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Alkyl Radicals are Nucleophilic: the " effect
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Examining of the nature of Z (when Y = H)

Electron Density

Reactivity
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A linear Hammet Plot confirms the dependence of #-values of Z on reaction rates.
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The ! - Effect

-No Hammet Corrolation exists for the reativity at the carbon bearing Y (! to bond forming center).

-Principally a stearic effect:
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- A small stearic " - effect is observed.

R
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The Effect of Radical Substituents

X3 C

X2

X1

PO(OEt)2

PO(OEt)2

+
PO(OEt)2

PO(OEt)2C

X2

X1

X3

X1 X2 X3

H H H

CH3 H H

k [L·mol-1·s-1]

CH3 CH3

CH3 CH3 CH3

H

2.5·103

2.6·103

1.2·104

5.9·104

Increasing substitution on radical substituent
increases reactivity with electron deficient alkenes.

t-Bu· reacts 24X faster than Me·

Remarkable because more substituted radical is 
more stable and the forming C-C bond is weaker.

X1 X2 X3 k [L·mol-1·s-1]

CH3

n-C3H7

CH3O

H

H

H

H

H

H

2.6·103

5.0·103

6.8·103

Electron releasing  substituents increases reactivity.

-40 °C

X1 X2 X3 k [L·mol-1·s-1]

CH3

CN

CH3

CH3

alkyl

H

H

H

4.3·106

1.1·105

102·103

OAc

Conversely, electron withdrawing groups decrease reactivity.

[@ 25 °C]

Baban, J. A.; Roberts, B. P. J. Chem. Soc. Perkin Trans. 2  1981, 161.

Inverse demand radical additions of e- deficient 

radicals and e- rich olefins are known.

Steric Effects on Selectivity of Radicals
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CH3
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i-Pr
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CH3

= 1

0.25

0.05

= 1

0.11

0.0038

Additions of radicals to olefins are 
inhibited by increasing steric 
demand of radical and olefin

Giese, B.; Kretzschmar, G.; Meixner, J. Chem. Ber. 1980, 113, 2787.
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Molecular Orbital Considerations

Z

Y

C

Unsymmetrical transition state- steric influence of Y, but not Z

Transition state very early in reaction coordinate as indicated
by the Hammet plot, and theoretical calculations

HOMO

LUMO

SOMO

R

!E

e- donating groups on R· will increase the energy of the SOMO

e- withdrawing groups on olefin will lower the energy of the LUMO

C
Me Me

Me
C

H Me

H
C

H Me

H
> >

For
C

Me Me

Me
, olefin will have a large effect on reactivity

Energy of LUMO

<

Therefor, radicals are less reactive with alkynes,
than with olefins

This contrasts reactivity of non-bonded e- pairs

O
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X

Ionic
Nucleophilicity

Free Radical
Nucleophilicity

Free Radical Nucleophilicity is governed a very EARLY TS------>  SOMO-HOMO ineteraction.
Ionic Nucleophilicity proceeds by a very LATE TS---------> rehybridizaion after bond formation.

mixture

Divergent Properties

This differential reactivity between radicals
and anions provides an effective mechanistic probe.
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Memory of Chirality with Radical Intermediates
Radical Clock

O

CO2H

Ph
O

Ph

OO

NS

DIPDI
DMAP

>97% ee

hv

1.0 M PhSH
toluene
-78 °C

O
Ph

O Ph

ring inversion
(racemization)
<0.5 Kcal/mol

PhSH

PhSH

O
Ph

O Ph

H

H

93

7

>97% ee

= 84% ee

Rate of racemization kR and rate of H· transfer kH related by: kR = kH[PhSH]2[P']

P

P'

([P] - [P'])

kH estimated at 1.1 x 106 M-1s-1 at -78 °C from literature values (for t-BuSH)

kR is then calculated as 3.9 x 106 s-1 at -78 °C

kH for several H· sources is then calculated, including PhSH = 2.0 x 107 M-1
 s

-1

Rychnovsky, S. D. JACS  2000, 122, 9386.

The efficiency of chiral memory will depend on the
relative rates of racemization and trapping.

Bu3SnH provides 2.6% ee.

The Usual Players

alkyl-I

alkyl-Br

SnBu3

N N

CN

NC

mild !
or hv

N2 +
CN

X 2

non-nucleophilic

O O
mild !
or hv

O

X 2

(AIBN)

SnBu3H

Et3B

 Stoicheometric H   donors

(Me3Si)3Si H

Initiators

Et3B+1 +

Et3B Et3B+1 +
O2

O O

-often forms X-SnBu3 byproducts
    -competitive, racemic LA

Alkyl Sources

SET Stoicheometric Metals:

Zn, Sm, Cu, Ag

SET Catalytic Metals:

Ru, Mn, Cu, V

P(OEt)3

Et3Si-H

PH(OEt)3O

t-BuOH

+

+
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Stoichiometric Chiral Lewis Acids

 Sato, F.  J. Org. Chem. 1995, 60, 3576.

O

O

O

O

AlCl

then, BuI, Bu3SnH
Et3B, toluene
-78 °C ---> rt

O

O
Al*

O

O
Al*

n-Bu

Bu3Sn H

work up
O

O

n-Bu
* Bu3Sn+

Conjugate Addition
(stoichiometric)

- Catalyst activates in n-Bu   add'n
- Enantioselective H   transfer

47% yield, 28% ee

O O

I

R

(±) N
N

OBn

BnO

MgI2/ Et2O
Bu3SnH, DCM

-78 °C

O O

R

H

Murakata, M.  Tetrahedron 1999, 55, 10295.

R

CH2OMe

CH2OEt

CH2OBn

Me

Yield (%)

88

84

89

78

ee (%)

62 (R)

65 (R)

58 (R)

30 (S)

- 3° Iodides homolyze without initiator
- Bidentate kelation

O O
Mg*

OR

Bu3Sn H

+

Reduction 
(stoichiometric)

Bu3Sn

1st example of asymmetric radical add'n by chiral LA

 Chiral Lewis Acids

O

H
N

O

O

Sibi, M. P. ACIE  2001, 40, 1293.

Mg(ClO4)2 (130 mol%) 
RX, Bu3SnH, Et3B/O2

DCM, -78 °C
O

H
N

O

O

R

R Yield (%) ee (%)

AcBr

MeOCH2Br

EtI

i-PrI

i-BuI

76

71

72

76

62

80

65

85

79

83

7 membered chelation

SO

O

N

O

MgBr2·OEt2 (30 mol%)
 RX, Bu3SnH, Et3B/O2

DCM, -78 °C

SO

O

N

O

R

R Yield (%) ee (%)

i-Pr

t-Bu

C6H11

Acetyl

CH2OMe

80

84

71

95

<25

80

89

82

87

18

30 mol%

Sibi,M. P. JACS  2002, 124, 984.

- Controll of rotamer population via template 
- A variety of achiral "templates" were examined:

N
N

O
N

O

N

O

etc.....

N

OO

N

Stoichiometric

Catalytc

*

130 mol%

N

OO

N
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O O

I

R

SnBu3

SiPh3

SiPh3

OH

OH

Me3Al, toluene, -78 °C

Et3B / O2

O O

R

O O

R

AlMe

OEt2
O

O

Quat. Center Formation
Allylations

R LA (equiv.) Additive

Me

Yield (%)

1.0 none

ee (%)

72 27

Et2OMe 1.0 84 81

CH2OMe

CH2OMe

1.0 none

Et2O1.0

75

85

-10

82

i-Pr2OCH2OMe 1.0 83 43

CH2OBn

CH2OBn

CH2OBn

1.0

0.2

0.1

Et2O

Et2O

Et2O

76

73

78

91

82

71

Hoshino, O. JACS  1997, 119, 11713.

Ether additive influendes chiral 
sphere of catalyst.

-no rxn w/o initiator
-no rxn w/ galvinoxyl radical inhibitor

O N

O O

Tandem Reactions: Addition - Trapping

O

N N

O

Ph Ph

Pentane/DCM, Et3B/O2
-78 °C

Zn(OTf)2 (120 mol%)

SnBu3 , R-I

O N

O O

R

Porter, N. A. JACS  1995, 117, 11029.

R

110 mol%

Yield (%) ee (%)

C5H11

t-Bu

92 72

92 90
SnBu3-I is not a competitive LA for this process.
Polymeric pdts observed with lower stannane loading.

O N

O O

Ph

O

N N

O

30 mol%

SnBu3 , R-I

DCM, Et3B/O2

O N

O O

Ph

R

Sibi, M. P. JACS, 2001, 123, 9472.

Lewis Acid (30 mol%)

Lewis Acid Yield(%) dr ee(%)

MgI2

MgBr2

Mg(ClO4)2

Cu(OTf)2

93 37 93

90 30 90

91 40 87

93 30 -79

R= i-Pr
Lewis Acid Yield(%) dr ee(%)R-X

MgI2

MgI2

MgI2

MgI2

MeOCH2Br

Et-I

c-hexyl-I

t-Bu-I

Cu(OTf)2 t-Bu-I

80 20 72

79 32 77

80 60 92

84 99 97

90 99 -96

N

OO

N

Ph PhZn

O N

O O
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Me

Halogen Transfer with Cyclization

O

Br

OEt

O N

OO

N

t-Bu t-Bu

Mg(ClO4)2 (30 mol%)

(30 mol%)

Et3B / O2, toluene
7h, -78 °C

O

n

CO2Et

Br

n

n=1  68%, 92% ee
n=2  53%, 94% ee

EtO

O O
Mg

N

OO

N

t-Bu t-Bu

Me

EtO

O O
Mg

N

OO

N

t-Bu t-Bu

Disfavored

Favored

Yang, D. JACS  2001, 123, 8612.

Many other substrates explored.  Most require much higher catalyst loadings.

O

Br

OEt

O

as before

Br

Me

CO2Et

H

O

16% yield
84% ee

Halogen Atom Transfer

Ph

S OMe

O

O

Cl +
Rh(II)L*  (1 mol %)

benzene, 60 °C
Ph

S

O

O

OMe

Cl

R= H:  40% eePPh2

PPh2

O

O
L* =

Rh(II)L*

SO2ArCl

Rh(III)L*

Cl

SO2Ar

Ph

Rh(III)L*

Cl

Ph SO2AR

Ph
S

O

O

OMe

Cl

Kamigata, N. Bull. Chem. Soc. Jpn. 1989, 62, 648.

Assumed that "all radicals are restricted within coordination sphere of metal complex".
However, no asymmetric induction a ! position (?)

R

R

R= Me:
No asymmetric induction
at ! position

Reasonable Mechanism:
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Ph

O

CF3

N

Me H

Pr

N
H

O

Me

Ph H
Ph

OH

CF3

Ohno, A. JACS  1979, 101, 7036.

MgClO4, MeCN

low yield
70% ee

Chiral Radical Transfer Reagent

Originally considered as a polar H- transfer.

However, the reaction is:
----->   inhibited by m-dinitrobenzene (radical acceptor)
----->   initiated with AIBN (radical initiator)Ph

O

CF3

N

Me H

Pr

N
H

O

Me

Ph H
Ph

OH

CF3

AIBN (3 mol%)

82% yield
68% ee

MeCN, 60 °C

N

Me

Pr

N
H

O

Me

Ph H

N

Me H

Pr

N
H

O

Me

Ph H

Ph CF3

O

Ph

OH

CF3

+ +

Tanner, D. D. JACS  1988, 110, 2968.

Ph

O

CF3N

Pr

N
H

O

Me

Ph H
Me

Several other examples with
stoichiometric chiral stannanes,

silanes, germanes, and thiols

Background:

Modified:

AIBN

Electron Transfer Reactions:  Ketyl Radicals

NBn2

O

Inanaga, J. Tet. Lett. 1999, 65, 5382.

- Sm complex unstable, even @ -78 °C--->
  excess is required.
- BINOL easily recovered

SmI2 (8 equiv.)
(R)-BINOL (16 equiv.)

TMEDA (32 equiv.)
THF, -78 °C, 4h

CONBn2

CONBn2

R
R

R

R Yield (%) ee (%)

Me

Et

70 71

45 82

n-Pr 35 82

BnCH2 20 85

i-Pr --- ---

t-Bu --- ---

R

O

O

Bn2N

Bn2N

SmIIIL4

O N

Ph2N

SmI2, THF, 20 °C

NH HN PP

OO

O

N N

O

Me

Ph Ph

Me
HO NHNPh2

62% yield
5% ee

Skrydstrup, T. JOC  2000, 65, 5382.

Cyclization:  Ketyl Radical Addition to Hydrazone

Homodimerization via Ketyl Radicals

R
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Electron Transfer Reactions:  Ketyl Radical Addition

Ph

O

R1

OMe

O

R2
SmI2 (2 equiv.), t-BuOH

BINAP(=O) (2 equiv.)
THF, -78 °C

+
O

O

R2

Ph
R1

*
*

R2R1 Yield (%) cis : trans
ee

cis /trans

H H 46 67

H Me 42 66:34 95/55

Me H 18 63

Ph Me

O SmI2

Ph Me

O

Ln*

SmIIILn*

OMe

O

O

MeO

H H

SmIIILn*Ph

Me

O

O

Ph
Me

O

OMe

SmIIILn*

t-BuOH

SmI2

Ln*

*LnSmIII

OH Me

Ph
Me

O

OMe O

O

Ph
R1

*
*

*

Plausible Mechanism:

Mikami, K. TL 1998, 39, 4501.

Electron Transfer Reactions: Epoxide Ring Opening

O

EtO OEt

Ti
Cl Cl

Ph Ph

Zn°, collidine·HCl

EtO
OEt

OH

Cp2TiIIICl

Cp2TiIVCl2

72% yield
94% ee

Zn

ZnCl2

R

R

O

R R

O
TiIVCp2Cl

1
2

1
2

R

R

O
TiIVCp2Cl

H

H
H

Gansauer, A. Adv. Synth. Catal. 2001, 343, 785.

Base·HCl

R

R

OH

+  Base

Cp2TiIVCl2

1
2

1
2

Zn

ZnCl2
1
2

1
2

Different from H- addition because
path on incoming atom does not 
need to be controlled.

O

RR

Ti Cp**Cp

Cl

O

RR

Ti Cp**Cp

Cl

5 mol %
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Tandem Electron Transfer Reactions with Epoxides

O
O

Ot-Bu

+

Ti
Cl Cl

Ph Ph

Zn°, collidine·HCl

n
1

n

OH

CO2t-Bu

n Yield (%) ee (%)

69 74

2 61 82

3 65 82

Gansauer, A. ACIE  1999, 38, 2909.

Cp2TiIIICl

R

R

O

R R

O
TiIVCp2Cl

1
2

1
2

R

R

O
TiIVCp2Cl

H

H
H

Base·HCl

 + Base

Cp2TiIVCl2

Zn

ZnCl2
1
2

1
2

O

Ot-Bu

R

R

O
TiIVCp2Cl

H

CO2t-Bu

>4:1 dr for all cases

R

R

O
TiIVCp2Cl

H

CO2t-Bu

R

R

OH
CO2t-Bu

Reasonable Mechanism:

Crystal structure of cat. reveals 
coplanar aromatic systems

Oxidative Couplings

Oxidative Coupling:  Enol Ethers

OTMS

OTMS

Ph
OH

Ph

2.0 equiv. VOCl3 , MS 4Å

DCM
-75 °C----> -30 °C

O

Ph

O

58% yield
85% eeNot catalytic in V

Kurihara, M. Chem. Lett. 2001, 1324.

Oxidative Coupling:  Dihydroxystilbene

OH

OH

R2

R1

R1

R2

O
O

H

H

O OH

R1

R2

R2 R1

R1

R2

R2

R1

N N

Ph Ph

O O
Ru

NO

Cl
Ph Ph

4 mol %

tol:t-BuOH (2:3), air, hv, rt.

Chen, C. -T. Org. Lett. 2001, 3, 896.

+

+

87% yield
86% ee

However, catalytic enantioselective oxidative 
dimerizations of napthol to binol are known
with O2 asthe stoicheometric oxidant.

Uang, B. -J. J. Chem. Commun. 2001, 980.

2.0 equiv.

11



OH

CO2Me

OH
CuCl2 / (–)-sparteine

AgCl, MeOH, rt

OH

OH

CO2Me

+

Oxidative Aryl-Aryl Couplings with Cu

CuCl2 (equiv.) (–)-sparteine (equiv.) AgCl Yield (%) ee (%)

1.0

0.1

2.4

0.2 1.1 41 32

99 41---
Smrcina, M. JOC  1993, 58, 4534.

Selective precipitation
improves ee to 71%

OH

Y

Y= H, CO2Me

OH

Y

OH

Y

Nakajima, M. TL 1995, 36, 9519. and JOC, 1999, 64, 2264.

10 mol % CuCl
10 mol % ligand

O2, solvent

Studies focused on bidentate 3° amine ligands

(–)-sparteine

N N R3

R2R1

N

N

R1

R2

R's = H or MeUp to 93% ee at 81% ee for:

NH

N
H

N N

NN

Asymmetric Catalytic  Benzylic Oxidation

Chiral Heteroatom Transfer

Chiral H  Abstraction

RuXY R

R

R

R

R =

Ph

Me H
H

N ClCl

O

Ph

Me H
OH

Ph

Me H

Ph

Me
H

@t= 30h, 20% conversion
72% yield (24% ketone)

76%ee

N N

R R

O O

Mn+

R R

Me Me

H H

-Abstraction of prochiral H rate determining
-Cageing solvent essential to preserving chirality

Me Me

HO H

Me Me

H
2 mol%

PhIO, PhCl, -20 °C

cat.

25% yield (10% ketone)
90% ee

Che, C. M. Chem. Commun. 1999, 1791.

Katsuki, T. TL 1998, 54, 10339. and Synlett 1997, 836.
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 Benzylic and Beyond

N N

R R

O O

Mn+

Ph Ph

R= Ph, -(CH2)4-

Katsuki, T. Tetraherdron  1999, 55, 9439. 
and TL 1998, 39, 8295.

Substrate Product Yield (%) ee%Solvent

O

t-Bu

O

t-Bu

OH

Temp (°C)

-40 PhCl 13 48

O O
HO

H H
-30 PhCl 82 87

N

CO2Ph

N

CO2Ph

HO

H H -30 PhCl 88 88

Ph

Ph

Ph

PhO

23 PhCl 24 22

Murahashi, S.-I. TL 1998, 39, 7921.

OTBS OTBS

NN

O OR

t-Bu

R

t-Bu

R= Me, t-Bu

Mn

Cl

PhOI terminal oxidant

40 PhCl 13 70

O

1 mol% PhOI + N-O
terminal [O]

N N

O O

Ru

NO

Cl
Ph Ph

R1 Me

OH

Substrate Solvent conversion (%) ee (%) s

Ph

OH

Ph Me

OH

Me

OH

Me

OH

Ph

Ph

Ph-H

PhCl

PhMe

PhCl

R1 Me

OH

R1 Me

O
+

76 97 8

65 95 11

65 >99 20

58 82 11

Oxidative Kinetic Resolution

hv

Katsuki, T. TL 2000, 41, 5119.

RuLn, air

RuLn  =

Ph

Me

OH

Ph

Me

OH

Ph

OH

O Ph

Me

O
+ +

RuLn, TMPNO, air

hv

Ph R1

R2
RuLn, TMPNO, air

hv Ph R1

R2O

80-95% ee's

Starting from an epoxidation

Interesting product dist.

Reactivity Altered
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Bonus:  Radical Reactions in Natural Products Synthesis
Penitrem D

Curran, D. P. Org. Lett. 2003, 5, 419.

I

O O

SmI2·4HMPA

acetone/THF

O O O O

SmI2
O

O O

OSmI2

workup

O

O

HO

N
H

O

O
H

H

OH
OH

H

H

H

H

H

H

59% Yield

O O

H
H

H

SmI2

Polar

In Conclusion.....

Some aspects of radical chemistry mimic polar reaction transformations.

This may lend orthogonal approaches to a given transformation.

Still more transformations envoke the unique characterisics of a radical process.
       (i.e. direct enantioselective oxidation of C-H bonds)

Some drawbacks limit the practicality of catalytic asymmetric reactions.
         - Many require stoichiometric chiral inductors

         - Many require very bulky porphrine or salen ligands
         - The impact of these transformations is hampered by poor yields, poor ee's.

The good news is:  This stuff mostly works.  Many concepts are proven, but 
not fully developed.  Radical/Single electron transformations adopt a different 

set of rules from polar transformations--- room for exotic reactivity.
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