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Abstract—An efficient and economical method for the solid-phase synthesis of oligodeoxyribonucleotides and their phosphoroth-
ioate analogues is described. The method entails the use of the 4-oxopentyl group for phosphate/thiophosphate protection.
Post-synthesis removal of the protecting group is easily and rapidly achieved under mild conditions at ambient temperature using
either pressurized gaseous amines or concentrated ammonium hydroxide. © 2001 Elsevier Science Ltd. All rights reserved.

The recent manufacturing of an anti-viral oligodeoxyri-
bonucleotide phosphorothioate on a kilogram scale1

underscores the potential therapeutic value of synthetic
oligonucleotides against infectious diseases and various
types of cancer in humans. This remarkable achieve-
ment strongly challenges the current methods used to
synthesize oligonucleotides. Of critical importance, the
synthetic methods must not lead to chemical modifica-
tion of the therapeutic oligonucleotides that would
adversely affect potency, and must also be economical
to ensure a reasonable cost per dose of these drugs.

During the course of our search for cost-effective phos-
phate/thiophosphate protecting groups, several possibil-
ities attracted our attention. For example, we found the
2-(N-formyl-N-methyl)aminoethyl group to be ade-
quate for this purpose and performed the synthesis of
oligodeoxyribonucleotides, such as dT18 and d(AG)10,
using this group for phosphate protection.2 The 2-(N-
formyl-N-methyl)aminoethyl group is easily cleaved
from these oligonucleotides in an aqueous buffer (pH
�7) via a unique thermolytic cyclodeesterification pro-
cess.2,3 Other cost-effective phosphate/thiophosphate
protecting groups such as the 2-(N-acetyl-N-
methyl)aminoethyl, the 4-oxopentyl, or the 3-[(N-tert-
butyl)carboxamido]-1-propyl also exhibit similar

thermolytic deprotection properties.2 Moreover, the 4-
oxopentyl group can be cleaved completely from
oligonucleotides upon exposure to pressurized ammo-
nia/methylamine gas4 or concentrated ammonium
hydroxide. Given the versatility with which oligonucle-
otides carrying 4-oxopentyl groups for phosphate/thio-
phosphate protection can be deprotected, we now
report the syntheses of deoxyribonucleoside phospho-
ramidites 4a–d, and the use of these compounds in the
solid-phase preparation of an oligodeoxyribonucleotide
(20-mer) and its phosphorothioate analogue.

The synthesis of 4a–d is illustrated in Scheme 1 and
begins with the preparation of the phosphinylating

Scheme 1. Synthesis of the deoxyribonucleoside phospho-
ramidites 4a–d.

* Corresponding author. Tel.: 301-827-5162; fax: 301-480-3256;
e-mail: beaucage@phosphoramidite.cber.nih.gov

† This paper is dedicated to the memory of Dr. Krystyna Lesiak.
‡ On leave from the Institute of Bioorganic Chemistry, Polish

Academy of Sciences, Poznan, Poland.

0040-4039/01/$ - see front matter © 2001 Elsevier Science Ltd. All rights reserved.
PII: S0040 -4039 (01 )01094 -2



HO
O

O

B1

P

CH3

X

O
O

O

O

B1

O

HO
O

O

B

P

CH3

X

O
O

O

OH

B

H2N OH

HO
O

O

B

P O

O
O

X
−

OH

B
N

CH3

i or ii

CPG

5a  
5c

X = O, B1 = Thy 

X = S,  B1 = AdeBz

7a,c

6a  
6c

X = O,   
X = S,

+

8

(major)

B = Thy
B = Ade

A. Wilk et al. / Tetrahedron Letters 42 (2001) 5635–56395636

reagent 2. Typically, a solution of anhydrous diiso-
propylamine (19.6 mL, 140 mmol) is added dropwise
under an argon atmosphere, over a period of 30 min, to
a cold solution (5°C) of PCl3 (1.75 mL, 20 mmol) in dry
benzene (100 mL).5 The cold suspension is then allowed
to stir at ambient temperature and the formation of
bis-(N,N-diisopropylamino)chlorophosphine is moni-
tored by 31P NMR spectroscopy. Upon completion of
the reaction (2 days), 5-hydroxy-2-pentanone (1)6 (2.43
mL, 24 mmol) is added by syringe to the stirred suspen-
sion. 31P NMR analysis of the reaction mixture indi-
cates that bis-(N,N-diisopropylamino)chlorophosphine
(�P 135.9 ppm in C6D6) is converted to the correspond-
ing phosphordiamidite 2 (�P 123.5 ppm in C6D6) within
2 h at 25°C. The suspension is filtered and the filtrate is
evaporated under reduced pressure to afford a yellow
oil which is used without further purification in the
preparation of the phosphoramidites 4a–d (Scheme 1).

Crude phosphordiamidite 2 (980 �L, �3 mmol) is then
added by syringe under an inert atmosphere to a stirred
solution of the deoxyribonucleoside 3a–d7 (2 mmol) in
dry CH2Cl2 (10 mL). Sublimed 1H-tetrazole7 (120 mg,
1.6 mmol) is added portionwise under a positive pres-
sure of argon to the solution. The reaction is monitored
by TLC until 4a–d is no longer produced. Triethyl-
amine (1 mL) is added to the solution, which is then
evaporated under reduced pressure to give a gum. The
material is purified by silica gel chromatography to
afford pure 4a–d in yields ranging from 68 to 80%.8

The dinucleoside phosphotriesters 5a,c are then pre-
pared under standard conditions by mixing 4a,c (0.2 M
in MeCN), 1H-tetrazole (0.45 M in MeCN), and either
5�-unprotected thymidine or 5�-unprotected N6-benzoyl-
2�-deoxyadenosine (0.2 �mol) covalently attached to
long chain alkylamine controlled pore glass (LCAA-
CPG). The resulting dinucleoside phosphite triester
intermediates are oxidized or sulfurized by treatment
with 0.02 M aqueous iodine or 0.05 M 3H-1,2-ben-
zodithiol-3-one 1,1-dioxide9 in MeCN, respectively.
Release of the dinucleoside phosphotriesters from
LCAA-CPG is effected by pressurized gaseous amines,
or concentrated NH4OH at 25°C. Analysis of the crude
dinucleotides by reversed-phase (RP) HPLC10 reveals,
to our surprise, that the 4-oxopentyl phosphate protect-
ing group is completely removed from 5a within 15
min, 90 min, or 4 h when using methylamine gas (�2.5
bar), ammonia gas (�10 bar), or concentrated
NH4OH,11 respectively. A proposed mechanism for the
conversion of 5a,c to 7a,c is shown in Scheme 2.

The reaction of ammonia with the ketone function of
the phosphate/thiophosphate protecting group in 5a,c
most likely leads to an hemiaminal intermediate 6a,c.12

This intermediate may then undergo rapid cyclodeester-
ification to produce 7a,c with the concomitant forma-
tion of 2-methyl-1-pyrroline (8) as the major
deprotection side-product.13 This deprotection pathway
is consistent with the removal of 4-aminobutyl or 4-N-
methylaminobutyl phosphate/thiophosphate protecting
groups reported earlier under similar conditions.14

Given that the 4-oxopentyl phosphate/thiophosphate
protecting group is easily removed from 5a,c under
mild conditions, the deoxyribonucleoside phospho-
ramidites 4a–d are then applied to the solid-phase syn-
thesis of an oligonucleotide (20-mer)15 and its fully
phosphorothioated analogue9a,15 to further demonstrate
the utility and convenience of this protecting group.
Upon completion of the synthesis, the oligonucleotide
is released from the CPG support and fully deprotected
by treatment with either pressurized ammonia gas (�10
bar, 25°C, 12 h) or concentrated NH4OH (55°C, 10 h).
The crude oligonucleotide is analyzed ‘DMTr-on’ and
‘DMTr-off’ by RP-HPLC10 to estimate the overall yield
of the synthetic oligonucleotide. Purity is determined by
RP-HPLC comparison with an oligonucleotide identi-
cal in sequence that was synthesized from commercial
2-cyanoethyl deoxyribonucleoside phosphoramidites.
Fig. 1A shows that the overall yield of the ‘DMTr-on’
20-mer deprotected under gas-phase conditions is 93%,
based upon areas of all relevant integrated RP-HPLC
peaks, thereby indicating an average yield of greater
than 99% for each coupling step. The RP-HPLC profi-
les of the ‘DMTr-off’ 20-mer deprotected by contact
with pressurized ammonia gas (Fig. 1B) and concen-
trated NH4OH (Fig. 1C) show that the purity of the

Scheme 2. Proposed mechanism for the phosphate/thiophos-
phate deprotection of 5a,c. Reagents and conditions : (i)
ammonia gas (�10 bar, 25°C); (ii) conc. NH4OH, 25°C.
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oligonucleotide synthesized from 4a–d is equivalent to,
if not better than, that of the same 20-mer prepared
from 2-cyanoethyl deoxyribonucleoside phosphoramid-
ites (Fig. 1D).

In order to assess whether deprotection of the 4-
oxopentyl phosphate protecting group (under the con-
ditions described above) results in nucleobase
modification, the crude 20-mer is subjected to enzy-
matic hydrolysis catalyzed by snake venom phosphodi-
esterase and bacterial alkaline phosphatase.16

RP-HPLC analysis of the enzymatic digest shows that
the crude 20-mer is completely hydrolyzed to the corre-
sponding nucleosides without detectable modification
of the nucleobases (see Fig. 2).17

The fully phosphorothioated 20-mer oligonucleotide
analogue (synthesized from 4a–d) is also completely
deprotected by pressurized ammonia gas and is
obtained in yields comparable to that of the unmodified
20-mer as judged by RP-HPLC analysis of the crude
oligonucleotide product (data not shown). 31P NMR
analysis of the crude phosphorothioated 20-mer is pre-

Figure 2. RP-HPLC analysis of the crude 20-mer d(ATCCG-
TAGCTAAGGTCATGC) synthesized from 4a–d, depro-
tected by NH3 (�10 bar, 12 h, 25°C), and digested by snake
venom phosphodiesterase and bacterial alkaline phosphatase
(12 h, 37°C). Identities of the RP-HPLC peaks from left to
right are as follows: dC, dG, dT, dA and benzamide (�17
min) when compared to authentic commercial samples.

Figure 1. RP-HPLC profiles of a crude 20-mer synthesized
from 4a–d. A: 5�-DMTr-d(ATCCGTAGCTAAGGTCATGC)
deprotected by NH3 (�10 bar, 12 h, 25°C). B and C: d(ATC-
CGTAGCTAAGGTCATGC) deprotected by NH3 (�10 bar,
25°C, 12 h) and by concentrated NH4OH (55°C, 10 h),
respectively. D: d(ATCCGTAGCTAAGGTCATGC) synthe-
sized from 2-cyanoethyl deoxyribonucleoside phosphoramid-
ites and deprotected by concentrated NH4OH (55°C, 10 h).

Figure 3. 121 MHz 31P NMR spectra of crude 20-mer
d(APSTPSCPSCPSGPSTPSAPSGPSCPSTPSAPSAPSGPSGPSTPSCPS-
APSTPSGPSC) in aqueous solvents. A: 20-mer synthesized
from commercial 2-cyanoethyl deoxyribonucleoside phospho-
ramidites and deprotected by concentrated NH4OH (55°, 10
h). B: 20-mer prepared from 4a–d and deprotected by NH3

(�10 bar, 12 h, 25°C).
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sented in Fig. 3, and demonstrates that the unwanted
production of desulfurized material (�P�0 ppm) is
minimal (<2%)18 whether the 4-oxopentyl group or the
2-cyanoethyl group is used for thiophosphate protec-
tion during synthesis.

Thus, the data presented herein support the use of the
4-oxopentyl group for phosphate/thiophosphate protec-
tion in the synthesis of alkylation-free oligodeoxyri-
bonucleotides. The deoxyribonucleoside phosphora-
midites 4a–d are easily prepared and are coupled in
high efficiency in the stepwise solid-phase synthesis of
oligodeoxyribonucleotides. As a phosphate protecting
group, the 4-oxopentyl group is more versatile than the
2-cyanoethyl group in that it is completely removed
from oligonucleotides under neutral conditions (<1 h at
90°C in an aqueous buffer at pH 7.0). Such deprotec-
tion conditions should be ideal for oligonucleotides
carrying nucleobases and/or reporter groups that are
base-sensitive. In regard to thiophosphate protection,
the 4-oxopentyl group is as versatile as the 2-cyanoethyl
group as they are both rapidly removed when treated
with pressurized gaseous amines (NH3 or CH3NH2) or
concentrated ammonium hydroxide. Considering the
simple and economical syntheses of 4a–d, these phos-
phoramidites are suitable for the large-scale preparation
of therapeutic oligonucleotides that is necessary for
clinical studies. It is also likely that the 4-oxopentyl
group will be useful for phosphate/thiophosphate pro-
tection in the synthesis of oligoribonucleotides and their
phosphorothioated analogues.
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