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Recent Advances in Transition-Metal Catalyzed
C—H Bond Fluorination

He, Jiangqi Lou, Shaojie Xu, Dangian®
(Zhejiang Key Laboratory of Green Pesticides and Cleaner Production Technology, Catalytic Hydrogenation Research Center,

Zhejiang University of Technology, Hangzhou 310014)

Abstract Organofluorine compounds are widely found in pharmaceuticals, agrochemicals, and materials due to their special
properties. However, development of transformations to incorporate fluorine atom is usually a great challenge, because of its
highly electronegative nature. Transition-metal catalyzed C—H bond fluorination has significant advantages in atom-economy,
reaction diversity and environmental friendliness in comparison with the traditional transition-metal catalyzed cross-coupling
approaches since it obviates the use of pre-functionalized substrates. In the past decade, C—H bond fluorination strategy has
emerged as a powerful protocol to access new C—F bonds. This review presents the state of art for transition-metal catalyzed
C—H bond fluorination. The existing problems and limitations of the field are summarized and the outlook of the area is also

prospected.
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Figure 2 Proposed mechanism for silver-catalyzed fluorination
of aryl stannanes

2012 4, Hartwig A4 3 56 A 24 & 1
(+-BuCN),CuOTf {EFL 5, AgF 1ESEAZ IS T iR
F R AL S AL OB . AN = A0 9 L,Cu(II) Ar(F)OTf 7]
REAE [ .22 7 11 DK i Hh 7] 44 (Scheme 2).

http://sioc-journal.cn/ 1219



BT
Arl Ar AgF
(-BuCN),Cu —OTf =—= (t-BuCN),,CLli—OTf T
-Ag

|
Ar

(BuCN)nCu —oT1f —> Ar—F
|
F

B2 HEHS 5HORR L
Scheme 2 Copper-mediated fluorination of aryl iodides

BH, FREAN U T AR AL x5
SR LA, T AR R AE XA AR, 4]
KT 2R AR AE R A S (Scheme 3). JLF-T ik
[}, Sanford iR K FE T SR SAL SN SR,
AR T 7328 & B IME, RIRAR T E 58 5 R
IR R A A A, PR T A = AL b a4k 1
5557 BT LA B 57 B R R A e < e A B A E
2, BJafREIRAY.

Fe

_;}
)

AgF

. — Me3),,Cu"'F(OTf)(PFg) ———
(t-BUCN),Cu—OTf ——— (pyMe3), (OTf)(PFe) ATBPI

1

F o E Reductive
| g© RDS |y, elmination
L__CUIII_F’ \A —_— - > Ar—F

r
OTf o
2

B3 HEHS 57w

Scheme 3 Copper-mediated fluorination of aryl borons
W6 )5, Sanford iR RRZHIS Y ot T b R M. FEi%AA
F e N (B =7V = O YR SO B U1 U - 1 .
BRI B B B S A A B 5C BE B =AN 4R R s AL
(Scheme 4). T+ 7> A, B 515 1R AL N
2 B AR SR, i =0T AR

REAE A L AFLE 261 T 5 SR R AR S A S i),

B
R—i— I
KF = AN CU\F CU(OTf)2
Cu(OT), —> Cu(OTHF ——— R~ -

OTf

|
N Cu'lF Reductive elimination R;\ F
Ru—/ -

B 4 KF EmA R 2 5 1057 JE 000
Scheme 4 Copper-mediated fluorination of aryl borons with KF
SF & PET AR BB ) — U MEbrid o &, i
BF FRic A A A 852 19 P Y5, Gouverneur i

1220 http://sioc-journal.cn/

© 2016 Chinese Chemical Society & SIOC, CAS

FAHIZE B3R TAR G AR AR R R T — B S0 N Ak
2, AR R A B 3 T [ FIKF/Ky, 1E NI,
i F I, R S F R T R
NES B, 2k 2R R TR DA ST R, A4S R N AR
20 min PUERICR]SE R RIS, R Fh B 1 75 Ll
TR 20 AR LA IR AP 8 & M (Bq. 1), BEAF,
Sanford 25U SZE 1 400G — 55 5 R BRI ) S 5
AN F i

BOR),  Cu(OTf)(py)s 18
X ["®FIKF/Kyz, N ;
R4 ~ R M
=

DMF /

X E AR RN 2013 SRR JE T — BRI T W
5 ) B AT By 1 ] e A o R AR DY R 1 R A SR A R RE
(Scheme 5). fEZME R T, BATSRECAL RE /7 (A ILIE T 7]
B AT B0 RS e ) TR AR ), A0 32 46 8 Al 0 e — L
. B, =44 oA ArCu"Br 5 AgF KA B
A S S I T R AT B S AL ).

| @
N N b
2 Cu! 2 \\C W AGF
Br U\B i
r AgBr
X
N L Reductive |
7 \\C/”' Elimination N
u\F — F

B 5 b S Ll B R SR A A

Scheme 5 Pyridine-assisted ipso-fluorination of ArBr

2 ASEEHASSHHRERENARRE R

JAE IR T 1 AR RE AR A M) g o e, (ELAH b B
PR BRI, BRKIAS 2 Z A TE T S A 0 23T Tl
B A RE R AE RN, T HRTE F RN, &l
TERRRE, AN EEE0E R N D& 19 245
KEEE, G T4 N ER g 1, @i i
) g T — S B (P I S A T SR P

Sanford LLJ% Ritter V@ TE = id ¥ & 8 %L
PR R E I R Y BRI 9T AR T R DTk, Sk Ak
S HEA S PR TS EROEE T, 2008 4F, it
WAl Ak 3 %Lk, Sanford S 3] T
ATPA(IV)F H[ifh 4, I HASH| 7B R RARLE . MHIXm
AHERTE XeF, MIZAE T RN AR RS2 S
(Scheme 6), HER] T MfSEE 7 1 DU AR SR M0 2.

Chin. J. Org. Chem. 2016, 36, 1218~1228



Chinese Journal of Organic Chemistry

REVIEW

t-Bu ~ F
| _N Q t-Bu
“pd 3 equiv. XeF, | >
= N/ \F - \Pd‘F
£Bu— X ! 70 °C, 2.5 min = N/I N
tBu F
H/
3 E-
4
XEFQ
3m4———ﬂ'F%C>—F+Fﬁ€DF4i>4
CgHsNO,
Major Minor

ElR 6 ArPd(IV)F (4)f) C—F Bk JF i R
Scheme 6 C—F reductive elimination of ArPd(IV)F (4)
2008 4F Ritter PR ZH PO ERT 51 75 BRI AL & 1) R
B gAL S BB AT 2 TR ArPAIV)F HralE 6, [F]
A2 v ) A 28 5 30 i I I o e A5 B AH 2 1) AL 7
¥ 7 (Scheme 7).

o
\\
S N\
N/ \\O N02 /S—O N02 )
/N _\ Selectfluor \ +N F BF,
_ N TRA=N T / N7Pd<N/
9@ . L|
JXng
50 °C
o Me4NF-4H,0 94%
\\S
\O NO,

N ’
N Pd\N/ DMSO 150 °C
97%

B 7 ArPd(IV)F (6)/) C—F Haik JF i B
Scheme 7 C—F reductive elimination of ArPd(IV)F (6)

2012 4F, Ritter PR PIE e Y EAR S 55 5
MR AL A N G, N5 T M8 S 5 1RK

pre-functionalization [TM)/ligand

R—X — [R— M— F]

——> [R— M™2— F]

Reductive elimination

DI IAL. BRI E AN A 8 SRR
#h 9 RAET A B R NAFE] LN Ar HialfA 10, 1% E]
PR DAIBER] 73 25 9 Be % R Mot A7, B 5 1% (R AR 1E =
WA A TR R 2 1R R AR S A AL SV (Scheme 8).

Lo~
>N | Br Q pyrldlne
N \\

O NO;
(e}
S
18
'T'/S\\o NO 1
i~ 2 "F (aq)
= N’NI py e R#\
o |y \ oxidation A
R
10
Isolated & Stable

BX 8 HSS5Hm LS

Scheme 8 Ni-mediated fluorination with aqueous '*F source

I 7B DL A aod Y < R A ) I TR B S
N - 45 A Tl S B T A 1 e A s AT 3R, ] A ) v
i 3o 90 <5 A A I ST UL A 708 A 2 ok S BRE U A A
B R DB AR S BT AN TR AT LI I PR 2%
FEARSEIL: (1) 2 RE BRI, SRR S B R,
[ P 0 R A 7R, e e 3 9B < e e 1) A P LA T
R FE AN 4B B ALY RM"F, Bl G R A IS R kRS
BUFALT= M, Q) A RAR R O R TR, A
BN A AT B = i L S h (A, R T
AR R, AR KA R E B
(Scheme 9). HARFEMIAZ, BT HE 7155 B &M,
ARSI E SR O RE C—F BIIEE R,
AR R, i B & M S 5 kA, B
BEAESE RS OLT, WERAIAEALF AR X SCHL A
FERC20 SR MR b4 T TR 2 S S T
e, MSEPR EAARA AR 2 IS R i . T T 4h
L SEAGBEAT LS5 A3 T

21 spERSEREL
Harmik, mEiEi B mmEiFr£.

Reductive elimination

R—F ! fpso C-X bond fluorination

R—F ! C-H bond fluorination

[TM)/[O]

Fr

BRI 9 oAt o Ay S e S e R AL LA
Scheme 9 ipso-fluorination vs. C—H bond fluorination
http://sioc-journal.cn/ 1221

Chin. J. Org. Chem. 2016, 36, 1218~1228 © 2016 Chinese Chemical Society & SIOC, CAS



BIHE

2006 £, Sanford AL S iR IE T AL Ak g 3
T 1A TR 26 2F T B S B E T B AL OB, ST
i Tk & ot ng 5 17 5 (DG I SR B AL BE 1 S5 e 8
BUTE 58 B R RO S AR ME MR B 22, AT 3 850t

— BRI AL, TR SRS R P A 2, 1R
M. BEAh, R R TR T PA(OAC), EALFIIE A 5 iE
B S EA R R B REAIRZ AR, %R
T A A e S B P LR A TR S LA T 1 TR
B Yu WA OR A T AR A I A E N
[ri) 5 (4]t S I 1 AT A ) Bk S BV Ak SR (Scheme 10).
1E# KM PA(OT), 1 9 R BT, & T LB
RIF=PIA R, SR T AR B A . Ak, %
TAE B B K DT MR AE T 8 UK v S 2 3 ) 2 [ 8 21 ik

BRI SR, AR P AE — R S R T DLk
— AT H.
Sanford 's work:
| X
H +N/ F
BF
| 4
N DG ¢ N DG
R —_— R
H Pd(OAc), ZNHF)
o microwave
DG: pyr_ldln_e; mixture of mono- &
quinoline difluorinated arenes
Yu's work:
AN
®
H N F

| ot~
NONHT F NONHT
R — Ry
H Pd(OTf); * 2H,0 ZNHF)

NMP (0.5 iv.
(05 equiv.) mixture of mono- &

difluorinated arenes

@/\ 86% @/\NH.” 85% CHO

65%
o @

BRI 10 50 i B SR S

Scheme 10 Early-stage directed C—H bond fluorination
PRIk, AR R B SEEIRE, RIS
M EEBCE AR A AL T BL, (EEL RIS A A8 H B B Y
AL G, BRI AR, ANE IR RS E,
Gy R —Be B ION, RV BV B AR PR AN s R,
FH T 9K 7 R 0 R R B A e S [, 5
SR M B RIE TR B, BT Rr iR
BIRATH RIS BUE R A B 5 BB A S

COOBu-t
COOBu-t

1222 http:/sioc-journal.cn/

© 2016 Chinese Chemical Society & SIOC, CAS

JEA B BT K AR XA B, R R A I B PR AR

2011 4F, Yu BREEAPR T R 01 A AR S
i FR) 2 R P A DR e, R At i S5 “ S A
(Weak Coordination) )4 sl B SEBL 7 e B 1 B AL,
SN 38 A P 2 G R AR 1 25 4 DA S T i Vs 77, SR FH 4
ST R R A 00 2R BRGNS, IR, 1531
84/4 I/ R AL FEVENC R, MEE NN H T 3 1 £ 4]
HA S5 RE ST IR R, 45 LI AR 8 L 3 4 B FR AL
P S AR BC AL AR, BABT (h Hodk— 28 R AR XA
RIS JE e O e RV A, AR = R R R e A K
A N, 2 BT Sanford B AEZH F ESERAEAE AMEAL
FUAS BT 3t G 7= A2 2 BRAGEL =), X B PA(OTH),-
(CH3CN), AF Al vl AR DR B 1 300 SV B 49 3
C—F1fiAJg C—OAc. 1E# WIS 1 B 5 gl b
BRI, S0 T RS AT R, A i S B
AR SRR T R R (Eq. 2).

H O
| AN F OoTf ~
[ = d(OTf), CH30N)4
R H
NMP mono
F
F
no reaction mono: 50%
R F R F
F F F F
mono: 78% mono: 84%
di: 1% di: 4%

A, A R A POVR AT B O R I R
FE U O AR S 11 3L A1, R M S B T N e AT e
Wk, LA PA(OAC), ML, NFSI VA7, L
I AR, S X e R e ) A R G Ak k7 e
BT Hh S BV I S AR B, X2 — AN AT AT )
SRR AP RAL AN FE(Eq. 3). 1T FLiZ AL =4 BE

J\rf (ipry, P OAc)leFSI
t-amyl- OH
N J\H/N(iPr)z 3
F(H)

Chin. J. Org. Chem. 2016, 36, 1218~1228



Chinese Journal of Organic Chemistry

REVIEW

A DL X i 2 R T S A A5 81 o A 2 i g s R
(IR, o mT DAE SN . PP IR Y AP g 2% A S i
AP BI04 T 5 2 T Ee.
YFPHEREAPIE 2013 SFIRIE T —BISEAAT
I PR AR A7 B SR A SUBE. TR T — RGBT A 5 Ak
IR, 0 %R R ST T R T s R I S ) 5 A DA B itk
B, ZRFEIEME DL K MRy G B ], R S T
FLARAL B I B AL SR S (Eq. 4). VR RN, A Z %
EE I a0 CTE - Ei EER S AE A g (i R AR G 1B
Bk, nrRER T HMEZ RMERES TRE T 54
JEFIECALBE F7, AT S I R e I B AL SR . A R
BN =8 LT LR A R B AT, S BRATH
PA(TFA), f8# Pd(OAc), 3 AN TFA BRI, [FFER]
DAAS B B S =4, DR B S 5 SRR T 11 1
P = 9 SR e A ARG B 1 52 RS ) T (2 A
. Bt RE R RMNEH T PdID) E
PA(IV)H [AIA, I J5 3 SR BR A3 2 = P i AL R A

H Pd(OAG), (10 mol%)

N-Het
N N-Het NFSI (1.5 equiv.) = | @
S | TFA (2.0 equiv.) R/\
. . monofluorinated
N-Het : quinoxaline, oxazole, selectivity

pyrazine, pyrazole

F NO, F o
vondi e
N” N7

58% 78%
E F
N
— —
N
75% 77%

64% 76%

F
F
N jI\>
@[\ N\ S
o U
N
F

569
55% &

BEJSTE 2014 4F, SR URAEA PR T DAERE
N ) R AT SR AL B S AL (Eq. 5), B2 R &
AT TE. BRI 13- 28 FEmE A Dy —Fif
RA B AR, 2 AR B Tk iR C—
H BB IR G S, %R EL PA(PPhy), AL

Chin. J. Org. Chem. 2016, 36, 1218~1228

© 2016 Chinese Chemical Society & SIOC, CAS

7, N-SRARRCRTE R e 7 o A7, L-F RN
Bifk, 205 PAID/PAAV)HEAIEIAIEFE, 1 HEN L-FH
FURRAE A #18  [) A SE AR I A5 21 DY A 40 v T 44 1 i
TR T O ER.

N = R® pg(PPhy),, L-proline
R D Pt 3)a, LD
L \_/
S NFSI, cyclohexane
H
N _/R2
N
S
F

2015 4, Roger MR PHRAE T — 151 LA F5 FEME My
S B E s S AL N (Eq. 6), % KNS
(DFT)iHEAATERH T —F 545 PAAL/PA(IV)HE &
AFIRIHLEE, AR NFSI 5 PR 4L AP (10) i pk 43 21 Hh ]
PR 11, TR RN LT, I B A 2 A R )
NFSI, AN T — 2 FEIE. Y75, MR
RN BB R B R . 4 AL A 1S
W HL IR 2 45 FL T R A AN IO, (H2 5 AL HUR
YA R g A BEL D PRI A R, 17 3 A AR gk ek A
MRAB G TR A R, AR

R/ \ R I\
TN TN
N Pd(OAG),, NFSI N’ 6
2
R\@/H PhCF, R? F
N(SOPh);
—
4N
Ne. TN NP WNCH
\@ \OAc
11

NCH = 2-(1H-pyrazol-1-yl)benzonitrile

2014 4E, VFPHE R B PORE T — IR IR £ e it
R R 38 P e S L S NL(Bq. 7). TEAE AL B AN R
A AFIAERZMET, AR PR =
T SONE IR R B REISURI HEAT, 3 243 v I ST R U g
IR M A B SR AL = . AN [F] B RS R A X s N AR LA
—EMRHEER, AR, B 5 13 1R ER A KA i
TFIIZCE. 10 mol%F) PA(NO3),*2H,0 1F A 2 A4 71,
TEANIINASER 5 1) 26 F AT LIA3 315 Pdy(dba)s-KNO;
A RIS SR, AEF AR 2R Hh il R AR 5 4]
IAFLE 5 4 JB AT R AT 2B 155 FL RS AR ) R [PA(NOS)] B
BT AL, BT ERR 2, BT R AR
85252, PTREAD ] 7 — 52 (A {2 2t fk 9ot B 0 DI ¥ e
FIVE B, 4k, ESI-MS I '°F NMR 2546 45 52
RN HREZ T PAD/PAAV)HEALTE IR LS. (1512

http://sioc-journal.cn/ 1223



BIHE

(2, BRBAMUE H T 05 HE 1 HIEH TR sp” BREA
BRI AL, H OB B FR I S 2 A TR T DA 2
AT, TR R IE 1 T 1 B B O AR sp” BB B
s IR S

Pd (10 mol%)
NFSI (2.0 equiv.)

NO5" (30 mol%)

—_— H

H Nl/\

close tor.t.
E ;NOMe E ;NOMe E éNOMe E ;NOMe
COOMe 0=S=0
(25 °C; 80%) (40 °C; 81%) (40 °C; 82%) (50 °C; 79%)
NOMe
NOMe %Nonvle %iom
(70°C; 82%) (25 °C; 86%) (40 °C; 73%) (40 °C; 82%)
{ ;NOMe ENOMe NOMe KTME}
40 OC 83% 70 OC 71 o/) (25 OC 73% (25 OC; 69%)
NOMe _~_ NOMe NOMe
F
OKKF M/irF
Ph Ph
MeO

(25 °C; 78%) (25°C; 75%) (25 °C; 73%)

BEJSTE 2015 4F, ZEA P SURIE T —FI2RBL
BV AL IR MR U B AL S S (Scheme 11), 7E1%)%
NEAR, 2-57 SR P SRR TR KA AR s RE I AR
T EE S 1] A A RCAL RE A0, 845 < AEAE SR L
S 7 J e B If i A JER A2 F A 25, 38 S i o P AL,
M SRAFIEFEE R S AL ™. 5 —J5 i, BT AR T
PRI AE e — R _EiEAL 10538 BB, IR
i S B 9 A DA R T o 0 S B e 22l 12 B
W, RIS SEIL T 2-07 FALHERAT A 12 1))5 Y]
PR AL, EERAT AR 12 AEA 250U W, SEBL
KBRS 1 7 1 AT B B R B
S F A T AN 52 73 1K) JEC Al 6 AT 0 30 Ak 245 A L A

LA AR BT AR RN AME. (g T
epr— A i A PR B 57 P 98G5 1 (Diflunican) £ 9 i
SR P SR WAL RN, R I T A I AR
S —REERFRER, BAEZERT, RBAK
AL RENE B T [ 107 SR B, IR ER IR

1224 http:/sioc-journal.cn/

© 2016 Chinese Chemical Society & SIOC, CAS

PIAS SRR B e, M U R O e 77 58 T I e S
THIRCALRE S, FIk, J7 R0 ERRESE UL NE AR

BB A Sy O R AL T4

=

Q

NS

|nstallat|on of o N
fj g

(1) [Pd)/NFSI
_—
(2) remove of DG

COOR?
Pd(dba),, NFS

o
ANy NP EtoAc, 80~ 110°c R c N

12
H F H F
H : H c
o 0 Pd(dba), (10 mol%) o Q
Ej%j:ﬂ\m NFSI (20 equiv) (YN
F 9 F
o KNO3 (30 mol%) N o
Ha\<IHb EtOAG/110 °C F\©:Hb
CF, (yield: 75%) CF,

Diflufenican F-Diflufenican

B 11 KRR R BR A RR AL
Scheme 11 C—H fluorination of phenols and nicotinates
DA R FH AR 0 A2 g0 L kR AR g ik S B A 1) 9,
T BB A A R BT T M B 4. 2013 4F, Dau-
gulis PR RIE T w5 51040 0 10 1 5 1 e S T A i
I M(Eq. 8). TERXANIFEITE R AR, R H A H
8- M IR DR 4 () 4 F R I A D N =000 T A 3 )
Hl, H&BmrEmas), s RIEwIE, £54050 N-F
FE-N-SF AL T IR A7 AE B 56 AR, TSR T e B
B B A, 30T R R A 2R v A 1R A S A Y
USRS R, w5 s B, ER 1R
&, AR FXS T8 B A (N g W AT i 45 )t B A R
B PRl S VA S LA
22 sp-HRERMAL
HHELH sp” B S B A Ak SORE, oF sp? Bk VR I e %
M B B SRR A S S T . SR A 2 i i < )
PO AuPRT Pl O o e o 1) 4k 1 S A JRUAK S 5
W&, Bl ST B SR W A B b B R A
C(sp’)—F HIE JE I B vl LA B AR Se 2, H I AR 1Y
HEACIEIA — B XME LA ST, il i e ke BoR, AT
WG], SR S SRR E sp BEEE TS
AT A LI AR IR A7 ROT V2.
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Cul (10 ~ 30 mol%)
AgF (3.5 ~ 6.0 equiv.)
NMO (4.5 ~ 8.0 equiv.)
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Figure 3 Benzylic C—H fluorination
PEREERE, TR LRI R R 1287 S
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B S B 1 B 2 H B v ] 4 -V Bk DA 3 T 7
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EJFH B R T AR EE AL (Eq. 9).
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BRI R O HBARE TR FRRA sp’ R IRAL
B2, R B A B A, AT Fe(OAc), Al
AgZCOM’EjJJiT“ﬁjJH?‘J, [FIREERAS 1AV (10 S BLRICR.

NPhth 2BF4
H H

NPhth
M /\ <

R Cl  Pd(OAc), R : N

g SPIP + _ > ~

“” g PIP
H>/H\([)]/ [ NJ g

FH O
Selectﬂuor
X

PIP-NHy: ||
N

NH,
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Scheme 12 Bidentate auxiliary-directed sp’>-C—H bond fluori-
nation
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B T A S F AR, Pd LAY 2-2K I R
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Scheme 13 Monofluorination of pyridine by AgF,
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Scheme 14 Mn-catalyzed sp*-C—H fluorination
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