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Heck (Mizoroki-Heck) Reaction

The Heck reaction is a cross-coupling reaction of an organohalide
with an alkene to make a substituted alkene using palladium as a
catalyst and a base.

First carbon-carbon bond-forming reaction that followed a Pd(0)/Pd(ll) catalytic cycle

' Pd(ll) or Pd(0) catalyst R
R=X + R\NF base >N

R

R = alkenyl, aryl, allyl, alkynyl, benzyl
X = halide, triflate
R' = alkyl, alkenyl, aryl, CO,R, OR, SiR5

2010 Nobel Prize in Chemistry




Heck (Mizoroki-Heck) Reaction

O~ = oY,

CHPH. 120°C. 2 hm.

(N #8D me

+ 12590 1ag. nBaN TEE
»ao sovant, 100°C, 2 hrs.




Heck (Mizoroki-Heck) Reaction

base HX L,Pd° R =X
oxidative
base addition
H

R
/ /
Ln Pd\ Catalytic Cycle of A Heck Reaction Ln Pd\
X X
p-hydride olefin
elimination insertion
R\~ ~ R R —
>_\ RI
LPd H

X



Heck (Mizoroki-Heck) Reaction

Direct Acylation of Aryl Bromides with Aldehydes by Palladium Catalysis

1 E Bi. 2 mal-% Pd{dba),
3 mal-% dppp

Cl
J\/R 2 eq. pyrrolidine, MS 4 A Ar)JM’R R: alkyl,

OMF, 115°C B h Fh, Bn
J. Am. Chem. Soc., 2008, 130, 10510

product yield {%, isol) |1-rmluct yield (%, isol.}
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Heck (Mizoroki-Heck) Reaction

Asymmetric Intermolecular Heck Reaction of Aryl Halides

2 eq. 2.5 - 5 mol-% Pd{dba)

=
4

Y 3 - 6 mol-% ligand, 3 eq. DIPEA

Ar Y
Ar—Br + 1;5,\ 7 . \‘Q
1 eq. 4-nitrobenzoic acid —

ethane-1,2-diol or MeOH
f0or80°C,3-36h Y0, I:HE, MBoc

product solvent T(C) yield ee (%) J. Am. Chem. Soc., 2014, 136, 650

(%, isol.)

o
MeD—@—O sthanediol 80 93 98
—
0
F@Q ethanediol 70 82 98
—_—
Ph o
w sthanediol 40 70 88
—

MeQ
MeOH 80 92 87

\I/N

!
s MeOH 80 80 88

M
F4©—<J sthanediol 70 70 93
—




Heck (Mizoroki-Heck) Reaction

Operationally Simple and Highly (E)-Styrenyl-Selective Heck Reactions of
Electronically Nonbiased Olefins

1.1 eq.
3 mol % Pd.dba,
N2 & BFN—Ar - R
Dbl &,
rt., 03-16h F: alkoyl, Ar
J. Am. Chem. Soc., 2011, 133, 9692
product t{h) yield product t{h) yield
o o
0 {%, isol.) . Ph {%, isol.)
,J-k/\/\ 0.533 89 /©/\/
o
Fh 145 3
HO
ChEHN%Ph (BF 4t P h as substrate)
I 16 S5
Boc MO,
033 97
D> MED:CT"W@
2 b5 3
HOLC = 0 O
? EZ=10:1 .
i 2 &3 H,Ce” ™ Ph e 9
HO Mph (ee 98%, no racem ization)
El




Heck (Mizoroki-Heck) Reaction

- Application to the synthesis of the anti-smoking drug, Chantix®:

Pd(OAC); (5 mol %) FsC
P(o-tol); (10 mol %) =0

EtaN, DMF M
-
80 °C, 87% @EZ"?

Coe, J.W.; Brooks, P. R.; Vetelino, M. G_; Bashore, C. G_; Bianco, K_; Flick, A. C. Tefrahedron
Leff. 2011, 52, 953-954.



Heck (Mizoroki-Heck) Reaction

« Synthesis of an EP3 receptor antagonist via a double Heck cyclization reaction:

CH
1. Pd(OAck (02mol %) g H
F Bi P(o-Tol); (0.6 mol %) N
EtsN, CHoCN, 75°C N
= H
ﬁ'ﬁ“‘”’ 2. Pd(OAC); (1 mol %)
Br P(o-Tol)s (3 mol %) T l
(5.0 kg) Et,N, CH,CN, 75°C ' (217 kg) l
F"’ 67% CH,
CO,H F
N
N
HN o U
L=
S 11
2o : O DG-041
Cl

Zegar, S.; Tokar, C.; Enache, L. A_; Rajagopol, V.; Zeller, W.; O'Connell, M.; Singh, J.; Mueliner, F.
W.; Zembower, D. E. Org. Proc. Res. Dev. 2007, 11, 747-753.



Heck (Mizoroki-Heck) Reaction

The Role of Pd Nanoparticles in lonic Liquid in the Heck Reaction

-=< BMI.PFg

> 0 3 —— Rt o
e~ - Reduced
Pressure
NC-Palladacycle [Pdi0)] 5
in CH,Cly in CHLCl;

Base
' ~_F e
Phi
[Pd{0)]5= 2 nm [Pd(0)]5~ & nm
in 1onic hguid in enic hguid
J. Am. Chem. Soc., 2005, 127, 3298.
FurK
Nanoparticies of
Pd(0) ~ 2 nm
Pd{ll}
& l
Main catalviic cycle
.l Fd{l.'.‘r]

Manopariicdes of \
Pd(0) ~ 6 nm St~



Heck (Mizoroki-Heck) Reaction

Luminescent Microporous Polymers

]
/@’Nﬁ Pd(PPhy)y, KyCOy,
|

S DMF, 120°C, 72 h

T T Y T r T T T T T T
350 400 450 500 550 600 650
Wavelength (nm) LAIOP-1 LAMOP-2 LAIOP-3a LAIOP-3




Ullmann Reaction

The Ullmann reaction is an organic reaction used to couple two
molecules of aryl halide to form a biaryl using copper metal and
thermal conditions. Discovered by Fritz Ullman.

2 $ == 433,

X=LBr

¢ Limited to electron deficient aryl halides and requires harsh reaction
conditions

¢ Modern Ullman reaction employs palladium and nickel have widened the
substrate scope of the reaction and rendered reaction conditions more mild



Ullmann Reaction

Radical mechanlsm

Cu X
R
-'x', rr*qf‘r on with a //
“x{\\ Fhd il er radical |
I// . - Mg e
e |
R! % o
SET \I =3
= Q)
+Cu | I
e
=4
h
. Cu—X
e X "
X *{0) Cu A Cu
5 +Cu = 1 s
I | T——
L axidative A ‘\\ !/ -
=Y addition R! BETEY R | 5
Gl e
R
axidative
addition
R Cu)(
= /I f || iny
o O/ U
reductive
L eliminatior

R1

Mechanism involving aryl copper intermediate




Ullmann Reaction

1.1 eq 0.1 eq Cul
' ' 0.1 eq. neocuproine o
Ar—l  + HS-R = R
1.5 eq. MaOtBu
B: Alkyl, Ar toluene, 110°C, 24 h

Org. Lett., 2002, 4, 2803

ladide Sulfide Yield (%, isol) ladide Sulfide Yield (%, isol.)
g g =] g
|
o0 o« O gQg e
O hle
"0 o
@/ o4 95
55 oI s & s aadit
Chle
; O g
95 92
\© Br Br

COOMe COOMe

SRCEEING e
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Ullmann Reaction

1+
1565 05 -5 mol-% catalyst: || = - |
= el catalyst 0 =ML M
Ar—¥ + HO—Ar WY -
2 e, K,PO,, DMF T
X: Br,| 90 or 110°C, 24 h sd L T
J. Org. Chem., 2008, 73, 7814
ArX phenol catalyst T ("C}) yield
{mol-%:) (%, isol)
MeO @| HD@—CI 5 110 81
43 hy
MC EBir
\©/ HO—Ph 05 50 a0
o
>—©—| HO—Ph 05 91 &0
MED@EH HD@ 3 110 0




Ullmann Reaction

15 eq. 1-10 mol-% Cul DMPAO:
R 2-20 mol-% DMPAO R ’
Ar—X + HN - Ar—nN R: Bn a"‘:yl HO N
'R 2eq K,PO, DMSO R allyl —
X1, Br 60 or 90°C, 15- 48 h R alkyl. H © 0
Org. Lett., 2012, 14, 3056
product X Cul  T{C) tih) yield product X Cul T{C) t(h) vyield
(mol-%) (%, isol.) NHEBn {mol-%) (%, isol.)

Me
i
lw1vz|f:r—<";\'>—r*{~ Br 10 110 48 62 Br 1 90 24 87
Bn
Br 10 90 24 70 O
NC-@-N@IM}E >—©—NHBn Br 1 90 48 99
I 10 60 40 91
0
P
>—©—er B8 10 75 48 83 MED_@_N B 1 90 24 100

N
/N N, Br 10 9 20 85 0
Br
Br 1 90 24 50

Ohie
MBD—@—NHBH Br 1 80 24 95 @Na Br 1 90 24 95




Ullmann Reaction

15 an. 5 mol-% Cul Me Phen:
= 0.1 eq. Me,Phen s N
Ar—l + HO-R > AR R alkyl
1.5 eq. Cg,C0,, toluene allyl, o B
B0 or 110°C,9-30h benzyl =N M=
J. Org. Chem., 2008, 73, 284
product T{C t{h)y yield (%, isol)} product T{C) t{h) yield (%, isol.)|
Oue 5.0
C]: ne 110 30 94 U TTRAPr gy g 59
Ohde o
| ~ -hCEHIS
ELCH 1m0 24 a0 = B0 1B 86
BAST Cl M
Cl
]
[;:.—J( /©/ \D 110 24 aa
D\/l\/r:' 80 16 75 Pl
1 ;
cl ‘\_\_&@H
O _Ph 80 24 73
T 80 16 a1
H.M




Ullmann Reaction

m 0 min 30 min 60 min

120°C::?:

D E
! | 'ug; E s L 2D
1 : o o L
I I o . ~—
| I w ™ . z‘ -
1339 1589 Nmﬂf ~©- ‘7 G
O b 'r '+ - g i L
1000 1500 2000 3450 3475 3500 = - : -
Raman shift (cm™) Magnetic Field (Gauss) & 1000 1500 5000 ;500 :;000
Raman shift cm™))

J. Am. Chem. Soc., 2013, 135, 9050



Ullmann Reaction

d
F : 1,600
—’_sz'\ h/‘\ ./.\ -,3—' \
- W N W - 1,341
L 4 - L
1,260 |
/ \

1,220
Experiment 95i3 N

Calculation g

L [ o [ i o o [ e o [ | o o o

L I I T | i
400 600 800 1,000 1,200 1,400 1,600
Wavenumber (cm™)

2A

0 I

20 nm

XPS
hv = 1486.7 eV

Au 4f

~*|  Audd
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Auds  Audp e

Au 5s
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B
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Binding energy (eV)

Nature, 2010, 466, 470



Ullmann Reaction

O Cu(111)

2n + 2nCu
= 1 & 300K
. . —-4n Br

Angew. Chem. Int. Ed, 2013, 52, 4668




Ullmann Reaction

MU |

, L E=
ll "ﬂﬁi” s |
it

" ?’ '%s',wwnw |

.‘.’l, !1

"d,,.

dh i
L‘c‘f”'

f’s""li i'?"ﬁ FExE

J. Am. Chem. Soc., 2015, 137, 1802



Ullmann Reaction

Nature Nanotech, 2007, 2, 687



Suzuki Cross-Coupling

The Suzuki cross-coupling reaction is the organic reaction of an
organohalide with an organoborane to give the coupled product
using a palladium catalyst and base.

R _BY R X Pd catalyst

- + - — > -

1 2 base R1-Rz
R1=aryl, alkenyl, alkyl R2=aryl, alkenyl, alkyl, allyl

X=Cl, Br, |, OTf

2010 Nobel Prize in Chemistry




Suzuki Coupling

K,CO,4

Pd(PPhj,)
benzene A

Ph.P
2eq, o1 mol-% thpwpprﬁ:
.ﬁrﬂgl

A—Br + [HOLBT TR -
- 0.05 mal-% [Pd(CiHCI, 2 eg. K.CO,
R: alkyl, benzyl ¥ylenes, 130°C, 20 h

Tetrahedron, 2004, 60, 3813



Suzuki Coupling

R_)_

Reductive Oxidative
Elimination Addition

Catalytic Cycle

® R —Pd”-R1 R, pdl-X
Na eT ’ NaO'Bu
'BuO-= Ela—OtBu
Y
7 Transmetalation Rg—Pd” -O'Bu
Y
R t
b NaoBu R1_¢_Ot8u
Y Y Y
9 6



Suzuki Coupling

1.8 eq. B mal-% MIiCL, « glyme ligand:
8 mol-% ligand

Me M
R=¥ 4+ B'BBNHV_,-‘\_\ , - R""\-u._,.-"'ﬂ"" . =2
R' 72 eq KOBu, 2 eq, BuOH R
# B, | dinxane, rt., 24 h R.R"alkyl  MeM

J. Am. Chem. Soc., 2007, 129, 9602

halide horane yield halide horane yield
(%, isol) (%, isol.)

LS
X B 9-BEN Ph 75 <:>—E:r 9-BEN 0TBS 81
Q | T ES T,
g 9-EBN OMe
GEEN.__~__Ph 75 P W 93
Br

! S-BEN OMe 5-BEN OTBS
cB EN\}}{ W 64 )\/\ | e 94




Suzuki Coupling

1.8 en.

p B+ HOLB-R'

8 mol-% Pd{0AC),
0.1 eq PitBU.Me or [HF{tBU-Me]BF,

- H%HI

3 eq KOHBU

R anyl, vibw], alkyl

t-armwl alcohoal, r.t., 24 k

J. Am. Chem. Soc., 2002, 124, 13662

alkyl hromid boronic acid

B Br {HD}:EI@ 85 a4
] O
97 93
Br
DA\H’m
NE e o B0 HOME e o~ - g5 87

—Ar HOLB. e R Fi2

vield {%, isol.)
P(tBu),Me [HP(tBu),Me]BF




Suzuki Coupling

13 en 0.1 mok% Pd(dbal,

2eq. CsC0,
%o+ (HO) B —Ar > R——Ar &Il Br
) MeOH, rt., 12 h R: Ar, alkyl
Synthesis, 2012, 44, 541
alkynyl halide boronic acid yield (%, isol.)

(HO) B
Ph——= D 76
Ph—— (HO).B @ND: 78

= (HO) B~ S 68

O oo
oM ~@%| (HOJLE —Ph B3
Ph—=——8r (HD)EBQ—DME 52




Suzuki Coupling

2 en. 2 mal-% Pdi0Ac),
A mal-% ligand
R—0Ts + {(HOLB-—Ar w- R—Ar
- 3 e, KPP0, = H.0
FoA, Wiyl THF, 80°C,1-45h
J. Am. Chem. Soc., 2003, 125,11818
Tosylate Boronic Acid t(h) Yield (%, isol) Tosylate Boronic Acid t(h} Yield (%, isol.)
OTs
OHC QOTS HOYB—Ph ; o1 @/ I'HOI':EIQ ; %0
Ohe M CF,
03B
,:E:QDTS (HO), Q 5 94 m—om (HO) B @—cm 1 gz

o MO,




Suzuki Coupling

49% Pd(OAC)o
O\/\ 8% PCys;
+ Bry y.CHs
B@ ﬂ KoPO4*Ho0 Gt
850 7

Netherion, M. R.; Dai, C.; Klaus, M.; Fu, G. C. J. Am. Chem. Soc. 2001, 123, 10099-10100.

5% Pdo(dba)s
20% PCy;

: ~B ~hh CSOH+H,0
dioxane, 90 °C 4
72%

Kirchhofi, J. H.; Dai, C.; Fu, G. C. Angew. Chem., Int. Ed. Engl. 2002, 41, 1945-1847.



Suzuki Coupling

« Fu and coworkers have developed a Ni®-catalyzed Suzuki coupling of unactivated secondary
alkyl bromides and iodides:

4% Milcod)2

QB[ +  (HC Nickel Catalyzed Suzuki Couplings

NiCl5(PPhs)a

N KsPO
O o o vosy oo

MaO 2-Me-THF
100 =C, 91%

Zhou, J.;Fu, G. G. J Am.

Ramgren, S.0_; Hien, L; Ye, ¥ ; Garg, N. K. Org. Left. 2013, 15, 3950-3953



Suzuki Coupling

Nickel Catalyzed Suzuki Couplings

NiCl5(PPhs)a —

N\ KaPOy 7 N\ /
N MeO 2-Me-THF MeO
100 °C, 91%
Ramgren, S.0_; Hien, L; Ye, ¥ ; Garg, N. K. Org. Left. 2013, 15, 3950-3953
R

- S — NICL(PCys), @

L -0 ®
T
X
b Toluene, 110 °C OMe

X = OC(O)NEt, R=H 52%
X = 0S0;NMe; R=H B3%
X = OPiv R = Me 79%



Suzuki Coupling

50,Me 1. Pd(PPhs), (4 mol%) i
Et;B aq. NaOH
[ j fj - *HCl
n-BugNBr, THF | =
66 °C, 89.6% N
(14.5 kg) (9.13 kg) (11.44 kq)

2. HCI, filtration

Lipton, M. F_; Mauragis, M. A_; Maloney, M. T_; Veley, M. F.; VanderBor, D. W_; Newby, J. J.; Appell,
R. B_; Daugs, E. D. Org. Proc. Res. Dev. 2003, 7, 385-392.

+ Application to the synthesis of Xalkori®, an anti-cancer drug for treatment of non-small cell lung

carcinoma.
NH
JBoc { }

M
Br N=N
1. Pd{dppf)Cl--CH,Cl5 I
Cl CH3 s e

N=N (0.9 mol%)
SN b TBAB, Cs,CO;
> Cl CHy )
B Toluene, H;O x = _N
o 0 70 °C, 76%
{49 6 kg) ch'}—'{*c:h 2_HCI, EtOH, 80% cl NH,
HiC CHs
§ (20.7 kg)
(=i 1k Crizotinib (Xalkori®)

de Koning, P. D. et. al. Org. Proc. Res. Dev. 2011, 15, 1018-1026.



Suzuki Coupling

O+ O-m0om: 55

K,CO.

85°C, 15 min

W2 oneom

o
[=)

g
o

PdCI;

PdCl, rapid
PdCI; L ——
. ePdCI4 reduction

PdCI;

etching

-
o

34 nm 22 nm 14 nm Pd/C
53 nm 28 nm 18 nm spheres
Catalysts

room temperature, 120 min

Turnover number TOF (s1)
o

S Lo ew

02— — = = = — —
&
[t
0
34 nm 22 nm 14 nm
53 nm 28 nm 18 nm Pd/C
Catalysts

Angew. Chem. Int. Ed., 2012, 51, 4872



Suzuki Coupling

product

5 g Bl ¢ ()

product
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reactants

. +\_,
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Suzuki Coupling

entry  halide boronic acid yield [%]  entry halide boronic acid yield [%]
A ¢ H—B(oH), 99 8 Q—Br cH—(_)—B(oH), 94
OCH,
2 @—Br @—B(OH)Z 99 9 er B(OH), 43
OCH, GCHs
3 Dy Q—B(OH)Z 99 10 er B(OH), 99
CHa OCH, CH,§
¢ D B(OH), 99 11 er ch~_Y-BoH),
cH, OCH,
5 @—Br cm—@— B(OH), %4 12 CH30—©—Br Q—B(OH)Z 59
CH,
6 QBr B(OH), 71 13 CHSO_Q_Br B(OH), =
OCH, CHs CH,
7 Q—Br B(OH), 80 14 cHo— Ybr  cu H-soH, %

OCH;

CH,




Suzuki Coupling

silica ... hydrothermal
coating etching
ﬁ ﬁ

— : TOP ~~ '.C“TMS

Pd nanoparticles

Pd@sSiO, core-shell
nanoparticles

N

thermal

treatment

Pd@pSiO, yolk-shell
nanocatalysts

J. Phys. Chem. C., 2011, 115, 15772

1

entry

N e B = Y I A

R,

H
4-OCH,
4-CHO
2-CHO
4-CF,
4-CHO
2-CHO

o,

oy

janiiieoiiia viia fiias Jilaniia v

OMe

Pd@pSiO,
DMF/water R ; —\ Re
Cs,CO3 1
X t (h) yield (%)"
Cl 3 100
Br 3 64
Br 3 64
Br 3 100
Br 3 61
Cl 3 68
Cl 3 100
Br 3 100
Br 3 87




Suzuki Coupling

Interface

Sci. Reports, 2013, 3, 1743

-—-E(OH %

B(OH),

e ds



Suzuki Coupling

-

Chem. Mater. 2015, 27, 1921
7 . HQ Pd@B-BO; /B
RQ_ 3 HdB_Q Visible Light RQ_@

Time  Yield®

(HO)B—( ) Eatry  Anihalide et me il

lOH' 10 ozN—©—| OZN 2 98

@—I (HO);?—@ H 11 Q_I 6 84
' Q0O Y el O ORI

B-BO, i F_Q_Br F 4%
N

6 90

15 OZN—Q—Br 0, 4 95

0,
16
Br

16 76




Suzuki Coupling

monomers polymers
LS 0"y OO
QOP CBH1TCSH1T Bo) ) . !
1 2

BT\O\ /@rBr
BrQBr N
/\

N_ N

s

'S
4
Ph Ph
Ph Ph
s. [\ =\
Br @ s Br N N
5 F’hllzh
Ph Ph
CI—IIDd—CI
N

)




Sonogashira Coupling

The Sonogashira cross-coupling reaction is the organic reaction of
an organohalide with a terminal alkyne to give the coupled product
using a palladium catalyst, a copper catalyst, and base.

. 5 FI:IH.,CIIM.__ —
R——H + R—X l " R———~R
R’ = Aryl, Vinyl
X=1, Br, Cl, OTf

Sonogashira, K.; Tohda, Y.; Hagihara, N. Tetrahedron Lett. 1975, 16, 4467.




Sonogashira Coupling

Copper
Catalytic
Cycle
Palldium
Catalytic
Cycle :
) \
L,Pd - oe il
h GLJ\-_K_-
i .
g,/!:i d
LnF:d . i
\ : H—=—R?
R?

start

start




H,_%__EII’ + =R

Sonogashira Coupling

1.3 eq. 2.8 mol-% [(r-alyPdCl,

8 rmol-% ligand

ligand;

HI
f\_% o
famak% Cul, 1.4 g Cs.C0; R Af@ﬂﬂ’*ﬁ’@;
=

DMF [ ELOD (1:2), 45°C 16 h

J.Am. Chem. Soc., 2003, 125, 13642.

bromide

H,.C

og—hBr

9

dkyne

:—CEH|3

=—0CH,

——Hu

?

il

viedd (%, isol.)

r

74

89

74

bromide allkyne vield (%, iscl)

OTHP
WEF J{j__m 73

Cl
A WErW 3

MG "By =—Fh 51
(7.5 mol-% [(eald P dcl],, 2225 mal-3% Cul, 15 mol-5 ligand)




Sonogashira Coupling

4 mak % Pdidba), ligand: 0

12 eq. o
Ae— B + — R 4 maol-% ligand .- R— — S,
2 maol-% Cul, 2 eq. ME, -
DMF,rt,2-9h 2
J. Am. Chem. Soc., 2008, 130, 14713
bromoalkyne terminal alkyne yield
%, isol.
OH (', isol)
Ph—=——&r }% a2
Ph—=—Br :—@—Eﬁr 9
_ A
H, C.—=——F o a7

Br :—@—& 94

_/
\ 91




Sonogashira Coupling

2 mol-% PdCI(PPh,)

L,
L

1.1 eq. 2 mal-% AuCI(PPh,)
+ =R > R=="F px an aB Acl
3 eq. NEt, vinyl-Br, PhCOCI
DMF, ~80°C, 0.5-12h R Ar, alkyl, COMe
Synthesis, 2013, 45, 817
halide alkyne  T(°C) t(h) vyield halide alkyne  T(°C) t(h) vyield
(%, isol.) Br (%, isol.)
>—©7| =—Ph 6 075 9 ijl: oW @ 4 89
0 Ph
Br
@: = Ph 80 4 &2
I — P 80 1 98 NH, 0y
CO,Me
: Sash .
@E =—PFh 70 1 93 o base) o
NO, CHO
7N “:?:\frosn 80 3 90
80 3 o — A
4@*3’ "::-'\"‘\t\rOH N
MeO Br : Ph—CI — Ph 100 12 G2
U =— Ph 80 7 93
0
5 Ph)]\m =— Ph 80 3 76
@I: — P 80 3 92 o
. *uging Culin place of AuCI(FPh,}




Sonogashira Coupling

Q
S D
UGMP-S
S
«_ZGMP-NS

N

gl ¥
U GMP-N
=

GMC

GMP

Angew. Chem. Int. Ed., 2013, 52, 9668.



Sonogashira Coupling

1.00
OH OH

e e}

S S ]
< 0.60

=—Ar g

Au |s | >  Au — 3
<:> s < > Ar 2 040}

Pd(PPh3),Cl, Cul, PPhy

3\©\ THF, -ProNH SO 0.20L
OH OH 0.00

300 400 500 600 700 800
Wavelength, nm

Emission, au

350 400 450 500 550 600
Wavelength, nm

Chem. Commun., 2005, 1055.



Sonogashira Coupling

Ly

G
&-@J-WI ,__._:,*.:.:“._,—@b-@-r
i, Sonogashira Coupling

LT r . :
i “@a in Miniemulsion
SRR <
% g Fluorescence
Br

Q —= Br A Emission
|!| + E;? J — R .
= = ' 0 }ou
B :.4:3"3l R
}Ooud: Nanoporosity
Magnetism
TR

Fluorescence
Emission

Q

Fluorescence Emission
Quenched by NAPSQI*

o PR

hv

J. Mater. Chem., 2012, 22, 21426

hv

apap T Fe,0,@CNPC
. E—
@l @— =X
.
napsar |™F°



Sonogashira Coupling

(b)

after reaction

W
g

(PP pPaCly Cu N

Transmitlance

5 min

before reaction

Coy TN .ﬁur.l'he.at
=2C0 J-:CC"

£-Co/MON Cﬂgﬂlﬂﬂﬂﬂ

'za'uu' T 'za:uul v 'zﬂuur v
Wavenumber (em’)
Co;-[(:oaﬁ

Chem. Commun., 2012, 48, 94



Sonogashira Coupling

R " LY.
4 = R=Methyl %=1 Por1
) Butyl Br Por-4
Forphyrin eyl Br Por8
(Por) Hexadecyl  Br Por-16
TEOS l MH.OH I

+ + Sonogashira

coupling
+ + 4+
+ +
Por-5i0, .
composites e o Microporous
Ofganic network
2 = HE | HO (MON)
washing
+
e W, T+ omw,
. S eon & Y
1
.. ++- —> Had
* ’ * ’
Yun” + Ymn? +
Porphyrins (4-7Twi%)
In microponaus Unexpected release
arganic hellow spheres of porphyrins
{Por@MOH-A)

|

| 500 r1rr|

Microporous Organic
Hollow Spheres

Normalized Intensity ja.u.

. —
a 10 Ful 30

“Ne A Ory O
1 e undervacuum > [ e 1
: MeOH H:Owashing "‘+ ++ "

ma? Yue?

(MOH)

—=—ZnPor1EMOH-B
——Zn-Por-4@MOH-B
s Eny-Por-8EMOH-B

T T

MeOH Mole Percent 1%

T

40

Chem

Normalized Intensity ja.u.

Zn-Pomhyrins
in MOH

Direct trapping
of Zn-porphyrins (—40wt3%) (Zn-Por@MOH-B)

—a— Zn-Por-1EMOH-B
0.4 4 =t I -Por-4EMOH-B
' s En-Por-BEMOH-B
0.2 4
X} T T T T ™

D 20 40 B0 80 100 120
Time imin

. Commun., 2014, 50, 14885.



Sonogashira
coupling
—

-
&

| 8,

Fe 0y R 3
2 g Fe,0,@MON
MiGroparous crganic netwaork
Etching Heat (MO )
e Etching O O
———
Hollow MOM Fe,OqmC Hollow C

Sonogashira Coupling

: 20 ™

BT Lt e T
:

—_
j-uuo

B | -

E {l £

Stzte - 3{ o

. c

= 4

G 1000 - dl 2

-3 Fe,0,@c-700 [*E

) 800 - L L ————— L L ok & A A AR S A A hhhaaans ol o

% o

ERE Bare Fe,0, @ E

a =]

S ol | Fe,0,@C-600 Fe,0,@C-800 3

a T L E]

2004 L Fe O @MON-7 teeaneessgeseiid
"1-14'4‘:'11..‘.”4.‘14444-414144444***
o T ; T T 0
0 10 m 3o 0 50
Cycle

Chem. Commun., 2014, 50, 7723.



Sonogashira Coupling

=N, N=
™ Sonogashira
o o 1 -
Coupling
M=AICI B
crCl B2
Co B3
[ ks
I P
F, =H, N=
— - —
= — o o o
o, u)}._
M=Crll Cr-MON oo ]
o el 5 W
AICL AMON
o 0o o o
0y AcOH AN . AN I A A
“ - cu 1 2 3 4
Cat./mol%” P co; (vpa) Yielde (%) TON TOF Y
ALMON/0.05 1 51 1020 85
2 ALMON/0 1 1 7 710 59
=N, .H= Cr-MON/0.05 1 66 1320 110
— —_ Co-MON/0.05 1 75 1500 125
- oo — co MON0.05 1 7 1479 123
Obc 0-MON/ 2
Co-MON/0.05 0s 70 1400 117
Co-MON/0.05 3 76 1520 127
: Co-MON Co-salen 10.05 1 04 1880 157
Co-MON/0.05 1 93 1860 155
Co-MON/0.05 1 7 1420 118
Co-MON/0.05 1 24 450 )

J. Mater. Chem. A, 2013, 1, 5517



Stille Coupling

The Stille cross-coupling reaction is the organic reaction of
an organohalide with an organostannane com-pound to give
the coupled product using a palladium catalyst.

R cat. Pd1% / Ligands
R1—X + R2—Sn—R R'—R? Pd(PPhg), Pd(OAc), Pd,(dba)s
b

Milstein, D.; Stille, J. K. J. Am. Chem. Soc. 1978, 100, 3636—-3638.
Milstein, D.; Stille, J. K. J. Am. Chem. Soc. 1979, 101, 4992—-4998.

o O mmeny 7 OO

120-144 "C

i L+ o, _PiOP #L J. Organomet. Chem., 1976, 117, C55
Chem. Lett., 1977, 6, 1423



Stille Coupling

Stille
Cross-Coupling
Catalytic Cycle

L.Pd"

%

start

R1—R2

24/
L,.,Pd:
0X

R

% R
R2-SA—R
'R
R
X—Sn—R
‘R



Stille Coupling

n-BusSn :
I x Cl . X
- I -
N Pdy(dba)s (1.5 mols) N

3 (3.5 Mol%)
CsF, Dioxane, 110 °C
97%

Verkade, J.G.; Su, W_; Urgaonkar, S.; McLaughlin, P.A. J. Am. Chem. Soc. 2004, 126, 16433-
16439

& HAC cH Pre-milled Hal HHa
3 3 Pd(OAc)., 4
+ (1-2 mol%s)
MeO,C n-Bussn - CHs

CH; CsF, DME MeO:C
80 °C, 96%

Buchwald, S.L.; Naber, J.H. Adv. Synth. Catal. 2008, 350, 957-961



Stille Coupling

- Additlves: Cul can increase the reaction rate by =102

Pds(dba)s (5 mol %a)
@/' PPhs (20 mol %) m
E < e
L hl dioxane, 50 °C

mol % Cul relative rate
0 1
10 114

- The rate increase is aftributed to the ability of Cul to scavenge free ligands; strong ligands in
solution are known to inhibit the rate-limiting transmetalation step.

Farina, V., Kapadia, S.; Krishnan, B.; Wang, C.; Liebeskind, L. 5. J. Org. Chem. 1934, 58, 5305-5311.



Stille Coupling

FrPd
11 Eq 25 ml:'l'l:.:'rl:l P}’{ Plj I:I |:|~ ."'EI

+
RT TCI R'SnBu,  MeCHM, 82°C,20h R7T TR E'i‘m
R Ar ArC=C

J. Org. Chem., 2005, 70, 8601

- 5  BnPACIPPhy, (2.5 mol %) 5
U=
&j : = Gul (2.5 mol %) o
CH4 a ° L > CHSX
HNT 0 THF, 50 °C, 15 min
HaN o

03%

Liebeskind, L. S.; Yu, M. S.; Fengl, R. W. J. Org. Cham. 1993, 58, 356433549,



Stille Coupling

« spZ-sp? coupling: alkyl-Br + vinyl-SnR5

o
[{allyl)PdCI]> (2.5 mol%a) <; CH,

3
HP{+-Bu)sMe]* BF 4 (15%
(‘ nBuﬂsnf IHP{EBulMer” o (15%) .
MesNF, 3 A MS
THE, 23 °C

OTHP OTHP
53%

Fu, G.C; Menzel, K. J. Amer. Chem. Soc. 2003, 125, 3718.

- using the electron-rich PCy(pyrrolidinyl)s ligand allows couplings of both vinyl and aryl stannanes

with higher alkyl bromides:
n-Bussn \©\
OMe

[(ally))PACI], (2.5 moles)

EtO PCy(pyrrolidinyl)s (10%)
\r('\N\ Br

EtO
:
O MesNF, 3 A MS mom

MTBE, 23 °C T1%

Fu, G.C; Menzel, K_; Tang, H. Angew. Chem. Int. Ed. 2003, 42, 5079.



Stille Coupling

NiClo (10 mols)

O/ - /@ 2 2 _pipyridine (15%)
ClsSn -

KO-Bu
+BuOH, -BuOH
60 9C, 72%

The use of PhSnCls facilitated the removal of toxic by-products during reaction work-up.

Fu, G.C_; Maki, T.; Powell, D.A. J. Amer. Chem. Soc. 2005, 127, 510



Stille Coupling

Cl
== Pd{PPh4)s (5 molee Y
r\l}:y_gn(n_gu}ﬂ = | p {(PPh3)s ( ’3 n--'b: \5 IM
i DMF, 95 °C oo NG
(672 qg) (535 g) 67%
H
N
HaN
+-BuOH, DCE
100 °C, 52%

cHy N

N S
D—cfi

M

VEGFR Kinase Inhibitor

Stille reaction is the only reliable coupling method for > 50g scale synthesis.



Stille Coupling




Stille Coupling

Stille coupling
2+ 6b

C-H arylation
1+ 5h

Stille coupling
] +11

{' H arylation
1+9

Stille coupling
I+ 11

CeHyy Celyz
.. Y

CaHyy

C-H arylation
I+

Stille coupling
4+ 6b

CgHy 3 Ty Stille coupling
f q N 1+6a
5 s W)
i n
N, N Ny N
P3
] ia“ut Stille coupling %Hu i.sHu
1+8
:_. :: i Q 3 L -H arylation Q
1+7
Fl 1. R Br
2. B = Sn{n-Bu);
Gy Cabs Sllllemuplmg CaHyy CoHys
‘ N < } é ; ; % } v Y_p
C-H arylation S A =
3+7 N, .
5
p5 LR=Br
4. R = Sn{n-Bu);
CaHyy Loty Stille coupling
T i Y 4 + 6a
5 s W) -
NN N N
g W4
P7

C-H arylation
3+5h

M, ON M M

\5-' "
H,C CH,

P8
J. Mater. Chem. A, 2013, 1, 10306



Eglinton Reaction

The Eglinton Reaction is an oxidative coupling of terminal alkynes,
and allows the synthesis of symmetric or cyclic bisacetylenes via
reaction of the terminal alkyne with a stoichiometric amount of a
copper(ll) salt in pyridine.

Cu(OAc),
2R — H » R R
pyridine
NZ NZ
H
R—=0 CuOAc R———0Cu + Z0Ac

R——Cu + Cu(OAc); R—=. + 2CuDAc

ZR—=. + = R————R




Glaser Coupling, Hay Coupling

Glaser/Hay Coupling is a synthesis of symmetric or cyclic bisacetylenes
via a coupling reaction of terminal alkynes using catalytic copper ().

. Cufl)-Cat
Glaser coupling 2 p——H ubtat | op— —
Base, O,

. CuCl- TMEDA, (cat)
Hay coupling 2 R——-H = Rr————=—F
:

The related Hay Coupling has several advantages as compared with the
Glaser Coupling. The copper-TMEDA complex used is soluble in a wider
range of solvents, so that the reaction is more versatile.




Glaser Coupling, Hay Coupling

Qa

0.1 eq. Cu(QAg) = H,O

— R—=—~R
1 eq. piperidine, air
CH,CL, 25°C, 3 h R Ar, alkyl
280 01 eg CufDAL) - H,0
= ' =
3 eq. piperidine, air R Ar, alkyl

CH,Cl,, 25°C, 3 - 10 h

R" Ph, CHyOH, CMe,OH

product

BzHM

t(h)

Cl
vy
OH
3
MHBz 5
Bu 3

yield (%, isol.}

55

84

5o

77

75

I,

95

80

Synthesis, 2010, 3461



Glaser Coupling, Hay Coupling

— 0.25 eq. CuCl,
(E = eq. MitMOs), + 6 H,0 I

4 3 eq. NEt,, 5eq. pyridine Y A m4+n =B
= PEG-400 / e OH (1:1) n 7
BO°C, 1-2d Y- G0, CICOLE, .

J. Am. Chem. Soc., 2011, 133, 19976

product  yield (%, isol) product yield (%, isol.)
i
N
7 B2 R
0 Y Me0,C 70
4
5

) 78 .

0

e EtD:C B3
SR




Neghishi Coupling

Negishi cross-coupling reaction is the organic reaction of an
organohalide with an organozinc compound to give the coupled
product using a palladium or nickel catalyst.

cat. Pd!? / Ligands or
cat. Ni / Ligands
R1—Xx1 + R2—Zn—X2 -  R'-—R2

Chem. Commun. 1977 683—684.




Neghishi Coupling

Palladium Catalized Mechanism

1
2+/FT_.-— —
LPd® &
QX! :
R'—X! \\_
R2--Zn—X2
Negishi X'—Zn—X%2
Cross-Coupling
Catalytic Cycle
L,Pd’
7
\ H-l
2= 1
LRd,
(=1

start

R1—R2



Neghishi Coupling

1.3- 1.6 eq.

2 mol-% Pd,(dbal,

2 mok% PCyp, Ty cyclopentsd) =1 RZREF t
Roir™y + R—Inbr - - P =
1.2 eq. Mmettwlimidazale (N[ Alkyl 1.3eq 14h
HoBrl Cl OTs THF FMMP (210, 80°C, 14- 16 h Wirgl, Ar 1.6 eg. 16 h
J. Am. Chem. Soc., 2003, 125, 12527
Halide F'ZnBr yield (%, isol.) Halide R"ZnBr vield (%, isol.}
H. . —HBr Bu—ZnBr g0 Fh
2y H,C —Br //,I\ 63
- ZnBr
Ph. -~ -Br 83
ZnBr
Fh
HaoC gl 53
TeSo" ™~ "B ZnBr 57 }\EnElr
NG A
o O Et Ph
M L Bu—zner 48 EtO ’l\/\\/m ///l‘znar
]
H, G, —Cl Bu—ZnBr g7 H, G ! Ph—ZnBr 65




Neghishi Coupling

1.5-25eq.

2 -G mal-% MiCl

R P R
2 - S mol-% terpyridine
—Inl o+ 1—Ar il - A
o THF, 400r80°C,12-40h g R, R alkyl
product alkyl-Znl  NiCl, T{C) tih)  yield
{eq)  {mol-%) (%, isol.)
MED©—< 15 2 Mmooy a1
H.M m 25 5 g0 15 53
HO \G)\ 25 5 B0 17 a2
Ping M 15 2 40 W 57
Me0,C @—< 15 5 a0 40 91
(1eq. LBF, as additive)
0
OHC 15 5 40 12 75
4
COFt
15 5 80 15 80

Org. Lett., 2011, 13,1218



Neghishi Coupling

5 mol-% MICL, = glyme
3 eq. <

NTs 0.1 eq. dimethylfumarate R
Ar—<| + BrZn—R . - /I\/NHTS
R- alkvl dioxane / DMA (5:1) Ar
- alky 23°C, 2-34 h
J. Am. Chem. Soc., 2012, 134, 9541
product yield (%, isol.) product yield (%, isol.)
n-Bu n-Bu
NHTs NHTs
79 58

AcO

g Q\/Th\/
NHTs 65
/@/j\, a4 NHTs
F Ph

70
J CI\H/L\JNHTE

n-Bi
MHTs
a1

[}
O Ph
82
NHT:
MeO,C D”\\/I\/ °
" CN  Ph

n-B
MeO NHTs NHTs 90
TG 4




Neghishi Coupling

Ar 0.1 eq. MiBr, * dighme R’ é?bg:r} [
1.6eq 0.13 eq. (5-(JPH- Pybu}{ n? ?
R + J./—H' ]“j
Br7n DMA, 0°C, 24 h

—

J. Am. Chem. Soc., 2005, 127, 10482

product yield (%,isol)  ee (%) product yvield (%,isol}) ee{%})

g -0 Ph
O\) 82 51 76 93
cl
JBn
/CE{VC' 47 a1 4@_(/7 B3 75
NG




Neghishi Coupling

The First Negishi Cross-Coupling Reaction of Two Alkyl Centers Utilizing a
Pd-N-Heterocyclic Carbene (NHC) Catalyst

2 miok-% P, (dbal,
gma-% , /~—, CI°

1.3 e ¥ M M y
- by -
Fosgy ¢ B i R g
THF ! MMPE2:1%, rt, 24 h
Org. Lett., 2005, 7, 3805
alkoAd bromide alkylzinc reagent yield {%, isol.)
T Rl gy - 1% BEHM 82

o
—
C[i Br Brzn ™ T 65
o
OEt
DI .
o

Br O“B
Me .5 —— Elrzn/\/i\':'




Neghishi Coupling

C o

; ligand: =
5 ok % MICL = glyme
/\j\' ;;Eqé" 5.5 r:m-%ﬂgagn?; /\/RL” 0. W ]i)
+ Brin-—
T e
R RI 1

4 ag. MNatl M M

R": alkyl Dha 7 DMF (1:1) . ;
-10°C, 24 h R EWG (R = alkyl) ()
alkyl (R'=R) Ph Ph

J.Am. Chem. Soc., 2008, 130, 2756

allylic chloride R"ZnBr ee (%)  yield allylic chloride R"ZnBr ee (%) yield
(%, isol) (%, isol)
l O/B
a0 93
SN BrZn ~o /\/1\ 86
ol EtO.C
Brin i
79 a1
= %
F'r/\/CLl Pr ; one CITEES
Ohde \ﬂ/\)\
M =
Ma ~ 93 81
AH\ _— ‘HO/ % 54 I
3 InBr




Neghishi Coupling

Regioselectivity
R =butyl (3a, P3BT), 7%

R Rieke Zn/THF R Ni{dppe)Clz iy "
,‘U 781023 °C ﬂ Oto 23 °0 . ) hexyl (3b, P3HT), =>98.5%
X Br XZn~" g B n octyl (3¢, P30T), >98.5%

0.2 mol?e R

s (73-97%)
=] decyl (3d, P3DT), =>98.5%
X = Br (1), 1 (2) 3, P3AT (>97% HT) dodecyl (3e, P3DDT), >98.5%
R' R Rl R 1) PhNiBr(dppe), R, R
\SifR 1) n-Buli, -100 °C si P .
2) ZnCly, -100 °C to r.t.
7NN i . AR/ 2) HEl
Br g s Br ClZn s S Br

23, R' = 2-ethylhexy,

2
1) PhNiBr{dppe), 1)23,0°C
R 0°C A 2)HCI
ClMg s Br Ph 5 ] NIEI'{CprP}

25, R? = hexyl




Neghishi Coupling

Br

)
& b ()
PA(PPh.
N@Er 2)Ench N@an (PPha
5

%
- Py
Q

Br

&
|
J

Pd(PPhg)s B

5, 77%, M,, = 5100
@—an
s

CgHia

Iy nes ) N(}{f\}m 3N I
Jm o Q o O Ni(dppe)Cl, Q s s In

A
6, 57%, M,, = 5100 7, 97%, M,, = 6800 8, 50%, M,, = 24400




Kumada Coupling

Kumada cross-coupling reaction is the organic reaction of an
organohalide with an organomagnesium compound, also known as a
Grignard reagent, to give the coupled product using a palladium or
nickel catalyst.

cat. Pd!%)/ Ligands or

cat. Ni / Ligands
R1—X1 + RZ2—Mg—X2 - R1—R?




start

Kumada Coupling

Palladium Catalized Mechanism

2+ —
LaPd= 3
LX1 -
RI—X'
# R2--Mg—X2
Kumada ~—»  X1—Mg—X2

Cross-Coupling
Catalytic Cycle

R1—R2



Kumada Coupling

11-158q 02-5mok% Nifacac), igand:
02 -5 mal-% ligand PPh,OH
Ar—X + Bilg —Ar' = A—Ar X F,Cl
Et;0,rt.,1-60h OCONE,
OP(O)(OEt),

J.Am. Chem. Soc., 2009, 131, 9590

Hydroxyphosphine ligands (PO ligands) significantly accelerate nickel-catalyzed cross-coupling
reactions of Grignard reagents with unreactive aryl electrophiles such as fluorides, chlorides,
carbamates and phosphates.

Arx ArMgBr ArMgBr catalyst  t{h) yield
{eq.) {mol-%) (%, isol.)
fl I @F Eivlg—Fh 1.1 1 5 a7
N F Bty —Fh 1.1 0z 2 95
M

F
@ Bitvig—Ph 11 1 g 93
Ol
\\—Q—F Bihvig @—DME 15 5 48 Bl
Meo@—F Eirfﬂg4©7 1.1 1 12 97

Brhvg
F 15 5 43 27
(reflusx)



Kumada Coupling

0.05 - & mal-% Mifacac)., ligand:
1.1-1.5 eq. 2
" 005-5 mok% ligand
Ar—F +  Brivlg —Ar = Ar—Ar
Et,0
rtoord0°C 03-48h OH PPh,

J. Am. Chem. Soc., 2005, 127, 17978

Nickel-catalyzed cross-coupling of Grignard reagents with aryl fluorides or
chlorides can be achieved efficiently in the presence of a new triarylphosphine
ligand.

aryl fluoride RMgBr {eq.) catalyst T(°C} ti{h} Yield (%, isol}
{mol-%)

FhigBr

FhiigBr
M e QF (1.1 eq) 1 it 5 a7

FhhigBr
QF (1.1 eq) 1 r.t. 5 94
15 eq.)
fl el @F Brig 5 40 48 27




Kumada Coupling

Cy e St Cy
2 eq 0.1 eq. N‘u;P “BF
Ar—Br + ClMy %R _ - ArAéR
B 01 eq. N|CI: " [HEO:II.S B
THF, -10°C, 30 min R, R alkyl

J.Am. Chem. Soc., 2011, 133, 8478

A Ni-catalyzed process for the cross-coupling of tertiary alkyl nucleophiles and aryl
bromides is extremely general .

product retent.;iisomeriz.  yield (%, isol,

MEG@—% 341 75
FC 4©_</ 50:1 a1

AQ_é 10:1 55
=0

&0:1 73

Et0,C W 12:1 76



Kumada Coupling
1- 5 mok-% jg F‘*E

Ar—ioTs +  Hhg—Ar w—  Ar—Ar
0.5- 25 mol-% Pdidba),
A (Heh Ar dickane, 30°C, 22 h

Org. Lett., 2006, 8, 3457

A0 Ts ArMgx Pdi{dba), Yield ArOTs ArMg X Pdidba), Yield
mol-% (%, isol.) mol-% (%, isol.)
~©— CIMg —Ph 25 93 Q Elrru1g onne 25 29
Briv
Q : @ 25 6 Q Biri g 05 a7
Chie
Brivg -
D— @ 25 93 @—ms Emﬂg@ 25 a2
Birhd
Q 9@ 25 78 {}ms Bty @—DME 25 93
OMe N
e Birtd
Q Britg @GME 25 a7 m/ g@ 25 9
]




Kumada Coupling

R
| S LDAITHF MgBr2 Et,0 BriMg S cat. Ni(dppp)Cl, 7\ S
/ “a0c 60 °C to -10 °C UBF PRI S \ /
R R R
R = alkyl ~ regioselective

91% HT couplings




Chan-Lam Coupling

Chan-Lam coupling is a cross-coupling reaction between an aryl boronic
acid and an alcoholor an amine to form the corresponding secondary
aryl amines or aryl ethers, respectively. The process is catalyzed by
copper salts and can performed under air.

— Cu(X);, salvent = v
= —_————— —
H\{ B(OH), + HY=R TL.ar H}{ ‘F{' + X=B(OH)2 + AcCH
¥
X

O, NH, S
Ohgc, Cl, Br




Chan-Lam Coupling

LoCu(ll)(OAS), HY-R'

Ligand exchange
G
(air) AcOH

Chan-Lam OAc
L2Cu(0) Cross Coupling ch:u@
YR'

Transmetaliation

AcO-B(OH),

Product

|Raducﬂvs eﬂmfnaﬁanl 1l Oz

R

\

=
LoCu(lll
YR

Cuily



Chan-Lam Coupling

1.1-15eq.
R
R—B(pin) + thr
"Ar

boronate

B{pin)
: Bipin)

B(pin)

-

NG, _Bipin
.H,{p}

]

& mol-% Cu(OAc),

Ph~" ~B(pin} MeHN@Br

Ph=" ~B(pin)

Ph=" ~B(pin)

Ph~"B(pin) H2N@OM9
Ph~" ~B(pin) H2N4©—6F3

R!
2 eq. (tBuO), ;]
» H—=M
%
toluene Ar
50 or100°C, 24 h
aniline aniline T(°C) vyield
(eq.) (%, isol.)
MeHN—Ph 11 100 57
MeHN—Ph 15 100 48
MeHN—Ph 15 80 51
MeHN—Ph 15 100 51
11 50 99
MeHN
:@ 11 100 78
Br
Ph OH
“*H/“\/ 11 100 82
11 50 78
11 100 97

R: benzyl,

alkyl
R alkyl, H

Org. Lett., 2013, 15, 1544



Chan-Lam Coupling

F

0.1 eg. CuBr
0 15 eq 3 eq (BuO), o
M o R -
R NH3 2 eq. NaO3iMe, H R: alkyl, Ar
fBuOH, 75°C, 24 h R': alkyl
Org. Lett., 2013, 15, 2314
product yield (%, isol.) product yield (%, isol.)

o o
QLY vy

DEt

o
Y
]
HHGEJ\N“(

H

o)
N
81 ! HA( 73
Boc”
o)
70 J\ OPh 69
Ph H”“‘ﬁ;




Chan-Lam Coupling

'Dl:l
2 eq. 0 & mal-% Cu,0 . 0
ﬁ 0.1 eqg. 1,10-phenanthroline 2
.-"1"«r—EiI:[:|H:|,h + - -0R o .-"J'\F—F',\
FoHT 3 eq. DIPEA AR
PeCM, air, vt 24 k R alkyl
Org. Lett., 2011, 13, 2110
product yield {%, isol} product yield (%, isol)
O o
Ph—zr;1 M 72 @Pn a6
g 1 - OEt
OEt
b o.M
Ph—P 2
| 0Py # 0
VP =N 7a
|~ Ot
0 OEt
OEt 0
B P 71
: T e
F P
_@_&]E?E‘ 7
Ph 0
g 78

F_P 1O
F .:;_< :}— .
3 IS 71



Chan-Lam Coupling

5 mol-% Cu30,, O, (1 atm)
5 mol-% 1,10-Phen H,O

-

Ar—B(OH), + HS—Ar

Bu,NOH (40% aq.) / EtOH (1:1)

rt.8-24h

boronic acid thiol

Ph—B(OH,  HS OMe

.

Ph—B{(OH), HS

¢

Ph—B(OH),

5104@3(0% HS
ph@ﬁ{%b HS
HS
HQC@B(OH};
B(OH),
@E HS—Ph
OMe
{OH),
@f HS—Ph
CFy

o

afele

t(h)

8

24

24

yield (%, isol.)

82

80

82

74

68

67

71

64

=
Ar A

J. Org. Chem., 2012, 77, 2649



Chan-Lam Coupling

1.3- 4 eq. 13-4 eq. Cu(DAZ),
3 eq. pyridine Ry A
dicxane, reflux, <10 h - H

i ~B(OH), + HMN-Ar

F: alkyl, Ph

Synlett, 2010, 2101

product horonic yield product boronic yield
H acid (eq (%, isol) acid {eq) (%, isol)

i i
L
bed
/@’ 4 42 ~"TPh 5 a3
Cl
H
i A
Rt
@/ \/\O s 59 Ph 13 ED
ke Ohe
§ ! §
r
Jo e ORIEES o e TR
I
H

I:t] M T
P Ph 25 54

COMe



Chan-Lam Coupling

15 eq.
7.5 mok% 1 eq.
15 eq. 3 cucl 5 ABOHY, a0
A—BOH), + | . M g
T kKET TOEt heOH ~57 TQEt | B eqg KOH
reflux, 3-8 h reflux, 4 -9 h
15 eq. o
15 eq. = 75 mol-% o
CuCl 1 eq. R-Br A =
A—BOH, + I = ar M T L A
K= DEt hle OH ] DEt | 6 eq. KOH
reflux, 3-8 h reflux, 3 h R: benzyl, alkyl
aryl xanthate t, {h) bromide or2nd t, (h) yield Synlett, 2011, 3041
intermediate boronic acid (%, isol.)
=]
3 0,8 CF 9 g4
Fh “S’JJ“OEt HO% @ :
=
3 HO)B Mhle, 7 g6
NS Sy
5 (HO)B Olvle
3 5 a3
P “SAOEt U
I
7 (HO)LB—Ph 5 50
S’JJ\OEt
e
8 (HO)ﬁ@— 4 57
S’JL\OEt
=]
3 R 3 a3
Ph“s)toa B
MEO\@\ S
3 B Ph 3 93
S/ILOEt r
FSC\@ 5
&8 B~ "Ph 3 &9
S/H\OEt r




Buchwald-Hartwig Amination

Buchwald-Hartwig amination is an organic reaction used to make
carbon-nitrogen bonds. This is essentially a cross-coupling reaction of
an aryl halide with an amine using palladium as a catalyst and a strong
base.

R cat. Pd(%!/ Ligand R
Ar—X + H-N - Ar—N
R= base (e.g. KO'Bi =K

J. Am. Chem. Soc. 1994, 116, 5969-5970.
J. Am. Chem. Soc. 1994, 116, 7901-7902.



Buchwald-Hartwig Amination

i A R17="H
24 4
L,Pd

"X
Ar—X
/ H2

b P
-~ LnPd Buchwald-Hartwig e 1
: Cross-Coupling AT
start i 44 i
Catalytic Cycle
yuc Ly LaPd,
X

R! ’,/'—_\ F‘E'
i ‘N-R2
‘,N“Hz ;_=+/hl R

Ar L,Pd+/




Buchwald-Hartwig Amination

1.2 eq. base: MalOt Bu, CyPF-iBu:
R =N LiHMD'S PtEu,
p 0.001 - 2 mok% (CyPF-tBuPd :
Ar—¥% + HN 2 (Cy LS WY KPO,
= 14 eq. - 2.4 eq. base R Roalkyl, A Fe PCy,
W Cl, Br, DWE, ~100°C 12 - 48 h R H, alkyl, Ph @-

air- and moisture-stable palladium catalyst, [(CyPF-tBu)PdCl,], for coupling of heteroaryl chlorides, bromides, and
iodides with a variety of primary amines

halide amine hase catalyst T{"C} t{h} yield
__ {mol-%) (%, isol)
N Cl H.M-CH,, 14 eq MaQOtBu  0.001 Mo 24 92
M
W= H:.N4<:> 14eq NaOtBu 0005 80 36 85
4
Er
— H:N4<; 14 eq. MaOtBu 005 00 24 95
A
% )
cl
C[ H:N\)\ 14 eqg MaCtBu  0.05 M0 24 83
Ohle



Buchwald-Hartwig Amination

precatalyst:

14eq  0.005-1mak% ““1 ligand:
precatalyst .

R ooos- 1 mok% ligand R P~ ST
Ar—¥ 4+ HM - Ar—PN R: alkyl, & Cy, P’ OMe

\Ru 1.4 2. MaCtBu 1'Rl R H Eli‘i"_',"l At
= Br, Cl dioxane = v2AB- ap 0iPr

110°C, 16- 24 h R Py
CeH: M e

J.Am. Chem. Soc., 2010, 132, 15914

displays the highest reactivity and substrate scope of any system that has been
reported to date for these reactions

aryl halide amine precatalyst  yield
{mol-%) (%, isol)
Ph—Cl @— 0.01 99
Ph—Er @— 0.005 99
Eiu Z@ 1 a1
Ph—CI HN: 0.01 o5
Ph
HI " 0.05 a0



Buchwald-Hartwig Amination

2 mok-% Pd(OAC),

1280 5 ke PRE(OH), i
A—OTs + HJN-Ar - N
2 ey, KPO, AT A

BuOH, 110°C, 15 h

Synlett, 2011, 955-958

aryl tos ylate amine yield {%, isol} aryl tosylate amine yield (%, isol)

OTs H,M
@1 H,N—Ph 93 Fh—0Ts D 28
MeO @ms H,N—Ph 95 Ph—0Ts  H,N @om 95
0
@OTS H,N —Ph 95 Ph—OTs  HM @CFg 59
Ph



