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Chapter 1. Formation of carbon-carbon single bonds

o3 X N \ /
wC + =C-X <— .c—Cc™ Ce o+ o™
y / TN T o N
nucleophile  electrophile radical
Strength of an acid
EWG EWG
ooH 4 _ solvent “\.\C_ +  BH HA H o+ A
\\ - \ I + _
base H A
K, = % pK, = -logK,
1.1. Alkylation: importance of enolate anions | stability vs reactivity [HA]
a. The acidity of the C-H bonds
compound 1 PKy i compound i pKa i compound i PK,
"""""""""""" A T
CHsCOH | 5 ! L 19 2
| | Ph™ "CH; | | |
Ne, O 5 | o | . PhaCH =40
<c | i | :
jxfﬂ\OEt L9 CHg/H\CH3 200 Q \~40
H™ H : ; o | | CH3-S-CH; !
o o | | R - | |
H H | | )Ok | | CHy |
| | . ~24 I
CH3NO, i 10 i CHy "OEt ! [::]/ !
Q0 | | CH,COH | ~24 | Ho
/J§K%k b1 | : 43
OEt | | |
HoH | | CHy—C=C-H | 25 | i
o o i a I I L
st > or | 18 | CHON | w25 |
H H | i i E H i 52

Anion Stabilizing Effect

NO, > COR > SO,R > CO,R > CN > SOR > Ph,SR >> H > R
Substituent Effect on pKa
Alkyl (+1~2), Halogen (=1~2), Vinyl (-5~7), Phenyl (-5~7), Sulfide (-3~5)

b. Formation of Enolate lons 0
] o7 9
+ . _— -
(ﬂ\ B: A Gt BA
sonance . .
H keto ~ ,) e Stability of enolate ion
e . /\
equilibrium X" "R | C-C bond formation resonance stabilization
l K=107~10" o (charge delocalization)
H
O/ R/\)k

/i\ inductive electron withdrawing effect

enol
tautomerization -4 -

X: leaving group (halides, sulfonates)



TsOR. pK, of the conjugate acid of some bases

conjugate acid / base i PKa i conjugate acid / base | PK,
H,O / OH ™ | 157 NH; / NH, 30
MeOH / MeO ™ A 4L !
B 5 5 N—H / NTLi* i 33
t-BuOH / t-BuO P19 | !
\ \ | i Lithium Diisopropylamide i
_Si _—Si : | (LDA) i
N-H / N— | 25 | - !

/ I s :
Hexamethyldisilazide i i RH /R ' ~50
_____(H™MDS) O U [

: | | . |
Cf. EtNH / Et;N Lo ' Ph-NH3 / Ph-NH, 46
+ | ' 1
Et,NH, / Et,NH 105 | Py-H / Pyridine 53
d. alkylating agents Elecreoegativity Scale
o 0 o 0 4.0 F

35 o

/\(Br
84% 3.0 Cl, N

EtOH

EtONa
EtOJ\/U\OEt Eto\)‘:i‘\OEt

Mechanism of alkylation 2.8 Br
Stereoelectronic effect (favors trajectory of maximum orbitals overlap) 25 C. S |
backside attack for Sy2 reaction 21 H P
CNu: __RX = Nu:l R X 2.0 B
, . Su2 -
alkylating agents 18 si
_ _ . i
the direction of the arrow is decided by the relative stability of Nu and X
X:~ good leaving group - stabilized anion (resonance or charge delocalized)
leaving relative conjugate pKa
X =1, Br, Cl, OTs, OMs etc. group rate acid
F- 10° HF 3.1
o O OSO,Me CH(CO,Et
N S e G R K R
EtO OEt -~ “CO,Et 68% CO,Et
Br~ 10" HBr -5.8
Steric effect (favors small size reactants for alkylation)
| 102 HI -10.4
i
primary > secondary > tertiary H,O 107 H5O* 17
N
) X X ’Z H R: MsO~ | 104 MsOH | 26
X
/\( X7 .
TsO 5 -2.8
ph 10 TsOH
L side reaction: E, elimination TfO ~ 108 TfOH -6.0




e. Medium Effects in the Alkylation of Enolates

Solvent Effects (classification: polar vs. nonpolar; protic vs. aprotic solvents)
General consideration: counter ion effect on the reactivity of enolate

covalently bound enolate anion bare or naked enolate anion
less reactive Mg?2* Li*, Na* K* more reactive

M-O bond length in &
Li: 1.92~2.00, Al: 1.92, Mg: 2.01~2.13, B: 1.36~1.47, Zn: 1.92~2.16, Ti: 1.62~1.73

1. polar aprotic solvent - fast enolate alkylation

0 o
I y v &O | TRV, VI
CH<x~ + CH CH-+"""CH I \ N / ' \ / l \
3 3 3 3 CHs CH, AN AN
DMSO DMF NMP HMPA
€ =49 € =37 e=32 ¢ =30

N-methylpyrrolidone hexamethylphosphoric triamide

lon pair dissociation by polar aprotic solvent — naked anion

(effective metal cation solvation only) more reactive enolate
2. polar protic solvent - less reactive o-R R R
|
H py_d O—
M* o~ bon _HOM+OH
)\ + R-OH —_— © H-0 " O-H

less reactive enolate
by hydrogen bonding

lon pair dissociation
(cation as well as anion solvation)

3. Slightly polar aprotic solvent - moderately good cation solvator

high aggregation easy workup and purification

H kinetic enolate generation
[ 5 \ CH3O/\/OC 3 g
THF DME

Additives: HMPA, TMEDA, crown ether
reactive enolate formation
9 00

—N N— EOL,_|IO:| by the selective cation solvation
/ \M,+\ o0 I:ONan

12-4 18-6
Properties of some solvents
solvent classification |dielectric const| solvent classification |dielectric const
H,O protic 78 DMF aprotic 37
DMSO aprotic 49 MeOH protic 33
MeCN aprotic 37 AcOH protic 6




f. O- vs C- alkylation

/1 i
-
major contribution
(a negative charge is located on the more electronegative oxygen atom)

Control of O- vs C- alkylation
Free enolates give O- alkylation

1. Counter ion effects

Mg™™ Li* Na* K' n-BusN*

- _—
C- alkyation O- alkylation

2. Solvent effect

polar protic or less polar aprotic polar aprotic
- E—
C- alkylation O- alkyation

3. Leaving group effect

HSAB theory (hard-soft-acid-base)

I, Br, Cl, OMs, OTs, R30'BFy

Soft Hard
C- alkylation O- alkylation
OO CH3-X O
X OTs 100 O

Hammond Postulate (J. Am. Chem. Soc. 1955, 77, 334)

Hard-Hard combination: Early Transition State

R
O o)
Controling factor: Enolate stability )J\/R > /&

Soft-Soft combination: Late Transition State

Controling factor: Product stability ~20 keal/mole

more stable

4. Stereoelectronic effect

ﬁiysr LDA j> _ %—\é . IL?:)::B
ether o o c)

r
0 r  ©ther 0 © tether

O



g. dialkylation

Mechanism
, Q@ 9 EtONa 6 O RX o 0
)y ML RX
EtO OEt  EtOH EtO OEt glow EtO OEt
B R
O O o0 O O O O O
ii) . _
EtOMOEt * EtOMOEt EtOMOEt * EtOMOEt
_ i I
O O 5 o
EtOMOEt < EtOMOEt
less stable R
more stable

i o 9 RX Q 0
il — . dialkylation

R R R
O O O O
EtOMOEt + EtOH EtOMOEt + EtO—  monoalkylation
R R
Cyclization
O O O O

EtONa
EtOMOEt OB O EtO OEt
EtOH 53%

Rate of cyclization - Kinetics

O O
EtO ogg "= 1 2 3 4
650,000 1 6,500 5
>S5
X
Ring Strain (Kcal/mol) - Thermodynamics
276 264
H\
O O o} (o

NaOH H*
J éﬁ N — )%g — CO,H
EtO OBt L5 HO o —, <} 2



h. Regio- and Stereoselectivity in the Enolate Generation

Stereoselectivity

0] B: ™ o~ o~

R\HK/R — R_A_R %\/R
H @) R (E)
c.f.> Stereospecific
Br Br
o Bry Br §H _ Me—H B Br, Br Sy . Me—H
H Br - Me——H H Br  H—TMe
erythro Br threo Br

Fischer projection

Regioselectivity

0 o o~ OTMS
B: ~ 1 l TMSCI
—» +
or ACZO \ /

Reaction Condition

Base: PhyCLli 1. Add ketone to slight excess of base 28% 72%
solvent: DME
2. Add base to ketone 94% 6%
room temp.
o) Ph 0 Lo o o~
- NHA
E i O ) i ) O
Ph kinetic thermodynamic
condition condition

1) Control of Regioselectivity
Kinetic Control

1. Product composition is determined by the relative rates of H* abstraction
. Least hindered H" is removed

. Hindered but strong base: LDA, PhsCLi

2
3
4. No proton sources: H,O or O,
5. Low temperature

6

. Cation: covalently bonded to oxygen Li> Na > K

When Ph3;CK was used as a base in the above example the product ratio (28 : 72)
changed to 55: 45.



Thermodynamic Control

1. Product distribution is based on their thermodynamic stability (equilibrium condition).

2. Most substituted (most stable) enolate preffered.

o DME OLi OLi
Ay A v AU
90 10
(@] DME OLi OLi

ﬁ)\/ LDA (0.95) Y\/ + W
A 98

3. Small and weak bases: NaOH, NaOMe, NaH etc.

4. H* sources: excess ketone, protic solvent

5. High temperature

6. lonic counter ion: K, Na

0] ) o}
H

t-BuOK LDA, THF 65 °C
t-BuOH Br hexane, -72 06 -

86-94% 77-84%

For Conjugate System

kinetic condition thermodynamlc condition _ +

O K
t BuOK
THF, -78 °C +-BUOH
thermodynamic condition
H i R g )J\/?J\ )\)OJ\
N NH; )J\/K X
kinetic condition

o 0 cross conjugation
X 7 X
LDA (2. 5
j\ -78 e j\
THF -

_10_



For 1,3-dicarbonyl compouns O

— _ W o O_
o 0 1.NaH,HMPA @ O Br P
M : M OEt
OEt 2. n-BulLi OEt

O O O O O O
1.H LDA (2
| 0 202 PhSe o ( ) 0
2.25°C PhSeBr
2) Regiospecific Alkylation of Carbonyl Compounds

1. Protection of active methylene site

KNH,
—»
NaOMe

1. BuBr | 2. H;0" 1. BuBr
reflux 2. H,0
0 0] 0
Q Bu
O U SeREAne
EtO
reflux
See Claisen Ester Condensation
hHQ t-BuOK y 0 HsC Q@
t-BuOH CH3
= CH3I = 2
f A A
NaOEt O H,0 Ho >CH
EtOH | H-C-OEt KOH | reflux
(0] OH (@] SBu

H H t-BUOK H,e O SBu
= n-BuSH = t-BuOH Z
—_— [ —
p-TsOH CHgl

_11_
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2) Regiospecific Alkylation (continued)

2. Silyl Enol Ether

o) OTMS OoTMS
1. NaH, DME
>~ +
2. TMSCI, Et;N

78% 22%
OTMS OLi O o)
CHali Ph” > Br
DME — Ph * Ph
25 °C
+ 84% 7%
(CH3)4Si
OTMS 0 .
1. t-BuCl, TiCl, ot g N
@/ CH,Cly, -23 °C @7\4“‘
2. ag. Na,COj
48%
3. Conjugate Addition of Enones
Q (CHg),CuLi  PhSeBr Q H20, Q reflux )U\
Ph/ﬂ\éf%\\ Ph/ﬂ\T/J\\ Ph/ﬂ\j/l\\ ph”
SePh _SePh
o)

H
+ O
3) Regioselectivity of Decalone System w
oo KT
H
O Li(2equiv.) OLi  BuBr ":i o
t-BuOH (1 equiv.) (Ij/ > (Ij
NH3 lfl ﬁ
H H

£

O  tBuOK OK  BuBr
{-BuOH |
H

-BuOK CHyl °, °

t.BUOH  rapid addition

8 B
@)
v

~60% ~3%
CH,Cl

—_—

~109 ~40%
slow addition 10% °

_12_



1.2 The Enamine and Related Reactions: Nitrogen Analogues of Enol and Enolate ion

The major problems in enolate alkylation - (i) Aldol reaction; (ii) polyalkylation - can be
overcome by the enamine alkylation.

Imine R
0 oH N’
+ RNH2 =~ | —— | + Hzo
)K _ N. )\
1° amine H R imine
Enamine
R. _R R. R
i RR'NH I )IN\‘” oH- ~——= | H,0
+ < = + - === +
[ 2
)K . _ _N. /&
2° amine R R iminium ion enamine
+ ' =
- R.G-R R base N’R
- —
enamine nucleophilic site imine metalloenamine

(S L0

-TsOH N N
[ > p- s, sO + J\ A'3.interaction
benzene \ij \@

85% 15%

Use reactive electrophiles for alkylation

oy e Oy

CHsl A~ X Ph X XﬂOR XJLR X OR

Conjugate addition / mono-alkylation

[ +) [\ A'3-interaction
N

(,N /? \/CN EoH \iN)/\/ X %/\/CN
I j reflux

H,0"

O
\ij/\/CN

_13_



Enamine

Mesembrine
56% N
H,C

Metalloenamines (imine anions)

)\CHO ¥ H2N‘~’

from Chiral Amine

Ph 0

H,
v +
. C
OCHj

O  ethylene glycol
X 120 °C
CHj,
OCH,
OCH,4
B
+
o N
CHj,
benzene

reflux

o T

Ar
N _
(0]
EtMgBr )VMgBr
reflux
PhCH,CI

O+
Pn\:xiég) DIl Ph\;><g§N—+——

80%

Ph

H/"//
— NJ; — =
g OCH, -30°C

Ph
H.,

N
g o"
Et—i l

LDA

Al Meyers Ph
H"’//
O H;O* N
SuE o
Et Et
from Hydrazine
more stable and better stereoselectivity
| N\, /S
_N N
LDA NT.™ .+ 1.CHal O
THE 0C _ M . 2 /\/\)J\/
THF, 0°C 2. Nalo,

_14_



1.3 Aldol reaction: acid or base-catalyzed self condensation of an aldehyde or a ketone

a. Mixed Aldol Condensation

0

"0 O
NaOMe
]\ N IR ZC SN
¥ Q \ \
o~ "CHO o) o)

< Claisen - Schmidt Condensation >
mixed aldol condensation with aromatic aldehydes

b. DIrected Aldol Condensation
mixed aldol condensation of aliphatic aldehydes and ketones

M

75%

o ~0 . O OH
)J\/R base R |-|
R4 2 R; 2 == R, R4 R
R2

c. Control of Stereochemistry: Kinetic condition
i) Simple Diastereoselectivity

Six-membered ring transition state: Zimmerman / Traxler Transition State

M.
)CL/R base @ Q OH
R1 2 NS R2 )J\z/-\ r
Ry

M
R; R; R M.
(2) )OL syn 0
M R” "H - X
1
L Ry
R4
syn
R1
anti

_15_




c. Control of Stereochemistry: Kinetic condition (continued)

i) Simple Diastereoselectivity
(Z) — syn, (E)—— anti 9‘H“M/
Best correlation ®\(
1. R4, R = large group H R,
2. M =Li, B — tight transition state E)

3. (2) is more selective than (E)

o O OH
o DA OLi OLi Ph)kH R)S}Ph

anti syn

R =Et 70 30 36 64
i-Pr 40 60 18 82
t-Bu 2 98 2 98

Under Equilibrium Condition (Thermodynamic Condition)
(L L

oL Q o o o o
SR WS & S

-78°C Ph 250C " Ph

o)

Boron enolates

L O OH OH
™0 9 \)Kl)\ + \)KIA
Ph Ph
e et —
Bu,B. o 82 18
i G
At H 97 3
Lo O OH O OH
O B
Ph Ph
+
b Oy
R,B. 48 52
0

Aldol reaction with Silyl Enol Ether: Open Transition State

s _Ticl,

OTMS o’ - O OH
(& .\ | TiCl,
Ph U H -78 °C Ph
94%

_16_



Aldol reaction with Silyl Enol Ether (continued)

Stereochemistry

OTMS 0 BF; Ot Q€ BF;-OEt OTMS 0
+ -~
SN Sy e >8ﬁ " e
CH

@) €)

Open Transition State
T / \ L
—si— F —si— F
e Co
(2) 0 0 (E)
G—I\ CH, CH5

Ph_*H T WTcH, CHy7~H = /s’/lth
g Ph /H H/-Ph i
3 8 MU

BF, B:Fs

CH, o~ CHj CHj
+ — > Ph + Ph
Ph)\CHO /I\Ph Phw th
OH O OH O
syn 3 1 anti
Cram's rule
(0] (@]
M H,;C
S 3 H OH OH o)
\ N HoC e Ph_A.CHs
- OLi N —
/ major / ™ H Ph HY
L Ph H Ph | Y
Ph syn
Felkin -Ahn
(0] (0]
. R —
L—({ ) = maior | en—(1 o A, M
H™ T Ph
S H H
H H syn

_17_



i) Stereoselectivity between chiral aldehydes and prochiral enolates

OH O
R OTMS i R : E OTMSE RWOTMS i R : OTMS
OH O | OH O | OH O | OH O
______ synsyn i antisyn 4 synanti i antianti
R = Ph 81 19 0 0
A o 6 0 0
$"0Bn 33 67 0 0
<OTMS 21 79 0 0
""""""""""""""""""""""""""""""" anticram
HaC H
Ph ‘

anti-cram or chelated cram
BnO (0]
H ' OBn
. O--| 0
‘H (0] H3Cuuiiy), % ‘\‘Li/
_ = (@)
OBn O major—— H
H CH
K:)kH 3 H OTMS

H

) Stereoselectivity between chiral enolates and achiral aldehydes

1. LDA
— > R 4
TMSO: ;( N~ T, Rreno | TMSO




iv) Stereoselectivity between chiral enolates and achiral aldehydes (continued)

1. R,B .OTf
TBSO EIN(i-Pr),  TBSO
—_—

O 2. RCHO

d. Allylmetal compound with aldehydes

M
(@) OH
Joo+ J o
R H R
Y (E) Y
anti

\/\/B\O + RCHO

RCHO

_19_



e. Evans' chiral N-acyl oxazolidinones

1) Boron enolate
\B\s‘
0 (O I

0 0
O)LN)K/ Bu,BOTf O)J\N)\v R'CHO

_—

\_§~ iPr,NEt
J.
J

exclusively Z-enolate R! = nBu

Am. Chem. Soc. 1981, 103, 2876
m. Chem. Soc. 1981, 103, 3099 R =iPr

R' = Ph

11y H H

1 hi§
O N (0]
\_5; Y
H-H interaction

unfavorable dipole alignment

\Bs
i ~0 ] i (0] OH
R'CHO
PR~ PR >
R' = nBu >99.8
R' = iPr >09.8
R1 = Ph >090.8
AN /

@k(kw — \(i gﬁ} . i

PR = PR

H-H interaction

O)J\J\/:\1

<0.2

<0.2

<0.2

unfavorable dipole alignment

_20_
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e. Evans' chiral N-acyl oxazolidinones

2) Ti enolate (chelated enolate) / higher coordination sphere
\
iy
i f2 weo S 28 %99
R'CHO :
NJ\/ LDA 0 NJ\/ o” N R'" or )k )J\_A
ER

& - -
CITi(OiPr)3
or TiCly
anti

exclusively Z-enolate 87 5

J. Am. Chem. Soc. 1989, 111, 5722
J. Am. Chem. Soc. 1991, 113, 1047

NIz NI
i O
A R
O . (0] (@)

O O OH o O} o}
X X8 PP SR
0" N R’ 0" °N 0" N
H R! CR™"H
I”,H H l/, H
Steric interaction anti

3) Chelated and non-chelated Ti enolates

|||||O
T

Crimmins, J. Am. Chem. Soc. 1997, 119, 7883

oH o O TiCl, (1 equiv) iProNEt OH o O
| J IMEDA (25 equiv) \)L TiCly (2 equiv) RVE\_)J\NJJ\O
R N~ O R'CHO \\_/ RICHO :
Br Bn
\ / N » /

_21_



No. 1

Give the structure of the major product expected after each step of the following reactions. Be sure to indicate
product stereochemistry where applicable.

1a. LDA, THF, -78 °C

/\/\CN A
2a. DIBAL-H (1.1 equiv)
toluene, -78 °C

2b. H*, H,0O
2.

1a. O3, CH,Cl,, MeOH, 0 °C

@i} 1b. Me,S, MeOH

2. aq. 10% Na,COg3, MeOH, reflux
3.

a. LDA, THF, -78 °C

b. CO(OEt),, warm to rt c

o c. dilute HOAc workup

4,

1. NaH (2 eq), DMF

— 2a. Sia,BH, THF, 0 °C
CI—/_\—CI * MeOZC/\SOQPh > D
2b. H202, NaOAC, Hzo
3. CI'O3, HzSO4
Et,0, acetone, 0 °C

) LD
1a. CH3CN, reflux

N 0o
1b. aq HCI, 100 °C
B ]
N MOH 2a. aq NaOH :
(1eq) (2 eq) -aq

2b. aq HCI, 50 °C
3. mCPBA, CH,Cl,

6.
1a. O, MeOH, -15 °C 3. MsCl. EtsN
1b. MeZS CH2C|2, 0°C
- F1 - F2
2. K,CO4 4. DBU
MeOH, rt CH,Cly, 1t

_22_



Chapter 2. Formation of Carbon-Carbon Double Bonds

2.1 B-Elimination reaction

||
—C-C— —_— \C:C/ + HX
ro / AN
H X
X = OH, OCOR, halogen, OSO,Ar, NRs, SR, E1 or E2 mechanism

Regioselectivity
Saytzeff rule: more highly substituted (stable) alkene

E1 elimination, base induced elimination of alkyl halides and aryl sulfonates

} PCls } Br NaOEt | 4 -

HO" EtOH 81% 19%

SO e S s

19% 81%

Hofmann rule: less substituted alkene

base induced elimination of quaternary ammonium salts or sulfonium salts

ly transition stat |
NaOEt PPN earyHranS| |onsaemHode
+ - EtOH
S(CHa),|
(CHa) 26% 74% v L o u L e,
M D RN\ H™ H Et‘g_ H
0 +
*N(CHg)y I~ 130°C 98% 2% *N(CHa)s N(CHs)s

Stereoselectivity
E2 elimination = anti elimination process

H
C6H5 + H I C H
65
H__+N(CH3)3 — (CHsz)3N CHj — CeHs_ CeHs
A= s CeHs"d N Cofs HyC” CeHs CH3 H
CsH H H +
o N(CHa)
H CH
. *cl
CH3 C|’-PI’ — . HH H — H3C£>“|III-Pr
H H Ho Hipr
H
H .
e P = ol Nien ¢ o= e
H
H Cl
25% 75%
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2.2 Pyrolytic syn eliminations  "concerted cyclic transition state"

a. carboxylic esters

HJ o — = o=/ + 2
5\ A /77N HO-C-R
R
[examples]
o] 0
N J\ S0C, A~ CCOCOCHS .
0" CHs N, 100% OCOCH3 N,
H H
Co,Et  435°C CO,Et  435°C
%COCHQ, ’ COAEt H :
H OCOCHj,

b. xanthate esters - Chugaev reaction

J —+ e=¢! + % —+cOS +RSH
H;\ o A AN HS—C-SR
SR
[examples]

170 °C
><(01(SCH3 — | 71%

c. ammonium oxides - Cope reaction

TN+ o c=¢] +
Hel (NR, T~ A /7T NR,OH

[examples]

T —— AN AN P

_N_
o 21% 12% 67%
. 100-180°C
MI\PI‘ > —<;>lllni_Pr + Oi'Pr
0 85% 65:35

_24_
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2.2 Pyrolytic syn eliminations (continued)

d. Sulfoxides (concerted cyclic pathway)

O+ y~ O+
CeHs ™ H 80 °C HaC H
CHaaz S8 — ~ sty 80C M >=(  + CgHsSOH
7—("’H CH3"H, dioxane .y CH
H H 615 65
C6H5 C6H5 CGH5
OH
0] |: H*, benzene [
OH o O
)J\/\/\/\/COZCH3 > X~~~ ~_-CO,CHs
1. LDA
2. CH3SSCH;
)OJ\/\/\/\/CO CH “ e 00
\ 2 3 2 120 OC MCOZCH:;
3. H* SCHg
e. Selenoxides: milder conditions (at room temperature or below)
0] O-M 0] (0]
é (Ph),CulLi PhSeBr &SePh H,0, &
Ph Ph Ph
H 1. LDA H = sePh
2. PhSe-SePh H20,
0] > @) S
~0 3. LDA ~0
H 4. Mel H
1. LDA
2. Mel
3. LDA
4. PhSe-SePh
H
5 H202
J—— +
9:1
2.3 The Wittig and related reactions
Ry, Rs Ri. _Rs
C=PR3 + 0=C_ e R3P=0 + /C:C\
2 R4 Rz R4
ylene
strong base + —

<————— RyP-CHRR, X =—— R4RCH-X + PRj
Ri - +
AN
_C—PR,
ylide (major contributor)
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a. The mechanism of Wittig reaction

O R R
+ —/ 1 1\ —_ A~ 3 —
RyP—C/ /*“\*)L Jc=c{ +  RsP=0
R, R:™ Ry Rz R4
(Z)-major
[2+2]
/R1
RyP=C’
R
L8 i
R;P—C—R, R3P70—R2 exclusive formation of
—— |/.| erythro product
“0—C—R; O-=C—Rs for unstabilized ylides
betain I|Q4 R4 oxaphosphotane
[examples] o
+— NaHwDs  Ph o il
n-Pr\/PPh3 Br THE > > n-Pr\/ + n_Pr\/\ph
rt 96 4

PN Et

+ —  NaHMDS Et” "H
n-Pr___PPh, Br THE - n-Pr\/

x
. Ph
+ - LIHMDS Ph” H
n-Pr__PPh; Br e - n—Pr\/ P gy
rt 15 1
hi
CsH
+ ~  LIHMDS  CsHi{ 'H N
- - - - n-Pr__~
n-Pr__ PPh3 Br THF N SFTCoHy
rt 58 1

Stereoselectivity
Early Transition State, Steric Effect —— (Z)-double bonds (major)

Pr H
H R 1y, '
HOMO LUMO Ph ﬁ Ph
Ph \
P H
NS



Best corelation for (Z)-selectivity
1. "Salt-free " condition
K, Na as a counter metal ion
Li-X forms a chelated complex with the reaction intermediate
2. Dipolar aprotic solvents
THF, DMSO, DMF

b. Wittig reaction with stabilized ylides —— (E)-double bonds (major)

(0]
v 9 _base Ph; ('é —»A)J\H /\/\)ok
PhsP~C-ome — " oMe N"oMe
< M Ro (E)
pKa 9 N32CO3 (o)
PhP. O Ph  CO,M
— e
¥ o . equilibration ~ Ph_| 2
e
O—/“ threo
0™ “oMe

-

c. Schlosser Modification nonstabilized ylides ——— (E)-alkene

nonstabilized ylides —— (Z)-alkene

stabilized ylides —— (E)-alkene

. o F|’h CHs o F|>h CHs

+ _ether o p — = php +
PPh —P- : —P— -
AN 3 H -78 °C O/ H t-BulLi (C;/ @ Li

I |

PPh
g P 0~ o~
- N —
Ph—P— ~—
O/ + PPh, PPh,
threo CHs B-oxido ylide
H,C=0
r.t. lt-BuOH
OH Ph
Ph
e N
0
CHj
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d. Horner - Wadsworth - Emmons Modification

Eto\ﬁj ECJ, NaH EtO\('li Q RCHO - ('(31 ,
Et0” " “~OMe DME EtO” " “OMe R X-""0oM
Na™ (E)
base |, b
NaOEt

Z-selective HWE reaction

1. Still-Gennari modification: TL 1983, 24, 4405

H3CO,C
HyC (CF3CH,0),POCH,COCHy |
W . D H
KH, THF, 84%, E:Z = 1:11
OCH,Ph ’ " ocH,Ph
c.f.
0 CO,Et
HyC y (EtO),POCH,CO,Et
HY
OCH,Ph

~  HsC |
NaH, THF, 83%, E:Z = 12:1

W H
H
OCH,Ph
[Mechanism and Origin of Stereoselectivity]
O
RO-H H g1 ro.? 9 g R
fast reaction RO~ j: , rRO™N , [
0 / 0 FR? O bRz R?
RO.] . H
RO \_/R Erythro
N2
0~ R o]
_ RO P |
slow reaction RO O - ,
(stabilized ylides) ~ O FizH r2H R
Threo E-alkene
Large R or R groups favor E alkene formation.

2. Ando method: TL 1995, 36, 4105; JOC 1997, 62, 1934.

L

1. NaH, Nal, THF, -78 °C
O >

CO,CH
; 1 _ors
> CO,CH; 2. O
INE2YNS H
©/\O Ai_otss

. CHs
&h, 89%
Z:E > 99:1

To increase the nucleophilicity of the stabilized ylide: phosphonate carbanion is used,
which reacts with aldehydes as well as ketones



D. L. Boger et. al. J. Am. Soc. Chem. 2001, 123, 4161.
OTBS

PMBO\//\Zg\OH
h

0] 0]
Il
CF3CH,0—P
3 2 / \)kOMe

CF4CH,0
KHMDS OTES
OH OTBS 18-Cr-6 OH CO,Me
PMBO\/:\)\/O g -
7 THF, -78 °C PMBO =
88% Z.E =291 1. TESOTY, 95%
2. DIBAL-H, 90%
3. Dess-Martin, 100%
+ —
OTEST B° 2N  (PhsPCH,l) I, NaHMDS QTBS o
PMBO._~ /  78%, Z:E = 4.2:1

preparation of phosphonate

SN

OTES
PMBO. -~ _

Et'/\Br_

. ) ;

EtO-P-OEt + Br] “CO,Et — > Eto-p — EtO-P + EtBr
' </ A LN L. “CO,Et
OEt Ot CO-Et OEt “~%2

Arbuzov Reaction
o}
O O
5-OCH,

NaH
- - . O (70%)
OCHj DME

e. Horner - Wittig Reaction

Phosphine oxide carbanion

(0] i (0]
Ph\H R-Li

Ph™ >~

Ph\9
RCHO H' OH
—_— —

Ph” >_<

R R'

phosphine oxide

"Stable"

Separation

0 0
Ph_! Ph_!
. A B B A R
R R P OH P OH _
— - Ph) ( or ph> ;o — HR'
R R R R

syn elimination

syn elimination
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2.4 Peterson Olefination (Si-OH)

o
M s
Mg R” "R HO_ R H R
TMS Cl TMS MgCl ——— TMS —_— =
~~ ~ or B~ + R
TMSOH
. 3
RsSi R'pa pase Rl R
— 1w < - > 5 3
R R
SiR, 0 Rz OH _
_ + JL | acid
R'” "R? R R4 .
R3SI §4R3 R1 R3
I 1\““ P - R—
R? OH base R2 R4
® The addition reaction is generally not stereoselective.
e The elimination is highly stereoselective.
SiMe3 ./_\ -
KH, THF Me;Si 0 CsH7
CsH; L\ _
C3Hy o H"f~ \"C3H; =
OH syn elim CsH, H CsH;
basic cond 96% (95% E)
_T N
BF;OEt, CH,Cl,  F  MesSi He
> H\\\\\ _ p—
"anti elim" CsH; (O-H CsH;  CsHy
acidic cond i
BF; 99% (94% 2)
Elimination under basic condition: stepwise vs. concerted mechanism
CosiMes
TN L — R \"R® T
Me;Si OH base Me;Si o) R2 R¢ R! R3
R 1wy 11/ R3 —_— R1 W "1/ R3 — _ > >:<
RZ R RZ R Me;SiO R2 R
L )
R 1 WY /1) RS
RZ R4
Stepwise mechanism for a-stabilized a-silylcarbanion
1. LDA
SIMe3 2. R2CHO Me3S| O—Li Li OSIMe3
- - = we 1) 32 —_— e &
BusSn” “COEt  THF BusSn R BusSn R®
EtO,C H EtO,C H
_ OSiMe, Me;SiO
Li—O O-—Li
SnBU3 - BU3Sﬂ
EtO H R? N H R? OEt
BusSn R? BusSn_ H
EtOZC: H EtO,C R?
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2.5 Sulfur Ylides

+
Na o
—
+ — HQC_S_CH:; + — .
(CH3),SCH5 | >  (CH3),S—CH, more reactive
DMSO . . .
dimethylsulfonium methylide
o _ NaH 9
H3C1S—CHj | DMSO ’ HsC~S—CH, more stable
CH,4 CHj
dimethylsulfoxonium methylide
o+ {ond
-CH, * — > (CH SCHCR—> + (CHj3),S
(CH3),S—CH N (CH3),S+CH; QFR (CHz),
o |
(CH3 28 CHz ! + HyCs s CH2
50 °C
(89%) | (81%)

W e t-BuwA M

(CH3)ZS CH, 0¢°C

(0]
H,C;S—CH,  65°C - 100
CH,

[2.3]-Wittig rearrangement - Ring expansion

/\/OTf .  t-BuOK N _—
“cHel, | WUs Cs A s
3 ~ X AN

-200C oty
OTf =
I [y Bk S
CHCl S -3
- 20 OC OTfK / K&’g
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2.6 Alkenes from sulfones

a. Ramberg-Backiund reaction

R
R, R3 R2 R3 R 2
base >W< -SO R._ R
1>k/ \S )\// \\ &,l - R1 /S\ R3 : /C:C\
o’ \O o’ o R1 Rs
a-halosulfone episulfone
b. Julia olefination
SO,Ph )OJ\ SO,CeH5
BulLi Ph™ 'H Ac,0 Ph  Na-Hg Xx-Ph
THF, -78 °C TsClI OAc CH3;OH-EtOAc (E)
Et;N
Hi
SO2CeHs )‘\&HS long life time
Ph (OAc
OTs
l base
Application of vinyl-sulfones
S0,CgHs S0,CgHs
X Ph Sml, X Ph o = BuMgBr N
MeOH/THF Ph Pd(acac), Ph

PBU3

H;C

H3C;[CH3 PhMgBr :[ _CHgMger M
£BuSO;” “H Ni(acac), Ph t-BuSO; Fe(acac 2 H3CI/ﬁ/
THF, 25°C (73%) THF

(71%:; 98% Z

The first report on the sulfone-mediated olefination

1. 2 eq. n-Buli
PhO,S Ph Al/H Ph
Ph”” >S0,Ph 2259 Mol | = #’ =
3. PhCOPh PH Ph 85% PH Ph
82%

Synthetic applications TBDMSO,| H
1.S0,Ph R= 0 .
Li = 1 . .

R': 2-(trimethylsilyl)ethyl chloroformate

2. Ac,0, THF S02Ph 5% Na/Hg

R, -78°Ctort R.A THF/MeOH, -20°C R, =

"/\CHO _ W N W
86% OAc 89%
1. THF, -78 °C

R M 2. Ac,0, DMAP, Py, it o _ P
r o7 R® 3.DBU, THF, t Z R®

SO,Ph SO,Ph
4. Sml,, DMPU, MeOH, THF, rt w
- RIA A~
73% R
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» Sulfone-mediated addition reaction

Different counter metal ions can shift unfavorable equilibrium toward the addition product
Replace lithium with magnesium or use BF30Et,

P a—
TBSO
39% 47%
1. n-BuLi, THF
MeO CF4 SOzPh ’ MeO
O 2. MgBr,OEt, e
FsC 3. OAc -
CHO 87% OAc
t t t t
Bu\BU 1. n-BuLi, THF Bu\BY OTBS
_Si. _Si. -
Q0 SOPh 35 BF,0EL, Q0 SOPh - :
- 3. TBSO  OTBS - x T
: : CHO °  OH oTBS
z : OTBS
T8S0” 86%

Trapping with Ac,O, BzCI, MsCIl or TMSCI can also shift unfavorable equilibrium
toward the addition product

Addition to an ester and reduction of the resulting ketone to f-hydroxysulfone

(\”/\/\OMOM 1. n-BuLi (1 eq)
PhO,S then ester (0.5 eq) (0]

-78 °C, 5min, 0°C, 1h . % %

TBSO
2. LDA (0.5 eq) 0
o) 65%
:l\/)L\ 78 °C, 30min SO,Ph °
O~ Y 'OMe 3. ester (0.5 eq)
%\O -78 °C, 30min, rt, 2h JNaBH4 (3 eq)
Na(Hg) OMs OH
N Na,HPO, %(LW;E MsCI(12eq) H{L\f%
Me OH Et3
69% 65%

Using DME instead of THF sometimes suppresses the undesirable enolization

Sulfoxide-mediated addition would lead to improved yields due to the greater reactivity
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c. Julia-Kocienski olefination

—_—

-N
N
N /|k 1 LDA " \>_OH + R1/\/R + SOZ
N7 g R 2 NN
H 0, 2. R“-CHO

\
Ph

N‘N /N)O N Y0
I — \N<SI — g

/O\
h’ Ph RN
(I)I
Smiles Rearrangement
L Fo i
R = N —N N'N
R CI+ O ;
02 S \N\
t-Bu F3C
Stereoselectivity: (E)-major
Phep e
N=N N /N
Nk oM NS
Ph %/\M fast R’ so, M R’ SO, M” R R2
0=S8:4 ” ) > =~/
R! 2 H R PTO">~""H
R u: H
H
syn addition
[}FE\ o ‘ Smiles rearrangement ’ ‘ Anti elimination
N
NTOSTOR! H)LRz
| 02
Ph N
N’N:\ Ph\N \\N
Ph— /N\M H .
_ &0~ slow R! SO, M R!
R1o_s\:0/ s \ ——
J TH PTO R? R2
HR H
anti addition
/Q KHMDS
\/\/\/\/\ /k 18-Crown-6 OMe
” s THF, -78 °C
+ - > NN
OMe 85% (3:1 E:2) N
Boc
Oy N
|
Boc
= OPiv
TBDMSO KHMDS, THF, -78 °C
o) * g
)\ 85% (10:1 E:Z) _
ﬁ\o\\\“ / \ N O\ N OMe o
&% Ph
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Stereoselectivity

Base, Additive, Solvent
~ " pn

/'?“g\ ©

N

N S/\( ¥ HJ\APh
Ph 02

, 0.1 M, -78°C
Entry Base (equiv) Additive (equiv) Solvent Yield E/Z
1 KHMDS (1.1) THF 88% 4.3:1
2 KHMDS (1.1) 18-Cr-6 (1.1) THF 86% 15:1
3 KHMDS (1.1) 18-Cr-6 (2.0) THF 84% >50:1
4 KHMDS (1.1) 18-Cr-6 (2.0) toluene 87% >50:1
5 KHMDS (1.1) 18-Cr-6 (2.0) DMF 78% >50:1
6 NaHMDS (1.1) 18-Cr-6 (2.0) THF 78% 4:1
7 LIHMDS (1.1) THF 90% 2.1:1
8 LiHMDS (1.1) 12-Cr-4 (2.0) THF 79% 3:1
Open Transition State (KHMDS, 18-Cr-6)
N,
0420 Phon N
s SO,PT O)(N _ P,
H R _— R1J\/R2 —_— R! SO, —_— 2
z <X
1 = PTO R?
R T "H O_ R2 H
(0] . .
anti addition H l
\/ R1
T —
04/.0 \R2
R2 H SO,PT
> — : R?
R" 17 "H ) R R2
(0] - \—/
Closed Transition State (Li, non-polar solvent) N T
Ph\N’ ~‘N
N=N !
/ \ _ O)(N - R2 B
O_LI 1 z
=S/ —_— R\/\ 2 > —_—
R? S).\Q , T R H R? PTO H
\(’H R SO,PT H H
H
L - syn addition
O o, o 0
S CF, K>,CO3 (18 eq.), TBAB (0.1 eq)
t-BuO . J\Ph - Ph/\)J\Ot-Bu
DMF, 120 °C, 18 h
95%, E:Z =96:4
CF3
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2.7 Decarboxylation of B-lactones

0]
o O
QOJ\ 2LDA CeHs O-Li HC” "H  HpMs PhSO,CI o
CoHls OH O-Li HO™ X OH  pyridine H- CeHs
H CGH5 H3C H
threo B-lactones
EtO,CN=NCO,Et . :
PhyP, THF, 22 °C Mitsunobu reaction \140 °C
09
HIC6H5 ~/ H j CeHs
| ~———  HHZ_CHs I
H” CH; 9! CHs HyC™ H
PhaP”
2.8 Stereoselective synthesis of tri- and tetra-substituted alkenes
a. Grignard reagent with an a-chloroaldehyde or -ketone
&O "\\HCH3 EtMgBr, HO |;| CH3 NaOH Et/,' foﬁ ‘\\H
H4C >§‘C| Et Ch, © HsC  CHs
(90%; 85% stereoselective) (91%)
l Nal
Et SnC|2
= POCl; HO  H cp,
H3C CH3 - W
ridine Et
(81%) Py CHj |
b. Reduction of propargylic alcohol with LiAIH,4
R—=— LIAIHLCH3ONa |, R H (CH5),CulLi R>_<
OH THF -78°C I>:&OH HsC OH
LiAlHg4, AICI5
THF
R:ﬁ I (CH3),Culi R CH
‘\_/_ /O 7/@ - o >_& 3)2 uLl >:&3
H—AI\I—H -78°C H OH
H
H’ R
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c. Reaction of organocopper or organoborane with alkynes

CuBr- S(CHS)a

CH3MgBr > CH3Cu -S(CHj3), -MgBr.
sMg other. 45 °C 3 (CHj), -MgBr,
J CgH13C=CH syn addition
CH; P BT CH,4 & CHg3
N - . . R
C6H13)\(\/ C6H13)§/Cu S(CHj) -MgBr, CGH13)§/\/OH
H H H

H,C Pd[P(CeHs)sl4 HsC =
3 \/\CU'MQBFQ + I\/\C5H11 m 3 W05H11
Et ’ Et

(78%; 99.5% isomeric purity)

O,
O'BH C4Hg H I CsHo  H
C4Hg—C=C-H - — —
H50" H™ “B-on  NaOH Ho
syn addition OH (89%; >99% E)
O,
BH ceH
o) 613 H Br, NaOCH; CeHis  Br
CGH13_CEC_H > — —— —
HsO* H B-OH CH,OH H H
syn addition OH (85%; 99% 2Z)
l Brz /
Bry, H NaOCH Br, Br
\&Bom), 2O SN 4
CeHis\y b CeHis'y ‘VB(OH)z
—OCH;
DIBAL-H H;C CH l,, THF, -50 °C H H
HC-C=C—-CHy — 0 »  ON—¢ 3 2 _ SC:_ :C 3
e . +
syn addition H Al(i-Bu), H30 H | ~70%
anti H < CHali| 5500
addition CH,A[ L'< ether
3
HsC CHs co, HaC CH,3
H >=_ . =
_ SH3 H Al(i-Bu), H30* H CO,H
HsC Al(i-Bu), CH, 76%
CH,
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CgH14)-BH H I
CiHo—C=C—H (CeHi11)2 _ B(CgH11) H, (B,
syn addition  ¢,Hg H NaOH C4H9/%\H
CeH11 l
H H H B—I H, CegH11
= - 7_< - rEAmpg—|
C4H v H C4Hg 'B
CaHo CeHi1 TE CeHyy i H o CgHy,

(75%; 99% Z)
2.9 Fragmentation reactions

I/~ base
R

X =0Ts, OMs

H
MOT t BuOK (:W/\j
|1| t- BuOH

%
T
[

OH OH > 90%
PR
_ t-BuOK
t-BuOH =
OH
e} > 90%
H
H 1.O0Ts H oy
= M No Reaction
5 (I)TS t-BuOH
OH OH
0
N N
NaH}THF

NaH OTs
\\\H
THF S N
HO
Y t-BuOK OCOPh
OMs —_—
THF

OCOPh 25 oC

Bazzenene
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2.10 Olefin Metathesis

catalyst
2 RCH=CH, —— =  RCH=CHR + H,C=CH,

ruthenium or molybdenum alkylidene (carbene) complex

Ar
A \ (o —\
PC ° CFs ﬁl 4><Ph Mes—N_ N-Mes
-3 Ph Me—1—0—Mo
CI\Ru:/ Cl Ph
clI | CF3 CI>|IQU:/
PCys F3C+CF3 Loy,
Cy: Cyclohexyl Ar: 2,6-diisopropylphenyl Mes: 2,4,6-trimethylphenyl
Grubbs | Schrock Grubbs Il
(stable but less reactive) (useful for tri- or tetra-substituted alkenes)
Mechanism R
R —
— LaM—CH, H,C=CH,
L,M=CH, L,M=CHR
_ R R )\
RCH=CHR \ / BN
R
L,M—CH,

RCM (Ring Closing Metathesis)

H
10 mol% A 1. Hp, Pd(OH), C@
N\/\ CICHzCHZCI 2. LiAIH, ~ N

89% (-)-coniceine

5mol% C

-_ >
45°C CO,Et
Et0,C CO,Et EtO,C 90%

OSiMe,

3 mol% B

e ——

hexane, 55 °C

then BuyNF 92%
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2.11 Pd - Catalyzed Reaction

| 2+
RCH=CHX + Pd(0) —— RCH=CH—Pd-X

| 2+ | 2+ decomposition
Ar-X + Pd(0) —— Ar—Pd-X R-X + Pd(0)

——> R—Pd-X —>

| | B-elimination
RCH:CHi/ \s'-M

RCH=CHAr Ar—R'

a. Heck reaction (reaction with alkenes)

(Ph3P)2Pd(OAC)2
Br + CH,=CHCO,CHs -~ < CH=CHCO,CH,  85%
3

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

<mechanism> oph ©\
3
OX|dat|ve |
QB d(PPhs), Pd Br — > Pd(PPhs).Br

addltlon | CH,=CHY
PPh, CH,=CHY
R3NHBr

d(PPhs),Br
CH CHY @ 3)2

CHy- 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.

Br 0
@[ 0 Pd(OAc),, PPhj O
1 > O
N—c{
| N\ 85%

Et;N

Regiochemistry in Heck reaction 5 P p\/\
N _/ /
Ar-OTf Ar—pPdll o Ar Pd Ar.
Pd(0) + dppeordppp — == — " —— " c=cH,
bidentate ligand X-CH=CH, X=-CH-CH, X
o a P o B
a: X =-OR, -OAc, -CH,OH, —N%j  ERG B: X =EWG
Silicon effect
9 | Pd(OACc), |
Ph—O-S-CF3; + CH,=CHCH;Si— ———> CH,=C—CH;Si—
o) v B | dppf Ph | 67% By =955
b. Palladium-catalyzed cross coupling reaction
b-1. Coupling with organometallic reagents
Ar-X 5 Ar—RSp2 R-M: organomagnesium, organzinc, mixed cuprate,
+ SpR_M . ) organostannane, organoboron compounds
\/X \/RSp
X: halides, sulfonates biaryls, dienes, polyenes, enynes

Steps in cross-coupling reaction:

oxidative addition - transmetallation - reductive elimination
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b-1-1. Grignard and organolithium reagents with Alkenyl halides

H H BrMg H  Pd(PPh;), H H

o=, =, — — 75%
CeHi3 | H H CeH13 CHy
H
H H . Pd(PPhy) H H
— +  CHeli ——2% — 63%
C4Hg Br C4Hg C4He

b-1-2. Organozinc reagents

CHs CHs
Pd(PPh
| CH Pd(PPh = CH
CH=CH(CHZNCl + > 3 (PPh3)s CH,=CH(CH,),.  CHj3 81%
H (CH,)3CH3 H (CH5)3CH3
b-1-3. Arylation of enolates
a. using t-BusP, Pd(OAc),
_ Pd(OAc), (1 mol%) o
0 t-BusP (1 mol%) i
CH3CH=C-Ph + Ph-Br » CH3-CHC-Ph  96%
25°C,2h Ith
O O Pd(OAc), (2 mol%) O O
)J\/u\ - t-BusP (2 mol%) M 869%
+ -Br > °
EtO” > "OEt 20 °C EtO T OEt

b. using BINAP ligand
0 OCHj; Pd,(dba); (1.5 mol%) CH30
: BINAP (3 mol%) Q
CH3CH2_C_Ph + Br > CH_C_Ph
Naot'BU | 91%
CH,4

c. O-silyl ketene acetals with Bu3Sn-F

OTBDMS  pd(o-tol;P),Cl Q
ArBr + =< — 2 2% Ar—CH,-C-Ot-Bu
Ot-Bu 2Bu3SnF
b-1-.4. Terminal alkynes with vinyl or aryl halides "copper acetylide"

Pd(PPh3), + Cu(l)

Cu(l
H-C=C-R %:\B. Cu—C=C-R G=C-R
3 ' 1l " C=C-—
- Pd(0) '—V R'—Pd — R'—C=C-R + Pd(0)

I
'—X ——> R'-Pd—X

Enyne formation Pd(PPh3), (5 mol%)
Cul (10 mol%)

CH;(CH5),CH=CH-C=C(CH,),-OH
pyrrolidine 3(CH2)s (CHz)

90%

CH3(CH2)4CH:CH_I + HCEC(CHz)z‘OH
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b-1-5. 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
PhsP PPh
3 @ @ PhSAS pth/\/ 2 thp/\/\Pphz thp/\/\/PPhZ

L —pen, | oot
dppf Fe chiraphos BINAP 2

+PPh
@Pphz thP PPh2 .\\ 2

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

Pd/C (0.5 mol%)

@\l + BU3Sn© cul(tomol) /| 77%

S Ph3As (20 mol%) S
NMP, 80 °C, 16 h

Eaxamples
Pd(PPh R0
CH30@BF + O N"gnBu % \©\/\ 96%
3 120°C,20h A
< > o=t Pd(PPhs)
3/4
Br + Bu3Sn)\/\ _— x _OEt '\G\K\f
H
CHj SnBuj BrCH, H Pd(PPhs), _
_ . _ 4
> = CH CH H 86%
H H CH30 CO,CH;  PPhg 3 2 °
CH;O  CO,CHj
OTf BusgSn  H
1LDA H: :TMS - TMS
R
2. szNPh Pd(PPhg), H

b-1-6. 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' + PB(OH); + X

Ar—Pd'—Ar —— Ar—Ar'  + Pd°
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Eaxamples

o | @ Pd(OAc), (0.2 mol%) 979%
2 < > (HO).B K,COj3 acetone, water 2 °
Pd,(dba)s (1.5 mol%)
PBujs (3.6 mol%) CH O O 87
(HO),B Cs,CO;3 (1.2 equiv) 3 °
dioxane, 80 °C
O\\C NEt2 O\\C NEtZ ﬂ O\\ /NEtz
1. s-BuLi Br” s / \
oy B(OH), — ~ o 92%
2. B(OMe), Pd(PPh;), S
3. H;0*
CH3(CHz)s, _ B(Oi-Pr), |@ Pd(PPh3)s  CH(CH,)s,  Ph 089,
> < 0
H H NaOEt H: :H
CH;CH, BR, Br H Pd(PPhj), CH.CH (CH3)sOTHP
< + < —_— > 3 2>_2:< 0,
H H H (CHz)goTHP NaOEt H ’ H 73%

Alkyl-aryl coupling using 9-BBN

Ha(CHy),— B@ \©: >

Bases
Cs,CO5 or TIOH > NaOH

Pd(dppf)Cl,
4>
NaOCHj

b-2. Reaction with carbon monoxide (CO)
b-2-1. Reaction in ROH

CH3CH,  CHyCH3 Pdl,(PPhs),
+ —

H [ BuOH

c.f. complex of alkenes o)

CH4CH,

<

CH3(CHy)7 o}
\©[ > 78%
o

CH,CHs
74%
COZBU

MeOH I
CH,=CHR + Pd* ———» MeO-C~CH,-CH-R
CO, Cu OMe
< hanism>
mechanism 2CU+1
2Cu?t CH,=CHR carbonyl insertion step
o) Pd?*

_||_ _ 0 /\‘
MeO-C-CH,~CHR Pd R—pg2* R_pd? = o
OMe c=0

Pd?* l
MeOH CH,=CHR
szflc?)—CH -CHR i R'-OH 2+(')'
2] MeOH RO-C-R =——— Pd“*C-R
OMe +
2 —
*PdCH, CHR Pd0
co OMe
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Intramolecular Palladium-catalyzed cross coupling reaction

CH;  H PdCIy(PPh;), CH3 99,
— 0
— o A
| CHCH, 0= CHs

OH

b-2-2. Coupling of organometallic reagents with aryl or vinyl halides

stannanes or boronic acids

R- c R’ K
—Pd'-c=0" —Pd'-X
R J
R3SnX Pd”
R4Sn ||| H
ot Or Q. ) Si(CH3)s
H H
. (CH3);Sn, H Pd(PPhj3), H
H™ Si(CHy)y O HC 86%
CHs CH3
Tandem intramolecular Heck-carbonylation reaction
Pd(PPh;),Cl, OCH;
5mo|%
TIOAc (3 equiv)
O CH2Ph CO, CH;0H 86%
CH2Ph
Coupling of organostannane with acyl chlorides
O R- c cl
R-C-R' >/>
R-C—Pd'-R'
O
Rlssn
R-C— Pd'—Cl
R'4Sn
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No. 2

Give the structure of the major product expected after each step of the following reactions. Be sure to indicate
product stereochemistry where applicable.

1. t-BuNH,, toluene
/\/\/\CHO > A

2a. LDA (1.05 eq), THF, -78 °C

2b. n-BuBr

2c. aq HCI workup

2 1a. (imid),C=0, THF, 0 °C
') 1b. (MeO,CCH,CO,),Mg, warm to rt

1c. aq HCI worku
z OH B

2a. NaBH4, MeOH
2b. ag NaHCO3; workup

3
H CO2Me 1.30% aqHCHO
Me,;NH HCI, dioxane
C
= 2. Mel (excess), MeOH, rt
H 3. DMF, 80 °C
4
COzH 1. Na (>2 eq), NH; (1) 4. 0s0y, (cat.), NalO, (excess)
t-BuOH, Et,0 b H,0O, dioxane E
2. (PhsP)3RhCI (cat.) 5. Et3N, heat
CHs H,, toluene

3a. (COCl),

3b. EtOH
5

O o 1. MgCly, Et3N, TMSCI
5 )J\N ) RN N EtOAG, 1t .
\ CHO 2. TESCI, imid
//’Bn CH20|2, rt
3. LiBH4, MeOH, THF
6
o a. NaH (1.1 eq), THF, 0 °C
. n-BuLi (1.1 °
)J\/COZMe b. n-BuLi (1.1 eq), 0 °C G
c. N g gy (1.0€0)

7

1. TBAF, THF
2. (MeO),CMe,, CSA (cat.)

OPMB

: 3. DIBAL-H (1 eq), THF, -78 °C
O OH OTBS
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Chapter 3. Pericyclic Reaction
Introduction

Pericyclic Reaction: Concerted Process; Cyclic Transition State

1. Electrocyclic Reaction
X
c — O
=
2. Sigmatropic Rearrangement
o o~
—_
K/ x
3. Cycloaddition

=
o
NN
Woodward-Hoffmann Rules

(1) 4n system

Cl
Erc' 140 ~150°C
T o —_—

%’CI con rotatory

583
. umo  F-¥48-8 pomo ©
Cl
hv

dis rotatory )

Cl
C 181 °C

HOMO W
i mﬁgj&‘&m
tat Cl
ol con rotatory X W

Cl

dis rotatory

con rotatory
(2) 4n + 2 system

. _132C
T LUMO
5 dIS rotatory
T

> con rotatory
hv con rotatory

Ny e B854
E:// d/s rotatory ©/

dis rotatory
ji§
O Ph 0]
H
= thermal J\
Eﬁosws T - w Ph 75%
A
CHO CeHi3
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3-1 Claisen Rearrangement of Allyl Vinyl Ethers

[3,3]-sigmatropic Rearrangement - Concerted Mechanism

pa— = (U
g %jz LT = L0
H (E)

v,0-unsaturated carbonyl comps.

allyl vinyl ethers
a cyclic six-membered transition state

chair-like

c.f.
R
Rin L Re RiX H — Ry equatorial

R

H

a. Preparation of Allyl Vinyl Ethers

EtO\/ \ 320°C _ |
0
Hg(OAc
(85%)

reflux
G* 2% RCO™ d*
RCOzH
I (67%;
100% E
CO,CH3 COZCH3 CO,CH3
S CH3C(OCHz3)3 _ X
100 °C, toluene H3CO~‘\ JL
HO H* ocC H;CO™ O
CO,CH,

HO\/\)\/\)\/\ -
N _ oH /g\b/
H3CO™ ~0O

(73%: 95% E)

/]‘\rcﬁHm 78 °C CeH13 xCeH13 A C6H13
— _ >
YO 2. TMSCI O 70°C S CH3CO,H
OTMS OTMS
80%, >98%

0]
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b. Stereochemical Control

simple diastereoselectivity

E H anti
O—__—_ 143~160 °C O
— H
stereoselectivity

A
: H
z CHj CHs
O/\‘ — O\/’ 160~190 °C O \/:(
k) &\‘ 95% _— II(//
CH,4 stereoselectivity

CHs,
CH; syn
O\A 145 165 °C /
L= —cH, T o6%
stereoselectmty

E u

a vd
0 0] 145~175 °C_
fr— \%CHG}
= —~ 5%
Z

CH, stereoselectivity

| X
o\ CHs H
= R0 o —
R/T\f%/\CH3

2
B,

3
X
X
CH3 o CHs
R/M H R
H

CHj;

mQ

1. LDA
R/\ﬂ/o\/\/R1 THF, -78°C

R
O\ 0
ﬂR‘] — — R»]
2. TBSCI TBSO f

TBSO™ 4
1.LDA
THF-HMPA
-78°C
2. TBSCI

TBSO

H H

O- o)

g ¢R1 . —_— R1
TBSO

ROH R4
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Formation of (Z)- or (E)-enolate

In THF
OLi OLi
R~
= “OR; ORy
R E Z
R
2 6-membered ring T. S. Ro
In THF-HMPA
OLi
OLi
//§/0R1 - R% non-chelated or open T. S.
OR,
R
K\/CH3 THF Xx_CH3 _
O _— CH3 —_— Syn
o S °
O LiO / OH
xCHs
THF
HMPA (0] A Ch,
/ Lo Z
N THF N \ Z ;
CH3 HAC 3 antl
(@) CH, _ O\?% —_— (@)
O LiO E OH
OTBS OCHj

o 1. LDA, THF _E 1.65°C
)\/\A J\/ _-718°C ¢ 2. ACOHH0 O )
0 W\ - X ”'u)\

S N
2. TBSCI 3. CH,N,
H
Jfowr“
0

« 2. TMSCI (2 eq) TMSO | CH5OH

o) 1. LDA (2 eq) OTMS
\)ij THF, -75 °C “»OYN\/\O reflux

o)
_ +
Cl HsN, t-BocNH,, _CO,H t-BocNH, _CO,H

ety
w W =
H 3 C H 3 C H 3 C =

OH 6:1
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Boat-like Transition State - when double bond forms part of a ring

/O/ CH5CH,CO,H (cat.)
o * -
CeHsCO

9 reflux
EtO OEt H o-xylene

OIIIII

CgHs5CO, CgH5CO,

Yo

3-2 Cope rearrangement - [3,3]-sigmatropic rearrangement

c— J

requires high temperature

CGH5 PdClz(CGH5CN)2 CﬁHS = W
> +
_~  THF,25°C N CoHs
97:3

87%

Oxy-Cope rearrangement

OH

oH 0
I == —
) ) 3
OH o
X 190°C
j@ — )K/\/\(
OH 0)

7
Anionic Oxy-Cope rearrangement CH%&\

H H
KH — OK  H,0

g e A fer =, T (1Y

CHO 10°C  CH30 CHyO™ 72 CH0™ 77

|||||O

OH
CHs o) J
7 _KH LN o
m diglyme L TT%
110 °C - OCH3



3-3. Thio Claisen Rearrangement

s s-BulLi

CgH H
THF, -78 °C g _aq. DME _ S c=S

Kj C H4-B \KW " CaCO; CO4 Cabir” >

gH17Br a
reflux l
MCHO
CgH47
3-4. [2,3]-sigmatropic rearrangement (57%; 100% E)

~7N
sod T s

S
ij\ er ij\/ - BuLi, THF ijc_ (s
\J o + \j
CHzBr -78 c \' j
ij;cHO hydrolysis if\i\s
y-cyclocitral

3-5. aza-Cope rearrangement

H
+|32 R, X
R Nx Ri R3\7N+ R,
Rs Rs
CHs
CHO
|\ . HO_ CH; RSO3H 2~ —OH
CH3NH —— +
2 NH A~ benzene |\ XN
reflux ¢H
N7 3

Intramolecular Mannich

CH,0 reaction
H CH3 H_\ Ar
N
H Ar / /O
=
+NT G/N(I))
'H
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3-6 Diels-Alder reaction

Cycloaddition of dienes and alkenes — Synthesis of substituted cyclohexenes
Orbital symmetry [nd4s + n2s] — Allowed process

Concerted mechanism — stereospecificity

o0 — O C— O

N 1
1

— LUMO ;
HOMO M %{\\ ///

Electron donating group increase the HOMO energy level
Electron withdrawing group decrease the LUMO energy level

'

Electron releasing diene  + Electron withdrawing dienophile

OCH; NEt, 0 0 o)
< i NO, HLR CN
(o 1
TMSO X
g 0

Alder Rule (Endo Rule)

Endo Exo

dor
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Regioselectivity

Preference for the ortho & para orientation

H O
NEt, NEt, %f;a
ﬁ ) WCOZEt 20 °C CO,E | = * 0
— OEt
N (94%) ortho-like N
2
Eto\i N l 160 °C EtO H|
~ CO,CHs Kj\cozcm NEt,
(50%) para-like wCOE
Frontier Molecular Orbital Theory
Bonding between carbons with highest orbital coefficients
I. Dienophile with EWG
ZOEWG LUMO @ “EWG
II. Diene with ERG @ C-1
7 \_gre HOMO ‘_\—ERG
[ll. Diene with ERG @ C-2
ERG ERG
/ HOMO /_ﬁ;
case 1: I+ 1i case 2: | +1lI
ERG ERG G
EWG i EWG /E. :EW /O/EWG
; ERG ERG
ortho-like para-like
Steric Effects

S-Cis Conformation

R R CH
2 o 3 HiC_ R
= k R NC CN k CN
o O e
X NC~ >CN
o) o)

CN
CN
rate k rate k
R=H 1 R=H 1
Me 4.2 Ve -
t-Bu <0.05
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Diene Dienophile

ERG EWG ERG
S G-
A EWG
ERG ERG

Dienophile

0
a. ketene equivalent H

1. a-chloroacrylonitrile

OCH,
Cl__CN CHa0 H,0 CHsO
¥ \W - /;E?m %
CN o 50-55%
2. nitroalkane
OCH;
. WNo2 CH30 / . NaOCH, CH30 /
H 2. TiCl,
No, NH4OAc o 96%
b. ethylene equivalent ||
vinyl sulfone
SOPh 43500 so,Ph Na-Hg
Y - on oy e
76%
1. base
J 2. PhCH,Br
SO,Ph Na-Hg
Ph — & Ph
85%

c. acetylene equivalent |H

1. phenyl vinyl sulfoxide
I Cl Cl Cl
cl_ Cl Q T cl
cl o, WS\Ph 100°¢ a, Ho 100°C a—
Cl—¢j Cl—¢i
Cl Cl (s\FS 83%
Ph” >0
2. bis(benzenesulfonyl)ethene
SOzph Na_Hg
[ - Natg
SO,Ph MeOH

SO,Ph
SO,Ph
— 54 —

69%



d. allene equivalent H

vinylphosphonium salts

+
© .\ (PP% t . 1.LDA
| / ° 2.CH,0 / 50%

Diene

Simple dienes are good enough to react with "good" dienophile. Steric effect may be important.

a. Functionalized diene

Danishefsky's diene

OCH; OCHs CHO
CHO  H.O"
3
/< )H‘/CH3 benzene /@CH?’ . ﬁCH
TMSO reflux TMSO 0
OCH3 COchg OCH3 . CO CH
benzene CO,CH H30 2LH3
= 2LH3
| I -
reflux
HO CO,CH
TMSO CO,CHs TMSO CO,CH; 2~

b. Unstable diene : highly reactive - in situ generation

Quinodimethanes
X X
-1 — QO

Generation of quinodimethanes

1. pyrolysis of benzocyclobutenes

2. elimination from a,a-ortho-disubstituted benzenes

/\
TMS
CH3

CHj
CO,CH,

—_—

CHSOZCI ""CO,CHs
CH,

CO,CH3 100%

0 o
CHoBr  Zn-Ag )J\WH
CHzBr
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c. Highly reactive dienes
Benzo[C]furan (isobenzofuran)

Ph Ph
O - O == R0
\
- 69%
Ph
d. Moderately reactive dienes
Polycyclic aromatic hydrocarbons
0 PhCO
COPh
Ca T A
Ph 56%
resonance E = 1.60 eV © resonance E = 0.87 eV x 2
& [ 0
OO W O o
}9’ 82%
0 0
Stereochemistry
diastereoselectivity
CHj CHs CHs

(@)
I__l |
-
o T
|
RN
OII
I
w
f
(@) @)
& &

3// CHj :
CHs; CHs CH;
CHs CHs CE:H3 CH
—  H H 3
—=—CH; —— / CH; =
| CH CH
HJ ’ H ’ CHs
CHs CHj CH;

enantioselectivity

endo selectivity

Et, Et
Al
o} o | 7 H
OAN N . Me
L/ o) N/> Ph
Ph Me O%\O
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Intramolecular Diels-Alder Reaction

1. (o) o)

2,
CHy
exo
3.
/
oHe _\ Et,AICI
TMSG OHC ' OTMS  62%
OHC , OTMS
:
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Chapter 4. Oxidation
4-1. Oxidation of alcohols to aldehydes, ketones or carboxylic acids

General Mechanism of Alcohol Oxidation

R 3 R (9
R+OH + HO—Cr—OH R O—Cr—OH + H,0
I 2 2
Jslow
R Ny
=0 + \lcllr—OH + H
Oxidants o)
a. Transition metal oxidants
(@]
[l . ..
1) Cr(VI) - based reagents e chromium(IV) trioxide

Jones' reagent aicdic agueous solution of chromic acid CrOg +aq. HySOy4

QTN

+

N Il Il
HO—Cr-OH HO—Cr-0—Cr-OH + H>0O
o (concentration, pH) o o

chromic acid dichromic acid
Dropwise addition of the reagent to an acetone solution of alcohols at 0 °C

CrOzin AcOH
i i
I I
_Cr.* AcOH HO—Cr-OAc AcO—Cr-O—Cr-OAc + Hy0
o~ o lcl) I I

Collin's reagent: CrOgzin pyridine good for acid sensitive substrates

O
ICI)»/Jr\ N e
—Cr-
0 \_7/  CH,Cl, N/
O
PCC pyridinium chlorochromate
. . (I)I — = I 9
CrO3in HClI + pyridine =— Ho—lcl,r—c| + N\ ) Tl NTH_O_ﬁr‘C'
O o)
PDC pyridinium dichromate solvent: DMF or CH,Cl,

CrO3zin H,0O (small amount) + pyridine oxidation of 2° alcohols or allylic alcohols
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[examples]

Na,Cr,07 C3H;CH,0OH
C3H7CH,OH C3H,CHO ——
H,0, H,SO,
CrO3, H,SO @)
_ OH SR (O 4
acetone H
(80%)
HO CHs SN
CHs
CH3CHO Q 1. CrOg, pyridine
HO + +
o H HO 2. H30

2) Mn(VIl), Mn(1V)
Potassium permanganate KMnOy4

Very strong oxidant - overoxidation problem

insoluble in most organic solvents

Manganese dioxide MnO,
selective for allylic and benzylic alcohol

preparation

MnSO, + KMnO, + 2NaOH

e { Mn02 e
o OH acetone o

b. Other Oxidant

1) DMSO + electrophile (X"
DCC, Ac,O, Tf,0, Oxalic chloride

+ \+ mOCHZR

S—-0—X
/

<mechanism>

\+ —
S-0 + X
/

(CH3)ZS + RHC=0

base

_59_
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C3H7 O_CH2C3H7
H

|

0]
I
C3H7_C_O_CH2C3H7

HO CH,

HO— QO

Use 18-Cr-6 or PTCatalyst

2MnO, + Na,SO, + KOH + H,0

io 35%

|
RCHZO—?Q)—X

+/
RHC-O0—S +
|1|J G



Swern Oxidation
1.DMSO, (COCI),

)Wv CH,Cly, -50 °C )\/\)\A
OH X NN

2. EtzN O 95%
O Cl
\ /\O\ /O \ + I 7 N\t
= + ‘e -0-C— -
/S 0 CVC C, §f75\94C\}%*\ s—a + CO + CO,
Cl Cl Cl
RR'CHOH
R
\ +
(CH3)28 + RR'C=0 b /SJO"*( R
ase H
N~
2) Corey - Kim procedure
\+
CHg_S_CHg + NCS or C|2 /S—C|
+
CH,OH CH,0S(CH3), CHO

/CI_ EtsN (93%)

3) Oppenauer oxidation
N
\A/ 0 AI\/
enauer
J &O pp

CH; *' R Meerwein-Pondorff-VerIey CH3 R

acetone O

4-2. Oxidation of carbon - carbon double bonds

4-2-1. Perhydroxylation

a) KMnO, potassium permanganate

N/
HO-C—-C-OH
I\

syn - perhydroxylation <——  cyclic intermediate

control further oxidation (ketol formation) : glycol formation in alkaline solution

R - H
O\\ /O_ R&-O O  HO RS OH HO /O_
| +  Mn _— IMn I + Mn
2N\ RN 2N
0 :
H




ketol formation

RN 0° RG-o—mp MO RQ-OH
y Vv \Y
H,0

b) Osmium tetroxide
Selective and mild glycol formation

Stereospecific syn addition through cyclic osmate ester

R
|+ O\\ ° R O //O H,0
//O\S\ /O\S\
R O O

toxic and expensive

Upjohn Process

H
RS _OH
I +
R”: OH

H

Use amine oxide as a stoichiometric oxidant: N-methylmorpholine-N-oxide

N\ O~
N
[ j t-BUOOH or BaClO3 can also be used.
o) NMP
0Os0Oy4 (cat.)
CH,0,C7 ag. acetone CHa0,c 2L > oﬂH
CH3OZC NMP CHgozc H
H
OH OH
0s0y (cat.) ~OH
NMP II"OH

c) lodine and silvercarbonate

Prevost condition (anhydrous condition) —

trans-glycol derivative

Woodward condition (aqueous condition) —  cis-glycol derivatives

AgOAc >W|+<

|2 r “OAc

+ Agl o O

Ho>[\ _/<O

FERN

)\ OAc




4-2-2 Epoxidation
a) Transition metal oxidants

Epoxidation of allylic alcohol

-

{ V, Mo, Ti as a catalyst
t-BUOOH as a stoichiometric oxidant

cHy  Hon t-BUOOH cH, H

OH
7" “c4Hy  VO(acac), SO CaHo N
benzene, reflux >99% selectivity
Q /‘— 0
CH
3 O’“:. | | O CH3 O,I ” \\O
/ V \ — I,.‘VJ\\

o~ | Yo o™ |

o 0O 0 o 0

L 4\

Asymmetric epoxidation of allylic alcohol - Sharpless epoxidation

t-BuOOH t-BuOOH
| CoH1g — o CgoHig o CoH1g — | CoH1g
OH T|(O|'Pr)4 0, OH OH ( T|(0|-Pr)4 OH

(+)-diethyl tartrate -)-diethyl tartrate

CH,Clp, -20°C  92% CHeCl 20°C ot
90% ee 90% ee
D-(-)-diethyl tartrate H  co,Et

HoS ¢
} EtO,C H

; EtO,C_  Hoy
L-(+)-diethyl tartrate Hoh  CO.Et
EtO,C O EtO,C. O
™) >_ ‘Nc )
OI'”"T'

b) Peroxidic reagents
MCPBA, peracetic acid perbenzoic acid etc.

RCOOH + H,0, === H,0 + RCO3H
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Stereospecific syn addition concerted process

|| oL — o

I\” B\J\R o)\R

rate increased by electron donating substituents on alkenes and electron withdrawing
substituents on peroxy-acid

(j( MCPBA @ ’5 MCPBA
O
CHCI CHCI
3 80% 3 0

H
OAc OAc OH OoH H
MCPBA MCPBA
benzene o benzene 0
0°C 0°C
O —_
G e L @
NaOH o
g O7OH
~0-OH &
4-2-3 Cleavage of double bonds
i . O, 0
a) Transition metal oxidants PN _

o o~ O/
HO—I-OH

HO  OH  NalO,4 AN
=\ + KMnOy4 H H HO} ﬁOH
R R R R H H

or R R
OSO4
_ 0 o_,0 O O
HO0 * To—i ~—— i 7 ¥
o) HO OH H R H R

b) Ozonolysis

@] — —
ZON 5= [X) ‘3 + O + O R
N ‘) R7H R / R—) .0
H
R initial ozonide \
1,3-dipolar cycloaddition CHy A
-OH reducing agent* O/O H
* reducin : ? RCHO
g agent: R%\ R%——O
1. Meas H O H>0, H  ozonide
2.Zn/AcOH
3. PPhg J'V'ezs or RCOgH j H,0
4.Nast3 RCOOH
RCHO RCHO + Hzoz
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c) Pb(OAC),

HO O OH
Pb(OAC), (jg Pb(OAC), (j@
fast slow :
HO cyclic intermediate ~ © OH
4-3 Oxidation of Ketones and Aldehydes
a) Transition Metal Oxidant
O H,CrO, o
(: _ + Ht 4+
R)L&/ R‘PO Cr—OH R)LOH H HCrO4
CHO 1. Ag,0, NaOH COH
HO 2. HCI HO (83~95%)
OCHjs OCHs
0—Rb(OAc),
. 0 BF3 ~<*) e Q
R%R' Pb(OAC) o\ (1 , ACO%R- + Pb(OAc),
H R R R R I
v R
b) Peroxy-acid Oxidants: Baeyer - Villiger oxidation
Q )
+ L}
R)J\R R ~O-OH \, g RJKO/R + R'CO.H
<0 Concerted Mechanism
Migratory Aptitude

t-alkyl, s-alkyl > benzyl, phenyl > primary-alkyl > cyclopropyl > methyl

0
o} O)l\
PhCO3H
CHClg

CH3CO3H
CH5CO,H

s

&
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4-4 Allylic Oxidation

a) Transition Metal Oxidants

— O N O
_/ \ 4+ n — . _ =\ 1
CrO3z* Py NN gr o) CrO3- 3,5-dimethylpyrazole . N-Cr-OH
@)
=N~ Q
l\?—lclir—OH

=
o OH
( Nt i
HO-CryO
C

Cr03' Py
68%
O

b) SeO,
Alkenes —— a,B-unsaturated carbonyl compounds (major product)
allylic alcohols or esters

R
O\\/ CCHZ Ho—sr ‘\/\CH \ﬁ

R &2 HO—se  CH(

o 0 H

ACOH \
= =

~C—OAc c=0
H H H

"ene" reaction

R

Catalytic process

1.5-2 mol% SeO, / t-BuOOH (stoichiometric reagent)
allylic alcohol is the major product

SGOZ +
+
ACOH
Ac,0 OAc OH o

35% 18% 8%
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Chapter 5. Reduction
5.1 Catalytic Hydrogenation

transition metal
RHC=CHR* + H, ——» RH,C-CH,R'
catalyst
"Pt, Pd, Rh, Ru, Ni"
<mechanism>
Stereoselective syn addition from the less hindered side of double bond

Heterogeneous (may cause double bond migration)

Rya,— WR
—FIQ-IZ L CH,R5 H_H ’
Cor Lo H
L | CH
CHs °
O directing effect H
CH30 l CH,OH CH30 CH,OH 94% selectivity
O. steric effect
CH30 l CO,CH3 CH30 CO,CHz  85% selectivity

Hydrogenolysis

QCHZOR Ha, Pd_ @CHg +  ROH

Homogeneous catalysts (soluble complex)
Wilkinson's catalyst : (PPh3)sRhCI  minimize the migration process

AN

_ —Rh-H

N H, N RCH=CHR %
—Rh—=Cl / RCH=CHR

~N
7Rh J
RCH,~CH,R RCH,~CHR RCH,~CHR

Rh—H Rh

OH OH

©  (PhgP)gRACI 0 J;;b [RsP-I(COD)pyIPF, J;:b
H2 HZ B
O @] i

Directing effect by amide, ester and ether etc.

Lindlar's catalyst: partial reduction of alkynes to (Z2)-alkenes
Pd-CaCOg; (Lead) or quinoline : heterogeneous cat.

— N
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5-2 Diimide

HN=NH

unstable in situ generation

HN=NH N—N <
+—=  H H

nonpolar cyclic T.S.

syn addition J

5-3 Group Il Hydride-donor Reagents
B, Al
5-3-1 Reduction of Carbonyl Compounds

NaBH,
Mild reducing agent

Reacts rapidly with aldehydes and ketones

Reacts slowly with esters
Solvents: EtOH, H,0

(1. Na* “0,c-N=N-CO; Na® + RCO,H

o
@ﬁ—NHNHZ heat

o or THF-H,0, NaOAc

2.

3. NH2NH2, 02, CU(”)
NH>NH», H,O,

4. (I)I
NHZO—ﬁ—O__ + NH,OH

)

LiAIH,,

Powerful hydride donor reagent

Reacts rapidly with esters, nitriles and amides
as well as aldehydes and ketones

Solvents: THF or ether

<No Reaction with Isolated Double Bonds !!!>

<Mechanism of reduction>

Howt "R
M + R.H X
H-B.," WM o H R
_B- — H,0 +
Hl. O — H-BC —_ . R b-g-o. R 2 4 R——H
H\jgﬂ\ H O‘t_R T H 4 ;7<R L OH
R* R
B(OH
o e S0 o
0
N THF N
- 0
H 65°C. 8 h H 67-79%

Selectivity or Reactivity of B/Al hydrides

1. Nature of the metal cation

_—

Li, Ca> Na

Lewis acid strength
or hardness

LiBH,4, Ca(BH,), > NaBH,
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Selectivity or Reactivity of B/Al hydrides

2. Effect of Ligands

a. Alkoxy ligand: Increase solubility of the reagent
selective reduction @ low temperature

LIAIH(Ot-Bu)s NaAlH,(OCH,CH,0OCH3), = Red-AI™

b. Nitrile ligand: Electron withdrawing group
reduced reactivity Iminium ion —— amine
NaBH3;CN

c. Alkyl ligand
Size effect —— Selective reduction

Selectrides™  (stereoselective reduction)

+ _ H
M HB'(_IC_CH20H3 )3
CHs

Neutral Boron and Aluminum Hydrides

BH3 : Borane AlH3 : Alane
e ] o
H —
+ T B—H
0/+\<BH Q—?—H o 3 R——H
R)J\R 3 R)\?H R+H — R
R B(OH)3
Carboxylic acid primary alcohol
Amide Amine
Do not react with esters, nitro, and cyano
DIBAL /K
Selective reduction of esters to aldehydes at low temperature

Al—H

{

Reduction of a,p—unsaturated carbonyl compounds

o OH O
N i L NG

1,2-reduction 1,4-reduction

1,2-reduction 1,4-reduction

Luche condition: NaBH, + CeCls Catalytic hydrogenation
DIBAL "H "+ Copper salt: Cu-H
9-BBN

Wilkinson's catalyst + Et3SiH
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Stereoselectivity

Cyclohexanone derivatives
Steric approach control vs Stereoelectronic control

sterically hindered hydride donor approaches to the equatorial position to give axial alcohol

H
H _O steric H, OH
R - R -
\_H-B-g R H
_ H R
H_$\H
H T

HH l o stereoelectronic ﬁﬁ\
R JF R OH

5-3-2 Reduction of Other Functional Groups

LAH
N 94%

AN N

H LAH ) . .
Ph 7 Ph i or LiBHEt3 : super-hydride
o OH
H H
LAH
t-Bu - H t-Bu HH
© OH
e LAH Et
_ 120150°C - gt 90%
45h
5-4 Hydrogen Atom Donors
n-BusSnH
1. Replace halogen by H <Free Radical Chain Mechanism>
Ine + BugSnH — In-H + BugSne
o SR § . i 83X O:/[O BuzSnH O:/[O
u ne + - o + u
3 3=n —Cl 84% —H
Re + BusSnH RH + BusSne Cl cl
X X
Q : Me3SnCl (cat.) Q :
LN N
17" “CH,OCH; } ~” “CH,OCHj3
O\f( stoichiometric reagent OT(
0] 0]
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n-BusSnH
2. Reductive deoxygenation of alcohols

S S BugSne S—SnBug
R-OH  + e — C T - c
o R—-0" "X -07%
XX 5\0_7 X
Bu3SnH S—SnBug
RH + BugSne Re + ¢
o X
I - S
_C. C._ | DMAP
X X * PhO™ ClI

« NaH, CS, then CHasl

5-5 Dissolving - Metal Reduction

5-5-1 Addition of hydrogen
<mechanism> single electron transfer

9 s.e.t. 0 sol-H
R R e—_’ R - RJ\ J\ - %\R'

ketyl %erlzatlon _ _
disproportionation J

O_ R O

R / R%\ :MR

Conjugate Reduction ]

sol-H R OH

)\)J\—>.)\)\—>)\)\—>R_)\/\R

O -0 O
Li, NH B =
HO (Lequiv) A KA,

Birch Reduction partial reduction of aromatic ring
Li or Na in Liquid NH3

H H - H H H H
@ Li sol-H @ Li @ sol-H Q
H H

*Benzene ring with electron-withdrawing substituents reacts too fast !!!
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Regiochemisty for protonation

OCHj, OCHj4 co,
Li, NH3 Li, NH3
EtOH EtOH

5-5-2 Reductive removal of functional group

Cl
oA cl OCOCH3 OCOCH4
cl Na
EtOH 70%

Cl Cl

<Mechanism>

_ e e— _ sol-H
RX ——s RX —>= Re R ]
-X
Zn 7
o) Zn sol-H
R R ——» R
R)Q( or Al-Hg R)\/ J\/
COAC
5-5-3 Reductive carbon-carbon bond formation
Pinacol coupling
- - +
o Mg-Hg o - 00 H HO OH

A 1 N

H
- 0
Mg-Hg %
Do tn —
Ticl, %
HO¥

H

pinacol

TiCl; and Lior K or Zn-Cu or LAH
@) — 0
Li 85%

Acyloin condensation Esters — a-hydroxyketone (acyloin)

O 1. Na

— A
OCHj O Na
CH30 2. AcOH
0
/ HzO"
1
OH
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5-6 Reductive Deoxygenation of Carbonyl Group

Clemmensen reduction Strongly acidic condition

0 Zn, HCI
Wolff-Kishner reduction base-catalyzed decomposition of hydrazone
(o) H,oNNH, NNH» base

£ 5 - .

<mechanism>

! - Cn- -H OH Cx
N/N_H OH Nl/N H NéN H N¢N H)<|
)l\ /é\ /}\ (}\ +
H,0 H H,0 H Np
Tosylhydrazone reduction
o) HoNNH, NNHTs ~ LAH
)J\ )J\ N
or NaBH,4
<mechanism>
H
H H |
H_ H
NI N ——> N . .
)\ 4\“ M\H N2

H,0

Thioketal Desulfurization

or n-BuySnH 81%
O BF3 S\) 3 ()

Shapiro reaction

Carbonyl group —— Alkene

O H,oNNH, NNHSO,Ar RLi

)J\ or LDA

<mechanism> NZO
H

)

N-SOLAr -
N VTSOAT oRi N|3 N N b

Li+

_72_



