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» Importance of F & CF; compounds

» Traditional ways to introduce F & CF,

» How nature introduce F & CF,

TM-Med./Cat. Fluorination

» Cu-mediated C-F formation
» Pd-catalyzed C-F formation
» Ag-catalyzed C-F formation

TM-Med./Cat. CF.lation

» Cu-mediated C-F formation
» Pd-catalyzed C-F formation

Ref: [1] Furuya, T.; Kamlet, A. S.; Ritter, T. Nature, 2011, 473, 470.
[2] Qing, F. L. Chin. J. Org. Chem. 2012, 32, 815.
[3] Tomashenko, O. A.; Grushin, V. V. Chem. Rev. 2011, 111, 4475.
[4] Grushin, V. V. Acc. Chem. Res. 2010, 43, 160.

[5] Furuya, T.; Kuttruff, C. A.; Ritter, T. Curr. Opin. Drug Discov. Dev.

2008, 11, 803.
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Why are fluorination & trifluoromethylation important S
X
2011 top prescription drugs jZ>
-
#10 #30 ( + O
=
OH OH O S
o Q0
OH —
| 2
Me j)\ N/ $
= (=
@)
0 E )
Lipitor Crestor @ ~ Seretide @)
$5.55 billion Astrazeneca $6.65 billion GlaxosmithKiine - ¢8 billion <
m
blood cholesterol lowering high cholesterol & asthma & chronic obstructive :_I:|
cardiovascular disease pulmonary disease =<
#6 #74 #103 S
F =
@)
=2

2\ NH, O
N\ 3 N
Q ol : T

F N/
R

. Prozac HN 242y  Celebrex e MERCK Januvia |

depressant

anti-inflammatory type Il diabete inhibitor
& joint pain

Increased i) Lipophilicity ii) Metabolically stablity
iii) Bioavailablity iv) Low friction coefficiency v) r
l l H-bonding vi) Interaction with target protein comtoso
= | i \ %
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Application of F-containing in material and bio-imaging

Positron
Emission

Tomography :

Republic of the Philippi |]
k Department of National Defense
| GOVERNMENT ARSENAL '

50 CYGS

18F
['8FIFDG oH

Millions of PET scans
Half Life of F18=109.771 mins/1.8 hrs

contoso

Patterson, J. C. Il; Mosley, M. L. Mol. Imaging Biol. 2005, 7, 197. 2
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Taditional ways to form C-F bond

Nucleophilic Fluorination----Halex process

o .
Cl cl
W KF, CNC, sulfolane FWF
No N 16 h, 200-220 °C No N
~ 66-80% NS

(a) Adams, D. J.; Clark, J. H. Chem. Soc. Rev. 1999, 28, 225. (b) Horwitz, J.
P.; Tomson, A. J. J. Org. Chem. 1961, 26, 3392.

Electrophilic Fluorination

]
MgCI-LiCl N F
N g PhO,S” S0P _ (j/
o > o
KX/ CH,Cly—perfluorodecalin \X/
(4:1)
X = CH, heteroatom 25°C,2h
Yamada, S.; Gavryushin, A.; Knochel, P. Angew. Chem. Int. Ed. 2010, 49, 2215.

Balz-Schiemann reaction

®
NH; N2 ® F
HBF, ©/ Aor hv © \ (j/
BF
NaNO, ot —No FscBa—F %

Balz, G.; Schiemann, G. Ber. Dtsch. Chem. Ges. 1927, 60, 1186.

(high-boiling solvent)

CNC:
sulfolane: Me
MesN GCI \N
0 2
/
X =< ]
A\ ®
O MegN /N
Me

(phase-transfer catalyst)

ONa O

12
N > OEt
7  F 63% (ee = 70%) F

/7 \\

o

Davis, F. A.; Zhou, P.etc J. Org. Chem. 1998, 63, 2273.

Summary

i) still important for industry

ii) harsh conditions (pyrolysis)

iii) limited substrates

iv) early stage introduction M >
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Taditional ways to form C-CF; bond

Swarts reaction (1892)

CCly CF,

0
HF, SbF HF, SF,4 i
. © <A on - X

Electrophilic Fluorination

0
HF-Py MN -
O. _SMe DBH OCF N/ =
O e
S CH,Cl,
Br Br DBH

P. Kirsch, Modern Fluoroorganic Applications, Wiley-VCH, Weinheim 2004.
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. Tl
Nature’s way to introduce Cl vs. F -
o
P
How haloperoxidase function >
His404 His404 g
| | His404 Qo
O H . O H _HO o -
v (i) v & (ii) V_0O =
O 0-0_ o N0 5
N O O + “H O &
O
His404 His404 His404 2
O ®) Cl o
(i) o}V(o W) L : 0 T
> ~0 > o \V v) v, C =
"o %O %o 5
“H — N g N / =
His404 His404 O
(vi) O HOCI . o H

Littlechild, J. Curr. Opin. Drug Discov. Dev. 1999, 3, 28.




Nature’s way to introduce F

How fluoperoxidase function

Arg 570 Ser 269

Asp 21 O R

\

Ser 2)

‘\”“\”..H H/\\/

Phe 156
’r‘-f Me

No H- bondsS+
to ring “\_
oxygen

N-adenine

L

Phe 254

A
H
NSer158/ HH H
@) TN lyrv
YL
T, Ojo
Asp 16

Dong, C. etc Nature, 2004, 427, 561.
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TM-Med./Cat. Fluorination

» Cu-mediated C-F formation
» Pd-catalyzed C-F formation
» Ag-catalyzed C-F formation

TM-Med./Cat. CF.lation

Ref: [1] Furuya, T.; Kamlet, A. S.; Ritter, T. Nature, 2011, 473, 470.
[2] Qing, F. L. Chin. J. Org. Chem. 2012, 32, 815.
[3] Tomashenko, O. A.; Grushin, V. V. Chem. Rev. 2011, 111, 4475.
[4] Grushin, V. V. Acc. Chem. Res. 2010, 43, 160.

[5] Furuya, T.; Kuttruff, C. A.; Ritter, T. Curr. Opin. Drug Discov. Dev.

2008, 11, 803.
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Challenges for Metal catalyzed C-F bond formation

Challenges of TM-cat. C-F bond formtion

a M: transition metal, L: ligand ] o
Ease of C-Y reductive elimination

b
/@ @ /@ cCC > C-N > C-O0 > OC-F
Y ﬂ

Early development Recent development
(since 1960s) (2000s)
1. Oxidative | >
addition Increasing difficulty in
Pd-catalysed C-Y cross-coupling

elimination Summary

t
@ ] 3. Reductive

i) C-F bond is the strongest single bond.
ii) F is the most electron nagetive.
iii) M-F bond is highly polarised & strong.
iv) F forms H-bonding with OH, NH & amide.

The strongest single C-F bond is thermo-
dynamically favored, while reductive
elimination is kinetically slow. A thermo-

dynamically feasible but kinetically challenging
reaction can be addressed ideally by catalysis.
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First catalytic C-F bond formation (2002)

M-F, + C-H ——> M-F,, + C—F + HF Eq. 1

Hypothesis
M-Fy., + 0.5 0O+ 2HF —— M-F, + H,O Eq. 2

Which metal fluoride salts

Table 1. Oxidation-reduction potential for metals in various oxidation states. In the group with reduction
potential £° > 1, the fluorides are strong oxidants and can be recycled with elemental fluorine. For the
group with £° in the range 1 > E° > 0, the fluorides are moderate oxidants and can be recycled with HF
and O, For the group with £° < 0O, the fluorides are inert toward C—H bonds. (E°, reduction potential =
0.0 for 2H™ + 2~ & H,)
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EC > 1 1>E°>0 E° <O
Co3t + e & Co?t Cu?t 4+ 2e~ & Cu Zn’t + 2e- & Zn°
Aget +e7 S Ag't Ag't + e S Ag° Mg?* + 2e~ & Mg°
Pb4t + 2e~ & Pb?H Te*™ + 4~ & Te® AT 4+ 3e~ S Al°
Ce*" +e7 & Ce?* Hg?" + 2e~ & Hg° Co?* + 2e~ & Co°

Catalytic process
~ o
CUF2 + @ 450~550 C: QF + HF + Cuo Summary

i) Limited substrate scope: PhF, TolF.

ii) Low regioselectivity.

0.5 400° cadn o ae

< 9, (400°C) iii) High temperature. -~
H20 HF Subramanian, M. A.; Manzer, L. E. Science, 2002, 297, 1665. \'./<




First Pd catalyzed C-F bond formation (Sanford,

a
g
N
F 2 Pd'(OAC),
F* source

10 mol% Pd(OAc),

microwave (300 W)

O
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150 °C |
R = 0-Me, 0-OMe, | e L
' R
| Pd'(OAC), é"
: F* source F S|0W F o '/ PR
Product Yield (%) Product Yield (%) | N \
CFj |
— — ! slow second cyclopalladation
75 / 52 . due to the sterics
W \
N N
F
F Summary
CO,Et MeQ
— — i) the first Pd-catalyzed C-F bond formation.
\ 67 \ 33 ii) harsh conditions still needed. (Microwave)
N - N iii) blocking groups to avoid difluorination.
F
Hull, K. L.; Anani, W. Q.; Sanford, M. S. J. Am. Chem. Soc. 2006, 128, 7134. Lo ‘A
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Attempted mechanism study, but not conclusive

T e
=N (3.0 equiv)
Pd_ >
=N F 90 °C, 1 h
x 16
57%
XeFs F
(3.0 equiv)
70 °C
2.5 min
l ~
38% | /N\PC;V/F
__ IN/ | \F
~ F
“HF
17

Ball, N. D.; Sanford, M. S. J. Am. Chem. Soc. 2009, 131, 3796.

A
oxidant
(3.0 equiv)
80 °C
2h
oxidant
Xng 92%
NBS >95%

FN(SO2Ph), 83%

0O
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Follow up work by Yu group (2009)

F* source:
NHTf Pd'(OTf),-2H,0 (10 mol%) NHTf
F* source (1.5-3.0 equw
7~
R NMP (0.5 equiv) R—
NN o
DCE, 120 °C F OTf
12 ©

1. Mel 2. NaH
y 2. LiAIH, 3. HCI, H,0 F
R—— | \ NHTf R— |
N X
~_F
R__
N3 N
E 13
Z | 1. THO ;Lf 9
~ 2. NaNg a
Summary

i) NMP is essential for the fluorination.
ii) blocking groups still remained.
iii) derivatization of DG is versatile.

Wang, X.; Mei, T.-S.; Yu, J.-Q. J. Am. Chem. Soc. 2009, 131, 7520. \-/4

: Product Yield (%) Product Yield (%)
1

1

1 F3C

| NHTF \CE\NHTf
1

: F F

1 OMe

1

1

1

1

1

Br
| X ONHTE 60 \©f\NHTf
Z F

L = coordinating
group

electrophilic

fluorination cyclopalladation
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Pd-catalyzed fluorination of ArB(OH), by Ritter (2008)

/—Cl

C) [N@
N-p-Ns
N_F,| 4y (F TEDA BF4 _()/ [Pd'"]
N/

MeCN
2 50 °C 23a-h

Product Yield (%) Product Yield (%)
PhI=N-p-Ns =
pyridine O N-p-Ns 79 61
78% | I
N—Pd—py t-Bu
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/
|\ & 19 23a
AgOAc F 46 3
89%
O MeO
O v N S O 20 E 70 82
-p-Ns - O N-p-Ns
N / c‘—py B KoCOj3 N_-Pld— HO
“N MeOH-PhH N/ (|)A > 23¢
R c 60
Boc

X F 74
21 20
12 examples, 65-91%
H.NOC

Furuya, T.; Kaiser, H. M.; Ritter, T. Angew. Chem. Int. Ed. 2008, 47, 5993. contoso




Pd-catalyzed fluorination of ArB(OH), by Ritter (2008)

Furuya, T.; Benitez, D.; Tkatchouk,

pyridine
o PA(OAC), o Summary
% CH,CI X
,5\\ 2\l /S\\ NO
0 2 — . . .
P O NO, 99% N = BOH2  j) A Pd(IV) might be involved.
9 NTRATN, ii) couldn't observed by NMR.
OAc iii) reversible color change--yellow to orange.
2 3 ‘Bu
4
feo o, KeCOs,
- [ MeQOH/
F [/I%J 2BF, N/ o NO: benzene
| fu—
F 1 D
+Pd (I NRIENG 7 o so%
acetone, 50 °C
rBl,l 87%
Bu
Mechanism study ° o
Furuya, T.; Ritter, T. J. Am. Chem. Soc. 2008, 130, 10060. A"«‘;Tllgtlc ’Z?’-Qe
yeliow soli
(] “ i BF,|
- o 4 F /_ 3\
[/%\7 2BF, _ @TQ coc FONF | |,C
g _F 1 N Pd—N =S N /P’d N~
MeCN, 23 °C L/lll 94% from 8 OO Fa o
“o-Ns \S:i
9 observed 9 L-MeCN 10 O
by 'H, *C, L = MeLlN'_]
and '°F NMR NO-
MeyNF-4 H,O | 88% from 8 11
FE_> y YE NMR™: —169, -
XeFs, MeCN —N_Fjd_N pMso, 150°c & N 278 ppm: e p = 113
8 o 7" - 97% Hz; ZJC,F =63 Hz
58% F
“o-Ns
11 10 contoso

E.; Strom, A. E.; Tang, P.; Goddard, W. A. lIl.; Ritter, T. J. Am. Chem. Soc. 2010, 132, 3793. v e
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Ag-catalyzed C-F bond formation of ArB(OH), (Ritter 2009)

a) 1.0 equiv NaOH, MeOH,; /\CI B(OH)2 Transmetalation A9 Fluorination F
(OH).B 2.0 equiv AgOTf, 0 °C F _ - -
~ TR ’ \72 BF4 F NaOH, MeOH; F AgOTTf, acetone F
0,
X b) 1.05 equiv F-TEDA-BF, 1 AgOTF 2 F-TEDA-BF, (3)  85%. 4
3 A MS, acetone, 23 °C F'TEDA'BF4

1.0 equiv NaOH

QL F@ O QL Q) YRy
Rl ] Rl
F Ph \© OH By 1.05 equiv 3

F
F F
P T e F ©/

74%, 25 85%,26  65%, 27
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85%, 4 82%, 6 82%, 7 70%, 8° 82%, 9
) Me
R.B NaOH; F. ' M
F 2 ; i HO Me_,—Q -0
Q @ QL O e T e ke
N N H / Me / /
CO,Me CN CHO Boc 3 Boc ! HO 0 Me Meo
84%, 10 3%, 11 76%, 12 77%. 13P 71%, 14 28 21 | 28a97% 28b 81% 28c 70%
F. Me F ] .
Br NHAc CF;
C-H to C—F Transformation
73%, 15 77%, 16 86%, 17° 78%, 18 82%, 19
Me Ir-catalyzed Me Me
F Borylation NaOH; AgOTf;
A H B(OH), F
j l P> ref 19e 3
BOC N MeOzC MeO,C MeOZC
72%, 29
75%, 20 75%, 21 71%, 22° 75%, 23° 72%, 24°
“ Yields are given for isolated and purified compounds. If boiling points  One-pot Alkyne Hydrofiuorination
were too low to report accurate yields, the yield was determined by '°F __ HBpin x_Bpin| NaOH; AgOTf; ~UF
NMR (internal standard, see Supporting Information). Isolated yields and < > - ” ©/\/
yields determined by 'F NMR differed by less than 5%. ” 1.2 equiv of 30 3 3 76%. 25
NaOH and 3.0 equiv of AgOTf were used.
contoso

Furuya, T.; Ritter, T. Org. Lett. 2009, 11, 2860. A2



Ag-catalyzed C-F bond formation of Aryl Stannanes (Ritter 2009)

2
bOi? S 2 2.0 equiv Ag .
"BusSn F,N 2PFY 1.2 equiv F SnBus AQOTH P 1.2 equiv
R - R mg to gram . o . gl acetone. £
i 2
2.0 equiv AgOTf scale 659

acetone, 23 °C, 20 min 0.6 equiv 1.2 equiv
AgOTf [ ArA OT
0o, WL R E e
OMe Boc 2.0 equiv

% %, %, 9 9%, AQOTf 2
82%, 3 76%, 6 76% 81% Ar—SnBus I(ArAgI).(AgIOTf)]
F transmetazllation 20 oxidation
L, KEL 7@& ! pr—r
Ar—Ag'L, doct +
83%, 4 73%, 7 77%, 10 72%, requclive !
[Ag} i elimination 2 Ag
F F
OoH F AgOTf SnBu,
72%. 5 73%, 8 63%, 11 79%, ©/
Application in NP substrate Eeduct
eductive Transmetallation
elimination
i. triflation, 90%
ii. stannylation, 89%
ili. fluorination, 85% F
I
Ph—lAg"Ln (PhAg),,-(AgOTH),
[Ag"]
F Mo Oxidation
o3 i
Me © ﬁ\\lgm /Pcn
< . o IN J@PF 2 PF@
deaxy-flucro-s-tocopheral fluorocamptothecin demethoxy-fluoroguinine
(16), 63% yield (7), 70% yield (18), 73% vield contoso

Furuya, T.; Strom, A. E.; Ritter, T. J. Am. Chem. Soc. 2009, 131, 1662.\;/4‘k
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First Pd-catalyzed C-F formation back in 2007 (Yandulov)

(t-BuXPhos) O
Pt-Bu,

i-Pr i-Pr

C—F reductive
elimination
/ MesP—Pd- -F
Q AH 305 =
i, Fo 1,PMes 25.1 kcal/mol
I

Pd | —_—

no ”/F\ ”/Pt BU3 P
C—F bond -Pr

formation t- Bu3P
benzene benzgane
60 °C 60 °C

/
MesP”  F MesP—Pd—F

6 5
AH®5gg = —21.8 kcal/mol 0.0 kcal/mol\« ©

AGP®59g = —15.6 kcal/mol ca. 10%

C—P reductive LMesP~-"Pd—F

0O
T1
—
cC
o
=2
=
>
—
o
P
Q0
_I
=2
T
—
cC
®)
X
o
<
m
—
I
=
—
>
=
O
=

elimination . .
AH Jo5 = Proposed mechanism (Grushin 2007)
21.1 kecal/mol
: ®
N.Me N'Me 4 “ AH*298 Pt-Bup
|| RN = . .
Dl e —= [Cloorir | 520 g v,
Me 8 i Me i R= OMe 30.5 kcal/mol ‘ ®PR3 F
0.0 kcal/mol || Fo ||,Pt Bus LPr
_ - \ - >
t-BugP” benzene
60 °C
9
Me Me NO, NO2 NO-
N I N RN
E >—Pd—R > E >—Pd- -R C-P reductive nucleophilic
N’ \HF N "HE elimination aromatic substitution
Me B Me |
Grushin, V. V.; Marshall, W. J. Organometallics 2007, 26, 49
AGP®59g = —15.8 kcal/mol AG¥595 = 23.9 kcal/mol I

contoso
Yandulov, D. V.; Tran, N. T. J. Am. Chem. Soc. 2007, 129, 1342. v <




First Pd-catalyzed C-F formation from ArOTf (Buckwald 2009)

! [ OMe
P(t-Bu) MeO PR;
i-Pr [ i-Pr i-Pr l i-Pr

i-Pr i-Pr
tBuXPhos (1) BrettPhos (2, R = Cyclohexyl)
tBuBrettPhos (3, R = tBu)

6 mol% tBuBrettPhos (3)
2 mol% [(cinnamyl)PdCl],

X oTf (=4 mol% "Pd"), Pd:L =1:1.5 AN F
R@/ + CsF > R
Pz toluene, temp, 12 h =

R R
MeQ a MGQ b |Me R
~Pd L—Pd i
AN AN
Br

F
4 R=CF3 74% 6 15%
5 R=CN 70% 7 25%

L =2. 25 equiv. AgF, CH,Cl,, 25 °C, exclusion of light, 12 to 24 h.

b toluene, 100 °C, 2 h, yields determined by '°F NMR spectroscopy.

Me
: :F i F i F (Me)oN F
Ph  MeOC Me nBuO,C :

82% (2%) 83% (2%) 77% (1%) 10 mmol scale 84% (1%)%*

110 °C 110 °C 2mol% "Pd"  85% (n/o) CeHy2, 130 °C
80 °C 2 mol% "Pd"
80 °C, 24 h

m@c@

63% (2%)

80% (<1 %)
80 °C

2 mol% "Pd"
110°C

83% (2%
2 mol% "Pd"

110 °C 73% (n/o)

8 mol% "Pd"

F _ F F 110 °C
Me F
C T 0D " )
N N7 N7 N” > CFg N7

no\©/ F

57% (2%)*
10 mol% "Pd"
CgH4p, 130 °C

B
21 °° 22 23 24 25
73% (4%) 78% (2%) 75% (1%) 83% (<1%) 70% (nfo) contoso
110 °C 2 mol% "Pd" 110 °C 80 °C 10 mol‘Vg Pd
120 °C 110 °C -4
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Cul-mediated fluorination of Aryl iodide & Aryl boron ester (Hartwig 2012)

| (‘BUCN),CuOTf (3 equiv) .
R{j AGF (2equi) R{j Proposed mechanism

»Z DMF, 140 °C, 22 h
Ar

AgF
(‘BUCN),,Cu—OTf ad (tBUCN)nCU_l ——> (BUCN),Cu—F

O /@ D/ “F ) * otf ~Ad l oTf

2a, 74% (62%® 2b, R=Ph, 68% 2d, 57% 2e, 50% Ar—F +
2°’ R=Bn, 48% (‘BuCN)nCuF — 1/2 (Cu°+ CuF,) (tBuCN)nCu—OTf
Q : C[Me C[M Boron ester substrate
e
2f, 78% 2g, 68% 2h, 96% (87%)°  2i, 96%
F (tBUCN),CuOTf (2 equiv)
: [Me3pyF]PFg (3 equiv)
F c/©/ EtO c/©/ PhY©/ o) c/©/ RO/BP'" Agt@equv) R©/F
3 2 o H THF, 50 °C, 18 h
2j, 40% 2k, 46% 21,56%  2m, 43% (75%)?

2

F @ F
LT \

tBu” N N A\

R F Me N

2n, R=H, 40% 2p, 59% 2q, 40% OMe ;

20, R=Me, 62% Boc

2q 7% 49% 2s, 37%° 44%
Catalyst preparation Q_’
Cu,0 + HX RgN > (RCN),CuX
2u, 67% 2v, 35% 2w, 29%
contoso

[a] Fier, P. S.; Hartwig, J. F. . Am. Chem. Soc. 2012, 134, 10795. [b]Fier, P. S.; Luo, J.; Hartwig, J. F. J. Am. Chem. Soc. 2013, 135, 2552.
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TM-Med./Cat. Fluorination

TM-Med./Cat. CF.lation

» Pd-catalyzed C-CF, formation
» Cu-catalyzed C-CF, formation

Ref: [1] Furuya, T.; Kamlet, A. S.; Ritter, T. Nature, 2011, 473, 470.
[2] Qing, F. L. Chin. J. Org. Chem. 2012, 32, 815.
[3] Tomashenko, O. A.; Grushin, V. V. Chem. Rev. 2011, 111, 4475.
[4] Grushin, V. V. Acc. Chem. Res. 2010, 43, 160.

[5] Furuya, T.; Kuttruff, C. A.; Ritter, T. Curr. Opin. Drug Discov. Dev.

2008, 11, 803.
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Pd-mediated/catalyzed trifluoromethylation

CF3 source _
NaSO,CF3 (3.0 ~ 6.0 equiv.)
. t-BuOOH (5.0 ~ 10.0 equiv.)
a) polyfluorinated methanes (CF;l, CF3;Br, CF,Br,, CF3H) - Het —CF;
b) derivatives of CF;CQ;H & FSO,CF,CO,H. DCM:H,0 (V:V = 2.5:1), 23°C
c) in situ generated CF3;Cu from transmetallation. 25 examples
d) TMSCF3, TESCF; 33% ~ 96% yields
O /Me 0 /Me
Mex N CF4SO,Na Me\N N
P Wal 78% BN Was
Ph " NT N 0" NN
\P/Ph Me Me
\P q _o-tol 130 °C, days . Caffeine
N > noreaction Baran, P. S. etc. Proc. Natl Acad Sci USA, 2011, 108, 14411.
Ph/ Ph

Ph Ph Large bite angle
\ /
P ool 110°C, 36 h CHy
2 T
5~ “CHyCF; 96% CH,CF5 PP

AN 2 Ph Xantphos
o Ph o Pl TEETE. prer, +[(Xantphos)Pd]
i S 80°C
Ph\ /Ph O PPh, } = 100% conversion
P ool 40°C, 4 h CHs
/Pd\ - @ Grushin, V. V.; Marshall, W. J. J. Am. Chem. Soc. 2006, 128, 12644.
RO Chs 99% CHs,
el Ph First example CF,
RE on Pd(ll) center

Culkin, D. A.; Hartwig, J. F. Organometallics 2004, 23, 3398.
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Cu-mediated Ar-CF; bond forming reaction

CF
CF3l (0.7 equiv), Cu (3.8 equiv), 3
DMF, 150 °C, 12 h The first Ar-CF3 forming
459, - cross-coupling reaction
(o]

Mcloughlin, V. C. R.; Thrower, J. Tetrahedron 1969, 25, 5921.

First Cu-catalyzed reaction (2009)

) TESCF3, KF
| 10 mol% Cul CF3

R N 10 mol% 1,10-phenanthroline R N

% 60 °C N

12 13

o il b R
| | s
R cl” N7 N">cE,  MeT g7 CFs

63-90%

Oishi, M.; Kondo, H.; Amii, H. Chem. Commun. 2009, 1909.
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Pd-mediated/catalyzed trifluoromethylation

TESCF3 (5 equiv)
CsF (2 equiv)

THF, 24 h, rt Dioxane, 80 °C
L—Pd—CI L—Pd—CF; CF3
12a: R=CO,Me 13a: 38% 14a: ty» = 22 min
12b: R=OMe 13b: 37% 14b: ti0 = 24 min
(L=6)

Difficulty of reductive elimination

l OMe
MeO PCy,
iPr l iPr

iPr
BrettPhos (6)

Pd precursor + L

L,PdO Ar—X
Ar—CF n
5 ’ 1 2 Recent results
i Oxidative
Reductive - TMSCF;  Pd(dba),/t-BuXPhos
Elimination Addition N X+ o KForRbF N CF3
Ar R dioxane, 110°C, 3~10 h
i A L Py’ TESCF;
LnPd\ n \X X = OTf or ONf
CF3 3 O
4 P(t—BU)z
n CF3@ n iPr Pri

x©
Transmetalation

t-BuXPhos
Pr-i

Cho, E. J.; Senecal, T. D.; Kinzel, T.; Zhang, Y.; Watson, D. A.; Buchwald, S. L. Science 2010, 328, 1679.  Cho, E. J.; Buchwald, S. L. Org. Lett, 201f,91§,%;
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Pd-mediated/catalyzed trifluoromethylation (Sanford 2010)

Ball, N. D.; Kampf, J. W.; Sanford, M. S. J. Am. Chem. Soc. 2010, 132, 2878.

Yu’s work

\\ + . : 2
t-Bu / N—F BU | _ R Pd(gﬁ\lc())z A(cat.)/L
| —( OTf | R T T . crms (OAQ), .
2 N\II Ar / N\ I:\ _Ar NN 3 CsF, TEMPO
F}d:CF - > |\//|:>§:|\CF3 ! I|?3 CH5CN, r.t.
ZSN 3 DCE, 23°C Z >N OTf !
“ | S | l
t-Bu t-Bu ! 3 Pd(OAc), (cat.)/L
LR PhI(OAC),, Yb(OTf); (cat.)
PhNO, 'R + CFaTMS
> Ar_CF3 1 Z N o) CsF, EtOAgc, r.t.
80°C, 3 h l k2

°S o 18
DG éF3 BF, DG
N H 10 mol% Pd(OAc), N CF3
R Cu(OAc), TFA R
(DG: directing group) 110 °C
= S =\
| () MeN_ N
_N N._. __N
Me
CF3 Me CF3 é/CF3 Me
82% 88% 53%

Wang, X.; Truesdale, L.; Yu, J. Q. J. Am. Chem. Soc. 2010, 132, 3648.

/_\
S__N

74%

R

[a] Mu, X.; Chen, S.; Zhen, X.; Liu, G. Chem. Eur. J. 2011, 17, 6039.
[b] Mu, X.; Wu, T.; Wang, H. Y.; Guo, Y.; Liu, G. J. Am. Chem. Soc. 2012, 134, 878.
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cat. Pd(OAC),/L R
PhI(OAC), (2 equiv)

R
Ny 4 TMSCF
3 .
@ @) CsF (4 equiv)

v (CFs TEMPO (50 mol%) R
R CH4CN

room temperature
R

R

CF,

\_pgn  Phi(OAC), @fédﬁ
N CF N 7|

R' R’
Mu, X.; Chen, S.; Zhen, X.; Liu, G. Chem. Eur. J. 2011, 17, 6039.

P

= | cat. Pd{(QAc), = |

N Cu(OAc); (1 equiv) >

CF3® reagent
H DCE/CF5CO,H, 110 °C CFs;

7
2\
Q
ey

@
\
z

Pd'L

NuH  [Pd(Il)] (‘Nu CFy R (‘
= (;Ffaor@ R _Pdw /K/CFa
[0}/ CF3
R Pd(OAC)/L R\ ~CF,
O, =8
TMSCF5/CsF
ITI o EtOAc, r.t. h\I
R' R'

Mu, X.; Wu, T.; Wang, H. Y.; Guo, Y.; Liu, G. J. Am. Chem. Soc. 2012, 134, 878.

CFP O

BF,~

0-0+

F3
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Cu-mediated/catalyzed trifluoromethylation

(1) 1,10-phenanthroline
(1.0 equiv.)
benzene, r.t., 0.5 h

1/4 [CuOBu-t]4 > [(phen)CuCF3]
(2) Me3SiCF3 (1.1 equiv.)
RT, 18 h
X | DMF, r.t., 18I1 CF3
[(phen)CuCF3] + R :_ R _:
Pz =

Morimoto, H.; Hartwig, J. F. Angew. Chem., Int. Ed. 2011, 50, 3793.

(1) 0.75 equiv. Bypiny

(1) MeOH, reflux

(2) Evaporation, drying CF3
(3) Me3SiCF3 in THF |
CuF2e3H,0 + PPhy > Ph3P—C\u--'IPPh3
PPh3

t-Bu-bpy

|
X CF3
[(Ph3P)3Cu(CF3)] + R — N
(PhaP)sCu(CFaIl + R _— toluene, 80 °C Ry— _

Grushin, V. V. etc. Angew. Chem., Int. Ed. 2011, 50, 7655.

: OMe  +
R! cat. [{Ir(cod)(OMe)},], dtbpy R’ ! KF Ve K
F;C—SiMe B(OM >~ F;C—B—OM
THF, 80 °C R 8 3ot BN e ] OMe
> CF3. OMe
(2) remove volatiles : | OMe y+
R2 (3) 1.2 euuiv. [(phen)CuCF3] R2 : R—I\ . F3C—-é—OMe Cul (cat.), phen (cat;)R ©/CF3
. AN | DMSO, 60 °C, 16 h _
1.0 equiv. KF | OMe
Air, DMF, 50 °C I
I
|

Litvinas, N. D.; Fier, P. S.; Hartwig, J. F. Angew. Chem., Int. Ed. 2012, 51, 536.

| CF3SiEts, KF
I X Cat. Cul, Cat. Phen - N CF;
~ NMP-DMF (V:V=1:1) R u__
60°C, 24 h

Oishi, M.; Kondo, H.; Amii, H. Chem. Commun. 2009, 1909.

o Cu(OAc),

! g PMeK* 101 kPa O, ot N O
R+\ \O + F3C—?—OM6 DMSO ! =
= OMe 60°C, 16 h

I
I
I
I
I
|
| [a] Knauber, T.; Gooben, L. J. Chem. Eur. J. 2011, 17, 2689.
| [b] Khan, B. A.; Gooben, L.J. Chem. Eur. J. 2012, 18, 1577

|

I
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L] L] LJ T
Cu-mediated/catalyzed trifluoromethylation =
2
/ 2
Cu ™
—
(20 mol%) SN ®)
j/\ R CF4 pd
DMACc, 40 ‘C
Fs 27 examples QO
up to 78% —
0
/CF3 i
Rj/\ ) ,\O CuCl (10mol%)  R_~_CF, S
MeOH, 70 °C or 90 C,
H 10 minor 1h 15 Sxamples )
/o % [a] Xu, J.; Liu. L. etc J. Am. Chem. Soc. 2011, 133, 15300. Z
[b] Wang, X.; Wang, J. etc. J. Am. Chem. Soc. 2011, 133, 16410. m
N-N Cu(OAc), (40 mol%) N”‘{ —
| \>*H phen (40 mol%) N ’ O>\CF3 E
E CFySiMes, tertBuONa R~ _ ~
= NaOAc, air, DCE, 80 °C CF;SiMe; LaCu(l) ArH =
ba;e base o
Cu(OAC), (40 mol%) Ar-CF, =
S /N\ phen (40 mol%) 7> x-N
A CF3SiMe3, NaOAc, tert-BuONa Pathl  F,c- CU.L Ar—Cu'"L Ar—Cu'L,  Pathll
(CH3)3COOC(CHs)3

DCE, Ny, 80 °C
2 OXIdant CF.SiM
R2 Cu(OH), (10 mol%) R*  ArH s>
R3 o R3 +
m phen (10 mol%) A base Ar— Cu'L base
H
N CF3SiMes (3.0 equiv.), KF (3.0 equiv.) N
L1 AgCO;z (2.0 equiv.), DCE, Ny, 80 °C % o
Chu, L; Qing, F. L. J. Am. Chem. Soc. 2012, 134, 1298. \.4‘




A AGpgsx (Kcal/mol)

Te +

B3k
[ O~
FsC—Cu—L /o
B

|
‘I‘c @ ; R TsO,(Jf_'
-~ T81b 4

F2C—Cu—L e

e 358 / TStaiso
S 4325
R " - '1‘ | p—
; < A Tsal
SN2 T o o
S 4248 |
) IN3
/ “so +14.8 £ '
ot TN e — ® i
) Te—Cu—L 7 OTf | o, \
a CFs N g !
— — )
IN1 FsC—Cu—0 :
Te=Cu—L .- +5.2 — |
_INO - OTs — 4
4 :

0.0 NS Y o
| orf
s S0,
\/ IN4
Cu

Reaction coordinate (B3P86/CPCM, basis set = SDD for Cu and 6-311+G(2d,p) for ther other atoms)
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frace
metal GFJE‘:’?

t-BuOOH T» t.BuO* —» t-BuO + CF3S0,"

OH
SO;

ArCF ArH -BuOOH
L - — [AfH-CFo» <—— *CF; i oH™
H20 t-BuOOH Vo S0.2-
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Ar "
KR <2 Me\l/\c: Fy € CF3H
Me Me unproductive

pathways




-
T
. cC
18E_-FDG synthesis O
=z
>
=
OAc OAc %
O OAc 18 © S|°
+ -
t-222)K]” F >
OAc OTF [(crypt-222)K] OAc OAc =
T
C
OAc OAc 18 @)
X
O
1 2 3 S
m
OH =
Ac = CH,CO >
1. NaOH O S
Tf = CF3302 > ho > OH OH =2
OH
18F




Mechanism of DBH

_ o _
_ — Ar—S=CH—CH,—R
Br) -
DBH I
Ar—S—CH,—CH,-R ———» |Ar—S—CH—CH,—R| —>
®L||4 - HBr
—_ @
— I — Ar—S—CH—CH,—R

1a

| II _

CHF,—CH,—R - o ] l +FO

2—CHz— a a

4 \ Br [- F o
| + Br

- ArSBr Ar—S—CHF—CH,—R | «—— Ar—S—CHF—CH>—R

@V¥
L Br@ 8a
CHBrF—CH,—R _ b _

9
R = CgH1g
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OTf tBuBrettPhos, CsF

F F
(cod)Pd"(CH,TMS),
> +
toluene
130 °C, 12 h
36 : 64

48%
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FiC—l—0
0 R ~-CF3
(Togniis i)
R\fl.:\;:‘:\ —_— ar —_— RWCF3
MeCN4Cu]PFg (10~20 mol% n
N [MeCN,CulPFs ( ) RTNA"cr, . [Cu]
MeOH, 0°C~rt., 24 h CFs R _A_CF;
54%~80% yield
94.6 E/Z (average)
) -
X | N
~ R . A
NuT o+ S £ tanslel ne + Nj Lt n—F o+ | R
| S N/
F F
3 | N
.
L o
(1.0 eq)
CH,Cl, / rt

51%




FiC—1—O0

OCu(I )led]

pathc

s

©
Cu(l)CICF
E

path c

5 cu(l)Cl
path c
2c
cu(hcl Rox —
J SET ?:1\
=~
F,C=l*  OCu(ll)Cl | ocu(lcl
o) T o) \
o
@SET Cu(l)Cl /
) R
path b 1A
Cu(ICICF;
R_~__CF D
\/;\/ ] SET | patha
e
Cu(l)CICF 4
E
R
path a, ¢ 1B
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