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Abstract—2,4-Bis(4-methoxyphenyl)-1,3,2,4-dithiadiphosphetane-2,4-disulfide (Lawesson’s reagent) efficiently converts the triphos-
phite intermediate used in the solid-phase synthesis of oligonucleotides into an oligodeoxyribonucleoside phosphorothioate. © 2002

Elsevier Science Ltd. All rights reserved.

Oligodeoxyribonucleoside phosphorothioates are iso-
electronic analogues of natural phosphodiesters in
which one of the oxygen atoms not involved in the
internucleotidic linkage is replaced by a sulfur atom. As
this derivatization at phosphorus is sequence non-
specific, the high degree of specificity encoded by the
four nucleotide bases can be preserved. However, unlike
natural oligomers, phosphorothioate oligodeoxyribo-
nucleotides are resistant to degradation by nucleases.!
Oligodeoxyribonucleotide analogues complementary to
mRNA have been used as antisense molecules to inhibit
gene expression.” Thus, phosphorothioate oligodeoxy-
ribonucleotide derivatives represent a promising class of
potential therapeutic agents. For example, sequence
specific phosphorothioate oligomers can decrease the
cytopathic effect of HIV-1 in chronically infected H9
cells,? can potently inhibit HIV RT* and were effective
against systemic CNS disease in a human lymphoma
xenograft model.’

Initially, oligodeoxyribonucleotide thio-analogues were
synthesized with a solid-phase automated DNA synthe-
sizer using elemental sulfur (Sg) as the sulfurizing
reagent.® However, the solubility of Sg in organic sol-
vents is low and its sulfurizing reaction rate is slow,
making the synthesis of longer phosphorothioate oligo-
deoxyribonucleotides, or of shorter ones in large amounts,
inefficient. Hence, the development of a sulfurizing
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reagent with high efficiency has been an urgent problem
in bioorganic synthesis. In the past few years, a variety
of sulfur transfer reagents have been designed and tested
for the efficient synthesis of phosphorothioate oligo-
deoxyribonucleotides  via  the  phosphoramidite
approach:  3H-1,2-benzodithiole-3-one  1,1-dioxide
(Beaucage reagent),” tetraethylthiuram  disulfide
(TETD),® phenylacetyl disulfide,’ dibenzoyl tetra-
sulfide,'® bis(O,0-diisopropoxyphosphinothioyl)disulfide
(S-Tetra),'! benzyltriethylammonium tetrathiomolybdate
(BTTM),'? and bis(4-methoxybenzenesulfonyl)disulfide
and related derivatives.'> Among these compounds, the
Beaucage reagent is widely used because of its rapid
sulfur transfer reaction rate and commercial avail-
ability. However, this reagent suffers from instability
and other problems.!":!3 The sulfur transfer reagents
1,2,4-dithiazolidine-3,5-dione and 3-ethoxy-1,2,4-dithia-
zoline-5-one were recently reported to successfully
produce 620 mer phosphorothioate oligodeoxyribo-
nucleotides.'#

2,4-Bis(4-methoxyphenyl)-1,3,2,4-dithiadiphosphetane
2,4-disulfide [Lawesson’s reagent (LR)], an efficacious
thionation reagent for a variety of oxo compounds,!>1°
can also transfer a sulfur atom to phosphite triesters,
forming thiophosphates.!” In this communication, we
report model chemistry demonstrating the potential of
LR as a replacement for Sg in phosphorothioate oligo-
deoxyribonucleotide synthesis.

For our initial evaluation of LR, a protected phosphite
(1) was synthesized and converted to the thiophos-
phonate 2 by treatment with a large molar excess of
elemental sulfur in pyridine (Scheme 1).
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Using 2 as a standard, the reaction of 1 with commer-
cial-grade LR (1.05 equiv) in CDCIl; was then investi-
gated by 3'P NMR. LR dissolved immediately and the
solution became pale red. After 3 min, TLC analysis
indicated complete consumption of the starting mate-
rial. Analysis by 3'P NMR showed that the phosphite
triester signals were replaced by several new peaks at o
61.7-84.7 ppm, indicative of a quantitative sulfurization
of the phosphite ester. However, the expected phos-
phorothioate ester 2 could not be readily isolated by the
usual procedure, indicating that protecting group clea-
vage might have occurred.

The protecting groups on 1, 4,4'-dimethoxytrityl (DMT)
and NCCH,CH,—-, are removed by acid and base,
respectively. The red color seen in the reaction mixture
suggested release of the DMT cation (see below).

To investigate further the potential of LR for thio-oligo-
nucleotide synthesis, the dimer S-d(TpT) 6 was first
prepared from solid-phase controlled pore glass (CPG)-
linked 5'-O-dimethoxytritylated 2’-deoxythymidine 3
using a large molar excess of Sg to convert the inter-
mediate phosphite dimer 4 into the corresponding
phosphorothioate 5, which was then deprotected and
released from the support by successive treatment with

CHs CHs

HN HN

| j}

o)\N o//J\N
o DMTO DMTO

O -

Q ?
NCCHZCHQO—P—0~© NCH,CH,0— ﬁ’—o—@
S

1 2

(i) DMTd'I'—O—P’N(’Pr)2 , Tetrazole/CH3CN; (i) Sg/Pyridine

SOCH,CH,CN
Scheme 1.
o) o)
,j\J]/CHa HN)E/CH;;
omro-S oY DMTO O)\N o)
iy HNJj/cH,,
o |

O-CPG
! (O

s NCCHZCHzo-P-O—w
4

HO—p-0 Q
ﬁ NCCHZCHZO—ﬁ—O‘O@
S
OH
. , 0-CPG
(i) 3% CCI,COH: (i) DMTAT-0—RC NPT 2 Tetrazole/CH;CN;
' OCH,CH,CN * '

(iii) Sg/Pyridine; (iv) LR/CH3CN; (v) 3% CCI3COOH; (vi) NHsOH

Scheme 2.

CCl13CO,H and NH4OH (Scheme 2). Use of LR (ace-
tonitrile) in place of Sg followed by NH,OH treatment
converted 4 directly to 6, identified by 3'P NMR. In
solid-phase DNA synthesis, acid cleavage of the DMT
group protecting the 5-OH of the nucleoside releases
trityl cation, Ay =503 nm. Absorption spectral analy-
sis of acid wash (Cl3CO,H in CH,Cl,) solutions from
the solid phase product with LR confirmed the absence
of DMT, consistent with the results obtained for model
compound 1.!% The sulfurization reaction of 4 with LR
was complete within 5 min. This reaction time was sig-
nificantly shorter than that for Sg (30 min), although a
much larger excess of the latter reagent was used.

In summary, the potential utility of LR as a replace-
ment for Sg in the synthesis of oligodeoxynucleoside
phosphorothioates has been investigated. LR was found
to rapidly and cleanly sulfurize a model phosphite tri-
ester intermediate, and could replace Sg as the sulfur-
transfer reagent in the synthesis of a dinucleoside phos-
phorothioate, S-d(TpT). The reactions with LR (using
as little as 5% excess) were completed within 5 min.'®
The trityl group protecting the 5-OH moiety of the
substrate was removed during LR sulfurization, obviat-
ing the standard separate detritylation step with
CCI;CO,H.

NMR spectra were measured at 360.14 MHz (‘H) and
145.78 MHz (*'P). Chemical shifts were reported in ppm
versus CHCl; ('H: 7.24 ppm), and 85% H;PO,4 (3'P:
0.00 ppm). UV-vis spectra were recorded on a Shi-
madzu UV-260 spectrometer. Reagents were purchased
from Pharmacia, CPG (3) or Aldrich (LR). Sulfuriza-
tions were conducted at room temperature.

Synthesis of 1 and 2. dT Phosphoramidite (75 mg, 0.1
mmol) in 1.5 mL dry CH3CN was added to tetra-
hydrofurfuryl alcohol (15 mg, 0.5 mmol) in 1 mL dry
CH;CN, followed by tetrazole (35 mg, 0.5 mmol) in 1.5
mL dry CH53CN. After 3 min, 1 was isolated by pre-
parative TLC (silica gel, ethyl acetate): 3'P NMR
(CDCl3): 6 139.6, 143.1 ppm; '"H NMR (CDCI3): & 3.81
(s, 6H, CH50), 1.38 (s, 3H, CH;), 2.55-6.36 (m, ribose
ring), 6.70-7.60 (m, Ph), 8.81 ppm (s, br, 1H, NH).
Elemental sulfur (32 mg, 1.0 mmol) in 0.5 mL pyridine/
CS,/Et;N (1:1:1) was added to 1 (10 mg, 0.013 mmol) in
1 mL CH;CN. After 15 min, the phosphite peaks
(6=139, 142 ppm) were replaced by signals at & 66.9,
67.1 and 56.2, 56.3 ppm. Phosphorothioate 2 (9 mg) was
isolated by prep. TLC: 3'P NMR (CDCls): § 66.9, 67.1
ppm (P=S, diastereomers); 'H NMR (CDCl5): 1.38 (s,
3H, CH3), 2.55-6.36 (m, ribose ring), & 3.72 (6H,
CH;0), 6.72-7.63 (m, Ph), 8.81 ppm (s, br, 1H, NH).
Reaction of 1 (10 mg, 0.013 mmol) with LR (2.71 mg,
0.007 mmol in 2 mL CDCl;) was done in a 10 mm
NMR tube.

Preparation of 6. The CPG-linked protected deoxy-
thymidine 3 (200 mg, 6.54 pmol) was detritylated with
3% CCI;COOH in CH,Cl,. After washing with CH;CN
and drying in vacuo for 5 min, 10 equiv of 5-O-DMT-
2'-deoxythymidine-N,N'-diisopropyl cyanoethyl phos-
phoramidite (2M, 1 mL CH;CN solution) and tetrazole
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(0.45M, 1 mL CH;CN solution) were added and the
suspension was shaken for 30 min. After flushing
(argon) and washing (CH3;CN), 5 mL 5% Sg in pyri-
dine/CS,/Et;N was added and the rection was allowed
to proceed (30 min). After flushing (Ar) and washing
(5x3 mL pyridine, 5x3 mL CH,Cl,), treatment with
3% CCICO,H in CH,Cl, (4x2 mL) followed by
NH4OH (10 mL, overnight) gave, after evaporation, 6:
3IP NMR (D,0): & 55.84, 56.21 ppm (P=S, diaster-
eomers); 'H NMR (D,0): & 1.71, 1.82 (s, 6H, CHjy),
2.18-2.87 (m, 6H, H-2', 3'), 3.67-4.00 (m, 4H, H-5),
442 (m, 2H, H-4), 6.05-6.17 (m, 2H, H-1'), 7.50, 7.56
ppm (s, 2H, H-6); 13C NMR (D>0): § 18.94 and 21.11
(s, CH3), 36.17-38.55 (C-2'), 60.66 and 70.40 (C-3'),
64.72-65.19, 74.88-75.25 (C-5), 84.73-84.88 (C-4'),
84.95-85.38 (C-1’), 111.27 and 111.37 (C-5), 137.08 and
137.12 (C-6), 151.57 (C-4), 166.24 ppm (C-2). With LR
(11 mg in 5 mL CH3;CN) in place of Sg, reaction was
complete in 5 min; after washing with warm (50 °C) 5x5
mL CH;CN and NH4OH deprotection, the product
was 6: 3'P NMR (D,0): § 55.84, 56.21 ppm (P=S,
diastereomers).
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