and V. L. Florent'ev

Ni-(21,3'-DihydroxypropylDuracil, ~thymine, -cytosine, and N%-(2',3'-dihydroxypropyl)ade-
nine were synthesized by alkylation of nucleic bases with 2,3-O~isopropylideneglycerol
chlorohydrin, subsequent separation of the resulting mixtures, and removal of the protec-
tive groupings. Phosphorylation of these compounds or of their selectively substituted de-
rivatives gave 2'(3")-monophosphates, which were converted to 2',3'-cyclophosphates by re-
action with N,N'~dicyclohexylearbodiimide. Thionation of the corresponding cytosine deriv-
atives gave N!-(2!,3'-dihydroxypropyl)-4-thiouracil and its 2'(3") phosphate.

The principal method for the creation of inhibitors for enzyme systems consists in modification of
the important functional groups of natural substrates. However, the study of compounds in which the prin-
cipal groups necessary for bonding and reactivity of the substrate are retained but which differ from the
natural compounds with respect to "rigidity" or, on the other hand, with respect to great "lability” of the
molecule seems just as reasonable. The present communication is the first of a series of papers devoted
to the synthesis of "labeled" analogs of nucleotides in which the furanose ring is replaced by hydroxyalkyl
substituents. :

N?-(21,3'-Dihydroxypropyladenine, N*-(2',3'-dihydroxypropyl)uracil, and Ni-(21,3!-dihydroxypropyl)-
cytosine were previously synthesized [1] by alkylation of the appropriate nucleic bases with glycidol. In
addition, an adenine derivative was obtained by reaction of the sodium salt of adenine with glycerol a-
chlorohydrin. A year ago [2] N%-(21,3'-dihydroxypropyl)adenine was resynthesized and converted to a
hypoxanthine derivative by deamination. Both compounds were converted to 3'-phosphates by reaction with
phosphorus oxychloride in triethyl phosphate.

The method that we developed for the synthesis of dihydroxypropyl derivatives of nucleic bases con-
sists in alkylation of the appropriate bases with 2,3-O-isopropylideneglycerol chlorohydrin. The selection
of precisely a protected alkylating agent made it possible, at a yield level close to that obtained in pre-
ceding studies, to develop convenient methods for the isolation of the products and convenient methods for
the synthesis of amino-group protected derivatives:
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In all cases, alkylation gives complex mixtures of reaction products, from which the necessary com-
pounds were isolated either by crystallization or chromatography.

Removal of the protective groups gives the known analogs of nucleosides (V-VIII).
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In order to phosphorylate the compounds we used a classical method [3] that was successfully modi-
fied in [4]. The phosphoric acid diester obtained by reaction of the nucleoside analog with dicyclohexyl-
carbodiimide and cyanoethyl phosphate was isolated by chromatography on DEAE-cellulose (HCO;~ form)
and only then was the cyanoethyl group removed by hydrolysis with 2 N lithium hydroxide in the course of
precisely 2 min. Neutralization, evaporation, and washing of the residue with alcohol—acetone made it
possible to isolate the electrophoretically pure lithium salts of phosphates, free of inorganic phosphate, in
up to 75% yields.

In connection with the necessity for the protection of the amino group in the case of cytosine and ade-
nine derivatives, Illa,b, after selective removal of the isopropylidene grouping, were converted to NI~
(2',3!-dihydroxypropyl)-N-acetyl- and ~-N-benzoyleytosine (XIa and XIb, respectively)., Benzoylation of
IV and subsequent acid hydrolysis of the resulting N®-benzoyl derivative (XII) made it possible to obtain
N%-(21,3'-dihydroxypropyl)-Né-benzoyladenine (XII). Phosphorylation of these compounds by the above-
described methods gives NI-(2',3'-dihydroxypropyl)-N4-acety1- and -N*-benzoylcytosine 21(3"-phosphates
(XIVa and XIVh, respectively) and N?-(2!,3'-dihydroxypropyl)~-N°-benzoyladenine 2'(3") phosphate (XV),

TABLE 1. Alkylation of Pyrimidine Bases
! Found, { Calc.
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‘ . Empirical % %o (CsH;OH), [R83
Alkylaton product | mp, 'C ' formuia | ¢ [Amax, 958
| : ' ! sgs
SeRpe npm® B2
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propyljuracil i i
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TABLE 2. N-(2',3'-Dihydroxypropyl) Derivatives of Nucleic Bases
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which were converted to NI-(Z',3'-dihydroxypropyl) cytosine 2'(3")-
phosphate (XVI) and N®~(2',3!-dihydroxypropyl)adenine 213" phos-
phate. The resulting mixtures of monophosphates were converted
to the corresponding 2',3'-cyclophosphates (XVII, XXI) by reaction
with dicyclohexylcarbodiimide:
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VIl R=H; XIX R=CH,

Using a recently described method for the conversion of the
4-amino group of cytidine to a thione [5] group, we synthesized 4-
thiouracil derivatives — N1- (2',3'-dihydroxypropyl-4-thiouracil
(XX10) and its 2'(3")-phosphate (XXIII).

The authors sincerely thank M. Ya. Karpeiskii and L. M.
Klimova for their constant interest in this research.

EXPERIMENTAL

The UV spectra were recorded with a Specord UV-vis spec-
trophotometer, and the PMR spectra were recorded with an XL-
100 spectrometer. Thin-layer chromatography (TLC) was carried
out either on Silufol UV-254 plates or on plates with a layer of
FND cellulose. In the first case, chloroform containing from
three to 30% (by volume) methanol was used as the solvent system,
whereas in the second case isopropyl alcohol—ammonia—water
(7:3:2) was used. Electrophoresis on Whatmann 3-mm paper in
a pH 9 volatile buffer [a 0.1% solution of (NH,),COs) was carried
out with a voltage gradient of 35 V/cm.

Alkylation of Pyrimidine Bases. A mixture of 100 mmole of
the base, 15 g (100 mmole) of 2,3-O-isopropylideneglycerol chloro-~
hydrin, and 27.6 g (200 mmole) of anhydrous K,COj in 500 ml of
dry DMFA was heated at 90° for 30 h. The mixture was filtered,
the solid material was washed with DMFA (three 20-ml portions),
and the combined filtrates were vacuum evaporated to dryness.

The residue was dissolved in 30 ml of water, the pH of the mix-
ture was brought up to 7, and the mixture was extracted with chlo~
roform. The extract was dried and evaporated to dryness. The
following two methods were used for the subsequent workup.

A) The solid material was dissolved in the minimum amount
of chloroform, and the solution was applied to a column containing
silica gel (1 liter). The columnwas eluted with CHC1;— CHZOH (95 : 5
by volume). The eluant was monitored from the absorption at 254
nm. The second fractions were combined and evaporated to dry-
ness, and the residue was evaporated twice with alcohol (20 ml
each time) and recrystallized from alcohol (see Table 1).

B) The solid was evaporated three times with alcohol (20 ml
each time) and recrystallized from alcohol (see Table 1).

21,3'-O-Isopropylidene-N®-(2',3'-dihydroxypropyl)adenine
(IV). A 3.75-g (157.5 mmole) sample of sodium hydride was added
with cooling and stirring to a suspension of 20.2 g (150 mmole) of




TABLE 3. 2'(3")-Phosphates of Nucleoside Analogs

! UV specttum, Apax, Dm (&) .
v |
Compound® . ; . et

|oeH 1 L pH? | pH 13 WD

NI«(2',3’~Dihydroxypr0py1)uracﬂ- 266 (9400) ' 267 (8900) . 265 (7400) . 74
2'(3"-phosphate dilithium salt di- ! ;
hydrate (1X) : :

N’.—(Q’,IB'-Dihzdrox propyl)thymine- 271 (9800) | 272 (10400} 270 (7i00) | 76
2'(3")-phosphate dilithium salt mono- i
hydrate (X) !

NEZ(2',3 —Dihgdrox propyl)—N4-acetyl~ 245  (6300) | 250 (12 800) : 318 (12900) 71
cytosine 2'(3")-phosphate dilithium 310 (13 100} | 306  (5600)
salt mpnohﬁdrate (X1va) B _

Ni-(2',3' -Di gdroxypropy})-N‘i-benzoyl.. 252 (12200) ; 258 (20 900) 314 {19300) 78

. eytosine 2'(3")-pliosphate dilithium - 318 (19300} | 306 {11 300
salt monohydrate (XIVb) ! :

N?-(2',3° —Digydrox‘ypropyl)-Nﬁ-benzoyl- 252 (10000) | 284 (19900) 298 (13400) | 74
adenine 2'(3")-phosphate dilithium 292 (25 200) :
salt monohydrate (XV)

* All of the compounds obtained were electrophoretically homoge-
neous.

adenine in 600 ml of dry DMFA. After vigorous hydrogen evolution had ceased, the mixture was heated to
room temperature and then to 90°. A 22.5-g sample of 2,3-O-isopropylideneglycerol chlorchydrin was
added dropwise to the hot mixture, and the resulting mixture was heated at 90° for 30 h. The solution was
cooled and evaporated to dryness in vacuo, and the solid was stirred with 450 m! of water and extracted
thoroughly with chloroform. The extracts were dried, the solvent was removed, and the residue was evap~
orated three times with alcohol {50 ml each time). The solid was recrystallized from alcohol to give 9.1

g (24%) of a product with mp 214-215°. UV spectrum (in alcohol): Apax 261 nm (g 11,800). Found: C
53.2; H 5.9%. CyyH;;N;O,. Calculated: C 53.0; H 6.1%.

21,3'-O-Isopropylidene~N2~(2',3'-dihydroxypropyl)-Né-benzoyladenine (XII, Table 2). A 4.2-g (30
mmole) sample of benzoyl chloride was added dropwise with cooling to a suspension of 6.8 g (27 mmole) of
IV in 75 ml of dry pyridine, and the mixture was stirred at room temperature for 16 h. Water (27 ml) was
then added to the mixture, and it was stirred for another 2 h. The solution was vacuum evaporated to dry-
ness, and the residue was stirred with 75 ml of water. The aqueous mixture was extracted with chloro-
form, and the extracts were washed with saturated NaHCOjg solution and water, dried, and evaporated to
drypess. The residue was evaporated with alcohol (three 20~ml portions), 50 ml of water and 5 ml of ether
were added to the residue, and the mixture was allowed to stand overnight in a refrigerator. The result-
ing crystals were removed by filiration, washed with water, and dried to give 8.4 g (87%) of product. UV
spectrum (in alcohol): ... nm, (€): 235 (13,600) and 279 (17,100).

Acid Hydrolysis of 2! 3'-O-Isopropylidene Derivatives. A suspension of 10 mmole of 2',3'-O-iso-
propylidene derivative in 200 ml of 50% acetic acid was heated at 90° for 30 min. The solution was then
cooled and vacuum evaporated fo dryness at 30°, and the residue was evaporated three times with alcohol
(50 ml each time), The residue was recrystallized from alcohol (see Table 2).

Phosphorylation of Apalogs of Nucleosides., A mixture of 3 mmole of the nucleoside analog and 6 ml
of 1 M solution of cyanoethyl phosphate in pyridine [3] was vacuum evaporated to dryness at 30°, and the
residue was re-evaporated with dry pyridine (five 15-ml portions). The residue (protected from air mois~
ture) was dissolved in 30 ml of dry pyridine, 6 g of dicyclohexylearbodiimide was added, and the mixture
was stirred in a hermetic system at room temperature for 3 days. Water (30 ml) was added to the mix~
ture, and it was stirred for another 16 h. The resulting precipitate was removed by filtration and washed
with 10% aqueous pyridine (two 10-ml portions). The combined filtrates were extracted with cyclohexane
{three 30-ml portions), evaporated at 30° to three~fourths of their original volume, and filtered. The fil-
trate was applied to a column filled with DE~32 cellulose (HCO;™ form, 300 ml). The column was washed
with water until there was no longer absorption at 254 nm, and it was then eluted with a linear gradient
ammonium bicarbonate buffer (pH 7.5) from 0.001 to 0.05 M concentrations (the total volume of eluant was
5 liters). The eluant was monitored from the absorption at 254 nm. The cyanoethyl ester solution disap-
peared in the presence of an approximately 0.025 M buffer. The fractions were combined and va.cuum
evaporated to dryness at 30°, and the residue was evaporated four times with 100 ml of water. The resi-
due was stirred for precisely 2 min with 15 ml of 2 N lithium hydroxide solution, during which 15 ml of 2
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N hydrochloric acid was added to it slowly. The pH of the solution was brought up to 7 (on a pH-meter)
with lithium hydroxide solution, and the resulting precipitate was removed by filtration and washed with 10
ml of water. The combined filtrates were vacuum evaporated to dryness at 30°, and the residue was mixed
with 50 ml of absolute methanol ~dry acetone (1:5) and centrifuged. The liquid was decanted, the solid
was again stirred with 50 ml of methanol—acetone, and the mixture was again centrifuged. This operation
was repeated until the supernatant liquid gave-a negative test for C17. The solid was transferred with ab-
solute ether to a filter, washed with absolute ether, and dried (see Table 3).

Removal of Alkali-Labile Protective Groupings. A) A suspension of 1 mmole of XIa 6r XIb in 10 ml
of absolute methanol semisaturated at 0° with dry NH; was stirred for 20 h. The resulting solution was
evaporated to dryness, and the residue was evaporated with alcohol (two 10-ml portions) and recrystal-
lized from alcohol. The yield of N!-(2,3'~dihydroxypropyl)cytosine (VI) with mp 178-180° was 87-92%.

UV spectrum, Amax, hm (€): 282 (12,300) at pH 1, 274 (8400) at pH 7, and 274 (8100) at pH 13. PMR spec-
trum (in D,0), 8, ppm: 7.84 (doublet, J =8 Hz, 6-H), 6.26 (doublet, 5-H), 3.80~4.42 (multiplet, 1'~, 2'-, and

3'-H); in (CD;),SO 7.72 (doublet, J=8 Hz, 6-H), 7.22 (broad singlet, NH,), 5.93 (doublet, 5-H), 5.28 (doublet,
J=4 Hz, 2'-0OH), 5.07 (triplet, J=3 Hz, 3'-OH), 3.40 (doublet, J=6 Hz, 1'-H).

B) Absolute methanol (10 ml) saturated with dry NH; at 0° was added to a solution of XIVa, XIVb, or
XV in 5 ml of water, and the mixture was stirred at room temperature for 20 h. Water (10 ml) was added
to the mixture, and the resulting precipitate was removed by filtration and washed with 10 ml of water.
The combined filtrates were vacuum evaporated to dryness at 30°, and the residue was stirred with 10 ml
of absolute alcohol and washed successively on the filter with absolute alcohol {(two 10-ml portions) and
absolute ether (five 10-ml portions).

© N1.(2',3'-Dihydroxypropyl) cytosine 2'(3')-Phosphate Dilithium Salt Monohydrate (XVI). This com-
pound was obtained in 84-91% yield. It was electrophoretically homogeneous. UV spectrum, Amax, nm (&)
282 (11,800) at pH 1, 274 (8600) at pH 7, and 274 (9100) at pH 13. PMR spectrum (in D,0), &, ppm: 7.92
and 7.95 (doublets, J=8 Hz, 6~H of a mixture of 2'- and 3'-phosphates, 2: 1), 6.31 (two doublets, 5-H), and
4.01-4.48 (multiplet, 1'=, 2'-, and 3'-H).

N°-(2',3'-Dihydroxypropyl)adenine 2'(3')-Phosphate Dilithium Salt Monohydrate (XVII). This com-
pound was obtained in 87% yield and was electrophoretically homogeneous. UV spectrum, Amgy, nm (&):
258 (13,000) at pH 1, 262 (13,800) at pH 7, and 262 (13,800) at pH 13, according to the literature data for
the 3'-phosphate [2], Apmax 259 (13,800) at pH 7.

N1.(2',3'-Dihydroxypropyl)uracil 2!,3'-Cyclophosphate (XVIII) and N*-(2!,3'-Dihydroxypropyl)thymine
2! 3'-Cyclophosphate (XIX). A solution of 1 mmole of the lithium salt of V or VI in 10 ml of water was ap-
plied to a column filled with Dowex~50 (H* form, 10 ml) and eluted with water. The fraction absorbing at
260 nm was vacuum evaporated to dryness at 30° and again evaporated with dry DMFA (three 10-ml por-
tions). With protection from air moisture, 1.2 g of dicyclohexylcarbodiimide and 25 ml of DMFA were
added to the residue. The mixture was stirred carefully until the solids had dissolved completely. After
20 min, 120 ml of water was added to the turbid solution, and the precipitate was removed by filtration and
washed with two 10-ml portions of water. The combined filtrates were extracted with cyclohexane (two
20-m] portions), evaporated in vacuo at 30° to 150 ml, brought to pH 7 (pH-meter) with 1 N NaOH, and vac-
uum evaporated at 30° to the consistency of an oil. When dry acetone was added, the residue began to crys-
tallize. The crystals were removed by filtration and washed successively with acetone and dry ether.

The yield of the sodium salt of XVIII was 94%. UV spectrum, Ay,,y, nm (€): 261 (8,000) at pH 1, 261
(8,800) at pH 7, 262 (6,000) at pH 13. PMR spectrum (in D,0), 5, ppm: 7.94 (doublet, J=8 Hz, 6-H), 6.16
(doublet, 5-H), 3.33 (doublet, J=9 Hz, 1'-H), 4.16-4.63 (multiplet, 2'- and 3'~H).

The yield of the sodium salt of XIX was 96%. UV speetrum, Amgx, nm (g): 270 (7800) at pH 1, 270
(8100) at pH 7, and 269 (6100) at pH 13.

Both compounds were electrophoretically homogeneous and had half the mobilities of the correspond-
ing phosphates.

Nl_(2!,3'-Dihydroxypropyl) cytosine 2',3'-Cyclophosphate (XX) and N9-(2! 3'-Dihydroxypropyl)adenine
21,3'-Cyclophosphate (XXI). A solution of 1 mmole of XVI or XVII in 10 ml of water was applied to a col-
wmn filled with Dowex~50 (H ' form, 10 ml). The column was eluted successively with 10 ml of water and
2.5% ammonium hydroxide. The fraction absorbing at 260 nm was vacuum evaporated to dryness at 30°
and again evaporated with absolute methanol (four 20-ml portions). With protection from air moisture,
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1.7 g of dicyclohexylcarbodiimide and 28 ml of absolute methanol were added to the residue, and the mix~
ture was shaken until the solids had dissolved completely, after which the solution was allowed fo stand at
room temperature overnight. The methanol was removed by vacuum evaporation at 30°, and the residue
was stirred with 20 ml of water. The solid was removed by filtration and washed with water {(two 10-ml
portions). The combined filtrates were extracted with cyclohexane (two 30-ml portions) and vacuum evap-
orated-almost to dryness at 30°. When dry acetone was added, the residue began to crystallize. The crys-
tals were removed by filtration and washed successively with dry acetone and absolute ether. -

The yield of the ammonium salt of XX was 86%. UV spectrum, Ay,,, hm (g): 282 (10,400) at pH 1,
273 (7500) at pH 7, and 273 (7300) at pH 13. PMR spectrum (in D,0), &, ppm: 7.98 (doublet, J=8 Hz, 6-H),
6.35 (doublet, 5-H), and 4.21-4.67 (multiplet, 17—, 2!'-, and 2'-H).

The yield of the ammonium salt of XXI was 83%. UV spectrum, Ayax, nm (g): 259 (13,200) at pH 1,
261 {13,700} at pH 7, and 261 {13,200) at pH 13.

Both compounds were electrophoretically homogeneous and had half the mobility of the corresponding
monophosphates.

Ni.(21,3'-Dihydroxypropyl)-4-thiouracil (XXII). A mixture of 0.555 g (3 mmole) of VIL, 7.5 ml of
water, 7.5 ml of pyridine, and 15 ml of liquid hydrogen sulfide was heated in an autoclave at 75° for 45 h.
The mixture was evaporated, and the residue was treated with water. The aqueous mixture was filtered,
the filtrate was evaporated to dryness, and the residue was recrystallized from alcohol to give 0.473 g
(78%) of XXII with mp 174-175°. UV spectrum, Amax> hm (€): 245 (3900) and 333 (20,100) at pH 1, 245
(3400) and 333 (18,400} at pH 7, and 317 (17,200) at pH 13. Found: C 41.2; H 5.2%. CH;(N,0;. Calculated:
C 41.6, H 5.0%. '

Ni.(2t,3!-Dihydroxypropyl)-4-thiouracil 2'(3")-Phosphate (XXIM). Liquid hydrogen sulfide (10 ml)
was added to a solution of 295 mg (1 mmole) of dilithium salt XVIin 5 ml of pyridine and 5 ml of water,
and the mixture was heated in an autoclave at 80° for 25 h. It was then vacuum evaporated to dryness at
30°, and the residue was stirred with water. The agueous mixture was filtered, and the filtrate was evap-
orated to a small volume. The dilithium salt of XXIII was precipitated by the addition of absolute alcohol,
and the precipitate was removed by filtration and washed successively with absolute alcohol and absolute
ether. The yield of the dilithium salt of XXIII was 180 mg (61%). UV spectrum, ay.., hm (€): 245 (4320)
and 333 (18,400) at pH .1, 245 (5520) and 333 (18,400) at pH 7, and 314 (15,800) at pH 13. The compound
was electrophoretically homogeneous,
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