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Chemistry

O

Allene Oxide
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Photolytic 

Decarbonylation

O
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Farvorskii

Rearrangement
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Strain energy
49 kcal/mol

O
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!  CO
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R! OHhv

R
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Light induced
decarbonylation

O

O

R

H

R
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FavorskiiÕs 
rearrangement

HO O OH

n

Polymerization

HO OR

 2

O R-OH
Isolated and
 Quantified

Methods
to access

cylopropanone

R = H, Alkyl, Ac1
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HO OEt

Strong basic or 
acidic conditions O

!

+ EtOH

!  volatile, unstable
!  poorly reactive

B M

M = Zn, Ti, É
EtO

O

metal-homoenolates

[M]
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HO OEtTMSO OEt cat. HCl 

MeOH

PhSO2Na (1.2 equiv)
HCO2H (10 equiv)

MeOH/H2O
rt, 2 days

HO S
Ph

O O

3
Isolated

Commercially 
available

4
Overall 59%

HO OEtTMSO OEt cat. HCl 

MeOH
rt, 10 min

RSO2Na (2.0 equiv)
HCO2H (10 equiv)

MeOH/H2O
rt, 2 days

HO S
R

O O

Commercially 
available

4, 92%
R = Ph

b) Yujin JangÕs Optimal Conditions

a) Zili ChenÕs Synthesis of Sulfonyl Cyclopropanol Precursor

3

¥ one-pot
¥ gram-scale
¥ no purification
¥ 12 examples
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SO2Ph

N2

Ar

Ru(II)-Pheox

R2

SO2Ph

R1

H

SO2PhH

H
Method B

O

R2R1

i.  n-BuLi;

ii.  BsCl
iii. n-BuLi

n-BuLi (1.0 equiv);
BF3¥OEt2 (5.4 equiv)
(Et3SiO)2 (1.2 equiv)

[AcOH quench at ! 78 ¡C]

R2

SO2Ph

R1

HO

>99:1 dr
>90% ee

Method A

R2R1

O

DME or t-BuOMe,

Enantioenriched 
cyclopropanones

R1, R2, = H, Ar, Alk(14 examples)
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B- M+
O R

R

O M

Metal-Homoenolate

M = Zn, Ti, Ni É
Transformations

Nuc Addition
Cross-coupling
Halogenation
Homo-aldol

 FGIÉ

HO R

Cyclopropanols
5

M+

reagents

O RM cat., [O]

R

O

! -Keto Radicals

M = Ag, Mn, Fe É

reagents

R

O

FG
! -Functionalized 

Ketones
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(b) Titanum-mediated Kulinkovich cyclopropanation of esters

¥ Often stoichiometic titanium (IV) 
¥ Excess of Grignard reagent

RO

O

R1

R2 HO R1

R2Ti (IV)

BrMg

(a) Cyclopropanation of enols via metal carbenoid species

RO R1

[M]

X

R2

then deprotection

HO R1

R2

¥ R = SiR3, [M] = Zn, Cr, PdÉ
¥ Typically racemic

OEtHO

OMe

Li

Et2O, reflux, 12 h

HO

OMe

52%

Et2O, 0 ¡C

MeMgI IMgO OEt

OEtHO IMgO OEt

Et2O, 0 ¡C

BrMg
MeMgI

Et2O, reflux, 16 h

HO

90%

Ph

Ph

(11 equiv.)

a) Long reaction times under refluxing conditions

b) Excess of Grignard reagent, low atom economy
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MgCl
Et2Zn (2.2 equiv.)

THF, rt
Zn

EtEt

Bn
MgCl

3 bonds
equally reactive

THF, 0 ¡C to rt

SO2PhHO

HO
Ph

MgCl

THF, 0 ¡C to rt

SO2PhHO

HO
Ph

ZnCl2 (1.2 equiv)
LiCl (6 equiv)

TMSCH2MgCl (2.4 equiv)
Zn((CH2)TMS)2Ph

THF

[Li] [MgCl2] [LiCl]

Enhancen reactivity of 
desired bond

with non-transferable 
ligands

a) Zincate derived from diethyl zinc

b) HatanoÕs zincate

c) Orbital effect in HatanoÕs zincate
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HO

OMe

HO
OMe

HO

OMe

HO

NMe2

HO

MeMe

Me

HO

Me

HO

OPh

HO

F

HO

CF3

HO
CF3

HO

CF3

HO
CF3

CF3

HO

Ph

HO HO
S

12
A: 94% 
B: 86%

11
A: 84%
B: 72%

13
A: 89%
B: 76%

10
A: 86%
B: 81%

9
A: 91% (94%)b

B: 88% (88%)b

14
A: 89%
B: 88%

16
A: 66%
B: 62%

17
A: 74%
B: 52%

15
A: 85%
B: 72%

18
A: 82%
B: 74%

20
A: 88%

 B: 94%c

19
A: 44% 
B: 40%

23
A: 76%d

B: 71%c

22
A: 90%c

B: 81%c

aAll yields correspond to isolated yields on a 0.25 mmol scale of 4. bIsolated yield on a 2.5 mmol scale of 1a. cReaction was stirred 
at rt for 16 h instead of 5 h. dUsing (phenylethynyl)lithium (2.2 equiv), at !  78 ¡C to rt.

21
A: 83%
B: 85%

HO
Ph

24
C: 76%

HO C6H13

25
C: 65%

SO2PhHO HO R1Conditions: A, B or C

A: R1-MgBr (2.2 equiv), THF, 0 ¡C to rt, 5 h
B: MeMgBr (0.95 equiv), THF, -78 ¡C then R1-MgBr (1.2 equiv), warm to rt, 5 h.
C: ZnCl2 (1.2 equiv), LiCl (6 equiv), TMSCH2MgCl (2.4 equiv), R1-MgX (1.2 equiv); then add 1a (1.0 equiv), 0 ¡C to rt, 12-14 h

Conditionsa

HO OEt HO

BrMg

(2.2 equiv.)
THF, 0 ûC to rt, 5h

OMe OMe

3 9, < 5%
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HO SO2Ph

R1
THF, ! 78 ¡C to rt, 1h

R2! MgBr (3.0 equiv)
HO R2

R1

26, R1 = Me 
27, R1 = (CH2)2Ph

HO

OMe

Me

HO

OMe

HO

Ph Ph

28
85%

94% ee (>99)

29
91%

96% ee (96)

30
 75%

96% ee (96)

>99:1 dr

HO SO2Ph

Me
Ph MgCl

THF, rt

ZnCl2, LiCl
TMSCH2MgCl Zn TMSTMS

Ph [Li2MgCl3]+ THF, !  20 ¡C

HO
Ph

Me

 31, 62%
90% ee (>99)
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HO SO2Ph BrMgO R

BrMg

X

(2.2 equiv.)

THF, 0 ûC to rt, 5h

Homoenolate Chemistry

MXn

E+, Coupling Partner,
Radical Acceptors

M = Pd, Cu, Zn, Co, Ag, etc. O

R RÕ

- 2 C-C bond formation
- One Pot
- Construction of   
   Important Scaffolds
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HO SO2Ph BrMgO Ar

BrMg

(2.2 equiv.)

THF, 0 ûC to rt, 5h

OOMe

Br

Pd(OAc)2 (10 mol %)

dppd (20 mol %)
Ce2CO3 (2 equiv.)

Toluene, 80 ¡C

(4 equiv.)
O

MeO

33
Observed

MeO

32
Not Observed

a) One-pot Palladium Cross-Coupling

b) One pot ! -Fluorination

c) One pot ! -Cyanation

OMe

OMe

O

MeO
34

Not Observed

HO SO2Ph BrMgO Ar

BrMg

(2.2 equiv.)

THF, 0 ûC to rt, 5h

OMe AgF (20 mol %)
Select-Fluor (4.0 equiv)

Ph/H2O, 60 ¡C

O

MeO

35
 75%

I
O

CN

O

(1.5 equiv)
O

MeO

36
Not Observed

HO SO2Ph BrMgO Ar

BrMg

(2.2 equiv.)

THF, 0 ûC to rt, 5h

OMe

CuI (10 mol %)
DCE

Br

CN

H

F

HO SO2Ph BrMgO Ar

BrMg

(2.2 equiv.)

THF, 0 ûC to rt, 5h

OMe

0%

O

O

O O OMe

O
AgNO3 (20 mol %)
K2S2O8 (3 equiv.)

CH2Cl2/H2O

O

O

O O
(1 equiv.)

HO SO2Ph HO Ar

BrMg

(2.2 equiv.)

THF, 0 ûC to rt, 5h

OMe

50%

O

O

O O OMe

O
AgNO3 (20 mol %)
K2S2O8 (3 equiv.)

CH2Cl2/H2O

O

O

O O
(1 equiv.)

Filtered thorugh 
SiO2/Celite

a) One-pot Silver catalized C! H functionalization

b) Work-up reaction intermediate

Used crude
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O

37
48% (57)a

MeO
Ph

(3 equiv.)
Et2Zn (1 equiv.)

CuCN 2LiCl (1.5 equiv.)

THF

Br Ph

O

S

38
41% (77)a

Cu(OAc)2 (1 equiv.)
PhSO2Na (1.5 equiv.)

air, MeOH

Ph

O O
MeO

HO SO2Ph BrMgO Ar

BrMg

(2.2 equiv.)

THF, 0 ûC to rt, 5h

OMe

HO SO2Ph BrMgO Ar

BrMg

(2.2 equiv.)

THF, 0 ûC to rt, 5h

OMe

aYields in parenthesis are starting from cyclopropanol (9).
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HO SO2Ph HO RConditions A! C 17 Examples
R = aryl, heteroaryl,

alkynyl, alkyl

A: R1-MgBr (2.2 equiv), THF, 0 ¡C to rt, 5 h
B: MeMgBr (0.95 equiv), THF, -78 ¡C then R1-MgBr (1.2 equiv), warm to rt, 5 h.
C: ZnCl2 (1.2 equiv), LiCl (6 equiv), TMSCH2MgCl (2.4 equiv), R1-MgX (1.2 equiv); 
then add 1a (1.0 equiv), 0 ¡C to rt, 12-14 h

Conditions

HO SO2Ph HO R2
Conditions A & C 4 Examples

R = aryl, vinyl, 
alkyl

A: R1-MgBr (3.0 equiv), THF, ! 78 ¡C to rt, 1 h
C: ZnCl2 (1.2 equiv), LiCl (6 equiv), TMSCH2MgCl (2.4 equiv), R1-MgX (1.2 equiv); 
then add 1a (1.0 equiv), 0 ¡C to rt, 12-14 h

Conditions
R1 R1
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MeOH
rt, 10 min

HO OEt
RSO2Na (2 equiv)
HCO2H (10 equiv)

H2O, rt, 2 d

HO SO2Ph

4

HO SO2Ph
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SO2Ph

R

O
Ri.  n-BuLi;

ii.  BsCl
iii. n-BuLi

Ph
S

Me

O O
n-BuLi;

BF3¥OEt2, (Et3SiO)2

R

SO2PhHO

26-27

t-BuOMe, ! 78 ¡C

Me

HO SO2Ph
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Reeg,'RXXZ,'RX^d,' dig/' ' /%4#' G$+B)K'0: VC'W!x$Y(' #6=<0'537' #%%$ %%#=&-'X^g/^hXZdQ'53;40'

X^g/^hRid/''

'

<J_QJH:96@?J</ JB>IC?J<J@?`E@E?C8;C87>J<JC?'_OR̀C'.:4:76='>73<:0;7:'"'M6@'

53==3M:0/' fDE:2?A=1403=:' GXfX' E9,' X/^^' EE3=,' R/^^' :N;1PK,' RD

G>?:4A=@;=534A=K<A<=3>73>64DRD3=%+' GhRh' E9,' X/f^' EE3=,' R/Z^' :N;1PK'

01@@3=P:0'14'g/^^'EJ'35'07A'U$F/'"2'udg'm#,'#D\;J1'M6@'600:0'GX/RX'EJ,'WX/Rd!Y,'e/f^'EE3=,'

X/Z^':N;1PK/'"52:7'5=6@?'<?73E623976>?A,'<3E>3;40'OR'M6@'382614:0'6@'6'=19?2'A:==3M'@3=10'GZZR'

E9,'ggyK/'$/',4% 'Gh^^'!$V,'#I#= ! K'}'d/h^'G0,'9'S'g/^'$V,'R$K,'d/ef'G@,'R$K,'d/Ri'G0,'9'S'Z/R'

$V,'R$K,'d/^^'G0,'9'S'd/i'$V,'R$K,'f/ee'G0,'9'S'Z/e'$V,'R$K,'X/gi'G87,'R$K,'X/hR'G@,'Z$K,'R/eiDR/ed'

GE,'X$K,'R/ZhDR/ZZ'GE,'X$K/'$%&',4% 'GRXh'!$V,'#I#= ! K'}'RZf/h,'RZX/X,'RXd/Z,'RXf/e,'RXX/e,'

RX^/i,'RR^/d,'R^X/g,' fh/h,'XX/^,'Rh/R/'48 C'dRDdZ'm#/'*%' G4:62KC'ZXef,'ZR^^,'Z^X^,'XiRi,'Xghi,'

RfXh,'RhdX,'Rehd,'RZeX,'RXfh,'RXZf,'RXRi,'ihf,'dii,'fgh/'/%4#' G$+B)K'0: VC'W!x$Y(' #6=<0'537'

#%&$ %"&-'Rgg/R^fiiQ'53;40'Rgg/R^fgZ/'

N OH

Cl

N OH

Me



' ' '

gX'
'

<J_QJE6?C;CJ</ JB>IC?J<J@?`E@E?C8;C87>J<JC?'_OS̀ C'.:4:76='>73<:0;7:'"'M6@'

53==3M:0/' fD<?=3731403=:' GZ^Z' E9,' X/^^' EE3=,' R/^^' :N;1PK,' RD

G>?:4A=@;=534A=K<A<=3>73>64DRD3=%+' GhRh' E9,' X/f^' EE3=,' R/Z^' :N;1PK'

01@@3=P:0'14'g/^^'EJ'35'07A'U$F/'"2'udg'm#,'#D\;J1'M6@'600:0'GX/RX'EJ,'WX/Rd!Y,'e/f^'EE3=,'

X/Z^':N;1PK/'"52:7'5=6@?'<?73E623976>?A,'<3E>3;40'OS'M6@'382614:0'6@'6'=19?2'A:==3M'@3=10'GZgi'

E9,'ieyK/' $/',4% 'Gh^^'!$V,'#I#= ! K'}'d/ff'G@,'R$K,'d/hR'G0,'9'S'g/e'$V,'R$K,'d/Xh'G0,'9'S'Z/Z'

$V,'R$K,'d/RX'G00,'9'S'g/e,'R/d'$V,'R$K,'f/ef'G0,'9'S'Z/R'$V,'R$K,'X/iR'G87,'-$K,'R/hRDR/ei'GE,'X$K,'

R/ZhDR/ZZ'GE,'X$K/'$%&',4%' GRXh'!$V,'#I#= ! K'}'RZf/f,'RXg/e,'RXg/^,'RXd/d,'RXX/R,'RXR/e,'RR^/g,'

R^Z/R,' fh/h,'Rh/R/'48 C'dD̂dX'm#/' *%' G4:62KC'ZRfR,'ZR^e,'Z^Rf,'Xgg^,'Rf^i,'Rhfd,'Rh^d,'RefZ,'

RXff,'RXZZ,'RXRR,'ihh,'i^^,'dRd/'/%4#' G$+B)K'0: VC'W!x$Y(' #6=<0'537'#%%$ %%#=&-'X^g/^hXZdQ'

53;40'X^g/^hX^^/''

'

<J_QĴ ;CHCJ</ JB>IC?J<J@?`E@E?C8;C87>J<JC?'_OT̀ C'.:4:76='>73<:0;7:'"'M6@'

53==3M:0/' fD873E31403=:' GRif' E9,' R/^^' EE3=,' R/^^' :N;1PK,' RD

G>?:4A=@;=534A=K<A<=3>73>64DRD3=%+' GXhg' E9,' R/Z^' EE3=,' R/Z^' :N;1PK'

01@@3=P:0'14'e/^^'EJ'35'07A'U$F/'"2'udg'm#,'#D\;J1'M6@'600:0'GR/^f'EJ,'WX/Rd!Y,'X/Z^'EE3=,'

X/Z^':N;1PK/'"52:7'5=6@?'<?73E623976>?A,'<3E>3;40'OT'M6@'382614:0'6@'6'=19?2'A:==3M'@3=10'GRid'

E9,'dgyK/'$/',4% 'Gh^^'!$V,'#I#= ! K'}'d/gX'G@,'R$K,'d/ed'G0,'9'S'g/e'$V,'R$K,'d/Xe'G00,'9'S'f/Z,'

X/f'$V,'Z$K,'f/ef'G0,'9'S'Z/^'$V,'X$K,'X/iR'G87,'-$K,'R/hRDR/ei'GE,'X$K,'R/ZhDR/ZZ'GE,'X$K/'$%&'

,4% 'GRXh'!$V,'#I#= ! K'}'RZd/^,'RXg/e,'RXd/f,'RXZ/i,'RXX/h,'RRf/^,'RRZ/g,'R^Z/R,'fh/h,'Rh/X/'48 C'

df Ddg'm#/' *%'G4:62KC'ZRei,'Z^iZ,'Z^Re,'XiXX,'Rf^e,'Rh^f,'Rehg,'RZeR,'RZRi,'RXfg,'RXZR,'RXRX,'

ihe,' giX,'gZe,'dRf/'/%4#' G$+B)K'0: VC'W!x$Y(' #6=<0'537' #%%$ %%\7&-'XZf/^XihXQ'53;40'432'

1341V68=:/'''

N OH

Cl

N OH

Br



' ' '

gZ'
'

<J_RJH:96@?J</ JB>IC?J<J@?`E@E?C8;C87>J<JC?'_PÙC'.:4:76='>73<:0;7:'"'M6@'

53==3M:0/' dDE:2?A=1403=:' GXfX' E9,' X/^^' EE3=,' R/^^' :N;1PK,' RD

G>?:4A=@;=534A=K<A<=3>73>64DRD3=%+'GhRh'E9,'X/f^'EE3=,'R/Z^':N;1PK'01@@3=P:0'

14'g/^^'EJ'35'07A'U$F/'"2'udg'm#,'#D\;J1'M6@'600:0'GX/ig'EJ,'WX/ZX!Y,'e/f^'EE3=,'X/Z^':N;1PK/'

"52:7'5=6@?'<?73E623976>?A,'<3E>3;40'PU'M6@'382614:0'6@'6'=19?2'A:==3M'@3=10'GZZi'E9,'iRyK/'

$/',4% 'Gh^^'!$V,'#I#= ! K'}'d/ehDd/eZ'GE,'R$K,'d/Xe'G0,'9'S'Z/e'$V,'R$K,'d/^dDd/^X'GE,'X$K,'

f/ef'G0,'9'S'Z/e'$V,'R$K,'X/gd'G87,'-$K,'X/gh'G@,'Z$K,'R/h^'G87,'X$K,'R/eZ'G87,'X$K/'$%&',4% 'GRh^'

!$V,'#I#= !0'U:E>:762;7:C'DX^'m#K'}'RZe/i,'RZ^/X,'RXg/R,'RXh/R,'RXX/X,'RX^/h,'RRg/d,'R^X/e,'ff/e,'

X^/h,'Ri/R,'Rf/^/'48 C'giDi^'m#/'*%'G4:62KC'ZZRg,'ZR^d,'Z^fg,'Z^Xg,'Xifh,'XiZR,'Rhge,'RhXd,'ReRh,'

RZXd,' RXZ^,' R^dd,' R^Xd,' ihf,' dgd,' dXh/' /%4#' G$+B)K'0: VC' W!x$Y(' #6=<0' 537' #%&$ %"&- &'

Rgg/R^fiiQ'53;40'Rgg/R^fgf/'

'

<J_RJE6?C;CJ</ JB>IC?J<J@?`E@E?C8;C87>J<JC?'_P<̀C' .:4:76='>73<:0;7:' "'M6@'

53==3M:0/' dD<?=3731403=:' GZ^Z' E9,' X/^^' EE3=,' R/^^' :N;1PK,' RD

G>?:4A=@;=534A=K<A<=3>73>64DRD3=%+'GhRh'E9,'X/f^'EE3=,'R/Z^':N;1PK'01@@3=P:0'

14'g/^^'EJ'35'07A'U$F/'"2'udg'm#,'#D\;J1'M6@'600:0'GX/RX'EJ,'WX/Rd!Y,'e/f^'EE3=,'X/Z^':N;1PK/'

"52:7'5=6@?'<?73E623976>?A,'<3E>3;40'P<'M6@'382614:0'6@'6'=19?2'A:==3M'@3=10'GXiR'E9,'d^yK/'

$/',4% 'Gh^^'!$V,'#I#= ! K'}'d/hR'G0,'9'S'd/g'$V,'R$K,'d/Ze'G0,'9'S'Z/Z'$V,'R$K,'d/Xe'G0,'9'S'g/^'

$V,'R$K,'d/^f'G2,'9'S'd/g'$V,'R$K,'f/eg'G0,'9'S'Z/e'$V,'R$K,'Z/fh'G87,'-$K,'R/heDR/hX'GE,'X$K,'R/efD

R/eZ'GE,'X$K/!$%&',4% ' GRhR'!$V,'#I#=! K'}'RZX/e,'RZR/h,'RXi/h,'RXZ/d,'RXR/R,'RX^/R,'RRh/g,'

R^X/f,'fh/f,'X^/i,'Rh/d/'48 C'fgDd^'m#/'*%'G4:62KC'ZZhX,'ZXRf,'Z^if,'Z^Rf,'RhfX,'Redd,'ReXe,'RZXg,'

RXfe,' RXZe,' RRie,' RRZg,' ife,' dge,' dXR/'/%4#' G$+B)K'0: VC' W!x$Y(' #6=<0' 537' #%%$ %%#=&-'

X^g/^hXZdQ'53;40'X^g/^hX^Z/''
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N OH
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' ' '

ge'
'

<J_NJH:96@?J</ JB>IC?J<J@?`E@E?C8;C87>J<JC?'_PM̀='.:4:76='>73<:0;7:'"'M6@'

53==3M:0/' @L623=:' GRZR' E9,' R/^^' EE3=,' R/^^' :N;1PK,' RD

G>?:4A=@;=534A=K<A<=3>73>64DRD3=%+'GXhg'E9,'R/Z^'EE3=,'R/Z^':N;1PK'01@@3=P:0'

14'e/^^'EJ'35'07A'U$F/'"2'udg'm#,'#D\;J1'M6@'600:0'GR/Rh'EJ,'WX/^^'!Y,'X/Z^'EE3=,'X/Z^':N;1PK/'

"52:7'5=6@?'<?73E623976>?A,'<3E>3;40'PM'M6@'382614:0'6@'6'=19?2'A:==3M'@3=10'GRfg'E9,'i^yK/'

$/',4%' Gh^^'!$V,'#I#= ! K'}'d/fX'G0,'9'S'g/X'$V,'R$K,'d/hf'G0,'9'S'd/g'$V,'R$K,'d/XdDd/Xe'GE,'

R$K,'d/Rf'G2,'9'S'd/h'$V,'R$K,'d/^h'G0,'9'S'R/X'$V,'R$K,'X/gh'G87,'-$K,'X/Z^'G@,'Z$K,'R/edDR/eh'GE,'

X$K,'R/ZeDR/ZR'GE,'X$K/'$%&',4% 'GRXh'!$V,'#I#= ! K'}'RZf/e,'RZ^/^,'RXe/h,'RXX/Z,'RX^/^,'RRi/e,'

RRX/X,'RR^/h,'fh/Z,'Rh/R,'i/d/'48 C'dRDdh'm#/'*%'G4:62KC'ZZ^R,'Z^gR/,'Z^hZ,'Z^Xe,'XiZd,'XiRd,'Xgf^,'

RdZf,'RfRZ,'Rehh,'RZgi,'RXdg,'RXXf,' dZi/' '/%4#' G$+B)K'0: VC'W!x$Y(' #6=<0'537' #%&$ %"&-'

Rgg/R^fiiQ'53;40'Rgg/R^d^h/'

'

<J_</ J8@;;C?J<J@?`E@E?C8;C87>J<JC?' _PǸ='.:4:76=' >73<:0;7:' "' M6@' 53==3M:0/'

`A773=:' GX^g' €J,' Z/^^' EE3=,' R/^^' :N;1PK,' RDG>?:4A=@;=534A=K<A<=3>73>64DRD3=%+'

GddZ'E9,'Z/i^'EE3=,'R/Z^':N;1PK'01@@3=P:0'14'RX/^'EJ'35'07A'U$F/'"2'udg'm#,'#D\;J1'M6@'600:0'

GZ/hi' EJ,' WR/iX' !Y,' f/i^' EE3=,' X/Z^' :N;1PK/' "52:7' 5=6@?' <?73E623976>?A,' <3E>3;40'PN' M6@'

382614:0'6@'6'=19?2'A:==3M'@3=10'GXh^'E9,'fgyK/'!$/',4% 'Gh^^'!$V,'#I#= ! K'}'f/iZ'G2,'9'S'X/X'$V,'

X$K,'f/Rd'G2,'9'S'X/X'$V,'X$K,'X/iR'G87,'-$K,'R/ZZDR/Z^'GE,'X$K,'R/XgDR/Xh'GE,'X$K/'$%&',4% 'GRXh'

!$V,'#I#= ! K'}'RX^/e,'R^i/Z,'fd/g,'Rh/X/'48 C'ZeDZf 'm#/'*%'G4:62KC'ZRiZ,'ZRXd,'ZR^h,'Z^Rh,'XiRi,'

Xgh^,'Rhfg,'Regh,'RZe^,'RXhR,'R^gR,'R^XX,'ihh,'gZX,'dXR,'fZ^/'/%4#' G$+B)K'0: VC'W!x$Y(' #6=<0'

537'# / $ %.&-'RXe/^dhfiQ'53;40'RXe/^dhZ^/'

'

N OH

Me

N OH



' ' '

gh'
'

<J_</ JB>IC?J<J@?`JMJH:96@?E@E?C8;C87>J<JC?' _PÒ=' .:4:76=' >73<:0;7:' "'

M6@'53==3M:0/' )403=:' GRRd' E9,' R/^^' EE3=,' R/^^' :N;1PK,' XDE:2?A=DRD

G>?:4A=@;=534A=K'<A<=3>73>6DRD43=%+'GXdf'E9,'R/Z^'EE3=,'R/Z^':N;1PK'01@@3=P:0'14'e/^^'EJ'35'07A'

U$F/' "2'udg'm#,'#D\;J1'M6@' 600:0'GR/ZX'EJ,'WR/de' !Y,'X/Z^'EE3=,'X/Z^' :N;1PK/' "52:7'5=6@?'

<?73E623976>?A,'<3E>3;40'PO'M6@'382614:0'6@'6'A:==3M'31='GRed'E9,'diyK/'!!$/',4% 'Gh^^'!$V,'

#I#= ! K'}'d/fX'G0,'9'S'd/i'$V,'R$K,'d/he'G0,'9'S'g/X'$V,'R$K,'d/XdDd/XZ'GE,'X$K,'d/Rh'G2,'9'S'd/h'$V,'

R$K,'f/ei'G0,'9'S'X/g'$V,'R$K,'X/d^'G87,'-$K,'R/fRDR/he'GE,'R$K,'R/egDR/eh'GE,'R$K,'R/ef'G0,'9'S'

f/R'$V,'Z$K,'R/^R's' ^/ig'GE,'R$K/'$%&' ,4% ' GRXh'!$V,'#I#= ! K'}'RZf/^,'RXi/e,'RXf/i,'RXX/Z,'

RXR/Z,'RX^/h,'RR^/f,'R^X/g,'fd/g,'X^/g,'X^/h,'RX/d/'*%'G4:62KC'ZZde,'Z^gX,'Z^h^,'Xihd,'XiXg,'XgdX,'

RfR^,'RhRZ,'Rehf,'RZ^h,'RXXh,'dZi/'/%4#' G$+B)K'0: VC'W!x$Y(' #6=<0'537'#%&$ %"&-'Rgg/R^fiiQ'

53;40'Rgg/R^fgg/'

'

<J_<' JB>IC?J<J@?`JMYMJIBH:96@?E@E?C8;C87>J<JC?' _PP̀ ='.:4:76=' >73<:0;7:'

"' M6@' 53==3M:0/' )403=:' GRRd' E9,' R/^^' EE3=,' R/^^' :N;1PK,' XDE:2?A=DRD

G>?:4A=@;=534A=K' <A<=3>73>6DRD43=%+' GXie' E9,' R/Z^' EE3=,' R/Z^' :N;1PK'

01@@3=P:0'14'e/^^'EJ'35'07A'U$F/'"2'udg'm#,'#D\;J1'M6@'600:0'Gidi'€J,'WX/Zh'!Y,'X/Z^'

EE3=,' X/Z^' :N;1PK/' "52:7' 5=6@?' <?73E623976>?A,' <3E>3;40'PP' M6@' 382614:0' 6@' 6' =19?2'

A:==3M'@3=10'GRfg'E9,'geyK/'!!$/',4% 'Gh^^'!$V,'#I#= ! K'}'d/fX'G0,'9'S'd/i'$V,'R$K,'d/he'

G0,'9'S'g/X'$V,'R$K,'d/XdDd/XZ'GE,'X$K,'d/Rh'G2,'9'S'd/h'$V,'R$K,'f/ei'G0,'9'S'X/g'$V,'R$K,'

X/d^'G87,'-$K,'R/fRDR/he'GE,'R$K,'R/egDR/eh'GE,'R$K,'R/ef'G0,'9'S'f/R'$V,'Z$K,'R/^R's'^/ig'

GE,'R$K/'$%&',4% 'GRXh'!$V,'#I#= ! K'}'RZf/^,'RXi/e,'RXf/i,'RXX/Z,'RXR/Z,'RX^/h,'RR^/f,'

R^X/g,' fd/g,'X^/g,'X^/h,'RX/d/'48 C'gD̂ge'm#/'*%' G4:62KC'ZhR^,'Z^gX,'Z^hg,'Xidg,'XieZ,'

N OH

Me

N OH

Me
Me



' ' '
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'

XiX^,'Rf^d,'Rh^d,'Rehd,'RXXR,'iXh,'deX/'/%4#' G$+B)K'0: VC'W!x$Y(' #6=<0'537'#%!$ %)&-'

X^X/RXXfeQ'53;40'X^X/RXXei/'

!

RJ_</ JB>IC?J<J@?`^BE@E?CXOL<LUZ6:897>JRJC?' _PQ̀='.:4:76=' >73<:0;7:' "' M6@'

53==3M:0/' )403=:' GRdi' E9,' R/hZ' EE3=,' R/^^' :N;1PK,'dD

G>?:4A=@;=534A=K81<A<=3We/R/^Y?:>264DdD3=%+'Gh^^'E9,'R/ig'EE3=,'R/Z^':N;1PK'

01@@3=P:0'14'f/R'EJ'35'07A'U$F/'"2'udg'm#,'#D\;J1'M6@'600:0'GR/gZ'EJ,'WR/iX'!Y,'X/Z^'EE3=,'

X/Z^':N;1PK/'"52:7'5=6@?'<?73E623976>?A,'<3E>3;40'PQ'M6@'382614:0'6@'6'=19?2'A:==3M'@3=10'GXeh'

E9,'dRyK/'!!' $/',4% 'Gh^^'!$V,'#I#= ! K'}'d/fR'G0,'9'S'd/g'$V,'R$K,'d/ei'G0,'9'S'g/R'$V,'R$K,'

d/XhDd/XX'GE,'R$K,''d/XR'G0,'9'S'Z/X'$V,'Z$K,'d/Re'G2,'9'S'd/e'$V,'R$K,'f/ef'G0,'9'S'Z/X'$V,'R$K,'

X/hd'G87,'-$K,'X/^gDX/^^'GE,'X$K,'R/ieDR/gi'GE,'X$K,'R/fD̂R/hg'GE,'X$K,'R/hXDR/eh'GE,'X$K,'R/ZgD

R/Z^'GE,'X$K/'$%&',4% ' GRXh'!$V,'#I#= ! K'}'RZf/^,'RXi/Z,'RXf/d,'RXX/R,'RXR/Z,'RX^/e,'RR^/d,'

R^X/h,'fg/d,'XR/h,'Ri/g,'Rg/^/'48 C'ieDid'm#/'*%'G4:62KC'Zh^R,'Z^Xh,'XiXi,'XghX,'RhRZ,'Rehg,'RZ^^,'

RXRg,'ii^,'dZi/' /%4#' G$+B)K'0: VC'W!x$Y(' #6=<0'537'#%-$ %+&-'XRg/RZgXiQ'53;40'XRg/RZg^^/'

'

<J_</ JB>IC?J<J@?`JMYNJIBH:96@?E@E?C8;C87>J<JC?'_PR̀='.:4:76='>73<:0;7:'"'

M6@' 53==3M:0/' )403=:' GRgZ' E9,' R/hf' EE3=,' R/^^' :N;1PK,'X,ZD01E:2?A=DRD

G>?:4A=@;=534A=K<A<=3>73>64DRD3=%+'Gef^'E9,'X/^Z'EE3=,'R/Z^':N;1PK'01@@3=P:0'14'f/X'EJ'35'07A'

U$F/' "2'udg'm#,'#D\;J1'M6@'600:0'GR/gd'EJ,'WR/iX' !Y,'Z/hi'EE3=,'X/Z^' :N;1PK/'"52:7'5=6@?'

<?73E623976>?A,'<3E>3;40'PR'M6@'382614:0'6@'6'=19?2DA:==3M'@3=10'GRiX'E9,'fRyK/'$/',4% 'Gh^^'

!$V,'#I#= ! K'}'d/fX'G0,'9'S'd/i'$V,'R$K,'d/egDd/ef'GE,'R$K,'d/XdDd/XZ'GE,'R$K,'d/XX'G0,'9'S'Z/Z'

$V,'R$K,'d/RfDd/RZ'GE,'R$K,'f/eg'G00,'9'S'Z/e,'̂ /iE$V,'R$K,'X/he'G87,'-$K,'R/hfDR/hR'GE,'X$K,'

R/XgDR/Xd'GE,'f$K/'$%&',4% 'GRXh'!$V,'#I#= ! K'}'RZf/^,'RXi/X,'RXf/g,'RXX/X,'RXR/Z,'RX^/e,'RR^/h,'

R^X/f,'fg/^,'XR/Z,'f/f/'48 C'fiDdR'm#/'*%'G4:62KC'Zei^,'Z^h^,'Z^XR,'XiXi,'XgdR,'Rf^h,'RhRX,'Rehg,'

N OH

N OH

Me Me



' ' '

gd'
'
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(NH4)2S2O8 (1.5 equiv)
Fe(acac)3 (10 mol %)

C6H5F/H2O (9:1), [0.05 M]
50 ¡C, 24 h
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Gie' E9,' ^/h^^' EE3=,' R/^^' :N;1PK,' 6EE341;E' >:7@;=562:' GRdR' E9,' ^/dh^'

EE3=,'R/h^':N;1PK,'F:G6<6<K! 'GRd/d'E9,'^/^h^'EE3=,'^/R^^':N;1PK'M:7:';@:0/'

)@3=62:0'QO'6@'6'M?12:'@3=10'Gdg'E9,'geyK/'!$/',4% 'Gf^^'!$V,'#I#= ! K'}'d/i^'G@,'R$K,'d/Zd'G0,'9'

S'g/^'$V,'R$K,'d/̂i'G0,'9'S'g/^'$V,'R$K,'f/XZ'G@,'R$K,'Z/RdDZ/Re'GE,'X$K'Z/R^DZ/^d'GE,'X$K,'X/ed'

G@,'Z$K/'$%&',4% 'GRh^'!$V,'#I#= ! K'}'RdR/i,'ReZ/^,'RZZ/h,'RZZ/R,'RZ^/i,'RXh/f,'RX^/X,'RRe/^,'

N

O

Cl

N

O

Me



' ' '

iR'
'

R^^/e,'Zh/R,'XR/d,'Ri/d/'48 C'igDR^^'m#/' *%' G4:62KC'Zeee,'Z^Xh,'Xiee,'XiX^,'Xghh,'RdXZ,'RfRf,'

Rhgf,'Ree^,'RZfi,'RZhR,'RZRf,'RRiZ,'RRRe,'R^ei,'gR^/'G$+B)K'0: VC'W!x$Y(' #6=<0'537'#%&$ %&&- '

Rgf/^iRZeQ'53;40'Rgf/^iRZe/'

'

QJE6?C;CJ<YMJIB6@I;CJN/ J8@;;C?CX<YMJ7ZB>IC?JNJC>:' _QP̀ =' $:E16E146=' OS'

GR^e'E9,' ^/h^^' EE3=,' R/^ '̂ :N;1PK,' 6EE341;E' >:7@;=562:' GRdR'E9,' ^/dh^'

EE3=,'R/h^':N;1PK,'F:G6<6<K! 'GRd/d'E9,'^/^h^'EE3=,'^/R^^':N;1PK'M:7:';@:0/'

)@3=62:0'QP'6@'6'M?12:'@3=10'Gg^'E9,'dgyK/'$/',4% 'Gh^^'!$V,'#I#= ! K'}'g/^i Dg/^g'GE,'R$K,'d/e^'

G0,'9'S'g/e'$V,'R$K,'d/Xe'G00,'9'S'g/e,'X/^,'R$K,'f/Xf'G@,'R$K,'Z/X^DZ/Rf'GE,'X$K,'Z/RXDZ/^i'GE,'X$K/'

$%&',4% 'GRXh'!$V,'#I#= ! K'}'RdR/f,'Ree/X,'RZZ/g,'RZ^/d,'RXi/Z,'RXe/d,'RXR/e,'RRe/^,'R^^/Z,'Ze/g,'

Ri/g/'48 C'Red'm#'G0:<3E>3@12134K/'*%'G4:62KC'Zeee,'Z^Xh,'Xiee,'XiX^,'RdXZ,'Rhgf,'Ree^,'RZfi,'

RZhR,' RRiZ,' RRRe,' R^ei,' gR^/'/%4#' G$+B)K'0: VC' W!u$Y3' #6=<0' 537' #%%$ / #=&-' X^e/^XXRfQ'

53;40'X^e/^XXRd/'B>:<276='0626'E62<?:0'M12?'7:>372:0'=12:762;7:/+"1'

'
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(B7A9:;:CH:;'_RÒ=')@3=62:0'6@'6'M?12:'@3=10'GZh/i'E9K/'$/',4% 'Gh^^'!$V,'#I#= ! K'}'g/^fDg/^e'

GE,'R$K,'d/hXDd/h^'GE,'R$K,'d/XiDd/Xe'GE,'X$K,'f/Xi'G@,'R$K,'Z/f^'G22,'9'S'g/i,'f/f'$V,'R$K,'Z/ZR'G>,'

9'S'd/g'$V,'R$K,'R/ZeDR/ZR'GE,'f$K/'$%&',4% 'GRXh'!$V,'#I#= ! K'}'Rde/g,'Reg/g,'RZh/Z,'RZ^/e,'

RXe/R,'RXZ/e,'RX^/d,'RRe/^,' ii/f,'eh/Z,'ZR/X,'Rf/R,'RR/d/'48 C'hgDf^'m#/' *%' G4:62KC'Zeee,'Z^hd,'

Xidh,'XiXi,'XgdX,'RdXd,'Rf^i,'RhgX,'Reed,'RZf^,'RRde,'ieZ,'i^e,'dif,'dfR/'/%4#' G$+B)K'0: VC'

W!x$Y(' #6=<0'537'#%!$ %"&-'X^^/R^fiiQ'5 3;40'X^^/R^d^g/'

'

4B>C;' (B7A9:;:CH:;'_ROg`=')@3=62:0'6@'6'M?12:'@3=10'GXd/g'E9K/'$/' ,4% '

Gh^^'!$V,'#I#= ! K'}'g/^fDg/^e'GE,'R$K,'d/hXDd/ei'GE,'R$K,'d/XiDd/Xe'GE,'X$K,'

f/XgDf/Xd'GE,'R$K,'Z/^d'GN00,'9'S'd/^,'h/h,'R/d'$V,'R$K,'X/dh'GN0,'9'S'd/e,'h/f,'

$V,'R$K,'R/ei DR/eh'GE,'f$K/!$%&',4% 'GRXh'!$V,'#I#= ! K'}'Rde/R,'Red/f,'RZh/Z,'RZ^/h,'RXe/R,'

RXZ/h,'RX^/g,'RRZ/i,'ii/e,'h^/h,'Zf/f,'Rg/d,'Rh/Z/R'

'

'

'

'

'

'

'

'

!

N

O
Me

Me



' ' '

if '
'

&C>9;C?')W8:;BH:>9A'7>I'4:E67>BA9BE'#9KIB:A'
'
!^A:>E:'CD'[79:; '

'

'

'

$:E16E146='OM'GRh'E9,'^/^gff'EE3=,'R/^^':N;1PK,'"EE341;E'>:7@;=562:'GXi/f'E9,'^RZ^'EE3=,'

R/h^' :N;1PK' 640' F:G6<6<K! ' GZ/^f' E9,' g/ff' €E3=,' ^/R^^' :N;1PK' M:7:' 600:0' 1423' 64' 3P:4' 071:0'

E1<73M6P:'P16='640'>;79:0'M12?'67934'640'01@@3=P:0'M12?'5=;3738:4V:4:'GR/d^'EJK/'U?:'7:@;=2149'

@3=;2134'M6@'?:62:0';>'62'h^'m#'537'Xe'?3;7@/'"52:7'Xe'?,'2?:'7:6<2134'E1O2;7:'M6@'<33=:0'03M4'23'

733E'2:E>:762;7:'640'51=2:7:0'2?73;9?'@1=1<6'9:='3P:7'<:=12:'G683;2'64'14<?'35':6<?K':=;2149'M12?'

:2?A='6<:262:/'U?:'51=2762:0'M6@'<34<:42762:0'640'R,Z,hD271E:23OA8:4V:4:'GU!\K'M6@'600:0'6@'

@2640670/'%$ D$!('G#I#= ! ,'h^^'!$V,'U!\,'<7;0:KC'@2672149'E62:716='OM'7:<3P:7:0'14'g^y'&!('

A1:=0/'`730;<2'PT'M6@'432'38@:7P:0/'

'
!^A:>E:'CD'*;C>'_***`'E797?@A9'
'

'
'
$:E16E146='OM' GRh'E9,'^/^gff'EE3=,'R/^^' :N;1PK'640' "EE341;E'>:7@;=562:'GXi/f'E9,'^RZ^'

EE3=,'R/h^' :N;1PK'M:7:'600:0'1423'64'3P:4'071:0'E1<73M6P:'P16='640'>;79:0'M12?'67934'640'

01@@3=P:0'M12?'5=;3738:4V:4:'GR/h^'EJK'640'M62:7'G^/X^'EJK/'U?:'7:@;=2149'@3=;2134'M6@'?:62:0'

;>'62'h^'m#'537'Xe'?3;7@/'"52:7'Xe'?,'2?:'7:6<2134'E1O2;7:'M6@'<33=:0'03M4'23'733E'2:E>:762;7:'
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