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METHYL-$ AND -o-D-erythro-PENTOFURANOSYL)THYMINE: SYNTHESIS
AND SUBSTRATE PROPERTIES TOWARDS SOME DNA POLYMERASES?

Igor A. Mikhailopulol*, Tamara I. Kulak', Olga V. Tkachenko', Svetlana L. Sentyureval,
Lyubov S. Victorova>?, Helmut Rosemeyer and Frank Seela®

Unstitute of Bioorganic Chemistry, National Academy of Sciences, 220141 Minsk, Acad.
Kuprevicha 5, Belarus
2Engelhardt Institute of Molecular Biology, Russian Academy of Sciences and ICentre
Sfor Medical Studies of University of Oslo, 117984 Moscow, Vavilova 32, Russia
*Laboratorium fiir Organische und Bioorganische Chemie, Institut fiir Chemie,
Universitdt Osnabriick, D-49069 Osnabriick, Germany

ABSTRACT: The synthesis of 1-(2-deoxy-3-O-phosphonomethyl-f-D-erythro-
pentofuranosyl)thymine (17) and its a-anomer 18 is described. Attempts to prepare 1-[2-
deoxy-3-0O-(pyrophosphoryl)phosphonomethyl-B-D-erythro-pentofuranosylJthymine (19)
by an activation of the respective phosphonate 17 with 1,1’-carbonyldiimidazole (Im,CO)
resulted in the quantitative formation of the corresponding pyrophosphonate derivative 21
(Scheme 2). Activation of inorganic pyrophosphate with Im,CO followed by the
condensation with the phosphonates 17 and 18 afforded the desired analogues of
nucleoside triphosphate 19 (35%) and its a-anomer 20 (27%) along with the respective
pyrophosphonate derivatives 21 (37%) and 24 (38%) (Scheme 3). It was found that
compounds 19 and 20 display (i) no substrate properties toward calf thymus terminal
deoxynucleotidyl transferase (TDT) and AMYV reverse transcriptase, and (if) moderate
substrate activity with E. coli DNA polymerase I (Klenow fragment).

INTRODUCTION
During the last decade, there has been a continuously growing interest in short

oligodeoxynucleotides (ODN's) in the framework of the antisense concept (for reviews,

' This paper is dedicated to the memory of Prof. Alexander A. Krayevsky.
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see, e.g., Refs'™*). Antisense ODN's bind to the target mRNA through complementary
Watson-Crick base-pairing, which results in an induction of RNase H activity followed
by cleavage of the RNA part of an ODN-RNA duplex. Consequently, an antisense ODN
inhibits an expression of a protein encoded by the target mRNA.

Unfortunately, regular ODN's are subject to rapid exo- and endonuclease digestion
in serum, precluding their application as antisense molecules. The search for ODN’s with
enhanced resistance against nucleases, improved hybridization characteristics and an
ability to support RNase H activity has led to many structural modifications. An analysis
of earlier results of the structure-activity-relationship studies has led to the development
of a chimeric oligonucleotide strategy (GAPmer technolc>gy).3‘S Among these second
generation antisense, chimeric ODN'’s consisting of a gap, viz., a stretch of regular ODN
or modified units supporting the RNase H activity, with several modified nucleosides at
both the 5'- and 3'-terminus have proven to be more efficient antisense agents than the
uniformly modified ODN’s. The modifications in the flanking regions of the gap should
provide a nuclease resistance, on the one hand, and should not disturb the binding affinity
and specificity, on the other.

The a-D-oligonucieotides as the nuclease-resistant flanks are of interest because
they are able to form stable duplexes with complementary RNA strands.® Alternating
a,-oligodeoxyribonucleotides with alternating (3'=3")- and (5'—5")-internucleoside
phosphodiester linkages displayed some advantages over the a-D-oligonucleotides.’
Furthermore, oligonucleotide methylenephosphonate analogues, containing a P-C bond in
the phosphate bridge, attract an attention due to the resistance to degradation by
nucleases.®'° These data prompted us to design the ODN’s bearing
methylenephosphonate bonds at both the 5'- and 3'-termini. The present paper describes
the synthesis of the PB,PY—diphosphate derivatives 19 and 20 of the respective 1-(2-deoxy-
3-O-phosphonomethyl-S- and -a-D-erythro-pentofuranosyl)thymine (17) and (18), and
the study of their substrate properties toward some DNA polymerases (for preliminary

account, see“).

RESULTS AND DISCUSSION
Synthesis and structural elucidation.- For the preparation of the 3’-O-

methanephosphonates 17 and 18, diethyl [(p-toluenesulfonyl)oxy}jmethanephosphonate
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(DEMP—TS)]2’13 was chosen first. Due to moderate yields, it was replaced by the more
reactive [(trifluoromethylsulfonyl)oxy]methanephosphonate (DEMP-Tf1)."*

The synthesis of thymine nucleosides 2-5 is depicted in Scheme 1. The 1-(2-deoxy-
o-D-erythro-pentofuranosyl)thymine (o-D-thymidine; 2) was prepared from thymidine
(1) employing the self-anomerization’ reported by Yamaguchi and Saneyoshi."”
Thymidine was silylated with a mixture of chlorotrimethylsilane (TMS-CI) and
hexamethyldisilazane (HMDS) in the presence of ammonium sulfate and then heated
under reflux in acetonitrile in the presence of trimethylsilyl trifluoromethanesulfonate
(TMS-T1]) to afford, after silica gel column chromatography, the a-D-thymidine (2) and
the recovered starting thymidine (1) in a 26 and 8% yield, respectively.

The reaction of compound 3 with DEMP-Tfl in the presence of an excess of
sodium hydride (ratio of reactants 1.0:1.2:2.0, mol) in anhydrous tetrahydrofuran (THF)
at 0 °C was completed within 15 min. After work-up and subsequent silica gel column
chromatography, the N° -methanephosphonate 6 and N’ 3’-0-bis(methanephosphonate) 8
were isolated in a 70 and 18% yield, respectively. This result is in good agreement with
that previously observed by Herdewijn and coworkers'? upon 5°-O-
phosphonomethylation of 3’-deoxythymidine with DEMP-Ts employing a similar ratio of
the reactants.

Furthermore, increasing the amount of sodium hydride to 3 molar equivalents
resulted in the predominant formation of the 3’-O-methanephosphonate 10 in a 86%
isolated yield. Compounds 6 (4%) and 8 (8%) were also isolated from the reaction
mixture. In a similar way, the reaction of 4 with DEMP-Tf! in the presence of sodium
hydride (1.0:1.2:3.0, mol), after standard work-up and subsequent chromatography, gave
the 3’-0-methanephosphonate 11 in 94% yield (Scheme 1).

Phosphonate esters 6, 8 and 10 were readily converted into the corresponding acids
13, 15 and 17 by treatment with TMS-Br in acetonitrile at room temperature.'® Under
these reaction conditions, both the z-butyldimethyisilyl group and the monomethoxytrityl
group were also removed.

In contrast to the reaction of the S-anomers 3 and 4 with DEMP-Tfl under optimum
conditions for the formation of the 3’-O-methanephosphonates, the same reaction with

the c-anomer 5 as the starting compound led to the N*-methanephosphonate 7 and N°,3°-
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DEMP-TH1 = diethyl [(triflucromethylsulfonyl)oxy]methanephosphonate [(EtO),PO(CH,0S0,CF;)]; Si
= r-butyldimethylsilyl; MTr = p-monomethoxytrityl.

(a) TMS-CI/HMDS, (NH,),SO;, reflux, 1.5 h; MeCN, TMS-THl, reflux, 1.5 h (2, 26%; 1, 8%);
(b} Si-CVimidazole/DMF, 4 °C, 20 h (83%); (¢) MTr-Cl/Py, 20 °C, 16 h (4, 89%:; 5, 83 %); (d)
(1) 3/NaH/DEMP-Tf1 (1.0:2.0:1.2, mol), THF, 0 °C, 15 min (6, 70%; 8, 18%); (2) 3/NaH/
DEMP-T11 (1.0:3.0:1.2, mol), THF, 0 °C, 15 min (10, 86%, along with 6 (4%) and 8 (8%); 4 —
11, 94%; (3) 5/NaH/DEMP-Tf1 (1.0:4.5:1.2, mol), THF, 0 °C, 15 min (12, 61%; 7, 6%; 5, 11%;
(e) 6-12/TMS-Br (1.0:10.0, mol), MeCN, 20 °C, 1.5 h (13, 43%; 15, 28%; 17, 81% from 10 and
70% from 11; 14, 70%; 16, 55%; 18, 76%); (f) tributylammonium pyrophosphate/Im,CO/ DMF,
20°C, 16 h; 17 or 18, 20 °C, 20 h [19 (35%) + 21 (37%:; 20 (27%) + 24 (38%)].
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O-bis(methanephosphonate) 9 as the principal products isolated as a mixture (=3:1;
according to "H NMR) in 58% yield. The desired 3’-O-methanephosphonate 12 was also
isolated from the reaction mixture in a yield of 10%; 18% of the starting nucleoside 5

was recovered. The course of the reaction was further studied by increasing the amount of
sodium hydride. The satisfactory yield of the desired 3’-O-methanephosphonate 12 (61%)
was achieved using a molar ratio of the o-nucleoside 6, sodium hydride and DEMP-TT]
of 1.0:4.5:1.2 (Scheme 1). Under these reaction conditions, the N3-methanephosphonate 7
was isolated in a 6% yield as well as unconsumed starting nucleoside 5 (11%). Treatment

of the fully blocked phosphonates 7, 9 and 12 with TMS-Br in acetonitrile at room

temperature, followed by column chromatography on DEAE-cellulose (HCO3™ -form)
afforded the corresponding 3’-O-methanephosphonic acids 14 (70%), 16 (55%) and 18
(76%).

Attempts to prepare the PB,PY-diphosphate derivative 19 according to Hoard and
o’ by an activation of the respective phosphonate 17 with 1,1’-carbonyldiimidazole
(ImyCO) resulted in the quantitative formation of the pyrophosphonate derivative 21
(c£'™). It was somewhat unexpected because Imbach and coworkers'? have employed this
method for the preparation of the PB,Py—diphosphate derivative of 2°,3’,5 -trideox yuridi-
ne-5’-methylphosphonic acid and have not observed the formation of the related

1320y Moreover, activation of 5’-O-phosphonomethyl analogues of

pyrophosphonate (cf.
nucleoside-5’-phosphates with morpholine in the presence of N,N’-dicylohexylcarbo-
diimide (DCC) led to the quantitative formation of the corresponding morpholidates. 2
On the other hand, Rosenberg and Holy21 have reported the ease of formation of the six-
membered cyclic phosphonate derivatives on treatment of 9-(5)-(3-hydroxy-2-phospho-
nylmethoxypropyl)adenine (HPMPA) and its isomeric 3’-O-phosphonylmethyl ether with
morpholine and DCC in pyridine (reflux for 8 h; 91%) or aqueous z-butyl alcohol (reflux
for 6 h; 89%). In the case of phosphonate 17, the formation of the seven-membered cyclic
phosphonate 23 (Scheme 2) is evidently less favoured. However, condensation of the
phosphonate 17 with 5’-O-monomethoxytritylthymidine (4) in the presence of triisopro-
pylbenzenesulfonyl chloride (TPS-Cl) in pyridine affords a mixture of pyrophosphonate
derivative 22 and cyclophosphonate 23, isolated by silica gel column chromatography in

yields of 64 and 15%, respectively. The former was also prepared by condensation of the

pyrophosphonate 21 with 4 under the same reaction conditions (Scheme 2).
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Scheme 2
| \po P—o P
OH OH OR
17 F 21,R=H
L . 22,R=X

22 4+ (0]
o]
Ho, [ \¢©
,P\‘ T = thymin-1-y]
0 o X = 5"-0-monomethoxytrityl
23 thymidin-3'-0-yl

(a) 17/TmyCO/DMF, room temperature, 16 h (21, 94%); (b) 17 +
4/TPS-Cl/pyridine, room temperature, 16 h (22, 64%; 23, 15%); (c) 21 +
4/TPS-Cl/pyridine, room temperature, 16 h (22, 34%)

The desired PB,PY—diphosphate derivatives 19 and 20 were synthesized by an
activation of inorganic pyrophosphate with ImyCO followed by condensation with
phosphonates 17 and 18. Ion-exchange chromatography on DEAE-cellulose using a
linear gradient (0.001—0.4 M) of TEAB buffer gave individual pyrophosphoryl
derivatives 19 and 20 in yields of 35 and 27%, respectively. The triethylammonium salts
of the products were transformed into the sodium form by precipitation with Nal
according to Moffatt.” It is noteworthy, that even in this case both phosphonates 17 and
18 demonstrated a propensity to the formation of the respective pyrophosphates 21 and
24, which were isolated from the corresponding reaction mixtures in a 37 and 38% yield.
The reaction of the a-phosphonate 18 with 4 in the presence of TPS-Cl in pyridine
furnished the cyclophosphonate derivative 25 as the principal product, which was isolated
by silica gel column chromatography in a yield of 67% (Scheme 3). Attempts to
hydrolyze selectively the 5’-O-monomethoxytritylthymidine residue of 25 in order to

prepare the a-D-anomer of the cyclophosphonate 23 have failed.
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The structure of all the synthesized methanephosphonates was unambiguousiy
proved by the 'H and '*C NMR data using the described characteristic features of the N-
and O-isomers." The "H NMR spectra of the N-isomers 13 and 14 reveal doublets of the
CH,-P fragment at 4.25 ppm with 2JP,H of 12.5 and 12.0 Hz, respectively, whereas in the
case of the O-isomers 17 and 18 this signal appears within 3.60-3.70 ppm (\Jp; = 9.0-9.5
Hz). The "*C NMR spectra display the carbon resonance of the N-CH,-P methylene
group at 39.6 ppm ('Jpc = 144.0-145.0 Hz), while that of the O-CH,-P is at 65.8 Ppm
('Jpc = 156.2-157.6 Hz). Moreover, phosphonomethylation of the 3’-hydroxyl group
resulted in the downfield shifts of the resonance of C(3’) by ca. 11.0 ppm vs. the same
resonance of the starting nucleoside and the N>-isomer. In the proton-decoupled °C
NMR spectrum, the resonance of C(3”) of 3'-O-methanephosphonates is split into a
doublet by phosphorus with the *Jp ¢ of ca. 12 Hz. The NMR spectra of bis-
phosphonomethylated compounds display both CH,-P signals (see TABLES 1-3 and
EXPERIMENTAL).

Scheme 3
HO o HO 0 HO 0
a
o T — 20 4 o T o T
0 0 0
. [l {1l
\po o/
OH OH OH
18 24
0
b
\ HN | CHs
" N i CH
3
MTrO o HN l
0“ "N
0
o,
y J
/\o
25

(a) tributylammonium pyrophosphate/Im,CO/DMF, room temperature, 16 h;
18, room temperature, 20 h (20, 27%; 24, 38%}); (b) 18 + 4/TPS-Cl/pyridine,
room temperature, 16 h (25, 67%)



MIKHAILOPULO ET AL.

1892

"de19A0 0) UIMO PAIIIIP 10N (,

wy " o
YA Zad .
(GO ‘s7) 78°€ w ® wm&mz & ppy .
{('woe ‘Hy ‘s7) E - N%Hml cog~ SEP~ 0Tz~ E - 809 (H9 0 mw L
98'9 P 69 68'0 e (1q) Wl | wozo | Dppy | BITL
% (H2) 05-L-0€'L w  [QTE®| w w (epD 29| D et | CDYSL| Ccoay
(M N Hb S19) §T6 (e (® Sy~ |0€P~| 8E'C [T~ | 19T | ®w6v9 | ®00C | BLSL 194
PP PP PP PP w w pI1q | ppp pp s s'1q (€0aD)
9L°¢ 8¢ 99°¢ | TLE 9 | 62 | 8TT | 8LT €9 S6'1l £8°L 174
U.khﬂ ﬂvﬁ w wl JO Juad Wl JO I2)uad v@ m..—ﬂ m..—ﬂ AONQV
LSE 8t oL €~ 8TV Ly'C cl9 08’1 €e’L €T
‘s) 19°€ ‘78 W | (PO
( ) .
A PPIA | PP | Ch | ey 18 | CO6T | 60 669
,mw .w@vom..o 689 WE| VSE | T~ | quap ®g09 | TI6T | wgoL
ﬂ%mm Mwwmm ‘ paq piq () | 6TCF w (0gye | CDWT L soysL | ©
® €6 76956 vL€ I6'¢ €y~ S¥~ [OV P~ 1P ¢ o A » 759 LAY At ?9¢°L [44
wriq wiq wiq | urlg | wiq 1iq s'Iq sIq ')
L8'E Yoy | SE€v | 68T | LET 1¢€9 6’1 oL’L 1T
(aotao
PP PP w wp | p1q | ppp PP s1q P ® 0Q)
£9'¢ co'¢ VL€ O | LTY | SET | YLT 1€9 S6'1 8L 81
(aotao
PP ppP PP PP w w prp w PP sHq §1q » 0
99°'¢ vL'E [4:33 88'¢ 1Ty | Te¥ | 96T | ¥¢C €9 €6'1 69°L LT
QH'd*HD | eH'd*HD | SH| SH | +H | £H | .TH| .TH J°H *HDO-¢ 9-H
Ie3ng gseq punod
SIYIO wdd SWig ‘s)Jrys [eonuIaly) -wo))

ouIpIwAYL-q-¢ pue -0 Jo saaneaud( 2jeuoydsoyd-0-.¢ ays Jo (wdd ‘SWiQ) eie(q [enoads YWAN H, T ATAV.L

1102 AJtenuer 9z 0Ov 2T

1Y papeo jumog




1893

PYROPHOSPHORYL DERIVATIVES

*de[19A0 0] SUIMO PIUTULIDIOP JON G
"qQH PUE Bf] PUE G-H JO SIUBUOSII ) JO de[I9A0 UE 0) SUIMO PIUILIS)ap JON |,
".$-H Pue $-H ‘.£-H JO soouruosa1 ay) Jo de[1oAo ue 03 Juimo pourualap oN

"«"H PU® (Z-H JO $90ur00saI oY) JO de[ISA0 UE 0) SUIMO PIUTILISNGP ION (,
"qQH pue B ‘. S-H *.S-H JO s90ueuosar ay) Jo de[IaA0 U 0) SUIMO PouluLIalep 1oN
" .p-H Pu® .£-H JO S30uBUOSAI ) JO SUTApeolq 01 SuIMmO pausuLIAlop 0N

86°L | SI'8
€29 | €29
SLS | €98
G a G g a a G G |szer| sLs | sos Y4
(g, ) $9 | ST SL | ST
oyl 6¢ 67 0¢l Sy 6¢ 0¢ ST $9 | 0ST | sT | §¢L 174
(WeHp )
a4 01> I'6 €] (2 (p (p ( ( (o 19°¢ | 108 14
ST | 8¥8
pu LUE | LTS
(UL ) 0cL | L6S | L6S S9°C | §9°¢
LLP1 0> 0> ‘pu pu ‘pu 199 | 18§ [ 186 | Pu | €96 | §9¢ | TC
@ C] q (e (e (e vyZ | 09 | vy¥I | 09 | 8L 1z
Ammu.om\.qv .
Tl 0Tl 09~ Sy [ Sz | S9 oSt | sT | $L 81
(WeHp 2)
99 0¢ 0T ST S 0¢ 0e~ 0¢€ | 8L | L¥T | §9 | ¢L Ll
qH‘d eH'd SE | Sy | Sy | Ve | 8T | D] T T punod
S1I9410 ZH r ‘siueisuod Suridno) -wo)

surprwky1-q-¢

pUE -0 JO SOAIEALIA( Sjeuoydsoyd-0-,¢ Y1 Jo Bled YN H, 24} 10] (zH ‘f) siueisuo) urjdno) 'z FTAV.L

1102 AJtenuer 9z 0Ov 2T

© v pspeo |umog




MIKHAILOPULO ET AL.

1894

"9[qQIIIAAUOIIANUI 3q ABW (1 pue Q) Blep Y[, @

(0sd1) 0°GET-6"FET “(O40) $'0E1-8'6ZT “(P12W) p'€11-8711 ‘(v40d) 0°6ST-€°8ST ‘(FHDO) £'SS-LbS - [AuoydAxoyrow-d
(osdr) 6 ¢pI-pevT (0y140) 1°8T1-8'LTL ‘(Do) $'8T1-8'LT] “(4vd) G'LTT1-6'9CT — [Kuayd 19'/8-6'98 — O, wore Arenua) :(wdd)

Je 219/ $dNnoI3 [ANNAXOYISWOUOU! Y] JO SIIUBUOSA ) ¢ W ‘wdd 4 Z7-01°11 Urim a1om sdnoid [Ay3aw-g Yl JO SaIUBUOSAI D) ¢ UL e

T, (D
. ‘P) 6790 4q depano
(€TPLUr) | 4, P) 1'e9 SLLIELLEY | (¢rT® 1ost | €91
T P6'§9 (€9¢4r, | ¥28:0C | @OE U P | €0€2rY) | @OV8 | 9111 Tvel TOST | ¥e9t
®TTST | (BOST2UD| P) 649999 |24 P0O€8| ¥¥8:(909 | .1.016¢ | ‘TE8 LI TrEl €0ST | v'e91
g POLY $O4r, DY G99 | 66LUE08 | U PIVER | 0LESLE | (TH8 0ZI1 el y0ST | 5691 | ST
18 |(8'891°4r) (166 2r,)
dig P6'SY 1279 @598 e SLe @998 | vIII L'SET 0TSt | 6991 | VT
(€Tr1 2y {zes {eez
A.MNlN , , lﬁ.—u@ €HD ,@U\.m A" NU\.M.
$1q EHTHIr } W8v 2y 01>24, | (1T1°%y) (9°8€1 IO, | @I} RYL
86°0T 61D (£15D) (#0sT) T8y ®ozel) | (@oLD) | O} | (S081) | Hr )
i P 899 €99 Qql18 Ql18 $9g 168 0CIt v8el 8IST | 8991 | €T
“Oa0 ,
4q depono (68°9 291,
(80r124r) | 00979 OcL4r, | LLoL v ‘P)L8E 0.8 L0011 £'6v1 ©
98T POS9 CaxAs P618 | (9097 P | (0012, | 648 [ 6EET verl | 1€91
2 ST | (LLr129r) (s0) (s0) 0v8ETy ‘P) L'8E (S Il 6€el 6'6v1 ‘(M
i P ¥'$9 66O®RE | TOSWEIZ| VY 'P) I8 | ‘§9€'80¢ | L'€8 vITL @ SPET | TTST | ¥'€9T | (T
_ (999
006 | (6891 °4r) ® Sy s
dig P 659 619 @S'S8 S VI8 T9¢ @0'S8 LTI 08¢l 0ocst | 6991 | 1T
891 | (T981 241 2124
‘dye P8s9 £79 @898 P98 TLE @898 v R8¢l zzst | reon | 81
SO'91 | (928124 (61124,
‘g PLSY 029 068 PS8 £9¢ LS8 8111 6'LET ocsT | 8991 | LT
(28] punod
SI9UI0 1edng aseq Ry

(@ QWPIWAYT-A-g PUB -0 Jo saaneaus( Areuoydsoyd-0-,¢ ayi Jo ere( [enoods YN O, PAI09IRS € ATAV.L

1102 AJtenuer 9z 0Ov 2T

1Y papeo jumog



12: 40 26 January 2011

Downl oaded At:

PYROPHOSPHORYL DERIVATIVES 1895

Analysis of the 'H, °C and *'P NMR spectra of the pyrophosphonates 22 and 25 vs.
the parent respective phosphonates 17 and 18 pointed to the close similarity of both
compounds, but did not lcad to an unambiguous elucidation of their structures (TABLES
1-3). The assignments of the 'H and "C resonances of compounds 22 and 25 was
performed on the basis of the 2D 'H,C NMR correlation spectra as well by
homonuclear decoupling experiments. The only indication of the pyrophosphonate
structure essentially is the >'P chemical shifts at 9.00 and 8.71 ppm (cf., e.g., the data for
the related phosphonateszz). The correctness of structural elucidations was finally
substantiated by means of the electrospray ionization mass-spectrometry.

The structure of the PB,PY—diphosphate derivatives 19 and 20 was proved by the *'P
NMR spectroscopy and matrix-assisted laser desorption-ionization time of flight
(MALDI-TOF) mass-spectrometry. Thus, in the *'P NMR spectrum of 19 were observed
the resonances at dy3poq (ppm) 8.8 (Pa, 2Jpa‘pﬁ =28.0 Hz), -22.0 (PB) and -9.5 (PY, 2.]1)0(’])[3
= 21.0 Hz); the corresponding resonances in the *'P NMR spectrum of 20 are at the 9.0
Clvopp = 24.0 Hz), —23.3 and -9.9 (“Jpeps = 22.0 Hz) ppm. These data are in good
agreement with those published for the closely related PB,PV—diphosphate derivatives of

phosphonates.'”*%%*

Biochemical studies.- Single-stranded M13mp10 phage DNA was isolated from the
culture medium of the recipient E. coli KI12XL1 strain as described.” The
tetradecanucleotide primer (FIG. 1) was labeled at the 5’-terminus using [y-32P]—ATP and
T4 polynucleotide kinase according to the data®® with subsequent enzyme inactivation
(10 min, 65°C). The template-primer complex was prepared by incubation of the 5°-
labeled primer and the phage DNA in the buffer (10 mM Tris-HCI, pH 8.0 and 5 mM
MgCl,) at 65°C for 10 min and then cooling to 30°C for 60 min. The template-primer
complex and the #2p-labeled primer were separated by filtering through the Biogel A-
1.5m column (1 ml) in 10 mM Tris-HCI, pH 7.6 containing 1 mM EDTA, and was stored
at -20°C.

The results of the calf thymus terminal deoxynucleotidyl transferase (TDT) assays
in the presence of 19 and 20 are presented in FIG. 2. As can be seen, the tested

compounds were not substrates for the template-independent enzyme (lanes 4-6 and 7-9)
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1 15 30
3-d(......GGGTCAGTGCTGCAACATTTTGCTGCCGGTCACGGTTCGA....)
5-d([**P]CCCAGTCACGACGT)

FIG. 1. Template-primer complex.
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FIG. 2. Experiments with TDT. Lane 7 is primer + enzyme (control); lane 2 as in lane I
+ 10 uM ddTTP; lane 3 as in lane I + 10 uM dTTP; lanes 4-6 as in lane / + 19 10 uM
(4), 100 uM (5) and 1 mM (6); lanes 7-9 as in lane 7 + 20 10 uM (7), 100 uM (8) and 1
mM (9), respectively.
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even at the 1 mM concentration. Similar results were obtained for avian myeloblastosis
virus reverse transcriptase (FIG. 3, Series B, lanes 5-7 and 8-10). Bacterial DNA
polymerase I (Klenow fragment) was capable of incorporating into the DNA chain one
nucleotide residue of both analogues. It is evident from FIG. 3, Series A, that only one 19
(lanes 3-5) or 20 (lanes 6-8) unit was weakly incorporated into the primer. It is worth
noting that the formation of the elongated primer was increased with an increase in the
concentration of the tested compounds from 10 uM to 100 uM and then decreased.

The efficiency of the primer extension depended on the substrate concentration in a
bell-like mode, probably due to the 3’,5-exonuclease hydrolysis. Indeed, the
concentration-dependent enhancement of the formation of the shorter oligonucleotides
than the initial primer was observed (FIG. 3, Series A, lines 3-5 and 6-8). This
observation harmonises with the finding that the misincorporation (non-Watson-Crick)
into the primer of natural substrate or the incorporation of modified weak substrate
results in an enhancement of the 3'-5'exonuclease activity of the Klenow fragment of E.
coli DNA polymerase I*’, probably due to the switch from polymerization to exonuclease
activity of the enzyme.

The lack of substrate properties of the PP P'-diphosphate derivatives 19 and 20
toward calf thymus TDT and AMV reverse transcriptase was somewhat unexpected.
Indeed, the closely related Pﬁ,PV-diphosphate derivatives of phosphonates have been

2829 On the other hand, it was shown that PB,PY—

shown to be substrates of these enzymes.
diphosphates of 2,3",5’-trideox yuridine-5’-methylphosphonic acid'® and 2’-deoxy-5"-0-
phosphonomethylnucleosides30 are not substrates of HIV-1 reverse transcriptase. The
former compound is an isosteric, but not an isoelectronic®! analogue of the natural 2°-
deoxynucleoside-5’-triphosphate (ANTT-5"), the latter, containing an additional
methylene group between the 5’-oxygen atom and the triphosphate function, are neither
isosteric, nor isoelectronic analogues. Moreover, the Pﬁ,PV-diphosphates of 2’-deoxy-5’-
O-phosphonomethylnucleosides are also not substrates of AMV reverse transcriptase and
E. coli DNA polymerase I (Klenow fragment).*®

The Pﬁ,PY-diphosphate 20 may be considered as an isosteric (but not an
isoelectronic') mimic of 2’-deoxythymidine-5’-triphosphate (dTTP). However, the

absence of substrate properties toward DNA polymerases employed in this study could
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FIG. 3. Primer extension catalyzed by DNA polymerase I (Series A) and AMV reverse
transcriptase (Series B). Series A, lane ] - primer-template complex + enzyme (control);
lane 2 as in lane 7 + 1 uM dTTP (2); lanes 3-5 as in lane 7 + 19 10 uM (3), 100 uM (¢)
and 1 mM (5); lanes 6-8 as in lane I + 20 10 uM (6), 100 uM (7) and 1 mM (8),
respectively. Series B, lane I - primer-template complex + enzyme (control); lanes 2-4 as
inlane I +dTTP 0.1 pM (2), 1 uM (3) and 10 pM (4); lanes 5-7 as in lane  + 19 10 uM
(5), 100 M (6) and 1 mM (7); lanes 8-10 as in lane 1 + 20 10 uM (8), 100 uM (9) and 1
mM ({0), respectively.

stem from several causes. The simplest explanation consists in that the 4’-CH,OH group
of 20 caused an unfavorable steric hindrance with critical residues in an enzyme active
site. The other reason may be connected with stereochemical peculiarities of 20 vs. dTTP.
It was suggested that the pentofuranose ring of NTT-5’ is not involved in binding to the
polymerases, but properly orientate the heterocyclic base and the triphosphate residue in a
polymerization complex.*” The sugar moieties of nucleosides are involved in a two-state
N& S pseudorotational equilibrium, which is driven by the relative strength of various

gauche and anomeric stereoelectronic effects (for a review, see Ref.32). It was shown that
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dTTP predominantly adopts in solution the S-conformation (C-3’-exo/C-2’-endo; 317).%
The conformational analysis of the furanose ring of the analogues 19 and 20 was
performed by the PSEUROT (version 6.2) program, which calculates the best fits of five
experimental 3J(H,H) coupling constants (3JH_1',H.2’, 3JH.1;H42», SJH,zv,H_y s BJH.Z",HJ', and

3 T3 g1.0) to the five conformational parameters (P and ¥, for both N- and S-type
conformers and corresponding mole fractions).”'34 Similar to dTTP, the sugar moieties of
the B-D-isomer 19 is in a two-state NS pseudorotational equilibrium in the ratio of
31:69. The conformational behavior of the a-D-isomer 20 is also very similar with the
predominant population of the S-conformation (77% mole fraction; Ps 165.3; Py 9.8, ’E
<—->3E/2T3). However, considering the o-D-isomer 20 as a mimic of dTTP, the most
populated ’E conformation will simulate the oE (04’ -exo0) conformation of dTTP. Thus,
the NS pseudorotational equilibrium of the o-D-isomer 20 and dTTP displays essential

differences, which may decrease the substrate properties of the former.

EXPERIMENTAL

General.- Column chromatography was performed on silica gel 60 (70-230 mesh
ASTM) (Merck, Germany) and DEAE-cellulose 23-SS (Serva, Germany). Kieselgel
60F2s54 (Merck, Germany) plates were used for the thin-layer chromatography (TLC). The
following solvent systems were used for TLC: CHCI;-MeOH, 15:1 (A), i-PrOH-NH,0H-
H,0, 7:1:2 (B), i-PrOH-NH,OH-H,0, 11:7:2 (C ). The UV spectra were recorded with a
Specord M-400 spectrometer (Carl Zeiss, Germany). "H and *C NMR Spectra were
measured at 200.13 and 50.325 MHz, respectively, at 23° on an AC-200 spectrometer
equipped with an Aspect 3000 data system (Bruker, Germany), and at 500.14 and 125.76
MHz on an AMX-500 spectrometer (Bruker, Germany); & values in ppm downfield from
internal SiMey (IH, 13 C)(s = singlet; d = doublet; t = triplet; m = multiplet; br.s = broad
signal); assignments of proton resonances were confirmed, when possible, by selective
homonuclear decoupling experiments. 3P NMR spectra were recorded at 101.25 MHz on
an AC-250 spectrometer (Bruker, Germany); 8 values are given in ppm relative to H3PO,.
The solvent employed for recording the NMR spectra was CDCls, unless otherwise
stated. Mass-spectra were recorded using either electrospray ionization ES (Bruker,
Germany) or matrix-assisted laser desorption-ionization time of flight (MALDI-TOF)
(Compact MALDI-4 spectrometer, Kratos Analytical, USA).
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Sodium hydride (60% suspension in mineral oil) was purchased from Fluka
(Switzerland); in all protocols, the quantity of NaH employed in a reaction is indicated.
Bromotrimethylsilane was purchased from Lancaster (UK). Diethyl hydroxymethylphos-
phonate was purchased from Aldrich (USA). Diethyl[(trifluoromethylsulfonyl)oxy]-
methanephosphonate (DEMP-Tf1) was prepared according to the data."*

Following enzymes were used: E. coli DNA polymerase I Klenow fragment
(Boehringer Mannheim, Germany), AMYV reverse transcriptase, calf thymus terminal
deoxynucleotidyltransferase (TDT), and T4 polynucleotide kinase (Amersham, England).

In all reactions, freshly distilled anhydrous tetrahydrofuran (THF), acetonitrile,
pyridine and dimethylformamide (DMF) were used. Solutions of compounds in organic
solvents were dried with anhydrous Na,SOy for 4 h. Reactions were carried out at room

temperature, unless stated otherwise.

1-(2-Deoxy-5-0-monomethoxytrityl-a-D-erythro-pentofuranosyl)thymine (5).
o-D-Thymidine (2) (0.5 g; 2.06 mmol) was coevaporated with pyridine (2x5 mL) and
dissolved in anh pyridine (6 mL) under an argon atmosphere. To this solution,
monomethoxytrityl chloride (0.76 g; 2.47 mmol) was added, the reaction mixture was
stirred for 16 h, then methanol (3 mL) was added and the mixture was evaporated to
dryness in vacuo. The residue was dissolved in chloroform (100 mL) and extracted with
water (40 mL). The organic phase was dried and evaporated. The residue was purified by
silica gel (3x12 cm) column chromatography; nucleoside § was eluted with chloroform-
methanol mixture (95:5), product contained fractions were combined and evaporated.
The residue was dissolved in chloroform and precipitated in hexane to give S as an
amorphous powder (0.88 g; 83%). TLC: R;0.56 (A). UV (MeOH): Apax 267 nm.

1-[2-Deoxy-5-0-(tert-butyldimethylsilyl)-B-D-erythro-pentofuranosyl]-3-N-
[(diethylphosphono)methyijthymine (6) and 1-[2-deoxy-3-O-(diethylphosphono)-
methyl-5-0-(tert-butyldimethylsilyl)- 5-D-erythro-pentofuranosyl]-3-N-[(diethylphos-
phono)methyllthymine (8). To the stirred solution of 5°-O-(zers-butyldimethylsilyl)-
thymidine® (3) (0.5 g; 1.40 mmol) in THF (35 mL) cooled to 4 °C, NaH (0.07 g; 2.80
mmol) and, after 15 min, DEMP-TAI (0.36 mL; 1.68 mmol) were added. The reaction

mixture was stirred at the same temperature for additional 15 min, neutralized with acetic
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acid (0.17 mL, 2.80 mmol) and evaporated in vacuo. The residue was purified by silica
gel (2.5x28 cm) column chromatography (elution with a iinear methano! gradient in
chloroform; 1—5%, v/v; 1 L) to give the N>-isomer 6 (0.50 g; 70%) as an oil. TLC: R¢
0.56 (A). UV (MeOH): Amyax 269 nm. Bisphosphonate 8 (oil-like product; 0.17 g; 18%)
was also isolated. TLC: R; 0.67 (A). UV (MeOH): Ajyax 269 nm.

1-[2-Deoxy-3-0-(diethylphosphono)methyl-5-0-(tert-butyldimethylsilyl)-5-D-
erythro-pentofuranosyl]thymine (10). To the stirred solution of 0.50 g (1.40 mmol) of
5’-O~(tert-butyldimethylsilyl)thymidine35 (3) in 35 mL of THF cooled to 4 °C, NaH (0.10
g; 4.20 mmol) and, after 15 min, DEMP-Tf1 (0.36 mL; 1.68 mmol) were added. The
stirring was continued for additional 15 min at the same temperature, then the reaction
mixture was neutralized with acetic acid (0.25 mL; 4.20 mmol) and evaporated. Pure
compound 10 (oil-like product; 0.57 g; 80%) was isolated by silica gel column
chromatography as described for the compounds 6 and 8. TLC: R 0.60 (A). UV (MeOH):
Amax 268 nm. Compounds 6 (30 mg; 4%) and 8 (70 mg; 8%) were also isolated.

1-[2-Deoxy-3-0-(diethylphosphone)methyl-5-0-monomethoxytrityl-5-D-
erythro-pentofuranosyl]thymine (11) was obtained from the nucleoside 4 (0.29 g; 0.56
mmol), NaH (0.04 g, 1.68 mmol) and DEMP-Tf1 (0.14 ml.; 0.67 mmol) in THF (14 mL)
as described for the phosphonate 10, and isolated by silica gel column chromatography in
a 94% vyield (0.35 g). TLC: R¢0.59 (A). UV (MeOH): Agpqx 268 nm.

1-[2-Deoxy-5-0O-monomethoxytrityl-a-D-erythro-pentofuranosyl]-3-N-
[(diethylphosphono)methyl]thymine (7) and 1-[2-deoxy-3-O-(diethylphosphono)-
methyl-5-0-monomethoxytrityl-o-D-erythro-pentofuranosyl]-3-N-[(diethyiphos-
phono)methyljthymine (9). To the stirred solution of nucleoside § (0.17 g; 0.33 mmol)
in THF (8.3 mL) cooled to 4 °C, NaH (0.024 g; 0.99 mmol) and, after 15 min, DEMP-Tfl
(0.12 g; 0.40 mmol) were added. The reaction mixture was stirred for additional 15 min
at 4 °C, neutralized with acetic acid (0.06 mL; 1.00 mmol) and evaporated to dryness.
The residue was purified by silica gel (2x32 cm) column chromatography; the elution was
performed by chloroform and then by chloroform-methanol mixture (98:2). The title
compounds 7 and 9 were isolated as a mixture (0.14 g; 3:1 according to 'H NMR). TLC:
R 0.89 (A). The individual 3’-O-(dicthylphosphono)methyl derivative 12 was also
isolated in a 10% yield (0.02 g) as well as 0.03 g (18%) of starting nucleoside 5.
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1-[2-Deoxy-3-0O-(diethylphosphono)methyl-5-0O-monomethoxytrityl-c-D-
erythro-pentofuranosylJthymine (12) was obtained from 0.23 g (0.45 mmol) of
nucleoside 5, 0.05 g (2.03 mmol) of NaH and 0.12 mL (0.54 mmol) of DEMP-Tf] in THF
(11.2 mL) as described above for the compounds 7 and 9, and isolated by silica gel
column chromatography in a 61% yield (0.18 g). TLC: R 0.70 (A). UV (MeOH): Apax
268 nm. 3-N-(Diethylphosphono)methyl derivative 7 (18 mg; 6%) and an unconsumed
nucleoside 5 (25 mg; 11%) were also isolated.

1-(2-Deoxy-3-0-phosphonomethyl-3-D-erythro-pentofuranosyl)thymine
sodium salt (17). A. To a solution of the diethyl phosphonate 10 (0.28 g; 0.55 mmol),
coevaporated previously with benzene (2x10 mL), in acetonitrile (4.5 mL) TMS-Br (0.72
mL; 5.53 mmol) was added; the reaction mixture was kept for 1.5 h, evaporated in vacuo,
then dissolved in 20 mL of 0.2 M TEAB-ethanol mixture (1:1), kept for 30 min and
evaporated to dryness. The residue was dissolved in water (100 mL) and washed with
chloroform (2x30 mL). Crude phosphonate 17 was purified by DEAE-cellulose (3x17
cm) column chromatography (elution with a linear TEAB gradient, 0.001—0.25 M, 1.0
L). Fractions contained compound 17 were combined and concentrated; the residue was
evaporated with ethanol (3x10 mL). The triethylammonium salt of the desired product
thus obtained was dissolved in methanol and treated with concentrated solution of
sodium iodide in acetone23, affording compound 17 in form of sodium salt as an
amorphous powder (0.17 g, 81%). TLC: R¢0.16 (B). UV (H;0): Apax 267 nm.

B. In a similar way, starting from (diethylphosphono)methyl derivative 11 (0.20 g;
0.30 mmol) and TMS-Br (0.39 mL; 3.00 mmol) in acetonitrile (2.5 mL), 0.08 g (70%) of
phosphonate 17 was obtained.

1-(2-Deoxy- -D-erythro-pentofuranosyl)-3-N-(phosphonomethyl)thymine
sodium salt (13) was obtained from the phosphonate 6 (0.13 g; 0.26 mmol) by the action
of TMS-Br (0.33 mL; 2.57 mmol) in acetonitrile (2 mL) in a 43% yield (42 mg) as
described for the compound 17. TLC: R;0.14 (B). UV (H;0): Apax 268 nm; "H NMR
(D20), drms, ppm (J, Hz): 7.66 (br.s, H-6), 6.37 (t, J1 2 = Jy 2» = 6.5; H-17), 4.49 (dt, J3 o
=4.0; H-3"),4.05 (m, H-4’), 4.26 (d, “Jemap = 12.5; N-CH,-P), 3.87 (dd, J4 5 = 3.5; Js: 5
=12.5; H-5"), 3.79 (dd, J¢ 5» = 5.0; H-57), 2.40 (dd, J2 3 = 5.5; H-2’ and H-2"), 1.96 (s,
5-CHs); '*C NMR (D,0), 8rums, ppm (J, Hz): 165.0 (C-4), 151.6 (C-2), 135.5 (C-6), 110.7
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(C-5), 86.9 (C-4’), 86.3 (C-1"), 70.7 (C-3"), 61.5 (C-5"), 39.0 (C-2’), 39.6 (Jcmop =
145.0; N-CH,-P), 12.8 (5-CHj).

1-(2-Deoxy-3-0-phosphonomethyl--D-¢rythro-pentofuranosyl)-3-N-
(phosphonomethyl)thymine sodium salt (15) was prepared in a similar way, starting
from bis(methanephosphonate) 8 (0.23 g; 0.35 mmol) and TMS-Br (0.68 mL; 5.25
mmol) in acetonitrile (2.7 mL) in a 28% yield (47 mg): TLC: R¢ 0.04 (C). UV (H,0):
Amax 269 nm; 'H NMR (D;0), 81w, ppm (J, Hz): 7.80 (br.s, H-6), 6.38 (m, H-1"), ~4.30
(m, H-3"), 3.90-3.60 (m, H-4’, H-5" and H-5"), 4.22 (d, YJcua,p = 12.0; N*-CH,-P), 3.58
(d, 2Jenzp = 9.0; 0¥ -CH,-P), 2.60-2.30 (m, H-2" and H-2"), 1.96 (s, 5-CH3).

1-(2-Deoxy-o-D-erythro-pentofuranosyl)-3-N-(phosphonomethyl)thymine
sodium salt (14) and 1-(2-deoxy-3-O-phosphonomethyl-a-D-erythro-
pentofuranosyl)-3-N-(phosphonomethyl)thymine sodium salt (16). The mixture of
phosphonates 7 and 9 (0.30 g; 3:1) was coevaporated with benzene (2x10 mL), dissolved
in acetonitrile (5.8 ml)) and TMS-Br (0.75 mL) was added. After 1.5 h, the solution was
evaporated in vacuo, the residue was dissolved in 20 mL of 0.2 M TEAB-ethanol (1:1)
mixture and after 30 min evaporated to dryness. The residue was dissolved in water (100
mL), extracted with chloroform (2x30 mL) and applied to a DEAE-cellulose column
(3x21 cm) eluted with a linear TEAB gradient (0.001—0.3 M; 1.5 L). Fractions
contained individual phosphonates 14 and 16 were collected separately, concentrated in
vacuo and coevaporated with ethanol. After conversion into sodium salt23, 90 mg of
compound 14 was obtained as well as 26 mg of compound 16.

N*-Methanephosphonate 14: TLC: R¢ 0.15 (B). UV (H,0): Amax 270 nm; 'H NMR
(D;0), drms, ppm (J, Hz): 7.75 (br.s, H-6), 6.24 (dd, J1-2» = 7.0; J; 2» = 3.0; H-17), 4.45
(m, H-3", H-4"), 4.25 (d, YJegap = 12.0; N-CH,-P), 3.76 (dd, Jo 5 = 3.5; Js 5» = 12.5; H-
5’),3.66 (dd, Jy s> = 5.0; H-57), 2.77 (ddd, J» 3 = 7.0; Jp p- = 14.5; H-2°), 2.24 (dt, Jo- 3
=3.0; H-2"), 1.98 (s, 5-CH3); °C NMR (D,0), 81vs, ppm (J, Hz): 165.1 (C-4), 151.4 (C-
2), 135.9 (C-6), 109.8 (C-5), 89.0 (C-4’), 88.1 (C-1"), 71.0 (C-3"), 61.9 (C-5’), 41.0 (C-
2"),39.5 (Jcmpe = 143.93; N-CH,-P), 12.9 (5-CHs).

N°,0% -Dimethanephosphonate 16: TLC: R; 0.05 (B). UV (H20): Agay 269 nm; 'H
NMR (D;0), dtus, ppm (J, Hz): 7.77 (br.s, H-6), 6.34 (dd, J1» »» = 7.5; Jy »» = 2.0; H-1"),
4.63 (m, H-3", H-4"), 4.25 (d, 2Jcgap = 12.0; N-CH,-P), 3.74 (dd, Jy 5 = 9.0; Js: 5 =
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16.5; H-5"), =3.64 (dd, J4 5 = 5.0; H-5"), 3.60 (d, “Jcmzp = 9.5; O -CH,-P), 2.72 (ddd,
Jr3 =7.0; Jp 2 = 15.0; H-2"), 2.39 (dt, Jp-3 = =2.0; H-2"), 1.96 (s, 5-CH3); °C NMR
(D;0), dmms, ppm (J, Hz): 165.2 (C-4), 151.6 (C-2), 136.3 (C-6), 110.2 (C-5), 87.8 (C-
1°), 86.8 (C-4"), 81.7 Cesp = 12.9; C-3"), 65.6 ("Jcrap = 156.9; O°-CH,-P), 62.2 (C-
5%),37.2 (C-2°), 39.5 (Jcuzp = 145.10; N>-CH,-P), 12.9 (5-CH3)].

1-(2-Deoxy-3-0-phosphonomethyl- o-D-erythro-pentofuranosyl)thymine
sodium salt (18) was prepared from the phosphonate 12 (0.17 g; 0.26 mmol) by the
action of TMS-Br (0.33 mL; 2.57 mmol) in acetonitrile (2 mL) in a 76% yield (0.074 g)
as described for the compound 17. TLC: R; 0.20 (B). UV (H;0): Apax 268 nm.

Reaction of the phosphonate 17 with inorganic pyrophosphate. A. To the
solution of the tributylammonium salt of the phosphonate 17 (1800 Ajes units, 0.187
mmol), previously coevaporated with DMF (3x2 mL), in DMF (1.9 mL), the solution of
Im;CO (150 mg; 0.935 mmol) in DMF (1.9 mL) was added in an argon atmosphere. The
reaction mixture was stirred for 24 h, then methanol (61 uL; 0.748 mmol) and, after 30
min, a 0.1 M solution of the tributylammonium pyrophosphate in DMF (9.35 mL) were
added. The stirring was continued for additional 24 h, then the mixture was diluted with
methanol (12 mL) and, after 30 min, evaporated to dryness in vacuo. The residue was
purified by DEAE-cellulose (3x17 cm) column chromatography (elution with a linear
TEAB gradient; 0-0.4 M; 2 L). Product contained fractions were combined, evaporated
and coevaporated with ethanol. After precipitation with Nal®, the pyrophosphonate 21
(1730 Ajgs units, 96%) was obtained as an amorphous powder. R; 0.75 (C ). UV (H,0):
Amax 268 nm.

B. Similar reaction of the tributylammonium salt of the phosphonate 17 (1800 Axgs
units, 0.187 mmol) with Im,CO (150 mg; 0.935 mmol) in DMF (4.0 ml.) furnished, after
analogous work-up and chromatography, the pyrophosphonate 21 as an amorphous
powder (Na*-salt; 1690 Ajsz units, 94%).

1-[2-Deoxy-3-0-(pyroph0sphoryl)phdsphonomethyl-ﬂ-D-erythro-
pentofuranoesyljthymine sodium salt (19). To a 0.2 M solution of
bis(tributylammonium) pyrophosphate in DMF (2.25 mL), Im,;CO (0.36 g; 2.25 mmol)
was added and the reaction mixture was stirred for 16 h. Then the reaction was quenched

with methanol (0.11 mL; 2.70 mmol)} and, after 30 min, a solution of the
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tributylammonium salt of the phosphonate 17 (860 Aj6s units, 0.09 mmol) in DMF (3.6
mL) was added. After stirring for 20 h, the mixture was taken up in vacuo, the residue
was dissolved in water (50 mL) and applied to a DEAE-cellulose column (3x17 cm).
Elution was performed by a linear TEAB gradient (0.001-0.4 M, 2 L). Fractions
contained individual products were collected, concentrated in vacuo and coevaporated
with ethanol. The products were converted from the triethylammonium salts to the
sodium forms by the action of sodium iodide in acetone on the triethylammonium salt
solutions of the products in methanol®, to yield:

(a) the 300 Ay units (35%) of the (pyrophosphoryl)phosphonomethyl derivative 19
[TLC: R¢0.37 (C). UV (H;0): Apax 267 nm; HPLC: column Nova-Pak C18
(3.9x300 mm), isocratic elution with 0.1 M K-phosphate buffer in water-
acetonitrile (95:5, vol), 0.65 mL/min, R; = 3.343 min];

(b) the 320 A4z units (37%) of compound 21 {TLC: R¢ 0.75 (C). UV (H20): Amax 267

nm]; ES MS of Na*-salt (full scan negative): m/z 675.2 (M+Na-H)™ and m/z 653.3
(M-H)~ (CH;,N40,5P; requires 654.13); m/z 527.39 [(M-H)™-126 (thymine)];
m/z 335.2 (phosphonate 17, (M-H)~, C;1HisN2OsP requires 335.06); m/z 125.1
(thymine: (M-H)~, CsHsN;O; requires 125.04).
1-[2-Deoxy-3-O-(pyrophosphoryl)phosphonomethyl-o-D-erythro-
pentofuranosyl]thymine sodium salt (20) was obtained from the phosphonate 18 (960

Ages units; 0.10 mmol) in a 27% yield (260 A6 units) as described for the compound 19
[TLC: R¢0.43 (C). UV (H;0): Amax 268 nm; HPLC: column Nova-Pak C18 (3.9x300

mm), isocratic elution with 0.1 M K-phosphate buffer in water-acetonitrile (95:5, vol),
0.65 mL/min, R; = 3.347 min]. Compound 24 was also isolated from the reaction mixture
(360 Ajeg units; 38%); TLC: R; 0.82 (C). UV (H20): Amax 267 nm; ES MS of Na*-salt
(full scan negativ): m/z 675.2 (M+Na-H)~ and m/z 653.3 (M-H)~ (C22H3,N4015P2
requires 654.13); m/z 527.39 [(M-H)~-126 (thymine)}; m/z 335.2 (phosphonate 18, (M-
H)~, Ci1H16N203P requires 335.06); m/z 125.1 (thymine: (M-H)~, CsHsN,O, requires
125.04).

Tetranucleoside derivative 22. A mixture of triethylammonium salt of the

phosphonate 17 (94 mg; 0.22 mmol), the nucleoside 4 (0.554 g; 1.08 mmol) and TPS-CI



12: 40 26 January 2011

Downl oaded At:

1906 MIKHAILOPULO ET AL.

(0.196 g; 0.65 mmol) in pyridine (2 mL) was kept for 16 h in a darkness, then diluted
with chloroform (50 mL) and extracted with 0.1 M TEAB (2x15 mL). Organic layer was
dried, evaporated and coevaporated with toluene (2x2 mL). The residue was purified by
silica gel (3x21 cm) column chromatography using a linear methanol gradient in
chloroform (0—4%, v/v, 1.5 L) and then chloroform-methanol-triethylamine (80:19:1)
mixture (0.3 L) to give:

(a) the tetranucleoside derivative 22 (0.116 g; 64%) [TLC: R¢0.56 (A). UV (MeOH):

Amax 268 nm]; ES MS (full scan skimmer-nozzel-fragmentation; positive): m/z
1652.2 (M+Na-H,0)* (Cg,HgsN5O,5P; requires 1646.53); m/z 837.2 [(M+Na-
H,0)-8157* and m/z 519.0 [(M+Na-H,0)-815-318]%;

(b) the cyclophosphonate 23 (14 mg; 15%); [TLC: R¢0.73 (B). UV (MeOH): Ay 268
nm]; ES MS (full scan negative): m/z 317.1 (M-H)~ (C,1H;5N20+P requires
318.06); m/z 190.9 [(M-H)"-126 (thymine)]; m/z 125.1 (thymine: (M-H)™,
CsHsN»O, requires 125.04).

Dinucleoside cyclophosphonate derivative 25 was obtained from the phosphonate
18 (0.113 g; 0.26 mmol), the nucleoside 4 (0.663 g; 1.29 mmol) and TPS-C1 (0.234 g;
0.77 mmol) in pyridine (2.4 mL) in a 67% yield (0.14 g) as described for the compound
22. TLC: R;0.61 (A). UV (MeOH): Amax 268 nm. ES MS (full scan negative): m/z 813.4
(M-H)~ (C41H43N401,P requires 814.26); m/z 317.2 [(M-H)-496] [3°,5"-
cyclophosphonate (an o-D-anomer of 23), (M-H)~, C;H;sN,O;P requires 318.06); m/z
125.1 (thymine: (M-H)™, CsHsN,0, requires 125.04)].

Primer Extension Assays for DNA Polymerase I (Klenow fragment), AMV
Reverse Transcriptase and TDT.- For E. coli DNA polymerase I, the assay mixture (6
ul) contained 10 mM Tris-HCI, pH 7.9, 5 mM MgCl,, 1 mM DTT, 0.3 unit of enzyme,
40-50 nM template-primer complex, and variable concentrations of the compounds under
study or ANTP. The reaction was carried out for 15 min at 20°C. For AMYV reverse
transcriptase: the assay (6 ul) contained 10 mM Tris-HCI, pH 8.2, 5 mM MgCl,, 40 mM
KCl, 1 mM DTT, 3 units of enzyme, 40-50 nM template-primer complex, and substrates.
The mixture was incubated for 30 min at 37°C. For the TDT: the assay (6 ul) contained
100 mM sodium cacodylate, pH 7.2, 2 mM CoCl,, 0.1 mM DTT, 2 units of enzyme, 20
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nM 5’-labeled primer and substrates. The mixture was incubated for 30 min at 37°C. All
reactions were stopped by adding 3 ul of deionized formamide containing 0.5 mM EDTA
and 0.1% bromophenol blue and xylene cyanol. The products were heated at 100°C for 2
min and separated by electrophoresis in 16% polyacrylamide/7M urea sequencing gel,

and the gels were autoradiographed with Kodak RX films at -20°C.
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