
B I O C H E M I S T R Y  

Studies on the Specific Synthesis of the Natural Internucleotide 
Linkage by the Use of Cyclonucleosides. I. The Utilization of 
Unprotected Nucleotides* 

Joseph Nagyvhryt 

ABSTRACT: The reaction of an excess of 2’,3’-0-iso- 
propylidene-0 2,5 ’-cyclouridine with the monoanionic 
form of p-nitrophenyl phosphate, uridine 5 ’-phos- 
phate, and thymidine 3‘-phosphate at and over 100” 
gave a mixture of the mono- and di-2’,3’-O-isopropyl- 
ideneuridine 5 ’-esters of thest phosphates. This reac- 
tion represents the first direct synthesis of trinucleoside 
monophosphates. After mild acidic hydrolysis of the 
above mixtures triuridine 5 ’-phosphate, thymidine-3 ’- 
diuridine 5 ’-phosphate, and p-nitrophenyl diuridine 5 ’- 
phosphate were isolated in good yields. When uridine 
3 ’-phosphate was heated in the same temperature range 
with an excess of 2’,3 ’-0-isopropylidene-0 2,5‘-cyc10- 

C urrent chemical syntheses of the natural inter- 
nucleotide bond are based upon activation of the phos- 
phate group and full protection of all other reactive 
groups with the exception of one hydroxyl in the 3’- or 
5 ’-position (Michelson, 1963). Considerable success has 
been achieved in this manner in the stepwise synthesis 
of deoxyribooligonucleotides (Jacob and Khorana, 
1965) and ribooligonucleotides (Sol1 and Khorana, 
1965; Chladek and Smrt, 1964; Scheit and Cramer, 
1964; Griffin and Reese, 1964). 

An alternative approach to dinucleoside phosphate 
synthesis is the provision of the 5 ‘ -  or 3’-carbon of the 
nucleoside with a proper leaving group, followed by a 
nucleophilic displacement of this group by a nucleoside 
phosphate ion. Elmore and Todd (1952) demonstrated 
this principle in their synthesis of adenylyl(5 ’-4 ’)- 
uridine; they discontinued the use of this reaction later 
because of the low yield of the desired product due to a 
concomitant intramolecular displacement reaction lead- 
ing to an 0 2,5 ’-cyclonucleoside. The acid-catalyzed 
cleavage of isourea ethers of simple alcohols by phos- 
phate esters was used by Khorana (1954) for the prepa- 
ration of triesters even though the 5’-isourea ether of 
2’,3 ’-0-isopropylideneadenosine also underwent cyclo- 
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uridine, no triester but uridylyl[2’(3’)+5’](2’,3’-0- 
isopr0pylidene)uridine was formed. This finding is 
explained by assuming the intermediate formation of 
a labile triester, 2‘,3 ’-0-isopropylideneuridine-5 ’-uri- 
dine 2’,3’-cyclic phosphate, which is hydrolyzed to a 
1 : 1 mixture of the isomeric diesters. At 75 O the reaction 
of phosphodiesters with the cyclonucleoside is negligible 
and so diesters are the only products. Accordingly, at 
this temperature over 95 pure uridylyl(3’-+5’)(2’,3’- 
04sopropylidene)uridine was obtained in what ap- 
pears t~ be the first chemical synthesis which produces 
mainly the natural internucleotide bond while utilizing 
an unprotected 3 ’-ribonucleotide. 

nucleoside formation (Khorana, 1961). I t  is apparent 
that the 02 ,5 ’ -  and 02,3’-cyclonucleosides of the py- 
rimidine bases contain the 5 ’ -  or 3’-carbon, respec- 
tively, in an isourea ether type grouping, and so they are 
expected to react with phosphates on thermal activa- 
tion. 

An increasing amount of work on pyrimidine cyclo- 
nucleosides has disclosed much valuable information 
about their reactivity toward a series of nucleophilic 
agents (Michelson, 1963, p 15; Brown et at., 1957; 
Chambers and Kurkov, 1963; Miller and Fox, 1964). 
However, the utilization of the biologically most im- 
portant nucleophile, the phosphate, in this reaction 
was started only very recently. 

A synthesis of uridine 5’-phosphate by the reaction 
of a mixed phosphoric benzoic anhydride with 2’,3’-0- 
isopropylidene-0 2,5’-cyclouridine (I) was described 
by Mizuno et al. (1965).’ Zemlicka and Smrt (1964) 
achieved the synthesis of the 3 ’+5’ internucleotide 
linkage in variable purity by the reaction of 2’,5’-0- 
diacetyluridine 3’-phosphate with 2’,3’-O-isopropyl- 
idene-0 2,5 ’-cyclouridine. When the free 3 ’-uridylate 
(dianion) was used, the production of the 2’+5’ and 
3’-+5’ isomers in equal amounts was observed, and 
hence a complete lack of specific bond formation. The 
similar though lower reactivity of the isomeric 0*,3’- 
cyclonucleoside was demonstrated most recently (Agar- 
wal and Dhar, 1965). 

1 Their preliminary report in the Abstract of the 19th National 
Meeting of the Pharmaceutical Society of Japan, Tokyo, April, 
1964. was not available to us. 
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As previously reported (Nagyvary and Roth, 1965; 
Nagyvhry, 1965) our research has been proceeding in- 
dependently with particular emphasis on the utilization 
of unprotected nucleotides and tht  extension of this 
method for oligonucleotide synthesis. This paper is 
concerned with the first part of this work. 

Results 

The monoanionic form of the phosphates indicated 
below was heated in dimethylacetamide with the cyclo- 
nucleoside I at temperatures between 60 and 140" and 
with incubation times of from 3 hr to 1 week. The 
amount of cyclonucleoside varied from 2 to 4 equiv. 
Such excess is necessary when working on a small scale 
(0.05-0.1 mmole) because a variable portion of this 
component is hydrolyzed by the small amount of 
moisture still present in the system. For this reason, 
following the reaction by the disappearance of the 
cyclonucleoside has limited value. 

It has been observed that on appropriate thermal 
activation, between 100 and l a " ,  the reaction of p- 
nitrophenyl phosphate, uridme 5 '-phosphate, and thy- 
midine 3'-phosphate with an excess of I yielded within 
4-12 hr a mixture of the mono- and di-2',3'-0-iso- 
propylideneuridine 5 '-esters of these nucleophiles (IIa- 
d, Scheme I). The formation of a phosphate triester in 
the presence of significant amounts (20-40 %) of mono- 
ester was surprising and long overlooked. When the 
same mixtures were heated from 60 to 75", phospho- 
diesters were produced as the only products. Similarly, 
no triesters were formed when 1 equiv of cyclo- 
nucleoside only was utilized at  100"; the yield of phos- 
phodiester, however, was only about 20 %. The yield of 
phosphodiester could not be raised over 3 5 z  by in- 
creasing the excess of cyclonucleoside due to the con- 
comitant formation of the phosphotriester (Figure 1). 

The great lability of p-nitrophenyl diuridine 5 ' -  
phosphate (IVc) in alkaline medium, in which the yellow 
p-nitrophenolate is instantaneously formed, led to the 
first observation of a triester in the nucleoside fraction. 
Thereafter also triuridine 5'-phosphate (IVa) could be 
detected and isolated by paper chromatography. The 
structures of these substances were deduced from the 
following observations : (1) Their chromatographic and 
electrophoretic properties are similar to those of non- 
ionic compounds. (2) They are relatively stable in dilute 
acid, but are hydrolyzed in alkali to a mixture of di- 
uridine 5'-phosphate (V) and p-nitrophenol, or uridine, 
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a, R = uridine 5'- 
b, R = uridine 3'- 
c, R = p-nitrophenyl 
d, R = thymidine 3'- 

respectively. (3) Repeated determination of e(P) (ab- 
sorbance per gram-atom of P) gave the values 25,200 
(IVc) and 29,000 (IVa), indicating the presence of two 
and three 1-alkyluracil moieties, respectively, per 1 
phosphorus atom (uridine: e261 9700). (4) The composi- 
tion of triuridine 5'-phosphate is also supported by a 
direct phosphorus analysis. ( 5 )  Both compounds are 
resistant to snake venom diesterase. 

In addition to these two triesters, diuridine-5 '-thy- 
midine 3 '-phosphate (IVd) and the corresponding 
isopropylidene derivative (IIId) were also isolated. For 
chromatographic values see Table I. The compound 
IVd was prepared with the intention to demonstrate the 1 3 17 
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phate (dianion) reacts with the cyclonucleoside I at 100" 
to yield an equal mixture of the 2'+5' and 3'-.5' 
diuridine phosphates, instead of forming the natural 
internucleotide linkage exclusively, as had been ex- 
pected. This observation is in agreement with the results 
of our experiments with the monoanionic form of 
uridine 3 '-phosphate. 2 An explanation for this isom- 
erization is provided by the assumption of triester for- 
mation in analogy to our previous findings. As was 
demonstrated by Brown et ai. (1955), the dimethyl and 
dibenzyl esters of uridine 3'-phosphate are unstable over 
the whole pH range. The instability of such phospho- 
triesters is explained by the participation of the vicinal 
hydroxyl group in the hydrolysis. According, the ini- 
tially formed labile di-(2',3 '-0-isopropylideneuridine- 
5 ')uridine 3 '-phosphate (IIIb) should undergo hy- 
drolysis to uridylyl[2'(3 9 4 5  'I-(2 ',3 '-0-isopropyl- 
idene)uridine as outlined in Scheme 11. A transesterifi- 
cation of IIIb leading to 2 ',3 '-0-isopropylideneuridine- 
5-uridine 2',3'-cyclic phosphate (VI) might have al- 
ready occurred in anhydrous medium prior to hydroly- 
sis. Furthermore, Zemlicka and Smrt (1964) have de- 
scribed the partial isomerization of pure uridylyl- 
(3 '-5 ')uridine on treatment with 2 ',3 '-0-isopropyli- 
dene 0 2,5 '-cyclocytidine, and the isolation of uridylyl- 
[2'-(3 '>-5 'I-(2',3 '-04sopropylidene)cytidine. This 
isomerization and exchange reaction may be regarded as 
supporting the view that there is an intermediate forma- 
tion of a labile phosphotriester. On the other hand, it 
appears to be reasonable that the synthesis of pure 
3'+5' isomer may be possible only if this triester for- 
mation is successfully avoided. 

As we found earlier, the formation of phosphodiesters 
can be favored over triesters by choosing a lower tem- 
perature. When the unprotected 3 '-uridylate was al- 
lowed to react with 3-4 equiv of I at 75" for l week, a 
mixture of uridylyl(3 '-5 ')(2 ',3 '-0-isopropy1idene)- 
uridine (IIb), with yields up to 24%, and uridine 2',3'- 
cyclic phosphate (3-6 %) were obtained. Over 95 % of the 
first product was hydrolyzed by pancreatic ribonuclease 
to uridine 3 '-phosphate and 2 ',3 '-0-isopropylidene- 
uridine. Preliminary results have also shown that the 
failure to protect the 2'- and 3 '-hydroxyl groups of the 
cyclonucleoside does not affect the purity of the inter- 
nucleotide linkage. The progress of these studies is 
limited by our inability to obtain the 02,5'-cyclouridine 
in acceptable yields and free from contaminating uridine. 

Possible Mechanism. Due consideration should be 
given also to the mechanism by which the new P-O-C(5 ') 
bond is formed in the general reaction of pyrimidine 
0 2,5 '-cyclonucleosides with phosphomonoesters as 
nucleophiles. The question is whether the new 5 ' -  
phosphate ester linkage is established by a direct attack 
of the phosphate on C-5' of the cyclonucleoside, as 
desired, or through the intermediate attachment of 
phosphate on C-2 of the pyrimidine ring followed by 

I 2 3 4 

ICIUIVALENTS OF CYCLOURIDINE 

FIGURE 1 : Reaction of uridine 5 '-phosphate with cyclo- 
uridine (I) at 130°, 5 hr. (A) Yield of diester IIa; (€4) 
yield of triester IIIa. 

TABLE I :  RF Values of Different Compounds on Paper 
Chromatograms. 

Solvent 

A B C D  

Uridylyl(3 '+5 ')(2',3 '- 
0-isopropylidene)- 
uridine (IIb) 

Uridylyl(5 '-5 ')- 
uridine (V) 

Uridine 2',3 '-cyclic 
phosphate 

Uridine 5 '-phosphate 
Uridine 3 '-phosphate 
Di(2 ',3 '-0-isopropyli- 

deneuridine-5 ')uridine 
5 '-phosphate (IIIa) 

Triuridine 5 '-phosphate 

Di(2 ',3 '-0-isopropyli- 
W a >  

deneuridine-5 ')thymi- 
dine 3 '-phosphate (IIId) 

Diuridine-5 '-thymidine 
3 '-phosphate (IVd) 

p-Nitrophenyl diuridine 
5 '-phosphate (IVc) 

Uridine 
2 ',3 '-0-Isopropylidene- 

uridine 
2 ',3 '-0-Isopropylidene- 

0 2 , 5  '-cyclouridine (I) 

0.32 0.65 

0.14 

0.24 

0.08 
0.07 
0.44 0.39 0.70 0.66 

0.08 0.01 0.26 0.27 

0.45 0.74 0.66 

0.06 0.28 0.42 

0.20 

0.43 0.26 0.54 0.66 
0.75 

0.65 

stability of a triester containing one deoxyribonucleo- 
side 3' linkage under the conditions of this reaction. 

Specific Synthesis of the Natural Internucleotide 
Bond. The discovery of triester formation has special 
consequences for planning the reaction of unprotected 
ribonucleoside 3'-phosphate with cyclonucleosides. 
Zernlicka and Srnrt (1964) found that uridine 3'-phos- 1318 

2 We were not able to increase the yield of the dinucleoside 
phosphates over 50%. The yields of both Zemlicka and Smrt 
(1964) and Mizuno et al. (1965) were calculated from the amount 
of unchanged cyclonucleoside. 

J O S E P H  N A G Y V A R Y  



V O L .  5, N O .  4, A P R I L  1 9 6 6  

SCHEME I1 
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SCHEME I11 

IIIb 

H3C 0x0 CH3 
6 0  x H3C CHB 

IIb 

migration to C-5’ (Scheme 111). The latter case would 
represent a new intramolecular activation of the phos- 
phomonoester group. The answer may be tentatively 
obtained after a study of available information on the 
reaction of various nucleophiles with cyclonucleosides 
(Brown et al., 1957,1958; Chambers and Kurkov, 1963; 
Miller and Fox, 1964; Codington et al., 1964). In 
analogy to other nucleophiles of little basicity, such as 
HS-, Br- and I-, the phosphates may attack either the 
carbon-2 of the pyrimidine ring or the carbon-5’ of the 

( if X i HO-PO,,-) 
cf/“ 

0 0  
HJC CH3 

X 

tH* 

HO, P A  ,/ON 4 
-0’ ‘ 0  N 

HSC O X 0  CH3 

X- = C1-, Br-, 1- 
p-toluenesulfonate, ROP02- 

sugar with similar probability. Contrary to this, it was 
proved that the hydrogen ion catalyzed cleavage of the 
0*,3’-cyclonucleoside ether linkage takes place at the 
ribose carbon under the inversion thereof (Fox and 
Miller, 1963; Miller and Fox, 1964; Codington et al., 
1964). As the monoanionic form of phosphate can pro- 
duce at elevated temperature simultaneously its more 
nucleophilic conjugate base and Hf ions, the direct 
formation of the 5’-diester linkage in our experiments is 
very likely. The greater steric accessibility of the pri- 
mary carbon (5’) in I for nucleophilic attack in com- 
parison with the isomeric nucleosides containing sec- 
ondary (2’ or 3’) ether linkages gives further support to 
this hypothesis. 

Conclusion 

This work is of theoretical interest since it represents 
the first successful effort to utilize an unprotected ribo- 
nucleotide in the specific synthesis of the natural 
(3‘-5’) internucleotide linkage. On the other hand, it is 
not likely that the phosphodiester formation cia cyclo- 
nucleosides can be utilized in the practical synthesis of 
ribooligonucleotides without protecting the 2’-hy- 
droxyl group. The success of both stepwise synthesis 
and polymerization requires the improvement of yields 
and the ready availability of phosphorylated cyclo- 
nucleosides. Work in this direction is advancing in our 
laboratory (Nagyvhry, 1965). 

The reaction of phosphodiesters with cyclonucleo- 
sides offers the intriguing possibility of introducing 
branching into the DNA chain. The ready formation 
of trinucleoside phosphates by means of this reaction 
is especially remarkable, because, as far as we are 1319 
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aware, this class of compounds has not been prepared 
before by direct synthesis. 3 The preparation of tri- 
nucleoside monophosphates for biochemical studies 
can now also be undertaken. 

Experimental Section 

Materials 
2 ',3 '-0-isopropylidene-0 2, 5 '-cyclouridine (I) was 

obtained as described below by our modification of the 
general procedure of Michelson and Cohn (1 962) in over 
50 % yield, based upon 2 ',3 '-0-isopropylideneuridine. 

p-Nitrophenyl phosphate and uridine 5 '-phosphate 
were purchased from a commercial source (Sigma). 
Thymidine 3 '-phosphate was prepared according to 
Tener (1961). Uridine 3 '-phosphate was obtained from 
uridine 2'(3')-phosphate (Boehringer, or Schwartz) by 
recrystallizing the disodium salt from alcohol-water. Its 
purity was checked by ion-exchange chromatography 
(Cohn, 1957). These phosphates were stored as pyri- 
dinium salts at - 10" in dimethylacetamide solution 
of known concentration. 

The solvents were purified as follows: Dimethyl- 
acetamide (DMA) and s-collidine were distilled in vacuo 
and stored over molecular sieve (Linde, Type 4A). 
Pyridine and dioxane were first distilled over KOH, 
then refluxed 1 hr over phosphorus pentoxide and re- 
distilled. 

Methods 

Descending paper chromatography for analytical 
purposes was carried out on Whatman No. 1 paper in 
the following solvents : 2-propanol-concentrated am- 
monia-water 7:1:2 (A), 1-butanol saturated with 
water (B), ethanol-OS M ammonium acetate (pH 7.2) 
5:2 (C), and 1-butanol-acetic acid-water 5 :2:3 (D). 

Paper electrophoresis on Whatman No. 3MM paper 
was conducted in a Buchler apparatus (10 vjcm) with 
0.05 M phosphate buffer pH 7.5. Monesters and di- 
esters of phosphoric acid were easily characterized with 
the help of markers. 

All isolation procedures were done by chromatog- 
raphy on Whatman No. 3MM paper sheets which had 
been previously washed at least 1 week in the solvent 
to be used. The spots or bands of the compounds were 
marked under ultraviolet light, cut into small pieces, 
packed into a small column, and eluted with 25 or 50 ml 
of water. The determination of yield or product ratios 
was accomplished by measuring the optical densities 
of the compounds in the form of ammonium salts at 
neutral pH at the wavelength of maximum absorption. 
The use of blanks proved unnecessary. 

Phosphorus was determined according to King 
(1932). The E(P) (Chargaff and Zamenhof, 1948) was 

a Evidence for the formation of some [-phosphate ester linkages 
in course of the synthesis of deoxyribooligonucleotides was 
earlier presented by Weirnann and Khorana (1962), who identified 
the end product of enzymatic degradations as dithymidine-5'- 

1320 thymidine 3'-phosphate. 

experimentally determined as the quotient of the 1-cm 
absorbance at the spectral maximum by the phosphorus 
molarity. 

All evaporations were carried out under reduced 
pressure at temperatures not exceeding 25 '. Drying of 
the reaction mixture containing one of the phosphates 
and the cyclonucleoside occurred by repeated evapora- 
tion from DMA and s-collidine. To the concentrated 
solution (about 0.3 ml), which still contained some s- 
collidine, was added 1.1 equiv of tri-n-butylamine or 
tri-n-octylamine in 1 ml of the solvent employed, and the 
flask was sealed under vacuum. 

An Improved Preparation of 2 ',3 '-0-Isopropylidene- 
02,5'-cyclouridine (I). The general method of Michel- 
son and Cohn (1962) for the preparation of 02,5 ' -  
cyclonucleosides is based upon the reaction of the cor- 
responding tosylate with potassium t-butoxide. We 
found that the strong organic base, N,N '-dicyclohexyl- 
4-morpholinocarboxamidine, which was prepared ac- 
cording to Moffatt and Khorana (1961), can be used 
with considerable advantage. Its tosylate, the by- 
product of the reaction, shows good solubility in metha- 
nol-ether, and so it can be separated from the insoluble 
cyclonucleoside by repeated precipitation in anhydrous 
medium. 

Amorphous 5 '-p-tosyloxy-2 ',3 '-0-isopropylideneuri- 
dine was prepared according to Levene and Tipson 
(1 934) and was crystallized from acetone-benzene. 
When dried at room temperature and 0.05 mm for 5 
hr, the crystals retained 1 mole of benzene (mol wt 
516.5; mp 146-147"). A slight excess of the tosylate (2.1 
mmoles, 1.086 g) and the carboxamidine base (2.0 
mmoles, 590 mg) were separately freeze-dried from 
dioxane; then they were dissolved and mixed together in 
20 ml of dioxane containing about 10% of DMA. The 
sealed flask was warmed for 4 hr at 80 " (or 18 hr at 45 ") ; 
the solution was then dropped into 100 ml of dry ether. 
After 1 hr at 0" the precipitate was filtered off, dissolved 
in methanol, and precipitated again with an excess of 
ether. The white amorphous powder (505 mg) con- 
tained only a negligible amount of the organic salt, as 
was ascertained by ultraviolet absorption measurements 
at 220 and 240 mp, and so it could be used in the follow- 
ing experiments. Crystallization from methanol-ether 
gave 432 mg (78%:) of pure 2',3'-O-isopropylidene- 
0 2 , 5  '-cyclouridine (I), which had the same ultraviolet 
and chromatographic values and decomposition point 
as reported by Brown et al. (1957). 

The Reaction of Uridine 5'-Phosphate with Cyclo- 
uridine (I). A. AT HIGH TEMPERATURE. Monotri-n- 
butylammonium (or s-collidinium) uridine 5 '-phos- 
phate (0.063 mmole) was mixed with 1-4 equiv of cyclo- 
uridine (I) which was dissolved in 1 ml of DMA, and 
the mixtures heated at 130" for 5 hr in sealed tubes. In 
order to separate the phosphate anions from the un- 
charged material, the reaction mixtures were diluted 
with acetone-water (1 : 1) and each was passed through 
a 1 X 20 cm Dowex 1-X8 (formate) column. Each 
column was washed with 100 ml of acetone-water and 
the total eluates were concentrated. Each concentrate 
was applied to three 18-cm wide Whatman No. 3MM 
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paper strips which then were developed in solvent B. 
A test for phosphate with the Hanes-Isherwood reagent 
(1949) gave a negative result. Bands at RF 0.75 and 0.62 
corresponding to 2 ',3 '-0-isopropylideneuridine and 
cyclouridine (I) were discarded. The bands at RF 0.40, 
which were present in increasing width in expt 2-4, were 
eluted with butanol-water. The amounts of this sub- 
stance, which represents the triester IIIa, were deter- 
mined by measuring the ultraviolet absorption at 261 
mp and were found to be 180, 730, and 1090 ODU 
in expt 2-4, respectively (1 mmole of uridine corresponds 
to 9700 ODU). The nucleotides which were absorbed on 
the ion-exchange columns were resolved into IIa and 
uridine 6'-phosphate by elution with a linear gradient 
(0.01-0.15 M) of ammonium formate pH 7.5. After re- 
peated freeze-drying the amounts of uridylyl(5 '-5 ')- 
(2',3 '-0-isopropy1idene)uridine (Ha) in expt 1-4 were 
determined to be 250, 370, 380, and 260 ODU. The 
yields of products in this reaction are depicted in Figure 
1. Recoveries were between 80 and 90 %. 

B. AT 75". Four tubes of the same content as above 
were kept at 75" for 1 week. Paper chromatograms de- 
veloped in solvent B showed the absence of triester IIIa 
in all cases. The diester IIa was isolated by means of 
paper chromatography in solvent A. The yields were 
3, 13, 22, and 3 2 z ,  respectively, as determined spectro- 
photometrically. 

Triuridine 5'-Phosphate (ZVu). One portion of the 
nonionic compound IIIa was freeze-dried from water 
and dried at 80" and 0.02 mrn for 5 hr over phosphorus 
pentoxide. Anal. Calcd for the water-free formula C ~ O -  
H41N601913 (820.6) P: 3.8x. Found: 3 .4z .  The lower 
value suggests the presence of water or some contamina- 
tion, possibly from paper. Efforts to crystallize the com- 
pound were without success. 

Under acidic conditions, e.g., under reflux in 8 0 x  
acetic acid for 60 min or in 0.1 N HCl at room tempera- 
ture for 1 day, the protecting groups can be eliminated 
and triuridine 5'-phosphate (IVa) is formed. For chro- 
matographic values see Table I. Neither IIIa nor IVa 
migrates on electrophoresis at neutral pH. The un- 
protected triester exhibited in two determinations of 
E(P) the values 28,100 and 30,000, well in accord with 
the presence of three uridine moieties (€261 9,700) in the 
molecule. 

A further support for the formula IVa for the non- 
ionic compound was obtained from the results of alka- 
line hydrolysis. In a qualitative experiment 10 OD units 
of the triester was heated in excess of 0.1 N KOH at 
80" for 4 hr. Electrophoretic analysis of the mixture 
at pH 7.5 indicated partial hydrolysis to a diester; traces 
of uridine 5 '-phosphate were also detected. 

Attempts to enzymatically hydrolyze the triester IVa : 
10 ODU of this material was incubated with 20 pg of 
purified snake venom diesterase (Worthington) in 0.05 
ml of 0.1 M Tris buffer, pH 8, at 37 O for 6 hr. No change 
was observed on the paper chromatogram after this 
time. Under the same conditions, the diester was com- 
pletely degraded to uridine 5 '-phosphate and uridine. 
Its stability in dilute KOH at 40" during 24 hr com- 
bined with the previous findings sufficiently identified 

this compound as uridylyl(5 '+5')uridine (V). 
p-Nitrophenyl Diuridine 5 '-Phosphate (ZVc). Col- 

lidinium p-nitrophenyl phosphate (0.05 mmole) was 
treated with 42 mg (0.15 mmole) of cyclouridine in 1 
ml of DMA at 110" for 10 hr. After acidic cleavage of 
the isopropylidene groups, the isolation followed the 
previously applied combination of ion-exchange and 
paper chromatography. The yield was 30 %. p-Nitro- 
phenyl diuridine 5'-phosphate (IVc) did not migrate on 
electrophoresis in 0.05 M ammonium acetate buffer 
pH 6. Its paper chromatographic mobility in solvent 
B relative to uridine (Ro)  is 0.80. At the absorption 
maximum (263 mp), e(P) = 25,200. Dissolving 6.67 ODU 
of IVc in 10 ml of 0.1 N KOH gave after 20 min at room 
temperature the absorbancy reading A = 0.430 at 
400 mp; calculated A = 0.480. The hydrolysis to p- 
nitrophenol and uridylyl(5 '+5 ')uridine (V) was 
quantitative according to an electrophoretic compari- 
son. Also this triester was stable to purified snake 
venom diesterase. 

Thymidine-3 '-diuridine 5'-Phosphate (ZVd). Col- 
lidinium thymidine 3 '-phosphate (0.05 mmole) and 
42 mg (0.1 5 mmole) of cyclouridine in 1 ml of DMA were 
heated at 130" for 5 hr. The isolation of thymidine- 
3 '-di42 ',3 '-0-isopropylideneuridine-5 ')phosphate (IIM) 
and its acidic hydrolysis to IVd were carried out as 
described for IIIa. The yield for IIld was 45%. For 
paper chromatographic values see Table I. 

The Reaction of Uridine 3'-Phosphate with Cyclo- 
uridine ( I ) .  A. AT 70-75". SYNTHESIS OF URIDYLYL- 

(3 '+5 ')(2',3 '-0-1SOPROPYLIDENE)tJRlDINE (IIB). TO 
0.1 mmole of monotri-n-octylammonium uridine 3 '- 
phosphate was added 107 mg (0.4 mmole) of cyclo- 
uridine (I) in 2 ml of acetonitrile-DMA (or dioxane- 
DMA) 9: 1. The sealed flask was kept at temperatures 
between 70 and 75" for 1 week. After exchange of the 
cation to NH4+ on a small Dowex 50 column, the con- 
centrated solution was applied to three 25-cm wide 
Whatman No. 3MM paper strips. Solvent B was al- 
lowed to run beyond the length of the 45-cm paper in 
order to separate the remaining cyclouridine 2',3 '-0- 
isopropylideneuridine and traces of uridine far enough 
from the nucleotidic material. After drying, the same 
sheets were developed with solvent A for 24 hr, by which 
time the separation of the four bands containing phos- 
phorus was satisfactory. The elution was carried out 
with water, and four fractions were obtained. 

Fraction 1 consists of 382 ODU of uridylyl(3'-5')- 
(2',3 '-0-isopr0pylidene)uridine (IIb); yield 19 z. Its 
chromatographic values are given in Table I. This sub- 
stance (10 ODU) and 20 pg of crystalline ribonuclease 
(RNAase) (Worthington) were incubated in 0.05 ml of 0.1 
M Tris-chloride buffer, pH 8.0, at 37" for 2 hr. A direct 
examination of the mixture by paper chromatography 
in solvents A and 8 and by electrophoresis showed that 
about 96z of Ilb was degraded to a 1 :1 mixture of 
uridine 3 '-phosphate and 2',3 '-0-isopropylideneuri- 
dine. 

Fraction 2 (23 ODU) was completely hydrolyzed by 
RNAase to uridine 3 '-phosphate. In chromatogram and 
electrophoresis it was identical with uridine 2',3 '- 1321 
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cyclic phosphate. The ratio of this substance showed 
significant variation in parallel experiments. Fraction 3 
(62 ODU) was not identified. It was not entirely sepa- 
rated from fraction 4 (508 ODU) which contained the 
unreacted monoester. 

The lowest temperature at which the formation of the 
diester was still observed was 60"; the yield, however, 
was less than 10 %. 

B. REACTION AT 130". SYNTHESIS OF umYLn[2'- 
(3 '>-5 '](~',~'-O-I~OPROP~IDENE)URIDINE. Monotri- 
n-octylammonium 3 'uidylate (0.05 mmole) and 
52 mg of cyclouridine (I) were dissolved in 1 ml of 
dioxaneDMA (9:1), sealed in vacuo, and heated at 
130" for 5 hr. The products were isolated as described 
above. The best yield of the dinucleoside phosphate 
fraction was 50 %. An aliquot of this was half degraded 
by pancreatic RNAase, which indicates that the mixture 
consists of equal amounts of the two isomers. 
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