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(AB-d, 2 H, COOCHz), 4.5-4.7 (m, 2 H, OCH2), 5.2-5.6 (m, 2 H, 
vinyl H), 5.9-6.3 (m, 1 H, vinyl H), 6.9-8.3 (m, 16 H, ArH). 

Anal. Calcd for C34H3205: C, 78.44; H, 6.20. Found: 78.62; 
H, 6.13. 

(S)-4-[ (2-Methyl-l-butoxy)carbonyl]phenyl4-[4-(4-Pen- 
tenyloxy)phenyl]benzoate (6). 4- [ 44 4-Penteny1oxy)phenyll- 
benzoic acid, 3 g (11 mmol), and (S)-2-methyl-l-butyl 4- 
hydroxybenzoate, 2.1 g (11 mmol), were used in the procedure 
described above. The product was recrystallized from ethanol 
to give 3.8 g (75%): mp 105 "C to smectic, 198 "C to isotropic; 

6 0.9-1.1 (m, 6 H, CH3), 1.1-2.4 (m, 7 H, CH, CH2), 4.03 (t, 2 H, 
OCH2), 4.17 (AB-d, 2 H, COOCH2), 4.9-5.2 (m, 2 H, vinyl H), 
5.6-6.1 (m, 1 H, vinyl H), 6.9-8.3 (m, 12 H, Ar H). 

Anal. Calcd for CwH3205: C, 76.25; H, 6.83. Found: C, 76.54; 
H, 6.94. 

(S)-4'-[ (2-Methyl-l-butoxy)carbonyl]biphenyl-4-yl4-[4- 
(4-Pentenyloxy)phenyl]benzoate (7). 4- [4-(4-Pentenyloxy)- 
phenyllbenzoic acid, 3 g (11 mmol), and (S)-2-methyl-l-butyl 
4-(4-hydroxyphenyl)benzoate, 3 g (11 mmol) were used in the 
procedure described above. The product was recrystallized from 
ethanol to give 3.3 g: 57%; mp 135 "C to smectic, 295 "C to 
cholesteric, 315 "c to isotropic; [a]25D +2.7" (c 0.5, chloroform); 
IR (KBr) 1710,1730 cm-'; NMR (CDC13) 6 0.9-1.1 (m, 6 H, CH3), 
1.1-2.4 (m, 7 H, CH, CH2), 4.04 (t, 2 H, OCH2), 4.21 (AB-d, 2 H, 
COOCHz), 4.9-5.2 (m, 2 H, vinyl H), 5.7-6.1 (m, 1 H, vinyl H), 
6.9-8.3 (m, 16 H, Ar H). 

Anal. Calcd for CSHsO5: C, 78.81; H, 6.61. Found C, 78.70; 
H, 6.55. 

General Procedure for the Preparation of Mesogenic 
Polymers. Poly[oxy(methylsilylene)] (Petrarch, 2250 ave mo- 
lecular weight), 50 mg (0.83 mmol of SiH), and 0.83 m o l  of olefin 
were combined and 2 mL of toluene was added. Chloroplatinic 
acid, 0.2 mL (0.1 M), in 2-propanol was added, and the solution 
was heated a t  80 "C for 16 h. The polymers were obtained by 
precipitation with an equal volume of methanol. The products 
were purified by dissolving them in 1 mL of methylene chloride 
and precipitating with 2 mL of methanol. This process was 
repeated 2 times. The product was dried at 80 "C under vacuum 
for 24 h. The melting characteristics of the polymers are shown 

[aI2"D +2.6" (C 0.3, ChlOrOfOI"); IR (KBr) 1725 C3r-l; NMR (CDCI3) 

in Table I. A polymer was not obtained with monomer 5 because 
of its limited solubility in any common solvent. A copolymer 
containing equal amounts of 1 and 2 substituents (PMPS-1,2) 
was prepared as above from equal amounts of alkenes 1 and 2 
and the appropriate amount of poly[oxy(methylsilylene)]. 
PMPS-1,2 had the following phase transitions: 130 "C glass to 
smectic, 219 "C emetic to nematic, and 235 "C nematic to isotropic. 

Procedure for Testing Stationary-Phase PMPS-1,2. Un- 
treated fused silica columns, 18 m by 0.3 mm i.d. (Hewlett- 
Packard, Avondale, PA), were statically coated with a 0.25 pm 
film of SE-54 (a 5% phenyl, 94% methyl, 1% vinyl silicone) or 
with PMPS-1,2 as was previously described.16 The SE-54 phase 
was cross-linked with azo-tert-butane." Both columns were 
conditioned overnight at  280 "C under a nitrogen flow. A Hew- 
lett-Packard Model 5880 gas chromatograph equipped with a 
flame ionization detector and a flame photometric detector was 
used. Hydrogen gas at 100 cm s-l was used as the carrier gas. The 
solute standards were obtained commercially or were synthesized. 
Figure 3 shows the chromatograms for one specific separation. 
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The phosphotriester method provides a rapid and convenient procedure for synthesizing oligonucleotides. The 
mechanism has been revealed and intermediates have been identified by 31P NMR methodology. It was found 
that reaction of a 5'-protected nucleoside 3'-@-chlorophenyl phosphate) with mesitylenesulfonyl chloride (MSCl) 
or l-(mesitylyl-2-sulfonyl)-3-nitro-l,2,4-triazole (MSNT) in anhydrous pyridine yields only two products within 
5 min, the sulfonic acid-phosphate mixed anhydride 2 and the (3'-3') symmetrical pyrophosphate tetraester 3 
which can be isolated as a mixture. Reaction of 2 and 3 with 3'-0-acetylthymidine yields the phosphotriester 
dimer [(MeO)2Tr]NpTOAc. The reaction rate and yield of dimers are closely dependent on the presence of catalysts. 
The reaction finished within minutes when tetrazole or 3-nitro-1,2,4-triazole was used. On the contrary, the reaction 
completed in hours when imidazole or 1,2,4-triazole was used as catalysts. The possible mechanisms are explored 
and discussed in detail. 

The phosphotriester method provides a rapid and con- 
venient procedure for t he  synthesis of oligonucleotides.'+ 

(1) Itakura, K.; Hirose, T.; Crea, R.; Riggs, A.; Heyneker, H. L.; Bo- 
livar, F.; Boyer, H. w. Science (Washington, D.C.) 1977,198, 1056-1063. 
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Schuch, W.; Scalon, D. B.; Atkinson, T. C.; Newton, C. R.; Markham, A. 
F. Nature (London) 1981, 292, 756-762. 
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An important step in the  synthesis of oligonucleotides by 
the phosphotriester approach involves activation of a 
phosphodiester group with a suitable condensing agent and 
subsequent condensation with a nucleoside 5'-hydroxyl 
group to form a new internucleotide linkage. Arenesulfonyl 

(4) Efimov, V. A.; Reverdatto, S. V.; Chakhmakhcheva, 0. G. Nucleic 
Acids Res. 1982, 10, 6675-6694. 
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However, the rate and yield of the formation of dimer (the 
target product) is just the reverse in proportion to how fast 
and how high the yield was of the formation of phospho- 
razolide. Namely, the dimers formed fast with high yield 
when 2 (and 3) and 3’-O-acetyl nucleotide were treated 
with 6 or 7 and no phosphorazolide was observed initially. 
These results suggest that the phosphorazolides are rela- 
tively stable and reluctant to proceed to form dimers. On 
the other hand, compounds 2 and 3 are the intermediates 
and play an important role in oligodeoxyribonucleotide 
synthesis. All these reactions can be monitored closely to 
31P NMR spectroscopy. 

Results and Discussion 
I. 31P NMR Study of the Intermediates Formed in 

the Phosphotriester Reaction. (a) Formation of 
Mesitylenesulfonic Acid-Nucleoside 3’-Phosphate 
Mixed Anhydride 2 and (3’-3’) Symmetrical Pyro- 
phosphate Tetraester 3 Intermediates. Reaction of 
5’-0-(dimethoxytrity1)thymidine 3’-(p-chlorophenyl 
phosphate) (1, B = T) with l-(mesitylyl-2-sulfonyl)-3-ni- 
tro-1,2,4-triazole (MSNT) in anhydrous pyridine results 
in the rapid disappearance of the starting diester 31P signal 
(assigned as 0 ppm) and the subsequent appearance of six 
new 31P resonances (Figure lb,  supplementary material). 
These new resonances are observed approximately 30 s 
after mixing, which is the time required to record the NMR 
spectrum. Two of the resonances (-12.96 and -13.31 ppm) 
are assigned to the mesitylenesulfonic acid-nucleoside 
3’-phosphate mixed anhydride 2, while the remaining four 
resonances (-13.12, -13.25, -13.57, -13.70 ppm) are as- 
signed to the (3’-3’) symmetrical pyrophosphate tetraester 
3. Similar results were observed when 1 (B = T) is reacted 
with mesitylenesulfonyl chloride (MSC1) and 1-(mesity- 
lyl-2-sulfonyl) tetrazole (MSTe). 

When 3 equiv of MSNT are used in the reaction, the 
ratio of 2 to 3 is 2:l. When 0.5 equiv of MSNT are used, 
the ratio of 2 to 3 changes to 1:l. This result suggests 
nucleoside phosphate 1 initially reacts with MSNT to form 
2. Subsequent reaction of 2 with another molecule of 1 
results in formation of 3. The proposed reaction pathway 
is shown in Scheme I. 

The identity of 3 was confirmed by preparation of 3 by 
an independent route. As shown in Scheme 11, reaction 
of a 5’-O-dimethoxytrityl nucleoside with p-chlorophenyl 
phosphorodichloridate (6 of 31P: 8.48 ppm) yields the 
5’-O-dimethoxytrityl nucleoside 3’-@-chlorophenyl phos- 
phoromonochloridate), [(MeO),Tr]NpCl. Two phosphorus 
resonances are observed at  4.39 and 4.01 ppm which cor- 
respond to the two diastereoisomers of [ (MeO)2Tr]NpC1. 
Reaction of [(MeO)2Tr]NpC1 with 1 yields 3. The 31P 
NMR spectrum of this compound consists of four lines 
(-13.23, -13.46, -13.70, and -13.83 ppm) whose chemical 
shift values correspond to those of intermediate 3 obtained 
by reaction of 1 with MSCl (Figure 2, supplementary 
material). Addition of mesitylenesulfonic acid dihydrate 
to 3 results in the instantaneous formation of 1. This is 
seen by the disappearance of the four 31P signals of 3, with 
concurrent appearance of a new peak a t  0 ppm which 
corresponds to the phosphorus resonance of 1 (Scheme 11). 

It  is interesting to note that reaction of 1 with 1-(mes- 
itylyl-2-sulfony1)imidazole (MSI) or l-(mesitylyl-2-sulfo- 
nyl)-1,2,4-triazole (MST) do not form 2 and 3 even after 
24 h, according to the 31P NMR. Only one signal at  0 ppm 
which corresponds to the phosphorus resonance of 1 was 
seen all the time. 

(b) Formation of 5’-O-Dimethoxytrityl Nucleoside 
3’-(p -Chlorophenyl phosphorazolide) Intermediates. 
Reaction of 1 with MSNT (or MSTe) in pyridine led to 

- - - - - - __ -- - - 
c 

CHEMICAL SHIFT, ppm 

Figure 1. 31P NMR spectra of 2,3,  and phosphorazolides. The 
resonance of 31P of 1 (B = T) is marked as 0 ppm. The system 
of 2 and 3 plus imidazole (4) (column I), 1,2,4-triazole (5) (column 
11), tetrazole (6) (column 111), and 3-nitro-1,2,4-triazole (7) (column 
N ) .  LA is the spectrum after 2 min. IIA, IIIA, and IVA are spectra 
after 10 min. IIB, IIIB, IVB are spectra after 70 min. IIC, IIIC, 
and IVC are spectra after 6, 20, and 22 h, respectively. Row D 
are the phosphorazolide spectra corresponding to 4 , 5 , 6 ,  and 7 
from a different route as indicated in Scheme 11. 

chlorides, though very effective coupling reagents for 
synthesis by the phosphodiester a p p r ~ a c h , ~ ~ ~  have been 
shown to be less suitable for the phosphotriester approach.‘ 
The most suitable condensing agents with regard to short 
reaction times are arenesulfonyl tetrazoles introduced by 
Narang and co-workerss and arenesulfonyl3-nitro-1,2,4- 
triazoles introduced later by Reese and co-w~rkers.~ 

A clear understanding of the mechanism of the coupling 
reaction is essential for further development of improved 
condensing reagents. The efficiencies of several condensing 
reagents and problems of sulfonation were described by 
Seth and Jay.’O They used TLC and UV spectroscopy to 
study the kinetics of phosphotriester formation and the 
rate of sulfonylation reactions. Based on these studies, 
they concluded the coupling reaction proceeds via for- 
mation of a very reactive phosphorazolide intermediate. 

We have studied the intermediates formed during these 
coupling reactions using noise-decoupled 31P NMR. These 
studies indicate reactions of a 5’-protected nucleoside 
3’-(p-chlorophenyl phosphate) (1) with mesitylenesulfonyl 
chloride (MSC1) or l-(mesitylyl-2-sulfonyl)-3-nitro-1,2,4- 
triazole (MSNT) in anhydrous pyridine yield two stable 
products, the mesitylenesulfonic acid-phosphate mixed 
anhydride 2 and the (3’-3’) symmetrical pyrophosphate 
tetraester 3 (the 31P NMR spectrum is provided as Figure 
1 in the supplementary material). Recently, Ivanova et 
a1.l1 and Zarytova and Knorre12 reported that 3 is an in- 
termediate in a similar experiment. Our studies suggest 
azoles such as imidazole (4) and 1,2,4triazole (5) react with 
2 and 3 readily to yield the phosphorazolide intermediates 
instantly (Figure 1). On the other hand, the phosphor- 
azolides were formed at a very slow rate by treating 2 and 
3 with azoles such as tetrazole (6) and 3-nitro-1,2,4-triazole 
(7) (Figure 1). Namely, less than 5% of this intermediate 
is formed in an hour, which is usually the time required 
for a condensation reaction to proceed to completion. 

(5) Jacob, T. M.; Khorana, H. G .  J. Am. Cheni. SOC. 1964, 86, 

(6) Lohrmann, R.; Khorena, H. G. J. Am. Chem. SOC. 1966, 88, 

(7) Katagiri, N.; Itakura, K.; Narang, S. A. J. Am. Chem. SOC. 1975, 

(8) Stawinski, J.; Hozumi, T.; Narang, S.  A. Can. J .  Chem. 1976,54, 

(9) Reese, C. B.; Titmas, R. C.; Yau, L. Tetrahedron Lett .  1978, 

(10) Seth, A. K.; Jay, E. Nucleic Acids Res. 1980,8, 5445-5459. 
(11) Ivanova, E. H.; Khalimskaya, L. M.; Romanenko, V. P.; Zarytova, 

(12) Zarytova, V. F.; Knorre, D. G. Nucleic Acids Res. 1984, 12, 

1630-1635. 
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97, 7332-7337. 
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the formation of intermediates 2 and 3. No distinct nu- 
cleoside 3'-phosphorazolide adducts were found under the 
detection of 31P NMR within 1 h. However, the inter- 
mediates 2 and 3 (prepared by reacting 1 with MSC1) can 
subsequently react with 4, 5, 6, or 7 to form phosphor- 
azolides. 31P NMR was used to monitor the formation of 
nucleoside 3'-phosphorazolides as a function of time 
(Figure 2). The attack of 4 on 2 and 3 occurs very rapidly 
(within 2 min which is the time required to record the 
spectrum) to form nucleoside 3'-phosphorimidazolide. 
This is seen by the disappearance of the six resonances due 
to 2 and 3 and the appearance of two new signals (-4.34 
and -4.54 ppm) in the 31P NMR spectrum (Figure 1, IA; 
Figure 2, I). The identity of nucleoside 3'-phosphor- 

- 
C '  A I 

TIME, hour 
Figure 2. Rate of formation of the phosphorazolide by the 
reaction of 2 and 3 with azoles. Reaction of 2 and 3 with imidazole 
(4), 1,2,4-triazole (5), tetrazole (6), and 3-nitro-l,2,4-triazole (7) 
are shown by I, 11,111, and IV, respectively. 

imidazolide was confirmed by preparation through an in- 
dependent route: reaction of 5'-protected nucleoside 3'- 
(p-chlorophenyl phosphoromonochloridate) with 4 or the 
reaction of 5'-protected nucleoside with p-chlorophenyl 
phosphorodiimidazolide yields the nucleoside 3'- 
phosphorimidazolide whose 31P resonances occur at -4.33 
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and -4.54 ppm (Figure 1, ID), which have an identical 
chemical shift data as previously studied. The reaction 
of 5 with 2 and 3 produces nucleoside 3’-phosphoro- 
1,2,4-triazolide as evidenced by the appearance of two new 
signals (-9.55 and -9.63 ppm) in the 31P NMR spectrum 
(Figure 1, IIA,B,C). This reaction occurs at a slower rate 
than that of 4 and can be monitored as a function of time 
(Figure 2,II). Reaction of 5’-protected nucleoside 3’-(p- 
chlorophenyl phosphoromonochloridate) with 5 or 5’- 
protected nucleoside with p-chlorophenyl phosphoro- 
ditriazolide yielded nucleoside 3’-phosphorotriazolide, 
whose 31P NMR signals (-9.55 and -9.63 ppm) (Figure 2, 
IID) were exactly identical with those in Figure 1, 11-A,B,C, 
thereby confirming the identity of nucleoside 3’- 
phosphoro-1,2,4-triazolide. 

Unlike 4 or 5, the attack of 6 and 7 on 2 and 3 in pyridine 
is extremely slow (Figure 2, II1,IV). Even after an hour, 
less than 5% of nucleoside 3’-phosphorotetrazolide or 
nucleoside 3’-phosphoro-3-nitrol,2,4-triazolide are formed. 
New resonances of these phosphorazolides appear at -11.24 
ppm and -10.32 ppm, respectively, in each of their 31P 
NMR spectrum (Figure 1 IIIA,B,C; IVA,B,C). Only single 
resonance signals were observed for both the nucleoside 
3’-phosphorotetrazolide and nucleoside 3’-phosphoro-3- 
nitro-1,2,4-triazolide. The identity of these compounds was 
also confirmed by preparation of these by an independent 
route (Figure 1, IIID, IVD). Namely, azole adducts are 
formed when 5’-protected nucleoside 3’-(p-chlorophenyl 
phosphoromonochloridate) react with 6 and 7 or by reac- 
tion of 3’-protected nucleoside with p-chlorophenyl 
phosphorodiazolides. The 31P resonances of these phos- 
phorazolides occur at -11.24 and -10.32 ppm, respectively, 
thereby confirming the identity of nucleoside 3’- 
phosphorotetrazolide and nucleoside 3’-phosphoro-3- 
nitro-1,2,4-triazolide (Figure 1, IIID, IVD). 

Accidental chemical shift equivalence of the diastereo- 
isomers of these phosphorazolides could account for ob- 
serving a single resonance in their 31P NMR spectra. I t  
is interesting to point out the fact that the chemical shift 
differences of the two diastereoisomers decreased in the 
following order: phosphorimidazolides (6A = 0.20 ppm) 
> phosphorotriazolides (0.08 ppm) > phosphoro-3-nitro- 
1,2,4-triazolide = phosphorotetrazolides (6A N 0.00 ppm). 

In summary, Figure 2 shows the rate of the formation 
of phosphorazolides from 2 and 3 as a function of time with 
four different catalysts. This plot clearly shows that 
formation of phosphorazolide from 2 and 3 using 6 and 7 
is extremely slow but rapid using 4 and 5. The amount 
of phosphorotetrazolide linearly increases to 28% after 20 
h, while that of phosphoro-3-nitro-l,2,4-triazolide to 22% 
after 22 h. This linear increase of phosphorotetrazolide 
and phosphoro-3-nitro-l,2,4-triazole with time suggest that 
the nucleophilic attack of 6 and 7 on 2 and 3 in pyridine 
is very slow and they are not close to completion after 
almost a day of reaction. 

Thus, the rate of formation of phosphorazolide is directly 
related to the nucleophilicities of the catalysts. Both 4 and 
5, especially 4, can serve as strong nucleophilic attack 
reagents in pyridine.12 On the other hand, 6 and 7 are 
relatively poor nucleophilic reagents.13J4 Thus, the for- 
mation of phosphorazolide with these reagents was slow. 

(c) Formation of Dimer [ (MeO),Tr]TpTOAc. Both 
the mixed anhydride 2 and the pyrophosphate 3 react with 
3’-O-acetylthymidine (8, B’ = T) to yield the dinucleoside 
phosphotriester [ (MeO)2Tr] NpTOAc. Dimer formation 

(13) Katritsky, A. R.; Ed. “Physical Methods in Heterocyclic 
Chemistry”; Academic Press: New York, 1963; Vol. 1. 

(14) Brown, E. J. Aust. J. Chem. 1980, 22, 2251. 
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Figure 3. Rate of formation of the phosphotriester product 
[(MeO),Tr]TpTOAc by treating 2 and 3 with 8. Curves I, 11,111, 
and IV correspond to imidazole (4), 1,2,4-triazole (51, tetrazole 
(6), or 3-nitro-1,2,4-triazole (7), which were used as catalyst, 
respectively. 

is very slow in the absence of any catalyst and is only 30% 
complete after 16 h. However, this reaction proceeds 
rapidly in the presence of either 6 or 7 and is complete 
within 10 min at  22 “C (Figure 3). But the reaction 
proceeds slowly in the presence of 4 and 5 and is about 
80% complete after 6 h (Figure 3). Formation of dimer 
leads to appearance of two new resonances (-0.83, -1.13 
ppm) in the 31P NMR spectrum (Figure IC, supplementary 
material). The rate of formation of dimer can be moni- 
tored by the increase in the intensity of these two signals 
and the decrease in the intensity of the signals of the 
phosphorazolides and 2 and 3. Figure 3 clearly shows the 
results of percent dimer formed as a function of time. The 
rate of dimer formation follows the order: 3-nitro-1,2,4- 
triazole (7) > tetrazole (6) >>> 1,2,4-triazole ( 5 )  > imidazole 
(4). 

Thus, these results state five facts: First, the initial 
intermediates in condensation reaction are 2 and 3. Sec- 
ond, the phosphorazolides can be formed from 2 or 3 in 
general. However, the reaction rate and yield of the 
product are closely dependent on the reagent used. 
Phosphorimidazolide and phosphoro- 1,2,4-triazolide were 
formed very rapidly with high yields, and on the contrary, 
the phosphorotetrazolide and phosphoro-3-nitro-l,2,4- 
triazolide were detected in small amounts after 1 h by 
treating 2 and 3 by 4,5,  6, and 7, respectively. Third, the 
reaction of 2 and 3 with 8 is a nucleophilic reaction. 
Fourth, this nucleophilic reaction is facilitated by acid 
catalysts. A protonation may most likely occur on the 
P=O oxygen to generate a partial “plus” charge on the 
phosphorus atom and the 5’-OH function group attacks 
the phosphorus to form a dimer. Fifth, phosphor- 
imidazolide and phosphoro-l,2,4-triazolide form dimer very 
slowly by reacting with 8. In this case of using 4 or 5 as 
catalysts, stable phosphorazolide already formed from 2 
and 3 through nucleophilic reaction. Thus, the 5’-OH 
group of 8 has to compete with either 4 or 5. This may 
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Figure 4. Rates of disappearance of the mixture of 2 and 3 (0) and the phosphorazolide (X) and the subsequent formation of 
[(MeO),Tr]TpTOAc (A) are shown by treating with azoles: (A) 1,2,4-triazole (5), (B) tetrazole (6), and (C) 3-nitro-1,2,4-triazole (7). 

well explain the mechanism of dimer condensation reaction 
(Schemes I and 11). 

Since the chemical shifts of 31P atom of all constituents 
in the condensation reaction have distinctly different 
values (Figure l), the amount of each component in the 
mixture can be followed by 31P NMR spectroscopy. Thus, 
we designed the following experiment to further support 
our findings. First, 1 reacts with MSCl to generate the 
intermediates 2 and 3 mixtures. Then this mixture was 
reacted with 4, 5, 6, and 7 separately in different (but 
reasonable) time periods in order to generate sufficient 
amount of phosphorazolides. As shown in Figure 4,29% 
phosphorotetrazolide, 22% phosphoro-3-nitro-l,2,4-tri- 
azolide, and 56% phosphoro-1,2,4-triazolide were formed 
after 20, 22, and 6 h by treating 2 and 3 with 6,7, and 5,  
respectively. These mixtures then were treated with 8, and 
the 31P signal in solution was closely monitored by NMR 
as a function of time. These results are shown in Figure 
4: Plots of the disappearance of 2 and 3; the disappearance 
of phosphorazolides; and the formation of dimer by de- 
tection of the 31P signal against time. In the case of 5 
(Figure 4A) the disappearance of 2 and 3 closely follows 
that of phosphoro-1,2,4-triazolide, suggesting that 2 and 
3 are converted to the relatively stable phosphoro-1,2,4- 
triazolide before 8 is added then both react with 5'-hydroxy 
function of 8 at a similar rate to form dimer. However, 
in the cases of 6 (Figure 4B) and 7 (Figure 4C), 2 and 3 
disappear very rapidly (within 5 min in both cases) which 
is a direct response to the formation of dimers (Figure 4B, 
4C). The phosphorazolides on the other hand disappear 
rather slowly. Thus, in this case, the rate of the formation 
of dimer is dominated by the disappearance of 2 and 3. 

Without any acidic catalysts, 2 and 3 also convert to 
dimer at a slow rate as does phosphorazolide (Figure 4A). 
The reduction of 2 and 3 and phosphoro-1,2,4-triazolide 
are almost at equal rate and the coupling reaction close 
to completion is about 12 h (Figure 4A), which is much 
longer than the same reaction treated with either 6 or 7 
(Figure 4B, 4C). 

Thus, the previous observations confirmed the 2 and 3 
are active with weak acidic catalysts such as 6 and 7. 
Phosphorazolides have also formed but they convert to 
dimer slowly. The increased rate of the coupling reaction 
may be facilitated via protonation as previously described. 
This assumption can also be proved by NMR. 

We observed that the addition of 6 to a mixture of 2 and 
3 in anhydrous pyridine results in no change in the pattern 
of the 31P resonances. The retention of the same pattern 
of the 31P NMR spectrum indicates neither 2 nor 3 has 
reacted with 6. However, the six resonances are shifted 
downfield by approximately 1.3 ppm. The downfield shift 
of the 31P resonances could reflect decreased electron 
density around the phosphorus atoms of 2 and 3 resulting 
from hydrogen bonding with 6. Furthermore, the C-H 

proton of tetrazole can be studied in pyridine-d, by proton 
NMR. The resonance signal of this proton (9.41 ppm) is 
shifted slightly downfield to 9.47 ppm when a mixture of 
2 and 3 is added to the solution. This downfield shift may 
also result from hydrogen bond formation between 2 (and 
3) and 6. 

In conclusion, it is clear from our data (Figures 1-4) that 
phosphotriester condensation in pyridine using arene- 
sulfonyl azolides proceeds via two distinct steps: (1) the 
intermediate formation (pyrophosphate and mixed anhy- 
dride); (2) the phosphotriester product formation. This 
was also observed by Zarytova and Knorre.12 The fiit step 
of the process can be described as follows: 

K 0 

1 1  D y r i d l n e  
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Azoles liberated in eq i probably participate in an equi- 
librium (eq iii). Based on our results (Figure l), we 

Nu- + Py'H 2 NuH + py (iii) 

propose the following: In the absence of azoles, interme- 
diates 2 and 3 react very slowly with R30H to from the 
dideoxyribonucleoside p-chlorophenyl phosphotriester (eq 
iv). In the presence of azoles, especially 6 or 7, the 

0 0 0  0 
II I 1  I1 I1 

I I 

1 II - 
I 
OR2 

ArS020POR'  or R'OPOPOR' t p y  t R 3 0 H  

R'O OR2 
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0 R2 
2 3 

0 

ArSO;py*H or R O P O  p i H  ( IV)  

phosphotriester formation is drastically accelerated (Figure 
4). This clearly suggests some catalytic role for these 
azoles. Three different types of catalysis can be considered 
(Chart I). Identical schemes for the activation of mixed 
anhydride as that of pyrophosphate is applicable. We 
could detect phosphorazolides by 31P NMR (Figure 1). 
With azoles such as 4 or 5, the phosphorimidazolide and 
phosphorotriazolide formed (Figure 2). This suggests that 
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Chart I 
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with 4 or 5 the phosphotriester formation is dominated by 
nucleophilic or base-catalyzed reactions. However, reaction 
vi proceeds very slowly (Figure 3). On the other hand, 
formation of phosphorotetrazolide and phosphoronitro- 
triazolide are formed very slowly (<5% after 1 h in pyr- 
idine solution (Figures 1 and 2)). Furthermore, triethyl- 
amine does not catalyze the phosphotriester formation,1° 
thereby suggesting that contribution through general base 
catalysis is small. It seems that eq viii is the most probable 
route for phosphotriester when tetrazole and 3-nitrotriazole 
are used (Figure 3). 31P NMR studies clearly support this 
hypothesis. Thus, it is clear that the phosphotriester 
formation using arenesulfonyl azolides in pyridine proceed 
via different routes depending on the catalyst used. 

11. Synthesis of Dideoxyribonucleotides via 2 and 
3. (a) Isolation of the Intermediates 2 and 3. A mix- 
ture of the mixed anhydride 2 and the pyrophosphate 3 
can be isolated as a solid after precipitation from pentane 
when MSCl is used in the activation reaction. The 31P 
NMR spectrum of this precipitate is identical with the 
spectrum of the intermediate observed in situ. A solution 
of 2 and 3 in anhydrous pyridine is stable for several days. 
The precipitate of 2 and 3 may be stored for several 
months under anhydrous pentane. Attempts to isolate 2 
and 3 by precipitation when MSNT is used in the acti- 
vation reaction were not successful since 7 also precipitates 
from pentane. The presence of this contaminant leads to 

~~ ~~ 

stereoisomer: 
% 

I I1 MSNT (equiv) base 
T 0.5 50 50 

3.0 67 33 
C 3.0 68 32 
A 3.0 60 40 
G 3.0 50 50 

a Yields were calculated from 31P NMR spectra. 

the decomposition of both 2 and 3. 
(b) Synthesis of Dideoxyribonucleotides Using 2 

and 3. The same phosphate intermediates are obtained 
when the four protected nucleoside 3'-(p-chlorophenyl 
phosphates) (1, B = Ab", Cb", Gib", and T) react with MSC1. 
These intermediates react rapidly with 8 (B = T) in the 
presence of 6 and 7 to yield the corresponding phospho- 
triester dimer [(MeO)2Tr]NpTOAc (9) (N = Ab", Cbz, Gib", 
and T). 

The mixture of 2 and 3 serves as a useful reagent for the 
syntheses of oligonucleotides. As described above, these 
compounds may be isolated by precipitation free of con- 
taminating MSC1. Although 2 and 3 are very sensitive to 
acid and moisture, they may be stored in solid form in dry 
pentane under dry argon atmosphere. These intermediates 
have been used in conjunction with 7 to prepare di- 
deoxyribonucleotides on an insoluble polystyrene support. 
The syntheses include the following steps: (i) removal of 
the dimethoxytrityl group, (ii) reaction of the liberated 
5'-hydroxyl group with a mixture of 2 and 3 in the presence 
of 7 to yield the phosphotriester product, and (iii) capping 
of any unreacted hydroxyl groups with acetic anhydride. 

These steps are repeated using 2 and 3 with various 
nucleosides until the desired sequence is assembled. Step 
iii is not required for the synthesis of dideoxyribo- 
nucleotides but is essential for the synthesis of longer 
oligonucleotides. It is possible to recover unreacted 2 and 
3 which can then be converted to 5'-protected nucleoside 
3'-@-chlorophenyl phosphate) by reaction with aqueous 
mesitylenesulfonic acid. The phosphate can be purified 
by liquid chromatography and recycled to prepare 2 and 
3. 

The progress of activated coupling reactions of four 
different deoxynucleoside 3'-phosphates using MSNT as 
determined by observing the intensities of the dimer 31P 
NMR signals vs. time are shown in Figure 3 of the sup- 
plementary material. The coupling reactions proceed to 
completion within 10-15 min. Two distinct 31P signals 
corresponding to the diastereoisomers of [ (MeO)2Tr]- 
NpTOAc are seen. As shown in Table I, the ratio of the 
diastereoisomers varies slightly depending upon the base. 
The amount of MSNT used to activate the 5'-protected 
nucleoside 3'-phosphate also slightly affects the ratio of 
stereoisomers formed. However, these different ratios of 
diastereoisomers have no effect on the final yield of the 
products. Extra 31P resonances other than those due to 
products were observed in the case of the purine nucleo- 
tides. This suggests purine nucleotides are more suscep- 
tible to formation of side products than are pyrimidine 
nucleotides during the coupling reactions. No attempt was 
made to identify these side products since they were 
formed in only small amounts (510%). 

The yields obtained from coupling reactions performed 
in the presence and absence of 7 are summarized in Table 
11. As expected, in the absence of 7 the yields of the 
dimers are very low. Yields equal to or better than those 
obtained when MSNT is used as a condensing agent in the 
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Table 11. Comparison of the Yields of Dimers Using the 
Isolated Intermediates 2 and 3 with and without 

3-Nitro-1,2,4-triazole (7) 
yields, % 

compd tn? min (+)-7 (-b7 
d-TpT 10.2 92 40 
d-CpT 8.7 98 20 
d-APT 10.8 99 37 
d-GpT 9.5 87 24 

a Retention time of the deprotected dimers on the reversed- 
phase HPLC (see text for details). 

traditional phosphotriester approach are observed when 
7 is added  to the coupling reaction. Because unreacted 
MSNT is not present in the coupling reaction, sulfonyla- 
tion of support-bound nucleoside 5’-OH groups will not 
occur.15 In addition, potential adduct formation between 
guanine and 716 should be prevented by using this proce- 
dure. 

Experimental Section 
Materials. The protected nucleosides and 5’-protected nu- 

cleoside 3’-@-chlorophenyl cyanoethyl phosphates) were obtained 
from ChemGene Chemical Company. Pyridine-d5 (Cambridge 
Isotope Laboratories) was dried over calcium hydride overnight. 
Dioxane was distilled from calcium hydride and stored over 
calcium hydride. Mesitylenesulfonyl chloride (MSCl), p -  
chlorophenyl phosphorodichloridate, tetrazole (6), and 3-nitro- 
1,2,4-triazole (7) were purchased from Aldrich Chemical Company. 
MSCl was recrystallized from pentane and p-chlorophenyl 
phosphorodichloridate was distilled before use. All chemical 
manipulations were carried out under an atmosphere of dry argon. 
MSNT, MST, MSTe, and MSI were synthesized according to 
procedures reported in the l i t e r a t ~ r e . ~ , ~  

NMR Spectroscopy. Both ‘H and noise-decoupled 31P NMR 
spectra were recorded on a Bruker WM-300 wide bore NMR 
spectrometer located in the JHU-Baltimore Biomedical NMR 
Facility Center. The NMR tubes (5 mm) were flushed with dry 
argon before use. Anhydrous pyridine-d5 was used as the solvent 
and its most upfield deuterium resonance was used as a lock signal. 
The signal of phosphorus in the 5’-protected nucleoside 3’-@- 
chlorophenyl phosphate) was designated as 0 ppm. The amount 
of each species was determined by integration of the corresponding 
phosphorus signal (with an error of 15%). The reaction starts 
at  the mixing of reagents in the NMR tube. This sample tube 
then rapidly put in the pretuned magnet and for detecting 31P 
signals. About 20 s is needed for this procedure. The time of 
sampling is dependent on the reaction rate: ranging from few 
accumulations for fast reactions or several hundreds accumulations 
for slow reaction. All data were stored in a Diablc-31 single platter 
hard disk for later analysis. 

General Procedure for the  Preparation of 5’-Protected 
Nucleoside 3’-(p -Chlorophenyl phosphate) Triethyl- 
ammonium Salts. The 5‘-protected nucleoside 3’-(p-chlorophenyl 
cyanoethyl phosphate) [(MeO)2Tr]NpCE (1 m o l ) ,  was dissolved 
in pyridine (17 mL). The solution was treated with triethylamine 
(6 mL) and water (6 mL) and then stirred overnight at room 
temperature. The solution was evaporated to dryness by using 
a vacuum pump. The residue was dissolved in methylene chloride 

(15) Gait, M. J.; Popov, S. G .  Tetrahedron Lett. 1980,21,2841-2842. 
(16) Reese, C. B.; Ubasawa, A. Nucleic Acids Res. 1980, Symp. Ser. 

NO. 7, 5-21. 

(50 mL) which was then extracted with triethylammonium bi- 
carbonate (3 x 50 mL). The organic layer was dried over an- 
hydrous sodium sulfate and filtered, and the filtrate was con- 
centrated to 5 mL on a water aspirator. This solution was added 
dropwise to 300 mL of pentane with constant stirring. The 
resulting precipitate was filtered immediately by using a Buchner 
funnel. The solid was initially dried under vacuum for 2 h and 
then dried in the presence of P205 by using a vacuum pump. 

General Procedure for Isolation of Intermediates 2 and 
3. The 5’-protected nucleoside 3‘-@-chlorophenyl phosphate) (40 
pmol) was dissolved in 0.15 mL of THF and the solution was 
added to MSCl(60 pmol) in the presence of 0.05 mL of collidine 
in a 1-mL vial fitted with a serum cap. The activation reaction 
was allowed to proceed for 15 min at  room temperature. The 
precipitated collidine hydrochloride was centrifuged and the 
supernatant was removed with a 1-mL syringe. The supernatant 
was added to dry pentane which contained 0.05 mL of collidine. 
The excess MSCl is soluble in pentane. The pentane was removed 
and the precipitate was dried under vacuum for several minutes. 
The precipitate is very sensitive to acid and moisture. The 
precipitate can be stored for long periods under dry argon in dry 
pentane without noticeable decomposition. The 31P NMR (40 
MHz) spectrum of the precipitate was identical with that reported 
by Ivanova et al.” (data not shown). 

Synthesis of Dideoxyribonucleotides on a Polystyrene 
Support. Polystyrene esterified with 5’-0-(dimethoxytrity1)- 
3’-O-~uccinylthymidine (10 mg, 0.7 pmol) was treated with 1 M 
ZnBr, (dissolved in 2-propanol-methylene chloride (15:85 v/v) 
(3 X 2 mL)) for 5 min and washed with 2-propanol-methylene 
chloride (15235 v/v, 6 X 2 mL), 0.1 M triethylammonium acetate 
in DMF (3 x 2 mL), pyridine (6 X 2 mL), and finally with ether 
(6 X 2 mL). The support was coevaporated with pyridine in the 
presence of P105. The support was treated with a mixture of 
intermediates 2 and 3 (20 equiv, 14 pmol) in 20 pL of anhydrous 
pyridine. A solution of the catalyst, 3-nitro-l,2,4-triazole (42 pmol) 
(7), dissolved in pyridine (20 pL) was then added to the support. 
Heating is required to make 7 dissolve in pyridine. The reaction 
was carried out for 2 h at  room temperature. The support was 
then washed with pyridine (6 X 2 mL) and ether (6 X 2 mL). 

The cleavage of the dideoxyribonucleotides from the support 
and the removal of the protecting groups were carried out by 
sequential treatment of the support with 50% NH,OH/pyridine 
at  room temperature overnight and then at 65 “C for 1 h followed 
by treatment with 80% acetic acid for 30 min.17 The solution 
was evaporated to dryness, dissolved in 50% ethanol, and analyzed 
by HPLC on an analytical (2-18 reversed phase column. The yields 
obtained are shown in Table 11. 
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