Deoxyribonucleoside Phosphoramidites

This unit provides methods for converting N- and 5’-O-protected deoxyribonucleosides
to deoxyribonucleoside phosphoramidites, which are the building blocks in solid-phase
DNA oligonucleotide synthesis. Deoxyribonucleoside phosphoramidites carrying the
2-cyanoethyl group for P(III)-protection are extensively used in oligonucleotide synthesis
and are commercially available. The preparation of deoxyribonucleoside phos-
phoramidites bearing a different P(III)-protecting group will be described in this unit;
phosphoramidites functionalized with the 4-[N-methyl-N-(2,2,2-trifluoroacetyl)amino]butyl
groups will be synthesized. Considering the importance of phosphordiamidite precursors
in the preparation of deoxyribonucleoside phosphoramidites, two syntheses of these
phosphinylating agents will be reported. These detailed methods provide a convenient
and reliable approach to the synthesis of various deoxyribonucleoside phosphoramidites,
assuming compatibility of the nucleosidic N- and 5’-O-protecting groups with the reagents
used for such syntheses.

PREPARATION OF 5’-0-(4,4-DIMETHOXYTRITYL)-3"-0O-
(N,N-DIISOPROPYLAMINO)-{4-[N-METHYL-N-(2,2,2-TRIFLUOROACETYL)
AMINO]BUTOXY}PHOSPHINYL-2’-DEOXYRIBONUCLEOSIDES

This protocol describes a general method for the synthesis of deoxyribonucleoside
phosphoramidites S.3a-d from commercially available N- and 5’-O-protected deoxyri-
bonucleosides S.1la-d and N,N,N’,N’-tetraisopropyl-O-{4-[N-methyl-N-(2,2,2-tri-
fluoroacetyl)amino]butyl } phosphordiamidite S.2 (see Support Protocol 1) in the presence
of 1H-tetrazole. This approach to the preparation of deoxyribonucleoside phos-
phoramidites is illustrated in Figure 2.7.1.

Materials

5’-0-(4,4’-Dimethoxytrityl)-2’-deoxythymidine (S.1a; Chem-Impex International)

N*-Benzoyl-5"-0-(4,4’-dimethoxytrityl)-2’-deoxycytidine (S.1b; Chem-Impex
International)

N°-Benzoyl-5"-O-(4,4 -dimethoxytrityl)-2’-deoxyadenosine (S.1¢; Chem-Impex
International)

N?-Isobutyryl-5"-0-(4,4’-dimethoxytrityl)-2’-deoxyguanosine (S.1d; Chem-Impex
International)

Anhydrous methylene chloride (Aldrich)
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1a B = Thymin-1-yl CHs
b B= N4-benzoylcytosin-1y|
¢ B =N%benzoyladenin-9-yl 3a-d
d B= N2-isobutyrylguanin-9-yl

DMTr: 4,4'dimethoxytrityl; Pr: isopropyl

Figure 2.7.1 Preparation of deoxyribonucleoside phosphoramidites from N- and 5’-O-protected
deoxyribonucleosides.
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N,N,N’,N’-Tetraisopropyl-O-{4-[N-methyl-N-(2,2,2-trifluoroacetyl)-
amino]butyl }phosphordiamidite (S.2; see Support Protocol 1)

Sublimed 1H-tetrazole (Aldrich)

9:1 (v/v) benzene/triethylamine (both available from Aldrich)

230- to 400-mesh silica gel 60A (Merck)

50-mL three-necked round-bottom flask and rubber septa
15-mL powder addition funnel (Labglass)

Vacuum desiccator

Rotary evaporator

High vacuum pump

Dry argon gas cylinder

10-mL syringe

2.5 X 20—cm disposable Flex chromatography columns (Kontes)
Fraction collector

Additional reagents and equipment for thin-layer chromatography (TLC; ApPENDIX
3p) and column chromatography (APPENDIX 3E)

. Dry 2 mmol of a suitably protected deoxyribonucleoside (S.1a-d) in a 50-mL

three-necked round-bottom flask for 2 hr at 25°C under high vacuum in a desiccator.
Seal the flask with a 15-mL powder addition funnel containing 140 mg (2 mmol) dry
1-H tetrazole, and rubber septa.

. Under an argon atmosphere, using a 10-mL syringe, add 10 mL anhydrous

methylene chloride followed by 900 mg (2.1 mmol) N,N,N’,N’-tetraisopropyl-O-{4-
[N-methyl-N-(2,2,2-trifluoroacetyl)amino]butyl } phosphordiamidite S.2 and stir
with magnetic stir bar.

. Add the 140 mg (2 mmol) 1H-tetrazole in the 15-mL powder addition funnel over a

0.5-hr period.

. Monitor the progress of the reaction by TLC (apPENDIX 3D) using 9:1 benzene/triethyl-

amine as an eluent.

Phosphinylation of suitably protected 2'-deoxynucleosides S.1a-c is usually complete
within 1 hr at ambient temperature. For best results, phosphinylation of properly protected
2'-deoxyguanosine S.1d should be allowed to proceed for 12 hr at 25°C.

. Concentrate the reaction mixture to a foam using a rotary evaporator/vacuum pump

system.

. Suspend the crude product in a minimum amount (~3 mL) of 9:1 benzene/triethyl-

amine and apply the suspension to a 2.5 X 20—cm disposable Flex column containing
40 g silica gel (apPENDIX 3E) that has been equilibrated in 9:1 benzene/triethylamine.

. Elute the column with 9:1 benzene/triethylamine. Collect in a fraction collector, pool

appropriate fractions, and concentrate using a rotary evaporator/vacuum pump
system.

Each deoxyribonucleoside phosphoramidite S.3a-d is isolated as a white amorphous foam
in yields ranging from 92% to 98%. Pure S.3a-d can be stored indefinitely at —20°C in
sealed amber glass vials.

5-0-(4,4'-Dimethoxytrityl)-3’-O-(N,N-diisopropylamino)-{4-[ N-methyl-N-(2,2,2-trifluoro-
acetyl)amino Jbutoxy Jphosphinyl-2'-deoxythymidine 8.3a: 3'P-NMR (121 MHz, C¢Dy): 8
143.3, 143.4, 143.66, 143.75. FAB-HRMS: calcd. for C,,H.F ;N ,OyP (M+Na)* 895.3635,
Sfound 895.3599.

Current Protocols in Nucleic Acid Chemistry



N*-Benzoyl-5"-O-(4,4’ -dimethoxytrityl)-3'-O-(N,N-diisopropylamino )-{4-[ (N-methyl-N-
(2,2,2-trifluoroacetyl)amino Jbutoxy Jphosphinyl-2’-deoxycytidine 8.3b: 3'P-NMR (121
MHz, C,D,): 6 143.82, 143.87, 143.92. FAB-HRMS: calcd. for CsyH ;oF ;NsOoP (M+Na)*
984.3900, found 984.3908.

N®-Benzoyl-5'-0-(4,4’-dimethoxytrityl)-3’-O-(N,N-diisopropylamino)- {4-[ N-methyl-N-
(2,2,2-trifluoroacetyl)amino Jbutoxy Jphosphinyl-2’-deoxyadenosine S.3c: 3'P-NMR (121
MHz, CDg): & 143.5, 143.6, 143.8, 144.0. FAB-HRMS: calcd. for Cs;HoF ;N,O4P
(M+Na)* 1008.4010, found 1008.3970.

N?-Isobutyryl-5'-O-(4,4’-dimethoxytrityl)-3’-O-(N,N-diisopropylamino)-{4-[ N-methyl-N-
(2,2,2-trifluoroacetyl)amino Jbutoxy Jphosphinyl-2’-deoxyguanosine S.3d: 3'P-NMR (121
MHz, CiDg): & 142.9, 143.1, 143.5, 143.7. FAB-HRMS: calcd. for C,H,F;N,O4P
(M+Na)* 990.4118, found 990.4099.

PREPARATION OF N,N,N’,N’-TETRAISOPROPYL-O-{4-[N-METHYL-N-
(2,2,2-TRIFLUOROACETYL)AMINO]BUTYL}PHOSPHORDIAMIDITE

4-[N-Methyl-N-(2,2,2-trifluoroacetyl)amino]butan-1-o0l S.4 (see Support Protocol 2; Fig.
2.7.2) is treated with phosphorus trichloride to generate the corresponding O-{4-[N-
methyl-N-(2,2,2-trifluoroacetyl)amino]butyl } phosphordichloridite S.5, which is then pu-
rified by vacuum distillation. Condensation of the phosphordichloridite S.5 with
N,N-diisopropylamine affords N,N,N’,N’-tetraisopropyl-O-{4-[N-methyl-N-(2,2,2-tri-
fluoroacetyl)amino]butyl } phosphordiamidite S.2, which can be purified further by silica
gel chromatography. As shown in Figure 2.7.1, the phosphordiamidite S.2 is required for
the phosphinylation of N- and 5-O-protected deoxyribonucleosides S.1a-d (see Basic
Protocol).

Materials

Phosphorus trichloride (Aldrich), freshly distilled

Anhydrous acetonitrile (Aldrich)

4-[N-Methyl-N-(2,2,2-trifluoroacetyl)amino]butan-1-ol (S.4; see Support Protocol
2)

Anhydrous petroleum ether (Aldrich), freshly distilled from phosphorus pentoxide

Drierite, 8 mesh (Aldrich)

Anhydrous N,N-diisopropylamine (Aldrich)

250- and 1000-mL round-bottom flasks

25-mL pressure-equalizing dropping funnel

Vacuum distillation head 24/40 and appropriate thermometer
Three-way stopcock

Reflux condenser
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Figure 2.7.2 Preparation of N,N,N,N-tetraisopropyl-O-{4-[N-methyl-N-(2,2,2-trifluoroace-
tyl)amino]butyl}phosphordiamidite.
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Drying tube

Rubber septum

250-mL sintered glass funnel (coarse porosity)
Rotary evaporator/vacuum pump system

NOTE: Phosphordichloridites are very sensitive to moisture. Reaction yields depend on
the dryness of the reaction conditions. It is recommended that all glassware be oven-dried
overnight at 120°C. The dried glassware should then be cooled to ambient temperature
under an inert gas atmosphere in a desiccator. Acetonitrile is refluxed over calcium hydride
for 22 hr prior to distillation.

Prepare O-{4-[N-methyl-N-(2,2,2-trifluoroacetyl)amino Jbutyl}phosphordichloridite

1.

Dissolve 6.8 g (50 mmol) freshly distilled phosphorus trichloride in 50 mL anhydrous
acetonitrile in an oven-dried 250-mL round-bottom flask.

. Place 8 g (40 mmol) of 4-[N-methyl-N-(2,2,2-trifluoroacetyl)amino]butan-1-ol S.4

and 10 mL anhydrous acetonitrile in a 25-mL pressure-equalizing dropping funnel
connected to a vacuum line via a three-way stopcock.

. Add the S.4 solution dropwise over a 2-hr period to the magnetically stirred phos-

phorus trichloride solution from step 1.

CAUTION: During the course of the addition, a slight vacuum should be applied through
the dropping funnel to maintain an internal pressure of ~750 mmHg. This lower-than-at-
mospheric pressure ensures the removal of gaseous hydrogen chloride that is being
generated.

Stir the reaction mixture for an additional 3 hr at 40°C and ~40 mmHg.
Fractionally distill the remaining material under reduced pressure.

O-{4-[N-Methyl-N-(2,2,2-trifluoroacetyl)amino JbutylJphosphordichloridite S.5 is a col-
orless liquid boiling at 110°C/0.1 mmHg. Yield 11 g (37 mmol, 92%). 'H-NMR (300 MHz,
C.Dy): & [1.01(bm) (33%) and 1.11 (bm) (67%) (4H)], [2.38 (bs) (67%) and 2.45 (bs)
(33%), (3H)], [2.75 (m) (33%) and 2.88 (m) (67%) (2H)], 3.77 (m, 2H). '’C-NMR (75
MHz, C,Dg): §22.3,23.9, 26.0, 26.3, 33.2, 33.5, 47.9, 48.0, 67.5 (d, ZJPC =10.6 Hz), 67.7
(d, *Jpe = 10.6 Hz), 116.9 (q, 'J o = 288 Hz), 117.0 (q,'J o = 288 Hz), 156.6 (q, ZJCF =
36.0 Hz), 156.7 (g, *J o = 36.0 Hz). *'P-NMR (121 MHz, C,Dy): 8 174.2, 174.3.

Although 8.5 can be stored for a week at —20°C without significant decomposition, it is
recommended to use S.5 when freshly distilled.

Prepare N,N,N’,N’-tetraisopropyl-O-{4 -[N-methyl-N-(2,2,2-
trifluoroacetyl)amino [butyl}phosphordiamidite
6. Add 300 mL anhydrous petroleum ether and 11 g (37 mmol) S.5 to an oven-dried

1000-mL round-bottom flask equipped with a reflux condenser fitted with a drying
tube filled with Drierite.

7. Add in portions over a 15-min period a solution of 28 mL (200 mmol) anhydrous

N,N-diisopropylamine in 100 mL anhydrous petroleum ether through the reflux
condenser to the vigorously stirred phosphordichloridite solution.

Large quantities of white precipitate (N,N-diisopropylammonium hydrochloride) are pro-
duced.

8. As the resulting suspension cools to ambient temperature, remove the reflux con-

denser and seal the flask with a rubber septum. Allow the reaction mixture to stir for
an additional 48 hr at 25°C.
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9. Filter off the precipitated N,N-diisopropylammonium hydrochloride salt using a
250-mL sintered glass funnel of coarse porosity.

10. Concentrate the filtrate on a rotary evaporator/vacuum pump system and keep under high
vacuum for 12 hr.

As prepared, compound S.2 is sufficiently pure for phosphinylating properly protected
deoxyribonucleosides. However; S.2 can be purified by silica gel chromatography (APPEN-
DIX 3E) using ~20 g of silica gel per gram of crude product, and 9:1 (v/v) benzene/triethy-
lamine as the eluent. Fractions containing pure S.2 are detected on analytical TLC plates
(APPENDIX 3D) by staining with a saturated solution of silver nitrate in ethanol and then
briefly heating the TLC plate at 50°C.

N,N,N',N'-Tetraisopropyl-O-{4-[N-methyl-N-(2,2,2-trifluoroacetyl Jamino Jbutyl jphosphor-
diamidite S.2. Yield 15 g (35 mmol, 95%). 'H-NMR (300 MHz, CsDy): 6 1.21 (m, 24H),
1.40 (m, 4H), [2.41 (q, °J . = 1.6 Hz) (67%) and 2.50 (g, °Jy, = 0.7 Hz, (33%), (3H)],
[2.89 (tq, J = 7.4 Hz, °J - = 1.0 Hz) (33%) and 3.04 (1, J = 6.9 Hz) (67%), (2H)], 3.43 (m,
2H), 3.50 (m, 4H). >C-NMR (75 MHz, CD,): § 23.2, 23.7, 23.8, 24.3, 24.5, 25.0, 28.3,
28.4, 28.5, 28.6 33.3, 33.5(q, *J o = 4.2 Hz), 44.3, 44.5, 48.5, 48.7 (q, *J o = 4.2 Hz),
63.4(d, %) p = 6.4 Hz), 63.7 (d, °J -p = 6.4 Hz), 117.0 (q, 'J o = 288 Hz), 117.1 (g, 'J o
=288 Hz), 156.1(q, *J - = 36 Hz). *'P-NMR (121 MHz, C;Dy): 8 117.9, 118.2. FAB-MS:
calcd. for C,oH;oF ;N;0,P (M+H)* 430, found 430.

Pure 8.2 can be stored indefinitely at —20°C in sealed amber glass vials.

PREPARATION OF
4-[N-METHYL-N-(2,2,2-TRIFLUOROACETYL)AMINO]BUTAN-1-OL

As shown in Figure 2.7.3, 4-(N-methyl)aminobutan-1-0l S.8 is prepared from the reaction
v-butyrolactone S.6 with gaseous methylamine followed by reduction of the resulting
amido alcohol S.7 with lithium aluminum hydride. Chemoselective N-trifluoroacetylation
is performed by condensing 4-(N-methyl)aminobutan-1-ol S.8 with methyl tri-
fluoroacetate. 4-[N-Methyl-N-(2,2,2-trifluoroacetyl)amino]butan-1-ol S.4 is required in
the preparation of N,N,N',N’-tetraisopropyl-O-{4-[N-methyl-N-(2,2,2-trifluoroacetyl)-
amino]butyl }phosphordiamidite S.2 (see Support Protocol 1).

Materials

v-Butyrolactone (S.6; Aldrich)

Anhydrous gaseous methylamine (Aldrich)

Diethyl ether (Malinckrodt), freshly distilled from sodium
Drierite (Aldrich)

Lithium aluminum hydride powder (LAH, Aldrich)
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o CHgNH, LAH

(_740 } HO\/\)J\NHCH — >
2.5 bar ®  EtLO
6 7
CF3CO,CH i
HO 3LUaLg
S NHCH, HO\/\/\II\IJ\CFs
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LAH: lithium aluminum hydride

Figure 2.7.3 Preparation of 4-[N-methyl-N-(2,2,2-trifluoroacetyl)amino]butan-1-ol.
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Triethanolamine (Aldrich)
Methyl trifluoroacetate (Aldrich)

250-mL pressure vessel (Barrskogen)

2-L three-necked round-bottom flask
Mechanical stirrer (Arrow)
Pressure-equalizing dropping funnel

Reflux condenser connected to a drying tube
Dry argon gas cylinder

250-mL sintered glass funnel (coarse porosity)
Rotary evaporator/water aspirator system
50-mL round-bottom flask

Prepare N-methyl-4-hydroxybutyramide

1.
2.
3.

Place 17.2 g (199 mmol) y-butyrolactone S.6 in a 250-mL pressure vessel.
Evacuate the vessel to ~2 mmHg and fill it with anhydrous gaseous methylamine.

Stir the reaction mixture overnight under a positive pressure of methylamine (~2.5
bar).

CAUTION: This reaction involves highly irritating gaseous methylamine under pressure.
Ensure that the pressure vessel is tight and placed in a well-ventilated chemical fume hood.
Use moist pH-indicator paper to check for leaks. Even trace amounts of strongly alkaline
methylamine can be detected using this test.

. Carefully release excess methylamine to the atmosphere of a well-ventilated chemical

fume hood.

. Evacuate the vessel and maintain the reaction product under vacuum (2 mmHg) for

1 hr.

N-Methyl-4-hydroxybutyramide S.7 is isolated as a pure (>98%) crystalline mass (mp 32°
to 34°C) in near quantitative yield (23.1 g, 197 mmol). ' H-NMR (300 MHz, DMSO-dy): &
1.63 (dt, J=7.6,6.4 Hz, 2H), 2.10 (t, J= 7.6 Hz, 2H), 2.56 (d, J = 4.6 Hz, 3H), 3.37 (1, J
= 6.4 Hz, 2H), 3.58 (b, ~1H), 7.75 (b, 1H). >C-NMR (75 MHz, DMSO-d,): § 25.6, 28.7,
32.2,60.5, 173.1.

8.7 can be stored indefinitely at —20°C in sealed amber glass vials.

Reduce N-methyl-4-hydroxybutyramide

6.

10.

Add 1 L diethyl ether to an oven-dried 2-L three-necked round-bottom flask equipped
with a mechanical stirrer, a pressure-equalizing dropping funnel, and a reflux con-
denser connected to a drying tube filled with Drierite.

Add, under an argon atmosphere, 36 g (0.94 mol) lithium aluminum hydride powder.

Melt 58.5 g (0.50 mol) N-methyl-4-hydroxybutyramide S.7 and place in the dropping
funnel.

Add the neat supercooled liquid (S.7) to the mechanically stirred LAH suspension,
dropwise, over a 2-hr period at 25°C.

Reflux the reaction mixture for 6 hr and stir for an additional 6 hr at 25°C.

CAUTION: Diethyl ether is highly flammable. Lithium aluminum hydride is extremely
sensitive to water, traces of water from the solvent and the environment will result in the
release of highly flammable hydrogen gas. Consequently, steps 7 to 10 must be performed
with the utmost care to exclude moisture from the reaction mixture. A flow of anhydrous
argon gas through the reaction vessel greatly reduces the danger of fire.
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11. Quench the reduction reaction while stirring by first adding 125 mL (0.94 mol)
triethanolamine dropwise over a 1-hr period (Powell et al., 1986; Gardrat et al., 1990),
followed by 50 mL (2.8 mol) water dropwise over a 1-hr period.

12. Stir the resulting slurry for 12 hr at 25°C.

13. Filter the slurry through a 250-mL sintered glass funnel (coarse porosity) and wash
the solid cake three times with 200 mL diethyl ether.

14. Pool the etheral filtrates and evaporate on a rotary evaporator/water aspirator system.
Distill the residue under reduced pressure.

The amino alcohol S.8 (34.3 g ,0.33 mol, 67%) is obtained as a colorless liquid boiling at
47°C/0.25 mmHg. '"H-NMR (300 MHz, CDCL,): 8 1.64 (m, 4H), 2.42 (s, 3H), 2.62 (dd, J
= 6.0, 5.3 Hz, 2H), 3.57 (dd, J = 5.3, 4.6 Hz, 2H). 3C-NMR (75 MHz, CDCL,): & 28.3,
32.3,35.7, 51.7, 62.5.

S.8 can be stored indefinitely at —20°C in sealed amber glass vials.

Perform chemoselective trifluoroacetylation of 4-(N-methyl)aminobutan-1-ol
15. To 5 g (48 mmol) of 4-(N-methyl)aminobutan-1-ol S.8 in a 50-mL round-bottom
flask, add 7.8 g (60 mmol) methy] trifluoroacetate.

16. Stir the reaction mixture for 12 hr at 25°C.

17. Remove methanol and excess methyl trifluoroacetate by distillation at atmospheric
pressure.

18. Distill the residue under reduced pressure.

4-[N-Methyl-N-(2,2,2-trifluoroacetyl)amino Jbutan-1-ol S.4 is obtained as a slightly vis-
cous colorless liquid (8.9 g, 45 mmol, 94%) boiling at 71°C/0.36 mmHg. 'H-NMR (300
MHz, CDCl,): 8 1.56 (m, 2H), 1.70 (m, 2H), [3.00 (g, °J ;- = 0.7 Hz) (33%) and 3.14 (q,
3 yp = 1.6 Hz) (67%), (3H)], 3.46 (m, J = 7.4 Hz, 2H), 3.65 (t, J= 6.1 Hz, 2H). >C-NMR
(75 MHz, CDCly): §22.8, 24.7, 29.2, 29.3, 34.1, 34.6,49.1,49.4, 61.7, 61.8, 116.5 (q,"J .
=288 Hz), 116.6 (¢, 'J o = 288 Hz), 156.7 (q,*J - = 36.0 Hz), 156.8 (q, °J - = 36.0 Hz).

Pure 8.4 can be stored indefinitely at —20°C in sealed amber glass vials.

PREPARATION OF N,N,N’,N’-TETRAISOPROPYL-O-
{2-[(N-FORMYL-N-METHYL)AMINOJETHYL}PHOSPHORDIAMIDITE

Depending on the protecting group used for P(III), the preparation of phosphordichlo-
ridites may be problematic and could complicate the synthesis of phosphordiamidites,
which are required for the preparation of deoxyribonucleoside phosphoramidites. A
number of phosphordichloridites have been reported to decompose violently when heated
(Beaucage, 1993). This protocol describes the generation of bis(N,N-diisopropy-
lamino)chlorophosphine S.9 in situ from phosphorus trichloride and N, N-diisopropy-
lamine, and its reaction with 2-(N-formyl-N-methyl)aminoethan-1-ol S.10 to give the
desired phosphordiamidite S.11 (Fig. 2.7.4). The method thus alleviates the need of
distilling potentially hazardous phosphordichloridites.

Additional Materials (also see Basic Protocol)

2-(Methylamino)ethanol (Aldrich)

Ethyl formate (Aldrich)

Anhydrous benzene

Freshly distilled phosphorous trichloride
Anhydrous N,N-diisopropylamine

95:5 (v/v) anhydrous benzene/triethylamine
Toluene
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Figure 2.7.4 Preparation of N,N,N,N-tetraisopropyl-O-{2-[(N-methyl-N-formyl)amino]ethyl}-
phosphordiamidite.

100- and 250-mL round-bottom flasks equipped with a reflux condenser
Heating mantle

60-mL sintered glass funnel (coarse porosity)

3 X 20—cm chromatography column (APPENDIX 3E)

Prepare 2-(N-formyl-N-methyl)aminoethan-1-ol
1. Place 51.0 g (0.68 mol) of 2-(methylamino)ethanol into a 250-mL round-bottom
flask equipped with a reflux condenser, and cool to 5°C by immersion in an ice
bath.

2. Add, in portions through the condenser, 75.0 g (1.01 mol) ethyl formate to the stirred
amino alcohol over a 5-min period at 5°C.

CAUTION: This reaction is exothermic.
3. Remove the ice bath and bring the solution to reflux for 1 hr using a heating mantle.

4. Distill the solution at atmospheric pressure to remove excess ethyl formate, and then
carefully distill the remaining residue under high vacuum.

2-(N-Formyl-N-methyl)aminoethan-1-ol S.10 was obtained as a clear colorless liquid
(63.1 g, 0.61 mol, 90%) boiling at 120° to 122°C at 0.15 mmHg. TH-NMR (300 MHz,
DMSO-dy): & [2.75 (s) and 2.94 (s, 30%) (3H)], 3.27 (m, 2H), 3.47 (m, 3H), [7.94 (s) and
7.99 (s, 30%) (1H)]. >C-NMR (75 MHz, DMSO-dy): & 29.2, 34.9, 46.2, 51.2, 57.8, 57.9,
58.1, 58.2, 162.7, 163.0. EI-MS: calcd. for C,H,NO, (M**) 103, found 103.

Pure S.10 can be stored indefinitely at —20°C in sealed amber glass vials.

Prepare N,N,N’,N’-tetraisopropyl-O-{2 -[(N-formyl-N-methyl)amino Jethyl}phosphor-
diamidite
5. To an oven-dried 100-mL round-bottom flask containing 50 mL anhydrous benzene
under a dry argon atmosphere, add by syringe through a rubber septum 876 uL (10
mmol) freshly distilled phosphorus trichloride.

6. Cool the stirred solution to 5°C by immersing in an ice bath and then, over a 30-min
period, add 7.7 mL (55 mmol) of anhydrous N, N-diisopropylamine under argon using
a 10-mL syringe.

7. Remove the ice bath and allow the stirred reaction to warm to 25°C under a positive
pressure of argon until the formation of bis(N, N-diisopropylamino)chlorophosphine
S.9 is complete.

The rate of the reaction is monitored by >' P-NMR spectroscopy; after ~48 hr; the presence
of 8.9 (132.0 ppm downfield relative to a phosphoric acid external standard) is observed
as the major (>96%) reaction product.
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10.

11.

12.

13.

. Add 1.03 mL (10 mmol) of 2-(N-formyl-N-methyl)aminoethan-1-ol S.10 to the

suspension. Stir resulting mixture for 2 hr at 25°C under a positive pressure of argon.

3 P-NMR indicates that the reaction is essentially quantitative (~96%). Spectrum of the
product in benzene-d, shows two singlets at 118.0 and 118.7 ppm.

Filter the suspension through a 60-mL sintered glass funnel (coarse porosity) and
wash the collected salt with 20 mL anhydrous benzene.

Evaporate the filtrates under reduced pressure to an oil and dissolve with a minimum
amount (~3 mL) of 95:5 anhydrous benzene/triethylamine.

Apply the viscous solution uniformly to the top of a 3 X 20—cm chromatography
column (4pPENDIX 3E) packed with 30 g of a 60 A silica gel slurry in a solution of 95:5
benzene/triethylamine.

Elute the column isocratically with 95:5 benzene/triethylamine collecting 8-mL
fractions.

Analyze the fractions by TLC (arrEnDIX 3D) and pool the fractions that contain the
product. Evaporate fractions containing the phosphordiamidite S.11 to an oil on a
rotary evaporator/vacuum pump system.

Using 95:5 benzenef/triethylamine as the eluent, S.11 has an R;~ 0.49. S.11 is visible only
by staining the TLC with silver nitrate as recommended in Support Protocol 1, step 10.

14. Co-evaporate the oil four times with 10 mL toluene to remove traces of triethylamine.

Leave under high vacuum for >3 hr.

N,N,N',N’-tetraisopropyl-O-{2 -[(N-formyl-N-methyl)amino Jethyl}phosphordiamidite S.
11. Yield: 2.43 g (7.3 mmol, 73%). 'H-NMR (300 MHz, C,Dy): 8 [1.14(d, J = 6.9 Hz), 1.16
(d,J=06.7Hz) 1.18(d, J = 6.7 Hz) (24H)], [2.40 (s, 34%) and 2.64 (s, 66%) (3H)], 2.80
(t,J =5.4Hz, 2H), 3.43 (m, 4H), [3.29 (dt, ] =5.4 Hz, J;p = 6.6 Hz) and 3.60 (dt, J =5.4
Hz, Jyp=6.6 Hz)(2H)], [7.82 (s, 34%) and 7.98 (s, 66%) (1H)]. > C-NMR (75 MHz, C4D,):
824.1,24.2, 24.6, 24.7, 44.7, 44.9, 45.8 (d, *J p = 8.5 Hz), 50.4(d, *J - = 8.5 Hz), 61.3,
61.5,61.9,62.2, 161.9, 162.3. 7' P-NMR (121 MHz, C,Dy): 8 118.0, 118.7. EI-MS: calcd.
Sfor C,;H;,N;O,P (M**) 333.2545, found 333.2528.

Pure S.11 can be stored indefinitely at —20°C in sealed amber glass vials.

COMMENTARY

Background Information

Since its inception in the early 1980s, the
phosphoramidite method for oligonucleotide
synthesis (Beaucage and Caruthers, 1981;
Beaucage and Iyer, 1992; unir 3.3) has been
extensively used to produce polynucleotides
(Ponetal., 1994) on solid supports. The method
is most convenient when using the 2-cy-
anoethyl group for phosphate protection (Sinha
et al., 1984) on small-scale syntheses of oli-
gonucleotides. This group is eventually re-
moved along with nucleobase-protecting
groups during oligonucleotide deprotection by
treatment with either concentrated ammonium
hydroxide or pressurized ammonia gas (Boal
et al.,, 1996). Under these conditions, 2-cy-
anoethyl groups undergo B-elimination, gener-
ating acrylonitrile as a side-product (Tener,
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1961). Acrylonitrile is a potent carcinogen
(Solomon et al., 1984), and alkylation of the
nucleobase of nucleosides and oligonu-
cleotides by this reagent is well documented
(Chambers, 1965; Solomon et al., 1984; Prok-
opczyk et al., 1988; Crippa et al., 1993).

In an effort to obviate nucleobase modifica-
tion during oligonucleotide deprotection at any
scale level, an alternative to the 2-cyanoethyl
group for phosphate protection is recom-
mended. The use of the 4-[N-methyl-N-(2,2,2-
trifluoroacetyl)Jaminobutyl group for phos-
phodiester protection in the synthesis of oli-
godeoxyribonucleotides was recently reported
(Wilk et al., 1999). Polydeoxyribonucleotides
carrying this phosphodiester protecting group
are easily deprotected by treatment with con-
centrated ammonium hydroxide. Cleavage of
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the 2,2,2-trifluoroacetyl groups is rate limiting,
and is followed by rapid cyclo-deesterification
of the resulting 4-(N-methyl)aminobutyl phos-
photriesters to give the corresponding phos-
phodiesters with the concomitant formation of
N-methylpyrrolidine (Fig. 2.7.5). When com-
pared to the potential DNA-alkylating proper-
ties of acrylonitrile, 2,2,2-trifluoroacetamide
and N-methylpyrrolidine, which are produced
during oligonucleotide deprotection, are quite
innocuous.

The high coupling efficiency of the deoxyri-
bonucleoside phosphoramidites S.3a-d (Fig.
2.7.1), their stability in acetonitrile solutions,
and the relative ease of 4-(N-methyl)ami-
nobutyl phosphotriester deprotection prompted
the authors to describe the preparation of these
phosphoramidites in this unit as alternatives to
the commercially available 2-cyanoethyl de-
oxyribonucleoside phosphoramidites. Given
that the procedure for preparing phos-
phoramidites S.3a-d is similar to that of the
2-cyanoethyl phosphoramidites, it shall serve
as arelevant model for the synthesis of deoxyri-
bonucleoside phosphoramidites, which carry
different P(III) protecting groups. In this con-
text, depending on the group selected for P(III)
protection, the method used for the preparation
of either the phosphordiamidite S.2 or the
analogous N,N,N’,N’-tetraisopropyl-O-(2-cy-
anoethyl)phosphordiamidite may not be ade-
quate. For example, the phosphordiamidite
S.11 (Fig. 2.7.4) could not be conveniently
prepared from a phosphordichloridite precur-
sor. Thus, the phosphordiamidite S.11 was pre-
pared from bis(N,N-diisopropylamino)chloro-
phosphine, which provides added versatility to
the synthesis of phosphordiamidites as
phosphinylating agents. The advantage of the
2-[(N-formyl-N-methyl)amino]ethyl group for
oligonucleotide phosphodiester protection is

that, unlike the 2-cyanoethyl group, it can be
removed in the absence of base under neutral
conditions (authors’ unpub. observ.).

The use of (N,N-diisopropylamino)-O-al-
kylchlorophosphine (Sinha et al., 1984) in the
preparation of deoxyribonucleoside phos-
phoramidites will not be discussed in this unit
as these phosphinylating reagents are, because
of their inherent reactivity, less stable to mois-
ture than the corresponding phosphor-
diamidites, and are consequently much less
convenient to handle.

Critical Parameters and
Troubleshooting

Since 4-(N-methyl)aminobutan-1-ol S.8
(see Support Protocol 2) is not commercially
available, its synthesis has been studied for
careful optimization. The lithium aluminum
hydride reduction of the parent amido alcohol
S.7 is demanding in that it requires strict anhy-
drous conditions and a mechanical stirrer for
optimal performance. In addition, quenching
the reduction reaction by adding triethano-
lamine followed by water to destroy aluminum
complexes (as recommended by Powell et al.,
1986, and Gardrat et al., 1990), and carefully
washing the solid aluminate cake with diethyl
ether (see Support Protocol 2, steps 11 to 13)
must be performed to ensure a maximum re-
covery of S.8.

The selection of acetonitrile as the solvent
for converting 4-[N-methyl-N-(2,2,2-tri-
fluoroacetyl)amino]butan-1-ol S.4 to its phos-
phordichloridite S.5 under lower than atmos-
pheric pressure conditions (see Support Proto-
col 1) is required for optimal production of S.5.
The use of other solvents will result in a con-
siderably lower yield of S.5. Performing the
reaction at atmospheric instead of reduced pres-

NH,OH ]
o=

5 — CF4CONH, !

I N F.
0=P~0" \H/C 3
OT o X
(g

X = Thy or N-protected nucleobase; B = Thy, Ade, Cyt, or Gua

§ B
e
NH,OH (\) + : 7
44> O:rrfo_ NH, + CH3N
B
?

Figure 2.7.5 Deprotection of oligodeoxyribonucleotides carrying the 4-[N-methyl-N-(2,2,2-tri-
fluoroacetyl)amino]butyl phosphate protecting group under standard basic conditions.
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sure will also result in unwanted formation of
side-products.

It is important to mention that the prepara-
tion of phosphordiamidites from the bis(V,N-
diisopropylamino)chlorophosphine intermedi-
ate S.9 (see Alternate Protocol) should be per-
formed under strictly anhydrous conditions to
minimize the formation of side-products result-
ing from hydrolysis. These side-products un-
fortunately co-elute with deoxyribonucleoside
phosphoramidites during silica gel chromatog-
raphy. Depending on the amount of contami-
nating side-products, the stoichiometry of de-
oxyribonucleoside phosphoramidites required
for solid-phase oligonucleotide synthesis may
be difficult to determine accurately. Further-
more, the chemical reactivity of the phospho-
rus-containing hydrolysis side-products is not
known; these side-products may react with ac-
tivated phosphoramidites and further decrease
the effective concentration of the amidites.

Occasionally, deoxyribonucleoside phos-
phoramidites may not produce the expected
coupling efficiency during conventional solid-
phase oligonucleotide synthesis. A number of
parameters may be responsible for such an
apparent lack of reactivity. (1) Phos-
phoramidites may be contaminated with the
triethylamine used with benzene as an eluent
during purification on silica gel chromatogra-
phy. Triethylamine stoichiometrically neutral-
izes 1H-tetrazole, the weak acid required for
the activation of deoxyribonucleoside phos-
phoramidites in solid-phase oligonucleotide
synthesis. Thus, it will prevent optimal cou-
pling efficiency of the phosphoramidites to an
extent corresponding to its concentration. It is
therefore critical that the phosphoramidites be
subjected to high-vacuum foaming after chro-
matographic purification to ensure complete
removal of triethylamine contaminants. Alter-
natively, lyophilization of a frozen benzene
solution of deoxyribonucleoside phos-
phoramidites is an efficient method for the
removal of residual triethylamine. (2) Phos-
phoramidites may be contaminated with adven-
titious moisture upon storage, which will result
inlower coupling efficiency. It is recommended
that deoxyribonucleoside phosphoramidites be
dried overnight under high vacuum in a desic-
cator containing phosphorus pentoxide as a
drying agent. (3) The overall purity of deoxyri-
bonucleoside phosphoramidites, as determined
by 3'P-NMR spectroscopy, should be >95%;
phosphoramidites contaminated with >15% of
phosphorus-containing hydrolysis products in-
variably exhibit lower coupling efficiency
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when compared to that of pure deoxyribonu-
cleoside phosphoramidites.

Anticipated Results

It should be emphasized that deviation from
Support Protocol 1 in regard to preparing phos-
phordichloridite S.5 with a solvent other than
acetonitrile at atmospheric pressure will gener-
ally cause the yield of the product to drop to
50% to 60%. Caution should be exercised when
attempting the distillation of unknown phos-
phordichloridites; a number of these com-
pounds may decompose or even explode on
heating (Beaucage, 1993). In this context, the
preparation of phosphordiamidites from
bis(N,N-diisopropylamino)chlorophosphine
S.9 generated in situ (see Alternate Protocol) is
a much safer process and is easier to perform
experimentally. Furthermore, the purification
of phosphordiamidites on silica gel chromatog-
raphy is milder than distillation to the phos-
phonylating reagents and safer to perform. Iso-
lated yields of phosphordiamidites after silica
gel chromatography range between 70% and
80% based on the starting amido alcohol S.10;
it should be noted that formation of some hy-
drolysis side-products cannot be avoided, only
minimized by careful attention to experimental
detail.

The synthesis of deoxyribonucleoside phos-
phoramidites S.3a-d from phosphordiamidite
S.2 (see Basic Protocol) is performed essen-
tially as recommended by Barone et al. (1984).
More reaction time is required for the prepara-
tion of S.3d to optimize yields. It is possible
that phosphinylation at O6 of guanine by S.2
might occur and serve as a secondary, slower,
phosphinylating path (Barone et al., 1984) for
the nucleoside S.1d. The phosphoramidites
S.3a-d are very soluble and stable in acetoni-
trile. For example, an acetonitrile solution of
S.3d, unlike the corresponding 2-cyanoethyl
phosphoramidite, does not precipitate upon
storage exceeding 3 days. In fact, the coupling
efficiency of phosphoramidites S.3a-d is essen-
tially unchanged after being in acetonitrile so-
lution for 1 week (Wilk et al., 1999).

Time Considerations

The preparation and purification of 4-(N-
methyl)aminobutan-1-ol S.8 can be accom-
plished in ~3 days. The conversion of S.8 to the
amido alcohol S.4 can be done in one day, and
the purified phosphordiamidite S.2 can be ob-
tained from S.4 within 3 days. The synthesis
and purification of deoxyribonucleoside phos-
phoramidites S.3a-d require ~2 days to com-
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plete. Alternatively, the synthesis and purifica-
tion of the amido alcohol S.10 takes a half day,
and its conversion to the purified phosphor-
diamidite S.11 takes ~3 days.
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