P(V) reagents for stereodivergent
synthesis of phosphothioate

AN |
ot - s

O
O.»
PSI Reagent (1) b P
[phosphorus-sulfur
incorporation, ] ‘

Literature Seminar M2 Fujiyoshi 2021/7/29

Knouse, K. W.; Baran, P.; ef al. Science, 2018, 361, 1234



Contents

* |Introduction of antisense oligonucleotide
» Reagents for chiral phosphorothioate synthesis: 1) reagent

* The principle of ) reagent’s reactivity
» Stereoselectivity
» Chemoselectivity
» High reactivity

o Summary

2021/7/29 M2 Fujiyoshi



Contents

* |Introduction of antisense oligonucleotide

2021/7/29 M2 Fujiyoshi



Antisense Oligonucleotide (ASO)

ASOQO binds to RNA
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One of the FDA approved ASOs

SPINRAZA® (2016)

RO T

only spinal muscular
atrophy treatment
$125,000/dose

RO X
[131,072 isomers]
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Common chemical modifications in ASO

Backbone modifications Nucleobase modifications

/O OH /O OH /O OH
e e I
5-Methylcytidine 5-Methyluridine Abasic RNA
Ribose modifications and bridged nucleic acids
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Why Sulfur? The Thio effect

RO B RO B
O phosphodiester O
achiral P-center
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“P. phosphorothioate P

HO O 2" diastereomers HSS O
- o

 improved cellular uptake
* increased stability toward nucleases

Knouse, K. W.; Baran, P.; ef al. Science, 2018, 361, 1234

(See an latest article for mechanism of cellular uptake
2021/7/29 Laurent, Q.; et al. Angew. Chem. Int. Ed. 2021, 60, 1) M2 Fujiyoshi



The stereochemistry at phosphorus

The stereochemistry of phosphorothioate affect
 the stability against nucleases

 the efficiency of degradation of the targeted RNA.

Mipomersen and o . Activity of RNase HC
g Stability in rat liver homogenate Y
stereochemically pure counterparts on ASO-RNA heteroduplexes
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What is problems of current methods for construction of PS linkage?

« Stepwise-synthesis using P(lIl) chemistry is operationally cumbersome.

* P(lll) reagent is air and moisture sensitive.

* The stereochemistry at phosphorus is often disregarded in scalable preparation.

2021/7/29
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5’-0O-DMT-nucleoside 3’-O-(2-thio-1,3,2-oxathiaphospholane)

DMTO

Base DMTO Base
S
DMTO Base HO Base %Oﬁ /\ %Oﬁ
O O DBU N
¥ > Ovla /S - O"’ln /S_
O, .S OR P _P_
p” O 0" O
o) P Q ‘S _ © Base Base
\_/ O O
Single stereoisomer b o
Rp or Sp B - Diastereoselective coupling
without protection
— Problems

- 3(4) step synthesis of nucleotide loaded reagent via phosphoramidite P(lll) (See appendix)
- Separation of the diastereomers of reagents

- Scale limited

2021/7/29

Stec, W.; et al. J. Am. Chem. Soc. 1995, 117, 863
Knouse, K. W.; Baran, P.; et al. Science, 2018, 361, 1234
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Phosphorus—Sulfur Incorporated (PSI, 1) reagent

C Bypassing P(lll): The Quest to Develop an Ideal P(V) Reagent

[3 key components]

no chromatography
required
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D PSI Reagent: A Simple, Redox-Economic Alternative
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Synthesis and Stereochemistry of Y reagents

Loading condition: alcohol 1.0 eq., ¥ 1.3 eq., DBU 1.3 eq., MeCN, 25 °C, 30 min

| * I s r L
-y ", 0 s s. O = R J\
MeJ W % " CER);P :/ : P (s Ve " SMe
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Me Me Me > Me
(-)-limonene £y ()1, (1Y [alp®=+242 |} | (1, (p  [a]p®=-253 | [90 g batch] (+)-limonene
$0.06/gram ' [bench stable] $0.03/gram
DBU, MeCN + [loading] + DBU, MeCN
RO RO : RO 0 RO
o) O - B
- 0 [coupling] ﬁ S ; O /,S [coupling] ﬂ K
Ospl oy = H, O5\.'0 : Fio » HS:R-0
0 (A DBU, MeCN S (-)-limonene (+)-limonene N DBU, MeCN &
~r° " ondaoea (idpces ™ ~r
NG (S)-loaded (R)-loaded
. \I l"// S
RO Me (R)-coupled (S)-coupled // RO

Me

Coupling condition: alcohol 2.0 eq., Nucleoside P(V) 1.0 eq., DBU 3.0 eq., MeCN, 25 °C, 30 min

2021/7/29 Knouse, K. W.; Baran, P.; ef al. Science, 2018, 361, 1234 M2 Fujiyoshi



Loading and Coupling of Nucleosides with y reagents

B Loaded 1 Nucleosides

Unprotected Nucleobases:

RO RO E
. NH (0 -
: N 7 :
A . : : | \> >
o‘\ o_ O_ 5 \ N )\ )\ N
p(v) P(V) P(V) P(V) : .c\}"" :
(Sp)-4 96% (Sp)-5 87% (Sp)-6 90% (Sp)-7 91% adenine (A) cytosme (C) thymlne (T)  guanine (G)
(Rp)-4 97% (Rp)-5 81% (Rp)-6 90% (Rp)-7 76% L j
C Coupled y Nucleosides dinucleotide yield (d.r.)
RO RO RO 8,dA-dA (Rp)  65% (>99:1)
o0 ¢ o_ _t o0 g 9, dA-dC (Sp) 91% (>99:1)
10, dA-dT (Sp) 61% (>99:1)
o |\ o | o 9 . 11,dA-dG (Sp)  79% (>99:1)
HS—-P\~ Hs—R-0 Hs—R-0 Hs—R-0 12, dC-dC (Rp) 73% (>99:1)
o o 13,dC-dT (Sp)  76% (>99:1)
O g O. g O_ g 14,dC-dG (Ro)  82% (99:1)
15, dT-dT (Sp)  72% (>99:1)
A S 16,dT-dG (Sp)  67% (>99:1)
RO RO 17,dG-dG (Rp)  86% (>99:1)
8-11 12-14 15-16 17

2021/7/29
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CDN Synthesis: Standard approach vs. y reagent platform

2021/7/29

A CDN Synthesis:

Standard Approach 0

Oxidation: (2)

Chromatograpy: (4)

PG manipulation: (5) P-coupling: (2) . ) V) [deprotect]:
X X P(l)—-o X g’ chromatography
= X PN [protect]; [S] B N [couple]; - < 0 [macrocyclize];
: V) "
(o) .4 [deprotect] o "o’ [S]; \ [deprotect]
OR chromatography OH [deprotect]; HS' 0 3 B chromatography
chromatography

B P(V) Protocol

4-5 steps; 1 diastereomer

Oxidation: (0) Chromatograpy: (1-2) H,N SH
PG manipulation: (2)  P-coupling: (2) P P, Dﬁgég’]'eCN (zj / \ 0\\ 3
O ;
macrocyclize ' 10 (S) 0 (o)
B ;X Ro\/d”’x [ y ] > R X - /U\
/o . o __|concerted, R=H o, 00 HOY, NH
' C p \-0
"0 O/ HS’P\ PC HO K/&
© O OH /P\SH stepwise, R = P(V) 0 o NsH IZI OMe & 5
OH - 0 > $ ’
o X, DBU,MeCN X, A~ _J PathA_ >y PathB__
P(V)/ 1, 1 [macrocyclize] load 5' (R) . load3' (R)
(o) B (0] : couple 3' (R) - couple 5'(S) :
: B e cmmnmmnmnmmnmn=d T e s ss s s m - -
___________________ XB phosphorus diastereomeric ratio is driven by diol
N E N chemoselectivity
H,N = F SH H2N = SH
2 \\N < 0\\ /SH 0 2 \l‘\l o\\ 4
/ \ /P\O / \ /P\
N 10 0] N=\ "0(5) N "10°(8) 0O
\=N (0 O, NH (R) O, \=N (o] (R),O11.
O.p” (0 ] o)
N NN ~ N

18 HS ©O L=y 19 HS Yo £ 21 us “0 |\/§

[concerted]: (S, R): 36%, (S, S):

49%, (R, S): 27% [concerted] 24%, single drastereomer
compare to: [standard] 4%, stereorandom

Knouse, K. W.; Baran, P.; ef al. Science, 2018, 361, 1234

[concerted] 44%, 3:1 d r
[stepwise] 14%, single diastereomer

9 steps; 4 diastereomers

"y
I
w

(@)

C Origin of Stereoselectivity (Concerted)
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Automated synthesis of PS oligonucleotides

A Stereorandom
PAID  uro Q\
[air sensitive] KQ, (S) 0
[moisture sensitive] O_P. |s|-|
63%
P~
h‘—» .
DMTrO (s) O
o O_—:PnlSH T
T \
o —————————
(S) (o) .
/ // B Stereoselective
O~o dT-Q-CPG "

Y reagent can be utilized in stereoselective
N SPOS.

[y reagents] DMTrO 0 T O-P-?l'S'H

e SO L

unoptimize

PV’O °
P(V) W H L

P.--
T Z SH 11 (R) v 1 R) \
o, * O i 0 6 §HO = Fig. 4. Automated synthesis of PS oligonucleotides. (A) Crude HPLC trace of pentamer
(R) ,'7 AN o T (,5}7’ W T o 23 (16 diastereoisomers) synthesized under standard P(lll) automated conditions.
o (o] 3 OH (B) Crude HPLC trace of pentamer 23 (1 diastereocisomer) synthesized under unoptimized

V automated conditions. DMTr, dimethoxytrityl.

2021/7/29 Knouse, K. W.: Baran, P.; ef al. Science, 2018, 361, 1234 M2 Fujiyoshi



Other applications of i reagents

Enantiodivergent formation of C—P bond /l H Native DNA manipulation
W/(P : oy8 . -0 s S _sesow o
C/ T 3 : f(o/\Q/ Me P// }:'ﬂ(on SENDR protocol ;' ’O-Z:O > *" -- &

M‘ ]
NeR D 0,0 . N |
™ R &"_ Adsorb\ Couple N\, Elte N ONAProten
O - C‘F’s o Jspe Mo';P\o Oy -8 S SC6F5 b 25 Reosin r\>w -»ni?) mw~>ﬂ =3 C — )
Q /\(_7’ Me , Yw V¥

§ Phosphorus Incorporation (P1, N) § ?LO Ao 39 o
Pokirel phoaniines . "One Reagent 1o Make Them Al : oo ' v" S»_F;' 2 -~ * o «_O
[asymmetric catalysis) E [':::;zo.p.cmq 13.4[2?;";:&'1 E(ollgom:clooddo synthesis) PSI Reagent (1 ) [alcohol selective] gS'ocfa' labelling] [broad scope] [stable linkage) Fhuce '\f o t..\'\ @e@';
(high industrial utility] T [scalable] [>30 examples) = [pharmaceutical potential]
[phosphorus—sulfur
Xu, D.; Baran, P.; et al. J. Am. Chem. Soc. 2020, 142, 5785 incorporation, 1‘)] Flood, D. T.; Baran, P.; et al., ACS Cent. Sci. 2020, 6, 1789
Total Synthesis of Tagetitoxin ! ‘ ’ Serine selective bioconjugation
. . . e f 92
) —H"e . oo Oligonucleotide synthesis o-f-of-of-o,
13. EtsN, Me " Ll . o A NH 2 l( j
ﬁﬁ e LA o, z(:é'{/ e otag , , ooy W B
'OPCNB o(r?g-;/)c))t Y os” o‘Me Y bg)” Me -/OH r{j 0 H i | phosphorylation |
19a separable by SFC 19b X o SH o A\ o, - T o Aj : I é
oo s | e Lol e o o€ |\ 25 o -
| St 1 Y Gl 7 Sl ~ LA A
(+)-w s’ SCeFs - access to both enantiomers of TGT B o: .SH b 0“’m : SH 2-3 6' (R)} s'P."OR
24 S ™ [this work] | P(V)-bloconjugation|
He, C.; Baran, P.; et al. J. Am. Chem. Soc. 2020, 142, 13683 Vantourout, J.; Baran, P.; et al. J. Am. Chem. Soc. 2020, 142, 17236

Knouse, K. W.; Baran, P.; ef al. Science, 2018, 361, 1234
2021/7/29 M2 Fujiyoshi



Short summary

J H « Redox-economic
Me” - O,P,/S * Bench-stable reagents
\ « Simplified protocol
sl SC¢F- P P
Me « Solid and solution phase
PSI Reagent (1) * Rapid and scale amenable
[Phosphorus-sulfur - Highly broad applications
incorporation, )] other than ASO synthesis

2021/7/29 Knouse, K. W.; Baran, P.; et al. Science, 2018, 361, 1234 M2 Fujiyoshi
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The noteworthy points of y) reagent

« Stereoselectivity
* d.r.>99:1 in the synthesis of ASO

» Chemoselectivity
» Serine-selective phosphorylation in the presence of other nucleophiles

* High reactivity under mild condition
« 30 min atr.t. in loading and coupling reaction

2021/7/29 M2 Fuijiyoshi



Reaction mechanism of phosphoryl transfer

2021/7/29

AnDn

Domon, K.; Fujiyoshi, K.; Kanai, M.; ef al.
ACS Cent. Sci. 2020, 6, 283
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Fujiyoshi, K.; Motomu, K.; ef al.

Synlett 2021, 32, 1135

Y reagent intermediate

Vantourout, J.; Baran, P.; et al.
J. Am. Chem. Soc. 2020, 142, 17236
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Pereira et al., Phys. Chem. Chem. Phys. 2016, 18, 18255
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Trigonal-bipyramidal (TBP) phosphorane intermediate

(2) Addition and elimination occurs from apical

apical __0 0
A (1) Apicophilicity HO p20 [ 520
: HO OMe o “YOH
| | b= =i IR Electronegative
Equatrial E—Fl"\E — & Small ligand T MeOHT
quatria

A F>O>C,N,S O o f?)c_ (O
[ P/ - > O_P \ \

. PS
apical 0O A\OI\_/Ie/OH_ ( (|) YOMe 0

pseudorotation

(4) Configuration at phosphorus

LG LG B o
- | Nu- B, - LG A ns:
Inversion P - ,P O - P
A NU Nu
A A pseudo- LG A 0
Retention F|> Nu g, L _ rotation A, P o _—LG  Nul,z
B'y %O LG” | I \¢ |
LG Nu : B

2021/7/29 M2 Fujiyoshi



Proposed mechanism

A. General Stepwise Mechanism of the Coupling Step

Loaded SM E TS1 INT2
X=0,SorN . leading to TBP intermediate _:
. s\\P,XR . S\\P,XR y s\‘P,XR H 3
“° N\ "N\ 507 N\
— Me A\ O OMe __, Me 0L OMe __ o e O ‘ome __, Me Me + ll:l,OMe
Me Me Me ,o/ \XR
\\ s
s S -
TS3 INT3 TS4 Coupled product
Ring flip Sy2 displacement

2021/7/29 Vantourout, J.; Baran, P.; et al. J. Am. Chem. Soc. 2020, 142, 17236 M2 Fujiyoshi



The noteworthy points of y) reagent

» Stereoselectivity
* d.r.>99:1 in the synthesis of ASO
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Question: The stereochemistry of ¢ reagents

H

? J
| ”I rh ."
MeJ/,’ 01 - Me

— g
Me )
(-)-limonene K

’t,, :— o, S E
) P/ |
s’ SCeFs |

Me :
[OL]D20 =+242 |

("')'1 ’ ("')‘lp
$0.06/gram — CN+
| Retention
RO : RO :
\CTB Retention \\CTB
_ S
= 0 [coupling] T
0\‘P':S|-| - H, 1
o (R DBU, MeCN @‘ (-)-limonene
(@) B Me
KQ’ \I\\“ (S)-loaded
RO Me (R)-cjupled

2021/7/29

Knouse, K. W.; Baran, P.; ef al. Science, 2018, 361, 1234

Each loading and coupling step shows
a retention of configuration at phosphorus.

!
Why?

M2 Fujiyoshi



Possible pathways for methanolysis of the oxathiaphospholane

O &
,p; 1b
S NH;
MeO |
(] ‘ :
| ome v S (] NH
0P~y == 0—p—OMe O-P 7
[LH ," S NH2
2 oM
TP, [TS"p.s] 1T8Pg ITBPe
S h o h s h
' \
O\P,\OMe S, ,OMe O, NH,
P P‘" \P,\
HoN S S" NH, MeO S
™, TH [TH
A
O, ,\OMe S, ,OMe O, NH, )
'P\ CP"I IP;
HoN 'S S NH, MeO 'S
Pdt, Pdtg Pdtc
Retention Inversion
Path A Path B path C

a1 indicates a pseudorotation process.
2021/7/29

The methanolysis of 1b occurrs with
a retention of configuration at phosphorus.

l

» To minimize the ring strain, the five-membered ring
occupies one apical and one equatrial position in TBP.

* Anionic S atom derived from P=S is always equatrial.

l
Three pathways A, B and C are possible.

Only path A show a retention of configuration at phosphorus.

l

However...

Uchimaru, T.; Stec, W.; Taira K. J. Org. Chem., 1997, 62, 5793 M2 Fujiyoshi



Possible pathways for methanolysis of the oxathiaphospholane

O s
Poy, 1P . . .
" Mo | Only path A show a retention of configuration at phosphorus.
&
S . ‘ S J«
(c;lgg“'e_—‘f» OC oo {_,',:N_Hz However...
[LH ’," S ’NH2 | S l
I'rapi [TS"p.s] 18P ,93“.5':
s 7o I s | - |TBP, is unstable compared with IT8Pg...
/ \ (S and N are less apicophilic than O)
OP‘\OMe S\P,OMe O, NH,
HN T:s S’ NH  MeO s * The elimination of equatrial ligand
I""a s e .
doesn’t occur directly...
Ny MNYONY y
[ O, OMe [ s, /OMe | 0, NH, ) !
N S S NH | | Meo’ s Why does the substitution occur in such a way?
Pdt, Pdtg Pdtc
Retention Inversion . ! _ _
Path A Path B path C AD initio caliculation

a1 indicates a pseudorotation process.
2021/7/29 Uchimaru, T.; Stec, W.; Taira K. J. Org. Chem., 1997, 62, 5793 M2 Fujiyoshi



ADb Initio calculation

a@The transition-state structures are shown in parentheses.

2021/7/29

Uchimaru, T.; Stec, W.; Taira K. J. Org. Chem., 1997, 62, 5793

60
1b + MeO
\
40 a Tselim—O
HE
~ TSsn(py2 PN
E LLE L J
T TS%p.0
g o) T8".0 \
§ 20 - 1b” + MeOH ! \ foo) H ' | Pdtg + oxirane|
o ] 1 i [y ] 1 g —
5 . | —
© IL(1b + MeO") Yot :
% ——— | |THB: IL(Pdtﬂ)xirane)
o \ zzzz T,
o _— N \
,Tsnp.s T L '
\) i l e o !
\‘ i ' :,c ' 'Tsellm-'l;
— - 'ﬂ ]
0 IL(1b” + MeOH) o
B(g) '
\ lTH '
\ A ]
— '.[Pth + thiirane
‘_f"
IL(Pdt, + thiirane)
-20

1. Nucleophilic attack of methoxide
collinear to the endocyclic P-S
bond should occur in concert with
breaking of the P-S bond. (Path C)

. Pseudorotation in "5 will occur
concomitant with cleavage of the
endocyclic P-S bond via the
transition state TS",_g to
immediately give I™,, without
forming

. (Path A)

. Path A will be preffered over either
path B or C.

M2 Fujiyoshi



Answer: The stereochemistry of 1) reagents

TS1 P
X = SCGF5 0/
Me Me DBU Me SC6F5 Me
s. s g°f S8 H S
H R —— " P — H O/P R
Me Me Me Me
» H >
OR' Me ' _ I OR

R'O

* Nucleophilic attack of alcohol will occur from the opposite side of endocyclic oxygen via TS1.
« Pseudorotation will occur accompanied by the cleavage of the endocyclic P-S bond via TS2.

 These processes lead to the diastereoselective reaction with a retention of configuration at phosphorus.

Uchimaru, T.; Stec, W.; Taira K. J. Org. Chem., 1997, 62, 5793

Knouse, K. W.; Baran, P.; ef al. Science, 2018, 361, 1234
2021/7/29 Vantourout, J.; Baran, P.; et al. J. Am. Chem. Soc. 2020, 142, 17236 M2 Fujiyoshi



The noteworthy points of y) reagent

» Chemoselectivity
« Serine-selective phosphorylation in the presence of other nucleophiles

2021/7/29 M2 Fuijiyoshi



Serine selective bioconjugation

2021/7/29

B. Competitive Experiment Using Linear Tetrapeptides

HN\ NH,

¢ Ay m,z e JLNHZ

3 (using 50 mM P(V)-1): 66%

6 (using 50 mM P(V)-1): 88%
3 (using 100 mM P(V)-1): 77% 6

7

8

(
(using 100 mM P(V)-1): 94%
(using 50 mM P(V)-2a): 67%
(using 50 mM P(V)-3): 54%

4 (using 50 mM P(V)-2a): 72%
5 (using 50 mM P(V)-3): 87%

NH, OH
AcHN \)L )\r( \)LNHzAcHN \)I\ /'\n’ \)J\NHz
“Ph Sor® °  Spp Sorf

9 (using 50 mM P(V)-1): 83%

9 (using 100 mM P(V)-1): 94%
10 (using 50 mM P(V)-2a): 95%
11(using 50 mM P(V)-3): 76%

Me._ _OH SH
H (0] Me H (o] H (0] Me H (o]
N N
AcHN N\:)LH/H(N\:)LNHZ AcHN \)Lu)ﬁ( \E)LNHz
: : 0 0 <__R
(o) ~ (0] ~..R \Ph \0’

15 (using 50 mM P(V)-1): 95% [8:1 Ser/Thr]
15 (using 100 mM P(V)-1): 100% [1:1 Ser/Thi]
16 (using 50 mM P(V)-2a): 72% [6:1 Ser/Thr
17 (using 50 mM P(V)-3): 94% [7:1 Ser/Thr)]

12 (using 50 mM P(V)-1): 70%
12 (using 100 mM P(V)-1): 76%
13 (using 50 mM P(V)-2a): 73%
14 (using 50 mM P(V)-3): 70%

18 (using 50 mM P(V)-1)3: 55%

18 (using 100 mM P(V)-1)3: 82%

19 (using 50 mM P(V)-2a)?: 64%
0 (using 100 mM P(V)-3)2: 43%

SMe —=
(7> h 9 Me O h 9 Me O
N N N N
R NU NP W NN S O\ W A
0 0O <___R g o =\0,R

24 (using 50 mM P(V)-1): 30%
24 (using 100 mM P(V)-1): 35%
25 (using 50 mM P(V)-2a): 78%
26 (using 50 mM P(V)-3): 45%

Ph
21 (using 50 mM P(V)-1): 60%
21 (using 100 mM P(V)-1): 73%
22 (using 50 mM P(V)-2a): 63%
23 (using 50 mM P(V)-3): 34%

PIV)~ g A~ );NHBoc o .
P(V)'1 P(V)\o/\LofN\fO
PV)< -
0
/\/\\\ N3“ Me
P(V)-2a P(V)-3

Vantourout, J.; Baran, P.; et al. J. Am. Chem.

A. Functionalization of Ubiquitin

JK
"‘l\g’L
fb'\l

N\ Ubiquitin 38

' /’/\OH P(V)-reagent (50 equiv)
v ') DBU (50 equiv)
t

) .
DMF/water (4:1) 2 d
t, 1-3 h, 1 mM /= ‘\
\ 39-42

# P(V)-X Conversion [%]]| /“, H S s
Me” ™ . !
39 P(V)-2b 37 : P. o, O '
P s e /\/ N |
40 P(V)-1 32 Qi o :'E)\ OBn
41 PpV)3 40 Me BnO0” N YOBn |
42 P4 20 P-4 OBn |
ESI-MS spectrum of labeled ubiquitin (39) 38
715
- 780 8565
857 39
729 953 %741
875 1071 Deconvoluted
, ,, 1094
' ' 1225 |
613 ‘ - \

' , A -? . .‘ o ]J"v - f'v: : L . oy . 'Lx """
600 800 1000 1200 1400 " 8000 10000

m/z mass (Da)

434 repressor 43

B. Functionalization of 434 Repressor

P(V)-2b (50 equiv)
DBU (50 equiv)

DMF/water (4:1)
rt, 1h, 0.1 mM

Soc. 2020, 142, 17236
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Question: The chemoselectivity of 1 reagent

2021/7/29

A. Competitive Experiments Between Amino Acids

P(V NHBoc
(@) ( )\ON?’ (o)
M O/U\/\OH @/\XH (1 equiv) )J\/\ O\‘P/SH NHB O\\ ,SH
e : oc
- + . I Meo : Ol \O/(/\)é + X/P\ONSNHBOC
NHBoc DBU (2 equiv), DMF (0.1 M) z
1 (1 equiv) (1 equiv) rt, 15 min NHBoc
100+ 100+ 100+ 100+ 100+
S B0= S 60- S 60= S 60 S 601
9 : L y 9
g o o 2 o
S 40+ S 40+ “g 40+ S 404 2 40-
= S S
S 3
20- O 204 S & © 2 20-
0- 0- 0- 0 0+
Ser Lys Ser Cys Ser Thr Ser Tyr Ser Sec

) reagent selectively react with serine-O

l

How does 1 reagents distinguish nucleophiles?

Vantourout, J.; Baran, P.; et al. J. Am. Chem. Soc. 2020, 142, 17236

in the presence of other nucleophiles.

M2 Fujiyoshi



DFT calculations to rationalize the serine selectivity

2021/7/29

Loaded SM
X=0,SorN

Ring flip

I Lysine
I Cysteine
B Tyrosine
- Threonine
- Serine

Me
S_,_S

\P/,
H -
0™ “ome

H
Me
Loaded SM

A. General Stepwise Mechanism of the Coup

; TS1

leading to TBP intermediate

INT1
(TBP)

S\ _XR
H o’ Py
> Me cantl — OMe - Me
Me
s-
TS3

H

s-
INT3 TS4

Sn2 displacement

TS1 INT1 ‘ rso ‘
,_+28,8—~\
— 4244 w— Sl L .- +25.6
’ e e +
;o ~ o +21.1 e — +22.2
5 F e +20.1 m —
. AN 419, 5 W—
’ . +16.4
) g e +11.7
i [ ™ . ) - il o411
---- 3w o +8.8 pmm 7 e
o S, 48 4 we— il oz
o +6.1 m—-0l
45,6 we—--

ling Step
,,,,,,,,,,,,,,,,,,,,,, ™
s.. S . S
o ~ome —>H O XR
Me 7 Me HMeOIP\S
rs2 i INT2

; E Me ' Me
s\ //s HXR : s\ /,S H' E S\ /S' i P
H o/P\ - EH o,? ----- ..X’ : - H o/?'"XR ,?H
OMe ; OMe IIQ ‘ OMe l
H ' H . H :
Me ' Me ' Me 1

P S\\P, XR S
O\ Ome —>» Me 0" “ome — Mem Me * I":IOMe
Me Me 0 \XR
S

TS1 (formation of the TBP) is the Rate Limiting
Step for Lys, Tyr, Thr and Ser.

AG*(Lys) >> AG¥(Tyr) >> AG¥(Thr) > AG¥(Ser)

'S2 (collapse of the TBP intermediate) is the
Rate Limiting Step for Cys.
TS2 AG*(Cys) > TS1 AGH(Ser)

:{} Serine Selective Phosphorylation (j

Vantourout, J.; Baran, P.; et al. J. Am. Chem. Soc. 2020, 142, 17236
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Answer: The chemoselectivity of i) reagent

Thr 4 & H
H N // v
Tyr O H o—P X
_NH
Lys 2/{ v N OR R

« Barriers in the formation of TBP intermediate (TS1)
<< Ser < Thr << Tyr (limitted reactivity) << Lys (lower acidity of primary amine)

* For , the collapse of the TBP intermediate is late limitting step.
TS2 AG* (Cys) > TS1 AG* (Ser)

* These results rationalize the serine selectivity.

2021/7/29 Vantourout, J.; Baran, P.; et al. J. Am. Chem. Soc. 2020, 142, 17236 M2 Fujiyoshi



The noteworthy points of y) reagent

» High reactivity under mild condition
« 30 min at r.t. in loading and coupling reaction

2021/7/29 M2 Fuijiyoshi



Question: The best reactivity of i) reagent

Bench stable

H /. 1.3 eq. : :
| : HO J H
Me™ O S DBU 1364 Me” N0 S Oeq. Oy, SH
S" "SCeFs MeCN s o) MeCN O-o \o‘
Me r.t., 30 min Me r.t., 30 min

Knouse, K. W.; Baran, P.; ef al. Science, 2018, 361, 1234

Y reagent has great stability for air and moisture and is highly reactive under mild condition.

l

How does y reagent realize the balance of stability and reactivity?

DBU is one of the most effective base for activation of alcohol.

However, is the effect of base only a reason for the high reactivity?

2021/7/29 M2 Fuijiyoshi



What is the key structure for high reactivity?

Parathion Paraoxon
T o8 T
EtO- P EtO- P
g SC6F5 Et0~ O Et0” O
1.3x102 < 4.0x101
Effect of S? kK (min-‘Tmole-') hydrolysis in 50% acetone at 25 °C
S Ketelaar, J.A.A. and Gersmann, H.R. Recl. Trav. Chim. Pays-Bas, 1958,, 77, 973
N/
N
S SCgFs
S The reactions in both of the loading and coupling steps finished
‘P’/ in 30 min at r.t..
S/ \OR — The leaving group should not be critical for high reactivity.

Knouse, K. W.; Baran, P.; ef al. Science, 2018, 361, 1234

2021/7/29 M2 Fujiyoshi



The answer lies in ring moiety

f}\/ Which is faster for hydrolysis?
O S O\ //S
P
E— s o, e MeO, O
P VS P

o OMe MeO OMe

Effect of ring?

Westheimer, F. H. Acc. Chem. Res. 1968, 1, 70

2021/7/29 M2 Fuijiyoshi



The rate of hydrolysis: Five-membered ring vs. acyclic phosphate

A ~Q 0O B MeO_ 0
[ /P\/ /P\
O OMe MeO OMe
seudo-
(\O Eotatlon (\O OMe
O-P§ o —R—OMe kA/kB > 106 MeO- P O
| "OMe | "OMe
OH, OOHz OH,
HO,_,0 O 0 HO, 0
HO P 7:3 P RN
o “OMe o} “OH MeO OMe

The rate of hydrolysis of methyl ethylene phosphate A (k,) exceeds
that of trimethyl phosphate B (kg) by 70°.

2021/7/29 Westheimer, F. H. Acc. Chem. Res. 1968, 1, 70 M2 Fujiyoshi



TBP intermediate of five-membered ring phosphate in hydrolysis

AE-( The ring angle at phosphorus (O-P-0) is 99 ° determined by
Q|\/|e X-ray crystallography.
The five-membered ring is highly strained.
l
The formation of the TBP intermediate
with a 90 ° angle at phosphorus
?Q [I (ring in the equatrial—apical conformation)
P O largely decrease the strain energy.
YOMe
OH2

2021/7/29 Westheimer, F. H. Acc. Chem. Res. 1968, 1, 70 M2 Fujiyoshi



Driving force: ring strain

o
O-Py
oy oMe AG,— AGg
EO\P,,O = 5~6 kcal/mol
" oM
© o3 AGiA - AG;tB
© AGH
. = — 8.5 kcal/mol
— —TAS:I:A
= — 7.6 kcal/mol
HO. O HO, 0
HO N P
O OMe MeO OMe
The difference of is comparable to that of AG*.

The release of ring strain accounts for the rapid hydrolysis of five-membered ring phosphate A

compared with acyclic one B.

Westheimer, F. H. Acc. Chem. Res. 1968, 1, 70
M2 Fujiyoshi

2021/7/29 Chang, N.; Lim, C. J. Am. Chem. Soc. 1998, 120, 2156



Answer: The best reactivity of y) reagent

Decrease

Ring strain ‘ the enthalpy of activation‘ Ring strain free

In rate limitting step
DBU

S S R /I
ﬁo ﬁo ...... OR e H O/P o

The driving force of ¥ reagent should be the ring strain.
It should decrease the activation energy compared with acyclic phosphate.

This is why 1 reagent shows the high reactivity.

2021/7/29 M2 Fujiyoshi



Summary

Me Me
s S H S‘P”S _
X = SCGFS H O/R--,O/R , ) 0 . Coupling reagent
MeH SCeFs Me
S S R~ -OH S S H O
X R
S, § S To thiophosphoate
=OR' Hﬁo;ﬁ\ofi > " O\P//S . p p
MeH ORI MeH R ,\OR dleSter

Stereoselectivity Chemoselectivity

e dlrec.:t.|on Of- i 1)4G¥in TS1 1)Strained five membered
nucleophilic addition Cys << Ser ing

2)The cleavage of P—S <Thr<< Tyr<<Lys
bond accompanied by 2)TS2 AG* (Cys) 2)L0\.Ner.the.entalpy of the
pseudorotation > TS1 AG* (Ser) activation in TS

2021/7/29 M2 Fujiyoshi



Appendix



Appendix: Synthesis of 5’-O-DMT-nucleoside 3’-O-(2-thio-1,3,2-oxathiaphospholane)

HN/-Pr,, O F

O \
PCly  pg>OH > [ P-ClI > |  P-N
S

s

DMTO

Base
O
DMTO
OH W Base
1. tetrazole O Separation by
2 Sulfur chromatography
O, .S
P
0" S



Appendix: Phosphorylation of existing method

a) P(lll) to P(V) strategy: Oxidation was difficult to control. S tends to get over oxidized.

Me°2°',¥‘é’ oo 2 ”””ﬁ“é’ ot — ¢ “‘”2%{@’ m The introduction of phosphoryl

MeCN or CH2CI2
S80% yiel J sno-+_ "eofs,  group to a secondary alocohol
Bn Bn
. }rjszonBg °C,°1O min. sulfur got fully over oxi_di.zed to sulfoxi'de by eXIStI n g m et h Od S WaS q u Ite
. , 0°C 10 min sulfur got fully over oxidized to sulfoxide
* |, pyridine, 0 °C, 10 min messy d |ff|CU It

b) Conventional P(V) strategy conditions were either too harsh or invalid.

* Phosphoramidite

Me02c,’¥~é/ cO.Me P(V) Cond'tlons Meo C,ﬁﬁ COMe ¢ SUIfide WaS OXidized "

no-F'so » Other reagents
R= H Ph " "
X * Too harsh or invalid...
+ POClI3, Et3N, THF, 0 °C; H,O decomposition
* BuyN*H,PQO,", CI3CCN, CH5CN, rt decomposition
* (PhO),POCI, Pyr., CH,Cl,, rt no reaction

* (PhO),POCI, BuOLi, THF, -78 °C - rt full conversion of SM, trace of product
+ (PhO),POCI, Et3N, TiCly, (cat.), THF, rt no reaction

2021/7/29 M2 Fujiyoshi



Appendix: Phosphorylation by  reagent

c) Final phosphorylation with (+)-y:
Me

e

(o) Me
0 _ ~NH
MQOzC, 13. EtsN MeOH M302C, "/o Me02C T Q (0]
4&\ [ “co,TFE e DEN :(\ :(\

W, NH N o
“OPCNB (90%) s % o,
one-pot Me psi’

separable by SFC 19b

=

JI' 19a
Me” " 0, .S « highly reactive
N - mild and high yield

(+)-¢ M s’ SCeFs - access to both enantiomers of TGT
e

Scheme S20. Optimization of phosphorylation

Optimized procedure

(o) Me

Me02C
,<\ CO,K
MeOzC: “COM TMSOK, TMSOK o Me
'<\ 2Me oL CN/H,0 (1:1) s‘ P (remained
Kozc
“'co,K
NH

(o) Me

rt, overnight; KO~ \OK from prev.)

H, O’P- then lyophilized H,0 (1 mL)
rt, 5 min

f 5 NO HCO,H added
\
Me KO C,
Me\”‘“. 2 <\~é’C02Me oK .

MeONHz-HCI, 30 min
\\ / then NaHCO; (solid)
“OK then DEAE purification

— — TGT

* The second ester was hydrolized by changing solvent to pure H,O
* Hemiaminal was removed quickly and thoroughly with MeONH,

+ TGT was stable @ pH 8 (adjusted with solid NaHCO3)

* High yield + Easily handled in one-pot

2021/7/29

W reagent provided thiophosphate
triester in high yield (90%).

SeQ, oxidation and hydrolysis of
phosphate thioester gave a
phosphomonoester final product
Tagetitoxin.

M2 Fujiyoshi



Appendix: The rate of hydrolysis of some phosphorus acid esters

976

977

J. A. A. Ketelaar and H. R. Gersmann, Chemical studies on insecticides IV. 77 (1958) RECUEIL
Table
Results of hydrolysi| measurements
log. Acti- Acti- Free o
No. Compound Sovent | g, | yaton Enropy R | FEE, | K5O, | Chclnesterese Aestse)
[ ‘(min-1) | cal/mole Un?g)‘ ' C‘;alltrl::le 50 Cholinzzterase
1 | (C.Hs0)sPO H20 7.94 15000 -322 24100 | 7.9 X 104 | 2.24 X 10-3 > 10-1 -
2 | (C2H50)2(CeHs0) PO 50 % ethanol 8.76 15000 -28.5 23900 | 53 X 10-3 | 1.48 X 10-2 10-3 3
3 | (C2HsO0)2(p-02NCeH40) PO 50% acetone 8.64 12400 -29.0 20500 | 40 X 10-1 | 95 X 10- 10-8 20
4 | (CgHsO)2(m-[N+(CHs)s]CeHsO)PO 509% ethanol | 11.90 15800 -14.2 19500 | 1.86 5.5 8 X 10-° 5 % 10-6
5 | (C2Hs0) (p-O2NCeH40)2PO 50% acetone | 11.96 14300 -139 17900 {31 X 10 |82 X 10 2 X 10-8 10
6 | (CH3O)(p-O2NCeH40)2PO 50% acetone | 11.25 13400 -17.2 17900 [ 34 X 10 |78 X 10 4 X 10-8 5
7 | (p-O2NCeH40)2P(O)OH 209 ethanol | 10.01 18300 -22.8 24500 | 35 X 104 | 1.2 X 10-3
8 | (p-O2NCgHs0)2CaHsPO 20% ethanol 8.97 8700 -27.5 16400 | 3.7 X 10° | 68 X 10° 5 % 10-7 0.14
9 | (CeHsO)3sPO 75% ethanol | 13.57 | 16100 - 66 17500 | 54 X 10 | 1.6 X 10-2 > 102 <0.15
10 (p-O2NCeH40)3PO 50 % acetone 6.34 4100 -39.6 15400 | 20 X 10° 4 X 10-8 1
11 | p-CICeH4OP(O) (NHC2Hs)2 50% ethanol | 10.85 16700 -19.0 21800 |36 X 102 ) 11 X 10 10-2 3 X 10-3
12 | (p-CIC{H,0),P(O)NHCH, 50 % ethanol | 12,01 15200 -137 18700 | 6.8 19 X 10 1.5 X 10-3 1.4 X 10-°
13 | (CHsO)2(p-O2NCsH4O)PS 50% acetone | 11.26 16700 -17.1 21200 | 85 X 102 | 34 X 10 5 % 10-4 0.8
" H:0 10.76 15450 -19.6 20700
14 | (C2HsO)z(p-O2NCeH4O)PS 50% acetone | 11.96 19200 -139 22700 | 1.3 X 102 | 55 X 10-2 | (7) 2.5 X 10-5 1.5
" H20 10.95 16600 -185 21600
15 | (C.H,0) (p-O,NCH,0)CH,PS 209% ethanol | 13.79 17500 -56 18600 | 9.1 27 X 10
16 | (p-O2NCeH40)2(C2Hs0)PS 50% acetone 873 12100 -28.6 20100 | 97 X 10-1 | 1.8 4 % 103 0.25
17 | (p-OzNCeH40)2(CH3O)PS 50% acetone | 10.33 13900 -21.3 19700 | 1.35 1 X 10-3
18 | (p-O,NCH,0),PS 50% acetone 5.21 5700 ~44.7 18500 | 1.25 X 10 2 X 104 0.5
19 | (CHs30)2([(CO2CeHs)2CH2CH]S)PS 25.%, acetone | 20.45 24500 -24.75 16500 | 26 X 10¢ | 14 X 100 | (1) 5 X 10-6 15

*} These values were taken from the work of Mendel and Myers®).



Appendix: Ab initio calculations for MEP vs. TMP or EPP

Table 7. Experimental Activation Parameters (kcal/mol) for the
Alkaline Hydrolyses of Acyclic TMP, Five-Membered Ring MEP,
and 6-Membered Ring EPP at 298.15 K

molecule AH? TAS?* AG*
TMP« 15.60 £ 0.2 —6.86 &= 0.3 22.46 0.3
MEP¢ 7.80 =0.2 —6.86 = 0.3 14.66 £ 0.3
EPP? 13.21 —8.74 21.94
TMP—MEP 7.8 +04 0.00 £ 0.6 7.80 £ 0.6
EPP—MEP 544+04 —1.88 4+ 0.6 7.29 4+ 0.6

Table 8. Intra- and Intermolecular Contributions to the Rate

Acceleration of Five-Membered Ring MEP Relative to Its Acyclic
and Six-Membered Ring Analogs (All Energies Are Reported to 1

Decimal Place in kcal/mol)

“ Values are taken from ref 12. » Values are taken from ref 16. No
errors were reported for the activation parameters obtained.

2021/7/29

TMP—MEP MPP—MEP
a b,d c,d c,e b,d c,d c e
AAEF —5.8 —3.8 —4.2 2.3 1.8 2.5
AASEH(T) 1.1 1.1 1.1 0.2 0.2 0.2
A(TAS) —1.3 —1.3 —1.3 —1.1 —1.1 —1.1
AAG g -33 -13 -18 3.6 3.1 3.8
AAG(TS) 11.1 10.7 164 —1.2 3.1 3.5
AAG4(GS) 1.3 1.3 2.5 0.3 0.3 0.7
AAGHy, 6.5 8.1 12.2 2.1 5.9 6.6

« Ground state to rate-limiting transition state. ” Energies and free
energies corresponding to gas-phase rate-limiting transition state.
¢ Energies and free energies corresponding to relocated rate-limiting
transition state in solution. ¢ Solvation free energies computed using
the continuum dielectric method. ¢ Solvation free energies computed

using combined PSGVB/DelPhi programs.

M2 Fujiyoshi



Appendix: Ab initio calculations for MEP vs. TMP or EPP

Scheme 1. Schematic Diagram Depicting Fully Optimized HF/6-31+G* Structures for the Reaction of (OH) ™ at the Phosphorus
of TMP (TMP(P)) (Not All Transition States and Intermediates along the Pathways Are Depicted for the Sake of Clarity.)

HO™ + TMP

I-1
Pseudorotation
- ¢
P
N
o, z 5 ——— CH;0H + DMP"
ke
1.3
TMP + OH" Free-energy Profile
-13.8
gas
3
E
E
Q
X
>
>
o
c
w
©
o
'S
solution
T T T T
TMP+OH" 11 TS-1 12 TS-2 -1 CH3O+  CH;OH+DMP-
TS-3

I3 HDMP

TS-4
Figure 1. Relative MP2/6-31+G*//HF/6-31+G* activation free-energy profile for the gas-phase reaction of (OH)™ with TMP (top) and the change
in profile upon solvation (bottom). The zero of energy corresponds to the reactants at infinite separation. The numbers correspond to the free-

energy differences of subsequent points. The free energy of the ion—dipole complex, (CH;0) ++*HDMP, which was not computed, was assumed
to be similar to that of I-1.

2021/7/29

Scheme 2. Schematic Diagram Depicting Fully Optimized HF/6-31+G* Structures for the Reaction of (OH)™ at Phosphorus of
MEP (MEP(P)) (Not All Transition States and Intermediates along the Pathways Are Depicted for the Sake of Clarity.)
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jﬁ - u(ﬁ i W&// -rx 0 d
b___

+ CHyOH

— . So-
-y
0
4
1-4 TS-5 1-5 TS-6 MHEP
MEP + OH" Free-energy Profile
gas
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MEP+OH" 4 TS5 15 TS-7 16 TS-8  CH,OH+EP-

TS-6  muEp

Figure 2. Relative MP2/6-314+G*//HF/6-31+G* activation free-energy profile for the gas-phase reaction of (OH)™ with MEP (top) and the change

in profile upon solvation (bottom). The zero of energy corresponds to the reactants at infinite separation. The numbers correspond to the free-
energy differences of subsequent points.

Scheme 3. Schematic Diagram Depicting Fully Optimized HF/6-31+G* Structures for the Reaction of (OH)™ at Phosphorus of
MPP (MPP(P)) (Not All Transition States and Intermediates along the Pathways Are Depicted for the Sake of Clarity)

9 t

HO™  + MPP of:‘

1-7 4 1S-9 1-8 TS-10 MHPP~

MPP + OH" Free-energy Profile

Free Energy (Kcal/mol)

solution

) T T T T
MPP+OH" 17 TS-9 I8 TS-11 19 TS-12  CH3;0H+PP-
TS-10 MHPP

Figure 3. Relative MP2/6-31+G*//HF/6-314+G* activation free-energy profile for the gas-phase reaction of (OH)~ with MPP (top) and the change

in profile upon solvation (bottom). The zero of energy corresponds to the reactants at infinite separation. The numbers correspond to the free-
energy differences of subsequent points.
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