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INTRODUCTION TO CROSS-COUPLING REACTIONS

= Reactions that form (usually) carbon-carbon bonds between complex fragments
= Typically use a transition metal catalyst and an organometallic precursor

= Most involve a “transmetallation step”

= Transmetallation: Transfer of alkyl group from one metal to another

= Typical trend: Can transfer from more electropositive to less electropositive metals




HECK REACTION (OLEFINATION)
Pd Catalyst
= General reaction scheme: RX + —— l/

» R: Lacks a [ hydrogen attached to an sp* carbon. (Aryl/Benzyl/Vinyl/Allyl)

= X: Typically Cl, By, I, Otf

= Regioselectivity and rates are determined by steric hindrance at the
alkene

Spessard and Meissler, Organometallic Chemistry



HECK: CATALYST AND CONDITIONS USED

= Palladium is in the O oxidation state in the active catalyst : F‘)Ph3
Pd_
e Ph3p/l PPh;
= The palladium can be reduced in situ: " - P Ph,

Pd(OAC)2

» Preferred solvent is DMF

= Increases rate, lowers temp. to from 80°C :

(" BULN" + KHCO,
= Two catalytic cycles are possible depending on the reaction conditions

Spessard and Meissler, Organometallic Chemistry



HECK: NEUTRAL CATALYTIC CYCLE

N w

\—/

Oxidative Addition:
Pd(0) - Pd(+2)

. dio>ds
0 l4e > 16 e




HECK: NEUTRAL CATALYTIC CYCLE

Insertion:
Pd(+2) - Pd(+2)

dé >ds
l16e > 16e




HECK: NEUTRAL CATALYTIC CYCLE

Hydride elimination:

Pd(+2) - Pd(+2)

dé >ds
l1l6e—> 16e




HECK: NEUTRAL CATALYTIC CYCLE

Reductive elimination:
(0]

Pd(+2) > Pd(0)

dé >d!o
l1l6e—> 14 e




HECK: CATIONIC CATALYTIC CYCLE

F'd{F'F'h

2 PPh,

F'd{F'F'h Example of an
\ intramolecular Heck

reaction
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RSYMMETRIC HECK REACTIONS
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PPh,
PPh;

BINAP

= By preventing [ elimination from the new sp® center, an asymmetric product may be formed
= In order to do this, the hydride is anti to the Pd and chiral ligands are used

) Qf CP\ P U\
_“\Pd-'F' Pc_i_: “--Pl:],ﬁ- R ;\pd,,_l‘/>...lAr _ . 0 W\
W Ar — | AT P L\O
o Ar 12 major
N O 0 ©
o/ ) - - - _
®
}Pd\ A
Ar )
D0 A
N I ) (\? a
SIENe o
pd—P pg—H Ar

e



RPPLICATIONS OF THE HECK REACTION

//g/ Chiral phosphine ligand

—
(OO



STILLE CROSS-COUPLING

= Based on early studies by Eaborn and Kosugi.
= Stille Coupling 1s useful for constructing new C-C honds because of the following:

= Reaction conditions are highly tolerant of many organic functional groups, therefore limiting protection-
deprotection steps.

= Organotin compounds are easy to synthesize and some are commercially available.
= Organotin compounds are more stable.

= Organotin compounds are not moisture or air sensitive so sophisticated lahoratory techniques are not needed.
= $n-C bond is stable with a bond energy of 50 kcal/ mol

Azarian, D.; Dua, S. §.; Eaborn, C.; Walton, DRM. /. drganometal Chem. 1976, 117,055.
Kosugi, M.; Sasazawa, K; Shimizu, Y, Migita, T. Chem. Lett, 1971, 201.

Kosugi, M.; Sasazawa, K; Shimizu, Y, Migita, T. Chem. Lett, 1971, 1423.

Milstein, D.; Stille, J.K. [Chem. Soc. 1918, 100, 3636.
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STILLE CROSS-COUPLING
GENERAL TYPE OF REACTIONS

= General reaction type:
R'-X + R-SnR"; —= R'-R + X-SnR'j
L. Pd
= R'X reacts to yield Ketone.

R'-C(=0)-X +R-SnR"; — R'(CO)-R" + X-SnR";
L Pd

= R'-X reacts in the presence of CO to yield a ketone as well.
R'-X + R-SnR"; —  R'(CO)-R" + X-SnR";
L Pd/CO

Organometallic Chemistry. Gary 0. Spessard and Gary L. Miessler
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STILLE CROSS-COUPLING
REQUIREMENT FOR R-ELECTROPHILE

= General reaction type:

'
R -X + R-SnR"3; —>» R'-R + X-SnR";
L. Pd

= The reaction works bhest when R is the following:

= [R’(C=0)]-Cl

= [RR"C=CR”-CH,]-X(ally])
= fAryl-X

= Benzyl-X

= [RR’C=CR™]-X

= R-C(H)X-CO,R”

Organometallic Chemistry. Gary 0. Spessard and Gary L. Miessler
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STILLE CROSS-COUPLING
REQUIREMENT FOR R

= General reaction type: R-X + R—SnR" , — > R'-R + X-SnR";
L Pd
= The reaction works hest when R is the following:
= [H]-SnR™,
= [R-CC]-SnR™,
= [RRC=CR] -SnR”, Why organotin?

= [Aryl]-SnR”,
= [RRC=CR-CH,]-SnR™,
= [R-C(H)X-CO,R] -SnR™,
= [Ar-CH,]-SnR™,
= [Alkyl ]-SnR™,
= R=Methyl and Butyl

Multiple alkyl groups possible.

= (rder of transfer

R——C==c — RCH=CH > aryl > ally-benzyl = CH;(C=0)CH, > alkyl

L)

Organometallic Chemistry. Gary 0. Spessard and Gary L. Miessler



STILLE CROSS-COUPLING
REACTION MECHANISM

= Proposed reaction mechanism

Pd°
R—R' PdL,
R
reductive n-2L oxid ative addition
elimination
L L
R—Rd-L R—Pd-X
é' Pd" 16e Pd! 16e ll_

R'SnR",;
transicis

isomerization .
transmetalation

Pdl 16e Rate Determining step

L
I (11
L

Organometallic Chemistry. Gary 0. Spessard and Gary L. Miessler



STILE CROSS-CGUPLING
REACTION MECHANISM-OXIDATIVE ADDITION

= Proposed reaction mechanism R’ is sp?
Pdo° /
. PdL,
> RX
Retention
5L oxidative addition

reductive n -
elimination

d bt Pd! 16e

b
R'SnR" ) s 3
_ Rate Determiping step ? \ R’is sp

transicis

A

T

o

|

~

Il
r—'TJ r

isomerization pal 16e transmetalation l
L ) .
N G XSnR", Sy2 Mechanism
. i )
! Inversions

Organometallic Chemistry. Gary 0. Spessard and Gary L. Miessler



STILLE CROSS-COUPLING
REACTION MECHANISM-TRANSMETALATION

= Transmetalation

R-R" + 1,Pd Less coordinating solvents | pg 4 Rx
Retention

/ T
/ | |X = 1. Br: R is yp” hybridized]

) OA
| RI Path a;
R"Sn-X 1
R’ 4 % R $ RSnR"™y R’
! | \ | L / |
R—Pd—1, =—>— !f—l’ri—l — SN L—Pd—1,
\ : \ L.
‘-.\ A6 R":\Sn—X R":8n=-X l.
41 40 _
Rl ~ Soly
[Path b: More coordinating solvents
Inversion
O R ¢ By . k. R | X
PR~ T T |\ oy | X I
¢ 1|*i N, e P s | PR BnRPy | Wi L=~
A A\ L |
I Saly Sols
45 44 43 42
R":Sn-X ."“‘( —SHB"
: )
Solv

X = OTI: R is sp” hybridized |

Organometallic Chemistry. Gary 0. Spessard and Gary L. Miessler
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STILLE CROSS-COUPLING
RPPLICATION AND SYNTHEMIS

= K.C.Nicolaou synthesis of rapamycin.

nBu,Sn \f\snnaus
73

[PdCl.(MeCN);] (20 mol%)
ProNEt,
DMF/THF, 25 °C

intermclecular
Stille coupling

OMe

“OH

!ﬁ!e OMe Me l\;de
72

b) Smith et al.

1) [PdCI{P(2-furyl)a}.]
ProNEt, DMF/THF, 25 °C
(74%)

intramolecular
Stille coupling

2) deprotection
(61% owverall)

Nicolaou, K.C.; Bulger, P.6. Angew. Chem. Int £d., 2005, 44, 4442

Me OMe Me Me
74

intramolecular
Stille coupling

(27%)

= / -
Me OMe Me Me
76: rapamycin




SUZUKI REACTION (SUZUKI-MIYAURR)

L,Pd® Base

= General reaction scheme: R'X + RBRY, > R-R + X-BR"

- Ligands: PY, dj% C?O

= Base: NaOH, TIOH, Na,CO;, K,CO; NaF, KF, NaOMe, etc.
= R”: Alkyl, O-alkyl, OH

= Scope is similar to that of the Stille reaction (B, Sn have similar electronegativities)

1. Less toxic than organotin reagents

2. More functional group tolerance
3. Several boronic acids are commercially available @



SUZUKI: CATALYST USED

't

= Typically use a palladium catalyst in the 0 oxidation state: O/ \O
= Phosphine Ligands: Triphenylphosphine and triorthotolylphosphine
= In recent years, Nickel catalysts have become popular:
Not as expensive as Pd é/D

More abundant than Pd
Need higher catalyst loading
Mechanism not fully understood

S W o=

= Other isolated reports use Fe and Cu as catalysts for the Suzuki reaction

O



SUZUKI: CATALYTIC CYCLE WITK PALLADIUM

R; —X
Pd(+2) - Pd(0) Reductive Oxidative
16 e 2 l4e Elimination Addition Pd(O) < Pd(+2)
4 e > l6e
Na® R _Pd”‘R1 R,—Pd'"-X
Y ’ 3 NaO'Bu
'BuD—Bl—OtBu
Y
”" " Transmetalation Rz—Pd“ -O'Bu Ligand Exchange
Y
R NaO'Bu

B R R»]_?'_OJ[BU

-

LY

Fi

-

o <

{
**2 L type ligands omitted @



SUZUKL: ASYMMETRIC/SELECTIVE SYNTHESES

= Use chiral ligands like:

Fe ) OMe Fe ) NMe, Fo NMes

= "Me = "Me = "Me
H H H
12 13 14 PPh,
(S)-(R)-PFOMe (S)-(R)-PFNMe (S)-(R)-DPFNMe

= May impart selectivity through pre-complexation with the ligand

O



RPPLICATIONS OF THE SUZUKI REACTION

050.R

m CH, PACL(PPh,),
PPh,
l:_,

SDEﬁHS Bl:-l:H:-GHglz y h""\

23 Pd(PPh.). |
T ELI.qNBr M - E"[::'::I'I-_:-H_-!
+ | -
_._,.FH HECDE
Br

Central nervous system !
agent @

Pharmaceutical : CI:1034

CO,CH,

Cl-1034




NEGISHI CROSS-COUPLING

= The Negishi Coupling was first published in 1977.

R'-X + M'-R »R'-R + M'-X

= This is the first reaction that allowed the preparation of unsymmetrical biaryls in good yields.

= Uses versatile nickel- or palladium-catalyzed coupling of organozinc compounds with various halides such as aryl, vinyl,
benzyl, and allyl.

= (ften used to synthesis acyclic di, tri, and higher order terpeniod systems.

= This used than Suzuki reactions.

Negishi, E.; Lious, S.Y,; Xu, C.; Huo, S. drg Zett 2002, 4, 261.
Organometallic Chemistry. Gary 0. Spessard and Gary L. Miessler
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NEGISHI CROSS-COUPLING
REQUIREMENTS FOR R’

= General reaction

R'-x: M-R——>R'-R - M-X

= The reaction works best when R’ is the following:
= Aryl
= Vinyl
= Alkynly
= Acyl
= Allyl
= Benzyl
= Homoallyl
= Homobenzyl
= Primary alkyl

Negishi, E.; Lious, 8.Y.; Xu, C.; Huo, S. drg. Zett 2002, 4, 261.

()



NEGISHI CROSS-COUPLING
REQUIREMENTS IOR R

= General reaction:

R-X-M-R »R'-R - M'-X

= The reaction works best when R is the following:
= Aryl
= Vinyl
= Rlkynly
= Allyl
= Benzyl
= Primary alkyl

Negishi, E.; Lious, 8.Y.; Xu, C.; Huo, S. drg. Zett 2002, 4, 261.



NEGISHI CROSS-COUPLING
REQUIREMENTS FOR X

= General reaction

R-X . M'-R——>»R'-R - M-X
= The reaction works best when X is the following:
=
= OTF
= Br
= Cl-work but often sluggishly

Negishi, E.; Lious, 8.Y.; Xu, C.; Huo, S. drg. Zett 2002, 4, 261.

=)



NEGISHI CROSS-COUPLING
REQUIREMENTS FOR ORGANOZINC REAGENTS

= General reaction

R'-X + M'-R »R'-R - M'-X

= The organozinc reagent may be used as the following:
= R,2n
= RInX (X=Cl, By, I)
= RInX generated zz sifw by reaction R-X with Zn dust

Negishi, E.; Lious, 8.Y.; Xu, C.; Huo, S. drg. Zett 2002, 4, 261.



NEGISHI CROSS-COUPLING
REQUIREMENTS FOR METAL

= General reaction

R'-X+ M'-R »R'-R - M'-X

= The reaction works best with the following metals:

= Palladium
= Palladium-phosphine give the best yield
= Nickel

Negishi, E.; Lious, 8.Y.; Xu, C.; Huo, S. drg. Zett 2002, 4, 261.



NEGISHI CROSS-COUPLING
REACTION MECHANISM

Proposed reaction mechanism. Pd° Oe
R'—R PdL,
R'X
red uctiv e n-2L oxidative addition
elimination
L L
|
L—Pd-R  Ppdll16e Pdl’lee R —Rd-X
A L
RZnX
transfclis
Isomerization transmetalation
Pd!16e
T
R'—Pd-R Zn¥,

Negishi, E.; Lious, 8.Y.; Xu, C.; Huo, S. drg. Zett 2002, 4, 261. L

O



NEGISHI CROSS-COUPLING
REACTION MECHANISM-TRANSMETALATION

= Formation of different sterochemical outcomes for transmetalation as a function of the style of organozinc reagent.

PPh;
Ry—Pd—Cl —

PPhy

MeZnC|

Me,Zn /

¢

Transmetalation

V

Casares, [.K.; Espinet, P.; Fuentes, B.; Salas, 6. / Chem. Soc. 2001, 129, 3508.

MeZnCl x\

/nCl,

57

= R;—Pd—Pph,

58

PPh,

> Ri—Pd—Me

PPh;

Me

PPh;

— l’{”\[cjil’i}h:}:

Cis-isomer

F Cl
T - P[I(!’I)II 1)
R}I : \ -
Trans-isomer
](I' .\-']L'

o



NEGISHI CROSS-COUPLING
APPLICATION AND SYNTHESIS

& ] ’5> - -

| Pdy(dba); |
P(2-furyl)s
THF/25 C (637 ield)

Organometallic Chemistry. Gary 0. Spessard and Gary L. Miessler



BUCHWALD-HARTWIC REACTION (AMINATION)

R H/R

X \N/
= General reaction scheme:
H/R Pd Catalyst, Base
N HN X
‘ \/ ’L - ‘
= X:Cl,Br, I 29 /\/

R

= A variety of amines can be used depending on the ligand chosen

= Can be run at room temperature using mild bases

©



BUCHWALD-HERTWIG: CATALYTIC CYCLE

L,Pd
Ar-NRR'
Reductive Oxidative Addition
elimination
IN;
(R/R'=alkyl) LmF’d’ - L_ Pd ‘Pd-L
B \Ar )(
R
H.!'_ R
Base-HX rTl
Lde_\;(Ar HNRR'
Base

©



BUCHWALD-HARTWIG: CATALYTIC CYCLE

L,Pd
NR' > " | Active species is 12 e complex
Ar-H + + LPd
a J Ar-NRR' Ar-X
RII
A
LPd
R!I
\ ¥
Moy NR R/R'=alkyl e Ar Al
1A (RIR=alD L—pg " " L-pd <—= L-Pd _Pd-L
Ar \ X
Ar | X
H. E,R' Unproductive dimer formation
Side reaction Base-HX |
Lde_\;(Ar HNRR'

Base O
(51)



SCOPE OF AMINES 5;52

= Original catalyst (with o-tolylphosphine ligand) worked with cyclic
and acyclic secondary amines

= 27d generation, bidentate ligands enabled the use of primary amines:

Irl,...% | ,f | ~ | ~

h’g - P g P

L2 —p (R FFh; FFh;

e PPh; (S PPhy
O LT A

Hﬂ:ﬂﬁ:—__.-'"

= Ammonia cannot be used in these coupling reactions (yet)

1

©



REDUCTIVE ELIMINATIONS

= Favored by electron rich X type ligands (like R, H-, etc.)

= Favored by electron poor metal centers (bonded to backbonding
ligands)

= Geometry is necessarily cis
= Aided by steric hindrance of ligands (C-C > C-H > H-H)

= Mechanisms may be polar, concerted or radical (principle of
microscopic reversibility).

http://chemwiki.ucdavis.edu/Inorganic_Chemistry/Organometallic_Chemistry/Fundamentals/Reductive_Elimina
tion%3A_General Ideas

©



SONOGASHIRA CROSS-COUPLING

= First synthetically useful transfer of terminal alkynes to sz hybridized.

QE + —R I:FIIFIEI:I:IEFIEIDIE:_— 7N — R’
Cul, R3N _

= Uses palladium catalyst, cupper catalyst and an amine base.

= Unlike Stille and Suzuki reactions, Sonogashira reactions requires very limited coupling partner.

Sonogashira, K; Tohda, ], Hagihara, Tetrakedron.fett 1915, 4461.

©



SONOGASHIRA CROSS-COUPLING
REQUIREMENT FOR R’

= General Reaction:

QE + =R I“jlﬁl?l:lhljdl:IE:-— 7 N —
Cul, RsN {:_;

= The reaction works best when R’ is the following:
= Aryl
= Heteroaryl
= vinyl

Sonogashira, K; Tohda, ], Hagihara, Tetrakedron.fett 1915, 4461.

H L]
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SONOGASHIRA CROSS-COUPLING
REQUIREMENT FOR ALKYNE

= General Reaction:

QE + —R I:FIIFISFI:IEI:IEIDli:_— {f’f \} —R’
Cul, R;N —

= The reaction works best when alkyne is the following:
= Terminal alkyne

Sonogashira, K; Tohda, ], Hagihara, Tetrakedron.fett 1915, 4461.
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SONOGASHIRA CROSS-COUPLING
REQUIREMENT FOR X

= General Reaction:

QE + —R I:FIIFISFI:IEI:IEIDli:_— {f’f \} —R’
Cul, R;N —

= The reaction works best when X is the following:
= I
= OTf
= Br

Sonogashira, K; Tohda, ], Hagihara, Tetrakedron.fett 1915, 4461.
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SONOGASHIRA CROSS-COUPLING
REACTION MECHANISM

= Proposed Reaction Mechanism

Pd° Oe
R —R
PdL,
reductive R
elimination
(n-2)L oxidative additon
F? L
Ri—==pq-L Pd"l6e R—pd-x Pdl16e
L L
Pd" 16e trans - Cu—=—FR
metalation
trans/ cis R NR",HX
Isomerization L—Fl'd—L
|‘| CuX
HI L] ] — L]
Organometallic Chemistry. Gary 0. Spessard and Gary L. Miessler R";N + H——R
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SONOGASHIRA CROSS-COUPLING
RPPLICATION AND SYNTHESIS

= Some useful reaction synthesis.

SiMe-
“E O \ PACL(PPh3)»/Cul OH
= i H ELaN/DME/2
N Cl
SiMe
PdC1>(PPh3)2/Cul
MeO MecO

Et: NIIHPI"'“- .

32% wyield)

Rothenberg, 6., Hoefsloot, C.]. Chem. Fur. /. 2008, 14, 2857.

2



= Useful applications.

(Pn)3Si0,, /

SONOGASHIRA CROSS-COUPLING
APPLICATION AND SYNTHESIS

‘.
.

OCH,-p-Ph-OMe
\ / H
2 -

Pd/CaCO5/PbO

Coffey, D.S,; Mcdonald, AL; Overman, L.E. [ Am. Chem. Soc. 2000, 122, 4893

\\\\OSi(i-Pr)g,

OCHy-p-
Ph-OMe



CONCLUSION

Introduction to synthesis, mechanistic investigation, application of cross-coupling reaction such the following:
= Negishi cross coupling reaction
= Nickel or Palladium catalyzed.
= First synthesis of unsymmetrical biaryls in good yield.

Heck cross coupling reaction
= DPalladium catalyzed C-C coupling between aryl halides and vinyl halides.
= Hctivated alkenes in the presence of base.

Suzuki cross coupling reaction
= DPalladium catalyzed between organoboronic acid and halides.

Stille cross coupling reaction
= DPalladium catalyst with Organotin
= Useful to construct new carbon-carbon honds

Sonogashira cross coupling reaction

= Palladium catalyzed

= Copper (I) cocatalyst

= Hmine bhase

= Coupling of terminal alkynes with aryl or vinyl halides.
Buchwald-Hartwig cross coupling reaction

= DPalladium catalyzed synthesis of aryl amines
= Used aryl halides or pseudohalides and primary or secondary amines.

®
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