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Strategies for Selective Aromatic

C-H Bond Activation
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The Transient Directing Groups Strategy
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The Steric Hindrance Strategy
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The Electronic Effect Strategy
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The prevalence of para-arylated fluorobenzene
moiety in biologically important compounds
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Regioselective C-H Functionalization of Monofluorobenzenes
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Dimeric
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Introduction

This Work: Dinuclear Gold-Catalyzed

para-C-H Arylation of Fluoroarenes
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Optimization of Arylation Reaction

F
F T™S
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Optimization of Arylation Reaction

Entry? Variatuon (s) YieldP r.r.c
1 None 83% 93:7
2 DCE instead of C4F4 88% 80:20
3 3b instead of 3a 76% 87:13
4 3c instead of 3a 68% 86:14
5 3d instead of 3a 67% 87 :13
6 Without 3a NR ND
7 Without PhI(OAc), NR ND
8 Without CSA NR ND
9 Without HFIP NR ND

aReaction conditions: 3a (5 mol%), 1a (2 equiv.), 2a (0.2 mmol, 1.0 equiv.), PhI(OAc), (1.3 equiv.), CSA (1.5
equiv.), HFIP (2 equiv.), C4F4 (0.3 mL), rt, 12h. Pisolated yield. °The regioisomeric ratio (para vs. ortho) was
determined by GC-MS prior to purification.
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Substrate Scope

™S 3a (5 mol%) O

Y

OMs HFIP (2.0 equiv.)
H C6F61 r.t.

1 (1.2 equiv.) 2a 5-38

OMs

| RN PhI(OAc), (1.3 equiv.)
O — * CSA (1.5 equiv.) F O O

Fluoroaromatics Scope
F H F F
R H OMe
OH Me OAc
Ar Ar Ar Ar Ar

5: R = Me, 83% (95:5) 7:70% (93:7) 8: 65% (94:6) 9: 51% (94:6) 10: 70% (94:6)
6: R = Et, 80% (94:6)

F F F F F (0]
Me OAc
COOEt NHPI
(0]
Ar Ar Ar Ar Ar

12: 51% (93:7) 13: 65% (95:5) 14: 68% (94:6) 15: 93% (>95:5) 16: 59% (93:7)
F F F F F
Me Me Me F Me
o]
OAc OH OMe OMe Me
Ar Ar Ar Ar Ar
18: 79% (95:5) 19: 84% (94:6) 20: 49% (>95:5) 21: 55% (>95:5) 22: 94% (>95:5)

F
©/\0Me
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11: 68% (94:6)

F
OAc
Ar
17: 65% (93:7)
F
Me
F
Ar

23: 52% (>95:5)
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Substrate Scope

Fluoroaromatics Scope

Ar
24: Ar' = 4-F-Ph, 72% (93:7)  26:n =0, 71% (>95:5) 28: 45% (92:8) 29: 44% (93:7) 30: 75% (92:8)
25: Ar' = 4-Br-Ph, 75% (91:9) 27:n =1, 53% (>95:5) Ra:Rg >95:5 Ra:Rg >95:5 Ra:Rg =90:10
F F
CF 0
O 3 CF3
Ar Ar
31: 44% (93:7) 32: 67% (>95:5) 33: 50% (94:6) 34: 69% (94:6)
Ra:Rg = 95:5 Ra:Rg = 92:8 RaRg >95:5 Ra:Rg > 95:5
Cl Cl
F o] Me F 0 F F
0 0
0 (0]
o) o)
Ar Ar Ar Ar
35: 62% (93:7) 36: 43% (92:8) 37: 56% (94:6) 38: 53% (93:7)
Ra:Rp = 92:8 Ra:Rg = 95:5 RaRg > 95:5 Ra:Rg > 95:5

Isolated yields are given and the regioisomeric ratio (r.r.) of para-site of fluorine atoms versus other sites (e.g., ortho-site of fluorine
atoms and ortho, para-site of other substituent) is given in parentheses. The regioisomeric ratio between two arenes is given as Ra:Rg .
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Substrate Scope
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Arylsilanes Scope

\j

2b: R = H, 62% (98:2)
2c¢: R = Br, 81% (98:2)
2d: R = F, 75% (97:3)
2e:R =1, 65% (98:2)
2f: R = OTf, 70% (98:2)

2k: R = NO,, 49% (>95:5) COMe

2I: R = Ac, 71% (95:5)
2m: R = COPh, 85% (>95:5) 2r: 74% (>95:5)
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COZMe
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Substrate Scope

Arylgermanes Scope
GeEt3 GeEt3
/©/GeEt3 /©/GeEt3 : _GeEty ©/
Cl TsO MsO
F Cl
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2ff: 89% (>95:5) 2gg: 92% (>95:5) 2hh: 88% (>95:5) 2ii: 33% (91:9) 2jj: 37% (89:11)
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Br Cl Br Cl Me Cl

F F Cl Me
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Substrate Scope

o)

mono-substituted arene
(1.2 equiv.)

3a (5 mol%)

PhI(OAc),/CSA
HFIP, CgF, rt.

77% (95:5)

selective C-H arylation
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SER
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Substituted Arenes Scope

POy "0

76: 72% (90:10) 77: 78% (95:5) 78: 76% (96:4) 79: 82% (94:6)

“EAtF MeoF EtoF F
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F F
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Scale-up Reactions and Synthetic Application

Scale-up Reactions
(0]
(@) F (0]
F o ™S 3a (5 mol%) N
N PhI(OAc), (1.3 equiv.) o~
" >
0 + CSA (1.5 equiv.) 0
O OMs HFIP (2.0 equiv.)
CoFe, Ar, 25°C, 24 h
H 16, 1.06 g, 55% (94:6 r.r.)
1.2 equiv. 4 mmol
OMs
F (0]
F o) TMS
1. standard conditions OMe
OH + -
2. esterification
Br
H 88,1.2149,72% (92:8 r.r.)
1.2 equiv. 5 mmol
Br
Synthetic Application
F (0]
F O
F O
OMe
O OMe Pd(OAc),, NiCly(PPhs), OMe Pd(PPh)s, KoCO O
3)4, N2 3
ithyl acrylate, K,CO3, TBABr (4-fluorophenyl)boronic acid
N-methyl-2- lid >
me 1 go - pr:r;r'] one Toluene/EtOH/H ,0
‘ ’ 110 °C, 12 h
Z > cooEt O
Br
89, 63% 88 90, 72% F

20



Experimental Mechanistic Studies
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Experimental Mechanistic Studies

Unflipped Ph-Au(lll)-Au(l)

Optimized Geometries of Flipped and
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Fukui Function (f-) for C¢HsF

Steric Maps of Au(lll) Centers in

Flipped and Unflipped
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Proposed Mechanism

Proposed Mechanism

PhI(OAc), + CSA Phy Ph
(OAc), Ph—IID/\T/—Ph \\
X-Au'----Au''—X Ph
| | v ~_Ph
Ph Ph X X Ph—FI’ IID—Ph
™ Npl 91 T |
Ph '|° '|D PR bnl + HOAG XX"?U ?u
3a Au®----Au X X
| |
X X 92
F
ROH Ar—TMS
X =CSA or OTs or OAc ROTMS
Ar Ph_ Ph
/
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Summary

Dinuclear Gold-Catalyzed

FG = R3Si, R3Ge

2% 87 Examples, broad
substrate scope
~*, Good regioselectivity

para-C-H Arylation of Fluoroarenes

O | x
o
—~ | X
Y
Oa O

High para-selectivity

2*  Solid mechanistic study

**. Importent to develop di and poly-

nuclear transition metal catalysis

24



Writing Strategy

O The First Paragraph

Importance of direct
activation of C-H bonds

Limitations of
current strategies

Challenge

v Direct activation of C-H bonds in aromatic

hydrocarbons can result in a powerful C-C bond
formation strategy, thus endowing arenes with
diversification possibilities for new functions.

Although strategies based on directing groups
and steric hindrance have been successful, they
require additional steps to install directing
groups or sterically bulky groups into arene
skeletons before C-H activation, thus compro-
mising the reaction economy.

However, achieving para-C-H selective arylation
of monofluoroarenes remains highly challenging
because fluorine atom has a small van der
Waals radius (1.47 A) and high electronegativity
(~3.98).
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Writing Strategy

O The Last Paragraph

Summary
of this work

Advantages of
the current method

Outlook
of this work

v In summary, we have developed a robust gold-

catalyzed para-C-H selective arylation strategy
of undirected monofluoroarenes with bench-
stable aryl silanes and germanes.

v’ Features of this protocol include broad

substrate scope, excellent functional group
compatibility, and simple operation under room
temperature ... also competent coupling
partners for gold-catalyzed selective arylation.

Its success would stimulate more attention to
develop di- and poly-nuclear transition metal
catalysis to address the challenging selectivity
issues in organic chemistry.
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Representative Examples

In general, the introduction of deactivating groups and weakly
activating groups on the aryl rings hardly influence the regioselectivity,
and the para-C-H site on monofluoroaryl moiety is still the
predominant reaction site. (F2#Y)

To our delight, when methanol was used to replace HFIP, this side
reaction can be suppressed and the desired para-arylation products
were successfully obtained with high selectivity. (#[5!)

This implies a possible noncovalent interaction between 1-fluoro-
naphthalene and C.F,, which substantially raises the melting point to
49.1-50.5 °C. (tHZ % ih)
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for your attention
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