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Strategies for Inert C—C bond Cleavages—C-C Bond Activation

[-carbon elimination

C—C —— [M"—C +X=C
X
N

oxidative addition

C—C + [M"] C—[M"*?1—C

2025/12/31

C-C bond

c dy

Q
G

o>

oC‘

foie —

non-bonding bonding
interaction interaction

@ the accessibility of the transition metal center to C—C
bonds is generally difficult due to its 'hidden' nature
& relatively high stability of the C—C bond (90 kcal/mol)



Strategies for Inert C—C bond Cleavages—C-C Bond Activation

OH 0
Me Me
HO Me RX, Pd(PCy3)2, CSzCOs, HO Me
(a) p-C Cleavage @ 1,4-dioxane, 40 °Clal - |
i

- X
s"C. X
) >< \M ’ C)LC . I R
- ) ‘\\ ] ) Iy \/O L i Br\(
__ o \)\ . - \(
X=C,N,O "\F Me '"\F Ph Ph Me

(b) Oxidative addition 899 1b] 5394b] 69% 7894¢] 68%
1" c|: -'l' C\
: + M - > : M
. C Red. Elim. o Sarpong, R. et al. J. Am. Chem. Soc. 2018, 140, 9810.
> b liminati A A
-carbon elimination 9 mol% [RhCI(C,H
p Z + H,C=CH, o [RhCICHA >
0,
(Competitive f-H elimination) (6 atm) benzene, 100°C, 48 h
Bu O Et @)

» direct oxidative addition of C—C bonds

(Requires a directing group) Suggs, J. W. et al. J. Chem. Soc., Chem. Commun., 1985, 92.
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Strategies for Inert C—C Bond Cleavages—Radical Fragmentations

radical fragmentations

c 4 O—H BDE c . O—H BDE
B . )|$ ompan (kcal mol) SEROLD (kcal mol™)
C_C/X —_— '/\/C\
[ C R H H H
105.2 £ 0.7 105.4 + 1.4
H—I—O
X =0, NR 4 H (ref 62) HsCXO/H (ref 62)
H CHj
105.7 + 0.7 106.8+1.0
HaC——0 H c—|—o
H H > “H (ref 65) 3 ¥ (ref 62)
H CH3 CH3
T “
Ny 118.8 £ 0.07 e O 84.8+2.2
BDE : 99.5 BDE : 90 (ref 68) (ref 70)
ST ! :
CHj,
o” " N~ H HaC—Sim0 118.3 Me 69.6
BDE : 92.1 BDE : 92 CHgz H
Me Me

2025/12/31 Zuo0, Z. et al. Chem. Rev. 2022, 122, 2429-2486. 5



Strategies for Inert C—C Bond Cleavages—Radical Fragmentations

E

Entry p-scission k(s) (kcal :,l ol)
CH3 O
1 H3C+O —_— éHs + J.l\ 2.0 x 103 223
Sy HiC” “CHs,
H 0
2 H3C—|—O' —_— éH3 + J.I\ 1.4 x 102 229
- H” “CHs
. O
3 CHyCH,0' — CH; + JL 19 237
H H

Advantages of Radical Fragmentations

1. Thermodynamically favored

2025/12/31

0]
4 CQH5CH20. — éHzCH:; + JJ\ 1.7 % 103
H H
J’CH;:, (@)
5 CH»),CHCH,O0  — .
(CHa)2 2 HC + HJ]\H 1.2 x 104
CHj
0]
6 2
> CH + 2.2x10
: HJ\CQHs
H1C
€0
CoHs 0
l—b CHZCH;; + JL 1.4 % 105

H” “CH,

2. Excellent selectivity between C-C and C-H bonds
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Traditional Method for the Generation of Alkoxy Radicals

Classic Precursors for Alkoxy Radical Generation

o)
S
R—O0—N \
tBuy -OH R.o-NO R.o-C LI L R‘O’S\Ar
0
hydroperoxide Barton nitrite ester alkoxy hypochlorite N-alkoxy phthalimides N-alkoxy pyridinethiones alky 4-nitrobenzenesulfenates
Direct Oxidization of Alcohols into Alkoxy Radicals
Pb(0OAc),/ I,system HgO /I, system
CgH47
OAc
Pb(OAC),, |, HgO, I,
Br OH PhH, Hg lamp (250w PhH, hv, 39%
H Cco,Me 70%
OH
AgNO;/ Na,S,0;system PhI(0OAc),/ I, system
N . AGNO3, NazS204 . z | PhI(OAC),, I,
< HO H,O/CH3CN, reflux X Q‘OH > I ~NFP
N N 0 hv

2025/12/31 Poor functional group compatibility! 8
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« 2007, Nanjing University, B. S., Advisor: sk BREH %, X FEHIR;

« 2012, Shanghai Institute of Organic Chemistry, PhD., Advisor: & K 4 ##%;
« 2013-2015, Princeton University, Postdoctoral Fellow,

Advisor: Prof. David W. C. MacMillan;
« 2015-2020, Shanghai Tech University, Assistant Professor;

« 2020-present, Shanghai Institute of Organic Chemistry, Professor;

PhD work on total synthesis of communesins:  Postdoctoral work on photocatalysis: y T
J. Am. Chem. Soc. 2010, 132, 13226—-13228. Science 2014, 345, 437— 440.
Angew. Chem. Int. Ed. 2011, 50, 12008—120011. J. Am. Chem. Soc. 2014, 136, 5257-5260.

J. Am. Chem. Soc. 2014, 136, 10886—10889.

J. Am. Chem. Soc. 2016, 138, 1832—-1835.
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Alkoxy Radicals from visible-light-induced photoredox catalysis

irradiation
ceV(OAc), » Ce'(OAc); + CH, + CO, HO R o
350nm, 4 h, 77% 2 mol% CeCl;
5 mol% nBusNCI KLR
Kochi, J. K. et al. J. Am. Chem. Soc. 1968, 90, 6688—6698. ) n
n DBAD :
R= H, alkyl, aryl blue LEDs f oC
/
(NH4)2C€ N03 '
LEZOH CH5CN/H,0, 50 C ii i I
ONO, O,Ce'”Cl,, &
18% 20% 36% _@_»
So e A
n n
E] (NH,4),Ce(NO3)g " J L
OH  CH3CN/H,0, 50 C (5\ — unstrained — simple cerium — further product
ONO, cycloalkanols photocatalyst elaboration
46% 49%
— tertiary, secondary — easily accessed — e.g. cyclization
Trahanovsky, W. S. et al. J. Am. Chem. Soc. 1969, 91, 5068-5072.
2025/12/31 Guo, Jing-Jing; Hu, Anhua; Zuo, Zhiwei et al. Angew. Chem. Int. Ed. 2016, 55, 15319-15322. 10



Alkoxy Radicals from visible-light-induced photoredox catalysis

O
2 mol% CeClj; O /&/U\ .
OH 5 mol% TBACI Me LbMe BOCHN‘N Me 122.,1 8d7rA)
[T éoc

1.5 equiv DBAD N OH
CH3CN, blue LEDs Boc”™ “NHBoc
1 "standard" conditions 2 O
. w ,, .\ . oz 1l] Me e NHBOC 13, 92%
Entry Variation from the “standard” conditions Yield [9%] OH Me
1 none 92 (91)"
2 0.5 mol % CeCl;, 1.2 mol % TBACI 90!
3 no TBACI 39 OH
4 TBAPF,, instead of TBACI 25 G ,NBoc 20, 73%
5 TBAOQOH, instead of TBACI / 0
6 TBAOQOAC, instead of TBAC] / 0
7 TBAI, instead of TBACI 0
8 CeCl,-7H,0, instead of CeCl, 91 OH Ccio/\
9 added water (2 equiv) 89 _Boc 21 98%
10 no CeCl; 0 G/A 7z N ’
1 no light 0 NHBoc
12 no light, 50°C 0
[a] Reactions were run on 0.4 mmol scale in 0.5 mL acetonitrile for 12 h. Me  Me lPrOZCHN
Yields were determined by GC analysis of the crude reaction mixtures. 25 779
[b] Yield of isolated product is given within parentheses. [c] Irradiation iPrO,C” % ¥ IS]
for 24 h. Me 251 Ok
Me Me

OH

2025/12/31 Guo, Jing-Jing;T Hu, Anhua;t Zuo, Zhiwei et al. Angew. Chem. Int. Ed. 2016, 55, 15319-15322. 11



Alkoxy Radicals from visible-light-induced photoredox catalysis

9 0
IR
Me)L(\’):\ N"""Boc Me” - VHBoc
g Boc 2 Boc
i *\+H+/ v,
Cl,Cell P -Ce"Cly
[ Ve [T Ve
B C
hV Ve
1l
ce'lcl O,C Cl

Angew. Chem. Int. Ed. 2016, 55, 15319-15322.
2025/12/31

OH
R
M\ Colcl %L
N
4\

[Ce'V]—O cerium
S R photocatalysis
71-6 LmMCT

AN /\

71-7

\ mﬁ{/ J

71-8 71-2

A\

Chem. Rev. 2022, 122, 2429—-2486.
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Alkoxy Radicals from visible-light-induced photoredox catalysis

O ) 0O
-N<
Me/U\(V):\N Boc Me ; N.NHBoc
g Boc 2 Boc
i *\+H+/ v,
Cl Ce\o Pt g -Ce"Cly
[7 Ve
C

hv"""\f\/

Ce”'CI O,Ce”'CI,,

2025/12/31

a)
:: = Abs [CeCl3+TBACI+Cyclopentanol]
—— Abs [CeCl3+Cyclopentanol]
= Abs [CeCl3]
~—=Em [CeCl3+TBACI+Cyclopentanol]
1 . 1 . 1 e 1
300 400 500 600
wavelength (nm)
b)

30 -

1'1-1

A L L 1 L A 1 A 1 " J
0 5 10 15 20 25 30 35
|DBAD] (mM)

Angew. Chem. Int. Ed. 2016, 55, 15319-15322. 13



Alkoxy Radicals from visible-light-induced photoredox catalysis

@
@

—_—=
MLCT
+*
l ISC
= fzg
Ru(bpy),2*
Ground State
2025/12/31

Ru(bpy),**
* excitation l Amax = 452 nm
——— e
9
quenching emission
Ru(bpy)s* - ‘Ru(bpy)e2* - . Ru(bpy)s2*
1 R ’ hmax = 615 nm :
max
oxidant *
o < J e
- Stern-Volmer ncreasing [C) slope = kqTo
Eip ™ quenching studies
=+0.77 V I
t I I In
* = b [ ’ ]
— ¢, 9 r 1+ Lvr(,[Q]
Ru(bpy);*
A [Q] (M)
) * Figure 2. Fluorescence quenching (Stern—Volmer) studies.
—— o
9
i1 .
k,: the quenching rate constant
30
. o T,: the excited-state lifetime in the absence of quencher
reductant - -
—_— t29 EI;QIII."' |
=-0.81V
=
*Ru(bpy);** Ru(bpy)s**
Excited State
0 o i 1 " 1 " 1 " 1 " 1 " 1 " J
0 5 10 15 20 25 30 35
IDBAD] (mM)

MacMillan, D. W. C. et al. Chem. Rev. 2013, 113, 5322—5363. 14



Alkoxy Radicals from visible-light-induced photoredox catalysis

X-ray structure of [CeCl]* yield”
B - entry X variations from standard conditions” (%)
1 Cl none 67(69°)
2 Cl 72 hinstead of 40 h 77(81°)
o 3 Cl 104 h instead of 40 h 84
excess i -
CeCly 5 on black light | 1cellic)gp3-y* 4l noCedl, d
3 S Cl  LaCl, instead of CeCl4 d
Ar—CI 6 Cl  [NEt,];[CeCl] 65
/ 7 Cl  Ce(OTf); instead of CeCl, 70
Btomic 58 gon6] Atomie 9 Cl CeCl;-7H,0 instead of CeCl, 52
umber elg
_— c solid State at 20°C Ar-+ Cl™ 10 Cl  NEt,Cl-H,O instead of NEt,Cl 45
’ e @ Crystal 11 Cl  CeCl;7H,0 instead of CeCly, NEt,CI-H,O instead 36
CDMi;:::::: [XE] 4FsDres: Vo structure Y of NEt,Cl
Name Corium  Merinsimin Discovered By [ ceVel ]2, 12 Cl  in the dark instead of UVA light d
Cerium is a chemical element with the symbol Ce and atomic 14 F none d
number 58, making it one of the lanthanides, a group of rare
earth metals. 15 BI‘ none 876
16 I none >95°
X CeCl, H ) 17 Br Ce‘B.rS and NEt,Br 12
0.1 M NEt,Cl in CH;CN Standard conditions: 0.2 mmol of substrate, 0.2 mmol of CeCl;, 30
black liaht CFLs - mL CH;CN solution of 0.1 M NEt,Cl irradiated by two 23 W black
F 9 F light compact fluorescent lamps, 40 h. ®Yield determined by ’F NMR

N, 40 h

integrated using p-fluorotoluene as internal standard. “Reaction
conducted in quartz glass bombs. “No reaction.

2025/12/31 Schelter, E. J. et al. J. Am. Chem. Soc. 2016, 138, 16266—16273. 15



Alkoxy Radicals from visible-light-induced photoredox catalysis

og

entry X
1 Cl
2 Cl
3 Cl
4 Cl
S Cl
6 Cl
7 Cl
8 Cl
9 Cl
10 Cl
11 Cl
12 Cl
13 Cl
14 F
15 Br
16 I
17 Br

“Standard conditions: 0.2 mmol of substrate, 0.2 mmol of CeCl;, 30
mL CH;CN solution of 0.1 M NEt,Cl irradiated by two 23 W black
light ¢ompactifluorescent lamps, 40 h. “Yield determined by ’F NMR

CeC'3
0.1 M NEt,Cl in CH,;CN
black light CFLs
N,, 40 h

variations from standard conditions”

none

72 h instead of 40 h

104 h instead of 40 h

no CeCl,

LaCl, instead of CeCl,

[NEt, ]5[CeCly]

Ce(OTf); instead of CeCl,

no NEt,Cl

CeCl;-7H, 0 instead of CeCl;
NEt,Cl-H,O instead of NEt,Cl

CeCl;-7H,0 instead of CeCl;, NEt,CI-H,O instead
of NEt,Cl

in the dark instead of UVA light
visible light CFL instead of black light
none

none

none

CeBr; and NEt,Br

Cr
F

1500

('n "v) Aysuaju| uoissiwyg

1500

380

430 480
Wavelength (nm)

530

630

Ce(1)

(*n "v) Aisuaju| uoissiwg

330

380
Wavelength (nm)

430

480

Absorption (solid lines)
and emission (dashed
lines) spectra for an
acetonitrile solution of

[Ce'"Cl6]3‘

Absorption (black solid

lines) and emission
(black dashed lines)
spectra for an

acetonitrile solution of

[Ce‘"Br6]3‘

Schelter, E. J. et al. J. Am. Chem. Soc. 2016, 138, 16266516273.



Alkoxy Radicals from visible-light-induced photoredox catalysis

32000 0.16

I —Experimental |
24000 ==DFT predicted | 0.12
— 16000 1 0.08°

= | &

\:; o B .
8000 4 0.04

\ ,I’-‘\\ |

0 \ &—L sl",-—h n . 0
' ' 430 530 630 730

Wavelength (nm)

Experimental electronic absorption spectra of [NEt,],[Ce!VCl] in MeCN (black
solid line) and DFT predicted absorption spectra of [Ce!VCl]?>" in the gas phase
(red dashed lines).

transitions are assigned to LMCT transitions (Ligand to Metal Charge
Transfer) from ligand to Ce!V 4f-orbitals: the transition at 478 nm originates
from ligand t,, set of orbitals; the transition at 344 nm originates from ligand

t,, set; the transition at 295 nm originates from e, and a,, sets.

2025/12/31 Schelter, E. J. et al. J. Am. Chem. Soc. 2016, 138, 16266—16273.



Alkoxy Radicals from visible-light-induced photoredox catalysis

Ce photocatalyst Boc N~ NHBoc

H

)\/\/O
R “H blue LEDs R OH

‘ 1 mol% Ce catalyst BocHN Boc

, . . Boc SN OH
primary alcohols d-functionalized products o | 5 mol% TBACI N
+ N// N >
1'7\ / \\ Me 5 mol% NaHCO; Me

e Boc CH4CN, blue LEDs (21
\Y .
/\ /“ Ce Ln“\ Entry Catalyst Light Yield (%)2
—\/C IV|_n Boc /N\Boc
r—/ cerium photocatalysis J\/\/OH 1 Ce(OTf), blue LEDs 43
hotolnd d LMCT R 2 (n-BuygN)o[CeClg] blue LEDs 89
photoinduce SET
\Ce"'Lm - s . blue LEDs 0
\ /< 4 (n-BuyN),[CeClg] (10%) OFF (60°C) 0
DBAD 5b CeClj blue LEDs 92
TE ' .
)\/\/O 1,5-HAT R/\/\/OH
R —_— >
2025/12/31 Hu, Anhua;{ Guo, Jing-Jing;t Zuo, Zhiwei et al. J. Am. Chem. Soc. 2018, 140, 1612—1616. 18



Alkoxy Radicals from visible-light-induced photoredox catalysis

A

absorbance(A.U.)

Yield(%)

20

1.5 Os
—— 30s
——— 2min
6min
1.0 10min
20min
0.5
0.0 T ]
300 400 500
Wavelength(nm)
1007 " —— cecl
god — (n-BuyN),CeClg
60 -
40 -

Time/(h)

30

20

10

0

Sy
> 0.230

0.225 4

Y

ConcITR Spectra (A
8

0

il

20 40 60
Time/(min)

HuasAnhua; T Guo, Jing-Jing;T Zuo, Zhiwei et al. J. Am. Chem. Soc. 2018, 140, 1612—1616.

10 15 20 25 30
Time (min)

A. UV—vis spectral changes a solution of
Ce'V(OC;H,,)Cl, complex in CH;CN under
blue light (0—20 min).

B. IR experiments with a solution of (n-
Bu,N),CeCl; and  2-methyl-1-phenyl-2-
propanol in the dark (0—15 min) and with blue-
light irradiation (15—25 min).

C. Reaction profiles for the 6-C—H amination of
l-pentanol catalyzed by (n-Bu4N)2CeCllEss and

CeCl,.



Alkoxy Radicals from visible-light-induced photoredox catalysis

9%
H

o

OH

oTBS

2025/12/31

OH HO
q\/ H
_R
N
I BocN

Boc

(£)-5 81% vyield
1:2:1 a.t
Boc

N
R
E(/\ i
OH HO

(x)-6 67% yield P

Boc OH Me Me
H H vie -

OoTBS OH

7 44% yield P
2:1dir

Hu, Anhua;t Guo, Jing-Jing;T Zuo, Zhiwei et al. J. Am.

Boc. _R OH

%T\j
BocN

(£)-15 87% yield P

General reaction conditions:
DBAD (0.4 mmol), alcohol
- /N\R ot substrate (1.2 mmol), CeCl; (0.004
(+)-16 81% yield mmol), TBACI (0.02 mmol),
1.251dr
CH;CN (4 mL), 90 W blue LEDs.
jBoc
M
R—N_ Me Ve N
( 2
HO
17 76% yield
1.2:1dr.
Chem. Soc. 2018, 140, 1612—1616. 20



Alkoxy Radicals from visible-light-induced photoredox catalysis

COLEt 4 mol% CeClj o0
8 mol% (n-Bu)4PCI
mOH JI PhCN, blue LEDs, ras CozMe
MeO2C Mo then p-TsOH, A CO,Me 6 2 mol% DPA blue LEDs 82
1 1.0 equiv. 2 1.5 equiv. 3 7 2mol% 4 blue LEDs 78
8 2mol% 5 blue LEDs 42
i R Light e 9 2 mol% Ir(ppy) »(dtbbpy)PF blue LEDs 48
1 none blue LEDs 8 100 2 mol% DPA blue LEDs 71
2 2 mol% anthracene blue LEDs 19 11¢ 2 mol% DPA blue LEDs 2
3 2 mol% DBA blue LEDs 32 124 2 mol% DPA blue LEDs 0
4 2 mol% DMA blue LEDs 56 134 2 mol% Ir(ppy) o(dtbbpy)PF¢ blue LEDs 0
5 2 mol% DCA blue LEDs 10 14 2 mol% DPA dark 0

“Yields were determined by GC analysis of the crude reaction

R Ar
t-Bu . . . . .
Oéé Oee mixtures. "Reaction was run with CeCl;-7H,0. ‘Reaction was run in
+-Bu the absence of (n-Bu),PCl. “Reactions were run in the absence of
R Ar
CeCl,.

R = Br, DBA Ar =Ph, DPA

R = OMe, DMA Ar = 2,4-di-F-CgHg, 4 Ir(ppy)(dtbbpy)PFg

R =CN, DCA Ar = 3,4-di-OMe-CgHg, 5

Hu, Anhua; Zuo, Zhiwei et al. J. Am. Chem. Soc. 2018, 140, 13580—13585.

2025/12/31 21



Alkoxy Radicals from visible-light-induced photoredox catalysis

— [cVClOR)) [] BlueLED )
— DPA 7] 395nm LED Light PET catalyst Yield
1.0 4 B 450nm Laser
CelVCl,
\ 395 nm LED DPA 50%
£ LMCT ON oo -
0.5 - PET ON

[Ce'V1—o < 7:

DPA""
/ n 450 nm Laser DPA 9%
LMCT ON
/ \ COO - - \. PET OFF none 8%
500
CelllCl,

Wavelength (nm)

~
® S — @g\/ " 104
B—scission alkylation RO,C En 2T | . z |
0.5 L - s 126 0.5
annulation
0.4 4
o, OH oo
0.3
p'TSOH CO.R +H*
CO,R < R < 02 -
A 054
R CO.R 0.1
3 isolable intermediate = o
} 0 ) 2]0 ’ 4r0 T go BTO - 1(')0 ' ’ 0 é sli é EII l
|Alkene 2]*10™'M [Ce™ | IU 4 M

Stern-Volmer quenching studies of DPA  Stern-Volmer quenching studies of

by alkene DPA by CeDC] (OCsH,)
2025/12/31 Hu, Anhua; Zuo, Zhiwei et al. J. Am. Chem. Soc. 2018, 140, 13580—13585. 22



Alkoxy Radicals from visible-light-induced photoredox catalysis

0. O
‘{-/S /#TCOzMe

Me CO2Me

CQ--
Me

6 12 h, 69% yield

14 :1dr.
o ,O
OH
\/O
MeO,C
@)
COzMe

16 36 h, 61% yield

OH 0. ,O pn
/ I MeO,C

Ph CO,Me
17 15 h, 82% vyield

25:1dwr.

0. O
OH
COQMe

COgMe

8 24 h, 77% yield
16:14dr

General reaction conditions: alcohol substrate (0.2 mmol), alkene substrate (0.3 mmol), CeCl; (0.008 mmol), DPA (0.004 mmol),
tetrabutylphosphonium chloride (0.016 mmol), benzonitrile (0.5 mL), 90W blue LEDs.

2025/12/31 Hu, Anhua; Zuo, Zhiwei et al. J. Am. Chem. Soc. 2018, 140, 13580—13585.
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Alkoxy Radicals from visible-light-induced photoredox catalysis

COzMe
&OH E10,C ?

COQMG

S10 70% yield

CHO

COQMG
OH EtO-C

COZIVIe
S11 66% yield

CHO

COgMe
EtO-C

COzMQ

S10

A7,
Qhc Aco CHO
COzMQ
OH EtOQC

Yy

THF, 60°C

COLEt
CO-Me

OHC COQMG

S15 85% yield
1:1 d.r.

CO-Me

S$13 54% yield
1:1 d.r.

MQOQC
COgMe

S$16 54% vyield

2025/12/31 Hu, Anhua; Zuo, Zhiwei et al. J. Am. Chem. Soc. 2018, 140, 13580—1358S5. 24



Alkoxy Radicals from visible-light-induced photoredox catalysis

C-H Alkylation
5 mol% (n-BuN),CeCl
H alcohol catalyst, Ce photocatalyst _~_.NHBoc & el Il ekl CO.Et
v > R l}l CO,Et 20 mol% CCI;CH,OH, 40 mol% TFA COEt
R LEDs irradiation Boc H+H Etozc\)\ = HgC
R = H, Me, E, n-Pr R = H, di-Boc-MMH H COEt CHCN (0.01M), 400 nm LEDs, rt COEL
C 5000 kPa 1 2 56% yield
O C IlIC|
I . 5 mol% (n-BuN),CeClg COLEt
+H* H CO,Et 50 mol% CClaCH,0H COLEt
H30+H Etogc\)\ Et
H CO,Et CH,CN (0.025M), 400 nm LEDs, rt COLEL
cerium
O——Ce'VCl , _
-~ NG n-1 g atmospheric pressure 1 3 90% yield
> R' photo-

HAT j
photoinduced LMCT CataIySis O_H Arylation
5 mol% CeCla, 50 mol% CCl,CH,0H R
A i 25 mol% TBACI, 2 equiv. (NH,),S:04
H—|—H - =N
_H+
/—OH H H zN 2 equiv. TFA, CH3CN (0.01M)
Rr CHS

IV
CoCly 400 nm LEDs, rt
5000 kPa 4 5 19% yield
R'=H, CClg CF3 Boc

H. ® H | 41% recovered 4

N .
\'/ ( °N 5 mol% Ce(S0y),, 50 Mol% CClzCH,OH

R ' . A
ZET Boc R Boc H N 25 mol% TBACI, 2 equiv. (NHy);S,05
— [ o] — ol OO - )
\r 7 iy i =N 2 equiv. HpSO,, CH3CN (0.025M)
400 nm LEDs, rt Et
atmospheric pressure 4 6 62% yield

2025/12/31 Hu, Anhua;f Guo, Jing-Jing;t Zuo, Zhiwei Science 2018, 361, 668—672. 25



Alkoxy Radicals from visible-light-induced photoredox catalysis

OH CO.Et 5 mol% [Ce] CHj
15 mol% (n-Bu),N+X- CO,Et
+ 7 TCoEt >
CH4CN (0.8 M), rt tost
CHa LED light, 12 h 2
1 (1.0 equiv.) 2 (3.0 equiv.) 3
OH > yield O-addition
R Ce ‘@* AT Fa entry catalysts light (%) (%)
simple alcohol —-CH,0 product 1 CeCl3, (H-BU)4NCI 400 nm 2 6
2 CeCl;, (n-Bu),NCI 365 nm 39 10
‘ . well-established p-scission of alkoxy radicals Dehydroxymethylative 3 CeCl3’ (n-Bu)A'NBr 400 nm 15 12
U/ TRbiy 3 alkylation, 4 CeCl,, (n-Bu),NBr 365 nm 85 trace
O-nucleophilicity, ’\ 0o * hydrogenation,
2e oxidation R/\\I/ R— vinylation, 5 CEB].'3 365 nm trace 9
(aldehyde, acid) | | amination, 6 Ce(OTH), 365 nm trace 34
alkoxy radical alkyl radical oxygenation, etc.
7 Ce(OTf);, 30 mol % (n- 365 nm 79 trace
Bu),NBr
8 (n-Bu),NBr 365 nm 0 0
9 CeBr;, (n-Bu),NBr dark 0 27
10 entry 1, 2 mol % DPA 400 nm 51 trace
11  entry 1, S mol % DPA 400 nm 81 trace

2025/12/31 Zuo, Z. et al. J. Am. Chem. Soc. 2019, 141, 10556—10564. 26



Alkoxy Radicals from visible-light-induced photoredox catalysis

—H+ X =ClorBr \w

[Ce''X,]

[Ce"(OR)X,]

*[Ce"(OR)X,]

\ %
"Cf

2025/12/31

[XaC 'V]—o
\V

LMCT excitation

[Ce"(OR)X,]

\\\

1500

em™)

e (M

500 4

1000 4

[Ce(1IHORCI,]
—— [Ce(II1)ORBE,]
—— [Ce(II1)Br, ]

| 365nm LED
71 400nm LED

UV—vis absorption
spectra of in situ formed
[Ce"Br,], [Ce™ORCI, ],
and [Ce"ORBr,].

ROH

cyclohexanemethanol.

= [Ce(OR)CL ]
4 ® [Ce(OR)Br,]
A [CeBr,]

DPA

350

375

100

Wavelength (nm)

Stern-Volmer quenching

Zuo, Z. etal. J. Am. Chem. Soc. 2019, 141, 10556—10564.

s i
F studies of [Ce!'"], DPA by

.

A
o alkene

0. ;) IIO 115 0 215 310
Q [mM]
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Alkoxy Radicals from visible-light-induced photoredox catalysis

Alcohols

H
Me

4
vs. secondary

H
OH
H
5

vs. secondary

Me
\/\(\OH

H Me
6
vs. secondary

2025/12/31

Conditions

entry 4, table 1

entry 11, table 1

entry 4, table 1

entry 11, table 1

entry 4, table 1

entry 11, table 1

Dehydroxymethylation Vs.

88% :

72% :

90% :

62% :

89% :

79% :

Zuo, Z. et al. J. Am. Chem. Soc. 2019, 141, 10556—10564.

(> 20:1 ratio)

(> 20:1 ratio)

(> 20:1 ratio)

(> 20:1 ratio)

(> 20:1 ratio)

(> 20:1 ratio)

Me\/\/\
OH

H

7
vs. primary

H
8

vs. primary

b DD D

D
oK oo
o) o D

D
9

VS. primary

entry 2, table 1

entry 4, table 1

entry 2, table 1

entry 4, table 1

entry 2, table 1

entry 4, table 1

7% :

20% :

1% :

30% :

15% :

52% :

(1:3.6 ratio)

(1.2:1 ratio)

(1.8:1 ratio)

(5:1 ratio)

(> 20:1 ratio)

(> 20:1 ratio)
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Alkoxy Radicals from visible-light-induced photoredox catalysis

OY\ (l)H

o)

Me/N \H/N
0
(0] (0]
Me® Me
Me Me

Me
OH

2025/12/31

OY\| Me
N_ _N..,
"y
O

o T CO,Et

;—z CO,Et

O O

X

Me Me

34 75% yield
1.6:1.3:1 dr. @

Me Me CO,Et
Me

CO,Et
Me

33 67% yield, 1.2:1 d.r.

Me

Me
Me
CO,Et
CO,Et

Me

32 87% yield, 2:1 d.r.

Me
CO,Et
HO
CO,Et

29 89% vyield

Zuo, Z. etal. J. Am. Chem. Soc. 2019, 141, 10556—10564.

CO,Et

CO.Et
CH,

36 from EtOH, 15% vyield
from i-PrOH, 30% vyield
from t-BuOH, 65% vyield

29



Alkoxy Radicals from visible-light-induced photoredox catalysis

OH
H/\/ — Ce @-—»
- CH,0
free alcohol
starting materials products @

Boc
N ( )
G
Boc

53 75% yield

| |
Boc Boc

@AOH

55 96% yield

e

57 95% yield

2025/12/31

starting materials

Me

ArS—H —» RN

alkane

products @

Me@\OH Me£
Me

54 69% yield

(0] \\\
0 Me

Boc

56 63% yield

Boc
\

N
N A

58 70% yield

\ "l"e OH
O, N
| N Y "
> | | \>
Me” N\

-/

- CH,0

Zuo, Z. etal. J. Am. Chem. Soc. 2019, 141, 10556—10564.

\J

\J

Y

Boc

N
@ ~ NHBoc

60 78% yield

Ph
B

Ph
61 35% yield

OH

&

62 40% yield
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Alkoxy Radicals from visible-light-induced photoredox catalysis

C-C Bond activation

RhCI(PPh);

y o
toluene, reflux, 41 h

Ph 99% Ph

(@) 50 atm H2
[Rh(cod)Cl],, dppe

e
toluene, 140 °C, 42 h

Ph 87% Ph

O

RhCIL, ——»

H>
RhCIL, ——3»

Ph

ClJO
RhCIL,, 4
—
Ph

\\“\
‘\\IJ\H H, OH
, ““Me
LA Ph

Photochemistry: Norrish type | reaction, a—-cleavage of excited ketones

(@)

(@)

" high-energy UV light |

O biradical intermediate

O radical recombination

O harsh conditions

Photoredox catalysis : Lewis acid & LMCT catalysis for C—C bond cleavage of ketones

(0]

Lewis acid
0 catalysis HOU /A LMCT catalysis
—_—
é @
nucleophilic additions

radical cross couplings

2025/12/31 M sequential polar- and radical-mediated functionalization
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Alkoxy Radicals from visible-light-induced photoredox catalysis

0]
9
b
n=0,1
cylic product
ketone cleaved
(0]
O
NRNHR
CN
Bn
Bn

2a 72% yield

O O _NRNHR
CN
COQMG COQMB

3a 93% yield

2025/12/31

5 mol% DPA, 2 mol% Ce(OTf), 2
10 mol% TiCl,, 10 mol% TBACI NRNHR Pd/C, H,
- _—
1.2 eq DIAD, 3.0 eq TMSCN P AcOH, EtOH
@ ”
n
N R = COEJPr
product cylic product product cylic
lactam ketone cleaved lactam ketone
O
O " o o
NH Me
NRNHR NH
CN Me
Bn Me

2b 72% yield

o
ZT

CO,Me

3b 93% yield

7a 75% yield

o)

NRNHR
Me CN
Me

8a 70% yield

7b 71% yield

0

Me

8b 70% yield

Zuo, Z. et al. Chem 2020, 6, 266—279.

NH

product
cleaved

0
NRNHR
CN
Me 'Me
Me

12a 65% vyield
10:1 dor.

0 (0]
NH Me NRNHR
Me CN
Me Me
Me Me

13a 69% yield

product
lactam

0

NH

-
-

Me Me
Me

12b 65% yield
1.5:11dr.

o)

Me

Me
Me

13b 69% vield
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Alkoxy Radicals from visible-light-induced photoredox catalysis

cylic ketone product

OMe ll?

NHR

28 62% yield

Ar OMe R

N
“NHR

Ar
31 53% yield

2025/12/31

5 mol% DPA, 2 mol% Ce(OTf),
10 mol% TiCl, 10 mol% TBACI

1.2 eq DIAD, 3.0 eq TMSCN
blue LEDs (0.16 W/cm?)

then MeOH

cylic ketone product

R
\
N

A& 7
RHN" \Q/\COZMe

29 53% yield
d.r. 1:1

32 52% vyield
rir. 7:1

Zuo, Z. et al. Chem 2020, 6, 266—279.

cylic ketone

R= COziPT

product

COQMe

30 44% yield
d.r. 3:1

O

OMe F|¥

N

7
Ar'

33 40% yield

“NHR
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Alkoxy Radicals from visible-light-induced photoredox catalysis

5 mol% DPA, 2 mol% Ce(OTf),

)

N

R D

ketone

Me/\HL Me

Me

Ph

2025/12/31

10 mol% TiCl,, 10 mol% TBACI 0 Ri=CO,Pr
> +
1.2 eq DIAD, 3.0 eq TMSCN R OMe
blue LEDs (0.16 W/cm?)
then ROH
product ketone product ketone
O 0

Me)l\ OBu

43 75% yield @

R
N
Me/\( “NHR
Me

44 78% yield

OMe

48 56% yield 2

R
I

Ph. _N_
~""“NHR

35 53% yield

Me/\)LOEt

45 80% yield @
Me Me
Me
Me R

Me I 0]
/N\
t-Bu NHR

46 61% yield

OMe

OPh ;
48 84% yield @

R
I

PhO_ _N_
" "“NHR

40 85% yield

Zuo, Z. et al. Chem 2020, 6, 266—279.

radical stabilization capability

SN
® > &

product

0
Me)LOBu

43 68% yield @

.NHR
E \

R
47 51% yield

)

Ph)l\ OMe

48 79% yield @

N.
O NHR

42 75% yield
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Alkoxy Radicals from visible-light-induced photoredox catalysis

HO_ CN Ticl, n < 2 cyclobutanone,

cyclop ntanone;
E : ';, = 2, cylohexanones
- ) TMSCN \ and more cycloketones;
n

) AR
acyclic ketones

%)wm\/\ﬁ

Q<O ce'Vel,
(s

N /\/

[ce''Cl,]
.
<'s\>< J
CN
0. NHR
)1\ itn<z (" RN=NR NR
—_— #CN
n

g )
n
ifn=2, o -
or acyclic ketone -
RN=NR >;CN NHR MeOH >L0Me NHR
/ » /

7—NR 7—NR
R s

2025/12/31 Zuo, Z. et al. Chem 2020, 6, 266—279.
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Alkoxy Radicals from visible-light-induced photoredox catalysis

(@) 2 mol% Ce(OTf); @)
OH 4 mol% (n-Bu),4PCI
@)
EA, O, balloon
1 blue LEDs (0.14 W/cm?) O
from cycloheptanone irradiation time: 2h 2

and ethylene oxide

CN

[Ce"'ORCI,] e
1 O
. E=0.40 Vvs. SCE
0
E= 161V vs. SCE CN >,
p-scission 0, 0
g g gl i, g
00+ [CeIIIC| ]
Ph
+H* e— \

-H,0 CN /
Ce(OT); . i [CeVORCI] T
—D-
(n-Bu)4PCl @
o]
2

—_ H+
[Ce"'ORCI, ]
B-scission
— —>

2025/12/31 Zuo, Z. et al. Angew. Chem. Int. Ed. 2021, 60, 5370 — 5376. 36
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Alkoxy Radicals from visible-light-induced photoredox catalysis

2 mol% CeClj
1 mol% S

@)
OH

alkylation

1\' blue LEDs

OH

O

CO,Me

Me. =
CO,Me Me CH(CO,Et),

71% yield, 1:1 d.r. 56

Boc.. 2N
\N" “Boc (@]

amination

67% yield NH3"CF5COZ

57

C-C bond formations, and amination using appropriate radical trapping reagents.

Zuo, Z. et al. Angew. Chem. Int. Ed. 2021, 60, 5370 — 5376.



Alkoxy Radicals from visible-light-induced photoredox catalysis

11- or higher membered lactone

0 0
0
0 0 OMe O o 0
| o OTBS
11 0 11 S 11 0 o
BS 11 14 15
MeO o
O 0 o 0
0
45 61% yield 46 65% yield @ 47 64% yield 48 70% yield @ 49 60% yield 50 65% yield

ring expansion of complex cyclic ketones

OBz
WS o (s o 5 e -
0oC Me
}\l 5 0O Me Me
(0]
18 19 Me Me
>\,/40 s
(@)

o o)
51 72% yield 52 61% yield 53 50% yield @ 54 73% yield 0 55 62% yield

2025/12/31 Zuo, Z. et al. Angew. Chem. Int. Ed. 2021, 60, 5370 — 5376.
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Alkoxy Radicals from visible-light-induced photoredox catalysis

OH

R 4 mol% TiCl,, 16 mol% ligand

\

¥ 0.3 equiv. Na,COg3, n-heptane

LEDs, 20 °C
cycloalkanols, racemic

substrates with tertiary stereogenic centers

enantioenriched

cyclopentanol *
o ? O
O O,
(+)-2 OMe 93%, 14:1 d.r.,, 98:2 er (+)-7 Me

(+)-3 SMe 91%,9:1d.r, 96:4er 95%,3.2:1d.r,94:6er
(+)-4 OCF3 95°/o, 4:1 d.l’., 955 er (+)-8 OMe

(+)"5 Cl 900/0, 6:1 d.r., 973 er 950/0’ 6.4:1 d.r., 92:8 er
(#)6 F 96%, 6.4:1 d.r., 96:4 er

e oI Ne e

(+)-11
94%, 6.5:1 d.r., 93:7 er

(+)-12
93%, 9:1 d.r.,, 95:5 er

50

(+)-9 SMe
90%, 9:1 d.r.,, 98:2 er

(+)-10F
94%, 6.5:1 d.r., 98:2 er
OH O

)

(+)-13
93%, 13:1 d.r., 96:4 er

R .
Ligand
O 9
’ o Pe R=Trip, (S)-L1
P

)" O'¢ N

R R=C12F9, (R)‘LG
cyclohexanol

I L
.‘\ R

(-)-18 SMe 93%, 20:1 d.r., 93:7 er

(-)-14 H 96%, 13:1 d.r., 96:4 er

(-)-15 OMe 94%, 4:1 d.r., 92:8 er (-)-19 CI  91%, 20:1 d.r., 92:8 er
(-)-16 CI  93%, 12:1 d.r., 94:6 er (-)-20 CF; 95%, 20:1 d.r,, 91:9 er
(-)-17 F 94%, 13:1 d.r., 94.:6 er

(-)-21
91%, 9:1 d.r., 96:4 er

(-)-22
97%, 9:1 d.r., 99:1 er

(+)-23 *#1
94%, 91:9 er

2025/12/31

Zuo, Z. et al. Science 2023, 382, 458-464. 39




Alkoxy Radicals from visible-light-induced photoredox catalysis

substrates with fully-substituted carbons $

(+)-24
94%, 98:2 er

(+)-30 (+)-31
90%, 98:2 er 91%, 98:2 er

(+)-25
92%, 97:3 er

(-)-32
94%, 95:5 er

(+)-28
95%, 94:6 er

(+)-26
90%, 96:4 er

(+)-27
93%, 96:4 er

(+)-29
95%, 98:2 er

(+)-33 Fac
90%, 93:7 er

(-)-34
96%, 97:3 er

substrates with strained ring systems

HO, HO,
OMe OMe

(-)-35+
81%, 8.9:1 d.r., 93:7 er

(-)-36 +
84%, 3.8:1 d.r.,, 92:8 er

...m

OH HO, Me
~
HO, H 0 3

N\Boc

HO,

.

I:l OMe

()37 ¥
91%, 3.3:1d.r, 91:9 er

(+)-38 1#
82%, 3:1 d.r., 90:10 er

(+)-39 %
85%, 10:1 d.r., 90:10 er

(-)-40 8
80%, 91:9 er

2025/12/31

Zuo, Z. et al. Science 2023, 382, 458-464. 40




Alkoxy Radicals via other methods

B-scission alkene addition 1,5-HAT
OH - |
base, TEMPO* O o
Ogb T g0 :
Ho
Derivatization of alkoxyamines TEMPO® TEMPO" TEMPO"

mCPBA

0. O = o N
—

[ N,O\,/\V/~\¢JL() ji&hwa 0 2 Aﬁ:§?EJ3\,’\v:§;C) ’Nb

Zn '

HO\/O - Lin Song (tf#3)
= Free alcohol functionalization = Three reaction modes = Operationally simple and scalable = Redox derivatization of alkoxyamines Cornell University
B _ 2004-2008
TEMPO*PFg~ (2-3 equiv) i} 0
HO KHMDS (1.75-2.75 equiv) - o’ Peking University, B.S.
R benzophenone (0.35-0.55 equiv) R R
@ ShCF. 0°C.2h i} > Research Advisor:
3 0°C, TEMPO' OTEMP o
n 7 . 5 Zhangjie Shi
Me OH
. OH OTEMP ‘é‘ H TEMPO, TEMPOL". ’ |_|\|ne\__ a-hydroxy ketone
Ph COPh | - _G % o . AH 30 H 0 o
H ) - H.‘ Me Me :'OH
o HH Me Ve Me Me Me H Me Me
Me' me Me H
15a 15b, 62% (d.r. 19:1) 19a, (-)-globulol 19b, 54% (d.r. >20:1) 19b’, 17% (+)-2-hydroxy-3-pinanone (22a) 22b, 86%

2025/12/31 Lin, S. et al. J. Am. Chem. Soc. 2024, 146, 19696—19703. 41



Alkoxy Radicals via other methods

- 50 A

1 mol% [Ir(dF(CF 3)ppy).(d(CF 3)bpy)](PFe)
3 equiv. collidine
25 mol% thiophenol

0.1 M CH,CI,
Blue LEDs, rt

J. Am. Chem. Soc. 2016, 138, 10794—10797.

OH

[T

3 Mol% [Ir(dF(CF3)ppy)s(5,5'-d(CF3)bpy)]PFg
OH 25 mol% PBu,*(MeQ),POO~
25 mol% TRIP-SH

0.05 M in toluene, blue LEDs, r.t.
J. Am. Chem. Soc. 2019, 141, 1457—-1462.

o H Ir'"" photocat. R Ir'"" photocat.
Brensted base HO ~— Brensted base
Al blue LEDs blue LEDs
n+| -t n
X H-atom donor X
‘ HAT l O-H PCET/p-scission
via
0 0
Ar exo-trig F R endo-trig
R = Ar, HetAr X\g R = alkyl, H
X

J. Am. Chem. Soc. 2019, 141, 8752—8757.

=5 b

Ph o
0 HO /~—
Alk Ph J
n+2 6 7
0
o 30
X
27 27a

W ET/PT

Alk

X

Starting material

Me  Me
\Me

BT

16 91%, 6:1 dr

Me, Me

o

23a 83% 6:1 dre®9

Me. Me

67% e

OH

AN

>20:1dr

Product

Robert Knowles

Princeton University

61%"/
>20:1 dr
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C-C Bond Cleavage via Hidden Alkoxy Radical

Synthesis Through C(sp3)—C(sp2) Bond Scission in Alkenes and Ketones

-H ~SPh
“dealkenylation” R R |
O3 OOH hydro- thiylation
R%’“RZ > R\(—OMe 2019 2019
R MeOH R1 l R/,O R’OH
i 0XO0— hydroxylation
“ozone-free dealkenylation” Fe 2020 2020
R
R? cat. Co' R? R/\/R R/
R N03 = R%\ —Cu' ™ i _
W/kR Et;SiH, O, R3 alkenylation alkynylation
R R!' OOTES 2020 2022
il E R R
“deacylation” R” “R” R,I
R .50 H,0, R OOH \ amination halogenation
- OOH 2023 2024
=L neat R1 Ar
R/\/ R
v feedstock alkenes and ketones v synthetic applications  3/jyjation arylation
»/ diverse radical terminations v ozone-incompatible olefins 2025 2025

2025/12/31 Acc. Chem. Res. 2025, 58, 1547—-1561.

Ohyun Kwon
UCLA
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C-C Bond Cleavage via Hidden Alkoxy Radical

0

SN CuO/h-TS-1, 0, . _<R

v =3- * TMSN; il

N A MeCN, 60°C,24h  “._c=N

A ’
“, L~ OAc K
>@§\ - < 4\\0/1 ’ ey
R " - OR
H H H
(1S,6R)~(+)-3-Carene (1R)~(+)-o-Pinene (-)-a-Cedrene (R)-(-)-Terpine-4-ol acetate S (-)-a-Terpineol
R = Ac, (S)-(-)-a-Terpineol acetate
NC .
0 H\X/H N en >\ 7 TN CN
)]\\" “., /CN L H : P
H OR
14, 41% (trace*) 15, 61% (43%*) 16, 27% (trace”) 17, 74% (trace®) R =H, 18, 36% (0%") -~
R = Ac, 19, 53% (0%*) W
0 CN ) : )
R=0H, 21, 31% (0%*) Peking University
H o —— NC7, R R=Nj, 22, 65% (trace*)
QH > R = OAc, 23, 73% (0%*)
R = Phth, 24, 58% (trace*)
(1R,4E,9S)-(-)-p-Caryophyllene 20, 32% (trace) -(-)-Nopol

Science 2025, 387, 1083—-1090.
2025/12/31 45



C-C Bond Cleavage via Hidden Alkoxy Radical

—
02 5
—

[CuO] =

COOMe (:'(COO“Q/'
: :H N3

INT2 (-
©.0) INT1 (-1.4)
aa Y
[ O(CO?ME N TMSOH ++N3 _[CuO] _ 1/2 0,
N; TMSN, %'7) (19.4)
“Nj TS1 (8.6) HOICUO]  -O[CuO]
[CuO] TMSOH ++Nj TMSN;3 + H,0
(-18.0)
radical initiation
TMSOH . H
TMSN; “Ofcuo]

HO[CuO] barrierless
‘7—4 (;)\COOM'E
N2

oxonitrile 2 (-135.9)

2025/12/31

COOMe k

o-0Icuo]
@ coome
N3 *O[Cu0]
INT3 (-17.6)
o.
COOMe
o (I
|_CO,Me N3
: INT4 (3.3)
Nq
TS2 (3.6)
0
C/LCOOMe
INT5 (-9.6)

Science 2025, 387, 1083—-1090.

TMSN;,

O:COOMG

INT2 (- 7.8)

O:COOMe

(-0.9)

8energy barrier from INT3

N OTMS H,O0  TMSOH
O:coome E f O:COOMe
INT3a (0.3) 69 (-0.9)

@
CtCOQMe
i
i N,
O:COOMe . o I

/; NC/\/\)J\COOMe

TS2 oxonitrile 2 (-135.9)
INT4
AGINT4 AG sy
CuO catalysis 3.3 3.6 (21.2)2
transition-metal free  23.7 24.0 (24.9)b

benergy barrier from 69
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