1. Lithium in Organic Synthesis
1.1 Nature of Organolithium Compounds
senstive to oxygen and moisture
stable in anhydrous hydrocarbons under a nitrogen

Half-lives of RLi Temperature (°C)

or argon atmosphere at ambient temperature RLi |Solv. | -70 | -40 | -20 | O | +20 | +35
exists as hexamers, tetramers, or dimers t-BuLi |[DME |11 m
THF 56h|42m
RLi In hydrocarbon solv.| In ethereal solv.
- ether 8h 1lh
MelLi - Tetramer
- s-BuLi | DME 2h | 2m
EtLi Hexamer Tetramer
- THF 1.3 h
n-BuLi Hexamer Tetramer
i-BuLi Tetramer - . ether 20h|23h
BrLi Dimer Monomer n-BuLi |DME 1.8h| <5m
i-PrLi Tetramer Dimer THF 17h)1.8h)10m
s-BulLi - Dimer ether 153h| 31h
PhLi - Dimer PhLi ether 12d
t-BulLi Tetramer Dimer MelLi ether 3 mon

The following coordinating solvents increase the reactivity of organolithium by reducing the extent of aggregation

TMEDA DMPU HMPA
A O 0

N N ~ )J\ -~ \N |I:I) N/

| | N° N / N

|
L M

DME PMDTA

I\N/Ie
Meo” >OME e NN e,
THF (-)-sparteine

0]
Thermal Decomposition in etheral solvents
R-Li » o
() DQH —~  ~ou + RH
0 -
Li—R o
R-Li /
—_—
/\O/\ /\Om /\OLI + RH
Ilirx,
Configurational Stability - The Hoffmann test
/I),(H‘ NBn2 X NBn2 X |>an2
R Li + ﬁ\/Ph e ; Ph + R Ph
o] OLi OLi
diastereoeric ratio a
i NBn, X NBn, X NBny
o] OLi Li

- . .
diastereoeric ratio a'

If a' = a, then the organolithium compund is configurationally unstable
If a' fl- a, then the organolithium compund is configurationally unstable
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1.2 Methods for the Preparation of Organolithium Compounds

Overview

A. de novo synthesis: reductive insertion of lithium metal to an organic compound

B. preparation from another organolithium reagent

1. deprotonation

2. lithium-halogen exchange
3. transmetallation

4. carbolithiation

1.2.1 Reductive Lithiation using Lithium Metal

B-1: Y=H
B-2: Y = halogen
B-3: other metal

R-Y
21 ()
R-Z %» R-Li  —— R-Y — R'-Li
Li-Z ;
A B-4

preparation of simple, unfunctionalized organolithium compounds at ambient temperature or above

the order of reactivity: radical formation is the rate determining step

Alkyl-Li
tert- > sec- > pri- > vinyl-Li > aryl-Li
R-X + Li —_— R—Li + Li—X

LRX . rr  +  L-x

Wultz-type coupling at high temperature

For alkyl or
benzyl halides

Use lithium arenides: the homogeneous solution lowers the reaction temeperature therby reduce
the side reaction product

o+ -—
Li + arene ———> Li [arene] lithium arenide
NMez
Np DMAN DBB
S lithium arenide S
lithium arenide
Ph” >oph — Ph” L +  PhOLI
PhSH, H* LDBB
_— e +

SN

: SPh

Li

1.2.2 Preparation from Another Organolithium Compounds
1.2.2.1 Deprotonation (to form more stable C-Li bond)

PhSLi

deprotonation of a C-H bond without sufficient acidity is facilitated by the introduction of heteroatom
functionality at a neighboring position.

n-BuLi, s-BulLi, t-BuLi, LDA, LTMP

easier deprotonation

' >
o
O, .H |
RS ~<C. (e @\ y —c=c-H RJ\C,H
¢ A oY o /\
DG | 7N R 7N Q
) S. .H
H R R™°C 0,0 /\ Q
\ [>c-H <>C—H R /N S P _H
N M R-gi S..H | R RS &
R /C R,Sl\C,H R ¢’ /A RO /A
/N VAN
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Tab. 1.4 Color indicators in titration

Color indicator Color change Suitable Refer-
RLi ence
/ih jifo — )Pi(ou MeL.i 21]
AN - .
Ph”” > CO,H Ph Ph n-BuLi
OLi OLi
colorless yellow
Ph Ph Ph Li Li Meli
H \J\ Li . I ‘N~ n-BuLi
Ph N 2
Ph\/\l\\N,N\TS Ph Ay Nor N M CBuli [22]
colorless orange PhLi
Li—O, .
OH OLi VAR MeLi
—_— n-BuLi 23]
Ph Ph - i
Ph sBuQ
colorless orange red t-Buli
OLi OLi s-BulLi [23]
Ph Ph Ph t-BuLi
colorless bright yellow
COzH n-BulLi
/©/ colorless —_ deep red s-BulLi [23])
Ph + t-BulLi
PhsCH
H N._tB N.__tB i
NTt-BU Y u \\l/ -Bu MelLi
o OLi —_— OLi n-BuLi
Li s-BulLi (24]
Ph Ph Ph t-BuLi
colorless yellow orange PhLi
N N K
(:(\N' “Ph (:(\N’ Ph o, Ej\/\n’ *Ph MeLi
) . n-BuLi [25]
OH OLi OLi t-BuLi
yellow red
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Enantioselective alkyllithium reagent by use of (-)-sparteine or (s,s)-bis(oxazoline)

1.2.2 Preparation from Another Organolithium Compounds
1.2.2.2 Halogen-Lithium Exchange - equilibrium process
Synthetically useful for the preparation of aryllithium or vinyllithium

K
Ph-l + RLi <= ph-Li + Rl
pKa = 37

/\Li \ 7\Li /\Li \/\Li Yu >r\u D\Li Q\Li
36.5 39 42 42 42 42 43 44
(4x107) (10) (3x10°) (7.5x103) (4x10% (3x10°) (10°) (107)

Use of 2 equiv of t-BuLi

The rate of halogen-lithium exchange

R-I > R-Br > R-Cl >> R-F

Accelerated by the presence of ethereal solvents |

Li
X Li \
1.2.2.3 Transmetallation B, Si, Sn, Pb, and Hg
tin-lithium exchange

O~ 0OBn n-Buli > Me250, >

—
- ~_-0-_0Bn /
énBU3 H3

Li

(@l

1.2.2.4 Carbolithiation

Addition of an organolithium to an unactivated, non-polarized alkene - new organolithium compounds
Rate 3°> 2°> 1° organolithium

Equilibrium process: more stable organolithium compound can be formed
Activation by TMEDA, DABCO, or (-)-sparteine is advantageous
Li

R-Li | Y R-Li i
ANF —— = R~ _ - R

e O AL

Li-3



1.3. Examples of Lithiation

1.3.1. Lithiation by Deprotonation

1.3.1.1. Formation of vinylic, allylic or benzylic organolithiums alpha to oxygen

. Li
t-BuLi T Q BuLi
- - — ULl -
Z0Me —————> - - C — o
-65 °C, THF OMe )k'-' = 0 °C, ether =
o :> _n-Buli S:>
A, — X X
H LI s
OSiR,
t-BulLi
—_—
-78~0°C, THF
2h
BulLi
_A~_OPh —
Li
. s-BuLi
_~_OSiEt; ——» ///\\ — Y + Z
Li  OSiEt; OSiEts OSiEt;
92% 3%

Hoppe ACIE 23, 932 (1984)

Li
= = 5
/\O o BuLi /\O/ /b )k
Y TMEDA h
Ni-Pr, Ni-Pry 79% Ni-Pr
2

Oppolzer TL 4187 (1976) , -

LS e

= AN OSiEty
OSiEt, R
% M
OSiEt,
1. B(OMe);
P\ s 2t C
—_—
THF TMEDA 3. TBDMSCI
CONMez 0/ o 0 CONMe, O CONMe,
Li TBDMSO
BuLi | THF, TMEDA
-104 °C
o Li
(@) I M83OBF4 Me |2
< =S @ MR
o OMe then Hz0" - 90% O CONMe,
TBDMSO O TBDMSO TBDMSO
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1.3.1. Lithiation by Deprotonation
1.3.1.2. Lithiation alpha to nitrogen

@x

destablllzmg effect

O Li @O _____ L
RJ\N)\ - R)\\ETID
R

stabilizing effect (dipole-stablized carbanion)

O )Li O
- LiTMP Ph
N — > N — NW
| | 0 53w
cf. o Os__NEt,
LiTMP
N E
K or
s-Buli
(TMEDA)
N-benzyl or N-allyl amide
Li ,
Q LDA or RLi ~O--Li o Bu
X2 X Bu-I
N o N — N
diglyme
Li Li
o LDA or RLi '~o”
NNF x2 N
H -78 °C 77%
diglyme
0 LDA or RLi Li\o""u 1. ZnCl, )OL R «OH
— X2 2. PhCHO _
tBu0” N7 -78°C t—BuO/L\N / 77% tBuO” "N
diglyme
c.f.
BuLi x 2
: Me3Si PhCOCI
Me3Si Et,O N @
esSi H/\/ _ERO L'/E _ N\ "
Li H
N LDA \? [2.3]-Wittig — _
N —_— N, O ——— azepinone
S g P
Ph Ph H
Ph Ph N oh
LDA ‘\ [1.2]-Wittig o
N E— N Li o pyrrolidinone

h o/A/_N_X"'"Ph

U
>
I
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1.3.1. Lithiation by Deprotonation
1.3.1.3. Super Base (BuLi + KOt-Bu)

Deprotonate Allylic, Benzylic, Vinylic, Aromatic and Cycloprpane C-H with no Additional Assistance
Remove the Most Acidic Protone

Li

LiUOMe BuLi-t-BuOK OMe  gLi OMe
BuLi-t-BuOK .
THE
= F F
. 71\
BuLi-t-BUOK |
_— Li/K
1. FB(OMe), _~_-OH
2. H,0,
57%
Li/K o
@ BULi-BUOK A4 CO, 2H
S —_—
78%

Ibuprofen Synthesis by Schlosser

CO,H

1 BuLi-t-BuOK 1 BuLi-t-BuOK 1 BuLi-t-BuOK
2 Mel 2 i-PrBr 2 CO,

1.3.2. Ortholithiation vs. Halogen-metal exchange

LD BULI
I NS ]
S Li
Br Br Li
BuLi
P S T N
Li 0] 0]
SOzPh SO,Ph SOzPh
tBuLl
“78C @ -100 °c
THF THF

NEt, NEt,

NEt, NEt,
s-BuLi, TMEDA
THF, -78 °C

e
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1.3.3. Cooperation, competetion, and regioselectivity in Lithiation by Deprotonation

1. BuLi O O 1. H o
- HO,C
BuHN/ﬂ\[::j/J\ EQO THE o NHBU 2. OH 5 o
OH
Me
I _.Me
ezN MezN N
Li
T_——
MeO MeO
Li
Li
U\ BuLix 2 @\ LDA x 2 /@\
s” >CouLi s~ >Co,H LT N7 >co,Li

SO4Et SO4Et SO;Et /“%”/ . /‘*é/
O__N Li O _N
BuLi 25 oC Meo/i§>
0°C B
HMPA
Li
OMe OMe

/_\P /\—( most acidic and least hindered site

O _N /IK O _N O__N Li
slow
MeO rearrangement Li O/l\
—_— > > —_—
HMPA HMPA
OMe OMe OMe Li
Li
NHBoc L
NHBoc NHBoc Steric hindrance control
1. base CO,Me
2.COo, t-BuLi
-BulLi
3. CHzN; CO,Me /
OMe OMe OMe NHCO-t-Bu
BulLi 88:12
BuLi-KOt-Bu  6:94 >
BuLi-KOt-Bu ~| ™ BuLj
OMe  amide
cooraimnation
NHBoc 1. base NHBoc NHBoc
[::I: 2.CO,
— T 7L
OMe 3. CH,N,
COzMe

65% with BulLi 78% with BuLi-KOt-Bu
Li-7



1.3.4. Lithiation by X-Li Exchange

Ar-Cl and Ar-F are not synthetically useful for exchange reaction
and tend to undergo deprotonation, leading to benzyne

Li
Ph ; Cl ; Cl
_~¢| BuLi, THF ph%d /J\ BuLi, THF L|\)\
Ph -100 °C b Cl -110°C cl
Cl
<OI:(\/ tBuL| ether < D\/\/ _warm < ]@3
0 Br “78°C
Ph C=N
< _warm O
o =N
Ph
S BuL| ether warm to 20 °C SH Dickinson
/ Toe @ J.C.S. (C) 1971, 3447
Br S
VonSiE 1. t-BuLi (2)
slBr -70 °C, ether
Br\MO T . NS OSiMe,  —2—=¢heL RWO
Br 2. R-CHO
3.H*

Retinal Synthesis

EtO’ /\)\< j
\)\ o MeO.__PPh,
B - e b T
CHO 1. t-BuOK

1. t-BuOK
2. HCl 2. Na,COs4
CHO

Bfw G L'W
> I = =
OMe OMe  then Hel

ether, -78 °C

XX CHO
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1.3.4. Examples of Lithiantion by X-Li Exchange

— Wittig Chem. Ber. 71, 1903 (1938)

Meoj;/j[OMe PhLi
Br Br

Et,O
Br
Gilman J. Am. Chem. Soc. 61, 106 (1939)

BulLi

MeO

XX

OMe

Li

H3O*

—_—

MeOKj/OMe
Br 95%

OMe OMe M
QL e o
—»
Li COH  47%
BulLi BuLi x 2 é
Br COsi-Pr
Br Et,0 CO,H
|
t-BuLi x 2 t-BuLi x 2
Qo=
5°C, 6.5 h -78°C, 1 h
|
DMF Cul
NOZ N02
BT phLi DMF /@/CHO
Br Br 55% 56%
BULix 5 . OMe . o OMe o OMe
pentane 1. B(OMe)3 HO OH
Br Br
Br Br 91% 100%
BuLix 1
pentane OMe 1. B(OMe)3 OMe
Br hexane Br Li 2. MeCOzH Br OH
_Nnexane _ o
Br Br 87%
NHCOt-Bu 1. MeLi NHCOt-Bu OH 1. NaH 0 oH
Br 2. BuLi SMe Br N 2 BuLi Br AN
-90 °C Ny /e
—_—
3. MeZSZ = =
0,
Br Br 87% Br OH

Li-9



1.3.5. Preparation of Vinyllithium by Shapiro Reaction

R H,NNHSO,Ar R n-BuLi (2 equiv) R
0o — > =N — Li

,N_SOZAI'
H -N,

R / R R4

Ar = g >:N\ =N_ ~ }N\\ﬁ
N-SOAr ——* 7} STNESOA —> N
Li O L
Li

>:N\ n-BulLi _N\ R-X —N\ n-BulLi }Li
/N_SOZAr /N—SOZAI’ ,N_SOZAr > R

_ TMEDA
H Li Li R H

>:N\ n-BulLi Br/\)\ = n-BuLi
N=SHO,Ar E———

H ArOZSHN\N/ TMEDA Li
' R' Rl
Li
R\ & R—\ N, R—
N-N - = o N=N - Li
R" At R" AL R"
Ph
from 1-amino-2-phenylaziridine
1.3.6. Miscellaneous
1.3.6.1. 1,2-Brook Rearrangement
o Li
Li-----OSiMe
Ay, —— L
OLi 0 Ol SiMes {0 OsiMe;

R:
|



1.3.6. Miscellaneous
1.3.6.2. Acyllithium and Iminoacyllithium using CO and Isonitriles

Acyl anion equivalent

Li | e
R m» R)\Li R)J\R"

R
R'
Li
- = —Li
N
\C N

1.3.6.3. Benzotriazoles as acyl anion equivalents

R1 R1 Li

%OR Rl}EOR

N, BulLi | o
N — ) N — B
N’ N/ ’/ R E

1.3.6.4. Akynyllithium Compounds from Aldehydes

Vinyllithium compounds with a halogen in the a-position undergo Fritsh-Buttenburg-Wiechell-type
rearrangement to give alkynes

one of the B-substituents should be aryl, alkenyl, cyclopropyl, or H

Hydride shift occurs at temp. above -70 °C and alkynyllithium compounds are obtained by the reaction with
excess BulLi

X
nBuL| . n-BuLi
Rﬁ)\x %u"\,/ » R—R' - R—Li
, R'=H
R
Corey-Fuchs method
R H R SiR
R H X 3
X X Br , N
o | o CBr, Br |\ LDA R3SIiCl |
> Br = =
0 PPh Br N
S 3 X Z X
H R (Zn) H R R3S| R

OBn CBr, OBn Br OBn

R\I)\ P n-BuLi Mel R
CHO  ppn, \l/l\)\Br g ~ A
OBn OBn OBn

Li-11
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1.4. Synthetic Applications
1.4.1. [2.3]-Wittig Rearrangement

H Tt
RA BuLi L AR R~
J— (@) R' —_— 0O f o
O R s R—7/ R Vﬁ\
R = HO" R
_ _ +
X" Buli " H
uLl =
Sl L
o} E
- - 99% anti from E
+ 99% syn from Z

. H
W BulLi ﬁ
(@]
NV
AN
\TMS
N P
(0]
X
N

S

1.4.2. Aza-Wittig

X LDA X -
N N _) =
0) \—ph o “—Ph O~ "N

h

(+)-aristolactone

|

) R" CO,R
R H 2
1.4.3. Weinreb Amide
—~Li
0] . O~ X O
R-Li ' y OMe
R . ’
_.OMe _.OMe + _
R')J\ITI j’?‘ R N
(0]



1.5. Application to polyene synthesis
1.5.1. Julia Olefination

1 SO,Ph
TBDMSO T TBDMSO
H 2. Ac0, THF H §02Ph
) ”'/,/\CHO -78°Ctort o) %W
86% OAc
R™: CO,(CH,),TMS 5% Na/Hg TBDMSO,,,/’

THF/MeCOH, -20 °C

89%

~OTBDMS

1. THF, -78 °C
2. Ac,0, DMAP, Py, rt
3. DBU, THF, rt

~OTBDMS Sml,, DMPU ~OTBDMS
o MeOH, THF, rt o
73%
SO,Ph OMe OMe
1.5.2. Julia-Kocienski Olefination
KHMDS
OMe 15 Crown-6 ,(\)Ae
N THF, -78 °C N
ST —
X + 0 N 85% (E:Z 3:1) N
H Boc Boc
0 s
x= 431
e} N
= OPiv _
OPiv
0 N’N KHMDS, THF, -78 °C TBDMSO
. PR N TBDMSO 85% (E:Z 10:1) o
0" s” N
/7N »
O/\ Ph \/‘\O\\ E)/l
NN e
OHC OMe
Li-13



1.5.3. Double Elimination Reaction for Carotenoid Synthesis

1. nBuLi, THF, -78 °C then

. /k/\/k/\
SO,Ph oHe” XX N"0Ac SO,Ph

3. DHP, pTsOH A A OAG
93% i OTHP
1. KOMe, cyclohexane
38°C,2h Nl AN N
2. Acy0, E3N, hexane | OAc
77% (95% all-E)
1. nBuLi, THF, -78 °C
2.
N CHO
SO,Ph  OHC
165
X X 3. CH,(OMe),, P,Os
| 89%
KOMe
cyclohexane
80°C, 16 h
_—
84%

SO,Ph
ZJ\/\)\)

1. nBulLi, THF, -78 °C

2. SO,Ph
91% OHCJWK/K/\M(CHO
168
3. DHP, pTsOH
SO,Ph SO,Ph OTHP

KOMe
79% | cyclohexane
80°C, 13 h

Li-14



Oxazolines

/\F /\F 1. Mel
O _N A)\ O _N 2.Ks-BuzBH  H._O
BulLi Br R 3. H*

- > = = R - = =

THF
OMe OMe OMe
OMe OMe OMe

—~ —~ i "

O __N O__N O _N
OH
BuLi  MgBr, RCHO 4.5 M HCl
— - " T, MgBr _ = R -
THF
0°C

O~ __NEt, 1.s-BuLi NEt2
TMEDA, THF_ OLi _sBuli
~ | 2. CH

Li-15



Addendum 1-1. Selective Lithiation by deprotonation - derivatization of amines

O
1. s-BulLi | 3 |
2B NN 0 2mHcl KOH, EtOH NH
T T [
E O E O E

o E
formamidine
Sl >l Meot
N t-BuLi N-—--Li  E*
L. — LJ —
N N N
| | | \
NaBH,4
benzylisoquinoline
SO
e
| j NH
/,/ N
T™SO™ /E TMSO\ R
Ph™ "OTMS Ph™ "OTMS

>L HO 1 Mol
N tBuli 7N Li EtCHO 2H0
m - =
N™X
|
nitrosoamine

| R-Li | E* | Raney Ni

N_H —» __N__Li —> __N_E — »

H
A R A K
BnBr R Ni
(Y wa L (N . ), Raney e
N —. Bn N /Bn —_— BI’] N ””Iﬁ
H

E— N Li —— N Bn
| | | |
N\\O N\\O N\\O N\\O
_ Li _ E E
N-BHs  BuLi N BHs BT y-BHg  EtOH N
/N T /N T /\ - |
reflux

Li-16



Addendum 1-2. Deprotonation directed by tertiary amides - FGI

OsNEt; 1. s-BuLi, TMEDA Oy NEt;  1.BHj Cl CHO
THF,-78°C__ SiMe, 2. CICO,CH=CHy SiMe; PhSeOK SiMe;
2. MeSiCl 18-Cr-6
OMe OMe OMe OMe
65% 92% 86%
Oy NEt; 1. s-BuLi, TMEDA Oy NEt, 0. _0
THF, -78 °C 6M HCI
- X\ >
2. MgCILLEt,0 reflux
3. allyl bromide

93%

Me3Si SiMe3 MeSSi\(SiMeS

|
O-__N .
~  1.s-BuLi, TMEDA O N\ TBAF O N LiEt;BH O H
> —_ E E—— E
2 E* E
\P \4/ 1. CF4CO,H
0] N @) N reflux (@] OH
1. s-BulLi 2. NaNO,, HCI
MeO T . MeO Me 2 . MeO Me
2. Mel 3. KOH, EtOH

O
\_0 ><j<
. N
o N\g 1. s-BulLi . 0] OH MeSO3H, MeOH O 1)
THF, -78°C 5 min. reflux
MeO -

MeO >
2. RCHO R MeOQ R

E O
TFA
'—> NH,
s-BuLi (3 eq.)
O TMEDA Li  OLi . E O
M THE T8 o, E X
H Ph ——m N~ "Ph — H Ph

E
1. Tf,0 @/CN

2. EtOH

Li-17



Addendum 1-3. Deprotonation directed by other functional groups

Thioanilide
H R N R N R
BulLi
. SLi i
Li =
F F
N E* N
— >R  — S—R
S S
Urea anilide Li E
NMe, NMe, NMe;

41\ H t-BulLi (2.2) CcO 4]\ . o
o) N~ M e LIOTN N ©) NH Li . HN
Et,0, -10 °C Li @O O

Sulfoxides - prone to nucleophilic attack - use LDA rather than alkyllithium as a base

_ LLDA THF  _~_TMS _~_TMS
| - -78°C | - |
~ + 0O - = ~ + 0O _— X N
N™ 3 2. TMSCI N" s BrMg. N NS
Ar Ar - | _
85% X 78%
o Li 1.ZnCl, Ar Ar
2 2O 2. Arl, Pd(0) @ O 1.t-Buli @
- g\Ar LDA @ g\Ar PAr ST 2.cipphy PPh,
Fe — Fe ——  Fe Al —— Fe
Sulfones

><502 1. BuLi ><302 PhMgBr O

2. Mel NiCly(PPhg3),

—_— e ———
O 7%

Sulfonate esters

SO3R SO3R SO3R 1. NaOH SO,ClI
BuLi Li Mel Me 2. POCI Me

Li-18



Addendum 1-4. Deprotonation directed by other functional groups
Sulfonamides

Li
_NMe, N'V'ez o NHE-BU Nt Bu
0,8 1. BuLi (OF) 1.CO, 0,S-NH
2. PhCN @)k BuLi) 20 / Yo
_NHt-Bu _NHt-Bu
0,5 1. BuLi (2), 0°c HO,C 0,S
0 e L
+ - _t-Bu
3. H 0,5

Li

_t-Bu i 0
c.f. 0,5 BuLi, >0 °C O‘

_t-Bu
(10
BuLi, -70 °C OO L
_—

NH
o Me
02 Me BuLi 2 Me 02 Me

Benzenesulfinamide
Li
_NHPh _NPh _NHPh
BULI(2) . O% E* 025 Ra Ni

OMe ___ 'y Li OMe — E OMe —» E\©/0Me

Directing efficiency - OCONi-Pr, > MOM > OMe

0,S

i ro Ni-Pr,
1. s-BuLi o)\o s-BuLi, -78 °C OH O

2. MesSiCl MesSi then -20 °C MesSi _

- = > Ni-Pr,
0.0 O._OMe O._OMe

0" “OMe 0" SOMe
BuLi Li
_—
OMe OMe

Li-19



1.6. Problem Set

Propose the mechanism of the following reactions

@)
% BuLi, THF
RCHO g
— >

o) Y N -78 °C R
S\
) OMe
MeO LDA X 5 MeO
THF, A
MeO MeO
OYO
NEt,
®3)
O/A\§§R\ BuLi, THF, Et,0 HO
TMs  hexane, -110°C
Draw the structure of the expected product
(4) COLE
o CO,Et W|2t
o LDA CO,Et
OMe
OMe
®) 0
BuLi x 2
N
Me
(6) LiTMP
- THF
o 0~20°C
=

Li-20

OMe

TMS



2. Magnesium in Organic Synthesis

1898 Barbier (1875 Wagner & Saytzeff for organozinc compound)

M = 4
+ Mel + Mg > >
A Et,0 )\/\/}\

1900 Grignard i
el y g P Me H:0 OH
e + —_— e —_— P ;
g Et,0 g Ph MeMe (Nobel Prize in 1912)

2.1 Preparation of Organomagnesium Compounds
2.1.1 Preparation from Alkyl Halides and Mg Metal [1]
the purity and form of Mg is important - Mg turnings

Grignard Procedure:
Add 1 equiv of Et-Br to Alkyl Halide in Et,O; Dropping the above mixture to excess Mg

Et-Br keeps Mg clean and active possibly by an exchange reaction

Use Br-CH,CH,-Br for the same purpose

Br'CH2CH2'Br + Mg —_— H2C:CH2 + MgBr2

Et,O: the most commonly used solvent
Solvate most alkylmagnesium compounds, should be dried
High vapor pressure creates a "blanket" over the surface - N, or Ar unnecessary

For the initiation, add MeMgl, I, or Br,
crystal structure: monomer, dimer (solvent incorporation)

The Structure of a Grignard reagent
Et,0, X_ (R

In solution - Schlenk equilibrium Ph
N - (OEt, /N
2 RMgX R,Mg + MgX, Mg Mg Mg
/S / A4 \
Br® OFL R X" “OEt,

association 3.7 @ 1.5 M

2.1.2 Preparation with Rieke Mg [2]
Preparation of slurries of highly reactive magnesium

1. Reaction of MgClI, with K in the presence of Kl in THF
2. Magnesium halide is reduced with lithium, in the presence of naphthalene as electron carrier.

References: 1. Burns, T. P.; Rieke, R. D. J. Org. Chem. 1987, 52, 3674-3680.
2. Rieke, R. D;; Li, T.-J.; Burns, T. P.; Uhm, S. T. J. Org. Chem. 1981, 46, 4323-4324.

Preparation of functionalized Grignard reagent at -78 °C using Rieke Mg

0
0
1. Mg*/THF, -78 °C Ot-Bu
Ot-Bu >
2. PhCHO Ph
869%
Br OH ’
CN 1. Mg*/THF, -78 °C CN
. /©/ 2. PhCOCI, cat. Cul Ph
' 62%
0O
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2.1 Preparation of Organomagnesium Compounds

2.1.3 Transmetallation
BuLi + MgBr, —— BuMgBr + LiBr
2RM + MgX, —» R,Mg + 2MX
Ro,Hg + Mg —— R,;Mg + Hg
RM + RMgX —— RMgR' + MX

2.1.4 Sulfoxide-Magnesium Exchange (Ligand Exchange Reaction of Sulfoxides with Grignard Reagent)

Q
o . R/S\R' + Ar-Met
é R'-Met
RTCAr Met=Li ?
MgX —> S + R-Met
R Ar

Satoh

O, e (= £ (O=E
SOTol MgCl E

(stable at -78 °C for 30 min) E = H,0: 98%
PhCHO: 68%

alkylidene carbene-magnesium complex

Cl EtMgBr : : Cl Br
SOTol MgBr MgCl
Cl Br H,O
¢ O 12 O oma
H H
1:15

Synthesis of allenes

) Cl 1. t-BuMgCI (0.5 eq) 0] Cl 0]
[ ><:>:< 2. EtMgCl (3 60) > E ><:>:< —_— [ ><:>:ZMgC|2
o SOTol o MgCl

0]
THF, -78 °C

PhSO,C(Li)HPh Eo
— >

~ 0 Ph
— SO,Ph [>< >:':<
o &2 o H

H™ "Ph

Magnesium cycloprpylidenes (stable at below -60 °C for at least 3 h)

-78°C
5min  CHz0 CH30

Cl o Cl Cl
Me W P
% "S EtMgBr Me%"’”MgCI H,0 Me\\@""’H
W + \\\\ \\\\
LU 76— - —
CH30

82%
Mg-2



2.1.4 Sulfoxide-Magnesium Exchange (Ligand Exchange Reaction of Sulfoxides with Grignard Reagent)

Aziridinylmagnesium compounds
Satoh, T.; Matsue, R.; Fujita, T.; Morikawa, S. Tetrahedron 2001, 57, 3891-3898.

Ph
O @] CH I
S. _CH. LDA PhCH=NPh é zM3 NHPh t-BuOK N
Ph” S——>—— Ph % —up, — > %H3“"-H----|Ph
cl cH ~SH
Ph
EtMgBr (3.5 eq) | THF
-78°Ctort
Ph Etl (3.5 eq) Ph
N Cul (10 mol%) N
CH3“"'A""|Ph - CH3’”" 11Ph
E  H THF, 1t BrM H
86% g
§ &
N 1. EtMgBr N Pd(OH NHPh
CHS(CHZ)QI’H'”PI’] _— > CH3(CH2)9I“'/'QY'”Ph J» CH3(CH2)9/;;<
O‘§ H 2. Mel . Me H H, Me” “CH,Ph
Ph Cul (10 mol%) 94% 99%
Enantioselective Preparation of a-Haloalkyl Grignard Reagents
Configurationally stable at -78 °C and racemization begins at or above -60 °C.
o] @)
é EtMgBr !
S\
Y\Ph (EVgEr Et + Bng\‘/\Ph
Br Br
Cl Cl
PhCHOlMeZAICI
Ph OH OH
e + \\\\\9 KOH )Y\ + 3
H z
="ph PR N"ph o P Ph ™ ph” " Ph
85%
2.1.5 Hydromagnesation Br
PrMgBr |\/|g|]
X _— iJ Q —_— A~~_-MgBr
T|C|4 N
~H
Syn-addition
Cp,TiCl, Et Et
Et———Et + i-BuMgBr ——— —
H MgBr
_ Cp,TiCl, C4Hg SiMe;
C4Hy—=——SiMe; + i-BuMgBr ————> =
H MgBr

Mg-3



2.1.5 Hydromagnesation
Preparation of Dialkylmagnesium Compounds

"MgH "
RN Cp2T|C|2 ( /\%Mg good for the terminal alkenes
or ZrCly

Hydromagnesation to Conjugated Diene
Use Cp,TiCl, instead of TiCl,

R PrMgX

Cp2T|C|2

c.f.
PrMgX
Cp,TiCl, ——— Cp,Ti-rH ——— //\K/ not )\Q/

PrMgBr H*
/\/ W’ Bng\/\/ J— /\/ + /\/ + /ﬁ
p2 11l 53% 13% 13%

|

79% single isomer
OH

2.1.6 Metalation (Deprotonation)
RC=CH + EtMgBr —> RC=CMgBr + CoHg
only good for C-H with pKa < 25; less powerful than Li reagents; stable even in boiling THF

2.1.7 Other Preparative Methods

o-Silylcarbanion  (activating group required, substitution at silcon as a side reaction)

g R g LN ) G N B
R ' - =N, = bu: 0
NG TR Ty T )\(R X Si)\/ R=H, R =Ph: 73%
/\ /N R R = Bu, R’ = Bu: 91%
Carbomagesation of 1-alkene
Et MaX
szZfClz 9
R + EtMgX —— R)\/ng 4\0[’ R)\/Et
R = alkyl R = Aryl

CpoZr R
szZrEtZ ét
MgX
CpZZr ¢
MgX
CoHs g

EtMgX —
Cp,Zr-—- B CPZZVG\ - CpZZrl

R Et R

Mg-4



2.2 Reaction of Organomagnesium Compounds

* reaction with organomagnesium amide as a base

* Cp,TiCl,- or Cp,ZrCl,-catalyzed reaction with Grignard
" substitution with Grignard reagent

" addition to carbon-carbon multiple bonds

2.2.1 Reaction with Organomagnesium Amides

2.2.1.1 Preparation of Mg bisamides

2R,NH + Mg ——>  Mg(NRy), + Hy

Hg(NR,), + Mg —> Mg(NRy), + Hg transmetalation
2RMgNR; —  Mg(NRy),

Mg(NRy), + 2RNH———  Mg(NR'y),

+

MgR, disproportionation

+

2R,NH  tramsamination

2RoNH + RoMg —— Mg(NRy),  + 2R'H the most efficient preparation method

2.2.1.2 Reaction with Organomagnesium Amide

ortho-magnesation in the presence of ester

N-Mg—N
THF solution of (TMP),Mg are stable on heating to reflux over several hours.
TMP),M
CO,CHs CO,CH, CO,CH3 (TMP)2M9
(TMP),Mg mMgTmp  1.CO2 CO,CHj
—_— —_— >
THF, rt 2. CH,N,
45 min 81% N-Mg—N
deprotonation at 2-position in Indole (DA),Mg
R'=H, Me, CO,Me or CN
R' R’ R’
DA),M Electrophile
Ny, _(PAMg @—MgNi-Prz _-ectropne mE
N THF, rt, 1.5 h N THF, rt, 12 h N
\ \
R R R
R = SO,Ph or CO,t-Bu E = CH(OH)Ph, I, CO,Me, allyl
selective enolate formation
kinetic product at rt E-stereoselectivity
. . O
©) OSiMe OSiMe 1. (R,N),M
. 3 : ph._J_ph L (RoN)Mg_ 29
Mg amide 2. Me;SiCl
—_— +
rt OTMS OTMS
1. Mg(DA),/THF 100 : 0 Pho_ A _Ph + o~ Ph
2. BrMgDA /THF 77 : 23 Ph
3. BrMgDA /DME 87 : 13 R =i-Pr 9 : 91
4. BrMgDA /ether 3 : 97 R = Me;Si 2 : 98

Mg-5



2.2.1.2 Reaction with Organomagnesium Amide
Enantioselective deprotonation using optically-pure Mg-bisamides

Ph N"Ph
H
o Bu,Mg
O
OSiMes PN OSiMes
R Ph N~ "Ph
- Mg —_
TMS-CI ' TMS-CI
Ph N. _Ph
-78 °C ~ T -78°C
R THF/HMPA THF/HMPA
e.r. e.r.
R =t-Bu 91:9 75.5:24.5 (w/Li base) -78°C 97:3 64.5:35.5 (w/Li base)
R=Ph 87:13 -60°C 93:7
R=Me 91:9 -40°C 92:8
* DMPU can be used instead of HMPA *conversion was increased from 17% to 99%
—> 89% vyield; 90:10 e.r. for R = t-Bu as the temperature was raised from -78 to -40 °C
Aldol addition reaction at elivated temperatures
o]
)J\ O OH
[(Me3Si)2N].Mg )k AN M no retroaldol nor condensation
25°C~60°C Ri R, Rs
2
Stereoselective formation of enolates
OMgBr @] . OBBu,
BrMgTMP Bu,BOT
tBU_ A 9 t-Bu 2 t-Bu x
TMSO OTMS I-PraNE OTMS
2.2.2 Cp,TiCl,- or Cp,ZrCl,-catalyzed Reaction with Grignard Reagents
Reduction of alkyl, aryl, vinyl bromides, alkoxy- and halosilanes etc.
Hydromagnesation of alkynes, dienes, and alkenes
Kambe et al. - Preparation of 1,4-disilyl-2-butene
cat. Cp,TiCl .
ZMgBr + PhMe,SiCl Pt ReSI " gir
THF, 0 °C, 10 min 3
94% (E:Z = 74:26) 2. R3Si-ClI
l Cp,TiCl,
1. ZMgBr
CpoTi < Cp,Ti P X
- i
PN /\MgBr __ R3Si-Cl
Cp,Ti< —> Cp,Ti —> Cp,Ti
P2 < P2 | P2 T ™ MgBr

Mg-6



. Cp,TiCl, (5 mol%)
/\MgBr + thSlClz > ESIPhZ
THF, -20°C, 3 h

73%
w/ Zirconocene complexes
Addition of organometalics (aluminum, zinc, magnesium) to alkenes and alkynes

Cp,ZrCl, (cat), BuMgCl Et
A~ + RX p2ZrCl, (cat) 9cl ArY H oA
- butene, - MgCIX r
X = OTs, OSO4R, Br R oy J\R
posr
_I|3u Ar
Cp,ZrBu, Cp221<( R-X

T\ - BU\ Et A
SN A 4- A
A CpyZr - =
N

Et Cp,Zr MgCl
N BuMgCl Cpazr
Et.~
2.2.3 Substitution at Carbon by Organomagnesium Compounds
side reactions: metal-halogen exchange, deprotonation
Use Li,CuCl, as a catalyst (prepared from LiCl + CuCl,)
Li,CuCly (cat)
C8Hl7OTS + t-BUMgBr —_— C8H17't'BU
THF
reaction with allylic acetates
THF
/\/\OAC +  BuMgBr @———— X"y
2.5% CU2|2 88%
e
K/\OAC +  BuMgBr > 5% Col X"Buy
70 202 88%
reaction with allylic ethers (allylic rearrangement)
OFEt THF t-B oet MO _ ey 0
/\( + t-BuMgBr ———  UBU -~ —_— NS
10% CUZBrZ

OEt
cat Cu,Br
EtO — + PhMgBr #» /El;/
THF Ph

reaction with allylic diphenylphosphonate (y-coupling)

y/ Moc! (”) THF \/\Q/
m 4 CiHis A~ _O-P-OPh  — = CiHis =

-20°C
OPh 86% (y:00 = 99:1)

9 cat MLn C-H
BuMgBr + C7H15\/\/O—Fl’—OPh _— C7H15\/\/BU + 7 15Y\
OPh THF Bu
Fe(acac)s 99:1
CuCN-2LiClI 1:.99

Mg-7



2.2.3 Substitution at Carbon by Organomagnesium Compounds

Nickel-catalyzed cross-coupling reactions of Grighard reagents with alkyl halides and tosylates
NiCl,, Ni(acac),, Ni(COD),
problems in alkyl-alkyl cross-coupling reactions — slow oxidative addition step, facile B-elimination process

1,3-butadiene as additive
cat NiCl,
R-X + R'MgX — > R-R
1,3-butadiene
R =alkyl R'=alkyl, aryl
X =Cl, Br, OTs

NiCl, (0.03)
_—
isoprene (1) AN 1%
25°C,3h AN NN 2%
without isoprene the coupling product was obtained in only 2% yield
Optimized condition: 1 mol% NiCl,, 10 mol% 1,3-butadiene, alkyl bromide (1 eq), 0 °C

SN+ BuMgCl
(1.3 eq)

Reaction Mechanism

, NS R'-MgX \ R-X :
Ni(0) —— » — - + T R—Ni
2~ |MgX P N—F
Reaction with alkenyl iodide (retention of configuration) R-R
Et I Et t-Bu
= +  t-BuMgBr —»Cé\t cul >
Bu H THF, -20 °C Bu H
The most generally applicable Ni catalyst: NiCl,(dppp) c.f. (no ligand)
BuMgBr Bu N|CI2
MgCl + Br
cat N|CI2(dppp) Bu

83%

2.2.4 Addition to Carbon-Carbon Multiple Bonds

Syn addition to acetylene in the presence of Cu salt

CuBr (5%) H H EtCHO H H
C7H15MgBI’ + H———H > — _—
C7H15 MgBr C7H15 Et
OH
35~40%
Conjugated addition to acetylenic acids, esters, and nitriles
RIMgX + R-=——CO,R® — » RY 3
— 2 >=——CO,R
R2
Reaction of allylic Grignard with acetylenic alcohol by anti-addition process
OH 0, 7> =Mg
MgX — / Mg o)
AN = — oy
R = Me, Me3Si, CgHs R <

Mg-8



Anti-addition to propargylic alcohols

C4Hg R
RMgX + C4Hg — CHon -_— —
benzene CH,OH
R = Me, Et, i-Pr, Ph reflux, 2~45 h
RZ R R? H
R'MgBr +  R2-==—CH,0H COLCUI’ — + S=(
0°C,1h CH,OH R"  CH,OH
R' = Me, Et, i-Pr, t-Bu, Ph, allyl  R?=H, Me, Bu, Ph, SiMe;
Regioselectivity controlled by the bulky TMS group
10% Ni(ll)yMezAl  CgH13 SiMe3 CgHq3 MgBr
MeMgBr + CgHyz——=—=—SiMej > — —
THF, 24 h Me MgBr Me SiMe;
80% 90:10
Silyimagnesation of acetylene (Pt or Cu catalyzed)
_ cat PtCly(PBus), C1oHa1 H
CyoHp——=—H + PhMe,SiMgMe - —_—
T work-up H g SiMe,Ph
o 90%
cat PtCly(PBus), PhMe,SiLi + MeMgl
E=1(5, 79%)
+
C10H21: E CioH21_ H = Me (Mel, 90%)
MeMg SiMe,Ph 25 °C, within 1 h SiMe,Ph = CH(OH)Bu (BuCHO, 82%)
= Me3Si (Me;SiCl, 64%)
Hoveyda et al.
syn/anti
OH 1.EtMgCI OH OH
Et,O 95/5
t Cp,oZrCl 2
CQHW)\/ e . o 2,5-dimethyITHF  85/15
2.0, 99 THF 67/33
Et
OMe 1. EtMgClI OMe OH syn/anti
CeH )\/ M, CeH Et,O 11/89
orie 2.0, oM g THF 11/89
Et
Enantioselective alkylation of alkene
Me M
H | H |e
C— EtMgClI /\J @ EtMgCl PANS
—_— [ —
0] cat (EBTHI)ZrCl, HO o cat (EBTHI)ZrCl, HO
@ >97% ee >97% ee
e 65% yield 65% yield
ZrVCI

Mg-9



2.2.5 Addition to Carbonyl Groups
Side reactions: Enolization and Reduction (by B-hydrogen of Grignard reagent)

1,2-addition to a,p-unsaturated aldehydes

MeCH=CHCHO ——— MeCH=CHCH(OH)Me
MeMgBr

Chemoselectivity between formyl and keton groups

O O RMaL OH OH
A, o+ e D GRS §
Ph H Ph™ “CHy (from RLi + MgL,) Ph R H Ph R CHs3
MeMgBr 55:45
magnesium carpoxylate MeMgOTf 955
and sulfonate give greater
selectivity MeMgOCOCMe, 929:1
BuMgBr 60:40
BuMgOTs 99:1

2.3 Halogen-Magnesium Exchange Reaction

Synthetically unuseful in general

EtMgBr EtMgBr
P X"Br ———  Ph"X""MgBr <}Br Bl
Et,0 1A% Et,0

Benzyne formation

@:X ArMgBr MgBr ©‘ AngBr @[
—Arx v -MgBrY MgBr

X

Heteroaromatic compound

Ph._~
| No!  EtMgBr 7 cHo
= THF, rt 89%

25 min
| Ny Br i-PrMgBr PhCHO N

2h

Br IN\ i-PrMgBr PhCHO Br
0
Z e T 86% \QJ\/

Mg-10

MgBr

12%

Ar

E



X

680/ CO,CH,Ph

ﬁx

_CHiCHO Ho.

0,CH,Ph

Enolate formation
Br, H
.S MeMgBr
I e
N THF, -78 °C
20 min BrMgO
CO, L
» Ph———CO,H 55%

£0,CH,Ph
Ph MgBr
CO,Et

\

with Alkynyl Halides
MeMgBr
Ether, reflux

More examples for polyfunctional organomagnesium reagents (by lodine-magnesium exchange)

Ph————-=r
1h
CO,Et @:o
_— >
cat Cul-2LiCl
74%

Me,;SiCl
-40°C,1h
o)
CO,Et

CO,Et
i-PrMgBr
—_—
THF, -40 °C
I 1h MgBr
17" Co,Et
60%

i-PrMgCl
THF cat. CUCN-2LiCl
-5°C, 24 h
o)
60%

-20°C,0.5h
Bu/\/I
= Bu

i-PrMgCl
THF cat. Fe(acac),
-20°C,0.5h
O
N 86%

MeO

MeO
|
MeO

cat Pd(dba),/dppf

i-PrMgCl
-40°C, 6 h

THF
-40 °C, 40 min
PhCHO
h OMgX
Ph

i-PrMgCl
"~ .10°C,1h
then reflux, 12 h

Cl
| THF
-10°C,1.5h
Polyfunctional organomagnesium reagents by bromine-magnesium exchange
™
OEt
80%
AN

(strong activation by electron-withdrawing or directing group is required)
/\/Br
.~ NC

MeO
[
82%

i-ProMg
cat. CuCN-2LiClI
B

™
@[ OEt  THF
NC Br -30 OC, 2h
/\/BI’
cat. CuCN-2LiCl
NC X

NMe2
i-PrMgBr

Br |r
N
THF
-10°C,15h

Br
Mg-11

NC

EtO
! 20°C, 1h
N—
Br@CN  weo
| N
Z > eN
;O

Ph

N
85%



Exchange reaction of alkenyl halides

| i-ProMg Mgi-Pr TsCN N
C6H13/\/ 4>THF CGHIS/\/ —_— C6H13/\/
25°C, 18 h 71%
effect of directing groups
Ph i-PrMgBr PhCHO
MeO 9 > » MeO Ph
| THF on |
I -70°C, 12 h 95%
OH
CO,Et i-PrMgBr QCHO EtO,C  OH
| > =
N THF N
-20°C,2h 73%
Functionalized cyclopropylmagnesium reagents
i NN
i-PrMgCl ol 75%
HAH 9 H AH cat CUCN2LICl  Et0,C X
EtO,C | THF EtO,C MgCl
-40 °C, 15 min PhCHO H, «H
- = 1\ 90%
retention of stereochemistry O~~~ ~Ph
) O
H, N\ _1PMgCl H., /\.MgCl _ PhcCOCI H,, /A L )
3 W 11, o ., i, N P
EtO,C H THF EtO,C H  cat CuCN2LCl  E0,C H 65%
-40 °C, 15 min
directing effect of the ester group
Me,, Br I-PngC| Me,, Br PhCHO Me///, ‘\\\Br
11, W Et O > 11, W\ R — d R 60%
EtO,C Br 2 EtO,C MgCl 0=\ ~Ph

-50 °C, 10 min

Trialkylmagnesate-induced halogen-magnesium exchange reaction

(more reactive than Grignard reagent)

BuMgBr + 2BuLi ——  BusMgLi
THF
0°C /\/Br
@[CN BusMgLi (0.5 equiv)  cat CUCN2LiCl ©/\Ci\
> > 80%
THF, -40°C, 0.5 h -40 °C, 0.
Br 40°C,0.5h N
O
BusMgLi (0.5 equiv) TiCly Q Y
Et,N - > 72%
THF,-40°C,0.5h  -40t00°C g\ NEt
Br 2 2
, : : Et
Br ( ) | i-PrBu,MgLi (1.0 eqU|v)= EtCHO : Br ( ) : 65%
-78°C,0.5h OH

Mg-12



Addition to nitrogen heterocyclic aromatic compunds

c.f. electron transfer mechanism favors 4-substitution

R
@ 1. RMgX Z |
—_—
SN 2. heat SR a RX, Mg a

4-substitution promoted by 3-substitution

O]
1. )VMgBr

2. NHA4CI (ag.) | |
- N
! CHs
OCHs
ﬁj Meo:@/MgBr 1. PhCH,0COCI
| - n g OMe
Ny oo 2. HyO
OMe
cl 0
1. CuBr
OH
2. BF;OEt, Hy, Pd/C

3. CI(CH2)4MgBr W

) OMe > -
N ’ Li,CO3 N
/& Ar L-Selectride Ar
P 0" Y0

OMe Lithium tri-sec-butylborohydride  lasubine Il

Addendum: Addition of organomagnesium compounds to carbonyl groups

R2
S.V '3?_0
RIMgX R2 R 1Mg—x
+ —> >:O‘\ x R
i ® \
RZJ\Rg RY S polar R2
R3->—0OMgX
Rl
three important side reactions
1. reduction favored for sterically hindered case
' R.__ R suppressed by the addition of
B-hydrogen >_4 R R; :R metal salts
transfer MgX N 1H hydrogen abstraction by ketyls
Rl (’ ——OMgX  Meerwein-Ponndorf reduction
RZ/EO R magnesium hydride reduction

are also possible for reduction
2. pinacol reduction

HO OH
electron oRIR2CO — > R1 51 pr_ohmoted by tLansmon.metalll or rrlwagnesmm
trsnafer R2 R with aromatic ketones in polar solvents

3. enolization )
¢ cabonvl q reduced by the use of less polar media or low temperature
recovery ot cabonyl compoun in situ convertion to less basic Ti(IV) or Ce(lll) salt
or aldol product

Mg-13



Problem Set - Organomagnesium

Explain the mechanism of the following reactions

1 Br
@) Br SlMezPh SIMG‘ZPh
PhMe,SiMgMe
BulLi Cul,Mel mCPBA
_—
-48 °C 77% 97%
S|M62Ph
HO CHs; O CHj,
L|A|H4 Nazcr207
_— _—
47% 96%

dl-muscone

PhMgBr (3.5 eq) H.0 Ph Ph
J |G
) Os__Ph
Br BusMgLi Phcocl Bu on
Br  THF CUCN-2L(Cl Bu *
7810 -30 °C 5
88:12
88%
j@/ LiN(SiMeg), 1" _~.MdCl
© 2.NHCl
BrMg
N THPO _
NS | CICOzMe

OTBS

64%

Mg-14



3. Aluminum in Organic Synthesis
3.1. Interaction of Aluminum(lll) with different functional groups

3.1.1. Cationic Aluminum(lIl) endo
Z& é&
/\)L | Me Me I
@ COX* COX*
—78 to0°C

Et,AICI (0.8 equiv): 100%, endo:exo = 15:1, 70% de Lbcox* *xocél

Et,AICI (1.4 equiv): 100%, endo:exo = 50:1, 90% de

—/— Cl_/—
L /_ Ao “AIO

/\)j\‘\%/ Et,AlC] /\)\ %/ EtAICT /\)\ *
0 = - j

low facial selectivity high facial selectivity
©
Me Me ® Me Me,AICl,
Cl\) Al
Al Me,AICI Me,AICI 2
Me® "o OTBS 2 O OTBS 2 O OTBS
| (1.0 eq) (4.0€eq) |
_ - — ,
H i-Pr H i-Pr H i-Pr
Me Me Me
OTMS
O OH OTBS O OH OTBS
: t-Bu&
t-Bu i-Ppr * t-Bu i-Pr
Me 54%, 92:8 Me
Cram's rule
3.1.2. Neutral Aluminum(IIl)
MeA|C|2 MeAIClZ

Coordination aptitude

56 —48-4

@ > @ZO > <:>:O > \).iOMe > \)(iowle

0 Me,AICI Me,AICI

(1.0 eq) M (0.1 eq) M

slow

Relative basicity

MeAICl,

complex aggregates fast




3. Aluminum in Organic Synthesis
3.1. Interaction of Aluminum(lll) with different functional groups
3.1.2. Neutral Aluminum(IIl)

“ OTBS EtAICI, X
— =
CH,CI
- 2%12 R =
R R OTBS OTBS

R: CHO, 0.2 equiv EtAICI,, -78 °C, 62%
R: CO,i-Pr, 1.0 equiv EtAICI,, 8 °C, 60%

due to the basicity difference of the functional groups in SM and PD (conjugated or saturated)
3.2. Aluminum reagents in selective organic synthesis

3.2.1. Carbon-Carbon bond formation
3.2.2. Reduction

3.2.3. Oxidation

3.2.4. Rearrangement and fragmentation
3.2.5. Radical reaction

3.2.1. Carbon-Carbon bond formation
3.2.1.1. Generation and reaction of aluminum enolate

By Michael Addition
o AI/— o OH MesAl: .75% (O:.100)
PN N M . M\ Me,AICI: 71% (6:94)
t-Bu” X t-BU  THF, rt t-Bu t-Bu t-Bu t-Bu MeAICl,: 58% (20:80)
Me,All:  42% (98:2)
MeAll,: 32% (100:0)

Transition metal catalyst

0] O 'e)
MezAl% %Al(OMe)Me2
DIBAL-Ni(acac), DIBAL-Ni(acac),
A (23 mol%) (23 mol%)
. toluene-Et,0, -5 °C toluene-Et,0, 0 °C . .
72% then PhSeBr 43% (3'3_'1.)
trans:cis
0 \;\/:\L DIBAL
+
0
WOMe o MeCu (10mol /o) /\/\)J\ o
THF-HMPA
-50°C 97% recovered
guantitatively
(0] OAli-Bu
2 /\/BI‘
DIBAL 5 equiv F
MeCu (10mol%) 50 °C 11%
THF-HMPA
-50 °C
MeLi
- +
OAli-BusMelLi o~ @)
—_— >
rt
68%



3.2.1.1. Generation and reaction of aluminum enolate
Heteroatom-containing aluminum reagent - no transition metal catalyst required

OH

CH3CHO  Me,AlSeMe Me,AISPh  CH3CHO

SeMe
7%

By Deprotonation with trialkylaluminum

OH

SPh
94%

1. BuLi 1. MeAl
Q  OH THF, -78 °C )?\/ toluene, heat Q OH
- _— >
Phgc)J\l/l\Ph 2.PhCHO  PhsC 2. PhCHO Pth)H/\ Ph
99%, 99:1 95%, 5:95
kinetic control thermodynamic control
By Deprotonation with aluminum amides - DATMP
Et,AI—N OAIEt; O OH
PhCHO Ph
- . -
_ o]
THF, -78 °C 78%
low temp.
By Deprotonation with aluminum phenoxides
O O O
i-Bu,Al(OPh)
o pyridine
THF-hexane
reflux
high temp. 100%
dl-muscone
By Reduction of a-bromo carbonyl compounds
OAIEt, O OH
Et,AICI-Zn PhCHO Ph
THF, -20 °C 100%
Et,AlSnB ks t Zinc enolate?
2AISNBUZ Works too JACS 1977, 99, 7705
OH
(:/\/\) _ERAICIZn
T(Y THF, 35 °C 0
o 48%
By transmetalation of lithium enolates
Mannich-type reaction N
Q/\ K SiMe; SiMe3
MeO R V4 %
(@] LDA OAIEtZ N SiMe, R, R
R\)k R. A > Ne T N
St-Bu  Et;AICI St-Bu o o
THF, -78 °C R =Me: 78%, 4:1
Lithium enolates are more basic than R=Et 80%, 3:1
Aluminum enolates - functional group tolerance R =i-Pr: 73%, 1:7 o o
e e

Al-3



3.2.1.1. Generation and reaction of aluminum enolate

Well designed aluminum reagents

MezAl (0.5 equiv)
R OH » R R
toluene MAD: R =Me
or CH,Cl, MABR: R = Br

Ph Ph
MesAl (0.5 equiv) MezAl (0.33 equw)
R OH R o._ .0 R
l toluene toluene Al
or CH,Cl, Ph or CH,Cl, Cl) Ph
Ph Ph Ph Ph
O\ O MAPH ATPH: R=H
AI\I ATPH-Br: R=Br R
Ph Ph aluminum tris(2,6-diphenylphenoxide)

By Complexation with aluminum reagents

kinetic control
_ATPH  ATPH- ATPH. ||

O

@) S
| I
ATPH
toluene THF MeOTf

-78 °C
55% (32:1)
1. ATPH / tol 1. ATPH / tol 0
/U\/(\ 2.LDA/THF O O 2.LDA/ THF
3. Oct-OTf )k( 3. Oct-OTf )K](om
Oct
89%, >99% selectivity 71%, >99% selectivity
@) . O
ATPH 1. LDA (1 equiv)
toluene 2. TBSO(CH,),OTf (5 equiv)
-78°C THF, -78 °C OTBS
94%
O
ATPH  1.LDA (1 equiv)
toluene 2. TBSO(CH,),OTf (5 equiv) OTBS
-78 °C THF, -78 °C
82%
MAD 1. LDA (2 equiv)
toluene 2 TBSO(CH,),OTf (5 equiv) TBSO OTBS

-78°C THF, -78 °C 94%



3.2.1.1. Generation and reaction of aluminum enolate

By Complexation with aluminum reagents

y-Alkylation of a,B-unsaturated carbonyl compounds

OH
ATPH LDA
CHO+ /\/CHO (2.2equiv)= (1.2equivl AN CHO
toluene THF 99%

-78°C -78 °C E-7 = >99:1
v:o =>99:1
ATPH LDA
CHO OMe .
©/ . M (2.2 equiv) (1.2 equiv) pp
O  toluene  THF G w
-78°C -78 °C
91% (13:1)
CHO Y ATPH LDA oH
©/ . )\/& (3.3 equiv) (2.3 equw)= Ph H OH - H
O  toluene THF S + ~
-78 OC -78 oC O Ph O
99% (1:99)
3.2.1.2. Aluminum-carbonyl complexation, activation, and nucleophilic reaction
Pericyclic reaction and asymmetric reaction
[4+2] Cycloaddition B 7
sncl, )CZ) @
> O\‘\\\ \ _— /
@)
_ L O--sncl 97%, 94% de
) 0 -
Ao U | 1O
@)
S (2eq) | MAD---Ox
L .
CH,Cl, Oﬁ
-78 °C CO,R*
oA ~MAD
i O- | 96%, 90% de

Exo-selectivity

1 1. ATPH, CH,Cl,
R > 7 + 7
R COR R
O

Rl exo endo COR

R=Ph,R'=H :81% (73:23)
R = Ph, R! = Me : 81% (96: 4)
R=Me, Rt =H :87% (87:13)

Me . .

endo Lewis acid

(@] —
Lewis acid MeszAl  ATPH
> 88

N -78 to -20 °C 4

exo 12 96
—

Al-5



Catalytic asymmetric [4+2] Cycloaddition

\/g i S-VAPOL + Et,AICI
+
\ O

Ph Ph
. Da®
CH,Cl,, -79 to -82 °C CHO Lo
(slow addition) O
99%, 98% ee O
endo:exo = 2:98 S-VAPOL
[2+2] Cycloaddition - k
N/\"“‘
F.co,s N T AT Nso cF
O 3 2 Me 2 3
10 mol%
~_CHO 4
h )kBr

> ﬁ\:O\A 92% ee
- o
DIEA, CH,Cl,, -50 °C oh
Ene reaction and asymmetnc reaction

93% vyield

o]

()

@ OTMS
MAPH | 571 @/\
—_— 2
0. _0O  cHyCl, i “a8ec 51%

0°C
unusual trans selectivity
/C(k MABr
NS
O

—_—
CH,Cl,
-40 °C 0

OH
85%, 17:1
MABr
_—
CHZCIZ Yy, W 1y,
MEMO ~ -78 °C MEMO ‘0 MEMO’ ‘OH
83%, 97:3
cis selectivity
Me | -
5 H Al Me
Me,AICI | D=1%o2 ">
_ —_— +
CHxCl, \1—%/Me Ve~ 7 OH
-78 °C H oy M
71%, 95:5
internal proton transfer
- Me _
H2.D
MABR

Me
L
_— —_—
CH,Cl, \’J-J\%/ Me
-78°C

Me.__~
O
N |
/A||

D
external proton transfer

“OH

74%, >99% purity
Al-6



Hydrocyanation

Meerwein-Pondorf-Verley type

s/
OMe OH Al OMe
N
+ 4\ —_—>
CN ch,cl, 0°C CN
CHO
Me3zAl (100 mol%) : 93% OH

Friedel-Crafts Reaction

i-BUAIH (10 mol%) : 75%

requires strongly electron-withdrawing aluminum(lll) reagents: AlX3 (X = Cl, Br, |, OTf)

O

o)+ A_I

SO,CFs
AN 0.5 mol%

SO,CF3 /3

CH,Cly, 1t HO©_<O 99%

salt effects on reactivity and selectivity

OGP

Al(OTf)3 (5 mol%)
LiCIO, (600 mol%) _

MeNO,, 50 °C

Aldol reaction and asymmetric reaction

The reactivity of silyl cations is increased by making more naked species
by use of bulky aluminum reagents

O

Me;SiOTf (5 mol%) 0 OH
OTMS . MABT (5 mol%)
o CH,Cl, Ph 90%
-78°C
FaC,
>:o + R3SIOTf -— >:0\+ + 0=5-0
U
SiR3 ©)
0
OH
OTMS Me,AINTf, (2 mol%)
oh * CH,CI - Ph
2Llp 92%
-78°C

Recognition and activation of a less-shielded carbonyl functionality

\\//\\/”\CHO + ::T/CHO

OoTMS /
Al— (5 mol%)
Ph N\
CH,Cl SN
-78°C

OH O

MezAlNsz: -
Ph Ph
Qo\ /o—@ . 84% (99:1)
Al
Ph | Ph
TNt

Al-7

(74:26)

MeO 83%
o
regioselective



Aldol reaction and asymmetric reaction

Recognition and activation of a less-shielded carbonyl functionality

TMSO
T\ one

-78 °C

" cHo

+

: CHO

ATPH (1.1 equiv)
CH.,Cl,

Conjugate addition and asymmetric reactions

ATPH can be used as a carbonyl protector on complexation

@)
+
(O~ (NG~

Other Lewis acids

87% (>99:1)

(i-PrO),TiCl, = 62:1
MesAl = 5 -1
MAD = 37:1
TiCly = 2 -1
BF3OEt, = 13.1
MAPH = 1 :34

Ph |: Ph Ph OH
Ph ATPH \/& _____ R M
NAOCHO — > " \ﬁCHo £ TN
CHCl,  / |:' cther R
ATPH d—o\Al,oi@ ATPH RM = n-BulLi 92% (49 : 51)
oG e n-BuMgCl 99% (90 : 10)
hed n-BuCal 88% (98 : 2)
MAD 0,0 n-BuSrl 60% (95: 5)
. n-BuBal 97% (97 : 3)
MAD n-BuMgBr 95% ( 7:93)
MAPH MAPH n-BuMgBr 98% (49 : 51
G D i (49 " 51)
1. ATPH / CH,Cl, 1. ATPH/ CH,CI
- Ph 2Ll
" cHo m— ~AcHo —— P"ocho
~ 2. PhC=CLi 2. TMSC=CLi _
1. ATPH / CH-Cl 1. ATPH / CHyX,
Ph = 2-2 ph toluene Ph,
- / : g
CHO 5 LitMPITHF CHO S LrmPiTHF <]:CHO
CHCl, -78 °C, 91% -78 ~ 25 °C X
X=Cl: 86%
X =Br:80%

* MeLi and allyllithium are prone to 1,2-addition

1,4-addition by ATPH analogue bearing fluorine directing groups - chelation control

p-F-Ph
p-R p-F-ATPH

Ph (Ij

Ph-p-F
Al
o~ o
p-F-Ph  Ph Ph-p-F
p-F 1
AN +
~_-CHO > > CHO
PR™S toluene - DME -78 °C Ph Ph X

83%, 95:5

OH



Tandem inter- and intramolecular Michael addition

NIV
Al Li*
(@]
1. ATPH / toluene Q Ph
-78 °C AN 95 ~105°C
> —_—
2. Ph /|THF 13 h
S O 50%
OLi

Michael addition and intramolecular aldol condensation

0 0 0
O 1. ATPH/ CHyClp oo | 22 HCI CO,Me
Ph/\)J\Ph 2. O O /‘0‘ ®l 94%
M Ph Ph Ph Ph
- OMe

-78 °C

ATD is superior to ATPH or MAD as a carbonyl protector in ynones

(@]
t-Bu t-Bu
1. ATD/ toluene HO_ Me

O (o]

Me QoD
Me 2 n'BULi, -78 OC | /BU tBu o t-Bu

Bu Bu” “Bu

t-Bu t-Bu
Bu ATD Q
95% (95 : 5)

\F
o

1,6-Addition to aromatic carbonyl compounds

(@]
1. ATPH /toluene

2. t-BuLi/ THF R R=H
3. conc. HCI, -78 °C

R

.

: 81%
R =Me : 93%
t-Bu

not effective for small nucleophiles - MeLi or lithium acetate

0]
1. ATPH / toluene _ OH

+
2. MelLi, -78°C R
3. conc. HCI
-78°Ctort

H

=.

99% (1 :99)
conjugate addition of MeLi to PhCOCI

(0] O
1. ATPH/toluene

+
2. MeLi, -78°C OH
3. conc. HCI
-78°Ctort

Cl

.

99% (2.6 : 1)
1,6 vs 1,4-addition



Conjugate reduction by ATPH - (DIABL-n-BuLi) ate complex

1. ATPH /toluene /ii b
2. DIBAL-n-BuLl ",

THF, -78 °C

97% (>99 : 1)

CHO 1. ATPH/ toluene

ph/ﬁ/ - Ph CHO

2. reagent DIBAL-n-BuLi : 80%
THF, -78 °C

DIBAL-t-BuLi : 94%
Addition to quinone monoketals

MAD PhMgBr

> > 91%
toluene

Ph
MeO OMe -718°C MeO  OMe

Carbonyl addition

MAPH :
/\/\CHO + O\ - = MO + O\
e e, — | oo
-78 °C

electronically activated

Reagents
sterically deactivated
A : B
n-BuTi(Oi-Pr); (1 eq) 31% (25: 1 )
MAPH (1 eg)/n-BuLi (1eq) 76% (1 : 6.5) n-Bu
MAPH (2 eq)/n-BuLi (2 eq) 45% (1 :14 )
3.2.1.3. Strecker Reaction (Addition of CN to C=N Bonds)
preparation of optically active a-amino acids
chiral salen-Al-Cl catalyst was used for activation of aldimines
no reaction under strictly anhydrous conditions --> reacting species is HCN
N 2
=N_ _N=
/AI\
t—Bu—< Z/:o él o:\é >—t Bu 0
NN LB EBY 5 moi% FsC N/\/
)I\ + TMSCN > z
Ph” "H toluene, 23 °C Ph” >CN
O O
)J\ )J\ 91%, 95% ee
F:C° O° CFR3
p - )
B
N OO P(O)Ph, /I\L CN
quinoline o, 91%. 85% ee
TMSCN + RCOCI AC o % R™ 0O 0, 6970

9PN

dual

al P(O)Ph

| X activation (©)Ph, N
_N >

CH,Cl,-toluene, -40 °C
3-methylisoquinoline

(EZN O 99%, 71% ee
Al-10



3.2.1.4. Carboalumination

addition of C-Al bonds across the unsaturated C-C bonds

transition-metal cataylst is required alkynes are more reactive than alkenes
Cp,ZrCl,
methyl-alumination (no B-elimination nor hydroalumination)

cat.
/
= Cp,ZrCl,, MesAl
XX P2£rtlo, MEA NN COgE
| CICH,CH,CI 80% yield

CICO,Et

OTIPS P OTIPS
Cp,ZrHCl, Me,AICI W
PN Z4 P2 2R N N N D X CO,Et

CICH,CH,CI 71% yield
CICO,Et
transmetalation of vinylaluminum species >(
O 0 o
cat. ( BuCEC)—ZCuCNLiZ
Cp,ZrCl,, MesAl THFE
TBSO” Y O\ Part™a o™, -~ OBn o)
: Et,0 < -20°C
o0 72%
H\/@ OTBS
OBn X @]
@)
cat. cat. CUCN «(CH3)gCH,O,Me
N szZfClz, Me3A| Etzo, 0°C N
h CHCh O . Et,Si0"
OTMS 3 OTMS
(CHz)GCOZMe 67%
Et3SiO

c.f. Tebbe reagent: Cp,TiCl, - 2Me3Al
regires a stoichiometric amount of Ti, sometimes difficult to control, limited in scope

Me
Me\\ /Me
<Al \AH A Ha
!
Cl ~c-H - Me,AICI ~C,,
CPTICl, + 2MesAl —<—— Cp 3 7 % o e PN Me
/Tl\C|,AI\ c J \CI/ N
Cp Me p Me
'M82A|C|l
Ph Ph — Cp
_ Ph—="Ph >Ti:CH2
TiCp, Cp

Al-11



3.2.1.4. Carboalumination

addition of H,O leads to a considerable increase in the reaction rate
the formation of a thermodynamically labile, but catalytically active oxo-bridged dimer at temp. below 0 °C

Cp\z \\‘\\Me/"r,AI/Me Hzo Cp\z ‘\‘\\Me/”',AI/Me
szZfClz + MegAl —— V2 r\CI/ \ r\ e N
Cp Me Cp O Me
EtzAl (3 eq) MesAl (3 eq)
Cp,ZrCl, (0.2 eq) Cp,ZrCl, (0.2 eq)
H,O (1.5 eq) H,0 (1.5 eq)
Bu Bu < Bu— > BuU Bu
Z ﬁ/ﬁ CH,Cl, ! CH,Cl, \]/ OO
I -70°C or -23°C -70°C or-23°C
74% (73 : 27) l, 100% (97 : 3)

3.2.1.5. Coupling Reaction with Transition Metals

Ni-catalyzed cross-coupling of arylphosphonates - Grignard reagents as well as Aluminum Alkyl reagents
dppp ligand effect on alkyl nickel species - no B-hydride elimination
transmetalation of Al-R to Ni-Cl

@]
Bu b-OEt
_— Bu _ o
- S
Ni(acac), OO NiCl>(dppp) OO
(5 mol%) (5 mol%)
999,  THF, reflux Et,0, 1t

95%

Coupling of benzylic halides

OMe
Ni(0) (5 mol¥%
+ MeAl i(0) ( o)=
Cl THF, rt
OMe may undergo without catalyst
OMe

no reaction with Pd(0)

vitamin K 1 87%
vitamin Kz(zo) 1 91%

Pd-catalyzed case

COzMe
+ T™MS
™s. - —
OH  LiAlH, |

OH
TMS—— _ H\>:> >
I, PdCl,(PPhs),

MeO,C

without ZnCl, 111%
with 60 mol% ZnCl, : 90%

Alkynyl coupling of ate complexes in the presence of stoichiometric oxo-vanadium reagents
selective cross-coupling ; neither alkynyl-alkynyl nor alkenyl-alkenyl coupling products was obtained.

Hex ©
Hex R——Li N VO(OEf)Cl,  Hex
— —_— Ali-Bu, e
Ali-Bu, \ Et,0, -78 °C N\

R 56-84% R

Al-12



3.2.2. Reduction
3.2.2.1. Carbonyl Reduction

LiAlH,4, X,AlH3_, (X = halogen or alkoxy) are the most convenient reagents for reduction

Meerwein-Ponndorf-Verley (MPV) reduction

environmetally benign, easy handling, commercial availability, and low cost i-Pro

The original version uses Al(Oi-Pr)3, which proceeds very slowly. Al/Oi‘Pr
Use bidentate aluminum catalyst for improvement O) (\_O
=
oH R H

OH
CHO + MezAl on
OH
5 mol% 10 mol% 300 mol%

4 AMS 96%
CH,Cl,, 25 °C

Tischenko reaction

Qi-Pr Qi-Pr

) VAL AL
i-Pro (@) (@) Oi-Pr

W i

CHO

O/ O.]O 0.2 mol% O)ko/\O
toluene, 21 °C } 98%

A A s

. O O O O . O O
I-PrO_ 7 '\ _0i-Pr RCHO i-Pro_ 7~ "\ _oi.pr RCHO PO/ "\ _Oi-Pr
e N T
o} (o 3 3 i-Pro -02/\o o) (o
Jo g 4\ Py PN
R H R HTTR R H R O R
H

Asymmetric MVP reduction

Ph Ph
g g
(0] O

\rO,ALO O,ALO bh Ph
T &H

"
Br 5 mol% 80 mol% Br

>

CH,Cl,, 0°C

OH
51%, 82% ee

g ‘ OH OH
OH \(
0 90 H

Cl 10 mol% 400 mol% Cl

MezAl (10 mol%)

toluene, rt 99%, 80% ee

Al-13



3.2.2. Reduction
3.2.2.2. Hydroalumination

Hydroalumination of Alkynes

s

| |
Cl MeLi _ H DIBAL Cl
-~ B ————————
hexane, 50 °C

CsH,

Stereoselective synthesis of vinylaluminum species

s

1

/\/SO

syn addition 82%, E:Z =>99:1
siJ
/ \ DIBAL _ NaF _ o /\
CsHyg hexane-ether STt d&
/Q 82%, E:Z =< 2:98
a-Silicon effect
MeO.__OMe OMe
1. DIBAL
TMS 50 °C _
A 2. NIS, pyridine
- ’ - 82%
OMOM TMS OMOM
MeLi-DIBAL ™S (HCHO), T'\SZ/
_ . - >— N
TMS—= i-BuAl” H HO
Li* Me 90%
Propargylic alcohols —— E-alkenes
NaOMe TMS
OH  LiAH =\ | 1.EtOAc ™S
™MS——=— o L N W D=
THF, 0°C b o 2.BusgSnOMe ~ Bu3Sn OH
*_' 0-4 °C 30%
OTBS _Red-Al _ OTBS
94%

Ordinary alkynes —— Z-alkenes

|
@i/su DIABL
79%
= hexane ’
50 °C

Hydroalumination of Alkenes: rather inert to hydroalumination
requires transition metal catalysts

0 14% Ni(COD),
&\om 21% (R)-BINAP (;C ?\
OMe DIBAL
toluene, rt
95%, 97% ee

Al-14

14% Ni(COD),

21% (R)-BINAP

DIBAL
toluene, rt

QMe

7z, R \\

o

83-95%, 97% ee



Epoxidation of allylic alcohol and oxidation of secondary alcohol by Al(Ot-Bu); and t-BuOOH

3.2.3. Oxidation
1. Al(Ot-Bu); - t-BUuOOH
W\/OH benzene, 5°C . M’\/OAC 83%
2. Ac,0 - pyridine O
five-membered transition state
O t-Bu t-Bu
! t-Bu—O. 0O
Q AL
- >0

Al(Ot-Bu); - t-BuOOH
( )3 . )J\ 90%
Ph t-Bu—O\AI( 1
~0

benzene, 25 °C

OH
Ph

Oppenauer oxidation of secondary alcohols - pivalaldehyde (hydride capturing agent)

use of bidentate aluminum catalyst
CHO
0]

OH
e
10 mol% 300 mol%

5 mol%
4 AMS
CH,Cl,, 25°C 91%
3.2.4. Rearrangement and Fragmentation
3.2.4.1. Beckmann Rearrangement  _
©)
R?-C=N-R?! S 2 1
RL__R? R,AIX X R, _R
N _RAX ¢ = =n
N. X
OSO,R' @
R?-C=N-R!
H
60%

X =R, SR, SeR'
1. Pr3Al
2 DIBAL
CHZCIZ
. N
H N OTs 25°C HHH
Pumiliotoxin C

1. EtZAICI
R
—_—
2. DIBAL
88% Muscone
OTBS

i MABR

CHO
88%, 100:1

3.2.4.2. Epoxide Rearrangement
e MABR (2 eq) @ Ji
-78°C
i MABR
Ph3SiO i0 A i
3ol MABR (2 eq) Ph3SiO 5 H Ph3SiO
CH,Cl,
-78°C

Al-15



3.2.4.2. Epoxide Rearrangement

%TBDMS

MABR (2 eq)
_— >
CHZCIZ

TBDMS
79%

_ MABR (0.2 eq) _ © MABR (2 eq) CHO
A 0SiPry StPr; T~ T
CH,Cl, CH,Cl, Lo
0 _ 0 -3
74% 25°C 40°C 93%

3.2.4.3. Claisen Rearrangement

_ / ATPH-Br : 62% (>200 : 1)
J\/ J Ai— NaBH, J/\L . (\L ATPH  :66% ( 50:1)
> > MAPH :86% ( 32:1)
Bu” N0 CHOerlz Bu OH Bu OH ViABR  41%( 1:10)
toluene
-78 °C /\/K H R
. ) 50( | MABR /g —
A-strain makes R axial Me A — -
O~ Me™ \~q 5 CHO
ic side chai R|_—| MAPH RO ;
Aromatic side chains Al = —
make R equatorial \//\\\L/O A|I Me\'ﬁ// - mHO
— | H R
3.2.4.4. Meerwein Pinacol Rearrangement
Alkyne-Co complex strongly stabilzes a cationic charge at o.-position
— neighboring group participation toward the B-cation
CO O
( )s MeoAl, )2 o
CO co MesAl 00(00)3
S R — Co(CO)s
CH,CI,
-20~20 °C Co(CO)S
58-78% R
AlMe:;
Bu r 7
M /
5;@9@% esen | £OBL o] x
Co(CO) - / N /
o~ O : toluene (0C),coy” 9 7@ (0C);coly O O
% -4510 0 °C Bu % BU %
B MezAl +BuLi : R=Me : 83%, 99% ee
Et;Al + BuLi :R=Et 73%, 99% ee

(Me3SiCC),AIEt : R = Me3SiCC : 85%, 99% ee

Et;Al + DIBAL :R=H

3.2.4.5. Other Rearrangement and Fragmentation

HO = AI(OTf); o —= Q=
" (15 mol%) . @
CH2C|2 74 74
\ 7810 0°C L &)

SAlLn “AlLn

Al-16

1 94%, 99% ee

\
N
80% O/‘



3.2.4.5. Other Rearrangement and Fragmentation

o - ATPH - o
ATPH 6’
MeLi
SPh  toluene-Et,0 S .SPh
-20°C SPh
SnPh3 E = .
i 1O ] 96% (Z:E =1.3:1)

3.2.5. Radical Initiation and Reaction
Reduction of alkyl halides - aluminum alkyls (EtzAl or i-BusAl) and BuzSnH

Alkyl aluminum - radical initiator (Pr3Al, O, or UV)

Br CO,Bn i-BuzAl CO,Bn
CO,Bn BusSnH = CO,Bn  73%
toluene, -78 °C
dry air
EtA THPO
THPO _~_ ~_Br > ~ N
BusSnH 75%
toluene, -78 °C
dry air
Y
MegAl CX
CroHa X+ CYXq CH,Cl, > Clonl)\/ 3 83~95%
-25°C
Stereocontrolled addition to a,3-unsaturated carbonyl compounds
B _MAD 7
o O
Ph |l s-trans Ph
O — = @]
BU3S|"|H Et3B %
toluene, -78 °C
[90 mM] .
- = = 79%, 92% de

the function of MAD:

1. reduce the LUMO of the B-carbon

2. fix the conformation of the unsaturated ester
3. initiate the radical reaction

0
ﬁg MAD or i-BuAl ﬁ
‘ Bus;SnH -
A i-

MAD : 80%, 84% de
BusAl : 68%, 64% de

toluene, -78 °C
dry air

Effect on the a-position of carbonyl groups - high stereoselectivity (Et,O effect is also noteworthy)

SIPh3
(20 mol%)
+ MegAl
SiPh; (20 mol%)
O O /\/SHBU3

toluene-Et,O 81%, 80% ee
-78°C

Al-17



Problems - Organoaluminum

Draw the product of each step /k'ﬁBn k
NN

1)

_N—AI—N_
F3C028 l\l/le SOZCF3
10 mol%

-

o) 0
= H + HJ\Br 0 o
/ DIEA, CH,Cl,, -50 °C CoH1oMgBr
Sen CuBr (10%)
THF, -78 °C
T A AgNO3 (10%)
0”0 OH

DIEA (5 %)
-
87%

(-)-Malyngolide

(2)

14% Ni(COD),
21% (R)-BINAP

O
\ OMe DIBAL
toluene, rt
3
i-Bu,Al(OPh)
o pyridine
reflux
4)
a 9 ATPH LDA
(2.2 equiv) (1.2 equiv)
+ PhCHO > >
toluene THF
-78 °C -78 °C
b) ATPH LDA
(2.2 equiv) (1.2 equiv)
/\/\/CO Me + PhCHO > >
TN 2 toluene THF
-78 °C -78 °C
5
©) 1. ATPH
<~ OMe TiCl,
toluene, -78 °C CH,CI,
80% reflux, 90%
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4. Indium in Organic Synthesis
Indium is stable in air, nontoxic, tolerant of water, environmetally benign regents

1st ionization potential: 5.8 eV - effective s.e.t. agent
4.1. Allylation and Propargylation
4.1.1. Allylation and Propargylation of Carbonyl Compounds

4.1.1.1 Regioselectivity
In general y-allylation with carbonyl compounds with no sterically bulky group involved

L L
0 Y a n o In OH
e S A I EEEEN
R H Rl = 2
R
RZ

a-addition in the presence of 10 M water - T.P. Loh
v-adduct was converted to the more stable a-adduct by oxonia-Cope rearrangement

9] o v | OH OH
n 2
R
Ry P ENRe THO AR+ le\/\
2
1 2 ; ) . R
R R yield oy E:Z
Ph Me 60% 99:1 55:45
Ph Ph 72% 98:2 E
c-CgH11 Me 85% 99:1 70:30
c-CgH11 Ph 71% 99:1 90:10
PhCH,CH, Me 67% 97:3 55:45
PhCH,CH, Ph 50% 99:1 95:5

Fluorinated organoindium reagents

OH
Br |n/H20
/}( + PhCHO ———> ph X
100%
F F F F
Ph Sn, InClg oH Ph
AN + PhCHO ————> Z
CF,Br H,0 Ph
67% FF
TIPS F
H F
HW 67%
In (ag)
TIPS——CF,Br ——» T'PS\{/IXE
‘In \ F
_ \_F
PhcHO™  TIPS—= oh
519% HO
In/H,0 /OKH/\
n/Hz
FsC Br + PhCHO ————> XX
3 \/\/ 87% Ph :
anti:syn = 95:5 CF3

In-1



4.1.1.2 Diastereoselectivity
Effect of proximal groups on diastereoselectivity in the addition of allylindium to carbonyl group

R Solvent Time (h) syn:aanti  Yield (%) free OH - syn-1,2-diol
OR BS H,0 35 1:39 90 et d%n:-ls-tqilolz "
TBS  H,O-THF 25 1:42 87 protecte - anti-1,2-dio
CHO TBS THF 36-50 1:4.0 92
H H0 5 9.8:1 85-90
i (] b
In o
Br > S 3
S/Ejiéo e HCI(pH3)-EtOH S @) /%/ET" /,Ir|1—L
(9:1) HO <o |
© Bla=651 O
73%
O
=~ > t-Bu
H,0, 25°C,1.5h
80%
t-Bu de >97:3 -Bu
OH In
Ph + o~ Br THEHO@1)
Ph 90%
0O de > 98%
O In
H o+ _~_Br THEHO@D
Ph = ;
96%
0O de > 98%

In

© s
m - THF-H,0 (1:3)
3 N—/ 68%

‘CO,CHPh,

Felkin-Ahn Selectivity

OR2 /\[C02CH3 In
—_—
T H0

Br
R? R? 1:2:3:4 yield (%)
CHs TBS 3:97:0:0 75
Ph TBS 5:95:0:0 92
c-CgHy1  TBS 13:87:0:0 72
c-CgHi1  Bn 7:88:5:0 79
1
RV L R OR? -



RO

4.1.1.2 Diastereoselectivity
Oxygen-bearing Allylindium Reagents for 1,4-asymmetric induction

O-Silylated allylindium - anti selectivity; hydroxy-allylindium - syn selectivity

— L L —_
R=H
syn
| —— HO R’
Br OH
+ In - -
H,O - A
R'CHO
----- L anti
L —> TBSO
R =TBS
R R' yield (%) anti:syn
TBS i-Pr 72 76:24
TBS Ph 83 75:25
TBS c-CgH11 71 75:25
H i-Pr 95 11:89
H Ph 79 13:87
H C'C6H11 91 14:86
v-Oxygenated allylindium to give vic-diols
0 OH
k In
Br 0 +  PhCHO 016 Ph A
0
syn:anti = 85:15 OCOCHjs
1,3-Dichloropropene in the presence of Lil
OH
In, Lil
c”™Fcl +  PhCHO oE Ph X
-60 to -30 °C Cl
83% syn:anti = 92:8
Allylindium Reagents prepared by Transmetalation
Sn, InCl 0 GO
PhCHO + EtOZC\/\/Br ﬁ Ph\(/;\/:y e Ph\/k/
2% H
96% H COEL OH
anti:syn = 85:15
OH
CHO InCl -
e S —»3 N
O/ ¥ N7 "SnBug acetone
-78°Ctort
90%
anti:syn = 98:2

In-3



4.1.1.3 Other Allylation Reactions
Cyclopropane Synthesis

Ar = p-MeOCgH,: 60%

Ar Ar
§ 1. B i, THE N Ar = Ph: 83%
2. 1M HCI, Et,0, air
ArT o @] Ar” o Ar = p-CICgH,4: 79%
Miscellaneous
Prop-2-ynyl bromide
OH OH
— PhCHO
/T\ > -
Br Br M0 | " InH,0  Ph o
Br 53%
o O
In o
OMe OHC\O EtOH - 0.1 M HCI (9:1)
X
94%

Two-atom ring-enlargement reaction

1. InfH,O-THF (2:1)

Br
Q /
CO,Et

2. DBU/THF
1,2-Dione
/\/Br, In
0 MeCH, 0.1 M HCI
OEt
90%
O

Glyoxal monoacetal

OMe In OMe
EtOH, 0.1 M HCI
CN ' . CN
+ Br »
Meo)\| 0% MeO
0O OH
B-Keto phosphonate
In =
I Br _THF OH O
)K/P—OE'[ + o AB s _
\ 93% R—OEt
OEt o P
OEt
a-Chlorocarbonyl compound
o O In HO O
Br _THF
MOEt A 10 OFEt
Cl Cl

Ph\/\/Br ,
Nal, DMF

In O

92%

masked a-hydroxy aldehyde

y-Allylation
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4.1.2. Allylation and Propargylation of Compounds other than Carbonyl
4.1.2.1. Imines and Enamines

Stereochemistry was controlled by the chelation between the nitrogen and the hydroxyl group
of the imine with indium

i-Pr Ph i-Pr
In
+ Br [
PhAN/'\/OH e DME /\)\NJ\/OH
H 95%, dr >99%

Imine allylation in aqueous media are limited compared with the carbonyl compounds
1. Lower electrophilicity of the C=N group

_ ]:> Sulfonimines are used in aqueous conditions
2. Ease of hydrolysis to carbonyl compounds

Solvent Yield (%) syn:anti

THF:H,0
~oo~_-Br 2
& 1Y _ 0:100 90 76:24
O “=NSO,Ph |n, solvent o 50:50 94 93:7
NHSO,Ph 10:1 99 93:7
Enamines
Addition of one equivalent of acetic acid accelerates the reaction
1. AcOH |

4.1.2.2. Alkenes and Alkynes

Allylindation with terminal alkynes proceeds in DMF to give 1,4-diens
Proximal hydroxyl group is essential for clean allylation

N InL OH
AN OH + = 2 _— /><\/\ + />%k/
91%, 65:35

Regioselectivity depends on the presence of an adjacent free OH group

Free OH — > linear 1,4-dienes
Protected OH or No OH —— branched 1,4-dienes

OH OH

n-Bu =

n-Bu—— . > W /Q)\ Wb
86% MeO MeO Z
OMe OMe

:ﬁ _— WOH \\ .

OH 80% 90%

MeO MeO

Allylindation of allenols affords 1,5-dienes via hydroxy-chelated bicyclic transition state

RS PP
4 0
N RWI”LZ DMF 4 /—_ /!n\ Rl
OH T R el
RVT) RS 140 °C [ OR?
R

5R3
R H
X “OH R1=R2=R3=R*=R%=H, 100%
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4.1.2.3. Other Compounds
Reaction with Acetals and Epoxides
Trifluoroacetaldehyde hydrate or hemiacetal in H,O

OEt Br Sn, InCl; OH
+ N —
FsC~ "OH ~ H,0, 15 h FsC N 85%
Aldehyde dimethyl acetals in aqueous THF
OMe In OH
Ph + N UBr >  Ph
OH
zox AN . T J/\/\
/ )\/\/ +
Ph THF Ph = Ph X
90%, 9:1
Reaction with Acid Chlorides and Related Compounds
@) @)
In
Br —— RN
+
Cl N DME
Cl Cl 82%
P
N
@) Ph NQ In In, PhSO,CI
— ' 2
PhM - /\/Br E—— /\/SOZPh
88% H20 H20 64%
0] O
P B _In_,
P eN Y % h,o  Ph N 73%
+ N i~ 86%
Ph N0 N H0 ~ o
Others
MeO,C._ _CN In NH,
In, PhSeSePh 2N~
i Br -
/\/SePh - O~ > MeO,C -
Z THEH,0 = H,0 A
80% (20:1) 100%
Ph. Ph. .O
N N/\/ N
Ph—NO, + B - *
H,0O-CH3CN (1:1)
| 51%, 16:1 |
Me,S -
o TBeéOTf Me,S OTBS | _~~_Br, In OTBS
/\)J\/ > /\/\/ _— =
- 65%
OTf
Cl —
=
& B n Q/\ Af )
NS _ = _—
NTOX DMF N N 90%
CO,Ph 65% CO,Ph
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4.1.2.3. Other Compounds

Others
. . Br
Ti(Oi-Pr), . In Bn,N =
PhCHO + BnpNH ——————> BnZNYOTI(OI | ————— 7" W
-i-PrOH Ph 74% Ph
@]
TMSCI
_—
In /\/Br
63% o
4.2. Reformatsky and Other Reactions
@]
0 0 0
. O L» o th In, Br\)J\OEt
%OPh ¥ DMF N._Ph THF - N
62% 60% Ph Ph
OH
o o Lo Il PhCHO =
CCILCN  + Py — 4 C&CN I'DMF-H,0  ph
Ph™ "CH;  73% 3 5 Cl” > SPh 83% SPh
syn:anti = 2:8

4.3. Reaction in Combination with Transition Metal Catalysts

The reaction proceeds via a n-allylpalladium(ll) complex then reductive transmetalation with Inl

to give allylindium compound

CO,-t-Bu
AcO ]\
o Pd(PPh3), J
Inl ’
—_—
44%
H = ’ 0T N
o

Cascade reaction with allenes (three component coupling)

Pd(0 OH
Arll + —>( ) de(ll) —n_, J\)\
Arl Ar’CHO  Art Ar

XPd
s
! // Pd(0) |
— =
s }
OH
R
In
> |
RCHO
0

In-7

CO,-t-Bu

g

Art Ar? Yield (%)
Ph 4-MeOC¢H, 64
S

( ) 4MeOCeH, 66

Ph Ph 43

R Yield (%)
Ph 52

S

@ 51
0

@ 50




4.3. Reaction in Combination with Transition Metal Catalysts
Coupling of vinylindium with organic halide in the presence of a palladium-catalyst

PhCH,InL, InL, PhCH,l Ph Ph
Ph— > —_— —
Pd(PPh3);  Ph H  49%
Lzlnwlan .
= Ph Phl, LiCl Ph
PhCOMe T > MeW\mLZ W Me ~ “Ph
olnL, (PPhs)s OH 81%

Br

>—: o =
Br

Alkylindium compounds react with chloroarenes in the presence of NiCl,(PPhs),

. Me
Me_ Me NiCly(PPhg),
MeZN"”‘_O 2mol%
Me”

Palladium-catalyzed cross-coupling of triorganoindiums with vinyl and aryl triflates or iodides

Br

R Yield (%)
Rain + 3 ! FPABPhClL 3 R H(P::CH zg
/©/ THF, reflux /©/ z
PhC=C 90
Bu 82
Me 85

Ni(PPh3),Cl,

Rgin + 3 ch Tz, g R
DIBAL, PPh;
THF, reflux R = Ph: 74%

R =Bu: 83%

Palladium-catalyzed cross-coupling of triorganoindiums with acid chlorides

R R Yield (%)
O Pd(PPh;),Cl, 0 Ph Ph o
RzIn + 3 R ST et Y h
i R'AQ THF, reflux R')J\R PhC=C Ph 94
Me Ph 97
Ph Me,C=CH 87
Ni-catalyzed conjugate addition of triorganoindiums PhC=C Me,C=CH 90
to enones
Q 0
Ni(COD),
BU3|n + e
THF
80% Bu
Palladium-catalyzed cross-coupling of allylindium
| X
o~k sz(dba)chCI3=
LiCl, DMF, 100 °C

93%

In  Ph X""0Co,Me
/\/Br —_— 27 Ph/\/\/\
Pd(0), 90%




4.3. Reaction in Combination with Transition Metal Catalysts
Indium-mediated palladium-catalyzed Ulimann reaction

I
oo ()
acetone-H,O -

OMe 26% MeO OMe

4.4, Reduction
4.4.1. Reduction of Carbonyl Groups
LilnH,, prepared in situ by 4 x LiH and InCls in ether, reduces aldehydes.
Acid chlorides are converted to esters by LilnH,, and esters are little affected.
The reducing power is increased by introduction of phenyl groups: LiPhInHs, LiPh,InH, etc.

Cl,InH, prepared by InCl; and BusSnH, reduces carbonyl compounds and debrominates alkyl bromides

o) LilnH, OH 0 ClyInH OH
PI—L— ¢ N, —= L
R” "H ether R” H R™ 'H THF R™ "H

i [InH3{P(CoH1)s}] i”
Ph”” “CHs 100%  Ph” “CHs

Selective deoxygenation of carbonyl groups in the presence of halogen, ester, ether, and nitro groups
by a combination of chlorodimethylsilane (Me,SiCIH) and 5 mol% of InCls.

o)

. InX3 (5 mol%) X =Cl: 99%
MesicH + 0 BT ool S B o
Ph™ "Ph  CH,Cl,, 25°C X=1 88%

Deoxygenative allylation of aromatic ketones
by chlorodimethylsilane, allyltrimethylsilane, and catalytic InCl; in CH,Cl, or CICH,CH,CI

@]
i . InCl5 (5 mol%) Me_ H
MeZS|C|H + )J\ + /\/SIMeS >
Ph” “Me CH,Cl,, 25°C, 2 h PhM
86%

4.4.2. Reductive Coupling
Indium-mediated pinacol coupling of aromatic aldehydes in H,O is promoted by sonication

o n oH Ar = Ph: 70% (dl:meso = 5:3)
PR — AV%N Ar = 4-MeCgH,: 80%  (5.5:1)

Ar” H H,0
2 Ar = 4-FCgH,: 51% (2:1)

sonication OH
0 cat. InClg OH Ar = Ph: 67% (dl:meso = 68:32)
A )LH 7, Ar\(&Ar Ar = 4-CICgH4: 59%  (50:50)
r Mg, TMSCI o Ar = 4-MeCgHy: 69%  (56:44)
THF Ar = 4-MeOCgH,: 43%  (85:15)
InCl3-Zn-mediated deoxygenative coupling of carbonyl compounds gives E-alkenes
R? R? Yield (%) E/Z
. InClz-Zn . ) Ph H 93 98:2
Rg MeoNort Ry QR 4-CICgH,  H 90 86:14
R2 7~9 h R2 R2 4-MeCeH, H 88 90:10
4-NO,CgH, H 70 70:30
Ph Me 60 80:20
n-pentyl H 72 70:30
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4.4. Reduction
4.4.2. Reductive Coupling
Aldimines by In in aqueous EtOH or by InCl;, TMSCI and Al in THF
Reductive homocoupling of alkyl and aryl iodides with In in DMF

In
H,O-EtOH Ph Ph In, DMF

PhCH=NPh —————» Phi et Ph—Ph
NH,CI PhHN NHPh 8%
100% 0

4.4.3. Dehalogenation

Cl,InH - reactive species R Solvent Yield (%)
InCl3 (10 mol%) Ph toluene 97
O PPhs (20 mol%) O 4-MeCgHy4 toluene 93
Bu;SnH _ 4-CICgH toluene 80
R™ > Cl 3 > R “H 614
~-30°C CI(CHy)s THF 83
Cyano anc_JI nitro su_psUtuents tolerate H,C=CH(CH,)s THF 92
the reduction condition

Cl,InH as a radical initiator

InCls Br In
BusSnH MeOH Ph
Br ——— Ph — » R
@/\ THF, rt, 2 h ©/ Ph)\g/ roflux Ph” XX
o6% Br 88%
R Yield (%) E/Z
Ph 95 95:5
R Br In, EtOH R 4-ClCgH,4 92 82:18
= o 4-MeOCgH,4 88 75:25
Br NH4C|'H20 Br ) .
15~18 h 4-MeCgHy 90 76:24
3-MeCgH, 91 70:30
PhCH=CH 80 60:40
Br InCls (cat.), NaBH, H
Ph > Ph\)\
Me 90% Me

Reduction of a-halocarbonyl and benzyl iodides by indium metal in H,O with sonication
(Simple alkyl and aryl iodides remain inert)

0 0
In In, H,O
PhCOCH,] ——— >  PhCOCH Br —
2 3 %Ph 0.01 M, SDS APh

H,0, US
sodium dodecyl sulfate - micellar system

Allylic iodides or acetates

RIHN S n RIHN S RIHN S
I "X - I
o Ngvl THF-H,0 o N% o N\(\\k
CO,PMB 73% CO,PMB CO,PMB
R! = PhCH,CO ! basic condiion |
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4.4.4. Reduction of Other Functional Groups

R Yield (%)
In, H,O-EtOH _
R_FZ 2 - PhO 90
40~50 h PhCH,0 45
| PhNH 90
n
Ph CN EtOH-H,O-NH,Cl  Ph CN c-CgH11NH So
= - < PhCOO 5
CN 86% CN
Ph,SiHCI
PhYPh InCl3 (5 mol%s) Ph._Ph
OH CH,Cl,, 87%
Acy0, In
o InCl;, MeCN o InCl; (cat.) Ac
I+ flux N - \
Ph. N’ reflux  _ ph_ N Ph—N MeOH-CHCl; . pp_N-0AC
7 7Ph 95% 7 "Ph o 81%
Alkyl radical addition to imine
i-Prl, In 5  In. MeOH NHTs
,In__ MeO,C.__NHNPh :
MeoZC\&NNPhZ 2 2 N T .
] =

Indium reduces imines, iminium salts, quinolines, conjugate alkenes, nitro groups, azides, and oximes

H
In, NH,C| I NH,CI
80% T ew N
H
/©/NOZ In, NH,4CI /©/NH2 " In, THF HN-
e |
o 95% N Rl)\ R ACOHAGO A

RZ
65~100%
In, HCI
R-N3 ———— R-NH,
THF-H,O 85-96% NO,
~ 0
—»
IDh\)\c:Hg, MeOH-H,0 Ph\)\cH3
In, NH,CI 85%
Ph—s—s—ph EOHreflUX_ o o
97%
4.5 Indium Salts as Lewis Acids
InCl; and In(OTf);
4.5.1. Diels-Alder Reaction
Incl endo:exo
3 _ .
R =CHO 91:9
20 mol%
@ . l _como z R = CO,Me 90:10
R H,O
100% R

Without catalyst, the reaction yield is 60% (endo:exo = 74:26)
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4.5.1. Diels-Alder Reaction

_Ph
+ —_——
o NP o MW Z&
85%
NO,

Imino Diels-Alder Reaction

other substrates for imino DA
3¢
O:N @ InCl3 (20 mol%) c @ or
+ -
\©\ CH4CN, 95% NH o)
N

Z>ph o

Tum

h
c.f. NO,

(@]
OzN\©\ InCl3 (20 mol%) }@\I
+ >
CH5CN, 70% H
NZ >Ph o) i

Three-component coupling reaction

endo:exo = 67:33

OMe IN(OTf)3 o
0, -
+ PhCHO + PhNH, —(&:3mo%)_ Z N
51%
TMSO o Ph
4.5.2. Aldol and Mannich Reactions
R Yield (%)
. Ph 88
OSiMe InCl3 (20 mol%) O OH
® 4+ RCHO 3 - )J\)\ H 91
Ph 23°C, H,0, 15 h Ph R CO,H 91
2-Py 96
4-Py 96
OTMS Incl ArNH O
HO ANH, + Rl _ ™8 L ho
H + r 2 R2 Hzo R2
o) R o R*R!
Ar = 4-CICgH, R! = Me, R? = OMe, 31%

Rl =H, RZ=Ph, 63%

4.5.3. Michael Addition
The conjugate addition of 1° and 2° amines to a,B-unsaturated carbonyls is promoted by InCl; in H,O

R? R? RS Yield (%)
OTMS INCly 0 H H Ph 67
20 mol%) Me Me OMe 82
RE (20 mobe)
* R3 Q Me  H Ph 86
R2 R3 (syn:anti = 65:35)
R R2 H (CHy)3 90
(de 65:35)

T
Iz
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4.5.4. Friedel-Crafts Reaction

In (1 mol%)
PhH + PhCH,Br ——— Ph”” >Ph
80%
Reductive Friedel-Crafts alkylation R Yields (%) (0:m:p)
InCl3 Ph 99 (15:4:81)
O (5 mol%) R 4-CICgH, 91 (16:3:81)
Me,SiCIH  + R ){ + AH —— \( 4-CNCgH, 97 (32:10:58)
Ar _ 10
ArH = toluene 4-NO,CeH, 87 (29:10:61)

Bis-indolylmethane

In(OTf)3
(5 mol%)
]« -
71%
N
H CHO
Catalytic acylation Sulfonylation
OMe InCl5 (1 mol%) OMe OMe OMe
AgCIlO, (3 mol%) In(OTf)3
+  Ac,0 > + PhSO,Cl ——
82% 98%
o:m:p = 40:0:60
Ac SO,Ph
4.5.5. Heterocycle Synthesis
The Prince reaction _
Cl cl
OH |nC|3 \L\(%)
PhCHO + — > | Ph O Ph|— >
ph)W CH,Cl, T 81%
Ph* "O” "Ph
'/cf Cl
OH |nC|3 L\ﬁ—\/ W
PhNCHO + S ol | £O=tpPh T ¥
CH,Cl, + 85%
O~ "Ph
PhCHO I/\/ I
+
X OH  “chcl,
54%
Cl
Z InCl3, SnCl,
_— >
* PhCHO 42% cis:trans = 19:81
OH 0) oh

[3.3] Oxonia-Cope Rearrangement
Branched homoallylic alcohols are converted to the thermodynamically preferred linear regioisomers

RY R? antisyn  Yield (%) (E/Z)
OH In(OTf)3 OH c-CeHys Me 80:20 78 (68/32)
le\/\ _(10 mol%) RlWRZ Cc-CeHus Ph 98:2 81 (E)
R2 ng'joc'é c-C¢Hyy  CO.Et  85:15 69 (85/15)
Ph CO,Et  86:14 19 (E)
PhCH,CH,  Me 50:50 72 (55/45)
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[3.3] Oxonia-Cope Rearrangement

OH QH
10 mol% In(OTf)3 AN
CH,Cl, -
71%
o)
4 1 i "o
RICHO 2 = !
RN R $0\>/R1 —> RZMRl — Rz/\/\{R
R? H H OH

Oxonia-ene type cyclization o

RZJ\H

2 O 1
_In©Th; ;R R
CHZCIZ CH2C|2
40 °C W\ 0°C \\

Yield (%) R! R2 Yield (%) (2,3-trans:cis)
65 c-CgH11 PhCH,CH, 95 (65:35)
81 C'C6H11 CH3(CH2)7 69 (6238)
97 C'C6H11 Ph 72 (8020)
75 C'C6H11 C'C6H11 77 (8713)
o) 2
2 (0] 1 O Rl
OH RZJLH §o+ R R™ | 1,3-shift
1 o
Y\)\R Y\)\Rl - f 40 °C 4
RZ
Aziridine synthesis
Ph
_Ph 0 I
N InCl3 (2 mol%) N
| + NZ\)J\ N X
Ph) OEt CH,Cl,, rt, 1~3 h PhACOZEt
50%
Quinoline synthesis
O InCI3 / S|02
X
_—
PANH, — + \)J\ Microwave _
85% N
Thioacetalization
InBr3 S
PhcHo + M SH = ~  ph< j
S
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Problem Set - Organoindium

Draw the major product of the following reaction

(1)
O 1. INfTHF-H,0 (1:1)
Br OH + pPhcHo 28MHC -
75%
)
Ph
X 1. A B In, THE
2. LiBr -
Ph" ™" 70 3 g0
4. H30" (0,)
®3)
In
N\/Br + /K/CHO W»
2
91%
(4)

InL
+ /\/ 2 - =

5
©) Q IN(OTf)3

CHO (0.5 mol%)
| + PhNH, + | T
e} @)

(6)
MesSi SnBu InCls
2 PhCH,CHO + N L
CH,Cl,

68%

(7) Explain the mechanism of the following reactions

OH In(OTf)3
(10 mol%) U<
RJ><\ " RCHO

R = PhCH,CH, RCHO (0.1 equiv); 25 °C, 54% (81:19)
RCHO (1.0 equiv); 40 °C, 60% ( 3:97)
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5. Zinc in Organic Synthesis
Zn: relatively low abundance in nature; easily isolated from ores; non-toxic metal

Organozinc: easy preparation; high functional group compatibility; excellent reactivity in the presenece of
the appropriate catalyst

5.1 General overview
5.1.1 Historical perspective
1849, Frankland (Germany) - searching for the preparation of ethyl radical

Et-l + Zinc powder T’ Et-Zn-Et (colorless liquid)  reacts violently with H,O and explodes in O

Organozinc reagents were replaced by organomagnesium reagents due to their low reactivity; moderate yields
Only a few synthetic application - Reformatsky reaction (zinc enolate)

1942, Hunsdiecker - preparation of functionalized zinc reagents
Insertion of zinc powder into various alkyl iodides bearing an ester group at a remote position

RO,C-(CHy)-l + Zn ————> RO,C-(CHy)n-Znl n>5
1962, Wittig and Jautelat - new functionalized zinc: Zinc carbenoid
PhCOzCHz-Zrﬂ PhCOz(CH2)4'Zn|
Simmons-Smith reaction: cyclopropanation

Modern organozinc chemistry

Nakamura and Kuwajima - Homoenolates Negishi - Pd-catalyzed cross coupling reaction

o)
OEt ZnCl, o Ph-I
> i .
OSiMe;  ether  Zn OEt /,  (0-Tol3P),PdCl, (5%) OEt
THF, nt 79%

Rieke Zinc: prepared by the reduction of zinc halides with lithium naphthalenide
Zinc reagents from aryl iodides and aryl bromides

Rieke Zn CuCN 2LiBr Q
0
2)}\ O
Cl

Gaudemar - Preparation of functionalized allylic zinc reagents

Ph_-N._CO,Et
COLEt Zn, THF COEt T
—_— _— >
%‘\/Br it /“\/ZnBr

Ph™ N @)
THF, 20~30 °C )\ 78%, > 95% ee
CO,Et

>L (Barbier reaction) SO,t-Bu SO,t-Bu
SO, Zn, THF M»
Br PhAN,Ph NH THF N,
Ph Ph Ph Ph
imine 65% 65%

- Preparation of 1,1-bimetallic reagents

/\/BI’
~ Zn, THF N 1) Me;SiCl X
+ —_— _—  »
MgBr |
_ 35°C, 1h o 95r 21, Hex
Hex MgBr ZnBr

SiMe;  75%

Zn-1



5.1.2 Nature of the organozinc reagents

I. Organozinc halide: RZnX

Zn
R-X ——> R-ZnX
THF
X=1,Br

Il. Diorganozinc: RyZn - enhanced chemical reactivity compared to alkylzinc halide

iodine-zinc exchange boron-zinc exchange
Et»Zn 1. Et,BH
R-(CHp)yl — 2>  {R(CHy)z}pZn RN
CuX (cat) 2. EtoZn

[ll. Lithium or magnesium zincate: M*R3Zn" - more reactive than diorganozinc

R,Zn +R-Li —> R3zZn'Li*

5.1.3 Uncatalyzed reactions of organozinc reagents

halogenation, oxidation, cyanation, phosphorylation, stannylation, silylation,

Ph (radical mechanism) Ph lodination Ph
% Et,Zn, THF RN Iy N
> n ——— » |
PdCl,(dppf) (1.5 mol%) 78°C to 0 °C 7%
| 0~25°,2h
cyanation
Zn, THF Ts-CN, THF
AcO(CHj,)gl — > AcO(CHjy)sZnl ——F7—> AcO(CH»)sCN
40~45°C,2h 0to25°C,2h 83%
CH,ZnBr CH,CN
CN
Ts-CN 1. CuCN 2LiCl
B ——— —_—
2. Ts-CN 80%

5.1.4 Catalyzed reactions of organozinc reagents

transmetallation and subsequent reaction except MnX, or CeCl,
Negishi reaction - Pd(0) catalyzed cross coupling reaction

RCu(CN)Znl from RZnl and CUCN 2LiCl - preparation of reactive polyfunctional copper organometallic reagent

R)]\R R/\)J\R R, R,
1 R,COCI 2 L
R,CHO oH
R——=——R = RCu(CN)znl : R)\R
Ri——X 1

/ N\%Y
XX R1 R/\/Noz
1

R R___ Cu
- : 5
A,

n-2



5.1.5 Structures of organozinc reagents

Diorganozincs (R,Zn) are monomeric with the exception of dialkynylzincs
Organozinc halides (RzZnX) form dimers or higher associates via halogen bridges
More complex structures for organozinc alcoholates

Me\ /Me
R. X< .R O—Zn
U n zZn Me_/T1 ZMe
R—Zn Zn—R 7N 0 —
N X X Mel 721 O~ Me
%n /O—Zn
Me \
R Me

5.2 Preparation and use of organozinc halides
1. RX + Zn —> R-ZnX

2. R-Li + ZnX, —> R-ZnX + LiX (less used)

3. Br~_~_-CO,Et EtpZn2eq) Brzn._~_ CO,Et

Ni(acac),
(5 mol%)
55°C,1.5h
General reaction: Transmetallation and coupling reaction
L L
I R-ZnX I
E-X + Pdl, — E-Pd"X ———> EPdR —= ER
L L
CuCN 2LiCl E-X
RZnX ——————> RCu(CN)ZnXx ———> E-R
[\ CO;Me _ZwCu o~ CO2Me __Phcoct | PhY\/COzMe
benzene/DMA Pd(PPh3)a
o 94%
O . 0
/\/NJ< 1.Zn* THF 2. (PhsP);PdCl, A~UN
I - — MGOZC - —_
z (@] CH2Ph /\/l z (@] CH2Ph
CO,t-Bu MeO,C CO,t-Bu
68%

5.3 Preparation methods of diorganozincs

Higher reactivity than organozinc halides; transfer only one of the two organic groups

Conventional method

distillation
ZnCl, B —— up to Hex,Zn
2RMgX —> RyZn + 2 MgCI(X) ; /\
d
ether _dioxane_ R,Zn + CI(X)Mg *O o) ¢
precipitate
New Methods
1. lodine-zinc exchange reaction s
2. Boron-zinc exchange reaction Etzsz 'W ] hydroboration
3. Nickel catalyzed hydrozincation reaction
R,Zn RN

hydrozincation

/n-3



5.3.1 lodine-zinc exchange reaction
Radical mechanism, catalyzed by Cu(l) salt

for akyl iodides - without solvent, 50 °C, 2~10 h, requires 1.5~3 equiv of Et,Zn

functional group compatibility: ester, ether, halide, or cyanide

1. Et,Zn 1. CuCN-Z(I)_iCI o)
° THF, -20 °C
I/\/\CN 55°C, 12 h ZnNCN) .
2.0.1 mmHg 2 2. MesSiCl CN
50°C,2h -10°C, 12 h 83%

2-cyclohexen-1-one

1.i-Pr,zn *2MgBr,

> <:>_ ether, 1t, 1 h > L. CuCN- 2LiCl
R 2.0.1 mmHg
A

2 ANBr
50°C, 2h i-Przn //_ 61%

in situ generation of i-Pr,Zn by the reaction of i-PrMgBr and ZnBr,
MgBr, facilitates the iodine-zinc exchange

Asymmetric addition to aldehydes using chiral catalyst

Ti(Ot-Bu),
O toluene /\/\/(')\H
Pent,Zn + /\/\)J\H NHTf N Pent

8 mol%
O motve 83%, 95% ee
NHTF

rt,1h

Mixed diorganozinc reagents - reduce the required amount of diorganozinc reagents (from 2~3 to 0.8 equiv)
Me3SiCH, group: non-transferable group

Pent,Zn + (MesSiCH,),Zn ——=——>  PentZnCH,SiMe;
0.8 equiv 0.9 equiv 1.6 equiv
Ti(Ot-Bu), H
PentznCH,SiMe; + PhCHO —— >
1.6 equiv 1.0 equiv NHTf  Ph Pent 92%, 97% ee
8-15 mol%
“NHTF

5.3.2 Boron-zinc exchange reaction

Exchange for primary diethylalkyl borane proceeds at rt within a few minutes.

CO,Et ELBH CO,Et 1. Ety,Zn 3. allyl bromide CO,Et
. .
/\)\ 2 EtzB\/\)\ 0°C, 5min THF, CuX cat. W
COEt  t,3h 88% CO2Et 2.0.1 mmHg -80 °C to rt . CO,Et
° 0°C, 5 min 85%
1. Et,BH, 40 °C, 4d D,0
1 —_— > [N
O‘ 2.i-Pr,zZn, -10 °C, 12 h Zni-Pr - _7gocto 1t D

47%, 98:2 dr

Zn—4



5.3.3 Hydrozincation of olefins
Using Et,Zn in the presence of cat. Ni(acac), and COD
Good for allylic alcohols or amines

Et;Zn 1. Me3SiCl

. -~Zn
/\ﬂ% Ni(acac), cat. 0.1 mmHg o 2. CuCN-2LiCl
PivO COD cat.

: 50°C, 4 h 3. CO,Et
50°C,2h OPiv Br

-78 °C to rt
5.4 Preparation and reaction of triorganozincates

more reactive than organozinc halides and diorganozincs
1,2-addition to aldehydes and ketones; 1,4-addition to conjugate enones

R-LI + RoZn —> R3ZnM thermally stable ate complex
R-MgX

ZnCl, + 3RM —> RzZnM + 2MCI

RILi + (R?),zn — RYR?),znLi mixed zincates
RIX + (R?3Znli — RYR?),znLi + R2X
Homologated organozincs

| RsZnLi | R _ . 12-migraton | E
—C—X — —(IZ—Zn R M _— —(IZ—R _—
X X Zn(L)
zincate carbenoid homologated organozinc

OH

OPiv

alkynylzincate homologated organozinc

R
H30+ >_<

/

H
Br i R R
>:< RsZnLi _ CH,COCl >:<

Br Zn(L) Pd(0) COCH,

\ R
R'Br >:< .
Pd(0) R R': aryl, alkenyl

R

not L~
Br 3/7 A

. R R
v< RaZnlLi CH,COC]
~N— ( Pd(0) N0

Br Zn(L) COCHj;

RE— R
PAO)  ~

R’
Br  RyzZnLi R E-X R

R —— R — r<
Br Zn(L) Pd(0) E

/Zn-5

R'" aryl, alkenyl

CO,Et

67%



5.5 General Reactions

5.5.1. Palladium and nickel catalyzed reactions

Pd(PPhs)4 (1mol%)
zncl  +  Br NO; - O NO,
THF

23°C,6h 78%

Br CH,CO,Et

0O .
Ni(PPhg), (cat
ORISR e
69%

5.5.2. Simmons-Smith cyclopropanation

OH
EtZZn CH2|2
CH2C|2 97%, >98% de

5.5.3. Reformatsky reaction

i M
X > XM
Ry \J\Rl

R2 R2 2 RZ
0 0 0
Br\)}\ Zn M63S| BF3OEt2
R + OEt — = R OEt
SiMe; 30~70% 50~97%
j\ 0 n BrznO @ J\/&
+ Br - _ S
R \Hj\o Et Ruoa R OEt
SiMes SiMe, 79~89%

7/n—-6



Problem Set - Organozinc chemistry

(1)
CO,Me OEt
OSiMe;
ZnCl,, Et,O
CuBr-Me,S
HMPA, THF
83%
)
H
Q 1. c-Hex,BH
I 2. EtyZn
H >
Me,N
HO
1 mol% 75%, 99% ee
(3) MezNOCQ \\\CON Mez
O. .0
| (2.2 equiv)
HO\/WV\OH Bu .
Zn(CHl), (4.4 equiv)
DME, CH,Cl,, 0 °C
90%, 91% ee
(4)

1. MegZnlLi (2 equiv)

@7(83—0/% 0°C,2.5h >
F i 2. PhCH,CH,CHO

o -85 °C, 15 h
57%
(5)
1. BuzZnLi
Br -78°Ct0 0°C _
- 2. CH4COCI
64%
(6)
Rieke-Zn* HMPA
64%

/Zn-7



6. Organocopper Reagent

H
CH3MgBr 0o CH3MgBr )\/ﬁ\
AN - =
A* /\)J\ Cul (cat)

6.1 Preparation of organocopper reagents

a. Alkyl Copper

R-Li + Cu(l) —— R-Cu + L" [Cul, CuBr-S(CHjs),, CuCN]
b. Cuprate
2R-Li + Cu(l) — RyCuLi + Li* HsC-Cu~CHg
.y N . L=\ L
Dimeric structure in solution (ether, THF) - [LiCu(CHs),]» HsC—CuCHs
B-Hydride elimination
H\ ’R
( (GH _
- CH R-Cu—H + H,C=CHR
ol Saec ROTH M
Li+ Li

c. Higher-order Cuprate

3R-Li + Cu(l) —— RsCuli, + Li*

d. Mixed Cuprate
[RC=C-Cu-R]Li, [ArS-Cu-R]Li, [(CH3)3C-O-Cu-R]Li, [(cyclo-Hex),N-Cu-R]Li, [Ph,P-Cu-R]Li
[CH3-S(O)-CH,-Cu-R]Li, [N=C-Cu-R]Li
Efficiency of ligand transfer

vinyl, Ph > Me > Et >i-Pr > t-Bu >> PhS, R,N, RC=C
dummy ligand

e. Higher-order Cyanocuprats (stable)

2R-Li + CuCN ———> R,CuCNLi, [(R,CUCN),]* 4Li*
[R,Cu] [Li,CN]™ dimer

f. Mixed Higher-order Cyanocuprates

2-
@—qu(CHz)3CH3 * & —

CN
(CH3)3CH3
1. Cp,ZrHCl H (CH3)2Cu(CN)Li H
CHg(CH,);C=CH ———2————> CH3(CHp);C~C, ¢H3 32 £ CHs(CH,),c—C_ ¢Hs
2. CHgli, - 78°C \(I;—zrcpz -78°C \CI:—Cu(CN)LiZ
H H
CHs

SnBus Cu(CN)Li,
©/ + (CH3)2CU(CN)L|Z I ©/

CH,),C=CHCH,CI LiNaphthalene CHs3),C=CHCH,),CuCN]Li
(CH3), 2 CuCN, LiCI [((CH3) 2)2CUCNI]Li

Cu-1



6.2 Reactions

6.2.1 Nucleophilic displacement on halides and sulfonates
a. Aryl or vinyl halides

| CHs
+  (CHg)Culi ——
©/ 32 ©/ 90%

PhCH=CHBr + (CHg),CuLi — PhCH=CHCHj3 81%

Mechanism: Oxidative addition and migration
_ R
R-X + R'5Cu —_— R—(I:u-x e R-R' + R'CuX
R’
b. Vinyl halides with B-EWG
#8__ COCH3z  R,Culi ¢  CO,CHjg
— —

X H R H
l cis addition Ttrans elimination
4, CO,CH 2%
iy W 2 3 JJJ;‘,, \\\COZCH3
X H R H
R Cu Cu
c. Allylic halides and acetate SN2 process
y SN2 RZCE‘) N
/\/ SNZI RCu - BF3 Hzé:\gt' —_— R'ClI,I_CH2CH:CH2
H,C~X R
(SN2 process)

R-CH,CH=CH, + RCu

o (CH3),CuLi d-orbital
— V7 e

O -<— o*-orbital

/

n*-orbital

d. Propargylic acetates, halides, and sulfonates

9 CH3;MgBr + LiBr + Cul
Oroebiosis’ - onont A

CEC_CHCEJHll + CH3CU-LiBr'MgBr| I /C:C:C\ 100%
best reagent H3C CsHig

e. Coupling of Grignard reagents using Li,CuCl, catalyst

1° halides and tosylates:

1) Li,CuCl,

H,C=CH(CH,)gMgCl + Br(CH,);;CO,MgBr H,C=CH(CH,),0CO,H  >90%

2) H*
2° sulfonates:
CHy(CH)MgBr +  CHyCHCH,CHg — 8 CH(CH,)eCHCH,CH,
0-S0,CHs CH,
Li,CuCl, 17%
CuBIHMPA 30%

CuBr-S(CHgy),, LiBr, LiSPh 62%

Cu-2



6.2 Reactions
f. a-Halocarbonyl compounds

BrCH, OCH;4 BrCH,

OCH3

6.2.2 Epoxide opening reaction

o)
AN+ (CHg)Culi ——=  CHyCH,CHCH,CH;  88%
CH3CH, On
/J\(‘ +  (CHgpCuli —— CHg\)\)\
e OH

6.2.3 Conjugate addition to a,f-unsaturated carbonyl compounds
best copper salt: CuBr - S(CH3), or CuCN
add PR3 to improve the reactivity (Noyori, T etrahedron Lett. 1980, 1247)
0] Ph O

PBU3
\(\)J\ +  PhCu-Lil —— 84%

not a free radical mechanism
a. corelation of the reactivity towards 1,4-addition with the reduction potential of the carbonyl compounds

Reduction potential (V)

Reduction -1.2V -2.4V No Reaction
o) (@] (@]
-1.63 OCH
Ph/\)l\ 7@ ° 220 7@ -2.43
OBu
Q 0o
g = -2.12 2.95 CO2Me
tBu— )= /O)k 2,50
t-Bu t-Bu
Pr—=——CO;Me -2.26
>=<C02Et 2.13 Q/\COz Me
2.54
COzEt 0 t-Bu
A~ -2.33
OMe oN
MeO,C oes

Q

)=( -2.14 O
COzMe )\H‘\ 2.35 t-Bu

+ -
(/ZCuLi — (/\EcUu + e -2.40 V
Me,CuLi —>= Me,CuLi + e 235V
+ -
thCULI - thCULI + e -2.30V
+ . —
(/\/)CuLi _ </\/>CuL| + e 210V
2 2

\)J\ > \)k N-CN > \)J\ RO/\)J\OR

Cu-3



6.2 Reactions

6.2.3 Conjugate addition to a,B-unsaturated carbonyl compounds
b. o,B-Unsaturated esters, nitriles: reduced reactivity with dialkyl cuprate (RoCuL.i)
Use RCu - BF3 (RLi + CuCN + BF3- OEt,) Yamamoto J. Am. Chem. Soc. 1978, 100, 3240.

TMSCI: accelerate the addition of cuprate - good for o.,B-unsaturated esters and amides

Mechanism
0 Cuq | o
: _Slow R "
R,CuLi  + /\)J\ >__2\; /R
R' R" H'
R' H
d-rc* Complex
Corey Tetrahedron Lett. 1985, 26, 6019 jTMS-C|
OTMS 1l OTMS
R n R,Cu "
H\\)_/g;R rd.s. ZH“>_/2;R
R' H -RCu R' H

reductive elimination

c. Enantioselectivity
mixed cuprate reagents with chiral anionic ligands

Q . 9 R ee
[RCuUA ]Li Et 9
: | ,/'R Bu 89
Ph\:/\nlj/\/“‘\ (CH3):COCH, 85

B A

d. Tandem conjugate addition / alkylation

(@] 1. H>=<H

Cu”  CHCHoCH(CHa) _1.NaOMe o
op Ve OH
2. \)oj\ 2.h0

SiMes

e. Conjugate acetylenic esters - syn addition (kinetic product)

+
Bu,CuLi H Bu H
CH;—C=C—CO,CHj Chnbank - > 86%

CH;  CO,CHs

f. Mixed copper-zinc organometallics
compatible with many functional groups; mild nucleophile; useful in conjugate addition
Preparation: add CuCN to R-Zn-I

O 9 @]

t-Bu—C~OCH,Cu(CN)znl

97%

O\n/t-BU

@)

Cu-4



6.2 Reactions
6.2.3 Conjugate addition to a,B-unsaturated carbonyl compounds

f. Mixed copper-zinc organometallics

0
Cu(CN)ZnBr Q
@ + C-Ot-Bu —— » Ot-Bu
CH,=C
NO, “CH,Br NO, 79%

- Catalytic copper species with organozinc reagents
Lil + TMSCI + cat. (CH3),Cu(CN)Li,

O |c|) O
\ C\ TM S'Cl
I B (CH2),Cu(CN)Li
) 3)2 2
Li-| Ph
' 5 molo%, -78 °C 85%
@]
dialkylzinc + 0.5 mol% CuOTf + phosphines or phosphites
0]
+ EtZn CuOTf (0.5 mol%)
2 P(OEt) (1.0 mol%) 100%
Et
Cul or CuCN (10 mol%), BF5 and TMS-CI
2 0O
Zn |
Br ZnBr ——
| Cul (10 mol%) 96%

BF3 (1.5 equiv)
TMS-CI (2.0 equiv)

g. Mixed copper-magnesium reagents (Normant Reagents)
Addition to terminal acetylenes — Alkenylcopper reagents (syn addition)

EtMgBr + CuBr ———> | EtCu-MgBr,

CH;—C=CH —»¢ CEt>_<— :“'MgBrz b Et>_<

3 CHj H

- Catalytic process

Grignard reagent + catalytic copper salt

_ BuMgBr _
PhCH=CH~CHCH; > Ph—CHC=CHCHs
O-C—t-B CuCN (1 mol%) B
yo bu u 95%

(@]

o) CuBr
BUMGBr * X ™10 moio)

CuCl
QMQ Br + CHZZCHCOZEt T —— QCH2CH2C02Et
(1 mol%) 68%
QC:N ' Mgel  ——— QEH
- g (2 mol%) 95%

Cu-5



6.2 Reactions
6.2.4 Ullman coupling - coupling of aryl halide

(Organocopper Intermediate)
O,N

Cu-bronze
g —
220 °C

NO2 NO
EWG 2

lower the reaction temperature by the use of soluble Cu(l) salts: CuOTf
homogeneous condition

NO
NO2 CuoTf 2
—eeee -~
o - ()
25°C, 24 h

O,N

New type of Ullman coupling - mixed diarylcyanocuprate

Arl-Li + CuCN —> ArlCu(CN)Li

. Oz
ArLi + ArfCu(CN)Li —— Arl—(l.‘,u(CN)Ll —= ArlagR
low temp. Ar2
OCHg,
OCHj, OCHj
CH30 1. t-BuLi, -100 °C O

g © OCH
o 2. CUCN, -40 °C [ 5
CH,O o -

Cu-6



7. Reaction Involving Organopalladium Intermediates
Palladium reagents - expensive - catalytic process

Organopalladium species - generated in situ i |
reduction R—CIZCH3
7.1 Pd(ll) - Reaction with Alkenes pPd2* Nu
Nu H - Pd(0)
RCH=CH, +  Pd(ll) RCH=CH, —— > R-CCH,Pd** ———— R-C=CH,
| _ H+ |
Nu Nu
B-elimination

7.1.1. Reaction with H,O - Wacker Reaction

ethylene —— acetaldehyde
Pd(ll) catalyst, O, (stoichiometric oxidant), CuCl, (catalytic oxidant)

Pd?*
H,0 ,. - Pd(0)
CH,=CH, —————> HO-CH,CH,-Pd?* T» HO-CH=CH,

CH=CHy; + Pd(Il)

. B-elimination
<mechanism>

0]
1/20, )k
2Cu*t CH,=CH; H CHs
_ -
OH Pd 0 CuCl,PdCl,
2Cu2+ =
\ HZO DMF, O,
Pd?* 78%
PA® + H* CH,=CH,
Oxidation of simple internal alkenes is very slow
H,0 S
HO-CH=CH, /& j\ 2 PdCI2

HOCH,CH,Pd?* HCIO4

Neighboring group participation

O
NadeCI4 NadeCI4
{AQy)L\

O O
COzMe >
N t-BUO,H. 83% )J\/COW'E CeHs t-BUO,H, 59%  CeHi3
AcOH
Oxidative rearrangement
H\O PdCI
. PAChL(PhCN), L2 = pdc
> — - 0

BQ, THF, 67%

clpd)
+ PdCl, +H,0 —— 0, | —
H
0

C”:’(;3 O
PdCIz, CUC|2
+ HO —— % o |—
ACOE, 82% "
NC NC NC

Pd-1



7.1. Pd(ll) - Reaction with Alkenes
Methyl enol ether

—_—

CHO PhzP=CHOMe «__OMe Pd(OAc),, Cu(OAc),
> N >
Ph > Ph H,O, NaHCOs, 92%
PdOAC
OMe NN
Ph Ph Z “CHO
OH
7.1.2. Reaction with Alcohols
ORI RIO
R~ + 2ROH + PdCl - Rf— + = + PdO) + 2HCI
: R
OR major minor
OH 0
W PdCl,, CuCl, ﬁ\\\/\
= I —— ©
DME, 45%
OH
o) MeQ
[%CHZCN o CN + PdCh/Cucl, ————> N CHCN
o B MeO
OH
© HO— o o 0 =
=+ — + >
Ph)k/ HQQ PhMO Ph)J\/\O OH
NapHPO,4 75% 0% acetalization
none 41% 33% Michael addition
MeO,C =
2 PACL(MeCN),, Ccucl ~ Me0C
+ MeOH >
Me” “OH

0,, 71%, 88% de

Oxypalladation / alkene insertion

OH o
0 Pd(OAC),, AcONa
() + ~om -
Nal, rt, 72%
R3SIiO S
3510 R5SiO
o . OEt
s o
> " pdX
RSi00
0

Pd-2

T\ e

Me™ "O %OMe

OEt




7.1. Pd(ll) - Reaction with Alkenes

Phenolic Oxypalladation
O

0
_ NaOMe, MeCN O | flavone
O O LioPdCl,, 75% o
o 0
- —_ > +
5 on o o

7.1.3. Reaction with Carboxylic Acids
OAc
—

5 mol% ea.

@ Pd(OAC),, Fe(NOg); | AcOPd, ¢
0,, ACOH, 92%

Pd(OACc),, MnO,
AcOH, BQ, 73%
0]
TL 25, 4187 (1984); 26, 2171 (1985). Aco\/K/\/K/\/U\
O Pd(CF4CO,), AcOH, BQ 1.94
N N - o -
o-methoxyacetophenone 1
X

AcO

T um

OAc

rt, 2 d, 85%
OAc
H H OAc
X Pd(OAc),, BQ
= MnO,, 70%
H H
base solvent O
Na,COs, DMSO o
~_~_COxH >
= 70% S
PdCl,(MeCN),
O
A ~COaH ACONa, MeCN o
90% X
10 mol% /

Pd(OAc),, DMSO
AcONa, O,, 71%

©j\% O
CO,H 1 equiv.

PdCl,(MeCN), N
Na,COs, 86% O

Pd-3



7.1.4. Reactions with Amines - aminopalladation

Oxidative amination proceeds smoothly for aromatic amines, amides, and tosylamines
which are less basic than aliphatic amines that have strong complexing ability.

m PdCI,(MeCN), - m ©\/\)\ PdCI,(MeCN), @
- 0 o -
NH, BQ 60-90% N N BQ, 54% N
o) o)

PdCly(MeCN),, CuCl
NH + S COMe 2 )2 : iN/\/COZMe
O,, DME, 60 °C, 85%

Aminopalladation is stoichiometric reaction. When B-OH is eliminated instead of -H,
Pd(ll) is the elimination product (HO-PdCI) and the reaction is catalytic without a reoxidant.

OH

PdCI,(MeCN), =\ H
MOPMB - (P oPmB

67%, 97% ee

NHMe Me
—~ PdCl,(MeCN), ,—Apdq S~ A
O _NHTs | O. NT — = O_ _NTs +  PdCh
s
N 76% N hig catalytic
(0] O (@)
7.1.5. Reaction with Carbon Nucleophiles o
@) o) PdCl CO,Bn
2(MeCN), 2
)J\ + co,Bn + CO + MeOH >
Z>N” D0Bn A co, 92% MeO,C
H NHCO,Bn
O O
o O Ph
PdCl,
D U A )i—f . %
CuCl, o 0 Ph

Pd enolates by transmetallation of silyl enol ehters with Pd(OAc),

o)
OTMS by 00), o)
M — WJ\/PdOAc — .
PdOAc

87%

OTMS

0
meo,c. L MeO,C._ A
@ ? Pd(PhsP)s : ,
~ + _— ~ —_—
. ool @ @

Pd(OAc),

—_—

0]

4{ o} i
R /\/\)v N
TBDMSO PdOAC TBDMSO /\H/\/\/

h

un

\J
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7.1.6. Oxidative Carbonylation
PdX, + CO + ROH — > X-Pd-CO,R + HX

R co R
PdO) + HX + RO,C"N~R = ROLC™ Y ——= ROC
PdX OC—-PdX
lROH lROH
Pd(0) R R Pd(0)
+  ROLTY RO,.C™ Y .\
HX OR COR  HX
h PdClz, CUC|2 Ph
Ph..~» + CO + MeOH T \/\COZME
Dicarboxylation of cyclic alkenes
O
Pd/ C, CuCl, MeO,C COMe
+ + >
ﬁ’ © o MeOH  “acona, rt, 7196 jg:[
MeO,C CO,Me
O
PdClz COzMe CO COZMe
+ CO + MeOH - —_—
CuCl, MeOH
60%/ PdCI CO,Me 68
27
@/COZMe COMe (o CO,Me
i MeOH
ClPd MeO,C
H-Pd-Cl
@)
MeCN
= + PdCl, + H,O + CO — + 2HCI + Pd
72% o
Ph Ph Ph
PdC|2 CUC'Z . OH CO O o
AcONa, 79% PdCI
OH OH O O
Aminopalladation / carbonylation
@)
OH OH PdCI e
_ PdC'z CUC|2 . cO
AcOH, AcONa, 95% N
NHCO,Me N AN
CO,Me co,Me

Pd-5



7.1.7. Reaction with Aromatic Compounds

PAOAC xR R
+ Pd(OAc), ——> — —
@ (0AC), -AcOH ©/ mOAc
R
EJ/\V + Pd(0) + AcOH

Ph Pd(OAc Ph Ph PhH Ph Ph
\:( + phy —AOA >—,4No2 — >—( — >—f
Ph NO, Ph NO,

NG, 62% PI" " pdoac

H
OAc N
IO g oy
B
N /
H MeCN, 45% N
H
1. PdCIz(MECN)z, AgBF4, Eth \ N
2. NaBH,, 45% N
[reduction of c-alkyl-Pd species] H

X Pd(OAc), MeO,C._~ XN
Q * Zcome 9 V\(l
N Yo COH, 86%

| N O
Me Me
o)
i 98
+ \, _Pd©OAc), V
N 60% o) |
‘ N
o SO,Ph PhO,S

Catalytic Arylation of Alkenes
Catalytic turnovers are generally not high.  tert-Butyl perbenzoate - an efficient reoxidant.

1 mol%
/@ N /\COZEt Pd(OCOPh),, AcOH ~ /@\/\
9] PhCO3-t-Bu, 100 °C, 67% 9) =~ “CO,Et
100 mol%

Pd-6



7.2 Pd(ll) - Reaction with Allylic Compounds - stoichiometric reagent

Formation of w-allyl complex

X Pd* H HPd"
+ z + z
X Pd(ly —— o v Pd(ll) ——— v —
X: OAcC PdCl,
orH or Pd(02CCF3)2
R
N Nu A M Pd(0)
or —_— R 7N —_— . R S Nu — RCH=CHCH,Nu
R : 2+ de2+ -H
W/\ Pd |\'
OAc L
Efficient complex formation - Base in DMF or CuCl, and NaOAc in AcOH
Catalytic process: Pd® —» //\\ — pd°
Pd2*

O
CH30 Pd(PPh

CH(CO,Et),

CH50. g
o NaCH(CO,Et), o 57%
cl CO,Me CO,Me
|
Vi SOPh “
> —_—
PPh3, DMSO 75 °C, 89%

SO,Ph
)\/\ l CUCIZ )\/\
+ P —_—
X-"0Ac dCl 71% B

NaH, PPh
+ N X :

_—
DMSO, 52%
SO,Ph

)\/\/K/\/K/

PdCl,
CO,Me ———= N . CO,Me
0% A
Pd_
SO,Ph cl
)\)\ SO,Ph
COzMe
- X X N x_CO,Me
80% CO,Me
0 0
o+ Pdch
%

CHz(COZMe)Z O
—_— t
)% NaH, DMSO MCH(COzMe)z

~cl

Pd-7



Formation of w-allyl complex
O

0 cl
/ LDA, TMEDA
+ «;—Pd >
CO, 65%
(o
<Pd — Nu%Pd — N—=< + Pd(O)

cl
Pd — N
PdCI2 CpoZrCl
—_—
78%
0
Co

Carbonylation, Elimination, and Oxidation

CO,Et
NazpdC|4
<—Pd/ + CO + EOH ——> A COE %( Pd_
CO,Et
co Na,PdCl,
———— B0, N "ot ———  ((—pd
EtOH
CO,Et
m KN, ng + PdO) + HC
" ™ EtOH g
~Cl
PdC'z, CUC|2
EtO,C e e EtO.C .
2NN C0,E =~ 2NN o,k catalytic process
21
AcOH, NaOAc
(jij PdCl, (ji) MCPBA (j;)
T ee% §
d, OH
cl
SO,Ph catalytic
N 0,, UV SO,Ph Pd(OCOCF), SO,Ph
| - » X - \/\(
Pd.q 89% o 0,, UV, 95% ™S

Isomerization of

R
C=C bonds
| PdCIZ(PhCN)Z LIAIH(Ot-Bu); _
| 70% \& cl
HO™

Pd-8




7.3. Pd(ll) - Reactions with Conjugated Dienes

X
ANF o+ PdCl, + X7 —= {(Pd  — Ch "y X=ClLOR OAc
Cl
CIPd\)
)\/\)J\/ + Nay,PdCl; + MeOH ———
Ll
Pd MeG
X\~ /- €

MeO_\_/ —

The reaction is stoichiometric with respect to Pd(ll) salts, but can be made catalytic by the use of reoxidants.

rt
OEt —— EO N "cou
CO
+ PdCl, + EtOH —» @ E——
N EtOH 0
2

Pd(OAc),, LIOA
(OAC),, LIOAC > AcQOmm OAc
MnO,, BQ, AcOH, 93%

The coordination of a chloride ion to Pd
makes the cis migration of the acetate

Pd(OAc),, LIOAc, LiCl from Pd impossible.
MnO,, BQ, AcOH, 86% ACO_Q_OAC

OAcC

)\/
COzMe
©/C02Me Pd(OAC)Z, L|OAC, LiCl . O@—OAC

BQ, AcOH, 89%
OAc MnOZT 83%

PA(OAC),, ACOH, CF3CO,H Q Q
- R
CF3CO,Li, BQ, MnO,, 96% CF3CO, OAc  ggy,  HO OAc

Ao Et,NH, Pd(PPhy),
Nl 25 °C. 73%

P Pd(OAc),, AcOH
AN\ + LClI + LiOAc BQ, 25 °C, 81%

NaCH(CO,Me),
>  AcO CH(CO,Me),
Pd(OAc),, PPhy
25°C, 91% 98% cis

Pd(OAc),, LiCl
@ _ - AcO cl
BQ, LiOAc, 75%
98% trans

NaCH(CO,Me
’ (COMe)_ Aco—Q""'CHZ(COZMe)Z
MeCN, 80 °C, 90%

AcO

Pd-9



7.3. Pd(Il) - Reactions with Conjugated Dienes
Intramolecular reaction o MgBr m
|
©/> Pd(OAc),, BQ cl <Ojij/ CO,Bn
HN LiCl, 95% N Li,CuCl,

| I
CO2Bn CO,Bn Q
2 \/O
0 Pd
M PdOAC), \l(( /
X > HN D
N NH,  CuCl,, O,, 90% N N

O

O

P e
N NH N

2 CuCl,, O,, THF, 85%

O

O
OH Pd(OAC)z, L|2C03 _ //,}
BQ, 86%, 96% trans
AcO AcO

Catalytic reaction - use reoxidant of Pd(0)
stoichiometric benzoquinone or
Fe-phthalocyanine complex or Co-salen complex is used to reoxidize hydroquinone to benzoquinone

Faster reaction and Higher in stereoselectivity is obtained when (phenylsulfinyl)benzoquinone is used.

OAc
Pd(OAc),, O,, Co(salen)
© + AcOH on >
0=s, 85% : 95% trans
o= Dmo
Aryl- or alkenylpalladium by transmetallation
: Me
NHCOMe Li,PdCl, NH /%Pdc'
+ _— —_
Ve HgCl MeCN, 74%
COMe Me
N
+  Pd(O)
M
© a9
H = o
Cl CO,H LioPdCly,
> — < + i A
H HgCl 1%
@)
CO,H ) | @COzH N o
+ T CF3C02 3 N >
[ ] =

Pd-10



7.4. Pd(ll) - Reactions with Aromatic Compounds
7.4.1. Homocoupling

> +  PdOAc), —— O O foPd oy 2Acon
81%
JOC, 40, 1365 (1975) _Pd(0AC); O O
"CF,COH X X=0.NH

TL, 30, 5249 (1989)

MeO MeO
O N. LiPdCl O O N
Bu > MeO “Bu
NaOAc, 87%
O O
MeO

o (0]

MeO

MeO

Synthesis, 607 (1978)

_Pd(OAC), _
e

Pd(OAC)
Rﬂ;w{ By -

O @) O

7.4.2. Oxidative Substitution
OAc

Pd(OAc), ———> + AcOH + Pd(0)

OH NO,

Pd(OAC)z, 02 Pd(OAC)z, 02
_ T T
NO,

phenanthrollne

J -
9
5 b
-

3% 88% OAc 9%
Pd(OAC);, t-BUOH _ ©/COZH
A~ 1 am, 750

Pd-11




7.5. Pd(0) - Oxidative addition to halides or sulfonates (c-bond)

|2+
RCH=CHX + Pd(0) ——> RCH=CH—Pd-X

| 2+

| 2+ decomposition
Ar-X + Pd(0) ——= Ar—Pd-X RX + Pd(0) ——> R—Pd-X ———>
| | B-elimination
RCHZCHi/ \'—M
RCH=CHAr Ar—R'

7.5.1. Heck reaction (reaction with alkenes)

(Ph3P),Pd(0AC),
Br + CH,=CHCO,CH, N = CH=CHCO,CH;  85%
3

in situ reduction of Pd(lIl) to Pd(0): Pd(OAc), + 2PPh;

<mechanism> oph @\
3
OX|dat|ve |
QBr +  Pd(PPhs), Pd—Br — Pd(PPhs),Br

addltlon | CH,=CHY E
R3NHBr
Pd(PPh3)zBr
CH CHY C \CHZ _CHY

* High halide concentration promote formation of [PdL,X], which retards coordination to double bonds.
Use -OTf instead of -X to accelerate complexation with alkenes.

: .
@ o Pd(OAc),, PPhs O
I > O
N—C4< Et.N
| ¥ N\ 85%

Regiochemistry in Heck reaction P/\p p\/\
Ar-OTf —pd! o P! Ar
Pd(0) + dppeordppp —> Ar Pd —_— '?‘r —_— \,CZCHZ
bidentate ligand X_CH—CHZ X=CH-CH, X
0 a B @ B
a: X =-0OR, -OAc, -CH,0OH, —Nij , ERG B: X=EWG
Silicon effect
Q | Pd(OAc), 5
Ph—O—%—CFg, + CH=CHCH,Si— ——» (CH,=C—CH,Si—
o Y B | dppf Ph | 67% By =955
7.5.2. Palladium-catalyzed cross coupling reaction
7.5.2.1. Coupling with organometallic reagents
Ar-X ) Ar-RSp2 R-M: organomagnesium, organzinc, mixed cuprate,
+ SpR_M . , organostannane, organoboron compounds
o X \/Rsp
X: halides, sulfonates biaryls, dienes, polyenes, enynes

Steps in cross-coupling reaction:

oxidative addition - transmetallation - reductive elimination

Pd-12



7.5.2. Palladium-catalyzed cross coupling reaction
7.5.2.1. Coupling with organometallic reagents
7.5.2.1.1. Grignard and organolithium reagents with Alkenyl halides

H H BrMg H  Pd(PPh,), H H
o=+ D B — 75%
CeHi3 | H H CeH13 CH,
H
H __H _ Pd(PPhs), H H
+ C4H9L| —_— — 63%
C4H9 Br C4H9 C4H9

7.5.2.1.2. Organozinc reagents

CHs CH,
Pd(PPhg), o
ZnCl + Br NO, —— NO, 78%
[ CH Pd(PPh = CH
CHZZCH(CHZ)ZZnCI + >:< 3 M» CH2 CH(CHZ)Z>:< 3 81%
H (CH,)3CHg H (CH,)3CHg
7.5.2.1.3. Arylation of enolates
a. using t-BusP, Pd(OACc),
_ Pd(OAc), (1 mol%) o
? t-BusP (1 mol%) i
CH3CH=C-Ph + Ph-Br > CH3-CHC-Ph 96%
25°C,2h IIDh
O O Pd(OAC), (2 mol%) O O
M t-BugP (2 mol%) .
Et0” > “OEt + Ph-Br . > EtO OEt  86%
20 °C Bh

b. using BINAP ligand
OCHz Pd,(dba); (1.5 mol%) CH3O

Q BINAP (3 mol%) Q
CHsCH,—C-Ph + Br - CH-C—Ph
NaOt-Bu | 91%

CHs

c. O-silyl ketene acetals with BuzSn-F

O

OTBDMS Pd(O-tO|3P)2C|2 1l
— — =% Ar—CH,-C-Ot-Bu

Ar-Br + ;'/

Ot-Bu 2BusSnF

7.5.2.1.4. Terminal alkynes with vinyl or aryl halides "copper acetylide"
Pd(PPhg), + Cu(l)

H-C=C-R W» Cu—C=C-R (I:EC_R
Pd(0) 3 I R—pd RTC=CTR -+ PdO)
R—X —— R'-Pd—X

Enyne formation Pd(PPhs), (5 mol%)
Cul (10 mol%)

pyrrolidine

CH3(CH2)4CH:CH_CEC(CHz)z‘OH
90%

CH3(CH,),CH=CH—I + HC=C(CH,),-OH

Pd-13



7.5.2. Palladium-catalyzed cross coupling reaction
7.5.2.2. Coupling with stannanes

Cross-coupling reactions of aryl and alkenyl stannanes with benzylic, aryl, alkenyl, allylic halides
"Stille reactions"

Group that can be transferred from tin:
alkynyl > alkenyl > aryl > methyl > alkyl
Ligand

dppe dppp dppb
pp
PPh

dppf  Fe chiraphos 5—\ BINAP

«PPh
PPh2 thp PPh2 OO o 2

Ar-Ar coupling rates are increased by Cu(l) co-catalyst

Pd/C (0.5 mol%)

@\I + Bussn© culdOmo) - J \ 7%

S Ph3As (20 mol%) S
NMP, 80 °C, 16 h

Eaxamples
Pd(PPhs) CHs0
3 120°C,20h A
OEt 4(PPhy) .
Pd(PPhy), H
< > Br + Bugsn)\/\ > N OEt — ™
H
CH SnBu BrCH H Pd(PPhs) : :
3 3 2 3)4 >—<
= * P T  CHj CH, H  86%
H H CH30 CO,CH;  PPhs 2
CHzO  CO,CHs
OTf BusSn,_ H H
LDA H T™S o TMS
T e
2. szNPh Pd(PPhy), H

7.5.2.3. Coupling with organoboranes

Cross-coupling reaction of aryl or vinyl boron compound (boronic acids, boronate esters, boranes)
"Suzuki reaction” boric acid as a biproduct

Rate-determining step: oxidative addition or transmetallation

Base catalysis is required for boronic acids to generate more reactive boronate anion.

Ar—=X + Pd®° — Ar—Pd'—

Ar—B(OH), + OH

[Ar—B(OH)3]
[Ar—B(OH);] - + Ar—Pd'-X — Ar—Pd'-Ar + PBOH); + X

Ar—Pd'—Ar' —— Ar—Ar + Pd°
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7.5.2. Palladium-catalyzed cross coupling reaction

7.5.2.3. Coupling with organoboranes
Eaxamples

NG - @ Pd(OACc), (0.2 mol%) N 979%
2 <:> (HO)B K,COj3 acetone, water 2 ’
Pd,(dba); (1.5 mol%)
- - PBu5 (3.6 mol%) CH O O 879
3 (HO)-B Cs,CO3 (1.2 equiv) 3 ’
dioxane, 80 °C
1 s-BulLi Br” s ]\
BOH), —  ~ > 92%
2. B(OMe)s Pd(PPhs), S
3. H;0"
CH3(CHy)s B(Oi-Pr), @ Pd(PPN3)s  CHy(CH,)s Ph
S=( | — >=( 98%
H Y NaOEt Y H
CH3CH BR B H Pd(PPh CHy)gOTHP
U= r>:< PAPPRa)s ch CH2>_2:(( o 7304
H H H™  (CH,)s0THP NaOE H ’

Alkyl-aryl coupling using 9-BBN

' 0
CH3(CH2)7_B<>> * \©:O>

Bases
Cs,CO5 or TIOH > NaOH

7.5.2.4. Reaction with carbon monoxide (CO)
7.5.2.4.1. Reaction in ROH

Pd(dppf)Cl,
B
NaOCH3

H

CH3(CHy)7 0
> 18%
0]

H

CchHz . CH2CH3 Pd|2(PPh3)2 CH3CH2 o CH2CH3
>= + ——— 74%
H | BuOH H CO,Bu

c.f. complex of alkenes

MeOH
CH,=CHR + Pd? 5
CO, Cu**
<mechanism> 1
2Cu
2Cu?t
O Pd2+
I
MeO-C-CH,~CHR Pd°
OMe
MeOH

1l
Pd?*C-CH,-CHR

|
OMe %

CO

2+PdCH2—(|3HR
OMe

MeO-C-CH,-CH-R

OMe
CH,=CHR carbonyl insertion step
R-Pd®* — » R-Pd?-CZ0
C=0 ot
Pd?* l
CH,=CHR
Q - Q
I
j\ MeOH  |RO-C-R <—— Pd*C-R
+
Pd°

Pd-15



7.5.2. Palladium-catalyzed cross coupling reaction
7.5.2.4. Reaction with carbon monoxide (CO)
7.5.2.4.1. Reaction in ROH
Intramolecular version

CH;  H PdCl,(PPhs), CH3z 990¢
p— 0
o, 0 I
| CHCHs 0o —CHs
OH

7.5.2.4.2. Coupling of organometallic reagents with aryl or vinyl halides

stannanes or boronic acids

Q
R-C-R' >/ \&
R'— d|| c= O Pd”
Rgsnx/%\ Pd” j\
R4Sn “, H
(CH3)3Sn H Pd(PPhg), H
+ — — %
H Si(CHg);  C©: HiCl 86%
CH3 CH3

7.5.2.4.3. Tandem intramolecular Heck-carbonylation reaction

' Pd(PPh3),Cl, OCH,
5 mol%
N TIOAc (3 equiv)

o (IJHZPh CO, CH3OH 86%
CHZPh

7.5.2.5. Coupling of organostannane with acyl chlorides

RCCI

R— C R' V’
R-C—Pd'-R
O
38n

R- 9—Pd"—C|
R'4Sn (@)
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7.6. Synthetic Applications using Pd catalyst

7.6.1. 1,4-Functionalization of 1,3-butadiene - Backvall, J. E.

cat. Pd(ll) OH <Mechanism>
N + X+ Y ——> X\/\/\Y
oxidation o
X = OAc, OCOR, OR HO Pd(Il)

Y =Cl, OAc, COCR, OR

intramolecular
redox reaction

Stereocontrol Q
7\
) 'y
7/ N\

7.6.1.1. Heteroannulation Y
o}
AcO d
e S no LiCl
H X stoichiometric H
LiCl Cl E AN
—_—
H XH =X
AcO . H
cat. LiCl
:
o PdCI,(PhCN), p—t_>enzo_quinone AcO
©/\f K,CO3, THF mo LiCl, LIOAC mo
R E— _—
OH -18°C ) (0] HOAc, 20 °C O

Cl,Pd

NaCHE, E
Pd(0) E
—_—
cat. Pd(l) ¢ THF, 20 °C 3
L|CI 98%
benzoqumone 0] NaCHE, j

91% e, E

MeCN, 80 °C
97% e

Cat Pd(”) Cl 1. H,, PtO,
—_— —_—
benzoqumone N MgBr N 3. LiAIH,
\
COZBn
7%
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7.6.1.2. Carboannulation
Addition of vinylpalladium intermediate to olefins, which is formed by halopalladation of an acetylene

Br
Br = Br
l PdBr,(PhCN); Pd Br-bd J 4
"ACOH, 20°C
o o” "o oo

E_E cat. Pd(OAc),, LiCl Clu,,
benzoquinone

AcOH-acetone, 20 °C
I 40%

<Mechanism>
OH EE
>/:< N : I
HO PdCl,
2H*
intramolecular
redox reaction
o E.E
E E
Pd(0)~ Q)j\vu Cla,
PN
(0] Cl Cl \
cl S E OH o + ¢ "
2H* + 4CT
E E PdCI42' + B Pd(O) .....
\ syn
Cl i i
or }\ \ vinylpalladation OH 0
CI/Pd\ o~c|
7
7
(0]
7.6.1.3. Spirocyclization
Pd(OACc), (5 mol%) o

1, 86% (>98% trans)
2, 82% (>98% trans)

p-benzoquinone
Acetone-AcOH (4:1) \\Q(" n
20°C AcO"
n OH
Pd(OAc), (5 mol%) o)
p-benzoquinone, LiCl /)>
> “y =1, 73% (>99% cis)
Acetone-AcOH (4:1) /@( n _ N N
20 °C Cl =2, 70% (>99% cis)
ﬁ o

NHCO,Bn
©/\/\/ }—OBn >\OBn

/=0

£
ol
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7.6.1.3. Spirocyclization

o— O NBS, hv,2h Q1 PhySnH OH
,,/> A then N3.2C03, 12‘h AN 72%
77% 2. NaBH,
o _ 97%
theaspirone
PdCI(PhCN); H CHs 1. AgOAC H
> o + 0 : - o]
K,COgs, THF CHs H 2 LiOAc, AcOH CHs
100% 5’5'\ Ea benzoquinone  AC
cl 1:10 ¢ 73%
NaOH H MnO; _
—_— 0 ———> theaspirone
MeOH-H,0 . CHj 78%
95% HO"
7.6.1.4. Tandem cyclization
[4+1] Cycloaddition _ Pd(ll)
reparation of pyrrolizidine and indolizidine Nu >
prep Py S oxidation | Nu
cat. Pd(OAc), /
0 cucl, / 0, —Pd i Vi n
M%]LNHz - > [(\/ - N n=190%
THF, 60 °C HN n= 2’ 85%
O
0 NHs, NaCN, o Pd(OAc),, CuCl,, O,
M MeOH THF, 60 °C
NN NS  —— NN N -
OMe 75% NH 85%
PtO,, H,
/ EtOH LAH, ether
N 95% N 89% N
o] @)
7.6.1.5. Enantio-divergent synthesis |
MeO,CC
g NaCH(CO,Me),
Pd-cat A enzymatic §AC  pyridine §Ae Pd(OAc), §Ae
© diacetoxylation hydrolysis @ CH,Cl, THF, PPhs
R —_— > —_— .
OAc OH OCO,Me CH(CO,Me),
NaCH(CO,Me), 1. Pd(0) 3. KOH
Pd(OAc), 2.NaCN-H,0 | MeOH
1. Pd(0) THF, PPh; 2
DMSO H,0
2. NaCN
CH,COH  H,0 FH(COMe), FH(COMe),
DMSO AcCl, pyridine
- -
3. KOH CH,Cl,
MeOH CH2C02H
OH
H,0 OAc
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7.6.2. Palladium-catalyzed Metal-Ene type Cyclization

R2 R4
7
Rl

R3

NS

.

R® R!

Ene Enophile

R3

Excellent for intramolecular case
Otherwise, low yield
poor regio- and stereoselectivity

7.6.2.1. Allylmetal-alkene cyclization/B-elimination
7.6.2.1.1. Allyl Faciality

E N

E NaH, DMF

AcO™

Pd(PPhs)s, THF ©
N Ac O\‘\\

E
l%\;

E NaH, DMF

1-2% Pd
N 86%

|||||OR1

Hrm

R,
N 58%
7 12%Pd

1
\OR

E-dienyl acetate -

AcO

R,
N

W

68% |

R,
N

Pd(PPhs), (0.07)
ACOH, 75 °C

3h

Pd(PPhs), (0.07)
ACOH, 75 °C

3h

1-2% Pd
89%

mH

/

73%

1-2% Pd

Y

R,
N
o

\ OR?

inversion at the allylic center; retention of the olefinic configuration

Z-dienyl acetate - retention at the allylic center; Z-E isomerization
7.6.2.1.2. Alkene Faciality

NTs
=
|E
AcO” Ph H
NTs
=
|
AcO H Ph

Pd(dba), (0.1)
PPh; (0.3)
AcOH, 80°C, 5 b

supra _
carbometalation

Pd(dba), (0.1)
PPh; (0.3)
AcOH, 80 °C, 1 h_

supra
carbometalation

Pd-20

syn
D

elimination

syn
_—

elimination

Ph

NTs



7.6.2.1.3. Resident Stereocenters

Y R Cat (%) | Yield AB

Y<_R Y. .R Y_ .R
p < . + 0] n-Hex | Pd (5) 62 52:48
H || Z O | nHex |Nio)| 79 | 991
AcO A B CH, |CH,0Bn|Pd(10)| 67 | 72:28

Pd: Pd(dba),:PPh; (1:3), AcOH, 80 °C CH; |CH,OBn | Ni(10) | 88 97:3
Ni: Ni(COD),:dppb (1:1), THF, 20-50 °C

7.6.2.2. Allylpalladium-alkene cyclization / alkenylstannane coupling

sopn _ Pad); 01 o e aoen
SOPh (,@)3 (0.3) 2 2 2
= ZnCl, (2.2) | | | i
ACO R\/\SnBus (1.2) | . w ~ \l
0 .
THF, reflux R (t:c =10:1) (t:c =16:1) SiMe;
SO,Ph SO,Ph SO,Ph SO,Ph

SO,Ph SO,Ph

79% \LCOZEt EtOZCj 67% 65% LNHFMOC 75% LOTHP
(t:c =26:1) (t:c=99:1) (t:c =20:1) (t:c =20:1)
Pd(dba), (0.1) CO,Me SO,Ph
Y
Y p@>3 (03) COZMG SOzPh
Z |ﬁ ZnCl, (2) | |
AcO R\/\SnBu3 @) | |
THF, reflux R 72% 76%

7.6.2.3. Allylmetal-alkene cyclization / carbonylation
1. Pd(dba), (0.1)

N-COCF; PPh3(0.3) N—-COCF4 H N—COCF;
AcOH, 45°C, 12 h H..,
= | CO (1 atm) _ |

ACO 2 CH2N2

"Pd ~
Pd CO,Me

Pd(0) catalysis: Endo diastereoselectivity —> trans
Ni(0) catalysis: Exo diastereoselectivity =~ ——> cis

1. Pd(dba),, PPh,

Ts 2.H,0 H Ts
1 Y 2
CO, atmo wN 3. CH,N,
—_—
/(j J 77% .
-

LnPd*"

Pd-21



7.6.2.4. Allylmetal-alkene cyclization / carbonylation - Ni(0)-catalyzed case

N=Ts Ni)Ln (25%) —Ts ’ N-Ts N-Ts
_ THF-MeOH 4:1 H
- + Meozc w
CO (1 atm), rt | H H H

| CO,Me o
Ni(CO)sPPhs: 28% 47% ( 4:1)
Ni(COD), / dppb: - 80% (10:1)

o Ni(0), CO o
THF / MeOH, rt= H H +
He/ N\ 68% \
| MeOZC (@) MeOZC O

89 : 11

Pd-22



7.6.3. Palladium-catalyzed polyene cyclization
type-1

Pd Pd
spiro %
— — — —_—
Pd
type-2 L|near (II)\/ type-3 Angular
X X X Fused Fused Pd
Pd

Total synthesis of Scopadulcic acid B Model study

Pd(OAC), (1%)
PPh; (4%)
| ‘ A92C03
g

N
+
MeCN, 80 °C Q
HO,C = OBz OR
Scopadulcic acid B O‘ "

| 1. =— MgBr
| 4 steps _>A/

_— CHO
CHO 2. PCC, NaOAc
OTBS 3. TMSOTf, EtzN

40%

OTMS

1.80°C,1h

2 PPTS, EtOH-H,0
> 95%

. ‘ PU(0AC), (5%)
1. Ph3P:CH2 PPh3
2. TBAF O MeCN, 80 °C v
3. PCC, NaOAc
OTBS (0] 80-85%
DDQ OH 1. LAH Me
-78 °C 1. LAH
PhClI 1. mCPBA >
- 2. MeOTf 2. n-BulLi
reflux 2. NaBHg4 TMEDA
Te, EtOH pentane
reflux, CO,

OMe OMe OMe
1. Li, NHg
Mel Et,AICN
B —_—
2. Hyp, Rh-Al L
HO,C  OH g o
OMe
NH,NH,, HCI
LAH H2N OMe  HOCH,CH,OH
THF (@] 195 °C 4 steps
ki . -
5°C Lo \/' KOH, 195 °C l
HO,C OBz

Pd-23



Organopalladium Problem Set

1)

Pd(OAc),, CuCl
+ ZCco,Me -
oH O,, DMF, 82%

2)
o) CO,Me

PdC'Z(MECN)Z

(3)
LizpdC|4, Na,CO3

H,0, 72%

Z > coH

(4)

Br PdClz(MeCN)z
x_CO,Et -
@: Y THF, BQ, 79%

NH,

Pd(OAC)z, Eth
P(tol), 80%

()
CO,Me Pd(OAC),
—_—
OTMS 53%
(6)
OH Pd(OAc),, THF
A CO (1 atm), 68%
OH

Pd-24



	Organolithium
	Organomagnesium
	Organoaluminum
	OrganoIndium
	Organozinc
	Organocopper
	Palladium

