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Introducing Phosphorus group provides divergent features.
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v Catalytic single step phosphorylation
v’ Ser/Thr kinase-like chemoselectivity (no Tyr phosphorylation)
v High functional group-tolerance

v" New phosphorylating active species

Kanai, M et. al. ACS Cent. Sci. 2020, 6, 2, 283-292

Thiophosphate (P-S bond)

Why Sulfur? The Thio Effect
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* improved cellular uptake
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* increased stability toward nucleases

Baran, P. et. Al .Nat. Chem. 2021, 12, 2760.

Phosphinate (P-C bond)

Phospholipase C v' Strong tolerance toward hydrolysis

Phospholipase D
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Phosphoamidate (P-N bond)
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P(V) reagents are desirable for complex substates
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Recent advances of P(V) reagents for bioconjugation

PSI reagents

Activated by - PV~ gt \JNHBoC .
5-membered ring J~ @ (1 equiv) PR Q. SH O, SH
MeO - OH + > A v.NHBoc + P_ NHBoc
H NHBoc DBU (2 equiv), DMF 0.1 M) o0 ¢ © o™ @/\ x~ o™
s i i rt, 15 min NHBoc
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See Fujiyoshi-san’s Lit 2021.7.29 in detail ,
. Ser Lys . Ser Cys . Ser Thr . Ser Tyr Ser Sec
Baran, P. et. al. J. Am. Chem. Soc. 2020, 142,41,17236-17242
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High His-selectivity in protein substrates
J. Am. Chem. Soc. 2019, 141,18, 7294-7301



K.B. Sharpless suggests the utility of “PFEX".

Catalysis

Shoujun Sun Cold Spring Harbor Laboratory, Christopher J. Smedley La Trobe University,
Joshua A. Homer @ Cold Spring Harbor Laboratory, Qing-Qing_ Cheng Scripps Research Institute,
K. Barry Sharpless Scripps Research Institute, John E. Moses Cold Spring Harbor Laboratory

Abstract

We report catalytic Phosphorus Fluoride Exchange (PFEx) as the latest advance in connective click-
reaction technology. Emulating Nature, PFEx reaches into the biological world and creates stable
tetrahedral P(V)- connections through efficient phosphorus-fluoride exchange chemistry. We showcase
PFEXx through the coupling of P(V)-F hubs with aryl alcohols, alkyl alcohols, and amines, delivering
stable, multidimensional P(V)-O and P(V)- N connected products. The reactivity profile of P-F hubs
surpasses that of their P-Cl counterparts, both in reaction performance, rate, and outcome, qualifying
PFEx as a true click reaction. The rate of PFEx transformations is significantly enhanced by Lewis
amine base catalysis [e.g., 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD)]. When using substrates
comprising multiple P-F bonds, selective, serial exchange reactions are realized through judicious
catalyst selection. Synthesis of the final products (in up to 4 steps) allows controlled projections to be
deliberately installed along 3 of the 4 tetrahedral axes departing the P(V) central hub. The unique
reactivity window of PFEx allows for selective, modular click-reactions to be performed in series (e.g.,
SuFEX-PFEx-CUAAC) to rapidly generate complex multidimensional molecules, rendering PFEX a
perfect addition to the click chemistry toolbox.
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Comparison between P(V)-F and P(V)-CI

O O

H,OR H,OR
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less stable stable

Good leaving group Poor leaving ability
(CI) (F)

Activation is required

React w/o activation (F- or imidazole)

Activation by CsF
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Application of P(V)-F was limited.

J. Chem. Soc. Chem. Commun., 1981, 101-103
J. Am. Chem. Soc. 1984, 106, 4, 1060—1065
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Feature of P(V)-F compounds

Comparison of Stability/Reactivity : F vs Cl
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Conditions

1h 3h 24 h 1h 3h 24 h

Buffer (pH = 7.4), r.t.
Buffer (pH = 8.8), r.t.

EtOH, r.t.

Conditions 1h 3h 24 h 1h 3h 24 h

Buffer (pH = 7.4), r.t.
Buffer (pH = 8.8), r.t.
EtOH, r.t.

Synthesis

Stable New compounds identified Degraded Stable

P(V)-F bond is relatively stable, which means low reactivity.

3) KF (8.0 equiv),
0 1) R'OH, Et;N , Q "BusNCI (10 mol%) , Q
B CHClp, -78°Ctort, 16h Ri\-Psqp, acetone, rt, <16h  RE-RgR
Cl” & C! > é3CI > é3F
2) R?R3NH, Et3N 11a-h Yields reported over 3 steps 4.
CH.Cl,, -78 °C tor.t., 16 h 8 examples

New compounds identified Degraded

Synthesis of P(V)-F compound is well-investigated, but the application is limited.



Selectivity of P(V)-Cland P(V)-F ; Oor N ?

TABLE 11
Product yields from the phosphylation of ethanolamine

(0]
1 % vield of product
X—P—Z

| Nuclear magnetic

Y resonance Isolation
Phosphylating

agent X Y z % reaction* N—P O—P N—P O—P

Sarin -PrO  CHj; F 100 0 92 0 71
DFP -PrO  -PrO F 47 0 47 0 26
Chlorosarin -PrO CH; Cl 100 84 8 70 4
DCIP -PrO  7-PrO (I 100 92 4 65 0
Tabun EtO NMe; CN 95 72 23 70 15
TEPP EtO EtO OP(0)(OEt). 88 66 t 65 0

*Based on the residual phosphylating agent, as determined by n.m
TO-Phosphorylation cannot be excluded because of interference from d1ethyl phosphoric acid.

O-selective Predominant reaction w/ N

HN \/\OH (1eq.)

H,N !
~""on (1eq) o o (I)I _op Me\P/OPr oH
) ~ r
0oF TEA(~3 eq.) il _OPr p2° TEACS €9) HN o~ o-P N
P_ . ¢ - HoN A~ _PZ Me” “OiPr > Me + O H
Me” TOP > O Me CHCI; (0.4 M)
CHCl3 (0.4 M) Chlorosarin 0°C?, o/n 8 84%
; t, 2 days ° ’
Sarin r, y 100%
HN o~ (1ea)
HAN oH ' €a . i
0 T ow (Tea) o) 0 of 9 _oP IPrO\P/OIPr OH
) - TEA(~5 eq.) r NI
. /IFliF. TEA(~3 eq.) HoN g:o"Pr Pro” o - TN PNop o R
ipro” NoPr > ~"0" oy CHCl5 (0.4 M)
CHCl; (0.5 M) DPCI 0 °C?. o/n o 0
DPF reflux, 24 h 47% % o

Weinberger, W. A. et. al. Can. J. Chem. 1967, 45, 495.



Mechanistic study for the difference between P(V)-Cl and P(V)-F

o) O O 1T interaction between p(Y)-d(P)
B’X I_X I_X

_ P P = _
MeoN” “NMe, £0” “NMe,  Pro” “OPr Electrophilicity of P-center

1<2<3

e

1 2 3 .
How selectivity changes?

X = Cl, OP(O)RR, CN, F

Weinberger, W. A. et. al. Can. J. Chem. 1970, 48, 1351. 10



Mechanistic study for the difference between P(V)-Cl and P(V)-F

0 0 0
Me,N” “NMe,  EtO” “NMe, Pro” ~OPr

X = Cl, OP(O)RR, CN, F

TABLE 4
Variation in selectivity with phosphylating agent (RR'P(O)X)

yield P—N)

Selectivity (ln y'iéld_P-:fi
Sum of Hammett o values
R R’ of R and R’ X =Cl OP(O)RR’ CN
1 Me,N Me, N —-1.2 1.8 - -

2 Me,N EtO —0.85 2.04 1.15
3 Pr'O Pr'O —0.57 3.13 2.68 —-1.27
Pr'Q Me —0.46 2.35 2.37 < —4
Me Me —0.34 1.39 0.02 -

P—X Bond Energy (kcal) (21) 80 96 80.5*

*Value for P—CH,.

1T interaction between p(Y)-d(P)

= Electrophilicity of P-center
1<2<3

How selectivity changes?

As for P(V)-CI

More active P produced more P-N product.

As for the leaving group (X)

Poorer leaving ability, more P-O product.

Weinberger, W. A. et. al. Can. J. Chem. 1970, 48, 1351. 11



Mechanistic study for the difference between P(V)-Cl and P(V)-F

[SNZ reactionj

Cl
» .
>P=0

H->N

More nucleophilic

Follow the equation

v = k[Nu][PCl]

[Addition-EIiminationJ

F F
Ho‘é OR Ho‘é OR
Me” | Me” |
— > @) + HN
j j
H,N HO

thermodynamically stable

Weinberger, W. A. et. al. Can. J. Chem. 1970, 48, 1351. 12



Mechanistic study for the difference between P(V)-Cl and P(V)-F

[SNZ reactionj

Cl
» .
>P=0

H->N

More nucleophilic

Follow the equation

v = k[Nu][PCl]

[Addition-EIiminationJ

F F
Ho‘é OR Ho‘é OR
RO II: Me” | Me” |
SP=0 —_— o * HN
Me” A\V ~—— j j
Nu H,N HO
rate-determining step _
Il_O'Pr

-

P(V)-F 123 kcal/mol
P(V)-CI 83 kcal/mol

P(V)-N 50-70 kcal/mol
P(V)-O ~100 kcal/mol

\

~

thermodynamically stable

/ Weinberger, W. A. et. al. Can. J. Chem. 1970, 48, 1351. 13



Mechanistic study for the difference between P(V)-Cl and P(V)-F

[SNZ reactionj

Cl
» .
>P=0

H->N

More nucleophilic

Follow the equation

v = k[Nu][PCl]

[Addition-EIiminationJ

F F
Ho‘é OR Ho‘é OR
Me” | Me” |

= " j

rate-determining step

4 N

P(V)-F 123 kcal/mol
P(V)-CI 83 kcal/mol

P(V)-N 50-70 kcal/mol
P(V)-O ~100 kcal/mol

Si(VI)-F 136 kcal/mol

thermodynamically stable

Is P(V)-F compound applicable to click
chemistry like SUFEx?

Weinberger, W. A. et. al. Can. J. Chem. 1970, 48, 1351. 14



Short summary

P(V)-F is stable reagent

Conditions 1h 1h 24 h

Buffer (pH = 7.4), r.t.
Buffer (pH = 8.8), r.t.

EtOH, r.t.
Stable New compounds identified [ Degraded
PFEX
0k, Do d s Lo
N\‘ l\F - N\' I\o/ - N\' .\O/
DBU OF TBD, HMDS 0 %o
MeCN, rt., 1h MeCN, rt,<3h
' - high yielding - robust
RP'F serial PFEXx O‘P'O - serial decoration of P(V)
N* "N — N> hubs possible
F=Ps P-F —  + QO_F'% ',;',_OQ - compatible with CUAAC
F N g oo N F and SuFEXx click reactions

traditional activation method

F
S F7™
O\ /F k2 O‘\ - ROH
F
—-O\P/OR
——-O/ \O

J. Am. Chem. Soc. 1984, 106, 4, 1060—1065

Activation by Silicon

P(V)-F 123 kcal/mol
P(V)-O ~100 kcal/mol
Si(VI)-F 136 kcal/mol

15
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Initial trial of “PFEX” drawing insight from classical SUFEx

SuFEx
8;:34—:Nuc qso
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\ ',-" R' cat 0
H O~ (o) : (o)
/S X/
\ e S s R-S<o R
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v Developed by K.B. Sharpless et al in 2014

v Si mediates very fast reactions of S-F as electrophiles.

Sharpless, K. B. et. al. Angew. Chem. Int. Ed. 2014,53, 9430 — 9448
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Initial trial of “PFEX” drawing insight from classical SUFEx

SuFEXx
8;:S<—:Nuc \‘S'I
o ! C—) R “Nuc
Osd %
SS—»:Cl .
0* H,
% © "
\ ',-“ R' cat 00
H O~ (o) : N
F 0> R" —> .S, .R
Si. R
1 R"
A"
PFEXx (This work)

DBU (20 mol%)

0
TBSO MeCN, rt. 1 h ®
RIGRNe + > R,

9 examples ,;'{2F

PFEX successfully occurred in good yields
using various Ar-Si ester.

v Developed by K.B. Sharpless et al in 2014

v Si mediates very fast reactions of S-F as electrophiles.

Sharpless, K. B. et. al. Angew. Chem. Int. Ed. 2014,53, 9430 — 9448
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Accelerated SuFEXx click chemistry

Accelerated SUFEx (ASCC); external Si additives

e) This Work: Accelerated SuFEx Click Chemistry

() = suFEx Hub

HMDS (1.0 equiv), { BTMG I High Yielding

@ + Ho-®) BTMG (1.0-20 mol%) - @—o—®+ TMS-F, NH; | * Short Reaction Times

TMS-OH :* Low Catalyst Loading
eeh tt. reomn e *« Minimal Purification

« Scalable

Moses, et. al. Angew. Chem. Int. Ed. 2022, 1, e202112375.

@ ggg HO. NMe,
N /@L + Me,SiF U
NMe,

% = |
NMe o 3a 0'09‘0 el
Mc-N ”‘N"‘(

G A~F
RRg

TS1 X = SiMes
(D TS2X = H

s

- 2
J( Bu. H O NMe,
~ Ko, 5.
i A
~ = Mo;N"* NMe, © 4

Me 5"0’©Nvm + H.NSiMe Me-Si“™VSiMe

W HMDS

In situ generation of Silyl ester

19



Accelerated SuFEXx click chemistry
IN:():g O@\M"c H-ﬂ\zf HOUNMQ‘

Accelerated SUFEx (ASCC); external Si additives - T X
Me N*?:;f-u K - i
[ iGN ]
x TS1 X = SiMes
e) This Work: Accelerated SuFEx Click Chemistry g{g @ = SuFEx Hub | p TS2X = H‘
= Aryl or Alkyl 1 OE‘?‘F J< Bu., H O - NMe,
o Mo e “\©:

HMDS (1.0 equiv), {" BTMG : - High Yielding
@—F 3 HO—® BTMG (1.0-20 mol%) - @—O—®+ TMS-F, NH5 | * Short Reaction Times
! TMS-OH i*Low Catalyst Loading

MeCN, r.t, 1-60 min NGsawasanmsnennsds ¢« Minimal Purification
« Scalable

Moses, et. al. Angew. Chem. Int. Ed. 2022, 1, e202112375.

In situ generation of Silyl ester

Employed ASCC conditions to PFEXx
A) BTMG (20 mol%) B) BTMG (20 mol%) 0
N HMDS (1.0 equiv) OQ HMDS (1 0 equiv) P
OH Py
,©/ MeCN, rt. ©/\ /@\ MeCN, rt. ©/\N N

I
[:l + l}l
@f\,p\m /©\ X =F (10c), 2 h, 89% yield @(\,FFO @ X =F (12a), 12 h, 91% yield

O X =Cl (8c), 22 h, 70% yield 0 (0] X = Cl (11a), 22 h, trace product 16a

14a
Demonstrate the superiority of P(V)-F over P(V)-C 20




Optimization for PFEXx

HMDS (1.2 equiv.)
" o TBD (20 mol%) CN'R‘ 0
R HO MeCN, r.t, 0.25-3 h ' 1 P .R2
I o o RohR - oR=0 o ofyR
Base screeni ng g f A 24 examples 0 ]R3
10 12 14 15a-p 16a-h

O catalyst (20 mol%)

O-'U:O

aniline

0 o
@ 15¢ {D: ) 15d Cl N 15¢
90% 0 2 87%

C PN N CCks ) O L ok
ot )il x (VRS 76 ¥
0.
@ See Table 15a
93%

Entry Catalyst pKaH (MeCN)  Time (h) Conversmn (%)?

1 P4+-'Bu 427 1 >99
2 P2-Bu 33.5 1.5 >99
3 TBD 26.2 5 >99
4 BTMG ~26 14 91
5 DBU 24.3 14 80
6 P1-Bu 26.9 14 10
7 T™MG 23.7 14 9
8 DPG 18.8 14 Trace
9 BEMP 27.5 14 66
10 MTBD 25.0 14 64
11 DMAP 18.0 14 0
12° TBD 26.2 2 >99
13¢ TBD 26.2 7 16
144 TBD 26.2 7 20

Stronger base is necessary for
deprotonation of phenol.

(-)-cholesterol



Polyfluorinated organophosphorus compounds

X, X
N7/
)
Xspe R) I
< \N Spirocyclic
X, X X, X
R~ v Ry
« SO
F/P\\N ~ XTONTX O XTONT X
b p ndged
X7 N7 X Base \ XX
/P\\
XUl II\I//\
° ~ R R~
R/\R: Bifunctional Nu x’P\ e Daneli
X = Halogen aneime
X, /R
/P\\N
X | ~R Ansa or

X N X Transannular

E\I 7\
/R R\ |/R RN

-PN
X7 N7 Polymeric

Activation by CsF

3rx-oY “S;n=2(1)n=3(Q)
| X=S, Y=§;n=2(3),n=3(4)

S(CHy)nOSiMe;
/‘\Fe . e>(4 ot _rY /NJ’

Me3SiS(CH )nOSiMe;———»
THF, A ~ Me” | e )\N_ //
F

—_— \

Me— (CH2)nS’ W / /
Me/ 0\/ _E\F E F

F

|

FO Me r}’/ ‘ 'Me’s‘F (cg;,,\” 3
W=

Inorg. Chem. 1996, 35, 10, 2915-2929 22



Polyfluorinated organophosphorus compounds

v EtzN (1 or 2 equiv) ¥

NTSN L, (@ MeCN.rt.052h  nefsy «
F-P. .B-F =~ HY i A .
F N“D Y=0.NH F N'\F 2N

8 examples 17a-h
Ph.  Ph Ph.  CO;Et : O
R O " E ~
N SN N
“r\.-n- F" ~ ‘,P—F F— L P_F
17a® 17b? 17c 174
(71%) (93%) 71% 65%

B) OTBS U (10 mols) dd
MeCN, rt., 2h NS
179 + e

e
94% <::)>fa ‘NP‘;O 5 N’Lﬁa
13b
'at 0 17 N;
ry;pery \fLNH —O—OTBS
Ofgp‘N"R;O 5 Ko 13c
BEMP (20 mol%)
17f¢

MeCN, r.t, 16 h
J N, 51%

With substrates comprising multiple P-F bonds an
opportunity for diversity orientated clicking is presented.

23



The orthogonal reactivity between PFEx and other click reactions

0
ALk
ot N’\\\
0, .0
F:S’: CuhAC :
: multi-clickable
' SuFEx hub (18)

------------------------------------

The striking difference in reactivity between P-F and S-F clickable hubs
creates a window of opportunity for orthogonal connective chemistry.

Accelerated SuFEx
4-phenylphenol
HMDS, BTMG
MeCN, rt.. 30 min

Q)
B
(0) ¢ N
5. O
(used crude)

Y

benzyl azide
Cu(OAc),, sodium ascorbate
‘BuOH-water (3:1), 80 °C, 14 h

@ﬁll

Y@r K@LO ¥
)/ 86% over two steps O

@
@

Q\S,
o o) ‘

Accelerated PFEx
allyl 4-hydroxybenzoate
HMDS, TBD
MeCN,rt. 2h

_

Reason?

bond AH p,nq (K] /mol)

P-H 322
P-P 201
P-F 490.
P-Cl 326
P-Br 264

bond AH yona (k) /mol)

S-H 347
S-S 266
S=§ 425
S-F 327
S-Cl 253
S-Br 218

bond AH 04 (K] /mol)

Si-H 393
Si-Si 340.
Si-0 452
Si-F 565
Si-Cl 381
Si-Br 310

24



Short summary

O
B,OR
F~ “OR

“Si-mediated” Ar! ¢ RsSI-F Arl
Ar' - L AR o
' Ar2-0-SiR; o A j
0 | 0=}=0
0=$=0 DBU (10-30 mol%) o7 ? -
g or BEMP (2.0-10 mol%) F--=-SiR3 Ar
MeCN, r.t. to 80 °C
4-18 h
Angew. Chem. Int. Ed. 2022, 1, €202112375.
0 PFEXx PFEX 0
P —-O0TBS P OH p
QN‘JI:\F —_— O“N"':‘O’ —»O_ C)*N“'n"o’
OF DBU F TBD, HMDS 0 %o
MeCN, rt., 1h MeCN, rt,<3h
' - high yielding - robust
RF
5 serial PFEx O‘P'O - serial decoration of P(V)
N* "N — N~ hubs possible
F-Ps P-F = Qo Ps P OQ - compatible with CuUAAC
F N od N'F and SuFEXx click reactions

v' PFEXx is orthogonal over other click reactions.

v' P(V)-F derivatives are stable but once activated, show sharp reactivity.

PFEx Accelerated SuFEx | O

: @\08 : 4-phenylphenol ©\ 0 JI

: N : HMDS, BTMG B.

F N/\\\ MeCN, rt., 30 min O LN O

FO:\S,:%O) CuAAC ; 19 I\Q Q‘S’

s multi-clickable et an) o3

¢ SuFEx hub (18)

L TR R e SRR et R Accelerated PFEx

allyl 4-hydroxybenzoate
HMDS, TBD
MeCN, rt. 2h
N_N/‘Q CuAAC

benzyl azide

Cu(OAc),, sodium ascorbate (0]
‘BuOH-water (3:1), 80 °C, 14 h . b,

20
) 86% over two steps
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P(V)-F shows activated serine-selective reactivity.

Mechanism of action; Irreversible phosphonylation of Ser

Q

ol cH,
CH; Y P
(0]

©
+ F

U=-T

O.
\T/ ;

'
O

Bz

—N— 7EFINIIODEK

PEFNIVVIATI-E

http://molecules.a.la9.jp/acetylcholine%20esterase.html

Serine at Catalytic triad

0O
... A set of three coordinated amino 1 /'g? Activated Serine
acids in the active site of enzymes E K
B 0 Ser

.... Found in Serine hydrolases (SHs)

Ex) Serine esterase
Serine protease

Phospholipase https://www.chegg.com/homework-help/questions-and-answers/amino-acid-serine-form- 27
catalytic-triad-amino-acid-cysteine-form-catalytic-dyad-q18222430




Activity-based protein profiling (ABPP) for SHs

Active-Ser selective

0 2 0 g
,P\\/\/\/\/\)LN .P\/\/\/\/\/U\N
F o\ H F \O\ H Y?
Warhead . 0 s &
N HN-N &
AN " HO O " FP-Biotin -~ + - +
r N o Epobiotin 8, FP-fluorescein -oofin - -
& ' | COCH Avidin | o»
)
( Anti-FAAH g on e
No reaction w/ denatured proteins Identification of SH activity enzyme from rat tissues
Preheating - 4 4+ . A & B &
FP-iotin - -+ + o G E RO
| ’ 0 A O s T T I e I O O e O
i ~ @ Soluble fractions of rat testis < EEE— "+ b FP-Biotin
— . . s - 111
48 >10 testicular proteins detected e i o
p— Y <-1
= — _ _ 29.! ——— 79 e =wmimwm I
354 S Preheating ; 80°C, 5 min - 1
29. = 21 —— 48- ' 28

Cravatt, B. F. et. al. Proc. Natl. Acad. Sci. U.S.A. 1999, 96, 14694.



Phospholipase-selective probe

0 RARUIN—4 A1
I / (sn-1)
Warhead AAAYAYAYA A yuup
% 0
F ) T g “ | |
R/ | o HaC(H2C)150 v\/y\/v\_/_\o__c
/H P k/ 0O - 0 O 0 2 e 5 | FRAFRYN-ED
y " .o - KRR Yese™ : .:
O O‘FI)’O\/\&/ \//{ /C F,:: \/\N\ W RARYN—E A2 CH2— 0O ,'. o
HaC(H2C)is0 f I gk O | (sn-2) ~N,7 W
O 5 szgun—ee" P .
RN
sn-1 selective probe, 1 sn-2 selective probe, 2
https://www.mfc.co.jp/product/kouso/phospholipase/index.html
Reactivity of 1 and 2 with poorly-investigated lipase Good features for identification of CDTA
sn-1 o s s S BN ————— e Red : probe 1
_ ' 100 Blue : probe 2
sn-2 "“F‘| ——— o
S 80
o 100 > 100 - o0 =
% 80 - § 80 - * i o IC5O
el
S g0 ~ 50 1 I~ Probe1 : 3 nM
- a ]
2 S » (Probe2 : 165 nM)
(=] i = 7
S 1;0 | ® 0 3 0
1 10 100 1000 104 10% 1 1:) 160 1600 1;)‘ 105 0.0010.010.1 1 10 100 1000 10¢ 10°
log [probe (nM)] log [probe (nM)] log [probe (nM)] 29

Cravatt, B. F. et. al. J. Am. Chem. Soc. 2010, 132,10, 3264—-3265.



Further application of ABPP and perspective of P(V)-F

Broad-spectrum Probe

Linker

0]

~

F

Warhead

FP-Rhodamine

Cell Chem. Biol. 2020, 27, 937.

Gin

YO Lys Lys
N\
H® X H H

F \
O\\ Slﬁo K] F H s N N Kinac.‘ N H
— 0\\S/$ H ——Do\\ Slf‘ 0

Stabilized
sulfur intermediate

https://sites.rutgers.edu/moschitto-lab/research/

A
R o]
Warhead (;#’\o/ph
Scaffold Ph
Warhead ER DI Diphenyl- | Sulfonyl| P-lactam | o . te | Triazole Urea _ eioro:
phosphonate | phosphonate | Fluoride| B-lactone isocoumarin
Syt Difficult Moderate Easy | Moderate Easy Easy Easy
Tractability
Serine : ; :
Selectivity High High Poor Poor Moderate Moderate High
Hyerolsss Broag Proteases |Proteases B- Lipases Peptldases, Broad
Preference spectrum lactamases Lipsases
Dlv.ersuty o Fluoride Broad Fluoride N.A. Broad Broad Chloride
Leaving Group

v' React with Ser/ Tyr/ Lys/His

v’ Target identification and validation

SuFEx for divergent application

v" Mapping of enzyme binding site (other than SH)
v' Covalent drugs

P(V)-F could be another CR with high selectivity toward O.




Summary

PFEXx

o f coms_af o oo _af
N'IYF —— NI — N1 07
OF DBU F TBD, HMDS 0 %o
MeCN, rt.,1h MeCN, rt,<3h
' - high yielding - robust
RP'F serial PFEx O‘P'O - serial decoration of P(V)
N*~ —_— Q N* N 0 hubs possible
F=Ps P-F = 0O-Ps .P-O - compatible with CUAAC
s ~ - \ -~ - . .
F NF oo NF and SuFEx click reactions

Phosphorus-oriented selectivity

[Addition-EIiminationJ

OR HO‘FI> OR
RO_ | Me” | Me” |
\P:O —_— (@] +
Me/‘\_/ B — j j
Nu H,N HO
o
E—— H,N IFL’OIPIr
2 \/\O/ \Me

thermodynamically stable

PFEx

is another good reaction for click chemistry

. the transformation proceeds smoothly like SUFEx

. original feature derived from P ; Selectivity toward O

Preliminary example of labeling

o) O o] (0]
P\/\/\/\/\)LN .R\/\/\/\/\)L
F"o H F'o

Warhead P o] D 4

N
)
S
WH HNJL
HN

N
H
HO
NH s K i
o>// 7, FP-biotin e 8, FP-fluorescein
o

Warhead
B ; A% H3C(H,C)50
S \ '® () ; 3
\\/sz,\,\ R ’ LO o
(I\ ‘ o T 5 + / " \Z‘ /‘V\/\ .‘/
~ ~ ."lc)\/‘/‘ > \J\/\]‘\/ \\\\A ,(] 2 N

sn-1 selective probe, 1 sn-2 selective probe, 2

. further development (activation by LA or H network) is desired
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Appendix



Trivalent Phosphoryl reagent ; P(lll) reagents

a Conventional method: b Solid-phase Oligonucleotide Synthesis
)\NJ\ + base e |
PCI | Wat . '
> - Disadvantages: !
' (»N ] 1 1 .
G e 1 Storage P 2) Capping
\ >6hrs Vo 3) Oxidation
)\ /k ' Purification 1 PGO -
N + acid Voo os e s imis o I
PN P CN ( Y
)\N/ NN PGO . ' W,
; S PGO o
PGO o )\ O 0 |<O> k 7
: - \p/ CN -
k > _ rl, 1) Coupling o O:p’o\/\cN
OH 0%
0 o)
N-N Nucleoside ‘ HO
M Do, phosphoramidite ' 0 _ 0
N i \ J ) 4) Deprotection 6
\
L s N-NC . ;o 0 J
s =0 \ ' ] 1 : d
)\ o O\),\N% NO, : ngintagesd. P 6 ! Cleavage and
)\ H B it T B . deprotection
v No purification + ‘.
. >98% yield | ! £
_ pCl VRS R i S S Oligonucleotide
This work: '

Nat. Chem. 2021, 12, 2760.

v Alcohol-selective phosphorylation over Amine

X Containing oxidation steps X No-selectivity among OH 35



P(V) reagents are desirable for protein labeling (w/o oxidation step)

H |

S 0 z Jpr 0

li_OR [|_OX O\\Pso : ‘ I

cl” TOR RO” TOR ArS” ¥ RO 1>
Me

X=nitorobenzene etc.
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Warning in case of handing P(V)-F compounds

General Procedure A:

To a solution of the desired substituted phosphoramidic dichloride (1.00 equiv) in acetone (0.125 M)
was added KF (8.00 equiv). The reaction mixture was rapidly stirred at room temperature for 3 h and
then filtered through Celite®. The solvent was removed under reduced pressure to give the desired
phosphoramidic difluoride. The shelf-life of these compounds is limited (up to 3 days at -20 °C) and so
they should be converted to the more stable phosphoramidofluoridates as soon as possible.

Caution! Substituted phosphoramidic difluorides are assumed to be extremely toxic and should only
be handled in a well-ventilated fume cupboard with concentrated NaOH on hand to quench any spills
and wash glassware.
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Raw data of Mechanistic study

TABLE 1

Reaction conditions and products from the reaction of ethanolamine with phosphylating agents

Phosphylating agent

31p Chemical shifts (p.p.m.) and % material at end of reaction

Reaction conditions

(RR'P(0)X) Chemical
shift N-Phosphyl O-Phosphyl

R R’ X (p.p.m.) derivative derivative RR’P(O)OH Other products Time (h) Temperaturef
Me,N Me,N Cl —29.7 —23.6(22%) —19.0(3.5%) 24 R.T.
EtO Me,N Cl —16.9 —18.8(84%) —11.1(11%) —-30.92%), —7.2(3%) 28 R.T.
EtO Me,N OP(O)RR’ 0 —18.6 (4%) +12.7(1%) 24 Reflux
EtO Me;N F —5.2% —-11.9(13%) 120 R.T.
Pr'O Pr'O OP(O)RR’ +15 —7.9(44%) +2.0(3%) +2.0(50%) +9.6 B%) 72 R.T.
Pr'O PriO CN +24.2 —-8.122%) +2.5(78%) 56 R.T.
PriO CH, OP(O)RR’ —-20.5 —32.5043%) -—-29.904%) —19.8 (53%) 72 R.T.
PriO CH, CN —-10.5 —29.6 (95%) —19.8 (5%) 48 R.T.
CH; CH, Cl —62.0 —41.1(61%) —55.7(15%) —-33.321%) 2 R.T.
CH, CH, OP(O)RR’ —51.5 —-39.0(22%) —54.4(19%) —33.9(59%) 24 R.T.

*Doublet.

1R.T. stands for room temperature,

Weinberger, W. A. et. al. Can. J. Chem. 1970, 48, 1351. 38



Synthesis of P(V)-F compounds

Phosphoramidic difluoride

A
) KF (8.0 equiv)
] 3 = n 3
RI P N'R acetone, r.t.,, 3-16 h R1 .P. N'R
N1 "Cl \ - N L °F \
',Cl or P=0 P F O P=0
R (08 E: I 13 examples R o \F
7 8 9a-g 10a-f
Q 0 2 2 2
(\N'E\F ©/\T—E\F O"':\F /Ol-FI:\F N.'.:\F
oS o NC
9a 9b 9c 9d 9e
92%3 85%°2 89%°2 98%*2 81%2
g g Br _O
N N g )¢
O L Ol
o
of 9g 10a 10b
69%2 99%2 91% 85%
O\
Ly NN VK o
N oh=0 o-R=0 P
O’P‘:O F F N\_jN
F
10c 10d 10e 10f
91% 86% 83% 95%

Phosphoramidofluoridate

B) .
3) KF (8.0 equiv),
1) R'OH, Et;N 0 "Bu.NCI 0 0o
(0] Ug (10 mol%) 1
B CHzclz, -78°Ctort,16 h R?N’E\OR1 acetone, r.t, <16 h ?N'#\OR“
Cl’é\CI - I'Q3CI = IIQ3F
I 2) R?R3NH, Et;N 11a-h Yields reported over 3 steps 4,

CHyCly, -78°Ctort., 16 h 8 examples

12d 12e
53% 48%
3
11
/\N o‘l’\o
=
12g
59%
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Reaction mechanism of phosphoryl transfer

AnDn

POSOP transition state
- s
=20

Domon, K.: Fujiyoshi, K.; Kanai, M.; et al.
2021/7/29 ACS Cent. Sci. 2020, 6, 283

=0

P ®R “oR
RO OR
0
Nu---R---OR
RO OR
Sle)
Nu—R—OR
RO OR
Ay + Dy
R,PEP intermediate
OH

ROE_

R'O” 1

Fujiyoshi, K.;: Motomu, K.: er al.
Synlert 2021, 32, 1135

> ©
-"\""OR OR
Nu OR

Pereira et al., Phys. Chem. Chem. Phys. 2016, 18, 18255

Ay + Dy
Y reagent intermediate
Me
s 5
H °’?"‘XR
M OMe
Me
INT1
(VB8P)

Vantourout. J.: Baran, P.; et al.
J. Am. Chem. Soc. 2020, 142, 17236 M2 Fujiyoshi m

-0



Phosphorous Fluoride derivatives

Representative P(V)-F derivatives

o/ 0 I
N // I F—P—0
P —pP—0 |
/ Yo |
F F OH

Diisopropyl fluorophosphate Sarin Phosphorofluoridic acid

Mechanism of action; Irreversible phosphorylation of Ser

—

PeFNIIVIATI-E

http://molecules.a.la9.jp/acetylcholine%20esterase.html

H F
YN\P/\ )\
J N

Mipafox

7EFI)OOEK
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Serine hydrolases

Catalytic triad

\\>LET
O N

Asp )ko/ H

|
\\/N/\‘ /O
H

KSer

Activated Ser

Catalytic triad

KSer b N /\é;\

0 53
\E/A

then hydrolysis

KSer
0.0
T

0]

irrevesiblly inhibit

7, FP-biotin
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PF probe & U COEH!

OEt
F—p O~

or

OH

OEt O

O—A\)LO/\/\Na CuAAC N

R< >.}0.§9\g«°\/\/"a

Tunable probe library

Fluorinative Hydrolysis/Methylation

+ Mild Reaction Conditions
» Functional Group Toleranc

+ Late-Stage Transformation
e
= Stable Covalent Adduct

Cell or lysate

Labeled serine hydrolases : .
Proteomic target profiling

https://www.sciencedirect.com/science/article/pii/S245194
5619300753



https://www.sciencedirect.com/science/article/pii/S2451945619300753

FP probe for detection of Serine hydrase

0 0]
F \
5 D

W”
HN

NH
d~ 7, FP-biotin

Cravatt, B. F. et. al.

Proc. Natl. Acad. Sci. U.S.A.

1999, 96, 14694.

v SH selective
v Broad reactivity
across the SH class

H3C(H,C)450

o-
F O.1.0 +
J\, X J\/ prNoNT
S @)
?C)ﬁo \(/};ﬁ/ o I~
O

sn-1 selective probe, 1 sn-2 selective probe, 2

Cravatt, B. F. et. al.
J. Am. Chem. Soc. 2010,
132,10, 3264—-3265.

more selective for reacting with
phospholipases (over other SHs)

The broad-spectrum serine hydrolase probe

//  mAb

PERTIDE
PERTIDE)

ABPP Probe

Li, N. et. al.
Anal. Chem. 2022, 94, 24,
8625-8632.

In cell lysate

Serine protases
Phospholipases

' ( PEpTIPE
Polysorbate-Like

N

4



SuFEXx

Introduction of tetrazine-trans-cyclooctene as a fast copper-free
bioorthogonal reaction (Fox)*’

R'./ )
Inverse electron demand
—\ Diels-Alder cycloaddition

< >_ 4 R

N=N

-

(o] R?-N, NHR* H t{ N

=3 -0 R! XN R’ XN ’
R' P Staudinger R! P . \

Ph [N ligation Ph B . NH _N

H

Modified Staudinger reaction for bioorthogonal ligation (Bertozzi)**

2000 2001 2002 2007 2008

| Introduction of click chemistry (Kolb-Finn-Sharpless)** }

Introduction of sulfur(vi) fluoride exchange as a promising new class of
click chemistry reaction (Sharpless)**
I Copper()-catalysed azide-alkyne cycloaddition (Meldal-Shérpless)“""

Development of DIFO for copper-free click chemistry (Bertozzi)*’

N~ 0 =
RZ2-N N? TN
) N (L) aC
R 1,3-dipolar azide- _)' COH
alkyne cycloaddition R! "zF
J F HO

DIFO

Nat. Rev. Chem. 2018, 2, 202.
- Robust connection
- High functional group tolerance
- Fast kinetics
- Easy operation



SuFEXx

Activation with Ca(NTf), (Lewis acid)

R4R,NH
O\\ /,O Ca(Nsz)z (1 GQUiVl ’s\ ) R1
R’S\F R N
t-amylOH R
aryl, heteroaryl, 60°C,24h ?
alkyl
Effect of Ca salt
), € RR,NH Q.0 .
R@S\F Ca(NTf;); (1 equiv) R@S\N. 1
\
t-amylOH Rz
aryl, heteroaryl 60°C,24 h sulfonamides
: Z
(\ . /©
: 2
2 HN\) 15 2
N 21 26
S.. .Ry
r:l with Ca: 82% with Ca: 85%
NG R; without Ca: 95%  without Ca: N/R*?
Y’ 22 27
N S N,R, .
| N é with Ca: 80% with Ca: 88%
Me” “N” 2 without Ca: 81%  without Ca: trace®
Q.f 23 28
N SR _ _
| p with Ca: 95% with Ca: 98%
2N Ry without Ca: 80%  without Ca: trace”

Proposed mod

e of activation

LA
0\\s//0 \\S//
v O F 5 O F-
R > R > \~ LA
RyR,NH RyR,NH
Lewis acid activation Lewis acid activation
via sulfonyl oxygens via fluorine

Selectivity of nucleophile

N

Ph’S‘F

(.
2a

OF
X R’ Ca(NT,), (1 equiv) 0.0
H-N_ -
R? t-amylOH Ph I':‘l
N 60°C,24h
amines 7
with Ca: 66%
without Ca: 12%
NH,
Oy /P  Cs;,CO4(2 equiv) O O\\S,,O /©/
Nuc—H (1.1. equiv), O 0
MeCN, 23°C,1h
3e 79%

JOC 2017, 82, 2294.

Am Ende, C. W; Ball, N. D. et al. Org. Lett. 2018, 20, 3943. °
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SuFEXx

RSO,F in Biological Context

O\‘ ’/O NS/
Ar-OH —= Ar. ,S\? — A

Tyr/Lys/ /

Ser/His
- _ _ context-dependent
electrophilic probe to modify proteins Proten labeling

H+ mediated switch-on
-> specificity to microenvironment

- Activation of S-F in special environment
- Proximity driven reaction
- Ser, Tyr, Lys, Thr, His, Cys

Examples
- Covalent drugs

- Target identification and validation
- Mapping of enzyme binding sites, substrates and protein—protein interactions.
- Late-stage functionalization (LSF) of bioactive molecules
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SuFEXx for activity-based protein profiling

SuFEXx capture enabled by local

active protain electrostatic effect and geometry

HBD, HBD,
(0]
]
R—S—F
1
0o
Nu ——X—> Na
\R}\ /)
F=o
HBD, HBD, F
denatured protein no reaction
: . Phe192

Cys191

B SuFExable library N
Ar—S—F )
_______________ 1 O
c‘):‘sf" oOF | e
o o | AO—S—F ()
. ‘ | original input lc;
F)/s’/ —
= \* : RLN A~
?g,F .\S// s R2
¥ SOe! o
' new -F
\/ l / deposit \ R3/\/s\\o )
enzyme of
interest
| &, Te
P y .
l//o © © ‘
/,S\F Bl S’/o
hit(s) O wee [o]
& & improved
dF dF lead
- Optimization
HisS7 Phe192 o Cys191 \s
S
NH
NH l
\ S \
. ? HN—
N B 25 Ss
Norae
N 3.0‘\\ Val216
NH /'O-S~0
HO sl o
N o 28 .0 W8
Ser214 Sy iy
H
U PNAS, 2019, 716, 18809.
Ser195
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SUFEX

A
o WF _
‘ SO,F, o”s“o reactive group
ﬂm"ﬁ »
B HO
2 ligand
reactive F\ _0 N
group ,, o O
I X\ reporter
C reporter
@" @' _,”” (J*
°F _ C
reactive group
D
ligand  reactive
group
ON
’ \N\l reporter
Dual use of SuUFEx and PFEXx

https://reader.elsevier.com/reader/sd/pii/S2451945620302816?token=F14E2FBC6E423E1AA1B10EF1491C38F1431A101FB2BA2C1CFE2C3085395BDDB771A028B451 BOZOA53A3B

B9C4E36E37&originRegion=us-east-1&originCreation=20221107124339



https://reader.elsevier.com/reader/sd/pii/S2451945620302816?token=F14E2FBC6E423E1AA1B10EF1491C38F1431A101FB2BA2C1CFE2C3085395BDDB771A028B451B020A53A3B3DB9C4E36E37&originRegion=us-east-1&originCreation=20221107124339

7> &refluxd DEPFERIGLULTUERD

Entry Electrophile % remaining  Product (% HPLC yield)  Analytical
SM method
7 o 0 o LC-MS
| N N=Fh
O e
0 0]
(xii) (27)
o)
maleimide PhHN ke
ppeNH O
(73)
8 0“ o 0 Unidentified mixture LC-MS
(xiii)
a-chloroketone
LC-MS

fluorophosphorate

(34)

““Refluxing aniline” test was performed by heat the neat mixture of respective electrophiles

(1.0 mmol) with 1.3 mL aniline at 184 °C.

PNAS, 2019, 116, 18809.
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Imidazole acts as nucleophilic catalyst

Me =\
NYC = Me N _NM
Q\/I H*N‘/T\'l\we Path A N—\,/Q e

s \ -+
b OON (o — W o o
HG® /P IGAC+ IGBC p~OH
|f| O_b Me-2 19

© Me-3
e
BMIPP H20
(@] Hen” X
; \ TN (0}
SN P10 —NMe /]; !
MeN_N v PathB 1eN“IN-P~py + Me-3
(o) o + %2 0
= IGAC+NUC —/ O-
INT

https://pubs.acs.org/doi/10.1021/ja1034733
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Selective-phosphorylation using imidazole as a nucleophilic catalyst

cl
o’»P(”OPh + EtzN
OPh |
/'/ ] \‘\‘ HN-Peptide
HN-Peptide Me, y
@ e
N~ 0 - HN.
§J R "
N “N'OPh 2
~ 0O
1 \\} A OPh
P ~..
& AN
OBn 0 OBn
HO, O-Ruoph HO_ OH
OPh
BnO"" "/0OBn BnO OBn
OH OH
4 3

Miller, S. J. et. al. J. Am. Chem. Soc. 2001,
123,41,10125-10126

Kinase mimic catalyst for
asymmetric phosphorylation
of inositol

Miller, S. J. et. al. J. Am. Chem. Soc. 2002,
124,39, 11653-11656

Site-selective phosphorylation of
the enantiotopic 1- and 3-
positions of the inositol ring

H%
0
~N N o cl

Catalyst2 HO (o) o
HO
HO ), H
AcHN H NSy NOAY
- N
o)

Miller, S. J. et. al.d. Am. Chem. Soc. 2013,
135,33, 12414-12421

Site-selective phosphorylation of
three distinct hydroxyl groups within
the complex glycopeptide



J

O
=110
H
i

NTEMEDMgZE > TS\ Sactivation

—— / \‘.
/‘ | O/ ) 'i:\ ‘,}— OH
Y 0 -
""" ’ :.'2_":‘,"'. O
I'Q.’ O-. | ,“ //
=N > O
N N R opn |
— l OPh / \\_“ P\ o
/ \ // OPh

https://pubs.rsc.org/en/content/articlelanding/2005/cc/b506344b
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Other synthetic method for P(V)-F

R\F’(/Z/\ ., R\ //Z . /q
R’ NXyN + RCOF F"/P\F + R'CON N (1)
— 1
Z=0,S,Se
B} N
Z\\F(NX ’ N F [\
RT N Xy + 2RCOF R,P\F + 2 RCON__N (2)
\—/
2

J. Chem. Soc., Perkin Trans. 1, 1994, 817-820
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P(Ill) Chemistry

Activating reagent for minimal-protection phosphate

RQ Nuc RQ [O] or [S] i
,P—LG ——- /P—Nuc RO—ﬁ’—Nuc
RO -LG RO OR
P(V) Chemistry
1l Activating Agent (I? Nuc 9
RO-P-0~ ——————9 RO-P—LG ————> RO—P—Nuc
o o =LG OR
e -0 0
(0] (0] (0] Activatin \ _O_ 7
P P P Agent - O=P” “P=OR  Nyc ﬁ (ni (np?
‘O/I\O/I\O/I\OR - 0 —lii AINArtSN AT
o2 694 R Nuc” 1707 170" L "OR
0 0
TriMP derivative
Activating Agents: JOL
R O 0]
NP N=C=N" L N7 N
cI” R R’ R” 07 °R N N Wy
sulfonyl chlorides carbodiimides carboxylic anhydrides CDI

J. Am. Chem. Soc. 2022, 144,17, 7517-7530
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> B bR T CT<DIE

ATEEDFFH—T%={E > ThiotinzE A

NH,
o 0
oonn (N | N
X~P-0-P-0-P-0 N N)
o o O o
OH OH

ATP (1a),X=0
ATP-biotin (1b),

» S
X= HN n H
\,f\o/j\/ S NH
H
3 o} HN—‘

o
9 H .
on ATP-biotin OEN\’(’\O/):/N o ’ HMN—(NH )
. L{x —an, o {0, > "u’(r"‘
o

. N
N o Kinase H

o

o

O=p=0

[

2b 2¢

https://pubs.acs.org/doi/10.1021/ja0668280

Phosphoimidazole (pyrophosphorylation)

* 2

(0]
HNJ(NH 1 Biotin affinity handle
H o . Reactive phosphor-
o imidazolide group
4°H NTN o}
........... 6 N3\ HN
2
-
NPE photolabile linker —> O OL,‘g\ N\:\\/N
I

btNPE-imidazolide (1)
https://chemistry-europe.onlinelibrary.wiley.com/doi/full/10.1002/cbic.202200407

IBRETEROVSZUICULTFA—ILS

18 ED1,4-FN0

(phosphotyrosine(C (3E X 720 \)

a) BEMA

Versatile tagging
Not possible for pTyr

*_Nu:\ R=CHjyorH
R|

O

OH

Other residues can undergo elimnation

https://chemistry-europe.onlinelibrary.wiley.com/doi/full/10.1002/cbic.202200407

gleZ > CUVERE(C T I = ia 9 Dk

IOH IOH
O=IP_OH HCl. MeOH O:?—OH
5 05h, RT b
AcLRRA | L. AcLRRA | L.
C N/g‘/ N/\H/OH C N/g‘/ N/\n/OMe
H o H o H o H o
1 1b

HN R
—_—
PPh,, PySSPy

DIPEA, DMF
5h, RT

AcLRRA .

N
H

o
0=P-
o

O

1c

NH
R

L\N/\n/OMe

H

(o)

https://pubs.acs.org/doi/pdf/10.1021/cb6003564
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P-N{LESY)D%F

s

L AT EILREDTO RS Y IDphophatedDY AF TR
EEELUTEDNTULDS

Phosphoryl amidaze Tt o Tzl &, CNICT D EBEZRIFAK
FClitiensd

https://onlinelibrary.wiley.com/doi/10.1002/anie.202008665
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Bond dissociation energy

bond AH yna (K] /mol)
H-H 432
H-F 565
H-Cl 427
H-Br 363
H-1 295
F-F 154
Cl-Cl 239
Br-Br 193
I-1 149

Average Bond Enthalpies
bond AH yq04 (K] /mol) bond AH 504 (K] /mol) bond AH pona (k] /mol)
C-H 413 N-H 391 0-H 467
C-C 347 N-N 163 0-0 146
C=C 614 N=N 418 0=0 495
C=C 839 N=N 941 0-F 185
C-N 305 N-0 201 0-Cl 203
C=N 613 N=0 607 0-Br 156
C=N 891 N-F 272 0-S 364
C-0 358 N-CI 200. 0=S 522
C=0 743 N-Br 243 0-P 335
C=0 1072 0=P 544
C-F 485
Cc-Cl 339
C-Br 276
C-1 238
C-Si 318
C-P 264
(0 259
C=S§ 573
bond AH 4 (K] /mol) bond AH o4 (k]/mol) bond AH o4 (K] /mol)
Si-H 393 P-H 322 S-H 347
Si-Si 340. P-P 201 S-S 266
Si-0 452 P-F 490. S=§ 425
Si-F 565 P-Cl 326 S-F 327
Si-Cl 381 P-Br 264 S-Cl 253
Si-Br 310. S-Br 218

https://www.chegg.com/homework-help/questions-and-answers/using-standard-enthalpy-

formation-data-show-standard-enthalpy-formation-hf-g-used-determin-q37373914
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