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Photochemical reactions

1. Photochemistry of Alkene

2. Photochemistry of Carbonyl Group

3. Photoreaction of Enone

4. Photoreaction of Morita-Baylis-Hillman Product

5. Asymmetric Photoreaction of Morita-Baylis-Hillman Product



The instrument
UV-sources: Low-pressure Hg-lamp (1 atm) 254 nm

Mid-pressure Hg-lamp (10 atm) 313;366;405 nm
High-pressure Hg-lamp (200 atm) polychromatic

Cutoff filters: Pyrex 300 nm
Quartz 200 nm



Interaction with Light
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Planck Law: ∆E = hν

λν = c = 3.108 ms-1

Franck-Condon Principle: The nuclei do not move during the transition

Wigner spin conservation: The total spin is unchanged
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Spin Multiplicities
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Modification of Energy Levels

D* D0  +  hν

A0  +  hν A*

Radiative Processes

Absorption:

Emission: D*  +  A0 D0   +   A*

D*  +  A0 D0   +   A*

Non-radiative processes: Energy transfer
D*  +  A0 D0   +   A*

E

kcal/mol

naphthalene benzophenone

phosphorescence excitation

transfert

1

2

3

4

S0 S0

T1

S1
S1

T1

ISC

A* B     A*A
hν B

excimer

reaction or
relaxation

A* A     A*A
hν A

exciplex

reaction or
relaxation

Bimolecular processes

Ph2CO
hν

Ph2CO

Ph2COsubstrate

substrate
3

3
ISC

1

How to make a triplet state ?



Lifetime of Excited States
Steady-state kinetics approximation:
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In the absence of quencher:

It is possible to measure the
lifetime of the excited state !
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Stern-Vollmer equation



Time Scales

0 3 6 9 12 15

min ms µs ns ps fs

fast reactions
longest phosphorescence

longest fluorescence Rotation
Translation

Bond cleavage
ISC

Electronic transition
Electron transfer

Vibration

Diffusion control
Triplet quenching

lifetime

log k



Photochemistry of Alkenes: Isomerization
E

S0
cis

S0
trans

S1
cis S1

trans

angle of rotation

0° 90° 180°

cis trans

S1

hν hν'

non-vertical
transition

hν (313 nm)

7% 93%

ε = 16300 ε = 2300

R

H

R

H

Twisted excited state

Photostationary state

Cf. 片道光異性化： 新井達郎,徳丸克己, 化学と生物 27巻, 308



Asymmetric Isomerization

B. Feringa, J. Am. Chem. Soc. 2005, 127, 14208 

Y. Inoue, J. Am. Chem. Soc. 2000, 122, 406 

H H3CCH3 H

H

H3C

CH3

H

hν hν

H

H3C

CH3

H

(3R,3'R)-(P,P)-(E)
two axial methyl groups

(3R,3'R)-(P,P)-(Z)
two axial methyl groups

(3R,3'R)-(P,P)-(E)
two equatorial methyl groups

hν
+

cis (R)-(-)-trans (S)-(-)-trans

(via chiral exciplex, up to 76% ee)

sens*

chiral sensitizer:
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RO2C

CO2R

CO2R

R=
OO

O

O
O



Electrocyclization

A.G. Myers, Tetrahedron Lett. 1997, 38, 4363

hν, 254 nm

95%
(photostationary state)

∆ 6 e- π: disrotation

hν
6 e- π: conrotation

HO

R

Provitamin D

hν

HO

R

Previtamin D

OH

R

Vitamin D

iPrO

MeO

OMe

OEt

OTES

CO2Et

hν
iPrO

MeO

OMe

OEt

OTES

CO2Et

aromatic moiety
of kedarcidin



Suprafacial [1,3]Sigmatropic Shifts

O hν

MeCN, 25 °C

40%  ( + 50% SM)

OH

O

O

H
O

OH

O

O

A.D. Rodriguez, J. Org. Chem. 1998, 63, 420

O

O

O

O
hν

[1,3]
Taxol

P.A. Wender, J. Am. Chem. Soc. 1992, 114, 5878

cf. Thermally: Antarafacial: J.A. Berson, Acc. Chem. Res. ’68, 1, 152



Di-p-methane Rearrangement
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Additions
Ar

hν

H2O, H+ Ar

OH

Ph

Ph hν

H2O, H+

ERG-sensitizer
(1-MeO-naphtH)

Ph

Ph OH

50-80%

hν

MeOH
EWG-sensitizer

(4-CN-C6H4-COOMe)

Ph

Ph

OMe

50%

Intramolecular version

Ph

Ph
OH

O
Ph

Ph

O
Ph
Ph

hν
ROH

PhMe, 6hr, RT
+ +

ROOR

R = Me:    34%                            61%
R = Et:      40%                            49%
R = iPr:     61%                            27%
R = tBu:    23%                            59%  (in H2O)

Reaction inhibited by oxygen, very slow without sensitizer.
Excited state evolving to an intermediate with carbonium ion character.

J. Marshall, J. Am. Chem. Soc. 1966, 88, 4092.



Asymmetric Additions

Y. Inoue et al. J. Photochem. Photobiol. A:Chem 2001, 145, 53-60.

Ar

Ar

R'
+   R'OH

hν, sens* Ar

Ar

R'

OR'

sens*  =  aromatic menthyl ester

via radical cation of the alkene. up to 58% ee



Photosensitized lactonization

M. Alvaro, H. Garcia, E. Palomares, M.J. Sabater, J. Org. Chem. 2002, 67, 5184.

O
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O

O
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+
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*

minor
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Ph Ph
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R* =
Ph

HO
,

N
H

triplet states -> low ee's



[2+2] Cycloadditions
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Diastereoselective [2+2] cycloadditions

with a chiral auxiliary: K. Langer, J. Mattay J. Org. Chem. 1995, 60, 7256-7266.

O O hν

CuOTf

O
O H

60% de

H+ / H2O HO



Chiral ligands in the [2+2] cycloaddition

K. Langer, J. Mattay J. Org. Chem. 1995, 60, 7256-7266.

OH
hν (Et2O)

CuOTf (5%)
L* (5%)

(+/-) < 5% ee

HO H

L*  = O

N N

O

R R

R=iPr, Et



Other Cycloadditions

CO2Me

CO2Me

+
hν

CO2Me

CO2Me

CO2Me

CO2Me

+

CO2Me

CO2Me

1,8-cycloaddition
(via exciplex)

CO2Me

CO2Me

H

proton transfer

very quick increase in complexity !

Y. Kubo, J. Am. Chem. Soc. 1992, 114, 7660.



Arene-Olefin Cycloaddition: Cedrene

O
Cl

OMe

Li / NH3

MeO

hν

OMe

OMe

+

Br2 then Bu3SnH

OH2NNH2
KOH

74 % 65 %

59 %

P. A. Wender, J.J. Howbert, J. Am. Chem. Soc. 1981, 103, 688-690.



Photochemistry of Carbonyl Group: Norrish-I

O

α-cleavagen

O

n

b) internal
    dispropotionation

c) rearrangement

n

+  CO

O

n

H or
n

O

n

ROH
O

n

OR

O
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a) second α-cleavage1) α-cleavage

Ph Ph

O

Ph Ph

OH
+ Ph

HO

Ph

OH
Ph

PhPh Ph

OH

Ph Ph

OH
+

C O CHNH+ C O CHNH C OH C+ H
N

hν

hν

2) intermolecular hydrogen abstraction



Chiral solvents

D. Seebach et al., Chem. Ber. 1977, 110, 2316-2333.

O

Ph

hν , -78°C

42%

Ph Ph
HO OH

+
Ph Ph

OH
HO

52 : 48
23% ee

pentane / Me2N
NMe2

OMe

OMe

7.5 equiv.
"chiral solvent"



Photochemistry of Carbonyl Group: Norrish-II

O

R R
R' R' O

R
R R'

R'
O

R
R R'

R'
O

4) [2 + 2] cycloaddition

δ +
δ -

hν
 (n->π*)

R

O H

R

OH
Ph

OH

HO

Ph

3) intramolecular hydrogen abstraction

a) disproptionation +

b) cyclization

γ hν



Norrish-II

O

MeO2C N

Ts O

OMe
hν

N

Ts

CO2Me

OEt

O

OH 10-50%

N

Ts

COOMe
OH

COOMe N

Ts

COOMe
OH

COOMe

+

with naphthalene:      (92% ee)   5.1 :  1   (88% ee)
with benzophenone  (16% ee)    0.8 :  1   (16% ee)

triplet quencher
triplet sensitizer"Spinisomers"

Abstraction of hydrogen in the γ position.

O

R

R'H
hν OH
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R

OH
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Cyclization

Fragmentation
OH
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O

O
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O

O

R
O

R

OH

O

B. Giese, Angew. Chem. Int. Ed. 1999, 38, 2586.



Cycloaddition

O

PhPh

hν O

PhPh

electrophilic

O

PhPh

O

Ph
Ph

84%

The reaction is faster with electon-rich alkenes

O

hν

PhH, Et2O
+

O

H OBn

O
O

Me

H

OBn

63%

O O
H

MeOH OH

D.C: Neckers, J. Org. Chem. 1997, 62, 564.
Review: T. Bach, Synlett 2000, 12, 1699.

S.L. Schreiber, J. Am. Chem. Soc. 1984, 15, 4186.

Paterno-Büchi reaction



Photoreaction of Enones

O

R R

O O

R
R

R
R++

OR

O O

OR O

O

*

(+)-sativene

(+)-longifoleneretro-aldolhν

hν

2) [2 + 2] cycloaddition

1) α-hydrogen abstraction

R3
R2 R1

OR

O
R3 R2

R1

OR

OH
R3

R2 R1

OR

O
*

~91% ee
OH

NHR
cat*
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[2+2] Cycloaddition: Longifolene

W. Oppolzer, T. Godel, J. Am. Chem. Soc. 1978, 100, 2583-2584.

O

O CbzCl, py
88%

O

OCbz hν

83%

OCbz

O

H2 , Pd/C, HOAc

O

O

83%

O

1. Ph3PCH2
2. CH2I2 , Zn-Cu
3. H2, PtO2

66%

1. LICA, MeI
2. MeLi
3. SOCl2, py

94%



[2+2] Cycloaddition

N
H

O

O

hν, -15°C

chiral host, 1.2 equiv
N
H

O

O
H

H

88% (88% ee)

First example of asymmetric [2+2] cycloaddition

T. Bach, Angew. Chem. Int. Ed. 2000, 39, 2302



[2+2] Cycloaddition: Isocomene

M.C. Pirrung, J. Am. Chem. Soc. 1979, 101, 7130-7131.

O

OEt

O

OEt

LDA, MeI
81%

1. RMgBr
2. HCl

90%

O

hν, 350 nm
O

77%

Ph2PCH2

77%

TsOH, ∆

H

98%



[2+2] Cycloadditon: Ingenol

J.D. Winkler, M.B. Rouse, M.F. Greany, S.J. Harrison, 
Y.T. Jeon, J. Am. Chem. Soc. 2002, 124, 9726-9728.
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Photoreaction of Enones
3) rearrangement

O
R2

R1

O
R2

R1

O
R2

R1
COORR2

R1

O
R'

R O

R'
R R

R' O

"lumiketone"

hν

ROHhν

O

O O

Y

O

R

R'
OH

HO
R

R'
Hα

YH
(Y = OMe etc.)

+

+

n (1°, 2°)
n

hν

hν

4) 1,4-addition



Use of circularly polarized light: E/Z isomerization

Y. Inoue et al., 1st Osaka Intl. Symp. Asym. Photochem. 2001, L 106.

O

hν (>300 nm)

O
+

O

photostationary state: 4% ee
g=0.15



Diastereoselective enolization/protonation

O

OR
hν

OH

OR
XH

O

OR* OH*

(-)-Lavandulol

R = O

O O

O

O
O

, XH = N OH :  > 97% de

R = Et                                 , XH =

OH
NHPr

: 41% ee

Piva, O. J. Org. Chem. 1995, 60, 7879-7883.
Bargiggia, F.; Dos Santos, S.; Piva, O. Synthesis 2002, 427-437.
Bach, T.; Höfer, F. J. Org. Chem. 2001, 66, 3427-3434.



Photoreaction of Morita-Baylis-Hillman Product

O

Ph

OH

benzene
6 h

Ph
O

O

53%

hν

O O

H Ph

O

Ph+

NR3 Baylis-Hillman reaction

1,4-addition of Acyl Anion

R

O

H R'

O
R

O

R'

OH

Modification of Enone: Morita-Baylis-Hillman Reaction

+



Photoreaction of Morita-Baylis-Hillman Product

R1
O

R2

OH

benzene R1 R2
O

O

R1 R2 yield (%)a

Me Ph 53

p-MeOPh 41 (43)

p-MePh 55 (57)

p-ClPh 66 (82)

p-CF3Ph 34 (41)

Ph Ph 53

Me 62

Et 50

MeO Ph

a Value in parenthesis is based on recovery of substrates

hν

R1 R2 yield (%)a

decomp.

Ph

O

OH

H
Norrish type II

Ph

OH

OH



Mechanism of Photoreaction of Baylis-Hillman Product

Ph

O OH

benzene
(20%) Ph H

O

O

Ph
Ph

1a

2H

O OH

Ph

Ph
benzene

(31%)1b

hν

hν

?
same

 intermediate

Ph

O OSiMe2But

benzene
5 hPh

1c

OSiMe2But

Ph

Ph

O

3c  (single isomer)
29% (48% based on recovery of  1c)

Ph

O OMe

benzene
6 hPh

1d

OMe

Ph

Ph

O

3d
59% (diastereomer ratio 69 : 31 )

TBAF

Ph

O Ph
H

O
(quant.)

2

hν

hν



Mechanism of Photoreaction of Baylis-Hillman Product

R1

O* H

R2OH R1

OH OH

R2R1

O OH

R2

R3 R3
R3

R

O

O

R'

R

OH OH

R'

R3

R

HO

R3

OH

R'

R3

R

O

R3

OH

R'

R

HO

R3

O

R'

4

B

1 1,4 H-abstraction

A

path a

C

(R, R') = (R1, R2)

path b

hν

R'

O H OH

R3

R R'R

OH OH

R3

OH

R3

R
OH

R'

>
A (less stable) B (more stable)

C

hydrogen 
bonding



Photoreaction of Cyclic Baylis-Hillman Product

O OH O

O

29%

O OH O

Et2O

O8 h

55%

OMe

OMe

Et2O

8 h

hν

hν

Ring Contraction



Photoreaction of Vinylogous Baylis-Hillman Product

R

O

R'

OCH3

OCH3R'

R
HO

O OCH3

R'
+

1 2

R
Yield (%)

1 2

C6H5

CH3

CH3CH2

CH3

R'

H

H

H
C6H5

-

-

-

27

63

26

30
17

hν



Strategy of Asymmetric Photoreaction of Baylis-Hillman

substrate
chiral reagent

chiral product

L*
R1 R1

O OH

R1 R1

OH OH

R1

OH
*

*

OH

R1R2H
R1 R1

O

O
R2

*
R2

R2

hν retro-aldol

symmetrical



Asymmetric Photoreaction of Baylis-Hillman Product

R1 R1

OH OH

R2

R1 OH

O H

R1

4
1

retro
-aldol

R1 R1
O

O

R1

OH R1

OH

R2

R1 R1
O

O

OH

OH
R1

R1

R2

OH

OH
R1

R1R2

X

X

X

X
R1

OH OH

R1R2

R3

R3

R3

R3
trans' cis'

vs

vs

R1

OH OH

R1

R2

R1

OH R1

OHR2

cis

favoured

disfavoured

1,4 H-abstraction

hν

trans

steric effect

R2

R2

R2



OH OH

Ph

O OH

Ph

O

O

Ph

Chiral Controller

NH2H2N
hν

benzene *

Yield 23% 13% ee (R)

O OH

Ph

O

O

Ph

H2O

O
OHO

O
OH

HO

O
HO

O
OH

OH

O

OH

O
HO

OH

O

OH

OHO OH
O

OH
O
HO

OH

O
OH

O
HO

HO

O

HO

O
OH

O

HO

OHHO

γ-cyclodextrin (γ-CD)

Asymmetric Supercage

hν

*

Yield 93% 2% ee
Yield 38%
Yield 38%

cf. α-CD
β-CD



Without γ-CD

O OH

Ph

O OH

Ph

O

O

Ph
hν

3 h

42%19% 20%
substrate(E)-isomer product

26%9% 64%

With γ-CD

O OH

Ph

O OH

Ph

O

O

Ph
hν

3 h

substrate(E)-isomer product



Photoderacemization with chiral sensitizers

H.B. Kagan, J.C. Fiaud, Top. Stereochem. 1978, 10, 175-285.

Photoderacemization unique to photochemistry (otherwise forbidden by thermodynmics !)

Only significant examples: allenes and sulfoxides:

S
O

R
(S)

hν

sens*
S
O

R

(R)

photostationary state: up to 12% ee
sens* =

NHCOR'

H

Me

H

(S)

hν

sens* H Me

H

(R)

photostationary state: 3.4% ee
sens* =

t-BuO



Absolute asymmetric synthesis: the anisotropy factor

g =
εS −εR

1
2

εS +εR( )
          or         g = ∆ε

ε

Some chiral molecules absorb left-handed and right-handed circularly polarized light (CPL) with 
different extinction coefficients. This can be measured by the CIRCULAR DICHROISM. One can define 
the ANISOTROPY FACTOR: g

Circularly polarized light can be produced by using special optical devices:

Balavoine, G.; Moradpour, A.; Kagan, H. B. J. Am. Chem. Soc. 1974, 96, 5152-5158.

At the photostationary state (equilibrium), the asymmetric induction cannot exceed the g factor !



How to make circularly polarized light ?

Kawasaki, T.; Sato, M.; Ishiguro, S.; Saito, T.; Morishita, Y.; Sato, I.; Nishino, 
H.; Inoue, Y.; Soai, K. J. Am. Chem. Soc. 2005, 127, 3274-3275.



Hybrid Strategy of Asymmetric Photoreaction

substrate
chiral controller

93%13% ee

"High yield & enantioselectivity"



Asymmetric Photoreaction of Baylis-Hillman Product

O OH
hν

Ph

γ-CD (3 eq)

H2O, 8 h

chiral controller (1.2 eq)
O

O

Ph

 23%, 3% ee

45%, 46% ee (R)

NH2H2N

PhPh

H2N NH2

(3% ee)*

(13% ee)*

*without γ-CD

*without γ-CD



Effect of Chiral Controller 

O OH

hν

Ph

γ-CD (3 eq)

H2O, 8h

chiral controller (1.2 eq) O

O

Ph

*

PhPh

PhPh

NH2

H2N

H2N

NH2

% ee

45 46(R)

47% 24(S)

yield1(%)

PhPh

NMe2Me2N
53% 0

1) Yield was determined by 1H NMR using cyclohexene as an internal standard



γ-CDNH2H2N γ-CD

O OH

Ph

PhPh

H2N NH2

+

γ-CD γ-CD

aq.solid

extracted by AcOEt

org.   phase

nothing

O OH

Ph

O OH

Ph
NH2H2N

PhPh

H2N NH2
+

aq.

Complexation of Chiral Controller in γ-CD



Asymmetric Photoreaction induced by (S,S)-DPEN / γ-CD

O
hν

Ph

γ-CD (3 eq)

H2O, 8 h

(S,S)-DPEN (1.2 eq)
OH

O

Ph

OH

50

50

:

O

O

O

O

Ph

Ph

73

27

:

O

Ph

OH

O

Ph

OH

40

60

:
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Triple Chiral Recognition Model
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Enantiospecific Photoreaction by (S,S)-DPEN / γ-CD

*Based on reacted substrates
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Enantiospecific Photoreaction by (R,R)-DPEN / γ-CD
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*Based on reacted substrates
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Enantiospecific Photoreaction of Baylis-Hillman Product

H2N
PhO
HO

O

O

Ph

46% ee, 71%

O

O

Ph

80% ee, 75%

H2N

H2N
PhO
HO

H2N

H2N
PhO

OH
H2N

kR / kS = 3.3

(S) (R)

99% ee (R)



Photoreaction of Baylis-Hillman Product
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