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1. Introduction
1.1. Applications of Fluorinated Compounds

Common Fluorine-containing Drugs
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1.2. Early Synthesis of Organofluorine Compounds

1886 year, Moissan successfully produced F, m@e
(1986 year, France established the Moissan Medal)

KHF, + KF electrolysis _ H,1+F, 1

1930 year, T.Midgly & A.L.Henne produced Freon 12 ©
CC|4 + HF + SbC|5 —_— CF2C|2

1934 year, Schloffer & Scherev produced Freon 22 «

HCCly + HF — = CHF,Cl+HCI  CHF,Cl %% cF,=cF,

1938 year, Roy J. Plunkett discovered polytetrafluoro- | m
ethylene (PTFE), better known as Teflon™ o - ¥en ’\ .

©
CFa=CF, TCOF—CFor, Teflon™ u

1947 year, Fowler discovered the method of synthesis perfluo-
rinated compounds ©

COF2 + F2 _>COF3 CGH14 + COF3 - C6F14 + HF

1949 year, Simons process has been discovered ©

electrolysis
RyC—H + HF o8 . R4C—F + Hyt

2002 year, O’Hagan developed a method of synthesizing organo-
fluorine molecule

o
*H,N, ~O0 N N
SFAE: W) o o
A - <N N/) NAD*
+*S-Me N F _ —_—
Y~ F H OH
Fluorinase 0.
F F
H OH OH OH Fluoroacetaldehyde Fluoroacetate

S-adenosylmethionine 5'-FDA

(1) Liu, H. et al. Chem. Rev. 2014, 114, 2432. (2) Liu, H. et al. Chem. Rev. 2016, 116, 422.

(3) M. Ameduri, B. et al. Chem. Rev. 2019, 119, 1763. (4) Fechete, |. Comptes Rendus Chimie.
2016, 19(9): 1027. (5) Thomas, M. et al. Industrial & Engineering Chemistry. 1930, 22(5): 542.

(6) Schloffer, F. et al. DE193410050715, 1939. (7) Plunkett, R. J. et al. J. Am. Chem. Soc.

1938, 60, 2847. (8) Fowler, R. D. et al. Ind. Eng. Chem. 1947, 39, 3, 292.(9) Simons, J. H. et al.
J. Electrochem. Soc. 1949, 95, 55. (10) O’Hagan, D. et al. Nature 2002, 416, 279. 2



2. Nucleophilic, Electrophilic Fluorination
2.1. Common Nucleophilic Fluorination

Common Nucleophilic Fluorination Reagents

Metal Fluoride Salts ~ Naked Fluoride N
KF | |
R-OTs R-F N.@ N (HsC)2N  NH(CHa)
o ® e) 3Vv/2 3/2
160°C NBu, F N El \M S@F e)—® s
eSi

CsF > RbF > KF > NaF > LiF NS 2 (HCN - N(CHg)
Fluorination activity sequence TBAF TASF TDAE* 2F —

\/\—o \)*O Q

o} (0] O
O O O
—_— —_— F
Tf,0, CH,Cl,, o TASF, CHCI, o)

HO OJV pyridine TO OJV o# ™)

— SF,, DAST and derivatives N
%
SF,: SF
¥ R-OH =—>R-0  — R-F
MeO SFs o 5
N-SF N-SF; O N-SF, B SF ord o
_ _ S N— U \ B
8 N 3 @ON=SHF, O ®N=SHF,
MeO
DAST Deoxo-Fluor/BAST MOST Fluolead XtalFluor—E XtalFluor—M )
——Other Types
\N/ )\ J\
= 0 N N
/N N 1l
>< ~ F_§'C4H9 @ - HF = F
F F o N CFs
DF PBST Olah’s Reagent The Most Usual a-Fluoroenamine Reagents

ROH, RC(O)R

b Fluorination /LNJ\ )\N+J\ /‘\NJ\
KF RF, RCF,R w/& —_— \%F —_— 4 R —_— +F-R
DFI recycle ~R ﬁ/o’ ‘\F \(go

H/o

system

me Mé \Me '
Y . J\ Mechanism

N
e
i O\R,

HC F

H,C NiPr, e * . .
CH,Cl,; reflux H 100% inversion (2

(1) Szarek, W. A. J. Chem. Soc., Chem. Commun. 1985, 663.
(2) Muneyama, F. et al. Tetrahedron Lett. 1989, 30, 3077.



2.2. Common Electrophilic

Fluorinationmeo®

Common Electrophilic Fluorination Reagents

Earlist Electrophilic Fluorination

E,oe  -004 009  -0.34

EIJ[IJOOJO

ZBF 2CF SO, B, F CF SO CF, SO CF;SO;5

F o)

-0.37 -0.47 -0.37 -0.78
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increasing fluorinating power
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(FHF) 40-50°C
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R—< +XeF2 ? RQ« S — R-F H,C OAc
OH O—-Xe-F “
F
60% “Foio,
O~ e O~ aco
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N i 2 XY X ] i
-0 S.2 [ ................ }
[+ DZBF[ S\NF | Z | + y xR N
i Lo |V W e L
| \\O F BZF7 ET [X_F]- + Nu /
F-TBDA-BF,
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GH,CI

Ph Ph
CH, 0= S\N,S (0]

0]

Asymmetric Electrophilic Fluorination

Chiral Catalysts

Fluorination Reagents

Cl\@\f cl i
o S s
: | N+ °C
lo) N ~Cl fo) N ~Cl (2_ o) N 1
N+ . 1 N* N R R p : N +
o 4 T e D T 1 o
Z - P 4 BF, PR !
N 28 N Me CN'TI'NCMG l Selectfluor™
OSiMe, l
* TADDOL complexes | 00 o
o ! 3s. s”
F CH,CN; rt, 20 CS p? ! Ph N Ph
- o VAR F
(H@)3)@) Ph gt ! NES]
T fL I
0 o 80-88% 0 o » l
N N 4
OJLNJ\/R3 (86-97% de) OJLNJ\/R3 R v R™ EtN - nHF
1. LDA, THF; -78°C '=: \G/ !
4\ (\ 2. NFTh, THF; 4\ L l
R' R? et o R' R? Takemoto catalyst et
78 to 0°C _ mot .
G: Fluorination Reagents
(1) Evans, D. A. et al. J. Am. Chem. Soc. 1990, 112, 10, 4011. (2) Takeuchi, Y. J. Am. Chem. Soc.
2000, 122, 10728. (3) Roques, N. Tetrahedron Lett. 2001, 42, 1867. (4) Togni, A. Angew. Chem. 4

Int. Ed. 2000, 39, 4359.



3. Radical Fluorination
3.1. Early Radical Fluorination

—— First Generation
Fo() Initiation
F2 — 2F .

RH+ Fo——= R- +F- +HF
F2 | \—F + others ropagation
MeCN Z RH+ F-—=R-+HF

28%,0:m:p,5:1:3 R-+ F,—R-F + F-

Overall Reaction
RH+ F, —= R-F + HF

Mechanism

A. Perfluorination of saturated hydrocarbons.

COF3 @ B
e 00 @ 0=

arranged products  cis-and frans-isomers  geometric isomers

B. Fluorination of benzene
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3.2. Radical Fluorination by Metal Catalyst

Mn (2012) 4

PhIO, AgF
Mn(TMP)CI , TBAF*3H,0

R-H

(1) Sandford, G. et al. Org. Process. Res. Dev. 2012, 16, 844. (2) Ye, K.-Y. et al. Chem. Commun., 2020, 5
56, 8512. (3)Wong, C.-H. et al. J. Org. Chem. 1999, 64, 5264. (4) Groves, J. T. et al. Science 2012, 337,
1322.




P450-like selectivity XO X

Mn(TMP)CI (8 mol%) O
% AgF (3 equiv.) TBAF (0.3 equiv.) § f >‘4A
H OAc PhIO (8 equiv.) F
F

* approach

xo@@*‘
P9
O&@ ()

Fe (2012) (") Feo(ox)3 (2 equiv)
R NaBH, (6.4 equiv) F
" Selectfluor (2 equiv) "
R')\/ R R'/)\f )
MeCN/H,O (1:1) R
0.0125 M, 0 °C, 30 min

NaBH4 (9. 6 eq) N OH OBn
; Selectfluor (3.0 eq) 73% 79%
% MeCN/H,O (1:1)

0°C, 30 min b E o) OH
Fe(lll)/NaBH, \> F F
67%
N 5
; \CO,Et
- hQE
: CO,Et
H H
52% 5:1 d.r.
Cu (2020) @ ! '
| LCu"'F LCu''F F e e e
R)\ R’ _ LCU" R i R’ _ LCuII R R’ a-C-H ether allylic benzylic

= hiE [)- E)’ @’ ©*

INAr;]PFg OY@YO (\Oﬁ "

F

[TBALLCUIX —————— _ | .
CHoClz -80°C P N—cu—N " [ ]/ \)(\*\ ©/\
-NAr; | ﬁ o) o)
12% (

~[TBAIPFe e X Pr oS
LCuX (X =F, Cl, Br)
(1) Barker, T. J. et al. J. Am. Chem. Soc. 2012, 134, 13588. 6

(2) Boger, D. L. et al. J. Am. Chem. Soc. 2020, 142, 8514.



Ag (2012) M
AgNO; (cat)

Selectfluor R-F 9() rlj
R-CO,H > R-F LN
‘ s
0 F
F
F—Ag(ll)
86% 67% . F—Ag(lll)
0 R
O\/F
O N—
o] F
O COZ R‘COzH
87% 95%

3.3. Radical Fluorination by Photocatalysis

Ru PI (2014) @

0 Selectfluor®, NaOH

catalyst o _F
° OH ? - ~ o__F o__F
500 W lamp ~~ ~
1:1 Ho,O/CH3CN, 1 h
) Ph —Bu t-Bu
catalyst = Ru(bpy)3Cly; NMR yield = 73%

catalyst = Ru(bpy)s(PFg),; NMR yield = 73% 92% 74%

O @)

4

©/°QJ\O‘ oxidant 0\/”\0-

———
l decarboxylation ©/
Ph
+e
©/o\/ F Selectfluor® ©/O\- ©/O\— 89% 84%
- -

W PI (2014) @

5 W~ : WOz
o N
= } 0:WS—0 .—:w:o

NFSI (1.5 equiv) OAc | \Ooc")v(ooo :
MeCN, /=365 nm ; /00. % \ E (PhSO,),N o w*
—_— ' O-W-0_ ' 5- g+
O + .o:w~,olo—‘w:o : W10032”" H
\ﬂ/ 16 h ' \‘o-w-o/ : F

i oyol
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(1) Li, C.-Z. et al. J. Am. Chem. Soc. 2012, 134, 10401.

RZ

(2)Montserrat, R.-B. et al. J. Am. Chem. Soc. 2014, 136, 2637. 7

(3) Britton, R. et al. Angew. Chem. Int. Ed. 2014, 53, 4690.



TCB PI (2014) ()

F benzylic-H

PN TCB (10 mol %)
Ar R - A R H®
Selectfluor (2.2 equiv) ' \ : .
MeCN, hv TcB MY < R ©7] FO_ | RF
Cl \
®Nr Ikyl-H
a

CN CN [ )j 2BF,O v NG oN
it s » X

CN CN ": proposed intermediates for photocatalyzed fluorination NC CN

TCB Selectfluor TCB

3.4. Radical Fluorination by Electrocatalysis @

g

R' _H R' _R2 (+)RVC (-)RVC R'. _F R'. _R?
RPC or X Selectfluor (3.0 equiv) R?C or X
R H H NaNOs; (0.2 equiv), MeCN R F H
clor sl iy clor+
F
F
O/\/l\
F
30% 31%
. Me (+)RVC \ 7 (-RvVC
COgH 2.0 mA/0m2 _
Me Selectfluor (2.0 equiv)
27 NPhth MeCN, rt, 21 h
[100 grams] 12: 78% (81 g)

3.5. Asymmetric Radical Fluorination

Ph
Ph 1) (+)-IpcBH, (1.2 equiv) CF,
2) CH3CHO (6 equiv) oo
3) catechol (1.3 equiv) \\S//\
> !
U 4) 4f (3 equiv) ) F
DTBPO (0.5 equiv), “E 4f
DMF, 60 °C, 1 h
1b (-)-trans-2b 52%

trans/cis 88:12, er 91:9

(1) Lectka, T. et al. Org. Lett. 2014, 16, 6338.
(2) Baran, P. S. et al. Synlett 2019, 30, 1178.
(3) Renaud, P. et al. Nat Commun. 2018, 9, 4888.



H 2 (20 mol%) F 9/~

7\ <\ //
o ¢
ONR: PhIO, CH3CN, 50°C AN R ) ;. o
RIT _ (method, o yield®)  R'y- CW)/ CH % <
F
F F N —
£ NPhth CHED ot D
F F
\Qé COOMe @ﬂﬁ“ / PhIO
0 .y
o) 0Bz @_<H C Z:Tizj‘ Phi
51%, 8.5:1 d.r. 70%, 3:1 d.r. 48%, 5:1 d.r.

4. Transition Metal Catalysizd Fluorination

Pd (2009) @ X C-F
bond F
©/ cat. Pd Q formation
P (Ln)Pal -
+ n-2
X = halogen, T O 'F Ne - [P
OTf, B, Sn,
Si, efc.

Q 3 equiv XeF2
F+X
mtrobenzene

{3a-c) (4a-c)
entry X complex % 3 % 4
1 F 2a 57 7
2 CF; 2b 60 3
3 OMe 2c 45 6
Bi (2020) ®
1) 29, KF, MeCN, 90 °C
A N BOH)2 5) 27 cHel,, 60 °C O/ =
T >
- o of
\@

C-F bond nucleophile

20, R = 'Bu, 84%, 85% F : \/ \
C[ formation
Br

E 21, R = CF3, 82%, 35%S I
22, R = CN, 75%%, 71% / Y" Y—IE]
23, R = Cl, 70%, 57%$

37
_ 2198
24, R = OMe, 90%*, 21% 75%, 74%

Bi"/Biv O ,X
it 34, R =F, 88%, 50%* redox cycle \s'/\@
35, R = CO,Et, 67%, 98% (96%)T O—B'\v @' i

36, R = TMS, 73%, 77% | @
F ]
F F  MeO F \ /
JJ Y o

Ty electrophile
95%, 75% 90%, 49% 73%, 93%

(1) Groves, J. T. et al. Angew. Chem. 2013, 125, 6140. 9
(2) Sanford, M.S. et al. J. Am. Chem. Soc. 2009, 131, 11, 3796.
(3) Cornella, J. et al. Science 2020, 367, 313.



5. Polyfluoromethylation

Common Polyfluoromethylating Reagents ¢@®

CF CF
CFsCu OTMS ? ’
Burton Reagent P Zn(SO.CF3)2 0 0
) RoN CF3
Et38|-CF3 O

Ruppert-Prakash Reagent Langlois Reagent Baran Reagent Togni Reagent | Togni Reagent Il
R G=OorS
X~ | _ BF,~, SbFg,
CF3 3 TfO CF3 PF6 , Sb2F11_
Shibata Reagent Yapoulskii Reasgent Shreeve Reasgent Umemoto Reasgent I~V

o

J\z
S« e e o

owo o - :
0.0 ) F,‘s%ko/ U, " [FSO,CF,COMel™ ~— FSO,CF,co, 1 || o ,
\S%J\O/ F F : N/ S// @ R F ®
/ CH; =———— -CHjs i H o _
F FF "H" S0, CO, | O” Y ——C(R%o E— /“%S*; Z%ng
-CF RX_ cucr Cu_ —¢r ICF, + F E F oH )
Chen Reagent ’ s ’ ’ ’ ! HuReagent = b U -CX
Burton & Prakash Type ¢
OH
F.C 8
N 60%
Me,SiCF;, cat. Bu,NF, 1. Me,SiCF;, cat. Bu,NF,
OO0  THF;-20°C Me,;SiO O CF; THF;-20°C S5CFs
2. HCI
Me,SiCF,
c|:F3 ) s CH,
H.C.. 4. F3G o C' =
Me,SiCF, — |, 3 »Si—CH >
TR [HCTT TR 7\ ROR FCO
R,C=0 Me,SiF
F,C_OSiMe; /
R,C=0

(1) Burton, D. J. et al. J. Am. Chem. Soc. 1986, 108, 832.

(2) Kobayashi, Y. et al. J. Chem. Soc., Perkin Trans. I. 1980, 2755.

(3) Olah, G. A. etal. J. Am. Chem. Soc. 1989, 111, 393. 1 0
(4) Langlois, B. R. Synthesis 2003, 185.



Electrophilic Type (V)

NH, NH,
(49%) o (69%) CF,
©\ o L) s '
Lo N 0,
L0 B A
K+ Me,SiO NH, CF,
(92%) OO

(52%)
: ’ / F3 +
o O Na ? . OH OH
12 CF,SO.
o%o

EFSCFssos' IDMAP (6%)

(84%) O Q T
= ) Ph,P Ph,PCF;* CF;SO4
O g [C
— CFs/ cr, CFs50s .

N

Cl

Hp:C1,SCF, TsQH, PhCH,CH,OH, (ﬁ/u
(87%) ’ pyridine 2-chloropyridine | =
N SbFg
CF, Q OCF, CF,
H,C ~OCF, ] (53%)
Negative Fluorine Effect 2
R O e Base, THF or Et,0 QH SOPh
+ - 1
YA .Y phso/ Y R MY
r?  ORs 7\ BF4-Et,0 R g3 F
-718°C-rt
Y=F 0%
PhS0,CH,SO,Ph M PhSO,CHFSO,Ph  + PhSO,CF,SO,Ph Y=H 10-78 %

ii) Selectfluor®3 h

18 17 19
yield (%)*
entry base solvent temp 17 19
1 LiHDMS (lequiv) THF —78°Ctort 32 20
2 t-BuOK (lequiv) ~BuOH rt 39 0 . . ——
3 t-BuOK (lequiv) DMF It 48 not determined klneyc Stablllty'
a Tsolated yield. CH.Cl CH3 >CH2F > CHF2 > CF3
N
+
Selectfluor = [/5'\7 i
F 2 BF,

C-HType ~ CFs-H CHF,~H CH,F-H CH,-H

C—-H ionization
(AH o, kealimol)  368.9  391.3 406.3 416.8

(1) T. Umemoto, MEC Reagent Brochure, DAIKIN Fine Chemicals Research Center, Tokyo, 1997. 1 1
(2) Hu, J. B. et al. Top Curr. Chem. 2012, 308, 25.
(3) Hu, J. B. et al. J. Org. Chem. 2006, 71, 18





