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Introduction

CuCl, (< 0.5 M)
HgCl
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+ product
CH2=CH2 Cl
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Heck, R. F. et al. J. Am. Chem. Soc. 1968, 90, 5538.




Introduction

5 mol% Pd(PhCN),Cl, Cl
CuCl, )\/
\/C6H13 + Ph-SnBu3 y Ph C6H13
Et,0, 0 °C .
No yield reported

Yoshida, Z. et al. J. Org. Chem. 1986, 51, 4089.
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Jung, K. W. et al. J. Org. Chem. 2002, 67, 7127.



Pd-Catalyzed 1,2- and 1,1-Arylchlorination
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Sanford, M. S. et al. J. Am. Chem. Soc. 2008, 130, 2150.



Pd-Catalyzed 1,2- and 1,1-Arylchlorination

10 mol% Pd(PhCN),Cl,
2R PhICI, or CuCl, cl Ph
. - Ph\)\ . Y\R
Ph-SnBus solvent, -78 °C to 25 °C R cl
1,2 product 1,1 product
PhICl,: yield  1,2:1,1
entry substrates CuCl,: yield  1,2:1,1
/\/\/\
] z o 72% 8:1
53% <1:20
I
P AN 84% 13:1
2 z Br 54% <1:20
o) .
/\/\/\ 96% 9:1
3 z OTs 71% <1:20
4 PAY N 92% 11:1
z OTBDPS 66% <1:20
o)
5 N 85% 6:1
71% <1:20
o
(o] OMe
/\/\/\ 86% 8:1
6 z o 41% <1:20




Pd-Catalyzed 1,2- and 1,1-Arylbromination

CuBr,/THF Br
cat. Pd(ll) Pd" )\/Ph
R
R/\ y o
S Ph-SnBu, R)\/Ph
CuBr,/Et,0 Ph
R/Y
Br

Sanford, M. S. et al. J. Am. Chem. Soc. 2010, 132, 8419.



Pd-Catalyzed 1,2- and 1,1-Arylbromination

Br Ph
ONN"S0Ac 10 mol% Pd(MeCN),Cl, \|/\/\/\OAC
(%) 4.0 eq CuBr, . Ph OAc

oy Br
1,2-product 1,1-product
Ph-SnBu, (28a) (28b)
(13 eq) A~
(o)

THF-addition product
(29)

entry solvent t (°C) yield (%) 28a:28b2

1 dioxane 25 29 1:>20
2 CeHs 25 24 1:13
3 AcOH 25 16 1:>20
4 CH,CI, 25 27 1:>20
5 Et,O 25 46 1:>20
6 Et,O -78 t0 25 82 1:>20
7 THF 25 25 1:>20
8 THF -78 t0 25 49 (17) 3:1
9b THF -78 to 25 50 (5) 10:1

10 THF -78 to 25 80% (20) 10:1

2 Yield and ratio of isomers determined by 'H NMR of crude reaction mixture. The yield of 29 is
shown in parentheses where applicable. ® Concentration of reactions was 0.032 M for entries
1-8, 0.064 M for entry 9 and 0.128 M for entry 10.




Experiments for Mechanistic Research

10 mol% Pd(PhCN),ClI, D
D 4 eq CuCl,
\|é\(;6|-|13 + SnBu; - Ph C.H
D Et,0, -78 °C to 25 °C 613
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"\ _Ar D _Ar
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Experiments for Mechanistic Research

Y
X
%\©\ /%/K/Q/
Y =

10 mol% [Pd] | v
A Oxidant-X - Z/\/ 44
solvent, 0 °C to 25 °C
Z—©—3n8u3 |/§
X
Z/\% a
entry X Y Z yield ratio 1,2:1,1
1 Cl F H 48% 1.4:1
2 Cl H F 50% 2.2:1
3 Br F H 69% 9:1
4 Br H F 50% 24:1
cl cl
\©\/\/ A [ v
10 mol% Pd(PhCN),Cl, \/\)\
A 4 eq CuCl, NS Ph
+ (10) > O -
Et,0, -78 °C to 25 °C |
@—SnBu3 (68%) N oh (10c)
10b : 10c =4:1 \(\/\

Cl



Experiments for Mechanistic Research

Cl
PO 10 mol% Pd(PhCN),Cl,
ArT N 4 eq CuCl, )CI\/©/CI
+ > +
o o Ar
Et,0, 0 °C to 25 °C Ar
cl SnBu, Cl

1,2-product 1,1-product

Ar = Ph: (11a) ratio: 2:1 (11b)
Ar = 2-naphthyl:  (12a) ratio: >50:1 (12b)
\/ cl \/ cl

n-benzyl

': cl \/ Cl
d Pd
“/\,/

c-naphthyl n-naphthyl

.............................................................................................................................

Hartwig, J. F. et al. J. Am. Chem. Soc. 2006, 128, 1828.




Effect of Substituted THF on the Selectivity

Br

WOAC 10 mol% Pd(MeCN),Cl, Ph\)\/\/\
OAc

(5) 4.0 eq CuBr,
+ - 1,2-product
(0] (28a)

Ph-SnBu, R R Ph
(1.3 eq) MOAC
(solvent)

Br 1,1-product

(28b)
entry solvent yield (%) 28a:28b2
1 THF 80 15:1
2 Me-THFP 37 1.5:1
3 Me,-THF¢ 57 1.8:1

2 Yield and ratio of isomers determined by *H NMR of crude reaction mixture. ® Me-THF, 2-
methyltetrahydrofuran.c Me,-THF, 2,5-dimethyltetrahydrofuran

Me-THF and Me,-THF are expected to have very similar polarity but
significantly poorer coordinating capabilities than THF. Thus, this
result suggests that THF coordination (to either Pd or Cu) may play a
key role in switching the selectivity.




Effect of Aprotic Solvents on the Selectivity

Br

M\OAC 10 mol% Pd(MeCN),Cl, Ph\)\/\/\
OAc

() 4.0 eq CuBr,
+ - 1,2-gr80duct
Ph-SnBu, solvent, -78 to 25 °C (28a)

Ph
(1.3 eq) MOAC

Br 1,1-product
(28b)

entry solvent € yield (%) 28a:28b2

1 THF 7.58 49 3.4:1
2 1,2-Dimethoxyethane 7.2 14 >20:1
3 EtOAC 6.02 63 1:8

4 CHCl, 4.81 45 1:>20
5 Et,O 4,33 82 1:24
6 Anisole 4.33 23 1:>20
7 'Pr,O 3.9 76 1:5.9
8 MTBE 2.6 56 1:>20
9 Dioxane 2.25 30 1:20

2 Yield and ratio of isomers determined by 'H NMR of crude reaction mixture.

Polar coordinating solvents are likely to enhance the solubility of
CuBr,, which should increase the rate of oxidative bromination
relative to that of B-hydride elimination.




Mechanistic Research for Stereochemistry

H Ph
Z OAc Ph >
> OAc
Ph cis-(48)
10 mol% Pd(MeCN),Cl, X H (a9-cIBr)
or ' +
Phe — solvent, -78 to 25 °C H Ph
NN NoAc op. 3
trans-(48) OAc
+
Ph-SnBu, H X (50-clBr)
entry  substrate oxidant solvent vyield (%)2 49:502
1 cis-48 PhICI, CH,Cl, 40% 12:1
2 cis-48 CucCl, Et,O 51% >30:1
3 Ccis-48 CuBr, Et,O 41% 5:1
4 trans-48 PhICl, CH,CI, 21% 1:1.6
5 trans-48 CuCl, Et,O 45% 1:8
6 trans-48 CuBr, Et,O 9% 1:8

aYield and ratio of isomers determined by 1H NMR of crude reaction mixture.




Mechanistic Research for Stereochemistry

NOAC [Pd]-Ph Pd]}é\/\ OX|dant X %/\
Ph syn addition 49

X H
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H x 950
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Proposed Mechanism for Arylhalogenation
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Pd-Catalyzed Enantioselective 1,2-Arylfluorination

o -
\S\‘/,o o
A W°
[M], [F*] € - S\NM
" Tol-B(OH), ¢
SO,NHMe —M—
2 X ;M] F 1e Tol
L L -
1a : SO,NHMe
N MLIF] .
Tol-B(OH),
[M] = Au' or Pd" Tol
1b o
DG DG
B(OH), cat. Pd(ll)/L*
+ » F
| [F*]
Tol

Toste, F. D. et al. J. Am. Chem. Soc. 2014, 136, 4101.




Screening of Suitable Directing Group

Tol

PdCl,/Bipyridine (10 mol%)
B(OH),  selectfluor (2.0 eq), tert-butylcatechol
> F
CH,Cl,/H,0 (0.1 M)
rt,24 h
1-8a 1-8b

(2.0 eq)
F
F. F. F
(o} o (o]
SO,NHMe
N N F N
H H H
F F F F F F N
Tol Tol Tol Tol
1b, 57% 2b, 55% 3b, 45% 4b, 54%
(o} (o} o (o]
/OMe
OH NHTs H NH
F F F F SMe
Tol Tol Tol Tol
5b, 0% 6b, 0% 7b, 0%

8b, 0%




Pd-Catalyzed 1,2-Arylfluorination

o (o]
[Pd]/Ligand (14 mol%) NHAQ
NHAQ + Tol-B(OH), Selectfluor (2.0 eq), tert-butylcatechol> )
solvent (0.1 M),
rt, 24 h
4a | (2.0 eq) 4b Tol
entry [Pd] ligand solvent additive®  yield (%)°
1 PdCl, L1 CH,CI,/H,0 (1/0.1) - 54
2 Pd(OAc), L1 CH,CI,/H,0 (1/0.1) - 67
3 PdBr, L1 CH,Cl,/H,0O (1/0.1) - 54
4 Pd(TFA), L1 CH,CI,/H,0 (1/0.1) - 61
5 Pd(OAc), - CH,Cl,/H,0 (1/0.1) - 0
6 Pd(OAC), L2 CH,Cl,/H,0 (1/0.1) - 56
7 Pd(OAc), L3 CH,CI,/H,0 (1/0.1) - 76
8 Pd(OAc), L3 CH,Cl, - 23
9 Pd(OAc), L3 CH,CI,/H,0O (1/0.2) — 82
10 Pd(OAc), L3 CH,Cl,/H,O (1/0.2) P1(0.3eq) 91(86)
11  Pd(OAc), L3 CH,CI/H,0 (1/0.2) P1 (0.5 eq) 82
12 Pd(OAc), L3 CH,CI,/H,O (1/0.2) P2 (0.3 eq) 74
/ _N\ \N / MeO 4 _N\ \N / OMe  Bu / _N\ \N / Bu
L1 L2 L3

bP1: bis(2-ethylhexyl) hydrogen phosphate; P2: dibenzyl hydrogen phosphate. ¢ Determined
by correlation between HPLC-Ms and crude IH-NMR analysis. 9 Isolated yield.




Substrate Scope for AQ Directing Group

Pd(OAc),/tert-Butyl-BiPy (15 mol%) c o
(2-ethylhexyl0),PO,H (30 mol%) R
Selectfluor (2.0 eq), tert-butylcatechol NHAQ
Ar-B(OH), y F
CH,CI,/H,0 (5/1 viv) (0.1 M)
(2.0 eq) rt,24 h
2
NHAQ
F
I Cl

10, 81%

13, 45% 14, 62%
o (o]

17, 65% 18, 80%

19, 62% e 20, 73%




Substrate Scope for Enantioselective Arylfluorination

o Pd(OAc),/L* (15 mol%) Rl o
(2-ethylhexylO),PO,H (30 mol%)
NHR Selectfluor (2.0 eq), tert-butylcatechol NHR
+  Ar-B(OH), > -
CH,CI,/H,0 (511 viv) (0.1 M) -
(2.0 eq) rt, 15 h
Ar
o ( X N\
L* 4
L Bu
@ 0

Me
4b, 15%, 81% ee 22, 72%,

76% ee

23,76%, 96% ee

24,73%,93% ee

26 (R' = 4-Me), 74%, 96% ee

27 (R' = 4-Cl), 83%, 91% ee

28 (R' = 4-OEt), 71%, 83% ee

29 (R' = 3-F), 71%, 87% ee

30 (R' = 2,6-(Me),), 66%, 60% ee
31 (R' = H), 77%, 94% ee

25, 47%, 92% ee 32 (R! = Br), 60%, 90% ee




Proposed Mechanism for 1,1-Arylfluorination

N N
Ar-B(OH
/P d\ )2
X X X
X-B(OH),
NHR —-
o X,y /\
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Pd ) N N
| N /Pd\
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Pd-Catalyzed Enantioselective 1,1-Arylfluorination

N
’i‘s B(OH), cat. Pd(Il)/L* '!ls @
+ >

Toste, F. D. et al. 3. Am. Chem. Soc. 2015, 137, 12207.



Substrate Scope

Pd(OAc), (5 mol%)
tert-Butyl-BiPy (6 mol%)

Ns
Ns B(OH), Selectfluor (2.0 eq) |
y R/N

| +

R/N\& DCM:H,0:MeCN (10:2:1)
rt, 18 h F
(1.0 eq) (2.0 eq) 3
Me
R
Ns lils lils
|
N N N
Ph”” Ph” Me Ph” Me
F F F
3a (R = H), 75% 3g, 69% 3h, 60%

3b (R = Me), 77% CO,Me

lils
3¢ (R='Bu), 67% | Me N Ph
3d (R = F), 68% N W
3e (R=CI, 80% F

3f (R = Br), 78% F
3i, 48% 3j, 70%

rils
N\/th Me lils lils
/@/ N\/\l/Ph o N\/\l/Ph
F
R <
3k (R = MeO), 65% F o F
Me Me Me

31(R=F), 72%

3m (R = F), 72% 30, 80% 3p, 66%
3n (R=CF3), 67%

Ns Ns Ns

| | | Ns F

_N Ph _N Ph Ph N Ph |
Ph Ph
F F C02Me F
3q, 71% 3r, 68% 3s,77% 3t, 60%

(dr=1.8:1)




Pd-Catalyzed Enantioselective 1,1-Arylfluorination

[Pd] (10 mol%), Ligand (13 mol%) Ns
Ns B(OH), Selectfluor (3.0 eq) |
l!l + > /N
Ph” \/% soIvent:HZO;gi'tt:'ile (8:8:1) Ph
rt,

1a (1.0 eq) 2a (3.0 eq) 3a
entry? [Pd] ligand solvent nitrile ?;é;ﬁ)):

1 Pd(OAc), L1 CH,CI,/H,O -- -

2 Pd(MeCN),Cl, L1 CH,CI,/H,O -- (trace)

3 Pd(MeCN),Cl, L1 CH,CI,/H,0O MeCN 66(68%)

4 Pd(MeCN),Cl, L1 CH,CI,/H,0 'PrCN 82

5 Pd(MeCN),Cl, L1 CH,CI,/H,0 BnCN 84

6 Pd(MeCN),Cl, L2 CH,CI,/H,0 BnCN 81

7 Pd(MeCN),Cl, L3 CH,CI,/H,O BnCN 55

8 Pd(MeCN),Cl, L1 CH.CI, BnCN 80

9 Pd(MeCN),Cl, L1 Benzene/H,O BnCN 87

10d Pd(MeCN),Cl, L1 Benzene/H,O BnCN 90(46%)

o 0 0 0 o)
J=<J. <3 O],
B N N ipr N N™ Yip, N NT g,
L2 L3

L1

aReaction conditions: 1a (0.1 mmol), 2a (0.3 mmol), Selectfluor (0.3 mmol); Cat., 10 mol %;
ligand, 13 mol %; solvent, 0.8 mL; H,O, 0.8 mL; nitrile, 0.1 mL; rt, 18 h. ® ee determined by
chiral HPLC. ¢H NMR yields in parentheses. @ The reaction was carried out at 4 °C for 18

h, isolated yield in parentheses.

",
4
Bn




Substrate Scope

[Pd] (10 mol%), Ligand (13 mol%) Ns
Ns ekl Selectfluor (3.0 eq) |
l!l + b N
R” \/% Benzene:H,0:BnCN (8:8:1) R i
R £
(1.0 eq) (3.0 eq) 4°C,18h F

Ns
\/\/©/ \/\)@\ hll\/\/Ph e

N\/\/Ph
F F
R
3a (R = H), 46%, 90% ee 39, 56%, 89% ee 3k (R = MeO), 51%, 91% ee 3n, 43%, 90% ee
3¢ (R = 'Bu), 47%, 88% ee 3I(R=F), 48%, 87% ee
rils rils
Ns F N Ph
N Ph N Ph I | NN\
- \/\/ Bn” \/\/ /N\/\/=\ i
i 1 Ph Ph E
F F CO,Me
3q, 55%, 81% ee 3r, 54%, 84% ee

3t, 42%, 66% ee 3u, 35%, 81% ee
Ns 'i‘s
I MeO
7

|
N Ph N
cy NN

Z
| Ilnn-§
)
=2

Me

“T1
“T1 s

MeO
3v, 52%, 83% ee 3w, 56%, 86% ee

50%, 91% ee

Toste, F. D. et al. 3. Am. Chem. Soc. 2015, 137, 12207.



Summary

Cl

PV
T

PhICI,

AN

cat. [Pd"]

Ph-SnBu3

4%

CuBrleHF |
J CuBrzlEtZO Y\@

g
Cl CuCl,
DG DG
CH,Cl,/H,0
4 )
| \ cat. [Pd"] / »@
Ar-B(OH), Ar
N Ns
| s / Selectfluor \ |
N Ar
N \ y, NN
R/ \& R I

Benzene/H,0/BnCN @




The unique properties engendered by fluorine have inspired a number
of strategies for the enantioselective construction of C-F bonds
employing either electrophilic or nucleophilic fluorine sources. The
difunctionalization of alkenes has emerged as an attractive strategy for
the simultaneous formation of C-F and C-X (X = C, N, P, etc.) bonds.
However, while great progress has been made in fluorocyclization of
alkenes, intermolecular difunctionalization of alkenes as a means for
enantioselective construction of C-F bonds remains challenging. We
recently reported a palladium-catalyzed asymmetric 1,2-fluoroarylation of
styrenes with boronic acids and Selectfluor as the fluorine source. Key to
this transformation was the placement of a directing group on the alkene,
which disfavored the oxidative Heck reaction and allowed for C-F bond
formation via a high-valent palladium intermediate. In contrast, Sanford
has described the 1,2 or 1,1-arylchlorination/bromination of alkenes with
arylstannanes in the absence of a directing group on the alkene. Inspired
by these reports, we have developed a catalytic enantioselective 1,1-
arylfluorination of alkenes with arylboronic acids and Selectfluor.



In conclusion, we have disclosed a palladium-catalyzed 1,1-
fluoroarylation of unactivated amino-alkenes by a three-component
coupling of alkenes, arylboronic acids, and Selectfluor. Moreover, the
reaction was extended to an asymmetric transformation that generated
chiral benzylic fluorides in good to excellent enantioselectivies. This
method promises to serve as a powerful strategy for the
difunctionalization of alkenes to provide chiral fluorinated molecules.



