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10.1.1 WHY CATALYTIC CROSS-COUPLING

with or without

catalyst

R'-M + R2-X R'-R2 + M-X

R, R?: carbon groups, M: metal or metal-containing groups,
X: halogens or other leaving groups

RX = = =
R'M AX | Ty [ SX| ATAT |5y | Amx [ Reox
ArM
* Some work but
= they are of limited
M scope
=M
M * Capricious and
often nonselective Limited Needs
Ar—, i gl
» « Special procedures
Procedures are
- better but need
M much improvement
* Some work but
Alkyl-M they are of limited
scope
N:C'M
b-c-om

Negishi ACIE 2011 50, 6738. DOI: 10.1002/anie.201101380 (Nobel lecture)
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10.1.2 CROSS-COUPLING TIMELINE

1850

2000

Ph MeO
NO; NO, I "
Cu pyridine MaBr
—_— /©/ S| g
C[ar 200 °C, neat O MeO 120 °C x cat Niecac): Br cat. Pd(PPhs)s = e Pa
Cu Ph SnBuy =l
2 equi + N + N
(2 equi) [Uliman, 1901] ON [Castro-Stephens, 1963] ©/\, © z ©/v Me/©/ Z "SiMes [F] /©/\
[Corrlu 1972] [Migita, 1977] [Hiyama, 1988]
MgBr |
cat. CoCly = & cat.PdCly =

Na® + B > + X > 5]
alkyl=X ———3pm alkyl —alkyl ©, 150 °C ‘+ £ cat Pd(PPh.). cat. Pd" cal Pd"
(2 equiv) MM ﬁr - Cl, SnMe, ———3= Me ( j

[Wurtz, 1855] [Kharasch, 1943] [Mizoroki, 1971] Cul, Etz =, i, 1978] base
[Sonogashira, 1975] ) [BuchwaIdJ-IarMIQ, 1995]
: : | ' ———— | j
1300 1950 [Tsuii, 1965] l—I
ZnCl cat. Pd(PPh;),Cl
— catcy _ g HO Mg, Ph 3 (PPh:).Cl O
R—== R =R cat. CuCl /\cal. Pd(OAc), a _Ph cat. iBu,AlH "
(2 equiv) base, O, + —_— TP 0N Br cat. Pd BPin
[Glaser, 1868] Ph Il Etawro X Me [Negishi, 1877] O ©’ + BpPin, —= ©’
Me
[Cadiot-Chodkiewicz, 1957] OH [Heck, 1972] [Miyaura, 1993]
Br . | o]
Cu 0 cl cat. Ni(dppe)Cl B gy Cat. Pd(PPhy) N nB
©,+ o e Hosr cat. Li;PdCls + Et—MgBr R a +rtcan8/‘\\“~/n Bu > e
150 °C OPh + OMe —— 1 OMe NaOEVE{OH
CuCl, O
[Vliman, 1905] l 2 [Kumada, 1972] [Suzuki/Miyaura, 1979]
[Heck, 1968]
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10.1.2 CROSS-COUPLING TIMELINE

o=

cat. Pd( PPhg) Cly

9

cat. iBu,AlH

&

[Negishi, 1977] O2N

S

Br
+

cat. Pd"

BPin
B,Pin, — ©/

[Miyaura, 1993]

-

Cl cat. Ni(dppe)Cl, Et
©/ + Et—Mghr ———— ©/

[Kumada, 1972]

cat. Pd(PPhs),
NaOEYEtOH

B ]
©/ L (catp” X

[Suzuki/Miyaura, 1979]

©/§/H-BU
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2000

MgBr
. _Br cat. Ni(acac), Br cat. Pd(PPh;), P> | cat. Pd"
+ N + /\/SHBU3 —_— + e —_— A
= ~~ ~SiMes F1
Me Me:
[Corriu, 1972] [Migita, 1977] [Hiyama, 1988]
o] (0] (0]
|
£ cat Pd(PPh), cat. Pd" . e Pd Q
* I —_— < Cl, SnMe, ——————— Me [ j
Cul, EtoNH AN oh . base
. [Stille, 1978]
[Sonogashira, 1975] I [Buchwald-Hartmg, 1995]
[ [ I .
1
—
ZnCl




10.1.3 CATALYTIC CROSS-COUPLING OVERVIEW

Traditional

Oxidative

RM + R-M' ——> R-R

Reductive

RX + RX ——— R-R

Conjunctive
cat.

RX + R:M — g g
"Y"

Jamison Nature 2014 509, 299. DOI: 10.1038/nature13274 (Recent review Ni cross-coupling)
ACIE 2012 51, 5062. DOI: 10.1002/anie.201107017 (historical Pd cross-coupling perspective)
Sigman Chem Rev 2011 111, 1417. DOI: 10.1021/cr100327p (Recent review Pd/Ni/Fe cress-coupling)
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10.1.4 TRADITIONAL CATALYTIC CYCLE

reductive

L oxidative
elimination

addition

L,Pd

[M]—X M]—R’

transmetalation
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10.1.5 FIRST LITERATURE EXAMPLES

Transmetalation step

Bv/”"*'-.N-(nj‘"\\ PPhs 5 RvgBr = R”""'f--N-(n‘)'"m PPh;
Ph3P/ I\Br Ph3P/ I\R
R= ¢—=—R'

Chatt and Shaw J. Chem. Soc. 1960 1718. DOI: fcffvz
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10.1.5 FIRST LITERATURE EXAMPLES

Reductive elimination

=
Oxidative addition |
NiD
- /
.

Yamamoto JOMC 1970 (24) C63. DOI: dpx2vq

|

F S ¢
[

A 1\1'\“(/“)\

_ /

X

/ \_/ \
A
Z

720 /A
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|
|
. 1\>Ni(°)—

%

Cl

N

+ butane



https://doi.org/dpx2vq

10.2.1 KUMADA-CORRIU

Ni@D

* Very fast/robust Cl '\
@ Phy 0.7 mol% @@
+ limited FG tolerance (due to Grignard) - n-BuMgBr (2 eq)

94%

« Grignard as R-M (sometimes R-Li as well) CR, ,,,,, Wl

* Currently used for hindered coupling partners
Ph,

( B/,,,’ .-‘“\\C]
""-N-(ll)
5h/ I\Cl X
2 0.7 mol%
—
a MgBr
O%

Kumada JACS 1972 94, 4374. DOI: 10.1021/ja00767a075

MAX PLANCK INSTITUTE OF COLLOIDS AND INTERFACES | DARIO CAMBIE, BIOMOLECULAR SYSTEMS, HOMOGENEOUS CATALYSIS | 2022


https://doi.org/10.1021/ja00767a075

10.2.2 KUMADA-CORRIU - MECHANISM

L Ni@~
"N

RLMgX |[R: aryl, vinyl, alkyl

RZ_RZ N :
R" = aryl, vinyl
R1—R? L, Ni® RLx | X=Cl>Br>1

reductive oxidative

elimination addition
R! Rl
L an(Il)< 2 L nNi(H< <
transmetalation

MgX> R2MgX

Kumada JACS 1972 94, 4374. DOI: 10.1021/ja00767a075
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POD #1

Consider the following processes for active catalyst formation below and provide the mechanism of
generation of Pd(0).

PdCl, + xs. ArMgCl

(PPh3),PdCl, + NaOAc » | Pd® + ?

Pd(OAc), + NEt
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POD #1

Grignard reagents

reductive
xs R—-Mg-X /R elimination
PdL,X, ——————>  L,Pd - L,Pd + R-R
transmetalation ‘R
- MgX;
Phosphines
PPh S Fl)Ph3 reductive Ac0
PR : AcO O des elimination
Pd(OAc), ——— = AcO-Pd . \WO\P/\J Qpg —mination,— PPhs0
ligand PPhs Ph —
@ o 3 Pd PPh3
exchange k
©
OAc
Amines
-hydride ;
NEts H e"?im}i/naltion rgdqct/\(e
PdLX, —————> K@ pdx ————> HPdx OMminafion_ | pq . oy
ligand N
Et,
exchange
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10.2.3 KUMADA-CORRIU = LIGAND EFFECT

Ligand % yield

R,
P, Ll dppp 100

“NidD dmpf 94
. P '\Cl
2

Ph,P (2eq) 84

cl
O/ 0.7 mol% O/\/\ dppe 79
n-BuMgBr (2 eq) dmpe 47
dppb 28
O\ n
P |
NSy

|
Fe
dppm, n=0, bis(diphenylphosphino)methane @;1\ \P‘ l<

dppe, n=1, bis(diphenylphosphino)ethane S

dppp, n=2, b is ( dz'{vheny Iphosp hz'.no)pr opane dmpf, bis(dimethylphosphino)ferrocene dmpe, bis(dimethylphosphino)ethane
dppb, n=3, bis(diphenylphosphino)butane

Kumada Bull. Chem. Soc. Jpn. 1976 (49) 1958. DOI: 10.1246/bcs|.49.1958
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10.2.3 KUMADA-CORRIU —= APPLICATIONS

industrial-scale production of styrene derivatives

/
”’:

MgCl /

8 Ph

N+ (/@/ 2 0.1 mol% O/@/\
-Bu -Bu

(dppp)NICl, still relatively inexpensive (=10 EUR/Q)

Banno JOMC 2002 (653) 288. DOI: dxs2kd (Hokka Chemical Industry)
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10.2.3 KUMADA-CORRIU —= APPLICATIONS

Sterically hindered biaryls

o, -
( 7N )T
c1 o
“/G/ = O O
BrM
H, =99%

- hind R CH3, 95%
steric hinderance tolerate o
only on the Grignard OCH;, 98%

Herrmann ACIE 2000 (39) 1602. DOI: fg58pz
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10.3.1 NEGISHI = INITIAL ATTEMPTS WITH ALANES AND Zr

n-Cslyy

wCsHly "”L\ (PPh;),Pd(0)* -
A : °" (PPhs),Ni(0) n-C4Hy

5 mol%

Pd: 74%, >99% (E,E)
* PACI(PPhs), + 2 eq. DIBAL | Ni: 70%, 95% (E,E), 5% (E.Z)

Ni(acac), + 2 eq. DIBAL
B i
\:>: (PPh;),Pd(0)*
+
0_\_\ O 50°C, 4h —
— MeO

S 70%
ZrCp,(Cl 0

Negishi 77 1978 (12) 1027.

Negishi JACS 1976 (98) 6729. DOI: 10.1021/ja00437a067
Negishi TL 1978 12, 1027. DOI: ckhdhh
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10.3.1 NEGISHI = KEY Zn TRANSMETALATION

B
; i— (PPh,),Pd(0)* /
+
O\ 0 50°C, 4h
MeO

70%
ZrCp,Cl1 0

Negishi 77 1978 (12) 1027.

T‘Ph3

I
E Et P E Kt
_ PhsP" / d\PPh3 —
i Bu Ph;P 5 mol%
2 No rxn after 1 wk w/out ZnCl,

(or ZrCpyC1) ZnCly, 1h, 25°C, 88%
Negishi Acc. Chem. Res. 1982 (15) 340.

Negishi Acc, Chem. Res. 1982 15, 340. DOI: 10.1021/ar00083a001
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10.3.2 NEGISHI = METAL SCREENING

H;C

H;C
cat.PdL,
n-PentC=ECM + I _— n-PentC=C
THF

product starting
M temp ( °C)  time (h) yield (%) material (%)
Li 25 1 trace 88
Li 25 24 3 80
MgBr 25 24 49 33
| Znc 25 | 91 8
HgCl 25 1 trace 92
HgCl reflux 6 trace 88
BBu;Li 25 3 10 76
| BBuiLi reflux 1 92 5 I
Al(Bu-i), 25 3 49 46
AlBusLi 25 3 4 80
AlBusLi reflux 1 38 10
SiMes reflux 1 trace 94
SnBus 25 1 75 14
| snBu 25 6 83 6
ZrCp,Cl 25 1 0 91
ZrCp,Cl reflux 3 0 80

Negishi JOMC 2002 (653) 34. DOI: dxzfdm — data from 1977
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10.3.3 NEGISHI — APPLICATIONS

p-hydride
_ _ elimination
PAPPhy, | S patl” FPhs n-C4Hy
I, _BuznCl - \ PPhL reductive
>:/ or n-BuMgCl 3 elimination
n-C J, n-Caly )

n-C4Hqg

Csp?—Csp?® coupling
R.E. faster than B—hydride elimination!

Negishi JACS 1980 (102) 3298. DOI: 10.1021/ja00529a091
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51% 2%

25% 76%
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10.3.3 CROSS-COUPLING SIDE REACTIONS

Side reactions in cross-coupling

1 Formation of R-R?

Formation of R2-R?

Reduction of R2X to give R?H
a-elimination to give carbenoids
B-elimination to give alkenes
Stereoisomerization
Regioisomerization

Reactions of functional substituents

© 00 N OO O &~ W DN

Other undesirable reactions of substrates

=
o

Undesirable reactions of catalysts, ligands, solvents, added reagents, adventitious
chemicals, etc

Negishi JOMC 2002 (653) 34. DOI: dxzfdm
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10.3.4 WHY Pd?

TABLE 1. Some Fundamental Properties of Pd

Property

Value and/or Description

Atomic number
Atomic weight
[sotopes and

relative abundance®

Magnetic property
Electronic configuration

Common oxidation states
and coordination numbers

Electronegativity®
Occurrence in the
lithosphere©

46

106.4

'%2Pd 0.8% "“Pd 9.3%
'%Pd 22.6% '°Pd 27.1%
105pd 26.7% "10pd 13.5%

05pd has I = 3, but it is of very low sensiivity.

1572522p®3s23p°4s4p®4d ' = [Kr]4d'”

Oxidation Electronic
State Configuration Geometry
0 d'e Tetrahedral
+2 d® Square planar
+4 (rare) d° Octahedral
2.2 (Pauling), 1.57 (Sanderson)
0.015 ppm

Some data for comparison:
C (180 ppm), Ni (99 ppm), Pt (0.01 ppm),
Ru and Rh (0.001 ppm each)

Negishi, Hanbook of Organopalladium Chemistry for Organic Synthesis. DOI: 10.1002/0471212466
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10.3.4 WHY Pd?

TABLE 2. Relationships between Some Fundamental Properties of Pd and Chemical
Consequences

Fundamental Properties of Pd

Consequences

Moderately large size

Strong preference for the 0 and + 2
oxidation states separated by a relatively
narrow energy gap

Late transition metal favoring d'? Pd(0)
and d® Pd(Il) configurations = (i) soft,
(1) ready availability of Pd complexes
containing both empty and filled non-
bonding orbitals (LUMO and HOMO)

Relatively electronegative

Moderate stability of organopalladiums
(Ni <Pd <Pt

Relatively rare one-electron or radical
processes (e.g., relative to Ni)

Ready and reversible two-electron
oxidation and reduction (= catalysis)

High propensity for concerted processes
High affinity toward soft - and
n-donors

Selective and vyet very resourceful
reactivity permitting reactions with
almost any type of compounds

Relatively unreactive toward polar
functional groups

High chemoselectivity

Largely complementary with the
chemistry of Grignard reagents and
organolithiums

Negishi, Hanbook of Organopalladium Chemistry for Organic Synthesis. DOI: 10.1002/0471212466
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10.4.1 MIGITA-STILLE COUPLING - EARLIER EXAMPLE

Pd(PAr3)4

120-140 °C
Y= H, OMe, NO,

0O
Pd(PPhs), O

R1JJ\CI * o SnRY N
120 °C R

R'= Me, Ph: R?= Me, Bu, Ph

R2

Eaborn JOMC 1976 117, 55. DOI: 10.1016/S0022-328X(00)91902-8
Migita Chem Lett 1977 6, 1423. DOI: 10.1246/cl.1977.1423
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10.4.2 MIGITA-STILLE COUPLING

Ph3pf,,,,___PdH.\\c1

PhsP

1 mol% Ph
Br + Me4Sn - Me
HMPA, 62°C

+ Me3SnCl

Dummy ligands (RSnBu;) thanks to different rate of transfer from tin

Order: alkynyl>alkenyl>aryl>benzyl>allyl>alkyl.

Stille JACS 1979 (101) 4992. DOI: 10.1021/ja00511a032
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10.4.2 MIGITA-STILLE COUPLING

Ph3B;,,,_“_PdH.\\Cl

PhsP

1 mol% Ph
Br + Me4Sn - Me

HMPA, 62°C

+ Me3SnCl
Dummy ligands (RSnBu;) thanks to different rate of transfer from tin

Order: alkynyl>alkenyl>aryl>benzyl>allyl>alkyl.

Faster rate for unsasturated groups may result from coordination to the metal prior to C-Sn bond cleavage.

Stille JACS 1979 (101) 4992. DOI: 10.1021/ja00511a032
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10.4.2 MIGITA-STILLE COUPLING — TRANSMETALATION

Transmetallation preceded by coordination.

Eletronic effects on the transmetalation are also counterintuitive. The reactions of benzylic stannanes are
accelerated by EWG on the benzyl. This effect contradicts a view that the alkyl group is transferred to the

R'-X

PdL,
S
W 4

transition metal as nucleophile.

Cotter JACS 1998, 120, 42, 11016. DOI: 10.1021/ja980901w (TM is preceded by coordination to Pd via the tin-substituted double bond.)
Casado JACS 1998, 120, 35, 8978. DOI: 10.1021/ja9742388
@agaﬂéK\]WCSTEGOW,LEIEQ?,M@',NEI.T?%S D@P\ﬂ@h&e@iﬂa@@&%ﬂﬂ_ﬁSTEMs HOMOGENEOUS CATALYSIS | 2022

Bu, B

Ko

+ OTH —=

PPhy
| 0-_Ha
pdﬂ
| Hg

PPh, B’
3
+

BuzSn-OTf

Y=8SorX
S =L or solvent

Stille JACS 1983 105. 19. 6129. DOI: 10.1021/ia00357a026 (Benzvl stannanes trends)



https://doi.org/10.1021/ja980901w
https://doi.org/10.1021/ja9742388
https://doi.org/10.1021/ja001511o
https://doi.org/10.1021/ja00357a026

10.4.3 MIGITA-STILLE COUPLING — MECHANISM

Usually, fast OA followed by rate-determining TM requiring ligand exchange.

T‘ kg [T] Buss® S
@I Pd(dba)3,L (1:4) @71’1 I @PT—I i, Q_\ + Bu3Snl
50°C, THF £ k) L k> \

1 2
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10.4.4 MIGITA-STILLE COUPLING — COPPER EFFECT

Copper can be used to promote ligand dissociation (or bulky phopshines/ligands)

Pd:L:Cul Relative HPLC
1 molar ratio rate Yield (%)
Pd,dba;, PPh;, +/- Cul

O/ — : \\ 1:4:0 1 85
P 1:4:1 5 85

BugSn® N 1:4:2 114 >95
dioxane, 50 °C 1:4:4 197 45
1:2:0 64 01

Farina and Liebeskind JOC 1994 59, 5905. DOI: 10.1021/jo00099a018
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10.4.4 MIGITA-STILLE COUPLING — COPPER EFFECT

Copper can be used to promote ligand dissociation (or bulky phopshines/ligands)

Pd:L:Cul Relative HPLC
1 molar ratio rate Yield (%)
Pd,dba;, PPh;, +/- Cul
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10.4.4 MIGITA-STILLE COUPLING — COPPER EFFECT

Cu possibly also involved in intermediate transmetalation

ONT
Pd(PPhy), n-CsHu
+ n —C_qH 1 _— =
Bu;Sn CuX, LiCl OH
oH

solvent
Nf'= n-C,F¢SO, ~40h
Conditions optimized yield
X =1, solvent = DMA 38 %
X =Cl solvent = DMSO 88 %
mrmond antalstin Axrala

Corey JACS 1999 121, 7600. DOI: 10.1021/ja991500z
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10.4.4 MIGITA-STILLE COUPLING — COPPER EFFECT

Cu possibly also involved in intermediate transmetalation

R—Ar L,Pd® Ar-X
reductive oxidative
elimination addition
Ar Ar
L,Pd®x L,Pdd
R X

transmetalation I1

RCuLiCl

|

RSnBu; + CuCl + LiCl fransmetalation I

-Bu;SnCl

Corey JACS 1999 121, 7600. DOI: 10.1021/ja991500z
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10.4.5 MIGITA-STILLE COUPLING — ORGANOTIN

Organotin reagents are compatible with:

\
. Chromatography ( X X

\l
water N :Sn—R
 Oxygen )'(
But their toxicity is a significant drawback.
stannatrane

Another way to accelerate TM are carbastannatrane (also, less toxic)

Vedejs JACS 1992 114, 6556. DOI: 10.1021/ja00042a044
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10.4.5 MIGITA-STILLE COUPLING — ORGANOTIN

Br
+  MeySn
MeO
Br A
N
+ ﬁ')
MeO

Vedejs JACS 1992 114, 6556. DOI: 10.1021/ja00042a044
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Pd(PPh,),

PhMe, 75 °C, 7h

Pd(PPhs),

Y

PhMe, 75 °C, 7h

Y

Me

MeO
<5% yield

MeO
67% yield



https://doi.org/10.1021/ja00042a044

10.4.6 STEREORETENTIVE MIGITA-STILLE COUPLING

M= B >8n>2n> Mg > Li
Configurational stability

C N /\ Pd(dba), (5 mol%)
5 (10 mol%)
SJ } CuCl (2 equiv.) ~ M

+ Ar-Br K (2 oaubv.) > CHs, J\
CH, CH4CN, 60 °C R1 R2

=

13b Ar = ~ | 65% (91% e.e.)

M= B <Sn<2Zn< Mg < Li
Nucleophilicity

12, 94% e.e.

[ Secondary alkyltin and alkylboron reagents are ]

N
X configurationally stable and isolable
13¢ Ar = 65% (92% e.e.)
o
N” “CH,

Biscoe Nat Chem 2013 5, 607. DOI: 10.1038/nchem.1652
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10.4.7 MIGITA-STILLE COUPLING — APPLICATIONS

oxidation

/KA (n-BuzSn)(Bu)CuliTiCN . - 3 eq. SO3 Py, 3eq. EGN,
P OH BugSri OH CH,Cl,/DMSO

96%

|HWE condensation l

~__CO,Et

PO(EtO
Bu Sn/\)\/CH0 o Bu,Si N NN CH
3 3

i) n-BuLi, DMPU, THF, 0°C
ii) aldehyde, -78°C-> -20°C
73%

Stille Coupling

ijion

2.5 mol% Pd,(dba),
20 mol% AsPh;, NMP

retinoic acid precursor

Dominguez Tet 1999 (55) 15071. DOI: 10.1016/S0040-4020(99)00962-X
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10.5.1 SUZUKI-MIYAURA - MECHANISM

Unlike other cross-coupling, a base is required

R' = aryl, vinyl, alkynyl

R]_R2 L, pa® rRlx | X= [>0T{>Br>>Cl
reductive oxidative
elimination addition
R! Rl
L PdT L Pd(m<
I R?.. n X
BYZORZ RZONI M=Na, K, Tl
R! R’= alkynyl, aryl, vinyl, alkyl
LnPd(mf. OR? XM

R3
"‘\.,_,-;""—'-\_
BY;

transmetalation I

The rate-determining step in

Suzuki-couplings with
reactive electrophiles (ie.
R!-X= unsaturated 10dides)
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10.5.1 SUZUKI-MIYAURA

Me
. . o4 ) 0 Y

B
/ ~
boronic boronic boronic boronic
acids esters esters (catechol) esters (pinacolate) alkyl borane 9-BBN

Identity of organoborn affects TM rate

A variety of different organoboron reagents can be used to effect transfer of the R2 group via
transmetalation. Generally, electron rich unhindered organoboranes are most reactive towards
transmetalation. Organoboranes are non-toxic and air and moisture stable

Lennox and Lloyd-Jones Chem Soc Rev 2014 43, 412. DOI: 10.1039/C3CS60197H (boron reagents for Suzuki)
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POD #2

For the reaction depicted below, provide the product and predict the relative rates of the different
organoboron coupling partners shown.

ﬂQ
iy
o
2
N
o
.
@O
7/
g
/CJ_
i
I -
&
AE
c_f)"l'l
)
p~]
=
]
v )]
O
X
<
9]

Denmark ACS Catal 2020 10, 73. DOI: 10.1021/acscatal.9b04353 (data)
Denmark JACS 2018, 140, 12, 4401. DOI: 10.1021/jacs.8b00400 (rationale)
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https://doi.org/10.1021/acscatal.9b04353
https://doi.org/10.1021/jacs.8b00400

POD #2

@]
gH o"> Q’Q % Q/ﬂ\ o g
_B. | B— ) -0 B\ | K
Ar~OH Ar’B‘“C‘ Ar” © Ar Ar” "0 Ar’B“‘O
4a 5a a

3a 6

Several factors influence TM of organoboron reagents:

45 —8— Boronic Acid 3a
» the ability to access a coordinatively unsaturated 40 Glycol 4a
palladium atom s —® THF-3,4-diol 5a

—&— Cyclopentane-1,2-diol 6a

« the nucleophilic character of the B-ipso carbon 30 —8— Neopentyl-1,3-diol 7a
- . . % —&— Pinacol 8a
« sp?/ sp2 hybridization ratio =
o~
. 5 20
+ steric effects B
£ 15 L
!
o
o 10
o
5
0
0 1000 2000 3000
time (s)

Denmark ACS Catal 2020 10, 73. DOI: 10.1021/acscatal.9b04353 (data)
Denmark JACS 2018, 140, 12, 4401. DOI: 10.1021/jacs.8b00400 (rationale)
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https://doi.org/10.1021/jacs.8b00400

POD #3

A strategy to complex molecules by successive Suzuki is the use of “masked” (or “protected”) bornoic

such as MIDA esters or R-B-(dan). Propose a synthesis of compound 3 involving only Suzuki
couplings.

Me

1,8-Diaminonaphthalin (H,dan) H
OH Toluol (111 °C) N O

R—B. R—B.,
OH  H*in THF/H,O (25 °C) N O
H

1 2

MAX PLANCK INSTITUTE OF COLLOIDS AND INTERFACES | DARIO CAMBIE, BIOMOLECULAR SYSTEMS, HOMOGENEOUS CATALYSIS | 2022

acid,




POD #3

1)+ 2a B(OH), 1)+2a Me OMe
([Pd]/CsF) ([F’d]szF) O ‘
e C SO e Me Q Q OMe ) Ent- ‘ B(OH),

schitzen schitzen
OMe
B(dan) + 2b
([Pd)/CsF)
Br OMe Br@—B(dan) [Pd] = [Pd{P(t-Bu)}5] = 3
2a 2b 79% overall

yield!

Tobisu ACIE 2009 48, 3565. DOI: 10.1002/anie.200900465
Glorius ACIE 2009 48, 5240. DOI: 10.1002/anie.200901680
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10.6 HIYAMA

See seminar presentation :)
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10.7.1 SONOGASHIRA - ORIGINAL REPORT

PhsP,,, WCl
_pdll Ph
o pph 3 =
X Br (5 mol%) AN

Ph—=—"H + O/\/ Cul (10 mol%), EttNH solvent

rt, 3h

90% yield

Sonogashira 77 1975 (50) 4467. 100% stereospecificity

Sonogashira Tet Lett 1975 16, 4467. DOI: bphsxqg
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10.7.2 SONOGASHIRA — MECHANISM

catalytic cycle:

PhsP,, wCl
wpgll
o PPh;
IC———R o
transmetalation R;NH' X
R H——R
\ CuX
N, W PPhs
- pall
/// PPh;
R
B—M——— 1R note: can also start with a Pd(0)
source (e.g. Pd(Ph;P),).

R' = aryl, alkenyl

(PPh3),Pd’ X =1, Br, OTf, Cl
reductive oxidative
elimination addition

PhsP,,,

(Ph3P)uPd"\ / Pd "

transmetalation
CuX ICr———R
vt
H——R R;NH™ X Sonogashira JOMC 2002 (653) 46.

Sonogashira JOMC 2002 653, 46. DOI: dd7dd6
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10.7.3 SONOGASHIRA - Csp? REACTIVITY ORDER

r
— :\ > P >>
~ e O e O

Sonogashira, Metal-Catalyzed Cross-Coupling Reactions, Ch. 5 DOI: 10.1002/9783527612222.ch5
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10.7.3 SONOGASHIRA - LIGANDS

Instead of PPh; more basic and starically hindered phosphines give a more effective 12e- PdL cycles instead
of PdL,

3% Pd(MeCN),Cl
H——Ph iNeCiNIZCla

6% phosphine
3%Cul MQOQ%%
MeoOBr e

1.2 equiv NEts3

C:"t’x"f;”ﬁ phosphine % yield (GC)
PPhs <2
P(o-tolyl)s <2
dppf <2
PCY3 <2
P( -Bu ) 3 96

Buchwald Org Lett 2000 2, 1729.
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POD #1

A copper-free variant of Sonogashira exists, for which the following mechanism is proposed: after OA of Ar-I
to the Pd® complex, the terminal alkyne is coordinated (24->25). For phenylacetylenes with EWG, this is
followed by a base-assisted deprotonation (25->26) as r.d.s. while for phenylacetylenes with EDG there are
evidence for a 25’:25a’:26a reaction path. Why does the mechanism change?

A -
ine | |
— [NEtzH]* [Pel—Ar

—_—
P
—_—

» JAr Ar———-=H |
|
|

24 25

+
=
m
"
o
-
I
+
+
=
m
&"

| —
- PA—ATNEGHI Pdl—Ar
25 26°

Martensson Organometallics 2008 11, 2490. DOI: 10.1021/o0m800251s

MAX PLANCK INSTITUTE OF COLLOIDS AND INTERFACES | DARIO CAMBIE, BIOMOLECULAR SYSTEMS, HOMOGENEOUS CATALYSIS | 2022



https://doi.org/10.1021/om800251s

POD #2

Provide a cross-coupling-based retrosynthesis of the following molecule:

Cl Me 'y Me
H B{OaPr}, '\;\m
cl — + B + B Me
H Cl NH,

) 2 3
1) Cul, Pd catalyst,] -
B ~x.B(OiPr), - e
' . ClI” 7 NH,
2) 3.0 equiv. CsF, Pd catalyst, OMe
2 H,0, acetone, 50° C \";LCOIME 5
59% 3

Yu Tet Lett 1998 39, 9347DOI: cbr3rx
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10.8.1 C-N CROSS-COUPLINGS - MIGITA

. P(o-tol)z
pa

/ \Cl

/ 10 mol% /
Br + (Bu)Smr—N— toluene, 100°C. 3h N—\_  + 7-BusSnBr

87%

;;;;;

Migita Chem Lett 1983 927. DOI: 10.1246/cl.1983.927
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10.8.1 C-N CROSS-COUPLINGS - HARTWIG

Bu3;SnNEt
_tol : 3 2 (o-tol ;
(0-tol)sP—P dO—P(o-tol); (o-toDs pa | T (o-tolsf Pd(Q/Cl
0 . - 3
(Et),HN Cl cr’ P(o-tol)
3 2 1
P(o-tol);
Ary—NEt, P(o-tol);Pa® Aryl-Br
reductive oxidt.lt.ive
elimination addition
Aryl - . P(o-tol)
i Aryl Ary C - 3
(O-tﬂl)spl’d(ﬂ<\,Et (o-tol)sPPAT L 1>Pd(( 1\de
AN Br (o-tol)3P cr Aryl

4
XRD, competent
Intermediate w/
Bu;SnNEt,

transmetalation

BrSnBuj Et;N-SnBuj

Hartwig JACS 1994 116, 5969. DOI: 10.1021/ja00092a058
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10.8.2 C-N CROSS-COUPLINGS - BUCHWALD

the more volatile s
amine is removed| ransamination L, o Po-tobs

via the Ar purge o d(m
A80 C R — (o-tol)3P 1
/ I purge ' 1 -2.5 % '
BuyS—N—" 4 ENRR' P g e R VLl mo /R
i R'/ toluene, 105°C /
limited stability TINEt, 55-88%

aminostannanes

Buchwald JACS 1994 116 7901. DOI: 10.1021/ja00096a059
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10.8.3 C-N CROSS-COUPLINGS — BUCHWALD-HARTWIG

Buchwald 1995

[Pd(dba),]/2 P(o-tol)3, 2 mol% Ph

or PdC1,(P(o-Tol)3)» /

Me, Br + HN(Ph)Me =  Me N\
NaOrBu (1.4 eq) Me

65-100°C, toluene
89%

Hartwig 1995

Pd(.‘lz(P(O-TOl):;)z , D mol%
Me Br + HN ~ Me
LiN(TMS), (1.2 eq)

100°C, toluene

94%

Buchwald ACIE 1995 34, 1348. DOI: 10.1002/anie.199513481
Hartwig Tet Lett 1995 36, 3609. DOI: dpdwns
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10.8.4 C-N CROSS-COUPLINGS — MECHANISM

| L,.mPd
_N Br
R
O +mL |[—-mL O/
L,Pd : | L\
L,Pd = CL/Pd or LPg
«FPh wPh
L,Pd_ L,Pd’
\NRH’ \Br
via deprotonation of or protonation of
A A .
L”P|d‘)( L”Pd“‘OFi with amine
NHR{R, Base'HBr HNRR’
+ Base

Buchwald OM 1996 15, 3534 DOI: 10.1021/0m9603169

MAX PLANCK INSTITUTE OF COLLOIDS AND INTERFACES | DARIO CAMBIE, BIOMOLECULAR SYSTEMS, HOMOGENEOUS CATALYSIS | 2022
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10.8.5 BUCHWALD HARTWIG - PRIMARY AMINES

Buchwald 1996

[Pdy(dba); ] BINAP 0.5 mol%

Br + H,N(n-hexyl) NaO7Bu (1.4 eq)

80°C, toluene
88%

Hartwig 1996

A\

n-hexyl y n-hexyl
' N(O\ +B N,
H H H

1 98% 79%

(dppf )PAClL 5.0 mol%
Br + H,N(n-hexyl)
PK NaOrBu (1.4 eq)

100°C, THF (sealed tube)
96%

Buchwald JACS 1996 118, 7215. DOI: 10.1021/ja9608306
Hartwig JACS 1996 118, 7217. DOI: 10.1021/ja960937t

84%
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10.8.5 BUCHWALD HARTWIG - PRIMARY AMINES

[Pdy(dba); ] BINAP 0.5 mol%

Br + H,N@-hexyl) NaO/Bu (1.4 eq)

80°C, toluene

A\

n-hexyl y n-hexyl
N(O\ +B N_
H H H

98% 79%

BINAP is thought to:

88% 1

ratio of 1 to ratio of 1 to doubly 1solated
Ligand % Conversion aryl- arylated amine  yield of 1
BINAP 100 % 40/1 39/1 88%
P(o-tol)3 88 % 1.5/1 7.6/1 35%
dppe 7% 1.5/4 --- —
dppp >2% --- - —-
dppb 18% 1/1.6 --—- -
dppf 100% 13.2/1 2.2/1 54%

« effectively prevents B-hydride elimination
pathway by blocking cis coordination sites.

 inhibit formation of catalytically inactive
bis(amine)aryl halide complexes

 inhibit formation of bridging amido complexes
that resist reductive elimination.

Buchwald JACS 1996 (118) 7215. DOI: 10.1021/ja9608306
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https://doi.org/10.1021/ja9608306

10.8.6 BUCHWALD HARTWIG - CHLORIDES

Buchwald 2000
P(#-Bu),

Buchwald-type ligands

Hartwig 2000

In-situ NHC

N\CE;N

Buchwald JOC 2000, 65, 4, 1144. DOI: 10.1021/j09916986
Hartwig OL 2000 2, 1423. DOI: 10.1021/0l005751k
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10.8.8 SELECTIVE C-N BOND FORMATION

Secondary amines x  Pd(OAc),/2L

N..,
) X Base = R
HNRR™ + | 5580 C |
NF ' I

Y Y

X = Cl, By, |, OTY, or OTs (19.65)
L = Hindered monodentate ligands:

P(o-tolyl)s, P{#-Bu)s, PhsFcP(1-Bu), (Q-phos), heterocyclic carbenes, (Biaryl)PR,,

—OP(#Bu),, and Verkade’s proazaphosphatranes

L = Chelating bidentate ligands:

dppf, BINAP, Xantphos, and Josiphos ligands

Primary amines

R
|
Pd(OAc)./2L
N (Ba:n)e2 ~ N\H
HNR + | > |
v y (19.66)

X = Cl, Br, |, OTf, or OTs
Base = NaO-#+Bu, Cs.CO3, or K;PO,
L = ligands of Eg. 19.65
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POD #3

‘-T

HaN™ CF;y NH; NHy  NHy N7 HgN
H

N I R I
1 1 1 L L L L
T T 1 T T T T T
10 11 12 13 14 15 16 17 18 19

Nuclecphilicity N (in MeCN)

e o

Predict the product of the following reactions:

K;COy/glycol
140 °C .
©jl\{>—(?l N
+ 2HCI
H
P Pdydbas, BINAP,
NaO7Bu, 85 °C

Senanayake Tet Lett 1998, 39, 3121. DOI: cxfagr
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POD #3

Predict the product of the following reactions:

K,COy/glycol
140 °C

thermal amination Q
k@\ (selectivi ity 1:2 = 6:1)
N NH,
(Lo
N ;
Pdrdbas, BINAP

NaOrBu, 85 °C thN—C
- H

Pd-catalyzed amination

2HC1

=n P

(selectivity 2:1 > 35:1)

norastemizole

Senanayake Tet Lett 1998, 39, 3121. DOI: cxfagr
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10.8.9 AMMONIA AND AMMONIA EQUIVALENTS

or + NHs

0.05-0.25 M
X =Cl, Br, or |

CyPFtBuPdCl,
(1.0 mol %)

NaO'Bu (2.0 equiv.)

DME
90 °C
Pressure = 200 psi

= P'Bu

| T NH, s
N @ K

or Fe PCy
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10.8.9 AMMONIA AND AMMONIA EQUIVALENTS

\H Pd(OAC),/L

)L N ‘ Sy X Base ‘ N
Ph” ~Ph L 25-80°C S A

Y Y
X =Cl Br, | or OT{
Base = NaQ-t-Bu or Cs,CO4

L = dppf or BINAP, N-heterocyclic carbene
CyPPF-t-Bu (a hindered Josiphos figand)
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10.8.10 SIDE-REACTIONS

HN

\
JAr CH,R? _Ar _Ar
LaPd Base ~ " OSNRT T T OR! i

Ar
H

- L,Pd_,, —— ArH + L,Pd(0)
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10.9 CARBONYLATIVE STILLE

Conjunctive cross-coupling cat.
RX + RM — g g
IIYII R R

0O
Pd catalyst
N

R-X + CO + R-M + MX

R = Ar, vinyl, benzyl, or alky!
M = SnR"5, BR",, or ZnX
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10.9 CARBONYLATIVE STILLE

0
R-X
R R’
PdL,
9 L
)j\ ! | R™M
R” “Pd-R R-PG-X ~— R-R
L L

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA



