
Vol. 34, No.  2, Febrrtnry 1969 PENTATHYMIDINE TETRAPHOSPHATE 421 

easily filterable. This crystallized when stirred in acetone; 
see Table VI.  
9-(p-r)-Xylopyranosyl)l:hioguanine (18).-A mixture of 2.00 g 

(6.64 mmol) of 15, $0 mi of pyridine, and 13 ml of acet,ic anhy- 
dride was stirred at room temperature for 88 hr, then worked up 
to afford a tan foam (M),  Rr 0.06 (major spot,) and 0.20 (16 and 
17, reepect,ively) in  so:lvent EC-100, when developed thrice. 
This foam was suitable for thiation. For analysis, the tan foam 
was stirred for several hours in ether, collected, and dried to 
afford 1.78 g (657,) of the triacetate 16. This was recrystallized 
for analysis. The piire tet,raacetate 17 was obtained from 31 
which was partially freed of 16 by fractional precipitation from 
methylene chloride. The methylene chloride soluble material 
was then recrystallized from chloroforni-carbon tetrachloride 
(1: 1) tci give 17. 
.4 2.40-g portio11 (cu. 5.86 mmol) of tbe mixture of 16 and 17, 

of piirity equivalent to 31, was heated with 10.0 g (45 mol) of 
phosphoras pentasulfide in 200 ml of pyridine’ at. reflux for 4.5 hr 
under a nitrogen atmosphere and worked up t,o afford 1.65 g 
(67%) of white, rrystalline 19. For analysis, see Table TI. 

4 solution of 1.20 g of 19, 2.0 nil of 2-mercaptoethanol, and 
0.20 g of sodium methoside ii i  250 ml of methanol was heated at  
reflux for 3 hr under a nitrogen atmosphere. The solution was 
cooled to about 40”, treated with 20 g of IRC-SO (€I+) resin 
(prewashed with methaiiolj, and stirred until pTI 5-6 was at- 
tained (about 20 min). The mixture was filtered, treated with 

charcoal, filtered again, and evaporated. The residue was 
triturated with methanol-acetone (1: 19) and the solid was 
collected to afford 0.68 g (7357,) of 18, homgeneoiis in solvent 
RIE-30 with Rr 0.50. This w’as recrystallized once for analysis; 
see Table TI. 

Registry No.-Za, 13520-77-9 ; Zb, 18520-78-0; 
3a, 18520-79-1; 3b, 18520-30-4; 4a, 18520-S1-5; 4b, 
1S520-S2-6; 5a, 18520-33-7; 6a, lS52O-S5-9; 6b, 
1352O-S4-S; 7a, 18520-36-0; 7b, 1S520-87-1; 9b, 
18520-SS-2; lob, 18520-S9-3; 11 ,  13520-90-6; 12, 
185‘>0-91-7; 13, 18520-92-8; 14, 18520-93-9; 15, 
18520-94-0; 15 Ka salt, 18520-93-1 ; 16, 18520-96-2; 
17,18598-35-1 ; 18,18598-36-2; 19,18530-32-0. 
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The liiieai oligonucleotide pcritathymidine tetraphosphate (TpTpTpTpT) has been synthesized stepwise on 
an insoliible polymer siipport containing thymidine bound via 5’ et,her linkage to a styiene-diviiiylbeiizeiie co- 
polymer containing methoxytrityl functional groups. Condensat ion of the boiiiid thymidine with 3’-O-acetyl- 
thymidiiie 5’-phosphat.e activated by 2,4,6-triisopropylbenzenesnlfonyl chloride or picryl chloride followed by 
3’-O-dencetylatiori gave polymer-supported thymidylyl-(3’+5’)-thymidine i i i  70-80‘; conversions based on 
t,hymidine, correspoiiding to about 350-380 Mmol of dinucleoside phosphate per gram of polymer. Hepetition of 
the condensation arid deacet,ylation steps gave the higher oligomers each in approximately 35-80?; conversion 
based on t.he nest lowest member. The over-all con7:ersion into perrtanier was aboiit lUyi>  based on initial 
polpmer-’r)oruid thymidine. 

The procedural advantages which accrue from 
stepwise synthesis of complex oligomeric substances on 
inert polymer supports have been discussed by Men-i- 
field, part>icularly with respect to polypeptide syn- 
thesis;’ more recently the application of this concept 
to oligonucleotides has been investigated in several 
other laboratories.2-6 We have continued our work on 
oligonucleotides using a11 insoluble polymer bearing 
methoxytrityl chloride functional groups to which the 
nucleoside is attac!hed by 5’-ether formation. The 
oligonucleotide chain is then extended by condensation 
of appropriately protected 5’-nucleotides with the free 
3’-hydroxyl group of the polymer-bound nucleoside. 

(1) R .  B. hlerrifield, S’cL:nce, 160, 178 (1965). 
(2) (a) H. L. Letsinger and V. Mahadevan, J .  Amer. Chem. Soc., 8’7, 3526 

(1965); (b)  ibid. ,  88, 5319 (1966); ( c )  R.  L. Letsinger, M. 13. Caruthers, and 
D. hl. Jerina, Biochemistrq, 6, 1379 (1967); (d) R. L. Letsinger, M. H. 
Carothers. P. S. Miller, and K. I<. Ogilvie. J. Amer. Chem. Soc., 89, 7146 
(1967). 

(3) (a) H. Hayatsu and 11. G. Khorana, ib id . ,  88, 3182 (1966); (b) i b i d . ,  
89, 3880 (1967). 

(4) F. Cramer, R. Heltlig, H. Hettler, K. H. Scheit, and H. Seliger, 
Anuew. Chem. Intern. Ed. Engl., 6 ,  601 (1966). 
(5) Z. R. Melby and D. R .  Strobaoh, J .  d m e r .  Chem. Soc., 89, 450 (1967). 
(6) G. M. Blackburn, RI. J. Brown, and M .  R.  Harris. J .  Chem. SOC., C, 

2438 (1!>67). 

Our system thus incorporates the characteristics of in- 
solubility found in the polymers of Letsinger, et U Z . , ~  and 
the functionality of the soluble polymers described by 
Hayatsu and I<horana3 and Cramer, et al.* Thc Let- 
singer system utilizes polymer-bound carbonyl chloride 
functional groups as nucleoside attachment sites through 
arnide2asb or ester2c,d formation. In  other recent work 
Blackburn and coworkers have explored a system in 
which the polymer-bound oligonucleotide terminus is a 
nucleotide attached to an insoluble polymer by a phos- 
phoramidate linkage.6 

This paper will describe the synthesis of thymidine 
homooligonucleotides up to the pentanucleoside tetra- 
phosphate stage. Several features different, from our 
previous procedure5 have led to increased per cent 
conversions. The effect of altering reaction variables 
will be discussed for each step of the synthesis outlined 
in Scheme I.7 

(7) The symbol -8. denotes the cross-linked polystyrene backbone and 
(CHsO)TrT tlie pendant methoxytrityl group with thymidine (TI attached 
via 5’-ether linkage: TpT and TpTOAc, respectively, refer to thymidyl).l- 
(3’+5’)-thymidine and its 3I-O-acetate. Tlie higher oligomers are abbrevi- 
ated in tlie conventional way. 
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SCHEME I 
INSOLUBLE POLYMERSUPPORTED OLIGONUCLEOTIDE SYNTHESISQ 

(( 'H 0 ) ' ~ ~ ' ~ I ) ' ~ p ' ~ p ' ~ p ' ~ o ~ \ [  

T = thymidine; t = thymine; TipCl = 2,4,B-triisopropyl- 
benzenesulfonyl chloride. p-TOAc should read pTOAc. 

Methoxytrityl Chloride Polymers and Condensation 
with Thymidine,- The synthesis of the cross-linked 
methoxytrityl chloride support polymer from the ap- 
propriate styrene-iodostyrene-diviriylbenzene copoly- 
mer was described previously ;5 the same procedure 
vas used to preparc polymers ~ i t h  0.75, 1, 2,  and 20o/, 
cross-littlting by varying thc amount of divinylbcnzcne 
111 the monomer mixture. These varix1 ions in  cross- 
linking imparted rnarkctl diffcreiices in llic degree of 
solvent-induced swlling of I he polymers but had lit! le 
or no effect on the efficiency of convrrsion to supported 
thymidine polymer?, except at very high lcvels of cross- 
linking (Tablc I). However 0.7; or 1% cross-linked 
supports were preferred since I hey have higher thy- 
midine loadings :md allowed more facile acid-induced 
cleavage of product3 from the polymer. 

Assay for Polymer-Supported Thymidine. Previ- 
ously v e analyzed for polynier-bound thymidine by 
spectrophotometric determination of thymiric released 
by exhaustive hydrolysis of the polymer in refluxing 
hydrochloric :tcid-acctic acid niixti~re.~ We no]\ f i i i d  it ,  
more coiivenient to hydrolyze tlic polymer with 1% 
trifluoroacetic acid in lwnzene at  rooni temperat iirc. 
Under these co~ td i~ io i i~  jntaci t hyniidiiir i b  re1e:tsetl 
quantitatively iti 24 hr. ITOM cver, this rcageiit \\:is not 
satisfactory for release of polymer-bound oligonucleo- 
tides (see belon-).8 

Nucleotide Condensation with Polymer-Supported 
Thymidine.-In our previous paper lye described the 
formation of polymer-bound dimer, thymidylyl-(3'+ 
5')-thymidine, in about 50% conversion, based on 
thymidine, using dicyclohexylcarbodiimide (DCC) as 
the condensing agent.5 However, because of the long 
reaction times required and the low conversions ob- 
tained with DCC we turned to the arenesulfonyl 
chlorides which Iihorana and coworkers had introduced 

(8) Trifluoroacetic acid in chloroform or dioxane was used for product 
release in the soluble polymer work of Hayatsu and Khorana' and Cramer. 
et al.4 

r 

Polymer degree 
of Cross-linking, 

%* 
0.75 
1.0 
2.0 

20. Od 

-Chloride polymer--. 
Equiv 

70 C1 pmol 
found of Cl/g 

2 .8  790 
2 .6  734 
2.4 676 
1.9 535 

a Reaction time, 48 hr; solvent, pyridine-benzene mixture. 
For details see ref 5. * Per cent by weight of divinylbenzene. 

Calculated from per cent C1 found. These figures reflect the 
weight gain of the polymer resulting from substitution of Cl by 
thymidine. This polymer was prepared using a monomer charge 
in which the iodostyrene content was increased to maintain poten- 
tial functionality a t  about the same level as the less cross-linked 
polymers. 

as condensing agents for oligonucleotide synthesis. 9, lo 

We also investigated the use of picryl chloride." 
Table I1 summarizes synthesis conditions for a 

series of TpTOAc polymers. Maximum conversions 
(70-80%)12 to TpTOAc were achieved using 2,4,6- 
triisopropylbenzenesulfonyl chloride in anhydrous pyri- 
dine as represented in expt 1, 6, and 7. The optimized 
conditions used therein form the basis for comparison 
of several reaction variables as follows. 

A. Degree of Polymer Cross-Linking. At lon- 
levels of polymer cross-linking (0.73-2%) variation in 
the degree of cross-linking had little or no effect on 
per cent conversion of bound 1 hyinitline to thcJ dimer 
TpT0.4c despite large tlifferenccs i n  solvent -induced 
polymer bwellagc (Table 11, expt 1,  6, atrd S). Absolute 
amounts of dimer formed differed because of variations 
in thymidine content of the polymers. However, on 
highly cross-linked polymer (20%), percentage con- 
version mas reduced from 7040% to about GO%, (Table 
11, expt 11). This change prohably reflects decreased 
accessibility of polymer-bound functional groups. 

B. Nucleotide Salt Form and Mole Ratio Relative 
to Nucleoside. - Lohrmaiin and Kliorana have s1ion.n 
that n-hereas DCC is an effective condensing agent only 
with pyridinium salts of nucleotitles the arcnesulfonyl 
chlorides are effective also I\ itli iiuclcotitle salts of 
strongly basic aniines.lO We foiuid bis(triethy1- 
ammonium) 3'-O-acetylthymidine 5'-phosphate (pT- 
OAc) to be preferable to the pyridinium salt (70430% 
us. 55% conversion, Table 11, expt 9 and 10) and, 
furthermore, that the mono(triethy1tlmmonium) salt 
was less suitable than the bis salt (59% us. 73% con- 
version, expt 1 and 3 ) .  

We usually used a three- to fivefold molar excess of 
nucleotide relative to polymer-bound nucleoside and 
observed no significant differences in conversion within 
these limits; no advantage was found in higher nucleo- 
tide ratios. At the nucleotide concentration used 
(-0.1 M ) ,  lower nucleotide/nucleoside ratios imposed 
solvent volumes so small that all of the solvent was 

(9) R. Lohrmann and H. G. Khorana, J. Amer. Cheni. Soc., 88, 829 (1967). 
(10) T. M .  Jacob and H. G. Khorana, ib id . ,  86, 1630 (1964). 
(11) F. Cramer, R. Wittmann, K. Danek, and G. Weimann, Angew. 

Chem., 76, 92 (1963). 
(12) As in our previous paper,& w e  distinguish between conversion and 

yield, t he  former being determined by the ratio moles of product/total moles 
of starting material and the latter by the ratio moles of product/moles of 
unrecovered starting material. 
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TABLE I1 
CONVERSION OF h’fETHOXYTRITYLTHYMIDINE POLYMERS TO THYMIDYLYL-(3‘+5)-THYMIDI N E  3’-O-ACET.iTE DERIVATIVES 

-Precursor thymidine polymer- pTOAqa Condensing agent,b Reaction ----Product TpTOAc polymer---- 
Expt  rmol  of 70 mol/mol mol/mol time, T r m o l  of TpTOAc/g-- Convn, 

hr Found core % 
1 637 0.75 4.7 2 4 383 462 73 
2 637 0.75 4 .7  2 16 369 440 69 
3 637 0.75 4 .7  2 4 319 372 59 
4 637 0.75 4 .7  1 4 266 302 48 
5 637 0.75 4 .7  1 4 252 284 45 
6 546 1 .0  3 .0  2 4 365 436 80 
7 546 1.0 3.0 3 4 337 396 72 
8 553 2.0 3 .0  2 4 33 1 388 71 
9 565 1 .o 5 .0  2 20 334 392 70 

10 565 1 .o 5.0 2 20 273 309 55 
11 382 20.0 4.7 2 4 216 240 63 
12 565 1.0 d 48 314 366 65 
13 565 1 .0  4 .5  2 18 356 423 75 

cross-link of T of pTOAc no. T/g 

a The bis(triethy1ammonium) salt throughout excepting expt 3, and 5 for which the mono(triethy1ammonium) salt was used and expt 
10 which utilized the pyridinium salt. The solvent was anhydrous pyridine. b 2,4,6-Triisopropylbenzenesulfonyl chloride in all cases 
excepting expt 13 for which picryl chloride was used. The corrected figures take into account the polymer weight gain resulting from 
addition of the elements of pTOAc; see Experimental Section. The phosphorylating solution from expt 1 was filtered under anhydrous 
conditions and added to the fresh batch of thymidine polymer. 

imbibed by the polymer forming a nonfluid gel which 
could not be adequately mixed. 

C. Condensing Agent/pTOAc Ratio.-Consistent 
with the conclusions of Khorana and coworkers we 
found a ratio of 2-3 mol of triisopropylbenzenesulfonyl 
chloride per mole of iiucleotide to be optimum. 

Such solutions retained phosphorylating capacity 
after having been used in an initial phosphorylating 
reaction. For example, when the solution from expt 
1, Table 11, was filtered onto a new batch of thymidine 
polymer, a further 65y0 conversion to dimer acetate, 
TpTOAc, was obtained (expt 12, Table 11). 

D. Reaction Time.--The mononucleotide and con- 
densing agent in pyridine were allowed to react for 30 
min prior to adding polymer. A subsequent reaction 
time of 4 hr was sufficient to achieve maximum yields. 

E. Other Condensing Agents and Solvents. - 
Picryl chloride” proved to be an effective condensing 
agent although it gave a dark brown polymer; this 
color persisted as a contaminant in the isolated prod- 
ucts but was readily separated by chromatography. 
Rlethanesulfonyl chloride proved to be unsatisfacory. 

Anhydrous pyridine was used as solvent in all ex- 
periments of Table 11. Other experiments showed that  
dichloromethane and dioxane were unsuitable solvents 
and that dimethylformamide diminished conversions 
particularly when present during the nucleotide acti- 
vation period. 

Acidic Release of Products from Oligonucleotide 
Polymer.-For poly mer-supported oligonucleotide syn- 
thesis to be practical the product must be removed from 
the support under conditions sufficiently mild that the 
oligonucleotide is not degraded. With trityl-bound 
systems an acidic reagent must be used, and in our 
previous work the reagent of choice was 80% aqueous 
acetic acid saturated with benzene (HOAc-H20-C6H6, 
16:4:5 v/v), the beinzene assisting to swell the polymer; 
this remains the preferred reagent. With thymidine 
homooligonucleotides release times of about 18 hr 
allowed quantitative removal of the TpTOAc from all 
of the polymers investigated. In  Table I11 are sum- 
marized the results of product cleavage with respect to 
reaction time and degree of cross-linking using several 
acidic reagents. 

TABLE 111 
ACIDIC CLEAVAGE OF 

FROM METHOXYTRITYL SUPPORT POLYMERS 
THYMIDY LY L-( 3 ’+5’)-THYMIDIN E 3 ‘-0-ACETATE 

Polymer Reaction TpTOAc liberated 
Expt  Acidic Polymer cross-link, time, Polymer,c % of 
no. reagenta sourceb % lir pmol/g total 

1 A 1 0.75 18 383 100 
2 A  1 0.75 0.25 373 97 

319 100 3 A 3 0.75 18 
4 B  3 0.75 18 270 84 
5 c  3 0.7.5 18 136 43 
5 A  6 1 .o  18 36.5 100 
G A  R 1 .o  0.25 276 76 
8 .4 13 1 .0  18 336 100 
9 A 13 1.0 88 3-56 100 

(1 Reageiit A is HOAc-H20-C611s (1G: 4: 5 v/’v); B trifluoro- 
ncetir acid-CHC18 (1 : 99 v/v);  and C trifluoroacetic acid -CSIIS 
(1 :99 v/v). For detailed work-up see Experirneiital Section. 
I, The numbers refer to the first column of Table 11. Each value 
represents an average of a t  least two analyses reproducible to 
within &2% of the value shown. 

In  previous sections of this paper i t  has been shown 
that in various condensation reactions with polymer- 
bound reactants the per cent conversions are relatively 
insensitive to the degree of polymer cross-linking. 
However, the latter property markedly affects the 
rate of the acidic cleavage reaction; thus oligonucleo- 
tide was nearly quantitatively released from 0.75% 
cross-linked polymer in 15 min while in the same 
period of time only about 75y0 of the product was re- 
leased from 1% cross-linked polymer (Table 111, 
expt 2 and 7). 

In  our previous paper5 we remarked on the increased 
acid lability of the polymer-oligonucleotide trityl 
ether bond relative to the equivalent bond in the nucleo- 
side polymer. Although that work was carried out 
with DCC condensing agent, the same increased 
lability is manifested in sulfonyl chloride condensed 
derivatives. For example, in expt 2, Table 111, a re- 
action time of 15 min released 373 Hmol of TpTOAc/g 
of polymer. This was the only product isolated (al- 
though with longer release times a small amount of 
unreacted thymidine was also released, e.g., 30 pmol 
of T/g for expt 1). On the other hand, the thymidine 
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(3’+5’)-thymidine 3’-O-Acetate.-Since the nature 
of the activated pTOAc intermediate is unknolrn, 
the form of the phosphate group in the TpTOAc 
polymer immediately after condensation is uncertain. 
However, it is no doubt converted into the pyridinium 
or triethylammonium salt during the I\ ash cycle 
(moist pyridine or dilute aqueous triethylamine in 
pyridine). Subsequent to deacetylation with potas- 
sium hydroxide the TpT exists as the potassium salt 
(KTpT), and in this form the polymer swelled markedly 
less in organic solvents than the oriiuin salt forms. 
Assuming that swelling might affect subsequent re- 
actions we examined the effect of converting the KTpT 
polymer into the pyridinium or triethylainmonium 
salts by washing with the corresponding acetates in 
pyridine. Although this procedure restored the swell- 
ing characterisics of the polymer, it did not improve 
percentage conversion to trimer acetate. For ex- 
ample, the Et&H+ form of a 1% cross-linked dimer 
polymer containing 297 pmol of TpT/g gave a product 
containing 211 pmol of TpTpTOAc/g while the I<+ 
form of a 2% cross-linked polymer gave an identical 
result corresponding to 78% conversion after cor- 
rection for polymer weight gain. 

The paper chromatographic mobility of the trimers 
from those polymers merit some special attention. 
TpTpT, deacetylated with potassium hydroxide while 
bound to polymer or derived from polymer-bound 
IiTpT and deacetylated with ammonia after release 
from the polymer, moved as a single band with mo- 
bility very similar to reference pT in the ammoniacal 
solvent system A.I5 On the otlier hand, when trimer 
derived from I iTpT was ion exchanged with triethyl- 
ammonium acetate while bound to the polymer, and 
was released and deacetylated -c\;ith arnmonia, it moved 
as a multiple band with a major component of low 
mobility as above and a diffuse minor component 
with Rr -0.25. Both forms were shown to be authentic 
TpTpT by specific enzymic hydrolysis. We ascribe 
the mobility differences to different salt forms of TpTpT 
of which three are possible. When potassium salt 
polymer was agitated for 4 hr with 1 ;II triethylam- 
monium acetate in pyridine, 78% of the isolated 
TpTpT retained low mobility while 22% had been 
converted into the inci~*c. mobile species. Further 
equilibration of the polymer with 1 III tetraethylam- 
monium acetate in moist pyridine for 20 hr converted 
virtually all the trimer into the high-mobility form. 

Conversion of Polymer-Bound Trimers into Higher 
Oligomers.-Repetition of the deacetylation ant1 
nucleotide condensation react ions gave the tetramer 
and pentnmer c1eriv:ttives (Tables T’ and T T ) .  Coil- 

versions to these higher members \\ ere in the r:iiigc 
35-050/; based 011 next louest oligunier. Tnble T’ 
shov 5 results only for the highest oligomer isol:itetl :it 
each stage but in each case i t  was accompanied by tlie 
lower oligomers. Complete :iisay at  each step is 
illustrated in Table VI which show satisfactory ma- 
terials balance. 

Although the chromatographic mobility of TpTpT 
w i s  significantly affected by its salt form, such effects 

TABLE I V  
DE ACETYLATION OF POLYMER-SUPPORTED 

WITH 0.2 M KOH IX METH.\NOL-DIOX.~SE~ 
THYYIDYLYL-(3’+j’)-THYMIDINE 3’-O-ACETATE 

TpTOAc 
Expt polymer c 
no. sourceh 

1 Id 
2 9d 
3 9d 
4 6 
6 13 
6 8d 
7 8 
8 11 

Polymer 
’ross-linking, 

% 
0.7.5 
1 . 0  
1 . o  
1.0 
1 . 0  
2.0 
2.0 

“0.0 

Hydrolysis 
time, h r  

0.25 
0.25 

24.0 
0.5 
0.25 
0 . 5  
0 .5  
0 . 5 

TpTOhc, 
pmol/g of 

polymer 

385 
327 
327 
365 

319 
331 
216 

Product 
TPT, 

P m o 1 / g 

293 
351 
343 
297 
356 
318 
296 
184 

For general conditions see Experimental Section. Refers t o  
Homogeneous by paper chroma- 

Kew preparations, prepared 
the first column in TaLle 11. 
tography in  solvents A and C. 
similarly to correspondmg preparations of Table 11. 

polymer afforded only 44 pmol of T/g under identical 
conditions, less than 12% of that expected on the 
basis of the TpTOAc released. 

The results in Table 111 also focus a peculiar char- 
acteristic of the trifluoroacetic acid-benzene reagent. 
This reagent was   effective for quantiative assay of 
thymidine polymers, and yet under essentially identical 
conditions it released lc-s than half of the TpTOAc 
from the derivative polymer. Thus the behavior of 
trifluoroacetic acid-benzene was qualitatively the 
converse of that of the acetic acid-water-benzene 
reagent. 

Deacetylation of Polymer-Bound Thymidylyl- (3 ’+ 
5’)-thymidine 3’-O-Acetate.--Prior to oligonucleotide 
chain extension to higher oligomers it is necessary to 
deacetylate the polymer-bound 3’-O-acetate. This 
hydrolysis n as accomplished quantitatively by treat- 
ing the polymer ui th  0.2 111 potassium hydroxide in 
methanol-dioxane (1 : 9 v/v) for 12-30 min at  room 
temperature. l3  Several other alkaline reagents were 
examined but none was as effective as the above com- 
bination. For analytical purposes with small amounts 
of polymer and large volumes of reagent, a hydrolysis 
time of 15 min was shown to be adequate, but for 
preparative purposes 30 min was allowed. Results 
are summarized in Table IT’. In  these experiments 
alkaline hydrolysis of tlie polymer was followed by an 
extensive washing procedure and isolation of dry 
polymer from which productc. were released by acetic 
acid treatment. Recoveries of the dimer TpT were 
erratic but several of the experiments clearly show a 
10-2.5‘7, loss of polymer dimer. These results suggest 
that the normally acid-labile trityl ether bond, whet1 
incorporated in thc polymeric structure, is somehow 
furthei- labilized so 1 hat cleavage occurs eveii i l l  basic 
media. l4  Several djff ercrit n-ashing procedures were 
employed suI)sequei~t to tho deacet,ylation step, but 
110 correlatioli could be made hctwceii the extent of 
product loss arid composition of the w:~sh solvents 
(see helow). 

Conversion of Polymer-Supported Thymidylyl-(3’-’ 
5 ’ )  -thymidine into Thymidylyl- (3’35’) -thymidylyl- 

( l ; i )  .V-.\c)l x r o i i i ~  ni)parcntly siirvirc these coliclitions intact. 
(14) In cxi)erimrnts it11 clinlethox).trit?l analogs of the polymers rle- 

s c i i l d  liere \re encrnIIiirre<! severr loss of dimer a s  a result of extensive 
n.aulii!i:. of tlie TyTO.\c derivatii-e with anhydrous pyridine. 

(15) Ser I?xperimenlal Section; t he  Rr of referelire sotliiim UT wati 0.15 + 
(16) Xiicleoside is ignored in tlie materials balance since the acidic release 

0.01. 

times were insufficient to liberate all tlie thymidine. 
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TABLE V 
PENTATHYMIDIN E TETRAPHOSPHATE SYNTHESES 

Polymer 70 % % 
stage Producta convnh Producta convnb Producta conrnb 

T 63Pid 565d,e 546” 
TPT 295 53 356 75 332 71 
TPTPT 161 58 183 56 236 79 
TPTPTPT 74 47 112 63 114 51 
TpTpTpTpT 40 5.5 41 37 
a pmoles per gram of polymer, uncorrected for weight gain. 

* After correction for weight gain. 0.75yc cross-linked. 
Et,”+-exchanged intermediates. e 1yc cross-linked. f K 

salt forms throughout. 

TABLE VI 
TETRATHYMID [ N E  TRIPHOSPHATE SYNTHESIS 

27c CROSS-LINKED POLYMER 

Stage 

T 
TpTOAc 
TPT 
TpTpTOAc 
TPTPT 
TpTpTpTOAc 

Highest oligomer 
Amt, 

--Products, pmol/g of polymer-- pmol/g 70 

553 
T T p T  T p T p T  T p T p T p T  cor convn 

47 319 372 67 
95 318 371 67 
38 109 212 232 73 
35 108 216 236 74 

65 153 70 72 34 

were virtually insignificant with the tetramer TpTpTpT 
and pentamer TpTpTpTpT. 

Other Support Polymers.-With the exception of the 
aminophenoxymethylpolystyrene of Blackburn, et al., 
all other oligonucleotide support polymers previously 
described2+ have, as nucleoside attachment sites, 
functional groups bound to phenyl rings which are 
directly attached to the polyalkylene backbone of the 
polymer. We reasoned that the contiguity of the 
functional group and backbone might sterically hinder 
phosphorylation of the 3’-hydroxyl group of a polymer- 
supported nucleoside and that a more favorable en- 
vironment might be provided by separating the trityl 
group from the polymer backbone by an extended 
bridge of several atoms. The preparation of one such 
“extended” polymer is outline in Scheme I1 and its 
use in synthesis of the pentariucleoside tetraphosphate 
TpTpTpTpT will be discussed below. 

Reaction of chloromethylated 1% or 2% divinyl- 
benzene-styrene copolymer1’ containing 1.7-2.0 m- 
mol of Cl/g with sodium 4-iodophenoxide in dimethyl- 
acetamide proceeded in essentially quantitative con- 
version to give the iodo polymer 1. When a limited 
amount of the phenoxide mas used, remaining chloro- 
methyl groups were capped by reaction with excess 
sodium methoxide. In  this way, polymers with a 
wide range (up to 1380 pmol/g) of iodine content were 
conveniently prepared. Conversion of 1 into 3 was 
carried out essentially as described for the p-iodo- 
styrene-styrene copolymer5 to obtain polymers con- 
taining 300-1100 pmol of Cl/g. Condensation of 
extended polymer of type 3 containing 400-500 p- 
mol of Cl/g with thymidine in pyridine-benzene3 gave 
thymidine polymer,s in 90-94% conversion, but poly- 
mers of higher chLoride content (>1 mmol/g) gave 
lower conversions 1(857~) into thymidine polymer in- 

(17) R. B. Mernfield, J i lmer.  Clim Soe , 86 ,  2149 (1963). 

SCHEME I1 
SYNTHESIS OF EXTENDED SUPPORT POLYMER 

SaOCH 

OCH 
2 

Q 
OCH, 

3 
0, =cross-linked polystyrene 

hackbone 

dicating inaccessibility of an increasing proportion of 
chloride groups. 

Optimum nucleoside loading for the formation 01 
polymer-supported TpTOAc was determined by re- 
action of 3’-O-acetylthymidine 5’-phosphate with thy- 
midine polymers having 150-700 pmol of T/g. Poly- 
mers containing 400-700 pmol of T,/g gave TpTOAc 
in amounts of 200 * 15 pmol/g; thus the percentage 
conversion decreased as the initial nucleoside content 
of the polymer increased. On the other hand, polymers 
containing thymidine in the range of about 150-400 
pmol of T/g gave fairly constant (60 f 5%) con- 
versions into TpTOAc. These data are for 2% cross- 
linked polymers which gave slightly higher conversions 
than did the 1% cross-linked polymer support. These 
observations imply that a t  loadings up to about 400 
pmol of T/g about 40% of the supported thymidine is 
inaccessible to phosphorylation, but any thymidine 
in excess of 400 pmol/g is totally inaccessible. 

Stepwise synthesis of thymidine oligomers up to the 
pentamer, TpTpTpTpT, was carried out to  compare 
the results with those obtained using copolymer sup- 
ports. Accordingly, an ‘‘extended’’ polymer con- 
taining 410 pmol of T/g was phosphorylated under the 
optimum conditions described above, to give a product 
containing 216 pmol of TpTOhc/g (39% conversion). 
Successive steps of deacetylation and phosphorylation 
gave polymers containing 108 pmol of TpTpTOAc/g, 
41 pmol of TpTpTpTOAc/g and 20 pmol of TpTpTp- 
TpTOAc/g which represent 32,  39, and 49% con- 
versions, respectively, based on the next lower member 
in the series. The over-all conversion into the pent:i- 
nucleoside tetraphosphate based on initially bound 
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thymidine was 6% .I8 These data show that use of the 
copolymer support5 gives somewhat higher over-all 
conversions for the synthesis of thymidine oligomers 
than does the “extended” support and emphasize that 
the method of introduction of the functional group 
into the polymer support may have significant effects 
in solid phase oligclnucleotide synthesis. 

Product Characterization.-The thymidine oligo- 
nucleotides were completely hydrolyzed by spleen and 
venom phosphodiesterase. The nucleotide/nucleoside 
ratios .vr ere deterniined and sho.\.i-n to be satisfactory. 
Paper chromatographic mobilities of the oligomers are 
listed in Table T’II. 

Summary--The efficiency of any polymer-supported 
synthesis scheme must be evaluated in terms of several 
characteristics, c . g . ,  high yields and conversions into 
products, absolute amounts of products carried by the 
polymer, rapidity of synthesis, ease of handling, poly- 
mer and product recoreries, and availability of inter- 
mediates. Compared to other systemq the scheme 
described here meets reasonable requirements in all 
aspects including yields, but at rather 1011- conversions 
in steps leading to the higher oligomers. lloreover, 
the conditionr established are suitable for the polymer- 
supported synthesis of deoxycytidine and purine- 
containing oligoiiucleot.ides which are the subject of 
the succeeding paper in this series. 

Experimental Section 
General Methods and Materials.-Paper chromatography was 

carried oitt by the dewending techniqiie using Whatman No. 40 
paper. Solvent systeins used A ,  2-propanol-conceiitrated am- 
monium hydroxide-water (7: 1 :2, v/vj; B, ethanol-1 M aninio- 
niuni acetate ipX1 7.:)) ( 7 :  3 ) ;  and C, 1-birt’anol-acetic acid- 
water (5:2:3j. 

Ultraviolet spectra were tleierinined with a Cary Model 15 
recording spectrophot, meter. The expression OD267 unit is 
defined as t,hat amount of siibhtance in 1 nil of solution which 
gives an optical density of 1.00 throngh a 1-cm path length a t  
the indicated wavelength. The following molar extinction 
coefficients (267 mp)n-ere used: TpT, 18,500;19 TpTpT, 25,400;2c 
TpTpTpT, 34,000;20 and TpTpTpTpT, 42,500.M 

Pyridinium 3’-O-acetylthymidine 5‘-phosphate (pTOAc j (0.1 
ill in anhydrous pyridinej, prepared as previously described,6 was 
converted into t!ie mDno- or bis(triethy1ammonium) salt by 
addition of 1 or 2 equiv of anhydrous triethylamine which had 
been distilled from potassium hydroxide. 2,4,6-Triisopropyl- 
benzenesulfonyl chloride2’ was recrystallized from hexane. 
Met’hoxytrityl chloridlz support polymer was prepared and 
conderised with thymidine as previously described .5 

Small-scale reactims (3-ml volume or less) were carried 
out in screw-cap vials. Larger scale reactions (5 ml or larger) 
were carried out in reactors made by fusing a Teflon fluorocarbon 
resin Etopcock to the outlet of a coarse-frit cylindrical funnel 
and a screw-cap top to the input. The outlet tube below the 
stopcock was equipped with a one-hole rubber stopper for inser- 
tion intoafilter flask for removalof liquidcomponent,s. Thescrew- 
cap t,ops were obtained from commercially available screw-cap 
erlenmeyer flasks and allow the iuse of polyethylene-lined caps 
which provide liquid and air-tight seals and permit easy access 
to the reactor contents. Moisture-sensitive react,ants were 
mixed and transferred in a drybox. 

(18) These values are for the same polymer carried continuously from T 
to  TpTpTpTpT.  Highest percentage conversions observed with similarly 
prepared polymers for the isolated reactions T + TpT,  T p T  + TpTpT,  etc.. 
were 66, 64, 40, and 49%, respectively, or an  over-all 8% conversion into 
pentamer. 

(19) P. T. Gilham and IT. C .  Khorana. J .  Amer. Chem. ~ o c . ,  80, 6212 
(1958). 

(20) T. M. Jacob and W. G. Xhorana, i b i d , ,  87. 368 (1965). 
(21) .\Idrich Chemical C3., Milwaukee, \Tis. 

TABLE T’II 
PAPER CHROMBTOGHAPHY O F  THYMIDINE OLIGONUCLEOTIDES 

Mobility (Rf)----. 
---Solvent A----? 

Onium Potassium 
Solvent Ca Compound salt salt 

TPT 0.47 0.47 0.36 
TPTPT 0.26 0.16 0.19 
TPTPTPT 0.14 0.13 0.12 
TPTPTPTPT 0.09 0.08 0.08 

a N o  distinguishable difference conferred by salt form. 

Iodo Polymer 1. Scheme 11.-A mixture of 21.7 g of chloro- 
rnethylpoly~tyrene~’ containing 1.96 mmoi of Cl/g, 9.5 g (43.1 
mmol) of 4-iodophenol, 2.75 g (51 mmol) of sodium methoxide, 
and 125 ml of freshly distilled dimethylacetamide was stirred 
a t  85’ for 18 hr with exclusion of moisture. After cooling the 
mixture, solids were collected by filtration, and the polymer 
was washed on the filter with a large volumeof dimethylformamide 
(DAiF), wat,er, DMF, and methanol. The composition of wash 
solvents was changed gradually during all washing operations. 
After being dried a t  100’ in vacuo, the polymer weighed 28.4 g. 
Anal. Calcd: I, 18.3. Found: I, 17.0. 

Scheme 11.-Into a resin 
kettle, which had a 9-cm coarse fritted disk base and a stopcock 
beneath for removal of liquids, was placed 20 g of 1 and 400 ml of 
reagent grade benzene. The suspension was stirred under nitro- 
gen during and after the addition of 100 ml of 1.6 M n-butyl- 
lithium in n-hexane.** After 24 hr, liqiiid reagents were removed 
and the lithio polymer was washed by suspension in 400 ml of 
benzene for 15 min. The wash liquid was removed and replaced 
with a solution of 25 g (0.12 mol) of 4-methoxybenzophenone in 
400 ml of benzene. The reaction mixture was stirred for 24 hr 
under nitrogen. Excess reagents were removed, and the polymer 
was washed with benzene, 50% acetic acid, water, DMF, and 
methanol. The vacuiim-dried product weighed 21.8 g. Anal. 
Found: I,  0.13. The polymer was converted into the chloride 
derivative with acetyl chloride in benzene as previously 
described.6 

Thymidine Polymer Assay.-To 10-20 mg of thymidine poly- 
mer in a small vial was added 3 ml of 1% trifluoroacetic acid in 
benzene (v/vj, the vial was sealed and agitated at, room tem- 
perature for 18-24 hr. The mixture was filtered, the vial was 
rinsed, and the polymer was washed with five 1-in1 portions of 
80% aqueous aceticacid on the filter. The filtrate was evaporated 
to dryness on a rot,ary evaporator at a temperature not exceeding 
25’. The residue was taken up in a precisely measured volume 
of water (50-100 mlj and the amount of thymidine determined 
spectrophotometrically. 

Condensation of Polymer-Supported Thymidine with pTOAc .- 
In a typical experiment, a solution of 600 pmol of (Et3?urH+)j- 
pTOAc in 6 nil of anhydrous pyridine was t.reated with 360 mg 
(1200 pmol) of 2,4,6-triisopropylbenzenesnlfonyl chloride, and 
the mixture was allowed to stand a t  room temperature for 30 
min during .which time triethylammonium chloride separated. 
This “activated” mixture was added to 400-500 mg of thymidine- 
containing polymer using about 2 ml of dry pyridine as rinse. 
The react,or was capped and agitated continuously a t  room 
temperature for the appropriate period of time (nsually 4 hr). 
The mixture was filtered and the polymer washed by shaking for 
1 min or so with each of five 8-ml portions of reagent grade pyri- 
dine then by mechanical agitation for 15 min with each of four 
8-ml portions of pyridine and four 8-nil portions of aqueous 
pyridine (1:99 v/v) (total wash time about 2 hr). The polymer 
waij then washed by agitation with several portions of ethanol 
and vacuum dried over phosphorus pentoxide for a minimum of 
6 hr. 

In those instances where solvent and,’or condensing agents 
were varied, the calculated amount of pTOAc in pyridine was 
evaporated to dryness under anhydrous conditions and the 
appropriate solvent was added t,o the residue. Condensing agent 
was added and the reaction cont’inued as described above. 

Oligonucleotide Removal from Polymer.-A 10-20-mg portion 
of oligonucleotide polymer (e.g., the TpTOAc derivative above) 
was continuously agitated with 3 ml of acetic acid-benzene 
reagent (HOA4c-H20-C&, 16: 4: 5 v/v) for the appropriate 

Methoxytrityl Alcohol Polymer 2 .  

(22) Foote LMineral Co., Exton, Pa. 
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period of time, and the mixture was then filtered and washed as 
described under the thymidine assay procedure. The filtrate 
was evaporated to dryness, and the residue was treated for 1 hr 
with 1 ml of concentrated ammonium hydroxide. The hydroly- 
sate was concentrated to a small volume and chromatographed 
on Whatman No. 40 filter paper. The uv-absorbing bands were 
cut out and eluted with water, and the solution was analyzed 
spectrophotometrically. 

Deacetylation of Polymer-Supported 3-0-Acetate Derivatives. 
-The hydrolyzing medium was prepared by dilution of 2 M 
potassium hydroxide in methanol with nine volumes of dioxane. 
In a typical hydrolysis reaction 8 ml of this solution was added 
to 300 mg of dry TpTClAc polymer, and the mixture was con- 
tinuously agitated at room tempeature for 30 min. The mixture 
was filtered and the polymer washed with eight 8-ml portions of 
methanol-dioxane (1 : 9, v/v), 15 min for each portion, then with 
methanol, and vacuum dried as before. 

In those instances where ion exchange was desired, the polymer 
was washed with four or five portions of methanol-dioxane 
mixture, 5 min each, then with eight portions of 1070 triethyl- 
ammonium acetate in pyridine (or 107’ pyridinium acetate in 
pyridine) for 30 min each, then twice with dimethylformamide 
to remove a trace of unidentified flocculent white solid, and 
finally with several changes of reagent grade pyridine, then with 
methanol, and dried. 

Higher Oligomers.-Further condensation to higher oligomers 
was conducted as described for the initial supported thymidine- 
pTOAc condensation. 

Enzymic Hydrolyses.--Spleen phosphodiesterase solutioq was 
prepared by dissolving 10-15 units of lyophilized enzymez3 in 2 
ml of 0.2  JI aqueous ammonium acetate (pH 5.7) .  To ten 
ODjB7 units of oligonucleotide in 10 p1 of water was added 40 pl 
of enz3me solution and the mixture was incubated at 37’ for 

(23) Vorthington Biochemical Corp., Freehold, N.  J. 

5-6 hr. The hydrolysis mixture was spotted on Whatman So. 40 
paper and chromatographed. 

Venom phosphodiesterase solution was prepared by dissolving 
5-7 mg of lyophilized enzymez3 in 1 ml of 0.1 III Tris HC1 buffer 
(pH 8.9). Samples of 20 p1 solution per ten OD units of oligo- 
nucleotide were used in the hydrolysis with subsequent treatment 
as above. Nucleotide/nucleoside mole ratios found were within 
=t8yc of theory. 

Calculation of Corrected Values of Polymer-Bound Products,- 
If it is assumed that the weight increase of the polymer during 
the reaction 

~,Tr(OCH8)T(pT),0A4c + ~)oTr(OCH3)T(pT),+,0Ac 

is due only to  the added protected nucleotide, then the polymer 
weight increase is kA,  where k is the molecular weight of the 
protected nuc1eotidez4 times and A is the number of pmoles 
of T(pT),+lOAc oligomer formed. If B is the number of pmoles 
of T(pT),+lOAc oligomer found per gram of product polymer, 
then for 1.000 g of starting polymer 

A B 
B =  or A = 

1.000 + k i t  1.000 + kB 
When n = 0, k = 447 X 10-8; k = 405 X 10-6 for all other 
values of n. The value of A thus determined was used to calcu- 
late the percentage conversion for all reactions described herein. 

Registry No.-Pentathymidine tetraphosphate, 
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(24) The weight increase included 1 mol of triethylamine. 
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The previously described insoluble styrene-divinylbenzene copolymer cont,aining methosytrit yl functional 
groups has b’een condensed with the N-acylat,ed deoxyribonucleosides N-benzoyldeosyadenosine, N-aiiisogldeosy- 
cytidine, and N-acetyldeoxyguanosine to give the corresponding supported nucleosides in amouiits correspond- 
ing to 325-360 pmol/g of polymer. Condensation of these products, and a similar thymidine-coiitairiing poly- 
mer, with the protected nucleotides N-3’-O-diacetyldeoxyadenosine :’-phosphate, N-aiiisoyl-3 ‘-0-acet yldeosy- 
cytidine 5’-phosphate, N-3’-0-diacetyldeoxyguanosine 5’-phosphate, and 3’-O-acetylthymidiiie 5’-phosphale in  
the presence of 2,4,6-triisopropylbenzenesulfonyl chloride gave 15 diniicleoside phosphates in isolated conver- 
sions of 10-S070 based on polymer-bolind nucleoside. Several diniicleoside monophosphate-cont aining po1yniel.s 
were 3’-O-deacetylated and further condensed to triniicleoside diphosphate derivatives from which were isolated 
deos yaden yl yl- (3 ’-5 ’)-t,hymidylyl-( 3’+5 ’ )-t hymidi ne (d ApTpT), deox ygiiaii ylyl- (3  ’+5 ’ )-t hyniid j 
thymidilie (:dcTpT),  deoxycytidylyl-(3’-t5’)-deoxycytidyl~1-(~’~~’)-thymidiiie (dCpCpT), deo 
(3 ’-3 ‘)-thy mid ylyl- (3 ’-5 ’)-t hymidiiie (dCpTpT), and th ymid yl yl- (3  ’-3 ’ )-deox g cytid yl yl- (3 ’-5 ’)-t’hyn idinr 
(dTpCpT) in conversioiis of 10-757c based on dinucleoside phosphate. Specific enzymic hydrolysis showed t h e  
prodiicts to  contain exclusively 3’+5’ phospho diest,er linkages. 

A large proportion of previously reported work 011 

polymer-supported (oligonucleotide syntheses has dealt 
with thymidine-cosntjaining homooligonucleot~idesl-~ 

(1) (a) H. Hayatsu and H. G. Khorana, J .  Amer. Chem. Soc., 88, 3182 
(1966); (b) i b i d . ,  89, 3880 (1967). 

(2) F. Cramer, R. Helbig, H. Hettler, I<. H. Scheit, and H. Seliger, Anueru. 
Chem. Intern. Ed. Enul., 6, 601 (1566). 

(3) (a) L. R.  Melby and D. R. Strobach, J .  Amer.  Chem. Soc., 89, 450 
(1967); (L)  J .  O r a  Chem., 84, 421 (1569). 
14) (a) R. L. .Letsinger, M. H. Caruthers, and D. M. Jerine, Biochemistry, 

6 ,  137Y (1967); (II) R. I,. Letsinger, M. H. Caruthers, 1’. 9. Miller, and I<. K. 
Ogilvie, J .  Amer. Cliem. Soa., 89, 7146, (1567). 

( 5 )  G .  M. Blackburn, h l .  J. Brown, and 11. R. Harris, J. Chem. Soe., C ,  
2436: (l<It37), 

while only limited studies on polymer-supported hetero- 
oligonucleotides have been described. These include 
the synthesis of thymidylyl-(3’+5’)-deoxyadenosine 
(dTpA), thymidylyl-(3’+5’)-deoxycytidine (dTpC), 
and thymidylyl-(3’+i’)-deoxyguanosine (dTpG)6 on 
a soluble support as reported by Khorana and co- 
workers,’ the deoxycytidine-containing products de- 
oxycytidylyl-(3’+5’)-thymidine (dCpT), deoxycytid- 

(6) Conventional oligonucleotide symbolism and alilre\riations are used 
throughout this paper; see previously cited references. For simplicity, 
dinucleoside phosphates will sometimes be referred to  as dimers and tri- 
nucleoside diphosphates as trimers. 


