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Introduction

* Photoredox catalysis is a powerful tool for activation of molecules
* Nicewicz and MacMillan (2008)

O R
HJH/'\FG
Y
63-93% vyield
90-99% ee
Organo- Photoredox
Catalysis Catalysis
Ru(bpy)s**

* Visible light absorption
* Long-lived excited state

* Potent SET catalyst

Chem. Rev. 2013, 113, 5322.

Nicewicz, D. A.; MacMillan, D. W. C. Science, 2008, 322, 77.
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Introduction

* Photochemistry of Ce(lll)

Ce (I I I ) « 4f — 5d transitions

 ~ns lifetimes

* broad absorption and emission bands

(other Ln(lll): parity-forbidden 4f — 4f transitions)

Qiao, Y.; Schelter, E. J. Acc. Chem. Res. 2018, 51, 2926.



Introduction

» Differences between cerium photocatalysis and transition-metal photocatalysis

* expensive
Ru I r « SET catalysis

C  earth-abundant
e * unique reactivities

Chem. Rev. 2013, 113, 5322.
Qiao, Y.; Schelter, E. J. Acc. Chem. Res. 2018, 51, 2926.



Recent deveropement of cerium photocatalysis

Ce(lll) guanidinate-amide complexes



Ce(lll) guanidinate-amide complexes

* Photophysical properties of Ce(lll) guanidinate-amide complexes
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Anna, J. M.; Schelter, E. J. and co-authors J. Am. Chem. Soc. 2015, 137, 9234.
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Ce(lll) guanidinate-amide complexes

* Photophysical properties of Ce(lll) guanidinate-amide complexes
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~420 nm absorption — from ground states of primarily 4f character to 5dz2 orbital-based excited states

Anna, J. M.; Schelter, E. J. and co-authors J. Am. Chem. Soc. 2015, é37, 9234.



Ce(lll) guanidinate-amide complexes

* PhCH,CI coupling reactions

[Ce'] (10 mol%)
Ce (0.33 eq)
P NcI  +  NaN(SiMej), N
Et,0, 48 h, CFLs

“\N(SiMe3)2

t 1l iel Me;Si),N-Ce’ 1 ®p_=0.03,1=24
entry [Ce' yield (Me3Si), ~N(SiMes), PL T ns

1 1 68%
R\

2 1-iPr 17% N_ ..N(SiMes), R=iPr:1-iPr ®p =0.46, t = 67 ns

(Messi)ZN_«e/Ce“N SiM N R=Cy: 1-Cy ®p, =0.54, 1 = 61

3 1-Cy 10% N (SiMe3), =Ly 1-Cy dp =0.54,1=01ns

R

Anna, J. M.; Schelter, E. J. and co-authors J. Am. Chem. Soc. 2015, 137, 9234.



Ce(lll) guanidinate-amide complexes

* Proposed catalytic cycle

NaCl + ¢N(SiMe
( 3)2  Estimated reduction potential for Ce(lll) excited states

[Celll]
entry [Ce”l] E1/2* (eV)
hv
1 1 -1.84
NaN(SiMe3)2 2 1-iPr 236
3 1-C -2.24
Cl-[Ce] (el d
* PhCH,CI: Ee = -2.66 V
» [Ce'V]-ClI formation (by 1H NMR)
05 Ph/\/Ph Ph/\Cl

* Inner sphere SET (photoinduced halogen abstraction) pathway
— The Ce(IV)-Cl bond formation enthalpy would drive the C(sp®)-Cl bond activation.

Qiao, Y.; Schelter, E. J. Acc. Chem. Res. 2018, 51, 2926.
Anna, J. M.; Schelter, E. J. and co-authors J. Am. Chem. Soc. 2015, 137, 9234.



Ce(lll) guanidinate-amide complexes

* Arylations of benzene

1 (20 mol%) , .N(SiMe3),
F—@—x + NaN(SiMej), > |= (Me3S|)2N-Ce\N M
CgHg, 6 d, CFLs (SiMe3),

X = 1: 68% 1
Br: 43%
Cl: No reaction

* Proposed catalytic cycle Ar_@

NaN(SiMe3), [Ce'

A |
HN(SiMes), hv
\_/ e N(SiMe3),
+
NaBr Br-[Ce'V] [Celll]*

H />_<
CgH

Qiao, Y.; Schelter, E. J. Acc. Chem. Res. 2018, 51, 2926.
Anna, J. M.; Schelter, E. J. and co-authors J. Am. Chem. Soc. 2015, 137, 9234.



Ce(lll) guanidinate-amide complexes

» Structure-property rerationships
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\ \ \
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* Emission colors of cerium complexes were determined by the ligand types and the rigidity of the structure.

Anna, J. M.; Schelter, E. J. and co-authors J. Am. Chem. Soc. 2016,1538, 5984.



Ce(lll) guanidinate-amide complexes

* Reactivity
[l Ph/\CI IV
[Ce™] > [Ce"']—CI
C6H6’ CFLs
05 Ph/\/ Ph

entry [Cel Eq0* (eV) result

1 1-N -2.19 proceeded » Lack of reactivity for 3-N and 4

2 2-N -2.30 proceeded , _ 3+ .

_ — The steric congestion around Ce®" cations
3 3N -2.59 no reaction is unfavorable for the substrate association
4 4 -2.92 no reaction in their excited states.

Anna, J. M.; Schelter, E. J. and co-authors J. Am. Chem. Soc. 2016, 138, 5984.



Ce(lll) guanidinate-amide complexes

* Further investigation for inner sphere SET mechanism

1-N (10 mol%)
X KN(SiMe3), (1.1 eq) Sl

R
= C6H6’ rt, §) d, CFLs S

entry X R conversion (%) Yield (%) entry X R conversion (%) Yield (%)

1 Br 4-Me 92 76 . 6 | H >99 85
2  Br H 80 7217 1 4F >99 91
3 Br 4F 69 32 8 | 2F >99 87
4 Br 2F >99 8 i 9 1 3Me >99 88
5 I 4-Me >99 76 110 1 2-Me >99 23

Anna, J. M.; Schelter, E. J. and co-authors J. Am. Chem. Soc. 2016, 138, 5984.



Ce(lll) guanidinate-amide complexes

* Further investigation for inner sphere SET mechanism
4 (10 mol%)
X (THF)Na[(NiPr),CN(SiMes), (1.1 eq) Ph
F/©/ CgHg, rt, 6 d, CFLs >~ F/©/
X=1:35%

= Br: No reaction
= Cl: No reaction

* Mechanistic insights from other experiments

« Complex 4 was incapable of associating a CI” anion.

* The isolation of [4*][BArF,]
— Quter sphere SET mechanism is a viable process.

Anna, J. M.; Schelter, E. J. and co-authors J. Am. Chem. Soc. 2016, 138, 5984.



Ce(lll) guanidinate-amide complexes

* Proposed catalytic cycle

* Inner sphere SET pathway with 1-N * Outer sphere SET pathway with 4

<O

Ar—X
\ NaN(SiMe3), [Ce el N/ ArX]™ \-X‘
HN(SIMG3)2
(
\/ *N(SiMe3), [Ce'] Are

+

NaX X_[CeN] [Celll]
)>—< [Ce'"] @ CeHe

CeHs

Ar 4—

Anna, J. M.; Schelter, E. J. and co-authors J. Am. Chem. Soc. 2016, 138, 5984.



Short Summary

Ar-1 Ar-l

Are [Celll]* Are
Inner sphere | Outer sphere + I@
SET SET
I—[Ce'V] 420 nm \ bright [Ce'V]
r emission
[Ce|||]
Drawbacks
« UV ~ visible light absorption (4f—5d) - Strong basic ligands
* Inner sphere SET and outer sphere SET » Air and moisture sensitive

Anna, J. M.; Schelter, E. J. and co-authors J. Am. Chem. Soc. 2016, 138, 5984.



Hexachlorocerate(lll) anion



Hexachlorocerate(lll) anion

* Photophysical properties of CeCI63' anion
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* UVA photoreductant

Aex = 329 nm: interconfigurational transition

4f — Ce-Cl n-anti bonding orbitals
with predominant Ce'" 5d,, 5d,, and 5d,, character

e dpL=0.61,T1=22.1ns
Anna, J. M.; Schelter, E. J. and co-authors J. Am. Chem. Soc. 2016, 138 16266.



Hexachlorocerate(lll) anion

* Reductive dehalogenation of aryl halides

X CeCl3 (1 eq) H
/©/ 0.1 M NEt,Cl in MeCN /@/
y
e 40 h, black light CFLs -
X = I: >95%
Br: 87%
Cl: 67%

F: No reaction

- Estimated reduction potential of excited [Ce'Clg]*": -3.45 V
(Epncr-/pnci = -3.28 V)

 Aryl radical generation was supported by radical trapping experiments.

Anna, J. M.; Schelter, E. J. and co-authors J. Am. Chem. Soc. 2016, 138, 16266.



Hexachlorocerate(lll) anion

* Substrate scope

7N
R——
A~
X =ClI, Br
1 \ X
NC-T—
0-: 69%
m-: 45%
p-: 79%
Br p-: >95%
Q ’
TBSO
62%

17%

CeCl; (1 eq)
0.1 M NEt,Cl in MeCN

y
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o
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pos
G
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Anna, J. M.; Schelter, E. J. and co-authors J. Am.
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Chem. Soc. 2016,

138, 16266.



Hexachlorocerate(lll) anion

e Catalytic reaction

CeCl; (10 mol%)
0.1 M NEt,Cl in MeCN

/©/C| toluene (10 eq) /©/H
-
R N>, 3 d, black light CFLs R

quartz vessel

F NC MeO

66% 73% 46%
78% (6 d)

 Toluene as a sacrificial reductant regenerates the Ce(lll) catalysts.

Anna, J. M.; Schelter, E. J. and co-authors J. Am. Chem. Soc. 2016, 138, 16266.



Hexachlorocerate(lll) anion

* Photoinduced Miyaura borylation

X RO  OR' CeCls (5 mol%) (E.zR
\ / .
R:—/ + BB, 0.1 M NEt4Cl in MeCN . R'—\ “OR'
R'O OR rt, 24 h, Rayonet (350 nm) l\/
X =Cl, Br 2 eq
* Aryl halides R
Bpin R =H: 64% Bpin R_= % .54%0
- F: 88Y% = Me: 49%
: ° = CN: 52%
R = CF5: 90%
= CN: 82%
= Ph: 83%
= OMe: 67% R Bpin R = CF3: 64%
= NMe;: 55% \©/ = Me: 53%
= OMe: 56%
Bpin .
7 N S O
— @)
40% 40% X =Br, 50% X =Br, 76%

Qiao, Y.; Yang, Q.; Schelter, E. J. Angew. Chem. Int. Ed. 2018, 57, 10999.



Hexachlorocerate(lll) anion

* Photoinduced Miyaura borylation

X RO  OR' CeCls (5 mol%) QR
R , 5—g 0.1 MNEYClin MeCN xr Bror
1 / \ 1
/ ' ] R_
R'O OR rt, 24 h, Rayonet (350 nm) l\/
X =ClI, Br 2 eq

OH
I O O O
B\ R"=H: 42% E';/jL . i
OH N B B
=F:50% O | X ~0 ~0
R" = CF3:61% P
= OMe: 44%
63% 77% 68%

Qiao, Y.; Yang, Q.; Schelter, E. J. Angew. Chem. Int. Ed. 2018,227, 10999.



Hexachlorocerate(lll) anion

* Mechanistic studies
* Radical probing experiments

Cl
O + szinz
F
Cl
O/ + szinz
F

» Stern-Volmer experments

CeCl;3 (5 mol%)

0.1 M NEt4Cl in MeCN
DHA (5 eq)

WoaRNel

black light lamps, rt, 24 h

CeCl;3 (5 mol%)

0.1 M NEt4Cl in MeCN
CGH6 (20 eq

black light lamps, rt, 24 h

k.=

iog
& "N

O

2.7(1) X 10°M 18T

e

2.0(1)>10°M-'s

:
3.6(1) X 10°M-'s .;
.
s 8.3(1)X 10°M-1s-"
e Y
........... " ’
S N
6.9(1) X 108 M1
10 20 30 40 - .

[Q] (mM)

9% 41%
35% 23%

* The reaction quantum yield ® = 6.1
and the shorter reaction time

— Indicating radical propagation process

Qiao, Y.; Yang, Q.; Schelter, E. J. Angew. Chem. Int. Ed. 2018, 57, 10999.



Hexachlorocerate(lll) anion

* Proposed catalytic cycle
CIBpin
CIBpin
CIBpin
chain termination Bopin,
Cly,™ Clo"™
2 {[Ce|||C|6]3-} 2

hv Ar-Bpin A
2CI \ chain propagation

{[ClsCe"- - -~CI[2} ([Ce"'Cls /
LMCT
hv

CIBpin

Ar-Cl

CeIVC| 2- —
{ oI} | CIBpin
B2p|n2
Are ———»  +

+ CI Ar-Bpin

Qiao, Y.; Yang, Q.; Schelter, E. J. Angew. Chem. Int. Ed. 2018, 57, 10999.



Short Summary

Ar-Cl Are + CI

excess CI black light \ /
CeC|3 . [Ce|||C|6]3- > {[Ce|||C|6]3-}* > [CGIVC|6]2-
MeCN SET

« UV absorption (4f—Ce-CI n-anti bonding orbital)

« SET catalyst with strong negative reduction potential (-3.45 V)



Alkoxy radical mediated reactions
by cerium photocatalysis



Alkoxy radical mediated reactions

* Photoinduced LMCT by Ce(lV) and alcohol

O QCe'V]O — R—(o) +[cel]
N2 8

« UV ~ visible light absorption

(mr-bonding orbital electron from the ligand — the metal d orbital)

» Ce(lll) and alkoxy radical generation after bond homolysis

 LMCT mode activation probides a direct and more selective target heteroatom oxdation
pathway.

Org. Chem. Front., 2018, 5, 3018.
Inorg. Chim. Acta 2006, 359, 4130.



Alkoxy radical mediated reactions

* Photocatalytic C-C bond cleavage and amination of cycloalkanols

OH CeCl3 (2 mol%) @)

TBACI (5 mol%) 92%
Me + DBAD > Me
(No TBACI: 39%)

MeCN, 12 h, Blue LED
1.5 eq

N.
Boc” “NHBoc

_cellcl, _ceVel, _ce'cl,

Mo\lwe MO\Me *k.ol\lvle

Zuo, Z. and co- authors Angew. Chem. Int. Ed. 2016, 55, 15319.



Alkoxy radical mediated reactions

* Substrate scope

* Tertiary cycloalkanols

n=0,R=Ph:97%
n=1,R=Me: 84%
n=3,R=Me: 80%
n=4, R=Ph:77%

Ar =Ph: 83%
4-MeC6H4: 89%

HO R (o)
.B
— RN
)n NHBoc
OH Q 5
— .boC
M\Ar Ar)]\/\ﬁz/\'}‘
NHBoc
O
BocHN.
OH Boc
87%, 2/1 dr
(@) Boc
0 (@) N,
Me Me — NHBoc
Me
OH Me M Me
92%
Boc
Me —> BocHN® N Me
OH Boc
78%

4-FCgH,: 84%
4-CICgH,: 86%
4-BrCgH,: 97%

Me

—
HO
OH
Me Me
M
Me;,‘ ° —>
(@)
OH
Me Me
Me >
(e}
Me OH

Me
Me

~
BocN\

)

Me)l\eg)z. e

BocH N\ :
,N@
Boc H
Me w
M H
e

70%,

2/1dr
Boc. .NHBoc

N Me
O
Me
Me;,.
2 Me
(@)

92%,

1.5/1.dr
Boc. .NHBoc

N Me
(@]
Me
(@)

71%,

1.5/1 dr
Boc. .NHBoc

nz

N Me
O
— Me
S 2 Me
_ BocN, _
N N

66%,

1.7/1d
Zuo, Z. and co- authors Angew. Chem. Int. Ec?. 2016, 55, 15319.



Alkoxy radical mediated reactions

* Substrate scope

» Secondary cycloalkanols

OH 7)\ Boc
OH —> — -
<>_ NBoc OHC/\(\ 3 N
/NBoc NHBoc
98% 68%
OH GOH
é — N-NBoc Lb — BOC\I}I/O\CHO
Boc OH NHBoc
73% 97%, 2.4/1 dr
OH CHO
Q/A — p \-BoC Me_ Me NHCO,iPr
I ) N
NHBoc —> iPrO,C 7Q\CHO
0 Me
98% Me L Ve Me
OH 77%, 2/1 dr@
©:>*OH NBoc a: DIAD was used instead of DBAD.
NBoc

Zuo, Z. and co- authors Angew. Chem. Int. Ed. 2016, 55, 15319.
68%



Alkoxy radical mediated reactions

e Mechanistic studies

» UV-Vis spectra

Stern-Volmer experments

= —— Abs [CeCl3+TBACIHHCyclopentanol] i

1'/1-1

= Abs |CeCl3+Cyclopentanol]
= Abs [CeCl3]
-Em [CeCl3+TBACI+Cyclopentanol]

300 400 500 600

wavelength (nm)

1 1 1 1 1
0 5 10 15 20 25 30

IDBAD]| (mM)

Cerium chloride/alcohol complex: E4»(Ce'V/*Ce') = -2.2 V (vs SCE)
DBAD: E;,,®% =-0.7 V (vs SCE)

Zuo, Z. and co- authors Angew. Chem. Int. Ed. 2016, %5 15319.



Alkoxy radical mediated reactions

* Proposed catalytic cycle

o-Ce'"Ch
M\Me M\Me
hv \\
- n

Ce”'CI

DBAD

CeCl,

oc’ NBoc

Zuo, Z. and co- authors Angew. Chem. Int. Ed. 2016, 55, 15319.



Alkoxy radical mediated reactions

e Alkanol 5 C-H amination

DBAD (1 eq)
CeCl3 (1 mol%)
H TBACI (5 mol%) Boc.-NHBoc
r
R)\/\/OH MeCN, Blue LED R)\/\/OH

3 eq

.

/
/\ CeL,
SET °
Boc. .NBoc

R'—0O-Ce'VL N
" R)\/\/OH

Fr,r"”/ \/y cell,,
hv
LMCT
DBAD

H
R)\/\/O. -_ s R/\/\/OH

1,5-HAT
Zuo, Z. and co-authors J. Am. Chem. Soc. 2018, 140, 1612.



Alkoxy radical mediated reactions

e Mechanistic studies

« UV-Vis spectra of Ce'V(OCsH4)CI,

A 15
— 0
: _ —— 30s
g P 2min
) ; N Bmin
< 10 10min
8 O\ 20min
C \ O\
L] \ U\
£ B \\\
S os{~"_~
(72} ;
Qo \
L) \
0.04 —
300 400 500
= Wavelength(nm)

» Operando IR experiments

u.

ConclITR Spectra (A

0230

o
)
-4

2

@)

T

L]
P oH
\ | :}’(.._
S )

/'_’ j\
10 15 20 25 ¥

Time (min)

* peak shifts after photo-irradiation from 370 nm to 330 nm

—> generation of Ce'"

 stable in the dark

— Ground-state SET is not operative.

Zuo, Z. and co-authors J. Am. Chem. Soc. 2018, ggzo 1612.



Alkoxy radical mediated reactions

* Substrate scope

OH

= gI

Me)\/\/OH
H

!

OH
Ph

OH

.

MeO OH

¥

MeO

Boc\N,NHBoc
_>
67%
Boc\N,NHBoc
_>
OH
Me)\/\/
90%
Boc\N,NHBoc
_>
OH
ph)\/\/

80%

OH
—> (j\/TB/OC
N

|
NHBoc
81% 1.2/1 dr

Boc. _.NHBoc
N
3
MeO

67%

H Boc. .NHBoc
3 N
Ph A~ OH Ph I _~_OH
67%
H Boc. .NHBoc
N
»
BOCZN\)\/\/OH BoczN\)\/\/OH
72%
Boc.. .NHBoc

H N
M6>MOH — Me>MOH
O © o~ Yo
/ .
7%
OH OH
NC NC
— Me N,NHBoc
Me Me 1
H Me Boc
78%
Me Me BOC\N,NHBOC
H Me

e
Me:

H
—» HO 5

76%, 1.2/1 dr

Zuo, Z. and co-authors J. Am. Chem. Soc. 2018, 140, 1612.



Alkoxy radical mediated reactions

* Functionalization of methane, ethane, and higher alkanes

s alcohol catalyst, Ce photocatalyst _ R/\I}I'NHBOC
LEDs irradiation Boc
R'Oe ce'llcl
LMCT m
methane C-H -H”

BDE = 105 kcal/mol

HAT hy v R'0-Ce'VCl,.4 SET
R'OH A ce'Vel,
DBAD Y
_NB
S - RN COC

|
Boc
Zuo, Z. and co-authors Science 2018, 361, 668.



Alkoxy radical mediated reactions

* Amination of alkanes

Ce cat. (0.5 mol%)
CCI3CH50H (20 mol%)
TBACI (2.5 mol%)

A~ DBAD (1 eq) o R/\I}I,NHBOC
MeCN, rt, LEDs (400 nm) Boc
entry alkane Ce cat. time yield
1 methane (5000 kPa) (TBA),CeClg 2 h 63 %
2 ethane (101 kPa) CeCl3 (0.01 mol%) 4 h 97 %
3 propane (101 kPa) CeCl; 9h 70% (1/1 rr)
4 butane (101 kPa) CeCljy 6 h 716% (1/1.7 rr)
5 cyclohexane CeCljy 16 h 81%

Zuo, Z. and co-authors Science 2018, 361, 668.



Alkoxy radical mediated reactions

* C-H alkylation and arylation

H CO,Et
H_,L_H ' Etozc\/\COZEt
5000 kPa
H CO,Et
Hst—H * o E0C AN, oE!

atmospheric pressure

H
H—I—H +
H

5000 kPa

H
H3C—|—H +
H

atmospheric pressure

(TBA),CeClg (5 mol%)
CCI3CH,0H (20 mol%) CO,Et
TFA (40 mol%)

> Me CO,Et
MeCN, rt, LEDs (400 nm)
CO,Et
56%
(TBA),CeClg (5 mol%) CO,Et

CCI5CH,OH (50 mol%) )\(CO -
2
MeCN, rt, LEDs (400 nm) Et

CO,Et
90%
CeCl3 (5 mol%)
CCI3CH,0H (50 mol%)
TBACI (25 mol%) X
(NH4)2S20g (2 eq) |
> A 2N
MeCN, TFA (2 eq)
rt, LEDs (400 nm) Me
19%
CeCl3 (5 mol%)
CCI3CH,0H (50 mol%)
TBACI (25 mol%) L
(NH4)2S205 (2 eq) |
A~ 2N
MeCN, H2804 (2 eq)
rt, LEDs (400 nm) Et
62%

Zuo, Z. and co-authors Science 2018, 361, 668.



Alkoxy radical mediated reactions

* Oxidative cleavage of 1,2-diols by cerium photocatalysis

CeCl3 (10 mol%)

OH TBACI (50 mol%) Q
A _oH >
C6H13 MS, CD3CN, 455 nm, C6H13 H
rt, air, 18 h
entry deviation from standard conditions yield (%)
1 none 87
2 No MS 67
3 No TBACI 45
4 under N, 10
5 with KzSZOg 6
6 CeCl;*7H50 87

Schwarz, J.; Konig, B. Chem. Commun., 2019, 55, 486.



Alkoxy radical mediated reactions

* Substrate scope
OH CeCl3*7H,0 (10 mol%)

TBACI (50 mol% O
"R ( " PN
MS, CD3CN, 455 nm, R H
OH rt, air, 18 h
OH OH " OH OH
- o
nBu)\/OH Et)\/OH Me)\f Oi
OH OH OH
79% 78% 95% cis: 57% cis: 66%

trans: 69% trans: 69%

OH OH

Me OH
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Alkoxy radical mediated reactions

* Proposed catalytic cycle
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Short Summary
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« UV ~ visible light absorption (LMCT)

» Generation of Ce" and alkoxy radical
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Summary

 Earth-abundant cerium has economical and environmental benefits.

» Cerium photochemistry is rapidly developing in recent years.

» Cerium photoredox catalysts have unique reactivities
compared to transition metal photoredox catalysts.



