METHODS FOR THE SYNTHESIS OF FUNCTIONALIZED NUCLEIC ACIDS

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims priority to United States provisional application serial
number 61/509,526, filed July 19, 2011, the entirety of which is hereby incorporated herein by

reference.

BACKGROUND OF THE INVENTION
[0001] Oligonucleotides are useful in therapeutic, diagnostic, researchand nanomaterials applications.
The use of natural sequences of DNA or RNA for therapeutics is limited because of their instability
against extra and intracellular nucleases, poor celi penetration and distribution. Additionally, in vitro
studies have shown that the properties of antisense nucleotides such as binding affinity, sequence specific
binding to the complementary RNA (Cosstick and Eckstein, 1985; LaPlanche et al., 1986; Latimer ef al., 1989;
Hacia ez al., 1994; Mesmaeker et al., 1995), stability to nucleases are affected by the configurations of the
phosphorous atomsTherefore, there is a need for modified oligonucleotides to impart stability towards
ubiquitous nucleases, increase binding affinity towards complementary RNA and increase cell

penetration and bio-distribution for a number of in-vitro and in-vivo applications.

SUMMARY-GF-]

[06002] Described herein are methods for the synthesis of novel functionalized nucleic acids and

nucleic acid prodrugs. In some embodiments, the nucleic acids comprise chiral phosphorous

moieties.

10002a] In a first aspect of the present disclosure, there is provided a process for the preparation

of phosphorothiotriesters of structure Ilic comprising the steps of:

1) reacting an H-phosphonate of structure Ic with a silvliating reagent to provide a

silvioxvyohosphonate:

ii} reacting the silvloxvphosphonate with a bis(thiosulfonaie) reagent of structure IVe 1o

provide a phosphorothiotriester comprising a thiosulfonate group of structure Ve

i11) reacting the phosphorothiotriester comprising a thiosulfonate group of structure Ve

with a nucleophile of structure Vic to nrovide the phosphorothiotriesters of structure Ilc:




wherein,

the H-phosphonate of structure Ic has the following structure:
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wherein,

W is independently selected from O, S. NH, or CHy:

R’ is -OH. -SH. -NRR, -N;, halogen, hydrogen, alkvl, alkenvl. alkynvl. alkyl-¥'-,
alkenyl-Y'-. alkynvl-Y'-, arvl-Y'-, heteroaryl-Y'-. P(OYR®),. -HP(O)R®), -OR® or -

v'is O, NRY, S, or Se:

R*is a blocking group;

R’ is a blocking eroup:

each instance of R% is independently hvdrogen, alkyl, alkenvl. alkynvl, arvl, acylL

substituted silyl, carbamate, -P(OWR o, or -HP(O¥R):

each instance of R® is independently hvdrogen, alkvyl. arvl. alkenvl, allkkynvl, alkvl-Y>-,

alkenyl-Y°-, alkynyl-Y>-. aryl-Y*-, or heteroarvl-Y>-, or a cation which is Na*'. Li"\. or
K

each instance of R* is independently hydrogen, -OH, -SH. -NR‘RY, -N 3. halogen, alkyl

alkenvl. alkyanvl, alkvi-Y'-. alkenvl-Y -, allkynyl-Y'- arvl-Y ', heteroaryl-Y'-, -OR" Lor

-SR®, and R” is a blocking group:

each mstance of Ba is independently a blocked or unblocked adenine, cvtosine. guanine,

thymine, uracil or modified nucleobase;
Y2is O. S or NRY wherein R® is hvdrogen, alkvl, alkenvl, alkynvl, arvl. acvl, substituted

silvl, or carbamate;

R’is hydrogen, a blocking sroup, a linking moiety connecied to a solid support or a

linking moiety connected to a nucleic acid; and
n is between 1 and about 200; and




the bis(thiosulfonate) reagent of structure IVc has the following structure:
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Structure Ve

wherein,

X is alkvlene, alkenvlene, arviene. or heteroarvlene:

each R® is independently alkvl. cycloalkvl, arvl. or heteroarvl:

the nucleophile of structure Ve has the following structure:

R7—SH$ wherein R’ is selected from alkyl, alkenvl, arvl, heterocvelo, anunocalkyl. or

(heterocvelo)alkyl:

and phosphorothiotriesters of structure Ic has the following structure:
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wherein,
W is independently selected from O, S, NH. or CH,;
R is R7-8-S-X-:

R is alkvl. alkenvl. aryl, heterocvelo, aminoalkyl. or (heterocvelolalkyl:

X s atkvlene, alkenvlene, arvlene, or heteroarviene:

R’ is -OH. -SH. -NRR% -Ns, halogen. hydrogen, atkvl, alkenvl, alkynyi, alkyl-y'.
alkenvl-Y'-, alkynyl-Y'-, aryi-Y'-, heteroaryl-Y'-. -P{OYR"),, -HP(OWR®). -OR" or -

Y'is O.NR S, or Se;

R*is a blocking group;

R%is a blocking eroup;

each instance of R® is independently hydrogen. alkyl, alkenvl. alkvnvl. arvl, acyl,
substituted silyl, carbamate. -P(OYR ), or -HP(OWR®),




each instance of R is independently hydrogen. alkvl. arvl. alkenvl. allevnvl. alkyl-Y*-.

alkenvl-Y*-, allkynyl-Y*-, arvl-Y>-. or heteroaryl-Y>-, or a cation which is Na™. L or

741,
k.

each instance of R* is independently hvdrogen, -OH, -SH -NRRY, -Ns, halogen, alkyl.

alkenvl, alleynvi, alkvi-Y'-, alkenvl-Y'-, alkynyl-Y'-. arvi-Y'-, heteroarvl-Y'-, -OR® or

-SR°. and R® is a blocking sroun:

each instance of Ba is independently a blocked or unblocked adenine, cviosine, guanine,

thymine, uracil or modified nucleobase;

v2is Q. S or NR® wherein R® is hydrogen. alkyl atkenvl, alkynvl. arvl. acvl, substituted

silyl, or carbamate;

R’ is hydrogen. a blocking eroup. a linking moiety connected to a solid support or a

linking moiety connected to a nucleic acid:

n is between | and about 200: and

wherein the phosphorous linkages of the H-phosnhonate of structure Ic. the

nhosphorothiotriester comprising a thiosulfonate group of structure Ve, and the

phosphorothiotriesters of structure Hlc may optionally comprise non-stereorandom

phosphorous linkages,

{0003] One embodiment provides a process for the preparation of phosphorothiotriesters of

structure Ifla comprising the steps of:

i) reacting an H-phosphonate of structure Ia with an silylating reagent to provide a
silyloxyphosphonate; and

ii) reacting the silyloxyphosphonate with a thiosulfonate reagent of structure Ila to
provide a phosphorothiotriester of structure I1la;

wherein,

the H-phosphonate of structure Ia has the following structure:



CLAIMS

WHAT IS CLAIMED IS:
1. A process for the preparation of phosphorothiotriesters of structure Illa comprising the
steps of:
i) reacting an H-phosphonate of structure Ia with a silylating reagent to provide a/
silyloxyphosphonate; and
ii) reacting the silyloxyphosphonate with a thiosulfonate reagent of structure/]
a phosphorothiotriester of structure IIla;
wherein,

the H-phosphonate of structure Ia has the following structure:

R* o Ba
Hoe W RS
W w
o
ORrRS R®

Structure Ia |
wherein: j
Wis O /
R®is -OH, -SH, -NRRY, -N;, halogen, hy drogen, alkyl, alkenyl, alkynyl, alkyl-Y'-,
alkenyl-Y'-, alkynyl-Y'-, aryl-Y'-, eromyI-Y‘-, -P(O)(R®),, -HP(O)R®), -OR? or
SRS,
Ylis O, NRY S, or Se;
R is a blocking group;
R®is a blocking group;
endenﬂy hydrogen, alkyl, alkenyl, alkynyl, aryl, acyl,
ate, -P(O)(R%),, or -HP(OYR®);
each instance of R® i¢ independently hydrogen, alkyl, aryl, alkenyl, alkynyl, alkyl-Y?-,
alkenyl-Y2-, allyf
qu
Y?is O, NRY/ or S;
each instafice of R* is independently hydrogen, -OH, -SH, -NR'R®, -Nj, halogen,
alky lkenyi, alkynyl, alkyl-Y'-, alkenyl-Y'-, alkynyl-Y'-, aryl-Y'-, heteroaryl-Y'-, -
OR®

each instance of RY is in

substituted silyl, car

yl-Y2-, aryl-Y*-, or heteroaryl-Y?-, or a cation which is Na*', Li*!, or

;or -SR®, and R® is a blocking group;
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each instance of Ba is independently a blocked or unblocked adenine, cytosine, guanine,
thymine, uracil or modified nucleobase;
R’ is hydrogen, a blocking group, a linking moiety connected to a solid supportora /
linking moiety connected to a nucleic acid; and ﬁ
n is between 1 and about 200; and

the thiosulfonate reagent of structure la has the following structure:

Structure lla
wherein:
X is alkyl, cycloalkyl, or heteroaryl;

R is alkyl, alkenyl, alkynyl, cycloalkyl, aryl, aratkyl, heterog 1, heteroaralkyl, or R'-
R%; /

R' is selected from -S-alkenylene-, -S-alkylene-, -S-al 1ene—ary1~aikylene—, -5-CO-
aryl-alkylene-, or -S-CO-alkylene-aryl-alkylene-;

R? is selected from heterocyclo-alkylene-S-, hetefocyclo-alkenylene-S-,aminoalkyl-S-
,or (alkyl)4N-alkylene-S-;

and the phosphorothiotriester of structure 1I1a has the following structure:

Structure Ila

wherein:
Wis O; /
R is alkyl, ah(;’ig;l, alkynyl, cycloalkyl, aryl, aralkyl, heteroaryl, heteroaralkyl, or R'-

R

R'is s?eé;d from -S-alkenylene-, -S-alkylene-, -S-alkylene-aryl-alkylene-, -S-CO-
arylalkylene-, or -S-CO-alkylene-aryl-alkylene-;

Rz/fglseiected from heterocyclo-alkylene-S-, heterocyclo-alkenylene-S-,aminoalkyl-S-

/ ;or (alkyl)sN-alkylene-S-;
279 .

/
/




R® is -OH, -SH, -NR'R, -Ns, halogen, hydrogen, alkyl, alkenyl, alkynyl, alkyl-Y'-,
alkenyl-Y'-, alkynyl-Y'-, aryl-Y-, heteroaryl-Y'-, -P(O)(R®),, -HP(O)(R®), -OR® or /
-SR’; |

Y'is O, NRY, S, or Se;

R® is a blocking group;

R® is a blocking group; |

each instance of R? is independently hydrogen, alkyl, alkenyl, alkynyl, - 1, acyl,
substituted silyl, carbamate, -P(O)(R®),, or -HP(O)}R®);

each instance of R® is independently hydrogen, alkyl, aryl, alkeny¥ alkynyl, alkyl-Y*-,
alkenyl-Y?-, alkynyl-Y?-, aryl-Y*-, or heteroaryl-Y2-, or a cafion which is Na™*, Li*,
or K™

Y?is O, NRY, or S;

each instance of R is independently hydrogen, -OH, ASH, -NRR¢, -N;, halogen,
alkyl, alkenyl, alkynyl, alkyl-Y'-, alkenyl-Y'-, alkynyl-Y'-, aryl-Y'-, heteroaryl-Y'-,
-OR® or -SR®, and R” is a blocking group;

each instance of Ba is independently a blockéd or unblocked adenine, cytosine,
guanine, thymine, uracil or modified nu€leobase;
R’ is hydrogen, a blocking group, a linKing moiety connected to a solid support or a

linking moiety connected to a nugleic acid; and

n is between 1 and about 200.

2. A process for the preparation of phosphorothiotriesters comprising non-stereorandom
phosphorous linkages of structufe I1Ib comprising the steps of:

i) reacting an H-phogphonate comprising non-stereorandom phosphorous linkages of
structure Ib with #'silylating reagent to provide a silyloxyphosphonate; and

ii) reacting the/silyloxyphosphonate with a thiosulfonate reagent of structure IIb to
provide a piiosphorothiotriester comprising non-stereorandom phosphorous linkages
of structure 1IIb;

wherein,

the H-phogphonate comprising non-stereorandom phosphorous linkages of structure Ib has

|¢wing structure:
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wherein;
Wis O;

R’ is -OH, -SH, -NRR, -Ns, halogen, hydrogen, alkyl, alkenyl, alkynyl, alkyl-Y'-,
alkenyl-Y'-, alkynyl-Y'-, aryl-Y'-, heteroaryl-Y'- -P(O)(RG—I{P(O)(RC), -OR? or
-SR%;

Y'is O, NRY, S, or Se;

R® is a blocking group; /

R¢ is a blocking group;

each instance of R is independently hydrogen, atkyl, alkenyl, alkynyl, aryl, acyl,
substituted silyl, carbamate, -P(O)(R®),, or ;HP(O)R®);

each instance of R is independently hydr/ogx, alkyl, aryl, alkenyl, alkynyl, alkyl-Y?-,
alkenyl-Y?-, alkynyl-Y>-, aryl-Y*-, or Heteroaryl-Y*-, or a cation which is Na'', Li",
or K

Y?is O, NR, or S;

each instance of R* is independgftly hydrogen, -OH, -SH, -NRRY, -Nj, halogen,
alkyl, alkenyl, alkynyl, alk
-OR" ,or -SR®, and R® is

each instance of Ba is ipdependently a blocked or unblocked adenine, cytosine,

Y, alkenyl-Y'-, alkynyleI-, aryI-YI—, heteroaryl-Y'-,

blocking group;

guanine, thymine, pracil or modified nucleobase;

R’ is hydrogen, a Wlocking group, a linking moiety connected to a solid support or a
linking moiety connected to a nucleic acid; and

and about 200; and

the thiosulfonate péagent of structure IIb has the following structure:

I
X—ﬁ_S_R
0

Structure llb ,

X is alkyl, cycloalkyl, aryl, or heteroaryl;
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R is alkyl, alkenyl, alkynyl, cycloalkyl, aryl, aralkyl, heteroaryl, heteroaralkyl, or R'-
R%

R’ is selected from -S-alkenylene-, -S-alkylene-, -S-alkylene-aryl-alkylene-, -S-CO-
aryl-alkylene-, or -S-CO-alkylene-aryl-alkylene-;

R? is selected from heterocyclo-alkylene-S-, heterocyclo-alkenylene-S-,aminoallgl-S-
,or (alkyl)sN-alkylene-S-;

and the chiral phosphorothiotriester comprising non-stereorandom phosphofous

linkages of structure I1Ib has the following structure:

R=S.__W R®
AN
w W
Ba
0
L OR® R
Structure b/
wherein: |
Wis O
R is alkyl, alkenyl, alkynyl, cycloalkyl, ary}, aralkyl, heteroaryl, heteroaralkyl, or R
R?;

R' is selected from -S-alkenylene-, -Sfalkylene-, -S-alkylene-aryl-alkylene-, -S-CO-
aryl-alkylene-, or -S-CO-alkyleng-aryl-alkylene-;

R? is selected from heterocyclo,
Jor (alkyl4N-alkylene-S-;

R%is -OH, -SH, -NRRY, -
alkenyl-Y'-, alkynyl-
-SR%

Y'is O, NRY S, of Se;

R? is a blocking/group;

R°is a blockd

kylene-S-, heterocyclo-alkenylene-S-,aminoalkyl-S-

3, halogen, hydrogen, alkyl, alkenyl, alkynyl, alkyl-Y'-,
-, aryl-Y'-, heteroaryl-Y'-, -P(O)}R%),, -HP(O)R®), -OR* or

hg group;
each instafice of R® is independently hydrogen, alkyl, alkenyl, alkynyl, aryl, acyl,
subs éted silyl, carbamate, -P(O)R"),, or -HP(O)}R");
eac /i{stance of R® is independently hydrogen, alkyl, aryl, alkenyl, alkynyl, alkyl-Y?-,
lkenyl-Yz-, alkynyl-Yz—, aryl~Y2w, or heteroaryl—Yz-, or a cation which is Na™, Li",

or K
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Y?is O, NRY or S;

each instance of R is independently hydrogen, -OH, -SH, -NRRY, N3, halogen,
alkyl, alkenyl, alkynyl, alkyl-Y'-, alkenyl-Y'-, alkynyl-Y'-, aryl-Y'-, heteroaryl-Y'-,
-OR® ,or -SR®, and R® is a blocking group;

each instance of Ba is independently a blocked or unblocked adenine, cytosine,
guanine, thymine, uracil or modified nucleobase;

R’ is hydrogen, a blocking group, a linking moiety connected to a solid support or a
tinking moiety connected to a nucleie acid; and

n is between 1 and about 200.

3. The process of claim 1 or 2, wherein R' is selected from:

4. The process of claimy/ { or 2, wherein the silylating reagent is selected from
1,1,3,3-tetrameth
1,3-dimethyl-1,1,3 3-tetraphenyldisilazane;
1-(trimethylsj yl)imidazole;
N-trimethylsilyl-N-methyl trifluoroacetamide;
bis(dimgthylamino)dimethylsilane;

I-1,3-diphenyldisilazane;

bromgtrimethylsilane;
chidrodimethyl(pentafluorophenyl)silane;
hlorotriethylsilane;

/ chlorotriisopropylsilane;
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chlorotrimethylsilane;
dichlorodimethylsilane;
hexamethyldisilazane;
N,N'-bis(trimethylsilyljurea;

N, N-bis(trimethylsilyDmethylamine;
N,N-dimethyltrimethylsilylamine;
N,O-bis(trimethylsilyl)acetamide;
N,O-bis(trimethylsilyl)carbamate;
N,O-bis(trimethylsitybytrifluoroacetamide;

N-methyl-N-(trimethylsilyDtrifluoroacetamide;
N-methyl-N-trimethylsilylacetamide;
N-methyl-N-trimethylsilylheptafluorobutyramide;
N-tert-butyldimethylsilyl-N-methyltrifluoroacetamide;
N-methyl-N-trimethylsilylheptafluorobutyramide;
trimethylsilyltriflate;
triethylsilyltriflate;
triisopropylsilyltriflate; and
tert-butyldimethylsilyltriflate.

‘ eagent is selected from N,O-
bis(trimethylsilyltrifluoroacetamide, trimethylsilyltriflate, chlorotrimethylsilane, and 1-
(trimethylsilyl)imidazole.

5. The process of claim 4, wherein the silylati

6. The process of claim 5, wherein the silylating reagent is N,O-

bis(trimethylsilyltrifluoroacetamide.
7. The process of claim 1 or 2/ wherein the H-phosphonate is covalently linked to a solid
phase. /

ration of phosphorothiotriesters of structure Ilc comprising the

8 A process for the pre
steps of: /
i} reacting an H-phosphonate of structure Ic with a silylating reagent to provide a
sily]oxyphosphg;ate;
ii) reacting tlé silyloxyphosphonate with a bis(thiosulfonate) reagent of structure IVc to

provide a/phosphorothiotriester comprising a thiosulfonate group;

iii) reagting the phosphorothiotriester comprising a thiosulfonate group with a nucleophile
of structure Ve to provide the phosphorothiotriesters of

strficture Ic;
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wherein:

the H-phosphonate of structure Ic has the following structure:

R4_i o ?a

He W RS
W w .
a
o)
5 p3 i
OR®> R ,
Structure Ic

wherein:

Wis O /

R? is -OH, -SH, -NRIR", -N3, halogen, hydrogen, alkyl, aikeﬁﬁ, alkynyl, alkyl-Y'-,
alkenyl-Y'-, alkynyl-Y'-, aryl-Y'-, heteroaryl-Y'-, P(g)/)é{e)z, -HP(O)(R®), -OR? or -
SRS

Y'is O,NRY, S, or Se;

R? is a blocking group;

R® is a blocking group;

each instance of R? is independently hydrogen, alkyl, alkenyl, alkynyl, aryl, acyl,
substituted silyl, carbamate, —P(O)(Re)z'or -HP(O)(R®);

each instance of R® is independenitly, 4drogen, alkyl, aryl, alkenyl, alkynyl, alkyl-Y*-,
alkenyl-Y?-, alkynyl-Y*-, aryl-Y*-, or heteroaryl-Y>-, or a cation which is Na ™', Li",
or K,

Y?is O, NR%, or S;

each instance of R* is ir}dépendently hydrogen, -OH, -SH, -NRRY, -N3, halogen,
alkyl, alkenyl, alkynl, alkyl-Y'-, alkenyl-Y'-, alkynyl-Y'-, aryl-Y'-, heteroaryl-Y',
-OR" ,or -SR°, andd R” is a blocking group;

each instance oﬁé/a is independently a blocked or unblocked adenine, cytosine,
guanine, ti}%ﬁne, uracil or modified nucleobase;

R’ is hyd;(,c{c;ren, a blocking group, a linking moiety connected to a solid support or a

linkim’g moiety connected to a nucleic acid; and
n i?!étween 1 and about 200; and
the bis(t}h'osulfonate) reagent of structure IVc has the following structure:
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Structure Ve

wherein:
X 1s alkylene, alkenylene, arylene, or heteroarylene;

each R® is independently alkyl, cycloalkyl, aryl, or heteroaryl;

the nucleophile of structure Vic has the following structure:
R’-SH, wherein R’ is selected from alkyl, alkenyl, aryl, heterocyclo, Y inoalkyl, or
(heterocyclo)alkyl; |

and phosphorothiotriesters of structure Illc has the following structure:

_ OrR® B |
n »
Structure/Ilic
wherein:
W is O;
Ris R™-S-S-X-

R’ is alkyl, alkenyl, aryl, hetet/c,yélo, aminoalkyl, or (heterocyclo)alkyl;

X is alkylene, alkenylene, ary}éne, or heteroarylene;

R’ is -OH, -SH, -NRRY, -N¥, halogen, hydrogen, alkyl, alkenyl, alkynyl, alkyl-Y'-,
alkenyl-Y'-, alkynyl-Y/~, aryl-Y'-, heteroaryl-Y'-, -P(O)R®),, -HP(O)}R®), -OR? or
-SR¢;

Yis 0, NR¢, S, or 8e;

R? is a blocking group;

R is a blocking group;

e of RYis independently hydrogen, alkyl, alkenyl, alkynyl, aryl, acyl,
substitdted silyl, carbamate, -P(O)}(R®),, or -HP(O)}R);

each jsistance of R is independently hydrogen, alkyl, aryl, alkenyl, alkynyl, alkyl-Y>-,

alkenyl-Y?*-, alkynyl-Y?-, aryl-Y*-, or heteroaryl-Y*-, or a cation which is Na*™', Li",
or K
Y?is O, NRY, or S;
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each instance of R is independently hydrogen, -OH, -SH, NRYR®, -N, halogen, alkyl,
alkenyl, alkynyl, alkyl-Y'-, alkenyl-Y'-, alkynyl-Y'-, aryl-Y'-, heteroaryl-Y'-,
-ORP ,or -SR®, and Risa blocking group;

each instance of Ba is independently a blocked or unblocked adenine, cytosine,

guanine, thymine, uracil or modified nucleobase;

R® is hydrogen, a blocking group, a linking moiety connected to a solid suppoft or a
linking moiety connected to a nucleic acid,; /

n is between 1 and about 200; and f"’

wherein the phosphorous linkages of the H-phosphonate of structure éi the
phosphorothiotriester comprising a thiosulfonate group, and tl;?z osphorothiotriesters
of structure ITlc may optionally comprise non-stereorandom pliosphorous linkages.

9. The process of claim 7, wherein the phosphorothiotriest:;ynf structure IIIb comprise
non-stereorandom phosphorous linkages and the H—phosphona}/ of structure Ia or Ib comprise

non-stereorandom phosphorous linkages.

10. The process of claim 8, wherein RS is methyl.
I1. The process of claim 8, wherein bis(thiosubfénate) reagent of structure IVc is selected
from:
o 0 H,c-5-5—" O o — o)
1 it 3 p Tt i I
HyC~$~8-CH,~S~§~CHs o S_§”CH3 H3c~§—s—/—\—s—§—CH3
0 0 , 0 , and O o)

12. The process of claim 8, w rein the nucleophile of structure VIc has the following
structure:
SH 1 (\N/\/SH N/\/SH
[/\ N N AcO™R SH : \/! N oH
oS C AP oae | HE C . cOgHs |
/ SN SH \/\% A -SH
/ | ,or |
13. The pr t’:i:ss of claim 8, wherein the silylating reagent is selected from

3-tetramethyl-1,3-diphenyldisilazane;
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1,3-dimethyl-1,1,3,3-tetraphenyldisilazane;
1-(trimethylsilylyimidazole;
N-trimethylsilyl-N-methyl trifluoroacetamide;
bis(dimethylamino)dimethylsilane;
bromotrimethylsilane;
chlorodimethyl(pentafluorophenyl)silane;
chiorotriethylsilane;

chlorotriisopropylsilane;

chlorotrimethylsilane;

dichlorodimethylsilane;

hexamethyldisilazane;
N,N’-bis(trimethylsilylurea;

N, N-bis(trimethylsilylymethylamine;
N,N-dimethyltrimethylsilylamine;
N,O-bis(trimethylsilyl)acetamide;
N,O-bis(trimethylsilylycarbamate;
N,O-bis(trimethylsilyl)trifluoroacetamide;
N-methyl-N-(trimethylsilyl)trifluoroacetamide;
N-methyl-N-trimethylsilylacetamide; /
N-methyl-N-trimethylsilylheptafluorobuframide;
N-tert-butyldimethylsilyl-N-methyltriffuoroacetamide;
N-methy!l-N-trimethylsilylheptaflugfobutyramide;
trimethylsilyltriflate;

triethylsilyltriflate;

triisopropylsilyltriflate; an
tert-butyldimethylsilyltriflate.
14. The process of claigi 13, wherein the silylating reagent is selected from N,O-

bis(trimethylsilyl)tliﬂuoﬂvgacetamide, trimethylsilyltriflate, chlorotrimethylsilane, and 1-
(trimethyisilyl)imidjjéfe.

15. The progess of claim 14, wherein the silylating reagent is N,O-
bis(trimethylsilyDtrifluoroacetamide.

16. ‘he process of claim 15, wherein the H-phosphonate is covalently linked to a solid phase.
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17. The process of any one of the preceding claims, wherein Y' is O.

18. The process of any one of the preceding claims, wherein:

each instance of R” is independently hydrogen, ~OH, halogen, alkyl, alkenyl, alkyn
alkyl-Y'-, alkenyl-Y'~, alkynyl-Y'~, aryl-Y'~, heteroaryl-Y'~, or ~OR%;

each instance of R? is independently —OH, hydrogen, alkyl, alkenyl, alkynyl, alkyl-Y'~,
alkenyl-Y'—, alkynyl-Y'—, aryl-Y'—, heteroaryl-Y'~, or ~OR®; and

R’ is hydrogen or a blocking group.

19. The process of any one of the preceding claims, wherein each instdnce of R is

independently hydrogen, alkyl, alkenyl, alkynyl, aryl, or acyl.

20. The process of any one of the preceding claims, wherein ¥? is O or S.
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CLAIMS
WHAT IS CLAIMED 18:

1. A process for the preparation of phosphorothiotriesters of structure 11lc comprising the

steps of:

1) reacting an H-phosphonate of structure Ic with a silvlatine reagent to provide a

silvloxyphosphonate;

1i) reacting the silvioxyphosphonate with a bis(thiosulfonate) reagent of structure IVe

1o provide a phosphorothiotriester comprising a thiosulfonate sroup of structure Ve

i1} reacting the phosphorothiotriester comprising a thiosulfonate group of structure Ve

with a nucleophiie of structure Vlic 1o provide the nhosphorothiotriesters of structure

wherein,

the H-phosnhonate of structure Ic has the following structure;

R“—l o Ba

H;P<W R3

W W

B
o a

]
OR% R® Structure Ic

wherein,
W _is independently selected from O, S, NH. or CHy:
R®is -OH. -SH, -NR'RY, -N;, halogen. hydrogen. alkvl, alkenyl. allcynvl, alkyl-Y'-,
alkenvl-Y'-, alkynyl-Y'-, aryl-Y'-, heteroaryl-Y'-. P(OYR®). -HP(O)R®). -OR" or -
SRS
¥'is 0. NR% S. or Se:

R® is a blocking group;

RE is a blocking groun;

each instance of RY is independently hydrogen. allevl, alkenvl alkvnvl. arvl, acvl,
substituted silyl, carbamate, -P(O)R%),, or -HP(OWR):




each instance of R® is independently hydrogen, alkvl. arvl, alkenvl. alkynyl, alkyvl-Y*-.

alkenyl-Y%-, alloynyl-Y*-, arvl-Y>-, or heteroarvl-Y-. or a cation which is Nal it

2

or K ;

each instance of R* is independently hydrogen, -OH. -SH. -NRRY, -Ns, halogen. alkvl,

alkenvl, alkynvl, alkyl-Y'-, alkenvl-Y'-, alkynvi-Y'-. aryl-Y'-, heteroaryi-Y'-, -OR”

. b - ,
or -SR*. and R” is a blocking group;

cach instance of Ba is independently a blocked or unblocked adenine. cviosine,

guanine, thymine, uracil or modified nucleobase;

¥%is 0. S or NR® wherein R® is hvdrogen, alkvi, alkenvl. alkvnvl. arvl. acvl,

substituted silvl. or carbamate;

R’ is hydrogen, a blocking group. a linking moiety connected to a solid support or a

linking moiety connected to a nucleic acid; and

n is between | and about 200: and

the bis(thiosulfonate) reagent of structure IVc¢ has the following structure:

Q Q
R6-§—s-x~s-§~R6
o) o)

Structure Ve

wherein,

X is alkvlene, alkenvlene, arvlene, or heteroarviene:

each R® is independenily alkvl, cveloalkyl, arvl, or heteroarvl;

the nucleophile of structure Vie has the following structure:

R’-SH. wherein R’ is selected from alkvl, alkenvl. aryl. heterocvclo, amioallkvl. or

{heterocvelolalkyl:

and phosnhorothiotriesters of structure ITlc has the following structure:

R4"l o Ba
P

R—S. W R3

w? W
“{ Ba
O

OR® R®

N Structure 1ilc




wherein,
W is independently selected from O, S. NH, or CH»:
RisR’-S-S-X-;

R’ is alkvl. alkenvl. arvl. heterocyclo, aminoalkvl, or (heterocvelo)alloyl:

X 1s alkvlene, alkenvlene. arylene, or heteroarvlene;

R’ is -OH. -SH, -NRRY, -N3, halogen, hydrogen, alkyl. alkenyl. atkynyl, alkyl-Y'-,
alkenyl-Y'-. alkynyl-Y'-, aryl-Y'-. heteroaryl-Y'-, -P(O}R®),, -HP(O}R®), -OR” or -
SR%:

y'is O, NRY S, or Se:

R is a blocking eroup:

R’ is a blocking group:

each instance of R is independently hydrogen, alkyl, alkenvl. allkynvi, aryl, acvl,
substituted silvl, carbamate, -P(OYR ), or -HP(OWR®):

each instance of R is independently hydrogen, alkyl, arvl. alkenvyl, alkynyl, alkyvl-Y>-

alkenvl-Y>-, alicynvE~Y2—, arvl-Y*-, or heteroarvl-Y>-. or a cation which is Na™, Li*",

or K™
each instance of R* is independently hydrogen. -OH, -SH. -NR*R®, -N 3. halogen. alkyl.

alkenvl, alkynvi, alkvl-Y'-. alkenvl-Y'-, alkynvi-Y'-, arvl-Y'- heteroaryl- Y-, -ORP

s b .
o1 -SR®. and R’ is a blocking groun;

each instance of Ba is indenendently a blocked or unblocked adenine. cviosine,

guanine. thymine. uract or modified nucleobase:

v*is O, S or NRY wherein R® is hvdrogen, alkvl, alkenvl. alkvnvl, arvl, acvyl,

substituted silyl, or carbamate;

R’ is hvdroeen. a blocking group. a linking moiety connected to a solid support or a

linking moiety connected to a nucleic acid;

n is between | and about 200; and

wherein the phosphorous linkages of the H-phosphonate of structure Ic, the

vhosphorothiotriester comprising a thiosulfonate groun of structure Ve. and the

phosphorothiotriesters of structure Il¢c mav optionally comprise non-stereorandom

phosphorous linkages.




2. The process of claim 1, wherein the phosphorothiotriesters of structure Illc comprise non-

stereorandom phosphorous linkages and the H-phosphonate of structure I¢ comprise non-

stereorandom phosphorous linkages: and W is independently selected from O, NH, or CH,.

3. The process of claim 1 or 2. wherein W is Q.

4. The nrocess of claim 1. wherein R is methylL

5, The process of claim 1. wherein the bis(thiosulfonate) reagent of structure IVc is selected

from:
Q Q HaC 2 s 0
il sbTeT 1 i Yl
HaC~$—8-CH,~S—§CH; ) S~S§-CH, H3C“|SI“S_/_\_S“§“CH3
0 o » 19 , Of 0 0

6. The process of claim |, wherein the nucleonhile of structure Vic has the followinge

structure:
OAc
~~_-SH N -SH
(\N/\/SH A%Oégg\/SH O N/\/SH Q
o/ RO oae L HC C/ _ COCH;
~ sH 9 SH

~
| , OF |

7. The process of claim I, wherein the silvlating reagent is selected from

1.1.3.3-tetramethvi-1 3-diphenvldisilazane;

1.3-dimethyl-1,1.3 3-tetraphenvldisilazane:

1-{trimethvisilvi¥imidazole:

N-trimethvisilvi-N-methvl trifluoroacetamide;

bis(dimethviamino)dimethvisilane;

bromotrinethvlsilane;

chlorodimethvi{pentafiuorophenvhsilane;

chiorotriethvisilane:




chlorotriisopropyvisilane;

chlorotrimethylsilane;

dichlorodimethvlsilane;

hexamethvidisilazane;

N, N'-bisftrimethvisilyljurea;

N N-bis(trimethylsilvDmethviamine;

N, N-dimethyltrimethylsilviamine:

N, O-bis(trimethvisilviacetamide:

N,O-bis(trimethvlsilvlcarbamate;

N.O-bis(trimethvisilvDtrifluoroacetamide:

N-methyl-N-(trimethvisilyDtrifluorcacetamide:

N-methvl-N-trimethvisilvlacetamide:

N-methvl-N-trimethvisilviheptafluorobutvramide;

N-tert-butvidimethylsilyl-N-methvltrifluoroacetamide:

N-methvyl-N-trimethvisilviheptafluorobutyramide:

trimethvlsilyltriflate;

triethvlsilyliriflate:

tritsopronvisilvltrifiate; or

tert-butyldimethyvisilvitrifiate,

8. The process of claim 7, wherein the silylating reagent is selected from N.O-

bis(trimethvlsilyDrifluoroacetamide, wherein the H-phosphonate is preferably covalently

linked to a solid phase.




