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Introduction
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Sulfur Fluoride Exchange
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Modular SuFEx Hubs
O\\ /F O\\S/F
— N\ VAR\S
Originally reported by =" F" "o Originally reported by
Hedrick in 1953 Ethenesulfonyl Fluoride Sulfuryl Fluoride Lebeau in 1907
(ESF) (SO5F5)
o_ F o._ F
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Fluorosulfates Sulfonyl Fluorides
(ROSO,F) (RSO4F)
etc.

Sharpless, K. B.* Angew. Chem. Int. Ed. 2014, 53, 2-21.
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Reactivity between
RSO,CI & RSO,F
POl IO ROSO,0R'
4 N
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Reactivity between
RSO,CI & RSO,F
1) Resistance to reduction 3) Exclusive reaction at sulfur
3 PPh,
SO,Cl  toluene SH
OLi
/©/ > R)<R ASOCl ' ArSO,F R)<R
= gooc Me CI”YCOR € N YoR T > Ar0,8” “COR
10 min THF R THF
p-MeC6H4SOQF
o Cs,CO3, DMF
2F  toluene R RT, 24-48 h RL=
—>  NA _
Me W WL W WL
90 °C N N
10 min i i

p-MeC6H4SOZCI l

2) Thermodynamic stability

uncontrolled

S/CI chlorination and
0//\}) —>< — decpmposition tosylation

s-F _130°C
S ——>  NA
0’0 3h

Mendoza, J. S.* J. Org. Chem. 1990, 55, 1125-1126. e

Jacobsen, E. N.* J. Am. Chem. Soc. 2013, 135, 1891-1894.
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General synthesis of
sulfonyl fluorides

1}
0\\ ,/0 Ar—H 0—S=0
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HSO,CI
[ox] Nu =
PCl,
[ox] NaySO3 QL
S
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[0x] [F] or [FHF] 0. 0 RTXx —> S<oNa
S — \\// > \v n
Ar/ cl . Ar/S\F X =Cl, Br,l
[CI] KF, H,O (1-2 equiv) or
KFHF. CH;CN/H,0 (COCl), S0,Cl,
SOz/[OX]/[C” KF, 18-CFOWH-6, CH3CN
or 802C|2 CUC -
AN 0\\//0 [F7]or R QAL
r—Nj Na———> ~
Al A T h F
M = Li, MgX
o) 0 (?:,H’F
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R'-S—LG + M® FHF® — - N — » R'soF + m®c°
o} (0]
o]
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8z0
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/O\ /F\ o\ /o\ /o\ /O\ /O\ /o\ /o\
W R
o /\F\ 0,0, .0, Oy /F—H—F\ 0
H” "M~ “H” "H” "H H H”  H

Kessler, R. J.* J. Am. Chem. Soc. 1992, 114, 2419-2428. a
Marcus, R. A.* J. Am. Chem. Soc. 2007, 129, 5492-5502.
Marcus, R. A.* Phys. Chem. Chem. Phys. 2011, 13, 5388-5393.



Implications for drug discovery

1. SUFEXx

SO,F modified noncovalent inhibitor analogues

1.
2.

SO,F-bearing compound

Enzyme

3. Covalent bond

DHFR inhibitor

l SO,F

I )
Cl
N)\N Cl

- NSC 127755

a-Chymotrypsin inhibitors

DWV@vm

FAAH, LPL
SO,F
G. Kokotos
Purine Nucleotide
Based Probes
NH, o)
N N l
0 <v J <¥ )\ x
FO,S OH OH
5'-FSBA R. F. Colman

Baker, R. B.* Acc. Chem. Res. 1969, 2, 129-136.

/©/SOZF

N
H

B. R. Baker

NH,

N3—</ )



Modular SUFEx Hubs
and Applications
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2.1 Ethenesulfonyl Fluoride

Hedrick 1953

X = NH4*, Alkali metal, Alkaline earth metal

Krutak 1979

R
: - R DMF : _ AN
Michael addition 5+ P S0 F — N up to 93% yield O HN o
Ar—NH 2 Ar” \/\302F X
R! R2 R2
| ether R . O Y
[2+2] (\N . 9 A S0, —> up to 100% yield i
X\) (:)N SO,F \ (Eastman Kodak) /
X
X=CH,, O

H,CO

Hedrick, R. M. US Pat. 2653973, 1953.
Krutak, J. J.*; Hyatt, J. A.* J. Org. Chem. 1979, 44, 3847-3858.

280,01 + XF————» Z  S0,F + XCl

0 OH
A 80,F / —
o~ ~OCH; 2 SO,F — > n

Strong Michael acceptor

as well as
Diels—Alder dienophile

4 Q_r )

lubricant oil additive

\ (Chevron)




ESF

Synthesis of Triazoles

2.1 Ethenesulfonyl Fluoride

A 50,0 ESCI, PhH
RT, 5h N=N
Previous work e R W > L/
Ph’
N
Chang 1955 PR~ °
A
Q
-SO, S0,CI S0,Cl SO;
-HCI /J /J /J
N= N . N N
ﬁ\)—SOzCI ~ESCLPRE, h','\)-sog SO DS _HO, )
Ph” Ph® Ph’® Ph’®
A s0,F PsoF SO,F
ElOAe - HCI,EtOAC /J
N, 100°C,16h NZ o it I
Dong 2020 g3 - \/) 4h_ N
R'®

Chang, P. K.* J. Am. Chem. Soc. 1955, 77, 6532—6540.
Dong, J.* Angew. Chem. Int. Ed. 2020, 59, 1181-1186.



B 2.1 Ethenesulfonyl Fluoride NN
SO,F

Synthesis of Triazoles -SO, N HCI /J
HF R<y7' ™ ESF
o NEN R\N/ N Ei \—/ [!]I / Cl
R"N\ PN L — o | Fast R'®
£~ H A 520 SO,F SO,F
7 °F SO
“E (o] ESF
Tson O T g -
N N
N N— ©
F
T X
R'® R'®
A s0,F
EtOAc
. 100 °C, 16 h n=N
~1N3 ' |
R N/
-HSOQF R”

98% 90% 92%
N
o o™
)I\N 5
H g
N\N
/,
©
81% 72% @
Parent drug = Oseltamivir Parent drug = Sitagliptin
(anti-diabetic)

(Tamiflu®, anti-viral)
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SO,F, (Sulfuryl Fluoride) :
Hydrogen Bonding as Mediator

O
o | [140.5pm
S

Lebeau, P
1901 so, + F, ——> SO,F, o =~ \96. F
153.0 pm F

( )

molecular weight 102.1 g mol !

density (25 °C, 1 atm) 418 mg mL™" (air: 1.18 mg mL""’ @

boiling point -55°C ToXIC

vapor pressure 1611.47 kPa at 20 °C GAS

odor odorless 2

appearance colorless gas

flammability non-flammable

solubility (25 °C, g L'1) water: 0.75, DCE: 25, MeOH: 33, EtOAc: 59, acetone: 71
\ J

stable up to 400 °C

-

Lebeau, P.* Compt. Rend. 1901, 132, 374.



2.2 F-SO,* donor e

SO,F,

Preparation of Aryl fluorosulfates

Ar_

Previous works

OH pyridine 0SO,F
40°C,1h
+ CISO,F ——» + HCI
MeO MeO

45%

O ®
F O K 23°C,6d F OSO,F
+ SO,F, ——»
68%
F F F F
F F
Sharpless 2014 SO,F,, EtsN
DCM or DCM/H,O
RT, 2-6 h
Ar—OH »  Ar—O0SO,F
up to 97% yield
R'SO,F F (o}
- I
+ — | e —> Rg-ue + w® (F-H-R°
R1-S
M(Ja Nuce 8 © ©

Coffman, D. D.* J. Org. Chem. 1961, 26, 4164-4165.
DesMarteau, D. D.* J. Chem. Eng. Data 1976, 21, 386-387.

Sharpless, K. B.* Angew. Chem. Int. Ed. 2014, 53, 2-21.
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SO,F,

Preparation of Aryl fluorosulfates
SO5F5 (balloon)
EtsN, i-ProNEt
DCM or DCM/H,0

RT, 2-6 h
Ar—OH >  Ar—O0SO,F
OSO,F OSO,F OSO,F
NHAc H,N OMe
94% 94% 91% 91%
FO,SO 0SO,F o
0SO,F \z°
»Z g o
OHC OMe
FO,SO
92% 95% Dep
97% 92%
FO,SO
N=N
y HN L
'L
N 0SO,F
o]
82% 98%
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Preparation of Sulfamoyl Fluorides

2.2 F-SO,* donor e

(N-disubstituted) SO,F (9)
DMAP, Et;N
DCM
R S ST Y Stable under RT
NH — 2 5 R{ .S
k2 N™ °F for more than a week
R2
\ | N3 0
X N
\\ H H OMe Me 3\)I\N/\
X N N N N
o “SO,F ATNs0,F NN NS0 MeO ~SO,F k/ ~SO,F
76% 65% 76% 88% 70%
SO,F
N OH $OF
MeO (\
) N PaslL "
N
No N Ph N/\
MeO SO,F = K/
N\
Ph | SO,F o 0
(o} ¢ N 4
SO,F
80% 73% 70% 94% 99%
LiAlH,, THF KOH, EtOH
-~ —_—
N\SOZF 95% N\SOZF 98% N\SOZF
Well tolerance mCPBA. DCM
RT, 18 h

Y

OCN—SOZF

73%

Transformations of the sulfamoyl fluoride moiety



Fluorosulfuryl Imidazolium Salt

A

) N7 NH

2.2 F-SO,* donor

Ar-OH
— > Ar—O—SO,F

o
N32CO3 \ﬁJ\N’\é/F R1R2_NH R\1
\

SOFy —m0
ii). MeOTf

(9)

‘Shelf-stable

——>  N-SOF
RZ
R-NH,
—_— R—N\H
SO,F

‘Overwhelming performance with

phenols, primary and secondary amines

Single-crystal X-ray diffraction

Dong, J.* Angew. Chem. Int. Ed. 2018, 57, 2605-2610.

Stable in refrigerator or desiccator G



Fluorosulfuryl Imidazolium Salt

Preparation of Sulfamoyl Fluorides
(N-monosubstituted)

2.2 F-SO,* donor

g Ray-SOF desired
H
R. SO.F;
] —
NV
. . — R _S{ R undesired
Primary amines A
(problematic)
0\\//0“ -B'HF 0 RNH, \V/O
R{ SV —_— Il —> R _S{, R
N7y F R. 2S< N N
| N""So H H
H
B:) undesired
F
O
F un-SOF
$02NH, benzene, Ar
[ RT,2h
— - Hoffmann rearrangement
(o}
Indirect approaches —
SbF; (cat.)
SO,F,, CH;CN
45°C,7h 4 ) )
. s s F “SO,F Ring opening
(o}

known preparations of N-monosubstituted sulfamoyl fluorides

Ochiai, M.* J. Am. Chem. Soc. 2009, 131, 8392-8393.
Schulze, G.* Justus Liebigs Ann. Chem. 1969, 729, 40-51.
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Fluorosulfuryl Imidazolium Salt

Preparation of Sulfamoyl Fluorides
(N-monosubstituted)

O
TfO
R-NH + \@J\ \g,F 0°C to RT | R, \&\,’,F . N7 %
2 N N7 N73 O=é=
\—/ © H ,
F
Primary amines
OH
O\\S,F B o\\s _F CO,Et
N7 SN o
H O H O ~ HN_ /
//s\\ )4 ~F
oo (o)
84% 92% 72%
1
H 0=8= H
% N //o | (0] ~
S< N\S// S\F
(o) F /2 (o)
o HO
F
88% 72% 91%
H
H o o N\S//o
PNE F// JF
o /o
(o)

88% 74% @
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Fluorosulfuryl Imidazolium Salt
Preparation of fluorosulfuryl azide

J\ 0 o MTBE/MeCN/H,0 o
+ > S -N~
TfO \__/ F NaN3 o E N
(1.2 eq) (1.0 eq)
Diazotransfer Reaction
FSO,N3, KHCO4
cl MTBE/DMF/H,O cl
RT, ai [
MeO,C CO,Et @l SMIN " Meo,c CO,Et
B B
N " NH, N NN,
H H

1 mmol: 95% conversion
10 mmol: >99% conversion

Sharpless, K. B.*, Dong, J.* Nature 2019, 574, 86—89.
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Fluorosulfuryl Imidazolium Salt

KHCO;
MTBE/DMF/H,O
00 @ @ RT, air, 5min ® W2
- _N P N
F7  N* N~

W

=
o
o\\ ,ZI
I
: 1
o)_§\_/
E—z@—
/
Iz
ZT
(@)
Iz

HO
96% 96%
N; o o]
T e
\©/\ ¢l OH
98% 96% B,



Fluorosulfuryl Imidazolium Salt

2.2 F-SO,* donor

( /N=N H
% H\n/ rR—N 4 N\n/
OO0 O © ™
T R, | YN R N 0 0
1.0 equiv.) F” N7 “N*
_( ' (1.0 equiv.) o Alkyne (0.95 equiv.) _
ko | Diazotransfer | JrORRE SIS GuAAc i
P 1h, 30 °C P 6 h, 40 °C P
- J . J .

1224 amines 1224 azides 1224 triazoles

Stable for at least 6 months

Azide library

74

144

Unknown

azide 606 Known

azide 618

H>90% H 70%-90%
30%-70% H<30%

M could not be determined

Conversion of alkyne



Preparation of Sulfates
Silicon as Mediator

Previous works

ROSI(CH;);

Sharpless 2014

Ar'-0-SiR;

+

2.3 Fluorosulfates &
Sulfonyl Fluorides

Et4NF
—_—

1dto4 wks

+ C6H5302F

or

» Ar'-0—S0,0Ar?

Ar2-0S0,F _Me
N
(\ ,t-Bu
_P=N
N7\
NEt,
Me (cat.)
ArSO,F
Bond Strength Bond Length
(KJ/mol) (pm)
? H-H 432 74
R
Ar'-0—Ssi’
i IR CC 346 154 &”,L“%
Ar?0-S—F -
Si-O 452 163
Si-F 565 160

Hall, H. K. J.* J. Organomet. Chem. 1976, 116, 153-159.
Sharpless, K. B.* Angew. Chem. Int. Ed. 2014, 53, 2-21.
Levacher, V.* Synlett 2007, 381.

ROSO,Ar + Ry'SiF

ROSO0,CgHs

SiR; = SiMe; (< 4 h, RT):
SiR3 = SiMe,Bu (4-18 h, RT to 80 °C)

Ar = p-MeCgHy4
L
| @
2 S0,Ar
R
ROSIR,' RySi® O0FS=0
|
R/O



X o\s/0 NH,
I 7\ =
Z 0 A
N COOBn

83%

98%

2.3 Fluorosulfates &
Sulfonyl Fluorides

Cl

OTBS N

MeHN NH, P
00 N
V7
O/S\O o O\S/O
oo

92%

z (o) AN
4i:ﬁj]:::1\ ng /ﬂliif>41nli!\.q¥7 /J:::I:A:l§
0~ o (N 0~ o 0~ Yo

75%
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Preparation of Polysulfates Sulfonyl Fluorides

Lewis base-catalyzed

SOzF> (9) R;SiCl
Et3N DCM Im|d DCM /‘><‘\
FO,SO OSO,F OH R;SiO OSiR;

'‘A-A' BPA 'B-B'
98% R =TMS, commercial available
100 g scale R =TBS, 96% (100 g scale)
bis(fluorosulfate) monomer bis(silyl ether) monomer

DBU (20 mol%)
NMP (1 M), RT, 24 h
A-A' o 'B-B' HH O \\// + R3SiF (byproduct)

n
BPA-PS  high-molecular-weight

Average measured properties

5,
1, 1
0 ﬁ | BPA-PC
] BPA-PS

d [g cm-3] Oxygen Tensile Yield stress
permeability  modulus (10 Mpa)

(Barrer) (Gpa) @

m BPA-PS mBPA-PC
Sharpless, K. B.*; Fokin, V. V.* Angew. Chem. Int. Ed. 2014, 53, 9466 —9470.

O -_2NWPkrrOOTO



I

Normalized

Absorbance

2.3 Fluorosulfates &
Sulfonyl Fluorides

Hydrolytic stability of polysulfate

BPA-Polycarbonate BPA-Polysulfate

- Normalized |
Absorbance

I ” | ’ | R | ' | ! I ! I ! I T I T 1

10 15 20 25 30 35 10 15 20 25 30 35
Elution Time/min — Elution Time / min —
Before treatment Na,CO,; 80 °C, 16 h NaOH, RT, 16 h



I 23 Fluorosulfates & NN

Preparation of Polysulfates Sulfonyl Fluorides

Lewis base-catalyzed
DBU (20 mol%)

AA - 'B-B' NMP (1 M) RT 24 h O O \\// + R38|F (byproduct)

BPA-PS

F,C CF,
SAEN
(o (6] (o

n n

R =TMS, M,f°=46.1 kDa, PDI = 1.5
R =TMS, M,f°®=30.9 kDa, PDI = 1.6

R = TBS, M, = 24.6 kDa, PDI = 1.4 Fsc CF,

BepetTon ol

R =TMS, M,f®=36.0 kDa, PDI = 1.4

ooy [ ety A0 ey’

R = TBS, M,,’®* = 58.7 kDa, PDI = 1.5 R =TBS, M,”* = 46.1 kDa, PDI = 1.5 R =TBS, M,”* = 30.6 kDa, PDI = 1.5

Toxooy [ Moxood e

R =TBS, M,’®* = 67.1 kDa, PDI = 1.4 R =TBS, M,”$ = 37.2 kDa, PDI = 1.5

=]
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Sulfonyl Fluorides
Preparation of Polysulfates

Bifluoride-catalyzed Low catalyst loading

(MeoN)zS*[FHF] (0.1 mol%)
NMP, 130 °C, 1 h i T
TBSO—‘—OTBS + FOZS—-—SOZF Sa —‘—o S— o—-—o s
0

(o)

(®)

n
+

TBSF (byproduct)

F;C CF;

(0]
O O
(o) (o) (o)
n

M,P* = 84 kDa, PDI = 1.6 M,PS = 16 kDa, PDI = 1.3

\\/, \\//
‘ ‘ O O
\ //
\S/
(0] O

(R =Me)
PS = =
M, = 37 kDa, PDI = 1.6 1) BBrs, DCM M;* = 33 kDa, PDI = 1.5
2) SO5F; (9), EtzN -
CH,Cl, (x> 1057

M, PS¢ = 38 kDa, PDI = 1.9

Dong, J.*; Wu, P.*; Sharpless, K. B.* Nat. Chem. 2017, 9, 1083-1088.



Preparation of Polysulfates

Lewis base-catalyzed

Previous work: \/
TBSO g g OTBS |\'n

2.3 Fluorosulfates &
Sulfonyl Fluorides

),
(e

NEt2
t.) mixture
>
and
0 0 decomposition adducts
\\S// \\S//
F7>) ~F
a-H

TBSO—‘—OTBS + Fo,s—{)—so-F

0

M,PS =23 kDa, PDI = 1.3

(Me,N);S*[FHFT (0.5 ~ 5.0 mol%)
NMP, 130 °C, 1 h

U TN
S
(0]

o
o

6
?
Oo=un=
Oo=un=

+

TBSF (byproduct)

o~ S
7\
FEF Fd

M,P$ =23 kDa, PDI = 1.3

129
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Functional Reagents

Deoxyfluorination SO,F,
reagent HO, EtsN, K,CO5 F,
/ Toluene/H,0
Central Glass 2014 2l overnight 2l

N > N

58%
t-BuO/&O ° ’ t-BuO/&O °

DBU or MTBD
Doyle 2015 a0 O\\s _F .
H + A\ toluene, RT, 482 J\
R1TO R2 o — > RV OR2
up to 91% yield

Coupling reagent

Dai 2015 0 o
F F F

DBU, DCM nBuNH,

o RT, 13 h >$< % requx 24 h 0
Ph/\)I\OH Ph/\)l\ 80% Ph/\)l\n/"Bu

\

Central Glass Company, US Pat. 8835669B2, 2014.
Doyle, A. G.* J. Am. Chem. Soc. 2015, 137, 9571-9574.
Dai, Y.* Tetrahedron Lett. 2009, 50, 2727-2729.



SuFEXx Trifluoromethylation

Moses 2019

2.4 SUFEx based application

o)
. ~F  TMSCF3, KFHF \-CFs
" %, DMSO,RT, 0.5t02h NN
L o B ]
K up to 99% yield A
ME3si_CF3
©
F—H--F
-102 kJ/mol
HCF,
Me
\ F \
Y Me:+Si—CF3
"\ Ml
| 0 Me, Me 5
" F \s’ F
R o Me
M \
€ MeSi—F
-30 kJ/mol -13 kJ/imol Me
C)
E O‘Q Me é\Me
s F—Si-CF
F S—F o) 3
E Me
QA
)\
R
-47 kJ/mol -18 kJ/mol /
W F
| A % ) Me,
Y F/}:"F * Mer:Si—F
R Me

Moses, J. E.* Angew. Chem. Int. Ed. 2019, 58, 4552-4556.
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Polymer modification

Fokin 2016
Lu 2017 OCFs
N=N
OCF,
=z TBSO
n DBU, _N N
AIBN rt, 24 h N uv N? \©\
—_— > —_—
isible light OCFs
o //0 o //0 visible lig
7 ~F 7 ~F
0 Y/ Y/
Hydrophobic surface Hydrophilic surface
Fokin, V. V. * Macromolecules, 2016, 49, 4473-4479. @

Lu, J. * Chem. Eur. J. 2017, 23, 14712-14717.



2.4 SUFEXx based application

o /~n His
FI Ifate-L O [N
P uorosulfate-L-tyrosine 7 F
Bio-SuFEx (FSY) 9
NH, g
H,N~ “NCOOH
HO
Wang 2018 N
Live Cell Lys L
Tyr
Kim 2018
NH
N N
I
TMG
Tris 50 mM ?
pH=80 o=?=o
o}
N H
V\ot’
o]

erythropoietin

Wang, L.* J. Am. Chem. Soc. 2018, 140, 4995-4999.
Kim, B. M.* Chem. Eur. J. 2018, 24, 10948-10952.




Summary



SO,F

TfO

Summary

Unique reactivity

A S0,F SO,F, RSO,F
Qo
e\@J\N,“s’/
TfO \__/ F
\
eLN,so
TfO
Ar—OH 302[:2 Ar—0SO,F
Ar—NHR Ar—NRSO,F
@J\ “’/ Q 0
N\Y/
+ NaN3 —_— F/S\N

Ar'-0-SiR,
or —_—

Ar?-0SO,F + R—SO,F

Ar'-0—S0,0Ar?
or
Ar'-0—soO,R

JeR et N

w0
C) ,S? o~ S\
N” | Nu
4 /
—P



[— Perspective [ —

Challenge:

A deeper understanding of the finer details
of SUFEXx catalysis will hopefully

Etc.

ArSO,F

o g

ROSO,Ar + Ry'SiF ROSIR;'



Thanks for your

attention~



