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ABSTRACT

Oligodeoxynucleotide N3 ' - P5' phosphoramidates are

promising candidates for antisense therapeutics, as
well as for diagnostic applications. We recently reported

a new method for the synthesis of these oligonucleotide
analogs which makes use of a phosphoramidite
amine-exchange reaction in the key coupling step. We
report herein an improved set of monomers that utilize
amore reactive, hindered phosphoramidite to produce
optimal yields in a single coupling step followed by
oxidation, thereby eliminating the need for the previously
reported couple—oxidize—couple—oxidize approach.
Onthe 10 umol scale, the synthesis is performed using
only 3.6 equivalents (equiv.) of monomer. An improved
oxidation reagent consisting of hydrogen peroxide,
water, pyridine and THF is also introduced. Reported
here for the first time is the use of a reverse-phase
purification methodology employing a ribonucleotide
purification handle that is removed under non-acidic
conditions, in contrast to the conventional dimethoxy-
trityl group. The synthesis and purification of uniformly
modified N3 '- P5' phosphoramidate oligodeoxy-
nucleotides, as well as their chimera containing
phosphodiester and/or phosphorothioate linkages at
predefined positions, using these new methodologies
are included herein. The results of
that led to this improved amine-exchange methodology
are also described.

INTRODUCTION

31p NMR studies

//:sdny wouy pepeojumo(]

(1). These ODNSs, complementary to a portion of a target mRIﬂA
suppress the expression of the encoded protein by either ster@ally
blocking translation or processing of the RNA or by t@e
irreversible cleavage of the target RNA by endogenous RNase H
(1). An extensive number of chemically modified ODNs haVe
been synthesized in an attempt to develop analogs that @ave
improved stability to nucleases, the ability to hybridize to
complementary RNA with high specificity and affinity, increased
uptake in cells and the appropriate pharmacokinetic properfies.
Phosphorothioate ODNSs, while showing considerable promisg as
first-generation antisense agents, unfortunately have decreased
RNA-binding affinity compared with isosequential unmod|f|eti
phosphodiester ODN&)and also exhibit sequence- mdependeﬂt
binding to proteins3). On the other hand, most fully modified:
second generation analogs do not confer RNase H-induced cleﬁlage
of bound target RNA4). For this reason, the use of chlmer_g
containing an RNase H-active internal region (e.g. phosph¢fo-
thioate) flanked by terminal regions that have improved sequefce-
specific binding characteristics and reduced non-specific bin@ng
to cellular proteins, has become increasingly popdlay.( oy

Recently, uniformly modified oligonucleotide N3P5 phos- 3,
phoramidates, wherein &&mino group was substituted for the;
3'-hydroxyl group of the "2deoxyribose ring, were described
(6-8). These analogs bind with high affinity and in a sequenge-
specific manner to RNA and have shown increased efficaty
relative to phosphorothioate ODNSs in both cell culture assays@nd
in vivo therapeutic models, despite their inability to activate
RNase H ¢-12). Additionally, their tight binding to double-
stranded DNA targets has made them potentially useful as
‘antigene’ agents via triplex formatiof3,14).

We recently reported.6,16) a new method for the synthesis of
oligonucleotide N3- P5 phosphoramidates, which relies on a

The use of ‘antisense’ oligodeoxynucleotides (ODNSs) to inhibiphosphoramidite amine exchange reaction. In this method, the
protein expression has become a potentially valuable treatmemino functionality of a "5O-(N,N-diisopropylamino)phospho-
for a variety of diseases, particularly viral infections and canceramidite of a 3(trityl)amino-nucleoside monomér, is exchanged
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for the 3 amino group of a'Support-bound (oligo)nucleotide, and silyl)uridine-3-O-(N,N-diisopropylamino  2-cyanoethyl)phos-
the resulting internucleotide phosphoramidite is then oxidized tophoramidite was obtained from Glen Research. Isobutyric
phosphoramidate. This research scale method was a significanhydride, dichloroacetic acid, 2,6-lutidine, hydrogen peroxide,
improvement over the previous oxidative phosphorylation approathrt-butyldimethylsilyl chloride, triethylamine hydrofluoride, 1 M
(6-8) and allowed the synthesis of sufficient quantities ofetrabutyl-ammonium fluoride in THF, triethylamine, 1,8-diazabi-
phosphoramidate ODNSs for pre-clinical investigations. Howevecgyclo[5.4.0]undec-7-ene (DBU)N,N-diisopropylethylamine,
the method suffered from several process inefficiencies that madehydrous tetrahydrofuranis-2,6-dimethylpiperidine, 2,2,6,6-
commercial production impractical. Reported herein are furthdetramethylpiperidineN-tert-butyl-N-isopropylamine, 3-hydroxy-
process improvements that have been applied to this amirgeopionitrile, phosphorus trichloride, acetonitrilg-and sodium
exchange methodology. This work has culminated in the succesdiuioride were obtained from Aldrich. The DBU was distilled from
development of both a practical research scalend) method for  CaH prior to use. All solvents were obtained from Burdick and
the synthesis of the title compounds and arh@l scale method Jackson and used without further purification.

using a vortexing-mode synthesizer, which uses significantly

lower stoichiometric excesses of monomer. 31p NMR measurement of the the overall equilibrium

constantK;K» for a TT coupling using diisopropyl-
MATERIALS AND METHODS aminophosphoramidite monomer with tetrazole activation

jumoq

General procedures The equilibria represented by equatidrend2 were studied by
1H NMR (400 MHz; with tetramethylsilane as an intemnal standardjiSSOlVing 50-(4,4-dimethoxytrityl)-3-amino-3-deoxythymidine

and3P NMR (162 MHz; with HPOy as an external standard) were [11:9 Mg, 21.9umol, 1 equivalent (equiv.)] and'-rity))-
recorded on a Bruker Avance DRX-400 spectrometer. Ana|ytiCgr:]ur;o—ﬁ—decr)]xythy%!d|ne—5(}(N,N—d||so'[()j(opy5le:13nd1r|no 72-cya|?o-
anion exchange chromatography (IEC) was performed on giy)Phosphoramiditet (monomer amidite, 53.4 mg, 7ginol,

Dionex PA-100 NucleoPac column250 mm) using a gradient .6 equiv.), in dry deuterioacetonitrile (0.46 ml) under argon, &nd

of 0-50% Buffer B versus Buffer A over 40 min at 1 mI/min..addmg 0.4 ml of a 0.5 M solution of tetrazole (0.20 mmol, 9.1 equiy.)

s . Q
Buffer A was 0.01 M NaOH, 0.01 M NaCl.B: Buffer B was " dry acetonitrile. The solution was transferred under an argon
O.L(J)l M N\QIOH 1.5 M NaCl, bO. Preparativezlléc gn thqx]\zl1vol atmosphere to an NMR tube and the acquisition cffp&IMR 2.

scale was performed as previously descritief). Preparative spectrum was initiated immediately. After 2 min the acquisition

IEC on the 1Qumol scale was performed on a Pharmacia Sourcdas stopped, the FID was Fourier transformed, and a tew

15 Q column (2.6 11.3 cm) by pre-equilibrating the column in acquisition was initiated. This process was repeated several tithes.

5% Buffer D versus Buffer C, loading the crude ODN (5 mI/min),The earliest time point contains pulses accumulated beforegthe

and then eluting it using a gradient of 15-35% Buffer D versy§action reached equilibrium. The late time points contgin

Buffer C over 80 min, followed by 35-100% Buffer D versus Buffel/'C'€asing amounts of resonances due to side-reac@rofll =
C at 10 mi/min. The eluant was held at 100% Buffer D for 5 mi"d H-phosphonate resonances due to (relatively slow) hydrofysis
at 10 ml/min before re-equilibrating the column to 5% Buffer pPY adventitious water. The reported spectrum, from an intermediate

versus Buffer C. Buffer C was 0.01 M NaOH in 5% aqueougme-point, was selected to minimize these factors; however,ghe

EtOH: Buffer D was 0.01 M NaOH. 1.5 M NaCl in 5% aqueoungesence of these side-reactions limits the precision of ¢he

EtOH. Analytical RP-HPLC (reverse phase high pressure "quiaquili.brium constantdeterminatiqns to.perhﬂm,%. These side
chromatography) was performed on a Polymer Labs PI_Rp_rﬁactlons are more troublesome in the independent measurerients
the activation equilibrium constalk{ (see below) because, ir§

column (0.46¢< 15 cm) using a gradient of 5-40% Buffer F versu X . . .
Buffer E over 40 min, followed by holding for 10 min in 40% he absence of a-aminonucleoside, the primary species pres@t

Buffer F at 1 mi/min. Buffer E was 0.1 M triethylammonium ‘&t €quilibriumis the activated intermediate.
bicarbonate (TEAB), 2% acetonitrile, pH 8, and Buffer F was

acetonitrile. Preparative RP-HPLC at theudol scale was 3P NMR measurement of the tetrazole activation
performed on a Polymer Labs PLRP-S column ¢0.80 cm) equilibrium constant K4 for various phosphoramidite
using a gradient of 5-40% Buffer F versus Buffer E over 40 minmonomers

followed by holding for 10 min in 40% Buffer F at 2 ml/min.

dny woly pa
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The same general procedure as described above was followed,
except 50-(4,4-dimethoxytrityl)-3-amino-3-deoxythymidine %
was not included. In these experiments the initial monorser
3'-(Trityl)amino-2,3-dideoxynucleosides, '-Brityllamino-2,3-  concentration was 0.1 M and the tetrazole concentration was 0.25 M.
dideoxynucleoside*8>-(N,N-diisopropylamino  2-cyanoethyl)-

phosphoramidite. monomers, and CPG loaded with8rityl)-  2_cyanoethylphosphorodichloridite
amino-2,3-dideoxynucleosides were synthesized as reported

previously (L6). 5-O-(4,4-dimethoxytrityl)-3-amino-3-deoxy-  To a solution of phosphorus trichloride (500 ml, 5.73 mol) in 250 ml
thymidine was synthesized as reported previougly N°-  of acetonitrile was added dropwise at room temperature, with
isobutyryl-2-deoxyguanosine, thymidineN*benzoyl-2-deoxy-  stirring and bubbling of argon, a solution of 3-hydroxypropionitrile
cytidine, N8-benzoyl-2-deoxyadenosine and 4dimethoxytri- (47 ml, 0.69 mol) in 250 ml of acetonitrile. The solution was
tylchloride were purchased from Raylo Chemicals. Tetrazole, iodirstirred 15 min at room temperature, with absorption of evolving
oxidation reagent and the acetic anhydNe®methylimidazole HCI into a solution of 10% aqueous KOH, then concentrated on
capping reagents were obtained from Perkin Elmer/Appliethe rotary evaporator and filtered into a distillation flask. The
Biosystems. B0O-(4,4-dimethoxytrityl)-2-O-(tert-butyldimethyl-  2-cyanoethylphosphorodichloridite (88.5 g, 75.7%) distilled as a

Reagents
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colorless liquid at 78-8 at 1.0 mm Hg3P NMR (CDCk):  NapSQy, filtered and concentrated to a solid that was used in the

0 180.3. next reaction without further purification.
2-Cyanoethylcis-2,6-dimethylpiperidinylchlorophosphor- General procedure for the preparation of 5-O-(tert-butyl-
amidite dimethylsilyl)-3'-O-(4,4 -dimethoxytrityl)-2 '-deoxynucleosides

To a solution of 2-cyanoethylphosphorodichloridite (35.0 g, 203.60 the stirring  solution of ‘Ytert-butyldimethylsilyl)-
mmol) in 300 ml toluene:hexane (L:4, Viv) was addise,6- 2 -deoxynucleoside (d?, dC%2, dGBY, T) in pyridine (10 mi/g),
dimethylpiperidine (55 ml, 408.1 mmol) dropwise with stirring atPreviously azeotroped twice with pyridine, was added- 4,4
4°C. The reaction was stirred for 2 h"at room temperature, théfimethoxytrityl chloride (1.2-1.3 equiv.). The solution was
filtered and the solid washed with 40 ml of toluene:hexane (1:4, vigtirred for 16-24 h at room temperature and concentnated
The filtrate was concentrated on the rotary evaporator. To th@cuo The residue was dissolved in &, and extracted
resultant oil was added 5 ml of @&, and 300 ml of hexane which sequentially with water and saturated aqueous solutions of

resulted in crystallization of the product. After the crystallization wab/aHCQs; and NaCl. The solution was dried ovep8@y, filtered
complete (4C, overnight), the 2-cyanoethylis2,6-dimethyl- ~and concentrated to afoam that was either used directly in the next

piperidinylchlorophosphoramidite was filtered under argon, crusheé@action (T) or purified on silica (d#, dC? and d@) using a
with a spatula, washed with 100 ml of hexaneiChi(100:3, v/v) ~ 9gradient of 1-5% MeOH in Gi€l>. 3
and driedin vacuo The mother liguor was concentrated and E\;,
recrystallized to give a second crop of product. The combinedeneral procedure for the preparation of e
products yielded 38.8 g (76.5%) of pale yellow crystBBNMR  3'-O-(4,4-dimethoxytrityl)-2 '-deoxynucleosides 3
(CDCh): 5172.7. , 3
The 3-TBDMS protecting group was cleanly removed by

o dissolving the 5(tert-butyldimethylsilyl)-3-O-(4,4-dimethoxy- 3

2-Cyanoethyl 2,2,6,6-tetramethylpiperidinylchlorophos- trityl)-2'-deoxynucleoside (%, d3Z or T, but not d®u.broy
phoramidite in THF (3 ml/g) and reacting it with tetrabutylammonium fluoridée

. ’ L 1 M in THF; 2.0 equiv.) for 16-24 h. The solution was
To a solution of 2,2,6,6-tetramethylpiperidine (21.0 ml, 124 mmo'ﬁ:oncentrate ih vacug redissolved in ChCl, and extracted with &

in 50 ml toluene was added dropwise with stirring &€ 4a . o
X ) : - ater () and saturated aqueous NaCl. The organic layer was
solution of 2-cyanoethylphosphorodichloridite (10.3 g, 60.0 mmol ried over NaSQy, filtered and evaporatdd vacuo The crude &

in 20 ml of toluene. The mixture was stirred for 1 h &€ 4nd ] - . : hyh
30 min at room temperature, then filtered and concentrated to nO-(4.4-dimethoxytrityl)-2-deoxynucleosides were purified;

oil. The product was recrystallized from gEl, (3 ml) and  silica using a gradient of 1—5% MeOH in £Chp.
hexane (200 ml), filtered and washed with 50 ml of hexangdGH 6 . . . .
(100:3, v/v) under argon to yield 10.5 g (63.0%) of 2-cyanoethyN -benzoyl-3-O-(4,4-dimethoxytrityl)-2 '-deoxyadenosine

2,2,6,6-tetramethylpiperidinylchlorophosphoramidite as yellowrne overall yield from dBZ was 55.4 g (56.7%)H NMR

0L/€L8E/9L/I9¢C/aIoe e

crystals.3'P NMR (CDCh): 3 190.4. (CDCl/TMS): & 9.14 (1H, br s, exchanges with,®), 8.72
(1H, s), 8.06 (1H, s), 8.02 (2H, d,= 7.43 Hz), 7.62 (1H, t,
2-CyanoethylN-tert-butyl- N-isopropylaminochlorophos- J=7.33Hz), 7.53 (2H, d,=7.74 Hz), 7.50 (2H, d,= 7.54 Hz),

phoramidite 7.39 (4H, dJ=8.81 Hz), 7.34 (2H, 1 = 7.54 Hz), 7.26 (2H, t,

, o J =7.95 Hz), 6.87 (4H, dd} = 8.91, 2.43 Hz), 6.37 (1H, dd&
To a solution of 2-cyanoethylphosphorodichloridite (40.0 9j=9.95, 5.26 Hz), 5.79 (1H, br &= 10.38 Hz, exchanges withz
232 mmol) in 350 ml toluene:hexane (1:4, viv) was addef),0) 4.66 (1H, d)J = 5.32 Hz), 4.08 (1H, s), 3.81 (6H, s), 3.76
N-tert-buty-N-isopropylamine (56 g, 77 ml, 486 mmol) dropwise(1H, d,J = 12.78 Hz), 3.35 (1H, §,= 11.86 Hz), 2.73 (1H, ddd3
with stirring at 4C. The reaction was stirred for 3 h at roomj = 1321, 10.10, 7.99 Hz), 1.76 (1H, dd= 13.31, 5.30 HZ).§

temperature, then filtered and the solid washed with 30 ml girMmS (FAB'): calculated for [M + Hi, 658.2666; found,
toluene:hexane (1:4, v/v). The filtrate was concentrated on thgg 2666. >

rotary evaporator and the resulting oil was distilled at 1122114
at 0.1 mm Hg to yield 46.6 g (79.9%) of 2-cyanoethyl, 4 o . , L
N-tert-butyl-N-isopropylaminochlorophosphoramidite as a colorlesd) PenZoyl-3-0-(4,4-dimethoxytrityl)-2 "-deoxycytidine
oil. 31P NMR (CDCb): 5 194.6. The overall yield from d& was 70.0 g (74.7%) including®
additional mixed fractions that were purified further by precipitation

General procedure for the preparation of 5-O-(tert-butyl- flrom CHCl> into a 2 volume of 3:1 hexane:ether over 1.5 h.
dimethylsilyl)-2'-deoxynucleosides H NMR (CDCL/TMS): 4 8.66 (1H, br s, exchanges with@),

‘ 8.09 (1H, dJ =7.35 Hz), 7.87 (2H, d,= 7.43 Hz), 7.62 (1H, t,
Base-protected '2leoxynucleosides (d#%&, dC®z, d@BY, T) J=7.36 Hz), 7.53 (2H, d,= 7.80 Hz), 7.48 (2H, d,= 7.63 Hz),
were azeotroped twice from pyridine and suspended in pyridiré37 (4H, dJ = 8.86 Hz), 7.32 (2H, ] = 7.53 Hz), 7.25 (1H, t,
(10 ml/g). To this stirring mixture was addsidN-dimethylamino- J = 7.17 Hz), 6.85 (4H, dl = 8.76 Hz), 6.25 (1H, dd,= 7.63,
pyridine (0.1 equiv.), triethylamine (1.2 equiv.) and tleebutyl-  6.12 Hz), 4.36-4.43 (1H, br m), 3.94 (1HJd; 2.19 Hz), 3.81
dimethylsilyl chloride (1.05-1.2 equiv.; 5 ml/g). After stirring for (6H, s), 3.66 (1H, br dl = 11.86 Hz), 3.26 (1H, br d~= 11.90 Hz),
8-24 h at room temperature, the pyridine was removeacuo  2.48 (1H, br s, exchanges with®), 2.22 (1H, ddJ = 13.13,
The residue was dissolved in gEl, and extracted with water 5.20 Hz), 2.08 (1H, quintet] = 6.94 Hz). HRMS (FAB):
(2x) and saturated aqueous NaCl. The solution was dried oveslculated for [M + N&j], 656.2373; found, 656.2383.

20z 1snbny
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3'-0-(4,4-dimethoxytrityl)-thymidine 3'~(Trityl)amino-3 '-deoxythymidine-5-O-(N-tert-butyl- N-
isopropylamino 2-cyanoethyl) phosphoramidite, 4t

The overall yield from T was 45.2 g (81.8%9H NMR ) ) o

(CDCI/TMS): 5 8.61 (1H, br s, exchanges with@), 7.46 (2H,d, To 1.0 g (2.1 mmol) of ‘Htrityl)amino-3-deoxythymidine

J=7.47 Hz), 7.36 (4H, d,= 8.83 Hz), 7.32 (2H, §i= 7.94 Hz), (previously azeotroped twice from GEN) in 7 ml of CHCl,

7.25 (1H, tJ= 7.43 Hz), 6.86 (4H, d,= 7.39 Hz), 6.15 (1H, dd, Wwas added\,N-diisopropylethylamine (0.54 ml, 3.11 mmol) and

J = 8.87, 5.76 Hz), 4.38 (1H, d,= 6.20 Hz), 3.99 (1H, d, 2-cyanoethyl N-tert-butyl-N-isopropylaminochlorophosphor-

J=2.13 Hz), 3.81 (6H, s), 3.68 (1H, bdd; 11.79 Hz), 3.30-3.37 amidite. The mixture was stirred for 15 min at room temperature

(1H, br m), 2.47-2.55 (1H, br m, exchanges wiO) 1.95 and then loaded directly onto a silica column in 3% methanol, 5%

(1H, ddd,J = 13.98, 8.42, 6.00 Hz), 1.87 (3H, s), 1.67—1.74E13N, toluene. The off-white produett, was isolated in a 67.6%

(1H, m). HRMS (FAB): calculated for [M + Naj, 567.2107; Yield (0.97 g)3%P NMR (CDCh): & 158.55, 159.50.

found, 567.2111.

General method for the synthesis of'80-(cis-2,6-dimethyl-

, . . . iperidinyl 2-cyanoethyl) phosphoramidite monomers
3-0-(4,4-dimethoxytrityl)- O6-(N,N-diphenylcarbamoyl)-N2- Pip yhecy yl) phosp .

H _or_ H (@]
isobutyryl-2'-deoxyguanosine To 10.0 mmol of 3(trityl)amino-2,3-dideoxynucleoside or3

. . . . 3'-O-(4,4-dimethoxytrityl)-2-deoxynucleoside (previously azeds
To a stirring s.olutlon. of '50-(tert-butyld|methyIS|IyI)-3-O- troped twice from CHCN) and 3.0 ml (20.0 mmol) of DBU in§
(4,4-dimethoxytrityl) N*isobutyryl-2-deoxyguanosine (101.9 g, 30'm| of CHCl, was added, with stirring, a solution of:
135.2 mmol) in pyridine (300 ml) was addef\-diisopropylethyl-  2_cyanoethytis-2,6-dimethylpiperidinylchlorophosphoramidite
amine (26.6 g, 206.1 mmol) ahﬂ\l-dlphenylcarba_moyl chloride (3.0 g, 12.0 mmol) in 8 ml of A€, under an argon atmospher%
(41.4 g, 178.7 mmol). The dark solution was stirred for 2 h, anfhe “reaction mixture was stired for 15 min at ambieht
then concentrated vacuo The residue was dissolved in &b, temperature. To avoid decomposition, the crude reaction Was
extracted with water ¢ and saturated aqueous NacCl, dried ovefesajted by loading the mixture directly onto a silica colu@n

N&pSQy, filtered, and concentrated to a purple foam. The crudgre_equilibrated in 5% BN/CH,Cl, and quickly eluting it in the =

nucleoside was dissolved in 9:1 &b:pyridine (800 ml), and  same "solvent system. In all cases, further purification was
then triethylamine trihydrofluoride (155.0 g, 961.5 mmol) Washecessary as indicated for each product. S
added and reacted for 16 h at room temperature. The solvents 3
were removeth vacuoand the residue was dissolved in CH %
and washed with water X2 and saturated aqueous NaCl. TheNG-benzo (i N A V(i g

X : . X yl-3-(trityl)amino-2 ', 3 -dideoxyadenosine-50-(ciss 3
solution was dried over N&Qy, filtered, and conce_n_trated _2,6-dimethylpiperidinyl 2-cyanoethyl)phosphoramidite, & %1
vacuoto a dark red foam. The crude product was purified on silica ®
(50-70% EtOAc/hexane) to afford 43.3 g (35.6% overall yielgsqmpounda was purified on silica using 60—-70% EtOAc/hexafe

from d@BY) of triply protected 2deoxyguanosine'H NMR -0 iaicing 396 EN. Yield 6.72 g (83.1%P1P NMR (CD:CN):
(CDCHTMS): 5 8.00 (1H, ), 7.91 (LH, br s, exchanges withs 14 87 146 15, 729 (83.196: (CRCN)

D,0), 7.49 (2H, dJ = 7.75 Hz), 7.20-7.45 (19H, mm with 4H,
d,J=8.93 Hz at 7.38), 6.86 (4H, ddl= 8.82, 2.09 Hz), 6.26
(1H, dd,J = 9.80, 5.12 Hz), 4.65 (1H, d,= 5.25 Hz), 4.35
(1H, dd,J = 10.35, 3.26 Hz, exchanges with@), 4.04 (1H, s),
3.80 (6H, s), 3.73 (1H, br dl = 11.48 Hz), 3.39 (1H, br t,
J=11.54 Hz), 2.64-2.80 (2H, m), 1.68 (1H, 8/d,13.18, 5.16 Hz),
1.24 (6H, dJ=6.93 Hz). HRMS (FAB): calculated for [M + N4,
857.3275; found, 857.3270.

N4-benzoyl-3-(trityl)amino-2 '3 -dideoxycytidine-5-O-
(cis-2,6-dimethylpiperidinyl 2-cyanoethyl)phosphoramidite, &

Compound3c was purified on silica using 70% EtOAc/hexa
containing 3% EN. Yield 6.50 g (82.7%)P NMR (CD;CN):
0 149.31, 149.68.

3'-(Trityl)amino-3 '-deoxythymidine-5-O-(2,2,6,6-tetrameth  O6-(N N-diphenylcarbamoyl)-N2-isobutyryl-3'-(trityl)amino-
ylpiperidinyl 2-cyanoethyl) phosphoramidite, 2t 2',3-dideoxyguanosine-50-(cis-2,6-dimethylpiperidinyl
2-cyanoethyl)phosphoramidite, 8

220z ¥snbny |z uo i1sgnb Aq 6¥22201/€18/91

To 4.1 g (8.4 mmol) of 'Ytrityl)amino-3-deoxythymidine

(previously azeotroped twice from GEN) in 25 ml of CHCl,  Compound3g was purified on silica using 60% EtOAc/hexane
cooled to 4C under argon, was added 1.9 ml (12.6 mmol) ofontaining 3% EMN. Yield 7.58 g (76.9%)3'P NMR (CD;CN):
DBU and 5.2 ml (8.4 mmol) of a solution of 2-cyanoethyld 148.93, 149.50.
2,2,6,6-tetramethylpiperidinechlorophosphoramidite inyClbl

(1.63 mmol/ml). The ice bath was removed and the solution was

stirred for 30 min. To avoid decomposition, the crude reactiof'-(Trityl)Jamino-3 '-deoxythymidine-5-O-(cis-2,6-dimethyl-
mixture was loaded directly onto a silica column (3% MeOH, 5%iperidinyl 2-cyanoethyl) phosphoramidite, 3

Et3N, toluene) for purification. Compoungt, was purified

further on silica using 5% MeOH, 5%gRL toluene and afforded Compound3t was purified on silica using 50% EtOAc/hexane
3.33 g (54.8%) pure phosphoramid#® NMR (CDCh):  165.3,  containing 3% EN. Yield 5.52 g (79.4%F1P NMR (CD;CN):
166.1. 0 149.13, 149.49.
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N6-benzoyl-3-O-(4,4-dimethoxytrityl)-2 '-deoxyadenosine-5 desired sequence must be'dényaroxyl generated by using a
O-(cis-2,6-dimethylpiperidinyl 2-cyanoethyl)- 3-O-DMT-nucleoside monomes, The 3-O-DMT-2'-O-TBDMS-
phosphoramidite, &a uridine-3-(N,N-diisopropylamino  2-cyanoethyl)phosphoramidite
was coupled to the deprotectedh@droxyl group using the
Snethod shown in Table, except that 0.5 M tetrazole in
acetonitrile was substituted for the lower concentration tetrazole
solution in the terminal coupling reaction and a 10 min coupling

4 . ) , . time was used. The ‘trityl-on’ ODN was then cleaved from the CPG
N*-benzoyl-3-O-(4,4-dimethoxytrityl)-2 '-deoxycytidine-3-O-  5nq deprotected with 3:1 concentrated aqueous ammonia:ethanol at
(cis-2,6-dimethylpiperidinyl 2-cyanoethyl)phosphoramidite, ®  5g°C for 8-12 h. The mixture was filtered, and the CPG was

Compoundsc was purified on silica using 60-75% EtOAc/hexangvashed with  200pl of cold 3:1 concentrated ammonia:ethanol.
containing 3% EN. Yield 6.29 g (74.4%B1P NMR (CD,CN):  The combined ammonia washes were concentrated, buffered to
5 149.37, 149.76. final concentration of 0.1 M TEAB pH 8, and purified by
RP-HPLC. The two product peaks (due to some premature
3-O-(4,4-dimethoxytrityl)- O6-(N,N-diphenylcarbamoyl)-N2- desilylation during the deprotection and work-up; Blg). were
isobu(tyryl-z’-deoxygfjatr%gsine-é(}(cis-g,6-d?/methylpipe)>/ri)dinyl collected, combined, concentrated to dryness and then trezted
2-cyanoethyl)phosphoramidite, § with a mixture of_ 1 M aqueous NaF (0.2 ml) and conc_entra@d
aqueous ammonia (0.2 ml) for 16 h at68o remove the uridineg
Compoundsg was purified on silica using 50% EtOAc/hexanegroup. After removal of the ammonia, the ODN was desaltedzon
containing 3% EN. Yield 7.43 g (71.0%P NMR (CD;CN):  a Sephadex G-25 column (Pharmacia NAP-5, which 0
0 149.32, 149.51. removes the uridine byproducts) and lyophilized.

Compoundba was purified on silica using 60—70% EtOAc/hexan
containing 3% EiN. Yield 6.67 g (76.7%PP NMR (CD;CN):
0 149.26, 149.39.

3-O-(4,4-dimethoxytrityl)-thymidine-5 '-O-(cis-2,6-dimethyl-  Large-scale (10umol ) synthesis of ODN N3- P5
piperidinyl 2-cyanoethyl) phosphoramidite, 5 phosphoramidates

Qo
Compoundbt was purified on silica using 60% EtOAc/hexanephosphoramidate ODNs were synthesized on a Perkin Elfer/
containing 3% EN. Yield 5.61 g (74.1%)3'P NMR (CD;CN):  Applied Biosystems 390Z equipped with flow restrictors usifig
0 149.24, 149.65. the method described in Tab® Either 3.6 equiv. (singleS
couple—oxidize) or 7.2 equiv. (couple—oxidize—couple—oxidize;
Optimized 1 pmol scale synthesis of oligonucleotide N3P5 2 x 3.6 equiv.) of the:isrz,6—dimethylpiperidinylphosphoramiditez\

eoe//:sdpy Luog-p

phosphoramidates using 50-(cis-2,6-dimethylpiperidinyl monomers were used relative to the initial loading of suppért-
2-cyanoethyl)phosphoramidite monomers and RP-HPLC bound nucleoside. Thé-&rminal trityl or DMT was removed at=.
purification the end of the synthesis. The ODN was deprotected v@th

1 1 N
Oligonucleotide N3- PS5 phosphoramidates or chimera containinggorr:ggm:gtgg %?]u?ﬁ ; sr;r;lrr; %Tgég?aiglr)tgoﬁ?raa% hthf gfrleéjé 2
(*2]

various represer_ltative _numbers of phosphodiester, phosphorothi Sfied. The product peak was fractionated and the sampleshat
or phosphoramldate linkages were prepared on a Perkm Elm re >85% pure were combined, concentratedBanl and o
Applied Biosystems 392 or 394 DNA synthesizer usipgrbl recipitated with 16 ml of absolute ethanol. This procedure wzas

of 3'-(trityl)amino nucleoside bound to aminopropyl-CPG via epeated twice more (3 ml 0bB, 6 ml of EtOH), after which ther>

5'-succinyl linker. The synthesis proceeded in the® direction . - )
using the method shown in Tahkfefor the chain assembly. &@Sﬁﬁtzgjas dissolved in water, desalted on Sephadex G 25:@nd
£ .

Because of the change in direction of the synthesis (mo
commercially available synthesizers are programmed {063
synthesis), the desired sequence must be entered into fRESULTS AND DISCUSSION
synthesizer in reverse order. For synthesis of PN/PS/PN chime,
be certain to program each flank to end with the first residue
the subsequent flank. If this is overlooked, the attaching resid S
at the PN/PS and PS/PN junctions will contain a thioamidate a@ur initial explorations of the amine-exchange methodology for
a phosphodiester linkage, respectively. For instance, if the desingladbsphoramidate oligonucleotide synthesis led to the developrﬁent
sequence is'8l(GGACCsCsTsCsCsTsCsCsGGAGCC), whereof the previously reported ‘first-generation’ research scale
‘s’ is a phosphorothioate linkage and the other linkages amaethod (5,16). These solid-phase syntheses are performed in the
phosphoramidate linkages, then the synthesizer should Be- 3" direction using 50-(N,N-diisopropylamino 2-cyanoethyl)-
programmed and run three times as follows: '‘@GAGG-3,  phosphoramidite‘gtrityl)amino-2,3-dideoxynucleoside  mono-
with oxidation; (ii) B-Gcctcctec-3 with sulfurization; and  mers,1, (ABZ CBZ, GBU, T). The CPG-supported-@rityl)amino-

(iii) 5'-cCGAGG-3, with oxidation, where lower case letters nucleoside (lumol) is loaded in a reaction column and the
represent '30-DMT monomers and upper case letters represeffibllowing cycle is used for chain extension: (i) detritylation with
3'-(trityl)Jamino monomers. Using this procedur&5 equiv. dichloroacetic acid, (ii) coupling usingHitetrazole as the
(compared with initial loading of support-bound nucleoside) ofctivator, (iii) oxidation with iodine and water, (iv) repetition of
monomer was used for each coupling step. When ion exchangfeps ii and iii (couple—oxidize—couple—oxidize), (v) capping with
purification was desired, the ODN was synthesized in the ‘trityisobutyric anhydride an-methylimidazole (NMI), (vi) repetition

off’ mode, deprotected and purified by IEC as reported previouslyf steps i—v until the chain is fully assembled, (vii) detritylation,
(15,16). For RP-HPLC purification, the'-Berminal base of the and (viii) deprotection with concentrated aqueous ammonia.

lid-phase synthesis using diisopropylamino
u%Sosphoramidite monomers

Bny Lz uo1sanb A
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. aqueous ammonia at 98 for 8-12 h. The N3, P5 phosphor-
w] 2 amidate ODNs are generally synthesized ‘trityl-off’ by this
H-Phosphonate first-generation amine-exchange method because once the cyano-
o8 ethyl group is removed during ammonialysis, the phospho-
o ramidate is no longer stable to the acidic detritylation conditions.
o This fact unfortunately makes purification by RP-HPLC, using
Dimer Tetrazolidyl the trityl group as a hydrophobic handle, impractical and

o Amid"e—} / Amidite therefore necessitates purification by IEC. This first-generation
amine-exchange method allowed for the production of sufficient
guantities of phosphoramidate ODNs for initial pre-clinical

Monomer studies, but the use of a total of 30 equiv. of monomer per cycle
027 Amidite precluded the use of this method for either more extensive
o1 \ pre-clinical experiments or economical commercial production
o ] of phosphoramidate ODNSs.
7 e Equilibrium studies with diisopropylamino g
<0 REEAR AR phosphoramidite monomers §
o ~lolm]nlalele ofwla To better understand the key coupling step, the tetrazole- med%tted
Y " phosphoramidite amine-exchange equilibrium was studlec&m

[HEI A N N A - M A DS S solution by 3P NMR, utilizing 3-O-(4,4-dimethoxytrityl)-

o~ 3'-amino-3-deoxythymidine (50-DMT-3'-amino T) as amodel
w3 b for the solid-supported’-amino(oligo)nucleotide. The equmbnam
represented by equatiodsand 2, were studied by dissolvings
5-O-DMT-3"-amino T and 3(trityJamino-3-deoxythymidine- §
5'-O-(N,N- diisopropylamino 2-cyanoethyl)phosphoramidite, S

18

1.9
o

DMTO.
N. 0 T

;NjN\P’OV\CN DMTO T

| o] N

Figure 1.(a) 3P NMR spectrum of the amine-exchange reaction at equilibrium oy o1 7 b - e 2
using diisopropylamino phosphoramidifé, and 5DMT-3'-NH»-T. (b) 31P ONHs O NN o]

N=N

NMR spectrum of the activation with tetrazole 6f((2,2,6,6-tetramethyl- NHTr
piperidinyl 2-cyanoethyl)phosphoramidite T mononagtr,

%3 (monomer amidite), in dry deuterioacetonitrile under argon amd
-8 adding a solution of tetrazole in dry acetonitrile. The solution \@s
bl transferred under an argon atmosphere to an NMR tube ang the
" Tetrazolidyl 31p NMR spectrum that was recorded appears in Fitare %
Amidite Q
-3 3
3 Monomer g
" Amidite =
H-Phosphonate o
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While this synthesis cycle is strikingly similar to the phospho- The spectrum consists of resonances corresponding to%the
diester chain assembly cycle based on phosphoramidite chemistigpsphoramidite monomer, the tetrazolidyl-amidite intermediate,
there are several notable differences. Because the amine-exchathge product dimer phosphoramidite, the hydrogen phosphonate
coupling step in phosphoramidate synthesis is a reversiblesulting from hydrolysis of some of the monomer (through the
equilibration, the couple—oxidize—couple—oxidize approach imtermediacy of the tetrazolidyl amidite), and minor side-reactions.
more efficient than a single coupling, even when using double tHene total of the integrations of these species was assumed to be
equivalents of monomer for the single couplifig)( Also, the equal to the initial phosphoramidite concentration of 0.090 M,
3'-(trityl)amino group is sufficiently nucleophilic to react slowly and the concentrations at equilibrium were calculated from the
with the widely used acetic anhydride/NMI capping reagentgelative integrations of the individual resonances. The concentrations
therefore the unreacted-&mines are capped with a bulky of the species that contain no phosphorus, and therefore do not
electrophile, isobutyric anhydride/NMI, which does not exhibitappear in the spectrum, were calculated mathematically using the
this problem. The synthesis cycle is repeated until the desir&down initial and equilibrium values for the phosphorus-containing
sequence is fully assembled, then the resulting ODN is detritylateshecies. The values for the equilibrium constants obtained from this
cleaved from the support, and deprotected in concentraté& NMR spectrum werk; = 42/M,K» = 1.5 M andK;K5 = 62.
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Itis immediately clear that the two amines being exchanged are
not equivalent. If they were, then the overall equilibrium constant Xsp-O~cn Nep-O~cy
K1K2 would be unity. The favorable equilibrium that is observed 5 5 o
is in agreement with suggestions in the literat@rd that, under o of
acidic conditions, amine-exchange reactions of phosphoramidites
are driven in the direction in which the more basic amine leaves, NHTY ODMT
forming its salt with the acidic component. In this case 1-4 5
diisopropylamine, with a reportedKpof 11.1 (L8), is favored to h
leave to form its tetrazolide salt. The surprisingly Id palue 1 X'= —N-iPr
of 9.1-9.2 has been reported fdragino-3-deoxythymidine Me
(19). The log of the measured overall equilibrium const&gk$ Me::>

- |
Bk
Q o »
W oo
wenon
[oelp.J
5 @E
IR
=]
°
3

=62) is 1.8. This value is consistent with the suggestion that the 2 X=—
exchange equilibrium is dominated by th&,pdifference Me
(1.9-2.0 in this case) between the amines being exchanged.
The small value of 1.5 M fd€,; means that in order to achieve Mb
3: X=—N

b
2
@
I

3

a high equilibrium concentration of product, monomer will also
be expended to produce a relatively high equilibrium concentration
of the tetrazolidyl intermediate, unless the tetrazole concentration
is kept very low. In addition, the production of each equivalent of 4 X = — NeterBuoiPr

tetrazolidyl intermediate also creates an equivalent of diisopropyl-

ammonium tetrazolide salt, which drives the overall equilibrium

from product back to starting material. Neither of these effects argigure 2. Structures of the'hosphoramidite monomers.
operative in normal phosphodiester synthesis, in which the

formation of the phosphite triester product is irreversible . .
Adventitious hydrolysis of monomer is also more detrimental to th2> Would imply a [ difference of 2.1 (log 125) betweer}
methylpiperidine and diisopropylamine, if th&pvere the S

coupling in the amine-exchange method because each equivalen%'?ﬂa ina f h s of th ; ,
hydrogen phosphonate formed consumes another equivalent |r11r11t|1n%8)actor, yet the reportells of the two amines areo

monomer, as in conventional phosphodiester synthesis, and rele .- °
another equivalent of disopropylammonium tetrazolide which, >€veral other phosphoramidite monomers were synthesized
unlike in conventional diester synthesis, drives the equilibriuriNd_Studied using thi¥'> NMR method. TheKss for 3-
back further from product to starting material. All of these factor&ity)yamino-3-deoxythymidine-50-(cis-2,6-dimethylpiperidinyl
increase the number of equivalents of monomer necessary4¢&Yancethyhphosphoramidite3t, and the 3(trity)amino-
achieve optimal coupling efficiencies. 3-deoxythymidine-50-(N-tert-butyl-N-isopropylamino  2-cyano-
ethyl)phosphoramidite4t, were determined to be 936/M an
>5000/M, respectively. The structures of these hindered phos
Equilibrium studies with hindered-amine amidites are shown in Figuge
phosphoramidites

e//:sdny Woul papeojumo(]
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Solid-phase synthesis using hindered-amine

One way to affect the equilibrium constaKkisandK1K», and é)hosphoramidite monomers
r

potentially achieve lower stoichiometric requirements of monom -
to produce a desired yield of product, is to raise the relative ener§glid-phase synthesis using hindered-amine phosphoramigdite
level of the phosphoramidite monomer. We reasoned that thisonomers was initially studied by synthesizing TT dimers on @e
might be possible by making the amino leaving group of th&0pumol scale using a ‘vortexing-vessel’ (batch-reactor) synthesiger.
phosphoramidite very hindered, such that the reverse reactionTdfe results of these syntheses, which appear in Tablearly é’
this amine with the tetrazolidyl intermediate would be difficult ordemonstrate the advantage of the use of the hindered-amine
impossible. Therefore a-phosphoramidite-Jtrityl)amino T phosphoramidites compared with the diisopropylaminophospio-
monomer,2t, was synthesized in which the diisopropylaminoramidite monomers. In these experiments, 3 equiv. or less o@the
group was substituted by the very hindered-amine 2,2,6,6-tetlaindered phosphoramidite monomers were sufficient to prodace
methylpiperidine. Its activation with tetrazole was studie#By the maximum yield, whereas 10 equiv. of the diisopropylami@—
NMR by dissolving the amidite in dry deuterioacetonitrile andohosphoramidite monomers were required to achieve a compatable
adding a solution of tetrazole in dry acetonitrile. ?# NMR  result. In the couplings involving the more reactive monomers, it
spectrum which was recorded appears in Fighre was necessary to use less tetrazole than for the diisopropylamino
Under the conditions of the experiment, none of the tetramethytaonomers in order to prevent the monomer from being trapped
piperidinyl phosphoramidite was detectable at equilibrium. It waas the tetrazolidyl intermediate. In these cases, 2.5 equiv. of
estimated that the monomer would have been observable abdetrazole relative to monomer was routinely used.
the noise level of the spectrum if its concentration were at leastA variety of N3- P5 phosphoramidate ODNs were then
0.19 mM. From this information it was calculated thathéor  synthesized on the Jimol scale using these hindered-amine
this equilibrium must be at least 5260/M, or 125 times greatenonomers. Successful syntheses were accomplished using only
than that of the diisopropylaminophosphoramidite monomeB.6 equiv. of thecis-2,6-dimethylpiperidinylphosphoramidite
Presumably it is the large amount of steric hindrance of th@onomers3, (with 9 equiv. of tetrazole) in a single coupling mode
tetramethylpiperidine that prevents this group from participatingnd were furthermore shown to be equivalent to those syntheses
in the reverse reaction with the tetrazolidyl amidite. The factor cdmploying the couple—oxidize—couple—oxidize X23.6 equiv.)

¥22201/518€/90r0R)
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protocol. On the Jumol scale, using a ‘flow-through mode’ phoramidites and thecié-2,6-dimethylpiperidinyl)phosphorami-
synthesizer, 12-15 equiv. of monomer (single couple—oxidizdites, and since there is typically only one position for tetrazole on
protocol) are generally required, not due to limitations in theonventional synthesizers, it is more convenient to use the
chemistry, but because of the proportionally higher dead-voluméindered phosphoramidites for all types of monomers along with
and loss of reagent from the top of the column in this type dhe lower concentration (0.167 M) of tetrazole.
synthesizer. The phosphoramidite of choice for the monomers is the
5'-O-(cis-2,6-dimethylpiperidinyl  2-cyanoethyl)phosphoramidite |dentification and reduction of other process inefficiencies
because of its unique properties that combine the appropriate
reactivity and the necessary stability. These monomers agidation Careful study of the types of ‘failure’ impurities in the
free-flowing solids and are sufficiently stable in acetonitrilesynthetic phosphoramidate ODNs, seen by IEC, led to the belief
solution forll week. that a small amount of chain scission was occurring during the
synthesis cycle. A mechanism for this cleavage was proposed
Table 1.Comp§rison of 1@umol TnhpTnH2 dimer syntheses using different based on first, a small amount of an Arbuzov side-readiiﬁ)n (
phosphoramidites and amounts of monomer and tetrazole occurring during the iodine oxidation, and second, a cleavage of
the now susceptible decyanoethylated phosphoramidate Ilnkage

mcr’fop::grram'd'te '\gz:?\/mer T‘Zgii/me H;Le% oy  during the acidic detritylation step. %
: : The oxidation reaction was studied $» NMR in solution >
Diisopropylamino 10 50 93.8 using the phosphoramidite monome#(téityl)amino-3-deoxy- 8
5 50 89.8 thymidine-3-O-(N,N-diisopropylamino 2-cyanoethyl) phosphog

28 28 871 ramidite 1t, as a model for the internucleotide linkage, becagse

' ' attempts to isolate a pure TT dimer phosphoramidite Wére

2.8 7 82.9 unsuccessful. When this model phosphoramidite was mixed ith

Tetramethylpiperidinyl 2.8 7 94.1 an excess of the conventional iodine oxidation reagent, nong of
. S the desired fully protected phosphoramidate was formed3&ig. &
cieDimethipiperidiny & 125 924 A variety of other oxidizing agents were studied¥NMR and §
2x5 2x125(COCO) 924 a reagent consisting of 1.5%®b in 3.5% HO, 20% pyridine, 2
3 7.5 93.2 75% THF was found to be best. TH® NMR spectrum of ac

2x3 2x75(COCO) 925 solution of the above model phosphoramidite in this reagent

indicated the formation of only the desired, fully protectgd

diastereomeric phosphoram|date products @aY.This reagent =

In order to allow for straightforward syntheses of chimeri
. . . orked very well in phosphoramidate ODN synthesis as ngl
phosphorothioate— or phosphodiester—phosphoramidate OD;‘%\%Wever it was necessary to wash and neutralize the solid sugport

the ~ 3-O-(4.4-dimethoxytrityl)-2-deoxynucleoside 8)-(cis-2,6- W|th 20% pyridine in acetonitrile immediately after draining tie

dimethylpiperidinyl -2-cyanoethyl)phosphoramidites, were - jjing solution and before the oxidation step, in order to ob@m
synthesized. While the more reactive phosphoramidite is n e best yields.

necessary for the internal phosphodiester or phosphorothloate
linkages, it is necessary for all couplings td-ariino group using OfGuanosine protection A recognized problem in ODNw
the single couple—oxidize format. Also, because the tetrazofynthesis is the inadvertent phosphitylatio®®6f guanosine byo
requirements are different for thé&l,{l-diisopropylamingphos-  phosphoramidite monomers. In normal phosphodiester syntl‘@ss
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Figure 4. Scheme showing the introduction and removal of the hydrophobic handle for RP-HPLC of oligonucleotide phosphoramidates. g
=

this problem is circumvented by capping the unreacthgdsoxyls  resolution when scaled-up. To circumvent the need for aci@ to
before oxidation of the phosphite linkages. Under the conditiomemove the trityl group from the product, a method that uses a
of the acetic anhydride/NMI capping step, the guano€fe hydrophobic handle that is stable to the chain assembly conditions
phosphites are cleaved selectively in the presence of thed the ammonialytic deprotection, yet can be cleaved under
internucleotide phosphite linkage@1j. After oxidation, the non-acidic conditions post-RP-HPLC, was developed. )
guanosineO® phosphates are refractory to such cleavage. The method reported here is applicable to fully modifigd
Unfortunately, because internucleotide phosphoramidite linkag@bosphoramidate ODNs, as well as chimeric ODNs containing :any
are also somewhat unstable to the capping conditions, the cappoagnbination of phosphoramidate, phosphorothioate, and/or phos-
step is performed after the oxidation. Several known methods phodiester linkages, as long as the ODN containsterr8inal
protecting thed® of guanosine were studied, andMs-diphenyl-  hydroxyl group. The method relies on théa8dition of a
carbamoyl groupZ2) was found best. This protecting group iscommercially available RNA monomer, such &O®HMT-2'-O-
removed under the normal deprotection conditions (concentrat@@DMS-uridine-3-O-(N,N-diisopropylamino 2—cyanoethyl)phos§
ammonium hydroxide, 5&, 8-12 h). Th@®-diphenylcarbamoyl phoramidite, to the terminal’-®H via tetrazole activation,
protection of guanosine also serves two other useful purposésllowed by oxidation to a'3, 3' phosphodiester linkage. The
Firstly, hydrogen peroxide can oxidize guanosine residues toS&terminal DMT group of the RNA moiety is retained following
certain extent and th@® protection eliminates this problem. synthesis, and the ODN is cleaved from the support &nd
Secondly, th€5 protection makes the phosphoramidite easier tdeprotected. After RP-HPLC purification, the uridine group with
purify and markedly improves the stability of this@,6-dimethyl-  the attached DMT hydrophobic handle is readily cleaved from'the
piperidinyl) phosphoramidite monomer in solution. desired product using fluoride and base, as outlined in Fgure

] o The removal of the RNA moiety to produce a terminal hydroﬁg/l
New hydrophobic handle for RP-HPLC purificatidPhospho-  group is analogous to the method used to produce a ternfinal

RP-HPLC, which easily separates the DMT-containing product »

from capped failure sequences. The RP-HPLC chromatograp
is readily scaleable and affords highly pure ODNs as long as t
homogeneity of the DMT-containing product resulting from th(%
synthesis is good. The DMT group is typically removed b¥a
treatment with 80% aqueous acetic acid.

A limitation in the purification of phosphoramidate ODNs toAll of the improvements to the chain assembly method for
date has been the need for IEC purification of the ‘trityl-off’ crudgohosphoramidate ODNs and chimera discussed above are
reaction mixtures, as ammonialytic removal of the cyanoethyhcorporated into the optimized method described in Table
protecting groups renders the phosphoramidate linkages unstaBtgitionally, it is best to use new or freshly distilled dichloroacetic
to the acidic, post-RP-HPLC detritylation conditions. The IECacid for the detritylation because degradation of the phospho-
purification is time consuming, due to the necessary fractionatioamidate ODNs has been observed, on occasion, with older
and analysis of the product peak, and also suffers from lossediottles of acid. The phosphoramidate ODNs and chimera used for

19

0L/eL8e/

timized synthesis and reverse-phase purification of

osphoramidate ODNs and chimeric ODNs containing
ny combination of phosphoramidate, phosphorothioate,
nd/or phosphodiester linkages
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Figure 5. (a) Analytical IEC (40.1% pure) ant RP-HPLC (42.9% pure) of

the phosphoramidate ODN, d(CCCTCCTCCGGAGCENU) (where p is a
3',3-phosphodiester linkage). Two product peaks are seen in the RP-HPLC
because some of the TBDMS group on the uridine purification handle is
removed prematurely by the ammonia treatment and/or subsequent work-up.
Peak 1, product containing uridine with DMT but not TBDMS; peak 2,
byproduct from the Dpc protection of G; peak 3, product containing uridine
with DMT and TBDMS.

Absorbance, 254 nm

VM

Time, min.

therapeutic, diagnostic and research applications are usually
synthe5|zed with a terminal-Bydroxyl group that is incorporated Figure 6. (a) Analytical IEC and f) CGE of the RP-HPLC purified and
using the 50-phosphoramidite30-DMT-protected nucleosides, —deprotected phosphoramidate ODN, d(CCCTCCTCCGGAGCC).
5. After detritylation, the protected uridine phosphoramidite
monomer is coupled to the@rminal hydroxyl group using the
method described in Tablg except that the coupling time is
extended to 10 min and the tetrazole/acetonitrile concentration used
is 0.5 M instead of 0.167 M because the uridine monomer is a
(N,N-diisopropylamino)phosphoramidite. The -3 uridine  buffer remains basic during concentration and enables Ghe
coupling efficiency was measured on a model ODN by tritylsolation of pure phosphoramidate ODN without acid- medla‘éd
cation analysis and found to be 98-99%. The DMT group idegradation. The two product peaks are combined, concentrated
retained on the ODN at the end of the synthesis and is used astthdryness, and the uridine group is cleaved by a 16 h treatment at
hydrophobic handle for RP-HPLC. At the completion of the58°C with a 1:1 mixture of 1 M aqueous NaF and concentra@d
synthesis, the ODN is cleaved and deprotected with a 3:1 solutiaqueous ammonia. No chain length degradation of the ODNsﬂhas
of concentrated agueous ammonia:ethanol &€58r 8—-12 h.  been observed from this treatment. When the cleavage of the urghne
After removal of the CPG by filtration, the ODN is concentratedyroup is complete, the ammonia is remdwagcuoand the uridine ™
and buffered to a final concentration of 0.1 M TEAB pH 8, andyproducts and NaF are easily removed by desalting on a Sephadex
purified by RP-HPLC. G-25 column. The size exclusion chromatography is necessary
Representative analytical IEC and RP-HPLC chromatogranigecause ethanol precipitation removes excess NaF but surprisingly
are shown for the phosphoramidate sequerdC&CTCCTCC-  does not remove the uridine byproducts. The purified, desalted ODN
GGAGCCpPMT) (where p is a'3- 3’ phosphodiester linkage) in is then lyophilized. Figure6 shows the IEC and capillary
Figure 5. There are two ‘product’ peaks seen by RP-HPLQlectropherogram (CGE) of the isolated phosphoramidate ODN,
because some of the TBDMS group maged prematurely by the 5'-d(CCCTCCTCCGGAGCC). For this sequence on thenbl
ammonia treatment and/or subsequent work-up. The RP-HPLsgale, 20.1 OD at 260 nm were isolated with a purity of 92%, as
purification is performed on a polystyrene column using ameasured by IEC, and 95%, as determined by CGE. The molecular
increasing gradient of acetonitrile in TEAB buffer. It is importantweight found by electrospray ionization mass spectrometry was
to recognize that TEAB is used because, unlike the morl37 Da, which correlated well with the calculated value of 4436 Da
commonly used triethylammonium acetate (TEAA), the TEAB(data not shown).
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Table 2.Optimized synthesis cycle for N3P5 phosphoramidate ODNs and their chimera

i 3% ChCHCO,H in CHCl, [60 s for (trityl)amino; 90 s foB-DMT at 1 umol; 100 s for (tritylJamino; 130 s f@-DMT at 10pumol], then CHCN wash (&)

i Phosphoramidite monome3,or5 (0.1 M; 15 equiv. at iumol; 3.6 equiv. at 1Qmol) + 1H-tetrazole (0.167 M; 65 equiv. aunol; 9 equiv. at 1umol)
in CH3CN (5 min)

i Neutralize and wash with a solution of 20% pyridineACH (6x)

iv. 1.5% HO, in 3.5% HO, 20% pyridine, 75% THF (0.8 ml atnol; 1.3 ml at 1qumol; 2 min) or, for a phosphorothioate linkage, S-Tetra (25) in
pyridine (0.2 M; 50 equiv. at imol; 15 equiv. at 1imol; 220 s), then C,CN wash (&)

v 1:1:8 isobutyric anhydride:2,6-lutidine:THF (0.65 ml at 1 opifol) + 16.5% (v/v) NMI:THF (0.65 ml at 1 or 30mol; 2 min), then CHCN wash
(6x); repetition of steps i-v until the oligonucleotide is fully assembled

Step i, for the couple—oxidize—couple—oxidize cycle, repeat steps ii—iv before proceeding to step v.

Table 3.Representative data for N3P5 phosphoramidate ODN syntheses

o

(]

ODNB2 (scale, method, equiv.) Purification Final OD Purity (CGE) (%) 5
o

d(CCCTCCTCCGGAGCC) RP-HPLC 20 95 %
(1 umol; couple—ox; x 15 equiv.) o
d(AGAGATTTTTACACC) IEC, Mono Q 29 98 %
(1 umol; couple—ox; x 15 equiv.) Z
©

d(GGACCsCsTsCsCsTsCsCsGGAGCC) RP-HPLC 26 97 &
(1 umol; couple—ox; X 15 equiv.) 2
oY)

d(CAGATCGTCCATGGTC) IEC, Source 15 Q 100.2 99 &
(10 pmol; couple—ox, X 3.6 equiv.) g
d(CAGATpCpGpTpCpCpApTGGTC) IEC, Source 15 Q 173.6 99 g
(10 umol; couple—ox, X 3.6 equiv.) '8
d(CAGATpCpGpTpCpCpApTGGTC) IEC, Source 15 Q 163.0 99 %
(10 pmol; couple—ox—couple—o0x,23.6 equiv.) 2
V)

aThe sequences are reported in the B direction. The linkages are phosphoramidate unless noted by ‘s’ or 'p’, which are %
phosphorothioate or phosphodiester linkages, respectively. g
>

)

This RP-HPLC method is particularly useful for phosphoro5'-O-(cis-2,6-dimethylpiperidinyl ~ 2- cyanoethyl)phosphoramldllﬁ
thioate—phosphoramidate chimera because the phosphorothioaienomers, which transform the crucial coupling step fron:a
portion of the molecule greatly reduces the resolution of the IE@eversible equilibrium to an essentially irreversible reaction, and@m
A 31P NMR of a phosphoramidate—phosphorothioate chimenase of a new hydrophobic handle that is cleaved after RP- HRLC
with the sequencé-8(GGACCsCsTsCsCsTsCsCsGGAGCC) isunder non-acidic conditions. Other process improvements, Wh}Ch
shown in Figure7 and demonstrates the incorporation of nineincreased the yield and purity of the products, include a hydrag
phosphoramidate linkages and eight phosphorothioate linkagg@®roxide-based oxidation reagent, a neutralization step
Table3 shows the yields and purities of a variety of representativeoupling and additional protection of ti@® position of the o 9
phosphoramidate ODNs and chimera synthesized by this optimizgdanosine monomer with tieN- dlphenylcarbamoyl group. m
method and purified by RP-HPLC or IEC. An important advantage of this amine- exchange method isthe

The RP-HPLC method described herein should be useful femse with which chimeric ODNs possessing any combinatiof of
any ODN analog that is stable to treatment with base and fluorigfaosphoramidate, phosphorothioate and/or phosphodiester linkages
and also eliminates problems with post-RP-HPLC acid-catalyzed predefined positions are synthesized without any instrun‘%nt
depurination of adenosine®4j. The method is reliable as long modifications. The new ribonucleotide-based hydrophobic
as the quality of the chain assembly and the resulting homogendiigndle is used to purify N3 P5 phosphoramidate ODNs and
of the ‘trityl-on’ peak is good. Currently for phosphoramidatetheir chimera containing d-Bydroxyl terminus, and is particularly
ODNs and chimera, most sequences are >85% pure when trezessary for phosphorothioate—phosphoramidate chimera. Because
RP-HPLC method is used, however some sequences occasiontlily ODNs are synthesized using phosphoramidite chemistry,

require IEC to obtain purities >85%. commercially available phosphoramidite-based labeling reagents
(e.g. polyethylene glycol spacers, fluorescein, etc.) are easily used
CONCLUSION with the method.

We have not yet determined if even lower monomer stoichiometry
The amine-exchange method for the synthesis -8  can be used with careful control of the moisture content of the
phosphoramidate ODNs has been improved such that only 3.6 eqaionomers and solvent. Lower stoichiometric requirements may
of phosphoramidite monomer are necessary for optimal coupling aiso be possible using an activator other than tetrazole. Optimization
the 10pumol scale. The key improvements are the use of thef this method at larger scales is under development.
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Figure 7.31P NMR of the phosphoramidate—phosphorothioate chimera with 15
the sequence d(GGACCsCsTsCsCsTsCsCsGGAGCC), which demonstrateg;
the incorporation of eight phosphorothioate linka@es5(34 p.p.m.) and nine
phosphoramidate linkage® (7.77 p.p.m.). Slightly more phosphodiester
(6-0.9 p.p.m.; 0.77% relative to phosphorothioate) is present than is usual for
sulfurization of phosphite triesters with S-Tetra (25). 18
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