J. Am. Chem. S0d.999,121,1126711272 11267

External Transesterification of Ribonucleotide Esters Naturally
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Abstract: The intriguing chemical mechanism of the external transesterification by which large ribozymes
(group I, group Il, and spliceosomal introns) splice RNA has been found to operate in the methanolysis of
ribonucleoside 2/3'-dimethyl phosphates in non-hydrogen-bonding organic solvents. Besides needing aprotic
organic media this mechanism requires a high concentration of the attacking alcohol accounting for the binding
of an external guanosine by group | introns and the use of a non-adjacent inte@idl 1% group Il and
spliceosomal introns. This finding is the first example of an external non-ribozymic transesterification of

ribonucleotide esters and the means by which this crucial biochemical reaction can be accelerated.

Introduction

Nuclear mRNA splicing is central to the transmission of
genetic information in human and other eucaryotic cells. It

consists of two consecutive, ribozyme-mediated phosphotrans-

esterifications during which two specific ribonucleotide bonds
exchange diols on the spliceosom&he corresponding non-

ribozymic (spontaneous) exchange reaction has never been
observed in neutral agueous solutions. Under these physiological

conditions RNA undergoes rapid hydrolytic cleavage due to the
nucleophilic participation of the adjacent intern&@H.2 This
simply leads to phosphate migration from th& B0 the
2'-oxygen or expulsion of the"®xygen of the next nucleotide
leaving the phosphate at thé-@sition (Scheme 1, reaction
A), whereas Cech’s ribozyme (group | intron) yields a free 3
hydroxyl and leaves a phosphate at thgésition (Scheme 1,
reactionB).

The difference in the products of these two reactions suggests

that a mechanism different from that of reacti@hmust be
operating in reactionB.3* The internal transesterification
reactionA is catalyzed by acids, bases, ribonucleaseand
small ribozymes, and its mechanism involving nucleophilic
assistance by the adjacerit@H is well understood.This is

not, however, the case with the external transesterification
reactionB, and the unusual mechanistic feature of the large
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ribozymes (group |, group Il, and spliceosomal introns) poses
an interesting problem for the mechanism of catalysis that cannot
be resolved without mechanistic information for the correspond-
ing noncatalyzed reaction.

Since nucleophilic participation of thé-®H would lead to
rearrangement rather thaitB—O strand scissioff, one must
assume that this vicinal hydroxyl has a catalytic function in the
transesterification reactid®, but this cannot be as a nucleophile
to phosphorus as in reactign We tentatively assumed that if
an aqueous medium favors the nucleophilic assistance of the
2-OH, we should study the non-ribozymic ribonucleotide
transesterification in aprotic organic media where electrophilic
assistance of this group should be favored. Thus, our previous
observatiorsuggest that 2-hydroxyalkyl alkyl H-phosphonates
and phosphates exchange diols rather than mono-ols in aprotic
organic solvents such as pyridine or dioxane. We now report
on a change of the phosphoryl transfer mechanism of the
ribonucleotide transesterification due to the change of the nature
of the 2-OH patrticipation in aprotic organic media. This finding
is the first example of external non-ribozymic (spontaneous)
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transesterification of ribonucleotide esters and the means by
which this crucial biochemical reaction can be accelerated.

Results and Discussion

Our chosen bioorganic model reaction is the transesterification
of the isomeric mixture of 50-trityluridine 2- and 3-dimethyl
phosphate$ (Scheme 2). The substrate is designed to be soluble
in organic media and to undergo transesterification with a

measurable rate. These requirements can be met by substituting : 5(3+4)
the rapidly exchangeable proton at the nonbridging oxygen of
the phosphodiester group with a methyl group. The resulting . 00
phosphate triesters mimic the neutral ionic form of phospho- b
diester2they are 18—10°-fold more reactive than the ionized 08
phosphodiestefsand although questioned, a triester-like mech- B R 2a . .
anism has been proposed as a possible catalytic route for the o o P
enzymic cleavage of RNAMoreover, the background informa- T 06 w
tion on the methanolysis of dibenzyans-2-hydroxycyclohexyl % O, °
phosphate is availabfe. 04r cno” Yo
The time-dependent product distribution, obtained by RP- 5 314
HPLC for the reaction of phosphotriestein methanolic sodium 0.2
methoxide, is shown in Figure la. As seen, the disappearance
of the starting material is accompanied by the formation'ef 5 S A
O-trityluridine 2a, 5-O-trityluridine 2-/3'-methyl phosphat8 00 05 10 15 20 25 30 35
and B-O-trityluridine 2-/3'-phosphate4 (Chart 1). Since the t/hours ——

latter two phosphates are hydrolytic products of the cyclic Figure 1. Time-dependent product distribution for the reaction of 0.012
phosphaté (Scheme 2) in the agqueous HPLC buffer, we looked M g'hog}f{'tylur'd'rée_ Zgécmmahgﬁhggps%ate (a) Iln tQ-6 l\/tl)NEtOZI\élge2
further for the origin of the dioRa and the cyclic phosphate in CH,OH (2) and in CHCl/MeOH (70:30 v/v) solution (b) at 298.
. . . K. The mole fraction of cyclic phosphate(H) is a sum of the mole
Ten minutes after the reaction was started only trimethyl factions of its hydrolytic product8 and4.
phosphaté and phosphate diest8mwere detected b§P NMR
spectroscopy (Figure 2b). Therefore, the did and the Chart 1

phosphotriested are products of external transesterificat®n 0 TR T T U
(Scheme 2). Under the conditions used (0.6 M NaOMe in dried ° ° °
methanol or dichloromethane), the cyclic phosphate trigster
is very sensitive to moisture and underwent hydrolysis even R RS o ° LR
when experiments were carried out under argon and in OVeN- s’ “on 52 ho” Yon ¥2 HOT N0 meo” “omes 2
dried NMR tubes. This is to be expected since as a five- 3 4 7 8
membered cyclic ester it should be’3A (®-fold more reactive H o, P o P+ oL o o™
than its acyclic analogu#™® that is extremely unstable at high O_p/ ﬁg i
pH.® Thus, the incomplete exclusion of moisture accounts for o o oH o o o o S OH
Np? , Np? Np? \P/,O e
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Chandler, A. J.; Hollfelder, F.; Kirby, A. J.; O’'Carrol, F.; Sinberg, R. J. 9 10 1 14
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(7) (a) Breslow, R.; Xu, RProc. Natl. Acad. Sci. U.S.A993 90, 1201~ . . .
1207. (b) Mengez, F. MJ. Org. Chem1991, 56, 6251. (c) Haim, AJ. the occurrence of the phosphodiesBinstead of the cyclic
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Figure 2. Phosphate product distribution as judged®/NMR spectra
of the reaction mixture for the reaction of 0.012 NA@-trityluridine
2'/3'-dimethyl phosphaté in 0.6 M NaOMe in CHCI,/MeOH (70:30
v/v) solution and 298.2 K at'@a), 10 (b), and 50(c) after the reaction
was started. Signals for thé-2nd 3- isomers are seen on (a).
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Figure 3. Kinetic curves for the appearance ofG-trityluridine (H)
and 3-O-trityl-2'-deoxyuridine @) in the methanolysis of the corre-
sponding nucleoside dimethyl phosphate in 0.6 M NaOMe in@#A
MeOH (70:30 v/v).

Neither substitution of trityl by methyl (compour), nor
detritylation (compound®)® of the model substraté had any
effect on its transformation in methanolic sodium methoxide.
The 2-deoxy derivative, 50-trityl-2'-deoxyuridine 3dimethyl
phosphatel0 and arabinouridine '&imethyl phosphate 110
(Chart), however, undergo more than a 30-fold slower metha-
nolysis (Figure 3) to 50-trityl-2'-deoxyuridine or arabinouri-
dine respectively and trimethyl phosphé&téndicating that the
presence of the 'zhydroxyl group accelerates the external
transesterification (routB in Scheme 2).

Under the conditions used (room temperature,—1.1M
NaOMe in MeOH or CHCI,/MeOH (70:30 v/v)) there are two
additional routes leading to the dephosphorylatio®.oThus,

a nucleophilic attack of the nucleobasearbonyt-oxygen on
2'-C/3-C would produce 2,3/2,2-anhydro uridinel2a/b that

(10) Roussev, C. D.; Simeonov, M. F.; Petkov, D. D.Org. Chem.
1997 62, 5238-5240.
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after hydrolysis would give uridin&3. No presence of2a/b,
however, was detected by HPLC using an authentic sample of
the anhydro nucleoside as reference. Furthermore, the latter
compound proved to be stable under the conditions used: HPLC
analysis gave no indication of the presenceldfafter 24 h;
when 3N-methyl B3-O-trityluridine 2/3'-dimethyl phosphat&4
was used instead &, no change in the rate and the product
distribution was observed. Therefore, the anhydro route (Scheme
3) is not followed.

A similar but external nucleophilic attack on'-2/3-C
(Scheme 4) would displace dimethyl phosphate f@eand, as
a result of the stereochemical inversiofQ8ritylarabino- and
xylo-uridine 15a/b (Scheme 4) would be obtained. This reaction,
however, is evidently very much slower than the nucleophilic
displacement at phosphorus (Scheme 2) since no uridine epimers
15a/bwere detected in the reaction mixture by HPLC using an
authentic samples of theans-1,2-diols as references.

As recently suggestéd! the vicinal hydroxyl could function
as an electrophilic catalyst of the nucleophilic attack by
hydrogen bonding either to the former ether and/or phosphoryl
oxygen(s) in the corresponding pentacoordinated phosphorane
intermediate/transition state6 (Scheme 2), instead of acting
as a nucleophilic catalyst (rouBs Scheme 2). Such a catalytic
mechanism is used by proteolytic enzymes, an oxyion hole being
the hydrogen-bond donétActually, we observed a downfield
shift (A 6 = 1.66 ppm) of the 2/3'-hydroxyl proton in CDG4
on IH NMR of the phosphotriested indicative of weak
intramolecular hydrogen bonding even in the ground state.

The medium effect on the supposed electrophilic catalytic
activity of the adjacent hydroxyl must follow the medium effect
on hydrogen bonding. Thus, in hydrogen-bond-donor solvents
such as water, the adjacent hydrogen donor and acceptor are
better solvated separately. Actually, hydrolysis to uridine (route
B, Scheme 2) did not occur in aqueous solutidfihie change
from water to methylated water (MeOH), promotes the dephos-
phorylation reaction (Figure 1a). Furthermore, the addition of
a non-hydrogen-bond-donor solvent like &Hp results in
the partitioning of the triestet between competing external
(MeO") and internal (2/3'-O™) nucleophiles faster than the
mixing and analysis time (5 min fé*P NMR and 15 min for
HPLC) (Figure 1b).

Since external (routB) and internal (routé\) transesterifi-
cations (Scheme 2) are parallel reactions, the partitioning ratio

(11) Herschlag, D.; Ekstein, F.; Cech, T. Biochemistry1993 32, 2;
Herschlag, D.; Ekstein, F.; Cech, T. Biochemistryl993 32, 8312-8321.
(12) Kraut, J.Annu. Re. Biochem 1997, 46, 331—350.
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where [TrU] andy [TrUp] are the concentrations of the diol
2aand the diol phosphate8 ¢ 4) respectively at fixed intervals L5
of time, kg is the second-order rate constant of the diol-exchange o
reactionB andky, the first-order rate constant of the intramo- 101
lecular reactionA. The linear o/[NaOMe] plot (Figure 4)
supports this interpretation and indicates that a high methoxide 05r
concentration is a necessary condition for the operation of the . . . , . .
phosphoryl transfer mechanisB1 Furthermore, it is a reason 0.0 0.1 0.2 03 04 0.5 0.6
for the rejection of a mechanism involving simple deprotonation [NaOMe] / moll —
of the 2-OH which in turn leads exclusively to the usual
cyclization pathway observed in aqueous solutions. Figure 4. Plot of the partitioning ratia vs methoxide concentration
The key feature of the external transesterificat®ris the for the methanolysis of 'BO-trityluridine 2/3'-dimethyl phosphatd

in CH.Cl,/MeOH (40:60 v/v) solutiona is the ratio of the peak areas
of 2a and @+4) in HPLC chromatograms at different methoxide
concentrations, 20 min after the reaction was started.

selective microsolvation of the product-like transition state
16 and the oxyaniorb produced by the adjacent hydroxyl.
This effect, recognized as the Henbekupcham effect in acyl
transfer reaction®? favors the solvolysis of carboxylate esters The observed distinct medium effect on the rate of the diol
possessing a neighboring hydroxyl group. The stabilization of pnosphotransesterificatioB (Scheme 2) predicts effective
the ribonucleotide monoaniodb via intramolecular hydro-  ¢ontrol of the local environment of the substraténgdroxyl in
gen bonding is supposed to be the major factor responsible foripe ribozyme active site. As shown here using a bioorganic
the enhanced acidity of sugais-hydroxyls in ribonucleo-  mpodel reaction (rout, Scheme 2), only a medium with a low
tlde§?4 The strength of such a homonuclear nggatlve-charge- dielectric constant and non-hydrogen-bonding properties can
assisted, low-barrier hydrogen bonding (LBHB) in the transition yrovide effective differential microsolvatation of the phospho-
state is currently the subject of debates on whether it can beyansesterification transition staté. Moreover, since only un-
used as a rationale for the exceptional catalytic abilities of jonized phosphodiesters are energetically compatible with such
biocatalysts®> ) ) a medium, the large ribozymes are expected to take advantage
Unlike protein-enzyme mechanisms, the large ribozyme of the triester-like mechanism.
mechanism has been studied up to now directly, without  The present study implies the important role of metal ions in
preliminary elucidation of the mechanism of the non-ribozymic e rinozymic diol phosphotransesterification as well. In the non-
reaction and the means by which t.hIS reaction can be acceler'ribozymic reactiorB (Scheme 2) Naions activate the attacking
ated-'®When such a model reaction is now available (route ncleophile MeOF and assist the departure of the leaving diol
B, Scheme 2), it is intriguing to see how this mechanistic family 25 as an ion pair. Since according to the Westheimer’s guide-
of ribozymes meets the major requirements derived from the |ineg3b.20 nucleophiles will enter at and leaving groups depart
non-ripozymic di.ol phosphotransesterificatiqn. FirsF of all, to  fom apical positions of the oxyphosphorane intermediate/
use this mechanism the ribozyme must provide a high concen-yansition statel6, at least two N& ions must participate in the
tration of the external attacking alkoxide. Large ribozymes elementary act. Ribozymes use two #Mg@! Moreover, alkali-
(group |, group I, and spliceosomal introns) perform this job metal alkoxides exist in nonpolar organic solvents as clusters

perfectly using the non-adjacent internal@H of A or the 3- competent to catalyze the transesterification reacfidiis

OH of G, specifically bonded in its guanosine-binding pocket. suggests that metal ions must be associated as they are in the
The binding increases the effective molarity (Efpf the ribozymic active site.

external alkoxide resulting in its effective competition with the

internal alkoxide (2, 3-O7). Conclusion

The increased concentration of the external nucleophile in The reported diol phosphotransesterification in organic media
the non-ribozymic reaction, however, is not the only parameter . P phosp 9

that imparts a diol phosphotransesterification. It has been is the first example of an external non-ribozymic phosphotrans-
estimated that the EM of thé-BH group of RNA i§~3 « 107 esterification of ribonucleotide esters and the means by which

M, a value that could not be reached simply by increasing LhIZr;ezﬁiggnijailQ b;j;i?#e:)?%dl\.l A?Iglﬁggiaﬁglgulbnsﬁatneo?s-
the nucleophile concentration. Therefore, the nucleophilic ydrog 9 y

participation of the vicinal hydroxyl seems to be suppressed thus determlned by the mherent property of ‘?‘5.“1*2""0'
and its electrophilic participation-favoured. Actually, unlike system of its constituent ribonucleosides, containing hydrogen

water, aprotic organic solvents suppress ionization of weak acidsbor]c}leoI cqtalyUc and leaving groups n the same ’.“O'ecu'e- The
as 2-OH (ApKa ~17 in acetonitrilé®) and favor formation of conformation of RNA enzyme provides specificity, external

stronger intramolecular hydrogen bonds as judged by the better (18) (a) Goetzee, J. FProg. Phys. Org. Cheml967, 4, 45-92. (b)

solvation ofcis-1,2-diols in non-aqueous solutioffsts Ramirez, F., Marecek, J. Fetrahedron198Q 36, 3151-3160. (c) Pratt,
' R. F., Lawlor, J. M. Austr. J. Chem197Q 23, 1897-1900.
(13) Bruice, T. C.; Fife, T. HJ. Am. Chem. S0d962 82, 1973-1979. (19) The attacking nucleophile MeOH is actually activated in a separate
(14) Birnbaum, G. I.; Giziewicz, J.; Huber, C. P.; Shugar,JDAm. reaction with Na.
Chem Soc1976 98, 4640-4644. (20) Westheimer, F. HAcc. Chem. Red968 1, 70-78.
(15) (a) Gerlt, J. A.; Kreevoy, M. M.; Cleland, W. W.; Frey, P.@hem. (21) Weinstein, L. B.; Jones, B. C. N. M.; Cosstick, R.; Cech, T. R.
Biol. 1997, 4, 259-267. (b) Chen, J.; McAllister, M. A.; Lee, J. K.; Houk, Nature 1997, 388 805-808.
K. N. J. Am. Chem. S0d.941, 63, 4611-4619. (22) (a) Halaska, W.; Lochmann, L.; Lim, BCollect. Czech. Chem.
(16) Narlikar, G. J.; Herschlag, DAnnu. Re. Biochem 1997, 66, 19— Commun1968 33, 3245-3253. (b) Stanton, M. G.; Allen, C. B.; Kissling,
59 R. M.; Lincoln, A. L.; Gagne, M. RJ. Am. Chem. S0d998 120, 5981~

(17) Kirby, A. Adv. Phys. Org. Chem198q 17, 183-278. 5989.
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nucleophile, metal ion binding sites and medium for the 5.34 (d,Jss = 8.2 Hz, 1H, H-5), 6.06 (dJr> = 2.7 Hz, 1H, H-1),
ribozyme reaction, i.e., a catalysis of the catalysis, observed in7.26-7.41 (m, 15H, @Hs), 7.88 (d,Jss = 8.2 Hz, 1H, H-6), 9.13 (s,

the non-ribozymic reaction.

Experimental Section

General Procedures, Methods and Materials!H and 3P NMR

1H, H—N3); 3P NMR (CHCl,, 25 °C, 101 MHz) 6 = 1.11 ppm;
analytical RP-HPLC (40% C¥CN in 20 mM K;HPOW/KH PO, buffer,
pH 7.0; flow 0.8)tg = 13 min.

N3-Methyl-5'-O-trityluridine 2 '-/3'-dimethyl phosphate 14:Yield
88%, 3-isomer: 'H NMR (CDCl;, 25°C, 250 MHz)d = 3.29 (s, 3H,

spectra were taken on a BRUKER Avance-DRX 250 spectrometer at H;C—N9), 3.45 (ddJy 5 = 2.6 Hz,Js 5 = 10.0 Hz, 1H, H-5), 3.48 (s,

300 K with tetramethylsilan as internal and 85%PR®, as external
standard, respectively. Chemical shifts are reportéd(ppm). Reverse

1H, HO), 3.56 (ddJss = 2.6 Hz,Jss» = 10.0 Hz, 1H, H-5), 3.72
(d, 3py = 11.3 Hz, 3H, HCOP), 3.78 (d3Jp = 11.3 Hz, 3H, H-

phase HPLC analyses were performed on Waters Liquid ChromatographCOP), 4.33 (dtJs 5 = 2.6 Hz,J3 # = 4.7 Hz, 1H, H-4), 4.48 (dd J> 5
equipped with absorbance detector model 441 set at 280 nm and column= 4.6 Hz,Jy 4 = 4.7 Hz, 1H, H-3), 4.88 (1H, H-2), 5.34 (d,Js6 =
Nucleosil 100-5G5 (12.5 cmx 4.6 mm) or aminocolumn Spherisorb 8.2 Hz, 1H, H-5), 5.98 (dJr» = 4.3 Hz, 1H, H-1), 7.26-7.41 (m,
5m NH, (25 cm x 5 mm) for analytical runs, or Nucleosil 100-&C 15H, GHs), 7.75 (d,Jss = 8.2 Hz, 1H, H-6);3P NMR (CHCl,, 25
(25 cmx 10 mm) for semi-preparative runs. Commercial solvents and °C, 101 MHz)d = 0.95 ppm; analytical RP-HPLC (40% GEN in
reagents were used as received unless otherwise noted. Pyridine wag0 mM K,HPQ,/KH,PO, buffer, pH 7.0; flow 0.8)tr = 16 min. 2-
dried over sodium hydroxide and distilled over calcium hydride before Isomer: *H NMR (CDCl, 25 °C, 250 MHz)6 = 3.28 (s, 3H, HC—
use. Dichloromethane and methanol were dried using standard proce-N?), 3.45 (dd,Js 5 = 2.6 Hz,Js 5» = 10.0 Hz, 1H, H-5), 3.54 (s, 1H,

dures and distilled before usé& 2 M stock solution of sodium

HO), 3.56 (dd,Jys» = 2.6 Hz,Js.s» = 10.0 Hz, 1H, H-B), 3.82 (d,

methoxide in methanol was prepared prior to use by dissolving metallic 3Jp 4 = 11.3 Hz, 3H, HCOP), 3.84 (d3Jp = 11.3 Hz, 3H, HCOP),

sodium in the dried methanol under anhydrous conditiorig0-5
Trityluridine 22 5'-O-methyluridine?* 5'-O-trityl-2'-deoxyuridiné® and
2,2-anhydrouridiné® were prepared as described.

Synthesis of Nucleoside Dimethyl PhosphatedJridine 2-/3'-
dimethyl phosphate8 and arabinouridine '&imethyl phosphatéd 1

4.16 (dt,Jy 5 = 2.6 Hz,J3 4 = 6.7 Hz, 1H, H-4), 4.59 (ddJ> 3 = 4.7
Hz, Js 4 = 6.7 Hz, 1H, H-3), 4.88 (1H, H-2), 5.34 (d,Js s = 8.2 Hz,
1H, H-5), 6.06 (dJr» = 2.7 Hz, 1H, H-1), 7.26-7.41 (m, 15H, GHs),
7.88 (d,Js = 8.2 Hz, 1H, H-6)3'P NMR (CH,Cl,, 25°C, 101 MHz)
0 = 1.2 ppm; analytical RP-HPLC (40% GEN in 20 mM K;HPOy/

were prepared from the corresponding nucleoside phosphates asKH,PO; buffer, pH 7.0; flow 0.8)t = 16.9 min.

described previousl§*°
General Procedure for the Preparation of 3-O-Protected Nu-
cleoside Dimethyl PhosphatesTo a cooled (5°C) solution of POG

5'-O-Methyluridine 2'-/3'-dimethyl phosphate 8: Yield 85%, 3-
isomer: *H NMR (CDCl;, 25 °C, 250 MHz) 6 = 1.77 (s, 3H,
HsCOC), 3.45 (ddJs 5 = 2.6 Hz,Js 5 = 9.9 Hz, 1H, H-5), 3.48 (s,

1H, HO), 3.56 (ddJss» = 2.6 Hz,Js.5 = 9.9 Hz, 1H, H-5), 3.72 (d,
3Jp 4= 11.3 Hz, 3H, HCOP), 3.78 (d3Jp s = 11.3 Hz, 3H, HCOP),

(1 mmol) in dry CHCI, (4 mL) pyridine (4 mmol) was added dropwise.
After little initial fuming the resulting clear solution was added to a
precooled mixture (3C) of 5-O-protected nucleoside (0.2 mmol) and  4.33 (dt,Js5s = 2.6 Hz,J3 4+ = 4.7 Hz, 1H, H-4), 4.48 (dd,J» 3 = 4.2
pyridine (4 mmol) in 4 mL dry CHCI, and stirred at room temperature  Hz, Jy » = 4.7 Hz, 1H, H-3), 4.89 (1H, H-2), 5.37 (d,Jss = 8.2 Hz,
for 5—10 min. Methanol (4 mmol) was added, and the stirring continued 1H, H-5), 5.95 (dJv> = 4.2 Hz, 1H, H-1), 7.75 (d,Jss = 8.2 Hz,
for another 26-40 min (1, 8, 14) or overnight {0), when the reactions 1H, H-6); 3P NMR (CH_Cl,, 25 °C, 101 MHz)6 = 0.9 ppm; ana-
were completed as judged by RP-HPLC (isocratic elution with 40% lytical RP-HPLC (15% CHCN in 20 mM K:HPQ/KH,PO;, buffer,
CH3CN in 20 mM K;HPOJ/KH,PO, buffer, pH 7.0 forl, 14, and10 pH 7.0; flow 0.8)tr = 8.5 min. 2-Isomer: *H NMR (CDCl;, 25 °C,
or with 15% CHCN in the same buffer fo8) and3'P NMR. Then the 250 MHz) 6 = 1.77 (s, 3H, HCOC), 3.45 (dd,Jy5 = 2.6 Hz,Js 5
reaction mixture was evaporated to dryness under reduced pressure= 9.9 Hz, 1H, H-5), 3.54 (s, 1H, HO), 3.56 (ddly s = 2.6 Hz,J5 5
dissolved in acetonitrile, and applied on a semi-preparative RP-HPLC = 9.9 Hz, 1H, H-5), 3.82 (d,Jp.n = 11.3 Hz, 3H, HCOP), 3.84 (d,

column (isocratic elution with 50% GEN in 20 mM K;HPOy/KH -
PO, buffer, pH 7.0 forl, 14, and10 or with 25% CHCN in the same

buffer for 8). Appropriate fractions (2and 3-isomers can be collected

separately) were evaporated immediately (reduced pressur¥;)40

3Joy = 11.3 Hz, 3H, HCOP), 4.18 (dtJss = 2.6 Hz,Jzs = 6.5
Hz, 1H, H-4), 4.58 (dd,J»5 = 4.2 Hz, s+ = 6.5 Hz, 1H, H-3),
4.89 (1H, H-2), 5.31 (d,Js5 = 8.2 Hz, 1H, H-5), 6.04 (dJy» =
2.5 Hz, 1H, H-1), 7.88 (d,Jsc = 8.2 Hz, 1H, H-6)31P NMR (CHCl>,

dried several times by coevaporation with dry acetonitrile or dichlo- 25 °C, 101 MHz) 6 = 1.02 ppm; analytical RP-HPLC (15%
romethane, and kept in a desiccator. The analytically pure samples of CHsCN in 20 mM K:HPOW/KHPO, buffer, pH 7.0; flow 0.8)r = 9.2
the triesters were prepared by dry extraction in acetonitrile or min.

dichloromethane from the inorganic buffer salts. Total yields of the

isolated isomeric mixtures: 80%.

5'-O-Trityluridine 2 '-/3'-dimethyl phosphate 1:Yield 82%, 3-
isomer: *H NMR (CDCls, 25°C, 250 MHz)6 = 3.45 (dd,Jy 5 = 2.6
Hz, Js s = 9.9 Hz, 1H, H-5), 3.48 (s, 1H, HO), 3.56 (dd s = 2.6
Hz, Js 5 = 9.9 Hz, 1H, H-5), 3.72 (d,3Jp s = 11.3 Hz, 3H, HCOP),
3.78 (d,%Jp s = 11.3 Hz, 3H, HCOP), 4.33 (dtJs 5 = 2.6 Hz,J3 4+ =
4.7 Hz, 1H, H-4), 4.48 (dd,J» 3 = 4.6 Hz,J3 » = 4.7 Hz, 1H, H-3),
4.88 (1H, H-2), 5.34 (d,Js6 = 8.2 Hz, 1H, H-5), 5.98 (dJ1 > = 4.3
Hz, 1H, H-1), 7.26-7.41 (m, 15H, @GHs), 7.75 (d,Js s = 8.2 Hz, 1H,
H-6), 9.35 (s, 1H, H-N3); 3P NMR (CHCly, 25°C, 101 MHz)6 =
0.92 ppm; analytical RP-HPLC (40% GEN in 20 mM K:HPOy/
KH2PQOy buffer, pH 7.0; flow 0.8)tr = 12 min. 2-Isomer: *H NMR
(CDCls, 25 °C, 250 MHz)d = 3.45 (dd,Js 5 = 2.6 Hz,Js5 5 = 9.9
Hz, 1H, H-8), 3.54 (s, 1H, HO), 3.56 (ddly5 = 2.6 Hz,Js.5 = 9.9
Hz, 1H, H-8'), 3.82 (d,*Jp,u = 11.4 Hz, 3H, HCOP), 3.84 (d3Jp 4 =
11.4 Hz, 3H, HCOP), 4.16 (dtJss = 2.6 Hz,J34 = 6.7 Hz, 1H,
H-4'), 459 (dd,J> 3 = 4.7 Hz,J3 4 = 6.7 Hz, 1H, H-3), 4.88 (1H,
H-2),

(23) Rammler, D. H.; Khorana, H. G. Am. Chem. So&962 84, 3112~
3122.

(24) Hovinen, JHelv. Chim. Actal1997, 80, 851—855.

(25) Michelson, A. M.; Todd, A. RJ. Org. Chem.1953 18, 1-956.

(26) Hampton, A.; Nichol, ABiochemistryl966 5, 2076-2082.

5'-O-Trityl-2 '-deoxyuridine 3-dimethyl phosphate 10:Yield 90%:
IH NMR (CDCl;, 25 °C, 250 MHz)6 = 2.36 (ddd,Jy» = 7.5 Hz,
Jz'yg” =14.2 HZ,JZ'V3' = 6.6 Hz, 1H, H-2), 2.66 (ddd,\]]_'vz" =59 Hz,
oy = 14.2 Hz,J»»3 = 3.0 Hz, 1H, H-2), 3.48 (d,Js5 = 3.0 Hz,
2H, H-5), 3.72 (d,3Jp 1= 11.2 Hz, 3H, HCOP), 3.76 (d3Jp = 11.2
Hz, 3H, HCOP), 4.26 (dtJss = 3.0 Hz,J3 + = 5.8 Hz, 1H, H-4),
5.13 (ddd,\]z’,g =6.6 HZ,JQ’gg’ =3.0 HZ,ng,4' = 5.8 Hz, 1H, H-3),
5.32 (d,Js = 8.2 Hz, 1H, H-5), 6.34 (dd)y > = 7.5 Hz,J; »» = 5.9
Hz, 1H, H-1), 7.18-7.41 (m, 15H, @Hs), 7.69 (d,Js5 = 8.2 Hz, 1H,
H-6), 7.97 (s, 1H, H-N3); 33 NMR (CHCl,, 25°C, 101 MHz)6 =
0.78 ppm; analytical RP-HPLC (40% GEN in 20 mM K;HPOy/KH 2~
PO, buffer, pH 7.0; flow 0.8)tr = 15 min.

Methanolysis ReactionsTo a solution of 0.12 mmol of nucleoside
dimethyl phosphate in 7 mL of dry organic solvent ({H, or MeOH)

3 mL of 0.13-2 M NaOMe in MeOH was added at 298.2 K. The

reaction mixture was divided into two samples, and the progress of

the reaction was followed simultaneously both¥y NMR spectros-
copy and analytical HPLC.

31P NMR Kinetic Studies. One of the samples was transferred to
the NMR tube, and thé'P NMR spectra were recorded every 5 min

during 1 h. The time-dependent phosphate product distribution was

determined from the signal intensities at different reaction times.
HPLC Kinetic Studies. Aliquots were withdrawn from the other

sample at appropriate time intervals, diluted with the mobile phase and
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subjected to HPLC analysis (using Spherisorb 5m;N256 cm x 5 ratio of 3-O-trityluridine and the 5O-trityluridine phosphates at fixed
mm) and isocratic elution with 70% GEBN in 20 mM K:HPOy/ reaction times.

KHPQ, buffer, pH 7.0 for9 and 11 or Nucleosil 100-56; (12.5 cm Acknowledgment. We thank Dr. I. G. Pojarlieff and Dr. V.
x 4.6 mm) and isocratic elution with 40% GEN in 20 mM KHPO/ Yomtova for helpful discussion and critical review of the

KHPQ, buffer, pH 7.0 forl, 14 and 10 or with 15% CHCN inthe — ascript. This work was supported by the National Research
same buffer fol8). The time-dependent mole fractions of the reaction Fund (Project K-625)

products were calculated from their peak area fractions. The partitioning
ratio a for the methanolysis ol was calculated from the peak area JA990491R



