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Positron emission tomography (PET)
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Positron emission tomography (PET)
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2) HCl or NaOH 18F

B For known and new biological targets, PET can
provide valuable insight on the in vivo behavior of drug
candidates much earlier in the drug discovery pipeline.

B Challenge: rapid labeling of complex molecules with
18F (half-life 110 min)

B The radionuclide '8F is made available as an aqueous
solution of ['8F]F~ (activity: 4 X 104 GBg/umol) or as
gaseous ['8F]F, (activity: 0.4-2 GBg/umol).

B S, Ar: most frequently used. (reliably and on large scales) (substrate-centred restrictions, harsh conditions)

Electrophilic fluorination: ['8F]F, low FG tolerance and low molar activity; Other electrophilic 18F-
fluorinating reagents(['8F]JNFSI and ['8F]Selectfluor ) are prepared from ["®F]F,

B Nucleophilic fluorination: the standard method for ['8F]F~ incorporation to previously inaccessible aromatics.



Nucleophilic aromatic substitution

Br | X ['BFIKF K ygs Br | N Nature 2019, 567, 223. ACIE 2020, 59, 1956.
- R' R'
P DMSO, 150 °C - O O 18
N™ TNO; 20 mins N~ 18 H TFAA, H(ngf. MeCN . F
85 % T£,0, DCM S "®F- MeCN
8F1F Ilr H D 1°F == DBTO > _ 110 °C, 20 min >
o078 [FIF THO - 15 /@’ @ . or B-DBTO oTf !
MeCN, TBAB AT g N7 18F or M-DBTO !
TiOs, heat 65% LT
0% Nat. Cata. 2020, 3, 734.
Tso® ["8FIKF /K202 5 mol% 1-BF
e TBAHSO, (0.75 equiv.)
/}7 @ Uﬁ?h{;g c - K_L:\.. = 1HF 427 nm LEDs
100-160 °C, 3 CsF 5.0 equiv. 2N
<4 min N - :—O u . |_O
&) RO DCM:H;O (0.1 M, 25:1) F
O 24 h, 33 °C, air
Z_O 1.0 equiv. 41 examples
x/ ; 8 . 18F
S ["®Flfluoride Nat. Commun. 2014, 5, 4365.
EtyNHCO, x
“x - R : Ns N5 I-O
|5n[33hé155?mm P ['®Ffluoride
TEAB, |
JACS. 2018, 140, 11125. ACIE. 2017, 56, 13006. DMF, 120 °C,
[10c]=I 10 min 18 !
HaCO DCHg 25+ 10% S S
i 18F Nature. 2016, 534, 369.
1. Ag2C0s. 4,
xOH CHCl3, 60 °C 18k =\ CI-
R— = R— = Ar =Nz N~ar
“Cﬂnditmm (i) Method A: NCS, Bi(OTf), MeCN, RT, 5§ min—2 h = 2 18F- putanone:EtOH = \]/
or Method B: Ca(OCl),, acetate buffer pH 4, acetone, 0 “C—RT, . Cl
=10:1 130 °C, 20 min 4

15 min; (i) ["*F]fluoride, Ky,,/KHCO;3;, DMSO, 110 °C, 15 min.



Challenges associated with C—F bond formation

A thermodynamically feasible but kinetically challenging
reaction can be addressed ideally by catalysis.

a M: transition metal, L: ligand

SENL

1. Oxidative
addition

t

@ 3. Reductive

LnM.'_.\:, elimination
LnM\ ,
b Ease of C-Y reductive elimination

CC > CN > CO0 > GC-F

Early development Recent development
(since 1960s) (2000s)

| v
Increasing difficulty in
Pd-catalysed C-Y cross-coupling

- 17 effect: R.E. to form the E |¥
carbon—heteroatom bonds
occurs more rapidly from
complexes with more <
nucleophilic heteroatoms. \—CMe3

B The most challenging step in C-F bond formation
is reductive elimination: sufficient orbital overlap
between both metal-ligand o-bonds.

« 0o effect: faster R.E. may be attributed to a
decrease in the polarity of the metal-heteroatom
bond (ionic contribution to the bond energy).

krel (110 °C)

Phz R =Me >600
R =Bn >250
— = Ar—R R = CH,C(O)Ar 31
R = CH:CF3 1.7
R = CH2CN 1 .
R =CF; no reaction

a) Most electronegative element
b) Small ionic radius (1.33 A)

Metal-fluorine bonds are significantly
polarized towards fluorine.

The significant ionic contribution to
the bond increases the energy barrier.

Fluorine
[Hel 2s%2p°
Halogens

c) Strong hydrogen bonding (only weakly nucleophilic
in the presence of H-bond donors)
hydrolysis of the metal-fluorine bond

d) Basic (When H-bond donors are excluded)

side reactions
Synthesis 2010, 1804. Nature 2011, 473, 470.



Fluoro palladium complex

B The first X-ray structural characterization of a molecular fluoro palladium complex. JACs 1997, 119, 4769.

PPhs ultrasound FPha
Ar-Pd-l  + AgF - Ar-Pd-F
PPh PhH or PhMe PPh;
Ar-| (5-10%)
71-98%
)
R“Pd'D“Pd’PPhB 2PPhs PPh;
PRSI + 2/3[EtsN(HF 2 R-Pd-F
PP O R [EtsN(HF)3] !
. PPh,
H
R =Ph, Me 60-98%

2 R-Pd-F—H-F

PPh;

PPh,
[EtsN(HF)3]
excess

B Synthesis and Solution Characterization. JACS 2007, 129, 1342. Organometallics 2007, 26, 4997.

Jtrans_pF=16? HZ JFFZ?? HZ
+4 AgF, 0.1 P(o-Tolyl)s, PhMe
LI ultrasound, 6hrs, RT, dark ,F\ ,P(O‘Tﬂ'hﬂh ,F\ ,Ar
/Pdt ) > /pd\ /Pd\ /Pd‘\ /Pd\
(o-Tolyl)sP : 86% (o-Tolyl)sP F Ar CeDs  (o-Tolyl)sP F P(o-Tolyl)s
2 anti-17 syn-17
+2.2 P(t-Bu);
53%1 PhMe, 1hr
J .pr=150 Hz
O,N Jirans-pr= 144 Hz 0N Joore-11 Hz
Jeis-pr=-10 Hz Jer=103 Hz
-]FF= 120 Hz
/F\ ,P(t‘BU)g /F\ /Ar
/Pd\ /Pd\ _—— /Pd\ /Pd\
(t-Bu)sP” F CAr (t-Bu)sP” F~ P(t-Bu)s
anti-18 syn-18

Chem. Eur. J. 2002, 8, 1007. EggZE1iq 2Viw26454@8 705 : 42



Aryl-Fluoride Reductive Elimination from Pd'

B Three-coordinate T-shaped geometry was shown to AH® e, keal/mol ©
offer kinetics and thermodynamics of Ar-F elimination T ! O N O
largely compatible with synthetic applications. N [r)—"d"'F
B Strong fourth ligands to Pd or association of hydrogen s . '
bond donors with F each caused pronounced '5’3) 564" ", J&ﬁl’” N FN
stabilization of Pd(ll) reactant and increased activation 5 : ,5'5 £ [ D—pd-
barrier beyond the practical range. > (; N>—par’ _ "LN)\N,
B Stability of the fluoride-bridged dimer forms of the & 2—PeF A — .\
requisite Pd"Ar-(F)L as the key remaining obstacle to "l’”> %5 v R 6, 224
Ar-F reductive elimination in practice. NS é:.:;"’_"j‘i_F 27
B [Interligand steric repulsion with P(-Bu), served to \“N\J"‘f-'
destabilize dimer 18 by 20 kcal/mol, estimated with 0.0 -
DFT relative to PMe,, yet was insufficient to enable _ ‘ = N
formation of greater than trace quantities of Ar-F. fgwd on PhF seductive elimination from a the-coordinate PAPHFIL.
NOZ (29-9) ; NOz (‘5‘1;;::;] T
27 s
ek N edy @ eal/mo
2130 B 2137 t' (47) -~ S69.2 A
&> Gl P epuyp—pa-r; (EBUIP—FAF
2008 @ 2.008 Y (11.4) Ceeel0-11," 0 E
£Pd-C,,..Co(Ar)=10° AN P(t-Bu)s “‘_2?'2 .".
,Pd\F,Pd (33.7) : .
(1.9) ) (0.0) 4103 (t-Bl:.lhp_Pd‘“
2.0 0.0 N0 (-1'2)
@5 ooy Mo | 15.2_No,
1.9 0.0 [eewslOpnozlz i (27.4)

pesllnoz 41.2  JACS2007, 129, 1342,
Computed structure of sy7-18 and reactivity profiles of [Pd(CsHs-4-NO»)(L)(¢-F)]» (L = P(#-Bu)s. [pBu;10n0,]2: L = PMes. [10x0,]2. 1n blue).



Pd%/Pd'!-Catalyzed Aromatic Fluorination

Substituent fixes conformation
enhances rate of reductive
elimination

®

P(t-Bu),
Angew. Chem. Int. Ed.
2008, 47, 6338 O
» Alkyl groups JohnPhos (1)

increase electron
density at phosphorus,
promote oxidative addition

* Increased steric bulk

at P promotes
reductive elimination
» Large
substituents Fimtls: SPhosq?)
R = i-Pr: RuPhos (3)
* Large on P promote
substituents [L,Pd]
prevent i N
CVC|0meta|iatll)0|n : Lower aryl ring retards Z\pR,
increase stabili
ity oxidation by O, e iy
. Large * Lower aryl ring allows
substituents stabilizing Pd—arene
on ring promote Interactions Pr
[L,Pd’] » Lower aryl ring promotes R = Cy: XPhos (4)
reductive elimination R = t-Bu: BuXPhos (5)

H;C l CH;3
H;C P(r Bu)2
i-Pr l

Me4tBu)(Phos (6)

OCH;3
H;CO PR,
i-Pr l i-Pr
FPr

R = Cy: BrettPhos (7)
R = t-Bu: fBuBrettPhos
R = Ad: AdBrettPhos (9)

l OCH,
H30 P(t"BU)z
i-Pr ] i-Pr

Pr
RockPhos (10)



Pd%/Pd'!-Catalyzed Aromatic Fluorination

Formation of ArF from LPdAr(F): ® I situ catalyst modification

Catalytic Conversion of Aryl Triflates
to I-\ryl Fluorides Science 2009, 325, 1661.

Donald A. Watson,* Mingjuan Su, Georgiy Teverovskiy, Yong Zhang, Jorge Garcia-Fortanet,
Tom Kinzel, Stephen L. Buchwaldt

6 mol% tBuBretitPhos (3)
2 mol% [(cinnamyl)PdClI]>

x0T (=4 mol% "Pd"), Pd:L = 1:1.5 L
R—— + CsF » R——
= toluene, temp, 12 h =
» Electron-rich aryl triflates required higher temperatures
(130 °C) and catalyst loadings.

* Regioisomeric products were formed in a few cases
(electron-rich, lacking ortho substituents)

5 mol% [(COD)Pd(CH,TMS),] F F E F
6 mol% 3 + 3 OTf E
ArOTf - :
130 °C, toluene, 12 h R R e +

CO-nBu CO-nBu

oTf oT
OoTf OTf OTf OTf = e = ES
/©/ ©: /©/ : Solvent combined yield ratio 33/14

@ Me OMe L. MeO ! Toluene 71% 78:22
: Benzene 69% 90:10

. [e) .
26, 42% 27, 63% 28, 48% 29, 49% 30, 65% 31,25%  : E;’gohexane égof: 1882-3
o/m= o/m/p= m/p= o/m= m/p= m/p= : n-Heptane 39% 85:15
~99:1* 0:95:5 36:641 98:2* 98:2* 70:30* : Cyclohexane 80% 99:1




In Situ Catalyst Modification

B /n situ catalyst modification

n-Fi

nBu

n-Bu—@—Br MeO >(
1.1 equiv DBU (3 equiv)
THF, it 90%
. . . . ) . 7.5 equiv AgF
B The ability of ligands to undergo arylation may play a role in their success (or failure) CHCl,
. . . . rt, 4h
in previously reported transformations (more complicated) 88%
B The relief of unfavorable steric interactions between the alkyl groups on phosphorus
n-Bu

and the aryl substituent is a powerful factor in promoting the rearrangement.

a) n-Bu

ltol 120°C 3 h

F

n-Bu
15%

i-Pr
AdBrettPhos (L4)
Keq = 9.00 * 0.16 bl mpt S ;

JACS 2011, 133, 18106. JACS 2012, 134, 19922. Acc. Chem. Res. 2016, 49, 2146.



Formation of Regioisomer

Desired transmetalation
step likely competes
with ortho-deprotonation
to form a Pd-aryne
intermediate

rate-determining step CsF

HF

HF

JACS 2014, 136, 15757.




Improved Catalyst System

Pd—L
M (Hetero)aryl Bromides p—— :
JACS 2014, 136, 3792. ' NS
L—Pd
(Het)Ar-X = (Het)Ar-F L
solvent
(X=Brorl) 90-150 °C, 14 h

2 equiv. AgF, 0.5 equiv. KF,

Br 2 equiv. MF, 0.5 equiv. Base, F

2% 2
cyclohexane
NMe, 130°C. 14 h NMe,
entry MF base yield (%)
1 KF - 0
. CsF - 0
3 AgF = 0
4 AgF NaHCO; 0
S AgF K,CO;4 11
6 AgF K;PO, 21
7 AgF NaF 0
8 AgF KF 71
9 AgF CsF 65

B Room-Temperature and Regioselective
JACS 2015, 137, 13433.

« Modification at C3' with an electron-withdrawing group would diminish the donation of electron density from
C1'to the Pd(Il) metal center, providing an intermediate with more three-coordinate character.
» The lack of an intramolecular CH---F interaction in F results in ground-state destabilization




Copper-Mediated Fluorination

2 —
Ligand development and precatalyst design led to significant
advances!!

Eqpo=0.16V Eqp= 2.4V
cul - cul! cull
d1o d9 d8, metal cation
isoelectronic with Ni(0) Pd(0) isoelectronic with Pd(l)
B Forms shorter bonds than Pd B Highly electrophilic and unstable
B Harder Lewis acidity than Pd B Potent oxidizer
B Higher affinity for O, N ligands B Unstable towards the reverse R.E.
B Smaller coordination shell can B Requires the Nu to be in the
not accommodate large ancillary coordination sphere prior to O.A.
li gan ds PRESENTING COPPER IN ORGANOMETALLIC CHEMISTRY
The radical approach to the copper O.A. problem: Science 2019, 364, eaav9713. w ATl 2012, vol 31, issue 22, v
Palladium based Buchwald-Hartwig reaction The use of bidentate ligands for copper.
& | Ly 5 ppm-1 mol % Pd(OAc) r";‘]I\/\ NHR | H I
' g ppm-1 mol % c ! =5 ~
SN J ikt 2 L N 2 j\/ . on CullknCO; N7 COOH
_ + RNH, : _ HaN™ “COOH DMA, 90 °C, 48 h, 86% @AOH
NaOitBu (or LIN(TMS),)
re g/ X DME25-110°C FG@NHR : B 8y
: — </§?\> R\J\I/N\,
X = Cl, Br, | 52-99% RNH OoH o W=/ R I T

Broad substrate scopes: Cl, Br, |, OTf
Mild conditions: many reactions work well at r.t
Catalyst loadings: some reactions need 0.1-0.001 mol% of catalyst

Review: Chem. Sci., 2011, 2, 27. ACS Catal. 2015, 5, 1386.

> R R !
@f@ ~ Y
R'HN NHR' O O

OH
Broad substrate scopes: Cl, Br, |
Mild conditions: 80-100°C for many reactions
Catalyst loadings: 5-20 mol% in most cases

Review: Chem. Soc. Rev. 2014, 43, 3525. ACIE. 2017, 56, 16136.



Copper-Mediated Fluorination

B The first observation of aryl halide O.A. to Cu' resulting in formation of an aryl-Cu'"-X species

CF;SO,H Q\j
> N~y *+ Cu'X; . 0 + Cu'(CH,CN),(CF1S0,)
H ‘\,N H Proton Sponge® ‘_\r!'\
R R
R=CH, Ly=H,Me33m ®
“'"x "; ";‘"“ Sl AN Ribas et al. Chem. Sci. 2010, 1, 326.
=Cl, v *+05Cu
P NN DG i DG
B Fuorination of aryl halides via a Cu'/Cu"" cycle P AT A i X DMAPK™F 18
. : Cu * DMF
Ribas et al. JACS 2011, 133, 19386. é-ﬁ 140 °C. 30 min
Q\_\ Cul(CHLCN),OTf (10% mol) @\ T Ar= 26-PrCsH. X =CI, Br,| Sanford et al. JACS 2020, 142, 7362.
u () -
R-N X NR i N F N=R (Pd° stabilized by NHC |
\/N\\i AgF (2 equiv), CH;CN, N,, RT ‘—\/N N —
CH } : Electron-donating NHC
3 CH, . N N X o s
. R 3—7 ~R aids oxidative addition
B A more general method Hartwig et al. JACS 2012, 134, 10795. &
@-r Po @
| (BUCN),CuOTf (3 equiv) F Bulky NHC |/ gierincion ‘adition
AN i N aids reductive
R—: AgF (2 GQLIIV) = R—: elimination _
= DMF, 140°C, 22 h = Cross-coupling

Tyt S
/@l /©/ @ /©/ rd' @ Pd"-@
Me EtO,C ‘ Transmetallation )|(
2a, 74% (62%° 2b, R=Ph, 68% 2h, 96% (87%) 2K, 46% »‘{ Nature 2014, 510, 485.

MX R2-M



Copper-Mediated Fluorination

W Catalytic fluorination  Liu et al. Chem. Sci. 2014, 5, 275.

Py Py Pyridine a.sl directing gr01'1p:
ar Cu(MeCN)4PF¢ (20 mol %) - + 1o stabilize Cu(l) species
N R AgF (2 equiv) N + to acelerate oxidative addition
L = BuyNPFg (1 equiv) L * to achieve catalytic
CH3CN (0.2M), 120 °C transformation
cat. Cu(OTf),

B Alternative strategies for arylcopper(lll) fluoride intermed

cat. 18-crown- 6
| AgF 1.1 equiv KF "
[Cu] —— [Cu"1 T ‘ O/ "
N DMF, 60-85 °C =
\O/—R 10 min-18 h
Sanford et al. Org. Lett. 2013, 15, 5134. Org. Lett. 2017, 19, 3939.

F
Iy ~ BF:K
(A) | /_R 2 equiv NFTPT _ Q/F

[M] [Cul]
EtOAc EtOAc

= A 25 °C, 5 min 40-80 °C, 12 h

F+ . N "—R E Sanford et al. JACS 2013, 135, 4648.
[Oyff =i [CIIT] —F mesoxenSmamenmea ' ('BUCN),CuOTf (2 equiv)
(B) [M]=Sn, B BPin [MespyFIPFs (3 equiv) F
R AgF (2 equiv) - R
BF 4K | [Cull]—F THF, 50 °C, 18 h
P . [CuT] t P Hartwig et al. JACS 2013, 135, 2552.
* reagen
R | P - rL 4 equiv Cu(OTf),

(b) oxidant
F-reagent Sanford et al. JACS 2013, 135, 16292.
Gouverneur et al. ACIE 2014, 53, 7751.. JACS 2017, 139, 8267.

BX F
\‘ . NN @/ ¢ 4 equiv KF _ ©/
(Cul A CH4CN, 60 °C, 20 h



Aryl radicals can be captured by Cu(ll)

Copper-Mediated Fluorination species at a rate approaching diffusion
A O - H* MessO T g NG o B ox e ot

Me,Si —Si—SiMe; — SET —» Me3Si—g|:i- — | facile radical Me3Si—Ell;i—SiMe3 radical precursor

e -
silyl radical 5 amr ;a S aryl radica eliminate
precursor \< g I ato r = J - H-atom source

/ .|.S ETe\ — - e CFs 0 Me,SiO

-Cyl- | e e
1l (2) I’ (3) Ln Cf » Lﬂ-C,i,In_Ar 12 MEQSI—%H—SIME;q —_— Measi—éli-

? CF . '
oxidant Photoredox reductant 1 ’ Copper X SiMe, 5 MesSi

Catalytic Catalytic

silyloxide radical silyl radical
Cycle / Cycle
SET D
- . M
) Me Me Me
hotoredox-enabled Me

It (1) photoredox-enable L= Cu=X C F X (‘:[

- -

3

Cu''-CF 5 formation S
wsnble light e 10 | Me
8 Me CF, [~OTf]
. CF
Mes _ +_Mes \ ) 3 _
metallaphotoredox i -OTf SET — F/\'_F arsrré%;(c?fa /g dMesSCF; - 1' step syrwthesrs
catalytic platform 8 Fs CF; radical 9 NC 13 or commercially available

c Br 0.25 mol% Ir photocatalyst 1 CFy |
es_ +_Mes b =
T -ort 20 mol% CuBr,s2LiBr L RC
NC 8 CF, > NC :
1.5 equiv. (Me;Si);SiOH i

aryl dMesSCF; 4.0 equiv. Na,COj3, acetone 89% yield
bromide reagent blue LED, 35 °C, 8h

Macmillan et al. Science 2018, 360, 1010. JACS 2019, 141, 6853.
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Silver-Mediated Fluorination

B 1:1 Ratio ArAg:AgOTf required for
high fluorination yield (Bimetallic
Oxidation-Reductive Elimination)

nBU3sn @
R

F

F.
"0

Ritter et al. JASC 2009, 131, 1662.

NTC
®
,sz |:a|=((;9 1.2 equiv

2.0 equiv AgOTf
acetone, 23 °C, 20 min

a) 1.0 equiv NaOH, MeOH;
2.0 equiv AgOTf, 0 °C

O
. I_R
b) 1.05 equiv F-TEDA-BF,, X

3 A MS, acetone, 23 °C

Ritter et al. Org. Lett. 2009, 11, 2860.

TR
AN

B The catalytic variant was complicated by
protodestannylation. (NaHCO,: compatible
with F-TEDAPFg; tributyltin bicarbonate

precipitated)
5.0 mol% Ag,0
SnR'; 2.0 equiv NaHCO, c
R~©/ 1.0 equiv NaOTf @
- R
R' = Me, Bu 1.5 equiv F-TEDA-PFg

acetone, 65 °C

Ritter et al. JASC 2010, 132, 12150.

SnBuj 2.0 equiv

iy —

Ag 1.2 equiv F
Et,O F acetone F
65% 19 ° 45% | I
0.6 equiv 1.2 equiv
AgOTf \— [(ArAg)-(AgOT’r)] 2
acetone 20 83%

B Mechanism for Silver-Catalyzed Fluorination

V F Vi SnBU3
RT | Ag' RT |
[ >
Catalyst
+ NaHCO;

Reductive Transmetalation

Elimination
NaX
= Bu;Sn{HCO;)
OTfor
HCO5
| Ad
Z g
R I [ =X
I [Ag'] I n
"""""" ; Oxidation
H2O :
Y i
= OHE °
RT% | | (‘?/\ | 7 C]
bl ) /i@
N~ pr° Zh 2 PFe



High-valent Palladium Complexes

Reviews: Chem. Soc. Rev. 2010, 39, 712.

B Oxidative addition of alkyl halides to Pd'

Nature 2012, 484, 177.
( O

« The first single-crystal X-ray structure of a Pd'"V complex. g
A 5o
_ - @ % _ ~ = e
— = _— o Y /¥-: N :_:;r;@
Melf d" \N Mel Me:, P(L'V\N — I Mel, pl’lV‘N — © Clary gﬁl —rlng:t@
Me” " TNZy -50°C [Me” | N T Me” | INZ ©
. L i
L = (CD3),CO
(CD3), J. Chem. Soc., Chem. Commun. 1986, 1722. (Y
B Oxidation of the Pd! complexes by hypervalent iodine. R
. P . . . . . — Mg
« Asignificant contribution in this field was make by Sanford and co-workers. o ] N A,
™ 2% O
C-0 Bond Forming 7 N s O\
Reductive Elimination —N " , o
PhCO,
o _PhiO,CPh), i, b NS A _ : : 7/4/\ .
No.cPh CDCl, with Vit s © Alg |
2 /
5% C:D:N tr,, o wNCeD: 2L PN
O.CPh 578 -‘;pdll § N, o @
v ; =N “No.,cph o
Stable Pd'V Intermed iate _ 2 <

B Oxidation of the Pd" complexes by F*.
*  Proof-of-concept for Pd!V catalyzed Fluorination Sanford et al. JASC 2009. 131. 3796.

t-Bu
L N Q 3 equiv XeFe

OO

mtrobenzene
+-Bu S~ ' 1h90° (3a-c) {43 C) -Bu
entry X complex % 3 % 4
I F 2a o 7 £BU
2 CFs 2b 60 3
3 OMe 2c 45 6




Stoichiometric Reactivities at the Pd!V center

B Reductive elimination at the Pd(IV) center occurs predominantly. After the reductive elimination,
highly reactive Pd(IV) species transformed to the thermodynamically more stable Pd! complexes.

B Pd-mediated quorination of arylboronic acids

Ritter et al.
ACIE 2008, 47, 5993.
JACS 2008, 130, 10060.

B BF, ya »R B} Mechanism study
O N02 O, ﬂé‘Cl @I JACS 2010, 132, 3793.
Sy /i Nj o | N— F>c|M N
B(OH)2 N= Pd N N. 0 NO2 4 2 BF, ¢ L
= N-Pd-N "F-TEDA-BF ?\',N
:_ N\ \_/ AR $=° — [ s
K-CO3;, MeOH/benzene acetone, 50 °C NO, 31-95% X\
R = OH, CHO, 65-91% yield R yield
CONHg, Br, etc. aryl Pd(Il) complex | _

Cl — o
L[0T om0 u
F
8 5 L - |§ L,N—Pd—N >
MeCN, 23 °C 1/ rL 94% from 8 CO
“o-Ns
Qobserved
by H C 9 L =MeCN _ 10
and '°F NMR
MesNF-4 H;O | 88% from 8
F '
| pmso, 1s0°c ¢ N
XeF>, MeCN — — 15
8 \ LN—Pd—N_
o /| 97%
58% F N
“o-Ns
1 10

L Pd(IV) fluoride stabilized by tridentate
pyridyl-sulfonamide coordination

electrophilic

nucleophilic

C—F reductive elimination
initiated by dissociation of
hemilabile sulfonamide oxygen



Single-Electron Transfer Pathway via Pd!!

[Pd], terpy
2 mol% 1 CN BFaK 1.0 equiv NaF CN F
4 mol% terpy =0 = 1.1 equiv Selectfluor> =0 =
N BF ;3K 1.0 equiv NaF - ©/F 0 MeCN, 40 °C, 15 h o
T - T » :
Z 1.0-1.2 equiv Selectfluor Z [Pd] additive yield (%)
DMF or MeCN 1 none 96
4-40°C, 15h 2 none 95
[Pd(MeCN),][BE,], none 95
[(terpy)Pd"(SoIv)]z* + terpy Pd(OAc), NaBF, (2.0 equiv) 91°
1 Pd(0,CCE,), NaBF, (1.0 equiv) 91
2@
F I' L=C) ] o
Ih2+ ® 2BF4” 1) terpy
(terpy) Pd"] ri7 ) | = \fl\l T 2) Selectfluor
,'\é) 2 BF4 2 N—~pgll—N_.z
+ BFs turnover- g MeCN Mece?i;o,f?’ ©
limiting 1
oxidation
e e )
[pdlll]3+ BF K N [deII]3+
’ [NJ / =
F |
\
Fe transfer -

Calculated X-ray of
HOMO of Pd(lll) Cation
5 \ of 2

Ritter et al. JASC 2013, 135, 14012.

i%C BF 3K
[.'\.'J BF . ©/



Fluoride-Derived Electrophilic Reagent

B Atwo-step “fluoride capture/transfer” sequence

Me 2®
29
| \ OTf
-
N
<N il
Y SPd—y?y,  ——>
= | é-‘N/ 18-cr-6
Ny’ \ KHCO,
/__, N-':' acetone
V 23 °C, 10 min

“capture” : F- binds to a cationic Pd"V complex
to generate a Pd'V-F complex that can behave
as an electrophilic fluorinating reagent.

— 1®
OMe OMe | @
Vi Vi OoTf
\ \
N 0. . X 0. .
pid I piod
= N~ O = N
— | —
Z "N=Pd'-N_ Z “N=Pd'-N_ ,
\ . I 3
Ar Ar o
SET — — F transfer
+ o + e
—l @
F © F
T\ OTf 1\
S — L
N7 TN/] =N | 'T"!/]
B-N = B-N
N/ N2\
g ol
— \ \ — \ \

Ritter et al. Science 2011, 334, 639. Chem. Sci., 2014, 5, 169.

e [Pd]
OTf \C:__ R
z X 18
“ =
acetone,

O

18F.labeled aryl fluoride

85 °C, 10 min

“transfer” : reaction with an Ar-Pd" complex
results in oxidative fluorine transfer to give an
Ar-PdV-F complex that undergoes C-F R.E.

MeO

Ar—F



Reviews: ACIE. 2015, 54, 7488.

High-valent Ni'l and Ni'V Species Rofe i ACIE2017, 56,6966

B Ni%Ni' catalytic cycles are widespread, but the easy accessibility of Ni' and Ni'' oxidation states allows
different modes of reactivity and radical mechanisms (Ni!/Ni'/Ni"", Ni%Ni'/Ni"l/Ni")
Review of nickel catalysis: Nature 2014, 509, 299. with photocatalysis, Nat. Rev. Chem. 2017, 1, 0052.

B Nickel-catalyzed reactions where alkyl/arylnickel(lll) species are proposed as reactive intermediates
and oxidative transformations of organonickel(ll) complexes via nickel(lll) are commonly accepted.

M First isolated organometallic Ni'' species that can form C-C or C-X bond. Mirica et al. JACS 2014, 136, 6499.

Bu

Ni(COD),

,  PFPhX Nill ¢
/ il F—@—Br
‘Bu \ \
N N. . 54 %
N NNy t8 1 ts il +

1 \ (tBUN4)Ni"(PhF)X [(BUN4)Ni"(PhF)X]
N 1: X = Br 1*: X = Br
Bu tBung 2: X = Cl 2*: X =Cl

B Oxidatively induced aryl-F coupling from Nickel(lll) intermediate
® ©
20 O,N NO, 'BF
O, Ar OMe—|207f@ . \Q X - 2 a

S 18 © 0\ I ) BFy

N/ o aqueous '°F .8 | N S0,

18-cr-6 FAN R N’ N NCMe
~ N N'_N: > oxidant 6 > ~’ @7{2 - N hli_ BFaoEtZ ’:N_j/@
X MeCN ~1 © MeCN 0/ !
\'.— 23 °C, < 1 min N 40 °Cc N
OMe 68% ] x
y -ray

Ritter et al. JASC 2012, 134, 17456. ACIE 2017, 56, 6966.



High-valent Ni'l and Ni'V Species

Reviews: ACIE. 2015, 54, 7488.

Refs in ACIE 2017, 56, 6966.
Molecules 2020, 25, 1141.

WM A cutting-edge discovery: the isolation and complete characterization of Ni'"V compounds able to

promote cross-coupling events. Sanford et al. Science 2015, 347, 1218. JACS 2015, 137, 8034

) .
® OTf
N
( @ ©orf | | N
CF3
"""" » \N|IV
/N|l16 CHLCN, 1t N l \5 .
(92%) F3
©
A L N
/- (a) | (b)
@: CD4CN, 95°C, 7 h \Ni“i? 1.2 equiv NMe,OAc
3 N P i vt -
- [Nt . CHCN, 25°C, 1.5 h
3
(3) (quantitative) (78% isolated)

(6)

C(sp?)-C(sp?3) bond formation C(sp?®)-0 bond formation

B Oxidative transformations of organonickel(ll) complexes via nickel(lV) is rapid
established. Sanford et al JACS 2019, 141, 13261.

These results demonstrate the viability of C-F reductive elimination from Ni'V complexes. They
stand in interesting contrast to Ni'-mediated fluorination reactions demonstrated by Ritter.

. /—/\ —

B/N B _|K HB-—"“"N _—N_ /)
Selectfluor Ry N
O, |G 'N el Ot e [
> ~ e
N- 25 °C, 30 min Nen— THF,50°C| N7 _—Nil N,H
U O (48%) U F O 12h U —TNG F
(9) (10) 0% yield) | N\ () -
_ = -



Catalytic Bi'/BiV fluorination

B The synthetic utility of arylbismuth(V) compounds has been well established, and tetraphenylbismuth
carboxylates(Ph,BiX)(X=OCOR) and sulfonates(X=0SO,R) are often employed for phenylation.

B Tetraphenylbismuth(V) compounds with a strongly coordinating (highly nucleophilic) anion
(Ph,BiX)(X=Cl, Br) are known to decompose rapidly to yield Ph;Bi and the corresponding PhX.

 BF-OEt,, PhB(OH), ®o | CsF(5eg) ph, F
PhsBIFQ [Ph4BI][BF4] > 'BI Ph
CH,Cly, r.t. MeCN,rt.  Ph I
Ph OSiMes THF (0.3 M) 0
Ph,, N
—40 °C~r.1.
ohT BI Ph + R1’I\-R2 . R1JYR2 + BiPhg
F
1(1.1 eq) -5 oh Ph Ph

\ 7/
. /‘ R? _Bi P _1
Me3S|F R1 or ‘};.Ph
PhaBi R2
¥ ph R &’

>
% 7
W Catalytic fluorination based on the Bi'/BiV redox couple J @ |
c3f cé ‘
5 AT J—-—‘{@
//\ AN S g e
\ gf.'?COC F \Q/ | c2 2 o2\
1.0 equiv. XeF;_ S |3 N , “f\/\
<0 v o1 <
;’ CHCl3, 0 °C ZI }‘9 '{ |
Me > 95% 3 / v '/V 2
1 (isolated) % )-‘543 01-Bi1=02-Bi2
45% » 3.430(6) A

Planas et al., Science 2020, 367, 313.



Catalytic Bi'/BiV fluorination

B Tuning the electronic properties of the sulfone to enable o
rapid C-F R.E. from the BiV center. N}

X
0= ’Z\@ 1) 1.0 equiv. XeF3, 0 °C, CHClg F c2\ | Fi
7 2) 110 °C, 6 h
" Bi
X yield of 3 /c1 /FZ J\\X
NMe (4) & y

28% q/\ v~

NERaPiate 8, N-Bi: 3.566(4) A
y N-DI. o,
B Alarge and negative value of the entropy parameter is consistent with an associative process in the TS.
and the slower rate in the presence of fluoride anions suggest a cationic intermediate 14-cation.
B In 14-cation, coordination of the NCF; group to the Bi is expected, providing these Bi intermediates with
the adequate balance between stabilization and electronic perturbation to enable C—F formation.

A Transmetallation of arylboron to halobismines

B Bi-mediated fluorination of arylboronic acids C Bi-catalyzed fluorination of arylboronic esters

Fa C
F3C\
f Ph—I[B
0= s [ ]
KF
MeCN, 90 °C
X=Cl (29} 5

BF4 (26)

30, 93%, 95%* (X = CI)
95% (X = BF4)* 31, 67%

Me Fl,h
0 Me
B
E':jL ol

o
e
B(OH), 0
L. S
e
(o) I I

32, 72% 33, 80%"

=Y

1) 29, KF, MeCN, 90 °C

| BOH)2 2) 27. cHel,, 60 °C
—. >

20, R = 'Bu, 84%, 85% F
21, R = CF3, 82%, 35%3 @:
22, R =CN, 75%*, 71% Br

23, R = Cl, 70%, 57%%

24, R = OMe, 90%*, 21%5

34, R = F, 88%, 50%°

35, R = CO,Et, 67%, 98% (96%)"
36, R = TMS, 73%, 77%

“ v@r ""“’Cr

95%, ?5% 90% 49% T3% 93%

37
75%, 74%

26 (10 mol%)
27 (1.0 equiv.)

BPIn  NaF (5.0 equiv.) U2
> R
CDCls, 90 °C, 16 h =

(w/o Bi, <6%)

,Cf hos

3, R=H, 90% 40, R = OMe, 55%
36, R = TMS, 90% (81%)™ 44 R = CN, 28%
41, R=Ph, 71% 45 R = Cl, 36%
42, R = Me, 77%

43, R = PhC=C-, 67%

Seiivrgvs

49% 84% 45%




Catalytic Electrophilic Fluorination?

For Directed C—H Functionalization

B Electrophilic Functionalization Pathway: Two-Electron Oxidation Chem. Rev. 2010, 110, 1147.
5 VA C-H Activation _  Oxidant-FG Co . Elimination
—Pdl_ + L C-H——pv ~ L; L > (L/Fl’d'L — L C-FG
(A)
(B)
(C) (or Pd'l~Pd!!! dimer)
B Reductive Functionalization Pathway: Pd'"° Catalytic Cycle
Ligand Reductive
- ivati Exchange Elimination
Spdl” L Y C-H Activation CC\Pd”/ 9 C\Pdu,FG . N 5
T » |
Oxidant
+ HX

6 mol % Pd(OAc), s * 0Bz  Pd(OAcy
— 2.3 equiv Phl(OAc), — LY NHAr N AgOAc, CsF o RE Y NHAr
Fre T 1
\_\ MeCN, 100°C, 12h  \_/ . E DCE 2NN
o~ 130°C,18h
(78%, ref 8) AcO K/O
Sanford et al. JASC 2004, 126, 2300. Yuetal. JASC 2011, 133, 7652.
MeQ /  5mol % Pd(OAc), MeO / 5 mol % Pd(OAc),
N-O 1.1 equiv Oxone N-O < ’0\ 1.2 equiv HoNCOLCH4 \N ‘_O\
/ - 4 N 5 equiv K2S-0g
Rt 100°C 2 DCE, 80°C, 16 h_ NHCO,CH
0 g ’ oCH3
(69%, ref. 10) OAc (93%)
Sanford et al Org. Lett. 2006, 8, 1141. Chi-Ming Che et al JACS. 2006, 128, 9048.




Directed Electrophilic C-H Fluorination

For C—H Fluorination
Trends Chem. 2019, 1, 461.
ACIE 2019, 58, 14824.

B The first Pd"/Pd"V aryl C-H fluorination: a major breakthrough in the field of C-F bond formation, and
the beginning of the field of Pd-catalyzed C-H fluorination. Sanford et al. JACS 2006, 128, 7134.

Pd(OAc)> (10 mol%)

F
=
\_7 \,Iz/ benzene or MeCN/PhCF5, \_/ \il?./
pwave, 150 °C, 1-4 h 13 examples,

33-75% vield

Pd(OTf),-2H,0 (10 mol%)
NFTMP OTf (1.5-3.0 equiv.)
R NHTFf NMP (0.5 equiv.) i
R - R-u
= =
DCE, 120 °C,0:5=8.0h

NHTf

F
17 examples,

Yu et al. JACS 2009, 131, 7520. 41 - 88% vyield

[Pd(OTf)2(MeCN)4] (10 mol%)
NFTMP OTf (3.0 equiv.)
o) NMP (50 mol%)

Ny~ “NHAr MeCN
=

R NHAr
>

N2, 120 °C, 8-12 h

R

x| =
\ 7/
m O

17 examples,

Yu et al. ACIE 2011, 50, 9081. 36-78% vyield

. [Pd,(dba)s] (5 mol%) R
KNO3 (30 mol%) ) s .OMe

T X, .OMe
:’"TLN NFSI (2.0 equiv.) ] TLN
A > Loy F

MeNO, temp, 12-24 h >30 examples,
65-87% yield

Xu et al. ACIE 2014, 53, 10330.

F L]
for 2-phenylpyridines: 8-methy|quinolines

N "
N "
B .

- |F+| = I - : 'F+‘
Me N* =
57%/°] fI: BF4 '

Pd(OAc), (10 mol%)
NFTMP OTf (1.5 equiv.)

TDG (50 mol%)

DCE
air, 110 °C, 24 h

Sorensen et al. JACS 2018, 140, 2789.

R Pd(OAc)> (10 mol%)
PhI(OPiv)> (2.0 equiv.

| AgF (5.0 equiv.)
N MgSO4 (2.0 equiv.)

\

mm
foe

30 examples
16-85% vield

L

Me
CH,Cl,, 60 °C, 16 h

Sanford et al. Org. Lett 2012, 14, 4094.

10 examples,
30-70% vyield

Cul (20 mol%)

ArHN 0 AgF (4 equiv. )
NMO (5 equiv.)

| \—R pyridine,

Z Go*C. 2 h

Daugulis et al. JACS 2013, 135, 9342.
Sanford et al. ACIE 2019, 58, 3119.

Ar%

10 examples,
54-80% vyield



Non-directed Aromatic C-H Fluorination

The proof-of-concept for direct electrophilic fluorination. Subramanian et al. Science 2002, 297, 1665.

In the group with reduction potential E°>1, the 450-550°C F 0
fluorides are strong oxidants and can be recycled CuF; + SR U + HF + Cu
with F,. For the group with 1>E°>0, the fluorides
are moderate oxidants and can be recycled with 112 0, (400°C)
HF and O,. For the group with E°<0, the fluorides < =
are inert toward C-H bonds. ,/ \
EO > 1 1>E°>0 E® <0
Co** + e~ & Co%t Cu?t + 2~ & CU° Zn?t + 2e~ & Zn°
Aget +e” SAg'T Ag't +e” SAg° Mg?* + 2e~ & Mg°
Pb** + 2e~ & Pb?™ Te*" + 4e~ & Te° AP + 3e” © Al°
Ce*t + e~ & Ce*” Hg®* + 2e~ & Hg° Co?* + 2e~ & Co°

Selective C-H Fluorination of Pyridines, quinolines and diazines. Hartwig et al. Science 2013, 342, 956.

AgF, (3 equiv.) N S¢Ar for C-H Fluorination? | F*+ C-H —» C-F + H*
» RT Reactivity and Selectivity! | g+, 2o _, F-
MeCN, RT, 1 h N° "F Chem. Rev. 1996, 96, 1737. L s )
49 examples, 35-97 % yield J. Fluor. Chem. 2007, 128, 90. CH-oC'+H"+2e
2 AgF,+ C-H — 2 AgF + C-F + HF
. 7% O N X
F—AgF ——— || 2 AgF, + 2 e — 2 AgF + 2F
F -2AgF NZ S E

AgF2 AgF -Hr CH-C+H"+2e"




Non-directed Aromatic C-H Fluorination

B Pd-catalysed electrophilic aromatic C—H fluorination. Ritter et al. Nature 2018, 554, 511.

s S Ereacieh A~ m Can be oxidized by N-F reagents to yield
R— | > R— | the desired Pd!V-F complex. (promoted by
= M%%?‘é o °C X a destabilizing interaction between the

lone pair of the apical donor atom and the
filled d,2 orbital on Pd')

B Electrophilic at fluorine and capable of
oxidative fluorine transfer to arenes.
(< 1% background reactivity from N-F,
Pd'V-F has a higher single-electron
reduction potential)

B X-ray crystal structure of Pd'V-F complex

—_—

MeCN
73%

A single TS via B Electron-deficient arenes are insufficiently reactive
fluoride-coupled B Affords mixtures of at least two isomers at the
electron transfer. @ positions ortho and para in most cases

3c 2



Fluoride(F-) as Fluorine Source

F*+ C-H - C-F + N-H
Fr+2e — F
CH->C'+H"+2¢

FF+C-Ho>CF+H +2e

— Fos -

CH-C'+H"+2e

B C-H fluorination with '8F- via organic photoredox catalysis. Nicewicz et al. Science 2019, 364, 1170.

1 (1 to 5 mol%)

@) TEMPO (0.5 equiv)
© 50, @ . o
3 MeCN:t-BUuOH (4:1; 0.05 to 0.5 M),

450 nm laser (3.5 W), 30 min

fluoride

lER 0°C, O, (1 atm)
R
S 2|0
5F H
43 i
]o
O,
or
HOO"
HOO®

R
t -HOO*
1F H O
TEMPO Radical Scavenging
HOO* O,
MS,O' Me_OH
B Bl
M
Me
TEMPO TEMPO-H
Hoo® o®

C-H amination:

Science 2015, 349, 1326.
C-H Cyanation:

JACS 2017, 139, 2880.



SUMMARY AND OUTLOOK

[LaM"] ©,x
eouctive Oxidative\ X =1, Br, Cl, Nucleophilic Arene Fluorination
T " OTf, etc.
Elimination Addition o Pdolpdll F_
o | i
[thiln...Z]_F [LnMn+2]_x CU /CU

Ar Ar

Electrophilic Arene Fluorination

Halide

Exchange * AgllAg"'Ag"
« Pd"and PdV F+
x®  F°  Ni'"and Ni"V
 Bil/BiV
[LM"] M1
©/ ©/ C-H Fluorination/S,Ar
Reductive _ [M] = SnR3, B(OH),,
Elimination Transmetalation SiXs, etc.
18F Labeling
[L,M"*2]—F [LaM"]
/!\r Ar
Oxidation

F©



