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Alkoxy Radical

Classic precursors for alkoxy radical generation")

R\O/ NO \ (0)
. . R
Barton nitrite ester ~0- - R—0O—N
R\O/C| / alkoxy radical o
alkoxy hypochlorite N-alkoxy-phthalimide
Total synthesis of Pseudoanisatin?
s Phl(OAc), s
e OH l,, hv s
H cyclohexane H O
H > H
Me

(o) / Me
|

1) Chang, L.; An, Q.; Duan, L.; Feng, K.; Zuo, Z. Chem. Rev., 2022, 122, 2429.
2) Hung, K.; Condakes, M.-L.; Morikawa, T.; Maimone, T.-J. J. Am. Chem. Soc. 2016, 138, 16616.



LMCT (Ligand to Metal Charge Transfer) 7/ %

LMCT complexes arise from transfer of electrons from MO with ligand-like character to those with

metal-like character.
(opposite relationship to MLCT)

* This type of transfer could occur if complexes have ligands with relatively high-energy lone pairs

or if the metal has low-lying empty orbitals.

visible light )

Ce(lV) 4f

energy diagram of Ce(IV) \‘ A

LMCT proceed formal reduction of metal

LMCT .
CeV—0OR — Celll OR

Ligand

Ligand

1) 200418_LS_Shinsuke_Shimizu
2) a7 AN— T hF2EENF(T) B4R
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Previous Work in MacMillan Lab

NHC (1.6 eq), pyridine (1.6 eq)
t-BuOMe, rt; Boc
ﬁoc Ir(ppy),(dtbbpy)PFg (1.5 mol%) N

Br
NiBr,(dtbbpy) (5 mol%)
+ LJ -
quinuclidine (1.5 eq)
Me0,C HO t-BuOMe/dimethylacetamide (1/1)

(1.7 eq) Blue LED MeO,C 93% yield
Dong, Z.; MacMillan, D. W. C. Nature 2021, 598, 451.

©BF, |
t-Bu N @
Nickel Br-[Ni"']—Aryl Aryl—R
catalysis cycle \
t-Bu [Ni']—Br R
[Irlll ]
NI"
.,1\ [ ]\ Aryl
Iridium °R
v photg;gt:ilytlc [Ni%1 — 2 Aryl—Br
[h.lll ]* [ll’”] Ph
/ /
t-Bu NXH \ / t-Bu t-Bu N
g—O >=o
o’ Yo" SET -H® o)
t-Bu t-Bu t-Bu

1) Dong, Z.; MacMillan, D. W. C. Nature 2021, 598, 451.
2) Nicholas, A.; Seokjoon Oh, T.; MacMillan, D. W. C.; Bird, M. J. J. Am. Chem. Soc. 2021, 143, 9332.



Single Functional Group Coupling

Br \. OH
BocN
N
Chbz NHBoc

CbzHN

cross-bromide coupling cross metathesis cross-alcohol coupling

relative area superior

Oc coverage of
diversity of .
y chemical
products space
— e ——]

# commercial bromides # commercial olefins # commercial alcohols

1) Chen, R.; Intermaggio, N. E.; Xie, J.; Rossi-Ashton, J. A.; Goulg, C. A.; Martin, R. T.; Alcazar, J.; MacMillan, D. W. C. Science

2024, 383, 1350. ?



Working Hypothesis

NBoc o this work
NHC, [Ir], [Ni] _“ NHC, [ir], [Ni]
- R—OH ===--=--c-c-c---
BocN Br OH" BocN NHBoc
CbhzN BocN
alcohol-halide (sp3-sp?) alcohol-alcohol (sp*-sp®)
cross coupling cross coupling

R [Ni] Q< NHBoc

o A
[M] disfovered -~ fovered

bindin bindin
R/y k g i g

M Me M /_\\ NHBoc
ee - _Me
Me [M] Y

‘, BOCN

Radical sorting through steric paramerters Boc& /\

Me il
Me » )
alkyl radical metal-alkyl complex
weak 3° M-C bond Sy2 -mediated C-C bond formation

1) Lyon, W. L.; MacMillan, D. W. C. J. Am. Chem. Soc. 2023, 145, 7736.
2) 230415_LS_Yuki_Komori 10



Substrate Scope

/
OH t-Bu N@ — —
\
O ; Nil 25 mol%)
Cber/ Ph ; Ni"’ (acac), ( (
tBu  Opp,| \_ .. |[HdF(CF;)ppy}y(dtbbpy)PFe e
(1.0 eq) (2.7 eq) R” >< I (1~2 mol%)
+ H (o) ~o > CbhzN
pyridine (2.7 eq) quinuclidine (5 eq)
Me—OH t-BuOMe Bz,0, (1.5 eq)

| nopurification | et 450 nm Blue LED, rt

no filterlation

Me Me
NHBoc CbzN Bocr!l—

methanol (1.5 eq)

51% yield 63% yield 51% yield
Me (o)
Bn |
I (\N 'u,g_
Me
] BocN\) ’¢,
BocN Bn
62% yield 60% yield (dr = 1.5:1)

[Ir{dF(CF3)ppy}2(dtbbpy)]PF¢

1) Chen, R.; Intermaggio, N. E.; Xie, J.; Rossi-Ashton, J. A.; Goulg, C. A.; Martin, R. T.; Alcazar, J.; MacMillan, D. W. C. Science
2024, 383, 1350.



Proposed Reaction Mechanism

Ph
t-Bu
N @
OH
Csz/ t-Bu @BF4 t-Bu t-Bu
)< R ><
+
t-Bu t-Bu
Me—OH
[Irlll ]* SE _ H

G M
" Iridium Ph
e
photocatalysis tBu N/
CbhzN

[r']
1] (@)
T T4

(o) Bz
ZYNA”
t-B
ser B2 O N
Nickel 0]1&)
Sy2 reaction | catalysis cycle
Me R = Me or 1° alkyl * R 4/1
INi''] alkyl radical Ph
@ ‘ t-Bu N/
- »>—0
CbzN
z R = 2° or 3 ° alkyl ;EO

t-Bu

1) Chen, R.; Intermaggio, N. E.; Xie, J.; Rossi-Ashton, J. A.; Goulg, C. A.; Martin, R. T.; Alcazar, J.; MacMillan, D. W. C. Science
2024, 383, 1350.
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Use of tert-Butoxy Radical as Methyl Source

[Ir{dF(CF3)ppy}.(dtbbpy)]PF¢ (1 mol%)
NiCl,-DME[Ln] (4 mol%)

H TFA (0.5 eq) Me
hv (400-470 nm), MeCN, 25 °C
)\/\ * X -0 > )\/\
Ph Nphth o) 7( Ph Nphth
photosensitizer 59% yield
(6 eq)

Vasilopoulos, A.; Krska, S. W.; Stahl, S. S. Science 2021, 372, 398.

Me

hv (400-470 nm) ><
0. 7< Ph Nphth

k=6.4x10%s" [N""
in MeCN

B-scission

) j\ SN

methyl radical

HAT (0]
C)H\/\ (Hydrogen Atom Transfer) \O/\/ ~
DME (dimethoxyethane)
Ph Nphth k = 106 - 108 M1s_1 Ph Nphth

[Ir{dF(CF3)ppy}.(dtbbpy)]PFg
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Previous Work by Zuo group

1
Hydrogen Atom Transfer )

(HAT)
Boc
CeCl; (1 mol%) |
)H\)/OH n-BuyNClI (5 mol%) {H\ /\)/ BOCUOH
MeCN, blue LED, rt <
Bn - Bn
2NN N Boc
Boc N 1 ° alkox radlcal 2 ° alkyl radical Boc” \N/
(unstable) (stable)
2)
B-scission
CO,Et
CeBr3 (10 mol%) EtO,C CO,Et
OH p-BuyNBr (30 mol% CO,Et
MeCN, 365 nm LED, rt
CO,Et B-scission
~~ “CO,Et 1 ° alkoxy radical 2 ° alkyl radical
(unstable) (stable)

1) Hu, Anhua.; Guo, J.-J.; Pan, H.; Tang, H.; Gao, Z.; Zuo, Z. J. Am. Chem. Soc. 2018, 140, 1612.
2) Zhang, K.; Chang, L.; An, Q.; Wang, X.; Zuo, Z. J. Am. Chem. Soc. 2019, 141, 10556.



Working Hypothesis

Me CeCl; (0.5 mol%)
K/H n-BuyNCl (2.5 eq) Me Me Me ?oc ?oc
i-Pr MeCN, rt )\/
’ NHBoc N N
+ > i-PrXr]l’ i-Pr “NHBoc =~ “NHBoc
Boc N >< Boc
“N“ “Boc OH ¢ 44% 4% 15%
(20 mol%) Zuo, Z. et.al. J. Am. Chem. Soc. 2023, 145, 359.
Ar—X >< conditions
or + OH 4 ======c-=--- > Ar—Me or Alk—Me
tert-Butanol
Alk—X X A
: ' Ar—X
' [Ce] + Ligand T
: o) [Ni] or
' R 4 X
v * ’X’ ' Alk—X
i R Ln 1+ . ()
' H
1 LMCT 2
</'|__\>_<,0~ S D > i I
o” [\ Tvo .
— ||2\) concerted bond homolysis methyl radical acetone

Ce(lV) benzoate complex

1) Duan, L.; Lin, Y.; An, Q.; Zuo, Z. J. Am. Chem. Soc. 2025, 147, 14785.




Screening of Benzoate Ligand

[n-BuyN],Ce'V Cl5(Ot-Bu) (8 mol%) R R
Cl Ligand (24 mol%), Na;PO, (2 eq) Me 0 0
Me  Me Benzo[alpyrene (0.8 mol%) 0 | |
X + O<g > “Bn S,N N
Me OH Ni' Cl,-DME (20 mol%) -
o) L6 (25 mol%) 0 tBu tBu

MeCN, 365 nm LEDs, rt, 30 h

(10 eq) (1 eq) L6 (R = 4-Ph-Bn)
JCC
CF3 i-Pr
CO,H CO,H /@ECOZH @(COZH benzo(a)pyrene
................. o
CF3 i-Pr i-Pr CF3
L1: 76% L2: 16% L3: 46% L4: 43%
F F R =Steric hindrance of the ligand fixes the
COzH F ' coordination to the Ce center.
/O~ . -I\‘/‘\‘RJ< " Electron-withdrawing substituents on the aromatic
FsC CF, O’C|e\0 ring enhance the binding affinity of tBuO to Ce.
EOF 7 R # Inhibition of generation of -BuO-
L5: 47%

1) Duan, L.; Lin, Y.; An, Q.; Zuo, Z. J. Am. Chem. Soc. 2025, 147, 14785.



Deviation of Reaction Conditions

[n-BuyN],Ce'V Cl5(Ot-Bu) (8 mol%)

Cl L1 (24 mol%), NasPO, (2 eq) Me CF; O
Me Me Benzo(a)pyrene (0.8 mol%) o
'S ©~gn > “Bn i
Me OH Ni' Cl,-DME (20 mol%) L1
o) L6 (25 mol%) O CF,
MeCN, 365 nm LEDs, rt, 30 h
(10 eq) (1eq)
entry variation from the standard conditions Yield (%) : R R .
oYY
. | | '
1 none 76% ' S,N N "
. tBu Bu !
2 [n-BugN],Ce' Cl5(Ot-Bu) or Ni'' Cl,-DME 0% ' L6 (R =4-Ph-Bn)
3 benzo[a]pyrene 2% " OO“O :
4 no Light 0% E benzo[a]pyrene

1) Duan, L.; Lin, Y.; An, Q.; Zuo, Z. J. Am. Chem. Soc. 2025, 147, 14785.



Synthesis and Characterization of Ce(lV) Complex

(A) Synthesis of Ce(lV) benzoate complex

CF; O
IV ONa i \Y N
(NH,),CeV (NO3)g  + o >  [Ce §(L1)1204(0OH)4(H20)3] (= A)
ar
CF;
L1 (5eq) ”l

(B) Characterization of Ce(lV) benzoate complex

A (3 mol%), t-BuOH (10 eq)
NiCl,-DME (20 mol%), L6 (25 mol%)

Cl PC (0.8 mol%), Na;PO, (2 eq)
365 nm LED, MeCN, rt, 72 h
)ﬁro\Bn -
52%
(0)

[n-BuyN],Ce'V (Ot-Bu)Cl5 (8 mol%)
L1 (24 mol%), t-BuOH (10 eq)
NiCl,-DME (20 mol%), L6 (25 mol%)

Cl PC (0.8 mol%), Na;PO,4 (2 eq) Me
365 nm LED, MeCN, rt, 36 h
/J\H/O\Bn 6% )\n/O\Bn PC = Benzo[a]pyrene
o o

1) Duan, L.; Lin, Y.; An, Q.; Zuo, Z. J. Am. Chem. Soc. 2025, 147, 14785. 19



Methyl Radical Trapping and EPR Experiments

(A) Methyl radical trapping by TEMPO

t-BuOH (50 eq)
TEMPO (10 eq)
[Ce"V (L1)(Ot-Bu)] ]—» 7(va
O.

Na;PO, (10 eq) |
MeCN

o N\ 365 nm LED, rt Me

Ce' 6(L1)1204(OH)a(H20)3 46% yield

(B) Operando EPR experiments

¥
'BuO- _ CHy* [Ce(L1)(0Bu)] ——>  CHj
1 min

L\

["BuyN],CeCl5(0'Bu)

b b b b b

b

d'z (dB)
d"y (dB)

d"y (dB)

B (mT)

33 ;Z‘il .’.,I‘l!- 338 330 332 334
B (mT) B (mT)
a: DMPO-0'Bu a: DMPO-O'Bu  b: DMPO-CH, b: DMPO-CH;, DMPO: O@
tert-butoxy radical detection tert-butoxy radical and methyl radical detection methyl radical detection
20

1) Duan, L.; Lin, Y.; An, Q.; Zuo, Z. J. Am. Chem. Soc. 2025, 147, 14785.



Investigation of Bond Homolysis Selectivity

Me O°
B-scission H %—H H %—M Me X_H
e
> H H Me
methyl radical ethyl radical isopropyl radical
<0.5% 3% 96% |
[Ce] (10 mol%) Stability of carbon-centered radical
Ligand (30 mol%)
Me OH
?oc Na;PO, (5 eq) ?oc ?oc ?oc
+ N,,N MeCN, 395 nm LED Me\N,NH Et\N,NH i-Pr\N,NH
| - | | |
Boc Boc Boc Boc
A B C
Ce catalyst ligand product distributio scission
A B C
ce'' Cl, n-BuyNCI 0.6% 1% 62%
CF; O
ce''Cl, ONa 8% 19% 28%
CF,
L1

Ce" 6(L1)1204(0H)4(H20); 9% 23% 32%

1) Duan, L.; Lin, Y.; An, Q.; Zuo, Z. J. Am.

Chem. Soc. 2025, 147, 14785.



Proposed Reaction Mechanism

@
I H [Ce!! X,(0t-Bu)] /g
e Me )
PC
Me OH
tert-Butanol
cerium =
" ) PC = DPA or
[Ce™ X.,] photocatalysis SET Benzo(a)pyrene  pc*
. N,
pc1® SET Cpani—cH,
[Ce!Y xn]—o\ R=X
;r‘/ LB Nt Nickel
w NI ICKe
N CH, catalysis cycle
R
- concerted bond C N., I 11
LMCT homolysis N=NI"—CHs
excitation |
Y X
N.
e
H R—CH3

acetone methyl radical

1) Duan, L.; Lin, Y.; An, Q.; Zuo, Z. J. Am. Chem. Soc. 2025, 147, 14785.



Substrate Scope (1) : Sp3-Sp? coupling

[n-BuyN],Ce'V CI5(Ot-Bu) (8 mol%), L1 (24 mol%
Cl Ni' Cl,-DME (20 mol%)

Me Me
X . X< L6 (25 mol%)
Me~ ~oH R R
Benzo[a]pyrene (0.8 mol%

(0
Na;PO, (2 eq)
tert-Butanol MeCN, 365 nm LEDs, rt
Me Me Me
o (0] (0]
\Bn N Mr \Bn
o (0 (0
69% yield R = Bn: 64% yield 76% yield
R = Me: 66% yield
Me | Me Me Ilah
Ph N Ph N N
\)\n/ \Ph \)\n/ /\(\,)3)\"/ \Ph
o (0 (0
55% yield 47% yield 51% yield

1) Duan, L.; Lin, Y.; An, Q.; Zuo, Z. J. Am. Chem. Soc. 2025, 147, 14785.



Substrate Scope (2) : Sp3-Sp? coupling

Ce'l Br? (10 mol%), L1 (50 mol%)
Ni" Br,-DME (10 mol%)

Me Me Br
TN dMebpy (10 mol%)
MeXOH *RE
= DPA (3 mol%), Na;PO, (3 eq)

MeCN, 395 nm LED, rt

tert-Butanol
Me Me Me : E
(o) : :
Meo O 1 1
Bpin : :
o) O ; :
73% yield 66% yield 42% yield : dMebpy E
o) : Ph E
M OMe ' :
b D Q00
I _ [ \ Me S : :
N~ °F We™ g 0 : :
: Ph :
78% yield 53% yield 57% yield ' DPA :

1) Duan, L.; Lin, Y.; An, Q.; Zuo, Z. J. Am. Chem. Soc. 2025, 147, 14785.



Application for Trideuteromethylation

tert-Butanol-d4g

[n-BuyN],Ce"V Clg (8 mol%)
L1 (24 mol%)
NiCl,-DME (20 mol%)
L6 (25 mol%)
Benzo[a]pyrene (0.8 mol%)
Na3PO4 (3 eq)

Y MeCN, 365 nm LED, rt

CD;
Cl OBn
\I\ I
N
o

43% yield, >99% D-inc

S,

ce'' Br; (10 mol%)
L1 (50 mol%)
NiBr,-DME (10 mol%)
dMebpy (10 mol%)
DPA (3 mol%)
Na3PO4 (3 eq)
MeCN, 395 nm LED, rt v

CD,
/©\/\/?oc O
N
F.C O

56% yield, >99% D-inc

1) Duan, L.; Lin, Y.; An, Q.; Zuo, Z. J. Am. Chem. Soc. 2025, 147, 14785.



1. Alcohol-Alcohol (sp3-sp3) Cross-Coupling (Me-Donor: Methanol)

OH NHC, [Ir], [Ni] Me
Me—OH
CbzN ¢ ™ CbaN
Radical sorting effect

2. Methylative Cross-Coupling (Me-Donor: tert-Buthanol)

Cl : Me
Me Me o [Ce], [Ni]
O\B X y O\Bn

OH

CF;



Appendix. Ce(lll) and Ce(IV)

[Ce] (1 mol%)
n-BuyNCI (5 mol%)

OH Boc NaHCO; (5 mol%)  BocHN_ _Boc _OH
H | MeCN, Blue LEDs N
+ N’/N .
|
Boc
entry [Ce] Light Yield (%)
1 (n-BuyN),[Ce"V Clg] blue LED 89%
2 (n-BuyN),[Ce"V Clg] off (60 °C) 0%

3 ce''Cl, blue LED 92%



Concentration of Solvent

[Ir{dF(CF;)ppy}.(dtbbpy)]PF¢ (1 mol%)
NiCl,-DME[Ln] (4 mol%)

H TFA (0.5 eq) Me
hv (400-470 nm), MeCN, 25 °C
)\/\ + X -0 > )\/\
Ph Nphth o] 7( Ph Nphth
photosensitizer 59% vyield
(6 eq)

Vasilopoulos, A.; Krska, S. W.; Stahl, S. S. Science 2021, 372, 398.

Me

hv (400-470 nm) X )\/\
. 7< Ph Nphth

(0]

==
1

concentration

NIIII

k=6.4x10*s" [
B-scission in MeCN
o) — i )
)J\ INF]

methyl radical
H HAT

(Hydrogen Atom Transfer)
C)\/\ . /g\/\
Ph Nphth Ph Nphth

k=105~ 108 M1s?

p-scission (equiv)

0.15M 03 M 06 M

28



Kinetic Investigation of Ce(lV)-Complex

[NH4].Ce(NO;)g

CAN
(1eq)

O/\ou

(0)
Na3PO4
MeCN, 50 °C
+ OH >
62%
) -
Ve W 0__0\\
(10 eq) e S
le \ (=] N o
Me /‘\Q Vbb
MEA\X\ C|) \\ : —— %‘f 7\ 4
\ _Ce—0O E— ’ N
me” ~MeO /\N @,
QA M:A”\ ¢ ¢ o
Me Y - = o——w\vﬁv
Me" Y7 be
( 3
Me) U/b\‘.
Ce(TRIPCO,)sNa CCDC 2407134
25+ N
Boc o a )
[Ce] cat. ,!l i o 5 A
> “NBoc v 7
Boc 5t ‘r-’ 3
N=N/
OF ¢
Boc o s 1o s
Time (min)

1) Liang, H.; lai, L.; Zhang, K.; Chen, W.; Mingfeng, C.; Li, M.; Yang, Y.; Li, J.; Zuo, Z. ACS Catal. 2025, 15, 8069.



UV-bis absorption specftra of in situ formed [Ce]

A B

= | Ce(lI1)ORCI ] 365nm LED
15004 = [Ce(III)ORBr,] ~ | 400nm LED
—— [Ce(II)Br. ]
_S 1000 =
-

500 -

1
375 100 12¢

0 v v r
300 325 350

Wavelength (nm)



