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Abstract
Michaelis-Arbusov chemistry was used to prepare O,S-dialkyl 3'-O-nucleosidyl phosphorothiolate triesters in
solution and attached to CPG. The support-bound nucleoside was utilised in the synthesis of a

pentaribonucleotide that was fully deprotected on the support. Subsequent treatment with a buffered solution
of iodine cleaved the RNA from the CPG with concomitant formation of a terminal 2',3"-cyclic phosphate.
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2',3"-Cyclic phosphate terminated RNAs have been characterised as products from a wide
variety of biological processes including small ribozyme autolysis{1], pre-tRNA cleavage[2],
small nuclear RNA 3'-uridylation[3] and as initial products in ribonuclease mediated RNA
cleavagef4]. Synthetic 2',3'-cyclic phosphates were first utilised in 1952 to help identify the
products from incompiete RNase digestion of RNA[S] and have since facilitated mechanistic

studies on ribozyme ligation{6] and both chemical{7] and enzymatic{8] cleavage of RNA.
Despite the utlhty of these moieties, all preparatlve methods reported to-date have, to the
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apparent damage to phosphodxester linkages[15]. The viability of using iodine catalysed
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intramolecular transesterification of an S-alkyl phosphorothiolate vicinal to a 2'-hydroxyl as a
method for the solid-phase preparation of 2',3"-cyclic phosphates was therefore investigated.

Michaelis-Arbusov chemistry has previously been employed in the synthesis of
internucleoside phosphorothiolates[12,16-18] and initial solution-phase studies were performed
in order to determine the potential of this strategy to the preparation of such linkages from the
commerciaily available phosphoramidite 1 (Scheme).
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CDCl, r.t., 2 h.; iii) in situ 6a (r.t., 2.5 h) or 6b (r.t., 15.5h); iv) S eq. CI3CC02H, 13 eq. pyrrole, DCM, r.t., 10 min; v) methanolic
ammonia (saturated at -5°C), r.t., 5 h; vi) 97:3 H,O:AcOH, 22°C, 425 h. Key: 4a, Sa R = Bu; 4b, 5b R = CPG- (long chain
alkylamine controlled pore glass); DMT 4,4'-dimethoxytrityl; Fpmp N-(2-fluorophenyl)-4-methoxypiperidinyl.

Thus, 1 was hydrolysed to the corresponding H-phosphonate” and silylated under neutral
gnditigns to give the activated phosp jite triester 2.5 In situ addition of 2 to the symmetrical

disulfide 3,3'-dithiopropionic a01 di(N-succinimidyl ester) (Lomant's reagent) gave only ca.
65% react on over 2 days (by *'P nmr) and predominantly led to sulfurisation. Previously,
such non-Arbusov products have been suppressed by emnlovmg more highly activated leaving
groups in the disulf ide[18] and this was also found using the S-alkyl S-5-nitropyridyl disulfide
(6a* - Figure 1); complete reaction with 2 was observed within
2.5 hours, only minimal non-Arbusov products were detected N0z
and the phosphorothiolate (4a) was isolated in 77% yield.’ I /T

As anticipated from previous studies[12,13], the integrity of o s8N
the P-S bond in 4a remained intact during its complete  Rey
deprotection under conditions armronrlate for short 2'-O-Fpmp H 6a, b
protected  oligonucleotides.® Todine  mediated  Figure 1. 6a; R=Bu. 6b; R=CPG-

o

transesterification of the resultant S-alkyl phosphorothiolate

? Quantitative by tlc; isolated from Na,CO5/EtOAc extraction: *'P NMR & (CDCl;), 7.97, 6.54; FAB+ ms e/z 871 (M+H)".
> 3'P NMR § (10/3 CDCly/N,O-bisirimethylsilyl)acetamide), 129.52, 128.70

4 Prepared as follows: Lamont’s reagent (0.28 mmol), DCM (2 mL), BuNH; (4 eq.), rt., 40 min, product used unpurified; DTT
(2 eq.), EtN (0.5 eq.) MeOH (2 mL), r.t., 105 min, scrubber column (Al,0;); DTNP (2,2"-dithiobis(5-nitropyridine) - 1.05 eq.), 4/5

Py ey

MeOI/DCM (Ar purged - 4.5mL), r.t., 50 min addition of DTNP pius 10 min, isoiated by silica chromatography; 43% over 3 sieps;
3a: 'H NMR 5 (CDCl;) 9.26 (dd, PyH6), 8.41 (dd, PyH4), 7.89 (dd, PyH3), 5.70 (s, NH), 3.27 (m, CH,-N), 3.12 (t, CH,-S), 2.58 (1,
CH,-CO), 1.48 (m, CH,-CH;N), 1.34 (m, CH,-CH3;), 0.92 (t, CHy); EI+ ms e/z 315 (M), 160 (100%, (M-SSNQ,Py)").
5 Followmg silica gel chromatography 4a:’'P NMR8 (CDCl,), 31.58, 30.13; FAB+ ms e/z 1031 (M+H)").
¢ Only single products were observed by tlc and *'P NMR for each of the deprotection sieps. Detritylaied 4a was treaied with

ammonia both as shown in the scheme and also under more vigorous conditions (3:1 conc. NHs;(aq):EtOH, 55°C, O/N - appropriate
for removing the base protecting groups found in oligonucleotides derived from commercially available Fpmp protected
phosphoramidites); no P-S bond cleavage was detected in either case. 5a: 31p NMR & (D,0), 21.28; 'H NMR § (D,0) 7.86 (d, H6),
5.94 (d, HI"), 5.87 (d, H5), 4.61 (m, H3'), 4.43 (m, H2"), 4.31 (m, H4"), 3.84 (m, H5', H5"), 3.33 (t, CH,-N) 3.02 (m, CH,-S), 2.58 (1,

VX ki,

CH; CO) 1 43 (m, Cﬂ; CHZN) 1.28 (m, CH,-CHs;), 0 84 (t, (,_3), PAB— ms e/z 466 (100%, M)



diester (5a) was initially attempted without buffering.  Although complete reaction was
observed within 10 minutes at room temperature, the reaction mixture after this time was found
to be acidic (pH<I1) and the cyclic phosphate had been almost completely hydrolysed to the
corresponding 2'- and 3'-monophosphates.  In a buffered environment’ cyclisation of 5a
proceeded smoothly at room temperature with greater than 90% reaction after 2 hours and no
other side-products observed.

The solid-supported phosphorothiolate 4b was synthesised using an analogous strategy to
that adopted for 4a; 2 was added in situ to the activated disulfide (6b - prepared according to
slightly modified literature protocols[19,20]%) and shaken overnight at room temperature.
Applying deprotection conditions used on the model compound 4a to a sample of 4b gave Sb,
which was characterised by release of U>p’ following iodine treatment. Consistent with the
solution-phase studies, no nucleoside material was released from the support during
ammonolytic decyanoethylation or acid catalysed removal of the acetal. Unreacted amine
functions on the support from the preparation of 4b were capped, the nucleoside loading
determined by trityl release (15 umol g'i) and a further sample (0.6 ymol) used in the synthesis
of the Fpmp and cyanoethyl protected pentanucleotide ((Up),Ups-CPG) using standard RNA
chemistry."”

Deprotection of the pentamer and iodine-mediated transesterification of the
phosphorothiolate-CPG linkage'! liberated the crude 2'3'-cyclic phosphate terminated
pentamer 7 (Figure 2 - (Up),U>p). This was purified by RP
HPLC, desalted'? and the product Sharacterised by *'P NMR and v
nucleoside composition analysis.™ Selective a_qid gataly§ed " oo
hydrolysis followed by phosphomonoesterase digestion has HO-,—'AC\F{;)_}J’O’H\O@
previously been used[21] to characterise terminal cyclic
phosphates in the presence of other phosphodiester linkages and - ~4
this was applied to 7; acid hydrolysis putatively giving a mixture
of (Up),U2'p and (Up),U3'p which coeluted as one peak (8) which
was further digested enzymatically to (Up)sU (9) - Figure 3.4

In conclusion, the CPG-nucleoside phosphorothiolate linkage reported herein has been

Figure 2.

7875 mM I, 100 mM triethylammonium acetate (TEAA) pH 6.5, MeCN:H,O (1:4), .t., 2 h; extracted with Et,0, lyophilised:
3P NMR & (D,0 ca. 125 mM TEAA pH 6.5), 20.40 (93% - U>p), 21.05 (7% - UpsR)

¥ CPG (150 mg) was treated with: 0.1M Lomant’s reagent, 0.02M Et;N, DCE, r.t,, 7.75 h; 0.2M DTT, 0.2M Tris. HCI pH8.5,
IM NaCl, H,O, r.t., 1.67h; 0.1M DTNP, DCM, rt., 1.5 h - using the conditions exactly as described by Gupta er al.[20] gave a
nucleoside loading of less than 7 p.rnolg by trityl assay.

Characierised by comparison with a standard (Sigma) on RP-hplc and normal phase tlc.

9 Using 1 umol RNA ABI cycle; synthesised trityl-off; on-line trityl monitoring performed at every step; average step-wise
coupling yield 100%.

T Deprotection: methanolic ammonia (saturated at -5°C), r.t., O/N; 97:3 H,O:AcOH (sterile), 22°C, 5 h. Transesterification:
3.9mM b, 75 mM TEAA, 1:4 MeCN:H,O (sterile), r.t., 7 h.

iV xS, VRO AN (SRR L),

12 HPLC was performed on a Waters Column u—B(mdapakTM C;s column (3.9 x 300 mm): buffer A 100 mM TEAA pH 6.5;
buffer B 100 mM TEAA pH 6.5, 50% aq. MeCN; 260 nm detection; 38 min gradient - isocratic 10% B to 5 min; 10-23% B to 27
min; 23-100% B to 31 min; isocratic 100% B to 33 min; 100-10% B to 38 min - eluting at | mL min'. This removed putative Fpmp-
on nucleondlc material (later running) resulting from the limited acid treatment used for acetal cleavage and also minor quantities of
shorter sequences. Desalting performed on Sep-Pak™ -product eluted in sterile H,O. Yield = 0.06 ymol.

13 31p NMR § (D,0), 20.09 (18%, U>p), -0.54 and - 0.64 (82%, UpU). Digestion with nuclease P, and alkaline phosphatase
gave U:U>p 4.4:1 (expected 4:1)

4 M HCI (aq - sterile) 18°C, 15 min, quenched with IM Tris (aq - sterile), alkaline phosphatase, 30°C, 15 min. HPLC
analyses for acid catalysed and enzymatic hydrolysis of 7 performed as for puriﬁcation except: buffer A 6 mM TBA HSO,, 30 mM
TEAA, pH 6.3; buffer B 6 mM TBA.HSO,, 30 mM TEAA, pH 6.3, 50% aq. MeCN; 45 min gradient - isocratic 4% B to 12 min; 4-
60% B to 30 min; isocratic 60% B to 35 min; 60-100% B to 40 min; 100-4% B to 45 min.
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Figure 3. RP HPLC profiles of 7 and its enzymatic and controlled acid hydroylsis - conditions described in footnote 12 (retention
times): A - 7 after purification (35.1 min); B - nuclease P, and alkaline phosphatase digestion of 7 (to U (5.9 min) and U>p (9.8
min)); C - IM HCl hydrolysis of 7 {to 8 (35.5 min)); D - IM HCI and alkaline nhmnhainse rhm-shm of 7 (to 9 (33.1 min)).
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successfully utilised for the preparation of a cyclic phosphate terminated o llgon cleotide

this linkage expands the range of orthogonal linkers for support-bound nucleic acnds and
demonstrates the viability of solid-phase P-S bond formation by Michaelis-Arbusov chemistry
which has previously been restricted to solution-phase.
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