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What Is Covered:

Part 1:
Enones 
Alkenes (briefly)
Part 2:
3/5-membered Heterocycles

What Is Not Covered:
Bimolecular Reactions
Cycloadditions
Isomerization
Photochemistry of Enones (Guerroro, 2003)
Photoinduced Electron Transfer (Yan, 2014)
Pyridine Photochemistry (Richter, 2005)
Photochemistry w. Metals (Farmer, 2015)

Fundamentals of Photochemistry

Ideal Sensitizers absorb light (get excited) at higher wavelengths. 
Lower λ = high energy 
Molecules with low absorbance require more energy to break bond

ZT(↑↑) + MS(↑↓) → ZS(↑↓) + MT(↑↑).

The Father of Photochemistry:
Giacomo Ciamician
1886: observed that quinone —> quinol in sunlight

Ideal sensitizer absorbs like 
preferentially to substrate to go 
S0—> S1,then undergoes ISC, 
forms triplet (T1). Triplet then 
collides with SM to give SM in 
triplet state and puts the 
sensitizer back in ground singlet 
state (S0) via spin conservation.

Key Take Aways:

Triplet (T1) radicals:
- more stable than singlets
- true “diradical”

Singlet (S1) radicals:
- “zwitterionic”

Triplet radicals more stable 
than singlets their same 
magnetic moment dipole forces 
them to be farther apart.

Historical Context
First Organic Photochemical Reaction:
1834: observed how Santonin turned yellow and 
“burst” into flames when exposed to sunlight.

1. UV Atlas of Organic 
Compounds
2. Patai’s Chemistry of 
Functional Groups
3. Rearrangements in the 
Ground and Excited States
4.Di-p-methane and oxa-di-p-
methane rearrangements
Zimmerman, Chemical Reviews 
73.5 (1973): 531-551.
Houk, Chemical Reviews 76.1 
(1976): 1-74.

Useful Resources and References

From Michigan State Univ.
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Type A Rearrangement: Dienones and Aliphatic Enones
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Ph Ph
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JACS, 1961, 83, 21, 4486
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Ph

Ph
1.

n–π*
ISC

2. β,β-Bonding

β β

S0

T1 T1 S0T1

3. ISC

4.“Slither”

Mechanism:
β and γ carbons exchange via
1. Excitation (ISC, n–π*) 
2. β,β bonding
3. Demotion (ISC, π*–n) to 
form zwitterion
4. “Slither” (2x 1,2 shifts)

hν

O

Ph

Ph
n–π*
ISC

O

Ph
Ph

O

Ph
Ph

ISC

Aryl
Migration

S0 T1 T1

O

Ph

Cyclopropylcarbinyls 
conjugated with enolates 

rearrange rapidly

Mechanistic Inquiries:

(3) Zwitterionic Intermediate
JACS, 1966, 88.22, 5352

O

PhPh

Br
O

Ph

Ph
t-BuOK, t-BuOH

evidence for 
zwitterionic 
intermediate

(1)Triplet Radical

Φ

0.85
0.81
0.16

Additive

None
Napthalene
Piperylene

Quantum Yields (Φ)

# moles of reactant disappearing
# of photons at defined λ

Represents probability a 
molecule undergoes 
photochemical transformation 
after absorption of a photon

Important: Φ ≠ yield, but maximum potential yield

(2) β,β-Bonding

E n

π3

n–π* doesn’t take 
electron density from π, 
increases β,β-Bonding

Carboniums usually 
occur from n–π* 

transitions

Photochemically: Absence of 3,4-Diphenylphenol, 
however upon pyrolysis, it is the only product

Regioselectivity

O

Ph Ph
R

hν

PhH, MeOH
λ = 310 nm

O

Ph

Ph
R

-OMe
-CN

R
1
4

0
2.6

0
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A B C O

Ph

Ph

OH

Ph
Ph

R

R

A

B

C

S0S0

JOC, 1980, 45, 24, 4864
JOC, 1989, 54.24 5788

(4) Slither Mechanism

R1 R2

O

1
2

3 4
5

6

JACS, 1968, 90, 20, 5612
JACS, 1969, 91, 2, 434

JACS, 1967, 89, 4, 906

Tetrahedron, 1959, 5, 4, 281

R1 = H, Ph, Ar
R2 = H, Ph, Ar

Not a 1,3 Shift!

1. C6 from C5->C4
2. Then C1->C5

2x 1,2 Shifts:

Exo
Endo

Exo
Endo

SM P

Möbius
Aromaticity

2

β
βγ

γ

 (Φ) =
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Me

O
Me O

O

Me

Me

O
O

Me

Case Study: Santonin

Lumisantonin

JACS,1961,1215-1223

O
Me

hν, dioxane

Mechanism?

hν, 
aq. HOAc

JACS, 1963, 85, 19, 3028
JACS, 1962, 84, 23, 4527

O
O

Me

O
O

Me

Me

Me OH
H

Me

O

Me
HO

O

Photosantonic
Acid

Me

HO

H

Me
H2O

α,β-Unsaturated Enones

O

Ph

Ph

O

Ph
Ph

+hν

140:1 in favor 
of trans

JACS, 1968, 90, 14, 3749  | JACS, 1968, 90, 4, 954

Tet. Lett., 1963, 2049
O

MeMe

hν

O

Me
Me

OAc

O

Me

O

Me
Me

O

Me

Me

O

MeMe

HOAc
t-BuOH

Solv.

5
60

5-10
5

20-25
0

1 2 3 4
Yields (%)

1

234
30-40
0

Me

O

Mehν
t-BuOH

+
Me

O

O32% 25%

O

Me

O

JACS, 1966, 88, 2602

O

Me
hν

PhH, 
72%

OMe Me

H H
In alcoholic solvent, get 1,4 Oxa-Michael Addition

Mechanism?

81%

further irradiation 
led to cis 

products (1:1)

O

Ph
Ph

<8%

Type A: Aliphatic Enones

T1

O

MeMe
T1

solvent
ISC to form 
zwitterion

+ +

H–bonding influences spin–orbit 
coupling and thus influencing ISC 
decay from T1—> S0

“[Santonin] was mixed with almond 
toffee to create the first drug ever 

formulated in the USA.”

JACS, 2007, 129, 32, 9846

H

γ–β Aryl Migration, abs ~325nm
OH

Ph
γ

β

O

Ph
Ph

O

Ph *
* Ph

39%

JACS, 1966, 88, 4905  |

Labelling:
Type A

O

Ph
Ph

Ph

O

Ph Ph

41%
hν
3:1

t-BuOH:PhH
Ph

O

Ph Ph
Ph

O

Ph Ph
Ph

21% 13%
+ +

hν

Ph
Ph 42%, 46% RSM

Aryl Migration

O

Ph Ph
Ph

Not 
observed

O

Ph
Ph

Ph

O

Ph
Ph Ph

C2–C4 bonding
faster than H

migration

C4 or C5 Stabilization?

Takeaway:
C5>C4 

stabilization

If 1 Ar = EWG/EDG, 
it migrates

P. and App. Chem., 2006, 78, 12, 2193

groups with 
abs <325nm (less than enones), 
have faster rate, ‘store’ energy

β
γ

4
5

4

44

2 2
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Hexatrienes

RO

R = Ac, H
Me

J. Chem. Soc., 1958, 688

RO

Me

RO

Me1,5 bonding

Cyclopentanones

OPh
R

R = Me, Ph 
Yield: > 80%

hν
t-BuOH λ = 360 nm R

Ph

Many more citations in Chapter 3 of “The Chemistry of the 
Cyclopropyl Group” in PATAI’s series.

JACS, 1972, 94, 8256

O

Ph

H

R

O

R H
R

Ph

O

Ot-Bu

O

Di-π-Methane Rearrangement (D-π-M)
JACS, 1976, 98, 24, 7680

Sens.
hν

A

A
C

D

DB

Direct
Sens.

Φ
DBhν

0.70
0.08

0.21
0.58

1
2 3

– Transformation: divinylmethane —> vinyl cyclopropane
– Cyclopropyldicarbinyl radicals “covalent”
– Allyl Diradicals prefer tighter geometries “ionic”

ACIEE, 1972, 11, 92

Ph
Ph

hν Sens.

Direct

Me Me

Ph

PhMe

MeMe

Me

C

12

3

hν
Direct

B

Direct

Sens.

R1 R1

E
ER

R

Direct Sens.

hν

R1 R1

E
ER

R T1S1

R1 R1

E
ER

R

R
R

R1R1

E
E

Singlet/Triplet Reactivity

R1 R1

E
ER

R

E
ER

R

R1 R1– S1 radicals can be 
seen as zwitterionic
—> S1 cleavage leads 
to most stable 
“zwitterion” (E, R1)

– T1 are true diradicals 
—> T1 cleavage leads 
to most stable diradical 
(R, R1)

E
E

R1

R1

cleaves to most 
stable diradical

cleaves to most 
stable “zwitterion”

R, R1 = Ar, E = EWG

singlets can give closed-
shell ground states through 

conical intersections

Substitution matters!
“Free Rotary Effect”
T1 —> S0 (ISC) through twisting 
of the π bond to ground state if 
the system isn’t rigid

R
R

R

R
R

R

(>98%, t = 6h)
12.5%

Excited vs. Ground State Singlets
RR RRS0

“Grob”

Only Product!
“  “

“  “

Me Me

Ph

Ph

Me

hν

hν
+

Bifunnel (HOMO-
LUMO crossover) only 
occurs when starting 
with [3.1.0], allowing 
for electronic decay 
(S1—> S0)

JACS, 1980, 102, 10, 3538 Great paper
87.5%

t-BuOH,
20m

alcoholic solvents forms ester

JACS, 1970, 92, 21, 6267

Me Me

Ph

PhR hν 
Direct

R
R

RRR
Me

Me R

EWG
EDG



π-bonds can be:
- ethynyl, acylimino, acyl (oxa variant)

Sens.
hν

N

Me Me

E Ac N

Me Me

E
Ac

acetone = 280nm
oxime    = 254nm

R
R

N

Me

MeE

Ac

R

H
Me

+

RSM (Z)-isomer Cyclopropane

70
10

30
64

0
26

R

Methyl stops “Free Rotary Effect” —> di-π-proceeds

O
Me Me

Tet. Lett., 1969, 1925
Tet. Lett., 1971, 4281

β,γ Enones (Oxa-Di-π-Methane):

O
H Me

Me

hν  Direct

PhH
Me

Me

Me Me Me Me

hν

PhH

Sens.
O

Me Me Me

Me Me

H

H

Isomerization D-π-M 30%95%

T1 π-π* S1 n-π*

Me CD3

O O

CD3
D3C

hν

Sens.
80% HO Me

O

hν Sens.
Me

O
O

Me O

Me

O
O

Me
H

Me

O

Mono-Substituted/
Flexible

System
Reactivity Type

Direct Sens. (T1)(S1)

Isomerization1

1,2 acyl shift/
cyclopropane2

1,3 acyl shift

1,3 acyl shift
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α-Hydroxy-β,γ Enones:

O

Me
Me OH

O
Me

O

PhH
hν

Me

O
HO OH

Me

O

86%

87%

2Tet. Lett., 1974, 4149

JACS., 1970, 92, 21, 6267

O

Me

Me

O

O70%

O
Me

MeO O

Me Me

(D-π-M) (cont).

Chem. Rev. 1973, 73.5, 531-551

The Mechanistic Conundrum: β,γ Enones

JACS., 1972, 94, 6233

Me
Me

O

Me

O

– Three competing mechanisms
1. α-cleavage / recombination (not accepted)
2. Cycloaddition (σ2α + π2α) across β,γ olefinic bond

3. Di-π-methane rearrangement (favored, stepwise)
*

Me
Me

O
Me

Me
Me

O

Me

O
Me

*

Competition Between: D-π-M and O-D-π-M
–Oxa-variant usually proceeds (Citations Above)

1Tet. Lett., 1990, 31.17 2475

72%

3Labelling ruled out Mech 2, however 
“special,” because it forms an α,β-

Unsaturated Enone.

3Helv. Chim. Acta, 53, 677 (1970).

Cyclopropanes 1,3 diradicals:
JOC., 1991, 1747

Ar

Me Me

Me

Me hν
Sens.

Ar (Me)4

Ar = BiPh, EWG, EDG

70-90%

(Me)4Ph
Ph

Ph

Ph
Me Me

Me
Me

Ph

Ph

tBu

Me
86%

hν

Rare case of acyclic 1,2-
Methyl-migration,
while in the literature many 
examples of H-Migration with 
1,3 diradicals

“The photolysis cyclohexadienones seemed of special 
interest not only because of the intriguingly profound 
molecular rearrangements occuring but also because 

of an inherent enigma.” 
– JACS 1961 4486 Howard E. Zimmerman

Poly-Substituted/
Rigid

Me

1:1 labelling

Tet. Lett., 1990, 31.17 2475

Citations top right of page



Photochemical RearrangementsTimothy J. Gallagher
Baran Group Meeting

12/12/20

6

Photolysis of 3-Membered HeterocyclesEpoxides
– Two mechanistic routes
1. Homolytic C–O cleavage followed by 1,2 migration of R1-4
2. Heterolytic C–C cleavage to generate ylide

OR2

R1

R4

R3

O

R2 R4

R3

hν R1

R1 R3

OR2 R4

Route 1

Route 1 Epoxy Esters:
– S1 n-π* (often does γ-H abs)
–Migrational Aptitude:
  Bn > H > CRH2 > Me >> Ph

JACS, 1964, 86, 5, 947

O

PhR
OH

O

R
Me

H
Ph

O

Ph
Me

25
64

R Yield (%)

O

Me
Me

H
Me

O

25%

Name?

hν

JACS, 1967, 89, 13, 3363

Direct

O

MeMe

O

Me

λ = 280 nmO

O

Me
Me

Bn O

Me

Me

O20%

O

O

Ph

Ph O

Ph

Ph

O

Ph
Ph

O
OHC

+

>50% conv. 4 : 1

O

Rβ

O

α

β

Route
1 2

– Alkyl3
– Ketones
– Olefins
– Acyclic
– Nitro2

– Aryl1

1Aryl epoxides trapped with dipolarophiles
2Nitro epoxides in iPrOH form α–keto-oxime
3Asymmetric alkyl —> cleaves both C–O bonds

Route 2 Tet. Lett. 1972, 39.13, 4039

O N

O

Ph

O
NH

O

Ph

hν
PhH,
2min

O

R

Ar

Heterocycles, 1977, 6, 1337

(CH2)n

Ar
(CH2)n

R

OO

R

Ar

hν

N
N

Me
Me

Me
O

O

N
N

Me
H

Tet. Lett. 1974, 36, 3139

hν

Me
Me

95%

Direct
PhH

abs. = 357 nm, if Δ = 90% mesityl oxide

 Helv. Chim. Acta, 1970, 53, 485

S

O
Ph Ph

XO

Ar

Ar

JACS, 101.25 (1979) 7521

MeCN,

Ar = p-(Me/Cl/Br)
X = N, O

SRRS

Me
Me0.5 – 7h

hν 5-77%

JOC.,1978, V.43, No.11

Sens.

n = 1,2

40%O

NCO

Bn

Aziridines 
   a. Ring Contractions (5,6,8,9) 
       membered rings
   b. Cycloadditions

hν

NR2
R1

R4
R3

R

R1

R3NR2

R4

R

disrotatory
ring opening

NN

Ph

Ar

H

Ph H

NN

Ph

Ph
Ar

hν

NN

Ph

Ph Ph

JOC, 38, 284, (1973)

Explanation:

– Trans-ylide forms, 
    ISC to ground 
    state Cis-ylide

Cis Ylide! Wrong stereochem

EECycloaddition 
adducts

N
t-Bu

H

Ph

C(O)Ph

H

hν
HN

PhPh

O
t-Bu

JACS, 90, 2442, (1968)

41%

via: γ-H abs, then C–N cleavage

Direct

Thiiranes
– Exposure by hν leads to desulfination, however it is 
   a postulated intermediate

Chem. Commun, 702, (1971)

S

O
Ph Ph

SRRS

O

Ph Ph

RS SR

X

O
Ar Ar

MeMe

DA
Adducts

O

Ph Ph

RS SR
S

Oxirenes, (1H)Azirines
– not isolated
– 4π anti-aromatic

H
NO

Route 2

Ph

From SM!
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Photolysis of 5-Membered HeterocyclesSeveral Other 3 Membered Rings:

(2H)Aziridines 
– Route 2

Diazarines
– from Syndnones
– Route 2

Oxaziridines
– from Nitrones (abs. = 320nm)
– Direct hν, otherwise 
   deoxygenation
– from N-Oxides (Sens. hν)

JACS, 95, 1945 (1973).

N
R

R

Ar

hν Direct
N Ar

R

R

abs. = 240-250nm

hν Direct

N N
O

O

R

Ar

-CO2 N
N

R

R
NNAr R

JOC. 36, 1589, (1971)

hν Direct

N
R

O hν Direct

Δ

O
N

R

H

J. Phys. Chem. 68, 1205 (1964).
abs. = 240nm

N
O

CN

hν Sens.

Tet. Lett. 51, 5257, 1967

Cationic Nitrogen 
can also be Sulfur to 
make Thiaziridines

N CN
O

Nu-

N O
Nu

General Reaction Mechanisms
1. Ring Contraction and Ring Expansion (RCRE)
2. Internal Cyclization and Isomerization (ICI)
3. Van Tamelen Whitesides 
4. Zwitterion–Tricyclic Route (ZT)
5. Fragmentation and Readdition (FR)

(2) Internal Cyclization and Isomerization:
– features formal interchange of positions 2 
   and 4.
– Most often associated with nitrogen 
   containing heterocycles
Mechanistic Features:
a. initial disrotatory ring forming bicycle
b. 1,3 sigmatropic shift to isomer
c. disrotatory ring opening
– Regioselectivity defined by whatever 
   forms most stable bicycle, however usually 
lower yielding than ICI.

(1) Ring Contraction and Ring Expansion:
– Interchange of two ring atoms
– Most often associated with oxygen 
   containing heterocycles 
Mechanistic Features:
a. Light cleaves weakest single bond
b. Formation of three membered ring
c. Excitation and rearrangement

Useful References:
1. Rearrangements in Ground and Excited States, (de Mayo)
2. PATAI’s Chemistry of Functional Groups, (Patai)
3. Chemistry of Heterocyclic Compounds, (Padwa)

(4) Zwitterionic–Tricyclic:
– Interchange of two ring atoms
– Most often associated with Sulfur 
   containing heterocycles
Mechanistic Features:
a. Involves valence expansion utilizing 3d 
    orbitals.
b. Rate of rearrangement drastically 
    increased in polar solvents
–  Most controversional due to geometric 
    conformity

Y
Z

XR

hν
Y

Z

XR Y
Z

XR

Y
Z

R
R

X

Graphical 
Representations  
from de Mayo, 
Reference (1)

hν
Z

Y

XR

Y
Z

XR

hν
Y

Z

XRY
Z

X
R

YZ

X R Y
Z

X

R

ZY
X

R

Y
Z

XR Y Z

X
R

(3) Van Tamelen 
Whitesides:
– combines (1) 
   and (2)

Z

SR2

R3

R1

hν

S Z
R3

R2

SZ

R1

Z

SR3

R2

R1R1

R2

R3

Z
SR2

R3 R1

Z
S

R3

R1

hν

Z
SR2

R3 R1

Z
SR1

R3 R2

+

N
S

Me

Ph
hν

N
S

PhMe

N

S

Me
trace

Ph
trace

N

S

Ph

Me
65%

N
S

25%
Ph

Me

RCRE (1) and ICI (2)  
are most common 

mechanisms

Tet. Lett. 13.15, 1972, 1429

JACS. 93, 6129 (1971)

R2

JACS, 1994, 2292

Me

2-cyano quinoline 1-oxides



(5) Fragmentation and Readdition:
– Yields enhanced when starting 
   materials irradiated with Nitrile
– Often trappable intermediates with   
   1,3 dipolarophiles

Y
NX

R2
R1

hν
R2C N + R1C Y X

A B

Y

AB
X

R1

8
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Photolysis of 5-Membered Heterocycles

N
NMe

Me

N

N

Me

Me

Me

Me

ExamplesHeterocycle Mech Notes

O RCRE
Isolated cyclopropene
(can undergo ODπM)

low yields

H
N ICI 20-60% yields

X
X

S RCRE
ZT
ICI

Lot of mechanistic papers, 
no consensus. X = C, N
Cyclopropene identified. 

Most ICI/RCRE
Oxazole: A versatile species

N

Ar

O

Ph
JACS, 88, 1844, 1966

λ = ~334nm

λ = 253nm

N
OPh

Ar

N

OPh Ar
> 84%

95%
hν Direct.

hν Sens.
Ar = Ph, p-OMe

λ = <300nm, excites solely 
ketimine chromaphore
λ = >300nm, carbonyl excitation, 
C–C bond fission

O

NX

ICI

Reliable yields, tunability
Solvent sensitive (T1/S1), 
especially with C3 subst. 

= Ac

O
N ICI

RCRE

Rearrangement Mechanisms for Certain Heterocycles

ICI
RCRE

H
N

N

Ar subst. at 
C-2, aziridine 

involved 
(evidence for 
ICI,RCRE) 
X = C, N

N Ar
O

H

Can’t reason through RCRE

N

OPh
to

H
N

N ICI
RCRE

ICI/RCRE selectivity 
substrate dependent 

based off of strain N
NMe

Me

Me

labelling studies showed 
>90% labelled migration

N

O N

Me
Ph Zeolites

hν 254nm
O

N N

MePh

RCRE 90%

O

tBu

tBu

O

tBu

tBu

tBu

O

tBu(1)
RCRE

JACS, 1968, 3894

23

NH

CN

NH

J. Chem. Soc., Chem. Commun., 1975, 786
4

2

2NC

32

4
N
H

NC

N
S

(4)
ZT

Ph
N

S
3 2

Ph
N

S
Ph

5

5

2

3
JACS, 1994, 2292

N
O

3 2
N

O

2

Ph

Ph

Ph Ph

(1)
RCRE

N

Ph

O

Ph
JACS, 1967, 6911

3

N
Me

N

D

Me

N
Me

N

Me

D(2)
ICI N

N
Me

D

Me

2

4 2

4

Tetrahedron, 1969, 3287

Y

N

X

R1R2

(2)
ICI

Tet. Lett. 1967, 5315

Heterocycle Mech Notes

What heteroatom am I 
dealing with?

What is the mechanism?
What can I expect?

JOC, 2005, 2322

2

24

4

(2)
ICI

Mechanism?
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Natural Product Pathways and Total Syntheses

O
AcO Me

H
OAc

Cl

O

O
Me

AcO
OH

OAc

Cl

O

O
Me

AcO
OHhν

PhH, 3h
87%

H H

AcO
Me

O

H

Erythrolide B

“The first observation of the 
di-π-methane rearrangement 

in natural products”

JACS, 1984, 5026

or in sunlight, with 5% methanolic seawater!
(37%, 8d)

Helv. Chim. Acta, 1988, 569

O

Me
OMEM

hν
(λ = 300 nm)
acetone, 70%

H

Me

MEMO
Me

Me

O

Me
H

Me

(–)-silphiperfol-6-en-5-on

hν
(λ = 254 nm)

HN
N

CO2Me

O
H

H

HN CO2Me

H

H

N
O

(+)–alloyohimbane

HN

N
H

H

H

MeCN, 68%

O

JACS, 1994, 9009
“Science, my lad, is made up of mistakes, but they 
are mistakes which it is useful to make, because 

they lead little by little to the truth.”
– Anthony Doerr, All The Light We Cannot See

Interesting Nitrone/Oxazirine Reactivity: JOC, 1989, 5949


