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I Introduction

Photocatalytic Synthesis via MLCT & LMCT
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Introduction

Comparison Between MLCT and LMCT
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* Electronic transition: d,—1*,
« Bimolecular quenching: requires long-lived excited state
» Photoredox: requires matching redox-potentials

« Metal-complex: [Ru(bpy)s]?*, fac-[Ir(ppy);], etc.

[1] F. Julia. ChemCatChem. 2022, 14, 1; [2] H. Soo, et al. Chem. Phys. Rev. 2022, 3,

21303.
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Electronic transition: 1, ,—d*,
Pre-coordination avoids the need for long-lived excited states
Independent from individual redox-potentials

Metal-complex: CuCl,, FeCl;, Ce(OMe)Cl> ,etc.
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net photochemical process: M-L homolysis
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M high-valent metal center
(Cu®*, Ni**, Fe**, Co**, Ti**...)

L : o or c+n donor
(halogen, O,CR, OR, N3, alkyl...)
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Electrophilic, high-valent metal: the empty metal orbital (d*) must be relatively low in energy.

Electron-rich o or o+1r-donor ligands: the internal source of electrons.

[1] F. Julida. ChemCatChem. 2022, 14, 1; [2] O. Reiser, et al. Angew. Chem. Int. Ed. 2021, 60, 21100.
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_ _ Difunctionalization of Alkenes
— via [M—X]* Intermediate

| C(sp?®)-H Cross Coupling

R

Decarboxylative Functionalizations

via [M—QO]J* Intermediate

Photolysis of Metal-alkoxides Complexes

via [M—C]J* Intermediate: Co(lll)-C Homolysis
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2.1. LMCT via [M—OR]* Intermediate: Alkoxy Radicals



I LMCT via [M—OR]* Intermediate: Alkoxy Radicals
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O. Reiser, et al. Angew. Chem. Int. Ed. 2021, 60, 21100.



LMCT via [M—OR]* Intermediate: Selected Examples

Zuo, 2018 &-Functionalization of Alkanols

+
CeCl; (1 mol%) H . .
activated site
H Boc n-BuyNCI (5 mol%) Boc_  _NHBoc OH o via Q/,H
)\/\/OH + N=N > )N\/\/ R Q  directed site °.
R Bod MeCN, blue LEDs R o H
up to 90% yield 1, >-HAT
20 examples
Li & Zeng, 2021: FeCl; (1 mol%), n-Bu,NCI (1 mol%), MeCN, Blue LED up to 92% yield
Zuo, 2020 Functionalization of Alkane : Zuo, 2020. Selective C-C Cleavcage
CeCls (0.5 mol%), :
MeOH (50 mol%), : o
TBACI (2.5 mol%), CH : NN
CHs Boc MeCN, Blue LED, rt. e CHs HaC *NHel b n=01_ _Pae.H NH
H;C + =N > s R : Ce(OTf), (2 mol%) — >,
CH;, / , NH,CI : DPA (5 mol% AcOH, EtOH
HaC Boc then TFA; Raney Ni, Hy H,C CH, H,C : (5 mol%)
3 : 0 TiCly (10 mol%) 51-97% yield
t-BuOH: 49% vyield, selectivity = 64 : 36 81% vield : TBACI (10 mol%) _
. o i . R =CO,'Pr
: 82% =44 : lectivity = 97 : 3 . _ 2
CCI3CH,0H: 82% yield, selectivity = 44 : 56 selectivity : DIAD (1.2 equiv.)
CeCly (0.5 mol%), E TMSCN (3.0 equiv.) (o] o
MeOH (200 mol%), : blue LED n>2 cN  MeOH OMe
TBACI (2.5 mol%), NH,CI : — -
Boc MeCN, Blue LED, r.t. : or acyclic NR NR
©:> + N=N - : ketone NHR NHR
Bod then TFA; Raney Ni, H, : .
. 40-71% yield
cycloalkane, arenes, adamantane 73% yield .
[1] Z. Zuo, et al. J. Am. Chem. Soc. 2018, 140, 1612; [2] R. Zeng, Y. Li, et al. Org. Lett. 2021, 23, 8968; [3] Z. Zuo, et al. J. Am. Chem. Soc. 2020, 142, 6216; J

[4] Z. Zuo, et al. Chem. 2020, 6, 266.




LMCT via [M—OR]* Intermediate: Selected Examples

Zuo, 2018 Cycloaddition of Cycloalkanols with Alkenes

i. CeCl3 (4 mol%),

(n-Bu)4PClI (8 mol%),
CO,Et DPA (2 mol%)
OH + i CO,Me -
PhCN, blue LED, r.t.

MeO,C~ “CO,Me ii. p-TSOH, A CO,Me

82% yield :
(Eq, (CelViCe!l) = 0.40 V versus SCE) oY : DPA
Ce“’CIn DPA' '+\< .
[Ce“’]— ol
R DPA  (E*,, =-1.77 V versus SCE)
7
ce'lci,, A

(E,, =-0.60 V versus SCE)

smssmn alkylatlon A° o te
D ——
Y~ oMe
EtO,C
0 o > -TsOH
- s
k ) C02M9 p
_> Cone COZMe
EtO,C
2 CO,Et CO,Me
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[1] Z. Zuo, et al. 3. Am. Chem. Soc. 2018, 140, 13580.



ILI\/ICT via [M—OR]* Intermediate: Alkoxy Radical or Chlorine Radical ?

Homoleptic Metal Complexes [MX,] Heteroleptic Metal Complexes [M(OR)X,]
. eg.
€9 | Felcl, 9 CeCl, + ROH
LMCT . LMCT . .
lLiCI = > [CI Fe"]Z + ClI ¢ base >~ [ce™ + Cl or OR® ?
radical capture i
[CeV(OR)CI5*]
[cl,Fe'l-cij% in situ

For HAT process :

MemMe hv = 440 nm Q

N-—-—- \ |||---N _LMCT_
CI
CI

Il I
[(L)Fe''Cl]* [(L)Fe"CI*

[ ] [} [ ] H
cl” OR’ or [CI-ROH]" 2 + """H — @RP

[CI-ROH]": Proposed by Walsh and Schelter to explain
the changing regioselectivities with different
alcohol co-catalysts.

Comfired by transient absorption
spectroscopy and photocrystallography

[1] G. Nocera, et al. J. Am. Chem. Soc. 2022, 144, 1464, [2] J. Walsh, et al. Science 2021, 372, 847.



I LMCT via [M—OR]* Intermediate: Identification

0.5 mol% CeCl;
20 mol% ROH, 2.5 mol% TBACI

H H -

®><H radical coupling reagents
hv
R-0O° [Ce'Cl,]
HAT hv - - [CeV(OR),Cl]

H —H*
C)@ R-OH [Ce"Cl,]

R R = CHj, t-Bu, CCI3CH,

radical trapping

Z. Zuo, et al. 3. Am. Chem. Soc. 2023, 145, 359.
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SET
/ \ Q,H H
R'N
0

7

of Alkoxy Radicals

LMCT
[CeY(OR)CIZ] —— [Ce'l + X°
hv
X=0ORorCl?
HAT
H
X+ HHH —_— @Rp + HX

X = OR, Cl or [CI-ROH] ?
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ILI\/ICT via [M—O]* Intermediate: Identification of Alkoxy Radicals

A. Investigating the Possibility of Chlorine Radical-Alcohol Complexes as Selective HAT Agents

Ve 0.5 mol% CeCl; Boc. _NHBoc Me 5 mol% Mes-Acr*
H Boc 20 mol% ROH, 2.5 mol% TBACI N 20 mol% ROH, 50 mol% TBACI Me Boc
MeWK/H + /N=N Me%Me + Me)Y\N/NHBOC -€ Mew)dH + N=N/
Me Boc "original conditions" Mo Me Me éoc "chlorine-mediated HAT" He Bod
ﬂ ¥ 3° product 1° product ﬂ ¥
RO  or CI” or [CI-ROH]" Cl° or [CI-ROH]*
Me
- intrinsic selectivity iold lcohol intrinsic selectivity ield O
alcoho 3°:1° (DMB) S aieone 3°:1° (DMB) ¢ Me Me
4] MeOH 194:1 76% MeOH 6:1 27% O \
+ 2
N
CCI3CH,OH 5:1 87% [6] CCI3CH,0H 6:1 23% te
3] ‘BuOH 11:1 48% @ ‘BuOH 6:1 259% b Mes-Acr*
[4] none 6:1 1% none 6:1 26%
» Alcohol co-catalysts give varying degrees of regiocontrol. « Precluing Cl radical-ROH complexes as selective
« Precluing Cl radical as selective HAT agent by varing HAT agent by identical selectivities.
selectivities.

13
Z. Zuo, et al. 3. Am. Chem. Soc. 2023, 145, 359.



ILMCT via [M—ORY]* Intermediate: Identification of Alkoxy Radicals

B. EPR Studies to Investigate the Identity of Ligand Centered Radicals

A

DMPO
————

MeO -

a: DMPO-OCH,
b: oxidized DMPO

Ce(OMe)Cls*

DMPO 2] JI
—— s |

BuO- i '

CQ(O'BU)Cl_r,z_ c: DMPO-OBu

D

Ce(OCH,CCl,)Clg- e 1l W Il
$ ¥ | i

C1,CCH,0+

PBN _ s w1 o | gond (| nmsinminivnnd
g ' |

PBN-OCH,CCI,

Z. Zuo, et al. J. Am. Chem. Soc. 2023, 145, 359.
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The spectrum of chlorine radical
spin adduct is distinguishable
from the PBN adduct of alkoxy
radicals, precluding the
generation of chlorine radical in
the LMCT of Ce(OR)Clg>.

Most plausible LMCT pathway:
release of alkoxy radicals.
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ILMCT via [M—ORY]* Intermediate: Identification of Alkoxy Radicals

C. Transient Absorption Spectroscopy (TAS) Studies to Probe the Generation of Ligand-Centered Radicals

Principle of TAS:

Pump m Cl, saturated CD;CN in the presence of 0.25 M benzene in the presence of 0.25 M CH;OH
— 30 ps — —
3.0F . . 30
0 2ns 301 chlorine radical 208 a4 32 e
— 5ns I —
chlorine | benzene complex 5ns 5ns
G20 radical 20 20 , .
= / = \ o no complexation with methanol
< ::’ -
<10 <10 S0
Sample
0.0 0.0F 0.0
AA: The absorption of the 320 360 400 440 480 520 560 600 320 360 400 440 480 520 560 600 320 360 400 440 480 520 560 600
detected light by the sample Wavelength (nm) Wavelength (nm) Wavelength (nm)

w/o pumped light irradiation
« Chlorine radical showcased charge-transfer absorption in the 320-360 nm region.

« Chlorine radical and benzene could form a chlorine radical-benzene complex with a
strong absorption band centered at 490 nm.

« Chlorine radical and CH;OH couldn’t form a chlorine radical—-alcohol complex since only
the chlorine-radical absorption band was observed.

15
Z. Zuo, et al. J. Am. Chem. Soc. 2023, 145, 359.



ILMCT via [M—ORY]* Intermediate: Identification of Alkoxy Radicals

C. Transient Absorption (TA) Spectroscopy Studies to Probe the Generation of Ligand-Centered Radicals

[CeClg]% in CD;CN (1.2 mM) in the presence of 0.25 M benzene in the presence of 0.25 M CH;0H
1.0 1.0 1.0 F
2 330 nm 7
2 y Y 330 nm
e s 051 05 Nnmissteie
<) — \ S A P Tmeos
¢ s P
% 0.0F : = 00 2— H
z P" = » [CeCl¢]¥~ showcased chlorine charge
30 ps = 10 < 6
— — ps — 30 pPs
50 ps 05k \ sl H
L —r - 3 —- L transfer band in the range of 320-360 nm,
%20 3507 400 250 500 550 600 1950 3507 200 250 300 =50 600 1990 3507 400 250 500 350 00 Wh”e the same abSOl‘ptlon was nOt
Wavelength (nm) Wavelength (nm) Wavelength (nm)

detected in [Ce(OR)CI]*".

[Ce(OMe)Clg]? in CDCN (1.2 mM) [0] [ce(ocH,cCly)Clgl?- in CDsCN(1.2mM) | [E] Kinetic trace at 430 nm, [CH3OPPh,]"

60 330 nm 6.0 2 330 nm
% < &

« Addition of alkoxy radicals to PPh; could

3.0F I 30F

enable the confirmation of alkoxy radicals

ool o ol via detection of [ROPPh,]
W%K = w&t — 3ps sofl |
8 ps ’ 8 ps a5l PPh,
3.0 — 30 ps -3.0F — 30 ps --5;

320 360 450 500 550 600 120 360 450
Wavelength (nm)

AA (107)

AA (107)
AA (107%)

500 550 600 00 ol 02 03 04
Wavelength (nm) Time (ps)

16
Z. Zuo, et al. J. Am. Chem. Soc. 2023, 145, 359.



ILMCT via [M—ORY]* Intermediate: Identification of Alkoxy Radicals

D. Kinetic Study with Premade Ce(lV) Methoxide Pentachloride Complex to Probe the Rate-Limiting Step

E] Kinetic profile Parallel KIE experiments
Boc
O Ce(IV) complex O/&\NHB « Ce'/TBACI/MeOH: exhibits an
[ .." > ocC
J ra m  Ce(OMe)Cls> DBAD  F S induction period. Ce'" can be
- - o as catalyst . . .
£ P p p Boc activated by a photoinduced single-
= | ’__,» rigin ndition: mplex D N- oc . . .
2 A ® orginalcondito CellV) complex g o - electron oxidation with DBAD.
‘,,-' .’,.- CeClyTBACIMaeOH Dy~ bBAD @ ) D
teee ' °db° (E,,(Ce"/CeV) = 0.41 V vs SCE)
o 20 30 a0 0 60 CG(OMG)C'SZ' kH/kD =55 ® DBAD (E* =1.66Vvs SCE)
Time {min) CeC|62- kH/kD =11

Kinetic dependence of the rates

‘ e * Methoxy radical-mediated HAT is
F , C P * R et S the rate-limiting step in the reaction
mediated by [Ce(OMe)ClJ2-

(RN | L1 u. 4 18- 0, 110 16 11, 20 {l, 25 0, 3l e A
[evelohexang] (M) [DBAD] (M) [Ce(OMe)C1.Y] (M)

17
Z. Zuo, et al. J. Am. Chem. Soc. 2023, 145, 359.



ILI\/ICT via [M—ORY]* Intermediate: Identification of Alkoxy Radicals

D. Kinetic Study with Premade Ce(lV) Methoxide Pentachloride Complex to Probe the Rate-Limiting Step

D

Competition KIE experiments

D D '?°°

D D

DD DD

Boc Boc
/ | D N<
' D"O ' NN v N< + D p e
Bod > O/ NHBoc

cyclohexane: di,-cyclohexane =1 : 1

premade complex KIE original conditions KIE

i ield

0.1 mmol Ce(IV) complex [51:[6] ye 0.5 mol% CeCla, 2.5 mol% TRACI [51:16] A
Ce({OMe)Cls?" 5.1 26% 3] with 20 mol% MeOH 5.1 19%
CeClg? 1.1 129% 4] without alcohol 11 9%

« The identical KIE of entry 1 and 3 validates the alkoxy radical as the exclusive HAT
agent, as the coexistence of chlorine radical would lead to a declined ratio.

Z. Zuo, et al. J. Am. Chem. Soc. 2023, 145, 359.

18



ILMCT via [M—ORY]* Intermediate: Identification of Alkoxy Radicals

(o}
E. Regioselectivity Study to Probe the Identity of the Selective HAT Agent oK
Me 0.5 mol% [Ce(OR)Cls]* Boc. _NHBoc Me 0.5 mol% (NH,),Ce(NO3)g ligand
H /Boc 20 mol% ROH N 2.5 mol% ligand, 20 mol% ROH Me Boc
Me H | N=N Me Me + N/NHBoc -€ Me H H =N
Bod "Ce(IV) alkoxide complexes” Me | ~chloride-f, ditions” * NN
Me Me Me Boc chloride-free conditions Me Bod
s |
3° product 1° product ’
RO RO’
ROH intrinsic selectivity ield ROH intrinsic selectivity ield
3%:1° (DMB) = 3°:19 (DMB) Y « The identical intrinsic selectivity
MeOH 194:1 64% (4] MeOH 194:1 41% obtained under these conditions
CCl3CHZ0H 5:1 4% (5] CCl;CH,0H o:1 63% validates the involvement of alkoxy
3 , with CeClg2~ 6:1 70% none d. t . .
none, Wil =&t o " e radicals as the exclusive HAT agents.
Alk original results (reference 24) chloride-free conditions intrinsic selectivity -
ane ROH 20:1° yield ROH 20:90 yie
/T\/ CH3OH 11.7:1 39% CH;0H 12:1 32%
H . .l
Me Cl,CCH,OH 3-1 70% CI,CCH,OH 3:1 65% e The varing selectivities could be
explained by polarity-matching effect.
CH,0H 12:1 72% CH30H 12:1 52%
Me/\l/\H
CI;CCH,0H 2.5:1 76% Cl;CCH,0H 2.5:1 76%

H

Z. Zuo, et al. J. Am. Chem.

Soc. 2023, 145, 359.

19



ILMCT via [M—ORY]* Intermediate: Identification of Alkoxy Radicals

F. Density Functional Theory Calculations on Photoexcitation and Radical-Mediated HAT

Hole-electron Analysis of [Ce(OMe)Cl;]?>~ by TD-DFT Calculations

Al c@ c1 (5 S0 — S6: 3.2607 eV (380.24 nm) /= 0.0032 ¢l Mo
Contributions to Hole and Electron (%)

— 0(7) Atom  Hole Electron Overlap 2 ci (@) 0(7) ‘
Ce(1) 1.3 93.6 326 [ = 1= s L A eeeene \"s— J—
Q——-Ce (1)"'_0-:?8)\ Cl2) 56 0.9 23 382 % o-_"' ' il U

dice-0)= Cl(3) 5.6 0.9 23 Cl ,, II‘ wOMe . {Ce~0) ; )

/ 2.073A Cl(4) 249 1.2 55 gt / 2.541
- cI(s) 3.2 0.8 1.6
Cl@ ci®) o) 382 1.1 66 | 24.9%, 4
[Ce(OMe)Cls)*- c@® 25 0.4 09 - - [Ce(OMe)Cls)* after

geometry relaxation at S6

Confirming a typical LMCT process:

* The electrons are excited mainly from the O atom (38.2%) and
the trans-Cl atom (24.9%) to the Ce atom (93.6%).

« Structural relaxation of this excited state reveals Ce—0O bond
was significantly elongated during the relaxation.

20
Z. Zuo, et al. J. Am. Chem. Soc. 2023, 145, 359.



ILMCT via [M—O]* Intermediate: Identification of Alkoxy Radicals

F. Density Functional Theory Calculations on Photoexcitation and Radical-Mediated HAT

A ok
AGgg (kecal/mol)
T A eone o
)
TS11 m““.}
13.5 Boc ;N
P g

methoxy radical mediated HAT: KIE_;. = 6.80 |
irreversible and rate-determining step

Z. Zuo, et al. J. Am. Chem. Soc. 2023, 145, 359.

Boc '+

AGg (kcal/mol) m‘ ) -N!
o'y
N
Boc Bocf

T\ N TS13

S g R x‘h 31

T$15  Hel Bod

3.4

chlorine radical mediated HAT Boc

barrierless, not rate-determining step

21



ILMCT via [M—O]* Intermediate: Identification of Alkoxy Radicals

Regiochemical divergence of C—H amination of DMB with methoxy and trichloroethoxy radical

C I AG,, (kcal/mol)

ot
. ot
[)\r H-._OMe‘ Boc\

TS17

D I AG, (Kcal/mol)

A

"
)W/\N/ NBoc o ,N°\
selectivity(calc.): 152 : 1 boc selectivity(calc.): 12 : 1 /I\V/\T s

selectivity(exp.): 194 : 1 selectivity(exp.): 5:1

22
Z. Zuo, et al. J. Am. Chem. Soc. 2023, 145, 359.



ILI\/ICT via [M—ORY]* Intermediate: Identification of Alkoxy Radicals

G. Selectivity of Radical Generation from the LMCT Homolysis of Ce(lV)—Alkoxide Complexes

2- o * E4(Ce'ViCe™) = 0.4 V vs SCE in MeCN
(o] 1 cl m|
Cl,, | «Cl LMCT ligand homolysis
RN - Cly, | wCl - [cecl] + “ci E4/(Cl+/CI') = 2.0 V vs SCE in MeCN
I - -~ o . )
° (l:l “ relaxation Cl (I:I cl back electron transfer quantum efficiency: 0.03
cl 2 I tBuO.t :
Cl,, | «Cl LMCT cl,, | «Cl ligand homolysis E4/52('BuO+/'Bu0O’) = -0.3 V vs SCE in MeCN
Vo) N - R\ - 1 ° R
CI’C| YOR ) ;Ce; —~—— [CeTClsl + OR selectivity: RO generation
Cl relaxation Cl (I:I OR back electron transfer
L *
IR LMCT , 'I' \ 1 ligand homolysis E4/2(PhCOO+/PhCO0O’) =1.4V vs SCE in MeCN
’ e“ . "'C SN T [Ce'"Ln] + .OR P ° ;
7 | Yor = 7 o B S— selectivity: RO generation
| relaxation | OR back electron transfer
L = ArCOO-

23
Z. Zuo, et al. J. Am. Chem. Soc. 2023, 145, 359.



ILI\/ICT via [M—ORY]* Intermediate: Identification of Alkoxy Radicals

Summary:
+ Ce(lV) alkoxide complexes: isolated and XRD characterizaed
LMCT . i . - -
[CeV(OR)CI 2] Ce + X <= OR EPR (with DMPO, PBN): DMPO-OR, PBN-OR detected
hv : » TA spectrosopy: alkoxy radical comfired, chlorine radical precluded
X=0ORorCl?
" HAT H « HAT identified an RDS: X = OMe, primary KIE: k. /k, =5.5
. ¥ — + HX —> = .
X ®XH C;RP X = OR « DFT calculations: X = OMe, 22G* (1° vs. 3°)= 3.6 kcal/mol
X = OR, Cl or [CI-ROH] ? « chloride-free and chloride-containing conditions: identical

regioselectivity obtained

24
Z. Zuo, et al. J. Am. Chem. Soc. 2023, 145, 359.



I LMCT via [M—O]J* Intermediate: Deracemization of Alcohols

Re

L, S S, L L \S
\\ \\ . X
X>(I% X>(Sh chiral catalyst # X>(/%
O\ - >
R R ks> kg kr> ks R
racemate enantioenriched

multiplicative enhancement of stereoenrichment: er = (k.s kg )/(ks k.g)

one chiral catalyst + two distinct enantioinduction steps |:> high stereoselectivity

OH OH
)\/R Ti catalyst, chiral ligand R
1 1 ' '
L ) (S
N Base, LEDs %
racemate enantioenriched

[Ti'VL*]

LMCT
hV, -e { J

«R |3 scission ) Qg [Tl"'L*]

enantiodifferention in bond scission enantiodifferention in bond formation

Z. Zuo, et al. Science. 2023, 382, 458.

Horeau principle

Multiplicative nature of stereoinduction lead
to amplification of the enantiodifferentation
ability of the catalyst.

catalyst:
Bn Bn

OO )
. \ /,
TiCl Ph
4 OH —S/
O 'p

cyclic alcohols acyclic alcohols

lllPh

25



I LMCT via [M—OR]* Intermediate: Deracemization of Alcohols

Reaction scope:

OH : R

OH E ' ; Bn Bn
R 4 mol% TiCly, 16 mol% L1 R 5 o : 4 mol% TiCly, 10 mol% L2 : ; 0 o
> R\ ; \P/,O : > " Ph , \J”"Ph
)n 0.3 equiv. Na,CO3, n-heptane ) ; o TOH 0.3 equiv. Na,CO3, DCM NHTs : N N/
LEDs, 20°C : : LEDs, 20°C : Ph Ph
cycloalkanols,racemate enantioenriched R ) (1S, 2R)-(+)
; : - 95%,98:2er, 20:1dr : ()-L2
L1-(S) R= Trip, C1oF7, CroF | ' '
OH =
< ) \O OH \
Q"“‘ TR = é o)
NHTs
. R
(+)R = 0, m, p-EWGs, EDGs () R =0, m, p-EWGs, EDGs o o _ :
up to 95% yield, >92:8er, >3:1dr up to 95% yield, >92:8er, >4 :1dr (-) 91%, 96 : 4 er, 9 :1 dr : R=F, Cl,Br

i (+) p-OMe 94%, 98 : 2 er, 20 :1 dr
up to 98% yield, (+) 98%, 97 : 3 er, 20 :1 dr

' (¥) m-Cl  84%,96 :4 er, 5:1dr
. 99:1er,20:14dr
HO O . HO_ Me :

& HO Et OMe
i)‘k N~Boc
Boc
(+) 95%, 98 : 2 er (-) 94%,95: 5 er (-) 80%, 91 : 9 er (+) 82%, 90 :10er, 3:1dr

26
Z. Zuo, et al. Science. 2023, 382, 458.



LMCT via [M—OR]* Intermediate: Deracemization of Alcohols

Mechanistic investigations:

A. Isotope labeling experiments: Precludes HAT or stepwise oxidation reduction

D OH 4 mol% TiCl,, 16 mol% L1 D OH 4 mol% TiClg, 10 mol% L2
D X__Ph > DY Ph -
D D 0.3 equiv. Na,CO3, LEDs D D 0.3 equiv. Na,COj3, LEDs,
88% yield, 6.8 : 1 dr 90% vyield, 20 : 1 dr
(%) (+) 97 : 3 er (4)97:3
D-inc: >95% D-inc: >95% | . )9S er
co D-inc: >95% D-inc: >95%
B. Enantioconvergent transformation: = Same prochiral intermediate generated by the C-C bond scission
OH 4 mol% TiCly, 16 mol% L1 OH 4 mol% TiCly, 16 mol% L1 OH
«Ph > AL Ph - Ph
0.3 equiv. Na,COg3, LEDs Q 0.3 equiv. Na,CO3, LEDs
96% yield, 10.7 : 1dr, 99 : 1 er 92% yield, 8.9 : 1dr, 98 : 2 er
() (1S, 2S) (1R, 2R)

4 mol% TiClg, 10 mol% L2 4 mol% TiCly, 10 mol% L2

A

0.3 equiv. Na,COg3, LEDs
95% vyield, 20 : 1dr, 98 : 2 er

0.3 equiv. Na,COg3, LEDs
91% vyield, 10 : 1 dr, 97 : 3 er

(1R, 2S)

27
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I LMCT via [M—OR]* Intermediate: Deracemization of Alcohols

C. Steady state photolysis experiments:

Bn Bn

[o) (o)
Ph m."lph + M
N\ /N -
Me

Tila %
ci=Ticcl Ph
Ph "cr’ i

Nach3 o

dark 395 nm laser Me
—— > [Ti(L2)(OR)CI,] > H
Me

in situ formed complex

o

'"H NMR, DOSY NMR
[TiV(L2)Cl,] (%)
10 1.0
— 08
— — 0
08 0.8 ta—0 3
10s 60 s then open to air for 10 min
_ 155 _ —— TiCI(THF); + |2 +1
=! = -y
S 06 i 8064
o — .
& 0 g Ti(l)
.e s g irradiation m
2 04 32 04+ for 60s for 10 min
£ L
< 500 600 70 <
Wavelength (nm)

0.2 -/ 02+

M - 0.0 T v Y T T
300 400 500 600 700 800 %oo 400 500 600 700 800
Ti (|V) Wavelength (nm) T (|V) Wavelength (nm)
. . . I
[TiIV(L2)(OR)CI,] under irradiation

Reaction mixtures under irradiation
28
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I LMCT via [M—OR]* Intermediate: Deracemization of Alcohols

D. Spin-trapping EPR experiments:

with DMPO with PBN
OH |
Ph spin-trapping reagent B
- + T|C|4 + L1 > Exp Exp
Na,CO; LEDs B '—J\f‘/\/\/\/\/‘\’/\,’— 3 ﬂl\r—"
E’; ol :: Sim
LMCT Ph B scission | Ph
[TiIVL1(OR)CI)] ——— > . | | | | | | Y r
348 150 152 354 148 150 352 154

B(mT) B (mT)

TEMPO-adduct isolated

E. Cross-over experiments:

8 mol% TiCly, 20 mol% L2
>

0.3 equiv. Na,COg, LEDs

(¥)-anti
54%

H o
with 50 mol% 35%, 97 : 3 er 26%, 99 : 1 er

H 0,
with 100 mol% 15%, 97 : 3 er 48%, 99 : 1 er 79%

29
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I LMCT via [M—OR]* Intermediate: Deracemization of Alcohols

F. Time-course study: G. Asymmetric induction:

1 equiv. TiCly(THF);

: )
- Me NTs 2.5 equiv. L2
OH O 4 mol% TiCly, 10 mol% L2 ; H O+ -
Me > " Ph™ "H 2.5 equiv. Zn powder
0.3 equiv. Na,CO3, LEDs ' €
O NHTs q 2uUs 5 dark
Me' '
(+)-anti
(*)-syn (+)-anti
; (+)-anti: 2% yield, 77 : 23er [————» kglks=3.3:1
100 100
- CO,Et
%0 Me™ ™S (3.5 equiv.) Me a
| 50 5 CO.Et Ph coEt , Me H
== yield of anti-46 : >
S 60 —e— yield of syn-46 460 _ : 4 mol% TiClg, 10 mol% L2
?-; nmm —=— ¢e of anti-46 S : (+)-anti 0.3 equiv. Na,CO3, LEDs
2 8 . 16% yield 11% yield
” 40 1 740 :
er (initial) = 75:25 :
20 150 anti: 65% remaining, 71 : 29 er I:> ks!/kr=81:1
S S S S S — : er = (kskg)l/( kskg) =96 :4 97 : 3 er (experiment)
0 20 40 60 80 100 120 :

Reaction time (min)
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2.2. LMCT via [M—O,CR]* Intermediate: Carboxylic Radicals



I LMCT via [M—O,CR]* Intermediate: Carboxylic Radicals

General mechanism diagram and generation of radicals

/;\
L,MZ0 - ; L, MZ fa
% R
I_|+ (0] (o)
- i & Decarboxylation 9&/‘\ CO’ R’
o - 2
R—COOH 2
L, M?
L MZ! J ctiﬁ
SET n

(o)
+ Sub —_—
Ox

o R/ﬂ\o’sUb
Ox M = Cu, Fe, Ce

O. Reiser, et al. Angew. Chem. Int. Ed. 2021, 60, 21100



LMCT via [M—O,CR]* Intermediate: Decarboxylative Functionalization

TBAF-(‘BuOH), (2.5 equiv.)
Cu(OTf), (2.5 equiv.),

COOH Cu(MeCN)4BF,4 (2.5 equiv.) _ up to 83% yield
MeCN, 35 °C, purple LEDs ‘@ 25 examples

(0]
Br N\
Z O O Me Me
OMe Me Me
F O=?=O CN CN
NH,
70% 83% 60% 57% 71% 70% 60%

Me
0O O
OAc o o) /@
““OAc z
VR
o F E OAc Me Me

['°F] SFB from diflusinal acetate D-glucose derivative (+)-menthol derivative
69% 36% 66% 60%

T. Ritter, et al. 3. Am. Chem. Soc. 2021, 143, 5349.



I LMCT via [M—O,CR]* Intermediate: Decarboxylative Functionalization

Mechanistic Investigations:

A
0.50 —3 COOH C. Radical trapping experiments:
— Cu(OTf),
0.40 — Cu(OTf), + TBAF-(BUOH), TBAF-('BuOH), (2.5 equiv.)
e — 3+ Cu(OTf), Cu(OTf), (2.5 equiv.),
= 3 + Cu(OTf), + TBAF-(‘BuOH), MeO COOH Cu(MeCN)4BF, (2.5 equiv.)
: 0.30
< — TBA*[3-HI" + Cu(OTf), F > 1 + 2 + 3
g 0.20 — 3+ Cu(OTf), + TBAF-(‘BUOH), + Cu(MeCN),BF; 3 MeCN/benzene (1 : 1)
B ' LMCT band of d-d transitions of Cu(ll)
5 Cu(ll) carboxylates '
8 0.10
<
MeO a
0.00 -+ T T T MeO MeO
370 470 570 670 770 870 o
Wavelength (nm)
B 1 2 3
0.30
o
ot -
- 3+ Cu(OTf); + TBAF-(BUOH); = 4
= . . yield (%)
2 o — 00min — 0.5min — 1.0 min reaction condition
g 015 ~ 2.0min ~— 4.0min ~— 8.0 min 1 2 3
g w/ Cu(MeCN)4BF4 36 14 4
= 0.10
2 w/o Cu(MeCN)4BF 4 25 21 9
< 0.05
0.00 U T - T _— T T T

370 470 570 670 770 870
Wavelength (nm)

UV-vis absorption spectra of reaction components ”

T. Ritter, et al. J. Am. Chem. Soc. 2021, 143, 5349.



LMCT via [M—O,CR]* Intermediate: Decarboxylative Functionalization

D. Radical cyclization experiment: Proposed mecchanism

TBAF-('BUOH), (2.5 equiv.) "
COOH Cu(OTH), (2.5 equiv.), @ LmeT

(o]
O Cu(MeCN),BF, (2.5 equiv.) o /—\\
> + O BET
O MeCN, 35 °C, purple LEDs O
COOH Cu(ll), F- cO,Cu(ll) co,*

HF }\
slow process
E. Decarboxylative fluorination: CO,

cugme _ Cul), F .
o TBAF-('BUOH), (2.5 equiv.) 47—— pathway a
N Ph Cu(OTf), (2.5 equiv.)
oMYy > /©/ Cu(l) _
Ph MeCN, 35 °C, purple LEDs F Cu(l) CU(")F Cu(l), F
F pathway b

w/ Cu(MeCN),BF,, 48%
w/o Cu(MeCN),BF, , 32%

cu(l

35
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LMCT via [M—O,CR]* Intermediate: Decarboxylative Functionalization

MacMillan, 2022 :

~ : ows Qo
Cu(MeCN)4BF, (20 mol%) then Pd(PPhs), (2 mol%) = 3 o O : S %2
SN COOH NFSI (3 equiv.), BoPin; (3 equiv.) N BPin  bromide partner (1.5 equiv.) e ,'Z \B—_B’ . |
R_:K z - R_:/j/ ~ rE F ° : "
z NaF (1 equiv.), LiCIO4 (1 equiv.) Kz/ K,COj3 (15 equiv.), H,0, 80°C Kz/ Lt :
(hetero)aryl MeCN, 365 nm LEDs borvlated
Jaryl orylate 10 acids, 20 examples B,Pin, + NaF + LiCIO, NFSI
CarbOXy“C acid arene product ’
Yoon, 2022 i Jin, 2019:
Cu(OTf), (2.5 equiv.) . X
Naz;PO, or Na,CO5 or pyr. (3.0 equiv. . 9
Ry« _COOH 34 2C03 or pyr. (3.0 eq )» Ry _Nu : (Nj\co |_I(10 mol%)
\r +  Nu-H Y : 2
R> DCM or MeCN, r.t., R, . FeSO47H,0 (5 mol%),
427 nm LEDs . NaBrO5; or NaClO5 (2 equiv.
R4, Ry : alkyl, aryl, et WP o ok yield R@ * j\ : = )> R1@
, .a , aryl, etc. M 1
1 2 - @iyl ary 80 examples : N HO” R H,0-DMSO, 456 nm LED, NZ R,
90 000O0OGOOOIOOIOIOIOGIS 0000 000O0OCGOONOOIOIOOOIOIOGIDPS 00 00000O0OCOGOINOIOIOOOOOGOIOGDS 0000 000OCOGOINOIOONOIOIOIONOOGIDS ...'OOE fan, rt
Reiser, 2022 :
. Minisci-type mechanism:
Cu(OAc), (10 mol%) :
Ry o dmp (10 mol%) o P XN X SH D
5 MeCN-H,0, rt., O, R™ Ry : N N“ "R, -—H N™ "R, N™ 'Ry
367 nm : : .
56 to 99% yield : R Fe(lll) - Fe(lh)

[1] W. MacMillan, et al. J. Am. Chem. Soc. 2022, 144, 6163; [2] T. Yoon, et al. Nat. Chem. 2022, 14, 94; [3] O. Reiser, et al. Chem. Commun., 2022, 58, 4456;
[4] J.Jin, et al. Org. Lett. 2019, 21, 4259.
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I Summary and Outlook

Ligand-to-Metal Charge Transfer (LMCT) via [M—O]*
Intermediate in Organic Photochemistry

C-H Functionalization
HAT
Identification of Alkoxy Radicals
(EPR, TAS, DFT...)
_ z L MZlo LMCT .
R-OH + L M% — [ n\JOR > R0 oH OH
R Ti catalyst, chiral ligand 2 R
| | | |/\|,
7 .. (S Lo
L MZ—0] j B-Scission N Base, LEDs N
; racemate enantioenriched
A
L,M&-0 LMCT
R-COOH + L M? —/ N o » R
(o)

Functionalization ~-BPin o
> R_l/j/ )j\
|
Decarboxylation kZ/ R R
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I Summary and Outlook

Asymmetric transformations

Classical chiral catalytic system: [Ni], [Cu]

R4 H

R, [M], chiral ligand, Nu Riw _NU
[ ] > *
R4 COOH R, enant/oselec.t/ve R,
Y / cross-coupling
R>

The regulation of alkoxy radical reactivities

[-Scission

/ > R

+ CH3O0H

catalysts or
additives

[1] H. Bamford, et al. J. Chem. Soc. Faraday Trans. 1 Phys. Chem. Condens. Phases 1975, 71, 1733; [2] S. Soo0, et al. Chem. Sci. 2015, 6, 7130.

Exploration of other 3d transition-metals

[Mn], [V], [Cr], ...

0]
1] .
hv XJ

OH OMe ] CHO OMe
| o | VO(O'Pr); (15 mol%)
OH

MeCN, 02, hv
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I Appendix

Alkoxy Radical & Carboxylic Radical: Versatile Intermediates

Traditional Methods for the Generation of Alkoxy Radicals Traditional Methods for the Generation of Carboxylic Radicals

Barton Decarboxylation

t-Bu___OH R___NO R___CI
(0) (o) (o) S
NaO—N \> Z
hydroperoxide Barton nitrite ester alkoxy hypochlorite o) — Q | (n-Bu)3;SnH, AIBN
S RJ\O/N » R-H + CO,
R™ “OH PhH, »
S
o S thiohydroxamate
R S ester
R—O—N Reo—N N ~07 Ar Hunsdiecker Reaction
o] o M,0 o] X, (X =CI, Br, 1) 0
)j\ > e 2 > )l\ X —™> R-X + CO,
N-alkoxy phthalimides N-alkoxy pyridinethiones  alkyl 4-nitrobenzenesulfenates R” "OH mM=Ag*, TI*,Hg* R OM® R™ 7O
acyl hypohalite
« Tedious prefunctionalizations Kolbe Electrolysis
» Using strong oxidants limites functional group tolerance Current,
« Using organotin as initiator or taking place under UV photolysis 2 Ptelectrode _ j’\ — > 2R — > R-R
. . . . R “OH —2e" « -CO
conditions raise potential ecological concerns. 2e RO 2

[1] Z. W. Zuo, et al. Chem. Rev. 2022, 122, 2429.
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TMSO

2 mol% Ce(0Tf),, TMSCN

o

o)

& =

2-benzyl

4 h, 69% yield, 24% ketone

10 mol% TiCly, TMSCN

cyclopentanone

4 h, 17% yield, 78% ketone

& mol¥: DPA, 2 molta Ce{OTH),
10 mol% TBACI, 1.2 eq DIAD

HO ~ CM

é/ﬂn_

50

blue LEDs (0.16 Wicm?®), 12 h
93% yield

5 mol% DPA, 10 mol% TiCl,
10 mol%: TBACI, 1.2 eq DIAD

blue LEDs (0.16 Wicm?), 24 h
72% yield

HO. CN TiCl, o] 1 < 2 cyclobutanone,
cyclopentanone;
n = 2, cylohexanones
N ) TMSCN ¥ and more cycloketones;
= ),, acyclic ketones

G,an @ (CeVCly ) :
VARRPEN:

MIDIL Felow 01

r=\ 0—ce"cl,
( SET

N
| _| N N

NRNHR o:
J

NHR

n
o O ‘ /U\ Hn<2 _RNSNR C}
0 “(v)"H <j
é’aﬁ
fn=2

or acyclic ketone @ 0
RN=NR >—CN NHR MeOH OMe NHR

= H{- \\"[NR

n

Figure 6. Mechanistic Investigations and Proposed Mechanism
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Br

rademic, ds

4malts TG, 16 mal% Ligand

&.7:1 trans:cis

Amalts TG, 16 mal% Ligand

891 trans:cis

Amal*s TiCl, 16 mals Ligand

A8 dis:rans

4malts TiCls, 16 mas Ligand

10.7:1 ciis:trans

2 e Tidl,, 8 mals Ligand

13:1 rans:cis

2 i T, 8 mal® Ligand

10:1 rans:cis

4.6 The investigations on the diastereoselectivity

A

{15 2F)}3

A

{15 2F)}3

(18 28H

Q

Qa
Q

(18 28H1

O
O

(1R, 2514

O
O

(1R, 2814

for 4=mambeared ring substrale

H

g —

Ar 1 L

for S=membered fng substrale

for B=membered mng substrale

H H
— Z::#:’
™ Ti
T L
H i

Figure 518. The investigations on the diastereoselectivity.
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Appendix

Investigation on the enantioselective C—C bond scission step of amino alcohol

Me " - Me 4mol% TiCl,, 10 mol% L8 e ?H o NHTs CO,Et Me CHO
Ul\/ * /[ 0.3 equiv. Na,CO5, DCM:PhCF, = 1: |h :©/Y ¥ Ph)\%\cc@a * :©/ * e ST
Me NHTS HO.LT COH LEDs, 202C, 3 h Me NHTs Me Me
()-46 . 55 (+)-46 56 52 54
peommel 1o ea o eaum 65% yield, 13:1 d.r., 71:29 er 16% yield, 1.9:1 d.r. 11% yield 10% yield

ks _ 50x100%—29x65%

kr ~ 50x100%—71x65%
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