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Abstract: Dinucleotide analogues d(TnsnT) and d(TnsnA), in which the phosphodiester linkage of

d(TpT) and d(TpA) is replaced by suifamide [-NHSO,NH-], have been synthesised. Conformational
analysis using '/ vicinal coupling constants shows that this modification results in a shift from a
predominantly southern (C2°—endo) to northern (C3"~-endo) ribose ring conformation. The effect of
temperaturc and concentration changes on ribose conformation, reveals that the modified dinucleosides
have a greater propensity to base stack intramolecularly, and in the case d(TnsnA), self-associate.

© 1998 Elsevier Science Ltd. All rights reserved.
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INTRODUCTION
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Novel oligonucleotide analogues that can form stable duplexes and triplexes with nucleic acids, arc
e L_ R L2 ¥ I o - £

important synthetic targets, because of their use as t addition these
probes for hybridisation screening.’ Furthermore they are of fundamental value as models for the study of
nucleic acid structure, function®® and evolution.® Key to the successful future design of useful oligonucleotide
analogues is an understanding of the effect of structural modifications on the conformation and physical
properties of these molecules.

From a therapeutic point of view factors other than the ability to hybridise with mRNA or dsDNA are

ortant, such as stability, particularly to nuclease enzymes, solubility, cell wall permeability, and ability to
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mcorporaung a ceniral sequence of DNA, or [ UJ‘u—\, which can serve to

flanked by alternatively-modified ohgonucleotldes which form stabie dupiexes with mRNA, but in addition are
stable to exonucleases, thereby protecting the central sequence from digestion. We were particularly interested in
synthesising sulfamide linked oligonucleosides to fulfil this role. It is anticipated that the sulfamide group which
is neutral, but isosteric to the parent phosphodiester, might adopt similar conformations, whilst alleviating the
electrostatic repulsion which exists between the negatively charged phosphate groups in the complementary

strands of parent duplexes. In addition we envisaged that the 3’-amino substituent, which is more

electropositive than oxygen, would give rise to a preferential northern (N) C3’—endo ribose conformation. A
similar gauche effect operating in N3'— P5” phosphoramidates ° is thought, in part, to contribute to the
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thermodynamic stability of the resulting heteroduplexes formed with complementary RNA, by preorganising’
the nhosnhoramidate DN A into the reaguired conformation for a nreferred A—tvne dunlex
the phosphoramucate DINA 1nto the required conformation 1or a preferred A-type auplex

RESULTS AND DISCUSSION

Synthesis of dinucleosides d(TnsnT) and d(TnsnA) .

The synthesis of appropriately protected sulfamide linked dinucleosides for conversion into the 3°-
phosphoramidites, necessary for incorporation into DNA, was rcquired, as well as fully deprotected
dinucleosides for NMR conformational studies. Accordingly the dinucleoside d(TnsnT) in fully protected form

was prepared as shown below (Scheme 1). Firstly, Thymidine 1 was convertec

deoxythymidine 2 using established chemistry.'” The 3" hydroxy s then protected with a TBDMS group to

give 5"—azido-3 "—O—(tert-butyldim L‘Lhy' ily)-5"—deoxythymidine 3, hydroge“laticn of which gave the 5 —amine
4" 37—azido-5"—-O—dimethoxytrityi-3"~deoxythymidine 7 was also prepared from thymidine and similarly
reduced to 3"—amine 8.
OH
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Scheme 1. Reagents: i, PPh;, CBry, NaN,, DMF; i, TBDMSCI, imidazole; iii, H,, 10%
Pd-C; iv, catechol sulfate 5, Et;N; v, 3"~amine 8, dioxane reflux; vi, 5"~amine 4, dioxane refiux.

Coupling these amines with conventional sulfonating agents," sulfuryl chloride, sulfuryl chloride azide

P P )

or suifonyi diimidazole was unsuccessful so catechol suifate 5 was used. The strained five membered cyclic
sulfate is reactive to attack by nucleophiles,' a fact noticed by Dubois ef al.,”” who had used this reagent to
prepare sulfamic acids and sulfamides. Following this procedure' 5'—amine 4 was treated with catechol sulfate
and tricthylamine to give 2-hydroxyphenyl 5"-sulfamate 6 in 63 % yield. An equimolar mixture of 3"—amine 8
and 5 —sulfamate 6 was then heated under reflux in dioxane to give protected sulfamide linked dinucleoside
d(TnsnT) 9 in 56 % yield. Alternatively the 3°—amine 8 was converted to thc 2-hydroxyphenyl 3"-sulfamate
10 in 44 % yield, treated with 5"~amine 4 and heated under reflux in dioxane to give the protected dinucleoside
0in 68

111

R

vield
eld.
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route was also applicable to nucleosides bearing protected purine bases (Scheme 2). Thus, 5—amine 13'® was

prepared from 5°-azide 11,'" in an analogous fashion to that described in scheme 1 (1 — 4). However,
treatment of the 5’—amine 13 with 3"—sulfamate 10 failed to give any of the protected dinucleoside 15, which
was probably due to intramolecular migration of the benzoyl protecting group of 13 to the 5~amino substituent.
This problem was circumvented by converting the 5’-amine into the corresponding 2-hydroxyphenyl 5°-
sulfamate 14 (82 % yield), which was successfully coupled with 3"—amine 8 furnishing protected dinucleoside
15 under similar conditions in 38 % yield.

Selective deprotection of the 3"~hydroxyl of dinucleosides 9 and 15 with tetrabutylammonium fluoride
gave the 3 —alcohols 16 (99 ,U) and 17 (94 %). A small portion of each of these was further deprotected, using
P T S N L e N N B g Sy e el T s Ve | n tha lntaw ~nca A~ Antrntad Amrramiio aAmeasmin
WLHHUIOALCLIC dCIU O 10UV LC UHTICUHIVA YU ILYL g10UPS dlild, 111 WC 14Tl LddT, LU eiuatea agjucoud auuuunua

1
N 40 R 01) -n

solution to effect debenzoylation resuiting in dinucleosides d{TnsnT) 18 (95 1 d(TnsnA) 19 (83 %)
required for NMR studies. The high yield for these deprotections suggests that the sulfamide linkage is stable to
both the acidic and basic conditions that would be encountered during solid phase oligonucleotide synthesis.
Furthermore dinucleosides 18 and 19 are reasonably soluble in water.'” Finally, phosphitylation of 3 "-alcohols
16 and 17 using standard conditions (2-cyanoethyl N,N,N’ N “tetraisopropylphosphorodiamidite and
diisopropylammonium tetrazolide)'® gave the 3"~phosphoramidites 20 and 21 as a mixture of diastereoisomers.

r
NH . .. NLT . NH
1 i, (ur) N 3%
0=S=0 0=S=0 — 0=8=0
I

HO OR* O
1 2_ P
18B=T ; l: 9B=T,R 1 =DMTr, R 2--- TBDMS PI'QI( O(CH’))QCN
19YB=A 16B=T,R' =DMTr,R?=H
- [ R S MR =T
15 B = A%, R* = DMTr, R* =TBDMS oV s
i Lo 1782 A% R DM R < H 21B =A%

Scheme 3. Reagents: i, TBAF; ii, CHCI,COOH; iii , conc. NH,OH (4h, 55 °C);
iv, NCCH,CH,OP[N(iPr),1,, diisopropylammonium tetrazolide.
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NMR analysis of dinucleosides d(TnsnT) 18 and d(TnsnA) 19.

The 1D 'H NMR spectra of d(TnsnT) 18 and d(TnsnA) 19 were fully assigne
COSY, TOCSY and NOESY experiments (Table 1). The two spin systems of the 5'— and 3°~terminal ribose
rings were assigned by TOCSY and DQF-COSY experiments and distinguished by noticeable shielding of the
H3" and H57/5"" protons adjacent to the sulfamide linkage. In the case of d(TnsnA) this was confirmed by
NOESY experiments connecting base protons H6 of thymine and H8 of adenine to their corresponding ribose
rings. Similar NOESY cross—-peaks between the ribose ring protons and H6 served to assign the non—
exchangeable base protons of d(TnsnT). The H2” and H2"" protons were also assigned through NOESY cross
peaks between H2" protons and H6 or H8 base protons. Finally H5" and H5"" protons were assigned accordin

to the Remin and Shugar rule.'” The coupling constants of d(TnsnT) and d(TnsnA) were determined from lD

gnantra and fram YN I_racnluvad gnactra whara cnanteal Aavarlanm wac cavara (Takla I
SpuLila daliu 11U £17 JTIUSUR VUL Dy\u\alla wiioio aybbucu UVL«llal} was dSuvelc L 1auic 2 ).
Table 1. Proton chemical shifts of d(TnsnT) and d(TnsnA)
o 1 .
8y" ppm HI" 20 27 3 4 5 5 6 CH, 8 2

18 d(TnsnT)  6.15 2.56 2.49 4.00° 4.00° 3.93 3.81 7.69 1.88
d(TnsnT) 621 2.43 238 446 4.04 341 330 7.57 1.87

19 d(TasnA) 5.86 2.30 238 382 390 395 380 7.6! 1.69
d(TnsnA) 640 2.85 258 4.80 431 343 340 8.24 8.07

correenande to italiciced nucleocide unit. by ci
COrresponas 1o 11aiCisca nuciCosIae unit. o) si

apparent coincidence.

a) 'H chemical shifts recorded in D,0, with a samp]e concentration of 18.5 mM, at 30 "C. Data
\ .
7

\J\ L ird11 R , Ciiva u\ A BiDi1L \}
/.. (Hz) oo Jovve T Toeie T Joe Joeo Je . i I N?
YHH AR MR i 72 273 FAK M K- 43 4’5 557
i8 d(TnsnT) 46 72 144 75 72 _' 25 43 127 i1.8 66
d(Tnsn?) 66 66 142 66 51 50 38 60 142 132 42
19 d(7TnsnA) 24 71 136 76 98 89 24 33 129 9.5 100
d(TnsnA) 59 69 143 67 48 46 31 3.0 136 128 49
¥ o Northern conformer of ribose rings determined from T1° values using the sum rule (see below).
GRSV W VIV I RAV D FR IV GRV SN B IR PNV § ¥ lba UMLCLIEINIINAG RIVRIL b ) yaiuvd UDtllb LIV DURIL E WV \OVW UNIUYY
™ could not be determined due to coincidence of H3” and H4” proton resonances in d(TnsnT) ribose ring

Ribose ring conformation.

R, ~ ~£ AUy -y Py
1 TUCICONUC

We wished to establish the effect on conformaiion of replacing the phosphodiesier group o
phosphates d(TpT) and d(TpA) with a sultamide group, particularly the extent of the N — S equilibrium, which

Az
al

is known to affect duplex conformation and stability.®® By measuring the coupling constants J,,. , J,- -, Jy 5 »
Jy., and J,.,. at several different temperatures it is possible to establish the geometries of the N and S

conformers as a function of their phase angle of pseudorotation and puckering amplitude,” and to establish the
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syqe . . 2'
molar fractions of each conformer present in the N — S equilibrium using the program PSEUROT.”! However
£rev A/ TomenT) nend AMMace AY  crantenl Asraclam manda 16 jiaacoilh]la RS ST e | TIPS PO Ry R, PR
UL U 11511 ) dilll U LAY, D Lial Cliap HIQUC 1t LHLPUDHIVIC WU UCICHITHLT  dil UICSC COUPIL COINDLALS

accurately over a range of different temperatures. Instead we were able to arrive at a more uniform treatment of
our data using the graphical method of Altona,” which relies on analysis of the relative magnitude of the J,.,.
coupling constants and the sums of the H1” coupling constants (X£17) which is related to the percentage of S
conformer (% S) by the “sum rule”:

%S =(XH1"-9.8)/59 where Z1"=J,,. +J,,.

Using this sum rule, we established that replacement of the phosphodiester group of d(TpA) and d(TpT) with
crlfrnida cacaiiléc fin a cianifinnme chife i ¢laa N CQ amailileiaas Fem orn (RS PR ey ~ AT &7 #amirrinnl wihhaoa
suiiaimniae resuits in a signiiicant snift in tne IN — S5 equiloriuim ifoil a preaomiianty S 1o IN 5 —{erininal 1ivose

conformation, as expected. The shift was most noticeable in the d(TnsnA) case, which exists exclusively as the
N conformer at 30 "C, compared with d(TpA) which is predominantly in the S conformation (25 % N) at the
same temperature (Table 3; see £1” and % N, 30 °C columns). The 3"—terminal ribose rings exhibited a slight
increase in the percentage of N conformer at 30 °C, on replacement of the phosphate group of d(TpT) and
d(TpA) with sulfamide. In this case the 3’~OH substituent is retained and the slight change in conformation
must be due to factors other than the electronic nature of the 3 "—substituent and the gauche etfect.

NOESY experiments at (30 °C) also support these observations. Both 5-terminal nucleosides of
d(TnsnT) and d(TnsnA) show strong H6 to H3" cross—peaks, characteristic of a nucleoside which has a

!
3
3
2,

nor the pareni dinucleoside ph
cross—peaks, but all showed strong H6 or H8 to

base anti to its ribose ring.”**

Conformational dependence on temperature.
In order to establish whether the shift towards preferred N conformer is due solely to the lower electronegativity

of the sulfamide group compared with the phosphate, or in part due to an increase in intramolecular base

stacking, the conformation of the ribose rings was monitored with decreasing temperature. It is well established
; in Al ; nhe 25. 26
that intramolecular base stacking invariably favours the N ribose conformer in dinucleosides phosphates

From the change in £1” values it is found that both modified dinucleosides tend toward a higher percentage of N
conformer with a decrease in temperature from 70 — 10 °C, typical of an increase in intramoiecular base
stacking, and that the effect is considerably more marked in the case of d(TnsnA). The parent dinucleoside
phosphates on the other hand show comparatively little change in Z1” values over the same temperature range,
indicating intramolecular base stacking is less significant to their overall conformation. This trend can be seen
clearly in the splitting patterns of the H1” protons of modified dinucleosides at 70 and 10 °C (Figure 1). For
d(TnsnA) the H1" signal of the 5°~terminal thymidine collapses from a double of doublets at 70 "C, to an

approximate doublet at 10 °C as the the J,.,- coupling becomes small (1.3 Hz), indicative of a H1"-H2" dihedral

angle close to 90 °, which is expected for a N ribose conformer. Similarly the H1” signals of the 3"—termir 1al
adenosine of d(TnsnA) and the 5°—terminal thymidine of d(TnsnT) both collapse from apparent triplets at 70 °C
N 1 PIR ] 1 IR b 1 . . . S T PONGS DL R U -SRI R B A S,
to double doubilets as J, ,. becomes significantly smaller than J,.,.., typical of an increase in the percentage ot the

e ,
N conformer. The £2° £2° and X3~ values which can also be related graphically to the extent of the N-S
cquilibrium,” show exactly the same trends (data not shown). Furthermore, the assignment of the H2” and
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¢ WP T T B P JENY SR [ TR I 2. I, N R 7, S SN PE H I SRt T
1Lapic J. LCOHIUIIdUOUNAD ClIAIEe O1 U LIS ) allld Ui 1ISNA ) WILL 1ICH aturc, COrt pan OI1 Wi
d(TpT) and d(TpA)
AN | Av'l’b VA & Y mllc AR d ¥l 7 MIT 18 4 | & Lo TN S, A
Zl Az (NZ) ToIN A0y i Ty no nZ (ppm)
Temp ("C) 70 50 30 10 70 50 30 10
TnsnA 11.4 108 9.5 8.2 -3.2 73 83 100 100 -021 -030 +0.19
TnsnA 13.7 13.7 128 1.0 -27 34 34 49 80 -0.07 -0.37
TnsnT 123 121 11.8 11.2 - 1.1 58 66 -0.03 -003 +0.13
TosnT 134 133 132 131 - 0.3 39 40 42 44 +0.02 -004 +006
TpA© 140 141 142 143 +03 29 27 25 24 -0.08 ~0.02 -0.05
TpA 13.3 133 133 134 + 0.1 41 41 41 39 -0.05 -0.10
T’ 13.7 13.7 13.6 134 -0.3 34 34 36 39 -0.03 -0.01 + 0.08
TpT 13.6 13.6 136 136 0 36 36 36 36 +0.01 -0.02 + 0.06

a) Table shows change in £1” values, % N conformer of ribose rings and chemical shift of H1” and non-exchangeable base
protons with decreasing temperature from 70 to 10 °C, b) AZ1" = 217 (10 °C) — Z1” (70 °C). ¢) %N value determined
using sum rule.”? d) Most noticeable changes in chemical shift with decreasing temperature; A8, = &, (10 °C) — &, (70
°C). e) Assignment of chemical shifts for d(TpA) agree with literature.** f) d(TpT) chemical shifts, coupling constants, %
N values are in close agreement with data reported in the literature.**

Tn

i~

i(
Fe
g
i

nT

I d

T T T T i T I i I
6.4 6.2 6.0 ppm 6.4 6.2 6.0 ppm
Figure 1. H1" region of 'H NMR spectra of d(TnsnA) at 70 °C (A), 10 °C (B) and
d(TnsnT) at 70 °C (C), 10 °C (D). 5'~terminal ribose H1" signals (Tn) are upfield of 3'—
terminal ribose H1" signals (nA and nT).
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H2” in &(TnenT) and d(TnenA) wae confirmed hv the nile of Altona 22 which statee that for nredominantly N
& Rdw AEZX WY X JAURI R ] WRANG \J\ A AXTREL B ] VYV GBI WANRRARA RARNG J AR AN 2 4 MAVVLLG ¥Y 1liWwill Owldilwo Uidl 1V AN ASVIEAAREI6RI ARG iw
tuna rihece confarmeare $77°7 < 97 (977 T ' L7 and TV - T 4 R A

iyPe rio0SC CONIOIINCIS 2o > 4 (&s FJ g T Uyt Jyp3 80 220 T J oy T Uyp T+ Jy g )

To confirm that the increase in % N conformer for the sulfamide dinucleosides, upon decreasing
temperature, is in part due to an increase in base stacking, the chemical shifts of the modified and parent
dinucleotides were monitored as a function of temperature (see A, table 3). It was apparent that H1°, CH,, H6
and H2 protons of d(TnsnA) showed the most significant change in chemical shift. This can be attributed to
these protons being most sensitive to the ring—current magnetic anisotropy effect of purine and pyrimidine bases
adopting a base stacked conformation on decreasing temperature.””*® The chemical shift of the H6 proton of the
5~terminal thmidine of d(TnsnT) was also affected, showing a significant downfield shift (0.13 ppm) on

ctanlad with anathar nurimidina 24 29 30 Nin tha whala tha nratan chamical chifte Af tha narant dinnelancida
DUALVALAS VWil AlluUning lJ FALLEEUIRLE. N/LL LG WY LIUEL LI lJlUlUll CiILAIIL AL SILLD ULl Lo lJ(Ll\.dll ASSPEINLIWI LA J LV (W)
Lo i PURS W | o~ g . £L£L, A L L sma L - o a

It is well established that the electrostatic/hydrophobic attraction between stacked purine and pyrimidine
bases is a major stabilising factor in duplex formation.”” *' It has also been established that oligonucleotide
analogues with structural features that enhance stacking interactions, generally form more stable heteroduplexes
with complimentary DNA and RNA and are amongst the more promising candidates for the second generation
oligonucleotide therapeutics.” The fact that the sulfamide modified dinucleosides more readily adopt stacked

conformations than the parent dinucleoside phosphates is therefore very encouraging.

Conformational dependence on concentration.

Te 1 v Tvye ) 2... sy s 4D e T ~
it is pUS\lUlL Llld‘l tne more ll..kill&CU cuar 1gC 111 1 CONIornation o
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propensity of the d(TnsnA) to adopt a stacked conformation compared wit given that the

2% 1
0

pyrimidine—purine stack is more stable than the pyrimidine—pyrimidine stack.”™ ** However, d(TnsnA) is self
complimentary and therefore potentially capable of self-association through base pairing resulting in an
antiparallel miniduplex. In order to determine whether self-association is also a contributing factor to the overall
conformation of d(TnsnA), we examined the effect of concentration change on ribose conformation and

chemical shift for both modified dinucleosides (Table 4).

Table 4." Conformational change of d(TnsnT) and d(TnsnA) with concentration.

1 AT (Hz) BN A8, HI” CH, H6 H2 (ppm)
Conc. (imM) 0.5 2.0 10 18.5 0.5 18.5
TnsnA i0.2 101 97 9.5 -0.7 93 100 -0.04 -0.14 +0.01
TnsnA 140 139 133 128 -12 20 49 -0.03 -0.17
TnsnT 120 120 118 11.8 -02 63 66 -0.01 0 0
TnsnT 13.3 133 132 132 -0.1 41 42 0 -001 -0.01

a) Change in £1° values, % N conformer of ribose rings and chemical shift with increasing concentration from 0.5 to 18.5
mM. at 30 °C. b) AZ1 "= £1° (18.5 mM) — Z1” (0.5 mM). ¢) % N value detcrmined using sum rule above.” d) AS, = 8y
(18.5 mM) - & (0.5 mM).

PRy ) FTN
1

=
(9]
-
=
=
c
=
C

On increasing the concentration from 0.5 to 18.5 mM it is found for d{TnsnA) the

ir
constituent ribose rings tends toward a higher fraction of the N conformer, whereas little change is apparent for
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1

d(TnsnA) is affected by seif-association. Moreover, the fact that the 3 "~terminal ribose conformation is shifted
considerably towards the N-conformation might suggest that conformational transmission is taking place due to
an increasing population of a A-type miniduplex at higher concentration.

In summary replacement of the phosphodiester linkage of d(TpT) and d(TpA) with sulfamide groups
results in a significant increase in the % of N ribose conformer, and an increase in intramolecular base stacking.
Both factors are known to contribute to more stable heteroduplexes with RNA, which is the goal of this

research. Currently we are engaged in the synthesis of oligonucleotides incorporating sulfamide linkages and

v

wish to establish whether the conformational characteristics observed in modified dinucleosides translate to more

stable oligomer duplexes. The results from this work will be published elsewhere.

EXPERIMENTAL

General directions.
'H and "*C NMR were recorded on Jeol GSX 270, Varian VXR 400, or Bruker DRX500 spectrometers and
were indirectly referenced to TMS using residual solvent signal. *'P NMR spectra were recorded on a Jeol GSX

270, with H,PO, as an external standard. FAB mass spectra were obtained on a ZAB-SE VG Analytical Fisons
Instrument and MALDI-TOF mass spectra were recorded on a VG TOF SPEC. Flash silica column

v
conditions were carried out in flame—dried glassware under a positive pressure of argon. All solvents were

distilled before use, reagents were purified and solvents dricd using standard procedures.*

NMR studies of modified and parent dinucleotides.

d(TpT) and d(TpA) were purchased as ammonium salts from Sigma. Samples were typically dissolved in 0.5 ml
of 99.9 % D,O and a trace of 3-trimethylsilylpropionate-2,2,3,3,-d, sodium salt (TSP) was added as an
ence (set at 0 ppm), Spectra were recorded at 500 MHz on a Bruker DRX500, at 30 °C except

1Ly, UL

internal refe

where stated for variable temperature experiments. A 'H spectral width of 5000 Hz was used throughout. 1D

1 ‘-A.«A«A MM TOHCCY T\ﬁE FI\QV
I OULULIUL, 217 IO 1, LUYR DL

o  wara oonll sl iroiena 2V Antn vmiebo et oo
$pecira were couecied using >zK aata poinis withar
Ot

)

"
1

g
&

NI o 11 A Q1

NOESY spectra were coliected using 8k data points in 7, and 256 1, incrernents, typically zero—filled to 8k

1
i

St
un
N2

data points, with a relaxation delay of 2 seconds. Suppression of residual solvent signal (HDO) was achieved
using presaturation during the relaxation delay. NOESY spectra had a typical mixing time of 900 ms. 1D spectra
were resolution enhanced by the sine transformation method and 2D data was typically processed with pre—

multiplication of the time—domain data by a sine-bell squared function shifted by n/2.

2-Hydroxyphenyl 3°—-O-(tert-butyldimethylsilyl)-5"-deoxythymidine-5'-N-sulfamate (6).
Catechol sulfate 5'° (870 mg, 5.06 mmol) was added to a solution of 5"—amine 4'' (1.19 g, 3.35 mmol) and
triethylamine (0.7 ml, 5.03 mmol) in dry DMF (9.0 ml) at O °C, under argon. The mixture was allowed to warm

to room temperature and stirred for 2.5 h. The DMF was evaporated under reduced pressure and the residue was



J. Micklefield, K. J. Fettes / Tetrahedron 54 (1998) 2129-2142 2137

lanr)
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52.
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reduced pressure. Purification by column chromatography eluting with a gradient o
dichloromethane gave 6 (1.11 g, 63 %) as gum. &, (400 MHz, CDCl,) 0.05 and 0.06 (each 3H, s, SiCH,),
0.86 (9H, s, C(CH,),), 1.86 (3H, s, CH,), 2.15 (1H, ddd, J 13.5, 7.0, 3.5 Hz C2°H H,), 2.61 (1H, ddd, J
13.5, 7.4, 6.8 Hz, C2°'H H,), 3.41-3.53 (2H, m, H5" and H5""), 3.94 (1H, m, H4"), 4.45 (1H, m, H3"),
5.80 (1H, dd, J 7.0, 6.8 Hz, H1"), 6.63 (1H, brs, SO,NH), 6.83 (1H, m, Ar), 6.97 (1H, dd, J 8.1, 1.5 Hz,
Ar), 7.00 (1H, s, H6) 7.11 (1H, m, Ar), 7.25 (1H, dd, J 8.1, 1.5 Hz, Ar) and 9.35 (1H, brs, NH); 8. (68
MHz, CDCI,) 4.9 (Si(CH,),), 12.3 (CH,), 17.9 (SiC(CH,),), 25.7 (SiC(CH,),), 39.0 (C2"), 453 (C5"),

1(C3"), 85.3 and 90.0 (C4” and C17), 111.6 (C5), 118.0, 120.6, 123.2 and 128.1 (catechol-CH), 137.6

2-Hydroxyphenyl N°-benzoyl-3'-O-(tert-butyldimethylsilyl)-5",2°~dideoxyadenosine-5"-

N-sulfamate (14) was prepared from 5°-amine 13'%(400 mg, 0.86 mmol), using the above procedure, (451
mg, 82 %) as a gum. §, (270 MHz, CDCl,) 0.10 and 0.11 (each 3H, s, SiCH,), 0.91 (9H, s, C(CH,),), 2.25
(1H, dd, J 13.5, 6.2, 2.5 Hz, C2"H H,), 2.84 (1H, dd, J 13.5, 8.0, 6.0 Hz, C2'H_H,), 3.58 (2H, m, H5" and
H5°), 4.07 (1H, m, H4"), 4.61 (lH m, H3"), 6.26 (1H, dd, J 8.0, 6.2 Hz, H!"), 6.76 (1H, m, catechol-

CH), 6.87 (1H, dd, J 8.2, 1.6 Hz, catechol-CH), 7.00 (1H, m, catechol-CH), 7.27 (1H, dd, J 8.2, 1.5 Hz,
ca{echﬂl—CH) 7.48-7.64 (3H, m, benzcy}}, 8.03 (1H, s, H2), 807 (2H, m, benzoyl), 841 (1H, s, H8), 9.15
9.32 (each 1H, brs, NH); 3. (68 MHz, CDCl,) -4.9 and 4.8 (2 x SiCH,), 17.9 (SiC(CH,),), 25.7

o~

(SiC(CH,),), 40.4 (C2), 45.5 (C57), 72.9 (C37"), 86.3 and 86.7 (C4” and C17), 118.1, 120.4, 1233
(catechol-CH), 127.9 (C5), 128.1 (catechol-CH), 128.8 (2 x, C5"H_H,), 3.77 (6H, s, 2 x OCH,), 4.20 (1H
m, H4%), 4.36 (1H, m, H3"), 6.43 (1H, dd, J 5.5, 8.6 Hzbenzoyl), 132.9 and 133.2 (benzoyl), 137.9
(catechol—-C2), 142.6 (C8), 148.7 (catechol-Cl), 149.5, 150.2 and 152.2 (C2, C4 and C6), and 165.2 (C=0);
m/z (EAB*) 663 ([M+ Nal*, 100), 641 ([M+H]¥, 40), and 531 (35 %); HRMS (FAB"): calculated for [M+H]"

641.2214; observed, 641.2240.

. p . :

2-Hydroxyphenyl 5°-0-(4,4-Dimethoxytrityl)-3"-deoxythymidine-3"~N-sulfamate (10)
emarad o 27t &7 ) TYiathayufeiio _Aanyuthumaidina €12 m 3

was prepared from 3 —amino-5"-O-Dimethoxytrityl-3 —deoxythymidine 8'° (845 mg, 1.55 mmol), using the

Ao f i = NN ANATT ~ 1 2 ALY MITN D2AE_ D EN MMHT wa LID

above procedure, (488 mg, 44 %) as a gum. oy (27 C 1.43 (3H, s, CH,), 2.35-2.50 (2H, m, H2

{ R

and H2""), 3.36 (1H, dd, J 10.6, 2.4 Hz, C5°H H,), 3.45 (1H, dd, J 10.6, 2.2 Hz, C5'H,H,), 3.77 (6H, s, 2
x OCH,), 4.20 (1H, m, H4"), 4.36 (1H, m, H3"), 6.43 (1H, dd, J 8.6,5.5 Hz, H1"), 6.76-7.38 (17H, m, Ar)
and 7.55 (1H, d, J 1.2 Hz, H6); 8. (68 MHz, CD,0D) 12.0 (CH,), (C2"), 55.5 (C5"), 55.7 (2 x OCH,), 64.1
(C3%), 85.7, 85.8 and 88.2 (OCAr,, C4” and C1°), 111.7 (C5), 114.2, 118.4, 120.7, 124.5, 128.0 128.6,
128.9, 129.5, 131.5, 136.9, 137.4, 139.6, 146.1, 150.8, 152.2 and 160.3 (16 x Ar) and 166.2 (C4); m/z
(FAB®) 738 ([M+ Nal*, 45), 716 ([M+HJ*, 17), 629 (25), 466 (100 %); HRMS (FAB'): calculated for
[M+H]* 716.2278; observed, 716.2257.

[RALY
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5°-0—-(4,4"-Dimethoxytrityl)-3"-deoxythymidinylsulfamido-[3"(N)->5°(N)]-3 -0 -(tert~
butyldimethylsilyl)-5"-deoxythymidine (9)‘ 5°~Sulfamate 6 (331 mg, 0.628 mmol) and 3 —amino-5"—
soar 21 " R ac 012 ra~ n -

O—(dimethoxytrityl)-3 —deoxythymidine 8"* (375 mg, 0.691 mmol) were heated under reflux in dry dioxane
(3.15 ml) for 4 h, under argon. The solvent was evaporated under reduced pressure, and the residue was
purified by column chromatography, eluting with 5 % methanol in dichloromethane to give 9 (337 mg, 56 %) as
a gum. The title compound 9 was similarly prepared from 3 —sulphamate 10 (56 mg, 78.3 pmol) and 5—amine
4 (30 mg, 84.5 umol) in dioxane (1.35 ml) with heating under reflux for 2 h, (62 mg, 68 %). J,, (400 MHz,
CDCIl,) 0.07 and 0.08 (each 3H, s, SiCH,), 0.86 (9H, s, C(CH,),), 1.38 and 1.83 (each 3H, s, CH,), 2.07
(1H, m, C2°"H_H,), 2.45 (2H, m, H2" and H27"), 2.83 (I1H, m, C2"H H,), 3.22 (2H, m, H5" and H57), 3.32
1H m, C5 HH\ 341 (1H, m, C5’'H H.), 3.76 (6H, s, .x()("H\ 3.93 (1H, m, H4"), 425 (2H, m, H4~

133y 224, 2 L3R, 2, at s E4 142 5.9

and NHCH3"), 4.52 (1H, m, OCH3"), 5.58 (1H, t, H1"), 5.66 (1H, t, H1"), 6.45 and 6.71 (each 1H, m,

~—

SO,NH), 6.83 (4H, d. J 8.8 Hz, Ar), 6.91 (m, s, H6), 7.19 - 7.40 (9H, m, Ar), 7.55 (1H, s, H6) and 9.50
(1H, br, NH); 3, (68 MHz, CDCI,) 4.8 and -4.7 (2 x SiCH,), 11.8 and 12.2 (2 x CH,), 17.9 (SiC(CH,),),
25.7 (SiC(CH,),), 38.6 and 38.8 (2 x C2), 54.7 (HNC5"), 5.3 (2 x OCH,), 60.4 (OC5"), 64.0 and 73.0 (2 x

C3%), 77.2, 84.5, 84.7, 86.1 and 87.1 (OCAr,, 2 x C1"and 2 x C4%), 111.3 and 112.1 (2 x C5), 113.2,
113.4, 127.2, 127.8, 128.0, 128.2, 129.1 and 130.1 (8 x Ar) 135.2 and 135.3 (2 x C6), 144.3 (Ar), 150.8
and 151.2 (2 x C2), 158.8 (Ar), and 163.6 and 163.7 (2 x C4); m/z (FAB*) 1093 ([M+Cs}’, 20), 791 (15),
393 (15) and 303 (100 %); HRMS (FAB™"): calculated for [M+Cs]* 1093.2814; observed, 1093.2820.

5'-0—-(4,4"-Dimethoxytrityl)-3 "-deoxythymidinylsulfamido-[3"(N)—5"(N)]-N°~benzoyl-3"-

I, L
3.00 (IH, m, C2°'H H,), 3.24-3.47 (41, m, 2 x H5” and 2 x H5"), 3.72 and 3.73 (ach 3H, 5, OCH,), 4.04
(1H, m, H4"), 4.13 (1H, m, H4"), 4.23 (1H, m, NHCH3 ), 4.63 (1H, m, OCH3"), 5.98 (IH, d, J 7.8 Hz,
SO,NH), 6.22-6.30 (2H, m, 2 x H1"), 6.78-6.81 (4H, m, Ar), 7.13 - 7.58 (13H, m, Ar), 8.05-8.08 (3H, m,
Ar), 8.16 (1H, d, J 6.3 Hz, NHSO,), 8.77 (1H, s, H8), 9.49 and 9.71 (each 1H, br, NH); . (68 MHz,
CDCl,) -4.8 and -4.7 (2 x SiCH,), 11.8 (CH,), 17.9 (SiC(CH,),), 25.8 (SiC(CH,),), 38.9 and 40.5 (2 x
C2%), 45.0 and 53.6 (2 x C57), 55.2 (2 x OCH,), 63.4 and 73.4 (2 x C3"), 84.3, 84.6, 86.8, 86.9 and 87.0

(OCAr,, 2 x C1"and 2 x C4%), 111.7, 113.3, 113.5, 124.7, 127.1, 128.0, 128.2, 128.4, 128.6, 130.1, 132.8,
133.2, 135.1, 135.3, 135.4, 142.2, 142.8, 144.3, 150.4, 150.7, 151.2, 151.9, 158.7 and 164.0 (24 x Ar) and
165.2 (C=0, benzoyl); m/z (FAB*‘ 1096 ({MfNa]*, 100), 1074 ([MTU] 25), 794 (7) and 540 (9 %), HRMS
(FAB*): calculated for [M+Na]" 1096.4035; observed, 1096.4060.

” »

5°-0-(4,4"-Dimethoxytrityl)-3"-deoxythymidinylsulfamido-[3"(N)-5"(N)]-5"-
deoxythymidine (16). A solution of protected dinucleoside 9 (88 mg, 91.7 pmol) in THF (1.5 ml) was

treated with a solution of TBAF in THF (1M; 0.30 mi, 0.30 mmol) and left to stir for 2 h at room temperature,
under argon. Ethyl acetate (5 ml) was added and the solution was washed with 1M aqueous sodium phosphate
(NaH,PO,) (3 x 20 ml), dried (MgSO,) and evaporated. Purification by column chromatography eluting with a
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ULHJ 3.89 (1H, m, H4"), 4.01 (1H, m, H4") 4.22-4.33 (ZH, m, 2 x H3"), 6.14 and 6.21 (each 1H, t,
H1%), 6.85 (4H, m, Ar), 7.19 — 7.50 (9H, m, Ar), 7.50 and 7.68 (each 1H, d, J 1.2 Hz, H6); 3. (68 MHz,
CD,0D) 12.0 and 12.4 (2 x CH,), 39.9 and 40.3 (2 x C27), 45.7 (HNC5"), 54.1 (OC5"), 55.8 (2 x OCH,),
64.0 (HNC3"), 72.7 (OC3"), 85.2, 86.1, 86.2, 86.8 and 88.1 (OCAr,,2xC4"and 2 x C17), 111.7 and 111.8
(2xC5), 114.2, 128.1, 128.9, 129.5, 131.4, 131.5, 136.9 (7 x Ar) 137.6 and 138.3 (2 x C6), 146.1 (Ar),
152.2 and 152.3 (2 x C2), 160.3 and 166.4 (2 x C4); m/z (FAB") 869 ([M+Na]*, 30), 441 (80), 303 (100 %);
HRMS (FAB*): calculated for [M+Na]* 869.2792; observed, 869.2760.

,

/-4 I A LYY Spiiy s e R | An et | PR | \ E’r 1
o == 9,94 —Ullllt:l.lluxy irityl)—o -ucvayiLnyunimuiiyid>ui Y )2 UY )]=i¥ UcllLUy l_
5°,2 -dideoxyadenosine (17) was prepared from protected dinucleoside 15 (43 mg, 40 pmol) using the

above procedure, (36 mg, 94 %) as a gum. §, (270 MHz, CD,0D) 1.33 (3H, d, J 1.0 Hz, CH,), 2.33-2.46
(3H, m, H2", H2"" and C2°H H,), 2.92 (1H, m, C2'H H,), 3.25 (1H, dd, J 13.4, 4.3 Hz C5'HH,), 3.34
(1H, dd, J 134, 4.1 Hz, C5'H H,), 3.41 (ZH, m, H5" and H5""), 3.72 (6H, s, 2 x OCH,), 3.98 (1H, m,
H47), 4.16 (1H, m, H4"), 4.29 (1H, m, HNCH3"), 4.60 (1H, m, HOCH3"), 6.05 (1H, dd, J 6.6, 4.8 Hz,
H1"), 6.44 (1H, dd, J 7.8, 6.3 Hz, H1"), 6.82 (4H, dd, /9.0, 1.2 Hz, Ar), 7.16 — 7.67 (13H, m, Ar-H),
8.08-8.11 (2H, m, Ar-H), 8.44 and 8.69 (each 1H, s, H2 and H8); &, (68 MHz, CD,OD) 12.1 (CH,), 39.9

and 40.7 (2 x C2°), 45.9 and 53.5 (2 x C5"), 55.8 (2 x OCH,), 63.5 and 73.3 (2 x C3"), 85.1, 86.3, 87.4,
87.7 and 88.1 (OCAr,, 2 x Cl1”and 2 x C4"), 111.6, 114.3, 128.0, 128.9, 129.5, 129.8, 130.5, 131.4, 133.8,
i45.0 6.0, 151.5, 151 9, 152 7, 153.0 153.7 and 160.3 (21 X Ar) and 166.4

134.2, 135.0, 136.9, 137.3, 145.0, 14 R 153.7
(C=0, benzoyl); m/z (FAB") 982 ([M+Na]*, 5), 701 (100), 651 (35), 629 (25 %); HRMS (FAB*): calculated
for [M+Na]* 982.3170; observed, 982.3197.

3’-deoxythymidinylsulfamido-[3"(N)—-5"(N)]-5"-deoxythymidine, d(TnsnT) (18). Anhydrous
3% dichloroacetic acid in dichloromethane (200 pl) was added to protected dinucleoside 16 (11 mg, 13.0
umol). The orange reaction mixture was immediately purified by column chromatography eluting 10 %
methanol in dichloromethane to give d(TnsnT) (6.7 mg, 95%) as a gum. d. (125 MHz, D,0) 14.3 and 14.4 (2 x

T w £

CH,), 40.1 and 40.9 (2 x C27), 46.5 (HNCS"), 54.2 (OCS"), 62.9 (HNC3"), 73.6 (OC3"), 86.9, 87.0, 87.8
and 88.3 (2 x C4”and 2 x C17), 114.2 and 114.9 (2 x C5), 140.4 and 140.6 (2 x C6), 154.3 and 154.4 (2
C2), 169.1 and 169.2 (2 x C4); m/z (FAB"): 567 (IM+Nal*, 25), 242 (100), 176 (25 %); HRMS (FAB'):

3
—

calculated for [M+Na]* 567.1485, observed, 567.1460. (For 'H NMR sce tables 1 and 2).
3’-Deoxythymidinylsulfamido-[3"(N)-5°(N)]-2",5"-dideoxyadenosine, d(TnsnA) (19).
Anhydrous 3% dichloroacetic acid in dichloromethane (200 pl) was added to protected dinucleoside 17 (9 mg,
9.40 pmol). The orange reaction mixture was immediately applied to a column of silica gel eluting with 10 %
methanol in dichloromethane. The more polar fractions were combined and evanorated under reduced pressure,

. n Axraeeienta] g P drinad mraccnira o ng n Fay
1c THXLUIC Wdd LTI CVapulatCl ulluct icauicu pits O dli u wdad pPuiitivis Uy ULLIkL
chromatography cluting with 15 % methanol in dichloromethane to give d(TnsnA) 19 (4.3 mg, 83 %) as a gum.
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8. (125 MHz, D,0) 14.3 (CH,), 40.7 and 41.6 (2 x C27), 45.8 (HNC5"), 52.3 (OC5"), 61.3 (HNC3"), 73.4

(1l

527(\ 87.6 and 52'70(’) Cland2xC4 112.8 (T (‘(\ 1149 {A_(‘K\ 1202 I'I"_I"R\ 147 A

oGl L A LS , Jy 10T

0 8. n
(A-C8), 150.9 (A-C4), 153.5 (A-C6), 155.2 (T-C2), 157.8 (A—C2) and 168.4 (T-C4); m/z (FAB*): 554

AL rEm ~ry NN o7, CTTIR A0y Ao TET4

., 25), 351 (85), 245 (55), 223 (100 %); HRMS (FAB™): calculated for [M+H]* 554.1782; observed,
- (Fo

For '"H NMR see tables 1 and 2).

5-0-(4,4"-Dimethoxytrityl)-3’-deoxythymidinylsulfamido-[3"(N)-»5"(N)]-3"-0=[(2~
cyanoethoxy) (N,N—diisopropylamine) phosphino]-5°'-deoxythymidine (20).

A solution of 2-cyanoethyl-N, N, N, N’-tetraisopropylphosphorodiamidite in dry dichloromethane (0.3 M;
150 pl, 45 pmol) was added to a solution of 3™-alcohol 16 (19.6 mg, 23 pumol) and diisopropylammonium

tetrazolide (4.0 mg, 23 umol). This solution was allowed to stand at room temperature for 16 h, under argon
than Aihitad with Aichlarameoethanas ) mi) vachad vrith catiiratad amtaniie cadinm hudracan ~arhanata calnfinn
LA VB IULARL WY I VLI ERERZE VR AL A I \L uu), WAdILU WILLL SAltUuldluyu AyuLuu) dSuuiulLL u_yuxuscu Laluvulialte suliuuull
Via ™ 1 RS RN I PR P B b "I"LA Tmoimim smomiem e koo a1 __ g 1. s N ™ A ~ N PR | 1

(2 x 1 ml) and brine (1 mi). The aqueous layers were re—extracted with dichloromethane (2 x 4 ml), and the

combined organic solution was dried (MgSO,) and evaporated under reduced pressure. Purification by
precipitation three times from hexane (10 ml) at —78 °C gave 20 (19 mg, 79 %) as white powder. 3, (500 MHz,
acetone d,) 1.20 (12H, m, 2 x C(CH,),), 1.48 and 1.80 (each 3H, m, CH,), 2.34-2.81 (6H, m, CH,CN, 2 x
H2" and 2 x H27"), 3.21-3.49 (4H, m, 2 x H5" and 2 x H5""), 3.63-3.93 (4H, m, OCH,CH,CN and 2 x
NCH(CH,),), 3.79 (6H, s, 2 x OCH,), 4.094.24 (2H, m, 2 x H4"), 4.31-4.41 (1.5H, m, NHCH3" and
OCH3 —diastereomer), 4.62 (0.5H, m, OCH3 —diastereomer), 6.20 (1H, m, H1"), 6.29 (1H, t, H1"), 6.90
(4H, m, Ar), 7.22-7.53 (10H, m, Ar and H6) and 7.62 (1H, 2 x d, H6); *'P NMR (109 MHz, benzene d,): &
148.5 and 149.6; m/z (MALDI"): 1085 ([M+K]*, 100), 1069 ([M+Na]", 80 %).

5°-0-(4,4"-Dimethoxytrityl)-3"-deoxythymidinylsulfamido-[3"(N)—-5"(N)]-N*-benzoyl-3"-
0-[(2—cyanoethoxy) (N,N-diisopropylamino) phosphinol]- 27 Q'_d!dpnxvadgpnc!qp (21).
VTETLaROCIRORT T i L R S I L S R A A D AL

Using the above procedure (16 — 20) 3°—alcohol 17 (6.7 mg, 7.0 umol) was converted to the title compound
21 (5.3 mg, 65 %) as a white powder. §,, (500 MHz, acetone d,) 1.21 (12H, m, 2 x C(CH,),), 1.41 and 1.43
(3H, 2 x s, CH,-diastereomers), 2.41-2.98 (6H, m, CH,CN, 2 x H2" and 2 x H2""), 3.34-3.53 (4H, m, 2 x
H5" and 2 x H57"), 3.65-3.98 (4H, m, OCH,CH,CN and 2 x NCH(CH,),), 3.76 (6H, s, 2 x OCH,), 4.08
(1H, m, H4"), 4.38-4.57 (2H, m, NHCH3" and H4"), 4.84 (1H, m, OCH3"), 6.03 (1H, m, Hl"), 6.58 (1H,

t. H1"). 692 (AH. m. Ar). 718768 (13H. m. Ar). 821 (2H. m. Ar) 844 and 873 (each I1H. ¢ 2 and
Looxa1 j, UTL (9XL, I, 31, 7.10 VO a2k, i, Al), O.41 (&, y ca1) G559 aule O.7 2 \SAlil 143, 5, 11& aul
Ry P NMR (100 MHy henzene d ) & 148 4 and 1406 m/> (MA . 110R (TMK1TT 100 1182
121Gy, O UNIVIIN (LVU7 GVILL, UVHZLLC Ug). U 1509 ailu 1570, AUl UWViHasl j.0 1170 \JWVITG ] , 1VU), 1104
([M+Na]*, 65 %)
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