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ABSTRACT 

The stereochemical course of the epoxide-induced ox- 
idative rearrangement of ribonucleoside cyclic 3’,5’- 
phosphorothioates into the corresponding 2’,3’-phos- 
phates has been determined using styrene [’80] oxide 
and (Sp)-uridine cyclic 3’,5’-phosphorothioate. The 
evidence of full stereoselectivity of this reaction is pre- 
sented and mechanistic implications of the presence 
o f  the nucleoside 2’-hydroxyl group are discussed in 
terms o f  a classical Hamer Mechanism. 

INTRODUCTION 
Numerous examples presented in the chemical and 
biochemical literature indicate that P-chiral phos- 
phates and phosphorothioates have become indis- 
pensable tools in the elucidation of chemical re- 
actions involving the phosphorus atom [ 1-31. 
Especially interesting are examples of reactions of 
biophosphates catalyzed by enzymes where ster- 
eochemical analysis of substrates and products have 
provided fundamental information about the par- 
ticipation of covalently bound substrate-enzyme in- 
termediates [4]. As a precondition to these studies 
the stereospecific syntheses of model compounds of 
known chirality at phosphorus had to be solved. 
After our successful design of methodology for the 
stereospecific conversion of dialkylphosphoranili- 
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dates into the corresponding phosphorothioates [5], 
attention has been focused on the application of 
these compounds in the stereospecific synthesis of 
P-chiral isotopomeric phosphates. Although it was 
demonstrated that this goal can be reached in sev- 
eral ways [6- lo], reaction of dialkylphosphoro- 
thioates with alkylene oxides was particularly 
tempting due to its full stereospecificity [ 11,121 and 
easy access to oxygen isotope-labeled oxiranes. 
Among the numerous examples of stereoretentive 
conversion of P-chiral phosphorothioates into iso- 
topomeric phosphates, one particular reaction went 
in an unexpected direction. Treatment of ribonu- 
cleoside cyclic 3‘5’-phosphorothioates with the se- 
ries of epoxides (ethylene, 1,2-butylene, and styrene 
oxide) produced ribonucleoside cyclic 2’ ,3’-phos- 
phates (38-8 1%) as major products accompanied 
.by variable amounts of the “expected” ribonucleo- 
side cyclic 3’,5’-phosphates (7-38%) (Scheme 1). The 
tentative mechanism of the rearrangement accom- 
panying the process of PS+ PO conversion, based 
on the classical Hamer’s scheme [ 131, has been pro- 
posed [14]. In this article, we present evidence that 
the conversion (PS + PO exchange and rearrange- 
ment) caused by the alkylene oxide is stereoselec- 
tive, and provides the isotopomeric ribo- 
nucleoside cyclic 2’,3‘-[180] phosphate of predeter- 
mined sense of chirality at phosphorus. 

RESULTS 
For detailed studies of the stereochemical course of 
the conversion process, we have chosen the reaction 
of uridine cyclic (Sp)-3‘,5’-phosphorothioate (1) with 
racemic styrene [‘80]oxide. The stereospecific syn- 
thesis of Sp-1 has been elaborated earlier in this 
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laboratory [15, 161 and its absolute configuration 
at phosphorus has been confirmed by independent 
X-ray diffraction studies [ 171. We considered that 
the synthesis and absolute configuration of the dias- 
tereomeric uridine cyclic 2',3'-phosphorothioates 
(2) was known from the work of Eckstein and Saen- 
ger [lS]. Thus the stereoselective reaction of 2 with 
styrene ['80]oxide should have given the isotopo- 
meric uridine cyclic 2',3'-['80]phosphates (3) of 
known configuration at the P-atom. Reaction of Sp-1 
with styrene [160]oxide was performed in ethanolic 
solution and its progress was followed by HPLC. 
After 2.5 h at 62 "C, the HPLC analysis showed the 
presence of starting 1 (ll%), 3 (71%), and uridine 
cyclic 3',5'-phosphate (4,18%). The identity of these 
compounds has been confirmed by comparison with 

genuine samples. Since 31P NMR resonances of both 
0x0-products were well separated (At3 = 20), there 
was no need to isolate product 3, and its stereo- 
chemical analysis was performed with the mixture 
of 3 and 2. In order to discriminate substituents at 
the exo- and endo-positions in 3, the products were 
transformed into a mixture of trimethylsilyl esters 
by treatment with bis(trimethylsily1)trifluoroacet- 
amide (BSTFA) and analyzed by means of 31P NMR 
spectroscopy [19, 201. The region of the spectrum 
corresponding to the trimethylsilyl esters of cyclic 
2',3'-phosphate is presented in Figure la. 

In an independent set of experiments, 2 was 
prepared by the phosphorodiamidite approach and 
separated into pure Sp-( ao) and Rp-(endo)-diaster- 
eomers by preparative HPLC. Their absolute con- 

FIGURE 1 The 31P NMR spectra of trimethylsilyl esters of uridine cyclic 2',3'-['80] phosphates obtained from: (a) Sp-1 and 
Rp-2, (b) Sp-2. Parameters: (a) sweep width 4350 Hz, time domain 8 K, Fourier transformation in 16 K; (b) sweep width 
1200 Hz, time domain 4 K, Fourier transformation in 8 K. 
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figurations were assigned by chromatographic and 
spectroscopic comparison with genuine samples of 
known configuration, obtained from the Laboratory 
of Prof. F. Eckstein. Each Sp-2 and Rp-2 isomer was 
independently treated with styrene [laO]oxide in 
ethanolic solution and the products obtained (3') 
had both chromatographic and spectroscopic prop- 
erties characteristic for 3 (Scheme 2). Because the 
PS+PO exchange process under conditions of the 
Hamer reaction has been proven to occur with re- 
tention of configuration at phosphorus 111, 121, 
therefore, we could, with high probability, assign 
the Rp-configuration for 3' resulting from Rp-2 and, 
similarly, the Sp-configuration for 3'*obtained from 
Sp-2. Both compounds Rp-3' and Sp-3' were sily- 
lated by means of BSTFA and their high resolution 
31P NMR spectra were analyzed and compared with 
that recorded for silylated 3 (Figure la,  b). The res- 
onances of silylated 3, as well as those of Rp-3' and 
Sp-3', were composed of two signals of approxi- 
mately equal intensity (A6 = 0.18) corresponding 
to exo- and endo-isomers (with respect to the po- 
sition of the trimethylsilyl group). Each signal was 
accompanied by an upfield peak corresponding to 
the 180-isotopomer with an isotope chemical shift 
difference depending upon the P-I80 bond order: 
A 6  = 0.017 for a single bond and 0.041 for a double 
bond [211. This order of isotope chemical shift dif- 
ferences allowed us to assign the downfield pair of 
signals of the trimethylsilyl esters (6 = 9.5) to the 
endo-isomer and the upfield pair (6 = 9.3) to the 
exo-isomer. We could clearly observe that the spec- 
tra of silylated 3 and Rp-3' showed identical I8O- 

isotope shift patterns with the lower isotope shift 
for the isomeric silyl ester absorbing at lower field. 
Therefore, we were able to conclude that the sense 
of chirality at phosphorus in both 3 and Rp-3' was 
the same. The lack of alternative l80-isotopomeric 
signals (e.g., with higher isotope shift for the low- 
field absorbing isomer) indicated that the two pro- 
cesses under study 1 + 3 and 2 + 3'are fully stereo- 
specific and lead to single diastereomers of 3 and 
3', respectively. 

The configurational identity of the cyclic iso- 
topomeric nucleotides 3 and 3' obtained via two 
different ways allows us to draw conclusions re- 
garding the stereochemistry of the process 1 + 3 
involving both sulfur-oxygen exchange and ring 
rearrangement. The reaction of uridine cyclic 3',5'- 
phosphorothioate with styrene ['80]oxide proceeds 
with the stereochemistry Sp-1 + Rp-3 without de- 
tectable formation of Sp-3. This stereochemical re- 
sult fully supports the mechanistic pathway sug- 
gested for the reaction of ribonucleoside cyclic 3',5'- 
phosphorothioates with epoxides [ 141 (Scheme 3). 
The key intermediate in this rearrangement is nu- 
cleoside 3'-0-( 1,3,2-0xathiaphospholane) (6), which 
is formed from the initial adduct of phosphoro- 
thioate and oxirane after intramolecular attack of 
the P-hydroxyl group on the phosphorus atom lead- 
ing to the cleavage of P-05' bond [22]. We assume 
that this step proceeds with inversion via an SN2(P) 
"in-line'' mechanism. Intermediate 6 undergoes an 
oxathiaphospholane ring opening reaction by an 
attack of the vicinal2'-hydroxyl group of the ribose 
yielding triester 9 containing the P-mercaptoe- 
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thoxyl ligand (which under reaction conditions 
undergoes elimination of episulfide giving the final 
product). The latter step must proceed with reten- 
tion of configuration at phosphorus as a result of 
an "adjacent" process involving participation of a 
pentacovalent phosphorus intermediate 7. The same 

stereochemical result was also found by Inch [25] 
for the solvolysis of acyclic S-alkyl esters. Since 
oxygen is more apicophilic than sulfur, the attack 
of the 2'-hydroxyl group occurs from the opposite 
side to the P-OR bond rather than to P-SR. 
Therefore, P-S bond cleavage can occur only after 
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pseudorotation of intermediate 7 resulting in trans- 
location of the sulfur atom into the apical position 
(intermediate 8) .  It should be noted, however, that 
when the less apicophilic nitrogen atom was pres- 
ent in the five-membered ring, the ring opening of 
1,3,2-oxazaphospholanes by sodium alkoxides in al- 
cohol was found to proceed with inversion of con- 
figuration at phosphorus [26,27]. 

The evidence supporting the participation of 
oxathiaphospholane 6 in the reaction pathway was 
provided by an independent experiment, where N -  
6-benzoyl-5’-O-dimethoxytrityl-adenosine (10) was 
reacted with 2-chloro-2-0x0- 1,3,2-0xathiaphospho- 
lane in pyridine solution (Scheme 4). The major 
product, 31P NMR 6 = 20.0, after full deprotection 
was identified by means of 31P NMR and HPLC 
analysis to be adenosine cyclic 2’,3’-phosphate. Since 
both 2’- and 3’-hydroxyl groups have similar reac- 
tivity toward phosphorylating reagents, it can be 
assumed that a significant part of the phosphoryl- 
ation occurs in the 3’-position, thus giving rise to 
the ribonucleoside 3’-oxathiaphospholane product 
11 analogous to 6.  

The observed preferential cleavage of the P-05’ 
bond (but not P-03‘ bond) accompanying for- 
mation of 6 can be rationalized in terms of the stereo- 
electronic relations discussed by Tomasz [28] in the 
case of the alkaline hydrolysis of C5’-modified an- 
alogues of adenosine cyclic 3’,5’-phosphate. This 
author suggested that, in the intermediate 5, which 
exists in the form of a trigonal bipyramid with a 
twist-boat conformation of the dioxaphosphori- 
nane ring (as shown by Bentrude [29]), the lone 
electron pair of the sp2 hybridized oxygenatom at 
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the 3‘ position occupies an energetically favored 
place in the plane of the equatorial substituents on 
the P-atom. This situation is possible if the 05’ atom 
occupies the apical position; thus, the apical posi- 
tion of the 03’ atom is discriminated, and hence 
the cleavage of the P-03’ bond does not occur. 
The regioselectivity of the ring opening reaction in 
the cyclic 3’,5’-phosphate observed in the rear- 
rangement under consideration is much higher than 
the regioselectivity reported by Tomasz [281 and 
Gerlt [30]. This fact, probably due to the entropy 
factor, may be connected with the difference in the 
nucleophile involved (intramolecular P-hydroxy- 
ethyl group vs. hydroxide ions present in an excess 
in the reaction medium). 

The most intriguing question is posed by the 
fact that the conversion of the 2’-deoxyribonucleo- 
side cyclic 3’,5’-phosphorothioates into phosphates 
caused by styrene oxide in water/dimethylformamide 
as a solvent is accompanied by formation of ob- 
servable amounts of neither 5‘- nor 3’-nucleoside 
phosphates; this indicates that the cleavage of the 
P-03’ or P-05’ bond does not occur [12]. This 
observation emphasizes the puzzling role of the 2‘- 
hydroxyl group in 1 after treatment with epoxides, 
since inspection of molecular models does not per- 
mit the assumption of the direct participation of 
the 2’-hydroxyl group in the formation and evolu- 
tion of the transition state leading to cleavage of 
the P-05’ bond. From this point of view, the fun- 
damental difference in reactivity between ribo- vs. 
deoxyribonucleoside cyclic 3’,5‘-phosphorothioates 
remains obscure. Therefore, this difference must be 
considered in terms of significant changes in con- 
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formations of both molecules or as a long distance 
interaction of the 2'-hydroxyl group with the phos- 
phorus center with participation of solvent mole- 
cules. In the latter case, the presence of the 2'-hy- 
droxyl group hampers the pseudorotation process 
of intermediate 5. In this respect, the mechanistic 
aspects of reaction of ribonucleoside cyclic 3'5'- 
phosphorothioates with epoxides is reminiscent of 
those involved in nuclease-assisted hydrolysis of 
phosphodiesters undergoing "in-line'' attack by 
water molecules where also no evidence of pseu- 
dorotation of the primary intermediate has been 
found [31]. 

EXPERIMENTAL, 
Materials 
Nucleosides were purchased from Pharma-Waldhof 
(Germany). 2-Cyanoethyl N,N,N',N'-tetraisopro- 
pylphosphorodiamidite was synthesized according 
to the procedure described by Koster et al. [32]. 
[lsO]Benzaldehyde and uridine cyclic 3' ,5'-phos- 
phorothioate (Sp isomer) were synthesized accord- 
ing to procedures described by J. Baraniak and W. 
J. Stec [ 161.5'-Methoxyacetyluridine was obtained 
from reaction of 2',3'-O-ethoxymethylidene uridine 
with methoxyacetic anhydride according to known 
methodology [33]. Gaseous nitrogen tetroxide ob- 
tained by thermal decomposition of lead (11) nitrate 
was absorbed in methylene chloride at -60 "C up 
to a concentration 8.5g NzO4/15 mL of solvent and 
stored at 4 "C. Trimethylsulfonium iodide was ob- 
tained from dimethyl sulfide and methyl iodide ac- 
cording to the procedure described by Corey and 
Chaykowski [34]. 

Instrumental Analysis 
Gas chromatography analyses (GC) were performed 
on a Varian Aerograph 2700 instrument (capillary 
column OV-101; 2 m, temperature program 
70-290 "C, 10 "C/min) equipped with a flame ioni- 
zation detector with nitrogen as a carrier gas. HPLC 
was performed using the LDC Milton Roy system 
equipped with the UV detector working at 260 nm. 
31P NMR spectra were recorded on a Bruker MSL- 
300 spectrometer (121.5 MHz for 31P) with deuter- 
ium lock and quadrature detection. Chemical shifts 
are reported referring to 85% H3P04 used as an 
external standard. Mass spectra were recorded on 
a GCMS LKB 2091 instrument. 

Synthesis of Styrene ['80]oxide 
A suspension of 0.3 g (13mmol) of sodium hydride 
in 9 mL of anhydrous dimethylsulfoxide (DMSO) 
was stirred at 70 "C for ca. 20 min (gaseous hydro- 

gen evolved). The solution of the sodium salt was 
cooled to room temperature and diluted with 9 mL 
of anhydrous tetrahydrofuran and then cooled to 
- 10 "C. At this temperature, a solution of trime- 
thylsulfonium iodide (2.6 g, 13 mmol) in 9 mL of 
dry DMSO was added with stirring followed (after 
1 min) by a solution of [180]benzaldehyde (1.2 g, 
11.5 mmol, 92 atom % lag) in 2 mL of DMSO. The 
stirring was continued for 15 min at 0 "C and then 
1 h at  room temperature. The reaction mixture was 
poured into a separatory funnel containing 75 mL 
of water and the nonionic products were extracted 
with ethyl ether (100 + 50 mL). The organic layer 
was dried with anhydrous magnesium sulfate, con- 
centrated, and the oily residue was distilled under 
reduced pressure to give 1.0 g of a mixture (bp 
50-52 "C/O.Ol mmHg) consisting of styrene [180]oxide 
(73%), DMSO (19%), and other contaminants (8%, 
GC analysis). This mixture was poured into 20 mL 
of water and extracted with pentane (3 x 5 mL). 
The organic layer was dried and evaporated giving 
0.7 g of styrene oxide of 98.8% purity and enriched 
in 91 at.% I8O as measured by means of mass spec- 
trometry on molecular ions. 

Synthesis of 2-Chloro-l13,2- 
Oxathiaphospholane 
Into the solution of phosphorus trichloride (27.5 g, 
0.2 mol) in 400mL of anhydrous diethyl ether a 
solution of anhydrous pyridine (15.8 g, 0.4 mol) and 
freshly distilled 2-mercaptoethanol(l5.6 g, 0.2 mol) 
in 100mL of anhydrous diethyl ether was added 
dropwise with stirring at room temperature. The 
reaction mixture was stirred for 2 h and the pre- 
cipitate of pyridine hydrochloride was filtered off. 
The filtrate was evaporated and the residue was 
distilled under reduced pressure affording 14.3 g 
(50%) of product in the form of a colorless liquid 
(bp 76 "C/lO mmHg, 31P NMR 6 = 205.3 (C,D6)). MS 
(70 eV): m/z 142, M + ,  0,3%; 96, M+ -HCHS, 20%; 
83, M +  -HCHS-CH, 16%; 60, 100%; Lit. [351 bp 
57 "U0.4 mmHg. 

Synthesis of 2-Chloro-2-Oxo-l,3,2- 
Oxa t h iap hosp holane 
Into the stirred solution of 2-chloro- 1,3,2-0xathia- 
phospholane (3.2 g, 22.5 mmol) in 20 mL of anhy- 
drous methylene chloride was added dropwise at 
- 20 "C, a solution of nitrogen tetroxide in meth- 
ylene chloride until the mixture became perma- 
nently green. The solvent was evaporated and dis- 
tillation of the residue under reduced pressure 
afforded 1.2 g of colorless liquid (bp 110 "C/O.Ol 
mmHg; 31P NMR 6 = 50.5 (CDC13), 87% purity; 
MS(15 eV): m/z 158, M + ,  24%; 123, M +  -C1,32%). 
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Synthesis of Uridine Cyclic 2',3'- 
Phosphorothioate 
5'-Methoxyacetyluridine (1 30 mg, 0.3 mmol), 1H- 
tetrazole (50 mg, 0.66 mmol), and elemental sulfur 
(30 mg) were suspended in 3 mL of anhydrous ace- 
tonitrile, cooled to O"C, and a solution of 2-cy- 
anoethyl N,N,N',N'-tetraisopropylphosphoro- 
diamidite (100 mg, 0.33 mmol) in 0.4 mL of 
acetonitrile was added with vigorous stirring. The 
cooling bath was removed and stirring was contin- 
ued for 3 h at room temperature. The solid material 
was filtered off; the filtrate was evaporated and dis- 
solved in a mixture containing 30% aqueous am- 
monia (2.5 mL) and ethanol (2.5 mL). The solution 
was evaporated, and the residue was dissolved in 
2 mL of water and applied onto a column filled with 
Sephadex A25 (bicarbonate form). The column was 
eluted with a linear gradient of water (700 mL) and 
1.2 M triethylammonium bicarbonate (TEAB, 
700 mL). The first 300 mL of eluate was discarded 
and then fractions of 15 mL were collected. The 
uridine cyclic 2',3'-phosphorothioate was found in 
fractions 13-26, which were pooled and concen- 
trated. A 31P NMR spectrum of this material showed 
the presence of two signals, 6 = 77.2 and 75.6 (DzO), 
of nearly equal intensity corresponding to both 
diastereomers of the desired product (Lit. [36]: 31P 
NMR 6 = 76.7 and 75.2). Pure isomers were isolated 
by means of preparative HPLC (ZORBAX-ODS, 
21.2 mm x 25 cm, flow rate 8.5 mL/min,7% 
CH3CN/0.1 M TEAB) to give 30 mg of ao- and 23 mg 
of endo-isomer (Rt = 5.2 and 6.7 min, respectively), 
total yield 43%. 

Reaction of (Sp)-Uridine Cyclic 3 '3 ' -  
Phosphorothioate with Styrene ['80]oxide 
A solution of the triethylammonium salt of (Sp)- 
uridine cyclic 3',5'-phosphorothioate (37 mg, 88 
pmol) and 200 pL of styrene [180]oxide (65 atom % 
I8O, 1500 pmol) in 2.5 mL of 96% ethanol was in- 
cubated at  62 "C for 3 h. The HPLC analysis (ODS 
Hypersil C18,5-40% CH3CN/0.1 M TEAB, l%/min) 
showed the presence of 3 (71%, Rt = 6.8 min), ur- 
idine cyclic 3'5'-phosphate (18%, Rt = 8.7 min) 
and unreacted 1 (1 1%, Rt = 10.8 min). The solvent 
was evaporated and the sample was dried at high 
vacuum for 12 h. Anhydrous acetonitrile-d3 (3 mL) 
was added followed by 200 pL of BSTFA. After a 
few minutes the solution was filtered through a 
membrane filter (0.45 pm) into an NMR tube. 31P 
NMR analysis (T = 266 K,  sweep width 4350 Hz, 
time domain 8 K, Fourier transformation in 16 K) 
showed in the region of the silyl ester of 3 (31P NMR 
6 = 9.5-9.3) the following 180-isotope shift pattern: 
signals at 1155.8, 1153.8 (isotope effect 2 Hz), 1139.2, 
and 1134.3 Hz (isotope effect 4.9 Hz) downfield of 
standard frequency. 

Reaction of Uridine C clic 2',3'- 

A solution of the triethylammonium salt of (Sp)- 
uridine cyclic 2',3'-phosphorothioate (30 mg, 71 
pmol, exo-isomer) and styrene [180]oxide (55 atom 
% I8O, 200 pL, 1500 pmol) in 2.5 mL of 96% ethanol 
was incubated at  62 "C for 3 h. The volatile com- 
ponents of the reaction mixture were evaporated 
and the residue was dissolved in CD30D. The 31P 
NMR spectrum revealed the presence of uridine 
cyclic 2',3'-phosphate (81%, 6 = 14.2). The mixture 
was silylated (uide supra). The spectrum recorded 
at  266 K (sweep width 1200 Hz, time domain 4 K, 
Fourier transformation in 8 K) showed the presence 
of signals shifted downfield of the standard fre- 
quency by 1152.8, 1147.5 (isotope effect 5.3 Hz), 
1139.9, and 1138.0 Hz (isotope effect 1.9 Hz). 

The same procedure was repeated with the Sam- 
ple of 23 mg of the endo-isomer of 2 using slightly 
more enriched styrene [180]oxide (65% atom % 
The spectrum of the silylated product showed the 
presence of signals at 1154,1152 (isotope effect 2 Hz), 
1137, and 1 132 Hz (isotope effect 5 Hz) downfield 
of the standard frequency. 

Phosphorothioate wit K Styrene ['80]oxide 

Reaction of 5'-Dimethoxytrityl-N-6-Benzoyl- 
Adenosine with 2-Chloro-2-Oxo-l,3,2- 
Oxath iaphospholane 
A solution of 5'-dimethoxytrityl-N-6-benzoyl-aden- 
osine (250 mg, 0.37 mmol) and 2-chloro-2-oxo-l,3,2- 
oxathiaphospholane (57 mg, 0.37 mmol) in 1 mL of 
pyridine was incubated at  100 "C for 2 min, cooled, 
and evaporated to dryness. The residue was dis- 
solved in deuterated chloroform and analyzed by 
means of 31P NMR spectroscopy. The spectrum 
showed the presence of signals at 6 = 20 (26%), 1.8 
(13%), and -9.4 (11%) accompanied by a number 
of signals of lower intensity. The solvent was then 
evaporated and the residue was dissolved in a 2% 
solution of dichloroacetic acid in methylene chlo- 
ride (3 mL). After 1 min, the resulting mixture was 
treated with 200 pL of methanol and 1 mL of pyr- 
idine. The volatile components were evaporated; 
the residue was dissolved in 25% aqueous ammonia 
(5 mL) and kept overnight at room temperature. 
The solvent was evaporated and the residue was 
dissolved in 2 mL of water and filtered. HPLC anal- 
ysis (ODS Hypersil C18,3-4Wo CH3CN/0.1 M TEAB, 
l%/min) showed the presence of adenosine (73%, 
Rt = 8.44 min), adenosine cyclic 2',3'-phosphate 
(lo%, Rt = 9.62 min), and a number of peaks at  
longer retention times (17%, Rt = 10.1-12.3 min). 
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