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Formation of C(sp?)-Halogen Bonds

O Using Sterically Hindered Phosphorus Ligands

(O_tOI)3P /X\
R \P% 70 °C 2 P(o-tol); R! X
‘o + 4 PBug —_— + + 9
, CeDs 2 Pd(PBus), . R?

R R? 2
3a-e
R"='Bu, R? = Me, R®*=H R'=R?=H,R*="Bu
1a: X =Cl,1b: X =Br, 1c: X = | 1d: X =Cl, 1e: X =Br
Entry 1 Yield of 3 (%) Keg?
1 la(X=Cl) 70 9(3) x 102
2 1b (X = Br) 70 2.3(3) x 103
3 lc (X=1) 39 3.7(2) x 10°
4 1d (X =ClI) 30 not measured®
5 le (X =Br) 75 3.3(6) x 104

2 Kgq Values are referenced to a 1 M standard state. K., values were obtained for the process in equation by
initiating reactions from both sides of the equilibrium. ® This reaction appeared to consume all of the aryl chloride
complex, but low yields for the formation of free aryl chloride may prevent reversibility.

Roy, A. H.; Hartwig, J. F. J. Am. Chem. Soc. 2001, 123, 1232




Formation of C(sp?)-Halogen Bonds

O Synthesis of Fluoro-Arenes—Halex Rxn

X F
nucleophilic source of fluorine -
DMSO or DMF, reflux
EWG EWG

X =Cl, Br
EWG = CN, NO,, etc
nucleophilic source of fluorine = KF, NaF, CsF, etc

X
X +F© +x@ F
EWG EwG X7 Ewe

Finger, G. C.; Kruse, C. W. J. Am. Chem. Soc. 1956, 78, 6034




Formation of C(sp?)-Halogen Bonds

O Using Sterically Hindered Phosphorus Ligands

Halex Reaction

X

X =C +° F
EWG  Ewe X Ewe

Metal-Catalyzed Aryl Fluorination

ArX
extremly X=Cl,Br, |, OTf
challenging

A" M =Pd, Rh AT

&%

Yanduloy, D. V.; Tran, N. T. J. Am. Chem. Soc. 2007, 129, 1342
Watson, D. A.; Su, M.; Buchwald, S. L. Science 2009, 325, 1661

/




Formation of C(sp?)-Halogen Bonds

O Using Sterically Hindered Phosphorus Ligands

l OMe

L (6 mol%) E
OTf [Pd(cinnamyl)CI], (2 mol%)__ MeO P(t-Bu)
R + CsF i-Pr, i-Pr
toluene, temp, 12 h
i-Pr
F 0
Me N |
N~ CF; F O Ph MeOC
Boc
1 2
83% (<1%) 63% (2%) 73% (4%) 82% (2%)
80 °C 80 °C 110 °C 110 °C
O
F
02N Me Me N/
6 7
80% (<1%) 83% (2%) 78% (2%)
110 °C 110 °C 120 °C

1 mol% [Pd(cinnamyl)Cl], 1 mol% [Pd(cinnamyl)Cl], 1 mol% [Pd(cinnamyl)Cl],

Me

Me

5
83% (2%)
110 °C

5
L0
73% (n/o)

110 °C
4 mol% [Pd(cinnamyl)Cl],

Values in parentheses denote the amount of reduced starting material based on the isolated product yield.

Watson, D. A.; Su, M.; Buchwald, S. L. Science 2009, 325, 1661




Formation of C(sp?)-Halogen Bonds

O Using Sterically Hindered Phosphorus Ligands

1 X
R R1 QPtBUZ
x || _Pd(@-Phos); (57.5 moi%) Y / s rarea .
AN > rans- e
re-f_ PhMe (0.1M), 50 °C re-LL (minor) Ph’@fh
Ay X = Cl, Br, | A=Y Ph Ph
Y = O,NTs Ph
56-96% yields cis-2
1 ) ;
cis-2/trans-2 up to 95/5 (major) Q-Phos
1 Q,
PdL, = = Pd.
=

- trans-2 || + trans-2

free rotation
1} 11-B

Le, C. M.; Menzies, P. J.; Petrone, D. A.; Lautens, M. Angew. Chem. Int. Ed. 2015, 54, 254




Formation of C(sp?)-Halogen Bonds

O Using Electron-Poor Ligands

o)

(CeFs),P P(CgFs), | Pd2(dba); (2.5 mol%)

15 mol% PhMe, 125 °C, 12 h
R'—=—R R——"R
unsymmetrical symmetrical
internal alkynes internal alkynes
I I
Rll R'
>99:1 syn/anti >99:1 Z/E syn/anti

Lee, Y. H.; Morandi, B. Angew. Chem. Int. Ed. 2019, 58, 6444




Formation of C(sp? & sp?3)-Halogen Bonds

[
O Light-Promoted Radical Process

40W Blue LED
[Pd(allyl)Cl], (2.5 mol%)/DPE-Phos (10 mol%) o
or (DPE-Phos)Pd(CO), (5 mol%) )j\

R=X + CO + NuH BuyNCl, Collidine, benzene, 30 °C - R Nu ©
PPh, PPh,

R = aryl or alkyl, NuH = alcohol, amine or thiol

Me 40W Blue LED Me O

| [Pd(allyl)Cl]5 (2.5 mol%)
DPE-Phos (10 mol9
+ CO + Bu,NCI 0s (10 mol%) . Cl
CD3CN, 30 °C

0]

0.CO I—Ar

Ar)I\CI L. Pd
" ">co
+2CO

radical I ) | radical
induced RE LoPd—Cl + 1, LaPd—!  induced OA
Ar CO + Are

Torres, G. M.; Liu, Y.; Arndtsen, B. A. Science 2020, 368, 318




Introduction (Summary of Previous Work)

O Strategies
€ Sterically Hindered Phosphorus Ligands
€ Electron-Poor Ligands

€ Light-Promoted Radical Process

O Limitations
€ Mainly C(sp?)-Halogen Bonds
€ High Temperature
€ No Applications in Formation of Alkyl Halide

€ Few Asymmetric Versions

Chen, X.; Zhao, J.; Tong, X. J. Am. Chem. Soc. 2021, 143, 1924
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Formation of C(sp?®)-Halogen Bonds

O Computational Studies

__________________

concerted

C) our strategy: facilitating stepwise carbon halogen RE via H-bondin
(c) ay g step g g athway

+ *
I

lX"C"PdLn

stepwise '
pathway |

H-bonding E
3 ----- empowered !

4~ sl +
y_-PdLy, C—PdLn + X

,,,,,,,,,,,,,,,,

X-Pd bond

dissociatio C—X + Pd(0)L,

X-Pd bond

C
“PdLn
x '-‘—-- . T
H-bond donor YH dissociation

0.0

Lan, Y.; Liu, P.; Newman, S. G.; Lautens, M.; Houk, K. N. Chem. Sci. 2012, 3, 1987
Chen, X.; Zhao, J.; Tong, X. J. Am. Chem. Soc. 2021, 143, 1924




Formation of C(sp®)-Halogen Bonds

O Establishment of a Biphasic H-Bonding System

|
"By Pd(OAc), (10 mol%) Ph_~ ’'BU |
o / \ DPPF (30 mol%) _
J additive(s), toluene (4 mL), 60 °C, 36 h N
N
Ts

Ts

Entry Additive(s) Isolated yield (%)
1 , no additive <5
2 Y Y=0,R=Ph 17
3 RN” SNR Y=S,R=Ph 8
4 hoH Y =0,R = CdFs 39
5 [Et,NH]*[BF,] 11
6 [Et;NH]*[BF,] + H,O (1 mL) 53
7 [Et;NH]*[BF,]- + H,O (1 mL) + EG (2 mL) 83
8 EG (2 mL) 33
9 H,O (1 mL) <5

102 [Et;NH]*[BF,]- + H,O (1 mL) + EG (2 mL) 80

Conditions: 1a (0.2 mmol), Pd(OAc), (10%), DPPF (30%), toluene (4 mL), and the indicated urea derivative (2.0 equiv)
or [Et;NH]*[BF,]~ (2.0 equiv). 2 20% DPPF was used.

14



Formation of C(sp®)-Halogen Bonds

O Chiral Ligand Screening

L4: R = Me, Ar = Ph
d(OAc), (10 mol%), Ly (x mol%) yBu | L, R = Et, Ar = Ph
): toluene (4 mL), T \(jL/ P Ls: R = Ph, Ar=Ph
_ | [EtzNH]*[BF 4] (200 |% L4 R =Ph, Ar = 3,5-(Me),-CgH
additives = { H,O (1 mL), EG 2mrr?L @ L:: R = Ph, Ar = 3,5-(Bu), CZHz
] ($)-2a N Le: R = Ph, Ar = 3,5-(MeO),-CgHj
@ s L;: R = Ph, Ar = 3,5-(CF3),-CeHs
30 mol% L 30 mol% L 20 mol% L
Entry Ligand T=100°C T=60°C T=60°C
w/o the additives w/o the additives with the additives
1 L, 30%, < 5% ee < 5%, ND 41%, 23% ee
2 L, 22%, 21% ee < 5%, ND 50%, 42% ee
3 L, 47%, 66% ee < 5%, ND 58%, 78% ee
4 L, 65%, 72% ee 8%, 91% ee 79%, 93% ee
5 Ls < 5%, ND < 5%, ND < 5%, ND
6 Lg 50%, 77% ee 10%, 86% ee 68%, 92% ee
7 L, < 5%, ND < 5%, ND < 5%, ND

15



Formation of C(sp®)-Halogen Bonds

O Substrate Scope of Asymmetric Carboiodination

(r

Ph yBu |
10N

N
Ts

2a: 79%, 93% ee
Et "Bu |
O

N

Ts

2h: 52%, 90% ee

Pd(OAc), (10 mol%), L4 (20 mol%)

[EtsNH]'[BF 4] (200 mol%)
toluene/H,O/EG, 60 °C, 36 h

Ph "Bu | A "Bu |
OF o
N N
Ns Ts

2b: 77%, 94% ee

yBU | Me | ipr
t |
BU\(jL/ Ph\(jL/ Ph\(jL/
N N
Ts Ts

2i: 44%, 94% ee

2j: 50%, 87% ee

Ph

Fe
7 PAr2

& NMez
PR

I

Ar = 3,5-(Me)2-CGH3

2c: 72%, 95% ee (Ar
2d: 78%, 91% ee (Ar
(Ar

2k: 82%, 92% ee

16



Formation of C(sp®)-Halogen Bonds

O Substrate Scope of Asymmetric Carboiodination

OMe
TBSO TBSO BzO BzO o
4 )4
Ph ! Ph ! Ph ! Ph ! Ph
=z =z =z =z 4
N N N
Ts Ts Ts Ts Ts
2m: 32%, 94% ee 2n: 78%, 91% ee 20: 73%, 97% ee 2p: 76%, 92% ee 2q: 52%, 93% ee
Cl NBnBoc
/ \ Cl
0] (0]
Ph I Ph Ph I Ph M
e | |
=z =z =
Ph\(jL/ Ph %
N N N
Ts Ts Ts MeO,C CO,Me o 0
2r: 60%, 92% ee 2s:73%, 94% ee 2t: 50%, 91% ee 2u: 70%, 91% ee 2v: 80%, 35% ee 2w: 72%, 55% ee

17



Formation of C(sp®)-Halogen Bonds

O Substrate Scope of Asymmetric Carbobromination

Ph

Br ey NMez
N r R
¢ J R Pd(OAc), (20 mol%), L (40 mol%) S Br @ PAr2
" > =z Fe
[EtsNH]'[BF 4] (200 mol%) @Ar2
Z toluene/H,O/EG, 80 °C, 36 h Z >—NMe,
3 4 PH
Ar = 3,5-(0Me)2-CGH3
TBSO TBSO BzO BzO
),
Ph Br Ph Br Ph Br Ph Br
= =z =z =
N N N N
Ts Ts Ts Ts
4b: 15%, 91% ee” 4b: 43%, 94% ee 4c: 57%, 96% ee 4d: 50%, 95% ee
"Bu Br "Bu Br
Ph % %
N O N
Ts Bn

#Use L4 instead of Lg. 4e: 60%, 91% ee 4f: 34%, 97% ee




Formation of C(sp®)-Halogen Bonds
O Synthetic Transformation

_< } standard

1aa
(0.5 g, 1 mmol)

2aa
58%, 86% ee

MeHN:</< Q\{
"Bu |

NM
Ph /

Ph
NG ' CF3SO3H
condltlons
N

|
Et
N

7 (bridged ring)
72%, 87% ee

¢
Pd(OAc), (10 mol %) NMe
PPh; (30 mol%) Ph ' /
N Cs,CO3, DMF o Ag,COs (2 equiv) \(j”nsu
Ts N MeCN, refluxing N
Ts s
2a 8 (fused ring)
40%, 77% ee
| Ph Eln
Ph_~ CF,COH  TINFA K,CO o
NBnBoc ————— > NHBn 2773 o
CH2C|2, 0°C DMSO N
N N /
Ts Ts TS
2s 9 (spirocycle)
59%, 96% ee

19



Formation of C(sp®)-Halogen Bonds

O General Mechanism

/N P/;\P
PR P
"Bu by “pd

Ts N
W Ts
B A

enantio-determining step (EDS)

20



Formation of C(sp®)-Halogen Bonds

O The role of ammonium salt
(a) 2a: ee (%),
toluene/H,O/EG dioxane/H,O/EG
(oil/water biphasic) (homogenous)
—
90t
80
60T
4071
20t
0 Y » Y B
201 ' ' _ \
-40T without  100%  200% without  100%  200%
salt salt salt salt salt salt
/*\ YERN
P
"By N "By A By
Ph Pd_ Ph Pd_ Ph '
EDS \(j—/ | [HNEts]* \(j—/ | 7
> e @ —
less or no [HNEt;]* N N EtsNH N
available (biphsic) Ts Ts Ts
m B C (S)-2a
\_ s :
Pd\l Y
/ "By (S)-2a
Ph ):—
N
Ts PN
A p\ P VR
more [HNEt;]* Pd\l_,.HNEt3 "Bu P\Pd/P Bu |
available (homogenous) / "Bu EDS Ph = H N Ph % S
» Ph _— ®: —
Et;NH
N N N
Ts Ts Ts
A’ c' (R)-2a

21



Formation of C(sp?®)-Halogen Bonds

O DFT Calculations

"
(a) coTTTTTTT T mTmT ' + Fak
S —PMe, PdL \(jL‘

I _ ) / \\

L= Fe N :

fffffffff e, Mo T il

AG 41.3 41.7

kcal/mol

TS2

L _ Pd — _
Pld L ‘F_BFg
-
= \I Pd BF4 N + _
= > Ms  Me;NH--I

R
I
esNH 3.3

[Pd—F:2.267 A ]
[ Pd—I: 2774A] 2.0
Pd—l 2.835 A l

(MesNH)(BF4) —H: 2423 A

~ (Me3NH)(BF,)
LPd--FBF, + HNMe,

product

31.4 PdL

pe _—
=+ —

) \
251 product

I—H2: 3.105 A .. I

I—Hb: 3.604 A | @ Pd
I—C:2.680A|! ® F
Pd—C:2.740 A L. N

22




Summary

L, s . X =1,60°C
g0 ! £ X = Br, 80 °C foo
. X i : ® it : PdL S f E
e pd0|_n> L. A 7d\x HNR; | . =~ o (asymmetric) Nz X
x oo - : without ammonium
Xo only X = land > 100 °C
HNR;

@ Pd(0)-Catalyzed Asymmetric Carbohalogenations
®) First Asymmetric Carbobromination &) Biphasic H-Bonding System

®) Simple Ammonium Salt &) Mild Conditions

23



Writing Strategies

O The First Paragraph

The importance and challenge
of the carbon-halogen RE

4

Progress in developing method
for C-X formation

4

The limitation of the
existing methods
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The First Paragraph

.
Reductive elimination (RE) is a typical terminating elementary step for
product formation and catalyst regeneration in numerous metal-catalyzed
reactions. Expanding the scope of such a fundamental reaction will no
doubt broaden the horizons of transition-metal catalysis. As is the case, the
newly emerging C-X (X = halogen) RE is particularly attractive since the
resulting organohalide product is a class of versatile compounds in organic
synthesis. However, because of the reverse process of the facile and
exergonic oxidative addition of an organohalide to the Pd(0) complex, the
C-X RE is thermodynamically disfavored, rendering such an elementary
reaction strikingly less prevalent and practically difficult. Nowadays,
stoichiometric and catalytic reactions involving the challenging C-X RE
strongly rely on the discovery and development of ligands with highly

tailored electronic and/or steric properties.

25



The First Paragraph

Seminal studies by Hartwig and Buchwald have established benchmarks
for C(aryl)-X RE through the use of sterically hindered phosphorus ligands,
which could be attributed to key species aryl-Pd"-X with an extremely
congested environment at the palladium center. This fundamental principle
Is further exemplified in the Lautens’ Pd(0)-catalyzed carboiodination
reactions, wherein bulky ligand QPhos has been proven to be essential.
More recently, the Morandi group and our own group have disclosed that
some specific electron-poor ligands are also able to promote C-X RE via
reducing the electronic density of the corresponding Pd" center. Despite
these advancements, there are only a limited number of capable ligands,

and a few of them turned out to be general for different types of substrates.

26



The First Paragraph

The high reaction temperature together with the time- and effort-
consuming ligand identification have severely hampered the development
of such Pd(0) catalysis involving the step of formidable C-X RE, especially

in an asymmetric fashion.

27



Writing Strategies

O The Last Paragraph

Summary of this work

3

Elucidate the highlights

4

The prospects of this work
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The Last Paragraph

1
We have developed a unique strategy to enable Pd(0)-catalyzed
carbohalogenation reactions at much lower temperature. This strategy
features simple operation with the addition of [Et;NH]* salt as the H-bond
donor under the toluene/H,O/EG biphasic system. These advantages allow
us to easily achieve asymmetric carboiodination and carbobromination with
high levels of reaction efficiency and enantioselectivity by using the readily
available chiral FerroPhos ligand. The putative H-bonding interaction
between the [Et;NH]* and X-Pd'-C(sp3) species significantly enhances
X-Pd" bond heterolytic dissociation, which plays an essential role in the
reduction of the C(sp®)-I RE reaction barrier. We hope that the newly
developed biphasic system would open up a new avenue to stimulate the
potential of palladium catalysis in the asymmetric synthesis of organo-
halides via C(sp3)-X RE.

29



Representative Examples

O In light of (252F) the importance of sth. and the practical limitations of
current methods for their preparation, a specific method to yield sth. is a
highly desirable transformation. (FBEL{EME)

0 The capacity of transition metals to cleave and forge covalent bonds via
the fundamental operations of oxidative addition and reductive
elimination is a cornerstone of catalysis. (PFRAEHFT=HIEEH)

O Important from a practical standpoint (JCEMIEHBEFRS), a variety

of heterocyclic substrates can also be successfully fluorinated by using

these conditions. ({375 E09CHTH)
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