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K. B. Sharpless

Nobel Laureate K. Barry Sharpless became W. M. Keck Professor
of Chemistry at The Scripps Research Institute and The Skaggs
Institute of Chemical Biology in 1990. Previously a professor at
MIT and Stanford, he was educated at Dartmouth College (BA
1963), Stanford (PhD 1968 with E. E. van Tamelen; postdoc 1969
with J. P Collman), and Harvard (postdoc 1970, K. E. Bloch).

The Nobel Prize in Chemistry (2001):
"for his work on chirally catalyzed oxidation reactions."
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Click Chemistry
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Modified Staudinger reaction for bioorthogonal ligation (Bertozzi)**

Introduction of tetrazine—trans-cyclooctene as a fast copper-free
bioorthogonal reaction (Fox)*
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Introduction of click chemistry (Kolb-Finn-Sharpless)* %
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click chemistry reaction (Sharpless)*

Introduction of sulfur(vi) fluoride exchange as a promising new class of

Copper(l)-catalysed azide—alkyne cycloaddition (Meldal-Sharpless)?**3®

Development of DIFO for copper-free click chemistry (Bertozzi)*’ 3

MNe-R?
R?=N, N“ N

R‘—// R*ﬁ

—_—
1,3-dipolar azide-
alkyne cycloaddition

o) e

DIFO DIBO

Nat. Rev. Chem. 2018, 2, 202.

- Robust connection

- High functional group tolerance
- Fast kinetics

- Easy operation



SuFEx Reaction

General scheme

+ activation

Stable S-F bond (necessity of activation)
Metal free
diversity of linkage

“Context dependent” Click reaction



Property of Sulfonyl Fluoride
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B) /@l T /@I Wb no reaction
Me 10min  Me Me 10 min
Cl, ]
C)  decomposition ..._s ;,S\E\O r, —u- no reaction u Heat|ng BDE
| SO,F, 90.5 kcal/mol
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70% 91% -
FO,S coc %= CH Cl, =
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NH, b . . .
R VAL oF HO (suspension > ) - Activation with water
reaction 100°C. 48 h ©/ 24°C, 3 h H
or 184°C, 3 h

Sharpless, K. et al. Angew. Chem. Int. Ed. 2014, 53, 9430.



SuFEx Reaction

Activation of S(VI)-F
- Hydrogen bond donor (acid, HX)
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Reactivity: Et;N < DBU < BEMP !



SuFEx Reaction
Activation with Ca(NTf), (Lewis acid)

LA
R{R,NH | 0\;;;,0 \g,
QMP Ca(NTf,)s (1 Equw?h :‘S"L R, - S~ .
R~ S- = R N
t-amylOH Ili B
aryl, heteroaryl, 60°C, 24 h 2 RyR,NH RyR,NH
alkyl Lewis acid activation Lewis acid activation
via sulfonyl oxygens via fluorine

Effect of Ca salt

Proposed mode of activation

Selectivity of nucleophile

0,0 R4R,NH 0,0

= | S‘“F Ca(NTf.); (1 equiv) ‘HN Ri 1 OH
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with Ca: 88%
without Ca: trace®

28
with Ca: 98%
without Ca: trace”

Cs,C0; (2 equiv)

NH;
Do OY

S.
.
2a

MeCN,23°C, 1h

Nuc—H (1.1. equiv),

“D

3e 79%
JOC 2017, 82, 2294.

Am Ende, C. W;; Ball, N. D. et al. Org. Lett. 2018, 20, 3943. 8



Synthesis of SUFEx unit



SUFEx Unit

Chinthakindi, P. K; Arvidsson, P. I. Eur. J. Org. Chem. 2018, 3648. 10




Sulfonylfluoride (RSO,F)

Oldest conditions: via RSO,Cl

Aryl

O\ O Ar—H

A HSOCI
PCl,
©] or [FHF]® D bilized and leophilic F-
s, [ \\,,o [F®] or [FHF 0y 0 estabilized and nucleophilic
" Ar” "R .
R [cr]  Ar S Soi | KF H,0 (1-2 equiv)  Ar” F Ar
S-R, Me Ac Ot
KFHF, CH2CN/H,0 N 50
S()~/[ox]/[( KF, 18-crown-6, CH,CN ,I/9= : \u
or bOh(,I CuC|2 t’. F F :
Ar—M A N@ R B o " 8 B H BB organic
M = Li, MgX o Sl T e I R
Vi = LI, Vi aqueous
H” ‘n’FH_ T S8 i ‘rlc’O‘M' ‘H‘o‘»li’ “HE e
. . Qe AP 0L SO 200 O, JF=HEEL O O 0L 2
Aliphatic B R R
ox\ /Mu—
Na,SO (cocy [FPlor o
RNX ——— R O A (R R Re e ¥
H “ONa or 'E‘“)’ i H
X=ClBr,l 20,01 n
Pl

Harsh conditions

Sharpless, K. et al. Angew. Chem. Int. Ed. 2014, 53, 9430.
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Sulfonylfluoride (RSO,F)

Pd catalyzed SO, insertion

0,5—N"\_N—s0,
7/ PhO,S. _SOoPh

DABSO \
gr PdCIAmPhos); 0 F

: SO.F
P 5 mok 5.8 @ iy
R S ----- IR, - U0 NHR, | WS, R O’

sulfinate ammonium

Baalev. S. W.: Willis, M. C. et al. Chem. Sci. 2017, 8, 1233.
Qo . T -

| 1) Pd(OAc);, DABSO (SO, source), o-g5-F via: o
@ EtsN, PAd;Bu, PrOH, 75°C, 16h L PN
2) Selectfluor (F* source), MeCN, u, R@/{JNHE
5 NHE
R 23°C, 2 h = 3

Ball, N. D. et al. J. Org. Chem. 2017, 82, 2294.
Via sulfonate salt

Cl TBAB (5 mol %)
/1\ CH4CN (0.2 M), 60 °C, 12 h - transition metal free
RSO;Na + N™ N - RSO,F _ _
)l\ P then KHF (3.0 eq.) one-pot
Cl NT Cl acetone (0.2 M), rt., 12 h

Sun, B.; Qin, H. L. et al. RSC Adv. 2019, 9, 13863. 12



Sulfonylfluoride (RSO,F)

Electrochemical synthesis

SH Batch Electrocell
‘ (C|Fe)
or
KF (5 equiv.)
.’S‘S’. Pyridine (1 equiv.)
CH3CN /HClaq 1M (1:1 viv)
thiol or disulfide 20 mA, RT, 6-48 h

Investigation of active species

"
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Noél, T. et al. . Am. Chem. Soc. 2019, 141, 11832.



SUFEx Hubs

ESF: ethene sulfonyl fluoride

Heck

(o JN(0)
\V/;

\/S\F SuFEx

Michael addition
Diels-Alder
C-H activation

- Michael addition

<]
. EWG F".“L“G'E‘FWG H
[
e - »
ESF

- Heck-Matsuda reaction: access to B-aryl ESF

® O

N.BF,
£ 2
~

2 1

Pd(OAES)s (5 mol%)

acetone (0.25 M)
rt
5-15h

RsMH or RNH;

50,F

— HEN%SE}EF or RN

. @/%SDEF
~

3

S0,F

Rl .R?
H
=

1 p2
Rh No%
\‘S,F
A
R 58
Arl-OTBS,

1

Q.o
DBU (10 mol%) S Ar
- Cr\/ 5
MeCN. 50°C RZ

59
N SN-NH,
<" °NH, N s’:
= (9]
|
o
R/
60

Wou, P; Sharpless, K. B. et al. Angew. Chem. Int. Ed. 2016, 55, 14155. »



SUFEx Hubs

- Oxidative Heck reaction

Pd(OAc)
‘é‘“ Cu(OAC), o, O
X" 0H th LiOAc MSKF
e t NS THF, it @
Arvidsson, P. I. et al. Org. Lett., 2017, 19, 480.
Pd(OAGC)s (5 mol%)

DDQ (1.5equiv)
AcOH.80°C.12h

Qin, H. L. et al. Adv. Synth. Catal., 2017, 359, 3237.

R-B(OH); + XSO F ~x -SOsF

R

- Pd catalyzed coupling with Ar-I

0.009 g (2 mol %) Pd(OAc),

0.528 g (1.2 equiv) AgTFA
R—I + A soF — R so.F
5 mL (0.4 m) acetone, air 2
; °C o
R = aryl (2a-2ap) 1 reflux mBE‘:DM(.:] oil bath R = anyl (3a-3ap)
R = heteroaryl (4a—40) R = heteroaryl (5a—50)
2.00 mmol 4.00 mmol (57 examples)

Qin, H. L, Shalpless, K. B. et al. Angew. Chem., Int. Ed., 2017, 56, 4849.
- C-H activation

A
DG Rl cat. DG Org. Chem. Front, 2018, 5, 1411,
RE:[ - % D Eur. J. Org. Chem., 2018, 4407.
H R -:i:s": Org. Lett., 2018, 20, 4699.
63 64 Organometallics, 2019, 38, 76.

15
DG = CHO, C(O)R, COzR, C(O)NMeR



SUFEx Hubs

Radical addition to ESF

(0 o) G
\/ COzN
\S/\F (2eq) Br 2 aElr
=
Eosin Y-Nas (5 mol%) R SO.F O ‘
= H’X\/ MaQ 0 o]
HE (2 eq), MeCN R Br Br

Blue LED, Ar, r.t., 12-24h

Eosin Y-Na,
P
FIa . .-"'H SO‘EF _ H SDEF
o : — - | >(\/
R" Radical addition R q
unknown

Selected scopes

SO.F SOzF
0
- O
N g H\)L N
25 855, N Cbz . NNy N SO.F
. N 2 H
6:81% 0 = 0
YUY
SO.F “NH O@GI
U\/ Enc/!\/\/SDEF 47:75%  (dr 1:1)
44: 85%

20: 85% From indometacin 16
35: 58% Liao, S. et al. Nat. Commun. 2019, 10, 1.
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SUFEx Hubs

BESF: 1-bromoethene-1-sulfonyl fluoride

. —_ ®0e o) -0 O
1)R—=N- «Q “LF| N
Construction of heterocycles JR—=N-0 l N-Q 5 } HBr RJ'\/)‘Sﬂ:
R

I \‘O

o O
\// 3Br 4
S ~ 3-Substituted isoxazole-
F 5-sulfonyl fluorides
Br P Q N O
“w-F Et3N ‘g’ W _F N=
S _3> s\ -, S -HBr 1 g-
B, THer B X o |— R'N\/)‘g F
Br Br Br
5 6
DESF (1) BESF (2) 1-Substituted-1H-1,2,3-triazol
4-sulfonyl fluorides
0, ¢ when R, 9
'8’ R'=H N-S=0
’\r Y5 —>
Br -HF Br
7 8
Moses, J. E. et al. Chem. Commun., 2018, 54, 6020. 2-Amino-1-bromoethane- 4 gromo-B-sultams

1-sulfonyl fluorides

- Suzuki-Miyaura cross coupling: access to a-aryl ESF

Pd,(dba), (5 mol %) SO,F P
B(OH), Br L3 (10 mol %) C[’\

K3POy, toluene

50°C, 24 h .
tri-o-tolylphosphine
L3

Qin, H. L. et al. Eur. J. Org. Chem. 2019, 6101.



Synthesis of Fluorosultate (ROSO,F)

SquuryI fluoride (SO,F,): gaSReaction with alcohol/phenol

Leaving Group
{OTF surrogate)

+ Mue

O
=
R=Nu + O-ﬁ-F

R=CH,R' cior" O

Q
R-0-§-Nu + F ©

fluorosulfate ﬁ A
Click Connection
stable for

- months (neutral buffer)

Aryl fluorosulfate is useful in terms of stability.
- 2 weeks (buffer pH 10)

A) Et,N in CH,CL,,
= Ar-0SO.F :for simple molecules
B) Et;N or iPr,NEt in biphasic mixture (CH,Cl,/water)

30-F- (balloon)

Ar-OH
0.5-1M base, solvent, RT, 2-6 h
Selected scopes :for complex molecules

e COOH H’;D " 0S0,F
©: =N kil OoH &
o,
' N _\b 0SO.F o |
o
12-31 12-33 0
889% 12-35
74%

Sharpless, K. et al. Angew. Chem. Int. Ed. 2014, 53, 9430.'°



Ex Situ Generation of SO,F, Gas

Precursor of SO,F,

0 0

\\S//
NTTNTTNTRY
=\

1,1’-sulfonyldiimidazole (SDI)

() A: SO5;F, generation

B: (Het)ArOH
functionalization

Chamber A
SDI (1.5 equiv), KF (4.0 equiv)

OH 0SO,F
R TFA (1 mL), rt. 18 h o R 5
Chamber B

EtsN (2.0 equiv) 2._.927
DCM (4 mL), rt, 18 h 27 examples, 85-99%

De Borggraeve, W. M. et al. Org. Lett. 2017, 19, 5244.

19



SO,F, Equivalents

Fluorosulfuryl imidazolium salt

'E:' HN 5 Y R ® '-E F
— + HN - H.r ‘..'
TfO \—/ O 2 NH riog V%
0
- bench-stable solid ralHz + ‘%‘LN*%“F
- higher reactivity than SO,F, 0y \=/ ©

- commercially available from Aldrich
- applicable to 1° amine

Sharpless, K. B.; Dong, J. et al. Angew. Chem. Int. Ed. 2018, 57, 2605.

AISF: [(acetylamino)phenyllimidodisulfuryl difluoride

EtsN

Ouds’
I'Sb.
- ©’ & F fluorosulfate

MeCN, rt,1h R

@ MSO5F )2
AcHN AISF

R1
> HZH‘SQ sulfamoyl
MeCN, r.t. & F  fluoride
H F
0 o
= g o 07§70,
MeCN or CH,Cl, " 'F RE-N”S"
0°Ctort. SF
H o
NS iy
. | J & F selectivity:
015t amine, aniline > phenol
91%

N(SO2F)2
=] ar L ;I
AcHN et

Aryl, Heteroaryl

- no need of SO.F, for preparation
- bench-stable solid

- higher reactivity than SO.,F,

- rapid kinetics

DBU, THF, rt

UDSGIF
HaN

OSOzF ¢ NSO,F
- R or Lo

10 min

selectivity:
phenol > aniline
12 (95%)

Am Ende, C. W. et al. Org. Lett. 2018, 20, 812. "



Sulfonimidoyl Fluoride (R-SONHF)

Thionyl tetrafluoride (SOF,) gas

CuAAC-triazole SO;F; derived planar O=SF, derived
planar linker SuFEx linker 3D-SuFEx linker
F A
0 S \\F Q"- /‘é \JZ
N, &
- NS -
F N g 0// i
ya - :
multidimensional hub
1st addition
- 1° amine Selectivity of nucleophile
O=8F, F SO,Fp: SOF, F~
-NH- - R'NHHS' i ‘(%;‘13' . b N ¢
R NEt; CHACN, rt %0 Ho—{ D, — D, & Y
. EtaN (3 mol equiv) 2.26 F
1-26 RRgBRS 90%, 2.48 g

Selected scopes

I:,__.:.-
.-,b‘
BncN(}—N F

2-8
98%
250 mg

8]

@”\’

E-d rn-_;

light yellow solid

P
F mp: 50 °C
N *-\N
::.‘- “ i
N=3 TESO ﬂ“ |

orthogonal reactivity

F '| 0y N i
@L’C Oy SO,F,: phenol > amine

224 SOF,: amine > phenol
47 85%
T5%, 91 mg 214 mg

21
Sharpless, K. B. et al. Angew. Chem. Int. Ed. 2017, 56, 2903.



Sulfonimidoyl Fluoride (R-SONHF)

2nd addition

- 2° amine

H
F R FE" {2 aquiv) N

sulfonimidoyl fluoride

- Amino acid: hydrolytic loss of second S-F

: H o R H o
+ RS CO;H DIPEA (5 equiv) N‘S" o' N.g~ Js
n [ P dl ‘N CozH [:";" H CDEH
22 Hz CH4CN: PBS buffer (pH = 70)/ H &
& (1:1)
(2 equiv) &3 4

M=5-M

R ¢5'~ . — =4 *‘S* N_‘quF i
; 43 /Ifj PN
F O 0
4 3141

cl

989%, 49 mg

Ellyl ether @
H\Q . . . e DBU (10 mol%) _ %’f

CHACN, r.t. :_O_N- 0
5-1 (1 equiv) S min 6-1
0

H
=
N0 N0 “. BEMP (5 mol%) ol o
0 p
G@ CHsCN: tnluene Q,

' w OB
-, r.t O
ik Oa®

2.23 5-3 (1 equiv) 78% (d.r. = 1:1), 97 mg

-0y,

22



Sulfonimidoyl Fluoride (R-N=S(O)F,)

Comparison of reactivity

OTBS
FO,S DBU (10 mol%) a5 e O
O\ ,F- + > \\:\
CH4CN, 1t FOQS—O—N 0

0.5h

5 1 (1 equiv)

o 0@0

‘e TBSO

=0

N’-

2-26 DBU (5 mol%)
CH;CN/toluene (1:1)
rt,1h

OTBS
5-5 (1 equiv)

o

DBU (10 mol%) N’” O

CH3CNi/toluene (1:1)

rt,.16h
i Y
> >
Ar\N”s\;F Ar”SNE
sulfonimidoyl sulfonyl fluoride

fluoride

(1 equuv)

6-5
95%
white solid
mp: 77-78 °C

FO, SOO

4% (d.r. = 1.1), 98 mg

coloriess oil

87% (dr. = 1.1), 108 mg
yellow oil

A\ //o
>
Ar\O/S\F

fluorosulfate

Ar
~N

J

0
0@0

o)

1]
/’s\\ OAr

F

23



Sulfonimidoyl Fluoride (R-SONHF)

3rd addition  BEMP as potent base to activate inert S-F bond
- Aryl silyl ether L/

) L)
Q
:E:'j\ 5 + BEMP (10 moi%)  Cl )
e ts ome SEPIOmY, Oy o )
CHACN, rt 25
h Cl N o—@

6-2 51 (1 equiv) 7.1
28%, 48 mg
- 2° amine N
I I
- q F C:H’h
cl N g C”* ’ - 29
0‘@ CHCN, rt c
24 h
6-2 (2.5 equiv) B g
8%, 36 mg
- One-pot procedure @
\©\ .—.— TBs _BEMP (5 molt) \©\
CH3C}N rt
51 (2 equiv)
gma 45 mg

F 1
r { 9 L=
/@lHiHL F o+ e = | - IE i III:LI N.";.\_!:I@
] d .
. g R
= T™MSO™ =R CH4CM, r t “__/Ej ]

2 8 3

24



Application

Medicinal chemistry
Chemical biology

25



RSO,F in Biological Context

D\\ ,KD C:-\\ ,/D
Ar-OH — Ar..__ .S~ —= Ar. S .
I F (@] X

O
Tyr/Lys/ j N\

Ser/His
context-dependant

electrophilic probe to modify proteins Poen 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

26



Inertness of Sulfonyl Fluoride

Nucleophilic stability of electrophiles in chemical biology

Entry Electrophile % remaining  Product (% HPLC yield) Entry Electrophile % remaining  Product (% HPLC yield)
SM SM
1 @,s.ozF 100 N/A 7 [¢] 0 0
O Lo
i PhHN
o a]
Sulfonyl fluoride (xii) (27)
2 A 0 Unidentified mixture i
[ maleimide PhHNJ"Y\“’NHPh
_NH O
Ph
{wil) f?S)

o Dy .
Epoxide [(+)-styrene 8 0 Unidentified mixture

oxide] @)l\,ﬂl
H
3 @,N\g/g 59 : ,n\gk,H@ (i)

{(viii) (41) a-chloroketone
’ SO s
Acrylamide B £ /@
4 C!EP 0 0,0 F Hy ©
= Cag s O

(ix) (100) fluorophosphorate (55)
Vinyl sulfonc @p @
5 i 0 H Fan
@, o @’NTI/‘”’@ HN |
’ H O
(x) °
(>95) (34)
a-chloroamide
0 0 Unidentified mi .. . -
6 ct, midentified mixture Conditions: electrophiles (1.0 mmol), aniline
(xi) 1.3 mL (neat), 184 °C
B-lactam 7

Sharpless, K. B. et al. Proc. Natl. Acad. Sci. U. S. A. 2019, 7176, 18808.



Application to Bioconjugation

Modification of BSA with SO,F, gas

8=F
SOF2 (9) Et;N
= —_—
Et3N, CHZCl2/H20, 24 h, r.t. 80 °C. 24 h

BSA solution BSA-SO2F

with EtaN after gel
formation

S
~4 modifications on Lys 1 u

Mw BSA BSA + PEG-Bn-OSO,F

Modification of BSA with fluorosulfate fadder PHTA  pHO  DHITS

PEG-Bn-OSO;F

250 —

150 —

100 —

PH=74/9/113,rn,24 h 75—

50 —

37—

BSA

25 —

Averick, S. et al. Polymer 2016, 99, 7.



SuFEx with Protein in Vivo

Fluorosulfate-L-tyrosine (FSY)

8]

FSY 0.
fg g F Live cell
[#]
HN " “COOH 04 F o
f \:‘—"I ] N
k} . "
)

Incorporation of FSY

Pyrrolysyl-tRNA synthetase (PyIRS) mutated library
(mutation at A302, L305, Y306, L309, 1322, N346,
C348, Y384, V401, W417)

selection
6 hits PyIRS mutant specific for FSY

(mutation 3021, 346T, 348l, 384L, 417K)
-> FSYRS (fluorosulfate tyrosyl-tRNA synthetase)

Coexpression of target protein gene
containing TAG codon with tRNAPY,,/FSYRS

- FSY was successfully introduced in the protein of E. coli and HELA
- No toxicity to cells during the expression of FSY incorporated proteins.

Wang, L. et al. . Am. Chem. Soc. 2018, 740, 4995.



SuUFEx with Protein in Vivo

Afb-Z protein

MBP-Z24FSY, Afb-7X were coexpressed in E. col.
yield 59% 53% 35%

(b) + + + + + + + MBP-Z24FSY

K7 —X _ A K HY C S T AM7X
Western —Crosslink
blot L -~ "-—- - MBP-Z24FSY

‘ o)
15
—FSY 100~ . = e,
‘ -— . Crosslink
50— S5 S5 S5 o ww w9 [~ VIBP-Z24FSY
His tag
\ purification -5
o -> SDS-PAGE
Z protein
10| — — Afb-7X
_ kDa
LC-MS/MS

Croslinking between FSY and Lys/His/Thr
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SuUFEx with Protein in Vivo

Calmodulin Trx1-PAPS reductase
(@ (b)
2.7 8 Incubation
3’(1 KR e, time (h)y: 0 12
Jrﬁ\‘ Vv QB2 = FSY 100 _'
W O
| 50 — -
-~

— Crosslink

25 — e == . — PAPS reductase

-_—
PAPS -2
reductase , — Trx62FSY
. : 10—
kDa
intramolecular crosslinking crosslinking with native Tyr
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SUFEx Cross-linking for Mass Spectrometry

Cross-linking mass spectrometry (CXMS)
Identification of protein interaction partners

“plant-and-cast” strategy

DxT/@/ D\/Qi |
= =
HN I\I.Iu

NH, Nu HN N
/ NHSF / SuFEx /O
| | || | — '
-x\...-_ _--’/,.- . / \ ./;"
Protein complex B o
Nu = (Lys, His, Ser, Thr, Tyr) Protease
digestion
lf/f\_
5 |
R ‘
HN Nu
Mass spec ,JE, /NJL\,\
-
analysis

_/’:‘ _,/":I T
m/z \ \ s

identification of interacting

. Peptide mixture
proteins

Wang, L. et al. Proc. Natl. Acad. Sci. U. S. A. 2018, 7715, 11162. 32



SUFEx Cross-linking for Mass Spectrometry

Reaction with peptide CXMS analysis of BSA GST
o Ca-Ca distance (in crystal structure)
{r.r-.f'-' 0 O ‘\\r \‘ >24:
MO NG A G NSO 18 crosslinkings  Soag 15 crosslinkings
) '5 <
Mono-linked BS2G 20A I
813.55
Ac-AAAKAAR BSA+BSZG
4=
BS2G
Cross-linked
1493.99
don-inked
599|'52 13 crosslinkings GST+BS2G
L L L i . 1

700 800 1100 1300 1500 \ P
m/z A
BSA+NHSF ) £ P :
Mono-linked ~&] A

8397 Ac.AAAKAAR S '
+ ‘ w'ed ) :
NHSF
Q 0 so.Na "9 linki
e s S9% crosslinkings
Nondinked & O —Nf_{ . . GST+NHSF
699.47 )4 Ca-Ca distance (in the crystal structure)
NHSF . . .
> side chain length*2 + linker length ~ 20 A
700 . 900 1100 1300 1500 _ Cross-linking occurred at different structure
m/z -

from crystal structure.

Non-specific cross-linking is observed with BS2G. -



SUFEx Cross-linking for Mass Spectrometry

Analysis of Enzyme-Substrate Interaction
genetically encode chemical crosslinkers (GECX)
thioredoxin (Trx)

GECX Protein
> — Sub
in vivo cross-link purification

/-}i OV-'VBI

fl“ ] NHSF
HoN™ ~COOH HoN™ ~COOH cross-link
BprY Cys
Mass spec / (ﬁs— T.ryp5|.n Sub
‘hll* i “ I L analysis J\ AIS digestion
e
Additionaly identified Trx-interacting peptides
Accession# Gene Description Cross-linked peptides (cross-linked sites in red)
P43319 yrak Uncharacterized fimbrial-like protein MSDKIHLTDDSFDTDVLK - GAWVDGMGSPSTGDFHDLVK
P36566 cmoM  tRNA 5-carboxymethoxyuridine methyltransferase  MSDKIIHLTDDSFDTDVLK-YCRQEPYITLGR
P16918 rhsC May involved in natural ecology of cell EAAGEFSGEITGVTDGAGRHFR -SDKIIHLTDDSFDTDVLK
C4ZUA4 menC  o-succinylbenzoate synthase GIPTLLLFKNGEVAATK-EKVAK
P55138 ygcE Uncharacterized sugar kinase YgcE GIPTLLLFKNGEVAATK-GYGIR
POAGAZ secY Protein translocase subunit GIPTLLLFKNGEVAATK-KANLK
POAGC3 slt Soluble lytic murein transglycosylase NGEVAATK-DLFKR
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Tyr Bioconjugation
\NJ”CN/

protein (Fs=SO,F)
Mechanism of SuFEx proposed by authors
SUuFEx
OSiR®
cat. DBU 9 cat. DBU + R1©/ @
OSiR%+ FsO R—* R’ 0-5-0
_Q_ I S ‘Q —Q— 8 h
o
Deprotection of aryl silyl ether £ R1©
DBU

1 equiv.
R1—©—03iR3 > R‘—@—OH @
ACN-H,0 (95:5)
r.t., 20 min
FO,SO

Use of stoichiometric amount of base avoids the silyl ether?

Lee, Y: Kim, B. M. et al. Chem. Eur. J. 2018, 24, 10948, °°



Tyr Bioconjugation
Screening of base
OFs bﬂﬁE
©/ /© DMEG
no silyl activation

Residue selectivity

Table 1. Comparison of SuFEx reactivity in the reactions of various model
nucleophiles representing amino acids with phenyl fosylate.

- ol 2 "DMsO .

NH," 10 mM

Entry Model nucleophile Amino acid Time (h) Yield® (%)

1 p-cresol Y 1.5 93.5
2 n-butylamine K 12 n.d.
3 Propanethiol C 12 n.d.
4 Methanol 5 12 n.d.
5 N-propylguanidine R 12 n.d.
6 3-methylindole W 12 12.5
7" 4-methylimidazole H 12 trace

[a] Yield of isolated product. [b] 0.25 equiv of NiCl,(H,0), was added.

imidazole
O benzimidazole

TEA
DIPEA n.d.

DBU Q..
MG

Recombinant human erythropoietin (rhEPO)

(b)

Normalized

Intensity (a.u.)

I

—
i

(5eq) i &

- & 7( )
o 50 mM Tris buffer g "/

(pH=8.0) 5

' PEG-I"h.EPO PEG
Mn=2372
_ \ Am/z=1980

\ Y
\Mﬁu

35&)0 40000 36

}'-», g
-% 1 '# s
TMG (100 eq) ‘g 5.

%z



Tyr-Reactive Probe

Sulfur-Triazole EXchange (SuTEx)

o]

Probes

0O 0 3‘
Y f‘ )J\u '\ H,,. HHS-465 (2) HHS-475 (3)
W ke e

\\_ (1,2, 3-triazole) N (1,2.4-triazole)
- 123TUX=N,¥=C) MNH O M MH 9] N
brid lent prob =
| Hybrid covalent probe |1.2.-4-TU X=C.Y=N) ; i } II_N; '*j II_Nz j
*leaving group D 0 Sulfonyl-triazole & H N d o S=N
(LG) - Sr‘
CRITSNET os
L H::'
x:ﬁ—:__.

Proteome analysis

LC-MS/MS analysis

CI'\JD
) ‘f/‘

Mu; O’S“N"’N
N }I“:?—th

Sulfur-triazole exchange
chemistry (SuTEx)

—

1. CuAAC (desthiobiotin-N3)
2. Trypsin digest

3. Avidin enrichment

4, Peptide elution

Binding
site |ID

Bioinformatics

Probe-modified
proteome Protein ID

Hsu, K. et al. Nat. Chem. Biol. doi:10.1038/s41589-019-0404-5 >/



Tyr-Reactive Probe

Residue selectivity

5100 —NH Q N
3 G SN
=4 o &
ﬂ 75-

- HHS-465
=

o 50

2

E

T 25

E I

CDEHKMNQRSTWY

Reactivity
No. of sites (total of ¥ and K)

Proteome-wide SAR

NH
of sulfonyl b i
yIprones »—QS O SuFEx
o o}

NS

Tuning of LG for tyrosine selectivity

0 O] suTEx

Global tyrosine

5,000 - chemoselectivity
481
4,000 - o OO
465 483
3,000 + O m]
475 482
2,000 -
1,000 ~
O
SF-1
0 T T T 1
0 2 3 4 5]
Tyrosine/lysine (Y/K) ratio
Specificity

@ 100 " NH

1 b] | ’:;_"li\. 2 N
.'5 ::l}}_‘;‘=”'_§_4 e
% ?5.

- HHS-475
=

T 50-

Q

E

® 25

S

3?- D L —— e e —

CDEHKMNQRSTWY

tr
HHS-SF-1 (4)

N
{3 \
HHS-465 (2) o0~ \_NH E«"‘“(@

Tyrosine chemoselective
probe

0.,

w
@
E—MN;‘:I E ] {':': =N
=N e
HHS-475 (3) g 757 HHS-482 (7)
5]
E_N,P‘L.. E 50
=N g
HHS-481 (5) o
F g 251
[=
rL g
M i 0 ——r——-l--—l——l—*———l——l—
HHS433{E CDEHKMMNOQRS TWY

O< Modified amino acid
N.hxlj :

HHS-432 @)
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Covalent Inhibitor by SuFEx

Inhibitor of intracellular lipid binding protein (iLBP)

Evaluation of proteome reactivity of probes

a b C
\ 1 A 3‘\
O e O e e ‘0"'
oeiee® o\‘“ 2% o 0“'\?‘%‘ o 0“'\ QR w
~
o o 0 % (kDa) (kDa)
FO,SO
1 —98
H H 9
N_N —62
ISR ACH o
FO,SO X —49
2 —38
b —38
~
'©¢o~/‘o'\«°~/‘o’\/o~// 28 28
FO,S
S1 —_—1 - 14 14
fluorescence coomassie fluorescence coomassie

Hela cell + blank/1/ 2 or S1 (40 uM, 37 °C, 16 h),
CuAAC with cell lysate to attach fluolophore,
SDS-PAGE

Sulfonyl fluoride: highly reactivive, resulting in non-specific reactivity

Sharpless, K. B.; Kelly, J. W. et al. J. Am. Chem. Soc. 2016, 138, 7353.
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Covalent Inhibitor by SuFEx

Stable isotope labeling by amino acids in cell culture (SILAQ)

12¢, 14N Light Heafw 13C 15N

= Hela cells .= .
/ N\ y,

ProbeT:

fatty acid binding protein (a family of iLBPs)
FABP 3, FABP 5,

(CRABP2) selective labeling

e og Probe?:
NCE &) non-specific labeling
40 €
CuAAC, biotin-N, l S
’,,P'EE—hiutIn on-bead trypsin digestion
]
Q < .-‘T l
" Q _
) o 2
MeOH/CHCl, precipitation M septides
wash pellets S
s

Resolubilization
incubation with streptavidin beads i

Heavy
wash beads A ‘ ‘ ﬂ Light
MudPIT SILAC
O = head & identification quantification 40




fvdl 5 f,43 3 fV‘S
vd el
b 0L 0Lk OLZ
@ P/\OI\’ P/\OT\’ ,'//
0 8 2
0-502 " fu2 f3 a4 ol
b b, b, b,
I W ) w @&
| 9 I'H 1 H 9 I'H 1!
1*H;N———C-+N C-+N—7—C-+N—T7—C—+0OH
| - | - | - | - .
Ya 1 Y3 Y2 i 1 R
Rl RZ R3
hFABP5 lle Glu Lys
apo CRABP2 (green), FABP5 hCRABP2  Val Val Arg
(magenta), FABP4 (cyan) hFABP4  Val  Glu  Arg
C
hFABP5S hCRABP2 hFABP4
8. y2+ b2+ 8. fo d++ S foad++
. ha2ty o, o e s v All reacted at Tyr in
] e 3+ il | b3t
g [ VL I e 5 s Arg~Arg~Tyr module.
3 ‘3 E h E \ +
o - 'v4£+\ ol J b2+ -2 : b2+ fv,,z\v:\ ,
3 b4 3 f 3+ 3 i
R [ ba++ fv41’\ R ‘ foaS++ § 2hv3 &3 l fosSH | f 14
3 / 1 yi+ 7 a2 Hy3* 3 A v
i bl | O AR s 0 | I e 2 || T A B By
200 400 600 800 m/z 200 400 600 800 m/z 400 600 800 m/z

Covalent Inhibitor by SuFEx

Conserved Arg~Arg~Tyr module in iLBPs

LC-MS/MS to determine reactive residue
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Covalent Inhibitor by SuFEx
Introduction of biphenyl substructure

d Q 0 OH
LI
L)

ANA, Improved reactivity for CRABP2
No reactivity with FABP3, 4, 5

lr
N H""'\'.r MOMGJ’“H 0
(o]

FD,SDDJ) 3

Mechanism analysis of selectivity for CRABP2 Tyr134 pKa ~ 7.6
effect of Arg111, Arg132?

- Buffer pH dependence

1.04
PH a® 62 10 15 o8 % ¢° 8 o8
u
EE 0.6
fluorescence T t— ® ﬁ
=9 04
25
" , 3 02
COOMASSIC |t il =
5 0.04e=
- Mutation experiment
d  hcrasp2 WT Tyr134Phe  Arglllleu Argl32leu
fluorescence -— - |
coomassie ————-———___-——._.I
Boil + - = 4+ - - 4 - = + = =
pH 8.0 - + - -+ - -+ = = 4 =
pH 10.4 - =+ = = % = = % = - % 42



Covalent Inhibitor by SuFEx

crystal structure retinoic acid (RA)-CRABP2
(PDB: 2FR3)

large hydrophobic binding
\ \ pocket to accommodate
Phenyl ring/ trimethyl
cyclohexene ring
(selectivity of 4 to CRABP2)

-
FO,SO () 4




Covalent Inhibitor by SuFEx

Covalent inhibitors of human neutrophil elastase (hNE).

SuFEx capture enabled by local
electrostatic effect and geometry

HBD

1

denatured protein no reaction

B

SuFExable library

PNAS 2019 116 18808

F
S~ N’
1\ S
@ I/\\O

Oy F

PR — N 1) <

original input

S <
\ 7N
Y =
new
\/ / deposit \
enzyme of
interest
Jr S/,O ‘\S/,O
N .. / ~
¢ °F o F

hit(s)

1l
ArO—-;Sl—F (1)

o)
o)

; W\ _F
R\N/\/S\\ (1m
(o]

> ‘\,,0

€. &,
/ 7
4 S./

//s\ E

VR
o} o °F

Optimization

S
N
o °F

improved
lead

Sharpless, K. B. et al. Proc. Natl. Acad. Sci. U. S. A. 2019, 716, 18808. **



Covalent Inhibitor by SuFEx

Categolized SuFExable library

105 compounds '

| sulfonyl fluoride (33 entries, 90-100% yield) relative rate

on ride entries, e i

A aryl sulfonyl fluoride (33 entries vy o with ArOTBS

(0]

I > Ar—S—F
Af—ﬁ—Cl + KFHF CH,CN/H,0 : 1]
I t. 1-6 h © 28.5

U]
B aryl fluorosulfate (32 entries, 82-99% yield)

0
o) NE,
Ar—OH + A\ E > Aro_g_p
g DCM T 1
i, 2 h Q
(n
C alkyl sulfonyl fluoride (30 entries, 85-98% yield)
R2
/ | 0
1R2 /\ > .N /)
AP DCM RO 141
rt,2-6 h o) ’
()
D vinyl sulfonyl fluoride (10 entries, 58-99% yield)
Pd(OAc), 0
3
R3—| + /\S//\ AgTFA i R\/\S// 4 1
Y F acetone & ~F .
60°C,6-12 h
(V)

1st screen

Incubation with enzyme for 10 min
Addition of substrate peptide
(MeOSuc-AAPV-AMCQ)

Measure increase in fluorescence

A T hits
100 .
e 1 | (> 95% inhibition)
s | %
=
2 [\
£ 50+ |
E o o
= ol ] 1
+* kL /
Al
®
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Covalent Inhibitor by SuFEx

Hit compounds

SO.F
SOF OO SOF
FO.S 30,F

1 2 3
ICep=33+1.0 pM ICep=175+11 pM ICsy=68+11pM
cl
CO,Me S0, F
SO,F
FO.S
N s /©:
- O,N NO,
C
4 5 6
ICsp=17 £2 pM ICsp=54£0.5 pM ICsp=5911pM
cl SO,F
D/ ©/\502F
Cl
7 PMSF
ICsp =49 +3 uM ICsp=24 +1 pM

Crystal structure hNE+1

’\ Phe192
\"\,. Cys191

/‘\\/\

Ser195 # | Val216
\ G
. "‘V ey

2nd screen
: SO,F
R ICyq
Compound = (uM)*
1 SO,F 33+1.0
8 F ~120
9 cl 82+ 16
10 Br 20+ 10
1 | 9.7 1.2
12 Me >200
13 OMe 73+ 4
14 CN 133205
15 CF, 60 + 8
16 NO, 20 £ 1
17 CO,Me 37+2
18 Ph 27 +1
19 rff!\f’\sogl: 2.2+0.7
Q
20 s—8—N o 84.4 + 0.6
i\ / At
0
0 0
/N i
21 $—S=N  N=S—F >200
o\ /
2 SO,CF, 1.120.1
23 S0,(CF,),CF, 48 + 2
24 0SO,F 0.24 =

0.02




Covalent Inhibitor by SuFEx

Selectivity between serine proteases

hNE IC, hCG IC,, X
Compound (uM)* (M) * S
SO,F
:;:SﬂzF 33+1.0 190 = 40 58
1
X . SOF
: ::SOzF 2.2+0.7 6.0 0.7 2.7
19
SOLCF,
SO.F 1.1+01 =200 =182
22
0SO,F
SO.F 0.24 £ 0.02 =200 =833
24
SOF
24 +1 69+6 2.5
PMSF

*1Csq values were measured based on 10-min incubation and are shown in

mean =+ SD (n = 3).

'S value denotes the selectivity, defined by the ratio of IC5, (hCG) over 1G5,

(hNE).

Effect of denaturation

MALDI-TOF-MS

A 25180

25470(hNE:22)
100+

50 ‘1

: :SOZCF;,
SO,F
22
exact mass 291.95

[
— ”’\A—*\ hNE (boiled) + 22
N W hANE + 22
0 W N hNE

250 252 254 256 258
deconvoluted mass (x10° amu)

25435(hNE:24)
100

25179

@oso;
SO,F
24
exact mass 257.95

0_ ASA ll A

250 252 254 256 258
deconvoluted mass (x10° amu)

50 1 .
M | D |
- | I

hNE (boiled) + 24
hNE + 24
hNE
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Summary

SUFEx

OO0
\Y7/;

0\/0 S
\S/ F \/ ~NE
20N

I
O_S
|‘F

F
ﬁ SuFEx Hubs 5
. A
(Y=NH,, OH) N//S\\F

- Advocated by Sharpless in 2014.
- Stable S(VI)-F bond
- Context dependent activation

Challenges

A
Pikg v
Nu

SUFEx ﬁ ’S~Nui}

New synthetic methodology
Proteome analysis

Analysis of PPI

Medicinal chemistry
Polymer synthesis

Mild/sharp activation of S-F bond
Tuning of leaving group instead of F-

Elucidation of mechanism
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Unstable Sulfonyl Fluoride

PMSF: serine protease inhibitor

short half-life under aqueous conditions

Phenylmethanesulfonyl fluoride pH 7: 110 min
(PMSF) oH 7.5: 55 min
@_\ pH 8: 35 min
/F
A\ | g
O \O unstable under basic conditions

(forms sulfene via E,cB elimination)

Aliphatic sulfonyl fluoride encounter the risk of hydrolysis
under basic conditions.
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Stability under Electrolytic Conditions

-
o Y
q>ANH
Fe
a> mmmm - Tesq
oL 241 Q
':S *O
1 DBU JCF

(\ -
HN
Bl
MeCN, rt., 24 h F{

8]
O-#—F
N
N, Y
N
'\C ) - -9
v_/-_.S'_ 0
: —j O ;
N 1
243
S >
DBU
:
MeCN, rt., 24 h @
244

Scheme 48 Modification of carbon fibers by SuFEx click chemistry.

Electrochemical instability of 1,2,3-triazole is demonstrated with CV.
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Radical Addition to ESF

Entire mechanism

0 0 @] 8]
4o
EtO OEt
HE HE™ ¥
HE™ HE 0
PC* PC -
\ PT / = HN
O
0O (o]
RJ\G’ N o~
hv
1 O ¥
Blue LED N
PC D
TEMPO
= R+ ——— pr Oy
PC = Eosin Y-Na, i EDE
HE = Hantzsch ester HRMS: 262.2165
E : .
SET = Single Electron Transfer SOF
VSF
HAT = Hydrogen Atom Transfer
PT = Proton Transfer . \/J\ f ast . VBF ,-----e=cesemecaaas
SO,F = - -'HA Rwsgzp ....... ~ ! side reactions: 19F |
3 y Slower ", I-a : peaks: 40-60 ppm ;
desired prﬂducf DIPEA"‘ DlP‘E.ﬂ;+ --------------- ?"E"':' - Ieadlng to low YIEIdS

Liao, S. et al. Nat. Commun. 2019, 10, 1.

52



Sulfonylfluoride (RSO2F)

Cyclic alkenylsulfonyl fluoride

E ccniluga'.u = A -
: addition .’I'Ul(:::'.l:ll [ProoEes
LN OTf  pd, DABSO_ AN SOF | | % @ @)
— o — = il 4
X : then NFSI X . : - ‘_S'-\F
E X’N\‘I \ nucleaphilic
« Readily available starting materials f‘ N_:'L-.P,otmic,n. o
» Compact molecular scaffold t other orthogona
» Multiple reactive sites i reactions
A family of compact low-molecular- reagents undergo a diverse range of
weight cyclic alkenylsulfonyl fluorides can  derivatization reactions, including sub-
be readily prepared from the corre- stitution at sulfur, conjugate addition,

sponding alkenyl triflates using palladium  and N-functionalization.
catalysis. These densely functionalized
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RSO2F as Synthetic Reagent

PyFluor: deoxyfluorination

A. Deoxyfluorination with DAST

Coupling reagent

OH EtzN-SF3 A F\snu
[ —)" : ] + ] £
R R R (
R " - unstable RN R 2
« glimination
side product(s) CJJ)\ N 32 DBU (0.5 eq), £Pr;NEt (1.0 eq) iL R2
S 1 .
B. This work: fluorination with PyFI ™o HN. g3 = N
s work: Deoxyfluorination with PyFluor R" "OH R MeCN, 50 °C, 17 h R3
_ - 94 26
0‘ 0 « low-cost via: 00 | e st
‘g’ + thermally stable R B 0
S ‘F . . S.
| - selective against = | 0 NS
ZN elimination NS ,J\/Rr - -
OH PyFIuor E + 100
R' — > ~ _R' . Yan, Tian and co-workers, 0% Yan, Tian and co-workers, 15%
R A DBU RN | DBUHF | SuFExAmide 81% SuFExAmide 78%
A A C.
(:)H N ‘s:F DBU or MTBD (1.25 - 2.0 eq) F Q
1™NR2 | 0 > eiNm2 HO 0,
RT R 2N toluene (0.2- 1.0M), rt,48h R R | — O
82 83 84 N N1
......................................................................................................... 102 HN
= + *SuFExAmide’ 0
P ——
Q ¢l 18 Qu1gg 18 B NH, diti S
k3¢ ["“FIKF/K222 b ["®F]PyFluor = - conditions
(o ——»= [.I'® 88% 2% RCC b \>_© F
Z 2 o ™ =N
“ . IQ\ACeCSN _ o (n=3) N f GNF6702 (104)
gt 103
......................................................................................................... US 2015/0175613 A1 (HATU), 29.6%
- S — O or - SUFExAmide 77%
O._.OH MTBD O8F
L 15% 5% RCC
BnO" “0OBn BnO" OBn (n=3)
OBn - féeggl _ OBn
, 20 min
87 88 JACS 2015, 137, 9571 54



RSO2F as Synthetic Reagent

ArOSOZ2F as cross-coupling partner

toxitic
A OH q 0 o
WyOngr i-ProNEt 5.
F"Sit r;S"F _— o F
R oo CH,Cl,,-78°C, R
20 115 £h -
B.
R'-ZnCl, Pd(PPh;)s, LiCl R!
= 7 Examples
THF, 50°C, 12 h R 47-95%

3\5:;3 RZ-SnBug, (PPh3)PdCl, )
@ &°F LiCl - @’R 9 Examples
R R

DMF, 25 °C, 618 h 50-92%
22
17
Pd(OAc),, dppf, CO, 0
R>-OH - OR? 8 Examples
DMSO, EtzN, 60 °C,2 h 44-92%
R
118

Additive free Suzuki-Miyaura coupling

2
5 o ]
D“S'r B. Pd{OAc): (1 mal%), EtzN
LSRN A - ©
1 - air, H.O, rit.
R R ‘ R
22 61 119
21 examples
59-99%

SO2F2, AISF, imidazolium salt
can be alternative.

high reactivity
-OSO2F ~ -OTf, -Br > -QOTs, -OMs

by Hanley
-Br > -OTf > -OSO2F > -C|

by Sharpless
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RSO2F as Synthetic Reagent

1,1-Dihydrofluoroalkylation of Amines

SO,F
Rl f-Prj\Jét QF 3k o~ R
I + REFEC-"\OH —_— RaFQGhU;S“ — RF,C gg
R e
26 133 DMF, r.t. 134 135

- no reaction with =, -OTs, -OMs

Synthesis of sulfonyl azide Synlett 2016, 27, 1840

5-F DBU (0.3 eq) 5N
»% - o
MeCN, r.t. to 50 °C

R 12 h R

6 105



RSO2F as Synthetic Reagent

Diazotizing reagent: primary amine/sulfonamide to azide/sulfonylazide

o 0 MTBE/MeCN/H,0
Y/ -y
\-‘2\ - (10:1:10, v/v/v) q\fp s N
M N F + NaN, > ~S., 2N |
0T \—/ Air, 0°C, 10 min F7OON > 40 examples
1(12equv) (1.0 equiv) Fuorosufylazide — qrthogonal to most of functior
(approx. 90% yield) i ] o o .
(including 2°/3° amines)
\\ff *#N' KHCDE 1,-N_
R—NH, + S N7 > R_ _N7
N MTBE/DMF/H,O N
2 RT, air, 5 min 3
FSO,N (1.0 equiv) diazotransfer is reversible
KHCO,
DMSO/MTBE/H,0 _
A~ (©94:5:1, VAviv) L~ R=NH, R=NH,
2 RT, 5 min >0 + —_— + possibly via:
~" N, oo o O
\Y/ \Y/]
3a 1 mM: 95% conversion O 29N O\\S//O H,0 O\\//o
c 10 mM: =99% conversion F N3 F filH — T — P
H NH H,N” “OH
o FSO,N,, (1.0 equiv.) o :
o) 2N3 o : 'B
/\rlu KHCO, /\|
H N DMSO/MTBEH,0 N
o o | oy 451w P | on
\\S{ F RT, 5 min g F
<~ "0 0 0 o] 0
2b (1 equiv.) 3b 1 mM: 65% conversion
10 mM: =99% conversion
57
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RSO2F as Synthetic Reagent

S

R—NH,
2 (1.0 equiv.)

Primary amines
in microplates

(1.0 equiv.)

 —

Amine library
1,224 amines

Diazotransfer
1h,30°C

Organic azides
in microplates

S E—

Azide library

13 plates, 1,224 azides

Stable for at least 6 months

Unknown compounds in the 1,224-azide library

Unknown azide = Known azide

/ N= k.

— H
\n/ RN N \"/
5a o]
4a (0.95 equuv)
[ 1,2,3-Triazoles
AR in microplates
UuAA
6 h, 40 °C \ /
Triazole library
13 plates, 1,224 triazoles
Conversion of alkyne 4a
17—
\ » >90%
) ® 70%-90%
» 30%-70%
» <30%
w Product and alkyne
peaks superimposed

Sharpless, K. B.; Dong, J. et al. Nature 2019, 574, 86.

58



Synthesis of Sulfotyrosine

Tyr O-sulfation: seen in PTMs 0

SO.F, (1 atm)

OH
HO NHFmoc  saturated Borax/CH.Cly, 25 °C FO,S0
Fmoc-AA-OH (5 eq)
HCTU (5 eq)
HOBt (5 eq) o)
DIPEA (5 eq) noH 20% 2-MP/DMF
HoN— FmocHN —(AA)—C-N — ——» H,N—(AA —
N-Q DR wn-¢H-Q s—own-¢H-Q
Rink amide resin
Fmoc-Y(OSO,F)-OH (5 eq) E
Stepwise HCTU (5 eq) 0-5-0
Fmoc SPPS HOBt (5 eq) ! y
K 5 DIPEA(5eq) _ i L ¢
—= HN —(AA)X N-Q ¥l FmoctN Y —(AR)~C-N—(Q)
F r
0=S=0 Stepwise 0=S:=0
o 0 Fmoc SPPS C') o)
20% 2-MP/DMF [ > i H
R HAN - V(AR <G~ —O — = HN—(AA)—Y— (AA),—C-N— ()
il o
em For 2-6 0=$=0
TFA/TIPS/H,0 O O ethylene glycol/Cs,CO4 o o
HoN —(AA)y—Y — (AA)x—C-NH; = H,N —(AA);—Y — (AA),—C -NH,
For 9:
ethylene glycol/DBU/DTT
OH
O Cs,C0, or DBU 0 ‘/- ? o
.- I — — —
Ar—0- g -F HD%DH AF—D-SI-D-} —!"_ Ar—0 g o
' o
o ACIE 2016, 55, 1835

o

HFmoc

OH
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Iminosulfur Oxidifluoride under Aqueous Conditions

Derivatization under aqueous conditions ACIE 2019, 58, 8

RZNH; > H1N¢S¥F | HeC 1“‘555] ,
MeCN/ pH 7.3 buffer N RPN
25°C, 5 min, ¢ = 1 mM H
3 4 O
I|:/F R1NH2 _1|"'-|_:.EJ'F R*NHR - R“IN-"EJ': JR3
0= ———> R £°%0  MeCN/ pH 7.3 buffer F F;l4
Et;N, MeCN AT *C,12h,e=1 mM R
j 2500 3% 88-97% s > stable at pH 2-14, 37 °C, 96 h
iminosulfur oxidifluoride
@ ArOH N ArOH N
~S. . Ar = ~S._Ar
MeCN/ pH 8.0 buffer F'S 0 MeCN/ pH 10.0 buffer g ©
SOF, 37°C,16h,c=1mM 186 80°C, 16 h,c=1mM Ar

95-99% fo'r aryl. R? 187
19% for aliphatic R’
INHRY o
R3NHR . r A
stable at pH 6-8, 37 °C, 48 h, MeCN/ pH 10.0 buffer RIN

hydrolyzed in other range of pH 80 °C, 16 h, c =1 mM :*;
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Iminosulfur Oxidifluoride under Aqueous Conditions
DNA modification

‘\S/‘N
EE ©\1a
\\ MNHZ =

: 0 T-A
NNy, DUMDMEROWOW | ANNJEA )= [ FHEeeTaCAtO:
4mMinwater, 5L pH 8 buffer (0.1 M), 10 uL o)

1 water 30 7L, rt., 6h 12
70 % HPLC yield

.........................................................................................................................................................................................................

HOOC oTBS G
e T O

pH 8.8 Tris buffer B _ A E .

/\/\NH2 DMT-MM, MeCN < /\/\—NH j 0.1 Min MeCN, 5 x5 pL= /\/\.NH 0 &S‘)_N_O__

4 mM in water, 10 7L 2. aq. KHF,/KF (0.1M) d pH 8 buffer (0.1 M), 10 uL

pH =8.0 water 30 hL 37°C, 24 h o
1 14 82 % HPLC yield 15

A=A~

Protein modification

Y
?@—N\\ F 6&“ 7
Sy Biotin-PEGa-Azide
1a F o H\ L
>N CuSO, BTTP, VcNa
1,10.100 eq. o H n 4
pH 7.3 buffer, r.t. 1h. n
BsA-alkyne), ~  BSA{Bioinn O
b) H n H n F
S >’=O 0=S=N
s lo) T BSA, 15 uM
He H” 8 HZN/\/O SOF, Ets;N H;:I:N . E K/O
A o DCM, rt. S HH :| pH 7.3 buffer, 1. 12h.
u/\/ ~"o N/\/o\/\o
H
Biotin-PEG;-amine 16
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