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Why bother about azetidines? 
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Some useful references: RSC Med. Chem. 2021, 448; Chem. Rev. 2014, 8257; Arc. Pharm. 2021, e2100062; ACIE 2010, 3524; JOC 2019, 
1363; Bioorg. Med. Chem. Lett. 2012, 6469; J. Med. Chem. 2019, 4936; ACS Med. Chem. Lett. 2020, 303; J. Med. Chem. 2020, 88. 
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How to access azetidines
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Popular ways of building azetidines

5Reviews: OBC 2021, 3274; Chem. Rev. 2008, 3988. Chem. Sci. 2020, 7553; Chem. Eur. J. 2023, e202300008.
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Examples: JOC 1994, 6098; Tet. Asymm. 2002, 297.

Highly substituted azetidines obtainable
Not modular

Intramolecular cyclization

C–N C–C

NN
O

[H]

Examples: JOC 1994, 7994; Tet. Lett. 1998, 467.

Well-studied synthesis of precursors
Harsh reduction conditions, no C2 substituents

Reduction of β-lactams

NN

Examples: JOC 1984, 827; Chem. Lett. 1980, 655.

In principle very modular

In reality, (very) restricted substitution patters

aza Paternò-Büchi
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N

Examples: Science 2016, 241; JACS 2019, 4573.

Modular and predictable multi-functionalization

Multi-step synthesis of strained precursor

(Aza)bicyclo[1.1.0]butanes
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~ $1–10/g
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X = OH, NH2, I, Br, CH2OH, CO2H, CN
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HO2C

R = H, Boc, Cbz, CHPh2

Popular building blocks

Ar OH

Cbz
N

Ar

Cbz
N

Ar Nuc

Cbz
NLA or H+ Nuc–H

Nuc = Ar, SR, OR

Examples: Org. Lett. 2019, 300; JOC 2019, 5943; OBC 2023, 5553; Org. Lett. 2020, 5279; JOC 2023, 6476.
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Functionalization of azetidinone derivatives
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2. Reductive amination
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Examples: J. Med. Chem. 2024, 2712;
Eur. J. Med. Chem. 2024, 116011;
J. Med. Chem. 2024, 2321.

3. Conjugate addition
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Examples: Molecules 2023, 1091;
Chem. Eur. J. 2024, e202400308;
Chin. J. Chem. 2024, 1341.
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4. Cycloadditions
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Paper 1: radical addition into ABBs
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• Born in Carrara, Italy.
• 2010: MSc in MedChem Parma U.
• 2010–2014: PhD, Parma U. with 

Prof. Franca Zanardi.
• 2014–2016: PostDoc ICIQ with 

Prof. Paolo Melchiorre.
• 2016–now: independent career 

University of Padova.

    Asymmetric organocatalysis
    Mechanistic investigations
    Photocatalysis
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Typical reactivity

1. Nuc–

2. El+
N ElNuc

Nuc = SH, Cl
El = Ac, Ts

Tet. Lett. 1999, 3761.

Nuc = NR2
El = Boc

Science 2016, 241.

Nuc = alkyl
El = Ts

Org. Lett. 2019, 2060.

Nuc = Ar
El = Ar’

Chem. Commun 2022, 2564.

N
H PhLi

Br

Br

NH2∙HBr NH2Br2

see: JACS 2017, 3209.

N
Ar

R

S(Me)3I
nBuLi heat

Ar

RN3

Ar

RN3
base

Hal Ar

R

see: Nat. Catal. 2024, 10.1038/s41929-024-01206-4.

Typical synthetic strategies

N

Ar R

(Aza)bicyclo[1.1.0]butanes (ABBs)
Not to be confused with: N

Reviews: OBC 2020, 5798; Chem. Eur. J. 2023, e202300008.

NN
First report:

Hortmann and Robertson
JACS 1967, 5974

Key properties

internal bond
angles ~60º

(JCSCC 1993, 148)

N
H

increased
p character

Synlett 1997, 1029

increased
s character

acidic C–H! (~acetylene)

N

ring strain C3–H acidity

N
H

N

N nucleophilicity

Reactivity dominated by:

N R–Li El+
N
El2

N
Li

N
El

El Nuc

JACS 2019, 4573
ACIE 2021, 7360

ACIE 2022, e202214049
JACS 2023, 19049
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Reaction discovery
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Diagram from: https://knowleslab.princeton.edu/wp-
content/uploads/2022/03/Energy-Transfer-Catalysis-Phil-
Murray.pdf



Reaction development
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Requirements for the PS:

• Sufficiently high T1 E0,0 (>2.55 eV)

• Very low DST 
➔ rapid S1→T1 (ISC) and T1→S1 (RISC)

➔ lower [PS T1]
➔ lower [imine radical]
➔ slower rate of dimerization (4)



Selected scope
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3-Component reactions
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Mechanistic experiments

• PS* is quenched by sulfonyl imine.

• Quench by ABB slower (3.8 x 106 M–1 s–1).

• Left: reaction of PS* with 2 leads to new species (presumably 10 + 11), but decay faster than formation.

• Middle: ABB added. At 50 ns, radical 10 (410 nm); at 750 ns, new species (presumably 12 (435 nm)).
• Right: increased intensity with higher [ABB], decay attributed to reaction of 12 with 11.

8
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Laser Flash Photolysis
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Mechanistic experiments

• PS* is quenched by sulfonyl imine.

• Quench by ABB slower (3.8 x 106 M–1 s–1).

• Left: reaction of PS* with 2 leads to new species (presumably 10 + 11), but decay faster than formation.

• Middle: ABB added. At 50 ns, radical 10 (410 nm); at 750 ns, new species (presumably 12 (435 nm)).
• Right: increased intensity with higher [ABB], decay attributed to reaction of 12 with 11.
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Mechanistic experiments

• In the absence of ABB (1), EPR shows sulfonyl (10) and iminyl radicals (11) – blue signal, left graph.

• With ABB (1), EPR consistent with 70% azetidine radical (12), 10% sulfonyl (10) and 20% iminyl radical (11) – red signal, both graphs.
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Summary

• First radical strain-release reaction of ABBs.

• Nice rationale (DST) to develop reaction, including a new 
photosensitizer.

• Thorough spectroscopic studies (SV, EPR, LFP).
• Promising development of 3-component reaction.

➜ Important fundamental blueprint for the radical reactivity of 
ABBs.

Future directions?

• Other radical precursors apart from sulfonyl imines?
• Other radical traps for the azetidine radical? For example, ArNi(II), Michael acceptors, etc.
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Paper 2: aza-PB with acyclic oximes and alkenes
• Born in Schwäbisch Hall, Germany.
• 2004: MSc in Chem., TU München
• 2005–2010: PhD, ETHZ with Prof. Erick Carreira.
• 2010–2013: PostDoc at Harvard with Prof. Eric 

Jacobsen.
• 2013–2024: Professor at University of Michigan.
• 2024–now: Professor at UBC, Vancouver.
    Catalytic methods
    Total synthesis
    Biological applications

• 2004: BE in Chem. Eng., Cooper Union.
• 2009: PhD, MIT with Prof. Nicola Marzari.
• 2010: PostDoc at Lawrence Livermore with Prof. 

Felice Lightstone.
• 2013: PostDoc at Stanford with Prof. Todd 

Martínez.
• 2013–now: Professor at MIT.
    Computational chemistry
    Chemical engineering
    Materials science
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MeCN, 24 h
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The paper in short: first intermolecular aza Paternò-Büchi with acyclic oximes
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Paternò-Büchi and aza Paternò-Büchi

Reviews: ACIE 2023, e202217210; Photochem. Photobiol. Sci. 2019, 2297; Chem. Sci. 2020, 7553; Chem. Soc. Rev. 2021, 1617.

Paternò-Büchi Reaction

O
3 *
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OO

Main challenges

1. Radiationless imine isomerization

N
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N
X

2. Regio- and stereoselectivity

N
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+

N
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N
X

N
X

N
X

Typical solution: biased substrates

ON

restricted regiochem no isomerization

Recent examples of different combinations

N
Ar X

1. Activated alkenes, intramolecular

Ph O

N
OMe [Ir PS]

THF, 0.5 h
427 nm LED

N
OMePh

O

HH

96%, >20:1 dr

Nat. Commun. 2019, 5095

Also see: 
ACS Catal. 2020, 12618;
ACIE 2017, 7056.

N
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2. Activated cyclic imine equivalents, intramolecular

Me O

N
[Ir PS]

MeCN, 16 h
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N
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O

H

69%, 1.3:1 dr

Org. Lett. 2022, 3053

Also see: 
JACS 2022, 19089.
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3. Activated cyclic imine equivalents, intermolecular

EtO2C

N
[Ir PS]

MeCN, 20 h
427 nm LED

N

95%, 1.3:1 dr, >20:1 rr

Nat. Chem. 2020, 898

Also see:
JACS 2022, 19089;
ACIE 2023, e202305622.
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CO2Et

n-hex

First example: Tsuge 1968

N

O

N

Ph
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I2 (5 mol%)

UV

N

O
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Ph

Ph

Tetrahedron Lett. 1968, 3971. Also see: Tetrahedron  1973, 41; JOC 1977, 1496

aza Paternò-Büchi Reaction
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X
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Aza Paternò-Büchi via alt. mechanisms
[2+2] Photocycloaddition via a singlet exciplex intermediate (proposed)

N
Ar N

365 nm light

CH2Cl2, rt, 12 h

N

61%, >20:1 dr, >20:1 rrMaruoka, Org. Lett. 2016, 6252

Ts
Ts

Ts

Ar

Ph
Ph

N
Ts *

singlet exciplex

[2+2] Photocycloaddition via Cu(I)-alkene MLCT

N

i-Pr

N
TpCu (20 mol%)

UV light
Et2O, 24 h

N

79%, >20:1 drSchmidt, Nat. Commun. 2022, 2764

R’ n-Bu

R

*
n-BuH

H i-Pr

CuIITp

N
N

Cu

B
H

N

NN
N

TpCu

This paper: activated alkenes and activated acyclic oximes, intermolecular

N
Ar

BnO2C

N [Ir PS]

MeCN, 24 h
427 nm light

N

67%, >1.2:1 drScience 2024, 1468.
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Ph
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*
Ph
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Reaction design
Idea: use both activated alkenes and activated acyclic oximes to match the energy of frontier orbitals and favor the aza PB pathway:

Initial hit:

EtO2C

N Ir(dFppy)3 (1 mol%)

MeCN (0.1 M), 16 h
427 nm light

N

12%

OBn OBnPh

CO2Et

Ph
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Reaction optimization 159 reactions!EtO2C

N [PS]

solvent (conc.), time
light source

N
OBn OBnPh

CO2Et

Ph
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Round 2: water is just generating concentrated MeCN droplets

EtO2C

N fac-Ir(4’-CF3-ppy)3 (1 mol%)

MeCN (5.0 M), 16 h
427 nm light

N
OBn OBnPh

CO2Et

Ph

1.5 equiv
53%

Round 1: solvents and photosensitizers

EtO2C

N fac-Ir(4’-CF3-ppy)3 (1 mol%)

MeCN:H2O (0.1 M), 16 h
427 nm light

N
OBn OBnPh

CO2Et

Ph

1.5 equiv
42%

EtO2C

N [Ir(dF(CF3)ppy)2(dtbbpy)]PF6 (1 mol%)

HFIP (0.5 M), 16 h
456 nm light

N
OBn OBnPh

CO2Et

Ph

5.0 equiv
68%

Round 3: more combinations of equivs, solvents, PSs and lights

Reaction optimization
Round 4 and beyond
1. Switched to CO2Bn oxime because higher yielding.
2. DoE with HFIP as solvent.

3. HFIP incompatible with electron-rich styrenes ➜ change to MeCN.
4. DoE with MeCN and final optimization.
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Selected scope Ir1 (1 mol%)

427 nm light
MeCN (2 M), 24 h

N
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N
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R = Et
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67%, 1.2:1 dr

N
OBn

CO2PMB

80%, 1:1 dr

OMe

N
OBn

CO2PMB

49%, 1:1 dr

Me

N
OBn

CO2Bn

20%, 1.4:1 dr
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O
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33%, 1.1:1 dr
(from amoxapine)
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N
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O
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Selected scope Ir1 (1 mol%)

427 nm light
MeCN (2 M), 24 h

N
OBn N

O
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N
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73%, 1.8:1 dr

N
OBn

CO2PMB

99%, single isomer

Ph

N
OBn

CO2PMB

30%, single isomer

NH

41%

Ph

OH

1. Red-Al

2. Zn/HCl

Ph

N
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34%, single isomer

OO

N
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CO2PMB

60%, 2:1 dr

N

O

O
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Unsuccessful substrates
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Application
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Mechanistic studies

EnT with photocatalyst more likely than RedOx events
1. CV data
2. Photocatalysts with different RedOx potentials.
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Which substrate is sensitized?

EnT with photocatalyst more likely than RedOx events
1. CV data
2. Photocatalysts with different RedOx potentials.
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Which substrate is sensitized?

EnT with photocatalyst more likely than RedOx events
1. CV data
2. Photocatalysts with different RedOx potentials.

Sensitization of styrene most likely for productive pathway
1. Stern–Volmer analysis
2. 5 equivalents of styrene required.
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Reaction Energy Diagram
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Requirement for desired reactivity
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Requirement for high yields

Increased triplet lifetime 

of cyclic styrene

Increased steric hindrance 

of disubstituted alkene
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Summary
• Modular synthesis of di, tri and tetra-substituted azetidines.
➜ Seems very useful for library-generation in MedChem.
• First useful strategy for monocyclic aza Paternò-Büchi.

• Thorough documentation (optimization, failed substrates...)
• Thorough mechanistic study gives fundamental insight into 

the underlying factors that control reactivity.
➜ Actually useful for future practitioners to choose substrates 
likely to work.

➜ Concepts potentially applicable to [2+2] photoredox-
catalyzed reactions in general.

Future directions?
• Find a way to expand scope to non-activated alkenes.

• Other activated imines (non-ester oximes, sulfinimines [Ellman!], sulfonyl imines, hydrazones…)
• Apply mechanistic concept of DEFO to other [2+2] cycloadditions (PB, hetero alkene [2+2]).
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