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Outline

Concise Introduction of Hiyama Coupling
Concise Introduction of Nigishi Coupling

Concise Introduction of Liebeskind Coupling

The Development of Buchwald-Hartwig Coupling



[ Concise Introduction of Hiyama

Coupling
Pd cat
1 o; + 2 > 1.p2
R*=SiY3 R*X "activator R*R
R® = alkyl, alkynyl, alkenyl, aryl R? = alkenyl, aryl, allylic
SiY5 = SiMeg; SiMe,F; SiMeF,; SiFa; X =Cl, Br, I, 0SO,F3, OCO,Et

Si(OR); (Tamao-Ito)
Pd cat.: (77'C3H5PdCI)2’ Pd(PPh3)4

Es‘i (Denmark)
N activator:-TBAF, TA+SF, KF, NaOH, RO
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Mechanism

Coupling Reactions: Oxidative Addition—Transmetallization—Reductive Elimination

L,Pd (0) X-R?

reductive oxidative

elimination addition E
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F-Si-R* + BuyN'F
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d X
R? Pd
' rR2 Ko )
. . . . F_,S|_R + BU4N+
isomerization tansmetal Ft
Rt .L
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R" Rll H R H R R R
10 PdBr,, P(Buf),Me \[}l-lellmmatlon/i
R-Br,l + Ar—SiYs TBAF, THR.ft . e ar  [45] ROA
NiBr,e diglyme R——=(R
2° H----PdL,

CsF, DMSO, 600C

0 1 D%zg.lri?gfsglj,;me 0
1 \
H1DJ\“/ alkyl R—Si(OMe), ° » . R1DJ\|/E‘IHYI
2.0 equiv TBAT 5
Br 1.3 equiv dioxane, r.t. [6]

racemic R = aryl, alkenyl

Ph  Ph
R'OH = BHT = 2,6-di-t-butyl-4-methylphenol :
TBAT = [F2SiPhs]~ [NBu,J* MeHN NHMe
(S, 5)1

. J/

1) Hatanaka, Y.; Hiyama, T. JOC. 1988, 53, 918;

2) Tamao, K.; Kobayashi, K.; Ito, Y. TL. 1989, 30, 6051;

3) Denmark, S. E.; Choi, J. Y. JACS. 1999,121, 5821,

4) Lee, J.-Y.; Fu, G. C. JACS. 2003, 125, 5616;

5) Powell, D. A;; Fu, G. C. JACS. 2004, 126, 7788.

6) Dai, X.; Strotman, N. A.; Fu, G. C. JACS. 2008, 130, 3302-3303



II Concise Introduction of Nigishi
Coupling

. R'znx' * R2X —— RWR?
- (RMAIl, Zr + ZnX',)

Na(0.9) < Li(1.0) < Mg(1.2)| <| Al(1.5) < Zn (1.6) < In (1.7)| < |Sn(1.8) < Si(1.8~2.0) < B(2.0)




Zn

RX

The first type ———> RZnX

] ZnX2
RX ————RLior RMgX ———>

The second type RL-Al zr R,—X cat. > R1—R?
ZnX', as additive ZnXs
AN
4 N
| Me3Al |
: . ZGCZCIZ Me L A|M62 :
E R E
. HZrCp,Cl H  ZrCpxCl .



2‘;’“&?‘;2&"“3'3 4% Ni(cod),
o FoYPs 8% s-Bu-Pybox
1.2 NMI R 1 R R
RCH,—X R'—2znx’ -~  RCH,—R' alky— X YZmRaikyl DMA. rt alky™ Ralkyl
2:1 THF/NMP _ It
1.3-1.6 equiv 80 °C Raiky = primary,
! secondary
X= R = alkyl Cyp = cyclopentyl —
B X =Br, |
r alkeny!
Cl aryl
OTs ) )
[ AN )
NiX,eglyme @) @)
Pybox - N
E-X + RZnX y . E*R N N—/
R R
| | RZnEt R-Pybox
Enantioselective
R P B 0
NN
E= A
A R1VR3 R Bn. R
2 = N
alkyl R \ T
L racemic ) )

7) Devasagayaraj, A.; Studemann, T.; Knochel, P. Angew. Chem., Int. Ed. 1995, 34, 2723-2725;

8) Zhou, R.; Fu, G.C. JACS. 2003, 125, 12527-12530;
9) Zhou, R.; Fu, G.C. JACS. 2003, 125, 14726-14727,
Fischer, C.; Fu, G. C. JACS. 2005, 127, 4594-4595;
Arp, F. O.; Fu, G. C. JACS. 2005, 127, 10482-10483;
Son, S.; Fu, G. C. JACS, 2008, 130, 2756-2757




[II Concise Introduction of Liebeskind
Coupling

Pd cat.
O ; CuTC JCJ)\
+ R°-BY >
R1J\SRZ ©THF RY RS
CuTC >
O
@) @)
3_
leSRZ Pd(O)L2 1JJ\ /SRZ R BYZ JJ\ /R3
|

-~ RY PdT ﬁRl Pd
S'CU‘O S'CU‘O
{3 {3
7 S
O



R1\)kSR2 +  R%-BY, (T::;C - 1%R3 — R1\/\R3
NHCbz NHCbz NHCbz
Pd cat.
i v RO CuTC _ j\
R'” “SR2 THF R "R3
M = Sn, In

In: no need of CuTC

13) Liebeskind, L. S.; Strogl, J. JACS. 2000, 122, 11260;
14) Fasett, B. W.; Liebeskind, L.S. JOC. 2005, 70, 4851.



IV The Development of Buchwald-
Hartwig Coupling

= Definition
= Development of First Generation Ligand

= Mechanism Study Spring Out the Second
Generation Ligands and Third Generation
Ligands

= Fourth Generation Ligands



Definition

ML,

Ar—X + HNu 3 -~ Ar—Nu
ase

X =1, OTf, Br, CI Nu=NR'R?, OR, CR'R°EWG
M = Pd, Cu, Ni




Previous Aryl Aminations

Ullman 152 Cux 152
1901 X + HNR'R > NR*R

O Scope has been expanded to include a tremendous variety of nucleophiles.
Q Limited by harsh reaction conditions, stoichiometric metal.

Q Multiple mechanisms thought to be operating, catalytic species poorly defined.

Q Functional group compatibility low.
Q Regiocontrol is a problem.

Biehl, E. JOC., 1987, 52, 2619



Migita makes the major breakthrough

PdClo(o4tolylsP)
© +  BusSnNEtp 20102 Ety
PhCH4, reflux
81% vyield

O First example of a palladium-catalyzed aryl-amine coupling.

Q Aryl bromides are only viable aromatic substrates.

Q Reaction scope is very limited, but reactions are clean and mild.
Q Tin amides are toxic, sensitive compounds.

Kosugi, M.; Kameyama, M.; Migita, T. Chem. Lett., 1983, 927
Kosugi, M.; Kameyama, M.; Sano, H.; Migita, T. Nippon Kagaku Kaishi , 1985, 3, 547



Hartwig: Closer Looking Researcher

PdCla(o-tolyl3P)2
M r + BusSnNR2 —» M R:
PhCH3. 90-110°C

75-85% yield
LoPd LoPdXo )

\ / reduction

A ArNR2 L-Pd ArBr
Pd
(o-tolyl)oPd ArBr i B(p)ar
N4 d\L v

O{\IFIE Br_ r/F’d
L—P Pb— —= B r
L\Pd/" — Ar I >F€\E

\ Bu3SnNRs A L
Br< F'fr > ArNRo

A
A’ L >00% vyield

BrsnBusg RaMNSnBus

O Palladium dimer implicated in catalytic cycle
O Dimer does not exchange Ar in crossover experiments
Q In presence of tin amines, dimer is suspected to irreversibly dissociate to monomeric form

O Phosphine inhibition implies monophosphine Pd is active species
Q As in Stille couplings, tin transmetalation appears to be the rate-limiting step

Paul, F.; Patt, J.; Hartwig, J. JACS , 1994, 116, 5969



Buchwald: beginning an indepent, overlapping
research

Buchwald expands the scope of the reaction by generating tin amines in situ

Ar purge Pd
BusSnNEt» + HNRR' —_——— BusSn-NRR' ———
— HNEt> ArBr, Toluene
reflux

Q Reaction still restricted to aryl bromides.

Q@ Only secondary amines and primary anilines can be used.

Q@ o-Substituted aryls not reported.

QO Catalyst loadings of less than 2% are typical, most reactions run 24 h.

Guram, A.; Buchwald, S. J. Am. Chem. Soc. , 1994, 116, 7901



Reduction X

L,PdX, - |L,Pd
Accelerated by: ﬂ
1. Electron withdrawing aryl groups
2. Larger, more donating R ArNR, LPd ArBr

3. Larger L

O Most qualitative steric and electronic effects are
consistent with analogous C-C bond formation reactions.

: : Ar L
Q More nucleophlic amines are better substrates. \Pd/
,NR2 /7 N\
AH . N L-Pd Br\Pd/Br
. .. . Ar
-Hydride Elimination
Ry PV L CAr
i i i t A L
Tin-free aryl-amine couplings NaBr, HOBu Pd
\
NaOBu' Br” 'NHR, HNR

Mechanism:
O A new catalytic cycle is proposed in which the base deprotonates Pd-amine complexes
O Pd(0) shown to be resting state of catalyst, so oxidative addition is now the rate-limiting step

O Inverse first-order dependence on phosphines from the monomer suggests dissociative, three-coordinate
complex is dominant in the catalytic cycle

O First-order dependence on synthetic monomer or dimer
O Rate of reaction for dimer is phosphine-independent.

O Mixture of dimers do not cross over, implying irreversible cleavage to three-coordinate palladium monomer
Substrate Scope:

O Primary amines can be coupled with electron-withdrawing aryl halides
O Cyclic secondary amines and alkyl anilines are good substrates
Q Most acyclic secondary alkyl amines are problematic with electron-rich or neutral aryl halides

Guram, A.; Rennels, R.; Buchwald, S. ACIEE, 1995, 34, 1348

Louie, J.; Hartwig, J. Tet. Lett., 1995, 3609

Driver, M.; Hartwig, J. JACS. , 1995, 117, 4708

Paul, F.; Baranano, D.; Richards, S.; Hartwig, J. JACS , 1996, 118, 3626



Bidentate Ligands: A Dramatic Advance

Catalyst loadings are typically 0.5-1.0 mol%, and reactions are typically faster

e =

Pda{dba)z 1
_— .
+  mHexNH2 BINAP, NaCtBu “Hax 95% yield

PhCHg, B0°C
Iial & h M

2 K Mla
r Pd{dba)s ® O
_—
ol N SINAP, NaOtBu
N/ PhCH3, 80°C

4 h
e ke

982 yield

X DPPFPdC M
8 ( ) 2 o 8

PhCH3, 100°C NHPh _

dh

+  HzNPh

=)
Br (DPPF)PACI; q\/T\
e o
. Hﬂhﬁﬂa PhCHz 100°C Ms  B4a; yield
Ma NaCtBu F
3ah

Mechanistic Revision

O Reductive elimination from four-coordinate complex now proposed
Q Intermediate demonstrated by 31P NMR, and synthesis of isolable 4-coordinate arylamino
palladium species
Q Enforced cis geometry of coupling partners thought to suppress "B-hydrogen elimination:
Hartwig argues "B-hydrogen elimination possible only with empty coordination site on 14-electron complex
cis to alkyl amine
O Followup mechanistic studies show rates of monodentate phosphine reactions are a competition
between three- and four-coordinate complexes
Wolfe, J.; Wagaw, S.; Buchwald, S. J. Am. Chem. Soc., 1996, 118, 7215

Driver, M. ; Hartwig, J. J. Am. Chem. Soc., 1996, 118, 7217
Driver, M. ; Hartwig, J. J. Am. Chem. Soc., 1997, 119, 8232



a/@,mf
M

ke

Hald ¥
2 Pda(dba)z/DPPF N
NaOtSu, PhCH3 85°C ED/@ \©
k4
Pda(dba)z/DPPF O
HN - "
NaOtBu, PhCH 3, 85°C
[0
Hal Pd{dba)z/BINAP . §
\© NaOtBu, PhCHa RT E’/@ \G
|
s

1

Fh Pd
o AdbajaBINAP
e MNaOtBu, dioxane, AT
T

Louie, J.; Driver, M.; Hamann, B.; Hartwig, J. JOC., 1997, 62, 1268
Wolfe, J.; Buchwald, S. JOC 1996, 61, 1133

92% yield

9% yield

B38% yield

90%; yield



Aryl Chlorides: The Search For a Practical System

=] H i o
Ni{COD)#DPPF M N _
+ - 6% yield
MaOtBu, PhCH3, 100°C
M | e Ma =

(e
: M MH
Ni{COD)aDPPF ~y

+ HexMNH - i
2 NaOtBu, PhCH3, 100°C 65% yield

Ia

Wolfe, J.; Buchwald, S. J. Am. Chem. Soc., 1997, 119, 6054

o e e s s s a g i ] e g e s e wm e n gy

Y

e (O
BuAH Pdgdbalan B/@/ 959, yield
kA

MaOtBu, PhCH 3, 80°C Mo

Pdaidb " g
HexMHz ddoapn " 550, yield
MaOtBu, PhCH 3, 80°C 1
e
Pda(dba
2dba)3 - 96% yield
NaOwBu, PhCHz, AT

Old, D. W.; Wolfe, J.; Buchwald, S. J. Am. Chem. Soc., 1998, 120, 9722




Back to the Monodentate Ligands:
Third-Generation

PCy, PBut, PCy, PBU',
MesN MesN

Wolfe, J.; Buchwald, S. ACIEE, 1999, 38, 2413

©_PBUt2

Cl OTs
Fe Hartwig
—PBul, .y
Hamann, B.; Hartwig, J. J. Am. Chem. Soc., 1998, 120, 7369

Kawatsura, M.; Hartwig, J. J. Am. Chem. Soc., 1999, 121, 1473

Bu'. __BU'
'? Hartwig
But




® L, ®
Yz or PCY,
MeO O OMe O PrO ! oPri

i-Pr

SPhos XPhos RuPhos

«Substituent fixes conformation
of R,P over bottom ring,

enhancing rate of reductive’
elimination

+R' R2#H prevents
cyclometallation, =3 R2

increasing stability O
« R' R?= large group /

(e.g., isopropyl)
increases [L,Pd(0)]

O OMe Me
MeO

PCy, Me

i-Pr ! i-Pr i-Pr

» Alkyl groups

increase electron

density at phosphorus,
increasing rate of oxidative
addition

R&l
2 * Increased size of R
s ¢——— enhances rate of

reductive elimination

» Larger R increases
[L1Pd(0)]. R=Cy usually
better for than R= tBu for
high turnover number.

Lower aryl ring: +Increases size of ligand,

slowing rate of oxidation by O,
« Allows stabilizing Pd-arene interactions
+ Promotes reductive elimination

%\ PER
P

I3
cl Me MeO
| I

Eye = 0.8 Kcal/mol

Cl
~
F

Eyg = 7.1 Keal/mol

O i-Pr

Me

Me

P Cy2

i-Pr

Smaller size of a L;Pd(0) complex
compared with a L,Pd(0) one,
allowing the substrate to approach
the latter more closely and, hence,
react at a faster rate. We presume
that transmetalation to a L,Pd(Ar)X
intermediate is faster, in general,
than to a L,Pd(Ar)X complex for
related reasons. (c) It is well-
documented that the rate of
reductive elimination from LPd(ArR
(R) aryl, NR,, OR) is faster than
that for the same process for an
analogous L,Pd(Ar)R complex

Sy
P
4 /
; oy OMe cl \Gyﬂhﬂe
MeO MeO
i v

E,e = 18.0 Kcal/mol



@,\ngqu @ MgX(Li) | cucl ‘ P(R%)z
(I + Mg —h- R! R? — = R R2
O CIP{R%)» g
_ R3 _ =K
t t
Bu \P/BU ©_PBUI‘2 Pd
| - =
R c ArX, Base
R = But, 1-Ad —PBu |

Pr

Pr! - N

Pr/

Pr/

Nolan, S.P.

Hartwig



booHe ® 10 molts CulOTH>PhH =
+ —= 89% yield
- 4.  Cs2CO3 PhCHg 110C e

Marcoux, J-F; Doye, & Buchwald, 5. J Am. Chem. Soc. 1887, 179, 10539

+ Addition of ligands expands the scope of the reaction dramatically
1 mole Cul

: H
CsaC03 PhCHs, 90°C M N h
+ ip _ 907 yield
HaM h 10 mol2s
e

MeHN  MHMe

M )

Klapars, A Aniilla, J.; Huang, X.; Bucdwald, 5. [ Am. Chem. Soc. 2001, 123, 7727

5 moke Cul MNHEnR
. .
@/ . BN Gex00s FPOH. B0C @/ 919 yield
2 equiv HO[CH 2)20H

Kwong, F.; Klapars, A- Buchwaid, 5. Ong. Leff. 2002, 4, 561

Me e 899 yield
‘ , 10 mok=s Cul s yie
e ot - - 98% ee
+ F'h—<D Csa003 PhCHz, 110°C
H 20 mole phenanthroline

A=
+ Mechanistic work is in progress Woher, ML; Nordmann, 6.2 Job, G.; Buchwald, 5. Org. Left. 2002, 4, 573



First Generation monodentate Ph
Q Less selectivity.

Q Typically require high loadings of palladium.

co-hindered
Second Generation bidentate Ph
O They are reactive toward couplings of primary amines, often generate monoarylation in
good selectivity.
Q Typically require high loadings of palladium.

electron donation and bulky
Third Generation monodentate  Cy, But

Q They are less reactive toward couplings of primary amines, often generate mixtures of
monoarylation and diarylation products

Q Typically require high loadings of palladium for the coupling of heteroaromatic halides.
O Typically low loadings of palladium for most of the substrates.

Fourth Generation  pigentate and co-hindered

electron donation and bulky

O They are reactive toward couplings of primary amines, often generate monoarylation in
good selectivity.

O More typically low loadings of palladium: for the coupling of heteroaromatic halides and
for thioetherification




L >—PPh,

> paul,

Fe Fe
L >—pPPh, < —PBU,

DPPF

Hartwig

second generation

Me
i—-PButz
PPh,
Fe

&

hi More electron donating
third and bulky
generation

Me

i«PButz
PCy2

Fe

—




Hl
Bu
Bu
Bu
Bu
Cy
Ph

-l Pd(OAC), L
I + DEI?'NHE
& NaCQfBu

T
; -

o8

N DME N
entry ligand loading T(°Q) t (h) yield (%)
( 1 CyPF-t-Bu 0.005 90 24 93 )
2 PPF--Bu 1.0 90 24 67
3 MePF-#-Bu 0.005 a0 24 <5
4 EtPF-+-Bu 0.005 90 24 <5
5 CyPF-Cy 1.0 90 24 46
6 CyPF-Ph 1.0 90 24 48
7 BuPE-Cy 0.005 90 24 62
8 A 0.005 90 24 50
g B 0.001 100 48 16
(10 B 0.005 90 24 93)
1 C 0.005 g0 pr =5
12 D 0.005 90 24 <5
13 E 0.005 90 24 <5
14 F 0.005 90 24 <5
PBu, Py
@?‘ @:J =S,
@ @ PCys R
A R=Cy B
CyPF-+-Bu Et C
PPF-t-Bu
MePF-i-Bu
EtPF--Bu PBu; =< PBu, PCy;
CyPF-Cy PCy o -Cr, Y2
CyPF-Ph 2 od €0
BuPF-Cy D .. E

Cy

PEBUE



Scope and loading

10ppm-1 mol% Pd/ Josiphos_

Ar-X  + NHoR Ar—NHR
NaOBuU!
X=Cl, Br, |
0 .
ArX  + NHy(200psi) 1 mol% Pd/ Josiphos Ar—NH,
NaOBu!
X=Cl, Br, |
- 0 i
Al HSR 0.01-3 mol% Pd/ Josiphos Ar—SR

NaOBu!






Steric Bulky
Electron Donating
Bidentate: Prevent Displacement
Pd Cat. C-N Formation Like C-C Formation

= Thank you!
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