Chapter 17



Organometallic reactions

(17.2)

addition of a Grignard o CHO yemgar, E1,0
reagent to a ketone C U - (
o , (93%)

addition of an BrJ\,DH (1 eq),

alkyllithium reagent to 0 t-Buli (2 eq) .
a ketone 07 Et,0, 0°C (17.3)

(73%)

subst_ltutlo.n of an acid Et,Zn (1.1 eq), E,O
chloride with a (92%)

dialkylzinc cocl

(17.4)
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Hapto numbers for a series of common ligands



Table 17.1

Electrons donated by neutral ligands for electron
accounting by the 18-electron rule

Electrons  Typical Examples of Ligands

1 alkyl, aryl, alkynyl, H, halogen

CO, phosphines, n° alkene, 1” alkyne

0 allyl, NO

n” diene (e.g. 1,3-butadiene; cyclobutadiene; norbornadiene)
n° dienyl (e.g. cyclopentadienyl, Cp; cyclohexadienyl)

n® arene (e.g. benzene; mesitylene)

n’ trienyl (e.g. cycloheptatrienyl)

O J O L B~ W N

n°® tetraenyl (e.g. cyclooctatetraenyl)




Table 17.2

Electrons donated by ionic ligands for electron
accounting by the 18-electron rule

Electrons Typical Examples of Ligands
2 halide 10n, alkoxide 10n, carboxylate 1on
4 n° allyl anion, 1" diene
6 n° dienide anion, n° arene, v’ trienyl cation
8 n® tetraenyl (e.g. cyclooctatetraenyl)




Electron accounting in the -
allylpalladium chloride dimer

the 18-electron rule
predicts that the
palladium in this
complex is in the +2
oxidation state

<<—PdiC|:Pd—>> (17.7)
cl

Pd*" (3d% 8
C;H;s (allyl anion 4 ¢%) 4
Cl (anion, 2 @ 2¢°) 4

Total 16




Figure 17.2
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Orbital overlap between a metal atom LUMO and a
ligand HOMO to give the o and c* orbitals of a
metal-carbon bond.
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Metal-alkene (top) and metal-alkyne (bottom) o
bonding (left) and dr-pmt backbonding (right).




Figure 17.4
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Bonding in carbonyl (top) and phosphine
(bottom) complexes



Ligand substitution

0C T T ole T
Co—CO =—— Co. == “co—CO (17.8)
oC” | OC” |\ °CO oc” |
CO co =
&
18 e 16 & 18 e

Often an important part of metal-catalyzed organic reactions.

First steps of oxo process involve ligand substitution by a

dissociative mechanism through a coordinatively unsaturated
intermediate.



Figure 17.5

Cl, ’El‘pd‘ﬁ Ho CL © o Cl O

Pd Pd - pd Pd
X Yo o ¥ OH ¢ OH,
!
(17.9) (17.10) o~
i (17.13)
H,0
cl, ©l]2- cl,. cl@
H,C=CH N s
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Metal substitution can dramatically affect ligand reactivity

— In the dimeric palladium complex (17.9), the alkene ligand is labile towards
displacement, but is not reactive towards nucleophilic attack

— In the monomeric complexes (17.11, 17.12), incorporating one water ligand
and one alkene ligand gives a complex (17.10) where the alkene w bond is
quite susceptible to attack by nucleophiles



Oxidative addition and reductive
elimination

In oxidative addition, a coordinatively
unsaturated complex with a lone pair
on the metal reacts with a neutral
molecule to give a coordinatively
saturated product; the reaction
accompanied by an increase in the
formal oxidation number of the metal
center. The lone pair is essential in this
reaction

In reductive elimination, a
coordinatively saturated complex
eliminates a neutral molecule to give a
coordinatively unsaturated product; the
reaction accompanied by a decrease in
the formal oxidation number of the
metal center

H/-_\‘c R
| ’
X :ML, —— ML,
A W

oxidative addition

(ﬂ H
ML R :ML,
AN

reductive elimination

(17.14)

(17.15)



Figure 17.6

Oxidative addition and Rh(I) [16 &1 RN(IIl) [18 €]

reductive elimination -
PhgP.._ _Solv H=H PhaP. | _H
Rh™ S ““F:;Ih"’

e addition of H, converts CI” “PPha [oxidative CI° | ~PPh
unsaturated Rh (I) complex (17.16) addition] Solv
to saturated Rh (llI) (17.17)
complex l
 elimination of the alkane H
converts saturated Rh (lI1) H
complex to unsaturated Rh Phﬂp“‘ﬂlhﬁ
(1) complex 1~ | “PPhq
Solv

(17.18)



Oxidative additions

j H ML, ||q
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 Three types of covalent bonds in neutral molecules add to coordinatively

unsaturated complexes
— polar o bonds
— non-polar ¢ bonds
— mbonds



Migratory insertion

* Two major types

— bonding between the

non-migrating ligand and

the metal remains
unaltered

— metal migrates to the
other end of the © bond
to give a net addition,
and conversion of a
complex to a c complex

EI. + &
(L MLy, MLa
y =~ —= R=X
// A
JA Y
L

— (17.22)



Figure 17.7

oxidative addition

cO Br
hll' A Br _ |
coO
(17.23) (17.24)
=N OMe :
- , migratory
0 HBr = reductive insertion
elimination
MeOH, 2 CO — I?r ~ IIEr _
cO :
e Ml -— MNi
~CO -
O O
(17.26) (17.25)

Carbonylation of allyl bromide by carbon monoxide
in the presence of nickel tetracarbonyl



Figure 17.8

Migratory insertion in
the Ziegler-Natta
polymerization. The
asterisk denotes a
vacant coordination
site on the metal atom

;} ,O migratory

insertion
| —ML,,

{1?.2?} (17.28)

e

-MLn

(17.29)

| —

I
3 MLp

(17.30)



Decarbonylation

Ph (PhsP)<RhCI
Et‘“'J\GHD PhCN. 160°C  Etf>y  (17.31)
Me e
A only S (81% ee)

mechanistically, the reverse of migratory
Insertion

occurs with retention of configuration

often a side reaction in hydrogenation of
aldehydes with Wilkinson’s catalyst



B-Hydride elimination

B-elimination of
hydride from transition
metal-alkyl o-bonded
complexes gives an n?
alkene-metal hydride
complex.

This step of the Wacker
process converts ¢
complex 17.33 to the
acetaldehyde enol n?
complex of the
palladium hydride
(17.34)

/L

H@MLH -

R

(I?J
H,O—Pd—Cl

)

OH
(17.13)

H'a
ML,

Y (17.32)

B-hydride elimination

'[I.'?ICJ

Cl

~ Hgﬂjd—* —=

OH
(17.33)

cl
HED—FT:!—H
Ir.-’=
HO

(17.34)



The cata
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coupling

Figure 17.9
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cis-trans
isomerization

oxidative
addition

R—X

L,Pd® /

“TES]&RJ\HHl

R—Pd—R
(17.39) L

—

X—M

I
H—F'Id—L
X
(17.36)
cis-trans
" isomerization
|
]
F?—Fid—}{
: L (17.3
HI_M { ?}
(17.38)

transmetalation



Reaction synopsis: Ligand substitution

LM-L —=» LML

Reaction may proceed by a dissociative or an
associative mechanism



Reaction synopsis: Oxidative addition

R
e I

w, BXe
X

Reaction converts coordinatively unsaturated
complex to coordinatively saturated complex by
effectively inserting metal into R—X o bond.



Reaction synopsis: Reductive

elimination
R R—X

ML, A W

X

Reaction eliminates o-bonded product from a

coordinatively saturated complex to give a
coordinatively unsaturated complex.



Reaction synopsis: Migratory insertion

R R

| \
L—ML, 7 = L—|\|/|Ln
L L

Reaction results in coordinatively unsaturated

complex in migration step; reaction is almost
always assisted by additional ligand to satisty need
for coordinative saturation. Most common with n’
alkene or carbonyl ligands. With carbonyl ligands,
reaction may be reversible.



Reaction synopsis:B-Hydride

elimination
F{'{ R, H
R ML, —— R]\—MLH

Reaction may lead to direct loss of alkene and
formation of hydride complex, or to hydride
complex with a bound to n* alkene ligand.



Reaction synopsis: Transmetallation

X: MeX, MgR, ZnX, ZnR, HgX, HeR, SnR., AIR,, Cu,
SiR,;, B(OH), etc.



Nucleophilic addition to ligands

Alkene and alkyne
complexes of iron (ll),
palladium (I1) and platinum
(1) are especially useful in
reactions where a
nucleophile attacks the
hapto ligand.

In the process, an n? ligand
is converted to a & ligand.

The hapto number of
higher order hapto ligands
is reduced by one.

MU ML
—ML, —— &
|| a0 Nu f"
-I.-ll‘_'
' — —|'|.|"||_
{i—m L N :
MU ]'l
'J.r"'d--; '::I_MLE.
L—M L, :
-LIH"'\-\.
h MU
i n3

(17.43)

(17.44)

(17.45)



Addition of nucleophiles to a
cationic n? iron (1) complex

T
|
NaCH(CO2Et)z Me. Fémco
_ _ - THF, —78°C to r.t. ET_.D C | PPH"
> (86%) VA
s L GDEE’[ (17.47)
\;".\f EHIED S
PPhs S
Me : |
: d LizCu(CN)Ph;
THF, —78°C t;rt Shaii
(17.46) e PHAMEFPhq
(17.48)

Note how the 1n? iron alkyne complex becomes a
vinyliron (Il) c complex



Figure 17.10

PdL,
(17.49)
The catalytic ) [K 2L
cycle of thg Tsuji- a7s2 g e
Trost reaction o (17.50) (17.54)
. X \/
with soft L L
: L-palS\ /o L—PL"FL;
nucleophiles R > S, ey
(17.51) (17.53)

L = PPhg, etc.
X = Cl, Br, OAc, OCOPh, etc.



Transition metal acyl complexes

.
GYH ©O0._R
oc_ O oc_ |l
Fe—CO =~ “Fe—CO
oc” | oc” |
cO co
(17.55) (17.56)

resonance in transition metal acyl complexes

— acylmetal anion and metallocarbene complex

structures both contribute to the resonance
hybrid



Figure 17.11

e o
Acylmetal complexes “Fe%-co —NH "Fe=CO
: oc” | oc” |©
react with soft co co
electrophiles to give fet) /A”'E'E}
a metal-acyl product DYH il . E;x
CO X
E n:::-:j/,E
Fel
oc” | CO
CcO

(17.59)



Figure 17.12

co e \|/ _ MeO. R
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(17.60) (17.61) (17.62)

Formation of metal alkylidene complex from
an acylmetal anion and a hard electrophile



Electrophilic attack on ligands

- S
f HCON(Mejpn > CHO
T POCT, ¥ (17.63)
-"‘-\_ = r- \_ _"F
,.Fill - __ME'
(“f} MeCOCLCS; ¥ N0 (1760
e, 20°C, 45 min Fe,
0C” | >CO s
CO (60%) B

 most common form involves electrophilic aromatic
substitution.

— metal complexes with aromatic hydrocarbon ligands react as
electron-rich aromatic compounds

— both alkylation and acylation of the ligand can be accomplished



Figure 17.13

EtO,C. _CO,Et 7 —_

=7 \I'l% Fe o i
- T Fa O
Fe. [\ . BT e
t
(17.65) (17.66)

(17.67)

Formation of a cyclopentane by sequential
electrophilic addition to a c-allyl complex and
intramolecular nucleophilic addition to an n?*-
alkene complex.



Reppe chemistry

nickel-catalyzed cyclopolymerization of acetylene to cyclic
polyenes, especially cyclooctatetraene (17.68)

reaction is probably a template reaction, where all four alkynes
are pre-assembled on the metal atom as a template (17.69) prior
to the oligomerization

ligands on the nickel that can compete with the acetylene for the
metal, make it possible to use the reaction to prepare benzene
derivatives

|| Mi{acac), | \l\ i !! ™ m (17.69)
N/ B _/

| .
woN | — || | (7.70)
l:'l?."\. A .-'?;'rf \;-"_,.."—’"J




Reppe chemistry in synthesis

- H o
N | Y (17.72)
MesSi & (57%)
H 05~ -
S on - ]
== < Me;SICCSiMe; y (high F'E'd}lﬁ
P /  CpCo(CO)s i
= \ 17.7
(30%)
(17.71)

Construction of a steroid nucleus initiated by a cyclooligomerization of a
diyne with an alkyne catalyzed by cyclopentadienylcobalt (I) dicarbonyl



A catalytic
cycle for the
Pauson-
Khand

reaction

Figure 17.14

(17.75) (17.76)
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Nicholas reaction

(OC)2CoCo(CO)- OC)4,Co~Co(CO). 0OC),Co~Co(CO
B Cutcon o5 e )s (0C)CosCol )s
R'—— - ] gy i N, e TN\
OR R R- R \ R.’ R \ RJ

RO !

(OC)JCJ{‘JL;\(J?‘O(COH
R' )—R? Me,SO

Nu
e cobalt complex of an alkyne is electron-rich

* coblalt complex of an alkyne can stabilize an adjacent
carbocation (Nicholas cation) by delocalization of cation
onto cobalt by resonance

* Nicholas cations react with nucleopiles to give products of
nucleophilic substitution by the Sy1 mechanism



Tandem reactions catalyzed by
dicobalt octacarbonyl

(OC)3CoCo(CO);

* The nucleophilein 4
W Cop(CO)s _
HO

the Nicholas o 3
reaction is the MeC A
intramolecular .
hydroxyl group. (x£:81) 78]
) BF4*Et-,0

* |nstead of revealing CHoCl
the alkyne by
oxidation, the 0 S i
cyclization with the % o-CeHi1-NHs j ..
alkene to give the / - " (CH;OMe); N /“
cyclopentenone -0 \

(17.84) (17.83)



Asymmetric Pauson-Khand reaction

Me
[Rh(CO),Clol =0 Mg
Df“z:?;hph 17.87 (0.1 eq) ,h:} >= PPh,
i AgOTf, CO (01 atm} L S .. .PPh
S THF. 16-20°C @i e
'_..-'..J‘ﬁ'h =
(17.85) (FHe.eone) {1'.-' 86) Q“"ME
Me
L (1787) —

* rhodium catalysts with chiral diphosphines
can replace the highly toxic dicobaly
octacarbonyl in the Pauson-Khand reaction



The catalytic cycle

of the Chauvin
mechanism for

olefin metathesis

Figure 17.15
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Figure 17.16

The catalytic cycle
of the enyne
metathesis
reaction

':1 -"-92} H2G=ML|-,

H2C=CH:z

H,C=ML, (17.88)

"priming HzC=CHz
3 cycle

R,
(17.99)
4§ C: ML, - \\ (17.94)
retro [2+2
Ry K (17.93) ]

|"|.|"|L|-,

=3
Ha
" 8

R, (17. 95}
(17.98)

[2+2] ./retrﬂ electro-
cyclization
(17.97) th"’%f

{1? 95}



Metathesis catalysts

* Schrock catalyst

e Grubbs | and Grubbs Il

catalysts

* Grubbs-Hoveyda | and
Grubbs-Hoveyda Il

catalysts




Metathesis in synthesis

0 o]
TIPSO- HFL'I:IJ TIPSO :“
— iIﬁ*”"'~fDTES Grubbs |~ )ﬂ ...-OTBS
|_ - CH-Clz, A
AT I (17.106)
= [E:Z 2:1] ﬁ:—-uJ

(825 after hydrogenation of double bond)

i COMe  Grubbs Il (5 mol %) ( -COMe
o M CHsClp, 40°C,3h N (17.107)
= Y
|H L {91%%) —
f;

e olefin metathesis is an excellent method for the formation
of medium and large rings




Reaction synopsis: Nucleophilic
attack on ligands

Nu . ,
=M, — S, <‘_M'-n —*NU/W_'V”-n EM'—n — ML,

n? © n? n? 4 3

Reagents: RLi, RMgX, R,Zn, etc.; enolate anions; oxyanions; etc.

Converts an 1" ligand to an "' ligand (n’ to o), by attack of the
nucleophile on the ligand.

. 0O O @0
RLi
OEC—MLn —_— MLn - >:M|_n
R R

Attack on carbonyl ligands gives acylmetal complexes that are
resonance-stabilized amibident nucleophiles.



Reaction synopsis: Electrophilic
attack on ligands

E—~ © E
[V v, VS

Reagents: RCOCI, AlICl;; HCONMe,, POCls;; etc.

Reaction usually proceeds by conversion of the " complex to the cationic n™"

complex, and elimination of the proton to give the new )" complex with a
substituted ligand.



Reaction synopsis: Oligomerization

R R R
R R A B R R
~— I —
R R R R
R R R

Reagents: A. Ni catalyst, frequently Ni(CO),.
B. Ni catalyst with a strongly-binding ligand (e.g. Ph;P)
Reaction of alkynes with diynes in the presence of CpCo(CO), gives benzenes.



Reaction synopsis: Metathesis and
metallocyclobutane formation

Table 17.3 Hydroboration with Chiral Boranes

e P
Representative (@) e Xiz e ’Q‘
Alkene 2 "
IpcBH, DMB

Ipc,BH
Me H
=( 14 73
H Me
Me Me
= 99.1 24
H H
Me Me
— 15 53
H Me
Me o H
. D —
M H

— = 5

99.5

97.6

97.6

1.5

h. H MegSi-_ H
96 95

02

74

38

78

84

o2

66




Transmetallation

* metal-halogen
exchange

2

¥ |
:]{\( =

(17.109)

H>_<I"u'1 H> <I"q.-'1'
H R R R
“‘m,__,_/ (17.110)
7N
M'—X M=—X
M=Li, Mg, eic
M'=Zn, Al, Cu, Sn, Hg, Zr, Si, etc.



Carbometallation and

hydrometallation
* carbometallation el
— addition of metal alkyl W _\‘ﬂp?:(a wre

R'=H, alkyl
across an alkyne occurs M=Al, Mg, Zr, Sn, etc.

with syn stereochemistry _

* hydrometallation I ..
— addition of metal- " i B
hydrogen bond across a &
bond occurs with syn b5
I \ H M
stereochemistry g B
H D

M=Mg, Al, Si, Zr, Sn, efc.




Borane reagents

g a

3
.\-\-\"\-\_‘._,-F. HE.-"'I"'\-_\___,.-/’F

. |
Hindered borane reagents -
exh_lblt hlghe'r Sia,BH
regioselectivity, and
regioselectivity increases :‘1{’; P
with the amount of “*[ oo
hindrance at boron. E
Hindrance increases in —
the order .
disiamylborane < #ﬁf;;_n
thexylborane < 9- [ L~
borabicyclo[3.3.1]nonane S
(9-BBN) 9-BEN

(17.113)



Figure 17.17
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A model for predicting the stereochemistry of
addition of diisopinocampheylborane to cis-
2-butene (a representative Z alkene).



Table 17.3

Hydroboration with chiral boranes

AeBHs D Ve Ph_ H Me;Si_ M
Representative <><Zz> oz k /?\ BH ° BH
Alkene 2
Ipc,BH IpcBH> DMB
Me H
= 14 73 99.5 96 95
H Me
Me Me
H>:<H 99.1 24 97.6 32 84
Me Me -
= 15 53 97.6 74 G
H Me
Me H
fH 3 G 1.5 38 5
Me H g .
— 5 8 66
Ph>_< H G G 7




Figure 17.18

Ph

'?Me MeOH HD‘ #

B _RiCH=N, B " Ph/—{NHMe Mel:-—ﬁ:éj i

m hexane = M

The synthesis
of the (17.114) (17.115) (17.116)
Soderquist LiAI(OEt)sH
boranes Et,0, 0-25°C

H R © R

% MesSiCl H%

(17.118) (17.117)




Figure 17.19

Rsg [ R T
R ,:‘f,.&\
R
@ L Sfé.a.
BH g
j -.IHS
(17.119)
R
H
H‘D'\/k e e 3j{\/ll ¥
‘Hs
RL base B R,

(17.121) (17.120)

Model for predicting
the stereochemistry of
addition of the
Soderquist borane to a
1,1-disubstituted alkene




Boranes as protecting groups for
alkenes

Semi-hydrogenation of dienes

* the less hindered double bond of the diene reacts with
one equivalent of a hindered borane such as 9-BBN

* the resultant unsaturated borane is subjected to
catalytic hydrogenation.

* the oxidation of the saturated product with a tertiary
nitroso compound returns the original alkene.

* the reaction can be applied to either conjugated or

1) 9-BBN, THF

== [l 2)H,, Pd-C, THF, 0-25°C Sy
K s _.f'} { = ' 1-"{_ g ity | (17.122)
d}l,r-_g -___F-H'\ --/7"-- e -\\

3) (MeaC—NO)s
(B9%)

| 1) 9-BBN, THF f“‘
| #  2) Hp, Pd-C, THF, 0-25°C | Z o
3) (MesC—NO " k/ '

(57%)




Alkyl transfer in boranes

. S SR N N
* intramolecular alkyl migration R/ R’ R
Wlth d|Sp|acement Of d |eaV|ng retention of configuration at R
group occurs with retention of (17.12)
configuration at the migrating oy — By
center R B
/ﬂx’) ?’fﬂ

inversion of configuration at R

(17.125)

* intermolecular alkyl transfer Lb o |
3

from a borate complex to a ! momems. T Ay aram

halogen or similar electrophile "'  THFmeoH 0% Br

occurs with inversion of | v |

configuration at the migrating * 8 =

carbon. Ab-éﬁz S s ﬂ&glﬁ (17.129)
(17.128) ;/ &



Figure 17.20

Iz, NaOH, 0°C 1) Iz
' " EtO, HO V, 2) NaOH
® 90%
I BB{DH}E_ (BeR) B(OH).
(17.130)
Sl . (17.132)
R H ‘ |_H '
£ ||
H
J © X B i0H), R B(OH),
(17.133) (17.134)
C\_L R, B(OH)2 R, B(OH)z m
| aproximately gauche
(17.135) a0 1 |
' (17.136)

e Variation of stereochemistry in iodination of vinylboronic acids



Hydroalumination of alkynes

e addition of the Al—H

bond acrossa C—Cn ]
H-—AIRg] ¥
bond =M — H;*ZQH - H/%/A'HE (17.138)
H
* neutral alanes give o,
! =i R
products of syn AR — ??lr” — o
_ H H
addition to alkynes u-raam 17:140)
* anionic aluminates am.
. . >~ _R (17.141)
give products of anti 2]

addition to alkynes



Modulating the stereochemistry of
alane addition

H  Al{i-Bu)s H  SiMe;
DIBAL-H
Ph————=5iMe, o — + —
Ph  SiMes Ph  Al(iBu)s
(17.142) (17.143) (17.144)

solvent = heptane 4 : 26
[solvent = heptane, N-Me-pyrrolidine) 96 - 4:

solvent = Et;,0 65 - 35

* non-coordinating solvents favor anti addition of
the alane to the alkyne

e strongly coordinating solvents favor syn addition
of the alane to the alkyne



Zirconium: hydrozirconation

4, LU
Ty MeO Me

ET“H N ""_.-:"; —_— (\ﬁZr | H H
% . i : ﬁ Ph

Ph  F

(17.145) (17.1486) (17.147) (17.148)
CpoZr(H)Cl (1.2 eq), PhMe, 45°C,2h 37 63
CpoZr(H)CI (1.4 eq), THF, 50°C, 1 h 0 100

Schwartz reagent adds syn to alkenes

reaction is reversible, which allows the thermodynamic product to be
formed in coordinating solvents (e.g. THF) at moderately high
temperatures.

Over longer reaction periods around 50°C, terminal vinylzirconium
compounds formed by sequential addition-elimination become the
dominant products



Figure 17.21

The Roy and Taylor
mechanism for
hydrosilation of
alkynes

the coordination
number of the metal is
denoted by the color
of the highlight box

MX,,
SiR; ' HSiR3
H A\ i
17.154
( ) R il

|
L-Pt-SiRs-
E // SiR, &

L L siRs (17.149)

HSIiR3

. ; L sip
R3Si—Pt—SiR i 3
’ ’ qjﬁisma
H SiRa
R
17.150
(17.153) ( )

\ H35|—:t 5:‘3?33 % /
\ H{ﬂ" 152)

.{1?151}



Figure 17.22

SiR3

A modified Chalk and RAN RsSiH
Harrod mechanism Ty o
that accounts for the % \\
formation of the Z- it H SR,

' i b M=Ru, Rh, Ir, etc. !
\;:Eylr?élane from an [M]\%sms o

y {1?"?‘153] (1? 159)

the coordination X 2 Slﬂa/L S,
number of the metal W%Qf‘ﬁa : ! 7" (17.151)
is denoted by the 5
color of the highlight (17.157) “7"-1553’

box



Stannylmetallation-protonolysis of

RaSnM M SnR3  NH,CI H‘\ fSnFia
R———~R - — - =
. . . R R R R
* Reaction is most widely G . I e B
used with copper as the (17.160)
Se.con_d metal 1) (BuaSn),Cu(CN)Lij, SnBus
* with lithium |||| THF, ~40°C N SnBug A
stannylcuprates, AL 2NHC AL A
regioselectivity increases S i -
when the Gilman reagent n=2 3 o7
is replaced by the (17.161)
Lipshutz cuprate - SnBus
1) (BuaSn),Cu{CN)Lin
I THF, 40°C BUSS”‘T‘/& , ”(
= 2) NH4CI = ‘j
HO” HDJ HO
n=1 38 : 62
n==2 18 f 82




Carbometallation of alkynes

I 1) MesCuli, Et.0, -45°C

0.0  2)ICH,COEL, HMPA, ( —0  COgEt
-55°C to r.t. _ D/L\‘/] (17.162)
I (30-55%) 1
H Me

H

copper is the most widely used metal, nd can be used
in stoichiometric or catalytic quantities

atoms capable of complexing to the copper atom (e.g.
the ether oxygens) can exert a major influence over the
regiochemistry of the addition

the addition is syn



Figure 17.23

The Cossee
mechanism for the
Ziegler-Natta
polymerization of
an alkene

(17.163) (17.164)

R R
M=Ti, V, Zr K/'&
(17.167)

H

Lxhlﬂ

Ll s
L

(17.168)

f

L,,HM___
7] Tk
E

(17.165)

(17.166)

R E




Carboalumination of Alkynes

electrophilic
site

N

@ @\ nucleophilic

site

(17.169)

e putative bimetallic intermediate in the
carboalumination of alkynes catalyzed by
Zirconium species



Reaction synopsis: Hydroboration

Hydroboration
R R : R R : H BR
>:< HBR 2 H ; g BR'2 R—— R HBR 2 . >:< 2
R R R R R R
Reagents:
for alkenes: BH,*THF; Sia,BH, THF; ThBH,, THF;
9-BBN, THEF;

for alkynes: [0-C,H,0,]BH, THF; (Me,CO),BH, THF; etc.

Regiochemistry: Markovnikov; regiochemical control is improved
with bulky boranes.Stereochemistry: strictly syn

Reaction may be carried out asymmetrically using IpcBH,, Ipc,BH,
and Soderquist boranes:

om0 3



Reaction synopsis: Hydrozirconation

Hydrozirconation

Cp»Zr(C)H R R

R— R il G
solvent H ZrCp,

cl’

Solvent: PhMe (mixture of regioisomers); THF (Zr bonds to less
hindered carbon); etc.

Stereochemistry: syn



Reaction synopsis: Hydrostannylation

Hydrostannylation

H SnH3

Reagents: R,SnH, AIBN, hv; etc. (free radical
mechanism);

R,SnH, Pd (not widely used)

R3SnM M SnRs NH,CI H  SnRs
= 3 - = s i =
R R R R

M = Cu, Al, Zn, Mg, BR»

Copper is most widely used metal.



Reaction synopsis: Hydrosilation

Hydrosilation
RSiH e ot
—— 3 > >:<

Stereochemistry: syn when Pt catalysts are used.



Reaction synopsis: Carbometallation

Carbometallation

R" M
M = Cu, Al, Zr, Ti, etc.

Reagents: R",CulLi, THF; R",Cu(CN)Li,, THF (carbocupration);
R",Al, ZrCl,; R;Al, Cp,Zr(Cl)H, (carboalumination



Figure 17.24

Catalytic cycles of the Tsuji-
Trost allylation reaction
with hard and soft
nucleophiles, showing
reversal of stereochemistry.

R._.z~_ _Nu
H Me
(ITATRY jenmsstnansadisn
(inversion) | L,Pd? ' A, .= MNu
R e A | 4 Me
AN Me ' ' / (17.175)
‘ : ; (retention)
NU : i
PdL, : :
(17.177) ' R 5 R, __ Nu
R X! s==J /X
‘\—ff\"‘]-g : /4* : H Me
H ME‘: H ME :
! ! PdL
(17.171) : PdL,, n
L (17A72) ! (17.174)
HM%ME E E
= | O
LaPd—Nu : ;
' : |
: : \
(17.176) \ " e
N Tl ' (addition at
(addition at metal) Pdkn ligand)

"Hard | i (17473) [ “so
nucleophiles™ | nucleophlles®

o




Tsuji-Trost reactions

Tsuji-Trost reactions of 5 o

allyl esters proceed AN rarPngioosen M
through an h3 a||y| b [__NH (0.3 q), MeSO, Tt B L
complex, which reacts e (82%) -

with soft carbon A~ OCOE ,—H
nucleophiles to give the PA(PPRs)s (1 mol

(17.180)
. BusP (1.0 eq), i-B DH
net displacement of the Dg\ﬁ? ) {‘i,*gefﬂ, u }\?
ester with retention of .
configuration 7

HO
MeO:C._COMe 1 O H AI/
@_, COzMe

Allylic epoxides can also ~ /[; el B0 o,
be used as precursors mes® L

to the electrophilic s GTBSK—}
palladium complex.




The mnemonic for
predicting
stereochemistry in
the asymmetric
allylation of meso
substrates using C,-
symmetric "Trost"
diphosphine ligands

Figure 17.25

PhgP
Mﬂ%@ [ _H P
HN EQIEN W

O
| = 0 Fi L

17.182
~Zppp, !

. 1 . _ PdL
Ln "clockwise" ™ PdLﬁj E?gélmn:ﬁée" n

| |



The catalytic cycle
of the Buchwald-
Hartwig coupling
reaction

Figure 17.26

(17.192) Ao

Ar—Nu [/_\II_ /

L—Pd
(17.188)

(s it

L-Pld—m |
" {1??539].
(17.191) ,
f NaOCMes
MesCOH \ Pd i NaX
HU_H 'DEI".I'IE_-_:.

(17.190)

L-Pd—Ar



Buchwald-Hartwig reactions

( Br 3
/—OMG
O O o) Pd,dba, (0.2 eq) /—OMe
ligand (0.6 eq.) O O (0]
Br Me \  NaO-t-Bu —~ uos (17.193)
o PhMe, 130°C, N
e ) 3h 2
L < )
P ™
Q Pd(OAc);, (1.0 eq) O
oTt o-PhCgH4P(1-Bu); (2 eq) O (17.194)
N OH % N ?
Cs,CO4 (5 eq), PhMe
130°C,20h
| (80%) J

* representative reactions to form aromatic
amines and ethers



Ligands for Buchwald-Hartwig
aminations

large alkyl groups here

ortho- substitution in this promote reductive elimination;
ring inhibits oxidation to electron-releasing groups here
phosphine oxide and 5 .+ accelerate oxidative adition

accelerates reductive _
elimination e 2 S #
\ﬂ-.:: / PRz substifuents here enhance

A -—-_- Ccatalyst stability by

B Q preventing metallocycle
i ol 7B\ formation;
gﬂggigfgﬁgtfeﬁiﬁw; A _F substituents here encourage
elimination the formation of the L.Pd
(17.195) Species

e the effects of each of the structural features of the ligand
on its performance in palladium-catalyzed aminations



Reaction synopsis: Tsuji-Trost reaction

Tsuji-Trost Reaction

X: Cl, Br, OAc, OCOPh, OCO,E}t, etc.
Pd’: Pd(PPh,),, etc.
Nu™: enolate anions, metal alkyls, etc.

Stereochemistry: net retention of configuration at
carbon with soft nucleophiles (e.g. enolates); net
inversion with hard nucleophiles (e.g. dialkylzinc
reagents).

Chiral ligands allow enantioselective reactions of meso
diesters to give chiral products.



Reaction synopsis: Buchwald-Hartwig
reaction

Buchwald-Hartwig Coupling

H=Nu
— - —_—
A=X 54 tigand ~ AT Nu

base

X: Br, OTf, [, etc. [C]l and OTs require more active
catalysts]

Pd: Pd,dba,, Pd(OAc),, etc.

ligand: dppf, 0-ArCH,PR,, etc.

Nu: Ar'NR, Ar'O, etc. [with stronger bases, enolate
anions can be used]



Table 17.4

Number of metal-catalyzed C—C bond-

forming reactions cited in 2011

Reaction Mentions

Suzuki-Miyaura cross-coupling 10,721
Heck cross-coupling 3,157
Sonogashira cross-coupling 2,302
Stille cross-coupling 2,176
Negishi cross-coupling 1,461
Hiyama-Denmark cross-coupling 647
Tsuji-Trost 124

olefin metathesis

7,597




Table 17.5

Transition Metal-Catalyzed Cross-Coupling Reactions

R
R Y /R
O+ M —
R R R

R X R Y
@—x = = Catalyst Reaction Name
R R R R
X=I, OTT, Br [Cl] Y-H Pd Heck
X=HgX, SnR,, PbR,, Y=H Pd Heck
X=I, OTf, Br [C]] Y=SnR, Pd Stille
X=I, OT, Br [CI] Y=7ZnX, AIX,, ZrL, Pd, Ni Negishi
X=I, OT, Br [Cl] Y=SiR,, F~ Pd Hiyama
X=I, OTf, Br [C]] Y=Si(OR),, RO™ Pd Hiyama-Denmark
X=I, OTf, Br [C]] Y=MgX Ni, Pd Corriu-Kumada
X=I, OTf, Br [C]] Y=B(OR), Pd Suzuki-Miyaura
X=I, OTf, Br [C]] RC=CH Pd-Cu Sonagashira




Figure 17.27

Hy0 -
’ \HE!.r ArBr A
. | |
The catalytic e . i Xy L
cycle of the IH (200 e A
Heck reaction IR W o
H Ar H L Ar, H F'-.I’ H
| 7 R
L—Pd— || _d | —Pgf—
T
(17.200) (17.199) L (17.198)

Reactivity of alkene partner

H,C=CH, > H,C=CHR > R,C=CH,~RCH=CHR > R,C=CHR,



Representative Heck reactions

Me

* |ntramolecular Heck . PAOAS),, PhP__ o
reactions are @/N, 65,C0,. DMF -
especially useful for (82%)
ring closures

\? GOg'de Y—co,Me
Pd(OAc),, Bu;NBr =
KOAc, DMF, 120° C 0 i (LIS
N" "o
(78%) J

e The reaction has been
extended to allow an I:S.

Pdydbags (2 mol %)
aldehyde to be used ""’H"‘“"‘“"’ .
17
as the alkene partner " o~"cno (e
4AMS,DMF, 110°C  CbZ.y o

(78%)




Asymmetric Heck reactions

AgaGO3 (2.0 eq)
NMP, 60°C
(74%; 46% ee)

-C0OsMe Pd{OACc)- (3 mol %) —  CO-Me
< (R)- ELNAF’ (@ mol %) ‘
) ; (17.205)
-

b,
| Pd(OAc), (0.1 eq) (7
\\\(’ (R)-DIOP (0.1 eq) A

OTt \ T '
Eté_N’ PhH ‘“»‘::«/)
e (80%; 45% ee) |
- O

%D

* Using a chiral diphosphine ligand with the
palladium allows reaction to be carried out with a
modest level of enantioselectivity



Heck reaction and its successors

* Early Heck reaction
used an alkene and
an organometallic
reagent based on 4R . | HE B
mercury, tin or lead b L I (17.209)

T R

H'M MH

ar

e Modern successors R R M=Hg“’t‘§£ﬂﬂz=

to the Heck reaction
now use alkyl or aryl

. AX MX
halides and M. R \ Y A~ R
organometallic I R I (17.210)
reagents based on o M8, ARG et

- o . ZnR, SiRa, MgX
tin, zinc, aluminum,

magnesium or silicon



Stille coupling

Table 17.6 Substrates for the Stille coupling reaction

Electrophile  Electrophile Stannane Stannane
R2 R']
— Ar” X Ri—=——SnR3;
R; X
R, Ry Ry Ry
= Ar—X Ar—SnR; —
Ry X R;  SnR,
RO X Cl Ry Ry
O:< Ar”” > SnR, —
O R, R Rs3 SnR3
R—SnMej H—SnR3

X =Br, I, OTf, Cl; Ar=aromatic residue



Figure 17.28

F|i'1  RSIX Fthliﬂ t
RP—Pd—L =~ IiIE—Pltj—L . W Ff---l?dit
{16870 RaSn—X Rasn—X |
. 1 X =1 Br (17.211)
: j R.: spZ-hybridized I\
: | R1-R? 17.213
. The Catalytlc (17.217) ( ) R2-SnRy
'________________________________________________________H1__________.
cycle of the . - |
. |
. (17.196) RI=x %
St| I Ie (17.197)
coupling; S R~ 0 x-omt  {-s!
;{15-21?} Ra: sp-hybridized !
represents a o S o
I II'... P:I
i L—Pd—R2 @ Pd----¥—SnAy L—Pd—L
molecule of : YA B W
| L RaSNX "SnRs 5 |
. S :
SO IVe nt : (16.716) (17.214) (17.212) |

Relative rates of transmetallation step:
RC=C > RCH=CH > Ar > allyl=benzyl > RCOCH,> R



Representative Stille couplings

SnBua /%)\,EDEE

i -

(17.218)
- (BugN)(PhaPOs), Pd{PPha)s

@—GDEEU. DMF, 25°C

(91%)

T H,C=CHSnBu -
{}ﬂ “(PhaP),Pd gjl’g i
> — >

TiO LiCl, THF, 75°C, 2 h \k (17.219)
‘—\—\_\_‘_ —
N (08%)

HO




* The catalytic
cycle of the
Negishi cross-
coupling

Figure 17.29

' RX
i JIEE g -
V (17.196) N\

; i
L-Pd-R' = L
I |
L & % .
Epilhicn] Al hens (17.197)
R
\___ L_F_.'d_L o ﬂ"FIEEn

B RZnX

(17.220)



Homocoupling in the Negishi reaction

v i
L=Fd-L L-Pd-L
= !
< R 7229
R'=Zn-R R-Zn-R

* |f the reductive elimination step is slow, the
first transmetallation is followed by a second,
so the product of the reductive elimination is

the homocoupled dimer



Figure 17.30

MeO Cl Pd,(dba),
= Ligand = /)
|
>_€/ ZnC @ THF, 70°C, 15 h S/ ——

R=Me: 60% conversion

RO ;Q /<//\- R=Et: 57% conversion (17.224)

=—{ P
\/ORL

R=iPr: 100% conversion

1
N R=TIPS: 25% conversion

e Effects of group size
in the catalyst on the ’
two key stages of the
Negishi coupling in
reaction 17.224

— [L—Pd—L}

Reaction rate

.. transmetalation
rate

-
steric size of the alkyl group



Figure 17.31

RX R'—SiRg
L, L, R
Pd \ , Pd iFE‘J
¥ X L
F
(17.196) (17.197) /

R'—SiRs (17.226)

5
RR' \I -
X—SiRa

LR L R 2
L.-" 'Fi-l 1= " .-Pd
R L
(17.216) (17.220)

The catalytic cycle of the Hiyama cross-coupling



(17.196) \\ - (17.197) r%
-SiR'y

HHI (
h—:ﬂ:e

L. R

17.216) -~ (17.220) -~ Pd

( ) ( ) oL

H'ESF'-HHI

(17.227)

The catalytic cycle of the Hiyama-Denmark reaction



Figure 17.33

The catalytic cycles for the LA T .
Suzuki-Miyaura coupling. ¢ n, o
QY is an oxyanion base. “T’ A op ‘"“F .
The oxyanion attacks boron, . P o
to generate the borate e e
complex 17.228 (cycle A) gz (0BORXT  araen
The oxyanion attacks the Bzt o (17.196)
metal, to generate the : T
complex 17.229 (cycle B) w220 B (7191 @ng
Reactivity of halides, etc.: FoRtEn ~ O f
RI > ROTf > RBr >> RCl e — NP
: U o vo L



Comparing the Suzuki and Wittig

reactions
(LN\L
O MeCH=PPh,, THF

“ E.E: ZE2:

A T Y
__ (17.232)
' [;}f'\\ f \'\_/"/
= BEG T

Pd(PPha)4, NaOEt
| PhH, A

 The Wittig reaction gives a mixture of geometric isomers of the alkene product

* The Suzuki cross-coupling reaction preserves the stereochemistry at both sp?
carbon atoms of the diene product



Figure 17.34

R = aryl, hetaryl, vinyl
X =1, Br, OTY, Cl ®@ @9
R—X RaNHz X

C
ﬁ i RaN
R (17.196) (17.197) C -

C
G : '
C R o
R (17.238) (17.237) 4 —Cu-X

1
HI
NiE e b

Pd Pd
N S0 Cu—X —-{
o “"‘

C. Y e
R’ (17.236) (17.235) R H-C=C-R

The catalytic cycle of the Sonogashira cross-coupling reaction

— the reaction involves two linked cycles
* one based on palladium
* one based on copper



Reaction synopsis: Heck reaction

Heck reaction

Z
| _ Z =
QX Nu/_/ ND

ey

PdY, ligand, base

E = COR, CO,R, SOR, SO,R, CN, Ar, etc.
Nu = OR, OCOR, NR;, N(R)COR, etc.

Reagents: Pd(PPh;),, Cs,CO5, DMF, 100;C;

Pd(OAc),, dppp, NEt;, Me,SO, 115;C; etc.
Regiochemistry: reaction occurs f3 to electron-withdrawing substituents,
and « to electron-releasing substituents; reaction is much more

favorable with electron-deficient alkenes.
Stereochemistry: reaction exhibits strong preference for trans product.



Reaction synopsis: Stille reaction

Stille reaction

R"—SnR’ @) n__ ' O
R—X . 3 - R-R" R% R SnR3 .~ R—(
G3P, [LiCl] x  GsP, [LiCI] R"
Pd cat., THF Pd cat., THF

G = aromatic or hindered alkyl
R = aryl, vinyl, alkyl, acyl
R" = vinyl, aryl, alkyl, alkynyl

Reagents: PdCl,, (-Bu);P, Cul, CsF, DMF, A;
Pd(OAc),, DABCO, KF or BuyNF, dioxane, A; etc.

Migratory preference in stannane: vinyl, aryl > alkyl; this permits the use
of reagents such as ArSnBus;, RCH=CHSnBus.



Reaction synopsis: Negishi coupling

Negishi coupling

R"—M
R—X > R—-R"
Pd cat., G3P

R: usually aryl

R"N M: R",Zn, R"ZnX, R";Al, R"ZrCp,L, etc; organozinc reagents are the
most widely used.

G3P: Ph;P, 1,1'-(diphenylphosphino)ferro cene [dppf], etc.

Reagents: RZnBr, (-BusP),Pd, dioxane;
R,Zn, Pd,dba;, dioxane;
R,Zn, (dppf)PdCl,, THF; etc.



Reaction synopses: Hiyama and
Hiyama-Denmark couplings

Hiyama and Hiyama-Denmark couplings

R"—SiR'; R"—Si(OH)R’;
R-X > R-R" R—X > R-R"
FO HMPA base, Pd cat.

Pd cat., G3P G3P

R';S1: SiMes, S1(OR');, Mes_,S1F,, etc.
Pd cat.: PdClQ, Pd(OAC)Q, szdba3, [C3H5PdC1]2, etc.

Reagents: Hiyama coupling ]
R"Si(OMe);, PdBr,, (+-Bu),PMe, BusN' F°(TBAF), THF;
R"S1(OMe);, Pd(OAc),, DABCO, TBAF, dioxane, A.; etc.
Reagents: Hiyama-Denmark coupling
R"Si(OK)Me,, [(#-Bu);P],Pd, PhMe, A
R"S1(OG)Me,, Me;S10K, Pd,dbas, dioxane; etc.



Reaction synopsis: Kumada coupling

Kumada coupling

R"—MgX
R-X » R-R"
Ni or Pd cat.
G3P
Ni cat: (dppb)NiCl,; etc. Pd cat.: (PhsP)4Pd; etc.

Reagents: R"MgBr, Ni(acac),, o-[MeCH(OH)]C¢H4PPh;; etc.



Reaction synopsis: Suzuki-Miyaura

coupling
Suzuki-Miyaura coupling
R"—B(OR'), R"—BF3K
R—X » R-R" R—X » R-R"
Pd cat., base Pd cat.

Molander modification
X: Br, I, OTT, etc.; R'":H, alky~l; R": alkyl, aryl
Reagents: (Phs;P),Pd, Na,CO3;, RN B(OCMe,),, CcHs-EtOH, A;
Pd(OAc),, 0-(2,6-Me0),CsH;N C¢H4PCy,, KsPO,4, THF;
etc.



Reaction synopsis: Sonogashira
coupling

Sonogashira coupling

R"———H
R—X » R-—R"
Pd cat., Cu(l), base

X: Cl, Br, I, OTT.
Reagents: (Ph;P)4Pd, Cul, n-PrNH,, PhH;
(Ph;P),PdCl,, Cul, Et;N (solvent); etc.



