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9 Qo ; Purines
, —PL0-P20-P=~
, HO=P=0-P10-F0 o Base NH, 0
: HO ; HO ; HO & 1
: ! ! ! 2' N N N
' Yo [‘)) : a . 3 784 56 4 N 74 NH
E : : ! HO _ R . <8 9 I4 3 }) < | /)\
. : : : R = OH, ribose H N H N~ “NH,
: E E : R = H, deoxyribose
i : : Vo nucleoside ------- Adenine Guanine
ATP +H,0 —3 ADP + P; + energy 5 : : .
' ! tnucleoside monophosphate (NMP)-' T
ATP +H,0 —3 AMP + PP, + energy : : phosphate (NMP) Pyrimidines
P;. inorganic phosphate : : ' NH, (0]
) i NH, ' '---- nucleoside diphosphate (NDP) ----- ' c
PP;. inorganic pyrophosphate ! N NH 3 NH
SN ' | | |
4 :
o o <N l N/) EELLTETE nucleoside triphosphate (NTP) --------- ”AO ”AO ”AO
1] 1] 1]
HO—I?—O—I?—O—I:’—O o NTP: ATP, GTP, CTP, UTP Cytosine Uracil Thymine
OH OH OH dNTP: dATP, dGTP, dCTP, dTTP
ATP OH OH
________________________________________________ 5" end DNA 3'end

Nucleoside Triphosphate (NTP):
— Sourcs of eneray e e e e i
< Protein regulators

3'end 5'end

< Cofactors

< Precursors of DNA and RNA 5'end RNA 3'end
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Polymerase Chain Reaction (PCR) 5' end 3'end

3'end 5'end
Step 1 lDenaturation

5'end 3'end

3'end 5'end
Step 21Annealing

5" end 3'end

<— DNA template

< Buffer primer

<— DNA polymerase

3'end 5'end
Step 31 Extension

< DNA primers ploymerase

< dNTPs

primer

3'end 5'end
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N : NH, N N
';' 'O 1] ‘I ‘k P/ \
N R Vo NZONH, =N
H2 H " " ! ! ! H
N__NH, N C
NS H,N

N—Y © N
Lyl
HO
Why NOT 3' to 5' ??

?/T—IO
3'end

- o o, o_0
P P
o ‘o o ‘o o ‘o o o
(n) - 5'end
O:FI’—O .
o} . Mg?]
O:I?—O ‘
leaving group _0
Covid-19 Screening: rRT-PCR

(real-time Reverse Transcription PCR)

primer
 J
quencher reporter
fluorescent probe
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Modified NTPs: from chemical synthesis

< Genome analysis

: o o 0 Natural NTPs: from enzymatic methods < Medical diagnostics and therapeutic agents
: T 1l i, .
: HO—P—0-P—0—-P=0— i L
! Hcl) OHOI HOI : o_ Base < DNA sequencing <— DNA re-engineering
: : 4 1
oY B e SN < PCR
: : R = OH. ribose Synthetic difficulties:
: : - < Therapeutic nucleoside
E : R =H, deoxyribose < Different intrinsic reactivity
! e nucleoside ------- < Inhibitors of polymerase
I . . . < Protecting groups
""""" nucleoside triphosphate (NTP) - -------- < Ingredients in biological assay kits
< Problematic purification
<— Stability issue
Chem. Rev. 2000, 100, 2047; Chem. Rev. 2016, 116, 7854.
(0]
_ |c|) ﬁ 1 o LG B
0-P-0-P-0-P%O B o o & o ( \
P S 0 —> 0-P-0-P-0-P-0" +
(o] (o] (o] (I)_ (')‘ (I)‘ 0 o 9
1] 1]
k b OH R "0-P-0-P-0-P-LG
OH R 1 1 1 _
(o] (0] o
Y B a
(0]
- 9 I 9 TsO B T ﬁ 1 HO B
0-P-0-P-0-P—OH o MecN O-P-0-P-0-P-0 B o
0° 0° o0 + —>» 0 o0~ O o
. rt, 48 h o
OH H R
4 TBA OH _ y,
Tetrahedron Lett. 1984, 25, 4055. dATP 7
72%

J. Org. Chem. 1987, 52, 1794.
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o .0 O g .
“0-P-0-4P-0-P-0 "0-P-0-P-0 i
—P=0 == B T LA B "0-pP-0"
1 1 1 1 1 o-P-0O
- 6 o 0 —-P-LG - o )
o :0- O —y o P- + 0" © 5-
Y p a o
OH R OH R 0
o o o~ O o
5 oo-bo ! oot
N=\ 1 HO—P—0=1~ o B ZnCl,, DMF, 4h _ MeO—h—-0-P-0=F~ o B OH R
IQ/N—',’—OT'VIS + o- O o o O q y,
OMe
OH OH OH OH
e Sekine, Tetrahedron Lett. 1997, 38, 8359.
( N\
2 9 % 0
"0-P-0-P-0¢P-0 B o o “0-P-0 B
0- 0 i0" o I:> _O—Ii’—o—l';’—LG + o o
v B o o)y (o}
OH R OH R
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0- 0- i0° o ) TO0-P-0-P-0  + 0" 0 —> o
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Synthesis via a Phosphorodichloridate Intermediate
0 i i 0
HO 1 0 o 1] 1l
B CI—I';’—O B - _w _o.n_o B O—P—O—P—O—-I?—O B
o POCI3, PO(OMegg, &l o [(HNBu;),]H,P,0- —P P o TEAB (1 M) o & o o
————— —_——
0°C,1.5h NBus, DMF, 1 min 0.p-0 pH 7.5, 3 h
OH R n\ -
OH R OO OH R OH R
phosphorodichloridate a ATP, dATP
Ludwig, Biophys. Acad. Sci. Hung. 1981, 16, 131
Synthesis via a Phosphoramidate Intermediate
(o) o 9 9 9
o /N 1. [(HNBu3);]H,P,0; "O-P—0—-P—0-P-0 B
HO—P-0 B O N-P-O B e theaE o
(') o DCC, morpholine \_/ (') fo) DMSO, 24 d o o o
- > _ —_—
BuOH/H,0, reflux, 6 h 2.H,0 e
OH OH OH OH
phosphoromorpholidate ATP
Moffatt, J. Am. Chem. Soc. 1961, 83, 649.
NHMe
9 HO 5 AR o 1. Cu/Zn, DMF, 20 °C, 10 min o o o NSy
o N—P-— - N—P~-0O 1
N, 0 pyriaine %M"Y 0 B ZINBuNPO, o o 8 o g < .
( T 20°C, 48h > r NBuj;, DMF, 20 °C, 3 h - o- o o
OH OH
CBr, CBrs OH OH
OH OH
h h holidat
phosphoromorpholidate 80%

Boom, Tetrahedron Lett. 1975, 16, 2779.
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(o) (0] _ Tl 1 1
HO—P-0 NP \—b-0 0-p-0-P-0-P-0 B
| B |§/ I B HNBuj;);]HP,0 - 0~ O- o
o o CDI, DMF o o [(HNBu;);]HP>0, o° o
_ ! _ —_—
. ah NBus, DMF, rt, 4d 1
OH R OH R
phosphorimidazolate
Hoard and Ott, J. Am. Chem. Soc. 1965, 87, 1785.
(0] (0] N (0]
_n TFAA, Et;N _n N I o o o
HO—P-0 B p~f-0 B lMNF70 B “0-P-0-P-0-P-0
o O~ J__MeCN,DMA o= ¢ 0] 1Methylimidazole =/ ¢ 0] - [(HNBus)sIHP,O; B=4 =0~ .- o. B
) 0-25 °C, 10 min CF; EtsN, MeCN, 0 °C ) 2.H0 o o
OH OYO OYO OH
CF; CF;
phosphorimidazolate
Bogachev, Bioorg. Khim. 1996, 22, 699.
1. HOBY, pridine ¢l o ci o
cl o 2. nucleoside, imidazole \N—;%—O 5 \-'\N—;';:—O 5 @rlq—;f—o .
Nl g 3. BnOH, LIHMDS or DMAP_| OBn ) H,, Pd/IC o ) ) o o
. THF, 2 h
cl OH R OH R OH R
h h idat . — —  pyrrolidinium phosphoramidate
phosphoramidate ester
UTP
[(HNBu3)3]HP,04
— JTTP
THF or DMF, 30 min
dCTP

Borch, Org. Lett. 2004, 6, 2257.
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0]
1. o _ _ o
HO B ,I!’\ o Il I 1l
\%0 0" >cl © o 1. TMSCI, pyridine |9_h_ 5 0-P-0-P-0-P-0 o B
: : ~Np” - - -
>| salicylchlorophosphite |?_ o DMF, 5 min l!l o [(HNBu3);]HP,07 (o] o (o]
cl) é pyridine, dioxane, 30 min 0 2. 1, DMF, 2 min “+ | 30 min s
H H
> 2. H,0, EtsN, 10 min OH OH X OH OH
| . CTP, UTP, ATP, GTP

3. TFA, H,0, 45 min

phosphite monoester

pyridinium phosphoramidate

Sun, Org. Lett. 2008, 10, 1703.

T] /§N MeOTf
Ph—S—N _— +
Is \&’ (ISDI N/§N/
Ph 1 — "OTf| -
(0]
9 sulfonyl imidazolium salt T T i 9 T
HO—P-0O Ph—S—-0-P-0 "O-P-0-P-0—-P-0
I B i | B NBuy),]H,P,0 I I I_ B
o o - N o o [(NBug)2]HoP 20, o o6- o o
- - DMF, 30 min.
NMI or DIPEA, DMF, 1 min
OH OH OH OH OH R
- phosphosulfonyl - ATP
(o]
\N/\\+ 1l
N [(NBu,);]H,P 20,
(o) .
-OTf - DMF, 30 min.
OH OH

phosphorimidazolate

Taylor, Org. Lett. 2012, 14, 402.
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A\
Br S—\_ S
W
6 OH  KOH, DMF, 110 °C, 3 h 6 OH  \iMPP, DMF, rt, 12 h 6 o —OH
+ /J > >
()= ns ) )
1 2 (85.8%) 3 (96%)
i W (o) O\\ lo}
1. (BnO),PN(?Pr),, tetrazole S s

N ol og H,, Pd/C, MeOH, rt, 3 h N ol on
MeCN/DCM, rt, 3 h 6 o e > 6 o .
’ OBn OH
2. 30% H,0,, -40 °C-rt, 1 h Q
4 (73.2%) 5 (96%)

1. (BnO),PN(Pr),, DCM, rt, 3 h

X e 9 5o E 0 E OH
2. TBHP (5.5 M), -40 °C-rt, 1 h W Hy, PIC, MeOH, rt, 3 h ~P-0—P-
BEs O Ot el 6 0 A

Q OH OBn
6 (76.6%) 7 (90.9%), coevaporated with dry DCE
purified by silica gel column chromatography

eluents (MeCN then MeOH/DCM from 1% to 3% containing 1% triethylamine)

Chaput, J. Am. Chem. Soc. 2019, 141, 13286.
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o) o) o)
NH ] 0 NH 0 NH
o | AL 1 @ORPN(PN, tetrazole W | PY oo | PN
H — D — P ——
o N® "0 MeCN/DCM, rt, 3 h o o N™ ~0 H,, Pd/C, MeOH, rt, 3 h I o N~ ~O0
> OBn > OH
2.30% H,0,, 0 °C-rt, 1 h
OBz OBz OBz
8 9 (68.5%) 10 (88.7%)
o)
PPh3, Dipyridyldisulfide NH W (o} (o)
> Me-imidazol NZ\ i | PN 2 i o_l_on  ZnCl, DMFrt,3h
-Me-imidazole N—P—O o “—O-P o >
» IQ/ , N o 1 |
DMF, Et;N, rt, 2 h OH | :o: | + Q OH OH
OBz
Phosphorimidazolate 11 (98.9%) precipitation in sodium form 7
o (o)

NH
S\\ Icl) 9 (I? | /& n 9 9
0 “—0-P-0-P-0-P—0 N™ ~0 NH3/H,0, 18 h, rt HO—P—0=F—0~=0
OQO OH OH OH |;°>| S 20 T OH OH OH |;°>I

OBz OH

12 (64.9%) purified by silica column chromatography 13 (83.2%) precipitation in sodium form
eluents [H,O/(isopropanol-MeCN 1:1)] from 2% to 7% containing 1% DIPEA

Chaput, J. Am. Chem. Soc. 2019, 141, 13286.
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Synthesis via a Mixed P(lll)-P(V) Intermediate

coupling

U
O. o™

O

.
5

HO B Fluorenylmethyl-O = Fm-O FmO___O

o — P B -
phosphoramidite > (I)F o oxidation
m —_————
OH R DMF or DMSO m-CPBA or TBHP
OH R :
1H-Phenyltetrazole 2-10 min
10-30 min
coupling coupling O o
oxidation oxidation ltl “0- ;::
. o deprotection deprotection Hy 0
\
_O’P\/ B o crystallization crystallization
0o ————————> NDP ————— >
OH R
NMP

NTP

(o)
\\P,O B
FmO~ \OFm o deprotection
Piperidine
OH R 5-10 min

crystallization

SR

Jessen, Angew. Chem. Int. Ed. 2014, 53, 286.
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Solid-Supported Synthesis
Synthesis Involving a Polymer-Bound Reagent.
Ccl.__O
OH Cl.__O Cl.__O HO.__O \'IY ~en
. J/ CHiCN P ""CN PrNH(1.0eq ~ “P7 " “CNH0(1.0eq) P~ " CN Cl 0.5eq
: —> g NiP NiP >
NC CH;CN rz CH3;CN ra CH;CN
1.0 eq
HO B
Pr, ,Pr 0
Pr
OH R O—O—P—O—P—O—P—O B

N P-0—P-0-P~ N
Q- ,
Q—0—p-0-p-0-P-N
j j j 1H-tetrazole o (o) o Pr 1H-tetrazole
NC™ NC CH,CN ] j ] THF/DMSO
NG~ NC

94%
polymer-bound reagent

1. TBHP, THF o o O
2.DBU, THF -0—P—0—-P-0-P-0 5
H |

3. TFAIDCM/H,0 0- o0 o |;°:r|

UTP, ATP, dTTP

Parang, Org. Lett. 2005, 7, 5589.
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Synthesis Involving Attachment of the Base Moiety to the Support

o) o)
o) 1-methylimidazole J\, ﬁ\ —  KBF, J\/ ﬁ\N_
Ho)]\/Br > HO 7+ %’HO 7+
Br~ BF,
ionic liquids, CMMIMBF,4
0 =
A A=
HN +
BF; 1. POCI3, PO(OMe); 0
S _ 1
| BusN, -5 °C, 30 min O—I:’—O
HO N0 > 0"
0 3 2. [(HNBus3),]H,P ,0;
HN NBus, CH5CN, -5 °C, 30

OH N N min
4

or <N |N/)
o

ionic-liquid-tagged nucleosides

3.NH3/H,0, rt, 2 h

HO B
(0]
OH
>
DCC, HOBt

DCM, DMF, 60 °C, 6 h

11
-0 B

OH

dCTP, dATP

Kore, Tetrahedron Lett. 2014, 55, 5088.
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Synthesis Involving Attachment of the Sugar Moiety to the Support

? X

P
o “cl

X =Cl or MeSO,
salicylchlorophosphite

1. Succinic anhydride HO B
DMTrO 5 DBU,DCM, t, 45-120 min 0
Y CH,COOH o
> o
2. TFA, DCM, rt, 8-120 min NOH
OH 5
1 2

" Q

HOBt, DIC, DMF, rt, 16 h-2 d

>

1. CH;CN, DIPEA, -35 °C-rt, 2-30 h
2. oxone, -10 °C, 15 min

1. [(NBuy),]H,P 04
DMF, rt,16 h
2. NH3/H,0, 50 °C, 2 h

dTTP

Meier, Chem. Eur. J. 2011, 17, 9832.
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