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Experimentala6 

Materials.-Chlorophylls a and b were prepared from spinach 
by the procedure of Strain, et ~ 1 . ~  The methyl chlorophyllides 
a and b were prepared from cockleburr by the in situ reaction 
with methanol; details of this procedure will be described else- 
where. Pheophytins a and b and methyl pheophorbide b were 
prepared from the corresponding chlorophylls following well- 
described procedures.35 Methyl pheophorbide a was kindly 
donated by Professor R .  B .  Woodward. Deuteriochloroform 

(35) The  complete numerical chemical shift values of compounds I-IV 
a t  the  various concentrations studied and the  methanol shift values of com- 
pounds I and I1 are available upon request. 

(36) H. Fischer and H. Orth, “Die Chemic des Pyrrols,” Vol. 112, Aka- 
demische Verlagsgerellschaft, Leipzig, 1940. 

and methanol-& were commercial samples (Volk) and were used 
without further purification. 

N.m.r. Spectra.-The n.m.r. spectra were recorded on Varian 
spectrometer systems D P  60, D P  40, and A60. Chemical shifts 
were measured by the conventional side-band techniques using 
Hewlett-Packard oscillators and frequency counters. Chemical 
shifts of the spectra determined on the A60 spectrometer were 
read off the calibrated charts. No particular care was taken to 
control the temperature of the samples; accordingly, tempera- 
tures varied from 28-37”. 

Spin decoupling experiments were carried out using wide-line 
equipment of the D P  spectrometers. Field modulation was 
applied with a Hemlett-Packard 200CD oscillator connected to 
the Varian \7-4250A sweep unit. Phase sensitive detection was 
carried out with the lock-in amplifier V-4270A. The spectra 
were recorded as the audiofrequency modulation side bands, 
while the main radiofrequency field H I  served as the decoupling 
field. 
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The following protected derivatives of the four major deoxyribonucleosides have been prepared : 5’-O-mono- 
p-methoxytrityl- and 5‘-O-di-p-methoxytritylthymidine from thymidine and the appropriate trityl chloride; 
ri-benzoyl- and N-anisoyldeoxycytidine and from these the corresponding 5’-0-trityl-, 5‘-O-mono-p-methoxy- 
trityl-, and 5‘-O-di-p-methoxytrityl- derivatives; N,N,03’,05’-tetrabenzoyldeoxyadenosine and N-benzoylde- 
oxyadenosine ; and from the latter, the corresponding 5’-O-mono-p-methoxytrityl- and 5‘-O-di-p-methoxytrityl- 
derivatives; 3’,5’-di-O-acetyldeoxyguanosine, N-di-p-methoxytrityl-03’,O6‘-diacetyldeoxyguanosine, N-di-p- 
methoxytrityldeoxyguanosine, and N,05‘-bis-di-p-methoxytrityldeoxyguanosine. Phosphorylation of 5’-O-di-p- 
methoxytritylthymidine, of S-benzoyl-5’-O-di-p-methoxytrityldeoxycytidine, of N-benzoyl-5’-O-di-p-methoxy- 
trityldeoxyadenosine, and of N,O6’-di-p-rnethoxytrity1deoxpguanosine with a mixture of P-cyanoethyl phos- 
phate and dicyclohexylcarbodiimide followed by removal of the protecting groups gave excellent yields of thy- 
midine-a’, deoxycptidine-3’, deoxyadenosine-3 , and deoxyguanosine-3’ phosphates, respectively. A sensitive 
colorimetric method for the estimation of compounds containing the di-p-methoxptrityl group is described. 

General Introduction.-Of the two possible ap- 
proaches to  the synthesis of the naturally occurring 
internucleotidic linkage from two protected nucleoside 
or nucleotide components, the first is that  in which a 
protected deoxyribonucleoside-5’ phosphate is con- 
densed with the 3’-hydroxyl group of a second suitably 
protected component.2a,2b,4’5 In the second approach 
a protected nucleoside-3’ phosphate is condensed with 
the 5’-hydroxyl group of a second suitably protected 
nucleoside, nucleotide, or an oligonucleotide. 2 c , 4  Both 
approaches have previously been investigated for the 
synthesis of deoxyribo-oligonucleotides2~4 and the first 
approach was concluded to be superior.6-8 Therefore 

(1) Paper XXIII: W. Fiers and H. G. Khorana, J .  Bioi. Chem., 286,2789 
(1963). 

(2) Previous papers which deal directly with this topic: (a) P. T. Gil- 
ham and H.  G. Khorana, J .  A m .  Chem. Soc., 80, 6212 (1958), (h) 81, 4647 
(1959); (c) G. Weimann and H.  G. Khorana, i b i d . ,  84, 419 (1962). 

(3) This work has been supported by grants from the  National Science 
Foundation, Washington, D .  C. ,  the National Cancer Institute of the Na- 
tional Institutes of Health, Bethesda, Md.,  and the Life Insurance Medical 
Research Funds,  R-ew York, S. Y. 

(4) H. G. Khorana, “Some Recent Developments in the  Chemistry of 
Phosphate Esters of Biological Interest ,” John Wiley and Sons, Inc., New 
York, N.  Y., 1961, Chapter 5.  

(5) H .  G. Khorana in “The  Nucleic Acids,” Vol. 111, E. Chargaff and J. K, 
Davidson, Ed.,  Academic Press, Inc. ,  3’ew York, X. Y., 1960, p. 105. 

(6) The  considerations leading to  this conclusion are: (1) It is rather 
impractical to  prepare suitably protected deoxyribonucleoside-3‘ phosphates 
with alkali-labile groups on the amino groups and acid-labile groups such as 
di-p-methoxytrityl group on the  5’-position. For example, as  demonstrated 
in the  Experimental section, the di-p-methoxytrityl group in S-benzoyl-5‘- 
di-p-methoxytrityldeoxyadenosine-3’ phosphate is extremely labile to acid 
and yet complete removal of the group cannot be carried out selectively 
prior t o  removal of the N-benzoyl group since the  glycosyl bond in the K- 
henzoyldeoxyadenosine moiety is also extremely sensitive t o  acid. (2) 
The  yields of internucleotide bonds using stoichiometric amounts of the two 
components were lower than  usual when bulky substituents are present 
in the  nucleotide component as, for example, 5’-O-tritylthymidine-3’ phoc 

this approach has formed the basis of further syste- 
matic studies of the synthesis of deoxyribopolynucleo- 
tides, which are the subject of the present series of 
papers. 

In the first phase of this work the preparation of 
suitably protected derivatives of the major deoxy- 
ribonucleosides was undertaken. This is the main 
theme of the present paper. The next phase involved 
study of the internucleotide bond formation between 
different nucleosides and nucleotides, since differences 
in reactivities could have been expected. This phase 
of the study is reported in the following paper.g Two 
subsequent paperslO,ll report on the synthesis of deoxy- 
ribo-oligonucleotides containing different nucleosides in 
known sequences. Brief reports of portions of this 
work have already appeared. 
phate (ref. 2c, 8, and 9) .  A component bearing the  free 5‘-hydroxyl 
group and a preformed diester bond is not completely stable in the presence 
of the carbodiimide reagent; for example, thymidylylL(3’ - 5’)-3’-0~acetyl- 
thymidine reacted in dry pyridine with dicyclohexylcarbodiimide to  form 
small amounts of new products.2c Furthermore, triester formation was 
detected by interaction of an activated diester with the  primary hydroxyl 
group of 3’ -O-a~etyI thymidine .*~  Side reactions of this type have not been 
encountered with components which bear the secondary 3’-hydroxyl group. 
(4) The ready availability of deoxyribonucleoside-5’ phosphates is of 
practical significance. 

(7)  I t  should be emphasized tha t  the analysis described6 applies to  work 
in the deoxyribonucleotide series. In  the stepwise synthesis of ribo-oligo- 
nucleotides the favored and, in fact, the only, practical approach has been 
shown to  be tha t  which starts from protected ribonucleoside-3‘ phosphates: 
D. H .  Rammler and H. G. Khorana, J .  A m .  Chem. Soc.,  84, 3112 (1962); 
D. H.  Rammler,  Y .  Lapidot, and H. G.  Khorana, i b i d . ,  86 ,  1989 (1963); 
Y. Lapidot and H. G. Khorana, ib id . ,  86, 1363, 3852 (1963). 

(8) G. Weimann and H. G. Khorana, i b i d . ,  84, 4329 (1962). 
(9) H. Schaller and H .  G. Khorana, i b i d . ,  86, 3828 (1963). 
(10) G. Weimann, H. Schaller, and H .  G.  Khorana, ibid. ,  86, 3835 

(1963). 
(11) H .  Schaller and H. G. Khorana, ib id . ,  86, 3841 (1963). 

(3) 
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Protected Deoxyribonuc1eosides.-The classical pro- 
tecting group, triphenylmethyl (trityl), did not prove 
generally satisfactory for synthesis in the deoxyribo- 
nucleotide fieldZaszb because of the acidic lability of the 
glycosyl bonds in purine deoxyribonucleosides. Groups 
like the trityl in their specificity but more labile to acid 
were therefore sought and the p-methoxy-substituted 
derivatives of the trityl group proved satisfactory.14 
In the present work, 5’-O-monomethoxytrityl- l5 and 
di-p-rnetho~ytri tyl-~~ thymidines were prepared by the 
reaction of the appropriate methoxytrityl chloride with 
thymidine. 

Early experiments on the formation of deoxy- 
cytidylyl-(3’ + 5’)-thymidine by reaction of 3’-0- 
acetylthymidine-5‘ phosphate with 5’-O-trityldeoxy- 
cytidine showed that the reaction occurred prefer- 
entially with the 6damino group of the cytosine ring.16 
Similarly, interference from the amino group of the 
adenine ring was also observed in the synthesis of the 
trinucleotide thymidylyl- (3 ’ + 5‘)  -deoxyadenylyl- 
(3’ + 5‘)-deoxy~ytidine.~~ From these results, the 
need for protecting the amino groups in the different 
nucleosides became clear and, therefore, in the po- 
lymerization studies suitably protected deoxyribo- 
nucleoside-5’ phosphates were In the pres- 
ent work protected derivatives of deoxycytidine and 
deoxyadenosine containing only the 3’-hydroxyl group 
free have been obtained by first preparing the mono- 
N-benzoyl or anisoyl derivatives and from the latter 
the 5’-O-di-p-methoxytrityl derivatives. Thus deoxy- 
cytidine was converted to the N,3’,5’-tribenzoyl or 
trianisoyl derivative by reaction with benzoyl or 
anisoyl chloride, respectively. Alkaline treatment of 
these derivatives under carefully controlled conditions 
gave the N-benzoyl- and N-anisoyldeoxycytidines in 
good yield. Subsequent reaction with mono- or di- 
p-methoxytrityl chloride gave the appropriate 5’-0- 
methoxytrityl derivatives.20 In the case of deoxy- 
adenosine, benzoylation gave N, N,03’, 05’-tetrabenzoyl- 
deoxyadenosine and subsequent alkaline treatment 
again gave the mono-N-benzoyl derivative in good 
yield. I t  is of interest that  in the attempted prepara- 
tion of N-anisoyldeoxyadenosine from the polyanisoyl 
derivative by alkaline treatment, the major reaction 
was the cleavage of the glycosyl bond to give N- 
anisoyladenine. 

Acetylation of deoxyguanosine so as to prepare 
N,3’,5’-triacetyldeoxyguanosine did not proceed satis- 
factorily,21 although in the case of deoxyguanosine-5’ 
phosphatelg acetylation of the ring occurred readily.22 

(12) H. Schaller and H. G. Khorana, Chcm. I n d .  (London), 699 (1962). 
(13) H. Schaller, G. Weimann, and H. G. Khorana, J. A m .  Chem. SOL.,  

(14)  M .  Smith,  D.  H. Rammler, I. H. Goldberg, and H. G. Khorana, 

(15) These are abbreviations, respectively, for pmethoxyphenyldiphenyl- 

(16) B. Lerch and H. G. Khorana, unpublished experiments. 
(17) H .  G. Khorana, A. F. Turner,  and J. P. Vizsolyi. J. A m .  Chem. Soc., 

(18) R .  K. Ralph and H. G. Khorana, ibid., 83, 2926 (1961). 
(19) R .  K .  Ralph, W. J. Connors, H.  Schaller, and H. G. Khorana, ibid. ,  

86, 1983 (1963). This work was partly done concurrently with t h e  present 
work and some experiments with the di-p-methoxytrityl group for protecting 
the  amino group in deoxyguanosine-5’ phosphate are also reported there. 

(20) Early in  the present work, 5’-O-trityldeoxycytidine was prepared by 
the  method of A. M .  Michelson and A. R.  Todd [ J .  Chcm. Soc.. 34 (1954) 1 and 
this was allowed to  react with a limited amount of benzoic anhydride. N- 
Benz~yl-5’-0-trityldeoxycytidine was obtained as  the  major product (see 
Experimental). 

(21)  A part  of the  cause of failure t o  accomplish N-acetylation could be 
due t o  t h e  insolubility of 3’,5’-di-O-acetylguanosine which separates from the  
reaction mixture. More recently, using the  base tri-n-hexylethylammonium 
hydroxide t o  solubilize the  nucleoside and carrying out the  acetylation over 
prolonged periods, i t  has proved possible to  acetylate the  guanine ring in 
deoxyguanosine. 

(22) Comment on this difference in rates has been made elsewhere (ref. 19). 

85, 355 (1963). 

ibid. ,  84, 430 (1962). 

methyl and di-p-methoxyphenylphenylmethyl groups. 

88, 686 (1901). 

The major product from deoxyguanosine was 3’,5’- 
di-O-acetyldeoxyguanosineZ1 in agreement with the 
finding of the previous workemZ3 The ring-substi- 
tutedZ4 derivatives prepared included N-di-p-methoxy- 
trityl-3’,5’-diacetyldeoxyguanosine from 3/,5’-diacetyl- 
deoxyguanosine, and N-di-p-methoxytrityldeoxy- 
guanosine by removal of the acetyl groups. N,5’-O- 
Bis-p-methoxytrityldeoxyguanosine was prepared in 
good yield by direct treatment of deoxyguanosine with 
di-p-methoxytrityl chloride. This last derivative 
served well for a number of syntheses,* including that 
of deoxyguanosine-3’ phosphate (see below). 

Deoxyribonucleoside-3 ’ Phosphates and Certain 
Derivatives.-Phosphorylation of j’-O-di-p-methoxy- 
tritylthymidine, N-anisoyl-5’-di-p-methoxytritylde- 
oxycytidine, N-benzoyl-5’-O-di-p-methoxytrityldeoxy- 
adenosine, and N,5’-O-bis-di-p-methoxytrityldeoxy- 
guanosine with a mixture of 0-cyanoethyl phosphate 
and dicyclohexylcarbodiimidezc~25 (DCC) gave the corre- 
sponding 3’-cyanoethyl phosphates in excellent yields. 
In all these products the selective removal of the 
0-cyanoethyl group by mild alkaline treatment was 
practical and the 3’-phosphates were isolated in high 
yield. A side product encountered in these phos- 
phorylations had the properties of the corresponding 
unsymmetrical pyrophosphate I1 and most probably 
arose from I during alkaline treatment to remove the 
P-cyanoethyl group. Compounds of the type I1 

II II II I1 
0 0  0 0  

I I 1 I 
ROP--O-P-OCH~CHZCN + ROP-O-P-O- 

I 6- 
OCHzCHzCN I 

0- 0- 
I1 

would be expected to have considerable stability and 
these must have partly survived during the initial treat- 
ment of the anhydrous phosphorylation mixtures with 
water. 

In the case of the phosphorylation product of pro- 
tected deoxycytidine, it was possible to remove the 
5’-0-di-p-methoxytrityl group selectively by acidic 
treatment and N-anisoyldeoxycytidine-3’-P-cyano- 
ethyl phosphate was isolated. However, in deoxy- 
adenosine derivatives, the glycosyl bond was too labile 
to permit the isolation of N-benzoyldeoxyadenosine-3’ 
phosphate or its cyanoethyl ester. On the other hand, 
by selective removal of the N-benzoyl group, the 
preparation of 5’-O-di-p-methoxytrityldeoxyadenosine- 
3’ phosphate was possible. 

The four deoxyribonucleoside-3‘ phosphates were 
checked carefully for purity and further characterized 
by resistance toward the 5’-nucleotidase in Crotalus 
adamaizteus venom. The present methdds give prac- 
tical yields of these compounds and of their protected 
derivatives mentioned above. It should be noted that 
previouslyz3 the preparation of the purine deoxy- 
ribonucleoside-3’ phosphates, in particular, has been 
far from satisfactory. I t  is possible that one reason 
for the low yields was the lack of protection of the 
amino groups. Even in the case of 5’-O-trityldeoxy- 
cytidine, the yield of the isolated deoxycytidine-3’ 
phosphate was rather l 0 w . * ~ 3 ~  

(23) D. H. Hayes, A. M .  Michelson, and A. R. Todd, J .  Chem. SOL., 808 
(1955). 

(24) The  exact position of the tritylation on the  guanine ring is not 
known with certainty. Elsewhere,:g comments have been made on the site of 
acylation in the guanine ring. Alkylations have been proved to  occur a t  
the N-7 position in the  guanine ring [ e . & ,  P. Brooks and W. D. Lawley, 
J. Chem. SOC.. 3927 (1961). J. A. Haines, C .  B. Reese, and A. R Todd, 
ibid., 5281 (1962); J. W.  Jones and R.  K .  Robins, J .  A m .  Chcm. Soc., 85, 
193 (1963)l. From the  properties of the trityl derivatives i t  seems doubtful 
if this group is a t  N-7 position. 

(25) G. M.  Tener, ibid., 83, 159 (1961). 
(26) A. M. Michelson and A. R .  Todd, J .  Chcm. SOL..  34 11954). 
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During the present work, the methoxytrityl deriva- 
tives of nucleosides were detected on paper chromato- 
grams by virtue of the characteristic color formed' on 
spraying the chromatograms with acid (see also ref, 2c). 
The formation of the color has been made the basis of a 
sensitive quantitative method for the determination of 
di-p-methoxytrityl derivatives. 

The protected nucleosides described in this paper 
have also proved useful in the synthesis of p-nitro- 
phenyl esters of deoxyribonucleoside-3'  phosphate^.^^ 

Experimental 
General Methods.-Paper chromatography was performed by 

the descending technique using mostly Whatman 40 paper 
The solvent systems used were: solvent -4, isopropyl alcohol- 
concenttated ammonia-water, 7 :  1 : 2 ;  solvent B,  n-butyl alcohol- 
acetic acid-water, 5 : 2  :3; solvent C, ethyl alcohol-1 Mammonium 
acetate (pH 7 . 5 ) ,  7 :  3 ;  solvent D ,  n-propyl alcohol-concentrated 
ammonia-water, 5 5 :  10 :35. Paper electrophoresis was per- 
formed in a high voltage (4000 v . )  apparatus in which the paper 
was immersed in water-cooled high boiling petroleum fraction 
(Varsol). 

The trityl-containing compounds were made visible on paper 
chromatograms after spraying the chrornatograms with the 
perchloric acid spray and warming in an oven. The compounds 
containing mono-p-methoxytrityl group appeared yellowish 
orange; those containing di-p-methoxytrityl group appeared 
orange-red. 

Tests for resistance toward the 5'-nucleotidase of Crotalus 
adamanteus snake venom were performed as follows: The 
nucleotide solution (about 1 pmole), water (0.05 ml.), and am- 
monium carbonate (0.01 ml. of 2 M )  were mixed to  give a total 
volume of 0.09 ml. A freshly prepared solution (10 mg. of 
lyophilized venom/ml. of 0.05 ik' T R I S  hydrochloride buffer, 
pH 8, 0.01 ml . )  was.added and the mixture incubated a t  37". 
Under these conditions thymidine-5' phosphate was converted 
quantitatively to  thymidine in under 1 hr. ,  while the deoxy- 
ribonucleoside-3' phosphates described in this paper were totally 
resistant up to 5-hr. incubation periods. 
5 '-0-Dimethoxytritylthymidine .-To a suspension of thymidine 

(2.43 g. 10 mmoles) in dry pyridine (10 ml.), di-p-methoxytrityl 
chloride (3.50 g. 10.35 mmoles) was added and the mixture 
shaken. Clear solution resulted within 5 min., followed by the 
separation of some crystals, presumably, of pyridine hydro- 
chloride. The  mixture was kept for 4 hr.  at room temperature 
and to it was then added 1 ml. of methyl alcohol. The solu- 
tion was concentrated to a gum at low temperatureand chloroform 
(20 ml.) and water (10ml.)  wereadded. Thechloroformlayer was 
washed with water and then dried over sodium sulfate. Evapo- 
ration of the solvent gave a gum which was dissolved in 200 ml. of 
hot benzene. Cyclohexane was added carefully until a. faint tur-  
bidity appeared. On storage a t  room temperature, 5'-O-di-p-meth- 
oxytritylthyxnidine was obtained in a crystalline form. I t  was 
collected by filtration and washed with a mixture of cyclohexane 
and benzene (1 : l ) .  The yield was 5.07 g. (93(;2), m.p.  116- 
118. ilfter recrystallization from the same solvent mixture, 
the yield was 4.65 g.  (85%), m.p. 123-124". The ultraviolet 
absorption characteristics in methyl alcohol were: A,,, 269 
and 234 mp, A,,, 254 mp, e m  11,600, e z 4  23,000, e264 8400. 

Anal. Calcd. for C3LH3207NZ (544.61): C ,  68.50; H ,  5.93; 
S, 5.15. Found in a sample dried a t  100'underhighvacuum for 
12 hr.  (w t .  loss, 0.7Ljc): C,  68.62; H, 5.93; S ,  4.87. 

The rate of hydrolysis of the di-p-methoxytrityl group in the 
above compound in SOC,: acetic acid at room temp. was de- 
termined as follows: A solution of the substance (4.32 mg.) in 
1 ml. of 8Oc/;- acetic acid was kept +t room temperature Aliquots 
were removed after I ,  2,  3 ,  and 10 min., and diluted with a 
mixture of water and chloroform. The chloroform layer was 
removed and the aqueous layer made up to a known volume for 
spectrophotometric determination of the thymidine present. 
Hydrolysis was essentially complete in 15 min.,  the half-life 
being 1.9 min. a t  26". 
5'-0-Mono-p-methoxytritylthymidine.-Thymidine (2.42 g., 

:i) mmoles) was treated in dry pyridine (20 ml.) with mono-p- 
methoxytrityl chloride (3.11 g. ,  10.1 mmoles) for 15 hr.  at room 
temperature. Some methyl alcohol was then added and the 
total solution concentrated to a small volume. A mixture of 
chloroform (100 ml.) and water (100 ml.)  was added and the 
chloroform layer separated, washed with water, and dried over 
d i n m  sulfate. The aqueous layer was found to contain 0.305 
mnivle of unreacted thymidine as determined spectrophoto- 
iiietrically . The dry chloroform solution was evaporated and 
the residue re-evaporated a few times from chloroform to remove 
rcsidual pyridine. The residue was redissolved in a small volume 
of chloroform and the solution applied to a column of aluminum 
- 

(27) W. Fiers and H. G .  Khorana, J .  Biol. Chcm , 288, 2781 (1963). 

oxide (100 g., deactivated with 10 ml. of water). The column 
was eluted with chloroform (100 ml.) and then with chloroform 
(250 ml . )  containing 5% methyl alcohol. Fractions of 10-ml. 
volume were collected. Fractions 5-7 contained p-methoxy- 
tritanol or its methyl ether; fractions 10-28 contained ultra- 
violet-absorbing material and after evaporation the desired 
product was precipitated from a concentrated methyl alcohol 
solution by the addition first of benzene (100 ml.) and then an 
excess of ether (800 tnl.). The precipitate was collected and 
washed with ether. The filtrate was concentrated and the con- 
centrate rediluted with ether to give more precipitate. The  
total yield of the two precipitates was 4.22 g. (82%) m.p. 103- 
105'. This product was free from thymidine and was homo- 
geneous by paper chromatography in solvents h and C. A 
further amount (about 500 mg.) of the same product was present 
in the mother liquor from the above precipitation (this amount 
being estimated spectrophotometrically). 

Anal. Calcd. for C30H30x206 (514.48): C, 69.95; H ,  5.88; 
N,  5.45. Found: C, 70.27; H ,  6.36; N,  5.38. 

The rate of hydrolysis in 80% acetic acid at 27" was de- 
termined. The half-life was 8.5 min.; complete hydrolysis 
occurred in 1.5 hr . 

Phosphorylation of 5 '-0-Dimethoxytritylthymidine. Isola- 
tion of Thvmidine-3' Phosuhate.-A mixture of Dvridinium 
0-cyanoethil phosphate (0.2-mmole) and 5'-O-dimeih&xytrityl- 
thymidine (45 mg.) was rendered anhydrous by repeated evapora- 
tion of pyridine solution. The dry mixture was dissolved in 
dry pyridine (1 ml.)  and DCC (206 mg., 1 mmole) was added. 
The sealed mixture was kept a t  room temperature for 3 days. 
Water (0.5 ml.) was then added and the mixture evaporated 
repeatedly after additions of water. The residue was heated in 
807; acetic acid for 15 min. The sole product as determined by 
chromatography in solvent A was thymidine-3' P-cyanoethyl 
phosphate. The latter on treatment with sodium hydroxide 
was converted quantitatively to  thymidine-3' phosphate. The 
latter product was homogeneous and was resistant to the action 
of the 5'-mononucleotide as tested according to the procedure 
described above. 

N-Benzoyldeoxycytidine.-Deoxycytidine (915 mg., 4 mmoles) 
was benzoylated in dry pyridine (20 ml.) with 2 ml. of benzoyl 
chloride for 1 hr .  a t  room temperature. The total solution 
containing the crystalline pyridine hydrochloride was poured 
into 700 ml. of ice water. The gummy precipitate which formed 
was extracted with ethyl acetate (200 ml.) .  The ethyl acetate 
extract was dried over sodium sulfate and then evaporated to  an 
oil. The product, presumably ~6,03',05'-tribenzoyldeoxycyti- 
dine, was precipitated by the addition of 100 ml.  of ether, 
collected by filtration, and washed with ether. The yield was 
1.96 g. (92% as calculated for N6,03',05'-tribenzoyIdeoxycyti- 
dine). 

The bulk (1.86 g . ,  about 3.6 mmoles) of the above product 
was dissolved in a mixture of tetrahydrofuran (50 ml.), methyl 
alcohol (40 ml.), and water (10 ml.),  and  the solution cooled to 
0'; 10 ml. of 2 N sodium hydroxide was added and the mixture 
stirred a t  0' for 10 min. Dowex-50 (pyridinium form, 10 ml.) 
ion exchange resin was added and the neutral solution, which 
was obtained within 2 min., was filtered and the resin washed 
thoroughly with water. The total filtrate and  washings were 
concentrated to 100 ml. and then extracted with ether to  remove 
benzoic acid. Some of the desired product began to separate a t  
this stage and the aqueous solution was heated to redissolve the 
precipitate. The solution was filtered from a little insoluble 
material and the clear filtrate cooled. P\--Benzoyldeoxycytidine 
separated as a crystalline precipitate and some ether was added 
to complete the crystallization. The total yield in three crops 
(concentration after each crop) was 943 mg. (XI%), m.p. softening 
a t  li4-17So, and on being heated further melted a t  194'. The 
ultraviolet absorption spectrum in water showed A,,,, a t  260 
mp ( e  21,800) and a t  302 mp ( e  11,800); a t  p H  2, A,,, a t  260 
mp ( e  20,900) and a t  305 mp ( e  12,900). In 95'3 ethyl alcohol, 
the characteristics were: Amax 305 nip ( e  9500), 260 mp ( e  20,850), 
A m i n  285 mp ( e  7000), 230 mp ( e  9000). 

Anal. Calcd. for ClaHI;N3Oj: C, 58.00; H, 5.17; N,  12.69. 
Found: C, 57.37; H ,  5.46; S, 12.89. 

N-Benzoyl-5 '-O-trityldeoxycytidine.-5 '-0-Trityldeoxycyti- 
dineM (600 mg., 1.28 mmoles) was treated in anhydrous pyridine 
(5 ml.) with benzoic anhydride (318 mg. ,  1.54 mmoles) a t  room 
temperature for 7 days. The solution was then evaporated, 
the residue dissolved in dichloromethane (10 ml.), and the solu- 
tion applied to a silicic acid column (16 X 1.2 cm.).  The column 
was eluted with 100 ml. of dichloromethane, then a mixture of 
this solvent and chloroform (1 : I ) ,  and finally with chloroform: 
10-ml. fractions were collected. Fractions 18-28 contained 
ultraviolet-absorbing material and after evaporation yielded 508 
mg. (69.5%) of the desired product. This was taken up  in 
acetone, the solution filtered from a little insoluble materiai, and 
the clear filtrate evaporated. The residue was crystallized 
from acetonitrile to give 362 mg. (19.5;;) of the product. Or1 
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heating, the crystals showed sintering a t  200" and darkened at 
230" witholit displaying a melting point. The Rr in both solvents 
A and B was 0.85. The ultraviolet absorption characteristics 
of the product were: AmSx 305 mp ( e  9600), 261 mp ( e  20,500); 
Ami, 285 mp ( e  6900), 241 mfi ( e  13,100). 

N-Benzoyld '-0-monomethoxytrityldeoxycytidine .--N-Benzoyl- 
deoxycytidine (0.243 g. ,  0.743 mmole) was treated in dry 
pyridine (2 ml.) with freshly prepared mono-p-methoxytrityl 
chloride (0.272 g., 0.881 mmole) for 18 hr. Ethyl alcohol was 
then added to destroy any of the unreacted reagent and the 
solution evaporated to  a gum. This was dissolved in 2 ml. of 
chloroform and the solution applied to  a silicic acid (11 9.)  
column. The column was eluted with 50 ml. of chloroform and 
then with chloroform containing 2.5y0 ethyl alcohol, 10-ml. 
fractions being collected. The fractions 9-16 contained the 
desired product (0.415 g., 96.5%) which was recovered by 
evaporation of the solvent. The product could not be obtained 
in a crystalline form. 
-4 solution of the product (855 mg.) in 5 ml. of benzene was 

chromatographedon a column (bed volume 50 ml.) of alumina 
(10% deactivated with water). Elution was carried out with 
benzene (100 ml.), benzene + 570 methanol (200 ml.), benzene + 1Oyo methanol (200 ml.); 13-ml. fractions were collected a t  a 
flow rate of ca. 1 ml./min. After a little of monomethoxytrityl- 
containing material in fractions 3 and 4, benzoyl-5'-O-mono- 
methoxydeoxycytidine was the only product and it was present in 
fractions 14-19. By evaporation and drying under high vacuum, 
818 mg. of the pure product was recovered. The ultraviolet ab- 
sorption characteristics of the product were: A,,, 305.5 mfi ( e  
9600),260mp(e21,600), 233 mp(e23,500); Am,,289 mp ( e  7700), 
226 mp ( e  22,500). 

Anal. Calcd. for C36H33Pi306 (603.65): C,  71.70; H ,  5.53; 
N,6.96. Found: C,  70.33; H, 5.84; N,  6.73. 
N-Benzoyl-5'-O-di-p-methoxytrityldeoxycytidine and N-Ben- 

zoyl-3 ',5'-bis-O-di-p-methoxytrityldeoxycytidine .-Y-Benzoylde- 
oxycytidine (660 mg., 2 mmoles) and di-p-methoxytrityl chloride 
(990 mg., 2.92 mmoles) in dry pyridine (2.5 ml.) were shaken a t  
room temperature. The clear solution which resulted in 10 min. 
was kept for 1.5 hr. (Pyridine hydrochloride separated after 30 
min.) N ethyl alcohol was then added and the solution evaporated 
t o  a gum at low temperature. This was dissolved in a mixture 
of water (10 ml.) and ethyl acetate (10 ml.). The organic layer 
was washed twice with 10 ml. of water and then dried over sodium 
sulfate. The solution was then evaporated, the gum was dis- 
solved in 20 ml. of benzene, and the solution re-evaporated. The 
residue was redissolved in a small volume (2 ml.) of benzene and 
the solution applied t o  the top of an  alumina (100 g., deactivated 
with 15 g.  of water) column (30 X 2 cm. diam.). Elution was 
carried out with 200 ml. of benzene and then with ether; 15-ml. 
fractions were collected. Fractions 4-6 contained a dimethoxy- 
trityl derivative which was nonnucleosidic. Fractions 16-19 (ether 
front) contained some N-benzoyl-bis-di-p-methoxytrityldeoxycy- 
tidine (peak A ) .  Fractions 45-54 contained N-benzoyl-5'-O-di- 
p-methoxytrityldeoxycytidine (peak B) .  The combined fractions 
containing peak A were evaporated to an  oil, which was dissolved 
in ethyl acetate (1 ml.) and ether (10 ml.) .  Cyclohexane (50ml.)  
was then added and the solution concentrated at about 0" zn zlacuo 
to about 10 ml. when the product precipitated. The precipitate 
was collected by filtration, washed with cyclohexane, a n i  dried. 
The yield of this product was 160 mg. (7.5YG), m.p. 124 . The 
ultraviolet absorption characteristics were: Am,, 306 mp ( e  9600), 
a broad shoulder a t  242-255 mp, €260 mlr 24,400, e?36 mp 45,700; 
A,!. 293 (8100) and 223 mp ( e  38,400). 

Anal. Calcd. for CbaHo3N30 (936.08). C, 74.45; H,  5.72; 
N,  4.49. Found: C,  73.39; H ,  5.92; N,4.45.  

The material in peak B (iK-benzoyl-5'-O-di-p-methoxytrityl- 
deoxycytidine, 1.12 g., 1.78 mmoles, 8970) was also precipitated 
from a little acetone, ether, and cyclohexane. The total yield 
was 890 mg. (70yo), m.p. 119". Some more material (100 mg.) 
was recovered from the mother liquor and fractions 40-45 and 
55-65 from the column chromatography described above. 
The ultraviolet absorption characteristics were: A,,, 306 mp 
( e  9700), 260 mp ( e  22,260), 236 mp (E 29,250); A,,, 292 mp 
(c7900),251 mp(e21,200) ,223m~(c25,750) .  

Anal.  Calcd. for C3iH3j"sOi (633.71): C, 70.11; H, 5.76; 
N, 6.63. Found: C,  69.46; H, 5.68; S ,  6.16. 
Ne,O~',OK'-Trianisoyldeoxycytidine.-A mixture of deoxy- 

cytidine (1.14 g., 5 mmoles), and anisoyl chloride (3 ml., 21 
mmoles) in dry pyridine (25 ml.) was shaken a t  room temperature. 
A clear solution resulted after 5 min., followed by the precipita- 
tion of pyridine hydrochloride. After 2 hr. the solution was 
poured into ice water (300 ml.) containing ammonium hydrogen 
carbonate (20 g . ) .  A further amount of water (200 ml.) and 
ethyl alcohol (100 ml.) were added. The total suspension was 
heated to 70-80" and then cooled to 0'. The p H  was adjusted 
carefully with sodium hydroxide (1 1111. of 2 N )  to  8 and the 
precipitate collected by filtration immediately and washed with 
water and then with ether. The yield of the crude product was 

3.18 g. (10070). h portion (0.5 g.) was crystallized with methyl 
alcohol to  give needles (0.42 g., 84y0), m.p., 185-186'. 

Anal. Calcd. for C33H39OI0S3 (629.70): C, 63.0; H ,  4.97; 
N, 6.67. Found: C, 62.07; H ,  5.09; N, 6.56. 

In a repeat of the above preparation, deoxycytidine hydro- 
chloride and an  equivalent amount of triethylamine was used as  
the starting material for anisoylation. 

N6-Anisoyldeoxycytidine .-Nb,03',05'-Trianisoyldeoxycyti- 
dine (690 mg.)za was-dissolved in 5 ml. of pyridine and to  the 
solution was added 15 ml. of 1.5 M aqueous sodium hydroxide 
under cooling. An oil which resulted was brought into solution 
by the further gradual addition of water (total 6 ml. added). 
This solution was kept a t  room temperature for 20 min. and was 
then treated with an  excess of pyridinium Dowex-50 ion ex- 
change resin. The solution was filtered from the resin and the 
resin washed first with water (formation of a precipitate in the 
aqueous filtrate a t  this stage) and then with tetrahydrofuran, 
the latter wash being collected separately.2q The aqueous layer 
was filtered from the precipitate and concentrated to about 10 
ml. Anisic acid and the desired product crystallized a t  this 
stage. The total mixture was washed several times with ether 
to  remove anisic acid and the crystalline precipitate (needles)3O 
of the desired product collected by filtrati0n.3~ The yield a t  
this stage was 300 mg. (7553 as based on the assumption that  
the starting material was pure trianisoyldeoxycytidine). The 
ultraviolet absorption spectral characteristics in water (cf. N- 
anisoyldeoxycytidine-5' phosphate) were: A,,, 303 nip ( emax 
24,500); Amin  238 mp with a shoulder a t  250-260 mp. In ethyl 
alcohol, AmhX was shifted to 288 mp. 

The yield was similar. 

Anal. Calcd. for Cl?H1906?j3 (361.36): C,  56.50; H, 5.30; 
N, 11.63. Found: C, 56.35; H, 5.33; N ,  11.45. 

5'-O-Di-p-methoxytrityldeoxycytidine-3' Phosphate, N- 
Anisoyldeoxycytidine-3' p-Cyanoethyl Phosphate and Deoxycyti- 
dine-3' Phosphate.-An anhydrous solution of S-anisoyl-5'- 
0-di-p-methoxytrityldeoxycytidine (330 mg., 0.5 mmole), 
pyridinium 8-cyanoethyl phosphate (3  mmoles), and DCC (1 25 
g., 6.06 mmoles) in dry pyridine (2.5 ml.) was kept at room 
temperature for 2 days. Water (about 1.5 ml.) was then added 
and the mixture extracted with petroleum ether. The extracts 
were washed back with water and the water wash combined with 
the aqueous pyridine solution. The combined solution was 
diluted with pyridine to  a total volume of 25 ml. Aliquots 
from this stock solution were worked up as follows: ( a )  A 5-ml. 
portion was withdrawn, treated with a little ammonia, and the 
amnioniacal solution concentrated to a small volume. The 
residue was treated with 5 ml. of concentrated ammonium hy- 
droxide for 2.5 days a t  room temperature. The solution was 
filtered from the precipitate, which had deposited, and con- 
centrated to  an  oil a t  reduced temperature. Paper chromatog- 
raphy in solvent A showed one main spot corresponding to  
5'-O-di-p-methoxytrityldeoxycytidine-3' phosphate and two 
faint spots, one of which was a t  the origin and the second corre- 
sponded to  deoxycytidine-3' phosphate. The concentrated 
aqueous solution was treated with 6 ml. of SOYG acetic acid for 
20 min. The acidic solution was then evaporated and the 
residue taken up in water and the solution extracted with ether 
to remove di-p-methoxytritanol. Paper chromatography in 
solvents A and C of the aqueous solution showed the major 
product to  be deoxycytidine-3' phosphate (Ri in solvent A, 
0.08; Rr in solvent C,  0.41). The yield of the desired nucleotide 
was estimated spectrophotometrically to  be 8SCi.,. This  product 
was resistant to  the action of crude snake venom, Crotalus 
adamanteus, under the conditions described above. h minor 
product (6.4%) accompanying deoxycytidine-3' phosphate and 
having deoxycytidine-like spectrum had Rr ( in  solvent A) 0.03 
and (solvent C)  0.15. On paper electrophoresis a t  pH 7.1 it 
had mobility 1.4 relative to  deoxycytidine-3' phosphate. 
N-Anisoyldeoxycytidine-3 ' (3-Cyanoethyl Phosphate .-Another 

5-ml. aliquot from the above stock solution was evaporated to  
dryness. A small amount (0.01 ml.) of concentrated ammonium 

(28) The  sample used was obtained by anisoylation of deoxycytidine 
hydrochloride in pyridine and triethylamine. The  yield of the  product be- 
fore crystallization was 5% higher than theoretical for the trianisoyl deriva- 
tive. Presumably, this result was caused by the formation of some (25- 
30YG) of the  N,N-Olf,06'-tetraanisoyl derivative in  the presence of the more 
powerful catalyst triethylamine. Cf. the formation of N',N6,O2',0",O6'- 
pentabenzoylcytidine on benzoylation of cytidine in the hot :  11. M. Brown; 
A.  R. Todd, and S. Varadarajan, J .  Chem, SOL., 2384 (19SG). 

(29) This precipitate and some more recovered from the tetrahydrofuran 
wash by evaporation and subsequent treatment with aqueous ethyl alcohol 
(total 53 mg.) corresponded to  unreacted starting material and, presumably, 
S,O-dianisoyldeoxycytidine 

(30) This product can be recrystallized (needles) from hot water. 
(31) I t  is interesting tha t  the aqueous filtrate from this concentrated solu- 

tion was found to  contain in addition to  a trace (O,L'7' of total) of h'-ani.soyl- 
deoxycytidine, some (about 10% as based on the starting material) deoxy 
cytidine. Under the alkaline conditions used in the above experiment, the 
half-life for the cleavage of N-anisoyl group was 2.5  hr. a t  25 ' .  
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hydroxide was added and the solution obtained after addition 
of water was again evaporated. The residue was treated with 
5 ml. of 807, acetic acid for 20 rnin. and the solution then evapo- 
rated. The residue was taken up in water and extracted with 
ether. Paper chromatography of the aqueous solution showed 
a single spot in solvents A (R; 0.69) and C (0.83) corresponding 
to  ?;-anisoyldeoxycytidine-3 P-cyanoethyl phosphate. The 
yield as determined spectrophotometrically was %YG. 

N, N, 03’,06’-Tetrabenzoyldeoxyadenosine and N-Benzoylde- 
oxyadeno6ine.-A suspension of dry deoxyadenosine (1.25 g., 5 
mmoles) in anhydrous pyridine (15 ml.) was treated with 2.5 ml. 
of benzoyl chloride for 2 hr .  at room temperature. The resulting 
solution was then poured into ice water and the insoluble product 
extracted with chloroform (3 X 100 ml.). The chloroform 
extract was washed with water and then evaporated to  a gum. 
Crystallization was effected from aqueous ethanol, the yield 
of X,N,03’,O5’-deoxyadenosine being quantitative. The melting 
point of the crystalline product was 173-174”. 

Anal.  Calcd. for C37Hao~a07: C,  68.30; H ,  4.60; N, 10.70. 
Found: C,68.50; H,4.31;  N, 10.12. 

For preparation of N-benzoyldeoxyadenosine, the gum ob- 
tained above was directly dissolved in a mixture of ethyl alcohol 
(15 ml.) and pyridine (10 ml.) and the solution was treated with 
a mixture of 20 ml. of 2 N sodium hydroxide and 20 ml. of ethyl 
alcohol at room temperature for 5 min. An excess of pyridinium 
Dowex-50 ion exchange resin was then added to  remove sodium 
ions, the resin was then removed by filtration, and the filtrate 
and washings concentrated an vacuo to  a small volume. Water 
(25 ml.) was added and the mixture extracted with ether (3  X 
50 ml.). The aqueous suspension was heated and the resulting 
solution cooled slowly. N-Benzoyladenine separated first and 
it was removed by filtration. The filtrate after concentration 
and storage yielded N-benzoyldeoxyadenosine (1.15 g., 65%) 
as colorless needles, m.p. 113-115”. The ultraviolet absorption 
characteristics of the product were: Amax (water), 280 mp, 
emax 20,700; Amsx (pH 2) 285 mp, emgX 22,500. 

Anal. Calcd. for CliH1701Na: C, 57.4; H ,  4.82; N,  19.75. 
Found: C, 56.6; H,4.89;  N, 19.55. 

When in the above preparation, aqueous alcoholic sodium 
hydroxide was replaced by 2.5 M sodium methoxide solution 
after 5 min. a t  0” the main product (707,) formed was K-benzoyl- 
adenine. 

Anal. Calcd. for ClsHsONs: C, 60.2; H ,  3.75; N, 29.3. 
Found: C ,  59.94; H ,  3.93; N, 28.23. 

Attempted Synthesis of N-Anisoy1deoxyadenosine.-Dry 
deoxyadenosine (2.51 g., 10 mmoles) was treated with an  excess 
of anisoyl chloride (8.53 g., 50 mmoles) in pyridine (20 ml.) for 
2.5 hr. The solution was then poured into ice water and the 
product was extracted with chloroform. The extract was 
evaporated rn vacuo and the gum dissolved in a mixture of ethyl 
alcohol (30 ml.) and tetrahydrofuran (20 ml.). The solution 
was treated with a mixture of 40 ml. of 2 N sodium hydroxide 
and 40 ml. of ethyl alcohol for 5 min. a t  room temperature and 
40 min. a t  0”.  The alkali was neutralized by addition of an 
excess of pyridinium Dowex-50 ion exchange resin. The resin 
was removed and the filtrate and washings were concentrated. 
The  concentrate was diluted with water and the anisic acid ex- 
tracted with ether. The residual solution contained as the 
major product N-anisoyladenine (1.8 g., 67yG), m.p. 236-238’. 

Anal.  Calcd. for C I ~ H I L O Z N ~ :  C, 58.0; H ,  4.09; K ,  26.0. 
Found: C,57.89; H,4.15;  N,25.81. 

N-Benzoyl-5 ’-0-monomethoxytrityldeoxyadenosine .-N- 
Benzoyldeoxyadenosine (0.390 mg., 1.1 mmoles) was dissolved 
in anhydrous pyridine (2 ml.) and to  the solution was added 
monomethoxytrityl chloride (0.410 g., 1.33 mmoles). The 
sealed mixture was kept in the dark at room temperature over- 
night. Some ethyl alcohol was then added and the solution 
evaporated to  a gum wz vacuo. The residue was dissolved in 
chloroform ( 1  ml.) and the solution applied t o  the top of a silicic 
acid (11 g.) column. The column was eluted with chloroform 
(50 ml.) and then with chloroform containing 1.257, of ethyl 
alcohol (total volume 150 ml.); 10-ml. fractions were collected. 
Fractions 8-17 contained the protected nucleoside which was 
recovered by evaporation (0.253 g., 76.5%). A portion (48.9 
mg.) of this product was dissolved in 2 ml. of benzene and the 
solution further chromatographed on an alumina (157, de- 
activated with water) column (20 X l cm.). Elution was 
carried out with benzene (100 ml.) and then with ether (100 ml.). 
Pure h’-benzoyl-5’-O-monomethoxytrityldeoxyadenosine was 
present in fractions 12-14, it being preceded by some other 
methoxytrityl-containing product. The fractions containing 
the desired product were evaporated to  dryness and the residue 
taken up in a mixture of acetone (10 ml.) and cyclohexane (10 
ml.). Upon concentration, the product separated as a white 
precipitate (42.5 mg., 877, recovery), m.p. 104-107’. The 
ultraviolet absorption characteristics in ethyl alcohol were : 
Amax 280 and 232 mp, Am,n 255 and 224 m p ,  e280 20,000, €266 

12,500, €282 26,000, e224 25,000. 

Anal.  Calcd. for C S ~ H S ~ O ~ N ~ :  C, 70.06; H ,  5.26; N, 11.15. 
Found: C,69.73; H,5.48; N, 11.40. 

On treatment with 80% acetic acid a t  25” for 10 min. the sub- 
stance partially decomposed. The products on chromatography 
in solvent C were: unchanged starting material (50%), N- 
benzoyldeoxyadenosine (297,), and X-benzoyladenine (21 7,). 
N-Benzoyl-5‘-O-di-p-methoxytrityldeoxyadenosine.-Dry N- 

benzoyldeoxyadenosine (710 mg., about 2 mmoles) was treated 
with di-p-methoxytrityl chloride (750 mg., 2.2 mmoles) in pyri- 
dine ( 5  ml.) for 3 hr. a t  room temperature. The mixture was 
then poured into ice water and the product extracted several 
times with ethyl acetate (spectrophotometric determination in- 
dicated less than 570 of starting material in aqueous phase). 
The organic layer was dried over sodium sulfate and the dried 
solution evaporated in  vacuo to  a gum, which was dissolved in 10 
ml. of benzene. The solution was applied to an alumina (Woelm. 
neutral alumina, 15Tc deactivated; 70 g. dry weight) column. 
Elution was carried out with 150 ml. of benzene and then con- 
tinued with 250 ml. of ether. The flow rate was 12-13 ml. in 
15 rnin. Fractions 5-7 were deeply yellow and  contained, pre- 
sumably, bis-di-p-methoxytrityl-N-benzoyldeoxyadenosine. 

Anal. Calcd. for C&53Nsos.2CsHs (1115): N, 6.25; OCHS, 
11.1. Found: N,5.98; OCH3, 11.01. 

Fractions 15-37 contained the desired product and after com- 
bining were evaporated in vacuo. The residue was redissolved 
in acetone-cyclohexane and the solution re-evaporated. A 
white powder (1.07 g., 81%) was obtained after drying for 5 hr. 
a t  80” under high vacuum. The ultraviolet absorption charac- 
teristics in ethyl alcohol were: Amax 277-282 and 234 rnp, Amin 
260 and 224 mp, €277 20,500, €234 31,500. 

Anal. Calcd. for C3&5Na06 (657. i ) :  C ,  69.4; H ,  5.35; N, 
10.6; OCH,, 9.4. Found: C,  69.55; H ,  5.73; N ,  10.06; 
OCH3, 8.98. 

N-Benzoyl-5’-O-di-p-methoxytrityldeoxyadenosine-3’ Phos- 
phate.-N-Benzoyl-5’-O-di-p-methoxytrityldeoxyadenosine (660 
mg.) was treated in anhydrous pyridine ( 7  ml.) with a mixture of 
pyridinium 0-cyanoethyl phosphate (from 960 mg. of the crystal- 
line barium salt) and DCC (3  9.)  for 4 days a t  room temperature. 
A mixture of pyridine (4 ml.) and water (8 ml.) was then added 
and the diluted reaction mixture was kept overnight a t  room 
temperature; DCC was then extracted with petroleum ether 
and the aqueous pyridine solution of the product made up to  
50 ml. -4 portion of this stock solution was processed further to  
prepare 5 ’-0-di-p-methoxytrityldeoxyadenosine-3’ phosphate (see 
the following preparation). For the preparation of N-benzoyl- 
5’-O-di-p-methoxytrityldeoxyadenosine-3’ phosphate, 25 ml. 
of the stock solution (corresponding to  0.44 mmole of the nucleo- 
tide) was evaporated to  a gum. Sodium hydroxide (5 ml. of 
1 N) was added and the mixture kept a t  0” for 18 min. Pyri- 
dinium Dowex-50 was added until the alkalinity disappeared. 
The resulting solution was filtered from the resin and the resin 
washed thoroughly with aqueous ethyl alcohol. The combined 
filtrate was concentrated very carefully a t  low temperature using 
a Dry Ice-acetone bath as a t rap and the concentrate applied to  
the top of a DEAE-cellulose (bicarbonate form) column (30 
X 3.5 cm. diam.). The column was washed first with 200 ml. 
of water containing 20% ethyl alcohol and then with 1 1. of water. 
Elution was begun with a linear gradient of triethylammonium 
bicarbonate, with 2 1. of water in the mixing vessel and an  equal 
volume of 0.2 M triethylammonium bicarbonate (pH 7.5) in the 
reservoir. Elution was then continued with 2 1. of 0.2 M salt 
in the mixing vessel and an equal volume of 0.3 11.1 salt in the 
reservoir. A flow rate of 1.5-1.8 ml./min. was maintained, 
fractions being collected a t  10-min. intervals. The water wash 
contained some di-p-methoxytritanol and another unidentified 
ultraviolet-absorbing material (Ri, 0.8 in solvent C) .  Two 
minor succeeding peaks present in fractions 50-75 were discarded. 
The next peak contained a small amount of deoxyadenosine-3’ 
phosphate and the next peak contained S-benzoyldeoxyadeno- 
sine-3’ phosphate (Ri in solvent C,  0.47). The main peak ap- 
peared in fractions 180-350. It was cut into three portions. 
The first portion, fractions 180-225, contained 0.021 3 2  mmole 
of product; the second portion, fractions 226-275, contained 0.1 
mmole of the product; while the third portion, fractions 276-350, 
also contained 0.1 mmole of the product. Portions 1 and 2 
contained pure N-benzoyl-5’-O-di-p-rnethoxytrityldeoxyadeno- 
sine-3’ phosphate while the last portion contained, in addition, 
a small amount of a faster traveling (solvent C )  material (di-p- 
methoxytrityl containing). The identity of this side product 
has as yet not been established. It traveled, after detritylation, 
slower ( Rf 0.73, solvent C)  than N-benzoyldeoxyadenosine-3’ 
phosphate (Rf 0.79). On paper electrophoresis a t  p H  7.5, its 
mobility was one-third of that  of deoxyadenosine-3’ phosphate; 

phosphate was recovered by concentrating the pooled fractions 
under a high vacuum (oil pump and Dry Ice-methyl alcohol 

The pure ~-benzoyl-5’-O-di-p-methoxytrityldeoxyadenos~ne-3 

(32) Assuming an emaa of 15,900 at 260 m p .  
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trap),  treating the concentrate with an  excess of pyridinium 
Dowex-50 ion exchange resin and storing the product as its 
solution in pyridine. The ultraviolet absorption characteristics 
of the pure product (after elution of the ammonium salt from a 
paper chromatogram) were: Am,, 282 mp, A m i n  260 mp with 
inflection at 230 mp, E280/€260 mp 1.5; t230/t260 

5 ’-0-Di-p-methoxytrityldeoxyadenosine-3’ Phosphate. ( a )  .- 
Twenty milliliters of the stock solution described in the preced- 
ing preparation was treated with 2 ml. of concentrated ammonium 
hydroxide and the solution evaporated t o  dryness. The  residue 
was taken up  in 30 ml. of concentrated ammonium hydroxide 
and the sealed mixture kept at room temperature for 48 hr.  
Paper chromatography in solvent A showed a single major 
nucleotidic product with Rr 0.50 (Rr of starting material 0.85), 
there being traces of deoxyadenosine-3’ phosphate and of another 
ultraviolet-absorbing material close to the origin. The  total 
solution after concentration was applied to two sheets of Whatman 
3 MM paper and the chromatograms developed in solvent A .  
The strong band of the product was eluted with dilute ammonia 
and  the eluate was passed through a short column of ammonium 
Dowex-50 ion exchange resin. The total effluent including 
washings was lyophilized to give a white powder (510 mg.). 
The weight after drying over phosphorous pentoxide in vacuo 
was 485 mg. (72% of theory). During the lyophilization and 
manipulation some 10% of the product decomposed to  deoxy- 
adenosine-3’ phosphate as indicated by paper chromatography. 

(b).-The following alternative procedure eliminated the 
partial decomposition encountered above and, therefore, gave a 
pure sample of 5‘-O-di-p-methoxytrityldeoxyadenosine-3’ phos- 
phate. A batch (900 mg.) of N-benzoyl-5’-O-di-p-methoxy- 
trityldeoxyadenosine was treated with a mixture of pyridinium 
(3-cyanoethyl phosphate (from 1.3 g. of the barium salt) and DCC 
in dry pyridine ( 5  ml.) for 4 days at room temperature. Water 
(10 ml.) was added and  the reaction mixture kept overnight at 
room temperature. Dicyclohexylurea was removed by filtra- 
tion and washed thoroughly with 1 : 1 aqueous pyridine. The 
total aqueous pyridine solution was evaporated a t  a temperature 
below 15”. Pyridine was added frequently during the evapora- 
tion. The residue was dissolved in 10 ml. of pyridine and the 
solution treated with 30 ml. of 1 N lithium hydroxide for 15 min. 
at 0”.  The small amount of precipitate present was removed 
by centrifugation and the clear supernatant was treated with 
pyridinium Dowex-50 resin to  remove alkali. The resin was 
removed by filtration and washed thoroughly with pyridine. 
The total aqueous pyridine solution was concentrated to a gum 
a t  a low temperature, frequent additions of pyridine being made. 
The gum was dissolved in a mixture of concentrated ammonium 
hydroxide (50 ml.) and tetrahydrofuran (25 ml.) and  the solu- 
tion kept at room temperature for a week. Subsequent chro- 
matography in solvent C showed the main product to be 5’-0- 
di-p-methoxytrityldeoxyadenosine-3’ phosphate, but some di-p- 
methoxytritanol and another fluorescent product (Rr 0.86) con- 
taining the di-p-methoxytrityl group were present. There was also 
a small amount of deoxpadenosine-3’ phosphate (Rr 0.21) and a 
trace of another very slow traveling ultraviolet absorbing prod- 
uct.  The solution was evaporated in vacuo and the residue dis- 
solved in the solvent system isopropyl alcohol-concentrated 
ammonia-water ( 7 :  1 : 2 ,  chromatographic solvent .4). Some 
material which remained undissolved was filtered off and the 
solution applied t o  the top of a cellulose powder column (105 
X 4.5 cm. diam.) packed in the same solvent. Fractions of 1.5-  
2 mi. were collected a t  10-min. intervals. Di-p-methoxytritanol 
and some other product appeared in fractions 341-391. Frac- 
tions 391-402 contained the fluorescent (under ultraviolet light) 
material and there was some overlap in the succeeding fractions 
(402-412) of this product with the desired 5’-O-di-p-methoxytri- 
tyldeoxyadenosine-3’ phosphate. Fractions 413-441 contained 
the latter product in pure state,  whereas in fractions 442-517 
the same product was contaminated with another slower traveling 
(solvent C)  compound. Fractions 413-441 were pooled and 
evaporated in vacuo and the residue converted to the pyridinium 
salt by passage through a pyridinium Dowex-50 column a t  0” .  
The eluate was concentrated in the presence of an excess of pyri- 
dine under a vacuum obtained with an  oil pump and using Dry 
Ice-niethyl alcohol as the condensing agent in the trap.  The 
loss of any of the 5’-O-di-p-metho*ytrityl group was thus cir- 
cumvented. The yield of pure 5’-O-di-p-methoxytrityIdeoxy- 
adenosine-3’ phosphate was 3 5 ~ ~ ~ .  .An additional 1056 vias re- 
covered by reprocessing the fractions preceding and succeeding 
the pure compound. Treatment of a portion (10 optical density 
units) of the iyopliilized material with 80‘;; acetic acid for 5 min. 
a t  0” followed by rapid application on a chromatogram (solven: 
A )  showed essentially complete hydrolysis to deoxyadenosine-3 
phosphate, only a trace) of the starting material being present 
( n o  adenine could be detected). 

3’,5 ’-Di-0-acetyldeoxyguanosine.-It was prepared by acetyla- 
tioti of deosyguanositie with an excess of acetic anhydride ( 5  
nil ) either in pyridine (50  ml.) alone or in a mixture (1:  1) of 
pyridine and ditiiethylformainide for 3 days a t  room temperature. 

2.20. 

The product did not melt up to  270’; it  turned somewhat brown. 
Hayes, et al., record decomposition point of 222 ’. 

When acetylation was carried out with acetyl chloride (5 
molar equivalents), the product after 3 days was again 3’,5’- 
di-0-acetylguanosine, no N-acetylation being detected33 (ultra- 
violet absorption spectrum characteristic of deoxyguanosine 
and not of N-acetyldeoxyguanosine-5’ phosphatelg). The 
lack of N-acetylation was probably due to  the insolubility of 3’,5’- 
di-0-acetylguanosine in the solvent. 

N-Di-p-me thoxytrityl-0~’,06’-diacetyldeoxyganosine .-3 ’,5 ’- 
Di-0-acetyldeoxyguanosine (360 mg., 1 mmole) was treated in 
dry pyridine (10 ml.) with di-p-methoxytrityl chloride (400 mg., 
1.18 mmoles) a t  room temperature. The clear solution which 
resulted in 15 min. was kept at room temperature. The reac- 
tion was complete after 9.5 hr.  as ascertained by paper chro- 
matography of an aliquot in solvent C. After a total of 12.75 
hr.,  water ( 1  ml.) was added and the reaction mixture then parti- 
tioned between ethyl acetate (100 ml.) and water (100 ml.). 
The organic layer was dried over sodium sulfate and then con- 
centrated to an  oil, which was dissolved in benzene (5 ml.). 
Cyclohexane (10 ml.) was added to this solution slowly and the 
precipitation which ensued was completed by the addition of 
ether (50 mi.). The product (370 mg.) was collected and washed 
with ether; m.p. 135-138”. The filtrate on concentration and 
reprecipitation with an  excess of ether yielded 210 mg. of the 
same desired product. The total yield (580 mg.) was 89%. 
The ultraviolet absorption spectrum showed the characteristics 
expected of monotritylation on the ring: XmaX 277p, 262p, 
and 233 mp; Ami. 272 and 250 mp; c2,, 17,000, E262 18,400, E233 

Anal. Calcd. for Ca5H35i\;508 (653.71): C, 64.5; H ,  5.37; 
N ,  10.79. Found: C,64.75; H,5 .38;  N, 11.66. 

N-Di-p-methoxytrityldeoxyguanosine .-N-Di-p-methoxy- 
trityl-3’,5’-di-O-acetylguanosine (180 mg., 0.28 mmole) was 
dissolved in a mixture of methyl alcohol (10 ml.) and water (3 
ml.) and the solution was treated a t  0” with 0.6 ml. of 2 A; sodium 
hydroxide for 5 rnin. Pyridinium Dowex-50 (3 ml.) was then 
added to neutralize the alkali. The resin was removed by filtra- 
tion and washed with methyl alcohol and pyridine. The total 
filtrate was evaporated and the evaporation repeated after addi- 
tion of some benzene. The residue was dissolved in a little pyri- 
dine and methyl alcohol. On the addition of benzene a pre- 
cipitate appeared which increased on further dilution of the 
mixture with ether. The precipitate was collected and washed 
with ether. The yield of the product was 135 mg., m.p. 162- 
16;”. I t  was crystallized from benzene containing a small amount 
of methyl alcohol; m.p.  165-168’. 

Anal. Calcd. for C31H3106N5 (569.63): C ,  65.6; H, 5.47; 
N, 12.18. Calcd. for C31HalO6~;s + $&: C, 66.6; H ,  5.55; 
N, 10.5. Found: C,64.90; H ,5 .53 ;  h ,  10.95. 

The ultraviolet absorption spectrum taken in ethyl alcohol 
showed: Xmhx 277 mp (c 17,100), XmaX 262 tnp ( e  18,100), Xmax 

234 mp ( e  25,200); Ami, 271 mp (E 16,500), A,,, 251 mp ( e  
1 7, 100). 
N,05’-Bis-di-p-methoxytrityldeoxyguanosine. (a) From De- 

oxyguanosine.-Deoxyguanosine (0.54 g. ,  2 mmoles) was ob- 
tained as a finely divided powder by lyophilization of its solution 
in dilute ammonium hydroxide. The nucleoside was treated in 
pyridine (30 ml . )  with 800 mg. (2.3 mmoles) of di-p-methoxy- 
trityl chloride a t  room temperature for 1.5 hr.  after which time a 
further amount (200 mg., 0.6 mmole) of the reagent was added. 
After 6 hr.  the nucleoside had still not gone into solution and 
another addition of the reagent (600 mg., 1.95 mmoles) was made. 
After a further 2-hr. period, a clear solution had resulted. 
(Crystalline precipitate of pyridine hydrochloride had formed.) 
Methyl alcohol was added and the solution concentrated. The 
concentrate (2.5 ml.) was partitioned between chloroform ( 100 
ml.) and water (100 ml.). The organic layer was separated and 
the solution after drying was concentrated. The concentrated 
solution was applied to the top of an  alumina (20% deactivated) 
column (35 X 2.5 cm. diam.). The column was washed with 
chloroform (200 ml.), 6-mi. fractions a t  20-min. intervals being 
collected. Elution was then continued with chloroform containing 
6Yc ethyl alcohol. Fractions 3-17 contained di-p-methoxytrityl 
methyl ether and possibly di-p-methoxytritanol. Fractions 
45-70 contained bis-di-p-methoxytrityldeoxyguanosine. These 
fractions were combined and concentrated. To  the concentrate, 
ether (about 300 tnl.) was added. The precipitate (1.15 9.1 
was collected, the mother liquor giving a further amount (0.25 
9.) of the same product. The total yield therefore was 1.40 g. 
(1.61 rnmoles, 80%). 

Calcd. for Cj2H49NS08 (871.95): C, 71.62; H ,  5.66; S ,  
8.08. Found: C, 71.98; H,  6.03; N, 7.91 (see also the analysis 
as based on the di-p-methoxytrityl group determination). 

25,800, e272 16,400, e250 17,300. 

Anal. 

(33) In a parallel experiment benzoylation with benzoyl chloride did cause 
N-benzoylation a s  clearly shown by the ultraviolet absorption spectrum. c./ 
the spectrum of N-benzoylguanosine-5‘ phosphate: M. Smith, G. I .  Ilrum- 
mond, and H. G. Khorana, J A m .  Chcm. SOL.,  83, 693 (1961). 
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Ultraviolet absorption spectrum was: Amax 276 mp ( e  19,000), 
Am,. 273 mp ( e  18,800), shoulder 262 mp ( e  20,800), Xma, 234 
m p  (c43,000), Am,.224mp(e39,000): 

(b) From N - Di - p-methoxytrity1deoxyguanosine.-N-Di-?- 
methoxytrityldeoxyguanosine (3.74 g., 6.4 mmoles) was treated in 
dry pyridine with 2.60 g. (7.4 mmoles) of di-9-methoxytrityl 
chloride at room temperature. After 5 hr. a clear solution 
resulted. Methyl alcohol was then added and after concen- 
tration the mixture was partitioned between chloroform and 
water. The concentrated chloroform solution was applied to  
an  alumina (207, deactivated) column (90 X 4 cm. diam.). 
The column was eluted with. 300 ml. of chloroform and then 
with chloroform (700 ml.) containing 2y0 ethyl alcohol. The 
effluent with the latter eluent was collected in 10-ml. fractions. 
The elution was continued with chloroform (800 ml.) containing 
5% ethyl alcohol, the size of each fraction being now 15 ml 
Peak A obtained in fractions 11-20 contained di-p-methoxytrityl 
compounds (nonnucleosidic material). Fractions 46-90 con- 
tained the desired bis-N,06’-di-p-methoxytrityldeoxyguanosine 
When 150 fractions had been collected, the column was eluted 
with methyl alcohol. Some of the starting material (N-di-p- 
methoxytrityldeoxyguanosine) was thus recovered (0.8 g , 1 4  
nimoles, 22%). The fractions containing the desired product 
were concentrated and the product precipitated with ether. In  
all, 3.5 g.  (4.0 mmoles, 637,) of the product was thus recovered. 

Deoxyguanosine-3’ Phosphate.-A solution of N,Os’-bis-di-p- 
methoxytrityldeoxyguanosine (870 mg., 1 mmole), pyridinium 
Bcyanoethyl phosphate (6  mmoles), and DCC (2.5 g.) in pyridine 
(10 ml.) was kept a t  room temperature for 2 days. Water (3 
ml.) was then added and the mixture extracted with cy~lohexane.3~ 
The aqueous pyridine layer was made up to  a total volume of 
25 ml. with pyridine (stock solution). The yield of the phos- 
phorylation product (N,OE‘-bis-di-p-methoxytrityldeoxyguano- 
sine-3’ p-cyanoethyl phosphate, Rf 0.88 in solvent A) was 9770, 
using the cmar value of e276 mp 19,000 determined previously 
for N,Oa’-bis-di-p-methoxytrityldeoxyguanosine-5’ p h o ~ p h a t e . ’ ~  

A 5-ml. portion of the above solution was evaporated with 
added water to  remove pyridine. The residue was then dissolved 
in 5 ml. of 80yc acetic acid and the solution kept a t  room tem- 
perature. As judged by paper chromatography in solvent A, 
the removal of the 5’-O-di-p-methoxytrityl group was complete 
in 10 min. However, the complete removal of the N-di-p- 
methoxytrityl group necessitated prolonging the acidic treatment 
to  4 hr. After 4 hr. acetic acid was removed by evaporation and 
the residue shaken with a mixture of water and ether. The 
aqueous layer on paper chromatography in solvent C showed the 
major product (90%) with Rr 29 to be deoxyguanosine-3‘ p- 
cyanoethyl phosphate, there being in addition a minor spot (37,, 
Rr 0.03) corresponding to  deoxyguanosine-3’ phosphate and 
another spot (77’) with Rf 0.20 which has not been ider1tified.3~ 

(34) During these extractions an oily layer, presumably of the bulky 
During subsequent addition of more 

(35) This is very likely a mixed pyrophosphate of deoxyguanosine-3’ 

phosphorylation product, separated. 
pyridine a clear solution again resulted. 

phosphate and B-cyanoethyl phosphate. 

Paper electrophoresis at p H  7 .1  showed only two products, the 
major one corresponding to  deoxyguanosine-3 ’ 8-cyanoethyl 
phosphate and the other one, faster traveling, corresponding to 
the unidentified product.36 

A portion of the above aqueous solution was treated with an 
equal volume of 2 N sodium hydroxide for 20 min. at room tem- 
perature. The alkali was removed by treatment with an  excess 
of pyridinium Dowex-50 (pyridinium form) resin. Paper 
chromatography in solvent A of the resulting aqueous pyridine 
solution showed mostly deoxyguanosine-3’ phosphate, there being 
a minor product traveling slower (close to  the origin), correspond- 
ing, presumably, to  deoxyguanosine-3’ pyropho~phate .3~ The 
final yield of the pure nucleotide as based on the protected 
nucleoside was 897;. This product was resistant to  the action 
of the crude snake venom under conditions which caused com- 
plete dephosphorylation of thymidine-5’ phosphate. 

Quantitative Determination of Di-p-methoxytrityl-Containing 
Compounds.-The method developed was based on the fact that  
the di-p-methoxytrityl perchlorate has a n  absorption maximum 
a t  500 mp. For example, the compounds are readily detected 
on paper chromatograms by virtue of their bright orange color 
when the chromatograms are sprayed with a perchloric acid 
solution. The quantitative assay developed utilized a 1 1 
solution of ethanol-perchloric acid (70%). A standard curve 
was prepared by dissolving 66.9 mg. of di-p-methoxytrityl chloride 
in 1 1. of ethyl alcohol (concentration/ml. thus was 0.000198 
mmole). The optical density was read at 500 mp by taking 
aliquots of the standard solution and diluting to  10 ml. with the 
1 ’ 1 ethyl alcohol-perchloric acid mixture. The optical density 
was proportional to  the concentration. Thus 0.1 ml. gave an 
optical density of 0.145, 0.2 ml. of 0.291, 0.4 ml. of 0.58, 1.0 ml. 
of 1.42, and 2.0 ml. of 2.85. Using the straight line curve thus 
obtained, the method was used with di-p-methoxytrityl contain- 
ing compounds as: ( a )  5 ‘-0-di-p-methoxytritylthymidine. A 
solution of 6 mg. in 10 ml. of ethyl alcohol was prepared; 1 
ml. was diluted to 10 ml.; 1 ml. of this diluted solution was 
treated with 3 ml. of 70% perchloric acid and the total made up 
to 10 ml. with ethyl alcohol. The optical density of this solution 
a t  500 mp was 0.78. From this, the concentration of di-p- 
methoxytrityl group in the original solution was calculated to be 
0.33 mg /ml or 3.3 mg in the total solution. The molecular 
weight of di-p-methoxytritylthymidine was thus found to be 550 
(theoretical 544.6). 
(b) N-Benzoyl4 ’-0-di-p-me thoxytrityldeoxyadenosine .-A 

stock solution of 21.27 mg. of the substance in 25.3 ml. of ethyl 
alcohol was prepared. 1 ml. was diluted to  25 ml. with ethyl 
alcohol; 1 ml. of this solution on dilution with perchloric acid 
and ethyl alcohol to  10 ml., as above, gave an  optical density of 
0.38, while 2 ml. gave 0.76. The dimethoxytrityl group con- 
centration and then the molecular weight of the starting material 
was thus determined to  be 635 (theoretical 657). 

( c )  N,05’-Bis-di-p-methoxytrity1deoxyguanosine.-A stock 
solution containing 9.7 mg. in 10 ml. of ethyl alcohol was used; 
1 ml. was diluted to  10 ml.; 0.2 ml. of this solution when made up 
to 10 ml. with the reagent perchloric acid and ethyl alcohol to  
10 ml. gave € 5 ~  0.325. The molecular weight was thus calculated 
to  be 875 (theoretical 871). 


