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» Strained Four-Membered Rings in Bioactive Molecules

[ Carbocyclic Four-Membered Rings O Azacyclic Four-Membered Rings

0 O\\ _Et
OH OH CI)I-I!E]C/N NC\“ N~ %
H U
HO HN F l}l—N
F F Y
o} “H _
/ N
OH k | N
T F X, N
(-)-tsugicoline A N" 4
isolated from L. tsugicola cobimetinib baricitinib
MEKH1 inhibitor for arthritis
HooC
3 H
. H Y / H MN " s
(+)-talaromyolides D 2 \><
. - o
potent antiviral activity OH N—/
against PRV 9-harzien-11-ol ° COOH
isolated from Taxus baccata penicillin N

antibiotic

B. Wu et al., Org. Lett. 2019, 21, 6539; G. Nasini et al., Tetrahedron 1995, 51, 13357; J. Ouazzani et al., Phytochemistry , 2014, 97, 55; N. Aay et al., W02007/44515 A1, 2007,
P. A. Friedman et al., WO2010/39939 A1, 2010; M. Castells et al., N. Engl. J. Med. 2019, 381, 2338.
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» Current Strategies towards Four-Membered Rings and Limitations

[ Nucleophilic substitution O [2+2]-Cycloaddition (ground state)
Na The Staudinger reaction
Ts—=N_ (toxic)
cl " r2
PTC, (EtO);P, DCM == a R2
B N N"gpn, > ¢ v \TI —
then NaOH (aq) N, JI\ N_ N,
(3 steps) Ts R H R? o R3
[ lengthy routines ] [ in situ formed ketenes J
[ [2+2]-Cycloaddition (excited state) [ Strain-release reaction
Ir sensitizer sensitizer Ph
BnO\N MeCN, rt Ph N’OBn _Ts PhCF, N)\Ph
Ph 427 nm Ph N
I | 456 nm Ph—
|+ Oft T OEt \ﬁN NN >
43%, 1.2:1 dr N T Ph” Ph 79% —N_
o (o) Ts
[diastereoselectivity issue; activated alkenes ] [substrates with highly-strained rings]
Dolle et al., Tetrahedron Lett. 1989, 30, 4723; H. Staudinger, Justus Liebigs Ann. Chem. 1907, 356, 51; 5

R. E.
C. S. Schindler et al., Science, 2024, 384, 1468; Luca Dell’Amico et al., Nat. Catal. 2024, 7, 1223.
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» Photochemical Remote C-H Functionalisation Promoted by 1,5-HAT

Hoffman-Loffler-Freytag reaction 1883

}<~ [ L\""V]
R_..¥X R .
N* hy N [1,5-HAT]
— 7 _— >

R1
NH °

R! cl R’
Uy T —
W

A. W. Hofmann, Ber. Dtsch. Chem. Ges. 1883, 16, 558.

Norrish-Yang Cyclization 1958

H

o hv 0. [1,5-HAT] . HO
—eee o
R R R

—» °

R

R. G. W. Norrish et al., J. Chem. Soc. 1934, 874; N. C. Yang et al., J. Am. Chem. Soc.1958,

Barton reaction 1960

+

< [ 2\H7]
oN° by o’ [1,5-HAT]
) —

(I)H

U e UN
—»

D. H. R. Barton et al., J. Am. Chem. Soc. 1960, 82, 2640.

B 1.5-HAT promoted by C-O-centered
biradical species

B construction of four-membered carbocycles

80, 2913. 6
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» Seminal Work of 1,5-HAT through Carbon Centered Radicals

(0]
e | |
_Bz
° H‘\N
“H \H)\Ph
2 Hg lamp o o
benzene LPM lamp o Bz
> _Bz benzene N
N >
35% | L )
Ph

70% H,C Ph
W. C. Agosta et al., J. Am. Chem. Soc. 1972, 94, 5100. H. Aoyama et al., Tetrahedron. 1977, 33, 485.

» Outline of 1,5-HAT under Irradiation

s SU | SRR o 1
Of/\o OI)_I\O r rlng closure \‘\\ XH
é P —>
Y’

(triplet state) 1,5-HAT
[l Carbon to oxygen 1,5-HAT: [ Carbon to carbon 1,5-HAT:
e low HAT barrier e irreversible e higher HAT barrier e reversible

e favorable conformation e unfavorable conformation 7
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» O- C vs. C-C Centered Biradicals: HAT Reactivity

surface correlation diagram
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» Introduction of Chromophore Activation Group: 1,2-Diketones

» Energetics of Carbonyl Compounds

(o)

&

o E4 = 84 kcal/mol E, = 84 kcal/mol

E+ = 78 kcal/mol E+ = 78 kcal/mol

E4 =76 kcal/mol \IHJ\ E4 = 62 kcal/mol
E+ =69 kcal/mol o E+ = 55 kcal/mol

\_ J

N. J. Turro, Modern Molecular Photochemistry, The Benjamin/Cummings Publishing Company, Inc., 1978, pp. 290.

0 Sunlight 0
nBu Pyrex®, CyH
yrex”, CyH _ \

R z nBu
o 89% Et OH
W. H. Urry et al., J. Am. Chem. Soc. 1962, 84, 118.
MPM lamp
1 H (0]
R Ph,CO, PhH, rt

51%-74% nR1

n R?2 OH

R' = alkyl R? = H or OMe

n=0-2
M. Inoue et al., Tetrahedron Lett. 2010, 51, 872.

o ipr HPM lamp, Pyrex® HO
N solid state, 0 °C Ph
Ph NiPr . N
o 83% (o] NiPr

H. Aoyama et al., J. Am. Chem. Soc. 1979, 101, 5343.

0]
o)\(o HO
blue LED, solid state

N Ph N

t
ol

R. Sarpong et al., ACS Catal. 2020, 10, 2929.

10
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» Introduction of Chromophore Activation Group: Acyl Imidazole

\ o
Ts” N

Y

N

UV-visible absorption spectrum

2
18
16
14
1.2

1
0.8
0.6
04
0.2

0
300

Absorbance

K. A. Scheidt et al.

320 340 360
Wavelength (nm)

, Chem. Sci. 2026, 17, 6766.

380

370 nm
THF, rt

400

-

1. MeOTf, DCM, rt

Ts

2. K,CO3, DCM, rt 0
- 7
N

7 72%

Ts/

NBO analysis of diradical intermediate

LP(N) = LP*((C)
E(2) = 37.2 kcal/mol

LP(N) = LP*(0)
E(2) = 73.0 kcal/mol

P
v N
- Tos” i
» d ’
’ INT3_A

WBI total (N) = 3.08
NBO charge(N) =-0.715

N
'BuO\n \/e—-

HI
INT3_B

WBI total (N) = 3.32
NBO Charge (N) =-0.487

11
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» Recent Applications in Natural Product Synthesis
e . Me Me
o' L ’ :(égéﬁi,gzﬁé%Mo CFL, CHCIg, 1t g&\/j{° g'é&ﬁ/j{°
cO Me > —> | AcO ' Me — > AcO \ “Me
A - KCOZMe 90% (2 steps) 95% MeH\gon':'t Me,_,\? M
L _ (o)
(+)-cyclobutastellettolide B
Z. Yang et al.,J. Am. Chem. Soc. 2021, 143, 18287.
1. NpHg*H,0
2.DBU, I,
(0] I\Ille
) 3. E‘°J\[]/N\°Me Meo/z 100 W blue LED
Me \ o nBuLi © )C’J\(Qij DMF, 25 °C
- > RN e »>
OJ;;Q 50% (3 steps) EtO T e 90%
Me Me

o phainanoids F

12
Z.Yang et al., Org. Lett. 2024, 26, 8217.
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» Recent Applications in Natural Product Synthesis

8 40 W blue LED o)
o)\f solid state; HO
N then chiral SFC Ph N
Q 47% yield
(0]
HO
PR N
Me
RuPhos-Pd-G,4
N Cs,CO3, toluene, 70 °C
/N
NBoc = 65% yield
Br

R. Sarpong et al., J. Am. Chem. Soc. 2021, 143, 4732.

Pcyz

iPro OiPr

OV

(g
Pld_L
! NHMe

L = RuPhos

RuPhos RuPhos-Pd-G4
1. NaOH
MeOH/dioxane
Ph 2. HCI
(o] 90% yield (2 steps)

lycoplatyrine A

13
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» Enantioselective and Enantiospecific Carbon to Oxygen 1,5-HAT

chiral host
[l Enantioselective 1,5-HAT controlled by

o Ph 312 nm, toluene
\ —45°C, 12-20 h H—N T H o . . .
,N\n/N > )}/N ; m chiral hosts was achieved with moderate ee.
o) .

70%, 60% ee

Il No examples of four-membered rings were reported.

o H Ph chiral host
I\ 312 nm, solid, 4 h > Z_OH
~N N o —N | |
H \n/ \/&0 20% conversion H N)/N
fo) 8:1dr, 41% ee 4
Chiral crystal
T. Bach et al., Chem. Eur. J. 2002, 8, 2464.
0 . By ; gschspﬁg'\" rt [l Products bearing central chirality were obtained
Ira _ .
Ph)H(CI + Ph)l\ff 6@ from atripisomeric substrates.
(o)

tBu

MPM lamp, Pyrex® ] )
)kn/ CHCly, 40 °C /Q/tsu [ Chiral resolution was needed to prepare
Ph \© —  Bu o atropisomic substrates.
>95% selectivity N
90:10 er \—JEOH

Ph
(+)or( 14
J. Sivaguru et al., J Am Chem. Soc. 2009, 131, 11314.




2
ﬂk '
,'IIF'
FUDAN UNIVERSITY

1,5-HAT Promoted by
C—C-Centered
Biradical Species

15



3. 1,5-HAT Promoted by C—C-Centered Biradical Species

RS 3

FUDAN UNIVERSITY

fewer stabilizing substituents

( )

Ar

%(
Ph N‘R2
Ar.

diaryl ethylenes or aryl acrylates

/*\ 2

Ts

\_ J

styrene derivatives
Challenge

instability of intermediates

allene derivatives

Challenge
low efficiency of EnT

16
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» Activation of Conjugated Acrylate Derivatives
(0]

(o] S (0]
Ph
?/ (Bu TXT, MeCN y Ph
N 420 nm, rt, 10 h H tBu
o > o N
40%

racemic

45%, 98% ee from (—)- substrate under 350 nm

J. Sivaguru et al., Chem. Eur. J. 2016, 22, 11339.

(o) N/—Ph
-

TXT, MeCN
420 nm, rt, 16 h

R'=ph 86%,4.911dr R'= 0=

T. Bach et al., Angew. Chem. Int. Ed. 2022, 61, €202200555.

Ph
[ [
o N o N
o Ph o (0]
N N
\ \
Bz Bz

Ph

89%

g@ |
seol

?/Ph 2-CTX, PhMe Ph

N 405 nm, rt, 18 h NMe
Ph “Me > Ph
o) (0]

99% vyield, 1,5:1 dr H;C

W. F. Peterson et al., Angew. Chem. Int. Ed. 2022, 61, ¢202213086.

Ph I/Ph
\| SpENnT1.3 N
0 N Ph 405 nm o Ph
PBS,pH 7.4,4°C o
> 94%
H o) 22:1dr, 99% ee H 0

in vivo translation

VAVAW! s

T. Bach, A. P. Green et al., Nat. Chem. 2025, 17, 1083. 17
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» Activation of Diarylethylene Derivatives

Ir(dFppy);3
RT N OMe blue LEDs, toluene
60 or 80 °C, 48 h

KIE experiment

o Ir(dFppy)s (1 mol%) b (0]

F blue LEDs D OMe
toluene,100 °C, 7 d
. O

| D,C
solmandese

F F
|r(depy)3 kH/kD = 423
Selected substrates
(o] o o Stereochemical outcome
OMe OMe OMe MeO 0 0
o o o o SN
/,,
Ph BPin OO
2a, 95% 2b, 93% 2c, 72% 2d, 75%
(o] (o] (o) (0] (o]
OMe OMe ‘e\\\OMe \\\OMe \e“\OMe

X X l

|
N Z
S N C O

2e, 85% 2f, 76% 29, 81%, dr > 20:1 2h, 95%, dr > 20:1

U. Koert et al., Org. Lett. 2019, 21, 4365.
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» Activation of Diarylethylene Derivatives

E PFS
A tBu
r R2 Ir(dFCF3ppy).(dtbbpy)PFg Ar
blue LEDs, Et,0, rt, 4 h N :
RIC R? - R1I_
I / R2 '
= R3 5
4 tBu
3 F Ir(dFCF3ppy),(dtbbpy)PFg
Selected ngstrates o Deuterium experiment KIE experiment
N N
| P | _ Ph 5 Standard ph H Ph D Standard Ph
OMe OMe D conditions b conditions X
ome —> | H oMe —— > P D
4a, 95%, dr = 2.4:1 4b, 89%, dr = 1.3:1 53%, 2.2:1 dr N OMe 53%, 2.2:1 dr ) OMe
By Ph 3,5-Me,Ph [D2]-3a [D,]-4a >95% D [D1]-3a ky/kp =4.6  [D]-4a 18% H
® S
= | P Triplet state quenching experiment Diene capturing experiment
OMe oM
e _
4c, 87%, dr = 3:1 4d, 88%, dr = 2.8:1
Ph Ph Ph Standard
N N conditions Standard
| | azulene conditions
= = Ph OMe —MM>» trace
OMe OMe not detected
4e, 91%, dr = 1.6:1 4f 87%, dr=1.6:1 3a

M. Shi, Y. Wei et al., Angew.Chem. Int. Ed. 2022, 61, €202204515.
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» Activation of Diarylethylene Derivatives

a)

(D-1

0o 0 500 00 650
A(nm)
18
16 3
14 ;__f--”"‘ o
12 " __I,_ff""
Y s~ y=00004x +6.7763
i R? = 0.9461
; i=6.7763
, s = 0.00039 M-
0
0 5000 10000 15000 20000 25000

Fluorescence quenching experiment
3a

0.0mM

0.001mM

0.002mM
—0.0035mM
—0.005mM

[3a]*

b) Stern-Volmer quenching experiment
1
09
08 y = 142.79x
07 R2=0.977 "
0.6 .
,.‘..T..._ 0.5 8-
zb[:.-'l o -~
03
0.2 o
0.1
0«
0 0.001 0.002 0.003 0.004 0.005
3a (mM)
d) Dark-light experiment
5
o
U 5
o
5, 15
10
100 150

M. Shi, Y. Wei et al., Angew.Chem. Int. Ed. 2022, 61, €202204515.

time (min)

Bl Kt (1.43x10° M) vs
i/s (1.74x10% M)

Il EnT induced cyclization process

20
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AG3gg ether (AE)

(kcal/mol) Collapsed to

Ph{{

TS3 oOme ©

44.3
TS3

5
Tz
i

Open-shell singlet (OSS) '

H

| Triplet

' 4a
] : 8.4
So32 _0.0_ ! Closed-shell singlet (CSS) '
=  favors an increasing ionic Character | - -=-==-=--=eoemeomemns e .
' Ph L Ph Int2: | :
: MeOQ0e ¢ o Ph Ph | Ph
! S l xH--0 o : :
OMe . SN Mei ! . . ' OMe OMe |
i OMe Ph L OMe .1 4a 42’ :

_________________________________

M. Shi, Y. Wei et al., Angew. Chem. Int. Ed. 2022, 61, €202204515.

21
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» Activation of Styrene Derivatives via Introducing Heteroatoms

The role of diaryl or carbonyl motif The challenges for styrene derivatives

R1
1. hy ¢
—eeeee

» stablize 1,4-biradical ¢ preorganize the substrate
to favorable conformation

Ar Ir(dFCF3ppy),(dtbbpy)PFg Ar
i blue LEDs, DCM, rt, 18 h ’t‘\/
> X
R1
X~ "R? k2
5 6
Selected substrates - ~
Ph Ph Ph Ph Ph Ph
[
TsN TsNI_
TsN s T AcN MeO,C 0
Ph 2-Naph th\ Ph eMeZOZC Ph Ph
6a, 85%, dr=1.4:1 6b, 32%, dr = 1.6:1 6c, 65%,dr=1:1 6d, 64%,dr=1.1:1 6e, not detected 6f, 38%, dr = 2:1
/1% elimination product )
22

M. Shi, Y. Wei et al., Angew.Chem. Int. Ed. 2024, 63, €202409463.
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» Activation of the Cumulated nt-System via Energy-Transfer Relay
—l@
B PR O
PS, N2 or N1 ©
0 purple LEDs R
R1 " ,R3 PhMe/DCM 2
YOO rt, 24 to 40 h R N1
Rz/ =~ N\R3 N 7
7 8
3

Selected substrates 2 (N2 was used) Selected substrates 3 (N1 was used)

3 2 & R R 4 A
Ph Ph Ph Ph Ph Ph

] \ ] 1 X
T T |
o) 9i, 61% 9j, 76%
——

8a, 75% 8b, 75% 8c, 73% 8d, 74%

:h Ph\ Ph Ph Me‘ o H o
Ph y,, Meu,, BZlu, Phu,, Ph'lu

] 0o ) f N
\/ YO %/ 7;0 = 7;0 %/ \740 §/ NMBu S “MBu
OtBu Me Me
8e, 51% 8f, 72% 89, 45% 8h, 52% 9k, 61%, 1.6:1 dr 9l, 61%, 20:1 dr 23

G. Maestri et al., ACS Catal. 2025, 15, 13799.
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a. Monitoring experiment

0
Ph o
Ph N/B°° "Standard conditions" Ph
>
Ph N
/) w/o N2 (gray) = “Boc
w/ N2 (blue)
60 N2
50 30 mol%
40 ;
= e
3 4
30
S w/o
20 _ ' additive
® .- 2 . o e
10 -
{ .
o o ®
0 e 2
0 5 10 15 20 25 30 35 40
time (h)

G. Maestri et al., ACS Catal. 2025, 15, 13799.

b.

lo/ |

Stern-Volmer quenching experiment

kq PS-7a 2.2x108 L molis1

PS-N2 3.2x10° L molist

Quenching of 3PS

60.00

50.00

40.00

30.00

20.00

10.00

DOO ...‘H4

0

N2: Kg, = 5120 mol-

o f/a: Kg,, = 346 mol+

& — ‘ gann —— SRR L sammranes
= . L |
. sammreneae wae

0.002 0.004 0.006 0.008

24
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c. Transient absorption experiment d. Proposed mechanism

Quenching of *“N2 by 7a

1,0

,‘\"‘ > ‘ 0 ( '
0,8 4 \

ué (@]
= 207
3[7:N2]
R W % B & & 1.5

HAT
Wavelength/nm )

: = dispersion
kq N2-7a > 1.6x101° L mol-1s1 :

interactions

25
G. Maestri et al., ACS Catal. 2025, 15, 13799.
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» Activation of the Cumulated nt-System with Higher Triplet State Energy

XT (10 mol%)

o (o] o) o)
2 | MeCN R1
RN~ ° 350 nm, rt, 1.5 h N~
h 2 -
= o (o) S MeO S OMe
' XT TXT TXT"
10 1 : Et kcal/mol 74 .1 65.5 71.2 73.6
Entry  Sensitizer hvinm] solvent  Yield[%] selected substrates
Ph
1 TXT (20 mol%) 420 DCM 0 Ph Ph Me 2-Na Me Ph iPr
N/\Ph N P N \_N/ A—NJ
(o) S )
2 XT (20 mol%) 366 DCM 50 §\-“l:£o §~““E£o §[{ 5 _ —&O s —&O
(3 XT (10 mol%) 350 MeCN 73 ) 1a, 73% 11b, 51% 1c, 44% 11d,19% + 11d', 14%
4 TXT" (10 mol%) 350 MeCN 64
[4+2]-dearomative cycloaddition
5 ACP (10 mol%) 350 MeCN 41

T. Bach et al., Angew. Chem. Int. Ed. 2026, 45, e25347.

Standard Conditions \\ /

G - N
; 21%

o)

26
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g /
S 02
O V.zaH
& ' kq=1.‘1 x1o9M':s"
"a; 00 05 1.0
< 0.1+ ¢ (10a)/mM
@)
@)
<]
— T T T ‘.‘"}. 00 -
400 500 600 700 0 10 20
Alnm t/ us
3 (\ /‘) 3
310a* Ve HYR1 (\‘[\.rR1
]
289.3 (3.00 o > 1
Mol NR'| X N._R
S [ &
) N._R’
:' 3:I-oabent
| o)
— 191.4 (1.98
g (1.98)
~ |
® N
w o 81.3(0.84)
¢ -~
< )
(S 10a0.0 (0.00)

27
T. Bach et al., Angew. Chem. Int. Ed. 2026, 45, e25347.
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4. Summary and Outlook

Photochemical 1,5-HAT

r OIO/E [\N i

N
O:io/\o Activation group\ 5 / )\i/\o
x? 4

CtoO Restrained Q | Bu
conformations Ph)j\ﬂ/ )
o
tBu

[v] Regio-, stereoselectivity

[Vl Late-stage elaboration

[v] Enantioselective transformation
Challenges:

1. high E4, E+ (UV light)
2. selectivity issues

\ ) Energy transfer ©:E Phd

Enerqy transfer rela
CH; 9y E= 74 kcal/mol y \/ )
| \ OMe 7;
- v
X* 9

Ar
CtoC Design of substrates \(i RLN/U\“ "IN TP
@ @ ) R? 2J I ="
ts R —°

[v] Visible light photocatalysis

Challenges:
1. low reactivity (m,n*)

2. instability of intermediates [v] Synthetically useful skeletons 29



4. Summary and Outlook

fﬁﬂk%

FUDAN UNIVERSITY

1. enantioselective pattern

s

X. Feng et al. 2023

Zn(BF4)2°6H20
N,N'-dioxide

0 up to 98% yield (o]
98% ee
R! .. S R! ..
OH .l/ . o “/ \
L NI NNegz
Ar | R%..© —————3 Ar ® R°.--
.0 .0
[Zn*]” [Zn*]”
Triplet Int. Zwitterionic Int.

develop asymmetric catalysis methods
forming chiral four-membered rings

R'.  MeCN, blue LED g R

0 g ~20°C 0— ;
Nr .: » HO ~ N\Rz . ."
Ar \RZ et Ar\‘ -

2. upconversion

Vs

X. Feng et al., CCS Chem. 2023, 5, 2101.

3*Ann + 1Ann
1*Ann
3*Sen
*Ann T
1!
1
Ann
energy ————— 90,0
transfer

Sen

activate inert substrates using
triplet-triplet annihilation upconversion

J

3. sequential transformation

e

FG
o)
o
o) by FG
FG
° o)
Pd, L, Ar2X

Ar1,,'|/\NJ,Ar2
realize milti C(sp3)-H functionalization
via sequential 1,5-HAT

30
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Thank you for your kind attention!
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A) KIE determined from two parallel reactions

N M
o= ]
v, Lz

~ "
~

C-H bond

functionalization

rate constant=ky

C-D bond

functionalization

»7J
C-H or C-D bond =
functionalization

rate constant=kp
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C) KIE determined from an intramolecular competition
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